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FOREWORD 

Th is  i s  t h e  seventh i n  a s e r i e s  o f  semiannual t e c h n i c a l  progress r e p o r t s  on fus ion reac to r  

mate r ia l s .  
repor ted  separate ly  i n  t h e  f o l l o w i n g  t e c h n i c a l  progress repor ts :  

Th is  r e p o r t  combines research and development a c t i v i t i e s  which were p r e v i o u s l y  

e A l l o y  Development f o r  I r r a d i a t i o n  Performance 

Damage Analys is  and Fundamental Stud ies 

Specia l  Purpose M a t e r i a l s  

These a c t i v i t i e s  are concerned p r i n c i p a l l y  w i t h  t h e  e f f e c t s  o f  t h e  neu t ron ic  and chemical 

environment on t h e  p r o p e r t i e s  and performance of r e a c t o r  mate r ia l s :  toge ther  they form one 
element o f  t h e  o v e r a l l  m a t e r i a l s  program being conducted i n  support  o f  t h e  Magnetic Fusion 

Energy Program of t h e  U S .  Department of Energy. 
i s  concerned w i t h  t h e  i n t e r a c t i o n s  between r e a c t o r  m a t e r i a l s  and t h e  plasma and i s  repor ted  

separate ly .  

The o ther  major element of t h e  program 

The Fusion Reactor M a t e r i a l s  Program i s  a n a t i o n a l  e f f o r t  i n v o l v i n g  severa l  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 i n d u s t r i e s .  

p rov ide  a working t e c h n i c a l  record f o r  t h e  use o f  t h e  program p a r t i c i p a n t s ,  and t o  p rov ide  

a means o f  c o m u n i c a t i n g  t h e  e f f o r t s  of m a t e r i a l s  s c i e n t i s t s  t o  t h e  r e s t  of t h e  fus ion com- 

munity, both n a t i o n a l l y  and worldwide. 

The purpose o f  t h i s  s e r i e s  of r e p o r t s  i s  t o  

This  r e p o r t  has been compiled and e d i t e d  under t h e  guidance of A. F. Rowcl i f fe  and 

Frances Scarboro, Oak Ridge Nat ional  Laboratory.  

t h e  many persons who made t e c h n i c a l  c o n t r i b u t i o n s ,  are g r a t e f u l l y  acknowledged. 
T. C. Reuther, Reactor Technologies Branch, has r e s p o n s i b i l i t y  w i t h i n  DOE f o r  t h e  programs 
reDorted on i n  t h i s  document. 

The i r  e f f o r t s ,  and t h e  e f f o r t s  of 

R. Pr ice,  Chief 

Reactor Technologies Branch 
O f f i c e  o f  Fusion Energy 
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30.16 x 4.77 x 0.76 m wi th  a gauge length of 6.35 m. The second specimen, termed the "miniature- 
d i r k "  Spncimen. has dimnnsions bared on a transmission electron microscope specimen of 3 ~n diameter and 
0.3 m thickness. w i th  a reduced gauge section formed from two 1.5 om c i r cu la r  rad i i .  Results from the 
miniature-disk specimen consistent ly f e l l  above the other data. 
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candidate f i r s t  wal l lblanket materials f o r  thermal-mechanical fatigue. 

A Contamination Spot Separat ion Method f o r  Thickness Measurement of I r r a d i a t e d  TEM 
Specimens (Oak Ridge Nat ional  Laboratory and Japan Atomic Energy Research I n s t i t u t e )  . . 13 

checked t o  determine whether swelling data obtained frm T M  Observations of Cavities and density-Change 
data mearurnd using the precision densitometer a t  the Oak Ridge National Laboratory (ORNL) may be cam- 
pared accurately. 
shown some appreciable discrapancier far  Japan1U.S. col laborat ive experiments i r rad ia ted i n  HFIR. The 
contamination spot raparation (CSS) method has been used i n  thn past t o  determine the thickness Of a TEH 
f o i l .  Recent work has revealed an appreciable er ror  i n  t h i s  method tha t  can overestimate the f o i l  thick-  
ness. This error causes lower swelling valuns to ba measured by T M  m1CrOItrUCtUra.I obsarvations r e l a -  
t i v e  t o  the precision densitmetar.  An inproved method i s  proposed for  determining the f o i l  thickness by 
the CSS method, which includes a correct ion for  the overestimation o f  f o i l  thickness. 

A good corre la t ion of power l a w  expo- 

1.3 

The procedure of obtaining microstructural data from reactor- irradiated specimnns has been Carefully 

Conpariron of data measured by both methods on dupl icate or  the same Speclmens has 
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Laboratory. 
8.3 x 10" nlcm'. 

The i r rad ia t ions occurred between February - Apr i l  1988 w i th  a maximum neutron fluence of 
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The resu l t s  have 
conducting material Y,Ba,Cu,O,, using our new conputer code SPECMP. 
recoil energy d is t r ibu t ions  were f i r s t  calculated f o r  the elements barium and yttr ium. 
been added t o  the SPECTER cmputer code for  rout ine ca lcu lat ion of dmage i n  any specified neutron 
spectrum. 

New damage C ~ S S  sections and atomic 
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subcascades. Conpared on thn basis of reduced damage energy, metals of the same crysta l  structure have 
subcascade thresholds a t  the same reduced energy. The nunber of subcascades per u n i t  rethrced damage 
energy I s  about the same for  metals Of the same crystal ItrYCtUre. and the average spacing o f  rubcascades 
i s  about the same I n  uni ts  of l a t t i c e  parameters. CDnparisons between rubcascade threshold energies and 
average recoil energies i n  f i ss ion  and fuslon neutron envlrormentr show the spectral sens i t i v i t y  o f  the 
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siderat ions re lated not only t o  neutrm spectra but  also the of ten dominant ef fect  o f  d i rp lacmsnt  ra te .  
It i s  shown i n  t h i s  paper that  f ission- fusion corre lat ion experiments diroctnd toward helium effects and 
PKA reco i l  spectra are frequently d i f f l c u l t  t o  in terpret  due to the strong influence of displacment 
rate. low energy reco l l s  from thermal nevtmn absorptlon, and i n  some cases a large influence of so l id  
transmutanti. 
l i g h t  of recent advances i n  defining i r rad ia t ion  parameters. 

It i s  also shown that  materials data published i n  e a r l i e r  decades must be reevaluated i n  

5.3 Pro jec ted  Ranges o f  Energet ic  Ions i n  So l ids  (Un i ve r s i t y  of Wisconsin) . . . . . . . . .  
Projected range equations. including nuclear and electronlc losses up t o  the t h i r d  moment. are derived 

as a slnple and accurate means t o  evaluate projected ranger o f  energetic ions i n  ro l lds .  Y i t h  the proposed 
expressions f o r  the nuclear stopping c m s s  section and the t h i r d  maent of both nuclear and electronic 
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€OX analysis and select ive e lnctmpol ish ing were used t o  study two specimens o f  Fe-35Ni i r rad iated 
wi th  neutmnr a t  420 and 520'C and one rpsclmen o f  Fs-35Ni-15Cr I r rad iated a t  510'C. 
rpinodal ly decanpored wi th  the perlod o f  Conpositional o s c i l l a t i o n  appearing to decrease w i th  decreasing 
i r r a d i a t i o n  t w e r a t u r e .  When pol ishing conditions are used which p m w t e  etchlng, the low nickel micro- 
volumes are re lec t l ve ly  attacked. The level of  chromium appears t o  play no role i n  e l ther  thn selnct ive 
attack o r  the per iod o f  osc l l l a t ion .  
t i o n  appear t o  be ident ica l  but  not re la ted  t o  the presence o f  current ly  ex is t ing mlCroStructUraI 
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nucleation, growth, and coarsening o f  the la al loys. Predict ion o f  the scale of  a microstructure formed by 
growth o r  coarsening may be done wi th sme confidence. The absence O f  a madel f o r  surface anergy and gra- 
dient energy i n  Syr tmr w i th  negative departure from i d e a l i t y  reducer us t o  l i t t l e  more than guesses f a r  
the k ine t i cs  o f  both nucleation and o f  spimdal deconposition. Ye can combine our calculat lons with those 
of others and studies o f  t e r r e s t r i a l  and celest ia l  deconposition t o  reach a conclusion that  suggests a 
m i s c i b i l i t y  gap for  Fe-Ni a l loys i n  the Invar regime. The gap i s  found t o  be very narrow a t  high tm- 
peratures but  to be broadened a t  low t q e r a t u r e s  by magnetic effects. 
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implying tha t  some process other than vold nucleation determines when the r e l a t i v e l y  rapid void growth 
associated w i th  the onset o f  steady-state swell lng occurs. The protracted loop dominance of dislocation 
structure and the r e l a t i v e l y  low void density a t  intermediate nickel levels (30-45 W t  %) suggested a 
reduced d is locat ion bias toward preferential  i n t e r s t i t i a l  absorption a s  a possible mechanism t o  produce 
lower swell ing I n  t h i s  nickel range. 

A t  510'C void nucleation was Corplete p r i o r  t o  the onset O f  steady-state swelling a t  a l l  nickel 1eve1s. 
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The present a f f o r t  i s  intended t o  describe microstructural response to f a s t  neutrons o f  two tungsten 
s tab i l i zed  f ~ r r i t i C l m a r t e n s i t i C  steels and HT-9 fol lowing i r r a d i a t i o n  t o  doses as high as 100 dpa. The 
major change i n  miCrOStrUCtwa1 development a t  420'C fmn 34 t o  103 +a was found t o  be due t o  void evolu- 
t ion.  NO s ign i f i can t  differences i n  dislocation o r  p rec ip i ta te  Structures could be ident i f ied,  whereas 
void structures were found t o  have developed more uniformly and the resultant swnlling was greater. The 
Prec ip i ta te structure tha t  had formed during i r rad ia t ion  t o  34 dpa remained stable t o  higher dose. 
Precip i ta te d is t r ibut ions showed only modest increases i n  size, ind icat ing tha t  t h i s  phase has stabi l ized. 
and w i l l  not change s igni f icant ly  wi th  further i r rad ia t ion .  Therefore. tungsten s tab i l i zed  martensitic 
steels appear to have excel lent i r rad ia t ion  resistance, and can be upected t o  perform well t o  dorsr r l g n i f -  
i can t l y  hlghar than 100 dpa. 

6.1.2 I r r a d i a t i o n  Creep of t he  F u s i o n  Heats of HT9 and 9Cr-1Mo i n  FFTF/MOTA ( ( P a c i f i c  
N o r t h w e s t  L a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  114 

Stsady-state swelling o f  HTO and OCr-lHo i n  FFTFIMOTA appears t o  develop a f t e r  75 m a  f o r  i r r a -  
d iat ion t q e r a t u r e s  i n  the range 403-41O'C. 
low. on the order of o.o15%ldpa. 
proportional t o  the applied stress above a cer ta in level  but  also t o  the swelling rate. The creep- 
swell ing coupling coef f ic ient  f o r  these fer r i t iC lmartnnsi t iC a l loys appears t o  be very close t o  that o f  
austeni t ic  al loys. 
a l loys u h i b i t  s t ress  exponents greater than unity, re f lect ing thn onset o f  thermal creep possibly ac t i -  
vated by phase i n r t a b i l i t i a s .  

The r a t s  o f  Swelling i n  the stress- free condition i s  very 
steady-state c r e w  rates also develop concurrently, wi th  creep not only 

A t  520.C thn c r e q  ra te  i s  l i near  w i th  stress a t  a l l  stress levels but a t  600'C th0se 

6.1.3 M i c r o s t r u c t u r a l  Evo lu t i on  of M a r t e n s i t i c  S t e e l s  Dur ing F a s t  N e u t r o n  I r r a d i a t i o n  
(Oak R i d g e  Na t iona l  Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  117 

neutron i r rad ia t ion .  During thermal aging a t  t q e r a t u r e s  o f  482 t o  600'C f o r  times up to  25.000 h. the 
a s - t q e r e d  m i ~ r o s t r u ~ t u r e  O f  lathlsubgrain boundaries and carbides (M,,C. and m) remains unchanged 
while f i l m s  and par t i c les  of Laves phase form along grain and subgrain boundaries. and dense dispersions 
Of f i n0  VC needles form i n  the matrix. By contrast, High Flux Isotope Reactor (HFIR) i r rad ia t ion  a t  300 
t o  500'C t o  37 t o  39 dpa (about 10,000 h) causes the a s - t q e r e d  subgrain boundary and carbide prec ip i-  
t a t e  structure to become unstable, but doer not pmduce p rec ip i ta t ion  o f  any new phases. I r rad ia t ion  i n  
HFlR causes p a r t i a l  d issolut ion Of H2,CI. coarsening and compositional evolut ion o f  MC. and recovery and 
coarsening of the lathlsubgrain structure. 

The n icrost ructure of 9Cr-lkVNb steal wolves qu i te  d i f ferent ly  during thermal aging and during 
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6.1.4 The Development  of F e r r i t i c  S t e e l s  For F a s t  I n d u c e d  R a d i o a c t i v i t y  Decay (Oak 
R idge  N a t i o n a l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  120 

I r rad ia t ion  O f  f e r r i t l c  steels wi th  neutrons i n  the t q e r a t u r e  range O f  rom t q e r a t u r e  to 

Elght reduced-activatlon Cr-W-V steels w i th  Chromium concentrations varying from 2.25 t o  
-450'C resul ts  i n  l a t t i c e  hardening, whlch causes an lncrsass I n  strength and a decrease in duc- 
t i l i t y .  
12% were i r rad ia ted  a t  365'C t o  -7 dpa i n  the Fast Flux Test Fac i l i t y .  Steels containlng the com- 
binat ion o f  2% w and 0.25% V hardened less than those containlng vanadium o r  tungstan alone or  a 
steel w i th  1% W and 0.25% V. 
vanadium and tungsten concentrations and contalning 2.25, 5 and 5% C r :  a steel wi th  121 C r  har- 
dened considerably more. 
were also Irradiated. and the hardening O f  these steels was s imi lar  t o  analogous reduced- 
act ivat ion steels. 

The amount of  hardenlng was s l n i l a r  for  Cr-W-V steels wl th  constant 

Specimens O f  two conventional Cr-Ma steels. 9Cr-1MaVNb and 12Cr-lHaW. 

6.1.5 Heat T rea tment  E f f e c t  on Impact P r o p e r t i e s  o f  Reduced-Act ivat ion S t e e l s  (Oak R i d g e  
N a t i o n a l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  125 

The effect of heat treatment on the l q a c t  behavlor of eight experlmental heats o f  reduced- 

I q a c t  properties o f  steels wi th  2 114% 
act ivat ion f e r r i t i c  steels was investlgatsd. 
ta in lng  tungsten, vanadium, and tantalum were examined. 
C r  depended on microstructure. which was affected by cooling rate a f t e r  u s t e n l t i z a t i o n .  By 
heat t raa t lng  the 2 114Cr steels t o  change the microstructure from a b a l n i t l c  structure con- 
ta in ing f e r r i t e  t o  one without fe r r i te ,  the d u c t i l e - b r i t t l e  t r a n r l t i o n  tBnpnratUres w0re reduced 
substantial ly.  

Steels wl th  2 114. 5, 9, and 12 w t  % C r  and con- 

Coallng ra te  had essentlal ly no effect on the hlgh-Chromium martensit ic steels. 

6.2 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  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  131  

6.2.1 I r r a d i a t i o n  Creep and S w e l l i n g  of Annealed Type 304L S t a i n l e s s  S t e e l  a t  -390'C and 
H i g h  N e u t r o n  F l u e n c e  (Argonne  N a t i o n a l  L a b o r a t o r y  and P a c i f i c  N o r t h w e s t  L a b o r a t o r y )  . . 133 

The irradiat ion- induced creep and swelling o f  A I S l  304L I n  EER-I1 a t  -390.C have been invart lgatsd 
t o  BXPOSUreS on the order o f  80 dpa and conpared w i th  the behavior Of AIS1 316 stainless steel. 
shown that  swelling and creep o f  various austeni t lc  steels are strongly ln te rac t l ve  phenomena. 
Swelling depends on stress, displacement rate, colnposltion and cold-work level ,  the creep rate d i rec t l y  
depends only on the stress level and the lnstantaneous swelling rate. The creep-swelling coupllng coef- 
f i d e n t  does not appear t o  be very sensit ive to c q o s i t l o n .  cold-work level  o r  t w e r a t u m .  

I r r a d i a t i o n  Creep of PCA Observed i n  FFTFIMOTA ( P a c i f i c  Northwest Laboratory and 
Westinghouse Han fo rd  Company) . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  140 

I t  i s  
While 

6.2.2 

The candidate austenl t lc  a l l oy  designated PCA was i r rad ia ted  i n  FFTFlHOTA i n  the 20% cold-worked 

The assuq t lon  that  thO E, + DS 
condit lon t o  fluences ranging as high as 122 *a. 
ra te  was found t o  be l i n e a r l y  dependent on the applied stress level .  
creep model 1s appllcable t o  t h l r  a l l oy  y le ld r  a creep-swelling coef f ic ient  O f  0 
excel lent agrement w i th  the resul ts  o f  s tudle i  on solut ion annealed A I S l  304L and various thermo- 
mechanical treatments O f  AIS1 316 stainless steel. 

A t  t w e r a t u r e s  i n  the range o f  304550'C the creep 

0.6 x 10-l MPa-', i n  

6.2.3 Phase S t a b i l i t y  o f  a M a n g a n e s e- S t a b i l i z e d  L o w - A c t i v a t i o n  M a r t e n s i t i c  Steel  ( U n i v e r s i t y  
of Wisconsin and P a c i f i c  N o r t h w e s t  L a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . .  145 

The development O f  a l loys With reduced l o n g - l l f e  rad ioac t l v i t y  has been incorporated in to  tho 
goals of fusion materials development. 
0.1C s tab i l i zed  martensit ic s teel .  The phase s t a b i l i t y  o f  t h i s  steel has been investigated 
fol lowing neutron i r r a d i a t l o n  Over a t w e r a t u r e  range o f  420 t o  600.C to doses as high as 
100 dpa. The microstructural response o f  the i r rad ia ted  steel has been conpared t o  that  o f  the 
Sam0 a l lay  aged f o r  10,000 h from 365 to 600T. 
and i r rad ia ted  Structures. I n  the ranpler aged a t  420 and 520°C. and the sanples I r rad iated a t  
520'C. an Fe-Cr-Mn-W chi phase formed. I n  thn sampler I r rad iated a t  420'C. alpha prime formed. 
The presence of chi phase i n  both the thermally aged and neutron l r rad ia ted  steels lndlcates that  
the Fe-Cr-Mn s y r t m  1s prone t o  in termeta l l ic  phase formation so that  careful study on the ef fects  
Of a l loy ing are needed. 

One possible candidate a l loy  i s  an Fe-12Cr-6.5Hn-1W-0.3V- 

H,,C. was the only carbide found i n  both the aged 
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6.2.4 Phase S t a b i l i t y  of a Fe-Cr-Mn A l l oy  Aged fo r  2000 and 5000 Hours ( U n i v e r s i t y  of 
Wisconsin and P a c i f i c  Northwest Laboratory) . . . . . . . . . . . . . . . . . . . . . .  151 

An Fa-Cr-Mn-W chi phase formed I n  a 12Cr-6.Wn-lW-O.OV-O.lC (ut I) martensit ic steel that  was 
aged from 1000 t o  5000 h a t  420 and 52O'C. 
tha t  o f  the chi phase was fabricated and aged f o r  2000 and 5000 h i n  order t o  determine phasn 
s t a b i l i t y .  
f e r r i t e ,  austenite and MI&. formed. 
simple Fe-Cr-Mn a l loys and tha t  chi may requlre minor additions o f  tungsten o r  mlybdenum to form 
thermally. 

An Fe-ZSXr-lSWn a l loy  w i th  a conposition close t o  

Optical and transmission electron microscopy o f  the sanplss showed tha t  sigma, 
ThBse results show tha t  Chi phases does not form easi ly  i n  

6.2.5 Phase S t a b i l i t y  o f  Fe-Cr-Mn Aus ten i t i c  S t e e l s  Deve loped  f o r  Reduced A c t i v a t i o n  (Oak 
Ridge N a t i o n a l  Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  155 

The phase s t a b l l i t y  of mawanese-stabilized austeni t ic  a l loys based on Fe-12Cr-ZOMn-O.25C 
w i th  minor additlons of W, T i ,  V. P, and B has been evaluated a t  6OO'C. Dominant prec ip i ta te phases i n  
both annealed and cold-worked materials are M& and T I C  carbides, With no in termeta l l ic  phases being 
observed. Conposition differences between matrix and grain boundary M,,C. were observed i n  aged speci- 
mens. Those differences are associatnd wi th  the formation o f  gra in boundary M,,C, during annealing 
a t  high temperature. Minor a l loy  addlt ionr have Signi f icant  influence on the p rec ip i ta te  structure and 
Conposition. Tungsten i s  strongly incorporated i n t o  M,,C. and Tic, Whereas vanadium i s  not. Phosphorus 
i s  incorporated i n t o  M,,C. but  not i n t o  Tic.  The austenite r t a b l l i t y  even a f t e r  the prec ip i ta t ion o f  
carbides during high temperature annealing indicates that  the carbon level  o f  there a l loys can be 
reduced and s t i l l  maintain a stable austenlte matrix wi th  good resistance t o  in termeta l l lc  formation. 

C a v i t y  M i c ros t ruc tu re  and K i n e t i c s  D u r i n g  GTA Welding of He l i um C o n t a i n i n g  S t a i n l e s s  
S t e e l  (Auburn U n i v e r s i t y ,  Oak R i d g e  N a t i o n a l  Laboratory and Sand ia  Na t iona l  
Labora to ry ,  L i ve rmore )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  160 

6.2.6 

Helium was inplanted i n  type 316 stainless stael, through t r i t i u m  decay, t o  1 ~ ~ 0 1 s  O f  0.18, 
2.5, 27, 105, and 256 appm. Bead-on-plate welds were then made using the gar tungsten arc process. 
Intergranular cracking occurred i n  the heat-affected zones (HAZ) of  specimens wi th helium COnCentrations 
equal t o  or greater than 2.5 appm. No such cracking was observed i n  helium-free control specimens o r  i n  
specimens containing the lowest helium concentration. I n  addit ion t o  the HAZ cracking, b r i t t l e .  center- 
l i n e  cracking occurred i n  the fuslon zone o f  specimens containing 105 and 256 appm He. Transmission 
and scanning electron microscopy results indicated that  both the HAI cracking and Centerline cracking i n  
the fusion zone resulted from the stress-induced growth and coalescence o f  Cavit ies i n i t i a t e d  a t  helium 
bubbles on interfaces. For the HAZ case. the cav i ty  growth ra te  i s  modeled and i s  shown t o  predic t  the 
experimentally measured 1 I time lag between peak weld temperature and the onset of cracking. 

6.3 Vanadium A l loys  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  175 

6.3.1 M ic ros t ruc tu ra l  Examinat ion o f  S imple Vanadium A l loys  I r r a d i a t e d  i n  t h e  FFTF/MOTA 
(Hokkaido U n i v e r s i t y ,  P a c i f i c  Northwest Laboratory, and Argonne N a t i o n a l  Labora to ry )  . 177 

A number of simgle vanadium al loys have been sxaalned by t r a n m l r r l o n  electron mlcroscoPY 
fol lowing I r rad ia t ion  i n  the Materials Open Test Assembly O f  the Fast Flux Test F a c i l i t y  (FFTFIMOTA) a t  
m0.C t o  14 dpa. 
2O%Ti, V-20ITi-5XY ( i n  welght percent) and VANSTAR-7. 
features typ ica l  of rad iat ion damage. 
pos i t i on  so tha t  void, dislocation and prec ip i ta te structures were d iss imi lar  even f o r  specimens of 
s imi lar  composition. 
contents were examined. 
p rec ip i ta t ion  varied as a function of t i tanium content. 
c i p i t a t e  development. Often indicated by {OOl) stacking f a u l t  features. 
voids. 
l a r  t o  black spot damage could be frequently ident i f ied.  
i r r a d i a t i o n  are very sensit ive t o  i n i t i a l  conposition. 

The a l loys included pure vanadium. v-4Wo. V-W, V-10 and V-15Xr.  V-5, 10, and 

HOYBVB~, large dif ferencar were found as a funct ion Of com- 
A l l  specimens were found t o  have developed 

For sxanpla. di f ferent heats of pur. vanadium w i th  d i f fe ren t  i n t e r s t i t i a l  solute 
I n  a series o f  three V - T i  alloys. 

However, i n  general, specimens displayed pre- 
One contained voids and the other d i d  not. 

About h a l f  the al loys contained 
Dislocation structures included large l w p r  and dislocation tanglnr but  much smaller loops r l a i -  

Therefore, miCrOstrUCtUres developed under 

6.3.2 Impact Behavior  of I r r a d i a t e d  W S C r 5 T i  F o l l o w i n g  Hydrogen Removal ( P a c i f i c  N o r t h w e s t  
L a b o r a t o r y  and Argonne N a t i o n a l  Laboratory)  . . . . . . . . . . . . . . . . . . . . . .  190 

Dehydrogenation of V - 1 S C r S T I  Charpy inpact specimens a f t e r  i r rad ia t ion  a t  4OO'C t o  114 dpa was 
performed p r i o r  t o  inpact test lng. 
a l loy,  y ie ld ing a DBTT I n  excnss Of 400'C. 

Hydrogen r m v a l  caused no change i n  the inpact behavior Of the 



X 

6.3.3 A M i c r o s t r u c t u r a l  E x p l a n a t i o n  f o r  I r r a d i a t i o n  E m b r i t t l e m e n t  o f  W l 5 C r 5 T i  ( P a c i f i c  
Northwest Laboratory ,  Hokka ido U n i v e r s i t y ,  and Argonne N a t i o n a l  Labora to ry )  . . . . . .  193 

Rncent resul ts  have indicated tha t  modest levels of neutron i r rad la t ion  damage I n  V-15Cr-STi lead 
t o  sev0re degradatlon of mechanical properties. 
V-ECr-5Ti have been examined by tranmmlrrion electron microscopy following i r r a d i a t i o n  a t  600'C t o  14 
m a  i n  the Fast Flux Test F a c i l i t y  (FFTF). The conditions examined included two heats O f  V -15Cr -5T i  with 
very d i f ferent  oxygen contents and, i n  one case, a sectlon of a Charpy specimen d w n s t r a t e d  t o  have very 
poor inpact resistance. 
change measurements that  indlcated swelling levels as hlgh as 2.5%. Following i r rad ia t ion  a t  600°C. a 
comp10x miCrostrUCtUre was found that  included a perfect dislocation network o f  l i n e  segments and loops. 
faulted loops, a high density of black spot damage and a high density o f  rod-shaped precipitates. Heat-  
to-heat va r ia t ions  d i d  not appear to s ign i f l can t l y  a l t e r  these microstructural features: instead the den- 
s i t y  of large blocky prncipitates. believed t o  be TiO,, was found to have increased wi th lncreasing 
oxygen content. Only two of  the rpeclmenr irradiated a t  M ) O T  contained voids, whereas none O f  the 
specimens i r rad ia ted  a t  420 o r  520'C contained s ign i f icant  void swelling. Therefore, swelling as 
measured by density change i s  probably due t o  phase i n s t a b i l i t y  i n  there specimen conditions, and tha 
hardening and i r rad la t lon  d r i t t l m e n t  that  have been observed can be explained by the microstructural 
development. Phase s t a b i l i t y  appears t o  be an important c r i t e r i o n  i n  the design o f  vanadium al loys for 
fusion appl (cations. 

In order t o  explain the observed behavior. specimens Of 

Specimens i r rad iated a t  420 and 520T were alse examined to confirm density 

6.3.4 T e n s i l e  Proper t ies  fo r  N e u t r o n- I r r a d i a t e d  Vanadium A l l o y s  (Argonne Nat iona l  
L a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  203 

The tensi 1 e propert ies o f  V-13. 5Cr-5.2TII V-9.2Cr-4.9Ti. V-7.2Cr-14.5TI , V-3.1Ti -0.351. and V-17.771 

These a l loys exhibited a maximum of i r rad la t lon  hardening i n  the range of 25 
a l loys were determined a f te r  neutron i r rad la t lon  a t  420, 520, and WO'C t o  i r rad ia t ion  damage levels 
ranglng from 21 t o  07 *a. 
t o  50 *a. These alloYS also exhibited s ign i f icant  d u c t l l i t y  (,3%) a f t e r  i r rad ia t ion  a t  420, 520, and 
600.C to 07 *a. 

6.4 Copper  A 1  l o y s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  211 

Tens i l e  P rope r t i es  and F r a c t u r e  B e h a v i o r  o f  D i s p e r s i o n  S t r e n g t h e n e d  Copper A l l o y s  
I r r a d i a t e d  i n  FFTF-MOTA (Un i ve rs i t y  of I l l i n o i s  and P a c i f i c  Northwest Lahoratory)  . . .  213 

6.4.1 

The tens i le  and f racture behavior o f  a variaty of  dispersion strengthened copper a l loys were 
examined a f te r  i r r a d i a t i o n  a t  411, 414, and 429'C t o  doses ranging from 32 to M *a. 
oxidized Glidcop a l loys appear to be the best candldater f o r  high heat f l u x  service. Unfortunately. 
laser welding completely destroys t h e i r  favorable propertins. 

The in te rna l l y  

6.4.2 Conduct iv i ty  Changes Observed i n  1.0 Copper A l loys  I r r a d i a t e d  a t  430°C t o  1 6 1 9  dpa 
( P a c i f i c  Northwest Lahoratory and U n i v e r s i t y  o f  I l l i n o i s )  . . . . . . . . . . . . .  220 

The changes observed i n  e lec t r i ca l  conductivi ty of pure copper i n  a var ie ty  o f  neutron i r rad la t lon  
experiments a t  -4OO'C are qui te  consistent. The addit lon o f  r e l a t i v e l y  mlnor levels of solutes doer not 
appear t o  change the I r rad ia t ion  response o f  the al loys beyond the changes observed i n  the unirradiated 
condit ion. 

6.4.3 Dens i ty  Changes of Generat ion 1.5 and 2.0 Copper A l l oys  I r r a d i a t e d  a t  411-414"C and 
529°C i n  FFTF-MOTA ( P a c i f i c  Northwest Laboratory,  Westinghouse Han fo rd  Company, 
and U n i v e r s i t y  o f  I l l i n o i s )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  223 

The i n t r i n s i c  swelling r a te  of pure copper and CU-5Ni appears to be Q.S%l*a a t  -4OO'C. A t  
I n  more conplex prec ip i ta t lon-  529.C the swelling rate of these a l loys appears t o  be much loner. 

strengthened alloys. phase i n r t a b i l i t l e s  appear t o  play a ro le  i n  detemining the onset Of void 
swelling and also the density of the unvoided matrix. 
very res is tant  t o  swelling. 
resistance imparted by very hlgh densit ies of oxide dispersoids. 
offer the most pronounced resistance t o  swelling. wi th  the translent regime progressively extended 
as alumina content increases. 
diipBTsion-strengthened a1 l o p .  

Dispersion-hardened al loys were found t o  be 
Large amounts of oxygen i n  an a l loy,  however, can overcome the swelllng 

In te rna l l y  ox id l red Glidcop al loys 

Unfortunately. laser welding destrays the swelling reslstance of 
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6.5 Env i ronmenta l  Ef fects on St ruc tura l  A l loys  . . . . . . . . . . . . . . . . . . . . . . .  233 

6.5.1 E v a l u a t i o n  o f  Radiat ion- Induced S e n s i t i z a t i o n  of PCA Using t h e  Electrochemical  

The e lec t rocha lca l  pate-ntiokinetic react ivat ion (EPR) t e s t  technique was applied t o  the 

P o t e n t i o k i n e t i c  Reac t i va t i on  Technique (Oak R i d g e  Nat ional  Laboratory)  . . . . .  235 

determination of sensi t izat ion i n  a neutron-irradiated (420'C. 10 e a )  P a .  Miniaturized speci- 
mens ( 3  m diam by 0.25 I th ick)  i n  both solution-annealed and 25% Cold-worked conditions were 
tested and the degree of sensit izat ion (DOS) was Calculated i n  terms o f  the react ivat ion Charge. 
Pa. Results indicated the presence of radiation-induced sensi t izat ion as compared to control 
specimens thermally aged a t  the i r rad ia t ion  tmperatures. Post-EPR t e s t  examination o f  the speci- 
men Surfaces showed etching across the face o f  each gra in as well as gra in boundaries. This ind i-  
cates tha t  the Pa value normalized by to ta l  gra in boundary area, which i s  an accepted EPR-DOS 
c r i t e r i o n  t o  determine the r u s c e p t i b l l i t y  Of thermally sensitized stalnless Steels t o  intsrgranu- 
l a r  stress corrosion cracking (IGSCC). i s  not d i r e c t l y  applicable to radiation- induced sen- 
s i t l r a t i o n  fo r  the condit ion investigated. Further Investigat ions are necessary to Correlate the 
TeSUltS I n  t h i s  study to the IGSCC suscept ib i l i ty  of the i r rad ia ted  stainless steel. 

6.5.2 Carbon Transfer  i n  L i t h i umIS t ruc tu ra l  - M a t e r i a l  Systems (Argonne Nat ional  
Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  242 

Chemical interact ions involving carbon have a dominant r o l e  i n  tho corrosion behavior of 
ferrous and vanadium-base a l loys i n  l i thium. 
austeni t ic  forced-circulat ion l i t h ium loops have shown tha t  weight changes i n  these systems are 
influenced by both mass transfer and deposition. The carburization-decarburization behavior o f  
both comerc ia l  and high-purity experimental austeni t ic  and f e r r i t i c  a l loys i n  flowing l i t h ium has 
been conpared w i th  that  observed i n  flowing sodium a t  tmpnratures o f  550 t o  700'C. Type 316 
stainless steel (SS) and various experimental and commercial heats o f  Fn-Cr-Ho f e r r i t i c  materlalr  
were invest igated t o  determine the effect of varying levels of  chromium and molybdenum. 
t ransfer  was evaluated i n  both pure vanadium and vanadium-base a l loys containing various amounts 
o f  chromium and titanium, such as  V-1OCr-3Fe-Zr, V-15Cr-STi. V-1011. and V-20Ti. 

Experimental investigat ions wi th  these a l loys i n  

Carbon 

6.5.3 Aqueous S t ress  Corrosion of S t ruc tu ra l  M a t e r i a l s  (Argonne N a t i o n a l  Laboratory)  . . 250 

The SCC suscep t ib i l i t y  Of Types 316NG, 316. and 304 stainless steel (SS) has been invest i-  
gated i n  slow-strain-rate tests  (SSRTs) i n  aqueous environments tha t  simulate important parameters 
anticipated for  ITER f i r s t  na l l lb lanket  systems. I n i t i a l  SSRTs were performed on both crevice and 
noncrevice specimens i n  oxygenated water wi th  sulfate additions a t  a s t ra in  rate o f  3 x lo-' 1-' 

and t q e r a t u r e s  of 95 and 150.C. Scanning electron microscopy showed no evidence o f  scc. This 
was substantiated by an evaluation of the load-carrying capabi l i ty  of ident ica l  specimens of Type 
316NG SS i n  a i r  and Water. The stress rat io ,  which i s  an ind icator  o f  cracking suscept ib i l i ty .  
was defined as the r a t i o  Of the increase i n  stress af ter  local  y ie ld ing i n  the environment t o  the 
Corresponding stress difference i n  an ident ica l  tes t  i n  a i r ,  both computed a t  the same strain. A 
r a t i o  of 1 . 0  i s  ind icat ive o f  a low SCC suscept ib i l i ty ,  which was the s i tua t ion  i n  our i n i t i a l  
experiment on Type 316NG SS a t  95.C. 

6.5.4 An I n v e s t i g a t i o n  o f  t h e  S e n s i t i z a t i o n  B e h a v i o r  of Fe-Mn-Cr A u s t e n i t i c  S t e e l s  
Oak R i d g e  N a t i o n a l  L a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . . . . . . . .  255 

Standard chemical imers ion  (madifled strauss) tests  and analy t ica l  electron microscopy (AEM) 
showed that  reduced act ivat ion a u s t m i t i c  Fe-Hn-Cr Steels based on Fe-20Mn-12Cr-0.25C ( w t  X)  are 
ex t rme ly  prone to thermal sensi t izat ion and resul t ing intergranular corrosion bncause of the i r  
high carbon contents and lay chromium concentrations. 
s i t i z a t i o n  a f t e r  appropriate thermal aging, fabricat ion, o r  i r r a d i a t i o n  makes t h e i r  use i n  aqueous 
and cer ta in other enviroments problemt ica l .  Excellent corre lat ion between intergranular corro- 
slon induced by imers ion  i n  the a c i d i f i e d  Cuso, solut ion and the presence o f  narrow chromium- 
depleted Zones around gra in boundaries, as determined by AEM. was found. Due t o  the need t o  met 
reduced ac t i va t ion  requirements. the opportunities t o  increase the Sensit izat ion resistance o f  
f u l l y  austeni t ic  Fe-Mn-Cr steels by a l loy  design are l imited. 

Therefore. t h i s  suscep t ib i l i t y  t o  sen- 
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7. SOLID BREEDING MATERIALS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
7.1 

1.2 

7.3 

7.4 

I r r a d i a t i o n  Performance of L i z 0  and LiA1O2 Under Large Temperature Gradients ( P a c i f i c  
Northwest Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The FVBR-10 i r rad ia t i on  experiment i n  EBR-I1 included several la rge diameter LitO and LiA10, speci- 
mens t o  simulate the thermal gradients expected i n  a fusion blanket. There large diamnter specimens had 
center  t w e r a t u r e s  o f  1000 and ll30'C i n  the Li,O and L i A I O t  pe l le ts .  respectively. Af ter  i r rad ia t ion.  
the Li ,O Specimens wnre reasonably i n t a c t  but the LiAIOt specimens had broken i n t o  small fragments. The 
Iarg0st diameter LirO pe l l e t s  (2 .4  ca) had increased i n  diameter during i r rad ia t i on  and had accomodated 
the Center thermal expansion by forming a network o f  radial  cracks. However, the 1.7-on diameter pe l le ts  
had decreased i n  dlameter and had accomdated the Csnter thermal expansion by a x i a l l y  extruding the 
central por t ion o f  the pe l le ts .  The high tarperarurer associated wi th  the p e l l e t  centers wem also found 
to resu l t  i n  considerable material transport as evidenced by the decrease i n  Center density and the 
migrat ion o f  'Li f r o m  the enriched pe l l e t s  to the depleted insu la tor  pe l le ts .  

Desorpt ion C h a r a c t e r i s t i c s  o f  t h e  LiA102-Hz-Hz0(g) System (Argonne Nat iona l  
Labora tory)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Tarperature programed desorption (TPO) measurements are i n  progress t o  provide data that  descrlbe 
the k inet ics  o f  desorption o f  H.O(g) and H2(g) from LiA1OZ. 
performed t o  gain information on the behavior o f  the arpty stainless steel samle tube exposed t o  a 
flowing gas mixture O f  H,O(g) and Hz(g). H,O i s  consumed 
and H, i s  produced. and there i s  the suggestion o f  dissolut lonlreact ion o f  H2 in the Steel. However. I n  
the absence o f  H,. i t  i s  possible t o  s tab i l i ze  the tube IO t ha t  useful measurements wi th  H$(g) can be 
made. Fresh samles o f  LiAIO, contain large amounts o f  adsorbed H,O. TPO spectra were measured for  
ranples that  had been equi l ibrated wi th  200 ppm H20(g) a t  teweratUres o f  200, 300, 400. and 500.C. The 
spectra exhibi ted d i f f e ren t  shapes suggestive o f  d i f f e r i n g  andlor mul t ip le  processes taking place as H,O 
i s  desorbed from the sol id.  

Blank experiments (no LiA102 present) Were 

React iv i ty wi th  the steel was demonstrated: 

I n t e r a c t i o n  of Hydrogen w i t h  L i z 0  Surfaces (Argonne Nat ional  Labora tory)  . . . . . .  
A quantum c luster  approach i s  u t i l i z e d  wi th in  the extended Huckel method t o  invest igate the interac-  

t i o n  between H, and Li,O (110) surface. 
that a l l  three are s i t e s  for  H2 r ~ ) n - d i ~ s o c i a t i v e  adsorption. 
and the equllibrium height i s  around 2 A. 

Modeling of T r i t i u m  Behavior in Ceramic Breeder M a t e r i a l s  (Argonne Nat ional  

Three types of s i tes  have been investigated. It has been found 
The binding energetics are around 0.2-0.3 eV 

Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
In-Pi le  t r i t i u m  release experiments exh ib i t  Plateaus i n  the t r i t i u m  release a t  l ow  t w e r a t u r e  which 

are below the t r i t i u m  generation rate). Far Li,O. these plateaus occur i n  the t w n r a t u r e  region one woul 
expect sncond-phase Prec ip i ta t ion of LiCHILiOT t o  occur. Calculations Of the t r i t i u m  prsr rure i n  the 
Purge gas for  these PlatnaU regions suggest that  the t r i t i u m  re lease i n  these regions i s  not determined 
by the equi l ibr ium t r i t i u m  pressure above a diphasic Li,O-LiOT systm. 

8. CERAMICS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
8.1 Ceramic Processing Aided by Mi l l imeter-Wave Tes t i ng  (Los Alamos Nat iona l  Laboratory 

I n  a special fusion-neutron i r rad ia t i on  simulation, "0 i s  being subst i tuted for  "0 i n  99.5% 
alumina for  ra is ing the po ten t ia l l y  deleterious helium gas y i e l d  during flrrlon-neutron i r rad ia t i on  up t o  
levels closer t o  those expected from thn ruslon neutrons of a deuterium-trit ium fusion reaction. For 
t e s t  specimens from two exploratory processing t r i a l s  a t  ORNL. done without the expensive "O enrichment. 
millimeter-wave (W) d ie lec t r i c  data taken a t  LANL indicated decreases i n  loss tangent valuer and In 
Scatter i n  the d i e l e c t r i c  constant values when concentratlons o f  sample defects were apparently reduced. 
Coqlementary tens i le  strength values f o r  enriched specimens correspondingly increased. There data a r e  
Useful for  evaluating potent ia l  rf-window performance. but also indicate that  d ie lec t r i c  properties 
Correlate wi th  mechanical strength and serve as a sensit ive and select ive nondestructive measure o f  
general material qua l i ty .  
ter ing losses and provide estimates of pore sizes. Future d ie lec t r i c  data a re  planned on enriched 
alumina specimens - both Control and neutron- irradiated. 

and Oak Ridge Nat iona l  Labora tory)  . . . . . . . . . . . . . . . . . . . . . . . . .  

I n  some cases, these data can also d is t ingu ish between absorption VI. scat- 
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Northwest Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  299 
9.1 Micros t ruc tura l  Examina t ion  of Bery l l ium I r r a d i a t e d  a t  400°C t o  8 dpa ( P a c i f i c  

Sheet tens i le  specimens o f  comercia1 cast beryl l ium are found t o  be b r i t t l e  fol lowing i r rad ia t ion  
a t  400T t o  8 * p a .  
depending on specimen thickness. 
boundaries and t o  C-type loop formation. 
i n  the l i t e ra tu re .  

Fai lura i s  by e i ther  transgranular b r i t t l e  fracture o r  gra in boundary Snbrittlenent, 
Enbr i t t lmen t  i s  ascribed both t o  helium bubble formation a t  grain 

Lwp  formation of t h i s  type has not previously been reported 

9.2 T r i t i u m  Release from I r r a d i a t e d  Be ry l l i um a t  E levated Temperatures ( P a c i f i c  
Northwest Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  305 

Tr i t ium release k inet ics have been measured for  neutron-irradiated beryl l ium i n  the tengerature 
range o f  573-884 K. TWO t r i t i u m  release tests  of 270 and 550 h are the f i r s t  i n  a series of t r i t i u m  
release tests  on i r rad ia ted  Be i n  support of the International Thermonuclear Experimental Reactor (ITER) 
blanket designs. Real-time t r i t i u m  release curves were measured by an ion izat ion chmber a f t e r  teqera -  
tu re  step changes o f  100 K under t l g h t l y  contro l led conditions specif ic t o  ITER. 
d i t i ons  were designed t o  measure dif fusion-control led release o f  t r i t i u m  from i r rad ia ted  Be. 
prel iminary conclusion from t h i s  data set  i s  tha t  a unique rate-control led mechanism i s  not distinguish- 
able. 
w i th  a rest ructur ing and bubble coalescence i n  t h i s  f u l l y  dense material. 

The experimental con- 
The 

&parent dif fusion k inet ics a t  lower tmperatures g ive way to a burst  release a t  W K, coincident 
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DESIGN AND FABRICATION OF HFIR-MFE RBf SPECTRALLY TAILORED IRRADIATION CAPSULES - A .  W. Longest (Oak 
Ridge Nat ional  Laboratory) ,  J .  E. Carum (Midwest Technical,  Inc.),  and 0. W. Heather ly  (Oak Ridge 
Nat ional  Laboratory)  

OBJECTIVE 

The o b j e c t i v e  of t h i s  work i s  t o  design and f a b r i c a t e  i r r a d i a t i o n  capsules f o r  t e s t i n g  magnetic 
fus ion  energy (MFE) f i r s t - w a l l  ma te r i a l s  i n  t h e  High Flux Iso tope  Reactor (HFIR) removable b e r y l l i u m  
(RE*) pos i t i ons .  
d i a t i o n  t o  7.5 dpa a t  temperatures of 60, 200, 330, and 400°C i n  Oak Ridge Research Reactor ( O R R )  e xpe r i -  
ments ORR-MFE-6J and -75. 

Japanese and U.S. MFE specimens are being t r ans fe r red  t o  RB* pos i t i ons  f o l l ow ing  i r r a -  

SUMMARY 

Design and f a b r i c a t i o n  of f o u r  HFIR-MFE RB' capsules (60, 200, 330, and 40OoC) t o  accommodate MFE 
specimens p r e i r r a d i a t e d  i n  s p e c t r a l l y  t a i l o r e d  experiments i n  t h e  ORR (and associated f a c i l i t y  prepara-  
t i o n s )  are proceeding s a t i s f a c t o r i l y .  These capsule designs incorpora te  p rov i s i ons  f o r  removal, examina- 
t i o n ,  and re- encapsulat ion of t h e  MFE specimens a t  an in te rmed ia te  exposure l e v e l  o f  16 displacements per  
atom (dpa) en r o u t e  t o  a t a r g e t  exposure l e v e l  o f  24 dpa. 
t h e  t e s t  specimens w i l l  be i n  d i r e c t  contact  w i t h  t h e  reac to r  coo l i ng  water, t h e  specimen temperatures 
(monitored by 21 thermocouples) w i l l  be c o n t r o l l e d  by vary ing  t h e  thermal conductance o f  a small  gap 
reg ion  between t h e  specimen ho lder  and t h e  containment tube. Hafnium l i n e r s  w i l l  be used t o  t a i l o r  t h e  
neutron spectrum t o  c l o s e l y  match t h e  hel ium product ion- to- atom displacement r a t i o  (14 appmldpa) expected 
i n  a fus ion r eac to r  f i r s t  w a l l .  

Assembly of t h e  60 and 33OOC capsules i s  complete and i r r a d i a t i o n  of both w i l l  begin when t h e  HFIR 
r e t u r n s  t o  f u l l  power operat ion.  
c a t i o n  of p a r t s  i s  i n  progress. 
mid-FY 1991; opera t ion  of these two capsules w i l l  f o l l o w  t h e  f i r s t  two (60 and 330°C). 

With t h e  except ion of t h e  60'C capsule, where 

Design of t h e  o ther  two (200 and 400°C) capsules i s  complete and f a b r i -  
Assembly o f  t h e  200 and 40OoC capsules i s  scheduled f o r  complet ion by 

Capsule design and p repara t ion  o f  f a b r i c a t i o n  drawings f o r  re- encapsulat ion o f  t h e  MFE specimens 
a f t e r  16 dpa i n t o  two dual- temperature capsules (601200 and 3301400°C) are scheduled t o  be completed i n  
FY -1990. 

PROGRESS AND STATUS 

In t r oduc t i on  

A se r i es  of s p e c t r a l l y  t a i l o r e d  i r r a d i a t i o n  capsules are being designed and f ab r i ca ted  as p a r t  o f  
t h e  U.S./Japan c o l l a b o r a t i v e  program f o r  t e s t i n g  MFE f i r s t - w a l l  ma te r i a l s  i n  mixed-spectrum f i s s i o n  reac-  

The f i r s t  four  HFIR-MFE RB* capsules are designed t o  accommodate Japanese and U.S. MFE specimens 
p r e i r r a d i a t e d  t o  7.5 dpa a t  temperatures of 60, 200, 330, and 40OoC i n  t h e  ORR i n  s p e c t r a l l y  t a i l o r e d  
experiments OUR-MFE-6J and -75. D e t a i l s  of these ORR experiments, i n c l u d i n g  desc r i p t i ons  o f  t h e  t e s t  
mat r i x ,  mechanical p roper ty  specimens, and techniques of spec t ra l  t a i l o r i n g ,  have been repor ted  
e l ~ e w h e r e . ~ , ~  

t o r s .  The t e s t  specimens w i l l  be i r r a d i a t e d  i n  t h e  new RB* f a c i l i t y '  o f  the  HFIR. 

Spectra l  t a i l o r i n g  of t h e  neutron f l u x  t o  s imu la te  i n  a u s t e n i t i c  s t a i n l e s s  s t e e l s  t h e  expected 
hel ium production- to-atom displacement r a t i o  of 14 appmldpa i n  t h e  fus ion r eac to r  f i r s t  w a l l  i s  
accomplished by vary ing  t h e  amount o f  neutron moderator and thermal neutron absorber ma te r i a l s  
surrounding t h e  capsule. 
w h i l e  fas t  neutrons are s imul taneously  producing atomic displacements. I n  general,  t h e  neutron energy 
spectrum must be hardened as t h e  i r r a d i a t i o n  progresses; t h i s  requ i res  ongoing neu t ron ics  ana lys is  sup- 
p o r t  as prov ided f o r  t h e  ORR experiments.4 

(46 mn) of t h e  HFIR RB* f a c i l i t y .  
ments t o  7.4 dpalyear  i n  t h e  H F I R  RB* f a c i l i t y  (based on 05 MW HFIR power). 

This  con t r o l s  t h e  two-step 5 8 N i  thermal neutron r e a c t i o n  producing helium, 

The HFIR-MFE RB* capsules are designed f o r  i n s e r t i o n  i n t o  any o f  t h e  e i g h t  large- diameter  holes 
Damage r a t e s  w i l l  increase from about 4 dpalyear  i n  t h e  ORR expe r i -  

Test specimen nominal loadings f o r  t h e  f i r s t  four capsules are g iven i n  Table 1. Beginning w i t h  

A f t e r  these f o u r  i r r a -  
r e t u r n  o f  t h e  HFIR t o  f u l l  power i n  FY 1990, these capsules w i l l  be i r r a d i a t e d  i n  p a i r s  ( f i r s t  t h e  60 and 
330°C capsules, then t h e  200 and 4OOOC capsules) t o  a damage l e v e l  o f  16 dpa. 
d i a t i o n s ,  t h e  t e s t  specimens w i l l  be removed, examined, and approximately one-hal f  of them r e -  
encapsulated i n t o  two dual- temperature capsules (601200 and 3301400°C) f o r  i r r a d i a t i o n  t o  24 dpa. 
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Table 1. Test specimen nominal loadings fo r  
t h e  HFIR-MFE RB' capsules 

Number o f  specimens i n  capsule 

Specimen Type 
60°C 200°C 33OOC 400°C 

Pressur ized tube 39 26 45 39 
Tube blank 9 9 9 9 

Transmission e l e c t r o n  
microscopy tube 

Length (mm) 
16.5 
19.1 
25.4 

88-1 t e n s i l e  
SS-3 t e n s i l e  

2 2 0 0 
0 0 4 4 
5 7 6 6 

90 83 76 64 
54 54 15 15 

Grodzinski f a t i g u e  56 24 56 40 
Crack growth 30 30 10 10 
Rod t e n s i l e  0 0 4 0 
Hourglass f a t i gue  0 0 0 4 

60°C Capsule - The 60°C capsule, designated 
HFIR-MFE-60J-1, i s  an uninstrumented capsule 
w i t h  t h e  t e s t  specimens i n  con tac t  w i t h  the  
r eac to r  coolant  water. Pred ic ted  specimen tem- 
peratures are w i t h i n  ? l O ° C  of 60-C. 

The 60°C design capsule, assembly, and 
d e t a i l s  o f  t h e  specimen l oad ing  were descr ibed 
p r e v i o u ~ l y . ~  This  capsule i s  i n  d ry  s torage a t  
t h e  HFIR where i t  w i l l  remain u n t i l  t h e  reac to r  
r e t u r n s  t o  f u l l  power. 

330'C Capsule  the 33OOC capsule, 
desianated HFIR-MFE-330J-1. i s  an inst rumented 

~~~~ 

and s i n g l y  conta ined capsuie where the  specimen 
temperatures w i l l  be monitored by 21 t h e r -  
mocouples and c o n t r o l l e d  by ad j us t i ng  the  t h e r -  
mal conductance o f  a small  gas gap reg ion  
between t h e  specimen ho lder  ou te r  sleeve and 
t h e  containment tube. Th is  capsule w i l l  be 
cooled w i t h  49°C reac to r  coolant  water f low ing  
downward over t h e  containment tube surface. 
Calculated temperature d i s t r i b u t i o n s  i n d i c a t e  
t h a t  specimen temperatures w i l l  be w i t h i n  225°C 
of 330°C. which s a t i s f i e s  t h e  temperature c r i -  
t e r i o n  f o r  these experiments. The 330°C cap- 
su le  desiqn was descr ibed i n  d e t a i l  prev iously . '  

Assembly of t h e  330'C capsule and d e t a i l s  of t h e  specimen l oad ing  were a l s o  descr ibed previously. '  

200 and 400'C Capsules -The  200 and 4OOOC capsule designs were descr ibed i n  t h e  preceding progress 
The main d i f fe rences  i n  t h e  t h r e e  cap- 

Th is  capsule i s  i n  t h e  H F I R  pool where i t  w i l l  remain u n t i l  t h e  reac to r  r e t u r n s  t o  f u l l  power. 

r e p o r a  and are b a s i c a l l y  t h e  same as t h a t  of the  330°C capsule. 
s u l e  designs are associated w i t h  (1) t h e  number and spacing o f  t h e  specimen ho lder  s l o t s  and holes t o  
accomnodate t h e  d i f f e r e n t  specimen loadings,  ( 2 )  t h e  w id th  o f  t h e  temperature c o n t r o l  gas gap reg ion  
between t h e  specimen ho lder  ou te r  s leeve and containment tube t o  ob ta i n  t h e  des i red  specimen tem- 
peratures,  and ( 3 )  t h e  t e s t  p iece  inc luded  i n  t h e  aluminum p lug  and ho lder  above t h e  t e s t  specimen ho lder  
t o  ob ta i n  e x t r a  in fo rmat ion .  

Fab r i ca t i on  o f  p a r t s  f o r  both capsules i s  i n  progress. Assembly o f  the  capsule i s  scheduled f o r  
Operat ion o f  these two capsules w i l l  f o l l o w  t h e  f i r s t  two (60 and 330'C). complet ion by mid-FY 1991. 

HFIR-MFE RB* FACILITIES (MIF-3 AND MIF-4) 

F a c i l i t y  p repara t ions  requ i red  f o r  opera t ion  of t h e  HFIR-MFE RB* capsules are near ing complet ion. 
Preparat ions remaining t o  be completed i nc l ude  f i n a l  checkout of Ma te r i a l s  I r r a d i a t i o n  F a c i l i t y  No. 3 
(MIF-3) and MIF-4, which are t o  be used f o r  t h e  HFIR-MFE RB* capsules; i n s t a l l a t i o n  of the  MIF-3 in- pool  
f l e x i b l e  hose sec t ion ;  and connection o f  t h e  inst rumented 300°C capsule t o  t h e  MIF-3 f l e x i b l e  hose 
assembly. 

FUTURE WORK 

I n s t a l l a t i o n  o f  t h e  MIF-3 in- pool  f l e x i b l e  hose sect ion,  connection of t h e  HFIR-MFE-330-J-1 capsule 
t o  t h e  f l e x i b l e  hose assembly, and f i n a l  p repara t ions  f o r  s t a r t u p  o f  t h e  60 and 330°C capsules w i l l  be 
completed du r i ng  t h e  next  r e p o r t  per iod.  

capsules i s  scheduled t o  be completed by mid-FY 1991. 

a f t e r  16 dpa i n t o  two dual- temperature capsules (60/200 and 330/400"C) are scheduled t o  be completed i n  
FY 1990. 

Fab r i ca t i on  o f  p a r t s  f o r  t h e  200 and 4OOOC capsules w i l l  be completed i n  FY 1990. 

Capsule design and p repara t ion  of f a b r i c a t i o n  drawings f o r  re- encapsulat ion of t h e  MFE specimens 

Assembly of the  



5 

REFERENCES 

1. K. R. Thorns e t  al., "HFIR I r r a d i a t i o n  F a c i l i t i e s  Improvements - Completion of t h e  H IF I  Pro jec t , "  

2. J .  L. Scot t  e t  a l . ,  pp. 12-20 i n  A D I P  Semiann. Prog. Rep., March 31, 1985, 00E/ER-0045/14, U.S. 

3. J .  L. Scot t  e t  al., Second Annual Prog. Rep. on Uni ted States-Japan C o l l a b o r a t i v e  Test ing i n  t h e  

4. R. A. L i l l i e ,  pp. 36-38 i n  Fusion Reactor M a t e r i a l s  Semiann. Prog. Rep., Sept. 30, 1986, 

5. A .  W. Longest e t  al., "Design and Fabr i ca t i on  o f  HFIR-MFE RB* S p e c t r a l l y  T a i l o r e d  I r r a d i a t i o n  

J. Nucl. Mater. 155-157 (1988) 1340-45. 

DOE, O f f i c e  of Fusion Energy. 

High F lux  Iso tope Reactor and t h e  Oak Ridge Research Reactor, Sept. 30, 1985, ORNLJTM-10102. 

DOE/ER-0313/1, U.S. DOE, Office of Fusion Energy. 

Capsules," i n  Fusion Reactor M a t e r i a l s  Semiann. Prog. Rep., March 31, 1988, DOE/ER-0313/4, U.S. DOE, O f f i c e  
o f  Fusion Energy. 

Capsules," i n  Fusion Reactor M a t e r i a l s  Semiann. Prog. Rep., Sept. 30, 1987, DOE/ER-0313/3, U.S. DOE, 
O f f i c e  o f  Fusion Energy. 

Capsules," i n  Fusion Reactor M a t e r i a l s  Semiann. Prog. Rep., Sept. 30, 1988, DOE/ER-0313/5, U.S. DOE, 
Off ice of Fusion Energy. 

Capsules," i n  Fusion Reactor M a t e r i a l s  Semiann. Prog. Rep., March 31, 1989, DOE/ER-0313/6, U S .  DOE, 
O f f i c e  o f  Fusion Energy. 

6. A. W. Longest e t  a l . ,  "Design and Fabr i ca t i on  o f  HFIR-MFE RB* S p e c t r a l l y  T a i l o r e d  I r r a d i a t i o n  

7. A .  W. Longest e t  al., "Oesign and F a b r i c a t i o n  o f  HFIR-MFE R8* Spec t ra l l y  T a i l o r e d  I r r a d i a t i o n  

8. A. W. Longest e t  a l . ,  "Design and F a b r i c a t i o n  o f  HFIR-MFE RE* Spec t ra l l y  T a i l o r e d  I r r a d i a t i o n  



6 

MINIATURIZED BENDING FATIGUE SPECIMEN DEVELOPMENT - G. R .  Rao and B. A. Chin (Auburn 
University) 

OBJECTIVES 

specimens to test cyclic thermal-mechanical properties of candidate first wallplanket 
materials. 

The objective of this study is to develop and evaluate miniaturized bending fatigue 

SUMMARY 

wallfilanket structural materials. The first specimen is termed the '"rectangular" 
specimen and has dimensions of 30.1625 x 4.77 x 0 .762  mm with a gauge length of 6 . 3 5  mm. 
The second specimen. termed the "miniacure-disk" specimen, has dimensions based On a 
transmission electron microscope specimen of 3 mm diameter and 0 . 3  mm thickness, with a 
reduced gauge section formed from two 1.5 mm circular radii. 

TWO novel miniaturized fatigue specimens were developed for testing candidate first 

Both specimen designs were used to test unirradiated, annealed type 316 stainless 
steel ( O W L  reference heat 8092297) .  The specimens were tested on a bending fatigue test 
machine with the specimens positioned 8 s  cantilever beams and subjected to strain- 
controlled fatigue tests with a sinusoidal waveform. Tests were conducted at room 
temperature, 550'C and 650°C. 

Room temperature results were found to confom to a Coffin-Manson type power law 
equation which relates total strain range to the number of failure cycles. The elevated 
temperature results obey a power law relation of the type: 

AET - ANf-= + 0Nf-p (1) 

The results obtained were compared with data obtained from other studies that used type 
316 stainless steel. 

The miniature-disk specimen results consistently fell above the other data. A good 
correlation of power law exponents was obtained. 
any significant degradation of fatigue properties at elevated temperatures. 
rectangular specimen, on the other hand did show a loss in fatigue life with increasing 
temperature. Both specimen designs appear to be suitable for testing of candidate first 
wallplanket materials for thermal-mechanical fatigue. 

The miniature-disk specimen did not show 
The 

PROGRESS AND STATUS 

Introduction 

Miniaturization of specimens for extracting mechanical properties from materials has 
received considerable attention, particularly for testing irradiated materials. 
Limitations in irradiation volume. concerns about gamma heating and flux gradients as well 
as hazard to personnel, and savings in time and Cost have made miniaturized specimen 
technology (MST) an attractive alternative to the use of f u l l  size standard specimens. 
The current fusion materials development program requires the use of accelerator based 
neutron sources. Since irradiation volumes are limited in such sources, the use of small- 
scale specimens is inevitable for the extraction of useful mechanical properties', '. 

The development of two miniaturized bending fatigue specimens to test the resistance 
to thermal cyclic stresses which would be experienced by first wallplanket materials is 
described in this study. The first specimen is a "rectangular" sheet specimen with a 
gauge section with varying cross-sectional area. The second specimen has dimensions based 
on a 3-mm diameter transmission electron microscope specimen and is termed the "miniature- 
disk" specimen. The fatigue test results f o r  both specimens are reported at room 
temperature, 550'C and 650'C. 
and the differences discussed. 

The results are compared with tests using other specimens 



DIMENSIONS ARE M lmml 

I ,  
0.7e2f 1 

Fig. 1. The "Rectangular" specimen. 

0.254 

DIMENSIONS ARE IN (mm) 

Fig. 2. The "Miniature-Disc" specimen. 

The first specimen developed is termed the "rectangular" specimen and is shown in 

The gauge length has a continually varying cross-section to give a maximum 
Figure 1. 
6.35 mm. 
stress at one specific cross-section. 
"miniature-disk" specimen" and is shown in figure 2. 
a transmission electron microscope specimen with an overall diameter of 3 mm and two 
circular radii of 1.5 m forming the gauge section. 

It has overall dimensions of 30.1625 x 4.77 x 0.762 m with a gauge length of 

The second specimen is referred to as the 
It has dimensions based on those of 

The miniature-disk specimens were fabricated using the electrical discharge 
machining (EDM) technique. All the specimens were made of Type 316 stainless steel ( O W L  
reference heat 8092297). 
electrochemically polished using a 95% ethanol, 5% perchloric acid electrolyte for one 
minute at O'C. 

All specimens were vacuum annealed at 1050'C and subsequently 

I SPEED 
WNTROL 

BOX 

D. C .  FATIGUE SHUTWWN 
STPAIN CONTROL 

VOLTAGE HACHINE GAUGES BOX 

W S I T I O N  W A D  
vs vs 

TIUE 

OSCILWSCOPE 

Fig. 3. The bending fatigue machine. Fig. 4. A schematic representation of 
the banding fatigue. machine. 
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Fig. 5. A view of the "Rectangular" 
specimen in the test machine. 

Fig. 6. A view of the "Miniature-Disk" 
specimen in the test machine. 

Test Amaratus 

The bending fatigue machine used to test the specimens is shown in figure 3 and is 
schematically represented in figure 4. The specimens are positioned as cantilever beams 
and the bending load is applied at the free end by means of a connecting arm attached to 
an eccentric cam. The load cell consists of four strain gauges connected in a Wheatstone 
bridge network configuration attached to the end of the cantilevered specimen holder a m .  
The load is applied at a cyclic frequency of 500 rpm. 
disk specimens in the test machine is shown in figures 5 and 6 respectively. The test is 
terminated when the load decays to a specified threshold level, 80% of the original load. 

The elevated temperature test fixture consists of a furnace with an electric heater 

The position of the rectangular and 

coil surrounding the specimen. 
controller using feedback type control from a thermocouple placed near the specimen. 
Argon atmosphere is maintained within the furnace. 
is shown in figure 7. 
3. 

The temperature is maintained by an Omega temperature 
An 

The elevated temperature test fixture 
Further details about the test machine are documented in reference 

Fig. 7 .  A view of the elevated 
temperature test set-up. 

0 RECTSPEC. - ZSC 
A RECT SPEC. - 5EU C 
0 RECTSPEC - 65pC 
m DlSKSPEC . 75C 

\ - % S P E C  a DISKSPEC. . - W C  W C  

. 
d 

RECTSPEC. - ZSC 
RECT SPEC. - 5EU C 
RECTSPEC - 65pC 
DlSKSPEC . 75C 
DISKSPEC. . W C  \- <SPEC - W C  

Fig. 8. Test results for the specimens 
at room temperature, 550°C and 650'C. 
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The fatigue data are plotted on a total strain range vs failure cycles plat using 
logarithmic axes. 
temperature, 550'C and 650'C are plotted in figure 8 .  
the cross-section of maximum stress in the gauge section of the specimen. 

The results obtained for the rectangular and disk specimens at room 
The total strain range value is for 

It was observed that the data points for the disk specimen fall above those for the 
rectangular specimen. 
elevated temperature results for the disk specimen. 
temperature data follow a Coffin-Manson type power equation of the form: 

There is v e r y  little difference between room temperature and 
However it is evident that the room 

A- - ANf-n (1) 

where A q  is the total strain range, Nf is the total number of cycles to failure and A and 
a are constants. 
power law equation of the type: 

The 550°C and 650°C results for the disk specimen were analyzed using a 

A q  - ANf-a + BNf'p ( 2 )  

There is no clear cut distinction between the 550'C and 650°C results and both sets of 
data were fitted onto a single curve as shorn in figure 8 .  

The rectangular specimen results also show a similar trend. The room temperature 
results obey a Coffin-Manson relation of the form of equation (1) above. The 550'C and 
650°C results were analyzed using a power law relation of the form of equation ( 2 ) .  
However, for the rectangular specimen, there is a clear distinction between results for 
the three temperatures. The fatigue life is shown to be adversely affected by elevated 
temperatures with the 650°C tests having a lower fatigue life as compared to the 550°C 
results and both the 550'C and 650°C results falling below the room temperature results 

Fig. 9. Comparison of room 
results. 

Fig. 10. Comparison of elevated temperature 
temperature results. 

Discussion 

The room temperature results for the rectangular and disk specimens are compared 
with results obtained using other specimen designs made of type 316 stainless steel in 
figure 9. 
study. 
section. 
specimens4. 
from a data book for cyclic loading5. 
results at room temperature. 
results shown in figure 9 are given in table 1. 

The ORNL SS-1 specimens were tested using the fatigue test machine used in this 
Nagata et.al. used annealed bar type specimens with an hourglass shaped gauge 

A triangular waveform with zero mean strain was used to uniaxially cycle the 
The remaining set of data points was obtained for type 316 stainless steel 

The disk specimen results fall above the other 
The Coffin-Manson exponents and constants for all the 
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Table 1. Values of Power Law Exponents and Constants for 
Room Temperature Results 

Data 

R e c t a n g u l a r  

Disk 

ss-1 

Naqata et.al. 

Boller 

A a B P 

0.0542 0.15 

0.80 0.18 

0.076 0.18 

0.30 0.40 

0.2143 0.12 -0.0418 0.5 

- 
- - 

- - 
- - 

Figure 10 shows the elevated temperature results compared with results obtained at 
Oak Ridge National Laboratory by Liu and Grossbeck who used subsize hourglass axial 
fatigue specimens. They used annealed type 316 stainless steel 
specimens subjected to a fully reversed triangular wave function l a 7 ,  All the results 
shorn in figure 10 have been analyzed using the power law equation ( 2 )  given earlier in 
this report. 
results are given in table 2. 

heat X15893) with the 

The values of the exponents and constants for the elevated temperature 

The difference in room and elevated temperature results can be explained in terms of 
the elastic and plastic components of the total strain range. At room temperature, the 
elastic component of strain range is negligible and the results can be fit to a Coffin- 

Manson type equation. Although the Coffin-Manson relation actually uses the plastic 
strain range, the total strain range is used since the elastic component is small. At 
elevated temperatures. however, the elastic component becomes significant and the results 
have to be analyzed using e. power law equation ( 2 )  given earlier, with the total strain 
range having an elastic and a plastic component. 

The miniature-disk specimen results consistently fall above the other results. This 
can partly be attributed to the small overall surface area in the gauge section of the 
specimen. Size effects in fatigue specimens are twofold. Firstly. reducing the size 
reduces the surface area of the specimen. This is significant in light of the fact that 
almost all fatigue cracks initiate at the surface. Secondly, a decrease in size signifies 
that there is a large stress gradient over the cross-section and this reduces the volume 
of material subjected to higher stresses8. 

The results obtained in this study are consistent with the above arguments, with the 
miniature-disk specimen, which has the smallest surface area, having the highest fatigue 
life. 
disk-specimen having the lowest surface area and the ORNL subsize specimen having the 
largest area, with the rectangular specimen having an intermediate total surface area. 1t 
can also be observed that there is no clear cut distinction between the room temperature. 
550'C and 650'C results for the disk specimen. unlike the other results. This can also be 
explained in terms of the surface area. The disk specimen has a small area and hence 
there is less surface area for environmental attack at elevated temperatures. 

The elevated temperature results shown in figure 10 can also be explained with the 

The rectangular specimen yields good results for type 316 stainless steel. Further 

The specimen is capable of being used for comparative studies at the present. 
tests using different materials need to be performed to fully evaluate the specimen 
design. 
The miniature-disk specimen has yielded good results also and can be viewed in light of 
the miniature disk bend test (MDBT) specimen developed earlierg-lO. 
tested by means of central loading with a hemispherically tipped punch and has been 
primarily used for ductility measurements. 
specifically developed to evaluate fatigue life and is an alternative to the MDBT 
specimen. 
MDBT specimen. 

The MDBT specimen is 

The disk specimen used in this study has been 

The deformation of the disk specimen is more easily analyzed as compared to the 



11 

G m s W  

Grossbeck 

Rectangular 

Rectangular 

Table 2. Values of Power L a w  Exponents and Constants for 
Elevated Temperature Results 

550 C 

650'C 

550'C 

650'C 

A a B P 

0.016 0.12 0.66 0.5 

0.014 0.12 0.54 0.5 

0.029 0.12 -0.098 0.5 

0.016 0.12 0.78 0.5 

0.295 0.12 6.19 0.5 

The disk specimen developed in this study would be ideal for use in neutron 
accelerator sources, fission test reactors and ion irradiations to simulate fusion 
irradiation environment effects on materials. 
very important and could account for the scatter in results observed for the disk 
specimen. More accurate aligment techniques can be easily developed. 
techniques could be used to determine stresses and strains with greeter accuracy. 

Alignment of the specimen appears to be 

Finite element 

Conclusions 

(1) 
Tests were performed to evaluate the specimens using annealed type 316 stainless steel. 
fatigue test machine was also developed to test the specimens. 
( 2 )  
comparable to results obtained using in other studies. 
at elevated temperatures attributed to environmental effects. 
( 3 )  
data appears to follow the trend followed by the rectangular specimen results. 
no degradation of fatigue life evident at elevated temperatures. 
( 4 )  
relation, 
total strain range consisting of two terms to include the elastic regime. 
(5) 
of size and geometry. 

Two new miniaturized bending fatigue specimens have been successfully developed. 
A 

The rectangular specimen yielded good results at room and elevated temperatures 
There was a loss in fatigue life 

The The miniature-disk specimen results consistently fell above the other results. 
There was 

The room tempeKatUre results were analyzed using e Coffin-Manson type  power law 
The elevated temperature results were also analyzed using a power law with the 

The difference in results obtained using the two specimens can be explained in terms 

FUTURE WORK 

Future goals are aimed at improving and testing accuracy of the results. These will 
include formulating a method to obtain accurate end reproducible alignment of the 
specimens. particularly the miniature-disk specimen. 
to be utilized for strain calculations. To evaluate the results, a range of materials 
needs to be tested with benchmark experiments being performed. 
important factor and proper characterization of materials before testing is essential. 

Finite element techniques will have 

Microstructure is an 
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A CONTAMINATION SPOT SEPARATION METHOD FOR THICKNESS MEASUREMENT OF IRRADIATED TEM SPECIMENS - T. SaWai 
(Japan Atomic Energy Research I n s t i t u t e ,  assigned t o  ORNL), M. Suzuki (JAERI), P. J. Maziasz (Oak Ridge 
Nat iona l  Laboratory) ,  and A. Hishinuma (JAERI) 

OBJECTIVE 

The o b j e c t i v e  of t h i s  work i s  t o  re- evaluate t h e  method used t o  determine f o i l  th ickness  us ing  
t ransmiss ion  e l e c t r o n  microscopy (TEM), which can a f f e c t  t h e  m i c r o s t r u c t u r a l  data obtained i n  HFIR 
Phase 1 program i n  the  U.S./Japan co l l abo ra t i on .  

SUMMARY 

The procedure of ob ta in ing  m ic ros t ruc tu ra l  data from r e a c t o r - i r r a d i a t e d  specimens has been c a r e f u l l y  
checked t o  determine whether s w e l l i n g  data obtained from TEM observat ions o f  c a v i t i e s  and density-change 
data measured us ing  t h e  p r e c i s i o n  densitometer a t  t h e  Oak Ridge Nat ional  Laboratory (ORNL) may be com- 
pared accurately.  Comparison of data measured by bo th  methods on d u p l i c a t e  o r  t h e  same specimens has 
shown some apprec iab le  d iscrepancies fo r  Japan/U.S. c o l l a b o r a t i v e  experiments i r r a d i a t e d  i n  HFIR. The 
contaminat ion spot  separa t ion  (CSS) method has been used i n  t h e  past t o  determine t h e  th ickness  of a TEM 
f o i l .  Recent work has revealed an appreciable e r r o r  i n  t h i s  method t h a t  can overest imate t h e  f o i l  t h i c k -  
ness. This e r r o r  causes lower s w e l l i n g  values t o  be measured by TEM m i c r o s t r u c t u r a l  observat ions r e l a -  
t i v e  t o  t h e  p r e c i s i o n  densitometer. An improved method i s  proposed f o r  determining t h e  f o i l  th ickness  by 
t h e  CSS method. which inc ludes a c o r r e c t i o n  for  t he  overes t imat ion  of f o i l  th ickness.  

PROGRESS AND STATUS 

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

Void s w e l l i n g  i s  a c r i t i c a l  e f f e c t  o f  i r r a d i a t i o n  e s p e c i a l l y  f o r  a u s t e n i t i c  s t a i n l e s s  s tee ls ,  which 
are s t i l l  one of  t h e  p re fe r red  ma te r i a l s  f o r  magnetic f us ion  reac to r  (MFR) s t u c t u r a l  app l i ca t i ons .  The 
U.S./Japan Co l l abo ra t i ve  program has used mixed-spectrum f i s s i o n  reactors  t o  t e s t  f i r s t - w a l l  s t r u c t u r a l  
ma te r i a l s .  A major output  of t h i s  experimental program has been q u a n t i t a t i v e  m i c r o s t r u c t u r a l  data on 
c a v i t y  swel l ing .  Much o f  t h e  data from t h e  first e i g h t  capsules (Phase I )  i r r a d i a t e d  i n  t h e  High F lux  
Iso tope Reactor (HFIR) has been summarized.' 

New s w e l l i n g  data on HFIR Phase I specimens have a l s o  been obtained from unthinned TEM d i sks  us ing  
t h e  p r e c i s i o n  densi tometer  a t  t he  Oak Ridge Nat iona l  Laboratory (ORNL)? This method employs the  
Archimedes method t o  measure t h e  dens i t y  o f  unthinned standard TEM d isks .  
both methods, e i t h e r  i n  t h e  same d i sk  (densitometer, then TEM) o r  i n  d u p l i c a t e  disks.  However, i n  some 
cases t h e r e  have been apprec iab le  d iscrepancies.  
lower than those observed w i t h  t h e  p r e c i s i o n  densitometer. 

One f a c t o r  i s  t h a t  voids a re  po l i shed  a t  t h e  specimen surface du r i ng  t h e  e l e c t r o p o l i s h i n g  t o  produce 
e lec t ron- t ransparent  specimens. I f  c a v i t y  s w e l l i n g  i s  measured i n  regions o f  t h e  f o i l  t h a t  are t o o  t h i n ,  
m s t  l a r g e  c a v i t i e s  (which c o n t r i b u t e  s u b s t a n t i a l l y  t o  t o t a l  swe l l i ng )  are not  inc luded. Another f ac to r  
i s  th ickness measurement. The f o i l  th ickness of m s t  TEM specimens was determined by t h e  CSS method, 
a l though the re  have been some quest ions about t h e  accuracy o f  t h i s  

evaluated. To separate vo id- po l i sh ing  e f fec ts  from th ickness  underest imat ion ef fects,  TEM measurements 
were made i n  several  areas w i t h  d i f f e r e n t  specimen th icknesses i n  a p a r t i c u l a r  specimen. 
stereo-measurements of th ickness  are compared w i t h  the  CSS measurements i n  a given area. 

Swel l ing  has been measured by 

Swel l ing  values measured by TEM are sys tema t i ca l l y  

Two major f a c t o r s  cou ld  cause TEM measurement of s w e l l i n g  t o  underestimate t r u e  s w e l l i n g  values. 

I n  t h i s  repor t ,  a procedure f o r  ob ta fn ing  more accurate and cons i s ten t  s w e l l i n g  data us ing  TEM i s  

I n  add i t i on ,  

Experimental 

Standard TEM specimens of JPCA i n  t h e  solut ion-anneaieo c o n a i n o n  were i r r a a i a t e d  i n  HFIR a t  500°C 
t o  57 dpa. 
Swel l ing,  as measured from t h e  c a v i t y  volume f r a c t i o n  obtained by TEM, was 3.7% ( re f .  5), w h i l e  s w e l l i n g  
measured us ing  t h e  p r e c i s i o n  densitometer was 7.6% ( r e f .  6). This specimen contained many voids so t h a t  
t h e  s tereo method was reasonably easy. The vo id  s i z e  d i s t r i b u t i o n  reached 75 nm, which means t h a t  many 
voids were pol ished-out  i n  f o i l s  t h i n n e r  than 150 nm, so t h a t  t h e i r  e f f e c t  on t h e  measurement of s w e l l i n g  
by TEM cou ld  not  be evaluated. 

The general m ic ros t ruc tu re  has been charac ter ized q u a n t i t a t i v e l y  and repor ted  e l ~ e w h e r e . ~  
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a d d i t i o n a l  so lut ion- annealed specimens of JPCA and 316 i r r a d i a t e d  i n  ORR-MFE-7J capsule a t  40OoC 
were a l so  examined. R e l a t i v e  t o  t h e  HFIR specimen t h a t  was examined one year  (3.2 x lo7 5 )  

l i s h i n g ,  TEM observat ions on these d i sks  were c a r r i e d  out  w i t h i n  one m n t h  (2.6 x lo6 s) a f t e r  
t r opo l i sh i ng ,  which i s  m r e  t y p i c a l  i n  t h i s  c o l l a b o r a t i v e  program. 

cimens were examined us ing  a JEM 2OOOFX a n a l y t i c a l  e l e c t r o n  microscope (AEM) equipped w i t h  a 
F o i l  th icknesses of t he  HFIR- i r rad ia ted  TEM specimens were measured by bo th  

ethods and t he  CSS method. Two voids which a re  loca ted  a t  t h e  t op  and a t  t he  bottom surfaces of 
i m n s  were chosen by convent ional  s te reo  v iewing us ing  normal s te reo- pa i r  p i c t u r e s  with a t i l t i n g  

The p a r a l l a x  was measured throughout t he  a l lowab le  range o f  t he  specimen goniom- 
ge (from 4 6  t o  +26 deg) t o  improve t h e  accuracy o f  t he  s te reo  method. 

t he  case of t he  CSS method, contaminat ion spots were formed on bo th  specimen surfaces us ing  a 
beam w h i l e  t h e  specimen was o r i en ted  perpend icu la r  t o  t h e  i n c i d e n t  beam. The specimen was then  
p t o  26 deg and a micrograph was taken t o  measure t h e  separa t ion  of t h e  contamination spots. 

procedure fo r  ob ta i n i ng  s w e l l i n g  values from t h e  micrographs i s  t he  same as has been used 
u t  t h e  U.S./Japan c o l l a b o r a t i v e  research program; i t  i s  adequately descr ibed e l~ewhe re .~ - lO  

t h e  ORR- irradiated specimens, t h e  vo id  concent ra t ion  was t o o  low f o r  accurate s te reo  measure- 
Only t h e  CSS m t h o d  was used t o  measure t h e  specimen th ickness.  

measured i n  several  areas w i t h  d i f f e r e n t  f o i l  thicknesses. 

operated a t  200 kV. 

+5 t o  10 deg. 

The number of vo ids per  u n i t  

e r i e s  of micrographs i n  which t h e  specimen was t i l t e d  through t h e  maximum a l lowab le  range of t h e  

pear ing  a t  t he  t op  and a t  t h e  bottom sur faces o f  t he  specimen was measured us ing  these 
phs. 

goniometer stage was used f o r  making s te reo  measurements. 

t o  o b t a i n  t h e  f o i l  th ickness:  

The r e l a t i v e  d is tance  between two 

The d is tance  p was p l o t t e d  versus t i l t i n g  angle 8.  and t h e  data were f i t  t o  the f o l l ow ing  

p = a cos e - t s i n  e , (1) 

i s  t h e  p ro j ec ted  d is tance  of two voids t o  t h e  p lane p a r a l l e l  t o  t he  specimen surface, and t i s  

phs over a w ider  range o f  tilt angles than  convent ional  measurement. 

s t h e  major and minor diameter r a t i o  o f  cos e i s  superimposed on t h e  contaminat ion spot. 
w i th  t h e  CSS method l i e s  w i t h  t h e  choice o f  p o s i t i o n  t o  m a s u r e  t he  pa ra l l ax .  

th ickness.  Th is  method increases t h e  accuracy o f  s te reo  measurement by us i ng  several  

t y p i c a l  image of t i l t e d  contaminat ion spots i s  g iven i n  Fig. 1. 

between t h e  t i p s  o f  t he  cusps i n  t he  image, assuming t h a t  i t  represents t he  p a r a l l a x  between t h e  
centers o f  both contaminat ion spots. 
t h e  d is tance  between t h e  centers o f  t h e  f i t t e d  e l l i p s e s  

A ca l cu la ted  e l l i p s e  curve 
The 

Many measure t h e  

I n  t h i s  study, 

. 1. The image of contaminat ion 
t e r  t h e  specimen was t i l t e d  by 26 deg. 
aminat ion spots were formed when t h e  , sur face was ho r i zon ta l  and perpen- 
t o  t h e  i n c i d e n t  beam. Traces of 
I-out voids can a l so  be seen i n  t h i s  
ioh. 

was measured as t he  p a r a l l a x  r a t h e r  than  t h e  t i p s  Of 
contaminat ion image cusps which can occas iona l l y  be 
hard t o  locate.  
o b t a i n  m r e  r e l i a b l e  data from t h e  image, a l though 
p a r a l l a x  w i t h  t h i s  method i s  smal le r  than t he  d is tance  
measured between cusp t i p s .  

was s tud ied  i s  shown i n  Fig. 2. 
F ig.  2 mark t h e  p o i n t s  where th ickness  was measured. 
Thickness data a re  summarized i n  F ig.  3, where c i r c l e d  
l e t t e r s  represent  data from s te reo  measurements and 
l e t t e r s  by themselves represent  data obta ined by t h e  
CSS method. The two methods obv ious ly  g i ve  d i f f e r e n t  
f o i l  thicknesses. Micrographs from p o i n t s  w i t h  d i f -  
f e r e n t  specimen th icknesses were analyzed f o r  c a v i t y  
s w e l l i n g  data. Swe l l i ng  i s  p l o t t e d  i n  Fig. 4 as a 
func t ion  o f  measured f o i l  th ickness.  
o f  vo id  s w e l l i n g  determined by two d i f f e r e n t  methods 
are  a l so  g iven i n  Fig. 4. 

The f o i l  th ickness  measured by t he  CSS method f o r  
a t ype  316 s t a i n l e s s  s t e e l  specimen i r r a d i a t e d  i n  ORR 
i s  g iven i n  Fig. 5. The area l  c a v i t y  concent ra t ion  i s  
a l so  g iven i n  Fig.  5. It shows a l i n e a r  inc rease of 

The curve f i t  method was employed t o  

The area o f  t he  HFIR- i r rad ia ted  JPCA specimen t h a t  
L e t t e r s  A through E i n  

Reported va luessv6  
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Fig.  2. Low magni f i ca t ion  micrograph o f  
solut ion-annealed JPCA i r r a d i a t e d  i n  HFIR a t  
50OoC t o  57 dpa. L e t t e r s  A, B, ..., E represent 
t h e  p o i n t s  where th ickness measurements were made. 

0 STEREO 
DENSITOMETORY 0 css 
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0 -  - 

p 5  

- 
0 100 200 300 

FOIL THICKNESS (NM) 

Fig. 4. Ca lcu la ted  vo id  s w e l l i n g  us ing  
t h e  th ickness values obtained by the  s tereo and 
t h e  CSS method. Reported values of vo id  s w e l l i n g  
are a l s o  given i n  t h i s  f i gu re .  
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Fig. 3. Measured th ickness  of t h e  specimen 
i n  Fig. 2. C i r c l e d  l e t t e r s  represent  data 
obtained bv s tereo measurement and l e t t e r s  
themselvec represent  data obtained by t h e  CSS 
method. 

specimen th ickness from t h e  Specimen edge. 
s i m i l a r  r e s u l t  was a l so  obtained from a JPCA 
specimen i r r a d i a t e d  i n  ORR. 

A 

DISCUSSION 

F igure  3 shows an apprec iab le  d i f f e rence  i n  
t h e  th ickness  values measured a t  t h e  same p o i n t  
from t h e  s tereo method and by t h e  CSS method. The 
specimen th ickness  data obtained by the  s tereo 
method can be ex t rapo la ted  toward t h i n n e r  regions 
by a s t r a i g h t  l i n e  passing through t h e  o r i g i n  of 
t he  coordinate.  Th is  should def ine a wedge-shape 
specimen f o r  an i d e a l  no th ickness a t  t h e  f o i l  
edge. S i m i l a r  e x t r a p o l a t i o n  of t h e  CSS data us ing  
a s t r a i g h t  l i n e  does not  pass through the  o r i g i n .  
This de f ines  a non-wedge shaped specimen w i t h  a 
th ickness  o f  nea r l y  100 nm a t  t he  edge. 

specimen i s  nea r l y  an i d e a l  wedge shape t h a t  i s  
very t h i n  r a t h e r  than t h i c k  a t  t h e  edge. I f  we 
assume t h a t  t he  data from s tereo measurements are 
more accurate, then t h e  CSS method apprec iab ly  
overest imates t h e  f o i l  th ickness.  The accuracy o f  
t h e  CSS method has been examined3*" and i t  has 
been shown t o  overest imate f o i l  th ickness.  To 
exp la in  t h e  overest imat ion,  Rae e t  al.4 proposed a 
" w i t c h ' s  hat"  shape f o r  t he  contaminat ion spot, 
w i t h  r e l a t i v e l y  f a i n t  and broad depos i ts  beneath 
t h e  shar cones t h a t  are u s u a l l y  observed. 

i t s  t o  t h e  d i f f u s i o n  o f  t h e  focused e l e c t r o n  beam 
of e a r l y  a n a l y t i c a l  e l e c t r o n  microscopes due t o  
condenser aber ra t ions .  

The micrograph i n  Fig. 2 suggests t h a t  t h i s  

Lorimer' P has a t t r i b u t e d  these lower broad depos- 
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DISTANCE FROM SPECIMEN EDGE (Irm) 

Fig.  5. 
CSS method and t h e  area l  dens i t y  of voids fo r  a 
t ype  316 s t a i n l e s s  s t e e l  specimen i r r a d i a t e d  i n  ORR 
a t  400°C t o  8 dpa. 

P l o t s  of th ickness  measured by t h e  

Recent work t o  i n t e r p r e t  t h e  image behavior  
o f  t i l t e d  Contamination deposi ts12 p red i c ted  an 
overest imat ion,  even f o r  smooth Gaussian p r o f i l e s ,  
o f  a contaminat ion depos i t  expected from a w e l l -  
focused beam. I n  t h i s  m d e l ,  t he  oval  l i n e  i n  t h e  
image which was p rev ious l y  thought t o  represent  
t h e  base edge o f  t he  contaminat ion cone, a c t u a l l y  
represents the  l i n e  on t h e  surface of t h e  depos i t  
where t h e  e lec t ron  beam i s  p a r a l l e l  t o  t h e  surface. 
Thus, i t  i s  i n e v i t a b l e  t h a t  t h e  raw  data frm t h e  
CSS method overestimates the  f o i l  th ickness  
w i thou t  some co r rec t i on .  Overest imat ion would be 
g rea te r  i f  t h e  t i p s  of cusps r a t h e r  than t h e  
d is tance between t h e  centers of t h e  e l l i p s e s  was 
used t o  measure pa ra l l ax .  

Swel l ing  data obtained us ing  f o i l  th icknesses 
measured by both  methods are surmarized i n  Fig.  4. 
Overestimates o f  f o i l  th ickness  by t h e  CSS method 
cause smal le r  vo id  s w e l l i n g  values. Both t h e  CSS 
and s tereo method show decreasing vo id  s w e l l i n g  i n  
t h i n n e r  regions. Th is  i s  t he  e f fec t  of po l ished-  
out voids. 
regions t h i c k e r  than 70 nm, as measured by t h e  
s tereo method. The reoor ted s w e l l i n g  values are 

This e f fec t  becomes n e g l i g i b l e  i n  

~~~ ~~ 

7.6% ( r e f .  6) and 3.7% ( r e f .  5) .  as determined by 
t h e  p r e c i s i o n  densi tometer  and by microscopy, respec t i ve l y .  
ness data obtained from t h e  s tereo measurements i s  6.4$ i n  areas t h i c k  enough so t h a t  t h e  pol ished-out  
vo id  e f f e c t  i s  n e g l i g i b l e .  Agreement i s  b e t t e r  between p r e c i s i o n  densi tometer  and q u a n t i t a t i v e  TEM us ing 
s tereo th ickness  measurements. 

The s i m p l i c i t y  o f  t he  CSS method and i t s  a p p l i c a b i l i t y  t o  any specimen s t i l l  g i ve  t h i s  method advan- 
tages f o r  use i n  r e a c t o r - i r r a d i a t e d  specimens. A simple method f o r  c o r r e c t i n g  t h e  systemat ic e r r o r  can 
a l s o  be ex t rac ted  from t h i s  experimental work. Assuming a wedge-shaped specimen and t h a t  t h e  th ickness  
overest imate i s  constant, then t r u e  th ickness  can be obtained by making measurements a t  several  p o i n t s  of 
d i f f e r e n t  th icknesses,  and p l o t t i n g  these values versus t h e  d is tance from t h e  edge. 
values by a constant  o f fse t  equal t o  t h e  Y- intercept ,  as shown i n  Fig. 5, would g i ve  t h e  t r u e  th ickness.  
Theore t ica l  p red i c t i on12  and experimental 
s i z e  t o  keep t h e  amount of overes t imat ion  constant. I n  case of a t ype  316 s t a i n l e s s  s t e e l  specimen, t h e  
cor rec ted th ickness  p r o f i l e  showed good coincidence w i t h  t h e  area l  c a v i t y  dens i ty .  

from specimens i r r a d i a t e d  i n  HFIR us ing  q u a n t i t a t i v e  TEM.5,7-10 
specimens were obtained us ing  t h e  CSS method f o r  measuring th ickness.  
sys tema t i ca l l y  lower than t h e  t r u e  s w e l l i n g  values. 
no t  a f f e c t  t h e  r e l a t i v e  behavior  o f  each a l l o y  t o  a given i r r a d i a t i o n  cond i t i on ,  these TEM measured 
s w e l l i n g  values w i l l  d isagree w i t h  s i m i l a r  measurements us ing the  p r e c i s i o n  densitometer. 

Previous s tud ies  m s t  l i k e l y  overest imated t h e  f o i l  th ickness  by 100 nm ( re fs .  5, 7-10). 
would produce a f ac to r  o f  2 e r r o r  i n  swel l ing .  
t o o  t h i n  t o  con ta in  l a r g e  voids, t h e  e r r o r  i n  s w e l l i n g  measured by TEM w i l l  be greater .  

The new value from microscopy us ing  t h i c k -  

Cor rec t i ng  a l l  

r equ i re  t h a t  t h e  contaminat ion depos i t  be t h e  same 

Much e f f o r t  i n  t h e  U.S./Japan c o l l a b o r a t i o n  program has been devoted t o  ob ta in ing  s w e l l i n g  values 
Most o f  t he  s w e l l i n g  data f o r  these 

Such s w e l l i n g  values may be 
Although such a constant  and systemat ic  e r r o r  s h a l l  

Th is  e r r o r  
However, i f  c a v i t y  volume s w e l l i n g  was measured i n  areas 

CONCLUSIONS 

The procedure f o r  measuring the  vo id  s w e l l i n g  of r e a c t o r - i r r a d i a t e d  specimens by q u a n t i t a t i v e  TEM 
has been c a r e f u l l y  checked. The f o l l o w i n g  observat ions were made: 

1. 

2. 

The CSS method w i thou t  c o r r e c t i o n  g ives  overestimates of specimen th ickness values. 

I f  t h e  systemat ic e r r o r  i n  t h e  CSS method i s  cor rec ted w i t h  an assumption of wedge-shaped spec i-  

M i c r o s t r u c t u r a l  data i n  HFIR specimens repor ted p rev ious l y  can i nc lude  an appreciable e r r o r  due 

mens, then t h e r e  i s  good coincidence between observed area l  c a v i t y  d e n s i t i e s  and t h e  cor rec ted thicknesses. 

t o  t h e  specimen th ickness  measurement from t h e  CSS method w i thou t  co r rec t i on .  
3. 
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DOSIMETRY MEASUREMENTS FOR PNL EXPERIMENTS 17-14 I N  THE OMEGA WEST REACTOR - L. R. Greenwood (Argonne 
Nat iona l  Laboratory) 

OBJECTIVE 

To prov ide  neutron dosimetry and damage c a l c u l a t i o n s  f o r  f us i on  m a t e r i a l s  i r r a d i a t i o n  experiments. 

SUmARY 

Neutron dosimetry measurements and r a d i a t i o n  damage c a l c u l a t i o n s  a re  presented f o r  t h ree  sho r t  i r r a d i a t i o n s  
by B a t t e l l e  Pac i f i c  Nat ional  Laboratory i n  t he  Omega West Reactor a t  Los Alarms Nat iona l  Laboratory. 
i r r a d i a t i o n s  occurred between February - A p r i l  1988 w i t h  a maximum neutron f luence o f  8.3~1019 nIcm2. 

PROGRESS AND STATUS 

Three experiments were performed f o r  PNL (H. Hein isch)  i n  t he  Omega West Reactor a t  Los Alamos Nat iona l  
Laboratory. 
i r r a d i a t e d  i n  a furnace a t  2000C w i t h  hel ium cool ing.  The i r r a d i a t i o n  h i s t o r i e s  a re  g iven below, where 
exposure values a re  f u l l  power (8 MW) hours. 

The 

The experimental cond i t ions  were s i m i l a r  t o  those repor ted  previously.1-4 The samples were 

Experiment & Exposure, FPH 

17 7/76 t o  7/29/88 13.50 .~ 
13 lji t o  S i i i i s a  60.28 
14 3/14 t o  4/70/88 132.10 

The dosimetry capsules measured about 6 mm long  by 1.2 mm OD and conta ined small w i res  o f  N i ,  Fe, T i ,  0.1% 
Co-AI, and 80.7% Mn-Cu. 
c o r r e c t i n g  f o r  gamma absorpt ion and t he  exact i r r a d i a t i o n  h i s t o r y .  The r e s u l t a n t  a c t i v i t i e s  a re  l i s t e d  i n  
Table I .  
s t a t i s t i c s .  I n  several cases, s t a t i s t i c s  were unusual ly  l a r g e  due t o  a longer  than normal decay be fore  we 
received t he  samples. 
Consequently, we averaged t he  da ta  f o r  one c o m n  spec t ra l  ana lys is .  

Neutron spec t ra l  adjustments were then done w i t h  t he  STAY'SL computer code us ing  t he  i n i t i a l  spectrum 
determined prev ious ly .7  

Rad ia t ion  damage c a l c u l a t i o n s  were performed w i t h  t h e  SPECTER computer code5 and t he  r e s u l t s  a re  l i s t e d  i n  
Table 111. 

Each w i re  was gamma counted a t  Argonne and sa tu ra ted  a c t i v i t i e s  were computed, 

Unce r ta i n t i es  a re  t y p i c a l l y  2% i n c l ud ing  1.5% f o r  c a l i b r a t i o n  and l ess  than 1% f o r  count ing  

As can be seen, the  values a re  i n  e x c e l l e n t  agreement among t he  t h ree  separate runs. 

The f u l l  power f l u x  values and f luences f o r  each experiment a re  l i s t e d  i n  Table 11. 

FUTURE WORK 

Samples have been received from the  MFE6J experiment i n  ORR and f o r  t he  CTR49.50,57.53,54.55, and 56 
experiments i n  HFIR. 
i n  March 1987. 
HFIR opera t ions  i n  November 1986. 
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Table I. A c t i v a t i o n  Rates Measured i n  the  Omega West Reactor 
( a c t i v i t i e s  are i n  atomlatom-sec, 22% unless noted, 
a t  a Mu) 

Reaction Run 13 

58Fe (n,7) 59Fe (x10-11) 6.36 (4.1%) 6.05 (4.5%) 6.04 (6.0%) 

54Fe (n ,  p) 54th ( 3.10 3.14 3.17 
58Ni (n, p) s8Co ( ~ 1 0 - l ~ )  4.08 4.03 4.07 
46Ti (n ,p) 46Sc (x10-13) 4.22 (2.4%) 4.21 (2.2%) 4.29 (2.2%) 

55Mn(n,2n)54Mn(xlO-15) 9.04 (2.3%) 9.17 (2.2%) 9.14 (2.2%) 

5 % ~  (n,i) 6 0 ~ 0  (XIO-9) 2.15 2.00 2.10 

Table 11. Neutron Flux and Fluences f o r  t he  Omega West Reactor 
(Average Fluxes x lO I3  n/cm2-s a t  8 MW, + lo%) 
(Fluence Values x10l8 n/cm2) 

F1 ux Run 12 ~ Run 13 Run 14 Energy, MeV 

Thermal (<.5 eV) 6.89 3.35 14.96 32.78 

0.5 eV - 0.1 MeV 4.72 2.29 10.23 22.41 

>O.l MeV 5.79 2.81 12.55 27.50 

>I MeV 2.93 1.42 6.34 13.89 

To ta l  17.40 8.46 37.78 82.70 

- 
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Table 111. Radiation Damage Parameters f o r  the  Omega West Reactor 

(dpa x 10-3, He i n  appb) 

Run 12 Run 13 Run 14 

Element !LE 

A1 3.62 

T i  2.22 

V 2.49 

Cr 2.26 

Fe 2.00 
Ni 2.11 

cu 1.93 

Nb 1.94 

He - 

1.23 
1.15 

0.042 

0.324 

0.569 

8.88 

0.473 
0.109 

16.2 5.49 

9.91 5.13 

11.1 0.19 

10.1 1.45 

8.93 2.54 

9.42 39.7 

8.62 2.11 

8.66 0.49 

* 
35.4 

21.7 

24.4 

22.1 

19.6 
20.6 

18.9 

19.0 

He - 

12.0 

11.3 

0.41 

3.17 

5.57 
86.9 

4.63 

1.07 
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RADIAT ION DAMAGE FOR HIGH-TEMPERATURE SUPERCONDUCTORS - L. R. Greenwood (Argonne Nat ional  Laboratory) 

OBJECTIVE 

To c a l c u l a t e  r a d i a t i o n  damage i n  f us i on  mater ia ls .  

SUMMARY 

Ca lcu la t ions  have been completed f o r  t he  p roduc t ion  o f  atomic displacement damage i n  t he  new superconducting 
ma te r i a l  Y1-Ba2-Cu3-07, us ing  our  new computer code SPECOMP.1 
energy d i s t r i b u t i o n s  were f i r s t  ca l cu la ted  f o r  t he  elements bar ium and y t t r i u m .  The r e s u l t s  have been added 
t o  the  SPECTER2 computer code f o r  r o u t i n e  c a l c u l a t i o n  o f  damage i n  any s p e c i f i e d  neutron spectrum. 

PROGRESS AN0 STATUS 

I n  o rder  t o  c a l c u l a t e  r a d i a t i o n  damage i n  a compound ma te r i a l ,  i t  i s  f i r s t  necessary t o  have ca l cu la ted  
damage i n  each o f  the  pure elements which make up t he  compound. 
i n  SPECTER, we f i r s t  used t he  DISCS3 computer code t o  determine t he  displacement damage and r e c o i l  energy 
d i s t r i b u t i o n s  f o r  each element. These c a l c u l a t i o n s  use t he  bas ic  neutron cross sec t ion  da ta  g iven i n  the  
evaluated f i l e  ENDF/B-V.4 Each reac t i on  channel i s  considered separate ly ,  i nc l ud ing  e l a s t i c  and i n e l a s t i c  
sca t te r ing ,  hydrogen and hel ium produc t ion ,  and m u l t i p l e  (n,xn) reac t ions .  
channel can be seen i n  Figs. 1 and 2. 
e l a s t i c  and i n e l a s t i c  sca t t e r i ng .  
r eac t i on  w i t h  a 5-10% c o n t r i b u t i o n  from (n.p) and (n ,o)  reac t ions .  

The SPECOMP code was then used t o  compute damage f o r  the  superconductor assuming a displacement energy 
th resho ld  f o r  each element i n  t he  compound o f  20 eV. The r e s u l t a n t  damage cross sec t ion  i s  shown i n  Fig. 3 .  
The do t ted  l i n e  shows the  r e s u l t  of a s imp ler  approximation which i s  a weighted sum o f  elemental damage. As 
can be seen, the  t r u e  compound damage i s  1 0 4 0 %  lower a t  neutron energies below 1 MeV and 5-10% h igher  by 20 
MeV. These r e s u l t s  have been added t o  SPECTER f o r  r o u t i n e  ca l cu la t i ons .  Users can thus determine the  
co r rec t  dpa r a t e  i n  t h i s  superconductor by s imply g i v i n g  a neutron spectrum and l eng th  o f  i r r a d i a t i o n  time. 
This compound damage f i l e  i n  SPECTER now conta ins about a dozen e n t r i e s  f o r  t r i t i u m  breeder mater ia ls ,  
i nsu la to r s ,  and a l l o y s .  

FUTURE WORK 

We p lan  t o  add more elements and compounds, such as S i c ,  and t o  a l s o  beg in  conversion o f  our  f i l e s  and 
programs t o  the  newly re leased neutron c ross  sec t i on  da ta  i n  ENDF/B-VI. 

New damage cross sec t ions  and atomic r e c o i l  

Since barium and y t t r i u m  were no t  ava i l ab le  

The r e l a t i v e  importance o f  each 
A t  lower energies (e.g., f i s s i o n  reac to rs ) ,  the  damage i s  dominated by 

For f us i on  (e.g., 14 MeV), the  damage main ly  comes from the  (n,2n) 
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Fig. 3. Calculated Damage Cross Section for the New Ceramic Superconductor 
Y1-Ba2-Cu3-07. 
Weighted Sum of Elemental Damage (dotted line). 
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THE MORPHO 0 Y OF COLLISION CASCADES AS A FUNCTION OF RECOIL ENERGY - H. L .  Heinisch, Pacific Northwest 
Laboratory \a! and B. N. Singh, RISp National Laboratory, Denmark 

OBJECTIVE 

The objective of this work is to address displacement cascade effects in fusion-fission correlations using 
atomistic computer simulations. 

SUMMARY 

An analytical method based on defect densities has been devised to determine the threshold energies for 
subcascade formation in computer simulated collision cascades. 
code MARLOWE in Al, Cu, Ag, Au, Fe, Mo and W were analyzed to determine the threshold energy for subcascade 
formation, the number of subcascades per recoil per unit energy and the average spacing of subcascades. 
Compared on the basis of reduced damage energy, metals of the same crystal structure have subcascade 
thresholds at the same reduced energy. The number of subcascades per unit reduced damage energy is about 
the same for metals of the same crystal structure, and the average spacing of subcascades is about the same 
in units of 1 attice parameters. Comparisons between subcascade threshold energies and average recoil 
energies in fission and fusion neutron environments show the spectral sensitivity of the formation of 
subcascades. 

Cascades generated with the binary collision 

PROGRESS AND STATUS 

Introduction 

The interaction of high energy particles with a crystalline solid produces collision cascades, the imediate 
consequences of which are displaced atoms and vacant lattice sites in localized regions of the material. 
The configuration of a "damaged" region in the material depends on the energy of the primary recoil atom 
that initiates the cascade of collisions. At high recoil energies, multiple, widely-separated damage 
regions, commonly referred to as subcascades, can be created in a single recoil event. In this paper we 
examine the characteristics o f  subcascade production in FCC and BCC metals. 

The evolution of a material's microstructure during irradiation is largely due to interaction with the point 
defects produced. 

defects, only a small fraction are found to freely migrate beyond the cascade region to interact with other 
elements of the microstructure2. The spatial distribution of the initial damage, including the subscascade 
structure, influences the disposition of the point defects as energy dissipates from the cascade region and 
as subsequent thermally activated diffusion occurs. 

A first step toward understanding the influence of subcascade production on microstructure evolution is 
determining the number, size, spacing and threshold energy for production o f  subcascades. The spatial 
distributions of point defects in high energ ollisio 
using binary collision computer models in C U ~ * ~  and Fe!vg. As the graphic depictions in the earlier work 
demonstrate, high energy collision cascades have extremely irregular configurations. The schemes used for 
identifying separate damage regions are different in each of these studies, so quantitative comparisons of 
their results have little meaning. 
determined for seven FCC and BCC metals using a new approach that unambiguously defines the onset of 
subcascade formation. 

In nascent cascades the high energy density and the close pro imity of the defects lead 
to nearly immediate recombination of up to 70% of the defects initially produced f: . Of the remaining point 

ascades have been studied in earlier investigations 

In the present work, quantitative information on subcascades is 

Comwtations 

Cascades were generated in the face-centered cubic metals Al, Cu, Ag and Au and in the body-centered cubic 
metals Fe,  Mo and W using the binary collision computer code MARLOWE7. 
approximately the average displacement threshold energy for each material. A simulated lattice temperature 
of 300K was applied, and local inelastic energy losses were included. 
recoil energy minus the inelastic energy loss, is the energy available to create atomic displacements. 

MARLOWE models only the collisional stage of the cascade process, which occurs in about seconds. The 
gross spatial configuration of the cascade is determined by the location of the higher energy collisions 
that occur during that stage. In the present study the entities of interest are the damaged regions of the 
crystals, not the individual defects (although we must identify the damaged regions as collections of 

The cut-off energy was 

The "damage energy" of a cascade, the 

(a) Operated for the U.S. Department of Energy by Battelle Memorial Institute under Contract 
DE-AC06-76RLO 1830. 



34 

i n d i v i d u a l  defects) .  Thus, MARLOWE i s  i d e a l l y  s u i t e d  t o  t h e  t a s k  a t  hand: 
i n t e r a c t i o n s  t h a t  a re  respons ib le  f o r  t he  o v e r a l l  s p a t i a l  d i s t r i b u t i o n  o f  t he  damage w i t h  an economy t h a t  
a l lows s i g n i f i c a n t  numbers o f  h igh  energy cascades t o  be generated i n  a reasonable t ime.  

I n  each m a t e r i a l  30-100 r e c o i l s  having randomly chosen i n i t i a l  d i r e c t i o n s  were s imulated a t  each o f  about 10 
energies rang ing  from 1 keV t o  1 MeV. 
values were averaged a t  each energy. The dens i t y  ana lys is  i s  used as a t o o l  t o  determine t he  energies a t  
which subcascades s t a r t  t o  form i n  t h e  var ious  ma te r i a l s .  The value o f  t he  d e n s i t y  o f  de fec t s  depends 
c r i t i c a l l y  on how t h e  volume i s  def ined.  I n  our  ana l ys i s  t he  volume o f  each cascade i s  de f ined  as t he  
rec tangu la r  pa ra l l e l ep iped ,  o r i en ted  a long t he  cub ic  c r y s t a l  axes, t h a t  encloses t he  vacancy d i s t r i b u t i o n .  
Dens i t i es  by t h i s  d e f i n i t i o n  are n o t  r e f l e c t i v e  o f  e i t h e r  t he  very  low average dens i t y  of defects throughout  
the  m a t e r i a l  o r  t h e  very  h igh  average dens i t y  of de fec ts  w i t h i n  t h e  cores o f  t he  cascades. 
s i gn i f i cance  should be at tached t o  the  
magnitudes o f  t h e  values. 

A d i f f e r e n t  measure o f  de fec t  dens i t y  was used t o  examine t he  dens i t y  o f  de fec ts  i n  t he  cascade cores as a 
func t ion  o f  r e c o i l  energy. 
determining how many o the r  vacancies on average e x i s t  w i t h i n  t he  f i r s t  t h ree  neighbor ing s h e l l s  of atoms 
about each vacancy i n  t he  cascade. 

I n  each cascade, subcascades were i d e n t i f i e d  us ing  an a l go r i t hm  f o r  f i n d i n g  t he  l o c a t i o n  and s i z e  o f  areas 
of h i gh  concent ra t ions  o f  vacancies. 
t he  d is tance  o f  t he  c e n t r o i d  of each subcascade from t h a t  o f  i t s  nearest  neighbor subcascade. 

i t  models w e l l  t he  h i gh  energy 

The dens i t y  o f  vacancies was determined f o r  each cascade, and t h e  

L i t t l e  

For each cascade t he  average local dens i t y  of vacancies was i nves t i ga ted  by 

The average spacing o f  subcascades was determined as t he  average o f  

F igure  1 shows a p l o t  o f  t he  cascade vacancy dens i t y  w i t h i n  t he  enc los ing  rec tangu la r  pa ra l l e l ep ipeds  as a 
f u n c t i o n  o f  r e c o i l  energy i n  go ld .  Over t he  range o f  energies shown the  d e n s i t i e s  o f  vacancies i n  t h e  
enc los ing  pa ra l l e l ep ipeds  vary  by two orders  of magnitude. I n  t h i s  l o g - l o g  p l o t  t h e  d e n s i t y  as a f u n c t i o n  
of energy i s  we l l - descr ibed  by two s t r a i g h t  l i n e  segments. The energy a t  which t he  segments i n t e r s e c t ,  
about 200 keV, i s  t he  eneray a t  which subcascades beain t o  form r e a u l a r l v  i n  aold.  based on observa t ion  of 
g raph ica l  representa t ions  & t h e  ascades. S i m i l a r  Gehavior was oi)serv& i n  ;he e a r l i e r  ex tens ive  
g raph ica l  ana l ys i s  o f  Cu cascades i . 
The s t r a i g h t  l i n e  a t  lower energies shows t h a t  w i t h  i nc reas ing  energy t he  s i n g l e  cascade reg ion  grows l a r g e r  
i n  a s e l f - s i m i l a r  way ( t he  s t r a i g h t  l i n e  on t h e  l o g - l o g  p l o t  i s  an i n d i c a t i o n  o f  f r a c t a l  behavior, a l b e i t  
over a r e s t r i c t e d  range). As subcascades begin t o  form, t he  l a r g e  spaces between subcascades make t he  
cascade volume increase a t  a more r a p i d  r a t e  w i t h  energy. Thus t he  s t r a i g h t  l i n e  a t  h i ghe r  energies 
e f f e c t i v e l y  descr ibes t he  d i f f e r e n t  s e l f - s i m i l a r  s p a t i a l  r e l a t i o n s h i p s  of t he  i nc reas ing  number o f  
subcascades. 

1 10 lo2 lo3  
Recoil Energy (keV) 

38DWl.l.l 

Figure  1. 
volume o f  each cascade i s  taken as t he  rec tangu la r  pa ra l l e l ep iped  o r i en ted  a long t he  c r y s t a l  axes enc los ing  
t he  vacancy d i s t r i b u t i o n  o f  t he  cascade. 

Average dens i t y  of vacancies i n  c o l l i s i o n  cascades i n  go ld  as a f unc t i on  o f  r e c o i l  energy. The 
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All the metals in this study exhibit a knee in the plot of vacancy density as a function of recoil energy. 
We identify the energy values at the knees as the threshold energies for the break-up of cascades into 
subcascades. 
representations of the cascades. The "cascade break-up energies" vary by two orders of magnitude; values 
for all seven metals are listed in Table 1. 

This conclusion is consistent with behavior observed in a small sample of graphical 

Table 1. Cascade Break-up Energies and Local Vacancy Densities 

Reduced Enerar Cascade Break-Uo Reduced Local Vacancv ~~ 

Factorta) -- Recoil Energy ' Break-up 
Element (ev-1) (W Damage Enerqy (X I  

A1 2.34 x 10-5 2.5 0.052 4.2 

cu 3.05 x 20 0.049 6 .7  

Ag 1.28 x 10-6 50 0.055 7 .4  

Au 4.18 x 10-7 200 0.071 13.3 

Fe 4.00 x 50 0.15 7.5 

Mo 1.80 x 10-6 130 0 .19 9.2 

W 5.10 10-7 300 0.13 10.2 

a. For screening radii used in the MARLOW calculations. 
b. Percent of sites within three nearest neighbors that contain vacancies. 

Further evidence for identifying the knee in the dens ty curve with the cascade break-up emerges when the 

quantity "reduced damage energy" is the recoil damage energy divided by the value of the screened Coulomb 
potential at the screening radius for each metal. Thus, in each metal the energies are normalized by the 
strength of the atomic interaction in that metal. When compared on this basis, the knees in the plots, 
indicating where subcascades start to form, occur at about the same reduced recoil damage energy for each 
crystal structure. This is shown in Figure 2 for the FCC metals, where the range of reduced energy of the 
knees, 0.050-0.070, is identified as the reduced cascade break-uo enerav. A similar set of curves for BCC 

densities are compared on the basis of reduced energy Q rather than recoil energy. The dimensionless 

metals reveals a reduced break-up energy range of 0.13-0.19.  
damage energies at break-up are listed in Table 1. 

The reduied energy factors and the reduced 

1 
1 0-4 

1 0 . ~  1 0-2 10.' 
Reduced Damage Energy 

oBwpI.2.. 

Figure 2. Average Density of Vacancies in Collision Cascades in FCC Metals as a Function of Reduced Recoil 
Damage Energy. The cascade break-up energy is defined as the region of reduced recoil damage energy where 
the slopes of the curves change. 
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The steep decrease in vacancy density with increasing energy exhibited in Figures 1 and 2 does not mean 
that the local density of acancies in the core of the cascade is changing with energy, even at low 

was found for copper that this value is constant at energies above a few keV, well below t 

that the post-annealing numbers of residual defects and freely migrating defects increases linearly with 
damage energy in high energy cascades. 
defect, which will most strongly influence defect interactions, does not change much with energy. 
local vacancy densities are also observed in all the FCC and BCC metals investigated here. 
the values of local vacancy density in high energy cascades (i.e., where local vacancy densities are 
constant) for all the metals. Even though the reduced break-up energies are about the same within the same 
crystal structure, the average local densities increase approximately linearly with atomic number. 

Subcascade identification was done only for Cu, Au, Fe and W .  The number of subcascades produced increases 
linearly with recoil damage energy. Table 2 contains the average number of subcascades per recoil per keV 
of damage energy, the average damage energy per subcascade, and the average separation of subcascades. In 
each material at each energy the distribution of subcascade spacing is very broad, having a standard 
deviation of about +/- 100% of the mean value. 
small, and we conclude that the average spacing of subcascades is about the same in all the metals. 

energies. In earlier work 3 the average local density of vacancies in cascades in Cu was investigated. It 
threshold for 

subcascade production. Computer simulations of short-term annealing of cascades in copper !6 also showed 

This implies that the average environment in the vicinity o f  a 
Constant 

Table 1 lists 

Thus any differences between the metals should be considered 

Table 2. Average Number and Separation of Subcascades 

Subcascaded/PKA/ Damage Energy/ Average Separation 
Element Damage Energy (keV) Subcascade (keV) (lattice param.) (nm) 

cu 0.040 25 36 13 

Au 0.004 250 36 14 

Fe 0.030 33 54 15 

W 0.004 250 36 11 

Discussion 

Within the same crystal structure, the subcascade formation characteristics appear to be about the same in 
all metals when compared on the basis of the reduced energy (Figure 2). 
spatial distribution aspects of the cascades, which are governed by the high energy collisions. 
average local densities of defects in the cascade cores are different for each metal (Table 1). showing a 
dependence on atomic number (or atomic mass). The differences in local defect densities, and the implied 
differences in local energy densities, will surely lead to differences in disposition of the defects 
subsequent to the collisional phase. 

There is much experimental evidence purporting to support the concept of subcasc e especially the obvious 
grouping of clusters or loops seen in micrographs after low fluence irradiations pf*si? 
micrographs show the structures that exist long after the cascade has occurred. 
consideration when attempting to discern subcascades in observed damage in different metals is that for 
each metal the configuration of cascades in a given irradiation environment depends on the energy spectrum 
o f  recoil atoms produced by the irradiating particles. The recoil spectrum is a strong function of atomic 
number. 
respectively, produced by 14 MeV neutrons and by the neutrons of a typical fast reactor. The average recoil 
energies, displayed here in terms of reduced damage energy, vary over several orders of magnitude. 
maximum recoil energies may be up to a factor of ten higher than the average energies. The cascade break-up 
energies, constant for each crystal structure, are shown for comparison. Thus, irradiation of Cu with 14 
MeV neutrons produces mostly cascades having subcascades, while irradiation of Au with 14 MeV neutrons 
produces mostly single cascades. In a fast reactor (or reactors with even softer spectra) few cascades in 
either metal will have subcascades. 

According to Figure 3A, one should observe almost exclusively single cascades in Au irradiated with 14 MeV 
neutrons. Micrographs of 14 MeV neutron-irrad t Au show damage in the form of groups of closely spaced 
dislocation loops, which have been interpreted as forming from subcascades. These observations are 
not necessarily inconsistent with our analysis, which deals with clearly defined, widely spaced subcascades. 
However, within single simulated cascades in gold we have observed separate regions of higher vacancy 
density, indicating perhaps subcascades that are simply next to each other. 
"lobes," i.e., contiguous but dis inct damage regions, was developed in the earlier graphical analysis of 

This is true only for the gross 
The 

However, 
Another important 

Figures 3A and 38 show the spectrally averaged recoil energies of FCC and BCC metals, 

The 

The concept of cascade 
comDuter simulated cascades in Cu 5 '  . 
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(a) (b) 
Figure 3. 
Neutrons and Fast Reactor Neutrons. 

Average Reduced Recoil Damage Energies in a) FCC and b) BCC Metals Irradiated with 14 MeV 
The cascade break-up energies are shown for comparison. 

The experimentally measured average spacinf8 of damage regions in 14 MeV neutron-irradiated Cu and Au are 
reported to be 12 nm and 4 nm respectively 
subcascades. The close spacing of the observed damage regions in Au would suggest that they may each be 
the residue of a collapsed lobe rather than the residue of subcascades by the conventional definition. An 
alternative viewpoint is that the residue of a single subcascade may well consist of more than one visible 
object and may include both vacancy and interstitial components. 

. The value for Cu is consistent with our modeling results for 

CONCLUSIONS 

An analytical method based on defect densities has been devised to determine the threshold energies for 
subcascade formation in computer simulated cascades. 
of the same crystal structure have subcascade thresholds at the same reduced damage energy. 

Average recoil energies in the various metals may be above or below the thresholds for subcascade 
production, depending on the irradiation environment. In Cu and Fe (and, by inference, in steels and copper 
alloys), fusion neutrons will generally produce many subcascades while fission reactor neutrons will produce 
few. 

The average local defect density within the core of MARLOWE cascades is constant above a minimum energy that 
i s  lower than the subcascade threshold energy. 
linearly with the atomic number of the metal, which will affect the subsequent development of the damage 
regions in the various metals. 

The number of subcascades per unit reduced damage energy is about the same for all metals of the same 
crystal structure. 

Compared on the basis of reduced damage energy, metals 

The average local vacancy density increases approximately 

The average spacing of subcascades is about 40 lattice parameters in Cu, Au, Fe and W .  
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IMPLICATIONS OF NEUTRON SPECTRUM AND FLUX DIFFERENCES ON FISSIOR-FUSION 

Westinghouse Hanford Company 

0 RELATIONS AT HIGH NEUTRON 
FLUENCE - F. A .  Garner and H. L. Hein isch,  P a c i f i c  Northwest Laboratory: f Y  a R . L. Simons and F. M. Mann, 

OBJECTIVE 

The o b j e c t  o f  t h i s  e f f o r t  i s  t o  determine t h e  environmental and ma te r i a l s  f a c t o r s  r e l e v a n t  t o  t h e  use o f  
da ta  generated i n  f i s s i o n  r eac to r s  f o r  a p p l i c a t i o n  i n  fus ion environments. 

SUMMARY 

The a p p l i c a t i o n  t o  fus ion environments of ma te r i a l s  da ta  de r i ved  from f i s s i o n  r eac to r s  i n vo l ves  
cons idera t ions  r e l a t e d  n o t  o n l y  t o  neutron spectra b u t  a l s o  t h e  o f t e n  dominant ef fect  o f  displacement r a t e .  
I t  i s  shown i n  t h i s  paper t h a t  f i ss ion- fus ion  c o r r e l a t i o n  experiments d i r e c t e d  toward he l ium e f f e c t s  and PKA 
r e c o i l  spec t ra  are f requent l y  d i f f i c u l t  t o  i n t e r p r e t  due t o  t h e  s t rong  i n f l uence  o f  displacement r a t e ,  low 
energy r e c o i l s  from thermal neutron absorp t ion  and i n  some cases a l a r g e  in f luence  of s o l i d  transmutants. 
It i s  a l s o  shown t h a t  ma te r i a l s  da ta  publ ished i n  e a r l i e r  decades must be reevaluated i n  l i g h t  o f  r ecen t  
advances i n  d e f i n i n g  i r r a d i a t i o n  parameters. 

PROGRESS AND STATUS 

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

One o f  t h e  major chal lenges fac ing t h e  fus ion ma te r i a l s  community i s  t h e  i d e n t i f i c a t i o n  and c o l l e c t i o n  o f  
ma te r i a l s  da ta  r equ i r ed  f o r  design of fus ion reac to rs .  
i r r a d i a t i o n  f a c i l i t i e s  which possess bo th  r e l evan t  neutron spec t ra  and displacement r a t e s .  
r equ i r es  t h a t  we use " fus ion-surrogate"  spec t ra  which e x i s t  over  a wide range o f  spectra, displacement r a t e s  
and f luence l e v e l s .  
cond i t i ons  w i t hou t  some s o r t  o f  t r a n s l a t i o n .  Once da ta  have been c o l l e c t e d  i n  surrogate spectra,  i t  must 
f i r s t  be analyzed i n  l i g h t  of t h e  d i f ferences i n  PKA r e c o i l  spectra,  t ransmuta t ion  and displacement r a t e s  
t h a t  e x i s t  between surrogate and fus ion spectra be fo re  such da ta  can be t r a n s l a t e d  and app l i ed  t o  t h e  design 
of fus ion  devices.  
c o n t r i b u t e  i n s i g h t  on t h e  t r a n s l a t i o n  process. 

Th is  paper at tempts t o  summarize t h e  e f f o r t s  o f  our l a b o r a t o r i e s  i n  developing procedures f o r  such 
t r a n s l a t i o n s  and a l s o  p rov ides  an overview o f  p rev ious  and ongoing experiments d i r e c t e d  towards t h e  
development of fus ion- re levan t  c o r r e l a t i o n s .  Some gu ide l i nes  are p rov ided  on how bes t  t o  t r a n s l a t e  
a v a i l a b l e  da ta  i n t o  f us i on- re l evan t  p red i c t i ons .  
o f f e r  gu i de l i nes  f o r  a l l  p r o p e r t i e s  and ma te r i a l s .  

While most e f f o r t s  d i r e c t e d  toward t h i s  goal concentrate on r e c o i l  spec t ra  and/or t ransmuta t ion  
considerat ions,  i t  i s  shown here t h a t  d i f ferences i n  displacement r a t e  between two d i f f e r e n t  spec t ra l  
environments a re  of ten t h e  dominant determinant o f  a l l o y  response i n  such comparisons. 
t h a t  t h e  t r a n s l a t i o n  between two spec t ra l  environments may be q u i t e  d i f f e r e n t  f o r  each p rope r t y  and m a t e r i a l  
o f  i n t e r e s t .  
he1 ium/dpa r a t i o ,  b u t  i n  o t he r  cases where two separate processes each c o n t r i b u t e  s t r o n g l y  b u t  independent ly  
t o  a g iven  p rope r t y  change, i t  i s  necessary t o  t r a n s l a t e  each c o n t r i b u t i o n  separate ly .  
c o n t r i b u t i o n s  a re  i n t e r a c t i v e ,  t h e  t r a n s l a t i o n  becomes even more complicated. 

It i s  a l s o  demonstrated t h a t  some reg ions  o f  c u r r e n t l y  a v a i l a b l e  h igh  f l u x  i r r a d i a t i o n  f a c i l i t i e s  (HFIR, 
EBR-11, FFTF) possess PKA r e c o i l  spec t ra  which are s i g n i f i c a n t l y  d i f f e r e n t  so as t o  poss i b l y  have a s t r ong  
and sometimes mis lead ing  impact on c o r r e l a t i o n  development f o r  fus ion app l i ca t i ons .  

DeveloDment o f  T rans l a t i on  Procedures 

The m a j o r i t y  of the  eng ineer ing- re levan t  da ta  has been obta ined from measurements of changes i n  p rope r t y  o r  
dimensions o f  ma te r i a l s  i r r a d i a t e d  i n  f i s s i o n  r eac to r s .  
steps t h a t  must occur  be fo re  these data can be con f i den t l y  app l i ed  toward f us i on  goals, a l though t h e  
execu t ion  o f  these steps i s  n o t  always very  s t r a i gh t f o rwa rd .  

Development of a c o r r e c t  d e s c r i p t i o n  of t h e  p rope r t y  change of i n t e r e s t  i n  t h e  sur roga te  spectra,  

Th is  t ask  i s  compl icated by t h e  present  l a c k  o f  
Th i s  i n  t u r n  

It must be recognized t h a t  these da ta  may n o t  be d i r e c t l y  app l i cab le  t o  f us i on  

While neutron i r r a d i a t i o n  da ta  a re  most r e l e v a n t ,  charged p a r t i c l e  i r r a d i a t i o n  can a l s o  

Our l i m i t e d  knowledge does n o t  a l l o w  us a t  t h i s  t ime  t o  

It i s  a l s o  shown 

I n  some cases i t  appears t o  be f e a s i b l e  t o  operate w i t h  condensed parameters such as 

If t h e  two 

I t  i s  r e l a t i v e l y  easy t o  i d e n t i f y  t h e  sequence o f  

i n c l u d i n g  i t s  response t o  m a t e r i a l  and environmental va r i ab l es  i nvo l ved  i n  t h e  t r a n s l a t i o n  process 

(a) Operated f o r  t h e  U.S. Department of Energy by B a t t e l l e  Memorial I n s t i t u t e  under Cont rac t  
DE-AC06-76RLO 1830. 
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Reevaluat ion (if necessary) o f  t he  repor ted  i r r a d i a t i o n  cond i t i ons  

Adjustment o f  t he  damage exposure u n i t s  t o  account f o r  PKA r e c o i l  spectrum di f ferences 

Assessment o f  t he  impact o f  s p e c t r a l - r e l a t e d  d i f f e rences  i n  t ransmuta t ion  

I nco rpo ra t i on  o f  t h e  i n f l uence  o f  important  environmental parameters such as s t r ess  s ta te ,  displacement 

Allowances f o r  poss ib l e  i n t e r a c t i o n s  between t he  above cons idera t ions .  

r a t e ,  f l u x  pu ls ing ,  e t c .  

Cor rec t  Descr iD t ion  of Prover tv  Chanqes and Environmental Data 

I t  i s  a statement of t he  obvious t h a t  t he  t r a n s l a t i o n  process cannot be successfu l  i f  our  percept ion  i s  
flawed of t he  mechanisms causing t he  p rope r t y  change. A p e r t i n e n t  example f o r  t h i s  d iscuss ion  i s  the  
evo lu t i on  i n  our understanding of t he  na ture  of t he  vo id  s w e l l i n g  process. 
r e a l i z e  t h a t  many of t he  parametr ic  s e n s i t i v i t i e s  o f  s w e l l i n g  i n  austeni  t e e l s  r e s i d e  on l y  i n  t he  
d u r a t i o n  of t he  t r a n s i e n t  regime and n o t  i n  t he  p o s t - t r a n s i e n t  behavior.ti,2j Th i s  i n s i g h t  has a 
s i g n i f i c a n t  impact on t he  development of f i s s i on- fus i on  c o r r e l a t i o n s  f o r  t h i s  p roper ty .  
r e l a t e d  d i f ferences i n  damage exposure would a f fec t  bo th  t he  t r a n s i e n t  and p o s t - t r a n s i e n t  regimes, we would 
expect d i f ferences i n  displacement r a t e  and t ransmutat ions t o  e x e r t . t h e i r  i n f l uence  p r i m a r i l y  on t he  
d u r a t i o n  of t h e  t r a n s i e n t  regime. 

It i s  p a r t i c u l a r l y  important  t h a t  da ta  ana lys ts  recognize t he  need t o  assess t he  v a l i d i t y  o f  t he  repo r ted  
exposure and environmental data,  p a r t i c u l a r l y  f o r  o l d e r  experiments. Over t he  years s i g n i f i c a n t  changes 
have occurred i n  t h e  r e p o r t i n g  and understanding o f  t he  importance i n  spec i f y i ng  environmental va r i ab les ,  
p a r t i c u l a r l y  neutron f l u x  and spectrum as w e l l  as i r r a d i a t i o n  temperature. I n  many e a r l y  experiments t he  
temperatures were not measured d i r e c t l y  bu t  est imated from gamma heat ing  ra tes ,  which themselves were o f t e n  
sub jec t  t o  es t ima t i on  o r  unreported (and sometimes unrea l i zed)  time-dependent v a r i a t i o n s .  

The r e p o r t i n g  o f  neutron exposures i n  p a r t i c u l a r  i s  sub jec t  t o  many o f t e n  unrecognized bu t  never the less  
impor tan t  cons idera t ions .  The conduct of some e a r l i e r  experiments i n  r eac to r s  used i n  defense programs 
o f t e n  caused many papers t o  be r a t h e r  vague o r  even n o t  t o  spec i fy  gamma heat ing  ra tes ,  neutron f l u x  and 
neutron spectra.  P r o p r i e t a r y  concerns i n  e a r l y  na t i ona l  breeder programs o f ten  y i e l d e d  t he  same r e s u l t .  
Some e a r l y  papers spec i f i ed  on l y  t he  t a r g e t  neutron exposures, which sometimes remained i n  t he  l i t e r a t u r e  
desp i t e  subsequent measurements o f  dosimetry. As fas t  r eac to r s  supplanted thermal r eac to r s  as t he  major 
source o f  data, t he re  was a gradual b u t  o f t e n  i ncons i s ten t  s h i f t  i n  r e p o r t i n g  procedures, such t h a t  one 
f inds  i n  t h e  l i t e r a t u r e  neut ron  f luences quoted i n  terms o f  t o t a l ,  E > 1.0 MeV and E > 0.1 MeV neutrons.  
Sometimes t he  bas is  o f  t he  neut ron  exposures was n o t  spec i f ied .  

Changes i n  r e a c t o r  opera t ion  beyond t he  boundaries o f  t he  repor ted  experiment can a l s o  exe r t  a l a r g e  and 
sometimes un rea l i zed  in f luence on t h e  neutron exposure and i r r a d i a t i o n  temperature. 
sometimes s t rong in f luence o f  ne ighbor ing  experiments, changes i n  core  l oad ing  pa t t e rns  and changes i n  
r e f l e c t o r  m a t e r i a l s  over  t h e  course of l ong  i r r a d i a t i o n  programs. 
leads t o  s i g n i f i c a n t  changes i n  displacement r a t e  and gamma heat ing .  
Program i n  i t s  b u i l d - u p  phase invo lved  t he  p rogress ive  i n s e r t i o n  o f  non- fueled experiments i n  t he  c e n t r a l  
r eg ion  o f  EBR-11, d i s p l a c i n g  some o f  t he  power genera t ion  and t he  associated ma heat ing  toward t h e  ou te r  
rows, g r a d u a l l y  l owe r i ng  t he  temperature and neutron f l u x  i n  each subcapsule.@T The t o t a l  neutron 
exposures were repo r ted  t o  t h e  experimenters b u t  t he  impact o f  t he  f l u x  displacement on temperature changes 
took  much longer  t o  be r e a l i z e d .  
hea t ing  r a t e  and neutron f l u x  again increased f o r  t he  remain ing experiments. 

Fu r t he r  compl ica t ing  da ta  ana l ys i s  i s  t he  e v o l u t i o n  t h a t  has occurred i n  t he  procedures f o r  c a l c u l a t i n g  t h e  
atomic displacement l e v e l  (dpa). 
ha l f -Ne lson ,  NRT and French models. 
spectra. 
must be incorpora ted  i n t o  exposures repor ted  f o r  e l i e r  ex r iments  As an example, t he  c o n t r i b u t i o n  

r e a c t i o n  can cause an i n c r  
as much as 90% i n  t h e  displacement r a t e  of pure n i c k e l  when i r r a d i a t e d  i n  a mixed spectrum reac to r .  

To emphasize t he  importance o f  reassessing t he  damage l e v e l s  and i r r a d i a t i o n  cond i t i ons  of o l d e r  experiments 
p r i o r  t o  development o f  f i s s i o n - f u s i o n  c o r r e l a t i o n s ,  consider  t he  f o l l o w i n g  examples. 
e a r l y  and o f t e n  quoted comparison of U.S. and U.K. da ta  on neutron- induced changes i n  t o t a  
annealed 316 s t a i n l e s s  s tee l ,  showing an apparen t ly  very  l a r g e  e f fec t  o f  helium/dpa r a t '  157 Ngie, 
however, t h a t  we must now increase t he  NRT dpa l e v e l  i n  HFIR by 13% t o  account f o r  t he  sgNi(n,y)  Fe 
r e a c t i o n  and we must decrease t he  exposure l e v e l  o f  t he  DFR low He/dpa da ta  t o  c o r r e c t  f o r  an 18% 
overest imate r e s u l t i n g  from comparing ha l f -Ne lson  exposures w i t hou t  c o r r e c t i o n  t o  NRT exposures. 
r e s u l t  i s  t h a t  ins tead o f  comparing nea r l y  equal exposures (44 vs 50 dpa), t he re  i s  now a s i g n i f i c a n t  
d i f fe rence (37 vs 57 dpa). Much more impor tan t l y ,  however, t he  gamma heat ing  l e v e l s  i n  H F I R  were 
s i g n i f i c a n t l y  underestimated i n  these experiments, and have been rev i sed  upward such t h a t  t he  peak heat ing  

Only r e c e n t l y  have we come t o  
c 

Whereas s p e c t r a l -  

Examples i nvo l ve  t he  

Sometimes t he  experimental program i t s e l f  
The U.S. Breeder Reactor M a t e r i a l s  

As t he  i r r a d i a t i o n  program peaked and subassemblies were removed t he  gamma 

The l i t e r a t u r e  con ta ins  dpa values repor ted  i n  terms of Kinchin-Pease, 
Each o f  these y i e l d  somewhat d i f f e r e n t  values o f  dpa f o r  a g iven  

In a d d i t i o n  o the r  c o n t r i b u t i o n s  t o  t h e  damage process con t inue  t o  be d iscovered and t h e i r  impact 

71s' O f  
r e s u l t i n g  from t h e  r e c o i l  o f  t he  i r o n  atom i n  t he  geNi(n,y) E8 Ni(n,a)%e ' 

F igure  1 shows an 
l onga t i on  of 

The ne t  
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Figure 1. 
annealed AIS1 316 irradiated in DFR and HFIR.f5r The temperatures for the HFIR data and the displacement 
levels for both reactors require significant revision, thus invalidating the conclusion drawn in the 
original paper concerning the strong influence of helium/dpa ratio. 

level increased from 33 to 54 watts/gm.(6) All reported temperatures shoul 
that Tn 
500'C tius becomes 783'C. At these higher temperatures we expect a significant embrittlement to occur and 
Figure 1 is therefore very misleading. 
recent experiments on cold worked 09 and PCA steels " J p y  difference between EBR-I1 and H F I R  results are not 
large despite the large differences in helium level. 

Figure 2 shows another example of the problem 
even from the same reactor. Leitnaker e 
quaternary Fe-Cr-Ni-Mo alloys in EBR-II.tbfl.Both experiments exhibited a relative independence of density 
change on irradiation temperature but developed quite different swelling rates, often attributed in later 
reviews to the greatly different oxygen content of these alloys. 

The data of Leitnaker et al. were derived from one of the earliest materials experiments conducted in 
EBR-11. 
events yielded an overestimate of the exposure received by these specimens. 
fluences of total neutrons were quoted in later publications as measured E > 0 .1  MeV fluences. 
the fluence levels for all experiments in this generation of tests were later downgraded by -12% to account 
for changes associated with a change of material in the reflector of E B R - 1 1 .  
corrections is to considerably reduce the difference between the swelling rate of the two alloys. 
converted from density change to swelling, the data for the '' Fe-Ni-Cr-Mo quaternary alloy exhibit 
the-l%/dpa swelling rate observed in 

An early estimate of the helium/dp atio on irradiation-induced changes in tensile properties of 

herefore be upgraded such 
= [(Told-55)(54/33)] t 55, where the coolant temperature is 55'C.(ia! A reported temperature of 

This is confirmed by Mansur and Grossbeck who state that in more 

hat can arise in maki comparisons of older and newer data, T8f and Bloom and WolferYg) irradiated nominally similar 

In reviewing the records of this experiment and subsequent publications it appears that a series of 

In addition, 
Initial estimates of target 

The net effect of such 
When 

ary Fe-Cr-Ni alloys.?jl) This trend is also confirmed by 
microscopy data of Farrell and Packan tm as shown in Figure 3. 
(a )  

(b) 

In this approximation we have ignored the influence of radiative heat transfer, which will reduce 
somewhat the increase in temperature. 
Additional data on Leitnaker's alloy shown in Figure 2 were published by Appleby et al.(lO) and are 
included in Figure 2. 



42 

1 0  

% 

5 

MS-ALLOY t Fe-17.OCr-16.7Ni-2.5Mo I BLOOM AND WOLFER 
- 

500 

500 
0 450 

4 5 0  < 
450 P7-ALLOY 

Fe-17.5Cr-14.4Ni-2.8Mo 
600 LEITNAKER et..aI 450 

I 

0 I I I I I I J 
0 2 4 6 x lo2*  n ~ r n - ~  

NEUTRON FLUENCE, IE > 0.1  MeVl 

Figure 2 .  glfefrison o f  the density changes produced in two nominally similar Fe-Cr-Ni-Mo alloys irradiated 
in EBR-II.( The neutron fluences for the P-7 alloy need to be revised downward significantly, reducing 
the apparent difference i n  swelling behavior. 
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fniyt' Figure 3. 
are derived from density change measurements(4!'and closed data points from microscopy examination. 

Swelling observed in MS-alloy (Fe-  OCr-16.7Ni-2.5Mo) irradiated in EBR-11.  Open data 
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At this point we will assume that fission-fusion correlations for engineering-relevant materials can be 
developed using the standard NRT formulation for calculating displacement damage at high neutron fluences 
and temperatures. (Other papers in this conference address the validity o f  this assumption.) As we will 
show toward the end o f  this paper we are not as confident when applying this assumption to mixed spectrum 
reactors or to out-of-core regions of fast reactors. 

a 
Neutron-induced transmutation may play some role in the development of property and dimensional changes in 
the surrogate environment and therefore exert a different influence in fusion spectra. In order to assess 
this possibility extensive transmutation calculations have been conducted for our studies on a wide variety 

Detailed tabulations of transmutants can be found 
tl!??4? 

of element 
el sewhere. 

To demonstrate the varvina kinds of influence of transmutation on DroDertv changes we oresent results on 

lloys for reactor spectra of interest. 

- -  
three different categories of material, namely from copper alloys irt-adiGed in-FFTF, aluminum alloys 
irradiated in HFIR and AIS1 316 irradiated in both EBR-I1 and HFIR. 

C o w e r  A1 1 ovs 

A series of both simple and commercial copper alloys have been irr i 
at temperatures in the range 4 2 5 - 4 5 0 T  to exposures of 16-98 dpa.( y f - f 4 e  Measurements have been made of 
density change, microstructural evolution, tensile properties and electrical resistivity. The latter is 
used to estimate thermal conductivity changes that would occur in high heat flux components such as 
diverters. 

It is anticipated that electrical resistivity changes are quite sensitive to void swelling, radiation- 
induced redistribution of solute and transmutation. The plastic properties of the various alloys will also 
be sensitive to these factors as well as the details of the dislocation microstructure. Void swel 
dislocation evolution in turn are known to be sensitive to the presence of solutes such as nickel. 
The influence of preirradiation additions of nickel on neutron-induced swelling is shown in Figure 4 .  
seen in Figures 5 and 6 significant quantities of nickel and zinc form during irradiation in FFTF, H F I R  and 
fusion neutron spectra. Both of these elements have a strong influence on the electrical and thermal 
conductivities of c r, the latter demonstrated in Figure 7. Note that nickel has a much stronger 
influence than and that the nickel/zinc ratio will be larger in fusion spectra compared to that 
produced in FFTF. Thus the reduction of conductivity will be more pronounced in fusion spectra than 
observed in the surrogate FFTF spectra. 

d in FFTF (Fast Flux Test Facility) 

lIR?i8Pd 
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I 

6ot  f/ 425°C 
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6 o  425°C 
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10  
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NEUTRON FLUENCE. n crn-2 

(E>0.1 MeV) 

Comparison of swelling of pure copper and copper t 5 wt% nickel during irradiation in FFTF. Figure 4 .  
Approxixately 2% nickel is formed by transmutation in both alloys by 98 dpa. 
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Figure 5. Calculated transmutation products o f  pure copper in FFTF and STARFIRE fusion spectra. 
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Figure 6. Calculated transmutation products of pure copper in HFIR. 
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Figure  7. Ef fect  of n i c k e l  and z i nc  add i t i ons  on thermal c o n d u c t i v i t y  o f  copper(20) 

DISPLACEMENTS PER ATOM 
0 20  4 0  6 0  

CALCULATED EFFECT 'OF 
TRANSMUTANTS AND VOID 
SWELLING 

0- 
0 2 4  6 8 10 X IOz2 

NEUTRON FLUENCE, n / c d  (E z 0.1 MeV) 

DISPLACEMENTS PER ATOM 

MEASURED CONDUCTIVITY 
AT ROOM TEMPERATUAE 
FOR CY . AI 25 

IACS 6 0  

% 
m wn cw 

TENSILE 
4 0 1  SPECIMEN 

v 20% cw 
TEM DISK 

20% CWA 
TEM DISK 

CALCULATED EFFECT 
OF Zn + NI TRANSMUTANTS 

0 2 4 6 
NEUTRON FLUENCE, n/cm2 (E > 0.1 MeV) 

Figure  8. 
i r r a d i a t e d  a t  425% i n  FFTF. 

( a )  Comparison o f  ca l cu la ted  and measured changes i n  e l e c t r i c a l  c o n d u c t i v i t y  of pure copper 
(b) S i m i l a r  comparison f o r  d ispers ion-hardened Cu-A125. 
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I f  we can success fu l l y  model t he  changes observed i n  copper a l l o y s  du r i ng  FFTF i r r a d i a t i o n  then t he re  i s  
some hope t h a t  we can t r a n s l a t e  these data t o  f us i on - re l evan t  spectra,  p rov id i ng  we a d j u s t  t he  da ta  f o r  
s p e c t r a l - r e l a t e d  d i f f e rences  i n  t he  var ious  c o n t r i b u t i o n s  t o  each p rope r t y  change o f  i n t e r e s t .  F igure  8 
shows t he  r e s u l t s  o f  an e a r l y  successful modeling e f f o r t  o f  t h i s  nature,  assuming t h a t  t he  e f fec ts  of t he  
var ious  c o n t r i b u t i o n s  a re  s imply a d d i t i v e  and n o t  i n t e r a c t i v e .  
one type  o f  i n t e r a c t i v e  e f f e c t .  
make i t  more d i f f i c u l t  t o  success fu l l y  model r ad ia t i on - i nduced  p rope r t y  changes. While z i nc  and n i c k e l  
w i l l  a l so  form i n  01-2.0 Be. t he  exoected deDression o f  e l e c t r i c a l  c o n d u c t i v i t v  i s  obv ious lv  o f fse t  bv 

Solute segregat ion a t  vo id  surfaces would be 
F igure  9 demonstrates t h a t  f o r  more complex a l l o y s  i n t e r a c t i v e  e f f e c t s  w i l l  

r ad ia t i on - i nduced  r e d i s t r i b u  i o n  o f ' t  e ber  ill m and aging o f  t he  CuBe precip;tates. Add i i i ona l  comblexi ty  
i s  added as a r e s u l t  o f  the  8 '  Be(n,ZQ) k Be. - 4  He+ ' 8  He reac t i on .  The depos i t i on  o f  t he  he l ium from t h i s  
r e a c t i o n  w i l l  a l so  be non-uniform,(L1iLL) r e f l e c t i n g  t he  p r e c i p i t a t i o n  o f  be ry l l i um .  
probably l ead  t o  non-uni form swe l l i ng .  
t rans1  a t i o n  process. 

The r o l e  o f  gaseous transmutants on t he  evo lu t i on  o f  m i c ros t ruc tu re  and mechanical p r o p e r t i e s  i n  i r r a d i a t e d  
copper a l l o y s  may a l so  be impor tan t .  F igure  10 i nd i ca tes  t h a t  f us i on  spectra w i l l  produce much more he l ium 
and hydrogen than can be a t t a i n e d  i n  e i t h e r  FFTF o r  H F I R .  A t  t he  p resent  t ime t he re  i s  no guidance on how 
t o  incorpora te  t he  d i f f e rences  i n  gas p roduc t ion  ra tes  i n t o  t he  t r a n s l a t i o n  process. 
e f f e c t  o f  s o l i d  t ransmutants cou ld  be gained by i r r a d i a t i n g  a se r i es  o f  copper-so lu te  a l l o y s  t o  assess t he  
incremental  i n f l uence  o r  major transmutants. 

Aluminum A l l ovs  

The swe l l i ng ,  phase s t a b i l i t y  and mechanical p r o p e r t i e s  o f  aluminum a l l o y s  i r r a d i a t e d  i n  H F I R  have been 
shown by F a r r e l l  t o  be very  s e n s i t i v  t h e i r  o r i g i n a l  so l u te  content  and t ransmutat ion-produced s i l i c o n ,  
t he  l a t t e r  reach ing  7.1% a t  270 dpa. 
content  on vo id  swe l l i ng .  
t ransmutat ion-produced s i l i c o n .  

Ca l cu la t i ons  o f  s i l i c o n  produc t ion  i n  f us i on  spec t ra  do n o t  p r e d i c t  l a r g e  l e v e l s  o f  s i l i c o n .  
0.13% would f o r m  du r i ng  f i v e  years i r r a d i a t i o n  i n  t he  fus ion spec t ra  of MARS and STARFIRE, r espec t i ve l y ,  
compared t o  8.4% i n  the  HFIR pe r i phe ra l  t a r g e t  p o s i t i o n .  
apply H F I R  i r r a d i a t i o n  da ta  f o r  aluminum a l l o y s  t o  f us i on  app l i ca t i ons .  

316 S ta i n l ess  Steel  

Based on c a l c u l a t i o n s  o f  t ransmuta t ion  d i f f e rences  i n  EBR-I1 and H F I R  i t  was e a r l i e r  p red i c ted  t h a t  A I S 1  
316 might  e x h i b i t  d i f f e r e n t  swe l l i ng  and phase evo lu t i on  behavior, p a r t i c u l a r l y  s ince  t he  s w e l l i n g  of t h i s  
s t ee l  was shown t o  be i t i v e  t o  p r e i r r a d i a t i o n  v a r i a t i o n s  i n  those elements (Mn, V )  i nvo lved  i n  t he  
t ransmuta t ion  process. fn? Other researchers a t t r  u 
t he  d i f f e r e n t  He/dpa r a t i o  i n  these two rea  o n . (  ik,4gy La te r  s tud ies  conducted by Brager and Garner 
showed t h a t  when co r rec t i ons  were made f o r  %e reco i l - i nduced  displacements as w e l l  as f o r  y -heat ing  
e f fec ts  on temperature i n  HFIR t he  o v e r a l l  s w e l l i n g  o f  t he  t ys  was i n d i s t i n g u i s h a b l e  en though t he  

anges were conf i rmed by measurement. 757?1Q? The s tud ies  of MaziaszlZgy and those o f  
i%?2&? show t h a t  t he  d e t a i l s  o f  t he  microchemical e v o l u t i o n  were a l t e r e d  somewhat, 

p red i c ted  transmu 
Brager and Garner 
poss ib l y  by t he  combined i n f l uence  o f  bo th  s o l i d  and gaseous t ransmutat ions.  

Apparent ly  vanadium produced from t ransmuta t ion  o f  chromium was absorbed cont inuous ly  i n  t he  usual v a r i e t y  
of p r e c i p i t a t e s  t h a t  form i n  t h i s  s t e e l ,  never reaching s u f f i c i e n t l y  l a r g e  enough l e v e l s  t o  a f fec t  
m i c r o s t r u c t u r a l  development. As shown i n  F igure  12 swe l l i ng  a lso  i s  n o t  very  s e n s i t i v e  t o  manganese content  
i n  t he  range over which i t  f a l l s  du r i ng  i r r a d i a t i o n  i n  HFIR, and a r e l a t i v e l y  minor  amount was l o s t  du r i ng  
t he  t r a n s i e n t  regime o f  swe l l i ng .  

Overa l l  T rans la t i on  Guidel ines 

I n v o l v i n a  Transmutation D i f fe rences  

Based on t he  r e s u l t s  of t he  foregoing sect ion,  as w e l l  as o the r  s tud ies ,  the  f o l l o w i n g  gu ide l i nes  were 
developed t o  p rov ide  assessments o f  t he  poss ib l e  i n f l uence  o f  d i f fe rences  i n  t ransmutat ion:  

Th is  i n  t u r n  w i l l  
Each o f  these c o n t r i b u t i o n s  w i l l  r e o u i r e  a d i f f e r e n t  model f o r  t he  

Some i n d i c a t i o n  o f  t he  

F igure  11 shows t he  pronounced e f f e c t  o f  t he  o r i g i n a l  so l u te  
Evo lu t i on  of mechanical p rope r t i es  were shown t o  be p a r t i c u l a r l y  s e n s i t i v e  t o  t he  

Only 0.06% and 

Th is  very  l a r g e  d i s p a r i t y  makes i t  d i f f i c u l t  t o  

t he  apparent d i f fe rences  i n  s w e l l i n g  behavior  t o  

Define elemental s e n s i t i v i t i e s  f o r  t he  ma te r i a l  and p rope r t y  o f  i n t e r e s t  

I d e n t i f y  t he  s e n s i t i v e  regime of a g iven  p rope r t y  ( t r a n s i e n t  vs. s teady- s ta te )  . Calcu la te  s p e c t r a l - r e l a t e d  d i f ferences i n  bu i l dup  o r  l o s s  ra tes  du r i ng  o r  preceding t h a t  regime . Compare r a t e s  of elemental change w i t h  t he  i d e n t i f i e d  s e n s i t i v i t i e s  
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F i g u r e  10. C a l c u l a t i o n  of gaseous t ransmuta t ion  products  i n  copper i r r a d i a t e d  i n  v a r i o u s  neut ron  s p e c t r a .  
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Swe l l i ng  of aluminum and aluminum a l l o y  6061-T6 du r i ng  i r r a d i a t i o n  i n  HFIR a t  55'C.(23) A l l o y  
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Figure 12. (a&b) Ca l cu la t i ons  o f  t ransmuta t ion  i n  A I S 1  316 du r i ng  i r r a d i a t i o n  i n  va r i ous  spec 
( c )  In f luence o f  manganese content  on t he  swe l l i ng  observed i n  A I S 1  316 i n  EBR-11, 
showing r e l a t i v e  i n s e n s i t i v i t y  t o  manganese i n  t he  range o f  1-2 wt%.  
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I n  some cases these guidelines will clearly signal the importance or insignificance of a given transmutant. 
Our studies show that irradiation of V-Cr and Fe-Cr-Mn alloys in H F I R  will involve significant 
transmutation-induced differences in behavior. Unfortunately there will always be cases where the 
transmutation influence is not very obvious. 

Interaction of Transmutation and Other Factors 

The conclusion advanced by Garner and coworkers(1~2~27~28~30~31) concerning the relatively small role o f  
helium at all relevant He/dpa ratios in the irradiation response of A I S 1  316 is not universally accepted by 
other researchers. 
intermediate of that o f  EBR-I1 and HFIR. 28 7 3 j - j i )  While such intermediate values are typical of 
anticipated fusion spectra, they also can be obtained in some spectrally-tailored experiments such as those 
conducted at the ORR (Oak Ridge Research) reactor. 
such studies indeed show creep rates that are larger than comparable 

One school of though t 's h helium exerts its largest influence at He/dpa ratios 

A s  shown in Figure 13 recently published r 
ies conducted in FFTFfSyjt:n:f 

larger (or earlier) swelling compared to that in either FFTF or H F I R .  t w  
It is important to note, however, that the irradiation response o f  this steel has been shown many times to 
be very sensitive to displacement rate. While FFTF and HFIR operate at comparable displacement rates, ORR 
operates at one order of magnitude lower rate. 
decreases in displacement rate have be fg&a!rved many times to cause increases in swelling and sometimes 
creer, of 316 and other related steels. 

Figures 14 and 15 provide some examples that emphasize that 

10-1, I 
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1 
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1 10  100 

DISPLACEMENTS PEA ATOM 

9-15 dpa T----l 
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% CW PCA i n  ORR and FFTF(34); (b) Difference in swelling Figure 13. ( a )  Comparison of creep behavior o 
observed in annealed PCA in ORR, FFTF and HFIRf 3g5 . 
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F i g u r e  14. The dependence o f  s w e l l i n g  on displacement  r a t e  and s t r e s s  ob q j E y j g ) i n  ( a )  c o l d  worked, 
( b )  annealed 316 s t a i n l e s s  s t e e l ,  and ( c )  i n  c o l d  worked T i - m o d i f i e d  316.  
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Figurp345. Dependence of irradiation creep rate of various austenitic stainless steels on displacement 
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Figure 16. Swellin served in nickel during a correlation experiment conducted at vastly different 
displacement rates. q48y Swelling is seen to be dependent on temperature at higher displacement rate in the 
JOY0 reactor but not at the lower displacement rate of RTNS-11. 
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Many other examples can be shown of the 

rate can completely dominate an intercorrelation experiment as shown in Figure 16. 
summarized the results of his studies on mechanical property changes in a variety of alloys irr 
both the Omega West Reactor and the Rotating Target Neutron Source (RTNS-11, 14 MeV neutrons).( 

Transmutation is an unimportant consideration in these low fluence studies. 
unmodified dpa concept correlates most data from these two different environments, working best at lower 
temperatures. 
conducted in response regimes sensitive to temperature and/or displacement rate. 
effects obscure the influence of recoil spectra. 

Perhaps the most interesting example 
demonstrated by 8rager and coworkers. Pi2f As seen in Figure 17 they showed that AISI 304 stainless steel 
exhibited a sensitivity to displacement rate and spectral recoil energy in the evolution of its tensile 
properties but side-by-side irradiations of AIS1 316 exhibited no sensitivity. 
confirmed that the various microstructural components of both steels were quite sensitive to displacement 
rate. 
As the displacement rate declined, the contributions of voids and frank loops decreased but that of 
precipitates increased. 

Since we are concerned that a difference in displacement rate may dominate an experiment directed toward the 
influence of helium/dpa ratio, the results of one further experiment should be considered. 
coworkers studied the simultaneous influence of vari ns in helium/dpa ratio and displacement rate on the 
ion-induced swelling of annealed AISI 316L at 625'C. tii? As seen in Figure 18 the influence of 
displacement rate is more pronounced than that of the helium/dpa ratio or the helium introduction schedule. 

In summary it appears that spectral-related correlations that proceed without consideration of even small 
differences in displacement rate are subject t o  challenge and may not produce a useful result. 

There is a technique currently being used that may provide some useful data on the effect of helium on 
density change, microstructural evolution and mechanical properties. This technique utilizes isotopic 
tailo~i$?4~~ vary the helium production rate without changes in neutron spectrum or disp cement 
rate. The first results of isotopic tailoring studies involving introduction of Ni into Fe-Cr-Ni 
alloys and irradiation in FFTF show that hel' 
in the details of microstructural evolution. I y l g , g f )  When compared to the influence of cold-work, 
temperature, phosphorus and nickel content, helium appears to be a secondary variable. 
subset of results comparing the relative influence of these variables on neutron-induced changes in 
density. 

Imoortant Questions Concerning the dpa Conceot 

There is one other category of correlation data that indicates a possibly strong influence of displacement 
rate on dimensional changes induced by neutron irradiation. 
irradiation creep in both fast and thermal reactors. 
stainless f@ls (20% cold-worked 316, 20% cold-worked FV548 and annealed 304) irradiation in OFR, D R and 
K reactor. 
The ratio of calculated steady-state creep rates for thermal and fast reactors was 2 . 5  and 1.7 
respectively. 
thermal reactors, the possibly strong impact of thermal neutrons should be discussed. 
been shown in riety of metals to be much more effective in producing lasting defect damage th 
fast neutrons. b8? A similar effect has been observed in irradiations with light and heavy ions. 
While current dpa calculational procedures include the displacement contributions of all portions of the 
neutron spectra, is it possible that the 1-3% of initial displacements created by thermal neutrons in mixed 
spectrum reactors are somehow more effective in producing lasting damage? 
modification not only in the thermal neutron regime but also for the softer out-of-core regions of fast 
reactors? 

To address these questions Si 
sections in Cu, Ag, Mo and W. T o y j  Heinisch and Mann then generated energy dependent neutron cross sections 
at 300K for mobile an b5I Simons used these cross sections and calculated spec averaged cross sections short term annealing. 
at 300K for mobile and clustered defects for a wide variety of reactor spectra. 

Figures 20-22 show some of Simons' results with specific subsets of data highlighted in each figure. 
in Figure 20 that the calculated ratio of mobile vacancies per atom to displacements per atom of thermal 
reactors at 300K indeed increases strongly as the average neutron energy decreases, signifying a stronger 
than expected influence of thermal neutrons in highly thermalized spectra. 
recoil spectra effects are to be expected in various fusion spectra. Figure 22 shows that recoil spectra 

cts of displacement rate on various property cnanges in a 
variety of alloys. Muroga and coworkers P8P have concluded that even larger differences in displacement 

Heinisch has recently 
ated in i9 j 

He concludes that the 

He concludes that the dpa concept does not work well when one or both irradiations is 
In such situations, rate 

he sometimes misleading influence of displacement rate was 

Microstructural analysis 

In AIS1 316, however, there was a fortuitous cancellation of the contributions of various components. 

Tenbrink and 

intermediate helium/dpa ratios causes only minor changes 

Figure 19 shows one 

Foster and coworkers made comparisons of 
Foster and Boltax compared creep rates of three 

Foster and Mildrum studied stress relaxation by irradiation creep in EBR-I1 and ETR. V 9 )  

While it is tempting to ascribe the enhancement solely to the lower displacement rate in 
Thermal neutrons have 

W e s  

Does the current dpa concept need 

used published resistivitity data at 4K to generate Frenkel pair cross 

uster defects in copper, normalizing to Simons' results at 4K and allowing for 

tW 
Note 

Figure 21 demonstrates that some 
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Figure 17. Influence o f  displacement rate on radiation-induced changes in tensile properties of annealed 
AISI 304 (upper) and annealed AISI 316 (lower). The difference in behavior was explained in terms o f  the 
different dependence o f  microstructural evolution on displacement rate.(42) 
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ef fec ts  may be important  even when comparing h i gh  f l u x  thermal and f a s t  r e a c t o r  da ta  used f o r  f us i on  
app l i ca t i ons .  
a t  300K the  ou t- o f - core  reg ions  o f  FFTF have much h igher  r a t i o s  pe r  dpa o f  bo th  mobi le vacancies and Frenkel 
p a i r s  per  atom. 

While t he  i n - co re  reg ions  of EBR-11, FFTF-MOTA and H F I R  do n o t  e x h i b i t  t oo  l a r g e  a v a r i a t i o n  

It i s  important  t o  ask whether t h e  h igher  defect  s u r v i v a b i l i t y  o f  p o i n t  de fec t s  i n  these s o f t e r  spec t ra  
might  extend t o  h igher  and reac to r - re l evan t  temperatures. 
t he  e f fec t  o f  reco 
specimen sur faces.  iS5'w These s tud ies  were conducted f o r  t he  most p a r t  under cond i t i ons  i n v o l v i n g  no 
l a r g e  d i f f e rences  i n  displacement r a t e .  
t o  be t h e  same as t h a t  o f  v o i d  swe l l i ng  and i r r a d i a t i o n  creep. 

F igure  23 shows t he  remarkable agreement o f  these t h ree  s tud ies  i n  suggesting t h a t  t he  p roduc t ion  of f r e e l y  
m ig ra t i ng  de fec ts  a t  e leva ted  temperatures i s  s t r o n g l y  dependent on r e c o i l  spectra.  The shape of t he  curve 
i s  s i m i l a r  t o  defect  s u r v i v a l  c a l c u l a t i o n s  of Simons a t  lower temperatures. 
l e v e l  a t  h igher  r e c o i l  energies i n d i c a t e s  t h a t  subs tan t i a l  in t racascade anneal ing may be occur r ing .  These 
r e s u l t s  a l so  suggest t h a t  t he  r e l a t i v e  e f f i c i e n c y  i s  a general p rope r t y  o f  t he  displacement process and i s  
no t  s t r o n g l y  dependent on t he  ma te r i a l  being i r r a d i a t e d .  

If we use t he  r e l a t i v e  e f f i c i e n c y  curve of Rehn e t  a l .  as a weighing f a c t o r  poss ib l y  r e l e v a n t  t o  r e a c t o r  
i r r a d i a t i o n s  Table 1 shows t h a t  even i n  t he  MOTA subassembly i n  t h e  core  reg ion  o f  FFTF one would expect t h e  
average damage e f f i c i e n c y  a t  e leva ted  temperatures t o  be t h ree  t imes t h a t  o f  RTNS-I1 and 50% l a r g e r  than 
t h a t  o f  a t y p i c a l  thermal r eac to r .  Remember t h a t  t he  t e n s i l e  da ta  o f  Hein isch were bes t  c o r r e l a t e d  w i t h  t he  
dpa concept a t  lower i r r a d i a t i o n  temperatures. 
s ince  t h e  lower displacement r a t e s  shown the re  are achieved i n  t he  ou t- o f - core  reg ions  o f  OFR. 

I n  a se r i es  of s tud ies  Rehn and coworkers s tud ied  
t r a  du r i ng  charged p a r t i c l e  i r r a d i a t i o n  on rad ia t i on - i nduced  segregat ion a t  

Note t h a t  t he  regime o f  r ad ia t i on - i nduced  segregat ion i s  w e l l  known 

The r e l a t i v e l y  lower s a t u r a t i o n  

The creep da ta  i n  F igure  15 should a l so  be reconsidered 

1.2, I 
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0 Mo-Re 11200'C) 
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Figure  23. R e l a t i v e  e f f i c i e n c y  of f r e e l y  m i  a g de fec t  p roduc t ion  u t i l i z i n g  measurements of r a d i a t i o n -  
induced segregat ion i n  t h ree  a l l o y  systems.( s5-5Qy 

TABLE. Spectra-Averaged Ca l cu la t i ons  o f  Displacement 
E f f i c i e n c y  According t o  Simons and Rehn e t  a l .  
f o r  Various Reactors 

~ _ _ -  RTNS-I1 LPTR MOTA 

Net Disulacements 
DPA(NRT) 0.29 0.31 0.32 

Rehn-Weiqhted Averaqe 
DPA (NRT) 0.010 0.022 0.032 
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The preceding d iscuss ion  leads t o  t he  f o l l o w i n g  conclus ions t h a t  must be considered when developing f i s s i o n -  
f us i on  co r re l a t i ons .  

Data de r i ved  i n  core reg ions  o f  FFTF and H F I R  may l ead  t o  moderate overest imates o f  p rope r t y  
changes f o r  f i r s t  w a l l  cond i t ions .  

Data developed i n  ou t -o f - core  reg ions  may l ead  t o  l a r g e r  overest imates.  

Thermal neutron c o n t r i b u t i o n s  t o  p rope r t y  changes cannot be ignored.  

Use o f  condensed spec t ra l  parameters such as hel ium t o  dpa r a t i o  can be mis lead ing  when r e c o i l  
spec t ra  are s i g n i f i c a n t l y  d i f f e r e n t .  

Overa l l  Conclusions 

A l a r g e  number of cons idera t ions  have been shown i n  t h i s  paper t o  be r e l e v a n t  t o  t h e  t r a n s l a t i o n  of da ta  
developed i n  surrogate spectra.  
conclus ions.  

While much work remains t o  be done, we can draw t h e  f o l l ow ing  general 

We even tua l l y  expect t h a t  da ta  from one neutron spectrum can be ex t rapo la ted  t o  another spec t ra l  
environment, p r o v i d i n g  a l l  c o n t r i b u t i o n s  t o  t he  p rope r t y  change are  understood. 

I n t e r a c t i v e  c o n t r i b u t i o n s  are t he  hardest  t o  t r a n s l a t e  t o  fus ion spectra. Each c o n t r i b u t i o n  w i l l  
probably r e q u i r e  a separate model t o  achieve a successfu l  t r a n s l a t i o n  from the  surrogate environment. 

D i f fe rences  i n  displacement r a t e  o f t e n  dominate over t he  e f f e c t s  o f  he l ium and r e c o i l  spec t ra  and 
there fo re  cannot be ignored. 

Helium’s i n f l uence  has no t  y e t  been c l e a r l y  shown t o  be t he  dominant v a r i a b l e  i n  any reac to r - re l evan t  
p rope r t y  change. 

The e f f e c t  o f  s o l i d  transmutants can vary from very  small  t o  very  l a rge .  
each ma te r i a l  must be evaluated separate ly .  

Recoi l  spectrum ef fects can range from small  t o  l a r g e  and must be incorpora ted  as u n c e r t a i n t i e s  i n  dpa 
l e v e l s  used f o r  i npu t  t o  design c o r r e l a t i o n s .  

Each p rope r t y  change and 
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FUTURE WORK 

This effort will continue, focusing primarily on the effects of displacement rate, thermal neutrons and 
sol id transmutants on development o f  fission-fusion correlations. 

This paper will be published in Radiation Effects and Defects in Solids as part of the Proceedings of a 
workshop on the Effects of Recoil Spectrum and Nuclear Transmutations on the Evolution of Microstructure, 
held in Lugano, Switzerland March 24-29, 1988. 
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PROJECTED RANGES OF ENERGETIC lONS IN SOLIDS - J. H. Liang and G. L. Kulcinslci (University of Wisconsin) 

OBJECTIVE 

The objective of this work is to derive simple and accurate projected range equations for the implantation of 
energetic ions in solids. 

SUMMARY 

Projected range equations, including nuclear and electronic losses up to the third moment, are derived as a 
simple and accurate means to evaluate projected ranges of energetic ions in solids. With the proposed expressions for 
the nuclear stopping cross section and the third-moment of both nuclear and electronic energy lasses, good agreement 
is observed between the calculated results and experimental data for the projected ranges of Ions in both single and 
muiticornponent target materials 

PROGRESS AND STATUS 

lntroducblon 

ion implantation techniques have been successfulty applied to improve the wear, corrosion, fatigue, and friction 
properties of materials, and to modify the electrical and optical properties of materials.1 Because the properties of the 
implanted materials are strongly dependent on the implanted ion distribution, knowledge of the accurate projected 
ranges of energetic ions in single and even multicomponent target materials is important. it is the objective of this work 
to derive simple and accurate projected range equations to meet this need. The recentlyderlved nuclear stopping 
cross section and the third-moment of both nuclear and electronic losses also provided as a reliable means to evaluate 
the projected ranges, 

Enerav Loss 

The slowing down of energetic ions in solids has been a subject of great theoretical and experimental interest 
since 1910. In general, the nature of ion-target interaction involves all the constituents ofthe two interacting particles, 
i.e. electrons and nuclei. As suggested by Bohr? the energy loss of ions in a solid can be treated separately by the so- 
called nuclear energy loss and the electronic energy loss processes. The relative importance of these two procasses 
depends upon the instantaneous energy of the incident ion as well as the atomic number of those two interacting 
particles. 

1. Nuclear ene- 

under the influence of Coulomb fields, which are partially screened by the existing electrons. This process gives a 
discrete energy transfer and the amount of the energy transferred is dependent on the scattering angle during the 
collision. Based on the energy and angular momentum conservation laws. the scattering angle 0 in the center-d-mass 
system between these two interacting particles can be derived as 

Nuclear energy loss Is defined as the transfer of energy from an ion to the target atom due to an elastic collision 

where & is the incident energy in the center of mass system, p is the impact parameter, ro is the distance of closest 
approach, and V(rJ IS the interatomic potential. 

in essence, V(rJ is represented by 

where a is the characteristic screening length and Q is the screening function. Numerous form$-'7 of a and Q have 
been proposed. Among them, the socalled universal screening function and the universal screening length17 are 
adapted in this work because of their accuracy and wide acceptance. The expressions of Qu and au are respectively 
given by 
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0.8854a, 
4- 0.23 ’ 

( z y 3  + z2 ) 

where a, is the Bohr radius, Z1 and 22 are the atomic number of the incident ion and the target atom, and x is q u a i  to 
ria. 

Defining the reduced energy E and the reduced impact parameter b by the forms 

then Equation 2 can be written in a more convenient expression as 

where z, is the root of the function in the denominator of Equation 5. Because there exists a singularity at z - a  in the 
integration term of Equation 5, Equation 5 is difficult to integrate numerically. To get around this problem. the integration 
term is rearranged according to a suggestion by Everhartla That is, 

where the first integral i t  gives an analytic solution of 

and the second integral 12 can be obtained with the use of a numerical integration quadrature. The caiaulated 
scattering angle versus reduced impact parameter for various values of reduced energy is shown in Fig. 1. As can be 
seen. the scattering angle decreases with the increase of reduced energy and reduced impact parameter. 

Nuclear S W n Q  Cross Sect ion 

by 
The nuclear stopping cross saction Sn, which is related to the average energy transfer Tn in a collision, is given 

where A is the energy transfer factor 4N(1 + A)2 and A is the atomic mass ratio of target atom to incident ion. The 
reduced nuclear stopping s,, is defined as 
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Fig. 1. Scattering angle for universal potential. Fig. 2. Reduced nuclear stopping for universal 
potential. 

In this wok the maximum impact parameter is approximated by the form19 

where & is the number density of the target material. Because of the difficulty in integrating Equation 8, many 
authon2@23 have tried to evaluate the reduced nuclear stopping cross section in an analytical way, especially with Pmax 
approaching infinity. Among them, Ziegler et al.23 approximated sn for the universal potential by the form 

E < 30 0.5 In(1 + 1.1383~) 
+ 0.01321~0.2122e + 0.19593~0-5 

Snk) = 

1 0.5 In E 

E 
~ > 3 0 .  

Shown in Fig. 2 is a comparison of Equations 9 and 11 for the universal potential with various values of b-. As can be 
seen, the exact solution of nuclear stopping cross section Is quite dependent on ha. In general, the approximate 
expression shows the deviation when the reduced energy is less than about lT2 and this deviation becomes more 
serious as b,,,=getS smaller. To avoid the error that may come from the acoroxmate expression, the exact treatment of 
s, for the energy region where E is less than 10-2 will be used in this work 

Straaalina of Nuclear Enerav Loss 

The straggling of nuclear energy loss, Q,, can be evaluated in the same way as that of the nuclear stopping cross 
section. That is, 

The reduced nuclear straggling is given by 
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Fig. 3. Reduced nuclear straggling for universal Fig. 4. Reduced nuclear third-moment for universal 
potential. potential. 

In the analytical evaluation of on for the universal potential. Ziegler et ai.23 proposed the expression 

W(C) = (4 + 0.197~l.eQQl + 8.564~1.0404)-1 . (14) 

A comparison of Equations 13 and 14 for the universal potential is illustrated in Fig. 3. As shown, the exact solution 
exhibits a weak dependence on the values of 
those of the exact solution. Hence, Equation 14 will be used in this work because of its simplicity and savings in 
computer calculation time. 

Third-Moment d Nuclear Fneruv La= 

and the results of the approximate expression agree quite well with 

The third-moment of nuclear energy loss. K,,. can be written as 
2 

(15) 
Kn (E) =s$do= m*A3 E3/oma,sin~~d(b2) e 

and the reduced nuclear third-moment, k,,, is defined as 

Because there is no approximate form of k,, suggested. an analytical expression of k,, is derived In this work Based on 
the approximate expression of s,, given by Undhard et al.,le the reduced nuclear third-moment can be written as 

k,, (E) - (tl/2)Y(tl/2)d(tln) , (17) 
E O  

where t is equal to €2 sin2 8/2 and the function f(t1W is approximated by20 

f(t1, - At'R-yl + (2ht'm)q-W. (18) 

To fit Equation 17 for the exact solution for the universal potential. in this work. a choice of the fitting parameters h, m. 
and q is proposed to be 1.7, 0.31 1, and 0.588, respectively. As can be Sean in Fig. 4, Equation 17 shows a very good 
approximation to the exact solution for the universal potential. Furthermore, it can also be Seen that k,, is almost 
independent of bmU. 
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2 Electron ic enemv IQS 

This process gives a continuous energy loss and the change of the direction in interacting particles is negligible. 
The electronic energy loss is defined as the energy loss of ions by excitation and ionization of the target medium. 

Based on the comparison of the velocity of ions with that of the orbital electrons in the target atoms, the electronic 
stoppin cross section is usually divided Into three energy regions: high, intermediate, and low energy. Many 
author&-42 have investigated the expression of electronic stopping cross section theoreticall and emplricaliy. 
With the use of both a new concept of the eftective charge proposed by Brandt and Kitagawai3 and the locai density 
approximation, Ziegler et ai.23 suggested a semi-empirical expression for the electronic stopping cross section .%. 
In this expression, ions are basically divided Into three kinds according to their atomic numbem, Le. hydrogen, helium, 
and heavy ions. Because the average error of this expression is proposed23 to be only 7.8% when compared with 
experimental data, this expression will be used in this work 

Straaalina of electronic enemv 1s.s 

For the straggling of electronic energy loss. Bohr first suggested the expression as 

After that, many expression&-48 have been proposed to improve Equation 19. Based on the fw lec t rongas  model, 
BondeNp and Hvelplund48 suggested an analytical expression by the form 

where x2 is equal to e2/fiUF, while UF and 00 are the Fermi velocity and plasma frequency of the target material, 
respectiveiy. Equation 20 will be used in this work and the Bohr straggling will include the relativistic e M 5  and iS 
given by 

where 6 is equal to d c  and c is the speed of light. A3 shown in Fig. 5, the straggling of electronic energy loss increases 
roughly proportional to the ion energy, especially at low energies, and approaches a constant as the ion velocity 
becomes much greater than the Fermi velocity. 

Third-Moment of Electronic Enemv Loss 

following equation, similar to Bohr's theory is therefore derived in this work: 
For the third-moment of the electronic energy loss &. there is no analytical expression proposed at present. The 

To account for the relaUvistic effect Equation 22 can be futther written in the form of 

(23) 
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Fig. 5. Straggling of electronic energy loss Fig. 6. Third-moment of electronic energy loss for H. 
for H, Si, and BI in Si. SI, and Bi in Si. 

Plotted in Fig. 6 is a demonstration of the third-moment of electronic energy loss for Several ion-target combinations. As 
displayed, the third-moment of eleCtronlc energy loss shows a linear increase with the ion energy. 

Proiected Ranae FomMicn 

in which the basic integration equation is given by 
In this work the projected range formulation is derived on Me basis of the Biersack's directional diffusion model49 

(x* cos + - z* sin +)n(x* sin + + z* cos +)mpo(E - T,x*,y*,z*) , 

where the deflection angle + is given by 

sin e 
COS e + VA 

tan+- (25) 

s l n $ = ( l + A ) P  - ~ 

4AE ' 

and the spatial moments of the projected range distribution po is defined as 

in this worlc, Equation 24 is solved by using a Taylor expansion of po, cos +, and sin + up to the third moment In 
addition, the following analytically approximated forms are being used [49l 

X = E n  (a) 



where X is the projected range, (2 -?)I12 represents the range Straggling, and (2)1 /2  denotes the lateral straggling. 
The projeaed range equations can be derived as 

where S = Sn + S. and with similar expressions for n and K. Due to the fact that the term [ l  - 2nn,ES + 
(1 - A)2KJ2€2S] can be zero for some ion-target combinations, a further investigation of Equations 27 and 28 is 
needed. With the use of ;? - E in approximating the term [ l  - 2An,ES + (1 - A)2K#E2S] d2/dE, in this worll the 
projected range equations for any ion-target combination can be derived as 

(29) 
n - 2 A G  K + (1 - 3A)Kn dX (1 - 2A)G (2 - 3A)KnIR 

+ 8E2S ] s = l - N p -  8E2 16E3 

(3 + 2) ~ 

NS dE 

To extend the application of Equation 29 for multicomponent target materials, the sc-called Bragg rul+O is used 
in this work. In the Bragg'sformulation. the electronic stopping cross section of a A,&, material is simply expressed as 

se(AtnBn) = m 5 ( 4  + nSe(B) (30) 

where S,(A) and Se(B) are the electronic stopping cross sections of the components A and 6, respectively. In this work 
define the following: 

sc = fjS.1 (31 
i 

r 4 - z f j j  
i 

K e - z f k  
i 

AS. - Z. AjfiSei 
i 

fQ-znifin, 

AK. = z wi\rliKdi 
I 

I 
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where 9 is the atomic fraction of the j* component in the target material 
component to incident Ion. A simllar expression to that of Equation 31 

equal to the atomic mass ratio of the jm 
the nuclear energy lass. 

RESULTS AND DISCUSSION 

In Fig. 7, the projected range h a n d  range straggling for heavy Ions such as bismuth in silicon ares depicted as 
functions of energy and compared with experimental data.51-54 As can be seen, the calculated results agree quite well 
with the experimental data. Shown In Figs. 8 and 9 are the comparisons of the calculated results with experimental 
data55-61 for the projected range and range straggling of the medium Ions such as boron and phosphorous in silicon. 
As can be seen, the good agreement is obvious. For the Implantation of light Ions such as helium and hydrogen in 
slllcon, an inspection of Figs. 10 and 1 1  shows that the calculated results also compare we11 with experimental data.02- 
07 In addition, the calculated projected range lateral straggling AR~fo r  lead ions in silicon Is displayed along with 
experimental data08 In Fig. 12. As shown, the calculated results agree very well with experimental data. A comparison 
of the calculated results with experimental data for bismuth and gold ions In a compound substrate such as silicon 
dloxlde*s has also been investigated. From Figs. 13 and 14, it can again be seen that the agreement is quite good. 

FUTURE WORKk 
The projected range equations will be derived to further include range skewness and range kurtosis. With these 

two parameters together with projected range and range straggling, the implanted Ion profile can be well described by 
the Pearson distribution. 

CONCLUSIONS 

From good comparisons between a wide range of experimental data and calculated results, it has been found 
that the use of the recently derived projected range equations. together with the nuclear and electronic energy losses up 
to the third moment, leads to a simple and accurate means of evaluating the proiected ranges of energetic ions in either 
single- or multicomponent target materials. It should be noted that Mese comparisons are obtained without the need to 
resort to any empirical correction factor In the recentlyderlved projected range equations. 
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RELATIONSHIP BETWEEN MICROSTRUCTURE, SPINODAL-LIKE DECWPOSITION AND SELECTIVE ELECTROPOLISH N OF 
IRRADIATED INVAR-TYPE ALLOYS - J. M. McCarthy and F .  A. Garner, Pacific Northwest Laboratoryiaf 

OBJECTIVE 

The object of this effort is to provide an understanding of the factors which control the radiation-induced 
evolution of microstructure in structural alloys. 

S U W R Y  

EDX analysis and selective electropolishing were used to study two specimens of Fe-35Ni irradiated with 
neutrons at 420°C and 520'C and one specimen of Fe-35Ni-15Cr irradiated at 510'C. Each was shown to be 
spinodally decomposed with the period of compositional oscillation appearing to decrease with decreasing 
irradiation temperature. When polishing conditions are used which promote etching, the low nickel micro- 
volumes are selectively attacked. The level of chromium appears to play no role in either the selective 
attack or the period of oscillation. The scale of surface irregularity and that of compositional oscil- 
lation appear to be identical but not related to the presence of currently existing microstructural 
components. 

PROGRESS AN0 STATUS 

Introduction 

In another report, Muroga, Garner and Ohnuki discussed the 'nfluence of nickel content on the radiation- 
induced evolution at 510'C of Fe-15Cr-XNi alloys in EBR-I1.I One conclusion o f  this work was that alloys in 
the intermediate nickel range exhibited a resistance to the onset of rapid void swelling that appeared to 
coincide with a tendency toward retention of loop-dominated dislocation microstructure. 

While many physical and diffusional properties in the Fe-Ni-Cr system are sensitive to nickel content it is 
also knoy-ihat alloys in the intermediate nickel range are prone to radiation-induced spinodal-like decom- 
position, 
There is strong evidence in the scientific literature t uggest that such decomposition also occurs in the 
absence of radiation but at an extremely sluggish Given the strong dependence of swelling on bulk 
nickel content, it i s  not unreasonable to expect that local variations in nickel content must exert some 
influence on radiation-induced microstructural evolution. 

Since the spinodal-like decomposition of Fe-Cr-Ni alloys cannot be observed with conventional diffraction or 
transmission microscopy techniq e , examination has proceeded using energy dispersive X-ray (EOX) analysis 
and selective electropolishing.y?h The latter technique utilizes the tendency of low-nickel microvolumes in 
a spinodally decomposed matrix to be preferentially attacked under some polishing conditions. It is impor- 
tant to note, however, that these previous studies inferred rather than demonstrated that it was the low- 
nickel rather than the high-nickel microvolumes which were selectively attacked. This conclusion was based 
on the resistance to polishing also exhibited in these specimens by nickel-enriched grain boundaries. 

In another recent report McCarthy and Garnere showed that selective electropol ishing of irradiated Fe-15Cr- 
XNi alloys (X = 15,19,21,30,35,45,75) occurred only for the 35% nickel alloy, indicating a very narrow com- 
positional range at 510'C over which decomposition (or at least selective electropolishing) can occur. 
Whereas previous studies demonstrated that selective electropolishing occurred at -5OOT for chromium levels 
of 0 and 7.5 wt%, the appearance of this phenomenon at 15 wtX chromium showed that selective 
electropolishing was not directly related to the possible role of chromium in resisting electropolishing. 
The preferentially attacked regions are not only low in nickel but correspondently higher in chromium. 

The selectively electropolished foils shown in Figures 1 and 2 were prepared in an earlier study ky mech- 
anically thinning the FFTF-irradiated TEM disk to -0.02 in. (-0.05 mn) prior to electropolishing. The 
extensive arrays o f  "worm-holes" formed develop by electrolytic tunneling between adjacent low nickel 
microvolumes, producing a pattern o f  holes along <110> directions, consistent with a spinodally decomposed 
structure with its major period of oscillation lying along <loo> directions. 
expected of a spinodally decomposed fcc alloy.9 

In this report we extended the previous studies to confirm the relative low-nickel composition of the 
preferentially attacked microvolumes and explored the possible relationship of this phenomenon to the 
development of other radiation-induced microstructural components. The origin of the selective elec- 
tropolishing phenomenon was also investigated. 

a process which leads to large and periodic spatial oscillations i n  nickel concentration. 

This would be the behavior 

(a) Operated for the U.S. Department of Energy by Battelle pmorial Institute under Contract 
DE-AC06-76RLO 1830. 



Figure 1. 
electropolishing at room temperature. The electrolyte has tunneled through the foil in many places, leaving 
features designated as "worm-holes." The linear feature on the left is a nickel-rich zone containing a 
grain boundary. 

Preferential attack of low nickel microvolumes in Fe-35Ni (14 dpa at 520'C in FFTF) after 

The Fe-35Ni specimen (14 dpa, 520%) shown in Figures 1 and 2 was reexamined using the EDX technique to 
confirm that it was the low-nickel microvolumes that were being selectively attacked. 
micrographs of the foil surface deniunstrated that the surface of the foil was very irregular at all points. 
Broad-beam scans of very thick areas yielded average nickel levels of -36%. 
thinner areas yielded progressively higher nickel levels, reflecting the relative amounts of surface- 
affected and unpolished volumes. The material remaining between those worm-holes which completely 
penetrated the foil was found to be even higher in nickel content. When a bar of material between two worm- 
holes was analyzed the nickel levels averaged 43 to 49% depending on how close the measurement was made to 
the center of the bar. Another selectively electropolished foil of Fe-35Ni irradiated in FFTF at 420% 
(14 dpa) was also examined by EDX. Bulk levels of 36% nickel were observed, reflecting nickel enrichment of 
the remaining surface. Grain boundary nickel levels at -54% were found and 4446% nickel was measured in 
bars between worm-holes. Whereas the mean distance between worm-holes at 520'C was 200 to 250 nm, it was 
150-200 nm at 420'C, demonstrating that the period of oscillation is a moderate function of irradiation 
temperature. This is in agreement with the results of earlier studies at higher temperatures. The third 
sp imen xamined was the Fe-15Cr-35Ni foil examined in earlier studies after irradiation to 2.6 x 
observed in such specimens after electropolishing at room temperature. The foil was then r polished at - 
40'C and used for quantitative measurements of microstructure bv Muroaa. Garner and Ohnuki.T EOX 
measurements were then !s 3 and 4 show typical 
microstructures observe 

Scanning 

Examination of successively 

10 % n/cm 8 , E>0.1 MeV (13 dpa at 510'C in EBR-11). When first examined it had the typical irregular surface 

performed on these specimens by the present authors. 
d in this foil. 

Figurf 

1 _ _ _ &  2 -- ^C --&-"a -1 -1 -" ̂ ..̂  1 ..--- I^" Cn" ---, ..-d - Figure 4 also shows the IULSLIUII V I  I I I ~LW l a ,  n ~ ~ ~ r - u v u ~ u ~ r r  LIUUIWI I W  LUA m t t p ~ * .  
trap was not used during the analysis, allowing the spots to be marked with carbon contamination deposits to 
aid in the visualization of the linear trace analyzed. 
in these two traces. 
surface topography produced by the initial room temperature polish. 

In one case the cold 

Figure 5 shows the concentration profiles observed 
It is obvious that oscillations indeed exist and on a scale comparable to that of the 

It is also evident that high-nickel 
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Figure 2. 
separated by grain boundaries. 
microvolumes, which lie along t110> directions. 

Lower magnification micrograph o f  the specimen shown in Figure 2. Three grains are visible, 
Note the tendency toward a crystallographic orientation o f  the etched-out 

Figure 3. 
510%. 

Dislocation and void microstructure observed in Fe-15Cr-35Ni irradiated in EBR-I1 to 13 dpa at 



Figure 4. 
variations in two areas of the foil shown in Fiaure 3. Carbon Contamination soots  are used t a  mark the 

Relative locations of microstructural components and microvolumes used to measure compositional 
~ ~ r ~ ~ ~ . ~ ~  

analyzed microvolume in the left-hand micrograph. Carbon contamination was prevented from occurring in the 
area shown in the right-hand micrograph. 

'I m 

Figure 5. Compositional oscillations corresponding to the two positions shown in Figure 4. 
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Figure 6. 
in EBR-I1 at 51O'C. The conditions used were a) 25'C, 50 V ,  10% perchloric acid in acetic acid; b) -4O'C, 
50 V ,  5% perchloric acid in methanol; c) 25 'C ,  6 OV, 5% perchloric acid in butanol for 7 sec; d) -40-C, 60 
V, 5% perchloric acid in methanol. 

Surface features observed in a sequential polishing sequence of Fe-15Cr-35Ni irradiated to 13 dpa 

regions do not in general correspond to currently existing dislocation microstructure. This is also 
consistent with the results of earlier experiments conducted at higher irradiation temperatures. 

The specimen was then briefly exposed to a room temperature electropolish which began to regenerate the 
irregular surface. Again repolishing at -4O'C, the specimen began to develop the smooth surface condition. 
Figure 6 shows all four surface conditions observed in this sequential polish experiment. 
various irradiation conditions used are considered in aggregate it I s  our opinion that the selective 
electropolishing effect is actually an etching effect. At temperatures and voltages where a stable surface 
film of sufficient thickness cannot be established, etching rather than electropolishing occurs. 

When the 

CONCLUSIONS 

The spinodal-like micro-oscillations observed in Fe-35Ni and Fe-XCr-35Ni alloys at relatively high 
irradiation temperatures have been found to extend to lower temperatures as well. The wavelength decreases 
as the irradiation temperature decreases, approaching 150-200 nm at 420%. 
appear to correlate with currently existing microstructural components, even though many of these are known 
to segregate nickel at their surfaces. The period of compositional oscillation is of the same scale as that 
of the surface irregularities, leading us to deduce that both arise from the same cause. 

Selective electropolishing entails a preferential attack o f  low-nickel microvolumes, probably as a result o f  
etching and does not appear to be influenced substantially by the absence, presence or level of chromium. 

The micro-oscillations do not 

FUTURE WORK 

This study will continue, concentrating on specimens which were subjected to post-irradiation tensile tests 
and which exhibited a pronounced spinodal-like hardening in those tests. 
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THEORETICAL ANALYSIS OF PHASE TRANSFORMATIONS I N  Fe-Ni "1NVAR"-TYPE ALL0 S K. C. Russel l  (Massachusetts 
I n s t i t u t e  of Technology) and F. A. Garner ( P a c i f i c  Northwest Labora to ry ) Ia )  

OBJECTIVE 

The o b j e c t i v e  o f  t h i s  e f f o r t  i s  t o  model the  var ious  c o n t r i b u t i o n s  t o  changes i n  mic ros t ruc tu re ,  dimension 
and mechanical p r o p e r t i e s  t h a t  occur i n  metals du r i ng  i r r a d i a t i o n .  

SUMMARY 

Many s tud ies  have suggested t h a t  Fe-Ni and Fe-Ni-Cr a l l o y s  o f  -36 w t %  N i  a re  suscept ib le  t o  decomposit ion 
i n t o  two FCC phases. We he re in  model t he  k i n e t i c s  and thermodynamics o f  spinodal decomposition, nuc lea t ion ,  
growth, and coarsening o f  these a l l o y s .  
coarsening may be done w i t h  some confidence. The absence o f  a model f o r  sur face energy and g rad ien t  energy 
i n  systems w i t h  negat ive  depar tu re  from i d e a l i t y  reduces us t o  l i t t l e  more than  guesses f o r  t he  k i n e t i c s  of 
bo th  nuc lea t i on  and o f  spinodal decomposit ion. 
s t ud ies  of t e r r e s t r i a l  and c e l e s t i a l  decomposit ion t o  reach a conc lus ion  t h a t  suggests a m i s c i b i l i t y  gap f o r  
Fe-Ni a l l o y s  i n  t he  I nva r  regime. 
broadened a t  low temperatures by magnetic e f f e c t s .  

P red i c t i on  o f  t he  sca le  o f  a m i c ros t ruc tu re  formed by growth or 

We can combine our  c a l c u l a t i o n s  w i t h  those of o thers  and 

The gap i s  found t o  be very  narrow a t  h i gh  temperatures b u t  t o  be 

PROGRESS AND STATUS 

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

Phase s t a b i l i t y  o f  Fe-based a l l o y s  near t he  36 w t %  (35 at%) I nva r  composi t ion i s  a m a t t e r  o f  i nc reas ing  
s c i e n t i f i c  and techno log ica l  i n t e r e s t .  I n  a d d i t i o n  t o  t h e i r  low coe f f i c i en t  of thermal expansion, Fe-Ni 
a l l oys ,  w i t h  and w i t hou t  C r ,  have been found t o  be very  r e s i s t a n t  t o  r ad ia t i on - i nduced  vo id  swe l l i ng .  
a l l o y s  swel l  on l y  a f t e r  having undergone a s p i n o d a l - l i k e  decomposit ion i n t o  h igh  and low n i c k e l  reg ions ;  
vo id  nuc lea t i on  i s  thought  t o  occur  more r e a d i l y  i n  t he  l a t t e r .  
what appears t o  be spinodal decomposit ion. 
decomposit ion i n  what, according t o  publ ished phase diagrams, are e q u i l i b r i u m  s i n g l e  phase a1 loys . l  

Decompos'tion i n  s o l i d  Fe-Ni a l l o y s  i s  unexpected s ince  t he  system shows a negat ive  d e v i a t i o n  from Raou l t ian  

a l l o y s ,  i n c l u d i n g  spinodal  decomposition, nuc lea t ion ,  growth, and coarsening. The purpose o f  t he  paper i s  
t o  he lp  p r e d i c t  what s o r t  o f  phase t rans fo rmat ion  k i n e t i c s  might  be expected f o r  any des i r ed  combination o f  
composi t ion and thermal h i s t o r y .  

Thermodvnamics 

F igure  1 shows t h e  gene ra l l y  accepted Fe-Ni phase diagram. I nva r  composi t ion a l l o y s  a re  shown as s i n g l e  
phase aus ten i t e  from 725 t o  1723K. 
N i  a l l o y s .  K baschewski e t  a l .  s t a ted  t h a t  t he  i r r e g u l a r i t y  a t  20-40 N i  "....seems t o  be genuine ....." 
lead  t o  a m i s c i b i l i t y  gap centered on t he  I nva r  composit ion. 

Experimental s tud ies  o f  t he  e a r l y  stages o f  phase t ransformat ions i n  I n v a r  a l l o y s  a re  g r e a t l y  h indered by Fe 
and N i  having v i r t u a l l y  t h e  same s c a t t e r i n g  power f o r  convent ionai  d i agnos t i c  p a r t i c l e s  ( e l ec t rons ,  X-rays, 
and neut rons) .  The d i f f r a c t i o n  techniques used t o  study t he  e a r l y  stages o f  a l l o y  decomposit ion a re  thus 
i n a p p l i c a b l e  t o  Fe-Ni a l l o y s .  I n s i g h t  i n t o  t he  behavior  o f  Fe-Ni a l l o y s  may be obta ined from s tud ies  on t h e  
very  s i m i l a r  Fe-Pd system. Older  vers ions  o f  t he  Fe-Pd phase diagram are  very  s i m i l a r  t o  t he  Fe-Ni diagram 
i n  F igure  1. La te r  s tud ies  found a m i s c i b i l i t y  gap, as shown i n  F igure  3. The enthalpy o f  m ix ing  o f  t he  
a u s t e n i t i c  Fe-Pd a l l o y s  (F igure  4)  e x h i b i t s  an anomaly s i m i l a r  t o  t h a t  i n  Fe-Ni a l l o y s  (F igure  2 ) .  

T a n j i ,  e t  a l .  combined r e s u l t s  from a number o f  s tud ies  t o  produce the  incoherent  m i s c i b i l i t y  gap shown i n  
F igure  5 .  The diagram i s  f o r  decomposit ion i n t o  s t r a i n - f r e e  incoherent  Fe- r i ch  and N i - r i c h  phases, and 
cannot descr ibe  s o l i d  s t a t e  spinodal decomposit ion i n  which both phases ma in ta in  l a t t i c e  coherency. 
Maintenance o f  coherency requ i res  s t r a i n i n g  t he  l a t t i c e s  o f  both phases, which r e s u l t s  i n  s t r a i n  energy, 
except i n  t he  u n l i k e l y  case t h a t  t he  l a t t i c e  constant  i s  independent o f  composi t ion.  

Such 

Studies o f  meteor i tes  have a l so  revealed 
Numerous s tud ies  of I nva r  have a lso  g iven  evidence o f  

behavior  1 and should on l y  show o rde r i ng  reac t i ons .  Th is  paper analyzes t he  decomposit ion k i n e t i c s  f o r  Fe-Ni 

F igure  2 shows a composite p l o t  of enthalpy of m ix ing  f o r  a u s t e n i t i c  Fe- 

Tan j i ,  e t  a l .  1 noted t h a t  t he  i r r e g u l a r i t y  i n  AH would, a t  s u f f i c i e n t l y  low temperatures, be expected t o  

( a )  Operated f o r  t he  U.S. Department of Energy by B a t t e l l e  Memorial I n s t i t u t e  under Cont rac t  
DE-AC06-76RLO 1830. 
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F i g u r e  1. 
s i m i l a r  diagrams f o r  F e - N i .  

Fe-Ni phase diagram as proposed by K u b a ~ c h e w s k i . ~  Other  phase diagram c o l l e c t i o n s  p resent  

0 0.2 0.4 0.6 0.8 I .o 
ATOMIC FRACTION NICKEL 

F i g u r e  2. 
entha lpy  of t h e  a l l o y s  shows a pronounced hump a t  about 25% N i  ( a f t e r  Kubaschewski, e t  a l .  ) 

M i x i n g  e n t h a l p i e s  of s o l i d  Fe-Ni a l l o y s  as determined i n  a number o f  s t u d i e s .  he mix ing  1 
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F i g u r e  3. 
diagram shown i n  F i g u r e  1 ( a f t e r  ShunkS). 

Fe-Pd phase diagram showing 71 t 72 m i s c i b i l i t y  gap. Note t h e  s i m i l a r i t y  t o  t h e  Fe-Ni phase 

wool 2000 

F i g u r e  4 .  M i x i n g  e n t h a l p i e s  of Fe-Pd a l l o y s ,  as m asured a t  1273K. 
n e g a t i v e  "Hmix. ( d a t a  f rom Kubaschewski and Alcock 

Note t h e  t r a n s i t i o n  f rom p o s i t i v e  t o  
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Figure 5 .  
derived from the anomaly observed in electrical resistivity and the closed circles from the anomaly observed 
in thermoelectric power. 

Miscibility gap proposed by Tanji and coworkers4 for solid Fe-Ni alloys. The open circles are 

- 
- 

Figure 6. 
gap centered at 35 wt% Ni. 

Fourth order polynomial added to enthalpy of mixing of solid Fe-Ni alloys to obtain a miscibility 

In this paper we have conducted a modelling study of the thermodynamics of solid Fe-Ni alloys. We 
reproduced the experimental mixing enthalpy by first taking the regular solution parabolic enthalpy of 
mixing which gave AH = -5kJ/mol at X N ~  = 0 .5 ,  in agreement with Figure 2 .  
polynomial shown in Figure 6 .  Only the part of the polynomial between the minima was used; this choice 
insured a smooth composite curve. Ideal mixing entropy w s added to give the curves for free energy of 

To this we added the fourth order 

mixing shown in Figure 7 .  In the regular solution model: ? 
AH = nX(1-X) 

AS = - R  [XlnX t (l-X)ln(l-X)] 
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The r e g u l a r  s o l u t i o n  constant ,  n, i s  sometimes g iven  i n  terms of bond energies: 

n = (EAA +  EBB)/^ - EAB 

where EAA. EBB, and EAB a re  t he  ( p o s i t i v e )  energies of A- A ,  6-6, and A-B bonding, r espec t i ve l y .  

( 3 )  

The q u a r t i c  i s  centered a t  X N ~  = 0.35; t he  minima were taken a t  X N ~  = 0.15 and X N ~  = 0.5 i n  an attem t t o  
ge t  phase boundaries a t  about X N ~  = 0.25 and X N ~  = 0.5, as had been determined by r a d i a t i o n  studies.$ Other 
numerical parameters were chosen so as t o  p l  ce t he  peak o f  t he  cohere t m i s c i b i l i t y  gap a t  a 

inc luded any s t r a i n  energy e f fec ts  i n  t he  en tha lp ies  of m ix ing .  
c o n t r i b u t i o n s  t o  t he  f r e e  energy, which a re  o f  c r u c i a l  ITportance below the  Cur ie temperature, and which 
tend t o  promote o rder ing ,  r a t h e r  than phase separat ion.  

Figurel? shows t he  ca l cu la ted  m i s c i b i l i t y  gap and spinodal .  The spinodal i s  t he  locus  o f  t he  p o i n t s  f o r  
which: 

u t  1073K, a 
value suggested by thermal anneal ing s tud ies  8 and thermoe lec t r i c  power a and EMF measurements.P8 We thus 

The model does n o t  inc lude  magnetic 

d2G/dX2 = 0 ( 4 )  

The l i m i t s  o f  t he  m i s c i b i l i t y  gap were obta ined by t he  usual common tangent  cons t ruc t i on .  
gap i s  no t  cons i s ten t  w i t h  t he  r e s u l t s  o f  r a d i a t i o n  studies,  which g i v e  broader composit 'on l i m i t s .  

m i s c i b i l i t y  gap w i t h  composi t ion l i m i t s  o f  28.5 and 36.5 at% N i  a t  898K. 
decomposit ion a t  998K, so t he  peak o f  t he  ca l cu la ted  gap i n  F igure  8 i s  somewhat h igh.  

The m i s c i b i l i t y  
Perhaps 

f o r t u i t o u s l y ,  however, t he  gap i s  cons i s ten t  w i t h  recent  long  te rm anneal ing experiments 4 t h a t  i n d i c a t e  a 
These experiments found no 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

'Ni - 
Figure  7. 
f o r  a r e g u l a r  s o l u t i o n .  

Free energies of m ix ing  of Fe-Ni a l l o y s  obta ined by adding t he  q u a r t i c  AH from F igure  6 t o  A G , ~ ~  
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Figure 8. 
small lateral separation between the two curves. 

Miscibility gap and spinodal corresponding to A G , ~ ~  in Figure 7. Note narrowness of gap and 

The miscibility gap and spinodal in Figure 8 differ markedly from those predicted by the regular solution 
model (Figure 9). The miscibility gap in Figure 8 does not broaden appreciably at lower temperatures, as 
does the gap in a regular solution. In addition, at a given temperature, the miscibility gap and spinodal 
in Fe-Ni alloys are predicted to lie at almost the same composition. 
gap at a given composition, the phase boundary and spinodal are well separated in temperature, as is the 
case for the regular solution model. As such, except near the center of the miscibility gap, an alloy would 
have to be cooled well below the phase boundary before spinodal decomposition could occur. 
that the calculated miscibility gap in Fe-Ni is narrow, even at O’K. By contrast, a common tangent 
construction on Figure 4 shows the composition limits in Fe-Pd are at about 0 and 55 at% Pd, whereas in the 
regular solution model the limits are at 0 and 100%. As noted earlier, however, the calculated miscibility 
gap and spinodal have very limited physical significance below the Curie temperature, where magnetic effects 

However, due to the narrowness of the 

Figure 8 shows 

are dominant. 

Figure 9. Phase diagram of a regular solution showing the equilibrium phase boundary and the spinodal 
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I n t e r f a c i a l  energy i s  known t o  p l a y  a key r o l e  i n  c o n t r o l l i n g  decomposition, whether by spinodal  
decomposit ion o r  by nuc lea t i on  and growth. If nuc lea t i on  occurs w e l l  away from t h e  spinodal  composit ion, 
t he  i n t e r f a c e  between m a t r i x  and nu 
broken bond model de r i ved  by Becke r t j  and T u r n b u l l l j  i s  appropr ia te .  The i n t e r f a c i a l  energy i s  g iven  by: 

eus i s  l i k e l y  o be sharp, as opposed t o  being d i f fuse .  Then t he  

where C i s  a p o s i t i v e  geometr ica l  constant  and AX i s  t he  d i f f e r e n c e  between t he  composit ions of t he  nucleus 
and t he  mat r i x ,  expressed i n  atomic f r a c t i o n .  
so lu t i on ,  AH c 0 requ i res  n c 0 so t h a t  y c 0. 
form of t he  FeNi and FeNi3 phases, r a t h e r  than c l u s t e r i n g .  

The g rad ien t  
and H i l l i a r d l !  show t h a t  i n  t he  regu la r  s o l u t i o n  model, 

If one attempts t o  descr ibe  Fe-Ni a l l o y s  as a r e g u l a r  
A negat ive  7 imp l i es  order ing,  which o f  course occurs i n  t he  

nergy, K ,  p lays  much t he  same r o l e  i n  spinodal decomposit ion t h a t  y does i n  nuc lea t i on .  Cahn 

K = a2/2 (6) 

where L i s  an i n t e r a c t i o n  d is tance  on t he  o rder  o f  the  l a t t i c e  constant .  Once again, n c 0 imp l i es  K C 0 
and t he  occurrence o f  order ing,  r a t h e r  than c l u s t e r i n g .  

I t  i s  thus c l e a r  t h a t  t he  regu la r  s o l u t i o n  model i s  i napp rop r i a te  f o r  c a l c u l a t i n g  e i t h e r  y o r  K f o r  Fe-Ni 
a l l o y s  near t he  I nva r  composit ion. 
which i s  i n cons i s ten t  w i t h  t he  p o s s i b i l i t y  of c l u s t e r i n g  and spinodal decomposition i n  I nva r  a l l o y s .  

Phase Transformations 

Spinodal decomposit ion may be charac te r ized  e i t h e r  by a wave l eng th  X o r  a wave number p ,  which are  r e l a t e d  
by: 

The regu la r  s o l u t i o n  model p r e d i c t s  t h a t  bo th  y and K w i l l  be negat ive,  

p = 2n /A  (7 )  

The wavelength o f  t h e  f as tes t  growing wave i s  denoted by Amax:12 

and G ,  as de f i ned  here in ,  inc ludes  t he  s t r a i n  energy o f  e o l i d  s o l u t i o n .  Typ i ca l l y ,  i s  t h e  o rder  o f  
nanometers f o r  even a modest coo l i ng  below the  spinodal.ik,12 We may ob ta i n  G"  by twice$a? i f e r e n t i a t i n g  G 
w i t h  respec t  t o  composit ion. 

Examination o f  F igure  7 shows t h a t  G"  i s  never very  negat ive,  which would tend t o  make f o r  a l a r g e  ha,, 
Figure  10 shows t he  f ree  energy of m ix ing  f o r  a r e g u l a r  s o l u t i o n  a t  a temperature o f  0.8 Tc, where 
Tc = temperature a t  t he  t op  of t he  m i s c i b i l i t y  gap. 
s o l u t i o n  than f o r  Fe-Ni a l l o y s  a t  T = 0.8 Tc. 

Therefore, i t  should n o t  be s u r p r i s i n g  if the  c h a r a c t e r i s t i c s  of spinodal decomposit ion i n  Fe-Ni a l l o y s  a re  
markedly d i f f e r e n t  from those observed i n  o rd i na ry  a l l o y  systems w i t h  n > 0. 

The steady s t a t e  r a t e  o f  homogeneous nuc lea t i on  i n  s o l i d s  is :17 

However, as noted i n  t he  l a s t  sec t ion ,  de te rmina t ion  of K i s  a problem. 

C lea r l y  G" i s  much more negat ive  f o r  t he  r e g u l a r  

J = 3 D exp (-AG*/kT) 

a 

where: J = nuclei/m3s 
D = d i f f u s i o n  c o e f f i c i e n t  
a = l a t t i c e  constant  

kT = Boltzmann's constant  t imes absolute temperature 

The a c t i v a t i o n  b a r r i e r  f o r  nuc lea t ion ,  AG*, i s  g iven  by: 
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Where: V = molar volume in nucleus phase 
AGchem = driving force for nucleation, which in this case includes the contribution due to strain 

energy. 

Figure 1 1  shows the construction by which AGchem i s  obtained from the free energy of mixing of the solid 
solution. increases rapidly with cooling beneath the solvus 
(Figure 10). Comparison of Figures 7 and 10 shows !fiat AGChem in the present case is likely to be very 
small compared to values obtained from the regular solution model, even at large undercoolings. In that 
usually 7 varies as the narrowness of the miscibility gap might cause a small 7 and nucleation at 
modest undercool ings. 

Steady state nucleation lags the onset of a supersaturated state by a characteristic incubation time, T. 
detailed discussion of 7 is not necessary. However the incubation time becomes an important factor when 
nucleation may occur with a large critical nu~leus.~' We may also write Equation 11 as: 

In the case of the regular solution, AG, 

A 

4n(r*) ' 7  
3 AG* = 

where r* = critical nucleus radius. 
Accordingly, to have nucleation with a large r* requires a small value of 7, which as just noted may well 
occur in Fe-Ni alloys. 

Nucleation occurs at an appreciable rate only if AG* s 60 kT. 

x- 
Figure 10. Free energy of mixing vs. composition curve corresponding to a regular solution at T - 0.8 To. 

CB- 

Figure 11. Schematic plot of free energy vs. composition in a miscibility gap system. 
obtain aGchem for nucleation from an alloy of composition C '  is shown. 

The construction to 



The foregoing discussion clearly shows how seriously a theoretical study of either nucleation or spinodal 
decomposition is hindered by the absence of even an estimate for the interfacial energy or gradient energy 
coefficient. 

Diffusion Kinetics 

Dean and Goldsteinla measured the interdiffusion coefficient 0 at relatively low temperatures in a series of 
Fe-Ni and Fe-Ni-P alloys. These investigators took particular care to eliminate the effects of enhanced 
diffusion in grain boundaries which is a problem at low temperatures. Small amounts of P were found to give 
greatly accelerated diffusion. 

Figure 12 shows their data for Fe-20 wt% allyys without phosphorous. 
fit their data and to give Do = 1 cmZ/s (10- 
valuable because they were made at the relatively low temperatures of interest in Invar decomposition. 
Extrapolation of diffusion measurements to much lower temperatures tends to be risky, particularly in 
a1 loys. 

The diffusion coefficient is an even more crucial quantity in growth and coarsening than it is in 
nucleation. 
Regardless of particle geometry we may write: 

The line in the figure was drawn to 
m2/s ) .  The Dean and Goldstein measurements are particularly 

During growth, a particle draws !$lute from (or rejects solute into) the surrounding matrix. 

r (I (Dt)1/2 ( 1 3 )  

where r is some linear dimension of the particle. 
a secondary way only. 

Compositional and geometrical considerations affect r in 

DEAN B GOLDSTEIN 
DATA (1986) 

I I I I I\ 

2.0 X I 1  
0 0.4 0.8 1.2 I .6 

I/T, K-' 

Figure 12 
Goldsteinis using an assumed value of Do = 1 cmz/s. 

In the case o f  coarsening, large particles grow only through dissolution of rmaller ones. 
istic process leads to a gradual increase in the averaqg particle diameter, r. 
shown that for volume diffusion-controlled coarsening, 

- 3  -3  r - ro = KDt 

Interdiffusion coefficient i n  Fe-20 wt% Ni. Line is drawn through the data of Dean and 

This cannibal- 
Various treatments have 

(14) 
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where f is average particl 
is on the order of 3 x 
Figure 13 shows the time required for a particle to grow to a given size at a given reciprocal temperature. 
Times corresponding to a few hours, a few years and a few million years are indicated as representing 
typical values of short laboratory anneals, long laboratory anneals, and anneals in a cooling meteorite 
parent body, respectively. As an example, we consider the temperature at which a particle would grow from 
zero size to 1 nrn during each anneal. The temperatures are 870K, 710K. and 550K for short, long and 
meteoritic anneals, respectively. As such, fine scale precipitation or spinodal deco osition could occur 

longest terrestrial anneals would yield essentially no diffusion. 
shows the time needed for particles to coarsen to different final radii. 
not a factor if the coarsening gives at least a doubling in mean radius. 
i l l  

time could only occur at a temperature of 1100K, some 300K higher. 
coarspging kinetics is less for smaller particles. 
in 10 s at 550K. 

size at t = 0. The factor K depends on material parameters and for Fe-Ni alloys 
m/s. 

as low as 550K (277 'C)  in meteorites. At 550K the atomic jump frequency is about 10- ¶Y /s, so even the 

(10 Ya s) at about 800K a particle could grow to r = 10- ! m (10 rpn) .  Coarsening to this same size in the same 

Figure 14 is similar to Figure 13, but 
The starting particle radius is 
Comparison of Figures 13 and 14 

trates the difference between the kinetics-of gro th and coarsening. On a meteoritic time scale 

The difference between growth and 
We noted earlier that a particle would grow to r = 1 nm 

Coarsening for the same time would give r = 1 nm at about 600K, only 50K higher. 

I/T, K - '  

Figure 13. 
limes corresponding to short and long laboratory anneals and to meteorite cooling rates are shown. 

Plot of time required for diffusional growth to various sizes as a function of temperature. 
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Figure 14.  
temperatures. 
shown. 

Plot of time required for diffusion controlled coarsening to various sizes as a function of 
Times corresponding to short and long laboratory anneals and to meteorite cooling rates are 

DISCUSSION 

Let us now analyze observations of alloy decomposition in Invar-type alloys in light of the foregoing 
analysis. 
thermodynamic quantities. Unfortunately, we have no information regarding either the surface energy or 
gradient energy but will assume since alloy decomposition does occur that both quantities are positive. 
enter into the following analysis with the realization that bulk thermodynamics of the alloys differ 
radically from the regular solution paradigm. In addition, surface properties may differ greatly from those 
in alloy systems studied previously. 

Russell and Garner1 discuss the large number of observations which indicate alloy decomposition in Invar- 
type alloys. 
Ni have almost the same scattering power; compositional changes cannot, in general, be studied by x-ray, 
neutron, or electron diffraction. 
structures which makes inte r ation of property measurements difficult. Magnetic fluctuations occur even 
above the Curie temperature yy,51 and thus may complicate even high temperature physical property 
measurements. 

Recent studies by Wiedenmann, et a1 .9,22 provide the strongest evidence for a high temperature miscibility 

iygz to yield an alloy suitable for neutron diffraction studies. These samples were solution treated at 
1273K, then annealed at 898K or 998K. 

Samples annealed at 898K for 1.7 x lo6 s (20 days) showed low amplitude concentration oscillations of about 

produced no observable oscillations, even though (!X)1/5 is the same as for the 2 x IO7 s anneal at 898K. 
Wiedenmann, et al. concluded that 34 at% Ni and 998K lay outside the miscibility gap. 

In brief, we have reliable values for the diffusion coefficient and reasonable estimates for bulk 

We 

Analysis of the observations is complicated by two factors. First, as stated before, Fe and 

In addition, Invar-type alloys have complex magnetic and electronic 

in Invar-type alloys. Samples of Fe-34 at% Ni were prepared from Ni isotopically-enriched to 97 at% of 

28 nm wave length. 
and 36.5 at% Ni with a wavelength of about 200 nm. B ontrast, an anneal at 998K for 10 

An anneal for 2 x IO7 s (230 days) at 898K yielded fluctuations betwe n limits of 28.5 
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The 20 day anneal apparently took the sample only to the early stages of decomposition as the composition 
fluctuation amplitudes were very small. 
for early stages of spinodal decomposition in a variety of systems. The 200 nm wavelength observed after 
the 230 day anneal is clearly indicative of coarsening, so the composition limits should correspond to the 
phase boundaries of the miscibility gap. 

Meteorites have been extremely valuable in determ'ning the Fe-Ni phase d i a g r a n ~ . z ~ - ~ ~  
meteorites were cooled in the parent body at -10- 
temperatures where atomic motion is negligible on the laboratory time scale.$$ Ablation ensures that only 
the surfaces of the meteorites are heated during passage through the atmosphere. 
meteorites stay very cold at all times prior to hitting the earth. 

A very few meteorites are Fe-Ni alloys with compositions near that of Invar. The Santa Catharina meteorite 
contains about 35 wt% Ni and 2.5 at% o f  minor elements (Co ,O ,S ,P )  in unweathered regions. The remainder of 
the meteorite is Fe. 
structure suggestive of spinodal decomposition followed by coarsening. 
appears to have formed by terrestrial weathering, rather than b celestial decomposition and cannot be used 

The evidence of Wiedenmann, et a1 .,9*22 who found clear indication of decomposition of Fe-35 at% Ni at 898K, 
appears to be in conflict with the microstructure of the meteorite. 
decomposition and coarsening at -900K. the concentration fluctuations would have had wavelengths the order 
of microns (see Figure 14 ) .  

We showed earlier that at high temperatures the driving force for decomposition in Fe-Ni alloys is very 
small and that the miscibility gap is probably very narrow. 
in the meteorite and the slightly different Ni content (as compared to the specimens of Wiedenmann, et al. 
stabilized the meteorite against high temperature decomposition. Study of Figure 7 shows the plausibility 
of this suggestion. 
By contrast, a few J/mol free energy change would shift the miscibility gap in a regular solution alloy 
hardly at all (see Figures 9, 10.) 

Lower Ni meteorites undergo a 7 + a + y transformation on cooling (see Figure 1) to produce plates of 
Fe-rich ferrite and Ni-ri 
characteristic "M" shape. 5Q>3E The Ni content near the edge of the austenite plates is frequently greater 
than the 35 at% Invar composition. 
temperature spinodal decomposition. 

Numerous studies24,25~27~28 have shown evidence of low temperature spinodal decomposition in several 
different meteorites. 
characteristic wavelength of -10 nm. 
temperature as low as 600K (Figure 13). The decomposition thu 
the magnetically induced spinodal calculated by Chuang, et al. 

Figure 15 is based on the phase diagram of Chuang, et a1.;29 on it are shown the low temperature, 
magnetically-induced miscibility gap and spinodal proposed by Chuang et al. and the high temperature 
miscibility gap proposed by the present authors. 

The equilibrium low temperature phases are presumably the a (ferrite) and y (FeNi3) phases. At temperatures 
below the y/wy boundary both gaps may represent metastable reactions. 
equilibrium in Fe-Ni alloys at temperatures below -800K is extraordinarily difficult, the metastable 
miscibility gaps may provide more valuable information about the behavior of Invar-type alloys than does the 
equilibrium phase diagram. 
instability and metastability of alloys near the Invar composition. 

Yet, the 28 nm wavelength is much larger than that usually observed 

First of all, 

The interiors of the 

b K/yr which allows signifi nt amounts of diffusion at 

Back scattered electron images of polished sectiqts of the meteorite show a blotchy 
The blotchy structure, however, 

to support the existence o f  a high temperature miscibility gap. $4 

Had the meteorite underwent 

No such decomposition was observed. 

It is entirely possible that the minor elements 

A very few J/mol shift in free energy would be enough to stabilize the solid solution. 

stenite. The Ni concentration profile in the austenite plates has a 

Such regions in these plates have been studied for evidence of low 

In all cases the decomposition produced -50 and 10 wt% Ni phases with a 
Spinodal decomposition on such a scale could occur in meteorites at a 

probably took place well below the peak of 
. 39 

However, since achieving full 

In any event, very careful study is needed to delineate the regions of 
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' N i  

Figure 15. Fe-Ni phase diagram showing a low temper ure miscibility gap and spinodal induced by magnetic 

temperature miscibility gap. 
broadens significantly below the Curie temperature. 

contributions to the free energy (after chuang et a1 $8 ) .  To this we have added our proposed high 
The result is a miscibility gap which is very narrow at high temperatures but 

CONCLUSIONS 

The Fe-Ni system shows a coherent miscibility gap with a peak between about 900K and IOOOK,  centered at 
about 36 wt% Ni. 
magnetic contributions to the free energy. 

Driving forces for phase separation at high temperatures are so weak that minor solute additions may 
stabilize the alloys and prevent decomposition. 

Modelling of nucleation and spinodal decomposition processes is grpatly hampered by lack of data or 
theoretical models for surface energy and gradient energy. 

The extremely low cooling rates of meteorites allow significant amounts of diffusion at temperatures where 
atomic mobility is nil on h human time scale. 
regarding the low temperature portion of the Fe-Ni phase diagram. 
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MICROSTRUCTURAL INVESTIGATION OF SWELLING DEPENDENCE ON NICKEL CONTENT IN FAST-NEUTRON IRRADIATED Fe-Cr-Ni 
AUSTENITIC TERNARIES, T. Muro a Research Institute for Applied Mechanics, Kyushu University, F. A. Garner, 
Pacific Northwest Laboratory,?a) and S. Ohnuki, Hokkaido University 

OBJECTIVE 

The object of this effort is to determine the mechanisms involved in the radiation-induced evolution of 
microstructure of structural materials intended for fusion applications. 

SUMMARY 

Microstructures of Fe-15Cr-XNi (X = 15, 19, 21, 30, 35, 45,  75) ternary alloys and a 15Cr-85Ni binary alloy 
irradiated in the EBR-I1 reactor at 510'C and 5 3 8 T  to various neutron fluences were examined by TEM. At 
510'C void nucleation was complete prior to the onset of steady-state swelling at all nickel levels, imply- 
ing that some process other than void nucleation determines when the relatively rapid void growth associated 
with the onset of steady-state swelling occurs. The protracted loop dominance of dislocation structure and 
the relatively low void density at intermediate nickel levels (30-45 wt%) suggested a reduced dislocation 
bias toward preferential interstitial absorption as a possible mechanism to produce lower swelling in this 
nickel range. 

PROGRESS AN0 STATUS 

Introduction 

Irradiation studies of austenitic alloys with ions,l.2 electrons3*4 and  neutron^^>^ show that void swelling 
is strongly dependent on nickel content. Generally, swelling exhibits a minimum value at intermediate 
(30-60 wt%) nickel levels. Density measurements of austenitic alloys show that the sensitivity of neutron- 
induced swelling to variations in nickel content for b t simple and complex alloys lies mainly in the 

Some nickel-dependent mechanisms have been proposed, e.g., a segregation-induced change in void bias,9 a 
increase in vacancy diffusivity at higher nickel levels, resulting in decreased void nuc a on rates10-T2 
and spinodal-like decomposition promoting void nucleation at intermediate nickel levels. l s i T i  However, most 
neutron irradiation studies are lacking in phenomenological understanding of the role of nickel on micro- 
structural evolution, because few TEM data are available on the fluence dependence of microstructure as a 
function of nickel content. 

This study is the first systematic microstructural observation of neutron-irradiated Fe-Cr-Ni austenitic 
ternaries which explores the parameters of nickel content, irradiation temperature and fluence. It is 
anticipated that this study will provide new light on the mechanisms of swelling dependence on nickel 
content. 

Experimental Details 

The materials used in this study were nominally Fe-15Cr-XNi ternary alloys ( X  - 15, 19, 21, 30, 35, 45, 75) 
and a 1 5 F p N i  binary alloy. 
reactor. 
composition of these alloys are shown in reference 12. The examination of microstructures was performed on 
a JEM-l00CX electron microscope. 

duration of incubation or transient regime of swelling ?,I . 

The specimens were irradiated in the AAVII experiment in the EBR-I1 
The specimen designation and the irradiation conditions are shown in Table 1. The chemical 

Garner and Kumar reported the densities these specimens and those at higher displacement levels, measured using an imersion density technique. K! 

(a) Operated for the U.S.  Department of Energy by Battelle Memorial Institute under Contract 
DE-AC06-76RLO 1830. 
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Table 1. A l l o y s  (Fe-15Cr-XNi o r  85Cr-15Ni) and I r r a d i a t i o n  Condi t ions 

Designat ion E90 E19 E20 E21 E22 E23 E24 E36 

Approximate N i  l e v e l  15 19 21 30 35 45 75 85 
(wtr.) 

510% 2.6 x IOz6 n/m2(a) X X X X X X x N A ( ~ )  

5 1 0 ~  5.3 x 1026 n/m2 NA NA NA NA X X NA NA 

510'C 7.3 x IOz6 n/m2 NA X NA X X X X NA 

5 3 8 ~  5 .0  x 1026 n/m2 X X X NA X NA X X 

(a )  E > 0.1 MeV 
(b) NA = n o t  analyzed. 

&ALES 

F igure  1 shows m ic ros t ruc tu res  of these a l l o y s  a t  510'C and 2.6 x l o z 6  n/m2 (E>0.1 MeV). 
s t r uc tu res  e x h i b i t  a s t rong  dependence on n i c k e l  content .  
d e n s i t y  decreases w i t h  i nc reas ing  n i c k e l  content  and, a f t e r  a minimum, increases again. 
m i c ros t ruc tu re  cons i s t s  p r i m a r i l y  o f  tang led  d i s l o c a t i o n s  w i t h  few loops.  A t  h igher  n i c k e l  l e v e l s ,  t he  
d e n s i t i e s  o f  bo th  f a u l t e d  and p e r f e c t  loops a re  h igher,  concurrent  wi th  lower d e n s i t i e s  o f  tang led  d i s -  
l o c a t i o n s .  The Burgers vec to r  analyses of loops formed i n  35Ni and 75Ni a l l o y s  showed, i n  bo th  cases, 
a<111>/3 and a<110>/2 displacement vec to rs  f o r  f au l t ed  and unfaul ted loops, r espec t i ve l y .  Th i s  i s  t he  
t y p i c a l  behavior  o f  loops observed i n  lower n i c k e l  a l l o y s .  F igure  sho s t h e  dependence o f  impor tan t  
m i c r o s t r u c t u r a l  parameters on n i c k e l  content  a 51O'C and 2.6 x lo2$  n/my. Swe l l i ng  da ta  obta ined by 
immersion d e n s i t y  measurements a re  a l so  shown.iZ General ly  these r e s u l t s  a re  i n  good agreement w i t h  those 
de r i ved  from microscopy. With one except ion a t  75Ni. t h e  dependence of s w e l l i n g  on n i c k e l  content  m i r r o r s  
t h a t  o f  vo i d  dens i ty ,  i n d i c a t i n g  t h a t  t he  mean v o i d  s i ze  i s  n o t  very  dependent on n i c k e l  a t  t h i s  dose. A t  
75Ni small c a v i t i e s ,  presumably f i l l e d  w i t h  helium, account f o r  t h e  increased c a v i t y  dens i ty .  
l e v e l  i n  these a l l o y s  i s  rough ly  p ropo r t i ona l  t o  t he  n i c k e l  l e v e l .  Although t h e  d e n s i t y  o f  loops i n i t i a l l y  
increases w i t h  i nc reas ing  n i c k e l  content  fo l lowed by a gradual decrease, both t he  t o t a l  d i s l o c a t i o n  d e n s i t y  
and t he  tang led  d i s l o c a t i o n  d e n s i t y  decrease monton ica l l y  w i t h  n i c k e l  con ten t .  

F igure  3 &ow, p i c r o s t r u c t u r e s  observed a f t e r  i r r a d i a t i o n  a t  t he  same temperature bu t  h i ghe r  f luence 
(7.3 x 10 
n i c k e l  l e v e l s .  A s i m i l a r  dependence of t he  d i s l o c a t i o n  s t r u c t u r e  was observed a t  5 3 8 T  and 5.0 x 10 
as shown i n  F igure  4. 
d e n s i t i e s  of bo th  vo ids  and loops compared t o  510'C are cons i s ten t  w i t h  t h e  known e f fec t  o f  temperature. 

F igure  6 shows t he  f luence dependence o f  s w e l l i n g  and vo id  dens i t y  a t  51O'C. 
30Ni a l l o y s  a t  h i ghe r  f luence e x h i b j i  r a p j d  l i n e a r  s w e l l i n g  a f t e r  i ncuba t i on  bu t  v o i d  nuc lea t i on  appears t o  
have been completed before 2.6 x 10 n/m a t  a l l  n i c k e l  l e v e l s .  

F igure  7 shows t he  d e n s i t i e s  o f  loops and tang led  d i s l o c a t i o n s  as a f u n c t i o n  o f  s w e l l i n g  a t  510'C. 
shows t h a t  t he  regime of r a p i d  s w e l l i n g  co inc ides  w i t h  a s h i f t  from loop-dominated t o  tang led  d i s l o c a t i o n  
m ic ros t ruc tu re .  
t h a t  t he  onset of r a p i d  s w e l l i n g  i s  t he  r e s u l t  of acce le ra ted  vo id  growth, commencing a f t e r  a pe r i od  of 
r e s t r a i n e d  growth. 

O i  scussion 

The present  r e s u l t s  p rov ide  important  suggestions on a t  l e a s t  one mechanism by which n i c k e l  a f fec ts  
swe l l ing .  
l i n e a r  s w e l l i n g  f o r  most a l l o y s  examined. 

models at botb-48i13 i n  which n i c k e l ' s  in f luence i s  descr ibed s o l e l y  as suppressing vo id  nuc lea t ion .  Such models 
a re  known t o  be most r e l e v a n t  a t  h igher  i r r a d i a t i o n  temperatures. 
swe l l i ng  c l o s e l y  r e l a t e s  t o  t he  s t a r t  o f  vo i d  growth a t  51OT imp l i es  t h a t  a mechanism i s  dominant which 
c o n t r o l s  v o i d  growth and n o t  vo id  nuc lea t ion .  
The s a t u r a t i o n  dens i t y  o f  vo ids  i s  nickel-dependent, however, i n d i c a t i n g  t h a t  v o i d  nuc lea t i on  i s  a l so  
a f f ec ted  by n i c k e l .  

The mic ro-  
Voids a re  observed i n  a l l  cases, b u t  t h e i r  

A t  15 N i  t he  

The he l ium 

n/m ) .  Loops s t i l l  remain i n  t he  35-75Ni a l l o y s  b u t  have s t r o n g l y  decreased i n  d e n s i t y  j& low$r 
n/m 

The m ic ros t ruc tu ra l  parameters a t  538% are  summarized i n  F igure  5. The lower 

The swe l l i ng  o f  t he  19Ni and 

Th is  

Not ing  t he  weak dose dependence of vo id  dens i t y  a t  51O'C shown i n  F igure  6, i t  i s  c l e a r  

A t  S I O ' C ,  vo i d  nuc lea t i on  takes p lace  a t  an e a r l y  pe r i od  of i r r a d i a t i o n ,  f a r  before t he  onset of 

0 nd 500'C i n  Fe-13Cr-14Ni i r r a d i a t e d  a t  JOYO. These r e s u l t s  a re  n o t  cons i s ten t  w i t h  p rev ious  
Muroga e t  a l .  also  observed very  qu ick  s a t u r a t i o n  o f  vo id  d e n s i t y  

The fac t  t h a t  t he  onset o f  l i n e a r  

The l a t t e r  i s  r e l a t i v e l y  easy a t  510'C a t  a l l  n i c k e l  l e v e l s .  
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Figure 1. Microstructures o f  Fe-15Cr-XNi a l l oys  a t  510'C and 2.6 x 1026 n/m2 (E >0.1 MeV). The loops 
appear t o  be or iented toward t 2 1 b  when observed from the toll> di rec t ion,  imply ing t h a t  they are l y i n g  on 
(111) planes. 
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Fe-15Cr-XNi ,51OoC,7.3x1den/ri? 

Figure 3. Microstructures of Fe-15Cr-XNi alloys at 510'C and 7.3 x loz6 n/m2 (E  >0.1 MeV). 

Fe-l5Cr-XNi ,538"C, 5.0x10~n/mP 

Figure 4. Microstructures o f  Fe-15Cr-XNi alloys and a 85Ni-15Cr alloys at 538% and 5.0 x 10z6 n/m2 
( E  >O.l MeV). 
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Figure 5. 
( E  >0.1 MeV), Swelling data obtained by imnersion density by Garner and Kumarl$ are also shown. 

Dependence o f  microstructural  parameters on nickel  content a t  538'C nd 5.0 x loz6 n/m2 
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0 2 4 6 8 1 0 1 2  

FLUENCE (1oZ6n/mz) 

Figure 6. Depen nce of swell ing and void density a t  51O'C. Swelling data obtained by immersion density by 
Garner and Kumar 15 are also shown. 
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Figure  7. Loop number dens i t y  and tang led  d i s l o c a t i o n  dens i t y  as a f u n c t i o n  o f  s w e l l i n g  a t  510'C. 

As shown i n  F igure  2 ,  t he  v o i d  d e n s i t y  i s  a s t rong  negat ive  func t ion  o f  t he  n i c k e l  con ten t  from low t o  
in te rmed ia te  n i c k e l  l e v e l s ,  w h i l e  t he  d i s l o c a t i o n  d e n s i t y  i s  a weak f u n c t i o n  o f  t he  n i c k e l  con ten t .  
r e s u l t ,  t he  d i s l o c a t i o n  d e n s i t y  i s  h i gh  r e l a t i v e  t o  vo ids  i n  t he  in te rmed ia te  n i c k e l  l e v e l .  
t h a t ,  i n  t h i s  n i c k e l  range, d i s l o c a t i o n s  a re  weak s inks  r e l a t i v e  t o  voids.  

As t o  which t ype  of s i nk  i s  dependent on n i c k e l  content ,  t he  d i s l o c a t i o n  s t r u c t u r e s  observed i n  t h i s  study 
are suggest ive.  The loops remain ing a t  cons iderab ly  h i gh  doses a t  in te rmed ia te  n i c k e l  l e v e l s  are thought  t o  
r e s u l t  from a lower growth r a t e  of loops.  Th is  again imp l i es  t h a t  d i s l o c a t i o n s  a re  weak s i nks  a t  in terme-  
d i a t e  n i c k e l  l e v e l s  bu t  t h i s  t ime  n o t  r e l a t i v e  t o  voids. Therefore, a low d i s l o c a t i o n  b i a s  toward p re fe r -  
e n t i a l  i n t e r s t i t i a l  absorp t ion  i n  t he  in te rmed ia te  n i c k e l  range can exp la i n  n i c k e l ' s  i n f l uence  on both vo id  
dens i t y  and d i s l o c a t i o n  s t r u c t u r e  as observed i n  t he  present  experiment. 

Lee and Mansur14 c i t e  a s i m i l a r  pers is tence  o f  loop-dominated m ic ros t ruc tu re  when comparing Fe-15Cr-15Ni and 
Fe-15Cr-35Ni i r r a d i a t e d  w i t h  i ons  a t  a much h igher  temperature. 
in f luence of n i c k e l  content  on t h e  c r i t i c a l  r ad ius  and t he  c r i t i c a l  number o f  gas atoms needed f o r  b i a s -  
d r i v e n  swe l l i ng ,  they  reached t he  same conc lus ion  concerning a n ickel-dependent  b ias .  
however, t he  v o i d  d e n s i t y  f o r  both a l l o y s  was s t i l l  i nc reas ing  throughout  t he  experiment. 

There i s  another n ickel-dependent  p rope r t y  t h a t  may be r e l e v a n t  t o  t he  p e r s i s t e n t  presence of loops a t  
in te rmed ia te  n i c k e l  l e v e l s .  
s t rong  f u n c t i o n  o f  n i c k e l  content  w i t h  a minimum a t  about 40Ni.?[ Large f a u l t e d  loops observed i n  30-45Ni 
a l l o y s  i n  t he  present  study may a l so  imply an enhanced s t a b i l i t y  aga ins t  u n f a u l t i n g .  

The present  s tudy showed t h a t  t he  du ra t i on  o f  swe l l i ng  t r a n s i e n t  regime i s  n o t  necessa r i l y  determined by t he  
v o i d  nuc lea t i on  r a t e .  Some of t he  mechanisms proposed i n  o the r  s tud ies  f o r  environmental o r  composi t ional  
( o the r  than n i c k e l  l e v e l )  e f fec ts  on vo id  swe l l i ng  may a l so  need recons ide ra t i on  i f  they  a re  based on l y  on 
t h e i r  e f f e c t s  on vo id  nuc lea t i on  r a t e .  

As a 
Th i s  imp l i es  

Though t h e i r  d iscuss ion  was based on t he  

I n  t h i s  case, 

Schramm and Reed show t h a t  t he  s t a  i n g  f a u l t  energy o f  Fe-Ni b i n a r i e s  i s  a 

CONCLUSIONS 

I n  Fe-15Cr-XNi a u s t e n i t i c  t e r n a r i e s ,  i t  was found t h a t  neutron- induced vo id  nuc lea t i on  i s  complete a t  51OOC 
p r i o r  t o  t he  onset of s teady-s ta te  swe l l ing ,  imp ly ing  t h a t  some process o the r  than vo id  nuc lea t i on  de te r -  
mines when t he  r a p i d  vo id  growth associated w i t h  s teady-s ta te  swe l l i ng  occurs. The vo id  d e n s i t y  and 
d i s l o c a t i o n  s t r u c t u r e  observed suggests t h a t  a n ickel-dependent  s i nk  s t r eng th  o f  d i s l o c a t i o n s  may be 
respons ib le .  
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6. DEVELOPMENT OF STRUCTURAL ALLOYS 

6.1 F e r r i t i c  S t a i n l e s s  S t e e l s  
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MICROSTRUCTURAL EXAMINATION OF LOW ACTIVATION FERRITIC ALLOYS IRRADIATED IN THE FFTF/MOTA TO 100 DPA 
0. S. Gelles (Pacific Northwest Laboratory) and C. Y. Hsu (G A Technologies) 

OBJECTIVE 

The objective of this effort is to determine the applicability of low activation martensitic stainless 
steels for first wall applications. 

SUMMARY 

The present effort is intended to describe microstructural response to fast neutrons of two tungsten 
stabilized ferritic/martensitic steels and HT-9 following irradiation to doses as high as 100 dpa. 

The major change in microstructural development at 420% from 34 to 103 dpa was found to be due to void 
evolution. 
void structures were found to have developed more uniformly and the resultant swelling was greater. 
precipitate structure that had formed during irradiation to 34 dpa remained stable to higher dose. 
Precipitate distributions showed only modest increases in size, indicating that this phase has stabilized, 
and will not change significantly with further irradiation. Therefore, tungsten stabilized martensitic 
steels appear to have excellent irradiation resistance, and can be expected to perform well to doses 
significantly higher than 100 dpa. 

No significant differences in dislocation or precipitate structures could be identified, whereas 
The 

PROGRESS AND STATUS 

Introduction 

In order to increase the acceptability of fusion power by decreasing the quantity of highly activated 
material generated in fusion machine compo ents, low activation alloy development has been incorporated into 
the goals of fusion materials development.T Low activation can be defined as the property of a reactor 
material which allows the components made from that material to be treated as non-hazardous (non- 
radioactive) after between 100 and 500 years from the time a fusion machine has been decommissioned. 
order to achieve this goal, certain elemental additions must be carefully controlled; in particular, Cu, Ni, 
Mo, Nb and N, with Nb representing the most severe restriction. 

similar to those of HT-9, a 12 r 1Mo WV martensitic steel that is receiving increasing attention as a 
candidate first wall material .$ -Yet-fast neutron damage does not significantly degrade properties of 
tungsten stabilized ma tensitic steels such as impact resistance, fracture toughness, strength and 

The present effort is intended to describe microstructural response of two tungsten stabilized 
ferritic/martensitic steels and compare it to 

martensitic alloy HT-9 were examined following irradiation in the Fast Flux Test Facility Materials Open 
Test Assembly (FFTF/MOTA) to doses as high as 34 dpa. 
stabilized martensitic alloy, GA4X, a lOCr tungsten containing ferritic alloy with some martensite and GAEX, 
a remelt o f  HT-9. Irradiations covered the temperature range 365 to 600'C. The 7.5Cr martensitic steel was 
found to have developed void and dislocation structure at 365 and 426% and precipitate coarsening at 600%. 
The lOCr ferritic steel was found to have developed void and dislocation structure over the temperature 
range 365 to 520'C, with peak swelling of 0.3% at 426% to 34 dpa and significant precipitate coarsening at 
600'C. Unusual swelling response was observed near grain boundaries in the ferritic steel. Composition 
analysis of extracted precipitates demonstrated the formation of tungsten-rich intermetallic phases, most 
pronounced at 600%. The HT-9 remelt was found to contain voids only following irradiation at 420'C, but 
the swelling was low. 
intermetallic Fe-Cr-Mo Chi phase. 
precipitates (G phase) and dislocation loops. 
present effort. 

Also of note is the fact that Charpy impact test results on irradiated GA3X are very e n c o ~ r a g i n g . ~ ? ~  
Miniature Charpy specimens of GA3X irradiated at 365'C to 10 dpa, gave a ductile brittle transition 
temperature (DBTT) of O'C corresponding to a shift in OBTT of 24'C as a result of irradiation. 
shelf energy (USE) was reduced from 405 to 345 J/cm . 5  In comparison with results on other low activation 
alloys in the test matrix, these results represented the smallest shift in DBTT and the highest USE 
following irradiation. Fractographic examinations demonstrated that no change in fracture appea ance 

Therefore, precipitate formation at 3 6 5 T  to doses on the order of 10 dpa does not significantly degrade 
impact properties. 

In 

A particular y attractive class of low 
activation ferrous alloys is tungsten stabilized martensitic stainless steels 1. . material properties are 

dimensional stability. 5 

dpa using fast neutrons. In previous reports, 8.1 the ' two low activation ferritic/martensitic steels and the 
e avior in HT-9 following irradiation to doses as high as 100 

Alloys of interest were GA3X, a 7.5Cr tungsten 

Precipitates were tentatively identified as chromium-rich a', G phase and 
Lower irradiation temperatures favored the formation of finer 

These observations provide a basis for comparison with the 

The upper 

occurred as a result of irradiation, but an increase in hardness from Rc 19.2 to 24.6 was noted. E 

(a) Operated for the U.S. Department o f  Energy by Battelle Memorial Institute under Contract DE-AC06-76RLO 
1830. 



Companion specimens have now been irradiated to over 100 dDa at 420'C for microstructural analvsis and it is 
 the^  purpose^ of the present effort to examine those specimens in order to determine the consequences of 
further irradiation on microstructure. 

Experimental Procedure 

The alloys of interest, GA3X, GA4X and GABX (HT-9). have been described previou~ly.~*~ Specimens of those 
alloys had been examined following irradiation at temperatures of 365, 420, 520 and 600°C at doses as high 
as 34 dpa. Duplicate specimens were contained in a second set of TEM packets irradiated to a higher dose. 
Unfortunately, the specimens irradiated at 520 and 600°C underwent an over-temperature excursion that is 
expected to have altered microstructural development, but the specimens being irradiated at 365 and 4 2 0 T  
were in weeper canisters that did not experience the overheating. 
irradiated to higher dose is being limited to the 365 and 420-C conditions. 

The irradiation histories for the specimens of interest are as follows. 
multiplicity of four were loaded into identical TEM packets and were irradiated in contact with flowing 
reactor sodium. Specimens irradiated at 420'C were in packet K3 which was irradiated first in MOTA 1C (FFTF 
cycles 5 and 6). in position 2C4 at an average temperature of 4 2 6 T  to a total dose of 34 dpa. 
(cycles 7 and 8).  packet K3 was located in position 2C2 at an average temperature of 420'C and accumulated a 
total dose of 63 dpa. Finally, in MOTA 1E (FFTF cycle 9) it remained in position 2C2 at an average 
temperature of 420'C and accumulated a total dose of 103 dpa. 
between about 420 and 426'C, but is being reported as 420°C. 
KZ which was irradiated first in MOTA 1C (FFTF cycles 5 and 6), below core in position BD1 at an average 
temperature of 365'C to a total dose of 11 dpa. For MOTA 10 (cycles 7 and 8).  packet KZ remained i n  
position BO1 at an average temperature of 365% and accumulated a total dose of 21 dpa. Finally, in MOTA 1E 
(FFTF cycle 9) it was transferred to position BC4 at an average temperature of 370'C and accumulated a total 
dose of 36 dpa. 

Therefore, examination of specimens 

Specimens of alloys at a 

For MOTA 1D 

Therefore, the specimen temperature varied 
Specimens irradiated at 365T were in packet 

Results 
Density Change 

Specimens of each condition of interest were measured for density change. 
and show that the martensitic steels remained stable to doses as high as 100 dpa at 420'C. 
both at 420 and at 365'C to levels on the order of 0.5%, and HT-9 swelled at 420'C to 0.6% and densified at 
365'C to 0.4%. 
420%. Swelling on the order of 5% has been observed in simple ferritic alloys following irradiation under 
similar  condition^,^ so that the swelling levels observed in GA4X represent only moderate behavior. 

Results are provided in Table 1 
GA3X densified 

However, the lOCr ferritic steel showed swelling as high as 2.5% following irradiation at 

Table 1. Results of density change measurements. 

Irradiation Irradiated 
ll&$tr&k;;~ ID code Temoerature Swellinq 

'C 

GA3X 7.8609 07KZ 365 7.9018 -0.52 
07K3 420 7.8949 -0.43 

7.8754 WKZ 365 7.8320 0.55 
99K3 420 7.6355 3.05 

7.7652 09KZ 365 7.7948 -0.38 
09KZ 420 7.7193 0.59 

Microstructures - 420'C 
The major change in microstructural development at 4 2 0 T  from 34 to 103 dpa was in void evolution. 
significant differences in dislocation and precipitate structures could be identified, whereas void 
structures developed into more uniform void arrays and the resultant swelling was greater. 
3 provide comparison of conditions GA3X, GA4X and HT-9 following irradiation at 420% to 34 and 103 dpa at 
intermediate magnification. Figure 1 shows void structures within martensite laths in the 7.5Cr-2W alloy. 
Only a few non-uniformly distributed voids are found after irradiation to 34 dpa, but after 103 dpa, the 
voids are more uniformly distributed, with some voids significantly larger than at lower dose. The void 
distribution in Figure lb is typical of a material just completing the void nucleation process and beginning 
to approach steady state swelling behavior. 

No 

Figures 1, 2 and 
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Figure 1. Void ar rays  i n  GA3X fo l lowing i r r a d i a t i o n  a t  420% t o  (a) 34 dpa and (b) 103 dpa. 

Figure 2a shows a region near a g ra in  boundary i n  a f e r r i t e  g ra in  i n  GA4X i r r a d i a t e d  a t  420'C t o  34 dpa. 
The region a t  the r i g h t  i s  adjacent t o  the boundary whereas the region on the  l e f t  i s  more t y p i c a l  o f  bu lk  
behavior. When t h i s  area was f i r s t  examined, an explanation for  the d i f f e r e n t  s t ruc tures was not avai lable.  
Comparison w i t h  the s t ruc ture  shown i n  Figure Zb w i t h i n  a f e r r i t e  g ra in  fo l lowing i r r a d i a t i o n  t o  103 dpa 
ind icates t h a t  the bu lk  vo id  dens i ty  had increased, so t h a t  the s t ruc tu re  found a t  lower dose near the 
boundary was more t y p i c a l  o f  h igh dose behavior. Therefore, the vo id  development away from g ra in  boundaries 
a t  lower dose was probably due t o  ea r l y  nucleat ion o f  voids, possibly by an e f f e c t  o f  impur i ty  segregation 
(unusual vo id  shapes are charac te r i s t i c  of such behavior). Higher more uniform vo id  d i s t r i b u t i o n s  are 
apparently more t y p i c a l  of h igher dose behavior. 

Figure 2. Voids i n  a f e r r i t e  region o f  GA4X fo l lowing i r r a d i a t i o n  a t  420% t o  (a) 34 dpa and (b) 103 dpa. 

Figure 3 provides s i m i l a r  comparisons o f  behavior i n  HT-9. A t  34 dpa, voids were small and very non- 
uniformly d i s t r i b u t e d  as shown i n  Figure 3a. Following i r r a d i a t i o n  t o  103 dpa, the vo id  d i s t r i b u t i o n  was 
much more uniform, as shown i n  Figure 3b. 
i nd i ca t ing  t h a t  vo id  nucleat ion was s t i l l  occurr ing and t h a t  steady s ta te  swel l ing  had not  been achieved. 
Comparisons be 
than i n  HT-9. 

However, a t  the higher dose, many small voids can be ident i f ied ,  

iped i n  the 7.5Cr-2W a l l o y  itween Figures l b  and 3b ind ica te  t h a t  vo id  e v o l u t i o n - i s  more develc 

n Aicln~.+inn A a v a l n n m m n t  r n n  ha Aamnnc+r.+aA .A= s C m m r + 4 n m  r C  CAI. S i m i l a r i t i e s  i.. v.IeIv.I.IvII v-.CsV,,smsCss- yc vcIIIvIIaIIqL=v lUllrrlVll  Lvnnnposition a t  103 dpa. 
Figure 4 has been organized t o  show the d i s loca t ion  s t ruc tures o f  each of the a l l oys  so t h a t  the same area 
i s  shown under 9-110 and 9.200 cont ras t  condi t ions w i t h  f o i l  o r ienta t ions near (001). For 9-110 images, 2/3 
o f  the possible at100> d i s loca t ion  Burgers vectors and ha l f  of the a/2 <111> d is loca t ion  Burgers vectors are 
v i s i b l e .  For g=200 images, 1/3 o f  the ac100> is locat ions ( i n  strong contrast)  and a l l  o f  the a/2 tllb 
dis locat ions ( i n  weaker contrast)  are visib1e.q For example, i n  Figure 4a o f  7.5Cr-2W, small loops can be 
i d e n t i f i e d  which are h igh ly  elongated e i t h e r  v e r t i c a l l y  o r  ho r i zon ta l l y ,  and longer d i s loca t ion  l i n e  
segments are genera l ly  or iented a t  45' t o  the loops. More c i r c u l a r  images are probably voids, as can be 
v e r i f i e d  by comparison w i th  Figure 4b. I n  Figure 4b, only one of the sets o f  small h igh ly  elongated loops 
i s  v i s i b l e ,  whereas two sets o f  longer d i s loca t ion  l i n e  segments ( i n  weaker cont ras t )  can be i d e n t i f i e d .  
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t i o n  a t  420°C t o  (a )  34 dpa and (b) 103 dpa. 



This comparison ind icates t h a t  the small loops have at100> Burgers vectors and the  d i s loca t ion  l i n e  
segments are o f  type a/2 till>. 
grain,  can be used t o  demonstrate t h a t  the at100> loops are s i m i l a r  i n  s i ze  t o  those i n  7.5Cr-2W martensi te 
but the dens i ty  o f  a/2 tllb d is loca t ion  i s  reduced. 
f e r r i t e  g ra in  i n  HT-9. The at100> loops are s i m i l a r  i n  s ize  and dens i ty  but the dens i ty  o f  a/2 tllb 
d is loca t ion  l i n e  segments appears t o  be lower than i n  the other a l loys .  Therefore, although differences can 
be i d e n t i f i e d  f o r  a/2 till> d is loca t ion  l i n e  segment development, the s i ze  and d i s t r i b u t i o n  o f  at100> loops 
are remarkably s i m i l a r  i n  the three al loys,  considering the d i f fe rences i n  vo id  evolut ion.  

The p r e c i p i t a t e  s t ruc tu re  formed dur ing i r r a d i a t i o n  t o  34 dpa remained s tab le  t o  higher dose. 
and b provide comparisons o f  p r e c i p i t a t e  images using 9-314 <ZOO> dark f i e l d  imaging condi t ions for  HT-9 
i r r a d i a t e d  a t  34 and 1 3 dpa, respe t i v e l y .  The p r e c i p i t a t e  p a r t i c l e s  imaged are those i d e n t i f i e d  
previously as G phase,! o r  r) ( M S C ) . ~  Prec ip i ta te  d i s t r i b u t i o n s  show on ly  modest increases i n  size, 
i n d i c a t i n g  t h a t  t h i s  phase has s tab i l i zed,  and w i l l  no t  change s i g n i f i c a n t l y  w i t h  f u r t h e r  i r r a d i a t i o n .  

Figures 4c and d, showing s i m i l a r  images f o r  1OCr-2W i n  a d e l t a  f e r r i t e  

Figures 4e and f g ive  s i m i l a r  images f o r  a d e l t a  

Figures 5a 

Figure 5 .  Prec ip i ta tes  i n  HT-9 fo l lowing i r r a d i a t i o n  a t  420'C t o  (a) 34 dpa and (b) 103 dpa. 

Microstructures - 365'C 

Microst ruc tura l  evo lu t ion a t  365'C from 11 t o  36 dpa was s i m i l a r  t o  t h a t  found a t  420'C, cons is t ing 
p r i n c i p a l l y  o f  vo id  nucleat ion and growth. 
fo l l ow ing  i r r a d i a t i o n  t o  11 dpa, a f t e r  36 dpa, GA3X had also developed a non-uniformly d i s t r i bu ted ,  low 
dens i ty  of c a v i t i e s  whi le  HT-9 showed no vo id  swel l ing.  Also, the vo id  dens i ty  i n  GA4X had increased by 36 
dpa so t h a t  the accumulated swel l ing  was dominated by the increased void nucleation. 
p r e c i p i t a t e  s t ruc tures were r e l a t i v e l y  unchanged, although evidence f o r  new d i s l o c a t i o n  loop evo lu t i on  in  
GA3X was i d e n t i f i e d .  

Whereas on ly  GA4X had developed a non-uniform ar ray  of voids 

Dis locat ion and 

Examples o f  vo id  development a t  365% are given i n  Figure 6. 
voids w i t h i n  martensi te l a t h s  i n  GA3X i r r a d i a t e d  t o  36 dpa. 
size, w i th  nearby regions containing no voids. 
Figures 6b and c provide comparison o f  vo id  development with fncreased dose i n  GA4X. 
behavior i n  a d e l t a  f e r r i t e  g ra in  i s  shown. Void development a t  11 dpa consists o f  i r r e g u l a r l y  shaped, non- 
uniformly d i s t r i b u t e d  voids. of smaller v o ' > ~  . ,  3 - . ~ ~  ~ .-.-.. ~ ~ ~ . ~ . ~  ..~. - ~ ~ ~ . ~  .I ~ ~ ~ . C  - I -~~-  -.... 

dpa vo id  nucli  
appear t o  havi 
Figure 6d. 

Figure 6a shows two small regions containing 

Such response i s  t y p i c a l  of the s t a r t  of vo id  development. 
The voids are facetted and vary g r e a t l y  f n  

I n  both cases, 

These voids are retained fo l l ow ing  i r r a d i a t i o n  t o  36 dpa, w i t h  a high dens i ty  
'letween 11 and 36 
HT-9 does not 
e i s  given i n  

ias  aaaea. ine smaller voios are equiaxea ana unirorm i n  snape. inererore, o 
eation and growth occurred i n  GA4X, producing a uniform void array. However, 
e developed vo id  swel l ing  a t  365'C even t o  doses as h igh as 36 dpa. An exampl 

friirtiirm opnoratml a t  1 6 5 T  a r e  chnwn i n  F io i i rp  7. ThP d i c l n r a t i n n  a r r a v c  i n  D is locat ion s'-, _ _  _ _ _  - _. - . __ . .=-. - . . _. . - ~ -  ..I GA3X were 
dominated bv the as-tempered s t ruc tu re  fo l l ow inq  i r r a d i a t i o n  a t  365% t o  11 dpa, as shown i n  Fiqure 7a. 
However, a f t e r  i r r a d i a t i o n  t o  36 dpa, examples of wel l  developed d i s loca t ion  loops were found. -An example 
i n  Figure 7b shows t y p i c a l  subgrain boundary structure,  d is locat ions retained dur ing the tempering process 
and wel l  def ined loops ranging i n  s ize from 7 t o  50 nm. 
i r r a d i a t i o n  a t  365% t o  36 dpa was s i m i l a r  t o  t h a t  found fol lowing i r r a d i a t i o n  a t  420% t o  103 dpa. An 
example a t  365°C t o  36 dpa i s  given i n  Figures 7c and d showing the d i s loca t ion  s t ruc ture  under 9-110 and 
9-200 cont ras t  condi t ions w i t h  the f o i l  o r i en ta t i on  near (001). Comparison o f  the images again reveals 
tha t  most of the loops present have at200> Burgers vectors and the longer l i n e  segments are o f  af2 t l l b  
type. When Figures lc  and d are compared w i t h  Figures 4c and d (shown a t  ha l f  the magnif ication), i t  i s  
apparent tha t  the d i s t r i b u t i o n  o f  Burgers vectors i s  s i m i l a r  i n  the two cases and, surpr is ing ly ,  t he  loop 
sizes are a lso s im i la r .  
greater loop growth. 

For GA4X, the d i s loca t ion  s t ruc ture  found fo l l ow ing  

I n  most cases, an increase i n  both i r r a d i a t i o n  temperature and dose would r esu l t  i n  
Examples o f  d i s loca t ion  structures i n  HT-9 are not shown because the images obtained 
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re 7. Comparison of dislocation structures following irradiation at 365°C under different imaging 
r n n d i t i n n c .  CA?X l a \  to 11 doa in 4-110 contrast and (b) to 36 dpa in g=110 contrast, and GA4X to 

\-, -~ ~~ 
.",,"," .-.._. 
36 dpa in (c) g=110 contrast' and (2) g=200 contrast. 
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Figure 8. Precipitates in HT-9 following irradiation at 365'C to (a) 11 dpa and (b) 36 dpa. 

were difficult to interpret. The complex images are believed to be due to precipitation found in this 
condition. 

Precipitation response at 365'C was also similar to that found at 420%. A comparison is provided in 
Figure 8, showing dark field precipitate images in HT-9 following irradiation to 11 dpa in 8a and to 36 dpa 
in 8b. The images of Figure 8a are complicated by competing matrix contrast; however, the precipitates 
appear as the smaller bright equiaxed features distributed fairly uniformly throughout the specimen. The 
imaging conditions are improved in Figure 8b, showing the particles more clearly, but although more of the 
larger particles are present at higher dose, the range of particle sizes is similar. Comparison of Figure 8 
with Figure 5 demonstrations that irradiation at 365'C produces a higher density of smaller particles (the 
magnifications in this comparison are the same). Therefore, increases in hardening due to precipitation can 
be expected for lower irradiation temperature. 

Microstructural and Microchemical Analysis 

Quantitative measurements of void swelling and dislocation density have been made and are included in 
Table 2. Dislocation densities given are direct measurements from images using 9-110, uncorrected for 
dislocations out of contrast. Void swelling is found to be generally less than 1%, the only value obtained 
higher than 1% being for the ferrite phase in GA4X irradiated at 420'C to 103 dpa, where 2% swelling was 
measured. 
temperature. Large variations in swelling, as high as a factor of 3 or 4. were found from area to area in a 
given condition. These large swelling variations were more often a result of differences in vo 
tha due to variations in mean void diameter. Void densities were generally in the range of 10 
cm-51dith nly minor differences due to irradiation temperature. Dislocation densities were on the order of 
2x10 

Increasing dose always resulted in increased swelling for a given alloy and irradiation 

it pf;H 
c d ,  and were insensitive to irradiation temperature. 

The microstructurally based results in Table 2 differ with the density change measurements given in Table 1. 
Void swelling at 420% is found to be higher in GA3X than in HT-9, whereas density measurements predict the 
reverse. Such response is usually explained as due to compensating effects from densification due to phase 
instability. 
alloy. This disagreement may be a consequence of precipitation not recognized during microstructural 
examination, but generally phase instability is similar at 365 and 420%. Therefore, the disparity appears 
to be within the GA3X results and a straightforward explanation cannot yet be provided. Of course, in use, 
the macroscopic swelling is the more important parameter. However, extrapolation of the results beyond the limited A-&- I.___ _. _ _  ..__I _-_.-. 21.- I. LL. ..-L...--?.- -..L.-2 ~~ 

However, based on microstructural examinations, HT-9 is expected to be the more unstable 

udLa uabe rrquir-e> an unuersranuiny LO rne conrroiiiny mecnanisms. 

shows preliminary results of x-ray dispersive analysis for extraction replica7 
.^A -& a-n.,. .- I".) -I..- ^^___"-A & -  ,&- -.&-J--A ...._.. 1 1.. 1 -..-I A _ _ _  . Table 3 if specinens 

irradiatsu *L . ~ L V  L CY NJ upa W W ~ W W  LV ~ ~ D U I L I  V U L ~ U I W U  ~ V W U U U ~ I J  a~ IVIW UUS=.-, 

indicated that tungsten additions in low activation martensitic steels tend to concentrate in M2 c6, but 
some intermetallic formation occurs. Of particular note is the observation of considerable levefs of nicke 
in precipitates extracted from HT-9. HT-9 generally contains 0.5 Ni, as was verified for the present heat, 
and concentration of the nickel in precipitate particles is therefore limited. Nickel levels rarely exceed 
10% in HT-9 precipitate  particle^.^ Therefore, the high levels of nickel given for HT-9 precipitates in 
Table 3 are unexpected and difficult to explain. 

These results 

1 
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Table 2. Sumnary o f  quan t i t a t i ve  microst ruc tura l  measurements. 

GA3X 

GA4X 

HT-9 

Void Dis locat ion 
I r rad .  Spec. Phase Number 

( ' C )  (dpa) (X) 0 
365 36 KZ07 M 0.0 0.0 
420 34 K107 M 0.08 25.5 9.lXlOl3 2.1X1010 
420 103 K307 M 0.41 27.3 4 . 3 ~ 1 0 ~ ~  

M 0.74 30.2 5.6~1014 1 . 8 ~ 1 0 ~ ~  
M 0.98 31.8 5 . 4 ~ 1 0 ~ ~  1 . 9 ~ 1 0 ~ ~  

365 
365 

420 

420 

11 KX99 
36 KZ99 

34 K199 

103 K399 

F 0.05 16.7 2 . 7 ~ 1 0 ~ ~  2 . 1 ~ 1 0 ~ ~  
F 0.55 16.6 1.20~1015 
F 0.16 14.2 l.ZZxl,:5 
F 0.27 36.3 9 .4~10  1 . 8 ~ 1 0 ~ ~  
Fb 0.35 30.3 3 . 5 ~ 1 0 ~ ~  .... 
M 0.47 27.8 3 . 8 ~ 1 0 ~ ~  

F 0.84 41.2 3 . 2 ~ 1 0 ~ ~  
F 2.01 34.8 1 . 0 5 ~ 1 0 ~ ~  2 . 5 ~ 1 0 ~ ~ ~  

M 0.71 39.4 2.2~1014 

365 36 DO9 M 0.0 0.0 
420 103 K309 M 0.41 17.7 1.26~1,:~ 

M 0.24 18.5 7 .1~10  
M 0.39 19.6 1 . 2 7 ~ 1 0 ~ ~  2.9X1010 
F 0.35 16.1 1 . 9 1 ~ 1 0 ~ ~  
F 0.44 16.7 1 . 9 7 ~ 1 0 ~ ~  

a. Phases analyzed where M-martensite and F=delta f e r r i t e .  
b. For a reg ion w i t h  enhanced vo id  dens i ty  near a grainlpundary. 
c. measur ent f at100> loops i n  same area gave 1 . 9 ~ 1 0  loops/cm3 a t  a d i s loca t ion  dens i ty  o f  

1 . 6 ~ 1 0 ~ ~  cm-$ 

Table 3. Compositions ( i n  weight percent) o f  extracted p r e c i p i t a t e  pa r t i c les .  

Sample Identity Specimen Irradiation Composition No. Identi- 
Other Measured fication n - V - Alloy ID Condition Fe Cr Mo - _ _ -  

GUX 

GA4X 

HT-9 

07 

KX07 
K107 

99 
KX99 

K199 

K399 

09 
M 0 9  
K109 

a 0 9  

control 28-34 43-51 

365'C lldpa 26-31 49-53 
426'C 34dpa 19-30 51-61 

17-25 33-49 

30 37 
19-26 
33 
19-21 
13-27 
31-50 

0-0.8 14-24 
60 

426°C 34dpa 24-31 57162 0-0.6 12117 13 M23c67 , 
27 30 

control not available 
365'C lldpa 21-29 56-58 

7Q 
9 M23c6 

11t1 1 Laves? 

49 51 
46 36 

420'C 103dpa 21-29 55-61 
5.6 - 0-.4 13-23 

control 25-29 57-62 6-11 0-2 0-4 0-2 20 W3c6 
365°C lldpa 28-31 60-72 0-9 0-1 0-5 10 M23C6 

25-27 57-68 6-8 0-1 0-13 0-1.5 0-5Ni 10 Mz3C6 
20-24 55-56 6-7 0-1 3-5 11-12Ni 2 G? 426°C 34dpa 

0-1 99-100 3 n' 
4-8 0-.8 0-3 1-4 1-12Ni 19 w3C6 

5-12 14-28Ni 4 61 
420°C 103dpa 22-29 55-66 

5-22 78-95 3 n' 
17-24 36-53 4-6 0-.7 

68 28 4Mn 1 Laves? 

Discussion 

The purpose o f  the  present e f f o r t  was t o  determine the a p p l i c a b i l i t y  o f  tungsten s tab i l i zed,  mar tens i t i c  
s tee ls  f o r  fus ion reactor  s t ruc tu ra l  mater ia ls  by examining the microstructures o f  specimens i r r a d i a t e d  t o  



113 

high dose. 
swelling and tungsten stabilized steels behaved similarly. 
ferritic steels, the swelling remains low a Even to higher doses, the swelling 
rate is expected to remain below 0.06%/d~a.~ Therefore, tungsten stabilized martensitic steels demonstrate 
the low swelling potential of the martensitic steel class. 

The potential for phase instability due to tungsten additions on the order of 2% also appears to be of 
little concern. Intermetallic phase formation was encountered at lower dose, but the results for specimens 
irradiated to higher dose levels indicates that tungsten is concentrating in M? Cg carbide particles and 
therefore, intermetallic formation is not expected to degrade properties at still higher doses. 
Therefore, tungsten stabilized, martensitic steels appear to be viable candidates for low activation fusion 
reactor structural materials. In line with this conclusion, efforts have been initiated to obtain 
mechanical properties data for these steels following irradiation to high dose. 
(NKK) has kindly provided 300 pound heats of GA3X and GA4X and these heats are being used for further 
testing. 
prepared for irradiation in FFTF/MOTA ZA. Although initially unsuccessful, efforts to produce tubing 
suitable for pressurized tube fabrication will be continued so that thermal and irradiation creep behavior 
can also be obtained. 
tungsten stabilized, martensitic stainless steel alloy class. 

CONCLUSIONS 

Microstructural examination of tungsten stabilized, martensitic and ferritic stainless steels irradiated to 
high dose has shown that these steels have excellent irradiation resistance. 
martensitic steel is comparable to that found in other martensitic steels and void swelling in the ferritic 
steel is lower than that found in similar simple alloys, with behavior to higher doses expected to remain 
low. Phase instability appears to be improving with increasing dose as indicated by the concentration of 
tungsten in already present M23C 
These alloys should be considerei'viable candidates for low activation fusion reactor structural materials. 

The results of those examinations are very encouraging. Martensitic steels were found to be low 
Void development is observed, but as with 

a dose as high as 100 dpa. 

Nippon Kokan Corporation 

Swelling/microstructure, tensile, charpy and fracture toughness specimens have been fabricated and 

This effort is intended to provide a limited mechanical properties data base for the 

Void swelling in the 

and reduced formation of intermetallic phases such as chi and Laves. 

FUTURE WORK 

This work is completed. The next phase of this effort involves irradiation of new heats of GA3X. GA4X and 
HT-9 mechanical properties specimens to very high dose in order to determine mechanical property response. 
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IRRADIATION C EEP OF THE FUSION HEATS OF HT9 AND 9Cr-1Mo IN FFTF/MOTA - F. A. Garner, Pacific Northwest 
Laboratory; (a 7 .  R. J Puigh, Westinghouse Hanford Company 

OBJECTIVE 

The objective of this effort is to provide irradiation creep data for application to fusion reactor design. 

SUMMARY 

Steady-state swelling of HT9 and 9Cr-1Mo appears to develop after 75 dpa for irradiation temperatures in the 
range 403-41O'C. The rate of swelling in the stress-free condition is very low, on the order of O.OIS%/dpa. 
Steady-state creep rates also develop concurrently, with creep not only proportional to the applied stress 
above a certain level but also to the swelling rate. 
ferritic/martensitic alloys appears to be very close to that of austenitic alloys. At 520% the creep rate 
is linear with stress at all stress levels but at 600'C these alloys exhibit stress exponents greater than 
unity, reflecting the onset of thermal creep possibly activated by phase instabilities. 

The creep-swelling coupling coefficient for these 

PROGRESS AND STATUS 

Ferritic/martensitic alloys are presently being considered as potential structural materials for future 
fusion reactors. 
creep. 
diameter changes of gas-pressurized tubes following irradiation. 
change data of two fusion candidate alloys, HT9 and 9Cr-1Mo. 

Several of the properties of interest are radiation-induced void swelling and irradiation 
These are known to be interactive phenomena and can be studied relatively easily by measuring the 

In this report are presented dimensional 

Heat 130176 of 9Cr-1Mo (1038T/5min/AC + 760'C/lh/AC) and heat t9607R2 (1038'C/5min/AC + 76O0C/2.5h/AC) of 
HT9 were irradiated in FFTF/MOTA in the form of 2.24 cm long helium-pressurized tubes possessing outer and 
inner diameters of (4.55, 4.22 mn) for 9Cr-1Mo and (4.78, 4.17 mm) for HT9 respectively. Compositions of 
these alloys is given in Table 1. 
diameters measured at five equidistant positions using a non-contacting laser system. 
irradiation interval the temperature was actively controlled within t50C. 

The specimens were removed periodically from the reactor and their 
During any one 

Table 1. Chemical Compositions (Weight Percent) 

Alloy 
Y N  (Heaf No.) Fe C Mn P S S i  N i  Cr Mo Y N b T a  T i  Co CU A1 B 

HT9 (9607R2) Bal. 0.20 0.57 0.016 0.003 0.17 0.51 12.1 1.04 0.28 - -  0.001 <0.05 0.07 0.007 <0.001 0.45 0.027 

PCr-lMo (301761 Bal. 0.081 0.37 0,010 0.003 0.11 0.09 8.61 0.89 0.209 0.072 0.004 0.010 0.04 0.007 <O.W 4 . 0 1  0.055 

Results 
Figure shows he diametral changes observed in both alloys to exposures slightly in excess of 
31 x 10j2 n (E>O.IMeV) in an irradiation series where the temperature ranged from 403 to 426'C over the 
five MOTA cycles inhabited by these tubes. The exact temperature sequence is shown in Figure 1. 

The stress-free curves show that a diameter change, presumably due to void swelling, occurs in both alloys 
after a relatively long incubation period. In general, HT9 appears to creep and swell at similar rates 
compared to 9Cr-1Mo. 
developed after 15 x IOg2 n cm-j (E>O.lMeV) or -75 dpa. 

Figure 2 shows that both alloys exhibit a linear creep r e depe dence on stress for hoop stress levels 
greater than 50 MPa for fluences on the order of 10 x IO@ n cm-? (E>O.IMeV) or -50 dpa, but there is some 
obvious nonlinearity below 50 MPa, suggesting a stress-initiated process that possible involves a direct 
effect of stress on the phase or void evolution of the microstructure. 

For the 520 and SOO'C temperature conditions the specimen and irradiation matrix is much more limited than 
that of -4OO'C. 
temperatures o f  SOO'C, however, the creep of both alloys exhibits a stress exponent greater than unity, 

I both a loys an apparent steady-state diametral change rate appears to have 

As shown in Figure 3 linear behavior is observed in 9Cr-1Mo and HT9 at 5 2 O O C .  At 

(a) Operated for the U . S .  Department of Energy by Battelle Memorial Institute under Contract 
DE-AC06-76RLO 1830. 
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4 ,  I 

t 9Cr-1Mo I 

J HT-9 

Neutron Fluence, nicrn' (EzO.1 MeV) 
18911091.16 

Figure 1. 
hoop stress levels for each curve are given. 

Diametral strains observed in 9Cr-1Mo and HT9 during irradiation at 403-426T in FFTF/MOTA. The 

3 
9 0 - 1  Mo 

403-426 'C 

HOOD Stress. MPa 
1*~1001.,1 

Figure 2. Stress dependence of diame ral strain in 9Cr-1Mo and HT9 during irradiation at 403-426'C. 
Exposure levels are in units of n cm- i (E>O.lMeV). 
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4 

9Cr-1Mo 
590-605 "C 

16.6 x 10 

I 
I 

3 -  I 8.5 x 10 

HT-9 22 
7.7 x 10 
600 "C 

n mi2 (E,O.I M ~ V )  

HT-9 
I 5.2 x IOz2 

200 

2 -  

0 150 
Hoop Stress, MPa 

Figure 3. Stress dependence of diametral strain in 9Cr-1Mo and HT9 during irradiation for various 
combinations of alloy, temperature and fluence. Two HT9 capsules at 6 0 0 T  failed at 100 and 140 MPa and are 
not shown; one 9Cr-1Mo capsule at 605% and 140 MPa also failed. 

probably reflecting the onset of thermal creep which may be activated by phase instabilities. 
develops a nonlinear stress dependence sooner than 9Cr-1Mo. 

Discussion 

If we use the 0 and 200 MPa data for HT we c n der ve a stress-free swelling rate of O.O15%/dpa and a creep 

bound estimate of 8=1.4 x 10- 
alloys to be valid for these alloys, then D = 0.78 x 10- 1 MPa - '  l. A more detailed analysis is required at 
this point to co pletely separate the contributions of Bo and 0, but it is ob ious that D is on the order of  
51.0 x 
of  austenitic alloys.1-8 

Conclusions 

Steady-state swelling of H79 and 9Cr-1Mo appears to develop after 75 dpa for irradiation temperatures in the 
range 403-41O'C. The rate of swelling in the stress-free condition is very low, on the order of O.O15%/dpa. 
Steady-state creep rates also develop concurrently, with creep not only proportional to the applied stress 
above a certain level but also to the swelling rate. 
ferritic martensitic alloys appears to be very close to that of austenitic alloys. At 520'C the creep rate 
is linear with stress at all stress levels but at 600'C these alloys exhibit stress exponents greater than 
unity, probably reflecting the onset of thermal creep associated with phase instabilities. 

Note that HT9 

coefficient B = (B t 0s) of g.19 x 10- 2 a i  MPa- dpa' . If we assume B t be z ro we can calculate an upper 
MPa. If we assume the va ue of 1 0 x P O - g  MPa-? dpa-l used for austenitic 

MPa-T, in r markable agreement with the value of -0.6 x MPa- Y obtained for a large variety 

The creep-swelling coupling coefficient for these 

FUTURE WORK 

This effort will continue, focusing on a more detailed numerical analysis of the data. 
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MICROSTRUCTURAL EVOLUTION OF MARTENSITIC STEELS DURING FAST NEUTRON IRRADIATION - P. J. Maziasz (Oak 
Ridge National Laboratory) 

OBJECTIVE 

The purpose o f  t h i s  work i s  comparison o f  reactor- i r rad ia ted and long- tern thermal ly aged specimens 
o f  9Cr-1MoVNb s tee l  t o  d i s t i ngu ish  displacement damage e f fec ts  from those due t o  elevated-temperature 
exposure alone. 

SUMMARY 

The microstructure of 9Cr-1MoVNb steel  evolves q u i t e  d i f f e r e n t l y  dur ing thermal aging and dur ing 
neutron i r rad ia t i on .  During thermal aging a t  temperatures o f  482 t o  600OC f o r  times up t o  25,000 h, the 
as-tempered microstructure of la th lsubgra in  boundaries and carbides (M23C6 and MC) remains unchanged 
whi le  f i lms and p a r t i c l e s  o f  Laves phase form along gra in  and subgrain boundaries, and dense dispersions 
of f ine  VC needles form i n  the matrix. By contrast, High Flux Isotope Reactor (HFIR) i r r a d i a t i o n  a t  300 
t o  500°C t o  37 t o  39 dpa (about 10.000 h) causes the as-tempered subgrain boundary and carbide p rec ip i ta te  
s t ruc tu re  t o  become unstable, but does not produce p r e c i p i t a t i o n  o f  any new phases. I r r a d i a t i o n  i n  HFIR 
causes p a r t i a l  d i sso lu t i on  of MZ3C6. coarsening and compositional evolut ion o f  MC, and recovery and coar- 
sening o f  the la th lsubgra in  structure. 

PROGRESS AND STATUS 

In t roduct ion 

I r r a d i a t i o n  o f  m a r t e n s i t i c / f e r r i t l c  s tee ls  w i t h  fast  neutrons (E > 0.1 MeV) t o  displacement damage 
leve ls  of 30 t o  50 dpa a t  temperatures of 300 t o  500'C produces s ign i f i can t  changes i n  the  as-tempered 
m i c r o s t r ~ c t u r e . * - ~  Dis locat ion loops and networks can be produced, i r rad ia t ion- induced p rec ip i ta tes  can 
form, the la th lsubgra in  boundary s t ruc tu re  and the thermal p rec ip i ta tes  produced dur ing tempering can 
become unstable, and i f  helium i s  present, bubbles and volds can form. These microst ruc tura l  changes 
caused by i r r a d i a t i o n  can have important effects on the proper t ies  o f  t h i s  class of steels for  both fast  
breeder reactor (FER) and magnetic fusion reactor (MFR) appl icat ions.  The purpose of t h i s  report  i s  t o  
compare reactor- i r rad ia ted and long-term thermal ly aged 9Cr-1MoVNb specimens. i n  order t o  d i s t i ngu ish  
e f f e c t s  due t o  displacement damage from those caused by elevated-temperature exposure alone. 

Results - 

9Cr-1MoVNb A ed t o  25.000 h - Microstructures o f  specimens aged a t  482 t o  706'C for 10,000 and 
25,000 h have bee: examined using ana ly t i ca l  e lec t ron microscopy (AEM).S The mfcrostructure of 
normalized-and tempered (1 h a t  760OC) 9Cr-1MoVNb consists of la th lsubgra in  boundaries from the  p r i o r  
mar tens i t ic  structure,  some i n t r a l a t h  dis locat ions,  and mainly coarser M& and some f i ne r  MC prec ip i ta-  
t ion.  This microstructure remains stable up t o  6OO0C, but coarsens somewhat a t  h igher temperatures. 
A f t e r  25,000 h a t  aging temperatures below 6OO0C, a dense dispersion of f ine  vanadium-rich MC needle pre- 
c i p i t a t e s  was found w i t h i n  the la ths  together w i th  a substant ia l  increase i n  d i s loca t ion  density, and 
coarser Laves phase p a r t i c l e s  were found alono the suborain boundaries. 
be maximum a t  482 t o  538OC; 

These aaina e f f e c t s  appeared t o  ~.. - ~ ~~ ~ 

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

.7 - .- ~ 

t he  microstructure a t  538°C i s  shown i n  Fig. 1. 

n HFIR t o  37 t o  39 d a - Microstructures of specimens i r r a d i a t e d  
n A n n  L .  .. . I,-. n Lp.. _ 1 _ _  L.._ "r" 1 - 1  ,- ___* 

9Cr-1MoVNb I r rad ia ted  i a t  300 t o  
6OO0C t o  31 t o  39 dpa (about iv,uvu n l  i n  n r i n  nave a t so  oeen examinee using R C ~ . -  - 
thermal ly aged mater ia l ,  the as-tempered microstructure i s  unstable dur ing i r r a d i a t i o n  i n  HFIR a t  300 t o  
500°C. but shows almost no e f fec ts  of i r r a d i a t i o n  a t  60OOC. I r r a d i a t i o n  induces recovery and coarsening 
of the la th lsubgra in  structure,  d i sso lu t i on  o f  M23C6 and MC (w i th  some coarsening and COmpOSitiOnal evo- 
l u t i o n  o f  the l a t t e r ) ,  and formation o f  d i s loca t ion  loo  s and networks, w i th  a l l  o f  these e f f e c t s  being 
most pronounced a t  the lowest i r r a d i a t i o n  temperatures.! The microstructure produced i n  9Cr-1MoVNb by 
HFIR i r r a d i a t i o n  a t  500OC i s  shown i n  Fig. 1. This s tee l  contains about 0.1 w t  X N i ,  so t h a t  HFIR i r r a -  
d i a t i o n  t o  37 t o  39 dpa also produced about 32 appm He (refs. 1.2). 
found a t  4OO0C, and only small bubbles were detected a t  600°C; no c a v i t i e s  were detected a t  300 and 50OoC 
(refs. 1.2). 
d ia t ion,  although a var ie ty  o f  radiation- induced phases can form i n  s i m i l a r  m a r t e n s i t i c l f e r r i t i c  s tee ls  
dur ing reactor i r r a d i a t i o n  a t  400 t o  500°C.3 

i n  w r i r r a s t  t o  

Voids and f ine helium bubbles were 

No add i t iona l  p rec ip i ta te  phases were produced i n  the 9Cr-1MoVNb s tee l  dur ing HFIR i r r a -  



118 

ORNL PHOTO 7802-89 

Fig. 1. Transmission e l e c t r o n  microscopy o f  9Cr-1MoVNb a f t e r  ( a )  HFIR i r r a d i a t i o n  a t  500°C t o  
38 dpa, and (b )  and ( c )  thermal aging a t  53VC f o r  25,000 h. 
w h i l e  ( c )  shows f i n e  VC p r e c i p i t a t e s  imaged i n  dark f i e l d  a t  h igher  magni f icat ion.  

(a )  and (b )  a re  a t  t he  same magn i f i ca t ion ,  

Discussion 

Several d i f f e rences  i n  t h e  m ic ros t ruc tu ra l  e v o l u t i o n  o f  9Cr-1MoVNb s tee l  a re  obvious from t h e  com- 

1. 
par ison  o f  t he rma l l y  aged and HFIR- i r rad ia ted  specimens: 

they  do n o t  du r i ng  aging. 
The as-tempered subgrain s t r u c t u r e  and p r e c i p i t a t e s  become uns tab le  du r i ng  i r r a d i a t i o n ,  whereas 
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2. Laves phase forms du r i ng  aging, bu t  no t  dur ing  i r r a d i a t i o n .  
3. The d i s l o c a t i o n  concent ra t ion  w i t h i n  l a t h s  i s  h igher  a f t e r  aging than a f t e r  i r r a d i a t i o n .  
The e f f e c t s  of i r r a d i a t i o n  are caused by several mechanisms a c t i n g  i n  concert  t h a t  i nc l ude  

(a )  cascade damage, ( b )  a n n i h i l a t i o n ,  accumulation and/or m ig ra t i on  of radiat ion-produced p o i n t  defects, 
and ( c )  rad ia t ion- induced segregat ion (RIS) and enhanced thermal d i f f u s i o n  caused by t he  f luxes of 
rad ia t ion- induced p o i n t  defects. 
supersaturat ion,  and recovery processes. 

The f i n e  VC 
p r e c i p i t a t i o n  w i t h i n  l a t h s  i s  l i k e l y  t o  be due t o  a d d i t i o n a l  supersa tura t ion  o f  carbon a t  temperatures 
s u f f i c i e n t l y  below the  tempering temperature. The development o f  Laves phase a long subgrain boundaries 
and between or around carb ide  p a r t i c l e s  sug es t s  t h a t  dep le t i on  of carbon from t h e  m a t r i x  t r i g g e r s  f o r-  
mat i on o f  t h i s  carbon- free i ntermetal  1 i c. 9 %  

The e f f e c t s  of thermal aging are d r i ven  by thermal d i f f us i on ,  so lu te  

Dur ing long- term aging, t he re  appears t o  be no recovery o f  t he  as-tempered s t r uc tu re .  

Dur ing reac to r  i r r a d i a t i o n ,  t he  temperature dependence o f  t he  m ic ros t ruc tu ra l  changes, p a r t i c u l a r l y  
i n s t a b i l i t y  o f  t he  as-tempered s t r uc tu re ,  suggests t h a t  i r r ad ia t i on- induced  po in t - de fec t  e f f e c t s  are t he  
cause, r a t h e r  than radiat ion-enhanced thermal d i f f u s i o n .  However, t he  exact mechanism (or mechanisms) 
i s  not  completely 
60OoC dur ing  thermal aging, i s  re ta rded du r i ng  HFIR i r r a d i a t i o n ,  a t  l e a s t  a t  500°C. 
d i f f e rences  between thermal segregat ion and R I S ,  as we l l  as due t o  ma t r i x  composit ional d i f ferences i n  
t he  two cases. 
p a r t i a l  d i s s o l u t i o n  o f  as-tempered carbides w i t h  no a d d i t i o n a l  p r e c i p i t a t i o n  may he lp  exp la i n  t he  absence 
of Laves phase du r i ng  i r r a d i a t i o n .  

It does appear t h a t  Laves phase, which p r e c i p i t a t e s  abundantly from 482 t o  
Th is  cou ld  be due t o  

I f  Laves forms due t o  carbon dep le t i on  dur ing  aging, then increased ma t r i x  carbon due t o  

CONCLUSIONS 

The m ic ros t ruc tu re  of 9Cr-1MoVNb s tee l  evolves q u i t e  d i f f e r e n t l y  dur ing  thermal aging and du r i ng  
neutron i r r a d i a t i o n .  
as-tempered m ic ros t ruc tu re  of l a t h l subg ra in  boundaries and carbides (MZ3C6 and MC) remains unchanged 
w h i l e  f i l m s  and p a r t i c l e s  of Laves phase form along g ra i n  and subgrain boundaries and dense d ispers ions  
of f i ne  VC needles form i n  t h e  mat r i x .  By cont ras t ,  HFIR i r r a d i a t i o n  a t  300 t o  5 0 0 T  t o  37 t o  39 dpa 
(about 10.000 h )  causes t he  as-tempered subgrain boundary and carb ide  p r e c i p i t a t e  s t r u c t u r e  t o  become 
unstable,  bu t  does no t  produce p r e c i p i t a t i o n  o f  any new phases. 
d i s s o l u t i o n  of MZ3C6,  coarsening and composi t ional  evo lu t i on  o f  MC, and recovery and coarsening of t he  
l a t h l s u b g r a i n  boundary s t ruc tu re .  These d i f f e rences  i n  m i c ros t ruc tu ra l  evo lu t i on  may he lp  exp la i n  d i f -  
ferences i n  mechanical p rope r t i es  behavior i n  t he  two exposure environments. 
v i de  a d d i t i o n a l  i n s i g h t  i n t o  new p o t e n t i a l  avenues f o r  a l l o y  development t o  improve t h e  p rope r t i es ,  and 
suggest t h a t  t he  avenues f o r  optimum performance w i l l  nmst l i k e l y  be d i f f e r e n t  f o r  high- temperature and 
f o r  r eac to r  se rv i ce  environments. 

Dur ing thermal aging a t  temperatures o f  482 t o  600°C fo r  t imes up t o  25,000 h, t he  

I r r a d i a t i o n  i n  HFIR causes p a r t i a l  

Furthermore, they  may pro-  
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THE DEVELOPMENT OF FERRITIC STEELS FOR FAST INDUCED- RADIOACTIV ITY  DECAY -- R. L. Klueh (Oak Ridge 
Nat ional  Laboratory)  

OBJECTIVE 

Induced r a d i o a c t i v i t y  i n  t he  f i r s t - w a l l  and b l anke t - s t ruc tu re  ma te r i a l s  o f  a f us i on  reac to r  w i l l  
make these components h i g h l y  r a d i o a c t i v e  a f t e r  t h e i r  se r v i ce  l i f e t i m e ,  l ead ing  t o  d i f f i c u l t  r ad ioac t i ve  
waste-management problems. One way t o  minimize t he  d isposal  problem i s  t o  use s t r u c t u r a l  ma te r i a l s  i n  
which rad ioac t i ve  isotopes induced by i r r a d i a t i o n  decay qu i ck l y  t o  l e v e l s  t h a t  a l low s i m p l i f i e d  d isposal  
techniques. We are  assessing t he  f e a s i b i l i t y  of developing such f e r r i t i c  s t ee l s .  

SUMMARY 

I r r a d i a t i o n  of f e r r i t i c  s t ee l s  w i t h  neutrons i n  t he  temperature range o f  room temperature t o  -450'C 
r e s u l t s  i n  l a t t i c e  hardening, which causes an increase i n  s t r eng th  and a decrease i n  d u c t i l i t y .  
reduced- ac t iva t ion  Cr- W- V s t ee l s  w i t h  chromium concent ra t ions  vary ing  from 2.25 t o  12% were i r r a d i a t e d  a t  
365°C t o  - 7  dpa i n  t he  Fast F lux  Test F a c i l i t y .  
hardened l ess  than those con ta in ing  vanadium o r  tungsten alone o r  a s tee l  w i t h  1% W and 0.25% V. 
amount of hardening was s i m i l a r  f o r  C r- W- V  s t ee l s  w i t h  constant vanadium and tungsten concent ra t ions  and 
con ta i n i ng  2.25, 5 and 9% C r ;  a s t ee l  w i t h  12% C r  hardened considerably more. Specimens o f  two conven- 
t i o n a l  Cr-Mo s tee l s ,  9Cr-1MoVNb and lZCr-lMoVW, were a l so  i r r a d i a t e d ,  and t h e  hardening of these s t e e l s  
was s i m i l a r  t o  analogous reduced- ac t iva t ion  s tee l s .  

E igh t  

S tee ls  con ta in ing  t he  combination of 2% W and 0.25% V 
The 

PROGRESS AND STATUS 

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

When metals and a l l o y s  are i r r a d i a t e d  w i t h  neutrons a t  temperatures below about 0.35 T,, where T, i s  
t he  abso lu te  m e l t i n g  p o i n t  o f  t he  i r r a d i a t e d  ma te r i a l ,  i n t e r s t i t i a l s  are mobi le r e l a t i v e  t o  vacancies. 
and t he  i n t e r s t i t i a l s  combine t o  form d i s l o c a t i o n  loops. Th is  g ives r i s e  t o  an inc rease i n  s t r eng th  and 
a decrease i n  d u c t i l i t y .  Such hardening occurs i n  a l l  metals and a l l o y s ,  bu t  i t  i s  e s p e c i a l l y  impor tan t  
f o r  body-centered-cubic mater ia ls .  such as t h e  f e r r i t i c  s t ee l s .  I n  a d d i t i o n  t o  t he  l oss  o f  d u c t i l i t y  
t h a t  accompanies t he  s t r eng th  increase i n  these s tee ls ,  hardening a l so  a f f e c t s  toughness. I r r a d i a t i o n  of 
f e r r i t i c  s t ee l s  a t  temperatures up t o  -450°C can cause a l a r g e  increase i n  t he  d u c t i l e - t o - b r i t t l e  t r a n -  
s i t i o n  temperature and a decrease i n  t h e  upper- shel f  energy. 
over 200°C have been observed.' 

r a d i o a c t i v i t y  decay (FIRD s tee l s ) ,  a range o f  chromium composit ions i s  being i n v e ~ t i g a t e d , ~ - ~  as shown i n  
Table 1. These s t e e l s  were developed by rep lac i ng  molybdenum i n  Cr-Mo s t e e l s  w i t h  tungsten. A l l oys  w i t h  
2 1/4% C r  and con ta i n i ng  0.25% V (designated 2 1/4CrV), 2% W ( 2  1/4Cr-2W), 1% W and 0.25% V ( 2  1/4Cr- 
lWV), and 2% W and 0.25% V ( 2  1/4Cr-2WV) are being examined t o  determine t h e  e f f e c t  o f  tungsten and vana- 
dium on p rope r t i es .  Also, s t ee l s  w i t h  2% W and 0.25% V w i t h  5% C r  (5Cr-ZWV), 9% C r  (9Cr-ZWV). and 12% C r  
(12Cr-2WV) are be ing  examined. 
0.07% Ta was added t o  t he  9Cr-2WV s t e e l  composi t ion t o  o b t a i n  9Cr-2WVTa. which i s  analogous t o  9Cr-1MoVNb 
s tee l .  A carbon l e v e l  of 0.1% was mainta ined f o r  a l l  s tee ls .2  

Increases i n  t he  t r a n s i t i o n  temperature of 

I n  our reduced- ac t iva t ion  a l l o y  development program t o  develop s tee l s  w i t h  f as t  induced- 

The 12Cr-2WV s tee l  was meant t o  be analogous t o  12Cr-1MoVW s t e e l ,  and 

M ic ros t ruc tu re ,  t e n s i l e  pro e r t i e s ,  and impact behavior  o f  these e i gh t  s t ee l s  i n  t h e  u n i r r a d i a t e d  
cond i t i on  have been 
repo r t  i r r a d i a t i o n  hardening w i l l  be discussed. The r e s u l t s  w i l l  be compared w i t h  r e s u l t s  f o r  9Cr-1MoVNb 
and 12Cr-1MoVW s t e e l s  i r r a d i a t e d  s i m i l a r l y .  The 9Cr-1MoVNb and 12Cr-1MoVW s tee l s  are convent ional  f e r -  
r i t i c  s t e e l s  being considered f o r  fus ion  reac to r  mater ia ls .  

We have now i r r a d i a t e d  t e n s i l e  specimens o f  these s tee l s ,  and i n  t h i s  

Experimental Procedure 

E igh t  heats o f  s tee l  w i t h  nominal composit ions g iven i n  Table 1 were prepared. For  comparison, 
specimens of 9Cr-1MoVNb (heat 30176) and 1ZCr-1MoVW (9607-RZ) s t e e l  were a l so  i r r a d i a t e d  and tes ted .  
Me l t  composit ions f o r  t he  t e s t  ma te r i a l s  have been given.2 

Sheet t e n s i l e  specimens w i t h  a reduced gage sec t i on  of 7.62-m long  by 1.52-m wide by 0.76-mn t h i c k  

Normal iz ing invo lved  a u s t e n i t i z i n g  0.5 h a t  
were i r r a d i a t e d .  Specimens were machined w i t h  gage leng ths  p a r a l l e l  t o  t h e  r o l l i n g  d i r e c t i o n  and were 
i r r a d i a t e d  i n  t he  normalized-and-tempered (N ?J T) cond i t i on .  
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Table 1. Nominal composit ion of reduced- act ivat ion and 
convent ional  f e r r i t i c  s t ee l s  i r r a d i a t e d  and t es ted  

Nominal chemical composition,a wt % 

C r  W V N i  Mo Ta Nb C 
A l l o y  

2.25CrV 2.25 0.25 
2.25Cr-1WV 2.25 1.0 0.25 
2.25Cr-2W 2.25 2.0 
2.25Cr-2WV 2.25 2.0 0.25 
5Cr-2WV 5.0 2.0 0.25 
9Cr-2WV 9.0 2.0 0.25 
9Cr-2WVTa 9.0 2.0 0.25 0.07 

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 

12Cr-2WV 12.0 2.0 0.25 0.1 
9Cr-1MoVNb 9.0 0.25 1 0.06 0.1 
12Cr-1MoVW 12 0.5 0.25 0.5 1 0.2 

a8alance i r on .  

1O5O0C, except f o r  t h e  2 114Cr-2W 
s tee l  t h a t  was aus ten i t i zed  0.5 h a t  
900OC. ( A  normalized s t e e l  i s  gener- 
a l l y  defined as one t h a t  i s  a i r  cooled 
a f t e r  a u s t e n i t i z a t i o n .  However, t o  
minimize ox i  dat  i on, heat t reatments 
were c a r r i e d  out  i n  a f low ing  he l ium 
atmosphere and cooled by p u l l i n g  t he  
specimens i n t o  t he  hel ium-cooled c o l d  
zone o f  t he  tube furnace. Th is  heat 
t reatment  i s  here r e f e r r e d  t o  as 
normal iz ing) .  The 2 1/4CrV, 2 1/4Cr- 
I W V ,  and t he  2 1/4Cr-2W s tee l s  were 
tempered 1 h a t  700"C, and t he  o the r  
f i v e  s tee l s  were tempered 1 h a t  
750°C. The 9Cr-1MoVNb was normalized 
0.5 h a t  1040'C and tempered 1 h a t  
760°C; t he  12Cr-1MoVW was normalized 
0.5 h a t  1050°C and tempered 2.5 h a t  
780°C. Tests were made i n  vacuum on 
a 44-kN-capacity I n s t r o n  un i ve rsa l  
t e s t i n g  machine a t  a nominal s t r a i n  
r a t e  o f  1.1 x 10-31s. 

Specimens were i r r a d i a t e d  i n  t he  Fast F lux Test F a c i l i t y  (FFTF) i n  t he  below-core specimen c a n i s t e r  of 
t he  Ma te r i a l s  Open Test Assembly (MOTA). Th is  i r r a d i a t i o n  p o s i t i o n  i s  a sodium "weeper" t h a t  operates a t  
-365"C, which i s  s l i g h t l y  above t he  coo lan t  ambient temperature. 
2.1 x l o z 6  n/m2 (E >0.1 MeV), which produced displacement-damage l e v e l s  of -6.4 t o  7.6 dpa. 

Specimens were i r r a d i a t e d  t o  -1.8 t o  

Resul ts  
~ 

M ic ros t ruc tu res  of t h e  N 8 T t e n s i l e  specimens depended on t he  composit ion2: t he  f o u r  2 1/4Cr s tee l s  
were 100% b a i n i t e ;  t he  5Cr-2WV, 9Cr-2WV, and 9Cr-2WVTa s tee l s  were 100% mar tens i te ;  and 12Cr-2WV s tee l  con- 
ta i ned  25% d e l t a - f e r r i t e ,  t he  balance martensi te.  

Table 2 s u n a r i z e s  t he  t e n s i l e  r e s u l t s  f o r  t he  reduced- act ivat ion s t e e l s  a long w i t h  t he  convent ional  
Cr-Mo s tee ls .  A l l  s t ee l s  hardened du r i ng  i r r a d i a t i o n .  Hardening was accompanied by a decrease i n  d u c t i l i t y ,  
as measured by t he  t o t a l  e longat ion.  

Table 2.  Tens i l e  Proper t ies  o f  I r r a d i a t e d  Cr-W and Cr-Mo Stee ls  

Uni r r a d i a t e d  I r r a d i a t e d  

Strength, MPa Elongat ion Strength, MPa E longat ion  

Y i e l d  U l t ima te  
(%) 

Y i e l d  U l t ima te  
A l l o y  ( 9 )  

Tens i le  Tens i l e  

2 1/4CrV 649 723 12.0 952 980 6.2 
947 980 7.0 

2 l I4Cr-lWV 643 733 12.3 866 894 7.3 
983 1025 7.7 

2 1/4Cr-2W 509 618 13.7 787 821 8.7 
755 776 8.9 

2 114Cr-2WV 606 693 12.7 710 731 7.5 
867 890 8.1 

5Cr-2WV 537 645 13.0 733 774 8.8 
724 768 9.3 

9Cr-2WV 549 659 12.3 716 767 9.7 
703 761 10.7 

9Cr-2WVTa 544 652 12.3 661 716 10.8 
676 751 11.4 

12Cr-2WV 522 657 13.0 845 872 7.7 
868 907 8.3 

9Cr-1MoVNb 539 630 13.3 695 746 10.5 
688 744 10.0 

12Cr-1MoVW 556 738 14.3 901 965 9.3 
938 1001 9.8 

I n  F ig .  1, t h e  0.2% 
y i e l d  st resses f o r  t he  e i g h t  
reduced- ac t iva t ion  s tee l s  and 
9Cr-1MoVNb and 12Cr-1MoVW 
s tee l s  are compared i n  t h e  N 
8 T and i r r a d i a t e d  cond i t ions .  
Two specimens each were t e s t e d  
f o r  t he  i r r a d i a t e d  s tee l s ,  and 
t he  value used i n  F ig .  1 i s  
t he  average of t he  two. 
he igh t  o f  each bar  represents 
t he  s t r eng th  a f t e r  i r r a d i a t i o n  
and t he  lower p o r t i o n  repre-  
sents t he  s t r eng th  of t h e  N & 
T s tee l .  The t op  p o r t i o n  of 
each bar  represents t he  hard- 
ening caused by i r r a d i a t i o n .  

If the  y i e l d  s t r ess  
behavior f o r  t he  f o u r  s t ee l s  
con ta in ing  2.25% C r  i s  exa- 
mined, hardening appears t o  
be af fected by tungsten and 
vanadium concentrat ions.  
Steel  w i t h  t he  combination o f  
2% W and 0.25% V hardened t h e  
l e a s t  of these four  s t ee l s .  
Steel  t o  which on ly  vanadium 
o r  tungsten were added ( 2  114 
C r V  and 2 1/4 Cr-2W) showed 

The 
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Fig .  1. Y i e l d  s t r ess  a t  365Y  for  e i gh t  reduced- act ivat ion 
s t e e l s  and 9Cr-1MoVNb and 12Cr-1MoVW s tee l s  before and a f t e r  
i r r a d i a t i o n  t o  -7 dpa a t  365°C. 

a l a r g e  increase i n  s t r eng th  as d i d  
t h e  s t e e l  w i t h  on ly  1% W and 0.25% V. 
(Note t h a t  t he  2 1/4Cr-2WV s tee l  was 
tempered a t  a h igher  temperature than 
t h e  o the r  t h ree  2 1/4Cr s tee l s ;  
however, t he  s t r eng th  o f  t he  2 1/4Cr- 
2WV s tee l  was comparable t o  t he  o ther  
t h ree  s tee l s  when a l l  were i n  t he  
N & T cond i t ion . )  

To compare s t e e l s  w i t h  d i f f e r e n t  
chromium composit ions, i t  i s  appro- 
p r i a t e  t o  examine t h e  2 1/4Cr-2WV, 
5Cr-ZWV, 9Cr-2WV, and 12Cr-2WV 
s tee l s ,  s ince these a l l  con ta i n  t h e  
same 2% W and 0.25% V and a l l  were 
normal ized and tempered i n  t he  same 
way. L i t t l e  d i f fe rence i n  t he  amount 
of hardening occurred f o r  the  2 114 C r -  
ZWV, 5Cr-2WV, and 9Cr-2WV s tee ls ,  bu t  
t h e  12Cr-2WV s tee l  hardened con- 
s i de rab l y  more. An a d d i t i o n  of a 
small  amount of tanta lum (0.07%) t o  
t he  9Cr-2WV composit ion resu l t ed  i n  a 
somewhat smal ler  amount of hardening 
f o r  the  9Cr-2WVTa s tee l .  

For t h e  Cr-Mo s tee l s ,  t he  12Cr-1MoVW hardened considerably more than 9Cr-1MoVNb s t e e l  (F ig.  1) .  
When the  increased y i e l d  st resses are  compared w i t h  those of t he  analogous Cr- W- V s tee ls ,  t h e  change i n  
s t r eng th  f o r  t he  9Cr-1MoVNb and 9Cr-2WVTa s t e e l s  i s  s i m i l a r ,  as i s  the  change f o r  t h e  12Cr-1MoVW and 
12Cr-2WV s tee l s  (F ig.  1) .  

a f t e r  i r r a d i a t i o n  i s  s i m i l a r  t o  t h a t  observed f o r  t he  y i e l d  s t ress .  The magnitude of t he  changes i n  
u l t i m a t e  t e n s i l e  s t r eng th  was l ess  than t h a t  observed f o r  t he  y i e l d  s t ress .  

F igure  2 compares t o t a l  e longat ion  changes f o r  t he  d i f fe ren t  s t ee l s  (an average of the  two values 
f o r  t he  i r r a d i a t e d  s t e e l s  was again used). I n  t h i s  diagram, t he  he igh t  o f  t he  lower p o r t i o n  of each bar  
i s  t he  e longat ion  a f t e r  i r r a d i a t i o n ,  and t he  t o t a l  he igh t  of t he  two po r t i ons  represents t he  u n i r r a d i a t e d  
e longat ion .  
hardening. The 12Cr-2WV s tee l  
had a s i m i l a r  change, bu t  t he  5Cr-ZWV. 9Cr-2WV, and 9Cr-2WVTa s t e e l s  had smal le r  changes. The 9Cr-1MoVNb 
and 12Cr-1MoVW s tee l s  showed changes s i m i l a r  t o  t h e i r  counterpar t  Cr-W- V s tee ls .  Mote t h a t  a l l  s t e e l s  
mainta ined considerable d u c t i  1 i t y  a f t e r  i r r a d i a t i o n .  

From Table 2 ,  it i s  seen t h a t  fo r  a l l  s t ee l s  t he  r e l a t i v e  inc rease i n  t h e  u l t i m a t e  t e n s i l e  s t r eng th  

The l eng th  o f  t he  upper p o r t i o n  of each bar  represents t he  loss  o f  d u c t i l i t y  due t o  t he  
E longat ion  changes f o r  t h e  f o u r  2 1/4Cr s tee l s  were s i m i l a r ,  a l l  near 5%. 

Discussion 

Suganuma and Kayano5 s tud ied  t he  hardening of Fe-Cr b i na ry  a l l o y s  w i t h  0 t o  15% C r  i r r a d i a t e d  t o  
-1.1 x IOz3 n/m2 (E >I MeV) a t  127°C and t es ted  between -196°C and room temperature. They found a l i n e a r  
r e l a t i o n s h i p  between t he  inc rease i n  y i e l d  s t r ess  and chromium concent ra t ion  and concluded t h a t ,  "The 
hardening mechanism suggests t h a t  t he re  i s  a l i n e a r  increase w i t h  Cr content i n  t he  athermal component of 
t he  i r r a d i a t i o n  hardening o f  Fe-Cr a l l oys . "  They a l so  t es ted  several  experimental and commercial f e r r i -  
t i c  and m a r t e n s i t i c  s t ee l s  w i t h  d i f f e r e n t  chromium concent ra t ions  a t  room temperature and found t h a t  t he  
hardening of these s tee l s  f e l l  w i t h i n  t h e  band o f  data de f ined  by t he  b i na ry  a l l oys ,  i n d i c a t i n g  t h a t  t he  
same mechanism should apply fo r  these  steel^.^ These l a t t e r  a l l o y s  inc luded commercial s t ee l s  con ta in ing  
Mo, V, Nb, and W (12Cr-1MoVW s tee l  was inc luded) .  

Ge l les  and Hami l ton6 i r r a d i a t e d  t e n s i l e  specimens o f  reduced- ac t iva t ion  f e r r i t i c  s t ee l s  w i t h  chro-  
mium concent ra t ions  between 2 114 and 12%. 
molybdenum, as was done f o r  t he  reduced- act ivat ion s tee l s  discussed i n  t he  present experiment, most O f  
t h e i r  a l l o y s  conta ined vanadium (up t o  1.5%) and no tungsten. 
a l l o y s ;  one 9Cr a l l o y  and one 12Cr a l l o y  conta ined -0.9% W ( re f .  6) .  They found t h a t  t he  2 1/4Cr s tee l s  
were prone t o  p r e c i p i t a t e  fo rmat ion  and i r r a d i a t i o n  hardening when i r r a d i a t e d  t o  approximately  15 and 45 
dpa a t  420°C i n  FFTF.6 
2% would no t  be v i a b l e  f o r  f us i on  reac to r  app l i ca t ions . '  

However, ins tead o f  us ing  tungsten as t he  s u b s t i t u t e  f o r  

Th is  was t r u e  f o r  a l l  of t he  2 1 / 4 0  

From these r e s u l t s ,  Gel les concluded t h a t  s t e e l s  w i t h  chromium composi t ion around 
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F ig .  2. To ta l  e longat ion  a t  365'C f o r  e i gh t  
reduced- ac t iva t ion  s tee l s  and 9Cr-1MoVNb and 12Cr-1MoVW 
s tee l s  before and a f t e r  i r r a d i a t i o n  t o  -7 dpa a t  365'C. 

Resul ts  i n  Table 2 suggest t h a t  when 
t h e  concent ra t ion  o f  elements o the r  than  
chromium are  f ixed,  chromium concent ra t ion  
between 2 114 and 9% has l i t t l e  e f f e c t  on 
hardening, except f o r  t he  s tee l  w i t h  12% C r .  
Thus, t h e  l i n e a r  behavior  observed by 
Suganuma and Kayano5 apparent ly  does not  
apply fo r  these s tee ls .  Note, however, t h a t  
t he  neutron f luence of t he  Suganuma and 
Kayano' i r r a d i a t i o n s  was t h ree  orders of 
magnitude l ess  than those of t he  present  
experiment. Specimens i n  t he  present 
experiment were a l so  i r r a d i a t e d  and t es ted  
a t  a h igher  temperature than used by 
Suganuma and Kayano, who i r r a d i a t e d  a t  127OC 
and t es ted  a t  room temperature. 

s t ee l s  (F ig.  1). i t  appears t h a t  t he  type  of 
a l l o y i n g  elements present  i n  a d d i t i o n  t o  t he  
chromium a f fec ted  hardening. 
observed by Suganuma and Kayano f o r  t h e  
a l l o y s  they tested."  
s tee l s ,  an a l l o y  w i t h  0.25% V (no tungsten)  
and one with 2% W (no vanadium) harden more 
than when t he  combination o f  these elements 
(2% W, 0.25% V) i s  present. Also, 2% W i n  
combination w i t h  0.25% V does not  harden 

From r e s u l t s  on t he  reduced- act ivat ion 

This was not  

For t he  2 114Cr 

t o  t he  same ex ten t  as one w i t h  1% W and 
0.25% V, i n d i c a t i n g  how tungsten a f f e c t s  hardening i n  t he  presence of vanadium. Add i t i on  of 0.07% Ta t o  
t he  9Cr-2WV had a s i g n i f i c a n t  e f f e c t  i n  decreasing t he  amount of hardening of t he  9Cr-2WV s tee l .  The 
observat ion t h a t  t he  combination o f  tungsten and vanadium produced a 2 114Cr s t e e l  t h a t  hardened l e s s  
dur ing  i r r a d i a t i o n  than s tee l s  con ta in ing  these elements alone agrees w i t h  t he  observat ions o f  Gel les and 
Hamilton," who observed l a r g e  increases i n  s t r eng th  and decreases i n  d u c t i l i t y  i n  2 114 C r  s t ee l s  w i t h  
0.5, 1, and 1.5% V and no tungsten. 

were i r r a d i a t e d  i n  t h e  Experimental Breeder Reactor (EBR-11) t o  -12 dpa a t  390°C and t es ted  a t  400°C 
(Table 3). 
and HTZ), both  o f  them d i f f e r e n t  from t h e  one used i n  t h e  present  experiment. Table 3 shows t he  heat  
t reatments,  t he  y i e l d  s t r ess  changes, and e longat ion  changes t h a t  occurred i n  those t e s t s .  Contrary t o  
t he  present r e s u l t s ,  t he  9Cr-1MoVNb s tee l  showed t he  g rea tes t  amount of hardening, and t he  12Cr-1MoVW 
(HT2) and 2 114Cr-1Mo s tee l s  showed t he  l e a s t  change. The 12Cr-1MoVW s tee l  w i t h  HT2 was g iven t h e  m s t  
s t r i n g e n t  tempering treatment, r e s u l t i n g  i n  t he  lowest s t r eng th  and t he  most s t ab le  m ic ros t ruc tu re  p r i o r  
t o  i r r a d i a t i o n .  These observed changes i n  y i e l d  s t r ess  a l so  do no t  f i t  i n t o  t he  r e l a t i o n s h i p  w i t h  chro-  
mium proposed by Suganuma and Kayno." 

I n  previous experiments, 2 114Cr-1Mo ( r e f .  E),  9Cr-1MoVNb ( re f .  9)  and 12Cr-1MoVW ( r e f .  10) s t e e l s  

The 12Cr-1MoVW s tee l  was i r r a d i a t e d  and t es ted  i n  two d i f f e r e n t  hea t- t rea ted  cond i t i ons  (HT1 

Table 3. Tens i le  Proper t ies  o f  Cr-Mo Steels I r r a d i a t e d  
i n  EER-I1 a t  400°C t o  12 dpa 

~ ~~~~~ ~~~~ 

Y i e l d  Stress, MPA Elongat ion,  % 

I r r a -  Un i r r a-  ~ y s  I r r a -  Un i r r a-  ~E 
A l l o y  d i a t e d  d i a t e d  d i  ated d i  ated 

2 114Cr-lMo 636 501 135 5.4 8.4 3.0 

9Cr-1MoVNb 781 474 30 7 4.1 5.9 1.8 

12Cr-1MoVW (HTI) 872 641 231 3.4 5.6 2.2 

12Cr-1MoVW (HT2) 673 548 125 4.8 6.1 1.3 

Heat Treatments: 
2 114Cr-1Mo: 0.5 h a t  900°C, a i r  coo l ;  1 h a t  700OC. 
9Cr-1MoVNb: 1 h a t  1038°C. a i r  cool :  1 h a t  76OOC. 
12Cr-1MoVW (HT1): 0.08 h a t  1038°C. a i r  cool ;  0.5 h a t  760°C. 
12Cr-1MoVW (HT2): 0.5 h a t  1038"C, a i r  coo l ;  1 h a t  760°C. 

I n  general,  r e s u l t s  from the  
present  t e s t s  i n d i c a t e  t h a t  t he  
reduced- ac t iva t ion  f e r r i t i c  s t ee l s  
do no t  harden s i g n i f i c a n t l y  more 
than 9Cr-1MoVNb and 12Cr-1MoVW 
s tee l s ,  t he  convent ional  f e r r i t i c  
s t e e l s  that  are considered candi-  
dates fo r  fus ion  reac to r  app l i ca-  
t i ons .  When t he  composit ions fa r  
t he  reduced- ac t iva t ion  s tee l s  were 
chosen, tungsten was se lec ted  as a 
s u b s t i t u t e  f o r  molybdenum and 
tanta lum as a s u b s t i t u t e  f o r  
niobium. One o b j e c t i v e  was s t e e l s  
having p rope r t i es  s i m i l a r  t o  t he  
s tee l s  being replaced - t h a t  i s ,  
s i m i l a r i t y  between 9Cr-ZIIVTa and 9Cr- 
1MoVNb and between 12Cr-2WV arid 
12Cr-1MoVW. The present  r e s u l t s  i n d i -  
ca te  t h a t  t he re  i s  cons iderab le  S i m i l a r -  
i t y  i n  t he  way these analogous S tee l s  
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harden when i r r a d i a t e d  and t es ted  under s i m i l a r  cond i t ions .  For  t h e  12Cr s tee l s ,  t h i s  occurred desp i t e  
t h e  12Cr-2WV s tee l  con ta in ing  - 25% d e l t a - f e r r i t e ,  whereas t he  12Cr-1MoVW s tee l  was completely marten- 
s i t i c .  
p rope r t i es .  3 , 4  

S i m i l a r i t y  i n  behavior  of t he  analogous C r- W  and Cr-Mo s tee l s  was a l so  observed f o r  u n i r r a d i a t e d  

SUMMARY AND CONCLUSIONS 

A se r i es  of reduced- ac t iva t ion  Cr-W s tee l s  and t h e  convent ional  Cr-Mo s tee l s  9Cr-1MoVNb and 12Cr- 
A l l  s t ee l s  hardened. Observations on t he  Cr-W s tee l s  i n d i -  

For t h e  s tee l s  con ta in ing  2.25, 5, 9, and 12% C r  

lMoVW were i r r a d i a t e d  t o  - 7  dpa a t  365°C. 
cated t h a t  s t ee l s  con ta i n i ng  2 114% C r  and a combination of vanadium and tungsten hardened l ess  than 
those t o  which on ly  vanadium o r  tungsten were added. 
and 2% W and 0.25% V, t h e  s t e e l  w i t h  12% C r  hardened t he  most, wh i l e  t he  o ther  t h ree  s tee l s  hardened 
s i g n i f i c a n t l y  less. 
a c t i v a t i o n  s tee ls .  In  a comparison o f  t he  C r- W  and Cr-Mo s tee ls ,  it was found t h a t  analogous s tee l s  
hardened s i m i l a r  amounts: t h e  9Cr-2WVTa and 9Cr-1MoVNb s tee l s  showed s i m i l a r  amounts of hardening, as 
d i d  t he  12Cr-2WV and t he  12Cr-1MoVW s tee l s .  

A 9Cr-2WVTa s tee l  developed t he  smal les t  amount of hardening of a l l  of t he  reduced- 
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HEAT TREATMENT EFFECT ON IMPACT PROPERTIES OF REDUCED-ACTIVATION STEELS -- R. L. Klueh, P. J .  Maziasz, 
and 0. J. Alexander (Oak Ridge Nat ional  Laboratory)  

OBJECTIVE 

Induced r a d i o a c t i v i t y  i n  t he  f i r s t - w a l l  and b l anke t- s t ruc tu re  ma te r i a l s  of a fus ion reac to r  w i l l  
make these components h i g h l y  r a d i o a c t i v e  a f t e r  t h e i r  se r v i ce  l i f e t ime ,  l ead ing  t o  d i f f i c u l t  r a d i o a c t i v e  
waste-management problems. 
which r a d i o a c t i v e  isotopes induced by i r r a d i a t i o n  decay q u i c k l y  t o  l e v e l s  t h a t  a l l ow  s i m p l i f i e d  d isposal  
techniques. 

One way t o  minimize t h e  d isposal  problem i s  t o  use s t r u c t u r a l  ma te r i a l s  i n  

We are  assessing t he  f e a s i b i l i t y  of developing such f e r r i t i c  s t ee l s .  

SUMMARY 

The e f fec t  of heat t reatment  on t he  impact behavior  of e i g h t  experimental heats of reduced- 
a c t i v a t i o n  f e r r i t i c  s t ee l s  was inves t iga ted .  S tee ls  w i t h  2 114, 5, 9, and 12 wt % C r  and con ta i n i ng  
tungsten, vanadium, and tanta lum were examined. Impact p rope r t i es  o f  s t ee l s  w i t h  2 114% C r  depended on 
mic ros t ruc tu re ,  which was af fected by coo l i ng  r a t e  a f t e r  a u s t e n i t i z a t i o n .  By heat t r e a t i n g  t he  2 1/4Cr 
s tee l s  t o  change t h e  m ic ros t ruc tu re  from a b a i n i t i c  s t r u c t u r e  con ta i n i ng  f e r r i t e  t o  one w i thou t  f e r r i t e ,  
t he  d u c t i l e - b r i t t l e  t r a n s i t i o n  temperatures were reduced s u b s t a n t i a l l y .  Cool ing r a t e  had e s s e n t i a l l y  no 
e f f ec t  on t he  high-chromium m a r t e n s i t i c  s tee ls .  

PROGRESS AND STATUS 

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

E i  h t  heats of reduced- ac t iva t ion  f e r r i t i c  s t ee l s  are being i nves t i ga ted  f o r  fus ion reac to r  app l i ca -  
t i ons ' - q  (Table 1) .  S tee ls  w i t h  2 114, 5, 9, and 12% C r  ( a l l  composit ions are i n  weight percent )  and 
con ta i n i ng  2% W and 0.25% V (designated 2 1/4Cr-2WV, 5Cr-2WV, 9Cr-2WV, 12Cr-2WV) were produced. 
determine t he  e f fec t  of tungsten and vanadium, 2 114Cr s tee l s  were produced w i t h  2% W and no vanadium 
(2 114Cr-2W) and w i t h  0.25% V and no tungsten ( 2  114 CrV) and 1% W ( 2  114Cr-1WV). 
0.25% V, and 0.07% Ta (9Cr-2WVTa) was a lso  studied.  A l l  a l l o y s  contained 0.1% C. 

s t e e l s  had comparable s t r eng th  and were s u b s t a n t i a l l y  s t ronger  than t he  o the r  s i x  s teels.2 However, t h e  
impact t e s t s  showed t h e  2 114Cr-2WV s tee l  t o  have a d u c t i l e - b r i t t l e - t r a n s i t i o n  temperature (DBTT) above 
room t e m p e r a t ~ r e . ~  Since t he  DBTT i s  expected t o  increase du r i ng  i r r a d i a t i o n .  t h i s  h igh  DBTT might  make 
t he  s t e e l  unsu i t ab le  f o r  fus ion reac to r  app l i ca t i ons .  It was concluded t h a t  t he  h igh  DBTT was caused by 
20% polygonal f e r r i t e  formed i n  t h e  most ly  b a i n i t i c  m i c ros t ruc tu re  when heat t r e a t e d  as 15.9-mn-thick 
p l a te .3  If true ,  t he  OBTT can be improved by heat t r e a t i n g  t o  ob ta i n  a completely b a i n i t i c  s tee l .  

d i f f e r e n t  heat t reatments are comared. 

To 

A 9Cr s tee l  w i t h  2% W, 

I n  prev ious  work, t e n s i l e  t e s t s  of these e i g h t  s t ee l s  showed t h a t  t he  2 114Cr-2WV and 9Cr-2WVTa 

I n  t h i s  paper, Charpy impact p rope r t i es  o f  t he  e i gh t  experimental reduced- act ivat ion s tee l s  g iven 

Experimental Procedure 

E igh t  heats of s t ee l  w i t h  nominal composit ions g iven i n  Table 1 were prepared by Combustion 
Engineering, Inc., Chattanooga, Tennessee. Tests were p rev ious l y  made on standard Charpy V-notch (CVN) 
impact specimens obta ined from normalized-and-tempered 15.9-mm-thick p late.3 
from t h e  heat- t rea ted  p l a t e  i n  t h e  l o n g i t u d i n a l  o r i e n t a t i o n  w i t h  a t ransverse  crack (LT). The 2.25Cr-2W 
s tee l  was normalized by anneal ing 1 h a t  900°C and a i r  cool ing.  The o ther  seven heats were annealed 1 h 
a t  1050°C and a i r  cooled; t he  h igher  temperature was used f o r  these s tee l s  t o  assure t h a t  any vanadium 
carb ide  present  i n  t he  m ic ros t ruc tu re  d isso lved  when t he  s tee l  was aus ten i t i zed .  Tempering t reatments 
were g iven according t o  t he  chromium, tungsten, and vanadium composit ions. 
s t ee l s  were tempered 1 h a t  700°C t h e  2 114Cr-1WV s tee l  was tempered 1 h a t  725'C. and t he  f i v e  o ther  
heats were tempered 1 h a t  75O'C.j D e t a i l s  on me l t  composit ions, m ic ros t ruc tu res ,  and processing have 
been given.' 

To determine t h e  e f fec t  of heat t reatment ,  standard C V N  specimens made but  not  t es ted  p rev ious l y 3  

Specimens were machined 

The 2 114CrV and 2 114Cr-2W 

were sect ioned t o  make e i g h t  m in i a tu re  specimens from each standard specimen. 
e s s e n t i a l l y  one- th i r d  t he  standard s i z e  and measured 3.3 by 3.3 by 25.4 mn and conta ined a 0.51-mn-deep 
30" V-notch w i t h  a 0.05-to-0.08-mn-root radius.  

The subsize specimens were 
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Table 1. Nominal composit ion of reduced- 
a c t i v a t i o n  and convent ional  f e r r i t i c  

s t e e l s  i r r a d i a t e d  and t es ted  

Nominal chemical composit iona 
w t %  

C r  W V Ta C 
A l l o y  

2.25CrV 2.25 0.25 0.1 
2.25Cr-1WV 2.25 1.0 0.25 0.1 
2.25Cr-2W 2.25 2.0 0.1 ~.~ 
2.25Cr-2WV 2.25 2.0 0.25 0.1 
5Cr-2WV 5.0 2.0 0.25 0.1 
9Cr-2WV 9.0 2.0 0.25 0.1 
9Cr-2WVTa 9.0 2.0 0.25 0.07 0.1 
12Cr-2WV 12.0 2.0 0.25 0.1 

With t he  except ion o f  t he  2 1/4Cr-2W, t h e  small 
specimens were normalized by a u s t e n i t i z i n g  0.5 h a t  
1050°C i n  a tube furnace under a hel ium atmosphere. 
They were then p u l l e d  i n t o  t he  co ld  zone o f  t he  furnace 
and cooled i n  f l ow ing  helium. The 2 1/4Cr-ZW s tee l  was 
annealed 0.5 h a t  900°C. Tests were made a f t e r  two 
tempering cond i t ions :  1 h a t  700°C and 1 h a t  75OOC. 
Resul ts  were compared t o  r e s u l t s  f o r  m in i a tu re  spec i-  
mens heat t r e a t e d  as 15.9-m-th ick p l a t e  (i.e., one- 
t h i r d - s i z e  specimens t h a t  were t es ted  as machined from 
the  standard Charpy specimens). 

specimens have been p u b l i ~ h e d . ~  
was f i t t e d  w i t h  a hyperbo l i c  tangent f unc t i on  t o  ob ta in  
t he  OBTT and upper- shel f  energy (USE) .  The DBTT was 
determined where t h e  impact energy was one-half of t he  
USE. 

D e t a i l s  on t h e  t e s t i n g  procedure f o r  m in i a tu re  
Each Charpy data set  

%,lance i r on .  

Resul ts  
~ 

M ic ros t ruc tu res  were p rev ious l y  determined a f t e r  normal iz ing  and tempering t h e  15.9-m-thick p late. '  
The 2 1/4CrV s tee l  conta ined 30 t o  35% b a i n i t e ,  w i t h  t he  remainder being polygonal o r  p roeu tec to i d  
f e r r i t e .  The 2 l f4Cr-lWV s tee l  conta ined -55% b a i n i t e  and 45% f e r r i t e .  More b a i n i t e  was conta ined i n  
t he  mic ros t ruc tu res  of t he  2 1/4Cr-2W and 2 1/4Cr-2WV s tee l s :  t he  2 1/4Cr-2W s tee l  was -100% b a i n i t e ;  
t he  2 1/4Cr-2WV s tee l  conta ined 15 t o  20% polygonal f e r r i t e .  
more, t he  h a r d e n a b i l i t y  becomes grea t  enough t o  form mar tens i te  i ns tead  o f  ba in i te . '  
9Cr-ZWV, and 9Cr-2WVTa s tee l s  were 100% martensi te.  However, t he  12Cr-2WV s tee l  conta ined approximately  
25% d e l t a - f e r r i t e ,  w i t h  the  balance being martensite. '  

With t he  increase i n  chromium t o  5% o r  
The 5Cr-ZWV. 

When these s t e e l s  were heat t r e a t e d  i n  t he  one- th i rd- s ize  Charpy specimen geometry (3.3-mn square 
cross sec t i on ) ,  t h e  four  2 1/4Cr s tee l s  were e s s e n t i a l l y  100% ba in i t e .  
m ic ros t ruc tu res  of the  high-chromium s tee ls .  

t r e a t e d  as one- th i r d- s i ze  Charpy specimens and tempered a t  700 and 750"C, r espec t i ve l y .  The t h i r d  column 
gives r e s u l t s  f o r  s t ee l s  heat t r e a t e d  as 1 5 . 9 - n  p l a te .  For t h ree  o f  t he  f o u r  2 1/4Cr s tee l s ,  t he  s i z e  
o f  specimen heat t rea ted ,  and thus, t he  mic ros t ruc tu re ,  had an e f f e c t .  With t he  except ion of 2 1/4Cr-2W, 
which remained unchanged, t he  DBTT of t he  o the r  t h ree  2 1/4Cr s tee l s  was s u b s t a n t i a l l y  lower f o r  t he  
small  specimens t h a t  were e n t i r e l y  b a i n i t e ,  compared w i t h  specimens taken from hea t - t r ea ted  p l a t e  
( s i m i l a r  tempering t reatments are compared). L i t t l e  d i f f e r e n c e  i n  OBTT was observed f o r  9Cr-2WV, 
9Cr-ZWVTa, and 12Cr-2WV when data f o r  ma te r i a l  heat t r e a t e d  as 15.9-m p l a t e  and one- th i rd- s ize  specimens 
were compared a f t e r  both were tempered a t  750°C. The 5Cr-2WV s tee l  showed a small improvement i n  p roper-  
t i e s  when i t  was heat t r ea ted  as t he  one- th i r d  s i ze  specimen, as opposed t o  heat t r e a t i n g  as 15.9-m 
p la te .  

For most o f  t h e  s tee l s ,  tempering a t  750°C lowered t he  DBTT and ra i sed  t he  USE r e l a t i v e  t o  values 
obta ined when tempered a t  700°C. The except ions were t h e  2 1/4 C r V  and 2 1/4Cr-2W s tee l s ,  where t he re  
was l i t t l e  d i f f e r e n c e  i n  p rope r t i es  between t h e  s tee l  tempered a t  700 and 750°C. 

No change was observed i n  t h e  

The f i r s t  two columns of Table 2 show the  Charpy impact t e s t  r e s u l t s  when t h e  s tee l s  were heat 

Oiscussion 

The r e l a t i v e l y  h igh DBTT values f o r  t h ree  o f  t he  f o u r  2 1/4Cr s tee l s  taken from heat- t rea ted  15.9-m 
p l a t e  when t es ted  as standard CVN specimens were t e n t a t i v e l y  a t t r i b u t e d  t o  t he  f e r r i t e  i n  t he  mixed 
f e r r i t e - b a i n i t e   microstructure^.^ Only 2 1/4Cr-2W s tee l  had a low DBTT, and i t  was 100% tempered 
ba in i t e .  A f t e r  1 /3 -s ize  Charpy specimens were heat t rea ted ,  t he  DBTT o f  t he  2 1/4Cr-2W s tee l  was 
unchanged: 4 8 ° C  when heat t r e a t e d  as 15.9-mm p l a t e  and 5 6 ° C  a f t e r  heat t reatment  as 1 /3 -s ize  specimens 
(specimens tempered a t  700°C are  being compared). 
had h igh  OBTT values i n  t he  normalized-and-tempered 15.9-mm p l a t e  showed l a r g e  decreases (Table 2 )  when 
specimens w i t h  s i m i l a r  tempers are compared ( t he  2 1/4CrV was tempered a t  700"C, 2 1/4Cr-lWV a t  
725'C-- interpolat ion required--and 2 114Cr-ZWV a t  750°C). Thus, i t  appears t h a t  t he  conclus ion t h a t  t he  
h igh  values were caused by f e r r i t e  i n  t he  mixed b a i n i t e - f e r r i t e  m i c ros t ruc tu re  i s  c o r r e ~ t . ~  

On t he  o the r  hand, t he  t h ree  s tee l s  t h a t  p rev ious l y  

For 9Cr-2WV, 9Cr-2WVTa. and 12Cr-2WV s tee l s ,  t he re  was e s s e n t i a l l y  no change i n  DBTT between s t e e l  
heat t r ea ted  as p l a t e  o r  as m in ia tu re  CVN specimens (comparison i s  made f o r  t h e  750°C temper). 
expected and r e f l e c t s  t he  h igh  h a r d e n a b i l i t y  of these s tee l s .  M ic ros t ruc tu res  were unchanged, regardless 

Th is  was 
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Table 2. Charpy impact proper t ies  o f  reduced-activation stee1.s 

Heat Treatment Geometry 

A l loy  
1/3-Size Specimen 15.9-m-pl a te  

1 h 700OC 1 h 750'C - -) DBTTa ("C) USE (J) 

2 1/4CrV -24 10.9 -26 10.5 36 9.4 
2 1/4Cr-lWV -32 9.0 -58 10.7 -5 9.7 
2 1/4Cr-2W -56 11.5 -77 10.1 -48 9.6 
2 1/4Cr-2WV -9 7.0 -52 11.0 0 9.7 
5Cr-2WV -86 10.0 -112 11.7 -80 10.0 
9Cr-2WV -16 8.0 -63 9.5 -71 9.4 
9Cr-2WVTa -43 7.5 -80 10.1 -78 9.7 
12Cr-2WV -33 8.6 -59 9.9 -50 9.0 

aThe tempering condi t ions f o r  the p la tes  were as follows: 2 1/4CrV and 2 1/4Cr-2WV were tempered 1 h 
a t  700'C; 2 1/4Cr-lWV was tempered 1 h a t  725OC; a l l  other s tee ls  were tempered 1 h a t  750°C. 

of the s i ze  of specimen heat treated. Although the DBTT of 5Cr-2W was not expected t o  change, i t  
decreased s l i g h t l y .  The reason for  t h i s  i s  unclear, since the microstructure was concluded t o  be 100% 
martensite.' and i f  true, i t  should behave as the other high-chromium steels. 

These resu l t s  for the 2 1/4Cr s tee ls  i nd i ca te  tha t  i f  i t i s  possible t o  use th inner  sections, quench 
instead of normalizing, o r  improve the hardenabi l i ty  of such steels, i t  should be possible t o  lower the 
DBTT t o  make these steels a t t r a c t i v e  for  fusion reactor appl icat ions.  Since under ce r ta in  condi t ions the 
2 1/4Cr-ZWV steel  had the highest strength of the e igh t  s tee ls  examined.2 i t  should be possible t o  use 
such a s tee l  i f  i t  i s  heat t reated properly. O f  course, the f i n a l  determination of the usefulness w i l l  
be determined by the effect of i r r a d i a t i o n  on the toughness. 

Toughness, as measured by DBTT and USE, i s  expected t o  improve w i th  an increase i n  tempering tem- 
perature, since strength decreases. This was observed for  m s t  of the steels, but not for  the 2 1/4Cr- 
2W. To t r y  t o  understand th i s ,  compare the data for  2 1/4Cr-2W and 2 1/4Cr-ZWV i n  Table 2 ,  where i t  i s  
seen t h a t  tempering had much less e f f e c t  on the DBTT o f  2 1/4Cr-2W than on t h a t  of 2 1/4Cr-2WV. 
op t i ca l  microstructures o f  both s tee ls  ind icated tempered b a i n i t e  microstructures, differences were 
apparent from transmission e lec t ron microscopy (TEM). Elongated substructure and p rec ip i ta tes  appeared 
i n  the 2 1/4Cr-2W [Fig. l ( a ) l ,  g iv ing evidence of a l a t h - l i k e  microstructure p r i o r  t o  tempering. 
Prec ip i ta tes  i n  the 2 1/4Cr-2WV were globular and often appeared t o  form i n  patches [Fig. l ( b ) l .  The 

Although 

ORNL-PHOTO 9366-89 

Fig. 1. Transmission e lec t ron microscopy photomicrographs o f  the b a i n i t i c  microstructures of the 
normalized-and-tempered ( a )  2 1/4Cr-2W and (b) 2 1/4Cr-2WV steels. 



128 

reason f o r  these differences i s  bel ieved t o  be the d i f f e r e n t  k ind o f  b a i n i t e  tha t  forms i n  the two s tee ls  
when they were normalized. 
are cooled from the aus ten i t i z ing  

This d i f fe rence i s  associated w i th  hardenabi l i ty  and how rap id l y  the s tee ls  

To demonstrate the effect of coo l ing rate, pieces of tested standard-size and 1/3-size CVN specimens 
were normalized by heating i n  a helium atmosphere i n  a tube furnace and cooled by p u l l i n g  i n t o  the co ld  
zone. An aus ten i t i za t i on  treatment of 0.5 h a t  900°C was used f o r  2 1/4Cr-2W and 0.5 h a t  105OOC for  
2 114Cr-ZWV. To speed the  cool ing of the small specimen, i t  was cooled i n  f lowing helium. The large 
specimen was cooled i n  s t a t i c  helium t o  fur ther  slow the cool ing r a t e  r e l a t i v e  t o  the small specimen. 

although there were d i f fe rences i n  appearance, as shown i n  Fig. 2 f o r  2 1/4Cr-ZWV. 
the fast  cool appeared more acicular.  

Opt ical  m ta l l og raphy  indicated both s tee ls  were 100% b a i n i t e  a f t e r  both the f a s t  and slow cools, 
The specimen given 

S imi lar  observations were made for  2 1/4Cr-2W. 

ORNL-PHOTO 9367-89 

Fig. 2. Opt ical  microstructures of 2 1/4Cr-2WV steel  a f t e r  (a)  slow cool and (b)  fast  cool from the 
900°C aus ten i t i za t i on  temperature. 

Ba in i te ,  general ly defined m ic ros t ruc tu ra l l y  as carbides i n  a f e r r i t e  mat r ix  formed i n  the tem- 
perature range -250 t o  550°C, was o r i g i n a l l y  thought t o  consist  o f  only two morphological var ia t ions,  
upper and lower ba in i te ,  which were defined according t o  the temperature of formation. C lass ica l  upper 
and lower b a i n i t e  can be d i f f e ren t ia ted  by the appearance of the carbide p a r t i c l e s  r e l a t i v e  t o  the ax is  
of the b a i n i t i c  f e r r i t e  p l a t e  or  needle. 
w i th  carbide p a r t i c l e s  forming p a r a l l e l  t o  the plates.  Lower b a i n i t e  consists of f e r r i t e  p la tes  or  
needles w i th  carbides forming w i t h i n  the  f e r r i t e  a t  about a 60' angle t o  the ax is  of the p l a t e  or  needle. 

There are important var ia t ions on these c lass ica l  ba in i tes  tha t  were f i r s t  pointed out by Habrakef~.~ 
He found morphological va r ia t i ons  i n  the b a i n i t e  t ransformat ion products tha t  d i f f e r e d  from upper and 
lower ba in i te ,  although they formed i n  the b a i n i t e  transformation temperature regime. 
"nonclassical" ba in i tes  formed more e a s i l y  dur ing continuous cool ing than dur ing an isothermal t ransfor -  
m a t i ~ n . ~ . ~  where c lass i ca l  ba in i tas  are generally formed. Habraken and Economopoulos6 contrasted the  
morphologies o f  the nonclassical structures formed dur ing continuous cool ing w i th  c lass ica l  ba in i tes  
obtained dur ing isothermal transformation. 

Classical  upper and lower b a i n i t e  microstructures form when transformed i n  d i f fe rent  temperature 
regimes o f  the b a i n i t e  transformation temperature region as defined on an isothermal- transformation ( IT )  
diagram.6 This means tha t  the b a i n i t e  transformation region of an I T  diagram can be div ided i n t o  two 
temperature regimes by a hor izontal  l i ne ,  above which upper b a i n i t e  forms and below which lower b a i n i t e  
forms. For the nonclassical ba in i tes ,  Habraken and Economopoulos6 showed tha t  a continuous cool ing 
transformation (CCT) diagram coulU be div ided i n t o  three v e r t i c a l  regions (Fig. 3). 
nonclassical b a i n i t e  microstructures form when cool ing rates are such as t o  pass through these d i f fe rent  
zones. A s tee l  cooled r a p i d l y  enough t o  pass through zone I produces a "carbide- free ac icu lar"  s t ruc-  
ture,  which consists of side-by-slde p la tes  or  laths.6 When cooled through zone I1 
"massive or  granular" s t ruc ture  resu l ts ,  generally re fer red t o  as granular baini te.b 

Upper b a i n i t e  forms as a c o l l e c t i o n  o f  f e r r i t e  p la tes  or  l a t h s  

Such 

Three d i f f e r e n t  

a carbide- free 
It has been 
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concluded that  granular ba in i te  consists of a f e r r i t e  matr ix w i th  a high d is locat ion density that  con- 
t a i ns  martensite-austenite (M-A) "islands."6 
I11 were not observed i n  t h i s  study, they w i l l  not be discussed. 

Since the microstructures developed by cool ing through zone 

ORNL-GWG 85-13015 t I It m 
I CARBIDE-FREE 

It GRANULAR BAINITE 

El FERRITE WINlTE 
3 + (PSEUDO-PEARLITE) a 

a 

ACICULAR BAINITE 

W 
(L 

U 
W 

5 c 

COOLING TIME (800 TO 500T) 

Fig. 3. Schematic representation of a continuous-cooling transformation diagram tha t  shows cool ing 
zones for the formation of three morphological var iat ions of ba in i te  during continuous cooling. After 
Habraken and Economopoulos.' 

Microstructures observed by TEM on the different-sized specimens o f  normalized 2 1/4Cr-2W and 
2 1/4Cr-2WV are shown i n  Figs. 4 and 5, respectively. 
and 5(a) and are character is t ic  of granular baini te;5$6 the dark areas are the M-A islands. Micrographs 
of the s ecimens cooled rap id ly  [Figs. 4(b) and 5(b)] are character is t ic  o f  carbide-free ac icu lar  
bainite.g*6 When granular ba in i te  i s  tempered, large globular carbides form i n  the M-A islands, whereas 
elongated carbides form on l a t h  boundaries o f  acicular bainite,' j u s t  the types o f  morphology observed 
when 2 1/4Cr-2W [Fig. l ( a ) ]  and 2 1/4Cr-2WV [Fig. l ( b ) l  were tempered. 

high toughness (low DBTT and high USE) was achieved af ter  t e  er ing a t  a lower temperature or f o r  a 
shorter t i m e  (constant temperature) than for ganular baini te? Further, once these properties were 
reached for the acicular baini te,  tempering had l i t t l e  further e f fec t  on toughness. 

The slowly cooled specimens are shown i n  Figs. 4(a) 

Experimental work on a 3Cr-1.5Mo-0.25V steel indicated tha t  f o r  carbide- free acicular baini te.  a 

This could explain 

ORNL-PHOTO 9368-89 

Fig. 4. Transmission electron microscopy photomicrographs o f  the b a i n i t i c  microstructures o f  the 
normalized 2 1/4Cr-ZW af ter  (a) slow cool and (b) f as t  cool from the 900'C aus ten i t i r i ng  temperature. 
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ORNL-PHOTO 9369-89 
W P . " * "  1 

Fig. 5. Transmission e lec t ron  microscopy photomicrographs o f  the b a i n i t i c  
normalized 2 lJ4Cr-ZWV a f t e r  (a) slow cool and (b) f a s t  cool from the 1O5O0C au 

the difference i n  the  e f f e c t  o f  tempering on the DBTT of 2 1/4Cr-2W (carbide- fr 
2WV (granular b a i n i t e )  when tempered a t  700 and 750'C. The 2 1/4Cr-2W shows li 
2 1/4Cr-2WV shows a la rge change (Table 2). 

: microstructures of the 
i s t e n i t i z i n g  temperature. 

.ee ac i cu la r )  and 2 1/4Cr- 
t t l e  change, whi le  the 

No CCT diagrams are ava i lab le  for  the steels under discussion. However, the diagram i n  Fig. 3 i s  
schematic. and even when CCT diagrams are avai lable,  d e t a i l s  on the zones must be determined experinen- 
t a l l y .  The reason f o r  the large amount o f  proeutectoid f e r r i t e  i n  2 1J4Cr-ZWV and not i n  2 1/4Cr-2W of 
the 15.9-mn p la tes  was a t t r i b u t e d  t o  the difference i n  coo l ing rates caused by the d i f f e ren t  austen i t iza-  
t i o n  temperatures.2 A temperature of 105OOC was used for the 2 lJ4Cr-ZWV i n  order t o  assure d i sso lu t i on  
of the vanadium carbide; 900°C was used f o r  the 2 1J4Cr-2W. 
microstructure i s  correct ,  i t  would appear tha t  the toughness of the 2 lJ4Cr-2WV could be fur ther  
improved if the s tee l  i s  cooled rmre rapidly,  perhaps by quenching instead o f  normalization. 

I f  the in te rp re ta t i on  o f  the e f f e c t  of 

SUMMARY AND CONCLUSIONS 

The impact behavior of e igh t  experimental reduced-activation s tee ls  w i th  chromium concentrations of 
2 114, 5. 9, and 12% was investigated. Four 2 1/4Cr s tee ls  w i th  varying vanadium and tungsten concentra- 
t i ons  were included. The heat- treated sect ion s i ze  had l i t t l e  or no ef fect  on the microstructure and 
toughness of the s tee ls  w i th  greater than 2 114% Cr .  The amount o f  f e r r i t e  present i n  the microst ruc ture  
of the rmst ly  b a i n i t i c  2 1/4Cr s tee ls  affected the impact properties, and the effect of tempering on t he  
impact propert ies o f  these s tee ls  depended on the nmrphological va r ia t i on  o f  the b a i n i t e  present i n  the 
microstructure. 
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IRRADIATION CREEP AND SWELLING OF ANNEALED TYPE 304L STAINLESS STEEL AT -390'C AND H I  H NEUTRON FLUENCE - 
0. L. Por ter ,  Argonne Nat iona l  Laboratory, F. A. Garner, P a c i f i c  Northwest Labora to ry ta )  and G. 0. Hudman, 
Argonne Nat iona l  Laboratory 

OBJECTIVE 

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  determine t he  mechanisms invo lved  i n  rad ia t ion- induced deformat ion of 
s t r u c t u r a l  ma te r i a l s  and apply these i n s i g h t s  toward e x t r a p o l a t i o n  o f  a v a i l a b l e  f a s t  r e a c t o r  da ta  t o  f us i on -  
r e l e v a n t  cond i t ions .  

SUMMARY 

The i r r a d i a t i o n - i n d u c e d  creep and s w e l l i n g  of annealed A I S I  304L i n  EBR-I1 a t  - 390T  have been i nves t i ga ted  
t o  exposures on t h e  o rder  o f  80 dpa and compared w i t h  t he  behavior  of A I S I  316 s t a i n l e s s  s tee l .  
t h a t  swe l l i ng  and creep o f  var ious  a u s t e n i t i c  s t e e l s  a re  s t r o n g l y  i n t e r a c t i v e  phenomena. 
depends on s t ress ,  displacement r a t e ,  composi t ion and cold-wor,k l e v e l ,  t he  creep r a t e  d i r e c t l y  depends o n l y  
on t he  s t r ess  l e v e l  and t he  instantaneous s w e l l i n g  r a t e .  
appear t o  be very  s e n s i t i v e  t o  composit ion, c o l d  work l e v e l  o r  temperature. 

I t  i s  shown 
While s w e l l i n g  

The c reep- swe l l ing  coup l ing  c o e f f i c i e n t  does n o t  

PROGRESS AND STATUS 

Jn t roduc t i on  

Most recent  i r r a d i a t i o n  creep s tud ies  on a u s t e n i t i c  s t e e l s  have focused on Type 316 s t a i n l e s s  and var ious  
t i t an ium- mod i f i ed  v a r i a n t s  o f  t h i s  s t ee l .  
very h i gh  f luences  i n  EBR-I1 has y i e l d e  
s w e l l i n g  and i r r a d i a t i o n  embr i t t lement .  f l - 4 7  'Some new phenomena were a l s o  observed, i n c l u d i n g  t he  
disappearance o f  i r r a d i a t i o n  creep a t  moderate amounts o f  s w e l l i n g  and h igh  s t r ess  l e v e l s .  

I n  an attempt t o  f u r t h e r  study these phenomena, a d d i t i o n a l  ana l ys i s  has been performed on a companion 
experiment i n v o l v i n g  i r r a d i a t i o n  o f  r e l a t i v e l y  long  creep tubes cons t ruc ted  f rom annealed Type 304L 
s t a i n l e s s  s tee l .  I n  a d d i t i o n  t o  addressing fundamental quest ions concerning t he  r e l a t i o n s h i p  o f  s t ress ,  
s w e l l i n g  and creep, t h i s  s tudy i s  a l so  t i m e l y  i n  t h a t  Type 304 s t a i n l e s s  s tee l  has r e c e n t l y  been propose 
f o r  p o t e n t i a l  use i n  near- term fus i on  app l i ca t i ons  where t he  neutron w a l l  l oad ing  may be r e l a t i v e l y  1 0 w . f ~ )  
The r e l a t i v e l y  smal le r  amounts o f  n i c k e l  and molybdenum i n  Type 304 compared t o  Type 316 may a l l o w  Type 304 
t o  s a t i s f y  c u r r e n t l y  spec i f ied  waste d isposa l  c r i t e r i a  a t  s u f f i c i e n t l y  low exposure l e v e l s .  

One r e c e n t l y  repor ted  se r i es  o f  s tud ies  conducted on Type 316 t o  
s n i f i c a n t  i n s i g h t  on i r r a d i a t i o n  creep and i t s  r e l a t i o n s h i p s  w i t h  

Experimental Deta i  1 s 

Th is  i n - r e a c t o r  n ineteen p i n  p ressur ized  tube experiment was conducted i n  Row 7 o f  t h e  Experimental Breeder 
Reac tor- I1  (EBR-11) t o  study t he  creep and s w e l l i n g  behavior  o f  annealed A I S I  Type 304L. t h e  ma te r i a l  t h a t  
o r i g i n a l l y  formed most o f  t he  c ladd ing  f o r  EBR-I1 f ue l .  Each tube was 152 cm i n  leng th ,  w i t h  an ou te r  
d iameter  o f  0.737 cm, 0.051 cm w a l l  th ickness,  and a nominal g r a i n  s i z e  o f  ASTM 6. They were p ressur ized  
w i th  he l ium t o  y i e l d  one o f  seven l e v e l s  o f  hoop s t ress ,  vary ing  from 0 t o  188 MPa. 
from 380'C a t  t he  bottom of t he  core t o  415% a t he  top.  

c e n t e r l i n e .  Approximately 5 dpa (?IO%) are  produced i n  t h i s  r e a c t o r  f o r  each 1 . 0 ~ 1 0 ~ ~  n/cmy (E>0.1 MeV), 
depending s l i g h t l y  on t he  p o s i t i o n  w i t h i n  t he  reac to r .  

The tubes were removed p e r i o d i c a l l y  from the  r e a c t o r  and t he  t o t a l  creep p l us  swe l l i ng  deformat ion was 
measured us ing  p r o f i l o m e t r y  a long t he  u 
(30-45 dpa) were repor ted  p rev ious l y .  ( &-b a;As(his r e p o r t  t he  creep behavior  o f  four teen  tubes c a r r i e d  t o  
displacement l e v e l s  on the  o rder  o f  80-85 dpa i s  analyzed. 

A t  the  t e rm ina t i on  o f  t he  experiment, po r t i ons  o f  t he  bottom h a l f  of these tubes (one a t  each s t r ess  l e v e l )  
were c u t  i n t o  2.5 cm sec t ions  and t h e i r  d e n s i t y  change determined us ing  an immersion technique. 
s w e l l i n g  r e s u l t s  and 

a x i a l  v a r i a t i o n  i n  displacement r a t e .  

The temperature va r i ed  
There was a small r a d i a l  g rad ien t  i n  displacement 

r a t e  across t he  tube assembly, reaching 5 . 3 ~ 1 0 -  4 dpa/sec f o r  t he  cen ter  tube i n  t he  basse b l y  a t  core  

Analyses o f  creep behavior  a t  lower f luence l e v e l s  

Some of t he  
ir dependence on simultaneous v a r i a t i o n s  i n  displacement r a t e  and s t r ess  were 

pub l i shed p rev ious l y .  87' The f l u x  v a r i a t i o n s  i n  t he  s w e l l i n g  da ta  a t  a g iven  s t r ess  l e v e l  a r i s e  from the  

(a )  Operated f o r  t h e  U.S. Department o f  Energy by B a t t e l l e  Memorial I n s t i t u t e  under Contract  
DE-AC-06-76RLO 1830. 
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F i g u r e  1. 
Type 304L s t a i n l e s s  s t e e l  and i r r a d i a t e d  i n  EBR-11.  
a s t e r i s k  were sec t ioned  f o r  d e n s i t y  measurements, 

Maximum d i a m e t r a l  s t r a i n s  observed i n  f o u r t e e n  gas- pressur i zed  tubes  c o n s t r u c t e d  o f  annealed 
P i n  d e s i g n a t i o n s  a re  g iven;  those marked w i t h  an 
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Results 

Figure 1 (a-g) shows the diametral strains observed in each pin at the position of maximum diametral strain 
arising from the combined contributions of void swelling and irradiation creep. 
more pins were available at the same stress level, it is obvious that the diameter change behavior is quite 
reproducible. 
-75 dpa, assuming that swelling-induced strains are isotopically distributed. 
rate deduced from Figure la is O.IS%/dpa. 

Figure 2 shows the results of the density change measurements. 
with a 2.5 cm section cut from each tube at 28-29 inches above the bottom of the core. This is not 
necessarily the same position as that of the maximum diameter change, however. 
the bottom of the core, each point on the tube moves upward through the core during irradiation; the amount 
of upward displacement is the integral sum of the linear swelling deformation below that point. 
geometry creep does not contribute to axial deformation.) Therefore, swelling data were obtained only from 
the bottom half of each pin to minimize uncertainties in position and dpa level. 
lower portion of the tube is 390 k1O'C. 

At lower fluences and flux levels, there appears to be no effect of stress on swelling. 
from all seven tubes are colinear in the low flux range and yield an extrapolated intercept of -10 dpa, a 
value also obtained by extrapolation of the strain curves in Figure 1. 
effect of stress on swelling at higher fluence and flux levels, however. 

The maximum swelling measured in the unstressed tube P-19 is 9% compared to 11% derived from Figure la. 
difference probably reflects the difference in elevation at which the two measurements were taken and the 
fact that the swelling measurement is an average value over a 2.5 cm increment. 

In those cases where two or 

The deformation of the unstressed tubes is the result of swelling only, reaching 11.12% at 
The steady-state swelling 

The highest displacement level is associated 

Since each tube was fixed at 

(In this 

The temperature along this 

The swelling data 

There very clearly appears to be an 

The 

DISCUSSION 

To determine the creep strain and creep strain rate, a fourth order orthogonal polynomial was least-squares 
fit to the total strain as a function of neutron dose for each of the stressed and unstressed capsules. The 
coefficients of the polynomials for the unstressed capsules were subtracted from the respective coefficients 
for the stressed capsules to yield a polynomial which describes the creep strain at the particular value of 
applied stress. This procedure implicitly assumes that there is no effect of stress on swelling, an 
assumption which we know to be incorrect at higher fluence levels. 
level was then calculated by taking the derivative of the fourth-order polynomial that describes the creep 
strain as a function of dose and then dividing by the stress level. 

The instantaneous creep coefficients, B(o), derived for each stress level using this procedure are shown in 
Figure 3a. In each case the creep coefficient is relatively small at low dose and then increases toward a 
plateau level that is relatively independent of applied stress, 
explanation. First, at zero dpa some of the curves exhibit negative intercepts on the B axis. 
unphysical and is largely an artifact of the fitting and derivation procedures which emphasize fitting at 
larger strain levels. Second, some of the curves, especially those at higher stress levels, exhibit a 
tendency to increase again at higher fluence levels. 
assumption that stress does not affect swelling. We know this to be incorrect in the fluence range where 
the upturn occurs. 
component as a new late-term contribution to creep. Since swelling strains are isotropically distributed 
and creep strains are not, however, this commonly used procedure is not really valid for design 
applications. 

We can use the swelling measurements shown in Figure 2 along with the diameter change measured at the center 
of each tube segment to calculate a better estimate of the creep coefficient at high fluence without 
including stress-affected swelling as a component of creep. 
actual (stress-affected) swelling strain, the true creep strain per unit neutron fluence is linear with 
stress as expected. 
level and is relatively independent of stress, both of which appear to be relatively safe assumptions for 
this data set. 

Figure 3b shows the creep coefficient obtained by averaging the coefficients of each polynomial term for the 
six stress levels. 

The creep-strain rate for each stress 

Two features of these curves require 
This is 

This also is an artifact which arises from the 

The calculational procedure employed here in effect treats the stress-affected swelling 

Figure 4 shows that after subtracting the 

This calculation assumes that the incubation period is small compared to the total dpa 

This creep coefficient is described by 

B(MPa-l dpa-l) = 3.8598 X loF7 t 4.7627 X 10-7Y -1.001 X 10-*Y2 t 7.0368 X 10-11Y3 

where Y is the dose in dpa. 

Also shown in Figure 3b is the assumed true creep behavior. 
the average creep coefficient B over the total exposure of the experiment. 

The data of Figure 4 can be used to calculate 
Figure 5 shows the relatively 
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F igure  2. 
over lap  and show t rends  c l e a r l y ,  ( c )  composite behavior  showing r e l a t i o n s h i p  t o  s o l u t e - f r e e  Fe-Cr-Ni model 
a1 l o y s .  

(a,b) Swe l l i ng  da ta  de r i ved  f rom 2.5 cm l o n g  tube r i n g s .  Two curves a re  shown t o  reduce da ta  

157 MPa 134 MPa 

Stress-Affected 
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__--__- 
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D = 0.61 x lom2 MPa' \ c 
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Average Value of Behavior of 
Instantaneous True Creep 
Creep Coefficients Rate at 

High Fluence 

Bo = 0.5 -1 .O x 104 MPa-' dpa-' 
I I I 

0 25 50 75 100 

Displacements Per Atom 

Figure  3. 
de r i ved  from the  curves i n  3a. 

a) Creep c o e f f i c i e n t s  de r i ved  from da ta  a t  each s t r ess  l e v e l ,  b)  average creep c o e f f i c i e n t  
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Figure 4. 
one- th i rd  of the measured swel l ing  on a r i n g  from the t o t a l  measured diameter change a t  the center o f  the 
r i n g  and then d i v i d i n g  by the neutron f luence f o r  tha t  r i n g .  
proport ional  t o  stress. 

Calculat ion o f  t r u e  s t r a i n  rates a t  the pos i t i on  o f  maximum deformation, obtained by subt rac t ing 

Note tha t  the t r u e  creep i s  d i r e c t l y  

Dose, dpa 3891 1091.4 

Figure 5. 
agreement w i t h  ca lcu la ted value of B from data i n  Figure 4. 

Relat ionship o f  calculated instantaneous and average creep coe f f i c ien ts ,  showing r e l a t i v e l y  good 
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good agreement of the calculated value from Figure 4 with the B curve calculated from Equation (1) by 
integrating it to obtain the average value of B between 0 and Y for every value of Y .  This comparison 
confirms that the true creep strain is smaller than that 
as a creep component. As discussed in other publications frs-15! the instantaneous creep rate can be written 

d' ed when stress-affected swelling i s  treated 

B = :/a = Bo + OS, ( 2 )  

providing that the material is annealed and does not develop any significant phase-related strains or 
density changes, where 
U hoyy!, Bo is the creep compliance, D is the creep-swelling coupling coefficient and $ is the instantaneous 
swe ing rate. 

If w 
swelling rate (O.lBY/dpa) derived earlier to be suitable for ~ 5 0  dpa, the coupling coefficient D appears to 
be 0.61 X 
steel irradiated at 385-4OO'C in a similar experimentTgf yielded 1 X lo-% MPa-? dpa-l and 0 . 6 ~ 1 0 - ~  MPa-?, in 
good agreement with the value derived for annealed Type 304L stainless steel. 
working and composition on the creep coefficient appear to be relatively insignificant. 
that the creep coefficients Bo and D appear to be independent of v 

While it is easy to see the stress dependence at constant displacement rate in Figure 4, it is not so easy 
to see the effect of displacement rate alone. 
at zero stress observed at a lower displacement level in this experimental series. 
displacement rate is the strongest variable in that stress exerts no influence at lower displacement rates. 
It is particularly interesting that the combined effect of these two variables cannot reduce the duration of 

the alloys. tra?iaP A more detailed analysis of the swelling data was presented in Reference 8.  

is the effective strain rate per unit stress, a is the effective stress ( N 2  

igno e the negative intercepts shown in Figure 3a we [ind u ing 3 and 3b that Bo is 0.5-1.0 X MPa'? dpa-! and that the saturation value of D$ is -8 X 10- MPa- f dpa - ?  . Assuming the stress free value of 

and composition over a relatively wide range of austenitic steels. ?W 

MPa- f . A previous estimate of these c ficients for 10 nd 20 cold-worked 316 s ainle s 

Thus, the effects of cold- 

bles such as cold work, temperature 
Ehrlich has shown 

Figure 6 shows the effect o f  displacement rate on swelling 
It appears that 

nt regime of swelling below the minimum level of 10 dpa found in solute-free Fe-Cr-Ni model 

3.0 I I I I 
2 3 4 5 X 10.' 

Displacement Rate, dpds 38911091.3 

Figure 6. Dependence on displacem t rate of swelling-induced diameter change at 30 dpa in unstressed irradiation of annealed A I S 1  304L. PI 
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CONCLUSIONS 

A t  -390'C t h e  s w e l l i n g  o f  annealed A I S I  304L s t a i n l e s s  s t e e l  i s  s e n s i t i v e  t o  displacement r a t e  and app l i ed  
s t r ess  a l though t he  i n f l uence  o f  t he  l a t t e r  can on l y  be observed a t  h igher  displacement r a t e s  and d i sp lace -  
ment l e v e l s .  The i r r a d i a t i o n  creep r a t e  i n  t h i s  a l l o y  was found t o  be d i r e c t l y  p ropo r t i ona l  t o  t h e  s t r ess  
l e v e l  and t he  instantaneous creep ra te .  
worked Type 316 a t  t h i s  temperature, t he  creep r a t e  of 304L i s  l a r g e r ,  b u t  t h e  swe l l ing-c reep coup l ing  
coe f f i c i en t  does n o t  appear t o  be in f luenced by d i f f e rences  i n  cold-work o r  composi t ion between t he  two 
s tee l s .  
p r e d i c t i v e  use i n  design app l i ca t i ons .  

Since annealed Type 304L swe l l s  a t  a f a s t e r  r a t e  than 20% co ld -  

I n c l u s i o n  o f  t h e  s t r ess- a f f ec ted  p o r t i o n  o f  s w e l l i n g  i n t o  t he  creep d e s c r i p t i o n  i s  n o t  c o r r e c t  f o r  

FUTURE WORK 

Th i s  e f f o r t  w i l l  cont inue,  focusing on a more d e t a i l e d  examination of t h e  in f luence o f  cold-work l e v e l  on 
t h e  creep o f  A I S I  Type 316. 
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IRRADIATION CREEP OF PCA OBSERVED I N  FFTF/MOTA 
R .  J .  Puigh, Westinghouse Hanford Company 

- F. A. Garner, P a c i f i c  Northwest Laboratory; (a)  

OBJECTIVE 

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  p rov ide  i r r a d i a t i o n  creep da ta  f o r  a p p l i c a t i o n  t o  f us i on  r e a c t o r  design. 

SUMMARY 

The candidate a u s t e n i t i c  a l l o y  designated PCA was i r r a d i a t e d  i n  FFTF/MOTA i n  t he  20% cold-worked c o n d i t i o n  
t o  f luences ranging as h i gh  as 122 dpa. A t  temperatures i n  t he  range of 384-55O'C t he  creep r a t e  was found 
t o  l i n e a r l y  dependent on t h e  app l i ed  s t r ess  l e v e l .  
app l i cab le  t o  t h i s  a l l o y  y i e l d s  a c reep- swe l l ing  c o e f f i c i e n t  o f  0- 0.6 X 10- MPa-?, i n  e x c e l l e n t  agreement 
w i t h  t he  r e s u l t s  o f  s tud ies  on s o l u t i o n  annealed A I S 1  304L and var ious  thermomechanical t reatments o f  A I S 1  
316 s t a i n l e s s  s t e e l .  

The assumption t h a t  t he  g o  t 0 creep model i s  

PROGRESS AND STATUS 

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

I n  a number o f  recent  r epo r t s  t he  c reep- swe l l ing  r e l a t i p q s g j p  of annealed AIS1 304L( I )  and var ious  
thermomechanical t reatments of A I S 1  316 s t a i n l e s s  s tee l  have been inves t iga ted .  These s tud ies  were 
conducted i n  EBR-I1 and showed a remarkable consistency i n  r e s u l t s ,  i n d i c a t i n g  t h a t  i r r a d i a t i o n  creep a t  
most temperatures o f  i n t e r e s t  cou ld  be descr ibed as cons i s t i ng  o f  several  minor c o n t r i b u t i o n s  
( p r e c i p i t a t i o n - r e l a t e d  d '  ns iona l  changes and t r a n s i e n t  r e l a x a t i o n  o f  co ld-work induced d i s l o c a t i o n s )  and 
two major con t r i bu t i ons . lE7  The major c o n t r i b u t i o n s  were associated w i t h  t he  creep compliance, B , a 
q u a n t i t y  unre la ted  t o  vo id  swe l l ing ,  and a swe l l i ng - d r i ven  creep component. While swe l l i ng  i t s e l f  i s  very  
s e n s i t i v e  t o  a l a r g e  v a r i e t y  of ma te r i a l  and environmental var iab les ,  t he  instantaneous creep r a t e  appears 
t o  be p r o p o r t '  n on l y  t o  t he  app l ied  s t r ess  and t he  instantaneous s w e l l i n g  r a t e .  
pub1 i c a t i o n s ,  17-81 t he  instantaneous creep r a t e  can t he re fo re  be w r i t t e n  

As discussed i n  o the r  

B = k/u = Bo t DS (1) 

p rov id i ng  t h a t  t h e  ma te r i a l  i s  annealed and does n o t  develop any s i g n i f i c a n t  phase- re la ted  s t r a i n s  o r  
dens i t y  changes, where c/o i s  t he  e f f e c t i v e  s t r a i n  r a t e  pe r  u n i t  s t ress ,  o i s  t he  e f f e c t i v e  s t r ess  (&/2 
q,o 
swePPing r a t e .  

Exoerimental D e t a i l s  

I n  t h i s  s tudy t h e  Fusion Prime Candidate A l l o y  designated PCA (heat  K280) was i r r a d i a t e d  i n  FFTF/MOTA us ing  
2.24 cm l ong  hel ium-pressur ized tubes w i t h  ou te r  and i nne r  diameters of 4.57 mm and 4.06 mm, r espec t i ve l y .  
The composi t ion o f  t h i s  heat  i s  Fe-16.63Ni-14.31Cr-1.95Mo-l.~3Mn-0.52Si-O.O48C-O.Ol4P-O.O25S-O.O4V-O.O2Nb- 
0.31Ti -0.04Co-0.0ZCu-0.05A1-0.0018-0.008N (wt  .%) . The specimens were removed p e r i o d i c a l l y  from Ibp r e a c t o r  
and t h e i r  diameters measured a t  f i v e  equ id i s t an t  p o s i t i o n s  us ing  a non-contact ing l a s e r  system.( Dur ing 
any one i r r a d i a t i o n  i n t e r v a l  t h e  temperature i s  a c t i v e l y  c o n t r o l l e d  w i t h i n  t5'C. 
descr ibed i n  t he  f o l l o w i n g  sec t i on  were subjected t o  subs tan t i a l  temperature increases f o r  1-2 hours i n  t he  
f ou r t h  i r r a d i a t i o n  c y c l e  and were d iscarded.  Th i s  r e p o r t  examines t he  creep response o f  PCA on l y  f o r  those 
cond i t i ons  i n  which t h e  temperature was very  w e l l  de f ined .  

) ,  Bo i s  t he  creep compliance, D i s  t he  c reep- swe l l ing  coup l ing  c o e f f i c i e n t  and s i s  t he  instantaneous 

Some o f  t he  tubes 

F igure  1 shows t he  r e s u l t s  o f  s i x  i d e n t i c a l  tubes i r r a d i a t e d  s ide-by-s ide  a t  -4OO'C, va ry i ng  on l y  i n  hoop 
s t r ess  l e v e l s ,  which ranged from 0-200 MPa. 
another as t he  tubes were p laced a t  d i f f e r e n t  r e a c t o r  l e v e l s  a t  each r e c o n s t i t u t i o n  o f  t he  experiment. 
F igure  1 shows t h a t  t he  t o t a l  d iamet ra l  s t r a i n ,  i n c l u d i n g  c o n t r i b u t i o n s  from both  vo id  s w e l l i n g  and 
i r r a d i a t i o n  creep, v a r i e s  l i n e a r l y  w i t h  s t ress .  
those associated w i t h  t h e  l a s t  i r r a d i a t i o n  cyc le .  
tubes as a f u n c t i o n  of f luence. 
on l y  swe l l ing- induced deformation and shows t h a t  swe l l i ng  a t  t h i s  temperature i s  con t inuous ly  acce le ra t i ng  
w i t h  i r r a d i a t i o n  exposure. 

The v a r i a t i o n  i n  temperature (384-406'C) arose from one run  t o  

The temperatures quoted f o r  each curve i n  F igure  1 are 
F igure  2 shows t he  t o t a l  d iamet ra l  s t r a i n  f o r  these same 

Note t h a t  t he  diameter change o f  t he  tube w i t h  zero hoop s t r ess  represents  

( a )  Operated f o r  t he  U.S. Department of Energy by B a t t e l l e  Memorial I n s t i t u t e  under Cont rac t  
DE-AC06-76RLO 1830. 
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Linear Dependence o f  diametral strain on stress observed in 20% cold-worked PCA irradiated at 
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Diametral strains observed in six pressurized 20% cold-worked PCA tubes irradiated at 384-406T 
Hoop stress levels are given. 



142 

Figures 3 and 4 show similar curves for tubes irradiated at three higher temperatures. 
these curves indicate that several of these tubes failed, losing their pressure somewhere in the last 
irradiation cycle. Each of these three sets of tubes extends to lower fluence levels than that shown in 
Figures 1 and 2, since they were subjected to the large excursions in temperature mentioned previously and 
therefore discarded. 
at ?600°C, probably signaling the onset of thermal creep and PO 
is known to accelerate in AISI 316 at temperatures above 550'C.Tf1! It may also partially represent the 
effect of stress in accelerating the formation of sigma phase, whose 
incorrectly interpreted as representing the onset of tertiary creep.(T3j The data at 743 and 750'C 
probably are associated with tertiary creep, however. 

Discussion 

In several earlier papers it was shown that irradiation creep appears to cease at relatively high 
temperatures when the swelling level approaches -109. and the swelling rate reaches the steady-state value of 
-l%/dpa. 
due to swelling alone. 
was observed in PCA. 

The average stress-free swelling rate observed over the last irradiation cycle is -O.l4%/dpa and the total 
swelling is only 6%. 
0.33%/dpa limit, we will have to wait till the next discharge of this experiment to see if PCA will 
experience a cessation of creep similar to that observed in AISI 316. 
increasing, the possibility of creep cessation may yet occur. 

If we assume that swelling is not strongly affected by s r e s  
coefficient ov r the last 'rradiation cycle of 9.8 x 10-i MPa-f dpa-1. suming that the creep compliance 

coefficient D is found to be 0.63 x lg-$ MPa-7, in excellent agreement with the values found for AISI 304L 
(0.61 x 

It therefore appears that the creep-swelling coupling coefficient D for austenitic steels is not a strong 
function of either composition or cold-work level. 

Dotted lines in 

Figure 4 shows that the linearity of total diametral strain with stress does not apply 

ociated volume changes are sometimes 

ly stress-affected swelling. The latter 

The cessation of creep is therefore associated with a diametral strain rate of -0.33%/dpa, that 
It is therefore of interest to examine this experiment to see if a similar behavior 

Since the average creep rate at 200 MPa hoop stress is only 0.16%/dpa, well below the 

Since the swelling rate i s  still 

t 384-406'C we calculate an average creep 
8, is -1 x 10- 8 -  MPa 1 dpa' 1 as demonstr ted i a number of s t u d i e ~ , ( ~ ? ~ ? ~ ~  the creep-swelling coupling 

and AISI 316 (0.6 x 10- ) .  

CONCLUSIONS 

The candidate austenitic alloy designated PCA was irradiated in FFTF/MOTA in the 20% cold-worked condition 
to fluences ranging as high as 122 dpa. 
to linearly dependent on the applied stress level. 
applicable to this alloy yields a creep-swelling coefficient of D= 0.6 X 10- 
with the results of studies on solution annealed AISI 304L and various thermomechanical treatments of AISI 
316 stainless steel. 

At temperatures in the range of 384-550% the creep rate was found 

MPa- , in excellent agreement 
The assumption that the go t D creep model is L 

FUTURE WORK 

This effort will continue in an attempt to compile a comprehensive evaluation of irradiation creep in 
austenitic stainless steels. 
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PHASE STABlupl OF A MANGANESE-STABIWED LOW-ACTIVATION MARTENSITIC STEEL - R.D. QrWIln*, D.S. 
Qelies', R.A. Dodd.. and Q.L Kulclnsld' ('Fuslon Technology InstWUnlverslty d Wisconsin and *Pacific Northwest 
Laboratow 

OBJECTIVE 

The object of thls work is to characterize the phase stabllHy of a 12CraMn-1 W4.3V-O.lC martensitic steel. 

SUMMARY 

The development of allqrs wlth reduced long-llle radioactMty has been Incorporated Into the goals of fusion 
masrials development One possible candidate alloy Is an Fe-lXrS.5Mn-iW-0.3V-O.lC stnbiilzed martensitic steel. 
The phase stabllity of thls steel has been investigated following neutron irradlatlon ovar a temperature range of 4x)"C 
to 800°C to doses as high as 100 dw. The microstructural reswnse of the irradiated steel has been mmnared to that 
ot the same alloy aged Tor 10.000 hurs from 3 8 ~ 0 ~  to ~ 0 0 0 ~ .  

M23Q was the only carblde found In both the aged and IrradlaW structures. In the samples aged at 420°C and 
520% and the samples Irradiated at W C ,  an FeCr-Mn-W chl phase formed. In the samples lrradlated at 4mC,  
alpha prime formed. The presence of chi phase In both the thermally aged and neutron Irradiated steels indicates that 
the Fe-Cr-Mn system Is prone to intermetelllc phase formation so that careful study of the effects of alloying are 
needed. 

PROQRESS AND STATUS 

lolroduction 
A goal for fuslon reactor matariais is that they have reduced long-lib radloactMty. For steels. thls means that the 

common alloying elements nlckel and molybdenum must be elimlnated.1 A 12% chromlum martensltlc steel, whlch was 
deslgnated L9, was designed based on the 12Crl M O W  steel HT-9.2 The 12% chromium In these steels slows 
pearlite, ferrite and balnke formation so that a martensitic sm~cture is obtained with air coollng. Table 1 shows the 
composition of this steel along with that of HT-9. As nickel cannot be used, manganese was added to eliminate delta 
ferrite. The tungsten Content was increased to compensate for the loss of molybdenum. and the amount of carbon was 
also decreased to increase the steel's ductility. In this study, the response of the steel to aging arid Irradiation was 
studied. 

Table 1. Composition of L9 and HT-9 (wt%) 

ELemant B G Y Yd Mn NL MQ 
LQ 12 0.1 0.3 1 .o 6.5 - 
HT-9 12 0.2 0.3 0.5 0.6 0.5 1 .o 

- 

!ixmmo! 

1 W C  for 20 hours and air cooled to room temperature. They were then heated to 1100°C for 10 minutes and air 
cooled again to room temperature. Tempering was done at 700°C for two hours. Transmission electron microscopy 
(TEM) disks were aged for 10,WO hours at 365°C. 420%. 520°C. and 800°C. Normalized and tempered d isk were 
Irradiated in the Fast Flux Test Facility (FFF) Materials Open Test Assembly (MOTA) in Richland, Washington, at 420% 
to doses of 10,48, and 114 dpa. lrradlations at 520°C were done to 14 and 48 dpa. At 8oo"C, the samples were 
lrradlated to 14 dpa. The disks were jet thinned in a solution of 10% perchloric acid and 90% butyl alcohol at -30°C. 
Extraction replicas were also completed on most of the samples. The samples were studied using JEOL 1WCX and 
2OOCX transmission electron microscopes which were equipped with energy dispersive x-ray spectrometers (EDS). 
Optical metallography was also performed on the aged samples. 

60th ma agea ana me irraaiam samples were nm nortnaiizea and tempered. me samples were held at 
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The tempered strrel consisted of martensite laths with a high dislocation density, and M23Q precipitates. Aging 
for 10,OOO hours at 365% and 420°C did not lead to much change In the lath size or the dislocation density. Aging at 
520°C and 600% caused the lath and precipitate sizes to Incmase, and lead to some dislocation recovery. Optical 
metallography showed lath coarsening (Fig. 1). At 365°C and 420°C there was no drop In the hardness from mat of the 
tempered steel, but the samples aged at 520°C and 800°C showed a loss of hardness. The TEM lath and precipitate 
structures of the sample aged for 10,ooO hours are shown In Fig. 2. Dislocation recovery, lath and precipitate 
coarsening can all be seen. 

Fig. 1. Optical metallography resultsfmm the 12Cr-O.lC6.5Mn-lW-0.3Vsteel after aging for 10,OOO hoursat 
365°C. 420°C. 520°C, and 600°C. 

Fig. 2. E M  micrographs showing the structure of L9 after aging for 10,ooO hours. 

At 365°C and 600% there was no change in the phases present from the tempered sample, only M23Q and 
martensite laths were present. At 420°C and 520°C. aging for 10,000 led to the formation of chi phase. This phase was 
also seen in the steel when it was aged at 420°C and 520°C for lo00 and so00 hours.3 The increased aging Ume led 
to a markfd increase in the amount and size of the chi which formed. In Fig. 3, a TEM image of the sample aged for 
10,ooO hours at 520°C contains a vety large chi grain. At 420°C, the chi grains which formed were somewhat Smaller 
than those formed at 520"C, but the phase still readily formed. The composition of tha chi which formed in the steel was 
5896Fe, 18%Cr. 16%Mn, and 896W (wt%). The orientation relationship belwe8n the chi and the martensite was cube- 
oncube. 
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1 I 

Fig. 3. E M  micrograph tmm LB aged lor 10,ooO 

I 
hours at 520°C. A large chi grain is seen in me upper 
left comer. 

Fig. 4. Microsbucture of LQ after irradiation at 
B0o"C to 15 dpa. - 

irradiation at 600% to 14 dpa did nc4 bad to Me formation of any new preclpltateq only M23Co formed under 
these conditlons. The dislocation density was q u b  low (Fig. 4). in one large volume of this sampk. a substantial 
amount of austenite which had a higher manganeae content than that of the ferrlte grains was present (Fig. 5). A 
selected area diWracAon tilt sequence used to identify the phase is shown in Fig. 6. The presence of the austenite is 
probably due to local inhomogeneities in the alloy composition because regions rich in austenite were also found in a 
few heat treated samples. No voids were seen in the sample irradiated at 600°C. 

which were identllied as chi phase lormed at Me lath boundaries (Fig. 7). At 48 dpa the amount of chi present increased 
so that the martBnsitB + M2& structure had broken down to a mixture of ferrite + chi + M23Q. The ferritelchi interface 
often ahowed a regular interfacial dislocation structure. Figure 8 shows the sttucture d the sample irradiated at 520°C 
to 48 dpa. The s W h  grains are chi. 

At 52o"C, no voids ware Seen at 15 or 48 dpa. Again the dislocation densltywas wry low. Large precipitates 

Fig. 5. Austenite grains in W after irradiation at BO0"c to 15 dpa. 
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Fig. 6. Selected ama electron dithaction patterns from the austenite grains in L9 after irradiation at B0o"C to 
15 dpa. 

I 

Fig. 7. Microsbumre d L9 after inadlation at Fig. 8. Miaostrumm d L9 a m  irradiation at 
520°C to 14 dpa. The large, dark grains at the lath 
boundaries are chi. 

520% to 48 dpa. The smooth grains are chi. 
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Rg. 9. MicrOStructures of the samples Irradiated at 420%. 

Irradiation at 420°C led to the formation of some voids, although at 10 dpa m y  few were seen. At 43 and 114 
dpa. more voids wem found, but even at 114 dpa. there were very few and they were not evenly distributed. irradiation 
at 420°C also led to the formation of dislocation networks and loops. The M23Q was still present and, in addition, small 
round alpha prime plecipltates formed. The amount of alpha prime increased with the higher dpa and the phase 
coarsensd slightly. Figure 9 shows the structure of the samples Irradiated at 420°C. The increase in the amount and 
the size of the alpha prime Is apparent in these images. A few voids and dislocation loops can also be seen. 

Discussion 

Aging at 386°C and 800°C and irradiation at 600% did not lead to any unexpected results. The steel showed 
remarkable mistance to the aging at the IowBr temperatures and also showed excellent void swelling resistance when 
it was irradiated. Howaver, the formation of alpha prime which occurred when the steel was irradiated at 420°C may 
cause embrifflement. Agim at 420°C and 520°C. and irradiation at 520°C led to the unexwcted formation of the brittle _ _  - .  
Fe-Cr-Mn-W chi phase. 

system does not have a chi phase in its equilibrium diagram,a and the only evidence for chi fonnatlon in simple F e r -  
Mn alloys has been in irradiated Fe-Cr-Mn ternaries where both Fer -Mn  and Fe-Mn alloys we10 tested. lrradlation at 
420°C of an Fe-SCr-15Mn alloy to 9 dpa led to the formation of manganese-rich chi phase precipltates.7 At manganese 
levels above 20%. the bcc chi phase formed again, but this time was chromium-rich. The amounts which formed 
increased as the chromium level increased. No chi was found in the simaie Fe-Mn allnvs 

contain arr.-.--.- -..-I.II -. .. -, I..v. I 

O.lC, 0.2N steel which was creep tested for 22,803 hours at 5oo°C, for 17,740 hours at 550°C. 13,436 hours at 800°C, 
10,544 hours at W C ,  and at 700°C for 9,448 hours did not report the formation of any chi.8 

Chi phase Is often thought of as an Fe-cr-Mo intermetallic. butthere is also an F&r-W chl.43 The W r - M n  

m to not 
.,,.-msm,,,-, - IIII..,VI.IUILUI-.I ~IvIUuvII a I I .ulwrl, iO.lCr, 

Chi phase was reported in two aged, high manganese austenitic steels which contained Mo and W. in the flmt of 
these, an austenitic 0.4C. 30.5Mn, 3.0Ai, 2.5Cr, 1 SMO, OSW, 1.5V steel, chi formed after aging at 650°C between 520 
and 5OOO hours. it was concluded that chromium accelerated chi formation.9 In the second paper, a steel wlth 0.7C, 
17Cr, 14Mn. 2M0, .3N, .3Si formed chi at 550°C. W C ,  750°C. W C ,  and 950°C in times as short as five minutes.10 
The composition of the chi was given as Fa31Crl4Mng.gMq.5. intermetallic formation in 12Cr-O.lC steels wlth only 
0.646Mn, is not expected until Mo or W levals reach 346.11 But in the present study, chi formed in a 12%Cr steel with 
only 1 %W, when 6.5%Mn was also added. From these studies and the present one, it can be concluded that both 
Increased chromium and manganese contents enhance chi formation. This can be important for low activation studies 
where Fe-Cr-Mn steels are being studied. The addition of W to these steels may produce similar tendencies. 
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CONCLUSiONS 

The addition ol manganese to Fe-Cr alloys containing W or Mo promdas phase instability. For both austenitic 
and martensitic Fe-Cr-W steels, the presence of manganese can e n h a m  intermetallic phase lonnation, specifically chi. 
The chi which forms 1s expeaad to vary widely in composition. Although this formation in heal treated samples can be 
sluggish, irradiation can accelerate the formation so that in an irradiation environment these alloys must be carafuily 
designed. 

For 12%Cr, Mn-stabilized martensitic steels. the pfwem d tungsten and molybdenum must be eliminated to 
discourage phase instability. Pernaps if shengthening was obtained with elements which have not been shown to form 
a chi phase, the steel's structure would remain stable. Vanadium additions might be used as no w i d e m  d an Fe-Cr-V 
chi phase was found in the literature. 

FUTURE WORK 

and resistance to swelling. The inadiations will be done to 10,20 and 40 dpa at 450,550, and BMPC. At 550°C. He+ 
will be coimpianted with the Fe++ at levels d 10 appm Haldpa and 20 appm Haldpa. 

The lXrSSMn-lW4.3V4.1C steel LQ will be inadiatBd wlth 3.8 MeV Fe++ ions to further test Its phees stability 

REFERENCES 

1. R.W. Conn. E.E. Bloom, J.W. Davis. R.E. Gold, R. Little, KR. Schultz. D.L Smith, and F.W.Wiffen. W 
-5 ( l W )  291. 

2. D.S. Geiies and M.L Hamilton, Ailov Deve io~mentfor Irmlation Performacw, Semiannual progress Repolt 
DOEER404Y13 (1985), 128. 

3. R.D. Griffin, RA. Dodd, Q.L Kuicinskl and D.S. Qeiles, Fuslon I?8&Qr Mater iais Semi -ReDorti& 
Period Endina SeDtemter 30.1988. DOE/ER-O313/5,130. 

4. 

5. 

8. 

7. 

8. 

9. 

10. 

11. 

K. Kuo discussion, p. 227 and 228 d F.L VerSnyder and H.J. Battle, Jr., m. ASM 47 (1955) 21 1. 

H.J. Goidschmidt, Interstitial AiiQys. Plenum Pma, New York, l@7,126. 

E.A. Brandes and K.F. Flint, -Phase @ a g m S  2(1) (1981) 1037. 

J.M. McCarthyand F. A. Qamer, J. Nu&-. 155157 (lm) 8T7. 

E. Ruedl, R Matera and G. Valdm. J. Nucl. Mater 151 (1988) 238. 

Y. Zhang. F. Ahang, H. Guo, G. Wang, Acta Metallum ica Sin h20(1 )  (1W)A l .  

S.L Chen, T.Y. Feng, Acta Metal iumica Slnica 14(2) (1978) 152. 

K. J. Irvine, D.J. CM, and F. B. Pickering, ,!!SI 195(8) (1680) 386. 



151 

PHASE STABILITY OF AN Fe-Cr-Mn ALLOY AQED FOR 2ooo AND 5ooo HOURS - R.D. Qtlmn', D.S. Qelles+, R.A. 
Dodd', Q.L Kulclnskl' ("Fusion Technology InMtuteUniversity of Wisconsin and +Pacific Northwest Laboratories) 

OEUECTIE 

an Fe-Cr-Mn aiioy. 
The object of this study is to determine the teasiblllty of low actlvatlon ste8is by imnrrtigatlng the phase stability of 

SUMMARY 

An Fer-Mn-W chl phase formed in a IXr-6.5Mn-lW-0.3W.lC (wt%) martensltic steel that was aged trom 
loo0 to 5ooo hours at 4XPC and 520"C.l An Fe-25%Cr-I5%Mn alloy with a composition close to that of the chi phase 
was falxkated and aged for 20W and 5ooo hours in order to datermine phase stability. Optical and transmisslon 
electron microscopy of the samples showed that slgma, fenite, austenite and M23G3 formed. These results show that 
chl Dhase does not form easilv in simDle Fe-Cr-Mn allovs and that chi mav muire minor additions of tunasten or 
molybctenum to form thermally. 

PROGRESS AND STATUS 

lntroductlon 

Fe-Cr-Mn alloys are belng conslderad as posslMe candMatm for fusion remtor materials which can satisty the 
requirements for near surface burial. Recent rssults on a lXr-6.5Mn-lW-0.3V-O.lC martensitic steel showed that an 
Fer-Mn-W chl phase formed when It was aged for 5ooo hours.1 In a 12Cr-6Mn-1MM0.3V4.IC -1. chi formed 
when It was Irradiated at 385"C.* A Mn-rich chi phase also formed in an FedCr-15Mn austenitic alloy irradiated at 
420°C to 9 dpa.3 This chi phase formation was unexpected, especially In the aged sample because there is no chi 
phase in the Fe-Cr-Mn phase diagram up to Mn levels as hlgh as 30%' in this experiment an alloy was fabricated wllh 
a compositlon close to that of the chi phase that formed in the martensitic steels. This alloy was aged to determine If chi 
phase formed. 

The target composition of the alloy was Fe%%Cr-l5%Mn. The alloy was manufactured in a standard arc 
melting furnace backfilled with argon using 99.9% pure starting materials. The alloy was homogenlzed at 12WC for 2 
hours. It was warm rolled twice by heating to 1ooo"C and rolling, 11 % on the first pass and 20% on the second. It was 
further cold rolled 30%, 60%, 80%, 3546, and 45% with each reduction followed by a solution anneal at 1030"Cfor 
5 hours. Finally, the alloy was cold rolled to a thickness of 0.2 mm and punched into transmission electron microscopy 
( E M )  disks. The disks were aged at 365°C. 410°C and 520°C for 2WO hours, and at 520°C for 5ooo hours. Optical 
metallography and analytical electron microscopy followed standard procedures. 

Emm 
Energy dispersive x-ray analysis of the samples showed the overall sample composition to be Fe-25%Cr- 

12%Mn, which was slightly offtrom the target m p l t l o n ,  often found when arc melting alloys containing manganese. 
The structure of the as-rolled sample and those which were aged for 2OOO hours were all similar. The optical mlcm 
graphs from these samples are shown in Fig. 1. They consist of large ferrite grains.(approximately 100 microns) with 
smaller particles within them. TEM analysis ofthe samples showed the ferrite grains had a very hlgh dislocation density 
which can be attributed to the final cold rolling. The particles were shown to consist of a matrix phase with ribbons of a 
second phase running through it. The structure found in these samples is shown in Fig. 2 (420"C, 2ooo hr), where one 
of the two-phase clumps Is surfwnded by the ferrite with a high dislocation density. A higher magnification image of the 
ribbons and matrix surroundim them an? shown in Fig. 3a. Figure 3b and 3c show the results of diffraction analysis on 
these phases. The analysis demonstrated : 
normal cubeoncube orientation relationst 

the particlematrix was austenite, while the ribbo 
lip. 

The sample which was aged for 5ooo hours at 520% showed a marked change from the 20W hour samples. In 
this sample the large ferrite grains with the high dislocation density wre replaced with a finer grained structure (approx- 
imately 400 nm). The microstNcture was a mixture of sigma, ferrite and some austenite. Figure 4 shows a TEM image 
of the microstructure. The large grain in the center is a sigma grain. Figure 5 shws a set of convergent beam diffrac- 
tlon patterns whlch were used to identity the sigma phase. No chi was fwnd in the sample. 
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Fig. 1. structure of Me FeCr-Mn ternary afkr aging for 2ooo hours. 

a 

R - 
Fig. 2 TEM micrograph showing a two phase particle inside a tenite grain. 

Fig. 3. E M  analysis ofthe two phase particle: a) TEM image, b) SAD diffraction pattern. 
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flg. 4. E M  Image of a large sigma grain after aging for 5OOO hours at 520°C. 

Fig. 5. Converged beam dilhaction pawrns from sigma. 

Discussion 

occurs as a result of thermal aging for between 2ooo and 5ooo hours at 520°C. and second the phases that form in the 
simple Fe-Cr-Mn ternary alloy appear to be different trom those found in a more complex steel. The aging response of 
Fe25Cr-12Mn at 520°C apparently takes on the order of half a year in order to allow formation of sigma phase. Similar 
results were obtained for the formation of Laves (Few) at W C . 5  Therefore, properly changes in low activation steels 
may only m u r  after aging times of that order at 500°C and signlficantly longer times at lower temperatures. 

ilterahrre. Chi phase is in fact the alpha-manganesa crystal stlucture, so that Fe r -Mn  chi can easily be envisioned as 
a simple substitution of iron and chromium for manganese. The present work relutes that assumption. Apparently, 
instead sigma phase is stable. This result raises the question, "Why does chi form in mom complicated steels or in 
simple steels under irradiation?' The answer may lie in the work by Qoidschmidt, demonstrating that chi phase is one of 
the carbondissolving intermetallic compounds, Fe r -Mo  and Fe-Cr-W being two examples! Goidschmidrs work 
suggests that 1) carbon may be necessary for chi formation, and 2) FeCr-Mo and Fe-Cr-W chi phases do form so that 
Fe-Cr-Mn chi can be envisioned as Fe-Cr-(Mo, w) chi with Mn substituted for (Mo,W). As M23Q was found in our Fe- 
25Cr-12Mn alloy. carbon was available to aid chi phase formation but chi stili did not form. Therefore, an explanation 
for our results can be envisioned as requiring the presence of Mo or W to allow chi formation with evenmai substitution 
of Mn for Mo or W. Nucleation of chi may be controlling phase stability. and therefore, irradiation damage may be 
necessary in simpler systems such as the austenitic FeCr-Mn aiioy.3 

Tiw Important results obtairm IMII ulls wwrK mern w m r  w m m  rim pnase I ~ D I I W  in Fe-25Cr-12Mn 

When this work was started, It was assumed that an FeCr-Mn chi phase had been overlooked in the technical 



154 

CONCLUSiON 

An Fe-15Cr-12Mn aiioy was fabricated with a composition time to that of a chi phase found in mon, compiicated 
Fe-12CrBBMn martensitic steels. The alloy was aged at and near the temperatures at which the chi formed in the steel. 
The results showed only the formation of the expected equilibrium austenite, ferrite and sigma phases with the excep- 
tion of some M23Q formation where carbon was present in the samples. These results SW that chi does not form 
easily in simple Fe-Cr-Mn alloys and that chi may require minor additions of tungsten or molytdenum to form thermally. 

FUTURE WORK 

No future work is planned on this aiioy. 
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PHASE STABILITY OF Fe-Cr-Mn AUSTENITIC STEELS DEVELOPED FOR REDUCED ACTIVATION - E. A. Kenik, 
P. J. Maziasz. and R. L. Klueh (Oak Ridge National Laboratory) 

OBJECTIVE 

The goal of t h i s  study i s  t o  continue t o  evaluate the phase s t a b i l i t y  of manganese-stabilized aus- 
t e n i t e  i n  a l l oys  based on Fe-lZCr-ZOMn-0.25C w i t h  minor addi t ions o f  W, T i ,  V, P, and B. 
(5000 h) a t  600Y was performed on both annealed and cold-worked mater ia l  t o  evaluate the tendency o f  
these a l l oys  toward i n t e r m e t a l l i c  phase formation and rec rys ta l l i za t i on .  The involvement of the minor 
a l l o y i n g  addi t ions i n  these processes was examined. 

Long-term aging 

SUMMARY 

The phase s t a b i l i t y  of manganese-stabilized aus ten i t i c  a l l oys  based on Fe-lZCr-ZOMn-0.25C w i t h  
minor add i t ions o f  W, T i ,  V, P, and B has been evaluated a t  600'C. Dominant p r e c i p l t a t e  phases i n  both 
annealed and cold-worked mater ia ls are M23C6 and T I C  carbides, w l th  no i n t e r m e t a l l i c  phases being 
observed. Composition di f ferences between ma t r i x  and gra in  boundary M23Cg were observed i n  aged speci-  
mens. Those di f ferences are associated w i th  the formation of gra in  boundary M23C6 dur ing annealing a t  
h igh temperature. Minor a l l o y  addi t ions have s ign i f i can t  inf luence on the p r e c i p i t a t e  s t ruc tu re  and 
composition. 
i s  incorporated i n t o  M23C6 but not i n t o  T ic .  
carbides dur ing high temperature annealing ind icates tha t  the carbon leve l  of these a l l oys  can be reduced 
and s t i l l  maintain a s tab le  austeni te mat r ix  w i th  good resistance t o  i n t e r m e t a l l i c  formation. 

Tungsten i s  s t rong ly  incorporated i n t o  MZ3C6 and Tic .  whereas vanadium i s  not. Phosphorus 
The austeni te s t a b i l i t y  even a f t e r  the p r e c i p i t a t i o n  o f  

PROGRESS AND STATUS 

In t roduct ion 

Development of manganese-stabilized s ta in less  s tee ls  has been prompted by two d i f f e r e n t  objec- 
t i ves ;  (1) the reduction o f  long-term induced r a d i o a c t i v i t y  of fusion neutron- irradiated s ta in less s tee ls  
by replacing n icke l ,  molybdenum, and ni t rogen and ( 2 )  t he  replacement of n icke l ,  normally used t o  s tab i-  
l i z e  aus ten i t i c  s ta in less steels. which i s  h i s t o r i c a l l y  an expensive, s t ra teg ic  mater ia l .  

0.25C (wt %) a t  h igh temperatures.' Development o f  rmre complex a l l oys  based on t h i s  composition w i th  
other minor a l l o y  addi t ions i s  under way.2 The aim i s  t o  develop a l l oys  w i th  improved mechanical proper- 
t i e s ,  wh i le  minimizing the formation of e m b r i t t l i n g  i n t e r m e t a l l i c  phases such as sigma or  Laves. The 
s t a b i l i t y  of these a l l oys  dur ing thermal aging and the  inf luence of the other a l l o y i n g  add i t ions were 
studied i n  the current work f o r  both solution-annealed and cold-worked condit ions. 

Klueh e t  al. have shown t h a t  i n  Fe-Cr-Mn a l l oys  a single-phase austeni te ex i s t s  near Fe-12Cr-2OHn- 

Experimental procedure 

jphorus and boron, e i t h e r  s ing ly  or  i n  ~ o m b i n a t i o n . ~  The a l l oys  were hot-worked and 
cold-worked t o  sheet w i th  intermediate anneals a t  115OOC. Mater ia ls were aged a t  61 

both 20% cold-worked and annealed condi t ions (1 h, 1O5O0C). Bulk extract ions were PI 
ing and aged mater ia ls t o  estimate the t o t a l  amount of p r e c i p i t a t e  present. 

Seven a l l oys  based on the above composition were made w i th  addi t ions of tungsten, t i tanium. vana- 
dium. pho! sub- 
sequently DO'C f o r  
5000 h i n  erformed on 
the  s t a r t i  

rep l icas i n  e i t h e r  P h i l i p s  EM400TlFEG o r  CM30 microscopes, equipped w i t h  EDAX detectors and 9100 or  9900 
analyzers, respect ively.  X-ray i n t e n s i t i e s  were quant i f ied  t o  composition for  elements heavier than neon 
w i th  the use of the standardless approach of Zaluzec." Broad beam analysis of la rge areas o f  rep l i ca  was 

average corn( 
used t o  i nd i ca te  t h e  nvari l l l  m m n n c i t i n n  nf thn n r s r i n i t r t n  nhnca/c\  5 Ernm t h a t  information and the 

ses present was estimated. 

Results 

I n  annealed mater ia l  t he  dominant p r e c i p i t a t e  phase present a f t e r  aging f o r  5000 h was M23C6. 
Though chromium-rich, i t s  exact composition depended on the a l l o y i n g  elements present and the  exact 
l oca t ion  of the prec ip i ta te .  Figure l ( a )  i l l u s t r a t e s  copious p r e c i p i t a t i o n  of coarse M23C6 a t  gra in  
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ORNL-PHOTO 5591-89 

Fig. l ( a ) .  Rep l i ca  from annealed a l l o y  w i t h  W, aged a t  6OO0C f o r  5000 h. ( b )  Repl ica from annealed 
base a l l o y ,  aged a t  600°C f o r  5000 hr .  Note f i n e  Mz3C6 decora t ing  d i s l o c a t i o n s  (arrowed). 

boundaries (GB) and smal le r  amounts i n  t h e  m a t r i x  (MT), sometimes decora t ing  p r e - e x i s t i n g  d i s l o c a t i o n s  
[Fig. l ( b ) l .  
GB M23C6 p r e c i p i t a t e s  were depleted i n  chromium and enr iched i n  manganese and i r o n  r e l a t i v e  t o  t h e  HT 
M23C6 p r e c i p i t a t e s .  The average Mn/Cr and Fe/Cr r a t i o s  f o r  t he  seven a l l o y s  were 0.46 and 0.49 f o r  t h e  
GB MZ3C6 and 0.28 and 0.32 f o r  t he  MT MZ3C6. 
was observed and e x h i b i t e d  average Mn/Cr and Fe/Cr r a t i o s  o f  0.41 and 0.70, respec t ive ly .  As such, t he  
d i f f e rence  i n  GB and MT M23C6 composit ions observed a f t e r  60O0C aging i s  a consequence o f  t h e  format ion 
o f  a p o r t i o n  o f  t he  GB MZ3C6 a t  h igh  temperature. 

m a t r i x  T ic .  
t i t a n i u m  (up t o  10 at .  %). 
c a r e f u l  t i l t i n g  (F ig.  3). High s p a t i a l  r e s o l u t i o n  x- ray mic roana lys is  i nd i ca ted  t h a t  t h e  core was t i t a -  
nium enriched, whereas t he  ou te r  s h e l l  conta ined l i t t l e  t i t an ium.  It was presumed t h a t  a p r e - e x i s t i n g  
T i c  p a r t i c l e  served as heterogeneous nuc lea t i on  s i t e  f o r  t h e  M2&, which subsequently coated t h e  Tic.  
F igure  4 shows s i m i l a r  cases of heterogeneous nuc lea t i on  of MZ3C6 on l a r g e r  T i c  p r e c i p i t a t e s .  
t i o n  of m a t e r i a l s  annealed a t  1050 and 1150°C showed t he  presence o f  coarse T i c  p r e c i p i t a t e s .  
1150°C as-annealed ma te r i a l s  e x h i b i t e d  l e s s  TIC, t h e  presence o f  T i c  i n d i c a t e s  t h a t  t h e  temperature 
requ i red  t o  f u l l y  s o l u t i o n  anneal these h i gh  carbon a l l o y s  i s  g rea ter  than 1150'C. 

The r e l a t i v e  amount o f  MT t o  GB M23C6 ranged from 0.05 t o  0.5 f o r  t h e  var ious  a l l oys .  The 

I n  bo th  t h e  1050 and 115OOC as-annealed ma te r i a l s ,  GB M23C6 

T i tan ium add i t i ons  r e s u l t e d  i n  t h e  p r e c i p i t a t i o n  of coarse T i c  (Fig. 2) and i n  some cases f i n e  
I n  a l l o y s  con ta i n i ng  t i t a n i u m  some m a t r i x  M23C6 exh ib i t ed  s i g n i f i c a n t  apparent l e v e l s  Of 

However, such p r e c i p i t a t e s  always e x h i b i t e d  a core which cou ld  be imaged wi th 

Examina- 
Though t h e  

ORNL-PHOTO 5593-89 ORNL-PHOTO 5594(a)-89 
- 7 .  ~ 

E A 

Fig. 2. Rep l i ca  from annealed a l l o y  w i t h  T i  Fig. 3. MZ3C6 p rec ip i t a tes ,  one showing 
and W, aged a t  600°C f o r  5000 h. 
i t a t e s  arrowed. f o r  5000 h. 

Coarse T i c  p rec ip-  i n t e r n a l  f i n e  T i c  (arrowed), a f t e r  aging a t  6OO0C 
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ORNL-PHOTO 5594 (b) -89 
I n  annealed a l l oys  containing tungsten, 

vanadium, o r  phosphorus, the d i s t r i b u t i o n  o f  
these elements was determined by the p r e c i p i t a t e  
phases present. M& was enriched i n  these e le-  
ments by factors of 2 t o  10 r e l a t i v e  t o  the a l l o y  
composition. Phosphorus reached leve ls  near 
1 at. % i n  the f ine MT M23Cg. The la rge r  GB M23C 
p rec ip i ta tes  had lower apparent phosphorus 
levels,  although pre ferent ia l  absorption of 
phosphorus x-rays may be responsible. 
containing t i tanium, tungsten p a r t i t i o n s  s t rong ly  
t o  the T i c  and t o  a lesser degree t o  the M&. 
Tungsten leve ls  near 10 a t .  %were  observed i n  
coarse TIC. Fine matr ix  T IC  was found t o  contain 
approximately 35 at. % C r  and 25 at. % W. T IC  
and MZ3Cg exh ib i ted s i m i l a r  l eve ls  o f  vanadium 
(<2 a t .  %), although the e r ro r  bars were la rge r  
for  T IC  as a r e s u l t  of peak overlap between t i t a -  
nium and vanadium. 

I n  a l l oys  

Fig. 4. Several MZ3C6 p rec ip i ta tes  attached 
t o  l a rge r  T ic ,  a f te r  aging a t  600°C f o r  5000 h. 

mated. The add i t ion o f  -0.1 wt X T i  t o  the base a l l o y  
rouahlv fourfold.  as the formation of T IC  i s  oromoted. 

Cmbining the ana ly t i ca l  e lec t ron microscopy 
w i t h  the bulk ex t rac t i on  data (Table 1). the 
influence of the d i f fe rent  minor a l l o y  addi t ions 
on the p r e c i p i t a t e  microstructure can be e s t i -  

increases the extracted amount of p r e c i p i t a t e  
The add i t ion of -1 w t  % W ac tua l l y  decreases the 

As a s i g n i f i c a n t  f r a c t i o n  o f  the p rec ip i ta-  

a m o h - o f  p r e c i p i t a t e  s l i g h t l y ,  possibly as a r e s u l t  o f  slower M23Cg formation k inet ics .  The add i t ion of 
both t i t an ium and tungsten r e s u l t  i n  even higher amounts of prec ip i ta te .  Currently, the ro les  of vana- 
dium. phosphorus, and boron on p r e c i p i t a t i o n  are not c lear.  
t i o n  i s  GB M&, a por t ion of which forms a t  high temperatures, the va r ia t i on  i n  the amount o f  extracted 
p rec ip i ta tes  i n  the  a l l oys  containing boron and phosphorus may be re la ted t o  the high temperature s t a b i l -  
i t y  of tha t  phase. 

Table 1. Weight Percent P rec ip i ta te  From Bulk Extract ions I n  cold-worked mater ia l  the d i spa r i -  
t i e s  between GB and MT p r e c i p i t a t i o n  were 
reduced (Fig. 5). M23Cg was s t i l l  the 

amounts o f  GB and MT M23C6 were roughly 
A l l oy  1O5O0C/1 h; 115OoC/1 h; CW; dominant p rec ip i ta te  phase, but the 

PCMA-15 (Base) 0.39 0.81 equal. The Mn/Cr and Fe/Cr r a t i o s  f o r  G8 
PCMA-16 (Base+Ti) 1.57 1.77 and MT MZ3C6 were reduced r e l a t i v e  t o  
PCMA-17 (Base+W) 0.24 2.61 those f o r  annealed mater ia l  and the com- 
PCMA-18 (Base+W,Ti) 1.94 3.21 pos i t i on  difference between GB and MT pre- 
PCMA-19 (Base+Ti ,B,P) 1.36 1.40 c i p i t a t e s  was reduced. I n  t i tan ium-  
PCMA-20 (Base+Ti ,V,B,P) 1.01 1.52 containing a l loys ,  the amount o f  T I C  was 
PCMA-21 (Base+W,Ti ,V,B,P) 2.37 3.86 estimated as 5 t o  10 wt %. The par- 

60O0C/50O0 h 60O0C/50O0 h 

t i t i o n i n g  o f  other elements t o  second 
phases was s i m i l a r  t o  tha t  observed i n  
annealed mater ia l .  Some l i m i t e d  amount of 

r e c r y s t a l l i z a t i o n  was observed i n  several of the a l l oys  a f te r  aging a t  600°C f o r  5000 h, espec ia l ly  the 
a l l oys  w i t h  less  minor a l l o y i n g  add i t i o  

No sigma or  Laves phase has been i U r r t r V 8  I ~ U  111 E ~ C U W  WE runu-worked o r  annealed al loys.  Formation 
o f  such in te rmeta l l i cs  i s  often associated w i th  r e c r y s t a l l i z a t i o n  of cold-work materials. However, even 
i n  areas where l i m i t e d  r e c r v s t a l l i z a t i o n  occurred. carbides formed ra ther  than siama o r  Laves ohases. 

Discus! 

a t  600T  are MZ3C6 and T IC  carbides. 
boron have s ign i f i can t  inf luence on the p r e c i p i t a t i o n  process. On the other hand. vanadium appears t o  
have l i t t l e  or  no ef fect ,  a t  l eas t  a t  the 0.1 w t  % l eve l .  
porated i n  both p r e c i p i t a t e  phases, i t  appears tha t  the s o l u b i l i t y  of vanadium i n  the manganese-stabilized 
austeni te i s  higher than tha t  i n  the  corresponding n i cke l- s tab i l i zed  austenite. 
i n  both p r e c i p i t a t e  phases, whereas phosphorus pre fers  M23C6. 

The d i f fe rence i n  composition f o r  the  GB and MT MZ3C6 observed i n  the annealed and aged a l l oys  i s  
re la ted  t o  t h e i r  h igh carbon levels.  Annealing a t  1050°C (and a t  1 1 5 O O C  t o  a lesser  degree) i s  insuf-  
f i c i e n t  t o  completely so lu t ion ize the material. I n  fact .  add i t iona l  p rec ip i ta tes  form a t  1050°C, as the 

The dominant p r e c i p i t a t e  phases which form i n  the selected manganese-stabilized s tee ls  dur ing aging 
Minor a l l o y i n g  add i t ions o f  tungsten, t i tanium, phosphorus, and 

Though some vanadium (-2 a t .  %) i s  incor-  

Tungsten i s  incorporated 
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ORNL-PHOTO 5595-89 

Fig. 5. Rep l i ca  from cold-worked a l l o y  w i t h  
T i  and V, aged a t  6 0 0 T  f o r  5000 h. 

CONCLUSIONS 

ma te r i a l s  were a l l  annealed a t  115OOC du r i ng  f a b r i -  
ca t ion .  
i n  t h e  as-annealed ma te r i a l  and e x h i b i t s  a s i g n i f i -  
c a n t l y  d i f f e ren t  composit ion than  t h a t  formed a t  
lower temperatures (e.g.; h igher  l e v e l s  o f  Mn and 
Fe). The s i m i l a r i t y  of t he  GB and MT M23C6 i n  t h e  
cold-worked ma te r i a l s  r e s u l t s  i n  p a r t  from t h e  
h igher  anneal ing temperature used p r i o r  t o  co ld-  
working (1150"C), which l e f t  l e s s  undissolved 
MZ3C6. I n  add i t i on ,  t h e  cold-work ing provided 
d i s l o c a t i o n s  which ac t  as heterogeneous nuc lea t i on  
s i t e s  and r a p i d  s h o r t - c i r c u i t  d i f f u s i o n  paths. 
Th i s  r e s u l t s  i n  fo rmat ion  o f  more MT M23C6 and a 
m r e  uniform d i s t r i b u t i o n .  

The presence of T i c  and M23C6 i n  t h e  annealed 
ma te r i a l s  i nd i ca tes  t h a t  temperatures g rea te r  than  
1150°C nus t  be used i n  o rder  t o  solut ion- anneal  
these a l loys .  As some of t h e  carbon i s  bound i n  
these carbides, i t  appears t h a t  t he  carbon l e v e l  
can be reduced somewhat and s t i l l  ma in ta in  t h e  
aus ten i t e  s t a b i l i t y .  These r e s u l t s  i n d i c a t e  t h a t  
t h e  development of a manganese-stabi l ized auste-  
n i t i c  a l l o y  w i t h  h igh  s t reng th ,  adequate d u c t i l i t y ,  
and res is tance  t o  i n t e r m e t a l l i c  compounds format ion 
i s  possib le.  

A ' s i g n i f i c a n t  amount o f  GB Mz3C6 i s  present  

The phase s t a b i l i t y  of a se r i es  of manganese-stabi l ized a u s t e n i t i c  a l l o y s  has been i nves t i ga ted  by 
a n a l y t i c a l  e l e c t r o n  microscopy and bu lk  ex t rac t i ons .  
and cold-worked 20% o r  annealed a t  1O5O0C. 
5000 h. Observations and conclus ions can be s u n a r i z e d  as f o l l ows :  

I n  a l l o y s  con ta i n i ng  t i t an ium,  t h e  o the r  phase was Tic,  which a l so  formed bo th  i n t r a -  and i n t e r g r a n u l a r l y .  

2. 
chromium and enr iched i n  i r o n  and manganese r e l a t i v e  t o  MT M23Cg. I n  ma te r i a l  annealed a t  1150°C and 
cold-worked, bo th  va r i an t s  had composit ions s i m i l a r  t o  t h a t  o f  t he  MT va r i an t  a t  1050°C. 

3. Th i s  composi t ion d i f fe rence was t h e  r e s u l t  o f  t he  presence o f  a s i g n i f i c a n t  amount of und is-  
solved g r a i n  boundary M2& i n  t h e  1050°C annealed ma te r i a l ,  which e x h i b i t e d  a d i f f e r e n t  composit ion. 

4. MZ3C6 incorpora tes  several  of t he  minor a l l o y i n g  add i t i ons ;  i n  p a r t i c u l a r ,  tungsten and small  

5. T i c  o f ten  ac ts  as an heterogeneous nuc lea t i on  s i t e  f o r  M23C6. 

S t a r t i n g  ma te r i a l s  were e i t h e r  annealed a t  115OOC 
M a t e r i a l s  were examined be fore  and a f t e r  aging a t  600°C fo r  

1 .  The dominant phase was M2&, which formed bo th  i n  t he  ma t r i x  (MT) and a t  g r a i n  boundaries (GB). 

I n  aged m t e r i a l  p rev ious l y  annealed a t  1050"C, t he  composit ion o f  t h e  GB M23C6 was depleted i n  

amounts of vanadium and phosphorus. 

6. T i c  incorpora tes  tungsten and small amounts o f  vanadium. F ine  m a t r i x  T i c  con ta ins  a s i g n i f i c a n t  
f r a c t i o n  of chromium. 

7. No format ion o f  i n t e r m e t a l l i c  phases was observed, even i n  r e c r y s t a l l i z e d  areas of t h e  co ld-  

As a s i g n i f i c a n t  amount of carb ide  p r e c i p i t a t i o n  i s  present  a f t e r  a 1050'C anneal, t h e  cu r ren t  

worked ma te r i a l s  where such format ion would be favored. 

8 .  
a l l o y s  must be s o l u t i o n i z e d  a t  115OOC o r  above. However, as t he  aus ten i t e  i s  s t i l l  s t a b l e  a f t e r  t h i s  
p r e c i p i t a t i o n  removes some carbon from so lu t i on ,  a l l o y s  w i t h  app rop r i a te l y  lower carbon should remain 
a u s t e n i t i c ,  r e s i s t  t h e  format ion of i n t e r m e t a l l i c  phases, and e x h i b i t  s i m i l a r  p roper t ies .  
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FUTURE WORK 

The r o l e  o f  boron and phosphorus on t he  phase s t a b i l i t y  o f  these manganese-stabi l ized a u s t e n i t i c  
a l l o y s  w i l l  be inves t iga ted ,  i n  o rder  t o  understand t h e  m ic ros t ruc tu ra l  changes observed f o r  a l l o y s  con- 
t a i n i n g  boron and phosphorus. 
observed, t he  p o s s i b i l i t y  of chromium dep le t i on  a t  g ra i n  boundaries and at tendant  s e n s i t i z a t i o n  o f  these 
a l l o y s  w i l l  be examined. 

On the  bas is  of t he  copious g r a i n  boundary p r e c i p i t a t i o n  o f  M2& 
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C A V I T Y  MICROSTRUCTURE AND K I N E T I C S  DURING GTA WELDING OF HELIUM CONTAINING STAINLESS STEEL -- H. T. L i n  
and E. A. Chin (Auburn U n i v e r s i t y ) ,  M. L. Grossbeck (Oak Ridge Nat iona l  Labora to ry ) ,  and 5. H. Goods 
(Sandia Na t iona l  Laboratory ,  L ivermore)  

OBJECTIVE 

The o b j e c t i v e  o f  t h e  p resen t  s tudy i s  t o  p r o v i d e  a b e t t e r  understanding of t h e  mechanisms and k i n e -  
t i c s  which govern g r a i n  boundary bubble growth d u r i n g  t h e  we ld ing  o f  he l ium c o n t a i n i n g  m a t e r i a l s .  

SUMMARY 

Hel ium was imp lan ted  i n  t y p e  316 s t a i n l e s s  s t e e l ,  through t r i t i u m  decay, t o  l e v e l s  of 0.18. 2.5, 27, 
Read-on-plate welds were then  made us ing  t h e  gas tungs ten  a r c  process. I n t e r g r a n u l a r  105,  and 256 appm. 

c r a c k i n g  occur red  i n  t h e  h e a t - a f f e c t e d  zones (HAZ) o f  specimens w i t h  h e l i u m  concen t ra t ions  equal t o  o r  
g r e a t e r  than 2.5 appm. No such c r a c k i n g  was observed i n  he l ium- f ree  c o n t r o l  specimens o r  i n  specimens 
c o n t a i n i n g  t h e  lowes t  he l ium concen t ra t ion .  
c r a c k i n g  occurred i n  t h e  fus ion  zone o f  specimens c o n t a i n i n g  105 and 256 appm He. Transmiss ion and 
scanning e l e c t r o n  microscopy r e s u l t s  i n d i c a t e d  t h a t  bo th  t h e  HAZ c r a c k i n g  and c e n t e r l i n e  c r a c k i n g  i n  t h e  
f u s i o n  zone r e s u l t e d  from t h e  s t ress- induced  growth and coalescence o f  c a v i t i e s  i n i t i a t e d  a t  he l ium 
bubbles on i n t e r f a c e s .  
e x p e r i m e n t a l l y  measured 1 s t i m e  l a g  between peak weld temperature and t h e  onset o f  crack ing.  

I n  a d d i t i o n  t o  t h e  HAZ crack ing,  b r i t t l e ,  c e n t e r l i n e  

For  t h e  HAZ case, t h e  c a v i t y  growth r a t e  i s  modeled and i s  shown t o  p r e d i c t  t h e  

PROGRESS AND STATUS 

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

It i s  w e l l  known t h a t  e n e r g e t i c  neutron i r r a d i a t i o n  produces s i g n i f i c a n t  p h y s i c a l  damage t o  c r y s t a l -  
l i n e  s o l i d s  by t h e  displacement o f  atoms f rom t h e i r  normal l a t t i c e  s i tes. 'P2 
r e a c t i o n s  generate f o r e i g n  elements o f  which he l ium i s  known t o  induce i n t e r g r a n u l a r  e n ~ b r i t t l e m e n t . ~ - ~  
Degradat ion of m a t e r i a l  p r o p e r t i e s  by these processes p l a y s  a d e c i s i v e  r o l e  i n  l i m i t i n g  t h e  use fu l  l i f e  
of nuc lear  r e a c t o r  components. It i s  reasonable, t h e r e f o r e ,  t o  a n t i c i p a t e  t h a t  t h e  r e p a i r  and r e p l a c e-  
ment of degraded r e a c t o r  components w i l l  be requ i red .  Such r e p a i r  procedures a re  l i k e l y  t o  r e q u i r e  t h e  
use of j o i n i n g  processes such as gas tungs ten  a r c  (GTA) welding. 

I n  a d d i t i o n ,  t r a n s m u t a t i o n  

One of t h e  c r i t i c a l  i ssues  i n  de te rmin ing  t h e  p o s t i r r a d i a t i o n  w e l d a b i l i t y  of m a t e r i a l s  i s  t h e  p r e s-  
ence of entrapped hel ium. Exper imenta l l y ,  i t s  s o l u b i l i t y  has 
been r e p o r t e d  t o  be 
i n s o l u b l e ,  i t  i s  thermodynamical ly  favorab le  f o r  entrapped h e l i u m  t o  p r e c i p i t a t e  as bubbles a t  r e l a t i v e l y  
low temperatures.  The format ion o f  g r a i n  boundary (GB) bubbles can u l t i m a t e l y  l e a d  t o  d r a s t i c  changes i n  
macroscopic p r o p e r t i e s ,  i n c l u d i n g  severe embr i t t l ement  a t  e l e v a t e d  temperatures.  
these bubbles w i l l  grow under t h e  i n f l u e n c e  of s t r e s s  and temperature. 
g r a i n  boundaries a re  weakened and i n t e r g r a n u l a r  f r a c t u r e  occurs. 

Hel ium i s  e s s e n t i a l l y  i n s o l u b l e  i n  meta ls .  
appm/Pa a t  t h e  m e l t i n g  p o i n t  i n  meta ls  such as N i  and A U . ~ . '  Because i t  i s  

A t  h i g h  temperatures,  
As t h e  bubbles coalesce, t h e  

Welding processes produce i n t e r n a l  s t resses  and e l e v a t e d  temperatures which may enhance t h e  growth 
r a t e  o f  he l ium bubbles, a c c e l e r a t i n g  t h e  degrada t ion  of p r o p e r t i e s .  
m a t e r i a l s  c o n t a i n i n g  he l ium v i a  GTA we ld ing  have been made by severa l  i n v e s t i g a t o r s . B - ' O  The r e s u l t s  of 
these  s t u d i e s  a re  i n c o n c l u s i v e .  H a l l  e t  a1.8 welded t h i n  w a l l  AIS1 304 s t a i n l e s s  s t e e l  t u b i n g  which was 
i r r a d i a t e d  i n  EBR-I1 a t  temperatures between 454 and 487°C t o  i n t e g r a t e d  f a s t - n e u t r o n  f luences  rang ing  
f rom 1.38 t o  7.51 x loz6  n/m2 ( E  > 0.1 MeV). I n t e r g r a n u l a r  c r a c k i n g  was observed i n  t h e  HAZ of a smal l  
f r a c t i o n  of these welds which i s  es t imated  t o  have he l ium concen t ra t ions  between 3 and 15 appm depending 
upon t h e  f luences.  
EBR-I1 a t  approx imate ly  400°C t o  a peak f l u e n c e  o f  12.6 x loz6  n/m2 ( E  > 0.1 MeV). 
were made i n  an uncons t ra ined  c o n d i t i o n ,  were then  bend t e s t e d .  P r e l i m i n a r y  examinat ions i n d i c a t e d  t h a t  
t h e  welds were sound and f ree  f rom cracks.  The he l ium con ten t  i s  c a l c u l a t e d  t o  be between 4 t o  25 appm. 
A t k i n  concluded t h a t  weld zone p r o p e r t i e s  o f  20% CW 316 s t a i n l e s s  s t e e l  were no t  severe ly  degraded by t h e  
p r e c i p i t a t i o n  o f  hel ium. However, no f u r t h e r  r e s u l t s  have been repor ted.  Some recen t  r e s u l t s  i n v o l v i n  
t h e  r e p a i r  o f  s t r e s s- c o r r o s i o n  cracks i n  an i r r a d i a t e d  s t a i n l e s s  s t e e l  r e a c t o r  tank have been repor ted .  
The he l ium con ten t  of t h e  r e a c t o r  tank m a t e r i a l  was measured t o  be approx imate ly  3 appm. 
GTA welded over  t h e  reg ions  c o n t a i n i n g  s t r e s s  c o r r o s i o n  cracks.  Subsequent examinat ion revea led  ex ten-  
s i v e  c r a c k i n g  i n  t h e  HA2 o f  t h e  patch welds. 

m a t e r i a l s  have l i m i t e d  t h e  scope o f  p rev ious  i n v e s t i g a t i o n s .  

Prev ious at tempts t o  j o i n  i r r a d i a t e d  

A t k i n g  performed GTA we ld ing  of 20% c o l d  worked 316 s t a i n l e s s  s t e e l  i r r a d i a t e d  i n  
These welds, which 

T o  
Patches were 

The obv ious ly  h o s t i l e  environment and r a d i o l o g i c a l  hazards assoc ia ted  w i t h  t h e  we ld ing  of i r r a d i a t e d  
As a r e s u l t ,  a q u a n t i t a t i v e  unders tand ing  
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o f  the re la t i onsh ip  between helium and weld cracking has not been developed. 
ent study i s  t o  provide a be t te r  understanding o f  the mechanisms and k ine t i cs  o f  processes which govern 
bubble growth dur ing the  welding o f  helium-bearing materials. To avoid the  d i f f i c u l t i e s  involved w i t h  
hot c e l l  operations and reduce the rad io log ica l  hazards, helium was introduced i n t o  type 316 s ta in less 
s tee l  by t r i t i u m  charging the t e s t  mater ia l  and a l lowing the t r i t i u m  t o  decay t o  3He p r i o r  t o  welding. 
I n  t h i s  way i t  was possible t o  evaluate the p r inc ipa l  effects tha t  helium has on the fusion welding o f  
s ta in less steel. 

The ob jec t ive  o f  the pres- 

Experimental Procedures 

Type 316 s ta in less s tee l  (reference heat 8092297), which has been thoroughly characterized i n  the 
U.S. Fast Breeder Reactor Program," was chosen as the base mater ia l  fo r  t h i s  study. The chemical com- 
pos i t ions are: 0.057% C, 1.86% Mn. 0.024% P, 0.019% S, 0.58% Si ,  13.48% Ni .  17.25% C r  and 2.34% Mo. The 
mater ia l  was received i n  the  form o f  1.52-mn co ld  r o l l e d  plates. These p la tes  were annealed a t  1050'C 
for  1 h i n  argon followed by co ld  r o l l i n g  t o  0.76 mn, a f te r  which the p la tes  were again annealed a t  
1050'C for  1 h i n  argon which resu l ted i n  a f i na l  grain s ize of 70 vm. 

technique12 was employed t o  implant helium i n t o  the  t e s t  mater ia l .  
diffused i n t o  the mater ia l  a t  elevated temperatures. The dissolved t r i t i u m  i s  then allowed t o  decay t o  
form helium by the react ion 3H + 8- + 3He w i th  a h a l f - l i f e  of 12.3 years. A l l  specimens were charged a t  
300'C and a t  t r i t i u m  pressures ranging from 0.07 t o  125 MPa f o r  30 days. The de ta i l ed  charging con- 
d i t i o n s  for  each helium leve l  are given i n  Table 1. Since the d i f f u s i v i t y  of t r i t i u m  i n  s ta in less s tee l  
i s  rap id  a t  300"C,13 charging a t  t h i s  temperature f o r  t h i s  length o f  t ime ensured tha t  a uniform con- 
cent ra t ion of t r i t i u m  (and therefore  a uni form d i s t r i b u t i o n  of helium) was established through the 
thickness of the s t a r t i n g  mater ia l .  A t  the  end o f  t h i s  period. the exposed mater ia l  was removed from the 
h igh pressure charging vessel. Some specimens were imnediately offgassed a t  400°C i n  a vacuum o f  10-3 Pa 
t o  remove residual  t r i t i u m  and hence stop the fu r the r  generation o f  helium. 
a t  -40°C for  periods of t ime up t o  s i x  mn ths  i n  order t o  al low add i t iona l  helium t o  be generated. A t  
the end of these periods, specimens were outgassed as described above. Thus, by varying the t r i t i u m  
charging pressure (and therefore i t s  s o l u b i l i t y )  and aging t ime ,  a wide range of helium concentrations 
was generated. 

spect ro~copy. '~  Helium concentration leve ls  o f  0.18. 2.5, 27. 105 and 256 appm were obtained. To ensure 
tha t  the cracking which occurred dur ing welding arose only from the presence of helium instead o f  the 
hydrogen isotope, cont ro l  mater ia l  was a lso charged i n  hydrogen under the same condi t ions used t o  produce 
the  highest helium content specimens (300'C and 125 MPa). 
degassed a t  400% a f t e r  hydrogen implantation. This mater ia l  was then subjected t o  the  same welding pro- 
cedures as were the helium-bearing specimens and examined f o r  hydrogen induced degradation. 

helium-doped materials. 
motor t rans la tor .  
runoff tabs were used t o  e l iminate  end e f fec ts .  
e n t i r e  weld specimen by an enclosed p l a s t i c  chamber. F u l l  penetrat ion welds were produced i n  the 0.76-mn- 
t h i c k  p la tes  by welding a t  10 V-dc. 24 A. a t  a t rave l  speed of 3.6 mnls.  P a r t i a l  penetrat ion welds were 

made t o  invest igate  the e f f e c t  o f  var iab le  heat input  on the  
cracking suscep t ib i l i t y .  The p a r t i a l  penetrat ion welds, 

Table 1. Helium doping condi t ions o f  ranging from 30 t o  50% depth, were a lso made under the same 
const ra in t  condi t ions a t  10 V-dc, 11 t o  13 A a t  the same 
t rave l  speed. The weldinq Process was videotaped t o  provide 

I n  order t o  examine the  e f f e c t s  o f  helium on the we ldab i l i t y  o f  s ta in less steel ,  the " t r i t i u m  t r i c k "  
I n  t h i s  technique, t r i t i u m  gas i s  

Other specimens were stored 

The concentrations of helium were then measured quan t i t a t i ve l y  using vacuum fusion mass 

The hydrogen-charged specimens were not 

Bead-on-plate GTA welds o f  p la tes  29 nrm wide x 38 nrm long x 0.76 mn t h i c k  were made on cont ro l  and 

The p la tes  were f u l l y  constrained transverse t o  the welding d i rec t ion.  
The motion o f  the welding to rch  was con t ro l l ed  by a Unis l ide 8201M stepping 

S t a r t  and 
A p ro tec t i ve  argon atmosphere was maintained over the 

type 316 s ta in less steel  a t  3OO0C 

a permanent record of ti$ and the  macroscopic. response 
(cracking) of the specimens. 

0.18 0.07 720 The weld microstructures were examined by preparing 
2.5 1.7 720 metallographic sections transverse t o  the welding d i rec t ion.  

27.0 38.0 720 The sections were e l e c t r o l y t i c a l l y  etched i n  a so lu t i on  o f  
105.0 125.0 720 40% HNOs and 60% H20. The helium bubble mrphology, p r i o r  t o  
256.0b 125.0 720 and a f te r  welding, was examined using a P h i l i p s  CM-12 

Hydrogen 125.0 500 transmission e lec t ron microscope (TEM) operated a t  120 keV. 
Thin f o i l s  for  the  TEM work were prepared from 3-inn-diam 
disks cut  from the 0.76 mn plate.  The disks were polished on 
600-gr i t  paper t o  a thickness o f  0.25 mn and were sub- 
sequently electropol ished i n  a Struers Tenupol using a 12.5% 
s u l f u r i c  ac id  (H2SOr) i n  methanol so lu t ion a t  -15OC. 120 mA, 

ana te r ia l s  were degassed a t  
Pa and 400Y f o r  118 h. 
h a t e r i a l s  were stored a t  -4O'C 

f o r  s i x  months a f t e r  " t r i t i u m  t r ick ."  
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and 20 V-dc. 
e l e c t r o n  microscope (SEM). 

Fractographic ana l ys i s  o f  weld de fec ts  was conducted us ing  a JEOL JSM-35CF scanning 

Resul ts  

A. Unwelded Mic ros t ruc tu res  

Transmission e l e c t r o n  microscopy of t he  con t ro l  ma te r i a l s  revealed a m ic ros t ruc tu re  low i n  d i s l oca-  
The mic ros t ruc tu res  of t h e  specimens 

I n  t h e  specimens 

t i o n  dens i t y  and f r e e  o f  any g r a i n  boundary defect m ic ros t ruc tu re .  
con ta i n i ng  he l ium l e v e l s  of 0.18, 2.5, 27 and 105 appm p r i o r  t o  weld ing a re  shown i n  Figs. l (a)- (e) .  
microscopy revealed t h e  presence o f  a g r a i n  boundary hel ium gas bubble mic ros t ruc tu re .  
con ta i n i ng  0.18 appm He, bubbles were r a r e l y  observed. 
equal t o  o r  g rea ter  than 2.5 appm i n  t h e  g ra i n  boundaries was approximately between 5.7 and 8.8 x 10'4/m2, 
which va r i ed  s l i g h t l y  w i t h  he l ium concentrat ion.  
i n  diameter. The observed number of bubbles i n  t h e  g ra i n  boundaries va r i ed  from boundary t o  boundary 
and, there fo re ,  may have depended upon t h e  s p e c i f i c  o r i e n t a t i o n  o f  adjacent  gra ins.  
r e l a t i v e l y  h i gh  GB hel ium bubble d e n s i t i e s  suggests t h a t  hel ium atoms are  p r e f e r e n t i a l l y  t rapped t he re  as 
a consequence o f  h igh  b i nd ing  energy. 
he l ium t r a p p i n g  by g r a i n  boundaries i n  n ickel .15 Thus, i t  i s  no t  s u r p r i s i n g  t h a t  a we l l- es tab l i shed GB 
bubble m ic ros t ruc tu re  was observed i n  t he  specimens a f t e r  t he  r e l a t i v e l y  low 400°C of fgassing t reatment .  

The 

The hel ium bubble dens i t y  f o r  t h e  he l ium contents 

The observed GB hel ium bubbles were about 1.8 t o  2.0 nm 

The observa t ion  of 

Th i s  i s  cons is ten t  w i t h  repor ted  values o f  b i nd ing  energies f o r  

". .- 

e 

Fig.  1. Transmission e l e c t r o n  micrographs showing g r a i n  boundary hel ium bubbles of helium-doped 
ma te r i a l s  p r i o r  t o  welding. (a )  0.18, (b) 2.5, ( c )  27, ( d )  105, and (e )  256 appm He. 
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Not a l l  t he  helium bubbles were found t o  decorate gra in  boundaries. A small f rac t i on  of bubbles 
were found t o  have p rec ip i ta ted  in t ragranu lar ly .  p r i m a r i l y  along d is locat ions and d i s loca t ion  loops. 
These bubbles are t y p i c a l l y  on the  order o f  1.6 nm i n  diameter. 
believed t o  be re la ted  t o  the mechanisms o f  helium bubble formation i n  the grains. The helium bubbles i n  
the grains can form through the mechanism of s e l f - i n t e r s t i t i a l  emission as reported by Wilson e t  al.’+l9 
It has been shown by Wilson t h a t  a c lus te r  o f  f i v e  helium atoms creates an e l a s t i c  s t r a i n  f i e l d  which 
would be s u f f i c i e n t  t o  e jec t  a l a t t i c e  atom. The ejected atom then spontaneously becomes a s e l f -  
i n t e r s t i t i a l ,  leav ing a vacancy for  the helium i n t e r s t i t i a l s  t o  f a l l  in to .  
t he  s e l f - i n t e r s t i t i a l s  have a strong propensity t o  agglomerate t o  form d is loca t ion  loops a t  the embryonic 
helium bubble due t o  the resu l tant  reduction i n  e l a s t i c  s t ra in .  By continuous r e p e t i t i o n  o f  t h i s  s e l f -  
trapping process, helium bubbles w i l l  form i n  the absence of thermal vacancies o r  rad ia t i on  damage. 
Observation o f  d i s loca t ion  loops i n  tr i t ium-charged s ta in less s tee l  confirms tha t  helium bubbles can form 
a t  an energy leve l  below the displacement threshold energy. Such loops have been reported by several 
investigators.20321 

The formation of d i s loca t ion  loops i s  

It was also pointed out t h a t  

B. F u l l  Penetration Welds 

0.18 appm He revealed the  mater ia ls  t o  be sound and f ree  o f  any weld defects. However, mater ia l  con- 
t a i n l n g  helium concentrations greater than 0.18 appm showed s i g n i f i c a n t  degradation i n  weldab i l l ty .  
Figure 2 shows the t y p i c a l  features o f  the as-welded mater ia ls  w i th  a helium leve l  o f  2.5 appm. 
specimens ( 5  out of 5). continuous through-thickness cracking i n  the HA2 was cons is tent ly  observed as 
shown i n  Fig. 2(a). Further, t h i s  cracking was e n t i r e l y  in tergranu lar  i n  nature [Fig. 2 ( b ) l  and t y p i c a l l y  
occurred i n  the  HAZ w i t h i n  1 t o  3 gra in  diameters of the fusion boundary. The HA2 cracking was always 
normal t o  the  thermal stress which was p a r a l l e l  t o  the welding d i rec t ion.  Since no external loads were 
applied, the cracking resu l ted from shrinkage stresses as the l a t e r a l l y  constrained p la tes  cooled a f t e r  
welding. A video tape recording showed tha t  the cracking i n  the HAZ occurred approximately 1.0 f 0.1 s 
a f t e r  the passing of the torch. 
decorated w i t h  a uniform d i s t r i b u t i o n  of dimples as shown i n  Fig. 2(c). The average dimple s i ze  was 
approximately 1 um and was independent o f  helium concentration. 

Figure 3 shows the weld response for  higher helium content mater ia l  (105 appm). A l l  o f  the welded 
p la tes  (7 out of 7) showed HAZ cracking s i m i l a r  t o  t h a t  described above. As i n  the previous instance, the 
HAZ cracking was f u l l y  in tergranu lar  i n  nature as shown i n  Fig. 2(b) and (c) and occurred within a few 
gra in  diameters of the fusion boundary. I n  addit ion, m r e  than 60% o f  the welded p la tes  (5 out o f  7)  
exh ib i ted cen te r l i ne  cracking i n  the fusion zone [Fig. 3(a) l .  Examination of t h i s  cen te r l i ne  cracking a t  
h igher magnification, as shown i n  Fig. 3(b) and (c), revealed tha t  b r i t t l e  f a i l u r e  proceeded along an 
i n t e r d e n d r i t i c  path dur ing weld metal reso l i d i f i ca t i on .  Very l a rge  spherical pores r e s u l t i n g  from the 
migrat ion and coalescence o f  the preex ls t ing helium bubbles were a lso observed on the f rac ture  surface. 
The cross sections of welds (Fig. 4) show tha t  i n  the helium-doped m t e r i a l s ,  v i s i b l e  spherical pores 
decorate the s o l i d i f i c a t i o n  dendr i te  boundaries. The densi ty and s i ze  o f  the  c a v i t i e s  i n  helium-doped 
welds were found t o  increase w i th  increasing helium concentration. 

d i r e c t i o n  f o r  the control ,  hydrogen-charged. and specimens containing 2.5 and 105 appm He. 
fus ion zone i s  composed p r imar i l y  of austenite. 
t o  be uncracked and free o f  any damage. Thus, i t  i s  apparent tha t  the loss  o f  a l l o y  weldab i l i ty ,  the 
tendency for the mater ia l  t o  suffer fusion zone and HA2 cracking, i s  e n t i r e l y  re la ted  t o  the  entrapped 
helium ra ther  than t o  the hydrogen isotope. Figure 5 also shows tha t  la rge pores tend t o  locate  pre fer-  
e n t i a l l y  i n  the fusion zone close t o  the fusion boundary. The tendency t o  r e t a i n  l a rge r  bubbles adjacent 
t o  the weld in ter face suggests tha t  the stagnant flow i n  the weld i n te r face  enhances bubble coalescence. 
That the main f a i l u r e  i n  the HAZ occurs several gra in  diameters from the fusion zone suggests tha t  peak 
temperature alone i s  not the main d r i v i n g  force for  bubble growth and coalescence. Rather, a combination 
o f  stress and temperature m s t  be the c o n t r o l l i n g  factors i n  bubble growth and crack formation. This i s  
confirmed by annealing studies a t  temperatures up t o  130OOC fo r  1 h on unstressed t e n s i l e  specimens and 
TEM disks containing 256 appm He which displayed no cracking a f te r  the high-temperature aging.Z2 Also, 
the 13OO0C aged specimens showed m c h  smaller GB helium bubbles (0.1 um) than those observed on the  HA2 
f rac tu re  surfaces (1 um). I n  addi t ion,  a l l  of the aged specimens s t i l l  showed good d u c t i l i t y  a t  room 
temperature (> 35% t o t a l  elongation). These resu l t s  support the hypothesis tha t  high peak temperature 
alone i s  not s u f f i c i e n t  t o  cause cracking of the welds. Since no external loads were applied, the 
cracking resu l ted from shrinkage stresses as the l a t e r a l l y  constrained p la tes  cooled a f t e r  welding. 

Metallographic examination of helium- free p la tes  (both cont ro l  and hydrogen-charged) and p la tes  w i th  

I n  these 

A t  higher magnif icat ion the gra in  boundary facets were observed t o  be 

Figure 5 shows the op t i ca l  metallography of the welds from a sect ion taken transverse t o  the welding 

Both cont ro l  and hydrogen-charged specimens were found 
Generally, the 

C. P a r t i a l  Penetration Welds 

P a r t i a l  penetrat ion welds were made t o  study the e f f e c t s  o f  low heat i npu t  on the  cracking sen- 
s i t i v i t y  o f  welds. Figure 6 shows representat ive SEM photomicrographs o f  welds for  a cont ro l  and a 
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Fig.  2. S t ruc tu re  of as-welded ma te r i a l s  con- F ig .  3. S t ruc tu re  o f  as-welded ma te r i a l s  
t a i n i n g  2.5 appm He. ( a )  Photomacrograph of heat-  conta in ing  105 appm He. ( a )  Photomacrograph 
a f f e c t e d  zone showing i n t e r g r a n u l a r  f rac tu re ,  of b r i t t l e  f r ac tu re  i n  f us i on  and heat-affected 
(b )  SEM micrograph showing d e t a i l s  o f  i n t e r g r a n u l a r  zones, (b )  SEM micrograph showing t h a t  b r i t t l e  
f rac tu re ,  and ( c )  SEM micrograph o f  g r a i n  boundary f a i l u r e  i n  t h e  f us i on  zone proceeds a long an 
f ace t s  decorated w i t h  a uniform d i s t r i b u t i o n  of i n t e r d e n d r i t i c  path. ( c )  SEM micrograph showing 
dimples. hel ium bubbles a t  dend r i t e  boundaries. 

specimen con ta i n i ng  105 appm He. 
(0.76 mn). The SEM micrographs show t h a t  t h e  b igger  he l ium bubbles tend  t o  l o c a t e  near t he  fus ion 
zone-HAZ i n t e r f a c e  s i m i l a r  t o  t he  observat ions t h a t  were made f o r  f u l l  pene t ra t i on  welds (F ig.  5). 
i s  again due t o  t h e  stagnant f low a t  t h e  weld i n t e r f a c e  which enhances t h e  coalescence and growth of 
he l ium bubbles. 
c rack ing  occurred i n  t h e  HAZ, e s p e c i a l l y  underneath t h e  cen ter  reg ion  o f  t he  f us i on  zone of a l l  t h e  
helium-doped p l a t e s  [Fig. 6(b)].  Th is  i s  t he  reg ion  o f  t h e  p a r t i a l  pene t ra t i on  weld which i s  subjected 
t o  t h e  h ighes t  shr inkage t e n s i l e  s t r ess  du r i ng  coo l ing .  
a lone i s  no t  s u f f i c i e n t  t o  induce ca tas t roph i c  cracking.  Rather, c rack ing  i s  most pronounced i n  regions 
subjected t o  a c r i t i c a l  combination o f  s t r ess  and temperature. 

Penet ra t ion  o f  t h e  welds ranged from 30 t o  50% o f  t he  p l a t e  th ickness  

Th is  

The he l ium bubbles were a l so  observed t o  decorate dend r i t e  boundaries. I n t e r g r a n u l a r  

Thus, again i t  i s  c l e a r  t h a t  h igh  temperature 

D. Transmission E lec t ron  Microsopy of Welds 

I n  t h e  HAZ of 0.18 appm He ma te r i a l ,  GB hel ium bubbles were r a r e l y  observed. Those t h a t  were found 
They remained, however, 

A t y p i c a l  he l ium bubble morphology i n  t h e  HAZ o f  welded helium-doped p l a t e s  
were approximately 60 nm i n  s ize,  much l a r g e r  than had ex i s t ed  p r i o r  t o  welding. 
d i s c r e t e  and w e l l  separated. 
(256 appm) i s  shown i n  Fig. 7. 
specimens were p r e f e r e n t i a l l y  pe r f o ra ted  du r i ng  t h e  t h i n n i n g  process, making f o i l  p repa ra t i on  extremely 
d i f f i c u l t .  
g ra i n  boundaries [as i nd i ca ted  i n  Fig. 7 ( a ) l .  
on t h e  HAZ f r ac tu re  surface [Fig. 2(c) ] ,  i n d i c a t i n g  t h a t  t h e  g ra i n  boundaries i n  t h e  f o i l s  were very near 

I n  general,  most o f  t he  g ra i n  boundaries i n  t h e  h igher  he l ium conten t  

Th is  was caused by t h e  presence o f  very l a r g e  hel ium bubbles which were l oca ted  a long t h e  
The pe r f o ra t i ons  were s i m i l a r  i n  s i z e  t o  observed dimples 
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Fig. 4. Scanning e lec t ron micrographs of fusion zone pores. (a) 256, (b) 105, (c )  27, and (d) 2.5 
appm. Note t h a t  pores decorate the dendr i te boundaries. The densi ty and s ize of pores increase w i t h  
increasing helium levels.  

i s i o n  boundary. 

stage of cracking. Both the  matr ix  and gra in  boundary bubbles subsequent 1 
n those observed i n  the as-imolanted condit ion. The number and c i m  nf  he' 

'a) Control Fig. 5. 
mater ia l ,  (b the  heat- 
affected zone. 
near the fi 

LOIYCI ,,ut= D I L ~  ornu y r - e a ~ e r  a e r ~ s ~ c y  or neiium D U D D I ~ S  occurrea i n  m e  rusion zone 

the  f l n a l  
l a rge r  thai ~~~ ~~ ~ . .. - .  ..-lium bubbles i n  the  
HAZ also var ied s i g n i f i c a n t l y  from boundary t o  boundary. The differences were apparently due t o  the 
va r ia t i on  i n  the o r ien ta t i on  of gra in  boundaries r e l a t i v e  t o  the thermal stress d i r e c t i o n  and t o  the  
thermal h i s t o r y  experienced by each ind iv idua l  grain boundary. The boundaries which were normal t o  the 
thermal stress and which experienced the highest temperature would be expected t o  have the largest  helium 
bubbles. The micrographs also show tha t  the GB helium bubble densi ty decreased a f t e r  welding, imply ing 
t h a t  impingement and coalescence of smaller helium bubbles had occurred. Most o f  the GB helium bubbles 
were equiaxed and c rys ta l l og raph ica l l y  faceted i n  shape. 

to  weldlng were much 
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Fig. 6. Scanning e lec t ron micrographs o f  
p a r t i a l  penetrat ion welds. (a)  Control mater ia l ,  
(b) and (c) 105 appm He. In tergranu lar  f rac tu re  
occurred i n  the heat- af fected zone d i r e c t l y  below 
the  cen te r l i ne  of the weld. This i s  the region 
which experienced the  c r i t i c a l  combination of 
h igh temperature and high t e n s i l e  s t ress  
required t o  induce cracking. 

O i  scussion 

A. Heat-Affected Zone 

Since both the  cont ro l  and hydrogen-charged spe 
the  cracking and f rac tu re  morphology shown i n  Figs. 
equal t o  and greater than 2.5 appm i n  the HAZ r e s u l t  
daries. Transmission e lec t ron  microscopy of the mic 
supports t h i s  conclusion. However, the fact  t h a t  t h  
f u l l y  suggests t h a t  a th resho ld  l eve l  (between 0.18 
may be welded successful ly. 

The growth o f  GE helium bubbles i s  favored by c~ 
For the case of welding, t he  high temperature i s  p r o  
upon coo l ing  of the constrained plates.  The fo l lowi i  
growth k i n e t i c s  of GB helium bubbles. The growth k i i  
i n t o  th ree sequential t i m e  regimes, as ind ica ted i n  I 
occurs. Regime I1  i s  chosen as the  t ime i n t e r v a l  du 
stress- free state. Region I11 occurs a f t e r  t he  mltl 

age stresses are generated i n  the  constrained plate.  

During the  f i r s t  regime, the  nucleated bubbles 
vacancies dur ing the  heatup period. However, compre 
the  mater ia l  w i l l  tend t o  re ta rd  bubble growth a t  gr 
While bubble growth may not occur i n  mater ia l  t h a t  d 
tu re ,  combination of helium atoms and vacancies w i l l  
i s  then reasonable t o  conclude t h a t  bubble growth t a  

During regime 11, Ostwald r ipen ing23*24 i s  one 
may grow. However, i t  i s  u n l i k e l y  t h a t  t h i s  mechani 
o f  s o l u b i l i t y  of helium i n  the  m e t a l s  t o  e f f e c t  e f f i  
bubbles. Since the  s o l u b i l i t y  of helium i n  m e t a l s  i 
cesses i s  not  l i k e l y  t o  be of importance i n  t h i s  reg 

I 3 

Fig. 7. Transmission e lec t ron micrographs of 
t he  heat- af fected zone o f  helium-doped mater ia ls  
w i t h  256 appm He. (a) Perforated gra in  boundary, 
(b) ma t r i x  helium bubbles attached t o  d is locat ions,  
(c) g ra in  boundary helium bubbles i n  non-perforated 
region, and (d)  subgrain s t ruc tu re  w i t h  helium 
bubbles . 

cimens were welded successful ly ,  i t  i s  evident t h a t  
2 and 3 f o r  t he  mater ia l  w i t h  helium concentrations 
ed from the  presence o f  helium bubbles a t  g ra in  boun- 
ros t ruc tu re  i n  the HAZ [Figs. 7(a) and ( c ) l  f u r the r  
e lowest helium content mater ia l  was welded success- 
and 2.5 appm) of helium ex i s t s  below which mater ia ls  

ond i t ions  t h a t  promote high temperature and stress. 
vided by the we7ding arc, and s t ress  i s  generated 
ng discussion w i l l  be focused p r i m a r i l y  on the  
net ics  of GB helium bubbles i n  the  HAZ can be d iv ided 
Fig. 8. Regime I i s  t he  heatup per iod before mel t ing  
r i n g  which the molten pool i s  present, r e s u l t i n g  i n  a 
en pool has begun t o  r e - s o l i d i f y  and i n t e r n a l  shr ink- 

i n  g ra in  boundaries can grow by absorption of thermal 
ss ive  stresses generated by the  thermal expansion of 
a i n  boundaries normal t o  the  compressive stresses. 
oes not have a we l l - s tab i l i zed  GB bubble microstruc- 

kes place p r i m a r i l y  dur ing t ime regimes I1  and 111. 
occur, r e s u l t i n g  i n  GE helium bubble nucleation. It 

o f  t he  possible mechanisms by which GE helium bubbles 
sm dominates since i t  depends upon a reasonable l eve l  
c i e n t  t ransfer  of gas atoms from small t o  l a rge  
s negl ig ib le ,  coarsening v ia  Ostwald r ipen ing pro- 
ime. 
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Reglme I Regime I1 

ORNL-DUG 88-13035R 

Regime In 

Fig.  8. Schematic showing t he  growth k i n e t i c s  of g ra i n  boundary hel ium bubbles i n  t he  heat- a f fec ted  
zone du r i ng  welding. ( a )  Time Regime I: 
temperature l e s s  than T,, (b) Time Regime 11: 
l i n e  pa th  temperature g rea ter  than T,, and ( c )  Time Regime 111: 
shrinkage t e n s i l e  stresses, and weld c e n t e r l i n e  path temperature l ess  than T,. 

heatup per iod,  compressive st resses,  and weld c e n t e r l i n e  path 
molten pool present, s t ress- f ree  s ta te ,  and weld cen ter-  

coo l i ng  pe r i od  of r e s o l i d i f i e d  metal,  

The growth of GB hel ium bubbles may a lso  occur by m ig ra t i on  of m a t r i x  he l ium bubbles. 
Since t he  s t a r t i n g  ma te r i a l  was f u l l y  

Bubbles may 
a l so  be swept by moving d i s l o c a t i o n s  i n t o  g ra i n  b o u n d a r i e ~ . ~ ~  
annealed and t he  t ime  a t  e levated temperature shor t ,  t he  sweeping of bubbles i n t o  t h e  g ra i n  boundaries by 
d i s l o c a t i o n s  i s  probably not  important .  

Growth o f  GB hel ium bubbles i s  a l so  known t o  occur by g ra i n  boundary m ig ra t i onz6  and/or r e c r y s t a l l i -  
zat ion.  
a v a i l a b l e  f o r  such processes. 
changes by l ess  than 6%. 
cause s i g n i f i c a n t  he l ium bubble growth du r i ng  weld ing of annealed mater ia l .  

t h e  absorp t ion  of vacancies i n t o  bubbles. Th is  process i s  p a r t i c u l a r l y  favored a t  temperatures c l ose  t o  
t h e  m e l t i n g  p o i n t  where t he re  i s  a h igh  vacancy concent ra t ion .  
s t ress- f ree  s ta te ,  t h e  d r i v i n g  force f o r  growth i s  t he  hel ium gas overpressure i n  t he  bubble. 
overpressure i s  t he  excess of i n t e r i o r  he l ium gas pressure over t h e  surface t ens ion  r e s t r a i n t ,  Z.r/r, 
where 'I i s  t he  surface f ree  energy and r i s  t he  bubble radius.  
vacancies from t h e  bubbles and r e s u l t s  i n  a net  vacancy f l u x  t o  t he  bubbles. 
growth r a t e  of a d i s c r e t e  GB hel ium bubble i n  regime I 1  i s  as fo l lows:  

The concentgat ion of vacancies on a bubble surface (C,) Can be r e l a t e d  t o  t h e  e q u i l i b r i u m  vacancy 
concent ra t ion  (C,) a t  temperature T by 

However, t h e  p r i o r  anneal ing t reatment  a t  1050°C fo r  1 h ensures t h a t  l i t t l e  d r i v i n g  f o r ce  i s  

Hence, g ra i n  boundary m ig ra t i on  and r e c r y s t a l l i z a t i o n  a re  no t  a n t i c i p a t e d  t o  
Grain growth dose occur i n  t h e  HAZ du r i ng  welding, but  t he  g r a i n  s i z e  

Accordingly,  du r i ng  regime I 1  t he  growth o f  GB hel ium bubbles i s  hypothesized t o  be p r i m a r i l y  due t o  

Since du r i ng  regime 11 t he  HAZ i s  i n  a 

Th i s  prevents excess thermal emission of 

Th is  

The d e r i v a t i o n  o f  t he  

Cv = Ct eXP[-(P - Zv/r)n/kT] , ( 1 )  

where n i s  t he  atomic volume and k i s  t he  Boltzmann's constant. The term C: i s  g iven by: 

C c  = C e x ~ ( A S ~ / k ) e x p ( - ~ ~ / k T ) l / n  , (2) 

where ASv i s  t he  vacancy formation entropy and AHv i s  t he  vacancy format ion energy. Le t  us assume t h a t  
t h e  e q u i l i b r i u m  vacancy concent ra t ion  i s  t he  same i n  t he  g ra i n  boundary as i n  t he  mat r i x .  Th is  assump- 
t i o n  w i l l  be analyzed l a t e r  by i n v e s t i g a t i n g  t he  e f f ec t  of d i f f e r e n t   AH^ values on t he  bubble s i z e  p re-  
d i c t i o n s .  Although s t r u c t u r a l  m i s f i t  i n  t h e  g r a i n  boundaries provides an a d d i t i o n a l  source of vacancies, 
i t  w i l l  no t  be considered here. The cur ren t  of vacancies i n t o  t he  bubble i s  g iven by 

1, = 2n6D gb Ce v [ I  - expC-(p - Zu/r)n/kT]} , ( 3 )  

where 6 i s  g r a i n  boundary th ickness  and Dgb i s  t he  s e l f - d i f f u s i o n  c o e f f i c i e n t  i n  t he  g ra i n  boundary. 
volume growth r a t e  of GB bubbles can be expressed by 

The 

dV/dt = I vn  , ( 4 )  

and a l t e r n a t i v e l y  t h e  growth r a t e  of t he  bubble rad ius  i s  g iven by 
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d r / d t  = 6nDgbc: [ l  - eXp[-(p - 2y / r )n /kT1 j /2 r2  . ( 5 )  

To numer ica l l y  i n t e g r a t e  Eq. ( 5 ) .  p must be expressed i n  terms of t he  bubble rad ius .  
f o r  a non- equ i l ib r ium gas bubble. However, f o r  t h i s  case (p - 2v / r ) n  i s  l a r g e r  than kT lead ing  t o  
exp[-(p - 2 r / r ) n / k T I  (( 1. 
p = 3n kT f4  r 3  ( i d e a l  gas law),  ng = number of gas atoms = 8nyr /3kT, and p = 2y / r  ( e q u i l i b r i u m  he l ium 
gas buzble) .  
which i s  much smal ler  than 1. 
can then be obtained. We have from Eq. ( 5 )  

Th is  i s  d i f f i c u l t  

Th is  assumption can be proved by apq ly ing  t he  f o l l ow ing  parameters: 

S u b s t i t u t i o n  of these q u a n t i t i e s  leads t o  a value of 0.033 f o r  t he  te rm expC-(p - Zy/r)n/kT], 
Consequently, a v a l i d  approximation o f  bubble growth i n  t he  second regime 

d r / d t  - 6nDgbC:/2r2 . (6) 

The s o l u t i o n  t o  Eq. (6) ( w i t h  boundary cond i t i on  r = r i  a t  t = 0) i S  

r 3  - rf = 36nD CeAt/2 , ( 7 )  gb v 

where r i  i s  t he  i n i t i a l  bubble rad ius  i n  g ra i n  boundaries and A t  i s  t he  t ime spent i n  t he  second regime. 
Equation ( 7 )  can there fo re  be used t o  c a l c u l a t e  t he  s i ze  of bubbles i n  t he  HAZ a t  t he  end o f  regime 11. 
F igure  9 shows the  bubble s i ze  as a func t ion  o f  peak temperature i n  t he  HAZ a t  t he  end of t h i s  per iod .  
Curves f o r  t h ree  d i f f e r e n t  AH are shown. 
ASv = 1.5 k, Dgb 7 2 exp(-1.6! eV/kT) cmZ/s ( r e f .  2 7 ) ,  A t  = 1.7 5 ,  n = 
t ime spent i n  regime I1 i s  est imated us ing  a weld pool s i z e  of 6 n and a weld ing speed of 3.6 n t s .  
The peak tempera tu re- pos i t ion  p r o f i l e  i n  the  HA2 was obta ined us ing  Adam's equat ion f o r  t he  case o f  t h i n  
specimens.28 For instance,  a t  a peak temperature of 1600 K and AHV = 1.8 eV, t he  bubble s i z e  a t  a g ra i n  
boundary one t o  t h ree  g ra i n  diameters (70  urn) from the  fus ion boundary i s  approximately 50 nm a f t e r  
regime 11. The r e s u l t  of t h i s  c a l c u l a t i o n  i nd i ca tes  t h a t  bubble growth r a t e  dur in3  regime I1 i s  s i g n i f i -  
c a n t l y  a f f e c t e d  by vacancy concent ra t ion  (AHv). Also, f o r  temperatures below 1000 C (1300 K), no s i g n i f -  
i c a n t  bubble growth i s  predicted.  

The r e s u l t s  were obta ined by spec i f y i ng  r i  = 1 nm, 
cm3 and 6 = 0.4 nm. The 

The k i n e t i c s  of bubble growth i n  regime I11 are e s s e n t i a l l y  i d e n t i c a l  t o  t h a t  i n  regime I 1  w i t h  t he  

An equat ion s i m i l a r  t o  Eq. (6) can be der ived  f o r  
except ion t h a t  ex te rna l  r a t h e r  than i n t e r n a l  s t r ess  dominates. These st resses have t h e i r  o r i g i n  i n  t he  
thermal con t rac t i on  of t he  specimens as they cool .  
regime 111. A model f o r  t he  growth of GB voids under ex te rna l  s t r ess  was f i r s t  proposed by Hu l l  and 
Rimmer.z9 
have been developed e x t e n ~ i v e l y ~ ~ - ~ ~  and have been reviewed by Reide135 i n  d e t a i l .  
vo ids i s  approximately  g iven byz9 

Subsequently, models of d i f f u s i v e  c a v i t y  growth induced by st resses normal t o  g r a i n  boundaries 
The growth r a t e  of GB 

d r / d t  = 2n6nDgbo/arkT , (8) 

where a i s  t h e  spacing between centers of voids, a i s  t he  shrinkage s t r ess  ( t ransverse  t o  t he  weld ing 
d i r e c t i o n )  normal t o  t he  g ra i n  boundary. The bubble s i ze  can be obta ined by i n t e g r a t i o n  o f  Eq. (8) i f  
Dgb. o and T as func t ions  of t ime are known. I n  general,  these can be obta ined t h e o r e t i c a l l y  or /and 
exper imenta l l y  as e x p l i c i t  func t ions  of t ime.  However, i n  t he  present  case t h e  t ransverse  shrinkage 
st resses (0) as a func t ion  of t ime du r i ng  coo l i ng  a re  d i f f i c u l t  t o  descr ibe e x p l i c i t l y .  
some unce r ta i n t y  i n  ob ta i n i ng  an accurate s o l u t i o n  f o r  Eq. (8). 

Th is  leads t o  

From e l a s t i c i t y  theory ,  t he  thermal s t r ess  can be r e l a t e d  t o  t he  Young's modulus (E) and t he  thermal 
expansion c o e f f i c i e n t  (a) which are a l so  func t ions  o f  temperature and hence t ime.  
mal s t r ess  can be expressed by 

A t  any i n s t a n t ,  t h e r -  

a ( t )  = E ( t ) a ( t ) A T  . (91 

Consequently, an approximate r e l a t i o n s h i p  between shrinkage s t r ess  and t ime can be obtained. The i ns tan-  
taneous bubble s i ze  can then he expressed as 

A r  = 2 6 n D , b ( t ) o ( t ) A t / a r ( t ) k T ( t )  , 

T ( t )  = 293 t 1 9 0 6 / t Q  exp[-668388/[t(Tmax - 293)21} . 

(10) 

where D b ( t ) .  T ( t )  and o ( t )  are assumed t o  be constant  w i t h i n  a g iven t ime  i n t e r v a l .  
tempera?ure ( i n  t he  HAZ) and t ime  r e l a t i o n s h i p  i s  t h e o r e t i c a l l y  expressed b ~ 3 ~  

Dur ing coo l ing ,  t he  

(11) 

This s p e c i f i c  temperature- t ime e ua t i on  was obta ined by s u b s t i t u t i n g  t he  f o l l ow ing  experimental parame- 
t e r s  i n t o  Rosentha l ' s  e j ~ a t i o n : ~ ~  V = 10 V-dc, I = 24 A, pCp = 4.7 x lo6 J/m3K (volume thermal capac i t y )  
v = 3.6 n / s ,  Tm = 1400 C, and h = 0.76 mn. A l t e r n a t i v e l y ,  Dgb as a f unc t i on  of t ime can be obta ined by 
means o f  Eq. (11)  which i s  g iven by2' 

Dgb 2 x exp [-1.65 e V / k T ( t ) l  m2/s . ( 1 2 )  
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1 1  PARAMETER VALUES: 

1 ri = 1 nm 

ASv = 1.5 k 

Dgb= Z x  lo4 exp 1-1.65eVlkTl m 2 h  

= 10-29,3 

At = 1.7 s 
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Fig. 9. Gra in  boundary hel ium bubble s i z e  as a f unc t i on  o f  peak temperature i n  t h e  heat- a f fec ted  
zone a f t e r  Regime 11. Curves f o r  t h ree  d i f f e r e n t  AHv are presented. 

I n  add i t i on ,  Young's modulus and t he  thermal expansion c o e f f i c i e n t  o f  annealed type  316 s t a i n l e s s  s tee l  
as func t ions  of temperature a re  k n o ~ n . ~ ~ ' ' ~  Accordingly,  an approximate bubble s i z e  a f t e r  regime 111 can 
be obta ined by i t e r a t i v e  numerical sumnation of Eq. (10). 
of t ime f o r  t h ree  d i f f e r e n t  values of AHv and a peak temperature of 1600 K. 
bubble s i z e  a f t e r  t h e  t h i r d  regime i s  r a the r  i n s e n s i t i v e  t o  AHv. 
t i o n  of t ime f o r  d i f f e r e n t  peak temperatures (AHv = 1.8 eV) i s  g iven i n  Fig. 11. 
t h a t  t h e  bubbles on g r a i n  boundaries l oca ted  one t o  t h ree  g r a i n  diameters from the  fus ion  zone should be 
0.85 wi i n  d iameter  1.0 s a f t e r  r e s o l i d i f i c a t i o n  of t he  weld pool .  Th is  compares favorab ly  w i t h  t he  
measured t ime  between t he  passing of t h e  weld t o r c h  and onset of c rack ing  as recorded by v ideo tape. 
Since t he  e x p l i c i t  thermal h i s t o r y  and st resses experienced by each g ra i n  boundary examined are  unknown, 
i t  i s  d i f f i c u l t  t o  r e l a t e  t he  observed m ic ros t ruc tu re  t o  t he  ca l cu la ted  r e s u l t s .  Nevertheless t he  
dimple spacing of about 1 wn observed on t h e  HAZ f r ac tu re  surface (Figs.  1 and 2) i s  cons i s ten t  w i t h  t h e  
t h e o r e t i c a l  p r e d i c t i o n  (0.85 um). Thus, t he  proposed models p rov ide  a reasonable s imu la t i on  f o r  t he  
observed hel ium bubble growth i n  t h e  HAZ. Furthermore, t he  model i s  able t o  p r e d i c t  bubble s i ze  i n  d i f -  
f e ren t  l oca t i ons  of t h e  HAZ which have experienced d i f f e r e n t  thermal h i s t o r y  and res idua l  s t resses.  

weld ing i s  one t o  two orders magnitude less  than t h a t  p r i o r  t o  welding, and t h a t  GB bubbles vary i n  s ize .  
Th is  i n d i c a t e s  t h a t  bubble impingement and coalescence, due t o  geometrical inhomogeneit ies and/or bubble 
migra t ion ,  have occurred du r i ng  welding. The coalescence w i l l  f u r t he r  enhance t h e  GB bubble growth r a t e  
due t o  conservat ion of bubble surface area, shor ten ing  t he  t ime of i n i t i a t i o n  of HA2 cracking.  The 
importance o f  i n  s i t u  bubble coalescence t o  GB bubble growth has been repor ted  by Wolfenden and Fa r re l  on 
f l u o r i n e  bubbles i n  tungsten.43 It was suggested t h a t  a t  h i gh  temperatures GB bubble growth i s  g r e a t l y  
enhanced by over lapp ing  o r  i n  s i t u  coalescence of gas bubbles. However, GB bubble coalescence was no t  
taken i n t o  account i n  t h e  development of t he  GB bubble growth m d e l .  Th is  event my be argued t o  be an 
important  f ac to r  i n  determining t h e  bubble growth r a t e  which may lead  t o  s i g n i f i c a n t  d i f f e r e n c e  between 
t he  exper imenta l l y  measured and t h e o r e t i c a l  t ime  f o r  onset of cracking.  Nevertheless, t he  proposed GB 
bubble growth m d e l  f o r  t h e  format ion of HAZ c rack ing  i s  conservat ive.  Also, t he  experimental r e s u l t s ,  
onset of t he  HA2 cracking,  and bubble s i ze  a re  reasonably cons is ten t  w i t h  those p red i c ted  by t h e  proposed 
model d e t a i l e d  above. Th i s  suggests t h a t  t he  c o n t r i b u t i o n  of bubble coalescence t o  bubble growth r a t e  
may not  be s i g n i f i c a n t  i n  our  case. 

F igure  10 shows t h e  bubble s i z e  as a func t ion  
Resul ts  i n d i c a t e  t h a t  f i n a l  

Gra in  boundary bubble s i z e  as a func- 
The theory  p r e d i c t s  

Transmission e l e c t r o n  micrographs of t he  HA2 (Fig.  7) show t h a t  t he  GB hel ium bubble dens i t y  a f t e r  

E. Fusion Zone 

Frac tu re  surface features of t h e  fus ion zone o f  both 105 and 256 appm He welded ma te r i a l  [Fig. 2 (b )  
and ( c ) ]  reveal  t h a t  b r i t t l e  f r a c t u r e  occurred a long paths between dend r i t e  arms. Scanning e l e c t r o n  
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Fig.  10. Grain boundary he l ium bubble s i z e  du r i ng  Regime I11 as a func t ion  o f  t ime  f o r  t h r e e  
d i f f e r e n t  AHl, and peak temperature o f  1600 K. Note f i n a l  bubble s i z e  i s  i n s e n s i t i v e  t o  AHv (vacancy 
concentrat io;).  
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Fig.  11. Grain boundary he l ium bubble s i z e  du r i ng  Regime I11 as a func t ion  o f  t ime f o r  d i f f e r e n t  

l o c a t i o n s  i n  t h e  hea t - a f f ec ted  zone which experienced d i f f e r e n t  peak temperature. 



171 

micrographs o f  t h e  fus ion zone (Fig. 4) suggest t h a t  b r i t t l e  f a i l u r e  i s  caused by t h e  p r e c i p i t a t i o n  of 
he l ium bubbles a long t h e  dend r i t e  boundaries. As s o l i d i f i c a t i o n  proceeds, hel ium i s  r e j e c t e d  by t he  
growing dendr i tes  because o f  t he  low s o l u b i l i t y  of hel ium i n  t h e  s o l i d  and i s  t rapped i n  t h e  i n t e r -  
d e n d r i t i c  reg ion  which i s  t he  l a s t  t o  s o l i d i f y .  
s t resses developed i n  t h e  weld du r i ng  coo l i ng  then cause these cracks t o  propagate, l ead ing  t o  b r i t t l e  
rupture.  

I n  sumnary, t h e  r e s u l t s  of t h i s  study show t h a t  b r i t t l e  f a i l u r e  can occur i n  bo th  t he  f us i on  zone 
and t h e  HA2 from the  growth and l i nkage  of he l ium bubbles on t he  dend r i t e  i n t e r f a c e s  and g r a i n  boundaries, 
r espec t i ve l y .  It a l so  suggests t h a t  r e p a i r  o r  replacement o f  i r r a d i a t e d  s t r u c t u r a l  components us ing  con- 
ven t i ona l  GTA weld ing techniques m y  be very d i f f i c u l t .  
damage, such as d i s l o c a t i o n  loops, networks and voids, induced by neutron i r r a d i a t i o n ,  my make weld 
response of i r r a d i a t e d  ma te r i a l s  d i f f e r e n t  t o  t r i t i um- charged mater ia ls .  Nevertheless, t h e  present  study 
suggests t h a t  he l ium doping by t h e  " t r i t i u m  t r i c k "  technique i s  a good approach t o  s imu la te  t he  e f f e c t  o f  
hel ium on t h e  w e l d a b i l i t y  of neu t ron- i r r ad ia ted  mater ia ls .  

These bubbles coalesce i n t o  microcracks. Tens i l e  

On t h e  o the r  hand, t h e  presence of r a d i a t i o n  

CONCLUSIONS 

The f o l l ow ing  conclus ions were drawn from t h e  present  study: 
1. Severe i n t e r g r a n u l a r  HAZ c rack ing  occurred du r i ng  c o o l i n g  of GTA welded t ype  316 s t a i n l e s s  s t e e l  

p l a tes  con ta i n i ng  he l ium l e v e l s  as low as 2.5 appm. 

B r i t t l e  f r ac tu re  i n  both fus ion and heat- af fected zones was induced by t h e  growth o f  hel ium 
bubbles a t  dend r i t e  i n t e r f a c e s  and g ra i n  boundaries. 

3. The s i z e  and dens i t y  of c a v i t i e s  i n  t he  fus ion zone increased w i t h  i nc reas ing  hel ium con- 
cen t ra t i on .  

4. Low-heat i n p u t  weld ing methods tend t o  induce underbead i n t e r g r a n u l a r  c rack ing  i n  t he  heat-  

2. 

The l a r g e s t  pores were found i n  t he  fus ion zone near t h e  f us i on  l i n e .  

a f f e c t e d  zone i n  hel ium- contain ing a u s t e n i t i c  s t a i n l e s s  s tee l .  

5. A s imple theory  o f  bubble growth has been presented based on s t ress- ass is ted  growth model made 
poss ib l e  by t he  h igh  vacancy concent ra t ion  r e s u l t i n g  from temperatures near t he  m e l t i n g  po in t .  The model 
i s  used t o  p r e d i c t  g ra i n  boundary bubble s izes  as a func t ion  of p o s i t i o n  i n  t he  heat- af fected zone. 
Pred ic ted  s i zes  were found t o  compare w e l l  w i t h  those measured by e l ec t ron  microscopy. 
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MlCROSTRUCTURAL EXAMINATION OF SIMPLE VANADIUM ALLOYS IRRADIATED I THE FFTF/MOTA - S .  Ohnuki (Hokkaido 
U n i v e r s i t y ,  Japan), 0. S. G e l l e s  ( P a c i f i c  Nor thwest  Laboratory),(a! B. A. Loomis (Argonne N a t i o n a l  
Laboratory) ,  F. A. Garner ( P a c i f i c  Northwest Labora to ry )  and H. Takahashi (Hokkaido U n i v e r s i t y ,  Japan) 

OBJECTIVE 

The o b j e c t i v e  o f  t h i s  e f f o r t  i s  t o  determine t h e  s u i t a b i l i t y  o f  l o w  a c t i v a t i o n  vanadium a l l o y s  f o r  f u s i o n  
r e a c t o r  f i r s t  w a l l s .  

SUMMARY 

A number of s imp le  vanadium a l l o y s  have been examined by t r a n s m i s s i o n  e l e c t r o n  microscopy f o l l o w i n g  
i r r a d i a t i o n  i n  t h e  M a t e r i a l s  Open Test  Assembly o f  t h e  Fast  F l u x  Tes t  F a c i l i t y  (FFTF/MOTA) a t  600'C t o  
14 dpa. The a l l o y s  i n c l u d e d  pure vanadium, V-47240, V-9%W, V-10 and 15%Cr, V-5, 10 and 2O%Ti, V-2O%Ti-5%Y 
( i n  we igh t  percen t )  and VANSTAR-7. A l l  specimens were found t o  have developed fea tu res  t y p i c a l  of r a d i a t i o n  
damage. However, l a r g e  d i f f e r e n c e s  were found as a f u n c t i o n  o f  compos i t i on  so t h a t  vo id ,  d i s l o c a t i o n  and 
p r e c i p i t a t e  s t r u c t u r e s  were d i s s i m i l a r  even f o r  specimens o f  s i m i l a r  composi t ion.  For  example, d i f f e r e n t  
hea ts  of pure vanadium w i t h  d i f f e r e n t  i n t e r s t i t i a l  s o l u t e  con ten ts  were examined. One con ta ined  v o i d s  and 
t h e  o t h e r  d i d  no t .  I n  a s e r i e s  o f  t h r e e  V-Ti  a l l o y s ,  p r e c i p i t a t i o n  v a r i e d  as a f u n c t i o n  of t i t a n i u m  
con ten t .  However, i n  genera l ,  specimens d i s p l a y e d  p r e c i p i t a t e  development, o f t e n  i n d i c a t e d  by (001) 
s t a c k i n g  f a u l t  features.  
l o o p s  and d i s l o c a t i o n  t a n g l e s  b u t  much s m a l l e r  l o o p s  s i m i l a r  t o  b l a c k  spo t  damage c o u l d  be f r e q u e n t l y  
i d e n t i f i e d .  
composi t ion.  

About h a l f  t h e  a l l o y s  con ta ined  vo ids .  D i s l o c a t i o n  s t r u c t u r e s  i n c l u d e d  l a r g e  

Therefore,  m i c r o s t r u c t u r e s  developed under i r r a d i a t i o n  a r e  v e r y  s e n s i t i v e  t o  i n i t i a l  

PROGRESS AND STATUS 

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

Vanadium a l l o y s  a r e  cand ida te  m a t e r i a l  f o r  f i r s t  w a l l  f u s i o n  r e a c t o r  a p p l i c a t i o n s 1  based on l o w  induced 
a c t i v i t y 2  and hea t  r e s i s t a n t  response.$ However, r e c e n t  r e s u l t s  have i n  1 a t e d  t h a t  neu t ron  i r r a d i a t i o n  
damage i n  vanadium a l l o y s  l e a d s  t o  degrada t ion  o f  mechanical p roper t ies . f ' 6  I n  o r d e r  t o  b e t t e r  understand 
t h e  causes of p r o p e r t y  degrada t ion  and t o  i d e n t i f y  most p romis ing  a l l o y  composi t ions,  i t  i s  necessary t o  
understand t h e  e f f e c t s  of neu t ron  damage on m i c r o s t r u c t u r e  and composi t ion.  

Neutron i r r a d i a t i o n  i n  t h e  temperature range 400 t o  600'C an produce v o i d  s w e l l i n g ,  d i s l o c a t i o n  e v o l u t i o n  
and p r e c i p i t a t i o n  i n  pure  vanadium and vanadium al loys.8-1S Ohnuki e t  a l . 9  have shown o i d  o rmat ion  i n  

o r  about 0.6 dpa i n  t h e  temperature range 400 t o  600'C. 
d i s l o c  t i o n s  i n  V-3at.%Cr, and r o d  shaped p r e c i p i t a t e s ,  i d e n t i f i e d  as T i O ,  developed i n  V-14.8at%TiTi. 

showed s w e l l i n g  i n  specimens o f  VANSTAR-7, V-15Cr-5Ti and V - 3 T i - I S i  (composi t ions i n  w t % )  f o l l o w i n g  
i r r a d i a t i o  over  t h e  temperature range 400 t o  600'C, b u t  d i d  n o t  r e p o r t  on p r e c i p i t a t i o n  response. 
and WiffenYO found v o i d s  i n  V - l O w t % C r  and VANSTAR-7 and smal l  u n i d e n t i f i e d  p r e c i p i t a t e  p a r t i c l e s  i n  
V - l O w t % C r  f o l l o w i n g  i r r a d i a t i o n  t o  17 dpa a t  500 and 580'C, whereas o n l y  d i s l o c a t i o n  e v o l u t i o n  was 
i d e n t i f i e d  i n  V -ZOwt%T i  f o l l o w i n g  i r r a d i a t i o n  t o  doses as h i g h  as 45 dpa a t  440%. Each o f  these  
exper iments showed d i s l o c a t i  n development due t o  i r r a d i a t i o n  f o r  a l l  m a t e r i a l s  s tud ied .  However, 
m i c r o s t r u c t u r a l  observat ionsPo a t  somewhat h i g h e r  temperatures o f  690 and 805'C t o  17 dpa d i d  n o t  r e v e a l  
p r e c i p i t a t e  fo rmat ion  even i n  V - l O w t % C r  a l though  v o i d s  c o u l d  be i d e n t i f i e d  i n  V - l O w t % C r  and VANSTAR-7. 

The aim o f  t h i s  s tudy  i s  t o  examine a number o f  s imp le  vanadium a l l o y s  f o l l o w i n g  i r r a d i a t i o n  i n  t h e  
M a t e r i a l s  Open Test  Assembly o f  t h e  Fast  F l u x  Tes t  F a c i l i t y  (FFTF/MOTA). 
temperature range 420 t o  600'C t o  about 15 dpa, b u t  o n l y  specimens i r r a d i a t e d  a t  600% w i l l  be d iscussed  i n  
t h i s  r e p o r t .  The a l l o y s  i n c l u d e d  pure  vanadium, V-2.57240, V-8.5%W, V-10 and 15%Cr, V-5, 10 and ZO%Ti, V -  
20%Ti-5%Y ( i n  we igh t  percen t )  and VANSTAR-7. A companion paper i n  t h i s  proceeding descr ibes  behav io r  i n  V -  
15Cr-5Ti under s i m i l a r  i r r a d i a t i o n  c o n d i t i o n s . l l  

Exoer i  ment a1 Procedures 

Twelve specimens were examined by t r a n s m i s s i o n  e l e c t r o n  microscopy.  Composit ions o f  t h e  specimens s e l e c t e d  
f o r  examinat ion a r e  l i s t e d  i n  Table 1. 
e l e c t r o n  microscopy (TEM) d i s k s  immersed i n  l i t h i u m  and con ta ined  i n  molybdenum a l l o y  capsules.  
capsules were i d e n t i f i e d  as V626, V627 and V628, and a l l  TEM specimens were engraved w i t h  t h e  same l o c a t i o n  

pure vanadium, V-3at.%Cr, and V-3at.%Mo f o l l o w i n g  i r r a d i a t i o n  w i t h  f a s t  neu t rons  t o  IOzy n/m l ( E  > 0.1 MeV) 

Brask i  8 found v o i d  s w e l l i n g  as h i g h  as 6% i n  specimens o f  VANSTAR-7 i r r a d i a t e d  a t  520'C t o  40 dpa, and 

Also,  f i n e  p r e c i p i t a t e s  formed on p r e - e x i s t i n g  

B e n t l e y  

Specimens were i r r a d i a t e d  i n  t h e  

Specimens had been i r r a d i a t e d  i n  t h e  fo rm o f  s tandard  t r a n s m i s s i o n  
The 

(a )  Operated f o r  t h e  U.S. Department o f  Energy by B a t t e l l e  Memorial I n s t i t u t e  under C o n t r a c t  
DE-AC-6-76RLO 1830. 
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Table 1. Compositions and Results of Density Change Measurements for Specimens 
Selected for Examination 

Interstitial Concentration (wt ppm) 
ANL ID Material IO Melt No. 0 N C Si Fe Swellinq 

EL-20 

EL-19 

EL- 1 

EL-2 

BL-4 

EL-5 

EL-25 

EL-11 

EL-12 

EL-I5 

EL-8 

EL-28 

pure vanadium XE 

pure vanadium XE 

V-4.0Mo vu 
V-8.6W vv 
V-1O.OCr-O.IA1 vz 
V-14.1Cr-0.3Al VI 

V-14.4Cr-0.3Ti- XM 
0.3A1 

V-4.9Ti v5 

V-9.8Ti V6 

V-17.7Ti v9 

V-20Ti-5Y v3 

VANSTAR-7 XP 
(V-9.OCr-3.3Fe-I. 2Zr) 

ANL 20 

ANL 1 

ANL 2 

ANL 4 

ANL 5 

ANL 25 

ANL 11 

ANL 12 

CAM 832 

CAM 837 

570 

230 

300 

530 

330 

390 

1820 

1670 

830 

275 

110 

73 

150 

76 

69 

64 

530 

390 

160 

540 

120 

90 

120 

240 

200 

120 

470 

450 

380 

740 

325 

110 

59 

6 0  

4 0  

t50 

220 

245 

480 

_ _  

<loo  NM 

NM 

<loo NM 

<loo 0.51 

530 1.64 

570 1.16 

680 0.26 

7800 0.03 

6300 0.01 

390 0.01 

NM 

_ _  1.12 

All alloys contained tlOO ppm Nb except for V-8.6W with 365 ppm Nb. 
NM = not measured. 

code: L1. Irradiation was performed in the FFTF/MOTA during cycles 7 and 8 in level 5, canister D, 
basket 2, designed to operate at 600T. The actual operating temperature was 601 ?r 20'C. However, during 
irradiation in cycle 7, specimens underw nt a t mperature excursion to 798-806'C for 50 minutes. 
accumulated neutron fluence was 2.4 x n/cm5 15 > 0 .1  MeV) corresponding to a dose o f  14 dpa (using the 
correlation factor for vanadium of 5.9 dpa per 10 n/cm ( E  > 0.1 MeV).) Following irradiation, specimens 
were removed and cleaned. 
second was provided for TEM. 

Specimen preparation followed standard electropolishing procedures using a twin jet polishing unit with an 
electrolyte solution of 20% sulfuric acid in methanol. Microstructural examinations were performed on a 200 
KeV transmission electron microscope and compositional analyses employed a scanning transmission electron 
microscope operating at 120 KeV, fitted with a standard x-ray detector coupled to an analyzing computer. 
Beam positions for compositional scans were controlled manually. 

The 

One specimen of each alloy was assigned for density change measurement and the 

Results 

Density Measurements 

Density measurements were made on specimens selected for microstructural examinations. 
obtained are included in Table 1. 
less for all alloys following irradiation to 14 dpa at 600'C. 
all contained high chromium levels, but titanium additions to high chromium alloys appear to reduce 
swelling. 

Microstructural Examinations 

The swelling values 
From Table 1, it can be noted that swelling was on the order o f  1% or 

The alloys that showed the largest swelling 

All specimens were found to have developed features typical o f  radiation damage. However, large differences 
were found as a function of composition so that void, dislocation and precipitate structures were dissimilar 
even for specimens of similar composition. For example, different heats of pure vanadium with different 
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interstitial solute contents were examined. One showed void development and the other did not. 
of three V-Ti alloys, the intermediate composition showed different precipitate development than did the 
other two. However, in general, specimens displayed precipitate development, often indicated by stacking 
fault features. About half the alloys showed voids. Dislocation structures included large loops and 
dislocation tangles but much smaller loops similar to black spot damage could be frequently identified. 
Details of microstructural observations for each alloy will be given in the order provided in Table 1. 

In a series 

Pure Vanadiu m 

The purest vanadium alloy examined, heat ANL 20, after irradiation to 14 dpa at 600'C was found to have 
developed a complex microstructure following irradiation. Voids on the order of 50 nm in diameter were 
found at low density non-uniformly distributed within grains and much smaller voids or bubbles on the order 
of 5 nm in diameter were distributed more uniformly at higher density. 
structures could be identified, one blocky in shape with sizes on the order of 30 nm, and the other in the 
form of large platelets less than 10 nm in thickness but several hundred nm long. The dislocation structure 
contained a network of dislocation line segments, and a high density of black spot-like features could also 
be imaged in strain contrast. Examples of these features are shown in Figures la, lb and IC. 
and lb show areas in void contrast; Figure la was selected to show the smaller voids at higher density and 
Figure Ib was selected to show both the blocky and planar precipitate morphologies. 
in g - t110> contrast in order to image the dislocation structure; both dislocation line segments and black 
spot damage can be identified. 
t110> imaging conditions. 

At least two types of precipitate 

Figures la 

Figure IC shows an area 

Stacking fault features were also found, as shown in Figure Id under g = 

Figure 1. Microstructure at intermediate magnification in pure vanadium specimen XBLl following irradiation 
at 600% to 14 dpa showing (a) voids and (b) voids and precipitates. 
is shown in (c). 

The dislocation structure 

However, a less pure vanadium alloy identified as BL-19 behaved quite differently. No voids were found 
after 14 dpa at 600'C, the dislocation structure had not yet developed into a network and the density of 
platelet precipitates was higher. 
platelet precipitates in strong contrast. 
dislocation contrast. 
stacking fault features in three orientations, and black spot damage can be identified. 
features were found to be elongated in tool> directions. 
vanadium can slow irradiation-induced microstructural development and delay void formation. 

Figure 2a provides an example of an area in void contrast with a set of 
Figure 2b shows another area in g = t110> 

Examples of loop formation near dislocation line segments, larger dislocation loops, 
No voids can be seen. 

The faulted 
Therefore, increases in impurity levels in pure 

Y-4Mo 

Additions of molybdenum to vanadium appeared to reduce, but not eliminate cavitation and to promote phase 
instability. An example of V-4Mo after irradiation at 600-C to 14 dpa is given in Figure 3a showing the 
structure in void contrast. 
darker features can be identified throughout the structure. An example of this precipitate structure at 
higher magnification is shown in Figure 3b. 

Blocky darker features associated with irregularly shaped cavities and smaller 

Larger irregularly-shaped cavities are coupled to a darker 
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Figure 2. Microstructure in impure vanadium specimen XELl following irradiation at 600% to 14 dpa showing 
precipitates in void contrast at high magnification in (a) and the dislocation structure at 
intermediate magnification in ( b ) .  

region believed to be a precipitate particle, and smaller spherical bubble-like features are scattered 
randomly through the matrix. 
that this V-4Mo specimen has just begun swelling. 
that is forming; both intermetallic or interstitial compounds are possibilities. An example of the 
dislocation structure in g = t110> contrast is given in Figure 3c. The dislocation structure consists of 
climbing perfect dislocations, probably of Burgers vector a/2 < I l l > ,  black spot damage and large planar 
faulted features. 
pure vanadium specimen from BL-19 shown in Figure Zc, and the major effect of molybdenum additions is to 
promote a blocky precipitate phase that provides sites for cavity nucleation. 

The observation of such features indicates that it is reasonable to assume 
It has not yet been possible to identify the precipitate 

Therefore, the dislocation evolution in V-4Mo appears to be similar to that found in the 

Figure Microstructure in V-4.0Mo specimen VULl following irradiation at 600'C to 14 dpa showing void and 
precipitate structures at low magnification in (a) and at higher magnification in (bJ. 
dislocation structure is shown at higher magnification in (c). 

The 

Microstructural development was somewhat different with tungsten additions in vanadium. The blocky precipi- 
tates observed with molybdenum additions were not found, swelling was more developed in the matrix, the 
dislocation structure revealed a higher density of faulted features, and black spot damage was restricted to 
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regions adjacent to climbing unfaulted dislocations. 
600-C to 14 dpa in Figure 4. Figure 4a shows the void structure in V-8.6W at low magnification. A low 
density o f  voids can be identified, the largest 50 nm in diameter. 
whereas the smaller voids are more spherical, indicative of solute coatings on the cuboidal voids. The 
faint darker images show dislocations in weak contrast. The dislocation structure is shown in g - <110> 
contrast in Figure 4b. A high density of faulted features appear in orthogonal arrays indicative of (100) 
faults similar to those found in Pure vanadium BL-19 and in V - ~ M O ,  but at higher density. The dislocation 
structure is shown in Figure 4c at higher magnification using g = <ZOO> contrast. 
and larger loops can be seen restricted to regions adjacent to the climbing dislocations. Therefore, 
segregation of tungsten to dislocations is expected to play an important role in microstructural evolution in &I.:- -,,-., 

Examples are given for V-8.6W following irradiation at 

The largest voids appear cuboidal 

Both black spot damage 

Figure 4. Microstructure in V-8.6W specimen VVLl following irradiation at 600% to 14 dpa showing voids at 
low magnification in (a), dislocations at higher magnification in (b), and stacking fault 
features in dislocation contrast at high magnification in (c). 

V-1OCr-0.141 

Alloys containing chromium and aluminum were found to be the highest swelling alloys examined. 
1Al alloy irradiated at 600% to 14 dpa contained voids distributed uniformly throughout the specimen with 
void diameters generally 100 nm or less, (but in one grain boundary region, several were found as large as 
200 nm.) An example is given in Figure 5a. However, void sizes as small as 5 nm were found, indicating 
that nucleation was continuing and steady state microstructures may not have developed by 14 dpa. Voids 
ranging in size from 5 to 100 nm are shown in Figure 5b. The voids are clearly facetted, with both cuboidal 
(100) and dodecahedral (110) surfaces showing. Such shape variations are generally ascribe to solute 
segregation. The dislocation structure, shown in Figure 5c using g = <ZOO> contrast for the same region as 
in Figure 56, consists of a tangle of climbing dislocations, dislocation loops and black spot damage. 
Therefore, chromium and aluminum additions promote void development and inhibit precipitate formation. 

The V-lOCr- 

V- 14.4Cr-0.3A1 

Figure 6 provides examples that can be directly compared with Figure 5, except that Figures 6b 
Increases in chromium and aluminum contents to 14.4Cr and 0.3A1 resulted in very little change in micro- 
structure. 
and 6c are at higher magnification. 
voids as large as 100 nm, and a wide range of void sizes and shapes. In Figure 6b, both large and small 
voids are present with a wide range of shapes due to variations in facetting. 
location structures are found, with small loops forming in the vicinity of climbing dislocations, but no 
indication of black spot damage. 

The low magnification example of void structure in Figure 6a shows 

In Figure 6c, similar dis- 
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-0.1A1 specimen V Z L l  fo l lowing i r r a d i a t i o n  a t  600'C t o  14 dpa showing 
n i f i c a t i o n  i n  (a) and a t  intermediate magnif icat ion i n  (b). 
ion  cont ras t  i n  (c) .  

The area of 

Cr-0.3A1 specimen V l L l  fo l lowing i r r a d i a t i o n  a t  600'C t o  14 dpa showing 
i n i f i c a t i o n  i n  (a) and a t  intermediate magnif icat ion i n  (b). 
. ion cont ras t  i n  (c ) .  

The area of 

we a l a rge  effect on vo id  swel l ing  response. 
: contained voids as l a rge  as 50 nm, but in general, vo id  s izes were 
:he s t ruc tu re  i n  V-14.4Cr-0.3Ti-0.3Al fo l lowing i r r a d i a t i o n  a t  600% t o  14 
; can be seen but a coarse corduroy- l ike structure,  s i m i l a r  t o  t h a t  found 

The region containing large voids i s  shown i n  Figure 7b, but t h i s  f i g u r e  
the presence of hundreds of c a v i t i e s  as small as 2 nm i n  diameter. 
in swel l ing i s  apparently due t o  enhanced vo id  o r  bubble nucleation. The 

Only one small region was 
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d is loca t ion  s t ruc tu re  i s  shown i n  greater  d e t a i l  i n  Figure 7c. 
loops and some black spot damage. The corduroy s t ruc tu re  appears t o  r e s u l t  from va r ia t i ons  i n  cont ras t  from 
one band t o  the next due t o  s l i g h t  changes i n  l a t t i c e  ro ta t i on .  S im i la r  behavior was not  found i n  any other 
vanadium specimen examined. 

It consists o f  c l imbing dis locat ions,  small 

Figure 7. Microst ruc ture  i n  V-14.4Cr-0.3Ti-0.3Al specimen XMLl fo l l ow ing  i r r a d i a t i o n  a t  600'C t o  14 dpa 
showing corduroy s t ruc tu re  a t  low magnif icat ion i n  (a) and a reg ion containing both l a r g e  and 
small voids a t  higher magnif icat ion i n  (b).  The corduroy s t ruc tu re  i s  shown i n  d i s loca t ion  
cont ras t  a t  higher magnif icat ion i n  ( c ) .  

Titanium addi t ions resu l ted  i n  i r r a d i a t e d  microstructures w i t h  low swell ing, and a tendency f o r  phase 
i n s t a b i l i t y .  
microstructure i n  a (100) o r ien ta t fon  using g - <110> contrast .  The d i s loca t ion  s t ruc tu re  consists o f  a low 
dens i ty  of a/2 c l l l )  d i s loca t ion  l i n e  segments and a higher dens i ty  o f  both long a shor t  features elongated 
i n  <loo> d i rec t ions.  The features elongated i n  < loo> d i rec t i ons  are expected t o  be associated w i t h  p rec ip i -  
t a t i o n  because <loo> features do n o t  otherwise form i n  i r r a d i a t e d  vanadium a l loys .  
structures are a lso present, decorated by small bubbles o r  c a v i t i e s  fo l l ow ing  i r r a d i a t i o n .  Another example 
o f  a l a rge  p r e c i p i t a t e  p a r t i c l e  containing c a v i t i e s  i s  given i n  Figure 8b. 
p a r t i c l e s  are expected t o  be Ti02, present i n  the a l l o y  p r i o r  t o  i r r a d i a t i o n .  

Examples f o r  V-4.9Ti are given- in Figure 8. Figure Ea shows the major features o f  the  

Larger p r e c i p i t a t e  

These large p r e c i p i t a t e  
Therefore, 

Figure 8. Microstructure i n  specimen V5L1 fol lowing i r r a d i a t i o n  a t  600'C t o  14 dpa showing p r e c i p i t a t e  and 
d i s loca t ion  structures a t  intermediated low magnif icat ion i n  (a), and voids on p rec ip i ta tes  a t  
high magnif ication i n  (b). 
and t h i s  specimen was V-9.8Ti. 

Compositional analyses determined tha t  a specimen mix up had occurred 



"1 

184 

V-4.9Ti is found to be very swelling resistant, with ca\ 
Ti02 particles. The observation of phase instability ai 
formation of u titanium has recently been predicted as i 

V-9.8Ti 

The specimen identified as V-9.8Ti behaved somewhat diff 
dislocation and precipitate formation on (100) planes, i 
of the microstructures for V-9.8Ti irradiated at 600% I 
a low magnification example of voids; the voids have for 
indicative of swelling in the incubation regime. The vc 
voids found in V-8.6W. Figure 9b, showing the dislocati 
of climbing perfect dislocations and small loops. Of pi 
grain boundary. Such voids often form in regions where 
dislocations and impurity levels are reduced. The dislc 
Figure 9c. Individual climbing dislocations exist amon; 
black spot damage. It is not yet understood why these ( 
provides examples of slight (110) truncations on the cut 
vanadium-titanium alloy using x-ray dispersive analysis. 
5.7Ti, suggesting a possible mix-up between the V-4.9Ti 

V- 17.7Ti 

Higher additions of titanium produced striking microstrt 
and as decorations on dislocations. A? example of the n 
Figure 10a at low magnification using g - t110>. The di 
dislocation segments and loops. Large elongated platelc 
tion structure is shown at higher magnification in Figur 
orientation. Again, three sets of orthogonal platelets 
dislocation structure includes both climbing dislocatior 
rings that show stacking fault contrast. The climbing 1 
t l l b  lying on (011) planes whereas the faulted loops l i  
a/2 <loo> type. Several examples of multiple a/2 t100> 
as double rings. 

Crystallographic analysis of thicker platelets in a thi! 
an hexagonal crystal structure with [OOOl]~~[OlI] and [OI 
a = 0.26 nm for the hexagonal phase. The platelets are 
microstructural development is controlled by segregatior 
precipitation of titanium on (001) planes. 

, d\ 
x 

I 
,. , 

I 'I i 

rities formins onlv in association with Dreexistina 
: low titaniui levels is unexpected although 
I stable phase for V-1011 at 600'C.*2 

- 

'erently. 
ind void swelling occurred in the matrix. 
:o 14 dpa are given in Figure 9. 
med non-uniformly with large variations in size, 
lids are cuboidal-in shape, similar to some of the 
ion structure in g = t110> contrast, reveals an array 
irticular note is the group of voids adjacent to the 
grain boundary migration has occurred, because 
ication structure is shown at higher magnification in 
1st regions containing high densities of loops and 
lifferent morphologies coexist. Figure 9c also 
)oidal voids. This specimen was confirmed to be a 

Measurements indicated a base composition of V- 
and V-9.8Ti specimens. 

The structure showed no evidence for 
Examples 

Figure 9a provides 

ictures. Precipitates grew both as large platelets 
microstructure near (111) orientation is given in 
islocation structure consists of decorated climbing 
!ts can be seen in three orientations. 
*e 10b using g = t110> contrast for a foil near (011) 
can be identified indicating an (001) habit. The 

I line segments, and decorated loops and partial 
line segments are probably of Burgers vector type a/2 
le on (001) planes and are probably of Burgers vector 
loop nucleation at the same site, can be identified 

The disloca- 

I foil verified a (001) habit plane, and demonstrated 
[10]11[2II], and lattice parameters of c - .48 nm and 
confirmed to be rich in titanium. Therefore, the 
i of titanium to climbing dislocations and 

Figure 9. Microstructure in specimc 
low magnification in (a). 
and at higher magnificati 
occurred and this specimc 

!n V6L1 following irradiation at 600% to 14 dpa showing void swelling at 

on in ( c ) .  Compositional analyses determined that a specimen mix up had 
!n was V-4.9Ti. 

The dislocation structure is shown and at low magnification in (b) 
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Figure 10. Microstructure in V-17.7Ti specimen V9L1 following irradiation at 600'C to 14 dpa showing 
dislocations and precipitates at low magnification in (a) and at intermediate magnification in 
(b). A precipitate decorated with voids is shown at higher magnification in (c). 

Void swelling was observed in V-17.7Ti only in association with Ti02 particles. An example is given in 
Figure 1Oc. Therefore, swelling behavior in V-17.7 was found to be similar to that in V-4.7Ti. 

V-20Ti-5Y 

Large additions of both titanium and yttrium to vanadium resulted in irradiated microstructures quite dif- 
ferent from those in vanadium alloys only containing titanium. Evidence for precipitation of titanium was 
not found and dislocation structures were only of a/2 t l l b type. An example of the structure at low 
magnification is given in Figure lla. A grain boundary is shown decorated with blocky precipitate, in 
dislocation contrast on one side and in void contrast on the other. The dislocation structure consists of a 
tangle of climbing dislocations and small loops, and no void swelling is observed. The dislocation 
structure is shown at higher magnification in Figure llb. Several dislocations appear wavy or crenelated, 

Figure 11. Microstructure in V-20Ti-5Y specimen V3L1 following irradiation at 600'C to 14 dpa showing a 
grain boundary at low magnification in (a), dislocations at higher magnification in (b), and a 
region near a grain boundary containing voids at intermediate magnification in (c). 
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and several others appear as faint arrays of darker spots. 
precipitation on dislocations. 
Figure lob.) Therefore, yttrium appears to prevent nucleation of titanium on (001) planes. 

One unusual region near a grain boundary is shown in Figure llc. The region contains voids as large as 
500 nm with many of the voids decorated by precipitates. 
grain boundary migration and solute redistribution, allowing early void nucleation and growth. Therefore, 
it is likely that at higher dose, voids will nucleate and grow in this alloy. 

Such features may arise due to segregation and 
(Similar features can be identified with a/2 t l l b dislocations in 

Such observations are generally associated with 

VANSTAR-7 

The last alloy examined in this series was Vanstar-7 containing V-gCr-3.3Fe-l.ZZr. The specimen of 
Vanstar-7 was difficult to prepare for examination, and therefore, examinations were restricted by limited 
thin area. 
evidence of void swelling was found during microstructural examination. Instead, the structure was found to 
contain a high density of stacking fault features which dominated the microstructure. Examples are given in 
Figure 12. 
identified, but several dark features, all elongated in the same direction, can be seen. The structure is 
shown in g = t110> contrast in Figures 12b and c using bright field and dark field imaging, respectively. 
An orthogonal array of faulted features can be identified in the bright field image, and in dark field, the 
structure appears to be filled with large faulted precipitate features and a fine distribution of smaller 
particles. Therefore, based on these observations, it is concluded that the observed density change found 
in Vanstar-7 irradiated at 600'C to 14 dpa is due to precipitation, and not to void swelling. 

Density measurements had indicated that swelling as high as 1% existed in the alloy, but no 

Figure 12a shows a region in weak contrast in order to image void swelling. No voids can be 

Microchemical Analysis 

Several of the specimens of interest were analyzed to provide results on microchemical segregation. 
case, an area was chosen with a microstructural feature of interest, such as a grain boundary, and a small 
diameter electron beam was positioned and x-ray spectra obtained for a number of locations approaching the 
feature. 

Figure 13a gives the results of segregation measurements at a grain boundary in specimen V6L1, of composi- 
tion V-9.7Ti. 
side in a direction approximately perpendicular to the boundary. 
5.7%Ti by scanning a large area of the specimen during x-ray accumulation. 
demonstrated that titanium segregates towards the grain boundary to levels as high as %Ti, or 40% higher 
than the matrix composition. 
due to grain boundary migration during irradiation. 
than expected in this alloy. 
microstructural development found in this specimen. 

In each 

The results of compositional analysis from these series of measurements are given in Figure 13. 

The grain boundary was located at the graphical axis and measurements were made on either 
The matrix composition was measured at 

From Figure 13a, it can be 

The fact that the composition maximum does not appear at the boundary may be 

The low matrix composition may provide an explanation for unusual 
Also, the matrix composition is significantly lower 

Figure 12. Microstructure in Vanstar-7 specimen XPLl following irradiation at 600'C to 14 dpa showing an 
area in void contrast at high magnification in (a), and another area at high magnification in 
dislocations contrast in (b), and dark field contrast in (c). 
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F i g u r e  13. A n a l y t i c a l  e l e c t r o n  microscopy r e s u l t s  showing s o l u t e  segrega t ion  i n  specimen V6L1 (determined t o  
be V-4.7Ti) a t  a g r a i n  boundary i n  (a ) ,  i n  specimen V5L1 (determined t o  be V-9.7Ti) a t  a g r a i n  
boundary i n  (b) ,  and i n  V-14.1Cr-0.3Ti specimen XTLl a t  two v o i d s  i n  ( C ) ,  and a t  a g r a i n  boundary 
i n  (d).  
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F igure  13b prov ides  an example o f  segregat ion measurements a t  a boundary i n  specimen V5L1, o f  composi t ion 
V-4.7Ti. I n  t h i s  case, a s l i g h t  reduc t ion  i n  t i t a n i u m  concent ra t ion  occurs a t  t h e  boundary. M a t r i x  
composit ion determinat ions us ing  broad scans showed t he  m a t r i x  composi t ion t o  be between 9.6 and 10.0% 
t i t an ium.  Therefore, specimens V5L1 and V6L1 were mixed up, and a simple exp lanat ion  f o r  d i f ferences i n  
m ic ros t ruc tu ra l  development i s  poss ib le .  

F igure  13c shows chromium segregat ion near two vo ids  i n  a specimen o f  V-IOCr-0.3Ti t h a t  was n o t  used f o r  
m i c ros t ruc tu ra l  examination. Chromium i s  found t o  concentrate a t  t he  vo ids  t o  l e v e l s  as h i gh  as 14.2%Cr, i n  
comparison t o  a m a t r i x  composi t ion measured a t  8.1%Cr, o r  an increase o f  75%. 
measurements f o r  a g r a i n  boundary reg ion  i n  t h i s  specimen. 
reduc t ions  i n  chromium l e v e l s  are found nex t  t o  t he  boundary. 
p o i n t  de fec t  s inks.  

F i n a l l y ,  t he  V-17.7Ti was examined and i t  was found t h a t  the  specimen composi t ion was 20.6%Ti and t i t a n i u m  
segregated towards a g r a i n  boundary t o  a maximum composit ion o f  42.6%Ti, o r  an increase o f  107%. Ana lys is  
o f  p r e c i p i t a t e  p a r t i c l e s  i n  t he  f o i l  showed enrichment o f  t i t a n i u m  w i t h  low l e v e l s  o f  aluminum on t he  o rder  
o f  1%. 

F igure  13d shows s i m i l a r  
Segregation t o  t he  boundary i s  less ,  bu t  

Therefore, chromium i s  found t o  move toward 

D ISCUSSION 

Th is  e f f o r t  was intended t o  p rov ide  a p re l im ina ry  survey o f  m i c ros t ruc tu ra l  response t o  i r r a d i a t i o n  damage 
i n  vanadium a l l o y s .  Therefore, a l a r g e  number of quest ions remain unanswered. The e f f o r t  w i l l  be 
continued, both by f u r t h e r  examination o f  t he  specimens a l ready examined i n  o rder  t o  p rov ide  f u r t h e r  
understanding of t he  mic ros t ruc tu res ,  and by examination o f  the  same a l l o y s  i r r a d i a t e d  t o  h i ghe r  dose and a t  
lower temperatures. 
d iscuss ion  w i l l  consider  t h a t  specimens o f  V-4.9Ti and V-9.8Ti have been interchanged, based on t he  
experimental a n a l y t i c a l  microscopy r e s u l t s .  

M i c ros t ruc tu ra l  development from fas t  neutron damage i n  vanadium and i t s  a l l o y s  i s  found t o  be complex, and 
response can vary  g r e a t l y  as a r e s u l t  o f  minor changes i n  composit ion. For example, v o i d  swe l l i ng  response 
f o l l ow ing  i r r a d i a t i o n  t o  14 dpa a t  6OO’C va r i es  from vo id  f r e e  s t r uc tu res  i n  Vanstar-7 and t h e  l ess - pu re  
heat of pure vanadium, t o  the  h i gh  swe l l i ng  cases of V-1OCr and V-l5Cr. In te rmed ia te  cases inc luded t he  
purer  heat o f  vanadium, V-8.6W and V-4.9Ti, where uniform vo id  s w e l l i n g  had n o t  q u i t e  been reached, and 
V-4M0, V-9.8Ti and V-17.7Ti where swe l l i ng  was very  low and vo ids  were found associated w i t h  p r e c i p i t a t e  
p a r t i c l e s ,  e i t h e r  formed du r i ng  i r r a d i a t i o n  o r ,  as i n  t he  case o f  Ti02, p robab ly  present  p r i o r  t o  
i r r a d i a t i o n .  The most unusual case was t h a t  o f  V-14.4Cr-0.3Ti-0.3A1, where it appears t h a t  a d d i t i o n  o f  
0.3%Ti has reduced the  swe l l i ng  response by causing format ion o f  a very  h i gh  dens i t y  of small c a v i t i e s .  

A l s o ,  d i f f e r e n t  a l l o y i n g  add i t i ons  a re  found t o  a l t e r  vo id  shape. I n  general,  vo ids  are h i g h l y  t runcated,  
o f ten  appearing almost sphere- l i ke .  Examples were less-pure  vanadium, and chromium-containing a l l o y s .  
However, a l l o y s  w i t h  tungsten and t i t d n i u m  developed vo ids  of cuboidal  shape, and several a l l o y s  conta ined 
vo ids  of unusual shape due t o  v o i d - p r e c i p i t a t e  i n t e r a c t i o n s ,  such as i n  V-20Ti-5Y. 

D i s l o c a t i o n  e v o l u t i o n  was a lso  complex. 
t he  standard a/2 c l l l >  Burgers vec to r  were found. 
c l imb ing  d i s l oca t i ons ,  and b l ack  spot  damage was a lso  found. I n  many cases, f a u l t e d  f ea tu res  associated 
w i t h  (001) planes were a l so  found, f o r  example, i n  impure vanadium, V-4M0, V-8.6W,V-9.8Ti, V-17.7Ti, and 
Vanstar-7.  
p r e c i p i t a t e  format ion,  bu t  f u r t h e r  work i s  needed t o  v e r i f y  t h a t  t h i s  i s  t he  case f o r  each o f  t he  a l l o y s  
s tud ied  . 
However, t he  f i nd ing  t h a t  must be emphasized was t he  tendency f o r  p r e c i p i t a t e  format ion.  A l l  specimens 
examined showed some tendency f o r  p r e c i p i t a t i o n .  I n  many cases, such as Vanstar-7, V-4M0, t he  a l l o y s  
con ta i n i ng  h i gh  l e v e l s  of t i t an ium,  and even t he  impure vanadium, t he  p r e c i p i t a t e s  were obvious i n  vo id  
con t ras t .  But even i n  t he  h igh  swe l l i ng  a l l o y s  con ta i n i ng  chromium, b l ack  spot damage was found, suggest ing 
p r e c i p i t a t i o n  was occur r ing .  
w i t h  i m p u r i t i e s  i n  t he  range o f  hundreds of pa r t s  pe r  m i l l i o n ,  p r e c i p i t a t e s  were e a s i l y  i d e n t i f i e d  f o l l o w i n g  
i r r a d i a t i o n .  It i s  i n t e r e s t i n g  t o  speculate t h a t  the  tendency f o r  vo id  s w e l l i n g  i s  i n v e r s e l y  r e l a t e d  t o  t he  
amount o f  p r e c i p i t a t e  t h a t  forms, a t  l e a s t  t o  dose l e v e l s  on the  o rder  of 14 dpa. Therefore, so lu te  
add i t i ons  can be expected t o  a l t e r  both swe l l i ng  response and p o s t i r r a d i a t i o n  mechanical p roper t ies ,  
depending on how e f f e c t i v e  t he  so lu te  i s  i n  forming p r e c i p i t a t e  p a r t i c l e s  du r i ng  i r r a d i a t i o n .  
Unfor tunate ly ,  e i t h e r  h igher  swe l l i ng  o r  an increase i n  hardness w i l l  occur, and any a l l o y i n g  a d d i t i o n  w i l l  
l i k e l y  have some de le te r i ous  e f f ec t .  

However, a summary of t he  r e s u l t s  a t  t h i s  t ime  i s  expected t o  be o f  va lue.  Th is  

I n  most cases, examples o f  c l imb ing  p e r f e c t  d i s l o c a t i o n  a r rays  w i t h  
However, o f ten  smal ler  loops developed near some o f  t h e  

I t  appears l i k e l y  t h a t  f a u l t s  on (001) planes and b l ack  spot damage are  i n d i c a t i v e  o f  

The bes t  example o f  t h i s  response i s  i n  the  purer  vanadium a l l o y ,  where even 
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CONCLUSIONS 

A s e r i e s  of vanadium a l l o y s  i n c l u d i n g  pure  and impure vanadium, and a l l o y s  w i t h  molybdenum, tungsten,  ch ro-  
mium, t i t a n i u m  and y t t r i u m  a d d i t i o n s  and t h e  commercial a l l o y  Vanstar-7 have been examined by t r a n s m i s s i o n  
e l e c t r o n  microscopy f o l l o w i n g  i r r a d i a t i o n  i n  t h e  FFTF/MDTA t o  14 dpa a t  600'C. 

A l l  specimens were found t o  have developed f e a t u r e s  t y p i c a l  of r a d i a t i o n  damage. However, l a r g e  d i f f e r e n c e s  
were found as a f u n c t i o n  o f  compos i t i on  so t h a t  vo id ,  d i s l o c a t i o n  and p r e c i p i t a t e  s t r u c t u r e s  were d i s s i m i l a r  
even f o r  specimens o f  s i m i l a r  composi t ion.  For  example, d i f f e r e n t  hea ts  o f  pure vanadium w i t h  d i f f e r e n t  
i n t e r s t i t i a l  s o l u t e  con ten ts  were examined. I n  a s e r i e s  
of t h r e e  V-Ti  a l l o y s ,  p r e c i p i t a t e  development v a r i e d  as a f u n c t i o n  o f  t i t a n i u m  con ten t .  However, i n  
genera l ,  specimens d i s p l a y e d  p r e c i p i t a t e  development, o f t e n  i n d i c a t e d  by (001) s t a c k i n g  f a u l t  fea tu res .  
About h a l f  t h e  a l l o y s  showed vo ids .  D i s l o c a t i o n  s t r u c t u r e s  i n c l u d e d  l a r g e  l o o p s  and d i s l o c a t i o n  t a n g l e s  b u t  
much s m a l l e r  l o o p s  s i m i l a r  t o  b l a c k  spot  damage c o u l d  be f r e q u e n t l y  i d e n t i f i e d .  

One showed v o i d  development and t h e  o t h e r  d i d  n o t .  

FUTURE WORK 

T h i s  work w i l l  be cont inued.  
a t e d  t o  h i g h e r  f luence and over  a w ider  range of temperatures w i l l  a l s o  be examined. 

P r e s e n t l y  a v a i l a b l e  specimens w e l l  be examined f u r t h e r ,  and specimens i r r a d i -  
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IMPACT BEHA I R OF IRRADIATED V-15Cr-5Ti FOLLOWING HYDROGEN OVAL, M. L. Hamilton, Pacific Northwest 
Laboratory, Y a? and B. A. Loomis, Argonne National Laboratory s u  
OBJECTIVE 

The purpose of this work was to determine whether the impact behavior of irradiated V-15Cr-5Ti could be 
improved by removing the hydrogen which is suspected to be contributing to the radiation-induced degradation 
previously observed in the ductile to brittle transition temperature (DBTT). 

SUMMARY 

Dehydrogenation of V-15Cr-5Ti Charpy impact specimens after irradiation at 400'C to 114 dpa was performed 
prior to impact testing. 
DBTT in excess of 400'C. 

Hydrogen removal caused no change in the impact behavior of the alloy, yielding a 

PROGRESS AND STATUS 

Introduction 

Impact tests on 1/3-size Charpy specimens of V-15Cr-5Ti demonstrated recently that this particular vanadium 
alloy exhibited a significant increase in the DBTT with irradiation to only 6 dpa.l Two possibilities have 
emerged as the most likely causes of this degradation: 

precipitate development during irradiation.A To investigate the premise of hydrogen embrittlement, 
additional irradiated Charpy specimens were heated in vacuum to remove any hydrogen present and subsequently 
tested. 

Exeeriment Procedure 

One-third size Charpy samples of V-15Cr-5Ti heat CAV-8356 yere irradiated in the Materials Open Test 
Assembly at 404°C to a nominal fluence of 19.8 x 10 2 n/cm 
114 dpa. 
elements C ,  0 and N, for which vanadium alloys have a high affinity. Following removal from the capsules 
and cleaning to remove the lithium, the specimens were heated in a vacuum furnace to allow any hydrogen 
present to be released. 
procedure which has successfully removed hydrogen from unirradiated tensile specimens of the same alloy.4 
While no measurements of hydrogen release were made during the anneal of the irradiated specimens, the 
increased pressure shown by the pressure gauge confirmed that outgassing was occurring. 
release similar to that observed in the tensile specimens was assumed for the work presented here 
irradiated V-15Cr-5Ti Charpy specimens, but there is no way at present to verify this assumption. 
the fact that the anneal exposed the specimens to temperatures 1OO'C in excess of the irradiation 
temperature, it is believed that the anneal caused no microstructural changes which might influence the 
mechanical behavior of the alloy. 
been observed ' n  tests at room temperature on irradiated specimens which were and were not annealed for one 
hour at 6000C.~ Impact tests were performed in the same instrumented drop tower as the tests described in 
Reference 1, except that the specimen carriage of the drop tower had been revised so that higher test 
temperatures could be achieved. 

Results and Discussion 

The data from both the current and prior test series are given in Table 1. 
are tabulated instead of total fracture energy. First cycle energy is technically a more accurate 
expression of the fracture energy since it represents the energy absorbed prior to the first oscillation 
about zero load typically observed at the end of tests on brittle specimens. For impact tests on this 
alloy, the difference between the total and first cycle energies is less than 1%. 
maximum load data are plotted in Figure 1. The tests performed are obviously on the lower shelf until at 
least 400'C. Tests were not conducted above 400'C. 
brittle nature of the fractures in the near future. 

embrittlement by hydrogen, whic was probably absorbed during specimen fabrication or dur'ng exposure to improperly purified lithium, 8 and unfavorable 

(E>0.1 MeV), corresponding to a damage level of 
They were irradiated in lithium-filled TZM capsules to prevent contamination by the interstitial 

Specimens were heated at a rate of 10-15'C/min to 500'C and then cooled, a 

A level of hydrogen 
on 
Despite 

This conclusion is based on the fact that comparable tensile behavior has 

Note that "first cycle" energies 

The fracture energy and 

Scanning electron microscopy is expected to confirm the 

(a1 Oeerated for the U.S. DeDartment of Energy by Battelle Memorial Institute under Contract .. ~ . .  
DE-AC06-76RLO 1830. 
Work supported by the U.S. Department of Energy, Office of Fusion Energy, under Contract (b) 
W-31-109-Eng-38. 
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Table 1. Impact Data on Irradiated V-15Cr-5Ti 

Test Irradiation First Maximum 
Specimen Temperature Temperature Dose Cycle Load 

ID ( 'C) ('C) (dpa) Energy (J) (kN) 

Previous tests: 
RH05 240 
RH04 242 
RH14 225 
RH27 242 
RH35 240 

Current tests: 
RH21 240 
RH22 315 
RH24 395 

365 
365 ~~. 
404 
520 
601 

404 
404 
404 

6 
6 

30 
18 
14 

114 
114 
114 

0.034 
0.026 
0.015 
0.015 
0.045 

0.034 
0.037 
0.038 

0.350 
0.398 
0.210 
0.268 
0.545 

0.336 
0.367 
0.426 

It is evident that the DBTT of the alloy is well in excess of 400'C following irradiation to 114 dpa at 
404'C. 
hydrogen removal. 
and 114 dpa since it has been demonstrated that the le el of radiation hardening appears to peak at about 
30-50 dpa and then drops off with further irradiation.! Thus the implication is that the precipitate 
structures described in Reference 3 are responsible for the radiation-induced degradation in impact behavior 
in V-15Cr-5Ti. 
beneficial, since there is no indication that precipitate formation depends on the presence of hydrogen. 

No improvement in fracture energy or maximum load appears to have been produced as a result of the 
This conclusion is appropriate despite the fact that the comparison is between data at 6 

It does not appear likely that the removal of hydrogen prior to irradiation would be 

CONCLUSIONS 

Hydrogen removal following irradiation provides no significant improvement in the impact behavior of 
V-1%-5Ti. 

FUTURE WORK 

No further efforts are planned for this material. 
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F igure  1. Impact test r e s u l t s  on V-15Cr-5Ti showing ( a )  maximum load and (b) impact energy. 
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A MICROSTRUCTURAL EXPL N TION FOR IRRADIATION EMBRITTLEMENT OF V-15Cr-5Ti 

Laboratory), H. Takahashi (Hokkaido University, Japan) and F. A. Garner (Pacific Northwest Laboratory) 

- D. S. Gelles (Pacific 
Northwest Laboratory), 4 P  a S . Ohnuki (Hokkaido University, Japan), B. A. Loomis (Argonne National 

OBJECTIVE 

The objective of this effort is to determine the suitability of low activation vanadium alloys for first 
wall applications. 

SUMMARY 

Recent results have indicated that modest levels of neutron irradiation damage in V-15Cr-5Ti lead to severe 
degradation of mechanical properties. I n  order to explain the observed behavior, specimens of V-15Cr-5Ti 
have been examined by transmission electron microscopy following irradiation at 600'C to 14 dpa in the Fast 
Flux Test Facility (FFTF). The conditions examined included two heats of V-15Cr-5Ti with very different 
oxygen contents and, in one case, a section of a charpy specimen demonstrated to have very poor impact 
resistance. 
that indicated swelling levels as high as 2.5%. 

Following irradiation at 600'C, a complex microstructure was found that included a perfect dislocation net- 
work of line segments and loops, faulted loops, a high density of black spot damage and a high density of 
rod-shaped precipitates. 
microstructural features; instead the density of large blocky precipitates, believed to be Ti02, was found 
to have increased with increasing oxygen content. Only two of the specimens irradiated at 600'C contained 
voids, whereas none of the specimens irradiated at 420 or 520'C contained significant void swelling. 
Therefore, swelling as measured by density change is probably due to phase instability in these specimen 
conditions, and the hardening and irradiation embrittlement that have been observed can be explained by the 
microstructural development. 
alloys for fusion applications. 

Specimens irradiated at 420 and 520'C were also examined to confirm density change measurements 

Heat-to-heat variations did not appear to significantly alter these 

Phase stability appears to be an important criterion in the design of vanadium 

PROGRESS AND STATUS 

Introduction 

Vanadium alloys are candidate material2 for first wall fusion reactor applications1 based on low induced 
activity2 and heat resistant response. However, recent results have in 1 ated that neutron irradiation 
damage in vanadium alloys leads to degradation of mechanical properties.d'g The most severe degradation was 
found in the most promising alloy, V-15Cr-5Ti. It is not yet understood what has caused this mechanical 
property d e g r a p f p n .  
embri ttlement. 
V-1SCr-5Ti than in other vanadium alloys because the hydrogen did not diffuse into the alloy as extensively; 
therefore, the greater loss of ductility exhibited by the V-15Cr-5Ti after neutron irradiation, in 
comparison to the V-3Ti-O.5Si and V-20Ti alloys, is not attributable to an increased H concentration.ll 

It was the original intent of the present effort to examine irradiated V-15Cr-5Ti microstructures in order 
to assess the consequences of solute segregation and dislocation evolution on embrittlement. This work was 
done concur ntly with microstructural examinations of simpler vanadium alloys irradiated under the same 
conditions,f$ so that comparisons with less embrittled microstructures can be made. The available specimen 
matrix included two heats of V-15Cr-5Ti with different oxygen levels, and different specimens of the same 
material irradiated in different capsules so as to give somewhat different dose levels and hydrogen 
absorption levels. Compositions for the alloys that were examined are given in Table 1. 
possible to examine the microstructure of an embrittled charpy specimen to eliminate the possibility that 
the Charpy specimens were mishandled during manufacture. 

Recently, density change meas ements were reported for a series of V-15Cr-5Ti specimens irradiated at 420, 
520 or 600% to about 15 dpa.YS The results, reproduced in Table 2, indicated levels of swelling as high as 
2.4%. As a result, the present effort was expanded to include microstructural examination of several of the 
specimens of interest, in order to explain the large variation in swelling that was found. 

Two possibilities have been suggested: oxygen contamination and hydrogen 
However, an earlier paper had shown that hydrogen contamination was less severe in 

It was also 

(a) Operated for the U.S. Department of Energy by Battelle Memorial Institute under Contract 
DE-AC06-76RLO 1830. 
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Table 1. Alloy Compositions for V-15Cr-5Ti Heats 

ANL Me1 t Imwritv Concentration 
ID No. Number Base Alloy 0 N C Si Fe 

BL-21 CAM835 V-13.7Cr-4.BTi 340 510 180 1150 300 

BL-22 ANL114 V-13.4Cr-5.1Ti 300 52 150 56 140 

BL-23 CAM834 V-12.9Cr-5.9Ti 400 490 280 1230 420 

EL-24 ANLlOl V-13.5Cr-5.2Ti 1190 360 500 390 520 

ExDerimental Procedures 

Compositions of the specimens selected for examination are listed in Table 1. 
irradiated in the form of either standard transmission electron microscopy (TEM) disks or miniature charpy 
specimens which were immersed in lithium and contained in molybdenum alloy capsules. 
identified as V420, V519, V521, V624 and V627, and all TEM specimens in a given capsule were engraved with 
the same location code: LR, LV, LX, LZ and L1, respectively. 
during cycles 7 and 8. 
actually at 406T. 
both designed to operate at 520'C. The actual operating temperature was 520'C. 
in level 5, canister D, basket 3 and basket 2, respectively, designed to operate at 600T. 
operating temperature was 601'C. 
a temperature excursion to 676'C in level 1, canister 8 and to 798-806'C in level 5, canister D, for 50 
minutes. Therefore, specimens irradiated at 520% were briefly heated 156' and specimens irradiated at 
60 C wer briefly heated 206'C. 
log2 n/cm5 ( E  > 0.1 MeV), respectively, corresponding to doses of 30.6, 25.6 ,  21.1, 17.4 and 14.1 dpa. 
Following irradiation, specimens were removed and cleaned. One specimen of each alloy was assigned for 
density change measurement and the second was provided for TEM. Specimen conditions selected for 
examination, irradiation history and results of density measurement are listed in Table 2 .  

Specimen preparation followed standard electropolishing procedures using a twin jet polishing unit with a 
solution of 20% sulfuric acid in methanol. Microstructural examinations were performed on a 200 KeV 
transmission electron microscope, and compositional analyses employed a scanning transmission electron 
microscope operating at 120 KeV, fitted with a standard x-ray detector coupled to an analyzing computer. 
Beam positions for compositional scans were controlled manually. 

Results 

These specimens were 

The capsules were 

Irradiation was performed in the FFTF/MOTA 
Capsule V420 was in level 2, canister C, basket 4 designed to operate at 420°C, but 

Capsules V519 and V521 were in level 1, canister B, basket 1 and basket 3 ,  respectively, 
Capsules V624 and V627 were 

However, during irradiation in the middle of cycle 7, specimens underwent 

The accumulated neutron fluences were 5.19, 4.33, 3.51, 2.96 and 2.39 x 

The actual 

Void Swelling 

The density change measurements given in Table 2 indicate variations in density of up to 2% for nominally 
similar specimens irradiated under similar conditions. The maximum measured was 2.39% for heat ANL114 at 
520-C and 21 dpa, but the same heat reached 1.56% at 420-C and 31 dpa; heat CAM834 had 1.4% at 420'C and 
31 dpa. All other measurements were on the order of 0.5% or less. Comparison of these results with alloy 
composition information in Table 1 suggests that the alloy with the lowest iTqurity level gave the largest 
decrease in density, in agreement with conclusions drawn for simpler alloys. 

However, transmission electron microscopy observations were unable to confirm density changes in excess of 
1% were due to cavity formation, or that cavity formation was even a prominent microstructural development 
in V-15Cr-STi. 
successfully prepared for transmission electron microscopy. Only specimen XHLl of heat ANL114, irradiated 
at 600% to 14 dpa, had developed a well defined uniform array of voids. 
contained only a few voids, non-uniformly distributed, or none at all. 
found, !hey were generally associated with blocky precipitate similar to the situation seen in simpler 
alloys. 2 

Examples of microstructures found in specimens XKLR, XHLX and XHLl are given in Figure 1. 
show specimen XKLR, of heat CAM834 irradiated at 4 2 0 T  to 30.6 dpa. 
density change. 
arrows and a number of surface pits can be identified. 
contrast. 
damage. 
and 21 dpa) that had 2.39% swelling as measured by density change. 

Of the specimens listed in Table 2, all conditions except XHLR, XFLX and XLLl were 

The remaining specimens either 
In cases where only a few voids were 

Figures la and Ib 
This specimen condition had 1.4% 

The dislocation structure is complex, including dislocation loops, tangles, and black spot 

The microstructure is shown in void contrast in Figure la. A few small voids marked by 
Figure Ib shows another area in dislocation 

Figures IC and Id provide similar information for specimen XHLX (heat ANL114 irradiated at 520'C 
In Figure IC, several large cavities can 
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Table 2. Specimen Condit ions o f  V-15Cr-5TI Selected f o r  Microst ruc tura l  Examination. 
values based on dens i ty  change measurements are included where avai lable.  

Swel l ing 

Specimen ANL Heat Capsule I r r a d i a t i o n  
I D  I D  No. Number Number Temperature Dose(a) Swel l ing 

( ' C )  ( d p d  

XLLR BL-24 ANLlOl V420 420 30.6 0.0 
XKLR EL-23 CAM834 V420 420 30.6 1.4 
XHLR BL-22 ANL114 V420 420 30.6 1.56 
XFLR EL-21 CAM835 V420 420 30.6 0.44 

XLLV BL-24 ANLlOl V519 520 25.6 0.36 ~ ~~ 

XKLX BL-23 CAM834 V521 520 21.1 0.55 
XHLX BL-22 ANL114 V521 520 21.1 2.39 
XFLX BL-21 CAM835 V521 520 21.1 0.63 

XLLl 
XKLI 
XKLZ 
XHLl 
XFLl 
XLLZ 
RH35 ( b, 

BL-24 
BL-23 
EL-23 
EL-22 
EL-21 
BL-24 
BL-24 

ANLlOl 
CAM834 
CAM834 
ANL114 
CAM835 
ANLlOl 
CAM835 

V627 
V627 
V624 
V627 
V627 
V624 
V624 

600 
600 
600 
600 
600 
600 
600 

14.1 
14.1 
17.4 
14.1 
14.1 
17.4 
17.4 

0.0 
WM 
0.28 
0.33 
O.4Zc 
NM 
NM 

NM - not  measured. 
(a) - based on 5.9 dpa/ l oz2  n.cm-2, (E > 0.1 MeV). 
(b) - sect ion from Charpy specimen. 
(c) - dens i ty  measurement f o r  specimen XFLZ a t  17.4 dpa. 

be seen associated w i t h  a l a rge  spherical p rec ip i ta te .  However, the r e s t  o f  the microst ruc ture  contains 
n e g l i g i b l e  cav i ta t ion,  and an explanation f o r  the dens i ty  change resu l t s  i s -  no t  apparent. The d i s loca t ion  
structure,  shown i n  Figure Id,  contains d i s loca t ion  loops, tangles, and b lack spot damage, but  the  s t ruc tu re  
i s  coarser than t h a t  formed a t  420'C. 
fo l l ow ing  i r r a d i a t i o n  a t  600'C and 14 dpa where 0.33% dens i ty  change was observed. A moderate dens i ty  o f  
small c a v i t i e s  as l a rge  as 4 nm can be seen. Therefore, i t  must be presumed tha t  the dens i ty  change 
measurements t h a t  impl ied vo id  swel l ing  l e v e l s  as h igh as 2.4% were not r e a l l y  due t o  vo id  swel l ing.  

Figure l e  provides an example o f  the s t ruc tu re  i n  the same a l l o y  

Microst ruc tura l  evo lu t ion a t  600.C 

Due t o  the  complexity of t he  microstructure, the major emphasis o f  microst ruc tura l  examinations was s h i f t e d  
t o  the highest ava i lab le  i r r a d i a t i o n  temperature o f  600'C, i n  order t o  provide the l e a s t  complicated micro- 
s t ruc tu re  w i t h  the la rges t  features f o r  examination. Several condi t ions were examined i n  order t o  evaluate 
the tendency f o r  heat- to-heat and specimen-to-specimen va r ia t i ons .  The specimens were XKLZ and XKLI o f  heat 
CAM834, i r r a d i a t e d  i n  d i f f e r e n t  capsules; specimen XLLZ o f  heat ANLlOl, i r r a d i a t e d  adjacent t o  specimen 
XKLZ; specimen XFLl o f  heat CAM835, used f o r  compositional analysis; and a sect ion f r o m  charpy specimen RH35 
of heat CAM835, which had been tested a t  240% and gave b r i t t l e  response ind ica t ing  a d u c t i l e  b r i t t l e  
t r a n s i t i o n  temperature [DBTT) above 240%. 

Figure 2 provides a ser ies o f  micrographs f o r  an area near an (011) o r ien ta t i on  i n  specimen XKLZ o f  heat 
CAM834 w i th  moderate impur i ty  content, i r r a d i a t e d  a t  600'C t o  17.4 dpa. Figure 2a shows the microst ruc ture  
i n  g - D l 1  d i s loca t ion  contrast .  The-structure contains a complex d i s loca t ion  tangle and black spot damage. 
The same area i s  shown i n  dark f i e l d  g = 011 contrast  (approaching weak beam) i n  Figure 2b, and i n  dark 
f i e l d  g = 200 cont ras t  i n  Figure 2c. 
d i s loca t ion  s t ruc tu re  i s  present, containing stacking f a u l t  features on a t  l e a s t  two d i f f e r e n t  planes 
( v i s i b l e  on ly  i n  t o l l >  contrast) ,  and a complex d i s loca t ion  tangle. 
ind icates t h a t  these f a u l t s  are probably on (110) planes. 
expected t o  ind icate  the presence o f  p r e c i p i t a t e  p a r t i c l e s  t h a t  were formed dur ing i r r a d i a t i o n .  

Figure 3 shows a second area near an (001) o r ien ta t i on  i n  specimen XKLZ. 
g = 110 d i s loca t ion  cont ras t  t h a t  i s  remarkable f o r  the shor t  s t r a i g h t  features t h a t  can be seen along w i t h  
the d i s loca t ion  tangles and b lack spot damage. The s t r a i g h t  features l i e  i n  t100> di rec t ions.  They appear 
apparently as a r e s u l t  o f  t100, re1 rods found i n  the d i f f r a c t i o n  pat tern  and therefore  are a r e s u l t  o f  
e i t h e r  planar defects on (100) planes o r  needles i n  < loo> d i rec t ions.  

Comparison o f  Figures 2b and 2c demonstrates t h a t  a complex 

Stereo analysis o f  the planar defects 
Stacking f a u l t  features i n  vanadium a l l oys  are 

Figure 3a provides an image i n  

Dark f i e l d  images of the features 
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igure 1. Examples o f  specimen microstructures. 
?own (a) i n  vo id  cont ras t  and (b) i n  011 d i s loca t ion  contrast .  
t 520'C i s  shown (c)  i n  void cont ras t  and (d) i n  011 d i s loca t ion  contrast .  
qL114 i r r a d i a t e d  a t  600'C i s  shown (e) i n  vo id  contrast .  

Specimen XKLR from heat CAM834 i r r a d i a t e d  a t  420% i s  
Specimen XHLX from heat ANL114 i r r a d i a t e d  

Specimen XHLl a lso from heat 

m i n g  the re1 rod spots are shown i n  Figures 3b and 3c for  two orthogonal or ienta t ions.  
j long as 40 nm, o f ten  cons is t ing o f  a ser ies o f  small spots, i n d i c a t i v e  o f  p r e c i p i t a t e  in teract ions.  
ierefore, evidence both f o r  p r e c i p i t a t i o n  on (110) planes and e i t h e r  on (100) planes o r  i n  t110> d i rec t i ons  
1 indicated. 
nages, showing d i s loca t ion  tangles s i m i l a r  t o  those i n  Figures 2b and 2c. 
ipear i n  e i t h e r  micrograph. 
" ienta t ions and not  f o r  001 f o i l  o r ienta t ions i s  not y e t  understood. 

le  d i s loca t ion  and re1 rod images were examined t o  a lesser  extent i n  specimens XKLl, XLLZ, XFLl and RH35 
Id  were found t o  be s i m i l a r  i n  appearance and scale. 
and 6 have been prepared t o  show s i m i l a r  re1 rod images i n  specimens XKLl, XLLZ, and RH35, respect ively.  

igure 4 provides a b r i g h t  f i e l d  image i n  4a and t w o  dark f i e l d  images i n  4b and 4c using dark f i e l d  
m t r a s t  from orthogonal re1 rods f o r  a th i cke r  f o i l  near an (001) or ienta t ion.  The specimen i d e n t i t y  i s  
(L1, corresponding t o  the same heat as tha t  shown i n  Figures 2 and 3, but  fo l lowing i r r a d i a t i o n  i n  a 
i f f e r e n t  capsule t o  a somewhat higher dose. The re1 rod images i n  Figures 3 and 4 are s i m i l a r  i n  s i ze  and 
i s t r i b u t i o n .  
?sponse o f  the re1 rod features found i n  V-15Cr-5T i .  

The images are 

Figures 3d and 3e provide the corresponding g = 110 and 200 dark f i e l d  d i s loca t ion  cont ras t  
However, f au l ted  images do not  

The reason why the fau l ted  images i n  g = 110 cont ras t  appear f o r  011 f o i l  

I n  order t o  demonstrate the s i m i l a r i t i e s ,  Figures 4, 

Therefore, minor di f ferences i n  i r r a d i a t i o n  h i s t o r y  have l i t t l e  e f f e c t  on p r e c i p i t a t i o n  
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Figure 2. 
dark f i e l d  d i s loca t ion  cont ras t  and i n  (c) 200 dark f i e l d  cont ras t  for  a f o i l  near (011). 

Specimen XKLZ from heat CAM834 i r r a d i a t e d  a t  600'C t o  17.4 dpa i n  (a) 011 b r i g h t  f i e l d  and (b) 

Figure 5 gives s i m i l a r  images f o r  specimen XLLZ, made from heat ANLlOl and i r r a d i a t e d  i n  the same capsule as 
specimen XKLl. The main d i f fe rences between heats AN1101 and CAM834 are i n  impur i ty  content: ANLlOl 
contains higher oxygen and carbon leve ls ,  and CAM834 contains a higher s i l i c o n  leve l .  
show b r i g h t  and dark f i e l d  re1 rod images and Figure 5c provides dark f i e l d  cont ras t  for  the orthogonal re1 
rod  images. The images i n  Figure 5 are s i m i l a r  t o  those i n  Figure 4 except t h a t  a second f i n e  p r e c i p i t a t e  
i s  d i s t r i b u t e d  more uni formly i n  Figure 5. 

The microst ruc ture  o f  specimen RH35 was found t o  be s i m i l a r  t o  t h a t  o f  XHLl and d i f f e r e n t  from other  
condi t ions o f  V-15Cr-5Ti because vo id  swel l ing  was found i n  one la rge  area o f  the specimen, w i t h  some voids 
as la rge  as 30 nm. RH35 was made from heat CAM835, which i s  s i m i l a r  i n  composition t o  CAM834 but not  as 
pure as ANL114. The vo id  swel l ing  i n  RH35 i s  shown i n  Figure 6a, t o  be compared w i t h  t h a t  i n  Figure l e  a t  
much higher magnif icat ion.  However, d i s loca t ion  and re1 rod  images were s i m i l a r  t o  other condi t ions of 
V-15Cr-5Ti i r r a d i a t e d  a t  600%. 
orthogonal re1 rod  images are given i n  Figures 6b, 6c and 6d. 
d i s t r i b u t i o n  t o  those from the other specimens examined. 

Therefore, except f o r  d i f fe rences i n  vo id  development, a l l  o f  the condi t ions o f  V-15Cr-5Ti examined 
fo l lowina i r r a d i a t i o n  a t  600'C had s i m i l a r  microstructures. and the microstructures were s u f f i c i e n t l v  

Figures 5a and 5b 

Examples o f  d i s loca t ion  cont ras t  and dark f i e l d  re1 rod cont ras t  f o r  the 
These images are very s i m i l a r  i n  s i ze  and 

complex io provide adequate explanation f o r  i r r a d i a t i o n  hardening and p o s t - i r r a d i a t i o n  embrittlement; as 
were observed i n  Charpy and t e n s i l e  tes ts .  

In  the course o f  m k r o s t r u c t u r a l  examinations, i t  was found t h a t  a low dens i ty  o f  very l a r g e  p r e c i p i t a t e  
p a r t i c l e s  were present i n  several o f  the specimens, d i s t r i b u t e d  nonuniformly. Examples are provided i n  
Figure 7. Specimen XLLl o f  heat ANLlOl, which had the highest oxygen content, i s  shown i n  Figure 7a, 
compared w i t h  specimens XKLZ and RH35 o f  heats CAM834 and CAM835, which had s i m i l a r  lower oxygen contents, 
i n  Figures 7b and 7c, respect ively.  It i s  assumed t h a t  these p a r t i c l e s  are Ti02, based on the observation 
t h a t  the highest dens i ty  o f  p a r t i c l e s  was found i n  heat ANLlOl, which had the highest oxygen content. If 
the oxygen i n  V-15Cr-5Ti  i s  re ta ined as la rge  p a r t i c l e s  a f t e r  mel t ing procedures, then oxygen l e v e l s  would 
not  be expected t o  have a s ign i f i can t  consequence on mechanical proper t ies  i n  t h i s  a l loy ,  except t h a t  crack 
nucleat ion a t  such p a r t i c l e s  may be f a c i l i t a t e d ,  and the Duc t i l e  B r i t t l e  Trans i t ion Temperature (OBTT) would 
be increased. 
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AM834 irradiated at 600'C to 17.4 dpa in (a) 110 bright field 

cation contrast, respectively, in a foil near (001). 
in t200> re1 rod dark field contrast for orthogonal re1 rods and (d) 

e results on microchemical segregation in the vicinity of a grain bound- 
e 8, giving titanium and chromium concentrations as a function of 
B.) for an area containing a grain boundary. Figure 8 demonstrates that 
ain boundary and lower adjacent to the boundary, whereas chromium 
cted, with perhaps slight enhancement adjacent to the boundary. There- 
Mards all point defect sinks, and chromium tends not to segregate. The 
regation at 600% to 14 dpa is on the order of 200 nm based one the 
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Figure 4. 
(c) i n  <ZOO> re1 rod dark f ie ld  contrast for  orthoqonal re1 rods i n  a f o i l  near (011). 

Specimen XKLl from heat CAM834 irradiated a t  600'C t o  14.1 dpa i n  (a) b r i g h t  f i e l d  and i n  (b )  and 

Figure 5. 
(c )  i n  <ZOO> re1 rod dark f ie ld  contrast for orthogonal re1 rods i n  a fo i l  near (011). 

Specimen XLLZ from heat ANLlOl irradiated a t  600'C t o  11.4 dpa i n  (a) bright f i e l d  and i n  (b) and 
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6. Charpy specimen RH35 from heat CAM835 irradiated at 600'C to 17.4 dpa in (a) void contrast, in 

nal re1 rods in a foil near (011). 
bright field dislocation contrast and in (c) and (d) in t200> re1 rod dark field contrast for 

ION 

pose of this effort was to provide an explanation for the severe irradiation embrittlement observed 
Cr-5Ti in comparison to other vanadium alloys of interest. Several specimens of V-ISCr-5Ti 
ing different heats and somewhat different irradiation conditions have been examined by electron 
opy and an explanation based on rather complex microstructural development can now be given. 
ructural observations on V-15Cr-5Ti irradiated at 600°C to about 15 dpa may be sumarized as follows. 
elling is rarely observed, and then, apparently only in purer alloys. Dislocation structures consist 
bing dislocation loops and tangles. However, in the course of imaging dislocation structures, other 
s are found: 1) stacking fault features, apparently on (011) planes, 2) re1 rod features (either 
ts on (001) planes or needles in t00b directions) which indicate precipitate formation, and 3) as 
pot damage, also which also indicates precipitatf formation. The density of these features is 
rably higher than those found in simpler alloys, and therefore, greater irradiation hardening is 
ri in V-15Cr-5Ti than in other vanadium alloys o f  interest. Irradiation hardening can explain the 
BTT shifts found in this alloy following irradiation. 

be argued that insufficient control of hydrogen or oxygen impurity levels is responsible for the 
i embrittlement. 
sased embrittlement. 
3 intake has been found to be more restricted to surface layers in V-15Cr-5Ti than in V-3Ti-0.5Si,11 
h e n s  which were surface-ground in contact with water at room temperature. 
n levels in V-15Cr-5Ti were found to have been reduced from 12 a/o at the surface to about 0.4 a/o at 
nce of 20 Since hydrogen levels in V-15Cr-5Ti are known to be reduced from 
e to lithium,fr it can be assumed that if hydrogen is responsible for embrittlement in the mechanical 
y specimens, hydrogen intake must have occurred following irradiation during cleaning operations at 
nperature. Any significant hydrogen absorption is therefore probably restricted to the vicinity of 
n surfaces. Hydrogen adsorption at specimen surfaces is not expected to produce the embrittlement 
d following irradiation. 

Certainly, data can be produced to demonstrate that hydrogen and oxygen intake lead 
However, these arguments are not expected to apply in the present situation. 

In those experiments, 

om the surface. 
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Figure 7. 
specimen XKLZ from heat CAM834 and in (c) specimen RH35 from heat CAM835. 

Low magnification examples of blocky precipitates in (a) specimen XLL1 from heat ANL101, in (b) 

The excessive oxygen levels in the V-15Cr-5Ti alloys that were tested may also be responsible for such 
embrittlement. 
correct, then oxygen tends to be tied up in large Ti02 precipitate particles, and the bulk oxygen levels 
probably do not account for the unusually poor postirradiation mechanical properties found in V-15Cr-5Ti. 

A microstructural explanation for excessive irradiation embrittlement of V-15Cr-5Ti specimens is suggested 
based on the complex microstructure observed. V-15Cr-STi does indeed have a more complex microstructure 
following irradiation at 600'C to about 15 dpa in the FFTF/MOTA compared with simpler vanadium alloys. This 
difference is probably a result of decreased phase stability. The large density change measurements that 
cannot be accounted for by void swelling are also probably a consequence of phase instability. The density 
of V-Cr-Ti alloys is a steep function of Cr and Ti such that segregation and/or precipitation could easily 
lead to large density changes. 
mechanical properties of V-15Cr-5Ti in comparison with simpler vanadium alloys. 

It is interesting to speculate on t6e ""ye. The re1 rod structure found in V-15Cr-5Ti has similarities to 
precipitates found in V-1OTi and V-ZOTi. 
the fault features on (011) planes may be a result of chromium precipitation. 
result from the segregation of both major alloying additions to precipitates which form obstacles to 
deformation. 
V-15Cr-5Ti is by improved alloy design. Other alloying options must be considered rather than chromium and 
ti tani um . 

However, if the interpretation of the observations of large precipitate particles is 

The complex microstructure alone would explain the poor postirradiation 

If these features are both due to titanium precipitation, then 
Irradiation hardening could 

If this argument is correct, the only way to solve this irradiation embrittlement problem in 

cc 

15 dpa. The structure included a perfect dislocation network of climbing line segments and loops, faulted 
loops, a high density of black spot damage and a high density of rod-shaped precipitates. Heat-to-heat 
variations did not appear to significantly alter these microstructural features; instead the density of 
large blocky precipitates, believed to be TiOz, increased with increasing oxygen content. Two of the 
specimens irradiated at 600% contained voids but the accumulated swelling was low, whereas none of the 
specimens irradiated at 420 or 520% contained significant void swelling. Therefore, swelling as measured 
by density change is probably due to phase instability in these specimen conditions, and the hardening and 
irradiation embrittlement that have been observed can be explained by the microstructural development. 
Phase stability appears to be an important criterion in the design of vanadium alloys for fusion 
applications. 
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Figure 8. Microchemical segregation in the vicinity of a grain boundary in V-15Cr-5Ti specimen XFLl 
following irradiation at 600'C to 14.1 dpa.2 
FUTURE WORK 

This work will be continued when warranted. 
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TENSILE PROPERTIES FOR NEUTRON-IRRADIATED VANADIUM ALLOYS - B. A. Loomis and D. L. Smith 
(Argonne National Laboratory) 

OBJECTIVE 

The objective of this research is to determine the composition of a vanadium-base alloy with the optimum 
combination of swelling resistance, corrosion resistance, and mechanical properties in the environment of a magnetic 
fusion reactor. 

SUMMARY 

The tensile properties of V-13.5Cr-5.2Ti, V-9.2Cr-4.9Ti, V-7.2Cr-14.5Ti, V-3.1Ti-0.3Si, and V-l7.7Ti alloys were 
determined after neutron irradiation at 420, 520, and 600% to irradiation damage levels ranging from 21 to 87 dpa. 
These alloys exhibited a maximum of irradiation hardening in the range of 25 to 50 dpa. These alloys also exhibited 
significant ductility (>3%) after irradiation at 420, 520, and 600°C to 87 dpa. 

PROGRESS AND STATUS 

The results of tensile tests to determine the strength and ductility for V-l5Cr-5Ti, Vanstar-7, and V-3Ti-1Si alloys 
after neutron irradiation (FFTF-MOTA) at 420% to 90 dpa have been reported by D. N. Braski.’ These results 
purportedly show that irradiation hardening, i.e., increase of yield stress, for the V-3Ti-1 Si alloy attains a maximum after 
less than 10 dpa and after approximately 40 dpa for the Vanstar-7 and V-15Cr-5Ti alloys without significant degradation 
of the ductility. This report presents the results of tensile tests on the V-15Cr-5Ti alloy and several additional vanadium 
alloys after irradiation at 420, 520, and 600% lo 87 dpa. These tests were conducted to determine the existence of 
irradiation hardening maxima for vanadium alloys after irradiation at 520 and 6OO0C and to provide tensile property data 
on additional neutron-irradiated vanadium alloys. 

and Prpeadure 

Vanadium alloys with the compositions listed in Table 1 were obtained in the form of 50% cold-worked sheet with a 
thickness of 0.9 mm. Tensile specimens with a gauge length of 7.62 mm and a gauge width of 1.52 mm were machined 
from the as-received sheet. The surfaces of the tensile specimens were mechanically ground and polished to a surface 
finish of 0.3 pin. The surface-finished specimens were recrystallized by annealing for 1 h in a vacuum of 2 x 10-5 Pa. 
The V-13.5Cr-5.2Ti. V-9.2Cr-4.9Ti, and V-7.2Cr-14.5Ti specimens were annealed at 1125%. The V-l7.7Ti and V-3.1Ti- 
0.3Si specimens were annealed at 1 100°C and 1050°C, respectively. 

Table 1. Alloy Compositions 

Concentration (wppm) 
Alloy Composition Melt 

(wt.%) Number 0 N C Si S Nb 

V-13.5Cr-5.2Ti ANL 101 1190 360 500 390 c30 100 

V-9.2Cr-4.9Ti ANL 206 230 31 100 340 20 160 

V-7.2Cr-14.5Ti ANL. 94 1110 250 400 400 20 110 

V-3.1Ti-0.3Si ORNL 10837 210 31 0 31 0 2500 120 55 

V-l7.7Ti CAM 832 830 160 380 480 < l o  44 
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The tensile specimens were irradiated in Li7-filled TZM molybdenum capsules at 420, 520, and 600% to radiation 
damage levels ranging from 21 to 87 dpa during Cycles 7,8.9, and 10 of the FFTF-MOTA. The encapsulated specimens 
that were irradiated at 520 and 600°C during Cycles 7 and 8 of the FFTF-MOTA experienced a temperature excursion of 
approximately 200°C. In this report. the tensile data were compromised for specimens that experienced a temperature 
excursion, but these specimens had radiation damage that was limited to 21-26 dpa. 

The hydrogen concentration in at least one tensile specimen from each of the TZM capsules was determined 
before tensile tests were initiated. The hydrogen concentration was determined by use of a quadrupole, partial- 
pressure gas analyzer mounted in an ion-pumped vacuum system. If the hydrogen concentration was determined to be 
>lo0 apprn, the tensile specimens in a capsule were heated to 510% in an ion-pumped vacuum system. This 
procedure reduced the hydrogen concentration to <50 appm with no significant effect on the tensile properties of the 
specimens. The necessity for annealing the tensile specimens to reduce the hydrogen concentration (<50 appm) was 
limited to those specimens that were irradiated during Cycles 7.8, and 8-9. 

The tensile specimens were tested at a tensile strain rate of 0.001 1 5-1 for a crosshead speed of 0.008 mm.s-l. All 
of the tensile tests were conducted in an environment of flowing argon of 99.9999% purity. The specimen temperature 
during the tensile test was determined from a chromel-alumel thermocouple that was arc-welded to the edge of the 
specimen . 

Frnerimental Results 

(a) Lrrad iation 

The tensile properties for the vanadium alloys considered in this report are presented in Table 2. The dependence 
of the yield strength on irradiation andlor test temperature forthe specimens irradiated to 41-46 dpa is shown in Fig. 1. 
Whereas the yield strength for unirradiated alloy(s) was independent 01 test temperature between 420 and 600°C. 
yield strength for irradiated alloy(s) was strongly dependent on irradiationhest temperature. The yield strength for 
the unirradiated alloys was in the order of V-7.2Cr-14.5Ti > V-17.m > V-13.5Cr-5.2Ti > V-9.2Cr-4.91 > V-3.1Ti-0.3Si 
(Table 2). However, yield strength for the irradiated alloys (41-46 dpa) was in the order of V-l3.5Cr-5.21 > V-7.2Cr- 
14.5li > V-9.2Cr-4.9Ti > V-l7.7Ti > V-3.1Ti-0.3si. The yield strength for the irradiated V-13.5Cr-5Ti alloy was signif- 
icantly higher than that for the other irradiated alloys at all irradiation and/or test temperatures. The yield strength for the 
specimens irradiated at 420°C and tested a1 25°C was 200-300 MPa higher than the yield strength for specimens 
irradiated at 420% and tested at 420°C. 

The dependence of ultimate tensile strength on irradiation andor test temperature for specimens irradiated to 41- 
46 dpa is shown in Fig. 2. The tensile strength for the irradiated alloys decreased approximately 400 MPa on increasing 
the irradiationhest temperature from 420°C to 6OO0C. 

The dependence of total elongation, Le., ductility, on irradiation andlor test temperature for specimens irradiated to 
41-46 dpa is shown in Fig. 3. The ductility of the irradiated (41-46 dpa) alloys was in the order of V-l7.7Ti > V-7.2Cr- 
14.5Ti > V-3.1Ti-0.3Si > V-9.2Cr-4.9Ti > V-13.5Cr-5.2Ti. With the exception of the V-13.5Cr-5.2Ti specimen irradiated at 
420°C and tested at 25"C, all of the specimens irradiated to 41-46 dpa underwent a significant, although localized, 
reduction in cross-sectional area during the tensile test. The V-l3.5Cr-5.2 specimen fractured in a totally transgranular 
manner before attainment of maximum load during the tensile test. 

The dependence of increase of yield stress (irradiation hardening) for neutron-irradiated and ion-irradiated 
vanadium alloy specimens [relative to an unirradiated specimen) on radiation damage (dpa) is shown in Fig. 4. The 
increase of yield stress for the ion-irradiated V-12.9Cr-5.9Ti alloy was determined from analyses of TEM microstwctures 
for dislocation density, void number density, number density and diameter of precipitates, and from consideration of 
these microstructural features as obstacles to dislocation motion.2 The data in Fig. 3 for the V-14.5Cr-6.2T alloy was 
obtained by Braski.' The increase of yield stress on neutron irradiation of alloy specimens at 420, 520, and 600°C was 
in the order of V-13.5Cr-5.2Ti > V-3.1Ti-0.3Si > V-9.2Cr-4.9T > V-7.2Cr-14.5Ti > V-17.7Ti. The V-7.2Cr-14.5T and 
V-17.7Ti alloy specimens underwent significantly less irradiation hardening on the basis of the tensile tests than the 
other alloys. The data in Fig. 4 show that irradiation hardening for these vanadium alloys attained a maximum when 
radiation damage was in the range of 25 to 50 dpa. 
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Table 2. Tensile Properties for Vanadium Alloys 

Irrad.llest Elongation 
Temp. Y.S. AY.S.a U.T.S. Unit Total 

Alloy (“C) DPA (MPA) (MPA) (MPA) (70) (“10) 

V-13.5Cr-5.2Ti 

V-13.5Cr-5.2Ti 

V-13.5Cr-5.2Ti 

V-9.2Cr-4.9Ti 

V-9.2Cr-4.9Ti 

V-9.2Cr-4.9Ti 

V-7.2Cr-14.5Ti 

V-7.2Cr-14.5Ti 

V-7.2Cr-14.5Ti 

V-3.1 Ti-0.3Si 

V-3.1Ti43Si 

V-3.1 Ti-0.3Si 

V-l7.7Ti 

V-l7.7Ti 

V-l7.7Ti 

420 
4201420 
4201420 
4201420 
420125 

520 
5201520 
5201520 

600 
6001600 
6001600 

420 
4201420 
420125 

520 
5201520 
5201520 

600 
6001600 

420 
4201420 
420125 

520 
5201520 
5201520 

600 
6001600 
6001600 

420 
4201420 
420125 

520 
5201520 
5201520 

600 
6001600 
6001600 
6001600 

420 
4201420 
420125 

520 
5201520 
5201520 

600 
6001600 
6001600 
6001600 

0 
41 
46 
46 
46 

0 
21 
41 

0 
44 
87 

0 
41 
41 

0 
21 
41 

0 
44 

0 
41 
46 

0 
21 
41 

0 
44 
87 

0 
38 
46 

0 
22 
46 

0 
21 
46 
87 

0 
41 
46 

0 
26 
46 

0 
26 
44 
87 

34 1 
860 
659 
840 

1174 

326 
702 
71 0 

342 
563 
52 1 

300 
71 2 

1050 

297 
568 
570 

297 
447 

485 
764 

1086 

484 
608 
600 

469 
492 
452 

238 
746 
91 1 

228 
522 
520 

230 
390 
385 
381 

443 
71 4 
947 

445 
543 
540 

41 7 
425 
427 
419 

- 
519 
51 8 
499 
833 

- 
376 
384 

22 1 
179 

- 

- 
412 
750 

- 
271 
273 

- 
150 

- 
279 
601 

- 
124 
116 

- 
23 
-1 7 

- 
508 
673 

- 
294 
292 

- 
160 
155 
151 

- 
271 
504 

- 
98 
95 

6 
10 
2 

- 

518 20.7 
1064 4.9 
1156 3.2 
1162 6.3 
1358 2.6 

502 16.9 
930 7.3 
950 7.0 

555 20.7 
713 8.8 
730 8.2 

467 19.7 
930 7.0 

1130 4.7 

463 18.4 
738 8.4 
730 6.3 

502 21.3 
566 11.2 

730 22.0 
1120 12.0 
1210 7.5 

730 24.1 
855 12.5 
890 12.0 

738 25.7 
685 15.7 
547 8.1 

437 19.8 
930 8.3 

1020 6.9 

424 19.2 
678 8.8 
680 6.0 

435 20.9 
520 10.2 
520 9.8 
574 6.7 

658 24.4 
982 11.5 

1049 7.3 

678 28.6 
743 15.3 
750 15.0 

554 20.2 
576 14.0 
587 13.2 
535 16.9 

26.6 
5.6 
3.3 
7.2 
2.8 

22.6 
10.0 
9.0 

26.0 
11.0 
11.0 

25.2 
8.9 
6.0 

23.3 
12.1 
12.0 

24.5 
15.2 

29.0 
13.3 
10.8 

27.6 
15.2 
15.0 

27.1 
15.7 
8.1 

25.6 
9.4 
9.8 

23.0 
10.6 
10.4 

24.9 
16.0 
15.0 
13.0 

29.7 
13.8 
11.3 

33.1 
20.1 
18.0 

28.0 
19.0 
22.0 
26.2 

%crease of yield stress. 
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Fig. 1. Dependence of yield strength on irradiation and/or test temperature. 

1600 I I I I I I I I 
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- + . 0 - V - 7 . 2 C r - 1 4 . 5 T i  

600 - VANAOIUM ALLOYS 

- (CYCLES 9 AND 101 a z 
41-46 DPA 

m.0- V- 9.2 Cr-4.9 T I  
A . A - V - R . 7  TI 
T . v - V - 3 . 1  T i -0 .3SI  

IRRADIATIONITEST TEMPERATURE IeCl 

Fig. 2. Dependence of ultimate tensile strength on irradiation and/or test temperature. 

The dependence of ductility, Le., total elongation, on irradiation damage (dpa) for specimens irradiated at 600°C is 
shown in Fig. 5. The alloys exhibited a substantial reduction in ductility for damage levels up to approximately 25 dpa. 
The ductility of the V-13.5Cr-5.2Ti and V-3.1Ti-0.3Si alloys was not significantly changed on additional irradiation to 
87 dpa. Whereas the ductility of the V-17.TTI alloy increased significantly on further irradiation to 87 dpa, the ductility of 
the V-7.2Cr-14.5m alloy decreased significantly. The V-7.2Cr-14.5Ti specimen irradiated at 600°C to 87 dpa underwent 
total transgranular fracture before the attainment of maximum load during the tensile test. Although the V-7.2Cr-14.5Ti 
alloy exhibited high ductility (15.7%) after irradiation at 600% to 44 dpa, this alloy fractured under the maximum load 
(Table 2). 
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VANIOIUM ALLOYS 
FFTF-MOTA IRRAOIATION 
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d 
41-46 OPA 
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*.O-V-7.2Cr-I4.5 TI 

V.V-V-3.1TI-0.3Sl 

m.0-V-9.2~1-4.9 TI 
a A,A-V-17.7 TI 'i 

IRRAOIATIONITEST TEMPERATUTURE r c i  

Fig. 3. Dependence of ductility (as measured by total elongation) on irradiation and/or test temperature. 

IRRADIATION OAMAGE IDPAl 

Fig. 4. Dependence of increase of yield stress on irradiation damage. 

The tensile test data presented in this report, together with the data presented previously by Braski' provide 
substantial evidence for the existence of a maximum hardening, Le.. increase of yield stress, of vanadium alloys on 
neutron irradiation. In the case of vanadium alloys irradiated at 420, 520, and 600'C. the maximum irradiation 
hardening occurred in the range of 25 to 50 dpa. A previous evaluation of irradiation-induced microstructural features in 
ion-irradiated V-15Cr-5Ti alloy likewise showed the existence of a yield stress maximum with the maximum at approx- 
imately 50 dpa.2 In the case of ion-irradiated alloy, the decrease in yield stress (after the yield stress maximum) 
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30 
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\o 

25 
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\ 
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Fig. 5. Dependence of duaility (as measured by total elongation) on irradiation damage 

was due to a reduction in the dislocation density, an increase of the irradiation-produced precipitate diameter, and a 
decrease of the precipitate number density. In the absence of detailed microstructural ObSeNatiOnS for the neutron- 
irradiated alloys, we may speculate that similar microstructural changes were the basic cause for the irradiation 
hardening maximum in the neutron irradiated alloys. 

It might be concluded that the existence of an irradiation hardening maximum for an alloy would resuit in an alloy 
being less susceptible to embrittlement for irradiation damage levels above the hardening maximum. On the basis of 
the tensile ductility parameter (Fig. 5). this conclusion would not be justified, without exception, since the V-7.2Cr-14.5Ti 
alloy exhibited embrittlement after irradiation at 600°C to 87 dpa. 

Total elongation, Le., ductility, of the vanadium alloys irradiated at 600% to 87 dpa (Table 2, Fig. 5) was inversely 
related to the swelling of these alloys after irradiation at 600°C to 84 dpa, Le., V-l7.7Ti (0.1%), V-3.1Ti-0.3Si (0.6%). 
V-13.5Cr-5.2Ti (2.1%). and V-7.2Cr-14.5Ti (8.1%).3 The swelling of these alloys was determined from density change 
measurements. Since the swelling of these alloys was attributed primarily to the presence of irradiation-induced 
precipitates, the embrittlement of the V-7.2Cr-14.5Ti alloy after irradiation at 600°C to 87 dpa may be attributed to the 
presence of an exceptional number density and/or size of precipitates in the microstructure. 

CONCLUSIONS 

Vanadium-base alloys, upon neutron irradiation at 420, 520, and 600°C, undergo maximum irradiation hardening 
for radiation damage levels in the range of 25 to 50 dpa. 

(>3%) after irradiation at 420, 520, and 600°C to radiation damage levels up to 100 dpa. 

FUTURE WORK 

The V-l3.5Cr-5.2Ti, V-9.2Cr-4.9Ti, V-7.2Cr-14.5Ti. V-3.1Ti-0.3Si, and V-t 7.7Ti alloys exhibit significant ductility 

The relationship between the microstructures of irradiated vanadium alloys and the tensile properties of those 
alloys will be determined from transmission electron microscopy ObSeNatiOnS of alloy specimens irradiated at 420, 520, 
and 600% to 87 dpa. 
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TENSILE PROPERTIES AND FRACTURE BEHAVIOR OF DISPERSION STRENGTHENED COPPER ALLOYS IRRADIATED I N  FFTF-MOTA, 
K. R. Anderson, NORCUS Program, Univers i ty  o f  I l l i n o i s ,  F. A. Garner, M. L. Hamilton, P a c i f i c  Northwest 
Laboratory and J. F. Stubbins, Univers i ty  of I l l i n o i s  

OBJECTIVE 

The ob jec t ive  of t h i s  e f fo r t  i s  t o  i den t i f y  su i tab le  copper a l l oys  for  h igh heat f l u x  app l ica t ions i n  fus ion 
reactors.  

SUMMARY 

The t e n s i l e  and f rac tu re  behavior o f  a va r ie ty  o f  d ispersibn strengthened copper a l l oys  were examined a f ter  
i r r a d i a t i o n  a t  411, 414 and 529'C t o  doses ranging from 32 t o  50 dpa. 
a l l oys  appear t o  be the best candidates f o r  h igh heat f l u x  service. Unfortunately, l ase r  welding completely 
destroys t h e i r  favorable propert ies.  

The i n t e r n a l l y  oxidized Glidcop 

PROGRESS AND STATUS 

Introduct ior(  

An e a r l i e r  document repor ed the e l e c t r i c a l  r e s i s t i v i t y  changes induced i n  a va r ie ty  o f  copper a l l oys  by 
fast  neutron i r r a d i a t i o n . 1  These a l l oys  represented the "1.5 j nd  2.0" generations o f  copper i r r a d i a t i o n  
experiments, p a r t  o f  a cont inuing ser ies o f  i r r a d i a t i o n  tes ts .  
t e n s i l e  t e s t s  and fractography examination on these same a l l oys .  The composition, f i na l  processing 
condi t ions and g ra in  sizes o f  the a l l oys  a r e  l i s t e d  i n  Tables 1 and 2. 

This repor t  presents the r e s u l t s  o f  

Table 1. Composition and Final  Processing Conditions o f  Copper Al loys 

A1 1 oy Code Composition (wt%) 
F ina l  Proce s'ng 

Condi ti onfa] 

Mar2 Cu 

CuA125 
CuA125 
CuA120 
CuAl15tB 

CuCr 
CuHf 

ODs-1 ... . 
00s-1 
ODS-2 
ODs-3 
ODs-4 

Cu-5Ni-2.5Ti 

Cu-5Ni-2.5Ti 

Cu-4Ni-4Sn 

RO 

R4 
3N 
ux 
vo 

3A 
38 

3F 
3H 
3K 
3L 
3M 

VK 

VL 

VN 

99.999 cu 

0.25 A1 as Al2O3, ba l .  Cu 
0.25 A1 as A1901. ba l .  Cu 
0.20 A1 as Al;O;; bal .  Cu 
0.15 A1 as A1701, t200 PPm 6, _ _  
bal. Cu 

3.5 C r  as C r  03 bal. Cu 
1.1 H f  as Hf62,  bal . Cu 
0.25 Mg, 1 A1203, ba l .  Cu 
0.25 Mg, 1 Al2O3, bal .  Cu 
0.25 Mg, 1 Al2O3, ba l .  Cu 
0.5 Mg, 1 Z r O  bal .  Cu 
0.5 Mg, 1 Al&, bal. Cu 

5.09 N i ,  2.10 T i ,  0.8 T iOz,  
0.22 Z r ,  ba l .  Cu 

5 N i ,  2.5 T i  (some as 
Ti02) bal. Cu 

4 N i ,  4 Sn, ba l .  Cu 

Annealed 

50% CW 
50% CW t welded 
20% cw 
Annealed 

20% CW t 450*C/0.5 h/AC 
20% CW t 450'C/0.5 h/AC 

40% CW 
40% CW t welded 
40% cw 
40% cw 
40% CW 

SA: 950°C/1 h/WQ 
A: 500'C/1 h/AC 

SA: 900'C/20 m/WQ 
A: 525T/1 h/ AC 

SA: 750'C/30 m/WQ 
A: 450'C/1 h/AC 

(a) A l l  heat treatments i n  argon. 
CW = co ld  worked 
SA = so lu t i on  annealed 

WQ = water quenched 
AC - a i r  cooled 

A = aged 
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Table 2 .  Grain Size i n  Plane o f  R o l l i n g  D i r e c t i o n  

A1 1 oy Code (ran) Grain Size 
Average Gra in  Diameter Approximate ASTM 

Marz Cu RO 120 3 

CuAl25 R4 elongated (0.6 x 2.4) NM@) 
CuA125 welded 3N elongated (0.6 x 2 .4)  NM 

CuAl20 UX elongated (0.45 x 3.0) NM 

CuAl15tB YO elongated (0.5 x 3.0) NM 

CuCr 3A deformed(a) NM 

CuHf 38 deformed(a) NM 

ODs-1 3F 210 2 
O D s - l  welded 3H 210 2 

ODs-2 3K 300 0.5 

ODs-3 3L 280 

ODs-4 3M 280 

Cu-5Ni-2.5Ti VK 4.3 

Cu-5Ni-2.5Ti VL 6.8 

Cu-4Ni-5Sn VN 100 

1 

1 

13 

12 

4 

(a) Exh ib i t ed  h i g h l y  deformed, randomly shaped g ra i ns  which 

(b )  NM = n o t  meaningful 

cou ld  n o t  be adequately charac te r ized .  
ranged from 1.0 t o  11.5 microns.  

Approximate s i zes  

ExDerimental O e t a i l s  

M in i a tu re  t e n s i l e  specimens and TEM d i s k s  were f ab r i ca ted  from 0.01 i n .  t h i c k  sheet o f  each a l l o y  us i ng  a 
commercial hand operated press and convent ional  t o o l  s t ee l  d i e  sets.  
t e n s i l e  specimens are shown i n  F igure  1. 
t o  ensure t he  punch remained p rope r l y  sharpened, t he  punching opera t ion  sometimes produced a s l i g h t  
deformat ion b u r r  on t he  edge o f  each specimen. 
specimens, it was subsequently removed by l i g h t l y  sanding on 600 g r i t  S i c  g r i n d i n g  paper. 
types were permanently i d e n t i f i e d  by l a s e r  engraving w i t h  bo th  a ma te r i a l  and i r r a d i a t i o n  code. 
p laced on t he  tabs o f  t he  m in ia tu re  t e n s i l e  specimens and on t he  c i rcumference o f  one face of t he  TEM d i sks .  
Laser engraving c o n s t i t u t e d  t he  f i n a l  s tep i n  t he  specimen f a b r i c a t i o n  process. 

The dimensions o f  t he  m in ia tu re  
The TEM d i s k s  were 3 mm i n  diameter. Even though care  was taken 

Because t he  b u r r  may i n f l uence  t he  t e n s i l e  behavior  of t he  
Both specimen 

Codes were 

I I #.)Dl Ih'I6.1 mm1 I 

0.010 I". 10.25 mml 

Figure  1. Dimensions o f  M in i a tu re  Tens i le  Specimens 
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The specimens were irradiated in FFTF-MOTA under conditions described previously1 to 34 and 50 dpa at 
411-414'C and to 32 dpa at 529%. 
three irradiation conditions, as shown in Table 3. 
521% for 1026 hours in order to assess their tendency for thermally induced changes in tensile properties. 
The tensile properties of unirradiated, thermally aged and irradiated miniature tensile specimens were 
determined at room temperature using a horizontal tens'le te ting frame and procedures described earlier.3 
The tests were performed at a strain rate of 4.7 x 10- 

Fractography was performed using a JEOL JSM 35C scanning electron microscope. 
microscope with a Link Systems chemical and image analysis system was also used. 
required immediate examination after tensile testing due to rapid formation of an oxide layer which obscured 
detail at magnifications over approximately 1000~. 

Due t o  space limitations, not all alloys were irradiated at each of the 
Identical specimens were thermally aged at 420% and 

4 - 3  sec . 
A JEOL 840 scanning electron 

Fracture surfaces 

Table 3. Tensile Testing Conditions 

Irradiated Aqed 
Material 411-C 414% 529'C 420% 521'C 

A1 1 oy Code Unirrad. 50 dpa 34 dpa 32 dpa 1026 hrs 1026 hrs 
.. t 

t 
t 

t 
t 
t 
t 
t 
t 

t 
t 

.. Marz Cu RO t t t 
CuAl25 R4 
CuAll25 (welded) 3N t t 
CuA120 ux t t t t t t 
CuAlI5 (boron deoxidized) vo t 

t 00s-1 3F t 
t t ODs-l (welded) 3H 

00s-4 3M t t 
t CuCr 3A t 

t t CuHf 36 
Cu-5Ni-2.5Ti (MIT) VK t 

t Cu- 5Ni -2.5Ti (LANL) VL 
Cu-4Ni-4Sn (LANL) VN t 

.. 

.. 
.. ._ t t 
.- _. 

_. .. t .. 
.. _ _  .. _ _  .. _ _  _ _  .. _ _  _ _  .. _ _  _ _  .. _ _  

t t t t 
t 
t 

.. 
.- 

.. .. 
.. .- -. 

t = tensile specimen(s) available 

Results and Discussion 

The tensile properties measured in this study are compiled in Table 4 and Figure 2. 

Pure zone refined copper exhibited a decrease in both yield and ultimate tensile strength following 
irradiation. While there was a substantial amount of uniform elongation, SEM examination of the fracture 
surface revealed an extremely small reduction in area, leading to a large decrease in total elongation 
relative to the unirradiated state. 
of the void distribution. This behavior will be covered in more detail in a separate report. 

The changes in the tensile properties of alumina strengthened copper alloys were primarily a function of the 
amount of recrystallization which occurred during irradiation. 
minimal changes in tensile properties after irradiation, while CuA120 and CuA125 in the 20 and 50% cold 
worked conditions, respectively, showed decreased strengths as well as increased elongations. TEM 
performed on disks irradiated with the tensile specimens revealed that CuA120 was completely recrystallized, 
whereas CuA125 was only partially recrystallized. 
alloys are shown in Figure 3 .  
in the partially recrystallized CuA125 compared to that of the fully recrystallized CuA120. 

Fractography of these alloys revealed that microvoid coalescence was the failure mechanism for both 
irradiated and unirradiated specimens. 
contain a reduced level of the larger alumina particles. 
phenomenon known as ballistic dissolution of A1203 was occurring. 
depth in a later report. 

The mechanically alloyed, dispersion strengthened alloys containing either Cr20 or Hf02 not only completely 
recrystallized during irradiation but were subject to redistribution of the oxiie particles. Density change 
measurement of the Cr20 strengthened alloy indicated -6% swelling and fractography showed that it arose 
not only from void swelfing but also somewhat from irradiation-induced dissolution of large refractory 
inclusions present prior to irradiation. The relatively large, irregular Hf02 particles were almost totally 
destroyed and replaced by a much finer dispersion of polygonal oxide precipitates, which, in combination 
with the recrystallization, caused a significant drop in strength and a large increase in ductility. 
alloy also developed a substantial yield drop following irradiation, a highly unusual behavior for an fcc 

The fracture surface was very unusual and was dominated by the details 

CuA115 in the annealed state exhibited 

Pre- and post-irradiation electron micrographs of both 
This microstructural difference corresponded to a smaller strength decrease 

The fracture surfaces of the irradiated specimens also appeared to 
This and other observations suggested that a 

This possibility will be covered in more 

This 



216 

Table 4.  Average T e n s i l e  Proper t ies  of M i n i a t u r e  Copper Specimens 

U1 timate Fracture Uniform Total Number 
Material Alloy and Yield Strength Strength Strength Elongation Elongation o f  
Code Condition (MPal (kril (HPal (ksil IMPaI (ksi) ( X I  (XI  Specinens 

RO 

vo 

ux 

R4 

3N 

3A 

38 

3F 

3H 

3M 

VK 

VL 

VN 

Mar2 Cu 
Unirradiated 
Aged 420'C 1026 hrr. 
Irr. 34 dpa 414.C 
Irr. 50 dpa 411-C 

Unirradiated 
Aged 420'C 1026 hrr. 
Irr. 34 dpa 414'c 

Unirradiated 
Aged 420'C 1026 hrf. 
Aged 521'C 1026 hrr. 
Irr. 34 dpa 414.c 
Irr. 50 dpa 411'C 
Irr. 32 dpa 529'C 

Unirradiated 
Aged 420'C 1026 hrs. 
Irr. 50 dpa 411'c 

CuA125 L a s e r  Uelded 

CuAlI5 

CuAl20 

CuA125 

Unirradiated 
Aged 420'C 1026 hrs. 
Irr. 50 dpil 411'c 

cucr 
Unirradiated 
Aged 420'C 1026 hrs. 
Irr. 50 dpa 411'c 

CuHf 
Unirradiated 
Aged 420'C 1026 hrr. 
Irr. 50 d m  411-C 

00s-1 
Unirradiated 
Aged 420'C 1026 hrr. 
Irr. 50 dpa 411.C 

Unirradiated 
Aged 420'C 1026 hrr. 
Irr. 50 dpa 411.c 

005-1 Laser Welded 

005-4 
Unirradiated 
Aged 420'C 1026 hrr. 
Irr. 50 dpa 411'c 

CuNiTi 
Unirradiated 
Aged 420'c io26 hrr. 
Aged 521'C 1026 hrs. 
Irr. 34 dpa 414'C 
Irr. 32 dpa 529'c 

CuNiTi 
Unirradi ated 
Aged 420'C 1026 hrr. 
Irr. 34 d p a  414'C 

CuNiSn 
Uni m a d  i ated 
Aged 420'C 1026 hrr. 
Irr. 34 dpa 414'C 

75 
71 
64 
63 

274 
302 
295 

475 
423 
393 
378 
376 
388 

501 
473 
461 

145 
71 
73 

159 
149 
163 

378 
154 

327 
305 

312 
62 
87 

191 
144 
123 

278 
55  
80 

429 
457 
373 
425 
337 

314 
358 
338 

86 
171 
187 

10.8 
10.2 
9.3 
9.1 

39.8 
43.8 
42.8 

68.9 
61.3 
57.0 
54.7 
54.5 
56.3 

72.7 
68.6 
66.9 

21.0 
10.3 
10.6 

23.0 
21.6 
23.6 

54.8 
22.3 

47.4 
44.3 

45.3 
9.0 
12.6 

27.6 
20.8 
17.9 

40.4 
8.0 
11.5 

62.2 
66.2 
54.1 
61.6 
48.9 

45.5 
51.9 
49.1 

12.4 
24.8 
27.2 

171 
171 
116 
131 

359 
391 
372 

500 
445 
426 
411 
397 
441 

556 
502 
481 

204 
202 
143 

300 
295 
308 

462 
310 

321 

345 
218 
152 

229 
224 
126 

353 
227 
163 

555 
574 
517 
580 
494 

497 
526 
530 

168 

392 
( a 1  

24.7 
24.7 
16.8 
19.0 

52.1 
56.8 
54.0 

72.5 
64.5 
61.8 
59.6 
57.5 
63.9 

80.7 
72.8 
69.8 

29.6 
29.3 
20.7 

4 3 . 5  
42.8 
44.7 

66.9 
45.0 

46.5 

50.0 
31.6 
22.0 

33.2 
32.5 
18.3 

51.1 
32.9 
23.6 

80.5 
83.3 
75.0 
84.1 
71.6 

72.0 
76.3 
76.9 

24.3 

56.9 
la1 

5 
2 

I03 
120 

266 
306 
303 

405 
387 
357 
346 
353 
378 

463 
425 
414 

15 
95 
140 

220 
203 
295 

317 
205 

251 

178 
76 
92 

133 
78 
119 

215 
151 
45 

484 
504 
474 
526 
437 

443 
462 
504 

64 

355 
l a 1  

0.6 
0.3 
15.0 
17.4 

38.6 
44.4 
43.9 

58.8 
56.1  
51.8 
50.1 
51.2 
54.9 

67.1 
61.7 
60.1 

2.1 
13.8 
20.3 

31.9 
29.4 
42.8 

46.0 
29.7 

36.4 

25.8 
11.0 
13.4 

19.3 
11.2 
17.3 

31.2 
21.8 

6 . 5  

70.2 
73.1 
68.7 
76.3 
63.4 

64.2 
66.9 
73.0 

9.3 

5 1 . 4  
la1 

23.2 
16.7 
9.7 
14.7 

12.4 
13.4 
12.1 

1.3 
3.5 
5 . 6  
7.9 

11.1 
10.6 

1.5 
4.3 
8.3 

8.6 
27.4 
13.0 

22.0 
22.6 
18.8 

4.2 
20.9 

16.3 

0.8 
33.8 
8.4 

1.5 
2.3 
0.4 

0.8 
37.1 
13.3 

11.2 
9.8 
9.4 
9.5 
9.8 

13.2 
12.5 
10.1 

1 4 . 3  

13.0 
(a1 

29.0 
20.8 
10.1 
15.0 

1 5 . 5  
18.3 
1 5 . 3  

3.6 
5.9 
8.3 
9.9 
14.1 
14.7 

4.3 
8.4 
11.5 

13.6 
30.9 
13.1 

30.7 
33.0 
19.8 

8.7 
25.6 

20.5 

3.7 
39.8 
9.3 

3.5 
4.7 
0.4 

3.8 
40.9 
14.5 

13.9 
11.8 
10.9 
10.9 
10.6 

15.3 
15.4 
11.3 

16.7 

14.4 
( a 1  

2 
2 
1 
2 

3 
2 
2 

7 
2 
2 
2 
2 
2 

4 
2 
2 

3 
2 
2 

2 
2 
2 

3 
2 

2 

2 
2 
2 

3 
2 
2 

2 
2 
2 

2 
2 
2 
2 
1 

1 
1 
2 

2 
1 
3 

( a )  Specimen failed outride o f  gauge length 
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B. mmd 420-c, ia h n  

U Agmd 521% 1026 h n  
rn Cr. 32 dp. 529'C 

Figure 2. Average t 
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(C) , 2 p  , 

1 
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CuAl25 

(4 , lpn , 

Figure 3. 
dpa, 4 1 1 - C )  conditions. 
irradiated, bright field conditions. 
and (f) irradiated, bright field conditions. 
a1 loys. 

Electron micrographs of grain structure for Glidcop alloys in the unirradiated and irradiated (50 

CuA125 in (d) unirradiated, bright field; (e) unirradiated, dark f ie ld  
CuA120 in (a) unirradiated, bright field; (b) unirradiated, dark field and (c) 

Note the recrystallization observed after irradiation in bath 
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a l loy .  Since both the un i r rad ia ted and thermal ly aged specimens showed no signs o f  t h i s  phenomenon, i t  was 
surmised t h a t  the low dens i ty  o f  mobile d is locat ions which survived fo l l ow ing  r e c r y s t a l l i z a t i o n  were pinned 
by red is t r i bu ted  hafnium i n  the form of small oxide p rec ip i ta tes  and possibly elemental hafnium. The 
i n i t i a l  r e s u l t s  o f  microscopy conf i rm t h i s  hypothesis. 

The cast ODS a l l oys  exh ib i ted very poor mechanical propert ies i n  a l l  condi t ions tested, inc lud ing the 
un i r rad ia ted condi t ion.  
arrays o f  deformed, as-cast, oxygen- f i l led  microporosi ty.  This s ignals the presence o f  a supersaturation o f  
oxygen, as also evidenced by the r e l a t i v e l y  la rge void swel l ing  leve ls  which developed compared t o  tha t  
found i n  the Glidcop a l loys .  

The spinodal ly strengthened a l l oys  (Cu-5Ni -2 .5T i  and Cu-4Ni-4Sn) showed exce l lent  t e n s i l e  propert ies 
fo l lowing i r r a d i a t i o n ,  w i t h  substant ia l  thermal ly induced increases i n  strength coupled w i th  exce l lent  
elongation. Microst ruc tura l  evaluat ion o f  these a l l oys  i s  present ly underway. 

F ina l l y ,  l a s e r  welding was found t o  be an i n e f f e c t i v e  method by which t o  j o i n  oxide dispersion strengthened 
a l loys .  
was tha t  the swell ing, t e n s i l e  and f rac ture  behavior were very s i m i l a r  t o  those o f  pure copper. 

Fractographic examination showed t h a t  t h i s  was due t o  the presence o f  laminar 

The oxide dispersion i n  tuA125 was on ly  p a r t i a l l y  retained i n  the welded region. The net  r e s u l t  

CONCLUSIONS 

The i n t e r n a l l y  oxidized Glidcop a l l oys  appear t o  be the best current candidates f o r  h igh heat f l u x  service 
a t  400'C and above. 
j o i n i n g  must be found. 

Laser welding destroys t h e i r  favorable qua l i t i es ,  however, and a l te rna te  methods o f  

FUTURE WORK 

Microst ruc tura l  examination w i l l  continue, using both scanning and transmission e lec t ron m>croscopy. 
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CONDUCTIVITY CHANGES OBSERVE0 IN GENERATION 1 0 COPPER ALLOYS IRRADIATED AT 430% TO 16-98 OPA, 
F .  A. Garner, Pacific Northwest K .  R. Anderson, NORCUS Student, University of Illinois 

OBJECTIVE 

The object of this effort is to provide electrical conductivity data on neutron-irradiated copper alloys for 
use in estimating thermal conductivity changes in high heat flux diverter alloys. 

SUMMARY 

The changes observed in electrical conductivity of pure copper in a variety of neutron irradiation 
experiments at -400% are quite consistent. 
appear to change the irradiation response of the alloys beyond the changes observed in the unirradiated 
condition. 

The addition of relatively minor levels of solutes does not 

PROGRESS AND STATUS 

Introduction 

Neutron irradiation of copper alloys induces changes in their electrical conductivity, primarily by three 
processes. These are void swelling, transmutation and solute redistribution. In a recent report we 
discussed the changes induced in a variety o f  Generation 1.5  and 2.0  copper alloys irr diated in FFTF, 
concentrating primarily on dispersion-strengthened and spinodally-strengthened alloys.! Pure copper is used 
as a standard reference material in this irradiation series and it is of interest to determine the 
reproducibility of its response to irradiation. 

In a companion report2 it i s  shown that the swelling behavior of pure copper in a variety of experiments i s  
quite consistent at -4OO’C and one would therefore assume that the conductivity changes should also be very 
consistent. 
several copper alloys which contain relatively small amounts of solute elements. 

Exoerimental Details 

Three alloys were examined. 
The latter are usually referred to as CuAg and CuAgP, respectively. 
disks i 

This report investigates the validity of that assumption and also examines the response of 

These are MARZ copper (99.999% Cu), Cu-O.l%4g and Cu-0.3Mg-0.06%P-O.O~g. 
Each of these were irradiated as TEM 

the FFTF Generation 1.0 series of copper irradiation experi ents to doses ranging from 16 to 
98 dpa.g The measurement techniques have been described previously. T 

Generations 1.5 and 2.0 3 as well as from an earlier study in EBR-II.$ Figure 2 shows the conductivities 

swelling of pure copper at 5 2 9 T  is much less than that at -4OO’C, 9 ’  the corresponding change in conductivity 

somewhat earlier than pure copper and CuAgP is thought to swell somewhat less at higher fluences. 5 ‘  

Results and Discussion 

Figure 1 shows a compilation of data on conductivity of irradiated pure copper, computed from changes in 
resistivity. Included n that figure are data not only from the Gen ration 1.0 experiment, but also from 

measured for the CuAg and CuAgP alloys, comparing them with the trend line established for pure copper in 
Figure 1. 

It appears that the changes induced in conductivity of pure copper at 400’C are very consistent, as might be 
expected from the consistency observed in the swelling behavior. 
conductivity changes are void swelling, and formation of nickel an zinc via transmutation. Since the 

is much lower, as shown in Figure 1. 
irradiation temperatures, since the two irradiation canisters were at the same level in reactor. 

The addition of solutes in CuAg and CuAgP lowered the preirradiation conductivity from 101% IACS to 97 and 
96%, respectively. 
throughout the irradiation, a result that is somewhat surprising since CuAg is known to start swe ling 

The major contributions to the 

The transmutant levels should be nearly identical for the two 

As shown in Figure 2 ,  this decrement in conductivity is maintained with little change 

(a) Operated for the U.S. Department of Energy by Battelle Memorial Institute under Contract 
DE-AC06-76RLO 1830. 
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Figure 1. Electrical conductivities measured for pure copper in various irradiation experiments 
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o f  conductivity measurements o f  CuAg and CuAgP with that of pure copper, all 
n FFTF Generation 1.0 experiment. 

CONCLUSIONS 

The changes observed in electrical conductivity of pure copper in a variety of neutron irradiation 
experiments at -4OO'C are quite consistent. 
appear to change the irradiation response o f  the alloy beyond the changes observed in the unirradiated 
condition. 

The addition of relatively minor levels o f  solutes does not 

FUTURE WORK 

Measurements of electrical resistivity in irradiated capper alloys will continue. concentrating on 
precipi tation-strengthened a1 loys. 
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DENSITY CHANGES OF GENERATION 1.5 AND 2.0 C P ER ALLOYS IRRADIATED AT 411-414% AND 529'C IN FFTF-MOTA, 
F. A. Garner, Pacific Northwest laboratory, P P  a H. R. Brager, Westinghouse Hanford Company and 
K. R. Anderson, NORCUS student, University of Illinois 

OBJECTIVE 

The objective of this effort is to identify those copper alloys which offer promise as high heat flux 
materials for fusion applications. 

SUMMARY 
The intrinsic swelling rate of pure copper and CU-5Ni appears to be -O.S%/dpa at -4OO'C. 
swelling rate of these alloys appears to be much lower. 
phase instabilities appear to play a role in determining the onset of void swelling and also the density of 
the unvoided matrix. 
amounts of oxygen in an alloy, however, can overcome the swelling resistance imparted by very high densities 
of oxide dispersoids. Internally oxidized Gildcop alloys offer the most pronounced resistance to swelling, 
with the transient regime progressively extended as alumina content increases. Unfortunately, laser welding 
destroys the swelling resistance of dispersion-strengthened alloys. 

At 529% the 
In more complex precipitation-strengthened alloys 

Dispersion-hardened alloys were found to be very resistant to swelling. Large 

PROGRESS AND STATUS 

Introduction 

In an earlier report the neutron-induced swelling was reported for a number of copper alloys included in a 
first generation explo atory program designed to assess the suitability of such alloys for high heat flux 
diverter app1ications.l These alloys reached 16, 47, 63 and 98 dpa in FFTF-MOTA at a reported temperature 
of -450'C. This temperature assignment included an upper bound estimate of 30% gamma heating above the 
ambient coolant temperature of 420'C. More recent calculations now yield 8-10% gamma heating such that 
430'C is a better temperature assignment for that experiment. 

As documented in a separate report, the earlier results of the First gene ation experiment led to two 
successively more focused experiments, designated Generation 1.5 and 2.0.$ These experiments involved the 
irradiation of some but not all of the Generation 1.0 alloys, but also included a wider variety of alloys 
hardened either by dispersed oxides of various types or by spinodal decomposition. 
various alloys irradiated in these experiments. 
529'C, Generation 2.0 reached 50 and 100 dpa at 411T. The specimens at 50 dpa have been examined but those 
at 100 dpa have not yet been removed from the disk packets in which they were irradiated. 

The post-irradiation conductivity3 and the tensile and fracture behavior4 for the dispersion and spinodally 
strengthened subsets of the Generations 1.5 and 2.0 have been reported elsewhere. 
density changes induced by neutron irradiation in all alloy subsets are presented and compared with the 
results of the first generation copper alloy experiment. 

Results and Discussion 

Irradiation at 411-414'C 

The density changes observed in these alloys range from densifications as large as -0.3% and swellings as 
large as 26.2% ~ p / p ~  (35.6% AV/V,), as shown in Tables 1 and 2 and Figures 1 and 2. As shown in Figure 3, 
the swelling of relatively simple alloys such as pure copper and Cu-5Ni 6s reasonably reproducible, in th t 
the swelling data from one experiment in ORR,5 two experiments in EBR-I1 ,7 and three experiments in FFTFB72 
all appear to exhibit a consistent behavior, even though the displacement rates vary more than an order of 
magnitude and the quoted temperatures range from 385 to 430'C. 
level as pure copper, indicating that nickel, both natural and transmuted from copper, does not affect 
swelling substantially. The swelling rate of both alloys is -0.5%/dpa after a rather small incubation 
period. 

Figure 4 shows that the swelling of Glidcop alloys appears to be somewhat sensitive to the alumina content 
in that increasing levels of alumina (CuA115+B, CuA120 and CuA125) lead to a progressive extension of the 
transient regime of swelling. The apparent densification in CuA125 may be real and poss'bly represents a 
consequence of ballistic dissolution of the alumina particles as observed in this study and also in an ion 

Tables 1 and 2 list the 
While Generation 1.5 reached 34 dpa at 414'C and 32 dpa at 

In this report, the 

Note that Cu-5Ni swells at about the same 

4 
bombardment study of another Glidcop alloy designated CuA160. 8 

(a) Operated for the U.S. Department of Energy by Battelle Memorial Institute under Contract 
DE-AC06-76RLO 1830. 
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Table 1. Density Changes ( -ap /po)  i n  Generation 1.5 Copper A l l oy  Specimens I r r a d i a t e d  i n  WTA-1D 

A1 1 oy 

Specimen Density Change (X) 
Engraving 34 dpa 32 dpa 

Condit ion Code 414% 529'C 

MARZ 
A1 20 
A1 20 
A1 20 
CuBeNi 
CuBeNi 
CuBeNi 
MZC 
MZC 
MZC (MIT#2) 
Cu-5Ni 
MZC-(MIT#3) 
Cu-4Ni-4Sn (LANL) 
Cu-3.5Ti (LANL) 
A115+B (LANL) 
Cu-5Ni -2 .5T i  (MITU6) 
Cu-5Ni -2. S T i  (LANL) 

Annealed RD 
Annealed uv 
2G% cold-worked ux 
8G% cold-worked uz 
Solut ionized and aged u1 
Solutionized, 2G% cold-worked and aged u3 
Solutionized, 20% cold-worked and aged u4 

Solutionized, 90% cold-worked and aged u7 
Solut ionized and aged u9 

Solut ionized and aged V8 

Solutionized, 90% cold-worked and aged U6 

Annealed VP 

Solut ionized and aged VN 
Solut ionized and aged VT 
Annealed vo 
Solut ionized and aged VK 
Solut ionized and aged VL 

14.6. 15.5(a) 1.76 
-0.22' 0.78 
0.31 0.61 
0.30 0.56 

-0.04 (b) 
1.66 (b) 

1.25 (b) 

0.14 0.09 
0.97 0.47 

1.12 0.53(c) 
22.0, 23.8(a) 0.56 
0.26 0.21 
0.66 0.95 

-0.01 0.12 
1.17 0.62 
1.12 0.18 
1.04 0.16 

(a) Var ia t ion observed between t w o  nominallv s i m i l a r  specimens. A l l  other specimens were i n  p a i r s  . .  
and agreed w i t h i n  fl.16%. 

(b) D a t a  not  y e t  ava i lab le .  
(c)  Only one specimen measured. 

Table 2. Density Changes ( -ap /p0)  i n  Generation 2 Copper A l l o y  Specimens I r r a d i a t e d  a t  411'C t o  
50 dpa i n  MOTA-1E 

A l loy  Condit ion 

Specimen Density(a) 
Engraving Change 

Code ( X )  

MARZ Annealed RD 22.1, 23.2(b) 
A1 25 50% cold-worked R4 -0.30 
A1 25 50% cold-worked and weld 3N 9.72, 7.37(b) 
CuBe Solutionized, 20% cold-worked and aged R 1  0.35 
CuBe Solut ionized and aged R3 0.68 
A1 20 20% cold-worked ux 0.60 (3) 
MZC Solutionized, 90% cold-worked and aged U6 1.74 (3) 
MZC Solutionized, 90% cold-worked and aged u7 1.52 (3) 

MZC (MITW3) Solut ionized and aged VB 0.66 
Cu-5Ni-2.5Ti (MITW6) Solut ionized and aged VK 1.61 
Cu-5Ni-2.5Ti (LANL) Solut ionized and aged VL 2.52 
A1 1 5 4  (LANL) Annealed vo 1.96 
CuCr (MIT) 20% cold-worked, stress re1 ieved 3A 6.68, 5.00(b) 
CuHf (MIT) 20% cold-worked, stress re l i eved  38 0.15 
CuCrZr (JRC) Solut ionized and aged 3E 0.31 
00s-I (TRAA) 40% cold-worked 3F 22.7 
ODS-1 (TRAA) 40% cold-worked and weld 3H 26.2 (1) 
ODS-2 (TRAB) 40% cold-worked 3K 16.3 
ODs-3 (TRAC) 40% cold-worked 3L 25.2 (1) 
ODs-4 (TRAD) 40% cold-worked 3M 9.71 (1) 

(a) 

(b) 

MZC (MIT#2) Solut ionized and aged u9 0.19 (3) 

Measurements were made on a p a i r  o f  nominally i den t i ca l  specimens which i n  most cases 
agreed w i t h i n  f l .16%. 
specimens measured. 
Var ia t ion observed between t w o  nominally s i m i l a r  specimens. 

I n  some cases (shown i n  parentheses) there were three o r  on ly  one 
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Figure 1. Swelling observed in various alloys irradiated in this study 

Figure 5 compares the CuA125 behavior observed in this study with that observed in the Generation 1.0 study, 
showing a relative resistance o f  this alloy to swelling in the unwelded condition but a total destruction of 
the swelling resistance following laser welding. 
in the ODs-1 alloy but this alloy apparently had already lost a large fr ction of its swelling resistance 
due to a supersaturation o f  oxygen retained in the alloy during casting.% To one degree or another, all o f  
the cast ODS alloys exhibited this oxygen-casting problem and a resultant loss of swelling resistance as can 
be seen in Figure 1, where swelling of these alloys ranges from 10.8 to 35.5% AV/V This is not the first 
time that a large swelling response to high oxygen levels has been observed. 
copper with 0.02-0.05 wt% oxyggn was shown to respond strongly to oxygen, swelling 34% at 13.5 dpa when 
irradiated at 400% in EBR-11. 

A similar increase in swelling with welding was observed 

Electrolytic tough pitch 
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Figure 2. Swelling observed in various alloys irradiated in this study (continued). 
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Compilation o f  swelling data on pure copper and Cu-5Ni irradiated at 385-430% in various 
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Figure 4. Swelling observed in Glidcop alloys in FFTF at 411-414% 
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Figure 5. Behavior of CuA125 in the various FFTF-MOTA experiments. Note the destruction of swelling 
resistance caused by laser welding. 

The mechanically alloyed dispersion-strengthened alloy CuCr exhibited substantial swelling (57%) but the 
similar alloy CuHf developed very little swelling. 
changed, first by recrystallization and then by extensive refinement of the oxide dispersoids, the latter 
probably occurring as a result of ballistic dissolution. 

In both alloys the microstructure was substantially 

The spinodally-strengthened alloys Cu-5Ni-2.5Ti, Cu-3.5Ti and Cu-4Ni-4Sn all swelled moderately, ranging 
from -0.01 to 1.1% at 34 dpa and 1.6 to 2.5% at 50 dpa, although only the two tu-SNi-2.5Ti alloys were 
irradiated to this latter dose. 
from lattice parameter changes associated with spinodal decomposition. This possibility will be checked 
using electron microscopy. 

The possibility exists that some fraction of these density changes arises 

The various precipitation-strengthened alloys CuBe, CuBeNi, MZC and CuCrZr all swelled relatively moderate 
amounts. Detailed comment will be withheld until microscopy is available, slnce the swellin d density 
change behavior of these alloys is known to depend on the phase stability under irradiation.8,Ti A 
comparison of MZC and Cu e welling in the various FFTF-MOTA generations is shown in Figure 6. 

parameter change associated with precipitation. 

As shown in Figure 7,  the range of swelling behavior for the various starting conditions of CuNiBe in the 
current series of experiments is not consistent with the behavior of this alloy observed in the Generation 
1.0 experiment. 
heat treatment, which is different for each of the three alloys. 

Irradiation at 529'C 

For those alloys which swelled a significant amount at 411-414-C, their swelling a 

swelling of pure copper falls quickly above 350'C. 
4% the swe'lling at 529'C was often higher than that at 411-414% but was still relatively small. 
differences may reflect the influence of temperature on phase stability more than the direct influence of 
temperature on swelling. 
reference 5) and also that of Cu-SNi one would expect the direct effect of increasing the temperature to be 
a reduction in swelling. 

Based on the 
results o f  other studies 8 ila it appears that the apparent swelling of MZC at 6 3  dpa is due to a lattice 

No microscopy has been performed t o  date on Cu-2Be. 

The range of swelling in the current experiment seems to reflect the influence of the final 

529% was usually significantly less. This is consistent with the observation of Zinkle and Farrell 5 (see Figure 8) that the 
For some alloys in the present experiment which swelled 

These 

Based on the behavior of pure capper (both in this experiment and in that of 
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Figure 6. Compilation o f  swelling data on MZC and Cu-Be alloys at -4OO'C in FFTF-MOTA 
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Figure 7. Swelling o f  CuBeNi in various starting conditions irradiated in FFTF-MOTA. 
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Figure 8. Swelling observed by Zinkle and Farrell in pure copper irradiated in ORR. 

CONCLUSIONS 

The intrinsic swelling rate of pure copper and Cu-5Ni appears to be -O.S%/dpa at -4OO'C. 
swelling rate of these alloys appears to be much lower. In more complex precipitation-strengthened alloys, 
phase instabilities appear to play a role in determining the onset of void swelling and also the density of 
the unvoided matrix. 
of oxygen in an alloy, however, can overcome the swelling resistance imparted by very high densities of 
oxide dispersoids. 
the transient regime progressively extended with increasing alumina content. 
destroys the swelling resistance of dispersion-strengthened alloys. 

At 529'C the 

Dispersion-hardened alloys were found to be very resistant to swelling. Large amounts 

Internally oxidized Glidcop alloys offer the most pronounced resistance to swelling with 
Unfortunately, laser welding 

FUTURE WORK 

This effort will continue, focusing on microscopy examination to separate the void and non-void 
contributions to density change. 
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EVALUATION OF RADIATION-INDUCED SENSITIZATION OF PCA USING THE ELECTROCHEMICAL POTENTIOKINETIC 
REACTIVATION TECHNIQUE - T. Inazumi (Japan Atomic Energy Research I n s t i t u t e ,  assigned t o  ORNL) and 
G.E.C. B e l l  (Oak Ridge Associated U n i v e r s i t i e s )  

OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  evaluate t he  degree of rad ia t ion- induced s e n s i t i z a t i o n  i n  a u s t e n i t i c  
s t a i n l e s s  s t e e l s  by t he  e lectrochemical  p o t e n t i o k i n e t i c  r e a c t i v a t i o n  (EPR) t e s t  technique us ing  m i n i a t u r -  
i z e d  soecimens. 

SUMMARY 

The e lectrochemical  p o t e n t i o k i n e t i c  r e a c t i v a t i o n  (EPR) t e s t  technique was app l ied  t o  t he  de ter-  
mina t ion  of s e n s i t i z a t i o n  i n  a neu t ron- i r r ad ia ted  (420°C. 10 dpa) PCA. M in i a tu r i zed  specimens ( 3  mn diam 
by 0.25 mn t h i c k )  i n  both solut ion-annealed and 25% cold-worked cond i t i ons  were t es ted  and t he  degree of 
s e n s i t i z a t i o n  (00s) was ca l cu la ted  i n  terms of t he  r e a c t i v a t i o n  charge, Pa. Resul ts  i nd i ca ted  t he  pres-  
ence of rad ia t ion- induced s e n s i t i z a t i o n  as compared t o  con t ro l  specimens thermal ly  aged a t  t he  i r r a -  
d i a t i o n  temperatures. Post-EPR t e s t  examination of t h e  specimen surfaces showed e t ch ing  across t he  face 
o f  each g r a i n  as we l l  as g ra i n  boundaries. 
boundary area, which i s  an accepted EPR-DOS c r i t e r i o n  t o  determine t he  s u s c e p t i b i l i t y  of thermal ly  sen- 
s i t i z e d  s t a i n l e s s  s t e e l s  t o  i n t e r g r a n u l a r  s t r ess  cor ros ion  c rack ing  (IGSCC), i s  not  d i r e c t l y  app l i cab le  
t o  rad ia t ion- induced s e n s i t i z a t i o n  f o r  t he  cond i t i on  inves t iga ted .  
t o  c o r r e l a t e  t he  r e s u l t s  i n  t h i s  study t o  t he  IGSCC s u s c e p t i b i l i t y  o f  the  i r r a d i a t e d  s t a i n l e s s  s tee l .  

Th is  i n d i c a t e s  t h a t  t he  Pa value normalized by t o t a l  g ra i n  

Fur ther  i n v e s t i g a t i o n s  are necessary 

PROGRESS AND STATUS 

In t r oduc t i on  

I r r a d i a t i o n- a s s i s t e d  s t ress- cor ros ion  c rack ing  (IASCC) may become one o f  t he  major environmental 
degradat ion mechanisms o f  water-cooled a u s t e n i t i c  s t a i n l e s s  s tee l  components f o r  fus ion react0rS. l  
I A S C C  has a form o f  i n t e r g r a n u l a r  s t r ess  cor ros ion  c rack ing  (IGSCC),2-4 changes i n  g r a i n  boundary com- 
p o s i t i o n  by rad ia t ion- induced segregat ion (RIS) i s  considered a major ma te r i a l  parameter a f f ec t i ng  
IASCC."- l6  
enhance s u s c e p t i b i l i t y  t o  IASCC.14-1g 

chromium dep le t i on  a long g ra i n  boundaries i n  neu t ron- i r r ad ia ted  a u s t e n i t i c  s t a i n l e s s  steels."  
t e s t i n g  system was designed t o  use min ia tu r i zed  d isk- type  specimens, 3 mn diam by 0.25 mn t h i c k .  
Thermally- induced s e n s i t i z a t i o n  i n  Type 316 s t a i n l e s s  s tee l  specimens o f  t h i s  geometry has been success- 
f u l l y  detected us ing  t h e  e lectrochemical  p o t e n t i o k i n e t i c  r e a c t i v a t i o n  (EPR) t e s t  technique. 

I n  t h e  present  study, rad ia t ion- induced s e n s i t i z a t i o n  i n  a candidate a u s t e n i t i c  s t a i n l e s s  s tee l  
designed f o r  use i n  f us i on  reac to rs  (designated as PCA) was evaluated by the  EPR t e s t  technique us ing  
m in ia tu r i zed  specimens. 

Since 

Chromium dep le t i on  from r a i n  boundaries has been suggested as one o f  t he  changes which may 

An e lectrochemical  t e s t i n g  system was developed t o  eva lua te  degree o f  s e n s i t i z a t i o n  associated w i t h  
The 

Experimental 

t h e  U.S. f us i on  program, designated as PCA. 
Disk specimens, 3 mn i n  diameter, were punched from 0.25 mn- thick sheet of t he  ma te r i a l  and s o l u t i o n  
annealed a t  1100°C f o r  30 min. 

Ma te r i a l  - The ma te r i a l  used i n  t h i s  study was a T i- mod i f ied  a u s t e n i t i c  s t a i n l e s s  s t e e l  developed by 
The chemical composit ion o f  t he  PCA i s  shown i n  Table 1. 

Specimens i n  t h e  25% cold-worked cond i t i on  were a lso  prepared. 

The specimens were i r r a d i a t e d  i n  t he  
Table 1. Chemical composi t ion o f  PCA ( w t  %) Ma te r i a l  Open Test Assembly o f  t he  Fast 

F lux  Test F a c i l i t y  (FFTF/MOTA) i n  
Hanford, Washington, a t  a temperature of 

were thermal ly  aged a t  420°C fo r  5000 h 
fo l lowed by water quenching t o  s imu la te  

specimens. 

C S i  Mn P S N i  Cr Mo T i  Fe 420'C up t o  10 dpa. Contro l  specimens 

0.05 0.4 1.8 0.01 0.003 16.2 14.0 2.3 0.24 ba l  t h e  thermal h i s t o r y  o f  t h e  i r r a d i a t e d  
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Surface Preparat ion - The specimen sur face cond i t i on  (e.g., ox ide f i l m s  and roughness) s i g n i f i c a n t l y  
a f fec ts  t he  EPR t e s t  r e s u l t s .  
0.05 um alumina s l u r r y  i s  r e ~ o m n e n d e d ' ~ * ' ~  t o  get  t h e  maximum s e n s i t i v i t y  of EPR t e s t i n g .  An e l e c t r o -  
p o l i s h i n g  technique was adopted as t he  sur face prepara t ion  technique because of t h e  d i f f i c u l t y  i n  app ly ing  
t h e  mechanical p o l i s h i n g  t o  t he  m in ia tu r i zed  rad ioac t i ve  specimens. 
p o l i s h i n g  apparatusz0 was m d i f i e d  t o  be used f o r  hand l ing  t h e  r a d i o a c t i v e  specimens. 
study was c a r r i e d  ou t  on t he rma l l y - sens i t i zed  solution- .annealed PCAs t o  examine t he  e f f e c t s  o f  e l e c t r o -  
p o l i s h i n g  on EPR t e s t  r esu l t s .  The e l e c t r o p o l i s h i n g  was pe r -  
formed us ing  (by volume) 90% a c e t i c  aci&lO% p e r c h l o r i c  ac id.  No s i g n i f i c a n t  d i f fe rence was observed i n  
EPR curves f o r  t h e  e l e c t r o p o l i s h i n g  technique and t he  reconended mechanical p o l i s h i n g  technique. 
m in i a tu r i zed  r a d i o a c t i v e  specimens were po l i shed t o  0.2 mn th ickness  us ing  t h e  e l e c t r o l y t e  a t  room tem- 
perature.  
t es t i ng .  

The sur face f i n i s h i n g  by mechanicai p o l i s h i n g  w i t h  1 um diamond paste o r  

A g r a v i t y - f l o w  v e r t i c a l - j e t  e l e c t r o -  
The p r e l i m i n a r y  

One o f  t he  r e s u l t s  i s  shown i n  Fig. 1. 

The 

The po l i shed surface o f  each specimen was examined w i t h  an o p t i c a l  microscope before EPR 
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Fig. 1. E f f ec t  o f  sur face prepara t ion  technique on EPR curves. 

EPR Test - A d e t a i l e d  d e s c r i p t i o n  of t h e  t e s t i n g  system was p rev ious l y  given." 

Sing le  loop EPR t e s t s  were performed f o l l o w i n g  
Table 2. EPR t e s t  cond i t i ons  

t he  t e s t  cond i t ions  reconended by W. L. Clarke e t  Sol u t i  on 0.5 M HzSOb + 0.01 M KSCN 
a1.19 A sumnary of t he  t e s t  cond i t i ons  i s  g iven i n  Temperature 30°C 
Table 2. The degree of s e n s i t i z a t i o n  (DOS) was Pass iva t ion  2 min a t  +ZOO mV vs SCE 
determined by c a l c u l a t i n g  t h e  normalized reac- React iva t ion  scan 6 V/h 
t i v a t i o n  charge, Pa. 

Surface Examination  observation of t he  specimen surfaces a f t e r  EPR t e s t i n g  was c a r r i e d  out  w i t h  an 
o p t i c a l  microscope and SEM t o  examine t he  morphology o f  sens i t i za t i on .  

Resul ts  
~ 

EPR Test - R e a c t i v a t i o n  curves o f  t he  i r r a d i a t e d  and thermally-aged con t ro l  specimens are  shown i n  
F ig .  2 .  The r e a c t i v a t i o n  peak of cur ren t  dens i ty  appeared a t  approximately -120 mV vs SCE f o r  a l l  t he  
specimens. However, t he  peaks f o r  t he  i r r a d i a t e d  specimens were approximately two orders of magnitude 
h igher  than those o f  t he  thermally-aged specimens f o r  both t he  solut ion-annealed and cold-worked 
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Fig. 2. React ivat ion curves o f  PCA. 

condit ions. There was no s ign i f i can t  difference between the  react iva t ion curves f o r  the so lu t ion-  
annealed and the  cold-worked condit ions. There was no s ign i f i can t  difference between the  reac t i va t i on  
curves for  the solution-annealed and the cold-worked condit ions. The Flade potent ia l ,  the po ten t ia l  a t  
which current s ta r ted  increasing, was subs tan t ia l l y  higher for  the i r rad ia ted  specimens (by approximately 
75 mV for the solution-annealed condi t ion and 125 mV f o r  the cold-worked condi t ion).  

The normalized reac t i va t i on  charge, Pa (coulombs/cm2). was calculated for  each specimen and the 
resu l t s  are shown i n  Table 3. The Pa values of the i r r a d i a t e d  specimens were two orders of magnitude 
higher than those of the thermally-aged cont ro l  specimens for  both the solution-annealed and cold-worked 
condit ions. There was no s ign i f i can t  difference i n  the Pa value between the solution-annealed and cold- 
worked condit ions. The Pa values of two specimens i n  each condi t ion were i n  good agreement. 

Table 3. React ivat ion charge value 
(Normalized by t o t a l  gra in  

boundary area) 

Surface Examination - Optical  micrographs of the 
specimen surfaces a f t e r  EPR t e s t i n g  are shown i n  Figs. 3 
and 4. The thermally-aged specimens d i d  not show etching 
i n  e i t h e r  the solution-annealed or  cold-worked condi t ion 

Pa, coulombs/cm2 [Figs. 3(a) and 4(a) l .  On the other hand, the  i r r a d i a t e d  
specimens were apparently etched i n  both condi t ions 

Aged* I r rad ia ted  [Figs. 3(b) and 4 (b ) l .  For the i r r a d i a t e d  annealed PCA. 
t he  gra in  boundaries were weakly etched. The gra in  faces 

cold-worked PCA showed s i m i l a r l y  etched grain boundaries 
and etched s l i p  l i n e s  [Fig. 4(b) l .  SEM micrographs o f  

54.0 shown i n  Fig. 5. The gra in  boundaries were apparently 
etched a f t e r  EPR tes t ing.  The gra in  boundary etching was 
not continuous and the width was not uniform [Fig. 5(a) l .  

a t  42OOC for  5000 h. The f i n e l y  etched s t ruc ture  observed a t  the gra in  faces 
[Figs. 3(b) and 4 (b ) l  was found t o  be regions o f  dimple- 
shape corrosion, approximately 0.5 um i n  diameter [Fig. 

5(b) l .  The e tch ing depth was much less than t h a t  a t  the grain boundaries. The width of the etched gra in  
boundaries was approximately 1 um a t  the widest por t ion and i t  narrowed t o  less than 100 nm near the bot-  
tom [Fig. 5(c) l .  

was s i m i l a r  t o  tha t  of the i r rad ia ted  annealed specimen. Dimple-shape corrosion over gra in  faces was 
a lso observed. 

Steel 

PCA So lu t ion annealed 0.14 64.1 a lso had very f i ne l y  etched s t ruc ture  [Fig. 3(b)]. The 

PCA 25% co ld  worked 0.24 53.0 the specimen surface o f  the i r r a d i a t e d  annealed PCA are 

59.9 

*Average value o f  two specimens aged 

A SEN micrograph of the i r r a d i a t e d  co ld  worked PCA i s  shown i n  Fig. 6. The gra in  boundary etching 
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Fig. 3. Opt ical  micrographs o f  solution-annealed PCA a f t e r  EPR tes ts .  (a )  Thermally aged; 
(b) neutron i r rad ia ted.  

ORNL-PHOTO 9583-89 

b y  

Fig. 4. Opt ica l  micrographs o f  25% cold-worked PCA a f t e r  EPR tes ts .  (a )  Thermally aged; 
neutron i r rad ia ted .  

O i  scussion 

Micros t ruc tura l  observations revealed t h a t  t he  g ra in  boundaries o f  i r r a d i a t e d  PCAs were c l e a r l y  
etched a f te r  EPR tes t i ng .  
g ra in  boundaries was induced by the  neutron i r r a d i a t i o n  as reported by Taylor on POCr-P5Ni-Nb s t a b i l i z e d  
s tee l  i r r a d i a t e d  up t o  5.5 dpa a t  350 t o  520°C.16 This also suggests tha t  radiation- induced sens i t i za-  
t i o n  was detectable by the  EPR t e s t  technique as wel l  as thermally- induced sens i t i za t ion .  
w id th  of t he  etched g ra in  boundaries ind ica tes  t h a t  RIS,  which has been reported t o  be less than 100 nm 
~ i d e , ' ~ * ' ~  i s  one of t he  poss ib le  mechanisms for  t he  sens i t i za t ion .  

The normalized reac t i va t i on  charge, Pa, i s  reconnnended as one o f  the c r i t e r i a  t o  determine the  DOS. 
Good c o r r e l a t i o n  between in te rg ranu la r  s t ress  corrosion cracking (IGSCCJ s u s c e p t i b i l i t y  of a u s t e n i t i c  
s ta in less  s tee l s  (Type 304) and the  Pa value has been demonstrated.18.' The Pa value i s  t he  normalized 
charge per u n i t  g ra in  boundar 

2 coulombs/cm* for  Type 304 s ta in less  steels.'8 The Pa values of i r r a d i a t e d  PCAs (Table 3) are an order 
o f  magnitude higher than t h i s  c r i t i c a l  value. However, as shown i n  Figs. 3(b) and 4 (b). both the  g ra in  

This ind ica tes  t h a t  sens i t i za t i on  associated w i t h  chromium dep le t ion  along 

The narrow 

area. This ca l cu la t i on  assumes t h a t  m s t  o f  reac t i va t i on  cur rent  comes 
from the  g ra in  boundaries.'** r It has been suggested t h a t  SCC can occur when the  Pa value exceeds about 
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Fig. 6. 
d ia ted 25% to '  
tes t .  

Fig. 5. SEM micrographs of i r r a d i a t e d  PCA 
a f t e r  EPR tes t .  

boundaries and the gra in  faces were etched dur ing the  reac t i -  
vat ion process. 
t o  reac t i va t i on  current, the normalized Pa value per g ra in  
boundary area overestimates the actual reac t i va t l on  charge 
associated w i th  the gra in  boundaries. 

If we assume tha t  the  react iva t ion current i s  uniformly 
d i s t r i bu ted  between the g ra in  boundaries and faces, then the Pa 
value can be normalized t o  represent the charge per g ra in  bound- 
ary area using the t o t a l  tested area of the specimens instead of 
only the gra in  boundary area. The resu l t s  of t h i s  ca l cu la t i on  
are shown i n  Table 4. These Pa values possibly underestimate the  
con t r i bu t ion  from the  gra in  boundaries because of the r e l a t i v e  
deep etching a t  the gra in  boundaries as compared t o  the dimples 
i n  the gra in  faces. 
d ia ted specimens are s t i l l  an order of magnitude higher than 
those of the aged specimens and close t o  2 coulombs/cm2, the c r i -  
t i c a l  value for  the s u s c e p t i b i l i t y  of Type 304 s ta in less steels 
t n  IGSCC. For mlybdenum-containing aus ten i t i c  s ta in less s tee ls  ., Type 316). i t  has been reported tha t  the Pa values were 

r than for Type 304 for  the same degree of thermally- induced 
i t i z a t i o n  (as determined bv the Strauss tes tz2) .  Therefore. 

Since the gra in  faces apparently cont r ibute  

Nevertheless, the Pa values of the i r r a -  

t i o n  
the  

wer c r i t i c a l  value of Pa, is compared t o  Type 304, may be 
i r e d  for  mlybdenum-containing aus ten i t i c  s ta in less s tee ls  
e suscept ib le t o  IGSCC. We suggest tha t  the neutron i r r a d i a -  

a t  420OC up t o  10 dpa could have increased the  DOS o f  PCA t o  
l eve l  a t  which IASCC could occur. However, radiation- induced 

sens i t l za t i on  and thermally- induced sens i t i za t i on  are subs tan t ia l l y  d i f fe rent  processes and d i r e c t  app l i -  
cat ion of EPR-DDS c r i t e r i o n  for  thermal ly- sensi t ized mater ia ls i s  not val id.  The post-EPR t e s t  mrpho- 
logy of microstructures produced on the i r r a d i a t e d  specimens apparently d i f fe rs  from tha t  of 
thermal ly- sensi t ized specimens w i th  s i rn l la r  Pa values (an example i s  shown i n  Fig. 7).  
d ia ted specimens, g ra in  boundary etching was narrower. 

. 

For the i r r a -  



P 

Fig. 8. Optical micrograph o f  i r rad ia ted  
annealed PCA a f t e r  EPR tes t ;  interrupted hal f  
way t o  the peak current. 

thermally sensit ized 
.64 coulomb/cm2). 

are necessary t o  

interrupted ha l f  way t o  
mple-shape etching of 
:he f i ne  etching. 
? te r )  were formed i n  
a t  free surfaces i n  

wnd voids by RIS. 
Therefore, the cause 

i t i o n  of the neutron- 
i c  stainless steel  was 
[que using miniatur ized 
is ions were obtained. 

e r t i e s  of Ti-modified austen i t ic  stainless steel  due 
t o  neutron i r r ad i a t i on  a t  420°C up t o  10 dpa were 
detected by the miniatur ized EPR t e s t  technique. 

etching indicated the occurrence o f  radiation- induced 
sensi t izat ion. 

3. I n  addit ion t o  grain boundaries, grain faces 
showed shallow dimple-shape etching a f te r  EPR testing. 
Therefore, the react ivat ion charge normalized by t o t a l  
grain boundary area, which i s  an accepted EPR-DOS c r i -  
te r ion  t o  determine the IGSCC suscep t ib i l i t y  of 
thermally-sensit ized stainless steels, was not 
d i r e c t l y  app 1 i cab l  e t o  rad i  a t  ion- i  nduced sens i t izat ion 
for  the condit ion investigated. 

_ _  _.=.. , , ... electrochemical prop- 

2. EPR t e s t  resu l ts  an6 resu l t i ng  grain boundary 

4. For t h i s  i r r ad i a t i on  condition, 25% cold work did not have s ign i f i can t  e f fects  on the EPR t e s t  

5. The electropol ishing technique was adopted for surface preparation of the miniatur ized specilnens 

6. Further invest igat ions are necessary t o  corre la te  the resu l ts  i n  t h i s  study w i th  the IGSCC 

resul ts.  

and provided the su f f i c ien t  sens i t i v i t y  of the EPR test ing. 

suscep t ib i l i t y  o f  the i r rad ia ted  stainless steel. 
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FUTURE WORK 

TEM s tud ies  w i l l  be c a r r i e d  ou t  on t he  specimens t es ted  i n  t h i s  study t o  r e l a t e  t h e  EPR t e s t  r e s u l t s  
t o  m i c ros t ruc tu ra l  changes caused by t he  i r r a d i a t i o n .  The EPR measurements w i l l  be cont inued on PCA and 
Type 316 s t a i n l e s s  s tee l s  i r r a d i a t e d  a t  lower temperatures (60 t o  300'C) t o  ob ta i n  data re l evan t  t o  t he  
I n t e r n a t i o n a l  Thermonuclear Experimental Reactor (ITER). 

REFERENCES 

1. C. C. Baker, Fusion Techn- 15 (1989) 84-57. 
2. A. J. Jacobs and G. P. Wozadlo, Proc. o f  I n t e r  

A v a i l a b i l i t y  Factor  and R e l i a b i l i t y  Analys is ,  ASM, 1985 
3. W. L. Clarke and A. J. Jacobs, Ma te r i a l s  i n  Nuclear Energy (Proc. of I n t .  Conf.), ASM, 1982, pp. 

1 5 M 6 0 .  
4. R. N. Duncan, S ta i n l ess  Steel  F a i l u r e  I n v e s t i g a t i o n  Program, F ina l  Summary Report, GEAP-5530, 

5. K. Fukuya, S. Nakahigashi, S. Ozaki, M. Terasawa, and S. Shima, Proc. o f  T h i r d  I n t .  S m osium on 

6. 
on Environmental Degradation of Ma te r i a l s  i n  Nuclear Power S y s t e d a t e r  Reactors, TMS, 1987 . PP. f l M 8 1 .  

7. 
Ma te r i a l s  i n  Nuclear Power SystemWater V d  , PP. 68-90. 

8. H. Hanninen and Aho-Mantila, Proc. of Th i r d  I n t p p o s i u m  on Environmental Degradation o f  
Ma te r i a l s  i n  Nuclear Power SystemWater Reactors, TMS, 1 9 PP-  TT-2. 

9. 
Environmental Degradation of Ma te r i a l s  i n  Nuclear Power S y s t e d a t e r  Reactors, TMS, 1987 , pp. 657664.  

10. 
Conf.), Vol. 1, BNES, 1987, pp. 34F356. 

11. 
12. 

Steels (Proc. of t he  Symposium he ld  a t  Berkeley Nuclear Labora to r ies  on September 23, 1986), CEGB, 1987, 
-698. 

13. 
Steels (Proc. of t he  Symposium he ld  a t  Berkeley Nuclear Labora to r ies  on September 23, 1986), E7B , i987, 
-534. 

14. A. J. Jacobs, R. E. Clausing, L. Heather ly ,  and R. M. Kruger, I r r a d i a t i o n- A s s i s t e d  Stress 
Corrosion Cracking and Grain Boundary Segregation i n  Heat Treated Type 304SS, CONF-8806133, 1988. 

15. P. L. Andresen, F. P. Ford, S .  Murphy, and J. Perks, Proc. o f  Fourth I n t .  Symposium on 
Environmental Degradation of Ma te r i a l s  i n  Nuclear Power Syste-eactors, t o  be publ ished.  

16. C.  Taylor ,  Radiat ion- Induced S e n s i t i z a t i o n  of S ta in less  Steels,  (Proc. of Symposium he ld  a t  
Berkeley Nuclear Labora to r ies  on September 23, 1986), EGB, 1987, pp. 6&73. 

17. T. Inazumi and G.E.C. B e l l ,  Fusion Reactor Ma te r i a l s  (Semiannual Progress Report),  DOE/ER-0313/6, 
O f f i c e  o f  Fusion Energy (March, 1989). 

18. W. L. Clarke, V. M. Romero, and J .  C. Danko. Detec t ion  of S e n s i t i z a t i o n  i n  S ta i n l ess  Steel  Using 
Electrochemical  Techniques. GEAP-21382, 1976. 

19. 
STP 656. 1978. 00. 99-132. 

1968. 

Environmental Degradation of Ma te r i a l s  i n  Nuclear Power S y s t e d a t e r  R e a c f i ,  l M S ,  1987 * PP. # 6 & 7  
A. J. Jacobs, G. P. Wozadlo, K. Nakata, T. Voshida, and I .  Masaoka, Proc. o f  T h i r d  I n t .  Symposium 

E. P. Simonen and R. H. Jones, Proc. o f  Th i r d  I n t .  S mposium on Environmental Degradation of 

F. G a r z a r o l l i ,  D. A l t e r ,  P. Dewes, and J .  L. Nelson, Proc. of Th i r d  I n t .  Symposium on 

Aho-Mantila and H. Hanninen, Ma te r i a l s  f o r  Nuclear Reactor Core App l i ca t i ons  (Proc. o f  I n t .  

E. A. Kenik, Proc. of Mat. Res. SOC. Symp. 62 (1986) 209-216. 
D.I.R. No r r i s ,  C. Baker, and J. M. Titchmarsh, Radiat ion- Induced S e n s i t i z a t i o n  o f  S ta in less  

J. M. Perks, A. 0. Marwick, and C. A. Engl ish,  Radiat ion- Induced S e n s i t i z a t i o n  o f  S ta in less  

W. L. Clarke, R. L. Cowan, and W. L. Walker, I n t e r g r a n u l a r  Corrosion of S ta in less  A l loys ,  ASTM 

20.. K. F: k s s e l l  and L. L. Horton. Proceedings o f  t he  43rd Annual Meeting 

21. A. J. Giannuzzi,  

22. F. Umemura and T. Kawamoto, Boshoku G i j u t s u  28 (1979) 24-31. 
23. P. J. Maziasz and 0. N. Eraski ,  J. Nucl. Mater. 141-143 (1986) 973977.  
24. M. P. Tanaka, S .  Hamada, A. Hishinuma, and M. L. Grossbeck, J. Nucl. Mater. 155157  (1988) 

o f  t he  E lec t ron  
M i c r o s c o ~  Society of America, 1985, pp. 170 171. 

App l i ca t ion ,  E P R I  NP-944, 1978. 
Studies on A I S 1  Trpe 304 Sta in less  Steel  P ip ing  Weldments f o r  Use i n  BWR 

957-962. 
25. M. L. Grossbeck, Fusion Reactor Ma te r i a l s  (Semiannual Progress Report f o r  Per iod Ending 

26. R. E. S t o l l e r ,  P. J. Maziasz, A. F. Rowcl i f fe .  and M. P. Tanaka, J .  Nucl. Mater. 155157  (1988) 
September 30, 1989), t o  be publ ished. 

137S1334. .... ~~~ ~ 

27. C. M. Shepherd and T. M. Wi l l iams,  Proc. of t he  Fourth I n t e r n a t i o n a l  S mposium on Environmental 
Degradation of Ma te r i a l s  i n  Nuclear Power S y s t e d a t e r  Reactors, t o  be publ ishe2. 



242 

CARBON TRANSFER IN LITHIUMISTRUCTURAL-MATERIAL SYSTEMS -- A. B. Hull, 0. K. Chopra, and A. B. Patel 
(Argonne National Laboratory) 

OBJECTIVE 

The objective of this study is to investigate the influence of a flowing lithium environment on the carbon transfer 
behavior of structural alloys under conditions of interest for fusion reactors. The resub of this study will supplement the 
corrosion data base that will be used in materials selection for structural applications. 

SUMMARY 

Chemical interactions involving carbon have a dominant role in the corrosion behavior of ferrous and vanadium- 
base alloys in lithium. Experimental investigations with these alloys in austenitic forced-circulation lithium loops have 
shown that weight changes in these systems are influenced by both mass transfer and deposition. The carburization- 
decarburization behavior of both commercial and high-purity experimental austenitic and ferritic alloys in flowing lithium 
has been compared with that observed in flowing sodium at temperatures of 550 to 7OOOC. Type 316 stainless steel 
(SS) and various experimental and commercial heats of Fe-Cr-Mo ferritic materials were investigated to determine the 
effect of varying levels of chromium and molybdenum. Carbon transfer was evaluated in both pure vanadium and 
vanadiurwbase alloys containing various amounts of chromium and titanium, such as V-lOCr-3FeZr, V-l5Cr-5Ti, 
V-lOTi, and V-2OTi. 

PROGRESS AND STATUS 

Liquid lithium is a leading candidate as a tritium breeder material for fusion reactors because of its acceptable 
tritium-breeding and heat transfer characteristics. However, compatibility of the liquid metal with the containment 
materials is a major concern. Liquid metal can influence surface active properties of structural materials through 
phenomena such as carburization-decarburization and thus aiter near-surface deformation behavior and affect 
mechanical properties such as fatigue crack initiation and propagation. In sodium, degradation of mechanical 
properties is essentially due to carbon transfer in the material, Le., decarburization of such ferritic alloys as 
Fe-2.25Cr-1 Mo steel and carburization of austenitic stainless steel.1 

Corrosion data and interpretations presented earlier indicate that dissolution of major alloy elements and mass 
transfer, as well as chemical interactions between alloy elements and nonmetallic elements such as nitrogen and 
carbon, influence the overall corrosion behavior of ferrous alloys.2.3.4 Chemical interactions also play a dominant role 
in the corrosion behavior of vanadium alloys.5 

A quantitative evaluation of sodium effects on secondary-system materials for Liquid Metal Fast Breeder Reactor 
steam generators involved obtaining experimental data on carbon activityconcentration relationships for the alloys and 
kinetic information on the decarburization-carburization behavior.Bl2 This approach has been used to analyze 
carburization-decarburization phenomena that involve austenitic and ferritic steels in sodium heat-transport systems of 
nuclear reactors. 

A similar approach was followed in this study, focusing specifically on carbon transfer. For this purpose, carbon 
activity-concentration relationships have been generated. 

Experimental Procedures 

The composition of the steels used in the present study is given in Table 1. Carbon transport experiments were 
conducted with specimens ranging in thickness from 0.5 mm for Type 316 SS coupons to 0.02 mm for high-punty ferritic 
specimens. In the latter case, the specimens are thin enough that carbon equilibration was enhanced and surface 
effects maximized. The ferritic specimens were in both normalized and tempered and normalized conditions (Table 2). 
Vanadium alloys were prepared using standard procedures.5 

Corrosion tests were conducted in a forcedcirculation Li loop equipped with cold- and hot-trapping purification 

procedure have been presented previously.l3 Carbon in the lithium ranged from 1.7 to 04 ppm C, as determined by the 
acetylene evolution method.14 In comparison, the solubility of carbon at the colt!-trap temperature of the loop (-215%) 
is calculated to be 0.62 wppm (Fig.la). 

es to control the concentration of nonmetallic elements. A detailed description of the loop and the test 
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Table 1. Composition of Different Steels (wt.%) 

Steel C Cr Mo Ni Si Mn Nb V Other 

Hiah Pudty 

Fe-lCr-0.5Mo (Hl)  0.096 0.97 0.47 0.08 

Fe-5Cr-2Mo (H5) 0.092 4.32 1.87 0.04 

Fe-12Cr-0.5Mo (H9) 0.094 11.94 0.49 0.05 

Fe-12Cr-2.5Mo (H11) 0.095 11.28 2.30 0.05 

ESRXA 3177 0.089 9.58 0.80 0.08 

HT-9 0.2 11.5 1 .o 0.5 

316 SS <0.05 17.0 2.0 12.0 

0.09 0.001 0.002 - - 
0.09 0.002 0.005 0.001 - 
0.01 0.001 0.002 - - 
0.01 0.001 0.005 0.001 - 

0.17 0.44 0.11 0.15 0.46W, 
0.066N, 
0.04Ti 

0.4 0.55 - 0.3 0.5W 
<1.0 <2.0 - - - 

Table 2. Heat Treatment of Ferritic Specimens 

Heat Treatment (%)a 

Alloy Normalized Normalized and Tempered 

Fe-lCr-0.5Mo (Hl)  927 927 
740 

Fe-5Cr-2Mo (H5) 1000 1000 
740 

Fe-12Cr4.5Mo (H9) 1038 1038 
760 

Fe-12Cr-2.5Mo (H11) 1100 1100 
780 

ESRXA 3177 1038 1038 
760 

~~~ ~ 

=All specimens were subsequently air-cooled for 1 h. 

The solubility of C in lithiumls is significantly higher than in sodium (Fig. la) .  The binary ionic lithium compounds 
(such as lithium carbide, Li2C2) are more thermodynamically stable because of the smaller Li+ ion and the greater 
lattice energy. Lithium carbide is the solid phase in equilibrium with saturated solutions of carbon in lithium. 
The presence of Li2C2 as a precipitate phase on the alloy surface after lithium exposure indicates that the carbon 
activity in the lithium is close to 1.0. Carbon activities in lithium and sodium were obtained from the established 
relationship between liquid metal temperature and concentration of carbon in the liquid metal. Carbon activity (aM) is 
related to the concentration of carbon in the alkali metal (C,) by: 

%I = CdSM. (1) 

where the solubility (Sb) of carbon in lithium (wppm) as a function of temperature (T in degrees K) can be definedi4 as 

log SL~ = 7.459 - (3740n ) (2) 
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Fig. 1. Comparison between Sodium and Lithium of (a) Solubility of Carton in the Liquid Metal and (b) Activity of 
Carbon in Lithium (dotted lines) and Sodium (solid lines) as a Function of Temperature for Carbon Concentrations (Na: 
0.01, 0.1, and 1 ; Li: 1, 10, 100) Explored in the Carbon-Transfer Experiments. 

and the solubility of carbon in sodium (wppm) can be defined16 as 

log S N ~  = 8.12 - (6640fl). (3) 

For a given temperature, the solubility of carbon in lithium is several orders of magnitude higher than its solubility in 
sodium (Fig. la). The activity of carbon in liquid metaVtemperature regimes investigated in this study is shown in 
Fig. lb. 

After exposure to Li, the specimens were cleaned in alcohol and water and inspected metallographically for 
surface deposits. Both before and after lithium exposure, specimens were analyzed for carbon with a LECO low- 
carbon combustion analyzer that had a sensitivity of -5 pg carbon per 1 g sample. Surface reaction products were 
analyzed by X-ray diffraction both before and after post-exposure cleaning. 

Results and Analysis 

Austenitic Ste& 

The carbon contents in Type 316 SS specimens exposed to lithium at temperatures of 372 to 538% are given in 
Table 3. The carbon concentrations in lithium and the corresponding carbon activity values for the various test runs are 
also given in the table. The results show that Type 316 SS decarburizes at 538% and carburizes at 482°C and below. 

Cr and Ni concentrations in the range of 0 to 22 and 0 to 16 wt.%, respectively.9 The thermodynamic information and 
carbon transfer studies in liquid sodium systems have been used to obtain the isothermal carbon activity-carbon 
concentration relationships for the Type 304 SSlo and Type 316 SS.ll The equilibrium carbon activity-concentralion 
curves for Type 31 6 SS at 550 and 600°C are shown in Fig. 2. Results for the lithium-exposed specimens are also 
shown in the figure. The initial carbon concentration in the steel (Le., the "as-received" line in Fig. 2) corresponds to 
carbon activities of -0.019 and 0.006 at 550 and 600°C. respectively. Consequently, the steel should decarburize when 
exposed at 550 and 600% to lithium with carbon activities below these values, and it should carburize in lithium with 
higher values of carbon activities. The conditions of lithium purity and temperature for carburizafion/decarburization of 
Type 316 SS with -0.055 wt.% C are defined in Fig. 3. The equilibrium carbon activity-concentration relationships at 
temperatures below 550% are not available. Consequently, the high-temperature data are extrapolated to lower 
temperatures in Fig. 3. 

The carbon activity in the quaternary Fe-Cr-Ni-C system has been established as a function of alloy composition for 
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Table 3. Carbon Concentration in 316 SS Exposed to Flowing Lithium 

Exposure Conditions Carbona Carbon 
Specimen Test Temp. Time C in Li Activity in Steelb No. of 

Identity Run ("C) (h) (wppm) (apparent) (wppm) Analyses 

AC.0 Before Exposure 542 f 9 5 
Ec.e Before Exposure 571 k 29 3 
A 4 427 5739 12 0.09 8 1 8 f 9  2 
A 4 482 5521 12 0.04 736 f 64 2 
A2 5 372 4955 1 l d  0.24 1821 f 94 4 
A 5 427 5023 11 0.08 6 4 5 f 1 5  2 

A, A5 6 462 3330 11 0.03 710 f 31 4 
A l ,  A2e 6a 482 2528 11 0.03 6 1 8 f 8  4 

A5e 6 482 1707 11 0.03 6 7 0 f  24 2 
A1 e 6 538 3655 11 0.02 269 f 30 

[306 + 121 
Al ,  A30 6 538 2271 11 0.02 278 k 39 4 

A2 6 538 31 85 11 0.02 390 f 2 2 
E2 6 538 3065 11 0.02 675 + 13 3 

E4, E50 6 482 3330 11 0.03 728 + 20 4 

Carbon activity, based on concentration of carbon in lithium as determined by lithium analyses, should 

bvalues in brackets represent concentrations for specimens that were mechanically polished to remove 

CSpecimens identified with an A were solution-annealed: those with an E were cold-worked. 
dLithium analyzed >lo00 h before Run 5 began, so there is more uncertainty with this carbon level. 
eThese specimens were tested for conversion of austenite to ferrite as determined by magnetic 

be considered as only a first approximation. 

surface reaction products. 

susceptibility. As-received specimens were exclusively austenitic, whereas specimens exposed to 
538°C flowing lithium had a larger phase transformation than those exposed at 482%. 

The experimental results show good agreement with the thermodynamic predictions, i.e., the specimens carburize 
at temperatures below -5OOOC in lithium containing 8 to 12 ppm C. However, the measured carbon concentraiions in 
lithium-exposed specimens most likely do not represent the equilibrium values because the diffusivity of C in steel is 
extremely slow at temperatures <5OO0C. 

Another factor that adds uncertainty in evaluating the equilibrium carbon activity-concentration relationships in 
lithium is the depletion of Ni, and to some extent Cr, from the steel. There may be significant compositional changes in 
the thin foils exposed to lithium, i.e., the austenitic steels develop a ferrite layer on the surface after exposure to lithium. 
Metallographic evaluations of the lithium-exposed specimens are underway to determine compositional changes and 
thicknesses of the ferrite scale. Carbon concentrations in the specimens will be measured after removal of the ferrite 
layer by mechanical or chemical means. 

Ferritic Steels 

At both 410 and 460°C, the normalized steels decarburize to a much greater extent than do the normalized and 
tempered steels (Table 4). Also, the extent of decarburization increases with a decrease in chromium content or an 
increase in molybdenum content. The results indicate that the metallurgical microstructure of the steel plays an 
mportant role in the decarburization behavior of ferritic steels. Similar decarburization behavior has been observed in a 
sodium environment.8-10V17 

The tempered bainite or martensite phase in Fe-Cr-Mo ferritic steels contains M23C6 and MgC carbides. The 
relative amount of these two carbides depends on the Mo/C atomic ratio in the ~ t e e I . * , ~ ~ , ~ ~  Both M23C6 and M6C 
coexist when the Mo/C ratio is between 1.5 and 3; M6C is the only stable carbide at ratios above 3, while M2& alone 
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Fig. 2. Carbon Activity-Concentration Relationship in Sodium for Fig. 3. CarburizationlDecarburization 
Regimes for Type 316 SS in Lithium. Square 
symbols represent carbon concentration in 
lithium loop for data presented in Table 3 
(-10-12 ppm) and Table 4 (-2 ppm C). Round 
symbols represent the carburization- 
decarburization boundary based on experi- 
mentally determined equilibrium carbon 
activity-concentration relationships for the 
steel and the activity of C in Li (Eqs. 1 and 2). 

Type 316 SS at 550 and 600°C and "Apparent" Carbon Activity- 
Concentration Relationship in Lithium at Temperatures between 
372 and 530'C. 

is stable at ratios below 1.5. The kinetics of decarburization of normalized and tempered steels are controlled by the 
dissociation of carbides, which is extremely slow, particularly the dissociation of M23C6 carbides. Consequently, while 
carbon activity in ferritic steels is significantly higher than that in the lithium environment, decarburization rates are 
extremely slow. The steels with higher molybdenum content decarburize slightly faster because of the larger amount of 
M& and possibly M2C carbides in the steel. 

The bainite or martensite phase in normalized Fe-Cr-Mo ferritic steels contain cementite and E carbides. These 
carbides are metastable and transform to stable MZ3C6 carbide with aging. The decarburization behavior of normalized 
steels is controlled by two competing processes, i.e.. microstructural transformations to reach thermodynamically stable 
carbide phases, and carburization or decarburization to equalize carbon activity between the alloy and the liquid metal. 
The former process is extremely slow at temperatures below 550°C. For example, the typical tempering treatment of 1 h 
at 700°C is equivalent to -4 x 105 h at 48O0C.18 Consequently, decarburization of normalized steel is much faster than 
that of normalized and tempered steel. 

The increase in decarburization with a decrease in Cr content in the steel is also due to microstructural differences. 
The normalized and tempered low-Cr steels also contain cementite and M2C carbides.8 The decarburization behavior 
of these steels is comparable to that of normalized medium-Cr steels. 

Micrographs of the surfaces of Fe-1 Cr-O.5Mo (Hl) and Fe-12Cr-O.SMo (H9) exposed to lithium at 460% are shown 
in Fig. 4. Both the high-Cr steels and the normalized and tempered specimens featured etch-like localized corrosion 
along the grain boundaries and martensitic lathes. These microstructural variations are consistent with a surface 
destabilization modella that can explain the differences in surface recession behavior between Fe-lCr-0.5Mo and 
Fe-12Cr-0.5Mo. A surface that undergoes preferential dissolution, such as Fe-lZCr-0.5Mo where Cr becomes 
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Table 4. Carbon Content in High-Purity Ferritic Alloys Exposed to Lithium 

Li Exposure Concentration (wppm) % Decarburizationa 

Temp. Time and and 
Normalized Normalized 

Alloy ("C) (h) Normalized Tempered Normalized Tempered 

Fe-lCr-0.5Mo (Hl)  410 2486 229*6 714 f 4 76 26 
460 2547 120 f 9  5 4 4 f 1 3  88 43 

Fe-5Cr-2Mo (H5) 410 2486 19Of1  803 f 9 79 13 
460 2547 171 +28 669 f 3 81 27 

Fe-9Cr-1Mo (ESRXA 3177) 410 2486 656 f 2 884 f 6 25 -2b 

Fe-12Cr-0.5Mo (H9) 410 2486 747f29 911 f 3 1  23 3 

460 2547 644f.9 886 f 15 26 -2b 

460 2547 718 f  2 889 f 16 21 5 

Fe-12Cr-2.5Mo (H1 1) 410 2486 1 7 9 f 1 9  415f.45 81 56 
460 2547 274k 8OC 383f 13 71 60 

aDefined as 100 [q - C$Cd where ci is initial carbon concentration in the pristine specimen and Q is carbon 

bln this situation, there was either no carbon transfer or slight carburization. 
Wased on quadruplicate analyses, high variability is related to localization of carbon-rich surface deposits. Because 

cuncentration after exposure to lithium environment. 

the foils are so thin, surface effects predominate. 

Fig. 4. Microstructures of High-Purity Ferritic Steels after Exposure to Flowing Lithium at 460°C for >2500 h: 
(a) Fe-lCr-0.5Mo (Hl), Normalized, (b) Fe-lCr-0.5Mo (Hl), Normalized and Tempered, (c) Fe-12Cr-0.5Mo (H9), 
Normalized, and (d) Fe-12Cr-0.5Mo (H9), Normalized and Tempered. 

depleted, develops a very nonuniform, rugged corrosion front. Where selective leaching is less, the surface recedes 
more uniformly, as was observed in Fig 4a and 4b for the Fe-lCr-0.5Mo steel. 

Compounds such as LigCrNg form on the surface of structural alloys in static experiments after -670 h in lithium 
containing nitrogen at 600°C.15 The dimpled surface morphology, related to the depletion of Cr from ferritic steels, 
underlies the extensive reaction product, as shown in Fig. 4c. 
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w i u m  Al lov~ 

Vanadium-base alloys tend to decarburize at lower temperatures and carburize at higher temperatures than do 
ferritic alloys. The C contents of the pure V specimens, after exposure to lithium, are of the same magnitude as the 
solubility of carbon in vanadium, as indicated by the solid line curve in Fig. 5. It can be seen that for a given ternper- 
ature, specimens of the ANL heat of V-15Cr-5Ti picked up relatively more carbon than did those of the ORNL heat. This 
is because of bulk effects associated with the relative thicknesses of the specimens: the ORNL specimens were 8 X 
thicker (0.8 mm vs. 0.1 mm) and did not equilibrate with the liquid lithium after 1500 h. VC was identified as the surface 
reaction product on both the V-15Cr-5Ti and the pure V. 

V-20T exhibited minimal carbon transfer phenomena in contrast to that of V-1OTi; this is consistent with the 
obSeNatiOn2 that alloys containing 15-20% Ti develop a uniform scale of nitride reaction products. Earlier studies 
indicated that V-20Ti had the lowest corrosion rate and that pure V exhibited the highest corrosion rate. The present 
study demonstrates that the formation of a protective titanium nitride layer on the alloy surface also significantly retarded 
the transfer of carbon, whereas carbon appeared most mobile in V and V-lOCr-3Fe-Zr, neither of which contained Ti. 
The presence of a nitride scale alters the behavior expected on the basis of equilibrium distribution coefficients for 
carbon between V. Ti, and Cr.2O On a theoretical basis, it has been suggested that Ti would enhance carbide formation 
(and thus Carburization) and that Cr would reduce the tendency for carbide formation, but this suggestion predates the 
complications caused by nitrogen-metal reactions. 

CONCLUSIONS 

Chemical interactions involving carbon have a dominant role in the corrosion behavior of ferrous and vanadium- 
base alloys in lithium. Type 316 SS exhibited the most pronounced carburization-decarburization effects. Data from 
the carbon transfer experiments with high-purity ferritic steels show that in a liquid-lithium environment, as well as in a 
liquid-sodium environment, the Fe-Cr-Mo steels are increasingly resistant to carbon transfer as the Cr level increases, 
whereas carbon transfer resistance is inversely proportional to molybdenum concentration. It appears that to minimize 
the extent of decarburization in these liquid metal environments, it is beneficial to have an alloy containing M2& as the 
only equilibrium carbide. This carbide structure can be achieved in a ferritic alloy with 9 to 12 wt.% Cr by maintaining 
the Mo:C atom ratio of 4 .  

Pure vanadium and vanadium-base alloys containing various amounts of chromium and titanium, such as 
V-lOCr-3Fe-Zr, V-15Cr-5Ti. and V-20Ti, pick up carbon when exposed to lithium that contains carbon impurities 
VC has been identified as a surface reaction layer on lithium-exposed pure vanadium and V-15Cr-5Ti. 

Temperature ("C) 
5 0 0  

12 

. ~I I A V - ~ ~ C ~ - ~ T I ( O R N L )  "'I A I 

i . 2 0  1.40 1.60 1.80 
I O O O I K  

Fig. 5. Carbon Concentration in Vanadium-Base Alloys after Exposure to 
Lithium with Carbon Concentration in the Range 11 to 84 ppm. 
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FUTURE WORK 

The carbon content in high-purity ferritic alloys will be determined after a 5000-h lithium exposure. X-ray 
diffraction and electron microprobe analyses are continuing in order to determine the nature of the reaction products on 
the alloy surfaces. Equilibration tests are planned in isothermal lithium with varying carbon activities to enhance 
comparison with the sodium resuits. 
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AQUEOUS STRESS CORROSION OF STRUCTURAL MATERIALS -A. B. Patel, A. B. Hull. and T. F. Kassner (Argonne 
National Laboratory) 

OBJECTIVE 

The objective of this study is to experimentally evaluate the susceptibility to stress corrosion cracking (SCC) of 
Type 316NG stainless steel in aqueous environments that simulate many important parameters anticipated in first wall! 
blanket systems in the International Thermonuclear Experimental Reactor (ITER). The results of this study will 
supplement the stress corrosion data base that will be used in materials selection for structural applications in fusion 
reactors. 

SUMMARY 

The SCC susceptibility of Types 3t6NG, 316. and 304 stainless steel (SS) has been investigated in slow-strain- 
rate tests (SSRTs) in aqueous environments that simulate important parameters anticipated for ITER first wall/blanket 
systems. Initial SSRTs were performed on both crevice and noncrevice specimens in oxygenated water with sulfate 
additions at a strain rate of 3 x 10-7 s-l and temperatures of 95 and 150°C. Scanning electron microscopy showed no 
evidence of SCC. This was substantiated by an evaluation of the load-carrying capability of identical specimens of 
Type 316NG SS in air and water. The stress ratio, which is an indicator of cracking susceptibility, was defined as the 
ratio of the increase in stress after local yielding in the environment to the corresponding stress difference in an identical 
test in air, both computed at the same strain. A ratio of -1.0 is indicative of a low SCC susceptibility, which was the 
situation in our initial experiment on Type 316NG SS at 95°C. 

PROGRESS AND STATUS 

mrodua ion and Bac k m  

Numerous experiments have been conducted to investigate the SCC susceptibility of Type 304 SS in aqueous 
environments over a wide range of temperatures.1.2 Similar tests have been performed on Type 316NG SS at 289°C. 
In this investigation, additional SCC tests were performed on crevice and noncrevice specimens of Type 3t6NG SS in 
oxygenated water with sulfate additions at 95°C and 150°C. For comparison, a test case was conducted on sensitized 
Type 304 SS at 95°C. 

Experimental Procedures 

The influence of temperature on the stress-strain properties in air was determined with an lnstron Model t t 25 
tensile testing machine; the SSRTs were conducted in a small-diameter autoclave with a once-through water system 
(Fig. 1). Cylindrical tensile specimens with a 6.35-mm diam. and a 36.0-mm gauge length were fabricated from Types 
316NG. 316, and 304 SS; compasition of the heats is shown in Table 1. Crevice specimens were created by drilling 
two small-diameter (-0.8-0.9 mm) through holes in the gauge section and placing Type 316 SS pins in the holes. The 
resultant crevices localize the strain and cracking, thereby creating worst-case conditions. Water chemistry was 
established by bubbling a 20% 02-80% N, gas mixture though deoxygenated/deionized feedwater (conductivity 
cO.2 p c m )  contained in a 120-L stainless steel tank. Sulfuric acid (0.1 or 1.0 ppm) was added to the feedwater 
before sparging with the gas mixture to ensure adequate mixing. This water chemistry was selected because sensitized 
stainless steels exhibited susceptibility to SSC in these environments in earlier studies. A flow rate of -0.6 Uh was 
maintained in the autoclave during the test. An external silver/silver chloride (0.1 M KCI) reference electrode, a 
thermocouple, and platinum and Type 304 SS electrodes were located at the autoclave outlet to establish the redox 
and open-circuit potential, respectively. The measured potential was converted to the standard hydrogen electrode 
(SHE). The experimental methods are more fully described in previous papers.'.* Table 2 illustrates both the 
experimental conditions and the resuits. 

W t s  and Analvsh 

There is no evidence of SCC in any of the steels that we examined. As shown in Fig. 2, only ductile failure 
occurred at temperatures of 95 and 150°C. The typical ductile surface morphology of a Type 316NG SS specimen 
(No. 4) in an air test at 95°C is shown in Fig. 2a at high magnification. The fracture surface morphology of a hydrogen- 
charged Type 31 6 specimen (No. 6) after strain testing in water at 95% also indicates a ductile surface in Fig 2b. The 
region adjacent to the crevice surface is on the lower side of the micrograph. Figure 2c shows the ductile fracture 
surface of a Type 316NG SS specimen (No. 11) exposed to the aqueous environment at 150'C. 
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Fig. 1. Schematic of SSRT setup and electrochemical potential monitoring system. 

Table 1. ComDosition of Different Heats of T v ~ e  316NG and 304 SS (wt.%) 

Alloy HeatNo. Cr Ni Mo Mn Si Cu N C P S Fe 

316NG P91576 16.4 11.0 2.14 1.63 0.42 - 0.07 0.02 0.02 0.01 Bal 
316NG 467958 17.1 12.7 2.43 1.51 0.64 0.16 0.07 0.02 0.03 0.01 Bal 
304 30956 19.0 8.0 0.44 1.54 0.48 0.19 0.10 0.06 0.02 0.01 Bat 
316 590019 17.3 10.8 2.05 1.68 0.71 0.20 0.01 0.05 0.03 0.01 Bat 

To obtain addltional information on SCC susceptibility of Type 316NG SS, we examined the loaddeformation 
behavior of crevice and noncrevice specimens during the SSRT. Figure 3 shows that the environment has little to no 
effect on the stress-strain curves of the crevice and noncrevice specimens, i.e., the curves are almost identical until the 
ultimate strength is reached. Total elongations of the air specimens are somewhat larger because the tests were 
performed at higher strain rates. The lower ultimate strength and total elongation of the crevice specimens, relative to 
those of the noncrevice specimens, can be attributed to the smaller cross-sectional area of the former. 

characterizes the capability of the material to carry load in the plastic range by comparing the stress in the environment 
with the stress in the air at the same plastic strain. It can be defined as follows: 

The stress ratio (SR), a cracking index pararneter,z was also used to quantify SCC susceptibility. The SR 

amtQ - oy / 3 SR = 
0 a l I - O y / 3  

where Gate, is the nominal stress in water, oair is the nominal stress in air, and cry is the yield stress of the material. 
Local plastic yielding is assumed to occur when the nominal stress equals ay/3 because the stress concentration factor 
of the crevice specimen is approximately three. When SSC is not present, the stress ratio is equal to one. For materials 
susceptible to SCC, the stress ratio is less than 1. However, a value of one may also indicate that the degree of 
cracking is so small that it cannot be measured by the changes in load. The stress ratio at a strain value of 0.13 was 
1.00 for crevice specimen No. 3 in which the corresponding crevice specimen stress-strain data in air are available. 

of the two heats of Type 316NG SS. Heat No. 467958 has a higher ultimate tensile strength and a lower total 
elongation than does Heat No. P91576. This difference is especially evident at 95%. 

Although there is no indication of SCC, Fig. 4 suggests that there is a slight difference in the stress-strain behavior 
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Fig. 3. Comparison of stress-strain curves of both crevice and noncrevice 
Type 316NG SS specimens in air and water at 95OC. 
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Fig. 4. Heat-to-heat effects on stress-strain behavior of non- 
crevice Type 316NG SS specimens at (a) 95% and (b) 150%. 
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CONCLUSIONS 

The results of the present study indicate that Type 316NG stainless steel did not undergo stress corrosion cracking 
in slow-strain-rate tests at temperatures below 150°C and a strain rate of 3 x 107 s-1 in oxygenated water containing 
low amounts of HzSO4. All of the samples exhibited ductile failure. 

FUTURE WORK 

The influence of other environments and lower strain rate on the stress corrosion cracking susceptibility of Type 
316NG SS will be evaluated. The effects of hydrogen charging on environmentally assisted cracking of the steel will 
also be investigated. 
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AN I N V E S T I G A T I O N  OF THE S E N S I T I Z A T I O N  B E H A V I O R  OF Fe-Mn-Cr AUSTENIT IC  STEELS - G. E. C.  B e l l ,  
P. F. T o r t o r e l l i ,  and E. A .  Kenik (Oak Ridge Nat ional  Laboratory)  

OBJECTIVE 

The purpose of t h i s  t ask  i s  t o  determine t he  co r ros i on  s u s c e p t i b i l i t y  o f  reduced a c t i v a t i o n  a u s t e n i t i c  
s t ee l s  i n  aqueous environments f o r  f us i on  app l i ca t i ons  i n v o l v i n g  water coo l i ng  and lo r  aqueous b lanke ts .  

SUMMARY 

Standard chemical immersion (mod i f ied  Strauss)  t e s t s  and a n a l y t i c a l  e l e c t r o n  microscopy ( A E M )  showed t h a t  
reduced a c t i v a t i o n  a u s t e n i t i c  Fe-Hn-Cr s t e e l s  based on Fe-ZOMn-12Cr-0.25 ( w t  % )  a re  extremely prone t o  
thermal s e n s i t i z a t i o n  and r e s u l t i n g  i n t e r g r a n u l a r  cor ros ion  because of t h e i r  h i gh  carbon contents and low 
chromium concentrat ions.  Therefore. t h i s  s u s c e p t i b i l i t y  t o  s e n s i t i z a t i o n  a f t e r  appropr ia te  thermal aging, 
f a b r i c a t i o n ,  o r  i r r a d i a t i o n  makes t h e i r  use i n  aqueous and c e r t a i n  o the r  environments p rob lemat ica l .  
Exce l len t  c o r r e l a t i o n  between i n te rg ranu la r  co r ros i on  induced by immersion i n  t h e  a c i d i f i e d  CuSOq s o l u t i o n  
and t he  presence of narrow chromium-depleted zones around g r a i n  boundaries, as determined by AEM. was 
found. 
s e n s i t i z a t i o n  res i s t ance  of f u l l y  a u s t e n i t i c  Fe-Mn-Cr s tee l s  by a l l o y  design a re  l i m i t e d .  

Oue t o  t h e  need t o  meet reduced a c t i v a t i o n  requirements. t h e  o p p o r t u n i t i e s  t o  inc rease t h e  

STATUS AND PROGRESS 

I n  order  t o  he lp  min imize t h e  t he  sa fe t y  and environmental r i s k s  o f  f u t u r e  fus ion  reac to rs .  t he  development 
of "reduced a c t i v a t i o n"  ma te r i a l s  has been a focus o f  fus ion programs throughout  t h e  w0 r l d . l  To t h a t  end, 
a se r i es  of f u l l y  a u s t e n i t i c  Fe-Mn-Cr a l l o y s ,  which have b e t t e r  t e n s i l e  p rope r t i es  than standard Fe-Ni-Cr 
s t a i n l e s s  s tee l s  and meet cu r ren t  U.S. a c t i v a t i o n  gu ide l ines  fo r  sha l low land  b u r i a l  a f t e r  10 t o  100 years 
has been Low chromium concent ra t ions  and h igh carbon l e v e l s  (as compared t o  300-ser ies  
s t a i n l e s s  s t e e l s )  were necessary t o  ma in ta in  f u l l  a u s t e n i t i c  s t a b i l i t y  because manganese i s  no t  as s t rong  
an a u s t e n i t i c  s t a b i l i z i n g  element as n i c k e l  . 3  Those composit ions a re  normal ly  no t  cons is ten t  w i t h  
res is tance  t o  s e n s i t i z a t i o n  which can occur when chromium i s  depleted l o c a l l y  i n  t h e  ma t r i x  due t o  
nuc lea t i on  and growth of chromium-rich carbides (normal ly  near g r a i n  boundaries) by heat ing  a t  i n te rmed ia te  
temperatures (500-700°C). 
aqueous environments, sens i t i zed  s t a i n l e s s  s t e e l  can be q u i t e  suscep t i b l e  t o  i n t e r g r a n u l a r  s t r ess  co r ros i on  
cracking.  
The present  study was undertaken t o  assess t h e  s e n s i t i z a t i o n  behavior  of t h i s  new c l ass  of Fe-Mn-Cr s tee l s .  

S e n s i t i z a t i o n  can a l so  be caused by rad ia t i on - i nduced  segregation.4.5 I n  

P r i o r  work6 has shown t.hat such c rack ing  of high-Mn s t e e l s  can occur f o r  c e r t a i n  composit ions. 

Small i n g o t s  o f  several  Fe-Mn-Cr composit ions were melted f o r  t h i s  s e n s i t i z a t i o n  study.  The i r  composit ions 
a re  l i s t e d  i n  Table 1. Except f o r  10Mn-16Cr. a l l  a l l o y s  were w i t h i n  t h e  aus ten i t e  phase s t a b i l i t y  range 
determined f o r  t h i s  system.? 
S u s c e p t i b i l i t y  t o  s e n s i t i z a t i o n  and i n t e r g r a n u l a r  co r ros i on  were evaluated f o r  these a l l o y s  and standard 
types 304L. 304. and 316L s t a i n l e s s  s tee l s  us ing the  modif ied CuSO4 (S t rauss)  Test, as def ined per ASTM 
Standard P rac t i ce  A262E.' The t e s t  environment was a b o i l i n g  a c i d i f i e d  CuSO4 so lu t i on .  which acce le ra ted  
i n t e r g r a n u l a r  co r ros i on  of sens i t i zed  a u s t e n i t i c  s t a i n l e s s  s t e e l s .  Th is  co r ros i on  i s  normal ly  revealed by 
t h e  c rack ing  t h a t  occurs upon bending a f t e r  exposure.' The dimensions o f  t he  specimens used f o r  these 
exposures were 65 x 1 4  x 0.8 mm. For t h i s  specimen th ickness .  t h e  bending rad ius  (1 cm) was such t h a t  
s t r a i n  was approximately 4%.7 Selected Fe-Mn-Cr s tee l s  were th inned f o r  examination by a n a l y t i c a l  e l ec t ron  
microscopy (AEM).  
annealed (1150°C. 1 h i n  argon, water quenched) and "aged" (annea l ing  fo l lowed by 650OC. 2 h i n  vacuum, 
water quenched). Dur ing a t e s t ,  two specimens (one annealed and one aged) o f  t h e  same composi t ion were 
i n d i v i d u a l l y  wrapped i n  copper w i r e  and embedded i n  copper shot  (per  s tandard p r a c t i c e )  and then 
s imul taneously exposed i n  t he  same so lu t i on .  

The d e t a i l s  o f  t he  thermomechanical processing a re  descr ibed elsewhere.) 

The Fe-Hn-Cr a l l o y s  and standard s t a i n l e s s  s t e e l s  were exposed i n  two cond i t i ons :  

Table 1. Compositions of Fe-Mn-Cr s t e e l s  used for s e n s i t i z a t i o n  study 

s.k.el h m n t r a t i o n  kdV2 

Hu Lr c Q € k c  

20Mn-12Cr 20 12 
20Mn-12Cr-lW 20 12 
20Mn-12Cr-0.3Ti 20 12 
ZOMn-lZCr-lW- 20 12 

0.25 
0.25 1w 
0.25 0.3Ti 
0.25 1W. 0.3Ti 

0.3Ti 
20Hn-16Cr-4Ni 20 
10Hn-16Cr 10 

16 0.25 4Ni 
1 6  0.25 
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The CuSO4 exposures  we re  d i v i d e d  i n t o  two  s e q u e n t i a l  p a r t s .  I n  t h e  f i r s t  s e r i e s .  specimens were exposed 
f o r  48 h ( w h i c h  i s  t y p i c a l  f o r  t h e  s t a n d a r d  p r a c t i c e ’ ] .  
Fe-Mn-Cr c o m p o s i t i o n s  l i s t e d  i n  T a b l e  1 were examined. The aged Fe-Mn-Cr s t e e l s  were e x t e n s i v e l y  a t t a c k e d :  
t h e  specimens sagged unde r  t h e i r  own w e i g h t  and e a s i l y  c rumb led  when touched .  An example O f  t h i s  c o n d i t i o n  
i s  shown i n  F i g .  1. W i t h i n  1 h o f  t h e  s t a r t  o f  immers ion o f  a l l  t h e  Fe-Mn-Cr a l l o y s .  t h e  l i g h t  b l u e  CuS04 
s o l u t i o n  t u r n e d  a d a r k  g reen  i n d i c a t i v e  o f  t h e  p resence  o f  Cr6+ i n  t h e  l i q u i d .  
Fe-Mn-Cr a l l o y s  were  p l a t e d  w i t h  copper  due t o  t h e  l a r g e  g a l v a n i c  c u r r e n t  i n  t h e  s e n s i t i z e d  r e g i o n s .  I n  
c o n t r a s t ,  t h e  aged t y p e  304 s t a i n l e s s  s t e e l  became e m b r i t t l e d .  b u t  r e t a i n e d  i n t e g r i t y .  It wou ld  c r a c k  
[ i n t e r g r a n u l a r l y )  o n l y  when s t r e s s  [ a l b e i t  s m a l l 1  was a p p l i e d .  The aged t y p e  304L s t a i n l e s s  s t e e l  showed 
o n l y  a s m a l l  amount o f  c r a c k i n g  when a g r e a t e r  s t r e s s  was a p p l i e d  by  bend ing .  L i t t l e  change i n  t h e  c o l o r  
o f  t h e  s o l u t i o n  was n o t e d  f o r  t h e  t y p e s  304L and 304 s t a i n l e s s  s t e e l  t e s t s .  For e v e r y  c o m p o s i t i o n .  t h e  
pos t immers ion  i n t e g r i t y  of t h e  annea led specimens was n o t  a f f e c t e d  ( F i g .  1) .  

I n  an a t t e m p t  t o  o b t a i n  a g r e a t e r  d i f f e r e n t i a t i o n  between d i f f e r e n t  a l l o y  c o m p o s i t i o n s ,  t h e  immers ion t i m e  
i n  t h e  CuSOq s o l u t i o n  was reduced t o  8 h f o r  a second s e r i e s  of exposures  o f  most  o f  t h e  Fe-Mn-Cr a l l o y s  
and t y p e s  304. 304L. and 316L s t a i n l e s s  s t e e l .  Under t h i s  c o n d i t i o n .  a11 t h e  s t a n d a r d  a u s t e n i t i c  s t a i n l e s s  
s t e e l s  “passed” [no v i s i b l e  s i g n s  o f  c r a c k i n g  a f t e r  immers ion  and b e n d i n g ) .  w h i l e  t h e  aged Fe-Mn-Cr s t e e l s  
a l l  f a i l e d  i n  a s i m i l a r  manner t o  t h a t  d e s c r i b e d  above f o r  t h e  f i r s t  s e t  of e x p e r i m e n t s .  These r e s u l t s  a r e  
summarized by t h e  pho tog raphs  i n  F i g .  2.  As b e f o r e ,  none o f  t h e  annea led specimens e x h i b i t e d  any c r a c k i n g  
tendency  a f t e r  exposu re  t o  t h e  s o l u t i o n .  

Types 304 and 304L s t a i n l e s s  s t e e l  and a l l  O f  t h e  

A l l  aged specimens o f  t h e  

Fe-1 OMn-16Cr-0.25C 

Sensitized 

Exposed To Strauss Solution 

Solution Annealed 

F i g .  1. Fe-1OMn-16Cr s t e e l  a f t e r  i m r s i o n  i n  a c i d i f i e d  CuSO,, s o l u t i o n  f o r  48 h. 
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Fig. 2. Condition o f  Fe-Mn-Cr and Fe-Ni-Cr 
s tee ls  a f t e r  imnersion i n  ac id i f i ed  CUSOI, solut ion 
f o r  8 h .  

The Fe-Mn-Cr s t e e l s  designated as 20Mn-12Cr. 20Mn-12Cr-1W. ZOMn-12Cr-0.3Ti. and ZOMn-lZCr-lW-0.3Ti 
(Table 1) were examined by t ransmiss ion  e l e c t r o n  microscopy w i t h  associated energy d i s p e r s i v e  x - r a y  
ana lys is .  For 20Mn-12Cr. some g r a i n  boundary M23Cg carbides were found t o  e x i s t  even i n  t h e  annealed 
cond i t ion .  
g r a i n  boundaries (see Fig.  3 ) .  
observed f o r  20Mn-12Cr-0.3Ti and 20Mn-12Cr-lW-0.3Ti. However, l a r g e  MC carb ides were observed a t  t h e  g r a i n  
boundaries o f  ZOMn-12Cr-0.3Ti and ZOMn-12Cr-lW-0.3Ti i n  bo th  cond i t ions .  A f t e r  aging a t  650%. Mz3C6 
carb ides  were a l so  present  i n  these two a l l o y s  (see Fig.  4 ) .  X-ray analyses revealed s i g n i f i c a n t  dep le t i on  
o f  chromium around g r a i n  boundaries o f  aged m a t e r i a l  regard less  o f  t h e  composi t ion of these Fe-Mn-Cr 
s tee l s .  The concent ra t ions  of 
C r  and Hn &re p l o t t e d  as a func t ion  of d is tance  from a g r a i n  boundary a t  a reg ion  between carbides.  
E f fec t i ve  "widths" ( f u l l  w id th  a t  h a l f  maximum) of t h e  chromium-depleted zones were 20 t o  40 nm. As a l s o  
shown i n  Fig.  5. t h e  Hn concent ra t ion  was unchanged near t h e  boundary. (There was an enrichment i n  i r o n  
corresponding t o  t h e  dep le t i on  i n  chromium.) 
c o n d i t i o n  showed l i t t l e  tendency f o r  chromium ( o r  manganese) dep le t i on .  

Upon aging f o r  2 h a t  65OoC. an almost cont inuous cha in  of these carbides was observed a t  some 
Annealed Z O M n - l Z C r - l W  a l s o  had some g r a i n  boundary carbides,  b u t  none were 

F igure  5 shows composi t ion p r o f i l e s  f o r  ZOMn-12Cr and 20Mn-12Cr-lW-0.3Ti. 

S i m i l a r  analyses fo r  Fe-Mn-Cr s t e e l s  i n  t h e  annealed 
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Fig. 3. Transmission electron micrograph of 
Fe-ZOMn-1PCr steel after solution annealing and 
aging at 65O0C for 2 h. 
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Fig. 4. Transmission electron micrograph of 

(a) Tic. (b) M2&. 
Fe-20Mn-lPCr-lW-0.3Ti steel after solution annealing 
and aging at 65OoC for 2 h. 

OWL-OWG 89-18497 

14 
A0 -m 0 m 40 

Distance from GB (nm) 

Fig. 5. Concentrations of chromium and manganese as a functlon of distance from grain boundary. 
(a) Fe-EOMn-1PCr steel. (b )  Fe-ZOMn-lZCr-lW-0.3Ti steel. 
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The r e s u l t s  from t h e  CuSO4 chemical t e s t s  i n d i c a t e  t h a t  t he  Fe-Mn-Cr s t e e l s  o f  t h e  present  study a re  prone 
t o  s e n s i t i z a t i o n  and a re  s i g n i f i c a n t l y  more suscep t i b l e  than standard (300-ser ies )  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 .  This r e l a t i v e l y  poor s e n s i t i z a t i o n  res i s t ance  of t he  Fe-Mn-Cr s t e e l s  i s  n o t  unexpected because of 
t he  h i gh  carbon concent ra t ion  (and l o w  chromium con ten t )  necessary t o  s t a b i l i z e  t h e  a u s t e n i t i c  s t r u c t u r e  
when manganese i s  s u b s t i t u t e d  f o r  n i cke l . 3  and t h e  r e s u l t s  a re  i n  agreement w i t h  p rev ious  work on t he  
s e n s i t i z a t i o n ,  and r e s u l t i n g  s t r ess  cor ros ion  c rack ing ,  of Fe-Mn-Cr-(C.N) s tee ls .6  Using t he  chromium 
equivalence approach o f  Fullman8 (which was es tab l i shed  f o r  N i - s t a b i l i z e d  s t a i n l e s s  s t e e l s ) .  a l l  o f  t he  Fe- 
Mn-Cr s t e e l s  l i s t e d  i n  Table 1 are  p red ic ted  t o  be q u i t e  i n f e r i o r  t o  types 316L. 304. and 304L i n  t h e i r  
r es i s t ance  t o  i n t e r g r a n u l a r  cor ros ion .  Th is  i s  i n  agreement w i t h  t h e  8 h chemical immersion t e s t s  
descr ibed above. Upon appropr ia te  aging. t h e  h i gh  carbon a c t i v i t y  of t he  Fe-Mn-Cr s t e e l s  provides t h e  
d r i v i n g  force f o r  t h e  format ion o f  Mz~CF,. which dep le tes  t he  surrounding ma t r i x  o f  chromium t o  below t h e  
l e v e l  necessary f o r  e f f ec t i ve  cor ros ion  res i s t ance  (normal ly  about 12%). Th is  i s  c l e a r l y  shown from t h e  
r e s u l t s  o f  m ic roana lys is  near g r a i n  boundaries i n  t he  aged Fe-Mn-Cr s t e e l s  ( F i g .  5). The chromium 
concent ra t ion  i n  regions surrounding t he  g r a i n  boundaries (6 -7  w t  X )  i s  i n s u f f i c i e n t  t o  prevent  t he  
i n t e r g r a n u l a r  cor ros ion  observed a f t e r  exposure t o  t he  CuSOq so lu t i on .  While t h e  aging t reatment  o f  2 h a t  
650oC i s  q u i t e  severe. a l l  t h e  300-ser ies s t a i n l e s s  s t e e l s  heat t r e a t e d  under these cond i t i ons  passed t he  8 
h immersion t e s t s .  

An important  f i n d i n g  of t h i s  s tudy was t h a t  s i g n i f i c a n t  chromium-depleted zones d i d  e x i s t  around g ra i n  
boundaries i n  aged Fe-Mn-Cr s t e e l s  and t h a t  t he re  was an exce l l en t  c o r r e l a t i o n  between t h e i r  ex is tence  and 
negat ive  r e s u l t s  from the  immersion t es t s .  Chromium-depletion widths of on ly  20 t o  40 nm were s u f f i c i e n t  
t o  cause ex tens ive  i n t e r g r a n u l a r  cor ros ion  upon specimen exposure t o  t h e  CuSOq s o l u t i o n .  
observat ions suggest t h a t  t h e  w id th  of a chromium-depleted zone i s  n o t  t he  major f a c t o r  i n  t he  co r ros i on  
process s ince  these r e l a t i v e l y  narrow regions s t i l l  caused ca tas t roph i c  f a i l u r e .  
t h e  use o f  a r a the r  simple chemical procedure t o  de tec t  s e n s i t i z a t i o n  and t o  determine t h e  i n f l uence  o f  
composit ion on a Fe-Mn-Cr s t e e l ' s  res is tance  t o  t h i s  phenomenon. 

I n  general ,  improvement i n  S e n s i t i z a t i o n  res is tance  can be obta ined by reduc t ion  o f  a s t e e l ' s  carbon 
content  and an increase i n  i t s  chromium concent ra t ion .  However. i n  t he  present  case, such an a l l o y i n g  
approach would n o t  r e t a i n  a f u l l y  a u s t e n i t i c  s t r uc tu re .  Such phase s t a b i l i t y  i s  o f t en  des i r ab le .  r e l a t i v e  
t o  o ther .  more m i c r o s t r u c t u r a l l y  complex duplex s t e e l s .  for c o n t r o l  o f  r a d i a t i o n  e f fec ts .  A concomitant 
increase i n  a u s t e n i t e - s t a b i l i z i n g  elements such as n i c k e l  and lo r  n i t r ogen  would r e s u l t  i n  a Fe-Mn-Cr s tee l  
t h a t  does no t  meet shal low land b u r i a l  requirements. The a d d i t i o n  o f  elements such as T i  andlor  W t o  form 
MC a t  t h e  expense o f  M n C 6  was no t  s u f f i c i e n t  t o  avoid chromium dep le t i on  (see Fig.  5) a t  concent ra t ions  up 
t o  0.3 and 1 w t  X .  r espec t i ve l y .  Inc reas ing  t he  concent ra t ion  o f  these elements w i l l  lead t o  l o s s  o f  a 
f u l l y  a u s t e n i t i c  s t r u c t u r e  andlor  t he  fo rmat ion  o f  a b r i t t l e  i n t e r m e t a l l i c  phase. Therefore, unless 
gu ide l i nes  f o r  reduced a c t i v a t i o n  a u s t e n i t i c  s t e e l s  a re  rev ised.  i t  appears t h a t  oppo r tun i t i es  t o  inc rease 
t h e  s e n s i t i z a t i o n  res is tance  o f  these Fe-Mn-Cr s t e e l s  by a l l o y  design a re  q u i t e  l i m i t e d .  Th is  
s e n s i t i z a t i o n  s u s c e p t i b i l i t y  would probably then bar t h e  use o f  such s t e e l s  i n  aqueous and c e r t a i n  o ther  
( f o r  example. l i t h i u m  and hydrogen) environments. However. these s t e e l s  might  s t i l l  f i n d  a p p l i c a t i o n  w i t h  
Pb-17 a t .  X L i .  i n  which they e x h i b i t  cor ros ion  ra tes  s i m i l a r  t o  those measured f o r  standard aus ten t i c  
s t a i n l e s s  stee1s.9.10 

These 

The r e s u l t s  a l s o  v a l i d a t e  

CONCLUSIONS 

1. Resul ts  from chemical t e s t s  and a n a l y t i c a l  e l ec t ron  microscopy showed t h a t  reduced a c t i v a t i o n  
a u s t e n i t i c  Fe-Mn-Cr s tee l s  a re  very prone t o  thermal S e n s i t i z a t i o n  and r e s u l t i n g  i n t e r g r a n u l a r  
co r ros i on  because o f  t h e i r  h igh  carbon contents and l o w  chromium concent ra t ions .  Therefore.  t h e i r  
s u s c e p t i b i l i t y  t o  i n t e r g r a n u l a r  s t r ess  cor ros ion  c rack ing  a f t e r  appropr ia te  thermal aging, or poss ib l y  
i r r a d i a t i o n .  makes t h e i r  use i n  aqueous environments p rob lemat ica l .  

2. There was an exce l l en t  c o r r e l a t i o n  between i n te rg ranu la r  co r ros i on  induced by immersion i n  t h e  
a c i d i f i e d  CuSOq s o l u t i o n  and t he  presence o f  narrow chromium-depleted zones near g ra i n  boundaries. 

3. Due t o  t he  need t o  meet reduced a c t i v a t i o n  requirements, t he  o p p o r t u n i t i e s  t o  increase t he  aqueous 
co r ros i on  res is tance  o f  f u l l y  a u s t e n i t i c  Fe-Mn-Cr s tee l s  by a l l o y  design a re  l i m i t e d .  

FUTURE WORK 

The CuSO4 s o l u t i o n  t e s t s  w i l l  be cont inued w i t h  a wider range o f  composit ions t o  determine t he  cond i t i ons  
needed t o  e s t a b l i s h  s u s c e p t i b i l i t y  res is tance  comparable t o  t he  range e x h i b i t e d  by t he  300-ser ies  s t a i n l e s s  
s tee l s .  The consequences i n  terms of aus ten i t e  s t a b i l i t y  and a c t i v a t i o n  w i l l  then be evaluated. 



260 

REFERENCES 

. .  1. 0. G. Ooran and R .  L. K lueh,  HE B u l l e t  io. J u l y  1989 p.  45. 
2. R .  L. K lueh  and P .  J. Maziasz .  paper  t o  be p u b l i s h e d  i n  R e d u c e d i v a t i o n  W s  f o r  F u s i o n  

3. R. L. K lueh  and P .  J. Maziasz .  pape r  s u b m i t t e d  f o r  p u b l i c a t i o n  i n  M a t e r i a l s  S c i e l l C c m d  

4. S .  M. Bruemmer. C o r r o s i o n l 8 9  pape r  No. 561. N a t i o n a l  A s s o c i a t i o n  o f  C o r r o s i o n  Eng inee rs .  Houston.  

5. on Radlatlon-lnduced S e n s i t i z a t i o n  o f  Stai- 

m. ASTM STP-1047. P h i l a d e l p h i a .  

. Ed., 0.  I .  R .  N o r r i s .  . .  . .  . 1989. 

B e r k e l e v  N u c l e a r  L a b o r a t o r y .  C e n t r a l  E l e c t r i c i t y  G e n e r a t i n g  Board.  1986. 
6 .  
7. 
8. 
9. 

September 
10. 

33 (1984 )  266. K.  F u j i w a r a  e t  a l . .  U 

R .  L. Fu l lman .  30 (1982 )  1407. 
P. F. T o r t o r e l l i .  pp.  292-295 i n  F v s i o n e M a t e r i a l s  S.emiMnua1 Proa. R e a .  
30. 1988. OOE/ER-0313/5. A p r i l  1989. 

V .  Coen. J o i n t  Research Cen t re ,  I s D r a .  t o  P. F. T o r t o r e l l i .  Oak R idge  N a t i o n a l  Labor 

. .  
k o f  ASTM Standards. P a r t  10. ASTM. P h i l a d e l p h i a ,  1980. 

‘ a t o r y ,  
p r i v a t e  communi &ti on, September 1989. 



1 .  SOLID BREEDING MRTERIALS 

261 





263 

IRRADIATION PERFORMANCE OF L i  0 AND LiA102 UNO R LARGE TEMPERATURE GRADIENTS - 0. 0. Slagle and 
G. W. Hollenberg, P a c i f i c  Northwest Laboratoryfa) 

OBJECTIVE 

The purpose of t h i s  work i s  t o  evaluate the performance o f  candidate ceramic breeding mater ia ls  for  use i n  a 
fusion blanket. This evaluat ion i s  s p e c i f i c a l l y  aimed a t  character iz ing the behavior o f  the mater ia ls  i n  a 
neutron f l u x .  

SUMMARY 

The FUBR-16 i r r a d i a t i o n  experiment i n  EBR-I1 included several l a rge  diameter L i  0 and LiA102 specimens t o  
simulate the thermal gradients expected i n  a fusion blanket. These large diamefer specimens had center 
temperatures of 1OOO'C and 1130% i n  the L i  0 and LiA102 pe l l e t s ,  respect ively.  Af ter  i r r a d i a t i o n ,  the L i z0  
specimens were reasonably i n t a c t  but the L i h O z  specimens had broken i n t o  small fragments. The la rges t  
diameter L i z0  p e l l e t s  (2.4 cm) had increased i n  diameter dur ing i r r a d i a t i o n  and had acconodated the center 
thermal expansion by forming a network o f  r a d i a l  cracks. However, the 1.7-cm diameter p e l l e t s  had decreased 
i n  diameter and had acconmodated the center thermal expansion by a x i a l l y  extruding the cent ra l  po r t i on  o f  
the p e l l e t .  The high temperatures associated w i t h  the p e l l e t  centers were a lso found t o  res I t  i n  consider- 

enriched p e l l e t s  t o  the depleted insu la to r  p e l l e t s .  
able mater ia l  t ranspor t  as evidenced by the decrease i n  center densi ty and the migrat ion o f  " L i  from the 

PROGRESS AND STATUS 

In t roduct ion 

The FUBR-16 high f luence i r r a d i a t i o n  experiment on s o l i d  breeder mater ia ls has completed the f i r s t  per iod o f  
i r r a d i a t i o n  i n  the EBR-I1 reactor.  
d idate  mater ia ls  f o r  use as a breeder blanket.? I n  t h i s  ro le ,  ceramics w i l l  serve both as a source of tri- 
t ium and as means f o r  ex t rac t i ng  heat from the reactor.  
dur ing operation involves the release o f  t r i t i u m  and helium, the change i n  chemical proper t ies  t h a t  affect 
the generation or  release of t r i t ium/hel ium, and the physical and chemical s t a b i l i t y  of the ceramic breeder 
i t s e l f .  

One o f  the primary object ives of the FUBR-1B experiment was t o  character ize the behavior o f  l a rge  diameter 
p e l l e t s  i t h  t h e i r  inherent ly  la rge temperature gradients.  The low cross-sect ion o f  f a s t  reactor  neutrons 

in te rna l  heat generation and la rge  temperature d i f fe rences between the center and edge. These temperature 
d i f fe rences g ive r i s e  t o  thermal stresses/cracking and can r e s u l t  i n  a r a d i a l  v a r i a t i o n  i n  t r i t i u m  reten-  
t i o n .  The high temperatures a t  the center also provide a s imulat ion of an operating blanket and can be 
used t o  set the maximum operating temperature l i m i t s .  I n  pa r t i cu la r ,  the vapor phase t ranspor t  o f  l i t h i u m  
by the vapor izat ion f LiOH from areas o f  high temperature and the subsequent redeposi t ion a t  low tempera- 
tures were 

Observations and measurements made on the large diameter specimens a f te r  the f i r s t  per iod o f  i r r a d i a t i o n  i n  
the FUBR-I6 experiment w i l l  be presented. 
a f t e r  341.5 E f fec t i ve  F u l l  Power Days of I r r a d i a t i o n .  

4 at%.! Selected t e s t  p ins were removed/replaced and the experiment re inser ted i n  May 1987. Two o f  the 
pins removed from the subassembly contained large diameter pe l l e t s :  
L i  A1 02. 

Pin Design 

The subassemblies, p ins and subcapsules used i n  the i r r a d i a t i o n  o f  the la rge  diameter specimens are 
described i n  Figure 1. The S1  subassembly consisted of three pins,  each of which contains two specimen 
columns o f  ceramic breeder mater ia l .  
subcapsules whi le  the other one had two specimen columns of LiAlOZ. 

The general design of each subcapsule i s  de ta i l ed  i n  Figure 1. 
enriched ceramic breeder pe l l e t s .  

The purpos o f  the experiment was t o  evaluate the performance o f  can- 

The i r r a d i a t i o n  behavior o f  a ceramic breeder 

f o r  the t .  L i  react ion resu l t s  i n  an almost homogeneous heating throughout the specimens. This leads t o  high 

The experiment was removed from the reactor  i n  December 1986 
Based on data from p evious experiments i n  t h i s  

p o s i t i  n of the E B R - I 1  core, the specimens are expected t o  have incurred a i .  11 burnup o f  approximately 

one p i n  contained L i z0  and the other 

One of the pins had two specimen columns o f  L i z0  i n  separate 

Each specimen column consisted o f  two 
On e i t h e r  end o f  these specimens was an insu la to r  p e l l e t  o f  the same 

(a) Operated f o r  the U.S. Department o f  Energy by B a t t e l l e  Memorial I n s t i t u t e  under Contract 
DE-AC06-76RLO 1830. 
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Figure 1. 

material as the specimen but depleted (2 at%) in %i. 
subcapsule by means of a plenum spacer tube and a spring. 
tritium released during irradiation. 
is used to reduce any tritiated water to elemental tritium so that it can diffuse out of the stainless steel 
capsule. 
the tritium will be continually removed to sustain the reactor. 

The top subcapsules have the larger inner diameter of 2.4 cm while the bottom subcapsules have an inner 
diameter of 1.7 cm. 
enriched LiAlOZ. 
on either end. 
assembly. 

The neutronic flux, spectra and the resulting heating rates in the lithium ceramics for this posit’on in 
EBR-I1 have been established from the results of a previous experiment in this location: 
Figure 2 is a plot of predicted temperatures for the top and bottom (large and small diameter) subcapsules 
of Liz0 and LiA102. For Li20, the edge-center temperatures are 524 to 996°C and 451 to 662’C for the 2.4- 
and 1.7-cm diameter specimens, respectively. 
533 to 775% for the 2.4- and 1.7-cm diameter specimens, respectively. 

Schematic drawing of the 51 subassemblies, pin and subcapsules. 

The specimen was held firmly in one end of the 
The plenum volume accommodated the helium and 

A cerium getter tab, originally designed for the FUBR-1A e ~ p e r i m e n t , ~  

A build up of tritium in the capsule would not simulate the conditions in a fusion blanket where 

The S1 subcapsules contain 56 at% enriched Liz0 while the S2 subcapsules contain 95 at% 
The specimen length consists of two 2.5-cm long pellets and two 0.6-cm insulator pellets 

The plenum volumes (98 and 289 cm3) were filled with one atmosphere of helium at the time of 

2 FUBR-1A. 

For LiA102, the edge-center temperatures are 600 to 1127% and 
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Figure 2. Radial dependence o f  the predicted temperatures f o r  the  la rge  diameter specimens. 

Post- I r rad ia t ion Exanina t i o n s  - I n t a c t  P i a  

Upon removal from the reactor,  th ree measurements were made on each of the pins.  Neutron radiography 
suggests t h a t  the LiAlOZ specimens f rac tured dur ing i r rad ia t i on ,  whi le  the ax ia l  prof i lometry r e s u l t s  
i nd i ca te  t h a t  no diametral cladding s t r a i n  occurred. The plenum gas analysis confirms the effectiveness o f  
the cerium ge t te rs  because on ly  an i n s i g n i f i c a n t  amount o f  the generated t r i t i u m  was present i n  the plenum. 

i h e  neutron radiographs f o r  the SI and S2 pins are shown i n  Figure 3. The samples appear darkest where the 

p e l l e t  and the insu la to r  i s  not  sharp but d i f fuse.  
i n t o  the insu la to r  p e l l e t .  The e f f e c t  i s  most pronounced f o r  the l a r g e  diameter LizO. The la rge  diameter 
LiA102 shows some darkening of the insu la tor ,  but  it i s  apparent t h a t  the migrat ion of 6L i  has been much 
more extensive f o r  the L i z0  pe l l e t s .  

The other observation t h a t  can be made on the radiographs i s  the occurrence o f  pe l le t- c ladd ing gaps and 
possible cracking i n  the pe l l e t s .  For LizO, t he re  i s  no dis t ingu ishable  gap f o r  t he  l a r g e  diameter p e l l e t s ;  
but  f o r  the small p e l l e t s  there i s .  Measurement of the lengths and diameters on the  radiographs and 
comparison w i t h  the p re i r rad ia ted  dimensions ind icates t h a t  the la rge  diameter L i z0  p e l l e t  column, S I - 1 ,  has 
increased i n  length  and diameter whi le  the small diameter L i  0, S1-6, samples have decreased. This w i l l  be 
discussed l a t e r  w i t h  dimensional measurements. For LiAlOZ, !he i r r e g u l a r  pe l le t- c ladd ing gap together w i t h  
the in te rna l  crack patterns suggests tha t  the p e l l e t s  have been severely cracked from the thermal stresses 
making the swel l ing  imneasurable. 

The a x i a l  pro f i lometry  on the outside diameter o f  the c ladding gave no ind ica t ion  o f  any diametral cladding 
s t ra in .  Since it appears t h a t  the la rge  diameter L ie0 p e l l e t  has swelled t o  the cladding dur ing operation, 
any stresses must have been d iss ipated by d i l a ta t i ona l /dev ia to r i c  creep o r  cracking of the Li20. The 
apparent cracking o f  the LiA102 was probably not  due t o  p e l l e t - c l a d  stresses but  ra the r  due t o  i n t e r n a l  
thermal stresses r e s u l t i n g  from the thermal gradients. 

The p ins  were l a s e r  punctured a t  the  spr ing end and the  gas I n  the plenum analyzed f o r  hellurn and t r i t ium. 
The t o t a l  helium i n  the  plenum p lus  the  amount re ta ined i n  the specimens w i l l  be used i n  a f u t u r e  analysis 
t o  ca lcu la te  t o t a l  burnup. 
pred ic ted t o  be generated provides an ind ica t ion  on the effectiveness of the getters.  The purpose o f  the  
ge t te rs  i s  t o  reduce the t r i t i a t e d  water t o  t r i t i u m  and therefore  permit the d i f f u s i o n  o f  t r i t i u m  out o f  t he  
capsule. Table 1 compares the t r i t i u m  found i n  the plenum versus the predicted amount generated. It can be 
seen t h a t  subs tan t ia l l y  more t r i t i u m  was produced than was found i n  the plenum. 
effectiveness o f  the cerium get ters .  

L i  concentration i s  the highest. Note t h a t  f o r  a l l  t he  subcapsules the in te r face  between the  enriched 
It appears t h a t  the  6L i  has diffused o r  been transported 

Comparison o f  the amount o f  tritium i n  the plenum versus the t o t a l  amount 

This a t t e s t s  t o  the 
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Figure 3. Neutron radiographs o f  the  Liz0 and LiA102 subcapsules a f te r  i r rad ia t ion .  

Table 1. Comparison of T r i t i um i n  the  Plenum Versus the  Total Amount Generated 

Predicted 
Plenum T r i  ti um 
T r i  ti um Production 

Subcapsule Mater ia l  (nCi) ( C i )  

S I - T  L i z0  22 1240 
S I - B  Liz0 130 640 

S2-T L i A l O Z  65 580 
S2-B LiA102 92 290 
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Post I r r a d i a t i o n t i o n  - So l i d  Breeder P e l l e t s  

The specimens were removed from the p ins  a t  the HFEF-South f a c i l i t y  a t  Argonne National Laboratory - West. 
The disassembly was ca r r i ed  out i n  an argon atmosphere t o  reduce hydrat ion o f  the  specimens. The 1.7-cm 
diameter L i  0 specimen were e a s i l y  removed from the cladding. The 2.4-cm diameter specimens were wedged 
t i g h t l y  i n  fhe cladding, and i t  was necessary t o  s l i t  the cladding t o  remove the specimens. Both o f  the 
Liz0 specimens were re t r i eved  in tac t .  
capsules i n  fragments. 

The specimens were shipped t o  the  P a c i f i c  Northwest Laboratory (PNL) f o r  f u r t h e r  pos t - i r rad ia t i on  
examination. A l l  examination was ca r r i ed  out i n  an i n e r t  atmosphere glovebox t h a t  was modified for  working 
w i t h  a t r i t i u m  contaminated atmosphere. 

The physical  cond i t ion o f  the  p e l l e t s  was recorded through a ser ies  o f  photographs. As ind icated on the 
radiographs, both o f  the LiA102 samples were severely cracked. This cracking was so extensive t h a t  i t  was 
d i f f i c u l t  t o  i d e n t i f y  the in te r face  between the two enriched pe l l e t s .  Figure 4 shows the p i l e s  o f  p e l l e t  
fragments t h a t  were removed from the 2.4- and 1.7-cm diameter LiA102 capsules, respect ively.  The fragments 
are very i r r e g u l a r  i n  shape, and the crack pat tern  i s  not i n  the form of e i t h e r  r a d i a l  o r  c i rcumferent ia l  
cracks. The shapes o f  the p a r t i c l e s  gives the appearance o f  a ser ies of b r i t t l e  f ractures w i t h  
convex/concave p a r t i c l e  surfaces o f  both the S2-T and S2-B samples. 
t h i s  spot t ing seems t o  be associated w i t h  the center o f  the p e l l e t  whereas i n  the small diameter, S2-B, 
pel le ts ,  the occurrence i s  not as isolated. The phase(s) responsible for  t h i s  co lo ra t i on  have not y e t  been 
i d e n t i f i e d .  The insu la to r  p e l l e t s  were less  severely f rac tured than the enriched pe l l e t s .  

The sample columns from the L i z0  subcapsules came out reasonably i n tac t .  Figure 5(a) shows the  1.7-cm 
diameter p e l l e t  stack. The top insu la to r  was attached t o  the  specimen p e l l e t .  This i s  the  insu la to r  t h a t  
was next t o  the center bulkhead as described i n  Figure 1. The two enriched p e l l e t s  a lso fused together 
dur ing the t e s t  as i s  evidenced by the f a c t  t h a t  p a r t  o f  the top p e l l e t  has become attached t o  bottom 
p e l l e t .  

An enlargement o f  the bottom p e l l e t  from the 1.7-cm diameter stack i n  Figure 5(b) ind icates t h a t  the end, 
adjacent t o  the insu la to r  pe l l e t ,  had extruded outward r e s u l t i n g  i n  a convex surface. The r e l a t i v e  amount 
o f  defnrmation was determined t o  be 5.7% o f  the length  o f  the p e l l e t .  

However, the 1.7- and 2.4-cn diameter LiA102 samples came out of the 

I n  the la rge r  diameter pe l le ts ,  S2-T, 

Figure 4. As- Irradiated condi t ion o f  the LiA102 2.4-cm diameter p e l l e t  (S2-T-1) and the 1.7-cm diameter 
p e l l e t  (S2-6-1). 



Figure 5. As- irradiated condit ion o f  the 1.7-cm diameter L iz0 p e l l e t  column. 

The 2.4-cm diameter L i  0, SI-T, pe l l e t s  also came out i n t ac t  as shown i n  Figure 6. 
show the end o f  the p e h e t  a t  the column center between the two enriched pe l le ts .  There are three important 
observations t o  be noted: 
microstructural  changes associated w i th  the rad ia l  temperature d is t r ibu t ion ,  and 3) there i s  a ser ies o f  
rad ia l  cracks extending from the center t o  the edge. 

The center void i s  seen more c l ea r l y  i n  Figure 6(d). 
o f  the pe l l e t ,  
was very easy t o  grind. This suggests t ha t  the density has been reduced s ign i f icant ly .  

The darker inner r i n g  which extends from the center void t o  60% o f  the radius o r  0.7 cm appears t o  be lower 
densi ty mater ial  than the r e s t  o f  the sample. Beyond t h i s  region, the mater ial  becomes nearly white. A t  
75% of the radius o r  0.9 cm there i s  a t h i n  gray band. Between 92% o f  the radius and the edge (1.1 t o  
1.2 cm), the sample becomes a dark gray. On the cooler insu la tor  end o f  the pe l le t ,  Figure 6(b), t h i s  dark 
gray region extends from approximately 66% o f  the radius t o  the edge (0.8 t o  1.2 cm). 
the predicted thermal p r o f i l e  i n  Figure 2, the d i f f e ren t  regions can be associated w i th  a spec i f i c  
temperature range. The inner gray area would be f o r  temperatures from 850 t o  1OOO'C whi le the outermost 
dark band i s  for temperatures less than 600%. 

Figures 6(a) and 6(c) 

1) there i s  a center void, 2) a ser ies o f  d i f ferent  co lo r  r ings ind icate the 

It appears t o  be approximately 4% o f  the t o t a l  radius 
It was also noted tha t  the material adjacent t o  the center void could be eas i l y  broken and 

By cor re la t ion  w i th  
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Figure 6. As irradiated condition of the 2.4-cm diameter Liz0 enriched pellet. The included scale i s  in 
inches. 

On the insulator end of the pellet in Figure 6(b), there is a conical depression in the center. The 
material from this depression was bonded to the center section of the insulator pellet. This section o f  the 
insulator pel et together with the attached section of enriched pellet provides a good specimen to study the 
transport of Li. 

Rjmwional Measurements 

The relatively intact configuration af the Li20, S1, pellets permitted dimensional measurements. The 
measured results are listed in Table 2 and compared with the dimensional changes deduced from the neutron 
radiographs. Although the measured values are less than the values deduced from the radiographs, they are 
the same relative order. That is, the largest change in dimension was the length of the 2.4-em diameter, 
SI-T, pellets followed by the diameter of the same SI-T pellets. The dimensional changes of the 1.7-cm 
diameter, S1-B, pellets were less and, in fact, negative. 
length measurement was obtained. The reason for the -1.8% change in length from the radiographs is khat 
this reading was taken near the pellet edge where the interface was not blurred by the migration of Li into 
the insulator. This length from the radiographs is the length of the outer section o f  this pellet without 
the doming or extrusion of the center material. 

Because of the condition of the S1-B pellets, no 
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Table 2. 
D i r e c t l v  and from the Radioaraahs 

Comparison o f  Length Changes f o r  the L i z0  Pe l le t s  Measured 

f 

Measured Radiographs 
Subcapsule Dimension (%) (%) 

S I - T  Length 2.9 3.2 
(2.4 cm) Diameter 0.3 1.4 

S1-8 Length _ _  -1.8 
(1.7 cm) Diameter -2.8 -1.4 

Transoort o f  6L i  

The neutron radiographs i n  Figure 3 i nd i ca te  t h a t  there has been a ransport  of 6Li  from the  enriched s o l i d  

and LiAlOz, the most extensive t ranspor t  occurred i n  the 2.4-cm diameter L iz0 pe l l e t s ,  S I - T .  A sect ion of  
the insu la to r  pe l l e t ,  from one end of SI-T [Figure 6(b)] provides the idea l  conf igurat ion f o r  measuring the 
concentration gradient o f  6Li  from the enriched p e l l e t  through the insu la to r  p e l l e t .  Figure 7(a) shows the  
sect ion o f  the S1-T i nsu la to r  p e l l e t  t h a t  i s  bonded t o  a center sect ion o f  the enriched p e l l e t .  
i s  a diagram o f  how t h i s  p a r t i c u l a r  sample was sectioned t o  obtain the ax ia l  dependence o f  the 6L i  concen- 
t r a t i o n .  Sample $1 provides the v a r i a t i o n  i n  6L i  along the cen te r l i ne  from a po in t  i n  the enriched p e l l e t  
t o  the top surface o f  the insu la tor .  However, i t  i s  t o  be noted t h a t  sample $1, taken from the center o f  
the insu la tor ,  does not  cross the da rk- l i gh t  boundary associated w i t h  600'C isotherm, Figure 6(c). This i s  
because the center o f  the insu la to r  coincided w i th  the hole i n  the plenum spacer tube (Figure 1) and there-  
fo re  there was an inadequate heat s ink  t o  achieve a temperature low enough t o  create the d a r k - l i g h t  
boundary. 

I n  order t o  fo l low the 6L i  gradient across the d a r k - l i g h t  boundary associated w i t h  600% isotherm, a second 
sample X2 was cut.  One end of t h i s  sample i s  near the 
i n s u l a t o r - p e l l e t  i n te r face  adjacent t o  the f i r s t  sample, whi le  the other end i s  near the coldest corner of 
the insu la to r .  I n  sect ioning the sample, an attempt was made t o  i n te rsec t  the d a r k - l i g h t  boundary a t  r i g h t  
angles . 
pecimens f o r  6L i  determination were obtained by successively sanding from the high 6Li  area toward the low 

8L i  reg ion o f  the samples. The pos i t i on  of the samples was determined by measuring the sample length  a f ter  
each sanding. For the sample $1, a thickness o f  l ess  than 0.02 cm was removed for  each sampling and a t o t a l  
o f  45 specimens were taken over the sample length  of 0.9 cm. 
increased and 18 specimens were taken from the sample length o f  approximately 0.5 cm. A c ean sect ion of 

spectroscopy. 

Figure 8 shows the concentration of 6Li  measured along the length  o f  the sample X1. The i n i t i a l  6L i  enr ich-  
ments f o r  the enriched p e l l e t  and the insu la to r  were 56 and 2 at%, respect ively.  The p o s i t i  n o f  the i n t e r -  

occurred w i t h i n  the enriched p e l l e t  adjacent t o  the interface. 
extensive and even a t  the top (co ld  end) o f  the insu la to r  the enrichment was 9.3 at%, considerably above the 

6Li  t h a t  would i nd i ca te  a region o f  p re fe ren t ia l  deposi t ion o f  6Li .  

Figure 9 shows the concentration o f  6Li along the length  o f  sample $2. gS i n  the center section, there are 
no anomalous increases t h a t  would i n d i c  t e  a pre ferent ia l  deposi t ion o f  L i  enriched mater ia l .  A t  the end 

subs tan t ia l l y  above the i n i t i a l  2 at%. The pos i t i on  of the gray-black t o  whi te i n te r face  was determined by 
the change i n  appearance o f  the sample whi le  sanding. 

There i s  a que t i o n  as t o  whether 6Li  being l j g h t e r  and more mobile than 7L i  would be transported f a s t e r  
than 7Li .  If 8Li i s  t ransported f a s t e r  than L i ,  then the move ent of mater ia l  away from the center o f  the 

the edge. The 6Li enrichment a t  the center was determined t o  be 56.2 t/-0.4 at% whi le  a t  the edge t h i s  was 
56.7 t/-0.4 at%. This d i f fe rence i s  not considered s ign i f icant .  

breeder p e l l e t s  i n t o  the insu la to r  pe l l e t s .  Although t ranspor t  of g '  L i  has apparently occurred i n  both L i  0 

Figure 7(b) 

The pos i t i on  o f  sample #2 i s  shown i n  Figure 7(b). 

For sample #2, the sampling i n t e r v a l  was 

gr ind ing paper was used f o r  each sampling. Selected specimens were then analyzed for  at% b '  L i  by mass 

face was e a s i l y  determined from the thickness o f  the insu la to r .  A considerable drop i n  the ! L i  l e v e l  
6Li  t ranspor t  i n t o  the insu la to r  was q u i t e  

n i t i a l  2 at% leve l .  It i s  important t o  note tha t  the curve i s  smooth wi thout any anomalous increases i n  

fu r thes t  from the enriched pe l l e t ,  the 8 .  L i  concentration dropped t o  as low as 5.1 at%, which i s  s t i l l  

2.4-cm diameter L iz0 p e l l e t  could r e s u l t  i n  a reduct ion of the 'g L i  concentration a t  the center r e l a t i v e  t o  
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Figure 8. Var ia t ion of 6 L i  enrichment i n  Sample X1 across the  in te r face  o f  the  enriched and insulator  
p e l l e t  o f  the  2.4-cm diameter Liz0 sample column. 
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Figure 9. 
sample column . 

Variation of 6Li enrichment in Sample #2 taken from the insulator of the 2.441 diameter Liz0 

Discussion 

Dimensional Stabilitv 

The behavior of large diameter Liz0 and LiA102 under thermal gradients is substantially different. 
brittle nature of LiA102 resulted in thermal stresses sufficient to cause failure in both the 2.4- and 
1.7-cm diameter pellets. 
2.4-cm pellets. 
gradients in the 1.7-cm pellet. Because this threshold stress would be dependent on both the strength and 
the ability of the LiA102 to creep, its dependence on temperature is not obvious. 
approximation, it can be assumed that the threshold for a thermal gradient to cause thermal cracking will be 
less than the maximum thermal gradient in the small diameter pellet. This maximum thermal gradient occurs 
at the surface and is approximately 600’C/cm. 

The difference in the behavior of the 2.4- and 1.7-diameter Liz0 must be associated with the amount of 
stress developed on the outer cooler part of the pellets due to the thermal expansion and swelling of the 
hotter interior. 
cause sufficient thermal expansion to cause cracking. Instead the restraint imposed by the intact outer 
diameter caused an axial extrusion of the material in the center of the pellet as seen in Figure 5(b). 

The other observation made on the 1.7-cm diameter Liz0 pellet is that the dimension has decreased during 
irradiation. One possible explanation is related to the axial extrusion. The axial redistribution o f  
material during irradiation means that, during cool down after irradiation, the center of the pellet would 
be in tension because of the loss of material. Conversely, the outer pellet surface would be in 
compression. 
cooling to give a smaller final diameter and also to become shorter. 

The behavior of the 2.4-cm diameter pellets during irradiation appears to be related to the radial cracks 
that can be seen in Figure 6 ( c ) .  
distance and, because o f  the existence of these cracks, it is surprising that the samples have remained 
intact throughout the disassembly and shipping. 
the operating temperature in response to the thermal expansion of the hotter interior material. 
Circumferential cracks often associated with these type stresses may not have formed because of the ability 
of Liz0 to plastically deform and relieve the associated shear stresses. 
associated with the thermal expansion and swelling may have been sufficient to cause the cracking. 

The hard 

The thermal gradients in the 1.7-cm diameter pellet are smaller than those in the 
Therefore, any thermal gradient threshold for thermal cracking must be less than the 

However, as a first 

In the case of the 1.7-cm pellet, the lower center temperatures (660’C) did not appear t o  

It could be surmised that the plastic nature o f  the Liz0 permitted it to deform inward during 

These cracks were not apparent when the sample was casually viewed from a 

It is reasonable to assume that these cracks have formed at 

However, the dilatational forces 
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TransDort  o f  6~ 

There a re  t h r e e  d i f f e r e n t  g r a d i e n t s  p reseg t  a t  t h e  i n t e r f a c e  between t h e  enr i ched  p e l l e t  and t h e  i n s u l a t o r  
t h a t  c o u l d  have induced t h e  t r a n s p o r t  of L i  f rom t h e  e n r i c h e d  p e l l e t  i n t o  t h e  i n s u l a t o r .  
c e n t r a t i o n  g r a d i e n t  i n  6 L i ,  a temperature g r a d i e n t ,  and a p a r t i a l  p ressure  g r a d i e n t  o f  T 0 f rom t h e  
enr i ched  t o  t h e  d e p l e t e d  p e l l e t .  I n  e f f e c t ,  t h e  l a s t  two d r i v i n g  forces a c t  t o g e t h e r .  f h e  h i g h e r  p a r t i a l  
p ressure  o f  T20 i n  t h e  h i g h e r  temperature r e g i o n s  o f  t h e  enr i ched  p e l l e t  i n t e r a c t s  w i t h  t h e  L i z 0  t o  form 
LiOT which c o u l d  be t r a n s p o r t e d  d wn t h e  temperature-pressure g r a d i e n t  u n t i l  L i z 0  i s  depos i ted  i n  t h e  
i n s u l a t o r  a t  l ower  temperature.2-1 

The r e s u l t s  i t  F igures  8 and 9 do n o t  g i v e  any i n d i c a t i o n  t h a t  vapor phase t r a n s p o r t  i s  i n v o l v e d  i n  t h e  
m i g r a t i o n  o f  L i  f rom t h e  e n r i c h e d  p e l l e t  t o  t h e  i n s u l a t o r .  I f  vapor phase t r a n s p o r t  was an impor tan t  
c o n t r i b u t o r  t o  t h e  t r a n s p o r t ,  a r e g i o n  o f  p r e f e r e n t i a l  d e p o s i t i o n  o f  e n r i c h e d  L i t 0  i s  expected. 
d e p o s i t i o n  would occur  a t  t h e  temperatures where t h e  LiOT i s  depos i ted  as L i20 .  
as a f u n c t i o n  o f  d i s tance ,  moving f rom t h e  enr i ched  p e l l e t  th rgugh  t h e  i n s u l a t o r  p e l l e t  i s  a smooth 
decrease, as expected f o r  a d i f f u s i o n  mechanism. The d rop  i n  L i  c o n c e n t r a t i o n  i n  t h e  enr i ched  p e l l e t  i s  
a l s o  d i f f i c u l t  t o  e x p l a i n  w i t h  va o r  phase t r a n s p o r t  and i s  p robab ly  b e s t  e x p l a i n e d  by a d i f f u s i o n  mechanism 

These a r e  a con- 

T h i s  
The c o n c e n t r a t i o n  of 6 L i ,  

where t h e  lower  c o n c e n t r a t i  n of 9 . '  L i  i n  t h e  enr i ched  p e l l e t  r e l a t i v e  t o  t h e  i n s u l a t o r  would be t h e  d r i v i n g  
f o r c e  f o r  t h e  d i f f u s i o n  o f  5 '  L i  back i n t o  t h e  e n r i c h e d  p e l l e t .  

2.2 a t %  o f  t h e  56 a t %  e n r i c h e d  k .  L i  m a t e r i a l  o u t  o f  t h e  enr i ched  p e l l e t  i n t o  t h e  i n s u l a t o r .  

was measured. Thus, i t  i s  t o  be concluded t h a t  t h e  dominant mecha ism f o r  t h e  t r a n s p o r t  of t h e  8 '  L i  from t h e  

The maximum 6 L i  enr ichment  t h a t  c o u l d  occur  i n  t h e  i n s u l a t o r  due t o  vapor phase t r a n s p o r t  o f  LiOT can be 
c a l c u l a t e d  f rom t h e  amount o f  t r i t i u m  a v a i l a b l e .  
enr ichment  would be reduced by 

r e p r e s e n t  21% o f  t h e  we igh t  o f  t h e  e n r i c h e d  p e l l e t s .  
from e n r i c h e d  p e l l e t  t o  t h e  i n s u l a t o r  would r e s u l t  i n  a t o t a l  enr ichment  i n  t h e  i n s u l a t o r s  o f  l e s s  than  8 
a t %  6 L i  enr ichment .  

en r i ched  p e l l e t  t o  t h e  i n s u l a t o r  i s  t h e  s t e a d y - s t a t e  d i f f u s i o n  o f  gL i  d r i v e n  by c o n c e n t r a t i o n  g r a d i e n t .  

As shown i n  F i g u r e  6, t h e  2.4-cm d iamete r  p e l l e t  s t a c k  was found t o  have a c e n t e r  v o i d .  
mass movement of m a t e r i a l  r a d i a l l y  away f rom t h e  c e n t e r  toward t h e  edge. 
t h e  t r a n s p o r t  o f  p o r o s i t y  t o  t h e  c e n t e r .  One p o s s i b l e  d r i v i n g  f o r c e  i s  t h e  thermal  g r a d i e n t  which f o r  these  
p e l l e t s  was 400'C/cm. T h i s  c e n t e r  v o i d  i s  v e r y  s i m i l a r  t o  t h a t  seen i n  t h e  c e n t e r  of n u c l e a r  fue l  elements. 
I n  t h e  case of t h e  fue l  elements, t h e  c e n t e r  v o i d  i s  a t t r i b u t e d  t 
s teep  temperature g r a d i e n t  toward t h e  c e n t e r  of t h e  fue l  element.? Pore m i g r a t i o n  i s  a t t r i b u t e d  t o  t h e  
t r a n s p o r t  of m a t r i x  m a t e r i a l  from t h e  h o t  s i d e  o f  t h e  pore t o  t h e  c o l d  s i d e .  
phase t r a n s p o r t  o r  by sur face d i f f u s i o n .  
be caused by s i n t e r i n g  w i t h  t h e  assoc ia ted  d e n s i f i c a t i o n .  
co lder ,  t h e y  remain i n  p l a c e  and s i n t e r i n g  o f  t h e  inner ,  h o t t e r  m a t e r i a l  p u l l s  it toward t h e  sur face as 
d e n s i f i c a t i o n  occurs.  

The p r e d i c t e d  burnup i s  4% so t h a t  t h e  i n i t i a l  56 at% 6 L i  
2 at% o v e r a l l .  T h i s  amount o f  t r i t i u m  would be a v a i l a b l e  t o  t r a n s p o r t  

l '  he i n s u l a t o r s  
Adding 2.2 a t %  o f  t h e  56 a t %  e n r i c h e d  L i  m a t e r i a l  

T h i s  i s  t h e  maximum t h a t  c o u l d  occur  and i s  c l e a r l y  much l e s s  than  t h e  e n r i  hment t h a t  

T h i s  r e s u l t s  from 
Conversely, t h i s  can r e s u l t  from 

pore  m i g r a t i o n  under t h e  i n f l u e n c e  of a 

T h i s  can occur  e i t h e r  by vapor 
A l t e r n a t i v e l y ,  t h e  movement o f  m a t e r i a l  away f rom t h e  c e n t e r  c o u l d  

Because t h e  o u t e r  r e g i o n s  o f  t h e  sample a re  

CONCLUSIONS 

The i r r a d i a t i o n  behav io r  o f  L i  0 and L iAlO? under l a r g e  temperature g r a d i e n t s  appears t o  be q u i t e  d i f f e r e n t .  
The hard  b r i t t l e  n a t u r e  o f  LiA?Oz r e s u l t s  i n  thermal  s t resses  s u f f i c i e n t  t o  e x t e n s i v e l y  f r a c t u r e  t h e  
samples. The more p l a s t i c  n a t u r e  o f  L i z 0  specimens r e s u l t e d  i n  f a i l u r e  from t h e  i n t e r n a l  p ressure  generated 
by t h e  thermal  expansion of t h e  h i g h  temperature c e n t e r  r e g i o n .  
were n o t  l a r g e  enough t o  cause f a i l u r e  and t h e  i n n e r  m a t e r i a l  ex t ruded  a x i a l l y .  

For  t h e  temperatures assoc ia ted  w i t h  t h i s  experiment, t h e  t r a n s p o r t  of 6 L i  r e l a t i v e  t o  7 L i  f rom t h e  e n r i c h e d  
p e l l e t  i n t o  t h e  i n s u l a t o r  p e l l e t  i s  much more ex tens ive  i n  L i z 0  than  i n  LiA102. 
f o r  t h i s  t r a n s p o r t  appears t o  be c o n c e n t r a t i o n  d r i v e n  s o l i d  s t a t e  d i f f u s i o n .  
v o i d  c o u l d  have r e s u l t e d  f rom pore m i g r a t i o n  i n  a h i g h  thermal  g r a d i e n t  o r  p o s s i b l y  thermal  s i n t e r i n g .  

I n  t h e  1.7-cm L i z 0  specimen, t h e  s t resses  

The p r i m a r y  d r i v i n g  f o r c e  
The fo rmat ion  o f  t h e  c e n t e r  
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DESORPTION CHARACTERISTICS OF THE LiA102-H2-H20(g) SYSTEM - A1 b e r t  K. F ischer  and C. E. Johnson (Argonne 
Nat iona l  Laboratory)  

OBJECTIVE 

The o b j e c t i v e  i s  to descr ibe  t he  k i n e t i c s  o f  desorp t ion  of H20(g) and H2(g) from ceramic t r i t i u m  breeders t o  
enable designers and modelers t o  c a l c u l a t e  p r e d i c t i o n s  of t he  behavior  o f  bo th  o f  these species. I n  view o f  
t he  complexi ty  of t h e  H20(g) adsorp t ion  process, t he  behavior  o f  the  i n d i v i d u a l  species must be determined as 
components o f  t h e  i n t e r a c t i o n  w i t h  t he  breeder substrate.  

SUmARY 

Temperature p rogramed desorp t ion  (TPD) measurements a re  i n  progress t o  p rov ide  data t h a t  descr ibe  t he  
k i n e t i c s  o f  desorp t ion  o f  H20(g) and H2(g) from LiA102. 
performed t o  ga in  in fo rmat ion  on t he  behavior  o f  t he  empty s ta i n l ess  s tee l  sample tube exposed t o  a f lowing 
gas m ix tu re  of H20(g) and H2(g). R e a c t i v i t y  w i t h  t he  t he  s tee l  was demonstrated: H20 i s  consumed and H2 i s  
produced, and t he re  i s  t he  suggestion of d i s s o l u t i o n l r e a c t i o n  o f  H2 i n  t he  s tee l .  However, i n  t he  absence o f  
H2, It i s  poss ib l e  t o  s t a b i l i z e  t he  tube so t h a t  use fu l  measurements w i t h  H20(g) can be made. Fresh samples 
o f  LiA102 con ta i n  l a r g e  amounts o f  adsorbed H20. 
e q u i l i b r a t e d  w i t h  200 ppm H20(g) a t  temperatures o f  2000, 3000, 4000, and 50OoC. 
d i f f e r e n t  shapes suggest ive o f  d i f f e r i n g  and/or m u l t i p l e  processes t ak i ng  p lace  as H20 i s  desorbed from the  
s o l i d .  

PROGRESS AND STATUS 

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

Temperature programmed desorp t ion  (TPD) measurements a re  i n  progress t o  p rov ide  t he  a c t i v a t i o n  energies of 
desorp t ion  o f  H20(g) and H2(g) from 7-LiA102. 
i r r a d i a t i o n  t e s t s  can be considered t o  be dominantly t he  ox id ized  form (HTO o r  120, w i t h  t he  appearance o f  HT 
o f t e n  be ing  asc r i bab le  t o  pos t- re lease  i n t e r a c t i o n s  of H I 0  w i t h  m e t a l l i c  w a l l s  or exchange w i t h  Hz), 
measurements of t he  a c t i v a t i o n  energy f o r  desorp t ion  o f  H20(g) a re  espec ia l l y  r e l evan t  t o  t he  development of 
f i r m  understanding o f  t he  re lease  process. 

Measurements o f  HZ(g) adsorp t ion  and desorp t ion  a re  a l so  important  i n  o rde r  t o  descr ibe  t he  purge gas 
chemistry  and t o  be ab le  t o  de f i ne  an opt imal  balance between t he  b e n e f i c i a l  e f fec ts  o f  added H2(g) as a 
t r i t i u m  re lease  promoter w h i l e  a t  t he  same t ime minimiz ing t he  amount o f  p ro t i um  t h a t  must be separated from 
t r i t i u m  i n  processing t he  recovery stream. The experimental program w i l l ,  t he re fo re ,  address bo th  gaseous 
species. I nso fa r  as H20(g) i s  concerned, t he  new study, with i t s  emphasis on k i n e t i c s  o f  desorpt ion,  
complements t he  e a r l i e r  study on adsorption: the  e a r l i e r  study culminated i n  designer-useable adsorp t ion  da ta  
f o r  t he  LiA102-HzO system.1 

Previous repo r t s  descr ibed t he  o v e r a l l  design o f  the  TPD experimental system. 
spectrometry as t he  p r i n c i p a l  method f o r  de tec t i on  o f  t he  re lease  o f  gaseous species. 
r e s u l t s ,  p rov ide  t h e  f i r s t  d i r e c t  desorp t ion  data and are  use fu l  f o r  scoping t he  performance of t he  
apparatus. 
LiA102 i s  a candldate t r i t i u m  breeder ma te r i a l .  

Blank Experiments 

Pre l im inary  b lank  experiments (no LiA102 present)  were performed t o  ga in  i n f o rma t i on  on the  behavior  o f  the  
empty s t a i n l e s s  s t e e l  sample tube exposed t o  a f lowing gas mix tu re  o f  H20(g) and H2. The gas- carry ing l i n e s  
were mainta ined a t  200°C t o  minimize holdup of H20(g). F igure  1 shows t he  response t o  a step change i n  gas 
composi t ion from pure hel ium t o  a m ix tu re  o f  He-100 ppm H20-500 ppm H2 and back again t o  pure hel ium. 
1000 ppm H2 i s  used i n  t r i t i u m  re lease  t e s t s ,  and lower concentrat ions a re  o f  i n t e r e s t ,  so t h a t  t he  m ix tu re  
used here i s  a r e a l i s t i c  one i n  t h i s  respect.) 
consumed and H2 i s  produced. 
d i s s o l u t i o n l r e a c t i o n  of H2 i n  t he  s tee l  occurs. 
l i n e a r  temperature ramp (-330Clmin) f o r  t he  sample tube was s ta r ted ,  shown i n  Fig.  2. I t  i s  ev ident  t h a t  
w i t h  i nc reas ing  temperature, t he re  i s  a complexi ty  i n  t he  process of consumption o f  H20, and d i s s o l u t i o n  and 
produc t ion  o f  H2. 

By t r e a t i n g  t he  sample tube f o r  a s u f f i c i e n t  t ime w i t h  hel ium conta in ing  on l y  H20(g) a t  temperatures up t o  
400OC. i t  was poss ib l e  t o  o b t a i n  feature less TPO spectra for  temperature ramps o f  200 t o  6000C. 
i nd i ca tes  t h a t  i t  i s  poss ib l e  t o  s t a b i l i z e  the  sample tube so t h a t  i t  w i l l  n o t  impact upon t he  re lease  gases. 

Blank experiments (no LiA102 present )  were 

TPD spectra were measured f o r  samples t h a t  had been 
The spec t ra  exh ib i t ed  

Since t he  species d i r e c t l y  re leased from the  surface i n  

Th is  system employs mass 
These p r e l i m i n a r y  

The f i r s t  breeder t o  be s tud ied  i s  LiA102 t o  p rov ide  c o n t i n u i t y  w i t h  t he  e a r l i e r  work and because 

(Of ten 

I t  i s  c l e a r  t h a t  t he  s t e e l  i s  n o t  an i n e r t  ma te r i a l  as H20 i s  
I n  t he  f i r s t  p a r t  o f  t he  curve, t he  l a g  i n  the  H2 curve suggests a l so  t h a t  some 

A t  the  moment o f  t he  sw i tch  from pure helium, a 200 t o  700oC 

This r e s u l t  
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Fig. 1. Response o f  S ta in less  Steel  Sample Tube a t  200°C (473 K )  t o  Step Change 

from Pure Helium t o  M ix tu re  o f  Hel ium w i t h  100 vppm H20 and 500 vppm H2 
Fol lowed by Return t o  Pure Helium. 

Measurements on LiAlOZ 

I n i t i a l  TPD measurements on LiA102 r e f l e c t e d  t he  l a r g e  anwunt of water borne by the  ceramic m a t e r i a l  from i t s  
e a r l i e r  exposure t o  a i r .  
y e t  s t a b i l i z e d ,  s t ee l  surface. 
TPD da ta  f o r  a 200 t o  7000C ramp showed t h a t  l i t t l e  H20 i s  evolved below 6000C, and t h a t  no r e a c t i o n  wi th  t he  
s t e e l  i s  ev iden t  from the  H2 t race.  
subs tan t i a l  H2 i s  formed. I n  subsequent runs, on l y  peaks i n  the  lower temperature reg ion  (200 t o  5OO0C) were 
used f o r  eva lua t ion  o f  t he  desorp t ion  process. 

F igure  3 shows a TPD spectra f o r  LiA102 e q u i l i b r a t e d  w i t h  200 ppm H20(g) a t  2OOOC. 
us ing  t he  w id th  o f  the  peak a t  hal f- peak- height  t o  c a l c u l a t e  a desorp t ion  a c t i v a t i o n  energy. 
i s :  

The TPO spectrum a l so  revealed t he  reac t i on  between evolved H20 and t h e  f resh,  no t  
A f t e r  f u r t h e r  d r y i n g  of t he  sample ( f o r  2 days a t  2OOOC i n  pure hel ium), t he  

However, subs tan t i a l  HzO ge ts  re leased on approaching 7000C and a l s o  

The peak was analyzed 
The equat ion 

where Tp i s  t he  temperature a t  maximum r a t e  o f  H20 evo lu t ion ,  Ed i s  t he  a c t i v a t i o n  energy o f  desorpt ion,  and 
W1/2 i s  t he  w id th  a t  half-peak-height.2 A f a i r l y  low value o f  a c t i v a t i o n  energy was ca l cu la ted  which i s  o f  a 
magnitude cons is ten t  w i t h  weak chemisorption. 
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Time t h a t  a Temperature Ramp from 200 ?0-76O0C (473 t o  973 K) i s  S ta r ted .  

M ix tu re ,  as i n  F ig.  1, a t  t he  Same 

I n  TPD runs e q u i l i b r a t e d  a t  300OC w i t h  200 ppm H20, the  peaks, though sharp, showed evidence o f  be ing  
composites of two o r  mure smal le r  ones. Such over lap  o f  peaks was poss ib le ,  too, f o r  samples e q u i l i b r a t e d  a t  
400OC. However, i n  t h i s  case, i f  one assumed t h a t  the  peak represented a s i n g l e  phenomenon, the  ca l cu la ted  
desorp t ion  a c t i v a t i o n  energy approximated t h a t  repor ted  by Kudo f o r  t he  decomposition o f  L i O H  (meaning H20(g) 
e v ~ l u t i o n ) . ~  I n  Kudo's case, t he  decomposing LiOH produced a surface o f  L i z0  w i t h  sca t te red  OH- groups, so 
t h a t  t he  f r a c t i o n  o f  surface covered by OH-, 8, s t e a d i l y  decreased from 1. In t he  present  work, t he  i n i t i a l  
8 was rough ly  0.05, est imated from the  e a r l i e r  adsorp t ion  isotherm data. I t  appears reasonable t o  exp lo re  
f u r t h e r  t h e  hypothesis t h a t ,  cons ider ing  t h i s  apparent s i m i l a r i t y  w i t h  Li20, some s i t e s  on LiA102 resemble 
s i t e s  on L i  0 i n  t h e i r  H20-evolving behavior. 
e q u i l i b r a t e 2  a t  500OC w i t h  200 ppm H20. Though t he  TPD peak was no t  w e l l  def ined, t he  w id th  ana l ys i s  
suggested a desorp t ion  a c t i v i t y  energy s i g n i f i c a n t l y  h igher  than the  ones p rev ious l y  ca lcu la ted .  

Only one TPD spectrum was recorded so f a r  f o r  a sample 



219 

FUTURE WORK 

Work on ac t i va t i on  energies of desorption o f  H20(g) from LiAlO w i l l  be completed by measuring TPO spectra a t  
lower temperature ramp ra tes  and lower i n i t i a l  coverages in ode, t o  resolve peaks appearing below about 
6OOOC. For the peakls a t  h igher temperatures. s t a b i l i z a t i o n  o f  the steel  a t  these temperatures w i l l  be 
necessary. Measurements of the desorption k ine t i cs  o f  H2 w i l l  then be undertaken, paying a t ten t ion  t o  the 
issue of in teract ions of H2 w i th  the tubing mater ia l .  The other candidate mater ia ls f o r  a t r i t i u m  breeder, 
L120, LiqSi04. and LizZ1-03, w i l l  a lso need t o  be characterized i n  terms of the desorptive behavior o f  H20 and 
H2 . 
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INTERACTION OF HYDROGEN WITH L i z 0  SURFACES - S .  W. Tam and C. E. Johnson, Argonne Nat iona l  Laboratory 

OBJECTIVE 

To i n v e s t i g a t e  t he  i n t e r a c t i o n  of H2 w i t h  l i t h i u m  s o l i d  breeder sur faces and t o  p rov ide  r e l i a b l e  and 
q u a n t i t a t i v e  in fo rmat ion  t o  be i n teg ra ted  i n t o  a comprehensive t r i t i u m  re lease  m d e l  t h a t  has p r e d i c t i v e  
c a p a b i l i t y  and i s  r e l i a b l e  f o r  t he  purpose o f  reac to r /b lanke t  design. 

SUMMARY 

A quantum c l u s t e r  approach i s  u t i l i z e d  w i t h i n  the  extended Huckel method t o  i n v e s t i g a t e  t he  i n t e r a c t i o n  
between H2 and L i z 0  (110) surface. Three types o f  s i t e s  have been inves t iga ted .  
t h ree  are  s i t e s  f o r  H2 non- d issoc ia t i ve  adsorpt ion.  
e q u i l i b r i u m  he igh t  i s  around 2A'. 

PROGRESS AN0 STATUS 

It has been found t h a t  a l l  
The b i nd ing  energet ics a re  around 0.2-0.3 eV and t he  

Both i n - p i l e  and ou t - o f - p i l e  t r i t i u m  re lease  experiments on s o l i d  breeders have i nd i ca ted  t h a t  subs tan t i a l  
enhancement of t r i t i u m  re lease  ra tes  r e s u l t s  when small amount o f  H2 (-0.1%) i s  added t o  He purge gas 
~ t r e a m . l - ~  Although a comprehensive understanding of t h i s  empi r i ca l  f a c t  i s  s t i l l  l a ck i ng ,  i t  i s  expected 
t h a t  surface processes would p l a y  a major  r o l e .  
ceramic breeders, t he  i n t e r a c t i o n  o f  hydrogen w i t h  l i t h i u m  ceramics sur faces i s  s t i l l  p o o r l y  understood. I f  
p rev ious  experience from non- l i t h i um ceramics can serve as a useful guide the  problem i s  l i k e l y  t o  be non- 
t r i v i a l .  A t  i ssue  here i s  a sound physical- chemical  desc r i p t i on  o f  t he  r o l e  p layed by hydrogen i n  enhancing 
t r i t i u m  re lease.  Only from such an understanding can one cons t ruc t  r e a l i s t i c  models f o r  the  t r i t i u m  
re lease / inventory  phenomena which have t he  r e l i a b i l i t y  and p r e d i c t i v e  c a p a b i l i t y  t h a t  a re  necessary f o r  the  
purpose o f  fus ion reac to r  design i n  general and b lanke t  design i n  p a r t i c u l a r .  
designed t o  be complementary t o  bo th  the  t r i t i u m  re lease modeling e f f o r t  and t he  experimental i n v e s t i g a t i o n  
on t he  H2/HZO/LiA102 system w i t h i n  t he  s o l i d  breeder ma te r i a l s  program. 

Despi te i t s  s i g n i f i c a n t  impact on t r i t i u m  inventory  i n  

The present  program i s  

THEORY 

The i n t e r a c t i o n  o f  H2 w i t h  l i t h i u m  ceramic surfaces i s  expected t o  i n v o l v e  charge t r a n s f e r  and quasi-chemical 
bond formation. An accurate d e s c r i p t i o n  o f  these processes would requ i re  a quantum mechanical approach. We 
have u t i l i z e d  t he  so- ca l led  Extended Huckel (EH) method w i t h i n  a quantum chemical c l u s t e r  approach t o  t he  
problem of HZ/LiZO (110) surface.8-9 L i  0 i s  chosen because i t  i s  a prime candidate f o r  I T E R  ( I n t e r n a t i o n a l  
Tokamak Experimental Reactor). I t  has ,?so been ranked h i g h l y  i n  var ious  breeder eva lua t ion  studies.10 The 
t o o l s  t h a t  we have developed could, of course, be u t i l i z e d  t o  analyze o the r  l i t h i u m  ceramic breeders. 

The Extended Huckel method (EH) i s  based on t he  f o l l o w i n g  cons idera t ions .  A c l u s t e r  o f  atoms ( i n  ou r  case L i  
and 0) a re  arranged i n  t he  c o r r e c t  c r y s t a l l i n e  p o s i t i o n s  so t h a t  toge ther  they would s imu la te  approximately 
t he  (110) surface o f  Li20. For 
our  purpose, we have t es ted  t he  e f fec t  of c l u s t e r  s i ze  and have found t h a t  a c l u s t e r  s i ze  o f  t he  o rder  o f  60- 
70 atoms t o  be adequate. This represents two l aye rs  o f  the  110 surface w i t h  a l a t e r a l  ex ten t  as i l l u s t r a t e d  
i n  F ig.  1. It should be emphasized t h a t  t h i s  type  o f  c l u s t e r  approach i s  extremely use fu l  i r r e s p e c t i v e  O f  
the  p a r t i c u l a r  approach (EH i n  ou r  case) one uses t o  c a l c u l a t e  i t s  e l e c t r o n i c  s t r u c t u r e  and proper t ies .  The 
phi losophy o f  t he  EH method i s  s i m i l a r  i n  s p i r i t  t o  the  t i g h t - b i n d i n g  method (TB) i n  s o l i d - s t a t e  problems. 
The on l y  d i f ference i s  t h a t  i ns tead  o f  dea l i ng  w i t h  an i n f i n i t e  o r  s e m i - f i n i t e  system one i s  adapt ing the  EH 
t o  deal  w i t h  a f i n i t e  b u t  l a r g e  c l u s t e r s  o f  atoms. One then represents a c l u s t e r  s t a t e  ( o r  molecular  o r b i t a l  
(MO)) r> f o r  t he  c l u s t e r  i n  terms o f  a tom ic- l i ke  o r b i t a l s  #i 

I n  ac tua l  s imu la t ions  t he  numbers o f  atoms inc luded are  necessar i l y  f i n i t e .  

*> = 11 "i I#(> (1) 

a i  a re  sca la r  c o e f f i c i e n t s .  

A v a r i a t i o n a l  c a l c u l a t i o n  leads t o  the  f o l l ow ing  secu la r  equat ion 

de t  I H i j  - E S i j  I = 0 (2) 

Here H i j  a re  the  coulumb i n t e g r a l s  f o r  i= j  and become the  resonance i n t e g r a l  f o r  i # j .  
over lap  i n t e g r a l s .  
u t i l i z e d  f o r  the  #i. 
r e s u l t s  f o r  i s o l a t e d  atoms.11 
energy o f  t he  system i s  then ca l cu la ted  by f i l l i n g  up t he  MO w i t h  a v a i l a b l e  e lec t rons  i n  p a i r .  
empi r i ca l  na tu re  o f  EH o f f e r s  a good compromise between accuracy and f l e x i b i l i t y .  
p rov ides  good est imates of t rends  i n  behavior  and p r o p e r t i e s  of a system i n  a wide v a r i e t y  o f  con f igura t ions .  

S i j  are t he  so- cal led 

E represents t he  energy o f  the  p a r t i c u l a r  c l u s t e r  s t a t e  (or MO). 

These i n t e g r a l s  can be evaluated e x p l i c i t l y  w i t h i n  EH f o r  S l a t e r  t ype  o r b i t a l s  (STO) 
STOs are  a tom ic- l i ke  o r b i t a l s  w i t h  exponents parameters adjusted t o  g i v e  t he  bes t  

The t o t a l  
The semi- 

Used j udac ious l y  i t  
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RESULTS AN0 DISCUSSION 

I n  the present study we have u t i l i z e d  EH t o  analyze the in te rac t ion  of H2 w i th  the (110) surface i n  several 
d i f fe rent  geometries. 
I n  each o f  those conf igurat ions the H2 was allowed t o  approach the s i t e  from above. 
system i s  then calculated w i th in  EH as a funct ion o f  h, the v e r t i c a l  distance between the hydrogen molecule 
and the surface s i t e  i n  question. The axis of the hydrogen molecule i s  maintained p a r a l l e l  t o  the s o l i d  
surface. Since the i n t e r e s t  of the present analysis i s  i n  non-dissociarive absorption the separation between 
the H atoms i s  maintained a t  the noma1 interatomic distance o f  0.746 A . 
adsorption would be addressed i n  the next stage o f  our work 

Figure 2 shows the r e s u l t  over s i t e  A, the mid-point between two nearest neighbor oxygen atoms. !he 
in te rac t ion  i s  p r a c t i c a l l y  zero when h i s  o f  the order 5-6A'. i t  shows a minimum around 1.75-2A w i t h  a depth 
of about 0.3 eV. Further decrease i n  h resu l t s  i n  a rap id l y  r i s i n g  repuls ive ba r r i e r .  This i n p l i e s  A 
represents a s i t e  t o  which H2 can be adsorbed non-dissociat ively from the gas phase w i th  not very strong 
binding energy. 

Figures 3 and 4 shows the in te rac t ion  wi th  respect t o  the B(Li-0) and C(Li-Li) s i tes .  
both show s i m i l a r l y  shallow wells. 
about 0.22 eV. 

FUTURE WORK 

A l l  three types o f  s i t e s  are able t o  bind a hydrogen molecule w i th  a binding energy o f  around 0.2-0.3 eV a t  a 
height of around 2A'. Although the present analysis has concentrated on molecular adsorption the choice o f  
the adsorption s i t e s  r e f l e c t  a concurrent i n te res t  i n  d i ssoc ia t i ve  chemisorption. 
these s i t e s  may represent precursor s i t e s  from which fu r the r  (and stronger) d issoc ia t ive  chemisorption 
process may or ig inate .  
chemisorption and surface migrat ion ba r r i e rs  which would be the focus of the next stages of our work. 

The s i t e s  o f  i n te res t  include those between the nearest neighbor 0-0, 0-Li .  and L i- L i .  
The t o t a l  energy o f  the 

The issue o f  d i ssoc ia t i ve  

L ike the A s i t e  they 
The minimum o f  the po ten t ia l  wel l  a t  B occurs a t  h :2.2A0 w i t h  a depth o f  

The corresponding minimum a t  C takes place a t  h :2Ae wi th  a depth of about 0.21 eV. 

It i s  conceivable tha t  

Confirmation of these ideas would require more de ta i l ed  analysis o f  d i ssoc ia t i ve  
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MODELING OF TRIT IUM BEHAVIOR I N  CERAMIC BREEDER MATERIALS - J. P. Kopasz, J. Kwasny*. and C. E. Johnson 
(Argonne Nat iona l  Laboratory) 

OBJECTIVE 

The o b j e c t i v e  of t h i s  work i s  t o  develop a comprehensive model t h a t  w i l l  descr ibe  t r i t i u m  behavior  i n  ceramic 
breeder mater ia ls .  The model should be ab le  t o  p r e d i c t  t he  t r a n s i e n t  t r i t i u m  re lease  behavior  as we l l  as t he  
steady s t a t e  behavior. 

SUMARV 

I n - p i l e  t r i t i u m  re lease  experiments e x h i b i t  p lateaus i n  t he  t r i t i u m  re lease  a t  low temperature which a re  
below the  t r i t i u m  generat ion ra te .  
second phase p r e c i p i t a t i o n  o f  LiOHILiDT t o  occur. Ca lcu la t ions  o f  t he  t r i t i u m  pressure i n  t he  purge gas f o r  
these p la teau regions suggest t h a t  t he  t r i t i u m  re lease  i n  these reg ions  i s  n o t  determined by t he  e q u i l i b r i u m  
t r i t i u m  pressure above a d iphas ic  Li20-LiOT system. 

For Li20, these p la teaus  occur  i n  t h e  temperature reg ion  one would expect 

PROGRESS AND STATUS 

We have obta ined f i r s t  hand da ta  from i n - p i l e  t r i t i u m  re lease  experiments on L i z 0  from co l l abo ra t i ons  w i t h  
Canada ( the  C R I T I C  experiment) and France ( t he  MOZART experiment).  
experiments performed under d i f f e r e n t  cond i t ions  ( d i f f e r e n t  f l ow  ra tes ,  moisture l e v e l s  i n  t he  purge gas, and 
t r i t i u m  genera t ion  ra tes)  should p rov ide  some i n s i g h t  i n t o  t he  t r i t i u m  re lease  mechanisms. 
i n t e r e s t  a t  t h i s  t ime i s  the  t r i t i u m  re lease  a t  low temperatures. 
experiments, f o r  temperature decreases t o  f i n a l  temperatures below 4OO0C, t he  t r i t i u m  re lease  reached a 
"p lateau"  below the  steady s t a t e  re lease  (generat ion r a t e ) .  
would suggest t h a t  the  t r i t i u m  inventory  i s  inc reas ing  f o r  t he  whole t ime t he  p la teau ex i s t s .  This imp l i es  
t h a t  t he  t r i t i u m  inventory  i n  L iz0 would be q u i t e  h igh  a t  temperatures below 4ODOC. 

Residence t imes are  o f ten  used t o  c a l c u l a t e  t r i t i u m  inventor ies .  
assumption t h a t  t he  re lease re tu rns  t o  steady s ta te .  When t he  t r i t i u m  re lease  curves do no t  r e t u r n  t o  steady 
s ta te ,  est imates of t he  inventory  ca l cu la ted  from the  residence t ime w i l l  be i n  e r r o r .  This i s  i l l u s t r a t e d  
i n  Fig. 1 f o r  a temperature decrease t e s t .  
t o  f o l l ow  if re lease re tu rned t o  steady s ta te .  The open c i r c l e s  represent  t he  observed release. The shaded 
area i n d i c a t e s  the  d i f fe rence between t he  inventory  f o r  t he  two cases. 
re lease  curve (open c i r c l e s )  w i l l  be g rea te r  than t h a t  f o r  t he  curve which re tu rns  t o  steady s ta te .  An 
est imate o f  t he  i nven to r y  based on t h e  res idence t ime assumes t he  curve re tu rns  t o  steady s t a t e  ( fo l lows t he  
s o l i d  curve i n  Fig. I ) ,  and w i l l  underestimate t he  inventory  p resent  when t he  re lease  curve does n o t  r e t u r n  
t o  steady s ta te .  Ca l cu la t i ons  o f  t he  i nven to r y  a t  300oC i n  t he  MOZART experiment suggest t h a t  t he  i nven to r y  
i s  acceptable a t  t h i s  temperature ( the  inventory  i s  equal t o  one days p roduc t ion) .  
c a l c u l a t i o n s  a re  based on res idence t imes obta ined from experiments where p la teaus  were observed i n  t he  
t r i t i u m  re lease.  Since t he  t r i t i u m  re lease  curves d i d  n o t  reach steady s ta te ,  t he  inventory  f o r  these t e s t s  
i s  much g rea te r  than t h a t  ca l cu la ted  from the  residence t imes. 

The p la teaus  i n  t he  t r i t i u m  re lease  curves from the  C R I T I C  and MOZART experiments can be expla ined by 
invok ing  some t ype  o f  " t rapp ing"  mechanism. One poss ib l e  mechanism which may be ab le  t o  account for t h i s  
behavior  i s  fo rmat ion  o f  a second phase o f  LiOT and LiOH. 
t he  LiOT phase. 
determined by t he  e q u i l i b r i u m  hyd rogen l t r i t i um  pressure above t he  d iphas ic  system. I f  t r i t i u m  was be ing  
generated a t  a r a t e  g rea te r  than t he  t r i t i u m  re lease  r a t e  d i c t a t e d  by t he  e q u i l i b r i u m  above t he  two phase 
system, then t he  excess t r i t i u m  would form more LiOT and be " trapped" i n  t he  s o l i d .  For a two phase system 
t r i t i u m  re lease  cou ld  remain below steady s t a t e  re lease  u n t i l  t he  sample was completely converted t o  s i n g l e  
phase LiOT/LiOH. 

One can es t imate  a maximum t r i t i u m  concent ra t ion  i n  t he  s o l i d  or  maximum vapor ressure o f  water above the  
s o l i d  be fo re  second phase fo rmat ion  begins. Using t he  da ta  of Tetenbaum e t  a l , s r 4  t he  ca l cu la ted  moisture 
p a r t i a l  pressure a t  which p r e c i p i t a t i o n  i s  expected t o  occur  a t  400oC i s  294 vppm wh i l e  a t  35OOC i t  drops t o  
46.4 vppm. 
ppm a t  4000C and 0.01 ppm a t  300OC. Inventory  c a l c u l a t i o n s  f o r  L i z 0  have shown the  inventory  a t  4OO0C t o  be 
above t h i s  i n s o l u b i l i t y  l i m i t .  
re lease  experiments a t  temperatures s i m i l a r  t o  those where p lateaus were observed i n  the C R I T I C  and MOZART 
experiments. 

I n  an e f f o r t  t o  determine i f  t he  p la teau reg ions  observed i n  t he  MOZART and C R I T I C  experiments were due t o  
format ion o f  a second phase o f  LiOH, the  t r i t i u m  pressures corresponding t o  these regions have been 
ca lcu la ted .  
experiments t o  t he  pressure above a d iphas ic  i i20-L iOH system ca l cu la ted  from Tetenbaum's data3 i s  shown i n  

Ana lys is  o f  da ta  from these two 

O f  p a r t i c u l a r  
I n  bo th  t he  C R I T I C 1  and MOZART2 

I f  these p l a teau  regions are r e a l ,  then the  data 

I m p l i c i t  i n  these c a l c u l a t i o n s  i s  t he  

The s o l i d  l i n e  represents t he  curve t he  re lease  would be expected 

The inventory  f o r  t he  observed 

However, these 

I n  t h i s  mechanism, t r i t i u m  would be ' "t rapped" i n  
Once t he  hyd rogen l t r i t i um  s o l u b i l i t y  l i m i t  was exceeded, t he  t r i t i u m  re lease  would be 

The concent ra t ion  i n  t he  s o l i d  which would lead  t o  second phase formation was est imated t o  be 0.7 

This suggests t h a t  second phase formation should occur  i n  L i z0  t r i t i u m  

A comparison o f  t he  t r i t i u m  pressure i n  t he  purge gas above L i z0  i n  t he  MOZART and C R I T I C  

*Foreign exchange student  from the  I n s t i t u t e  f o r  Reactor Mater ia ls ,  Nuclear Research Centre, J u l i c h ,  Federal 
Republic of Germany. 
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Fig. 2. 
f r o m  the Tetenbaum data. 
s i a n i f i c a n t l v  less  than tha t  f o r  the diohasic svstem. The Tetenbaum data corresDonds t o  a heat of 30.7 

As can be seen f r o m  the f igure,  the plateau regions do not correspond t o  the pressures calculated 
I n  addi t ion,  the temperature dependence of the pressures f r o m  MOZART and C R I T I C  are 

k c i l l m l .  
3.3 kcallnml whi le  the C R I T I C  plateau regions lead t o  a heat or ac t i va t i on  energy o f  about 5 k c a l l m l .  i n  
good agreement w i th  the MOZART data. 

The MOZART data for Liz0 (for plateau regions) corresponds t o  a heat or ac t i va t i on  energy of about 

The absolute value of the t r i t i u m  pressures i n  MOZART and C R I T I C  d i f f e r  
by nmre than an order o f  magnitude. This d i f fe rence i s  p a r t l y  accounted for by the difference i n  flow rates 
i n  the two experiments. I n  the MOZART experiment the flow r a t e  was 40 cclmin, whi le  f o r  C R I T I C  the flow r a t e  
was 107 cclmin. Other fac tors  which may inf luence the absolute l eve l  are the water pressure i n  the purge and 
the t r i t i u m  generation rate. 

fu r ther  analysis o f  the MOZART and C R I T I C  data shows what may be a s l i g h t  dependence o f  the t r i t i u m  pressure 
i n  the plateau regions on the hydrogen pressure i n  the purge gas. I n  the WZART experiment, the apparent 
ac t i va t i on  energy increases from 2.3 k c a l l m l  t o  3.3 kcal lnwl when the hydrogen concentration of the purge 
gas i s  increased from 0.01 t o  0.1%. 
kcallmol when the H2 content o f  the purge gas was increased from 0.01 t o  0.1%. 
the C R I T I C  data, the change i n  ac t i va t i on  energy i n  t h i s  case i s  believed t o  be ins ign i f i can t .  

Analysis o f  the MOZART data f o r  the other i r rad ia ted  samples (LiAlO2 and Li2ZrO-J also showed a s i m i l a r  
temperature dependence o f  the t r i t i u m  pressure i n  the plateau regions. 
(gra in  s izes 1 pm and bimodal 2-4 pm + 20 pm) there was l i t t l e  d i f fe rence i n  the t r i t i u m  pressure. The 
apparent ac t i va t i on  energies were 1.4 and 2.2 kcallmol, respectively. 
la rge amunt o f  scat ter  i n  the data, w i th  ac t i va t i on  energies ranging from 2 t o  15 kcaltmol. 

The di f ferences between the calculated t r i t i u m  pressures i n  the plateau regions of the MOZART and C R I T I C  
experiments and those calculated above a diphasic LiOT-Liz0 system suggest tha t  the t r i t i u m  release i n  the 
plateau region i s  not  determined by equ i l ib r ium above an LiOT-Liz0 system. 
the l o g  pressure versus inverse temperature p l o t s  confirm th i s ,  and suggest a much l e s s  ac t iva ted process i s  
c o n t r o l l i n g  the t r i t i u m  release i n  these regions. 
t r i t i u m  t o  account f o r  the observed t r i t i u m  release being below the steady s ta te  release. 
" t rapping" mechanisms are: 

I n  the C R I T I C  experiment the ac t i va t i on  energy decreased from 5.8 t o  5.0 
Due t o  the la rge r  scat ter  i n  

fo r  the two l i t h i u m  zirconate samples 

f o r  the LiA102 samples there was a 

The large d i f fe rence i n  slopes o f  

This process must r e s u l t  i n  some type of " t rapping" of 
Possible 

t rapping I n  He bubbles 
t raooina i n  interconnected closed Dorositv 
chemicai t rapping 
dissolut ionlpermeat ion o f  T i n t o  l i n e s  o f  apparatus 

These trapping mechanisms are being invest igated as possible causes o f  the plateau regions. 

A comparison of the affects o f  increasing hydrogen concentration i n  the purge may help i d e n t i f y  the 
c o n t r o l l i n g  mechanism i n  the plateau region. 
breeder mater ia ls d i f f e r e n t l y .  For Li20, increasing the hydrogen concentration l e d  t o  a s l i g h t  increase i n  
the apparent ac t i va t i on  energy o f  the process c o n t r o l l i n g  the plateau leve l ,  wh i le  on ly  changing the t r i t i u m  
pressure s l i g h t l y .  f o r  LiA102, increasing the hydrogen content decreased the apparent ac t i va t i on  energy but 
increased the corresponding t r i t i u m  pressure. 
concentrations i n  the purge gas are correct  (increase hydrogen content decrease ac t i va t i on  energy fo r  Li20, 
increase ac t i va t i on  energy for LiAlOZ) then a gas phase d i f fus ion process can not be ra te  con t ro l l i ng .  This 
appears t o  r u l e  out gas phase percolat ion and trapping i n  interconnected porosi ty.  The other t rapping 
mechanisms are being investigated, w i th  a t ten t ion  being given t o  the expected dependence on hydrogen i n  the 
purge. 
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F i g .  2 .  Comparison of T r i t i u m  Pressures i n  CRITIC and MOZART 
Experiments w i t h  Pressure above Diphasic  Li20/LiOH System. 
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CERAMIC PROCESSING AIDED BY MILLIMETER-WAVE TESTING 
H. M. Frost, 111, J. C. Kennedy, Ill, T. N. Claytor, and E. F. Brown (Los Alamos National 
Laboratory) and S. J. Zinkle (Oak Ridge National Laboratory) 

OBJECTIVE 

Apply and evaluate use of millimeter waves for nondestructive testing and evaluation of 
quality of ceramics made by closed-cycle processing, with application to a special fusion 
neutron irradiation simulation experiment. 

SUMMARY 

In a special fusion-neutron irradiation simulation, 0 in 99.5% 
alumina for raising the potentially deleterious helium gas yield during fission-neutron iKKa- 
diation up to levels closer to those expected from the fusian neutrons of a deuterium-tritium 
fusion reaction. For fBst specimens from two exploratory processing trials at O W L ,  done 
without the expensive 0-enrichment, millimeter-wave (W) dielectric data taken at L4NL 
indicated decreases in loss tangent values and in Scatter in the dielectric constant values 
when concentrations of sample defects were apparently reduced. 
values for enriched specimens correspondingly increased. 
potential rf-window performance, but also indicate that dielectric properties correlate with 
mechanical strength and serve as a sensitive and selective nondestructive measure of general 
material quality. In some cases. these data can also distinguish between absorption vs. scat- 
tering losses and provide estimates of pore sizes. 
enriched alumina specimens - -  both control and neutron-irradiated. 

1 7  I 6  0 is being substituted for 

Complementary tensile strength 
These data are useful for evaluating 

Future dielectric data are planned on 

PROGRESS AND STATUS 

Introduction 

Many neutron-irradiation studies have been carried out on electrically insulat&g or yechani- 
cally strong ceramics such as alumina, but the high fluences reached of 1 x 10 n/cm or 
greater have been achieved only in fission reactors whose 'fast neutrons' 8r.e considerably 
less energetic than the 14 MeV neutrons expected from deuterium-tritium (DT) fusion reactions. 
While DT neutrons have been available from the Rotating Target Neutron Source (RTNS-11) at 
Lawrence Livermore National Laboratpxy, thq corresponding fluences, as limited by scheduling 
constraints, have been below 5 x 10 
limitations to small irradiation apertures. 

Fission reactors can simulate fairly well the displacement and ionization damage processes 
expected from fusion neutrons, but generally not any damage processes linked to transmutation 
production, diffusion, and segregation of gases such as helium. At elevated temperatures 
where He and other atoms in a cermfic are mobile, changes in the microstructure, either advan- 

n/cm and are inherently restricted by reactor hardware 

tageous OK deleterious. can result . 

Helium is the intended transmutation product of the reaction 
neutrons. 
Mechanical properties such as tensile strength could thus be affected. 

L7 O(n,o)"C initiated by the DT 
A possible consequent microstructural change is the formation of microbubbles. 

ExDerimental Drocedures 

1. Processing 

The optimized process for making hard, nearly theoretically dense, isotopically adjusted alu- 
mina samples of high purity involved the production of b o ~ ~ m i t e  powder through the hydrolysis 
at 60°C in argon of aluminum isopropoxide. Al(OC3Hl)s in 
mixing with a small amount of the sintering aid, MgO. followed by calcining in argon and then 
sintering in vacuum. 
the naturally OCCUKKing isotopic abundances. Both types of processing were done at Oak Ridge 
National Laboratory. 

Test specimen sets no. 1 and 2 in Table 1 below involved enriched water, with a retained 
fraction of enriched isotope of about 50%. while sets no. 3 and 4 in Table 2 involved 
riched water. For sets no. 1 and 3, calcination was at GOO'C for 1 hr and sintering was at 
1600°C for 2 hr (with 0.1 wt% MgO). FOK sets 2 and 4 ,  calcination was at 1300°C for 3 hr and 
sintering at 1700°C for 3 hr (with 0.5 wt% MgO). These and other data on test sets no. 1 and 

0 enriched water, plus subsequent 

FOK comparison, processing was also done with unenriched water having 
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2 are summarized in the table below. It is assumed that the properties of the enriched alu- 
mina in set no. 1 are the same as for the unenriched alumina in set no. 3 .  The same assump- 
tion is made for sets no. 2 and 4, as indicated in Table 2 .  These assumptions are supported 
by density measurements made on all four sets. 

Table 1. 
enriched alumina . 

PKoceseing details and material properties for the two sets of 

Descriptor 

Calcination 
Sintering 
Sintering aid 
'"Green" density 
Fired density 
Grain size 
Flexural Strength 

................... 

................... 

Set No. 1 Set No. 2 

600°C. 1 hr, Ar 1300'C, 3 hr, Ar 
16OO'C, 2 hr, vacuum 1700'C, 3 hr. vacuum 
0 . 1  wt% MgO 
27 %TD 4 9  %TD 
9 6 . 9  %TD 9 9 . 8  %TD 

105 MPa 280 MPa 

........................................................ 

0.5 wt% MgO 

6 Irm 8 w 
........................................................ 

Theogetical density (TD) at room temperature for alumina (sapphire) was taken to be 3 . 9 7  
g/cm . 
Flexural strength w a s  measured by four-point bending (in effect. tensile strength). 
non-uniformity may have existed in the material properties because of the use of a rectangular 
(as opposed to cylindrical) die (about 1.5 x 0.5 x 5 cm). 

Further details on the processing are reported elsewhere'. 

Density was measured by an immersion technique applied to the total sintered masses. 
A slight 

2 .  Dielectric measurements 

The dielectric constant, k, and loss tangent, tan6, were measured at Los Alamos National 
Laboratory at room temperature and at 9 0  to 100 GHz on rectangular parallelepiped specimens 
that were precision machined for nearly 'gap-less' fit into a WT-10 waveguide section con- 
nected to a computer-operated MMW scalar network analyzer system operating in the transmission 
mode.3 Further details on the bulk of the measurement methods employed are reported else- 
where , 

Refinements such as curve smoothing in the data reduction software were added, however, to 
accommodate the complex features of the MMW data, taken in the form of "channel spectra." not 
normally present in commercially available alumina (e.g., Coors A D - 9 9 5 ) .  Also, qualitative 
guides were developed far evaluating the correctness of the data reduction procedures result- 
ing in the dielectric property values. 

Experimental results 

The dielectric constant and loss tangent values B K ~  given in Table 2 for unenriched alumina 
specimens machined from samples calcined at temperatures too low (set no. 3 ;  total of three 
specimens) and high enough (set no. 4; four specimens total) for converting a l l  of the precur- 
sor -,-alumina of the boehmite powder into a-alumina. See Table 1 for processing details on 
test sets 3 and 4, which are identical except for isotopic content to sets no. 1 and 2 .  
respectively. 

For specimen Sets no. 3 and 4 involved in Table 2 ,  the densities were measured by an immersion 
technique. 
applied to a precision-shaped Wi-10 waveguide specimen of about 1/8 by 1/4 cm ( 0 . 0 4 9  by 0 . 0 9 9  
in) cross section. 
counted-for chamfers machined on the side edges of the rectangular parallelepiped specimens. 
These chamfers were machined for the purpose of accommodating the internal, nOn-LeKo radii 
formed in the four side 'corners' of the waveguide section during its manufacture. 

The "standard" alumina is one of the Cocrs At-995 ( 9 9 . 5  %) alumina control specfmens main- 
tained at 385'C for about a year during the EBR-I1 experiment reported earlier 
dielectric-property statistics were estimated through various measurements made over a period 
of time. On the other hand, the statistics tabulated for the ORNL specimens represent speci- 
men-to-specimen variations. 

For the standard specimen, the density was  measured by a dimensional technique 

The value of 95 %TD may be of the order of 1 % too low because of unac- 

, ; its 
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"Fractional deviation" is the ratio in percent of the (n-1) weighted standard deviation 
divided by the mean and multiplied by 100. 
the standard specimen was measured by diametral compression of cylindrical specimens. 

"G" is average grain size. Tensile strength for 

Table 2 .  Dielectric and other properties of the two sets of unenriched 
alumina specimens. 

DENSITY 
Mean: 

DIELECTRIC CONSTANT 
Mean: 
Standard deviation: 
Fractional deviation: 

LOSS TANGENT 
Mean: 
Standard deviation: 
Fractional deviation: 

LOSS FACTOR 
Mean: 
Standard deviation: 
Fractional deviation: 

TENSILE STRENGTH 
Mean: 

ELECTRON MICROSCOPY 

96.9 %TD 

9.585 
0.314 
3.3 % 

99.8 $TD 

10,147 
0.033 
0.3 % 

24.% 

12.47xlO-; 
2.65~10- 

21.% 

105. MPa 

Intergranular 
microcrscking; 
intragrsnular 
pores (6-6 pm) 

14.% 

7,59xlO-' 
1 . 0 7 ~ 1 0 ~ ~  
14.% 

280. MPa 

Intragranular 
pores (6-8 pm) 

OPTICAL MICROSCOPY 
Large white in- One fracture: 
cluaions; sur- surface and 
face voids int. voids 

ACOUSTIC MICROSCOPY 
Dense network Sparse network 
of reflectors of reflectors 
(incl.? + voids) (voids only) 
(some > 1 mm) (all < 0.5mm) 

95.0 %TD 

9.843 
0.022 
0.2 % 

12.% 

4.16x10-: 
0.49~10- 

12.% 

250. MPaa 

Intragranular 
pores (C is 
comparable. ) 

Free of sur- 
face defects 

Not done on 
matchsticks; 
some voids 
in 1 cm disk 

"Acoustic microscopy" as used here refers to a type of radiographic imaging of internal struc- 
ture in which a pulsed ultrasound transducer emitting an acoustic beam pattern at megahertz 
frequencies is scanned mechanically under computer control over the 'top' surface of a test 
specimen. The ultrasound energy penetrates the specimen, reflects or echoes from the 'bottom' 
surface, and returns through the specimen to the transducer. Information on the reflected 
acoustic amplitudes and transducer scan positions is fed to a computer, which processes the 
data into an image in which scatterers appear as gray-scale objects on a white background (for 
example), 

'Ripple' or 'kinks' were present in the channel spectrum because of effects of spurious stand- 
ing waves arising from unwanted KHW reflection sources such as a non-optimally tightened 
machine-screw connection between flanges of contiguous waveguide sections or a large pore 
inside the test specimen. Therefore, the frequencies and amplitudes of the MMU transmission 
peaks were often not well defined. 
cimen inhomogeneities to reduce the original curves of raw data (i.e., channel spectra) into 
dielectric constant and loss tangent values. 

To overcome this limitation, curve smoothing software was written and implemented through 
threshold and selection procedures which yielded peaks that were then individually curve fit 

For set no. 3 in fact, it was not possible because of spe- 
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through a quadratic regression analysis. Well-defined peakg of the type shown in a channel 
spectrum reproduced in a prior progress report contribution 
specific frequencies and amplitudes. The dielectric constant and loss tangent values repre- 
sented in Table 2 (and Table 3) were obtained from such smoothed curves, along with the use of 
a conservative policy for rejecting spurious peaks prior to smoothing, a consistent set of 
threshold values (-3 to -4 dB below the 'highest' transmission peak), and the use of extrema1 
(usually minimum) values of k and tan6 produced by a part of the data reduction software not 
described here. 

w e r e  thereby obtained with 

Discussion 

1. Comparative statistics of data, and correlation with material quality 

For a l l  dielectric properties in Table 2 except for the mean dielectric constant. there is a 
left-to-right (and monotonic) trend of decreasing values of each property when scanning from 
the 'old' ORNL set (no.3) to the 'new' ORNL set (no.4), to the standard. Further down the 
table. the electron microscopy (TEM), optical microscopy, and acoustic microscopy show a simi- 
lar decreasing trend in defect concentrations at various size scales (sub-micron to super- 
millimeter), correlating as expected with tensile strength increase. In this respect. the 
acoustic microscopy is especially significant because it probes the entire volume of each test 
specimen, as opposed to the limited sampling capabilities of optical and electron microscopy. 

The preceding pattern of observations provides evidence that the statistical scatter in the 
dielectric data and the mean values of loss tangent and loss factor (- dielectric constant x 
loss tangent - ktan6) decrease as the defect content decreases. 
Taking a closer look at Table 2, one sees that the means of the dielectric constant vary very 
little when proceeding in the above left-to-right direction. A numerical way of stating this 
is in cerms of the 'ratio sequence' of these means, which in this case is 1:l:l. The standard 
(and fractional) deviation of roughly 0.3, 0 . 0 3 ,  and 0 .02  varies as 30:3:2. e.g.. 15:1.5:1. 
however. This variation is attributed to differences in scattering of the MMw's within the 
alumina specimens, as discussed in the next sub-section. 

The means of the loss tangent values seen in Table 2 improve (i.e., decrease) roughly,by fac- 
tors of two in the left-to-right sequence, i.e., roughly 13 to 7 to 4 in units of 10- , giving 
a ratio sequence of about 4:2:1. The ratio sequence for the corresponding standard deviations 
is about 6:2:1, and for the fractional deviations about 2:l:l. 

Almost all of the property differences represented in Table 2 occur between the old and new 
alumina Sets (sets 3 and 4). with relatively little difference between the new set (set 4) and 
the standard alumina. This is seen by inspection of Table 2 above, but more easily in Table 3 
below, in which property values of the old and new sets of specimens are normalized with 
respect to the corresponding values for the standard specimen. It is apparent that set no. 4 
is much closer in quality to the standard, which was commercially produced, than is set no. 3. 

Table 3. Normalized values of dielectric and other properties of the two 
sets of unenriched alumina specimens (normalized to corresponding property 
values of standard specimen). 

statistic DESCRIPTOR Set No. 3 Set No.4 

Mean 
Mean 
Mean 
Mean 
Mean 

DENSITY 1.0 
DIELECTRIC CONSTANT 1.0 

LOSS TANGENT 3.1 
LOSS FACTOR 3.0 

TENSILE STRENGTH 0.42 

1.1 
1.0 
1.8 
1.8 
1.1 

Standard dev. DIELECTRIC CONSTANT 14.3 1.5 
Standard dev. LOSS TANGENT 6.3 2.1 
Standard dev. LOSS FACTOR 5.4 2 .2  

Fractional dev. DIELECTRIC CONSTANT 14.7 1.5 
Fractional de". LOSS TANGENT 2.0  1.2 
Fractional dev. LOSS FACTOR 1.8 1.2 
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The mast sensitive measure of quality is not (for example) the normalized mean of the tensile 
strength but the normalized standard, or fractional, deviation in the dfelectric constant. 
Regarding specimen set no. 3 ,  these normalized values are 0.42 - ( 2 . 7 ) -  vs. 14.3 and 1 4 . 7 ,  
respectively. The most selective measure of quality turns out to be this same normalized 
standard or fractional deviation in k. 
tensile strengths is only 0.42/1.1 - 0.38 - ( 2 . 6 ) -  , but the much larger number of 9 . 5  - 
14.3/1.5 results for the ratio of dielectric-constant standard deviations. 

Comparing Bpecimen sets no. 3 and 4 ,  the ratio of mean 

2 .  Millimeter-wave scattering. including correlation with defects and processing 

The marked differences in specimen dielectric-constant properties, as noted in the preceding 
sub-section, are attributed in part to differences in the abilities of the various specimens 
to scatter MMu's by means of structural inhomogeneities such as inclusions and voids. These 
scatterers have a distribution of s i z e s  and locations different for each specimen type. For 
defect sizes much smaller then the smallest linear dimension of about 1.25 mm of each wave- 
guide specimen, this distribution is assumed to be random - -  in both the ORNL and the standard 
specimens. Concentrations of defects of sizes of the order of this dimension of 1.25 mm are 
greatest in the old OWL specimen set no. 3. At this "macroscopic" size scale, the size dis- 
tribution is non-random, as verified by acoustic microscopy (see below). The next several 
paragraphs discuss the different types of defects that have the potential to scatter MMW's, 
including qualitative differences among the three types of alumina specimens involved. 

The hypothesized MMW scattering results from the discontinuities in dielectric properties at 
the interfaces defining these structural defects. Discontinuities include the gas-alumina 
interface at a pore or a microcrack, and (see below) the solid-solid interface between a 7-al- 
mine inclusion within an a-alumina matrix, for example. The presence of 'large' inhomogenei- 
ties having sizes comparable to the MMW wavelengths involved, especially in set no. 3 ,  was 
verified by the acoustic microscopy results reported in Table 2 .  

Additionally, optical microscopy revealed the presence of relatively large white inclusions in 
set no. 3 that are probably associated with the presence of substantial amounts of one or more 
of the transition phases ( 7 ,  6 ,  or 8 )  resulting from the incompleted calcination (into a) of 
the precursor boehmite powder compact at 600'C. The likely presence of these transition 
phases in set no. 3 ,  and their absence in set no. 4 ,  is backed up by XRD data taken on both 
sets. Because of the dissimilar thermal and mechanical properties of these different phases, 
inhomogeneous thermal expansion is likely to occur during sintering of the powder compacts 
into dense ceramics. The observed intergranular microcracking in set no. 3 probably resulted 
from this; such microcracking was absent in set no. 4 .  

Our observations indicate that porosity is distributed within the standard specimen as pores 
with much smaller sizes (e.g., smaller radii for the case of spherical pores) than is the case 
with the ORNL specimens with lower total volumes of porosity. There are numerous defects in 
the ORNL specimens with sizes of the order of a MMW wavelength, but few or none in the stan- 
dard specimen. Based on this and other evidence, we assume that the corresponding sizes in 
the standard specimen are so much smaller than a wavelength (-lmm in alumina at 100 GHz and 
room temperature) so as to fall into the limit of long wavelength, i.e., Rayleigh, scattering. 

In the next several paragraphs, we make use of this assumption by first showing that the power 
scattered from defects (pores) of small size compared to the wavelength decreases at least as 
strongly as the decrease in the individual defect volume, whether the defects are randomlv or 
Don-randomly distributed. A Rsyleigh scattering calculation then shows that the dielectric 
losses in the standard specimen probably result entirely from absorption. Contribution of 
both absorption and scattering to the loss tangent values are then discussed for the ORNL spe- 
cimens, including estimates of mean pore sizes. 

We first assess the trend of scattering with varying defect size, for defects of small size, 
by considering two hypothetical 'standard specimens'. 
volume but with porosity distributed randomly as spherical pores of two different uniform 
radii, Rz<Ri. Absorption losses are assumed for now to be zero. Furthermore in this 
analysis, the MMW source is assumed to be adequately coherent, as verified by our ability to 
observe channel spectra and also to electronically count frequency when the MMW system is 
operated in the continuous-wave mode. 

A simple argument based on the concept of structure factor F(q)-N for scattering?from a random 
assembly of N non-interacting dielectric-sphere scatterers in the Rayleigh limit then leads 
to the result that the corresponding ratio of loss factor contributions from scattering varies 
as the inverse cube of the ratio of radii. 1 . e . .  as the pore radius decreases, then so does 
the scattered power - -  as the cube of the radius ratio, R?/Ri or as the first power of the 
corresponding ratio of pore volumes. This result, as well as the one in the next paragraph, 

Each specimen has equal total porosity 
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also applies to the theoretical model for the complementary situation at hand of MMW scatter- 
ing from8a spherical cavity (of the same radius) in B dielectric medium of the same dielectric 
constant , 

In the other extreme - -  of a periodic array of identical scatterers - -  the structure factor is 
zero, i.e., F(q)-0, except in the forward direction (still in the Rayleigh limit). Thus. no 
contribution arises to the loss factor. Accordingly, it can be shown for the intermediate 
case of N>F(q)>O, which is more applicable for the ORNL specimens, that the scattered power or 
loss factor decreases more rapidly than the cube of R?/Ri<l. Thus, for either random or 
non-random distributions of pores whose total number yields a constant total volume. the Rayl- 
eigh scattering and therefore the loss tangent decreases as the individual pore volume 
decreases. 

This result allows us to make sense of the properties of the standard, commercially available 
alumina (Table Z ) ,  which seem to be unusual, given the properties of the other specimens. 
That is, this specimen has the lowest loss-tangent mean, lowest dielectric-constant standard 
(and fractional) deviation, and lowest macroscopic defect-content values, hut also the lowest 
density mean and thus the highest porosity volume values (Table 2 ) .  Intuitively, then, one 
might have expected greater scattering of the W ' s  from the larger total volume of pores and 
other internal defects and thus a larger value of loss tangent. 
employed in the next paragraph, why this is not so is the aforementioned sensitivity of the 
loss tangent to the average value or mean of the defect sizes. 

Semi-quantitatively, we argue that the measurable losses in the standard specimen arise from 
absorption only, by showing that the losses by Rayleigh scattering are below the experimental 
detection limit. 
tangent for the standard specimen, assuming that the mean pore size was 1 pm (larger than 
observed in TEM observations). 
from a cavity of radius R in a dielectri? Fedium of dielectric constent k and assuming that 
multiple scattering effects are neglible 1 , the tan6 contribution found w a s  only 0.001% of 
the measured loss tangent. in agreement with the assumption of negligible scattering losses in 
this specimen. 

While the complexity of the scattering effects in a dielectric-filled waveguide increases when 
mode conversion, evanescent modes, and overmoding are taken into account, the preceding inter- 
pretation of the dielectric data in terms of Rayleigh scattering remains qualitatively the 
same. When absorption as well as scattering is considered, homer, more insight is gained 
into our data, as seen in the following. 

Taken as a whole, our data probably are not explained solely in terms of differences in SCst- 
tering processes (which do not yield heat conversion directly) as opposed to absorotion 
processes (which do convert the MMW energy directly into heat). Absorption probably is con- 
tributing in a variable way to the loss tangent along with the contribution from scattering. 
As indicated below. the relative importance of these two general types of attenuation varies 
from one specimen type to another. To discuss this point further, it is useful to equate the 
total loss tangent, for the case of constant dielectric constant, to the sum of 
(tat16)~b~ and (tan6),,,tt. the absorption and scattering contributions, respectively. 

For  the O W L  specimen sets, there are two competing ways to interpret the loss-tangent data, 
as indicated in the succeeding paragraphs. 

Since both the Oak Ridge and the standard aluminas have the same purity level of 99.5%, it is 
reasonable to try as a first approximation the assumption that the absorption losses are the 
same in all specimens. The scattering losses due to small, randomly distributed scatterers 
can then be estimated as the difference D * (tan6)t,t - (tan6)abs for each OWL set. We can 
then estimate the pore sizes that yield the measured values of D. The result is R - 0.13 mm 
for set no. 4 and R - 0.07 mm for set no. 3 ,  yielding average defect diameters of greater than 
0.1 mm. While these values are not far from the millimeter-level sizes far the largest 
defects observed. they appear to be in the wrong order. That is. having the larger pore sire 
in set no. 4 is not consistent with the acoustic and optical microscopy observations of defect 
sizes. These observations indicate that the larger defect sizes are in set no. 3. 

Thus. we consider an alternative interpretation. Since there is only 0.2 % porosity volume in 
the specimens of set no. 4 ,  the MMJ attenuation in this set instead would then occur entirely 
by absorption. For  
set no. 3 ,  however, there would be one, as based on (ta~16),,,~~ = D - 5.59~10- . The result 
is R = 0.06 mm, close to the value of 0.07 mm in the preceding paragraph. This second inter- 
pretation means that there is,an excess aksorption in both sets no. 3 and 4 involving the tan6 
difference of (7.48-4.22)xlO- - 3.26~10- . This is the interpretation used in the next 
sub-section. 

The probable reason. as 

We calculated (ta116),,,~~, the scattering contribution to the total loss 

Making use of the analytically known expression for scattering 

In that case there is no estimate of pore size of specimens in,set no. 4 .  
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3 .  Rf-window performance potential 

In terms of performance of Kf windows made from the alumina materials reported on here, the 
alumina from set no. 3 is inappropriate because of its low tensile strength. In the absence 
of neutron and other irradiation, the alumina in set no. 4 is much better in this respect. 
However, in terms of dielectric heating - -  as reasoned in the preceding sub-section - -  its 
absorption losses appear to be roughly twice those of the standard. 
showed that a doubling of dielectric losses from those of the sgandard material can have 
catastrophic consequences for service lifetime of an Kf window. 

With the total impurity content for both types of material, i.e., ORNL and standard, being 0.5 
% ,  the question naturally arises of why there is a substantial difference in the (ktanS)abs 
values. 
ferent. These impurities, which act a6 sintering aids. are MgO. CaO. and Si02 for the 
standard material but only HgO far set 4 (and no. 3 ) .  
too. in the sintering history which in turn can lead to differences in the phase chemistry 
arising upon cooling from the peak sintering temperature. 
glass vs. feldspar in high-purity alumina) may Control any tendency of impurities initially 
distributed as point defects to migrate and segregate as extended (e.g., 3-dimensional) 
defects. 
these matters can be found elsewhere. 

For pores of sizes much larger than atomic dimensions but of small total volume fractip: P, 
the thermal conductivity (K) decreases but only by the multiplicative factor (2-3P)/2, where 
P equals l-(p/p~~), with p and PTD being the densities of the actual and theoretically dense 
materials. respectively. From the data in Table 2. then, K for set no. 3 is 95.4% of the 
theoretically achievable value - -  for the polycrystalline as opposed to single-crystal value. 
For set no. 4, it*is 99.7% and for the standard specimen, 92.5%. 
rial reliability, , then, the initial porosity has much less effect on reducing rf-window 
service lifetime than the sensitivity of alumina to damage by neutron irradiation.' 

Whether the enriched alumina (equivalent to set no. 4 )  or a commercially available alumina 
such as the COOKS AD-995 standard in Table 2 is the more resistant to neutron irradiation dam- 
age, the answell has to wait until completion of the irradiation experiment of,which !$is work 
is a part. The transmuted carbon produced by the intended nuclear reaction O(n.0) C could 
affect the dielectric losses, however. because of the relatively conductive nature of this 
material. The organic precursor of aluminum isopropoxide, Al(OCsH7)s. is another potential 
source of carbon in the fired ceramic, and carbon analyses will be required on both the con- 
trol and irradiated samples for assessing the transmuted carbon content. 

In previous work, we 

The anSWeK may lie partly in the fact that the types of impurities present are dif- 

There are probably other differences, 

In turn, the phase chemistry ( e . g . .  

Such defects are leas effictgnt absorbers of MMW energy. Further discussion on 

From the standpoint of mate- 

CONCLUSIONS 

The sampling statistics for the data reported in the preceding are limited because of the 
limited numbers of dielectric test specimens available. Yet, the differences in the normal- 
ized dielectric properties between specimen test sets no. 3 and 4 are large. ranging up an 
order of magnitude in size. These differences ere also tracked by differences in tensile 
strengths, x-ray diffraction, microscopy observations, and processing parameters. 

Therefore. we believe that the dielectric properties, especially the standard and fractional 
deviations in the dielectric constant, but also the standard deviation for the loss tangent 
and the means of the loss tangent and loss factor, are sensitive and selective measures of 
material quality throughout the bulk OK volume of the test specimens involved. Tensile 
strength, on the other hand, is a critical s i z e  property depending on fracture, which is sen- 
sitive essentially only to the largest defects present within the test gage volume. 

Furthermore. MMW dielectric testing is nondestructive, so that tested specimens can be 
archived for subsequent retesting at any time. 
the precision machining and manual fitting now required for preparation of test specimens 
which are inserted under tight tolerances into the waveguide sections serving as the test fix- 
ture in MMW testing. Even this disadvantage, though, is offset somewhat by the time-consuming 
preparation of specimens required for optical and electron microscopy. 

Such advantages outweigh the disadvantage of 

FUTURE WORK 

In the next phase of this work, another set of 
at Oak Ridge National Laboratory. This set will be sent to Los Alamos (as its first enriched 
specimens) for final specimen preparation and MMW dielectric measurements. 
Depending on availability and scheduling, a matrixed set of alumina samples will be irradiated 

L7 
0-enriched alumina samples will be prepared 
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in the HFIR reactOK at Oak Ridge to two fluences and to two temperatures. 
temperatures are 20 and 60 dpa (in stainless steel) and 60 and 600°C. One of these matrixed 
sets is planned for enriched alumina, and another - -  for comparison purposes - -  for unenriched 
alumina. Subsequent property measurements are planned, including dielectric Constant and loss 
tangent. The planned time scale for this work is of the order of two years. 

We are also interested in comparing the statistics of tensile strength data with those of 
dielectric data, based on the hypothesis that both result from a common, underlying defect 
structure. There is a possibility that strength characteristics, under specific conditions. 
can be anticipated through prior nondestructive evaluation with MMU's. 

Finally, we intend to follow up on a clue found during the preceding work reported for the 
possible identification and treatment of a systematic error source that has been present in 
our in-waveguide data. because of inherent MMU hardware and software limitations. 

These fluences and 
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MICROSTRUCTURAL EXAMINATION F BERYLLIUM IRRADIATED AT 400% TO 8 DPA - D. S. Gelles and H. L. Heinisch, 
Pacific Northwest Laboratory?a) 

OBJECTIVE 

The objective of this effort is to determine the suitability of beryllium as a neutron multiplier for 
blanket applications. 

SUMMARY 

Sheet tensile specimens of commercial cast beryllium are found to be brittle following irradiation at 400% 
to 8 dpa. 
specimen thickness. 
C-type loop formation. 

Failure is by either transgranular brittle fracture or grain boundary embrittlement, depending on 
Embrittlement is ascribed both to helium bubble formation at grain boundaries and to 

Loop formation of this type has not previously been reported in the literature. 

PROGRESS AND STATUS 

Introduction 

Beryllium is being considered for use as a neutron multiplier in fusion reactor blanket designs. Recent 
calculations have indicated that for maximum tritium breeding efficiency, blanket designs must include a 
sizeable volume fraction for neutron mu1tiplication.I For example, a homogeneous blanket design requires 90 
volX beryllium to attain a maximum tritium breeding ratio (TBR) of 1.49, or, alternatively, careful design 
and introduction o f  a moderator can increase the TBR to 1.54 and reduce the beryllium to 60 volX. 

Because of this potentially important role, it is vital that neutron irradiation effects and helium 
production be quantified in beryllium. Large amounts of helium are produced in the neutron multiplying 
reaction : 

~ e 9  t n + Be8 t 2n (threshold energy 2 MeV) 

Recent efforts in support of the International Thennonuclear Experimental Reactor (ITER) include experiments 
intended to determine the effects of neutron irradiation on the mechanical properties and helium retention 
of beryllium. As part of that effort, this report describes fractographic and microstructural examinati s 
on c st pure beryllium that was irradiated as sheet tensile specimens at 400°C to approximately 1.8 x 10 E4 
n/cm 4 or 8 displacements per atom (dpa) and found to be embrittled. 

ExDerimental Procedures 

Sheet stock of conmercial cast grade 99.7% pure beryllium in thicknesses of 2, 5, 8 and 22 mils (0.05, 0.13, 
0.20 and 0.56 n) was provided by J. B. Whitley, Sandia National Laboratory - Albuquerque (SNLA). Twenty- 
seven miniature sheet tensile specimens were punched from the sheet and the specimens were irradlated In the 
Fast Flux Test Facility, Materials Open Test Assembly (FFTF/MOTA) as part of the BCEl experiment. The 
specimen matrix included seven specimens 2 mils (0.05 m) thick, eight specimens 5 mils (0.13 n) thick and 
twelve specimens 8 mils (0.20 n) thick. The BCEl experiment was irradiated in MOTA cycle 1C in a below 
core position, with the beryllium tensile specimens located in helium filled stainless steel canisters at 
the top of the experimental assembly. 

Following irradiation, the beryllium specimens were removed from the helium filled stainless steel canister 
and transferred for tensile testing. 
dropped during remote manipulator handling in the hot cell, and broke after dropping about 30 cm. Based on 
this demonstration of irradiation embrittlement, tensile testing plans were curtailed and efforts were 
redirected towards explaining the embri ttl ement by microstructural examination. 

Specimens were prepared for transmission electron microscopy following standard electropol ishing procedures 
using a twin Jet polishing unit with an electrolyte solution of 750 ml ethylene glycol, 75 ml nitric acid, 
15 ml sulfuric acid and 15 ml hydrochloric acid operating at 9 to 13 V and with the solution cooled. Typical 
polishing times approached three hours. Fractography was performed on a scanning electron microscope 
operating at 10 KeV; transmission electron microscopy was performed on a scanning transmission machine 
operating at 120 KeV. 

In that position, they received a dose of E dpa at 400'C. 

During the transfer process, several specimens were inadvertently 

(a) Operated for the U.S. Department of Energy by Battelle Memorial Institute under Contract 
DE-AC-06-76RLO 1830. 
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Results 
Tensi le Testing 

A cont ro l  specimen and three i r r a d i a t e d  specimens fabr ica ted from 0.008" (0.20 mm) sheet and an i r r a d i a t e d  
specimen fabr ica ted from 0.005n (0.13 mm) sheet were tested, g i v i n g  r e s u l t s  as expected. 
specimen demonstrated a y i e l d  strength o f  230 MPa, an u l t ima te  t e n s i l e  strength o f  296 MPa and uni form 
elongation o f  2.5%. A l l  four i r r a d i a t e d  specimens f a i l e d  wi thout p l a s t i c  deformation, one of the 0.008" 
(0.20 mn) t h i c k  specimens breaking i n  the g r i p  section. 
f o r  the t h i c k e r  specimens and 117 MPa for  the th inner  specimen. Therefore, i r r a d i a t i o n  resu l ted i n  severe 
embrittlement, w i th  fa i l u res  a t  stresses a l i t t l e  below the u l t ima te  t e n s i l e  strength of the un i r rad ia ted 
mater ia l .  

The cont ro l  

The u l t ima te  t e n s i l e  strengths were 275 and 284 MPA 

Fractographic Examination 

Two broken sheet t e n s i l e  specimens were examined by scanning e lec t ron microscopy. 
punched from sheets of d i f fe rent  thickness; one was from 2 m i l  (0.05 mn) sheet and the other from 8 m i l  
(0.20 mn) sheet. 

Examples of the f rac ture  mode for  the t h i c k e r  specimen are given i n  Figure 1. A low magni f ica t ion example 
of the e n t i r e  f rac ture  surface i s  shown i n  Figure l a ,  and a higher magnif icat ion example o f  the f u l l  width 
of the f ractured sheet i s  shown i n  Figure l b .  
t ransgranular b r i t t l e  cleavage. The transgranular b r i t t l e  cleavage response i s  shown i n  greater d e t a i l  i n  
Figure IC. 

The specimens had been 

Fractographic examinations revealed d i f f e r e n t  modes o f  f rac ture .  

The g ra in  s ize i s  on the order o f  40 p and f a i l u r e  i s  by 

Figure 1. Fracture surface of commercial cast  bery l l ium sheet t e n s i l e  specimen from 0.008" (0.20mn) 
thickness fol lowing i r r a d i a t i o n  a t  400'C t o  8 dpa a t  (a) low, (b) intermediate and (c) higher 
magnif icat ion.  Fa i l u re  i s  i n  p a r t  by t ransgranular cleavage. 

Fa i l u re  i n  the th inner  specimen i s  shown i n  Figure 2. 
f rac ture  surface i s  given i n  Figure 2a and a higher magnif ication example of the f u l l  width of the f rac tured 
sheet can be seen i n  Figure 2b. The g ra in  s ize i s  on the order o f  20 m, a l lowing approximately two gra ins  
across the width of the sheet, and f a i l u r e  i s  by in tergranu lar  f rac ture .  Several examples of deep g ra in  
boundary cracks can be i d e n t i f i e d  i n  Figure 2b but no evidence f o r  helium bubble decorat ion o f  the  g ra in  
boundary surfaces can be seen. Therefore, the mode o f  f a i l u r e  would appear t o  be dependent on the thickness 
o f  the sheet stock used, and both i r r a d i a t i o n  hardening o f  the matr ix  and r e l a t i v e  weakening o f  the g ra in  
boundaries i s  indicated. 

Again, a low magnif icat ion example of the e n t i r e  

Microst ruc tura l  Examination 

The microst ruc ture  of the i r r a d i a t e d  bery l l ium sheet specimens was found t o  include a low dens i ty  of 
d i s loca t ion  tangles of a/3 c1120> a-type Burgers vectors, poss ib ly  present p r i o r  t o  i r rad ia t i on ,  a h igh 
dens i ty  of small loops w i t h  c<OOO2> C-type Burgers vectors and evidence f o r  small bubbles on g ra in  boundary 
d is locat ions.  However, the d i s loca t ion  images obtained were very sens i t i ve  t o  the imaging condi t ions used. 
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. . 

Figure 2 .  Fracture surface of conmercial cast beryllium sheet tensile specimen from 0.002" (0.05 nm) 
thickness following irradiation at 400'C to 8 dpa at (a) intermediate and (b) higher 
magnification. Failure is by intergranular cleavage. 

For example,-inside contrast for C-type loops was very strong, but outside contrast (obtained by changing 
the sign of g) gave very diffuse images that could easily be overlooked. 

Figure 3 has been prepared to show examples of dislocation images in two specimens of cast beryllium 
following irradiation at 400'C to 8 dpa. Figures 3a through 3f, provide comparison of the same area near a 
(1102) orientation under different imaging conditions, and Figures 39 and 3h compare another area near a 
(1210) orientation in a different specimen. Most apparent in this series is that Figures 3d, 3f and 39 
clearly reveal a high density o f  small defects, whereas all other imaging conditions show these features in 
very poor contrast. 

Figure 4 provides evidence for formation of helium bubbles at grain boundaries in beryllium irradiated at 
400'C to 8 dpa. Figure 4a is a bright field image of a grain boundary node, and shows a mottled appearance 
on two of the boundaries forming the node, and bubble-like images on the third boundary which is more 
steeply inclined. These images indicate bubbles about 1.5 nm in diameter are present at high density on 
these boundaries. Figure 4b is a dark field image using 0111 contrast showing a low angle tilt boundary 
consisting of four parallel dislocations. The dislocations appear as a necklace of dark pearls. The pearl- 
like features are probably helium bubbles attached to the subgrain boundary dislocations, and therefore in 
this case the bubbles are about 10 nm. Therefore, helium bubbles at grain boundaries can vary considerably 
in size, depending on the density of nucleation sites (or bubble density) on the boundary. 

DISCUSSION 

This work has shown that irradiation of beryllium at 400'C to about 8 dpa leads to embrittleaent due to both 
transgranular and intergranular failure (depending on the thickness of the specimen). There is concern that 
specimen fabrication is in part responsible for postirradiation failure. Beryllium is inherently difficult 
to fabricate, and the technique used to manufacture the specimens is not recommended. It is possible that 
incipient cracks were introduced by the punching operation, but prior to irradiation, specimens could be 
handled and dropped with impunity without breakage. 

,ostructural examination demonstrates that embrittlement is due both to helium bubble formation on gra 
subgrain boundaries and to formation of a high density of loops with C-type Burgers vector. 
rts have ascribed embrittlement ofberyllium .. to hellurn bubble format!on on grain boundaries,2-g but 

S vera1 
Micr in 
and 
rep0 
there appears to be only one mention of non-basal loop formation due to fast neutron irradiation in 
beryllium Walters et. al. report finding loops in hot pressed beryllium following irradiation at 350%- 
to 2 x lopo fast neutrons/cm2, a small fr ction of which appeared to be on (1122) planes with possible 
Bur ers vectors 1/6 c0223> or 1/3 C I I ~ ~ > . ~  Also noteworthv is the fact that onlv oerfect orismatic a/3 

experimente rork are behaving 
differently 

c l A >  Burg !ViOUS ers vectors were f o h d  in electron irradiated b;rylli~m.~ Therefore,-either pr; 
rs have overlooked C-type loops or the specimens being examined in the present I 

The cItype 
from g to -i cause the loops to become practically invisible. Also, as shown in Figure 3h, imaging with 
g = 0002 gives lobe type contrast resembling that found for coherent precipitates with misfit strains. 
unusual contrast may indicate that the C-type loops are not simply agglomerations of point defects, but 
helium segregation may also be involved. 

lyylly ,,, ., .--= L.IYn l..l-ll. l..I.u_- ,,, .lll. "..., _,,,. v.-  -,.-.,3-- ,,, imaging conditions 

Such 
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Figure 3. Examples of dislocation Ztructure in commercial cast beryllium sheet following irradiation at 
400T to 8 dpa in (a) lO!O contrast, (b) 2110 contrast (c) -0111 contrast, (d) 0111 contrast, (e) 
-1101 contrast, and (f) llO! contrast for a foil near (1IO2), and (9) 1010 contrast and ( h )  0002 
contrast for a foil near (1210). 
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Figure 4. Examples of helium bubble formation i n  commercial cast  bery l l ium sheet fo l l ow ing  i r r a d i a t i o n  a t  
400°C t o  8 dpa showing a g ra in  boundary node i n  (a) and a subgrain boundary using weak beam dark 
f i e l d  cont ras t  i n  (b). 

The present work emphasizes t h a t  rad ia t i on  damage i n  bery l l ium causes severe embrittlement. Therefore, 
concern i s  ra ised t h a t  la rge volumes of bery l l ium i n  blanket modules may have d i f f i c u l t y  supporting t h e i r  
own load, and i n  order t o  r e t a i n  i n t e g r i t y ,  bery l l ium may have t o  be encapsulated. 

CONCLUSIONS 

Sheet t e n s i l e  specimens or comerc ia l  cast  be ry l l i um are found t o  be b r i t t l e  fo l l ow ing  i r r a d i a t i o n  a t  400% 
t o  8 dpa. Fa i l u re  i s  e i t h e r  by t ransgranular b r i t t l e  fracture, o r  by g ra in  boundary embrittlement, depend- 
i n g  on specimen thickness. 
and/or t o  C-type loop formation. 
l i t e r a t u r e .  

Embrittlement i s  ascribed both t o  helium bubble formation a t  g ra in  boundaries 
Loop formation of t h i s  type has not previously been reported i n  the 

FUTURE WORK 

This work w i l l  be continued by examining comnercial cast  bery l l ium fol lowing i r r a d i a t i o n  a t  550% t o  3 dpa 
and c o l d  pressed and s in tered bery l l ium fol lowing i r r a d i a t i o n  a t  420'C t o  30 dpa. 
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TRITIUM RELEASE FROM IRRADIATED BERYLLIUM A LEVATED TEMPERATURES, D. L. Baldwin,  D. S. G e l l e s  and 
0. D. S l a g l e  ( P a c i f i c  Nor thwest  Laboratory)Taf  

OBJECTIVE 

The o b j e c t i v e  o f  t h i s  e f f o r t  i s  t o  measure t r i t i u m  r e l e a s e  k i n e t i c s  f rom i r r a d i a t e d  Be i n  suppor t  o f  ITER 
b l a n k e t  des igns.  

SUMMARY 

T r i t i u m  r e l e a s e  k i n e t i c s  have been measured f o r  n e u t r o n - i r r a d i a t e d  b e r y l l i u m  i n  t h e  temperature range of 
573-884 K .  Two t r i t i u m  r e l e a s e  t e s t s  of 210 and 550 hours a r e  t h e  f i r s t  i n  a s e r i e s  of t r i t i u m  r e l e a s e  
t e s t s  on i r r a d i a t e d  Be i n  suppor t  of I n t e r n a t i o n a l  Thermonuclear Exper imenta l  Reactor (ITER) b l a n k e t  
des igns.  Rea l - t ime t r i t i u m  r e l e a s e  curves were measured by an i o n i z a t i o n  chamber a f t e r  temperature s t e p  
changes o f  100 K under t i g h t l y  c o n t r o l l e d  c o n d i t i o n s  s p e c i f i c  t o  ITER. The exper imenta l  c o n d i t i o n s  were 
designed t o  measure d i f f u s i o n - c o n t r o l l e d  r e l e a s e  of t r i t i u m  from i r r a d i a t e d  Be. 
from t h i s  d a t a  s e t  i s  t h a t  a uniaue r a t e - c o n t r o l l i n a  mechanism i s  n o t  d i s t i n a u i s h a b l e .  Aooarent d i f f u s i o n  

The p r e l i m i n a r y  c o n c l u s i o n  

k i n e t i c s  a t  l ower  temperatures g i v e  way t o  a b u r s t  r e l e a s e  a t  884 K, co inc idGnt  w i t h  a r e k b u c t u r i n g  and 
bubble coalescence i n  t h i s  f u l l y  dense m a t e r i a l .  

PROGRESS AND STATUS 

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

I n t e r n a t i o n a l  Thermonuclear Experimental Reactor ( I T E R )  b l a n k e t  des ign  a c t i v i t i e s  r e q u i r e  a b e t t e r  
d e f i n i t i o n  o f  t r i t i u m  d i f f u s i o n  i n  Be under b l a n k e t  r e l e v a n t  c o n d i t i o n s .  
neu t ron  m u l t i p l i e r  i n  t h e  b l a n k e t ,  t h e r e  i s  r e l a t i v e l y  l i t t l e  i n f o r m a t i o n  on t h e  behav io r  o f  H i so topes  i n  
Be t o  suppor t  f u s i o n  b l a n k e t  des ign and p r e d i c t i o n  performance. 

L i m i t e d  d a t a  on H 'sotope r e l e a s e  k i n e t i c s  f o r  Be have been p rov ided  by Jones and Gibson, l  Wampler,2 and 
E l l s  and Perryman.j  The c o n d i t i o n s  chosen and i n f o r m a t i o n  presented by each of t h e  au thors  a re  o f  l i m i t e d  
a p p l i c a b i l i t y  t o  I T E R  c o n d i t i o n s .  The purpose o f  t h e  p resen t  work i s  t o  p r o v i d e  c a r e f u l l y  c o n t r o l l e d  
t r i t i u m  r e l e a s e  d a t a  f o r  Be a t  temperatures and c o n d i t i o n s  p r o t o t y p i c  t o  I T E R .  

The d i f f i c u l t i e s  i n  o b t a i n i n g  good d i f f u s i v i t y  and s o l u b i l i t y  measurements a r e  w e l l  documented i n  t h e  
l i t e r a t u r e .  These d i f f i c u l t i e s  a re  p r i m a r i l y  due o su r face  e f f e  t s  and v a r i o u s  t r a p p i n g  phenomena. The 

d e t a i l .  
e f f e c t s  and o b t a i n  i n f o r m a t i o n  t o  q u a n t i f y  t r a p p i n g  e f f e c t s .  

Exper i  ment a1 

B e r y l l i u m  p r e v i o u s l y  i r r a d i a t e d  i n  t h e  ATR r e a c t o r ,  i n  t h e  U.S., was p rov ided  by J. M. Beeston and 
L. G. M i l l e r  of Idaho N a t i o n a l  Engineer ing Labora to ry .  B e r y l l i u m  powder had been hot-pressed i n t o  rods,  
1 cm d iamete r  and 3 cm long,  t f u l l  

t h e  He c o n t e n t  i s  es t imated  t o  be 24,000 appm He. The Be samples f o r  t h i s  work were sec t ioned  u s i n g  t h e  
f o l l o w i n g  procedure. Hol low c a v i t i e s  were machined i n t o  two s t e e l  r o d s  t o  a d iamete r  0.002 i n c h  g r e a t e r  
than  t h e  d iamete r  of t h e  Be, a l l o w i n g  a Be sample t o  f i t  w i t h i n  t h e  s t e e l  rods.  
s t e e l  r o d s  were q u i c k l y  bent ,  c r a c k i n g  t h e  Be i n s i d e .  The Be cracked i n t o  severa l  0 . 5 - m - t h i c k  d i s k s  as 
w e l l  as some 2 t o  4-mm-thick d isks ,  weighing 0.3 t o  0.5 g. A scanning e l e c t r o n  microscope examinat ion o f  
t h e  cracked Be showed a c l a s s i c  b r i t t l e ' f r a c t u r e .  
t e s t i n g .  

The exper imenta l  t e s t i n g  i n v o l v e d  s tepped- temperature changes f o l l o w e d  by i so therma l  anneals, f o r  t h e  
temperature range o f  573 t o  973 K, i n  an atmosphere of f l ow ing  H2-doped He. 
F i g u r e  1. 
Each temperature change i n v o l v e d  a d u r a t i o n  o f  about E minutes,  which i s  v e r y  s h o r t  r e l a t i v e  t o  t h e  

Al though Be i s  t h e  proposed 

p r e v i o u s l y  mentioned authors,  as w e l l  as Swansiger k and Longhurst  S '  d iscuss  these problems i n  v a r i o u s  
Because o f  these i n h e r e n t  problems, e f f o r t  was expended i n  a t t e m p t i n g  t o  b o t h  m in im ize  t r a p p i n g  

h e o r e t i c a l  d e n s i t y ,  and i r r a d i a t e d  10 years  a t  i 348 K t o  a t o t a l  f a s t  
f l u e n c e  o f  approx imate ly  5 x 1 0 j 2  n/cm 5 . The Be r o d s  assay t o  98.26 w t %  Be. The Be0 c o n t e n t  i s  1.7 wt%, and 

Wi th sample i n  p lace,  t h e  

The l a r g e r  p ieces  were used f o r  t h e  t r i t i u m  r e l e a s e  

A schematic i s  shown i n  
The t r i t i u m  r e l e a s e  r a t e  was measured a t  each temperature u n t i l  t h e  r e l e a s e  r a t e  approached zero.  

(a) Operated f o r  t h e  U.S. Department o f  Energy by B a t t e l l e  Memorial I n s t i t u t e  under C o n t r a c t  
DE-AC06-76RLO 1830. 



306 

Sample Held 
Before Drop 

strip 
Chart 
Recorder 

Plnal Trltlum 
Collection: 
Dual Mol. 
Sieve Traps 
for long-trrm 
collection 

Figure 1. Schematic o f  apparatus for measuring tritium release from beryllium. 

isothermal anneals. 
retention on downstream components. The reduced tritium (HT) release rate was measured in an ionization 
chamber and the rate integrated by computer. 
at 873 K for oxidation to water and collection on molecular sieve columns. 
tritium was later thermally desorbed and measured by liquid scintillation counting, which provided 
verification of the integrated ionization chamber data. After completion of the final temperature anneal, 
the Be w s removed and melted in a high-temperature vacuum extraction apparatus t o  measure any residual 
tritium.2 The extracted tritium was collected and measured by liquid scintillation. The tritium released 
during the temperature anneals together with the residual tritium provided a comparison to the starting 
inventory . 
The experimental apparatus included a dual heat-zone vertical quartz furnace tube with temperature 
controlled zones for the sample and the zinc reducer bed. 
with a measured gradient along its length of 663 to 673 K .  
important because lesser or greater temperatures may cause either measurable retention o f  tritium or 
excessive volatilization of Zn, respectively. 
tube. 

The test results reported here include two He-O.I%H* release tests covering the temperature range of 573 to 
973 K in 100 K increments. 
surface effects by isotopic swamping, and is pre-purified to <IO ppb total oxygen and moisture. 
purification system consisted of two commercial purifiers in series. An OxyClear Gas Purifier, from Supelco 
Corp., removed oxygen to cl  ppm, followed by a Supelco OMI-1 Indicating Purifier for further removal of 
oxygen and water to <IO ppb. 
permeation losses. 
helium and all fittings leak-checked using a helium thermal conductivity leak detector. 
each heatup, the Be sample was held inside the closed system in a small cup above the heat zone. 

The released tritium was chemically reduced on a hot zinc bed t o  minimize surface 

This collected, cumulative 
The gas was subsequently routed through a copper oxide column 

The zinc bed temperature was controlled to 673 K, 
Careful temperature control of a zinc bed is 

The sample is contained in a quartz cup within the furnace 
The inlet and outlet tube fittings were CAJON Viton O-ring Ultra-Torr high-vacuum fittings. 

The Hz-doped He carrier gas, flowing at 100 sccm, was expected to minimize 
The 

All hot walls in the system were quartz rather than metal to minimize 
At the beginning of each release test, the closed system was pressurized to 5 psig with 

Prior to and during 
The cup 
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cou ld  be i n v e r t e d  180' t o  drop t he  sample i n t o  t he  heat  zone. 
thorough ly  f lushed o f  a i r  and moisture.  
permeation losses.  The i o n i z a t i o n  chamber was an Overhof f  Corp. Model T301 5-decade inst rument  w i t h  a 00 

tube a t  873 K f o r  ox i da t i on  of a l l  H isotopes t o  water. 
i n  se r i es  t o  ensure capture o f  a l l  t r i t i a t e d  water. 

The i o n i z a t i o n  chamber ou tpu t  was in te r faced through a Fluke 8842A 5k d i g i t  mu l t imeter  and was accumulated 
i n  a Hewlett-Packard 9826 computer a t  use r - spec i f i ed  i n t e r v a l s ,  converted d i r e c t l y  t o  Ci/m3 u n i t s  and 
in tegra ted .  For each e lec t rometer  range, t he re  was a d i f f e r e n t  base l ine  c o r r e c t i o n  made on t h e  i o n  chamber 
data.  The proper c o r r e c t i o n  
f o r  a non-zero and changing base l ine  i s  c r i t i c a l  f o r  these measurements because t he  i n t e g r a t i o n  of any non- 
zero base l ine  would q u a n t i t a t i v e l y  a f f e c t  t he  cumulat ive re lease  curve shape. 

The pos t - run  ana l ys i s  cons is ted  of two par ts .  
sample was t ranspor ted  t o  a d i f f e ren t  apparatus f o r  h igh- temperature vacuum fus i on /ex t r  c t i o n  ana l ys i s  f o r  
measurement o f  r e s i d u a l  t r i t i u m .  The h igh- temperature vacuum fus i on /ex t rac t i on  method,% heated t h e  sample 
i n  vacuum by RF i nduc t i on  heat ing  t o  approximately 1900 K f o r  complete m e l t i n g  and re lease  o f  a l l  v o l a t i l e  
species. T r i t i u m  was ex t rac ted ,  ox id ized,  and condensed f o r  measurement by l i q u i d  s c i n t i l l a t i o n  count ing.  
As a v e r i f i c a t i o n  of t he  t r i t i u m  re leased du r i ng  t he  anneal t e s t ,  t h e  molecular  s ieve  columns were each 
t he rma l l y  desorbed a t  613 K i n  f l o w i n g  helium. 
l i q u i d  s c i n t i l l a t i o n  count ing.  
con f i rmat ion  o f  t he  i n teg ra ted  i o n  chamber value. The res i dua l  t r i t i u m  r e s u l t  p l u s  t h e  t o t a l  i n t eg ra ted  
t r i t i u m  re leased du r i ng  t he  anneal t e s t  provided a comparison t o  t he  s t a r t i n g  inventory .  

Resu l ts  and Discussion 

Two t r i t i u m  k i n e t i c s  t e s t s  were completed f o r  temperature anneals o f  573, 684, 784, and 884 K, and w i t h  an 
a d d i t i o n a l  anneal a t  973 K i n  t h e  second t e s t .  The f i r s t  t e s t  t o t a l e d  270 hours i n  l eng th  and t he  second 
t e s t  was 550 hours i n  leng th .  
cumulat ive re lease  i n  C i ,  accounting f o r  t he  100 sccm f lowra te .  
F igure  2 f o r  bo th  t es t s .  There i s  good agreement between t h e  two t es t s ,  w i t h  t he  major d i f f e r e n c e  be ing  
longer  measurement t imes i n  t he  second t e s t ,  p a r t i c u l a r l y  a t  573 K. 
design was t o  measure d i f f u s i o n - c o n t r o l l e d  re lease  from t h i s  Be. A q u a l i t a t i v e  examination of t he  data, 
though, i n d i c a t e s  t h a t  a s p e c i f i c  re lease  mechanism may n o t  be d iscernab le .  
one would expect longer  re lease  t imes a t  t he  lower temperatures, w i t h  sho r te r  re lease  t imes a t  i nc reas ing  
temperature. But, as can be seen i n  F igure  2, t h e  approach t o  zero re lease  i s  r e l a t i v e l y  f a s t  a t  573 K. 
The approach t o  zero re lease  lengthens a t  t he  h i ghe r  temperatures. 
f o r  d i f f u s i o n - c o n t r o l l e d  re lease .  Therefore t he  ac tua l  r a t e - c o n t r o l l i n g  mechanism f o r  t h i s  t e s t  m a t e r i a l  i s  
n o t  d i s t i n g u i s h a b l e  a t  t h i s  t ime.  

The ma te r i a l  se lec ted  f o r  these t e s t s  was i r r a d i a t e d  a t  a low temperature, which i s  appropr ia te  f o r  t r i t i u m  
re lease  measurements. A concern, though, i s  t he  h i gh  Be0 and He content  o f  t h e  ma te r i a l ,  o f fe r ing  p o t e n t i a l  
f o r  a vas t  number o f  i n t e r g r a n u l a r  t r app ing  s i t e s .  
any d i f f u s i o n a l  mechanism. 

A t  573, 684 and 784 K, t he  re lease  curves were obta ined w i t h  t he  as-expected peak fo l lowed by t a i l i n g  toward 
zero re lease .  A t  884 K, t he  normal peak occurred fo l lowed by t h e  expected t a i l i n g .  But about one hour 
a f t e r  t he  temperature step change and d i f f u s i o n a l  peak, a l a r g e  bu rs t - t ype  t r i t i u m  re lease  occurred, very  
d i f f e r e n t  from the  d i f f us i ona l  re lease .  
K r e s u l t e d  i n  a s l i g h t  increase i n  steady s t a t e  re lease,  b u t  w i t h  r e l ease  k i n e t i c s  very  d i s s i m i l a r  t o  t he  
1 ower temperature anneals. 

Scanning e l e c t r o n  microscope examinations o f  t h e  Be prov ided some i n s i g h t  i n t o  t he  behavior  a t  884 K. 
F igure  4 shows a f r e s h  f r a c t u r e  o f  t he  a s - i r r a d i a t e d  Be p r i o r  t o  any heat  t reatment .  
i n d i c a t i o n  o f  any f i n e  bubble s t r u c t u r e  a t  t h i s  magn i f i ca t i on .  Gra in  boundaries can be seen i n  t he  
photograph, showing an est imated g r a i n  s i ze  of 10-40 um. F igure  5 shows a f r e s h  f r a c t u r e  o f  t h e  Be sample 
from the  second re lease  t e s t  a f t e r  t he  b u r s t  re lease  a t  884 K and t he  a d d i t i o n a l  temperature anneal t o  973 
K. A r a d i c a l l y  a l t e r e d  m ic ros t ruc tu re  i s  seen, showing a p ro fus i on  o f  f i n e  bubbles a long a l l  g r a i n  
boundaries. 

A sample o f  t he  unheated, a s - i r r a d i a t e d  t e s t  ma te r i a l  was fused i n  a vacuum e x t r a c t i o n  apparatus f o r  
measurement o f  t o t a l  t r i t i u m .  
measure res i dua l  t r i t i u m  remaining i n  t h e  m a t e r i a l .  

Dur ing t h i s  t ime  t he  e n t i r e  system was 
The system was interconnected by 1/8-inch copper t ub ing  t o  min imize 

cc i o n  chamber p l u s  assoc ia t  d e lectrometer .  It was f a c t o r y  c a l i b r a t e d  f o r  readings from 0 t o  20 mCi /m 5 
f u l l  sca le  and 0 t o  200 C i / m  5 f u l l  scale.  The gas passed through t he  i o n  chamber t o  a CuO f i l l e d  quar tz  

It then passed through dual  molecular  s ieve  columns 

These base l i ne  l e v e l s  were recorded be fore  and a f t e r  each temperature anneal. 

Upon complet ion o f  t he  f i n a l  temperature anneal, t h e  Be 

The desorbed t r i t i u m  was c o l l e c t e d  i n  water  and measured by 
The q u a n t i t y  o f  t r i t i u m  c o l l e c t e d  on t h e  molecular  s ieve  columns prov ided a 

The r e a l - t i m e  t r i t i u m  concent ra t ion  i n  Ci /m3 was i n teg ra ted  and converted t o  
The cumulat ive re lease  curves a re  shown i n  

The i n t e n t  throughout  t h e  experimental 

Wi th c l a s s i c  b u l k  d i f fus ion.7 

Th i s  s i t u a t i o n  i s  n o t  what i s  expected 

The h i gh  d e n s i t y  o f  t h i s  ma te r i a l  should a l so  a f f e c t  

Th is  i s  shown i n  F igure  3. Fur ther  increase i n  temperature t o  973 

There i s  no 

Th i s  bubble p o r o s i t y  presumably con t r i bu ted  t o  t h e  bu rs t - t ype  re lease  t h a t  occurred a t  884K. 

The hea t - t r ea ted  t e s t  ma te r i a l  was a l so  analyzed by t he  same method t o  
The pos t- run  r e s u l t s  are shown i n  Table 1. 



308 

10’ . . -  
- .  . . .  .. . 

. .&. .. I 
loo 

1 573 K 
io+ I I 1 I 

0 200 400 600 

Time (hours) 

Figure 2 .  
844 K. 
a t  884 K from both t e s t s .  

Cumulative tritium release curves for two release t e s t s  from Be throughout temperature range 473 
Note di f fus ion- l ike  re leases  a t  573, 684 and 784 K, and the reproducibility of burst-type release 
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Be #2 Test: 
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Figure 3. 
versus time. 

Burst-type tritium release from both tests at 884 K. Axes are log tritium concentration (Ci/&) 
Initial smaller peaks at 251 hrs and 499 hrs are the normal diffusion-like release peaks. 

Figure 4. SEM photograph of as-irradiated non-heat treated Be. Note absence of any fine bubble structure. 
Grain size appears to be 10-40 m. 
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Figure 5. 
bubbles through mater ia l .  

SEM photograph of Be heat- t reated t o  973 K. Note r a d i c a l l y  a l te red  microstructure showing f ine 

Table 1. Results f o r  F i r s t  Be Test 

Sample Result (Ci/g) 

Total T r i t i u m  Assay on As- Irradiated Mater ia l  8.23 

Be#l Test 
- Released T r i t i u m  (mol sieve analysis)  7.61 
- Residual T r i t i u m  (vacuum fus ion)  0.46 

- Totaled T r i t i u m  8.07 

As can be seen, the t o t a l  t r i t i u m  assay r e s u l t s  f o r  t h i s  Be are 8.07 and 8.23 Ci/g w i t h  an average 
8.15 Ci/g. 

CONCLUSIONS 

Efforts are cont inuing on t h i s  pro jec t .  
presented. 

Prel iminary conclusions based on the current release curves are 

1. An apparatus f o r  measuring stepped-temperature release k ine t i cs  from i r r a d i a t e d  Be has been designed, 
tes ted and successful ly used. 

T r i t i u m  release k i n e t i c s  have been examined by two tes ts  covering the temperature range o f  573 t o  973 K 
i n  100 K i n t e r v a l s  i n  a H2 doped helium atmosphere and show good rep roduc ib i l i t y .  

3. A unique, r a t e - c o n t r o l l i n g  mechanism f o r  t r i t i u m  release from t h i s  f u l l y  dense mater ia l  a t  the lower 
temperatures o f  573, 684, and 784 K i s  not  dist inguishable.  

A l a r g e  burst- type release occurs reproducibly a t  884 K. This release occurs co inc iden ta l l y  w i t h  the 
formation of g ra in  boundary bubble coalescence. 

High-temperature vacuum ex t rac t i on  analysis o f  the temperature annealed mater ia l  and as- i r rad ia ted  Be 
show the o r i g i n a l  t r i t i u m  content o f  t h i s  mater ia l  t o  be 8.07 t o  8.23 Ci/g. 

2. 

4. 

5. 
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FUTURE WORK 

Continuation of these tests will involve a stepped-temperature release test in pure He to provide data on 
surface trapping. Since H2 exchange reactions should minimize surface trapping when H 
tritium release test in pure He should reveal surface trapping effects. Tritium retention in the 
measurement apparatus, which may affect interpretation of kinetic release rate data, will be characterized 
by injecting tritium and measuring system transport time. 

Another potential trapping mechanism of interest is radiation damage trapping. Measurement of this effect 
is planned by comparing tritium release results from irradiated Be with tritium release results from 
unirradiated, tritium-impregnated Be. Tritium solubility measurement tests on unirradiated Be are planned 
to complete the analysis data required by ITER. 
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