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FOREWORD 

Th i s  r e p o r t  is  t h e  s i x t e e n t h  i n  a s e r i e s  of Technica l  Progress  
Reports  on “Al loy  Development f o r  Irradiation Performance” (ADIP), which 
i s  one element of the  Fusion Reactor Ma te r i a l s  Program, conducted i n  
suppor t  of t h e  Magnetic Fusion Energy Program of t h e  U.S.  Department of 
Energy. Other elements of the  M a t e r i a l s  Program a r e  

- Damage 4nal?jsis and Fundamental Studies ( D A F S )  

Ptasma-’fat er ia ls  In t  e m c t i o n  PMI) 

Special-Purpose Vaterials  (SPM) 

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 WE/ET-0058/1 
through 7.  This  r e p o r t  is  the  n i n t h  i n  a new numbering sequence t h a t  
begins  with DOE/ER-0045/1. 

The ADIP program element is  a n a t i o n a l  e f f o r t  composed of c o n t r i -  
bu t ions  from a number of Nat iona l  Labora to r i e s  and o t h e r  government 
l a b o r a t o r i e s ,  u n i v e r s i t i e s ,  and i n d u s t r i a l  l a b o r a t o r i e s .  It was organized 
by t h e  M a t e r i a l s  and Radia t ion  E f f e c t s  Branch, Of f i ce  of Fusion Energy, 
DOE, and a Task Group on A l l o g  Development f o r  I rmd in t ion  Performnce, 
which o p e r a t e s  under the  ausp ices  of t h a t  Branch. The purpose of t h i s  
s e r i e s  of r e p o r t s  is  t o  provide a working t e c h n i c a l  record  of t h a t  e f f o r t  
f o r  the  use  of t h e  program p a r t i c i p a n t s ,  f o r  the  fu s ion  energy program 
i n  g e n e r a l ,  and f o r  the Department of Energy. 

This  r e p o r t  is organized along t o p i c a l  l i n e s  i n  p a r a l l e l  t o  a 
Program Plan of the  same t i t l e  so t h a t  a c t i v i t i e s  and accomplishments 
may be followed r e a d i l y  r e l a t i v e  t o  t h a t  Program Plan.  Thus, t he  work 
of a given l a b o r a t o r y  may appear throughout t h e  r e p o r t .  Chapters  1, 2,  
8,  and 9 review a c t i v i t i e s  on a n a l y s i s  and e v a l u a t i o n ,  t e s t  methods 
development,  s t a t u s  of i r r a d i a t i o n  experiments ,  and c o r r o s i o n  t e s t i n g  
and hydrogen permeation s t u d i e s ,  r e s p e c t i v e l y .  These a c t i v i t i e s  re la te  
t o  each of the  a l l o y  development pa ths .  Chapters  3 ,  4,  5, 6,  and 7 
p r e s e n t  t h e  ongoing work on each a l l o y  development pa th .  The Table of 
Contents  i s  annota ted  f o r  the convenience of t h e  r eade r .  

This  r e p o r t  has been compiled and e d i t e d  under t h e  guidance of t h e  
Chairman of the  Task Group on 4l1oy Development f o r  I rmd ia t ion  Performance. 
E. E. Bloom, Oak Ridge Nat iona l  Labora tory ,  and h i s  e f f o r t s  and those of 
t h e  suppor t ing  s t a f f  of ORNL and the  many persons who made t e c h n i c a l  
c o n t r i b u t i o n s  a r e  g r a t e f u l l y  acknowledged. T. C. Reuther ,  Ma te r i a l s  and 
Rad ia t ion  E f f e c t s  Branch, is t h e  Department of Energy Counterpart  t o  the  
Task Group Chairman and has r e s p o n s i b i l i t y  f o r  the  ADIP Program wi th in  WE. 

G.  M. Haas, Acting Chief 
M a t e r i a l s  and Radia t ion  E f f e c t s  Branch 
Of f i ce  of Fusion Energy 
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d u c t i l i t y  of the Path R a l loys  ? a s  t e ss  than 1% f o r  a l l  
a l loy  conditions studied. 
was shoim t o  be dependent a preirradiation t he rm-  
mec'nan-i.ca1 treatment. 
condition exhcbited a smaller d u c t i l i t y  drop as t e s t  
temperatures increased ahove sOoaC than specimens i n  e i ther  
a cold imrked o r  a solution treated and aged condition. 
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Wicrostructuml studies indicated several possible 
causes f o r  the low d u c t i l i t y  observed i n  the Path S a l loys .  
Brecipitation of helium bubbles at grain boundaries was 
observed for all al loy  conditions. Yelium bubbles a t  grain 
boundnries could cause a reduction of the grain boundaw 
cohesive energy and could aZso serve as potential cmck 
nucleation s i t e s  during deformation. Other precipitates,  
which are knoi,m t o  cause a reduction in grain boundaw 
strength were also observed. For example, cav i t i es  formed 
a t  prec ip i ta te /gra in -bounda~  in ter faces  i n  cold worked and 
aged alloy R1; a layer of y’ c o q l e t e l y  coated grain 
boundaries i n  cold worked a22o.y B I ;  and n-phase pZates vere 
a l i p e d  i n  the  grain boundary region’ i n  cold worked and 
aged allog 94. 
and diminish t he i r  a b i l i t y  t o  deform. Relative t o  the 
veakened boundary, the mztrix is qui te  strong, being 
strengthened by the f o r m t i o n  of y’ or y’/y” precipi ta tes ,  
radiation-induced fauZted loops, and a high densit,y of 
helium bubbles. Due t o  the l imited deformation tolerance 
of the grain boundaries, f a i l u re  wilt be i n i t i a t ed  there 
before m t r i x  de formt ion  can relax local s t ress  concen- 
t ra t ions  a t  high temperatures. 4 single principal 
mechanism t o  explain t h e  l o i ~  d u c t i l i t y  phenomena observed 
cannot be selected a the h s i s  of the  resu l t s  of the 
microstructural studies.  

adequate d u c t i l i t y  f o r  f i r s t  ua7.t application a t  high 
temperatiires. 

These features  weaken the  grain boundaries 
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as a consequence of  irradiation i n  Modified 9Cr-1Mo are 
at tr ibuted t o  in-reactor precipitation of IV,NblC a d  
M23Cs. 
duc t i l e  and b r i t t l e  f a i l u re  modes can he measured, tha t  
they d i f f e r  by over an order of mgnitude and that  
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t e s t  resu l t s  were analyzed using tke  J- integral approach. 
I t  was found that  the fracture  toUghne68 of HT-9 and 
modified 9Cr-1Mo 02s not signif<cantly reduced due t o  
welding. 

The fracture  toughness of HT-9 weld metal, UT-9 HAZ 

Circular (2 .54  ?run t h i ck )  

7.5 The Toughness of Simulated Heat Affected Zone Micro- 
structure in HT-9 (ESR Melt Practice) (Sandia National 
Laboratories) . . . . . . . . . . . . . . . . . . . . . . .  230 

To be reported i n  the next semiannual report. 

7.6 The Effect of Melt Practice (ESR vs. AOD) on the Toughness 
of HT-9 Laser Welds (Sandia National Laboratories) . . . .  
processed mzterial from the  Rational Fusion Heat 7~as 
evaluated. In general, the  fus ion  zone toughness i ~ a s  
equivalent, if not superior, t o  that  of the base metal. 
f i e  microstructural refinement vhich resul ts  from ueld 
so l i d i f i ca t i on  i s  probably responsible f o r  the improvement 
i n  properties. 
parti t ioning during s o l i d i f i c a t i o n  appears t o  exert o n l y  
a small e f f e c t  a the propert ies .  
anaZogous t o  that  of the bdse mzteriat; loider shelf f a i l u re  
exh ib i t s  a cleavage mde  while upper shelf  f a i l u re  occurs 
by duct i le  rupture. 

The toughness behavior of laser welded AOD- a d  ESR- 

The chemical inhomogeneity due t o  

The f m c t u r e  mde i s  
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7.7 The Effect of wench Rate and Refrigeration on the 
Mechanical Properties of ESR Processed HT-9 (Sandia 
National Laboratories) . . . . . . . . . . . . . . . . . .  244 

austeni te  when a i r  cooled a f t e r  aus teni t i z ing .  
the retained austeni te  content of HT-9 from that  of the 
a i r  cooled IAC) condition, two other treatments a f t e r  
aus teni t i z ing  were employed: o i l  quenching (OQl and d l  
quenching followed by re fr igerat ion  i n  l iquid nitrogen 
( O Q L N l .  The OQ structure contained 6% retained austeni te  
and the OQLN structure had only 4% retained austeni te .  
Preliminary Charpy impact data indicate some beneficial  
e f f e c t  of these treatments. 
specimens tempered a t  750°C were 78, 80 and 97 f t - t b s  f o r  
the  AC, OQ and OQLN structures respect ively.  

7.8 Preparation of ESR Alloy "-9 and Modified 9Cr-1Mo Alloy 

HT-9 contains about 9 volume percent retained 
To reduce 

The &rpy impact m h e s  of 

for UBR Irradiation Experiments (Naval Research 
Laboratory) . . . . . . . . . . . . . . . . . . . . . . . .  252 

evaluated f o r  potential application as f i r s t  wztl mzteriats 
i n  rmgnetic fus ion  reactors. 
s tudies are the assessment of m t e r i a t  notch d u c t i l i t y  and 
f m c t u r e  toughness i n  the pre- and postirradiation 
conditions and the correlation of miniature t e s t  specimens 
required f o r  high f l u x  reactor experiments with standard 
s i z e  specimens. 

Planning and preparations for two irradiat ion 
experiments involving Alloy HT-9 a d  A l l o y  9Cr-1Mo (Mod.) 
have been completed. 
a t t a i n  spec i f i c  research object ives recommended by the 
OPE Working Group on Irradiat ion E f f e c t s  i n  Martensitic 
S ta in less  S tee ls .  

A l l o y  HT-9 and A l l o y  9Cr-1Mo (Mod.) are being 

Objectives of the current 

The experiments are designed t o  

7.9 Miniature Charpy Impact Test Results for Irradiated 
Ferritic Alloys (Westinghouse Hanford Company) . . . . . .  255 

YT-9 base m t a l ,  HT-9 weld m t a l ,  HT-9 heat-affected-  
zone and m d i f i e d  9Cr-1Mo base m t a l  were impact tested a t  
temperatures from -65OC t o  250°C. 
irradiated t o  a peak exposure of 13 dpa a t  temperatures of 
390, 450, 500 and 550°C. The increases i n  ductile- to-  
S r i t t l e  t rans i t ion  temperature and the reduction i n  upper 
shel f  energy f o r  each al loy,  a t  each irradiat ion condition, 
lJe?e determined. 

The specimens were 
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8 . 1  Irradiation Experiment Status and Schedule (Oak Ridge 
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Principal fea tures  of mny ADIP irradiat ion experi- 
mats  are tabulated, with schedules f o r  recent, current, 
and planned experiments. Experiments in ORR, HFIR, m d  
EBR-II are included. 

8 . 2  Fusion Program Research Materials Inventory (Oak Ridge 
National Laboratory) . . . . . . . . . . . . . . . . . . .  285 

A c e n t m l  inventory of research ?raterials i s  min -  
tained f o r  use i n  the Fusion Reactor Materia16 research 
and development pro.qrams. A condensed, qual i ta t ive  l i s t i n g  
of  the content of the inventory is given, along with a 
record of m t e r i a l s  transfers  i n  the reporting period. 

9. MATERIALS COMPATIBILITY AND HYDROGEN PERMEATION STUDIES . . . .  289 

9 . 1  Corrosion of Path A PCA, Type 316 S ta in le s s  S tee l  and 
F-12 Cr-MoVW S tee l  in Flowing Lithium (Oak Ridge National 
Laboratory) . . . . . . . . . . . . . . . . . . . . . . . .  290 

Results from l i th ium thermal-convection loop (TCL I 
experiments with the pdth A prime candidate a l loy  (PCAI. 
type 316 s ta in less  s t ee l ,  and P e l 2  Cr-1 MOW are 
presented. 
i n  flowing l i th ium were &s t  s l i g h t l y  higher than those of 
type 316 s ta in less  s tee l  and m y  be a t t r ibutable  t o  the 
higher nickel  concentmtion of PCA. The corrosion response 
o f  PCA qecimens was not a f f ec ted  by cold work. A surface 
ana%,ysis of type 316 s ta in less  stee% specimens exposed i n  
the  hot leg of a TCL f o r  over 7000 h confirmed ear l i e r  
observations regarding preferentCat leaching of nickel m d  
chromium and deposition of pure chromium. These analyses 
a h 0  showed that  exposure temperature strongly a f f e c t s  
surface porosity and that  mlybdenum enrichment occurs on 
surfaces undergoing d issolu t ion .  
funct ion  of time f o r  Fe-12 Cr-1 MOW stee l  exposed t o  
l i th ium a t  5 O O O C  yielded the same dissolut ion rnte a6 the 
"steady-state" value f o r  nickel-depleted type 31 6 s ta in less  
s t e e l .  S igni f icant  weight losses were measured in the coZd 
leg of t h i s  loop, m d  they appeared t o  be related t o  
chromium depletion (possibty as a resuZt of impurity 
react ions) .  

h e  short-term ( ~ 3 0 5 0  hl weight losses of PCA 

Weight toss data as a 
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9 . 2  Environmental Effects on Properties of Structural Alloys 
(Argonne National Laboratory) . . . . . . . . . . . . . . .  304 

f e r r i t i c  and aus teni t ic  s t e e l s  at  700 and 755 K t o  study 
the  corrosion behavior in flowing lithium, and fa t igue  
t e s t s  were performed with Type 316 s ta in less  steel in 
l i t h ium a t  755 K. The resul t s  indicate that  an increase 
i n  the nitrogen content i n  l i thium increases the dissotu- 
t i o n  rate, whereas the depth of internat  penetration is not 
a f f ec ted  s ign i f i can t l y .  The dissoZution m t e  of f e r r i t i c  
s t e e l s  is an order of mzgnitude lower than for the 
aus ten i t i c  s ta in less  s t e e l .  
a very porous f e r r i t e  layer, t~hereas the f e r r i t i c  s t e e l s  
exhhibit l i t t l e  or m penetmtion. For the aus teni t ic  
s ta in less  s tee ls ,  depth of internal  penetration increases 
i d t h  time and the penetration m t e s  a t  755 K mnge from 
50 t o  180 pm/year. 
s t ee l  yield similar penetration m t e s  a t  700 and 755 K.  
The fa t igue  l i f e  of annealed Type 316 s ta in less  s t ee l  in 
l i th ium at  755 X is a fac tor  of 3 t o  8 greater than in air .  

9.3 Corrosion of Ferrous Alloys in Static Pb and Pt-17 at. % Li 

Cornpztibility t e s t s  were wnducted with several 

The aus teni t ic  s t e e l s  develop 

Preliminary data on Type 316 s ta in less  

(Oak Ridge National Laboratory) . . . . . . . . . . . . . .  314 

s t a t i c  pure lead f o r  1000 and 3000 h a t  400, 500, and 
600°C, respect ively.  Weight tosses measured in these tes ts  
were compared uLth those measured in similar t e s t s  with 
Pb-17 a t .  % Li. f i e  data shoi~ed that  the addition of 
17  a t .  % Li t o  lead has some e f f e c t  on i t s  d i s s o h t i o n  
behavior re la t ive  t o  type 316 s ta in less  s t ee l ;  however, 
the  weight losses in both the lead- lithium and pure lead 
melts were mch larger than in pure l i thium. Preliminary 
resu l t s  from Compositional rmalyses of t ype  316 s ta in less  
s t ee l  exposed t o  s t a t i c  Pb-17 a t .  % L i  showed surface 
depletion of nickel a t  50OOC. 

Specimens of type 316 s ta in less  s tee l  were exposed t o  

9.4 Compatibility Studies of Structural Alloys with Solid 
Breeder Materials (Argonne National Laboratory) . . . . . .  323 

The compatibili ty of f e r r i t i c  and aus teni t ic  s t e e l s  
with Li20 p e l l e t s  has heen invest igated a t  823 K (550OC) 
i n  flotJing helium containing 93 ppm H20 and 1 ppm H 2 .  
r e su l t s  indicate that  hoth s t e e l s  develop an iron-rich 
outer scale and a chromium-rich suhscate. The reaction 
rates f o r  f e r r i t i c  and aus ten i t i c  s t e e l s  are comparable and 
y ie ld  a value of -85 um/year f o r  penetration rate. Tlte 
Li20 pe l l e t s  ercposed u i t h  the various alloys lose weight. 
The ideight loss fol lows a parabolic l a w ,  Predicting a value 
of -4.8%/year. 

The 





1. ANALYSIS AND EVALUATION STUDIES 

1 



2 

1.1 MATERIALS HANDBOOK FOR FUSION ENERGY SYSTEMS - J. W. Davis (McDonnell 

Douglas A s t r o n a u t i c s  Company - S t .  Louis D iv i s ion )  and T. K. B i e r l e i n  

(Westinghouse Hanford Company) 

1.1.1 ADIP Task 

Task Number l . A . l  - Define m a t e r i a l  p rope r ty  requirements  and make 

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

1 . 1 . 2  Ob jec t ive  

To p rov ide  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  sou rce  of m a t e r i a l  p r o p e r t y  

d a t a  f o r  use  by t h e  f u s i o n  community i n  concept e v a l u a t i o n ,  des ign ,  s a f e t y  

a n a l y s i s ,  and performancefverification s t u d i e s  of v a r i o u s  f u s i o n  energy 

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

t h e  m a t e r i a l s  d a t a  b a s e  where i n s u f f i c i e n t  i n fo rma t ion  o r  vo ids  e x i s t .  

1.1.3 Summary 

A f o u r t h  p u b l i c a t i o n  package of da t a  pages has  been d i s t r i b u t e d  and 

a f i f t h  p u b l i c a t i o n  package w i l l  be r e l eased  s h o r t l y .  

t i o n  package conta ined  d a t a  sheets covering both t h e  i r r a d i a t e d  and 

u n i r r a d i a t e d  e l e c t r i c a l  r e s i s t i v i t y  of 20% cold  worked type  316 s t a i n l e s s  

s t e e l .  The f i f t h  p u b l i c a t i o n  package w i l l  be much more e x t e n s i v e  and 

c o n t a i n  d a t a  s h e e t s  on s o l i d  t r i t i u m  breeding m a t e r i a l s ,  magnet case  

m a t e r i a l s ,  and f i r s t  w a l l  p r o t e c t i o n  m a t e r i a l s .  With t h e  r e l e a s e  of t h e  

f i f t h  p u b l i c a t i o n  package, t h e  handbook w i l l  con ta in  m a t e r i a l  i n fo rma t ion  

i n  seven o f  i t s  n i n e  major c h a p t e r s .  During t h e  remainder of t h i s  yea r  

t h e  e f f o r t  w i l l  be  d i r e c t e d  towards expanding t h e  informat ion  i n  t h e s e  

chap te r s  wi th  p a r t i c u l a r  emphasis on f e r r i t i c  steel d a t a  s h e e t s  and on 

l i q u i d  l i t h i u m  d a t a  s h e e t s .  

The f o u r t h  publ ica-  

1 .1 .4  P rog res s  and S t a t u s  

The M a t e r i a l s  Handbook f o r  Fusion Energy Systems i s  now approaching 

t h e  t h i r d  ann ive r sa ry  of i t s  a u t h o r i z a t i o n  and dur ing  t h i s  time has been 

transEormed from an i d e a  i n t o  a document t h a t  i s  both  widely recognized  

and sought .  This  can be seen  i n  t h e  f a c t  t h a t  t h e r e  a r e  now over  100 



3 

cop ie s  of t h e  handbook i n  use  today a t  more than  30 d i f f e r e n t  U.S. 

o r g a n i z a t i o n s  c o n s i s t i n g  o f  n a t i o n a l  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 

p r i v a t e  i n d u s t r y ,  and r e q u e s t s  f o r  a d d i t i o n a l  copies  cont inue  t o  a r r i v e .  

While i n  t h e  beginning t h e  i n t e r e s t  i n  t h e  handbook cen te red  on t h e  

promise of t h i n g s  t o  come r a t h e r  than con ten t ,  t h i s  s i t u a t i o n  i s  beginning 

t o  change p r i m a r i l y  a s  a r e s u l t  of t h e  e f f o r t s  of a few i n d i v i d u a l s .  

A con t inu ing  cha l l enge  t h e  handbook has  had t o  f a c e  i s  t h e  mainte-  

nance o f  a cont inuous flow of d a t a  pages from t h e  page p r e p a r e r s  t o  t h e  

handbook ho lde r s .  To r e c t i f y  t h i s  s i t u a t i o n  a number of approaches were 

t r i e d  i n c l u d i n g  t h e  i s suance  of a programmatic l e t t e r  by t h e  M a t e r i a l s  

and Rad ia t ion  E f f e c t s  branch of OFE r a i s i n g  t h e  v i s a b i l i t y  of t h e  handbook. 

While none of t h e s e  approaches has  been s i n g u l a r l y  s u c c e s s f u l ,  t aken  i n  

t o t a l  they have helped t o  i n c r e a s e  t h e  flow of d a t a  t o  t h e  handbook. This  

t r e n d  can be seen  i n  a comparison of t h e  number of d a t a  pages i n  1981 wi th  

t h o s e  submi t ted  in 1982. In 1981 a f t e r  t h e  p u b l i c a t i o n  of t h e  2 1  d a t a  

pages on t h e  g l a s s  epoxy lamina te  G-1OCR which were prepared by G. P .  Lang 

o f  MDAC and R. R. Coltman of O W ,  on ly  3 a d d i t i o n a l  d a t a  pages were 

submi t ted  f o r  review. These d a t a  pages were prepared  by R. F. Mattas  of 

ANL and covered t h e  e l e c t r i c a l  r e s i s t i v i t y  of 20% cold  worked type 316 

s t a i n l e s s  steel i n  t h e  i r r a d i a t e d  and u n i r r a d i a t e d  cond i t ion .  These d a t a  

pages a r e  conta ined  i n  t h e  f o u r t h  p u b l i c a t i o n  package. I n  1982 more than 

100 d a t a  pages have been submi t ted  f o r  review and approval  and should be  

r e l e a s e d  t o  t h e  handbook u s e r s  du r ing  1983. These d a t a  pages c o n s i s t  of 

c ryogenic  p r o p e r t i e s  of a u s t e n i t i c  s t a i n l e s s  s teel  f o r  use i n  supercon-  

duc t ing  magnets,  which were prepared  by N. J. Simon of NBS; p r o p e r t i e s  o f  

l i t h i u m  ceramic compounds (Li20,  L i4S i04 ,  Li2Zr03,  and LiAlO2) f o r  use  i n  
tritium breed ing ,  prepared  by G.  W. Hol lenberg of HEDL; and p r o p e r t i e s  of 

b u l k  g r a p h i t e  f o r  use  a s  armor o r  l i m i t e r s ,  prepared by D. J. S u i t e r  of 

MDAC. The m a j o r i t y  of t h e s e  pages are i n  t h e  review cyc le  w i th  roughly 

20 approved f o r  r e l e a s e  i n  January.  I n  a d d i t i o n  t o  t h e s e  da t a  pages  

approximate ly  40 more d a t a  pages have been rece ived  b u t  a r e  no t  i n  t h e  

review c y c l e  a s  y e t .  These d a t a  pages cover  t h e  i r r a d i a t e d  impact 

s t r e n g t h  of f e r r i t i c  s t e e l s ,  p repared  by W .  L .  Hu of HEDL, mel t ing  po in t  

of L i z 0  p repa red  by J. Shearer  of ANL, tritium permeat ion of s t a i n l e s s  
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s t e e l  p repared  by W. Bauer of SNL, and p r o p e r t i e s  of l i t h i u m  prepared by 

W .  Brehm of HEDL, and p h y s i c a l  s p u t t e r i n g  of s e v e r a l  m a t e r i a l s  prepared 

by J. B.  Roberto of OWL. These d a t a  s h e e t s  w i l l  e n t e r  the  review c y c l e  

l a t e r  t h i s  yea r .  With t h e  p u b l i c a t i o n  of t h e s e  d a t a  s h e e t s  t h e  handbook 

w i l l  c o n t a i n  i n fo rma t ion  i n  7 o f  i t s  9 c h a p t e r s .  Even though t h e r e  a r e  

a l a r g e  number of d a t a  pages i n  t h e  review c y c l e ,  t h e  handbook w i l l  s t i l l  

need a d d i t i o n a l  d a t a  s h e e t s  i n  o r d e r  t o  ma in t a in  a cont inuous  f low of 

d a t a .  Data s h e e t s  t h a t  a r e  c u r r e n t l y  in t h e  p lanning  o r  p r e p a r a t i o n  

s t a g e  a r e :  mechanical p r o p e r t i e s  of f e r r i t i c  s t e e l  type  HT-9, mechanical 

p r o p e r t i e s  of g r a p h i t e  type  H451, and swe l l ing  of a u s t e n i t i c  s t a i n l e s s  

steel type  316. 

1 .1 .5  Fu tu re  Work 

The e f f o r t  f o r  t h e  handbook over  t h e  next  6 months w i l l  b e  d i r e c t e d  

towards t h e  review of t h e  d a t a  s h e e t s  and p u b l i c a t i o n  of a t  l e a s t  h a l f  of 

t h e  d a t a  s h e e t s  c u r r e n t l y  i n  review assuming they are approved by t h e  A&E 

t a s k  group. 
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2 . 1  NEUTRON SOURCE CHARACTERIZATION FOR MATERIALS HCPERIMENTS - 
L. R .  Greenwood (Argonne Na t iona l  Labora tory)  

2.1.1 ADIPIDAFS Tasks 

ADIP Task I.A.2 - Define T e s t  Mat r ices  and Procedures  
DAFS Task I I . A . l  - Fission Reactor  Dosimetry 

2 . 1 . 2  Ob jec t ive  

To c h a r a c t e r i z e  neut ron  i r r a d i a t i o n  f a c i l i t i e s  in terms of neu t ron  

f l u x ,  s p e c t r a ,  and damage parameters  (DPA, H e ,  t r ansmuta t ion )  and t o  

measure t h e s e  exposure parameters  du r ing  f u s i o n  m a t e r i a l s  i r r a d i a t i o n s .  

2.1.3 Summary 

Measurements and c a l c u l a t i o n s  a r e  presented  f o r  t h e  ORR-MFE4A 

s p e c t r a l - t a i l o r i n g  experiment  a f t e r  an i r r a d i a t i o n  of 406 f u l l  power days 

(30 MW) between June 12,  1980 and A p r i l  2 6 ,  1982. The maximum f l u e n c e  

i n s i d e  t h e  capsu le  w a s  1.76 x loz2  n/cm2 producing 4.67 DPA and 63 appm 

H e  in s t a i n l e s s  s t e e l  (13% Ni) .  Values o u t s i d e  t h e  sample ho lde r s  were 

1 .88  x l o z 2  n/cm2, 4.94 DPA and 73 appm H e  in s t a i n l e s s  s t e e l .  

c a l c u l a t i o n s  inc lude  ep i the rma l  e f f e c t s  and t h e  e x t r a  d i sp lacements  from 

t h e  e n e r g e t i c  56Fe r e c o i l s .  

summarized in Table 2 .1 .1 .  

Helium 

The s t a t u s  of a l l  o the r  experiments  is 

2.1.4 P rog res s  and S t a t u s  

2.1.4.1 Dosimetry and Analys is  f o r  t h e  MFE4A S p e c t r a l  T a i l o r i n g  Experiment 
in ORR 

The MFE4A experiment in t h e  Oak Ridge Research Reactor  (ORR) was 

designed t o  ach ieve  f u s i o n- l i k e  helium-to-DPA r a t i o s  in s t a i n l e s s  s t e e l  

by a l t e r i n g  t h e  neutron spectrum. The i r r a d i a t i o n  in core  p o s i t i o n  E3 
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Table 2.1.1.  S t a t u s  of Dosimetry Experiments 

Faci l i ty/Experiment  Status/Comments 

ORR -MFE 1 
- W E  2 
- MFE 4A1 
- MFE 4A2 
- MFE 4 B,C 
- TBC 07 
- TRIO-Test 
- TRIO- 1 

HFIR - CTR 32 
- CTR 31, 34, 35 
- CTR 30 
- T 1 ,  T2,  T3 

- CTR 39-45 

- HEDLl 

- R B 1 ,  RB2, RB3 

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

EBR I1 - X287 
IPNS - S p e c t r a l  Analysis  

- LANLl (Hurley) 
- Hurley/Coltman 

Completed 12/79 
Completed 06/81 
Completed 12/81 
Completed 11/82 
I r r a d i a t i o n  in Progress  
Completed 07/80 
Completed 07/82 
Samples Sent 10/82 
Completed 04/82 
Samples Received 09/82 
I r r a d i a t i o n  in Progress  
I r r a d i a t i o n s  in Progress  
I r r a d i a t i o n s  i n  Progress  
Samples Sent 10/82 
Completed 10/80 
Completed 05/81 
Completed 09/81 
Completed 01/82 
Completed 06/82 
Samples Received 11/82 

began on June 12,  1980 and was f i r s t  removed on January 19,  1981 a f t e r  

an exposure of 5481 MWD. Dosimeters were removed a t  t h a t  t i m e  and our  

r e s u l t s  were r epor t ed  previous ly .  [Damage Analysis and Fundamental 

S t u d i e s ,  Quar t e r ly  Progress  Report ,  WE/ER-0046/6, p .  24, 1981. J The 

experiment w a s  then f u r t h e r  i r r a d i a t e d  from March 1 9 ,  1981 t o  September 16,  

1981 f o r  4404 MWD and f i n a l l y  from February 2 ,  1982 t o  Apr i l  26, 1982 f o r  

2291 MUD. 

t h i s  e n t i r e  exposure have been analyzed and t h e  r e s u l t s  a r e  reported below. 

The MFE4A experiment is s t i l l  being i r r a d i a t e d ;  hence, t hese  in t e r im  

r e s u l t s  a r e  intended t o  check t h e  progress  of t h e  planned exposure. 

The ne t  exposure was thus  12,176 MWD. Dosimetry capsules  f o r  

Four of our  o r i g i n a l  e i g h t  s t a i n l e s s  s t e e l  dosimetry tubes were 

removed in t he  p re sen t  experiment.  The o the r  f o u r  were l e f t  i n  f o r  
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f u r t h e r  i r r a d i a t i o n  along with four  new dosimeters  t o  rep lace  those which 

were removed. Each tube w a s  about 1/16" OD by 2.75" long and contained 

small q u a n t i t i e s  of Fe,  C o ,  80% Mn-Cu, T i ,  Nb, Cu, N i ,  and helium 

accumulation monitors .  A l l  of the  samples were gamma counted by G e ( L i )  

spectroscopy techniques .  The samples w e r e  then s e n t  t o  Rockwell I n t e r-  

n a t i o n a l  f o r  helium a n a l y s e s .  

The measured a c t i v i t i e s  are l i s t e d  i n  Table 2.1.2. A l l  va lues  have 

been co r r ec t ed  f o r  burnup; however, s e l f- sh ie ld ing  e f f e c t s  are not 

Table 2.1 .2 .  Ac t iva t ion  Rates Measured f o r  ORR-MFE4A 
Dosimeters removed on Apr i l  26, 1982 a t  12,176 MWD 

Values normed t o  30 MU; accuracy +1.5% 

React i o n  og(atom/atom-s) 
I n s i d e  Outside Height ,  i n .  

58Fe( n, y)59Fe -0.62 1.72 x 1.85-1° 
-2.47 1.68 1.88 
-3.75 1.72 
-3.94 1.83 
-4.50 1.82 
-5.78 1.68 
-5.84 1.54 
-0.84 5.09 10-9 5.65 10-9 
-3.97 5.09 10-9 
-4.16 5-68  10-9 

58Fe(n. ~ ) ~ ~ F e ( n .  v ) ~ O C O  -0.62 1.59 x 1.88 x . , ., . . ,, 
-2.47 1.59 1.92 
-3.75 1.61 
-3.94 
-5.78 
-5.84 
-1.19 
-0.62 
-2.47 
-3.75 
-3.94 
-4.31 
-4.50 
-5.78 
-5.84 

1.87 
1.52 

1.23 

1.01 x 1.05 x 
1.03 1.08 
1.02 

1.06 
1.00 

1.02 
1.01 

2.44 10-9 

0.96 

(Cont 'd)  
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Table 2 .1 .2 .  (Cont 'd)  

React ion o+(atom/atom-s) 
I n s i d e  Outside 

Height ,  i n .  

46Ti (n ,p)  46Sc 

55Mn(n ,2n) 54Mn 

6 3 ~ u ( n ,  ~ ) ~ O C O  

58Ni  (n , p) 58Co+ 

6 o N i  (n , p )  6oCo+ 

58Ni  (n ,x) 57Co 

-1.19 1 .41  x 
-1.66 1.46 1.56 x 
-4.81 1.43 
-4.97 1.54 
-5.03 1.44 

-4.13 3.23 
-1.00 3.21 10-14 3.40 10-14 

~ ~~ 

-4.31 3.35 
-2.13 7.12 10-14 7.49 10-14 
-5.44 7.07 
-5.50 6.65 
-2.31 5.68 x 5.63 x 
-4.56 5.74 
-4.75 5.55 
-5.63 5.70 
-5.69 5.80 
-2.31 1.51 10-14 1.74 10-14 
-4.56 1.39 
-4.75 
-5.63 

1.60 
1.48 

-5.69 1 .20  
-2.31 1.63 x 1.73 x 
-5.63 1.62 
-5.69 1.52 

+ 
Burnup c o r r e a c t i o n s  a r e  not inc luded  but a r e  v e r y  h igh  ( ~ ' 5 0 % )  f o r  
58C0. The 6oCo v a l u e s  are cor respondingly  t o o  h igh  ( ~ ' 5 0 % )  due t o  
burn in  of 59co. 

inc luded  s i n c e  t h i s  c o r r e c t i o n  is spectral- dependent  and hence must be 

done concur ren t ly  wi th  subsequent s p e c t r a l  ad jus tment .  The v a l u e s  ag ree  

q u i t e  w e l l  wi th those  repor ted  p rev ious ly ,  a l though the  previous  59Co(n, y) 

va lue  w a s  altered due t o  a r e a n a l y s i s  of the  Co-V a l l o y ,  as r e p o r t e d  l a t e r .  

[Damage Analysis  and Fundamental S t u d i e s ,  Qua r t e r ly  Progress  Report ,  WE/ 

ER-0046/8, p .  21, 1982.1 Furthermore,  neut ron  s e l f - s h i e l d i n g  c o r r e c t i o n s  

are s l i g h t l y  l a r g e r  i n  t h e  p re sen t  run.  The f i n a l  a c t i v i t y  r a t i o s  of the 

P resen t  measurements d iv ided  by t h e  e a r l i e r  measurements a r e ,  a s  fo l lows :  
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React ion Ra t io  (New/Old) 

5 8 F e ( n , ~ )  1.00 f 0.03 
5 9 ~ o ( n , ~ )  0.93 f 0.06 
5 4 W n , p )  1.01 f 0.03 
4 6 T i ( n , ~ )  1.05 f 0.03 

Hence, we conclude t h a t  t h e r e  has been no s i g n i f i c a n t  change in t h e  

spectrum between t h e  two i r r a d i a t i o n s .  

be due t o  f u e l  burnup e f f e c t s .  

The small d i f f e r e n c e  in f l u x  may 

The a c t i v i t i e s  in Table 2 . 1 . 2  a r e  grouped by t h e i r  p o s i t i o n  in t he  

MPE4A assembly. Two tubes  were on t he  i n s i d e  and two on the  o u t s i d e  of 

an annulus surrounding t h e  experimental  samples.  The top  tubes  (0 t o  

-2.5") were i r r a d i a t e d  a t  400°C and t h e  bottom (-3.9" t o  -5.8") were a t  

3OOOC. All of the  a c t i v i t i e s  f o r  a s p e c i f i c  r e a c t i o n  f a l l  on smooth 

curves  f o r  t h e  inne r  and o u t e r  p o s i t i o n s .  A t  each p o s i t i o n  t h e  maximum 

g r a d i e n t  w a s  o n l y  about  8% over  the  e n t i r e  l e n g t h  (26")  where samples 

were i r r a d i a t e d .  

s imple  polynomial of form: 

The g r a d i e n t s  can  a l l  be desc r ibed  q u i t e  w e l l  by a 

Ai(h) = A i  (0)(0.9712 - 0.02497 h - 0.00540 h 2 )  (1 )  

where A i  is t he  a c t i v i t y  f o r  r e a c t i o n  i and A i ( 0 )  is t he  maximum value  

which occurs  a t  -2.3" below midplane. 

e s t i m a t e  the  maximum a c t i v a t i o n  r a t e s  f o r  a l l  r e a c t i o n s  and t h e s e  v a l u e s  

a r e  l i s t e d  in Table 2.1.3. The thermal a c t i v i t i e s  a r e  about 8% lower on 

t h e  i n s i d e  compared to t h e  o u t s i d e  of t h e  assembly whereas the  f a s t  neut ron  

va lues  on ly  decrease  by about  5%. 

o p e r a t i v e  - a slow f l u x  g rad ien t  away from c o r e  c e n t e r  and neut ron  a t t e n-  

u a t i o n  by t h e  s t a i n l e s s  steel s l e e v e  around t h e  inne r  samples.  

This expres s ion  was then  used t o  

Ac tua l ly ,  we expect  two e f f e c t s  t o  be 
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Table 2.1.3. Maximum Act iva t ion  Fates for ORR-MFE4A 
Values a t  -2.3" below midplane 

React ion 

58Fe( n, y ) 59Fea 
5 9 ~ 0  ( n , y ) 6 0 ~ 0  
54Fe(n,p) 54Mn 
46Ti  (n ,  p)  46Sc 
55Mn(n, 2nbi4Mn 
%u(n,a)  co 

a$ (atom/atom-s) 
I n s i d e  Outs ide  

1.75 x 1.88 x 10-10 
5.16 10-9 5.65 10-9 
1.03 x 1.08 x 10-11 

3.26 10-14 3.43 10-14 
7.10 10-14 7.48 10-14 

1.47 x 10-l2 1.58 x 

R a t i o  
( I d o u t )  

0.93 
0.91 
0.95 
0.93 
0.95 
0.95 

i k e u t r o n  s e l f- s h i e l d i n g  c o r r e c t i o n s  are about 2% f o r  Fe and 10% f o r  
t h e  Co(n,y) r e a c t i o n s .  

The maximum a c t i v a t i o n  rates i n  Table 2.1.3 were used t o  adjus t  the  

f l u x  spectrum c a l c u l a t e d  by R.  A. L i l l i e ,  e t  a1.l 

are l i s t e d  in Table 2.1.4 and t h e  spectrum is shown i n  Figure  2.1.1. 

thermal f l u x  was  c a l c u l a t e d  assuming t h a t  t h e  neu t rons  have a Maxwellian 

d i s t r i b u t i o n  c e n t e r e d  a t  95"C, t h e  temperature of t h e  surrounding moder- 

a t o r .  This  corresponds  to  t h e  temperature used i n  t h e  n e u t r o n i c s  

The r e s u l t a n t  f l u x e s  

The 

Table 2.1.4. Maximum Flux and Fluence  Values f o r  ORR-MFE4A 

Fluences c a l c u l a t e d  f o r  12,176 MWD 
Values a t  -2.3" below midplane,  normalized t o  30 MW 

Flux (x 1014 n/cmz-s) Fluence (x loz1 n / c m 2 )  Energy, MeV Error 
I n n e r  Outer Inner  Outer 

T o t a l  (5%) 5.01 5.37 17.6 
Thermal (<.5  eV)+ (5%) 1.70 1.85 5.96 

(2200 m/s) 1.34 1.46 4.71 
0.5 eV - 0.11 (12%) 1.64 1.75 5.77 
>0.11 (10%) 1.66 1.76 5.83 
0.11 - 1 (15%) 0.75 0.80 2.63 
1 - 5  (9%) 0.84 0.88 2.95 
5 - 10  (8%) 0.071 0.075 0.25 
10 - 20 (12%) 0.0021 0.0022 0.0073 

18.8 
6.51 
5.15 
6.16 
6.19 
2.79 
3.10 
0.26 
0.0077 

+Maxwellian thermal d i s t r i b u t i o n  assumed c e n t e r e d  a t  t h e  moderator 
temperature of 95'C. 
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Pig .  2.1.1. Adjusted n e u t r o n  f l u x  spectrum f o r  t h e  MFE4A experiment in 
OW. normalized t o  30 MW a f t e r  406  f u l l  power days .  
do t t ed  and dashed l lnes  r e p r e s e n t  one s tandard  d e v i a t i o n ;  
however, t h e  f l u x  groups a r e  h ighly  c o r r e l a t e d .  

The 

c a l c u l a t i o n s  a t  ORNL. 

independent of t h e  assumed d i s t r i b u t i o n  and t h i s  va lue  is a l s o  l i s t e d  f o r  

comparison. 

In any case, t h e  der ived  2200 m / s  thermal  f l u x  is 

Displacement damage and gas p roduc t ion  c a l c u l a t i o n s  were performed 

f o r  both the  inner  and o u t e r  p o s i t i o n s  and t h e  c a l c u l a t e d  He and DPA 

va lues  are l i s t e d  i n  Table 2.1.5. 

The He and DPA v a l u e s  a t  o t h e r  h e i g h t s  in t h e  assembly can be ca l-  

c u l a t e d  us ing  Eq .  (1) where Al (0 )  is t aken  from Table 2.1.5;  however, 

t h e  N i  v a l u e s  dese rve  s p e c i a l  c o n s i d e r a t i o n ,  a s  d i scussed  l a t e r .  The 

e f f e c t s  of ( n , y )  and B-decay a r e  inc luded  in t h e  t a b l e .  For nickel-  
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Table 2.1.5. Damage Parameters  f o r  ORR-MPE4A (12,176 MWD) 
Maximum exposure a t  -2.3" below midplane 

Fluences were 1.88 x loz2 ( o u t e r )  and 1.76 x loz2 ( i n n e r )  

Element He(appm) DPA 
Inne r  Outer Inne r  Outer 

Al 3.65 3.86 7.87 5.31 
T i  2.75 2.90 5.04 5.31 
v 0.12 0.13 5.59 5.89 

Mna 0.71 0.75 5.35 5.65 
Fe 1.50 1.57 4.45 4.70 
coa 0.75 0.79 5.15 5.45 
N i b  478. 552. 5 .so 5.89 
cu 1.31 1.39 4.30 4.53 
Zr 0.14 0.15 4.63 4.89 
Nb 0.30 0.31 4.27 4.50 

- 3.14 3.31 Mo 
2.15 2.27 Ta 

C r  0.90 0.96 5.01 5.28 

- 
-- -- 

316 SSc 63.4 73.1 4.67 4.94 

a 
Se l f- sh ie ld ing  c o r r e c t i o n s  may be needed f o r  t h i c k  samples 
f o r  t h e  ( n , r )  r e a c t i o n  which c o n t r i b u t e s  (5.2%) f o r  Mn and 
(16.8%) f o r  Co. 

bThermal hel ium and DPA e f f e c t s  inc luded  (see t e x t ) .  

Composition assumed: Cr ( . l 8 ) ,  Mn(.O19), Fe(.645), Ni(.13), 
Mo(0.026). 

C 

bear ing  m a t e r i a l s ,  two e f f e c t s  must be t aken  i n t o  account .  F i r s t ,  t h e  

hel ium g e n e r a t i o n  is i nc reased  by t h e  two-step process  58Ni(n,y)59Ni(n,o)- 

%e. 

of He(appm)/DPA - 567 ( s e e  r e fe rence  2). 

Secondly, t h i s  process  increases t h e  DPA in n i c k e l  by t h e  r a t io  

In o r d e r  t o  determine the helium g e n e r a t i o n  w e  need t o  know t h e  

spec t ra l- averaged  c r o s s  s e c t i o n s  f o r  t h e  two s u c c e s s i v e  thermal  c a p t u r e s .  

I f  we s t a r t  from t h e  u s u a l  equa t ions  based on t h e  2200 m / s  v a l u e s  (see 

r e f e r e n c e s  2 and 31, t h e n  we must estimate c o r r e c t i o n s  f o r  t h e  ep i thermal  

f l u x .  

average over  our ad jus t ed  spectrum. However, t h e s e  d a t a  a r e  not a v a i l a b l e  

I f  w e  knew t h e  c r o s s  sections v e r s u s  energy,  t h e n  we could s imply  
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If w e  assume t h a t  resonance c o n t r i b u t i o n s  a r e  not l a r g e ,  then  the  epi -  

thermal  c o r r e c t i o n s  f o r  t h e  two n i c k e l  cap tu re  r e a c t i o n s  should be s i m i l a r  

t o  those  f o r  our two dos imet ry  r e a c t i o n s ,  namely 58Pe and 59Co(n ,Y ) .  Both 

of these  dosimetry r e a c t i o n s  have an epi thermal  c o n t r i b u t i o n  t o  t h e  

r e a c t i o n  r a t e  of about 15%.  

be used t o  c a l c u l a t e  helium product ion  a r e  5 . 4 4  ( i n n e r )  and 5 . 9 0  ( o u t e r )  x 

LOz2 n/cm2. These v a l u e s  happen t o  be c l o s e  t o  t h e  t o t a l  thermal  f l u e n c e s  

(< .5  eV) c o r r e c t e d  t o  room tempera ture .  A s impler  way t o  t h i n k  about  

t h i s  is to s a y  t h a t  t h e  n i c k e l  cap tu re  r a t e s  should be roughly p r o p o r  

t i o n a l  t o  t h e  Fe and Co r a t e s  times the  r a t i o s  of t h e  a p p r o p r i a t e  2200 m / s  

c r o s s  s e c t i o n s .  

Hence, t h e  equ iva len t  2200 m / s  f l uences  t o  

The n i c k e l  damage and hel ium product ion  v a l u e s  a r e  l i s t e d  i n  more 

d e t a i l  i n  Table 2.1.6. 

a helium value  of about  122 appm i n  n i c k e l  a t  an i n t e r i m  exposure of 

5481 MWD. 

measurements a t  Rockwell I n t e r n a t i o n a l  .4 

The same procedures  were used p rev ious ly  t o  p r e d i c t  

This  va lue  was l a t e r  found t o  agree  q u i t e  w e l l  wi th  helium 

Of c o u r s e ,  hel ium measurements 

Table 2.1.6. Damage and Helium C a l c u l a t i o n s  f o r  Nickel 

Inner  Outer 
DPA Re, appm DPA He, appm 

React ion 

Fas t  Neutrons: 4 .70  22 .5  4.96 23.7 
Thermala 0.80 455.6 0 . 9 3  528 .6  
Tota l  5 .50  478 .1  5 .89  552.3 

- - ~ - 

aThermal c a l c u l a t i o n s  use equa t ions  in r e fe rences  2 and 
3 with  e f f e c t i v e  thermal  f l u e n c e s  of 5 . 4 4  and 5 . 9 0  x 
loz1 n/cm2 f o r  t h e  i n n e r  and o u t e r  p o s i t i o n s ,  r e s p e c t i v e l y .  
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are now i n  p rog res s  f o r  t h e  p re sen t  exposure and t h e s e  v a l u e s  w i l l  no t  

on ly  provide  t h e  p r e c i s i o n  needed i n  t h e  MFE4A experiment ,  but  a l s o  can 

be used t o  f i n e  tune  our c a l c u l a t i o n s  i f  necessary. 

2 .1 .5  Conclusion 

The MPE4A experiment is  con t inu ing  and f u r t h e r  measurements w i l l  be 

needed t o  check t h e  p r o g r e s s ,  e s p e c i a l l y  t o  measure t h e  helium-to-DPA 

rates i n  s t a i n l e s s  steel. Helium measurements are MW i n  p r o g r e s s  at  

Rockwell I n t e r n a t i o n a l  and t h e s e  v a l u e s  w i l l  be i n t e g r a t e d  wi th  our 

r ad iome t r i c  d a t a .  
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2.2 OPERATION OF THE ORR SPECTRAL TAILORING EXPERIMENTS ORR-MFE-4A AND 
ORR-MFE-4B - J. A. Conlin, I. T. Dudley, and E. M. Lees (Oak Ridge 
National Laboratory) 

2.2.1 ADIP Task 

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

2.2.2 Objectives 

Experiments ORR-MFE-4A and -4B, which irradiate austenitic stainless 
steel, use neutron spectral tailoring to achieve the same helium-to- 

displacement-per-atom (Heldpa) ratio as predicted for fusion reactor 

first-wall service. Experiment ORR-MFE-4A contains mainly type 316 

stainless steel and Path A Prime Candidate Alloy (PCA) at irradiation 
temperatures of 330 and 400'C. 

materials at irradiation temperatures of 500 and 600°C. 

Experiment ORR-MFE-4B contains similar 

2.2.3 Summary 

The ORR-MFE-4A experiment has operated for an equivalent of 413 d at 
30 MW reactor power, with specimen temperatures of 400 and 33OoC. It was 

removed from the reactor on April 26, 1982, because a leak developed in 

the primary containment. The specimens were transferred to a new capsule, 

and that assembly has been reinstalled in the ORR for continued irradia- 
tion. The ORR-MFE-4B experiment, with specimen temperatures of 500 and 

600"C, has operated for 406 d at 30 MW reactor power. 

2.2.4 Progress and Status 

The details of the Oak Ridge Research Reactor (ORR) Spectral Tailoring 
Experiments have been described previ~usly.'-~ 

was shut down for refueling and routine reactor maintenance. The control 

gas flowmeters in the ORR-MFE-LA experiment were removed for calibration. 

This left the secondary system of the capsule depressurized for a period 

of approximately 72 h. After the flowmeters were reinstalled and helium 

flow established in the control gas system, radiation levels inside the 

experimental facility valve box increased. The increase was found to be 

On April 16, 1982, the ORR 
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due t o  traces of s l i g h t l y  r a d i o a c t i v e  NaK in  t h e  c o n t r o l  gas  l i n e  on t h e  

o u t l e t  s i d e  of t h e  c a p s u l e .  This  ind ica ted  t h a t  a l e a k  had developed i n  

t h e  c a p s u l e  primary containment and allowed NaK t o  l e a k  i n t o  t h e  c o n t r o l  

g a s  system. 

The experiment was removed from the  r e a c t o r  and t r a n s f e r r e d  t o  t h e  

ORR hot  c e l l .  The in- core s e c t i o n  of t h e  capsu le  assembly was s e p a r a t e d  

from t h e  i n s t r u m e n t a t i o n  l e a d s  and t r anspor ted  t o  t h e  High Rad ia t ion  Level 

Examination Laboratory  (HRLEL). The capsu le  was dismant led and examined 

t o  determine t h e  cause  of t h e  f a i l u r e s .  Metal lographic  examinat ion of 

t h e  thermocouples and r e g i o n s  suspected t o  be a s s o c i a t e d  wi th  the l e a k  

e s t a b l i s h e d  t h e  l e a k  l o c a t i o n .  The l eak  had occurred a t  a s i l v e r - s o l d e r -  

s e a l e d  tub ing  p e n e t r a t i o n  through t h e  bulkhead l o c a t e d  at  t h e  t o p  of t h e  

c a p s u l e ,  approximately  10 an ( 4  i n . )  above the  NaK l e v e l .  This allowed a 

few grams of NaK vapor t o  p e n e t r a t e  the  a i r - f i l l e d  r e g i o n  above the 

bulkhead.  The condensed vapor had reac ted  with the a i r ,  and the r e s u l t a n t  

ox ides  had corroded through the s h e a t h  and wires of a l l  s i x  thermocouples 

and s e v e r e l y  a t t a c k e d  t h e  gas  t u b e s  t h a t  p e n e t r a t e  t h e  bulkhead a t  t h i s  

p o i n t .  An aluminum h e a t  s i n k  i n  t h a t  r eg ion  was a l s o  corroded.  The 

c o n t r o l  gas  o u t l e t  l i n e  e v i d e n t a l l y  had a hole  corroded through it, which 

pe rmi t t ed  t h e  NaK t h a t  had accumulated above the  bulkhead t o  e n t e r  t h e  

secondary gas  system. The tube  was corroded; however, we were unable  t o  

l o c a t e  t h e  a c t u a l  l e a k .  

All o t h e r  r e g i o n s  of t h e  c a p s u l e  were i n  e x c e l l e n t  c o n d i t i o n ,  wi th  no 

i n d i c a t i o n  of i n c i p i e n t  f a i l u r e .  Meta l lograph ic  mounts were made of two 

of  t h e  thermocouple j u n c t i o n s .  The j u n c t i o n s  were found t o  be i n  

e x c e l l e n t  cond i t ion .  There w a s  no evidence of NaK i n  the  secondary gas  

r e g i o n  surrounding the  capsu le .  The leaked NaK w a s  confined t o  the  secon- 

dary  sweep gas  o u t l e t  tube on ly .  

The c a p s u l e  des ign  was modified t o  e l i m i n a t e  the  f a u l t s  of the  f i r s t  

c a p s u l e  and t o  i n c o r p o r a t e  o t h e r  changes ,  which should provide an improved, 

more r e l i a b l e  capsu le .  The bulkhead p e n e t r a t i o n s  were changed t o  furnace  

brazed j o i n t s  us ing  "Nicrobraze 50," w h i c h  is res is tant  t o  NaK. A number 

of changes were a l s o  made t o  reduce thermal  stress and s t r e s s  risers i n  

t h e  capsu le .  The reg ion  above t h e  bulkhead,  which p rev ious ly  conta ined 
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a i r ,  w i l l  now be sea led  w i t h  helium to reduce the  temperature of the  

l e a d s  i n  t h i s  reg ion  and e l imina te  the p o s s i b i l i t y  of chemical r e a c t i o n .  

Although the  grounded thermocouple junc t ions  were n o t ,  a s  suspec ted ,  t h e  

source  of the  e a r l i e r  thermocouple f a i l u r e s ,  a l l  t he  thermocouples now 

have i n s u l a t e d  junc t ions .  The c e n t r a l  thermocouple w e l l  was a l s o  modified 

t o  minimize the  temperature d i f f e r e n c e  between the c e n t r a l  and NaK 

thermocouples.  

The t e s t  specimens were removed e a r l y  i n  the  disassembly.  Some of 

t h e  p re s su r i zed  tubes  were examined, and the  specimens were reloaded i n  a 

new holder  assembly. The new capsule  was placed i n  a s p e c i a l l y  designed 

s h i e l d i n g  cask ,  and the  r a d i o a c t i v e  specimens loaded i n  the  capsule  i n  a 

ho t  c e l l .  The capsule  assembly was completed while i n  the  cask.  The cap- 

s u l e  was then removed from the casks under water and i n s e r t e d  i n t o  the  ORR, 

and i r r a d i a t i o n  was begun September 24,  1982. Through September 30, 1982, 

t h e  ORR-MFE-4A capsule  had accumulated an equ iva l en t  of 413 d a t  30 MW 

r e a c t o r  power. Specimen temperatures  of 330 and 400'C were aga in  achieved 

i n  t h e  r e c o n s t i t u t e d  experiment.  

The ORR-MFE-4B capsule  cont inues  t o  ope ra t e .  Since its i n s t a l l a t i o n  

i n  the  r e a c t o r  on A p r i l  23, 1981, t h e r e  have been four  f a i l u r e s  of t he r-  

mocouples loca t ed  w i t h i n  the NaK-filled r eg ions ,  and one c e n t r a l  t he r-  

mocouple loca t ed  i n  the  c e n t r a l  thermocouple wel l  became u n r e l i a b l e .  It 

has  been necessary  t o  swi tch  the  capsule  upper reg ion  temperature c o n t r o l  

from one thermocouple to another  on t h r e e  occas ions .  In each case  

h i s t o r i c a l  da ta  was used t o  e s t a b l i s h  the temperature r e l a t i o n s h i p s  f o r  

tempera ture  c o n t r o l .  The c e n t r a l  thermocouple was used f o r  a per iod  to 

c o n t r o l  the capsu le  upper reg ion  temperature.  It was observed t h a t  t he  

he1ium:argon r a t i o  used f o r  temperature c o n t r o l  of t h e  upper reg ion  had 

changed i n  r e l a t i o n  to the ind ica t ed  temperature.  A t  t h a t  time i t  was 

concluded t h a t  the c e n t r a l  thermocouple had become u n r e l i a b l e .  Tempera- 

t u r e  of the  upper capsule  reg ion  was then c o n t r o l l e d  by holding a s p e c i f i e d  

he1ium:argon r a t i o ,  which was determined from h i s t o r i c a l  d a t a .  It now 

appears  t h a t  the upper region of the capsule  may have opera ted  f o r  an 

equ iva l en t  78 d a t  30 MW r e a c t o r  power ope ra t ion  with the temperature a s  

much a s  1 7 O C  h igher  than the s p e c i f i e d  600°C before  i t  was decided t h a t  
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the central thermocouple was unreliable. This did not affect the lower 

capsule region, which operated at the specified temperature of 500°C. 

Through September 30, 1982, the MFE-4B capsule has accumulated an 

equivalent 406 d at 30 MW reactor power operation with a maximum specimen 

temperature in the upper region of 600"C, except for the equivalent 78 d 

at 30 MW reactor power operation period mentioned above, and in the lower 

region of 500°C. 

1. 

2. 

3.  

4. 
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2.3 HFIR/FFTF IRRADIATION EXPERIMENT - FINAL DESIGN PHASE - A. M. Ermi 
and D. L. Greenslade (Westinghouse Hanford Company) and J. M. 
Vitek (Oak Ridge National Laboratory) 

2.3.1 ADIP Task 

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

2.3.2 Objectives 

A combined HFIR/FFTF irradiation experiment is being planned to 

obtain mechanical properties data of nickel-bearing candidate alloys at 

high displacement damage levels (100-175 dpa) and the approximate helium 

concentration levels prototypic of a fusion reactor. 

HFIR for obtaining high helium production rates and the FFTF for high 

displacement damage rates, the high displacement damage at the appropri- 

ate He/dpa ratio (10-15 appm/dpa) can be achieved more rapidly than by 

utilizing existing single irradiation facilities. 

By utilizing the 

2.3.3 Summary 

The combined HFIR/FFTF experiment on the Path A Prime Candidate Alloy 
and the Path D Long-Range Ordered Alloys is in the final design stage. A 

sodium-filled test assembly to be used for the HFIR irradiations has been 

designed, the main features of which are described. The updated proposed 

test matrix is also presented. 

2.3.4 Progress and Status 

2.3.4.1 Introduction 

Development of materials for fusion reactor first wall application 

requires that the material properties be characterized under the hostile 

first wall environment conditions. Since no high fluence fusion test 

facility is currently available for the fusion alloy development program, 

simulation studies must be undertaken in existing irradiation facilities. 
The HFIR/FFTF experiment is being jointly planned by Westinghouse Hanford 

Company (WHC) and Oak Ridge National Laboratory (OWL) to achieve high 

displacement damage levels with the appropriate average He/dpa ratio for 

fusion reactors. Using the HFIR for obtaining high helium production 
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rates (in nickel-bearing alloys), and the FFTF for high displacement 

damage rates, it will he possible to achieve the desired displacement 

damage at the appropriate He/dpa ratio for a relatively large irradiation 

volume. Data from FMIT would then be used to extend this HFIR/FFTF 
engineering data. 

2 . 3 . 4 . 2  Irradiation Plan  and Test Matrix 

The HFIR/FFTF experiment test plan consists of a series of irradia- 

tions alternating between the HFIR and the FFTF. Details of the irradia- 
I tion scheme and specimen discharges have been described previously. 

Upon completion of a thorough space and damage accumulation analysis 

for the HFIR test capsule, additional specimens were added to the pre- 
I viously reported test matrix. Included in the new matrix are additional 

specimen variants of the Path A Prime Candidate Alloy (PCA) and some 
Path D Long-Range Ordered (LRO) Alloys .  The updated proposed test matrix 
is given in Table 2.3.1. Thereare likely to be no additional changes in 

the total number of each specimen, although changes are possible in the 

assignment of a specimen t o  a different alloy than that specified in the 

table. 

The matrix presently consists of the two alloy classes (PCA and LRO), 

five specimen types (swelling, creep, tensile, fatigue crack growth and 

fracture toughness), and three irradiation temperatures ( 4 0 0 ,  500, and 
6 0 0 ' C ) .  The exact descriptions of the alloy variants will be specified 

once the general matrix has been finalized. The final test matrix will 

be reported in the next semi-annual progress report. 

2 .3 .4 .3  Description of Test Hardware 

The test vehicle to be used in the FFTF phase of the experiment, 
2 the Materials Open Test Assembly (MOTA), has been described elsewhere. 

An updated and more detailed description of the previously described 
HFIR test assembly follows. 

1 

There are five criteria on which the current design has been based. 

The capsule design must: 

1. Include features for monitoring and controlling specimen tem- 
peratures within specified limits. 



23 

U 

El 
8 
E 
.d 

a x w 
0 
0 
.rl 
U m 
.rl a m 
&. 
&. 
H 

ir, 
E- 
Ir, 
ir, . 
5 
E4 
5 
a, 

&. 
0 

W 

x 
.rl 
$4 

3 
U 
m 
W 
E- 

a 
W 
Io 
0 a 
0 
&. 
P, 

rl 

m 
N 

ar 
rl 
D m 
€- 

m 
0 
0 
rl 

r n m u  
m r o m  
rl 

r n m u  
m r o m  
d 

m m u  
m r o m  
rl 

m m u  

m m m  

r l d N  

4, 
N 

m 

m 

m 

0 
rl 

Io 
W 
m 
10 
W 
Y 
U 
VI 

-3 

N 

d 

P, 
W 

U 
2 

U 
N 
N 

ora 
u r l  

0.3  
r o N  

0.3 
r o N  

m u  

" 

a m  

r l N  

w 
VI 

E- 

:: 
z; 

d r - r o  m N m  

r n m u  

m m m  

m m m  

d d N  

ro 
m 

0 0  

o m  
N 

o m  
N 

m u  

N N  

N d  

d N  

w 
VI z w E+ 

:: 



24 

2 .  Efficiently use the test volume that will accommodate the number 

and types of specimens at helium and dpa damage levels and irradiation 

temperatures required to meet the test's objectives. 

3. Include saEety features to minimize the probability of contain- 

ment vessel failure to reduce the possibility of personnel injury, reac- 

tor damage, o r  destruction of test specimens. 

4 .  Minimize hot cell handling and remote assembly/disassembly 

operations. 

5. Minimize reactor down times for insertion and removal of the 

test assembly. 

The R B l  la rgc  removable beryllium facility has been selected as 

the position for the test assembly in H F I R  (Figure 2.3.1). It offers a 

location which can be instrumented, possesses a relatively large test 

volume (RB hole diameter = 3.56 cm), and yet retains a reasonable thermal 
flux for producing helium in nickel-bearing alloys. 

The entire RB test assembly, shown in relation to the major HFIR 

components, is illustrated in Figure 2 .3 .2 .  The assembly consists of 

two main subassemblies: (1) a disposable RB test capsule which will 

contain the test specimens, and (2) a reusable instrumentation head which 

will house all instrumentation lines and serve as the interfacing struc- 

ture. Each subassembly will be discussed in detail below. 

2.3.4.3.1 RB Test Capsule. The RB test capsule (Q2 m) will be inserted 

into the shroud flange and reactor core (active length = 51 cm). It will 

be mounted (with the instrumentation head) to the top of the shroud 

flange. The test capsule will be composed of two concentric, cylindrical 

containment vessels. The outer (secondary) containment vessel will be 

constructed of 6061-T6 aluminum alloy and will have a minimum wall thick- 

ness of 2.67 mm. It will be externally subjected to 750 psig coolant 
water at 55°C. The inner (primary) containment vessel will be constructed 

of austenitic stainless steel and have a minimum wall thickness of 0.762 

mm. It will contain the various specimens located in weeper-type baskets 
stacked one upon the other. Different temperature zones will be separated 

by alumina ( A l 2 0 3 )  spacers. Sodium has been selected as the heat transfer 

medium to reduce temperature gradients within the primary vessel. The 



25 

r > 



26 

HFlRiFFTF IRRADIATION EXPERIMENT 
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internal cover gas (He) pressure will be 5 psig. 
of 4 0 0 ,  500 and 600°C will be achieved by utilizing an insulating gas 
(static He/Ne at 100 psig) between the secondary and primary vessel walls. 

The thermal conductivity of the gas (and thus temperature) will be con- 
trolled by varying the He/Ne gas mixture through inlet and outlet gas 

lines. 

Irradiation temperatures 

The RB test capsule instrumentation will include static gas pressure 

monitoring for the primary and secondary gases, centerline temperature 

monitoring at various specimen levels, and gas pressure monitoring of the 

O-ring sealed plenum at the top of the test capsule (a safety feature). 
The metal O-ring seals are the means by which the aluminum secondary 

vessel will be attached to the stainless steel primary vessel. 

density preheaters will be used during each reactor start-up to prevent 

possible damage to the primary containment vessel and pressurized tube 

specimens due to localized melting and thus localized volumetric expansion 

of the sodium. 

flow to the free surface. 

secondary gas inlet line will be housed in an instrumentation tube located 

at the centerline of the primary vessel. 

High watt 

The preheaters will provide a path for liquid sodium to 

Nine thermocouples, three preheaters and the 

There are three above-core components within the primary vessel that 

are noteworthy. First, directly above the uppermost specimen level is a 

nickel-plated beryllium cylinder. 

ing of the above-core test capsule structures. 
sodium reservoir which will facilitate sodium filling of the specimen 

region in the hot cell. Thirdly, the space above the reservoir is com- 

posed essentially of stainless steel to provide a shield to facilitate 

assembly/disassembly operations of the test assembly once the specimens 

have become activated. 

are shown in Figure 2.3.3.  

Its purpose will be to prevent overheat- 

The second component is the 

Details of the main features of this subassembly 

2.3.4.3.2 Instrumentation Head. The instrumentation head will be mounted 

at both the top of the reactor head and the top of the shroud flange. 

It is a rigid hollow structure designed to protect all instrumentation 

lines from the turbulent flow of reactor coolant. Below the reactor head, 
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Fig. 2.3.3. REi Test Capsule Details. 
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the internal gas pressure will be 850 psig; above the reactor head, the 

internal gas presspre will be 50 psig. Thus, all internal pressures will 

he well above the local water pressure, which will reduce the probability 

of water ingress. 
Details of the main features of this subassembly are shown in Figure 2.3.4. 

Each of these pressures will be continuously monitored. 

2.3.4.4 Specimen and Hardware Handling 

A schematic summarizing the cyclical steps required for specimen and 
hardware handling throughout the experiment is shown in Figure 2.3.5. 

The RB test capsule will be discarded after each HFIR irradiation. 
Thus, a total of five capsules will be built. 

however, is planned to be reusable assuming radioactive contamination 

and activation can be kept at low levels. 

The instrumentation head, 

2.3.5 Future Work 

Once conditional approval of the experiment is given by the Reactcr 

Experiments Review Committee (RERC) at ORNL, procurement and fabrication 
of capsule parts can begin. 

of CY82 with specimen loading scheduled for approximately July 1983. 

The test matrix will be finalized by the end 

2.3.6 References 

1. A. M. Ermi and J. M. Vitek, "HFIR/FFTF Irradiation Experiment - 
Conceptual Plan," A D P  Semi-Annual Progress Report, March 1982 ,  
DOE/ER-0045/8. 

2 .  R. E. Bauer, "Materials Open Test Assembly in the Fast Flux T e s r  

Facility," Proceedings of the Conference on Fast, Themal and 
Fusion Reactor Eqeriments,  Vol. 11, Salt Lake City, Utah (April 195i; 
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2.4 NEUTRONICS CALCULATIONS IN SUPPORT OF THE ORR-WE-4 SPECTRAL 
TAILORING EXPERIMENTS - R. A. Lillie, T. A. Gabriel, and 
R. L. Childs (Oak Ridge National Laboratory) 

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

2.4.2 Objective 

The objective of this work is to provide the neutronic design for 

materials irradiation experiments in the Oak Ridge Research Reactor (ORR). 

Spectral tailoring to control the fast and thermal fluxes is required to 

provide the desired displacement and helium production rates in alloys 

containing nickel. 

2.4.3 Summary 
The calculated fluences f r o m  the ongoing three-dimensional neutronics 

calculations are being scaled to agree with experimental data. As of 

October 11, 1982, this treatment yields 46.25 at. ppm He (not including 

2.0 at. ppm He from IoB) and 4.97 dpa f o r  type 316 stainless steel i n  

ORR-MFE-4A and 40.18 at. ppm He and 4.55 dpa i n  ORR-MFE-4B. 

2.4.4 Progress and Status 

The operating and current calculated data f o r  the ORR-MFE-4A and -4B 

experiments are given in Table 2.4.1. Fluences have been scaled by 0.76 

'eo agree with the experimentally measured fluences' and helium production.' 

The  real-time projections of the helium-to-displacement ratios based 

or1 c.ur~-e:>t calculated data as of October 11, 1982 are given in Figs. 2.4.1 
' 3 . '  ' Y ' . . i  for the ORR-MFE-4A and -4B experiments, respectively. The pro- 

I:! ,l,~ies were obtained by assuming an ORR duty factor of 0.86. Based 

' . : '  current data, the core piece change dates for the ORR-MFE-4A 

experiments are June 11, 1983 (to a solid aluminum core piece) and 

September 11, 1984 (to the first hafnium core piece). For the ORR-MFE-4B 

experiment, these dates are August 11, 1983 and September 11, 1984, 



33 

respectively. These corepiece changes will ensure proper helium produc- 

tion to displacement level ratios over the anticipated lifetimes of the 

experiments3 (i.e., to greater than 50 dpa). 

2.4.5 Future Work 
The three-dimensional neutronics calculations that monitor the radia- 

tion environment of the ORR-MFE-4 experiments will continue with each ORR 
reactor cycle. The fluences from these ongoing calculations will continue 

to be scaled by 0.76 until the scale factor can be updated as new experi- 

mental fluences become available. 

Table 2.4.1. Operating and Calculated Data for 
Experiments ORR-MFE-4A and -4B as of 

October 11, 1982 

ORR-WE-4h ORR-MFE-4B 

ORR cycles 38 31 

Power (Mwh) 304,498 299,379 

Equivalent full-power daysQ 422.9 415.8 

Thermal fluence (neutrons/m2) 6.25 X loz5 5.79 X loz5  

Total fluence (neutrons/m2) 1.96 X loz6 1.81 X loz6 

Helium (at. ppm) b 46.25 40.18 

dpab 4.97 4.55  

QFull power for ORR is  30 MW. 

bHelium and dpa values are for type 316 stainless 
steel. 
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3.1 I R R A D I A T I O N  CREEP I N  PATH A ALLOYS IRRADIATED TO 5 dpa I N  THE 
Om-MFE-4A SPECTRAL TAILORING EXPERIMENT - M. L. Grossbeck 
(Oak Ridge Na t iona l  Laboratory)  

3.1.1 ADIP Task 

ADIP Task I.C.6, I r r a d i a t i o n  Creep i n  A u s t e n i t i c  Al loys .  

3.1.2 O b j e c t i v e  

The experiment will measure i r r a d i a t i o n  c r e e p  i n  an environment 

t h a t  produces helium wi th  t h e  He:dpa r a t i o  c h a r a c t e r i s t i c  of a f u s i o n  

r e a c t o r .  

3.1.3 Summary 

P r e s s u r i z e d  tubes  have been i r r a d i a t e d  t o  4.8 dpa a t  330 and 400°C i n  

t h e  ORR-MFE-4A s p e c t r a l  t a i l o r i n g  experiment.  A t  330°C, 20%-cold-worked 

type  316 s t a i n l e s s  s tee l  (CW 316) and path  A PCA demonstra ted i r r a d i a t i o n  

c r e e p  similar t o  p r e d i c t i o n s  of t h e  i r r a d i a t i o n  c r e e p  e q u a t i o n  developed 

i n  t h e  F a s t  Breeder Reactor Program. The c r e e p  rate  f o r  pa th  A PCA w a s  

approximately  25% h igher  than t h a t  of type  316 s t a i n l e s s  s tee l .  

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

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

The ORR-MFE-4 s p e c t r a l  t a i l o r i n g  experiment has  been des igned t o  

i r r a d i a t e  path  A a l l o y s  under c o n d i t i o n s  producing an He:dpa r a t i o  charac-  

t e r i s t i c  of a f u s i o n  r e a c t o r  f i r s t  w a l l .  This  i s  achieved by t a i l o r i n g  

t h e  neutron spectrum by changing t h e  immediate environment of t h e  irra- 

d i a t i o n  c a p s u l e  as i r r a d i a t i o n  proceeds.  The surrounding reg ion  is 

changed from water t o  aluminum t o  hafnium i n  o r d e r  t o  p r o g r e s s i v e l y  

d e c r e a s e  t h e  thermal  component of t h e  f lux  as 5 9 N i  i s  produced from 5 8 N i .  

The n i c k e l  produces helium through t h e  r e a c t i o n  sequence 

and 

58Ni( n , y ) 9 N i  

59Ni(n ,a)56Fe . 
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At intervals of approximately 10 dpa the capsule is removed from the 
reactor; the specimens are recovered and either destructively examined or 

examined and returned to the reconstituted irradiation vehicle. The 

irradiation creep experiment employs specimens that are measured at each 

removal interval and then returned for continued fluence accumulation. It 

will provide data on neutron irradiation creep with internal helium gen- 

eration and displacement damage production in the proportion character- 

istic of the fusion environment. No previous data of this nature exist. 

3.1.4.2 Experimental Procedure 

Commercially drawn tubing of 4.571nm (0.180-in.) outside diameter, 

with 0.25lnm (0.010-in.) wall thickness, was prepared from the fusion 

program reference type 316 stainless steel, heat X15893, and path A PCA, 
heat K 280, in the 20- and 25%-cold-worked conditions, respectively. 

Specimens of the type shown in Fig. 3.1.1 were prepared and pressurized to 

the stress levels indicated in Table 3.1.1. 

The specimens were irradiated in the Oak Ridge Research Reactor (ORR) 

in the ORR-MFE-4A experiment. The tubes were contained in NaK at 

controlled temperatures of 330 and 400°C. The specimens were removed for 

examination at a fluence level of 0.62 X loz6 neutrons/m2 ( E  > 0.1 MeV), 
which had produced 4.8 dpa in both alloys and helium levels of 43 at. ppm 
in type 316 stainless steel and 56 at. ppm in path A PCA. 

Fig. 3.1.1. Pressurized Tube Specimen Used in Irradiation Creep 
Experiments in the ORR Spectral Tailoring Experiment. Dimensions in m. 
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Table 3.1.1. I r r a d i a t i o n  Creep Measurements f o r  Two Path A Alloys 
I r r a d i a t e d  i n  ORR-MFE-4A t o  4.8 dpa 

Hoop E f f e c t i v e  I r r a d i a t i o n  E f f e c t i v e  S t r a i n ,  S t r a i n  
(%)  

D I D  
G )  

Specimen Stress  S t r e s s  Temperature 
( MPa ) (MPa) ("C) 

20%-Cold-hrorked Type 31fi stainless  Steel (Heat XlS893 I 
AC60 103 
AC53 188 
AC91 20 9 
AC85 261 
AC84 314 
AC82 419 
AC80 47 2 

AC55 100 
AC61 150 
AC45 150 
AC62 200 
AC70 250 
AC71 300 
AC75 450 

EB61 103 
EB44 209 
EB14 261 
EB73 314 
EB43 366 
EB33 419 
E823 472 

EB62 100 
EB65 150 
EB74 200 
EB24 250 
EB72 300 
EB93 350 
EB53 400 

89.5 330 
163 330 
181 330 
227 330 
272 330 
363 330 
409 330 

86.6 400 
130 400 
130 400 
173 400 
217 400 
260 400 
390 400 

25%-Cotd-Worked PCA (Heat 

89.5 330 
181 330 
227 330 
27 2 330 
317 330 
363 330 
409 330 

86.6 400 
130 400 
173 400 
217 400 
260 400 
303 400 
34 6 400 

x 280) 

0.0049 
0.031 
0.088 
0.077 
0.13 
0.23 
0.19 

-0.0066 
0.057 
0.078 
0.0060 
0.11 
0.053 
0.080 

0.035 
0.029 
0.163 
0.194 
0.184 

4 . 0 9 8  
0.337 

0.026 
0.045 
0.086 

-0.065 
0.088 

4 . 0 1 7  
0.094 

0.0065 
0.041 
0.12 
0.10 
0.17 
0.31 
0.25 

4 . 0 0 8 8  
0.076 
0.10 
0.0080 
0.15 
0.071 
0.11 

0.047 
0.039 
0.217 
0.258 
0.245 

4. 13a 
0.448 

0.035 
0.060 
0.11 

4 . 0 8 7  
0.12 

4 . 0 2 3  
0.13 

tube had apparent ly  developed a l eak .  
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Profilometry measurements were made by a computer-controlled stylus- 

type laser interferometer. A total of 800 diameter measurements on each 

tube were used to calculate an average diameter for the central three- 

fifths of the tube. The instrument is capable of a precision of k250 nm 

(fl x 10-5 in.). 

3.1.4.3 Results 

Results of the diametral measurements appear in Table 3.1.1 and are 

plotted in Fig. 3.1.2. The strain values have not been corrected for 

swelling because density measurements indicate no measurable swelling at 

this low fluence. No correction has been made for thermal creep, because 

it too is expected to be negligible at these temperatures. 

ORNLDWG 81 17685 

IRRADIATION CREEP 
O R R ~ M F E ~ 4  

4.8 d w  
040 k 330'C 

EFFECT1VE STRESS lMPal 

Fig. 3.1.2. Effective Strain as a Function of Effective Stress for 
Cold-Worked Type 316 Stainless Steel and Path A PCA Irradiated to 4.8 dpa 
at 330'C. The light lines are approximate trend lines for the data. The 
equation for EBR-11-irradiated type 316 stainless steel is plotted as the 
bold line with its k30% uncertainty limits shown by dashed lines. 
B. J. high, E. R. Gilbert, and B. A. Chin, "An In-Reactor Creep 
Correlation for 20% Cold Worked AIS1 316 Stainless Steel," p. 108 in 
Effects of Radiation on Materials, ASTM-STP-782, American Society for 
Testing and Materials, Philadelphia, 1982. 



42 

The c reep  s t r a i n  a t  330°C appears  t o  be a l i n e a r  func t ion  of s t r e s s  

f o r  both a l l o y s  i n v e s t i g a t e d .  The s t r e s s  c o e f f i c i e n t s  of c reep  a r e  

9.2 X 10-6/MF’a and 1 . 2  x lO-’/MPa f o r  type 316 s t a i n l e s s  s t e e l  and 

p a t h  A PCA, r e s p e c t i v e l y .  Both a l l o y s  e x h i b i t e d  a t h re sho ld  s t r e s s  f o r  

c reep ,  but t h i s  is  not understood a t  t he  p re sen t .  One poss ib l e  explana- 

t i o n  i s  t h a t  t he  th re sho ld  r e s u l t s  from d e n s i f i c a t i o n .  By use of an 

exp res s ion  f o r  d e n s i f i c a t i o n  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 , ‘  t h e  e n t i r e  

s h i f t  can be accounted f o r .  This  phenomenon wi l l  be cons idered  f u r t h e r ,  

and a more complete a n a l y s i s  of the  d a t a  wi l l  be given when h igher  f luence  

measurements a r e  a v a i l a b l e .  

3.1.4.4 Discuss ion  

Figure  3.1.2 shows the  dependence of the  i r r a d i a t i o n  c reep  s t r a i n  on 

s t r e s s  a t  330°C. Also p l o t t e d  is  an express ion  f o r  i r r a d i a t i o n  c reep  of 

CW 316 FFTF f i r s t - c o r e  hea t  based on ERR-I1 i r r a d i a t i o n . 2  

l i n e s  show t h e  a s s o c i a t e d  recommended l i m i t s  of e r r o r .  The p l o t  i s  based 

on dpa, r a t h e r  than f luence ,  i n  order t o  b e t t e r  c o r r e l a t e  r e s u l t s  from the  

two r e a c t o r s  (EBR-I1 and ORR). Most of t h e  da t a  f a l l  w i th in  t h i s  l i m i t  of 

e r r o r .  I f  t he  apparent  t h re sho ld  s t r e s s  f o r  i r r a d i a t i o n  c reep  is  due t o  

a sys temat ic  e r r o r ,  it could be c o r r e c t e d  by s h i f t i n g  the  da t a  u n t i l  t he  

t r e n d  curve passes through t h e  o r i g i n .  This  t rea tment  would improve the  

f i t  t o  the  EBR-I1 r e l a t i o n  f o r  the  type 316 s t a i n l e s s  s t e e l  d a t a ,  a l though 

t h e  PCA w i l l  s t i l l  appear t o  have a high c reep  r a t e .  

va lue  i s  s t i l l  lower than d e ~ i r e d , ~  the  c reep  behavior  may s t i l l  be shown 

t o  be a f f e c t e d  by the  presence of high helium l e v e l s .  

w i l l  be r equ i r ed  t o  address  t h i s  p o s s i b i l i t y .  

The dashed 

Because the  He:dpa 

Higher f luence  da ta  

No s i g n i f i c a n c e  can be a t t r i b u t e d  t o  h igher  va lues  of c r eep  observed 

i n  path A PCA. 

conc lus ions  be drawn. If the  h igher  c reep  r a t e  is  i n  f a c t  r e a l ,  then 

i r r a d i a t i o n  c reep  may he lp  r e l i e v e  s t r e s s  induced by swe l l ing .  Because 

t h e  swe l l ing  r a t e  of PCA appears  lower than t h a t  of type 316 s t a i n l e s s  

s t e e l  ,’ t h e  PCA might experience lower l e v e l s  of swelling- induced 

s t r e s s e s .  

Only when h igher  va lues  of f l uence  a r e  a t t a i n e d  can 
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A relation for irradiation creep in a fusion environment, incor- 

porating fast breeder and thermal reactor data, has been formulated by 

Gilbert and Garner.S This relation overpredicts the data for type 316 

stainless by a factor of about 2.7. However, better agreement might be 

obtained when higher fluences and helium levels are attained. 

There appears to be s! ficant densification of both alloys during 

irradiation at 400°C. As a result, no trend in irradiation creep behavior 
could be determined from these low-fluence data. 

3.1.5 Conclusions 

Irradiation creep in CW 316 and 25%-cold-worked Path A PCA irradiated 
at 330°C in ORR to a fluence producing 5 dpa and 43 to 56 at. ppm He is 
similar to predictions based on data generated in EBR-11. Similar expo- 

sure at 400°C resulted in very small net strain. The pressurized tubes 

have been returned to the ORR-MFE-4A experiment for continued fluence 

accumulation. 
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Correlation for 20% Cold Worked AISI 316 Stainless Steel," p. 108 in 
Effects of Radiation on Materials, ASTM-STP-782, American Society for 
Testing and Materials. Philadelphia, 1982. 
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Quart. P r O ( l .  Rep. DeC. 3 1 ,  1880, M)E/ER-0045/5, pp. 15-18. 

4. P. J. Maziasz and D. N. Braski, "Swelling and Microstructural 

Development of Path A PCA and Type 316 Stainless Steel Irradiated 
in HFIR to -22 dpa," Sect. 3.2 of this report. 
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Correlation for 20% Cold-Worked AISI 316 in Fusion Environments," 

DAFS Quart. PrOg. Rep- S e p t a  3 0 ,  1,980, DOEIER-004613, p. 190. 
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3.2 SWELLING AND MICROSTRUCTURAL DEVELOPMENT I N  PATH A PCA AND TYPE 316 
STAINLESS STEEL IRRADIATED I N  HFIR TO ABOUT 22 dpa - P.  J. Maziasz 
and D. N. a r a s k i  (Oak Ridge National  Laboratory)  

3.2.1 D I P  Task 

D I P  Task I . C . 2 ,  Mic ros t ruc tu re  and Swelling in A u s t e n i t i c  Alloys.  

3.2.2 Ob jec t ive  

This  work is intended t o  e v a l u a t e  the  e f f e c t  of p r e i r r a d i a t i o n  micro- 

s t r u c t u r a l  v a r i a t i o n  on swe l l ing  of path A PCA i r r a d i a t e d  i n  the  High Flux 

I so tope  Reactor  (HFIR). 

s e v e r a l  h e a t s  of types  316 and 316 + T i  s t a i n l e s s  s t e e l  s i m i l a r l y  

i r r a d i a t e d .  

The r e s u l t s  will be compared with r e s u l t s  on 

3.2.3 Summary 

I r r a d i a t i o n  of s e v e r a l  m i c r o s t r u c t u r a l  v a r i a n t s  of PCA and ZO%-cold- 

worked N-lot type 316 s t a i n l e s s  steel (CW 316) i n  HFIR t o  about 10 dpa 

produced no v i s i b l e  c a v i t i e s  a t  300"C, bubbles a t  4OO0C,  and vary ing  

d i s t r i b u t i o n s  of bubbles and voids at  500 and 600°C. The PCA-B1 swells 

t h e  most and CW 316 (N- lot) t h e  l e a s t  a t  600°C. I r r a d i a t i o n s  have been 

extended t o  about 22 dpa. The PCA-A1 swe l l s  O.Ob%/dpa a t  600°C but a t  

a much lower r a t e  a t  500°C. The PCA-A3 shows the  lowest swel l ing  a t  

6OO0C,  about h a l f  t h e  swe l l ing  r a t e  of type 316 s t a i n l e s s  s t e e l .  

3.2.4 P rog res s  and S t a t u s  

This  work cont inues  t h e  e v a l u a t i o n  of swe l l ing  in var ious  p r e i r r a -  

d i a t i o n  m i c r o s t r u c t u r a l  cond i t i ons  of the  Path A Prime Candidate Alloy 

(PCA) begun previous1y. l  

s e r i e s  of experiments  HFIR-CTR-30, -31, and -32 have a l s o  been presented  

elsewhere.* The last r e p o r t  p resented  r e s u l t s  on m a t e r i a l  i r r a d i a t e d  t o  

about  10 dpa over the  i r r a d i a t i o n  tempera ture  range 300 t o  600°C. 

work inc ludes  r e s u l t s  on specimens i r r a d i a t e d  t o  about 22 dpa i n  the  same 

tempera ture  range. 

The d e t a i l s  and experimental  plan f o r  the  

This  
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3.2.4.1 Experimental 

Specimens of various thermallnechanical pretreatments of path A PCA 

as well as CW 316 (N-lot) were irradiated in HFIR-CTR-31 and -32 in the 

form of 3-mm-diam, 0.25-mm-thick disks. The compositions of path A PCA, 

N-lot type 316 stainless steel, and several other relevant alloys are 

given in Table 3.2.1. The thermal-mechanical treatments necessary to 

produce microstructural variants of PCA are summarized in Table 3 .2 .2  and 
have been described previously. 3 

Table 3 . 2 . 1 .  Compositions of Several Austenitic Stainless Steels 

Alloy Composition ( w t  X )  
Alloy 

Fe Cr Ni Ma Mn Si C Ti P S N 

Path A F'CA Bal 14.0 16.2 2.3 1.8 0.4 0.05 0.24 0.01 0.003 0.01 

316 + Ti Bal 17.0 12.0 2.5 0.5 0.4 0.06 0.23 0.01 0.013 0.006 
(Rl-heat) 

316 Bal 18.0 13.0 2.6 1.9 0.8 0.05 0.05 0.01 0.016 0.05 
(DO-heat) 

316 Bal 16.5 13.5 2.5 1.6 0.5 0.05 0.09 0.006 0.006 
(N-lot) 

Neutron dosimetry for HFIR-CTR-32 has been reported by Green~ood.~ 

The values of thermal and fast neutron fluences are used to calculate the 
dpa and helium values that were approximated in the last report.' 

include the important correction to the dpa for the recoil of nickel atoms 
from helium production, as pointed out by Green~ood.~ 

These 

The irradiation temperatures for HFIR-CTR-30, -31, and -32 were 

calculated from higher nuclear heating values than those used for earlier 

HFIR-CTR experiments. These values were based on the same information 
that led us to suspect that previously calculated temperatures were lower 

by about 50 to 75°C than the actual irradiation temperatures, and the use 

of these values led to an upward revision of these temperatures.' That 

revision is not necessary for HFIR-CTR-30, -31, and -32. Early indica- 

tions from temperature monitors suggest good agreement (k25'C) between 
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calculated and actual irradiation temperatures. A report on these same 

experiments (HFIR-CTR-30 to -32) by the MIT group was confused on this 
point. 6 

3.2.4.2 Temperature and Fluence Dependence of Swelling 

Cavity volume fraction (cvf) swelling values for the several micro- 

structural conditions of PCA and for CW 316 (N-lot) irradiated at 300 to 

600°C to 9.6 to 10.6 dpa (375-555 at. ppm He) are given in Table 3.2.3. 
The results on PCA-A1, -A2, and -C were reported previously,l but the 

results on PCA-B1 and -B2 and CW 316 (N-lot) are completed in this report. 
The swelling as a function of irradiation temperature at about 10 dpa is 

plotted for PCA variants and N-lot type 316 stainless steel in Fig. 3.2.1 
and at about 22 dpa in Fig. 3.2.2. Comparable results for previously 

determined7,* swelling of CW 316 (DO-heat) and CvJ 316 + Ti (Rl-heat) are 
also included in these figures. 

Each PCA variant and N-lot CW 316 irradiated to 10 dpa showed mono- 
tonically increasing swelling with increasing irradiation temperature 

over the range 300 to 600°C. No cavity swelling was found in any of these 

specimens at 300°C. The PCA-A1, -A2, and -B2 irradiated at 400'C did 

not contain any cavities, but PCA-Bl and -C and CW 316 (N-lot) show 

measurable cavity swelling. For irradiation at 500 and 6OO0C, swelling 
tends to increase with increasing temperature for any given alloy- 

pretreatment combination. After irradiation at 5OO0C, PCA-A2 and -B1 show 
the highest swelling (0.33-0.36%) and PCA-A1 and CW 316 (N-lot) show the 

lowest (0.05%). For 600°C irradiation, PCA-A2 and -B1 are again the 

highest swelling (1.1-1.2%), PCA-A1 begins to swell significantly, and 

CW 316 (N-lot) is again the lowest swelling alloy (0.2%). 

Samples of CW 316 (N-lot) were examined after irradiation in HFIR at 
500 and 600°C to 21.8 dpa (1438-1474 at. ppm He). Samples of PCA-A1 and 

-A3 irradiated at 600'C to 22.3 dpa (1757 at. ppm He) were also examined. 

Swelling values (cvf) are given in Table 3.2.3 and their temperature 

dependence can be seen in Fig. 3.2.2. The temperature dependence of 

CW 316 (N-lot) seems parallel to that observed at the lower fluence. As 
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Table 3.2.3. Swelling for 20%-Cold-Worked N-lot Type 316 Stainless Steel 
and Various Pretreatments of Prime Candidate Alloy Irradiated in HFIR 

Displace- Cavity 
Alloy and Irradiation Neutron Fluence ment Helium Volume 

Microstructural Temperature >0.1 MeV Damage Content Fraction 
Conditiona ("C) (neutrons/m2) Level b (at. ppm) Swelling 

(dpa) (%) 

N-lot 316 300 
400 
500 
600 
500 
600 

PCA-A3 

PCA-A1 

PCA-B1 

PCA-82 

PCA-A2 

PCA-C 

600 

300 
400 
500 
600 
600 

300 
400 
500 
600 

300 
400 
500 
6 00 

300 
400 
500 
600 

300 
400 
500 
600 

1.21 x 1026c 
1.26 
1.26 
1.25 
2.5Ze 
2.50 

2.50 

1.21 
1.26 
1.26 
1.25 
2.50 

1.21 
1.26 
1.26 
1.25 

1.21 
1.26 
1.26 
1.25 

1.21 
1.26 
1.26 
1.25 

1.21 
1.26 
1.26 
1.25 

9.6 
10.4 
10.4 
10.4 
-21.8 
-21.8 

-22.3 

9.7 
10.5 
10.5 
10.6 
-22.3 

10.5 
10.5 
10.6 
10.6 

10.5 
10.5 
10.6 
10.6 

10.5 
10.5 
10.6 
10.6 

10.5 
10.5 
10.6 
10.6 

375 
435 
43 5 
465 
1438 
1474 

1757 

450 
520 
520 
555 
1757 

510 
510 
550 
550 

510 
510 
550 
550 

510 
510 
550 
550 

510 
510 
550 
550 

n.d.d 
0.06 
0.05 
0.2 
0.26 

9.44.5 

0.2W.25 

n.d. 
n.d. 
0.05 
0.66 
1.2 

n.d. 
0.04 
0.33 
1.2 

n.d. 
n.d. 
0.16 
0 .4  

n.d. 
n.d. 
0.36 
1.1 

n.d. 
0.25 
0.32 
0.7 

aSee Table 3.2.2. 
bThe contribution produced by recoils during helium production i s  included. 

'Dosimetry from Greenwood. 
'Not detectable by transmission electron microscopy. 
eAssuming double the fluence of HFIR-CTR-32; dosimetry is still in progress. 

See ref. 4. 



49 

8 

I 

4RRAOIATlON TEMPERATURE l D C i  

Fig .  3.2.1. Cavi ty Volume F r a c t i o n  Swell ing as a Funct ion of HFIR 
I r r a d i a t i o n  Temperature f o r  Fluences Producing About 10 dpa. Seve ra l  
m i c r o s t r u c t u r a l  v a r i a n t s  of PCA, two h e a t s  of type  316 s t a i n l e s s  s t e e l  and 
one t i tanium- modif ied hea t  of type  316 s t a i n l e s s  steel a r e  inc luded .  

2 '5  I 
HFlR IRRADIATION 

1 4 3 - I I B d l l a  2 2 2  dpi 

0 2051 CW ID0 HEATI  316 V PCA ~ A1 
0 2051 CW ! R I  HEATI 316 * T #  T PCA - A 1  

8 2(3% CW IN LOTI  316 
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P 

N LOT 

2ca 3 M  rn Xa Mx) 7M m 
IRRADIATION TEMPERATURE !?Cl 

Fig .  3.2.2. Cavi ty Swell ing as a Funct ion of HFIR I r r a d i a t i o n  
Temperature f o r  PCA-A1, -A3, and Seve ra l  Heats of Type 316 S t a i n l e s s  
S t e e l .  I r r a d i a t i o n s  were f o r  f l uences  producing 14 t o  22 dpa. 
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a t  t h e  lower f l u e n c e s ,  Fig .  3.2.2 shows t h a t  i n  t h e  500 t o  600°C range 

R1- and Do-heats have c a v i t y  swe l l ing  va lues  of 0.15% o r  less ,  much less 

than  PCA-A1 or (N- lot) type  316 s t a i n l e s s  s t e e l .  

The temperature  dependence of swel l ing f o r  CW 316 (DO-heat) and 

CW 316 + T i  (Rl- heat)  at  8 t o  18 dpa i s  oppos i t e  t o  t h a t  desc r ibed  above 

f o r  t h e  v a r i o u s  E A  p r e t r e a t m e n t s  and CW 316 (N- lot) (see Figs .  3.2.1 and 

3.2.2).  I n s t e a d  of s w e l l i n g  i n c r e a s i n g  wi th  i r r a d i a t i o n  temperature ,  

maximum swel l ing  ( 0 . 3 W . 5 % )  of t h e  Do- and R1-heats of s tee l  occurred a t  

t h e  lower temperature  of 325 t o  350°C and decreased wi th  i n c r e a s i n g  t e m-  

p e r a t u r e  of i r r a d i a t i o n .  

The va lues  of s w e l l i n g  a t  500 and 600°C f o r  CW 316 (N- lot) and a t  

600°C f o r  E A- A 1  increase a lmost  l i n e a r l y  wi th  i n c r e a s i n g  f l u e n c e ,  shown 

i n  t h e  p l o t  of s w e l l i n g  as a f u n c t i o n  of f luence  i n  Fig .  3.2.3. The 

PCA-A3, examined f o r  the f i r s t  t i m e  h e r e ,  shows lower s w e l l i n g  than CW 316 

(N- lot)  at  600°C.  The s w e l l i n g  va lues  of v a r i o u s  FCA pretreatments and 

CW 316 (N- lot) are compared w i t h  both Do- and R1-heats of steel i n  

F i g .  3.2.3. The R1-heat e x h i b i t s  t h e  lowest swe l l ing  v a l u e s  and t h e  

" R N L  OWG 82 > l i W  

V PCA ~ A I  

0 ?op. CW 100 HEAT1 316 
0 2% CW i R 1  HEAT1 316 + T i  

0 10 m 30 40 YJ 60 
DISPLACEMENT DAMAGE LEVEL ldoal 

Fig .  3.2.3. Swel l ing a s  a Funct ion of Fluence f o r  PCA-A1 I r r a d i a t e d  
i n  HFIR a t  600°C and CW 316 (N- lot) a t  500 and 600°C. Previous  d a t a  on 
CW 316 (DO-heat) and CW 316 + T i  (Rl-heat )  i r r a d i a t e d  a t  525 t o  640°C a r e  
inc luded  f o r  comparison. 
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lowest fluence dependence of the steels, falling on the low side of the 

scatter band for CV 316 (DO-heat). This scatter band is used as a 

reference because it extends to fairly high fluences (-61 dpa). Relative 

to M)-heat, N-lot type 316 stainless steel exhibits a parallel but higher 

level of swelling with fluence. The EA-A1 is the highest swelling of 
the group, and EA-A3 falls within the DO-heat type 316 stainless steel 

scatter band. 

of swelling variation that can be obtained by preirradiation micro- 
structural manipulation. 

These two FCA pretreatment variants demonstrate the amount 

3.2 .4 .3  Microstructural Development 

The fluence dependence of microstructural development at 500 and 

600'C in CW 316 (N-lot) is illustrated at two magnifications in 
Figs. 3.2.4 and 3.2 .5 .  These indicate at least bimodal cavity size dis- 

tributions in several samples, with a trimodal distribution in the N-lot 
type 316 stainless steel sample irradiated to about 22 dpa at 600°C. 

Previous wark by Maziaszg suggests that the largest matrix cavities, and 

certainly the large cavities associated with coarse precipitate particles, 

are voids. The smallest cavities (shown in Fig. 3 .2 .5 )  are probably near- 

equilibrium helium bubbles. Independent experimental and theoretical work 

by Spitznagel et a1.I' and Townsendll supports this classification scheme. 

Figure 3.2.4 shows that the number of larger cavities (voids) increases at 

either 500 or 60OoC as fluence increases. At both temperatures, void size 
increases with fluence for the N-lot type 316 stainless steel, with the 

largest increase at 6OOOC due to the appearance of precipitate-associated 
voids. At either fluence, there is also a considerable increase in both 

void size and concentration as the temperature is increased from 500 to 

60O0C. 

concentration of visible fine bubbles increases with increasing fluence at 

500°C but decreases for the same fluence comparison at 6OOOC. 

growth of a previously nucleated "invisible" (below the resolution limit 
of the microscope) distribution of bubbles is a possible explanation. By 

contrast, the number of fine bubbles clearly decreases as the sizes of 

those that remain increase with increasing fluence at 600°C. 

The higher magnification micrographs of Fig. 3.2.5 show that the 

At 500'C 
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E-38210 H-69267 

(b) 

H-67900 H-71442 

(C) (d) 
0.25 !an 

F i g .  3.2.4. Low-Magnification Microstructures of CW 316 ( N- l o t )  to 
Show Voids and Bubbles Produced by HFIR Irradiation. (a) and (b) Irradi- 
ated at 5OO0C, (c) and (d) at 600°C. 
(a) and (c) and 21.8 dpa in (b) and (d). 

The damage level is 10.4 dpa in 
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E-38227 H-69272 

(a1 (b) 

H-67921 H-71465 

(d) 
0.1 pn 

Fig.  3.2.5. Higher Magnification Microstructures of CW 316 (N- lot) 

The damage l e v e l  i s  10.4 dpa 
t o  Show Bubbles and Voids Produced by HFIR Irradiation.  (a )  and (b) 
Irradiated a t  5OO0C, ( c )  and (d) a t  6OO0C.’ 
i n  (a )  and (b) and 21.8 dpa in (b) and ( a ) .  
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The microstructures of EA-A1 and -A3 are compared with CW 316 
(N-lot) in Fig. 3.2.6 for irradiation to about 22 dpa at 600°C in AFIR. 

The swelling is the highest in PCA-A1 at 1.2%, intermediate in N-lot 

type 316 stainless steel at 0.4 to O.S%, and lowest in PCA-A3 at 0.2 to 

0.25% (see Table 3.2.3). All micrographs in Fig. 3.2.6 show a distribu- 

tion of fine matrix bubbles. However, the calculated swelling differences 

among these samples is primarily due to differences in the number of 

larger matrix voids, and especially to the number of very large voids 

attached to coarse precipitate particles [probably eta (MgC) or possibly 

G-phase]. Figure 3.2.6(a) shows N-lot type 316 stainless steel (a thicker 

foil than in the other two micrographs). Large voids attached to precipi- 

tate along stacking fault bands are mixed with patches of smaller matrix 

voids and areas containing only small bubbles. Compared with either PCA 
sample, the swelling is spatially inhomogeneous in the N-lot type 316 
stainless steel. Many areas do not show large voids on coarse precipitate 
particles. The number of large voids attached to coarse precipitate par- 

ticles is greater and they are more uniformly distributed in EA-A1 than 

in the N-lot type 316 stainless steel; the result is greatly increased 

swelling in the former. Finally, the EA-A3 shows about 80% of its volume 

containing a high concentration of uniformly dispersed fine bubbles and 

only small patches of larger matrix cavities. No coarse particles of 

precipitate phases, like G-phase or eta, were observed, so there are no 

large voids. 

Fine dispersions of titanium-rich MC were found to be associated with 

the rafts of fine, high-density bubbles in the PCA-A3 irradiated at 600°C. 

Bright-field and dark-field transmission electron microscopy (TEM) of the 

same area illustrates this in Fig. 3.2.7. Conversely, areas containing 

coarser matrix cavities appear denuded of fine MC. This is consistent 

with the beneficial effects of fine titanium-rich MC particles identified 

in previous work12,13 and anticipated for the EA-A3 material.l#"* 
The microstructure of EA-A3 aged for 10,000 h at 650°C is compared 

with the PCA irradiated at 600°C to about 22 dpa (-5240 h) in Fig. 3.2.8. 

General dislocation concentration and faulted band structures are similar 
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H-71442 

,0.25 prn, 

E-38664 

0.25 prn 

H-69230 

0.25 prn 

Fig. 3.2 .6 .  Comparison of Void and Bubble Microstructures Produced 
by HFIR Irradiation at 60OOC to 21.8 to 22.3 dpa. (a) CW 316 (N-lot). 
(b) PCA-A1. (c) PCA-A3. 
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H-69244 

0.1 prn 

H-69243 

0.1 pn (b) 

Fig.  3.2.7.  Spatial  Correlation of Regions of (a )  Pine Bubbles with 
(b)  Fine MC (Imaged i n  Dark Fie ld)  to I l l u s t r a t e  the One-to-one Correspon- 
dence Between These Features in PCA-A3 Irradiated in HFIR a t  60OoC to 22.3 
dpa (1757 at. ppm He). 
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H-70399 H-69207 

H-70194 H-69224 

,025 pm, (dl 

Fig. 3.2.8. Comparison of Dislocation Structure and Fine MC Precipi- 
tation (Imaged in Dark Field) for 20%-Cold-Worked Prime Candidate Alloy 
Aged for 10,000 h at 650°C (a and c) and PCA-A3 (25% Cold Worked) Irra- 
diated in HFIR to 22.3 dpa at 600Y (b and d). 
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at low magnification [Fig. 3.2.8(a) and (b)], but higher magnification 

dark-field images of the MC precipitated show a much finer and spatially 
more uniform distribution of MC particles in the aged material than in the 

RFIR-irradiated specimen. 

Fig. 3.2.8(c) is the same as observed in other samples of PCA-A3 and in 

CW 316 + Ti specimens (Rl-heat) aged from several minutes to 4400 h at 
temperatures from 560 to 750°C (refs. 13 and 15). The MC distribution 

in aged, heavily cold-worked material is virtually independent of time, 
temperature, and slight alloy compositional variation, within this range. 

The markedly different size and spatial distribution of MC after HFIR 

irradiation is then most likely an irradiation-produced effect, although 

its nature is not completely understood at this time. 

The fine MC distribution in the aged PCA-A3 in 

3 .2 .4 .4  Discussion 

The temperature dependence of swelling for the various PCA pretreat- 
ments and for CW 316 (N-lot) is markedly different from that observed in 

CW 316 (DO-heat) or CW 316 + T i  (Rl-heat) for HFIR irradiation at 300 to 

650OC for fluences producing up to about 22 dpa. Swelling of the former 

group is high at 500 and 60OoC and very low at lower temperatures. 

contrast, the DO- and R1-heats of steel show maximum swelling at the 
lowest temperature (near 300’C) and very low swelling at 500 to 600°C- 

The cavity swelling values of greater than 0.2 to 0.3% are due to 

formation of matrix and/or precipitate-assisted voids. 

swelling observed in PCA-A3, DO-heat type 316 stainless steel, or R1-heat 
type 316 + Ti is due to formation of helium bubbles without significant 
conversion of these to These differences in the cavity micro- 

structure also correlate with specific features of the dislocation and 

precipitate microstructure. Void swelling tends to coincide with the 

development of a high level of irradiation-induced solute segregation 

(RISS), which induces phases like Y’(Ni3Si) or G-phase or encourages eta 
(MgC) formation (particularly coarse particles of the latter two). Void 

swelling may also accompany the presence of many Frank faulted loops in 

the dislocation microstructure. 9’ Conversely. void swelling resistance 

appears to coincide with minimum or no RISS, the development of fine 

In 

The very low 
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d i s p e r s i o n s  Of t au  (M23C6) o r  e s p e c i a l l y  t i t an ium- r ich  MC p r e c i p i t a t e ,  and 

development of d i s l o c a t i o n  networks with few or no Frank loops . '  9'914 

These t r e n d s  a r e  c o n s i s t e n t l y  met f o r  HFIR i r r a d i a t i o n  of a l l  samples of 

t h e  f i v e  h e a t s  of s t e e l s  d i scussed  i n  t h i s  work. 

The l i m i t e d  f luence  dependent d a t a  bea r s  ou t  t h e s e  same gene ra l  

f e a t u r e s .  S t e e l s  l i k e  CW 316 (DO-heat) and CW 316 + T i  (Rl -hea t ) ,  which 

r e s i s t  void format ion ,  demonstrate  very low swe l l ing  r a t e s  t h a t  a r e  v i r -  

t u a l l y  tempera ture  independent ,  a t  l e a s t  i n  t h e  tempera ture  range of 500 

t o  650°C, fo r  f luences  producing up t o  about 20 dpa. 

(DO-heat), t h e  cont inuous helium gene ra t ion  g i v e s  s i g n i f i c a n t  bubble 

s w e l l i n g  (1-2%) f o r  i r r a d i a t i o n  producing up t o  60 dpa. The average 

s w e l l i n g  r a t e  i n  t h e  s c a t t e r  band f o r  DO-heat type  316 s t a i n l e s s  s t e e l  

( F i g .  3.2.3) is 0.04 t o  0.05%/dpa a t  h ighe r  f l u e n c e s .  In c o n t r a s t ,  easy 

void  development i n  CW 316 (N- lot)  or  PCA-A1 a t  500 t o  600°C l e a d s  t o  

almost  l i n e a r  swe l l ing  with no " incubat ion"  per iod  and g r e a t e r  tempera ture  

s e n s i t i v i t y  of the  f luence  dependence. The CW 316 (N- lot)  swells a t  a 

r a t e  of about 0.02Xldpa over the l i m i t e d  f luence  range observed a t  600°C 

and a t  h a l f  t h a t  r a t e  at  500°C. The PCA-A1 a t  600°C e x h i b i t s  t h e  most 

r a p i d  swe l l i ng  a t  0.055%/dpa. 

I n  the  CW 316 
5 

3.2.5 Conclusions 

1. A f t e r  i r r a d i a t i o n  i n  the  HFIR t o  f l u e n c e s  producing 9.6 t o  

10.6 dpa (375-550 a t .  ppm He), PCA-B1, -B2, and CW 316 (N- lot)  samples 

have voids  and bubbles p re sen t  for  i r r a d i a t i o n  at  500 or 600°C, have some 

f i n e  bubbles a t  400°C (except  PCA-BZ), and have no r e s o l v a b l e  c a v i t i e s  

f o r  i r r a d i a t i o n  at  300°C. 

t h e s e  samples a s  i r r a d i a t i o n  tempera ture  i n c r e a s e s .  A t  6OO0C, PCA-Bl 

swells t h e  most ( 1 . 2 % ) ,  CW 316 (N- lot)  t he  l e a s t  (0.2%), and PCA-B2 a t  an 

i n t e r m e d i a t e  va lue  (0.4%).  

Voids become more numerous and l a r g e r  i n  a l l  

2 .  There is cons ide rab le  v a r i a t i o n  i n  t h e  f l u e n c e  dependence of 

s w e l l i n g  of CW 316 (N- lot) a t  500 and 600°C and PCA-A1 a t  600°C f o r  HFIR 

i r r a d i a t i o n  up t o  about 22 dpa. Swell ing i n c r e a s e s  n e a r l y  l i n e a r l y  with 

i n c r e a s i n g  f l u e n c e ,  and the  " incubat ion"  f l u e n c e  is v i r t u a l l y  n i l .  The 

PCA-A1 i r r a d i a t e d  a t  600°C e x h i b i t s  t he  most r a p i d  s w e l l i n g ,  0.055Xldpa. 



60 

The CW 3 1 6  (N-lot) swells less and the rate is temperature dependent: 

0.02Xldpa at 600°C and about half that at 5 0 0 ° C .  The swelling increases 

as temperature increases, because of increased conversion of bubbles to 

voids as well as continued growth of voids already present. 

3 .  The PCA-A3 irradiated to 2 2 . 3  dpa at 6 0 0 ° C  was the lowest 

swelling among the (N-lot) type 3 1 6  stainless steel and PCA pretreatment 

variants. It had about half the swelling ( 0 . 2 C A . 2 5 X )  of that observed 

in CW 3 1 6  (N-lot) irradiated under similar conditions. The PCA-A3 

swelling is comparable to that of CW 3 1 6  (DO-heat), but slightly greater 

than that of CW 3 1 6  + Ti (Rl-heat). The swelling is low in PCA-A3 because 

there is very little coarsening of the bubble structure or conversion of 

these bubbles to voids. 

4 .  The temperature dependence of swelling in the PCA pretreatment 

variants or CW 3 1 6  (N-lot) is  opposite to that of CW 3 1 6  (DO-heat) and 
CW 316 + T i  (R1-heat). The latter two steels swell most at lower tem- 

peratures and least at temperatures from 4 5 0  to 700°C. 

5 .  The spatial nonunifomity of the MC precipitate in PCA-A3, even 

though the material is initially homogeneous, is a concern. This appears 

to be an effect of irradiation since the distribution of MC is homogeneous 

in thermal control specimens. 

6. Good swelling resistance correlates with the following micro- 

structural features: (a) a sink structure dominated by a fine dispersion 

of cavities, (b) a low saturation density of network dislocations, 

(c) minimal RISS effects (i.e., limited development of radiation-induced 

and/or coarse precipitation), and ( d )  maximum MC stability (in the 

titaniumlnodified steels). 

7. This work narrows the desirable PCA pretreatment variants to A l ,  

B2, and A3. The PCA-A3 demonstrates the best swelling resistance of the 

variants at 6 0 0 ° C  and 2 2 . 3  dpa. The PCA-B2 remains to be examined at this 

higher fluence. The PCA-A1 shows considerable swelling at 600°C but would 

remain a contender at 300 and 4 0 0 ° C  if swelling resistance at those tem- 

peratures persists with increasing fluence. The simpler microstructure 

may also be easier to weld than PCA-A3 or -B2 .  
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8. Future work should consider possible strategies for compositional 
design to minimize RISS and the formation of undesirable phases as well as 

to maximize MC stability. 
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3. 
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3.3 THE TENSILE PROPERTIES OF UNIRRADIATED PATH A PCA - D. N. Braski 
and P. J. Maziasz (Oak Ridge National Laboratory) 

3.3.1 ADIP Task 

ADIP Task I.B.13, Tensile Properties of Austenitic Alloys. 

3.3.2 Objective 

The objective of this research is to determine the tensile properties 
of unirradiated PCA in the temperature range room temperature to 700'C. 

3.3.3 Summary 

The tensile properties of PCA in the A1 (solution annealed), A3 
(25%-cold worked); and B2 (aged, cold worked, and reaged) conditions were 

determined from room temperature to 600°C. The tensile behavior of PCA-A1 

and -A3 was generally similar to that of titanium-modified type 316 

stainless steel with similar microstructures. The PCA-B2 was weaker than 

PCA-A3, especially above 5OO0C, but demonstrated slightly better 

ductility. 

3.3.4 Progress and Status 

3.3.4.1 Introduction 

Tensile tests in the temperature range room temperature to 600°C have 
been run on the path A PCA alloy i n  three different conditions; Al, A3, 

and B2. Previous High Flux Isotope Reactor (HFIR) irradiation results for 

PCA-A1 and -B2 (ref. 1) as well as results for PCA-A3 (elsewhere in this 
report) have shown that these three treatments provide better resistance 

to swelling than those producing other micrestructures in E A .  

3.3.4.2 Experimental 

The composition of PCA is ( w t  X I )  Cr, 14.0; Ni, 16.2; Mo, 2.3; Mn, 

1.8; Si, 0.4; Ti, 0.24; C, 0.05; P, 0.01; S, 0.003; N, 0.01; B, 0.0005; 
Fe, balance. The following thermomechanical treatments were used to 

produce the three microstructures: 

1100°C; A3, 30 min at llOO°C plus 25% cold worked; B2, 30 min at llOO°C, 
Al, 25% cold worked plus 30 min at 
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8 h at 8OO0C, 25% cc 

6 4  

I worked plus 2 at 750°C. Small tensile spec lens 

of the SS-1 design2 were machined from 0.76-mm-thick sheet of PCA in each 

condition. 

1.52 by 0.76 m. 
testing machine fitted with a wireround resistance furnace. 

crosshead speed was 0.5 m/min (0.02 in./min, strain rate - 4.2 X 10-4/s). 

The untested microstructures were characterized by transmission electron 

microscopy ("EM). 

solution of 12.5 v01 % H2SO4 in methanol at -1OOC. 

The gage section is 20.3 mn long with a cross section of 
The specimens were tested in air in an Instron tensile 

The 

Samples for "EM were prepared by electropolishing in a 

3.3.4.3 Results 

The microstructures of PCA in the Al, A3, and B2 conditions are shown 
in Figs. 3.3.1 and 3.3.2. The FCA-A1 [Pig. 3.3.l(a)] had a low dislocation 

Ha2289 E-23755 

I 2 m I 

Pig. 3.3.1. Microstructures of Path A PCA Solution Annealed for 
30 min at 1100°C (Al). (a) As annealed. ( b )  Followed by 25% cold work 
(A3) - 
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Y E-12036 YE-12037 

YE-11863 YE-11864 

(C) 

. 0.25 urn 

Fig. 3.3.2. Components of t h e  M i c r o s t r u c t u r e  of t h e  Path A PCA 
Condit ion B2. The g r a i n  boundary p r e c i p i t a t e  produced by t h e  f i r s t  ag ing ,  
f o r  8 h a t  800"C, is shown i n  b r i g h t  f i e l d  ( a )  and da rk  f i e l d  (b) .  
d i s l o c a t i o n  s t r u c t u r e  and ma t r ix  p r e c i p i t a t e  a f t e r  t h e  25% cold  work and 
reaging  f o r  2 h at  750°C is shown i n  b r i g h t  f i e l d  (c) and p r e c i p i t a t e  dark  
f i e l d  ( d ) .  

The 
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d e n s i t y  and was v i r t u a l l y  f r e e  of any t i tan ium- rich  MC p a r t i c l e s .  

PCA-A3 [Fig.  3 . 3 . l ( b ) )  had a high d i s l o c a t i o n  d e n s i t y ,  t y p i c a l  of a cold-  

worked m a t e r i a l  and, aga in ,  no MC p a r t i c l e s .  The PCA-B2 a l l o y  is essen-  

t i a l l y  a cold-worked E A  a l l o y  t h a t  has been aged be fo re  cold  work t o  

produce a coa r se  d i s p e r s i o n  of MC p a r t i c l e s  i n  the  g r a i n  boundaries ,  and 

then  aged a f t e r  t h e  cold  work t o  produce a f i n e  d i s p e r s i o n  of MC i n  t h e  

ma t r ix .  The m i c r o s t r u c t u r e  components a r e  shown s e p a r a t e l y  i n  Pig. 3.3.2. 

The 

The r e s u l t s  of t h e  t e n s i l e  t e s t s  f o r  the  t h r e e  a l l o y s  a r e  shown i n  

Figs. 3.3.3 t o  3.3.5 and l i s t e d  i n  Table 3.3.1. The u l t i m a t e  t e n s i l e  and 

y i e l d  s t r e n g t h s  (0.2% o f f s e t )  a r e  shown i n  upper p o r t i o n s  of t h e  f i g u r e s ,  

wh i l e  the  uniform and t o t a l  e longa t ions  a r e  shown i n  the  lower p o r t i o n s .  

The E A- A 1  demonstrated y i e l d  s t r e n g t h s  t h a t  were about one-half of t h e  

u l t i m a t e  s t r e n g t h s  and r a t h e r  high d u c t i l i t y ,  which would be expected f o r  

t h i s  so lu t ion- annealed  s t a i n l e s s  s t e e l  (Pig .  3.3.3). The va lues  f o r <  

s t r e n g t h  and d u c t i l i t y  a r e  nea r ly  the same (Table 3.3.1) as those  r epor t ed  

f o r  so lu t ion- annealed  type 316 s t a i n l e s s  s t e e l  with a 0.23 w t  % T i  

a d d i t i ~ n . ~  

t e n s i l e  s t r e n g t h s  a c r o s s  the  temperature range and decreased the  elonga-  

t i o n  t o  va lues  below 15% (Fig. 3.3.4). However, the  PCA-A3 was s l i g h t l y  

weaker (and more d u c t i l e )  than 20%-cold-worked type 316 + T i  (CW 316 + T i )  

a t  the  two tempera tures  repor ted  by Wiffen and M 4 ~ i a s z . ~  

low uniform e longa t ion  f o r  PCA-A3 a t  300°C is common f o r  cold-worked 

s t a i n l e s s  s t e e l s  and probably r e f l e c t s  t h e  r educ t ion  i n  s t r a i n  hardening 

t h a t  occurs  i n  t h a t  t empera ture  range. The t e n s i l e  behavior  of E A- A 1  

and -A3 was g e n e r a l l y  s i m i l a r  t o  t h a t  f o r  CW 316 + T i  with s i m i l a r  

m i c r o s t r u c t u r e s .  The PCA-B2 m a t e r i a l  was s t rengthened by the  MC par- 

t i c l e s  present  i n  i t s  miCKOStKUCtUKe but d id  not reach the  s t r e n g t h  

l e v e l s  of PCA-A3 (Fig. 3.3.5). The y i e l d  and u l t i m a t e  s t r e n g t h s  of E A - B 2  

drop off  n o t i c e a b l y  above 500'C. However, the  d u c t i l i t y  f o r  PCA-B2 a c r o s s  

t h e  temperature range was somewhat h ighe r  than f o r  PCA-A3. The y i e l d  

s t r e n g t h  curve f o r  PCA-B2 has been drawn from the  average va lue  of two 

p o i n t s  a t  room temperature and is shown t o  i n c r e a s e  s l i g h t l y  up t o  300°C. 

We do not b e l i e v e  t h a t  t h i s  r e f l e c t s  the  t r u e  behavior of the  m a t e r i a l  but 

r a t h e r  t h a t  it is a v i c t im  of the  s c a t t e r  of y i e l d  s t r e n g t h  va lues  a t  room 

Cold working the  a l l o y  inc reased  t h e  y i e l d  and u l t i m a t e  

The r e l a t i v e l y  
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Fig .  3.3.5. T e n s i l e  P r o p e r t i e s  of PCA-B2 (Aged, 25% Cold Worked, and 
Reaged 15 min a t  750'12) as a Funct ion of Temperature. 

t empera tu re .  A similar  s i t u a t i o n  developed wi th  FCA-A3, and two addi-  

t i o n a l  specimens were t e s t e d  (Fig .  3 . 3 . 4 ) ;  t h e  r e s u l t s  r a i s e d  t h e  average 

v a l u e  of t h e  y i e l d  s t r e n g t h  a t  room temperature  to one more c o n s i s t e n t  

w i t h  those  a t  t h e  e l e v a t e d  temperatures .  

It should be noted t h a t  r a p i d  s o l i d i f i c a t i o n  t echn iques  have been 

used t o  i n c r e a s e  t h e  s t r e n g t h  l e v e l s  of PCA wi thout  s a c r i f i c i n g  

d ~ c t i l i t y , ~  through c o n t r o l  of g r a i n  s i z e ,  d i s l o c a t i o n  d i s t r i b u t i o n ,  and 

MC p r e c i p i t a t i o n .  
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Table 3.3.1. Tensile Data for the Path A PCA Alloy 

Test Yield 'Itimate Uniform Total Tensile Temperature Strength Elongation Elongation Strength ("0 (MPa) (%) ( % )  (MPa) 

22 
22 
3 00 
300 
400 
400 
500 
500 
600 
600 

22 
22 
22 
22 
300 
3 00 
400 
400 
500 
500 
600 
600 

22 
22 
3 00 
3 00 
400 
4 00 
500 
500 
600 
600 

Condition Al - Solution Annealed 

226.8 513.1 40.3 
212.8 545.2 42.1 
229.5 470.6 27.7 

173.3 437.0 34.0 
195.9 444.6 26.6 
157.8 446.9 29.6 

164.7 396. a 31.3 
175.3 402.9 27.5 
Condition A3 - 25% Cold  Worked 

392.2 740.0 4.9 
621.4 717.7 6.8 
734.5 757.7 8.0 
674.0 734.5 9.7 
565.1 592.5 1.3 
572.5 592.8 0.9 
541.7 609.4 3.3 
586.8 613.1 2.1 
558.7 629.5 2.9 
520.8 575.0 5.4 

168.7 440.6 28.0 

190.1 437.7 27.8 

544.7 604.4 5 . 8  
466.4 574.6 5 . 8  

Condition B2 - Aged, Cold Worked, and Reaged 
371.2 727.8 14.6 
553.1 718.3 13.6 
492.9 578.1 5.9 
499.9 589.4 5 . 5  
487. o 570. a 5.2 
517.5 551.7 4.6 
435.3 517.6 5.6 
503.0 519.7 3.9 
437.0 497.3 4.3 
430.2 479.3 3.8 

44.9 
46.7 
31.3 
31.0 

30.0 
38.0 

33.8 
29.8 
32.5 
31.3 

9.6 
12.1 
12.0 
15.0 
3.7 
3.0 
7.0 
7.5 
5.6 
7.3 
7.3 
7.4 

18.3 

8.4 
17.4 

7.5 
8.1 
7.4 

6.5 
7.5 
6.4 

8 . 5  
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3.3.5 Conclusions and Future Work 
The path A PCA alloy in the Al, A3, and B2 conditions was tensile 

tested in air from room temperature to 600°C. It was concluded that 

1. Under comparable conditions, PCA-A1 and -A3 had generally the 

same tensile behavior as titanium-modified type 316 stainless steel in 

comparable conditions. 

2. The PCA-B2 was somewhat weaker than PCA-A3, especially at 500 and 

6OO0C, but had slightly better ductility. 

Future work w i l l  include the testing of all three PCA microstructures 

at 200 and 700°C and the examination of selected fracture surfaces. The 

tensile data w i l l  serve as a baseline with which irradiated PCA may be 

compared. 

3.3.6 References 
1. P. J. Maziasz and D. N. Braski, "Swelling of Path A PCA Irradiated 
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Experiment to Simulate the He/dpa Ratio of a Fusion Reactor in 

Austenitic Stainless Steel," ADIP Quart. -Proq. Rep. June 3 0 ,  1980 ,  

DOE/ER-0045/3, p. 10. 

3. F. W. Wiffen and P. J. Maziasz, "The Influence of Neutron Irradiation 

at 55°C on the Properties of Austenitic Stainless Steel," J .  Nuel.  

Mater. 104: 821-26 (1981). 

4 .  J. Megusar, L. Arnberg, J. B. Vander Sande, and N. J. Grant, 

"Optimization of Structure and Properties of Path A Prime Candidate 

Alloy (PCA) by Rapid Solidification," J. W e % .  Mater. 99: 19C-202 
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3.4 TENSILE PROPERTIES AND SWELLING OF 20%-COLD-WORKED TYPE 316 STAINLESS 
STEEL IRRADIATED IN HFIR - R. L. Klueh and M. L. Grossbeck 
(Oak Ridge National Laboratory) 

3.4.1 ADIP Tasks 

ADIP Task I.B.13, Tensile Properties of Austenitic Alloys, and 

I.C.2, Microstructure and Swelling in Austenitic Alloys. 

3.4.2 Objective 

The primary goal of the series of experiments HIIR-CTR-26 through -29 

is to expand the mechanical property, microstructure, and swelling data 

base on irradiated ZO%-cold-worked type 316 stainless steel. Previous 

irradiation experiments HFIR-CTR-9 through -13 provided an initial, lower- 

fluence data base for an understanding of the behavior of the material. 

Earlier experiments (HFIR-SS-2 through -8) had also provided high-fluence 
data. However, the previous work was on specimens from an experimental 

heat of steel. In the present experiment series, the magnetic fusion 

energy (WE) reference heat of type 316 stainless steel (heat X15893) was 

used. Sufficient overlap with previous irradiation conditions should 

enable a correlation to be made between the irradiation response of the 

two heats of steel. 

3.4.3 Summary 

Immersion density and elevated-temperature tensile properties were 
determined on 20%-cold-worked type 316 stainless steel irradiated in 

the HFIR to fluences of 3.5 to 6.3 X L O z 6  neutrons/m* 00.1 MeV), which 

resulted in 26 to 49 dpa and 1650 to 3100 at. ppm He. These data were 
combined with the data previously obtained after irradiation to lower 

fluences (<4.0 x loz6 neutrons/m2). 

3.4.4 Progress and Status 

We previously reported on tensile and immersion density results 

determined on the MFE reference heat (heat X15893) of type 316 stainless 

steel irradiated in experiment HFIR-CTR-26 to a maximum fluence of 

3.9 X loz6 neutrons/m2 00.1 MeV).l This exposure resulted in a maximum 
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displacement-damage level of 29 dpa and about 1900 at. ppm He. Irradiation 

temperatures ranged from 284 to 620°C. This experiment was one of a 

series of four irradiation experiments, HFIR-CTR-26 through -29. In this 

report, we will present the results from HFIR-CTR-27, which was irradiated 

to 6.5 X L O z 6  neutrons/m’ 00.1 MeV) to give a maximum of 49 dpa and 

approximately 3100 at. ppm He. 

3.4.4.1 Experimental Procedure 

Details on the material and test procedure were previously given when 

results from HFIR-CTR-26 were discussed.’ 

Experiment HFIR-CTR-27, like HFIR-CTR-26, was irradiated in a HFIR 

peripheral target position with a peak thermal neutron flux of 2.5 X 

10’’ neutrons/(m2-s) and fast flux of 1.3 x lOI9 neutrons/(m2*s) 

00.1 MeV). Irradiation temperatures were approximately 284, 370, 470, 
5 6 0 ,  and 620°C. The displacement damage and helium production were 

calculated by the procedures described by Gabriel, Bishop, and Wiffen.’ 

Fluences ranged from 3.5 to 6.3 X LOz6  neutrons/m2 00.1 MeV). The calcu- 

lated displacement damage levels ranged from 26 to 49 dpa, and helium con- 
centrations from 1600 to 3100 at. ppm He. 

3.4.4.2 Results and Discussion 

The results of immersion density measurements, given in Table 3.4.1, 

showed measurable swelling at all but the lowest irradiation temperature. 

These data, along with those previously reported,’ will be discussed in 

detail when all experiments in this series are completed. 

Tensile test results are also tabulated in Table 3.4.1. In 

Fig. 3.4.1 the O.Z%-offset yield strength is plotted against fluence 

(and displacement damage) for the test temperatures of 350, 450 ,  and 

575°C. The curves in this figure are those previously presented for the 

low-fluence data. Although the low-fluence portion of the curves will 

undoubtedly need to be altered, we have chosen not to extend the curves 

until the data from HFIR-CTR-28 are available. Also shown in Fig. 3.4.1 

are the data of Grossbeck and Maziasz3 for tests on low-fluence irra- 

diations on another heat of steel; these data were also presented and 

discussed earlier. 
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W e  p rev ious ly  s t a t e d  t h a t  the  t r e n d s  f o r  our low- fluence y i e l d  

s t r e n g t h  d a t a  were i n  genera l  agreement wi th  those  of Grossbeck and 

Maziasz. The new d a t a  a l te r  t h a t  conc lus ion  s l i g h t l y  a t  350°C, where 

t h e  peak i n  y i e l d  s t r e n g t h  t h a t  appears  t o  be p r e s e n t  i n  t h e  Grossbeck 

and Maziasz data and i n  our e a r l i e r  d a t a  (as p resen ted  by t h e  curve)  i s  

no longer  as prominent.  I n  f a c t ,  t h e  h i g h e r  f l u e n c e  d a t a  suggest  t h a t  

t h e  y i e l d  s t r e n g t h  may approach a p l a t e a u  va lue .  A t  t h e  o t h e r  two 

t empera tu res ,  t h e  t r ends  f o r  the  two sets of d a t a  s t i l l  appear t o  be 

s i m i l a r .  

The t o t a l  e longa t ion  a s  a f u n c t i o n  of f luence  o r  d isplacement  damage 

( F i g .  3 .4 .2 )  i s  g e n e r a l l y  the  i n v e r s e  of the  s t r e n g t h  r e s u l t s  ( i . e . ,  an 

i n c r e a s e  i n  s t r e n g t h  r e s u l t s  i n  a d e c r e a s e  i n  d u c t i l i t y  and v i c e  v e r s a ) .  

The only  excep t ion  t o  t h i s  i s  a t  575"C,  where both  t h e  y i e l d  s t r e n g t h  

and the  t o t a l  e longa t ion  decreased s l i g h t l y .  The uniform e longa t ion  

v a l u e s  g e n e r a l l y  fo l low those  f o r  t h e  t o t a l  e l o n g a t i o n  (Table  3.4 .1 ) .  

Again, t h e  curves  i n  Fig. 3.4.2 are those  p r e v i o u s l y  p resen ted ; '  t h e  

new d a t a  g e n e r a l l y  f a l l  a long the t r e n d s  i n d i c a t e d  by the low- fluence 

d a t a .  

I n  a d d i t i o n  t o  comparing our r e s u l t s  with the Grossbeck and Maziasz3 

r e s u l t s  i n  t h e  previous r e p o r t , '  a t  350 and 575°C we a l s o  compared them 

w i t h  high- fluence d a t a  of Bloom and W i f f e ~ ~ . ~  

t o  about 7 X l o z 6  neutrons/& (-55 dpa) a t  350°C and t o  about 8.7 X 

l oz6  neutrons/m2 (- 65 dpa) a t  575°C. 

The l a t t e r  r e s u l t s  extended 

Bloom and Wiffen used t h e  same 

exper imenta l  h e a t  of s t ee l  used by Grossbeck and Maziasz. W e  concluded 

t h a t  the e f f e c t s  of i r r a d i a t i o n  on the  y i e l d  s t r e n g t h s  show similar  t r e n d s  

f o r  a l l  t h r e e  experiments.  The major d i f f e r e n c e  between the  Bloom and 

Wiffen r e s u l t s  and the o t h e r  two exper iments  w a s  found i n  the  d u c t i l i t y ,  

e s p e c i a l l y  a t  575°C. Bloom and Wiffen r e p o r t e d  t h a t  a t  575°C t h e  t o t a l  

e l o n g a t i o n  approached q u i t e  low v a l u e s  a t  t h e  h i g h e s t  f l u e n c e s  (- 0 .5%) .  

No such rap id  decrease  i n  d u c t i l i t y  was i n d i c a t e d  i n  the  o t h e r  two s t u d i e s  

a t  lower f 1 ~ e n c e s . l . ~  

d a t a  presented i n  t h i s  r e p o r t .  

That conc lus ion  s t i l l  a p p l i e s  i n  l i g h t  of the  new 
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3.4.5 Future Work 

The HFIR-CTR-28 experiment has been removed from the reactor after 

15 cycles (this is the companion experiment to HFIR-CTR-26 reported 

previously'). 

experiment will be reported in the next ADIP progress report. 

Density measurements and tensile test results for this 

1. 

2 .  

3. 

4. 
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3.5 MICROSTRUCTURAL DEVELOPMENT OF 20%-COLD-WORKED TYPE 316 STAINLESS 
STEEL IRRADIATED IN ORR AT 250 TO 500°C - P. J. Maziasz (Oak Ridge 
National Laboratory) 

3.5.1 D I P  Task 

ADIP Tasks I.C.l, Microstructural Stability, and I.C.2, Microstructure 

and Swelling in Austenitic Alloys. 

3.5.2 Objective 

These experiments are designed to characterize the microstructural 

development in austenitic stainless steels irradiated in the Oak Ridge 

Research Reactor (ORR) and to compare the results with similar data from 
Experimental Breeder Reactor (EBR)-I1 and High Flux Isotope Reactor (HFIR). 

3.5.3 Summary 
No voids, bubbles, or precipitation are observed in 20%-cold-worked 

(ref.-heat) type 316 stainless steel irradiated in ORR at 250 to 500°C to 

produce 5 dpa and 38.7 at. ppm He. There is some recovery of the cold- 

worked structure at 500"C, but not at 250 to 450°C. The total dislocation 

structure is quite dense from 250 to 450°C due to the presence of many 

Frank loops and a high concentration of fine loops ("black dots"). No 

significant effect of helium could be determined, but bubble formation 

appears retarded in ORR compared with that in HFIR. 

3.5.4 Status and Progress 

Helium can have pronounced effects on the mechanisms of void swelling, 

precipitation, and radiation-induced solute segregation in austenitic 

stainless steels under either ion  or neutron irradiation. 1-3 Helium 

effects for fusion have been inferred from comparison of the results of 

EBR-I1 and HFIR irradiation of the same heat of steel. However, neither 

of these reactor irradiations produces helium and displacement damage in 

type 316 stainless steel at the ratio to match fusion first-wall service 

(1&15 at. ppm He/dpa); HFIR produces far too much helium (2& 

70 at. ppm He/dpa) and EBR-I1 far too little (0.5-1 at. ppm He/dpa). 

ORR has a lower flux, but gives a better match to the helium/dpa genera- 

tion ratio of a fusion first wall. This report presents microstructural 

data obtained for type 316 stainless steel irradiated in the ORR. 

The 
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3.5.4.1 Experimental 

Sheet specimens (0.76 m thick) of the path A reference heat (X-15893) 

(hereafter referred to as ref.-heat) type 316 stainless steel were irra- 

diated in the 20%-cold-worked (CW) condition. The composition is given in 
Table 3.5.1 with several other well-known heats of steel for comparison. 

Specimens were irradiated in the ORR-MFE-2 experiment, in position E-7 

of the ORR core. Details of the experimental subassembly are given 

el~ewhere.~ Design temperatures were 250, 350, 450, and 550°C, but the 

experiments actually ran at 250, 290, 450,  and 5OOOC. A description of 

operating history and dosimetry for ORR-MFE-2 is provided by Greenw~od.~ 
Displacement damage and helium production were calculated from the neutron 

fluence as recommended by Gabriel et a1.,6 including the recent correction 

to displacement damage due to nickel atom recoil pointed out by Greenwood.7 

The neutron fluence of 6.8 X lo2' neutrons/m2 00.1 MeV) produced 5 dpa 

and 38.7 at. ppm He in these samples at all temperatures. 

Table 3.5.1. Composition of Several Heats of 5 p e  316 Stainless Steel 

Alloy Capo.ition, R x B a t  

DemigMtion ee cr wi m m si c Ti P S n B co 
0.03 0.015 0.0004 0.35 Ref.-heat 316 B.1 17.3 12.4 2.2 1.7 0.7 0.05 

(X-15893) 

Wheat  316 B.1 18.0 13.0 2.6 1.9 0.8. 0.05 0.05 0.01 0.016 0.05 0.000s 0.004 

n-iot 316 -1 16.5 13.5 2.5 1.6 0.5 0.05 0.09 0.006 0.006 O.WO0 0.05 

Disks about 3 m in diameter were electro-discharge machined from 

the shoulders of the tensile specimens that had been postirradiation 
tensile tested. Previous work has established that the tensile testing 

does not disturb the as-irradiated microstructure in the shoulder region,' 

contrary to earlier criti~isrn.~ 

transmission electron microscopy (TEM) techniques described previously. ' * 
The relatively high cobalt content of this alloy resulted in high levels 
of radioactivity after the ORR irradiation and made specimen handling 
difficult. 

These samples were examined with the 
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3.5.4.2 Results 

There are no bubbles or voids observed in the microstructure of 
CW 316 (ref.-heat) irradiated in ORR to 5 dpa at temperatures from 250 
to 500Y. Figure 3.5.1 shows the microstructure in contrast conditions 

appropriate for best resolution of small cavities (kinematical diffrac- 

tion, underfocused), and none can be seen. 

precipitation for any of these irradiation conditions. There is, however, 

an effect of the irradiation on the dislocation structure. 

There is no evidence of 

E-34523 

0.1 urn 

Fig. 
(38.7 at. 
Condition 

3.5.1. CW 316 (Ref.-Heat) Irradiated in ORR at 500°C to 5 dpa 
ppm He) and Imaged in the Underfocus, Kinematical Contrast 
to Demonstrate that No Cavities (Voids or Bubbles) Are Visible. 

The overall dislocation concentration is high and quite temperature 

independent from 250 to 450"C, but, by comparison, appears much less 

concentrated at 500'C. This can be seen in Fig. 3.5.2. Frank loops 

(assumed to be interstitial) are a significant portion of the overall 

dislocation microstructure at all temperatures. 

various temperatures is shown in Fig. 3.5.3 for one set of (111) planes 

The loop component at the 
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E-34502 E-34463 

250°C 

H-64659 

290'C 

E-34526 

( C )  450°C (4 500°C 
0.1 prn 

Fig. 3.5.2. Dislocation Microstructures of Cw 316 (Ref.-Heat) 
Irradiated in ORR to 5 dpa (38.7 at. ppm He) at the Temperatures Indicated. 
A l l  are imaged using 9200 with 8 > 0. 
5OOOC (d). 

Note the more relaxed structure at 
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E-34505 E-34476 

250°C 

H-64666 

(b) 290' C 

E-34533 

(C) 450°C (dl 500°C 

0.1 pm 

Fig. 3.5.3. Larger Frank Loop Component of the Dislocation 
Microstructure of CW 316 (Ref.-Heat) Irradiated in ORR to 5 dpa 
(38 .7  at. ppm He) at the Temperatures Indicated. All are imaged in 
dark field using <111> satellite streaks around 9200 reflections. Note 
the large increase in size and decreased density of loops at 5OO0C, 
compared with the three lower temperatures. 
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(hence one-fourth of a total isotropic population) imaged in dark field 

via <111> satellite streaks around q 2 0 0  matrix reflections. A high con- 
centration of loops ranging from 8 to 25 nm i n  diameter is observed from 
250 to 450°C. Fewer, much larger (17 to 100 nm in diameter) loops are 

observed at 500°C. The microstructures at 250 to 450'C appear similar 

to or denser than the network normally found i n  CW 316 (ref. 8), but 

the dislocation structure at 500°C i s  somewhat recovered. Finally, 

high concentration of "black dots" ((5 nm in diameter) can be seen in 

Fig. 3.5.2(a) and (b). These features, seen at 250 to 450°C when these 
samples are imaged i n  a weak beamdark field condition ( q ; l o o ,  +7/+3g), may 

also be small loops. These "black dots" are not present at 500°C. 

3.5.4.3 Discussion 

We can compare these microstructural observations with results 

obtained on austenitic stainless steels irradiated in ORR (refs. 11 and 

121, HFZR (refs. 8, 10, 13, and 14), and EBR-I1 (refs. 3, 15, and 16). 
Key features of the present results and the literature data are summarized 

in Figs. 3.5.4 and 3.5.5. 

ORNL DWG 82 11688 

A CW 316 ( R E F )  0 PCA 

0 CW 316 I N  LOTI  0 P-7 

OPEN SYMBOL ~ BLACK DOTS ONLY 
RIGHT FILLED ~ FRANK LOOPS + BLACK DOTS 
F ILLED ~ FRANK LOOPS + NETWORK 
LEFT F ILLED - NETWORK O N L Y  

cw 316 0 SA304 

_ -  

I A A  A A  
I I I 1 I I I 

0 100 2w 300 4w 500 600 700 

IRRADIATION TEMPERATURE 1°C) 

Fig. 3.5.4. Temperature Boundaries Between the Various Components Of 
the Dislocation Microstructure Observed in Austenitic Stainless Steels 
Irradiated to Fluences Producing 12 dpa or Lower. 
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O R N L  OWG 82 17689 

I A CW 316 I R E F l  0 PCA 

V CW 316 ID01 
0 C W  316 1Iu L O T I  0 P ~ 7  

0 S A 3 0 4  OPEN S Y M B O L  ~ NO C A V I T I E S  
FILLED SYMBOL  CAVITIES DETECTED 

--- ------ - - - I-  - - - - --- 

I I I I I I I 
0 I00 zw 300 4w 500 600 700 

I R R A D I A T I O N  TEMPERATURE I C l  

Fig. 3.5.5. Observations at Fluences Producing 12 dpa or Lower that 
Define the Lower Temperature Limit for Cavity Formation in Austenitic 
Stainless Steel. 

Bloom et a1.l' irradiated solution-annealed (SA) type 304 stainless 
steel in the ORR to fluences producing less than 0.5 dpa and less than 

about 5 at. ppm He at temperatures of 93 to 454°C. They observed a high 

density of fine "black-dot'' structures, believed to be loops (of unknown 

nature), at 93°C. With only small changes in size and density, this 

structure persisted at 177 and 300°C. At 371"C, the "black-dot'' density 

decreased by several orders of magnitude and disappeared at 398°C. 

features characteristic of higher temperature irradiation damage 

structures - larger loops and precipitates -began to appear, and small 

helium bubbles were found at 454°C. Figures 3.5.4 and 3.5.5 define the 

temperature limits of these observations. 

observe only Frank loops, networks and "small defect clusters" ((3 nm in 

diameter) in SA and CW 316 high-purity austenitic stainless steel (P7) 
irradiated in ORR-MFE-2 to 3 dpa at 350°C. They find voids and bubbles in 

P7 after 4 dpa (33 at. ppm He) at 550°C. Data in their work is qualita- 

tively consistent with the present results in that a fairly constant low- 

temperature microstructure is observed over a range of temperatures before 

The 

Brager and Garner" also 
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a transition occurs to a higher-temperature-type microstructure 

(Figs. 3.5.4 and 3.5.5). The transition (judging from loop and "black- 

dot" structures) occurs about 100 to 150°C higher for CW 316 (ref.-heat) 

than for the SA 304 of Bloom et al. 
The microstructural results on CW 316 (ref.-heat) irradiated in ORR 

are consistent with microstructural data on several heats of steel 1347, 
DO-heat and N-lot 316s, Path A Prime Candidate Alloy (PCA)] irradiated in 

HFIR in several preirradiation microstructural conditions','' , 1 3  ,14 3 '  7,18 

as seen in Figs. 3.5.4 and 3.5.5. No voids, bubbles, or irradiation- 

induced or -enhanced precipitates are observed after HFIR irradiation at 

55 to 3OO0C, for fluences producing up to approximately 11 dpa. Regardless 

of material or pretreatment, the HFIR microstructures consist of similar- 

sized Frank loops (-1C-30 nm in diameter) and a high concentration of the 

"black-dot'' defects (-35 n m  in diameter) (Fig. 3.5.4). However, disloca- 

tion network concentration varies widely and depends strongly on pretreat- 

ment. Bubbles are found after H F I R  irradiation at 400°C for some of the 

PCA pretreatments and for CW 316 N-lot. The very fine "black dots" are 

not observed when these materials contain bubbles. These "black dots" 

are also absent when voids appear in CW 316 (DO-heat) irradiated in HFIR 

at 325 to 350°C to 8.4 dpa. Again, this transition from characteristic 

lower temperature to higher temperature microstructure occurs at about 

300 to 350°C in H F I R  (Fig. 3.5.4), 100 to 150°C lower than for CW 316 

(ref.-heat) irradiated in ORR. 
Fast breeder reactor data do not extend below 300 to 350°C. However, 

the limited data are also mapped with temperatures in Figs. 3.5.4 and 

3.5.5. 

steel irradiated below 350°C to 30 to 40 dpa in the Dounreay Fast Reactor 
(DFR). 

(DO-heat) irradiated in EBR-11 at 450°C to 10 dpa or at 510°C to 6.4 dpa. 
Maziasz3 found no voids or fine bubbles in the same material irradiated in 

EBR-I1 to 8.4 dpa at 500°C but did find both voids and bubbles after 
36 dpa at 525°C. Brager,16 however, does observe voids in another heat of 

CW 316 after EBR-XI irradiation to 12.2 dpa at 420 and 475°C (Fig. 3.5.5). 

The early stages of void formation for type 316 stainless steel in EBR-I1 

Voids are not observed by Bramman et a1.l' in type 316 stainless 

Voids are also not observed by Bloom and Stiegler" for CW 316 
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are extremely variable from heat to heat of steel. Within this scatter, 

however, the ORR results are consistent with EBR-I1 results (Fig. 3 . 5 . 5 ) ,  

and it is not clear whether or not voids should be expected after only 

5 dpa in the ORR at 450 to 500°C. Higher fluence data will be required 

before confident statements about retardation (or acceleration) of void 

or bubble formation in ORR can be made. Certainly comparison with the 

HFIR data suggests that bubble swelling at 5OO0C is retarded in ORR. 

3.5 .5  Conclusions and Future Work 

1. Formation of bubbles, voids, or precipitate phases is not  

observed in CW 316 (ref.-heat) after irradiation in ORR to 5 dpa 

(38.7 at. ppm He) at 250 to 500°C. 

2. Frank loops are observed at all irradiation temperatures. The 

dislocation network appears similar to the as-cold-worked structure for 
irradiation at 250 to 450"C, but some recovery occurs at 5OO0C. The 

overall dislocation concentration is similar at 250 to 450°C but is 

considerably relaxed at 500°C. Frank loop concentrations are high, and 

the diameters range approximately 8 to 25 w for irradiation between 250 

and 450°C. There are far fewer and much larger loops at 500°C (17-100 mn 

in diameter). 

3.  A high concentration of very fine "black dots" (3-5 nm in 

diameter) are present in the dislocation structure after irradiation at 

250 to 450°C but are absent as the network lessens and large loops coarsen 

at 500°C. 

4 .  Bubble formation may be retarded in ORR compared with similar 

HFIR irradiation, particularly at 500°C. However, 5 dpa in ORR is too low 
a fluence to detect any effect on void formation relative to EBR-I1 or 

HFIR irradiation. 

Future work will include more detailed comparison with EBR-I1 and 

HFIR irradiated steels. Work is in progress t o  identify the "black-dot'' 

component of the microstructure and to confirm the interstitial nature of 

the larger Frank loops. 
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4.1 THE DUCTILITY BEHAVIOR OF IRRADIATED PATH B ALLOYS - W. J. S. Yang 
and M. L. Hamilton (Westinghouse Hanford Company) 

4.1.1 D I P  Task 

Task B Alloy Development - Precipitation Hardened Alloys. 

4.1.2 Objective 

The objective of this study was to assess the practicality of using 

five Path B alloys in their current form as structural materials in the 

Fusion First-Wall/Blanket by evaluating both their postirradiation duc- 

tility and the corresponding microstructures. 

4.1.3 Summary 

At test temperatures above 5OO"C, the postirradiation ductility of 

the Path B alloys was less than 1% for all alloy conditions studied. The 
postirradiation ductility was shown to be dependent on preirradiation 

thermomechanical treatment. Specimens in a cold worked and aged condition 

exhibited a smaller ductility drop as test temperatures increased above 

500°C than specimens in either a cold worked or a solution treated and 

aged condition. The ductility of the high Ni alloy B6, in a cold worked 

and aged condition, dropped to a constant and finite level,O.5-1%, over 

the test temperature range (300-700°C). 
Microstructural studies indicated several possible causes for the 

low ductility observed in the Path B alloys. Precipitation of helium 

bubbles at grain boundaries was observed for all alloy conditions. 

Helium bubbles at grain boundaries could cause a reduction of the grain 

boundary cohesive energy and could also serve as potential crack nuclea- 

tion sites during deformation. Other precipitates, which are known to 
cause a reduction in grain boundary strength were also observed. 

example, cavities formed at precipitate/grain-boundary interfaces in 

cold worked and aged alloy B1; a layer of y' completely coated grain 

boundaries in cold worked alloy B1; and n-phase plates were aligned in 

the grain boundary region in cold worked and aged alloy B4. 
features weaken the grain boundaries and diminish their ability to deform. 

Relative to the weakened boundary, the matrix is quite strong, being 

For 

These 
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strengthened by the formation of y' or y'/y' '  precipitates, radiation- 

induced faulted loops, and a high density of helium bubbles. 

the limited deformation tolerance of the grain boundaries, failure will 

be initiated there before matrix deformation can relax local stress 

concentrations at high temperatures. 

explain the low ductility phenomena observed cannot be selected on the 

basis of the results of the microstructural studies. 

Due to 

A single principal mechanism to 

Path B alloys in their current form will not provide adequate duc- 
tility for first wa!~l applications at high temperatures. 

4.1.4 Progress and Status 

4.1.4.1 Introduction 

Precipitation-hardenable alloys were considered for possible struc- 

tural applications in the fusion first-wall/blanket, based on their 

excellent high temperature strength and creep resistance. 

retain good swelling resistance and in-reactor creep resistance as shown 
in studies performed under the breeder alloy development program.' 

Path B alloys are nickel-base precipitation hardening alloys, with matrix 

hardening arising from the formation of y' or y ' /y" .  

denum-modified y'-strengthened alloy. Alloy B2 is also a molybdenum- 

modified y'-strengthened alloy similar to Nimonic PE16. 

niobium-modified y'-strengthened alloy. 

alloy similar to Inconel 706. 
alloy. 

They also 

The 

Alloy B 1  is a molyb- 

Alloy B3 is a 

Alloy B4 is a y'/y"-strengthened 
Alloy B 6  is a high nickel y'-strengthened 

The Path B alloys were irradiated in HFIR in various thermomechani- 

cal conditions including the cold-worked (CW), cold-worked-and-aged (CWA) 

and solution-treated-and-aged (STA) conditions.' It was anticipated 

that the high helium levels produced during HFIR irradiation would sig- 

nificantly affect the microstructure and the ductility of the Path B 
alloys. 
Path B alloys by the disk bend technique. 

examination was also performed to determine the mechanism(s) responsible 

for the reduction in ductility. 

This study evaluated the postirradiation ductility of the 

A detailed microstructural 
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4.1.4.2 Experimental Procedure 

The chemical compositions and the various thermomechanical treat- 

ments (TMT) of the Path B alloys are listed in Tables 4.1.1 and 4.1.2. 
Specimens of the Path B alloys were irradiated in HFIR in the form of 

TEM disks to a goal fluence of 10 dpa. The doses actually accumulated 

by each specimen at different temperatures are compiled in Table 4.1.3. 

Disk bend tests were performed according to procedures described else- 

where. Tests were conducted at either the irradiation temperature or 

at 110°C above the irradiation temperature. All of the tests were con- 

ducted at a strain rate on the order of 10-4/sec. 

The specimens selected for microstructural study are listed in 

Table 4.1.4. Included in the examination were CW B1 (L4), CWA B1 (L5), 

CWA B2 (LA), CWA B4 (LK), and CWA B6 (LP). Alloy B3 was not examined. 

The disk specimens were electrolytically thinned and subsequently 
examined in a JEM 100 CX microscope operated at 100 KV. Grain boundary 
structure and precipitation were also studied by examining the etched 

specimen surfaces in a scanning electron microscope. The carbide extrac- 

tion replicas taken from the specimen surface were examined in a trans- 

mission electron microscope. 

4.1.4.3 Results 

4.1.4.3.1 Ductility. All of the Path B alloys exhibited low duc- 

tility in their current form at temperatures ranging from 300 to 700°C. 
The data obtained are given in Table 4.1.5. 

ductility were calculated at the point of maximum load, which provides 

an indication of the point at which crack propagation begins. At tem- 

peratures above *5OO0C, a significant decrease in ductility was observed. 
This "ductility trough'' phenomenon, shown in Figure 4.1.1 for alloys B1 

and B3, is common in nickel-base alloys. Specimens in the CWA condition 

showed the smallest ductility drop in the ductility trough region, while 

near zero ductility was observed in CW and STA specimens (Figure 4.1.2). 

For some CWA specimens, essentially a constant level of ductility was 

maintained across the range of test temperatures. For example, more 
than 1% ductility was maintained in CWA alloy B2, identified as LA, and 
more than 0.5% ductility was maintained in both CWA alloy B4, identified 

The reported values of 
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Table 4.1.2. Thermomechanical Treatments of the Path B Alloys 

Alloy Alloy Code TMT 

B-1 L4 
L5 
L6 

B-2 L7 
LA 
LB 

B-3 LE 
LF 
LH 

B-4 LJ 
LK 
LL 

B-6 LN 
LP 
LR 

1025"C/5 nin./AC + 30% CW 
1025'C/5 min./AC + 30% CW + 75OoC/8 hr./AC 
1025'C/5 min./AC + 30% CW + 7OO0C/8 hr./AC 
1025"C/5 min./AC + 30% CW 
1025OC/5 min./AC + 30% CW + 8OO0C/8 hr./AC 
1025"C/5 min./AC + 30% CW + 750°C/8 hr./AC 
1025"C/5 min./AC + 30% CW 
1025OC/5 min./AC + 30% CW + 750°C/8 hr./AC 
1025OC/5 min./AC + 30% CW -+ 7OO0C/8 hr./AC 
1025OC/5 min./AC + 30% CW 
1025OC/5 min./AC + 30% CW + 750°C/8 hr./AC 
1025"C/5 min./AC + 30% CW + 7OO0C/8 hr./AC 
1025'C/5 min./AC + 40% CW 
1025'C/5 min./AC + 40% CW + 8OO0C/8 hr./AC 
1025OC/5 min./AC + 40% CW + 75OoC/8 hr./AC 

Table 4.1.3 DoseandHelium Accumulation of the Path B Alloys 

300°C 400°C 500°C 60OoC 

B- l  

B-2 

B-4 

B-6 

7.6 dpa 
596 ppm 

4.4 dpa 
455 pprn 

4.4 dpa 
455 pprn 

4.4 dpa 
853 ppm 

7.6 dpa 
596 ppm 

4.4 dpa 
455 ppm 

4.4 dpa 
455 pprn 

4.4 dpa 
853 ppm 

9.2 dpa 
852 pprn 

9.2 dpa 
1363 ppm 

9.2 dpa 
1363 ppm 

9.2 dpa 
2553 ppm 

8.5 dpa 
723 ppm 

9.2 dpa 
1363 ppm 

9.2 dpa 
2553 pprn 
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Table 4 . 1 . 4 .  Specimen Matrix for TEM Examinations 

Alloy-Code (TMT) Irradiation Temperature ( "C)  

Bl-L4 (CW) 

B1-L5 (CWA) 

B2-LA (CWA) 

B4-LK (CWA) 

B6-LP (CWA) 

300 4 0 0  600 

600 
4 0 0  500 

4 0 0  500 

4 0 0  500 

as LK and LL,  and CWA alloy B6, identified as LP and LR. Figures 4.1.1 

and 4 . 1 . 2  illustrate the severe drop in ductility observed in not only 

the CW condition of all of the Path B alloys but also in the CWA condi- 

tion of alloys B 1  and B3. A similar trend is observed in the data of 

CWA B2. There are insufficient data for CWA B4 at high temperature 

to determine whether it, too, will exhibit a ductility trough at higher 

temperatures. The high Ni alloy B6 in the CWA condition was the only 

Path B alloy which did not show a severe drop in ductility in the tem- 

perature range of the ductility trough (Figure 4.1.3),  although B 6  was 

expected to accumulate the most helium during irradiation due to its 

higher nickel content. 

4 . 1 . 4 . 3 . 2  Microstructure. Alloy B 1 :  Gamma prime formed during 

irradiation in CW alloy BI. The size of the y '  changed from 2-3 nm at 

3 0 O o C  to 10 nm at 6 0 0 ° C .  A thin layer of y' which coated grain boun- 

daries was also detected. The grain boundary y '  film in CW alloy B 1  is 

illustrated in Figure 4 . 1 . 4 .  This figure consists of an SEM micrograph 

showing a y' layer partially etched from the grain boundaries and a 

bright-field micrograph of a y' extraction replica with a y '  dark-field 

insert. The matrix contained heavily tangled dislocations as well as 

helium bubbles, the latter being observed in the matrix as well as at 

the grain boundaries for irradiation temperatures as low as 300°C. The 

size of the helium bubbles varied from 1.7 nm at 3 0 0 ° C  to 3 nm at 6 0 0 ° C  
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I I I I I 

ALLOY B1 

2 
cw 

A CW i 750OAGE 

0 CW + 7 0 0 O  AGE 

CW + COMPLEX AGE 

0 

T l W  

HEOL 8zmo112 
T ( T )  TEST TEMPERATURE 

8203992-3 

Fig. 4.1.1 The Effect of Thermomechanical Treatment on the Ductility 
of A l l o y s  B1 and B3 Tested at the Irradiation Temperature. 
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I 

TT = TI B4 

A B6 

0 83 

0 B1 3 0 82 

ALL ALLOYS 
IN COLD 
WORKED CONDITION 

l 300 400 500 0 

HEOL 8206-011.3 

8203992-1 

Fig. 4.1.2 The Ductility Trough for Cold Worked Path B Alloys  
Tested at the Irradiation Temperature. 
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TT = TI + 110 
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A B6 CW + 80O0 AGE 

B6CW 

I 
310 410 510 610 710 810 

TTPC) TEST TEMPERATURE 8203992-2 

H E D L W - 0 1 1  1 

Fig. 4.1.3 The Effect of Thermomechanical Treatment on the 
Ductility of Alloy B6. 
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4 0.5pm 

Fig .  4 .1 .4  The Development of a y '  Layer a t  t h e  Boundaries i n  a 
CW B 1  Specimen I r r a d i a t e d  t o  a Fluence of 8.5 dpa a t  600°C. 
Micrograph Showing t h e  y' Layer P a r t i a l l y  Etched Away from t h e  Grain 
Boundaries.  (b) A Bright- Fie ld  and a y' Dark-Field Image Taken a t  a Grain 
Boundary Region of an  E x t r a c t i o n  Repl ica .  

( a )  A SEM 
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with a matrix density of 3 x 101'/cm3. 

were the same size as helium bubbles in the matrix. 

examples of the helium bubbles observed in CW alloy B1. 

large enough to be attributed to void swelling were observed in the 

matrix. The formation of both the y' and the helium bubbles during 

irradiation caused the matrix to harden by more than 40%. 

hardness of a cold worked specimen increased from 323 DPH 

diated condition to 474 DPH following irradiation at 3OO0C, and to 463 
DPH following irradiation at 6OOOC. 

expected to be affected by the hardened matrix, particularly at high tem- 

peratures where grain boundary deformation plays an important role in 

the total deformation. 

difference in strength exists between the matrix and the grain boundary 

(i.e., a strong matrix coupled with weak grain boundaries). 

B1, both the helium accumulation and the y '  segregation at grain boun- 

daries contributed to the relative weakening of the grain boundary. 

Bubbles at grain boundaries 

Figure 4.1.5 shows 

No cavities 

The micro- 

in the unirra- 

The deformation of these alloys is 

Early failure is expected whenever a substantial 

In CW alloy 

Uniform void swelling was observed in CWA alloy B1 irradiated at 

The void swelling value was <0.01%, with 60OoC to a dose of 8.5 dpa. 
void diameters varying from 3 to 20 nm. Void swelling in CWA alloy B1 

is illustrated in Figure 4.1.6. Cavities 3 nm in diameter observed in 

the matrix and at the grain boundaries were thought to be helium bubbles. 

The CWA treatment introduced uniform y' precipitates (30 nm in diameter) 

in the matrix and a complex grain boundary structure consisting of dis- 
crete, blocky, Ti-rich G phase, blocky MC and cellular y'. Figure 4.1.7 
shows such complex grain boundary structures. 

the precipitate/grain boundary interface during irradiation serve as 

crack nucleation sites during deformation and enhance the intergranular 

fracture tendencies of this alloy. 

hardness were observed. 

obtained on an unirradiated specimen, increasing to 385 DPH on a speci- 

men irradiated at 600°C. 

Cavities which form at 

Only minor increases in the matrix 

An average microhardness value of 372 DPH was 

Alloy B2: Uniform void swelling was also observed in irradiated 

Void swelling measured in specimens irradiated at 50OoC CW alloy B2. 

to 9.2 dpa was <0.01%, with an average void size of 17 nm. Void swelling 
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10434 

Fig .  4.1.6 Void Swel l ing  i n  CWA Alloy B 1  I r r a d i a t e d  a t  600’C t o  
a Fluence of 8.5 dpa. 
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1527 16101 

Fig. 4.1.7 Grain Boundary Structure in CWA B1, Consisting of Dis- 
crete, Blocky, Ti-rich G-phase, Blocky MC and Cellular y ' .  (a) A SEM 
Micrograph Taken From an Etched Surface; (b) A Transmission Micrograph 
Showing the Cavities and Precipitates at a Grain Boundary. 
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in this alloy is illustrated in Figure 4.1.8. 

diameter were uniformly distributed in the matrix and at grain boundaries 

(Figure 4.1.9) with a bubble density in the matrix of 3.6 x 1016/cm3. 
The size distribution of y' in irradiated CWA B2 had two peaks, at dia- 

meters of 7 and 40 nm. The finer y' was formed during irradiation. The 

grain boundary structure of CWA B2 consisted of M23C6 and MC particles. 

The y' distribution in the irradiated CWA B 2  is shown in Figure 4.1.10. 
Figure 4.1.11 shows the grain boundary M23C6 and MC precipitates in the 

irradiated CWA B2. The role of the fine precipitates at grain boundaries 
is uncertain. If these precipitates existed before the cold-work treatment, 

however, the cold-work-and-age treatment could introduce microcracks at the 

tips of the precipitates '-lo with subsequent degradation in alloy mechani- 

cal properties. 

Alloy B4: 

Helium bubbles 2.7 nm in 

The y'/y"-strengthened alloy B4 exhibited an insignifi- 
cant amount of void swelling (<<0.01%) and this was located mainly at the 

grain boundary regions. 

in the matrix and at the grain boundaries, as shown in Figure 4.1.12. 

The bubble density in the matrix was 5 x 1016/cm3. The CWA treatment 

produced y ' ,  y". and 11 in the matrix and n-plates, blocky G phase and 

MZ3C6 at the grain boundaries. 

during irradiation below 500 'C.  

specimens examined which had been irradiated at 400 and 5OOOC. This is 

consistent with observations on irradiated Inconel 706.11 
shows the y' in CWA B4 irradiated at 5 0 0 ° C  to 9 . 2  dpa. The n-plates 

which formed during the CWA treatment remained stable during irradiation. 

Figure 4.1.14 shows the n-plates at grain boundaries together with G and 

M23C6 particles. 

a plane of weakness in this region along the 1111) slip planes, since 

n-plates have a (111\ habit. 

Helium bubbles 2 . 7  nm in diameter formed both 

The y" in CWA alloy B4 dissolved completely 

No y" was observed in either of the two 

Figure 4.1.13 

The existence of n-plates at grain boundaries may create 

A l l o y  B6: No void swelling was observed in the high Ni alloy B6, 
although helium bubbles at a density of 5.4 x 1016/cm3 were observed in 

the matrix. They had also nucleated at grain boundaries, as had been 

observed in the other Path B alloys. Figure 4.1.15 shows the helium 

bubbles observed in CWA B6 irradiated at 5 0 O o C  to 9.2 dpa. 

distribution in irradiated CWA B6 had two peaks at diameters of 4 and 

60 nm as revealed in Figure 4.1.16. 

The y' size 

The finer y '  was formed during 
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Fig .  4.1.8 
a Fluence of 9 . 2  dpa.  

Void Swelling i n  CWA Alloy  B2 Irradiated at 500°C t o  
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I 

11441 
I 

Fig. 4 . 1 . 9  
a Fluence of 9 . 2  dpa.  

Helium Bubbles in CWA Alloy B2 I r r a d i a t e d  at 500°C to 
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11447 

Fig. 4.1.10 Double-Peaked y' Particle Size Distribution for the 
Irradiated CWA Alloy B2. 
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16579 

Fig. 4.1.11 Grain Boundary Structure in CWA Alloy B2. Consisting 
of Fine M23C6 and MC Particles. 



P 

110 

.I 

11463 

F i g .  4.1 .12  Helium Bubbles  in CWA A l l o y  B4 Irradiated at 500°C 
to a Fluence of 9.2 dpa. 
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11466 

F i g .  4.1.13 Gamma Pr ime i n  CWA B4 I r r a d i a t e d  a t  500°C t o  a F l u e n c e  
of 9.2 dpa .  
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16587 

Fig. 4.1.14 Grain Boundary Structure in CWA Alloy B4, Consisting 
of n-phase Plates and G Phase. 
(b) Dark-Field Transmission Micrograph of the Specimen. 

(a) Micrograph of the Extraction Replica, 
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11457 

Fig .  4.1.15 
a Fluence of 9 . 2  dpa. 

H e l i u m  Bubbles in CWA Alloy  B 6  Irradiated  a t  500°C t o  
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11456 

F ig .  4.1.16 
d i a t e d  CWA A l l o y  B6.  

Double-Peaked Y' P a r t i c l e  S i z e  D i s t r i b u t i o n  i n  Irra- 
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irradiation. Only M23C6 formed as discrete particles at grain boundaries 

during the CWA treatment (Figure 4 . 1 . 1 7 ) .  Alloy B6 exhibited the simplest 

grain boundary structure of all the Path B alloys examined. 

A sumnary of the microstructures observed in Path B alloys is given 
in Table 4 . 1 . 6 .  

Table 4.1.6 Microstructural Results 

Alloy-Code (TMT) Matrix Features Grain Boundary Features 

B1-L4 (CW) y', He bubbles, disloca- He bubbles, Y' film 

B1-L5 (CWA) y', He bubbles, voids He bubbles, discrete G 
and MC particles, cellu- 
lar y '  

B2-LA (CWA) y ' ,  He bubbles, voids He bubbles, M23C6 and MC 
B4-LK (CWA) y ' ,  q, He bubbles, voids He bubbles, q, G and 

tion tangles 

M23C6 
B6-LP (CWA) y ' ,  He bubbles He bubbles, discrete 

M23CB particles 

4 .1 .4 .4  Discussion 

Helium-induced loss of ductility has been the subject of numerous 

experimental and theoretical studies. 
ascribed to stress-induced growth of helium-filled cavities on grain 
bo~ndaries.'~'~~ 

and at the grain boundaries shows that the concentration of helium in 

irradiated Path B alloys is high. The implication, however, that this 

helium is responsible for the irradiation-induced loss of ductility is 

tenuous and perhaps incorrect. 

content of the Path B alloys, in the CWA condition it did not show a 

dramatic drop in ducility, nor did it possess zero ductility in the 

temperature range of the ductility trough like some of the low Ni alloys. 
In fact, the residual ductility in alloy B6 remained fairly constant at 

0.5 to 1%. 

is not a TMT which would provide a substantial amount of ductility even 

The loss of ductility has been 

The high density of helium bubbles in the matrix 

Although alloy B6 has the highest helium 

It is suspected that the CWA treatment applied to alloy B6 
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16573 

1 6 5 7 4  

Grain Boundary Structure in CWA Alloy B6, Consisting Fig. 4.1.17 
of Discrete M23C6 Particles. 
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in the unirradiated alloy. 

material may very well be equal to the uniform elongation of the alloy in 

the unirradiated condition. 

are expected to affect the alloy primarily at high temperatures where grain 

boundary sliding plays an important role in deformation (the necking por- 
tion of the total elongation). 

The residual ductility of the irradiated 

The helium bubbles at the grain boundaries 

Several potential mechanisms have been identified to account for 

the low ductility observed in the Path B alloys. The matrices of the 

alloys were generally hardened by y '  or y ' f y "  precipitates formed either 

during irradiation or during preirradiation TMTs. In addition, faulted 

loops and helium bubbles produced during irradiation further increased 

the matrix strength. In relation to the strong matrix, the grain boun- 

daries were weakened by unfavorable precipitates. For instance, helium 

bubbles at gain boundaries and cavities at precipitate/grain boundary 

interfaces would be expected to reduce the grain boundary cohesive energy 

and serve as potential crack nucleation sites during deformation at high 

temperatures. The y '  film decorating grain boundaries would also decrease 

the grain boundary cohesive energy. It would also limit the deformation 
tolerance of the grain boundaryx4 since the y '  film exhibits a brittle 

cleavage failure itself. The q-phase plates at grain boundaries would 

create planes of weakness, thereby increasing the likelihood of early 

grain-boundary failure. In general, the low ductility of the Path B 

alloys is attributed to a combination of the effects of strengthening of 

the matrix and weakening of the grain boundaries. 

Two questions remain unanswered. First, the role of high helium 
contents in these alloys is uncertain since helium bubbles  at the grain 

boundaries were not determined to be the primary mechanism of the duc- 

tility loss. Postirradiation ductility l o s s  in y ' -  and y'/y"-strengthened 

alloys has also been observed in EBR-I1 irradiations14-17 for which the 

helium content of the alloys was less than 10 ppm. A recent study by 

Bennetch and Jesser'' indicates that no direct correlation can be found 

between the brittlefracture of austenitic stainless steels and the major 

microstructural parameters used in theoretical treatments of helium em- 

brittlement (i.e., bubble spacing, bubble diameter, bubble pressure and 

the areal coverage of grain boundaries by bubbles). In fact, they 
recommend that the current definition of "helium embrittlement" be re- 

evaluated. 
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The second question has to do with the TMT appropriate for this 

type of alloy. It is evident that the alloy ductility can be improved 

to some extent by preirradiation thermomechanical treatment, since the 

postirradiation ductility was dependent on the preirradiation TMT. A 

better understanding of this phenomenon would require a small scale pro- 

gram of TMT development and mechanical property testing. 

4.1.4.5 Conclusions 

The disk bend technique was a useful technique for characterizing 

the ductility of Path B alloys irradiated in HFIR to a dose of -10 dpa. 

At test temperatures above 500”C, the postirradiation ductility is less 

than 1% for all alloy conditions tested. Microstructural studies indi- 

cate that in their current form, all the Path B alloys exhibit weakened 

grain boundaries. Helium bubbles form at the grain boundaries in all 
alloy conditions. Cavities at precipitatefgrain boundary interfaces 
develop in irradiated CWA alloy B1. A thin layer of y‘ film forms on 

the grain boundary of CW alloy B 1 .  Eta-phase plates form in the grain 

boundary region in CWA alloy B4. The matrix on the other hand is 

strengthened in each of the alloys examined by the formation of y’ or 

y’ /y”  precipitates, radiation-induced faulted loops and helium bubbles. 

The low ductility behavior of the Path B alloys results from the simul- 

taneous existence of the strong matrix and the weak grain boundaries. 

Path B alloys in their current form do not offer adequate ductility 

for first wall applications at high temperatures. 

4.1.5 Future Work 

This report completes the examination of the Path B alloys irra- 

diated in the ADIP Program. 
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5.1 MECHANICAL PROPERTY EVALUATIONS OF PATH C VANADIW SCOPING ALLOYS 

- R. E. Gold and R. Bajaj (Westinghouse Electric Corporation) 

5.1.1 ADIP Tasks 
_-__I 

I.B.ll. Stress-Rupture Properties of Reactive/Refractory Metal 

Alloys (Path C) 

Tensile Properties of Reactive/Refractory Metal Alloys 

(Path C )  

I.B.15 

5.1.2 Objective 

The objective of this program was to develop creep/stress rupture 

data for the unirradiated Path C Vanadium Scoping Alloys doped with 
controlled amounts of nonmetallic impurity, namely oxygen. 

5.1.3 Summary 

Creeplstress-rupture tests were performed on sheet specimens of 

the three Path C vanadium Scoping Alloys in the temperature range 650 
to 800°C. 

nominal additions of 600 and 1200 wppm oxygen by controlled gas-metal 

reactions. 

the vanadium alloys, over the limited range of stress-temperature 

conditions examined, did not appear to be significant. Creep 

strengths and ductilities appeared to be affected very little compared 

to tests at similar conditions on noncontaminated specimens of the 

vanadium alloys. These results are different in that regard from 

similar comparisons of tensile properties of contaminated and 

noncontaminated vanadium alloy specimens where a partial change in the 
fracture behavior was observed for the oxygen-contaminated specimens. 

These specimens had been intentionally contaminated with 

The effects of oxygen additions on the creep behavior of 
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This  d i f f e r e n c e  may r e f l e c t  the  f a c t  t h a t  t h e  c r e e p  specimens were t e s t e d  

f o r  l o n g e r  t i m e s  a t  h i g h e r  temperatures ,  pe rhaps  f a c i l i t a t i n g  more uniform 

d i s t r i b u t i o n  of t h e  oxygen w i t h i n  t h e  s h e e t  specimens.  

5 . 1 . 4  P r o g r e s s  and S t a t u s  

The P a t h  C Vanadium-Base Scoping A l l o y s ,  which were p repared  f o r  

the  ETM Research M a t e r i a l s  Inventory ,  s i t e d  a t  t h e  Oak Ridge Na t iona l  

Laboratory ,  are t h e  s u b j e c t  of t h i s  e v a l u a t i o n .  These i n c l u d e :  

(composi t ions  i n  weight  pe rcen t )  

V-2OTi  

V-15Cr-5Ti 

VANSTAR-7 (V-9Cr-3.3Fe-l.ZZr-O.OS4C) 

E f f o r t s  dur ing  t h e  preceding f i s c a l  y e a r  (FY 81) focused on 

e s t a b l i s h i n g  t h e  t e n s i l e  and s t r e s s- r u p t u r e  behav ior  f o r  t h e  

u n i r r a d i a t e d  a l l o y s .  I n  a d d i t i o n ,  because  n o n m e t a l l i c  i m p u r i t i e s  are 

known t o  have s i g n i f i c a n t  e f f e c t s  on t h e  mechanical  behav ior  of  

r e f r a c t o r y  metal a l l o y s ,  a procedure w a s  developed f o r  i n t r o d u c i n g  

c o n t r o l l e d  levels  of oxygen i n t o  mechanical  p r o p e r t y  specimens.  The 

r e s u l t s  of  t h e s e  e f f o r t s  were r e p o r t e d  p r e v i o u s l y .  Eva lua t ions  

f o r  the  c u r r e n t  f i s c a l  year a r e  focused on d e t e r m i n a t i o n  of t h e  

t ens i le  and stress r u p t u r e  p r o p e r t i e s  of i n t e n t i o n a l l y  contaminated 

specimens.  

1-2 

Tasks a s s o c i a t e d  wi th  the  FY'82 e f f o r t s  are: 

Task 1. Mate r ia l  Procurement 

Task 2 .  I n i t i a l  Specimen P r e p a r a t i o n  and Heat Treatments 

Task 3 .  Contamination Exposures f o r  Mechanical  T e s t  Specimens 

Task 4. Tens i l e  Eva lua t ions  

Task 5 .  CreepIStress-Rupture T e s t i n g  

Task 6 .  Chemical and M i c r o s t r u c t u r a l  C h a r a c t e r i z a t i o n s  
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Tasks 1 through 4 have been completed and reported previously. 

Task 6, fractography of tensile specimens, has also been reported. 
Task 5, for the stress-rupture specimens, and Task 6, chemical 

characterization and fractography of the creep specimens, are the 
subjects of the present report. 

5.1.4.1 Material Identification and Condition 

The chemical analysis of the three Path C Vanadium Scoping Alloys 

and the heat treatments, contamination exposures, and specimen 

designations have been reported previously. 

containing nominal levels o f  600 and 1200 wppm oxygen were analyzed by 

neutron activation analysis at the Oak Ridge National Laboratory. The 

results of these analyses are listed in Table 5.1.1. For reasons 
which are not clear at the present time, the measured (analyzed) 

oxygen pickup values were consistently lower than those deduced by 

in-situ weight gain measurements. 

Some of the specimens 

5.1.4.2 CreepIStress-Rupture Evaluations 

Creeplstress-rupture tests on sheet specimens of the three 
alloys, each containing two levels of oxygen, were conducted in high 

vacuum (<lo torr) with a dead-weight load system. The 

temperature and stress levels for the experiments were chosen, based 

on the creeplstress rupture data of noncontaminated alloys, to cause 

fracture in 1000-2000 hours. 

below f o r  each of the three alloys. 

-8 

The results of these tests are presented 

V-20Ti. 

specimens are presented in Table 5.1.2 along with those of 

noncontaminated specimens (from Reference 2). At 650°C, the 

rupture time increased with increasing oxygen content with a 

suggestion of a saturation tendency with oxygen. 

The results of creep/stress-rupture tests on V-20Ti - 

No conclusions 



125 

Alloy 

V-20Ti 

TABLE 5.1.1 Oxygen Analysis  ( i n  weight ppm) 

of Represen ta t ive  Specimens 

Nominal Measured 
Add i t iona 1 Add it i o n a l  

Specimen Oxygen Oxygen 
Designat ion Content Content* 

VT-82-1A 600 486 

VT-82-4A 1200 1098 

V-15Cr-5Ti VCT-82-2A 1200 890 

VCT-82-3A 600 591 

VCT-82-3B 600 222 

VANSTAR-7 VS-82-1A 600 3 90 

VS-82-1B 600 332 

VS -82-4A 1200 993 

*Due t o  count ing s t a t i s t i c s  t h e  c a l c u l a t e d  r e s u l t  i s  considered t o  
have a p r e c i s i o n  of 510%. 
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c a n  be  drawn f o r  t h e  70OoC tes t s  because  of a l a c k  o f  d a t a .  The 

c r e e p  s t r a i n  v e r s u s  t i m e  c u r v e s  a r e  shown i n  F i g u r e  5.1.1. 

V-15Cr-5Ti. 

c r e e p f s t r e s s- r u p t u r e  t e s t s  of V-15Cr-5Ti specimens. The r e s u l t s  

o f  t e s t s  on noncontaminated specimens ( f rom Reference 2) are a l s o  

inc luded  f o r  t h e  purposes  of comparison. The s t r a i n  v e r s u s  t i m e  

c u r v e s  f o r  t h e s e  specimens are shown i n  F i g u r e  5.1.2. A t  750"C, 

t h e  600 wppm a d d i t i o n a l  oxygen caused a n  i n c r e a s e  i n  r u p t u r e  t i m e  

and a d e c r e a s e  i n  s t r a i n ,  compared t o  noncontaminated specimens. 

However, i n c r e a s i n g  t h e  oxygen t o  1200 wppm d i d  n o t  f u r t h e r  

i n c r e a s e  t h e  r u p t u r e  time. A t  8 O O 0 C ,  t h e  specimen c o n t a i n i n g  600 

wppm o f  a d d i t i o n a l  oxygen showed no i n c r e a s e  i n  r u p t u r e  t i m e  

compared t o  t h e  noncontaminated m a t e r i a l  ( i n  f a c t  a s l i g h t  

d e c r e a s e  w a s  observed i n  r u p t u r e  t i m e ) .  A f u r t h e r  i n c r e a s e  t o  

1200 wppm a d d i t i o n a l  oxygen r e s u l t e d  i n  a s i g n i f i c a n t  improvement 

i n  r u p t u r e  l i f e  (by  a f a c t o r  of  2.5) compared t o  t h e  

noncontaminated m a t e r i a l .  

Table  5.1.3 p r e s e n t s  t h e  r e s u l t s  of  

VANSTAR-7. 

p r e s e n t e d  i n  Table  5.1.4 and t h e  c r e e p  s t r a i n- t i m e  p l o t s  a r e  

shown i n  F i g u r e  5.1.3. A t  750°C, oxygen appears  t o  be  

d e l e t e r i o u s  t o  s t r e s s- r u p t u r e  l i f e .  No d e f i n i t e  c o n c l u s i o n  c a n  

be  drawn, a t  t h i s  t ime ,  r egard ing  t h e  r o l e  of oxygen a t  7 0 0 ° C  

s i n c e  one t e s t  i s  s t i l l  c o n t i n u i n g .  

The r e s u l t s  of  t h e  c r e e p f s t r e s s- r u p t u r e  t e s t s  are 

5.1.4.3 Fractography of Contaminated Creep Specimens 

Reference t o  Tables  5.1.2 through 5.1.4 and F i g u r e s  5.1.1 through 

5.1.3 i n d i c a t e s  t h a t ,  d e s p i t e  t h e  p resence  of up t o  1200 wppm oxygen, 

t h e  s t r a i n  v a l u e s  a t  r u p t u r e  were c o n s i s t e n t l y  h i g h  f o r  a l l  specimens,  

ranging from a low v a l u e  of 13.1% t o  o v e r  43%. Three specimens each  

of V-20Ti and V-15Cr-5Ti and two VANSTAR-7 specimens were examined by 

scanning e l e c t r o n  microscopy i n  o r d e r  t o  c h a r a c t e r i z e  t h e  f r a c t u r e  
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s u r f a c e s .  

through 5.1.9. 

t h e  V-15Cr-5Ti specimens where mixed i n t e r g r a n u l a r  and c l eavage  

f r a c t u r e  was observed,  F i g u r e  5.1.6, a l l  f r a c t u r e  s u r f a c e s  d i sp l ayed  

on ly  d u c t i l e ,  dimpled rup tu re .  

Represen ta t ive  micrographs are p re sen ted  i n  F igu res  5.1.4 

With t h e  s i n g l e  excep t ion  of a sma l l  a r e a  of  one O f  

These r e s u l t s  a r e  d i f f e r e n t  from t h o s e  observed and r epor t ed  

p r e v i o u s l y  , f o r  i d e n t i c a l  specimens which had been t e n s i l e  t e s t e d  a t  

room tempera ture ,  500, and 70OoC (Reference  2). For  t h e  t e n s i l e  

specimens, c l eavage  and i n t e r g r a n u l a r  s e p a r a t i o n  were found t o  be  

dominant f r a c t u r e  modes i n  t h e  near- sur face  r e g i o n s  where t h e  oxygen 

c o n c e n t r a t i o n s  were l i k e l y  t o  be t h e  h ighes t .  The c e n t r a l  r e g i o n s  o f  

t h e  t e n s i l e  specimens were s t i l l  q u i t e  ' tough '  and f i n a l  specimen 

f r a c t u r e  had occurred  by d u c t i l e  s h e a r  a t  h igh  v a l u e s  of t o t a l  

e longat  ion. 

5.1.5 D i scuss ion  of R e s u l t s  

From t h e  l i m i t e d  d a t a  base  developed i n  t h i s  program, a g e n e r a l  

conc lus ion  r ega rd ing  t h e  r o l e  of oxygen i n  c r e e p f s t r e s s  r u p t u r e  cannot  

be  made f o r  a l l  t h e  vanadium base  a l l o y s .  It  i s  c l e a r  t h a t  t h e  

e f f e c t s  of oxygen vary  from a l l o y  t o  a l l o y  and from one tempera ture  t o  

another .  For  example, i n  V-15Cr-5Ti, a s a t u r a t i o n  tendency i s  

observed a t  oxygen c o n c e n t r a t i o n s  above 600 wppm ( a d d i t i o n a l )  a t  750°C 

and no such tendency i s  ev iden t  a t  800°C. Also ,  a t  8OO0C, an a d d i t i o n  

of 600 wppm d i d  no t  c o n t r i b u t e  t o  improved r u p t u r e  l i f e  bu t  1200 wppm 

improved t h e  r u p t u r e  l i f e  s i g n i f i c a n t l y  wi thout  a n e g a t i v e  e f f e c t  on 

t h e  c r e e p  d u c t i l i t y .  

c r e e p f s t r e s s  r u p t u r e  t o  oxygen c o n t e n t  i s  s t r e s s  dependent.  

i s s u e  cannot  be reso lved  a t  p r e s e n t  from t h e  e x i s t i n g  d a t a .  

s een  from a comparison of Tables  5.1.2 and 5.1.3, t h e  e f f e c t s  of  

oxygen a r e  d i f f e r e n t  f o r  d i f f e r e n t  a l l o y s  (V-20Ti vs  V-15Cr-5Ti). 

It i s  a l s o  p o s s i b l e  t h a t  t h e  response  of  

Th i s  

A s  can  b e  
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Figure  5 . 1 . 4 .  Scanning E l e c t r o n  Micrograph of V-20Ti 
Creep Tes ted  a t  65OoC, 276 MPa. 

F igu re  5.1.5 Scanning E l e c t r o n  Micrograph of V-20Ti 
Creep Tested a t  7OO0C, 207 MPa. 
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I 

L 

Figure  5.1.6 Scanning E l e c t r o n  Micrographs of V-15Cr-5Ti 
Creep Tested a t  75OoC, 345 MPa. 
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Figure 5 . 1 . 7 .  Scanning Electron Micrograph of V-15Cr-5Ti 
Creep Tested at  75OoC, 345 MF'a. 

Figure 5 . 1 . 8  Scanning Electron Micrograph of V-15Cr-5Ti 
Creep Tested a t  8OO0C, 276 MPa. 



137 



1 

138 

Differences in the fracture mode observed here for the 
contaminated creep specimens compared to previously reported, 

identically contaminated, tensile specimens suggest that the longer 

times at elevated temperature required for the creep tests may be 

facilitating more uniform distribution of the added oxygen. 

tensile specimens, particularly those tested at room temperature and 
500°C, displayed cleavage fracture in the near-surface regions 

although final bulk fracture was by ductile rupture. 

specimens. with test temperatures in the range 650 to 8OO0C, virtually 

all fracture surface features were those of ductile shear. 

The 

For the creep 

An evaluation of the relative performance of various alloys can 
be made by comparison on the basis of a Larson-Miller parametric 
analysis. 

correlation for two reasons. First, the data base is limited and data 

is available for only one stress level at each temperature. Second, a 

Larson-Miller analysis combines the effect of temperature and time and 

can therefore be used more readily for rough comparisons. 

be pointed out that it was not the purpose of this program to develop 
stress-rupture correlations for vanadium base alloys since the program 

is still at a scoping level. 

This method was chosen over the log (stress)-log (strain) 

It should 

Figure 5.1.10 shows a Larson-Miller plot versus stress for the 

three alloys. 

reported in Reference 3, is also included for the purpose of 

comparison. 

constant, C, was taken as 20 for all the alloys. 

gives a reasonable correlation for vanadium and its alloys. 

tensile data for the three vanadium alloys are also plotted on Figure 

5.1.10; these data were taken from Reference 4 .  The time-to-rupture 

was derived from the total elongation and strain rate data, and the 

computed Larson-Miller parameter was plotted against the flow stress 
(a =a +1/2 auts). 

A curve for 316SS, developed from a correlation 

In the calculations of the Larson-Miller parameter the 

This value of C 

The 700°C 

In Figure 5.1.10 the curves are best 
f YS 
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Figure  5 .1 .10  A Larson-Miller  Plot o f  T e n s i l e  and Creep Data f o r  t h e  
Vanadium Scoping A l l o y s  and 20% CW 31655. 
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Dif fe rences  i n  t h e  f r a c t u r e  mode observed h e r e  f o r  t h e  

contaminated c reep  specimens compared t o  p rev ious ly  r e p o r t e d ,  

i d e n t i c a l l y  contaminated ,  t e n s i l e  specimens sugges t  t h a t  t h e  longe r  

times a t  e l e v a t e d  tempera ture  r equ i r ed  f o r  t h e  c reep  tests may be  

f a c i l i t a t i n g  more uniform d i s t r i b u t i o n  of the  added oxygen. 

tensi le  specimens, p a r t i c u l a r l y  those  t e s t e d  a t  room tempera ture  and 

5OO0C, d i sp l ayed  c l eavage  f r a c t u r e  i n  the  near- sur face  r e g i o n s  

a l though f i n a l  bu lk  f r a c t u r e  was by d u c t i l e  r u p t u r e .  

specimens, w i th  t e s t  t empera tures  i n  the range 650 t o  800"C,  v i r t u a l l y  

a l l  f r a c t u r e  s u r f a c e  f e a t u r e s  were those  of d u c t i l e  s h e a r .  

The 

For t h e  c reep  

An e v a l u a t i o n  of t h e  r e l a t i v e  performance of v a r i o u s  a l l o y s  can 

be made by comparison on t h e  b a s i s  of a Larson-Miller pa rame t r i c  

a n a l y s i s .  This method was chosen over  t h e  l o g  ( s t r e s s ) - l o g  ( s t r a i n )  

c o r r e l a t i o n  f o r  two r easons .  F i r s t ,  t h e  d a t a  base is l i m i t e d  and d a t a  

i s  a v a i l a b l e  f o r  on ly  one stress l e v e l  a t  each tempera ture .  Second, a 

Larson-Mil ler  a n a l y s i s  combines t h e  e f f e c t  of temperature and t i m e  and 

can t h e r e f o r e  be used more r e a d i l y  f o r  rough comparisons. It  should 

be po in t ed  ou t  t h a t  i t  was n o t  t h e  purpose of t h i s  program t o  develop 

s t r e s s- r u p t u r e  c o r r e l a t i o n s  f o r  vanadium base  a l l o y s  s i n c e  t h e  program 

is s t i l l  a t  a scoping  l e v e l .  

F igure  5.1.10 shows a Larson- Mil ler  p l o t  ve r sus  s t r e s s  f o r  t h e  

t h r e e  a l l o y s .  A curve  f o r  31655, developed from a c o r r e l a t i o n  

r e p o r t e d  i n  Reference 3 ,  is a l s o  inc luded  f o r  the  purpose of 

comparison. I n  t h e  c a l c u l a t i o n s  of t h e  Larson-Mil ler  parameter t h e  

c o n s t a n t ,  C ,  was taken  as 20 f o r  a l l  t h e  a l l o y s .  This va lue  of C 

g i v e s  a r ea sonab le  c o r r e l a t i o n  f o r  vanadium and i t s  a l l o y s .  

t e n s i l e  d a t a  f o r  t h e  t h r e e  vanadium a l l o y s  a r e  a l s o  p l o t t e d  on Figure 

5.1.10;  t h e s e  d a t a  were taken from Reference 4 .  The t ime- to- rupture 

was de r ived  from t h e  t o t a l  e l o n g a t i o n  and s t r a i n  r a t e  d a t a ,  and t h e  

computed Larson-Miller parameter  was p l o t t e d  a g a i n s t  t he  flow s t r e s s  

[uf = 1 / 2  (uys + u u t s ) ] .  I n  F igure  5.1.10 t h e  curves  a r e  b e s t  

The 7 0 0 ° C  
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' e y e b a l l '  e s t i m a t e s  and d i s r e g a r d  t h e  oxygen c o n t e n t .  The 

c o n t r i b u t i o n  of oxygen can  be  deduced by a c a r e f u l  examinat ion of t h e  

f i g u r e .  

I t  i s  c l e a r  from t h i s  comparison t h a t :  ( 1 )  t h e  V-15Cr-5Ti a l l o y  

i s  s u p e r i o r  t o  V-20Ti and VANSTAR-7 i n  s t ress  r u p t u r e  p r o p e r t i e s ;  ( 2 )  

vanadium base  a l l o y s  are  f a r  s u p e r i o r  t o  Type 316 s t a i n l e s s  s t ee l  [For 

example, a t  300 MPa, t h e  V-15Cr-5Ti i s  c l e a r l y  s u p e r i o r  t o  Type 316 

SSl; ( 3 )  oxygen c o n t e n t  of  up t o  1200 wppm may n o t  be s i g n i f i c a n t  t o  

s t r e s s  r u p t u r e  behav ior  of  vanadium base  a l l o y s .  I n  some c a s e s ,  such 

a s  V-15Cr-5Ti ,  modest oxygen i n c r e a s e s  may l e a d  t o  a n  i n c r e a s e  i n  t h e  

s t r e s s- r u p t u r e  p r o p e r t i e s .  The l a s t  c o n c l u s i o n  i s  t e n t a t i v e  a t  

p r e s e n t  and s u b j e c t  t o  f u r t h e r  s tudy.  
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6.1 MICROSTRUCTURE OF WELDS IN AN IRON-BASE LONG-RANGE-ORDERED ALLOY - 
D. N. Braski and S .  A. David (Oak Ridge National Laboratory) 

6.1.1 ADIP Tasks 

ADIP Task I.A.5, Perform Fabrication Analyses. 

6.1.2 Objective 

The objective of this research is to determine the weldability of 

iron-base long-range-ordered (LRO) alloys by common welding techniques. 

The overall goal is to determine the potential use of these alloys as 

structural materials for fusion energy systems. 

6.1.3 Summary 

The microstructure of gas tungsten arc (GTA) welds of a (Ni,Fe)3(V,Ti) 

LRO alloy has been investigated. Crack-free welds were produced in which 
the heat-affected zone (HAZ) and fusion zone were disordered and softened. 

A postweld heat treatment increased the hardness of both zones by 
reordering the structure and produced additional hardening in the fus ion  

zone due to precipitation of small VC particles on grain boundaries and 

matrix dislocations. 

6.1.4 Progress and Status 

6.1.4.1 Introduction 

Long-range-ordered alloys are a unique class of materials with an 

atomic arrangement distinctly different from conventional or "disordered" 

alloys. Different alloying atoms in LRO alloys arrange themselves 

periodically and form an ordered crystal structure. These alloys are 

candidates f o r  use in future fusion reactors. 1 

A series of LRO alloys with the general composition (Ni,Fe)3(V,Ti) 
are being developed for elevated-temperature application. These alloys 

generally exhibit high strength, excellent ductility, low creep rates, and 

good fatigue properties at temperatures below their critical ordering 

temperature, T, (-670OC). They also exhibit relatively low swelling under 

neutron or heavy-ion irradiation. 2 
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An important area in the development of any alloy is the ease with 
which it may be joined or welded. This report describes some of the first 

attempts to weld (Ni,Fe)3(V,Ti) and gives details of the weld microstruc- 

ture. The specific alloy used in the investigation was designated 

LRO-37-5 and is designed to be scaled up to commercial production 

processes. 

6.1.4.2 Experimental 

A 0.4-kg ingot of LRO-37-5 having a composition of 40 Ni, 37.6 Pe, 

22 V, and 0.4 Ti (wt %) was arc cast under argon. The alloy was melted 

from ferrovanadium feedstock. The ingot was clad in molybdenum sheet, 

hot rolled at 1100°C to a thickness of 2.5 mm, and cold rolled to a final 

thickness of 0.76 m. The sheet was annealed at 1100°C and quenched into 

water to produce a disordered structure. The sheet was subsequently aged 

at 630°C for 1 d, 600°C for 1 d, and 500'C for 2 d to produce the LRO 
structure. 

Autogenous GTA welds were made on the sheet inside a dry box in a 

75% He--25% Ar atmosphere. 

arc over a traveling carriage with variable speed control. The 

welding parameters used were: 

and speed = 0.42 mls. 

The welds were made by using a stationary 

arc voltage = 12-14 V; current = 40 A, 

Sections of the welds were prepared for metallographic examination 

by standard techniques using an etchant consisting of 40% "03, 40% H20, 
and 20% HF (by volume). Microhardness traverses were made across 
the welds with a Kentron microhardness tester with a 1-kg load. Disks 

were machined from the weld fusion zone, HAZ, and base metal by electrical 

discharge machining (EDM). The 3-mm-diam disks were ground on 400-grit 

emery paper to a thickness of 0.3 m and electropolished in a solution 

of 87.5% methanol and 12.5% H ~ S O I ,  (by volume) at -1O'C. The voltage 

was approximately 15 V dc and the current approximately 100 mA. The 

polished disks were examined in a transmission electron microscope (TEM) 

at 120 kV. 
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6.1.4.3 R e s u l t s  

6.1.4.3.1 O p t i c a l  Metallography. The GPA welds i n  t h e  LRO-37-5 

s h e e t  showed no s i g n s  of hot  cracking.  F igure  6.1.1 shows t h e  macrostruc-  

t u r e  of t h e  weldment, which c o n s i s t s  of t h r e e  d i s t i n c t  r eg ions :  ( 1 )  t h e  

f u s i o n  zone, ( 2 )  t h e  HAZ, and (3) t h e  base metal. The f u s i o n  zone i s  com- 

posed of columnar g r a i n s  w i t h  a d e n d r i t i c  or  c e l l u l a r  d e n d r i t i c  subst ruc-  

t u r e  w i t h i n  t h e  g r a i n s .  The HAZ and base metal c o n s i s t  of twinned g r a i n s  

w i t h  a d i s p e r s i o n  of VC p a r t i c l e s .  The boundary between t h e  HAZ and base  

metal had t h e  appearance of a d i f f u s e  l i n e ,  r evea led  by the e t c h i n g  

p rocess .  Along t h i s  boundary r e g i o n ,  second-phase c a r b i d e s  were e tched  

more s e v e r e l y  than  i n  e i ther  t h e  base  meta l  o r  HAZ. Within t h e  d i f f u s e  

boundary zone an extremely s h a r p  boundary s e p a r a t e s  the ordered base metal  

from t h e  HAZ, which w a s  d i s o r d e r e d  by t h e  welding process .  That is, t h e  

H A 2  w a s  heated above the c r i t i c a l  o r d e r i n g  temperature  of about  670°C f o r  

t h i s  a l l o y .  The order- disorder  boundary w a s  examined by ”EM and w i l l  be 

d i s c u s s e d  la te r .  A microhardness  t r a v e r s e  a c r o s s  t h e  weld is shown 

d i r e c t l y  below the micrograph i n  Pig .  6.1.1. The microhardness of t h e  

base  metal averaged 222 DPH, 198 DPH in t h e  HAZ, and 204 DPH i n  t h e  f u s i o n  

zone. The weldment w a s  g iven  a r e o r d e r i n g  hea t  t rea tment  i d e n t i c a l  t o  

t h a t  used i n  o r d e r i n g  t h e  o r i g i n a l  base metal. A f t e r  r e o r d e r i n g ,  a hard-  

n e s s  t r a v e r s e  (Fig. 6.1.1) showed t h a t  the  hardness  inc reased  t o  approxi-  

mately  235 DPH in t h e  HAZ and t o  264 DPH i n  t h e  fusion zone. These 

changes i n  t h e  hardness  of t h e  HAZ and f u s i o n  zone will be d i s c u s s e d  i n  a 

subsequent  s e c t i o n .  

6.1.4.3.2 M i c r o s t r u c t u r e  of As-Welded Base Metal. The m i c r o s t r u c t u r e  

o f  t h e  LRO-37-5 base meta l  ( b e f o r e  welding)  i s  i l l u s t r a t e d  in Figs .  6.1.2, 

6.1.3, and 6.1.4. The a l l o y  c o n s i s t s  of an ordered matrix and small quan- 

t i t i e s  of t h r e e  d i f f e r e n t  p r e c i p i t a t e  phases ,  which were analyzed by 

a n a l y t i c a l  ‘EM. Titanium n i t r i d e  w a s  d i s p e r s e d  throughout t h e  mat r ix  a s  

f a c e t e d  p a r t i c l e s  t h a t  ranged i n  s i z e  from 0.1 t o  0.3 )-lm (Fig .  6 .1 .2 ) .  

The T i N  p a r t i c l e s  u s u a l l y  punched ou t  d i s l o c a t i o n s ,  which were invar iab ly  

decora ted  with 100- t o  200-nm-diam VC p a r t i c l e s .  F i g u r e  6.1.2 shows t h a t  
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E-3571 1 

, 0 .5pm , 

Fig. 6.1.4. Ordered Domains (Light Areas) and Antiphase Boundaries 
The image is formed with the (100) (Dark Areas) in LRO-37-5 Base Metal. 

superlattice reflection shown in the inset. 

punched out dislocations [Fig. 6.1.3(a)], which were decorated with VC, as 
shown in the dark-field micrograph in Fig. 6.1.3(b). Another feature in 
the microstructure of the ordered LRO-37-5 alloy is the ordered domains 

and antiphase boundaries (APBs). This structure is revealed in dark field 
by using a superlattice reflection, as shown in Fig. 6.1.4, with the light 

areas being ordered domains and the dark areas, AF'Bs. In this case, the 
image was formed by using a (100) superlattice spot, and only two-thirds 

of the existing APBs are in contrast. The wavy APBs have isotropic 

energies and (U/2)<110> displacement vectors . 3  

disordered, as was the case for the HA2 and fusion zone of the weld, the 
ordered domains and APBs were nonexistent. 

When the alloy became 
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6.1.4.3.3 Microstructure of As-Welded HAZ. A micrograph of the 

material in the HAZ is given in Fig. 6.1.5. The microstructure was essen- 

tially the same as that just described for the base metal except that it 

was disordered by the weld process and contained more dislocations. A 

dislocation density of about 9 X lo9 cm/cm3 was measured in the HA2 com- 

pared with about 2 X lo9 cm/cm3 in the base metal. 

tional dislocations were introduced by thermal stresses caused by the 

Presumably, the addi- 

E-35724 

Fig. 6.1.5. Microstruccure or neat-Arrected Zone in LRO-37-5 Gas 
Tungsten Arc Weld. Inset shows selected-area diffraction pattern. The 
absence of superlattice reflections indicates disorder. 
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welding process .  The boundary between t h e  HAZ and base meta l  (F ig .  6.1.1) 

was i n v e s t i g a t e d  by TEM. and it turned  out  t o  be a narrow i n t e r f a c e  

between ordered  and d i so rde red  reg ions .  

metal changed a b r u p t l y ,  w i t h i n  s e v e r a l  t e n s  of nanometers,  t o  completely 

d i so rde red  HAZ. There were no unusual  f e a t u r e s  observed a long  t h i s  

i n t e r f a c e .  The order- disorder  i n t e r f a c e  was found t o  co inc ide  wi th  t h e  

drop  in microhardness  from t h e  base metal t o  t h e  HAZ ( s e e  t h e  as-welded 

hardness  t r a c e  in Fig .  6.1.1). This  was determined by mounting t h e  TEM 

specimens in a t r a n s l u c e n t  me ta l log raph ic  mount (so t h a t  t h e  shape of t h e  

c e n t e r  h o l e  could be observed) and p o l i s h i n g  t h e  r i m  of t h e  specimen. The 

o rde r- d i so rde r  i n t e r f a c e  was then c a r e f u l l y  o r i e n t e d  in a l i g h t  microscope 

wi th  r e s p e c t  t o  new hardness  i n d e n t a t i o n s  on t h e  pol i shed  r i m .  

The ordered  s t r u c t u r e  of t h e  base  

6.1.4.3.4 M i c r o s t r u c t u r e  of As-Welded Fus ion  Zone. The f u s i o n  zone 

c o n s i s t s  of columnar g r a i n s  w i th  a c e l l u l a r  d e n d r i t i c  s u b s t r u c t u r e  

(F ig .  6.1.1). However, t h e  g r a i n  boundaries  no l onge r  c o n t a i n  t h e  f i n e  

VC p a r t i c l e s  found in t h e  base metal. 

were observed in t h e  g r a i n  boundaries  of t h e  as-welded f u s i o n  zone 

[Fig .  6 .1 .6(a) ] .  The d i s l o c a t i o n  d e n s i t y  in t h e  f u s i o n  zone w a s  about 

6 X lo9 cm/cm3 - n e a r l y  t h e  same as in t he  HAZ. The d i s l o c a t i o n s  were 

probably  in t roduced  by t h e  combination of s o l i d i f i c a t i o n  shr inkage  and 

thermal  s t r e s s e s .  Most of the  d i s l o c a t i o n s  in t h e  f u s i o n  zone were 

deco ra t ed  wi th  f i n e  VC p a r t i c l e s ,  as shown in t h e  b r i g h t - f i e l d d a r k- f i e l d  

p a i r  of micrographs in Fig .  6.1.6(b) and 6.1.6(c). 

t ic les  formed on t h e  d i s l o c a t i o n s  dur ing  coo l ing  of t h e  f u s i o n  zone. 

Only a few coa r se  VC p a r t i c l e s  

These small VC par- 

6.1.4.3.5 M i c r o s t r u c t u r e  of Reordered Base Metal and HAZ. Reordering 

of t h e  LRO-37-5 weld caused very l i t t l e  change in t h e  base  meta l  and HAZ 

m i c r o s t r u c t u r e s  o t h e r  than  t h e  c r e a t i o n  of ordered  domains and APBs in t h e  

HAZ. 

HAZ formed du r ing  t h e  r eo rde r ing  h e a t  t rea tment .  

A few f i n e  VC p r e c i p i t a t e  particles on mat r ix  d i s l o c a t i o n s  in t he  

6.1.4.3.6 M i c r o s t r u c t u r e  of Reordered Fusion Zone. Reordering d i d  

n o t  appear  t o  change the  fus ion  zone d i s l o c a t i o n  d e n s i t y  markedly 

(- 8 X LO9 c m / c m 3 ) ,  a s  shown in Fig. 6.1.7(a).  However, t h e  hea t  treatment 
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caused r a t h e r  ex tens ive  p r e c i p i t a t i o n  of f i n e  VC on t h e  g r a i n  boundar ies  

as w e l l  as on t h e  matrix d i s l o c a t i o n s ,  as shown i n  t h e  p r e c i p i t a t e  dark-  

f i e l d  micrograph of t h e  same area, Fig .  6.1.7(b). It is probable  that  

m e l t i n g  of t h e  f u s i o n  zone d i s so lved  most of the VC p a r t i c l e s  p r e s e n t  in 

t h e  o r i g i n a l  material. Upon coo l ing ,  some VC r e p r e c i p i t a t e d  on matrix 

d i s l o c a t i o n s ,  as was  observed i n  Fig. 6.1.6 f o r  the as-welded f u s i o n  zone. 

F u r t h e r  aging by t h e  reorder ing  t r ea tment  a l lowed more p r e c i p i t a t i o n  t o  

occur ,  as shown i n  Fig.  6.1.7. L i t t l e  a d d i t i o n a l  VC p r e c i p i t a t i o n  occurred 

in e i t h e r  t h e  base  metal or HAZ because most of t h e  carbon was a l r e a d y  

t i e d  up i n  e x i s t i n g  VC p a r t i c l e s .  There fo re ,  welding of t h e  LRO-37-5 

a l l o y  followed by a reorder ing  hea t  treatment produced a more uniform 

d i s t r i b u t i o n  and refinement of t h e  VC p r e c i p i t a t e  i n  the fusion zone of 

t h e  weld. 

6.1.4.4 Discuss ion  

The r e l a t i o n s h i p  between the  hardness  traces a c r o s s  t h e  as-welded and 

reordered  welds (Fig .  6.1.1) can be r e l a t e d  t o  their  r e s p e c t i v e  micro- 

s t r u c t u r e s  (Figs .  6.1.2-6.1.7). The microhardness  in t h e  as-welded HAZ 

was about 198 DPH, 24 DPH lower than t h e  222 DPH of t h e  base metal. This  

dec rease  i n  hardness  r e s u l t e d  from d i s o r d e r i n g  of t h e  s t r u c t u r e  dur ing  

welding.  

a n  a l l o y  similar t o  LRO-37-5 decreased about  30% from t h e  ordered t o  

d i s o r d e r e d  s ta te .  This is adequate t o  account  f o r  t h e  hardness  loss i n  

t h e  HAZ a f t e r  welding. The hardness  d rop  in the as-welded f u s i o n  zone 

w a s  s l i g h t l y  less (204 DPH) than t h a t  i n  t h e  HAZ. This  zone w a s  a l s o  

d i s o r d e r e d ,  and ca rb ides  in t h e  f u s i o n  zone were d i s s o l v e d  dur ing  welding.  

However, T E M  examination (Fig.  6.1.6) showed t h a t  some VC r e p r e c i p i t a t e d  

d u r i n g  cool ing.  This p r e c i p i t a t i o n  p robab ly  i n c r e a s e d  t h e  s t r e n g t h ,  

g i v i n g  rise t o  s l i g h t l y  h igher  hardness  v a l u e s  of t h e  f u s i o n  zone than of 

t h e  HAZ. Reordering of t h e  fu s ion  zone produced a 60 DPH i n c r e a s e  in 

hardness .  A por t ion  of the  i n c r e a s e  was c e r t a i n l y  due t o  t h e  inc reased  

s t r e n g t h  of the  ordered s t r u c t u r e ,  and f u r t h e r  hardening was probably 

caused by the  a d d i t t o n a l  VC p r e c i p i t a t i o n  t h a t  occur red  dur ing  t h e  

reorder ing .  Some r e s i d u a l  s t r a i n ,  in t roduced by the 0.4% r e d u c t i o n  i n  

Liu  and Inouye4 have shown t h a t  t h e  u l t i m a t e  t e n s i l e  s t r e n g t h  of 
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l a t t i c e  parameter on o r d e r i n g ,  may have a lso  added t o  t h e  inc reased  hard-  

n e s s  i n  t h e  f u s i o n  zone. However, t h i s  c o n t r i b u t i o n  must be minimal 

because the  d i s l o c a t i o n  d e n s i t y  of t h e  reordered f u s i o n  zone was n e a r l y  

t h e  same as t h a t  i n  t h e  as-welded specimen. The reordered  HAZ showed a 

hardness  i n c r e a s e  of 37, t o  235 DPH, which can be a t t r i b u t e d ,  f o r  t h e  most 

p a r t ,  t o  r eorder ing  i t s e l f .  Only a few VC p a r t i c l e s  p r e c i p i t a t e d  on 

matr ix d i s l o c a t i o n s  because  v i r t u a l l y  a l l  t h e  carbon was a l r e a d y  t i e d  up 

i n  VC t h a t  e x i s t e d  i n  the base  meta l  or s t a r t i n g  material. 

Th i s  p re l iminary  i n v e s t i g a t i o n  can se rve  a s  base f o r  f u t u r e  welding 

s t u d i e s  f o r  t h i s  class of o rdered  a l l o y s .  The r e s u l t s  have shown t h a t  t h e  

HAZ and f u s i o n  zones of as-welded specimens were d i so rdered  and s o f t e r  

then  ordered base metal. N e v e r t h e l e s s ,  t h e  s t r e n g t h  of t h e  weld may s t i l l  

be s u f f i c i e n t  f o r  most a p p l i c a t i o n s .  On t h e  o t h e r  hand, r e o r d e r i n g  

inc reased  t h e  s t r e n g t h  of the HA2 and fus ion  zone s i g n i f i c a n t l y ,  and t h e s e  

welds should be s t r o n g e r  than  the base m e t a l .  For p r a c t i c a l  r e a s o n s ,  it 

may be advantageous t o  deve lop  a much s h o r t e r  postweld r e o r d e r i n g  h e a t  

t r ea tment .  The LRO-37-5 a l l o y  can be reordered i n  much s h o r t e r  t i m e s ,  and 

t h e  chances of developing a s h o r t e r  r eorder ing  t rea tment  are q u i t e  good. 

It might be unnecessary  t o  r e o r d e r  t h e  welds i f  the  a p p l i c a t i o n  is  f o r  use  

a t  e l e v a t e d  t empera tu res  below T,. 
r a t h e r  qu ick ly  dur ing  s e r v i c e .  

I n  t h a t  case, t h e  welds would r e o r d e r  

6.1.5 Conclusions and Recommendations 

An i n v e s t i g a t i o n  of t h e  m i c r o s t r u c t u r e  of autogenous GTA welds of 

a l l o y  LRO-37-5 showed 

1. Sound, c rack- free  welds can be produced using t h e  GTA p rocess .  

2. The order- disorder  boundary s e p a r a t i n g  the  base metal  from t h e  

HAZ was a t h i n  i n t e r f a c e  r a t h e r  than  a d i f f u s e  zone. 

3. The HAZ and f u s i o n  zones were d i so rdered  and sof tened by t h e  weld 

p rocess .  

4. A postweld h e a t  t r e a t m e n t  inc reased  t h e  hardness of the  HAZ and 

f u s i o n  zone by r e o r d e r i n g  t h e  s t r u c t u r e .  

p a r t i c l e s  on g r a i n  boundar ies  and mat r ix  d i s l o c a t i o n s  i n  the  fus ion  zone 

produced a d d i t i o n a l  hardening of t h e  m a t e r i a l  i n  t h a t  a r e a .  

The p r e c i p i t a t i o n  of smal l  VC 
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Sheet tensile specimens with m A  welds across the gage sections 

should be fabricated and tested to determine the tensile properties of the 

welds. The effect of elevated-temperature aging as well as irradiation on 

the tensile properties of the welds should also be investigated. 
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6.2 STATUS OF SCALE-UP OF AN IRON-BASE LONG-RANGE-ORDERED ALLOY - 
T. K. Roche, D. N. Braski, and C. T. Liu (Oak Ridge National 
Laboratory) 

6.2.1 D I P  Tasks 

ADIP Tasks I.A.5, Perform Fabrication Analyses, and I.D.l, Materials 

Stockpile for MFE Programs. 

6.2.2 Objective 

The objective of this work is to perform semiproduction scale-up 

of an iron-base long-range-ordered (LRO) alloy to gain some commercial 

experience with this class of developmental alloy. The activity will 

provide material f o r  irradiation, mechanical property, compatibility, and 

other property tests to evaluate the potential of the alloy class for use 

in fusion energy systems. 

6.2.3 Summary 

Three ingots of the iron-base alloy LRO-37, produced by a commercial 

source, have been successfully hot forged to slab in preparation for the 

production of sheet stock. Microstructural analysis of the commercially 

pure alloy showed a second phase that is not sigma phase but is rich in 

vanadium and also contains nickel and iron. Work is in progress to 

determine if the phase is a complex carbide, nitride, or oxide of these 

elements. 

6.2.4 Progress and Status 

Long-range-ordered alloys of the system (Fe,Ni)3(V,Ti) have been 

developed on a laboratory scale at ORNL. These alloys have unique 

properties that make them attractive as structural materials for advanced 

energy systems. The alloy development program has reached the important 

phase of alloy scale-up. 

Semiproduction scale-up of the alloy LRO-37 (Fe39.4 Ni-22.4 V- 
0.43 Ti, w t  %), is in progress at the facilities of High Technology 

Materials Division, Cabot Corporation. As previously reported, 

stage I involving ingot preparation has been completed. Three ingots 

I 
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were produced -one from high-purity materials (LRO-37-HP) and two from 

commercial-grade materials (LRO-37-CG). Chemical analysis showed the com- 

position of the ingots to be reasonably close to the alloy specification. 

Stage I1 of this scale-up program, ingot forging, was completed 

during the present reporting period. Three-fourths of the ingot stock 

of each of the two alloy grades, W and CG, was easily press forged from 

102-mm-diam (4.0-in.) round to approximately 35-m-thick (1.4-in.) slab at 

1150OC. The unforged ingot stock will be retained for future studies. A 

sample piece of the CG forging was subsequently hot rolled at 1150°C to 

approximately 6.4 m (0.25 in.) thickness with no difficulty. Thus, we 

expect the next stage of the program, production of sheet stock by hot and 

cold rolling of the forged slab, to proceed smoothly. 

Microstructural analysis has continued. Initial microstructural 

examination of the hot-forged LRO-37-CG showed the presence of a second 

phase, which could not be dissolved by subsequent heat treatment at 1200°C 

for 30 min. This result indicated that the second phase was probably not 

sigma phase. Further investigation of the microstructure by transmission 

electron microscopy (TEM) showed that the unknown phase was less dense 

than the alloy itself and did not have a cubic structure. 

obtained by selected-area electron diffraction could not be indexed to the 

standard ASTM index. 
the TEM showed that, unlike sigma phase, it was rich in vanadium. The 

second phase was extracted electrolytically from the alloy and analyzed by 
x-ray diffraction. Again, the numerous d spacings could not be indexed to 

the standard ASTM index. X-ray fluorescense of the extracted phase showed 
it to contain (in order of decreasing amounts) vanadium, nickel, and i ron .  

An additional quantity of the second phase has been extracted and sub- 
mitted for analysis for the elements carbon, nitrogen, and oxygen. It is 

hoped that the phase can be identified as a carbide, nitride, or oxide. 

Identtfication of the phase may help determine how it formed during 

melting and/or fabrication. 

The d spacings 

Analysis of the phase by energy-dispersive x-ray in 

6.2.5 Reference 

1. T. K. Roche and C. T. Liu, “Status of Scale-up of an Iron-Base Long- 

Range-Ordered Alloy,” A D I P  Senrkmnu. P ? q .  R e p .  W.zrch 3 1 ,  1982,  

DOE/ER-0045/8, pp. 321-26. 





7. PATH E ALLOY DEVELOPMENT - FERRITIC STEELS 

161 



162 

7.1 MICROSTRUCTURAL EXAMINATION OF HT-9 IRRADIATED IN THE HFIR-CTR-32 
EXPERIMENT - D. S. Gelles and L. E. Thomas (Westinghouse Hanford 
Company) 

7.1.1 ADIP Task 

The Department of Energy (DOE)/Office of Fusion Energy (OFE) has 

cited the need to investigate ferritic alloys under the D I P  program task, 

Ferritic Steels Development (Path E). 
task number 1.C.2, Microstructures and Swelling in Austenitic Alloys and 

task number l.C.l, Microstructural Stability. 

The tasks involved are akin to 

7.1.2 Objective 

The objective of this work is to provide guidance on the applicability 

of martensitic stainless steels for fusion reactor structural components. 

7.1.3 Summary 

Specimens of HT-9 (heat 91354) have been examined by analytical elec- 
tron microscopy following irradiation in HFIR at 300 and 400°C to doses 

on the order of 10 dpa. Dislocation loops and G-phase particles but no 

voids formed during irradiation. Higher densities occurred at the lower 

irradiation temperature. 

mens irradiated in E B R - I 1  allow the conclusion that a twenty fold increase 

in helium production has no significant effect on microstructural develop- 

ment in HT-9 for irradiation at 400°C to doses on the order of 10 dpa. 

Comparisons with microstructures of HT-9 speci- 

7.1.4 Progress and Status 

7.1.4.1 Introduction 

The present study is one in a series intended to characterize the 

irradiation induced changes in microstructure of Path E alloys in order 
to predict response in fusion reactor first wall applications. The first 

study of this series examined HT-9 and Modified 9Cr-1Mo following irradi- 

ation in a fast reactor (EBR-11) to 11 dpa at 400, 450 and 550°C.’ The 

present study examines the same heat of HT-9 following irradiation in a 

mixed spectrum reactor (HFIR) to 6 and 10 dpa at 300 and 40OOC. From 
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these two studies, it should be possible to assess the irradiation response 

of HT-9 at 400°C in a fusion environment which is in several ways inter- 

mediate between those in EBR-I1 and HFIR. In addition, the effect of 

irradiation at temperatures below those of standard fast reactor opera- 

tion (i.e., 3 O O O C )  can be determined. 

The examination results of HT-9 following irradiation at 400°C in 

EBR-11' may be summarized as follows. 

initial dislocation structure was altered by the formation of irradiation 

induced loops and tangles. 

boundaries appeared to increase and a high density of 8 nm diameter 

equiaxed precipitates was found in the matrix. The fine precipitate 

phase was identified as G-phase, a nickel silicide with face centered 

cubic crystal structure and lattice parameter 1.12 nm. 

No voids were observed but the 

The number density of M z ~ C G  particles on 

7.1.4.2 Experimental Procedure 

The specimens examined in this work were 3 mm diameter transmission 

electron microscopy (TEM) disks of normalized and tempered HT-9 (heat 

91354) which had been irradiated in the HFIR-CTR-32 experiment. 

treatment was performed at ORNL. Table 7.1.1 gives the irradiation condi- 
tions. 

the same disk was used to prepare a "carbide" extraction replica and a 

thin foil specimen for TEM. The procedure involved lightly electropolish- 

ing each as-received disk to remove surface contamination, then making 
the extraction replica and finally jet electropolishing the disk specimen 
to produce thin areas for TEM examination. The electropolishing and 

extraction techniques were described previously. 

Heat 

Since only one TEM disk of each specimen condition was available, 

1 

Table 7.1.1. Irradiation Conditions of HT-9 Specimens Examined From 
the HFIR-CTR-32 Experiment" 

Irradiation Approximate 
Specimen I.D. Temperature Position Dose 

SA14 300°C 12 6 dpa 
SA24 300°C 8 10 dpa 
SA1 1 400°C 1 6 dpa 
SA21 400°C 8 10 dpa 

-~ __ _ _ -  
"from letter of March 2 4 ,  1982, J M  Vitek, ORNL to DT Peterson. WHC. 
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Most of t h e  TEM examinat ions ,  energy- dispers ive  x-ray (EDX) micro- 

a n a l y s e s  and e l e c t r o n  d i f f r a c t i o n  a n a l y s e s  of e x t r a c t e d  p a r t i c l e s  were 

performed on a JEOL l O O C X  TEM/STEM a t  100 KV.  However, e l e c t r o n  energy 

l o s s  spect rometry  (EELS) w a s  a l s o  performed on t h e  e x t r a c t e d  p a r t i c l e s  

us ing  a Gatan double- focusing spec t romete r  on a Vacuum Generators  HB-501 

STEM. EELS prov ides  a n a l y s e s  f o r  l i g h t  e lements  such a s  carbon,  n i t r o g e n  

and oxygen. Although t h e  e x t r a c t i o n  r e p l i c a s  had carbon f i l m  s u b s t r a t e s ,  

i n  some c a s e s  p a r t i c l e s  p r o t r u d i n g  from t o r n  edges o f  t h e  s u b s t r a t e  could  

be  analyzed wi thou t  i n t e r f e r e n c e  from t h e  s u b s t r a t e  carbon.  The EELS 

a n a l y s e s  were performed a t  100 KV us ing  a 2 nm d iamete r  e l e c t r o n  probe 

and a 20 mrad spec t romete r  acceptance ha l f- ang le .  

7 .1 .4 .3  R e s u l t s  

7 . 1 . 4 . 3 . 1  E x t r a c t i o n  R e p l i c a  A n a l y s i s .  E x t r a c t i o n  r e p l i c a s  w e r e  

produced f r o m  t h r e e  of t h e  f o u r  i r r a d i a t e d  specimens. A l l  t h r ee  e x t r a c-  

t i o n s  con ta ined  s i m i l a r  t y p e s  and d i s t r i b u t i o n s  of p a r t i c l e s ,  a s  shown 

i n  t h e  micrographs  of F i g .  7 . 1 . 1 .  I n  a l l ,  f o u r  t y p e s  of p a r t i c l e s  were 

i d e n t i f i e d  by s i n g l e  c r y s t a l  e l e c t r o n  d i f f r a c t i o n ,  EDX and EELS micro- 

a n a l y s i s .  

The most prominant second phase  i s  M ~ ~ C G ,  which appears  a s  equiaxed 

0.15 t o  0 .8  pm diameter  p a r t i c l e s .  The M 2 3 C 6  h a s  a l a t t i c e  parameter  of 

1 .07 nm, and c o n t a i n s  mainly chromium, i r o n ,  molybdenum and a small amount 

of vanadium. Compositions ob ta ined  by EDX m i c r o a n a l y s i s  a r e  g iven i n  

Table  7.1.2.  M 2 3 C 6  normally forms a t  m a r t e n s i t e  l a t h  and p r i o r  a u s t e n i t e  

boundar ies  i n  HT-9 dur ing  tempering.  However, i n  t h e s e  HFIR i r r a d i a t e d  

specimens t h e  M Z 3 C 6  p a r t i c l e s  appear  t o  be  d i s t r i b u t e d  a t  random. 

Another second phase observed i n  t h e s e  specimens i s  ( V , C r ) N .  Th i s  

phase  appears  a s  t h i n  p l a t e s  and l a t h s  having edge dimensions from 0.05 

t o  0 .5  u m .  T h i s  i s  an MC-type phase w i t h  a FCC c r y s t a l  s t r u c t u r e  and 

l a t t i c e  parameter  of about  .417 nm, and c o n t a i n s  mainly vanadium and 

chromium w i t h  a trace of i r o n .  Due t o  t h e  p resence  of a carbon f i l m  

s u b s t r a t e  and t h e  c l o s e  proximity  of low energy x-ray peaks from V, C r ,  

C ,  N and 0 i n  EDX s p e c t r a ,  i t  normally i s  no t  p o s s i b l e  t o  ana lyze  f o r  

l i g h t  e lements  i n  c a s e s  such a s  t h i s .  By us ing  EELS, and ana lyz ing  



165 

t \-, Ltl," 

Fig. 7.1. I. Surface Extraction Replicas of HT-9 Specimens Irradiated 
in HFIR-CTR-32 a) SA14, b)  SA24 and c) SAll. Fig. 7.1.ld Shows an EELS 
Spectrum of a Vanadium Rich Platelet in SA14 and Fig. 7.1.le Provides an 
Electron Diffraction Pattern of the Platelet Demonstrating that the 
Platelet is (V,Cr)N. 
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Table 7.1.2. Results of EDX Analysis of Extraction Replica 
Precipitates 

Specimen Precipitate Type Cr Fe V Mo Ti 

SA14 MZ 3c6 
(V,Cr)N 
V-Ti rich 

SA1 1 MZ3C6 
(V, Cr)N 
V-Ti rich 
Fe Ox 

61-65 
20-28 
19-6 

58-61 
23-34 
10-30 

58-66 
21-35 
18.2 
5-7 

28-32 1.5-4 4.5-5.5 
3-6 72-80 

47.1 33.3 

33-35 1.3-1.7 5.4-5.6 
3.5-10.5 56-74 

5-7 22-51 22-60 

28-36 0-9 4-6 
3-8 58-78 
5.5 21.5 54.8 

85-90 0-5 0-9 

particles which protruded from a torn edge of the substrate, it was found 
that the particles are (V,Cr)N with no carbon, oxygen or boron. Fig. 7.1.1 

d and e shows a representative EELS spectrum as well as a (001) zone axis 

diffraction pattern from one of the (V,Cr)N particles. 

not observed in the HT-9 irradiated in EBR-11. 

was observed in irradiated 9Cr-1M01 although not identified as a nitride. 

The (V,Cr)N was 

However, a similar phase 

A third phase, which may be a variant of MC, contains titanium as 
The Ti-containing particles were only well as vanadium and chromium. 

about 30 nm in diameter, and were not identified by electron diffraction. 

The fourth phase identified in these specimens occurs as 8 nm wide by 
50 nm long needles and was shown by EDX and EELS microanalysis to be iron 

oxide. 

specimens during the extraction replica preparation process. 

The probable origin of this phase is surface oxidation of the 

7.1.4.3.2 Transmission Microscopy. Thin foils of all four specimen 
The foils conditions were examined by transmission electron microscopy. 

exhibited some surface roughening (likely due to oxidation) which compli- 

cated microstructural interpretation. 

specimens differed from those of the "I-9 observed previously in that 
The microstructures in these 

neither martensite lath or M23C6 decorating lath boundaries were found. 

*c'\ However, many examples of recovered subgrain boundary structure typical 
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of tempered martensite were identified indicating that a martensite 

transformation had probably occurred. These features are shown in the 

low magnification series of micrographs given in Fig. 7.1.2 and large 

blockyM23C6 precipitate particles can be identified. However, there 

is no evidence of plate and rod shaped vanadium nitride particles which 

were observed in the replicas. Therefore, it is anticipated that vanadium de vc -d..,ec 

nitride and other atypical phases which were found in extraction replicas 

only existed near or at specimen surfaces. 

ha+ 

91 
a 9  e*' i-r 

$* *.I. 
* go.\\ 
\a 

Effects of irradiation were identified in each specimen condition 

examined. All specimens contained unfaulted dislocation loops. The maxi- 

mum loop diameters were 7 nm for SA14, 10 nm for SA24, 17 nm for SA11 and 

25 nm for SA21. 
or Burgers vectors. 

densities increased with decreasing irradiation temperature. No irradia- 
tion induced voids were found in these specimens. Cavitation associated 

with large carbide particles were identified but are believed to have 

formed prior to irradiation. Such cavities are typically produced during 

cold working when carbide particles fracture and the resulting cavities 

do not annealed out during normalization. 

tures are given in Figs. 7.1.3 and 7.1.4 for 300 and 40OoC irradiation 
temperature. 

No attempt was made to determine loop number densities 

Loop densities were non-uniform but in general, the 

Examples of dislocation struc- 

All specimen conditions were examined for the presence of G-phase 

by dark field imaging techniques. It was possible to demonstrate the 
presence of G-phase following irradiation both at 300 and 400°C using 
(333) imaging. Following irradiation at 300°C to 6 dpa, G-phase was '7 

t of cles which decorated 
a found to 

dislocatrwu rwwps. A L L ~ Z  lrra"larlon ar L)UU CI ro 10 dpa, the particles 

were as large as 8.0 nm. 'The largest par 

arrays which coincided with dislocation images. 

Figs. 7.1.5 and 7.1.6. Fig. 7.1.6 shows the same area in precipitate 

dark field contrast and = (110) bright field dislocation contrast. The 

correspondence between dislocations and G-phase particles is apparent 

from this figure. Therefore, precipitation occurs after l o w  irradiation 

dose in HFIR. 

diffraction characteristics and morphology of G-phase observed previously 

in irradiated HT-9.' 

xear 

bxampies are s n o w  in 

The precipitate is identified as G-phase based on the 

consis 
1 ._ 7 

discrete 2.0 nm diameter parti 
I C L _ _  3_-.>1.LI._ _ L  ,n l \or r  -. 

ticles were found in lii 
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Fig. 7.1.2. Low Magnification Micrographs of Irradiated HT-9 Specimens. 
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F i g .  1.1.3. comparison or UisLocat lon m i c r o s t r u c t u r e s  roilowing 
I r r a d i a t i o n  a t  300°C i n  Weak Beam D i s l o c a t i o n  Dark F i e l d  Con t ra s t .  

- 



I P 

170 

Fig. 7.1.4. Comparison of Dislocation Microstructures Following 
Irradiation at 400°C in Bright Field Dislocation Contrast. 



1 7 1  

F ig .  7.1.5. G-Phase P r e c i p i t a t e  Dark F i e l d  and Br igh t  F i e l d  Imaging 
of Specimen SA24 I r r a d i a t e d  a t  300'C t o  10 dpa.  
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Fig. 7.1.6. G-Phase Precipitate Dark Field and Dislocation Bright 
Contrast Images of the Same Area of Specimen SA21 Irradiated at 400°C to 
10 dpa. 
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7.1.4.4 Discussion 

The present effort, which was intended to provide microstructural 

results on HT-9 irradiated in HFIR, indicates that a mixed spectrum 

environment produces microstructures similar to those obtained in a fast 

spectrum environment. Also ,  dislocation and precipitate structures are 

found to develop on a finer scale as the irradiation temperature is 

decreased, even for temperatures below those previously examined. How- 

ever, it is now apparent that comparisons between HFIR and EBR-I1 
irradiation results on HT-9 must be made with caution due to apparent 
differences in starting microstructures. It is the intent of this 

discussion to expand on these points and to consider the causes and the 

consequences of these observations. 

7.1.4.4.1 Reactor Spectrum Effects. Comparison of the present 

microstructural results for specimen SA21, irradiated at 400'C to 10 dpa 

in HFIR, and those obtained previously for specimen ZHCK, irradiated in 

EBR-I1 at 400°C to 11 dpa shows a similar irradiation response in both 

cases. The major effects of irradiation are dislocation loop development 

and G-phase formation. Maximum loop sizes following irradiation are 

very similar and G-phase precipitation both as a function of size and 

distribution is almost identical. Therefore, it is likely that: 1) dose 
and temperature estimates for the two experiments are in good agreement, 

and 2) effects of different helium production levels (on the order of 

20 ppm for HFIR and 1 ppm for EBR-I13) do not alter microstructural 
development significantly. In a fusion reactor the helium content would 

be on the order of 150 ppm at 11 dpa3 and therefore in HFIR, helium levels 
are almost an order of magnitude lower than those expected at a similar 

dose in a fusion reactor. 

7.1.4.4.2 Irradiation Temperature Effects. The present results 

confirm that lower irradiation temperatures favor finer distributions 

of precipitates and dislocation loops. Identification of G-phase in 

HFIR-irradiated specimens is somewhat tentative (moreso than was the 

identification for specimens irradiated in EBR-111) as diffraction pattern 

evidence is based on patterns which showed (333)G, (114)G and (044)G 
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diffuse spots with insufficient contrast to allow successful reproduction 

in publication. 

Consequences of such a temperature dependence on precipitate and 

l oop  densities can be expected to be manifested in post-irradiation 

mechanical properties. Strength should increase with decreasing irradia- 

tion temperature. Data is now available to demonstrate such an effect. 

Post-irradiation tensile tests on HT-9 (heat 91354) irradiated in HFIR 

at 5OoC to 9 dpa4 can he compared with HT-9 (heat 91354 hut in a some- 

what different heat treatment condition) irradiated in EBR-I1 at 420°C 

to 5 dpa.5 

that for testing at 25OC, the 50°C irradiation caused more hardening 

than did the 420°C irradiation. Recent hardness measurements on Charpy 

specimens of HT-9 (heat 91354) irradiated in the AD-2 experiment in 

EBR-116 confirm this trend. 
a hardness of 3 1 . 7  R was measured and following irradiation at 500°C 
to 11 dpa, 21.7 R was measured. This compares with the value of 22.9 R 

for the unirradiated condition. Unfortunately, no post-irradiation 

tensile data or hardness measurements are available for irradiation at 

300°C. Nor is there sufficient data to estimate the irradiation tempera- 

ture which will produce the greatest hardening. The peak hardening 

irradiation temperature is of major concern because it can he expected 

to correspond to the temperature at which greatest emhrittlement will 

occur. 

The results are reproduced in Table 7.1 .3  and demonstrate 

Following irradiation at 390°C to 11 dpa, 

C 

C C 

4 , 5  
Table 7.1.3. Post-Irradiation Tensile Data for HT-9 Heat 91354 

I 
Irradiation I Test Strength Elonsation Rat io 

remp. Fluence 
("C) ( l o z 2  n/cm*) (dpa) 

- ~ 

Temp. Yield Ultimate Uniform Total 'y/'y(O) 
("C) (MPa) (MPa) (%) 

0 0 
50 1 .3  9 .3  

0 0 
50 1.2 9.1 
- 0 0 

420 1 .1  5 

- 

- 

25 549 716 6.64 9.91 
25 983 987 0 .31  2.12 1.8 

300 490 649 5.53 8.63 
300 784 800 1.36 4.49 1 .6  

25 653 823 7.5 16 .4  
25 971 1037 6 .3  13.9 1 . 5  
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7 .1 .4 .4 .3  Heat Treatment Variations. Two significant differences 

can be identified between the preirradiation microstructures for HT-9 

contained in the HFIR-CTR-32 and EBR-I1 AD-2 experiments. Vanadium and 

titanium rich particles were not found in EBR-I1 specimens and Mz3C6 

precipitate decoration of martensite lath boundaries was not found in 

HFIR specimens. A s  differences in preirradiation microstructure can be 

expected to complicate interpretations which require comparisons of 

results from the two experiments, the causes for the differences are of 

considerable interest. 

It is likely that the differences are not of the same origin. Vana- -fry r c p ~ ~ ~ f  

dium rich particles in HFIR specimens are found to be nitrides. Based 

of the specimen, it can be concluded that these particles have not formed 

/o/ rDbund dodc) 
on the size of the particles and their distribution through the thickness . 

4 pdlchad  
spec1 *M 

in-reactor from transmutation products. Rather, the particles probably 

formed due to nitriding during heat treatment (private communication 

from ORNL staff). 

centers of specimens, it is unlikely that the nitriding had a significant 

effect on TEM microstructural analysis. Therefore, the reason for the 

unusual carbide distributions must be traced to another cause. A s  shown 

by Lichtenberg, M23C6 forms on martensite lath boundaries as a result of 

Since the nitrides were not present in foils from the 

precipitation during tempering from carbon-rich retained austenite. 7 

is probably because the quench rate following normalization was 

t n t@neet,;r 

rapid. $ 
A Therefore, if the lath boundary decoration by carbides is not present, 

it too * 
The consequences of these heat treatment variations cannot be 

assessed definitively. Effects of specimen nitriding on microstructural 

analysis can probably be ignored because the nitrogen was absorbed as 

vanadium (and possibly V-Ti) nitride particles in the vicinity of the 

specimen surface whereas microstructural analysis was only based on 

examination in the center of the specimen. 

be expected to redistribute M23C6 precipitation. The effect of this 

redistribution on subsequent G-phase precipitation and dislocation evolu- 

tion cannot be easily assessed. However, based on the fact that HFIR 

and EBR-I1 experiments gave identical dislocation and 6-phase development 

for similar irradiation conditions, it is probable that redistribution of 

Effects of quench rate can 
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carbides due to heat treatment differences do not affect in-reactor 

behavior significantly. Therefore, it appears reasonable to conclude 

that no significant differences in microstructural development arise 

in HT-9 as a consequence of differences between HFIR and EBR-I1 neutron 

energy spectra. 

7.1.5 Conclusions 

Microstructural examination of HT-9 (heat 91354) following irradia- 

tion in the HFIR-CTR-32 experiment at 300 and 400°C has shown that 

irradiation produces dislocation loop and G-phase precipitate development 

but no void swelling. Loop and precipitate densities increase with 

decreasing irradiation temperature. It can be expected that increased 

hardening and embrittlement will therefore result with decreasing irradia- 

tion temperature. Comparison of the present results with previous results 
for an HT-9 specimen irradiated at 400'C in EBR-I1 demonstrates no signi- 

ficant differences in irradiation induced microstructure. Therefore, a 

twenty fold increase in helium production has negligible effect on micro- 

structural development for doses on the order of 10 dpa. 

Interpretation of this work has been complicated by the presence of 

vanadium and vanadium-titanium rich particles found in surface extraction 

replicas. The vanadium rich particles were identified as (V,Cr)N. Although 

the nitriding was restricted to specimen surfaces and therefore probably 

did not invalidate experimental conclusions, it is apparent that more 

care must be taken to ensure that irradiation experiment fabrication 

errors do not jeopardize future program objectives. 

7 . 1 . 6  Future Work 

Examination of HFIR irradiated HT-9 specimens will be expanded t o  

include 50°C irradiation conditions and higher dose levels. 
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7.2  FRACTOGRAPHIC EXAMINATION OF HT-9 AND 9Cr-lMo CHARPY SPECIMENS 
IRRADIATED I N  THE AD-2 TEST - D. S .  Gelles and W .  L .  Hu 
(Westinghouse Hanford Company) 

7.2.1 ADIP Task 

The Department of  Energy/Off ice  of Fusion Energy (DOE/OFE) h a s  

c i t e d  t h e  need t o  i n v e s t i g a t e  f e r r i t i c  a l l o y s  under t h e  ADIP program 

t a s k  F e r r i t i c  S t e e l s  Development (Path E ) .  The t a s k s  involved are a k i n  

t o  Task Number 1 . B . 1 3 ,  T e n s i l e  P r o p e r t i e s  of A u s t e n i t i c  A l l o y s ,  and 

Task Number 1.C.2, M i c r o s t r u c t u r e  and Swel l ing i n  A u s t e n i t i c  Al loys .  

7.2.2 O b j e c t i v e  

The o b j e c t i v e  of t h i s  e f f o r t  i s  t o  provide  f r a c t o g r a p h i c  d a t a  f o r  

Charpy specimens of t h e  i r r a d i a t e d  f e r r i t i c  a l l o y s  HT-9 and Modified 

9Cr-1Mo i n  o r d e r  t o  p r o v i d e  improved unders tanding of toughness  degrada-  

t i o n  as  a r e s u l t  of i r r a d i a t i o n  f o r  t h e  f e r r i t i c  a l l o y  c lass .  

7 .2 .3  Summary 

F r a c t u r e  s u r f a c e  t o p o l o g i e s  have been examined us ing  scanning elec- 

t r o n  microscopy f o r  20 s e l e c t e d  h a l f  s i z e d  Charpy impact specimens of 

HT-9 and Modified 9Cr-1Mo i n  o r d e r  t o  p rov ide  improved unders tanding of 

f r a c t u r e  toughness d e g r a d a t i o n  as a r e s u l t  of i r r a d i a t i o n  f o r  Pa th  E 

a l l o y s .  The specimen m a t r i x  inc luded  u n i r r a d i a t e d  specimens and spec i-  

mens i r r a d i a t e d  i n  E B R - I 1  i n  t h e  AD-2 experiment.  Also,  ha rdness  measure- 

ments have been riade on s e l e c t e d  i r r a d i a t e d  Charpy specimens. The 

r e s u l t s  of  examinat ions  i n d i c a t e  tha t  i r r a d i a t i o n  hardening due t o  6-phase 

format ion a t  390°C i s  r e s p o n s i b l e  f o r  t h e  l a r g e  s h i f t  i n  d u c t i l e- t o-  

b r i t t l e  t r a n s i t i o n  t empera tu re  (DBTT) found i n  HT-9. Toughness degrada- 

t i o n  i n  HT-9 observed f o l l o w i n g  h i g h e r  temperature  i r r a d i a t i o n s  i s  a t t r i -  

buted t o  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 .  Reductions i n  tough- 

ness  as a consequence of i r r a d i a t i o n  i n  Modified 9Cr-1Mo are a t t r i b u t e d  

t o  in- reac to r  p r e c i p i t a t i o n  of (V,Nb)C and M 2 3 C 6 .  

c r a c k  p ropaga t ion  r a t e s  f o r  d u c t i l e  and b r i t t l e  f a i l u r e  modes can be 

measured, t h a t  they d i f f e r  by over  an o r d e r  of magnitude and t h a t  unex- 

pected m u l t i p l e  s h i f t s  i n  f r a c t u r e  mode from d u c t i l e  t o  b r i t t l e  f a i l u r e  

can be a t t r i b u t e d  t o  t h e  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 c r a c k  

propagat ion r a t e s .  

It i s  shown t h a t  
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7.2.4 Progress and Status 

7.2.4.1 Introduction 

It has been shown that fracture toughness degradation as measured 

by Charpy tests occurs in ferritic stainless steels as a consequence of 

fast neutron irradiation.’” 

increase in DBTT and a reduction in the upper shelf energy (USE) follow- 
ing irradiation at temperatures from 390 to 550°C to fluences of 13 dpa. 

This result applied both for fully heat treated base metal and for weld 

metal. Heat-affected-zone (HAZ) metal was only altered following irradi- 

ation at 390°C. However, the worst case occurred for irradiation at 

390°C where a 124°C DBTT shift was measured with a corresponding 15 J/cmZ 

drop in the USE. Modified 9Cr-1Mo was less sensitive to irradiation. 

No shift in DBTT was measured following irradiation from 450 to 550°C 

and a shift of 55OC occurred following irradiation at 390°C. In all 
cases, however, the USE was reduced significantly. 

Sandvik alloy HT-9 showed a significant 

The causes of fracture toughness degradation in ferritic stainless 

steel as a consequence of irradiation are thought to be temper embrittle- 

ment, irradiation hardening” and irradiation enhanced or induced 

precipitation. Temper emhrittlement is generally associated with inter- 

granular failure which is a consequence of weakening at prior austenite 

grain boundaries due to microchemical segregation. Fractographic examin- 

ation would he expected to reveal failure at prior austenite grain bound- 
aries. Irradiation hardening increases the stress required for plastic 
deformation without a change in mechanism and therefore the only change 

to be observed would be a shift in test temperature corresponding to an 
identical fracture appearance. Irradiation enhanced precipitation could 

cause fractographic changes similar to those from irradiation hardening 
or could change the size and distribution of dimples. 

2 .  

The present effort was undertaken in order to provide insight into 

the mechanisms which control this fracture toughness degradation found 

in AD-2 specimens. A large number of specimens had been tested and it 

was therefore necessary to limit the number of fractographic examinations. 

In order to do s o ,  a series of experimental objectives was determined 

and samples were selected in order to allow investigation of those 
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objectives. The objectives as outlined in Table 7 . 2 . 1  covered three 

areas of investigation: 1) effects of irradiation on crack propagation 

with regard to DBTT and USE changes, 2) quantitative correlations of 

COD versus KID and 3) Rockwell hardness measurements on irradiated speci- 

mens. The second objective was to be based on COD measurements using 

stereometric fractography. The third objective was intended to provide 

insight into irradiation hardening and was needed because relevant ten- 

sile data are not yet available. Fig. 7 . 2 . 1  is provided to aid in 

understanding the selection of specimens intended to satisfy the first 

set of objectives. The results of Charpy tests as a function of test 

temperature are shown and each of the specimens selected for examination 

is identified by I . D .  number. 

4 

7 . 2 . 4 . 2  Experimental Procedure 

Specimens selected for fractographic examination are listed in 
Table 7 . 2 . 2  along with Charpy test conditions and fracture energy. In 

general, specimens were selected which were tested at approximately the 
DBTT so that both ductile and brittle fracture surface features could 

be studied. However, the unirradiated conditions and a series of HT-9 

base metal specimens irradiated at 55OoC were selected to also show the 

complete fractographic response as a function of test temperature. A s  

previously noted, Table 7 . 2 . 1  defines the objectives of fractographic 

examinations on this series of specimens. 

Prior to examination, specimens TT10, TT30, TT69, TT05, TT12, TV09, 
TV14 and AF48 were used to determine the effect of irradiation on hard- 

ness. Measurements were made on a Nilson Rockwell hardness tester model 

3JR with a diamond Brale indenter at 150 kg load. The tester had been 

installed in a hot cell and was operated remotely by manipulators. All 

specimens were then sectioned using a slow speed saw to provide the 

fracture surface with a minimum amount of adjacent material. This 

operation was intended to reduce radioactivity and minimize magnetic 

interactions with the electron beam. The sectioning operation reduced 

specimen sizes sufficiently so that the specimens could be examined in 

a standard scanning electron microscope equipped with a two inch lead 

brick shield to protect the operator. Examinations were performed on 
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a JSM-35C scanning e l e c t r o n  microscope o p e r a t i n g  a t  25KV and p rocedures  

were as p r e v i o u s l y  d e s c r i b e d .  4 

7.2 .4 .3  R e s u l t s  

7.2.4.3.1 Hardness Measurements. R e s u l t s  of  Rockwell C ha rdness  

measurements on i r r a d i a t e d  specimens were as fo l lows :  Specimen TT16, 

31.7 ? 0.8; TT30, 21 .7  f 0.3; TT69, 21.8 t 0.4;  TT12, 18.7 f 1 .4 ;  TV09, 

24.3 t 0 . 1  and T V 1 4 ,  25.3 f 0 .6 .  U n i r r a d i a t e d  c o n t r o l  measurements were: 

Specimen TT10, 22.9 ? 0 . 3  and AF48, 15.2 t 1 .0 .  These r e s u l t s  are p l o t t e d  

as a f u n c t i o n  of i r r a d i a t i o n  temperature  i n  Fig.  7.2.2. From F i g .  7 .2 .2 ,  

t h e  fo l lowing  o b s e r v a t i o n s  can be  made. 

n/cmZ, i r r a d i a t i o n  t empera tu res  below 475°C produce an i n c r e a s e  i n  hard-  

n e s s  s o  tha t  fo l lowing  i r r a d i a t i o n  a t  400"C, t h e  ha rdness  i n c r e a s e s  from 

22.9 t o  31.7 R . Above 475"C, i r r a d i a t i o n  r e s u l t s  i n  dec reased  ha rdness .  

For  9Cr-lMo, i r r a d i a t i o n  t o  2 .3  x lo2' n/cm2 r e s u l t s  i n  an i n c r e a s e  i n  

ha rdness  from 15.2 R t o  approximately  25 R b u t  t h e  ha rdness  level  i s  

i n s e n s i t i v e  t o  i r r a d i a t i o n  temperature .  

For HT-9 i r r a d i a t e d  t o  2 .3  x loz2 

C 

C C 

7.2.4.3.2 Fractography.  General  behavior  - Charpy specimen f r a c t u r e  

s u r f a c e s  con ta ined  t h r e e  d i s t i n c t  s u r f a c e  t o p o l o g i e s .  A r e l a t i v e l y  f l a t  

r e g i o n  a d j a c e n t  t o  t h e  no tch  which con ta ined  f i n e  r i v e r  p a t t e r n  s t e p s  

running i n  t h e  d i r e c t i o n  of c r a c k  p ropaga t ion  was formed d u r i n g  f a t i g u e  

p r e c r a c k i n g  (and p r i o r  t o  i r r a d i a t i o n ) .  The edge of t h i s  r eg ion  d e f i n e d  

a sha rp  thumb n a i l  c r a c k  about  h a l f  way through t h e  Charpy specimen. 

The remaining a r e a  c o n s i s t e d  of s u r f a c e  which w a s  c r e a t e d  d u r i n g  t h e  

ins t rumented Charpy impact tes t .  The c e n t e r  of t h i s  r e g i o n  w a s  g e n e r a l l y  

f l a t  and r e c t a n g u l a r  i n  shape whereas t h e  edges which were a d j a c e n t  t o  

t h e  specimen s u r f a c e  were more s t e e p l y  i n c l i n e d .  There fore ,  t h e  c e n t r a l  

r e g i o n  w a s  i n  a stress s t a t e  approaching p l a n e  s t r a i n  whereas t h e  edges 

which were s t e e p l y  i n c l i n e d  f a i l e d  under c o n d i t i o n s  approaching p l a n e  

stress. The reg ion  of g r e a t e s t  i n t e r e s t  i n  t h e  Charpy specimen f r a c t u r e  

s u r f a c e  i s  t h e r e f o r e  t h e  f l a t  r e c t a n g u l a r  c e n t r a l  r eg ion .  

The topology of t h e  f l a t  c e n t r a l  r e g i o n  was found t o  change as a 

f u n c t i o n  of tes t  temperature  and a l l o y .  F r a c t u r e  s u r f a c e s  c r e a t e d  a t  
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Fig .  7 . 2 . 2 .  Rockwell C Hardness Measurements as a Funct ion  of  
I r r a d i a t i o n  Temperature f o r  HT-9 and Modified 9Cr-1Mo Base Metal Charpy 
Specimens Contained i n  t h e  AD-2 T e s t .  

lower tempera tures  which corresponded t o  lower s h e l f  behavior  conta ined  

f e a t u r e s  t y p i c a l  of b r i t t l e  f a i l u r e  w i t h  r e l a t i v e l y  s m a l l  s t e e p l y  

i n c l i n e d  shea r  l i p s  a t  specimen s u r f a c e s .  F r a c t u r e  s u r f a c e s  c r e a t e d  a t  

h ighe r  tempera tures  were less f l a t  and more t y p i c a l  of d u c t i l e  behavior  

w i th  l a r g e r  shea r  l i p s  a t  specimen s u r f a c e s .  D u c t i l e  HT-9 specimens 

d i sp l ayed  prominent 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  

running  a c r o s s  t h e  specimen which were p a r a l l e l  t o  t h e  i n i t i a l  c r a c k  

f r o n t  and t o  t h e  r o l l i n g  d i r e c t i o n .  9Cr-1Mo specimens d i d  no t  d i s p l a y  

such f e a t u r e s .  I n t e rmed ia t e  tempera ture  t e s t  c o n d i t i o n s  cor responding  

t o  t h e  DBTT conta ined  both b r i t t l e  and d u c t i l e  f e a t u r e s .  The b r i t t l e  

r eg ion  was g e n e r a l l y  n e a r  t h e  f a t i g u e  s u r f a c e  and t h e  d u c t i l e  r eg ion  

away from t h e  f a t i g u e  s u r f a c e .  However, many specimens showed a narrow 
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d u c t i l e  r i d g e  immediately ad jacent  t o  t h e  f a t i g u e  s u r f a c e  and o f t e n  

examples were found where d u c t i l e  f a i l u r e  w a s  observed a d j a c e n t  t o  d e l t a  

f e r r i t e  s t r i n g e r  f e a t u r e s  whereas ad jacen t  r e g i o n s  were b r i t t l e .  

7.2.4.4 Examples 

7.2.4.4.1 HT-9 Unir rad ia ted .  The f r a c t u r e  s u r f a c e  topology a s  a 

f u n c t i o n  of test  tempera ture  can b e s t  be  shown by comparison of u n i r r a d i -  

a t e d  HT-9 specimens TTIO, TT31 and TT03. 

-58'C, gave a low f r a c t u r e  energy of 5 J/cm2 and was found t o  be b r i t t l e  

i n  f r a c t u r e  appearance.  No evidence of a s t r e t c h  zone and d u c t i l e  f r a c-  

t u r e  were found a d j a c e n t  t o  t h e  f a t i g u e  c r a c k  b u t  l inear  s t r u c t u r e  due 

t o  p l a s t i c i t y  n e a r  d e l t a  f e r r i t e  s t r i n g e r s  w a s  found i n  about  t h e  f i n a l  

25% of t h e  f r a c t u r e d  ligament.  

7.2.3. A s t e r e o  p a i r  a t  low magn i f i ca t ion  showing t h e  thumb n a i l  f a t i g u e  

c rack  and t h e  f r a c t u r e  s u r f a c e  c r e a t e d  d u r i n g  t h e  Charpy t e s t  i s  g iven  i n  

P a r t  a and a h ighe r  magn i f i ca t ion  s t e r e o  p a i r  showing bo th  h a l v e s  of a 

r e g i o n  a d j a c e n t  t o  t h e  f a t i g u e  s u r f a c e  is g iven  i n  P a r t  b. P a r t  b h a s  

been ar ranged  s o  t h a t  t h e  viewer can e n v i s i o n  i n  a s tereogram t h e  two 

ha lves  of t h e  specimen folded open a long  a c e n t r a l  v e r t i c a l  l i n e  w i th  

t h e  r i g h t  hand s i d e  matching t h e  l e f t  hand s i d e .  

t h e  p l a t e a u- l i k e  s t r u c t u r e  of t h e  b r i t t l e  f r a c t u r e .  

p a r a l l e l  t o  t h e  f a t i g u e  s u r f a c e ,  which have f a i l e d  i n  a b r i t t l e  manner, 

a r e  s epa ra t ed  by s t e e p l y  i n c l i n e d  s h e a r  s u r f a c e s .  

shear s u r f a c e s  showed p l a s t i c  deformat ion  and a b r a s i o n  a s  t h e  two s u r f a c e s  

rubbed p a s t  one another .  

which corresponds very  c l o s e l y  w i t h  t h e  average  p r i o r  a u s t e n i t e  g r a i n  

s i z e  f o r  t h i s  ma te r i a l . '  

age g r a i n  diameter of 0.022 t o  0.016 mm.) 
Specimen TT31 w a s  t e s t e d  a t  O"C, gave a moderate  f r a c t u r e  energy of 

Specimen T T l O  was t e s t e d  a t  

Th i s  f r a c t u r e  s u r f a c e  i s  shown i n  F ig .  

Of p a r t i c u l a r  n o t e  is 

P lana r  r e g i o n s  

Examination of such 

The p l a t e a u  r e g i o n s  a r e  0.015 mm i n  d iameter  

(ASTM g r a i n  s i z e  8 to 9 cor responds  to an aver-  

20 J/cm2 and was found t o  have a f r a c t u r e  s u r f a c e  w i t h  both  b r i t t l e  and 

d u c t i l e  r eg ions  t y p i c a l  of a test n e a r  t h e  DBTT. T h i s  c o n d i t i o n  had both  
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Fig.  7.2.3. S t e r e o  P a i r  Fractograms of Un i r r ad i a t ed  HT-9 Base Metal 
Specimen TTlO Which was Tes ted  a t  -58°C. 
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a s t r e t c h  zone and a narrow band of d u c t i l e  f r a c t u r e  a d j a c e n t  t o  t h e  

f a t i g u e  su r face .  However, beyond 0.0075 m, c r a c k  p ropaga t ion  became 

b r i t t l e  and remained b r i t t l e  f o r  about  the f i r s t  25% of t h e  f r a c t u r e d  

l igament .  The nex t  20% of t h e  f r a c t u r e d  l igament  f a i l e d  by d u c t i l e  f r a c-  

t u r e  and showed l i n e a r  f e a t u r e s  t y p i c a l  of 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 .  The n e x t  15% of t h e  f r a c t u r e d  l igament  f a i l e d  

by b r i t t l e  f r a c t u r e  and t h e  remaining l igament  f a i l e d  by d u c t i l e  f r a c t u r e .  

T h i s  f r a c t u r e  s u r f a c e  i s  shown i n  Fig.  7.2.4 w i t h  a low m a g n i f i c a t i o n  

s t e r e o  p a i r  g iven  i n  P a r t  a and a h i g h e r  magn i f i ca t ion  s t e r e o  p a i r  of . 
bo th  h a l v e s  of t h e  f r a c t u r e  s u r f a c e  g iven  i n  P a r t  b. Comparisons between 

F ig .  7.2.3 and Fig.  7.2.4 reveal t h a t  the s h e a r  l i p s  a t  specimen s u r f a c e s  

were l a r g e r  i n  t h e  more d u c t i l e  case .  

Specimen TT03 w a s  t e s t e d  a t  73'C. gave a h i g h  f r a c t u r e  energy of 

47 J / c m 2  and w a s  found t o  have a d u c t i l e  f r a c t u r e  s u r f a c e .  

of b r i t t l e  f r a c t u r e  was found whereas 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  was ve ry  prominent.  

shown i n  Fig.7.2.5,  a s  a low magn i f i ca t ion  s t e r e o  p a i r  i n  P a r t  a and as 

a h i g h e r  magn i f i ca t ion  s t e r e o  p a i r  w i t h  bo th  h a l v e s  of t h e  f r a c t u r e  sur-  

f a c e  a d j a c e n t  t o  t h e  f a t i g u e  c r a c k  i n  P a r t  b. 

b e  s een  running  p a r a l l e l  t o  t h e  f a t i g u e  c r a c k  b u t  t h e  two h a l v e s  of t h e  

f r a c t u r e  s u r f a c e  match up so t h a t  t h e  t rough  i n  one s u r f a c e  cor responds  

t o  a r i d g e  on t h e  o t h e r  su r face .  The re fo re ,  t h e  r i d g e s  are n o t  so much 

due t o  growth of a l a r g e  h igh ly  e longated  cavities which s e p a r a t e d  by 

dimple r u p t u r e  as they are t o  smaller h i g h l y  e longated  cavities which 

were l i n k e d  by t e a r i n g .  

men TT31, specimen TT03 i s  much more c o r r e g a t e d  and rougher .  

as d u c t i l i t y  i n c r e a s e s ,  c rack  n u c l e a t i o n  occu r s  a t  d e l t a  ferr i te  s t r i n g e r s  

f u r t h e r  removed from t h e  p l ane  of  t h e  f a t i g u e  c r a c k  and f a i l u r e  occurs  

when these c rack  n u c l e i  l i n k  up. 

No ev idence  

T h i s  f r a c t u r e  topology is 

Well de f ined  r i d g e s  can 

Compared t o  t h e  less d u c t i l e  c o n d i t i o n  of spec i-  

There fo re ,  

7.2.4.4.2 HT-9 Base Metal.  F r a c t u r e  s u r f a c e s  of HT-9 base  metal 

specimens i r r a d i a t e d  a t  550°C t o  13 dpa were found t o  be  ve ry  s i m i l a r  t o  

t hose  of  t h e  u n i r r a d i a t e d  specimens. Examples of t h e s e  f r a c t u r e  s u r f a c e s  
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F i g .  7 . 2 . 4 .  S t e r e o  P a i r  Fractograms of U n i r r a d i a t e d  HT-9 Base Metal 
Specimen TT31 Which w a s  Tes ted  a t  0 ° C .  
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Fig. 7.2.5. Stereo Pair Fractograms of Unirradiated HT-9 Base Metal 
Specimen TT03 Which was Tested at 73°C. 
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are provided i n  F ig .  7.2.6 through Fig .  7.2.9. F ig .  7.2.6 shows low and 

h igh  m a g n i f i c a t i o n  f r a c t o g r a p h s  a r ranged  as s t e r e o  p a i r s  f o r  specimen 

TT69 which w a s  t e s t e d  a t  -20°C and had a f r a c t u r e  energy of 3.2 J / c m 2 .  

F ig .  7.2.7 shows a s i m i l a r  sequence f o r  specimen TT05 which was t e s t e d  

a t  40°C and had a f r a c t u r e  energy of 11.4 J/cm2. 

s i m i l a r  sequence f o r  specimen TT12 which was t e s t e d  a t  100°C w i t h  a 

f r a c t u r e  energy of 19.5 J/cm2 and F ig .  7.2.9 shows t h e  sequence f o r  spec i-  

men TT66 which was t e s t e d  a t  160°C and had a f r a c t u r e  energy of 25.2 J / c m 2  

The major d i f f e r e n c e s  between t h e  u n i r r a d i a t e d  c o n d i t i o n s  and t h e s e  i r r a -  

d i a t e d  c o n d i t i o n s  t h a t  have been i d e n t i f i e d  are t h e  d i s t r i b u t i o n s  of d e l t a  

ferr i te  s t r i n g e r  f e a t u r e s .  

F ig .  7.2.6, d i s p l a y s  d e l t a  ferrite s t r i n g e r  e f f e c t s  very  c l o s e  t o  t h e  

f a t i g u e  crack .  

i n  F i g s .  7.2.7 and 7.2.8 i s  more uniform compared t o  F ig .  7.2.4; r e g i o n s  

showing b r i t t l e  f r a c t u r e  appearance a l s o  d i s p l a y  d e l t a  ferr i te  s t r i n g e r  

markings. It i s  t h e r e f o r e  a n t i c i p a t e d  t h a t  the  l o w e r  v a l u e  ob ta ined  f o r  

USE due t o  i r r a d i a t i o n  a t  550'C i n  HT-9 may be  a consequence of reduced 

toughness  i n  t h e  v i c i n i t y  of d e l t a  f e r r i t e  s t r i n g e r s .  

F ig .  7.2.8 p rov ides  a 

The lower s h e l f  behavior ,  as can be  shown i n  

F r a c t u r e  behavior  i n  t h e  v i c i n i t y  of t h e  DBTT as found 

The f r a c t u r e  s u r f a c e  of HT-9 base  meta l  specimen TT30 i r r a d i a t e d  a t  

500'C t o  1 3  dpa and t e s t e d  a t  28°C was most s i m i l a r  t o  t h a t  f o r  u n i r r a d i-  

a t e d  HT-9 t e s t e d  a t  t h e  DBTT. A r i d g e  of d u c t i l e  f r a c t u r e  0.05 mm wide 

developed immediately a d j a c e n t  t o  t h e  f a t i g u e  s u r f a c e  and then  b r i t t l e  

f a i l u r e  occur red  over  t h e  n e x t  15% of t h e  remaining l igament .  

t u r e  mode t r a n s f e r r e d  t o  d u c t i l e  f a i l u r e  f o r  t h e  nex t  30% of t h e  f r a c t u r e  

s u r f a c e ,  then  back t o  b r i t t l e  f a i l u r e  f o r  another  15% and then  the remain- 

i n g  l igament  f a i l e d  by d u c t i l e  f r a c t u r e .  

g e n e r a l l y  n o t  observed i n  b r i t t l e  f r a c t u r e  a r e a s .  

c o n d i t i o n  a r e  shown i n  Fig .  7.2.10. 

The frac- 

Delta f e r r i t e  s t r i n g e r s  were 

Frac tographs  f o r  t h i s  

In comparison w i t h  o t h e r  HT-9 b a s e  m e t a l  specimens, t h e  f r a c t u r e  

s u r f a c e  of specimen TT16 I r r a d i a t e d  a t  390°C t o  1 3  dpa and t e s t e d  a t  116OC 

was ve ry  d i f f e r e n t .  The f r a c t u r e  s u r f a c e  a g a i n  conta ined  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  i n  a l t e r n a t i n g  bands and b r i t t l e  f a i l u r e  produced 

p l a t e a u- l i k e  f e a t u r e s .  However, d u c t i l e  f r a c t u r e  d i s p l a y e d  f e w  examples 

of l i n e a r  s t r u c t u r e  a s s o c i a t e d  w i t h  d e l t a  ferr i te  s t r i n g e r s  and shea r  

l i p s  a t  specimen s u r f a c e s  were wider  b u t  no t  a s  s t e e p .  Therefore ,  t h e  
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Fig.  7 .2 .6 .  S t e r e o  P a i r  Fractograms of HT-9 Base Metal Specimen TT69 
I r r a d i a t e d  a t  550°C and Tes ted  a t  - 20°C. 
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Fig. 7.2.7. Stereo Pair Fractograms of HT-9 Base Metal Specimen TT05 
Irradiated at 55OoC and Tested at 40°C. 
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Fig. 7.2.8. Stereo Pair Fractograms of HT-9 Base Metal Specimen TT12 
Irradiated at 550°C and Tested at 100°C. 
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Fig. 7 . 2 . 9 .  Stereo Pair Fractograms of HT-9 Base Metal Specimen TT66 
Irradiated at 550°C and Tested at 160°C. 
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Fig. 7.2.10. Stereo Pair Fractograms of HT-9 Base Metal Specimen TT30 
Irradiated at 500°C and Tested at D O C .  
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fracture surface appeared to be flatter. 

in Fig. 7.2.11. Apparently, increased hardness due to irradiation has 

resulted in reduced likelihood of cavitation at delta ferrite stringers. 

This fracture surface is shown 

7.2.4.4.3 HT-9 Weld Metal. Weld metal specimens which had been 

irradiated and tested at the DBTT developed fracture surfaces which were 

very similar to fracture surfaces found in base metal specimens irradia- 

ted at the same temperature and tested at the DBTT. 

fracture surface of specimen TI34 which was irradiated at 550°C and tested 

at 50°C is shown in Fig. 7.2.12. 

in Fig. 7.2.7. Also, the fracture surface of specimen TI27 which was 

irradiated at 390°C and tested at 132°C is shown in Fig. 7.2.13. 

very similar to that of specimen TT16 shown in Fig. 7.2.11. 

differences are found in regions which failed by brittle fracture. 

distribution of steeply inclined shear surfaces separating planar regions 
are distributed on a coarser scale indicative of the fact that the 

For example, the 

This may be compared with specimen TT05 

It is 

The major 

The 

effective prior austentie grain size” was coarser. I ,  

7.2.4.4.4 HT-9 Heat-Affected-Zone. HAZ specimens which had been 

irradiated and then tested at the DBTT developed fracture surfaces 

similar to those observed in base metal unirradiated specimens. Regions 

which had failed by brittle fracture did not show evidence of delta ferrite 

stringers. Also, the fracture surface of specimen TXll irradiated at 

390°C did not  show the reduced relief found in other specimens irradiated 

at 390°C. 

7.2.14 and 7.2.15. 

is found to have developed a narrower ductile band adjacent to the fatigue 

crack than has specimen TXll irradiated at 390°C and tested at 85OC. How- 

ever, in neither case is the delta ferrite stringer banding as corregated 

as was observed in unirradiated HT-9 as seen in specimen TT31 (Fig. 7.2.4). 

Examples of these specimen conditions are shown in Figs. 

Specimen TX04 irradiated at 550°C and tested at 0°C 

7.2.4.4.5 9Cr-1Mo Unirradiated. Modified 9Cr-1Mo specimens differed 

from HT-9 specimens in several ways. 

fracture appearance. 

alloy and therefore delta ferrite stringers do not influence fracture 

Specimens did not exhibit a corregated 

This is because delta ferrite is not present in this 
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Fig. 7.2.11. Stereo Pair Fractograms of HT-9 Base Metal Specimen TT16 
Irradiated at 390°C and Tested at 116°C. 
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(b) Xi 

Fig .  7 .2 .12 .  Stereo Pair Fractograms of HT-9 Weld Metal Specimen TI34 
Irradiated at 550°C and Tested at 50°C. 
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(a) X20 

x200 

Fig. 7.2.13. Stereo Pair Fractograms of HT-9 Weld Metal Specimen TI27 
Irradiated at 390'C and Tested at 132°C. 
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) x20 

x200 

F i g .  7 .2 .14 .  Stereo Pair Fractograms of HT-9 HAZ Metal Specimen TX04 
I r r a d i a t e d  a t  550'C and Tes ted  a t  0°C. 
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x20 

x200 

Fig. 7.2.15. Stereo Pair Fractograms of HT-9 HAZ Metal Specimen T X l l  
Irradiated at 390°C and Tested at 85°C. 
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surface topology. Also, dimples were often larger and more equiaxed 
indicating that cavitation occurs on a coarser scale. However, regions 

which failed by brittle cleavage were very similar to those in €IT-9. 
Examples of the fracture appearance in unirradiated 9Cr-1Mo are shown in 

Figs. 7.2.16, 7.2.17 and 7.2.18. Fig. 7.2.16 shows specimen AF38 which 

was tested at -8OOC and gave a low fracture energy of 3.1 J/cm2. 

men AF41 which was tested at -1OOC and gave a fracture energy of 61.1 
J/cm2 is shown in Fig. 7.2.17. 

specimen AF46 which was tested at 4OoC and gave the highest fracture 

energy of all specimens examined, 78.3 J/cm2. 

Speci- 

Fig. 7.2.18 provides micrographs of 

Brittle failure in unirradiated 9Cr-1Mo can be seen in Fig. 7.2.16. 

As with the unirradiated HT-9 specimen conditions, both a low magnifica- 
tion and a higher magnification stereo pair are given, the higher magni- 

fication series providing comparison of both halves of the fracture 
surface. The fracture surface is plateau-like with nearly parallel 
cleavage facets defining a series of surfaces which are connected by 

steeply inclined boundaries. Again, the size of the plateaus corresponds 

to that of the prior austenite grain size, 0.02 mm. No evidence of 

a ductile stretch zone was found immediately adjacent to the fatigue 

surface. Shear lips at specimen surfaces are very small. 

Fig. 7.2.17 is particularly unusual because the region of the frac- 
ture surface which shows brittle fracture is not immediately adjacent to 

the fatigue crack. 

by ductile fracture. Brittle fracture then occurred over about 30% of 

the fracture ligament and finally the remaining ligament failed by ductile 

fracture. Fig. 7.2.18 provides an example of ductile failure in 9Cr-lM0, 

typified by large cavities separated by a series of smaller cavities. 

In many cases, the cavities are not circular but instead appear 

shaped. This is a consequence of the fact that cavitation ahead of the 

propagating crack is sufficiently infrequent that a given cavity will be 

stretched to the point where it becomes part of the propagating crack 

front (as opposed to linking up with the next cavity ahead of the propa- 

gating crack). 

Instead, the first 40% of the fractured ligament failed 

"C" 
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X 

(b) X200 

Fig. 7.2.16. Stereo Pair Fractograms of Unirradiated Modified 9Cr-1Mo 
Base Metal Specimen AF38 Tested at -80°C. 
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x200 

Fig .  7 . 2 . 1 7 .  S t e r e o  P a i r  Fractograms of U n i r r a d i a t e d  Modified 9Cr-1Mo 
Base Metal Specimen AF41 Tes ted  a t  - 1 O O C .  
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(b) X200 

Fig. I . L . I O .  ~ L K L ~ U  rair rraccograms or unirradiated Modified 9Cr-1Mo 
Base Metal Specimen AF46 Tested at 40°C. 
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F ig .  7.2.21 p rov ides  f r a c t o g r a p h s  f o r  specimen TV09 which was i r r a -  

d i a t e d  a t  39OoC, was t e s t e d  a t  25OC and had a f r a c t u r e  energy of 14.8 

J/cm2. 

f a t i g u e  c r a c k  b u t  a f t e r  approximately 0.05 mm c r a c k  propagat ion  becomes 

b r i t t l e  and remains b r i t t l e  ove r  60% of t h e  f r a c t u r e d  l igament .  There- 

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

F ig .  7.2.22 shows f r a c t o g r a p h s  f o r  specimen TV14 which was i r r a d i a t e d  

S t r e t c h  zone format ion  can be seen  immediately a d j a c e n t  t o  t h e  

a t  39OoC, t e s t e d  a t  50°C and r equ i r ed  a f r a c t u r e  energy  of 46.9 J / c m 2 .  

The f r a c t u r e  s u r f a c e  c o n t a i n s  l a r g e  dimples  s i m i l a r  i n  s i z e  t o  t h e  
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(a) X20 

- - ~ .  . ._.__. _____-  - -__  ------&rams of Modified 9Cr-1Mo Base Metal 
Specimen TV21 Irradiated at 500°C and Tested at - 2 1 O C .  
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x20 

x2c 

F i g .  7 . 2 . 20 .  S t e r e o  P a i r  Fractograms of Modified 9Cr-1Mo Base Metal 
Specimen TV13 I r r a d i a t e d  a t  500°C and Tes ted  a t  O O C .  
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x20 

x200 

Fig .  7.2.21. S t e r e o  P a i r  Fractograms of Modified 9Cr-1Mo Base Metal 
Specimen TV09 I r r a d i a t e d  a t  390°C and Tested a t  25°C. 
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x20 

x200 

Fig. 7 .2 .22 .  S t e r e o  P a i r  Fractograms of Modified 9Cr-1Mo Base Metal 
Specimen TV14 I r r a d i a t e d  a t  390°C and T e s t e d  a t  50°C. 
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u n i r r a d i a t e d  c o n d i t i o n  AF46 (shown i n  F ig .  7 .2 .18)  b u t  t h e  s c a l e  of 

s u r f a c e  u n d u l a t i o n s  i s  more l i k e  t h e  500°C i r r a d i a t i o n  c o n d i t i o n  TV13 

(shown i n  F i g .  7 . 2 . 2 0 ) .  

7 . 2 . 4 . 5  Discuss ion  

The p r e s e n t  e f f o r t  h a s  provided s e v e r a l  exper imenta l  f i n d i n g s  which 

p r o v i d e  i n s i g h t  i n t o  t h e  f r a c t u r e  behavior  of  P a t h  E a l l o y s .  The pur-  

pose  of t h i s  d i s c u s s i o n  w i l l  t h e r e f o r e  be  t o  i n t e r p r e t  t h e s e  f i n d i n g s .  

7 . 2 . 4 . 5 . 1  Mechanisms C o n t r o l l i n g  F r a c t u r e  Toughness - HT-9. The 

p r e s e n t  r e s u l t s  f o r  HT-9 have c l e a r l y  demonstrated:  1) t h a t  hardening 

as measured by ha rdness  occurs  as a consequence of i r r a d i a t i o n  a t  390°C 

b u t  f o r  i r r a d i a t i o n  t empera tu res  of 500°C and above, s o f t e n i n g  r e s u l t s  

and 2 )  d e l t a  f e r r i t e  s t r i n g e r s  have a s i g n i f i c a n t  e f f e c t  on t h e  f r a c t u r e  

appearance of d u c t i l e  f a i l u r e .  There fore  any a t t e m p t s  t o  e x p l a i n  degrada-  

t i o n  i n  f r a c t u r e  toughness ,  DBTT s h i f t  o r  USE r e d u c t i o n  as a consequence 

of i r r a d i a t i o n  must t a k e  i n t o  account t h e s e  phenomena. I r r a d i a t i o n  

hardening i n  HT-9 i s  a r e s u l t  bo th  of d i s l o c a t i o n  loop e v o l u t i o n  and 

6-phase format ion.  The f r a c t o g r a p h i c  o b s e r v a t i o n  t h a t  no change i n  

b r i t t l e  f r a c t u r e  appearance a p a r t  from 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  i s  

found a s  a f u n c t i o n  of i r r a d i a t i o n  c o n d i t i o n  i n d i c a t e s  t h a t  i r r a d i a t i o n  

hardening ( a s  opposed t o  format ion of a b r i t t l e  phase d u r i n g  i r r a d i a t i o n )  

i s  t h e  main cause  of DBTT s h i f t s .  Fur thermore ,  as w i l l  be  shown by 

comparison w i t h  YCr-1Mo behav io r ,  the s l i i f t  i n  DBTT f o l l o w i n g  i r r a d i a t i o n  

a t  390°C i s  d i r e c t l y  a t t r i b u t a b l e  t o  G-phase fo rmat ion .  However, t h i s  

e x p l a n a t i o n  can on ly  app ly  f o r  specimens i r r a d i a t e d  a t  390°C. 

Concurrent  w i t h  a s h i f t  i n  DBTT, r e d u c t i o n  of t h e  USE i s  observed 

fo l lowing  i r r a d i a t i o n .  The most prominent f r a c t o g r a p h i c  change which 

occurs  a s  a r e s u l t  of i r r a d i a t i o n  i s  w i t h  regard  t o  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 .  I r r a d i a t i o n  appears  t o  i n c r e a s e  t h e  tendency f o r  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  ahead of t h e  p ropaga t ing  c r a c k .  T h i s  i s  

evidenced bo th  by t h e  o b s e r v a t i o n  t h a t  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  

appear  on b r i t t l e  f r a c t u r e  s u r f a c e s  fo l lowing  i r r a d i a t i o n  a t  550°C and 

by t h e  more uniform d i s t r i b u t i o n  of d e l t a  f e r r i t e  s t r i n g e r  f e a t u r e s  a t  

t empera tu res  n e a r  t h e  DBTT fo l lowing  i r r a d i a t i o n  a t  55OOC. The h y p o t h e s i s  
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i s  t h e r e f o r e  suggested t h a t  observed USE r e d u c t i o n s  are a r e s u l t  of 

e f f e c t s  of  i r r a d i a t i o n  on o r  n e a r  d e l t a  f e r r i t e  s t r i n g e r s ;  t h e  most 

l i k e l y  cause  i s  enhanced c a r b i d e  p r e c i p i t a t i o n 3  on d e l t a  f e r r i t e  s t r i n g e r  

s u r f a c e s  which can be expected t o  cause  c a r b i d e  c r a c k i n g  a t  lower l e v e l s  

of s t ress .  I t  may be  noted t h a t  such a mechanism would p rov ide  an expla-  

n a t i o n  f o r  the observed DBTT s h i f t  fo l lowing  i r r a d i a t i o n  a t  45OOC and 

above: t h e  lower s h e l f  h a s  n o t  been a l t e r e d  b u t  t h e  upper s h e l f  reduc-  

t i o n  h a s  caused an apparen t  s h i f t  i n  DBTT when DBTT i s  d e f i n e d  a t  any 

f r a c t u r e  energy above t h e  lower s h e l f .  

Approaches f o r  f r a c t u r e  toughness  improvements i n  HT-9 can be 

suggested based on t h e  above d i s c u s s i o n .  I n  o r d e r  t o  reduce DBTT s h i f t s  

due t o  i r r a d i a t i o n  a t  390"C, G-phase forming e lements  such as n i c k e l  

and /o r  s i l i c o n  should  be  reduced o r  e l i m i n a t e d .  I n  o r d e r  t o  reduce USE 

degrada t ion  due t o  i r r a d i a t i o n ,  improvements i n  tempering procedure  

could  be developed,  in tended  t o  i n c r e a s e  carb ide  p r e c i p i t a t i o n  p r i o r  

t o  i r r a d i a t i o n  and reduce c a r b i d e  p r e c i p i t a t i o n  i n- r e a c t o r .  

7 . 2 . 4 . 5 . 2  Mechanisms C o n t r o l l i n g  F r a c t u r e  Toughness - 9Cr-1Mo. 

R e s u l t s  on 9Cr-1Mo i n d i c a t e  t h a t  somewhat d i f f e r e n t  mechanisms c o n t r o l  

behavior  than  i n  t h e  c a s e  of HT-9. Experiments demonstra te  t h a t  harden-  

i n g  occurs  a t  a l l  t empera tu res  i n- r e a c t o r  ( a s  i n d i c a t e d  by ha rdness  

measurements) b u t  ha rden ing  i s  n o t  a s t r o n g  f u n c t i o n  of i r r a d i a t i o n  

t empera tu re .  No evidence of  a phenomenon comparable t o  f a i l u r e  a t  

d e l t a  f e r r i t e  s t r i n g e r s  was found and on ly  a s m a l l  s h i f t  i n  DBTT was 

measured fo l lowing  i r r a d i a t i o n  a t  t empera tu res  of 450°C and above 

whereas  a somewhat l a r g e r  s h i f t  was found fo l lowing  i r r a d i a t i o n  a t  390°C. 

Comparison of m i c r o s t r u c t u r a l 3  and f r a c t o g r a p h i c  d i f f e r e n c e s  between 

HT-9 and 9Cr-1Mo i n d i c a t e  t h a t  t h e  s t r o n g  t empera tu re  dependence of 

ha rdness  a s  a f u n c t i o n  of i r r a d i a t i o n  t empera tu re  i n  HT-9 i s  due t o  

G-phase p r e c i p i t a t i o n .  The m i c r o s t r u c t u r e s  were found t o  be s i m i l a r  

fo l lowing  i r r a d i a t i o n  a t  400°C except  t h a t  HT-9 con ta ined  G-phase and 

9Cr-lMo con ta ined  v o i d s .  There fore ,  t h e  l a r g e  d i f f e r e n c e  i n  DBTT s h i f t  

between t h e  two a l l o y s  m u s t  be a t t r i b u t e d  t o  G-phase. However, a s h i f t  

was found i n  9Cr-1Mo as a f u n c t i o n  of i r r a d i a t i o n  t empera tu re ,  b u t  no 

s i g n i f i c a n t  d i f f e r e n c e  i n  ha rdness  w a s  found. The most l i k e l y  e x p l a n a t i o n  
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f o r  such response  is t h a t  t h e  i r r a d i a t i o n  induced d i s l o c a t i o n  s t r u c t u r e  

i s  r e s p o n s i b l e .  A t  t h e  h igh  s t r a i n  r a t e s  of a Charpy t e s t ,  i r r a d i a t i o n  

induced d i s l o c a t i o n s  could  have caused s u f f i c i e n t  hardening t o  cause  a 

s h i f t  i n  t h e  DBTT whereas a t  t h e  lower s t r a i n  rates of a hardness  t e s t ,  

t h e  hardening could  be overcome, r e s u l t i n g  i n  n e g l i g i b l e  ha rdness  i n c r e a s e .  

I r r a d i a t i o n  does  a p p a r e n t l y  cause  hardening i n  9Cr-1Mo a t  a l l  i r r a d-  

i a t i o n  t empera tu res .  The m o s t  l i k e l y  e x p l a n a t i o n  i s  t h a t  p r e c i p i t a t i o n  

of (V,Nb)C and Mz3Cg occurs  i n - r e a c t o r 3  and i s  because  incomplete  pre-  

c i p i t a t i o n  w a s  achieved d u r i n g  tempering.  

p r e c i p i t a t i o n  a p p a r e n t l y  have n e g l i g i b l e  e f f e c t  on DBTT b u t  do lower 

t h e  USE f o r  a l l  i r r a d i a t i o n  c o n d i t i o n s .  

The consequences of t h i s  

No s t r a i g h t f o r n a r d  approaches f o r  f r a c t u r e  toughness improvement 

appear  promising f o r  Hodi f i ed  9Cr-1Mo. T h i s  i s  i n  l a r g e  p a r t  because  

Modified 9Cr-1Mo h a s  been opt imized f o r  f r a c t u r e  toughness .  S i g n i f i c a n t  

d e g r a d a t i o n  i s  on ly  observed as a r e s u l t  of i r r a d i a t i o n  a t  390OC and t h e  

cause ,  i r r a d i a t i o n  induced d i s l o c a t i o n s  and v o i d s ,  would on ly  b e  e l i m i -  

n a t e d  i f  a means f o r  p r e v e n t i n g  p o i n t  d e f e c t  c l u s t e r i n g  can b e  found. 

Opt ions  such as thermomechanical h e a t  t r ea tment  e x i s t ,  b u t  because  s i g-  

n i f i c a n t  improvement is n o t  r e q u i r e d  a t  t h i s  t i m e ,  no o p t i m i z a t i o n  pro- 

gram is recommended. 

7 . 2 . 4 . 5 . 3  E f f e c t s  of Crack Propaga t ion  ._ Rate on F r a c t u r e  Topology. 

S e v e r a l  examples have been found where f r a c t u r e  mode changed s e v e r a l  times 

as t h e  c r a c k  p r o p a g a t e d  t h r o u g h  the specimen l i g a m e n t .  F u r  e x a m p l e ,  i n  

specimen TT31, u n i r r a d i a t e d  HT-9 t e s t e d  a t  O O C ,  c r a c k  p ropaga t ion  w a s  

f i r s t  by d u c t i l e  f r a c t u r e ,  then  by b r i t t l e  f a i l u r e ,  then  d u c t i l e ,  then  

b r i t t l e  and f i n a l l y  d u c t i l e .  Such v a r i a t i o n s  i n  c r a c k  p ropaga t ion  were 

n o t  expected.  It  i s  w e l l  known t h a t  unprecracked Charpy specimens when 

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

t h e  o n s e t  of  b r i t t l e  f a i l u r e .  However, t h i s  i s  thought  t o  be a consequence 

of t h e  f a c t  t h a t  a sharp  c r a c k  does  n o t  e x i s t  p r i o r  t u  t e s t i n g  whereas 

i n  p rec racked  specimens a v e r y  s h a r p  c r a c k  i s  a l r e a d y  p r e s e n t .  There fo re ,  

t h e  o n s e t  of d u c t i l e  f a i l u r e  p r i o r  t o  b r i t t l e  f r a c t u r e  must be  a con- 

sequence of something o t h e r  than  t h e  s t a t e  of stress a t  t h e  c r a c k  t i p  

and t h e  test t empera tu re .  
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The most l i k e l y  e x p l a n a t i o n  f o r  m u l t i p l e  s h i f t s  i n  f r a c t u r e  mode i s  

a s t r a i n  r a t e  e f f e c t .  Materials such a s  f e r r i t i c  a l l o y s ,  which show 

s t r o n g  the rmal ly  a c t i v a t e d  deformat ion behav io r ,  a r e  ve ry  s t r a i n  r a t e  

s e n s i t i v e :  t h e  h i g h e r  t h e  s t r a i n  r a t e ,  t h e  h i g h e r  t h e  y i e l d  stress. 

There fore  t h e  behav ior  observed i n  specimen TT31 can be  exp la ined  as 

fo l lows .  When t h e  t u p  s t r i k e s  the specimen, a l o a d  i s  a p p l i e d  t o  t h e  

specimen c r a c k  t i p .  Because t h e  c r a c k  t i p  is a t  res t ,  t h e  l o a d i n g  ra te  

i s  r e l a t i v e l y  slow and p l a s t i c  deformat ion can occur .  However, as t h e  

c r a c k  t i p  beg ins  t o  move, the e f f e c t i v e  l o a d i n g  rate a t  t h e  c r a c k  t i p  

i n c r e a s e s .  When t h e  c r a c k  t i p  i s  moving s u f f i c i e n t l y  f a s t ,  b r i t t l e  f a i l u r e  

occurs  and t h e  f a i l u r e  mode t h e r e f o r e  changes. However, f r a c t u r e  i n  HT-9 i s  

a f f e c t e d  by d e l t a  f e r r i t e  s t r i n g e r s .  T h e  s t r i n g e r s  a l l o w  c a v i t i e s  t o  

form ahead of t h e  p ropaga t ing  c r a c k  t i p  and 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  i n v o l v e s  p l a s t i c  deformat ion.  As t h e  c r a c k  p ropaga tes ,  t h e  

stress s t a t e  a t  the  c rack  t i p  changes e v e n t u a l l y  becoming f u l l y  plane 

stress and t h i s  change i n  stress s t a t e  r educes  t h e  tendency f o r  b r i t t l e  

f a i l u r e .  When p l a s t i c  deformat ion a t  a d e l t a  f e r r i t e  s t r i n g e r  ahead of 

t h e  p ropaga t ing  c r a c k  becomes s u f f i c i e n t l y  l a r g e ,  i t  i s  a n t i c i p a t e d  t h a t  

t h e  c r a c k  p ropaga t ion  ra te  w i l l  be s u f f i c i e n t l y  reduced t o  change t h e  

f r a c t u r e  mode t o  d u c t i l e  f a i l u r e .  However, i f  t h e  p ropaga t ion  rate  can 

e v e n t u a l l y  i n c r e a s e  a g a i n  t o  t h e  p o i n t  where b r i t t l e  f a i l u r e  w i l l  o c c u r ,  

a n o t h e r  two s h i f t s  i n  f r a c t u r e  mode w i l l  t a k e  p l a c e .  Thus, s e v e r a l  s h i f t s  

i n  f r a c t u r e  mode can be env i s ioned  a s  a r e s u l t  of v a r i a t i o n  i n  c r a c k  

p ropaga t ion  rate .  

S h i f t s  i n  c r a c k  p ropaga t ion  r a t e  can b e  obse rvab le  i n  dynamic Charpy 

tes t  r e c o r d s .  Ear l ier  dynamic tes t  r e c o r d s  d i d  n o t  have s u f f i c i e n t  r e s o l-  

u t i o n  t o  record  such e v e n t s  b u t  r e c e n t  a c q u i s i t i o n  of a h igh  speed d i g i t a l  

o s c i l l o s c o p e  has improved r e s o l u t i o n  so t h a t  changes i n  p ropaga t ion  

r a t e  may be observed.  T h i s  i s  demonstra ted i n  F i g .  7 . 2 . 2 3  which shows 

t h e  r e c o r d i n g  t r a c e s  f o r  specimens of u n i r r a d i a t e d  9Cr-1Mo. A l a r g e  

drop i n  t h e  measured load  can be i d e n t i f i e d  a t  2 .8  Tilsec i n  t h e  t r a c e  f o r  

specimen AF41. An i n f l e c t i o n  in t h e  absorbed energy can a l s o  be  seen .  

However, s i m i l a r  e f f e c t s  cannot be  i d e n t i f i e d  i n  r e c o r d i n g  t r a c e s  of 

specimens AF38 and AF46. Specimen AF41 provided t h e  unusual  example 

(shown i n  F ig .  7 . 2 . 1 7 )  where b r i t t l e  f a i l u r e  was delayed u n t i l  a f t e r  t h e  
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7 . 3  THE WELDABILITY OF HT-9: PREHEAT AND POSITION EFFECTS - 
T. A. Lechtenberg (General Atomic Company) 

To be reported in the next semiannual report. 
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7.4 FRACTURE TOUGHNESS OF UNIRRADIATED HT-9 AND MODIFIED 9Cr-1Mo WELDS 
- F. H. Huang (Westinghouse Hanford Company) 

7.4.1 ADIP Task - ADIP Fusion 

7.4.2 Objective 

The objective of this work is to evaluate the fracture toughness of 

HT-9 and modified 9Cr-1Mo welds. The preirradiation data were obtained 

for future comparison with properties of irradiated weld specimens. 

7.4.3 Summary 

The fracture toughness of HT-9 weld metal, HT-9 HAZ and modified 
9Cr-1Mo weld metal was measured using electropotential techniques. 

Circular (2.54 mm thick) compact tension specimens were fabricated from 

welded materials with the notch orientation parallel to the fusion line. 

Tests were performed at 93, 205, 427 and 538°C. The test results were 

analyzed using the J-integral approach. 

toughness of HT-9 and modified 9Cr-1Mo was not significantly reduced due 

to welding. 

It was found that the fracture 

7.4.4 Progress and Status 

7.4.4.1 Introduction 

The fracture behavior of unirradiated HT-9 and 9Cr-1Mo base metals 
was studied and the results reported.’” 

alloys such as HT-9 and 9Cr-1Mo as fusion first wall materials, the 
fracture and weld properties of these materials are of particular concern. 

The main difference between the base metals and the welds o r  heat-affected- 

zone (HAZ) regarding fracture properties is that the welds usually contain 

defects such as small cracks or shrinkage porosity. These stress raisers 

of small radii are not easily detected by the NDT test methods. They may 

constitute a potential problem to the strength of these materials, there- 

fore, such a possibility must be investigated. 

In developing the ferritic 
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The f r a c t u r e  toughness  of HT-9 welds and HAZ, and modif ied 9Cr-1Mo 

welds  were e v a l u a t e d  u s i n g  a s i n g l e  specimen J - i n t e g r a l  method.' 

e l e c t r o p o t e n t i a l  t echn ique  w a s  used t o  monitor con t inuous  c r a c k  e x t e n s i o n  

d u r i n g  t h e  test. The purpose  of the  p r e s e n t  work w a s  t o  e s t a b l i s h  e l e c t r o -  

p o t e n t i a l  c a l i b r a t i o n  c u r v e s  and t o  p rov ide  p r e i r r a d i a t i o n  d a t a  f o r  

u n i r r a d i a t e d  f e r r i t i c  a l l o y  welds  and HAZ materials. 

The 

7.4.4.2 Exper imental  Procedure  

The specimens t e s t e d  i n  t h i s  work were p a r t  of t h e  AI-2 experiment 

which w a s  des igned t o  p rov ide  d a t a  concerning t h e  r a d i a t i o n  e f f e c t s  on 

t h e  mechanical  p r o p e r t i e s  of f e r r i t i c  a l l o y s .  De ta i l s  of specimen f a b r i -  

c a t i o n  were r e p o r t e d  i n  Reference 3. The o r i e n t a t i o n  of t h e  specimen 

w i t h  r e s p e c t  t o  t h e  welded p l a t e  s t o c k  i s  shown i n  Fig .  7 .4 .1 .  The no tch  

o r i e n t a t i o n  of t h e  weld specimen i s  p a r a l l e l  t o  t h e  f u s i o n  l i n e  of t h e  

HT-9 welded mater ia l .  HA2 specimens w e r e  machined so t h a t  t h e  crack 

would p ropaga te  i n  t h e  c e n t e r  of HA2 mater ia l  a l o n g  t h e  f u s i o n  l i n e .  

F i g .  7 .4 .2(a)  shows t h e  c o n f i g u r a t i o n  of t h e  2.54 mm t h i c k  c i r c u l a r  compact 

t e n s i o n  specimen. Four copper e l e c t r o d e s  ( 2  mm d iamete r )  were r e s i s t a n c e  

welded a t  t h e  l e a d  p o s i t i o n s  f o r  power supply  and p o t e n t i a l  ou tpu t  shown 

i n  F ig .  7 . 4 . 2 ( b ) ,  by a n  i n - c e l l  l e a d  a t tachment  a p p a r a t u s .  

. 

A l l  specimens were f a t i g u e  precracked w i t h  a h y d r a u l i c  t e s t i n g  

system t o  a c r a c k  l e n g t h  of 1 .3  mm a t  a s t ress  i n t e n s i t y  f a c t o r  of 

28 ME'aG f o r  HT-9 weld and HAZ specimens and 30 MPa fi f o r  9Cr-1Mo weld 

specimens. During t h e  test a c o n s t a n t  DC c u r r e n t  of 12 amp w a s  a p p l i e d  

t o  the specimen, and t h e  p o t e n t i a l  o u t p u t  and t h e  load- time were moni tored.  

A c a l i b r a t i o n  curve  r e l a t e s  p o t e n t i a l  o u t p u t  t o  c r a c k  e x t e n s i o n  a s  revea led  

by h e a t  t i n t i n g  ( i n d i c a t e d  by the  arrow i n  the inset  of F i g .  7 . 4 . 3 ) .  

F r a c t u r e  toughness  tes ts  were conducted a t  93,  205, 427 and 538°C. 

7 . 4 . 4 . 3  R e s u l t s  and D i s c u s s i o n s  

The l o a d  and e l e c t r o p o t e n t i a l  o u t p u t  v e r s u s  l o a d- l i n e  displacement  

curves  of HT-9 weld material a r e  p l o t t e d  i n  F i g .  7.4.3.  

were c a l c u l a t e d  from l o a d  v e r s u s  displacement  c u r v e s .  The c r a c k  e x t e n s i o n s  

were ob ta ined  from e l e c t r o p o t e n t i a l  v i a  t h e  e l e c t r o p o t e n t i a l  c a l i b r a t i o n  

curves  shown i n  F ig .  7 . 4 . 4 .  J v e r s u s  Aa curves  f o r  HT-9 welds  t e s t e d  a t  

The v a l u e s  of J 
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Fig .  7 . 4 . 1 .  (a)  O r i e n t a t i o n  of F r a c t u r e  Toughness Specimen w i t h  
Respect t o  Weld M a t e r i a l .  

(b)  Transverse  S e c t i o n  of HT-9 Weld Meta l .  

HLDL 8007-091.21 

Fig .  7 . 4 . 2 .  (a) C i r c u l a r  Compact Tension Specimen Dimensions. 
( b )  Schematic Drawing of E l e c t r o p o t e n t i a l  Technique. 
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205°C are shown in Fig. 7.4.5. 

multi-specimen and single specimen methods. The results of 205°C tests 

obtained from both methods were in good agreement. It demonstrated that 

the single specimen method using the electropotential technique can be 

used to measure the fracture toughness of ferritic welds. 

The values of J were determined from both 

The test results of unirradiated HT-9 weld, HA2 and 9Cr-1Mo weld 

samples at elevated temperatures are listed in Table 7.4.1. 

ture dependence of J 
Figs. 7.4.6 and 7.4.7, respectively. The values of J obtained from HT-9 
and 9Cr-1Mo base metals are also plotted in these figures for comparison. 

Also listed in Table 7.4.1 are the values of tearing modulus (T). In Fig. 
7.4.8 the temperature dependence of the tearing moduli f o r  the various mater- 

ials shown. Surprisingly, it was found that HT-9 weld metal and HA2 material 
exhibited a higher toughness than the base metal at 205°C. Overall, the 

toughness of HT-9 and 9Cr-1Mo was not significantly reduced due to welding, 

although the tearing modulus was reduced at temperatures below 400°C. 

The tempera- 

for the welds of HT-9 and 9Cr-1Mo are shown in 
IC 

IC 

The fracture surfaces of specimens tested in this work were examined 

by scanning electron microscopy and the results were reported in Reference 

4. The fracture surfaces of both weld metals appear to contain two struc- 

ture morphologies whereas the HAZ is more uniform. Higher magnification 

fractographs reveal that crack propagation occurs by nucleation and 

coalescence of cavities ahead of the crack tip. It appears that carbide 

precipitates provide cavity nucleation sites. 

7.4.5 Conclusions 

The fracture toughness of weld specimens of HT-9 and modified 9Cr-1Mo 
decreases with increasing temperature. The values of J for welds are 

close to those of the base metal, except for alloy HT-9 at 205°C. The 

results demonstrate that the toughness of HT-9 and 9Cr-1Mo is not signifi- 
cantly reduced due to welding. However, the tearing modulus of welds is 

lower than that of base metals indicating that the alloys become less 
resistant to crack propagation as a result of welding. 

IC 
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Tab le  7.4.1. F r a c t u r e  Toughness T e s t  R e s u l t s  
of U n i r r a d i a t e d  HT-9 and 9Cr-1Mo Welds 

T e s t  J I C  Tea r ing  
Material Temp. ("C) ( in - lb / in2  K J / m 2 )  Modulus 

HT-9 Weld 93 

205 

427 

5 38 

HT-9 HAZ 

9Cr-1Mo Weld 

93 

205 

427 

538 

565.0 98.9 86 .2  

520.6 91.1 93.9 

378.0 66.2 92.1 

353.0 61.8 192.9 

506.1 88.6 104.7 

510.0 89.3 98.2 

370.8 64.9 105.6 

329.3 57.6 202.0 

93 495.0 86.6 133.0 

205 445 .o 77 .9  106.7 

427 466.1 81.6 145.4 

5 38 378.0 66.2 188.7 
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7.5 TRE TOUGHNESS OF SIMULATEU HEAT 4FFECrEU ZONE MICROSTRUCTURE I N  
HT-9 ( E S R  Y E L P  PKACTLCE) - J. C .  L i p p o l d  (Sandta Nattonal 
L a h o r a t o r i e s ,  L i v e m o r e ,  CA) 

To be repor ted  i n  t h e  next  semiannual r e p o r t .  
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7.6 THE EFFECT OF MELT PRACTICE (ESR VS. AOD) ON THE TOUGHNESS OF 

HT-9 LASER WELDS - J. C. Lippold (Sandia  Na t iona l  L a b o r a t o r i e s ,  

Livermore, CA) 

7.6.1 ADIP Task 

The Department of Energy (DOE)/Office of Fusion Energy has c i t e d  

t h e  need f o r  t h e s e  d a t a  under t h e  ADIP program t a s k  F e r r i t i c  S t e e l s  

Development ( P a t h  E ) .  

7.6.2 O b j e c t i v e  

The me l t i ng  process  used when producing s tee l  can have a 

s i g n i f i c a n t  e f f e c t  on t h e  chemis t ry  and subsequent  p r o p e r t i e s  of t h e  

wrought product .  I n  o r d e r  t o  assess t h e  e f f e c t  of m e l t  p r a c t i c e  on t h e  

p r o p e r t i e s  of HT9 a p o r t i o n  of the  o r i g i n a l  AOD (argon-oxygen 

d e c a r b u r i z a t i o n )  Na t i ona l  F u s i o n  Heat has  been e l e c t r o s l a g  r e w l t e d  

( E S R ) .  The ESR p r o c e s s  r e s u l t s  i n  both m i c r o s t r u c t u r a l  ref inement  and 

r educ t i on  i n  o v e r a l l  i n c l u s i o n  c o n t e n t  r e l a t i v e  t o  t h e  A O D- m e l t e d  

ma te r i a l .  The combinat ion o f  t h e s e  two f a c t o r s  g e n e r a l . 1 ~  re su l . t s  i.n 

improved mechanical  p r o p e r t i e s  i n  t h e  wrought base  ma te r i a l .  

Unfo r tuna t e ly ,  t h i s  improvement i n  p r o p e r t i e s  does not n e c e s s a r i l y  

c a r r y  over  when t h e   material^ is welded. Rased upon thi.s o b s e r v a t i o n ,  a 

s t u d y  was conducted t o  c o n t r a s t  the tonghness of wel~ded AOD- and 

ESR-processed m a t e r i a l  and t o  compare t h e  toughness of t h e  weld r e g i o n  

t o  that of t h e  wrolight base mate r i a l .  

7 .6 .3  Summary ~ _ _ _ ~  
T h e  toughness behavior  of Laser w e l d e d  AOD- and ESR-procossed 

mater ia l  from the  Na t i ona l  F u s i o n  Rent was e v a l ~ ~ u a t e d .  Tn g e n e r a l ,  t h e  

f u s i o n  zone toughness was e q u i v a l e n t ,  i f  not  s u p e r i o r ,  t o  t h a t  of the  

base m e t a l .  The m i c r o s t r u c t ! i r a l  ref i.nement whtch rcslults f r o m  we1.d 

s o l i d i . f t c a t . i o n  is  probably r e spons ib l e  f o r  t h e  i.mprovemenl- i n  

p r o p e r t i e s .  The chemical inhomoxeneity d: le  t o  p a r r i t i o i i q  d u r i n g  

s o l i d i f i c a t i o n  a p p e a r s  t o  e x e r t  on l ;~  a v i a l 1  ef Fect  on t h e  p r o p e r t i ~ e s .  

The f r a c t u r e  mode i s  a n a l o g o u s  t o  t h a t  o f  t h e  base m a t e r t a l ;  lower 

s h e l f  f a i l u r e  e x h i ~ h i t s  a sl.eavage mode w h j ~ l ~ e  upper she1 f fai . l i i re  ncctlrs 

by ductj . l~:? r u p t u r e .  



232 

7.6.4 P rog re s s  and S t a t u s  

During welding of HT9 t h e  f u s i o n  zone and p o r t i o n s  of t h e  

h e a t- a f f e c t e d  zone (HAZ) t r ans form t o  untempered m a r t e n s i t e  upon 

c o o l i n g  t o  room temperature  from the  welding temperature  range.  

Seg rega t i on  of a l l o y i n g  elements  dur ing  s o l i d i f i c a t i o n  of t h e  f u s i o n  

zone r e s u l t s  i n  a non- equilibrium d i s t r i b u t i o n  of f e r r i t e  a long  t h e  

s o l i d i f i c a t i o n  subg ra in  boundaries .  Prev ious  r e p o r t s  have shown t h a t  

t h e  ma jo r i t y  of t h i s  f e r r i t e  remains i n  the  s t r u c t u r e  a f t e r  t h e  

postweld hea t  t r ea tment .  ' 9  

on t h e  mechanical p r o p e r t i e s ,  toughness,  and i r r a d i a t i o n  performance is 

u n c l e a r .  I n  a d d i t i o n ,  t h e  s eg rega t i on  of impur i ty  e lements  d u r i n g  weld 

s o l i d i f i c a t i o n  may s i g n i f i c a n t l y  a f f e c t  the  p r o p e r t i e s  of t h e  f u s i o n  

zone. 

The e f f e c t  of t h e  i n t e r d e n d r i t i c  f e r r i t e  

The impur i ty  l e v e l  of a heat  of material is d i r e c t l y  r e l a t e d  t o  

t h e  p u r i t y  of the  s t a r t i n g  mater ia l  but can be s i g n i f i c a n t l y  a l t e r e d  by 

t h e  mel t ing  p r a c t i c e  which is used. The AOD p rocess  t ends  t o  reduce 

s u l f u r  c o n t e n t s  and c o n t r o l  t h e  carbon l e v e l  but has  l i t t l e  e f f e c t  on 

reduc ing  o t h e r  impur i ty  e lements .  The ESR process  is e f f e c t i v e  i n  

uniformly reducing most of the  common impur i ty  e lements  ( S ,  P ,  0 ,  Sn,  

Sb) and, r e s u l t s  i n  o v e r a l l  r e f inement  of t h e  mic ro s t ruc tu r e .  The 

v a r i a t i o n  i n  composi t ion between t h e  AOD- and ESR-melted h e a t s  of HT9 

may have an important  i n f l u e n c e  on both the  w e l d a b i l i t y  and subsequent  

p r o p e r t i e s  of t h e  f u s i o n  zone. Th is  i n v e s t i g a t i o n  add re s se s  t h e  

i n f l u e n c e  of melt p r a c t i c e  on t h e  toughness of HT9 laser  welds.  

7.6.4.1 Experimental  Approach 

The chemical  composi t ion of both the  AOD- and ESR-melted N a t i o n a l  
3 Fusion Heat,  as r e p o r t e d  i n  a p rev ious  semiannual r e p o r t ' ,  is l i s t e d  i n  

T a b l e  1. The same r e p o r t  a l s o  d e t a i l s  the  mel t ing  and breakdown 

h i s t o r y  oE t h e  ESR mater ia l .  P l a t e s  15 unn t h i c k  (0.625 i n )  from each 

hea t  were a u s t e n i t t z e d  f o r  0 . 5  h r  a t  1040"C, a i r  cooled and then 

tempered a t  760°C f o r  1 hr .  The decarbur ized  l a y e r  was machined o f f  

r e s u l t i n g  i n  a f i n a l  p l a t e  t h i c k n e s s  of 11 .5  mm (0 .450  in) .  
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Autogenous l a se r  welding w a s  performed us ing  a Sy lvan ia  

continuous-wave C 0 2  l a se r .  P a r t € a l  p e n e t r a t i o n  w e l d s  were made on one 

s i d e  of the  p l a t e ,  then t h e  p l a t e s  were turned over and rewelded t o  

e f f e c t  a fu1.l p e n e t r a t i o n  we1.d. A l l  w e l d s  were made a t  a power l e v e l  

oE 5.8 kW and a t r a v e l  speed of 6.35 mn/sec (15 ipm) wi th  the  l a se r  

heam focussed on the  p l a t e  s u r f a c e .  Following welding, t h e  p l a t e s  were 

s u b j e c t e d  t o  a postweld hea t  t reatment  (PhWT) a t  760°C f o r  1 hour.  

Charpy V-notch samples 1Ox1Ox5n inn were machined from t h e  p l a t e s  w i th  

t h e  notch l o c a t e d  i n  t h e  fus ion  zone and o r i e n t e d  such t h a t  c rack  

propagat ion would occur  l o n g i t u d i n a l  t o  the  weldLng d i r e c t i o n .  

Charpy t e s t s  were performed i n  t h e  temperature  range from -60 t o  

100°C. Mul t i p l e  samples were t e s t e d  a t  room temperature  as a measure 

of r e p r n d u c i h i l i t y ,  o therwise  s i n g l e  samples were t e s t e d  a t  a given 

temperature .  M i c r o s t r u c t u r a l  a n a l y s i s  of the  f u s i o n  zone was performed 

fo l lowing  e t c h i ~ n g  wi th  V i l ~ e l l a ' s  reagen t .  Finally, t h e  scanning  

e l e c t r o n  microscope (SEPI) equipped with  an energy d i s p e r s i v e  

spec t rometer  (EDS) w a s  used t o  determine t h e  f r a c t u r e  mode and t o  

i d e n t i f y  p a r t i c l e s  a s s o c i a t e d  with the f r a c t u r e .  

7 . 6 . 4 . 2  Weld Mic ros t rnc tu r e  

F u l l  p e n e t r a t i o n  h s e r  w e l d s  i n  the  11 .5  nun p l a t e s  were made hy 

overlappi.ng wo1.d~ from o p p o s i t e  s ides  of the  p l a t e .  P o r o s i t y  was 

observed i n  t h e  roo t  a r e a  of t h e  wel~d and r e s u l t e d  i n  a l i n e a r  s t r i n g  

of p o r o s i t y  a long  the c e n t e r l i n e  a t  the mid- thickness of t h e  f i n i s h e d  

w e l d .  A schematic  i l l u s t r a t i o n  of the  l o c a t i o n  of t h i s  p o r o s i t y  

relat ivr?  t o  the  Charpy V-notch o r i e n t a t i o n  is shown i n  F i g u r e  1. 

The m i c r o s t r u c t u r e  of t h e  laser  w e l d  p r i o r  t o  t h e  PWHT is shown i n  

F igure  2 .  The f e r r i t e  p r e s e n t  i n  the  m i c r o s t r u c t u r e  a l o n g  t h e  

s o l i d i ~ f i c a t i o n  subg ra in  boundaries  r e s u l ~ t s  from the  p a r t i t i o n i n g  of 

f e r r i t e  s t a h i l € z i n g  elements  (Cr,  Mo, V )  du r i~ng  s o l i d i f i c a t i o n  of t h e  

f u s i o n  zone. The remainder of the  fus ion  zone t rans forms  t o  ma r t ens i t e  

iupon c o o l i ~ n g  helow t h e  Ms temperature  ( - 2 4 0 ° C ) .  I n  a p rev ious  

repor t ' ,  i t  was shown t h a t  most of t h i s  f e r r i t e  remains i n  the  

mic ro s t ruc tu r e  a f t e r  t h e  P W T .  The microstr! ict .ure of the  AOD- and 

E S R- m e l t e d  l a se r  w e l d s  fo l lowing  PWHT i 4  shown i h  F igure  3 .  

1 



235 

F i g u r e  1. Schematic I l l u s t r a t i o n  of t h e  L o c a t i o n  of t h e  Charpy 
V-notch Samples Relat ive t o  t h e  Two-Pass Laser Weld. Note t h e  Root 
P o r o s i t y  Assoc ia ted  w i t h  t h e  F i n a l  Pass .  

I 20pm I As -Welded 

Figure  2. Laser  Weld M i c r o s t r u c t u r e ,  As-Welded. Arrows I n d i c a t e  
F e r r i t e  Along S o l i d i f i c a t i o n  Subboundaries.  
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Figure 3. Laser Weld Microstructure, After PWHT ( 76OoC/1  hr.). 
Arrows Indicate Ferrite. 
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Upper 
Shelf (ft-lb) 

7.6.4.3 Charpy V-notch Results 

The Charpy V-notch toughness results for both the AOD- and 

ESR-processed laser welds are summarized in Figure 4. Note that the 

upper and lower shelf energies for both materials are nearly 

equivalent; however, the ductile-to-brittle transition temperature 

(DBTT) of the ESR material is nearly 20°C higher than the AOD 

specimens. The upper and lower shelf energies and DBTT of the laser 

welded material and the reference base material are listed in Table 2. 

Lower 
Shelf (ft-lb) 

Table 2 

Charpy V-notch Results 

ESR Laser Weld 
AOD Laser Weld 

AOD Base Plate** 
ESR Base Plate* 

75 
72 

45 
a5 

15 
12 
20 
10 

DBTT ("C) 

0 
-17 
20 

-18 

*tempered 2.5 hr at 760OC (Ref. 3 )  
**tempered 1 hr. at 760°C, transverse orientation (Ref. 4) 

Although both the ESR base and weld metal exhibit a higher upper 

shelf energy than the AOD heat the DBTT is shifted to higher 

temperatures. The increase in upper shelf energy of the AOD weld metal 

relative to the base metal probably results from the microstructural 
refinement which occurs during the melting and resolidification of the 

fusion zone. 

7.6.4.4 Fractography 

Fracture surface analysis was performed on Charpy samples from 
both the AOD and ESR laser welded plates. 

analyzed which represented upper shelf, lower shelf, and transition 

region behavior. The fracture morphology of samples exhibiting lower 

shelf behavior is shown in Figure 5 .  Note that at low magnification 

(Fig. 5a) the fracture surface exhibits an orientation representative 

Representative samples were 
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F i g u r e  4 .  Charpy V-notch R e s u l t s  of Lase r  Welded HT9, 
a )  AOD, b)  ESR. 
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of the primary dendritic growth direction in the weld. At higher 

magnification (Fig. 5b, 5c) the fracture reflects the classic cleavage 

morphology typical of low energy fracture in martensitic materials. 
The upper shelf fracture morphology (dimpled rupture) is shown in 

Figure 6 for both an AOD and ESR sample tested at room temperature. 
Again, note the directional nature of the fracture (Fig. 6a) resulting 

from the interaction of the crack path with the dendritic structure. 

Regions of the fracture surface near the mid-thickness of the 

Charpy sample often exhibited porosity. A low magnification 

fractograph of an AOD processed sample tested at room temperature is 

shown in Figure 7 .  The location of the porosity corresponds to the 

KOOt of the final laser weld which was made to achieve full penetration 

(Fig. 1). It is.unclear how seriously the presence of this porosity 

affects the toughness behavior presented in Figure 4 and Table 2. 

7.6.4.5 Discussion 

Melting and solidification in the fusion zone during welding 
results in rapid reapportionment of alloying and impurity elements 

which may alter the properties of the weld relative to the base metal. 

The Charpy results of laser welded €IT9 in both the ESR- and 

AOD-processed form indicate that, in general, the toughness of the weld 
fusion zone is at least equivalent to that of the base material. 

Reference to Table 2 reveals that although the upper and lower shelf 

values of the ESR weld and base material are nearly equivalent the DBTT 

of the weld is lower. In the case of the AOD material, the toughness 
characteristics of the weld were superior to the base material. 

The improvement in properties can be related, at least in part, to 
the microstructural refinement which occurs during weld 

solidification. It does not appear that the chemical inhomogeneity 
resulting from elemental partitioning has any effect on the toughness 
characteristics; although the fracture morphology appears to reflect 

the weld growth direction (Figs. 5a and 6a). 

The fracture mode of the laser-welded samples was similar to the 

failure observed in the base metal; fracture on the lower shelf 
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F i g u r e  7.  F rac tograph  Reveal ing P o r o s i t y  on t h e  F r a c t u r e  S u r f a c e  
Corresponding t o  Root of F i n a l  Weld Pass (see F ig .  1). 



243 

e x h i b i t e d  a c leavage mode whi le  upper s h e l f  behavior  was t y p i c a l l y  

d u c t i l e  r u p t u r e .  F a i l u r e  i n  the  t r a n s i t i o n  region was a mixture  of 

t h e s e  modes. 

7.6.5 Conclusions 

1. 

2 .  

3. 

4. 

The toughness of the f u s i o n  zone fo l lowing  PWHT was a t  least 

e q u i v a l e n t  t o  t h a t  of both the  AOD- and ESR-processed Na t iona l  

Fusion Heat base material. 

The laser-welded AOD hea t  e x h i b i t e d  a lower d u c t i l e - t o- b r i t t l e  

t r a n s i t i o n  temperature  (DBTT) than the  ESR h e a t .  The upper 

and lower s h e l f  toughness values were e q u i v a l e n t .  

The lower s h e l f  f r a c t u r e  mode was c leavage  whi le  upper s h e l f  

behavior  was p r i m a r i l y  d u c t i l e  rup tu re .  

Both the  AOD and ESR laser welds e x h i b i t e d  roo t  p o r o s i t y .  I t  

i s  u n c l e a r  how s i g n i f i c a n t l y  t h e s e  d e f e c t s  a f f e c t e d  the  

toughness behavior .  
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7.7 THE EFFECT OF QUENCH RATE AND REFRIGERATION ON THE MECHANICAL 
PROPERTIES OF ESR PROCESSED HT-9 - W. M. Garrison, Jr. and 
J. M. Hyzak (Sandia National Laboratories, Livermore, CA) 

7.7.1 ADIP Task 

The Department of Energy (DOE) Office of Fusion Energy (OFE) 

has cited the need for these data under the ADIP Program Task, 

Ferritic Alloy Development (Path E). 

7.7.2 Objective 

The goal of this work was to determine the effect of cooling rate 

from the austenitizing temperature and subsequent refrigeration in 

liquid nitrogen on the retained austenite content and Charpy impact 

toughness of ESR processed HT-9. 

7.7.3 Summary 

HT-9 contains about 9 volume percent retained austenite when air 
cooled after austenitizing. To reduce the retained austenite content 

of HT-9 from that of the air cooled (AC) condition, two other 
treatments after austenitizing were employed: oil quenching (OQ) and 

oil quenching followed by refrigeration in liquid nitrogen (OQLN). The 

OQ structure contained 6% retained austenite and the OQLN structure had 

only 4% retained austenite.Preliminary Charpy impact data indicate some 

beneficial effect of these treatments. The Charpy impact values of 

specimens tempered at 750°C were 78, 80 and 97 ft-lbs for the AC, OQ 

and OQLN structures respectively. 

7.7.4 Progress and Status 

7.7.4.1 Introduction 

The 12% chromium martensitic/ferritic steel, HT-9, is being 

evaluated as a first wall blanket material in fusion devices. Tests at 

Sandia National Laboratories, Livermore, have shown that, when tempered 

at 750"C, this steel can be subsequently embrittled by internal 
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hydrogen introduced by cathodic charging. This embrittlement is 

manifested by both reduced ductility and a fracture mode change in room 

temperature tensile tests. In the unembrittled condition HT-9 fails by 

micro-void coalescence, but when hydrogen charged the fracture is 

intergranular along prior austenite grain boundaries. These grain 

boundaries are highly enriched in phosphorous and over fifty percent of 

the prior austenite grain boundary area is covered with plate-like 

M Z 3 C 6  carbides (Figure 1). The role of these carbides in the fracture 

of HT-9 is not totally clear. However, the large surface area covered 

by these carbides and their plate like shape provide a microstructure 

which offers less than optimum toughness and ductility, especially when 

exposed to hydrogen. The purpose of this work was to reduce the volume 

fraction of carbides at prior austenite grain boundaries by minimizing 

the retained austenite content after quenching. This should result in 

improved toughness. 

When air cooled after austenitizing, HT-9 contains about 9% 
retained austenite which exists as films at prior austenite grain 

boundaries and between martensite laths. Because it has a much higher 

carbon content than the matrix,' the retained austenite provides a 

source of carbon for the precipitation of carbides at prior austenite 

grain boundaries. Therefore, by minimizing the amount of retained 

austenite one would hope to minimize the volume fraction of grain 

boundary carbides after tempering. To reduce the retained austenite 
content of HT-9 from that of the air cooled condition two other 
treatments after austenitizing were employed: oil quenching and oil 

quenching followed by refrigeration in liquid nitrogen. 

7 .7 .4 .2  Experimental Procedure 

The material used was from the portion of the National Fusion Heat 

of HT-9 which had been electroslag remelted ( E S R ) .  The material was 

obtained from General Atomic Co. in the form of 518" plate. 

Blanks for both Charpy impact specimens and retained austenite 

measurements were austenitized at 1040OC for 30 minutes. After 
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a u s t e n i t i z i n g  t h r e e  c o o l i n g  procedures  were used: a i r  coo l ing ;  

o i l  quenching; and o i l  quenching followed by r e f r i g e r a t i o n  i n  l i q u i d  

n i t r o g e n  f o r  f o u r  hours.  Specimen blanks  were then tempered i n  t h e  

range of 200°C t o  750°C. The AC and OQ specimens were tempered f o r  one 

hour ,  whi le  t h e  CQLN specimens rece ived  t h r e e  one hour tempers a t  a 

g iven temperature .  The OQLN specimens were r e f r i g e r a t e d  i n  l i q u i d  

n i t r o g e n  f o r  f o u r  hours  a f t e r  t h e  f i r s t  and second temper. A l l  

specimens were water quenched a f t e r  tempering.  

Charpy impact specimens were taken from t h e  HT-9 p l a t e  s t o c k  i n  

the  l o n g i t u d i n a l  o r i e n t a t i o n  wi th  the  notch d i r e c t e d  from the  edge of 

t h e  p l a t e  p e r p e n d i c u l a r  t o  t h e  r o l l i n g  d i r e c t i o n .  

The r e t a i n e d  a u s t e n i t e  con ten t  f o r  each h e a t  t r e a t m e n t  w a s  

determined from f l a t  t e n s i l e  specimens us ing  a magnetic s a t u r a t i o n  

dev ice .  The mechanical  s t a b i l i t y  of r e t a i n e d  a u s t e n i t e  w a s  a s s e s s e d  

by mounting t h e  magnetic s a t u r a t i o n  dev ice  on the crosshead of an 

I n s t r o n  machine and measuring the  amount of r e t a i n e d  a u s t e n i t e  i n  t h e  

same f l a t  t e n s i l e  specimens as a f u n c t i o n  of s t r a i n .  The t e n s i l e  

specimens used f o r  t h e s e  measurements were of the  l o n g i t u d i n a l  

o r i e n t a t i o n  and had a gage l e n g t h  of 1.125 i n ,  a gage width of 0.125 i n  

and a t h i c k n e s s  of 0.050 i n .  The t e n s i l e  tes ts  were conducted a t  room 

tempera tu re  a t  an i n i t i a l  s t r a i n  r a t e  of .018/minute. 

7.7.4.3 Exper imental  R e s u l t s  

The Charpy impact toughnesses of the  AC, OQ,  and OQLN s t r u c t u r e s  

are given as a f u n c t i o n  of tempering temperature  i n  Table 1. A t  l o w  

tempering t empera tu res ,  the AC s t r u c t u r e  e x h i b i t e d  s i g n i f i c a n t l y  

g r e a t e r  toughness than e i t h e r  the  OQ or  OQLN s t r u c t u r e s .  The AC 

s t r u c t u r e  tempered a t  200°C had an impact energy of 44.5 f t - l b s ,  whi le  

t h e  CQ and OQLN s t r u c t u r e s  had impact e n e r g i e s  of 9.7 and 8.1 f t- l b s  

r e s p e c t i v e l y .  Th i s  d i f f e r e n c e  i n  toughness c o r r e l a t e d  wi th  a 

d i f f e r e n c e  i n  f r a c t u r e  modes. The AC s t r u c t u r e  f a i l e d  by void 

coa lescence ,  whi le  both the OQ and OQLN s t r u c t u r e s  f a i l e d  by 

quasi -c leavage(Fig .  2 ) .  

The toughness of the  AC s t r u c t u r e  decreased as the  tempering 

temperature  was i n c r e a s e d  from 200°C and reached a minimum of 
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TABLE 1 

Tempering 
Temperature 

200 
300 
400 
500 
550 
600 
650 
700 
750 

*ft - lbs  

EFFECT OF TEMPERING TEMPERATURE 
ON (MARPY IMPACT TOUGHNESS* 

A i r  Cool 
(AC) 

44.5 
39.6 
24.2 
8.1 
10 
17.9 
22.6 
31.7 
78.6 

O i l  Quench 

28 
37.9 
80 

8.1 
13.7 
5.8 
4.3 
12.8 
21 
30 
56 
97 

Figure 1 .  A carbon repl ica of a prior austenite  grain boundary 
fracture of HT-9 tempered at 750OC and charged with hydrogen. 
carbides cover a substantial  fract ion of the grain boundary area. 

The 
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Figure 2a. A fractograph of the AC HT-9 tempered at 2OO0C. 

Figure 2b. A fractograph of the OQ HT-9 tempered at 200°C. 
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8.1 f t - l b s  when tempered a t  500°C (Table 1 ) .  

of t h e  AC s t r u c t u r e  inc reased  wi th  tempering temperature  and reached a 

maximum of 78.6 f t- l b s  when tempered a t  750°C. 

Above 500°C t h e  toughness 

The toughness of t h e  OQ and OQLN s t r u c t u r e s  remained low u n t i l  

tempered above 500°C. When tempered above 500"C, t h e  toughnesses  of 

t h e s e  s t r u c t u r e s  a l s o  inc reased  with tempering temperature .  The 

AC and CQ materials had comparable impact toughness a f t e r  tempering at  

750"C, which is t h e  s t andard  temper for  t h i s  a l l o y .  However, t h e  

toughness of the  OQLN s t r u c t u r e  was about  20 f t - l b s  h igher .  The 

inc reased  toughness of the  OQLN material can be a t t r i b u t e d  p a r t l y  t o  

i t s  lower hardness .  The Rockwell (C scale) ha rdnesses  of t h e  AC, OQ, 

and OQLN s t r u c t u r e s  tempered a t  750°C were 25.8, 25.6 and 23.2 

r e s p e c t i v e l y .  Th i s  corresponds  t o  a d i f f e r e n c e  i n  u l t i m a t e  t e n s i l e  

s t r e n g t h  of about 8 k s i  between the  AC and OQLN s t r u c t u r e s .  The 

inc reased  toughness of the  CQLN m a t e r i a l  may a l s o  be due t o  a lower 

volume f r a c t i o n  of g r a i n  boundary c a r b i d e s .  

The e f f e c t  of hea t  t rea tment  on t h e  r e t a i n e d  a u s t e n i t e  con ten t  of 

HT-9 is d e s c r i b e d  i n  Table  2. Af te r  tempering a t  200'C t h e  AC 

s t r u c t u r e  con ta ined  about 9.5% r e t a i n e d  a u s t e n i t e ,  whi le  t h e  OQ and 

OQLN s t r u c t u r e s  con ta ined  about 6% and 4% r e t a i n e d  a u s t e n i t e  

r e s p e c t i v e l y .  The e f f e c t  of tempering temperature  on t h e  decomposit ion 

of the  r e t a i n e d  a u s t e n i t e  was similar f o r  t h e  t h r e e  s t r u c t u r e s .  Some 

decomposit ion took p lace  on tempering a t  400°C and 500°C, but 

s u b s t a n t i a l  decomposit ion w a s  not observed u n t i l  t he  s t r u c t u r e s  w e r e  

tempered a t  550°C or  h i g h e r .  

Reta ined a u s t e n i t e  can be transformed t o  untempered m a r t e n s i t e  by 

deformat ion.  The mre mechanical ly  s t a b l e  t h e  r e t a i n e d  a u s t e n i t e ,  t h e  

g r e a t e r  the  s t r a i n s  requ i red  t o  induce i ts  t r a n s f o r m a t i o n  t o  untempered 

m a r t e n s t t e .  The e f f e c t  of tempering on the  mechanical s t a b i l i t y  as 

w e l l  as the  volume f r a c t i o n  of r e t a i n e d  a u s t e n i t e  was a s s e s s e d  f o r  t h e  

AC s t r u c t u r e .  These resu l t s  are given i n  Table  3. A f t e r  tempering a t  

200°C the mechanical s t a b i l i t y  of the r e t a t n e d  a u s t e n i t e  w a s  somewhat 
4 lower than normally observed f o r  low a l l o y  s teels  tempered a t  200OC. 

However, the r e t a i n e d  a u s t e n i t e  in t h i s  s t r u c t u r e  was very s t a b l e  a f t e r  
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TABLE 2 

VOLUME PERCENT RETAINED AUSTENITE 

T e m p e r i n g  
T e m p e r a t u r e  

("C)  

A i r  C o o l  
(AC ) 

Oil Quench 
( O Q )  

200 
400 
500 
550 
600  
650  
700  
7 50 

9 .5  
8.8 
7 .9  
4 .7  
0.7 
0 
0 
0 

6 
5.1 
4.6 
2.8 
0 
0 
0 
0 

4 
3.7 
3 
1 .2  
0 
0 
0 
0 

TABLE 3 

THE VOLUME PERCEW RETAINED AUSTENITE I N  THE AC MICROSTRUCTURE 
AS A FUNCTION OF TENSILE STRAIN 

T e m p e r i n g  
T e m p e r a t u r e  

("C)  
0% S t r a i n  0.2% S t r a i n  2% S t r a i n  

200 
400 
500 
550 
600  
650  
700 
750  

9.5 
8.8 
7 .9  
4 .7  
0.7 
0 
0 
0 

6 .5  
7.1 
6 . 3  
1 .4  
0 
0 
0 
0 

3.7 
6 .8  
4 . 4  

.3 
0 
0 
0 
0 
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tempering at 400°C; only 25% of the retained austenite transformed 

after 2% tensile strain. The mechanical stability of the retained 

austenite decreased as the tempering temperature was increased to 500°C 

and it was extremely low after tempering at 550OC. 

7.7.5 Conclusions 

Alternative heat treatments have been studied with the goal of 

minimizing the retained austenite content of as-quenched HT-9 and 
improving its impact toughness when tempered at 750°C. O i l  quenching 

from the austenitization temperature followed by refrigeration in 

liquid nitrogen and multiple tempering at 750°C have resulted in a 20 

ft-lb increase in Charpy impact toughness over the air cooled and 

tempered at 750°C microstructure. Research is continuing to determine 

the effect of this heat treatment on carbide precipitation at prior 

austenite grain boundaries. Work is also planned to assess the 

hydrogen compatibility of the OQLN microstructure. 
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7.8 PREPARATION OF ESR ALLOY HT-9 AND MODIFIED 9Cr-1Mo ALLOY FOR LBR 

IRRADIATION MPERIMENTS - J. R. Hawthorne (Naval Research 

Laboratory  ) 

7.8.1 ADIP Task 

The Department of Energy (DOE)/Office f o r  Fusion Energy (OFE) has 

s t a t e d  t h e  need t o  i n v e s t i g a t e  f e r r i t i c  a l l o y s  under t h e  ADIP program 

t a s k .  F e r r i t i c  S t e e l s  Development (Path  E ) .  

7.8.2 Objec t ives  

O b j e c t i v e s  of the p r e s e n t  r e s e a r c h  t a s k  were t o  p lan and o b t a i n  

r e q u i s i t e  specimens f o r  advanced i r r a d i a t i o n  tests of Alloy HT-9 

and Alloy 9Cr-1Mo (Mod.). 

7.0.3 Summary 

Alloy HT-9 and Alloy 9Cr-1Mo (Mod.) are being eva lua ted  f o r  poten- 

t i a l  a p p l i c a t i o n  as f i r s t  wall materials i n  magnetic f u s i o n  r e a c t o r s .  

O b j e c t i v e s  of t h e  c u r r e n t  s t u d i e s  are t h e  assessment of m a t e r i a l  

no tch  d u c t i l i t y  and f r a c t u r e  toughness i n  the  pre- and p o s t i r r a d i a t i o n  

c o n d i t i o n s  and t h e  c o r r e l a t i o n  of m i n i a t u r e  test specimens r e q u i r e d  f o r  

h i g h  f l u x  r e a c t o r  exper iments  wi th  s t andard  s i z e  specimens. 

Planning and p r e p a r a t i o n s  f o r  two i r r a d i a t i o n  experiments involv-  

i n g  Alloy HT-9 and Alloy 9Cr-1Mo (Mod.) have been completed. The ex- 

per iments  are des igned t o  a t t a i n  s p e c i f i c  r esea rch  o b j e c t i v e s  recom- 

mended by t h e  OFE Working Group on I r r a d i a t i o n  E f f e c t s  i n  M a r t e n s i t i c  

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

7.0.4 Progress  and S t a t u s  

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

The f e r r i t i c  s t a i n l e s s  s t ee l  composi t ions ,  HT-9 and 9Cr-1Mo 

(Mod.), a r e  being assessed  f o r  p o s s i b l e  f i r s t  wall  a p p l i c a t i o n s  in mag- 

n e t i c  fus ion  r e a c t o r s  by t h e  Magnetic F u s i o n  M a t e r i a l s  Program and €or 

d u c t  a p p l i c a t i o n s  i n  l i q u i d  metal f a s t  b reeder  r e a c t o r s  by the 
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Cladding/Duct Alloy Development Program of the Department of Energy. 

For these proposed uses, fracture resistance properties before and 

after elevated temperature are being investigated. Specimen types in- 

clude Charpy-V (C,) specimens for notch ductility determinations, 

fatigue precracked Charpy-V (PCC,) specimens for dynamic fracture 

toughness (KJ) determinations and compact tension (CT) specimens for 
static fracture toughness determinations. 

Recent NRL studies1 explored the radiation resistance of AOD- 

melted Alloy HT-9 (plate) as a function of service temperature (93OC 
and 288OC). The studies employed C, and PCC, specimens irradiated in 

controlled temperature assemblies in the water cooled reactor at the 

State University of New York at Buffalo (UBR). Miniature PCC, speci- 

mens (half standard size) and 2.54 nnn thick CT specimens (0.5T size 

except for thickness) were included in the irradiation assemblies also. 

The 93°C irradiation data showed the alloy to be unacceptable for 93OC 

high fluence service. The C, and Kjd transition temperatures were 

elevated to 93OC with only 7.3 x 1019 n/cm2, E >0.1 MeV. On the other 

hand, the C, transition temperature elevation produced by 288OC irradi- 

ation was only one third that produced by the 93OC irradiation. The 

resultant transition temperature remained below ambient. Accordingly, 

the OFE Working Group on Irradiation Effects in Martensitic Stainless 

Steels (WGIEMSS) has recommended the 288OC radiation resistance of ESR- 

melted HT-9 be evaluated at the same fluence as a follow-on effort. It 
recommended, in addition, that an ESR-melted 9Cr-1Mo (Mod.) plate be 

evaluated with 15OoC irradiation as a first step in determining the low 

temperature service limit of this alloy. 

7.8.4.2 Progress 
Plans have been completed for the follow-on experiments in the 

UBR. The one experiment to be irradiated at 150OC will contain C,, 

tensile and miniature C, specimens (standard notch) of the 25.4 nnn 
thick 9Cr-1Mo (Mod.) plate from the OFE/ESR reference melt (heat 

30176). A very limited number of C, specimens of an HT-9 plate w i l l  

also be included for correlating back to the earlier (HT-9) experiment 
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discussed above. The specimen inventory for the 15OoC experiment has 

been completed; experiment construction has commenced. 

The second experiment w i l l  contain G ,  PCC,, tensile and miniature 

C, specimens of a 15.9 mm thick HT-9 plate from the OFE/ESR reference 

melt (heat 9607R2). This experiment w i l l  be irradiated at 3OO0C rather 

than 288OC as first planned in the interest of matching the exposure 

temperature of a planned Om-HIFR experiment. The results jointly 

should provide insight into the fluence dependency and potential for 

radiation embrittlement saturation in this alloy. The specimen inven- 

tory for the UBR experiment is n o t  yet complete; experiment 

construction should commence in December. 

7.8.4.3 Future Plans 

It is planned that the irradiation phase of the experiments be 

completed in time to have the C, and PCC, test results available by 
mid-1983. 

7.8.4.4 References 

(1) J. R. Hawthorne, "Postirradiation Notch Ductility and 
Fracture Toughness Behavior of AOD Heat of Alloy HT-9," a 
Development for Irradiation Performance, Semiannual Progress 

Report for the Period Ending 31 Mar 1982, DOE/ER-0045/6, pp. 

336-341. 
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7.9 MINIATURE CHARPY IMPACT TEST RESULTS FOR IRRADIATED FERRITIC ALLOYS 
- W. L. Hu (Westinghouse Hanford Company) 

7.9.1 ADIP Task 

The Office of Fusion Energy/Department of Energy, has established 

the need to determine the fracture toughness of candidate fusion program 

ferritic alloys (Path E). 

7.9.2 Objective 

The objective of this work is to perform Charpy impact tests on the 

candidate ferritic alloys that have been irradiated in EBR-I1 as a part 

of the AD-2 experiment, and to evaluate the shift of ductile-to-brittle 

transition temperature (DBTT) and the reduction of upper shelf fracture 

energy due to neutron irradiation. 

7.9.3 Summary 

Impact tests of irradiated Charpy specimens made of ferritic alloys 

were conducted at temperatures from -68°C to 250°C. The specimens 

involve four different material stocks, namely, HT-9 base metal, HT-9 

weld metal, HT-9 heat-affected-zone (HAZ) and modified 9Cr-1Mo base 

metal. The specimens were irradiated in EBR-I1 to a peak exposure of 

approximately 1 3  dpa at temperatures of 390, 480, 500 and 850°C. Speci- 

mens made of unirradiated HT-9 base metal and modified 9Cr-1Mo base 

metal were also tested. 
For HT-9, unirradiated base metal specimens had a DBTT at 5°C and 

an upper shelf energy of 47 J/cm2. 

showed a significant increase in DBTT and a decrease in the upper shelf 

energy to approximately 30 J/cm2. 

850°C resulted in DBTT shifts of 124, 26, 32 and 86"C, respectively. 

For modified gCr-lMo, unirradiated base metal specimens had DBTT at 
-25°C and an upper shelf energy of 80 J/cm2. 

480, 500 and 55OoC no shift in DBTT was observed but the upper shelf 

energy was reduced to approximately 88 J/cm2. 

iation at 390°C the DBTT was shifted 58°C with the upper shelf energy 

reduced to 47 J/cm2. Therefore, irradiation results in a lowering of 

Following irradiation, all conditions 

Irradiation at 390, 450, 500 and 

Following irradiation at 

However, following irrad- 
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the upper shelf energy and in many cases a shift in DBTT. The shift 

in DBTT is greatest at lower irradiation temperatures. 

The weldment and HT-9 HAZ sanples exhibited the same or slightly 

lower DBTT and similar upper shelf energies as the base metal HT-9. 

Therefore, ferritic alloys when used in fusion first wall applications 

are not expected to suffer any degradation in performance due to the 

presence of welds. 

7.9.4 Progress and Status 

7.9.4.1 Introduction 

Ferritic alloys are susceptible to brittle failure under certain 

service conditions. It is well known that the temperature at which ferri- 

tic alloys undergo a transition in fracture mode from ductile to brittle 

shifts toward higher temperatures with increasing neutron exposure. 
Accordingly, the change in the DBTT with fluence as well as irradiation 

temperature is an important factor in the selection of alloys for fusion 
reactor applications. 

Miniature Charpy specimens were prepared for the study of the effect 

of irradiation on the transition of fracture mode. The specimens were 

irradiated in EBR-I1 to a peak exposure of approximately 13 dpa at temper- 

atures of 390, 450, 500 and 550°C. Base metal, weldments and HAZ samples 

of HT-9 and base metal samples of modified 9Cr-1Mo were investigated in 
this experiment. Specimens were precracked prior to irradiation. Details 

of material processing and specimen preparation were described in Refer- 

ence 1. 

The Westinghouse Hanford Company miniature Charpy specimefi has the 

same cross sectional dimensions as a half-size standard Charpy specimen 

but differs in length and notch dimensions. The overall specimen length 

is sufficient to permit the use of the standard span dimension 4W (W = 

5.00 mm) for both precracking a,id Charpy type testing. The orientation 

in which the Charpy specimens were machined from the HT-9 and 9Cr-1Mo 

alloy stock and HT-9 weld plate is shown in Fig. 7.9.1. The HT-9 weld 

and HT-9 HAZ Charpy specimens were machined so that properties of the 

fusion metal and the heat-affected-zone would be sampled. The location 
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of the notch within the weld region was verified for each specimen by 

visual examination following an oxalic acid electrolytic etch. Although 

the notch in both weld and weld/HAZ Charpy specimens was located within 

the weld, fatigue cracks were produced in each specimen, which, in the 

case of the HA2 specimen, extended into the heat-affected-zone. 

The specimens were loaded into two B-7c weeper capsules, which were 
designed to maintain the specimen temperature at 390"C, and into four 

B-7c subcapsules designed to maintain the specimen temperatures at 450, 
500 (two subcapsules) and 550°C during irradiation. The specimens were 

irradiated in EBR-I1 to approximately 13 dpa as part of the 0 - 2  experi- 

ment. 

7.9.4.2 Experimental Procedure 

A drop tower was employed as the impact test device. Thq test system 
was described in Reference 2 .  Details of the specimen, the anvil and the 

dynamic tup are outlined in Fig. 7.9.2. A temperature conditioning cham- 

ber and specimen transfer mechanism, which permits remote control for the 

testing of irradiated specimens, was designed and integrated with the 

drop tower, Fig. 7.9.3. The specimen is heated by direct electric resis- 

tance heating. Fig. 7.9.4 shows the arrangement of the electrodes and 

the Charpy specimen. 

gold plated. 

surface to streamline the current flow and thus achieve an uniform temper- 

ature profile in the specimen. The specimen was brought to the electrodes, 
and was seated in the conditioning chamber by a pneumatically actuated 

air piston. The contact force was approximately 40 Newtons. A spring 

loaded thermocouple with special surface probe monitored the temperature 

in the specimen. Table 7.9.1 shows the temperature profile in the speci- 

men which was determined by spot welded thermocouples positioned along 

the specimen. 
uniformity within +2"C.  Toward the ends of the specimen where the elec- 

trode is attached, the temperature is generally higher. This effect is 

expected to be compensated by the fact that when the specimen is brought 

to the testing station, both ends of the specimen are rested on a massive 

anvil which works as a thermal sink. The temperature variation across 

The electrodes are made of stainless steel and are 

A notch was machined in each electrode near the contact 

The middle portion of the specimen shows a temperature 



258 

N 

E 

v) 
2 



259 

n e v 

h 

v 
e 



260 

6' / 
STAINLESS STEEL 

/ELECTRODES 

Fig. 7.9.4. Detail of Specimen Heating Arrangement. 

TRUE TEMPERATURE FROM THE WELDED THERMOCOUPLE. "C 
HEDL mio-ni.io 

Fig. 7.9.5. Temperature Calibration Curve. 
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Table 7.9.1. Temperature Profile Along the Charpy Specimen 

T.C. I/ 1 iI 2 ii 3 ii 4 /I 5 iI 6 

Position from 
the Center of -9.lmm -5.5mm -1.8mm +l.8mm +5.5mm +9.1mm 
the Specimen 

108OC ~~ ~ 

218°C 
316°C 
422°C Experiment I 

525°C 
622°C 

101°C 100°C 
201°C 198°C 
300°C 300°C 
40 1 "C 401°C 
503°C 503°C 
601OC 601°C 

106°C 
206°C 
320°C 
429°C 

642°C 
53a0c 

~ 

152°C 149°C 149°C 152°C 
202°C 200°C 200°C 206°C 
305°C 301°C 302°C 312°C 
405°C 40OoC 400°C 411°C 
506°C 501°C 502°C 516°C 
604°C 599°C 602°C 62OoC 

Experiment I1 

the fracture path was measured and tabulated in Table 7.9.2. A temperature 
calibration was conducted for the contact thermocouple versus a thermo- 

couple welded at the notch root of the specimen. 

Fig. 7.9.5. The calibration was made with specimens of all four different 

material stocks. The agreement was better than 2OC in all cases. The 

specimen was maintained at the testing temperature for a minimum of two 

minutes before the impact. The transient temperature change during the 

specimen transfer from the conditioning chamber to the testing station 
was also measured. For a specimen heated to 600°C and then removed from 

the conditioning chamber, the temperature in the specimen dropped t o  

596°C in four seconds. Since the impact normally took place in less than 

0.2 seconds, the transient temperature l o s s  is insignificant. 

The result is shown in 

Table 7.9.2. Temperature Variation Across the Fracture Path 

Temperature in OC _- 
T.C. II 1 Positioned at Notch Root ~ i o  zoo 298 402 501 600 

111 201 299 404 503 602 T.C. /I 2 Positioned at Back of 
the Specimen 
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The automation mechanism is illustrated in Fig. 7.9.6. During the 

impact test, the specimen was transferred from the conditioning chamber 

to the testing position in less than 0.1 second. Two precisely timed air 

pistons activate the specimen stripper to release the specimen from the 

specimen carriage and center the specimen in the testing position while 

the specimen carriage continues to move o u t  of the impact path. 

strippers retract automatically and  leave o n l y  the specimen on the anvil. 

A s  the specimen carriage moves to the end of its travel, the instrumented 

t u p  is trigged from a predetermined height by an air switch. 

ing mechanism has an accuracy better than 0.05 nun. The impact test was 

completed within 0.2 seconds after the specimen left the conditioning 

chamber. For the tests conducted below the room temperature, vaporized 

liquid nitrogen was driven into the chamber by means of compressed air 

to cool the specimen. 

adjusting the flow rate. 

The 

The position- 

The temperature of the specimen was controlled by 

CONTROL BOX 
~~ 

~ 

~ ~- ~~~ 

~ ~~~~ 

U 
" E m  l Y I 0  

Fig. 7.9.6. Schematic Illustration of Automated Testing Mechanism. 
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The calibration of the instrumented tup required the adjustment of 

the load signal gain control so that the maximum load obtained during 

dynamic testing was identical to the maximum load determined during the 

slow bend testing of a strain rate insensitive alloy. The specimen used 

for calibration was a one-half size Type A CVN specimen of 6061 aluminum 

in the T651 heat treated condition. 

by measuring the time interval required for a flag passing through the 

infrared sensor in a free fall. The velocity of the crosshead just prior 

to specimen contact was 3 . 3  m/sec. 

the instrumented tup and the impact velocity were checked daily. The 

maximum fluctuation was less than five percent. 

The impact velocity was determined 

During the two week testing period, 

The fracture energy of the specimen was electronically integrated 

from the load-time trace. Both load-time and energy-time traces were 

recorded by photographs. Typical load and energy traces are shown in 

Fig. 7.9.7. The apparent energy absorbed by the specimen during the 

impact, Ea, was then measured from the photographs. 
energy was calculated by the following equation 

The true fracture 

E 
E = E  a (1-e) 

Fig. 7.9 .7 .  A Typical Load Trace for the Impact Test. 
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when E is the total available energy at impact. The fracture energy 
was scaled by the cross section area of the remaining ligament (after 

the fatigue precrack) of each specimen. For unirradiated 9Cr-1Mo speci- 

mens a digital oscilloscope was employed to collect the test results. 

Each load-time trace was divided into 4000 digitized points and stored 

permanently on magnetic tape. 

computer to generate the fracture energy, maximum load and other relevant 

informat ion. 

0 

The data are later prdcessed through a 

7.9.4.3 Results and Discussion 

The results for the HT-9, HT-9 weld, HT-9 HAZ and 9Cr-1Mo specimens 

irradiated to 13 dpa ( 3  x 10" n/cm2) at temperatures of 390, 450, 500 

and 550°C are tabulated in Tables 7.9.3 through 7.9.6 and are shown in 

Figs. 7.9.8 through 7.9.11. The transition curves for the unirradiated 
HT-9 and modified 9Cr-1Mo base metal are included in Fig. 7.9.8 and 
Fig. 7.9.11, respectively for comparison. 

Table 7.9.3.  HT-9 Base Metal (13 dpa) 

Irradiation Specimen Test 
Temperature I.D. Temperature 

( " C )  (TT) ( "C )  

Fracture Fracture Energy 
Energy Normalized by Area 

( f t - l b )  (TI (J/cm2) 

500 

550 

390 55 
04 
16 
51 
01 

450 43 
22 
08 
45 

21 
13 
46 
30 
47 
64 

66 
1 2  
05 
09 

200 
182 
116 
60 
25 

150 
80 
26 

-10 

200 
100 
60 
28 
0 

-50 

160 
100 
40 

-20 

2.12 2 . 8 7  
2.54 3 . W  
1.14 /.Ss 
0 . 2  .I7 
0 0 

2.94 3.99 
2.18 2.4b 
1.53 2.0-1 
0.72 .99 

2.86 3.88 
2.24 3.OJ 
2.12 L.91 
1 .6  z .11  
0.78 ! .ob 
0.27 .37 

2.45 3,32  

1.09 I.yP 
1 . 8  L.W 

0.29 ,$q 

21.9 
20.1 
11.5 

2 . 1  
0 

30.1 
22.7 
16 

7.6 

29.7 
23 
22.4 
16.6 
8 .0  
2.8 

25.2 
19.5 
11.4 
3 . 2  
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Table 7.9.4. HT-9 Weld Metal (13 dpa) 

Irradiation Specimen Test Fracture Fracture Energy 
Temperature I . D .  Temperature Energy Normalized by Area 

( "C)  (TI) ( " C )  (ft-lb) (J/cm2) 

450 

500 

390 59 
58 
32 
30 
27 
48 
28 

33 
42 
52 
57 

46 
29 
56 
50 
35 
37 
47 

550 41 
34 
43 
55 

450 2.06 
250 2.11 
200 2.57 
180 2.66 
132 1.68 
100 0 .9  

75 0.35 

120 3.13 
40 2.81 
20 1.29 

-50 0.28 

200 3.15 
100 3.28 

75 2.85 
50 2.73 
28 1.46 
0 0 . 8  

-20 0.49 

80 2.98 
50 2.4 
10 0.91 

-30 0 .32 

22.1 
21.3 
26.5 
27.6 
17.5 
9 .0  
3.62 

31.3 
29.1 
13.8 
2.8 

33.9 
33.5 
30.8 
27.7 
15.5 
7.9 
5.0 

32 
24.5 
10.0 
3 .3  

Table 7.9.5. HT-9 Heat-Affected-Zone (13 dpa) 

Irradiation Specimen Test Fracture Fracture Energy 
Temperature I . D .  Temperature Energy Normalized by Area 

( " C )  (TX) ( " C )  (ft-lb) ( 3  lcm2) 

390 10 
15 
03  
07 
11 
06 
22 

09 500 

180 3.1 
150 2.84 
150 2.39 
120 2.74 
85 1.36 
50 0 .43 
25 0.3 

200 3.07 
100 3.95 

26 5 .59  
26 3 .26  
0 1.35 

-20 1.07 
-65 0.24 

~~ 

30.8 
29.3 
24.5 
28.2 
14.0 
4.5 
3 . 3  

31.9 
39.6 
57.2 
33.8 
13.6 
10.9 

2.6 
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Table 7 . 9 . 6 .  Modified 9Cr-1Mo Heat 30182 ( 1 3  dpa) 

I r r a d i a t i o n  Specimen T e s t  F r a c t u r e  F r a c t u r e  Energy 
Temperature T . D .  Temperature Energy Normalized by Area 

( " C )  (TV) ("C) ( f t - l b )  (3) (J/cmZ) A 

390 0 1  
12 
14 
09  

450 15 
0 4  
17 
26 

500 

550 

0 2  
13 
21 
05 

0 3  
07 
08 
18  

(AF) 

Un i r r ad i a t ed  46 
31 
32 
34 
41 
33 
42 
40 
43  
44 
39 
38 
45 

100 
75 
50 
25 

10 
-40 
-60 

24 

25 
0 

-25 
-50 

27 
-10 
-25 
-65 

40 
25 
25 
0 

-10 
-20 
-30 
-40 
-40 
-50 
-60 
-80 

-100 

4.39 
4.55 
4 .51  
1.39 

5.24 
1.56 
0 . 2 1  
5 .54  

4 .9  
5 .08  
1.93 
0 .69  

5 . 1 1  
4 . 6 1  
2 . 58  
0.56 

11.87 
10.46 
12.16 
10 .93  

9 .24  
6 .41  
4.67 
1.64 
2.63 
1 .42  
1.32 
0 .46  
0 . 2 5  

5.9s 
6.17 
6.1L 
/.88 

7.11 
2.17- 

.28 
7.51 

g.6Y 
6 89 
2.62  

.9q  
b .93 
6.a< 
3 . 9  
I76 

- .  
6.33  
z s o  
3.57 
1.93 
I .-I9 
. bZ 
. 5 v  

4 6 . 0  
46.7 
46 .9  
14.8 

5 4 . 5  
16.4 

2.2 
5 7 . 5  

5 1 . 1  
5 2 . 1  
20 .2  

7 . 2  

5 0 . 8  
47.7 
26.6 

5 .8  

7 8 . 3  
7 0 . 3  
81 .5  
72 .6  
6 1 . 1  
4 2 . 6  
31 .3  
12.3 
17.6 

9 .51  
8 .81  
3 . 0 8  
1 .71  
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The r e s u l t s  f o r  t h e  HT-9 base  m e t a l  show a 40 p e r c e n t  r e d u c t i o n  i n  

upper s h e l f  f r a c t u r e  energy as w e l l  a s  a s h i f t  i n  DBTT due t o  i r r a d i a t i o n .  

Specimens i r r a d i a t e d  a t  390, 450, 500 and 550°C have a s h i f t  i n  DBTT of 

124,  26, 32 and 56"C, r e s p e c t i v e l y .  The comparison of u n i r r a d i a t e d  and 

i r r a d i a t e d  9Cr-1Mo base  meta l  r e s u l t  shows a r e d u c t i o n  of 25 p e r c e n t  i n  

upper s h e l f  f r a c t u r e  energy,  h u t  only  specimens i r r a d i a t e d  a t  39OoC 

e x h i b i t  a s h i f t  of  DBTT of 55°C. T e s t  r e s u l t s  f o r  t h e  specimens i r r a d i a -  

t e d  a t  4 5 0 ,  500 and 550'C do n o t  show any change i n  DBTT due t o  n e u t r o n  

exposure .  The r e s u l t s  from HT-9 weld and HT-9 HAZ are a l s o  v e r y  i n t e r -  

e s t i n g  i n  t h a t  they  demonstra ted t h a t  t h e  HT-9 weldment has t h e  same, 

o r  s l i g h t l y  lower ,  DBTT as HT-9 base  metal.  T h i s  r e s u l t  i s  s i g n i f i c a n t  

because  i t  i n d i c a t e s  t h a t  t h e  f e r r i t i c  a l l o y s  used i n  f u s i o n  f i r s t  w a l l  

a p p l i c a t i o n s  may no t  s u f f e r  any degrada t ion  i n  performance due t o  t h e  

p resence  of welds.  

The f r a c t u r e  s u r f a c e s  of s e l e c t e d  specimens have been examined and 

r e p o r t e d  i n  Reference 3. The r e s u l t s  i n d i c a t e  t ha t  i r r a d i a t i o n  harden- 

i n g  due t o  G-phase format ion a t  390°C i s  r e s p o n s i b l e  f o r  t h e  l a r g e  s h i f t  

i n  DBTT found i n  HT-9. Reduction i n  upper s h e l f  f r a c t u r e  energy of HT-9 

fo l lowing  h i g h e r  temperature  i r r a d i a t i o n  i s  a t t r i b u t e d  t o  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 .  Reduct ion i n  toughness  as a consequence of 

i r r a d i a t i o n  i n  modified 9Cr-1Mo i s  a t t r i b u t e d  t o  c a r b i d e  p r e c i p i t a t i o n .  

7.9.4.4 C o r r e l a t i o n s  

A c o r r e l a t i o n  method w a s  developed t o  d e s c r i b e  t h e  t r a n s i t i o n  

behavior  o f  t h e  f r a c t u r e  mode. The t empera tu re  dependence of t h e  f r a c-  

t u r e  energy i s  d i v i d e d  i n t o  t h r e e  r e g i o n s ,  namely, t h e  upper s h e l f  r e g i o n ,  

t h e  t r a n s i t i o n  reg ion  and t h e  lower s h e l f  r e g i o n .  I n  g e n e r a l ,  two para-  

meters were employed t o  c h a r a c t e r i z e  each  r e g i o n .  Outs ide  t h e  t r a n s i t i o n  

r e g i o n  a l i n e a r  dependence was assumed, i . e . ,  

EB(T)  = aB + BBT f o r  t h e  lower s h e l f  r e g i o n ,  ( 2 )  

and ED@)  = aD + BDT f o r  t h e  upper s h e l f  r e g i o n .  (3)  

E (T) denotes  t h e  f r a c t u r e  energy of p u r e l y  b r i t t l e  f r a c t u r e  and E (T) 

denotes  t h e  f r a c t u r e  energy of pure ly  d u c t i l e  f r a c t u r e .  I n  t h e  t r a n s i t i o n  
B D 
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region, the contribution of a particular fracture mode to the total 

fracture energy is weighted by a Gauss integral PD(T) 

E(T) = ED(T) PD(T) + EB(T)(l - PD(T)) . 

The Gauss integral PD(T) is defined by 

( 4 )  

where the parameter b is the band width of the transition region, and 

T is the mid-transition temperature. 
0 

This correlation treatment, unlike other S-shaped functions, allows 

more flexibility outside the transition region. Nevertheless, from the 

limited data currently obtained, both the upper shelf region and the 

lower shelf region are assumed to be temperature independent. Accordingly, 
B B  and 8, are identically zero and a 

shelf fracture energy and upper shelf fracture energy. A s  a consequence 

each transition curve is defined by four parameters, namely, E B ,  b, To 

and E The transition curve E(T) can be generated from Equations ( 4 )  

and ( 5 ) .  The parameters E b, T are tabulated in Table 7 . 9 . 7 .  EB is 

0 . 5  J/cm2 for HT-9 base metal and 2 J/cmZ for all the other three a l l o y s .  

and u are denoted by the lower B D 

D '  

D' 0 

7 . 9 . 5  Conclusions 

An impact testing device has been automated to handle the irradiated 

Charpy specimens. 

temperatures 390, 4 5 0 ,  500  and 550°C were tested. The DBTT and the upper 

shelf fracture energies for each of the four alloys at each irradiation 

conditions were determined. The results indicate a lowering of the 

upper shelf energy and in many cases an upward shift of DBTT due to 

irradiation. It was found that the shift was greatest at the lowest 

irradiation temperature. The HT-9 weldment and HAZ exhibited the same 

or slightly lower DBTT and similar upper shelf energies as the base 

metal HT-9. 

Specimens made of four ferritic alloys irradiated at 
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Table 7.9.7. Correlation Parameters 

HT-9 
Base Metal 

HT-9 Weld 

HT-9 HAZ 

9Cr-1Mo 
Base Metal 

0 
T Irradiation 

Temperature ED b 
("C) (J /cm2 ) ("C) ( "C )  

Unirrad ia ted 47 45 5 
390 24 50.1 129 
450 30.5 56.3 30.8 
500 30 68.4 37.0 
550 27 65.9 60.8 
390 
450 
500 
550 

390 
500 

27 35.6 124 
32 12.7 23.4 
34 33.9 28.2 
35 35.4 33.2 

32 43.5 98.9 
40 36.4 8.9 

Unirradiated 80 20 -25 
390 47 7.3 29.2 
450 60 21.3 -23.2 
500 53 14.8 -27.3 
550 52 20.9 -32.6 

ED = Upper Shelf Energy 

b = Transition Band Width 

T = Mid-Point Transition Temperature 
0 

7.9.6. Future Work 

This work will continue when the specimens irradiated in HFIR at a 
low temperature (50°C) become available. 
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8.1 IRRADIATION EXPERIMENT STATUS AND SCHEDULE -M. L. Grossbeck 
(Oak Ridge Na t iona l  Laboratory)  

There are a l a r g e  number of planned, in- progress ,  o r  completed reac-  

t o r  i r r a d i a t i o n  exper iments  that  support  t h e  ADIP program. Table  8.1.1 

p r e s e n t s  a summary of t h e  parameters  t h a t  d e s c r i b e  experiments t h a t  have 

been completed. Experiments t h a t  have been removed from the  r e a c t o r  only  

r e c e n t l y ,  a r e  c u r r e n t l y  undergoing i r r a d i a t i o n ,  or are planned f o r  f u t u r e  

i r r a d i a t i o n  are inc luded  i n  t h e  schedule  bar c h a r t s  of Table 8.1.2. 

Experiments are now under way i n  the  Oak Ridge Research Reactor (ORR) 

and t h e  High Flux I s o t o p e  Reactor  (HFIR), which are mixed-spectrum reac- 

t o r s ,  and i n  t h e  Exper imental  Breeder Reactor ( E B R- I I ) ,  which is  a f a s t  

r e a c t o r .  

During t h e  r e p o r t i n g  pe r iod  experiments HFIR-CTR-34 and -35 were 

removed from the  H F I R .  These are the  f i r s t  e levated- temperature  H F I R  

exper iments  wi th  Charpy specimens of f e r r i t i c  a l l o y s .  Experiment 

HFIR-MFE-Tl, c o n t a i n i n g  f e r r i t i c  a l l o y s ,  a l so  completed i r r a d i a t i o n  a t  

55°C. In  a d d i t i o n ,  HFIR-MFE-RBI, con ta in ing  a wide v a r i e t y  of specimens 

of f e r r i t i c  a l l o y s ,  completed i r r a d i a t i o n .  Some of t h e s e  specimens w i l l  

be reencapsu la ted  and i r r a d i a t e d  i n  HFIR-MFE-RB3. Three e leva ted-  

temperature  exper iments  c o n t a i n i n g  t e n s i l e  specimens of f e r r i t i c  a l l o y s  - 

HFIR-CTR-39, -40, and -41 - were loaded i n t o  the  r e a c t o r .  

The ORR-MFE-4A s p e c t r a l  t a i l o r i n g  experiment developed a containment 

l e a k  on A p r i l  26, 1982. The c a p s u l e  was removed from t h e  r e a c t o r ,  

d isassembled i n  hot  c e l l s ,  and examined in d e t a i l  t o  determine the  cause  

of f a i l u r e .  Following d iamete r  measurements on the  p r e s s u r i z e d  tube 

specimens and removal of some t ransmiss ion  e l e c t r o n  microscopy d i s k  

specimens,  t h e  specimens were reencapsu la ted  and the  assembly r e t u r n e d  t o  

the  r e a c t o r .  Although unplanned,  t h e  opera t ion  v e r i f i e d  the techniques  of 

i n t e r i m  examination and r e e n c a p s u l a t i o n  of the ORR-MFE-4 experiment.  

The i n i t i a l  schedu l ing  of a new s e r i e s  of experiments f o r  the  H F I K ,  

t h e  HFLR-JP s e r i e s ,  is shown on the  f i n a l  page of Table 8.1.2. The 

exper iments  are p a r t  OE a j o i n t  program between the  United S t a t e s  and 

Japan.  They w i l l  c o n t a l n  specimens from both n a t i o n a l  programs, wi th  t h e  

f i r s t  e l g h t  exper iments  devoted t o  path  A a l l o y s .  I r r a d i a t i o n  w i l l  be in 

t h e  o u t e r  t a r g e t  rod p o s i t i o n s  i n  the  f l u x  t r a p  reg ion  of HFIK. 
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8.2 FUSION PROGRAM RESEARCH MATERIALS INVENTORY - F. W. Wiffen, 
T.  K. Roche (Oak Ridge Nat iona l  Labora to ry ) ,  J. W. Davis (McDonnell 
Douglas Company), and T. A. Lechtenberg (General  Atomic Company) 

8.2.1 ADIP Tasks 

ADIP Task I.D.l, Mate r i a l s  S tockp i l e  f o r  MFE Programs. 

8.2.2 Objec t ive  

Oak Ridge Nat iona l  Laboratory main ta ins  a c e n t r a l  inventory  of 

r e s e a r c h  m a t e r i a l s  t o  provide a common supply 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 provide f o r  economy i n  procurement and f o r  c e n t r a l i z e d  

record  keeping. I n i t i a l l y  t h i s  inventory  is 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  r e sea rch ,  but 

v a r i o u s  s p e c i a 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 .  

This  w i l l  minimize unintended m a t e r i a l  

The use of m a t e r i a l s  from t h i s  inventory  f o r  r e sea rch  t h a t  is coor- 

d ina t ed  with o r  o therwise  r e l a t e d  t e c h n i c a l l y  t o  the  Fusion Reactor 

M a t e r i a l s  Program of DOE is  encouraged. 

8.2.3 M a t e r i a l s  Requests and Release  

M a t e r i a l s  r eques t s  s h a l l  be d i r e c t e d  t o  the  Fusion Program Research 

M a t e r i a l s  Inventory a t  ORNL (At t en t ion :  F. W. Wiffen) .  M a t e r i a l s  w i l l  be 

r e l e a s e d  d i r e c t l y  i f :  

( a )  The m a t e r i a l  is  t o  be used f o r  programs funded by the  Of f i ce  of 

Fusion Energy, w i t h  goa ls  c o n s i s t e n t  with the  approved M a t e r i a l s  Program 

Plans  of the  Mate r i a l s  and Radia t ion  E f f e c t s  Branch. 

( b )  The requested amount of m a t e r i a l  i s  a v a i l a b l e ,  without  compro- 

mis ing  o the r  intended uses .  

M a t e r i a l s  r eques t s  t h a t  do not s a t i s f y  both ( a )  and (b )  w i l l  be 

d i scussed  w i t h  the s t a f f  of the M a t e r i a l s  and Rad ia t ion  E f f e c t s  Branch, 

O f f i c e  of Fusion Energy, f o r  agreement on a c t i o n .  

8.2.4 Records 

Chemistry and m a t e r i a l s  p r e p a r a t i o n  r eco rds  a r e  maintained f o r  a l l  

i nven to ry  m a t e r i a l .  A l l  m a t e r i a l s  supp l i ed  t o  program u s e r s  w i l l  be 

accompanied by summary c h a r a c t e r i z a t i o n  informat ion .  
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8.2.5 

A 

Summary of Current Inventory and Material Movement During Period 
April 1, 1982 to September 30, 1982 

condensed, qualitative description of the content of materials in 

the Fusion Program Research Materials Inventory is given in Table 8.2.1. 

This table indicates the nominal diameter of rod or thickness of sheet for 

product forms of each alloy and also indicates by weight the amount of 

each alloy in larger sizes available for fabrication t o  produce other 

product forms as needed by the program. There was no material received 

into the inventory during this reporting period. Table 8.2.2 gives the 

materials distributed from the inventory. 

Alloy compositions and more detail on the alloys and their procure- 

ment and/or fabrication are given in earlier ADIP quarterly progress 

reports. 
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Table 8.2.1 Summary S t a t u s  of M a t e r i a l s  Avai lab le  in 
t h e  Fusion Program Research M a t e r i a l s  Inventory  

Product  Form 

Alloy 
Tnin-wa11 

Tubing,  
Wall Thickness 

(m) 

Rod Shee t  I n g o t  or 
ear ,a Weight b iemeter  Thickness 

(kg)  

Alloy 

(4 (mm) 

Tnin-wa11 
Tubing,  

Wall Thickness 
(m) 

Rod Shee t  I n g o t  or 
ear ,a Weight b iemeter  Thickness 

(kg)  (4 (mm) 

Path A Alloye 

Type 316 SS 900 16 end 7.2 

USSR-Cr-Mn Steel’ 10.5 
NONHAGNE 30d 

P a t h  A pCAb 490 1 2  - 

PE-16 
8-1 
8-2 
0-3 
0-4 
8-6 

Ti-64 

Ti-62425 

Ti-5621s 
Ti-38644 
Nb-1% Zr 

Nb-5% -1% Zr 

V--20% Ti 

V-15% Cr-5% T i  

VANSTAR-7 

- 18.5 

Path B Alloys 
140  1 6  and 7 .1  
180 
180 
180 
180 
180 

- 
- 
- 
- 
- 

Path C Altoye 
- - 
- 63 

- - 
- - 
- 6.3 

6.3 

6 . 3  

6.3 

6.3 

- 

- 

- 
- 

1 3  and 7.9 

2.6 
13 

1 0  

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, 
end 0.76 

2.5, 1.5,  
and 0.76 

2.5, 1.5, 
and 0.76 

Path D Alloy8 - NO Material in Inventory 
Path E Alloys 

HTqe (AOD fusion hear )  

HT9 (AODlESR 

HT9 
HT9 + 1% Ni 
HT4 + 2% N i  
HT9 + 2% N i  

T-9f  modif ied 
T-9 modif ied + 2% N i  
T-9 modif ied + 2% N i  

2 1 f 4  Cr-1 no 

fusion h e a t )  

+ Cr a d j u s t e d  

+ Cr a d j u s t e d  

3400 - 28.5. 15.8, 

28.5, 15.8, 

4.5 and 18 
4.5 and 18 
4.5 end 18 
4.5 and 18 

9 . 5 ,  and 3.1 

9 .5 ,  and 3.1 

4.5 and 18 
4.5 and 18 
4.5 and 18 

9 

0.25 
0.25 

0.25 

% r e s t e r  than  25 m, minimum dimension.  

bPrime c a n d i d a t e  a l l o y .  

‘Rod and s h e e t  of a USSR s t a i n l e s s  s t e e l  s u p p l i e d  under the  U.S.-USSR 

‘NONMAGNE 30 l e  an a u a t e n i t i c  s t e e l  w i t h  base Composition of F-14% & 
It was s u p p l i e d  to  t h e  inven tory  by t h e  Japanese Atomic Energy 

Fus ion  Reactor  H a t e r i a l s  Exchange Program. 

2% Ni-2% Cc. 
Research I n s t i t u t e .  

eAlloy 1 2  Cr-1 HOW. wlth  composit ion equivalent t o  Sandvik a l l o y  m 9 .  

fT-9 is t h e  a l l o y  9 Cr-1 HoVNb. 

g H a t e r i a 1  58  th ick- wal l  p ipe ,  r e r o l l e d  a8 necessary t o  produce s h e e t  
or rod. 
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9.1 CORROSION OF PATH A PCA, TYPE 316 STAINLESS STEEL AND Fe-12 C r -  
1 MOW STEEL I N  FLOWING LITHIUM - P. F. T o r t o r e l l i  and J. H. DeVan 
(Oak Ridge Na t iona l  Laboratory)  

9.1.1 ADIP Task 

ADIP Task I . A . 3 ,  Perform Chemical and M e t a l l u r g i c a l  Compat ib i l i ty  

Analyses.  

9.1.2 O b j e c t i v e  

The purpose of t h i s  t a s k  i s  t o  e v a l u a t e  t h e  c o r r o s i o n  r e s i s t a n c e  of 

c a n d i d a t e  f i r s t - w a l l  materials t o  flowing l i t h i u m  i n  t h e  presence of a 

temperature  g r a d i e n t .  Cor ros ion  and d e p o s i t i o n  rates are measured as 

f u n c t i o n s  of t i m e ,  t empera tu re ,  a d d i t i o n s  t o  the  l i t h i u m ,  and flow 

c o n d i t i o n s .  These measurements a r e  combined wi th  chemical  and metal lo-  

g r a p h i c  examinat ions  of specimen s u r f a c e s  t o  e s t a b l i s h  t h e  mechanisms and 

r a t e- c o n t r o l l i n g  p rocesses  f o r  d i s s o l u t i o n  and d e p o s i t i o n  r e a c t i o n s .  

9.1.3 Summary 

R e s u l t s  from l i t h i u m  thermal- convection loop (TCL) exper iments  wi th  

t h e  path  A prime c a n d i d a t e  a l l o y  (PCA), type  316 s t a i n l e s s  s t e e l ,  and 

Fe-12 C r - 1  MOW are presen ted .  The shor t- term (<3050 h)  weight l o s s e s  

of PCA i n  f lowing l i t h i u m  were j u s t  s l i g h t l y  h igher  than those  of type  316 

s t a i n l e s s  s tee l  and may he a t t r i b u t a b l e  t o  the h igher  n i c k e l  c o n c e n t r a t i o n  

o f  PCA. The c o r r o s i o n  response  of PCA specimens was not a f f e c t e d  by co ld  

work. A s u r f a c e  a n a l y s i s  of type  316 s t a i n l e s s  s t e e l  specimens exposed i n  

t h e  hot  l e g  of a TCL f o r  over  7000 h confirmed ear l ier  o b s e r v a t i o n s  

regard ing  p r e f e r e n t i a l  l each ing  of n i c k e l  and chromium and d e p o s i t i o n  of 

pure chromium. These a n a l y s e s  a l s o  showed t h a t  exposure temperature  

s t r o n g l y  a f f e c t s  s u r f a c e  p o r o s i t y  and t h a t  molybdenum enrichment occurs  on 

s u r f a c e s  undergoing d i s s o l u t t o n .  Weight l o s s  d a t a  as a f u n c t i o n  of ttme 

f o r  Fe-12 C r - 1  MOW s t e e l  exposed t o  l i t h i u m  a t  500°C y ie lded  t h e  same 

d i s s o l u t i o n  rate as t h e  " s teady- s ta te"  value  f o r  n ickel- deple ted type 316 

s t a l n l e s s  s t e e l .  S i g n i f i c a n t  weight l o s s e s  were measured i n  the  cold  l e g  

o f  t h i s  loop ,  and they appeared t o  he r e l a t e d  t o  chromium d e p l e t t o n  

( p o s s l b l y  as a r e s u l t  of  impur i ty  r e a c t i o n s ) .  
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9.1.4 P r o g r e s s  and S t a t u s  

We have cont inued our mass t r a n s f e r  s t u d i e s  i n  f lowing l i t h i u m  wi th  

p r e v i o u s l y  desc r ibed '  TCLs wi th  a c c e s s i b l e  specimens. 

des igned so t h a t  l i t h i u m  samples can be taken and c o r r o s i o n  coupons can be 

withdrawn and i n s e r t e d  without i n t e r r u p t i n g  t h e  l i t h i u m  flow. During t h e  

p e r i o d  covered by t h e  preceding progress  r e p o r t , '  we  began o p e r a t i o n  of a 

l i t h i u w t y p e  316 s t a i n l e s s  s t e e l  TCL t o  observe  the  d i s s o l u t i o n  behavior 

o f  path A PCA specimens with d i f f e r e n t  thermomechanical t r ea tments .  I n  

t h i s  way, we can s tudy  the  e f f e c t s  of m i c r o s t r u c t u r e  on c o r r o s i o n  of 

a u s t e n i t i c  s t a i n l e s s  s t e e l  by l i t h i u m  as wel l  as determine the  d i s s o l u t i o n  

ra te  of PCA r e l a t i v e  t o  t h a t  of s t andard  type 316 s t a i n l e s s  s tee l .  I n  our  

i n i t i a l  loop experiment,  coupons of path A PCA a l l o y s  A 1  and A3 were 

placed a t  t h e  600 and 570°C p o s i t i o n s  i n  a TCL t h a t  had p rev ious ly  c i r -  

c u l a t e d  l i t h i u m  f o r  g r e a t e r  than 10,000 h. Composition f o r  pa th  A PCA 

( a l l o y s  A 1  and A3) is  as fol lows:  

These loops  are 

E 1 emen t 

Ni 
C r  
Mo 
Mn 
s i  
T i  
A 1  
C 
N 

Composition 

15.9 
13.0 
1.9 
1 .7  
0.5 
0.3 
0.05 
0.05 
<0.01 

- ( w t  % )  - 

Both a l l o y s  were annealed f o r  15 min a t  1175OC i n  argon and cold  r o l l e d  

23 t o  25%. Alloy A 1  was annealed f o r  an a d d i t i o n a l  1 5  min a t  1175°C i n  

a rgon .  The i n s i d e  s u r f a c e  of the  l o o p ' s  hot  l e g  was a l r e a d y  d e p l e t e d  of 

n i c k e l .  ( T h i s  c o n d i t i o n  was s i m i l a r  t o  t h a t  of e a r l i e r  experiments i n  

which as- received type 316 s t a i n l e s s  s t e e l  specimens had been placed i n  

t h e  nFckel-depleted hot  l e g s  of type 316 s t a i n l e s s  s t e e l  TCLs . )  The 

c o l d  l e g  of the  loop h a d  been rep laced  p r i o r  t o  opera t ton  wi th  the  PCA 

spec  Lmens. 
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More than 3000 h of coupon exposure time has  now been accumulated f o r  

t h e  pa th  A PCA specimens i n  t h e  above-described l i t h i u m  TCL. The weight 

l o s s  r e s u l t s  f o r  t h e  A 1  and A3 specimens a t  t h e  600°C p o s i t i o n  i n  t h e  loop 

are shown i n  Fig.  9.1.1, which a lso  i n c l u d e s  an i n d i c a t i o n  of t h e  approxi-  

mate range of s imilar  weight l o s s  measurements g o t t e n  from s e v e r a l  pre- 

vious exper iments  w i t h  type 316 s t a i n l e s s  s tee l .  The l a t t e r  range i s  

i n d i c a t e d  by t h e  shaded area of t h e  f i g u r e .  Cons idera t ion  of t h e s e  d a t a  

i n d i c a t e s  t h a t  both  A 1  and A3 had c o n s i s t e n t l y  h i g h e r  weight l o s s e s  than 

s t andard  type 316 s t a i n l e s s  s teel .  However, t h e  d i f f e r e n c e  is not  g r e a t  

compared wi th  t h e  upper bound of t h e  type 316 s t a i n l e s s  s t ee l  d a t a .  The 

weight l o s s e s  measured f o r  t h e  A1 and A3 specimens i n  t h e  570'C loop posi-  

tion f a l l  w i t h i n  t h e  range of type  316 s t a i n l e s s  s tee l  d a t a ,  as shown in 

Fig .  9.1.2. Both F i g s .  9.1.1 and 9.1.2 a l s o  i n d i c a t e  t h a t  w i t h i n  t h e  

3000-h test t i m e  t h e r e  is  a n e g l i g i b l e  d i f f e r e n c e  between t h e  r e s p e c t i v e  

weight losses of A 1  and A3 i n  the rmal ly  convec t ive  l i t h i u m .  

O R N L  DbVG 82 17690 
1 2 0 ,  

1000 2000 3000 4000 
EXPOSURE TIME Ih l  

Fig .  9.1.1. Weight Loss Versus Exposure Time f o r  Path A PCA A 1  and 
A3 a t  600°C i n  Thermal~ly Convective Lithium. Shaded a r e a  r e p r e s e n t s  
envelope of s i m i l a r  d a t a  f o r  type  316 s t a i n l e s s  s t ee l .  
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,1.2. Weight Loss Versus Exposure T ime  f o r  Path  A PCA A 1  and 
in Thermally Convective Lithium. Shaded area r e p r e s e n t s  
similar d a t a  f o r  type 316 s t a i n l e s s  s tee l .  

The above d i s c u s s i o n  of c o r r o s i o n  d a t a  has  involved only  cumulat ive  

weight- loss  measurements. Of more importance,  however, are t h e  rates of 

weight l o s s .  These r a t e s  are t y p i c a l l y  g o t t e n  from t h e  s l o p e  of t h e  

weight l o s s  ve r sus  exposure t i m e  curves  a f t e r  l i n e a r  weight- loss  k i n e t i c s  

h a s  been e s t a b l i s h e d .  Such a procedure has been used p rev ious ly  f o r  t h e  

type  316 s t a i n l e s s  s tee l  d a t a  (see, f o r  example, r e f .  2 ) .  Noriaally weight 

l o s s e s  become l i n e a r  wi th  exposure time a f t e r  an i n i t i a l  t r a n s i e n t  pe r iod .  

I f  we a t t empt  t o  gage t h i s  " s teady- sta te ' '  va lue  by t ak ing  t h e  s l o p e  of t h e  

l e a s t- s q u a r e s  f i t  l i n e  between 1000 and 3000 h, t h e  s l o p e  g i v e s  d i s s o l u-  

t i o n  rates a t  600°C of 27 and 25 g/(m2*h) f o r  A 1  and A3, r e s p e c t i v e l y .  

w i t h  the  cumulat ive  weight l o s s e s ,  t h e s e  rates a r e  g r e a t e r  than those  f o r  

type  316 s t a i n l e s s  s tee l  [lo-15 g/(m2.h)]; however, t h i s  d i f f e r e n c e  can be 

expected t o  dec rease  when longer  term d a t a  f o r  t h e  PCA specimens become 

a v a i l a b l e .  

A s  

A h igher  c o r r o s i o n  r a t e  f o r  PCA a l l o y s  compared wi th  type 316 

s t a i n l e s s  s tee l  f o r  the  f i r s t  3000 h was expected because t h e  n i c k e l  
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c o n c e n t r a t i o n  of PCA is s i g n i f i c a n t l y  g r e a t e r  than t h a t  of type  316 

s t a i n l e s s  s t e e l  ( s e e  above t a b l e ) .  

Fe-Cr-Ni a l l o y s  i n  the rmal ly  convec t ive  l i t h i u m  i n c r e a s e s  wi th  i n c r e a s i n g  

n i c k e l  c o n c e n t r a t t o n  of the  exposed a l l o y .  It i s  a l s o  p o s s i b l e  t h a t  

m i c r o s t r u c t u r a l  v a r i a t i o n s  ( i . e . ,  co ld  work and p r e c i p i t a t e  type and 

d i s t r i b u t i o n )  could a f f e c t  t h e  a l l o y ' s  c o r r o s i o n  response  i n  l i t h i u m .  

However, i n  t h e  c u r r e n t  tests  t h e r e  w a s  no di fEerence  i n  t h e  c o r r o s i o n  

response  of t h e  two PCA a l l o y s  d e s p i t e  v a r i a t i o n s  i n  t h e  thermomechanical 

t r ea tment  ( co ld  work) of t h e s e  specimens. (Other  path  A PCA specimens 

wi th  d i f f e r e n t  p rocess ing  h i s t o r i e s  w i l l  be e v e n t u a l l y  exposed under 

similar c o n d i t i o n s  t o  f u r t h e r  check p o s s i b l e  a d d i t i o n a l  m i c r o s t r u c t u r a l  

i n f l u e n c e s  on c o r r o s i o n  by l i t h i u m . )  F i n a l l y ,  a d i s s imi la r- meta l  g r a d i e n t  

between the  PCA specimens and t h e  type 316 s t a i n l e s s  s tee l  loop could  

c o n t r i b u t e  t o  a s l i g h t l y  h igher  c o r r o s i o n  rate f o r  t h e  PCA a l l o y s  compared 

w i t h  type 316 s t a i n l e s s  s tee l .  

It has been shown3 t h a t  c o r r o s i o n  of 

I n  p rev ious  work,4 ,5 t h e  morphological  and compos i t iona l  changes of 

type  316 s t a i n l e s s  s t e e l  s u r f a c e s  exposed t o  the rmal ly  convec t ive  l i t h i u m  

have been r e p o r t e d .  However, a complete scanning e l e c t r o n  microscope/ 

energy- dispers ive  x-ray a n a l y s i s  examinat ion of such s u r f a c e s ,  p a r t i c u l a r l y  

a t  longer  exposure ttmes, was l ack ing .  Consequently,  such work was 

i n i t i a t e d  f o r  type  316 s t a i n l e s s  s tee l  coupons exposed t o  l i t h i u m  f o r  

7488 h i n  a TCL t e s t  of t h e  type d e s c r i b e d  above. Examinatton of a series 

of hot- leg specimens (5O0--60O0C) has now been completed,  and a d i s t i n c t  

change i n  s u r f a c e  topography w a s  noted as a f u n c t i o n  of p o s i t t o n  

( t empera tu re )  i n  t h e  ho t  l e g .  The s u r f a c e  of the  coupon a t  t h e  maximum 

temperature  p o s i t i o n  (600°C) was v e r y  porous (Fig .  9.1.3)  and was found 

t o  be d e p l e t e d  tn  both n i c k e l  and chromium (Fig .  9.1.4).  4s such,  t h e s e  

r e s u l t s  a r e  c o n s i s t e n t  wi th  pas t  o b s e r v a t i o n s  of p o r o s i t y  and p r e f e r e n t i a l  

However, t n  t h e  p resen t  s t u d i e s  we a l so  observed on the  

corroded s u r f a c e s  small a r e a s  (nodu les )  t h a t  were somewhat enr tched i n  

molybdenum. The nodules  appear  t o  be areas of molybdenum-containing 

p r e c i p i t a t e s  t h a t  recede only  slowly r e l a t l v e  t o  the  remainder of t h e  

m a t r i x .  
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M-16722 

50 urn 

M-16718 

, 1 0 j m  , 
M-16723 

Fig. 9.1.3. Scanning Electron Micrographs of Type 316 Stainless 
Steel Exposed to Thermally Convective Lithium at 600°C f o r  7488 h. 
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Fig. 9.1.4. Comparison of Typical Energy-Dispersive X-Ray Spectra 
for (a) Unexposed Type 316 Statnless Steel and (b)  Type 326 Stainless 
Steel Exposed to Thermally Convect€ve Lithium at 600°C for 7488 h. 
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It is particularly interesting to note how the surface structure of 

the corroded specimens changed with loop position (exposure temperature). 

These results are shown in Fig. 9.1.5, which includes typical scanning 

electron micrographs of the respective specimens. Note how the size and 

distribution of the porosity decreased with decreasing temperature until, 

at and below 520°C, porosity is minimal, and deposits are the predominant 
surface feature. This change in surface topography was accompanied by 
significant changes in the surface compositions of the various specimens. 

As seen from the energy-dispersive x-ray analysis data in Table 9.1.1, the 

hotter specimen surfaces were depleted in nickel and chromium while the 

cooler ones were enriched. (The x-ray spectral data are necessarily 

qualitative because of the very rough specimen surfaces and the corre- 

sponding uncertainties in the extent of electron and x-ray absorption 
paths.) The surface enrichment at lower temperature, which is caused by 

Table 9.1.1. Ratios of K, Peak Intensities 
for Type 316 Stainless Steel Exposed to 
Thermally Convective Lithium for 7488 h 

Exposure K, Peak Intensitiesa 
Temperature 

("C) Cr/Fe Ni/Fe Si/Fe 

Unexposed 0.40 0.13 0. Olh 

575 0.08 0.01 0.01h 

600 0.05 0.01 0.01 

560 0.10 0.01 0.01 
! 540 

520 

500 

0.11 0.02 0.01' 
0.5Ed 0.14 0.01 
4.16 0.31 0.03 

aAverage taken from spectra over 
raster areas on surfaces; standard devia- 
tion less than f15% unless otherwise noted. 

'Standard deviation +16%. 

"Standard deviation f28%. 

'%tandard deviation f25%. 
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M-16749 

M-16757 

(d) 
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10prn 

Fig.  9 .1 .5 .  Comparison of Topography of Surfaces of Type 315 
Sta in less  S tee l  Exposed to Lithium in a Thermal-Convection Loop with a 
Maximum Temperature Q E  600°C and a AT of 150"C, f o r  7488 h: (a )  600°C; 
(b) 570°C; ( c )  555°C; (d)  540°C; ( e )  520'C; ( f )  500°C. 
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deposition of dissolved species from the lithium, was not uniform. 

taken from different deposition zones on a surface varied significantly, 

particularly in their peak intensities for chromium. Detailed analyses of 

these surfaces indicated that some underlying deposits tended to be rich 

in chromium, while those resting on top were less so (Fig. 9.1.6). Such 

observations are consistent with findings from earlier work with lithium- 

type 316 stainless steel thermal-convection systems:' 

chromium formed during the initial stages of loop operation, while at 

later exposure times (greater than 5000 h) the deposits contained signifi- 

cant quantities of nickel and iron in addition to chromium. It is also 

interesting to note from Table 9.1.1 that, while the chromium concentra- 

tion of the surface increased steadily with decreasing temperature between 

600 and 54OoC, the surface nickel concentration remained low throughout 

this temperature interval. This extended temperature range over which 

nickel remains depleted has also been observed with x-ray fluorescence on 
austenitic stainless steel specimens exposed to lithium in a different set 

of shorter term E L   experiment^.^ 
of lithium-corroded type 316 stainless steel therefore confirms several of 

our findings from earlier work with thermal-convection systems while 

yielding new information about topographical differences among hot-leg 

specimens and about the disposition of molybdenum on the corroded surfaces. 

Spectra 

deposits of pure 

The present data from surface analysis 

In the preceding progress report,2 initial data from a lithium- 
Fe-12 Cr-1 MOW steel TCL of the type described above were reported for 
a maximum temeprature of 50OoC and a AT of 150°C. More recent test 
results at longer operating times for the 500OC specimen are included in 

Fig. 9.1.7. 
as gotten from the slope of the least-squares fit line between 1000 and 

7340 h, has remained relatively small 10.4 mg/(m2.h)] and compares closely 

with that measured at 500°C for type 316 stainless steel [0.4 mg/(m2-h)] 

(ref. 2 ) .  

transient period, the surface compositions of exposed type 316 stainless 

steel approach the Fe-12 Cr-1 MoVN steel bulk composition. 

Note that the dissolution rate at times greater than 1000 h, 

As  discussed previously,2 this is not unexpected since, after a 

One of the general characteristtcs of liquid metal corrosion test 

loops is that the weight loss is maximum at the point of the highest loop 
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Fig .  9.1.7. Weight Loss Versus Exposure T ime  f o r  Fe-12 C r - 1  MOW 
S t e e l  Exposed t o  Thermally Convective Lithium a t  500°C (Maximum Loop 
Temperature) .  

temperature .  However, in t h e  Fe-12 C r - 1  MOW s t e e l  loops ,  t h e  c o l d e s t  

(350°C) specimen had the  l a r g e s t  weight loss .  Furthermore ,  in g e n e r a l ,  

t h e  c o o l e r  specimens had weight los ses  as great as o r  g r e a t e r  than t h e  

h o t t e r  specimens and were always at  least p a r t i a l l y  covered wi th  a r u s t -  

c o l o r e d  oxide  scale a f t e r  they were r i n s e d  w i t h  water t o  remove r e s i d u a l  

l i t h i u m  as per our s t andard  o p e r a t i n g  procedure  f o r  l i thium- exposed 

specimens.  (The scale was removed p r i o r  t o  weighing.)  T h i s  l a t t e r  obser-  

v a t i o n  of r u s t  on t he  c o o l e r  loop coupons i n d i c a t e s  p r e f e r e n t i a l  chromium 

removal from the  c o o l e r  specimens. In a d d i t i o n ,  m e t a l l o g r a p h i c  examina- 

t i o n  of c r o s s  s e c t i o n s  revealed g r e a t e r  a t t a c k  of t h e  350°C specimen than 

of t h e  one i n  t h e  500°C loop p o s i t i o n .  W e  do not  y e t  know t h e  r e l a t i v e  

c o n t r i b u t i o n s  O E  chromium removal and of i r o n  o x i d a t t o n  dur ing  c l e a n i n g  t o  

t h e  t o t a l  weight l o s s e s  oE t he  cold- leg specimens.  Lithium removal wi th  

nonaqueous s o l v e n t s  will be a t tempted in f u t u r e  weighings t o  r e s o l v e  the  
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major cause of the cold-leg weight losses. Also microprobe examinations 

of the specimens w i l l  be conducted to measure the chromium surface 

concentration. 

9.1.5 Conclusions 

1. The short-term weight losses of path A PCA in thermally convec- 
tive lithium are slightly greater than those of type 316 stainless steel 

and may be attributed to the higher nickel concentration of PCA. Micro- 

structural variations of the PCA (in terms of cold work) did not affect 
the weight losses in lithium. 

2 .  Both the surface topography (amount of porosity and surface 

deposits) and composition of type 316 stainless steel changed signifi- 

cantly as a function of temperature in the hot leg of a lithium TCL. 

Earlier observations of preferential leaching of nickel and chromium (and 

its temperature dependeces) and of initial pure chromium deposition were 

confirmed. Localized molybdenum enrichment on the hotter surfaces was 

noted. 

3. Further weight loss data as a function of time for Fe-12 Cr- 

1 MOW steel exposed at 500°C yielded a dissolution rate that was similar 

to that gotten for nickel-depleted type 316 stainless steel. 
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9.2 ENVIRONMENTAL EFFECTS ON PROPERTIES OF STRUCTURAL ALLOYS - 
0. K. Chopra and D. L. Smith (Argonne Na t iona l  Labora tory)  

9.2.1 ADIP Task 

ADIP t a s k s  a r e  not def ined  i n  t h e  1978 program plan.  

9.2.2 Ob jec t ive  

The o b j e c t i v e  of t h i s  program is t o  i n v e s t i g a t e  the  i n f l u e n c e  of 

chemical environment on the co r ros ion  and mechanical p r o p e r t i e s  of 

s t r u c t u r a l  a l l o y s  under cond i t ions  of i n t e r e s t  f o r  fu s ion  r e a c t o r s .  

Test environments t o  be i n v e s t i g a t e d  inc lude  l i t h i u m ,  lead- l i th ium,  

helium, and water .  Emphasis w i l l  be p laced  on t h e  combined e f f e c t  of 

s t r e s s  and chemical environment on co r ros ion  and mechanical behavior  of 

m a t e r i a l s .  I n i t i a l  i n v e s t i g a t i o n s  a r e  focused on t h e  i n f l u e n c e  of 

f lowing  l i t h i u m  and l ead- l i t h ium environments on co r ros ion  and mechan- 

i c a l  p r o p e r t i e s  of s t r u c t u r a l  m a t e r i a l s .  

9.2.3 Summary 

Compa t ib i l i t y  t e s t s  were conducted wi th  s e v e r a l  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  700 and 755 K t o  s tudy  t h e  co r ros ion  behavior  i n  

f lowing  l i t h i u m ,  and f a t i g u e  t e s t s  were performed wi th  Type 316 

s t a i n l e s s  steel i n  l i t h i u m  a t  755 K. The r e s u l t s  i n d i c a t e  t h a t  an 

i n c r e a s e  i n  t h e  n i t r o g e n  content  i n  l i t h i u m  i n c r e a s e s  the  d i s s o l u t i o n  

r a t e ,  whereas t h e  depth  of i n t e r n a l  p e n e t r a t i o n  is not a f f e c t e d  s i g-  

n i f i c a n t l y .  The d i s s o l u t i o n  r a t e  of f e r r i t i c  steels i s  an o rde r  of 

magnitude lower than for 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 .  The a u s t e n i t i c  

s t e e l s  develop a very porous f e r r i t e  l a y e r ,  whereas the  f e r r i t i c  s t e e l s  

e x h i b i t  l i t t l e  or no p e n e t r a t i o n .  For 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 ,  

depth  of i n t e r n a l  p e n e t r a t i o n  i n c r e a s e s  wi th  t i m e  and the  p e n e t r a t i o n  

r a t e s  a t  755 K range from 50 t o  180 d y e a r .  Pre l iminary  d a t a  on Type 

316 s t a i n l e s s  s t e e l  y i e l d  similar p e n e t r a t i o n  r a t e s  a t  700 and 755 K. 

The f a t i g u e  l i f e  of annealed Type 316 s t a i n l e s s  s t e e l  in l i t h i u m  a t  

755 K i s  a f a c t o r  of 3 t o  8 g r e a t e r  than  i n  a i r .  
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9.2.4 Progress  and S t a t u s  

9.2.4.1 Li thium Environment 

The e f f e c t s  of a f lowing l i t h i u m  environment on the  co r ros ion  

behavior and low-cycle f a t i g u e  p r o p e r t i e s  of 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 r e  being i n v e s t i g a t e d .  Tests a r e  conducted i n  a forced-  

c i r c u l a t i o n  l i t h i u m  loop equipped with a co ld- trap  p u r i f i c a t i o n  system 

t o  c o n t r o l  t h e  concen t r a t ion  of nonmeta l l ic  e lements ,  e.g., N, C ,  and 

H. The co ld- t rap  temperature i s  maintained a t  498 K (225OC). By hot  

t r app ing  wi th  T i  o r  Zr f o i l s  (or  use of d i s s o l v e d  g e t t e r s ) ,  t h e  n i t r o g e n  

l e v e l  i n  l i t h i u m  i s  reduced t o  -50 wppm, which i s  cons iderably  below 

t h a t  a t t a i n a b l e  by cold t r app ing  alone. Data obta ined  from compati- 

b i l i t y  t e s t s  (w i th  and without  cons tan t  app l i ed  s t r e s s )  and cont inuous-  

c y c l e  f a t i g u e  tests i n  l i t h i u m  a t  755 K (482°C) were p re sen ted  i n  

e a r l i e r  r epo r t s . ' * '  

f e r r i t i c  steels, e.g., €IT-9 a l l o y  and Fe-9Cr-1Mo s t e e l ,  i s  an o rde r  of 

magnitude lower than f o r  the  a u s t e n i t i c  Types 304L and 316 s t a i n l e s s  

steel. The co r ros ion  r a t e  f o r  cold-worked Type 316 s t a i n l e s s  s t e e l  i s  a 

f a c t o r  of -3 g r e a t e r  than  t h a t  f o r  the annealed steel. F a r  Type 316 

s t a i n l e s s  s t e e l ,  t he  d i s s o l u t i o n  r a t e s  i n  cold- trapped f lowing l i t h i u m  

a r e  a f a c t o r  of 10 g r e a t e r  than those observed i n  s t a t i c  l i t h i u m  or 

thermal convect ion loops wi th  small t empera ture  g r a d i e n t s  ( i . e . ,  AT - - 
150 K ) . 3 9 4  

behavior  of HT-9 a l l o y  and Type 304 s t a i n l e s s  s t e e l  i s  independent of 

app l i ed  stress (stress va lues  below t h e  y i e l d  s t r e s s  of t h e  m a t e r i a l ) .  

The f a t i g u e  p r o p e r t i e s  of HT-9 a l l o y  and Type 304 s t a i n l e s s  s t e e l  

The r e s u l t s  i n d i c a t e  t h a t  t h e  co r ros ion  r a t e  of 

In flowing l i t h ium with 50-100 ppm n i t r o g e n ,  the  co r ros ion  

a t  755 K a r e  s t rong ly  inf luenced  by the  c o n c e n t r a t i o n  of n i t rogen  i n  

l i t h ium.  The f a t i g u e  l i f e  of the  HT-9 a l l o y  i n  l i t h i u m  con ta in ing  100- 

200 ppm n i t rogen  i s  a f a c t o r  of 2 t o  10 g r e a t e r  than  i n  l i t h i u m  wi th  

1000-1500 ppm n i t rogen .  In  g e n e r a l ,  t h e  f a t i g u e  l i f e  of t hese  m a t e r i a l s  

i n  low-nitrogen l i t h i u m  i s  g r e a t e r  than i n  a i r .  Furthermore,  t he  

f a t i g u e  l i f e  of the HT-9 a l l o y  i n  low-ni t rogen  l i t h i u m  a t  755 K i s  
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independent of s t r a i n  r a t e  and a 4.0-Ms (1100-h) preexposure of the  

a l l o y  t o  l i t h i u m  has no e f f e c t  on f a t i g u e  l i f e .  

During the  c u r r e n t  r e p o r t i n g  per iod ,  cor ros ion  t e s t s  were conducted 

a t  755 and 700 K wi th  s e v e r a l  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  t o  s tudy  

t h e  co r ros ion  behavior  i n  f lowing l i t h i u m ,  and f a t i g u e  tests were 

performed wi th  so lu t ion- annea led  Type 316 s t a i n l e s s  s t e e l  i n  l i t h i u m  a t  

755 K. F l a t  co r ros ion  coupons, -72 x 13 x 0.2-0.5 mm i n  s i z e ,  were 

exposed t o  l i t h i u m  f o r  4.0 Ms (1100 h) a t  700 K (427°C) and 7.2 Ms (2000 

h )  a t  755 K (482OC). The f e r r i t i c  s t e e l s ,  HT-9 and Fe-9Cr-lN0, were i n  

the normalized and tempered cond i t ion ;  the  Types 304 and 316 s t a i n l e s s  

s t e e l  were s o l u t i o n  annealed.  Specimens of 20% cold-worked Type 316 

s t a i n l e s s  s t e e l  were a l s o  exposed. During exposure,  the concen t r a t ion  

of n i t rogen  i n  l i t h i u m  was -200 ppm. 

The co r ros ion  behavior  was eva lua ted  from measurements of weight 

l o s s  and depth of i n t e r n a l  c o r r o s i v e  pene t r a t ion .  The depth of i n t e r n a l  

p e n e t r a t i o n  was determined from t h e  d i f f e r e n c e  between the  i n i t i a l  

t h i ckness  of t h e  specimen and t h e  sound metal remaining ( i . e . ,  t he  

unreac ted  meta l )  a f t e r  exposure t o  l i t h ium.  A t  l e a s t  10 measurements 

were made t o  o b t a i n  an  average value f o r  pene t r a t ion .  The r e s u l t s  a r e  

given i n  Table 9.2.1. Prev ious  r e s u l t s  f o r  specimens exposed a t  755 K 

i n  l i t h i u m  con ta in ing  50-100 ppm n i t rogen  a r e  a l s o  inc luded  i n  the  

t a b l e .  Data on d i s s o l u t i o n  r a t e  (expressed as  the r a t e  of weight l o s s  

per u n i t  a r ea  of the  specimen) and depth of i n t e r n a l  p e n e t r a t i o n  show 

the  fo l lowing  f e a t u r e s :  

( a )  For a l l  specimens exposed a t  755 K i n  l i t h ium con ta in ing  

-200 ppm n i t r o g e n ,  the  d i s s o l u t i o n  r a t e s  a r e  a f a c t o r  of 2 

t o  4 g r e a t e r  than i n  low-ni t rogen ( i . e . ,  50 ppm) l i t h ium.  

(b )  For i d e n t i c a l  l i t h i u m  p u r i t y ,  t h e  d i s s o l u t i o n  r a t e s  f o r  

annealed o r  cold-worked Type 316 s t a i n l e s s  s t e e l  a r e  

comparable a t  700 and 755 K. These r a t e s ,  however, a r e  

g r e a t e r  than those  i n  low-nitrogen l i t h ium a t  755 K. 
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( c )  D i s s o l u t i o n  r a t e s  f o r  f e r r i t i c  s t e e l s  a t  700 K i n  l i t h i u m  

con ta in ing  -200 ppm n i t r o g e n  a r e  s i m i l a r  t o  those  i n  low- 

n i t r o g e n  l i t h i u m  a t  755 K but a r e  lower than those  a t  755 K 

i n  l i t h i u m  of the  same p u r i t y .  

( d )  Data on depth of i n t e r n a l  p e n e t r a t i o n  f o r  the  a u s t e n i t i c  

s t a i n l e s s  s t e e l s  show a small e f f e c t  of n i t r o g e n  content  i n  

l i t h i u m .  Assuming a l i n e a r  r a t e  law, t h e  da t a  y i e l d  pene- 

t r a t i o n  r a t e s  of 184  - + 31 ,  99 - + 11, and 45 - + 22 pm/year f o r  

Types 316 CW, 316,  and 304L s t a i n l e s s  s t e e l .  For s i m i l a r  

l i t h i u m  chemistry (200 ppm N ) ,  the p e n e t r a t i o n  r a t e s  f o r  

Type 316 s t a i n l e s s  s t e e l  i n  l i t h i u m  a t  700 and 755 K a r e  

comparable. 

( e )  F e r r i t i c  s t e e l s  show l i t t l e  or no i n t e r n a l  p e n e t r a t i o n .  The 

va lues  of 3 t o  5 !nu of p e n e t r a t i o n  f o r  f e r r i t i c  s t e e l s  

correspond t o  t h e  l i m i t  of measurement f o r  the  method used 

in t he  s tudy.  

The r e s u l t s  f o r  d i s s o l u t i o n  r a t e s  show a s t r o n g  dependence on 

n i t r o g e n  content  i n  l i t h ium.  In g e n e r a l ,  t he  weight l o s s  i n  l i t h i u m  i s  

due p r i m a r i l y  t o  the  l o s s  of n i c k e l  from the  m a t e r i a l  and, t o  a l e s s e r  

e x t e n t ,  t o  the  d i s s o l u t i o n  of chromium and i r o n .  This  accounts  f o r  t h e  

l a r g e  d i f f e r e n c e  i n  t h e  d i s s o l u t i o n  r a t e s  between 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 .  Meta l lographic  examination of the  exposed specimens 

r e v e a l s  a porous co r ros ion  l a y e r  f o r  the  a u s t e n i t i c  s t a i n l e s s  s t e e l s ,  

whereas the  f e r r i t i c  s t e e l s  show l i t t l e  or  no co r ros ion .  Micrographs of 

t h e  co r ros ion  l a y e r s  formed on 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  exposed 

a t  755 K i n  l i t h i u m  wi th  -200 ppm n i t r o g e n  a r e  shown i n  Fig. 9.2.1. A 

t y p i c a l  energy d i s p e r s i v e  x-ray a n a l y s i s  of the  s c a l e  y i e l d s  <1% n i c k e l ,  

-12% chromium, and balance i r o n ,  i . e . ,  a f e r r i t e  phase. Seve ra l  s t u d i e s  

on co r ros ion  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  i n d i c a t e  

t h a t  an i n c r e a s e  i n  n i t rogen  content  i n  l i t h i u m  i n c r e a s e s  the  d i s s o l u -  

t i o n  r a t e  owing t o  p r e f e r e n t i a l  l eaching  of chromium from the  s t e e l .  5 
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304 L 316 SS 316 CW 

Fig.  9.2.1. Micrographs of t h e  Corrosion Layers Formed on 
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  Exposed f o r  7.2 Ms a t  755 K i n  Li th ium 
Containing -200 ppm Nitrogen. 

However, such behavior  w i l l  have less e f f e c t  on t h e  depth  of i n t e r n a l  

p e n e t r a t i o n ,  which i s  b a s i c a l l y  c o n t r o l l e d  by d i s s o l u t i o n  of n i c k e l  from 

t h e  material. 

The i n f l u e n c e  of a l i t h i u m  environment on the c y c l i c  p r o p e r t i e s  of 

annealed Type 316 s t a i n l e s s  steel was  i n v e s t i g a t e d  by conduct ing f a t i g u e  

tests i n  f lowing l i t h i u m  at  755 K. The c o n c e n t r a t i o n  of n i t rogen  i n  

l i t h i u m  w a s  -50 ppm. F igu re  9.2.2 shows the t o t a l - s t r a i n / l i € e  behavior  

of Type 316 s t a i n l e s s  steel t e s t e d  i n  l i t h i u m  and a i r  a t  755 K,6 and i n  
sodium at  823 K.7 

f a c t o r  of 3 t o  8 g r e a t e r  than  i n  a i r .  Data i n  sodium at  755 K are not  

a v a i l a b l e ,  but  f a t i g u e  l ife in lithium at 755 K is s l i g h t l y  g r e a t e r  than 

in sodium at 823 K. Fa t igue  specimens of Type 316 s t a i n l e s s  steel a r e  

being exposed t o  f lowing l i t h i u m  a t  755 K. Fa t igue  tests w i l l  be 
conducted wi th  t h e s e  specimens t o  determine t h e  e f f e c t  of preexposure on 

f a t i g u e  l i f e .  

The r e s u l t s  show t h a t  f a t i g u e  l i f e  i n  l i t h i u m  i s  a 



310 

I I I I I l l l l  I I I I l l l l l  I I 1 1 1 1 1 1 1  I I I I 1 1 1  
lo3 io4 lo5 I06 

0. I 
IO2 

CYCLES TO FAILURE 

Fig.  9.2.2. T o t a l  S t r a i n  Range vs C cles t o  F a i l u r e  f o r  Typ% 316 3 S t a i n l e s s  S tee l  Tes ted  i n  Li thium and A i r  a t  755 K and i n  Sodium a t  
823 K. The c o n c e n t r a t i o n  of n i t r o g e n  i n  l i t h i u m  was -50 ppm. 

9.2.4.2 Lead-Lithium Environment 

A forced- flow loop f o r  conduct ing co r ros ion  and mechanical tests of 

s t r u c t u r a l  m a t e r i a l s  in a we l l- cha rac t e r i zed  l i q u i d  17Li-83Pb environ-  

ment is n e a r l y  complete. A schematic  of the  loop is shown i n  Fig. 

9.2.3. The loop c o n s i s t s  of a high- temperature  test v e s s e l  and a co ld  

l eg .  The t o t a l  volume of the  loop is -2 liters. The test v e s s e l  i s  

designed t o  accommodate a mechanical f i x t u r e  f o r  conduct ing e i t h e r  

c o n s t a n t  stress o r  cons t an t  ex t ens ion  rate tests. Approximately 6 

l i t e r s  of the e u t e c t i c  17Li-83Pb a l l o y  were prepared by mel t ing  l ead  in 

t h e  mixing v e s s e l  under a p u r i f i e d  argon environment and adding small 
3 amounts of l i q u i d  l i t h i u m  (-10 c m  pe r  a d d i t i o n ) .  The l i q u i d  l e a d / a l l o y  

was maintained at  -740 K wi th  cons t an t  s t i r r i n g  du r ing  t h e  l i t h i u m  

a d d i t i o n s .  The i n c r e a s e  in t empera ture  of the  l i q u i d  l e a d / a l l o y  a f t e r  

each l i t h i u m  a d d i t i o n  was <1 K. The r e a c t i o n s  between l i q u i d  l i t h i u m  

and l ead  were observed through t h e  two p o r t s  i n  the  cover of the  mixing 

vessel. I n i t i a l l y .  t h e  s u r f a c e  oE t he  l i q u i d  l ead  was covered wi th  a 

gray ish- black  l a y e r  of l ead  oxide,  which prevented proper  we t t i ng  
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Fig. 9.2.3. Schematic of the Lead-Lithium Test Loop. 
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between l i q u i d  l i t h i u m  and lead.  The r e a c t i o n  between l i t h i u m  and l ead  

f o r  each L i  a d d i t i o n  proceeded as fo l lows :  Upon c o n t a c t  wi th  the l e a d ,  

the l i t h i u m  drops  d i s p l a c e d  t h e  oxide  f i l m  and formed a pool on t h e  

s u r f a c e .  For  the next 20 t o  40 6 ,  t h e  l a y e r  of l i t h i u m  i n  c o n t a c t  w i t h  

l e a d  s o l i d i f i e d ,  p o s s i b l y  owing t o  the format ion of a l i t h i u m- r i c h  l ead  

compound. Then t h i s  s o l i d  d i s s o l v e d  r a p i d l y  i n  t h e  l ead ,  r e l e a s i n g  

i n t e n s e  hea t  i n  t h e  process .  The r e a c t i o n  produced an orange- red flame- 

l i k e  c o l o r  a t  t h e  s o l i d- l i q u i d  i n t e r f a c e .  A g r a y i s h  s o l i d  remained 

f l o a t i n g  on t h e  s u r f a c e ;  on s t i r r i n g ,  t h i s  g r a d u a l l y  d i s s o l v e d  i n  t h e  

lead.  

The e u t e c t i c  a l l o y  will be bottom poured i n t o  the loop a f t e r  i t  is  

analyzed t o  check t h e  composit ion and determine t h e  c o n c e n t r a t i o n  of 

i n t e r s t i t i a l  e lements  such as C ,  N, and H. 

9.2.5 Conclusions 

The c o r r o s i o n  rates of f e r r i t i c  steels i n  cold- trapped f lowing 

l i t h i u m  a t  700  and 755 K are a f a c t o r  of -10 lower than 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 teels ,  and t h e  rate f o r  cold-worked Type 316 

s t a i n l e s s  steel is a f a c t o r  of -2 t o  3 g r e a t e r  than f o r  t h e  annealed 

material. A f t e r  exposure t o  l i t h i u m ,  the a u s t e n i t i c  s teels  develop a 

very porous f e r r i t e  layer ,  whereas t h e  f e r r i t i c  steels show l i t t l e  o r  no 

c o r r o s i v e  p e n e t r a t i o n .  Data on d i s s o l u t i o n  rates i n d i c a t e  a s t r o n g  

dependence on n i t r o g e n  con ten t  i n  l i t h i u m  in t h e  range 50-200 ppm. 

Measurements of the  dep th  of i n t e r n a l  p e n e t r a t i o n  show less dependence 

on n i t r o g e n  con ten t  i n  l i t h i u m  and y i e l d  va lues  of 184, 99, and 45 

d y e a r  a s  the p e n e t r a t i o n  rates in l i t h i u m  a t  755 K f o r  Type 316 CW, 

316, and 304L s t a i n l e s s  steels.  The f e r r i t i c  s teels  show no measurable 

p e n e t r a t i o n .  The p e n e t r a t i o n  rates ob ta ined  from shor t- term d a t a  f o r  

Type 316 s t a i n l e s s  s teel  are comparable a t  700 and 755 K. 
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The f a t i g u e  l i f e  of annealed Type 316 s t a i n l e s s  s t ee l  i n  f lowing 

l i t h i u m  a t  755 K i s  a f a c t o r  of 3 t o  8 g r e a t e r  than i n  a i r .  In a low- 

n i t r o g e n  l i t h i u m  environment,  the f a t i g u e  l i f e  of t h i s  s tee l  i s  compar- 

a b l e  t o  t h a t  i n  sodium. Fa t igue  tests w i l l  be conducted on l i th ium-  

exposed specimens t o  e v a l u a t e  t h e  long- term e f f e c t s  of l i t h i u m  on the 

c y c l i c  p r o p e r t i e s  of Type 316 s t a i n l e s s  s tee l .  
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9.3 CORROSION OF FERROUS ALLOYS IN STATIC Pb AND Pb-17 at. % Li - 
P. F. Tortorelli and J. H. DeVan (Oak Ridge National Laboratory) 

9.3.1 ADIP Task 

ADIP Task I . A . 3 ,  Perform Chemical and Metallurgical Compatibility 

Analyses. 

9.3.2 Objective 

The purpose of this program is to determine the chemical compati- 

bility of fusion reactor candidate material with possible coolants and 

tritium-breeding materials. Specimens are exposed to static lithium, 

lead-lithium, and lead melts to identify the kinetics and mechanisms that 

govern corrosion. Other program objectives include (1) to determine the 

effects of N, C,  H, and 0 on apparent solubilities of metals in lithium 

and lead-lithium; ( 2 )  to determine the carbon and nitrogen partitioning 
coefficients between alloys and these melts; (3) to determine the effects 

of  s o l u b l e  (Ca, A l )  and s o l i d  ( Y ,  Zr, Ti) acttve metal additions on 

corrosion by lithium and lead-lithium; and ( 4 )  to determine the tendencies 

for mass transfer between dissimilar metals. 

9.3.3 Summary 

Specimens of type 316 stainless steel were exposed to static pure 

lead for 1000 and 3000 h at 400,  500, and 6OO0C, respectively. Weight 

losses measured in these tests were compared with those measured in simi- 

lar tests with Pb-17 at. % Li. The data showed that the addition of 

17 at. % Li to lead has some effect on its dissolution behavior relative 

to type 316 stainless steel; however, the weight losses in both the 

lead-lithium and pure lead melts were much larger than in pure lithium. 

Preliminary results from compositional analyses of type 316 stainless 

steel exposed to static Pb-17 at. % Li showed surface depletion of nickel 

at 5OOOC. 

9.3.4 Progress and Status 

A molten lead-lithium alloy is being considered as a possible 

tritlum-breeding medium for fusion reactors. We are therefore studying 
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t h e  c o m p a t i b i l i t y  of cand ida te  s t r u c t u r a l  a l l o y s  w i t h  molten l ead- l i th ium 

by exposing t e n s i l e  specimens of type 316 s t a i n l e s s  s t ee l  and Sandvik HT9 

t o  t h e  low-mel t ing- point  (235°C) e u t e c t i c  composi t ion of P b 1 7  a t .  % L i .  

Some r e s u l t s  from c a p s u l e  tests  wi th  Pb-17 a t .  % L i  have been r e p o r t e d  

p r e v i o ~ s l y . ~ ~ ~  

s t a i n l e s s  s tee l  t e n s i l e  specimens were exposed t o  pure ,  s t a t i c ,  molten 

l e a d  i n  o r d e r  t o  d i r e c t l y  compare c o r r o s i o n  weight  l o s s e s  and p rocesses  i n  

l e a d  and Pb-17 a t .  % L i .  I n  t h i s  way, we could e v a l u a t e  whether t h e  

17% L i  a d d i t i o n  has  a s i g n i f i c a n t  e f f e c t  on t h e  c o r r o s i v i t y  of l i q u i d  

l e a d .  The exper imenta l  c o n d i t i o n s  f o r  t h e  l e a d  tests were s imi lar  t o  

t h o s e  used p rev ious ly  f o r  pure l i t h i u m  and Pb-17 at .  % L i  s t a t i c  tests.  

The s p e c i f i c  procedures  f o r  prepar ing t h e  l e a d  and c l e a n i n g  t h e  test  

specimens were t h e  same as those  used wi th  Pb-17 a t .  % L i  and are f u l l y  

d e s c r i b e d  i n  a previous  progress  r e p o r t  .' Following exposure of t e n s i l e  

specimens i n  t h e  lead- containing c a p s u l e s ,  t h e  specimens were c leaned by 

immersion i n  pure l i t h i u m ,  followed by a water r i n s e .  We prev ious ly  

showed t h a t  us ing  l i t h i u m  f o r  t h i s  purpose d i d  no t  a f f e c t  t h e  specimen 

weight change a t  temperatures  near  t h e  m e l t i n g  p o i n t  of l i t h i u m .  The 

c l e a n i n g  procedure w a s  repeated u n t i l  specimen weights  became approxi-  

mately  c o n s t a n t ,  which then i n d i c a t e d  t h a t  most of t h e  r e s i d u a l  lead had 

been removed. The lead used i n  a l l  t h e  exper iments  w a s  as- received high- 

p u r i t y  (99.99%) metal. Neutron a c t i v a t i o n  a n a l y s i s  r evea led  an oxygen 

c o n c e n t r a t i o n  i n  t h e  as- received lead of less than 3 ut  ppm, whi le  post-  

test  a n a l y s e s  of lead f r o m  s e l e c t e d  c a p s u l e s  y i e l d e d  oxygen c o n c e n t r a t i o n s  

of  10 w t  ppm and less. 

Recen t ly ,  we have completed exper iments  i n  which type 316 

* 

Weight changes have now been determined f o r  type 316 s t a i n l e s s  s t e e l  

i n  s t a t i c  lead at  400,  500, and 600°C fo l lowing  1000- and 3000-h exposures ,  

r e s p e c t i v e l y .  (Exposures of 5000 h have not  y e t  been completed.)  The 

weight change d a t a  from t h e s e  exper iments  are shown i n  F igs .  9.3.1 through 

9.3.3,  which a l s o  con ta in  p r e v i o u s l y  r e p o r t e d 3  d a t a  f o r  exposures of 

type  316 s t a i n l e s s  s teel  t o  pure l i t h i u m  and P b 1 7  a t .  % L i .  Note t h a t  

t h e  weight l o s s e s  of type 316 s t a i n l e s s  s tee l  specimens exposed t o  lead 

inc reased  with i n c r e a s i n g  exposure time and t empera tu re  and were s i g n i f i -  

c a n t l y  h igher  a t  a l l  temperatures  than the l o s s e s  i n  pure l i t h i u m .  The 
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Fig .  9.3.3. Weight Change Versus Exposure T i m e  f o r  Type 316 S t a i n l e s s  
S t e e l  Exposed t o  S t a t i c  L i ,  Pb, and P b 1 7  a t .  % L i  a t  600°C. 

weight  losses in pure lead w e r e  s l i g h t l y  h i g h e r  a t  40OoC and lower a t  500 

and 60OoC than  those  i n  t h e  l ead- l i th ium m e l t .  However, t h e  s t andard  

d e v i a t i o n  of t h e  3000-h d a t a  for  Pb-17 a t .  % L i  is r e l a t i v e l y  l a r g e ,  par- 

t i c u l a r y  a t  600°C, and comparisons a f t e r  5000 h are needed t o  ampl i fy  

t h e s e  o b s e r v a t i o n s .  

The h igher  weight l o s s e s  i n  l ead  compared wi th  l i t h i u m  are i n  accord 

w i t h  d a t a  p rev ious ly  publ ished €or  l ead .4  

t h e s e  h igher  weight l o s s e s  are not  s i g n i f t c a n t l y  reduced by t h e  a d d i t i o n  

o f  17 a t .  % L i  t o  t h e  l ead ;  i n  f a c t ,  t h e r e  is  a p re l iminary  i n d i c a t i o n  

t h a t  the  c o r r o s i v i t y  of the  Pb-17 a t .  % L i  a l l o y  may p o s s i b l y  be g r e a t e r  

t h a n  t h a t  of pure l ead  a t  500 and 600°C. Because of the  r e l a t i v e l y  high 

c o r r o s i v t t y  of Pb-17 a t .  % L i  toward f e r r o u s  a l l o y s ,  we  p lan t o  i n i t i a t e  

The p r e s e n t  d a t a  show t h a t  
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further capsule tests to investigate the effectiveness of corrosion inhi- 

bition elemental additions, such as titanium, to the melt. Such additions 

reduced the corrosivity of pure lead.5 

The weight losses in Figs. 9.3.1 through 9.3.3 are indicative of 

corrosion under static conditions and are not truly indicative of the 

magnitude of corrosion rates in flowing Pb17 at. % Li, particularly 

when a temperature gradient is imposed on the flowing system. Because 

of this we are planning to conduct a thermal-convection loop test with 

P b 1 7  at. % Li, using procedures previously described6 for our lithium 

loop experiments. In this way, we can obtain kinetic data for dissolution 
in slowly flowing Pk-17 at. % Li under an impressed temperature gradient 

that would be applicable for use of the liquid metal as a semistagnant 

tritium-breeding fluid. 

Scanning electron microscopy and energy-dispersive x-ray analysis 

have been used to determine the effects of exposure to static 
Pb-17 at. % Li on surface topography and composition. Figure 9.3.4 

includes scanning electron micrographs of type 316 stainless steel exposed 

to -17 at. % Li for 5000 h at 300, 400, and 500'C. A micrograph of the 

surface of a type 316 stainless steel control specimen exposed to argon 

for 5000 h at 500°C is also included in the figure. Note that corrosion- 

induced surface changes are not significant below 500°C. This observation 

is consistent with our metallographic examination of polished cross 

sections.2 

complete, but some results for a type 316 stainless steel specimen exposed 

at 500°C are shown in Figs. 9.3.5 and 9.3.6 and Table 9.3.1. In 

Fig. 9.3.5, the characteristic x-ray spectrum for a typical area on the 

exposed specimen surface is shown along with a spectrum from as-received 

type 316 stainless steel. The relative intensity of the nickel K, peak 

is significantly less for the type 316 stainless steel exposed to 

P b 1 7  at. % Li, and it is evident that nickel has been preferentially 

leached from the steel. A similar effect is obvious from the results 

shown in Fig. 9.3.6 and Table 9.3.1. Underlying areas of the surface have 

higher ratios of nickel to iron K, intensities than those areas right on 

the surface. Although nickel depletion does not commonljr occur f o r  

The energy-dispersive x-ray analysis of these surfaces is not 
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Fig. 9 . 3 . 4 .  Scanning Electron Micrographs of Type 316 Sta in less  
S t e e l  Exposed to S ta t i c  Argon and Pk-17 a t .  % L i .  



320 

ORNL-OWG 82-17718 

r 

!0K - 
. .  

(4 ENERGY (keV) 

0RNL.DWG 82-17719 

ikk 2aa8 ; 
i 

laan 

Y I ~ . . . . ~ ~ ~ ' ' ~ ' ' ' ' "  8 
8.880 1.888 2.888 3.888 4.888 5.888 6.888 7.008 8.880 9.8e818.808 

Ibl ENERGY (keV) 

Fig. 9.3.5. 
Steel: 
5000 h at 500°C. 
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Fig. 9.3.6. Scanning E lec t ron  Micrograph of Type 316 S t a i n l e s s  S t e e l  
Exposed t o  S t a t i c  p b 1 7  a t .  XI Li f o r  5000 h a t  5OO0C; Near Shoulder of 
T e n s i l e  Specimen; L e t t e r s  Refer t o  Energy-Dispersive X-Ray Spectra  Taken 
a t  Those Areas (see  Table 9.3.1). 

Table 9.3.1. K, Peak R a t i o s  
f o r  Selected Areas on a 
Type 316 S t a i n l e s s  S t e e l  

Surface Exposed t o  
Pb-17 a t .  % L i  for 

500 h at  500'C 

K, Peak Ra t ios  

CrfFe NifFe 
Areaa 

A 0.24 0.01 

B 0.64 0.03 

C 0.71 0.06 

Standard 0.40 0.13 

aAreas defined by 
- 

Fig .  9.3.6. 
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n i cke l- con ta in ing  a l l o y s  i n  s t a t i c  l i t h i u m ,  i t  c h a r a c t e r i s t i c a l l y  i s  
observed i n  flowing l i t h i u m   system^.^ 
specimens expoded t o  Pb-17 a t .  % L i  confirmed t h a t  n i c k e l  d e p l e t i o n  d i d  

indeed occur: 

s u r f a c e s .  The presence  of a ferr i t ic  phase t y p i c a l l y  i n d i c a t e s  t h a t  

d e p l e t i o n  of n i c k e l  has occurred  such t h a t  t h e  a u s t e n i t e  becomes u n s t a b l e  

and t ransforms t o  ferri te.  The f e r r i t i c  phase was d e t e c t e d  on specimen6 

exposed a t  a l l  t h r e e  test tempera tures  (300, 400, and 5OOOC). 

Data from x-ray d i f f r a c t i o n  of 

bo th  a u s t e n i t i c  and f e r r i t i c  phases were d e t e c t e d  on t h e s e  

9.3.5 Conclusions 

1. Weight l o s s e s  of type 316 s t a i n l e s s  s t e e l  exposed t o  s tat ic pure 

l e a d  a r e  no worse than those  of specimens exposed t o  s t a t i c  Pb-17 a t .  X L i .  

Such weight l o s s e s  i n  both  l ead  and Pb-17 a t .  % L i  a r e  much g r e a t e r  

t han  the  weight changes measured i n  static pure l i t h i u m  under s i m i l a r  

c o n d i t i o n s .  

2. The s u r f a c e s  of type  316 s t a i n l e s s  s t e e l  specimens exposed t o  

s t a t i c  Pb-17 a t .  % L i  a t  300, 400, and 5OO0C were dep le t ed  i n  n i c k e l .  
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9.4 COMPATIBILITY STUDIES OF STRUCTURAL ALLOYS WITH SOLID BREEDER 
MATERIALS - 0. K. Chopra and D. L. Smith (Argonne Nat iona l  Labora to ry)  

9.4.1 ADIP Task 

A D I P  t a s k s  are not de f ined  i n  the 1978 program plan.  

9.4.2 O b j e c t i v e  

The o b j e c t i v e  of t h i s  t a s k  is  t o  e v a l u a t e  t h e  c o m p a t i b i l i t y  of 

s o l i d  b reeder  materials wi th  s t r u c t u r a l  a l l o y s .  The i n t e r a c t i o n s  

between b reeder  materials and a l l o y s  are i n v e s t i g a t e d  as a f u n c t i o n  of 

t empera tu re ,  t i m e ,  and environmental  parameters  ( i . e . ,  f lowing helium 

environments wi th  d i f f e r e n t  mois ture  con ten t s ) .  React ion rates are 

determined by measuring the  weight change, dep th  of t n t e r n a l  pene t ra-  

t i o n ,  and t h i c k n e s s  of cor ros ion  s c a l e s .  These measurements, coupled 

wi th  meta l lograph ic  e v a l u a t i o n  of the  a l l o y  s u r f a c e s ,  a r e  used t o  

e s t a b l i s h  t h e  mechanisms and r a t e- c o n t r o l l i n g  processes  f o r  t h e  

c o r r o s i o n  r e a c t i o n s .  

L i A 1 0 2 ,  Li2Si03,  L i 2 T i 0 3 ,  and Li2Zr03 .  

Breeder materials t o  be i n v e s t i g a t e d  inc lude  L i z o ,  

9.4.3 Summary 

T h e  c o m p a t i b i l i t y  of f e r r i t i c  and a u s t e n i t t c  steels wi th  L i z 0  

p e l l e t s  has been i n v e s t i g a t e d  a t  823 K (550OC) i n  f lowing helium 

c o n t a i n i n g  93 ppm H20 and 1 ppm H2. The r e s u l t s  i n d i c a t e  t h a t  both  

s teels  develop an i r o n- r i c h  o u t e r  scale and a chromium-rich subsca le .  

The reaction rates f o r  f e r r i t t c  and a u s t e n i t i c  s t e e l s  are comparable and 

y i e l d  a va lue  of -85 !miyear E O K  p e n e t r a t i o n  rate.  

exposed wi th  the  v a r i o u s  a l l o y s  l o s e  weight.  The weight l o s s  fo l lows  a 

p a r a b o l i c  law, p r e d i c t i n g  a value  of -4.8%/year.  

The Liz0 p e l l e t s  

9.4.4 Progress  and S t a t u s  

A comparative e v a l u a t i o n  of t h e  r e a c t i v i t y  of the  HT-9 a l l o y  and 

annealed Type 316 stainless s t e e l  wi th  s o l i d  Li20,  L L i l O ~ ,  and Li2SI03 

a t  973 and 773 K (700 and 500°C) was presented i n  e a r l i e r  r epor t s . ’”  
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For these  tests ,  tube specimens packed wi th  t h e  ceramic m a t e r i a l  were 

s e a l e d  under vacuum, enclosed i n  a q u a r t z  tube ,  and annealed f o r  3.6 and 

7 . 2  M s  (1000 and 2000 h).  

r e a c t i v e  o f  t h e  t h r e e  breeding m a t e r i a l s .  R e a c t i v i t y  of t h e  HT-9 a l l o y  

is comparable t o  t h a t  of Type 316 s t a i n l e s s  s tee l .  Specimens exposed 

wi th  L i z 0  developed a l a y e r  of i n t e r n a l  p e n e t r a t i o n  and a t h i c k e r  o u t e r  

s c a l e  t h a t  c o n s i s t e d  of ceramic m a t e r i a l  emhedded wi th  i r o n- r i c h  reac- 

t i o n  products .  Three r e a c t i o n  p roduc t s ,  LigFe04, LiFe2Ct-04, and LiCr02, 

were d e t e c t e d  i n  t h e  react . ion  s c a l e s  on RT-9 and Type 316 s t a i n l e s s  

s t e e l .  

L i C r 0 2  were p resen t  t n  t h e  l a y e r  of i n t e r n a l  c o r r o s i v e  p e n e t r a t i o n .  

values  of t he  t o t a l  s c a l e  th ickness  and i n t e r n a l  p e n e t r a t i o n  a t  773 K 

were lower by a f a c t o r  of -3 and 4 ,  r e s p e c t l v e l y ,  than those  a t  973 K. 

A s i g n i f i c a n t  result from t h e  c a p s a l e  c o m p a t i b i l i t y  tests i s  t h a t  

The r e s u l t s  i n d i c a t e  that  1,120 i s  t h e  most 

Li5Fe04 was predominant i n  the  o u t e r  s c a l e  whereas LiFezCrO4 and 

The 

t h e  t h i c k n e s s  of t h e  r e a c t i o n  sca le  or depth  of i n t e r n a l  p e n e t r a t i o n  i s  

t h e  same a f t e r  3.6 and 7.2 M s .  Th i s  behavior  sugges t s  t h a t  t h e  i n t e r a c-  

t i o n s  between a l l o y  and ceramic s t o p  a f t e r  a s h o r t  time. It i s  probable  

t h a t  i n  a c losed  s y s t e m ,  such as sealed c a p s u l e s ,  t h e  chemical a c t i v i t y  

o E  t he  r e a c t i v e  s p e c i e s  dec reases  wi th  time, i .e . ,  t h e  r e a c t i o n  i s  

s t a r v e d  of t h e  r e a c t i v e  s p e c i e s .  A b e t t e r  unders tanding of the  n a t u r e  

o €  t h e  c o r r o s i v e  i n t e r a c t i o n s  can be ga ined  hy conduct ing c o m p a t i b i l i t y  

tests  i.n a f lowing he1i.m environment wi th  control . led p a r t i a l  p r e s s u r e s  

nf oxygen and hydrogen. Such experiments s imii l~ate t h e  c o n d i t i o n s  

p r o j e c t e d  f o r  bl.anket st.ri.1ctiires dur ing  reactQr  o p e r a t i o n .  

During tlir c l i r rent  r e p o r l i n g  p e r i o d ,  tests  were conducted wi th  Li.20 

a t  823 K ( 5 5 0 ° C )  i n  a f l o w i n g  helium environment c o n t a i n i n g  -93 ppm H20 

and -1 ppm 112. 

Faci.lLty has been given e a r l i e r . ’  

tuhe i s  shown i n  Fig. 9.4.1. Alloy specimens,  approximately 10 x 10 x 

q.6 rnni i n  s i z e ,  were sandvIchrd between trio -12-mm-di.ametee and -2.4-mfi- 

t h i ~ c k  pe11~p.ts of Li20 and mounted i.n a speci  inen ho lder  such t h a t  the  

A d e t a i l e d  d e s c r i p t i ~ o n  o f  t he  c o m p a t i b t l i t y  tes t  

A scliemstj~c of t h e  specimen exposure 
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Fig .  9.4.1. Schematic of t h e  Specimen Exposure Tube. 

s u r f a c e  of the ceramic specimens was exposed t o  t h e  f lowing gas  envtron-  

ment. The al loy- ceramic couples  were assemhled i n s i d e  a glove box and 

t r a n s f e r r e d  t n  the  fu rnace  i n  a spectmen t r a n s f e r  tube f i l l e d  wi th  a 

vacuum-tight g a t e  valve. The specimen exposure tlihes WCCR evacuated and 

f l u s h e d  wi th  pure  helium befnre  t h e  specimens were in t roduced  i .n to  t h e  

fu rnace .  The al loy- ceramic couples were exposed f o r  1.8, 3.6, and 7.2 

Ms (500, 1000, and 2000 h ) .  Four r e a c t l n n  couples  c o n s i s t i n g  of HT-9 

al l .oy,  Fe-9Cr-1Mo s tee l ,  20% cold-worked Type 316 s t a i n l e s s  s t e e l ,  and 

e i th t?r  pure  nLckel or annea led  Type '316 s t a i n l e s s  s t e e l  were includled i n  

each compat ihi l i . ty  tes t .  I n  a d d i t i o n ,  a n lckol  F o i l  (wi thout  t h e  Li20 

p e l l e t s )  was p l a c d  downstream from thri r eac t ion  c o u p l e s  t o  s tudy  t h e  

d e p o s i t i o n  beha v i  o r . 
A second c o m p a t i h i l i t y  test w i t h  1.i20 has been i . n i t i a t e d  at 8 2 3  K 

i n  Flowing helium c o n t a i n i n e  -1 ppm H23 and -1 ppm H2. The s p - r i m e n s  

will he exposed h r  3 . 6 ,  9.0, and 1 4 . 4  !1s (1000, 2500, and 4r)OO 1,). The 

'3.6-Xs I:est h . 3 ~  hfen com?leted.  These c,?mp?tihl l i ~ t y  tes ts  are h+?ing 

conduct?d as p a r t  of the coopera t ive  i J S / J a p a n  er,change wi th  Dr. Kurasqawa 

oE t h e  Japan 4 t o m i c  Znergy Researe5 l n s c t t u t e .  

The a l l o y  and cer.imic specihens wer.: o e i ~ ~ h e r i  b e f o r e  and a f t e r  the 

c o m p a t i h i l i t y  t e s t 9 .  I n  a d d i t i . n n ,  the  . ? l~ l< iy  sperimem WILI-V? e x a n i n e d  

m ~ ! t a l l o ~ r ~ p l i i c a l ~ l ~ y  to d * ? t e r s i  n~ t h e  t h i c k n e s s  of the r e a c t i o n  sea l<?  a n d  

depth OF  internal^ c o r r o s i v e  p e n e t r a t i o n .  Tho t o t a l  (:hi ckness of t h r  

r eac t i sn  sca1.e was determi ned from t h e  di EForrnce between I : ' ~ P  s p e c i m e n  
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t h i c k n e s s  a f t e r  t h e  test  and the  sound metal remaining ( i . e . ,  t h e  

unreacted m a t e r i a l ) .  Depth of i n t e r n a l  p e n e t r a t i o n  was ob ta ined  from 

t h e  d i f f e r e n c e  b e t w e e n  t h e  i n i t i a l  t h i c k n e s s  of the  specimen and t h e  

sound metal  remaining a f t e r  t h e  tes t .  E l e c t r o n  microprobe and x- ray 

d i f f r a c t i o n  a n a l y s e s  were c a r r i e d  ou t  t o  i d e n t i f y  t h e  phases i n  t h e  

r e a c t i o n  s c a l e .  

The weight changes f o r  a l l o y s  exposed wi th  L i z 0  at  823 K i n  f lowing 

helium environments a r e  g iven i n  Table  9.4.1. The resu l t s  i n d i c a t e  t h a t  

a l l  a l l o y s  gained weight aEter exposure and the  weight ga ins  f o r  aus ten-  

i t i c  and Eerr i t ic  s t e e l s  were comparable. The weight ga ins  aEter 1 .8  

and 3.6 Ms were approximately  the  same; a s i g n i f i c a n t  i n c r e a s e  w a s  

observed a f t e r  t h e  7.2-Ms exposure.  However, a f t e r  exposure ,  t h e  a l l o y-  

c e r ; i d c  i n t e r f a c e  was not always w e l l  d e f i n e d ,  and i n  some i n s t a n c e s ,  

s e c t i o n s  of the  r e a c t i o n  scale on the a l l o y s  cam off  with the  ceramic 

p e l l e t  when the  r e a c t i o n  couples  were separa ted .  Consequently,  measure- 

ments  of weight gain are s u b j e c t  t o  e r r o r ,  p a r t i c u l a r l y  f o r  specimens 

exposed f o r  s h o r t  times. 

Table 9.4.1. Weight Change €or  Alloys Exposed w i t h  Li20 a t  823 K i n  a 
Flowtng Helium Environment Containing 33 o r  1 ppm H 2 0  and 1 ppm H2  

-- _- 
Exposure 

T i m e ,  Weight  G a i n ,  mg 
M s  ( h )  IT-9 Alloy Fe-9Cr-1Mo 316 CW 316 SS P u r e  N i  N i  F o i l a  

1.8 
3.6 
7.2 

Helium w i t h  93 ppm H20 and 1 ppm H 2  -- - 
500 )  2.7 3.6 6.3 b 0.1  b 
10DO) 2 . 3  3.5 6.2 4.6 b 0.6 
2000 )  17.6 C 19 .2  b 6.0 0.4 

H e l i u m  w i t h  1 ppm H20 and 1 ppm H z  

7.6 (1000) 3 . 2  5.5 5.5 b 1.0 0 .1  

"Exposed withoiit the Li20 p e l l e t s  and l o c a t e d  downstream from the  r e a c t i o n  

'Not tes ted .  
CiJeight change could not be determined because the s c a l e  s p a l l e d  oEf. 

couples .  
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The change i n  weight f o r  L i 2 0  p e l l e t s  exposed w i t h  v a r i o u s  a l l o y s  a t  

823 K i n  a f lowing helium environment is  given i n  Table  9.4.2. 

p e l l e t s  from a l l  r e a c t i o n  couples  l o s t  weight a f t e r  exposure and t h e  

weight loss i n  helium c o n t a i n i n g  93 ppm H20  w a s  g r e a t e r  than i n  helium 

c o n t a i n i n g  1 ppm H20.  

p e l l e t s  expressed  by a p a r a b o l i c  rate l a w .  The r e s u l t s  p r e d i c t  a weight 

l o s s  of -4.8%/year f o r  L i 2 0  exposed t o  helium w i t h  93 ppm H20 and 

-l .S%/year i n  helium c o n t a i n i n g  1 ppm H 2 0 .  

a c t i o n s ,  v iz . ,  a l l o y- p e l l e t  and gas- pe l le t  i n t e r a c t i o n s ,  c o n t r i b u t e  t o  the  

weight loss shown i n  Fig. 9.4.2. The r e a c t i o n  p roduc t s  from t h e  a l l o y-  

p e l l e t  i n t e r a c t i o n s  form an adherent  co r ros ion  scale on t h e  a l l o y  s u r f a c e  

and l ead  t o  a weight l o s s  f o r  t h e  L i 2 0  p e l l e t s  and a ga in  i n  weight of t h e  

a l l o y  specimen, whereas mois ture  i n  t h e  helium environment reacts wi th  

L i 2 0  t o  form L i O H  gas which i s  c a r r i e d  away by t h e  f lowing gas stream. 

This  r e a c t i o n  l e a d s  t o  a n e t  weight l o s s  f o r  t h e  t o t a l  r e a c t i o n  couple ,  

i .e . ,  a dec rease  i n  t h e  combined weight of a l l o y  and L i 2 O  p e l l e t s .  

on weight change i n d i c a t e  a n e t  5 t o  9-mg l o s s  i n  weight f o r  a l l  t h e  

r e a c t i o n  couples  exposed f o r  1.8 and 3.6 M s  i n  f lowing helium c o n t a i n i n g  

93 ppm H20.  

i n s i g n i f i c a n t  weight l o s s  because of o t h e r  a l loy- pe l le t- gas  r e a c t i o n s .  

For example, l i q u i d  L i  may form from c e r t a i n  Li20-metal oxide  r e a c t i o n s .  

Li th ium would then react wi th  H 2 0  t o  form soLid  L i 2 0 .  These r e a c t i o n s  

w i l l  r e s u l t  i n  a weight ga in  f o r  t h e  a l l o y s  wi thout  a s i g n i f i c a n t  change 

i n  the  weight of L i 2 0 .  The  a l l o y- p e l l e t  i n t e r a c t i o n s  would dominate a t  

long exposure times a n d  cause a ne t  weight gain  f o r  t h e  r e a c t i o n  couple. 

The i n d i v i d u a l  c o n t r i b u t i o n s  of a l l o y- p e l l e t  and gas- pe l l e t  t n t e r a c t i o n s  

can be determined from an unders tanding of t h e  var ious  a l loy- pe l le t- gas  

i n t e r a c t i o n s .  

The L i 2 0  

Figure  9.4.2 shows t h e  weight l o s s  of t h e  L i z 0  

However, two s e p a r a t e  i n t e r -  

Data 

React ion couples exposed f o r  7.2 Ms show a n e t  weight gain  o r  

The loss  of weight f o r  Li .20  from gas- pe l le t  i n t e r a c t i o n s  is r e f l e c t e d  

i n  t h e  weight change of t h e  St f o i l s  l o c a t e d  downstream from the  r e a c t i o n  

couples .  In a l l  c o m p a t i b i l i t y  t e s t s ,  t h e  N i  f o i l s  gai.ned weight.  The  

s u r f a c e  of the  Nt f o i l  exposed f o r  3.6 \Is i n  helium c o n t a i n i n g  93 ppm 1120 

i s  shown i n  Fig. 9.4.3. The  r e a c t i o n  product on the  su r facp  was i~den- 

t i f i e d  by x-ray d t f f r a c t i o n  t o  he L i 2 N i 8 0 1 0 .  Nickel  oxide was not 
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Fig.  9.4.2. Weight Loss  vs Exposure T i m e  for  L i z 0  Pellets Exposed 
with Various Alloys at 823 K in a Flowing Helium Environment Containing 
Smal l  Amounts of H20 and H2. 

Fig. 9 . 4 . 3 .  Micrograph of the Surface oE the Nickel F o i l  Located 
Downstream from the Li20-Alloy Reaction Couples a f ter  3.6-Ms Exposure at 
823 K in Helium Contalning 93 ppm H20 and 1 ppm H 2 .  
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observed. 

probably as LiOH, and depos i ted  on t h e  f o i l  t o  form Li2Nig010. 

These r e s u l t s  i n d i c a t e  t h a t  L i  is t r a n s f e r r e d  from L i 2 0 ,  

Me ta l log raph ic  examination of t h e  a l l o y  specimens revea led  t h a t  t h e  

r e a c t i o n  scale on t h e  specimen s u r f a c e  c o n s i s t e d  of a very uniform and 

dense l a y e r  of o u t e r  s c a l e  and a porous l a y e r  of subsca le .  For most 

specimens, the o r i g i n a l  a l l o y  s u r f a c e  could be easily reso lved .  The depth  

of i n t e r n a l  p e n e t r a t i o n  inc luded  p o r t i o n s  of t h e  o u t e r  s c a l e  and t h e  

subsca le .  Average va lues  of t o t a l  s c a l e  t h i ckness  and depth of i n t e r n a l  

p e n e t r a t i o n  f o r  a l l o y s  exposed wi th  L i z 0  a t  823 K i n  f lowing helium 

con ta in ing  93 ppm H20  and 1 ppm H2 are given i n  Table 9.4.3. 

a l l o y s ,  t h e  th i ckness  of t h e  t o t a l  s c a l e  c l o s e l y  fo l lows  t h e  weight ga in  

of t h e  a l l o y s ,  i.e., s c a l e  t h i ckness  is approximately t h e  same a f t e r  1.8- 

and 3.6-Ms exposure and i n c r e a s e s  s i g n i f i c a n t l y  a f t e r  7.2 Ms. 

of i n t e r n a l  p e n e t r a t i o n ,  however, i n c r e a s e s  g radua l ly  wi th  time. A s  

mentioned e a r l i e r ,  t h e  measurements of t o t a l  s c a l e  t h i ckness  a r e  s u b j e c t  

t o  e r r o r  because of the  u n c e r t a i n t y  i n  l o c a t i n g  t h e  f i n a l  i n t e r f a c e  

between t h e  r e a c t i o n  s c a l e  and Liz0 p e l l e t .  

For a l l  

The depth  

In c o n t r a s t ,  t h e  depth of 

Table 9.4.3. Average Values of T o t a l  Sca le  Thickness  and Depth of 
I n t e r n a l  P e n e t r a t i o n  f o r  Alloys Exposed wi th  L i z 0  a t  823 K i n  

Flowing Helium Containing 93 ppm H20 and 1 ppm H2 

Exposure Time 
1.8 M s  (500 h )  3.6 M s  (1000 h)  7.2 M s  (2000 h )  

Penetra-  Penetra-  Penet ra-  
T o t a l  t i o n  T o t a l  t i o n  T o t a l  t i o n  
Scal.e, Depth, S c a l e ,  Depth, S c a l e ,  Depth, 

Al loy  um um om um vm um 

HT-9 1 4  3 b 8 52 22 
Fe-9Cr-1140 17  7 27 1 2  b 15 
316 CW 23 6 20 1 4  56 21  
316 SS a a 27 7 a a 
Pure N i  0 0 a a 15  9 

atlot t e s t e d .  
bTota l  s c a l e  t h i ckness  could not be measured because the  s c a l e  s p a l l e d  

o f f .  
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i n t e r n a l  p e n e t r a t i o n  a n  be determined a c c u r a t e l y .  F igu re  9.4.4 shows 

t h e  i n c r e a s e  in p e n e t r a t i o n  depth and t o t a l  scale t h i c k n e s s  w i t h  t i m e .  

Depth of i n t e r n a l  p e n e t r a t i o n  can be r e p r e s e n t e d  by a l i n e a r  r a t e  of 

i n c r e a s e  and y i e l d s  a va lue  of -85 d y e a r  f o r  p e n e t r a t i o n .  

i n t e r n a l  p e n e t r a t i o n  may a l s o  be expressed by a p a r a b o l i c  rate l a w  and 

y i e l d  a 0.7-Ms (195-h) incuba t ion  pe r iod  and -50 um/year p e n e t r a t i o n  

rate. 

Data f o r  

I I 
COMPATIBILITY WITH Liz0 

823 K (550"Cl 
- FLOWING He (I00 ppm H20 8 I ppm H21 ENVIRONMENT 

- 

PENETRATION TOTAL 60- 
DEPTH THICKNESS / a /  i 

HT-9 0 

A A 

a / 
316 Ann. 0 e /  

30 
a 

a a 

20 / a  

I I I I I 
0 500 IO00 I500 2000 2500 

TIME ( h )  

Fig. 9.4.4. The Change in T o t a l  Thickness  of t h e  React ion Sca le  
and P e n e t r a t i o n  Depth f o r  Al loys  Exposed wi th  L i z 0  at  823 K in Flowing 
Helium Containing 93 ppm H20 and 1 ppm H2. 

Micrographs of the  r e a c t i o n  s c a l e s  on t h e  v a r i o u s  a l l o y  specimens 

exposed with L i z 0  a t  823 K in helium c o n t a i n i n g  93 ppm H 2 0  and 1 ppm H2 

a r e  shown in Figs.  9.4.5 and 9.4.6 f o r  3.6 and 7.2-Ms exposures ,  respec-  

t i v e l y .  The specimens of f e r r i t i c  and a u s t e n i t i c  steels show i d e n t i c a l  

Eeatures ,  v iz . ,  a very uniform and dense o u t e r  s c a l e  and a porous 
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I 

316 SS 

HT-9 

316 CW 

Fe-9 Cr -I Mo 

Fig. 9 .4 .5 .  Micrographs of the Reaction Scales on Alloys Exposed 
with Li20 at 823 K for 3.6 Ms in Flowing Helium Containing 93 ppm H20 
and 1 ppm H2. 
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PURE Ni 316 CW 

Fig 
with Li20 at 823 K for 7 . 2  Ms i n  Flowing Helium Containing Y 3  ppm H2U 
and 1 ppm H2. 



exposed f o r  7.2 M s  had s p a l l e d  off and are, t h e r e f o r e ,  not  observed i n  

t h e  micrographs. The pure  n i c k e l  specimen a l s o  shows cons ide rab le  

c o r r o s i v e  a t t a c k .  

The r e a c t i o n  scales on t h e  va r ious  a l l o y s  showed some d i f f e r e n c e s  

i n  t h i c k n e s s  and morphology depending on t h e  l o c a t i o n .  Micrographs of 

t h e  scale formed nea r  t h e  c e n t e r ,  i n t e rmed ia t e  s e c t i o n ,  and edge of t h e  

cold-worked Type 316 stainless steel specimen exposed f o r  7.2 Ms are 

shown i n  Fig. 9.4.7. The t o t a l  scale th i ckness  i s  smaller towards t h e  

edge of the specimen and the o u t e r  scale near  the edge c o n s i s t s  of three 

d i s t i n c t  l a y e r s ;  a t h i n  black s u r f a c e  l a y e r ,  a wide gray r eg ion ,  and a 

white i n n e r  l a y e r .  

and at  the c e n t e r  of the specimen it f o r m s  a t h i n  band next  t o  the 

subsca le .  E l e c t r o n  microprobe and EDAX a n a l y s e s  of the v a r i o u s  r e g i o n s  

of t h e  s c a l e  i n d i c a t e d  that the o u t e r  scale is p r i m a r i l y  l i t h ium- i ron  

oxide.  The b lack  s u r f a c e  l a y e r  is manganese- rich, and t h e  i n n e r  wh i t e  

band is n icke l- r ich .  The composi t ions and t h e  p o s s i b l e  phases of t h e  

d i f f e r e n t  r eg ions  of t h e  scale on t h e  cold-worked Type 316 s t a i n l e s s  

s teel  are shown i n  Fig. 9.4.8. The subsca l e  is r i c h  i n  chromium and 

probably c o n s i s t s  of L i C r 0 2  and Li(Fe2Cr)04 phases.  

a n a l y s e s  of t h e  r e a c t i o n  s c a l e  are being conducted t o  p o s i t i v e l y  

i d e n t i f y  t h e  va r ious  phases.  The r e a c t i o n  s c a l e s  on HT-9 a l l o y  and 

Fe-9Cr-lMo s t e e l  d i d  no t  show much v a r i a t i o n  i n  composition. 

7.2-Ms exposure,  t h e  o u t e r  s c a l e  on t h e  HT-9 a l l o y  conta ined  -66% Fe and 

t h e  subsca l e  c o n s i s t e d  of -30% C r ,  18% Fe,  and small amounts of Mo, V,  

and Si .  Micrographs and t y p i c a l  composi t ions of the  r e a c t i o n  s c a l e s  

developed on Fe-9Cr-1Mo steel  and cold-worked Type 316 steel exposed f o r  

3.6 M s  are shown i n  Fig. 9.4.9. 

The whi te  l a y e r  becomes i r r e g u l a r  away from the edge 

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

A f t e r  a 
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(a )  (b) (C) 

Fig. 9.4.7. Micrographs of t h e  React ion Sca le s  Near the ( a )  
Center ,  (b) In t e rmed ia t e  Region, and (c)  Edges of t h e  C o l d r o r k e d  Type 
316 S t a i n l e s s  S t e e l  Specimen Exposed at  823 K for 7.2 M s  i n  Helium 
Containing 93 ppm H20 and 1 ppm H2. 

Composition, w t  9: Poss ib le  
Location 0 Fe C r  Ni Mn Li" Phase 

A 30 31 1 - 24 13 Li(Fe.Md02 
B 29 57 1 0 0 10  LiFe02 
C 
D 14  46 1 - 2 Li(Fe2Cr)Oq 

4 50 - - 8 L i C r 0 2  

26 53 4 12  - 5 - 

aEst imated from d i f f e r e n c e .  

Fig. 9.4.8. Chemical Composition and P o s s i b l e  Phases of t h e  
D i f € e r e n t  Regions of t h e  React ion Sca le  Shown in Fig. 9.4.7(c). Two 
d i f f e r e n t  composi t ions fo r  reg ion  D correspond t o  t y p i c a l  ana lyses  of 
d i f f e r e n t  reg ions  of the  i n n e r  s c a l e .  
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I 1 

316 CW Fe -9 Cr -I Mo 

Composition, w t  % Composition, w t  X 
Locat ion  0 Fe C r  Nf Lia Locat ion  Fe  C r  

A 30 61 1 - 9 A 66 1 
B 26 9 47 4 2 B 37 19 
C 5 40 a 42 - 
D 16  42 24 17 - 

aEst imated from d i f f e r e n c e .  

Fig.  9.4.9. Chemical Composition of t h e  D i f f e r e n t  Regions of t h e  
Reac t ion  Sca le  on Alloys Exposed f o r  3.6 Ms with  L i z 0  a t  823 K in 
Flowing Helium Conta in ing  93 ppm H20 and 1 ppm H2. 

Micrographs of the  specimen edges t h a t  were not i n  c o n t a c t  w i th  

L i 2 0  and thus  were exposed t o  t h e  gas environment a lone  are shown in 

Fig. 9.4.10. 

t h i c k  r e a c t i o n  s c a l e .  EDAX ana lyses  i n d i c a t e  t h a t  t h e s e  scales are r i c h  

i n  chromium and the  composi t ions a r e  s i m i l a r  t o  those  f o r  t h e  s u b s c a l e s  

formed i n  con tac t  wi th  Li20. 

t r a n s f e r r e d  v ia  the vapor phase o r  by s u r f a c e  d i f f u s i o n  t o  r e a c t  w i th  

s u r f a c e s  t h a t  a r e  not in con tac t  wi th  Li20. 

Both E e r r i t i c  and a u s t e n i t i c  steels show a 10 t o  25-um- 

These r e s u l t s  i n d i c a t e  t h a t  l i t h i u m  is 
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Fi 
Environ 

316 CW 

HT-9 

Fe-9Cr-IMo 

g.  9.4.10. Micrographs of Specimen Edges Exp 
ment Only. 

osed to the Gas 

9.4.5 Conclusions 

Data from the compatibility t e s t s  with L i 2 0  at  823 K for up to  

7.2 MS (2000 h) i n  a flowing helium environment containing 93 ppm H20 

and 1 ppm H2 indicate that both f e r r i t i c  and a u s t e n i t i c  s t e e l s  develop a 
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r e a c t i o n  scale which c o n s i s t s  of an i ron- r i ch  o u t e r  l a y e r  and a 

chromium-rich subsca le .  The t o t a l  t h i ckness  of t h e  s c a l e  and the depth  

of i n t e r n a l  p e n e t r a t i o n  i n c r e a s e  wi th  time. The r e a c t i o n  rates f o r  

f e r r i t i c  and a u s t e n i t i c  steels are comparable and y i e l d  a va lue  of 85 

d y e a r  f o r  pene t r a t ion .  

helium con ta in ing  93 ppm H20.  

Pure n i c k e l  a l s o  r e a c t s  w i th  L i z 0  i n  f lowing 

The L i z 0  p e l l e t s  exposed wi th  the  var ious  r e a c t i o n  couples  l o s t  

weight.  The weight l o s s  fo l lows  a p a r a b o l i c  law and y i e l d s  a va lue  of 

-4.8%/year. 

in helium con ta in ing  93 ppm H20. 

weight l o s s  r e s u l t s  from g a s - p e l l e t  and a l l o y- p e l l e t  i n t e r a c t i o n s .  The 

va r ious  a l loy- pel le t- gas  i n t e r a c t i o n s  need t o  be e s t a b l i s h e d  t o  

determine t h e  weight l o s s  from t h e  gas- pel le t  r eac t ion .  

The weight loss i n  helium wi th  1 ppm H20 i s  lower than  t h a t  

However, f o r  t h e  p re sen t  s tudy ,  the 
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