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F 0 RE W 0 R D 

This  i s  t h e  n i n t h  i n  a s e r i e s  of semiannual t e c h n i c a l  progress r e p o r t s  on fus ion  r e a c t o r  
mate r ia l s .  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  
repor ted  separa te 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 r e p o r t s :  

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

0 Damage Ana lys 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  n e u t r o n i c  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  m t e r i a 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  suppor t  of t h e  Magnetic Fusion 
Energy Program o f  t h e  U S .  Department o f  Energy. The o t h e r  major  element of t h e  program 
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 .  

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 .  The purpose o f  t h i s  s e r i e s  of r e p o r t s  i s  t o  
p rov ide  a work ing t e c h n i c a l  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 r o v i d e  
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  o f  m 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,  bo th  n a t i o n a l l y  and worldwide. 

Th is  r e p o r t  has been compi led 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 iona l  Laboratory.  T h e i r  e f f o r t s ,  and t h e  e f f o r t s  of 
t h e  many persons who m d e  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. 
F. Y. Wiffen, 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 
repor ted  on i n  t h i s  document. 

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  

R. P r i ce ,  Ch ie f  
Reactor Technologies Branch 
O f f i c e  o f  Fusion Energy 





V 

TABLE OF CONTENTS 

FOREWRD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  111 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1. IRRADIATION FACILITIES, TEST MATRICES, AND EXPERIMENTAL METHODS 1 

(Pac i f i c  Northwest Laboratory) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 
1.1 AN EVALUATION OF M E  LOS ALAMOS SPALLATION RADIATION EFFECTS FACILITY (LASREF) FOR FUSION APPLICATIONS 

The appropriate ro le,  both shart - tern and long-term. Of the  Los A l a m s  Spa l la t ion  Radiation Effects F a c i l i t y  
(LASREF) i n  the  U.S. Fusion Mater ia ls  Prcqram was reviewed by a peer group i n  June 1990. This report  presents the  
LASREF revisw corn i t tee 's  f ind ings  and recmendat ions.  

OEVELOPMENT OF DISC COHPACT TENSION SPECIMENS AN0 TEST TECHNIQUES FOR HFIR IRRADIATIONS (Univers i ty  of California-SB and 1.2 
Oak Ridge National Laboratory) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 

Near t e r n  i r r a d i a t i o n s  Of candidate a l l o y s  being planned f o r  the  High Flux Isotope Reactor (HFIR) i n  support of ITER 
and isotope t a i l o r i n g  experiments necessitate the  use of r e l a t l v e l y  small f r a c t u r a  toughness specimens, e.0.. darn t o  
12.5 mm i n  diameter. The specimens w i l l  a l so  contain substant ia l  auaunts o f  helium. This work involved the applica- 
t i o n  of e lectropotent ia l  drop techniques t o  detenains J- resistance Curves f o r  t h i s  purpose i n  HT-9 specimens w i t h  
diameters of 40, 25. and 12.5 rn a t  terweratures ranging from 20°C t o  100.C: i n  addit ion, the  ef fects of s i d e  grooving 
were examined. Good agrement between J- resistance curves determined by the  e lec t ropo ten t ia l  drop and by m u l t i p l e  
specimen techniques was obtalned f o r  a l l  specimen g e m s t r i e r ,  sizes. and t m e r a t u r e r .  

DESIGN, FABRICATION, AND OPERATION OF HFIR-MFE RB' SPECTRALLY TAILORED IRRADIATION CAPSULES (oak Ridge National Laboratory 
and M i h e s t  Technical. lnc.) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  13 

1.3 

Design and fabr ica t ion  of four HFIRHFE RB* capsules (60. 200. 330, and 4OO.C) t o  accomdate  specimens previously 
i r r ad i a t ed  i n  spec t ra l l y  t a i l o r e d  experiments i n  the  ORR are proceeding s a t i s f a c t o r i l y .  These capsula designs incorporate 
provis ions f o r  removal, examination. and re-encapsulation of specimens a t  an intermediate exposure leve l  of 16 displacments 
per a h  (*a) en route t o  a ta rge t  exposure leve l  of 24 e a .  With the  exception o f  the  60.C capsule. where the  t e s t  sped-  
mens are i n  d i r e c t  contact w i t h  the reactor  cool ing Water. the  specimen temperatures ( m n i t o r e d  by 21 t h e m c o u p l e r )  are 
cont ro l led  by varying the  thermal Conductance Of a small gap region between the  specimen holder and the  containment tube. 

APPLICATION OF BALL PUNCH TESTS TO EVALUATING FRACTURE MODE TRANSITION I N  FERRITIC STEELS (Univers i ty  of 
Cali fornia-SB) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  15 

1.4 

An inves t iga t ion  was mad8 Of the  a p p l i c a b t l i t y  o f  a b a l l  punch t e s t  t o  evaluat ing the  f racture nods t r a n s i t i o n  in  f e r r i t i c  
steel specimens q i v a l e n t  t o  transmission e l r t r o n  microscopy (TM) discs. Both s t a t i c  and dynamic t e s t  condi t ions Lnre Ma-  
mined i n  specimens w i t h  and wi thout  several in ten t iona l  defects. High displacement rates (>4  mls) resul ted i n  adiabat ic  heating 
o f  the  specimen b r i n g  tes t ing .  S m t h  spr imens were found t o  provide mre reproducible and useful a t a  than specimens 
containing holes and grooves. A good cor re la t ion  was found between the  absorbed energy beyond maximum load and f rac tu re  
mode t rans i t ion ,  w i t h  the l a t t e r  characterized by e i t h e r  f r a c t u r e  appearance o r  Charpy impact energy. 

DEVELOPMENT OF PRESSURIZED TUBE SPECIMEN FOR CREEP TESTING OF BERYLLIW (Lawrence Livermore National Laboratory, 
Westinghouse Savannah River Company. and Pac i f i c  Northwest Laboratory) . . . . . . . . . . . . . . . . . . . . . . . . .  20 

1.5 

The a b i l i t y  t o  fabr ica te  a pressurized tube specimen from bery l l i um was successful ly demonstrated. The specimen 
f a i l e d  a t  a nr idral l  hwp stress of about 32 k r i  i n  a burst t e s t  a t  50O.C. 

2. DOSIMETRY, DAMAGE PARAMETERS, AND ACTlVATlON CALCULATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  29 

NEUTRON DOSIMETRY FOR THE MOTA-IF EXPERIMENT I N  FFTF (PaCfflc Northwest Laboratory) . . . . . . . . . . . . . . . . . . .  2.1 31 

Neutron fluence and spectral measurements are reported f o r  the  MOTA-1F experiment i n  the  Fast Flux Test F a c i l i t y  
(FFTF). 
The maximum fluence was 12.7 x l o "  nlcm', 9.56 x 10" above 0.1 MeV producing 39.1 dQa i n  i ron .  
spectra were adjusted a t  three posi t ions and gradients were measured a t  nine other locations. 

The i r r a d i a t i o n  was conducted from Novmber 18. 1987, t o  January 8, 1989. f a r  a t o t a l  exposure o f  335.4 EFPD. 
Neutron energy 

3 .  MATERIALS ENGINEERING AND DESIGN REWIREMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  37 

NO contr ibut ions.  

4. FUNOAMENTAL MECHANICAL BEHAVIOR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  39 

NO contr ibut ions.  



v i  

5. RADIATION EFFECTS: UECMNISTIC STUDIES, THEWY, AND WDELINO . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

5.1 HOLECULAR DYNAMICS OF COLLISION CASCADES WITH COMPOSITE PAIRIWANY-BODY POTENTIALS (Un ivers i t y  O f  Cal i forn ia.  
Lor Angeles) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

An w i r i c a l .  conposits i n t a r a t m i c  po ten t i a l  i s  developed to describe i n t e r a c t i o n  o f  energetic p a r t i c l e s  by p a i r  
p t e n t i a l s  a t  h igh energies and many-body po ten t ia ls  a t  low energies. mlecular-dynamics studies of low-energy col- 
l i s i o n  cascades are perforned. The displacement threshold surface i n  copper i s  invest igated and corpared t o  experi-  
mental data. Our conputer s inulat ions show good agreement w i t h  the experimental resu l ts  o f  King and Benedek a t  10 K. 

5.2 INFLUENCE OF COLD WORK AND PHOSPHORUS CONTENT ON NEUTRON-INDUCED SMELLING OF Fs-Cr-Ni ALLOYS (Paci f ic  N o r t h e s t  
Laboratory) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Phosphorus addi t ions can e i t h e r  Increase o r  decrease vo id  swel l ing o f  Fe-Cr-Hi a l loys,  depending on i r r a d i a t i o n  tem- 
perature, phosphorus leve l  and c o l d  work level. The r o l e  of co ld  work i s  not always t o  suppress swell ing i n  Fe-Cr-Hi-P 
al loys.  however, p a r t i c u l a r l y  a t  r e l a t i v e l y  higher i r r ad i a t i on  t w e r a t u r e s ,  where c o l d  working of ten increases swel l ing 
substant ia l ly .  

5.3 HELIVl MEASUREMENTS FOR THE MFE-4 SPECTRAL TAILORING EXPERIMENT (Pac i f i c  Northwest Laboratory and ROCkWeII 
In te rna t iona l )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Measurements of helium concentration have been made on Fe-15.1Cr-34.5Ni spedraenr i r r a d i a t e d  a t  330. 400, 500, and 

WO'C a f t e r  i r r a d i a t i o n  i n  ORR to displacement leve ls  ranging from 12.6 t o  13.8 *a. The measurements compare well t o  
Previously calculated Values. being 4 t o  81 lower. Minor differences i n  helium content were also observed between 
specimens from capsules t ha t  were assumed to  have possessed iden t ica l  spectral environments. 

THE INFLUENCE W HELIW ON MECHANICAL PROPERTIES OF MODEL AUSTENITIC ALLOYS, DETERMINED USING 5gNi  ISOTOPIC TAILORING AND 
FAST REACTOR IRRADIATION (Paci f ic  Northwest Laboratory and ROCkYsll In te rna t iona l )  . . . . . . . . . . . . . . . . . . .  

5.4 

Tensile t e s t i n g  and microscopy Continue on specimens removed from the f i r s t .  second, and t h i r d  discharges o f  the  59Ni 

i so rop ic  doping experiment. The resu l ts  t o  date ind lca te  t h a t  heliuml@a ra t i os  typ ica l  of fus ion reactors (4 t o  19 
aPWlma) 69 not lead t o  s i g n i f i c a n t  changes i n  the  y i e l d  strength Of m d e l  Fe-Cr-Ni a l loys.  Measurements o f  helium 
generated i n  undoped specimens from the  second and t h i r d  discharges show t ha t  the  helium/@ r a t i o  increaser during 
i r r a d i a t i o n  i n  FFTF due t o  the  production o f  5 9 ~ i .  I n  specimens doped w i t h  59Ni  p r i o r  t o  i r r ad i a t i on ,  the 
r a t i o  can increase, decrease ar m a i n  the  same during the second i r r a d i a t i o n  in te rva l .  This behavior occurs because 
the Cross sections f o r  the  production and burnout o f  5gNi are very sens i t i ve  t o  core loca t ion  and the nature of 
neighboring conponents. 

5.5 CMlRELATION OF MCHANlCAL PROPERTY CHANGES IN  NEUTRON IRRADIATED PRESSURE VESSEL STEELS ON THE BASIS OF SPECTRAL 
EFFECTS (Pac i f i c  N o r t M e r t  Laboratory) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Conparisons are made O f  t e n s i l e  data on specimens of A2128 and A3020 pressure vessel steels i r r a d i a t e d  a t  IOU 

t q e r a t u r e s  (40-90.C) and t o  low &se i  (<0.1 rpa) wi th  14  MeV 0-1 fus ion neutrons i n  the  Rotating Target Neutron 
source (RTNS-11). w i t h  f i s s i o n  reactor  neutrons i n  the mega West Reactor (WR) and the  Oak Ridse Research Reactor 
(OUR). and w i t h  the  h i g h l y  thermal spectrum a t  the  pressure vessel survei l lance posi t ions o f  the High Flux Isotope 
Reactor (HFIR). For each neutron spectrum, damage cross sections are determined f o r  several defect product ion 
functions derived from a tomis t i c  computer simulations of c o l l i s i o n  cascades. Displacements per atom (+a) and 
the  numbem of f ree ly  migrat ing defects are tes ted  as damage cor re la t ion  parameters f o r  the t ens i l e  data. The data 

from RTNS-11, OUR and ORR c o r r e l a t e  f a i r l y  wel l  when compared on the basis o f  ma, bu t  the data from HFIR show t ha t  
only about one-sixth as many m a  are needed t o  produce the sane radiation- induced y i e l d  stress changes as i n  the 
other neutron spectra. 
r eco i l s  r e s u l t i n g  from thermal neutron Captures. 
e f f i c i e n t  per  u n i t  energy a t  producing f ree ly  migrating defects than the h igh energy r eco i l s  responsible f o r  most 
of the  displacements i n  the  other  neutron spectra considered, A s i g n i f i c a n t l y  b e t t e r  cor re la t ion  o f  data from HFlR 

w i t h  those frm the  other spectra i s  achieved when the  property changes are compared on the  basis o f  the  product ion 
of f r e e l y  migrat ing s e l f - i n t e r s t i t i a l  defects. 
r a d i a t i o n  strengthening process i n  t h i s  tenperature and f luence regime. 

LOW EXPOSURE SPECTRAL EFFECTS EXPERIMENT: 

I n  the  HFlR survai l lanca p o s i t i o n  a Signi f icant  f rac t ion  of the  d isplacments i s  produced by 
Having energies O f  about 400 eV, these r eco i l s  are much more 

This parameter may b e t t e r  represent the  defects p a r t i c i p a t i n g  i n  the 

5.6 IRRADIATIONS AT 473 K I N  OMEGA WEST REACTOR (Pac i f i c  Northwest Laboratory) 

TensiI8 t es t s  have been performed on specimens from the last r e t  o f  mega West Reactor (WR) i r r a d i a t i o n s  
performed as p a r t  Of the  Low Exposure Spectral Ef fects Experiment (LESEX). Tensile data are reported. 

41 

43 

50 

58 

61 

69 

17 



v i  i 

5.7 NEU INSIOHTS ON THE MEWNISMS CONTROLLING THE NICKEL DEPENDENCE OF SWELLING I N  IRRADIATED Fe-Cr-Ni ALLOYS (Uashington 
State Univers i ty  and Pac i f i c  Northwest Laboratory) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  81 

In a previous repor t  t h e  i n t e r s t i t i a l  and vacancy biases f o r  an edge d is loca t ion  i n  a binary a l l o y  were examined, 
assuming the  existence of an equ i l ib r ium Co t t r e l l  atnwsphere around the  l i n e  defect. The Larch0 and Cahn treatment Of 
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toughness. A 9% C r  steel w i t h  2% W and 0.25% V showed an increase i n  DBTT of 68.C. This same composition w i t h  an 
add i t ion  of 0.07% l a  developed an increase i n  OBTT o f  on ly  4.C. These values cmpare t o  increaser o f  over 1Oo'c 
f o r  the  r es t  o f  the Steels. 

6.1.3 CWARISON OF THE EFFECTS OF LONG-TEIM THERWLL AGING AND HFlR IRRADIATION ON THE MICROSTRUCTURAL EVMUTIMl OF 
Xr-1MoVNb STEEL (Oak Ridge National Laboratory) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  113 

Both thermal aging a t  482-704'C f o r  UP t o  25.000 h and HFiR i r r a d i a t i o n  a t  300-6OO'C f o r  up t o  39 ea produce substan- 
t i a l  changes i n  the  as-tempered microstructure o f  QCr-1MovNb m a r t e n s i t i c i f e r r i t i c  steel .  However, the changes i n  the 
dfslocation/subgrain boundary and the  p r e c i p i t a t e  Structures caused by thermal aging o r  neutron i r r ad i a t i on  are q u i t e  
d i f fe ren t  i n  nature. During thermal aging, the as-tehpered la th lsubgra in  boundary and carbide p r e c i p i t a t e  st ructures 
renain stable below 650'C, bu t  coarsen and recover soaeuhat a t  650-704'C. The formation o f  abundant intergranular  
Laves phase, i n t r a - l a t h  d is loca t ion  networks, and f i n e  dispersions of VC needles are thermal aging effects t ha t  are 
superimposed upcn the  as-tempered microstructure a t  482-593'C. HFIR i r r a d i a t i o n  produces denre dispersions o f  very small 
"black-dot" d is loca t ion  loops a t  300'C and produces helium bubbles and voids a t  400'C. 
recovery o f  the as-tanrpered lath/subgrain boundary s t ruc tu re  and the  microstructural/microcompsitiona1 i n s t a b i l i t y  o f  the  
as-tempered carbide p rec ip i ta tes  during i r r ad i a t i on .  By contrast ,  the  as-tempered microstructure remains essent ia l l y  
unchanged during i r r a d i a t i o n  a t  600.C. Comparison of thermally aged with i r r ad i a t ed  material suggests t ha t  the  i n r t a b i l -  
i t i e s  o f  the  a s - t q e r e d  lath isubgrain boundary and p r e c i p i t a t e  st ructures a t  lower i r r a d i a t i o n  temperatures are 
radiation- induced effects, whereas the  absence o f  both Laves phase and f i n e  VC needles durim) i r r ad i a t i on  i s  a rad ia t ion-  
retarded thermal e f fec t .  

A t  300-500'C. there i s  considerable 
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6.1.4 MICROSTRUCTURE AND PROPERTIES OF WELDED W, V. AND Ta lO3IFIED FERRITIC STEELS YIM FAST INDUCED-RADIOACTIVITY DECAY 
(Auburn Univers i ty)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  133 

Sheet specimens of W. V. Ta modified low a c t i v a t i o n  f e r r i t i c  s teels were welded using the gas tungsten a rc  welding 
(GTAW) process. Autogemus bead-on-plate welds were produced on s a w l e s  o f  ZYCrV. 2YCr-1W. 2YCr-2W. 2YCr-2W. 5 c r - m .  
Kr-m. Xr-ZWTa. and 12Cr-2W. Sound autogenous welds were obtained i n  a l l  l ow  a c t i v a t i o n  ZWL C r  b a i n i t i c  s teels and 
the 5% C r  martensi t ic  steel .  Bend t es t s  of the  welds y ie lded  i n s u f f i c i e n t  toughness a t  the fus ion zone i n  the  101 
a c t i v a t i o n  9 and 12% C r  martensi t ic  steels. A port-weld heat treatment i s  recommended f o r  the  9 and 12% C r  low act iva-  
t i o n  steels t o  restore toughness. 

6.2 Aus ten i t i c  Stainless Steels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  143 

6.2.1 IRRADIATION EFFECTS OF GRAIN BOUNDARY CHEMISTRY OF MANCANESE STABILIZED MARTENSITIC STEELS (Muroran I n s t i t u t e  of 
Technology and Pac i f i c  Northwest Laboratory) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  145 

The ef fect  of n a t r o n  i r r a d i a t i o n  (10 dpa a t  638 K, FFTFIWOTA) on solute Segregation t o  the g ra in  boundaries i n  
r d c e d - a c t i v a t i o n  Rr-1W-ZMn and 1ZCr-lW-Wn mar tens i t i c  s teels was invest igated using Auger e lectron spectroscopy (AES). 
The AES spectrum Dbtained frm the  gra in  boundaries i n  both mar tens i t i c  s teels was inf luenced by neutron i r r ad i a t i on .  
Neutron i r r a d i a t i o n  caused marked increases i n  the  amount o f  in te rg ranu la r  segregation of s i  i n  9cr and Mn i n  12Cr steel, 
respectively. whi le m s i g n i f i c a n t  increase i n  S andlnr P Segregations were found i n  e i t h e r  steel. Large sh i f t s  i n  DBTT 
t o  high tenperatwe caused by neutron i r r a d l a t i o n  observed i n  these two martensi t ic  s teels are interpreted i n  terms of 
s i t e  canpet i t ion  between C and S i  resu l t ing  frm irradiation-inducedlenhanced Segregation of s i  i n  9cr steel and 
weakening o f  g ra in  boundary st rength by irradiation-inducedlenhanced segregation o f  Mn i n  12Cr steels, respectively. 

6.2.2 SELLING BEHAVIOR OF AUSTENITIC STAINLESS STEELS IRRADIATED AT 40O.C I N  ORR MFE-7J CAPSULE BY SPECTRALLY TAILrXED NEUTRONS 
(Japan Atomic Energy Research E s t a b l i s h e n t  and Oak Ridge National Laboratory) . . . . . . . . . . . . . . . . . . . . .  152 

Several Japanese aus ten i t i c  s ta in less  steels. inc luding specimens taken from the  e l e c t m n  beam (€8) welds. have been 
i r r a d i a t e d  i n  the  Oak Ridge Research Reactor (ORR) i n  Special spec t ra l l y  t a i l o r e d  experiments. The f i r s t  batch of specimens 
have been re t r ieved  a t  the damage leve l  of 7.4 dpa and helium leve l  Of 102 apprn i n  a type 316 sta in less steel ,  and 130 appm 
He i n  JPCA w i t h  16 w t  % N i .  This i r r a d i a t i o n  produced s i g n i f i c a n t  a l loy- to- a l loy  d i f ferences i n  Swelling a t  400T. One 
low-carbon steel  and an experimental ternary a l l o y  have shown higher values of swell ing. 
set  o f  a l l o y s  caused very high leve ls  of vo id  swel l ing only a t  MOT and above. Meta l lu rg ica l  e f fo r ts  t o  suppress such 
swel l ing (1.8.. c o l d  uorking andlor increased carbon l eve l )  were e f fec t i vn  a t  t h i s  tenperature range. The present r esu l t s  
suggest t h a t  appropriate care a lso needs t o  be taken f o r  the  fusion app l i ca t ion  of t h i s  k i n d  o f  a l l o y  a t  lower twnperatures 
l i k e  40O'C. Welds i n  t h i s  experiment Showed no measurable degradation i n  swel l ing resistance compared t o  t h e i r  base metals. 

I r r a d i a t i o n  i n  HFIR of the sane 

6.2.3 DETERMINATION OF CREEP-SWELLING COUPLING COEFFICIENTS FOR IRRAOlATED STAINLESS STEELS (Un ivers i t y  O f  Ca l i fo rn ia-  
Berkeley, Paci f ic  Northwest Laboratory, and Westinghouse Hanford Conpany) . . . . . . . . . . . . . . . . . . . . . . . .  160 

I r r a d i a t i o n  creep data a t  -4OOT Were analyzed f o r  two 20% Cold-worked t i tanium-modi f ied type 316 sta in less steels. 
One o f  these Steels was the  fusion Prime candidate a l l o y  designated PCA. The analys is was based an the assurption t ha t  

the  8. + OS creep model applies t o  these steels a t  t h i s  tenperature. This assunption was found t o  be va l id .  A creep- 
Swell ing coupling coef f ic ient  of 0 = 0.6 x 10-' HPa-' was found f o r  both steels, Which i s  i n  excel lent  agreement w i t h  
the resu l ts  o f  e a r l i e r  studies conducted using annealed AIS1 304L and a lso  1oX and 20% cold-worked A I S 1  316 s ta in less  
steels. There appears to be some enhancement Of swel l ing by stress. leading t o  an apparent b u t  misleading m n l i n e a r i t y  
o f  creep w i t h  respect to stress. The dependence of the  creep-swell ing coupling coe f f i c ien t  an i r r a d i a t i o n  tenperatwe 
f o r  tmperatures greater than 400'C has not  y e t  been established. 

6.3 Refractory Metal Al loys . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  167 

6 .3 .L  FFTFIWOTA IRRADIATION OF REFRACTORY ALLOYS UNDER CONSIDERATION AS PLASMA FACING CCMPONENTS (Pac i f i c  Northwest 
Laboratory) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  169 

A re f rac to ry  a l l o y  i r r ad i a t i on  ser ies invo lv ing  four discharges of the  Mater ia ls  open Test Assembly (WOTA-18 through 
MTA-1E) has been canpleted. This experiment contains pure Ho. ua-4lRe. TZM, add Nb-1Zr. I r r a d i a t i o n  tmperatures i n  
t h i s  experiment ranged frm 404 t o  730'C w i t h  neutron eXPOsUreS y i e l d i n g  8.7 t o  110.8 *a. Mearurment of densi ty  changes 
and disk bend t es t i ng  are planned t o  begin short ly .  
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6.3.2 SWELLING DEPENDENCE OF NEUTRON-IRRADIATED VANADIW ALLOYS ON TEMPERATURE. NEUTRON FLUENCE. AND THERKtEWANICAL 
TREATMENT (Argonne Natlonal Laboratory and Tohoku Unlvers i ty)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  172 

Swell lng of vanadium a l loys  was datemined a f t e r  l r r a d l a t i o n  a t  420 and 600'C t o  neutron fluences ranging from 
0.3 x 10" neutronrlm' (17 @a) t o  1.9 x 10" neutronslm' (114 +a). Blnary and ternary vanadium a l l o y s  With Cr. 
11. no. W, N i ,  Fe, Z r ,  and S i  addit ions were i r r a d l a t e d  i n  e i t h e r  the  f u l l y  annealed, p a r t i a l l y  annealed. o r  10% 
cold-worked condit ion. 
exacerbated. Whereas the swell ing of  vanadlum t o  which Ti. Mo, W, and N l  (3-201) had been added was rot s i g n l f i c a n t l y  
affected. 
of T i  (1-15%). Upon I r r ad i a t i on  a t  420'C, the  n e l l l n g  of the  vanadium alloyS was ~0.2% per  +a. Pa r t i a l  annealing 
o r  10% cold-working had no s i gn i f i can t  e f f e c t  on swel l ing o f  thn a l loys.  

Upon i r r a d l a t l o n  a t  600'C. the  swel l ing o f  vanadium t o  which C r  had been added was grea t l y  

Swell lng of V-Cr a l loys  upan I r r a d i a t l o n  a t  600'C was subs tan t ia l l y  reduced (<0.1% per  @a) by the  add i t ion  

6.4 Copper Al loys . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  177 

6.4.1 MECHANICAL PROPERTY CHANCES AND MICROSTRUCNRES DF DISPERSION-STRENGTHENED COPPER ALLOYS AFTER NEUTRW IRRADIATION 
AT 411, 414, AND 529.C (Univers i ty  of Il l imis  and P a c i f i c  Northwest Laboratory) . . . . . . . . . . . . . . . . . . . .  179 

Dispersion strengthened copper a l loys  have shown Pramlse f o r  c e r t a i n  h lgh heat f l u x  app l i ca t ions  i n  both near term 
and long tern fusion devices. 
oxids disperslon strengthened a l loys  whlch were subjected t o  h igh leve ls  o f  i r radlat ion- induced displacement damage. 
I r r dd l a t i ons  were car r ied  out  i n  FFTF t o  34 and 50 +a a t  411-414.C and 32 @a a t  529'C. The a l l o y s  Inc lude several oxide 
disperslon-strengthened a l loys  based on the  Cud1 systm. as wel l  as ones based on the  Cu-Cr and Cu-Hf systems. 01 
t h i s  group. c e r t a i n  o f  the  Cu-AI al loys. those produced by an ln te rna l  ox ida t ion  technique t o  con ta in  alumlna weight 
f rac t lons  o f  0.15 t o  0.25% ou tper fonsd  the  other  a l l o y s  i n  a l l  respects. These al loys,  designated CuA115, CuAlZO, 
and CuAIZS. were found t o  be res is tan t  t o  vo id  swel l lng up t o  50 @a a t  414.C. and t o  r e t a l n  t h e i r  superior mechanical 
and physical propert ies a f t e r  extended i r rad ia t ion .  The major f a c t o r  which con t ro ls  t h e  s t a b i l i t y  during i r r a d i a t i o n  
was found t o  be the dlsparsold volumn f r a c t l o n  and d is t r ibu t lon .  The other a l l o y s  examined were less res is tan t  t o  
radlat ion- lnzAmd propert ies changes f o r  a v a r i e t y  o f  reasons. Some o f  these lnc lude dlspersold r e d i s t r i b u t i o n  by b a l l l s t i c  
resolut ion.  e f f ec t s  o f  reta ined dlssolved oxygen. and WnUnifOrnlty of d ispers ion d i s t r i b u t i o n .  The e f f e c t  o f  laser  weldlng 
was also examined. Thls j o i n l ng  technlque was found t o  be unaccaptable slnce It destroys t h e  d ispersoid d i s t r i b u t i o n  and 
thereby the resistance o f  the  a l loys  t o  rad ia t ion- indced  damage. 

Thls study uamlnes mechanical propert ies changes and m1crostructuraI evolut ion i n  several 

6.4.2 BRAZING OF COPPER-ALWINA ALLOYS (Auburn Univers i ty)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  196 

An induct lon braze has baen daveloped to j o i n  copper-alumlna al loys.  Thls brazing technlque i s  proposed t o  replace 
cur ren t  furnace brazlng methods t ha t  have y ie lded  p w r  resu l ts  because o f  s i l v e r  ingresslon along the  f l n e  g r a l n  boundaries 
o f  the  copper-alumlna al loys.  The lnduct ion braze (because o f  the  short  braze t h e )  severely r e s t r i c t s  s i l v e r  ingresslon 
along the  g ra in  boundarles o f  the a l loy .  Tensi le t es t s  o f  induct ion brazed l ap  j o i n t s  f a i l  i n  the  base material ra ther  than 
the  braze Ind ica t ing  good braze propert les. 

6.4.3 A BRIEF R E V I M  OF CAVITY SWELLING AND WIROENING IN  IRRADIATED COPPER AND COPPER ALLOYS (Oak Ridge National Laboratory) . 201 

The I l t e r a t u r e  on rad ia t lon- tndced swel l lng and hardenlng I n  copper and i t s  a l l o y s  i s  reviewed. Vold formation does 
rot occur during i r r a d i a t i o n  o f  copper unless su i tab le  i q u r l t y  a t o m  such as oxygen o r  helium are present. Void formation 
occurs f o r  neutron I r r a d i a t l o n  tanperatures of 180 t o  550'C. w i t h  peak swel l ing occurr ing at -320'C f o r  i r r a d i a t i o n  a t  a 
damage r a t e  of 2 x lo-' +ais. 
400T.  Dispersion-strengthened copper has been round t o  be very r e s i s t a n t  t o  vo ld  swel l ing due t o  the  h igh s ink densl ty  
assoclated w i t h  the  d lspers lon-stabi l lzed d is loca t ion  Structure. I r r a d i a t i o n  o f  copper a t  tewera tu res  below 400'C gen- 
e r a l l y  causes an increase I n  strength d e  to the  formation of defect c lus te rs  whlch i n h i b i t  d is loca t ion  m t i o n .  
r a d l a t l o n  hardenlng can be adequately described by Seeger's dispersed b a r r i e r  nwdel, w i t h  a b a r r i e r  strength f o r  small de fec t  
c lus te rs  of a = 0.2. The rad ia t lon  hardenlng apparently saturates f o r  f luencss greater  than -10'' nlm' (-0.1 +a) during 
l r r a d i a t l o n  a t  room tmpera tu re  due to a saturat ion o f  the  defect c l u s t e r  density. Grain boundarles can nwdify the  
hardenlng behavlor by b locklng the t ranmiss lon  o f  d is loca t ion  s l i p  bands. leading to a radiat lon-modi f ied Hall-Petch 
r e l a t i o n  between y i e l d  Strength and gra in  size. 
worked copper a l loys  a t  tanperatures above 300.C. 

The por t- t rans len t  swell ing ra te  has been measured t o  be -0.5Udpa a t  tanperatures near 

The 

Radlation-enhanced r e c r y S t a l l i z a t l o n  can lead t o  sof tening o f  cold- 
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y- ion- i r radiated.  aus ten i t i c  s ta in less  
30 displacements per  a t m  (*a). 

radiat ion-af fected layers of the  
echnique using transmission e lectron 
on charge were greater  than those 
creasing dpa wh i le  the  reac t i va t ion  
on EPR-tested neutron- i r radiated 
oundaries were etched a f t e r  h s e s  of 
Duplicate heavy- ion- irradiated speci- 
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d is loca t ion  loops (-60 nm) were 
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t i g a t e d  a t  several temperatures 
mulates important parameters an t i c ipa ted  
hat  y ie lded  the  nominal concentra- 
d i t i o n r  l i k e l y  t o  be found i n  the  
e ox id iz ing  reference environment. 
less steel  (SS) stra ined t o  f a i l u r e  
specimens heat- treated t o  y i e l d  sensi t iza-  
EPR)  demonstrated t h a t  degree o f  r e n r i t i z a -  
SS specimens sensi t ized t o  the  h ighest  

nal evidence o f  SCC i n  the  Type 316 
s i t i z e d  (EPR = 20 Clcm') Type 304 SS 
Mater by e lectron microscopy and SSRT 
304 SS (EPR - 20 < 2 C l d )  < 316 NG 55.  

i n  area values than d i d  less- sensi t ized 
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en invest igated by X-ray microanalysis. 
tad o f  chromium, s i l i con ,  and hmlyb- 
p u r i t y  a l l o y s  doped w i t h  e i t h e r  su l fu r  

tcond Comercial a l l o y  Which exh ib i ted  
urn t o  boundaries was observed along 
I n  the  two commercial a l l o y s  and absencs 
,sphorus Segregation w i t h  e i t h e r  chrmium 
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neutron- i r radiated USPCA has ind ica ted  
r e  are numerous a r t i f a c t s  which can lead 
clude surface f i lms,  p re fe ren t ia l  etching, 
count and induced r a d i o a c t i v i t y  Of 

enriched a t  boundaries, whereas manganese 
I S  p r o f i l e s  a t  g ra in  boundaries by 
vantages and disadvantages of EDS and 



6.5.5 RADIATION-INDUCED GRAIN BOUNDARY SEGREGATION AND SENS\TlZATION OF A NNTRON-IRRADIATED AUSTENITIC STAINLESS STEEL (Oak 
Ridge National Laboratory and Japan Atomic Energy Research I n s t i t u t e )  . . . . . . . . . . . . . . . . . . . . . . . . .  244 

Ana ly t i ca l  e lec t ron  microscoPy and electrochemical po ten t iok ine t i c  reac t i va t ion  (EPR) t es t i ng  were appl ied t o  the  
radiation- induced segregation ( R I S )  and sens i t i za t ion  o f  a t i tanium-modif ied aus ten i t i c  s ta in less steel  i r r a d i a t e d  t o  
9 e a  a t  420.C i n  the  Mater ia ls  open Test Assembly (WTA) of the Fast Flux Test F a c i l i t y  (FFTF). The EPR t e s t i n g  o f  
both Solut ion annealed (SA) and 25% cold-worked (CU) mater ia ls  indicated a s i g n i f i c a n t  Increase in the  r e a c t i v a t i o n  
charge (Pa). Both op t ica l  and scanning electron microscopy o f  the  specimen surface a f t e r  EPR t es t i ng  ind ica ted  prefersn- 
t i a l  at tack a t  g r a i n  boundaries, i n d i c a t i v e  o f  sensi t izat ion.  
Thcugh Prec ip i ta tes  were occasional ly  present on g ra in  boundaries. they were not  chromium-rich Y,&. bu t  n icke l-  and 
s i l icon-enr iched G phase. Faul ted I w p s ,  f i n e  Y' precip i tates,  and iso la ted  c a v i t i e s  were observed i n  the  matr ix .  
X-ray microanalysis ind ica ted  s i g n i f i c a n t  R I S  a t  high-angle boundaries i n  both materials. Depletion o f  chromium 
t o  apparent leve ls  of 10 at .  % was observed i n  the i r r ad i a t ed  SA material. The boundaries were enriched i n  n icke l ,  
s i l i con .  and t i tan ium (UP to 28, 6, and 1 at. %, respect ively)  and depleted of i r o n  and mol*denum (as low as 
54 and 0.7 at .  %. respect ively) .  The width o f  the  Segregation zone was very narrow (6 nm). S imi la r  g r a i n  boundary 
R I S  was observed i n  the  Cold-worked material. There was also evidence f o r  boundary migrat ion i n  the  cold-worked mater ia l  
(boundary face t t ing  and a s y m e t r i c  conposit ion p ro f i les ) .  Voids and faul ted d is loca t ion  I m p s  i n  the SA mater ia l  a lso 
exh ib i ted  s i m i l a r  R IS .  

6.5.6 DEVELOPMENT OF CERAWIC CMTING4 FOR L l m I D  METAL BLAHKET APPLICATIONS (National Chung Hsing Un ivers i t y  and Argonne 

I n  addit ion. loca l i zed  at tack o f  the  matr ix  was observed. 

National Laboratory) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  252 

Based on a p re l im inary  survey of more than 15 oxides and n i t r ides ,  f o u r  mater ia ls  (CaO. HSO. VsO,. and BN) 
were i d e n t i f i e d  as candidates f o r  insu la to r  coating development. 
f o r  study because of t h e i r  Chemical s t a b i l i t y  in l i q u i d  l i t h i u m  and t h e i r  po ten t i a l  as corrosion inh ib i to rs .  These 
ceramic cmpounds were fabr icated by a var ie ty  of techniques and exposed t o  f lowing l i t h i u m  a t  400.C t o  assess chemi- 
ca l  compat ib i l i ty .  Preparation technologies included hot-press-sintering of MgO, CaO. and Y.0,: d i f fus ion  coat ing of 
Cr,O,; ox idat ion o f  vanadium; and react ive sput ter ing o f  BN. 
YIO, displayed acceptable corrosion resistance when exposed t o  high p u r i t y  l i th ium.  
coated w i t h  a I- pa- th ick BN layer)  was itanerred i n  f lowing l i t h i u m  a t  4OO.C f o r  1 h, a f t e r  which i t s  physical  s t a b i l i t y  
and chemical c o n p a t i b i l i t y  were de ten ined  t o  be unacceptable. 
l i t h i u m  a t  410'C f o r  100 h showed greater po ten t ia l  f o r  fu r ther  development than d i d  t h e  BN insu la to r  coating. Prelim- 
inary  work has begun i n  the  development of i n - s i t u - f o m d  insu la to r  coatings. 
charac te r i s t i cs  o f  (V.Ti),N react ion prohrct  layers formed a f t e r  exposure o f  V- Ti  specimens t o  f lowing l i th ium.  
Work i s  also i n  progress t o  t e s t  a self-regenerating CaO.V,O,-type insu la to r  coating on a vanadium substrate. 

Addi t ional ly ,  CrtO,. VxO, and (V,Ti)xN were included 

Among the  th ree  hot-pressed-sintered materials. only 
A f e r r i t i c  substratn a l l o y  (HT-9. 

Chromized V-2011 and oxid ized V-2OTi immersed i n  f lowing 

The f i r s t  step has been t o  examine the  

7. SOLID BREEDING MATERIALS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  261 

. . . . . . . . . . . . . . . . . . . .  7.1 L ITHlu l  MASS TRANSPORT IN CERAWIC BREEDER MTERIALS (Argonne National Laboratory) 263 

The t ranspor t  o f  l i t h i u m  by vapor izat ion of LioH(g) from l i t h i u m  ceramics, p a r t i c u l a r l y  LisO(s), poses a constra int  
on tha lax inun  operating temperature o f  the  blanket. 
ture, moisture pressure, and p rox imi ty  o f  s t ruc tu ra l  steels. the  l i t h i u m  transport  process i s  complex. 
wherein the  Li,O(s) i s  " f ree  standing," the  l i t h i u m  vapor izat ion i s  con t ro l led  by the  Li,OIH,O system thermodynamics t ha t  
are already wel l  established. 
higher p a r t i a l  pressures o f  moisture. 
d r i v i ng  force hra t o  formation o f  Li2CrOI, LiFM), and LiNi0,. 
by the  concentration gradient  of LioH(g) from t ha t  a t  the  Li,O(s) surface and t ha t  a t  the  steel  surface. 
react ion may become important f o r  b lanket  designs where the  s t ruc tu ra l  s tee l  i s  very c lose t o  the Li,O(s) ceramic. 

Experimental measurements have shown that, depending on tempera- 
For condit ions 

Sinply s ta ted  l i t h i u m  transport  as LioH(g). increases w i t h  increasing t q e r a t u r e  and 
I n  the  p rox imi ty  o f  s ta in less  steel .  there i s  an added Chemical po ten t ia l  

The t ranspor t  o f  LioH(g) t o  the  sta in less steel  i s  dr iven 
This gas-solid 

7.2 MSORPTION MACTERISTICS OF ~m LiA102a,o(g) SYSTM (Argonno nat ional  Laboratory) . . . . . . . . . . . . . . . . . .  268 

The energetics and k i n e t i c s  o f  the  evo lu t ion  o f  H&g) and Hl(g) from LiAlO, are being studied by the  tenperature 

The amunt  o f  H, adsorptionldesorption i s  small conpared to the  
programed desorption technique. 
are measured simultaneously With a mass spectrometer. 
a w n t  of H,O adsorptionldesorption. 
i n t o  the He-H, stream was observed during 473 to 1023 K (200 t o  750.C) ramps a t  rates of 2 o r  5.6 Klnin. 
shapes r e f l e c t i ng  t h i s  process were deconvoluted t o  shov t ha t  they are c o w s i t e s  o f  only 2 o r  3 raproducibla processes. The 
ac t i va t ion  energies and pre-aYPanential terms were evaluated. 
d i f fe ren t  surface s i t es  f o r  adsorption. The i n t e r p r e t a t i o n  o f  higher tenperaturn peaks [above 873 K ( 6 5 0 T ) I  must s t i l l  
consider the  p o s s i b i l i t y  o f  contr ibut ions frm in te rac t ions  w i t h  the  steel  walls. 

The concentrations o f  H,. H,O. W,. and O2 i n  a helium stream during a t q e r a t u r e  r a w  

A f t e r  prolonged treatment w i t h  helium containing 990 ppm H2 a t  400'C. H20 evolut ion 
The d i f f e r e n t  peak 

The d i f f e r e n t  behavior o r ig ina tes  i n  the differences among 
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7.3 TRITIUl RELEASE FROH LITHIUl CERAMICS (Argonne National Laboratory, CEAICEN. ENEAICRE, and Karlsruhe) . . . . . . . . . .  274 

Recent i n - p i l e  t r i t i u m  ex t rac t ion  experiments from l i t h i u m  ceramics have invest igated the e f f ec t s  o f  tmpera tu re .  
mater ia l  microstmcture,  purge gas composition, and t r i t i u m  generation r a te  on the  k i ne t i c s  o f  t r i t i u m  release. 
re la t ionsh ip  between the  t r i t i u m  release charac te r is t i cs  and sample microstructure indicates desorption i s  the  mminant 
mechanism c o n t r o l l i n g  t r i t i u m  release f o r  the condit ions Investigated. L i te ra tu re  resu l ts  ind ica te  t ha t  t h i s  desorption 
Step may be second Order and the  a c t i v a t i o n  energy of desorption nay vary s i gn l f i can t l y  w i t h  surface coverage. The changes 
i n  inventory w i t h  var ia t ions  i n  the key parameters mentioned above were invest igated to determine the a p p l i c a b i l i t y  of these 
reports t o  i n - p i l e  t r i t i u m  release. The resu l ts  suggest t r i t i u m  release i s  f i r s t  order, and t ha t  the desorption a c t i v a t i o n  
energy i s  dependent on the  surface coverage. 

The 

7.4 IN-SITU TRlTlUl RECOVERY FRCU L i20  IRRADIATE0 I N  FAST NEUTRON FLUX - EEATRIX-I1 INITIAL RESULTS (Japan Atomic Energy 
Research I ns t i t u t e ,  Pac i f i c  N o r t h e s t  Laboratory, and Chalk River Laboratories) . . . . . . . . . . . . . . . . . . . .  

The EEATRIX-I1 experiment i n  FFTF i s  an i n - s i t u  t r i t i u m  recovery experiment t o  evaluate the  t r i t i u m  release charac- 

279 

t e r i s t i c s  of L i 20  and i t s  s t a b i l i t y  under fas t  neutron i r r a d i a t i o n  t o  extended burnups. 
specimens: 
During the  f i r s t  85 days O f  the operating cycle o f  the reactor, the t r i t i u m  recovery r a t e  of a temperature t rans ien t  
capsule was examined as a func t ion  of t m e r a t u r e ,  gas flow rate, gas composition and burnup. 
the  range frm 500 t o  650'C resu l ted  i n  decreasing t r i t i u m  inventory w i t h  increasing temperature. 
resu l ted  i n  s l i g h t l y  lower t r i t i u m  release rates wh i le  gas cmpos i t ion  changes a f fec ted  the t r i t i u m  release r a t e  s i gn i f -  
i can t l y ,  mre than e i t h e r  f low ra te  o r  t q e r a t u r e  changes. Three d i f f e r e n t  sweep gases were used: He-0.1% H2. 
He-O.OlI HI. and pure He. 
by as much as a fac to r  o f  two. 

This experiment includes two 
a t h i n  annular r i n g  specimen capable of temperature t ransients and a la rger  temperature gradient  specimen. 

Twnperature changes i n  
Lower gas f low rates 

Decreasing the  aumunt Of hydrogen i n  the  sweep gas decreased the steady-state release r a t e  

8. CERAMICS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  289 

8.1 IEA W K S W  ON IN-SITU MEASUREMENT OF ELECTRICAL PROPERTIES OF IRRADIATED CERAMICS (LOS Alarms National 
Laboratory) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  291 

This In te rna t iona l  Energy Agency workshop was held i n  Los Alamos, NH June 27-29, 1990. I n  attendance were 
14 p a r t i c i p a n t s  representing fusion ceramics programs i n  Spain, the  U . K . ,  Japan and the  U.S. The workshop was d iv ided  
i n t o  four Sessions: Background, Current In- S i tu  Work. Plans and Goals f o r  Future work, and Recommenations. Informal 
discussion sessions on var ious subjects were a lso included i n  tho workshop. Studies o f  i n - s i t u  e l ec t r i ca l  p roper t ies  
have accelerated sincn the  l a s t  gathering o f  t h i s  group, w i t h  recent f indings demonstrating t ha t  d i e l e c t r i c  breakmwn 
as ell as enhanced conduc t i v i t y  can be induced by concurrent i r rad ia t ion .  Eased on present knowledge, reconendat ions 
were ma& t o  designers o f  NET and ITER on mater ia ls  select ion and ant ic ipated Performance, as wel l  as on design- related 
considerations. 

8.2 IN-SITU MEASUREMENT OF RAOIATICN INDUCED CONDUCTIVITY I N  CERAMICS (Lor Alams National Laboratory) . . . . . . . . . . .  295 

This repor t  describes our experimental p lan and schedule f o r  measuring the  rad ia t ion  induced Conduct iv i ty  (RIG) 
i n  ceramics wh i le  being i r r a d i a t e d  w i t h  3 MeV protons. 
be measured i n  pure and i n  Ti-doped sapphire. The measurements w i l l  be made a t  room tmperature,  a t  frequencies 
between 100 Hz and 10 Uiz, w i t h  and WIthoUt an appl ied Dc bias, and as a funct ion O f  rad ia t ion  f l u x  and fluence. 
The Ion  Bean Mater ia ls  Laboratory ( 1 8 ~ ~ )  i on  source a t  LOS ~ la rnor  w i l l  be used w i th  beam currents up t o  1 micro-ampere. 
Ye expect i n i t i a l  r esu l t s  t o  be ava i lab le  f o r  the  next semi-annual Progress Report. 

I n  the  i n i t i a l  experiments, d i e l e c t r i c  constant and loss w i l l  

8.3 MILLIMETER-WAVE TESTING OF ISOTOPICALLY ENRIWEO ALWIINA (Lor Alams National Laboratory and Oak Ridge 
National Laboratory) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

I n  a Special fusion-neutron I r r a d i a t i o n  simulation experiment, "0 has been subst i tuted f o r  ''0 i n  99.5% alumina 
t o  be neutron- i r radiated i n  the  High Flux Isotope Reactor (HFIR) a t  Oak Ridge f o r  r a i s i ng  the p o t e n t i a l l y  deleter ious 
helium gas y i e l d  t o  leve ls  closer t o  those expected frm the neutrons of deuterium- tri t ium (0-1) fusion reactions. 
Ear l ie r .  we reported values of complex d i e l e c t r i c  constant k* measured a t  Los Alamos a t  millimeter-wave (W) 
frequencies f o r  conventional (unenriched) 99.5% alumina t e s t  specimens, 
condi t ions apply icg t o  the  present repor t  of k*  measured f o r  "0-enriched specimens based on the same alumina S Y P t m .  
The present alumina has lower d i e l e c t r i c  1osses than t ha t  reported i n  the e a r l i e r  work. 
the  e a r l i e r  f ind ing  t h a t  k* i s  a sens i t i ve  nondestructive measure Of the  qua l i t y  O f  alumina being considered f o r  
r f -windm use -- and the  overa l l  q u a l i t y  o f  h igh- pur i ty  ceramics i n  general. 

There specimens were made under the  same 

Furtherumre. we corroborate 
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8.4. WORKS" ON CERlUllC MATRIX CMPOSITE MATERIALS FOR STRWTURAL APPLICATIONS I N  FUSION REACTORS (Pac i f i c  Northrest  

Laboratory and u n i v e r s i t y  of California-SB) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  302 

The workshop t o  assess the  po ten t ia l  app l i ca t ion  of ceramic matr ix  composites (CMCs) f o r  s t ruc tu ra l  appl icat ions 
i n  fus ion  reactors was held on May 21-22, 1990, a t  Univers i ty  of Cal i forn ia,  Santa Barbara. 
ind iv idua ls  f a m i l i a r  w i t h  mater ia ls  and design requirements i n  fus ion reactors, ceramic conposits processing and 
propert ies and rad ia t ion  effects. 

Part ic ipants included 

Clear advantages f o r  the  use of  W s  (i.e., S ic ls ic )  are high-temperature operation. which would a l low a high- 
e f f i c i e n c y  Rankine cycle. and low act ivat ion.  
and costs, lack o f  f a m i l i a r i t y  w i t h  these mater ia ls  i n  design. and the  lack of data on rad ia t ion  s t a b i l i t y  a t  re levant  
tewperatures and fluences. 

L imi tat ions to t h e i r  use are material Costs. fabr ica t ion  complexlty 

Fusion- relevant f e a s i b i l l t y  issues were iden t i f ied .  

8.5 DEVELOPMENT OF THIN-SECTIW PUSH-WT TECHNIQLIE FOR USE IN MEASURING RADIATION-INDUCED KDIFICATION OF 
CMPOSITE INTERFACES (Rensrelaer Polytechnic I n s t i t u t e  and Oak Ridge National Laboratory) . . . . . . . . . . . . . . . . .  306 

A technique f o r  measuring t h n  i n t e r f a c i a l  propert ies f o r  extremely t h i n  conposite sections i s  presented. The data 
shown i s  f o r  a s ing le  cmpos i te  sect ion o f  22 pm thickness. By enploying a Nanoindenter microhardness tester. composite 
f ibers  were i n d i v i d u a l l y  loaded and the  debond and f r i c t i o n a l  S l id ing  Strength measured. 
can discr iminate between the debond and f r i c t i o n a l  components o f  the  i n t e r f ac i a l  band. The technique presented i s  a 
substantial improvement over previous techniques i n  both thickness of composite section. f i b e r  loading accuracy, and 
percentage of f i b e r  fa i lu res .  Though the  data presented i s  only f o r  a s ingle section. the  resu l ts  are typ ica l  of other  
sections tested. A s t a t i s t i c a l  analys is o f  the  data suggests t ha t  a Weibull treatment i s  more appropriate t o  i n t e r f a c i a l  
data than the  commonly used mrmal d is t r ibu t ion .  

It i s  shown t ha t  such a technique 

8.6 MEASUREMENT OF DIELECTRIC PROPERTIES I N  ALMlNA UNDER IONIZ ING AND DISPLACIVE IRRADIATION CONDITIONS (Oak Ridge 
National Laboratory) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  317 

Several experiments have been conpleted i n  Which the  d i e l e c t r i c  propert ies of alumina have been measured i n  the  
presence of i on i z i ng  and d isp lac ive  i r r ad i a t i on .  Spent f ue l  elements from the  High Flux Isotope Reactor (HFIR) a t  the 
Oak Ridge National Laboratory were Used t o  provide an intense source o f  ion iz ing  i r r a d i a t l o n  f o r  sme o f  the measure- 
ments. The TRIGA reactor  a t  the Univers i t y  o f  l l l i n o i s  was used t o  provide an i r r a d i a t i o n  f i e l d  t ha t  produced 
both i o n i z a t i o n  and atomic displacements. The resu l ts  o f  these i n  s i t u  measurements ind ica te  t ha t  the  d i e l e c t r i c  
propert ies of alumina are m r n  severely degraded by d isp lac ive  i r r a d i a t i o n  than was ind ica ted  by ear l ie r .  post- 
i r r a d i a t i o n  measuremants. 

8.7 DISLOCATION LOOP FORMATION I N  ION-IRRADIATED POLYCRYSTALLINE SPINEL AND ALMINA (Oak Ridge National Laboratory) . . . . .  323 

The micmst ruc tu re  o f  magnesium aluminate spinel (MgAlrO,) and alumina (Also,) has been examined w i th  transmission 
e lectron microscoPY f o l l n r i ng  i on  i r r a d i a t i o n  t o  damage leve ls  of 0.1 t o  5 kevlatom (1 t o  50 +a) a t  m m  temperature and 
650.C. The i o n  i r r a d i a t l o n  produced i n t e r s t i t i a l  d is loca t ion  loops o f  types a14ai0>{1mJ and a14~11~>{111] i n  spinel along 
w i t h  a very low densi ty  o f  a16~111~{111) loops. D is loca t ion  loops o f  types al3[OoOl](oool) and al3t1100>{1100] were ten- 
t a t i v e l y  i d e n t i f i e d  i n  alumina. The loop s ize increased and the  densi ty  decreased gradual ly  w i t h  increasing fluence i n  
spinel  i r r a d i a t e d  a t  650.C. w i t h  the  ne t  r e s u l t  t h a t  the  concentration of i n t e r s t i t i a l s  contained i n  the loops rma ined  
near ly  Constant a t  Q.1 at.  %. Defect-frM) regions were observed adjacent to gra in  boundaries and the i r r ad i a t ed  surface 
i n  spinel i r r a d i a t e d  a t  650.C. The denuded zone width was very small for  spinel I r r a d i a t e d  a t  25'C and AlzO, i r r a d i a t e d  
a t  650% For a given i r r a d i a t i o n  tenperature, tho  loops i n  spinel were larger and o f  much lower density than the loops 
i n  A1203. 

8.8 TECHNIQUE FOR PREPARING CROSS-SECTION TRANSMIS 
Ridge National Laboratory) . . . . . . . . .  

:NS FRCU ION-IRRADIATED CERLMICS (Oak 
. . . . . . . . . . . . . . . . . . . . . .  334 

The general techniques necessary t o  pro&.. . ,,,=.. ~*".  ................ ceramic specimen f o r  transmission e l e c t m n  
microscope observation are out l ined.  
of the  ceramic specimen must be t0.2 pm t o  prevent loss o f  the  near-surface region during ion m i l l i ng .  
developed v i s e  f o r  g lu ing  ceramic Cross-section specimens i s  described, and some examples o f  the  e f f e c t  o f  g lue thickness 
on specimen q u a l i t y  are shown. 

A p a r t i c u l a r l y  inpor tan t  p o l n t  i s  t ha t  the  width of the  glued region between faces 
A recent ly  
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AN EVALUATION OF THE LOS ALAMOS SPALLATION RADIATION EFFECTS FACILITY (LASREF) FOR FUSION APPLICATIONS - 
D. 6. Doran ( P a c i f i c  Northwest Laboratory)('] 

OBJECTIVE 

To eva lua te  t h e  appropr ia te  r o l e ,  bo th  s h o r t - t e r m  and long- term,  of t h e  Los Alamos S p a l l a t i o n  R a d i a t i o n  
E f f e c t s  F a c i l i t y  (LASREF) i n  t h e  U.S. Fusion M a t e r i a l s  Program. 

PROGRESS AND STATUS 

Eva1 u a t i o n  Committee 

The makeup o f  t h e  e v a l u a t i o n  committee was as f o l l o w s :  

Members 

D. G. Doran, PNL, chairman 

F. A. Garner, PNL, r a d i a t i o n  e f f e c t s  i n  metals and a l l o y s ,  and c h a i r  o f  t h e  Program Adv isory  Comnittee 
f o r  M a t e r i a l s  Science a t  LAMPF 

L. R. Greenwood, PNL, neu t ron  environment c h a r a c t e r i z a t i o n  

M. W. Guinan, LLNL, cryogenic  r a d i a t i o n  exper imentat ion 

6. E. Lucas, UCSB, r a d i a t i o n  e f f e c t s  on mechanical p r o p e r t i e s  and specimen m i n i a t u r i z a t i o n  

A. F. Rowc l i f fe ,  ORNL, r a d i a t i o n  e f f e c t s  i n  a l l o y  development 

Adv isors  

F. W. C l ina rd ,  LANL, r a d i a t i o n  e f f e c t s  i n  ceramics and d i a g n o s t i c s  

R. Prael ,  LANL, h i g h  energy t r a n s p o r t  codes, v i z .  LAHET 

W. F. Sommer, LANL, LASREF d e s c r i p t i o n  and opera t ion  

F. W. Wiffen, OOE/OFE, fus ion  m a t e r i a l s  programs o v e r s i g h t  

F a c i l  i t v  Overview 

The Los Alamos Meson Physics F a c i l i t y  (LAMPF) i s  an 800-MeV, nomina l l y  1-mA ( u s u a l l y  0.6 t o  0.8 mA), l i n e a r  
p r o t o n  a c c e l e r a t o r  w i t h  many experimental  s t a t i o n s  appended t o  it. 
d i s s i p a t e d  i n  t h e  beam stop, neutrons are produced by s p a l l a t i o n ,  f i s s i o n ,  and evaporat ion.  LASREF was 
designed t o  p e r m i t  m a t e r i a l s  t o  be n e u t r o n - i r r a d i a t e d  i n  t h e  near v i c i n i t y  o f  t h e  beam stop, subject ,  of 
course, t o  t h e  opera t ion  of LAMPF. A unique f e a t u r e  of t h e  f a c i l i t y  i s  t h e  l a r g e  i r r a d i a t i o n  volume, 
access ib le  v i a  v e r t i c a l  " i n s e r t s "  t h a t  can be t a i l o r e d  f o r  s o e c i f i c  exoeriments. i n c l u d i n o  i n s t r u m e n t a t i o n  

When t h e  r e s i d u a l  p ro ton  beam i s  f i n a l l y  

.. ~ ~~.~ I ~~~~ ~ ~~~ 

if desi red.  
c a p a b i l i t i e s  i n c l u d e  remote hand l ing  equipment and h o t  c e l l s .  

The minimvm i r r a d i a t i o n  temperature, w i t h o u t  r e i r i g e r a t i o n ,  i s ~ a b o u t  40%. A n c i l l a r y  

F ind inas  fabbrev ia ted  f rom f u l l  r e D o r t 1  

1. 
be l i m i t e d  t o  o n l y  1900 hours i n  FY91. However, t h e  U.S. Department of Energy (DOE) a n t i c i p a t e s  perhaps 
3000 hours i n  FY92, accord ing t o  J. N. Bradbury, t h e  a c t i n g  l e a d e r  of t h e  MP D i v i s i o n .  Th is  i s  s t i l l  s h o r t  
o f  Bradbury's ' "reasonable g o a l "  o f  4000 hours ( l a s t  achieved i n  FY84). 

2. The p ro ton  beam i s  pu lsed w i t h  bo th  coarse and f i n e  s t r u c t u r e .  Each 0.5 t o  0.8-msec p u l s e  r e c u r r i n g  a t  
120 Hz (8.3-msec p e r i o d )  con ta ins  0.3-nsec pu lses a t  about 200 MHz (5-nsec p e r i o d ) .  

The opera t ion  o f  LAMPF was budget l i m i t e d  t o  2500 hours i n  FY90 and c u r r e n t  p r o j e c t i o n s  suggest i t  may 

(a) P a c i f i c  Northwest Laboratory  operated f o r  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 Cont ract  DE-AC06-76RLO 1830. 
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The fine structure is of no concern for materials irradiations. The coarse structure off-time of 8 m e t ,  
however, may be of the same order as the vacancy lifetime at high temperatures in some materials with high 
sink densities, and is orders of magnitude larger than interstitial lifetimes. The inability to achieve 
equilibrium defect concentrations may affect the microstructural evolution, which in turn may affect 
dimensional stability, mechanical properties, and the establishment of the gradients that drive grain 
boundary segregation. Consideration of possible effects of pulsing should precede any LASREF irradiation. 

The pulsed nature of the beam could possibly be used to advantage in ceramic insulators by providing some 
information on charge carrier lifetimes. 

In addition to the intrinsic pulsing, the beam experiences random interruptions at the following typical 
rates: 
of perhaps 20 minutes each per 24 hours. 

3. A characteristic of the neutron energy spectra produced by a spallation neutron source is a "high- 
energy tail" extending, with rapidly decreasing intensity, to hundreds of MeV. 
spectrum depends on the location along the beam direction (the highest energy neutrons are produced in the 
forward direction), on the material of the beam stop (raising the atomic number increases the yield while 
softening the spectra), and the material surrounding the beam stop. Measurements near the position of 
maximum flux have shown that, with the current copper target, about 5% of the neutrons are above 20 MeV. 
This percentage can be decreased by several means, but these neutrons, which account for perhaps 15% of the 
displacements, produce most of the helium so are necessary if fusion-relevant helium/dpa ratios are to be 
obtained. 

The high-energy tail will produce displacement cascades and transmutation reactions that are not 
characteristic of a fusion reactor. 
displacement phenomena in metals and alloys are unlikely, although this remains to be demonstrated conclus- 
ively. Atypical transmutation reactions, and factors of two uncertainties in their calculated rates, are 
not believed to be an important concern because attainable fluences are so low. 

A third effect of a high-energy tail is to increase the proportion of ionizing events, which could be a 
consideration in interpreting radiation-induced conductivity measurements in LASREF. 

The full report contains an appendix which discusses the characterization of the LASREF neutron environment. 

4. The maximum displacement damage rate attainable in the current configuration is about 0.3 dpa (iron) per 
year if operated at 4000 hours per year. 
rapidly along the beam direction. 

5. 
measurements, in having the potential for cryogenic irradiations, and in having a high ratio of neutrons to 
gammas (total heating is less than 1 W/g in iron). This large volume--12 vertical inserts, each having a 
volume of 12 x 25 x 50 cm3--is accessible only when LAMPF is down, although a small diameter (about 11 mm) 
rabbit tube has been used for brief irradiations during accelerator operation (a furnace has been designed 
to fit this tube). A larger "rabbit," about 7 x 10 x 10 cm3, has been designed for a proposed experiment. 

6. An exDeriment at LASREF that rewires a new insert and furnace is estimated to cost about SlOOK on a 

30 "fast protects" (i.e., with automatic restart) of several seconds duration and 1 to 3 interrupts 

The precise shape of the 

Both modeling and experiment suggest that observable effects of 

This rate drops radially approximately as l/rZ and much less 

LASREF is unique in providing a large experimental volume that can be exploited for in situ 

full cost'recovery basis. The neutions are free at the present time, and installation of an experiment 
should cause no interference with accelerator operation. 

7. 
the peak flux could be increased a factor of five to about 1.5 dpa (iron)/yr at 4000 hours per year by 
reducing the beam stop diameter and replacing the copper stop with a tungsten alloy. The estimated cost of 
such an upgrade, lasting 1% to 2 years, is about 5600K. An additional estimated expense of 1150K to modify 
the isotope production stringers at LAMPF might raise the damage rate another factor of two. 

The operating cost of LASREF for a sustained program of irradiations is estimated to be about S800K per year 
for staff and 180K per year for hardware, assuming four inserts are used per year. 

The flux (in the MeV range and below) could also be increased through use of a neutron multiplier and/or 
neutron reflector. 
of two or three. 

8. 
program; the damage rates are too low even with a significant upgrade, and there is a question of pulse 
effects at elevated irradiation temperatures. 
mechanical property data might be obtained in the 40 to 300°C temperature range; however, a research program 
to evaluate effects of the high-energy tail would have to precede heavy program use. 

Potential upgrades of LASREF have been scoped but not developed in detail. Calculations indicate that 

This option has not been scoped, but the damage rate might be raised by another factor 

There is no sustained mission for LASREF in the metals and alloys segment of the fusion materials 

If damage rates were raised to 3 to 5 dpa/yr, useful 
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9. There i s  a p o t e n t i a l  m iss ion  f o r  LASREF i n  meet ing t h e  c r i t i c a l  need o f  t h e  CIT and ITER p r o j e c t s  f o r  
t e s t i n g  magnet m a t e r i a l s  and ceramic i n s u l a t o r s ,  and f o r  more general  s t u d i e s  o f  spec ia l  purpose m a t e r i a l s .  

The l a r g e  i r r a d i a t i o n  volume makes p o s s i b l e  ins t rumented i n  s i t u  measurements on m a t e r i a l s  and, nmst 
impor tan t l y ,  on components and subassemblies. 
c o n t r o l l a b l e .  

For CIT, s t u d i e s  o f  t h e  shear s t r e n g t h  o f  o rgan ic  i n s u l a t o r s  a r e  needed t o  a dose o f  1000 MGy over  t h e  
temperature range o f  77 K t o  300 K. Since t h e r e  i s  experimental  evidence t h a t  neut rons are more damaging 
than gammas per  u n i t  energy depos i t i on ,  neut ron exposures of 300 t o  1000 MGy, which should e a s i l y  be reached 
a t  LASREF, are r e q u i r e d .  
gamma damage. The estab l ishment  o f  a l i q u i d  n i t r o g e n  c a p a b i l i t y  a t  LASREF looks  r e l a t i v e l y  s t r a i g h t f o r w a r d .  
Th is  would permi t  t e s t i n g  o f  RF windows a t  ITER-relevant temperatures as w e l l  as magnet m a t e r i a l s .  

For ITER, doses o f  o n l y  30 MGy are r e q u i r e d  f o r  o rgan ic  i n s u l a t o r s ,  b u t  shear t e s t i n g  under a compressive 
l o a d  i s  needed a t  4 K. 
s t a b i l i z e r )  are needed t o  f i rmly e s t a b l i s h  exposure l i m i t s  of candidate commercial m a t e r i a l s .  Th is  work i s  
probably  f e a s i b l e  a t  LASREF. 

Any upgrade i n  f l u x  would expand t h e  types o f  m a t e r i a l s  t h a t  cou ld  be t e s t e d  and would permi t  i n  s i t u  t e s t s  
a t  more r e a l i s t i c  f l u x e s .  

(The f u l l  r e p o r t  con ta ins  f u r t h e r  d i scuss ion  o f  i n  s i t u  t e s t i n g  and d e t a i l s  on CIT/ITER.needs f o r  
i r r a d i a t i o n  t e s t i n g  o f  magnet mate r ia l s . )  

I O .  There has been some use o f  LASREF by f o r e i g n  l a b o r a t o r i e s .  
expressed f rom a l a b o r a t o r y  i n  t h e  Peoples Republ ic  o f  China ( i n  s i t u  mechanical t e s t i n g ) ,  Tohoku U n i v e r s i t y  
( i n  s i t u  creep) and K f A  J G l i c h  (JET/NET). 
i r r a d i a t i o n s  an appropr ia te  b r idge  between t h e i r  e a r l i e r  RTNS-I1 i r r a d i a t i o n  program and t h e  c u r r e n t  FFTF 
program. 

E l e c t r o n i c  n o i s e  a t  LASREF i s  h i g h  b u t  should be 

The h i g h  neutron/gamna r a t i o  a t  LASREF i s  impor tan t  f o r  assessing neut ron versus 

I n  a d d i t i o n ,  s tud ies  o f  composite superconductors (i.e., superconductor, mat r i x ,  and 

I n t e r e s t  i n  f u t u r e  experiments has been 

The Japanese (Monbusho) program might  indeed f i n d  LASREF 

11. The p o t e n t i a l  f o r  hav ing an FMIT- l ike, acce lerator-based neu t ron  source i n  t h e  U.S. i n  1995-6 should 
n o t  i n f l u e n c e  any a c t i o n s  regard ing  LASREF. 

Recomnendations t o  OFE 

1. Formulate a d e c i s i o n  q u i c k l y  regard ing  s i g n i f i c a n t  use of LASREF o r  t h e  o p p o r t u n i t y  t o  t a k e  advantage o f  
t h e  r a t h e r  ex tens ive  c a p a b i l i t i e s  developed t h e r e  may be l o s t .  

2. Do n o t  e s t a b l i s h  a susta ined program f o r  a l l o y  development f o r  f u s i o n  a p p l i c a t i o n s  a t  LASREF a t  t h i s  
t ime.  The c u r r e n t  damage r a t e s  are t o o  low and pu lse  ef fects  may i n t r o d u c e  u n c e r t a i n t i e s  a t  e leva ted  
i r r a d i a t i o n  temperatures. To take  advantage o f  a s i g n i f i c a n t  upgrade would r e q u i r e  n o t  o n l y  fund ing  o f  t h e  
upgrade and t h e  LANL s t a f f  t o  suppor t  it, b u t  a l s o  o f  a research program t o  eva lua te  s p e c t r a l  and p u l s i n g  
ef fects .  While t h e  l a r g e  i r r a d i a t i o n  volume and near-room temperature c a p a b i l i t y  a r e  a t t r a c t i v e ,  they  do 
n o t  j u s t i f y  a d i v e r s i o n  o f  funds from c u r r e n t  r e a c t o r  i r r a d i a t i o n  programs. 

3. Define, i n  c o n j u n c t i o n  w i t h  LASREF personnel,  a p o t e n t i a l  LASREF i r r a d i a t i o n  program designed t o  meet 
CIT/ ITER needs f o r  i n  s i t u  t e s t i n g  o f  i n s u l a t o r s ,  magnet components, and d i a g n o s t i c s  (see Appendices 4 and 5 
of f u l l  r e p o r t ) .  Funding should come from these p r o j e c t s .  

3.1 Determine f e a s i b i l i t y  o f  deve lop ing a 77 K c a p a b i l i t y  and es t ima te  c o s t  (rough es t ima te  by 10s 
Alamos i s  S100K) and schedule. 

3.2 Determine f e a s i b i l i t y  o f  deve lop ing a 4 K c a p a b i l i t y  and es t ima te  c o s t  and schedule, un less t h e  
O f f i c e  o f  Bas ic  Energy Sciences (OBES) p lans  t o  operate  t h e  cryogenic  f a c i l i t y  i n  t h e  Bulk 
S h i e l d i n g  Reactor (6%) a t  Oak Ridge. 
f o r  f u s i o n  experiments i s  needed. 

3.3 Determine c o s t  e f fec t iveness o f  proposed LASREF upgrades i n  l i g h t  o f  CIT/ITER needs. 

3.4 Est imate opera t ing  cos ts  f o r  va r ious  scenar ios.  

4. Eva luate a n a l y t i c a l l y  t h e  p o t e n t i a l  f o r  i nc reas ing  t h e  peak f l u x  through t h e  use o f  a neu t ron  m u l t i p l i e r  
and/or r e f l e c t o r .  The c o s t  should be low i f  t h e  l a r g e  amount o f  Cray t ime  r e q u i r e d  i s  made a v a i l a b l e  a t  t h e  
Na t iona l  Energy Research Supercomputer Center (NERSC) a t  Livermore. 
except ion of decreasing t h e  diameter of t h e  beam stop, w i l l  sof ten t h e  spect ra ;  h e l i u v d p a  r a t i o s  lower  than 
f u s i o n  r e a c t o r  f i r s t  wa l l  values are l i k e l y ,  though n o t  so low as encountered i n  f i s s i o n  reac to rs . )  

In t h e  l a t t e r  case, assurance o f  s u f f i c i e n t  i r r a d i a t i o n  t ime  

( S i g n i f i c a n t  f l u x  upgrades, w i t h  t h e  
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A decision on whether to proceed with a preliminary design and cost estimate for implementing this approach 
would be dependent on its calculated benefits and the need as perceived in Recommendation 3. 

5. Examine the potential for international participation--Monbusho, NET/ITER team laboratories--in LASREF 
facility development and utilization. 

6. Modify and further test the LAHET (high-energy transport) code if significant use of LASREF is contem- 
plated. (A suggested approach is given in Appendix 3 of the full report. 
shortly of helium concentrations in LASREF-irradiated specimens; these will provide a preliminary check of 
calculated transmutation rates.) In addition, expanded calculations will be needed of the spatial 
dependence of damage rates. 

Some measurements will be made 

FUTURE WORK 

The work of the committee has been completed and its report ("Report of  the LASREF Evaluation Comnittee", 
PNL-SA-18584, July 1990) given wide distribution. Further copies are available from the chairman. 
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DEVELOPMENT OF DISC COMPACT TENSION SPECIMENS AND TEST TECHNIQUES FOR HFIR IRRADIATIONS. 
C. Elliott, M. Enmark, G. E. Lucas, G. R. Odette (University of California, Santa Barbara) and A. Rowcliffe (Oak Ridge National 
Laboratmy) 

OBJECI'IVE 

The objective of this work is to develop techniques for evaluating fracture twghness from specimens compatible with the HFIR 
irradiation environment. 

SUMMARY 

Near term irradiations of candidate alloys being planned for the High Flux Isotope Reactor (HFIR) in support of lTER and isotope 
tailoring experiments necessitate the use of relatively small fmcture toughness specimens, eg. down to 12.5 mn in diameter. The 
specimens will also contain substantial amounts of helium. This work involved the application of elecmptential drop techniques to 
determine J-resistance curves for this purpose in HT-9 specimens with diameters of 40.25 and 12.5 mm at temperahms ranging from 
20 "C to -100 O C :  in addition, the effects of si& grooving were examined Good agreement knucen J-resistance curves determined by 
the elecaopotential drop and by multiple specimen techniques were obtained for all specimen geome!des, sizes, and temperatures. 

PROGRESS AND STATUS 

InaoductiQn 

Irradiations in the High Flux Isotope. Reactor (HFIR) m beiig planned for s e v d  putpses. One is to develop data pminent to 
anticipated operating conditions for the Intemational Experimental Tokamak Reactor (ITER), where irradiation temperatures in the range 
60-350T are needed.[ 11 The other is to systematically determine the effects of Hddpa ratio on the m i c ~ ~ s ~ c r u r a l  evolution and 
mechanical properties of ferritic and austenitic steels using isotope tailoring.[2] In both cases it is desirable to obtain fracture toughness 
data on irradiated material. However, because of irradiation volumc and/or mated constraints, it is anticipated that fracture toughness 
data will have to bc obtained from J-resistance (ER) curves developed from single specimens having diameters as small as 12.5 mm. 
Huang and co-workers r3-51 have developed elecmpotential drop techniques for obtaining fracnue toughness from small specimens. 
Our effort was undextaken to evaluate some sukquent improvements to the elecaopotential drop technique for specimen geomehes of 
interest to HFIR irradiations, and to examine possible ways of lead attachment to specimens anticipated to contain significant amounts of 
helium. 

Tests m date have been perfmcd on specimms taken from thc ESR heat of HT-9. Compact tension (0 spceimens with the geometry 
shown in Figure 1 were fabnlcated from 16 mm thick plate in the suess relieved condition, for which m i c ~ ~ ~ m c t u r e s  have previously 
been examined [6,7]. As tabulated, three. sizes were machined, having thicknesses of 12.8 mm, 8 mm and 4 mm. In addition, two 
initial notch depths were fabricated, with crack length to specimen width ratios ( a h )  nominally 0.3 and 0.5. For the a/w = 0.5 

1. 
Dimensions (in mm) 

L++ w 
Figure 1. Disc wmpact &en gcomeay, and tabulated specimen dimensions. 
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specimens, several specimens were side grooved 20% (= B - B d )  with a 45" notch and a root radius of 0.25 mm. S m d  nubs were 
machined onto the faces of each disc compact tension specimen for the purpose of attaching the voltage measurement leads accurately 
and, hence, measuring potentials reproducibly. [81 Finally, for purposes of comparison, 12 mm thick square compact tension specimens 
with the gwmefq given in ASTM Standard E399 were fabricated with an a/w of 0.5. Direct current leads were attached to the top and 
bottom of each specimen by screws. Voltage leads made of 0.25 mm diameter 410 steel wire were spot welded to the nubs on the 
Spechen faces. The selection of lead wire was chosen to approximate the composition of HT-9 and hence reduce thermoelectric emf 
contributions to the voltage signal.[9] The highest sensitivity to crack length changes, and lowest sensitivity to lead location and crack 
shape was found for leads attached to opposite sides of the specimen across the crack plane; this is in agreement with previously 
reported results.[9] As discussed below, separate reference potential drop measurement leads were found to be unnecessaq. Previous 
experience with austenitic stainless steels suggests that difficulties may be encountered in welding leads to steels containing a few appm 
helium; consequently, various welding techniques are currently being investigated using steels doped with helium via the tritium trick. 

AU specimens were pre-cracked and tested on a closed-loop, servohydraulic load frame. The specimens were attached to the load frame 
by pin and clevis grips; and the load Uain was electrically insulated from the machine by ceramic washers. DC currents of 10.5 and 3 A 
were applied from a stable cumnt s o m e  to the 12.8 mm, 8 mm and 4 mm thick specimens, respectively. Each specimen was fatigue 
pre-cracked at ambient temperature at a AK of approximately 24 MPadm to the desired initial crack length (either alw -0.3 or 0.5). 
FoUowing pre-cracking specimens were tested at ambient temperature by mnotonic loading under displacementcontrol conditions at a 
displacement n t e  of 5 p d s  to a fmal desired crack length, and specimens were tested at low temperams by submersion in an alcohol 
bath during similar monotonic loading at a rate of 2.5 pm/s. Crack lengths were monitored both by optical measurements of surface 
cracks at ambient temperahlre and by potential drop measments at all temperatures, each requiring calibration to pmvide absolute 
measlves of crack extension as discussed below. Load-ram displacement and potential-ram displacement data were recorded on a 
computerized data acquisition system. Because the voltage leads hindered attachment of a clip gage, ram displacement was converted to 
specimen load-line displacement through a calibration of system compliance. Following testing, unbroken specimens were heat tinted in 
air, fatigued and then fractured at liquid nitrogen temperams. The initial notch length (ai), fatigue-precrack (&) and h a l  crack length 
(af) were mcasured from the fracture surface. Nine point averages of crack length were obtained f a  the smooth specimens, and 18 point 
averages for the side-grooved specimens because of the larger variation of crack length with position as discussed below. 

Multiple specimen J-Aa curves were obtained, when possible, from fractographically measured values of average crack length change 
Aa, and JIC was determined using the procedures outlined in ASTM Standard E813. In addition, a variety of potential dropcrack length 
calibrations were considered and evaluated as described below. Once calibrated, the potential drop data were used along with the load- 
displacement data to evaluate J-Aa curves, and hence JIG, from single specimens by methods recommended by Hacken et al.[lOl In both 
cases, the tearing modulus T was d e t d n e d  from T = dJ/da (E/a,2), where E is the elastic modulus and co the yield strength, and dJ/da 
the slope of the J-Aa m e  used to determine JIC. 

The crack shapes evolved in very different ways in the smooth and side-grooved specimens. As illushated in Figure 2, the cracks in the 
smooth specimens showed some tunneling. TuMehg was morc pronounced under monotonic loading than fatigue, and slightly gRater 
in the largest specimens. However. in the side-grooved specimens, the tunneling pmfde was inverted, with the crack growing much 
more rapidly at the surface of the side-gmwe than in the interior. 

0.000 4.000 8.000 12.000 

Distance from Edge (mm) 

Figure 2. Comparison of crack shape geometries for smooth and side-grooved specimens with a/w = 0.5. Data shown here are for 
12.8 mm thick specimens. 
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The a/w = 0.3 specimens showed anomalously high Jic and tearing modulus data, indicative of ann bending.[lll Consequently, these 
specimens were only used to extend the calibration curve between nack lengths and potential drops over a wider range of initial crack 
lengths. We examined several different approaches to calibrating potential drop measurements with crack length. Early workers 
developed calibrations between potentials normalized by a reference potential (v,) and crack lengths normalized by either initial crack 
lengths or specimen dimensions. For example, Ritchie [81 and others [12] have used the praluct of the specimen width and voltage 
gradient in an uncracked region of the specimen for U,: whereas Huang [3-51 and others [12.13] have used the initial value of potential 
drop for Uo. However, the former method requires an additional set of leads and measurements, while the latter can lead to calibration 
curves that are sensitive to crack and specimen geometry. Indeed, we found that normalization against initial values of potential and 
crack length gave calibration curves which were very sensitive to specimen geometry (especially smooth versus sidegrooved 
specimens), and slightly sensitive to crack geometry (especially fatigue pre-cracked versus blunted). More recently it has been 
suggested that using a potential dmp at a fixed value of crack length to width ratio (a/w) for U, results in a calibration curve that is less 
sensitive to material and gmeay.[9,10] Accordingly, we found that the potential data were collapsed when the crack length was 
normalized by specimen width and the potential drop data were normalized against the potential drop at an a/w = 0.5 for a particular 
specimen geometry (ie, size and either grooved or ungrooved). This is shown in figure 3. This calibration was used to evaluate single 
specimen J-Aa curves. 

1.5 

1 3  

1.1 

v) 

j 0.D . 
3 

0.7 

0.5 Y@ 
t 1 

0.2 0.3 0.4 0.5 0.6 

a lw  

Figurc 3. Potential drop normalized by values at dw.5 versus crack length to specimen width ratio. The fit to the data is shown as the 
solid l i e .  

Representative single specimen J-Aa curves are shown for several specimen gcmnetries in Figure 4. The end point data in Fig. 4 were 
obtained horn fractopphic measurements of Aa The procedure outlined by Hacken et. al. [ 101 fixes the end points (a,, and af) to the 
directly measured values, and hence the values of Aa determined fnnn potential drop measunments a g m  exactly h m .  This procedure 
also calculates J incrementally from loaddisplacement data and values of a behueen a, and ay calculated from potential drop, and hence 
the end point values of J differ slightly in some cases. The largest source of uncmainty in the procedure is in establishing the point of 
crack initiation. However, where comparisons could bc made, fractographic indications of initiation were in agreement with predictions 
based on potential drop measments.  Although to date there are insufficient data to compare single spcimen J-Aa curves to multiple 
specimen curves for all  the specimen geometries we investigated, where comparisons could be made there was reasonably good 
agreement. This is shown in Table 1. 

The dcpendenee of Jrc and T on specimn size and side grooving is also shown in Table 1. The values of Jic for the 12 m u  thick 
spximem were in reasonable agreement With the values obtained fmm multiple specimen tests on the square CT Spccimcn (220 kJhz). 
This is larger than the value of Jlc = 95 kJ/& fo rm- 9  q m e d  by Huang and Wire [3], hut the particular heat tnarment investigated 
here results in a somewhat lower yield sh’ength and higher ductility, so that a higher JIC is not unexpected. There appears to be a 
systematic decrease in JIC With specimen size in the smooth specimens and it is somewhat aggravated in the side-grwved specimens. 
Because of the relatively large toughness and low flow smss of of the material examined, the minimum thickness nquired to meet the 
ASTM validity criteria for JIC (ie, B > 25 h&y) is approximately 9 mm, which is larger than the two smallest specimen sizes. smooth 
and side-grooved. Although there have been arguments to suggest that JIC should increase with decrcasing size below thc minimum 
thickness, the opposite has been observed in a number of instances, particularly when the test matnial has high toughness relative to 
smngth. [15,16] On the other hand, side grooving decreases the tearing modulus, but there appears to be less of a systematic 
dependence of T on specimen size. 
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In any event, the relatively good agreement bnwan  potential drop and mul!ispcciien data and the insensitivity of the calibration cuwe to 
specimen and crack geomeuy suggest these techniques will be applicable to irradiated specimens. This is supponcd by results from low 
temperature testing which are shown in figure 5. Here, J ~ C  values obtained from the three specimen sizes are plotted as a function of test 
tempet'atm along with data obtained from large specimens. These large specimen data were convened from valid K (ASTM E399) data 
by Jic = K@(1-v2). The validity lines for 4 mm, 8 nun. and 12 nun thick specimens are also supcrimposed.(Data below these lines 
meet the ASTM size criteria.). As can be seen at the lower temperatures where Jlc is nduced and cro increased relative to the values of 
the material at ambient tempemure, the JIC data matches well with values determined using ASTM standard E399 and specimens meet 
E813 size requirements for all specimen sizes. 
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rn 8mmSpecimens 
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- 
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Temperature ("12) 

Figure 5. Low tempature test results for all specimen sizes. 

SUMMARY AND CONCLUSIONS 

We have invmtigated the applicability of elsaopotcntial dmp techniques m obtaining J-Aa curves from single specimens compatible in 
volume and geometry with HFIR irradiation volumes. Both smooth and side-grooved specimens were examined. 
length was normalized against specimen width and the potential was normalized against a refereme potential obtained at a cnrck to width 
mtio of a/w = 0.5 for a given specimen gwmetry. the data were collapsed for the range of spccimen geometries investigated. J-An 
curves obtained from potential drop data were in good agrcnmnt with multispcimen data. A systematic decreass in Jlc with specimen 
thickness was obsemd for both s i d e - p v e d  and smooth specimens. The tearing modulus was reduced by side gmoving but was less 
dependent on specimen size. Smaller values of JJC and largervalues of flow stress obtained at lower test temprams resulted in 
satisfaction of the ASTM size criteria for obtaining fracture toughness information for even the smallest specimens. Similar material 
property changes anticipated in irradiated mataials should permit the use of smaller specimens in HFIR irradiations. 

When the crack 

FUTURE WORK 

Work will continue on both ferritic and austenitic steels, with an emphasis on identifying viable techniques for lead attachment in 
specimens containing helium. 

REFERENCES 

1. D. L. Smith, MRS Bulletin, V XIV, 7 (1989) 48. 

2. G. R. Odette, J. Nucl. Mater., 141-143 (1986) 1011. 

3. F. Huang and G. L. Wire, J. Eng. Mat. Tech., 101 (1979) 403. 





13 

DESIGN, FABRICATION, AND OPERATION O F  HFIR-MFE RB' SPECTRALLY TAILORED IRRADIATION 
CAPSULES - A. W. Longest, D. W. Heatherly, E. D. Clemmer (Oak Ridge National Laboratory), and J. E. C o r n  (Midwest 
Technical, Inc.). 

OBJECTIVE 

The objective of this work is to design, fabricate, and operate irradiation capsules for irradiating magnetic fusion energy 
( M E )  first-wall materials in the High Flux Isotope Reactor (HFIR) removable beryllium (RB') positions. Japanese and US. 
MFE specimens are being transferred to RB* positions following irradiation to 7.5 dpa at temperatures of 60, 200, 330, and 
400°C in Oak Ridge Research Reactor (ORR) experiments ORR-MFE-6J and -7J. 

SUMMARY 

Design and fabrication of four HFIR-MFE RB' capsules (60,200,330, and 400°C) to accommodate specimens previously 
irradiated in spectrally tailored experiments in the ORR are proceeding satisfactorily. These capsule designs incorporate 
provisions for removal, examination, and re-encapsulation of specimens at an intermediate exposure level of 16 displacements 
per atom (dpa) en route to a target exposure level of 24 dpa. With the exception of the 60°C capsule, where the test specimens 
are in direct contact with the reactor cooling water, the specimen temperatures (monitored by 21 thermocouples) are controlled 
by varying the thermal conductance of a small gap region between the specimen holder and the containment tube. 

Irradiation of the 60 and 330°C capsules was successfully started upon return of the HFIR to full power operation on 
July 17, 1990. As of September 30, 1990, these two capsules had completed 1 1/2 cycles of their planned 14-cycle irradiation 
to a damage level of 16 dpa. Fabrication of parts for the other two (200 and 400°C capsules) is nearing completion. Assembly 
of the 200 and 400°C capsules is scheduled for completion by the end of FY 1991; operation of these two capsules will follow 
the first two (60 and 330°C). 

Capsule design and preparation of fabrication drawings for re-encapsulation of the MFE specimens after 16 dpa into 
two dual-temperature capsules (60/200 and 330/400"C) are scheduled to be completed in FY 1991. 

PROGRESS AND STATUS 

Introductioq 

A series of spectrally tailored irradiation capsules are being designed, fabricated, and operated as part of the U.S./Japan 
collaborative program for testing MFE first-wall materials in mixed-spectrum fission reactors. The test specimens are being 
irradiated in the new RB' facility' of the HFIR. 

The first four HFIR-MFE RB* capsules were designed to accommodate Japanese and US. specimens previously 
irradiated to 7.5 dpa at temperatures of 60, 200, 330, and 400°C in the ORR in spectrally tailored experiments ORR-MFE-6J 
and -7J. Details of these ORR experiments, including descriptions of the test matrix, mechanical property specimens, and 
techniques of spectral tailoring, have been reported e lse~here .~ '  

The first four HFIR-MFE RB' capsules will be irradiated in pairs (first the 60 and 330°C capsules, then the 200 and 
400°C capsules) to a damage level of 16 dpa. After these four irradiations, the test specimens will be removed, examined, and 
approximately one-half of them re-encapsulated into two dual-temperature capsules (60/200 and 330/400"C) for irradiation to 
24 dpa. Hafnium liners are being used to tailor the neutron spectrum to closely match the helium production-to-atom 
displacement ratio (14 appddpa)  expected in a fusion reactor first wall. 

60°C Caosule 

The 60°C capsule, designated HFIR-MFE-60J-1, is an uninstrumented capsule with the test specimens in contact with 
the reactor cooling water. Capsule design, assembly, and details of the specimen loading were described previously.' 

Irradiation of this capsule began July 17, 1990, at the start of HFIR cycle 289. As of September 30, 1990, 1 1/2 cycles 
of its planned 14-cycle irradiation to a damage level of 16 dpa had been completed. Specimen operating temperatures in this 
capsule are predicted to be within 10°C of 60°C. 



14 

330°C Cansule 

The 330°C capsule, designated HFIR-MFE-330J-1, is an instrumented and singly contained capsule where the specimen 
temperatures are monitored by 21 thermocouples and controlled by adjusting the thermal conductance of a small gas gap region 
between the specimen holder outer sleeve and the containment tube. This capsule is cooled with 49°C reactor cooling water 
flowing downward over the containment tube surface. Capsule design, assembly, and details of the specimen loading were 
described previously?6 

Irradiation of this capsule began on July 17, 1990, at the start of HFIR cycle 289. As of September 30, 1990, 1 112 cycles 
of its planned 14-cycle irradiation to a damage level of 16 dpa had been completed. Measured temperatures from the 21 ther- 
mocouples in the aluminum alloy specimen holder indicate that specimen operating temperatures are within 25°C of 330°C 
which satisfies the temperature criterion for these experiments. 

200 and 400°C CaDsules 

The 200 and 400°C capsule designs were described previously' and are basically the same as that of the 330°C capsule. 
The main differences in the three capsule designs are associated with (1) the number and spacing of the specimen holder slots 
and holes to accommodate the different specimen loadings, (2) the width of the temperature control gas gap region between 
the specimen holder outer sleeve and containment tube to obtain the desired specimen temperatures, and (3) the test piece 
included in the aluminum plug and holder above the test specimen holder to obtain extra information. 

Fabrication of parts for both capsules is nearing completion. Assembly of the capsules is scheduled for completion by 
the end of FY 1991. Operation of these two capsules will follow the first two (a0 and 330°C). 

HFIR-MFE RB' Facilities 

Facility preparations required for operation of the HFIR-MFE RB' capsules were completed during the report period. 
Preparations completed included final checkout of Materials Irradiation Facility No.3 (MIFJ), which is being used for the 
HFIR-MFEJ3OJ-1 capsule; connection of the instrumented 330°C capsule to the MIF-3 facility; and installation of a storage 
rack for HFIR RB* capsules at the west end of the HFIR pool. 

FUTURE WORK 

Assembly of the 200 and 400°C capsules is scheduled to be completed in FY 1991. 

Capsule design and preparation of fabrication drawings for re-encapsulation of specimens after 16 dpa into two dual- 
temperature capsules (60/200 and 330/4WC) are scheduled to be completed in FY 1991. 
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APPLICATION OF BALL PUNCH TESTS TO EVALUATING FRACllJRE MODE TRANSITION W FERRITIC STEELS, 
J. McNaney, G. E. Lucas, G. R. Odette (University of California. Santa Barbara) 

OBJECTIVE 

The purpose of this study was to examine ball punch test techniques f o r d e t k i n g  fracture d e  transition behavior in ferritic steel 
specimens as small as TEM discs. 

SUMMARY 

An investigation was made of the applicability of a ball punch test to evaluating the fracture mode transition in ferritic steel specimens 
equivalent to transmission elecnon miaoscopy (TEM) discs Both static and dynamic test conditions were examined in specimens with 
and without seven4 intentional defects. High displacenmt rates (> 4 d s )  resulted in adiabatic heating of the spechen during testing. 
Smooth specimens were found to provide more reproducible and useful data than specimens containing holes and grooves. A good 
correlation was found between the absorbed energy beyond maximum load and fracture mode transition, with the latter characterized by 
either fracture appearance or Charpy impact energy. 

PROGRESS AND STATUS 

Inhoductiorl 

A variety of techniques have been examined for extracting mechanical properties from specimens with relatively small volumes for the 
purpose of optimizing irradiation volumes available to fusion reactor materials development efforts.[l] For this purpose. several studies 
have examined ball punch tests applied to transmission electron microscopy (TEM) disc geometries to evaluate sangth and ductility 
paramten, and in some instances fracture mode transition.[2-7] In this study, we were particularly interested in using the ball punch 
test to characterize fracture mode transition in ferritic steels. Fractm mode transition is a phenomena that may be potentially limiting to 
ferritic steels in fusion reactor environments,[8] and we have a number of inadiation experiments either planned or completed which 
include TEM-disc-type specimens of ferritic steels. However, most of the ball punch tests reported in the litemme to date have becn 
conducted under slow suain rate conditions on s m t h  specimens. We wanted to investigate the applicability of the technique under both 
static and dynamic conditions on Specimens containing a n u m k  of different intentional defects, and to identify the most important test 
parameters forcharacterizing fracture d e  transition. 

ExDeriment 
Tests were pafonned on specimens taken fran five ferritic steels. ouo of which were in two different metallurgical Conditions. The 
steels and their nominal compositions are listed in Table 1. The A302B plate, A508 forglng. and Linde 80 weld were low alloy, pressure 
vessel steels with a tempcnd bainite mimtrucnrrc.[9] The A508 material was in the as-forged condition as well as re-austenitized at 
1038 "C for 1 h.IIOl In addition, the Linde 80 weld was available in both uninadiated and irradiated conditions. The hd ia t ed  material 
had bcen exposed to a neutmn flux of 3.6 x 1012 n/cm& to a fluence of 2.6 x 1019 dcm2 at a temperature of 305 "C.[9] The HT-9 
was taken from thc stress-relieved condition of the ESR heat, and had a tempered martensitic structure.[ll] The HSLA steel was an 
ASTM A710 class of steel with a polygonal ferrite shucture.[l2] These steels were selected to provide a range of mechanical prapertics 
and mimhuctures. In addition, mechanical propesty and fracture modc transition data were available for these steels from previous 
studies.[9.10,12,18] 

Table 1 

MAJOR C O " T S  OF ALLOYS 
(wight %) 

Alloy C C u  N i M n  Si O M o V N b  

AUnB 0.23 0.20 0.17 1.47 0.26 0.05 0.52 -- -- 
WELD 0.12 0.40 0.60 1.36 0.51 0.04 0.44 -- -- 
A508 0.22 0.02 0.63 0.64 0.28 0.34 0.58 0.02 -- 
HSLA 0.04 1.18 0.97 0.60 0.28 0.73 0.18 -- 0.04 
HT-9 0.20 0.07 0.51 0.51 0.17 12.1 1.04 0.28 -- 



lable material, lapping the coupons to the d e s i  
IS. The coupons were lapped to thicknesses between 0.25 
:oupons 0.45-0.53 mm thick. In punching the discs, the 
t N. The resulting specimens were flat with a thickness 

: through holes were machined into specimens with a 
o specimen surfaces with a hardened steel trepanning tool. 
ss section 0.13 mm in nominal width at the base, 0.2 mm 
rate elastic stresses by as much as a factor of 2.[13] 

dc and intermediate rate tests) and on a drop tower (for 
ure placed within a temperature bath. The punch fixture 
: specimen in a recess in the lower die. The specimen 
nen circumference. A hardened steel punch tipped with a 
! mm in diameter. For temperatures of 75 K and 298 K 
entire punch fixture. For temwrams between 75 K and 
iimgen. The inner bath was maintained dry (to avoid 
men down to about 75 K. The desired specimen 
I the specimen fixture. Specimen temperatures were 
)ad on the specimen was monitored as a function of 
s were examined by scanning elecmn tnicroscopy. 

Alignment Pegs (2) n 

Bonom Plate 

all punch fixture 

T-9 and the HSLA steel showing the best and A W B  the 
re are shown for the HSLA steel in Figure 2. At ambient 
wing a) an initially linear-elastic regime followed by b) a 
I) a maximum and e) a sudden dmp in load. These have 
f yield zones to form a plastic hinge at the specimen 
ng, d) localized necking and e) fracture, 
ile fracture at the circumfmce of the contact m a  were 
ztive flow smss of the material, and hence the load for a 
num load and at failure decreases. At the lowest 
However, it is imponant to note that even at these low 
d evidence of yielding and substantial plastic 
decreasing temperature is analogous to the behavior of 



17 

D m 
0 
_I 

600 

400 

200 

u.0 0.2 0.4 0.6 0.8 1 .o 1.2 

Displacement (mm) 

Figure 2. Loaddisplacement curves as a function of test temperature for the HSLA steel. 

We analyzed the data s e v d  ways for each material m comlate changes in the fracture mode with changes in the load-displacement 
curve. This included examining total displacement to failure, displacement to maximum load, and plastic energy absorbed in deforming 
the specimen up to the maximum load and beyond the maximum load. Each of these shows a transition frmn relatively low values at low 
temperatures to higher values at temperatures approaching ambient. The most dramatic "transition," however, was evidenced by the 
energy absorkd beyond maximum load (AE). An example is given in Figure 3 for the A508 steel. With decreasing test temperature, a 
very steep transition to AE = 0 occurs when cleavage fracture becomes predominant. 

Increasing deformation rate and intentional defats wett found to de@e the utility of the ball punch datz for monitoring hacture d e  
m i t i o n .  Tests PcIfOrmcd under dynamic conditions (ie. displacement rates of a b u t  4 - 200 mm/s) were found to change the fracture 
d e  at 75 K from cleavage to ductile fracture in the steels examined. Simple calculations indicated that heating from plastic deformation 
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Figure 3 Absorbed energy bcyond maximum load as a fundon of test temperature for the A508 steel. 
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was sufticiently adiabatic under dynamic conditions to elevate the specimen temperature above the transition. The effect of a concenmc 
hole was to indeed promote fracture, presumably by stress intensification; however, once initiated, cracks grew radially. At low 
temperatures, the stress field falls off in the radial direction,[l4] and hence the cracks grew stably. This produced loaddisplacement 
curves with no obvious features corresponding to fracture, even when the fracture mode was cleavage. Finally, the presence of an 
annular uough also promoted fracture and lead to rapid crack propagation around the trough circumference, thus producing a marked 
drop in the load-displacement curve. However, differences between loaddisplacement curves obtained at high and low test temperatures 
were less pronounced in specimens containing troughs than those without. Consequently, the optimum test conditions for monitoring 
fracture mode transition in these small disc specimens appear to be smooth specimens tested under static conditions. To ensure optimum 
data resolution and temperature control, subsequent tests were conducted at displacement rates of 0.04 Ws. 

Several approaches were taken toward identifying transition temperatures in the ball punch data that were correlatable to Charpy V-notch 
(CVW data The correlation leading to the best fit was found to be between the 41 J transition temperature ( T ~ I )  in a CVN test and 
temperatures (TSP) at AE = 4.5 and 9 mJ for the 0.25 mm and 0.5 mm thick specimens, respectively. This correlation is shown in 
Figure 4. The slope of the curve for both the 0.25 mm thick specimens and the 0.5 nun thick specimens is 0.189 "CPC. Accordingly, 
for the A508 steel re-austenitization induced a 150 "C shift in T41, and a corresponding 33 "C change in TSP was observed; and in the 
Linde 80 weld, irradiation induced an estimated shift of 144 'C in T41 1181, and a change of 29 O C  in TSP was measured. 

As can be seen in Figure 4, TSP for the 0.5 mm thick specimens lies below that for the 0.25 mm thick specimens. A possible 
reason for this is as follows. It has been argued that the applied tensile suess should exceed some critical value uf for cleavage initiation 
in smoMh and blunt notch specimens.[8] Values of of have been previously measured for the steels investigated here and range from 
1800 MPa to 2400 MPa.[lO] A number of analytical and numerical calculations of the stress and strain dismbution in a sheet specimen 
undergoing hemispherical punching indicate the maximum stresses achieved during punching m of the order 0.7~ where K is defined in 
the constitutive relation o = ~".[14-16] From previous analyses of tensile and instrumented Charpy data on these steels,[9-12] upper 
estimates of values of K at temperatures corresponding to AE = 0 m of the order 2000 MPa, and hence, maximum calculated stresses at 
cleavage fracture would be in the range of 1400 MPa to 1600 MPa. This suggests that some stress intensification occurs, probably due 
to local necking, with stress intensification factors of the order 1.2 - 1.4. Indeed, this is consistent with the significant plastic 
deformation and surface roughening observed to occur prior to cleavage fracture in our tests. Moreover, it is expected that for a given 
amount of local necking, the stress intensification would be smaller in the thicker specimens, thus requiring a lower test temperature to 
achieve conditions for cleavage fracnue.Moreover, this small degree of stress intensification relative to stress intensification factors of 
about 2.2 in Cbarpy testing1191 is consistent with the smallerchanges in transition temperature (by about 5 times) exhibited in the disc 
specimen test compared to CVN tests. That is, increasing stress intensification (M) should increase the slope of the temperature 
dependent yield stress (I+) relation at the p i n t  where Mo, =a?, and hence, increase the change in the temperam at which this equality 
is satisfied for the changes in either o, or ot-' 
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Figure 4. Correlation between the 41 J transition temperature in CVN specimens and the temperature at 4.5 mJ and 9 ml of absorbed 
energy beyond maximum load in the ball punch tests on 0.25 mm and 0.5 mm thick specimens, respecdvely. 
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CONCLUSIONS 

We have invcstigatcd s e v d  test parameters pertinent to obtaining fracture mode transition infomation on fnritic steel disc 
s p x i m s  from a ball punch test It was found that dynamic testing of such small specimens leads to adiabatic heating, and hence testing 
was limited to static rates. While small concentric holes indeed promote crack initiation, the cracks grow stably into a falling radial stress 
field, and fracture mode uansition is not obvious from load displacement data. Annular mughs also promote fracture, but the 
differences in load-displacement behavia between ductile fracture and cleavage fracrun regimes BTC r e d u d  Hence, the bulk of the 
testing was performed on smooth specimens. It was found that test temperatures at values of absorbed energy AE = 4.5 mJ for 
0.25 mm thick specimens and 9 ml for 0.5 mm specimens correlate well with the 41 J transition temperature in CVN tests, and hence 
changes in transition temperarun induced by either thermal conditioning a irradiation could be monitored by ball punch techniques. 
However, the ball punch test is less sensitive to changes in transition temperature than the conventional CVN test, 

FUTURE WORK 

The test is being considered f a  several irradiation experiments. 
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DEVELOPMENT OF PRESSURIZED TUBE SPECIMEN FOR CREEP TESTING OF BERYLLIUM - W. S. Neef, R. W. Mo i r  (Lawrence 
L i v e m o r e  N a t i o n a l  Laboratory) ,  E. K. Opperman (Westinghouse Savannah R ive r  Company), and M. L. Hami l ton 
( P a c i f i c  Northwest Laboratory)  

PURPOSE 

The purpose o f  t h i s  work was t o  demonstrate t h a t  creep t e s t s  cou ld  be performed on b e r y l l i u m  i n  t h e  same 
p ressur i zed  tube geometry as i s  commonly used i n  t h e  FFTF/MOTA. 

SUMMARY 

The a b i l i t y  t o  f a b r i c a t e  a p ressur i zed  tube specimen f rom b e r y l l i u m  was success fu l l y  demonstrated. 
specimen f a i l e d  a t  a midwal l  hoop s t r e s s  o f  about 32 k s i  i n  a b u r s t  t e s t  a t  500%. 

PROGRESS AND STATUS 

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

Most of t h e  DrODOSed ITER b l a n k e t  desians c a l l  f o r  t h e  use o f  b e r v l l i u m  as a neu t ron  m u l t i o l i e r  t o  
t h e  t r i t i u m  breeding a b i l i t y  o f  t h e  b lanke t .  
c h a r a c t e r i s t i c s ,  i t  i s  a l s o  a low a c t i v a t i o n  m a t e r i a l  with h i g h  thermal c o n d u c t i v i t y .  The main i ssues  
r e l a t e d  t o  t h e  use of b e r y l l i u m  focus on thermal and t r i t i u m  t r a n s p o r t ,  mechanical performance, and 
c o m p a t i b i l i t y . [ "  As a n o n s t r u c t u r a l  m a t e r i a l  t h a t  w i l l  p robably  r e l y  on s t a i n l e s s  s t e e l  f o r  i t s  support ,  
t h e  most impor tan t  performance quest ions concern deformation, s t r e s s  on s t r u c t u r a l  components and t h e r m a l l y  
induced c rack ing .  Due t o  t h e  p rev ious  use o f  b e r y l l i u m  i n  b o t h  t h e  f i s s i o n  r e a c t o r  and aerospace programs, 
a s i g n i f i c a n t  da ta  base e x i s t s  f o r  t h e  thermal,  mechanical, p h y s i c a l  and i r r a d i a t i o n  behav ior  of b e r y l l i u m ,  
p r i m a r i l y  i n  t h e  form o f  r e l a t i v e l y  dense m a t e r i a l  c o n t a i n i n g  1 t o  2 weight percent  BeO. 
forms of b e r y l l i u m  are proposed, however, f o r  ITER b lanke t  designs. 

I n  a d d i t i o n  t o  i t s  e x c e l l e n t  neut ron mul t ip1;cat ion 

Lower d e n s i t y  

The 

increase 

The b a s e l i n e  p h y s i c a l  p r o p e r t i e s  of b e r y l l i u m  are f a i r l y  w e l l  understood.[" Mechanical p r o p e r t i e s ,  
however, are r a t h e r  s e n s i t i v e  t o  m i c r o s t r u c t u r a l  v a r i a t i o n s  as w e l l  as i m p u r i t i e s ,  bo th  of which a r e  
dependent on f a b r i c a t i o n  techniques. Whi le b e r y l l i u m  w i l l  n o t  be a s t r u c t u r a l  component i n  t h e  b lanket ,  i t  
i s  nonetheless impor tant  t o  i d e n t i f y  c o n d i t i o n s  of d i f f e r e n t i a l  thermal expansion, s w e l l i n g  and creep where 
t h e  m a t e r i a l  w i l l  crack. 
b e r y l l i u m  i n  t h e  temperature range o f  i n t e r e s t .  I n  p a r t i c u l a r ,  i r r a d i a t i o n  creep needs t o  be determined t o  
p r e d i c t  t h e  s t r e s s  r e l i e f  a r i s i n g  from s t resses  generated by d i f f e r e n t i a l  s w e l l i n g  and by c o n t a c t  between 
b e r y l l i u m  and s t e e l .  

Creep data on b e r y l l i u m  are v i r t u a l l y  non-ex is ten t ,  p a r t i c u l a r l y  under neu t ron  i r r a d i a t i o n .  One of t h e  most 
successful  means o f  genera t ing  i r r a d i a t i o n  creep da ta  has been through t h e  use o f  p ressur i zed  tubes i n  t h e  
FFTF/MOTA. The c u r r e n t  e f f o r t  was designed t o  demonstrate n o t  o n l y  t h a t  such specimens cou ld  be 
success fu l l y  f a b r i c a t e d  f rom b e r y l l i u m  b u t  a l s o  t h a t  b u r s t  t e s t s  on such specimens would p r o v i d e  v a l i d  data, 
i .e . ,  t h a t  f a i l u r e s  would occur i n  t h e  main body o f  t h e  tube r a t h e r  than i n  a s s o c i a t i o n  w i t h  t h e  end 
hardware attachments.  

Experimental  Procedure 

Pressur ized tube specimens comprise a tube  and two end caps, one o f  which has a smal l  machined h o l e  which i s  
c losed  w i t h  a l a s e r  weld a f t e r  specimen p r e s s u r i z a t i o n .  
m a t e r i a l  as t h e  tube and are welded t o  t h e  tube by an e l e c t r o n  beam process. 
viewed as undes i rab le  due t o  t h e  l i k e l i h o o d  o f  enhanced s u s c e p t i b i l i t y  t o  r a d i a t i o n  damage i n  t h e  
r e c r y s t a l l i z e d  zone o c c u r r i n g  i n  t h e  weld j o i n t .  
braze m a t e r i a l  i s  compat ib le  w i t h  t h e  sodium coo lan t  i n  FFTF. A d i f f u s i o n  bonding technique was t h e r e f o r e  
developed t o  enable t h e  end caps t o  be at tached t o  t h e  b e r y l l i u m  tube.IZ1 The bonds were l e a k  checked t o  
v e r i f y  t h e  i n t e g r i t y  o f  t h e  bonding technique and a pressure t e s t  was performed t o  demonstrate t h e  s t r e n g t h  
of t h e  bonds. Whi le a number o f  t h e  specimens were a c t u a l l y  fab r i ca ted ,  u l t i m a t e l y  o n l y  one l e a k - t i g h t  
specimen was obta ined.  

Resu l t s  and D iscuss ion  

Brush Wellman p rov ided  t h e  b e r y l l i u m  used f o r  specimen f a b r i c a t i o n .  
Na t iona l  Laboratory  s p e c i f i c a t i o n  MEL 1319, which i s  s i m i l a r  t o  Brush Wellman s p e c i f i c a t i o n  S-65. 
con ta ins  -1% Be0 and has an average g r a i n  s i z e  ( i .e . ,  was f a b r i c a t e d  f rom an average powder s i ze )  o f  -12 pm. 
Nominal r o p  temperature values of y i e l d  s t r e n g t h  and f r a c t u r e  toughness a r e  35 k s i  (minimum) and 
10 k s i ( i n )  2 ,  r e s p e c t i v e l y  (241 MPa and 11 MPa(m)h). 

Only minimal da ta  are a v a i l a b l e  on t h e  e f fec ts  of r a d i a t i o n  on t h e  p r o p e r t i e s  of 

The end caps a r e  t y p i c a l l y  made of t h e  same 
Welding i n  t h i s  case was 

Braz ing  was cons idered unacceptable because no s u i t a b l e  

It was made t o  Lawrence Livermore 
It 
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Drawings of t h e  specimen components a r e  shown i n  F igu re  l a .  The b e r y l l i u m  tube and end caps were machined 
from s o l i d  r o d  s tock  t o  very  t i g h t  to le rances  t o  ensure a successful  d i f f u s i o n  bond. The thermal expansion 
c h a r a c t e r i s t i c s  employed a r e  g i v e n  i n  F igu re  2. The tube  specimen was nomina l l y  0.1800 f 0.0005 inches 
(4.572 ? 0.0127 mm) i n  diameter w i t h  a w a l l  t h i ckness  o f  0.0145 inches (0.3683 mm). The w a l l  t h i ckness  was 
reduced s l i g h t l y  (0.0005 inches, o r  0.0127 m) a t  t h e  ends t o  c rea te  a ledge  on which t h e  end caps res ted .  
The end caps were s t r a i g h t f o r w a r d  plugs, i.e., s i m i l a r  t o  t h e  s tandard end cap b u t  w i t h o u t  grooves f o r  
radiography, e tc .  The components were d i f f u s i o n  bonded a t  11OO'C f o r  one hour i n  a vacuum chamber t h a t  
measured 

The f i r s t  bonding at tempt  employed a molybdenum f i x t u r e  s p l i t  a t  i t s  c e n t e r  p lane  and b o l t e d  toge ther .  The 
t h i n  f i l m  o f  re lease  agent between t h e  two ha lves o f  t h e  f i x t u r e  l e d  t o  a s l i g h t  l o s s  o f  a x i a l  symnetry 
w i t h i n  t h e  f i x t u r e  and r e s u l t e d  i n  small l eaks  i n  t h e  f i n i s h e d  specimen a t  p o s i t i o n s  l o c a t e d  9P f rom t h e  
s p l i t  l i n e  o f  t h e  f i x t u r e .  

The second at tempt  s u c c e s s f u l l y  employed b o t h  b e r y l l i u m  r i n g s  and molybdenum backup r ings ,  as shown i n  
F igu re  l b .  The b e r y l l i u m  r i n g s  were p laced on t h e  o u t s i d e  o f  t h e  specimen t o  f a c i l i t a t e  t h e  bonding 
process, as shown i n  F igu re  l b ,  w h i l e  t h e  molybdenum backup r i n g s  were used t o  h o l d  t h e  assembly together .  
No at tempt  was made t o  prevent  t h e  b e r y l l i u m  r i n g  from bonding t o  t h e  o u t s i d e  o f  t h e  b e r y l l i u m  tube; w h i l e  
t h e  r i n g  was l e f t  i n  p l a c e  f o r  t h e  c u r r e n t  demonstration, i t  was t o  be machined away f o r  any creep t e s t s  
p laced i n  t h e  FFTF/MOTA. The molybdenum r i n g s  were a l lowed t o  f a l l  o f f  t h e  assembly as i t  cooled from t h e  
d i f f u s i o n  bonding temperature. 

The molybdenum r i n g s  were 0.25 i n c h  (6.35 mn) t h i c k  and measured 1.0 i nch  i n  o u t e r  d iameter  by 0.50 i nch  
i n n e r  diameter (25.4 x 12.7 mm). The b e r y l l i u m  r i n g s  were 0.25 i n c h  t h i c k ,  0.50 i n c h  i n  o u t e r  diameter,  and 
0.18 inch  i n s i d e  d iameter  (6.35 x 12.7 x 4.57 mn). No drawings e x i s t  f o r  these components; r a t h e r ,  t h e  
r i n g s  were machined t o  fit t h e  tube so t h e  nominal d iamet ra l  c learance was 0.001 i nch  (0.025 mm) a t  b o t h  t h e  
0.18 and 0.50 i nch  (4.57 and 12.7 m) diameters.  

A Cu-Ni tube  was brazed w i t h  9-SIL (28% copper, balance s i l v e r )  t o  t h e  fill p l u g  t o  p r e s s u r i z e  t h e  specimen 
f o r  t h i s  demonst ra t ion as shown i n  F igu re  l b .  T i tan ium h y d r i d e  powder was mixed i n  a 30:l r a t i o  w i t h  a 
lacquer-based c a r r i e r  and p a i n t e d  on t h e  surfaces t o  be brazed t o  enhance t h e  w e t t i n g  o f  t h e  b e r y l l i u m  by 
t h e  braze. Braz ing a fill tube was chosen i n  t h i s  case i n s t e a d  o f  us ing  t h e  standard laser-welded f i l l  h o l e  
t o  f a c i l i t a t e  l e a k  t e s t i n g  of t h e  assembly w i t h  he l ium p r i o r  t o  t h e  b u r s t  t e s t .  The specimen was soaked a t  
760% f o r  f i v e  minutes p r i o r  t o  braz ing,  which was performed a t  temperatures t h a t  ranged f rom 780 t o  810% 
i n  a vacuum chamber t h a t  measured If t h e  w e t t i n g  agent had n o t  
been used, much h i g h e r  temperatures would have been requ i red .  The specimen was a l lowed t o  coo l  overn igh t  
a f t e r  b raz ing  t h e  p r e s s u r i z a t i o n  tube i n t o  place. Several views o f  t h e  f i n i s h e d  assembly a r e  shown i n  
F igu re  3. 

The b u r s t  t e s t  was performed a t  500% i n  a i r  a f t e r  s t a b i l i z i n g  a t  t h e  t e s t  temperature f o r  about f o u r  hours. 
The p r e s s u r i z i n g  medium was helium. The pressure was increased two t imes p e r  minute, as shown i n  F igu re  4, 
a t  an average r a t e  of about 0.775 ks i /minute (5.3 MPa/minute) u n t i l  f a i l u r e  occurred a t  an i n t e r n a l  pressure 
of 6.52 k s i  (45 MPa), corresponding t o  a midwal l  s t r e s s  o f  about 32 k s i  (220 MPa).[*] The tube  r u p t u r e d  
w i t h  -3% d u c t i l i t y .  

The r u p t u r e d  tube  i s  p i c t u r e d  i n  F igu re  5. The b u r s t  was a smal l  r u p t u r e  i n  t h e  m idd le  o f  t h e  tube, shown 
a t  h i g h e r  m a g n i f i c a t i o n  under a scanning e l e c t r o n  microscope i n  F igu re  6. 
c rack  a t  t h e  l o c a t i o n  i n d i c a t e d  by t h e  arrow i n  F igu re  6. An o p t i c a l  meta l lograph i s  shown i n  F igu re  8 o f  
t h e  d i f f u s i o n  bonds between t h e  tube and bo th  t h e  end p l u g  and r i n g ,  taken a t  t h e  end of t h e  tube. 

F igu re  8 demonstrates t h a t  t h e  bond between t h e  tube  and t h e  end cap was q u i t e  good, w i t h  no v i s i b l e  gaps i n  
t h e  meta l l og raph ic  sec t ion .  A l a r g e  amount o f  p o r o s f t y  i s  e v i d e n t  on t h e  surface o f  t h e  tube  i n  F igure  6. 
The same p o r o s i t y  i s  v i s i b l e  i n  F igu re  8, where i t  i s  c l e a r  t h a t  t h e  pores on t h e  o u t e r  w a l l s  of t h e  tube  
have opened 
appears t o  s shear ing i n d i v i d u a l  
g r a i n s  u n t i l  

t o  10'' t o r r  a t  room temperature. 

t o  3 x lo- '  t o r r  a t  room temperature. 

F igu re  7 shows a v iew i n s i d e  t h e  

shown i n  F igu re  7 up s i g n i f i c a n t l y ,  presumably d u r i n g  t h e  b u r s t  t e s t .  The f r a c t u r e  su r face  
,how a reasonable amount of l o c a l i z e d  deformation, most l i k e l y  a r e s u l t  o f  

t h e  pores l i n k  up. 

CONCLUSIONS 

Pressur ized 
t e s t  a t  500"l 

FUTURE WORK 

tubes can be f a b r i c a t e d  from b e r y l l i u m  w i t h  b e r y l l i u m  end p lugs.  F a i l u r e  
C occurred a t  a s t r e s s  o f  32 k s i  (220 MPa). 

i n  a pressure ramp 

Specimen f a b r i c a t i o n  should be f u r t h e r  r e f i n e d  t o  p r o v i d e  p ressur i zed  tubes w i t h o u t  b e r y l l i u m  r i n g s  on t h e  
ends. The parameters f o r  weld ing of t h e  l a s e r  fill h o l e  should be developed. 
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Figure lb .  Pressurized tube assembly with beryllium rings and molybdenum backup rings. Dimensions given i n  
inches. 





Figure 3. 
attached to ends of specimen. 

Pressurized tube of beryllium after removal of molybdenum backup rings, showing beryllium rings 
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tested specimen of beryllium 
cation 

Figure 6. Scanning electron micrograph of crack 
in beryllium burst test tube. 

ig electron mictograph o f  inside 
Ion shown by arrow in previous 

Figure 8. Optical metallograph showing porosity, 
bond between beryllium ring and berryllium tube 
(left arrow), and bond between beryllium tube and 
beryllium end cap (right arrow). 
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NEUTRON DOSIMETRY FOR THE MOTA-IF EXPERIMENT I N  FFTF - L. R. Greenwood and L. S. Ke l logg,  P a c i f i c  Northwest 
Laboratory( ’ )  

OBJECTIVE 

To p rov ide  dos imet ry  and damage ana lys i s  f o r  f u s i o n  m a t e r i a l s  i r r a d i a t i o n  exper iments.  

SUMMARY 

Neutron f l uence  and spec t ra l  measurements a re  repo r ted  f o r  t h e  MOTA-IF exper iment i n  t h e  Fast F l u x  Test 
F a c i l i t y  (FFTF). The i r r a d i a t i o n  was conducted from November 18, 1987, t o  January 8, 1989, f o r  a t o t a l  
exposure o f  335.4 EFPD. 
dpa i n  i r o n .  
o t h e r  l o c a t i o n s .  

The maximum f l uence  was 12.7 x IOz2 n/cm2, 9.56 x IOz2 above 0.1 MeV produc ing 39.1 
Neutron energy spect ra  were ad jus ted  a t  t h r e e  p o s i t i o n s  and g r a d i e n t s  were measured a t  n i n e  

PROGRESS AND STATUS 

Twelve dos imet ry  capsules were p o s i t i o n e d  a t  d i f f e r e n t  a x i a l  l o c a t i o n s  i n  t h e  MOTA-IF assembly. Each s t a i n -  
l e s s  s t e e l  capsule measured about 2.1 cm l o n g  by 0.48 cm o.d. and conta ined dos imet ry  w i r e s  f o r  e i t h e r  spec- 
t r a l  o r  g rad ien t  measurements. The t h r e e  s e c t r a l  capsules conta ined Fe, T i ,  N i ,  Cu, 0.1% Co-A1 a l l o y ,  

conta ined Fe and 0.1% Co-A1 a l l o y  w i res .  The Co, Sc, U, Pu, and Np m a t e r i a l s  were separa te l y  encapsulated 
i n  Y .  

Fo l low ing  i r r a d i a t i o n ,  each dos imet ry  capsule was opened i n  a h o t  c e l l  and each i n d i v i d u a l  mon i to r  was iden-  
t i f i e d  and mounted f o r  gamma ana lys i s .  
by c o r r e c t i n g  f o r  t h e  sample weight,  atomic weight,  i s o t o p i c  abundance, gamma absorpt ion,  r e a c t o r  power 
h i s t o r y ,  and f i s s i o n  y i e l d ,  as needed. Neutron s e l f - s h i e l d i n g  e f fec ts  were n o t  s i g n i f i c a n t  s ince  t h e  Co, 
Sc, U, and Pu were d i l u t e  a l l o y s  and t h e  FFTF neut ron spectrum has few neutrons a t  lower  neut ron energies.  

Neutron burnup e f f e c t s  were found t o  be q u i t e  s i g n i f i c a n t  f o r  t h e  f i s s i o n  moni tors  and a smal l  c o r r e c t i o n  
was necessary f o r  t h e  59Co(n,g) r e a c t i o n .  
i t e r a t i v e  procedure s ince  t h e  r e a c t i o n  i t s e l f  i s  t h e  s o l e  source o f  t h e  burnup. 
a t  l e a s t  as g r e a t  as p r e d i c t e d  by t h e  measured value, namely exp ( -s t ) ,  where s i s  t h e  r e a c t i o n  r a t e  and t 
the  t o t a l  exposure t ime.  Having co r rec ted  t h e  r e a c t i o n  r a t e ,  t h e  procedure can thus be repeated u n t i l  i t  
converges. o beyond 
t h e  e q u i l i b r i u m  a c t i v i t y .  The procedure a l s o  i nc ludes  t h e  burnup o f  t h e  product  i so tope  (e.g., ‘°Co). If 
we can determine t h e  approximate r a t i o  o f  t h e  burnup r e a c t i o n  r a t e  o f  t h e  product  i so tope  t o  t h a t  o f  t h e  
t a r g e t  iso tope,  then we can s imply  ma in ta in  t h i s  r a t i o  d u r i n g  t h e  i t e r a t i v e  procedure. T h i s  approach i s  
g e n e r a l l y  s u f f i c i e n t  s ince  t h e  n e t  c o r r e c t i o n s  a re  n o t  so s e n s i t i v e  t o  t h e  r e a c t i o n  r a t e s  f o r  t h e  product  
i so tope .  

Neutron burnup e f f e c t s  were found t o  be much l a r g e r  and more d i f f i c u l t  f o r  t h e  f i s s i o n  r e a c t i o n s .  
t h r e e  cases, t h e  f i s s i o n  r e a c t i o n  i s  n o t  t h e  s o l e  source o f  t h e  burnup s ince  t h e  (n,gamma) c ross  s e c t i o n  
must a l s o  be inc luded.  
r e a d i l y  c a l c u l a t e  t h e  r a t e s  us ing  c a l c u l a t e d  neut ron spectra.  A t  each s p e c t r a l  l o c a t i o n ,  neut ron spec t ra  
were p rov ided  by R. Simons (Westinghouse Hanford) based on t h e  c y c l e  9A i r r a d i a t i o n . ‘  These spec t ra  were 
used w i t h  t h e  STAY’SL computer code‘ t o  determine r e a c t i o n  r a t e s  f o r  bo th  t h e  f i s s i o n  and gamma r e a c t i o n .  
Since the  abso lu te  measured f i s s i o n  r a t e s  were n o t  known, we assumed t h a t  t h e  r a t i o s  o f  gamma t o  f i s s i o n  
were t h e  same as t h e  c a l c u l a t i o n s  and determined t h e  t o t a l  burnup c ross  sec t i ons  from t h e  measured f i s s i o n  
r a t e s .  
and burnup r a t e s  f o r  each product  iso tope.  The r e s u l t s  were then  averaged t o  o b t a i n  a f i r s t  o rde r  co r rec-  
t i o n  t o  t h e  burnup e f fec ts .  An i t e r a t i v e  procedure was used t o  determine a second o rde r  c o r r e c t i o n ,  which 
was found t o  be s u f f i c i e n t .  The burnup c o r r e c t i o n s  were thus determined t o  be between 10 and 25%. 
should be noted t h a t  a l though metal f u e l  was used i n  t h e  I F  i r r a d i a t i o n ,  t h e  9A c a l c u l a t i o n s  were based on 
t h e  prev ious ox ide  f u e l  l oad ings .  

I n  t h e  case o f  237Np, t h e r e  i s  a l so  concern t h a t  we can breed 23sPu, which w i l l  t hen  a l s o  c o n t r i b u t e  t o  t h e  
f i s s i o n  y i e l d s .  Using t h e  c a l c u l a t e d  r e a c t i o n  r a t e s  d e r i v e d  from t h e  c a l c u l a t e d  neut ron spectra,  we e s t i -  
mate t h a t  t h i s  e f f e c t  may be as l a r g e  as 4%. 

0.13% Sc i n  MgO, 0.825% 235U i n  V, 0.936% 23 2 .  Pu i n  MgO, and ‘j’Np ox ide  moni tors ;  t h e  g r a d i e n t  capsules 

The measured a c t i v i t i e s  were then  conver ted t o  sa tu ra ted  a c t i v i t i e s  

I n  t h e  case o f  59Co, t h i s  c o r r e c t i o n  can be app?ied us ing  an 
Hence, t h e  burnup must be 

T h i s  i t e r a t i v e  approach works q u i t e  w e l l  except f o r  ve ry  l e n g t h y  exposures where we 

I n  t h e  case of t h e  59Co(n,g) r e a c t i o n ,  t h e  maximum burnup e f f e c t  was 2.8%. 

I n  a l l  

Unfor tunate ly ,  we have no measure o f  t h e  (n,gamma) r e a c t i o n  r a t e .  However, we can 

Cor rec t i ons  were done separa te l y  f o r  each f i s s i o n  product  i n  o rde r  t o  account f o r  t h e  separate decay 

It 

The e f f e c t s  o f  these changes a re  unknown. 

However, i f  t h e  238Pu f i s s i o n  y i e l d s  are  s i m i l a r  t o  those from 

(a) P a c i f i c  Northwest Laboratory  i s  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 Con t rac t  DE-AC06-76RLO 1830. 
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237Np, then there may be only a small difference in the true fission rates for 237Np. 
that (gamma,n) effects are present; however, past experiments have shown that this effect is not sig- 
nificant at in-core positions. 

The corrected reaction rates are listed in Tables 1 and 2. 
tainty of about 5%. although there is an additional uncertainty of about 5% for the fission reactions due to 
problems in determining the burnup rates. 
 measurement^'^^ except for the fission reactions. 
determine neutron burnup corrections for the fission reactions. 
than previous measurements, allowing for differences in reactor power and core changes. As noted previ- 
ously, the present results are for metal fuel, whereas both previous experiments were for oxide fuels. 

The measured activities were used as input to the STAY‘SL computer code to adjust the neutron spectra 
calculated for cycle 9A. STAY‘SL performs a generalized least-squares adjustment of all measured and 
calculated values including the measured activities, calculated spectra, and neutron cross sections. 
tron cross sections and their uncertainties were generally taken from ENOF/B-V, although new data were 
available from ENOF/B-VI for the 46Ti(n,p) and %(n,a) reactions. The adjusted neutron fluence values are 
listed in Table 3.  The neutron spectral adjustments for the three positions are shown in Figures 1-3 where 
the solid line is the calculated spectrum and the dotted line the adjusted spectrum. 
there were significant spectral adjustments. 
neutron energies but increase the flux from about 0.1 up to several MeV. 
higher than previously reported, mainly due to the burnup effects for the fission detectors. 

It is also possible 

The values have an estimated absolute uncer- 

These rates appear to be in reasonable agreement with previous 
Neither of the previous experiments made any attempt to 

Hence, our values are about 20-30% higher 

Neu- 

In all three cases, 
In general, the adjusted spectra reduce the flux at lower 

The fast neutron flux is thus 

Damage calculations were also performed for the three spectral positions using the SPECTER computer code.5 
Opa and helium rates for Fe are shown in Table 3.  
also available. 

Damage parameters for other elements or compounds are 

Table 1 
Activity Measurements at Spectral Positions (values in atom/atom-s at 291 MU) 

M66 M67 
Material Reaction -59.4 cm -2.6 cm 

3.21E-12 
3.17E-11 
3.55E- 13 
9.05E-I 1 
4.34E-12 
1.41E-09 
1.76E-14 
8.89E- 15 
7.81E-14 
7.58E-09 
5.99E-09 
5.65E-10 

2.72E-11 
3.50E- 11 
2.92E-12 
1.15E-10 
4.05E-11 
2.15E-10 
1.75E-13 
8.17E-14 
6.96E-13 
8.18E-09 
8.16E-09 
2.02E-09 

M68 
t66.3 cm 

1.06E-12 
1.72E-11 
1.14E-13 
4.61E-11 
1.48E-12 
8.13E-10 
5.54E- 15 
3.13E-15 
2.67E-14 
3.19E-09 
3.32E-09 
1.75E-10 

Table 2 
Activity Gradients for FFTF MOTA-IF (values in atom/atom-s at 291 MW) 

Caosule 54Fe(n.~)54Mn 56Fe(n,q)5gFe 59Co(n.alb0Co 

69 -67.6 1.317E-12 3.264E-11 1.785E-09 
66 -59.4 3.213E-12 3.168E-11 1.442E-09 
70 -47.1 1.068E-11 3.295E- 11 9.688E- 10 
71 -39.0 1.854E-11 2.758E-11 4.196E-10 
7 2  -23.2 2.783E- 11 3.172E-11 2.452E- 10 
67 -2.7 2.719E-11 3.497E-11 2.153E-10 
73 15.7 2.205E-11 3.147E-11 2.201E-10 
74 24.1 1.850E-11 2.833E-11 1.877E-10 
68 66.3 1.062E-12 1.719E-11 8.237E-10 
75 74.8 5.103E-13 1.314E-11 6.624E-10 
76 108.0 4.015E-14 5.000E-12 2.751E-10 
77 122.3 1.626E-14 3.607E-12 1.927E-10 
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Table 3 
Neutron Fluences and Damage Parameters (MOTA-IF, 335.4 EFPD, 291 MW) 
( U n c e r t a i n t i e s  i n  % i n c l u d e d  i n  parentheses) 

Neutron Fluence x102' n/cm2 
P o s i t i o n  >0.1 MeV doa He, aDDm 

Damaae i n  Fe 

66 - 59.4 5.62 3.24 0.295 11.3 
(29 )  (34) ( 2 2 )  

67 - 2 . 6  12.7 9.56 1.74 39.1 
(13) (18) (17) 

68 +66.3 2.16 1.27 0.096 4.22 
(28) (35) (21) 

0.32 

3.07 

0.102 

NEUTRON ENERGY,MeV 
Figure  1. Ca lcu la ted  ( s o l i d  l i n e )  and STAY'SL-adjusted (do t ted  l i n e )  neut ron energy spectrum f o r  capsule 67 
a t  - 2 .6  cm i n  t h e  FFTF MOTA-IF assembly. 

The f l u x  and damage g r a d i e n t s  a t  o t h e r  p o s i t i o n s  can be found from t h e  a c t i v i t y  g r a d i e n t  d a t a  i n  Table 2, 
which i s  shown i n  F igu re  4. 
are s e n s i t i v e  t o  t h e  lower  energy neutrons. 
e f f e c t s .  

The f l uence  above 0.1 MeV was determined from t h e  a c t i v i t y  f o r  t h e  "Fe(n,p) r e a c t i o n .  The s p e c t r a l -  
averaged cross s e c t i o n  was determined a t  each o f  t h e  t h r e e  s p e c t r a l  p o s i t i o n s .  
are  q u i t e  l a r g e ,  we assumed a l i n e a r  dependence o f  t h e  spect ra l - averaged c ross  s e c t i o n  on t h e  h e i g h t .  
f luence above 0.1 MeV was then determined by d i v i d i n g  t h e  54Fe(n,p) a c t i v i t y  by t h e  c a l c u l a t e d  s p e c t r a l -  
averaged cross sec t i ons .  
5gCo(n,g) r e a c t i o n s  were used t o  determine t h e  f luence below 0.1 MeV and t h e  t o t a l  f l u e n c e  g r a d i e n t s  a re  
a l s o  shown i n  F igu re  5 .  
0.1 MeV; t h e  dpa g r a d i e n t s  a re  a l s o  shown i n  F igu re  5. 
had t h r e e  spec t ra l  measurements. A d d i t i o n a l  spec t ra l  moni tors  have been inc luded  w i t h  f u t u r e  runs  i n  c y c l e s  
11 and 12 so t h a t  we can determine t h e  f l uence  and damage g r a d i e n t s  more p r e c i s e l y .  

Note t h a t  t h e  58Fe and %o(n,g) r e a c t i o n s  peak o u t s i d e  of t h e  co re  s ince  they  
The unusual behav ior  o f  t h e  t o  r e a c t i o n  i s  due t o  resonance 

Since t h e  s p e c t r a l  changes 
The 

S i m i l a r l y ,  t h e  "Fe(n,g) and The r e s u l t a n t  f a s t  f luences a re  shown i n  F igu re  5. 

Dpa i n  Fe was then determined assuming a f i x e d  r a t i o  o f  dpa t o  f l uence  above 
These procedures a re  o n l y  approximate s i n c e  we o n l y  
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M66 +66.3 cm. 
10l6 

NEUTRON ENERGY,MeV 

Figure 2. 
at -59.4 cm in the FFTF MOTA-IF assembly. 

Calculated (solid line) and STAY‘SL-adjusted (dotted line) neutron energy spectrum for capsule 66 

M68 +66.3 cm. 

NEUTRON ENERGY,MeV 
Figure 3. 
at t66.3 cm in the FFTF MOTA-IF assembly. 

Calculated (solid line) and STAY’SL-adjusted (dotted line) neutron energy spectrum for capsule 68 
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-80 -40 0 40 80 120 

Height, cm. 
Figure  4. A c t i v i t y  g rad ien t s  a re  shown as a func t ion  o f  he igh t  f o r  t h e  54Fe(n,p), %(n,g), and ''Co(n,g) 
r eac t i ons .  

FUTURE WORK 

Dosimetry i s  now be ing  f ab r i ca ted  f o r  t he  MOTA-28 i n  FFTF fo r  i r r a d i a t i o n  w i t h  c y c l e  12 s t a r t i n g  i n  about 
May 1991. 
f l u x  g rad ien t  se ts .  
f o r  t he  MFE-RB-200J1, -40051, and JP-17, 18, and 19 experiments i n  t he  High F lux  Isotopes Reactor a t  Oak 
Ridge Nat iona l  Laboratory.  

More comprehensive dosimetry w i l l  be a v a i l a b l e  from c y c l e  11, which con ta ins  12 spec t ra l  and 21 
We are  a l so  p r o v i d i n g  dosimetry These samples should be rece ived  i n  about June 1991. 
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Figu re  5. 
f unc t i on  of h e i g h t  i n  t h e  MOTA-IF assembly. 

Fast  (> 0.1 MeV) and t o t a l  neut ron f luences and Fe (dpa) and He (appm) g r a d i e n t s  a re  shown as a 
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MOLECULAR DYNAMICS OF COLLISION CASCADES WITH COMPOSITE 
N. M. Ghoniem ( U n i v e r s i t y  o f  C a l i f o r n i a ,  Las Angeles) 

OBJECTIVE 

PAIR/MANY-BODY POTENTIALS - S. P. Chou and 

The displacement damage th resho ld  and t h e  s i z e  of vo id-defect  recombinat ion volume are two impor tant  
parameters f o r  a fundamental understanding o f  r a d i a t i o n  e f fec ts .  Th is  work i s  aimed a t  a new molecu lar-  
dynamics code, CASC-MD, f o r  low-energy i o n  c o l l i s i o n s  i n  s o l i d s .  A composite pair/many-body p o t e n t i a l  i s  
developed and used f o r  s imu la t i ons  of low-energy c o l l i s i o n  cascades i n  copper. 
w i t h  exper imental  d a t a  a t  10 K. 

Good agreement i s  obta ined 

SUMMARY 

An emp i r i ca l ,  composite i n te ra tomic  p o t e n t i a l  i s  developed t o  descr ibe i n t e r a c t i o n  o f  ene rge t i c  
p a r t i c l e s  by p a i r  p o t e n t i a l s  a t  high energ ies  and many-body p o t e n t i a l s  a t  low energies.  Molecular-dynamics 
s tud ies  o f  low-energy c o l l i s i o n  cascades a re  performed. The displacement th resho ld  surface i n  conoer i s  
i n v e s t i g a t e d  and compared t o  exper imental  data .  
exper imental  r e s u l t s  o f  K ing and Benedek a t  10 K. 

Our computer s imu la t i ons  show good agreement w i t h '  t h e  

PROGRESS AND STATUS 

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

P a i r - i n t e r a c t i o n  p o t e n t i a l s  f o r  t he  d e s c r i p t i o n  of c o l l i s i o n - c a s c a d e  dynamics have been w ide ly  used t o  
i n v e s t i g a t e  t h e  t r a n s p o r t  of i ons  i n  so l  i d s  and t h e  generat ion o f  atomic displacements.  S a t i s f a c t o r y  r e s u l t s  
have been achieved by us ing  numerical  s i m u l a t i o n  techniques such as the  Monte Car lo  and molecu lar  dynamics 
(MO) methods [ l - 1 4 1 .  Displacement th resho ld  energies,  however, are  g e n e r a l l y  i n  t h e  range o f  few t imes the  
l a t t i c e  b i n d i n g  energy. Therefore, many-body e f fec ts  are  expected t o  be impor tant  i n  t h e  sub- t o  tens-of-eV 
range where p a i r  p o t e n t i a l s  do n o t  p rov ide  an accurate  d e s c r i p t i o n  o f  atomic i n t e r a c t i o n s .  Furthermore, t h e  
many-body i n t e r a c t i o n  of atoms a t  low energy can a f f e c t  t h e  morphology of t h e  c o l l i s i o n  cascade because i t s  
range of i n f l uence  i s  g r e a t e r  than t h a t  of pure p a i r  p o t e n t i a l s .  Therefore, i n  o rde r  t o  accu ra te l y  t r e a t  
cascade dynamics, 
energies.  A s imple  many-body p o t e n t i a l  based on t h e  embedded atom method (LAM) i s  used i n  t h i s  work. 

A t  h i g h  i n c i d e n t - i o n  energies,  t h e  i n t e r a c t i o n  between t h e  i n c i d e n t  i o n  and a s t a t i o n a r y  one i s  p r i .  
m a r i l y  t h a t  of a p a i r - i n t e r a c t i o n  type. As t h e  k i n e t i c  energy decreases, t h e  e f f e c t s  of t he  surrounding 
l a t t i c e  become more s i g n i f i c a n t  and t h e  i n t e r a c t i o n  must c o n t a i n  many-body ( l o c a l )  c o n t r i b u t i o n s .  

The EAM approach has been success fu l l y  app l i ed  t o  a v a r i e t y  o f  problems where t h e  s o l i d  i s  ve ry  near i t s  
e q u i l i b r i u m  c o n f i g u r a t i o n .  However, t h e  method i s  no t  ab i n i t i o ,  bu t  r a t h e r  can be viewed as a phenomeno- 
l o g i c a l  approach t h a t  i s  based on d e n s i t y  func t i ona l  t heo ry .  The Hohenberg-Kohn theorem [I91 s ta tes  t h a t  t h e  
t o t a l  energy E [ p ( r ) ]  i s  a func t i ona l  o f  t h e  e l e c t r o n  d e n s i t y  p ( r ) .  The exact form o f  t he  func t i ona l  depen- 
dence i s  no t  unique, and emp i r i ca l  approaches must be fo l l owed  t o  determine constants  assoc ia ted w i t h  t h e  
assumed form. Al though s imp le r  approaches t o  t h e  de te rm ina t ion  of t he  embedding f u n c t i o n a l  and assoc ia ted 
cons tan ts  have r e c e n t l y  been repor ted  i n  t h e  l i t e r a t u r e  [20,21], we w i l l  use the €AM approach as o r i g i n a l l y  
developed by Daw and Baskes [15,16] and t h e  approximat ions of F o i l e s  [17]. I t  i s  recognized t h a t  the  many- 
body c o n t r i b u t i o n s  t o  t h e  p o t e n t i a l  are  reasonably w e l l  represented by t h e  EAM. 
placement process r e q u i r e s  f u r t h e r  knowledge of t h e  p o t e n t i a l  a t  atomic separat ion d is tances t h a t  a re  s h o r t e r  
than t h e  range of EAM a p p l i c a b i l i t y .  
composite p o t e n t i a l  f o r  copper t h a t  covers a l l  ranges o f  i n t e r a t o m i c  d is tances.  
then descr ibed i n  Sec t ion  3. Resu l ts  of cascade s imu la t i on  i n  copper a re  g i ven  i n  Sec t ion  4, and conc lus ions 
f o l l o w  i n  Sect ion 5. 

i t  i s  necessary t o  develop a more r e a l i s t i c  t reatment  of atomic i n t e r a c t i o n s  a t  low 

However, t h e  atomic d i s -  

The computat ional  method i s  
I n  Sec t ion  2, we desc r ibe  an emp i r i ca l  method t o  determine a s u i t a b l e  

2.  Composite P o t e n t i a l  

of es tab l i shed  i n t e r a t o m i c  p o t e n t i a l s  a t  t h e  two energy extremes must be used. In our  approach, Z i e g l e r ' s  
p a i r  p o t e n t i a l  [22] i s  se lec ted  t o  descr ibe t h e  atomic i n t e r a c t i o n s  a t  t he  high-energy end and an approx i -  
mat ion t o  t h e  EAM many-body p o t e n t i a l  a t  t h e  low-energy end. 
p o t e n t i a l  i s  used which a l l ows  c o n t i n u i t y  o f  t h i s  composite p o t e n t i a l  throughout the  e n t i r e  energy range. 
The high-energy p a i r  p o t e n t i a l  i s  represented by Z i e g l e r  et  a l .  [ 22 ]  i n  the  form 

I n  orde r  t o  t r e a t  t h e  atomic i n t e r a c t i o n  i n  a cont inuous manner, a p o t e n t i a l  t h a t  preserves t h e  na tu re  

Far t h e  t r a n s i t i o n  reg ion ,  a c u b i c - s p l i n e  

L 
k = l  
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where Z i  and Z j  a re  t h e  atomic numbers of t h e  i n t e r a c t i n g  p a r t i c l e s  i and j, r e s p e c t i v e l y ,  and R i j  i s  t h e  
separa t i on  d i s tance  between them; e i s  t h e  e l e c t r o n  charge; Ck and bk are  constants;  and a0 i s  t h e  screening 
l e n g t h  [22]. 

The approximate many-body EAM p o t e n t i a l  i s  de r i ved  by F o i l e s  [17], based on t h e  EAM framework o r i g i n a l l y  
developed by Daw etal. r15.161, and i t  has t h e  form 

where fi i s  t h e  embedding func t i on  f o r  atom i, p $ j ( R i j )  i s  t h e  averase l o c a l  e l e c t r o n - d e n s i t y  c o n t r i b u t i o n  
from atom j on atom i a t  a 
between i n t e r a c t i n g  atoms i and j, and pa i s  t h e  t o t a l  average l o c a l  background e l e c t r o n  d e n s i t y  from a l l  o f  
t h e  ne ighbor ing atoms on atom i. 

separa t i on  .distance o f  R i j ,  $ i j  i s  t he  core-core p a i r  r e p u l s i v e  p o t e n t i a l  

A t r a n s i t i o n a l  c u b i c - s p l i n e  p o t e n t i a l  which br idges t h e  Z i e g l e r  and EAM p o t e n t i a l s  i s  assumed as 

where dk a re  s p l i n i n g  constants .  Th is  assumed s p l i n e  p o t e n t i a l  s a t i s f i e s  the  f o l l o w i n g  c o n s t r a i n t s :  

$ Z ( R i j ) l R i j = r l  = $ S ( R i j ) / R i j = r l  , 

#EAM(Ri j ) IR i j=rp  = 6 S ( R i j ) I R i j = r p  * 

The i n t e r a t o m i c  p o t e n t i a l  and f o r c e  a re  thus cont inuous f u n c t i o n s  o f  t h e  i n t e r a t o m i c  separa t i on  d i s tance .  
The va lues o f  r1 and r 2  a re  chosen so as t o  reduce d r a s t i c  f o r c e  v a r i a t i o n s  when a p a r t i c l e  moves from one 
p o t e n t i a l  regime t o  another. Th is  i s  ve ry  c r i t i c a l  because t h e  f o r c e  f o r  t h e  c u b i c - s p l i n e  p o t e n t i a l  i s  o n l y  
p iece-w ise  cont inuous. 
v a t i v e s  a t  these parametr ic  d i s tances .  The i n t e r a c t i o n  o f  two l a t t i c e  atoms a t  a separa t i on  r i s  comple te ly  
descr ibed by t h e  composite p o t e n t i a l  o f  t h e  form: 

A proper  s e l e c t i o n  o f  r1 and r 2  can reduce t h e  degree o f  d i s c o n t i n u i t y  i n  f o r c e  d e r i -  

where 
t h a t  t h i s  s p l i n e  p o t e n t i a l  i s  f l e x i b l e  enough f o r  ex tens ions t o  o t h e r  combinat ions of h igh-energy p a i r  
p o t e n t i a l s  and o f  low-energy many-body p o t e n t i a l s .  Poss ib le  cand idates f o r  high-energy p a i r  i t e r a c t i o n s  are  

l y .  The s p l i n e  p o t e n t i a l  i s  n o t  o n l y  a func t i on  of t he  i n t e r a t o m i c  separat ion,  b u t  i s  a l s o  a f u n c t i o n  o f  t h e  
t o t a l  average l o c a l  e l e c t r o n  dens i t y .  For ins tance,  i n  s p u t t e r i n g  s imula t ions,  near-sur face atoms s i t  i n  
d i f f e r e n t  t o t a l  average l o c a l  e l e c t r o n  d e n s i t i e s  than atoms i n  t h e  b u l k  because o f  t h e i r  ne ighbor ing atom 
c o n f i g u r a t i o n s .  

f o r  e q u i l i b r i u m  l a t t i c e  atoms i n  b u l k  copper. 
The t o t a l  average l o c a l  e l e c t r o n  dens i t y ,  p! ,  i s  0.0276 A-3. The l o c a l  e l e c t r o n  d e n s i t y  f o r  copper w i t h  an 
FCC s t r u c t u r e  i s  based on t h e  quantum mechanical wave f u n c t i o n s  o f  Clementi and R o e t t i  [23], and t h e  
embedding func t i on  f o r  copper i s  d e r i v e d  from the  work o f  F o i l e s  etal. [ l e ] .  

rc i s  t h e  c u t o f f  d i s tance  - 5.0 A)  f o r  t h e  low-energy many-body p o t e n t i a l .  It i s  wor th  ment ion ing 

t h e  M o l i e r e  and Kr-C p o t e n t i a l s  [22]. The d i s tances  r1 and r 2  a re  chosen t o  be 1.5 A and 2.0 B , r e s p e c t i v e -  

Tab le  1 g i v e s  a t y p i c a l  s e t  of f i t t i n g -  arameters, dk, 

f i g u r e  1 shows p l o t s  of t h e  composite p o t e n t i a l  as a f u n c t i o n o o  t h e  i n te ra tomic  separat ion,  and a t  
t o t a l  average l o c a l  e l e c t r o n  d e n s i t i e s  o f  0.02, 0.0276, and 0.03 A- 5 . 



Table 1. S p l i n e - P o t e n t i a l  
Parameters f o r  E q u i l i b r i u m  
Local  E l e c t r o n  Dens i t y  

Index, k dk 

0 60.559 

1 119.58 

2 -162.68 

3 61.414 
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F ig .  1. Composite pair/many-body p o t e n t i a l  f o r  copper as a f u n c t i o n  
of t he  i n t e r a t o m i c  separat ion.  The p o t e n t i a l  i s  shown fo r  t o t a l  
average l o c a l  e l e c t r o n  dens i ty ,  p .  o f  0.02, 0.0276, 0.03 A-3. 

3.  ComDutational Method 

Because of computat ional  c o n s t r a i n t s  (e.g., t h e  computer memory s i z e  and i t s  speed, computing cos t ,  and 
t h e  d e s i r e d  turnaround t ime) ,  t h e  MD technique can o n l y  s imu la te  a small ensemble o f  atoms. It i s  impor tant ,  
t he re fo re ,  t o  develop approp r ia te  boundary c o n d i t i o n s  so t h a t  s imu la t i on  r e s u l t s  a re  n e a r l y  s ize- independent.  
The energy i n t roduced  by t h e  pr imary  knock-on atom (PKA) must be accu ra te l y  d i s s i p a t e d  i n  t h e  form o f  atomic 
displacements and a t  t h e  computat ional  c e l l  boundaries.  
exchange w i t h  t h e  r i g i d  boundaries i s  l i k e l y  t o  in f luence subsequent dynamics. 

A new MO computer code, CASC-MD, has been developed t o  study low-energy c o l l i s i o n  cascades. 
code, app rop r ia te  energy d i s s i p a t i o n  t o  below - 1 eV i s  ensured i n  t h e  f o l l o w i n g  ways: 

1. 

2 .  

If r i g i d  boundaries a re  used, r e f l e c t i v e  energy 

With t h i s  

The computat ional  c e l l  s i z e  i s  v a r i e d  t o  show t h a t  t h e  c o l l i s i o n a l  phase of t he  cascade dynamics i s  
accu ra te l y  represented. 
Two e x t r a  atomic planes are  added t o  the  computat ional  box i n  t h e  form o f  spec ia l  v i s c o e l a s t i c  
' "boundary" atoms; thus atoms up t o  t h i r d  nearest  neighbors are  inc luded.  
p lane a re  beyond t h e  c u t o f f  range o f  t h e  EAM p o t e n t i a l  and the re fo re  are  n o t  necessary. 

Atoms on t h e  t h i r d  e x t r a  

The boundary atoms exper ience an incomplete c o n f i g u r a t i o n  o f  ne ighbor ing atoms. To avo id  t h e  r e l a x a t i o n  
o f  boundary atoms from t h e i r  e q u i l i b r i u m  p o s i t i o n s ,  a ba lanc ing ex te rna l  f o r c e  must be in t roduced.  
constant  i s  a l s o  i n t roduced  which a l l ows  boundary atoms t o  o s c i l l a t e  around t h e i r  e q u i l i b r i u m  p o s i t i o n s .  
Th is  sp r ing  constant  k (a  d e t a i l e d  d e r i v a t i o n  i s  g iven i n  the  appendix) i s  g iven by 

A s p r i n g  

EM k = o  
Nc ' ( 4 )  

where E i s  t he  modulus of e l a s t i c i t y  (Young's modulus), Mo i s  t he  l a t t i c e  constant ,  and Nc i s  t h e  number of 
atoms i n  a u n i t  c e l l .  The equat ions o f  mot ion (EOMs) f o r  boundary atoms are g i ven  by: 

where $ j  and s i  a re  t h e  c u r r e n t  p o s i t i o n  and v e l o c i t y  o f  p a r t i c l e  i, 4 . .  i s  t he  p o t e n t i a l  f o r  p a r t i c l e  j on 
i, X i e  i s  t h e  e q u i l i b r i u m  p o s i t i o n ,  and ?b i s  t h e  n e t  ba lanc ing f o r c e .  AJdamping constant ,  p ,  i s  se lec ted  so 
t h a t  t h e  damping t ime  constant  i s  g r e a t e r  than t h e  cascade propagat ion t i m e  across the  computat ional  box. 
The main func t i on  o f  t h i s  f i c t i t i o u s  f o r c e  i s  t o  reduce the  cascade energy r e f l e c t i o n  from c e l l  boundaries.  

The t i m e  s tep  i s  chosen t o  be smal l  
enough so t h a t  w i t h i n  each i n t e g r a t i o n  step, i n t e r a t o m i c  forces and p o t e n t i a l s  are  near constant  f o r  a l l  
p a r t i c l e s  i n  t h e  system. Th is  a l lows atoms i n  t h e  Z i e g l e r  p o t e n t i a l  regime t o  move a small f r a c t i o n  o f  t h e  
screening l e n g t h  f o r  each t ime step. The t i m e  s tep i s  t h e r e f o r e  dynamica l ly  computed throughout t h e  whole 
cascade s imu la t i on .  
methods are  accurate  on ly  t o  f i r s t  order .  

The EOMs are  i n t e g r a t e d  us ing  Eu le r  and leapf rog methods [ 24 ,25 ] .  

A consequence o f  t h e  use o f  dynamic t ime steps i s  t h a t  both  t h e  Euler  and leapf rog 
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4 .  Results 
F igu re  2 shows atomic t r a j e c t o r i e s  a t  d i f f e r e n t  t imes a f t e r  t h e  i n i t i a t i o n  o f  a 60-eV Cu PKA i n  copper 

The i n i t i a l  and ending p o s i t i o n s  o f  l a t t i c e  atoms are 

The f i g u r e  shows t h a t  t h e  l e n g t h  o f  t h e  l i n e a r  

a long t h e  [I101 d i r e c t i o n  i n  a (001) p lane a t  300 K. 
marked by open c i r c l e s .  In t h i s  f i g u r e  we 
do n o t  show boundary atoms f o r  c l a r i t y  of demonstrat ion.  
replacement c o l l i s i o n  sequence (RCS) reaches i t s  f i n a l  va lue a f t e r  - 0.15 ps. A l i n e a r  replacement cha in  of 
10.5 d i sp laced  atoms, t h e  e q u i v a l e n t  of a neet displacement of about 25 A a long t h e  [110] d i r e c t i o n ,  i s  pro- 
duced. The average k ' n e t i c  energy a v a i l a b l e  for t h e  RCS i s  about 
h a l f  of t h e  i n i t i a l  PKA energy. The average speed i s  about 95 b p s .  If t h e  subsequent s lowing down of t he  
RCS i s  considered, i t  i s  c l e a r  t h a t  t h e  propagat ion speed o f  t h e  RCS i s  f a s t e r  than can be exp la ined  by the  
meed d e r i v e d  from t h e  k i n e t i c  energy alone. 

T h e i r  t r a j e c t o r i e s  i n  between are connected us ing l i n e  segments. 

The i n i t i a l  speed of t h e  PKA i s  135 Alps.  

b 

C 

Fig.  2. Cascade t r a j e c t o r i e s  a t  va r ious  t imes a f t e r  t h e  i n i t i a t i o n  o f  a 60-eV Cu PKA 
i n  copper a t  300 K ( t  = 0.03, 0.14, 0.29, 0.50 ps f o r ,  r e s p e c t i v e l y ,  a, b, c, d ) .  

F i g u r e  3 shows t h e  t o t a l  energy f o r  t h e  same 60-eV cascade as a f u n c t i o n  o f  t ime. The t o t a l  energy of 

The t o t a l  system 

t h e  system s t a r t s  a t  about 160 eV, which i nc ludes  60 eV o f  PKA energy; t h e  balance represents  t h e  thermal 
energy con ten t  of t h e  system o f  p a r t i c l e s .  The energies d i sp layed  i n  F ig .  3 a re  d i v i d e d  i n t o  k i n e t i c  and 
p o t e n t i a l  components t o  show t h e  exchange of these components as t h e  cascade slows down. 
energy remains constant  u n t i l  boundary e f f e c t s  become s i g n i f i c a n t  a t  about 0.3 ps. 
f r a c t i o n  of t h e  cascade energy i s  d i s s i p a t e d  i n  boundary reg ions .  
p o t e n t i a l  and k i n e t i c  energies occurs on a t i m e  sca le  o f  about 0.05 ps. 

Beyond t h a t  t ime,  a 
It i s  a l s o  shown t h a t  t h e  exchange of 
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Figure 4 shows the RCS and the elastic (sound) wave as functions of time. 
position of the PKA, if we assume that its energy is not dissipated in the cascade and that it is free 
streaming at the initial speed. The propagation of the RCS clearly indicates that in near-displacement- 
threshold interactions, focused collision sequences subside very fast (on a time scale of about 0.1 ps). 
speed of cascade-energy propagation is much faster than the average thermal phonon (sound) speed. The 
elastic wave speed, vs, is calculated for isotropic copper using the relationship [%I, 

Also included is the expected 

The 

where E is the modulus of elasticity and p is the specific density for copper. The speed of cascade-energy 
propagation is also faster than the speed of higher order knock-on atoms. 
pating atoms in a linear RCS through the simultaneous potential field is responsible for this propagation 
speed. The many-body interaction helps in this collective motion because of its long-range nature. 

ing boundary atoms) and for the atoms in the computational cell only (excluding boundary atoms) for the same 
60-eV cascade. 
until the end of the collisional phase. Therefore, the total system energy remains unchanged until the cas- 
cade energy reaches the boundary. The total system energy for the computational cell decreases because a 
fraction of the energy is channeled into the boundary atoms. This behavior also ensures that there is no 
energy reflection to interfere with the cascade dynamics and indicates that the selected size of the 
computational cell is adequate. 

sizes (545 and 1301 atoms) for the same 60-eV collision cascade. 
the collisional phase is approximately 0.15 ps. 
collisional phase, is well below the energy necessary to cause an atomic displacement. Figure 7 shows the 
cascade kinetic energy for two computational cell s i z e s .  The cascade kinetic energy for the larger computa- 
tional cell is summed over atoms which correspond to those in the smaller computational cell. At 300 K ,  the 
initial thermal energy content in the small computational cell is about 20 eV. Near thermalization is 
achieved at the end of the kinetic phase. 

In Fig. 8 ,  we compare the results o f  our calculations to the experimental measurements of King and 
Benedek [12] on copper at 10 K. 
around 20 eV for copper, substantially larger energy is needed to displace copper atoms along the [lll] and 
between the [110] and [loo] directions. Our calculations are quite onsistent with the experiments of King 
and Benedek [lZ], who used a defect resistivity value of - 2 . 8  x IO-$ ohm-cm to obtain the displacement 
threshold surface. 

The collective motion of partici- 

Figure 5 shows the total cascade kinetic energies for all of the atoms in the simulation system (includ- 

It can be seen that boundary atoms are not influenced by the existence of a collision cascade 

Figure 6 shows the maximum kinetic energy associated with any of the recoils in two computational cell 
Both simulations show that the duration of 

The kinetic energy of any of the atoms, at the end of this 

Our simulations indicate that while the displacement threshold energy is 

2oo 7 

ob , 
0.0 0.1 0.2 0.3 0.4 0.5 

TIME (pS) 

Fig. 3 .  Total, kinetic, and potential energies as 
functions of time for a collision cascade induced 
by a 60-eV Cu PKA in copper. 
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Fig. 4 .  Comparison of RCS propagation with those 
of an elastic (sound) wave and the initial PKA. 
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F i g .  5. 
o f  t ime  f o r  t he  c o l l i s i o n  cascade. 

K i n e t i c  energy p a r t i t i o n i n g  as a func t i on  

SMALL CELL 4 

1 
0.0 0.1 0.2 0.3 

TIME (ps) 

F ig .  7 .  Cascade k i n e t i c  energ ies  as f u n c t i o n s  of 
t i m e  f o r  two computat ional  c e l l  s i zes .  

LARGE CELL 
_.____ _..., SMALL CELL 

0.0 0.1 0.2 0.3 

TIME (ps) 

F ig .  6. The maximum k i n e t i c  energy assoc ia ted w i t h  
any of t he  atoms d u r i n g  t h e  c o l l i s i o n a l  phase o f  cas- 
cade e v o l u t i o n  i n i t i a t e d  by a 60-eV Cu PKA i n  copper. 
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F i g .  8. 
t h r e s h o l d  energies a long d i f f e r e n t  d i r e c t i o n s  a t  10 K, 
and exper imental  da ta  of K ing  and Bene ek [121 

i n  o b t a i n i n g  the  exper imental  da ta .  

Comparison between c a l c u l a t e d  displacement 

A defec t  r e s i s t i v i t y  va lue - 2.8 x 10' rl n . cm I S  , '  used 

5. Conclusions 

T h i s  s tudy o f  t h e  c o l l i s i o n a l  phase o f  low-energy cascade e v o l u t i o n  shows t h e  f o l l o w i n g :  (1) The deve l -  
opment o f  a replacement c o l l i s i o n  sequence (RCS) ,  which leads t o  a s t a b l e  Frenkel  p a i r ,  i s  completed i n  about 
0.1 ps. 
even f a s t e r  than t h e  i n i t i a l  PKA speed, showing t h a t  cascades propagate through c o l l e c t i v e  atomic mot ions.  
(3 )  The c l o s e  agreement o f  ou r  MO r e s u l t s  w i t h  t h e  exper imental  d a t a  on t h e  displacement t h r e s h o l d  sur face 
i n d i c a t e s  t h e  usefu lness of t h i s  composite p o t e n t i a l  f o r  t h e  s i m u l a t i o n  of low-energy i o n - s o l i d  i n t e r a c t i o n s .  

(2) The i n i t i a l  p ropagat ion o f  an RCS i s  much fas te r  than t h e  e l a s t i c  (sound) wave i n  copper and i s  
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ADDendix 

The sp r i ng  constant  k i s  der i ved  as f o l l o w s .  The u n i a x i a l  s t r e s s - s t r a i n  r e l a t i o n  i s  g iven  by: 

a = E f  , 

where a i s  t h e  s t ress ,  E i s  the  modulus o f  e l a s t i c i t y ,  and t i s  t h e  s t r a i n ,  g iven  by a = F/A and t = 6M/M, 
where F i s  t h e  force, A i s  t h e  area where t h e  force i s  exerted, M i s  t h e  leng th ,  and 6M i s  t h e  e longa t ion .  
Consider ing a s l a b  o f  u n i t  area, and a l e n g t h  o f  a l a t t i c e  constant  Mo. we can r e w r i t e  the  f i r s t  equat ion as 

F = E(6M/Mo) , 

The t o t a l  number Na o f  atoms conta ined i n  t h i s  s l a b  i s :  

where Nc i s  t h e  number of atoms i n  a u n i t  c e l l .  The l a s t  two equations y i e l d  t h e  force per  atom f as 

The " equ iva len t "  sp r i ng  constant  i s  then g iven  by 

EM 
k = o  , 

NC 
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INFLUENCE OF COLD WORK AND PHOSPHORUS CONTENT ON NEUTRON-INDUCED SWELLING OF Fe-Cr-Ni ALLOYS - F. A. Garner 
(Pacific Northwest Laboratory)(”) 

OBJECTIVE 

The overall objective of this effort was to determine the origin of the sensitivity of void swelling and 
microstructural evolution in irradiated metals to environmental and material variables. A more specific 
objective was to assist in the interpretation of the results of the 5gNi doping experiment designed to study 
the separate and synergistic effects of helium and other variables. Two of these variables are cold working 
and phosphorus content. 

SUMMARY 
Phosphorus additions can either increase or decrease void swelling of Fe-Cr-Ni alloys, depending on irra- 
diation temperature, phosphorus level and cold work level. 
swelling in Fe-Cr-Ni-P alloys, however, particularly at relatively higher irradiation temperatures, where 
cold working often increases swelling substantially. 

The role of cold work is not always to suppress 

INTRODUCTION 

Frequently one can generalize the action of a particular variable on a given physical process in terms of 
its most often observed behavior, which would indicate a single major role for that variable. 
it is well established that the addition of either phosphorus or silicon generally suppresses the onset of 
void swelling in austenitic alloys. Recently, however, it has been shown that under some conditions the 
addition of relatively low levels of either solute can substantially increase swelling in simple Fe-Cr-Ni 
alloys,(’.’) as shown in Figures 1 and 2 .  
competing mechanisms involving these elements are operating to control swelling and that in some cases the 
competition is dominated by a secondary or tertiary mechanism. 

As reviewed in reference 1, phosphorus forms precipitates at relatively high temperatures and concentration 
levels and strongly interacts with both vacancies and interstitials at all temperatures. 
acts to maintain dislocations induced by cold working, although this latter possibility has not been 
explored previously in simple austenitic alloys. 
specimens that would allow study of the interactive effects of phosphorus and cold work. 

The most extensive set of such specimens was found in the 5gNi-doping helium effects experiments conducted 
in FFTF on Fe-15Cr-25Ni and Fe-15Cr-25Ni-0.04P (wt%) . ( 3 - 5 )  Unfortunately, the major influence of phosphorus 
in increasing swelling lies in the range below 0.04% and at temperatures below -500°C. In this temperature 
range of the 59Ni experiment, density data have been measured only for the first discharge at 5 . 2  dpa, which 
is below the threshold of significant swelling. 

In another experiment, however, four nominally identical Fe-15Cr-25Ni alloys, varying primarily in phos- 
phorus content, were irradiated as TEM disks in the FFTF fast reactor to doses in excess of 30 dpa at 420, 
520 and 6OOT (k5’C) in both the annealed and 30% cold worked conditions. 
in Table 1, are identical to those that were irradiated in EBR-I1 and shown in Figure 1. 
measurements were performed on two identical specimens at each condition. 

One of the alloys in this experiment, E104 (Fe-15Cr-25Ni-O.O55P), was also irradiated as TEM disks in EBR-I1 
in the AA-XIV experiment to 14 dpa at 425, 500 and 600%. 
each of the annealed (975’C/lOm/WQ), 30% cold worked, and the cold worked and aged (65PC/lOm/WQ) 
conditions. 
starting condition and irradiation temperature. 

For example, 

This complex behavior is thought to indicate that two or more 

Phosphorus also 

A search was therefore initiated for previously irradiated 

Higher exposure data are now being accumulated. 

The compositions of these alloys 
Immersion density 

In this experiment the alloys were irradiated in 

Immersion density measurements were performed on one specimen each of every combination of 

RESULTS 

Swelling values for the FFTF irradiation were calculated from density change data and are shown in Figure 3. 
Each data point, with one exception, represents the average of two separate but identical disks, whose den- 
sities agree within the ~0.16% established as the convergence criterion for this measurement technique. The 
exception was the cold worked alloy E33 (lowest phosphorus level) at 42PC, where some variability was 
observed. 
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TABLE. Phosphorus-Modified Alloys Irradiated in FFTF-MOTA to >30 dpa 
E33 
E103 
E104 
E105 

Fe-25.8Ni - 14.8Cr (5 0.005P) 
Fe-24.1Ni-14.7tr-0.013P 
Fe-25.ONi-15.2Cr-0.055P 
Fe-24.7Ni-15.3Cr-O.IOP 

I I I I I 
0.04 0.08 

T 

- _-___--_--. 

I I I I 
0.04 0.08 

I 0 t x - I  I 
0.04 0.08 

Phosphorus, wW0 

FIGURE 3 .  Swelling of Phosphorus-Modified Fe-1%-Z5Ni Alloys Observed in FFTF 

At 42PC and 36.6 dpa the swelling behavior observed in FFTF in both the annealed and cold worked specimens 
mirrors that seen in the same alloys when irradiated in the annealed condition in EBR-I1 at 399 and 427"C, 
illustrating once again the various outcomes of the competition of those mechanisms associated with phos- 
phorus. Cold working reduces swelling at 420°C. in agreement with the general observation of cold work's 
influence. 
also observed in EBR-11. The curves for annealed materials at 520 and 600% also exhibit the same depen- 
dence on phosphorus content as those observed in EBR-11. 

There were several unusual features observed in these data, however. First, the cold worked condition 
swelled more than the annealed condition at 520 and 60PC. 
reversal in swelling behavior with cold work was observed even in the lowest phosphorus alloy E33. Third, 
in the cold worked condition alloy E33 swelled more at 600% and 31.8 dpa than at 520% and 34.7 dpa, as 
illustrated in Figure 4. This behavior with temperature was unexpected and indicates that the interactions 
of cold work with both phosphorus and temperature are more complex than previously envisioned. 

The density change data of alloy E104 from the EBR-I1 AA-XIV experiment are shown in Table 2.  The decrease 
of swelling with cold work at 420% is consistent with the behavior observed in FFTF. The influence of 
increasing temperature at this low dose level does not yield the increase in swelling observed in FFTF, 
however. 

The swelling falls quickly at higher temperatures in the annealed low phosphorus alloy, as was 

Second, and possibly even more important, the 

DISCUSSION 

The effects of cold working on complex alloys have been studied in many investigations, but only a few 
studies have explored the effects of cold working on single Fe-Cr-Ni ternary alloys. In one recent study 
conducted at very high helium/dpa ratios in ORR, Fe-25Ni-15Cr suffered a reduction in swelling from 1.04 t o  
0.29% upon 30% cold working and irradiation at 50PC to 13.6 dpa.I6) Swelling at other irradiation tempera- 
tures in this experiment was too low to observe the influence of cold work. Similar behavior was observed 
in Fe-35Ni-15Cr at 50PC, falling from 0.55 to -0.11% with cold work. 
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FIGURE 4. Data from Figure 3 Replotted to Emphasize the Effect of Temperature on Swelling 

TABLE. Swelling (in %) of Alloy E104 (Fe-15Cr-25Ni-0.055P) in the M-XIV Experiment Irradiated in EBR-I1 to 14 dpa 
TemDerature. "C Annealed Cold Worked Cold Worked and Aaed 

1.79 0.28 
-0.21 -0.28 

600 -0.03 NA~"] 

(a) NA = not available. 

The %-doping experiment at 495°C and 14 dpa showed a reduction in swelling with cold work in Fe-ISCr- 
25Ni in t he  undoped condition and essentially no difference in the doped condition, which experienced a 
higher helium/dpa ratio.(51 At 600°C and 8.8 dpa this experiment did not produce sufficient swelling in 
Fe-15Cr-25Ni to assess the impact of cold work.(4) However, there did appear to be a slight enhancement of 
swelling in both the cold worked and annealed undoped conditions with phosphorus addition at 6OO0C, in 
agreement with the present study. 

The previously published EBR-I1 studies from the AA-VI1 experiment('.7) all involved the irradiation of ter- 
nary Fe-Cr-Ni alloys in the annealed condition. 
annealed and 30% cold worked conditions of alloy E20 (Fe-24.4Ni-14.9Cr with ~0.005 P) were irradiated side- 
by-side in EBR-I1 at 425 and 540°C to 18.5 and 24.5 dpa, respectively.") The E20 alloy and the E33 alloy 
of the current study are quite similar alloys prepared by the same vendor at the same time. 

Note in Table 3 that the E20 alloy in EBR-I1 behaved the same as the E33 alloy in FFTF, showing a reduction 
in swelling with cold work at 425°C and an increase in swelling at 540%. Figure 5 compares the behavior of 
E20 in this and the earlier experiment. 
cold worked alloy. 

Table 3 also shows some previously unpublished results of another irradiation of the E20 alloy in the M-XIV 
experiment. 
again demonstrating the reversal in the influence of cold work at higher temperatures. 

In one experiment designated AA-XII, however, both the 

Note also that there is some variability in the response of the 
Such variability is frequently observed in cold worked alloys. 

At 14 dpa cold working decreases swelling at 425 and 500% but increases it at 600%. once 
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TABLE3. S w e l l i n g  Observed i n  A l l o y  E20 (Fe-24.4Ni-14.9Cr) i n  t h e  AA-XI and AA-XIV Experiments i n  EBR-11 

Temperature, 
oC, and Displacement A1 1 oy Swell i ng ,  
ExDeriment Level ,  dua Cond i t i on  % 

425 AA-XI 18.5 annealed 12. 
425 AA-XI 18.5 30% CW 3.81'1 

540 AA-XI 24.5 annealed 1.14(") 
540 AA-XI 24.5 30% CW 4.81Lb) 

3.61Ib) 

425 AA-XIV 14.0 annealed 9.69Ic) 
425 AA-XIV 14.0 30% CW 2.85Ic) 

500 AA-XIV 14.0 annealed 1.80(C) 
500 AA-XIV 14.0 30% CW - O . O l ( C )  

600 AA-XIV 14.0 annealed 0.35(') 
600 A A - X I V  14.0 30% CW 2.56(" 

(a) Average s w e l l i n g  of f o u r  i d e n t i c a l  specimens 
e x h i b i t i n g  very  small d i f f e r e n c e s  i n  d e n s i t y .  

(b) Separate measurements on two nomina l l y  
i d e n t i c a l  specimens. 

(c )  Measurement on one specimen o n l y .  

NEUTRON FLUENCE. nlsrn' IE>O.? M.VI 

FIGURE 5. 
r i g h t  hand f i g u r e s  t h a t  t h e  i n f l u e n c e  o f  c o l d  work reverses between 425 and 540% i n  t h e  AA-XI 
exper iment.  (8 )  

Swe l l i ng  of A l l o y  E20 (Fe-24.4Ni-14.9Cr) i n  Two Separate EBR-I1 Experiments. Note i n  t h e  two 

The a c t i o n  of c o l d  work i n  enhancing s w e l l i n g  a t  h ighe r  temperatures may be s i m i l a r  t o  t h a t  observed 
r e c e n t l y  i n  pure n i c k e l , I g )  as shown i n  F igu re  6. Microscopy s tud ies  now i n  progress show t h a t  t h e  e f f e c t  
of c o l d  work on t h e  s w e l l i n g  of n i c k e l  a t  500 and 600°C i s  t o  make it e a s i e r  t o  e s t a b l i s h  (and ma in ta in  a t  
h ighe r  temperatures) a s a t u r a t i o n  d e n s i t y  o f  d i s l o c a t i o n s  e a r l y  i n  t h e  i r r a d i a t i o n ,  a c o n d i t i o n  which p ro -  
motes e a r l y  v o i d  n u c l e a t i o n .  
d i s l o c a t i o n  d e n s i t y  drops sha rp l y  once v o i d  s w e l l i n g  begins. 
exposure t h e r e f o r e  e x h i b i t s  ve ry  l i t t l e  dependence on temperature.  

Another comparison o f  t h e  i n f l uence  of c o l d  work i s  shown i n  Table 4, which i n d i c a t e s  t h a t  i n  FFTF 
Fe-7.5Cr-35Ni e x h i b i t e d  t h e  expected behav ior  a t  420 and 520°C b u t  t h a t  l a r g e  increases i n  s w e l l i n g  were 
observed a t  600°C. 

Swe l l i ng  tends t o  s a t u r a t e  i n  pure n i c k e l  l a t e r  i n  t h e  i r r a d i a t i o n  because t h e  
Swe l l i ng  o f  c o l d  worked materia1.s a t  h i g h  

The v a r i a b i l i t y  of s w e l l i n g  when enhanced by c o l d  work i s  aga in  h i g h l i g h t e d  by t h e  f a c t  
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7 
30% cold-worked 
and aged (650°C 

30% cold-worked 

975°C for 
10 minutes 

and aged (650°C 

30% cold-worked 

99.995% Nickel 
0 I I 
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Temperature, "C 

FIGURE 6. Swe l l ing  o f  99.99% Nicke l  I r r a d i a t e d  t o  14 dpa i n  t he  E B R - I 1  A A - X I V  Experiment.(') The c o l d  
worked and c o l d  worked and aged cond i t i ons  do n o t  e x h i b i t  t he  s t rong  temperature dependence seen i n  t he  
annealed s t e e l .  

TABLE. Swel l ing  Observed i n  A l l o y  E37 (Fe-7.5Cr-35Ni) i n  FFTFI') 

Temperature, 
O C  

420 
420 

420 
420 

420 
420 

520 
520 

520 
520 

520 
520 

600 
600 

600 
600 

600 
600 

Displacement 
Level,  dDa 

9 
9 

46.5 
46.5 

70 
70 

14 
14 

49.6 
49.6 

75 
75 

14 
14 

35 
35 

60 
60 

A1 1 oy 
Cond i t ion  

annealed 
30% CW 

annealed 
30% CW 

annealed 
30% CW 

annealed 
30% CW 

annealed 
30% CW 

annealed 
30% CW 

annealed 
30% CW 

annealed 
30% CW 

annealed 
30% CW 

Swel l ing,  
% 

-0.16 
-0.26 

0.09 
-0.09 

0.09 
0.09 

0.16 
0.00 

0.30 
-0.36 

0.02 
-0.14 

-0.01 
N M [ ~ )  

0.20 
2.50 

0.12 
1.78 

(a) Measurements on one specimen each. 
(b)  NM = n o t  measured. 
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t h a t  s w e l l i n g  was increased r e l a t i v e  t o  t h a t  o f  t h e  annealed c o n d i t i o n  a t  600E a t  bo th  35 and 60 dpa, b u t  
was l e s s  a t  60 dpa. I t  i s  no t  f e l t  t h a t  s w e l l i n g  a c t u a l l y  decreased on t h e  average between 35 and 60 dpa; 
r a t h e r ,  i t  i s  be l i eved  t h a t  t h e  enhancement process i s  ve ry  s e n s i t i v e  t o  u n c o n t r o l l e d  v a r i a b l e s  i n  t h e  
experiment, o f t e n  va ry ing  between nomina l l y  i d e n t i c a l  specimens i r r a d i a t e d  i n  t h e  same specimen packet.  

The Fe-15Cr-25Ni a l l o y  has been used as a standard m a t e r i a l  i n  a v a r i e t y  o f  i r r a d i a t i o n  s tud ies  conducted i n  
the  U.S.  fus ion and breeder r e a c t o r  programs. One study no t  mentioned p r e v i o u s l y  i nvo lved  t h e  use o f  t h i s  
a l l o y  i n  a c o r r e l a t i o n  exper iment between charged p a r t i c l e  and neu t ron  irradiations.'O,' l  I n  t h a t  s tudy t h e  
softness of t h i s  m a t e r i a l  was h i g h l i g h t e d ,  i n d i c a t i n g  the  ease w i t h  which d i s l o c a t i o n s  were i n t roduced  du r -  
i n g  specimen p r e p a r a t i o n  and a l s o  t h e  d i f f i c u l t y  of ma in ta in ing  them near specimen sur faces.  Therefore ,  
t h e r e  may be some m e r i t  t o  t h e  comparison between t h e  behav ior  o f  n i c k e l  and Fe-ISCr-ZSNi w i t h  respec t  t o  
the  i n f l uence  o f  c o l d  work a t  h ighe r  i r r a d i a t i o n  temperatures.  
s t a i n l e s s  s t e e l  t o  a s s i s t  i n  ma in ta in ing  du r ing  i r r a d i a t i o n  t h e  d i s l o c a t i o n  d e n s i t i e s  induced by c o l d  
work," t h i s  may account f o r  t h e  s t rong  increase i n  s w e l l i n g  a t  r e l a t i v e l y  h igh  phosphorus l e v e l s  observed 
i n  F igures 3 and 4 ,  e s p e c i a l l y  a t  h i g h e r  temperatures where d i s l o c a t i o n s  are  more mobi le .  

Another s e r i e s  o f  i o n  i r r a d i a t i o n  s tud ies  by Lee and Mansur a l so  h i g h l i g h t e d  t h e  a c t i o n  o f  phosphorus t o  
ma in ta in  d i s l o c a t i o n  d e n ~ i t i e s . ( ' ~ ~ ' ~ )  
both  w i t h  and w i t h o u t  0.05 w t %  phosphorus) both  swel led a t  comparable l e v e l s  when i r r a d i a t e d  i n  t h e  annealed 
c o n d i t i o n  t o  -90 dpa a t  675% w i t h  n i c k e l  ions.(13) Th is  i s  i n  agreement w i t h  t h e  neut ron s tud ies ,  s ince  t h e  
phosphorus- re la ted peak i n  s w e l l i n g  was found t o  e x i s t  between these two phosphorus l e v e l s .  
phosphorus-modif ied a l l o y s  w i t h  s i l i c o n ,  t i t a n i u m  and carbon a d d i t i o n s  were each found t o  e x h i b i t  l e s s  swel-  
l i n g  i n  the  annealed c o n d i t i o n  when sub jec ted t o  a v a r i e t y  o f  i r r a d i a t i o n  sequences, some of which i nvo lved  
he l i um c o i n j e c t i o n .  

I n  t h e  second o f  these studies,14 t h e  l a t t e r  t h r e e  a l l o y s  were i r r a d i a t e d  a t  675% i n  t h e  c o l d  worked condi -  
t i o n ,  bu t  w i t h  h i g h e r  l e v e l s  of he l ium c o i n j e c t i o n .  F igu re  7 compares t h e  s w e l l i n g  o f  these a l l o y s  i n  the .  
annealed and c o l d  worked cond i t i ons ,  each da ta  s e t  taken from separate  publication^.('^^'^) Al though i t  i s  
no t  p o s s i b l e  t o  make a comparison i n v o l v i n g  o n l y  a s i n g l e  v a r i a b l e  due t o  t h e  v a r i a t i o n s  i n  he l i um i n j e c t i o n  

Since phosphorus has been shown i n  t ype  316 

I n  t h e i r  f i r s t  study i t  was shown t h a t  two a l l o y s  (Fe-13.7Cr-15Ni 

Three o t h e r  

The composi t ions o f  these a l l o y s  a re  l i s t e d  i n  Table 5. 

TABLE. I o n - I r r a d i a t e d  A l l o y s  Stud ied by Lee and M a n ~ u r ~ ' ~ . " )  

u Comoosit ion 

610 Fe-13.64Cr-15.15Ni-0.050P 
B l l  Fe-13.63C4-15.20Ni-0.049P-0.18Ti-0.041C 
812 Fe-13.58Cr-15.15Ni-0.049P-0.17Ti-0.044C-0.83Si 

2.- 

Swelling 
Yo 

1. 

Annealed 

Cold-Worked 

Cold-Worked Annealed 

Alloy B11 

Cold-Worked 

Annealed 

0 20 40 60 80 100 0 20 40 60 80 100 120 

Total Displacement Level, dpa 

FIGURE 7 .  
Showing That Cold Working Genera l ly  Increases Swell ing('3. '4) 

Comparison of Ion- Induced Swe l l i ng  o f  Var ious Phosphorus-Modif ied A l l o y s  I r r a d i a t e d  a t  675%, 
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schedules, Lee and Mansur noted their expectation that both cold working and higher cavity densities induced 
by helium injection should depress swelling. Note in Figure 7 that if the differences in helium are ignored 
the opposite result is obtained; the cold worked condition of each alloy swells more than the annealed 
condition. This appears to confirm the conclusion of the current study concerning the interactive roles o f  
cold work and phosphorus on void swelling. 

CONCLUSIONS 

Phosphorus additions can either increase or decrease void swelling o f  F e - C r - N i  alloys, depending on irra- 
diation temperature, phosphorus level and the cold work level of the alloy. The role of cold work is not 
always to suppress swelling, however, particularly at relatively higher irradiation temperatures where swel- 
ling actually increases upon cold working. The dividing point where cold working reverses its role on swel- 
ling appears to lie between 520 and 540% for displacement rates typical o f  fast reactor irradiation. 

FUTURE WORK 

This effort will continue, focusing on microscopy examination on specimens irradiated in either FFTF or 
EBR-11. 

REFERENCES 

1. F. A. Garner and A. S. Kumar, ASTM-STP 995 (1987) 289. 

2. T. Muroga, F. A. Garner and J. M. McCarthy, J. Nucl. Mater., 168 (1989) 109. 

3 .  F. A. Garner, M. L. Hamilton, R. L. Simons and M. K .  Maxon, J. Nucl. Mater. 176 (1990) in press, also 
DOE/ER-0313/8 (1990) 108. 

4 .  H. Kawanishi, F. A. Garner and J .  F. Stubbins, J .  Nucl. Mater., 176 (1990) in press. 

5. J .  F. Stubbins, J .  F. Nevling, F. A. Garner and R.  L. Simons, ASTM-STP 1046 (1989) 147. 

6. M. L. Hamilton, A. Okada and F.  A. Garner, J .  Nucl. Mater., 176 (1990) in press 

7. F. A. Garner and H. R. Brager, ASTM STP 870 (1985) 187. 

8. F .  A. Garner and H. R. Brager, DOE/ER-0046/19 (1984) 62. 

9. F. A. Garner, DOE/ER-0313/8 (1990) 125. 

10. F. A. Garner, J .  Nucl. Mater., 117 (1983) 177 

11. F .  A. Garner and seventeen coauthors, in Proceedings of a Workshop on Correlation o f  Neutron and 

12. M. I t o h ,  S. Onose and S. Yuhara, ASTM STP 955 (1987) 114. 

13. E .  H .  Lee and L. K .  Mansur, J .  Nucl. Mater., 141-143 (1986) 695. 

14. E. H. Lee and L.  K. Mansur, Phil. Mag. A, 61 (1990) 733. 

Charged Particle Damage, CONF-760673, Oak Ridge, TN, June 1976, 177. 



58 

HELIUM MEASUREMENTS FOR THE MFE-4 SPECTRAL TAILORING EXPERIMENT - F. A. Garner ( P a c i f i c  Northwest 
Labora tory) (a1 and B. M. O l i v e r  (Rockwell I n t e r n a t i o n a l )  

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  r o l e  o f  he l ium on m i c r o s t r u c t u r a l  development and changes 
i n  mechanical p r o p e r t i e s  o f  model Fe-Cr-Ni a l l o y s .  

SUMMARY 

Measurements of he l ium concen t ra t i on  have been made on Fe-15.1Cr-34.5Ni specimens i r r a d i a t e d  a t  330, 400, 
500 and 600°C a f t e r  i r r a d i a t i o n  i n  ORR t o  displacement l e v e l s  rang ing  f rom 12.6 t o  13.8 dpa. 
measurements compare w e l l  t o  p r e v i o u s l y  c a l c u l a t e d  values,  be ing 4 t o  8% lower.  
content  were a l so  observed between specimens from capsules t h a t  were assumed t o  have possessed i d e n t i c a l  
spec t ra l  environments. 

The 
Minor  d i f f e r e n c e s  i n  he l i um 

PROGdESS AND STATUS 

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

I n  a companion r e p o r t  on 59Ni i s o t o p i c  doping, it i s  shown t h a t  t h r e e  s imple  Fe-Cr-Ni a l l o y s  i r r a d i a t e d  i n  
FFTF do n o t  e x h i b i t  a s i g n i f i c a n t  d i f f e r e n c e  i n  mechanical p r o p e r t i e s  when exposed t o  bo th  b reeder- re levan t  
and f u s i o n - r e l e v a n t  helium/dpa r a t i o s ( ' ) .  
gene ra t i on  ra tes ,  however, a s i g n i f i c a n t  increase i n  y i e l d  s t r e n g t h  was observed (see F igu re  1) r e l a t i v e  t o  
t h a t  o f  a s i m i l a r  exper iment i n  EBR-II.(2.31 I n  ORR these and severa l  o t h e r  Fe-Cr-Ni a l l o y s  were exposed t b  
environments whose c a l c u l a t e d  He/dpa r a t i o s  ranged from 21  t o  58 appm/dpa. T h i s  range r e f l e c t s  n o t  o n l y  t h e  
neut ron spec t ra  b u t  a l s o  t h e  v a r i a t i o n  i n  n i c k e l  con ten t  (20 t o  45 w t % ) .  These va lues were c a l c u l a t e d  us ing  
dos imet ry  c a l c u l a t i o n s  and measurements p rov ided  i n  re fe rence  4 f o r  i n d i v i d u a l  elements. 

I n  another exper iment conducted i n  ORR a t  much l a r g e r  he l i um 

* I S  am o n  om 
20 em 

800 

700 

loo 
I I I 
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FIGURE 1. 
I r r a d i a t e d  i n  t h e  AD-1 Experiment i n  EBR-I1 and t h e  MFE-4 Experiment i n  ORR'. 

Comparison o f  Rad ia t ion- Induced Changes i n  Y i e l d  St rengths  o f  Fe-15Cr-XNi and Fe-YCr-35Ni A l l o y s  

(a)  P a c i f i c  Northwest Laboratory  i s  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 e  under Con t rac t  DE-AC06-76RLO 1830. 
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Table 1 lists the displacement and helium levels reported earlier for the ORR portion of this experiment. 
Note that it was assumed that the 330 and 400°C irradiation sequences proceeded in the same spectral 
environment and also that the 500 and 600°C sequences were irradiated together. Detailed microstructural 
analyses of the ORR and EBR-I1 specimens are now in progress; the early results indicate that the larger 
than fusion-relevant levels of helium in the ORR experiment caused an extensive refinement of the micro- 
structure, leading to suppression of swelling at the two lower irradiation temperatures and significant 
increases in hardening at all four irradiation temperatures. 

Table 1 

Calculated Displacement and Helium Levels(') for the MFE-4 Experiment in ORR(2.3) 

330 and 400% 500 and 600S 
Composition. wt% He. a o m  He, a o m  

Fe-19.7Ni -14.7Cr 13.4 371 12.2 332 
Fe-24.4Ni-14.9Cr 13.6 463 12.4 414 
Fe-30.lNi-lS.lCr 13.8 555 12.6 495 
Fe-34.5Ni-15.1Cr 14.0 647 12.7 573 
Fe-45.3Ni-15.OCr 14.3 832 13.1 740 

(a) These values were calculated for the maximum flux position 
using dosimetry calculations and measurements provided in 
reference 4 for individual elements. Note that the dpa 
levels increase with nickel content, reflecting the 
contributions of the "Fe recoil atom during helium production. 

Further analysis requires confirmation of the calculated helium levels. 
Rockwell International , ( 5 . 6 1  measurements were made on Fe-34.5Ni-15.1Cr specimens from each of the four 
irradiation temperatures. 
and broken tensile specimens. 

Results 
Table 2 lists the measured values of helium concentration for Fe-34.5Ni-15.1Cr at each irradiation tempera- 
ture. 
some small differences in neutron spectra and flux exist between the specimen locations in the 330 and 400% 
capsules and also between the specimen locations in the 500 and 600% capsules as well. The measured values 
are uniformly lower (4.8%) than the calculated values for all four of the irradiation capsules. These 
relatively small differences in concentration reflect the impact of small differences in position between 
the maximum flux position and that of the gauge sections of the tensile specimens. 

Using standardized procedures at 

The specimens for analysis were cut from the gauge section of previously tested 

When compared to the previously calculated values for the maximum flux position it is obvious that 

CONCLUSIONS 

Slight differences in helium generation rate occurred in the various canisters used in the MFE-4 spectral 
tailoring experiment. 
of the previously reported values calculated from dosimetry results. These differences arose from slight 
differences in position between the specimens and the maximum flux position. 

The helium concentrations measured for Fe-34.5Ni-15.1Cr are lower but within 4 to 8% 

FUTURE WORK 

This effort will continue, focusing on completion of the microscopy effort and on prediction of strength 
increases from measured microstructural densities. 
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THE INFLUENCE OF HELIUM ON MECHANICAL PROPERTIES OF MODEL AUSTENITIC ALLOYS, DETERMINED USING 59Ni ISOTOPIC 
TAILORING AND FAST REACTOR IRRADIATION - M. L. Hamil ton and F. A. Garner, P a c i f i c  Northwest Laboratory;(”) 
B. M. O l i v e r ,  Rockwell I n t e r n a t i o n a l .  

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  study t h e  separate and s y n e r g i s t i c  e f f e c t s  of he l ium and o t h e r  impor tant  
v a r i a b l e s  on t h e  e v o l u t i o n  of m i c r o s t r u c t u r e  and macroscopic p r o p e r t i e s  d u r i n g  i r r a d i a t i o n  o f  s t r u c t u r a l  
meta ls .  

SUMMARY 

T e n s i l e  t e s t i n g  and microscopy con t i nue  on specimens removed f rom t h e  f i r s t ,  second and t h i r d  d ischarges o f  
t he  59Ni i s o t o p i c  doping exper iment.  The r e s u l t s  t o  d a t e  i n d i c a t e  t h a t  helium/dpa r a t i o s  t y p i c a l  o f  f u s i o n  
r e a c t o r s  ( 4  t o  19 appm/dpa) do n o t  l ead  t o  s i g n i f i c a n t  changes i n  t h e  y i e l d  s t r e n g t h  o f  model Fe-Cr-Ni 
a l l o y s .  Measurements o f  he l ium generated i n  undoped specimens from t h e  second and t h i r d  d ischarges show 
t h a t  t h e  helium/dpa r a t i o  increases d u r i n g  i r r a d i a t i o n  i n  FFTF due t o  t h e  p roduc t i on  o f  59Ni. I n  specimens 
doped w i t h  59Ni p r i o r  t o  i r r a d i a t i o n ,  t h e  helium/dpa r a t i o  can increase, decrease or  remain t h e  same d u r i n g  
t h e  second i r r a d i a t i o n  i n t e r v a l .  Th i s  behav ior  occurs because t h e  cross  sec t i ons  f o r  t h e  p roduc t i on  and 
burnout of 59Ni a re  ve ry  s e n s i t i v e  t o  core  l o c a t i o n  and t h e  na tu re  o f  ne ighbor ing components. 

PROGRESS AN0 STATUS 

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

U n t i l  r e c e n t l y  i t  has been imposs ib le  t o  conduct exper iments i n  which spect rum- re la ted parameters such as 
helium/dpa r a t i o  were v a r i e d  w i t h o u t  a l so  accept ing v a r i a t i o n s  i n  o t h e r  impor tant  parameters such as 
displacement r a t e  and temperature h i s t o r y .  A techn ique c u r r e n t l y  be ing used, however, a l l ows  t h e  s tudy o f  
t h e  i n f l u e n c e  o f  he l i um alone on d e n s i t y  change, m i c r o s t r u c t u r a l  e v o l u t i o n  and mechanical p r o p e r t i e s .  Th i s  
technique u t i l i z e s  i s o t o p i c  t a i l o r i n g  t o  va ry  t h e  he l ium p roduc t i on  r a t e  w i t h o u t  i n t r o d u c i n g  changes i n  
neut ron spectrum o r  displacement ra te . ’ ,2  
absence o f  59Ni, an i so tope  t h a t  does n o t  occur n a t u r a l l y ,  and i r r a d i a t i n g  doped and undoped specimens s i d e  
by s i d e  i n  t h e  app rop r ia te  r e a c t o r  spect ra ,  i t  i s  p o s s i b l e  t o  generate s u b s t a n t i a l  v a r i a t i o n s  i n  He/dpa 
r a t i o  w i t h o u t  va ry ing  any o t h e r  impor tant  parameter. 

A p a r t i c u l a r  advantage o f  i s o t o p i c  doping experiments i s  t h a t  one need n o t  be concerned w i t h  t h e  d e t a i l s  o f  
temperature h i s t o r y ,  which i s  now known t o  h e a v i l y  i n f l uence  t h e  outcome o f  some f i s s i o n - f u s i o n  c o r r e l a t i o n  
 experiment^.^ 
o n l y  t h e  helium/dpa r a t i o .  The p roduc t i on  r a t e  o f  he l ium i n  doped specimens i s  a l s o  n e a r l y  constant  
th roughout  t h e  exper iment,  p r o v i d i n g  t h a t  no changes occur  i n  t h e  neut ron environment. 

Th i s  r e p o r t  addresses t h e  t e n s i l e  da ta  obta ined f rom a subset o f  t h e  specimens i r r a d i a t e d  i n  a l a r g e r  
exper iment c u r r e n t l y  be ing conducted i n  t h e  Fast F lux  T e s t  F a c i l i t y  (FFTF) u t i l i z i n g  t h e  M a t e r i a l s  Open Test 
Assembly (MOTA). 
FFTF; t h i s  r e p o r t  i nc ludes  t h e  f i r s t  r e s u l t s  o f  t h e  second and t h i r d  d ischarges.  
measurements f rom t h e  second and t h i r d  d ischarges a re  a l s o  presented i n  t h i s  r e p o r t .  

ExDerimental De ta i  1 s 

The a l l o y s  employed i n  t h i s  s tudy were nomina l l y  Fe-15Cr-25Ni, Fe-ISCr-25Ni-0.04P and Fe-15Cr-45Ni (wt%) i n  
both  t h e  c o l d  worked and annealed cond i t i ons .  
e a r l i e r  s tud ies ,  one i n  t h e  Experimental Breeder Reac to r - I1  (EBR-11), designated the  AD-1 e ~ p e r i m e n t , ~ . ~  and 
another conducted i n  t h e  Oak Ridge Research (ORR) Reactor, designated MFE-4.6 The a c q u i s i t i o n  of t h e  59Ni, 
t h e  p roduc t i on  o f  t h e  ’%-doped t e n s i l e  specimens and t h e i r  i r r a d i a t i o n  c o n d i t i o n s  a re  descr ibed i n  
Reference 1. Microscopy d i s k s  were a l s o  prepared and i r r a d i a t e d ;  t he  r e s u l t s  o f  examinat ion of t h e  f i r s t  
d ischarge o f  these specimens a re  descr ibed i n  d e t a i l  i n  References 7 and 8. 
measured 5.1, 1 . 0  mm and 0.25 mm i n  gauge l eng th ,  w i d t h  and th ickness,  r e s p e c t i v e l y .  They were t e s t e d  a t  
room temperature a t  a s t r a i n  r a t e  o f  4.7 x sec-‘ i n  a h o r i z o n t a l  t e s t  frame descr ibed i n  Reference 9. 
Y i e l d  s t reng ths  were determined a t  0.2% o f f s e t .  I n  some cases more than one t e n s i l e  specimen was tes ted ,  
b u t  t h e  m a j o r i t y  o f  t e s t s  t o  da te  have i nvo l ved  o n l y  a s i n g l e  t e s t  specimen. 

By produc ing a l l o y s  whose o n l y  d i f f e r e n c e  i s  t h e  presence o r  

Since bo th  doped and undoped specimens are  i r r a d i a t e d  s i d e  by s ide,  t h e  pr imary  v a r i a b l e  i s  

A prev ious r e p o r t  addressed t h e  r e s u l t s  of t h e  f i r s t  dischargelof t h i s  exper iment f rom 
The r e s u l t s  o f  he l i um 

These a l l o y s  were chosen t o  complement those i n  severa l  

The m i n i a t u r e  t e n s i l e  specimens 

(a) P a c i f i c  Northwest Laboratory  i s  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 Cont rac t  DE-AC06-76RLO. 



60 

Table 2 

Hel ium Concent ra t ion i n  t h e  Gauge Sec t ion  o f  Fe-34.5Ni-15.lCr T e n s i l e  Specimens 

Specimen 4He Hel ium Concent ra t ion 
Temperature Measured lapom) (a) 

Soecimen SC fmq)  atoms) Measured Averaqetc' Ca lcu la ted td J 

JNOO-A 330 1.230 7.913 600.1 597 647 
-8  2.089 13.30 593.9 2 4  

JN09-A 400 1.736 11.47 616.3 611 647 
-8  2.610 16.95 605.8 -7 

JN13-A 500 1.548 8.818 531.4 533 573 
- B  2.157 12.38 535.4 23 

JN19-A 600 1.461 8.722 556.9 552 573 
-B 1.196 7.011 546.8 2 7  

(a)  
(b)  Measured he l i um concen t ra t i on  i n  atomic p a r t s  p e r  m i l l i o n  atom f r a c t i o n )  

( c )  
( d )  From Table 1. 

Mass u n c e r t a i n t y  i s  ? O . O O l  mg. 

w i t h  respec t  t o  t h e  c a l c u l a t e d  number o f  atoms i n  t h e  specimen. 
Mean and l o  standard d e v i a t i o n  o f  d u p l i c a t e  analyses. 
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Below-Core 

Results of Tensile Tests 

Figure 1 presents a schematic representation of the various irradiation sequences of the 5gNi experiment, 
each defined by their irradiation temperature and their location in FFTF-MOTA. 
completed on unirradiated specimens of all three alloys in both the annealed and 20% cold worked conditions. 

Three tensile tests on unirradiated specimens were conducted for each undoped alloy in both the cold worked 
and the annealed conditions. 
tested for each combination of doped alloy and thermomechanical starting condition. 
range of yield strengths in the undoped specimens is not large and that the single doped specimen in each 
condition did not exhibit any significant difference in behavior. 
strengths exhibited by the larger specimens of the unirradiated annealed alloys irradiated in the AD-1 and 
MFE-4 experiment,6 demonstrating excellent agreement among the three experiments. 

Tests on several subsets of irradiated specimens have also been completed. 
discharges at both 365 and 495°C (i.e., after MOTA-ID and MOTA-lE) and a single discharge at 600% (after 
MOTA-ID). 
event in MOTA-10, reaching 8OPC for fifty minutes. The 495% sequence also suffered an overtemperature, 
reaching 629°C for fifty minutes, but was continued in the irradiation sequence along with a replacement 
sequence at 495% to explore the impact of the temperature excursion on the experiment. The sequence at 
365% did not experience a temperature excursion. 

Figures 3-5 show the yield strengths measured at room temperature of specimens irradiated at nominal 
temperatures of 365, 495 and 600%. 
seen in Figure 2 and provides a basis for determining whether variations observed between doped and undoped 
specimens are significant compared to the scatter associated with the measurement technique. 

The most significant features of the data shown in Figures 3-5 are, first, the relative unimportance of 
isotopic doping at all three temperatures in determining the yield strength, and second, the convergence at 

Tensile tests have been 

Since the availability of doped specimens was rather limited, only one was 
Figure 2 shows that the 

A l s o  shown in Figure 2 are the yield 

These subsets are the first two 

The 600°C sequence was not continued to higher radiation exposure due to a large overtemperature 

The width of the error bars at zero dpa corresponds to the variation 

10.3 dpa 365°C 
6,10 dpa 

MOTA-1 D MOTA-I E MOTA-1 F MOTA-1G 

Level 1 28.9 dpa 495°C 
13.9 dpa 

Level8 

I '---{-H-H1 495"C(R) 14.7 dpa 29.4 dpa 

0.28 dpa 465°C 
0.15 dpa 

Level 5 

Level 6 

8.70 dpa 

Discontinued 

2.01 dpa 

I 
I 
p--b 
I Irradiation 
I Currently I in Progress 
F--b 
I 

4.15 dpa 490'C(R) 
2.13 dpa 

I 
L--- 

I 

39011029.1 

Figure 1. 
"49VC(R)" and "490"C(R)" refer to the replacement sequences inserted for the original sequences at 495 and 
490% 

Schematic representation of irradiation sequences for the 59Ni isotopic tailoring experiment. 







65 

365 and 600°C of bo th  annealed and c o l d  worked specimens t o  s t r e n g t h  l e v e l s  t h a t  depend o n l y  on i r r a d i a t i o n  
temperature.  
i r r a d i a t i o n  temperatures, w i t h  convergence l e v e l s  s e n s i t i v e  t o  both  temperature and displacement r a t e .  

A t  495°C o n l y  annealed t e n s i l e  specimens were i r r a d i a t e d  and t h e r e f o r e  i t  i s  n o t  p o s s i b l e  t o  determine 
whether convergence occurs a t  t h i s  temperature.  TEM d i s k s  were i r r a d i a t e d  a t  495% i n  both  t h e  annealed and 
c o l d  worked cond i t i ons ,  however, and convergent m i c r o s t r u c t u r e s  appear t o  have d e ~ e l o p e d . ' . ~  There i s  one 
unusual f e a t u r e  a t  495°C t h a t  was n o t  observed p r e v i o u s l y  i n  316 s t a i n l e s s  s t e e l ,  however, i n  t h a t  t h e  y i e l d  
s t r e n g t h  f i r s t  increased and then l a t e r  decreased somewhat, imp ly ing  t h a t  t h e  s a t u r a t i o n  l e v e l  was i n i t i a l l y  
overshot and the  s t r e n g t h  l a t e r  re laxed  toward t h e  s a t u r a t i o n  l e v e l .  Such behav ior  might  a r i s e  from e a r l y  
n u c l e a t i o n  of a h igh  d e n s i t y  o f  Frank loops, which l a t e r  u n f a u l t  t o  form a somewhat lower  d e n s i t y  o f  network 
d i s l o c a t i o n s .  
reduced by coalescence. An example o f  t h e  l a t t e r  p o s s i b i l i t y  has been observed p r e v i o u s l y  i n  Fe-15Cr-ZONi 
d u r i n g  i o n - i r r a d i a t i o n ."  The r e l a t i v e  independence o f  t h e  t e n s i l e  behav ior  o f  annealed specimens on he l i um 
content  tends n o t  t o  support  s o f t e n i n g  behav ior  dominated by v o i d  coalescence, however. 
m i c r o s t r u c t u r a l  da ta  compi led from microscopy observat ions o f  specimens from t h e  f i r s t  d ischarge show t h a t  
t h e  l i n e  l e n g t h  of loops a t  495°C i n  bo th  t h e  c o l d  worked and annealed specimens i s  comparable t o  t h e  l i n e  
l e n g t h  of network d i s t r i b u t i o n s . '  Th i s  suggests t h a t  f u r t h e r  u n f a u l t i n g  o f  loops might  l e a d  t o  t h e  p o s s i -  
b i l i t y  of so f ten ing.  Microscopy i s  now i n  progress on t h e  second d ischarge and should c o n f i r m  whether t h e  
preceding specu la t i ons  a re  c o r r e c t .  

Resu l ts  of Hel ium Measurements 

Hel ium l e v e l s  were measured, us ing  standard  technique^,'^,'^ a t  Rockwell I n t e r n a t i o n a l  on c o l d  worked 
Fe-15Cr-25Ni specimens from a l l  i r r a d i a t i o n  temperatures i n  t h e  second and t h i r d  discharges (i .e., a f t e r  
MOTA-lE and -1F, r e s p e c t i v e l y )  and on c o l d  worked Fe-15Cr-45Ni specimens a t  365 and 490% i n  t h e  second d i s -  
charge. 
he l ium l e v e l s  f o r  Fe-15Cr-45Ni i n  t h e  f i r s t  d ischarge were c a l c u l a t e d  from compos i t ion  r a t i o s  and measure- 
ments made on Fe-15Cr-25Ni. 

Tables 1-3 present  t h e  he l i um concen t ra t i ons  obta ined on two samples c u t  f rom each specimen from t h e  second 
two discharges o f  t h e  59Ni doping experiments. 
t h r e e  of t he  second d ischarge groups ( a t  365, 495 and 465%) and bo th  o f  t h e  t h i r d  d ischarge groups 
[495"C(R) and 490"C(R)] represent  t h e  average he l i um l e v e l s  f o r  i r r a d i a t i o n  d u r i n g  two MOTA i r r a d i a t i o n  
cyc les  (10 and 1E o r  1E and 1F). Since t h e  f i r s t  and second se ts  o f  specimens d ischarged a t  each tempera- 
t u r e  were o r i g i n a l l y  i r r a d i a t e d  s ide  by s ide  i t  i s  p o s s i b l e  t o  c a l c u l a t e  t h e  average he l ium format ion r a t e  
t h a t  occur red i n  t h e  second MOTA i r r a d i a t i o n  c y c l e  o n l y .  

As shown i n  Table 2, t h e  he l i um genera t i on  r a t e s  i n  bo th  undoped and doped Fe-15Cr-25Ni specimens a t  365% 
(below t h e  core)  increased s u b s t a n t i a l l y  i n  MOTA-1E compared t o  t h e  r a t e s  observed i n  MOTA-ID. 
p o s i t i o n  occur red between t h e  two i r r a d i a t i o n  cyc les ,  a l though some changes were made i n  t h e  sur rounding 
components. The average he1 ium genera t i on  r a t e s  observed i n  Fe-15Cr-25Ni and Fe-15Cr-45Ni a f t e r  t h e  second 
d ischarge a t  365% e x h i b i t e d  t h e  expected dependence on n i c k e l  content ,  (1.24 and 16.5 appm/dpa p r e d i c t e d  
vs. 1.20 and 16.7 measured f o r  Fe-15Cr-45Ni) which tends t o  conf i rm t h e  v a l i d i t y  o f  helium/dpa r a t i o s  ca l cu-  
l a t e d  p r e v i o u s l y  f o r  Fe-15Cr-45Ni i n  the  f i r s t  d ischarge. As we s h a l l  see l a t e r ,  however, t h i s  conc lus ion  
a p p l i e s  f u l l y  on ly  t o  s i t u a t i o n s  where t h e  25Ni and 45Ni specimens rema in  closelv side by s i d e  throughout  
t h e  f u l l  i r r a d i a t i o n  sequence. 

I n  t h e  o r i g i n a l  495% i r r a d i a t i o n  sequence i n  l e v e l  1, sma l le r  bu t  s i g n i f i c a n t  increases i n  he l i um genera- 
t i o n  r a t e s  were observed i n  both  undoped and doped specimens r e l a t i v e  t o  t h e  increases observed a t  365% 
below core. 
no s i g n i f i c a n t  consequence on t h e  he l ium p roduc t ion  r a t e  o f  t h e  undoped specimens. 

The replacement i r r a d i a t i o n  sequence a t  495°C s t a r t e d  i n  p o s i t i o n  1A4 i n  MOTA-lE, a long w i t h  t h e  second 
i r r a d i a t i o n  c y c l e  o f  t h e  o r i g i n a l  495°C se r ies ,  and cont inued i n  p o s i t i o n  1C3 i n  MOTA-IF. 
replacement specimen, cumula t ive  helium/dpa r a t i o s  o f  0.44 and 0.57 appm/dpa were reached i n  t h e  f i r s t  and 
second segments. These are  h ighe r  than t h e  0.35 ( p o s i t i o n  104) and 0.41 values ( p o s i t i o n s  104 and then 1A4) 
reached i n  t h e  o r i g i n a l  se r ies .  Th is  i m p l i e s  t h a t  i n  l e v e l  1 some spec t ra l  v a r i a t i o n  occur red between 104 
o f  MOTA-ID and IC3 o f  MOTA-IF. When t h e  495°C replacement s e r i e s  was moved t o  p o s i t i o n  1C3 i n  MOTA-IF f o r  
i t s  second i r r a d i a t i o n  cyc le ,  however, t h i s  caused a s u b s t a n t i a l  decrease i n  t h e  he l i um p roduc t ion  r a t e  f o r  
t h e  doped specimens. The 
p roduc t i on  r a t e  f o r  t h e  undoped specimens increased, however, r e f l e c t i n g  t h e  cont inued b u i l d - u p  o f  59Ni, a 
process t h a t  would con t inue  i n  a l l  r e a c t o r  p o s i t i o n s .  

I n  t h e  490% replacement sequence, t h e  he l ium p roduc t ion  r a t e  rose between MOTA 1E and MOTA 1F f o r  bo th  t h e  
undoped and doped specimens. 
o r i g i n a l  and replacement sequences proceeded i n  p o s i t i o n  6E2, which i s  an above-core p o s i t i o n  possessing a 
l a r g e  a x i a l  g r a d i e n t  i n  neut ron f l u x  and apparen t l y  s i g n i f i c a n t  changes i n  t h e  d e t a i l s  o f  t h e  spectrum t h a t  
a f f e c t  t h e  burnout  and p roduc t i on  o f  59Ni .  

A s i m i l a r  convergence has been observed p r e v i o u s l y  i n  316 s t a i n l e s s  s t e e l  over a wide r a y j e  o f  

It might  a l s o  r e s u l t  f rom v o i d  number d e n s i t i e s  t h a t  are  i n i t i a l l y  r a t h e r  h igh  b u t  l a t e r  

On t h e  o t h e r  hand, 

Hel ium p roduc t ion  was n o t  measured i n  t h e  l a t t e r  a l l o y  f o r  t h e  f i r s t  d ischarge (MOTA 10); ins tead,  

Note t h a t  t h e  measurements made on specimens removed from 

These values are  shown i n  parentheses i n  Table 2. 

No change i n  

These specimens were moved from t h e  1134 p o s i t i o n  i n  MOTA-10 t o  t h e  1A4 p o s i t i o n  i n  MOTA-1E w i t h  

I n  t h e  undoped 

Th is  probably  r e f l e c t s  changes i n  t h e  spectrum due t o  ne ighbor ing exper iments.  

No change i n  p o s i t i o n  occur red d u r i n g  t h i s  i r r a d i a t i o n  sequence. Both t h e  
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Table 1 
Hel ium Concent ra t ion  i n  Co ld  Worked TEM Disks  f rom I s o t o p i c  T a i l o r i n g  Experiment 

Doped Specimen Hel ium Concent ra t ion  
Temperature N icke l  Wi th  Mass1') 'He Measured (aoDm)'b' 

( " C )  (wt%) % k (ma) 110" atoms) Measured Averaqe'cl 

365 25 No 10.3 1.937 1.493 7.157 7.12 
2.966 2.263 7.084 t0 .05  

365 25 Yes 10.3 2.744 48.86 165.3 165 
3.186 56.34 164.2 e1 

365 45 No 10.3 2.562 3.375 12.35 12.4 
3.024 4.015 12.44 eo.1 

365 45 Yes 10.3 1.996 36.48 171.3 172 
3.339 61.24 171.9 e1 

495 25 No 28.9 1.733 
3.410 

495 25 Yes 28.9 2.482 
3.316 

495(R)'d) 25 No 14.7 2.644 
3.374 

495(R) 

2.546 
5.016 

36.22 
48.46 

1.834 
2.385 

23.82 
26.28 

495(R) 

495(R) 

25 No 29.4 2.087 
2.360 

25 Yes 29.4 2.826 
2.983 

3.797 
4.247 

36.49 
38.66 

13.64 13.7 
13.66 t O . l  

135.5 136 
135.7 e1 

6.441 6.50 
6.563 20.09 

69.68 69.2 
68.66 20.7 

16.89 16.8 
16.71 eO.1 

119.9 120 
120.3 +1 

490(R) 25 No 2.13 2.881 0.1383 0.4457 
4.212 0.1974 0.4352 

490 (R) 25 Yes 2.13 2.861 6.691 21.71 
3.643 8.386 21.37 

490(R) 

490(R) 

45 No 2.13 2.709 0.1865 
3.241 0.2197 

0.6452 
0.6353 

45 Yes 2.13 2.785 
3.555 

7.296 24.55 
8.959 23.62 

490(R) 25 No 4.15 2.348 0.3590 1.420 
3.797 0,5808 1.420 

490(R) 25 Yes 4.15 2.735 16.87 57.27 
3.177 19.28 56.35 

0.440 
t0 .007 

21.5 
t 0 . 2  

0.640 
t 0 .007  

24.1 
i.0.7 

1.42 
i.o.00 

56.8 
20.7 

465 

465 

25 No 0.28 2.825 
3.129 

0.02223 
0.02438 

0.07306 
0.07235 

0.0727 
+0.0005 

25 Yes 0.28 2.780 5.201 17.37 17.4 
2.746 5.134 17.36 t o . 1  

(a) Mass u n c e r t a i n t y  i s  eO.001 mg. 
(b)  Measured he l i um concen t ra t i on  i n  atomic p a r t s  p e r  m i l l i o n  

respec t  t o  t h e  c a l c u l a t e d  number of atoms i n  t h e  specimen. 
( c )  Mean and 10 standard d e v i a t i o n  o f  d u p l i c a t e  analyses. 
(d)  R denotes replacement se r i es .  

Two samples were c u t  from each o r i g i n a l  TEM specimen. 
atom f r a c t i o n )  w i t h  



Temperature 
( " C l  

365 

495 

495 (R)  IC) 

600 

490 

490(R)IC) 

465 
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Table 2 
Hel ium Generat ion Rates Determined i n  Fe-15Cr-25Ni 

Hel ium Generat ion Rate faDDm/dDa) 
MOTA-ID MOTA-1E MOTA- 1 F 

L~~QKJ DQ& UndoDed DoDed UndoDed Doped 

0.30 13.9 

0.35 4.69 

n o t  
i r r a d i a t e d  

0.40 4.4 

0.28 19.8  

n o t  
i r r a d i a t e d  

0.14 54.3 

0.69[') 16. O t a )  
(1 .26)Ib) (19.1) 

0. 471a) 4.71 la' 
(0.59) (4.73) 

0.44 4.71 

n o t  
i r r a d i a t e d  

n o t  
i r r a d i a t e d  

0.21 10.1 

0.261a) 62. 1la' 
(0.40) (71.1) 

no 
d ischarge 

no 
d ischarge 

(0.70) (3.45) 

n o t  
i r r a d i a t e d  

n o t  
i r r a d i a t e d  

0.57l') 4.08(" 

0.34l') 13.7l') 
(0.46) (17.2) 

no 
d ischarge 

(a)  
(b) 

( c )  R denotes replacement se r i es .  

He/dpa l e v e l  g i ven  i s  average f o r  two c y c l e  i r r a d i a t i o n  sequence. 
Helium/dpa l e v e l s  i n  parentheses rep resen t  average va lues 
c a l c u l a t e d  f o r  second MOTA c y c l e  on l y .  

Table 3 
Cumulat ive Helium Generat ion Rates Determined i n  Fe-15Cr-45Ni 
A f t e r  Discharge f rom MOTA-1E 

Temperature aDDm/dDa Neutron damaqe (doa l  
U n d o p e d - M O T A - 1 D M O T A - 1 E T o t a l  

365 1.20 16.7 6.1 4.2 10.3 

490R 0.30 11.3 0.01 2.13 2.13 

Several consequences o f  changes i n  t h e  neut ron environment can be seen i n  t h e  two i r r a d i a t i o n  sequences a t  
490%. F i r s t ,  t h e  helium/dpa r a t i o s  f o r  both  specimen types i n  t h e  replacement sequence a re  somewhat lower  
than t h a t  o f  t h e  o r i g i n a l  sequence, probab ly  r e f l e c t i n g  d i f f e r e n c e s  i n  t h e  l o a d i n g  o f  nearby components d u r -  
i n g  t h e  ope ra t i on  o f  MOTA-10 and MOTA- IE .  Second, based on t h e  measured MOTA-1E p roduc t i on  r a t e s  i n  undoped 
Fe-l5Cr-25Ni, we would expect t h e  p roduc t i on  r a t e  i n  undoped Fe-15Cr-45Ni t o  be 0.38 appm/dpa, whereas o n l y  
0.30 appm/dpa was measured. The d i f f e rence  between he l i um l e v e l s  i n  t h e  25Ni and 45Ni doped specimens i s  
a l so  somewhat l a r g e r  than expected. 
separate packet f rom t h e  25Ni specimens, exper ienced a s l i g h t l y  d i f f e r e n t  spec t ra l  environment, even though 
they  were i n  t h e  same basket.  Th i s  i n  t u r n  suggests t h a t  r a d i a l  g r a d i e n t s  i n  spec t ra l  parameters must a l s o  
e x i s t  and t h a t  t h e  specimens may n o t  have been closelv s i d e  by s ide .  

These observat ions imp ly  t h a t  t h e  45Ni specimens, which were i n  a 

The 465% low  f luence sequence was conducted i n  above co re  p o s i t i o n  8F1 i n  bo th  MOTA-1D and MOTA-1E. I n  
t h i s  case t h e  p roduc t i on  r a t e s  of bo th  t h e  doped and undoped specimens increased. 
r a t e s  i n  t he  doped specimens are  q u i t e  l a rge ,  54 and 71 appm/dpa i n  Fe-15Cr-25Ni i n  MOTA-ID and MOTA-lE, 
r e s p e c t i v e l y  . 

Note t h a t  t h e  p roduc t i on  

Review o f  t h e  da ta  i n  Tables 1 and 2 l eads  t o  t h e  f o l l o w i n g  o v e r a l l  conc lus ions:  
undoped specimens c o n t a i n i n g  o n l y  n a t u r a l  n i c k e l  i s  g r e a t e s t  f o r  i r r a d i a t i o n  w i t h i n  t h e  core;  2 )  s i g n i f i c a n t  
increases i n  he l ium p roduc t i on  r a t e  occur w i t h  i nc reas ing  exposure i n  undoped specimens rega rd less  of l o c a -  
t i o n  w i t h  respec t  t o  t h e  core .  
3) he l i um p roduc t i on  r a t e s  i n  specimens doped w i t h  59Ni  dopant p r i o r  t o  i r r a d i a t i o n  tend t o  increase a l so ,  
b u t  a re  much more s e n s i t i v e  t o  changes i n  neut ron spectrum a r i s i n g  f rom changes i n  p o s i t i o n  o r  changes i n  

1) he l i um p roduc t i on  i n  

The percentage increases are  g r e a t e s t  f o r  i r r a d i a t i o n s  o u t s i d e  t h e  core .  
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neighboring components. In some cases the helium production rate can actually decrease even though undoped 
specimens in the same reactor position experience increases in helium production. This difference is due to 
the fact that "Ni production varies roughly as the second power o f  the dpa level, while the burn-out of 59Ni 
is roughly linear with dpa.14 
neutron spectra. 

Status of Other Tvoes of Examination 

Electron microscopy has been performed by Prof. J .  F .  Stubbins (NORCUS assignee at PNL from the University 
of Illinois) on all twelve specimen conditions of the second discharge at 365°C. Data analysis is now in 
progress. Density change measurements are in progress on TEM specimens from MOTA-1E at 365°C. 495°C (ori- 
ginal) and 495'C (replacement) and the second discharge of the 495°C (replacement) from MOTA-1F. 

Both reactions are separately but strongly sensitive t o  fine details of the 
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FUTURE WORK 

This effort will continue, concentrating on microscopy and additional tensile testing. 
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CORRELATION OF MECHANICAL PROPERTY CHANGES I N  NEUTRON IRRADIATED PRESSURE VESSEL STEELS ON THE BASIS OF 
SPECTRAL EFFECTS - H. L. Hein isch ( P a c i f i c  Northwest Labora to ry ) (a )  

PURPOSE 

To i n v e s t i g a t e  t h e  e f f e c t s  of t h e  neut ron spectrum on mechanical p r o p e r t y  changes i n  meta ls .  

SUMMARY 

Comparisons a re  made of t e n s i l e  da ta  on specimens of A212B and A3026 pressure vessel  s t e e l s  i r r a d i a t e d  a t  
low temperatures (40-90°C) and t o  low doses (< 0.1 dpa) w i t h  14 MeV 0-T fus ion neutrons i n  t h e  R o t a t i n g  
Target Neutron Source (RTNS-Il), w i t h  f i s s i o n  r e a c t o r  neutrons i n  t h e  Omega West Reactor (OWR) and t h e  Oak 
Ridge Research Reactor (ORR), and w i t h  t h e  h i g h l y  thermal spectrum a t  t h e  pressure vessel  s u r v e i l l a n c e  
p o s i t i o n s  of t h e  High F lux  Iso tope Reactor (HFIR). For each neut ron spectrum, damage cross sec t i ons  a re  
determined f o r  severa l  defec t  p roduc t i on  f u n c t i o n s  de r i ved  from a t o m i s t i c  computer s imu la t i ons  of c o l l i s i o n  
cascades. Displacements p e r  atom (dpa) and t h e  numbers o f  f r e e l y  m i g r a t i n g  de fec ts  a re  t e s t e d  as damage 
c o r r e l a t i o n  parameters f o r  t h e  t e n s i l e  data. The d a t a  from RTNS-11, OWR and ORR c o r r e l a t e  f a i r l y  w e l l  when 
compared on t h e  bas i s  of dpa, b u t  t h e  da ta  from H F I R  show t h a t  o n l y  about one s i x t h  as many dpa a re  needed 
t o  produce t h e  same rad ia t i on- induced  y i e l d  s t r e s s  changes as i n  t h e  o t h e r  neut ron spect ra .  I n  t h e  HFIR 
s u r v e i l l a n c e  p o s i t i o n  a s i g n i f i c a n t  f r a c t i o n  of t h e  displacements i s  produced by r e c o i l s  r e s u l t i n g  f rom 
thermal neut ron captures.  Having energies of about 400 eV, these r e c o i l s  a re  much more e f f i c i e n t  p e r  u n i t  
energy a t  producing f r e e l y  m i g r a t i n g  de fec ts  than t h e  h i g h  energy r e c o i l s  respons ib le  f o r  most o f  t h e  d i s -  
placements i n  t h e  o t h e r  neut ron spec t ra  considered. 
w i t h  those from t h e  o t h e r  spec t ra  i s  achieved when t h e  p r o p e r t y  changes a re  compared on t h e  bas is  of t h e  
p roduc t i on  of f r e e l y  m i g r a t i n g  s e l f - i n t e r s t i t i a l  de fec ts .  Th is  parameter may b e t t e r  rep resen t  t h e  defects  
p a r t i c i p a t i n g  i n  t h e  r a d i a t i o n  s t rengthen ing process i n  t h i s  temperature and f l uence  regime. 

PROGRESS AND STATUS 

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

A c r i t i c a l  i ssue  i n  t h e  development and t e s t i n g  o f  nuc lea r  m a t e r i a l s  i s  t h e  p r e d i c t i o n  o f  t h e  r a d i a t i o n -  
induced changes i n  p r o p e r t i e s  of a m a t e r i a l  under one s e t  of i r r a d i a t i o n  c o n d i t i o n s  from i n f o r m a t i o n  
obta ined under a d i f f e r e n t  s e t  of i r r a d i a t i o n  cond i t i ons .  A good example o f  t h e  importance o f  t h i s  i s  t h e  
recen t  d iscovery '  t h a t  pressure vessel  s t e e l  i n  s u r v e i l l a n c e  p o s i t i o n s  o f  t h e  High F lux  I so tope  Reactor 
(HFIR), i r r a d i a t e d  i n  a ve ry  s o f t  spectrum a t  ve ry  low f l u x ,  has e m b r i t t l e d  much f a s t e r  than p r e d i c t e d  from 
des ign d a t a  obta ined a t  h ighe r  f luxes w i t h  harder  spect ra .  Th is  has r a i s e d  concerns2 t h a t  l i g h t  water  reac-  
t o r  vessel  supports may be s u b j e c t  t o  a s i m i l a r  underest imate o f  t h e i r  embr i t t lement .  
ment da ta  were compared t o  t h e  m a t e r i a l s  t e s t  da ta  on t h e  bas is  of d isplacements p e r  atom (dpa), a damage 
parameter t h a t  i s  w i d e l y  used and has been found t o  account f o r  d i f fe rences i n  neut ron spec t ra  ex t remely  
w e l l  i n  most cases. 

A common reasonable assumption when da ta  cannot be c o r r e l a t e d  on t h e  bas is  of dpa (assuming m a t e r i a l  v a r i -  
ables and temperatures are  cons tan t )  has been t h a t  d i f f e r e n c e s  i n  t h e  magnitude o f  t h e  neut ron f l u x ,  which 
v i r t u a l l y  always accompany spec t ra l  d i f f e r e n c e s ,  a re  respons ib le .  
beyond dpa w i l l  be considered. 
us ing  damage parameters based on t h e  p roduc t ion  o f  f r e e l y  m i g r a t i n g  p o i n t  de fec ts .  

Rad ia t i on  e f f e c t s  da ta  c o r r e l a t i o n  and e x t r a p o l a t i o n  a re  a l s o  impor tan t  issues i n  t h e  development o f  mate- 
r i a l s  f o r  f u s i o n  reac to rs .  So f a r ,  d i r e c t  comparisons o f  f i s s i o n  and fus ion neut ron damage have been pos- 
s i b l e  on ly  a t  ex t remely  low doses (< 0.1 dpa) r e l a t i v e  t o  expected s e r v i c e  cond i t i ons .  
comparisons,' i r r a d i a t i o n s  of meta ls  and a l l o y s  were performed w i t h  14-MeV D-T neutrons a t  t h e  R o t a t i n g  Tar-  
g e t  Neutron Source (RTNS-11) and w i t h  pool  t ype  r e a c t o r  neutrons a t  t h e  Omega West Reactor (OWR). 
pressure vessel  s t e e l  was inc luded  among t h e  a l l o y s  i n  t h a t  exper iment.  
s t e e l ,  was a l s o  i nc luded  i n  OWR i r r a d i a t i o n s ,  and i t s  i r r a d i a t i o n  hardening was compared w i t h  t h a t  o f  
A302B.' 

A3206 and A2126 have ve ry  s i m i l a r  composi t ions, e s p e c i a l l y  w i t h  respect  t o  t h e  elements suspected o f  
a f f e c t i n g  embr i t t lement .  
A2126 and A3026 s t e e l s  d i sp layed  t h e  same f luence dependence of i r r a d i a t i o n  hardening when i r r a d i a t e d  i n  
OWR. A t  f luences low enough t h a t  i m p u r i t y  t ype  and concen t ra t i on  a re  n o t  a f fec ted by t ransmutat ions,  i t  i s  
reasonable t o  assume t h a t  A212B w i l l  harden t h e  same as A3026 i n  any neut ron spectrum. 
assumption i n  t h e  present  study, t h e  da ta  base f o r  low-dose r a d i a t i o n - i n d u c e d  y i e l d  s t r e s s  changes o f  A302B 
and A2126 i s  e f f e c t i v e l y  broadened t o  i nc lude  f o u r  ve ry  d i f f e r e n t  neut ron spect ra  (see Table 1). 

A s i g n i f i c a n t l y  b e t t e r  c o r r e l a t i o n  o f  da ta  f rom HFIR 

The,HFIR e m b r i t t l e -  

I n  t h i s  paper, however, s p e c t r a l  e f f e c t s  
HFIR s u r v e i l l a n c e  da ta  w i l l  be compared w i t h  t e s t  d a t a  f rom o t h e r  spec t ra  

I n  recen t  d i r e c t  

A3026 
A212B, t h e  H F I R  pressure vessel  

The composi t ional  d i f fe rences are  discussed i n  Ref. 4, where i t  i s  shown t h a t  

By making t h i s  

(a)  P a c i f i c  Northwest Laboratory  i s  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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Table 1 

C h a r a c t e r i s t i c s  o f  Neutron Spect ra  

HFWJ ~- O R R ( ~ J  OWRICJ 

To ta l  F lux  (n/cm2/s) 1 . 2 ~ 1 0 ~ ~  2 . 2 ~ 1 0 ~ ~  1 . 9 ~ 1 0 ~ ~  

Thermal F lux  F r a c t i o n  0.96 0.72 0.42 
(E  < 0.414 eV) 

F lux  F r a c t i o n  (E  > 0.1 MeV) 0.022 0.11 0.32 

F lux  F r a c t i o n  ( E  > 1.0 MeV) 0.015 0.055 0.17 

Damage Rate i n  I r o n  (dpa/s) 3 .9~10. '~  1 . 8 ~ 1 0 - ~  5 . 7 ~ 1 0 . ~  

RTNS- I I I d )  

1.0x10'2 

0.0 

1.0 

1.0 

3x10-' t o  
3x10-" 

( a )  S u r v e i l l a n c e  p o s i t i o n ,  key 7, l o c a t i o n  7, a t  pressure vesse l .  
( b )  Locat ion P8, o u t s i d e  core. 
( c )  I n  core.  
( d )  Peak f l u x ;  f l uxes  i n  RTNS-I1 va ry  w i t h  d i s tance  from the  source. 

I n  t h i s  r e p o r t  t h e  r a d i a t i o n - i n d u c e d  changes i n  y i e l d  s t r e s s  occu r r i ng  i n  a l l  f o u r  neut ron spect ra  w i l l  be 
compared on t h e  bas i s  o f  severa l  damage parameters, i n c l u d i n g  d e f e c t  p roduc t i on  f u n c t i o n s  d e r i v e d  from 
a t o m i s t i c  model ing r e s u l t s .  
t o  t h e  d i f fe rences i n  i r r a d i a t i o n  temperatures (90% and 50°C) a re  smal l .  

The Neutron SDectra 

Data discussed here are  f o r  m a t e r i a l s  i r r a d i a t e d  i n  RTNS-11, OWR, t h e  s u r v e i l l a n c e  p o s i t i o n s  i n  H F I R ,  and i n  
an ou t - o f - co re  p o s i t i o n  i n  t h e  Oak Ridge Research Reactor (ORR). 
t r a  used i n  the  computations a re  l i s t e d  i n  Table 1. t h e  
H F I R  pressure vessel  s u r v e i l l a n c e  f l u x  i s  dominated by thermal neutrons, w h i l e  t h e  RTNS-I1 f l u x  c o n s i s t s  
e n t i r e l y  of 14 MeV neut rons.  

The damage r a t e s  i n  dpa/s i n  i r o n  va ry  over 5 o rde rs  of magnitude. I n  RTNS-I1 t h e  magnitude o f  t h e  neu t ron  
f l u x  decreases w i t h  d i s tance  from t h e  source, so  doses va ry ing  by about a f a c t o r  o f  100 were achieved by 
p l a c i n g  specimens a t  i n c r e a s i n g  d i s tances  from the  source d u r i n g  t h e  same run.  Damage r a t e s  i n  RTNS-I1 v a r -  
i e d  from 3 x IO-" t o  3 x IO-' dpa/s, p l a c i n g  t h e  damage r a t e s  i n  RTNS-I1 between those o f  HFIR and t h e  o t h e r  
r e a c t o r s .  I n  an e a r l i e r  comparison of t h e  t e n s i l e  da ta  from these i r r a d i a t i o n s , '  i t  was found t h a t  t h e r e  
was no apparent e f f e c t  o f  damage r a t e  f o r  t h e  OWR, ORR and RTNS-I1 i r r a d i a t e d  m a t e r i a l .  
" acce le ra ted  embr i t t l emen t "  o f  t h e  HFIR s u r v e i l l a n c e  m a t e r i a l  i s  due t o  a r a t e  e f f e c t ,  then t h i s  e f f e c t  i s  
impor tan t  o n l y  a t  ex t remely  low f l u x e s .  

Damaae C o r r e l a t i o n  Parameters 

Perhaps t h e  e a r l i e s t  a t tempts  t o  account f o r  t he  e f f e c t s  of t h e  spectrum of neut ron energ ies  were t o  compare 
p r o p e r t y  changes on t h e  bas is  of t h e  measured f a s t  neut ron f luence (commonly E > 1 MeV o r  E > 0.1 MeV). 
Th is  damage parameter, s t i l l  i n  wide use, r e q u i r e s  o n l y  l i m i t e d  knowledge o f  t h e  neu t ron  spectrum and r e l i e s  
on the  f a c t  t h a t ,  genera l l y ,  most of t h e  de fec ts  are  produced by t h e  h ighe r  energy neut rons.  
comparisons on t h e  bas i s  o f  f a s t  neutrons a re  s t r i c t l y  v a l i d  o n l y  if t h e  h i g h  energy p o r t i o n s  o f  t h e  spec t ra  
i nvo lved  have t h e  same shape. 

I n  s p e c i f i c  cases a s i g n i f i c a n t  f r a c t i o n  o f  t h e  d e f e c t s  can be produced by o t h e r  than t h e  h ighe r  energy 
neutrons. 
which produces displacement damage i n  i r o n  o r  s t e e l s .  
neut ron f l uence  g i v e s  a poor r e p r e s e n t a t i o n  of t h e  displacement damage i n  i r o n .  

Dpa was developed as a spec t rum-sens i t i ve  exposure index and has been used as a h i g h l y  successfu l  c o r r e l a -  
t i o n  parameter. 
and inc ludes  some measure of t h e  response o f  t h e  m a t e r i a l .  
o f  t imes an atom o f  t h e  m a t e r i a l  can be d i sp laced  d u r i n g  an i r r a d i a t i o n ,  and i t  takes i n t o  account t h e  f r a c -  
t i o n  o f  r e c o i l  energy l o s t  t o  i n e l a s t i c  processes t h a t  cannot produce displacement damage. 
values, t h e  displacement c ross s e c t i o n  must be known f o r  t h e  g i ven  neut ron spectrum and m a t e r i a l . 5  
C a l c u l a t i o n  of t h e  dpa cross s e c t i o n  f o r  a g iven m a t e r i a l  r e q u i r e s  a neut ron spectrum, a s e t  o f  neut ron 

I n  making these comparisons i t  i s  assumed t h a t  any d i f f e r e n c e s  i n  behav ior  due 

C h a r a c t e r i s t i c s  o f  t h e  f o u r  neu t ron  spec- 
The v a r i a t i o n  i n  neut ron spec t ra  i s  q u i t e  extreme: 

Thus, i f  t h e  

O f  course, 

For example, thermal neut ron cap tu re  by an i r o n  atom r e s u l t s  i n  a r e c o i l  atom o f  about 400 eV, 
Thus, i n  a h i g h l y  thermal neut ron spectrum, t h e  f a s t  

Dpa i s  super io r  t o  f a s t  neut ron f l uence  because i t  takes i n t o  account t h e  s p e c t r a l  shape 

To o b t a i n  dpa 

Dpa i s  c a l c u l a t e d  measure o f  t h e  average number 
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r e a c t i o n  cross sect ions,  a model of t he  k inemat ics  of t h e  r e a c t i o n s  t h a t  produce p r imary  atomic r e c o i l s ,  a 
model f o r  t h e  d i s s i p a t i o n  of t h e  pr imary  r e c o i l  energy as e l e c t r o n i c  e x c i t a t i o n  and damage energy, and a 
model f o r  t h e  convers ion o f  damage energy i n t o  dpa. 
r o u t i n e l y  repo r ted  w i t h  dos imet ry  i n fo rma t ion ,  and they  can be c a l c u l a t e d  f o r  most elements i n  t h e  s p e c i f i e d  
neut ron spectrum us ing a computer code such as SPECTER.6 

Dpa i s  a c a l c u l a t e d  measure of t h e  p o t e n t i a l  t o  c r e a t e  p o i n t  de fec ts .  
n e c e s s a r i l y  even p r o p o r t i o n a l  t o ,  t h e  number o f  r e s i d u a l  p o i n t  de fec ts .  
induced p o i n t  defec ts  present  i n  a m a t e r i a l  a t  any t ime  depends on t h e  number o f  defec ts  i n i t i a l l y  produced 
by each r e c o i l  atom and on defect  i n t e r a c t i o n s  t h a t  occur a f t e r  t h e  displacement events (which depend on t h e  
s p a t i a l  d i s t r i b u t i o n  of defects ,  c r y s t a l  s t r u c t u r e ,  m a t e r i a l  composi t ion,  t ime,  temperature,  and t h e  mate- 
r i a l ' s  r a d i a t i o n  and deformat ion h i s t o r y ) .  

The f r a c t i o n  of i n i t i a l l y  d i sp laced  atoms t h a t  become r e s i d u a l  defects v a r i e s  w i t h  p r imary  r e c o i l  energy 
because t h e  na tu re  of c o l l i s i o n  cascades i s  energy dependent. 
energy r e c o i l ,  a s i g n i f i c a n t  f r a c t i o n  o f  t h e  hundreds of i n i t i a l l y  produced p o i n t  d e f e c t  p a i r s  recombines as 
t h e  l o c a l l y  h igh  energy d e n s i t y  i n  the  cascade r e g i o n  d i s s i p a t e s  i n  about 
t h i s  p o i n t  t h e  measured number of r e s i d u a l  defec t  p a i r s  ( a t  low temperatures where defects  are  immobile) 
r e s u l t i n g  f rom a cascade i s  about 30.40% of t h e  number of c a l c u l a t e d  dpa f o r  t h e  c a ~ c a d e . ' . ~  Most of t h e  
r e s i d u a l  de fec ts  form i n t o  c l u s t e r s  ( t h e  s t a b i l i t y  of which depends on t h e  c r y s t a l  temperature).  Dur ing 
cont inued l o c a l  anneal ing f o r  a sho r t  t ime  w i t h i n  t h e  cascade reg ion ,  a d d i t i o n a l  c l u s t e r i n g  and recombina- 
t i o n  takes place, w h i l e  a smal l  f r a c t i o n  of t h e  r e s i d u a l  defec ts  escapes t h e  cascade reg ion,  becoming f r e e l y  
m i g r a t i n g  de fec ts .g  

Th is  p i c t u r e  of defec t  p roduc t i on  i n  c o l l i s i o n  cascades has evolved over t h e  pas t  25 years ,  a ided e s p e c i a l l y  
by a tomic - leve l  computer s imu la t i ons .  
r e s i d u a l  d e f e c t s  observed i n  computer s imu la t i ons  were performed by Doran e t  a l .  ,10.11.12 who developed damage 
f u n c t i o n s  f o r  r e s i d u a l  defects/dpa and f r e e l y  m i g r a t i n g  vacancies/dpa f o r  i r o n .  
formed s i g n i f i c a n t l y  improved s imu la t i ons  f o r  copper and produced t h e  func t i ons  f o r  f r e e l y  m i g r a t i n g  de fec ts  
used i n  t h e  present  paper.13 

Above a t h r e s h o l d  r e c o i l  energy (about 50 keV i n  i r o n )  cascades tend t o  form m u l t i p l e ,  separated damage 
reg ions  o r  sub cascade^.'^ As a r e s u l t ,  t h e  f r a c t i o n s  of i n i t i a l l y  produced de fec ts  t h a t  recombine o r  become 
f r e e l y  m i g r a t i n g  defects  a re  constant  w i t h  energy above t h e  th resho ld  r e c o i l  energy f o r  subcascade forma- 
t i o n .  A t  t h e  o t h e r  end o f  t h e  energy scale, low energy r e c o i l s  c r e a t e  o n l y  a few defect  p a i r s .  The energy 
d e n s i t y  i n  these cascades i s  n o t  h igh  enough t o  d r i v e  s i g n i f i c a n t  c o r r e l a t e d  recombinat ion o r  c l u s t e r i n g ,  so 
du r ing  sho r t - te rm anneal ing n e a r l y  a l l  t h e  p o i n t  de fec ts  produced become f r e e l y  m i g r a t i n g  defects .  Thus, 
t h e  e f f i c i e n c y  of p roduc t i on  of f r e e l y  m i g r a t i n g  de fec ts  r e l a t i v e  t o  c a l c u l a t e d  dpa values i s  a f u n c t i o n  o f  
r e c o i l ,  energy, becoming constant  a t  h ighe r  energies.  

F igu re  1 shows t h e  p roduc t ion  of f r e e l y  m i g r a t i n g  de fec ts  and displacements as a f u n c t i o n  o f  r e c o i l  energy 
i n  copper. The curves f o r  f r e e l y  m i g r a t i n g  i n t e r s t i t i a l s  and vacancies a re  t h e  func t i ons  determined from 
a t o m i s t i c  computer s imu la t i ons  of d isplacement  cascade^,'^ and they  are  g i ven  i n  terms o f  t h e  express ion f o r  

Displacement per  atom cross sec t i ons  f o r  i r o n  are  

It i s  n o t  g e n e r a l l y  equal t o ,  n o r  
The ac tua l  number o f  r a d i a t i o n -  

W i t h i n  a c o l l i s i o n  cascade c rea ted  by a h i g h  

s (cascade quenching). A t  

E a r l y  d e r i v a t i o n s  of damage func t i ons  t h a t  r e f l e c t  t h e  numbers o f  

Heinisch, e t  a l  .3.9 per -  

I I I I I I I I  I I I I I I I I  

100 

FIGURE 1. The numbers of c a l c u l a t e d  disolacements.  f r e e l v  m i a r a t i n a  vacancies and f r e e l v  m i a r a t i n a  s e l f -  
i n t e r s t i t i a l s  per  r e c o i l  as a f u n c t i o n  of r e c o i l  energy. -The- f ree i e f e c t  values a re  c a l i u l a i e d  w i i h  
func t i ons  from a t o m i s t i c  computer modeling, Ref. 6. 
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total residual defects extracted by Simons' from resistivity measurements. 
ing that short-term annealing in the cascade region at room temperature reduces the number of residual point 
defects by 22% at all energies. 

Opa can be an effective damage correlation parameter only if the mechanism responsible for the property 
change of interest is proportional to dpa. This proportionality is influenced by the temperature and by the 
rate of damage production as well as by the neutron energy spectrum. Since environments with different 
neutron spectra usually have different damage rates, spectral and rate effects are very difficult to isolate 
from each other. The failure of mechanical property change data to correlate on the basis of fast fluence 
or dpa has often been attributed to rate effects. For example, the initial comparison' of HFIR pressure 
vessel surveillance Charpy data with reference data at higher damage rates was made on the basis of fast 
neutron fluence. The "accelerated embrittlement" of the HFIR pressure vessel steel was attributed to 
unspecified rate effects. 
ORR showed the same accelerated embrittlement in both tensile and Charpy tests when compared on the basis of 
fast fluence (and dpa obtained from the fast fluence). 
by either rate effects or spectral effects, but not unambiguously, since the effects are concurrent and 
inseparable in this case. 

Failure of these data to correlate on the basis of dpa should not be surprising. At low doses property 
changes are likely to be sensitive to the total number of residual point defects, the numbers o f  freely 
migrating defects, or the numbers of defect clusters contained in collapsed displacement cascades. All of 
these quantities vary with the recoil energy and are proportional to dpa only at high recoil energies. 

tomwtat i ons 

In the absence of comparable information for iron, the damage correlation functions for copper reported in 
Reference 13 were used, with modifications, for the pressure vessel steels. The magnitudes of surviving 
defect fractions are expected to be somewhat different for iron and copper since the point defect distri- 
butions initially produced by collision cascades in iron are somewhat more diffuse than those i n  ~opper.'~ 
In iron a smaller fractian of defect pairs recombines as the cascade region cools. To account for this, 
parameter values in the expression for total residual defects were modified according to Simons' prescrip- 
tion' to reflect more appropriate values for iron. 
describe the partitioning of the residual defects. 
for iron as for copper. Thus, at high energies, residual defects are 40% of the calculated dpa, freely 
migrating interstitials are 5.6% and freely migrating vacancies are 1.4%. 

The functions of copper in Reference 13 were based on short-term annealing o f  individual cascades through 
Stage 111 recovery (approximately room temperature, where vacancies and divacancies are mobile. 
(and pressure vessel steels) vacancies are not mobile at the irradiation temperatures considered here, so 
the freely migrating vacancies should really be considered as 'potentially freely migrating vacancies." 

Greenwood's SPECTER computer code6 was used to generate the primary recoil spectra for iron into which the 
damage correlation functions were folded. 
have been thought to have little effect. Thus, in calculating some quantities, including the recoil 
spectra, the code omits the contributions due to thermal neutron captures. They can easily be added 
manually, at least to the level of precision necessary for the present investigation. 
for ORR and HFIR had 56 energy groups, with a single energy group below 0.414 eV. 
the recoil spectra are estimated to lead to variations on the order of 20.30% in calculating the defect 
production cross sections. The extreme cases of neutron spectra here are so different that such differences 
are negligible for our purposes. 

It was determined in the model- 

The displacement curve is calculated using the familiar NRT expre~sion.'~ 

Comparison of the HFIR data with recent low fluence tests by Nanstad et a1.16 in 

They concluded that the results could be explained 

The recoil-energy-dependent damage functions that 
Parameters for these functions were taken to be the same 

In iron 

For most cases for which the code was developed, thermal neutrons 

The neutron spectra 
Calculations utilizing 

Results 
Irradiation temperatures for HFIR and ORR were 49% and 43°C respectively, while the RTNS-I1 and OWR 
irradiations were at 90°C. 
specimens. The specimens used at ORNL for HFIR and ORR were somewhat larger than those for the RTNS-I1 and 
OWR tests done at PNL. 
cross sectional area about four times larger than the PNL specimens at 1.02 mm gauge width and 0.25 mm 
thickness. While the specimen size, fabrication techniques and testing procedures may affect the measured 
values of the yield stress in the two situations, the measured chan es in yield stress due to irradiation 
hardening have been found to be the same for both types of specimens. 

Defect production cross sections were calculated for dpa, residual defects per atom at 4K (rdpa), freely 
migrating interstitials per atom (fmipa) and freely migrating vacancies per atom (fmvpa). 
values are in Table 2 .  

All the tensile tests were done at room temperature on flat miniature tensile 

The ORNL specimens with a gauge width of 1 . 5  mm and thickness o f  0.75 mm have a 

4 

The calculated 
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Table 2 

Spectral Averaged Defect Production Cross Sections for lron 

Cross Sections, b 
Neutron 
Spectrum dDa rdDa fmiDa 
RTNS- I I 2900 1200 170 42 

OWR 250 110 19 8 

ORR 77 36 11 7 

HFIR 30 17 a 7 

In Figure 2 the radiation-induced yield stress changes at room temperature in A3026 and A2126 pressure 
vessel steels are plotted as a function of fast neutron fluence ( E  > 1 MeV) in the various irradiation 
environments. Each point is the result of an individual test. The hand-drawn curve is simply to aid visual 
organization. It is reproduced in the same position relative to the OWR data in Figures- 2-4. 

While the general trend of radiation hardening is observed in the data for all spectra in Figure 2, the data 
are not well-correlated. In particular, in HFIR the fast fluence necessary to produce a yield stress change 
of 50 MPa is less by about an order of magnitude than that in the other spectra, reflecting the "accelerated 
embrittlement" in the HFIR surveillance tests.' 

In Figure 3 the data are replotted as a function of calculated dpa. 
much tighter, being within a factor of 2 in dpa. 

Figure 4 shows the yield stress data replotted as a function of fmipa using the calculated defect production 
function shown in Figure 1. On the basis of fmipa the HFIR data are correlated to within a factor of two of 
the OWR, ORR and RTNS-I1 data. 
toward the RTNS-I1 data by a factor of 4 . 5 .  

Plots for rdpa and fmvpa are not shown. 
only a slight difference from dpa. 
over-correction, i.e., implying there is less hardening in HFIR than in other spectra. 

For all but HFIR, the data grouping is 

Relative t o  the comparison in Figure 3 ,  the HFlR data have been shifted 

Using rdpa, the HFIR data shift toward RTNS-11 by a factor of 1.4, 
Using fmvpa, the HFIR data shift by a factor of 16, resulting in an 

Discussion 

Of the damage functions examined in this paper, fmipa produces the best correlation of the yield stress 
changes of HFIR pressure vessel steel with those in different neutron spectra (Figure 4 ) .  
test data and tensile test data exhibit a similar dependence on fluence,' the same correlation will occur 
for embrittlement when fmipa is used as a damage parameter. 

The dramatic improvement toward correlation of the HFIR data when fmipa is used as a damage parameter i s  a 
result o f  the 96% thermal neutron spectrum at the H F I R  surveillance positions, combined with the increased 
efficiency of freely migrating defects per dpa at low energies. 
recoils with an average energy of 395 eV, enough to make about 4 displacements per recoil. Of the displaced 
atoms, an average of 2.4 displaced atoms per recoil become freely migrating interstitials (according t o  the 
model shown in Figure 1) .  In contrast, the average recoil from 14 MeV neutrons, about 200 keV, produces on 
average about 1100 displacements but only 63 freely migrating interstitials. 
potentially escape the cascades, but they are not expected to be sufficiently mobile below 1OPC to be 
considered as freely migrating defects. 

The hardening centers responsible for the increases in yield stress and embrittlement of A2126 irradiated in 
HFIR and ORR are too small to be imaged by transmission electron microscopy.' A survey of post-irradiation 
annealing studies on A2126' showed recovery beginning about 300°C. Thus, at irradiation temperatures below 
100°C small clusters are expected to be relatively stable. 

Hardening centers can consist of defect clusters formed both immediately within cascades and by diffusion of 
the freely migrating defects. 
clusters or form complexes with interstitial impurities. Assuming that vacancy migration is negligible, 
interstitial-impurity complexes may be the most effective hardening centers. 
much improved correlation of the HFIR tensile data on the basis of freely migrating interstitials. 

Since the Charpy 

Thermal neutron captures in iron produce 

Even fewer vacancies 

The freely migrating defects can recombine, go t o  existing sinks, form 

This is consistent with the 
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Figure  2 .  
f a s t  neu t ron  f luence ( E  > 1 MeV). 
reproduced i n  t h e  same p o s i t i o n  r e l a t i v e  t o  t h e  OWR da ta  i n  F igures 2 - 4 .  

Change i n  0.2% o f fse t  y i e l d  s t r e s s  o f  A3028  and A212B pressure vessel s t e e l s  as a f u n c t i o n  o f  
The hand-drawn curve  i s  s imp ly  t o  a i d  v i s u a l  o rgan i za t i on .  I t  i s  

DPA (lod) 
39oO801'2 

Figure  3 .  
dpa. 

Change i n  0.2% o f f se t  y i e l d  s t r e s s  of A3OZB and A212B w e s s u r e  vessel s t e e l s  as a f u n c t i o n  o f  

0 

Freely Migrating Interstitlais per Atom (lo4) 
1RaBo21.1 

Figure  4. 
f r e e l y  m i g r a t i n g  i n t e r s t i t i a l s  pe r  atom (fmipa). 

Change i n  0.2% o f f se t  y i e l d  s t r e s s  of A302B and A212B pressure vessel  s t e e l s  as a f unc t i on  o f  
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The RTNS-I1 and OWR data correlate well on the basis of dpa (Figure 2), but less well on the basis of fmipa 
(Figure 3). In these much harder spectra the defect clusters fnrmed directly within cascades probably pro- 
vide a greater contribution to the yield stress changes at low temperatures and doses than the small number 
of freely migrating defects. 
four spectra on the same basis, since the contributions of various hardening mechanisms are probably dif- 
ferent. 
an appropriately weighted combination of freely migrating interstitials and clusters produced directly in 
cascades. 

A marked improvement in correlation of the HFIR and ORR embrittlement data was also achieved by Mansur and 
Farrell," who compared the data empirically as a function o f  thermal neutron fluence. That correlation was 
achieved because in these spectra most of the freely migrating defects are produced by the low energy 
recoils from thermal neutron captures. 

Inferences of freely migrating defect fractions from experimental measurements may be very useful for devel- 
oping damage correlation functions. Wiedersich" has devised a simple empirical function to describe the 
energy dependence of concentrations of freely migrating defects extracted from solute segregation experi- 
m e n t ~ . ~ ~  Cascades were produced by ion bombardment at much higher temperatures than the neutron irradia- 
tions dealt with here. 
characteristics: a large fraction of the residual defects from low energy recoils are freely migrating, but 
a very small fraction of defects from high energy cascades are freely migrating. The primary difference 
between the empirical and the modeling-derived functions is in the value o f  the fraction at high energies. 
Computer simulationsg gave limiting values for the fractions of freely migrating defects for individual, 
isolated cascades in Cu. About 3% (relative to calculated dpa) of the interstitials always escaped the 
cascades regardless of the parameter settings for clustering and recombination. Interpretations of the 
solute segregation  experiment^'^ imply that less than 1% of interstitials are freely migrating. 
investigation is needed to develop this approach for damage correlation, but the concept of diminished free 
defect production at high energies is definitely well-established. 

A single, easily calculated spectral correlation parameter, applicable in all neutron spectra, seems 
unlikely. 
production in cascades, such as fmipa, are to be used as damage parameters, then their relationships to the 
mechanisms of mechanical property changes under various irradiation conditions must be appreciated. At the 
very least, researchers and test engineers should be aware that dpa is not always an appropriate damage 
correlation parameter for spectral effects. 

Thus, it may be inappropriate to compare radiation hardening data from all 

Perhaps a better damage correlation parameter for comparing the data from all four spectra would be 

Wiedersich's function and the function used here have the same general 

Continued 

Dpa works well if the spectra are not radically different. If secondary aspects of defect 
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LOW EXPOSURE SPECTRAL EFFECTS EXPERIMENT: IRRADIATIONS AT 473 K I N  OMEGA WEST REACTOR - H. L. He in i sch  and 
M. L. Hamil ton ( P a c i f i c  Northwest Laboratory)( ' )  

PURPOSE 

The purpose of t h i s  work i s  t o  determine t h e  e f fec t  o f  t he  neut ron spectrum on r a d i a t i o n  induced changes i n  
mechanical p r o p e r t i e s  o f  metals.  

SUMMARY 

Tens i l e  t e s t s  have been performed on specimens from the  l a s t  s e t  of Omega West Reactor (OWR) i r r a d i a t i o n s  
performed as p a r t  of t h e  Low Exposure Spect ra l  E f f e c t s  Experiment (LESEX). Tens i l e  da ta  are  repo r ted .  

PROGRESS AND STATUS 

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

The LESEX experiment was designed t o  a l l o w  d i r e c t  comparisons o f  t h e  damage caused by bo th  f i s s i o n  and 
f u s i o n  neutrons on t h e  t e n s i l e  p r o p e r t i e s  and m i c r o s t r u c t u r e s  of meta ls  and al loys. ' . '  Dur ing t h e  l i f e t i m e  
of t h e  Ro ta t i ng  Target  Neutron Source ( R T N S - I I ) ,  m i n i a t u r e  t e n s i l e  specimens and TEM d i s k s  o f  pure  copper, 
316 s t a i n l e s s  s t e e l ,  A3026 pressure vessel s t e e l  and va r ious  copper a l l o y s  were i r r a d i a t e d  w i t h  14 MeV d - t  
fus ion neutrons t o  doses rang ing from 0.0003 t o  0.04 dpa a t  temperatures of 25, 90, 150, 200, 290, and 
450°C. 
performed a t  OWR a t  temperatures of 90, 200 and 290%. 

Tens i l e  t e s t s  and microscopy were performed p r e v i o u s l y  on specimens i r r a d i a t e d  i n  both  environments a t  90 
and 290°C.' The f i n a l  OWR i r r a d i a t i o n s  were performed a t  200T t o  t h r e e  f luence l e v e l s .  
d i f f i c u l t i e s  w i t h  t h e  OWR i r r a d i a t i o n  veh ic le ,  i n c l u d i n g  the  burn-out  o f  t h e  e l e c t r i c a l  r e s i s t a n c e  hea t ing  
c o i l s ,  precluded i t s  use f o r  f u r t h e r  i r r a d i a t i o n s ,  and i t  was decommissioned. 

Exuerimental Procedures and Resul ts  

Tens i l e  t e s t s  were r e c e n t l y  performed a t  room,temperature on t h e  specimens i r r a d i a t e d  a t  200% i n  OWR u s i n g  
t h e  same procedures as i n  the  prev ious t e s t s .  

As i s  shown i n  t h e  t a b l e ,  t h e  th i ckness  measurements on each batch o f  specimens were g e n e r a l l y  q u i t e  cons is -  
t e n t ,  va ry ing  by l e s s  than 0.025 mm from specimen t o  specimen. 
specimens, which were punched from s l i c e s  of bar  t h a t  v a r i e d  i n  th i ckness  much more than t h e  r o l l e d  sheet 
t y p i c a l l y  used f o r  punched specimens. 
and PX71) appeared t o  be s l i g h t l y  t h i n n e r  than those i r r a d i a t e d  i n  capsules 012 and 013. 
r e a d i l y  a v a i l a b l e  f o r  t h i s  observat ion.  

A number o f  specimens e x h i b i t e d  a r e l a t i v e l y  sharp ' y i e l d  p o i n t '  r e l a t i v e  t o  t h e  remainder of t h e  t e s t s ,  
where ' y i e l d  p o i n t '  i s  used here t o  r e f e r  t o  a f a i r l y  sharp t u r n - o v e r  i n  t h e  load-displacement t r a c e  a t  t h e  
end of t h e  i n i t i a l  e l a s t i c  load ing,  f o l l owed  by a b r i e f  p la teau  a t  approx imate ly  constant  l o a d  be fo re  t h e  
more t y p i c a l  increase i n  l oad  observed w i t h  i nc reas ing  s t r a i n .  A l l  o f  t h e  SA316 specimens i r r a d i a t e d  i n  
both  OWR and RTNS-I1 have e x h i b i t e d  t h i s  phenomenon, t h e  e f f e c t  becoming s t ronger  w i t h  i nc reas ing  dose. 
d u r a t i o n  o f  t he  p la teau  i n  terms o f  s t r a i n  ranged from rough ly  0.2 t o  1%. 
014 a c t u a l l y  e x h i b i t e d  a smal l  (-3.5 MPa) y i e l d  drop r a t h e r  than j u s t  a p la teau .  Other SA316 specimens i n  
t h i s  experiment have e x h i b i t e d  y i e l d  drops as w e l l ,  e s p e c i a l l y  a t  t h e  h ighe r  doses and h ighe r  i r r a d i a t i o n  
temperatures.  The Cu5Ni specimens i r r a d i a t e d  i n  013 and 014, i . e . ,  t o  t h e  two h ighe r  dose l e v e l s ,  a l s o  
e x h i b i t e d  y i e l d  p o i n t s .  The f a c t  t h a t  t h e  Cu5Ni specimens e x h i b i t e d  the  y i e l d  p o i n t  p la teau  a t  o n l y  t h e  
h ighe r  dose l e v e l s ,  coupled w i t h  t h e  t r a n s i t i o n  i n  t h e  SA316 from a p la teau  t o  a drop i n  load, suggests t h a t  
t h e  phenomenon i s  r e a l ,  t h a t  i t  i s  a r e s u l t  of m i c r o s t r u c t u r a l  changes induced by neut ron r a d i a t i o n ,  and 
t h a t  i t  i s  probably  s i m i l a r  i n  na tu re  t o  the  y i e l d  drops t r a d i t i o n a l l y  produced by t h e  p i n n i n g  o f  
d i s l o c a t i o n s  by i n t e r s t i t i a l  atmospheres. 

D iscuss ion 

F igu re  1 shows a comparison o f  t h e  y i e l d  s t r e n g t h  da ta  from R T N S - I 1  and OWR f o r  s o l u t i o n  annealed 316 
s t a i n l e s s  s t e e l  as a func t i on  o f  d isplacements per  atom (dpa) .  
t h e  c u r r e n t  t e s t s .  Trend l i n e s  are  shown f o r  200% along w i t h  those f o r  90°C and 29OT f o r  comparison. 

Companion i r r a d i a t i o n s  w i t h  f i s s i o n  r e a c t o r  neutrons t o  comparable doses i n  these m a t e r i a l s  were 

Mechanical 

The r e s u l t s  a re  g i ven  i n  Table 1. 

The except ions t o  t h i s  a re  t h e  A302B 

I n  add i t i on ,  t h e  two Cu5Ni specimens i r r a d i a t e d  i n  capsule 014 (PX68 
No exp lana t ion  i s  

The 
The SA316 specimens i r r a d i a t e d  i n  

I n d i v i d u a l  da ta  p o i n t s  a re  shown on ly  f o r  
A t  

( a )  P a c i f i c  Northwest Laboratory  i s  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 Cont rac t  DE-AC06-76RLO 1830. 
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Table 1. 
Room Temperature Tens i le  Data on Specimens I r r a d i a t e d  i n  OWR a t  200% 

Specimen 
I D  

.. 

c59 
C60 
C64 
C65 
C70 
c73 

.. 

A58 
A59 
A63 
A64 
A68 
A69 

.- 

E63 
P64 
E68 
P65 
P55 

.. 

HI9  
H20 
H3 1 
H32 

.. 

sx49 
SX50 
SX56 
SX61 
SX68 
sx71 

_ _  
CX62 
CX64 
CX68 
CX69 
cx73 
cx74 

.. 

PX55 
PX56 
PX62 
PX66 
PX68 
PX71 

.. 

JX21 
JX22 
JX29 
JX38 
JX63 
JX70 

Capsule 
ID 
.. 

012 
012 
013 
013 
014 
014 

.. 

012 
012 
013 
013 
014 
014 

.. 

012 
012 
013 
013 
014 

_. 

012 
012 
014 
014 

_ _  
012 
012 
013 
013 
014 
014 

.. 

012 
012 
013 
013 
014 
014 

_ _  
012 
012 
013 
013 
014 
014 

_ _  
012 
012 
013 
013 
014 
014 

F1 uence2 
/10E18 n/cm 1 

0.0 
8.5 
8.5 

37.8 
37.8 
82.8 
82.8 

0.0 
8.5 
8.5 

37.8 
37.8 
82.8 
82.8 

0.0 
8.5 
8.5 

37.8 
37.8 
82.8 

0.0 
8.5 
8.5 

82.8 
82.8 

0.0 
8.5 
8.5 

37.8 
37.8 
82.8 
82.8 

0.0 
8.5 
8.5 

37.8 
37.8 
82.8 
82.8 

0.0 
8.5 
8.5 

37.8 
37.8 
82.8 
82.8 

0 . 0  
8.5 
8.5 

37.8 
37.8 
82.8 
82.8 

Thickness 
0 

0.257 
0.244 
0.234 
0.241 
0.236 
0.236 

.. 

0.295 
0.274 
0.277 
0.297 
0.297 
0.302 

.. 

0.274 
0.244 
0.373 
0.338 
0.241 

.- 

0.277 
0.277 
0.244 
0.274 

_ _  
0.249 
0.244 
0.239 
0.236 
0.226 
0.213 

_. 

0.241 
0.236 
0.231 
0.236 
0.246 
0.241 

.. 

0.246 
0.234 
0.241 
0.241 
0.201 
0.198 

.. 

0.274 
0.254 
0.257 
0.259 
0.259 
0.257 

YS 
(MPa) 

4824 
126 
134 
185 
170 
197 
193 

220211 
303 
319 
398 
336 
446 
449 

49524 
557 
512 
650 
652 
732 

428210 
455 
350 
471 
409 

5026 
103 
110 
124 
137 
125 
137 

6622 
133 
131 
146 
145 
140 
139 

50e4 
134 
108 
173 
191 
225 
203 

417216 
545 
509 
543 
~ ~. 
531 
540 
541 547 

UTS 
(MPal 

205211 
204 
223 
244 
225 
236 
238 

574220 
616 
629 
687 
625 
681 
696 

645210 
645 
571 
705 
729 
756 

56526 
519 
417 
525 
435 

219t15  
229 
244 
244 
246 
214 
239 

23528 
270 
269 
273 
283 
270 
268 

2 1 9 t 2  
231 
237 
245 
251 
278 
240 

156216 
571 
575 
566 
547 
566 

UE 
L a  

18.8 
23.3 
16.2 
16.2 
13.4 
10.9 

46.7 
5 4 . 6  
42.9 
39.5 
36.1 
39.6 

3.8 
4.6 
2.5 
4.0 
0.5 

3.3 
3.0 
3.5 
1.9 

25.7 
31.6 
26.5 
22.4 
13.7 
14.1 

22.9 
20.9 
20.1 
22.5 
22.6 
20.7 

22.2 
22.5 
20.4 
18.0 
15.0 
13.1 

0.6 
0.7 
0.6 
0.6 
0.6 
0.6 

TE 
L a  

23.2 
27.1 
21.3 
20.0 
17.1 
14.0 

54.5 
62.4 
53.6 
NA 
42.6 
50.5 

7.6 
6.5 
4.1 
7.0 
0.9 

4.7 
4.5 
4.7 
3.0 

30.8 
33.3 
31.7 
26.1 
16.5 
16.5 

25.6 
23.8 
22.5 
25.9 
24.6 
23.9 

27.8 
25.7 
26.4 
24.6 
18.1 
16.8 

4.4 
3.3 
3.6 
2.7 
2.5 
2.6 
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38911121.8 
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F igu re  1. 
90, 200 and 290°C i n  RTNS-I1 and OWR as a f u n c t i o n  o f  dpa. 
200°C i r r a d i a t i o n  i n  OWR. 

The changes i n  0.2% o f f s e t  y i e l d  s t r e s s  of s o l u t i o n  annealed 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  a t  
I n d i v i d u a l  da ta  p o i n t s  a re  shown f o r  o n l y  t h e  

90% t h e  y i e l d  s t r e n g t h  change da ta  from RTNS-I1 and OWR c o r r e l a t e  w e l l  on t h e  bas is  o f  dpa, w h i l e  a t  290 
and 200°C i r r a d i a t i o n  i n  OWR produces more hardening per  dpa than i n  RTNS-11. The t r e n d  l i n e  f o r  200°C i n  
OWR i s  p laced midway between t h e  two data  p o i n t s  a t  each exposure. 
d i f f e r e n c e  i n  hardening i n  OWR and RTNS- I1  below 10.' dpa i m p l i e d  by t h e  t r e n d  l i n e s  may n o t  be r e a l .  
t h e  m i c r o s t r u c t u r e s  o f  specimens from RTNS-I1 and OWR a t  90 and 290°C were examined by TEM,3 i t  was d e t e r -  
mined t h a t  t h e  ve ry  small c l u s t e r s  o f  p o i n t  de fec ts  t h a t  were observed cou ld  account f o r  t h e  r a d i a t i o n  
induced hardening, independent o f  i r r a d i a t i o n  temperature.  
i n  OWR a t  temperatures below t h e  t a r g e t  i r r a d i a t i o n  temperature d u r i n g  t h e  d a i l y  ascent t o  power. Th is  
e f f e c t  would be expected t o  be small a t  90%, and indeed, no d i f f e r e n c e  i n  t h e  OWR and RTNS-I1 da ta  was 
observed. The temperature h i s t o r y  e f f e c t ,  however, may w e l l  be respons ib le  f o r  t h e  d i f f e r e n c e s  a t  200'C. 
Such a mechanism i s  c o n s i s t e n t  w i t h  t h e  observed v a r i a t i o n  i n  t h e  t h r e s h o l d  f o r  t h e  divergence i n  hardening, 
i . e . ,  -IO-' dpa a t  200°C and -4 x dpa a t  290°C. Examination of t h e  m i c r o s t r u c t u r e s  of t h e  SA316 TEM 
specimens i r r a d i a t e d  a t  200°C w i l l  p rov ide  a d d i t i o n a l  i n f o r m a t i o n  f o r  understanding t h i s  behav ior .  

D e t a i l e d  a n a l y s i s  o f  t h e  y i e l d  s t r e s s  da ta  on copper, t h e  copper a l l o y s  and t h e  pressure vessel  s t e e l s  i s  i n  
progress. Some p r e l i m i n a r y  i n f o r m a t i o n  on t rends  i n  t h e  da ta  a re  repo r ted  below. 

A t  200°C t h e  y i e l d  s t r e s s  changes of A3028 pressure vessel  s t e e l  i r r a d i a t e d  i n  RTN>-II and OWR c o r r e l a t e  
w e l l  when compared on t h e  bas is  o f  dpa. Th is  was a l s o  observed a t  90°C and 290°C. 
A212 pressure vessel  s tee l  are  anomalously low. 
assortment o f  d i f f i c u l t i e s  were encountered d u r i n g  t h e  t e s t i n g  o f  t h e  A212 specimens i r r a d i a t e d  a t  200°C. 
Fo r tuna te l y ,  severa l  more i r r a d i a t e d  specimens are  a v a i l a b l e  f o r  t e s t i n g .  

Y i e l d  s t r e s s  changes o f  pure copper i r r a d i a t e d  i n  RTNS-I1 and OWR a t  200°C do n o t  c o r r e l a t e  on t h e  bas is  o f  
dpa. 
RTNS-11. T h i s  i s  q u i t e  d i f f e r e n t  f rom t h e  f a c t o r  o f  2 more dpa needed t o  produce t h e  same e f f e c t  a t  9O.C.' 
A t  290°C t h e  da ta  f rom t h e  two spect ra  were found t o  c o r r e l a t e  w i t h  dpa.' These r e s u l t s  may be a f u r t h e r  
i n d i c a t i o n  o f  temperature h i s t o r y  e f fec ts  i n  t h e  OWR i r r a d i a t i o n s .  

The b i n a r y  copper a l l o y s  i n  OWR show a v a r i e t y  o f  temperature s e n s i t i v i t i e s .  Cu5Mn shows e s s e n t i a l l y  no 
d i f f e r e n c e  i n  y i e l d  s t r e s s  w i t h  i nc reas ing  dose a t  ZOO%, w h i l e  CuSAl shows a s l i g h t  increase w i t h  dose. 
90°C these a l l o y s  d i s p l a y  y i e l d  s t r e s s  changes s i m i l a r  t o  t h a t  o f  pure copper. Cu5Ni d i sp layed  about t h e  
same changes i n  y i e l d  s t r e s s  a t  200°C as a t  90°C. i n d i c a t i n g  ve ry  l i t t l e  temperature dependence i n  t h i s  
f l uence  and temperature range. 

Cons ider ing t h e  s c a t t e r  i n  t h e  data, t h e  
When 

It was suggested t h a t  these c l u s t e r s  nuc leated 

The y i e l d  s t resses f o r  
A t  90% A302 and A212 were found t o  behave t h e  same.4 An 

A f a c t o r  o f  10 l e s s  dose i n  dpa i s  needed i n  OWR t o  produce t h e  same y i e l d  s t r e s s  change as i n  

A t  

CONCLUSIONS 

The y i e l d  s t r e s s  da ta  f o r  t he  200°C OWR i r r a d i a t i o n s  o f  t h e  Low Exposure Spect ra l  E f f e c t s  Experiment show 
ve ry  i n t e r e s t i n g  d i f f e r e n c e s  from what would be expected based on p r o j e c t i o n s  from t h e  e a r l i e r  da ta  a t  9VC 
and 290°C. A t  l e a s t  some o f  t h e  apparent i ncons is tenc ies  might  be r e l a t e d  t o  temperature h i s t o r y  e f f e c t s  we 
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suspect were occurring during the daily ascent to power of the OUR. 
responded in different ways to the temperature history, at least on the basis of tensile property changes, 
the data may be quite useful in sorting out the operation of specific mechanisms involved in the effects. 
Characterization o f  the microstructures using TEH will provide additional information to consider i n  the 
analysis. 

Since the various materials have 

FUTURE WORK 

Microstructural analyses and further tensile data analyses will be done on the materials irradiated at 
200-c . 
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NEW INSIGHTS ON THE MECHANISMS CONTROLLING THE NICKEL DEPENDENCE OF SWELLING IN IRRADIATED Fe-Cr-Ni ALLOYS - 
J. J. Hoyt, Washington State University and F. A. Garner, Pacific Northwest Laboratory(a1 

OBJECTIVE 

The object of this effort is to determine the origins of radiation-induced changes in structural materials. 

SUMMARY 

In a previous report’ the interstitial and vacancy biases for an edge dislocation in a binary alloy were 
examined, assuming the existence of an equilibrium Cottrell atmosphere around the line defect. The Larche’ 
and Cahn treatment of stress relaxation due to a solute atmosphere was employed with the Wolfer and Ashkin 
formulation for the bias of an edge dislocation to compute the bias as a function of nickel concentration in 
the Fe-Ni system. Using the minimum critical void radius concept, the concentration-dependent bias was 
shown to offer a plausible explanation for the minimum in swelling observed at intermediate nickel levels 
and the gradual increase in swelling at higher nickel levels. In this report, a more realistic description 
of the composition dependence of vacancy diffusion has also been included, an addition which improves the 
model substanti a1 ly. 

PROGRESS AND STATUS 

Introduction 

The swelling behavior of irradiated metals is strongly dependent on composition. For example, in Fe-Cr-Ni 
alloys the swelling at relatively high temperatures decreases strongly with nickel until some intermediate 
level of 40.60% nickel is reached.‘ Thereafter, increases in nickel result in a more gradual increase in 
swelling. The strong decreases observed in swelling of austenitic alloys can be partially explained by the 
effect of various solute additions (Ni ,Si ,P) on vacancy diff~sivity.~.’ However, at present, no mechanism 
has been advanced for the slow upturn at higher nickel levels. 

Although many studies have investigated the concentration dependence of various material parameters, few 
have considered the effect of compositional variations on microstructural bias factors. The interaction of 
a point defect, interstitial or vacancy, with the stress field of a given defect sink determines the bias 
toward one point defect over the other. 
species, one would intuitively expect the bias to be dependent on its concentration. 

Consider a binary alloy in which the solute atoms are oversized; i.e., the lattice parameter of the solute 
in the pure state is larger than that of the host species in its pure state. 
energy of a dislocation, the solute will tend to segregate on the tensile side and be repelled from the 
compressive side. In equilibrium a Cottrell atmosphere is established. Although this effect has long been 
known, it was only recently shown that the change in the stress field around a dislocation could be com- 
puted for concentrated solutions. We examine here the effect this change i n  stress field has on bias 
factors for edge dislocations in Fe-Ni alloys. 

Marwick’ computed the bias for a free surface due to solute redistribution by numerically solving the 
diffusion equations for solute, vacancy and interstitial species. The Marwick scheme is the preferred 
method of computing bias factors, but for a general distribution of defect sinks with non-homogeneous stress 
fields, the numerical solutions to the diffusion equations become quite intractable. We shall take a 
simpler approach and compute an initial bias by estimating the change in the stress field around an edge 
dislocation due to a Cottrell atmosphere. 
sinks often become further enriched in various solutes via radiation-induced segregation. 

Theoretical Backqround 

Larche‘ and Cahn’ have developed a general theory for the thermochemical equilibrium of solids under 
nonhydrostatic stress. 

Since the stress field is altered in the presence of a solute 

To reduce the total strain 

The emphasis on the word arises from the knowledge that 

A Cottrell atmosphere is one application of the theory and it was shown that the 

[a) Pacific Northwest Laboratory is operated For the U.S. Department o f  Energy by Battelle Memorial 
Institute under Contract DE-AC06-76RLO 1830. 
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stress field with the solute atmosphere present is given by the stress field for a pure material but with 
the various elastic constants replaced by the open-field elastic constants. 
are given by 

These constants, denoted by *, 

E* = E/(1 t ,yq2E) (la) 

v* = ( u  - xq2E)/(1 + xq2E) 

(&-')* = 3 (1 - Zv*) /E*  

where linear elasticity has been assumed. The parameters E ,  and are, respectively, the elastic and bulk 
moduli and Poisson's ratio. 
composition ( c ) ;  i.e., 

The quantity r) is the fractional change in the lattice parameter (a) with 

1 da 
r) = < (z) 

Finally, x is given as (f").', where f" is the second derivative of the free energy with composition. 
parameters are evaluated at the average concentration. 

To model in an approximate way the Fe-Ni system, the various material parameters need to be evaluated. In 
general, E, li and Y are dependent on the average concentration, but for simplicity we assume they are con- 
stant. 
represent conditions typical of fast reactor irradiation." The fractional change in lattice parameter is 
found by assuming a linear dependence vs. the concentration of Ni; i.e., Vegard's law. Lattice parameters 
of pure Ni and pure Fe are readily obtained. 

To estimate X ,  a model for the free energy of mixing in Fe-Ni must be assumed. (Since we are ultimately 
concerned with the second derivative, the free energy and free energy of mixing can be used interchange- 
ably.) 
of mixing of the form 

All 

The values employed for the subsequent computations are the same as employed in an earlier study and 

The simplest nontrivial free energy model is the regular solution approximation with a free energy 

f = ~ c ( 1  - c )  t RT(c In c t (1 - c)ln(l - c ) )  (3)  

where c is the Ni concentration, R is the gas constant and w is an interaction parameter. 
the right of Equation 3 i s  the temperature-independent enthalpy of mixing, AH. 
experimentally measured AH, a better approximation to AH is established. 

Figure 1 shows the enthalpy of mixing data for Fe-Ni measured by Kubaschewski et al." and the assumed model 
used in the calculations ( W  = 8510 J/mol). The assumed AH vs. c model is a reasonable approximation up to 
the Invar concentration but is rather poor at higher Ni levels. Nevertheless, for the first evaluation we 
expect the results to be qualitatively correct. 

Using a perturbation technique for non-linear diffusion equations, Wolfer and Ashkin" derived the bias of 
an edge dislocation. 

The first t e n  on 
By adjusting w to fit the 

In the absence of applied stress the bias is 

2 
Z i." = 1 t (s) /[16a2 ln({)] ( 4 )  

where R and a are outer and inner cutoff radii respectively, measured in units of the Burgers vector and k 
is the Boltzmann's constant. 
given by 

The subscript i or v refers to interstitial or vacancy. The quantity Bo,," is 

B O l , v  = v1,"K (1 - 2 v ) / 2 ,  (1 - v )  ( 5 )  

where v)," is the difference between the defect volume and atomic volume. 

Equation 5 was derived assuming a stress field around a dislocation in an compositionally homogeneous alloy. 
We now examine the change in 2 when the stress field relaxation is due to a solute atmosphere. Thus, Equa- 
tions 1 - 3  are employed in conjunction with Equations 4 and 5 to arrive at the initial bias as a function o f  
average Ni concentration. 

Figure 2 shows the ratio of Z over 2" vs. concentration of Ni (C,,) at various temperatures. The curves are 
symmetric about CN,  = 0.5 ,  a direct consequence of employing the regular solution approximation. The mag- 
nitude of the chan e in Z,/ZV is only a few percent, but this small change can have a large effect on the 
swelling beha~ior.'~.'~ Note that the change of Z,/Zv is more pronounced at lower temperatures. Recall, 
however, that the bias is only one factor which controls void nucleation and growth. 
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FIGURE 1. M ix ing  En tha lp ies  o f  S o l i d  Fe-Ni A l l o y s ,  FIGURE 2.  Ca lcu la ted  R a t i o  o f  Zi/Z vs. N icke l  
as Pub1 ished by Kubaschewski and Coworkers" and t h e  
Regular and Sub-Regular Models Assumed i n  T h i s  Study 
f o r  I l l u s t r a t i o n  Purooses. 

Concent ra t ion f o r  Var ious I r r a d i a t i b n  Temperatures. 

The i n t e r a c t i v e  e f f e c t  o f  a concentrat ion-dependent b i a s  f a c t o r  and o t h e r  r e l e v a n t  parameters on s w e l l i n g  
behav ior  can be examined us ing  t h e  concept o f  a minimum c r i t i c a l  rad ius ,  R,. For a v o i d  t o  grow i t  must 
nuc lea te  as a vacancy c l u s t e r  and reach a c r i t i c a l  s i z e .  Below t h i s  c r i t i c a l  s ize ,  a c a v i t y  w i l l  spontane- 
ous l y  decrease i n  s i z e  unless s t a b i l i z e d  by gas atoms. 

The bubble t o  v o i d  conversion idea was f i r s t  d iscussed by SearsI3, and l a t e r  developed by Odette and 
S t o l l e r 1 4  and Coghlan and Mansur." It was a l s o  employed by Coghlan and Garner" t o  examine t h e  e f f e c t  o f  N i  
concen t ra t i on  on Rmc i n  s imple a u s t e n i t i c  a l l o y s .  
changes i n  vacancy d i f f u s i v i t y  on t h e  minimum c r i t i c a l  r a d i u s .  
Rmc are l e n g t h y  and t h e  reader  i s  r e f e r r e d  t o  re fe rence  13 f o r  d e t a i l s .  
parameters needed are  i d e n t i c a l  t o  those o f  re fe rence  10. 
b i a s  i s  equal t o  t h e  b i a s  o f  an edge d i s l o c a t i o n ;  i .e. ,  t h a t  t h e  r a t i o  o f  v o i d  b i a s  f o r  an i n t e r s t i t i a l  t o  
t h a t  o f  a vacancy i s  u n i t y .  
p l i f i e s  t h e  c a l c u l a t i o n .  

F igure 3 shows t h e  c r i t i c a l  rad ius  of Fe-Ni a l l o y s  vs. C,, a t  475°C. 
f o r  t h e  f r e e  energy, a peak i s  observed a t  CNi = 0.5 w i t h  an approx imate ly  10% increase i n  R 
t h e  pure meta ls .  
t h i s  conc lus ion  neg lec ts  changes i n  vacancy d i f f u s i v i t y ,  t h e  importance o f  which has been s t ressed  i n  
e a r l i e r  
a re  ve ry  impor tant .  
a l l o y s ,  peaking a t  i n te rmed ia te  n i c k e l  l e v e l s .  

Esmailzadeh and Kumar5 def ine the  e f f e c t i v e  vacancy d i f f u s i o n  c o e f f i c i e n t  as 

The l a t t e r  study focused on t h e  e f f e c t  o f  compos i t iona l  

The va r ious  m a t e r i a l  and k i n e t i c  
I n  t h e  fo! lowing i t  i s  assumed t h a t  t h e  system 

The equat ions i nvo lved  i n  t h e  computat ion o f  

Th is  may n o t  be comple te ly  accurate  bu t  i t  i s  a common assumption and sim- 

Again due t o  t h e  symmetric form chosen 
over  t h a t  o f  

However, F igu re  3 suggests t h a t  t h e  s w e l l i n g  behav ior  o f  Fe-Ni would a l s o  be symmefiic. 

I n  p a r t i c u l a r ,  i t  was shown t h a t  changes i n  t h e  pre-exponent ia l  f a c t o r  E?, wi th  N i  content  
As shown i n  F igure 4 D o  i s  a moderately s t rong  f u n c t i o n  o f  n i c k e l  content  i n  Fe-Ni 

f f f  V = DFe,v 'Fe "Ni,v 'Ni  ( 6 )  

where C i s  t h e  concen t ra t i on  and 

concen t ra t i on  of vacancies; i . e . ,  cq = exp (-AHf/kT). 

Thus, 

i s  t h e  t r a c e r  d i f f u s i o n  c o e f f i c i e n t  normal ized by t h e  e q u i l i b r i u m  

D t f f  = [Dt (Fe)  CFe t D:(Ni) CNi] exp ( -AHdkT)  ( 7 )  

where t h e  term i n  b racke ts  i s  o",. 
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FIGURE 3. Ca lcu la ted  Values of Minimum C r i t i c a l  FIGURE 4 .  Dependence o f  o", in -Fe-Ni  A l l o y s ,  on 
Radius o f  FeNi A l l o y s  a t  4750C. Assuming t h e  
Regular S o l u t i o n  Model. 

N icke l  Content, Der ived from Dv Values o f  Ruzikova' ,  
M i l l i o n  and Kucera.16 

The q u a n t i t i e s  D* f o r  Fe and N i  i n  Fe-Ni b i n a r i e s  a re  g i v e n  by Ruzikova', M i l l i o n  and Kucera(16' and were 
used t o  ca lcu la t :  V i n  F igu re  4 .  The p a r a b o l i c  f i t  a l s o  shown i n  4 was used w i t h  t h e  sub- regu la r  s o l u t i o n  
model f o r  t h e  entha lpy  of m ix ing  t o  c a l c u l a t e  t h e  b i a s  f a c t o r s  f o r  an edge d i s l o c a t i o n  (F igu re  5) and t h e  
r e s u l t i n g  minimum c r i t i c a l  r a d i u s  (F iqu res  6 and 71. I n  t h e  sub- reau lar  model t h e  i n t e r a c t i o n  oarameter w 
i s  assumed t o  be concen t ra t i on  dependent. 
w v a r i e d  l i n e a r l y  w i t h  n i c k e l  concent ra t ions.  

I n  Figui-e 1 a sub-regula; model f it was ob ta ined  by assuming t h a t  

R mc 
n m  

1.10 

0 0.2 0.4 0.6 0.8 1 .o 
Atomic Fraction of Nickel 

- 
- 

0 0.2 0.4 0.6 0.8 1 .o 
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FIGURE 5. Ca lcu la ted  Values of Z. /ZV vs N icke l  FIGURE 6. Ca lcu la ted  Values o f  Minimum C r i t i c a l  
Concent ra t ion f o r  Var ious I r r a d i a t i o n  Temperatures, 
Using t h e  Sub-Regular S o l u t i o n  f o r  M ix ing  Enthalpy.  

Radius o f  FeNi A l l o y s  a t  475%. 

The change i n  R 
temperatures.  
observed gradual up tu rn  i n  s w e l l i n g  a t  h igh  N i  l e v e l s .  
s o l e l y  t h e  impact of changes i n  q,. 

w i t h  n i c k e l  content  i s  a l s o  a f u n c t i o n  o f  temperature and increases s t r o n g l y  a t  h i g h e r  
r o t e  t h a t  t h e  asymetr ic  maxima i n  F igures 6 and 7 o f f e r  a p l a u s i b l e  exp lana t ion  f o r  t h e  

A s i m i l a r  conc lus ion cannot be drawn by cons ide r ing  
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FIGURE 7. Ca lcu la ted  Values of Minimum C r i t i c a l  FIGURE 8. Minimum C r i t i c a l  Radius as a Funct ion of 
Radius o f  FeNi A l l o y s  a t  52YC. I r r a d i a t i o n  Temperature and Composit ion, Ca lcu la ted  
o f  Radius R e l a t i v e  t o  That a t  475°C. Using Composition-Dependent Values o f  

F igu re  8 shows a p l o t  of Rmc vs. temperature f o r  va r ious  n i c k e l  l e v e l s .  
ve ry  s e n s i t i v e  t o  n i c k e l  o r  temperature a t  r e l a t i v e l y  low temperatures, b u t  i s  a s teep f u n c t i o n %  &:;a- 
t u r e  a t  h ighe r  temperatures w h i l e  be ing moderately s e n s i t i v e  t o  n i c k e l ,  a l l  i n  agreement w i t h  exper imental  
observat i ons5. 

D iscuss ion 

It must be s t ressed  t h a t  t h e  composit ion-dependent b i a s  presented i n  t h i s  work r e f e r s  t o  an i n i t i a l  b ias .  
The Larche'  and Cahn formal ism f o r  t h e  s o l u t e  atmosphere around an edge d i s l o c a t i o n  r e f e r s  t o  a system i n  
thermal e q u i l i b r i u m .  
f a c t o r s  such as t h e  i nve rse  K i r k e n d a l l  e f f e c t  o r  s o l u t e  drag become impor tant .  
n i c k e l  always segregates a t  m i c r o s t r u c t u r a l  s inks .  
s teady- s ta te  s w e l l i n g  behav ior  a t  l a t e  t imes w i t h o u t  i n c o r p o r a t i n g  t h e  t ime  dependence o f  CMi a t  t h e  s inks .  
Wol fer  and coworkers have shown t h a t  segregat ion o f  n i c k e l  a t  s inks  changes t h e i r  bias.".'8 

Note Large Increase 
and 0 .  

These curves show t h a t  

Dur ing i r r a d i a t i o n ,  a m a t e r i a l  cannot be considered i n  e q u i l i b r i u m ,  and dynamic 
I n  t h e  Fe-Ni-Cr system, 

I t  would be u n j u s t i f i e d  t o  extend t h e  above ideas t o  t h e  

CONCLUSIONS 

Changes w i t h  compos i t ion  of t h e  pre-exponent ia l  c o e f f i c i e n t  f o r  vacancy d i f f u s i o n  have p r e v i o u s l y  been 
invoked t o  e x p l a i n  t h e  r a p i d  decrease i n  s w e l l i n g  w i t h  N i  a d d i t i o n s  i n  i r r a d i a t e d  s tee ls .  However, t h i s  
f a c t o r  alone cannot e x p l a i n  t h e  gradual increase i n  s w e l l i n g  w i t h  N i  content  f o r  C,, ,?O.S. I t  has been 
shown t h a t  t h e  combined e f fec t  o f  a concentrat ion-deoendent b i a s  f a c t o r  and chanaes i n  Do o f f e r s  one "~~ ... ." .. . ~ ~~~ 

p o s s i b l e  exp lana t ion  f o r  t h e  s w e l l i n g  behav ior  i n  Fe lN i .  
ex i s tence  o f  a C o t t r e l l  atmosphere of n i c k e l  atoms around t h e  d i s l o c a t i o n s .  

The change i n  b i a s  was assumed t o  a r i s e  f rom t h e  

FUTURE WORK 

Th is  e f f o r t  w i l l  cont inue,  e x p l o r i n g  t h e  i n t e r a c t i o n  between t h e  C o t t r e l l  atmosphere e f f e c t  and o t h e r  
composit ion-dependent ope ra t i ng  mechanisms. 
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THE INFLUENCE OF NICKEL CONTENT ON MICROSTRUCTURES OF Fe-Cr-Ni AUSTENITIC ALLOYS IRRADIATED WITH NICKEL IONS 
- T. Muroga and N. Yoshida, Kyushu University, F. A. Garner, Pacific Northwest Laboratoryla) 

OBJECTIVE 

The objective of this effort is to identify the mechanisms involved in the radiation-induced evolution of 
microstructure in materials intended for fusion applications. 
interpreting the results of several other ongoing experiments involving either spectral or isotopic tailor- 
ing to study the effects of helium on microstructural evolution. 

The results of this study are useful in 

SUMMARY 

Ion-irradiated Fe-15Cr-XNi (X = 20, 35, 45, 60, 75) ternary alloys and a 15Cr-85Ni binary alloy were exam- 
ined after bombardment at 675% and compared to earlier observations made on these same alloys after irra- 
diation in EBR-I1 at 510 or 53f3-C. 
appears to be very consistent with that of neutron irradiation even though there are four orders of magni- 
tude difference in displacement rate and over 200% difference in temperature. It appears that the transi- 
tion to higher rates of swelling during both types of irradiation is related to the operation of some 
mechanism that is not directly associated with void nucleation. 

The response of the ion-irradiated microstructures to nickel content 

PROGRESS AND STATUS 

Introduction 

In an earlier report, the microstructures were examined for a series of Fe-l5Cr-XNi ( X  = 15, 19, 21, 30, 35, 
45, 75) ternary alloys and a 15Cr-85Ni binary alloy after irradiation in the EBR-I1 reactor at 510 and 
538.C.(') At 510°C it was obvious that void nucleation was complete prior to the onset of steady-state 
swelling at all nickel levels, implying that some process other than void nucleation determines when the 
relatively rapid void growth associated with steady-state swelling occurs. At both 510 and 538% a pro- 
tracted loop dominance at intermediate nickel levels was observed in the dislocation microstructure along 
with a relatively low void density, suggesting a reduced bias toward preferential interstitial absorption as 
a possible mechanism to produce lower swelling in this nickel range. 
rored the total swelling behavior as a function of nickel content. 
observed between loop and void densities, swelling, dislocation density and matrix nickel content. 

It was decided to test the generality of such observations over a broad range of irradiation conditions. 
The first results of some other neutron irradiation studies are presented elsewhere.(') A more rigorous 
test of the generality of these microstructural relationships was provided by microscopy observations of a 
series of specimens which were ion bombarded at much higher displacement rates, then thinned and observed by 
Johnston, Rosolowski, Turkalo and Laurit~en.~~) These specimens were found to be in excellent condition 
more than 15 years after their original examination. 

ExDerimental Details 

The materials examined in this study were Fe-15Cr-XNi ( X  = 20, 35, 45, 60, 75) ternary alloys and a 15Cr- 
85Ni binary alloy. These alloys were prepared separately by Johnston and coworkers and thus are nominally 
but not fully identical t o  those used in the neutron studies. The irradiations were performed with either 
4 or 5 MeV Ni' ions at 675% reaching 30 to 190 dpa at a displacement rate of about ZxlO-' dpa/s. Prior to 
irradiation, 20 appm of helium had been preinjected to depths where the microscopy was to be performed. 
regions of the specimen examined by TEM were 700 to 850 nm from the ion-incident surface of the specimen. 
Due to depth-dependent changes in displacement rate characteristic of heavy ion bombardment, variations in 
depth of the foil from the incident surface resulted in variations in total dose. The alloys and irradia- 
tion conditions examined are listed in Table 1. The microstructure and microchemistry of these specimens 
were examined with a JEM-2000FX TEM equipped with an EDS system. 

The void densities also closely mir- 
Figures 1-4 show the relationships 

The 

RESULTS AND DISCUSSION 

Since ion milling was performed by Johnston and coworkers at the final stage of specimen preparation, high 
densities of small dots were observed in all specimens. Stereoscopic observations were carried out to 
distinguish between heavy ion-induced microstructure inside the specimen and near-surface defect clusters 
induced by ion milling. Micrographs of the damage structures will be presented in another report.L5) 

(a) Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle Memorial 
Institute under Contract DE-AC06-76RLO 1830. 
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Alloys (Fe-15Cr-XNi or 1%-85Ni) and Heavy Ion Irradiation Conditions. 
The irradiation temperature is 675°C. 
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Figure 1. Dependence of microstructural parameters on nickel content at 5 1 P C  and 2.6 x loz6 n/m2 
( E  > 0.1 MeV).(') 

Figure 5 shows the measured microstructural parameters as a function of nickel content. Although only lower 
dose microstructures were available for 20Ni and 35Ni alloys, the results concerning the nickel dependence 
are qualitatively similar to those shown in Figures 1 and 2 except that both void density and swelling for 
the 85Ni binary alloy are higher than those of the 75Ni ternary alloy. Garneri6] has shown that irradiation 
of 85Ni-15Cr with either ions or neutrons yields different results, depending on whether the irradiation is 
performed above or below 55PC,  the order-disorder transition temperature for this alloy. 
expect some difference in behavior for neutron irradiations conducted at 5 1 P C  or 538% and ion irradiations 
conducted at 675%. 

Figure 6 shows the dose dependence of both swelling and void density for the 35 and 45Ni ternary alloys. 
The swelling under the accelerated irradiation conditions of ion bombardment at higher temperature indeed 

Thus one would 
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Figure 2. 
0.1 Swelling data obtained by immersion density by Garner and Kumari4] are also shown. 

appears to obey the kinetics of transient and post-transient rapid increase observed in neutron irradiation 
at lower displacement rate and temperature. 
during the transition between these two regimes, similar to the behavior of the neutron-irradiated specimens 
shown in Figure 3. 

Profiles of nickel concentration across voids of about 100 nm in diameter are presented in Figure 7 for a 
variety o f  nickel levels. The enrichment of nickel at voids is most prominent for lower nickel alloys. 
Figure 8 shows, for the 45Ni ternary alloy, the dose dependence of swelling as well as the dose dependence 
o f  nickel concentration at void surfaces and in the matrix. The nickel deoletion in the matrix coincides 

Dependence o f  microstructural parameters on nickel content at 538% and 2.6 x loz6 n/mZ ( E  > 

Figure 6 also shows that the change in void density is small 

with the onset of rapid swelling, once again consistent with the behavior of the neutron irradiated 30Ni 
ternary alloy shown in Figure 4. 

CONCLUSION 

The nickel-dependent microstructural response of Fe-Cr-Ni alloys irradiated under very different conditions 
appears to be quite consistent. It appears that void densities tend to saturate at nickel dependent levels 
rather early in the irradiation. 
operation o f  some other mechanism not directly associated with void nucleation. 

The transition to higher rates of swelling seems to require the later 
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F igure 5 .  
a f t e r  i r r a d i a t i o n  w i t h  e i t h e r  5 o r  4 MeV N i  ions.  

Dependence o f  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 t  675% and e i t h e r  30 o r  111-120 dpa 

I Fe - 15Cr - XNi , 675°C , 4MeV , *5MeV Ni Ions I 
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DISPLACEMENT PER ATOM 

F igu re  6. 
5 MeV N i  ions a t  675°C 

Dose dependence of s w e l l i n g  and v o i d  d e n s i t y  i n  Fe-15Cr-XNi a l l o y s  i r r a d i a t e d  w i t h  e i t h e r  4 o r  
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FUTURE WORK 

These r e s u l t s  w i l l  be combined w i t h  t h e  e a r l y  neutron r e s u l t s  and some t h e o r e t i c a l  ana lys is .  These w i l l  
then be pub l i shed  i n  t h e  proceedings o f  t h e  15th ASTM Symposium on E f f e c t s  o f  Rad ia t ion  on Mater ia ls ." )  
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Figu re  8. 
Fe-15Cr-45Ni i r r a d i a t e d  w i t h  4 o r  5 MeV N i  i ons  a t  510°C 

The dose dependence o f  s w e l l i n g  and n i c k e l  concen t ra t i on  a t  v o i d  sur faces and i n  t h e  m a t r i x  o f  
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IMPACT BEHAVIOR OF 9Cr-1MoVNb AN0 12Cr-1MoVW STEELS IRRADIATED I N  HFIR -- R. L. Klueh and 0. J. Alexander 
(Oak Ridge Nat iona l  Labora tory)  

OBJECTIVE 

The goal i s  t h e  eva lua t i on  of t he  impact behavior of i r r a d i a t e d  f e r r i t i c  s t e e l s  and t o  r e l a t e  t h e  
changes t o  i r r a d i a t i o n  damage and t ransmutat ion  helium. 

SUMMARY 

Charpy impact specimens of 9Cr-1MoVNb and 12Cr-1MoVW s t e e l s  and these s t e e l s  w i t h  2% N i  (9Cr-1MoVNb- 
2Ni and 12Cr-1MoVW-2Ni) were i r r a d i a t e d  i n  t h e  High F lux  I so tope  Reactor (HFIR) a t  300°C up t o  34 dpa and 
a t  400'C t o  42 dpa. 
he l ium formed by r e a c t i o n  of 5 8 N i  w i t h  thermal neutrons i n  t h e  mixed-spectrum of HFIR. 
approaching 400 appm were achieved i n  t h e  s t e e l s  con ta in ing  2% Ni. I r r a d i a t i o n  caused l a r g e  increases i n  
t h e  OBTT of a l l  four s tee l s .  A s a t u r a t i o n  i n  t h e  s h i f t  i n  DBTT w i t h  i nc reas ing  f luence t h a t  was observed 
i n  f as t  reac to r  i r r a d i a t i o n s  does not  apply t o  specimens i r r a d i a t e d  i n  HFIR. S h i f t s  i n  DBTT of over 300°C 
were observed a t  400°C fo r  9Cr-1MoVNb-2Ni and 12Cr-lMoVW-2Ni; s h i f t s  of over 200°C were observed f o r  t h e  
standard s tee l s .  
l a r g e s t  ever recorded f o r  t h i s  t ype  of s t e e l  and a re  a t t r i b u t e d  t o  t h e  h ighe r  he l ium concent ra t ions.  

N icke l  was added t o  t h e  standard composi t ion t o  study t h e  e f fec t  of t r ansmuta t i on  
Hel ium l e v e l s  

For a l l  s t e e l s ,  t h e  increase was g rea te r  a t  40OoC than a t  300°C. The s h i f t s  are  t h e  

PROGRESS AND STATUS 

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

Because f e r r i t i c l m a r t e n s i t i c  s t e e l s  are  r e l a t i v e l y  immune t o  v o i d  swe l l i ng ,  they  are  be ing considered 
as poss ib le  s t r u c t u r a l  m a t e r i a l s  f o r  t h e  f i r s t  w a l l  and b lanket  s t r u c t u r e  of f u t u r e  f u s i o n  reactors .  A 
major concern i nvo l ves  t h e  e f fec t  of i r r a d i a t i o n  on impact p r o p e r t i e s .  I r r a d i a t i o n  can cause a l a r g e  
increase i n  t h e  d u c t i l e - b r i t t l e  t r a n s i t i o n  temperature (OBTT) and a decrease i n  t h e  upper- shel f  energy 
(USE). Even i f  the  DBTT i s  below room temperature before i r r a d i a t i o n ,  i t  can be w e l l  above room tem- 
pe ra tu re  a f t e r  i r r a d i a t i o n .  I-' 

A s tee l  i n  a fus ion reac to r  f i r s t  w a l l  w i l l  exper ience displacement damage from t h e  high-energy 
I n  add i t i on ,  l a r g e  amounts of t ransmutat ion  he l ium w i l l  form i n  t h e  

To s tudy t h e  e f fec t  of s imul taneous ly  produced displacement damage and t ransmuta t i on  helium. 
neutrons from t h e  fus ion reac t i on .  
m a t e r i a l .  
n i c k e l  has been added t o  9Cr-1MoVNb and 12Cr-IMoVW stee ls .8  
d i a t e d  i n  a mixed-spectrum reac to r  such as HFIR, displacement damage i s  produced by t h e  fas t  neutrons i n  
t h e  spectrum, and he l i um i s  produced by a two-step t ransmuta t i on  r e a c t i o n  o f  5 8 N i  w i t h  t h e  thermal neutrons 
i n  t h e  spectrum. For a f e r r i t i c  s tee l  c o n t a i n i n g  2% N i ,  t h e  Heldpa r a t i o  produced du r ing  i r r a d i a t i o n  i n  
HFIR i s  s i m i l a r  t o  t h a t  produced i n  a tokamak reac to r .  
of he l ium on t e n s i l e  p r o p e r t i e s  o f  specimens i r r a d i a t e d  a t  50, 300, 400, and 500°C,8,9 and on t h e  impact 
p r o p e r t i e s  of Charpy specimens i r r a d i a t e d  a t  50"C.6 

400'C i n  H F I R  up t o  42 dpa ( re f .  7 ) .  The s h i f t s  i n  OBTT observed a f t e r  i r r a d i a t i o n  a t  400'C were t h e  
l a r g e s t  ever observed f o r  these s tee l s .  
12Cr-1MoVW s t e e l s  i r r a d i a t e d  i n  H F I R  a t  300 and 4OOOC w i l l  be presented, and t h e  r e s u l t s  w i l l  be compared 
w i t h  r e s u l t s  from t h e  i r r a d i a t i o n s  of t he  undoped  steel^.^ 

When these nickel- doped s t e e l s  a re  i r r a -  

Th i s  technique has been used t o  examine t h e  e f fec t  

Prev ious ly ,  we presented data f o r  t h e  standard 9Cr-1MoVNb and 12Cr-1MoVW s t e e l s  i r r a d i a t e d  a t  300 and 

I n  t h i s  repo r t ,  impact p r o p e r t i e s  f o r  n ickel- doped 9Cr-1MoVNb and 

Exper imental  Procedure 

Specimens were obta ined from 25-kg e lec t ros lag- reme l ted  (ESR) heats of standard 9Cr-1MoVNb (heat XA 
3590) and standard 12Cr-1MoVW (heat XAA 3587) composi t ions t h a t  were prepared by Combustion Engineer ing,  
Inc., Chattanooga, Tennessee. S i m i l a r  composi t ions w i t h  2% N i  added were a l s o  prepared by ESR; these 
heats have been designated 9Cr-1MoVNb-2Ni (heat XA 3591) and 12Cr-1MoVW-2Ni (heat XAA 3589). Chemical 
composi t ions are  g iven i n  Table 1. 
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Table 1. Composit ion of 9Cr-1MoVNb and Charpy impact specimens were obta ined from 
h o t - r o l l e d  p l a t e  i n  t h e  normalized-and-tempered 
cond i t i on .  The no rma l i z i nu  t reatment  f o r  t h e  

12Cr-1MoVW Stee l  

Concentrat ion,a w t  % 9Cr s t e e l s  was 0.5 h a t  l0iO'C and fo r  t h e  12Cr 
12Cr;lMoVW s t e e l s  0.5 h a t  1O5O0C, a f t e r  which they were 

1 h a t  760°C; t h e  12Cr-1MoVW s tee l  was tempered 
2.5 h a t  780°C. The 9Cr-1MoVNb-2Ni and 12Cr- 

Element 0% -% 1 N i  0% Ni"  2% N i  a i r  cooled. The 9Cr-1MoVNb s t e e l  was tempered (w- m r m - m  
1MoVW-2Ni s t e e l s  were tempered 5 h a t  700°C 

C 0.09 0.064 0.21 0.20 Tempered mar tens i t e  m ic ros t ruc tu res  were 
Mn 0.36 0.36 0.50 0.49 obta ined by such heat t reatments.  D e t a i l s  on 
P 0.008 0.008 0.011 0.011 heat t reatment  and m i c r o s t r u c t u r e  have been 
S 0.004 0.004 0.004 0.004 pub1 i shed. ,* 
S i  0.08 0.08 0.18 0.14 
Ni 0.11 2.17 0.43 2.27 M i n i a t u r e  chaPnv V-notch specimens were 
C r  8.62 
Mo 0.98 
V 0.209 
Nb 0.063 
T i  0.002 
co 0.013 
cu 0.03 
A1 0.013 
8 <0.001 

8.57 
0.98 
0.222 
0.066 
0.002 
0.015 
0.04 
0.015 

<0.001 

11.99 11.71 
0.93 1.02 
0.27 0.31 
0.018 0.015 

0.003 0.003 
0.017 0.021 
0.05 0.05 
0.030 0.028 

t0.001 <0.001 

r.l 

machined from t h e  hea t- 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  (LT) o r i e n t a t i o n .  The subsize 
specimens were e s s e n t i a l l y  one-half t h e  standard 
s ize ;  they measured 5 by 5 by 25.4 mn and con- 
t a i n e d  a 0.76-mn-deep 30" V-notch w i t h  a 0.05- 
t o  -0.08-mn-root rad ius .  Such m i n i a t u r e  spec i-  
mens show a t r a n s i t i o n  f rom d u c t i l e  t o  b r i t t l e  
f r a c t u r e  s i m i l a r  t o  t h a t  found i n  f u l l - s i z e d  
Charpy specimens, al thouqh over a d i f f e r e n t  .. . 

W 0.01 0.01 0.54 0.54 temperature range.10," 
As <0.001 <0.001 <0.001 <0.002 
Sn 0.003 0.003 0.002 0.002 Two capsules, each c o n t a i n i n g  16 specimens 
l r  <0.001 <0.001 <0.001 <0.001 o f  t h e  nickel- doped and undoped 9Cr-1MoVNb and 
N 0.050 0.053 0.020 0.017 12Cr-1MoVW s t e e l  specimens, were i r r a d i a t e d  i n  
0 0.007 0.006 0.005 0.007 HFIR a t  t he  nominal i r r a d i a t i o n  temperatures of 

300 and 400'C. One capsule conta ined t h e  9Cr- 
lMoVNb se r i es ,  and t h e  o the r  conta ined t h e  12Cr- 
lMoVW se r ies .  For i r r a d i a t i o n ,  specimens were 
enclosed i n  s t a i n l e s s  s t e e l  ho lders ,  and t h e  
ho lde rs  were p laced i n s i d e  aluminum sleeves. 
achieve t h e  des i red  temperature, t h e  ou te r  
diameters of t h e  s t e e l  specimen ho lde rs  were 

%a1 ance i r o n .  
bStandard s t e e l  w i t h  no n i c k e l  added. 

To 

ad jus ted  t o  compensate f o r  t h e  v a r i a t i o n  i n  nuc lea r  hea t i ng  r a t e  a long t h e  l e n g t h  o f  t h e  capsule. Nuclear 
hea t i ng  of t h e  specimens and s t a i n l e s s  s t e e l  ho lders  prov ides enough heat t o  r a i s e  t h e  sample temperatures 
t o  t he  des i red  values. A thermal g rad ien t  e x i s t s  f rom t h e  i n t e r i o r  t o  e x t e r i o r  sur face of t h e  specimens, 
b u t  t h i s  has been c a l c u l a t e d  t o  be l e s s  than 45°C. Three f l u x  moni tors  were loaded i n t o  each capsule,  and 
these were analyzed t o  determine t h e  f luences achieved. 

f l uence  o f  20.2 x l o z 6  n/m2 and a maximum fas t  f l uence  of 5.6 x l o z 6  n/m2 ( E  > 0.11 MeV). A t  t h e  capsule 
midplane, a displacement-damage l e v e l  o f  approx imate ly  42 dpa was obtained. However, t he  f luence 
decreases w i t h  d i s tance  from t h e  midplane, and t h e  displacement-damage l e v e l s  a t  t h e  ends of t h e  capsules 
were approximately 20 dpa. 
va r i ed  between these l i m i t s .  
imens i n  t h e  capsule and t h e  amount o f  n i c k e l  p resent  i n  t h e  a l l o y s .  
t h e  s t e e l s  w i t h  2% N i .  

The capsules were i r r a d i a t e d  i n  HFIR pe r iphe ra l  t a r g e t  p o s i t i o n s  f o r  20 cyc les  t o  a maximum t o t a l  

Displacement-damage l e v e l s  f o r  specimens between t h e  midplane and t h e  ends 
S i m i l a r l y ,  he l ium l e v e l s  a l so  var ied ,  depending on t h e  p o s i t i o n  of t he  spec- 

Up t o  -390 appm He was present  i n  

Tests were c a r r i e d  out  i n  a pendulum-type impact machine s p e c i a l l y  mod i f i ed  t o  accommodate subs ize  
specimens." To o b t a i n  t h e  DBTT and upper- she l f  energy (USE), impact energy- temperature curves were 
generated by f i t t i n g  t h e  data  w i t h  a hype rbo l i c  tangent f unc t i on .  

Because of space l i m i t a t i o n s  i n  t h e  i r r a d i a t i o n  capsules, a l i m i t e d  number of i r r a d i a t e d  specimens 
were a v a i l a b l e  ( f i v e  each f o r  t h e  9Cr-1MoVNb and 12Cr-1MoVW s t e e l s ,  bu t  on l y  t h r e e  specimens each f o r  
these s t e e l s  t o  which 2% Ni had been added). The major o b j e c t i v e  o f  these s tud ies  was t h e  de te rm ina t i on  
o f  t h e  s h i f t  i n  DBTT. Consequently, t h e  USE o f t e n  had t o  be est imated. The DBTT was c a l c u l a t e d  f o r  t h e  
energy corresponding t o  one h a l f  o f  t h e  USE and a t  f i x e d  energy l e v e l s  o f  5.5 and 9.2 J (analogous t o  t h e  
41 and 68 J o f t e n  used f o r  f u l l - s i z e  Charpy specimens).l '  

Resu l ts  

Charpy impact r e s u l t s  f o r  t h e  specimens i r r a d i a t e d  i n  HFIR are  g iven i n  Table 2. A lso  given are  t h e  
displacement-damage l e v e l s  and he l ium concent ra t ions f o r  each se t  of specimens. Recause t h e  new r e s u l t s  
on t h e  nickel- doped s t e e l s  are t o  be compared w i t h  t he  r e s u l t s  f o r  t h e  standard s t e e l s  i r r a d i a t e d  i n  t h e  
same capsules but  p r e v i o u s l y  publ ished, '  t h e  r e s u l t s  f o r  t h e  standard s t e e l s  are  a l s o  g iven i n  t h e  tab le .  
As seen, t h e  specimens i r r a d i a t e d  a t  400°C had damage l e v e l s  o f  38 t o  42 dpa, w h i l e  those i r r a d i a t e d  a t  
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Table 2. Impact Proper t ies  of Cr-Mo Stee ls  I r r a d i a t e d  i n  HFIR 

Condi t ions T r a n s i t i o n  Temperature ( "C)  AOBTTa USE 
("C) (J) 

Temperature Displacement He 
("C) (dpa) (appm) 112 USE 5.5J 9.25 

12Cr-1MoVW (Heat XAA 3587) 

Contro l  0 0 -18 -58 -35 26 
300 20-34 51-90 a i  86 87 105 15 
400 38-42 99-111 224 226 _ _  242 8 

12Cr-1MoVW-2Ni (Heat XAA 3589) 

Contro l  0 0 -32 -57 -25 17 
300 20-31 184-284 130 132 153 162 10 
400 38-42 353-391 296 323 _ _  328 gb 

9Cr-1MoVNb (Heat XA 3590) 

Contro l  0 0 -29 -49 -37 25 
300 20-34 16-27 138 136 138 167 20 
400 37-42 30-34 175 174 182 204 12 

9Cr-1MoVNb-2Ni (Heat XA 3591) 

Contro l  0 0 -77 -115 -90 24 
300 20-31 184-284 141 149 _ _  218 8 
400 38-42 353-391 271 _ _  _ _  348 4b 

aCalculated from 1/2 USE OBTT. 
bEstimated because o f  the  small  number of specimens 

300°C were o n l y  20 t o  34 dpa. 
n i c k e l  i n  t h e  s t e e l  and t h e  fluence. Because t h e  standard 9Cr-1MoVNb s t e e l  conta ined on ly  about 0.1% Ni 
compared t o  t h e  0.5% i n  t h e  standard 12Cr-1MoVW (Table l), t h e  9Cr-1MoVNb conta ined l e s s  hel ium than t h e  
12Cr-1MoVW a f t e r  a s i m i l a r  i r r a d i a t i o n .  

Hel ium concentrat ions var ied  considerably ,  depending on t h e  amount of 

12 C r - l  MoVW ( H e a t  X A  3587) aHr.wsao.,zng Figures 1 through 4 show t h e  Charpy 
curves f o r  each s t e e l  be fo re  and a f t e r  i r r a -  40 I I I I I 
d i a t i o n ;  AOBTT values determined us ing  t h e  
DBTT determined a s  one-half USE are shown 
i n  Table 2 .  Increases i n  DBTT of over 
100°C occurred a t  300°C and over  200'C 

I n -  0 NORMALIZED AN0 TEMPERED 

a t  4 D V C  f o r  a l l  f o u r  s tee ls .  The 
l a r g e s t  change f o r  each s tee l  occurred 
a f t e r  i r r a d i a t i o n  a t  400"C, and a 
l a r g e r  change occurred f o r  the  n i c k e l -  
doped s t e e l s  ( t h e  ones w i t h  t h e  h igher  
hel ium l e v e l s )  than t h e  undoped s tee ls .  

f i c u l t y  i s  ev ident  i n  es t imat ing  a 
USE from on ly  t h r e e  t e s t  specimens 
f o r  9Cr-1MoVNb-2Ni and 12Cr-1MoVW-2Ni 
s t e e l s ,  espec ia l l y  a t  400°C. It i s  
a l s o  d i f f i c u l t  t o  es t imate  t h e  DBTT 
a t  400°C. E r ro r s  i n  t h e  est imate i n  
DBTT a t  400°C would appear t o  be such 
as t o  lead t o  a lower value than 
might r e s u l t  were more specimens 
ava i l ab l e .  Nevertheless, t h e  curves 
were f i t t e d  by t h e  hyperbo l i c  tangent 
f unc t i on  and were used t o  est imate a 
DBTT, which i s  g iven i n  Table 2 .  

From Figs.  2 and 4, t h e  d i f -  

a- A 20-34 dpo. 300 OC. HFIR 
V- V 38- 42 dpo. 400 "C. HFIR 

30 I 

l o [  J, AT 
0 
-200 -100 0 100 200 

T E M P E R A T U R E  (OC) 

I O  

Fig. 1. Charpy impact p rope r t i e s  of 12Cr-1MoVW s t e e l  i n  the  
un i r r ad i a t ed  cond i t i on  and a f t e r  i r r a d i a t i o n  t o  20-34 dpa (51-90 
appm He) a t  300°C and t o  38-42 dpa (99-111 appm He) a t  400°C i n  
HFIR. 
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m*L-oyc I~S-LZYO 

12 C r - l  M o V W - 2  NI (Hea t  X A  35891 
40 I I 1 I 

0- 0 NORMALIZED AND TEMPERED 
A- A 20-31 dpo. 300 'C, HFIR 
V- V 38-42 dpa, 400  "C. HFIR 

T E M P E R A T U R E  ('CI 

Fig.  2. Charpy impact p r o p e r t i e s  o f  12Cr-1MoVW-2Ni s t e e l  i n  t h e  u n i r r a d i a t e d  c o n d i t i o n  and a f t e r  
i r r a d i a t i o n  t o  20-31 dpa (184-284 appm He) a t  300°C and t o  38-42 dpa (353-391 appm He) a t  400°C i n  HFIR. 

0 I " L - W  (I9-12YI 

9 C r - l  M o V N b  (Heat  X A A  35901 

0 NORMALIZED AND TEMPERED 
A 2 0 - 3 4  dpa. 300 'C. HFIR 
V 3 7- 4 2  dpo. 400 "C. HFIR 

30 

A , a  I 

-200 -100 0 100 200 300 0 

T E M P E R A T U R E  ('C) 

F ig .  3. Charpy impact p r o p e r t i e s  of 9Cr-1MoVNb s t e e l  i n  t he  u n i r r a d i a t e d  c o n d i t i o n  and a f t e r  i r r a -  
d i a t i o n  t o  20-34 dpa (16-27 appm He) a t  300'C and t o  37-42 dpa (30-34 appm He) a t  400°C i n  HFIR. 
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Nicke l  was shown by Odette and Lucas13 t o  have an e m b r i t t l i n g  e f fec t  (measured as an increase i n  t h e  
OBTT) on pressure  vessel  s t e e l s  i r r a d i a t e d  i n  l i g h t - w a t e r  reac to rs  t o  f luences o f  -1-3 x l o z 2  n/m2 (note  
t h e  f l uence  i s  more than t h r e e  orders  o f  magnitude l e s s  than t h e  f luences used i n  t h e  present exper iment) .  
These authors  concluded t h a t  n i c k e l  ac t s  s y n e r g i s t i c a l l y  w i t h  copper f o r  h igh  copper contents ,  bu t  ac t s  
independent ly a t  low contents  ( ~ 0 . 1 %  Cu). Al though t h e  exact  mechanism f o r  embr i t t lement  i s  unknown, i t  
i s  be l i eved  t o  be caused by " i r r a d i a t i o n- i n d u c e d  f i ne- sca le  m i c r o s t r u c t u r a l   feature^."'^ 
bea r ing  s t e e l ,  1 nm copper- r i ch  p r e c i p i t a t e s  ( con ta in ing  n i c k e l  when n i c k e l  i s  present  i n  t h e  s t e e l )  were 
es tab l i shed  by smal l- angle neut ron s c a t t e r i n g .  
defects,  a l though t h e i r  p r e c i s e  cha rac te r  i s  as y e t  ~ n d e t e r m i n e d . ' ~  

experiment. F i r s t ,  i f  n i c k e l  caused t h e  e f f e c t ,  s i m i l a r  e f f e c t s  would be expected f o r  i r r a d i a t i o n s  i n  
EBR-I1 ( f a s t  r e a c t o r )  and HFIR (mixed-spectrum r e a c t o r )  when i r r a d i a t e d  t o  s i m i l a r  f a s t  f luences. 
t h e  e f f e c t  i n  t h e  pressure- vessel  s t e e l s  occurs w i t h  t h e  format ion of defects so smal l  they  cannot be 
observed by TEM, b u t  on l y  by smal l- angle scat ter ing."  
are i r r a d i a t e d  a t  400'C i n  both f a s t  reac to rs  and mixed-spectrum reactors ,  d i s l o c a t i o n  loops are  generated 
and p r e c i p i t a t e  reac t i ons  occur.12'14 
detec ted when m i c r o s t r u c t u r e s  were compared f o r  s t e e l s  i r r a d i a t e d  i n  a f a s t  reac to r  and a mixed-spectrum 
r e a c t o r  i s  t h a t  t h e  c a v i t y  concen t ra t i on  i s  g rea te r  i n  s t e e l s  i r r a d i a t e d  i n  t h e  mixed-spectrum reac to r ,  an 
observat ion  t h a t  has been a t t r i b u t e d  t o  helium.12 

For copper- 

Low-copper s t e e l s  a l so  con ta in  i r r a d i a t i o n- i n d u c e d  

Such embr i t t lement  caused by n i c k e l  i s  no t  be l i eved  t o  cause t h e  e f fec t s  observed i n  t h e  present  

Second, 

When t h e  s t e e l s  used i n  t h e  present  experiments 

However, t h e  on l y  s i g n i f i c a n t  d i f f e r e n c e  i n  m i c r o s t r u c t u r e  ever 

The p o s s i b i l i t y  o f  a t ransmuta t i on  r e a c t i o n  i n  HFIR, o the r  than t h e  (n,a) r e a c t i o n  w i t h  5 8 N i  t o  form 
hel ium, was considered. 
t i o n s  w i t h  5 0 C r  t o  produce 51V and 55Mn t o  form 56Fe. 
54Mn. However, t h e  r e s u l t s  of any such reac t i ons  on p r o p e r t i e s  should be t h e  same f o r  s t e e l s  w i t h  and 
w i t h o u t  n i c k e l  a d d i t i o n s ,  because w i t h  t h e  except ion o f  t h e  n i c k e l ,  composi t ions are  i d e n t i c a l  i n  t h e  
undoped and doped s tee l s .  

The nickel- doped s t e e l s  were a l so  used t o  s tudy t h e  e f f e c t  o f  he l ium on t e n s i l e  behavior,  and i t  was 
concluded t h a t  he l ium a f f e c t e d  t h e  s t r e n g t h  a f t e r  i r r a d i a t i o n  i n  HFIR a t  50 ( r e f .  15)  and 400°C ( re fs .  9,161 
These conc lus ions fo l lowed from comparing t h e  e f f e c t  o f  i r r a d i a t i o n  on t h e  s t e e l s  w i t h  d i f f e r e n t  n i c k e l  
content ,  a l though t h e  conc lus ion on t h e  400°C t e s t s  was reached by a l so  comparing t h e  r e s u l t s  from i r r a -  
d i a t i o n  i n  H F I R  a t  400°C ( r e f .  9) t o  specimens i r r a d i a t e d  i n  EBR-I1 a t  390°C ( r e f .  16). where e s s e n t i a l l y  
no he l ium was produced. It should be po in ted  out ,  however, t h a t  t h e  e f f e c t  on t e n s i l e  p r o p e r t i e s  a t t r i b -  
u ted  t o  he l ium d i d  not  appear t o  be as l a r g e  as t h e  e f f e c t  on t h e  impact behavior observed i n  t h e  present 
i n v e s t i g a t i o n .  

Resu l ts  f rom t h e  present  s tud ies  on t h e  9Cr-1MoVNb and 12Cr-1MoVW s t e e l s  i r r a d i a t e d  a t  400°C are  
s i g n i f i c a n t l y  d i f f e r e n t  f rom those obta ined by Hu and Gel les2 on d i f f e r e n t  heats of these s t e e l s  i r r a -  
d i a t e d  a t  390°C i n  E B R - I 1  ( t h e  EBR-11- irradiated s t e e l s  conta ined l i t t l e  hel ium).  A f t e r  9Cr-1MoVNb s t e e l  
was i r r a d i a t e d  t o  13 and 26 dpa, Hu and Gel les  found a AOBTT o f  52 and 54°C. respec t i ve l y .  The change 
observed f o r  9Cr-1MoVNb a f t e r  -40 dpa i n  t h e  present  experiment was 204OC. Likewise,  f o r  t h e  12Cr-1MoVW 
s tee l ,  Hu and Ge l l es2  found ADBTTs of 124 and 144°C a f t e r  13 and 26 dpa, respec t i ve l y ,  compared w i t h  242°C 
found i n  t h e  present study. 

These E B R - I 1  da ta  i n d i c a t e  t h a t  a s a t u r a t i o n  i n  ADBTT occurred by 13 dpa f o r  9Cr-1MoVNb and 12Cr- 
lMoVW steels.*  L ikewise,  recent  r e s u l t s  f o r  12Cr-1MoVW i r r a d i a t e d  i n  FFTF a t  365°C i n d i c a t e d  a s a t u r a t i o n  
i n  ADBTT occur red i n  10 dpa ( r e f .  17). 
Th is  comparison between HFIR and E B R - I 1  i r r a d i a t i o n s  a l s o  suggests t h a t  f luence o r  he l ium concen t ra t i on  
are  respons ib le  f o r  t h e  d i f fe rences i n  t h e  s h i f t  i n  OBTT. 

determine i f  s a t u r a t i o n  occurs. 
appm helium' r e s u l t e d  i n  a ADBTT o f  195°C a t  400°C. i n d i c a t i n g  t h a t  some increase occurred a t  t h e  h ighe r  
dpa and he l ium concen t ra t i on  used i n  t h e  present  experiment. 

d i a t i o n  a t  400°C than a t  300°C. Th is  was t r u e  f o r  both the  9Cr-1MoVNb and 12Cr-1MoVW s t e e l s ,  w i t h  and 
w i thou t  t he  n i c k e l  add i t i ons .  However, t h e  i r r a d i a t i o n  f luences f o r  t h e  specimens i r r a d i a t e d  a t  300°C 
were l e s s  than those i r r a d i a t e d  a t  400°C (an average displacement damage of about 25 dpa occur red a t  300°C 
compared t o  40 dpa a t  400°C). L inea r  e x t r a p o l a t i o n  o f  t he  ADBTT data  a t  300°C t o  t h e  h ighe r  f luence i n d i -  
cates t h a t  t h e  s h i f t  would s t i l l  be cons iderab ly  l e s s  a t  300°C than 400°C f o r  t h e  12Cr-1MoVW and 12Cr- 
1MoVW-2Ni. The s h i f t  f o r  t h e  9Cr-1MoVNb-2Ni i s  c a l c u l a t e d  t o  be s i m i l a r  a t  t h e  two temperatures, and i t  
would be s l i g h t l y  g rea te r  a t  300°C f o r  t h e  9Cr-1MoVNb. 

w i t h  i r r a d i a t i o n  temperature around 400°C ( r e f s .  4,6). 
data  obta ined from E B R - I 1  and HFIR.4,6 Because o f  d i f f e r e n c e s  i n  t h e  behav ior  o f  s t e e l s  i n  t h e  two reac-  
t o r s ,  t h e  use of t h e  two types of data  t o  reach such a conc lus ion i s  quest ionable.  
a maximum may occur f o r  12Cr-1MoVW a t  400°C. 

Two reac t i ons  t h a t  occur i n  HFIR but  not  i n  t h e  fas t  reac to rs  a re  (n .y )  reac-  
There i s  a l so  an (n,p) r e a c t i o n  w i t h  54Fe t o  form 

That s a t u r a t i o n  does not  apply f o r  t h e  s t e e l s  i r r a d i a t e d  i n  HFIR. 

With respect  t o  a s a t u r a t i o n  i n  ADBTT i n  HFIR, i r r a d i a t i o n s  t o  h ighe r  dpa l e v e l s  are  requ i red  t o  
I r r a d i a t i o n  o f  another heat o f  12Cr-1MoVW s tee l  i n  HFIR t o  4-9 dpa and 25 

According t o  r e s u l t s  i n  Tabie 2 f o r  t h e  H F I R  i r r a d i a t i o n s ,  t h e  ADBTT was always l a r g e r  a f t e r  i r r a -  

Previous r e s u l t s  l e d  t o  t h e  conc lus ion t h a t  t h e  ADBTT f o r  12Cr-1MoVW s t e e l  went through a maximum 
Such a conc lus ion was based on a combinat ion of 

Based on HFIR data only,  
That t e n t a t i v e  conc lus ion i s  based on t h e  e x t r a p o l a t i o n  of t h e  
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300 and 40OoC data o f  Table 2 discussed above and data a t  4-9 dpa t h a t  i n d i c a t e d  t h a t  t h e  s h i f t  a t  400°C 
exceeded t h a t  a t  300°C and the  s h i f t  a t  300°C exceeded t h a t  a t  50°C ( r e f s .  4,6) .  More da ta  from HFIR a re  
requ i red  t o  v e r i f y  t h i s  observat ion and t o  determine i f  a s i m i l a r  maximum occurs i n  t h e  9Cr-1MoVNb s tee l .  
I n d i c a t i o n s  from t h e  present experiment i n d i c a t e  t h e  p o s s i b i l i t y  o f  a broad peak around 300 t o  400°C f o r  
9Cr-1MoVNb. 

One exp lana t ion  f o r  a maximum i s  t h a t  i t  i s  caused by the  i r r a d i a t i o n- i n d u c e d  d i s l o c a t i o n  and p rec ip-  
i t a t i o n  s t r u c t u r e  t h a t  r e s u l t s  when t h e  s t e e l  i s  i r r a d i a t e d  near 400°C ( re fs .  12.14). Th is  s t r u c t u r e  
cou ld  have a maximum e f f e c t  near 400"C, because a t  lower temperatures p r e c i p i t a t e  format ion i s  i n h i b i t e d  
by unfavorab le  k i n e t i c s  and a t  h ighe r  temperatures so f ten ing  occurs because of p r e c i p i t a t e  coarsening. 
Th is  i m p l i e s  t h a t  t h e  he l ium e f f e c t  on ADBTT i s  superimposed on the  e f f e c t  due t o  the  p r e c i p i t a t e  and 
d i s l o c a t i o n  s t ruc tu re .  

dpa a t  300, 400, 500, and 600°C have been examined.12 
500°C produced a dense d i s l o c a t i o n  s t r u c t u r e ,  which achieved i t s  maximum d e n s i t y  a t  4OOOC. 
amount of p r e c i p i t a t e  was observed a t  400°C. 
subgra in  coarsening occur red i n  t h e  9Cr-1MoVNb and 9Cr-1MoVNb-2Ni s t e e l s  i r r a d i a t e d  a t  300 t o  500OC. 
coarsening was accompanied by t h e  d i s s o l u t i o n  o f  some o f  t h e  f i n e r  MC p r e c i p i t a t e s .  
and d i s s o l u t i o n  was not  observed f o r  t h e  12Cr-1MoVW and 12Cr-1MoVW-2Ni s t e e l s  a t  300 and 400°C. Such 
m i c r o s t r u c t u r a l  changes would be expected t o  exacerbate t h e  loss  o f  toughness, and t h a t  change a long w i t h  
t h e  e f f e c t  of he l ium superimposed on these changes cou ld  cause t h e  observed maximum. 
t u r a l  s tud ies  f o r  t h e  specimens i r r a d i a t e d  t o  37-39 dpa a t  300 t o  600°C. a maximum i n  vo id  s w e l l i n g  was 
observed a t  400°C ( r e f .  12) 

The m ic ros t ruc tu res  of t he  s t e e l s  w i t h  and w i thou t  t h e  n i c k e l  a d d i t i o n s  i r r a d i a t e d  i n  H F I R  t o  37-39 
I r r a d i a t i o n  of t h e  9Cr and 12Cr s t e e l s  a t  300 t o  

The l a r g e s t  
There was a d i f f e rence  i n  t h e  9Cr and 12Cr s t e e l s  i n  t h a t  

Th is  
Subgrain coarsening 

I n  t h e  m ic ros t ruc-  

Swe l l i ng  was found t o  be enhanced by t h e  presence of helium.12 

If hel ium i s  t h e  cause o f  t he  l a r g e  ADBTT for t h e  s tee l  i r r a d i a t e d  i n  HFIR, t h e  r e l a t i v e  e f f e c t  on 
t h e  ADBTTs f o r  t h e  standard 9Cr-1MoVNb and 12Cr-1MoVW s t e e l s  a t  f i r s t  appears incongruous. Al though t h e  
9Cr-1MoVNb s t e e l  conta ined cons iderab ly  l e s s  he l ium (16-27 appm) than the  12Cr-1MoVW (51-90 appm), the  
ADBTT o f  t he  9Cr-1MoVNb a f t e r  i r r a d i a t i o n  a t  300'C exceeded t h a t  f o r  t h e  12Cr-lMoVW. The AOBTT fo r  t h e  
I2Cr-1MoVW exceeded t h a t  f o r  9Cr-1MoVNb a f t e r  i r r a d i a t i o n  a t  400"C, but  t h e  d i f f e r e n c e  (38°C) was q u i t e  
smal l ,  cons ide r ing  t h a t  t h e  I2Cr-1MoVW conta ined about t h r e e  t imes as much he l ium a f t e r  i r r a d i a t i o n  a t  
t h i s  temperature. 

These observat ions on t h e  p o s s i b l e  r e l a t i v e  e f f e c t  of hel ium i n  9Cr-1MoVNb and 12Cr-1MoVW s t e e l s  w i t h  
and w i thou t  n i c k e l  added a re  i n  agreement w i t h  t h e  s w e l l i n g  observat ions f o r  these s t e e l s .  A f t e r  i r ra-  
d i a t i o n  t o  37-39 dpa i n  HFIR t o  form -32 appm He i n  9Cr-1MoVNb and 87 appm He i n  12Cr-lMoVW, s w e l l i n g  was 
n o t i c e a b l y  g rea te r  i n  9Cr-1MoVNb than 12Cr-1MoVW (0.19% vs. 0.07%).12,18 
s w e l l i n g  i n  both s tee ls .  An exp lana t ion  f o r  both the  enhanced s w e l l i n g  and s h i f t  i n  DBTT f o r  the  9Cr 
s t e e l s  may again be the  d i f f e r e n c e  i n  m ic ros t ruc tu res  formed i n  t h e  two s t e e l s  d u r i n g  i r r a d i a t i o n .  
Subgrain coarsen ing would be expected t o  r a i s e  t h e  DBTT. Such coarsening, which i nvo lves  t h e  movement o f  
d i s l o c a t i o n s ,  might a l so  r e s u l t  i n  t h e  agglomerat ion of helium, which cou ld  then enhance s w e l l i n  
Subgrain coarsening may be connected t o  t h e  p r e c i p i t a t e  d i s s o l u t i o n  observed i n  t h e  9Cr steels; '$.perhaps 
i t  does not  occur as r e a d i l y  i n  t h e  12Cr s t e e l s ,  because they have a h ighe r  carbon concent ra t ion.  

Mechanisms by which he l ium a f f e c t s  s t reng th ,  and thus toughness, have been speculated upon.9 
he l i um i s  i n  an i n t e r s t i t i a l  p o s i t i o n ,  i t  can r e a d i l y  d i f f u s e  through an a l l o y . 2 0  
t i a l  he l ium can become immobi l ized when t rapped by a vacancy i n t o  a s u b s t i t u t i o n a l  p o s i t i o n .  A t  tem- 
peratures < l O O " C ,  de t rapp ing  can occur e i t h e r  d i r e c t l y  o r  by i r r a d i a t i o n  (by a neutron c o l l i s i o n  o r  by the  
knock-on process).21 A t  somewhat h ighe r  temperatures,  det rapp ing can i n v o l v e  replacement b 
i n t e r s t i t i a l .  Helium-vacancy c l u s t e r s  can form when the  he l ium and vacancies are  mobile."  There are  
a l s o  i n d i c a t i o n s  t h a t  he l ium r e f i n e s  the  sca le  of loop nuc lea t i on  and pro longs loop s t a b i l i t y  t o  h igh  
f luences. 22  

Helium was concluded t o  enhance 

When 
However, t h e  i n t e r s t i -  

a s e l f  

It i s  expected t h a t  he l ium i n  i n t e r s t i t i a l  p o s i t i o n s  cou ld  cause an increase i n  s t reng th ,  as cou ld  
t h e  ref inement o f  t h e  sca le  o f  l oop  nuc lea t i on .  I f  t h e  he l i um e f f e c t  i s  p r i m a r i l y  assoc ia ted w i t h  t h e  
l oop  s t r u c t u r e  and the  promotion o f  a h ighe r  loop s a t u r a t i o n  concent ra t ion,  then a s t r e n g t h  s a t u r a t i o n  
should occur a t  h ighe r  displacement-damage l e v e l s .  The e f f e c t  o f  i n t e r s t i t i a l  he l i um would perhaps con- 
t i n u e  w i t h  i n c r e a s i n g  f l uence  and be more p e r s i s t e n t ,  a l though s a t u r a t i o n  should again occur. Helium- 
vacancy c l u s t e r s  w i l l  form as t h e  he l ium concen t ra t i on  b u i l d s  up. A t  some p o i n t ,  no new c l u s t e r s  w i l l  
form, and t h e  newly generated hel ium w i l l  be i nco rpo ra ted  i n  e x i s t i n g  c l u s t e r s  and cause them t o  grow. 

F i n a l l y ,  an i ncons is tency  i s  observed when t h e  data  f o r  12Cr-1MoVW s t e e l  specimens i r r a d i a t e d  a t  
300°C i n  HFIR t o  4-9 dpa ( r e f .  4) are  compared t o  those i r r a d i a t e d  t o  20-34 dpa. Al though d i f f e r e n t  heats 
o f  s t e e l  were invo lved,  t h e  ADBTT f o r  t he  s t e e l  i r r a d i a t e d  t o  t h e  lower dpa had t h e  h ighest  DBTT. 
Al though we cannot r u l e  out t h e  p o s s i b i l i t y  t h a t  t h e  ADBTT goes through a maximum w i t h  f luence a t  3OO0C, 
t h i s  i s  not  expected. Data f o r  t he  300°C t e s t s  fo r  both of these heats of s tee l  d i sp layed  cons iderab le  
s c a t t e r  i n  t h e  upper she l f  area. 
a v a i l a b l e  made an accurate de te rm ina t ion  of t h e  DBTT impossible.  The 400°C data appear t o  be cons is ten t .  

Perhaps t h i s  s c a t t e r  coupled w i t h  the  l i m i t e d  number of specimens 
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CONCLUSIONS 

Charpy impact s tud ies  were conducted on specimens o f  gCr-lMoVNb, 9Cr-1MoVNb-2Ni , 12Cr-lMoVW, and 
12Cr-1MoVW-2Ni s t e e l s  i r r a d i a t e d  a t  300 and 400'C i n  HFIR t o  displacement-damage l e v e l s  o f  up t o  42 dpa. 
Because of t he  n i c k e l  present  i n  t h e  s tee ls ,  i r r a d i a t i o n  i n  HFIR produced up t o  390 appm He. 
values o f  204 and 242'C observed f o r  9Cr-1MoVNb and 12Cr-1MoVW s t e e l s ,  respec t i ve l y ,  a f t e r  i r r a d i a t i o n  a t  
400°C i n  HFIR were t h e  l a r g e s t  values ever observed f o r  these s tee ls .  They were cons ide rab ly  l a r g e r  than 
any s h i f t  observed a f t e r  i r r a d i a t i o n  i n  a f a s t  reac to r ,  where a s a t u r a t i o n  value o f  ADBTT -54°C was observed 
f o r  9Cr-1MoVNb and -144OC fo r  12Cr-1MoVW a f t e r  -13 dpa. 
d i a t i o n  i n  t h e  two reac to rs  was e i t h e r  due t o  t h e  l a r g e r  displacement-damage l e v e l  reached i n  t h e  HFIR 
experiment, o r  e l s e  i t  was due t o  the  l a r g e  amount o f  hel ium generated i n  these specimens. The l a t t e r  
conc lus ion i s  p r e f e r r e d  based on t h e  observat ions. 
damage l e v e l  i s  requ i red  t o  determine i f  a s a t u r a t i o n  of ADBTT occurs under r a d i a t i o n  cond i t i ons  i n  t h i s  
reactor .  

The ADBTT 

It was concluded t h a t  t h i s  d i f f e r e n c e  fo r  i r r a -  

I r r a d i a t i o n  i n  HFIR t o  a s t i l l - l a r g e r  displacement-  

Regardless of whether the  e f f e c t  o f  he l ium i s  accepted, t h e  s h i f t  i n  DBTT a f t e r  i r r a d i a t i o n  a t  400°C 
of 204 and 242°C f o r  t h e  9Cr-1MoVNb and 12Cr-1MoVW s t e e l s ,  respec t i ve l y ,  are  t h e  l a r g e s t  s h i f t s  ever  
observed f o r  these s t e e l s .  I f  t h e  ADBTT o f  t h e  s t e e l s  w i t h  2% N i  a re  rep resen ta t i ve  o f  these s t e e l s  i r r a -  
d i a t e d  t o  Heldpa r a t i o s  t y p i c a l  o f  those expected i n  a f u s i o n  reac to r ,  then a ADBTT approaching 350°C i s  
much l a r g e r  than any i nc rease  ever expected f o r  these s t e e l s .  
s ide red  f o r  use as a f i r s t - w a l l  m a t e r i a l ,  t h i s  p o s s i b i l i t y  of hel ium a f f e c t i n g  toughness must be more 
f u l l y  i n v e s t i g a t e d  and understood. 

Therefore,  be fo re  these s t e e l s  are  con- 
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THE DEVELOPMENT OF FERRITIC STEELS FOR FAST INDUCED-RADIOACTIVITY DECAY -- R. L. Klueh and D. J. Alexander 
(Oak Ridge Nat iona l  Laboratory)  

OBJECTIVE 

Induced r a d i o a c t i v i t y  i n  t h e  f i r s t - w a l l  and b l a n k e t - s t r u c t u r e  m a t e r i a l s  of a fus ion r e a c t o 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  s e r v i c e  l i f e t i m e ,  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. 
r a d i o a c t i v e  iso topes 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 isposa l  t ech-  
niques. 

One way t o  minimize t h e  d isposa l  problem i s  t o  use s t r u c t u r a l  m a t e r i a l s  i n  which 

We are assessing t h e  f e a s i b i l i t y  of developing such f e r r i t i c  s t e e 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 e e l s  w i t h  neutrons a t  temperatures up t o  -450°C causes a l o s s  of toughness. 
Th is  can be measured i n  a Charpy impact t e s t ,  where an increase i n  t h e  d u c t i l e - b r i t t l e  t r a n s i t i o n  tempera- 
t u r e  (DBTT) and a decrease i n  t h e  upper- she l f  energy i s  observed a f t e r  i r r a d i a t i o n .  Reduced-act iva t ion 
Cr- W s t e e l s  w i t h  chromium concen t ra t i ons  va ry ing  from 2.25 t o  12% were i r r a d i a t e d  a t  365OC t o  - 7  dpa i n  
t h e  Fast F lux  Test F a c i l i t y .  
severe ly  a f fec ted by i r r a d i a t i o n  than s t e e l s  w i t h  vanadium and no tungsten, tungsten and no vanadium, o r  
w i t h  1% W and 0.25% V. Two s t e e l s  w i t h  9% C r  showed t h e  most res i s tance  t o  a l oss  of toughness. 
s tee l  w i t h  2% W and 0.25% V showed an increase i n  DBTT of 68°C. 
0.07% Ta developed an inc rease  i n  DBTT of on ly  4°C. These values compare t o  increases o f  over 100°C f o r  
t h e  r e s t  of t h e  s t e e l s .  

S tee ls  w i t h  2.25% Cr and a combinat ion o f  2% W and 0.25% V were l e s s  

A 9% C r  
Th is  same composi t ion w i t h  an a d d i t i o n  o f  

PROGRESS AND STATUS 

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

A program i s  i n  progress t o  develop reduced- ac t i va t i on  o r  fas t  induced r a d i o a c t i v i t y  decay (FIRD) 
f e r r i t i c  s t e e l s  t h a t  can be more r e a d i l y  disposed of or  recyc led  than convent iona l  a1 loys . l  Such a l l o y s  
cannot use molybdenum and niobium, which are  present  i n  t h e  composi t ions of t h e  convent iona l  Cr-Mo s t e e l s  
p r e s e n t l y  of i n t e r e s t  f o r  fus ion r e a c t o r  a p p l i c a t i o n s  (Zl/qCr-lMo, gCr-lMoVNb, and 12Cr-1MoVW). Composi- 
t i o n s  f o r  proposed exper imental  s t e e l s  were based on v a r i a t i o n s  of t h e  composi t ions of t h e  Cr-Mo s t e e l s ,  
w i t h  tungsten proposed as a replacement f o r  molybdenum, and vanadium, t i t a n i u m ,  and tan ta lum as rep lace-  
ments f o r  niobium. Var ious exper imental  a l l o y s  were preopsed as a way of determin ing t h e  e f f e c t  of d i f -  
fe ren t  a l l o y i n g  elements on p r o p e r t i e s ;  these composi t ions are  g iven i n  Table 1, along w i t h  t h e  
des igna t ion  f o r  each a l l o y .  

Table 1. Proposed nominal composi t ions f o r  
f a s t  i nduced- rad ioac t i  v i  t y  decay s tee l  

development program 

Nominal Chemical Composit ion ,a 
A l l o y  (wt 9 )  

C r  W V Ta C 

2.25CrV 2.25 0.25 0.1 
2.25Cr-1WV 2.25 1 0.25 0.1 
2.25Cr-2W 2.25 2 0.1 
2.25Cr-2WV 2.25 2 0.25 0.1 
5Cr-2WV 5 2 0.25 0.1 
9Cr-2WV 9 2 0.25 0.1 
9Cr-2WVTa 9 2 0.25 0.12 0.1 
12Cr-2WV 12 2 0.25 0.1 

%a1 ance i ron. 

A range o f  chromium composi t ions from -2.25 t o  12% 
( a l l  composi t ions are  i n  weight pe rcen t )  was proposed.' 
As a maximum l e v e l  f o r  tungsten, an atom-for-atom rep lace-  
ment of molybdenum by tungsten was chosen; t h i s  requ i red  
2 wt % W, s ince t h e  atomic weight of tungsten i s  approx i-  
mately t w i c e  t h a t  o f  molybdenum. A 0.25% V content was 
used t o  o b t a i n  a favo rab le  vanadium/carbon r a t i o  f o r  c a r -  
b ide  format ion: a s i g n i f i c a n t l y  h ighe r  vanadium concentra-  
t i o n  above t h a t  necessary t o  t i e  up t h e  carbon would make 
i t  d i f f i c u l t  t o  d i s s o l v e  t h e  vanadium d u r i n g  t h e  normal iza-  
t i o n  t reatment ,  thus decreasing t h e  h a r d e n a b i l i t y .  Exper i -  
mental a l l o y s  w i t h  0, 1, and 2% W were proposed t o  determine 
the  e f f e c t  of tungsten, and an a l l o y  w i t h  tungsten and no 
vanadium and one w i t h  vanadium and no tungsten were sug- 
gested t o  determine t h e  e f f e c t  o f  these elements on proper-  
t i e s . '  
s t e e l  analogous t o  t h e  9Cr-1MoVNb s t e e l .  A carbon l e v e l  
of 0.1-0.15% was proposed f o r  a l l  s t e e l s  t o  he lp  ensure 
w e l d a b i l i t y .  O f  t h e  Cr-Mo s t e e l s  p r e s e n t l y  i n  t h e  fus ion-  
reac to r  m a t e r i a l s  program, on ly  t h e  12Cr-1MoVW s t e e l  has 
more carbon. That s tee l  conta ins  0.2%C, which a long w i t h  
0.5% N i  i s  used t o  e l i m i n a t e  d e l t a - f e r r i t e  i n  t h i s  h igh-  
chromium a l l o y .  

Tantalum was added t o  a 9Cr-2WV s t e e l  t o  get a 

We r e v i o u s l y  repo r ted  on t h e  m jc ros t ruc tu re ,2  tempering and t e n s i l e  b e h a ~ i o r , ~  and Charpy impact 
behavior t of these exper imental  Cr- W s t e e l s  i n  t h e  u n i r r a d i a t e d  cond i t i on .  We a l s o  repor ted  on t h e  e f f e c t  

*As a gener ic des ignat ion,  t he  new c lass  of s t e e l s  w i l l  be r e f e r r e d  t o  as Cr- W s t e e l s .  (The on ly  excep- 
t i o n  i s  the  21JqCrV s t e e l ,  which conta ins  no tungsten.)  
a f t e r  which these s t e e l s  are  pat terned,  even though both types of s tee l  may con ta in  o the r  a l l o y i n g  elements. 

Th is  fo l l ows  t h e  procedure used f o r  t h e  Cr-Mo s t e e l s ,  
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o f  i r r a d i a t i o n  a t  365°C i n  t h e  Fast F lux  Test F a c i l i t y  (FFTF) on t h e  hardening behav ior  of t h e  s t e e l s  as 
measured i n  t e n s i l e  tes ts .5  
i s  presented. Fo r  f us ion- reac to r  app l i ca t i ons ,  impact behavior i s  extremely impor tant ,  because neutron 
i r r a d i a t i o n  causes an increase i n  t h e  d u c t i l e - b r i t t l e  t r a n s i t i o n  temperature (DBTT) and a decrease i n  
upper- she l f  energy (USE) of f e r r i t i c  s tee l s .  Developing s t e e l s  t h a t  show on l y  smal l  changes i n  these 
parameters i s  o f  utmost importance i f  f e r r i t i c  s t e e l s  are  t o  be use fu l  as s t r u c t u r a l  m a t e r i a l s  f o r  fus ion 
reactors .  

I n  t h i s  repor t ,  t he  e f fec t  of i r r a d i a t i o n  a t  365°C i n  FFTF on impact behav ior  

Exper imental  Procedure 

Chattanooga, Tennessee. 
prev ious s t u d i e ~ . " ~  
t r a t i o n s  of o t h e r  elements such as Mn, P, S i ,  etc., were ad jus ted t o  l e v e l s  t y p i c a l  o f  commercial 
p r a c t i c e .  

E igh t  heats of s tee l  s i m i l a r  t o  those g iven i n  Table 1 were prepared by Combustion Engineer ing,  Inc., 

I n  a d d i t i o n  t o  t h e  nominal composi t ions o f  C r ,  V, W, C, and Ta desired,  t h e  concen- 
Me l t  composi t ions are  g iven i n  Table 2. These are  t h e  same s t e e l s  used i n  t h e  

Table 2 .  Composit ion of f as t  i n d u c e d- r a d i o a c t i v i t y  decay f e r r i t i c  s t e e l s  

Chemical Composition,a w t  % 

Element 2.25Cr- 2.25Cr-1W- 2.25Cr-2W- 5Cr-2W- 9Cr-2W- 9Cr-2W- 12Cr-2W- 
0.25V 0.25V 2.25Cr-2W 0.25V 0.25V 0.25V 0.25VTa 0.25V 

(heat 3785) (heat 3786) (heat 3787) (heat 3788) (heat 3789) (heat 3790) (heat 3791) (heat 3792) 

C 0.11 0.10 0.11 0.11 0.13 0.12 0.10 0.10 
Mn 0.40 0.34 0.39 0.42 0.47 0.51 0.43 0.46 
P 0.015 0.015 0.016 0.016 0.015 0.014 0.015 0.014 
S 
S i  
N i  
C r  
MO 
V 
Nb 
Ta 
T i  
co 
cu 

0.006 
0.17 
0.01 
2.36 
0.01 
0.25 

<0.01 
<0.01 
CO.01 

0.005 
0.02 

0.006 
0.13 
0.01 
2.30 
to.01 

0.25 
<0.01 
<0.01 
<0.01 

0.006 
0.025 

0.005 
0.15 

<0.01 
2.48 

<0.01 
0.009 

<0.01 
CO.01  
tO.01 
0.008 
0.03 

0.006 
0.20 

tO.01 
2.42 

0.24 

0.005 
0.25 

5.00 

0.25 

0.005 
0.25 

8.73 

0.24 

0.005 
0.23 

8.72 

0.23 

0.075 

0.005 
0.24 

11.49 

0.23 

A1 0.02 0.02 0.02 0.021 0.03 0.03 0.03 0.028 
B <0.001 <0.001 0.001 
W 0.93 1.99 1.98 2.07 2.09 2.09 2.12 

a8al ance i r o n .  

A l l  heats  were a i r  melted and then e l e c t r o s l a g  remelted (ESR) t o  ob ta in  about 18 kg of usable 
m a t e r i a l .  
t h e  impact specimens. 

The ESR i n g o t  was hot  r o l l e d  t o  15.9-mn-thick p l a t e  t h a t  was heat t r e a t e d  and used f o r  making 

A no rma l i z i ng  and tempering heat t reatment  was used. The 2.25Cr-2W s tee l  was normal ized by annea l ing  

The 2Y4CrV, Zl/qCr-lWV, and 21f4Cr-2W were tempered 1 h a t  7OO0C, and t h e  o the r  

1 h a t  900°C and a i r  coo l ing .  
h ighe r  temperature was used f o r  these s t e e l s  t o  assure than any vanadium carb ide present was d i sso l ved  
d u r i n g  t h e  a u s t e n i t i z a t i o n .  
f i v e  heats were tempered 1 h a t  750°C. 

c a n i s t e r  of t h e  M a t e r i a l s  Open Test Assembly (MOTA). 
which i s  s l i g h t l y  above t h e  coo lant  ambient temperature.  Because specimens were a t  s l i g h t l y  d i f f e r e n t  
p o s i t i o n s  i n  t h e  can i s te r ,  no t  a l l  specimens rece ived t h e  same f luence.  
d i a t e d  t o  about 1.98 x IOz6 n/m2, -7.3 dpa. 
2.05 x l o z 6  n/m2, 
n/m2, -6.7 dpa. Less than 1 appm He was formed d u r i n g  i r r a d i a t i o n .  

s i z e  and measured 3.3 mn by 3.3 mn by 25.4 mn and conta ined a 0.51-mm-deep 30' V-notch w i t h  a 0.05- t o  
0.08-mm-root rad ius .  A l l  specimens were taken from t h e  normalized-and- tempered 15.9-mm-thick p l a t e  a long 
t h e  r o l l i n g  d i r e c t i o n  w i t h  t he  notch runn ing t ransve rse  t o  t h e  r o l l i n g  d i r e c t i o n  (L-T o r i e n t a t i o n ) .  
Surface m a t e r i a l  was machined e q u a l l y  from both  s ides o f  t h e  p l a t e  t o  a l l ow  f o r  two rows of specimens t o  
be machined from t h e  cen te r  of t he  p l a t e .  

The o the r  seven heats were annealed 1 h a t  1050°C and a i r  cooled; t h e  

I r r a d i a t i o n  o f  t h e  s i x  Charpy specimens from each heat was i n  t h e  FFTF i n  t h e  below-core specimen 
Th i s  i s  a sodium "weeper" t h a t  operates a t  -365OC, 

A l l  o f  t he  2 h C r  S tee l s  were i r r a -  
The 5Cr-2WV and 9Cr-2WV s t e e l s  were i r r a d i a t e d  t o  about 

-7.6 dpa, and t h e  9Cr-2WVTa and 12Cr-2WV s t e e l s  were i r r a d i a t e d  t o  about 1.82 x l o z 6  

Subsize Charpy specimens were i r r a d i a t e d  and tes ted.  These were e s s e n t i a l l y  o n e- t h i r d  t h e  s tandard 
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D e t a i l s  on t h e  t e s t  procedure f o r  t h e  subsize Charpy specimens have been published.6 Each i n d i v i d u a l  
Charpy data se t  was f i t t e d  t o  a hype rbo l i c  tangent  f u n c t i o n  f o r  o b t a i n i n g  t h e  t r a n s i t i o n  temperature and 
upper- shel f  energy. 

Resu l ts  

Resu l ts  from t h e  Charpy impact t e s t s  on t h e  i r r a d i a t e d  and c o n t r o l  specimens are  g iven i n  Table 3. 
Th i s  t a b l e  g ives  t h e  USE and t h e  DBTT f o r  each o f  t h e  e i g h t  s t e e l s  i n  t h e  u n i r r a d i a t e d  c o n d i t i o n  and a f t e r  
i r r a d i a t i o n  a t  365°C; t he  s h i f t  i n  DBTT (ADBTT) i s  a l so  given. The DBTT was determined a t  an energy t h a t  
i s  h a l f  t h e  d i f f e r e n c e  between t h e  upper- and l ower- she l f  energies.  
on l y  a few ten ths  of a j o u l e ,  t h e  value determined by t h i s  method i s  e s s e n t i a l l y  t h e  same as t h a t  d e t e r -  
mined a t  h a l f  t he  upper s h e l f  energy, a va lue which i s  o f t e n  used. 

Because t h e  lower- she l f  energy i s  

Table 3. Impact p r o p e r t i e s  o f  C r - W  s t e e l s  
i r r a d i a t e d  i n  FFTF a t  365OC 

Upper-Shelf 
A1 1 oy Specimen DBTTb ADBTT Energy 

Des ignat ion  Condi t iona ("C) ("C) ( J )  

2.25CrV N&T 14 
I 250 

2.25Cr-1WV N&T - 2 8  
I 192 

2.25Cr-2W N&T -1 9 
I 140 

2.25Cr-ZWV N&T 4 
I 111 

5Cr-2WV N&T -7 D 
I 33 

9Cr-2WV N&T 6 0  
I 8 

9Cr-2WVTa N&T -88  
I 4 4  

12Cr-2WV N&T -18 
I 156 

10 
236 4.2 

11.8 
220 5.6 

9.2 
159 4.6 

9.1 
115 5.2 

9.2 
103 6.5 

8.4 
68 6.4 

11.2 
4 8.6 

8.3 
174 5.9 

F igu re  1 shows t h e  Charpy curves f o r  t h e  21/qCr 
s tee l s .  A l l  four  o f  these s t e e l s  show a l a r g e  
increase i n  DBTT and l a r g e  decrease i n  USE. The 
s h i f t  appears t o  be a f f e c t e d  by t h e  composi t ion.  
Al though t h e r e  was a d i f f e rence  between t h e  DBTT 
a f t e r  i r r a d i a t i o n  f o r  t h e  2114CrY Stee l ,  t h e  one 
w i thou t  tungsten [Fig.  l ( a ) ] ,  and t h e  2114Cr-lWV 
s t e e l ,  which on l y  conta ined 1% W [Fig. l ( b ) l ,  
t h e r e  was l i t t l e  d i f f e r e n c e  i n  t h e  ADBTT f o r  these 
two s tee l s .  I r r a d i a t i o n  had a s i m i l a r  e f f e c t  on 
t h e  reduc t i on  o f  USE f o r  these two s t e e l s .  The 
s t e e l  w i thou t  vanadium, t h e  ZY4Cr-ZW, showed a 
s i g n i f i c a n t l y  smal le r  s h i f t  i n  DBTT CFig. l ( c ) l  
than t h e  o the r  two s tee l s .  F i n a l l y ,  t h e  21/4Cr-2WV 
s tee l ,  which conta ined a combinat ion of 2% W and 
0.25% V, showed t h e  l e a s t  s h i f t  CFig. l ( d ) l  of t he  
2Y4Cr s tee l s .  

I n  F ig .  2, t h e  Charpy curves f o r  t h e  h igh-  
chromium s t e e l s  are  shown. These s t e e l s  a l s o  show 
a v a r i a t i o n  i n  ADBTT, w i t h  t h e  12Cr-2WV s t e e l  CFig. 
2 ( d ) ]  showing t h e  l a r g e s t  s h i f t ,  fo l lowed by t h e  
5Cr-2WV s tee l  [Fig.  2 ( a ) l .  The 9Cr-2WV s t e e l  
[Fig. 2 ( b ) ]  shows a s t i l l  sma l l e r  s h i f t .  F i n a l l y ,  
i r r a d i a t i o n  of t h e  9Cr-2WVTa s t e e l  r e s u l t e d  i n  a 
ADBTT o f  o n l y  4°C [Fig.  2(c)], even though t h e  o n l y  
d i f f e r e n c e  between t h e  9Cr-2WVTa and t h e  9Cr-2WV 
s t e e l  i s  t h a t  t h e  former conta ins  0.07% Ta. 

D iscuss ion 

Op t i ca l  m ic ros t ruc tu res  of these e i g h t  s t e e l s  when normalized-and- tempered as 15.9-mm-thick p l a t e  were 
p r e v i o u s l y  discussed.2 
remainder being polygonal  o r  p roeu tec to id  f e r r i t e .  
and 45% polygonal  f e r r i t e .  
s t e e l  was e s s e n t i a l l y  100% b a i n i t e  and t h e  2Y4Cr-2WV s t e e l  conta ined 15-20% polygonal  f e r r i t e . 2  
5Cr-2WV. 9Cr-2WV, and 9Cr-2WVTa s t e e l s  were 100% tempered mar tens i te .2  
t a i n e d  approximately 25% d e l t a - f e r r i t e ,  w i t h  t h e  balance be ing mar tens i te .  
observed i n  t h e  mar tens i t e  of these l a t t e r  four s t e e l s  by o p t i c a l  microscopy was t h a t  t h e  9Cr-2WVTa had a 
much f i n e r  p r i o r  a u s t e n i t e  g r a i n  s i z e  than t h e  o t h e r  t h r e e   steel^.^ 

The m i c r o s t r u c t u r e  of t h e  2Y4CrV conta ined 30 t o  35% tempered b a i n i t e ,  w i t h  t h e  
The 21/4Cr-lWV s t e e l  conta ined -55% tempered b a i n i t e  

Less f e r r i t e  was observed i n  t h e  21/qCr-2W and 2v4Cr-2WV s t e e l s :  t h e  2Y4Cr-2W 
The 

However, t h e  12Cr-2WV s t e e l  con- 
The o n l y  major d i f f e rence  

Since t h e  s h i f t  i n  DBTT i s  expected t o  be r e l a t e d  t o  t h e  hardening caused by r a d i a t i o n ,  i t  i s  of 
i n t e r e s t  t o  cons ider  t h e  e f fec t  o f  i r r a d i a t i o n  on t h e  t e n s i l e  behavior.  Specimens o f  t h e  s t e e l s  were ten-  
s i l e  t e s t e d  a f t e r  i r r a d i a t i o n  t o  -7 dpa ( re f .  5 ) .  (Note t h a t  i n  t h i s  case t h e  s t e e l s  were heat t r e a t e d  i n  
t h e  t e n s i l e  specimen geometry, and because o f  t h e  t h i n n e r  sec t ions ,  a l l  t h e  2?4Cr s t e e l s  were 100% 
b a i n i t e . )  A l l  s t e e l s  hardened d u r i n g  i r r a d i a t i o n .  Observat ions on t h e  Cr-W s t e e l s  i n d i c a t e d  t h a t  s t e e l s  
c o n t a i n i n g  2Y4% C r  and a combinat ion of vanadium and tungsten hardened l e s s  than those t o  which o n l y  vana- 
dium o r  tungsten were added. For t h e  s t e e l s  c o n t a i n i n g  2.25, 5, 9, and 12% Cr and t h e  combinat ion o f  2% W 
and 0.25% V, t h e  s t e e l  w i t h  12% C r  hardened t h e  most, w h i l e  t h e  o the r  t h r e e  s t e e l s  hardened s i g n i f i c a n t l y  
less.  These t h r e e  s t e e l s  showed s i m i l a r  amounts of hardening. The 9Cr-2WVTa s t e e l  hardened t h e  l e a s t  of 
a l l  of t h e  reduced- ac t i va t i on  s tee l s .  The r e s u l t s  on the  Cr-W s t e e l s  were compared t o  t h e  9Cr-1MoVNb and 
12Cr-1MoVW s t e e l s ,  which were s i m i l a r l y  i r r a d i a t e d .  
amounts: 
t h e  12Cr-1MoVW  steel^.^ 

It was found t h a t  analogous s t e e l s  hardened s i m i l a r  
t h e  9Cr-2WVTa and 9Cr-1MoVNb s t e e l s  showed s i m i l a r  amounts of hardening, as d i d  t h e  12Cr-2WV and 
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F i g .  1. Charpy impact curves of t h e  normalized-and-tempered s t p e l  and f o r  t h e  s t e e l  a f t e r  i t  was 
i r r a d i a t e d  t o  - 7 dpa a t  365°C f o r  (a)  21/4CrV, ( b )  21/4Cr-IWV, ( c )  21/4Cr-2W, and (d)  2V4Cr-2WV s t e e l s .  

From t h e  observat ions on t h e  Charpy t e s t s  on t h e  21/4Cr s tee ls .  t h e r e  would a l so  appear t o  be an e f f e c t  
of composi t ion on t h e  s h i f t  i n  DBTT. 
has a l a r g e r  e f fec t  than vanadium alone, and 2% W has a l a r g e r  e f fec t  than 1% W i n  combinat ion w i t h  0.25% 
V. 
tungsten o r  w i th  a comhinat ion of on l y  1% W and vanadium. 

t h e  d i f f e r e n c e  i n  t h e  m ic ros t ruc tu res  o f  t h e  d i f f e r e n t  2Y4Cr s t e e l s .  The s t e e l s  con ta in  d i f f e r e n t  amounts 
of polygonal f e r r i t e ,  and we p r e v i o u s l y  showed t h a t  t h e  amount of f e r r i t e  i n  a most ly b a i n i t i c  m ic ros t ruc-  
t u r e  can adverse ly  a f fec t  t he  toughness i n  t h e  u n i r r a d i a t e d  cond i t i on :  as t h e  amount of polygonal f e r r i t e  
decreases, t h e  DBTT decreases and the  USE increases.' 

That i s ,  i t  appears t h a t  t he  combinat ion of tungsten and vanadium 

F i n a l l y ,  a combinat ion of 2% W and 0.25% V appears t o  have an advantage over a s t p e l  w i t h  on ly  

Al though these conc lus ions f o l l o w  from t h e  r e s u l t s  i n  Table 3, t h e i r  v a l i d i t y  i s  unc lear .  because o f  

Not on l y  i s  t h e  amount of p o l y  onal  f e r r i t e  a fac- 
t o r ,  but  i t  has a l so  been shown t h a t  t h e  t ype  of b a i n i t e  formed can a f fec t  toughness. ? 

Another comp l i ca t i on  i n  t h e  comparison of t h e  2l/qCr s t e e l s  i s  t h a t  t h e  21/4Cr-?WV s t e e l  was tempered a t  
750°C, compared t o  700°C f o r  t h e  o t h e r  21/4Cr s tee ls .  
2hCr-2WV has v a l i d i t y .  because even a f t e r  t h i s  h ighe r  tempering temperature, t he  s t r e n g t h  of t h e  2114Cr-2WV 
i s  e i t h e r  s l i g h t l y  g rea te r  o r  equ iva len t  t o  t h e  s t rengths of t h e  t h r e e  s t e e l s  tempered a t  700°C ( r e f .  3). 
Furthermore, if the  o t h e r  t h r e e  2V4Cr s t e e l s  were tempered a t  750°C. the  s t rengths developed would be t oo  
low fo r  these s t e e l s  t o  be of i n t e r e s t  f o r  fus ion a p p l i c a t i o n s .  

Nevertheless, t h e  comparison of these s t e e l s  w i t h  
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Consider now the  f o u r  high-chromium s t e e l s  and t h e  21/qCr-2WV s t e e l .  These s t e e l s  were a l l  normal ized 
and tempered s i m i l a r l y ,  and t h e  2v4Cr-2WV s t e e l  i s  t he  s t ronges t  of t he  e i g h t  s t e e l s  -- s l i g h t l y  s t ronge r  
t han  9Cr-?WVTa ( re f .  3 ) .  
s t e e l  shored t h e  l a r g e s t  ADBTT. 
due t o  i r r a d i a t i ~ n . ~  
9Cr-2WV s t e e l  was s i g n i f i c a n t l y  l ess .  
smal l .  t h e  a d d i t i o n  of t h e  smal l  amount of t an ta lum had a marked e f f e c t  i n  reduc ing t h e  AOBTT. 
obse rva t i on  t h a t  t h e  toughness of t he  9Cr-2WVTa i s  l e a s t  a f fec ted by i r r a d i a t i o n  a l s o  agrees w i t h  t he  
observat ion  on t h e  e f fec t  of i r r a d i a t i o n  on t e n s i l e  p rope r t i es ,  where t h i s  s t e e l  showed t h e  l e a s t  amount 
of hardening when i r r a d i a t e d . 5  

The reason fo r  t h e  apparent e f fec t  of t an ta lum i s  unc lear .  O p t i c a l  microscopy i n d i c a t e d  t h a t  t h e  

For t h e  four  s t e e l s  t h a t  contained on l y  tungsten and vanadium, t h e  12Cr-2WV 
Th is  i s  i n  q u a l i t a t i v e  agreement w i t h  t h e  observat ions on t h e  hardening 

The 21/qCr-2WV and 5Cr-2WV s t e e l s  showed s i m i l a r  s h i f t s  i n  OBTT, b u t  t h e  s h i f t  f o r  t h e  
F i n a l l y ,  a l though t h e  ADRTT of t he  9Cr-2WV s t e e l  was r e l a t i v e l y  

Th is  

P r i o r  a u s t e n i t e  g r a i n  s i z e  of t h e  9Cr-2WVTa was l e s s  than t h a t  of t h e  9Cr-2WV s tee l .2  
s i z e  cou ld  be caused by und isso lved TaC r e s t r i c t i n g  t h e  g r a i n  growth of t he  a u s t e n i t e  du r i ng  no rma l i za t i on .  
Because of t h e  v a r i a b l e  na tu re  of t h e  m ic ros t ruc tu res ,  i t  was d i f f i c u l t  t o  quan t i f y  l a r g e  d i f f e rence  i n  
t h e  l a t h  s t r u c t u r e  of t h e  mar tens i t e  of t h e  two s t e e l s  us ing t ransmiss ion e l e c t r o n  microscopy (TEM): 
q u a l i t a t i v e l y ,  t h e  average l a t h  s i z e  of t h e  9Cr-2WVTa s tee l  appears t o  be s i g n i f i c a n t l y  l e s s  than t h a t  o f  
t h e  9Cr-2WV. 
t a t e  formed i n  t h e  9Cr-2WV steel . '  The MC i n  t h e  9Cr-2WV was vanadlum-rich w h i l e  t h e  MC i n  t h e  9Cr-2WVTa 
was a combinat ion of vanadium-rich and tan ta lum- r i ch  pa r t i c l es . '  
9Cr-2WVTa s t e e l  had a s l i g h t l y  h ighe r  s t r e n g t h 3  and s l i g h t l y  lower DBTT (Table 3)  ( re f .  4). which cou ld  
p o s s i b l y  be a t t r i b u t e d  t o  t h e  smal le r  p r i o r  a u s t e n i t e  g r a i n  s i z e  and/or t h e  smal le r  l a t h  s ize .  

Th is  sma l l e r  g r a i n  

P r e c i p i t a t e s  i n  both  s t e e l s  were a combinat ion o f  M Z 3 C 6  and MC, and s l i g h t l y  more p r e c i p i -  

I n  t h e  u n i r r a d i a t e d  cond i t i on ,  t he  
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P r i o r  a u s t e n i t e  g r a i n  s i z e  and l a t h  s i z e  o f f e r  an exp lana t i on  f o r  t h e  reduced e f fec t  of i r r a d i a t i o n  
on hardening i n  t h e  9Cr-2WVTa s t e e l .  Such boundaries a c t  as s inks  f o r  defects (vacancies and i n t e r s t i -  
t i a l s )  generated by i r r a d i a t i o n .  These de fec ts  cause t h e  hardening, which, i n  t u r n ,  cause t h e  s h i f t  i n  
DBTT. A decrease i n  t h e  l a t h  s i z e  and p r i o r  a u s t e n i t e  g r a i n  s i z e  r e s u l t s  i n  a l a r g e r  amount of boundary 
area a v a i l a b l e  t o  a c t  as a defec t  s ink ,  thus  reduc ing t h e  defec t  concen t ra t i on  i n  t h e  l a t t i c e .  
de fec ts  r e s u l t  i n  l ess  hardening and a smal le r  ADBTT. The observat ion  of such a smal l  i nc rease  i n  DBTT 
f o r  t h e  9Cr-2WVTa s t e e l  i n d i c a t e s  t h a t  i t  may be p o s s i b l e  t o  develop s t e e l s  t h a t  r e s i s t  a l o s s  of tough-  
ness when i r r a d i a t e d  -- a t  l e a s t  f o r  i r r a d i a t i o n  i n  a f as t  reac to r .  

Fewer 

I n  a prev ious experiment, t h i r d - s i z e  specimens of 12Cr-1MoVW and 2v4Cr-IMo s t e e l s  were a l so  i r r a d i a t e d  
a t  365°C. 
much l a r g e r  than t h e  s h i f t  f o r  9Cr-2WVTa. 
specimens o f  9Cr-1MoVNb s t e e l  i r r a d i a t e d  i n  EER-I1 t o  13 dpa a t  390°C was l e s s  than t h a t  f o r  12Cr-IMoVW 
stee l . '  A ADBTT o f  52°C was observed f o r  gCr-lMoVNb, compared w i t h  124°C f o r  12Cr-1MoVW s t e e l .  
t i o n  t o  26 dpa showed l i t t l e  f u r t h e r  increase i n  DBTT, which i n d i c a t e d  t h a t  a s a t u r a t i o n  had occur red by 
13  dpa. Assuming s a t u r a t i o n  i s  be ing approached f o r  t h e  9Cr-2WVTa (specimens are  p r e s e n t l y  be ing i r r a -  
d i a t e d  t o  determine s a t u r a t i o n ) ,  t h i s  makes the  s l i g h t  change observed a t  365°C f o r  t h i s  s tee l  e s p e c i a l l y  
s i g n i f i c a n t ,  s ince ADBTT increases w i t h  decreasing i r r a d i a t i o n  temperature when i r r a d i a t e d  i n  a f a s t  reac-  
t o r  such as E B R - I 1 9  and FFTF.a 

Increases i n  DBTT of 151  and 173°C were observed f o r  12Cr-IMoVW and 21/4Cr-lMo, reSpeCtiVelY,8 
Previous work has shown t h a t  t h e  AOBTT f o r  h a l f - s i z e  Charpy 

I r r a d i a -  

Cannon e t .  a l l 0  and Ge l l es"  repor ted  on Charpy impact t e s t s  of S i x  reduced a c t i v a t i o n  S tee l s  i r r a -  
2Cr-1.5V-O.IC. d i a t e d  i n  FFTF t o  10 dpa a t  365°C. 

7.5Cr-ZWO.l5C, 9Cr-lV-O.lC, 9Cr-IW-O.lC. 12Cr-6Mn-lV-O.IC, and 12Cr-6Mn-IW-O.lC. 
s i g n i f i c a n t  d i f fe rences between these s t e e l s  and those of t he  present  i n v e s t i g a t i o n ,  t h e r e  were some s i m i -  
l a r i t i e s .  
s h i f t s  i n  DETT of 24 and 32°C. respec t i ve l y .  
and 12Cr s t e e l s  had ADBTT values i n  excess of 200°C. 

These s t e e l s  had t h e  f o l l o w i n g  nominal composi t ions:  
Al though t h e r e  are  

The 7.5Cr-2W and 9Cr-1W s t e e l s  showed t h e  l e a s t  change i n  p r o p e r t i e s  upon i r r a d i a t i o n  w i t h  
The 9Cr-1V s tee l  developed a ADBTT o f  62OC, w h i l e  t h e  2Cr 

When t h e  observat ions from t h e  prev ious experiments10," a re  combined w i t h  those of t h e  present  
i n v e s t i g a t i o n ,  i t  appears t h a t  a chromium concen t ra t i on  o f  around 7-9% i s  f avo rab le  t o  minimize ADBTT. 
Resu l ts  f rom the  present  i n v e s t i g a t i o n  i n d i c a t e  t h a t  t an ta lum a f f e c t s  t h a t  behavior,  whereas t h e  r e s u l t s  
o f  Cannon e t .  a l l 0  i n d i c a t e  t h a t  tungsten i n  t h e  absence of vanadium i s  impor tant ,  w h i l e  h igh  vanadium 
concen t ra t i on  i n  t h e  absence of tungsten has a de t r imen ta l  e f f e c t  on 9% C r  s tee l s .  
s t e e l s  i n  t h e  work of Cannon e t .  a1 are  s i g n i f i c a n t l y  d i f f e r e n t  from those of t h e  present experiment due 
t o  t h e  much h ighe r  vanadium concen t ra t i on  used. 
mely d i f f i c u l t  t o  d i s s o l v e  a l l  t h e  vanadium carb ide when these s t e e l s  are  heat t r ea ted .  
t h e  s i z e  of carb ides present i n  t h e  s tee l  and subsequently a f f ec t  t h e  toughness. 

us ing  a low-chromium s t e e l  f o r  f u s i o n  a p p l i c a t i o n s ,  e s p e c i a l l y  s ince t h e  21/4Cr-2WV s t e e l  was t h e  s t ronges t  
of t h e  e i g h t  heats i n  Table 1 ( re f .  1). Th is  i s  e s p e c i a l l y  t r u e  if tanta lum cou ld  not  be used i n  F I R D  
s tee l s .  Tantalum i s  al lowed under t h e  Nuclear Regulatory Cpmmission r e g u l a t i o n  IOCFR61, f o r  which FIRD 
a l l o y i n g  elements have been determined. However, tan ta lum develops r a d i o a c t i v e  iso topes t h a t  have an 
extremely h igh  a c t i v i t y  immediately a f t e r  i r r a d i a t i o n ,  and i t  may be e l im ina ted  f o r  sa fe ty  reasons. 
Without tantalum, t h e  9Cr s t e e l s  are  s u b s t a n t i a l l y  weaker than 21/4Cr-2WV s tee l  .2 

Note t h a t  these l a t t e r  

Such a l a r g e  vanadium concen t ra t i on  would make i t  e x t r e -  
Th is  cou ld  a f fec t  

The r e s u l t s  of t h e  present  and past  i n v e s t i g a t i o n s  should n o t  be used t o  r u l e  out  t h e  p o s s i b i l i t y  of 

It has been shown t h a t  t h e  DBTT and USE of 21/4Cr-2WV s tee l  before i r r a d i a t i o n  can be s u b s t a n t i a l l y  
improved when i t  i s  heat t r e a t e d  t o  o b t a i n  an a l l  b a i n i t i c  m ic ros t ruc tu re .s  Such a heat t reatment  lowered 
t h e  DETT t o  -52'C from 4°C and increased t h e  USE t o  11 J from 9 J ( r e f .  5 ) .  As shown f o r  2v4Cr-IMo s tee l , '  
i t  i s  p o s s i b l e  t o  achieve good u n i r r a d i a t e d  and i r r a d i a t e d  toughness on a low-chromium s tee l .  Before 
i r r a d i a t i o n ,  21/4Cr-lMo s t e e l  had a DETT o f  -1D7OC. A f te r  i r r a d i a t i o n ,  t he  DBTT was s t i l l  lower than t h a t  
f o r  12Cr-IMoVW s t e e l  specimens i r r a d i a t e d  s i m i l a r l y  i n  FFTF, even though t h e  l a t t e r  s t e e l  had a lower  
ADBTT. 
12Cr-IMoVW s t e e l  be fo re  i r r a d i a t i o n . 8  Thus, i t  appears t h a t  i f  a s tee l  can be developed w i t h  a su f-  
f i c i e n t l y  low DBTT and h igh USE be fo re  i r r a d i a t i o n ,  t h e  s a t u r a t i o n  value of ADBTT may not  be t o o  h igh  
a f t e r  i r r a d i a t i o n  f o r  t h e  s t e e l  t o  be o f  use. Jus t  as tan ta lum appears t o  have a s i g n i f i c a n t  e f f e c t  on 
produc ing r a d i a t i o n  res i s tance  f o r  a 9Cr s t e e l ,  i t  may be poss ib le  t o  use composi t ion v a r i a t i o n  t o  achieve 
g rea te r  r a d i a t i o n  res i s tance  i n  a low chromium s tee l .  

Furthermore, a f t e r  i r r a d i a t i o n  t h e  USE o f  t h e  2v4Cr-lMo s tee l  remained h ighe r  than t h a t  f o r  

F i n a l l y ,  t h e r e  i s  s t i l l  a quest ion  of how l a r g e  t h e  s a t u r a t i o n  ADBTT might be i n  a f u s i o n  reac to r  -- 
as opposed t o  a f as t  r e a c t o r  o f  t h e  type used i n  t h e  present s tud ies .  I n  a fus ion reac to r ,  l a r g e  amounts 
of t r ansmuta t i on  he l ium w i l l  form i n  con junc t i on  w i t h  displacement damage. 
e f f ec t  O f  t h e  s imultaneous format ion of displacement damage and he l ium have been attempted. 
by i r r a d i a t i n g  9Cr-1MoVNb and 12Cr-1MoVW s t e e l s  w i t h  and w i thou t  n i c k e l  a d d i t i o n s  i n  t he  High F lux  
I so tope  Reactor (HFIR). 
t i o n  w i t h  s 8 N i ,  w h i l e  t h e  f a s t  neutrons i n  t h e  spectrum form displacement damage (displacement damage 
w i thou t  s i g n i f i c a n t  amounts o f  he l ium i s  formed i n  a f a s t  r e a c t o r  such as FFTF o r  ERR-11). 
have i n d i c a t e d  t h a t  he l ium a f f e c t s  toughness.'O 
( < 5  appm He) a t  390°C i n  ERR-I1 r e s u l t e d  i n  s h i f t s  i n  DBTT o f  52 and 54°C ( re f .  9 ) .  
t o  40 dpa a t  400°C i n  HFIR, where 35 appm He was generated, r e s u l t e d  i n  a ADBTT o f  204°C ( r e f .  1 2 ) .  
t h e  s a t u r a t i o n  i n  ADBTT observed f o r  t h e  fas t  reac to r  i r r a d i a t i o n  does not  apply. A s i m i l a r  e f f ec t  was 

Experiments t o  s imula te  t h e  
Th i s  was done 

Thermal neutrons from t h e  mixed spectrum of HFIR form he l ium i n  a two-step reac-  

Such s tud ies  
For t h e  9Cr-1MoVNb s t e e l ,  i r r a d i a t i o n  t o  13 and 26 dpa 

However, i r r a d i a t i o n  
Thus, 
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observed f o r  12Cr-1MoVW s t e e l  a f t e r  i r r a d i a t i o n  t o  13 and 26 dpa, where a s a t u r a t i o n  va lue of 144°C was 
observed i n  E B R - I 1  a t  390°C ( r e f .  9),  bu t  a va lue 242°C was observed a f t e r  i r r a d i a t i n g  i n  HFIR a t  400°C t o  
40 dpa and 110 appm He ( r e f .  12).  A t  present ,  t h e  d i f f e r e n c e  i n  behavior  i n  t h e  two r e a c t o r s  has been 
a t t r i b u t e d  t o  t h e  helium.12 
There i s  no reason t o  b e l i e v e  t h e  FIRD a l l o y s  should be d i f f e r e n t  from t h e  convent ional  f e r r i t i c  s t e e l s .  

A s i m i l a r  he l ium e f f e c t  would then be expected t o  occur i n  a fus ion  reac to r .  

SUMMARY AND CONCLUSION 

M i n i a t u r e  Charpy specimens from e i g h t  reduced- ac t i va t ion  Cr- W f e r r i t i c  s t e e l s  were i r r a d i a t e d  t o  
-7 dpa i n  FFTF a t  365°C. A l l o y s  c o n t a i n i n g  2% W and 0.25% V w i t h  chromium l e v e l s  o f  2.25, 5, 9, and 12% 
(designated ZU4Cr-2WV. 5Cr-2WV, 9Cr-2WV, and 12Cr-2WV) were i r r a d i a t e d .  
(9Cr-2WVTa) and 2 M C r  s t e e l s  w i t h  0.25% V and 0 and 1% W (21/4CrV, and 2V4Cr-IWV) and w i t h  2% W and no vana- 
dium (2Y4Cr-2W) were a l s o  i r r a d i a t e d .  
USE. From observat ions on t h e  2Y4CrV, 2Y4Cr-lWV. 21/qCr2W, and 2Y4Cr-ZWV, i t  was concluded t h a t  vanadium may 
exacerbate t h e  s h i f t  i n  t h e  absence of 2% W. These conclus ions were compl icated by d i f f e r e n c e s  i n  t h e  
o v e r a l l  m i c r o s t r u c t u r e  (amount of b a i n i t e  and polygonal f e r r i t e )  of t h e  s t e e l s  and d i f fe rences  i n  tem- 
p e r i n g  c o n d i t i o n s .  
and polygonal f e r r i t e  i n  t h e  m i c r o s t r u c t u r e ,  i t  may be p o s s i b l e  t o  promote improved i r r a d i a t i o n  r e s i s t a n c e  
if t h e  m i c r o s t r u c t u r e s  of t h e  s t e e l s  a re  e n t i r e l y  b a i n i t e .  For  t h e  high-chromium s t e e l s ,  t h e  12Cr-2WV 
s t e e l  showed t h e  l a r g e s t  change i n  p r o p e r t i e s ,  fo l lowed by t h e  5Cr-2WV s t e e l .  
l e a s t  change, w i t h  t h e  9Cr-2WVTa showing on ly  a 4°C inc rease  i n  DBTT, i n d i c a t i n g  t h a t  tan ta lum had a 
favorable e f fec t  on t h e  p r o p e r t i e s .  
i r r a d i a t i o n  on toughness can be favorably  a f fec ted  by changing t h e  composit ion. 

A 9Cr-2WV s t e e l  w i t h  0.07% Ta 

I r r a d i a t i o n  r e s u l t e d  i n  an inc rease  i n  t h e  DBTT and a decrease i n  

Since toughness of t h e  low-chromium s t e e l s  can be a f fec ted  by t h e  amounts of b a i n i t e  

The 9Cr s t e e l s  showed t h e  

The r e s u l t s  are encouraging i n  t h a t  they  i n d i c a t e  t h a t  t h e  e f fec t  of 
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COMPARISON OF THE EFFECTS OF LONG-TERM THERMAL AGING AND HFlR IRRADIATION ON THE 
MICROSTRUCTURAL EVOLUTION OF 9Cr-1 MoVNb STEEL -- P.J. Maziasz and R.L. Klueh (Oak Ridge National Laboratory) 

OBJECTIVE 

The purpose of this work is comparison of reactor-irradiated and long-term thermally aged specimens of 9Cr-1 MoVNb 
steel to distinguish displacement damage effects from those due to elevated-temperature exposure alone. 

SUMMARY 

Both thermal aging at 482-704°C for up to 25.000 h and HFlR irradiation at 300-600"C for up to 39 dpa produce 
substantial changes in the as-tempered microstructure of 9Cr-1 MoVNb martensiticlferritic steel. However, the changes in 
the dislocationlsubgrain boundary and the precipitate structures caused by thermal aging or neutron irradiation are quite 
different in nature. During thermal aging, the as-tempered lathlsubgrain boundary and carbide precipitate structures remain 
stable below 650°C. but coarsen and recover somewhat at 650-704°C. The formation of abundant intergranular Laves 
phase, intra-lath dislocation networks. and fine dispersions of VC needles are thermal aging effects that are superimposed 
upon the as-tempered microstructure at 482-593°C. HFlR irradiation produces dense dispersions of very small "black-dot" 
dislocations loops at 300°C and produces helium bubbles and voids at 400°C. At 300-500°C. there is considerable recovery 
of the as-tempered lathlsubgrain boundary structure and microstructurallmicrocompositional instability of the as-tempered 
carbide precipitates during irradiation. By contrast. the as-tempered microstructure remains essentially unchanged during 
irradiation at 600°C. Comparison of thermally aged with irradiated material suggests that the instabilities of the as-tempered 
lathlsubgrain boundary and precipitate structures at lower irradiation temperatures are radiation-induced effects, whereas 
the absence of both Laves phase and fine VC needles during irradiation is a radiation-retarded thermal effect. 

PROGRESS AND STATUS 

Introduction 

Since the early 1970s. there has been increased worldwide interest in the use of 9-12 Cr martensiticlferritic steel as 
alternatives to austenitic stainless steels for elevated temperature applications up to about 6M)"C in both nuclear and fossil 
energy systems." The 9Cr-1MoVNb steel was developed jointly by the Oak Ridge National Laboratory (Oak Ridge, TN) 
and Combustion Engineering (Chattanooga, TN) in response to the mandate in 1974 by the U.S. Liquid Metal Fast Breeder 
Reactor (LMFBR) Materials Program for a better steam generator Also designated T-91, this steel offers better 
tensile and creep strength at 600°C relative to standard 9Cr-I Mo (F9) or other modified 9Cr steels (i.e.. 9Cr-2MoVNb or EM- 
12) with better impact properties at lower temperatures.' Because the martensiticlferritic class of steels also demonstrate 
outstanding resistance to radiation-induced void swelling,"" these steels have ais0 been considered for in-core LMFBR 
applications. Void swelling resistance plus good thermal conductivity and low thermal expansion have made 9Cr-1 MoVNb 
an attractive candidate first-wall material for Magnetic Fusion Reactor (MFR) applications as well."'" 

Many of the mechanical properties limitations that occur during long-term thermal aging or neutron irradiation of 9Cr 
martensiticlferritic steels can be related to changes in the as-tempered microstructure caused by such exposure. Long-term 
aging of 9Cr-1 Mo steel produces embrittlement by increasing the ductile-to-brittle transition temperature (DBlT), which can 
be related to Laves phase precipitation along grain boundarie~.'"'~ Radiation-induced increases of DBTT in 9-12Cr steels 
appear caused by matrix hardening related to a variety of fine, radiation-produced microstructural defects.'*" 

The purpose of this paper is to characterize the microstructural evolution of 9Cr-1 MoVNb steel after irradiation in HFlR 
at 300-600°C to 37-39 dpa (about 10,000 h) and afler long-term thermal aging at 482-704°C for 10,oM) and 25.000 h. 
Particular emphasis is given to characterization of the precipitate component of the microstructure using analytical electron 
microscopy (AEM). The comparison of the long-term aging data with reactor-irradiation data allows radiation-induced 
microstructural changes to be separated from those that are radiation-enhanced, -modified or -retarded thermal effects. 
Correct phenomenological assessment combined with microstructure-properties correlations in future work can provide 
insight to guide further optimization of 9Cr-1 MoVNb steels for either nuclear or non-nuclear applications. 

EXPERIMENTAL 

The compositions of two heats (30176 and 30394) of 9Cr-1MoVNb steel produced by Carpenter Technology 
(CarTech) and one heat (XA 3590) produced by Combustion Engineering (CE, Chattanooga, TN), which were investigated 
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in this work, are given in Table 1. The major difference is that heats 30176 and XA 3590 both contain less Si than heat 
30394, but all fall within the T-91 specification.' All of the steels were finished in a normalized (0.5 h at 1040°C. He quenched 
to room temperature) and tempered (1 h at 760°C) condition. Tensile, creep and Charpy-impact specimens were fabricated 
from plate-stock of heats 30176 and 30394 and aged stress-free at 482, 538. 593, 650 and 706°C for 10,ooO and 25.000 
h. Material of heat XA 3590 was first processed into O.2Smm-thick sheet stock from which standard 3-mm-diam transmis- 
sion electron microscopy (TEM) disks were punched. These disks were then also normalized and tempered prior to 
irradiation in the HFIR-CTR-30 experiment. Disks were irradiated at temperatures of 300, 400, 500 and 600°C to fluences 
of fast and thermal neutrons that produced 36.5 to 38.5 dpa and 30-32 at. ppm He in about 10,000 h. 

TEM disks were punched from slices cut from thermally aged tensile (shoulder) or Charpy-impact specimens. 
Precipitates were electrolytically extracted onto carbon films from the TEM disks prior to electropolishing, and suspended 
on either copper, beryllium or carbon-coated nylon grids for analysis using x-ray energy dispersive spectroscopy (XEDS). 
The remainder of the slice was used for bulk electrolytic extraction of precipitates to quantitatively measure the weight 

fraction of residue. Only extraction replica and thin-foil specimens 
could be made from the highly radioactive HFIR-irradiated TEM Table 1. Composit ions o f  Comnercial 

Heats O f  9Cr-1MoVNb disks. 

Heat Des ignat ion Thin-foil specimens were examined using a JEM l00C TEM 
equipped with an AMG objective lens pole piece to minimize 
ferromagnetic displacements and stigmatism of the electron beam. 
Phase identification and quantitative microcompositional analysis Of 

both individual particles and large areas with thousands of particles 
C r  8.6 8.6 8.6 (broad-beam analysis) on the replica specimens were performed 
Ma 0.9 1.0 1.0 using a Philips EM400T/FEG (1 00 kV, field-emission gun, with < 10 
V 0.21 0.20 0.21 nm probe size) AEM with an EDAX 9100 analysis unit and a JEM 

2Mx)FX (200 kV, LaB. gun) AEM with a TN-5500 Series II analysis N b  0.072 0.073 0.063 
M n  0.37 0.46 0.36 
N i  0.09 0.09 0.1 unit. Only the normalized composition of metallic elements heavier 
S i  0.11 0.4 0.08 than AI were analyzed using XEDS. More details concerning analysis 
C 0.081 0.084 0.09 techniques can be found eIsewhere.Z'24 
cu 0.04 0.04 
w (0.01 0.05 0.01 
P 0.01 0.01 
N 0.0055 0.053 0.05 

30394 XA 3590b 30176 

Alloy Composit iona w t  Y. 

RESULTS 

aBalance i ron .  b0.002 T i .  As-Tempered Microstructure of 9Cr-1 MoVNb 

The as-tempered microstructure of both heats of 9Cr-1 MoVNb 
martensitic/ferritic steel consisted of small intragranular lath-shaped 
ferrite subgrains within larger grains from prior austenite (Fig. la). 

Tempering produced about 1.4-1.8 wt.% precipitationz5 (Table 2), distributed as mainly coarse M,C, and some finer MC 
particles along grain and lath/subgrain boundaries (Fig. 1 b). XEDS analysis of individual precipitate particles extracted onto 
carbon replica films showed Cr-rich M,C, and V- and Nb-rich MC phases (Fig. 1 b). Quantitative broad beam XEDS analysis 
indicated that 65-90 vol.% of the extracted precipitates were M,C. and 10-15% were MC, with most of the MC particles 
being VC. The as-tempered lathkubgrains contained dislocation networks, with densities that varied from 1-7 x lo"  m ' 
in larger subgrains to less in smaller ones. The lath/subgrain boundaries were also planar honeycomb arrays of dislocations 
with a much higher density. 

Microstructural Evolution of 9Cr-1 MoVNb Durins Thermal Asing 

Microstructural changes were observed in the 9Cr-1 MoVNb steel at ail aging temperatures in the range of 482-704°C 
after 25.000 h. The data can easily be separated into two temperature regimes of quite different aging effects. At the lower 
temperatures of 482-5WC, there was little change in the as-tempered lath/boundary and carbide precipitate structures, 
while at 650 and 704"C, there was detectable recovery and coarsening of the lathlsubgrain boundary structure, and 
coarsening of the as-tempered carbide precipitates. A considerable amount of new precipitation and an increase in the 
concentration of dislocation networks were observed within subgrains in the lower temperature regime, while no new 
precipitate phases were observed at 650 and 704°C in the lower Si heat of steel (Table 2). 

Dislocation density within many subgrains increased during aging at 538°C for 25.000 h relative to the as-tempered 
material (Fig. 2a and 2b). By contrast, aging for 25,000 h at 650°C produced almost no change in microstructure relative 
to as-tempered material (Fig. 2c). Aging for 25,000 h at 704°C caused recovery and coarsening of the as-tempered lath 
subgrain structure into larger, equiaxed subgrains (cf. Figs. 1 a and 3). Quantitative data on the weight percent of extracted 
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Fig. 1. The microstructure produced in 9Cr-1 MoVNb steel (heat 301 76) after tempering for 1 h at 760°C. a,) TEM of 
a thin-foil specimen. and b.) TEM of precipitates extracted onto a carbon replica film (with histograms of phase compositions 
from quantitative XEDS analysis), 



steel in a,) 
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Table 2. P r e c i p i t a t i o n  Data on Thermally Aged 9Cr-1HOVNb Speclment 

Aging Condit lons 
Bulk  Phases Observed 

Specimen Tanper- P r e c l p l t a t e  on Ex t rac t lon  
Desigm- a t u r e  lima Ext rac t ton  Repllcas v l a  XEDSa 

t l o n  ('e) (h) (ut %I 

T-20 
24047 

T-214 
T-344 

T-362 

T-246 
1-378 
T-394 

T-19 
23985 

T-19 
23985 

T-618 

1-313 
T-584 

Heat 30176 (0.1 nt 'L S i 1  

Ar-tanpered (1 h @ 760T)  1.713 
482 25,000 2.087 

538 10.000 2.027 
538 25,000 2.358 

593 25.000 2.247 

650 10,000 1.748 
650 25,000 1.810 
704 25.000 1.786 

Heat 30394 (0.4 w t  % S i 1  

As-tewqered (1 h B 760.C) 1.833 
482 25.000 3.137 

1.833 
482 25,000 3.137 

538 25.000 3.183 

As-tmpered (1 h B 760°C) 

650 1O.WO 1.802 
650 25,000 2.729 

H,,C. + vc + Nbc 
H& + Laves + VC 
+ NbC + crl(X)? 

H2,C. + Laves + VC 
H,,C. + Laws + vc + 
some f l ne  Fe-Cr phase 
M,,C. + Laver + vc + 
NbC 
H& + vc + Nbc 
M,,C. + VC + NbC 
MI&. + VC + NbC 

M,,C. t VC + NbC 
M,,C. + L a v a  + VC + 
NbC 
H,,C* + vc + Nbc 
M.,C, + Lams + vc t 
NbC 
M,,C. + Laves + vc + 
NbC + sme f l n e  Fe-Cr 
phase 
M,,C. + vc t Nbc 
H,,C. + Laves + VC + 
NbC 

'Phase i d e n t i f l e d  by c h a r a c t e r l s t l c  spectra frm lnd iv ldua l  par- 
t i c l e  analysis: r e l a t i v e  phase f r a c t i o n  determined f r o m  broad-beam XEDS 
o f  many p a r t t c l a s .  Order  represents dscreaslng phase f ract lon.  

4 

Fig. 3. TEM of the lath/subgrain structure of 9Cr-1 MoVNb (heat 30176) steel after aging for 25.000h at 704°C. 
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Table 3 .  Broad-Beam Compositional Averaging v i a  XEOS of Prec ip i ta tes  Extracted onto Replicas frm Med 9 c r - i ~ v ~ b  Steel 

Aging Conditions 

a u e Tine 
('C) (h) 

A l l o y  at. X 

Phases s i  P T i  V C r  Mn Fe N i  Nb MO 
Tmer- 

Heat 30176 

As-tmpered M2,C. + VC + NbC 4.0 0.5 0.1 8.3 54.5 0.2 25 0.2 3.0 4.5[21b 
482 25,000 M,,C. + Laves + VC + Nbc + Cr,(x)? 0.5 0.9 0.1 8.2 54.2 0.1 24.8 0.1 4.1 7.0[2] 
538 10.000 M,&, + Laves + VC 2.7 2.3 0.1 7.0 48.0 1.5 27.4 0.4 1.8 9.0[2] 
538 25,000 M2,C. + Laves + VC + f i n e  Fe-Cr phase 2.4 1.3 0.1 6.6 45.6 0.6 29.3 0.1 1.8 12.3[2] 
593 25.000 M& + Laves + VC + NbC 3.7 2.1 0.1 5.5 44.7 0.5 27.5 0.1 2.1 13.7[2] 
650 10,000 M& + VC + NbC 4.5 1.4 0.2 6.6 63.2 1.2 17.0 0.3 2.3 4.4[2] 
650 25,000 M2,C. + VC + NbC 4.3 0.7 0.1 8.8 61.5 0.4 16.1 0.2 2.9 5.3[2] 
704 25,000 M& + VC +NbC 1.5 0.1 11.0 59.2 1.4 16.2 0.6 5.6 4.4[31 

Heat 30394 

A s - t w e r e d  M,,C. + vc + Nbc 2.8 1.3 7.5 56.4 1.3 24.5 0.1 1.3 4.5~23b 
482 25.000 M,,C. + Laves + VC + NbC 3 . 8 1 . 2  0.1 9.4 39.6 0.6 27.4 0.2 3.9 13.8[2] 

5 . 6 2 . 0  0.1 4.9 39.5 0.8 30.8 1.3 15.0[2] 538 25,000 
650 10.000 M& + VC + NbC 1.3 1.6 0.2 8.5 59.7 1.3 17.9 0.4 3.8 5.4[2] 
6% 25.Wo M,,C. + Laves + VC + NbC 5.5 1.6 0.1 4.7 41.6 0.6 28.9 0.1 1.3 15.7123 

M,,C. + Laver + VC + NbC + smn f i n s  Fa-Cr 

aNmal i zed .  averaged composition fo r  e lmants  heavier than aluminum. 
bThe number o f  spectra obtained from d i f fe ren t  areas of the  r ep l i ca  f o r  the  average broad-beam c o q o s i t i o n .  

Table 4. XEOS Conposit ion o f  the  Laves Phase Extracted on Replicas from 
Aged 9Cr-1MoVNb Steel 

Aging Condit ions 
Conpositionb (at .  %) 

Tempera- comments' 
t u r e  Time s i  P T i  V C r  Hn Fe N i  Nb MD 
('C) (h) 

Heat 30176 

482 25,000 LargeC21 2.4 4.6 0.1 0.1 17.8 1.0 39.0 0.3 0.2 34.5 

538 10,000 Large[)] 7.6 5 . 2 0 . 1  0.4 12.8 1 . 4 4 3 . 4 0 . 4  0.3 28.3 

538 25,000 Large[3] 7.1 2 . 8 0 . 2  0 . 6 1 3 . 2  0 . 0 4 3 . 0 0 . 2  0 .3  31.8 

593 25.000 Large121 8.2 3.4 0.2 0.1 9.6 0.6 45.1 0.2 0.3 32.3 

Haat 30394 

538 25,000 Large[)] 13.4 3.6 2 . 2 1 3 . 5  0 . 8 1 8 . 3 0 . 1  0.5 27.0 
650 25.000 LargeC41 11.5 3 . 2 0 . 1  0.3 12.8 0 . 6 4 2 . 6 0 . 7  0.7 28.1 

'Large P a r t i c l e s  are usua l l y  greater  than 200 nm i n  s i z e  (numbers i n  brackets ind ica te  

bNomalized. averaged conposi t ion fo r  e l m e n t s  heavier than aluminum. 

t h e  number of i nd iv idua l  p a r t i c l o  spectra analyzed). 

produced during tempering, both TEM and AEM analysis of extraction replicas indicated coarsening of the carbide 
precipitates, particularly the MC particles.' Broad-beam analysis at 704°C indicates an increase in the relative volume 
fraction of MC to M,C8 phases compared to the as-tempered material (more V and Nb. Table 3). While neither carbide 
phase showed any significant compositional change when they were stable at lower aging temperatures, both showed 
detectable compositional changes when they become unstable at 650-704°C. The M,C. phase (average as-tempered 
composition -- 62% Cr-29%Fe-5.5%Mo-l% V, with detectable Si, Nb and Mn as well) contained slightly more chromium and 
less iron at 650 and 704°C. The VC particles become richer in niobium at the expense of chromium and vanadium at 704°C 
relative to the as-tempered condition (Table 5), and the fraction of mixed V- and Nb-rich MC particles also appeared to 
increase. 
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Fig. 6. Comparison of differences in the amount and distribution of Laves phase in different heats of 9Cr-1MoVNb 
steel during aging at 536°C for 25,000h. a.) heat 30176 (0.1 wt.% Si) and b.) heat 30394 (0.4 wt.% Si). Both specimens are 
extraction replicas. 

Wins HFlR Irradiation 

Microstructural changes due to irradiation of the lowsilicon heat of 9Cr-1 MoVNb in HFlR to 37-39 dpa (about 10,oOO 
h) were observed primarily at 300-5Oo"C; irradiation at 600°C produced almost no change relative to the as-tempered 
microStructure. Radiation-induced dislocation loop and void formation were confined to very narrow ranges of temperature. 
Tiny "black-dot" dislocation loop damage was observed only at 300°C (Fig. E), while helium bubbles and voids were only 
observed to form at 400°C (Fig. 9). Bv contrast. chanaes in matrix dislocatinn concantratinn Iathkiibgrain boundaw 
structure, and ca 
to 500°C. 

, .-...,-- 
on temperature from 306 

Thematrixu,,3-,,~,, U-~,SI~). VI U R U U I - I ~ V V I V ' U J I ~ R I ~ U I ~ I ~  in nrinmiioweoanwmairemperaturedependence, 
with the highest dislocation concentration (a mixture of loops plus network) at 300°C (Fig. Ed), less at 400 and 500°C 
(network only)(Fgs. 9a and lo), and the lowest concentration at 600°C (Fig. 11). Quantitative measurements of dislocation 
concentration showed the network after irradiation at 400°C falling consistently to the higher side of the wide range observed 
in as-tempered material (6 x 10" and < l -7  x 10'' m-', respectively)." The concentration of dislocation networks after HFlR 
irradiation at 500 and 600°C was very similar to that found in the as-tempered condition. 
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Fig. 7. Fine MC precipitation formed during aging of 9Cr-1MoVNb steel at 538°C for 25,000h. a.) bright-field. b.) 
precipitate dark-field and c.) SAD TEM analysis from a thin-foil specimen of heat 30176 and d.) TEM of an extraction replica 
specimen of heat 30394. 

While the radiation-produced dislocation density followed a normal temperature dependence, recovery and coarsen- 
ing ofthe as-tempered lathhbgrain boundary structure was observed to follow an inverse temperature dependence during 
HFlR irradiatim at 300-5O(pC. Recovery of the cellular subgrain structure was greatest at 300°C (Fig. E) and least at W C ,  
and at 600°C there was no discernible difference between HFIR-irradiated and as-tempered material (Figs. 8b and 11). 
Evidence for recovely of the subgrain Wucture is best seen from comparison of lower and higher magnification TEM of 
an as-tempered specimen with one irradiated in HFlR at 300°C in Fig. 8. At higher magnification. the small cell boundaries. 
which often m s i s t  of dense honeycomb networks, were a dominant microstructural feature in as-tempered material, but 
were almost completely absent after HFlR irradiation at 300°C (cf. Fig. Eb and Ed). Many large regions of matrix were also 
free of subgrain structure after irradiation at 400% (Fig. Sa)." Alter irradiation at 500°C most of the initial subgrain boundary 
Structure remained (Fig. lo), but subgrain size was slightly coarser than found in either as-tempered material or material 
irradiated at 600°C. One subtle hint that irradiation at 500°C had altered the structure is the fact that many carbide 
precipitate particles were not associated with boundaries, as was the case in as-tempered material. At lower magnification, 
it can be seen that coarSer packet boundaries established during tempering and prior austenite grain boundaries (both 
usually heavily decorated with carbide precipitates) were still visible after irradiation at 300°C (Fig. 8a and 8c). 
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Table 5. xE0S Cowas i t ion  of K Ind iv idua l  Pa r t i c l es  Ex t rac ted  on Replicas frm 
Aged 9Cr-IHoVNb Steel 

Aging Condit ions 
Phases C o ~ o s i t i o n b  ( a t .  I) 

Tempera- and 
t u r e  Time Comments' S i  P T i  V C r  Hn Fe N I  Nb Ho 
('C) (h) 

Heat 30176 

Small VC [ S I  1.4 0.1 0.1 74.0 16.9 0.5 6.3 0.6 
As-tempered Larger NbCC11 12.2 2.2 0.4 84.7 0.5 

482 

538 

538 

593 

650 

650 

704 

Small NbC[z]- 15.3 3 . 3  0.5 80.2 0.6 

25,000 g.b.' VC [3] 0.5 0.8 0.1 65.8 19.3 3.6 7.1 2.7 
Larger matr ix  V C [ l I  1.2 0.6 68.2 16.1 4.6 0.1 8.7 0.7 
Very f i ne  vc [31 5.4 1.5 0.2 59.0 23.6 2.8 0.1 3.9 3.5 
Larger mat r i x  NbC[ll 5.9 16.4 3.4 0.1 0.6 0.1 72.5 0.8 
Larger matr ix  Mc[ l l  3.0 0.3 51.6 12.8 1.1 0.1 26.9 4.2 

10.000 Small VC[5] 

25.000 Larger VC[4] 
Very f i n e  V C C l ]  

25.000 Larger VC[2] 
Small VC[1] 
Larger Nb€[11 

10,000 small vc [3] 

25.000 Larger vc[5] 
Small Vc[g] 
S m a l l  NbCCZ] 

25,000 Larger VC [Z] 
Small VCC4 l  
Larger W[31 
small K [ 3 ]  
Larger NbC[l] 

As-tempered Small VCC11 
Small Nbcc l l  

538 25,000 Small VCCS] 

650 10.000 Larger VC[Z] 
Small VC[2] 

650 25.000 Small vcc51 

0.5 0.5 0.2 68.0 20.8 2.3 4.8 3.7 3.6 

3.1 0.1 4.3 1.0 
8.1 0.2 52.5 23.1 9.3 0.1 2.7 4.0 

3.3 0.8 0.2 72.0 12.5 0.1 0.7 9.8 0.6 
3.6 1.0 0.2 73.8 14.1 0.1 0.5 0.1 5.8 0.8 
1.8 1.5 0.3 14.8 3.0 0.2 0.6 0.1 77.6 0.3 

2.5 0.8 75.8 14.6 0 .3  5.1 0.8 

1.3 1.1 0.1 67.2 16.2 1.3 12.1 0.7 
2.8 0.0 0.1 75.1 13.5 0.6 6.6 0.6 

6.5 0.1 14.0 2.7 0.4 76.6 0.7 

1.1 0.7 66.4 6.6 0.7 0.5 23.6 0.2 
0.5 0.7 70.7 12.1 0.9 0.6 14.0 0.6 
1.7 0.5 48.5 5.5 0.5 0.7 42.3 0.3 
1.8 0.4 49.2 5.2 0.5 0.6 41.0 0.6 
3.6 0.4 8.1 1.7 0.6 0.9 84.0 0.4 

Heat 30394 

0.6 0.1 60.4 22.4 

1.2 2.1 0.0 75.3 14.2 0.1 5.6 0.7 
6.4 2.0 15.2 3.0 0.5 71.6 1.1 

1.0 77.6 15.3 5.5 0.3 

1.4 2.8 0.1 71.2 0.9 0.4 14.4 0.9 
3.1 3.4 0.1 64.2 10.0 0.7 0.1 16.5 1.9 

3.2 1.0 0.1 70.3 15.0 0.1 0.9 7.5 0.9 .. 

"Larger p a r t i c l e s  a re  greater  than -M t o  60 M I n  size. small p a r t i c l e s  a re  l ess  than -30 t o  

bNonnalized. averaged conposl t ion f o r  elements heavier  than aluminum. 

40 nm I n  slze, and very f i n e  p a r t i c l e s  arm usua l ly  rods, -S-m- th ick .  40- t o  100-m-long (nulabars 
i n  brackets i nd l ca te  t he  nurnber of ind iv idua l  p a r t i c l e  spectra analyzed). 

cg.b. I g ra in  boundary. 
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Fig. 9. E M  of larger voids and finer helium bubbles formed in 9Cr-1 MoVNb (heat XA 35%) steel af&er HFlR irradiation 
at 400°C to about 37 dpa, at lower (a) and higher (b) magnifications. 

Irradiation dramatically changed the V and Cr concentrations of the MC phase particles in the 9Cr-1MoVNb steel, 
and this effect also had a strong, inverse temperature dependence. The pronounced increase in Cr at the expense of V 
that occurs in MC particles during HFlR irradiation at 400°C is shown clearly in Fig. 12. Irradiation appears to strongly affect 
only the V and Cr concentrations. This effect of irradiation on MC composition is similar for both V-rich or mixed V- and 
Nb-rich particles (Fig. 12). Both Table 7 and Fig. 13 show that the effect of irradiation on Cr and V content of MC particles 
was very stong at 300500°C. but then becomes weaker at 600°C. The radiation-induced Cr-enrichment was maximum at 
4 W C  and more temperature sensitive th?n V-depletion. which was greatest at 400-5M)"C. Clearlv the MC composition 
during irradiation at 600°C moved much closer to the MC composition observed during thermal aging, although an effBCt 
of irradiation was still noticeable. 
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Fig. 12. Histograms of MC phase composition from quantitative XEDS analysis of precipitate particles on extraction 
replicas from 9Cr-1MoVNb (heat XA 3590) steel in the as-tempered condition and after HFlR irradiation at 400°C to about 
37 dpa. 
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Fig. 13. A plot of the average chromium and vanadium 
concentrations of MC particles as functions of exposure tem- 
perature, obtained from quantitative XEDS analysis of 
extraction replicas made from 9Cr-1 MoVNb (heat XA 3590) steel 
specimens which had been thermally aged or irradiated in HFIR. 
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The XEDS broad beam compositions of 
extracted precipitates showed little difference after 
irradiation, except for irradiation at 300°C (Table 6). 
Given the MC phase composition produced during 
irradiation, analysis of the broad-beam data for relative 
phase fractions suggested a slight increase in the 
amount of MC relative to M,C, at 300°C (17 and 83%, 
respectively). The amounts of MC relative to M,C, in 
specimens irradiated at 400-600°C were similar to that 
found in the as-tempered steel (10-12 and 88-90%, 
respectively). Bulk extraction measurements could not 
be performed on radioactive material, so quantitative 
changes in the total amount of precipitation could not 
be Observed. 

DISCUSSION 

The data on 9Cr-1 MoVNb steel indicate that the 
microstructural and microcompositional changes 
produced by HFlR irradiation and by thermal aging are 
quite different. However, it should also be obvious that 
the mechanisms driving such changes are also 
different in each exposure environment. The 
microstructural differences between thermally aged and 
HFlR irradiated 9Cr-1MoVNb steel can be summarized 
as follows: a.) the as-tempered subgrain boundary and 
precipitate structures are stable during aging at 600°C 
and below, but unstable during HFlR irradiation at 300 
500°C; b.) Laves phase forms abundantly during aging 
below 600°C. but not at all during HFlR irradiation; c.) 
additional fine VC needles form during aging at 593°C 
and below, but not during HFlR irradiation; d.) the MC 
phase undergoes radical compositional changes 
during irradiation at 300-500°C that are not ObSeNed 
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Table 6. Broad-Beam Comporitlonal Averaglng v l a  XEOS O f  P rec lp l ta tea  
Extracted onto Repllcar from HFIR-Ir radlated 9Cr-lMoVNb Steel 

Aging Condlt lons 
compos!tlona (a t .  i) 

Tempera- Phases 
tYre  OOIB SI T I  V C r  Mn Fe N l  Nb Ma 
('C) (+a) 

Ar-tempered M,,C, + MC[2Ib 0.9 0.4 9.7 53.3 0.1 26.5 0.4 3.4 4.8 

300 36.5 Mz,Ce + MC131 2.0 0.1 10.5 53.8 0.6 25.6 0 .1  2.6 3.6 

400 36.5 M,,C, + MC151 1.9 0.06 5.7 61.7 0 . 1 2 3 . 2  0.5 2.6 3.6 

500 38.5 M,,C. + MC[2] 2.8 0.3 5.8 58.6 0.1 22 .1  2.0 3.2 4.6 

600 38.5 M,,C. + MC[31 1.4 0 . 3  6.9 60.7 3.9 22.6 0.1 1.1 3.1 
~ ~ 

aNNormallred, averaged composlt ion f o r  elements heavler  than alumlnurn. 

bThe number of separate Spectra obtalned from d l f f e r e n t  areas of t h e  r e p l l c a  fo r  the  average 
broad-beam comporltlon. 'None detected. 

Table 7. XEDS Cmpos l t lon  of I nd iv idua l  MC P a r t i c l e s  Ex t rac ted  onto 
Re~llcar f rom HFiR-Irradiated 9Cr-1MoVNb S t e e l  

~ 

Aging Conditfonr 
camporlt iona ( a t .  %)  

impe ra -  c*mmentra 
t u r e  O O W  SI T I  Y C r  Fe NI Nb Mo 

( ' c )  (+a) 

As-Tempered SmallbVC[6IC 1 .6  0.6 64.0 16.6 1.6 ndd 1.3 5.2 
Sml lNbC[21  2.3 2 . 3  33.5 9.2 1.1 0.1 50.5 1.3 

300 36.5 SmallVC[4] 1.5 0.4 42.3 36.8 8.9 0.08 8.0 1.0 
SmallNbC[3] 2.2 0 . 2  11.4 17.2 10.0 0.3 53.9 3.1 

400 36.5 SmallVC[9] 3 .2  0.5 35.0 46.5 5.5 0.4 7.4 1.4 
SmallNbC[ZI 0.4 1.2 8.8 34.2 4.5 0.8 46.1 3.5 

500 38.5 SmallvC191 2.5 0 .1  33.9 41.9 10.0 1.0 7.5 1.5 
SmallNbC[2] 2.6 1.1 9.8 27.5 7.4 0.8 46.3 3.1 

600 38.5 SmaiIMC[8] 2.1 0.4 53.6 27.9 1.0 ndc 7.3 1.4 

'Normallzed, averaged composition f o r  elements heavier than aluminum. 

b p a r t t c l e r  a re  l ess  than 50 t o  60 nm In dlameter 

CThe number O f  separata spectra obtalned from d i f f e r e n t  p a r t l c l e r  f o r  t h e  
average phase camparlt lon. 

dNOne detected 
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during aging at any temperature; e.) more dislocations are produced within the lathlsubgrains during long-term thermal 
aging at 483-593°C than are produced during HFlR irradiation at 400-600°C. The radiation-induced loops at 300°C and 
cavities at 400°C are, of course, also important differences between aged and neutron-irradiated material. However, these 
microstructural features are the expected by-products of interstitial point-defects or helium atoms (from transmutation 
reactions) produced by neutron irradiation, and will not be discussed further here. Helium effects on bubble and void 
formation in 9 and 12 Cr steels irradiated in HFlR and FFTF have been extensively discussed elsewhere." 

The instability of the as-tempered carbide precipitate and subgrain boundary structures and the compositional 
changes of the MC phase during HFlR irradiation at 300500°C appear to be coupled microstructural phenomena. The 
inverse temperature dependence suggests that these are radiation-induced effects rather than radiation-enhanced thermal 
effects, Both the as-tempered MC particle distribution and subgrain boundary structure coarsen during long-term aging, 
but only at the highest temperatures. Both the degree of coarsening during lower-temperature irradiation and the 
associated dissolution of M,C. particles and compositional changes of MC phase during coarsening (more Cr instead of 
less) also consistently point to phenomena that are radiation-induced and essentially non-thermal in nature. Moreover, there 
is a consistent correlation between changes of precipitate and subgrain boundary structures during aging and during 
irradiation. This would imply that the precipitates pin the boundaries so that subgrain boundaries cannot migrate unless 
the precipitates first become unstable. In fact, 12Cr-1 M O W  steel similarly irradiated in HFlR at 300-500°C shows stability 
of both the as-tempered subgrain and carbide Structures? an opposite effect of irradiation relative to the 9Cr-1MoVNb 
steel, but consistent with precipitates preventing boundary migration. Thus, initial instability of the as-tempered carbides 
(M& in particular) in the 9Cr-1 MoVNb steel appears to be a root cause for the other microstructural changes Observed 
during irradiation at 300-500°C. 

In contrast to the radiation-induced aspects of microstructural evolution directly observed in 9Cr-1 MoVNb steel 
irradiated in HFlR at 300-5WC, the noticeable absence of both fine VC and coarser Laves phase precipitation suggests 
that irradiation has retarded these thermal phenomena. However, the failure of these dominant thermal precipitates to amur 
during irradiation can also be related indirectly to the instability of as-tempered carbides during irradiation. The last 
observation that seems intuitively strange is the increase in matrix dislocation concentration in aged compared to irradiated 
material. However, even this result can be explained in part by loop nucleation that is very strongly dependent on tempera- 
ture combined with thermal dislocation network recovery processes occuring at an enhanced rate during irradiation of the 
9Cr-1 MoVNb steel. 

Microstructural evolution during irradiation is generally caused by several mechanisms acting in concert. including: 
a.) cascade damage and point-defect production, b.) annihilation, accumulation andlor migration of radiation-produced point 
defects, and c.) radiation-induced segregation (RIS) and radiation-enhanced diffusion, both of which are caused by the 
fluxes of radiation-produced point defects. Microstructural changes during thermal aging are usually driven by solute 
supersaturation and diffusion, and dislocationlboundary structure recovery processes. 

It seems reasonable that the as-tempered microstructure established at high temperatures should be resistant to 
recovery during long-term aging at lower temperatures. The formation of fine VC carbides during aging below 600°C 
apparently indicates that the decrease in the carbon solubility with decreasing aging temperature produces a new carbon 
supersaturation (relative to that relieved by tempering), which then triggers additional carbide precipitation. The fine 
distribution of VC needles is consistent with nucleation on the increased number of dislocations available at the lower aging 
temperatures. The formation of Laves phase as films along grain boundaries or as crusts around carbide particles would 
indicate that localized carbon depletion triggers the formation of this carbon-free intermetallic phase.m2g The increase in 
the amount of Laves phase in the higher silicon heat of 9Cr-1 MoVNb steel is consistent with silicon acting as a catalyst for 
the formation of that phase.*'," 

Processes involving radiation-produced point defect are almost certainly the cause of the radiation-induced 
microstructural changes observed in 9Cr-1 MoVNb steel, although several different mechanisms may be involved. While 
cascade-dissolution of precipitate particles cannot be ruled out, dissolution of coarser M,C, while smaller MC particles 
survive would not suggest that this is the dominant mechanism. While RIS of chromium seems to be involved in the 
radiation-induced chromium enrichment of the MC phase?= it would not consistently explain the dissolution of Cr-rich 
M& particles. One simple explanation for initial carbide dissolution during irradiation could involve the supersaturation 
of vacancies and their interaction with carbon atoms in the matrix. Binding of carbon atoms to the excess vacancies 
produced during irradiation would cause an apparent increase in the solubility of the matrix for carbon, similar to the case 
proposed recently for austenitic stainless Increased solubility without changing the instantaneous matrix carbon 
content would create a transient decrease in carbon activity which could then cause partial dissolution of pre-existing 
carbide particles, as is observed. The other aspects of the microstructural evolution in irradiated 9Cr-1 MoVNb steel seem 
to support this simple mechanism. If depletion of carbon in the matrix below some critical concentration is a necessary 
condition for Laves phase precipitation, then any increase in the matrix carbon content due to the carbon atom-vacancy 
interaction would help to explain why laves phase does not form during irradiation at 300-500°C. Carbide dissolution is 
certainly also a contributing factor to the instability of the subgrain boundary structure observed during irradiation, although 
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biased absorption of radiation-produced point defects (i.e., interstitials to compensate for the vacancy supersaturation) 
would ukimately drive continued boundary migration. The inverse temperature dependence of all of these coupled 
microstructural phenomena is certainly consistent with their dependence on the radiation-produced vacancy supersaturation, 
as the mechanism implies. In summary, explanations based on changes the residual carbon content of the matrix at 600°C 
and below, and differences during thermal aging and HFlR irradiation, help to provide a consistent interpretion of 
microstructural behavior in aged or irradiated 9Cr-1 MoVNb steel. 

Finally, two more questions should be a a,) are the microstructural data presented here consistent with 
similar data on comparable aged or irradiated ctferritic steels? b.) do these data or mechanistic insights have 
implications on the potential for further improvement of 9Cr-1MoVNb steel through alloy development? With regard to 
stress-free thermal aging, microstructural data on the same two heats of 9Cr-1 MoVNb investigated in this work have been 
presented for 5ooo h at 593 and 7WC, in conjunction with fatigue studies at the same temperat~res.",~ Little change was 
observed in the as-tempered microstructure at 593"C, but subgrain structure and carbide coarsening was observed at 
704°C. consistent with our data. Laves phase forms abundantly during aging of 9Cr-1 Mo steels at 500-550°C for 20,000 
h [13]. and its formation along grain and subgrain boundaries has been related to impact embrittlement at lower 
temperatures [14,15]. Laves phase tends to form at higher aging temperatures in modified 12Cr-1 Mo steels ( W C  in FV 
448 (12Cr-1MoVNb) and CRM-12 (12Cr-1MoV) (33). 500-700°C in 12Cr-1MoW [34]). and even more abundantly in similar 
steels with more molybdenum (500-600°C in JMFS (10Cr-2MoVNb) [35]. 550-650°C in 13Cr-2MoNbV [le]). Laves can even 
form after only 1 h at 730°C in a modified 10Cr-6Mo steel [36]. There is very little aging data at temperatures below 500°C 
or for times beyond 20.000 h. Although some fine VC needles have been observed to form during tempering in CRM-12 
[33], our data on the abundant, fine formation of VC needles during aging at lower temperatures appears to be unique. 

With regard to irradiated steels, the HFlR data on precipitation in 9Cr-1 MoVNb steel irradiated at 300-600°C is also 
unique. Direct comparison of the same heats of 9 and 12Cr steels irradiated in HFlR and in FFTF (an LMFBR) at 400°C 
indicates there is little difference in the precipitate microstructure produced in either reactor. Consistent with our results, 
Laves phase has generally not been observed in most 9-12Cr steels irradiated in LMFBR's below 600°C (EM-10 (9Cr-1 Mo) 
and EM-12 (9Cr-2MoVNb) [lo], HT-9 [8. 24, 271, FV 448 [33] or 13Cr-2MoNbV [le]). Laves phase has been observed at 
615°C in CRM-12 (with radiation-produced composition modification) [33], and at 650°C in EM-12 [8] during LMFBR 
irradiation. Only Suzuki et al. [36] found Laves phase below 600°C. in the~lOCr9MoVNb steel irradiated in HFlR at 500°C 
to 34 and 57 dpa. In this case, however, the Laves phase composition was highly modified by RIS during irradiation relative 
to the thermal phase composition. Our observations of instability of the as-tempered microstructure and the radiation- 
produced compositional modification of the MC phase in 9Cr-1MoVNb irradiated at 300-500°C appear to be new findings. 

With regard to further alloy development, new applications of 9Cr-1MoVNb today as either a core material in new 
modular, inherently-safe advanced ~eactors,~' or as the first-wall material in a MFR. or as boiler tubing in fossil power plants' 
all go beyond those for which this steel was initially developed and optimized.*'3o Furthermore, there is considerable effort 
in the United States"'" and in Japan'," to develop steels that have reduced long-term radioactivity after exposure in a fusion 
reactor, but are metallurgically equivalent to conventional 7-9Cr martensitic steels (Le., 9Cr-2WVTa or 8Cr-2WVTa). For non- 
nuclear, high-temperature applications of 9Cr-1 MoVNb, loss of tensile strength, and creep-rupture and fatigue resistance 
above 550°C appear related to microstructural instability. Laves phase precipitation after long-term exposure at 450-550°C 
can cause impact embrittlement at lower temperatures and may also lead to structure recovery and softening due to 
molybdenum depletion. Alloying to further stabilize the carbide precipitate structure (particularly the MC carbides) could 
improve the high-temperature strength, while both minor compositional variations (lower Si, more C or B",? or changes 
in tempering conditions (higher tempering temperatures and/or shorter times for more residual carbon in the matrix) could 
reduce Laves phase precipitation during aging. A major concern for the application of 9-12Cr martensiticlferritic steels in 
fusion reactors is the increase in their DBTT caused by irradiation at lower temperatures (<450-500"C).*." Aithough such 
hardening-induced embrittlement may ultimately be related to point-defect and dislocation types of radiation damage in 
these steels, radiation-induced coarsening of the as-tempered structure does not help; better unirradiated toughness 
properties are often related to finer rather than coarser grainlsubgrain structures. Stability of the as-tempered carbide 
during irradiation may be related to alloying changes that either produce more precipitation during tempering or alter the 
mixture of carbide phases or their compositions (Le., M,C$MC ratio, VCINbC ratio, V/Cr ratio in MC phase) for better 
resistance to dissolution. The microstructural differences observed between aged and neutron-irradiated specimens of 9Cr- 
1 MoVNb steel suggest that different optimization strategies will be needed for nuclear and non-nuclear applications. 
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CONCLUSIONS 

1. Microstructural evolution in 9Cr-1 MoVNb steel was significantly different during long-term thermal aging as 
compared to HFlR irradiation at 600°C and below. 

2. During thermal aging for up to 25.000h, the as-tempered microstructure remained stable at 482-593"C, and 
coarsened at 650 and 704°C. 

3. Thermal aging produced abundant amounts of coarse Laves phase and fine VC needles at 482-593°C. The higher 
silicon heat of steel contained more Laves phase. 

4. HFlR irradiation to 37-39 dpa produced "black-doV dislocation loops only at 300"C, and detectable helium bubbles 
and voids only at 400°C. No new precipitate phases were observed at 300-600°C. 

5. The lathhubgrain boundary structure after irradiation at 300 and 400°C was considerably coarser than that found 
in as-tempered condition, whereas the subgrain structure after irradiation at 600°C was similar to the as-tempered structure. 

6. Some dissolution of M,,C, particles and coarsening of MC particles was observed after irradiation at 300-500°C. 
but not at 600°C. Substantial modifications of the MC phase composition (increased Cr, decreased v) were also observed 
300-500°C. 
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MICROSTRUCTURE AND PROPERTIES OF WELDED W, V, and Ta MODIFIED FERRlTIC STEELS WITH FAST 
INDUCED-RADIOACTIVITY DECAY - C. A. WANG and B. A. CHIN (Auburn University). 

OBJECTIVE 

The objective of this study is to characterize the microstructures and mechanical properties of welded W, V, and Ta 
modified low activation ferritic steels for fusion reactor structural applications. 

SUMMARY 

Sheet specimens of W, V, Ta modified low activation ferritic steels were welded using the gas tungsten arc welding 
(GTAW) process. Autogenous bead-on-plate welds were produced on samples of 2+CrV, 2%Cr-lWV, 2+Cr-2W, 2+Cr-ZW, 
5Cr-2WV, Kr-ZW,  9Cr-2WVTa and 12Cr-2WV. Sound autogenous welds were obtained in all low activation 2+% Cr bainitic 
steels and the 5% Cr martensitic steel. Bend tests of the welds yielded insufficient toughness at the fusion zone in the low 
activation 9 and 12% Cr martensitic steels. A post-weld heat treatment is recommended for the 9 and 12% Cr low activation 
steels to restore toughness. 

PROGRESS AND STATUS 

Introduction 

A series of femtic steels patterned on the chromium-molybdenum alloys, 24Cr-lM0,9cr-lMovNb and lZCr-lMoVW, 
were tested for weldability. The modified steels possess a fast induced-radioactivity decay rate and hence they are sometimes 
referred to as low activation steels. These steels are being developed as candidates for the first wall and blanket structures of 
fusion reactors. The use of these materials will minimize long-term radioactive hazards associated with disposal after service. 
In these low activation alloys, elements which become activated during irradiation with long half lives (Mo and Nb) are replaced. 
The major changes include the replacement of molybdenum with tungsten, the addition of vanadium in 2 t% Cr steels, and the 
replacement of niobium in the 9% Cr steel with tantalum.'.' These replacement elements radically modify both the mechanical 
properties and weldability of the alloys. In this study, the effect of the alloy modifications on the microstructure and the 
mechanical properties of the welds is investigated. Bainitic steels (2?Cr%) usually exhibit good weldability, while the martensitic 
steels (5 ,  9 and 12 (3%) are susceptible to embrittlement in the heat affected zone (HAZ).' The objective of this study was 
to characterize the welded microstructures and mechanical properties of these low activation alloys. Autogenous bead-on-plate 
welds were produced using the gas tungsten arc welding (GTAW) process to explore the weldability of the steels. 

Exverimental Procedures 

Eight heats of low activation femtic steels, patterned after commercial chromium-molybdenum steels (prepared by 
Combustion Engineering, Inc.), were investigated in this study. The nominal chemical compositions are shown in Table 1. The 
as-received steels were heated at  700°C in an argon atmosphere followed by hot rolling to the final thickness of 0.76 mm. The 
as-rolled materials were heat-treated prior to testing and welding to obtain properties of a standard reference condition. All 
heats except heat 3787 were austenitized at 105WC for 0.5 h, then water quenched. Heat 3787 was heated at 900°C for 0.5 h 
then quenched. Higher austenitization treatments were used for all steels, except heat 3787, to ensure that the vanadium 
carbides present were dissolve3.'" Tempering was performed for 1 h at 700°C for all heats. Autogenous bead-on-plate welds 
were produced using the GTAW process to evaluate the weldability of all low activation steels. Welds were produced in a 
protective argon atmosphere under a fully constrained condition. This restraint simulates anticipated conditions that will be 
encountered in the maintenance and repair of structural Lomponents. The welding conditions used were 10 V-de, 38 A at a 
torch speed of 4.6 mmls. The W electrode size was 1/16 in. diameter which resulted in a heat input of 82.6 J/mm. This heat 
input produced a full penetration weld with a 2.5 mm wide fusion zone perpendicular to the rolling direction. 

Microstructures were observed using an optical microscope associated with an image analysis system to measure the 
ferrite volume fractions present. In order to ascertain microstructure-property relationships, traverse diamond pyramid 
microhardness (dph) measurements were made across the weld regions. A diamond warnid indenter was used with a load 
of 50 g for a duration of 12 s. The specimen weld reinforcements were mechanically ground to be flush with the surface of the 
base metal and then electropolished prior to subsequent testing. The three-point guide-bend test was used as one index to 
evaluate weld integrity. Specimens used in this test had dimensions of 0.76 mm x 8 mm x 43 mm. As-electropolished specimens 







P 

(ding 

nding 







139 

ORNL-DWG 90-15367 

100 l ' l * I ' l '  

80 - - 
- 

Y . 
- 
. - 
. 

DEFLECTION (MI) 
Fig. 9. Load deflection curve for the 

12Cr-2WV steel during three-point bending. 

Results of tensile tests are shown in Table 4. The 2%Cr- 
2WV steel have both the highest ultimate tensile strength and 
0.2% offset yield stress of the 24% Cr steels for both control 
and as welded conditions. The lowest value of strength was 
found in 2fCr-2W. This is consistent with microhardness 
observations. The 24Cr-IWV steel shows a slightly lower 
strength than 2fCr-2WV but a much greater strength than 
2 1 0 - V  steel. To quantify ductility, uniform elongation was 
used instead of the total elongation. Highly localized 
deformation and stretching are often observed after a major 
crack initiates. The highest uniform elongation is found in 
2%Cr-V steel while 24Cr-ZWV steel appears to have the lowest 
ductility of the 24% Cr steels. Failures occurred either in the 
base metal or heat-affected zone (=)/base metal interface 
for all Z f %  Cr steels. 

The 9 C r - 2 W  
all heats for both the I 
also uossesses a relati! 
2 W -  steel shows th 
elongation for the 5. 
Cr-2WV steel has on1 
2WV steels, it shows t: 
of the 512% Cr steel! 
all the 5-12% Cr stee 
mechanical properties 
degraded after gas tu] 
stress-strain curve, a r 
all heats of the 5-12 C atrrO 

modulus remains the same. 
wcLu~LB nLLuu .LLu 

Ta steel has the highest tensile strength of 
mntrol and welded conditions. This steel 
vely high uniform elongation. The 5 Cr- 
e lowest values of both strength and 
.12% Cr steels. Even though the 12 
ly slightly lower strength than the 9 Cr- 
he highest ductility in uniform elongation 
i. Base metal failures were observed for 
Is in tensile tests. It was found that the 
of these low activation femtic steels were 
ngsten arc welding. The area under the 
neasure of toughness, also decreased for 

Discussion 

Experimental results show that the welds in all steels 
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transgranular cleavage mode. Some dimple rupture can he seen near the rim of the brittle cleavage facets in both steel fracture 
surfaces. This dimple structure is referred to as the ductile fracture mode. This is probably where the soft ferrite phase is 
located. The brittle fracture mode in 12 Cr-2WV steel is attributed to its high hardenability and the presence of delta ferrite 
as discussed above. 

Without vanadium addition, tempered 2tCr-ZW steel appears to have the lowest strength hut possesses excellent ductility. 
Locally extensive deformation is observed during tensile tests after cracks initiate in the 24Cr-2W steel as seen in the total 
elongation data. Tempered 21Cr-V steel has a strength greater than 2tCr-2W steel. Extensive elongation is also observed for 
the 21Cr-V steel. This difference in strength suggests the V has a greater effect on improving the tensile properties than W 
does. 

Tensile property results indicate that a large additive effect occurs in steels containing both W and V! The combined 
use of W and V in these steels results in high tensile strength, accompanied by excellent ductility. The Z+Cr-lWV steel has 
a much greater tensile strength than both the 2%Cr-V and 2%Cr-2W steels but the tensile strength is slightly lower than the 
2tCr-2WV steel. Observations reveal that coarser carbide precipitates are found in 2tCr-V steel and increases in W content 
decrease the size of carbide precipitates.'? The transformation temperature is effectively decreased by W additions and 
therefore finer precipitates are observed. Finely dispersed precipitates significantly impede the dislocation motion and increase 
the strength. However, the addition of W or V alone does not give satisfactory strength. The steel with tungsten additions, 
2+Cr-2W, has a coarser carbide precipitate distribution than that of steels without tungsten, ZtCr-V, or steels containing V, 
2tCr-2WV. This explains why the lowest strength is found in 2+Cr-2W steel and shows the remarkable additive effect of W 
and V. 

The effect of chromium content on the tensile properties can he obtained by comparing the steels containing 2% Wand 
0.25% V. The tensile test results show that strength increases with increasing chromium content. However, a different result 
is presented by Klueh et al. They concluded that chromium had a nonlinear strengthening effect on these steels and showed 
a minimum strength in 5 Cr-2WV steel due to the coarser carbide distribution! The lower strength in the 12 Cr-2WV steel 
is attributed to the large amount of delta ferrite present in the microstructure. The presence of delta ferrite increases the 
nonuniformity of steel and hence the instability in deformation. However, the ductility remains adequate because of the soft 
ferrite. With tantalum additions, the grain size of 9 Cr-2WVTa is effectively reduced by the precipitate pinning process and 
strength, therefore, is increased. 

Conclusions 

From the results of this study, the following conclusions were drawn: 

1. Sound autogenous welds can he achieved hy conventional gas tungsten arc welding in 21 and 5% Cr low activation 

2. Post-weld heat treatment is necessary in the 9-12% Cr low activation steels to restore toughness. 
3. Chromium, vanadium and tungsten additions strengthen all steels tested. V and W show significant additive effects. 
4. Tantalum effectively refines the grain size and strengthens the steel presumably by a precipitate-pinning process. 

ferritic steels. 
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IRRADIATION EFFECTS OF GRAIN BOUNDARY CHEMISTRY OF MANGANESE STABILIZED MARTENSITIC STEELS - A. Kimura 
(Muroran Institute of Technology), L. A. Charlot, 0. S. Gelles, D. R. Baer and R. H. Jones (Pacific 
Northwest Laboratory(a')) 

OBJECTIVE 

The objective of this work is to investigate the effects of irradiation on the grain boundary chemistry of 
Mn stabilized reduced activation martensitic steels which exhibit irradiation-induced embrittlement and 
transition from transgranular cleavage to intergranular fracture. 

SUMMARY 

The effect of neutron irradiation (10 dpa at 638K, FFTF/MOTA) on solute segregation to the grain boundaries 
in reduced-activation 9Cr-1W-2Mn and 12Cr-1W-6Mn martensitic steels was investigated using Auger electron 
spectroscopy (AES). The AES spectrum obtained from the grain boundaries in both martensitlc steels was 
influenced by neutron irradiation. Neutron irradiation caused marked increases in the amount of inter- 
granular segregation of Si in 9Cr and Mn in 12Cr steel, respectively, while no significant increase in 
S and/or P segregations were found in either steel. Large shifts in DBTT to high temperatures caused by 
neutron irradiation observed in these two martensitic steels are interpreted in terms of site competition 
between C and Si resulting from irradiation-induced/enhanced segregation of Si in 9Cr steel and weakening of 
grain boundary strength by irradiation-induced/enhanced segregation o f  Mn in 1ZCr steels, respectively. 

PROGRESS AND STATUS 

Introduction 

Martensitic steels are being considered as structural materials for fusion first wall application in part 
because of better swelling and creep resistance properties than austenitic steels in the temperature range 
between 400 to 600°C. However, the low temperature toughness of martensitic steels such as 9Cr-lW-ZMn steel 
and 12Cr-lW-6Mn steel showed marked increases in ductile-brittle transition temperature (DBTT) following 
neutron irradiation up to only about 10 dpa in FFTF/MOTA.' Although it has been reported that the increase 
in DBTT was directly related to the amount of Mn in steels (namely, an increase in Mn concentration caused 
the proportional increase in irradiation induced shifts in DBTT2) the mechanism is still unclear. A trans- 
mission electron microscopy (TEM) study of manganese-stabilized 12Cr-1Mo martensitic steel irradiated up to 
10 dpa at 800K in FFTF/MOTA suggested that chi-phase at grain boundaries might cause the intergranular 
embrittlen~ent.~ However, the cause of preferential formation of chi-phase at grain boundaries is still 
unknown. In his AES study, Kameda reported that neutron irradiation caused the intergranular segregation of 
S and/or P in iron. 

The report describes the results of AES work showing the irradiation-induced changes in grain boundary chem- 
istry and proposes the mechanism of irradiation-induced intergranular embrittlement of Mn-stabilized reduced 
activation martensitic steels. 

Exoerimental Details 

The materials used were reduced-activation 9Cr-1W-2Mn (L8-V02268-WHC/PNL) and 12Cr-lW-6Mn (19-V02269-WHC/ 
PNL) martensitic steels. Notched plate specimens (12 x 2 .5  x 5 inn?) were broken at temperatures ranging 
from 110 to 150K in the vacuum (3 x lo-'@ Torr) chamber of the AES. both before and after irradiation in 
FFTF/MOTA to a nominal fluence of 3 x lon n/cmZ or 10 dpa at 6381(, . In order to obtain an intergranular 
fracture surface on unirradiated specimens, specimens were cathodically charged with hydrogen5 at room 
temperature for 16 hr in IN sulfuric acid solution doped with a small amount of arsenic trioxide. To 
prevent escape of hydrogen, the hydrogen-charged specimens were kept in liquid nitrogen until AES tests were 
carried out. AES analyses were performed on selected areas of individual grain facets on the fractured 
surface with a primary beam size of 0.1 pm operated at 3 keV and 10 keV. Auger signal peak heights of 
several elements such as Si-92, P-120, S-152, Mn-589, Mn-636 and Fe-703 were measured by setting a window in 
a specific energy range for each element. 

(a) Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle Memorial 
Institute under Contract DE-AC06-76RLO 1830. 
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Figure 2. Scanning electron photographs of fracture surfaces of neutron-irradiated (a and c) and 
unirradiated but hydrogen charged (b and d) 9Cr-lW-ZMn steel. 

It is well known that an increase in Si concentration in steel causes a shift o f  DBTT to high temperature 
brittle transgranular cleavage fracture. This shift has been interpreted in terms of an increase in the 
general yield stress caused by solid solution hardening by Si. 
addition of Si caused the enhancement of intergranular segregation of boron and carbon by repulsive inter- 
action, resulting in a change in fracture mode from intergranular cracking to transgranular cleavage 
fracture.6 Thus, the effect of Si in solid solution on the intergranular fracture toughness is beneficial 
rather than detrimental. However, it is also expected that Si at grain boundaries results in a decrease in 
carbon segregation at the grain boundary (site competition) and causes intergranular cracking. It has been 
reported that Laves phase (Fe,W), was observed in both irradiated and unirradiated 8-9Cr-W steels.'+ The 
nucleation rate of Laves phase in 9Cr-1Mo steel (Fe,Mo) was reported to be markedly influenced by an addi- 
tion of Si; Laves phase nucleated two orders of magnitude faster in 0.7Si steel than in 0.01Si steel. 
Although it is unknown whether Si interacts in the same manner with W as with Mo, it is possible that Si 
segregation enhances the preferential formation of Laves phase at grain boundaries. 
increase in the segregation of W was observed in the irradiated specimen. According to the previous TEM 
observation, some Si0 particles were observed in irradiated 9Cr-0.5V containing 0.3Si steel. As the steel 
used in this work contains O.lSi, it is expected that the Si peaks observed on the grain boundaries in 
irradiated 9Cr-1W steel came from the Si0 particles. However, the Si peak usually shifts to lower energy 
(less than 80 eV) when Si is present in tke form of Si0 . So it is not likely that Si is present as SiO,. 
Thus, only the site competition mechanism i s  likely in kr-lW-2Mn steel. 

An increase in Mn segregation in elemental form may explain the irradiation-induced increase in DBTT o f  
12Cr-lW-6Mn steel. The addition of Mn has been reported to have two effects with regard to temper embrit- 
tlement. 
boundaries" and 2) P segregation promotes Mn segregation." Another is due to Mn itself, which is a potent 
element for intergranular embrittlement.lz In this study, little increase in P segregation was observed in 
the irradiated 12Cr steel, suggesting that Mn by itself is a potent embrittling element. Another 

More recently, it has been revealed that an 

However, no significant 

One effect i s  due to its interaction with phosphorus: 1) Mn accelerates the diffusion of P to the 
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Figure 3. Typical Auger spectra of unirradiated [top) and irradiated (bottom) 9Cr-1W-2Mn steel 

possibility is that segregated Mn enhances the formation of chi-phase at the grain bo~ndaries,~ which may 
cause intergranular embrittlement. 

CONCLUSION 

The mechanism o f  neutron irradiation-induced embrittlement accompanied by the transition in the fracture 
mode from transgranular cleavage to intergranular clacking was investigated by means of the chemical 
analysis on the intergranular fracture surfaces using high spatial resolution AES. AES analysis for grain 
boundary chemistry of both irradiated and unirradiated specimens revealed that irradiation (10 dpa) 
induced/enhanced intergranular Si and Mn segregation in 9Cr-1W-ZMn and 12Cr-lW-6Mn steel. It is proposed 
that intergranular segregation of Si decreases C segregation at grain boundaries by site competition 
mechanism (repulsive interaction), resulting in the intergranular embrittlement of 9Cr-lW-ZMn steel. In 
12Cr-lW-6Mn steel, it is proposed that the segregation of Mn reduced the grain boundary strength in 
elemental form and/or by formation of chi-phase preferentially at grain boundaries. 
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Figure 4. 

FUTURE WORK 

Typical Auger spectra of unirradiated (top) and irradiated (bottom) 12Cr-IW-6Mn steel 

In  order to clarify the effects of Mn additions on the grain boundary toughness in 12Cr steel, further AES 
and x-ray photoelectron spectroscopy work should be performed on the materials doped with different 
concentrations of Mn. 
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Figure 5. Distribution o f  intergranular segregation of Si in unirradiated and irradiated 9Cr-lW-2Mn steel. 

L9-Mn 

0.8 
0.7 

Peak Height Ratio, Ekl/Fe 
Unirradiated Irradiated 

Figure 6. Distribution of intergranular segregation o f  Mn in unirradiated and irradiated 12Cr-lW-6Mn steel 
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SWELLING BEHAVIOR OF AUSTENIT IC  STAINLESS STEELS IRRADIATED AT 400°C I N  ORR MFE-7J CAPSULE BY SPECTRALLY 
TAILORED NEUTRONS ~ T. Sawai [Japan Atomic Energy Research Establ ishment (JAERI)], H. Kanazawa (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  o f  t h i s  work i s  t o  eva luate  t h e  s w e l l i n g  s u s c e p t i b i l i t y  o f  var ious Japanese a u s t e n i t i c  
s t a i n l e s s  s tee l s ,  i n c l u d i n g  weld specimens, i n  an i r r a d i a t i o n  environment w i t h  a fus ion- re levant  He:dpa 
r a t i o .  

SUMMARY 

Several Japanese a u s t e n i t i c  s t a i n l e s s  s t e e l s ,  i n c l u d i n g  specimens taken from t h e  e l e c t r o n  beam (EB) 
welds, have been i r r a d i a t e d  i n  t h e  Oak Ridge Research Reactor (ORR) i n  spec ia l  s p e c t r a l l y  t a i l o r e d  e x p e r i -  
ments. 
102 appm i n  a t ype  316 s t a i n l e s s  s t e e l ,  and 130 appm He i n  JPCA w i t h  16 w t  % N i .  
s i g n i f i c a n t  a l l o y - t o - a l l o y  d i f f e r e n c e s  i n  s w e l l i n g  a t  400°C. 
nary a l l o y  have shown h ighe r  values o f  swe l l i ng .  
h igh  l e v e l s  of vo id  s w e l l i n g  on l y  a t  500°C and above. 
( i .e., c o l d  working and/or increased carbon l e v e l )  were e f f e c t i v e  a t  t h i s  temperature range. 
r e s u l t s  suggest t h a t  app rop r ia te  care  a l so  needs t o  be taken f o r  t he  f u s i o n  a p p l i c a t i o n  of t h i s  k i n d  of 
a l l o y  a t  lower temperatures l i k e  400°C. 
s w e l l i n g  res i s tance  compared t o  t h e i r  base metals. 

The f i r s t  batch o f  specimens have been r e t r i e v e d  a t  t he  damage l e v e l  of 7.4 dpa and he l ium l e v e l  Of  
Th i s  i r r a d i a t i o n  produced 

One low-carbon s t e e l  and an exper imental  t e r -  
I r r a d i a t i o n  i n  HFIR o f  t he  same se t  of a l l o y s  caused very 

M e t a l l u r g i c a l  e f f o r t s  t o  suppress such Swe l l i ng  
The present  

Welds i n  t h i s  experiment showed no measurable degradat ion i n  

PROGRESS AND STATUS 

I n t r o d u c t i o 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  are  one o f  t h e  most promis ing candidates f o r  use as s t r u c t u r a l  m a t e r i a l s  
The r e l a t i v e l y  h igh s u s c e p t i b i l i t y  t o  v o i d  s w e l l i n g  i s ,  however, among t h e  problems 

Because o f  t h e  lack  of f us ion- re levan t  i r r a d i a t i o n  data, s w e l l i n g  
f o r  fus ion reactors .  
a n t i c i p a t e d  i n  i t s  f u s i o n  a p p l i c a t i o n .  
behav ior  of a u s t e n i t i c  s t a i n l e s s  s t e e l s  has been s tud ied  us ing  var ious k inds  o f  i r r a d i a t i o n  f a c i l i t i e s .  
advantage o f  mixed-spectrum f i s s i o n  reac to rs  f o r  i r r a d i a t i o n  o f  a u s t e n i t i c  s t a i n l e s s  s t e e l  i s  t h a t  neutrons 
can s imul taneous ly  produce he l ium and displacement, s i m i l a r  t o  t h e  e f f e c t  t h a t  14 MeV f u s i o n  neutrons w i l l  
have on a l l  types o f  m a t e r i a l .  
thermal neutrons'  i s  employed t o  generate helium. 
f rom t h e  neutron absorp t ion  o f  5 8 N i .  
s tage of i r r a d i a t i o n  as t h e  amount o f  s9Ni b u i l d s  up from t ransmuta t i on  reac t i ons .  
5 9 N i  i s  abundant and he l i um generat ion  becomes q u i t e  h igh.  
t h i s  n a t u r a l  n o n l i n e a r i t y  i n  He:dpa r a t i o s  and keeping t h e  He:dpa r a t i o  approximately l i n e a r  and c lose  t o  a 
fus ion- re levant  l e v e l  du r i ng  t h e  course o f  t h e  i r r a d i a t i o n .  
changed d u r i n g  i r r a d i a t i o n  by i n t r o d u c i n g  m a t e r i a l  around t h e  experiment subassembly t h a t  absorbs thermal 
neutrons,  thus  hardening t h e  neutron energy spectrum. 

i r r a d i a t i o n ,  t h e  q u a n t i t a t i v e  e f f e c t  o f  constant  i r r a d i a t i o n  near t h e  f u s i o n  He:dpa on v o i d  s w e l l i n g  has 
been on l y  r e c e n t l y  demonstrated.2 A t  low He:dpa r a t i o s ,  vo id  s w e l l i n g  i s  increased by he l ium a s s i s t i n g  v o i d  
nuc lea t i on ,  w h i l e  when t h e  He:dpa r a t i o  i s  t o o  h igh,  v o i d  s w e l l i n g  decreases because t o o  many he l ium bubbles 
a c t  as t h e  dominant p o i n t  de fec t  s inks.3.4 

ducted by t h e  U.S./Japan c o l l a b o r a t i v e  research program between ORNL and JAERI.  
i n t o  ORR capules have two major c h a r a c t e r i s t i c s .  
s t a i n l e s s  s t e e l s  w i t h  va ry ing  composi t ion.  
s t a i n l e s s  s t e e l s  o r  a l l o y s .  JPCA, 316R, C, and K a l l o y s  were i nc luded  i n  t h e  prev ious HFIR phase I i r r a -  
d i a t i o n  exper iments of t h e  c o l l a b o r a t i v e  program. Second, t h e  Japanese ORR m a t r i x  i nc ludes  welded spec i-  
mens, which are a l so  a major o b j e c t i v e  o f  t h e  Japanese t e s t  m a t r i x  i n  t h e  HFIR phase I 1  i r r a d i a t i o n  program. 
The p o s t i r r a d i a t i o n  examinat ion (PIE) o f  welds of JPCA and 316W has been a l ready completed and reported.s 
Fu r the r  d e t a i l s  on specimen l oad ing  and o b j e c t i v e s  are  g iven elsewhere.6 

Th i s  i s  a repo r t  on t h e  t ransmiss ion  e l e c t r o n  microscopy (TEM) o f  t h e  f i r s t  specimens r e t r i e v e d  from 

The 

I n  mixed-spectrum f i s s i o n  reac to rs ,  t h e  two-step t ransmuta t i on  of 58Ni  by 
Helium i s  generated f rom 59Ni which i s  on l y  a v a i l a b l e  

Therefore,  he l ium p roduc t i on  r a t e  i s  r e l a t i v e l y  low a t  t h e  i n i t i a l  
Beyond a c e r t a i n  dose, 

Spect ra l  t a i l o r i n g  i s  a method of c o n t r o l l i n g  

The r a t i o  o f  thermal and f a s t  neutrons i s  

Al though t h e r e  i s  good evidence t h a t  t h e  co-generated he l ium a f f e c t s  t h e  m i c r o s t r u c t u r a l  e v o l u t i o n  under 

ORR i r r a d i a t i o n  us ing  s p e c t r a l l y  t a i l o r e d  neutrons i s  one o f  t he  t h r e e  i r r a d i a t i o n  programs be ing con- 

They i n c l u d e  JPCA, 316R, 316W, C, K, and HP heats o f  a u s t e n i t i c  

Japanese specimens loaded 
F i r s t ,  they  have a wide v a r i e t y  o f  heats of a u s t e n i t i c  

spec t ra l  t a i l o r i n g  ORR experiment. 
s p e c t r a l l y  t a i l o r e d  HFIR RB* p o s i t i o n s .  

D u p l i c a t e  specimens i r r a d i a t e d  i n  ORR w i l l  be f u r t h e r  i r r a d i a t e d  i n  t h e  
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JPCA PS2 1100 C SA 

316R SS1 1050 C SA 

316W SW 1050 C SA 

PC1 PS2 t 1% cw 
sc1 ss1 t 20% cw 

Exper imental  procedure 

c cs1 1100 C SA 

K KS1 1050 C SA 

HP HP1 1200 C SA 

cc1 cs1 t 20% cw 
KC1 KS1 t 20% CW 

M e t a l l u r g i c a l  Var iab les  

Transmission e l e c t r o n  microscopy d i sks  o f  s i x  d i f f e r e n t  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  were i nc luded  i n  

JPCA i s  a 
t h e  ORR-MFE-7J capsule. 
p o s i t i o n s  o f  m a t e r i a l s  used are  g iven i n  Table 1, thermal and mechanical t reatment  i n  Table 2. 
Japanese ve rs ion  o f  t h e  pr imary  cand idate  a l l o y  f o r  f u s i o n  a p p l i c a t i o n  w i t h  s l i g h t l y  h ighe r  B and P l e v e l s  
than t h e  U.S. counterpar t ,  and i s  expected t o  be h i g h l y  s w e l l i n g  r e s i s t a n t .  
s tee l .  
water- cooled systems, w i t h  spec ia l  cons ide ra t i on  g iven t o  t h e i r  co r ros ion  res i s tance  i n  water. 
s l i g h t l y  mod i f i ed  f o r  s w e l l i n g  res i s tance  and welded specimens were inc luded;  HP i s  an exper imental  h igh-  
p u r i t y  a l l o y .  Specimens are  a l so  made from the  EB weld p o r t i o n s  of JPCA and 316W m a t e r i a l .  
weld and specimen p repa ra t i on  are  g iven elsewhere.' 
l oad ing  m a t r i x  o f  t h i s  experiment i s  a l ready repo r ted  w i t h  a d e t a i l e d  d e s c r i p t i o n  o f  t h e i r  ob jec t i ves .6  

They are  JPCA, 316W. 316R, C, K heats of s t e e l  and t h e  HP a l l o y .  Chemical com- 

316R i s  a standard t ype  316 
Two low-carbon s t a i n l e s s  s tee l s ,  C and K, are T i  andfor Nb mod i f i ed  e x p l o r a t o r y  a l l o y s  se lec ted  f o r  

316W i s  

D e t a i l s  o f  these 
TEM specimens were loaded i n t o  tubes and t h e  e n t i r e  

Table 1. Chemical composi t ions o f  used m a t e r i a l s  

C S i M n  P S N i  Cr Mo Nb Ti B N 

JPCA 0.06 0.50 1.77 0.027 0.005 15.6 14.2 2.3 -- 0.24 ,0031 ,0039 
316R 0.06 0.61 1.80 0.028 0.003 13.5 16.8 2.5 -- 0.005 -- 
316W 0.06 0.75 1.5 0,020 0,004 16.4 13.9 2.3 0.06 0.08 -- ,0084 

K n n7 n 4~ 1.46 o 015 0.005 17.6 18.0 2.6 -- 0.29 -- ,004 

_ _  

C 0.02 0.51 1.56 0,017 0.007 15.6 15.4 2.4 0.08 0.25 -- ,0018 

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

I r r a d i a t i o n  o f  t h e  ORR-MFE-6Jf7J experiments began i n  A p r i l  1985, w i t h  t he  corep iece d I t h  water. 
The accumulated i r r a d i a t i o n  w i t h  t h i s  core  c o n f i g u r a t i o n  was 389.8 fu l l- power- days (FPO) a MW ref .  8 ) .  
On December 6, 1986, t h e  i r r a d i a t i o n  spectrum was t a i l o r e d  by rep lac ing  t h e  ho l low aluminum core  I x e  w i t h  
a s o l i d  aluminum one. 
i r r a d i a t i o n  of 474.7 FPD a t  30 MW ( re f .  9). 
i n i t i a l  s o f t e r  spectrum and 7.16 dpa per fu l l- power  year  by t h e  harder one.g 
es t imated t o  be 8.0 dpa ( re f .  9) by neu t ron i cs  ana lys is ,  and t h e  ac tua l  ana l ys i s  o f  dosimetry w i res  showed a 
s l i g h t l y  lower va lue o f  7.4 dpa a t  t h e  l o c a t i o n  of maximum neutron f luence ( c lose  t o  t h e  midd le  of t h e  
experiment).'O 
appm He, and t h a t  JPCA w i t h  about 16 wt % N i  contained about 130 appm He. 

Th i s  phase o f  t h e  experiment was terminated on March 26, 1987, accumulat ing t o t a l  

The t o t a l  damage l e v e l  was 
The average dpa r a t e  was 5.91 dpa pe r  f u l l - power  year  by t h e  

Dosimetry i n d i c a t e d  t h a t  t ype  316 s t a i n l e s s  s t e e l  w i t h  12 t o  13 w t  % N i  contained about 70 

_ _  P I E  and Specimen Status 
Two TEM d i s k  tubes were r e t r i e v e d  from t h e  400°C p o r t i o n  o f  ORR-MFE-7J capsule a t  t h i s  i r r a d i a t i o n  

l e v e l ,  tubes 57 and J9. 
c o n t r o l  ( u n i r r a d i a t e d )  d isks .  
(H. Kanazawa) observed t h e  wasurements and c a r e f u l l y  monitored t h e  c o n d i t i o n  o f  t he  densi tometer.  
Measurement was re run  whenever t h e  densi tometer showed l e s s  s t a b i l i t y .  

Immersion densi tometry"  was f i r s t  c a r r i e d  out  f o r  se lec ted  d isks ,  w i t h  Some 
For t h e  f i r s t  t ime  i n  t h i s  c o l l a b o r a t i o n ,  one of t h e  Japanese assignees 

To prepare i r r a d i a t e d  TEM f o i l s ,  d i sks  were e l e c t r o p o l i s h e d  us ing  a mod i f i ed  Tenupol j e t  p o l i s h i n g  
system. 
po l i shed  so fa r ,  and i d e n t i f i c a t i o n  numbers f o r  these are  l i s t e d  i n  Table 4. 
q u a l i t a t i v e  d e s c r i p t i o n  of t h e i r  p o l i s h i n g  cond i t i ons  and f i l m  numbers. As shown i n  Table 4, one specimen 
(0813 of SA-JPCA) remains t o  be examined. 
200 kV was used fo r  t h e  m i c r o s t r u c t u r a l  observat ion .  Most r a d i o a c t i v e  specimens are  r o u t i n e l y  examined i n  a 
s i n g l e  t i l t ho lde r  f o r  e a s i e r  l oad ing  and l e s s  r a d i a t i o n  exposure t o  t h e  researcher;  w h i l e  t h i s  does l i m i t  
s e l e c t i o n  of d i f f r a c t i n g  cond i t i ons  f o r  imaging, u s u a l l y  glll o r  9200 o r i e n t a t i o n s  are  easy t o  ob ta in .  

The p o l i s h i n g  cond i t i ons  are  g iven i n  Table 3. Seventeen i r r a d i a t e d  d i s k s  have been e l e c t r o -  
Th is  t a b l e  a l s o  i nc ludes  a 

An a n a l y t i c a l  e l e c t r o n  microscope (AEM), JEM-2000FX, operated a t  
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A L L O Y  

J P C A  

C 

Table 3. E l e c t r o p o l i s h i n g  condi-  
t i o n s  f o r  t h e  Tenupol 

CONDITIOP NAME ID! P O L I S H  NEGA # 

SA 1 1 0 0  C PS2 O B I 1  A 31 6 4 1 8 - 8 7  
O B 1 3  ? " 

P S 2  + CH 2GP P C 3  O F 1 2  X " 0  nega.  
O F 1 3  0 5 1 6 9 4 1 - 1 2  

SA 1 1 0 0  C cs1 O G 1 3  0 3 1 6 4 3 9 - 1 7  

E l e c t r o l y t e  

Temperature 
Val tage 
Current 
Flow Rate 

K 

316R 

HP 

CH3CH20H ( 7  v o l )  
+ H ~ S O L ,  ( 1  Vo l )  

-15OC 
-14 V 

SA 1050 C KS1 OT12 0 5 1 6 3 9 8 - 7 3 8  

SA + CW 2 0 %  KC1 O J I Z  A 316488-503 

SA 1050 C s s 1  OK14 0 516172- 221 

S A  + Cw 20s sc1 G L l l  0 J 1 6 2 3 4 - 6 2 
SA 1 2 0 0  C HPl TXZZ 0 3 1 6 3 4 8 - 9 7 

140 mA 
1 

316W 

JPCA 

Two m r e  TEM tubes i r r a d i a t e d  a t  
330°C were a l so  r e t r i e v e d  from the  
ORR-MFE-7J experiment. They were 
tubes J1 and 53. The s w e l l i n g  a t  330°C 
i s  expected t o  be l e s s  than  a t  400"C, 
and i t  cou ld  be s t i l l  l ess  than t h e  
d e t e c t i o n  l i m i t  o f  t h e  P rec i s ion  
Densitometer [ O . l %  ( r e f .  1 2 ) l .  
These specimens are c u r r e n t l y  being 
examined by TEM. Several specimens 
from both  400°C and 330°C are be ing 
used fo r  E lec t rochemica l  Po ten t io -  
k i n e t i c  Reac t i va t i on  (EPR) tes ts .13  
These a c t i v i t i e s  are  c u r r e n t l y  i n  
progress, so r e s u l t s  are  no t  
i nc luded  i n  t h i s  repo r t .  

base metal S W I  RQ08 0 

weld m e t a l  s w 4  RS56 A 
R S 5 1  A 

bare metal pni RTlO 0 

weld metal P H 4  RU56 A 
RU60 A 

Resul ts  

The immersion dens i tometry  data 
are  given i n  Table 5. The s w e l l i n g  
values o f  base metals are  summarized 
i n  F ig .  1. Cold work (CW) has e f fec-  
t i v e l y  suppressed vo id  s w e l l i n g  i n  
a l l  a l l o y s  r e l a t i v e  t o  t h e  s o l u t i o n  
annealed (SA) cond i t i on .  I n  t h e  SA 
cond i t i on ,  t h e  base metals showed 
d i f f e rences  i n  t h e i r  s w e l l i n g  
res i s tance  r e l a t e d  t o  d i f fe rences i n  

J 1 5 6 1 1 - 6 5  
5 1 6 9 2 3 - 4 0  

5 1 5 8 3 9 - 6 3  
315265-60 

J 1 5 4 1 9 - 7 4  

~~ ~ 

a l l o y  composit ion. The h ighes t  
s w e l l i n g  va lue o f  0.7% was obta ined f o r  t h e  HP a l l o y ,  wh i l e  JPCA showed good s w e l l i n g  res i s tance  even i n  t h e  
SA cond i t i on .  
s w e l l i n g  t h a t  no measurable s w e l l i n g  was detected by densi tometry.  
t h e i r  s w e l l i n g  res i s tance  w i t h i n  t h e  d e t e c t i o n  l i m i t s  o f  t he  densi tometry data. 

The two base meta ls  used i n  t h e  weld e f f e c t s  experiment were s u f f i c i e n t l y  r e s i s t a n t  t o  
Moreover, t he  weld ing d i d  no t  degrade 

M i c r o s t r u c t u r a l  observat ions were cons is ten t  w i t h  the  dens i tometry  r e s u l t s .  Few f i n e  c a v i t i e s  were 
observed i n  CW ma te r ia l s ,  which produces very l i t t l e  measurable swe l l i ng .  
fo rmat ion was d i f f e r e n t ,  a s  shown i n  Fig. 2. The s i z e  d i s t r i b u t i o n s  o f  these c a v i t i e s  are  g iven i n  F ig .  3, 
showing a t y p i c a l  bi-modal d i s t r i b u t i o n .  The c a v i t y  s t a t i s t i c s  o f  t h e  SA a l l o y s  are  shown i n  F ig .  4, w i t h  
those a f t e r  HFIR i r r a d i a t i o n  t o  33 dpa a t  400°C ( r e f s .  14,15). 
dens i tometry  are a l so  i nc luded  i n  t h i s  f i gu re .  The s w e l l i n g  values o f  TEM and immersion dens i tometry  show 
q u a n t i t a t i v e l y  good agreement. I n  t h e  case of SA JPCA and SA 316W. where immersion dens i tometry  cou ld  no t  
de tec t  measurable swe l l i ng ,  t h e  s w e l l i n g  values obta ined from TEM were less  than 0.1%, below t h e  d e t e c t i o n  
l i m i t  of t h e  densi tometer.  
behavior and TEM d i sks  of these a l l o y s  va r ied  so much t h a t  the  r a t i o  o f  h ighes t  and lowest  s w e l l i n g  values 
exceeds 10. 

I n  s i x  SA a l l o y s ,  however, c a v i t y  

The averaged s w e l l i n g  values of immersion 

The h ighes t  s w e l l i n g  values were observed f o r  HP and K a l l o y s .  The s w e l l i n g  

P r e c i p i t a t e s  o f  MC t y p e  were a l s o  observed i n  t i t a n i u m- c o n t a i n i n g  a l l o y s  (JPCA, 316W. C, K ) ,  us ing  
Moire '  f r i n g e s  obta ined w i t h  dynamical c o n t r a s t  imaging c o n d i t i o n s  (F ig .  5 ) .  MC p r e c i p i t a t e s  were Observed 
both  i n  SA ma te r ia l  and CW m a t e r i a l ,  but  t he  specimen of CW a l l o y  K was not s u i t a b l e  f o r  MC imaging. 
Al though no q u a n t i t a t i v e  ana lys i s  o f  MC p r e c i p i t a t e s  was done, i t  cou ld  be e a s i l y  seen i n  the  micrographs 
t h a t  a l l o y  C conta ined much more p r e c i p i t a t i o n  than e i t h e r  PCA o r  a l l o y  K. 

M i c r o s t r u c t u r a l  observat ion o f  weld specimens5 d i d  not  show any degradat ion o f  s w e l l i n g  res i s tance  i n  
JPCA o r  316W r e l a t i v e  t o  t h e  base metal behavior.  The c a v i t y  format ion i n  weld metals was q u i t e  s i m i l a r  t o  
t h e i r  base metals,  and no heterogeneous c a v i t y  format ion was observed. 
s t r u c t u r e  Present i n  t h e  as-welded metal remained a f t e r  i r r a d i a t i o n .  

The c e l l u l a r  d i s l o c a t i o n f s u b c e l l  



155 

7.9044 OGXl 
7.8986 

Table 5. Results o f  i m r s i o n  densitometry 

7.9125 7.9144 0.13 
I. 9163 0.19 

PS2 1081: 
081. 

Sh'2 

OP1f 
pc3 Y OFll 

RQ56 7.8847 RQXl 1.8873 7.8876 0.04 
RQ60 7.8862 7.8818 0.02 

iC1 1 OLl4 
OL15 

PW4 

7 
OH15 

R058 7.9215 RU74 7.9157 7.9197 - 0 . 0 2  
RU59 WISSIN 7.9231 

3 
TXll 

7.9308 H12 7.9140 7.9172 -0.17 
7.9268 I 1 7.9203 I 1 -0.12 

I 

7.8647 1 T30 I 7.9037 1 7.9074 1 :: 
7. 8681 7.9111 

7.9047 J15 7.9000 7.9008 -0.05 
7.9035 1 1 7.9016 I 1-0.03 

7.8115 7. 8952 0.34 

7,8607 7.9013 
1.8347 

I ALLOY 1 H. IO I H. DEN 11 C. ID I C. DEN 1 A V .  C I SWELL 
RQO9 7.8792 A 0 2 2  7.8805 1.8836 0.06 I '"' 1 RQlO I 7.8769 11 I 7.8866 1 11 0.09 

RS06 7.8829 RS21 7.8886 1.8851 0.04 I SH3 I RSO7 I 7.8895 11 I 7.8828 I 11 -0.05 
I 
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* 
Y 

0.1 - - - : 
Y) 

0.01 

Fig. 3. Cavity size d is t r ibut ion of solution annealed alloys. 

immersion 
density data . 

- - 
- - 

L 
1 
0 ORR 7.4 dpa 

0 HFIR 53 dpa - " 

Fig. 4. Cavity s ta t i s t i cs  of solution annealed alloys. This f igure includes also that  o f  HFIR i r ra-  
diat ion [33 dpa, 400OC (refs. 13, 1 4 ) l  and swelling values observed by imnersion densitometry. 
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The weld metal  specimens showed no heterogeneous c a v i t y  f ~ r m a t i o n , ~  a l though t h e  c e l l u r a l  m ic ros t ruc-  
The same welded t u r e  formed d u r i n g  s o l i d i f i c a t i o n  of weld remained unchanged i n  t h e  i r r a d i a t e d  specimens. 

specimens d i d  show heterogeneous vo id  format ion a f t e r  e l e c t r o n  i r r a d i a t i o n . '  I n  t h e  case of e l e c t r o n  i r r a -  
d i a t i o n ,  such d i f fe rences i n  c a v i t y  e v o l u t i o n  suggest t h a t  nuc lea t i on  i s  a l s o  d i f f e r e n t  r e l a t i v e  t o  neutron 
i r r a d i a t i o n ,  where he l i um i s  a v a i l a b l e  t o  s t a b i l i z e  c a v i t y  embryo. F u r t h e r  ana lys i s  w i l l  be g iven e l ~ e w h e r e . ~  

CONCLUSIONS 

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  were i r r a d i a t e d  i n  t h e  ORR-MFE-7J capsule a t  400°C t o  7.4 dpa, w i t h  co- 
generated he l i um and dpa a t  fus ion- re levant  He:dpa r a t i o s .  
observat ion revea led t h e  fo l l ow ing :  

Imnersion dens i tometry  and m i c r o s t r u c t u r a l  

1. C W  m a t e r i a l s  showed good s w e l l i n g  res is tance,  but  t h e r e  was s i g n i f i c a n t  a l l o y - t o - a l l o y  v a r i a t i o n  o f  
s w e l l i n g  behav ior  i n  SA ma te r ia l s .  

2. 

3. 

I n  SA ma te r ia l s ,  t h e  r e l a t i v e  rank ing o f  va r ious  a l l o y s  w i t h  regard t o  s w e l l i n g  res i s tance  observed 

Samples wi th  h ighe r  s w e l l i n g  showed a bi-modal s i z e  d i s t r i b u t i o n  and t h e  d i f f e r e n c e  o f  s w e l l i n g  
i n  ORR i r r a d i a t i o n  a t  400°C was the  same as observed d u r i n g  HFIR i r r a d i a t i o n  a t  500°C o r  above. 

res i s tance  r e f l e c t e d  t h e  average s i z e  o f  l a r g e r  b ias- d iven voids. 
p lays  a minor r o l e  i n  e x p l a i n i n g  t h e  r e l a t i v e  d i f fe rence i n  s w e l l i n g  res i s tance  i n  these a l l o y s .  
c a v i t y  s i z e  and vo id  growth ra tes  are  m r e  impor tant  fac tors .  

4. MC p r e c i p i t a t e s  were observed i n  a l l  of t h e  t i t a n i u m- c o n t a i n i n g  a l l o y s ,  but  t h e  amount o f  detec-  
t a b l e  Mc p r e c i p i t a t e s  had no r e l a t i o n s h i p  t o  t h e i r  carbon content  nor t h e i r  s w e l l i n g  res is tance.  

5. Low-carbon s t e e l s  showed r e l a t i v e l y  h ighe r  s w e l l i n g  i n  t h e  SA cond i t i on ,  even when they conta ined 
t i t a n i u m  as a s o l i d - s o l u t i o n  s w e l l i n g  i n h i b i t o r .  Carbon i s  obv ious l y  another impor tant  element t o  suppress 
swel l  i ng. 

6. S w e l l i n g  res i s tance  i s  s t i l l  an impor tant  f ac to r  t o  be considered f o r  f u s i o n  a p p l i c a t i o n  o f  auste-  
n i t i c  s t a i n l e s s  s t e e l  a t  400°C. 

7. Welding d i d  no t  degrade t h e  s w e l l i n g  res i s tance  i n  any of t h e  a l l o y s  i r r a d i a t e d  i n  these low-dose 
experiments. 

The d i f f e r e n c e  o f  c a v i t y  number d e n s i t y  
C r i t i c a l  
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DETERMINATION OF CREEP-SWELLING COUPLING COEFFICIENTS FOR IRRADIATED STAINLESS STEELS - M. E. Toloczko, 
Univ. of California at Berkeley, F. A. Garner, Pacific Northwest Laboratory,("' and C. R. Eiholzer, 
Westinghouse Hanford Company 

OBJECTIVE 

The objective of this effort is to provide irradiation creep data and design correlations for application to 
fusion reactor design. 

SUMMARY 

Irradiation creep data at -400°C were analyzed for two 20% cold-worked titanium-modified type 316 stainless 
steels. 
the assumption that the Bo t OS creep model applies to these steels at this temperature. This assumption 
was found to be valid. A creep-swelling coupling coefficient of 0 - 0.6 x 10" MPa-' was found for both 
steels, which is in excellent agreement with the results of earlier studies conducted using annealed AISI 
304L and also 10% and 20% cold-worked AIS1 316 stainless steels. There appears to be some enhancement of 
swelling by stress, leading to an apparent but misleading nonlinearity of creep with respect to stress. 
dependence of the creep-swelling coupling coefficient on irradiation temperature for temperatures greater 
than 4OO0C has not yet been established. 

One of these steels w p  the fusion prime candidate alloy designated PCA. The analysis was based on 

The 

PROGRESS AND STATUS 

Introduction 

In a number of recent reports the creep-swelling relationship has been investi ated for annealed AISI 
304L(" and various thermomechanical treatments of AISI 316 stainless steel .(2-69 These studies were con- 
ducted in EBR-I1 and showed a remarkable consistency in results, indicating that irradiation creep at mOSt 
temperatures of interest could be described as consisting of several minor contributions (precipitation- 
related dimensional changes and transient relaxation of cold-work-induced dislocations) and two major con- 
tributions.(61 The major contributions were associated with the creep compliance, Bo, a quantity unrelated 
to void swelling, and a swelling-driven creep component. While swelling itself is very sensitive to a large 
variety of material and environmental variables, the instantaneous creep rate appears to be proportional 
only to the applied stress and the instantaneous swelling rate. As discussed in other  publication^,^'^^^ the 
instantaneous creep rate can therefore be written in the form 

B =';/O = B o t  05, (1) 

providing that the material is annealed and does not develop any significant phase-related strains or den- 
sity chan es 
stress (J!/2'0 ) ,  B is the creep compliance, D is the creep-swelling coupling coefficient and S is the 
instantaneous P8umt"rc swelling rate. 

Exnerimental Detai 1 s 

In this study the fusion prime candidate alloy [designated PCA (heat K280)] and another titanium-modified 
type 316 steel [designated 09 (heat 83508)l were irradiated in FFTF/MOTA. For PCA, 2.24-cm-long helium- 
pressurized tubes were used with outer and inner diameters of 4.57 mn and 4.17 mm, respectively. The 09 
tubes were somewhat larger, with a length of 2.82 cm, and 5.84 and 5.08 mm outer and inner diameters. 
compositions of these steels are shown in Table 1. 
and their diameters measured at five equidistant positions using a noncontacting laser system.('" 
middle measurements were averaged to calculate the diametral strain. 
the temperature is actively controlled within ?5-C. 
operated at slightly higher (-20-C) temperatures and neutron fluxes than experienced by the PCA tubes. 
each set of tubes there were small cycle-to-cycle variations in temperature that arose as the tubes were 
placed at somewhat different reactor levels during each MOTA reconstitution (see Table 2 ) .  

Results and Discussion 

Figure 1 shows the total diametral strain for six nominally identical PCA tubes irradiated side-by-side for 
six irradiation cycles at -400-C. These tubes varied only in their internal gas pressure, which yielded 

In this equation, :/; is the effective strain rate per unit stress, 0 is the effective 

The 
The specimens were removed periodically from the reactor 

The three 
During any one irradiation interval 

The 09 tubes were placed in positions in MOTA that 
For 

(a) Pacific Northwest Laboratory is operated for the U.S.  Department of Energy by Battelle Memorial 
Institute under Contract DE-AC06-76RLO 1830. 
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Table 1 
Composition (wt%) of Stainless Steels Used in this Study 

Fe Ni Cr - Mo Mn si c p Zr 
PCA BAL 16.63 14.31 1.95 1.83 0.52 0.048 0.014 
09 BAL 15.77 13.70 1.65 2.03 0.80 0.039 t0.005 to.01 to.01 

_. .. 

s v Nb - Ti co .&..- 1 JL- 
PCA 0.025 0.04 0.02 0.31 0.04 0.02 0.05 0.001 0.008 
09 0.003 0.01 _ _  0.34 tO.O1 to.01 (0.01 0.0005 0.004 

Table 2 
Temperatures of Individual Irradiation Sequences 

MOTA-1A MOTA-16 MOTA-IC MOTA-1D MOTA-1E MOTA-lF 

- PCA 

Temperature, "C 405 401 396 386 384 386 
Neutron fluence, n cm-2 (E>0.1 MeV) 4 . 6~10~~ 6.6~10~~ 1 1 . 9 ~ 1 0 ~ ~  1 5 . 4 ~ 1 0 ~ ~  1 9 . 2 ~ 1 0 ~ ~  2 4 . 8 ~ 1 0 ~ ~  
Cumulative dpa 20.4 29.3 50.2 65.3 81.1 106.8 

Temperature, OC 427 43 1 420 404 
Neutron fluence, n cm-' (E>0.1 MeV) 6 . 0 ~ 1 0 ~ ~  9 . 2 ~ 1 0 ~ ~  1 6 . 7 ~ 1 0 ~ ~  2 1 . 9 ~ 1 0 ~ ~  
Cumulative dpa 27.8 42.6 77.2 101.2 

hoop stresses ranging from 0 to 200 MPa. 
exposures expressed in units of dpa. 
ence for energies greater than 0.1 MeV.(") 
recently and are reported in Table 2. 

The diameter chanoes of the zero stress tube reoresents Drimarilv the contribution of void swelling. but 

Note that these data are plotted versus the estimated neutron 
An earlier report contained these data as a function of neutron flu- 

Both the neutron fluence and dpa values have been upgraded 

there may also be-some secondary contribution fkom precipitationlrelated strains. 
stressed tubes include additional contributions from irradiation creep and possibly the stress-enhanced 

The strains of the 

portion of swelling 

Figure 2 shows the total diametral strains for a similar set of D9 tubes that were irradiated at somewhat 
higher fluxes and temperatures (-420°C). Although the total neutron exposure is nearly the same, only four 
irradiation cycles were completed compared to the six completed for the PCA tubes. The D9 tube at 200 MPa 
failed in the last irradiation cycle, and therefore only three cycles are shown for this stress level. 

I n  order for the creep data to fit the Bo t 0s model, it is necessary for creep to be proportional to the 
first power of stress and to increase directly in proportion to the instantaneous swelling rate. 
culate the midwall creep strains and divide them by the stress level, the validity of these assumptions can 
be checked. 
swelling strains. Figure 4 presents a comparison of the stress-normalized midwall strains for each steel, 
and Figure 5 presents a comparison of the range of the normalized creep strains and the stress-free swell- 
ing. 
the onset of accelerated swelling, while Figure 4 shows that the stress-normalized creep strains appear not 
to be completely linear with applied stress. 
but steady increase in normalized creep strain arising from a somewhat incorrect assumption that swelling is 
not affected by stress. 
period of swelling in cold-worked austenitic  steel^.('^-'^' 
effect o f  stress on the swelling incubation period and also that the effect of stress occurs relatively late 
in the irradiation. 

The PCA alloy at the lower displacement rate and irradiation temperature is clearly swelling and creeping at 
rates comparable to that of the D9 alloy, but the onset of accelerated strain rates occurs with a delay of 
-10 dpa relative to that of D9. 
probably arises from both compositional and environmental differences (displacement rate and temperature). 
It may also reflect some differences in production methods associated with the two tubes sizes. 

If we cal- 

First, as shown in Figure 3, the creep strains are separated by subtracting the zero stress 

The latter figure shows that each of the steels exhibits accelerated creep rates that coincide with 

However, this appearance may be misleading, with the slight 

It appears that there is a small but persistent 
In general, increasing the stress levels progressively shortens the incubation 

This delay cannot be attributed to compositional differences alone, but 
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/ 
-1 0 OUR / 

4 0  8 0  8 0  $ 0 0  
dP* 

Figure 1. Total diametral strains observed in 
pressurized tubes o f  20% cold worked PCA irradiated 
at -4OPC in FFTF/MOTA. 

Figure 2. Total diametral strains observed in 
pressurized tubes of 20% cold worked D9 irradiated 
at -420'C i n  FFTF/MOTA. 

Figure 3. 
shown are those used in the creep analysis. 

Comparison of midwall strains observed in (a) PCA and (b) D9 pressurized tubes. The curve-fits 
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I 

Figure 4 .  Stress-normalized midwall strains observed in (a) PCA and (b) D9 pressurized tubes. Gradual 
increases in the normalized strain with increasing stress level is thought to occur as a consequence o f  
stress-enhanced swelling. 

I 

Figure 5 .  
steels. 

Comparison of (a) range of normalized Strains with the stress-free swelling strains for both 
The curve fits used in the analysis for stress-free swelling are also shown. 
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If both t h e  smal l  e f f e c t  of s t r e s s  on s w e l l i n g  and t h e  p o s s i b i l i t y  of p r e c i p i t a t i o n - r e l a t e d  s t r a i n s  a re  
ignored, one can c a l c u l a t e  a f i r s t  o rde r  es t imate  of t h e  Bo and 0 c o e f f i c i e n t s ,  us ing  a l eas t - squa res  
f i t t i n g  procedure. 
t i o n  o f  t he  form 

The f i r s t  s tep i s  t o  f i t  t h e  s t ress- f ree  l i n e a r  s w e l l i n g  s t r a i n  (S,) curve w i t h  an equa- 

were x i s  t h e  dose i n  dpa, a i s  t h e  s teady- s ta te  s w e l l i n g  s t r a i n  r a t e ,  b i s  t h e  i ncuba t i on  parameter and c 
i s  a parameter c o n t r o l l i n g  t h e  r a t e  of cu rva tu re  between t h e  i ncuba t i on  and s teady- s ta te  regimes. 

The second s tep  i s  t o  f i t  each creep s t r a i n  curve i n  F igu re  3 w i t h  an equat ion o f  t h e  form 

Note t h a t  i t  i s  assumed t h a t  t h e  i ncuba t i on  and cu rva tu re  parameters are  i d e n t i c a l  f o r  both  creep and 
swe l l i ng .  
s t r a i n  curves i n  F igu re  3 appears t o  c o n f i r m  t h e  v a j i d i t y  o f  t h i s  assumption. 

Upon i n t e g r a t i n g  equat ion ( 1 )  w i t h  respect  t o  X 

Th is  i s  a reasonable assumption i f  t h e  B t DS model i s  c o r r e c t .  The degree o f  f i t  t o  t h e  creep 

:/; = Box t DS + K ,  (4 )  

where S = 3S, f o r  smal l  S . 
midwal l  s t r a i n  and hoop s t ress ,  0". equat ion (4 )  becomes 

The parameter K = 0, s i nce  .(O) = 0 and S(0) = 0. When expressed i n  terms of 

C/OH = 3/4 [Bo t O S ] .  (5) 

S u b s t i t u t i n g  equat ions ( 2 )  and (3 )  i n t o  equat ion ( 4 )  y i e l d s  

H n t b)  

So lv ing  f o r  BO and D g i ves  

The l eas t - squa res  f i t t i n g  r o u t i n e s  used t o  determine q, r, a, b and c s t a r t s  from an i n i t i a l  g raph i ca l  e s t i -  
mate o f  these values.  
-0.6 x 10.' MPa-' f o r  t h e  D9 a l l o y .  
dpa-' and -0.6 x 
s t a i n l e s s  s t e e l s  a t  -4OO"C, b u t  t h e  Bo values found here a re  somewhat h ighe r  than t h e  u s u a l l y  assumed va lue  

Table 3 shows t h a t  t h e  f i r s t - o r d e r  es t imates  o f  Bo and D a re  -3 x MPa-' dpa-' and 
MPa-' 

The va lue o f  0.6 x 10.' MPa-' f o r  0 agrees w i t h  t h a t  observed i n  304 and 316 
For t h e  PCA a l l o y ,  t h e  c o e f f i c i e n t s  were found t o  be -2 x 

MPa-'. 

Table 3 
Ca lcu la ted  Values o f  Creep Coe f f i c i en ts  

0 
MPa-' 

S t ress  Bo 
Level ,  MPa MPa-' dDa-' 

PCA 30 2.1 x 10-6 0.50 x 10.' 
60 2.2 x 10-6 0.57 x 10.' 

100 2 . 3  x 10-6 0.64 x 10.' 
140 2.4 x 10-6 0.60 x 10.' 
200 2.4 x 10-6 0.64 x 10.' 

D9 30 3.1  x 10-6 0.46 x 10.' 
60 2.8 x 10-6 0.63 x 10.' 

100 3 . 3  x 10-6 0.57 x 10.' 
200 3.7 x 10-6 0.75 x 10.' 
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of -1 x MPa-' dpa-'. The larger values of ED found here are thought to be a possible consequence of 
ignoring the effect of stress on swelling. It i s  therefore significant that the largest value of Bo was 
found in the D9 steel, which possesses the shortest incubation period and the largest effect of stress, both 
of which would tend to yield overestimates of Bo. 

Analvsis of Data at Hiaher Temoeratures 

Irradiation creep and thermal creep data are available for both of these steels at temperatures above 400%. 
A preliminary analysis shows, however, that it may be difficult to extract meaningful values of Bp and D 
from these data. An overtemperature event in MOTA-10 resulted in a programmatic decision to terminate the 
irradiation of many of the high;temperature tubes. At the lower fluence levels, swelling strains are often 
too low to provide measurable DS contributions. Also, many of the high-temperature specimens failed dur- 
ing the overtemperature event. In addition, thermal creep becomes a large contributor to the strain at the 
higher temperatures and tends to obscure the OS contribution to total strain. 

An attempt is currently being made to extract an estimate of Bo and D from other high-temperature data sets 
that involved higher swelling levels. 

CONCLUSIONS 

Based on the results of this and other studies on va ious austenitic stainless steels irradiated at -4OO'C 
in either EBR-I1 or FFTF, it appears that the Bo t Dtmodel of irradiation creep is valid for application as 
a design equation. 
effect of stress on swelling is relatively small and occurs relatively late with respect to the onset of 
rapid swelling. At 400°C the value of D in the 300 series of steels appears to be -0.6 x 10.' MPa-I, rela- 
tively independent of both composition and thermomechanical condition. Unfortunately, the data available on 
the two titanium-modified steels at higher irradiation temperatures are insufficient at present to establish 
t h e  dependence of the creep-swelling coefficient at higher temperatures. 

This model can be applied to both PCA and austenitic steels in general, providing the 
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FFTF/MOTA IRRADIAT ION OF REFRACTORY ALLOYS UNDER CONSIDERATION AS PLASMA FACING COMPONENTS - F.  A. Garner, 
P a c i f i c  Northwest 

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  p rov ide  data  on t h e  r a d i a t i o n  response of r e f r a c t o r y  a l l o y s  be ing con- 
s ide red  f o r  s h o r t - t e r m  a p p l i c a t i o n s  such as t h e  ITER p r o j e c t  and a l s o  f o r  l ong- te rm fus ion goals.  

SUMMARY 

A r e f r a c t o r y  a l l o y  i r r a d i a t i o n  s e r i e s  i n v o l v i n g  f o u r  discharges o f  t h e  M a t e r i a l s  Open Test  Assembly (MOTA- 
1B through MOTA-IE) has been completed. Th is  experiment con ta ins  pure Mo, Mo-41Re, TZM and Nb-1Zr. 
I r r a d i a t i o n  temperatures i n  t h i s  experiment ranged from 404 t o  730°C w i t h  neut ron exposures y i e l d i n g  0.1 t o  
110.8 dpa. Measurement of d e n s i t y  changes and d i s k  bend t e s t i n g  a re  planned t o  begin s h o r t l y .  

PROGRESS AND STATUS 

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

D i s p e r s i o n - s t r e n g t h e ~ e d  copper and several  r e f r a c t o r y  a l l o y s  a re  now under cons ide ra t i on  as p o s s i b l e  
candidates f o r  a p p l i c a t i o n s  as plasma f a c i n g  s t r u c t u r a l  components f o r  t h e  ITER p r o j e c t .  The r e f r a c t o r y  
a l l o y s  a re  Mo-(5-lO)Re, Mo-(41-50)Re, and Nb- IZr .  
are  f a i r l y  low (-3 dpa) a t  temperatures of 50-700°C. 
exposure l e v e l s ,  depending on the  l e v e l  o f  emphasis p laced on low a c t i v a t i o n .  N e i t h e r  Nb, Mo, o r  Cu c u r -  
r e n t l y  q u a l i f y  as low a c t i v a t i o n  m a t e r i a l s .  

A r e f r a c t o r y  a l l o y  i r r a d i a t i o n  sequence i n v o l v i n g  f o u r  discharges from MOTA-18, l C ,  10, and 1E has been com- 
p l e t e d .  
specimens a re  i n  t h e  form of TEM d isks .  
cases t h e r e  are  two i d e n t i c a l  packets f o r  each s e t  o f  i r r a d i a t i o n  cond i t i ons .  
four specimens f o r  each set  of a l l o y  and i r r a d i a t i o n  c o n d i t i o n .  
i n  a small subset of packages. 
The dose l e v e l s  f o r  TZM range from 52.6 t o  61.5 dpa, w i t h  t h e  except ion o f  t h e  431°C se r ies ,  which reached 
110.8 dpa. 

For ITER a p p l i c a t i o n s ,  t h e  f l uences  c u r r e n t l y  env is ioned 
Long-term a p p l i c a t i o n s  might  r e q u i r e  much h ighe r  

It con ta ins  pure Mo, Mo-41Re and Nb-lZr,  each i n  two d i f f e r e n t  heat  t reatments  (see Table 1). A l l  

Thus i n  most cases t h e r e  a re  
The r e f r a c t o r y  a l l o y  TZM was a l s o  i nc luded  

There are  two specimens of each a l l o y  i n  each packet. I n  most 

Only one dose l e v e l  a t  each i r r a d i a t i o n  temperature i s  a v a i l a b l e  f o r  TZM. 

Table 1 
Specimen I d e n t i t y  

I d e n t i f i c a t i o n  Group Heat 
Code Desiqnat ion[ ' )  A1 1 ov  Treatment(b) 

AN 
AM 

A0 
AP 

AT 
AR 

AK 

A Pure Molybdenum HTB 
B Pure Molybdenum HTA 

B Mo-41Re 
B Mo- 41Re 

A Nb-1Zr 
B Nb-1Zr 

HTA 
HTB 

HTB 
HTA 

C TZM HTA 

( a )  A l l  a l l o y s  except TZM were i r r a d i a t e d  i n  packets c o n t a i n i n g  
subsets of specimens des ignated e i t h e r  group A or B. 
(TZM) was i r r a d i a t e d  along w i t h  some subsets o f  group B. 
Table 2, column 2 f o r  d e t a i l s .  

HTB = 20% c o l d  worked. 

Group C 
See 

( b )  HTA = s o l u t i o n  annealed 

( a )  P a c i f i c  Northwest Laboratory  i s  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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The i r r a d i a t i o n s ,  w i t h  one except ion i n  MOTA-ID, were conducted w i t h  a c t i v e  temperature c o n t r o l  t o  zPC. 
(An overtemperature event o f  approximat ly  1-h du ra t i on  occurred i n  MOTA-ID, w i t h  vary ing  impact on t he  
packet temperature, depending on t he  t a r g e t  temperature o f  each specimen packet . )  The i r r a d i a t i o n  and 
specimen m a t r i x  are shown i n  Table 2. 

Those specimens r e t r i e v e d  from the  MOTA-10 d ischarge rece ived  doses ranging from 0.7 t o  15.0 dpa and w i l l  
p rov ide  a conservat ive est imate o f  t he  behavior  requ i red  f o r  t he  -3 dpa ITER app l i ca t i on .  Data a t  h igher  
dpa l e v e l s  can be used no t  on ly  f o r  long- te rm fus ion goals,  bu t  a l so  t o  ex t rapo la te  back t o  f luence l e v e l s  
below the  0.7 t o  15.0 dpa range, i .e . ,  those re l evan t  t o  t he  ITER p r o j e c t .  

Table 2 
I r r a d i a t i o n  Condi t ions f o r  Ref rac to ry  A l l o y  Experiment i n  FFTF-MOTA 

Packet 
MAEZ 
NAEZ 
N6EZ 
P6EZ 
R6EZ 
M6EZ 
PAEZ 
RAEZ 

MAE1 
N A E l  
N6E1 
P6E1 
R6E1 
M6E1 
P A E l  
RAE1 

MAE7 
NAE7 
N6E7 
P6E7 
R6E7 
M6E7 
PAE7 
RAE7 

MAE5 
NAE5 
N6E5 
P6E5 
R6E5 
M6E5 
PAE5 
RAE5 

MAE6 
NAE6 
N6E6 
P6E6 
R6E6 
M6E6 
PAE6 
RAE6 

MOTA-10 
Temoera- 

Contents(a1 t u re ,  *C 

A 431 
A 431 
0 431 
0 431 s 431 
B,C 431 
A 431 
A 431 

A 471 
A 471 
8 471 
B 471 
0 471 
0,c 471 
A 471 
A 471 

A 569 
A 569 
0 569 
0 569 
0 569 
0,c 569 
A 569 
A 569 

A 645 
A 645 
8 645 . . .. 
0 645 
0 645 
8,C 645 
A 645 
A 645 

A 722 
A 722 
0 722 
B 722 
B 722 
B,C 722 
A 722 
A 722 

doa(b) 
15.0 
15.0 
14.1 
13.0 
13.0 
14.5 
15.0 
15.0 

11.4 
11.4 
9.6 
0.7 
8.7 

10.4 
11.4 
11.4 

11.5 
11.5 
12.2 
12.7 
13.1 
12.2 
11.5 
11.5 

11.5 
11.5 
12.2 
12.7 
12.7 
12.2 
11.5 
11.5 

11.5 
11.5 
12.2 
12.7 
13.1 
12.2 
11.5 
11.5 

MOTA-1C 
Tempera- 
t u re ,  OC 

.. 

420 
420 
420 
420 
420 
420 
420 

.. 
470 
470 
470 
470 
470 
470 
470 

_. 
550 
550 
550 
550 
550 
550 
550 

.. 

652 
652 
652 
652 
652 
652 
652 

.. 

730 
730 
730 
730 
730 
730 
730 

&?L 

35.3 
33.1 
32.2 
32.2 
33.9 
35.3 
35.3 

.. 

.. 
26.0 
22.6 
20.3 
20.3 
24.5 
26.8 
26.8 

.. 

27.0 
20.6 
29.7 
30.0 
20.6 
27.0 
27.0 

_ _  
27.0 
28.6 
29.7 
30.0 
28.6 
27.0 
27.0 

_ _  
27.0 
28.6 
29.7 
30.0 
20.6 
27.0 
27.0 

MOTA- ID 
Tempera- 
t u re ,  % 

_ _  
_. 
.- 

404 
404 
404 
404 
404 

.. 

.. 
-. 

470 
470 
470 
470 
470 

.. 

.. 

.. 

549 
549 
549 
549 
549 

_ _  _ _  _ _  
650 
650 
650 
650 
650 

_ _  _ _  _ _  
730 
730 
730 
730 
730 

dP?L 
.. 
.. 
_. 

24.0 
23.3 
24.5 
25.5 
25.5 

._ 

.. 

.. 

14.7 
14.7 
17.7 
19.4 
19.4 

.. 

.. 

.. 

21.5 
22.3 
20.7 
19.6 
19.6 

_ _  _ _  
.. 

21.5 
22.3 
20.1 
19.6 
19.6 

_ _  _ _  
.. 

21.5 
22.3 
20.7 
i 9 . 6  
19.6 

MOTA- 1 E 
Tempera- 
t u re .  % 

Tota l  
doa 

15.0 
50.3 
47.2 
70.0 

102.1 
105.7 
110.8 
110.0 

11.4 
30.2 
32.2 
43.1 
43.7 
52.6 
57.6 
57.6 

11.5 
38.5 
40.8 
63.9 
66.2 
61.5 
58.1 
50.1 

11.5 
30.5 
40.0 
63.9 
65.0 
61.5 
58.1 
58.1 

11.5 
38.5 
40.8 
63.9 
66.2 
61.5 
58.1 
58.1 

(a )  Group A conta ins Mo (HTB) and Nb-IZr  (HTE). 

(b)  

Group 0 con ta ins  Mo-41Re (both HTA and HTB) and Mo (HTA) 
and Nb-IZr  (HTA). 
dpa values ca l cu la ted  f o r  s t a i n l e s s  s t e e l .  

Group C con ta ins  on ly  TZM (HTA). 
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Post-Irradiation Examination 

Specimen packets from MOTA-16, -IC, and -lE are currently available in the fusion hot cell for removal and 
sorting of specimens. 
to the fusion hot cell. 
fluence ITER-relevant specimens. 
radiation-induced embrittlement. 

Specimen packets from MOTA-ID have been requested for transfer from long-term storage 
Density change measurements have been scheduled, with priority placed on the lower 

Disk bend tests are also under consideration to examine the possibility of 

FUTURE WORK 

This effort will continue focusing on post-irradiation examination o f  existing specimens and on the 
possibility o f  including minitensile specimens in MOTA during cycle 12 of FFTF. 
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SWELLING DEPENDENCE OF NEUTRON-IRRADIATED VANADIUM ALLOYS ON TEMPERATUKE. 
N E U m O N  FLUENCE, ANI) THERMOMECHANICAL TREATMENT - B. A. Loomis (Argonne National 
Laboratory). K Abe (Tohoku University), L. J. Nowcki (Argonne National Laboratory). H. Chung (Argonne 
National Laboratory). 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 optimal 
combination of swelling resistance, corrosion resistance. and mechanical properties in the  environment of a 
magnetic fusion reactor. 

SUMMARY 

Swelling of vanadium alloys was determined after irradiation a t  420 and 600'C to neutron fluences ranging 
from 0.3 x loz7 neutrondm2 (17 dpa) to 1.9 x 1027 neutrondm2 (114 dpa). Binary and ternary vanadium alloys with 
Cr, Ti, Mo, W, Ni, Fe. Zr, and Si additions were irradiated in either the  fully annealed, partially annealed, or 10% 
cold-worked condition. Upon irradiation a t  600"C, the swelling of vanadium to which Cr had been added was 
greatly exacerbated, whereas the swelling of vanadium to which Ti, Mo, W. and Ni (3-20%) had been added was 
not significantly affected. Swelling of V-Cr alloys upon irradiation a t  600°C was substantially reduced (<0.1%- per 
dpa) by the addition ofTi (1-1570). Upon irradiation a t  420"C, the swelling of the vanadium alloys was ~0.2% per 
dpa. Partial annealing or 10% cold-working had no significant effect on swelling of the alloys. 

PROGRESS AND STATUS 

Introduction 

The swelling of vanadium-base alloys with Cr, Ti, Mo, W. Ni. Fe, Zr, and Si additions on neutron irradiation 
a t  420 and 600°C to 77-84 dpa in the Materials Open Test Assembly (MOTA, of the Fast Flux Test Facility ( F m j  
has been reported by Loomis and Smith.'-3 These swelling results, obtained from determinations of the density of 
the  unirradiated and irradiated materials. have shown that the  swelling of vanadium alloys upon neutron 
irradiation can be effectively minimized by the presence of 2 4 %  Ti in the  alloy. In  this report, we present (1 )  some 
additional data on the swelling (density change) of unalloyed vanadium and binary and ternary vanadium-base 
alloys with Cr, Ti, Mo, W, Ni. Fe, Zr, and Si additions that  were irradiated at 420 and 600°C to damage levels 
r a n s n g  up to 114 dpa in the FFTF-MOTA and ( 2 ,  microstructures of alloys observed by transmission electron 
microscopy (TEM) after irradiation at 420°C to 114 dpa and 600°C to 84 dpa. 

.MATERIALS AND PROCEDUKES 

Vanadium alloys with the compositions listed in Table 1 were obtained in the  form of 50% cold-worked 
sheets. Disk-shaped specimens -3.0 mm in diameter and =0.3 mm thick were obtained from the  cold-worked 
sheets for the swelling determinations. The cold-worked specimens were annealed a t  either 1125. 950, or 850°C: 
for 1 h in an ion-pumped vacuum system with a typical pressure of 1.3 x 10-6 Pa. Spenmens annealed a t  1125°C 
had an average recrystallized grain diameter of 0.020 mm. In this paper, specimens tha t  were annealed a t  950 
and 850°C are termed "partially annealed." In addition to the annealed and partially annealed specimens, 
annealed specimens with 10% cold-work were also prepared. The specimens were irradiated in the FFTF- 
MOTA. They were contained in sealed. Li7-filled. TZM Mo capsules during irradiation to prevent contamination 
by oxygen, nitrogen, and carbon impurities in  the Na coolant of the PPTP. The specimens were irradiated at 420. 
520, and 600°C to neutron fluences (E >0.1 MeV, ranging from 0.3 x 1027 neutrondm2 (17 dpa, to 1.9 x 1027 
neutrons/m2 (1  14 dpa) during Cycles 7- 10 of the PFTF-MOTA. The irradiated specimens were removed from the 
Li-filled TZM Mo capsules by immersion of the opened capsules i n  liquid ammonia and subsequent immersion of 
the specimens in a mixture of 50% ethanol and 50% methanol. 

The swelling. S, of an  irradiated specimen was obtained from a determination of the density o f  an  unirra- 
diated specimen, D,,,, and the density of an irradiated specimen, I),,,, by immersion in carbon tetrachlonde. 
i.e., S = (Dann.D,,.,j/Dj,.,. Specimen density was determined with a precision of ~ 0 . 1 % -  from three to six separate 
determinations on each specimen. 
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Table 1. Composition of Vanadium and Vanadium Alloys Used in this Studya 

Nominal Allov 
Composition Concentration (ppm) 

ANL ID (wt.%) 0 N C Si A1 
~ 

B L 1  V-4MO 230 73 90 110 <100 
BL-2 v- 9 w  300 150 120 58 <100 
BL-3 V-12Ni 493 280 500 4 6  <100 
BL-4 V-1OCr 530 76 240 40 1190 
BL-5 B-14Cr 330 89 200 40 2/40 
B L l O  V-15Ti-7.5Cr 1110 w) 400 400 30 
BL-11 V-5Ti 1820 530 470 211) 115 
B L 1 2  V-1OTi 1670 390 450 245 <100 
BL-13 V-14Ti 1580 370 440 205 c100 
BL-15 V-18Ti 830 160 380 480 33 
B L 1 6  V-20Ti 390 530 210 480 - 
B L 2 0  V 570 110 120 325 <100 
BL-24 V-15Cr-5Ti 1190 360 500 390 40 
B L 2 5  V-14Cr-0.3Ti 390 64 120 40 3270 
B L 2 6  V-14Cr-1Ti 5ta 86 140 40 3090 
B L 2 7  V-3Ti-1Si 210 310 310 wx) 160 
BL-28 Vanstar-7c 275 540 740 - - 
BL-34 V-9Ti 990 180 420 290 <100 
BL-35 V-1OCr 340 45 120 40 1450 
B L 3 6  V 810 86 w) <50 <100 
B L 4 2  V-3Ti-1Si 580 190 140 5100 290 
B L 4 3  V-1OCr-5Ti m 31 100 340 140 

Whemical analyses of these materials were performed by the  Analytical 
Department of the Teledyne Wah Chang Albany Company, Albany, OR. 

k o m p l e t e  composition of these materials is  presented in Ref. 6. 
CV-9Cr-3Fe- 1Zr. 

Irradiated specimens were prepared for TEM by electrochemical thinning to perforation i n  a solution of 14% 
sulfuric add-72% methanol-13% butyl cellosolve at -5°C. Microstructures were examined with a JEOL lOOCX 
electron microscope operating a t  100 KeV. 

EXPERIMENTAL RESULTS 

Density Change (Swelling) Data 

The dependence of density change (i.e., swelling) on Ti concentration of vanadium-base alloys after irradi- 
ation a t  420°C to 114 dpa and a t  600°C to 77-84 dpa is shown in Figs. 1 and 2, respectively. Of the alloys, V-3Ti-1Si 
alloy showed the highest swelling upon irradiation at 420% to 114 dpa. Even so, swelling of all the alloys a t  420°C 
to 114 dpa was ~ 0 . 0 2 %  per dpa (Fig. 1). The addition of 0.3% Ti to the V-14Cr alloy reduced swelling of this alloy 
from 39% to 14% upon irradiation a t  6OO0C to 84 dpa (Fig. 2). An increase of Ti concentration to 5% reduced 
swelling of the V-14Cr alloy further to  <lo%. The data presented in Figs. 1 a n d  2 suggest t ha t  swelling of V-Ti 
and V-Cr-Ti alloys is  relatively independent of Ti concentration in the range of 320%.  

Addition of either 9% W, 4% Mo, or 12% Ni to  vanadium slightly decreased the swelling of vanadium on 
irradiation a t  420°C to 114 dpa and a t  6OO0C to 84 dpa. The Vanstar-7 alloy exhibited 7-10% swelling upon 
irradiation a t  600°C to 77 dpa. 

The dependence of swelling of vanadium and V-Ti alloys on irradiation damage (dpa) a t  420'C is  shown in 
Fig. 3. These results show tha t  vanadium and V-3Ti-1Si exhibit maximum swelling (-3%) a t  60-80 dpa, whereas 
swelling of V-(5-20)Ti alloys is  relatively independent of irradiation damage. 
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Fig. 1. Dependence of density change (swelling) 
on titanium concentration for vanadium alloys 
irradiated at 420°C to 114 dpa. 
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Fig. 2. Dependence of density change (swelling) 
on ti tanium concentration for vanadium alloys 
irradiated a t  600°C to 7744 dpa. 
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Fig. 3. Dependence of density change (swelling) on 
irradiation damage (dpa) for V and V-Ti alloys irradi- 
ated at 420°C. 

IRRADIATION DAMAGE (dpa) 

Fig. 4. Dependence of density change (swelling) on 
irradiation damage (dpa) for V-Cr-Ti alloys irradi- 
ated at 420°C. 

The dependence of swelling of V-Cr-Ti alloys on irradiation damage at 420°C is  shown in Fig. 4. These 
results show that upon irradiation at 420% V-Cr binary alloys exhibit maximum swelling a t  =30 dpa, whereas 
V-lSCr-(l-5)Ti alloys exhibit maximum swelling a t  60-80 dpa. 

The dependence of swelling of V-15Ti-7.5Cr, V-15Cr-5Ti, V-lOCr-STi, V-3Ti-lSi, and V-2OTi alloys on 
irradiation damage a t  600°C is  shown in Fig, 5 (from Ref. 3). Swelling data  obtained by TEM of the irradiated 
alloys are also shown in Fig. 5. On the basis of these data,  the swelling of V-15Ti-7.5Cr, V-15Cr-STi, V-lOCr-5Ti, 
V-3Ti-lSi, and V-2OTi alloys upon irradiation a t  600°C to 84 dpa is 0.10,0.03,0.03,0.01, and 0.01% per dpa, 
respectively. 
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MECHANICAL PROPERTY CHANGES AND MICROSTRUCTURES OF DISPERSION-STRENGTHENED COPPER ALLOYS AFTER NEUTRON 
IRRADIATION AT 411, 414, AND 529% - K. R .  Anderson (University of Illinois, F. A. Garner, M. L. Hamilton 
(Pacific Northwest Laboratory),(" and J. F.  Stubbins (University of Illinois) 

OBJECTIVE 

The objective of this effort is to identify suitable copper alloys for high heat flux applications in fusion 
reactors. 

SUMMARY 

Dispersion strengthened copper alloys have shown promise for certain high heat flux applications in both 
near term and long term fusion devices. 
tural evolution in several oxide dispersion strengthened alloys which were subjected to high levels of 
irradiation-induced displacement damage. 
411-41PC and 32 dpa at 529%. 

The alloys include several oxide dispersion-strengthened alloys based on the Cu-A1 system, as well as ones 
based on the Cu-Cr and Cu-Hf systems. 
internal oxidation technique to contain alumina weight fractions of 0.15 to 0.25% outperformed the other 
alloys in all respects. These alloys, designated CuAl15, CuA120, and CuA125, were found to be resistant to 
void swelling up to 50 dpa at 41PC. and to retain their superior mechanical and physical properties after 
extended irradiation. The major factor which controls the stability during irradiation was found to be the 
dispersoid volume fraction and distribution. 

The other alloys examined were less resistant to radiation-induced properties changes for a variety of rea- 
sons. 
solved oxygen, and nonuniformity of dispersion distribution. 
This joining technique was found to be unacceptable since it destroys the dispersoid distribution and 
thereby the resistance of the alloys to radiation-induced damage. 

This study examines mechanical properties changes and microstruc 

Irradiations were carried out in FFTF to 34 and 50 dpa at 

Of this group, certain of the Cu-A1 alloys, those produced by an 

Some of these include dispersoid redistribution by ballistic resolution, effects of retained dis- 
The effect of laser welding was also examined. 

PROGRESS AND STATUS 

Introduction 

Severe radiation and thermal environments are foreseen in advanced nuclear reactor applications. 
conditions require the development o f  new radiation resistant materials which are also immune to thermally 
induced problems, such as thermal shock, thermal fatigue, irradiation and thermal creep, and thermally 
induced static stresses. Many of these problems can be minimized by using high strength materials with high 
thermal conductivity. Copper-base alloys appear to fill this need. A significant number of scoping studies 
have identified one specific class o f  copper alloys as showing exceptional potential for use in these 
demanding nuclear applications: 

This study evaluates a wide variety of oxide-dispersed alloys and identifies the factors that influence 
their microstructure and mechanical property changes during irradiation. 
ductivity measurements, provides the basis for judging the suitability of specific oxide-dispersed alloys 
for fusion applications. 

Exuerimental Procedure 

Zone-refined, Maw-grade copper and four different types of oxide-dispersed copper alloys were neutron irra- 
diated in sealed helium-filled capsules in the Materials Open Test Assembly of the Fast Flux Test Facility 
to 34 displacements per atom (dpa) at 414T, 50 dpa at 41lnC, and 32 dpa at 52PC, Table 1. 
temperatures were actively controlled to 55%. 
order to determine the viability of this fabrication technique in nuclear service. Thermal aging was also 
performed at 420T or 521% for 1026 hours to assess alloy thermal stability. 

The four types of oxide-dispersed alloys examined are shown, along with their composition and final proc- 
essing condition, in Table 2. These alloys include three commercially available copper alloys strengthened 
by varying quantities of aluminum oxide (CuA115, CuA120, and CuA125), one alloy strengthened by chromium 
oxide (CuCr), one alloy strengthened by hafnium oxide (CuHf), and two castable oxide-dispersed alloys. The 
grain sizes of these alloys prior to irradiation are provided in Table 3 .  

These 

oxide-dispersed copper alloys.'-16 

This evaluation, coupled with con- 

Irradiation 
Two alloys were irradiated in the laser-welded condition in 

More specific information 

(a) Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle Memorial 
Institute under Contract DE-AC06-76RLO 1830. 
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Specimen I r r a d i a t i o n  Condi t ions 

Mar2 
A1 1 ov 

cu  
CuA125 
CuA125 (welded) 
CuAl20 
CuA115 t B  
ODs-l 
ODs-I (welded) 
00s-4 
CuCr 
CuHf 

MOTA I E  
M a t e r i a l  
Code 

RO 
R4 
3N 

ux 
vo 
3F 
3H 
3M 
3A 
38 

MOTA ID 
414°C 
34 dpa 

d / t  

(a )  

(b)  
(c)  d = TEM d iscs .  

Overtemperature o f  201°C f o r  50 minutes and 
2 undertemperatures. 
d / t  = TEM d i s c s  t t e n s i l e s .  

Composition and F i n a l  Processing Condi t ions o f  Copper A l l o y s  

Conmosition I w t % )  F i n a l  Processinq Cond i t ion (a ) (b )  
Marz Cu RO 99.999% Cu Annealed 

CuA125 R4 0.25% A1 as Alumina, b a l .  Cu 50% CW 
CuA125 3N 0.25% A1 as Alumina, ba l .  Cu 50% CW t welded 
CuA120 UX 0.20% A1 as Alumina, ba l .  Cu 20% CW 
CuAlIS+B VO 0.15% A1 as Alumina, Annealed 

< 200 ppm Boron, b a l .  Cu 

CuCr 3A 3.5% C r  Oxide, ba l .  Cu 20% CW, 1/2 h r  45WC, A i r  Cooled 
CuHf 38 1.1% H f  Oxide, b a l .  Cu 20% CW, 1/2 h r  450T,  A i r  Cooled 

ODs-l 3F 0.25% Mg, 1% Alumina, b a l .  Cu 40% CW 
ODs-I 3H 0.25% Mq, 1% Alumina, b a l .  Cu 40% CW t welded 
ODs-4 3M 0.5% Mgi'l% A1umina;bal. Cu 40% CW 

(a)  A l l  heat  t reatments i n  argon 
(b)  CW = . co l d  worked. 
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Grain  S ize i n  Plane o f  R o l l i n g  D i r e c t i o n  

M a t e r i a l  

Marz Cu 

CuA125 
CuA125 welded 
CuAl20 
CuAl15tB 

CuCr 
CuHf 

00s-1 
005-1 welded 
ODs-4 

Average Gra in  
Diameter (microns) 

120 

elongated 0.6 x 2.4 
elongated 0.6 x 2.4 
elongated 0.45 x 3.0 
e longated 0.5 x 3.0 

1.0 - 11.5(b) 
1.0 - 11.5(b) 

210 
210 
100 

Approximate 
ASTM Gra in  S ize 

3 

N M ( ~ )  
NM 
NM 
NM 

NM 
NM 

2 
2 
1 

(a) Not meaningful .  
(b) E x h i b i t e d  h i g h l y  deformed, randomly shaped g r a i n s  t h a t  cou ld  

n o t  be adequately cha rac te r i zed .  
11.5 microns. 

Approximate s i z e  1.0 t o  

rega rd ing  t h e  sources and process ing of these a l l o y s  i s  g i ven  elsewhere."  A l l  specimens i n  t h i s  s tudy were 
i n  t h e  form of 3 mn TEM d i s c s  and m i n i a t u r e  t e n s i l e  specimens, t h e  dimensions o f  which are  g i ven  
e l  ~ewhere. ' ' , '~  

The t e n s i l e  p r o p e r t i e s  o f  u n i r r a d i a t e d ,  t h e r m a l l y  aged, and i r r a d i a t e d  m i n i a t u r e  t e n s i l e  specimens were 
determined a t  room temperature us ing  a p r e c i s i o n  h o r i z o n t a l  t e n s i l e  t e s t i n g  frame." The 0.2% o f f se t  y i e l d  
s t reng th ,  u l t i m a t e  t e n s i l e  s t reng th ,  f r a c t u r e  s t reng th ,  un i fo rm e longat ion,  and t o t a l  e longa t ion  were d e t e r -  
mined. Specimen th icknesses were measured w i t h  a micrometer p r i o r  t o  t e s t i n g .  A l l  t e s t i n g  was performed a t  
room temperature (24°C) a t  a crosshead v e l o c i t y  o f  2.413 x 10.' mfsec (9.5 x in. /sec),  which c o r r e -  
sponds t o  a s t r a i n  r a t e  o f  4.7 x 

Fractography was performed w i t h  a JEOL JSM 35C scanning e l e c t r o n  microscope (SEM). 
L i n k  Systems energy-d i spe rs i ve  x - r a y  spectroscopy (EOS) and image ana lys i s  system was a l s o  used. 
sur faces requ i red  examinat ion soon a f t e r  t e n s i l e  t e s t i n g  due t o  r a p i d  fo rma t ion  of an ox ide l a y e r  t h a t  
obscured d e t a i l  a t  magn i f i ca t i ons  over approximately I O O O X .  
c a r r i e d  o u t  w i t h  a JEOL JEM I O O C X  t ransmiss ion e l e c t r o n  microscope (TEM) operated a t  100 kV. 

sec-'. 

A JEOL 840 SEM w i t h  a 
F rac tu re  

Examination o f  t h e  b u l k  m i c r o s t r u c t u r e  was 

Results 
The r e s u l t s  o f  room temperature t e n s i l e  t e s t s  a re  g iven i n  Table 4. 
s t reng ths  g e n e r a l l y  showed t h e  same behav ior  w i t h  respec t  t o  specimen c o n d i t i o n .  
and u l t i m a t e  t e n s i l e  s t reng ths ,  and uni form and t o t a l  e longat ions,  are  compared i n  F igu re  1 f o r  a l l o y s  
i r r a d i a t e d  a t  411°C t o  50 dpa. Data f o r  Marz copper a re  i nc luded  f o r  comparison. 

Tens i l e  p r o p e r t i e s  were s e n s i t i v e  t o  several  types of m i c r o s t r u c t u r a l  changes d u r i n g  i r r a d i a t i o n  and, t o  a 
l e s s e r  ex tent ,  changes d u r i n g  thermal aging. The a l l o y  dimensional  s t a b i l i t y  under i r r a d i a t i o n ,  p r i m a r i l y  
i n f l uenced  by v o i d  swe l l i ng ,  i s  shown i n  F igure 2. 
subsequent ly.  

D iscuss ion 

The d i scuss ion  o f  a l l o y  performance i s  bes t  grouped i n t o  four  c lasses: copper-alumina a l l o y s ,  t h e  CuCr 
a l l o y ,  t h e  CuHf a l l o y ,  and cas tab le  copper ODs a l l o y s .  It i s  c l e a r ,  however, t h a t  t h e  performance of a l l  of 
these m a t e r i a l s  i s  l i n k e d  t o  d i s p e r s o i d  s t a b i l i t y  under i r r a d i a t i o n  and t o  t h e  l e v e l  o f  r e t a i n e d  c o l d  work. 

The y i e l d  and u l t i m a t e  t e n s i l e  
The t rends  i n  t h e  y i e l d  

That and o t h e r  m i c r o s t r u c t u r a l  changes a re  discussed 
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Average Tensile Properties from Copper and Copper Alloy Miniature Specimens 

M a ~ c r i a I  A l loy  Yicld (0.291 orrrcu u i ~ r n ~ ~ c  T L ~ S I I S  F I ~ S L Y ~ C  U n i f o r m  T O ~ I  Number 
Codr S t r c n & l h  S t r c n g t h  S t r e n i l h  Elongation E l o n l a t i o n  o f  

S p r c i m r n s  
MPa I t d l  MPa M I  MPa ltri l  1911 l%l 

\o 

w 

R 4  

I N  

3A 

18 

I F  

I H  

I M  

Man Cu 
Uniir .dlatsd 14.7 (10.8) 
Aged 41IPC. 1016 hn. 70.5 (10.2) 
IIL 34 dpi. 414OC 64.0 (9.3) 
Irr. 50 dpa. 411°C 63.0 (9.1) 

C u A l l 5  
Uni r radia lcd  214.4 (19.8) 
AgCd 42WC. 1026 hm. 301.7 (43.8) 
lrr. 34 dpa. 414°C 295.1 (42.8) 

CuA120 
Unirr.dl.ird 
Aged 42OOC. 1026 hn. 
Agcd 52lOC. 1026 hn. 
Iir. 14 dpa, 414°C 
IT,. 50 dpn. 411°C 
Irr. 12 dpr. 5290C 

471.2 
422.7 
392.9 
177.1 
176.1 
188.4 

(68.9) 
(61.3) 
(17.0) 
(54.1) 
(54.5) 
(56.1) 

CmAI7.5 
U n i r r l d i a t c d  501.0 (12.7) 
Aged 410oC. 1026 hrr. 471.1 (68.6) 
Irr. IO dpr 41 I°C 461.2 (66.9) 

CuA125 Lnrcr Welded 
U n i r r a d i r i e d  145.U (21.01 
A @  4 l U T  IU26 hn.  70.8 ( IU .3)  
Irr. I11 dpd. 411°C 12.9 (10.6) 

c v c r  
Uni r radia tsd 1S8.8 (23.0) 
Aged 420oC. 1026 hm. 148.9 (21.6) 
IIL 50 dpa. 411'C 161.0 (23.6) 

CuHl 
U n i r r a d i a l r d  378.1 (54.8) 
Aged 4200C. 1026 hrr. 154.0 (22.3) 
Irr. 50 dp.. 411OC (uppW326.8 (47.4) 

(lovsr)lO5.4 (44.1) 
00s-I 
Unir radia lcd  312.0 (41.3) 
Aged 420% 1026 hn. 62.2 (9.0) 
Irr. 50 dpa. 4 I P C  87.0 (12.6) 

ODs-I Laser Welded 
Unirr .dialcd 190.6 (27.6) 
Agrd 420oC. 1026 hm. 141.5 (20.8) 
Irr. 50 dpa. 411OC 123.1 (11.9) 

ODs4 
U n i r r a d i u s d  178.3 (40.4) 
Agcd 410oC. I026 hm. 51.1 (8.0) 
In. 50 dpr. 41 1°C 19.5 (11.5) 

170.6 (24.7) 
170.6 (24.7) 
116.1 (16.8) 
131.2 (19.0) 

319.3 (52.1) 
191.4 (56.8) 
172.1 (54.0) 

499.8 (72.5) 
444.1 (64.51 
425.9 (61.8) 
411.1 (59.6) 
196.5 (17.5) 
440.9 (61.9) 

556.1 (80.7) 
501.6 (71.8) 
481.0 (69.8) 

201.8 (19.6) 
2U2.I (29.3) 
142.Y ( lU .1 )  

299.7 (41.5) 
294.9 (42.8) 
108.0 (44.1) 

461.6 (66.9) 
110.0 (41.0) 
120.5 (46.5) 

344.6 ( 5 0 0 )  
218.1 (11.6) 
111.5 (22.0) 

228.9 (33.2) 
224.4 (32.5) 
125.9 ( I ?  II 

352.6 (51.1) 
227.1 (32.9) 
167.9 (13.6) 

4.5 (0.6) 
2.1 (0.3) 

103.4 (15.0) 
119.7 (11.4) 

266.2 (18.6) 
106.3 (44.41 
302.6 (43.9) 

405.1 (58.8) 
387.1 (56.1) 
156.8 (51.8) 
14S.6 (10.1) 
353.4 (11.2) 
378.4 (14.9) 

462.7 (67.1) 
425.4 (h l . 7 )  
414.2 (60.11 

14.6 (2.1) 
95.0 (11.8) 

119.7 (20.31 

219.9 (31.9) 
202.8 (29.4) 
295.1 (42.81 

317.0 (46.0) 
204.9 (29.1) 
251.1 (36.4) 

171.9 (25.8) 
75.7 (I 1.0) 
92.1 (13.4) 

132.9 (19.3) 
11.5 (11.2) 

I l * d  (17.q) 

214.8 (31.2) 
150.6 (21.8) 
45.1 (h .5 )  

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 

I .5 
4.1 
8.3 

8.6 
21.4 
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 

29.0 
20.8 
10.1 
15.0 

15.5 
18.3 
11.1 

1.6 
5.9 
8.3 
9.9 

14.1 
14.7 

4.1 
8.4 

11.5 

13.6 
30.9 
13.1 

30.1 
11.0 
19.8 

8.7 
21.6 
20.5 

3.7 
39.8 
9.3 

1.5 
4.7 
0.4 

3 . 8  
40.9 
14.5 

2 
1 
1 
2 

3 
2 
1 

7 
2 
2 
1 
2 
1 

4 
2 
1 

3 
2 
2 

2 
2 
1 

1 
2 
2 

2 
2 
2 

1 
2 
2 

2 
2 
1 



183 

600 M a n  CuA120 CuA25 CuCr CuHf OSD-1 OSD-4 
cu n 

500 
a 
5 400 v 

k 3001 

n 

Figure 1. Tensile properties o f  the oxide-dispersed alloys compared with zone-refined Marz copper. 
401 

t I 34 dpa @ 414OC 
0 Mdpa@411"C 
59 32 dpa @ 529% 30 

5 20 

s 

0) 
C 

v, 10 

0 

CuAl15+8 CuA120 CuA125 CuA125 +Weld cucr 

ODS-4 -' ' CuHf ODS-I ODS-1 +Weld ODS-2 ODs3 

Figure 2. Swelling levels as measured by immersion density. 
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Figure 3. Swelling in copper-alumina alloys irradiated at 411 to 414°C as a function of dose. 

-. . 
0.7 0.9 1.1 1.3 

Volume Percent Alumina 

Figure 4. 
fraction. 

Swelling in copper-alumina alloys irradiated to 50 dpa at 4 1 1 T  as a function o f  alumina volume 
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A B 

Figure  5. 
r e c r y s t a l l i z a t i o n  fo l l ow ing  i r r a d i a t i o n  i s  ev ident  i n  (b), and the  development of damage s t r u c t u r e  i n  areas 
o f  low d i spe rs ion  d e n s i t y  i s  seen i n  (c) .  

TEM micrographs o f  CuA115, (a) u n i r r a d i a t e d  and (b  and c)  i r r a d i a t e d  t o  50 dpa a t  411%. To ta l  

Copper-Alumina A l l o y s  

The th ree  copper-alumina a l l o y s  i n  t h i s  study, CuA115, CuAlZO, and CuA125, were produced us ing  powder met- 
a l l u r g i c a l ,  i n t e r n a l  o x i d a t i o n  techniques by SCM Metal Products, Inc .  under t h e  t rade  name o f  Glidcop.20 
The i r  Un iversa l  Numbering System designat ions are C15715, C15720, and C15725. The a l l o y s  were produced from 
Cu powder con ta in ing  small amounts of aluminum i n  s o l i d  s o l u t i o n .  The powder was subjected t o  an e levated 
temperature o x i d i z i n g  atmosphere where t h e  aluminum was p r e f e r e n t i a l l y  ox id ized.  The powder was then con- 
s o l i d a t e d  by r o l l i n g  a t  e levated temperature between t h i n  sheets o f  OFHC copper. The copper c ladding,  which 
served t o  reduce wear of t he  r o l l s  and ex t rus ion  dies,  was removed by sanding. The respec t i ve  volume f r a c -  
t i o n s  of alumina i n  CuA115, CuA120, and CuA125 are 0.7%. l .O%, and 1.3%. Although the  d i f f e r e n c e  i n  alumina 
content  i s  n o t  t h e  on l y  v a r i a t i o n  between these a l l o y s ,  i t  i s  by f a r  t he  most important .  

The aluminum ox ide  phase was determined by e l e c t r o n  d i f f r a c t i o n  t o  be p r i m a r i l y  gamma alumina, i n  agreement 
w i t h  t h e  work o f  L i vak  e t  al.1° P a r t i c l e  diameters ranged f rom 2 nm t o  1 pm w i t h  an average of approx i -  
mately 7 nm. Th is  average p a r t i c l e  s i z e  i s  c lose t o  t h e  12 nm p a r t i c l e  s i z e  t h a t  provides maximum theo re t -  
i c a l  s t rengthen ing f o r  alumina i n  copper.'l E lec t ron  d i f f r a c t i o n  a l so  revea led t h e  presence o f  a 
s i g n i f i c a n t  q u a n t i t y  of Cu20 i n  t h e  mat r ix ,  as would be expected from t h i s  a l l o y  product ion  technique. A 
t r a c e  q u a n t i t y  o f  alpha aluminum oxide and a r e l a t i v e l y  non- s to i ch iome t r i c  aluminum ox ide  were a l s o  observed 
i n  i s o l a t e d  reg ions  o f  TEM f o i l s .  The oxide d ispers ions  are not complete ly uniform; however the  u n i f o r m i t y  
i s  t h e  best  a v a i l a b l e  from c o m e r c i a l  p r a c t i c e .  The f i n e  d i spe rs ion  of g a m a  alumina no t  on l y  serves t o  
p rov ide  subs tan t i a l  Orowan strengthening,  bu t  a l so  provides e x c e l l e n t  r e t e n t i o n  o f  c o l d  work a t  e levated 
temperature.20 

The vo lumet r ic  s w e l l i n g  of a l l  t h r e e  copper-alumina a l l o y s  was low, as shown f n  F igure  3. The s w e l l i n g  
l e v e l  was found t o  decrease w i t h  i nc reas ing  volume f r a c t i o n  o f  alumina (F igure  4). Whi le t h e  t h r e e  a l l o y s  
had d i f f e r e n t  l e v e l s  of c o l d  work, t h e  amount of c o l d  work has a minimal in f luence on s w e l l i n g  i n  these 
a l l o y s .  This was es tab l ished from annealed, 20%. and 80% c o l d  worked CuA120 i r r a d i a t e d  t o  34 dpa a t  414°C. 
which swel led  -0.22, 0.31, and 0.30%, respec t i ve l y .  

A care fu l  TEM through- focus se r i es  on several  CuA115, CuA120, and CuA125 specimens i r r a d i a t e d  t o  50 dpa 
revea led no v o i d  formation. However, i n  l i m i t e d  regions o f  f o i l s  where a low d i spe rso id  d e n s i t y  was p re-  
sent, a minimal yet d i s t i n c t  damage s t r u c t u r e  was observed. An example o f  t h i s  damage s t r u c t u r e  i n  CuAl I5  
i r r a d i a t e d  t o  50 dpa i s  shown i n  F igure  5. Frank loops rang ing i n  s i z e  from 4.0 t o  12 nm i n  d iameter  were 
present .  Both of these s t ruc tu res  are o f ten  considered t o  be precursors t o  v o i d  format ion.  A smal l  
q u a n t i t y  of he l ium bubbles measuring 3.2 t o  20 nm i n  d iameter  w i t h  an average diameter  of 4.0 nm were a l s o  
seen. No neut ron i r r a d i a t i o n  study has found v o i d  format ion i n  copper-alumina a l l o y s ;  however, a h igh  
damage l e v e l  i o n  i r r a d i a t i o n  study of CuA160 by Spi tznagel  and Davis showed l i m i t e d  v o i d  fo rmat ion  i n  
reg ions  o f  low d i spe rso id  dens i ty .22 The hel ium bubbles a re  probably due t o  a ''6 (n+) 'L i  thermal neut ron  
r e a c t i o n  w i t h  t h e  200 ppm (max) boron remaining i n  t h i s  CuA115 a l l o y  f o l l ow ing  d e ~ x i d a t i o n . ~ ~  I f  t h i s  i s  
t he  case, t h e  boron must have been i n  s o l i d  s o l u t i o n  r a t h e r  than p a r t i c u l a t e  form, s ince halos o f  he l ium and 
1 i th ium, which form around boron-contain ing p a r t i c l e s ,  were no t  o b s e r ~ e d . ~ ~ - ~ '  
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The 20% cold worked CuA120 exhibited significant reductions in strength and large increases in elongation 
for both the thermally aged and irradiated conditions. TEM examination of specimens irradiated to 50 dpa at 
411% revealed complete recovery and recrystallization. The average grain size prior to irradiation was 
0.45 x 3.0 pm. Following irradiation to 50 dpa at 4112, grains were equiaxed with an average grain diam- 
eter of 0.7 pm. The failure morphology of both unirradiated and irradiated miniature tensile specimens was 
by microvoid coalescence, though fewer large alumina particles were found on the irradiated alloy fracture 
surfaces, Figure 6. The only prior neutron irradiation studies of this alloy showed no significant mechan- 
ical property or microstructure changes following irradiati~n.'.'~ However those studies examined substan- 
tially lower damage levels, 3 and 15 dpa. 

CuA125 was irradiated in the 50% cold worked condition to 50 dpa at 411°C. TEM examination of irradiated 
specimens showed the alloy to be approximately 40% recrystallized. 
worked alloy had an average grain size of 0.6 x 2.5 pm. 
produced regions with equiaxed grains with 1.0 pm average diameter. 
density of alumina particles than the unrecrystallized, slightly polygonized areas. These microstructural 
changes resulted in decreased strengths and increased elongations. However, the changes were not as large 
as in the fully recrystallized CuA120 alloy. The tensile fracture surfaces, Figure 6, show a microvoid 
coalescence failure morphology. A decrease in the quantity of large alumina particles on the irradiated 
alloy fracture surfaces was observed, similar to CuA120. 

Previous neutron irradiation studies of CuA125 involved tensile testing of specimens irradiated to 16 dpa at 
43OoC.'-' This work revealed decreased strengths and increased elongations in agreement with the results 
here. However, no recoverv or recrvstallization and onlv minimal microstructural changes were observed bv 

Prior to irradiation, this heavily cold 
During irradiation, recovery and recrystallization 

Recrystallized areas contained a lower 

TEM examination. 
by limited sampling volume during TEM examination. 

It is poisible thit recovery and recryitallization may have been present, but not reveaied 

There is substantial evidence for ballistic redistribution (recoil dissolution) of the alumina dispersion in 
these alloys by neutron irradiation. This evidence arises from three sources: immersion density measure- 
ments, SEM examination of fracture surfaces, and electron diffraction patterns. Neutron-induced recoil 
dissolution of particles, at its simplest is a process where the atoms composing a particle are ballis- 
tically ejected by impinging Ballistic dissolution of the alumina dispersion was first con- 
sidered after noting the densification of CuA125 at 50 dpa. Commonly, densification is due to phase changes 
or phase modifications. In this simple, fully dense alloy, one change that could provide densification is 
dissolution of alumina. SEM fractography of CuA120 and CuA125 tensile specimens revealed a reduced quantity 
of large alumina particles following irradiation. (Only a very few large alumina particles were observed in 
the CuA115 alloy prior to irradiation; therefore, no definitive statement can be made about dissolution in 
this alloy.) Densification may also arise from the formation of solid transmutants, primarily nickel and 
zinc. This possibility is being explored. 

The best evidence for ballistic redistribution is taken from the electron diffraction patterns of CuA120 and 
CuA125 before and after irradiation. The characteristic ring patterns from the fine dispersion of particles 
in the unirradiated material decreased substantially in intensity following irradiation. In addition, the 
ring resolution became less distinct, suggesting radiation damage of the dispersoid itself. Figure 7 shows 
a larger alumina particle in CuAlI5 for both the unirradiated and irradiated to 50 dpa at 411°C conditions, 
where a distinct damage structure in the irradiated alumina particle can be seen. 

None of the previous neutron irradiation studies involving copper-alumina alloys have noted ballistic dis- 
solution of the alumina dispersion. However, high energy ion irradiation o f  CuA160 at 250 and 500°C to20 
dpa did cause dissolution and amorphization of the alumina particles.22f28 Such recoil dissolution of 
particles has also been predicted ther--"--".- ZP.JA D r r L l C d l  l y . - ~ ' - -  

evere canseouences. At h i d  The dissolution phenomenon may have ss.~.. . ~ 

susceptible to volumetric swelling by void formation due to both a decreasing amount of alumina and an 
increase in dissolved oxygen. This will also affect electrical and thermal conductivity. Furthermore, 
strength levels may suffer both due to the loss of particulate strength and the concomitant inability to 
retain cold work. 

~ ~ . .   her damage levels, the alloy may become more 

Laser welding was found to be an ineffective joining method for alumina-dispersed copper alloys. 
welding of CuA125 substantially reduced the quantity of alumina in the weld section. This loss of dis er 

The overall swelling of CuA125 laser-welded TEM discs was approximately 9% due to void formation solely in 
the weld region. Unirradiated tensile strengths of welded specimens were slightly greater than for pure 
copper, but with nearly identical fracture surfaces. Following irradiation, similar results were found, 
however, the grain structure was columnar along the direction of welding and not equiaxed. 

Laser butt 
sion caused irradiation-induced swelling and tensile property changes similar to those of Marz copper. P9 - 
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F igure  7.  Large alumina p a r t i c l e s  i n  CuA115, (a )  u n i r r a d i a t e d  and (b) i r r a d i a t e d  t o  50 dpa a t  411'C. 

CoDDer-Chromium Oxide 

The copper-chromium oxide a l l o y  was produced by ho t  ex t rus ion  of a m ix tu re  o f  OFHC copper and chromium oxide 
powders. TEM and SEM examination revea led a range o f  chromium ox ide p a r t i c l e  s izes from 0.012 t o  0.7 pm i n  
diameter, w i t h  an average diameter of 0.05 pm. E lec t ron  d i f f r a c t i o n  a l s o  i nd i ca ted  the presence o f  a small 
q u a n t i t y  o f  Cu,O i n  t h e  ma t r i x .  
i r r e g u l a r l y  shaped inc lus ions .  The appearance and e l e c t r i c a l  charg ing of these i n c l u s i o n s  d u r i n g  SEM exam- 
i n a t i o n  suggests t h a t  they are ceramic. Windowless EDS chemical ana lys i s  showed va ry ing  q u a n t i t i e s  of c a l -  
cium, magnesium, aluminum, and oxygen. 
r e f r a c t o r i e s ,  i n d i c a t i n g  t h a t  these inc lus ions  were p o s s i b l y  p ieces o f  ceramic furnace l i n i n g  o r  s lag  i n  t h e  
o r i g i n a l  OFHC copper powder. 

The vo lumet r ic  s w e l l i n g  o f  t h i s  a l l o y  was approximately 6% f o l l o w i n g  i r r a d i a t i o n  t o  50 dpa a t  411"C, p r i -  
m a r i l y  due t o  v o i d  fo rmat ion  and d i s s o l u t i o n  of the r e f r a c t o r y  i n c l u s i o n s .  SEM t e n s i l e  f ractography f o l l o w -  
i n g  i r r a d i a t i o n  revea led both vo ids  and t h e  presence of o t h e r  c a v i t i e s  con ta in ing  o n l y  t r a c e  remnants of t h e  
r e f r a c t o r y  i nc lus ions ,  F igure  8. 

As i n  the case o f  t h e  copper-alumina a l l oys ,  evidence o f  b a l l i s t i c  r e d i s t r i b u t i o n  o f  t h e  ox ide d i spe rs ion  
was found. TEM examination o f  u n i r r a d i a t e d  m a t e r i a l  revea led large,  r e l a t i v e l y  spher i ca l  chromium ox ide 
p a r t i c l e s ,  F igure  9. 
smal ler ,  l e s s  d i s t i n c t  p a r t i c l e s  w i t h  s izes rang ing t o  below 2 nm i n  diameter, F igure  9. 
of t h e  ox ide d i spe rs ion  i n  t h i s  a l l o y  i s  more prominent than i n  t h e  copper-alumina a l l o y s ,  probably due t o  
t h e  lower thermodynamic s t a b i l i t y  o f  chromium oxide compared t o  aluminum oxide. 

Fractography of u n i r r a d i a t e d  t e n s i l e  specimens revea led several  la rge,  

These elements are t h e  same as those c o m n l y  found i n  ceramic 

Fo l lowing i r r a d i a t i o n ,  these l a r g e  p a r t i c l e s  were seen t o  be r e d i s t r i b u t e d  i n t o  
The r e d i s t r i b u t i o n  
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Figure 8. 
50 dpa at 411%. 

SEM fractographs of CuCr tensile fracture surfaces, (a,b) unirradiated and (c,d) irradiated to 
The influence of large inclusions on the fracture morphology can be noted. 

Prior to irradiation, this alloy exhibited a moderate tensile strength and an elongation comparable to that 
of zone-refined copper. The failure morphology was transgranular by microvoid coalescence, Figure 8. The 
yield and ultimate strengths of this alloy changed only slightly following irradiation to 50 dpa at 411'C, 
even though TEM examination revealed substantial microstructural evolution. This is due to the competing 
influences of several strengthening mechanisms. The initial 2@% cold work was completely recovered during 
irradiation. Recrystallization produced a grain size that was too large to be measured using TEM; high 
radioactivity precluded optical measurement. The reduction in cold work and grain size strengthening were 
offset by increased Orowan strenqtheninq from a finer, redisDersed Darticulate distribution and a slight 
contribution from voids, Figure 9. 

-1 ____I  > - -  1- I L _  1 ..... > , . * . A  ...... 1. . J1.~. .L ~~~ 

ies. Just as in zone-refined copper, voids 'acted as s 
the ability of this alloy to undergo localized deforma< 
usions, also acted as sites for crack nucleation and pi 

l n u  YIC nwnr(w-d hv I hnt m v t r m i n n  nF D m i v t a w o  nC ncl 

The reduced total eiunyanun i n  rne irrauiareu alloy i s  a uirecr conseauence o f  a limited reduction o f  area 
promoted by voids and cavit ites for failure by micro- 
void coalescence, reducing tion. Cavities, which were 
previously occupied by incl ropagation, Figure 8. 

Comer-Hafnium Oxide 

The copper-hafnium oxide al., rill ~ ,"""___ ", I .,"" rnllU1.YII 

powders. SEM examination revealed large rounded hafnia particles ranging in diameter from 0.05 to 0.65 pm 
with an average of 0.25 pm. 
hafnia particles, as small as 2.5 nm in diameter. A small quantity of Cu,O was seen and many small uniden- 
tified particles also were manifested in the diffraction pattern as widely scattered spots. 

Volumetric swelling of 0.15% was measured by density change following irradiation to 50 dpa. However, TEM 
examination found no signs of voids. 
also were not observed. 

TEM examination revealed extensive redistribution of the dispersion, again most probably by a ballistic 
mechanism. This was evidenced by a reduced quantity of the large, rounded hafnia particles as well as many 
smaller polygonal particles which were not present prior to irradiation. These particles measured an aver- 
age of 0.1 pm in diameter and are shown in Figure 10. A significant quantity of new particles, averaging 
5 nm in diameter, of the same structure as the larger polygonal particles are also seen. 
these particles are most probably monoclinic HfO,. 

,,,iC copper and hafnium oxide 

TEM bright and dark field imaging also revealed many smaller, less distinct 

Helium bubbles, Frank loops, and other precursors to void formation 

SAD indicated that 
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Figure 9. 
irradiated material is shown in a bright field (b) and dark field (c) pair. 

This alloy exhibited good tensile strength and reasonable elongation in the unirradiated condition. The 
failure morphology was transgranular by microvoid coalescence, Figure 11. 
420°C promoted a substantial reduction in tensile strength and increase in elongation, probably due to 
recovery of cold work. 

The influence of the redistribution of the oxide dispersion was dramatically illustrated in the tensile 
properties of this alloy following irradiation to 50 dpa at 411%. A prominent yield point drop was obser- 
ved. 

TEM micrographs o f  CuCr, (a) unirradiated and (b,c) irradiated to 50 dpa at 411%. The 

Thermal aging for 1026 hours at 

This yield point phenomenon, commonplace in ferritic steels and other BCC metals, is highly unusual in 
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Figure 10. 
(b) pair is shown where two distinct particle distributions can be seen. 

TEM micrographs of CuHf irradiated to 50 dpa at 411%. A bright field (a) and dark field 

FCC metals. Figure 12 shows tensile curves for this alloy in the unirradiated, thermally aged, and irradi- 
ated conditions. The irradiation-induced yield point is of approximately of the same maqnitude as the ulti- 
mate tensile st becoming 
smoother at higl 

rength of this alloy. 
her strains. 

folio wing^ this yield drop, the tensile curve was wavy, 

n v t a n r i m  r d i c t r i h d i n n  nC t h m  n d r l m  r l icnarr inn T r M  av.nim3+inm ..e%,a31d +.^+ In addition to L- "_,._.._ 
recrystallization during irradiation. Pinning of a low density of dislocations by redistributed hafnium is 
directly responsible for the unique tensile properties. There is some doubt as to the form of the redis- 
tributed hafnium. There is a large size difference (23%) between copper and hafnium.31 Thus, despite argu- 
ments for the lack of a shear component in the substitutional atom strain field and a consequent inability 
to pin screw dislocations, it may be that the large size difference would nevertheless cause such an effect 
here. 
iation, effectively pinning them with small hafnia particles. 
these possibilities by TEM examination techniques. 

.""" .",, I..L lnlYr v , + c , ~ , v , , ,  lLll FnqllllllOlblU1l ls.s~lsu .Y.al recovery and 

Alternatively, dislocations may act as sites for preferential hafnium oxide reformation during irrad- 
It was not possible to distinguish between 
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Fractography revealed no apparent change of failure mechanism following irradiation. 
occur by transgranular microvoid coalescence, as also shown in Figure 11. 

Castable 00s C o m e r  Allovs 

These alloys were cast from a melt composed of a fine dispersion of copper-coated colloidal oxide particles 
added to magnesium-bearing OFHC copper. Magnesium should promote effective incorporation and retention of 
the dispersed oxide during casting. One goal of the alloy design was to create a castable oxide-dispersed 
alloy that could also be welded. 

These alloys showed extremely poor swelling resistance following irradiation to 50 dpa at 411%: 10.75% for 
ODs-4 and 29.4% for ODs-1. The swelling level of ODs-I was the same as pure copper under these irradiation 
conditions. 

The unirradiated alloys exhibited minimal uniform tensile elongations due to microporosity, Figure 13. The 
microporosity was in the form of planar arrays of bubbles along cold rolling directions. Laser-welded ODS-l 
had spherical microporosity in the melted and undeformed weld region. Thermal aging at 4 2 0 s  for 1026 hours 
promoted substantial decreases in strength and increases in elongations, verifying the poor thermal sta- 
bility of these alloys. 

Poor tensile properties following irradiation were due not only to poor thermal stability but also to sub- 
stantial void formation. The failure morphology was identical to that observed in irradiated copper: 
transgranular by microvoid coalescence with surfaces often lying parallel to but not on the grain bound- 
aries, Figure 13." 

The poor irradiation performance of these alloys is most probably attributable to a supersaturation of dis- 
solved oxygen introduced during the casting process. However, it was not possible to obtain a measurement 
o f  the matrix oxygen concentration independent of the dispersed oxide to verify this postulate. Neverthe- 
less, the microporosity found on fracture surfaces of unirradiated material supports this conclusion. Sev- 
eral researchers have shown that dissolved oxygen is highly efficient in promoting void formation in cop- 

such as found here. Studies of electrolytic tough pitch copper irradiated in EBR-I1 to 13.5 dpa 
at 400°C found swelling of 34% or -2.5%/dpa.14-16 These results indicate that stringent oxygen-free casting 
practices must be observed when producing not only these alloys, but possibly other copper alloys. 
such practice, it is possible that these castable ODS alloys would possess acceptable radiation resistance. 

Failure was seen to 

With 

CONCLUSIONS 

Zone-refined copper and several oxide-dispersed copper alloys were neutron irradiated to 34 dpa at 414"C, 
50 dpa at 411'C, and 32 dpa at 529% and a wide range of irradiation response was observed. The most 
important conclusions from this study are as follows: 

1. The chemical composition of the dispersed oxide has a significant influence on the radiation 
resistance of oxide-dispersed alloys. Aluminum oxide-dispersed alloys were much more stable than 
either chromium or hafnium oxide-dispersed alloys. 
observed in hafnium oxide-dispersed copper due to extensive redistribution of the oxide dispersion 
during irradiation. 

All oxide-dispersed alloys showed some dissolution and restructuring of the dispersion by ballistic 
recoil during irradiation. 

The radiation resistance of aluminum oxide-dispersed alloys (CuA115, CuA120, and CuA125) was found to 
be directly dependent on the amount of dispersed oxide in the matrix. Volumetric swelling decreased 
as the amount of dispersed oxide increased, though it was small in all cases. No voids were found in 
these alloys. 

The tensile properties of the aluminum oxide-dispersed alloys (CuA115, CuA120, and CuA125) following 
irradiation were dependent on the amount of retained cold work, which was also related to the alumina 
content. 

CuA125 was found to be the most radiation-resistant alloy in terms of swelling, tensile properties, 
and c o n d u c t i ~ i t y . ~ ~  It appears to be the best copper alloy for elevated temperature, neutron 
environment exposure. 

Laser welding was found to be an ineffective joining method for oxide-dispersed alloys. A substan- 
tial loss of the dispersion in the weld region led to irradiation performance nearly identical to the 
poor performance observed in pure copper. 

A highly unusual yield point phenomenon was 
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BRAZING OF COPPER-ALUMINA ALLOYS - B. A. Chin, c. K. Lee and R .  C. Wilcox, Auburn University, 
Auburn, AL 36849 .  

OBJECTIVE 

The objective of the research is the development of an induction brazing process for GLIDCOP 
Al-15 using a silver-based brazing alloy. This objective centers on minimizing the time 
required at elevated temperatures during the brazing process in order to eliminate the 
problems of furnace brazing. 

SUMMARY 

An induction braze has been developed to join copper-alumina alloys. This brazing technique 
is proposed to replace current furnace brazing methods that have yielded poor results because 
of silver ingression along the fine grain boundaries of the copper-alumina alloys. The 
induction braze (because of the short braze time) severely restricts silver ingression along 
the grain boundaries of the alloy. Tensile tests of induction brazed lap joints fail in the 
base material rather than the braze indicating good braze properties. 

PROGRESS AND STATUS 

Introduction 

The GLIDCOP A1-15 alloy (CDA alloy 15715) for use in tokamak fusion reactors. This choice 
was made because of the alloy's high heat carrying capacity, high electrical conductivity, 
and the ability to retain a cold worked structure at elevated temperatures. Specific uses 
of the alloy are as a structural material in diverter and limiter assemblies and as magnets. 
However, the successful use of this alloy depends on the ability to join the alloy during 
fabrication without destroying its properties such as the high heat carrying Capacity, and 
electrical conductivity. Thus, a brazing process that does not alter the alloy's structure 
or properties is highly desirable for the design of these devices and their Successful 
application in tokamak reactors. 

The development of an induction brazing process for GLIDCOP A1-15, a cold worked copper-0.15 
aluminum alloy, will eliminate 3 major problems associated with furnace brazing of GLIDCOP 
A1-15: 

1. Plating the joining surfaces prior to brazing if a material (braze alloy) is used. 
2. Using an inert cover gas or a vacuum pump to prevent excessive oxidation. 
3 .  Lowering of the yield and ultimate tensile strength by approximately 20% due to 

recovery of the matrix. 

Exverimental Procedure 

Brazed joints will be produced by using a 50 KW induction furnace with an oval shaped helical 
Coil. The samples will be electrically insulated from the coil by means of a quartz tube. 
Very fine copper wire is to be wound about the joint that is to be brazed to hold the 0.076 
mm thick BAg-5 brazing alloy in place and to keep the two metal strips straight. A range of 
braze times and power settings for consistent brazing have been developed. 

Microhardness measurements will be made both lengthwise and across the brazed section. 
Measurements will be made at a number of places in the brazed section and at 1 mm intervals 
from the brazed region into the base metal. 

Rectangular strips of constant cross-sectional area are to be machined into tensile specimens 
from a brazed single overlap joint. A pin loaded single-lap shear test specimen (Figure 1) 
according to the AMERICAN WELDING SOCIETY STANDARD is to be used for evaluating the strength 
Of brazed joints in shear. Additional mechanical testing will be done using miniature 
tensile specimens (Figure 2). Strain data for the miniature specimens will be obtained using 
a LASERMIKE 162-100 Laser Scanner with a LASERMIKE 1010 Processor. The processor will be 
interfaced with a plotter. 

Fatigue specimens of constant cross-sectional area will be produced by butt brazing thick 
Plates. Miniature fatigue specimens will then be machined from this butt joint. 
Transmission electron microscopy size ( 3  nun diameter) fatigue specimens also will be made. 
These later specimens will be used for determination of the effects of stress cycling on the 
structure of the alloy. 
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Descriution - Modified Standard 
G - gage length ..................... 12.2 mm 
W - width ............................ 3.2 mm 
T - thickness ........................ 0 . 7  mm 
R - radius of fillet, min. ........... 3.2 mm 
L - overall length, min. ............ 48.8 mm 
B - length of reduced 

section, min. .................. 13.7 mm 
C - length of grip section, min. .... 12.2 mm 
E - width of grip section approx. .... 7 . 6  mm 
D - diameter of hole for pin ......... 3.2 mm 
F - edge distance from 

pin, approx. .................... 6 .  4 mm 
A - joint overlap .................... 7.1 mm 

Figure 1. AWS standard Pin Loaded Single-Lap Shear Test 
specimen 

DescriDtion - Miniature 
G - gage length ...................... 5.1 mm 
W - width ............................ 1.0 mm 
T - thickness ........................ 0.7  mm 
R - radius of fillet, min. ........... 1.6 mm 
L - overall length, min. ............ 12.7 mm 
E - width of grip section approx. .... 2.5 mm 
A - joint overlap .............. 2.0 - 2.8 mm 

Figure 2. Miniature Tensile Specimen Dimensions 

t 
T 
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Recent Results 

Preliminary results of induction brazing of GLIDCOP Al-15 using the BAg-5 alloy have been 
obtained by varying the heating time and power used. The best brazing results were obtained 
using a power setting of 45 to 50 for the pin-loaded specimens and a setting of 55 for the 
miniature samples. The greater power requirements of the miniature samples was the result 
of fabrication of a large specimen from which the miniatures were machined. The minimum 
brazing time required to produce mechanically sound joints was 4 to 5 seconds using a 50 Kw 
induction furnace and a tightly wound oval-shaped helical coil. Both the miniature and the 
pin loaded specimens required this amount of brazing time. For times less than 4 seconds, 
the filler metal did not completely melt resulting in incomplete bonding. At a brazing time 
of 6 seconds the base copper alloy had a tendency to distort (wrinkle). The alloy started 
to melt in 7 to 8 seconds. 

Table 1 shows some typical values of yield strength for pin loaded samples along with the 
overlap length and the furnace power settings. For the pin-loaded specimens with an overlap 
of slightly over 6.4 mm, the yield strength was generally of the same order as that of the 
unbrazed material. This would indicate that little degradation of the alloy occurred during 
induction brazing under the given conditions. 

Table 1. Yields strength of induction brazed pin-loaded GLIDCOP 
A1-15 joints. (Braze time - 4 seconds). 

Yield Strength Overlap length Power Setting 
(MPa ) 1lWIl) (unitless) 
328 6.91 55 
228 7.72 55 
313 6.86 50 
324 
365 
316 

7.85 
7.24 
6.73 

50 
45 
45 

ORNL yield strength data at room temperature for unbrazed 
GLIDCOP A1-15 

315 
325 

Calculations were performed to study the extent of diffusion of silver from the brazing alloy 
into the GLIDCOP A1-15 base material. Such calculations could help to determine the possible 
damage caused by diffusion of silver to both the microstructure and properties of the joint 
as a result of induction brazing. The following assumptions were made in these CalCUlatiOnS. 

1. Silver content in the braze filler (BAg-5) was 45% 
2. Solvent: copper 

Impurity: silver 
Diffusion coefficient of silver in copper: 
Activation energy for volume diffusion: 46.5 Kcal/mole. 
Activation energy for surface and grain boundary diffusion was assumed to be 

0.63 cm2/sec [l] 

one-half of that for volume diffusion: 23.3 Kcal/mole. 
The resulting data on the diffusion of silver into copper are listed in Table 2. 

Table 2. Amount of silver diffused into copper as a function 
temperature and depth of penetration. 

Depth of 
Penetration 
into cormer Imm) 1273*K 

Percentaqe of Silver Present 
Temperature 

1173'K 1073-K 

Volume Diffusion 
0.025 
0.0025 

0.0 0.0 0.0 
5.4 0.0 0.0 

surface and Grain Boundary Diffusion 
0 025 39 3 6  32 
0 0025 45 45 45 
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TO verify these calculations, EDX analysis was performed on various types of joints and on 
the filler material. The filler alloy BAg-5 has a nominal composition of 45 Ag, 30 Cu and 
25 Zn by weight. Several 
furnace brazed lap joint specimens were produced for comparison with the induction brazed 
samples. The Standard Ticusil Cycle [2] was used for furnace brazing. This cycle was chosen 
because the composition of the Ticusil filler alloy is 68.8 Ag, 26.7 Cu and 4.5 Ti which is 
the closest to the BAg-5 composition. 

EDX analysis showed a composition of 44.3 Ag, 30.2 CU and 25.1 Zn. 

The furnace brazing cycle used was as follows: 
1. 25OK per minute to 1088'K. hold at 1088'K for 20 minutes 
2. 5OK per minute to 1143'K, hold for 5 minutes 
3. Cool at 2.5'K per minute to room temperature. 

EDX analysis of the furnace brazed joint using the BAg-5 filler alloy showed two major 
results. Second, 
a measurable amount of silver was found at about 0.37 mm below the external surface of the 
lap joint (Fig. 3) indicating considerable diffusion of the filler material into the copper 
alloy. 

Induction butt joints and lap joints did not have such change in composition of the filler 
material during brazing. A decrease in zinc from 25 to 218 did occur in butt joints for an 
increase in brazing time of 5 to 14 seconds. The longer time permitted a higher temperature 
to be reached. Lap joints suffered a greater decrease in zinc to about 10.5% for a 4 second 
braze. The lap joints are 
heated to a higher temperature than the butt joints because of the smaller mass of material 
to be heated. A loss of about 50% of the silver during induction brazing also was noted. 
However, this might be the result of thinner joints and thus picking up more copper from the 
base alloy during the EDX analysis. 

Examination of the microstructure of the brazed lap joints indicated that the brazing 
procedure produced virtually no diffusion zone at the copper-silver interface (Figure 4). 
Also, no indication of recrystallization was found in the GLIDCOP alloy after brazing. The 
size of microhardness indentations showed little or no difference along the length of the 
alloy after brazing or between the alloy and the brazing alloy. 

Twelve miniature tensile specimens with brazed joints have been made and six have been 
tensile tested (Table 3). Miniature samples were made by machining small specimens from a 
larger overlap joint. Machining was tedious and time consuming. The brazing operation 
produced inconsistent samples because the filler metal thickness could not be controlled in 
the large overlap. The filler metal had a tendency to melt and run with gravity producing 
a thickness variation. Some of the filler tended to be extruded from the joints and bonded 
tothe Glidcop outside ofthe overlap. This producedlocallythickened sections. This local 
thickening will be difficult to correct when dealing with specimens of such dimensions. In 

First, the zinc in the filler material decreased from 25% to 1.7% or less. 

The thickness of the copper was only 0.76 mm. 

The loss of zinc during brazing is time-temperature dependent. 

Fig. 3. SEM photomicrographs of a 
furnace brazed joint showing the 
amount of diffusion of the brazing 
alloy with the joint at the center. 

Fig. 4. SEM UhotomicroaraDhs of a 
~~ ~~ 

pin-loaded brized joint-shbwing the 
joint at the center. 
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A BRIEF REVIEW OF CAVITY SWELLING AND HARDENING IN IRRADIATED COPPER AND COPPER ALLOYS -- 
S. J. Zinkle (Oak Ridge National Laboratory) 

OBJECTIVE 

The purpose of this report is to assess the current understanding of radiation effects in copper and copper alloys. 

SUMMARY 

The literature on radiation-induced swelling and hardening in copper and its alloys is reviewed. Void formation does 
not occur during irradiation of copper unless suitable impurii atoms such as oxygen or helium are present. Void formation 
occurs for neutron irradiation temperatures of 180 to 5WC, with peak swelling occurring at -320°C for irradiation at a 
damage rate of 2 x 10' dpa/s. The post-transient swelling rate has been measured to be -0.5%/dpa at temperatures near 
400°C. Dispersion-strengthened copper has been found to be very resistant to void swelling due to the high sink density 
associated with the dispersion-stabilized dislocation structure. 

Irradiation of copper at temperatures below 4oooc generally causes an increase in strength due to the formation of 
defect clusters which inhibit dislocation motion. The radiation hardening can be adequately described by Seeger's 
dispersed barrier model, with a barrier stren h for small defect clusters of a PI 0.2. The radiation hardening apparently 

defect cluster density. Grain boundaries can modify the hardening behavior by blocking the transmission of dislocation 
slip bands, leading to a radiation-modified Hall-Petch relation between yield stength and grain size. Radiation-enhanced 
recrystallization can lead to softening of cold-worked copper alloys at temperatures above 300°C. 

saturates for fluences greater than -Id' n/m 9 (-0.1 dpa) during irradiation at room temperature due to a saturation of the 

PROGRESS AND STATUS 

Introduction 

Copper and its alloys have been the subject of numerous radiation damage studies, dating back to the 1950s.',' 
Most of these studies were fundamental in nature and employed low damage levels. A large amount of our present 
understanding of the properties of point defects in metals, along with more applied aspects such as dispersed barrier 
strengthening in metals (radiation hardening), can be attributed to these early copper irradiation studies. Radiation effects 
in copper are also of technological interest because as high thermal and electrical conductivity make it useful for applications 
such as fusion reactors. 

This repolt reviews the current state of knowledge on radiation-iiduced swelling and hardening in copper and its 
alloys. The extensive literature on radiation-modified solute segregation and precipitation'4 will not be addressed directly. 
The effects of irradiation on the electrical properties of copper are also well studied,',' but will not be covered here. There 
have been numerous fundamental studies on radiation hardening conducted on copper and its alloys. This paper will 
concentrate on irradiation-induced changes in the tensile properties. Very little is known about the effects of irradiation on 
creep5' or fatigue of copper. 

There have been relatively few investigations on the performance of copper and copper alloys in high neutron 
irradiation environments. Figure 1 summarizes the temperatures and doses investigated for copper irradiated to neutron 
damage levels greater than 1 diipiacement per atom (dpa) (refs. 8-20), It is worth noting that essentially all of these high 
fluence studies have been performed whhin the last five years. The most extensive investigation of copper at high damage 
levels was conducted by Brager and Garner and coworkers.'e" where the microstructure, density changes, electrical 
resistivity. and tensile properties of copper and a range of solid solution, precipitation- strengthened, and dispersion- 
strengthened copper alloys were measured at temperatures >4oooC. The temperature dependence of void swelling and 
defect cluster formation over the temperature range of 182 through s0o"C has been determined by Zinkle and coworkers'e,ZO 
There is a strong need for higher fluence data at irradiation temperatures 53WC,  where most of the applications occur 
for copper in high irradiation environments. 

VOID SWELLING IN COPPER AND COPPER ALLOYS 

It was noticed shortly after the discovery of void swelling in irradiated metals by Cawthorne and FuIton*' that impurii 
gases. in particular oxygen and helium, could exert a significant influence on void formation.4" 
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Oxvaen effects on void formation 

A series of neutron, ion and electron 
irradiation experiments by a group of French 
scientistspm 

demonstrated that preimpianted or 
residual impurity oxygen could have a dramatic 
effect on void swelling in copper. Void 
formation was not observed in "degassed 
copper foils subjected to ion"," or electron" 
irradiation at 450°C. and void annealing studies 
on oxygen preimplanted specimens showed 
that the surface energy could be reduced to 
nearly half of the pure copper value for oxygen 
contents of -100 wt ppm (ref. 27). 

Several recent studies have confirmed 
and quantified the influence of small 
concentrations of oxygen on void formation in 
copper.- In a high fluence ion irradiation 
study,m void formation was not observed in 
high-purity. low-oxygen copper over the broad 
temperature range of 100 through W C .  
Figure 2 shows the low-magnification 

0 WOLFENDEN microstructures of some of the irradiated copper 
0 VANDERMEULEN 0 ZINKLE 8 FARRELL specimens from this study. Conversely. ion 

irradiation of copper containing 360 appm 0 V LIVAK el al. 
(introduced by annealing high-purity copper in 
inert gas containing a trace amount of impurii 
oxygen) resulted in copious void formailon at 
375 and 475°C." Figure 3 shows an example of 

0 100 200 300 400 500 600 the void formation observed in ion irradiated 

A BRAGER 8 GARNER 

W GARNER El. al. 

0.1 

IRRADIATION TEMPERATURE CC) 
oxygen-bearing copper. Theoretical analyses- 
have found that the void is generally not 

Fig. 1. Summary of high dose neutron irradiation experiments thermodynamically stable in pure copper in 
on copper and copper comparison with the vacancy loop or stacking 

fault tetrahedron (SFT). A model based on 
oxygen chemisorption on void nuclei surfaces 

(which causes a reduction in surface energy and hence can stabilize void formation) is in reasonable agreement with 
experimental observations on the effect of oxygen on void formation.20 Figure 4 shows a quantitative comparison of the 
predicted and observed effect of oxygen on void formation (open symbols indicate void formation was observed, and filled 
symbols indicate no void formation occurred). 

The charged particle studies have proved to be important for understanding the importance of impurii atoms on 
void formation. It is clear that impurities such as oxygen need to be controlled in order to minimize the propensity of copper 
for void swelling. The strong role of impurity oxygen has also been recently demonstrated in a neutron irradiation 
experiment" on electrolytic tough pitch (ETP) copper, which was of nominally high purity but contained about 300 wl ppm 
0 (1200 appm 0). The oxygen-bearing ETP copper swelled at a rate that was four times larger than that of oxygen-free 
copper (34% vs. 8% swelling after 13.5 dpa at 400°C). 

Helium effects on void formation 

There have been several experimental studies on the effects of helium on cavity formation in but 
further information is needed at fusion-relevant condtions (-7 appm Heldpa). Most of these studies eRher preinjected 
~umz4",u,"" or produced helium via thermal reactor irradiation of boron-doped copper using very large Heldpa ratios.",- 
Both methods are unsatisfactory for determining the effect of helium in fusion reactor environments. Figure 5 shows an 
example of substantial cavity swelling that occurred during sirnukaneous irradiation of copper with helium and heavy ion 
beams." Void formation was not observed in specimens that were not exposed to the helium beam. According to 
experimental results and theoretical calculations. the amount of helium needed to stabilize cavity formation in pure oxygen- 
free copper is very small-on the order of <1 appm He (refs. 26,42). 

. 
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Fig. 4. Comparison of predicted" and observedmmpa void formation in oxygen-bearing copper. Filled symbols 
indicate no void formation was Observed, and open symbols indicate voids Were observed. Arrows indicate the possibility 
of higher or lower oxygen concentrations due to uncertainties in the oxygen measurement. 
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Fig. 5. Cross-section microstructure of copper following simultaneous dual beam irradiation at 440°C with 4 MeV 
Fe" ions and 200 to 4M) keV He' ions. The peak irradiation damage level was 16 dpa at a depth of about 1 rm, and a 
uniform He concentration of 48 appm was injected at depths of 0.5 to 1.1 pm.= The calculated damage level at a depth of 
0.5 fim was -10 dpa. and the cavity swelling was -3.5%. 
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Several researchers have irradiated dilute Cu-B alloys in order to probe helium bubble formation in neutron-irradiated 
copper."'- The reaction %(n,a)'Li produces both helium and lithium during irradiation in a thermal neutron environment, 
both of which are essentially insoluble in copper. It has been observed that the cavity formation in boron-doped copper 
is due to the helium produced by the (%a) reaction (as opposed to the lithium)." These studies have provided useful 
information on the thermal stability of helium bubbles and on the conversion of bubbles to voids. 

Preinjection of small amounts of helium (up to 100 appm) enhances void formation in pure copper during irradiation 
to moderate damage levels (-20 dpa).= However, preinjection of large amounts of helium (2000 appm) apparently 
overstimulates void nucleation and suppresses observable cavity swelling." As discussed later, there is relatively little 
information available on helium effects in swelling-resistant copper alloys. 

Effects of temerature and fluence on swellinq 

Copper has been found to contain voids following neutron irradiation at temperatures between 160 and 550°C (0.33 
to o.60 Tm)~t.IP1?-20.aUU The temperature dependence of the cavity swelling of copper following low dose neutron irradia- 

IS similar to that observed in many other metals: The void size increases gradually with increasing temperature 
while the cavtty denstty decreases rapidly, which results in a swelling peak at intermediate temperatures (-300 to 325°C for 
copper). Figure 6 shows the measured swelling as a function of irradiation temperature for copper irradiated to a damage 
level of -1 dpa."," The measured temperature-dependent cavity swelling was similar for both pure copper and a helium- 
containing dilute Cu-B alloy. This is interpreted as evidence for a very small incubation fluence for void swelling due to the 
presence of large amounts of impurity oxygen in both materials (according to conventional radiation damage theory, helium 
has only a minor effect on the post-transient cavity swelling rate). 

tion's.ua,le . 
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Fig. 6. Temperature-dependent cavity swelling in copper and Cu-18 wl  ppm 'OB following 
fission neutron irradiation at a damage rate of -2 x l o '  dpa/~ . " ,~  The irradiation produced 
-100 appm He in the Cu-B alloy. 

The primary effect of a variation in the damage rate on swelling is to shift the peak swelling temperature. An order 
of magnitude decrease in the neutron flux (from 2 x 10' to 2 x 10' dpds) decreased the location of the peak swelling 
temperature by -20"C.'6." The peak swelling temperature shift between neutron (2 x 10' dpajs) and ion (1 x l O ~ '  dpa/s) 
irradiated copper is -1 65"C.24~25 

Voids have been detected in copper following irradiation to fluences as low as 1 x 10'' n/m' (refs. 48.49). The 
swelling behavior at low doses ( ~ 0 . 2  dpa) is often nonlinear, and transient swelling rates in excess of l%/dpa have been 
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received particular attention due to their excellent swelling resistance during high-fluence fast reactor irradiation at 
temperatures of 365 to 530°C (refs. 11-16,16) and during dual ion beam Irradiation.- Substantial void swelling has been 
observed in one series of commercial oxide dispersion-strengthened copper alloys following high-fluence neutron irradiation 
due to the presence of excess oxygen in the matrix.'4" 

It appears that the swelling suppression in precipitation- and dispersion-strengthened copper is partly due to point 
defect trapping at the precipitate-matrix interface, but is primarily due to the presence of a high dislocation density. The 
swelling resistance is generally best in alloys that contain a stabilized cold-worked structure due to the additional point 
defect sink strength supplied by the dislocations. During high fluence ionY or neutron irradiation,'" void formation is 
initiated in regions of the matrix that have recrystallized (leaving a low defect sink density). A large part of the swelling 
resistance of dispersion-strengthened alloys can be attributed to their superior resistance to recrystallization (precipitate 
overaging does not occur since the dispersion is inert in the copper matrix). Figure 8 summarizes the swelling behavior 
of three grades of a commercial dispersion-strengthened copper, GlidCop, following neutron irradiation near 410°C (ref. 
15). The swelling resistance of the GlidCop alloys improved with increasing dispersoid content and cold-work level. 

There is a strong need for irradiation data on swellingresistant copper alloys at fusion-relevant He/dpa ratios. Fission 
reactor irradiation of copper generates only -0.2 appm He/dpa, which is more than one order of magnitude smaller than 
the DT fusion first wall generation rate for copper of -7 appm He/dpa. Sphnagel et ala found that dispersion-strengthened 
copper had about five times higher swelling following dual-beam irradiation at 30 appm He/dpa as compared to specimens 
irradiated without helium coimplantation. On the other hand, Cu-Ni-Be specimens did not exhibit observable cavtty swelling 
after either dual-beam or single ion-beam irradiation to 20 dpa. The relatively high swelling that was observed in the 
GlidCop AI-15 alloy compared to the AI-20 and AI-25 alloys following neutron irradiation (Fig. 8) may have been partially 
enhanced by the presence of a small amount of residual boron ( ~ 2 0 0  wl  ppm) remaining from a preirradiation deoxidation 
treatment. A boron content of 100 wt ppm would transmute during high-fluence fast reactor irradiation to produce -100 
appm He when fully burned up. 

F.A. Garner and H.A. Brager 
FFTF, 411-414'C 

Density 
Change 

50% Cold-Worked CuA120 
20% Cold-Worked 

I I I I I 
0 25 50 75 100 -2 I 

Displacements per Atom 

Fig. 8. Swelling behavior of three commercial 
dispersion-strengthened copper alloys following fast- 
reactor irradiation at 411 to 414°C (ref. 15). The alloys 
contained 0.15, 0.20, and 0.25 wt % Ai in the form of 
AI,O, particles. The Cu-AI15 alloy contained c200 wt ppm 
B due to a DreirradiatiOn boron deoxidation treatment. 

RADIATION HARDENING 

Radiation Hardenino in Pure Comer 

Numerous fundamental studies on radiation 
hardening have been conducted on pure copper over 
the past 40 Signaicant amounts of hardening 
occur in annealed copper for irradiation temperatures 
<350"C. It has been demonstrated"" that the 
strength increase is due to "black spotn formation 
(small dislocation loops and SFT). The yield strength 
increase is described by Seeger's" dispersed barrier 
model, 

A r = a G m  

AO,=%AT 

where G is the shear modulus, b is the magnitude of 
the dislocation Burgers vector ( ao / J5  for copper), N 
and dare the denslty and mean diameter of the defect 
clusters, a is the barrier strength coefficient, and is 
the Taylor factor (M = 3.06 for fcc polycrystals) which 
describes the relationship between shear stress ( Ar) 
and polycrystalline yield stress (A ur) (ref. 75). Various 
experimental and theoretical studies have found that 
the barrier strength coefficient for defect clusters 
formed during room temperature neutron irradiation of 
copper is a - 0.2 to 0.25 [73.75,76]. 
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The fluence dependence of radiation hardening in copper was the subject of a long-standing controversy," with 
dfferent research groups claiming that the strength increase was proportional to the one-third power of Ruence" or the 
square root of fluence with a saturation term."'" It was also recently suggested that the hardening was best described by 
a one-fourth root dependence over an extended Ruence range."" 

Part of the cause of the controversy can be resolved by examination of recent TEM studies on the fluence 
dependence of the defect cluster density in neutron-irradiated copper. Figure 9 shows that the defect cluster density in 
copper irradiated near room temperature- is initially proportional to fluence up to @t -5 x lb" nlm'. This produces a 
strength increase proportional t o  w i n  this fluence regime since the defect cluster size was essentially independent of 
fluence [Eq. (I)].  The fluence dependence of the cluster density at higher fluences is strongly dependent on the purity 
wntent of the irradiated copper (in particular interstitial impurities)." Several studies on high-purity copper and other fcc 
metals have demonstrated that there is a substantial fluence range where the defect cluster density is proportional to ($4'" 
(refs. 77,80.87,88), which would produce a one-fourth root dependence of hardening on fluence [Eq. (l)]. This has been 
interpreted as evidence for the interaction of freely migrating defects with defect clusters from surrounding displacement 
cascades, causing shrinkage and annihilation of some clusters. Simple theoretical models predict a square root 
dependence on fluence for the defect cluster density when migrating defect interactions with defect clusters are 

w,(i' Copper containing moderate amounts of interstitial impurities does not show a deviation from the linear 
accumulation of defect clusters until @t >5 x IO" n/m'. This suggests that the impurities are blocking migration of the freely 
migrating ihterstiiais. Hence, irradiation of nominally pure copper specimens containing differing amounts of intergitial 
impurities will produce differing radiation hardening rates over certain fluence ranges. 

For defect cluster densities > 1023/m3, there is an increasing probability of cascade overlap events, Le., a 
displacement cascade occurs in the vicinity of an existing defect cluster and causes its annihilation with the result that there 
is no net increase in defect cluster density. The TEM measurements (Fig. 9) suggest that the maximum defect cluster 
density in copper irradiated with neutrons near room temperature is -10"/m'. Higher fluence studies are needed to confirm 
the saturation density of defect clusters. A saturation in the radiation hardening on neutron-irradiated copper.has similarly 
been observedww at fluences "lo" nlm' (-0.1 dpa). Figure 10 shows the yield strength of neutron irradiated copper as 
a function of fluence.' In this study" an apparent saturation in hardening already occurred at a fluence of 1 02' nlm' (E > 
1 MeV). A similar saturation in hardening also has been observed in ion-irradiated copper.- 
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Measured yield strength of polycrystalline copper following fission reactor irradiation near room 

An interesting observation that is deserving of further study concerns the effect of grain size on the radiation 
hardening rate. Several studies have shown that the strength increase as a function of fluence is higher for small-grained 
compared to large-grained ~ o p p e r . ” ~ ~  Figure 1 1  shows an example of the dependence of yield strength on grain size for 
neutron-irradiated copper.’O It has been suggested that this effect is due to grain boundaries blocking the transmission of 
slip bands.” It is not clear whether this grain size-dependent radiation hardening rate continues at higher fluences. 

TemDerature DeDendence of Radiation Hardening 

There have been extensive studies on the temperature dependence of radiation hardening in pure copper utilizing 
isochronal and isothermal annealing.‘‘~“~‘’ The flow stress in irradiated copper decreases with increasing irradiation 
temperature due to two factors. First, the barrier for dislocations to shear defect clusters is thermally activated. In addition, 
the defect clusters responsible for the radiation hardening of copper are thermally unstable at elevated temperatures. Figure 
12 shows the temperature-dependent defect cluster density observed in copper following ion irradiation to a damage level 
of 10 dpa.‘’ Similar results have been obtained in other studies ot neutron-=” and ion-irradiatefl copper. The room 
temperature strength of ion-irradiated copper also shows a similar dependence on irradiation temperature.- 

The defect cluster density that is produced during irradiation at elevated temperatures is shown in more detail in Fig. 
13 (ref. 20). The defect cluster denstty decreases by over three orders of magnitude between the irradiation temperatures 
of 182 and 450°C. The results demonstrate that the defect clusters responsible for radiation hardening are highly sensitive 
to irradiation temperatures > 182°C. The decreased cluster density at elevated temperatures is a further indication that the 
defect clusters are thermally unstable, although additional factors such as the temperature dependence of the production 
of defect clusters directly in displacement cascades may also be playing a role. 

At high fluences. some hardening from cavity formation is expected to occur.” However, experimental results indicate 
that the yield strength of irradiated copper decreases when void swelling becomes very high, due to a lack of load-bearing 
area.- 
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A loss of ductility is associated with radiation hardening. Figure 14 shows the total elongation of annealed copper 
is rapidly reduced by neutron irradiation." and that cold work shortens the Ruence required to reach the embrinled state 
(e, 4%). Confirmation of this cold-work effect on radiation embrittlement is needed. 

Other studies have shown that copper becomes severely embriiled in the presence of large cavities, introduced by 
the tritium trick','m or neutron irradiation.- Helium embrittlement effects have also been suggested in some Cu-B irradiation 
studies," but more data are needed. 

Allovina Effects on Radiation Hardeninq 

High-strength copper alloys are desirable for several applications in fusion reactors. Their strength is generally 
achieved by classical precipitation hardening. or by pinning a dislocation structure with precipitates or an inert dispersed 
phase such as AI,O, particles. Radiation-enhanced recrystallization is an important phenomenon in cold worked copper 
alloys at irradiation temperatures ~3C€PC.'a,1a~,=~1a1,1m The enhanced diffusion associated with irradiation can accelerate the 
dislocation recovery and grain recrystallization processes, particularly if the dislocation structure is not pinned effectively. 
A substantial loss of strength associated with the recrystallization generally occurs in alloy systems whose strength is 
derived from a cold-worked structure that is stabilized by precipitates.'m In addition. established phenomenon such as 
radiation-enhanced precipitate overaging or loss of coherency"" in classic precipitation hardened systems such as Cu-Be 
should cause a large strength decrease. These softening effects are offset to a certain degree at low irradiation 
temperatures (<300"C) by the increased hardening associated with defect cluster formation.'o~q'o'~'m 

The most promising radiation-resistant copper alloy system from both a cavity swelling and retained strength 
perspective is dispersion-strengthened copper. The commercial dispersion-strengthened alloys GlidCop Cu-AI,O, have been 
found to be resistant to radiation-enhanced recrystallization for irradiation temperatures as high as 420 to 530°C and doses 
as high as I00 dpa.1a'*17,'a,es (However. one study" reported that neutron irradiation at 410°C to 50 dpa caused substantial 
recrystallization in two GlidCop Cu-Al,O, alloys.) The resistance to recrystallization may be attributed in large part to the 
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chemical inertness of the AI,O, particles, along with a high dislocation barrier strength for the particles that inhibits particle 
shearing. One concern is the possibility of radiation-induced dissolution of the AI,O, particles during high-fluence 
irradiation due to displacement cascade effects (ballistic dissolution) as observed by Spitznagel et a1.- However, several 
experimenta1'z~83~(d~'0. and studies on Cu-A1203 and other copper alloys have found that particles of sizes 
appropriate for dispersion strengthening (d 2 10 nm) are stable during irradiation. Since the particle dissolution rate is 
dependent on temperature, dose rate and displacement cascade size, further study is warranted. 

CONCLUDING REMARKS 

Examination of the existing data base for irradiated copper shows that the irradiation temperature determines whether 
cavity swelling or radiation hardening effects will occur. Figure 15 shows in schematic form the temperature regimes that 
are important for cavity swelling and radiation hardening of neutron-irradiated copper. Radiation hardening effects are 
significant for temperatures c300"C, and the saturated defect cluster density is nearly constant for temperatures <180"C. 
The decrease in the defect cluster density at temperatures >180"C allows cavity growth to become appreciable due to the 
decrease in sink density. The amount of void swelling becomes small at temperatures >5WC due to thermal annealing 
of voids. 

The strength of copper and copper alloys can be either increased or decreased by irradiation, depending on the 
cold-work level of the material and the irradiation temperature. Strengthening due to defect cluster formation is appreciable 
for irradiation temperatures <300"C. The strength increase associated with defect cluster formation in copper apparently 
saturates during neutron irradiation near room temperature at a dose of -0.1 dpa. Radiation-enhanced recrvstallization and 
accelerated precipitate overaging can lead to a decrease in strength in cold-worked or precipitation-hardened systems for 
irradiation temperatures 1300°C. 

Cavity swelling during irradiation is of concern chiefly for irradiation temperatures of 200 to 500°C. Small amounts 
of swelling may occur at temperatures as low as 180°C and as high as 550°C. The swelling peak at low doses occurs at 
-320°C. ii is apparent that small amounts of impuriiies (either gaseous or solid) are essential for the formation of cavities 
during irradiation. Only a small amount of oxygen (-10 appm) or helium (-1 appm He) is needed to stabilize cavities in 
pure copper. Deleterious matrix solutes such as oxygen should be minimized through careful control of the manufacturing 
process in order to produce materials suitable for high radiation environments. 
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Fig. 15. Schematic temperature dependence of radiation hardening and void swelling regimes in neutron-irradiated 
copper. 
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There is a strong need for high fluence studies on copper alloys at irradiation temperatures 5350°C in order to 
generate data on tensile property changes, cavity swelling resistance, and microstructural changes. AddRional low dose 
studies would be useful for understanding the details of the dose dependence of the defect cluster density (including 
impurity effects) and other matters of fundamental interest, including the effect of grain size on radiation hardening. In 
addition, irradiation data are required on fatigue and creep behavior, and the effects of irradiation on brazed or welded 
joints. Data are needed on the influence of helium on cavity swelling in swelling-resistant materials such as dispersion- 
strengthened Cu-Al,O, alloys. From a design standpoint, it is not particularly useful to study He effects in pure copper, since 
He should have little influence on the swelling behavior of materials that swell readily in the absence of helium. 

Dispersion-strengthened alloys such as GlidCop Cu-Al,O, are the most promising class of commercially available 
copper alloys in terms of radiation resistance. The radiation resistance of this material can be attributed to its very high sink 
density (dislocations plus AI,O, particles). Unlike precipitates, the high density (10Zl/m3) of small (d - 10 nm) inert AI,O, 
particles are resistant to overaging and thermal dissolution effects during irradiation. AddRional high-dose studies are 
needed to confirm the absence of appreciable displacement cascade dissolution of particles in dispersion-strengthened 
copper. Similar dispersion-strengthened alloys based on other alloy systems (e.g. Fe or Ni matrix) would be worthy of 
further investigation for fusion reactor structural applications. Precipitation-strengthened alloys such as Cu-Cr-Zr or Cu-Ni-Be 
may be suitable for high-fluence applications at temperatures where radiation-enhanced recrystallization is not of concern 
(c300 to 350°C). 
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ELECTROCHEMICAL AND MICROSTRUCTURAL CHARACTERIZATION OF AN AUSTENITIC STAINLESS STEEL 
IRRADIATED BY HEAVY IONS AT 515°C - G. E. C. Bell (Oak Ridge National Laboratory), T. lnazumi (Japan Atomic 
Energy Reasearch Institute, assigned to ORNL) and E. A. Kenik (Oak Ridge National Laboratory) 

OBJECTIVE 

The objective of this work is to evaluate radiation-induced sensitization of austenitic stainless steels under simulated 
fusion reactor conditions by the electrochemical potentiokinetic reactivation (EPR) test technique. 

SUMMARY 

The electrochemical and microstructural behavior of a solution-annealed, heavy-ion-irradiated, austenitic stainless 
steel, designated LS1 A, have been investigated at 515°C after doses of 1, 10, and 30 displacements per atom (dpa). 
Changes in electrochemical properties due to radiation induced segregation in thin radiation-affected layers of the 
material were detected by the electrochemical potentiokinetic reactivation (EPR) technique using transmission 
electron microscopy (TEM) disk specimens. At all doses, the Flade potential and reactivation charge were greater 
than those measured for thermally-aged control specimens. Flade potentials increased with increasing dpa while the 
reactivation charge did not increase beyond 10 dpa. Grain face etching, similar to that found on EPR-tested neutron- 
irradiated austenitic stainless steels, was observed on all specimens after testing. Grain boundaries were etched after 
doses of 10 and 30 dpa. The extent of grain face etching increased with increasing dose. Duplicate heavy-ion- 
irradiated specimens were also examined by high resolution analytical electron microscopy (AEM). The 1 -dpa 
specimen showed only a high density of small faulted dislocations (-10 nm), and no grain boundary precipitation was 
observed nor was any grain boundaty segregation detected. AEM confirmed chromium depletion at grain boundaries 
as measured by EPR for the 10- and 30-dpa specimens. Depletion widths of approximately 10 nm and grain 
boundary chromium compositions of less than 10% by weight were found. Molybdenum was also depleted near the 
boundary, whereas nickel, silicon, and iron were enriched for the 10- and 30-dpa irradiations. Precipitation of G and 
eta phases and larger dislocation loops (-60 nm) were observed in the 10- and 30-dpa specimens. 

PROGRESS AND STATUS 

The dose rate (dpals) in material bombarded by heavy ions is between 2 and 6 orders of magnitude higher than that in 
both fission and fusion reactors. As such, heavy ion irradiation is often used as an accelerated method for 
investigating radiation-induced segregation (RIS) and the evolution of microstructures in materials during neutron 
irradiation. Although irradiation by heavy ions does not induce radioactivity in the material and simplifies handling 
and testing as compared with neutron-irradiated materials, the penetration distance of the heavy ions is small (on the 
order of 1 pm) and the volume of affected material is correspondingly small. However, analytical techniques which 
sample small volumes of material, such as analytical electron microscopy (AEM).’.2 or electrochemical techniques 
which detect changes in surface properties are well suited for use with heavy-ion-irradiated material. Examination by 
AEM allows characterization of the radiation-produced microstructure and microchemistry while electrochemical 
methods yield information about the effect of these microstructural changes on the corrosion properties of the material. 
Correlation between the microstructural and electrochemical results gives insight into radiation-assisted corrosion 
phenomena, such as irradiation-assisted stress corrosion cracking (IASCC). In this research, we investigated the 
changes in electrochemical properties, as measured by the electrochemical potentiokinetic reactivation (EPR) 
method,3 of an austenitic stainless steel irradiated by heavy ions at 515°C to doses of 1. 10, and 30 dpa. Surface 
morphology after testing was examined using scanning electron microscopy (SEM). The radiation-produced 
microstructures and grain boundary microchemistry of duplicate specimens were examined by AEM. 

ExDerimental 

w i m e n  Material. Irradiat ion. and Preoaration Co nditions - The material investigated was an experimental austenitic 
stainless steel alloy, similar to type 316 stainless steel, designated LSlA (Fe-l6.4Cr-13.7Ni-1 .OSi-Z.OMn-l.7Mo- 
0.15Ti-O.O8C, wt %). Complete details of the specimen preparation and heavy ion irradiation were reported 
elsewhere.2 A detailed diagram of the specimen radiation damage region and the electrochemically tested areas is 
shown in Fig. 1. Disk specimens of 3 mm diam suitable for both electrochemical testing4 and evaluation by AEM were 
punched from 0.25-mm-thick sheet stock and solution annealed at 1150°C for 1 h before irradiation. The specimens 
were mounted on a thermal-control block during irradiation and the temperature of the specimens was measured 
using an infrared pyrometer. The center 2.5-mm-diam region of the disks was subjected to a normally incident beam 
of 4 MeV Ni++ ions with a beam current of -0.6 ampskm2. which produced a peak damage profile at approximately 
0.7 pm below the original surface at a dose rate of approximately 1.2 x 10-4dpals. The nickel ions came to rest 
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approximately 1 Ktn below the incident surface and the bombarding ions produced a peak nickel enrichment of 
approximately 0.1% nickel by weight per dpa. Control specimens of the solution-annealed material were thermally 
aged at 515OC for 9 h in vacuum to simulate the thermal history of the most heavily irradiated specimens. 

Prior to EPR testing, the surface of the specimens was sectioned to 0.5 pm below the original surface by 
electropolishing near -10°C in a 10:6:1 methano1:betyl celluso1ve:perchloric acid solution. In this way, the peak 
damage region is exposed during electrochemical testing while any changes in alloy composition due to ion 
implantation should be minimized. The specimens were then rinsed in alcohol and stored in acetone until just prior to 
testing. In preparation for electrochemical testing, the specimen surface was masked with silicon rubber and vinyl 
tape such that only the central 2-mm-diam (0.0314 cm2) region of the heavy ion irradiated surface was exposed to the 
electrochemical testing solution. 
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F i g .  1 .  Detailed schematic o f  heavy-ion-irradiated specimen. 
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--I noo FPR - The details of the EPR method and experimental apparatus has been described in detail 
elsewhere.3.4 The conditions for the single-loop EPR tests are summarized in Table 1. In the case of radiation- 
induced segregation, chromium is depleted at grain boundaries and other microstructural defects without precipitation 
of a chromium-rich phase via the reverse-Kirkendall effect5 and has been detected by electrochemical methods for 
neutron irradiated material.6 By comparing the dissolution charge (integral of the dissolution current) and film 
breakdown potential (Flade potentials) of control and heavy-ion-irradiated materials, the degree of sensitization 
attributable to the heavy ion irradiation damage can be quantified. More positive Flade potentials and higher 
dissolution charges are indications of less stable passive films and increased susceptibility to localized corrosion. The 
Flade potential, EF, was defined as the first inflection point of the potential versus current curve during the controlled 
cathodic potential scan. Since the potential scan rate is constant and applied potential is proportional to time, the total 
reactivation charge, OY', was calculated by integrating the potential versus current curve from (initial passivating) 

+200 mV vs saturated Calomel electrode (SCE) to free-corrosion potential. SEM examination was performed after 
EPR testing using either a Joel JSM-35GF or Hitachi 8000. 

- Duplicate specimens were sectioned to the peak damage region by electropolishing 
near -10% in a 10:6:1 methano1:betyl cel1usolve:perchloric acid solution. Analytical electron microscopy was 
performed in a Philips EM400T/FEG microscope. Analyses were performed in the scanning TEM mode with a probe 
-2 nm in diameter. Details for high spatial resolution X-ray microanalyses at boundaries and defects have been given 
elsewhere.' 

Table 1. Summary parameters for single-loop electrochemical 
potentiokinetic reactivation tests. 

Test Pafamete r Condition 
Potentiostat 
Test Solution 

Surface Preparation Electropolishing 
Surface Conditioning 
Pre-test Delay 
Initial Passivation Conditions 
Reactivation Scan Rate 6 Vlh 
Final Potential 

Princeton Applied Research model 273/342 
0.5 11 H2SO4 +0.01 M KSCN 

Solution Temperature 30 ? 1 "C 

-600 mV vs. SCE for 120 s 

+200 mV vs SCE for 120 s 

Ecorr - 50 mV vsSaturated Calomel Electrode (SCE) 

-600 s to stabilize Ecorr 

Be§uus 
F l e c t r o c h a  - The EPR results for the heavy ion irradiated and thermal control specimens are shown in Fig. 2 and 
Table 2. The thermal control specimen (515°C for 9 h) behaved similar to a solution-annealed specimen and did not 
exhibit a reactivation peak or Flade potential, indicating that no electrochemically detectable thermal sensitization 
(precipitation) had occurred even during the longest heavy ion irradiation (30 dpa). Irradiation by heavy ions at 
515°C to 1 dpa was sufficient to cause the occurrence of a Flade potential and corresponding reactivation peak. 
Irradiation to 10 dpa increased the reactivation charge by more than 2 orders of magnitude. Similar reactivation 
charges (EPR curves) were obtained for the IO- and 30-dpa specimens. In general, the Flade potential increased with 
increasing dose while the reactivation charge did not increase beyond 10 dpa. 

Post-FPR - Scanning electron micrographs of the post-EPR test heavy ion irradiated surfaces are 
shown in F m c a t i o n  difference between (a) and (b) and (c)]. The thermal control specimen was not 
etched or pitted during the EPR test and is not shown. Light, grain face pitting (etching) of the 1-dpa specimen was 
found and accounted for the existence of a Flade potential and reactivation peak (charge). No grain boundary etching 
was observed for the l d p a  specimen. The 10- and 30-dpa specimens were similar in appearance to each other and 
showed etching of both grain boundaries and grain faces after EPR testing. The 30-dpa specimen was more heavily 
etched at grain boundaries (-0.5 to 1 pm width), as compared to the 10-dpa specimen (-0.1 to 0.3 pm width) and the 
etching of the grain face coarsened with increasing dose. 
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Fig. 2. Single-loop EPR results for heavy-ion-irradiated and 
thermal control specimens of LSlA, 515OC. 

Table 2. Summary of Flade potentials and reactivation charges for 
thermally-aged and heavy ion irradiated at 515%. 

Temperature Time at T Dose Flade Reactivation 
T (h) (dP.4 Potential, EF Charge, q R  - (mv vs SCE) (c/cm2) 

9.0 0 NIA NIA 51 5 
51 5 

2.8 10 +52 51 5 
51 5 6.9 30 +70 

0.006 
1.165 
1.1 66 

0.3 1 -114 

TO 11091 

(4 (b)  
Fig. 3. 

(b) 515°C; 10 dpa. 
SEM micrographs of post-EPR test LSlA 515°C heavy-ion-irradiated surfaces. (a) 515°C; 1 dpa. 

(c)  515OC; 30 dpa. 
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I fAFMl Results - After a dose of 1 dpa at 515OC. only a highdensity (-5 x 1020 m-3) of small defects 
(-10 nm diam) were observed [Fig. 4(a)]. Their contrast behavior was consistent with that for faulted dislocations. No 
grain boundary precipitation was observed, nor was any grain boundary segregation detected. With the 10-dpa 
material, both faulted dislocation loops (-60 nm diam) and similarly sized precipitates were observed [Fig. 4(b)]. The 
precipitates were enriched in silicon and nickel and had large interplanar spacings wnsistent with G and eta phase 
silicides. Both G and eta phase were identified at the grain boundaries from X-ray microanalysis and electron 
diffraction. The two phases were distinguished via the chromium level in the precipitate relative to the matrix (G phase 
contains -5 wt % Cr, whereas eta phase contains -30 wt % Cr).8 Figure 5(a) shows a grain boundary with a G phase 
precipitate. X-ray microanalysis indicated RIS at the boundary [Fig. 5(b)]. Chromium was depleted from a region 
-10 nm wide near the boundary with a minimum value of 10 wt % Cr. Molybdenum was also depleted near the 
boundary, whereas nickel, silicon, and iron were enriched near the boundary. 

In the material irradiated to 30 dpa. precipitates of G and eta phase dominated the matrix with dislocation segments 
and some faulted loops [Fig. 4(c)]. No voids or cavities were observed in either material or after irradiation to 70 dpa at 
515OC. G and eta phases were also observed at grain boundaries. X-ray microanalysis was performed on a similar 
alloy with lower silicon which was irradiated to 30 dpa at the same time. Figure 6 shows the grain boundary 
composition profiles typical for that specimen. Similar to the 10-dpa specimen, the chromium was depleted in an 
-10-nm-wide region at the boundary with a minimum value of 11 wt % Cr. Whereas iron was locally depleted at the 
grain boundaty, a region approximately 4 to 20 nm on either side of the boundary was enriched in iron with respect to 
the surrounding matrix. A similar but less pronounced enrichment was observed for chromium. Molybdenum was 
also depleted at the grain boundary, whereas enrichment of silicon (-2 w i  YO) and nickel (-25 wt %) occurred in a 
narrow band at the grain boundary. Just outside of that region a depletion of silicon and nickel relative to the matrix 
was observed. 

YE-14439 YF-1 AAAn 

4442 

Fig. 4. Microstructure of heavy ion irradiated LSIA. 
LSlA inadiated to 1 dpa at 515°C exhibiting high 

isity (-5 x 1020 m-3) of small (-10 nm diam) faulted 
ioops. (b) LSlA irradiated to 10 dpa at 515°C exhibiting 
faulted loops (L) and G and eta phase precipitates (P). 
(c) LSlA irradiated to 30 dpa at 515°C exhibiting extensive 
precipitation of G and eta phases, formation of dislocation 
segments, and isolated faulted loops. 



VF-ldddl 

= 45 - 0 
k ln 2 3 0 -  
I 
0 
0 1 5 -  

F 
224 

ORNL-DWG 17962-90 

Cr 

O J  I 1 

-35 -21 -7 7 21 35 

DISTANCE Inm) (b) 

Fig. 5. Microstructural and compositional analysis of heavy-ion-irradiated LSlA. (a) Grain boundary 
Hole on boundary i s  probable site 

(b) Iron, 
in LSlA irradiated to 10 dpa at 515'C exhibiting a G phase precipitate. 
of second precipitate which has fallen out. 
chromium, and nickel profiles at grain boundary in (a). 

Line indicates region of X-ray microanalysis. 

ORNL-DWG 17961 -90 

4 

Fig. 6. Iron, chromium, and nickel profiles at grain 
boundary in stainless steel similar to LSlA irradiated to 
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Susceptibility of austenitic stainless steels to intergranular stress corrosion cracking (IGSCC) has been termed 
sensitization and is attributed to the depletion of chromium at grain boundaries when M23C6 precipitates in the 
boundaries. The EPR test method was developed to quantify the susceptibility of austenitic stainless steels to IGSCC 
in aqueous environments due to thermal sensitization in the heat-affected zones of welds. Chromium depletion via 
radiation-induced segregation has also been proposed as a possible mechanism for IGSCC observed in light-water 
reactors and the phenomena has been called IASCC.9 Recently, we have successfully applied EPR to the detection 
of chromium depletion in an austenitic stainless steel via RIS.6.10 In thermally sensitized material, only grain 
boundaries are etched during EPR testing; grain faces of thermally sensitized material are unaffected. However, grain 
face etching and pitting was observed in this study on heavy-ion-irradiated material similar to that previously observed 
on EPR-tested neutron-irradiated austenitic stainless ~tee ls .~f j  It is possible that chemical changes in the nitrogen- 
deaerated EPR test solution via y-radiolysis could have caused the etching of grain faces for neutron-irradiated 
material. However, since grain face etching has been observed for both heavy-ion- and neutron-irradiated austenitic 
stainless steels, it does not appear to be the result of chemical changes in the EPR test solution due to yradiolysis. As 
a corollary, grain face etching during EPR testing in the present work does not appear to be attributable to changes in 
alloy chemistry due to implantation of a major alloy element (nickel). 
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The results of post-EPR SEM examination of the specimens correlated with the AEM results. No grain boundary 
etching was observed after 1 dpa dose and, correspondingly, no segregation (chromium depletion) was observed at 
grain boundaries. On the other hand, for both 10- and 30-dpa specimens, very clear grain boundary and chromium 
depletion via RIS was detected with AEM. It is apparent from these results that EPR is able to resolve very thin 
chromium depleted zones (-10 nm); however, the width of the resulting post-EPR grain boundary etching could not be 
directly related to the measured RIS chromium depletion width. Once the passive film in the chromium-depleted 
region at the boundary breaks down, dissolution occurs not only in the chromium-depleted region but also beneath 
the surface and then over a wider region during the active portion of the EPR test. 

It should be noted that, as a result of the narrow width of the RIS profiles relative to the excited volume for X-ray 
microanalysis, the AEM measured profiles differ from the actual profiles. The measured profiles represent a 
convolution of the actual profiles with a "broadening" function related to the size of the excited volume. As a result, the 
measured chromium profile underestimates the actual chromium depletion at the grain boundaries. Therefore, actual 
chromium levels at the grain boundaries are well below the 12 wt % chromium required to maintain the stainless 
character of the alloy. Further, sensitization via RIS, as measured by EPR, is exacerbated by the simultaneous 
depletion of molybdenum, which also helps form a passive film, from the grain boundary region. 

We previously reported7.8 that the presence of grain face etching tends to obscure the quantitative interpretation 01 
EPR results relative to determining the susceptibility of the irradiated material to IGSCC or IASCC because current 
flows from both the grain boundaries and the grain faces. However, the results of EPR on neutron-irradiated surfaces 
can be correlated to RIS at microstructural boundaries (e.g.. grain boundaries, dislocations, and voids).s We feel that 
the grain face etching of both heavy-ion- and neutron-irradiated materials was the result 01 RIS (chromium depletion) 
at dislocations and/or precipitates in the irradiated material.l$s The extent or coarseness of the grain face etching 
paralleled the increased size of the microstructural defects and may be an indication of RIS at these defects.1.8 

Irradiation by heavy ions did not significantly increase the measured reactivation charge beyond 10 dpa. This is in 
agreement with Bruemmer et al." who reported that chromium depletion profiles at grain boundaries in similar 
austenitic stainless steels heavy ion irradiated at 500°C were fully developed by 5 dpa, and chromium-depletion 
widths on either side of a grain boundary were 10 nm. Because the distance between defects is much smaller than 
grain diameters, AIS profiles at other defect sinks in the bulk material were also probably fully developed by 5 dpa 
near 500°C. 

Grain boundary etching was deeper for 30-dpa specimens as compared to the 10-dpa specimens although the 
reactivation charges were nearly equal. The total reactivation charge is the sum of the contributions due to the grain 
boundaries and that of the grain faces: 

GF QTotal R 
= Q? + QR = % P7otal 

GF where q R. q:', and q, are the reactivation charges per unit tested specimen area, grain boundary area, and grain 

face area, respectively; and ATota,. AGB, and AGF are the associated areas. Since the total grain boundary area is 

, the measured q, should be relatively insensitive to changes in small compared to the grain face, -c<- 

ATota l  ATota l  

qp, corresponding to deeper grain boundary etching 

A~~ A~~ 
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Although it was not evident from the measured reactivation charges, electrochemical changes continued to occur 
beyond 10 dpa. Flade potentials increased with total dose to 30 dpa, with a significantly larger change occurring 
between 1 and 10 dpa, as compared with that between 10 and 30 dpa. The Flade potential is a measure of the 
inherent stability of the passive film on the stainless steel (i.e., higher Flade potentials imply less stable or thinner 
passive films). This increased instability may be due to compositional variations (e.g., chromium depletion) in the film 
or locally higher diffusivities of cation vacancies in the film and/or the metal substrate due to dislocations as suggested 
by Chao et al.12 and later Urquidi-Macdonald and Macdonald.13 However, dislocations produced by cold working do 
not Significantly affect the results of EPR and do not per se produce grain face etching for austenitic stainless steels of 
similar composition.8 Therefore, the grain face etching observed appears to be due to RIS of chromium at 
dislocations. The higher Flade potential of the 30-dpa specimen may also account for the deeper etching at the grain 
boundaries because the passive film tends to first break down at grain boundaries and these regions of the specimen 
would be in the active region for a longer time at a fixed scan rate. 

The results of our research with heavy-ion-irradiated materials are very similar to those which we have obtained with 
neutron-irradiated materials.8 It appears that heavy ion irradiation is a useful method for simulating and investigating 
the effects of radiation-produced microstructure on the electrochemical and subsequent corrosion properties of 
materials. 

CONCLUSIONS 

The following conclusions can be drawn from these results: 

1 .  Grain face etching in both heavy-ion- and neutron-irradiated materials was the result of radiation damage to the 
material. Grain face etching is due to chromium depletion via RIS at dislocations and not due to enhanced vacancy 
diffusion through the passive film. The coarseness of grain face etching increased with increasing defect size and . - - 
density. 

2. The Flade or passive film breakdown potential of LS1A increased with increasing radiation dose to 30 dpa. 
indicating decreased passive film stability or thickness with increasing radiation dose. A large change occurred 
between 1 and 10 dpa with a smaller, but detectable, change occurring between 10 and 30 dpa. 

3. Reactivation charge did not increase significantly beyond 10 dpa, although deeper grain boundary etching was 
observed in the 30-dpa specimen. Reactivation charge was relatively insensitive to depth of grain boundary attack 
during EPR testing for irradiated materials because the total reactivation charge is dominated by the grain face 

GF reactivation charge, Q, . 

4. AEM showed that chromium was depleted from a region -10 nm wide near grain boundaries and reached a 
minimum value of 10 wt % Cr for both the 10- and 30-dpa specimens. Molybdenum was also depleted near the 
boundary, whereas nickel, silicon, and iron were enriched near the boundary. Chromium depletion at grain 
boundaries was not measurable in the 515"C, 1-dpa material. The width of the resulting post-EPR grain boundary 
etching is not directly related to the RIS chromium depletion width. 

5. It appears that heavy ion irradiation is a useful method for simulating and investigating the effects of 
radiation-produced microstructure on the electrochemical and subsequent corrosion properties of materials. 
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ENVIRONMENTAL EFFECTS ON AQUEOUS STRESS CORROSION OF CANDIDATE AUSTENITIC STEELS 
FOR ITER STRUCTURAL APPLICATIONS - A. B. Hull, M. R. Fox, J. W. Pascoe, and T. F. Kassner (Argonne 
National Laboratory) 

OBJECTIVE 

The corrosion resistance of the structural material to be used in an aqueous environment characteristic of 
candidate first wall/ blanket systems in the International Thermonuclear Experimental Reactor (ITER) has not 
been quantified. Information obtained on the stress corrosion cracking (SCC) susceptibility of several candidate 
stainless steels under ITER-relevant conditions will help to identify an optimal combination of structural mate- 
rials, coolant chemistry, and operational conditions for the ongoing ITER design work. The objective of this task 
is to  provide baseline information on the SCC susceptibility of these candidate stainless steels in high-purity 
oxygenated water that simulates many important parameters anticipated in ITER first wall/ blanket systems. 

SUMMARY 

Susceptibility of Types 316NG, 316, and 304 stainless steel to SCC was investigated at  several temperatures 
between 50 and 150T in slow-strain-rate-tests (SSRTs) in oxygenated water that simulates important parameters 
anticipated in first-walyblanket systems. The water chemistry was based on a computer code that yielded the 
nominal concentrations of molecular radiolytic species produced in an aqueous environment under conditions 
likely to  be found in the ITER. To be conservative, however, the SSRTs were performed in a less benign, more 
oxidizing reference environment. 

Predominantly ductile fracture was observed in crevice specimens of Type 316 stainless steel (SS) strained to 
failure in a reference ITER water chemistry. The failure behavior of Type 304 SS crevice specimens heat-treated 
to  yield sensitization values of 2,3, or 20 C/cm2 by electrochemical potentiokinetic reactivation (EPR) demon- 
strated that degree of sensitization had a dramatic effect on intergranular SCC (IGSCC) susceptibility. Type 304 
SS specimens sensitized to  the highest value exhibited shorter failure times, lower maximum stresses, and lower 
reduction in area values than did less-sensitized Type 304 SS or Type 316NG SS specimens. Scanning electron 
microscopy showed minimal evidence of SCC in the Type 316NG and solution-annealed Type 316 SS but clear 
evidence of IGSCC in moderately sensitized (EPR = 20 C/cmz) Type 304 SS specimens in these environments. 

Ranking for resistance to SCC in simulated ITER water by electron microscopy and SSRT parameters (e.g., 
total elongation, ultimate strength, and reduction in area) is: 304 SS (EPR = 20 < 2 C/cmz) c 316NG SS. 

PROGRESS AND STATUS 

Introduction and Backeround 

The ceramic breeder with a beryllium multiplier has been selected as the first option for the ITER driver 
blanket, with the Pb-Li breeder as an alternative. The first wall and shield are integrated with the blanket, and 
all concepts utilize water cooling; austenitic stainless steel is used for the structure. Research and development 
needs1 for ITER with respect to aqueous corrosion include establishing a reliable data base on the following 
parameters: 

Reference materials (Types 316, 316L, and 316NG SS; solution-annealedlcold-worked). 

Water chemistry (high-purity water with stable radiolysidelectrolysis products, e.g., dissolved 0 2 ,  HzOz, 
H2 (at ppm levels) and flow rate < 5 d s .  

Temperature (nominally 60-150°C) with periodic increases to 250°C (conditioning) o r  350°C (bakeout). 

Stress conditions to simulate high thermal stresses (exceeding yield), static and cyclic operation (ITER 
=lo4  cycles), and tensile residual stresses. 

Coolant channel geometryhaterial microstructure, including weldments (both diffusion and fusion 
welds) and crevicehotch sensitivity. 

Radiation type (gamma, electron, neutron), dose (fast neutron fluence to 5 x loz2 nvt), and effects (up to 
2500 appm hydrogen generation). 
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Earlier work2.3 focused on developing criteria to define the simulated ITER water chemistry and establish 
the experimental protocol. Interim results from a series of experiments to evaluate SCC susceptibility of Types 
316NG, 316. and 304 SS have been reported previously.4 No indication of SCC was observed in testa conducted at a 
strain rate of 3 x 10-7 8-1 in oxygenated water with sulfate additions (0.1-1.0 ppm) at temperatures of 95 and 150°C. 
The results described in the present report are from additional tests5 on these steels under more severe 
conditions, namely lower strain rates and with the addition of hydrogen peroxide t o  the oxygenated water. 

Cylindrical tensile specimens with a 6.35-mm diam. and a 36.0-mm gage length were fabricated from Types 
316NG, 316, and 304 SS and then heat treated.43 The heat treatments given to Type 316NG SS did not produce 
sensitization.6 For comparison with tests on Type 316NG SS (Tables 1 and 2). analogous SSRTs were performed 
on crevice specimens of sensitized Type 304 SS, which are expected to exhibit greater sensitivity to  SCC in 
oxygenated water. Tables 3 and 4 give details of the degree of sensitization produced in Type 304 SS, as deter- 
mined by electmchemical-potentiokinetic-reactivation (EPR).7 Crevice specimens (Fig. 1) were created by drilling 
two small-diameter (=0.8-0.9 mm) through holes in the gage section of the specimen and placing a corresponding 
austenitic stainless steel pin in the top hole to form a tight crevice; the bottom hole was left open.5 Reference 
SSRTs were performed in air with an Instmn Model 1125 tensile testing machine a t  strain rates of >10-5 s-1; 
additional air tests and SSRTs a t  lower strain rates were conducted in small-diameter autoclaves with a once- 
through water system. Water chemistry was established by bubbling a 20% 02-80W Nz gas mixture though 
deoxygenated/deionized feedwater (conductivity <0.2 pS/cm) contained in a 130-L stainless steel tank. Hydrogen 
peroxide and/or sulfuric acid (0.1 or 1.0 ppm) was added to the feedwater before sparging with the gas mixture to 
ensure adequate mixing. An external silver/silver chloride (0.1M KCI) reference electrode, a thermocouple, and 
platinum and Type 304 SS electrodes were located a t  the autoclave outlet to establish the redox and open-circuit 
potential, respectively. The electrochemical potentials (ECPs) measured during the experiments were converted 
to  the standard hydrogen electrode (SHE) scale by using the thermocell and liquid junction potentials.8 

Tests were either camed to failure or interrupted a t  <20% strain. Tests to failure were characterized by 
time-to-failure, total strain, maximum stress, and fracture surface appearance. 
employed to reduce loading severity and help avoid artifacts associated with very high plastic strains. The load 
applied to each specimen was recorded continuously as a function of time, and an engineering-stress-vs-strain 
curve was produced for each specimen. Total elongation and reduction in area were determined by measuring 
the fractured specimen. In all cases, the fracture surfaces of the specimens strained to failure were examined by 
both optical and scanning electron microscopy (SEM) to determine the fractions of the reduced cross-sectional 

Influence of Temperature and Water Chemlstry on SCC Susceptibility of me 316NG SS Crevice Specimens 

Interrupted tests were 

Table 1. 

SSRT Parameters 

sbain Feedwater Chemishy‘ Yield Fail. Max. Total Reha P0te”tidS 

Test Heat Temp. Rate HZOZ 0, Cond pHat Stre- Time Streas Elong. i n h a  Fracture 304ss  R 

3 467958 95 3x10.7 -. 7.2 0.97 5.68 267 195 457 21 60 0.9D,O.l T 346 449 

42 P91576 95 3 ~ 1 0 . ~  7.0 7.1 0.81 5.76 140 281 469 30 54 l . 0D  413 473 
6 590019( 95 3x10.’ -- 7.2 8.6 4.72 164 250 436 27 60 0.9D.O.lT 428 559 

No. No. (“C) (cl) (ppm) (ppm) lpS/ern) 25% (MPal (hl (MPa) (%I (40) Morphologyb mV(SHE) mV(SHE1 

30 467958 105 2XW7 5.3 7.6 0.94 5.73 191 358 463 26 61 1.OD 499 414 

29 F91576 105 Z X ~ O - ~  6.1 7.9 0.90 5.72 151 400 424 29 60 1.OD 489 392 

14 467958 150 lx107 7.0 6.9 0.92 5.71 177 661 441 24 59 0.9D,0.1T 418 380 

13 P91576 150 3 ~ 1 0 . ~  5.7 7.0 0.92 5.60 137 252 400 27 61 0.9D, 0.1 T 431 410 

a Conductivity and pH were adjusted by addition of H g 0 4 ;  pH values of 4.7 and 5.7 correspond to 1.0 and 0.1 ppm of aejd. 
Ductile (Dl and hansgrsnular (TI in terns offraction ofcross-sectional mea Characterization offiacbre surfsee morphologjes is in aceordanee with 
inustratima and definitions in Refs. 9 and 10. 

“Heat No. 590019 is Type 316 SS, not Type 316NG SS, and wa8 hydmgensharged before straining.‘ 
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Table 2. Failure Behavior of Type 316NG SS Crevice Specimens in Air 

SSRT Parameters 
Strain Yield Failure Max. Total Reduction 

Test Heat Temp. Rate Stress Time Stress Elong. in Area Metallographic 
No. No. ("C) (8-1) (MPa) (h) (MPa) (%) (%) Characterization 

~ 

7 467958 92 1 x 1 0 4  212 5.8 478 21 53 0.9 D, 0.1 T 
_ _  -_ 17 18 41b F91576 95 3x10-7 m -_ 

0.9D, 0.1T 46 F91576 105 2x10-7 150 401 424 29 57 

a0 467958 150 1 x 1 0 s  204 7.0 435 25 63 0.9 D, 0.1T 
I9 F91576 150 1x104  158 7.2 400 a3 Q 0.9 D, 0.1T 

of fracture surface morphologies is in accordance with illustrations and definitions in Refs. 9 and 10. 
aDuctile (D) and transgranular (T) in terms of fraction of cross-sectional fracture surface area. Charactenzation 

hnterrupted test. 

Table 3. Influence OfTemperature. Water C h e a t r y .  and Degree of Sensitization on SCC Susceptlbllity of m e  304 Crevice Specimensa 

~~~~ ~ ~ 

SSRT Parametem 
SWi" Feedwater Chemistry" Yield Fail. Max. Total Rsma Potentials 

Test EPR Temp. Rate H2O2 O2 C o d  pHat Shes Time Sbess Elong. in& Metall? 304% R 
No. (C/em2) ("C) (ppm) (ppm) (@/em) 25°C (MPa) (h) (MPa) (%) (%) charad. mV(SHE) mV(SHE) 

21 2 150 3 ~ 1 0 . ~  6.0 7 3  0.95 5.63 159 249 426 27 61 0.95D.0.05T 437 418 

24 2 150 3 ~ 1 0 . ~  6.0 7.6 0.94 5.79 170 173 368 19 42 09s 0.1T 424 418 

2 3 95 3 ~ 1 0 . ~  - 7.4 9.5 4.15 151 280 424 29 58 0.9D, 0.lT 394 549 

27 20 52 3x10.' 7.0 7.3 1.03 5.71 213 259 495 28 42 1.01 580 445 

23 20 95 3 ~ 1 0 . ~  5.9 7.8 0.83 5.78 185 247 469 27 49 1.01 415 331 

31 20 105 7.2 7.6 0.92 5.73 210 334 463 24 41 1.01 493 406 

324 20 105 6.7 7.0 0.93 6.10 205 -- .. 21 13 NA 526 505 

22 20 150 3 ~ 1 0 . ~  1.0 6.7 0.59 5.73 157 124 323 13 37 1.01 426 411 
286 20 150 3 ~ 1 0 . ~  6 7 09 5.7 178 - .. 8 6.6 IC .. .. 

.Specimens of Type 304 SS (Heat No. 30956) were sensitized to EPR values of 2 to 20 Urn" and were exposed to environments for j. 10 h before straining. 
Conductivity and pH were adjusted by addition of HzS04; pH values of4.7 and 5.7 mespond to 1.0 and 0.1 ppm of and. 
Ductile (D), hsnsgranular (T), and intergranular (I)  in terns of fraetion of cross-eetional m a .  characterization of f?acture surface morpholagiea is in 
accordance with illustrations and definitions in Refs. 9 and 10. In intempted tests 32 and 28, incipient cracks (IC) in hole or crevice redons were observed, 
or ehamcterization results were not available (NA). 
Intermpted teats; a miemmeter was used to measure the gage section before and atter straining. 

area with ductile, transgranular, and intergranular morphologies.gJ0 The crevice and hole regions of the 
specimens subjected to interrupted tests were sectioned parallel to  the line of tension by electrical discharge 
machining. The sections were then examined by SEM to ascertain the existence of incipient cracking. The 
chemical compositions of materials used for this study and the experimental methods have been fully described 
in previous papers.sXd1J2 

Cracking susceptibility can be assessed from SSRTs by using various parameters. Total elongation, reduc- 
tion in area, and maximum stress are often used, as are fracture surface morphology and maximum crack 
length present (either on the fracture surface or on the sectioned surface after test interruption). Because of the 
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high SCC resistance of Type 316NG SS relative to that of sensitized Type 304 SS, it is difficult to quantify the SCC 
behavior of Type 316NG SS in terms of crack growth ratell from SSRT results. An alternative, employed here, is 
evaluation of SCC susceptibility in terms of the load-carrying ability of geometrically identical specimens in air 
and in water. 

Ultimate strength, total elongation, and reduction in area are shown graphically in Tables 2-4. For Type 
316NG SS, there is relatively little variation in SSRT parameters from air to  water. Variation in the strength of 
two heats of Type 316NG SS is most apparent from the ultimate strength of the crevice specimens in both air and 
water, i.e., it is apparent that Heat 467958 is stronger than Heat F91576. This can perhaps be attributed to the 
higher Si concentration in the former heat.5 

The maximum stress of Type 316 SS is less than that of either of the two Type 316NG SS heats, which again 
may be attributable to the bulk composition of the steels (Table 1). Type 316 SS has 0.05% C and 0.01% N, whereas 
Type 316NG SS has 0.02% C and 0.10% N.5 

The ultimate strength of Type 316NG SS is consistently higher than that of sensitized Type 304 SS at  corre- 
sponding temperatures (Fig. 2). With the moderately sensitized Type 304 SS, there are significant differences 
between tests in air and the water environment in which intergranular cracking was observed on the fracture 
surfaces (Tables 3 and 4). Degree of sensitization had a large effect on total elongation of the more highly sensi- 
tized material at 95 and 150'C (Fig. 3b); for example, total elongation was only about 13% at 15OOC. 

As determined by reduction in area (Fig. 4), Type 304 SS with a moderate degree of sensitization exhibited 
greater SCC susceptibility than either the Type 316NG or the lightly sensitized Type 304 SS. Totally intergranular 
failure occurred even at 52'C (Table 3). This work substantiates earlier resultsl3.14 indicating that to prevent SCC 
in near-term fusion reactors operating at  temperatures of < 100°C, it is imperative to control sensitization in the 
steel. Temperature does not have a large effect on SCC of the lightly sensitized specimens. Although heat treated 
identically, SSRT specimens 21 and 24 exhibit remarkably different SCC susceptibility, particularly as judged by 
fracture morphology (Table 3). The degree of sensitization produced by heat treatment at  low temperatures can be 
strongly dependent on intergranular carbide spacing; thus, wide variation can occur in the amount of chromium 
depletion from boundary to boundary,15 perhaps resulting in effectively variable sensitization. This phenonemon 
may contribute to some of the variability exhibited in these lightly sensitized (EPR = 2 C/cmz) specimens. 

The difference in morphology exhibited by a moderately sensitized Type 304 SS after failure in air and in 
water is shown in Fig. 5. Although some evidence of intergranular fracture surface is seen in the air-tested 
specimen (Fig. 5a and b), it is much more pronounced in the specimen tested in water (Fig.-5c and d). 

CONCLUSIONS 

Susceptibility of Types 316NG, 316, and 304 SS to SCC was investigated at several temperatures between 50 
and 150°C in SSRTs in oxygenated water that simulates important parameters anticipated in first-walhlanket 
systems. The water chemistry was based on a computer code that yielded the nominal concentrations of molec- 
ular radiolytic species produced in an aqueous environment under ITER-type conditions. However, to be 
conservative, SSRTs were performed in a less benign, more oxidizing reference environment containing -7 ppm 
oxygen, 6 ppm hydrogen peroxide, and 0.1 ppm sulhric acid. 

Predominantly ductile fracture was observed in crevice specimens of Type 316 SS strained to failure in a 
reference ITER water chemistry. The failure behavior of Type 304 SS crevice specimens heat treated to yield 
sensitization values of 2,3, or 20 Clem2 by electrochemical ptentiokinetic readvation demonstrated that the 
degree of sensitization had a dramatic effect on IGSCC susceptibility. Type 304 SS specimens Sensitized to the 
higher value exhibited shorter failure times, lower maximum stresses, and lower reduction in area values than 
did less-sensitized Type 304 SS or Ty-pe 316NG SS specimens. 

Scanning electron microscopy showed minimal evidence of SCC in the Type 316NG and solution-annealed 
Type 316 SS, but clear evidence of IGSCC in moderately sensitized (EPR = 20 C/cmz) Type 304 SS specimens. 
Ranking for resistance to SCC in simulated ITER water, as determined by electron ~ ~ R O S C O P Y  and SSRT 
parameters (e.g., total elongation, ultimate strength and reduction in area), is: 304 SS (EPR = 20 <2 C/cmz) e 
316NG SS. 
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Fig. 2. Ultimate strength of (a) Types 316NG and 
(b) sensitized 304 SS in oxygenated water and reference 
air environments (DOS = degree of sensitization). 
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Fig. 3. Total elongation of (a) Types 316NG and 
(b) sensitized 304 SS in oxygenated water and reference 
air environments (DOS = degree of sensitization). 
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SEGREGATION I N  THERMALLY AGE0 TYPE 304L ALLOYS FOR THE I C G- I A S C C  ROUNO ROBIN  -- E. A .  Kenik (Oak Ridge 
Nat ional  Laboratory)  

OBJECTIVE 

Comparative s tud ies  of segregat ion produced both by thermal aging and by i r r a d i a t i o n  are under way 
u t i l i z i n g  a n a l y t i c a l  e l e c t r o n  microscopy f o r  comparison w i t h  the  p ropens i ty  toward 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  i n  a u s t e n i t i c  s t a i n l e s s  s tee l s .  

SUMMARY 

Grain boundary segregat ion i n  thermal ly  aged type  304 s ta i n l ess  s tee l s  has been i nves t i ga ted  by X-ray 
microanalys is .  I n  one commercial a l l o y  sens i t i zed  a t  low temperature, narrow ( < l o  nm) zones depleted of 
chromium, s i l i c o n ,  and molybdenum have been observed a long w i t h  enrichment of phosphorus and n i c k e l .  For 
h igh  p u r i t y  a l l o y s  doped w i t h  e i t h e r  s u l f u r  o r  phosphorus. no s i g n i f i c a n t  segregat ion of e i t h e r  impu r i t y  
was detected. I n  a second Commercial a l l o y  which exh ib i t ed  no g ra i n  boundary p r e c i p i t a t i o n ,  segregat ion 
of phosphorus, chromium, and molybdenum t o  boundaries was observed a long w i t h  a corresponding dep le t i on  of 
i r o n .  The occurrence of phosphorus segregat ion i n  t h e  two commercial a l l o y s  and absence i n  t he  h igh  
p u r i t y ,  phosphorus-doped a l l o y  seems t o  i n d i c a t e  some synergism o f  phosphorus segregat ion w i t h  e i t h e r  
chromium o r  carbon segregat ion o r  w i t h  t he  p r e c i p i t a t i o n  o f  MZ3C6 a t  t he  g ra i n  boundaries. 

PROGRESS AND STATUS 

In t r oduc t i on  

The I n t e r n a t i o n a l  Cooperative Group on I r r a d i a t i o n - A s s i s t e d  Stress Corrosion Cracking (ICG-IASCC) i s  
concerned w i t h  t he  p o s s i b i l i t y  of i r rad ia t ion- enhanced s e n s i t i z a t i o n  and s t r ess  cor ros ion  c rack ing  i n  com- 
merc ia l  nuc lear  power reactors.  While I A S C C  i s  a cur ren t  ma te r i a l s  problem f o r  f i s s i o n  reac to rs ,  i t  has 
ram i f i ca t i ons  f o r  proposed water-cooled fus ion inst ruments,  such as t he  I n t e r n a t i o n a l  Thermonuclear 
Experimental Reactor (ITER). One o f  t he  concerns i s  t h a t  rad ia t ion- induced segregat ion (RIS)  cou ld  r e s u l t  
i n  s e n s i t i z a t i o n  and s t r ess  cor ros ion  c rack ing  of a u s t e n i t i c  s t a i n l e s s  s tee l s .  The r e l a t i o n  o f  g ra i n  
boundary chemistry and t he  p ropens i ty  toward IASCC i s  being studied.  The a n a l y t i c a l  techniques being 
app l ied  t o  t he  measurement of near- gra in  boundary chemistry inc lude  a n a l y t i c a l  e l ec t ron  mlcroscopy, Auger 
e l ec t ron  spectroscopy (AES), and atom probe f i e l d  i o n  microscopy. Grain boundary chemistry  o f  both t h e r -  
ma l l y  aged and i r r a d i a t e d  ma te r i a l s  w i l l  be studied.  The cur ren t  r epo r t  i s  based on t he  p re l im ina ry  X-ray 
mic roana lys is  study of several of the  aged mater ia ls .  

Experimental Procedure 

cond i t i on  (650°C. 50 h) .  The AJ9139 t ype  304L ma te r i a l  received a complex heat t reatment  aimed a t  p ro-  
ducing narrow chromium-depleted zones a t  t he  g ra i n  boundaries (62loC, 24 h; 85OPC, 50 h; 400OC. 100 h) .  
Ana l y t i ca l  e l ec t ron  microscopy was performed on a P h i l i p s  EM4OOTlFEG i n  t he  scanning t ransmiss ion  e l ec t ron  
microscopy mode w i t h  a probe diameter o f  <2 nm ( r e f .  1). 
sured EOS spectra cor rec ted  f o r  l )  t h e  normal " in- ho le"  counts associated w i t h  unco l l imated  r a d i a t i o n  from 
the  microscope i l l u m i n a t i o n  system. 

Table 1 gives t he  composit ions of t he  a l l o y s  studied.  Most of t he  a l l o y s  were received i n  t h e  as-aged 

Subt rac t ion  of " in- ho le"  spectra from t h e  mea- 

A l i q u i d  n i t r ogen  cooled specimen ho lder  was employed f o r  X-ray 

Table 1. A l l o y  Composition (wt 9 )  

Heat C r  N i  S i  Mn Mo S P N C Comments 

AJ9139 18.37 8.13 0.47 0.93 0.25 0.028 0.026 0.048 0.066 Comnercial 

V946B 18.68 8.90 <0.01 1.06 <0.005 0.019 t0.005 0.0034 0.0015 UHP + S 

BPV603 19.06 9.02 0.02 1.15 <0.005 0.0055 0.05 0.0022 0.0015 UHP + P 

BPV604 19.14 9.02 0.46 1.16 <0.005 0.0043 ~0 .005 0.0022 0.0011 UHP + S i  

BPV606 18.25 8.61 <0.01 1.16 <0.005 0.0067 <0.005 0.110 0.0026 UHP + N 

K34043 17.23 10.7 0.40 1.61 2.06 0.015 0.022 0.072 0.016 Comnercial 
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mic roana lys is  i n  order  t o  min imize contamination under t he  focussed spot. However, many of t he  a l l o y s  had 
MS, mar tens i te  s t a r t ,  temperatures between 0 and -130°C and transformed dur ing  coo l ing .  
c i a l l y  t r u e  f o r  t he  h igh  p u r i t y  a l l o y s  w i t h  t h e i r  low carbon leve ls .  The presence of t he  magnetic marten- 
s i t e  made specimen t i l t i n g  and c o r r e c t i n g  t h e  ast igmat ism o f  t he  STEM probe d i f f i c u l t .  
s t resses generated by t he  t rans fo rmat ion  cracked t he  t h i n  area of t he  specimen and f rac tu red  some of the  
g ra i n  boundaries. The quoted composit ions are i n  weight percent  as measured, and no attempt has been made 
t o  deconvolute t he  e f f e c t  o f  exc i t ed  volume s i z e  on t he  ac tua l  composi t ion o r  p r o f i l e s .  

This was espe- 

I n  some cases t h e  

Resul ts  
~ 

The aged AJ9139 ma te r i a l  e x h i b i t e d  heavy g ra i n  boundary p r e c i p i t a t i o n  of M*&. Some boundaries con- 
ta i ned  a continuous or  nea r l y  continuous f i l m  of MZ3C6,  whereas o thers  conta ined d iscont inuous,  b locky 
MZ3C6.  Three boundary regions were analyzed w i t h  EDS and measurements i n  t h e  m a t r i x  and on t he  boundaries 
are summarized i n  Table 2. F igure  l (a,b)  shows composit ion p r o f i l e s  f o r  t he  major and minor a l l o y i n g  e l e -  
ments a t  a p o r t i o n  of boundary GB#l -40 nm from a l a r g e  M z 3 C 6  p r e c i p i t a t e .  
reg ion  -9 nm wide (FWHM) t o  a minimum value of -12 nt %. The second set  of values g iven fo r  GB#l i n  Table 
2 were masu red  -100 nm from t h e  same p r e c i p i t a t e .  N icke l  was s l i g h t l y  enr iched a t  t he  boundaries. Trace 
amounts (0.2 and 2.0 wt %) o f  molybdenum were detected i n  t h e  a l l o y  bulk and i n  t he  GB p r e c i p i t a t e s .  As 
f a r  as the  minor a l l o y i n g  elements are concerned, phosphorus was enr iched and s i l i c o n  was depleted a t  t h e  
boundaries w i t h  a FWHM of -9 nm. The phosphorus segregat ion t o  g ra i n  boundaries i n  o ther  aged t ype  304L 
s tee l s  has been repor ted  previously.2 
t he re  was a reg ion  3 t o  7 nm from the  boundary t h a t  appeared enr iched i n  molybdenum. 
s u l f u r  t o  boundaries was detected; however, t he  Mo L peak over laps t he  S K peak and cou ld  mask a small 
amount of s u l f u r .  The in f luence o f  t h i s  over lap could be reduced by c a l c u l a t i n g  t he  i n t e n s i t y  of Mo L X 
rays based on t he  observed Mo Ka X ray i n t e n s i t y  and t he  Mo LIMO Ka r a t i o  observed f o r  t ype  316 s tee l .  
A f te r  t h i s  cor rec t ion ,  no s t a t i s t i c a l l y  v a l i d  s u l f u r  enrichment was detected a t  t he  boundaries. 

Chromium was depleted over a 

Though t he re  was a l o c a l  minimum fo r  molybdenum a t  t h e  boundary, 
No segregat ion of 

Table 2. Composition (wt %) 
For t he  h igh  p u r i t y  a l l oys ,  on ly  

l i m i t e d  r e s u l t s  on g ra i n  boundary composi- 
t i o n s  are ava i l ab le -as  a r e s u l t  of t he  

and phosphorus doped a l l o y s  (V946B and 

s i g n i f i c a n t  segregat ion o f  e i t h e r  element 

Locat ion S i  P C r  Fe N i  Mo m a r t e n s i t i c  t rans fo rmat ion .  I n  t h e  s u l f u r  

Ma t r i x  0.51 0.006 17.84 72.62 8.73 0.24 BPV603, r espec t i ve l y ) ,  no s t a t i s t i c a l l y  
GB #1 

40 nm from M23C6 0.46 0.44 11.83 77.57 9.53 0.17 was detected. While a s l i g h t  s i l i c o n  
100 nm from M23Cb 0.57 0.35 12.35 76.81 9.61 0.31 enrichment (0.17 w t  %) and a corresponding 

GB #2 0.50 0.30 12.19 77.26 9.74 0.00 decrease i n  chromium l e v e l  a t  t h e  boundary 
were i nd i ca ted ,  these d i f f e rences  are near 
t h e  standard dev ia t i on  f o r  repeated analy-  
ses. No useable g ra i n  boundaries have 

been observed i n  t h e  s i l i con- doped a l l o y  (BPV604); t h e  nitrogen-doped a l l o y  (BPV606) was not  examined, as 
only X-ray mic roana lys is  was ava i l ab le .  

wt %, of chromium t o  -22 w t  %, and o f  mlybdenum t o  -9 wt % were observed a long w i t h  a corresponding 
decrease i n  i r o n  t o  -59 wt %. S i m i l a r  r e s u l t s  i n d i c a t i n g  cosegregation of phosphorus and chromium have 
been observed i n  o the r  type  304 a l loys .2  No s u l f u r  segregat ion was detected, even a f t e r  co r rec t i on  fo r  
t h e  S Ka/Mo L overlap. 
t h e  h igh  molybdenum content  ( 2  w t  %). 

I n  t he  second commercial a l l o y  (K3403). s i g n i f i c a n t  g ra i n  boundary enrichment of phosphorus t o  -1.0 

Detec t ion  of s u l f u r  by X-ray mic roana lys is  was harder  i n  t h i s  a l l o y  as a r e s u l t  of 
No g ra i n  boundary p r e c i p i t a t i o n  was observed i n  K3403. 

Discussion and Conclusions 

appropr ia te  thermal t reatment .  However, t he  s i l i c o n  and n i c k e l  enrichments t y p i c a l  of RIS are  no t  d u p l i -  
cated. I n  add i t ion ,  t he  aging t reatment  used f o r  AJ9139 r e s u l t s  i n  copious and nea r l y  continuous p r e c i p i -  
t a t i o n  of M23C6 on g ra i n  boundaries. 
microscopy would s t i l l  be ab le  t o  measure t he  depleted zone. AES ana lys is  would have d i f f i c u l t y  separa t ing  
t he  e f f e c t s  o f  t he  p r e c i p i t a t e s  and t he  depleted zones, unless t h e  spacing o f  t he  MZ3C6 was s i g n i f i c a n t l y  
coarser. 

no s i g n i f i c a n t  phosphorus segregat ion was observed i n  t he  h igh  p u r i t y  a l l oys .  One poss ib l e  exp lanat ion  i s  
a synergism between segregat ion o f  phosphorus and t h a t  of e i t h e r  chromium o r  carbon a t  t he  g ra i n  boundaries. 
A second poss ib l e  o r i g i n  i s  an i n t e r a c t i o n  between t h e  format ion and growth of MZ3Ch and phosphorus segre- 
gat ion.  While t he  K3403 a l l o y  annealed a t  650°C exh ib i t ed  no p r e c i p i t a t e s  a t  t he  g ra i n  boundaries, 
enrichment of chromium and molybdenum was observed which would be a requ i red  precursor  t o  t he  format ion of 

It i s  poss ib l e  t o  produce narrow chromium-depleted zones s i m i l a r  t o  those produced by R I S  by 

While a n a l y t i c a l  e l ec t ron  microscopy and atom probe f i e l d  i o n  

I n  both conmercial a l l oys ,  segregat ion of phosphorus t o  g ra i n  boundaries was observed. I n  con t ras t ,  

M>$f i .  
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another commercial t ype  304 a l l o y  annealed a t  
60OOC fo r  15 h. 

While t he  
g ra i n  boundary regions and t he  M L 3 C 6  p rec ip -  

enrichment, t he  m a t r i x - p r e c i p i t a t e  i n t e r f ace  
exh ib i t ed  -0.3 w t  % P, m r e  than a f ou r f o l d  
increase over t he  matr ix ,  g ra i n  boundary, and 
p r e c i p i t a t e  l eve l s .  It i s  no t  c l e a r  if the  
phosphorus segregates t o  t he  ma t r i x -  

S i g n i f i c a n t  format ion of 
g ra i n  boundary M13C, was observed. 

- i t a t e s  exh ib i t ed  no s i g n i f i c a n t  phosphorus 

The absence o f  de tec tab le  su l f u r  segre- 
ga t ion  t o  boundaries as measured by X-ray 
mic roana lys is  i s  somewhat su rp r i s i ng ,  espe- 
c i a l l y  i n  t he  l i g h t  of i n d i c a t i o n s  of su l f u r  
segregat ion by AES a n a l y ~ i s . ~  
S Ku and MO L X rays complicates t he  detec-  

0 18 

The over lap of 
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0 

DISTANCE (nrn) 

ORNLDWG %I6473 

1.5 3 
b 

t 

0.0 -I I 
I 

-20 -12 -4 4 12 20 

DISTANCE (nm) 

Fig. 1. Composition p r o f i l e s  a t  a g ra i n  boundary 
f o r  ( a )  major and (b )  minor a l l o y i n g  elements i n  type  
304L a l l o y  AJ9139 which was aged a t  62I0C, 24 h; 850"C, 
50 h; 4OO0C, 100 h t o  produce narrow zones depleted of 
chromium. 
g ra i n  boundary MZ3C6  p r e c i p i t a t e s .  

X-ray mic roana lys is  was performed between 

con ta i n  molybdenum. However, t h i s  problem 
has been p a r t i a l l y  remedied by us ing  known Mo 
LIMO Ka r a t i o s  t o  co r rec t  t he  apparent su l f u r  
i n t e n s i t y .  I n  add i t i on ,  t he  h i gh- pu r i t y  
a l l o y  doped w i t h  su l f u r  d i d  not  e x h i b i t  any 
s u l f u r  segregation. There are two poss ib le  
reasons f o r  t he  d i f f e r i n g  r e s u l t s  between X-  
ray and AES microanalys is .  I f  t he  s u l f u r  i s  
i n  t he  form o f  s u l f i d e s  o r  su l f u r- en r i ched  
p r e c i p i t a t e s  a t  t he  g ra i n  boundaries, AES 
ana lys is  would i n d i c a t e  s u l f u r  segregation, 
whereas X-ray mic roana lys is  which avoids p re-  
c i p i t a t e s  when ana lyz ing  boundaries would no t  
i n d i c a t e  any segregation. Secondly, i t  i s  
not  unusual f o r  s u l f u r  t o  d i f f u s e  t o  f ree  
sur faces du r i ng  AES ana lys is  and f o r  repeated 
analyses of t he  same reg ion  t o  i n d i c a t e  an 
i nc reas ing  s u l f u r  content  w i t h  ana lys is  t ime.  

FUTURE WORK 

Some a d d i t i o n a l  X-ray mic roana lys is  w i l l  
be performed on t h e  t he rma l l y  aged mater ia ls ,  
espec ia l l y  t he  h i gh- pu r i t y  a l l o y s  doped w i t h  
e i t h e r  s i l i c o n  o r  n i t rogen.  Rad ia t ion-  
induced segregat ion (RIS) w i l l  be s tud ied  i n  
two neutron- i  r r a d i a t e d  type  304 s t a i n l e s s  
s tee l s  f o r  comparison w i t h  segregat ion 
observed i n  t h e  thermal ly  aged mater ia ls .  
These r e s u l t s  w i l l  be combined w i t h  atom 
probe f i e l d  i o n  microscopy and AES ana l ys i s  
f o r  s t r uc tu re- p rope r t y  c o r r e l a t i o n s  on t h e  
i r r a d i a t i o n- a s s i s t e d  s t r ess  cor ros ion  
c rack ing  (IASCC) o f  t he  i r r a d i a t e d  mater ia ls .  
From t h i s  c o r r e l a t i o n ,  t he  ma te r i a l s  parame- 
t e r s  c r i t i c a l  i n  I A S C C  a re  t o  be i d e n t i f i e d .  
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MEASUREMENT OF RADIATION-INDUCED SEGREGATION I N  NEUTRON-IRRADIATED AUSTENITIC STAINLESS STEELS -- 
E. A. Kenik (Oak Ridge National Laboratory), K. Hojou (Japan Atomic Energy Research I n s t i t u t e ,  assigned t o  
ORNL), and J. Bentley (Oak Ridge National Laboratory) 

OBJECTIVE 

Radiation-induced segregation ( R I S )  t o  various po in t  defect s inks has been measured i n  i r r a d i a t e d  
USPCA and EP838 s ta in less s tee ls  by X-ray microanalysis. The app l ica t ion o f  p a r a l l e l  e lec t ron energy loss 
spectroscopy (PEELS) t o  such measurements i s  demonstrated and compared t o  tha t  of X-ray microanalysis. 

SUMMARY 

X-ray microanalysis of R I S  t o  grain boundaries and large d i s loca t ion  loops i n  neutron- irradiated 
USPCA has indicated enrichment of s i l i c o n  and n icke l  and deplet ion of chromium and i ron.  However, there 
are numerous a r t i f a c t s  which can lead t o  erroneous resu l t s  and must be recognized and avoided. Some o f  
these e f fec ts  include surface films, pre ferent ia l  etching, overlapping R I S  p r o f i l e s  from d i f fe rent  
defects, as wel l  as the more obvious hole count and induced r a d i o a c t i v i t y  of neutron- irradiated mater ia l .  
For i r r a d i a t e d  EP838, s i l i c o n ,  n icke l ,  and i r o n  are enriched a t  boundaries, whereas manganese replaces 
chromium as the s t rong ly  depleted element. Prel iminary measurements of R I S  p r o f i l e s  a t  g ra in  boundaries 
by p a r a l l e l  e lec t ron energy loss spectroscopy (PEELS) are discussed. The r e l a t i v e  advantages and d i s-  
advantages of EDS and PEELS f o r  such measurements are considered. 

PROGRESS AND STATUS 

In t roduct ion 

The e f f e c t s  o f  radiation- induced segregation (RIS) are manifold and include phase i n s t a b i l i t y  i n  the 
matr ix  o r  a t  grain boundaries, the inf luence o f  phase i n s t a b i l i t y  on subsequent swell ing, and i r r a d i a t i o n-  
assisted stress corrosion cracking. Energy dispersive X-ray microanalysis i n  an ana ly t i ca l  e lec t ron 
microscope has been one o f  the primary techniques applied t o  such measurements. 
studies on i r r a d i a t e d  aus ten i t i c  s ta in less steels, enrichment of s i l i c o n  and n icke l  and deplet ion of chro- 
mium and i r o n  has been reported a t  grain boundaries, d i s loca t ion  loops, and ~ o i d s . l - ~  
some reports of enrichment o f  chromium and t i t an ium w i th  n icke l  deplet ion a t  s m a l l  d i s loca t ion  1 0 0 ~ s . ~  
The current study i s  d i rec ted a t  measurements o f  R I S  p r o f i l e s  a t  both grain boundaries and d i s loca t ion  
loops i n  two neutron- irradiated aus ten i t i c  s ta in less steels, USPCA and EP838. 

Electron energy loss  spectroscopy (EELS) can also provide elemental microanalysis s i m i l a r  t o  tha t  
provided by energy dispersive X-ray spectroscopy (generally referred t o  as EDS). 
p a r a l l e l  detect ion systems f o r  EELS (PEELS), the acqu is i t i on  times f o r  useable PEELS spectra can be s i g n i f -  
i c a n t l y  less than those for  X-ray microanalysis. 
does not i n t e r f e r e  w i th  PEELS analysis as i t  does w i th  X-ray microanalysis. A d i r e c t  comparison of R I S  
p r o f f l e s  masured w i t h  bath PEELS and EDS a t  a gra in  boundary i n  a non-radioactive, i on- i r rad ia ted  
s ta in less steel  w i l l  be discussed. 

I n  a major i ty  o f  the 

However, there are 

With the advent of 

I n  add i t ion the induced r a d i o a c t i v i t y  of the specimens 

Experimental Procedure 

Standard 3-mn-diam TEM disks o f  solution-annealed USPCA and 25% cold-worked EP838 were used. 
Specimens had been i r r a d i a t e d  i n  MOTAIFFTF t o  a nominal dose of 15 dpa a t  520'C. Analy t ica l  e lec t ron 
microscopy was performed on a P h i l i p s  EM400TlFEG i n  the scanning transmission e lec t ron microscopy mode 
w i th  a probe diameter o f  <2 n ~ n . ~  Subtraction o f  " in-hole" spectra from the measured EDS spectra corrected 
f o r  1) the normal " in-hole" counts associated w i th  uncoll imated rad ia t i on  from the microscope i l l u m i n a t i o n  
system and 2) rad ia t ion associated w i th  the induced r a d i o a c t i v i t y  o f  the specimen by neutron i r r a d i a t i o n  
(predominantly Mn K X rays). The quoted compositions are i n  atomic percent as measured, and no attempt 
has been made t o  deconvolute the e f f e c t  of exci ted volume s ize on the actual  composition or  p ro f i l es .  The 
PEELS data was quan t i f i ed  by a r a t i o  technique i n  which e f f e c t i v e  cross sections were chosen t o  set the 
measured compositions away from the gra in  boundary t o  tha t  measured by EDS. 

Results 

A curved grain boundary i n  the i r rad ia ted  USPCA steel  i s  shown i n  Fig. l ( a ) .  From the high loca l  
curvature o f  the boundary and the lower d i s loca t ion  densi ty t o  the r i g h t  o f  the boundary, i t  i s  concluded 
t h a t  t h i s  grain boundary had migrated dur ing the i r rad ia t i on .  Figure l ( b )  shows the R I S  p r o f i l e s  measured 
a t  t h i s  boundary. I n  the region swept r e l a t i v e l y  c lear  o f  d is locat ions,  n ickel  i s  enriched and chromium 
i s  depleted as a r e s u l t  o f  RIS t o  the migrat ing boundary. There i s  a narrow region -70 nm wide t o  the 
l e f t  o f  the boundary which i s  both s l i g h t l y  depleted of n ickel  and enriched i n  chromium. The observed 
deplet ion o f  n ickel  i n  t h i s  zone ar ises from RIS of nickel  t o  the boundary from the l e f t ,  whereas chromium 
rejected from the boundary region diffuses ahead of the migrat ing boundary. 



Fig. 1. (a )  Curved, m ig ra t i ng  g r a i n  boundar, 
nominal dose of 15 dpa a t  520°C. ( b )  R I S  p r o f i l e  

F igure  2 (a)  shows f o u r  nea r l y  edge-on d i s l o c  
fe ren t  sizes, approximately 100, 50, 25, and 25 n 
it i s  assumed t h a t  loop  A nucleated f i r s t ,  f o l l ow  
loop B grew i n  t h e  three-dimensional R I S  p r o f i l e  
nined by t h e  f l ow  o f  p o i n t  de fec ts  t o  s i nks  over 
d i c u l a r  t o  loops A and B a t  t h e i r  cen ter  [Fig. 2( 
enriched a t  t he  loop, whereas chromium and i r o n  a 
the  f a u l t  p lane induced by R I S  i s  noteworthy - n i  
the  d is tance  from t h e  loop  increases, t he  magnitu 
and 50 nm a c t u a l l y  changes s i gn  r e l a t i v e  t o  t h e  u 
e f f ec t  i s  e s p e c i a l l y  obvious t o  t h e  r i g h t  of loop  
other  defects. The o r i g i n  o f  t h i s  reversa l  i n  se 
l i m i t e d  d i f f u s i o n  distances. So lu te  which segreg 
n a t r i x  producing a depleted zone j u s t  beyond t h e  
removed from t h e  v i c i n i t y  of t h e  boundary. Th i s  
s i n k ~ . ’ . 2 * ~  

The asymnetry o f  t he  R I S  p r o f i l e  a t  loop A s 
p o i n t  de fec t  f l uxes  by t he  presence of loops 6-D 
grows i n  t h e  p r e - e x i s t i n g  R I S  p r o f i l e  of loop A. 
Though t he  composi t ion a t  loop  B i s  depleted of s 
unperturbed m a t r i x  composit ion, s i  1 i con  e x h i b i t s  
general t r e n d  i n  F ig.  2(c) i s  f o r  s i l i c o n  and n i c  
one naves t o  t he  r i g h t  and approaches loop  A. As 
composit ion change associated w i t h  loop  A. S i m i l  
measured near loop  B are  i n  p a r t  determined by t h  
t u rbs  t he  ma t r i x  composit ion ou t  a t  l e a s t  100 nm 
the  s p a t i a l  ex ten t  of t he  R I S  modi f ied volume, es 
volume preserved i n  t h e  cu r ren t  TEN specimen may 
i n t e r e s t .  

F igure  3(a,b) i n d i c a t e s  t he  R I S  p r o f i l e s  mea 
EP838 s tee l .  The asymnetry o f  t h e  p r o f i l e s  i s  t h  
l e f t .  A t  t he  boundary, manganese i s  s t r o n g l y  dep 
molybdenum, whereas n i c k e l  , s i  1 i con ,  and i r o n  are 
(FWHM) i n  width. In t he  reg ion  swept by t he  migr 
those a t  t h e  boundary a re  observed, though a t  red 
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Fig. 2. (a)  Four nearlyaedge-on d i s l o c a t i o n  loops (A-D) i n  USPCA 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  
MOTA/FFTF t o  a nominal dose o f  15 dpa a t  52OoC. Loops are  of d i f f e r e n t  s izes,  approximately  100, 50, 25, 
and 25 nm I n  diameter, respec t ive ly .  
analys is .  

(b) R I S  p r o f i l e s  measured perpend icu la r  t o  loop  A by X-ray micro-  
( c )  R I S  p r o f i l e s  measured perpendicular  t o  loop  B by X-ray microanalys is .  

For h i g h l y  i r r a d i a t e d  mater ia ls ,  t he  induced r a d i o a c t i v i t y  may be t oo  h igh  f o r  X-ray mic roana lys is  t o  
be a v i a b l e  technique t o  measure RIS.  The induced r a d i o a c t i v i t y  can r e s u l t  i n  h igh  background o r  i n  ho le  
spectra, h igh  deadtime, increased peak width, and u l t i m a t e l y  de tec to r  sa tu ra t ion .  Reducing t h e  amount of 
a c t i v a t e d  m a t e r i a l  o r  Increased s h i e l d i n g  o f  t h e  X-ray de tec to r  can extend t he  usefu l  range of t h i s  tech-  
nique. I n  con t ras t ,  PEELS i s  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  induced r a d i o a c t i v i t y  of t h e  specimen as a 
r e s u l t  o f  t he  l o c a t i o n  o f  t he  de tec to r  (t1000 mn from t h e  specimen as opposed t o  -20 mn f o r  t y p i c a l  EDS 
de tec to rs ) .  P re l im ina ry  measurements o f  R I S  p r o f i l e s  a t  a g ra i n  boundary have been made with bo th  EOS and 
PEELS fo r  a non- radioact ive,  i o n - i r r a d i a t e d  specimen. F igure  4 shows t h e  chromium R I S  p r o f i l e s  masured  
by these two techniques. The agreement i s  good as both techniques g i ve  s i m i l a r  p r o f i l e s  and t h e  w id th  of 
t h e  depleted zone i s  comparable (-20 nm FWHM). The PEELS measurements i n d i c a t e  a s l i g h t l y  lower chromium 
l e v e l  a t  t he  boundary (-10.7 a t .  % C r )  than  t h a t  i nd i ca ted  by EDS (-11.6 at .  % C r ) .  Th i s  i s  cons is ten t  
w i t h  PEELS being l ess  in f luenced by beam broadening e f f ec t s  than i s  X-ray microanalys is .  Beam broadening 
r e s u l t s  i n  averaging composi t ion over a l a r g e r  volume and r e s u l t s  i n  t he  h igher  chromium l e v e l  observed by 
EDS . 
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a ORNLDWG 9Cbl6199 There are several d i f f i c u l t i e s  i n  applying 
PEELS t o  R I S  measurements i n  aus ten i t i c  s ta in less  
steels.  The major problem i s  reproducibly 
def in ing the  form of the r a p i d l y  decreasing 
background a t  each elemental edge. This i s  
complicated by the  presence of a t h i n  oxide l aye r  
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i ron .  There are several e f f e c t s  which can i n t e r -  
fere w i t h  the  accurate assessment of R I S  p r o f i l e s  
associated w i t h  smal ler  d i s loca t i on  loops. These 
include 1) reduced segregation a t  small loops 
(which w i l l  be discussed l a t e r ) ,  2) reduced spa- 
t i a l  extent  o f  loop and associated R I S  zone re la -  9. . .  . .  . .  t i v e  t o  the  f o i l  thickness and exc i ted volume, 

4 c-/ 1 

on the  surface of t he  specinen. t he  prox imi ty  of 
the Cr,  Mn, Fe', and N i  L edges, and the  extended 
s t ruc tu re  of these edges. I n  addi t ion,  the 
prox imi ty  of t he  C r  and Mn L edges makes quan- 
t i f i c a t i o n  o f  the manganese content r e l a t i v e l y  
imprecise. However, X-ray microanalysis of 
manganese i n  an i r r a d i a t e d  s ta in less  s tee l  i s  
a lso impaired by the  emission of a Mn K x ray by 
the  i r radiat ion-produced 55Fe. Surface f i l m s  of 
d i f f e r i n g  composition from the mat r ix  can af fect  
measurements i n  t h i n  f i l m s  f o r  both EOS and PEELS 
analysis a l i ke .  The l a s t  problem for  PEELS i s  
t h a t  t he  cross sections for  t he  C r ,  Fe, and N i  L 
edges decrease as a funct ion  of atomic number 
w i t h  the cross sect ion for  chromium being one- 
t h i r d  t o  one-quarter of t h a t  fo r  chromium, 
reducing the  accuracy of n icke l  analysis. 
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For gra in  boundaries and r e l a t i v e l y  l a rge  
d i s loca t i on  loops (>!iO-nm-diam) i n  i r r a d i a t e d  
USPCA aus ten i t i c  s ta in less  s tee l ,  i t  has been 
shown t h a t  R I S  resu l t s  i n  t he  enrichment of s i l i -  
con and n icke l  and deolet ion of chromium and 

-75 -45 -15 15 45 75 enriched i n  a p a r t i c u l a r  solute, another kegion 
If must e x i s t  t h a t  i s  depleted i n  t h a t  solute. 

t he  distance seoaratina these two reaions i s  DISTANCE Inm) 
smaller than the  volum; analyzed, l i t t l e  o r  no 

Fig. 3. (a,b) R I S  p r o f i l e s  measured by x-ray segregation w i l l  be detected. 
microanalysis a t  a migra t ing  boundary i n  EP838 s ta in-  
less  s tee l  i r r a d i a t e d  i n  MOTAIFFTF t o  a nominal dose 
of 15 dpa a t  52OOC. 

The degree of RIS t o  a d i s loca t i on  loop i s  determined by i t s  s t ress  f i e l d .  The s t ress  f i e l d  fo r  
small loops decreases as l /d istance3, whereas a l l d i s t a n c e  dependence appl ies t o  an i n f i n i t e  s t r a i g h t  
d is locat ion .  
in f luenced by the loop increases dramat ical ly .  
i n t e r a c t i o n  w i t h  po in t  defects and the  small i n t e r a c t i o n  volume reduces the amount o f  RIS.  As long as a 
loop continues t o  a t t r a c t  po in t  defects, R I S  w i l l  continue and w i l l  tend t o  increase the  degree o f  com- 
p o s i t i o n  change. From these ef fects i t  can be seen t h a t  R I S  a t  small loops should be s i g n i f i c a n t l y  less 
than t h a t  a t  l a rge r  loops. Though the d i s loca t i on  cl imbs away from the  segregated region. t he  c l imb r a t e  
i s  p ropor t iona l  t o  the di f ference i n  the  s e l f - i n t e r s t i t i a l  and vacancy f luxes,  whereas R I S  i s  p ropor t iona l  
t o  the  i nd i v idua l  fluxes. I n  addi t ion,  back-di f fusion o f  t he  segregated solutes occurs a t  slower ra tes  
m r e  t y p i c a l  o f  thermal d i f f us ion .  These two e f fec ts  i n  pa r t  exp la in  why s ign i f i can t  compositional 
changes are detected a t  both the d i s loca t i on  and across the e n t i r e  f a u l t  plane o f  the loop,2 though R I S  
takes place t o  the d is locat ion .  

As a d i s loca t i on  loop grows, i t  passes from one regime t o  the other and the  volume 
For a small d i s loca t i on  loop, both the  strength of t he  
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Fig. 4. Chromium R I S  p ro f i l es  i n  a m d i f i e d  

type 316 s ta in less s tee l  i on- i r rad ia ted  a t  675OC t o  
1 dpa as measured by X-ray microanalysis (EDS) and 
by p a r a l l e l  e lec t ron energy loss spectroscopy 
(PEELS). 

I n  the high manganese aus ten i t i c  s ta in less 
steel ,  EP838, manganese i s  the primary so lu te  
depleted a t  boundaries by RIS. 
i n te res t ing  r e s u l t  i n  tha t  chromium i s  not s t rong ly  
depleted and as such the a l l o y  may be m r e  res i s-  
tan t  t o  i r rad ia t ion- ass is ted stress corrosion 
cracking. I n  addit ion, the s t a b i l i t y  of the 
austeni te may not be ser iously compromised by the 
manganese deplet ion as a resu l t  of the n icke l  
enrichment a t  the boundary. 

The prel iminary resu l t s  comparing EDS and 
PEELS measurements of R I S  i nd i ca te  tha t  PEELS i s  a 
v iab le  a l te rna t i ve  t o  X-ray microanalysis. PEELS 
offers s i m i l a r  s e n s i t i v i t y  for major constituents, 
shorter acqu is i t ion  times, possibly be t te r  spa t ia l  
resolut ion,  and the a b i l i t y  t o  analyze h igh ly  
rad ioact ive  specimens. Data analysis i s  more 
labor- intensive than X-ray microanalysis and 
re l i ab le ,  reproducible background f i t t i n g  rout ines 
are c r i t i c a l .  

This i s  an 

FUTURE WORK 

Microanalysis of R I S  t o  d is locat ion loops i n  i r r a d i a t e d  EP838 w i l l  be performed for  comparison w i t h  
tha t  observed a t  grain boundaries. The app l ica t ion o f  PEELS t o  moderately ac t iva ted USPCA, where EDS 
analysis i s  s t i l l  possible, w i l l  be performed t o  fur ther  va l idate  the technique. A t  t ha t  po in t  PEELS w i l l  
be applied t o  detect R I S  a t  grain boundaries and other defects i n  h igh ly  rad ioact ive  mater ia l ,  where X-ray 
microanalysis i s  not possible. 
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4TION-INDUCED GRAIN BOUNDARY SEGREGATION AN0 SENSITIZATION OF A NEUTRON-IRRADIATED AUSTENITIC 
NLESS STEEL -- E. A. Kenik (Oak Ridge Nat ional  Laboratory) ,  T. Inazumi (Japan Atomic Energy Research 
i t u t e ) ,  and G.E.C. B e l l  (Oak Ridge Nat ional  Laboratory)  

CTIVE 

Comparison o f  X-ray mic roana lys is  o f  rad ia t ion- induced segregat ion (RIS) t o  p o i n t  defect s i nks  i n  
d ia ted  USPCA s t a i n l e s s  s tee l  w i th  r e s u l t s  o f  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) 
i n g  has been made t o  a i d  i n  t h e  understanding of i r r a d i a t i o n- a s s i s t e d  s t r ess  cor ros ion  c rack ing  
CC). 

4RY 

A n a l y t i c a l  e l e c t r o n  microscopy and 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 i n g  were 
i e d  t o  t h e  rad ia t ion- induced segregat ion (RIS) and s e n s i t i z a t i o n  o f  a t i tan ium- modi f ied  a u s t e n i t i c  
n less  s t e e l  i r r a d i a t e d  t o  9 dpa a t  420'C i n  t h e  Ma te r i a l s  Open Test Assembly (MOTA) o f  t he  Fast  F lux  

F a c i l i t y  (FFTF). The EPR t e s t i n g  o f  both s o l u t i o n  annealed (SA) and 25% cold-worked (CW) ma te r i a l s  
cated a s i g n i f i c a n t  increase i n  t h e  r e a c t i v a t i o n  charge (Pa). 
oscopy of t he  specimen sur face  a f t e r  EPR t e s t i n g  i nd i ca ted  p r e f e r e n t i a l  a t tack  a t  g ra i n  boundaries, 
c a t i v e  of sens i t i za t i on .  I n  add i t ion ,  l o c a l i z e d  a t t ack  o f  t he  ma t r i x  was observed. Though p r e c i p i -  
s were occas iona l l y  present  on g ra i n  boundaries, they  were not  chromium-rich M23C6, b u t  n i c k e l -  and 
con-enriched G phase. Fau l t ed  loops, f i ne  y o  p r e c i p i t a t e s ,  and i s o l a t e d  c a v i t i e s  were observed i n  t h e  
i x .  X-ray mic roana lys is  i nd i ca ted  s i g n i f i c a n t  R I S  a t  h igh- angle boundaries i n  both mater ia ls .  Deple- 

s were enr iched i n  n i cke l ,  s i l i c o n ,  and t i t a n i u m  (up t o  28. 6, and 1 at .  %, r espec t i ve l y )  and depleted 
ron and mlybdenum (as low as 54 and 0.7 at .  %, r espec t i ve l y ) .  

There was a l so  
ence f o r  boundary m ig ra t i on  i n  t h e  cold-worked ma te r i a l  (boundary f a c e t t i n g  and asymnetr ic CompoSitiOn 
i l e s ) .  Voids and f a u l t e d  d i s l o c a t i o n  loops i n  t he  SA ma te r i a l  a l so  e x h i b i t e d  s i m i l a r  R IS .  

Both o p t i c a l  and scanning e l e c t r o n  

o f  chromium t o  apparent l e v e l s  o f  10 at .  % was observed i n  t h e  i r r a d i a t e d  SA ma te r i a l .  The bound- 

The w id th  of t he  segregat ion zone was 
narrow (<6 nm). S i m i l a r  g ra i n  boundary R I S  was observed i n  t he  cold-worked mater ia l .  

RESS AND STATUS 

oduc t ion  

I r r a d i a t i o n- a s s i s t e d  s t r ess  co r ros i on  c rack ing  ( IASCC) of a u s t e n i t i c  s t a i n l e s s  s t e e l s  neutron-  
d i a t e d  a t  low temperatures (-300°C) has become a major concern f o r  water-cooled nuc lear  power 

r t e d  i n  t ype  304 s t a i n l e s s  s t e e l  a t  fas t  neutron f luences (E > 1 MeV) above -5 x lozo neutrons/cm2. 
e t h e r e  a re  p a r a l l e l s  w i t h  i n t e r g r a n u l a r  s t r ess  co r ros i on  c rack ing  (IGSCC) of t he rma l l y  sens i t i zed  
r i a l s ,  t he re  a re  s t i l l  quest ions about t h e  exact o r i g i n  of IASCC. 
ation-enhanced p r e c i p i t a t i o n  versus radiat ion- induced- segregat ion ( R E )  i s  of concern, as i s  t h e  
i t u d e  and s p a t i a l  ex ten t  o f  segregat ion and i d e n t i t y  of t h e  segregat ing species. I n  some s tud ies  R I S  
i l i c o n  and/or phosphorus t o  g r a i n  boundaries has been i n d i c a t e d  as t he  dominant o r i g i n  of IASCC,5*6 
eas o the r  s tud ies  ques t ion  t h e  r o l e  o f  phosphorus and i n d i c a t e  t h a t  RIS-induced chromium dep le t i on  i s  
~ n s i b l e . ' , ~  The cu r ren t  work combines 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 i n g  f o r  
i t i z a t i o n  w i t h  subsequent a n a l y t i c a l  e l e c t r o n  microscopy o f  R I S  i n  a neu t ron- i r r ad ia ted  a u s t e n i t i c  
n less  s tee l ,  t h e  prime candidate a l l o y  (PCA) developed f o r  fus ion reactors.  The one-to-one COrrela- 

It i s  a l so  o f  concern i n  t h e  design o f  proposed magnetic f us i on  devices. IASCC has been 

The r e l a t i v e  importance of 

of s e n s i t i z a t i o n  and segregat ion i s  aimed a t  f u r t h e r  understanding of t he  IASCC problem. 

r i m n t a l  Procedures 

The a l l o y  s tud ied  was a t i tan ium- modi f ied ,  a u s t e n i t i c  s t a i n l e s s  s tee l ,  PCA, developed by t h e  U.S. 
r tment  of Energy Fusion Ma te r i a l s  program. 
nce between PCA and a commercial Type 316 s t a i n l e s s  s t e e l  i s  t h e  lower chromium l e v e l  (15 at .  %) and 
a d d i t i o n  o f  0.28 at .  % T i  i n  PCA. 
"C f o r  0.5 h (SA) and as-25%-cold-worked (CW) cond i t ions .  
s) were i r r a d i a t e d  i n  t h e  Ma te r i a l s  Open Test Assembly (MOTA) of t he  Fast  F lux  Test F a c i l i t y  (FFTF) a t  
C t o  9 dpa. Cont ro l  specimens were aged a t  420'C f o r  5000 h t o  s imu la te  t h e  thermal h i s t o r y  of t h e  
d i a t e d  specimens. 

designed f o r  r a d i o a c t i v e  mater ia ls ,  which has been descr ibed p r e v i o ~ s l y . ~  
t h e  use o f  t he  normalized r e a c t i v a t i o n  charge (Pa) t o  i n d i c a t e  t he  degree of s e n s i t i z a t i o n  fo l lowed 

The composit ion of PCA i s  g iven i n  Table 1. 

The ma te r i a l  was prepared i n  t h e  as-solut ion-annealed (SA) a t  

The main d i f -  

The specimens (3-mm-diam, 0.25-nm-thick 

Electrochemical  c h a r a c t e r i z a t i o n  was performed on TEM d i sks  by s i n g l e  loop  EPR t e s t i n g  i n  an appara- 
Condi t ions f o r  EPR t e s t i n g  
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Table 1. PCA A l l oy  Composition 

Element Weight X Atomic X 

Fe 
N i  
C r  
Mo 
Mn 
s i  
T i  
C 
P 
S 

65.00 65.03 
16.20 15.42 
14.00 15.05 
2.30 1.34 
1.80 1.83 
0.40 0.80 
0.24 0.28 
0.05 0.23 
0.01 0.02 
0.003 0.005 

suggestions by Clarke e t  al.1° The specimen surface a f t e r  EPR t e s t i n g  
was observed w i th  both op t i ca l  and scanning e lec t ron microscopy 
Subsequently each specimen was prepared f o r  ana ly t i ca l  e lec t ron 
microscopy (AEM) by e lec t ropo l ish ing a t  - 1 O O C  i n  10:6:1 methanol :butyl 
celluso1ve:perchloric acid. 
Ph i l i ps  EM400TlFEG i n  the scanning transmission e lec t ron microscopy mode 
w i th  a probe diameter o f  t2 nm.“ Subtraction o f  “ in-hole“ spectra from 
the measured spectra corrected f o r  1) the normal “ in-hole“ counts asso- 
c ia ted w i th  uncoll imated rad ia t i on  from the microscope i l l u m i n a t i o n  
system12 and 2) rad ia t i on  associated w i th  the induced r a d i o a c t i v i t y  o f  
the specimen from neutron i r r a d i a t i o n  (predominantly Mn K X rays). The 
quoted compositions are i n  atomic percent and are as measured, and no 
attempt has been made t o  deconvolute the e f fec t  o f  exci ted volume s ize on 
the actual composition o r  pro f i les .  

X-ray microanalysis was performed i n  a 

Reactivation curves for  the i r r a d i a t e d  and thermal ly aged cont ro l  specimens are shown i n  Fig. 1. The 

I n  both SA and CW condit ions, the peak current dens i t ies  f o r  the i r r a -  
peak i n  reac t i va t i on  current densi ty occurred a t  approximately -120 mV referenced t o  a saturated calomel 
electrode (SCE) for  a l l  specimens. 
d ia ted mater ia ls  were approximately a thousand times higher than those for  the control  specimens. The 
ind iv idua l  curves were qu i te  reproducible when the i n i t i a l  surface condi t ions were dupl icated (i.e., 
e lec t ropo l ish ing t o  remove surface oxideletching from previous EPR tes t ing,  followed by passivat ion a t  
+200 mV vs SCE f o r  2 min). There was only a s l i g h t  difference i n  the  reac t i va t i on  curves f o r  the  SA and 
CW materials. The Flade po ten t ia l  ( that  po ten t ia l  a t  which the current densi ty s t a r t s  increasing) was 
subs tan t ia l l y  higher f o r  the i r rad ia ted  specimens (increasing by approximately 75 and 125 mV f o r  the SA 
and CW condit ions, respect ively) .  

The react iva t ion charge i s  the 

200 1 . I ,  

i n teg ra l  of the charge associated w i th  
the  current densi ty peaks i n  Fig. 1. 
The reac t i va t i on  charge normalized by 
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Fig. 1. React ivat ion curves for  both thermal ly aged 
and i r r a d i a t e d  specimens of SA and CW PCA. 

the grain boundary area [Pa 
(coulombs/cm2)l (ref. 9) was calculated 
fo r  each specimen. 
values f o r  the i r rad ia ted  specimens (62 
and 54 coulombs/cm2 f o r  the SA and CW 
condit ions, respect ively)  were over two- 
orders-of-magnitude higher than those 
f o r  the thermal ly aged cont ro ls  (0.14 
and 0.24 coulombs/cm2 for  the SA and CW 
condit ions, respect ively) .  The d i f -  
ferences i n  the SA and CY condi t ions 
were not s ign i f i can t .  
two d i f f e r e n t  specimens for  each con- 
d i t i o n  were i n  good agreement. 

Opt ical  micrographs o f  the surface 
o f  the thermal ly aged cont ro l  and i r r a -  
d ia ted SA specimens a f t e r  EPR t e s t i n g  
are shown i n  Figs. 2(a) and 2(b), 
respectively. The control  SA specimen 
exh ib i ted very l i t t l e  etching; whereas 
the i r r a d i a t e d  SA specimen exh ib i ted 
both p re fe ren t ia l  gra in  boundary at tack 
and f ine,  uniform etching i n  the matrix. 
The maximum width of the grain boundary 
etching was approximately 1 vm. 
S imi lar  microstructures were observed 
for  the CW materials. The i r r a d i a t e d  
CW mater ia l  a lso exh ib i ted pre ferent ia l  
attack a t  shear bands. 

The average Pa 

The Pa values for  

Figure 3(a) shows the  microstructure o f  the i r r a d i a t e d  SA material. A h igh densi ty of f ine faul ted 
loops (-50-nm-diam) i s  observed i n  the mtrix along w i th  a low densi ty of voids. A t  the gra in  boundaries, 
occasional p rec ip i ta tes  are observed along w i th  a 70-nm-wide zone denuded of voids. 
zone for  fau l ted  loops i s  observed. Figures 3(b) and 3(c) give measured composition p r o f i l e s  near the  
gra in  boundary i n  Fig. 3(a) for the major and minor a l l o y i n g  elements. 
ha l f  maximum - FWHM) a t  the boundary, i r o n  and chromium are depleted and n icke l ,  s i l i con.  and t i t an ium are 
enriched. Molybdenum i s  depleted over a wider zone (-13 nm FWHM). 

L i t t l e  or  no denuded 

I n  a zone -5 nm wide ( f u l l  width, 

Outside t h i s  near-boundary zone i s  a 
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Fig. 3. (a) Microstructure o f  i r r a d i a t e d  SA material. Note fau l ted loops, voids, and zone denuded 
of voids a t  gra in  boundary. 
3(a). Dashed l i n e  ind icates average i r o n  composition i n  matr ix away from segregation zone. 

(b,c) Elemental p r o f i l e s  across boundary i n  region ind icated by l i n e  i n  Fig. 

r e l a t i v e  t o  the matr ix  i s  presented i n  Fig. 5. The p rec ip i ta tes  are depleted i n  i ron,  chromium, and 
molybdenum r e l a t i v e  t o  the matrix, whereas they are enriched s t rong ly  i n  s i l i c o n  and n icke l  and s l i g h t l y  
i n  t i tanium. Electron d i f f r a c t i o n  patterns were consistent w i t h  a cubic phase w i th  a l a t t i c e  parameter of 
1.1 nm. The p rec ip i ta tes  were i d e n t i f i e d  as G phase, a n i cke l - r i ch  s i l i c i d e ,  and not chromium-rich M23C6. 
A s i m i l a r  n i c k e l / s i l i c o n  enriched phase, 0, was el iminated as i t  contains roughly equal l eve ls  (-30 a t .  9 )  
of chromium and nickel.13 On the  basis of t h e i r  composition r e l a t i v e  t o  the matrix, the formation of the 
gra in  boundary p rec ip i ta tes  i s  not the cause of the observed composition changes a t  grain boundaries but 
i s  ra ther  the resu l t  o f  RIS a t  the boundary. I n  contrast  t o  the SA mater ia l ,  the CW mater ia l  d i d  not 
e x h i b i t  grain boundary prec ip i ta t ion.  This ind icates tha t  the magnitude of RIS was reduced by the high 
sink strength associated w i th  the d is locat ion network i n  the CW mater ia l .  

o f  two types o f  mat r ix  defects, voids and fau l ted loops, was performed i n  order t o  check f o r  RIS. For the 
SA mater ia l ,  regions containing a void exh ib i ted average compositions of 3.6 S i ,  12.9 Cr ,  60.8 Fe, 21.8 N i  
and 0.7 Mo; whereas fau l ted loops exh ib i ted average compositions o f  2.2 S i ,  15.8 Cr, 62.2 Fe, 18.5 N i ,  and 
1.0 Mo (at. 9 ) .  

I n  an attempt t o  understand the f ine matr ix etching observed a f t e r  EPR tes t ing,  X-ray microanalysis 

As such, RIS t o  both voids and fau l ted loops i s  s i m i l a r  t o  tha t  a t  gra in  boundaries, 
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Fig. 4. (a) Microstructure o f  i r r a d i a t e d  CW mater ia l .  Note d i s loca t ion  netw, 
loops and voids, and region o f  lower d i s loca t ion  densi ty near the facetted gra in  bi 
Elemental p r o f i l e s  across boundary i n  region indicated by l i n e  i n  Fig. 4(a). Dash' 
average i r o n  composition i n  mat r ix  away from segregation zone. 

though possibly a t  a reduced leve l .  However, the measured compositions are biased 
pos i t i on  as a r e s u l t  of the defects not extending through the f o i l  thickness and t l  
exc i ted volume associated w i t h  inc ident  probe s ize and beam broadening. Therefore 
and loops may be s i m i l a r  i n  magnitude t o  tha t  a t  gra in  boundaries. Such s im i la r i t :  
observed f o r  l a rge r  fau l ted loops and gra in  boundaries i n  i on- i r rad ia ted  s ta in less 
p r o f i l e s  i n  the matr ix  have indicated per iod ic  f luc tuat ions i n  composition w i th  chi 
(n i cke l-  and si l icon-depleted) regions a l te rna t ing  w i th  chromium- and iron-deplete1 
f luc tuated -3 at. % C r  w i th  a per iod o f  -60 nm. Such a wavelength i s  rmch too sma' 
the low densi ty o f  voids, and a one-to-one co r re la t i on  w i th  the fau l ted loop struci  
discerned. The o r i g i n  of these composition f luc tuat ions w i l l  be discussed f u r t h e r  

Figures 6 ( a , b )  show e lec t ron d i f f r a c t i o n  patterns from the matr ix tha t  ind ica i  
Besides spots which are consistent w i th  the T '  (NigSi)  phase, ex t ra  spi 

These ext ra  spots d i d  not ! 
c ip i ta tes .  
type pos i t ions were observed a t  <112> and <130> zones. 
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Fig. 5. Composition histogram f o r  matr ix ,  two 
g r a i n  boundaries i n  SA mater ia l ,  two g ra in  boundaries 
i n  CW mater ia l ,  and g r a i n  boundary p r e c i p i t a t e s  i n  
t h e  SA mater ia l .  I r o n  l e v e l s  can be est imated by 
d i f f e rence  from 100%. 

tilt. As t h e  e x t r a  {311] spots and those pre- 
sumed t o  a r i s e  from y '  form a two-dimens!onal 
net, t h e  p o s s i b i l i t y  t h a t  a s i n g l e  non-y prec ip-  
i t a t e  phase i s  present had t o  be addressed. 
Figures 6(c,d show da rk- f i e l d  images of t he  same 
area using a h(113) r e f l e c t i o n  and a presumed 
(001) r e f l e c t i o n  f o r  Y', respec t ive ly ,  near t h e  
[2113 o r i en ta t i on .  These two images demonstrate 
t h a t  t he  1/2{311] t ype  r e f l e c t i o n s  a r i s e  from t h e  
near ly  face-on fau l ted  loops, whereas t he  o ther  
r e f l e c t i o n s  a r i s e  from f i n e  (-6-nm-diam) ma t r i x  
p r e c i p i t a t e s  cons is ten t  w i t h  Y' phase. 

De ta i l ed  cons idera t ion  of t he  geometry f o r  
t h e  rec ip roca l  l a t t i c e  of a f au l t ed  fcc mater ia l  
for both o r i e n t a t i o n s  i n  Fig.  6 has shown t h a t  a 
111 r e l r o d  w i l l  appear a t  t h e  exact 1/2(113) P O S i -  
t i o n  when the  ma t r i x  (113) r e f l e c t i o n  i s  s t rong l y  
d i f f r ac t i ng .  
111 r e l r o d  i n t e r s e c t i o n  i s  r e l a t i v e l y  i n s e n s i t i v e  
t o  s l i g h t  specimen t i l t s  as t he  r e l r o d  i s  near ly  
perpendicular  t o  t he  zero order Laue zone (19' t o  
t h e  C2111). 

Fig.  6(b) i s  -40 nm, s i m i l a r  t o  t h e  wavelength of 
t h e  pe r i od i c  composit ion f l uc tua t i ons  observed by 
X-ray microanalys is of t he  matr ix .  The presence 
of f i n e  T '  ( N i & i )  would r e s u l t  i n  composit ion 

I n  addi t ion,  t h e  p o s i t i o n  of t h e  

The spacing o f  t he  l a r g e r  Y' p a r t i c l e s  i n  

f l u c t u a t i o n s  of t h e  type observed (chromium- and i ron- enr iched regions versus n i c k e l -  and s i l i con- en r i ched  
r e g i  ons). 

O i  scussi on 

The l a r g e  values o f  t he  normalized r e a c t i v a t i o n  charge, Pa: and t h e  p r e f e r e n t i a l  g ra in  boundary 
a t tack  observed a f t e r  EPR t e s t i n g  for  t h e  i r r a d i a t e d  mater ia ls  i nd i ca tes  t h a t  both t h e  SA and CY ma te r i a l s  
have been sens i t i zed .  as an i n d i c a t o r  f o r  t h e  degree o f  s e n s i t i z a t i o n  i s  
questionable. 
values o f  P . 
area EPR t e f t ed ,  r a the r  than by t h e  g ra in  boundary area, t h e  values are 1.8 and 1.5 f o r  t h e  SA and CW 
mater ia ls ,  respec t ive ly .  
average value, as p r e f e r e n t i a l  a t tack  o f  t he  boundaries was observed. As such, t h e  r e a c t i v a t i o n  charge 
f o r  the g r a i n  boundaries i s  probably equal t o  o r  g rea ter  than the 2 coulombs/cm* i nd i ca ted  by Clarke e t  
a1.l" as t he  c r i t i c a l  value f o r  I G S C C  o f  thermal ly  sens i t i zed  Type 304 s ta in l ess  s tee l .  

X-ray mic roana lys is  i nd i ca tes  s i m i l a r  R I S  a t  g r a i n  boundaries, voids, and f a u l t e d  d i s l o c a t i o n  loops. 
Chromium, i ron ,  and molybdenum are depleted a t  these p o i n t  defect s inks,  whereas s i l i c o n  and n i c k e l  are 
enriched. These r e s u l t s  can be expla ined by e i t h e r  t he  so lu te  s i z e l i n t e r s t i t i a l  m e ~ h a n i s m ' ~  o r  t h e  
vacancy inverse  K i r kenda l l  mechanism.16 I n  general, t h e  undersized andlor  slow d i f f u s i n g  so lu tes  (e.g., 
N i  and S i )  move toward po in t  defect s inks;  whereas oversized and/or fas t  d i f f us ing  solutes (e.g., C r  and 
Mo) move away from sinks. However, t i t a n i u m  i s  an oversized solute,  bu t  was observed t o  segregate t o  
boundaries i n  t he  SA mater ia l .  One poss ib le  explanat ion f o r  such behavior has been suggested by Marwick 
e t  a1." They pos tu la ted  t he  d i f f u s i o n  of a vacancy- ti tanium atom complex i n  order t o  exp la in  t h e  rever-  
sa l  o f  t i t a n i u m  segregation a t  temperatures below 400'C. M ig ra t i on  o f  such a complex would r e s u l t  i n  
t i t a n i u m  enrichment a t  p o i n t  defect sinks. No segregation of phosphorus t o  g ra in  boundaries was observed 
i n  e i t h e r  SA o r  CW mater ia l .  However, PCA has a low phosphorus content (0.02 at. %),  and t h e  t i t a n i u m  
present i n  t he  a l l o y  would g e t t e r  what 

Both chromium and molybdenum are L ~ - ~ L F L ~ I  111 L W  I D ~ ~ ~ ~ L ~ U V I  UT ~ W L ~ L L ~ V ~  p a s s l v r  ~ i l m s  fo r  Type 316 
s t a i n l e s s  s tee ls .  
s t a i n l e s s  s tee l  t o  mainta in i t s  cor ros ion  resistance.  X-ray microanalys is revealed t h a t  chromium l e v e l s  
a t  o r  below 13 a t .  % were observed a t  g r a i n  boundaries o f  both i r r a d i a t e d  mater ia ls .  Molybdenum l e v e l s  
were reduced near ly  twofold t o  0.7 at .  % a t  t he  boundaries. As t h e  measured composit ions represent t h e  
average composit ion of t he  exc i t ed  volume, t h e  ac tua l  chromium and molybdenum l e v e l s  are below t h a t  
measured. These dep le t ions  r e s u l t  i n  t h e  l o c a l  breakdown o f  t h e  passive f i l m  and subsequent p r e f e r e n t i a l  
a t tack  o f  g ra in  boundaries. As t he  g ra in  boundary p r e c i p i t a t e s  observed were no t  chromium o r  molybdenum 
enr iched r e l a t i v e  t o  t he  matr ix ,  t he  observed composit ion changes and the  associated s e n s i t i z a t i o n  must 

However, t he  v a l i d i t y  o f  P 
The occurrence o f  ma t r i x  e t ch ing  a f d  t h e  associated cur ren t  r e s u l t s  i n  anomalously h igh  
I f  t he  r e a c t i v a t i o n  charge for  t he  i r r a d i a t e d  mater ia ls  i s  normalized by t he  e n t i r e  surface 

The ac tua l  values of Pa f o r  t he  g ra in  boundary regions m s t  be h igher  than t h i s  

A nominal chromium content of -13 at. % (12 wt X )  i s  requ i red  for  an a u s t e n i t i c  
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CONCLUSIONS 

The increased reac t i va t i on  charge and grain boundary etching observed a f te r  EPR t e s t i n g  ind icates 
radiation- induced sensi t izat ion.  Mat r ix  etching of the i r rad ia ted  mater ia ls suggests s i m i l a r  R I S  a t  
m a t r i x  defect sinks. The react iva t ion charge (Pa) normalized by the gra in  boundary area cannot be used as 
an index for  comparison t o  thermal sens i t iza t ion,  as a r e s u l t  of the charge associated w i th  the matr ix  
etching. I f  the react iva t ion charge i s  normalized by the t o t a l  area, the Pa values are close t o  
2 coulombs/cm2 which i s  the c r i t i c a l  l eve l  determined for  IGSCC of thermal ly sens i t ized Type 304 mater ia l .  
There were no s i g n i f i c a n t  differences i n  the EPR resu l t s  between the i r rad ia ted  SA and CW materials. 

n icke l  a t  high-angle gra in  boundaries, voids, and fau l ted d i s loca t ion  loops. 
was observed i n  e i the r  mater ia l .  Whereas R I S  was detected a t  incoherent tw in  boundaries, none was 
detected a t  coherent tw in  boundaries. Segregation of t i tanium, an oversized solute, t o  gra in  boundaries 
was observed i n  the  SA mater ia l .  Grain boundary p rec ip i ta tes  observed i n  the SA mater ia l  were i d e n t i f i e d  
as G phase s i l i c i d e ,  which cannot cont r ibute  t o  the observed chromium depletion. The formation o f  f i n e  y '  
prec ip i ta tes  was observed i n  the matr ix and contr ibuted i n  par t  t o  a per iod ic  f l uc tua t ion  i n  composition 
observed i n  the matrix. 

X-ray microanalysis indicates R I S  depletes chromium, i ron,  and mlybdenum and enriches s i l i c o n  and 
No phosphorus segregation 
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electrical resistivity, thermodynamic stability in contact with liquid lithium, radiation stability, mechanical 
integrity, fabricability, activation, and cost. Experimental results8 from studies of the corrosion resistance of 
ceramics in static lithium for 100 h at  816% were also considered in finalizing the candidate ceramic materials. 

2. Coating Fabrication 

Three types of coating processes (additive, reactive, and autogenous) are being investigated to meet both sets 
of criteria, imposed by both first wall and liquid-metal blanket conditions. Additive processes that have been 
examined in our laboratory include plasma vapor deposition and reactive RF-sputtering. Reactive processes that 
have been explored include diffision coating and oxidization. Autogenous processes that have been 
experimentally examined include in-situ coating of calcium vanadate and a V-Ti-N reaction product layer formed 
in 41OoC flowing lithium. 

p. Cubic boron nitride coatings on HT-9 alloy (Fe-l2Cr) were produced by 
reactive sputtering.9 Plasma was generated from a pure boron target, without reverse bias, in an atmosphere 
containing an NdAr mixture in the ratio of 1:4. A 1-pm-thick BN film was successfully grown on the surface of 
HT-9 in 4 h. Microhardness tests showed a significant hardness increase over noncoated HT-9, and electrical 
resistivity was orders of magnitude higher than the required 102 Qm (Table l).lo Figure l a  is a scanning electron 
microscopy @EM) photograph of the cross section of the BN coating on HT-9. 

MgO, CaO, and Y2O3 were fabricated as bulk specimens (Table 2) 
due to-et matez%for sputtering and source powders for thermal spraying. Ceramic 
powders were ball-milled to -1-3 pm in size before sintering. Solid ceramic disks were produced in a hot-press- 
sintering furnace. Densified transparent MgO disks (95% theoretical density) were formed at  1500 psi a t  1200OC 
for 1 h. Because higher densification could be expected at  the center portion of the disk, only this region was cut 
into the final specimens. YzO3 was cold pressed for 1 min at  3000 psi and then hot pressed at  1280°C for 1.5 hat 
3690 psi. CaO was formed by cold pressing for 5 min under 2100 psi and then sintered in air at  1200°C for 24 h. 

CaO. 

-, Because Cr2O3 is one of the most commonly applied coating materials for high- . .  
temperature protection in oxygen- and/or sulfur- containing environments,W3 a vanadium alloy (V-2OTi) coated 
with chromium was included in the test matrix. The objective was to grow a diffiion layer of chromium on 
V-ZOTi, to serve as a source of chromium for Cr203 formation in the lithium environment and to provide strong 
diffusion bonding against spalling of the in-situ-formed oxide layer. A 20-pm-thick diffision layer grew after 16 h 
in an argon environment at 1000°C with a cementation pack consisting of 60 wt.% Cr, 36 wt.% A1203, and 4 wt.% 
NH4CI. Because Cr is a strong oxygen getter, the chromized vanadium alloy formed a thin and stable oxide layer 
at  the surface during exposure to the liquid metal environment. To examine the compatibility between the Cr2O3 
and liquid lithium, a second set of chromized specimens were preoxidized at  80OoC for 30 min before the exposure. 
The surface layers of both the as-chromized and the chromized and preoxidized V-2OTi samples can be seen in 
Fig. 2. 

Table 1. Compatibilik ithium 

Specimen Ch Exposure 

Fabrication 
Compound Technique 

Y of Bulk Ceramic Specimens with 410°C Flowing Li 

.ara&ristics Response to Lithium 
Electrical 
Resistance 
at 6OO0C* Time Weight Loss 

(am) (h) (%) stability 

Cao Sintering 109 140 42.72 Heavily corroded 

MgO Hot-press sintering 10s 61 64.65 Heavy disaolution 

y203 Hoepress sintering 107 140 0.04 No visible corrosion 

w4 -- 106 61 1.92 Unstable, cracked 

Gource: Ref. 10. 
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i n d i c a t i n g  ext ra  spots a t - [ O l l }  and &[113} pos i t ions i n  
11 a id  C1301 zones, respect ively.  
2 .  

(c )  Dark- f ie ld image taken w i th  a &I1131 re f l ec t i on  near the r.2111 
(d) Dark- f ie ld image taken w i th  a (011) r e f l e c t i o n  near the [211] zone. 

ilt from R I S  a t  the boundaries and not from the radiation- induced p rec ip i ta t i on .  The mechanism respon- 
e f o r  sens i t i za t i on  under i r r a d i a t i o n  d i f f e r s  from tha t  under thermal aging, where the formation of 
imium-rich MZ3Cg prec ip i ta tes  resu l t s  i n  the observed chromium depletion. 

umably the r e s u l t  o f  RIS a t  some po in t  defect sink. 
I deplet ions s u f f i c i e n t  t o  cause loca l  passive f i l m  breakdown. However, the CW mater ia l  exh ib i t s  
l i f i c a n t l y  lower void densi ty than the SA mater ia l ,  whereas the matr ix  etching i s  s imi lar .  
s also e x h i b i t  chromium deplet ion induced by RIS. The formation o f  f ine  Y '  (NisSi)  would a lso r e s u l t  
oca1 var ia t ions i n  composition. Per iodic composition f l uc tua t ions  (3 at. Z C r )  have been observed i n  
mat r ix  w i th  wavelengths o f  -60 nm. The actual chromium leve ls  are less  than those measured as a 
i l t  o f  the r e l a t i v e  s i ze  o f  the exc i ted volume, f o i l  thickness, and defect s i ze  for  e i t h e r  loops o r  Y '  
i i p i t a tes .  
i os i t i on  osc i l l a t i ons ,  i t  i s  not c lear  which of these defects, voids, fau l ted d i s loca t ion  loops, or  Y '  
: i p i t a tes ,  i s  responsible for  the loca l ized matr ix  attack. 

The matr ix  e tch ing observed a f t e r  EPR t e s t i n g  ind icates loca l i zed  composition changes i n  the matr ix,  
Regions containing voids e x h i b i t  measured chro- 

Faulted 

While the spacing of the la rge r  I' prec ip i ta tes  i s  -40 nm, close t o  the wavelength of the 
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coal 
Fig. 2. SEM cross sedions of (a) chromium diffusion layer on V-2OTi and (b) chromized and preoxidized 
ting on V-2OTi. 
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Fig. 3. SEM cross sections of VxO coating on vanadium (a) before and (b) aRer exposure to flowing lithium 
1°C for 100 h. 

d i m  coupons in 400% flowing lithium containing >250 ppm calcium. Af&r a 100-h lithium exposure, there 
no XRD or EDS evidence of a ternary calcium vanadate. Future studies will be conducted with preformed 
um vanadate to examine the chemical stability and electrical resistivity of this material after exposure to 
d lithium. 

Compatibility with Lithium 

Figure 4 is a plot of the standard free energy of formation of the oxide and nitride compounds in our 
riments, along with the chemical potentials of dissolved oxygen and nitrogen in liquid lithium at 
mtrations of 103,1, and 103.9.15J7 The two nitride candidates (BN and Si3N4) have thermodynamic 
lities descending in that order. BN can be expected to be stable in lithium with 100 ppm N (Fig. 5). whereas 
4 requires increased N for optimal stability. The four oxides (CaO, MgO, Y2O3, and Cr2O3) exposed to liquid 
M have thermodynamic stabilities descending in that order. Although the oxygen level in the flowing 
m had not been evaluated, earlier studies in the same test facility demonstrated that the exposure of yttrium 
latively high-purity lithium (400-6OO0C) resulted in formation of a uniform adherent film.'a 
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Fig. 6. Weight change summary of BN, HT-9, Si3N4, 
MgO, V,O, V, Cr-W-20Ti), and V-2OTi after exposure 
to flowing lithium. Black columns signify weight loss 
and white column signifies weight gain. 

> >  

The compatibility of the oxide materials with the flowing lithium was rather puzzling in the context of 
expected thermodynamic stability. A bulk specimen of MgO was heavily corroded after a 61-h exposure in 
flowing lithium. After a 100-h exposure, a CaO specimen had lost nearly one-half of its mass, but a Y203 
specimen showed no signs of corrosion. Therefore, further investigations of electrical insulators in high-purity 
lithium will emphasize YzO3. An important concern about the use of yttrium is its high affinity for hydrogen.20 
Perhaps the incorporation of YzO3 into a very thin surface region of the vanadium-base alloy may suffice as an  
electrical insulatorz1 and prevent the possibility of hydrogen embrittlement of the structural material. 

promising results. Cross sections of the V,O layer after exposure can be seen in Fig. 3b. Although the as- 
chromized V-20Ti sample showed a slight weight gain, i t  should have gained more weight from stoichiometric 
pickup of oxygen than was observed (Fig. 6). The V-20Ti specimen with a preformed Cr2O3 scale showed greater 
weight loss, possibly because of defects in film, as shown in Fig. 2b. Spalling of CrzO3 could occur by penetration 
of lithium through the pores and cracks. The preoxidation procedure will be conducted in a low-p02 environment 
to reduce the porosity of the oxide layer. 

4. 

Among the corrosion-resistant alloys, both the as-chromized V-20Ti and the oxidized vanadium showed 

Development of In-Situ-Formed Insulator Coatings 

For the complex geometries and high-temperature operating environments of interest, in-situ-formed self- 
healing coatings appear to offer the most reasonable solution. 
alloys have been obtained when the diffusing element has been introduced via a liquid metal, e.g., lithium.6 

Excellent-quality diffusion coatings on metals and 

Formation of the nitride (V-Ti)N on V-base alloys has been observed in various experiments (Table 3). This 
nitride surface layer has been associated with limited diffusion of nonmetallic impurities in the liquid 
lithiudstructural materials systems: more specifically, a retarded carbon transfer phenomena22 was observed 
in  V-2OTi alloys. Adelhelm et  aI.z3 observed that corrosion rates of V-3Ti-1Si were minimized with 30 wppm 
nitrogen in  liquid lithium and attributed this to the protective effect of a (V,Ti),N reaction layer with x = 1.55- 1.67. 
The thickness of this layer was dependent on nitrogen concentration, not time. Chopra and Smith2* also observed 
a nitride layer on vanadium-base alloys exposed to  liquid lithium. Although no uniform scale was observed in  
alloys with a low titanium content (<5%), a uniform, mixed nitride layer formed on V-(15,20)Ti. The thickness 
increased with temperature, not time, with values of about 1.5, 2.5, and 6.0 pm a t  427, 482, and 583"C, respec- 
tively. However, the layer was brittle and could spall under thermal stresses. Votinov et dZ5 found that 
titanium, being a more reactive element, caused nitrides to form closer to the surface, and these nitrides limited 
further diffusion. Similar reaction products were also found in other lithium compatibility studies.26-29 
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Table 3. Summary of Reported Obsemations of Reaction hoduct Layer Formed on V-base Alloys after U - E x p c s u ~  

V-base Test Condltlons Llthlum Impurities (wppml Surface Layer Characterlzatlon 
Observed Alloy Temp. Time midmess 

Observatlonsb Reaction Product Substrate (TI (hl N 0 C (wml 

.. .. .. .. .. .. ..26 V3N. VN. %VN4 V 

VN V 477 .. 140 .. .. -- Reaction products Insoluble in LIZ' 

V 477 -- 23.400 -- .. -- Reactlon products Insoluble In Lia7 L17VN4 

Mixed nltrides V-ll5.20lT1 427-538 >700 20-50 -- 8-12 1.5-6.W Unilonn brittle scalez4 

T I N  v-115.201m 482 >1m 20-50 -- 8-12 IO N &Tam Increased hardness" 

Nitrides v-15-301n 700 5cQ 3633 580 19.000 20 Dense scale. restricted impurity dIUusI0nz5 

Nitrides V-(5-3O)Tl 700 500 13.524 1400 35.000 15-40 Den% scale. restricted Impurity dilfuslonz5 

PJ.TIIXNd V-STi-lSI 533-550 >362 8-64 .. 0.3-2 2-5 Density of scale a N content", 28 

Fe. Cr. Ni enriched V 800 loo0 200-2000 <250 c50 10 Fllm formed In VIFe system in statlc Liz8 

=Limited to open literature: more observations are reported verbally or in Informal documents. 
bMore lnformatlan Is glven In the clted references. 
CSurface layer thlckness Increased with temperature and dld not form on alloys with 5% Ti or Less. 
" h e r e  1.55 < x c 1.67. 

Ongoing experiments focus on characterization of the nitride layer on the V-20Ti and titanium specimens 
exposed to flowing lithium at Argonne National Laboratory and on measurements of electrical conductivity to 
quantify insulation properties. 

CONCLUSIONS 

Based on a series of scoping studies, diffusion and in-situ-formed coatings appear to exhibit the most 
potential for good corrosion resistance and high electrical resistivity in  a lithium environment. However, 
preliminary experimental studies indicate that the actual stability of BN, MgO, and CaO in  lithium is unsat- 
isfactory in high purity lithium containing low concentrations of nitrogen and oxygen.The only electrical 
insulator material that was compatible on the basis of these preliminary tests was YzO3. Because some of these 
results are not consistent with expected thermodynamic relationships, more tests are warranted. 
structural materials, both oxidized vanadium and chromized V-2OTi showed promising results, but more work is 
required to develop a suitable preformed Cr203 layer. 

Among the 

FUTURE WORK 

Additional efforts will focus on the development of self-regenerating diffusion coatings and corrosion- 
resistant layers that  have adequate electrical insulation properties with liquid lithium. If the original coating 
cracks or spalls, a new coating would form to  maintain the required properties. 

Emphasis will be placed on completing the compatibility studies of Yz03 in lithium at higher temperatures 
and for longer exposure periods (>lo00 h). Work is also in  progress to evaluate the appropriateness of CaO.Vz05, 
A1203, AN, Y3A15012, and MgA1204 as possible electrical insulator coatings For use in flowing lithium. 

A critical examination of the stability, corrosion resistance, and electrical resistivity of the vanadium- 
titanium-nitride surface reaction layer formed on V-Ti alloys during exposure in lithium will be made. 

Successful completion of the coating fabrication and compatibility tests will enable selection of an appropriate 
electrical insulator coating. Because the life span of the insulator coating will depend on its mechanical integrity 
during service, especially under the influence OF neutron irradiation, a series of mechanical and irradiation tests 
will begin. 



259 

REFERENCES 

1. H. Tas, S. Malang, F. Reiter, and J. Sannier, Liquid Breeder Materials, J. Nucl. Mater., 166-167, 178 
(1988). 

2. T. Q. Hua, J. S. Walker, B. S. Picologlou, and C. B. Reed, Three-Dimensional Magnetohydrodynamic 
Flows in Rectangular Ducts o f  Liquid-Metal-Cooled Blankets, Fusion Tech., 14, 1389 (1988). 

3. G. P. Pells, Radiation Effects and Damage Mechanisms in  Ceramic Insulators and Window Materials, 
J. Nucl. Mater., 16&167,67 (1988). 

4. Y. Y. Liu and D. L. Smith, Ceramic Electrical Insulators for Liquid Metal Blankets, J. Nucl. Mater., 
141-143,38 (1986). 

5. M. J. Davis, Material Surface Modification for First Wall Protection, J .  Nucl. Mater., 86 & 86,1063 (1979). 

6. V. F. Shatinskii and 0. M. Zboshnaya, The Impregnation of IKh18N9T by Beryllium and the Corrosion 
Resistance of the Coating in Molten Lithium, Fiziko-Khimicheskaya Mekhanika Materialov, 8,59 (1972). 

7. K. Obara, K. Kawasaki, H. Hiratsuka, T. Kuroda, K. Ohta, Y. Miyo, M. Ohkuho, and M. Ohta, In-Situ 
Coating Deuice for JT-60, JAERI-M 88-117 (1988). 

ucRG50647 (1980). 

Metal Blanket ofFusion Reactor, Presented at TMS 1990 Annual Meeting, Anaheim, CA., February 19-23, 1990. 

8. J. 0. Cowles and A. D. Pastemak, Lithium Properties Related to Use as a Nuclear Reactor Coolant, 

9. D. Y. Wang, A. B. Hull, and D. L. Smith, Preliminary Study of Ceramic Insulator Coating for Liquid 

10. W. D. Kingery et  al., Introduction to Ceramics, 2nd Ed., John Wiley and Sons, New York (1976). 

11. P. Kofstad, Nonstoichiometry, Diffusion, and Electrical Conductivity in  Binary Metal Oxides, Robert E. 
Krieger Publishing Co., Inc., New York (1983). 

12. D. Y. Wang, Corrosion Behavior ofchromized andlor Aluminized 21 I4Cr-lMo Steel in Medium-BTU 
Coal Gasifier Enuironments, Surface and Coatings Technology, 36,49-60 (1988). 

13. D. Y. Wang and K. Natesan, Corrosion Performance of High-Chromium Weldments in  Simulated 
Medium-BTU Coal Gasifier Enuironments, Preprint for Corrasiad90, La8 Vegas, April 23-21 (1990). 

14. C. E. Campbell, Fabrication of Ceramic Insulator Coatings for Liquid Metal Blanket Inuestigation, ANL 
Student Research Participation Program Final Report (1990). 

15. D. Ehst, et  al., Tokamak Power Systems Studies - FY 1986: A Second Stability Power Reactor, Argonne 
National Laboratory Report ANIJFPP/86-1(1986). 

16. A. F. Grandin de 1'Eprevier and R. C. Buchanan, Preparation and Properties of CazV2O7 Single 
Crystals, J. Electrochem. SOC., 129, 2562 (1982). 

17. C. C. Baker, et. al., Tokamak Power Systems Studies FY 1985, Argonne National Laboratory Report 
ANLPPP-85-2 (December 1985). 

18. D. L. Smith, R. H. Lee, and R. M. Yonco, Investigation of Nonmetallic Element Interactions in  
Vanadium-Alloy {Lithium Systems, Pmc. 2nd Intl. Conf. on Liquid Metal Technology in Energy Production, U. S. 
Dept. ofEnergy Report CONF-800401-P1(1980), p. 272. 

19. 0. K. Chopra and D. L. Smith, Corrosion of Ferrous Allays in  a Flowing Lithium Enuironment, J. Nucl. 
Mater., 133 & 134,861 (1985). 



260 

20. A. B. Hull, 0. K. Chopra, B.  Loomis. and D. Smith, Compatibility between Vanadium-base Allays and 
Flowing Lithium: Partitioning of Hydrogen at Elevated Temperatures, Eighth Fusion Reactor Materials 
Semiannual Progress Report for Period Ending March 31, 1990, DOE/ER-0313/8, Oak Ridge National Laboratory, 
p. 257. 

21. D. L. Smith et  al., Blanket Comparison and Selection Survey - Final Report, Argonne National 
Laboratory Report ANLJFPPI84-1, Vol. 2 (1984). 

22. 0. K. Chopra and A. B. Hull, Influence of Carbon and Nitrogen Impurities on the Corrosion of  
Structural Materials in  a Flowing-Lithium Environment, Fus. Tech., 15, 308 (1989). 

23. Ch. Adelhelm, H. U. Borgstedt, and J. Konys, Corrosion of V-3Ti-ISi in Flowing Lithium, Fus. Tech., 8,  
541 (1985). 

24. 0. K. Chopra and D. L. Smith, Corrosion Behavior of Vanadium Alloys in  Flowing Lithium, J. Nucl 
Mater., 155-157,683 (1988). 

25. S. N. Votinov, L. I. Gomozov, A. I. Dedyrin, R. I. Bobyk, and E. M. Lyutyi, Questions of the Corrosion 
Resistance of Vanadium Alloys as a Possible Thermonuclear Reactor Constructional Material, Sov. Mater. Sci., 
23,559 (1987). 

26. M. G. Barker, S. A. Frankham, P. G. Gadd, and D. R. Moore, Chemical Aspects of the Corrosion 
Behavior of Type 316 Stainless Steel in Liquid Lithium and Liquid Sodium, Material Behavior and Physical 
Chemistry in Liquid Metal Systems, 113 (1982). 

27. P. Hubberstey and P. G. Roberts, Corrosion Chemistry of Vanadium in Liquid Lithium Containing 
Dissolved Nitrogen, J .  Nucl. Mater., 165-157,694 (1988). 

28. H. Borgstedt, M. Grundmann, J. Konys, and Z. Peric', A Vanadium Allay for the Application in  a Liquid 
Metal Blanket of a Fusion Reactor, J. Nucl. Mater., 155-157,690 (1988). 

29. V. A. Evtikhin, V. B. Kirillov, A. Ya. Kosukhin, and I. E. Lyublinskii, Influence of Nonmetallic 
Impurities on the Compatibility of Vanadium With Liquid Lithium, Sov. Mater. Sci., 22,478 (1986). 



7 .  SOLID BREEDING MATERIALS 

261 





263 

LITHIUM MASS TRANSPORT I N  CERAMIC BREEDER MATERIALS 
P. E. Blackburn and C. E. Johnson (Argonne National Laboratory) 

OBJECTIVE 

The ob jec t ive  o f  t h i s  a c t i v i t y  i s  t o  measure the l i t h i u m  vaporization from l i t h i u m  oxide breeder 
mater ia l  under d i f f e r i n g  temperature and moisture p a r t i a l  pressure condit ions. 

SUMMARY 

The transport  of l i t h i u m  by vapor izat ion of LiOH(g) from l i t h i u m  ceramics, p a r t i c u l a r l y  LizO(s), 
poses a const ra in t  on the maximum operating temperature o f  the blanket. 
shown that,  depending on temperature, moisture pressure, and prox imi ty  o f  s t ruc tu ra l  steels,  t h e  l i t h i u m  
t ranspor t  process i s  complex. For condi t ions wherein the Li2O(s) i s  " f ree standing." the l i t h i u m  
vapor izat ion i s  con t ro l l ed  by the Li20/H20 system themdynamics tha t  are already wel l  established. 
Simply stated l i t h i u m  transport  as LiOH(g), increases w i th  increasing temperature and higher p a r t i a l  
pressures o f  moisture. I n  the prox imi ty  of stainless steel  there i s  an added chemical po ten t ia l  d r i v i n g  
force due t o  formation of LizCt-02, LiFe02 and LiNi02. 
dr iven by the concentration gradient of LiOH(g) from tha t  a t  the L i  O(s )  surface and tha t  a t  the s tee l  
surface. This gas-sol id react ion may become important fo r  blanket 3esigns where the s t ruc tu ra l  s tee l  i s  
very close t o  the Li2O(s) ceramic. 

PROGRESS AN0 STATUS 

Experimental measurements have 

The transport  o f  LiOH(g) t o  the s ta in less s tee l  i s  

L i th ium ceramics are being invest igated f o r  use as t r i t i u m  breeding materials. The l i t h i u m  i s  
r e a d i l y  converted t o  t r i t i u m  a f t e r  react ing w i th  a neutron. 
purge gas, the bred t r i t i u m  i s  read i l y  recovered from the blanket as HT and HTO above 400oC. Within the 
so l id ,  t r i t i u m  may a lso be found as LiOT which my transport  l i t h i u m  t o  cooler par ts  o f  the blanket. 
This process may cause loss  o f  l i t h i u m  from the blanket, b locking o f  f low paths, and increase o f  the 
t r i t i u m  inventory. 
w i th  water vapor, 

With the add i t ion o f  1000 ppm H2 t o  the He 

Laboratory studies have established the pressure of LiOH(g) f o r  react ion of Li2O(s) 

0.5 Li2O(s) + 0.5 H20(g) = LiOH(g). (1) 

The purpose o f  t h i s  work i s  t o  invest igate  the t ransport  o f  LiOH(g) from the blanket mater ia l .  

Experimental 

oxide a t  h igh gas ve loc i t ies .  
hold seven c y l i n d r i c a l  L iz0 p e l l e t s  8 mn long by 5.3 mn diameter arranged i n  a close-packed 
configuration. A p lat inum sieve was located a t  the downstream end t o  hold the p e l l e t s  i n  place. The 
space through which the gas flows i s  d iv ided i n t o  three d i f fe rent  regions: a s ing le  region bounded by two 
concentric s i l v e r  cyl inders,  s i x  t r i angu la r  regions bounded on two sides by L i z0  and on a t h i r d  s ide by 
s i l v e r ,  and s i x  small t r i angu la r  regions bounded by L iz0 on a l l  three sides. The quartz tube assembly 
was heated i n  a clam she l l  furnace. Chromel-alumel themcoup les  provided temperature measurement and 
temperature control .  Helium flowed through two rotometers, one l i n e  through a water satura tor  and the 
o ther  l i n e  d i r e c t l y  f r o m  the high p u r i t y  tank helium. Needle valves on the rotometers were adjusted t o  
reduce the water content t o  5x10-4 atm. Total flow ra tes  as high as 7000 cclmin (STP) permit ted gas 
v e l o c i t i e s  as high as 2600 cmlsec a t  850OC. 

followed by cool ing t o  room temperature. 
the condensed LiOH. 
t o  produce the 0.2-N HCl  so lu t ion required f o r  l i t h i u m  analysis. 

A f ixed bed system was assembled tha t  enabled good contact between the purge gas and the l i t h i u m  
I n  t h i s  f i x e d  bed arrangement, a s i l v e r  l i n e d  quartz tube was used t o  

The furnace was heated t o  850OC and held f o r  experimental times ranging f r o m  40 t o  300 minutes 
Af ter  cooling, the s i l v e r  tube was soaked i n  water t o  dissolve 

The LiOH so lu t ion was added t o  a 100 mL volumetric f lask along w i th  20 mL o f  1-N HCl  

The pressure o f  LiOH was calculated f r o m  the l i t h i u m  analysis and the idea l  gas law, 

P (LiOH,g) = nRT/V (2)  

where n i s  the number of moles of l i t h i u m  transported per minute, R i s  the gas constant, T i s  the 
absolute room tenperature, and V i s  the volume f l ow  of helium per minute (STP) corrected f o r  the f rac t ion 
of helium gas (55.9%) f lowing over the LiZO(s). 

three regions. 
The gas ve loc i t y  was calculated f r o m  the t o t a l  volume and the t o t a l  e f fec t ive  areas o f  the 

For t h i s  ca l cu la t i on  the e f f e c t i v e  diameters were computed from, 

deff = 4AlPw. (3) 

This work supported by the U.S. Department of Energy, Office of 
Fusion Energy, under cont rac t  no. W-31-109-Enq-38. 
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where deff i s  the  e f f ec t i ve  diameter, A t he  geometric area, and Pw t he  l eng th  o f  t he  per imeter .  
e f f ec t i ve  area i s  0.1655cmZ as ca l cu la ted  from equat ion (4). 

2 

The 

Ae f f  = d e f f 4  (4) 

The decrease i n  the  pressure o f  LiOH(g) was co r re l a ted  w i t h  increase i n  f low v e l o c i t y  assuming t h a t  
The format ion of LiOH(g) from r e a c t i o n  o f  H20(g) w i t h  Li2O(s) i s  a 

f i r s t ,  water  vapor d i f f u s e s  from the  f lowing hel ium t o  t he  l i t h i u m  ox ide  surface, and 
the  process i s  d i f f u s i o n  con t ro l l ed .  
two-step process: 
second, t he  r e a c t i o n  o f  H20(g) w i t h  Li2O(s) produces LiOH(g) which d i f f uses  i n t o  the  f l ow ing  hel ium. The 
two s imul taneously occur r ing  processes can be ca l cu la ted  from the  product  of t he  f r a c t i o n a l  s a t u r a t i o n  of 
each process. 
L. S. Darken2 where the  f r a c t i o n a l  s a t u r a t i o n  i s  g iven as a func t ion  of Dt/L2. 
LiOH(g) or H20(g) i n  helium, t i s  t he  t ime i n  seconds, and L i s  t he  ha l f - th ickness  if the  gas volume 
f l ow ing  pas t  t he  l i t h i u m  oxide. 
s i l v e r  on one s i de  and LizO(s) on t he  two o the r  sides and these reg ions  were t r e a t e d  as s i x  slabs. 
one s i de  o f  each o f  these s i x  reg ions  i s  s i l v e r ,  t he  value f o r  L i s  t he  f u l l  th ickness.  
from the  r o o t  o f  t he  Droduct o f  t he  d iameter  o f  t he  geometric area and t he  e f f ec t i ve  diameter. 

The f r a c t i o n a l  s a t u r a t i o n  of each process may be ca l cu la ted  from tab les  and equations o f  
D i s  t he  d i f f u s i v i t y  o f  

LiOH(g) o r i g i n a t e s  p r i m a r i l y  from the  s i x  t r i a n g u l a r  reg ions  bounded by 

L was est imated 
Since 

L i s  
equal t o  0.191 
equat ion ( 5 )  from R. E. Treybal,3 

.077'cm. The d i f f u s i v i t i e s  of LiOHig) and H20(g) gas i n  hel ium were est imated us ing  

(0.00107 - 0.000246 I1/MA + l /MB)T1*5  J ~ / M ~  + l / M B  
(5 )  

Pt [f(kT/eAB) 1 DAB = 

where 0 B i s  t he  d i f f u s i v i t y  o f  LiOH(g) (or H20(g)) i n  He, MA and MB are the molecular  weights o f  LiOH 
(or H Ofand He, T i s  t he  abso lu te  temperature, P t  i s  t he  t o t a l  pressure, rAB i s  t he  molecular  Separat ion 
a t  c o f l i s i o n ,  and f(kT/eAB) i s  t he  c o l l i s i o n  f unc t i on  g iven  g r a p h i c a l l y  i n  R. E. Treybal. 

The t ime f o r  t he  r e a c t i o n  was ca l cu la ted  from the  gas v e l o c i t y  and t he  l eng th  o f  t he  L i z 0  c y l i n d e r s  
(8 m). The f r a c t i o n a l  s a t u r a t i o n  equat ion f o r  shor t  t imes i s  g iven  by equat ion (6). 

F = 1.128 
L 

The f r a c t i o n a l  s a t u r a t i o n  equat ion f o r  long  t imes i s  g iven by equat ion (7). 

A t  1123 K. t he  d i f f u s i v i t i e s  (D) ca l cu la ted  w i t h  equat ion (5) a re  6.22 and 6.98 cmz/sec f o r  LiOH(g) and 
HZO(g) respec t ive ly .  F rac t i ona l  sa tu ra t i ons  f o r  LiOH(g) and H20(g) were ca l cu la ted  w i t h  equat ions (6) 
o r  (7) .  These f r a c t i o n a l  sa tu ra t i ons  apply t o  a s i n g l e  s tep  process. The two-step process i s  assumed 
t o  be t he  product  o f  FH 0 and FLiOH, 

2 

Values f o r  t he  product  a re  g iven  i n  column 6 o f  Table 1. 
compared t o  t he  measured s a t u r a t i o n  i n  column 5 o f  Table 1. 
measured sa tu ra t i on  aga ins t  t he  l o g  of t he  ca l cu la ted  sa tu ra t i on .  

The ca l cu la ted  f r a c t i o n a l  s a t u r a t i o n  may be 
F igure  1 shows a p l o t  o f  t he  l o g  o f  t he  
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Table 1 

Calculat ion o f  LiOH Fract ional  Saturationa 

PLiOH 
a tm  
XI06 

32.3 
12.9 
16.2 

3.39 
20.9 
12.6 

6.92 
4.90 

2.19 
1.26 

V O l  
cclsec 
a t  Temp 

8.3 
8.7 

15.8 

297 
12.3 

11.2 
49.8 
98.6 

220 
433 

Veloci ty Residence PLiOH/Po F rc tn l  
cmlsec Time Saturtn 

sec 

50.2 
52.7 
95.7 

1794 

74.4 

67.9 
301 
596 

1332 

2618 

0.016 
0.0152 
0.0084 

0.00045 
0.0107 

0.0118 
0.0027 
0.0013 

0.00060 

0.0003 1 

1.90 
0.75 
1.05 
0.20 

1.24 
0.74 

0.41 
0.29 
0.13 

0.074 

0.999 
0.998 
0.961 
0.103 

0.986 

0.991 
0.612 
0.309 
0.138 

0.070 

Loglo 

P/PO 

0.278 
-0.123 
0.020 

-0.706 

0.092 
-0.131 
-0.390 
-0.542 
-0.887 
-1.128 

Log10 
Frc tn l  
Saturn 

-0.0006 

-0.0009 
-0.017 
-0.987 
-0.006 

-0.004 
-0.213 
-0.510 
-0.859 
-1.154 

(a) 
0.19 cm. POLiOH i s  1.70E-5 atm.i 

The temperature was 1123 K 0 ~ 1 0 ~  was 6.22 c&/sec, 0 ~ 2 0  was 6.98 cmz/sec, and L was assumed t o  be 

Data were derived from Noda's paper4 t o  ca lcu la te  the degree of LiOH(g) saturat ion when helium and 
500 ppm water were flowed through a cy l inder  packed w i th  5 mn spheres of L i  0, The cy l i nde r  was 2 cm i n  
diameter and 10 cm high. The l o g  of the pressure o f  LiOH(g) measured by Noza div ided by tha t  calculated 
from Tetenbaum and Johnson i s  p l o t t e d  against the l o g  o f  the calculated f rac t i ona l  satura t ion i n  Fig. 1. 
Noda's residence t ime was over 10 t l m e s  greater than ours f o r  the same gas ve loc i ty .  
and our ca lcu la t i on  of h i s  data, p l o t t e d  i n  Fig. 1, agree tha t  h i s  helium was f u l l y  saturated w i th  
LiOH(g). 

the ve loc i t y  o f  the purge gas. 
reactions can be t reated as the product o f  each f rac t i ona l  saturat ion.  
f rac t iona l  satura t ion agree w i th in  experimental uncertaint ies.  

Measurements o f  the e f f e c t  of s ta in less steel  on LiOH(g) transport. 

Preliminary experiments were ca r r i ed  out t o  determine what e f fec ts  the placement o f  s t ruc tu ra l  
stainless s tee l  near the L iZO(s)  could have on the t ranspor t  o f  LiOH(g) f m m  the LizO(s) blanket 
mater ia l .  I n  t h i s  study, a s i l v e r  boat was used t o  hold Li20(s) w i th  a s ta in less steel  sheet placed a t  
desired distances above the LizO(s). The boat and p l a t e  were placed ins ide a s i l v e r  l i ned  quartz tube 
and the quartz tube assembly was heated i n  a clam she l l  furnace. Helium flowed through two rotometers, 
one l i n e  through a water satura tor  and the other l i n e  d i r e c t l y  from the high p u r i t y  helium tank. 
measurements the helium contained about 1% hydrogen. The two helium streams were mixed and flowed i n t o  
the s i l v e r  l i n e d  quartz tube containing the boat and l i t h i u m  oxide. Needle valves were adjusted t o  
reduce the water content w i t h i n  the range 0.001 t o  0.01 atm. 
set o f  measurements. 
stainless s tee l  p late.  

condensed LiOH, fo r  chemical analysis. 
f o r  l i t h i u m  chemical analysis. 
condensed LiOH i n  the s i l v e r  tube and the ideal  gas law. 

Six experiments were car r ied out a t  750%. I n  experiments 21, 22, and 26 He flow was 10 cc/min and 
water pressure was about 9000 ppm; i n  experiments 23-25 He f low was 100 c d m i n  and water pressure was 
about 1200 ppm. With the exception of experiment 21 a l l  measurements were made w i th  303 s ta in less s tee l  
p la tes  above the LizO(s) f ixed bed. The resu l t s  of experiments are sumnarized i n  Table 2. I n  column 6 
o f  tab le  2, the measured LiOH(g) pressure was determined, assuming a l l  the l i t h i u m  condensed i n  the 
s i l v e r  tube was entrained as LiOH(g) i n  the f lowing helium. This was not the case i n  experiments 21, 22 
and 26 where the apparent pressures were an average of nine times greater than those calculated from 
Tetenbauml. 
pressures decreased t o  w i th in  a factor of two of tha t  calculated from Tetenbaum's work. The LiOH(d 

Noda's measurements 

This work establ ished condi t ions f o r  ca lcu la t ing LiOH(g) undersaturation i n  helium as a funct ion o f  
I t  has been assumed tha t  f rac t i ona l  saturat ion of two-step interdependent 

The measured and ca lcu la ted 

I n  some 

The furnace was heated t o  7500C f o r  t h i s  
Most of the LiOH(g) produced from water vapor and LizO(s) deposited on the 

The remaining LiOH(g) condensed i n  cooler downstream regions o f  the s i l v e r  tube. 

A f t e r  each experiment, the boat was removed and the s i l v e r  tube was soaked i n  water t o  r e w v e  the 
The deposit on the stainless steel  was dissolved i n  n i t r i c  ac id  

The pressure o f  LiOH(g) was calculated from the l i t h i u m  analysis of the 

This was ve r i f i ed  when the flow r a t e  was increased t o  100 c d m i n  and apparent LiOH(g) 
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condensed i n  t he  s i l v e r  tube by two mechanisms: 1) t r anspo r t  by entrainment i n  f low ing  helium: 2) thermal 
m ig ra t i on  f r o m  t he  f lowing hel ium i n  t he  ho t  zone t o  coo le r  reg ions  o f  the  s i l v e r  tube, d r i v e n  by t he  
temperature g rad ien t .  
entrainment increases toward in f in i ty .  

As t he  v e l o c i t y  of t he  hel ium f low decreases, t he  r a t i o  o f  thermal m ig ra t i on  t o  

Table 2 
D i f f us i on  d r i v e n  LiOH( ) r e a c t i o n  w i t h  s t a i n l e s s  s tee l  

Run He Flow Ra t i o  P(H27 P(H20) P(Li0H) P(Li0H) 

No cc/min 

2 1  10 
22 10 
23 100 
24 100 
25 100 
26 10 

*Calculated f r o m  re f .  1. 

meas/Tet atm atm atm 

meas 

9.02 .oooo .00875 1.14E-4 

13.3 .oooo .00799 1.59E-4 

2.14 .0097 .00120 9.93E-6 

1.64 .0097 .00125 7.77E-6 

1.85 .0097 .00120 8.64E-6 
.00986 6.66E-5 5.00 .0097 

atm* 

l e t  

1.26E-5 
1.20E-5 
4.44E-6 
4.75E-6 
4.67E-6 
1.33E-5 

Steady s t a t e  d i f f u s i o n  

m i l l i m e t e r s  t o  l e s s  than a m i l l i m e t e r .  
s t ee l  surface, d r i v e n  by t he  d i f f u s i v i t y  o f  LiOH(g) i n  he l ium and t he  LiOH(g) pressure g rad ien t ,  and 
depos i ts  on the  s t a i n l e s s  steel.  

I n  our experiments t he  Li2O(s) and the  s t a i n l e s s  s tee l  sheet a re  separated by d is tances  of f i v e  
Dur ing t he  experiment t he  LiOH(g) t r anspo r t s  t o  t he  s t a i n l e s s  

The LiOH(g) pressure decrease may be caused by r e a c t i o n  o f  LiOH(g) with t he  s t e e l  t o  form Li2Cr02,or 
Li2Fe02, or Li2Ni02. For example, t he  chromate may be produced by the  reac t ions ,  

C r  t 3/2 H20(g) = 1 /2  Cr2O3 + 3/2 H2(g), (9) 

LiOH(g) t 1/2 CrzO3 = LiCrO2 t 1/2  H20(g). (10) 

and, 

The LiOH(g) pressure a t  t he  l i t h i u m  ox ide  i n t e r f a c e  w i t h  water concent ra t ion  o f  93 ppm a t  t h e  t h ree  
temperatures used i n  t he  c o m p a t i b i l i t y  s tud ies  by Chopra e t  a1.,6,7 and t he  temperature o f  our 
experiments a re  .given i n  Table 3 f o r  r eac t i ons  (10 and 111, 

1 /2  L i z 0  + 1 /2  HZO(g) = LiOH(g) (11). 

The LiOH(g) pressure a t  t he  s t a i n l e s s  s t e e l  i n t e r f a c e  f o r  r eac t i on  (11) i n  e q u i l i b r i u m  w i t h  Cr2O3, 
LiCrO , and 93 ppm H20(g) a re  g iven  i n  Table 3. The LiOH pressure a t  t he  s t a i n l e s s  s t e e l  i n t e r f a c e  w i l l  
depeni on t he  composi t ion of t he  co r ros i on  l a y e r  on t he  s tee l  surface. The composit ion depends on time, 
temperature. and gas composit ion. 
t he  LizO(s) sur face.  

I n  a l l  cases, t h i s  pressure w i l l  be s u b s t a n t i a l l y  lower than t h a t  a t  

Table 3 

E q u i l i b r i u m  LiOH(g) pressures (atm) as a f unc t i on  o f  t he  temperature (K) 
a t  t he  surfaces o f  LizO(s) and s t a i n l e s s  s tee l  where Cr203/LiCr02 

and 93ppm H20 c o n t r o l  t he  LiOH(g) pressure. 

723 823 923 1023 

4.08E-10 1.15E-8 1.59E-7 1.31E-6 

7.90E-17 1.25E-14 5.45E-13 1.24E-11 

L i  20 

S ta i n l ess  s tee l  
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The LiOH(g) pressures i n  tab le  3 are based on Tetenbaum'sl pressures i n  equ i l ib r ium w i th  Li2O(s) and 
water vapor. The LiOH(g) pressures a t  the s tee l  surface are 2E-7 t o  9E-6 t i nes  lower than the pressures 
a t  the LiZO(g) surface. 
and d i f f u s i v i t y  o f  LiOH(g) i n  the gap between L i  O(s )  and the s ta in less steel .  
d i f fus ion process, the f l u x  o f  LiOH(g) i s  given 2y, 

The LiOH(g) formed a t  the L izO(s)  surface i s  inf luenced by the pressure gradient 
I n  t h i s  steady s ta te  

NA I - [ '  A 1  - '  A21 
RTz 

where NA i s  the f l u x  o f  LiOH(g) i n  He i n  g ml/seclcn?, DAB i s  the d i f f u s i v i t y  i n  cmZ/sec of LiOH(g) i n  
He, P t  i s  the t o t a l  pressure in atm, PA1 and  PA^ are the LiOH(g) pressures a t  the LizD(s) and s ta in less 
s tee l  surfaces respectively, R i s  the gas constant (cc-atm/deg/nml). T i s  the absolute temperature, and z 
i s  the distance, i n  cm, between the LizO(s) and the s ta in less steel .  The f l ux  of LiOH(g) var ies 
inverse ly  w i t h  the  separation distance z .  r i s i n g  rap id l y  as z decreases. 

CONCLUSIONS 

These studies have shown tha t  the t ransport  o f  LiOH(g) can be s t rong ly  inf luenced by the prox imi ty  of 
a s ta in less s tee l  surface t o  the LizO(s). The pressure o f  LiOH(g), i n  equ i l ib r ium w i th  LizO(s), i s  
propor t iona l  t o  the  square root  o f  the HzO(g) pressure and increases exponent ia l ly  w i t h  temperature. The 
t ranspor t  o f  LiOH(g) t o  the stainless s tee l  i s  dr iven by the concentration gradient of LiOH(g) f r o m  tha t  
a t  the LiZO(s) surface and tha t  a t  the s tee l  surface. A t  the s ta in less surface the LiOH(g) pressure i s  
l i k e l y  t o  be i n  equ i l ib r fum wi th  e i t h e r  LiCrQ2, o r  LiFe02, o r  LiNi02. Experiments of t h i s  type must be 
run fo r  extended periods t o  assess the importance o f  t h i s  i n te r face  complexity. 
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DESORPTION CHARACTERISTICS OF THE LiA102-H20(g) SYSTEM 
A lber t  K. Fischer and C. E. Johnson 

OBJECTIVE 

The ob jec t ive  o f  t h i s  study i s  t o  describe the energetics and k ine t i cs  of desorption of H20(9) and H 2 ( d  
from the surface of ceramic breeders w i th  data tha t  a l low pred ic t ions of the character is t ics  o f  t r i t i u m  
release. 

SUMNARY 

(Argonne National Laboratory) 

The energetics and k ine t i cs  of the evolut ion of H20(g) and H2(g) from LiA102 are being studied by the 
The concentrations of H2, HzO, N2, and 02 i n  a helium Stream temperature programed desorption technique. 

during a temperature ramp are measured simultaneously w i th  a mass spectrometer. 
adsarption/desorption i s  small compared t o  the amunt of H20 adsorption/desorption. 
treatment w i th  helium containing 990 ppm H2 a t  4000C. HzO evolut ion i n t o  the He-Hz stream was observed 
dur ing 473 t o  1023 K (200 t o  750OC) ramps a t  rates of 2 o r  5.6 K/min. 
r e f l e c t i n g  t h i s  process were deconvoluted t o  show t h a t  they are composites of only 2 or 3 reproducible 
processes. 
or ig inates i n  the differences anmng d i f fe rent  surface s i t e s  fo r  adsorption. 
temperature peaks (above 873 K (650OC)) must s t i l l  consider the p o s s i b i l i t y  of cont r ibut ions f r o m  
in teract ions w i th  the steel  walls. 

PROGRESS AND STATUS 

In t roduct ion 

ceramic oxides tha t  are candidates for  t r i t i u m  breeders i n  fusion react0rs . l  These processes i i f f e r  i n  
several respects: 
degrees of coverage by OH- groups on the various types of surface s i t e s  from which desorption occurs. The 
d i s t i n c t i o n s  i n  s i t e s  involve defects, impur i t ies ,  and differences i n  the physical-chemical nature o f  ions 
on d i f f e ren t  c rys ta l lograph ic  planes exposed t o  the gas phase. It i s  possible t o  regard these s i tes ,  w i th  
various ac t i va t i on  energies of desorption, as kinds o f  surface " traps" fo r  t r i t i u m .  

The amount of H2 
Af ter  prolonged 

The d i f f e r e n t  peak shapes 

The ac t i va t i on  energies and pre-exponential terms were evaluated. The d i f f e ren t  behavior 
The in te rp re ta t i on  of h igher 

Recent work has shown tha t  mu l t i p le  desorption processes cont r ibute  t o  the evolut ion of H O(g) f r o m  

the type of desorption, whether chemisorption o r  physisorption, and the d i f f e ren t  

I t  i s  important t o  have accurate, independently measured values of ac t i va t i on  energies f o r  the 
const i tuent processes so tha t  the data for t r i t i u m  release from complex i r r a d i a t i o n  tes ts  can be 
in terpre ted proper ly.  
be dominantly i n  the oxidized form (HTO or T20). measurements o f  the ac t i va t i on  energy f o r  desorption of 
H O(g) are espec ia l ly  important for  the app l ica t ion of t r i t i u m  release mdels .  The appearance o f  HT i s  
ogten ascr ibable t o  post- release in teract ions of HTO(g) w i th  the meta l l i c  wal ls  o r  exchange w i th  Hz. A 
useful experimental technique for measuring desorption ac t i va t i on  energies, as wel l  as o ther  k i n e t i c  data 
l i k e  the react ion order and the preexponential terms i n  the ra te  equations, i s  temperature programed 
desorption (TPD) .2 

k ine t i cs  of desorption of H20(g) and H2(g) from LiA102(s). Complexity i n  the adsorption of H20(g), i n  the 
fonn of d i f f e ren t l y  ac t iva ted adsorption processes, has already been revealed.3 However, the apparent 
a b i l i t y  of H2 i n  the gas stream t o  enhance the ra te  o f  release o f  t r i t i u m  i n  various tes ts  of breeder 
performance under i r r a d i a t i o n  condi t ions makes i t  important t o  understand the in te rac t ion  of both, H20 and 
H2, w i th  the breeder substrate. 
wal ls a lso needs t o  be c o n ~ i d e r e d . ~ )  
chemistry fo r  a balance between the amount of H2 added as a t r i t i u m  release promoter t o  the helium purge 
gas and the amunt of protium t h a t  must be separated from t r i t i u m  i n  processing the recovery stream. With 
i t s  focus on H20(g), t h i s  study, emphasizing the k i n e t i c s  of desorption, a non-equil ibrium process, 
complements the e a r l i e r  study3 on adsorption isotherms, which re la tes  t o  surface inventory a t  equil ibrium. 

If the species released from the surface i n  i r r a d i a t i o n  tes ts  can be considered t o  

TPD measurements have been made fo r  some l i m i t e d  condi t ions t o  provide data tha t  describe the 

(Under some condit ions, the p o s s i b i l i t y  f o r  i n te rac t ions  w i th  the tube 
This information can then be used t o  define the optimum purge gas 

Experimental 

A quadrupole mass spectrometer was used fo r  the continuous detect ion o f  gaseous species, H20, H2, 02, 
and N2. I n  addi t ion,  the H20 l eve l  i n  the gas stream was monitored w i th  an e l e c t r o l y t i c  m i s t u r e  
analyzer. The gas-carrying l i n e s  o f  
the a l l - s ta in less- s tee l  apparatus were heated t o  minimize holdup of HtO(g). High-temperature 
chmmatographic valves enabled gas streams t o  be changed very qu ick ly  w i th  a sharp concentration p r o f i l e .  
A prograimnable temperature c o n t r o l l e r  provided l i n e a r  heating rates. 

The mass spectrometric data were recorded and processed d i g i t a l l y .  

This work supported by the U.S. Department of Energy, Off ice o f  
Fusion Enerav. under cont rac t  no. W-31-109-Ena-38. 
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The thermocouple measuring the temperature was imersed d i r e c t l y  i n  the ceramic sample, which weighed 
0.52 g. The yLIA102 sample was f r o m  a batch pre  ared a t  CEN, Saclay. France, for  the EXOTIC V 

depending on whether i t  i s  calculated from the poros i ty  and the pore radius o r  f r om  the surface area and 
density. 
present study i t  was heated a t  1073 K (8OOOC) f o r  1 hr. 

temperature r a w s  from 473 t o  1023 K (200 t o  750%): f o r  5 of the 6 runs, the ramp r a t e  was 5.6 Klmin: fo r  
one (number 5) i t  was 2.0 K/min. Between runs, the sample was kept a t  673 K (400OC). wh i le  a stream Of 
helium w i t h  990 ppm H2 passed through it. 
durat ion f o r  each run i s  indicated i n  the capt ion f o r  each f igure.  Just  before s t a r t i n g  a run, the 
temperature was reduced qu ick ly  t o  473 K (2OOoC) whi le  maintaining the f l ow  of helium-990 ppm H2. Then 
the gas was switched t o  pure helium if a desorption i n t o  pure helium was planned (runs 1 and 2) o r  the 
f low o f  helium-990 ppm H2 was maintained fo r  desorptions i n t o  H2-containing sweep gas. The t q e r a t u r e  
ramp was s ta r ted  a t  473 K (2OOOC) 5 minutes l a t e r .  

experiment.5 The speci f ic  surface area was 6.6 m s /g and the mean g ra in  diameter was 0.28 o r  0.35 pm, 

I n  i t s  preparation i t  had been sintered a t  1373 K ( l l O O O C ) ,  and before being b o t t l e d  fo r  the 

A f t e r  a prel iminary drying, s i x  TPD runs (Table 1 and Figures 1 through 6) were performed w i t h  

This soaking per iod ranged from 20 hours t o  264 hours: the 

Table 1. Kinet ic  Parameters 
F i r s t  Order Desorption o f  H 0 

f r o m  A, B, and C s i t e s  on LiA 7 02 

Run No. 
1 
2 

Run No. 
3 
4 

5 
6 

VA 

0,090 

0.072 

PA 

0.078 
0.017 

0.025 
0.022 

Sweep Gas: Helium 

EdA VB EdB VC EdC 
17.8 0.28 23.0 
17.5 0.28 23.0 

Sweep Gas: Helium + 990 ppm H2 

EdA YE EdB VC EdC 
17.0 0.39 22.9 1.74 28.5 
15.7 0.13 23.0 
16.3 0.20 22.7 0.62 27.5 

16.0 0.15 22.6 

Results and Discussion 

For desorption i n t o  pure helium, runs 1 and 2, the H2 trace remained a t  essent ia l ly  the 
baseline leve l  u n t i l  a temperature of approximately 873 K (600OC) was reached. This r e s u l t  suggests 
tha t  the anaunt of Hz absorbed a t  673 K (400%) i n  the per iod before the run i s  small or 
negl ig ib le ,  o r  incapable o f  being desorbed. 
l i k e l y  the r e s u l t  o f  i n te rac t ion  o f  the evolved H 0 w i t h  the stainfess s tee l  tube wall,  as shown by 
e a r l i e r  work, and/or the evolut ion of H2 dissolve3 i n  the steel  dur ing the pretreatment w i th  H2. 

The spectra were deconvoluted, using Lotus 1-2-3 software, w i th  the f i nd ing  tha t  they are the 
sums o f  2 ( i n  four  cases) o r  3 ( i n  two cases) sub-peaks. The sub-peaks are i d e n t i f i e d  as the A, B, 
and C peaks and are taken t o  correspond t o  desorption processes invo lv ing  three d i f f e r e n t  types o f  
s i t e s  on the surface of the LiA102, designated as types A, 8. and C. 
of H2O(g) expressed by the measured curves and comprised o f  the sum o f  desorption from the 
ind iv idua l  types o f  s i t es  i d e n t i f i e d  by subscr ipt  i for  the A, B, and C s i t e s  i s  given by: 

The r i s e  i n  evolved H a t  h igher telnperature i s  most 

The overa l l  ra te  o f  desorption 

This i s  the funct ional  form used i n  the deconvolution. 81 i s  the ind iv idua l  f rac t i ona l  surface 
coverage f o r  each of the types of s i t e s  a t  a given moment.6 Total f r a c t i o n a l  coverage i s  BT = rei. 
The preexponential term, vi,  i s  i n  u n i t s  o f  nml/min-m2 where m2 re fe rs  t o  t o t a l  BET surface area. 
The ac t i va t i on  energy f o r  desorption, Ed1 i s  i n  un i t s  o f  kcal/mol. The sub-peaks are fo r  f i r s t  
order desorption. 
completely second order processes d i d  not y i e l d  as good f i t s  t o  the data. The 9 values for  the A, 
B, and C peaks were i n  the range of approximately 0.01 and 0.02. 

Attempts t o  reproduce the curves as a mixture o f  f i r s t  and second order o r  as 
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I n  comparing the A and B peaks w i t h  and without H2 i n  the sweep gas. one sees tha t  the B peak 
i s  substant ia l ly  smaller than the A peak i n  the absence o f  H2 (Figures 1 and 2) but comparable t o  or 
l a rge r  than the A peak i n  the presence of H2 (Figures 3-6). 
contr ibutes t o  the overa l l  curve as a shoulder, whereas i n  the presence of H2 i t  i s  a d i s t i n c t  
second or dominant peak. The frequently reported enhancement o f  t r i t i u m  release attending the use 
of H2 i n  the sweep gas might be re la ted,  therefore, t o  enhanced population of B s i t e s  and t o  the 
emerging p a r t i c i p a t i o n  of C s i t e s  which apparently were not involved i n  the runs without H2. 
also apparent from Table 1 tha t  the ac t i va t i on  energies and pre-exponential terms f o r  a given type 
o f  s i t e  are reproducible, showing t h a t  the seemingly disparate TPD spectra are u n i f i e d  i n  re f l ec t i ng  
mixtures of c o m n  processes. 

I n  the absence o f  H2, the B peak 

It i s  

As f a r  as the numerical values for  these k i n e t i c  parameters f o r  the A and B s i t e s  a r e  
concerned, the e f f e c t  o f  990 ppm H2 i n  the sweep gas i s  small. 
i n  the ac t i va t i on  energy f o r  the A s i t e s  i n  the presence of 990 ppm Hz, but  t h i s  i s  compensated by 
by a small decrease i n  the pre-exponential term. Considering tha t  the condi t ion ing of the LiA102 
wi th  H was a t  a r e l a t i v e l y  low temperature i n  the context o f  operat ion o f  s o l i d  breeders, 673 K 
(4OOOCf, the small e f f e c t  o f  the H2 add i t ion observed here i s  consistent w i th  the resu l t s  from 
t r i t i u m  residence t i m e  measurements i n  a t  l eas t  two release experiments. 
e ~ p e r i m e n t , ~  the t r i t i u m  residence times i n  0.15 pm gra in  s ize LiA102 were equal a t  approximately 
750 K (477OC) f o r  helium gas purges containing e i the r  1% or 0.1% H2, or a mixture of 50 vppm H2 and 
100 vppm H20. 
add i t ions t o  the purge gas became increasingly e f fec t ive  a t  higher temperatures. A s i m i l a r  
conclusion was reported i n  the study by Tanaka e t  a1.8 on the residence times f o r  t r i t i u m  release 
from LiA102. They found t h a t  the residence time was shortened by a fac tor  of 6.8 a t  973 K (70OOC) 
and by a fac to r  o f  on ly  3.8 a t  803 K (530OC) when the H concentration i n  the sweep gas was changed 
from 10 ppm t o  1000 ppm. These r e s u l t  suggest tha t  smafler e f fec ts  would be expected a t  lower 
temperatures, e.g., 673 K (4000C). 

Comparison o f  Figures 3, 4,  and 6, fo r  which the r a w  ra te  was constant and f o r  which the 
durat ion o f  pretreatment w i t h  990 ppm H20 increased monotonically, reveals a t rend fo r  increasing 
amplitude o f  the A and B peaks as durat ion o f  pretreatment increased. This suggests tha t  the 
bu i ldup o f  surface OH- was time dependent and aided by the H2. I t  a lso suggests the process i s  Slow 
because the pretreatment periods were o f  the order of days. I t  appears reasonable tha t  a t  higher 
temperature the bui ldup processes would be faster; future work should i nqu i re  i n t o  whether the peaks 
increase i n  amplitude f o r  higher pretreatment temperatures. 

Observation o f  f i r s t  order k ine t i cs  deserves consideration i n  view o f  the general ly accepted 
propos i t ion tha t  desorption of H20 which i s  chemisorbed as OH-, even i n  the presence of H Z . ~  The 
observation of f i r s t  order k ine t i cs  fo r  a bimolecular process can be understood i n  terms of a theory 
or ig inated by Lindeman.10 
s - OH and the t r a n s i t i o n  s ta te  i s  s - H20*, then the stepwise process can be v isua l ized as the 
bimol ecul a r  step: 

There appears t o  be a small decrease 

I n  the TEQUILA 

That i s ,  there was no ef fect  from the H2 addi t ions a t  t h i s  temperature. However, the 

If the surface i s  represented by s and the surface-bonded OH- groups are 

s - OH t s - OH s - H20* + s - 0 

w i th  ra te  constants k2 t o  the r i g h t  and k-2 t o  the l e f t  followed by the uninmlecular step: 

s - H20* + H20(g) + s 

wi th  r a t e  constant k l .  Development of the Lindeman theory lead t o  the f i n a l  expression, 

d[H~O(g) l  k lkz[s - OH]' - 

d [H~O(g) l  k lkz[s - OH1 
d t  k-2 

which i s  a f i r s t  order expression r e l a t i n g  t o  a bimolecular process and provides the conceptual 
ra t i ona le  fo r  the observations o f  f i r s t  order k inet ics .  The condi t ion k-2 >> k l  impl ies tha t  the 
reversal o f  the bimolecular step i s  fas ter  than the evolut ion of H20(g), and tha t  increasing the 
concentration o f  s - OH, w i l l  increase the evolut ion o f  H20(g) according t o  the ra te  equation. 
Higher tenperatures could a l t e r  the re la t i onsh ip  between the r a t e  constants so tha t  if k >> k2 the 
observed k ine t i cs  would become second order, though the t o t a l  mechanism would s t i l l  involve a 
bimolecular step followed by a unimolecular one. This po in t  needs fur ther  study. 
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I t  was indicated e a r l i e r 9  tha t  fotmation o f  surface OH- together w i t h  F* centers can r e s u l t  
from adsorption o f  H2. 
discussed as cont r ibutors  t o  increased surface OH- concentrations. 

Even i f  apparently on ly  weakly adsorbed, H2 can s t i l l  be understood t o  be s u f f i c i e n t l y  present 
and ac t i ve  on the surface from the fol lowing consideration. The r a t e  o f  impingement of H2 molecules 
on the surface a t  820 K from a gas w i t h  990 ppm H i s ,  from k i n e t i c  theory calculat ions,  6.4 x 1020 
molecules-cm-2-sec-1. 
the order o f  8 x 109 molecules-cm-2-sec-1. Therefore, the H2 impingement r a t e  exceeds the H20 
departure ra te  by a f a c t o r  o f  approximately l o l l .  This impl ies tha t  even if H2 i s  weakly adsorbed, 
and implying b r i e f  residence times on the surface, the high impingement r a t e  can compensate. 

I n  i n te rp re t i ng  the C peaks, i t  i s  s t i l l  uncertain whether the H O(g) released a t  these higher 

Surface space charge layer  ef fects at tending H2 adsorption were a lso 

By comparison, the ra te  o ;i evolut ion o f  H2O a t  one of the peak heights i s  of 

temperatures r e f l e c t s  on ly  desorpt ion f r o m  the surface, o r  whether d i  ;i fusion f r o m  the bu lk  i s  
increasingly augmenting the surface OH- concentration, o r  if there are in teract ions between H2 and 
the s tee l  surface. These questions require fur ther  study. When i t  appeared, evolut ion from the C 
s i t e s  was comparable i n  magnitude t o  the evolut ion from the A and 8 s i tes .  
temperature o f  673 K (400OC) was on ly  marginal ly adequate t o  ac t i va te  chemisorption o f  H2 t o  
populate the C s i tes .  

Posslbly, the soaking 

The 28 kcal/mol value for  the ac t i va t i on  energy f o r  the C peaks i s  close t o  the 29.5 kcal/mol 
reported b Kudo f o r  the ac t i va t i on  energy o f  decomposition o f  LiOH, a process o f  H20(g) 

groups. The apparent s i m i l a r i t y  between the two cases suggests tha t  the C s i t e s  on LiA102 resemble 
s i t e s  on L iz0 i n  t h e i r  H2O-evolving behavior, but  there remains also the question o f  possible steel  
surface e f f e c t s  i n  the work w i th  LiOH. 

FUTURE WORK 

evolution. ! 1 I n  Kudo's case, the decomposing LiOH produced a L iz0 surface w i t h  scattered OH- 

The next phase of TPD measurements w i l l  center on L iz0 i n  order t o  provide data t h a t  are of 
current i n t e r e s t  for  ITER blanket designs. 
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Fig. 1. Desorption of H20 into pure helium 
after 264 hours pretreatment with 990 ppm H2 
in helium at 673 K. Ramp rate i s  5.6 Kjmin. 
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contafning 990 ppm HZ after 20 hours 
pretreatment with 990 ppm H2 in helium at 
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Fig. 2 .  Desorption as  in Fig. 1, but after 
120 hours pretreatment. 
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T R I T I U M  RELEASE FROM LITHIUM CERAMICS 
J. P. Kopasz (Argonne National Laboratory), M. Br iec (CEAJCEN Grenoble. France), 
5. Casadio (ENEAJCRE, Cassaccia. I t a l y ) ,  and H. Werle (Karlsruhe, Germany) 

OBJECTIVE 

The ob jec t ive  of t h i s  e f fo r t  was t o  improve the current understanding of t r i t i u m  transport  i n  Ceramic 
breeder mater ia ls and t o  ass i s t  CEA s ta f f  (Saclay, France) i n  analysis of t h e i r  i n - s i t u  t r i t i u m  recovery 
experiments. 

SUMMARY 

Recent i n - p i l e  t r i t i u m  ext rac t ion experiments from l i t h i u m  ceramics have invest igated the effects of 
temperature, mater ia l  microstructure, purge gas composition, and t r i t i u m  generation r a t e  on the k ine t i cs  
of t r i t i u m  release. 
microstructure ind icates desorption i s  the dominant mechanism c o n t r o l l i n g  t r i t i u m  release fo r  the 
condi t ions investigated. 
the ac t i va t i on  energy o f  desorption may vary s i g n i f i c a n t l y  w i th  surface coverage. The changes i n  
inventory w i th  var ia t ions i n  the key parameters mentioned above were invest igated t o  determine the 
a p p l i c a b i l i t y  of these reports t o  i n - p i l e  t r i t i u m  release. 
order, and tha t  the desorption ac t i va t i on  energy i s  dependent on the surface coverage. 

PROGRESS AND STATUS 

In t roduct ion 

The re la t i onsh ip  between the t r i t i u m  release character is t ics  and sample 

L i te ra tu re  resu l t s  ind icate  tha t  t h i s  desorption step may be second order and 

The resu l t s  suggest t r i t i u m  release i s  f i r s t  

A la rge amount of data are ava i lab le  for i n - p i l e  t r i t i u m  recovery experiments which have invest igated 
the e f f e c t s  o f  the generation rate,  sample microstructure, purge gas composition and temperature on 
t r i t i u m  release. 
inventory and release on these factors:  however, a de ta i l ed  in te rp re ta t i on  of the resu l t s  leading t o  an 
understanding of the ra te  c o n t r o l l i n g  mechanisms i s  not always straightfornard.  One model which has been 
widely used t o  i n t e r p r e t  the resu l t s  i s  the diffusion-desorption model.1 
as pseudo f i r s t  order i n  t r i t i u m  and generally considers the desorption occurr ing w i th  one ac t i va t i on  
energy. Other work has suggested tha t  the desorption step i s  second order i n  t r i t i u m  or  t h a t  the 
desorption may be occurr ing,wi th d i f fe rent  ac t i va t i on  energies.2 Using data from experiments ca r r i ed  out 
a t  the Centre d'Etudes Nucleaires de Grenoble we have examined the effects of the key parameters mentioned 
above on t r i t i u m  release and inventory and have compared the magnitude o f  these e f fec ts  w i th  those 
predicted from various t r i t i u m  release models. 

Key Parameters Af fec t ing T r i t i um Release 

microstructure of the ceramic, and composition o f  the purge gas. 
as the r a t i o  o f  the t r i t i u m  inventory t o  the t r i t i u m  generation ra te)  i s  a convenient i nd i ca to r  of the 
release k inet ics .  The t r i t i u m  residence t ime should be independent o f  the generation r a t e  i f  a di f fusion 
or  f i r s t  order desorption mechanism i s  the r a t e  c o n t r o l l i n g  step whi le  the t r i t i u m  residence time w i l l  be 
dependent on the generation ra te  if a second order desorption mechanism i s  ra te  cont ro l l ing .  

The sample microstructure i s  a c r u c i a l  f ac to r  a f fec t ing t r i t i u m  release k inet ics .  For a d i f f us ion  
mechanism the t r i t i u m  residence time i s  given by: 

The resu l t s  have l e d  t o  a q u a l i t a t i v e  understanding o f  the dependence of t r i t i u m  

This model t rea ts  the desorption 

The t r i t i u m  release k ine t i cs  are dependent on the t r i t i u m  generation rate,  temperature, 
The t r i t i u m  residence time (defined here 

t = a2115D (1) 

and the inventory increases as the square o f  the g ra in  radius. 
time i s  given by the sample volume d iv ided by the product of the surface area times the desorption r a t e  
constant. For a sphere, t h i s  leads to:  

F o r  a desorption mechanism, the residence 

t = aJ3h (2) 

For other geometries an ef fect ive radius a', defined as three times the r a t i o  o f  the sample volume t o  the 
speci f ic  surface area, can be used t o  ca lcu la te  the residence time. 
proport ional  t o  t h i s  e f f e c t i v e  radius i f  desorption i s  the r a t e  c o n t r o l l i n g  mechanism. 

The composition o f  the purge gas has been demonstrated t o  have a substant ia l  e f f e c t  on the t r i t i u m  
residence t i m e .  
However, the bu lk  proper t ies  may a lso be affected by the purge gas. For example, water add i t ion t o  the 
purge gas may be expected t o  increase the desorption o f  t r i t i u m  from the surface. Addi t ion of water i n  
the purge gas may a lso lead t o  a hydrogen concentration i n  the bu lk  which exceeds the s o l u b i l i t y  l i m i t ,  
causing the p r e c i p i t a t i o n  o f  a second phase o f  LiOHJLiOT, thereby changing the bu lk  proper t ies  including 
d i f f u s i v i t y  ( t h i s  i s  l i k e l y  t o  occur f o r  L iz0 a t  temperatures below 45OoC where the hydrogen s o l u b i l i t y  i s  

The residence time w i l l  be 

It i s  obvious tha t  the surface processes are influenced by the purge gas chemistry. 

low). 
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RESULTS AND DISCUSSION 

Effect  o f  Generation Rate 

I n  an e f f o r t  t o  c l a r i f y  the order o f  the desorption reaction, tes ts  were performed w i t h  d i f fe rent  
thermal neutron f luxes and, consequently, d i f f e r e n t  t r i t i u m  generation rates. For a desorption mechanism 
which i s  f i r s t  order i n  t r i t i u m ,  the t r i t i u m  residence t ime w i l l  be independent of the aeneration r a t e  
wh i le  f o r  a desorption mechanism which i s  second order i n  t r i t i u m ,  the t r i t i u m  residence time w i l l  be 
inverse ly  proport ional  t o  the square root  of the generation rate. Transient tenperature changes were 
performed on L i  Si04 samples w i th  He + 0.1% H2 as the purge gas for  two thermal neutron f luxes, 0.4 and 

temperature are i den t i ca l ,  w i th in  the e r r o r  o f  the calculat ions,  fo r  the two f luxes, i nd i ca t ing  the r a t e  
determining step i s  not second order i n  t r i t i u m .  Other factors ind icate  desorption i s  r a t e  c o n t r o l l i n g  
f o r  these samples, so we can conclude desorption i s  f i r s t  order i n  t r i t i u m  under these condit ions. 

Effect of Microstructure 

Temperature t rans ient  runs were perfonxed on samples of CIA102 w i th  d i f f e ren t  microstructures.  Results 
f o r  experiments w i th  He + 0.1% H2 purge gas and for  two d i f fe rent  microstructures are given i n  tab le  2. 
The resu l t s  ind icate  tha t  t r i t i u m  residence time decreases w i th  decreasing g ra in  size. This was a lso 
observed i n  the LILA I l l 4  experiment. 

0.93 x I d 7  nlm $ 5 .  The t r i t i u m  residence times obtained are shown i n  tab le  1. The values a t  a given 

The ef fect  of sample microstructure on t r i t i u m  inventory was invest igated i n  the TEQUILA experiment. 

Table 1. T r i t i um residence t i m e  ( i n  hours) versus 
thermal neutron f l ux  LiqSiO4 sample. He + 0.1% H2 as purge gas. 

neutron f l u x  temperature t r i t i u m  residence t ime 

1017 n/& oc h 

0.93 450 17.5 < r < 27 

500 4 < r < 4.2 

0.40 450 
500 

26.5 
4.1 

I t  fol lows f r o m  equation (1) tha t  f o r  d i f f u s i o n  cont ro l led release, the t r i t i u m  .residence t i m e  W i l l  
increase i n  proport ion t o  the square m o t  a f  the g ra in  s ize which means t h a t  a r a t i o  of 600 i s  expected 
fo r  the t r i t i u m  residence times of the two samples w i th  6 and 0.15 pm gra in  sizes. The observed ra t i os ,  
>l0.8 a t  670OC, >16.3 a t  6200C. >26.6 a t  560OC and >14.4 a t  5100C are much lower, i nd i ca t ing  tha t  
d i f f us ion  i s  not r a t e  l i m i t i n g  f o r  these temperatures and g ra in  sizes. 
l i m i t i n g  the t r i t i u m  residence time w i l l  increase i n  proport ion t o  the e f fec t i ve  g ra in  radius calculated 
from the spec i f i c  surface area which means tha t  a r a t i o  of 13.3 i s  eipected f o r  the t r i t i u m  residence 
times o f  the two samples w i th  6 and 0.45 pm e f f e c t i v e  g ra in  r a d i i  (a ). The observed values (see tab le  1) 
are o f  the same order o f  magnitude as expected fo r  the desorption con t ro l l ed  release, suggesting tha t  
desorption i s  the c o n t r o l l i n g  fac to r  determining t r i t i u m  residence t ime f o r  these materials. Any 
v a r i a t i o n  from the expected r a t i o s  suggests other processes may be p lay ing a minor r o l e  i n  determining the 
t r i t i u m  residence time. 

Likewise if desorption i s  r a t e  
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Table 2. Ef fec t  o f  microstructure on t r i t i u m  residence time. 

g ra in  s i z e  a* calc. from Temperature T r i t i um 

pm pm time, r a = 0.15 
a spec. sur f .  area OC residence rlr 

0.15 
6 

0.15 
6 

0. 15 
6 

0.15 
6 

0.45 
6 

0.45 
6 

0.45 
6 

0.45 
6 

670 0.95 > 10.3 
1 > 10.8 

620 1.3 1 

560 3.9 1 

510 9.7 1 

> 21.2 > 16.3 

)103.8 > 26.6 

>140.2 > 14.4 

E f fec t  o f  Purqe Gas Composition 

by the purge gas chemistry. 
improves the t r i t i u m  release rate.4t5 
improve the t r i t i u m  release rate. 

H and He + 50 vppm H2 + 100 vppm H20. The resu l t s  f o r  samples w i th  gra in  radius of 0.15 pm are 
i f l u s t r a t e d  i n  f igure  1 as p l o t s  of the natural  l o g  of t r i t i u m  residence time versus the inverse 
temperature. 

t r i t i u m  release i s  b e t t e r  fo r  a purge gas containing 1.0% H2 than f o r  one containing 0.1% H2. 
conclusion i s  supported by the t r i t i u m  release observed f o r  a change i n  purge gas from He t 0.1% H2 t o  He 
+ 1.0% H2 which shows a decrease i n  t r i t i u m  inventory. 
release was b e t t e r  f o r  a purge of He + 0.1% H2 than f o r  He + 50 vppm H2 + 100 vppm H20 a t  h igh 
temperatures () 5100C), whi le  a t  low temperatures (460%) release was b e t t e r  fo r  the purge gas containing 
wa te r  than f o r  those without water. 

gases of He + 0.1% H2 and He + 1.0% H2 (w i th in  the experimental er rors) ,  wh i le  the desorption ac t i va t i on  
energy f o r  He + 50 vppm H t 100 vppm H20 was subs tan t ia l l y  lower. 
ac t i va t i on  energy may be 2ependent on the hydrogen (OH groups) surface coverage. The degree o f  hydrogen 
gas adsorption on LiA102 i s  c e r t a i n l y  less  than t h a t  f o r  water, and therefore i t  i s  not surpr is ing tha t  
the desorption ac t i va t i on  energy i s  smaller when water i s  added t o  the purge gas. I n  addi t ion,  since H 
adsorption i s  expected t o  be dissociat ive,  the hydrogen surface coverage would be expected t o  vary as t i e  
square roo t  o f  the hydrogen pressure. This suggests the hydrogen surface coverage f o r  He + 1% H2 i s  o f  
the same order of magnitude as fo r  He t 0.1% H2 and therefore one would expect the desorption ac t i va t i on  
energies t o  be s imi lar .  

I t  i s  obvious tha t  the surface processes (desorption o f  t r i t i u m  or t r i t i a t e d  water) are influenced 
I t  has been shown repeatedly tha t  add i t ion o f  hydrogen t o  the purge gas 

I t  seems reasonable t o  assume tha t  water add i t ion w i l l  a lso 

I n  the TEQUILA experiment, three purge gas compositions were investigated: He + 0.1% H2, He + 1.0% 

The t r i t i u m  residence t i m e s  obtained i n  TEQUILA ind ica te  tha t  f o r  small g ra in  radius samples, 
This 

The TEQUILA resu l t s  a lso ind icate  tha t  t r i t i u m  

I n  TEQUILA, f o r  small g ra in  samples, the desorption ac t i va t i on  energies were the same f o r  purge 

This observation suggests tha t  the 

Effect  o f  Temperature 

The e f f e c t  of temperature was invest igated by performing temperature t rans ient  tests.  Generally the 
t r i t i u m  inventory and t r i t i u m  t i m e  constant decreases w i th  increasing temperature. The t r i t i u m  time 
constants, however, e x h i b i t  an in te res t ing  phenomenon. I n  some cases the t ime constant (defined as the 
t i n e  fo r  a temperature t rans ien t  peak t o  decay t o  35% o f  i t s  maximum value) determined f o r  a temperature 
increase from temperature T I  t o  temperature T i s  d i f f e r e n t  than the time constant determined fo r  a 
temperature decrease from temperature 12 t o  the same f i n a l  temperature ( tab le  3, TEQUILA experiment). 

F o r  a pure f i r s t  order desorption process or a pure d i f f u s i o n  process, the time constant i s  
independent of the previous temperatures whi le fo r  a second order desorption process the t i m e  constant 
w i l l  depend on the previous temperature. 
less s t r a i g h t  forward and i t  i s  not  obvious whether the time constant are dependent on or independent of 
the previous condit ions. To solve t h i s  problem, ca lcu la t ions were performed using the OISPL Code6 for 
di f fus ion w i th  a f i r s t  order desorption boundary condi t ion i n  spherical geometry. 
t ha t  i n  the mixed di f fusion-desorpt ion regime the time constant 

I n  the case o f  mixed di f fusion-desorpt ion the mathematics are 

The resu l t s  ind icate  
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Table 3. Time constants o f  t r i t i u m  release: dependence 
on temperature h i s t o r y  gama-LiAIO2 samples. 

He + O, l%  H2 as purge gas 

Drevious 
gra in  s ize temperature ' t e p i i r a t u r e  t ime constant 

OC OC h 

12 

bimodal 0.2-5 

620 670 
570 
670 
570 

10.75 
5.5 

11 
3.7 

i s  dependent on the previous condit ions, but  as the r a t i o  ah/D increases toward d i f f us ion  con t ro l l ed  
release or decreases toward desorption con t ro l l ed  release, t h i s  dependence disappears. This suggests 
t r i t i u m  release i s  i n  the mixed di f fusion-desorpt ion regime a t  the temperature when the t i m e  constants 
fo r  temperature increases and temperature decreases are unequal o r  desorption i s  second order i n  t r i t i u m  
i n  these cases, however separate tes ts  on LiqSiO4 ind icate  desorption i s  f i r s t  order. 

CONCLUSION 

Tr i t i um ext rac t ion experiwents performed a t  CEN Grenoble have determined the effects o f  t r i t i u m  
generation rate, sample microstructure, purge gas composition 
ceramic t r i t i u m  breeding mater ia ls.  
mechanism. 
tha t  desorption i s  the dominant mechanism i n  t r i t i u m  release f o r  the condi t ions investigated. 
importance of surface processes i s  fu r the r  i l l u s t r a t e d  by the e f f e c t  of the purge gas composition on 
t r i t i u m  release. 
d i f f e r e n t  purge gases ind icate  tha t  a simple desorption model w i th  a s ing le  ac t i va t i on  energy i s  
inadequate and a model w i th  m u l t i p l e  desorption ac t i va t i on  energies o r  mechanisms i s  necessary t o  account 
fo r  the var ia t ions i n  inventory w i th  d i f f e ren t  purge gas compositions. 

and temperature on t r i t i u m  release f r o m  

The re la t ionsh ip  between the t r i t i u m  residence t ime and the sample microstructure i nd i ca te  
These resu l t s  have a lso provided some ins igh t  i n t o  the r a t e  l i m i t i n g  

The 

The presence of d i f f e ren t  ac t i va t i on  energies f o r  the r a t e  l i m i t i n g  process f o r  the 

Some data a lso suggest a second mechanism contr ibutes t o  the t r i t i u m  inventory. Di f fusion i s  the 
most l i k e l y  candidate, and a diffusion-desorption model i s  able t o  account f o r  the observed differences 
i n  t ime constants f o r  temperature increases and temperature decreases t o  the same f i n a l  tenrperature. An 
a l te rna t i ve  explanation i s  a second order desorption mechanism which would account fo r  the di f ferences i n  
tjme constants but separate tes ts  on Li4SiO4 have indicated the t r i t i u m  release i s  independent of the 
generation rate,  and therefore not  second order. 
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IN-SITU TRITIUM RECOVERY FROM Li,O IRRADIATED IN FAST NEUTRON FLUX - BEATRIX-I1 INITIAL RESULTS - 
T. Kurasawa Japan Atomic Energy Research Institute, 0. 0. Slagle and G. W .  Hollenberg, Pacific Northwest 
Laboratory,(") R. A. Verrall, AECL Research, Chalk River Laboratories 

OBJECTIVE 

The purpose of this work is to evaluate the performance of candidate ceramic breeding materials for use in a 
fusion blanket. This evaluation is specifically aimed at characterizing the behavior of materials in a neu- 
tron flux. 

SUMMARY 

The BEATRIX-I1 experiment in FFTF is an in-situ tritium recovery experiment to evaluate the tritium release 
characteristics of Li,O and its stability under fast neutron irradiation to extended burnups. This experi- 
ment includes two specimens: 
temperature gradient specimen. 

During the first 85 days of the operating cycle of the reactor, the tritium recovery rate of a temperature 
transient capsule was examined as a function of temperature, gas flow rate, gas composition and burnup. 
Temperature changes in the range from 500 to 650% resulted in decreasing tritium inventory with increasing 
temperature. 
changes affected the tritium release rate significantly, more than either flow rate or temperature changes. 
Three different sweep gases were used: 
hydrogen in the sweep gas decreased the steady-state release rate by as much as a factor of two. 

A temperature gradient capsule is more prototypic of the conditions expected in a fusion blanket and was 
designed to provide data that can be used in evaluating the operational parameters of a solid breeder in a 
blanket environment. The operation of this canister during the first 85 EFPO cycle suggests that Li,O is a 
viable solid breeder material. 

a thin annular ring specimen capable of temperature transients and a larger 

Lower gas flow rates resulted in slightly lower tritium release rates while gas composition 

He-0.1% H,, He-0.01% H,, and pure He. Decreasing the amount of 

PROGRESS AND STATUS 

Introduction 

BEATRIX-I1 is an International Atomic Energy (IEA) sponsored irradiation experiment to evaluate the tritium 
release characteristics of Li,O and its stability under fast neutron irradiation to extended burnups','. It 
is an in-situ tritium release experiment being carried out in the Fast Flux Test Facility (FFTF). The 
Darticioants in this experiment are the Jaean Atomic Enerav Research Institute (JAERI). the Atomic Enersv o f  ". 
Canada,' Ltd. (AECL), and the United States' Department of h r g y  (US/DOE). 
85 effective full power days (EFPD) of operation are described in this paper. 

Resuits from the first 

The experiment includes two capsules containing different Li,O specimens each with a separate sweep gas and 
tritium measurement system. One specimen is in the form of a thin annular ring operating at a nearly 
uniform temperature capable of temperature transients while the other specimen is a solid cylinder of 
pellets operating under a temperature gradient. A sophisticated tritium gas handling system, that both 
monitors the release of tritium from the two solid breeder specimens and recovers the tritium in specially 
designed getter beds,3 was designed and built. 

ExDeriment Desiqn 

The ring specimen was designed to operate in a manner similar to previous tritium recovery experiments, 
e.g., TRIO,' VOM,' CRITIC,6 while the solid specimen provides performance data on Li,O irradiated in a 
temperature gradient. Each gas stream i s  instrumented for continuous monitoring of the flow rate, total 
moisture, tritium concentration, and the form of the tritium. The total tritium concentration and form of 
the tritium is determined in a manner similar to the VOM experiment' and uses a Ceramic Electrolysis Cell 
(CEC) to reduce the water vapor.6 A m r e  complete description of the system is given in References 1 to 3 
and the operation of the system is described in Reference 3 .  

The specimen description and the irradiation conditions are given in Table 1. The ring specimen has a wall 
thickness of 0.16 cm with thermocouples located at the inner and outer surfaces. During irradiation, the 
temperature difference across this specimen is 40T. The temperature o f  the ring specimen is controlled by 
changing the type of gas in the thermal gap of the canister.',' Temperature transients imposed on the 
specimen occur in times less than 15 seconds. The solid specimen is not temperature controlled and has an 
edge temperature of 450% and a center temperature of 1000-C. Although the outer dimensions are nearly the 
same, the solid specimen is a factor of 2.9  larger by weight. Both specimens are exposed to similar levels 
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Table 1 

Mate r i a l s  and Environmental Condi t ions f o r  BEATRIX-I1 

Specimen 
Cha rac te r i s t i c s  

Length (cm) 
Outer d i a .  (cm) 
Inner  d i a .  (cm) 
Weight ( 9 )  
Dens i ty  (%TO) 
Grain Size (microns) 
%i ( a t  %) 
Temperature ("C) 

Center 
Edge 

Ca lcu la ted  
T r i t i u m  Generation Rate Ci /s)  

Measured 
Tota l  Generation: 

300 EFPD ( C i )  

Rinq 

8.90 
1.84 
1.51 

11.95 
79.3 

5 .5  
61 

540-640 
500-600 

47 
58 

1500 

Sol i d  

8.92 
1.70 
0.27 

34.31 
84.5-92.6 
46 
61 

1000 
450 

124 
143 

3700 

o f  neutron f l u x  i n  t he  Ma te r i a l s  Open Test Assembly (MOTA). 
specimen generates 150% more t r i t i u m  du r i ng  i r r a d i a t i o n .  The goal  burnup f o r  a 300 EFPD i r r a d i a t i o n  i s  4% 
of the t o t a l  l i t h i u m  fa r  ba th  specimens. 

Because of t h e  weight  d i f fe rence,  t he  s o l i d  

Exoerimental Test  Plan 

Th i s  paper descr ibes t he  f i r s t  se r i es  o f  experiments c a r r i e d  o u t  du r i ng  a recen t  ope ra t i ona l  c y c l e  equiva- 
l e n t  t o  85 EFPO. 
t he  inst rument  parameters t o  op t im ize  t he  data.  
thermocouple read ing  o f  6502,  a sweep gas o f  He-0.1 MZ,, and a f l o w  r a t e  o f  100 mL/min. Th i s  corresponds 
t o  a specimen ou te r  surface temperature o f  600% and an i nne r  sur face temperature of 640%. The i nne r  
thermocouple temperature i s  used t o  designate t h e  temperature of t he  r i n g  specimen. 

The t r i t i u m  recovery r a t e  f rom t h e  temperature t r a n s i e n t  capsule was examined as a f u n c t i o n  of temperature, 
gas f l o w  r a t e ,  gas composit ion, and burnup. The f i r s t  se r i es  o f  t es t s ,  designed t o  determine t h e  e f fec t  of 
temperature t r a n s i e n t s  and sweep gas f l o w  r a t e s  on t he  t r i t i u m  recovery r a tes ,  i s  descr ibed i n  Table 2. 
Runs 1 t o  6 and 14 t o  20 are  a se r i es  o f  temperature t r a n s i e n t s  between 650, 600, and 550% t o  cha rac te r i ze  
t he  temperature dependence a t  re fe rence f l o w  and gas composit ion. I n  Runs 6 t o  14, t h e  e f f e c t  of 50, 100 
and 200 mL/min sweep gas f l o w  r a t e s  and temperature t r a n s i e n t s  between 550 and 650% a t  50 and 200 mL/min 
were inves t iga ted .  A se r i es  o f  runs t o  cha rac te r i ze  t h e  ef fect  of gas composi t ion and burnup i s  g i ven  i n  
Table 3. 
sweep gases were used: He-0.1% H,, He-0.01% Hc, and pure He. 
t r a n s i e n t s  w i t h  t he  re fe rence sweep gas t h a t  w i l l  be repeated l a t e r  i n  t h e  experiment t o  determine t h e  
e f f e c t  of burnuo. 

The f i r s t  p a r t  o f  t h e  i r r a d i a t i o n  was devoted t o  c o n d i t i o n i n g  t h e  specimens and a d j u s t i n g  
The re fe rence c o n d i t i o n  was se lec ted  t o  be an i n n e r  

I n  Runs 21 t o  33 t he  sweep gas composi t ion was va r i ed  a long w i t h  t h e  temperature. Three d i f f e ren t  
Runs 33 t o  38 are  a se r i es  of temperature 

RESULTS AND DISCUSSION 

A p r imary  purpose o f  t h i s  experiment, and ven ted- tes ts  i n  general ,  i s  t o  determine t he  v i a b l e  opera t ing  
parameters o f  a s o l i d  breeder b lanke t  and t he  associated t r i t i u m  i nven to r i es .  To date, no at tempt has been 
made t o  determine t r i t i u m  i nven to r i es  f o r  t he  Li,O i n  t h i s  85 EFPD c y c l e  o f  t he  experiment, b u t  observa- 
t i o n s  o f  s teady-s ta te  t r i t i u m  recovery r a t e s  and t h e  shape o f  recovery peaks permi t  general comments. 

I n  general ,  an i n d i c a t i o n  o f  ' "acceptable" ope ra t i ng  cond i t i ons  can be de f i ned  i f  s teady- s ta te  t r i t i u m  
recovery i s  es tab l i shed  w i t h i n  a reasonable amount of t ime,  such as one day a f t e r  a change i n  a s p e c i f i c  
opera t ing  parameter. A ' "t rue"  s teady-s ta te  recovery r a t e  imp l i es  t h a t  t he  recovery r a t e  i s  equal t o  t he  
t r i t i u m  genera t ion  r a t e  i n  t h e  ceramic. However, under many experimental cond i t i ons  t h e  "apparent" steady- 
s t a t e  recovery r a t e  i s  n o t  t he  genera t ion  r a t e .  I n  these circumstances, t he  t r i t i u m  i nven to r y  i s  s t e a d i l y  
i nc reas ing  ( o r  decreasing). Given a s u f f i c i e n t l y  l ong  time, t h e  "apparent" s teady- s ta te  recovery  r a t e  
should approach t h e  t r u e  s teady- s ta te  re lease  ra te ,  i .e.,  t he  genera t ion  r a t e .  The r e s u l t s  obta ined t o  
date, i n  many cases, r e l a t e  t o  "apparent" s teady- s ta te  recovery r a t e s  and t he  c r i t i c a l  quest ions as t o  t h e  
t ime f o r  e s t a b l i s h i n g  t r u e  s teady- s ta te  re lease  r a t e s  and t he  e q u i l i b r i u m  i nven to r y  have n o t  y e t  been 
determined f o r  these experimental r e s u l t s .  
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Table 2 

Experimental Test Plan for the Ring Specimen to Determine the Effect of Temperature Changes and 
Flow Rate Using He-O.l%H, Sweep Gas 

1 
2 
3 
4 

5 
6 
7 
8 

9 
10 
11 
12 

13 
14 
15 
16 

17 
18 
19 
20 

Temperatures 
'C 

- - -  550 600 650 

X 

X 
X 

X 
X 

Flow Rate 

X 
X 
X 

X 
X 

X 
X 

X 
X 
X 
X 

X 
X 
X 
X 

generation rate. In these circumstances, the tritium inventory is steadily increasing (or decreasing). 
Given a sufficiently long time, the "apparent" steady-state recovery rate should approach the true steady- 
state release rate, i.e., the generation rate. The results obtained to date, in many cases, relate to 
"apparent" steady-state recovery rates and the critical questions as to the time for establishing true 
steady-state release rates and the equilibrium inventory have not yet been determined for these experimental 
results. 

TemDerature Change Effects 

Typical tritium recovery peaks associated with temperature transient tests performed in He-0.1% H, sweep gas 
are shown in Figure 1. In agreement with results from other in-situ tests, -6 temperature increases result 
in recovery peaks associated with decreasing the tritium inventory of the specimen; the opposite occurs for 
temperature decreases. The double recovery peaks, associated with the temperature increase tests (Run 3 in 
figure l ) ,  are not generally seen in other in-reactor tests but are typical for this experiment. 
worthy is the variation in the apparent tritium recovery rate following the transients and the relatively 
small peak sizes relative to steady-state recovery ( less  than 10%). The very small tritium recovery peaks 
associated with the temperature change tests in He-O.l%H, sweep gas indicate that the tritium inventory is 
very small under these conditions. 

Temperature changes performed during the initial phases of the system conditioning and parameter adjustment 
(not shown) produced small "reverse" tritium recovery peaks preceding the normal peaks. That is, for a 
temperature decrease, there was initially a small increase in the tritium concentration prior to the normal 
decrease. These "reverse peaks" occurred when the specimen was taken to temperatures higher than previous 
exposure. Subsequent tests performed at the same or lower temperatures did not result in the small reverse 
peaks. 
observed in CRITIC-I.6 

Form of the Released Tritium 

The tritium recovery curves associated with the temperature increases are characterized by an initial sharp 
peak followed by a broader long term peak. By comparing the difference between the total tritium concentra- 
tion and the concentration of the elemental tritium, this second broader peak can be correlated with triti- 
ated water recovery. 
curves of sweep gas moisture from the specimen. In Figure 2 the sweep gas moisture for the ring specimen is 

Also note- 

For this reason, these peaks appear to be related to specimen conditioning. Reverse peaks were also 

The association of these peaks with water can also be seen by comparing them with 
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Table 3 

Experiment Test Plan for the Ring Specimen to Determine the Effect of Gas Composition Changes and Burnup. 
Sweep gas flow rate is 100 mL/min. 

Temperatures Gas Composition 
%H, in Helium SC - ~ ~ & o r n C ! U U  

21 X X 
22 X X 
23 x x  
24 X X 

33 X 
~~ 

34 X 
35 X 
36 X 

37 X X 
38 X X 

800 

700 

600 

a Y 

2 

500 2 

F 

F 

3 

m 

c 

1 
Time (h) 

Figure 1. Tritium recovery and temperatures for the series of temperature transients (runs 1-3) 
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Time (h) 

Figure 2 .  

compared with the recovered tritium concentration during the thermal transient in Run 3 .  
correlation between the sweep gas moisture and the secondary peaks in the recovered tritium concentration. 

The first sharp peak of tritium recovery after a thermal transient appears to be associated with the change 
in the recovery rate of elemental tritium. The most likely source of this tritium is the surface of the 
Li,O ceramic, but another possible source is the surface of the capsule components which change tempera- 
ture. More important is the question as to whether this first peak was released from the specimen as ele- 
mental tritium or whether it resulted from reduction of the tritiated water by the capsule components. 

The separation of the two peaks in Figures 1 and 2 also has several possible explanations. One explanation 
is that the tritium is released from the specimen both as elemental and as water; the elemental form is 
released in a short time period following the transient while the water form i s  released over a longer time 
period. An alternative explanation for the separation, is that the delay results because of an interaction 
of the water vapor with the sweep gas lines to give a "drag" or time delay in the movement o f  the tritiated 
water from the specimen to the tritium measurement system. 

Although the present results do not differentiate between the processes involved in the trltium release from 
the specimen during the thermal transient, there is reason to believe that both elemental and hydrated trit- 
ium are being released from the specimen. For the BEATRIX-I1 experiment under normal reference conditions, 
with He-0.1% H, sweep gas, 95% of the recovered tritium is in the elemental form. 
this is due to a reduction by the capsule components, then because of the small size of the thermal tran- 
sient tritium recovery peaks relative to the steady-state recovery rate, the thermal transient peaks should 
also have 95% of the tritiated water reduced to HT and an HTO peak would not be observed. The fact that the 
total tritium recovered as water after a thermal transient is often larger than the amount recovered as ele- 
mental tritium shows that the system is not reducing 95% of the tritiated water t o  elemental tritium. 
Therefore, it is reasonable to assume that a significant proportion of the 95% recovered elemental tritium 
under reference conditions is released in the elemental form. This suggests that for the case of H, doped 
sweep gas, isotopic exchange at the surface of the specimen plays a significant role in the release of 
tritium from the solid breeder material. 

Sweep Gas Composition Effects 

Sweep gas composition [the amount of H, in the He) has a major effect on the observed steady-state recovery 
rates, and therefore on the tritium inventories. 
ing gas composition at constant temperature and the effect of gas composition on tritium recovery during a 
thermal transient. 

Tritium recovery and sweep gas moisture for temperature transients from 550-650°C (runs 2-3) 

There is very good 

If it is assumed that 

The test plan included measuring both the effect of chang- 
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Figure  3 i s  a p l o t  of t he  v a r i a t i o n  i n  sweep gas t r i t i um concent ra t ion  f o r  a change i n  sweep gas composi t ion 
a t  600%. 
t r a n s i e n t  r e l ease  peaks observed when t he  composi t ion i s  changed from He t o  0.1% H,. The observed steady- 
s t a t e  t r i t i u m  recovery r a t e  f o r  t he  d i f f e r e n t  gas composit ions a t  t he  550, 600 and 650% are compared i n  
Table 4.  The recovery r a t e  
does no t  amear  t o  be s t r o n a l v  deoendent on temoerature b u t  f o r  a chanae i n  sweeo aas comoosi t ion v a r i e s  i n  

I n  general,  t he  recovery r a t e  decreases as t he  H, decreases from 0.1 H, t o  0.01 H, t o  He w i t h  

The recovery r a t e s  are compared r e l a t i v e  t o  t he  case o f  He-0.1% H, a t  550°C. 

the  r a t i o  ok  1 : 2/3 : 1/2 ?OF O.i% H, : 0.01% H To a smal le r  ex ten t ,  t h i g e f f e c t '  was observed i n  
t he  VOM e ~ p e r i m e n t . ~  
from a bu i l dup  i n  t he  t r i t i u m  inventory  over l ong  per iods  of t ime us ing  low H, concent ra t ions  i n  t he  sweep 
gas. 

' He. 
I n  t he  CRITIC-I t e s t  on Li iO',  t h i s  e f f e c t  was n o t  seen d i r e c t l y ,  bu t  was i n f e r r e d  

W i th i n  experimental e r r o r ,  t he  s teady-s ta te  recovery r a t e  es tab l i shed w i t h  He-0.1% H, i s  thought  t o  approach 
t he  t r u e  s teady- s ta te .  Such observat ions have p o t e n t i a l l y  important  r am i f i ca t i ons  on acceptable sweep gas 
composit ions i n  a b lanke t .  

The o the r  type  o f  behavior  considered i s  t he  e f f e c t  of gas composi t ion on t r i t i u m  recovery du r i ng  a thermal 
t r a n s i e n t .  F igure  4 i s  a comparison o f  t he  recovered t r i t i u m  concent ra t ion  d u r i n g  a thermal t r a n s i e n t  from 
550% t o  650T i n  He versus He-0.1% H,. 
hel ium being much l a r g e r  than t h a t  f o r  t he  case of He-0.1% H,. The small recovery peak r e s u l t i n g  from temp- 
e ra tu re  change t e s t s  i n  He-O.l%H sweep gas versus t h a t  i n  He i n d i c a t e  t h a t  t he  t r i t i u m  i nven to r y  f o r  
He-0.1% H, i s  much smal le r  than f o r  He a t  these temperatures. 
us ing He sweep gas a lso  suggests an inc reas ing  t r i t i u m  inventory .  Another way of i n t e r p r e t i n g  t h i s  i s  t h a t  
an inc reas ing  i nven to r y  leads t o  a longer  t ime between genera t ion  o f  t he  t r i t i u m  i n  t h e  ceramic and t he  
re lease .  

The recovery peaks f o r  t he  temperature t r a n s i e n t s  i n  He-0.1% H have l a r g e  secondary t r i t i u m  concent ra t ion  
peaks t y p i c a l l y  associated w i t h  water re lease .  A lso  shown i n  F igure  4 i s  a comparison o f  t h e  mo is tu re  peaks 
f o r  t he  two d i f f e r e n t  sweep gases. The mois tu re  re lease  i s  approximately  10 t imes l a r g e r  f o r  t he  case o f  
He-0.1% H, than f o r  He. 

The d i f f e r e n c e  i s  dramat ic ,  w i t h  t he  i n i t i a l  t r a n s i e n t  recovery i n  

The low apparent s teady- s ta te  recovery r a t e  

SweeD Gas Flow Rate E f f e c t s  

The e f fec t  of changing sweep gas f low r a t e s  (200, 100 and 50 mL/min) on t he  t r i t i u m  recovery r a t e s  (Ci /s)  i s  
shown i n  F igure  5 .  The w id th  o f  t he  recovery peaks can be expected t o  inc rease f o r  lower f l o w  r a t e s  because 
of t he  delay t ime  f o r  t he  sweep gas t o  pass through t he  system. However, t he re  can a l so  be an e f f e c t  asso- 
c i a t e d  w i t h  t he  t ime  t o  e s t a b l i s h  s teady- s ta te  re lease  r a t e s  from the  specimen. 

The r e s u l t s  shown i n  F igure  5 i n d i c a t e  an apparent d i f f e r e n c e  i n  t h e  s teady- s ta te  recovery a t  t h e  d i f f e r e n t  
f low ra tes .  On the  l e f t  s ide  o f  t h e  f i g u r e ,  before t he  f l o w - r a t e  changes were made, t h e  d i f fe rence between 
t he  maximum and minimum recovery r a t e  i s  8%. 
50 mL/min gave t he  lowest  recovery r a te ,  e t c .  However, a f t e r  t h e  f low- ra te  changes were made, t h e  d i f f e r -  
ence i n  recovery r a t e s  increased t o  20%, and were no l onge r  ordered as w e l l  as before.  A t  100 mL/min, two 
d i f f e r e n t  recovery r a t e s  d i f f e r i n g  by 15% were es tab l i shed  i n  two d i f f e r e n t  t e s t s .  

The da ta  i n d i c a t e  t h a t  t he re  may be an e f f e c t  o f  sweep gas f l o w  r a t e  on recovery r a t e .  However, whether 
t h i s  i s  r e l a t e d  t o  t he  dynamical i n t e r a c t i o n  between sweep gas f l o w  ra te .and  t h e  specimen o r  i s  due t o  
permeation losses  through t he  c ladd ing  cannot be determined a t  t h i s  t ime.  The p e c u l i a r i t i e s  i n  t he  peak 
shape, as w e l l  as t he  reason f o r  t he  v a r i a t i o n  i n  t he  s teady- s ta te  re lease  l e v e l s ,  a re  n o t  w e l l  understood 
a t  present .  
Bu i ldup  o f  a background s i gna l  on the  i o n  chambers due t o  t r i t i u m  contaminat ion i s  another p o s s i b i l i t y .  
Background s h i f t s  du r i ng  t he  f i r s t  85 EFPD o f  opera t ion  have amounted t o  9% ( 3 . 33  Ci/m3) o f  t he  genera t ion  
r a t e  f o r  t he  r i n g  specimen and t o  5% (4.27 C i / m  ) f o r  t he  s o l i d  specimen. 

S o l i d  Soecimen 

The experiment t e s t  p l an  on t he  s o l i d  specimen has been l i m i t e d  du r i ng  t he  f i r s t  c y c l e  o f  i r r a d i a t i o n .  
Changes i n  sweep gas f l o w  r a t e  and gas composi t ion have been c a r r i e d  out ,  and t h e  t r i t i u m  recovery  char-  
a c t e r i s t i c s  caused by those changes are  i n  agreement w i t h  t h e  behavior  e x h i b i t e d  by t h e  r i n g  specimen. A t  
t he  s t a r t  o f  t he  t e s t ,  t he  temperature a t  t he  cen ter  o f  t he  s o l i d  specimen was approximately  1000%. Dur ing 
t he  f i r s t  cyc le,  t he  temperature s l ow l y  decreased approximately  20°C. 
agreement w i t h  t he  drop i n  f l u x  expected f o r  t h i s  p o s i t i o n  i n  t he  reac to r  due t o  f u e l  burnup and t h e  change 
i n  c o n t r o l  r o d  con f i gu ra t i on .  
gross changes are  i nd i ca ted  t h a t  would l i m i t  t he  use o f  Li,O as a t r i t i u m  breeder i n  a f us i on  b lanke t  
app l i ca t i on .  

Recovery r a t e s  decrease w i th  decreasing f l o w  r a t e  so t h a t  

T r i t i u m  holdup on 30 t o  40 m o f  unheated sweep gas p i p i n g  may be a c o n t r i b u t i n g  f ac to r .  

Th is  decrease i n  temperature i s  i n  

The important  conclus ion i s  t h a t  under t he  cu r ren t  opera t ing  cond i t i ons  no 
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Table 4 

Effects of Sweep Gas Composition on the Tritium Recovery from the 
Ring Specimen. 
steady-state recovery rate at 550" in He-0.1% H, 

Recovery rates are relative to the "apparent" 

Sweeo Gas Comoosition 
TemDerature He 0.019. 

550°C 0.45 0.59 1.00 
600°C 0.53 0.73 1.01 
650°C 0.46 .63 0.93 

io 

CONCLUSIONS 

The BEATRIX-I1 experiment has provided an excellent opportunity for international collaboration on the 
design, fabrication, operation and analysis of an in-situ tritium recovery experiment on ceramic solid 
breeder materials. 
first 85 EFPD of operation of the experiment can be summarized in the following conclusions: 

1. 
changes in either the flow rate or temperature. 
composition of He-0.1% H, to pure helium decreased the apparent tritium recovery rate by as much as a factor 
o f  2. 

2. Temperature changes in the range of 650 to 500°C resulted in a slightly decreasing/increasing tritium 
inventory with increasing/decreasing temperature. This indicates that the apparent recovery rate at 650 - 
5OO0C in He-0.1% H, approximates the generation rate. 

3. The first, sharper peak 
is hypothesized to be associated with elemental tritium while the second peak which is delayed in time and 
broader is thought to be associated with tritium recovered as water. 

All systems are performing as expected acd the test is continuing. The results from the 

Varying the sweep gas composition resulted in larger changes in the tritium recovery rates than did 
Decreasing the amount of hydrogen in the reference gas 

A double tritium recovery peak is observed following a temperature transient. 
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and 10-11. 

Tritium recovery rates during sweep gas flow rate changes at reference temperature and gas 
Increasing flow rates are from tuns 6-7 and 13-14 and decreasing flow rates are from runs 9-10 
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4. 
recovery r a t e s .  
i n  b lanke t  app l i ca t i ons .  

5. 
exce l l en t  therma? s t a b i l i t y  and t r i t i u m  re lease  c h a r a c t e r i s t i c s  throughout  t he  f i r s t  c y c l e  o f  opera t ion .  

The e f fec t  of sweep gas f low ra tes  on t r i t i u m  recovery i nd i ca tes  t h a t  lower f l o w  r a t e s  may l ead  t o  lower 
Th is  type  of da ta  i s  useful i n  e s t a b l i s h i n g  optimum f l o w  r a t e s  bo th  f o r  t h i s  experiment and 

The s o l i d  L i  0 specimen, w i t h  a sur face t o  cen ter  temperature g rad ien t  o f  450-1OOOi has e x h i b i t e d  

FUTURE WORK 

BEATRIX-I1 Phase I i s  con t i nu ing  through t he  reminder of FFTF Cycle 11, which has an approximate d u r a t i o n  
300 EFPD. The t e s t  p lan  i s  d i r e c t e d  towards f u r t h e r  de f i n i ng  t he  t r i t i u m  recovery as a f u n c t i o n  o f  sweep 
gas composit ion, temperature, and f l ow  r a t e .  
determined by comparing t he  p resent  r e s u l t s  w i t h  r e s u l t s  from l a t e r  cyc les .  

The e f f e c t s  of neutron i r r a d i a t i o n  damage and burnup w i l l  be 
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I E A  WORKSHOP ON I N - S I T U  MEASUREMENT OF ELECTRICAL PROPERTIES OF I R R A D I A T E D  C E R A M I C S  -- F. W. C l inard ,  Jr. 
(Los Alamos Nat iona l  Laboratory)  

OBJECTIVE 

Th is  meeting was he ld  t o  review the  s ta tus  o f  s tud ies  i n  the  area of t r a n s i e n t  changes i n  e l e c t r i c a l  
p rope r t i es  o f  ceramic i n s u l a t o r s  wh i le  under i r r a d i a t i o n ,  t o  p lan f u tu re  work, and t o  make recommendations 
t o  designers of f u s i o n  devices.  

SUMMARY 

Th is  I n t e r n a t i o n a l  Energy Agency workshop was he ld  i n  Los Alamos, NM June 27-29, 1990. I n  attendance 
were 1 4  p a r t i c i p a n t s  represent ing  fus ion  ceramics programs i n  Spain, the  U . K ,  Japan and t he  U.S. 
workshop was d i v i ded  i n t o  f ou r  sessions: Background, Current  I n - S i t u  Work, Plans and Goals f o r  Future Work, 
and Recommendations. Informal  d iscuss ion  sessions on var ious  subjects were a lso  inc luded i n  the  workshop. 

Studies of i n - s i t u  e l e c t r i c a l  p rope r t i es  have accelerated s ince  the  l a s t  ga ther ing  o f  t h i s  group, w i t h  
recent  f i n d i n g s  demonstrat ing t h a t  d i e l e c t r i c  breakdown as we l l  as enhanced c o n d u c t i v i t y  can be induced by 
concurrent  i r r a d i a t i o n .  
on ma te r i a l s  se lec t i on  and a n t i c i p a t e d  performance, as we l l  as on des ign- re la ted  considerat ions.  

The 

Based on present  knowledge, recommendations were made t o  designers o f  NET and ITER 

INTRODUCTION 

Th i s  workshop was t h e  f o u r t h  i n  a se r i es  f o r  the  ceramic i n s u l a t o r  community. The f i r s t  was he ld  near 
Madrid, Spain i n  1986, t he  second i n  Karlsruhe, FRG i n  1987, and the  t h i r d  i n  Garching, FRG i n  1989. These 
e a r l i e r  meetings, a l l  o f  which were he ld  under the  auspices o f  I E A  Working Group - Task Annex 11, were 
dedicated t o  general rev iews o f  f us i on  i n s u l a t o r  needs, the  s ta tus  of t he  var ious  na t i ona l  programs, and 
p lans f o r  f u t u r e  work. 

In con t ras t  t he  the  f i r s t  t h ree  meetings, the  Los Alamos workshop invo lved  d iscuss ion  o f  a s p e c i f i c  
s c i e n t i f i c  and techno log ica l  issue: i n - s i t u  degradat ion o f  e l e c t r i c a l  p rope r t i es  o f  i r r a d i a t e d  ceramics. 
Th is  problem area invo lves  t r a n s i e n t  changes i n  such p rope r t i es  as r e s i s t i v i t y  and loss  tangent  d u r i n  
i r r a d i a t i o n  r a t h e r  than af terwards.  Put another way, t he  ma te r i a l s  problems are p r i m a r i l y  f l u x -  d epen ent 
r a t h e r  than fluence-dependent, a l though as discussed below the  damage s ta te  of the  ma te r i a l  (a  f luence 
e f f ec t )  has a l so  been shown t o  be important .  

I n t e r n a t i o n a l  Energy Agency. 
The e a r l i e r  workshops i n  t h i s  se r i es  have been recorded i n  Proceedings repo r t s  issued by the  

Such a repo r t  f o r  the  Los Alamos meeting i s  i n  p repara t ion  as o f  t h i s  w r i t i n g .  

HIGHLIGHTS OF THE WORKSHOP 

Background 

6. P .  P e l l s  (AEREIHarwell) and E .  Hodgson (CIEMATIMadrid) repor ted  t h a t  they a re  invo lved  i n  ongoing 
consu l t a t i ons  w i t h  NET designers on ma te r i a l s  choices and a n t i c i p a t e d  problems f o r  i n s u l a t i n g  ceramics i n  
t h a t  machine. It i s  recognized t h a t  such d iscussions are a lso  re l evan t  t o  i n s u l a t o r  needs f o r  ITER.  

The s i t u a t i o n  w i t h  respect  t o  t he  var ious  i n s u l a t o r  app l i ca t i ons  f o r  NET can be sumnarized as fo l lows:  

Toro ida l  cu r ren t  breaks - NET w i l l  employ m e t a l l i c  breaks, and so  t h i s  a p p l i c a t i o n  i s  not  r e l evan t  t o  
t h a t  machine. 
ceramic. 

However, i t  was noted t h a t  I T E R  designers are p lanning f o r  cu r ren t  breaks made o f  i n s u l a t i n g  

I C R H  i n s u l a t o r s  - These i n s v j a t o r s  a re  requ i red  t o  support the  coax ia l  feeder l i n e  and t o  ac t  as t r i t i u m  
b a r r i e r s .  A l o ss  tangent  of 10 may be adequate. 

LHRH i n s u l a t o r s  - A l a r g e  number o f  small  windows i n  c l us te red  waveguides w i l l  be requ i red ,  along w i t h  
t h i n  ceramic sheets between waveguide modules t o  stop format ion o f  cu r ren t  loops du r i ng4d i s rup t i ons .  
windows w i l l  be recessed and water cooled, and should have a l oss  tangent  l ess  than 10 
t he  window surfaces i s  expected t o  present  d i f f i c u l t i e s .  
t r i t j u m  from the  plasma and SF6 d i e l e c t r i c  gas i n  the  waveguide. 
nlcm i s  expected. 

A loss tangent  l ess  
than 10 
pe r i od i c  warmups t h a t  can r e s u l t  i n  anneal ing o f  some o f  t he  i r r a d i a t i o n  damage. A dose of 10 nlcm i s  
an t i c i ga ted .  

The 
. Contamination on 

The windows must serve as r e t a i n i n g  b a r r i e r s  fBr 
For NET a maximum l i f e t i m e  dose o f  10 

ECRH.insulators - The waveguides and t h e i r  windows are c u r r e n t l y  be ing  designed. 
i s  required;  i t  i s  hoped t h a t  t h i s  s p e c i f i c a t i o n  can be met by opera t ing  the  window f &  20 K2wl th 
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Neut ra l  beam i n j e c t o r  i n s u l a t o r s  - The N B I  modules w i l l  be loca ted  40 meters from the  to rus ;  
nevertheless, r a d i a t i o n  from neutron streaming and other  sources i s  o f  concern. Very la rge ,  h i g h - q u a l i t y  
water-cooled ceramic i n s u l a t o r s  capable of ho ld i ng  o f f  10-20 kVlcm are requ i red  for t h i s  app l i ca t i on .  

I n s u l a t o r s  f o r  copper c o i l s  - Water-cooled ceramic i n s u l a t o r s  are requ i red  f o r  t he  v e r t i c a l  s t a b i l i z i n g  
c o i l  and f o r  d i v e r t o r  c o i l s ;  both app l i ca t i ons  i nvo l ve  h igh  neutron f luxes .  E l e c t r i c  f i e l d s  w i l l  be on t he  
order o f  5 kVlcm. 

I n s u l a t o r s  f o r  d iagnos t ic  app l i ca t i ons  - I n s u l a t o r  app l i ca t i ons  o f  concern inc lude  o p t i c a l  windows, 
i n s u l a t o r s  for p a r t i c l e  counters and de tec to rs ,  and f i b e r  o p t i c  cables. 
ye t  a v a i l a b l e  f o r  review. 

S p e c i f i c  component designs are not  

Current  I n - S i t u  Work 

H.  Ohno (JAERIITokai) repor ted  on i n i t i a l  f i n d i n g s  us ing  gamma r a d i a t i o n  from a 6oCo source and a 
frequency range from 5 Hz t o  13 MHz. Test ma te r i a l s  inc luded Z r O  -10% C r  0 and A1 0 s i n g l e  c r y s t a l s ,  p lus  
S i c - 2  w t %  Be0 p o l y c r y s t a l l i n e  ma te r i a l .  Only s l i g h t ,  doSe-dependgnt chanGe4 i n  ac S o i d u c t i v i t y  were noted 
a t  723 K t o  1023 K w i t h  dose ra tes  o f  approximately 1x10 Radls. 

E. Hodgson, (CIEMAT/Madridk reviewed h i s  s tud ies  over the  past several  years, p l us  work i n  progress. 
A l l  experiments have been c a r r i e d  out  us ing a 2 MeV e l ec t ron  acce le ra to r .  
A1203. 

Resu l ts  t o  date show t h a t  t r a n s i e n t  o r  rad ia t ion- induced c o n d u c t i v i t y  (RIC) w i l l  be a problem from the  
onset o f  opera t ion  o f  any D-T f us i on  device.  The basic phenomena (genera t ion  of charge- carry ing e lec t rons  
and holes, t rapp ing ,  and recombinat ion)  are wel l- understood t h e o r e t i c a l l y  and have been measured, a l though 
over r e l a t i v e l y  sho r t  t imes on t he  o rder  of one hour. 

Recent work shows t h a t  a t  longer t imes e l e c t r i c a l  breakdown occurs, and t h i s  i s  considered t o  present  
severe techno log ica l  problems. Breakdown occurs only w i t h  concurrent  i o n i z a t i o n  and displacement damage, 
and i r r a d i a t i o n  w i t h  an app l ied  e l e c t r i c  f i e l d  i s  essen t i a l .  
microscopy revea ls  t he  fo rmat ion  o f  p r e c i p i t a t e s .  

Breakdown appears t o  r e s u l t  from radiat ion-enhanced e l e c t r o l y s i s ,  i n  which impu r i t y  aggregat ion and 
c o l l o i d  p roduc t ion  probably p l ay  important  r o l es .  
cond i t ions ,  the  phenomenon cannot i nvo l ve  a p o l a r i z a t i o n  e f f e c t .  

Test  ceramics inc lude  MgO and 

Subsequent examination under o p t i c a l  

Since breakdown occurs a t  50 H z  as w e l l  as under dc 

6. P. P e l l s  (AEREIHarwell) repor ted  on s tud ies  t h a t  he and S .  Buckley have c a r r i e d  out  us i ng  p ro ton  
beams. Work on o o l v c r v s t a l l i n e  alumina usina 3 MeV Drotons has shown t h a t  a t  60 M H r  t r a n s i e n t  dearadat ion 
o f  l oss  tangent  (i.G.,'a f l u x  e f f e c t )  dyes no t  occur'; however, an increase i n  loss iness  due t o  damage 
bu i l dup  was seen a t  doses as low as 10 dpa. A p o s t - i r r a d i a t i o n  e f f e c t  (namely decay o f  damage-induced 
degradat ion)  was a lso  noted, i n d i c a t i n g  t h a t  fluence-dependent changes should be measured prompt ly  f o r  most 
meaningful r e s u l t s .  Appl ied e l e c t r i c  f i e l d s  were low f o r  t h i s  work. 

4 DC s tud ies  employing 18 MeV protons showed t r a n s i e n t  degradat ion o f  r e s i s t i v i t y ;  however, a t  10 Gyls 
(about t h a t  expected a t  the  f i r s t  w a l l  of a D-T-burning device) degradat ion below 600 C was no t  excessive 

described work w i t h  K.  Tanimura, J. Va lb is  and C. I t o h  on the  behavior  o f  
t r a n s i e n t  p o i n t  de fec ts  under e l ec t ron  i r r a d i a t i o n .  
absorpt ion,  and volume change. Resu l ts  f o r  a number o f  ceramics showed t h a t  (1)  de fec ts  having r e l a t i v e l y  
long  l i f e t i m e s  are generated under i r r a d i a t i o n ,  ( 2 )  t he  c o n t r i b u t i o n  o f  t r a n s i e n t  de fec ts  t o  l oss  tangent i s  
no t  y e t  c l ea r ,  and (3 )  t ime change o f  l oss  tangent  and c o n d u c t i v i t y  a f t e r  an in tense  pu lse  of e l ec t rons  can 
revea l  t he  na ture  o f  t he  de fec ts  respons ib le  f o r  l oss  tangent  changes. 

P rope r t i es  measured were luminescence, o p t i c a l  

R. S t o l l e r  (ORNLL presented the  research p lan  t h a t  he, S .  Zink le ,  and R. Goulding have developed f o r  t he  

Var iab les  
Tests w i l l  

study of R I C  ef fects.  Measurements of l oss  tangent w i l l  be c a r r i e d  ou t  a t  100 MHz i n  an i o n i z i n g  r a d i a t i o n  
f i e l d  us i ng  t he  HFIR spent core f a c i l i t y .  It i s  a l so  planned t o  measure t he  same proper ty  a t  50-500 MHz i n  
combined i o n i z i n g  and d i s p l a c i v e  r a d i a t i o n  f i e l d s  us ing  the  U n i v e r s i t y  o f  I l l i n o i s  TRIGA reac to r .  
f o r  t h i s  work i nc l ude  dose ra te ,  rf power l eve l s ,  and r a t i o  o f  i o n i z i n g  t o  d i s p l a c i v e  r a d i a t i o n .  
conducted on s i n g l e - c r y s t a l  and p o l y c r y s t a l l i n e  A1203. 

NOTE: Post-workshop experimental r e s u l t s  from t h i s  p r o j e c t  are repor ted  elsewhere i n  t h i s  volume. 

T .  Shikama (Tohoku Un i ve rs i t y ,  Oarai Branch) repor ted  on R I C  s tud ies  c a r r i e d  out  w i t h  M. Naru i ,  A .  
Ochiai,  H.  Kayano and Y .  Endo. Th is  work invo lved  measurement o f  e l e c t r i c a j  c o n d u c t i v i t y  of s i n g l e - c r y a t a l  
A1,03 i n  the  JMTR f i s s i o n  reac to r .  
a t  f u l l  power, wh i l e  the  neutron f l u x  under power was 3 . 4 ~ 1 0  nlm s ( f a s t )  and 1 . 8 ~ 1 0  nlm s ( thermal ) .  

The gamma dose r a t e  r angp i  f r o y  1 . 5 ~ 1 0  Gyls a t  shyidown2to 1 . 4 ~ 1 0  Gyls 

Test  f requencies employed were i n  t he  range 100 Hz t o  100 kHz, and some data were obta ined as a f unc t i on  
o f  temperature desp i te  a no ise  problem from the  sample heater .  R I C  was observed, bu t  on ly  below 10 kHz. 
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Conduc t i v i t y  values a t  350 C ranged from 3 ~ 1 0 ' ~  t o  6 - 1 5 ~ 1 0 - ~  (ohm-m1-l a t  r eac to r  shutdown and f u l l  power, 
respec t ive ly .  

and C. K i se  developed t o  study rad ia t ion- induced breakdown fo r  another, now-defunct program. The phenomenon 
o f  concern here invo lves  c l a s s i c a l  e l e c t r o l y s i s  ( po la r i zed  motion o f  ions  i n  a DC f i e l d  lead ing  i n  t ime t o  
runaway conduction, d i e l e c t r i c  breakdown, and o f t en  s t r u c t u r a l  f a i l u r e ) ,  w i t h  c o n t r i b u t i n g  e f f ec t s  from 
simultaneous i r r a d i a t i o n .  

A time-dependent r i s e  i n  c o n d u c t i v i t y  was noted, imp ly ing  a f luence e f f e c t .  

W. Unruh (LANL) descr ibed an i r r a d i a t i o n  t e s t i n g  c a p a b i l i t y  t h a t  he, F. C l inard ,  J. Kennedy, W. Sommer, 

Th is  work invo lved  development and t e s t i n g  o f  an environmental capsule designed f o r  i r r a d i a r j o n  wigh 
s p a l j @ i o n  feutrons a t  t he  LAMPF beam stop area (LASREF). 
2x10 
w i t hou t  guarded e lec t rodes  and w i t h  and w i thou t  exposure t o  a continuous dc f i e l d ,  a t  e levated temperatures 
i n  a hel ium gas atmosphere. 

and w i t h  an app l ied  e l e c t r i c  f i e l d  o f  1000 V/cm,  dur ing  a continuous run  of 75 days. 
s i n g l e - c r y s t a l  A1 03. bo th  undoped-ppd w i t h  15glwppm T i ,  and equ iva len t  poly§rystallinplsamples. 
c o n d u c t i v i t y  valuzs ranged from 10 (ohm-cm) f o r  undoped sapphire t o  10 (ohm-cm) f o r  doped alumina. 
The t e s t  capsule exh ib i t ed  some shortcomings, so t h a t  an improved design was subsequently developed. The 
p r o j e c t  i s  c u r r e n t l y  a t  a s t a n d s t i l l ,  bu t  cou ld  be r e a c t i v a t e d  i f  requ i red  f o r  f us i on  s tud ies .  

Target f luxes  and f luences  were 4x10 nlcm s and 
The capsule was designed t o  accommodate a l a r g e  number of samples, both w i t h  and nlcm respec t i ve l y .  

I n i t i a l  t e s t s  were conducted out  o f  the  neutron i r r a d i a t i o n  f i e l d  but  a t  t he  design temperature of 825 C 
Test ma te r i a l s  were 

Measured 

Future Plans 

H. Ohno repor ted  t h a t  gamma i r r a d i a t i o n  s tud ies  a t  h i s  l abo ra to r y  w i l l  cont inue,  and i n  the  near f u tu re  
i n - s i t u  measurements w i l l  be i n i t i a t e d  using the  JRR-3 f i s s i o n  reac to r .  Beginning i n  1993, t e s t s  w i l l  be 
c a r r i e d  out  u t i l i z i n g  a t r ip le- beam i on  acce le ra to r  f a c i l i t y  now under cons t ruc t ion .  

E .  Hodgson descr ibed planned f u tu re  work i n  the  areas of bu lk  breakdown and degradation, i nc l ud ing  
s tud ies  o f  the  e f f e c t  o f  r a d i a t i o n  spectrum, temperature and dose r a t e ,  vo l tage,  impu r i t i es ,  and t e s t  
frequency. 

Harwel l  program. Future work w i l l  i n vo l ve  measurement o f  s w e l l i n g  du r i ng  i r r a d i a t i o n  a t  cryogenic 
temperatures us ing a capacitance method. 
d i e l e c t r i c  p rope r t i es  o f  ceramics a t  20 K a f t e r  f i s s i o n  reac to r  i r r a d i a t i o n .  

e l e c t r o n i c  e x c i t a t i o n .  Measurements w i l l  i nc lude  o p t i c a l  absorpt ion,  volume change, and e l e c t r i c a l  
c o n d u c t i v i t y  or l oss  tangent .  

5 .  Z i n k l e  descr ibed planned studies i n  t h ree  areas: [ l )  e l e c t r i c a l  conduc t i v i t y  o f  S i c  and other  
ceramics, (2 )  ICRF d i e l e c t r i c  p rope r t i es  o f  several ceramics i n  gamma and neutron i r r a d i a t i o n  f i e l d s ,  and 
( 3 )  m i c ros t ruc tu ra l  examination of e l e c t r i c  f i e l d  e f f ec t s  du r i ng  i r r a d i a t i o n .  The f i r s t  two study areas 
w i l l  i n vo l ve  e l e c t r i c a l  measurements, wh i le  t he  l a s t  w i l l  i nc lude  p o s t - i r r a d i a t i o n  examination by TEM and 
XPS. 

O r .  Shikama descr ibed upcoming work on i n - s i t u  e l e c t r i c a l  p roper ty  measurements t o  be conducted i n  

It i s  a l so  planned t o  a t t ach  a 400 keV TEM t o  a 2 MeV Van de Graaff acce le ra to r  for concurrent  

Other work w i l l  i nc lude  s tud ies  of surface breakdown and radiat ion-enhanced d i f f u s i o n .  

G. P. P e l l s  repor ted  t h a t  funding r e s t r i c t i o n s  necess i ta te  dropping i n - s i t u  R I C  measurements from the  

Plans a l so  inc lude  p o s t - i r r a d i a t i o n  s tud ies  of high- frequency 

N. I t o h  presented a p lan  t o  use intense pulses of e l ec t rons  t o  study t r a n s i e n t  defects produced by 

Japanese f i s s i o n  reac to rs .  
800 C .  
damage studies.  

Th is  w i l l  i nc lude  s tud ies  of both i n s u l a t i n g  ceramics and graph i te ,  a t  200 t o  

E. Farnum repor ted  on p lans t o  ca r r y  out  i n - s i t u  measurements us ing  a 2-3 MeV pro ton  beam. Test 

Test f requencies w i l l  range from near i ic t o  frequencies re l evan t  t o  RF hea t ing  
ma te r i a l s  w i l l  i n c l ude  s i n g l e - c r y s t a l  sapphire as w e l l  as A1 O 3  samples t h a t  have p rev ious l y  been damaged by 
neutron i r r a d i a t i o n .  
app l i ca t i ons .  

NOTE: A more ex tens ive  desc r i p t i on  o f  t h i s  experiment i s  g iven elsewhere i n  t h i s  volume 

Discussions 

The f o l l o w i n g  are some o f  the  h i g h l i g h t s  of the  d iscuss ion  sessions: 

1. Th is  community must cont inue and expand i t s  e f f o r t s  t o  support  r eac to r  designers,  bo th  w i t h  respec t  
t o  ma te r i a l s  choices and t o  recommended design changes. 

2. Although t h i s  workshop focused on i n - s i t u  e l e c t r i c a l  p rope r t i es ,  i t  was recognized t h a t  i n - s i t u  
changes i n  s t r u c t u r a l  and thermal p rope r t i es  as we l l  as d i f f u s i o n a l  e f f e c t s  a l so  need a t t e n t i o n ,  and should 
be p a r t  of t he  f us i on  ceramics program. 
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3. A s  new i r r a d i a t i o n  f a c i l i t i e s  such as IFMIF a re  conceived and planned, t he  fus ion  i n s u l a t o r  
community must supply inpu t  w i t h  respec t  t o  (1) r a d i a t i o n  environment (e.g., i o n i z i n g  r a d i a t i o n  l e v e l s  and 
neutron energy spec t ra )  and ( 2 )  access f o r  i n - s i t u  s tud ies .  

4 .  I n t e r n a t i o n a l  c o l l a b o r a t i o n  i n  t he  areas o f  standard and re fe rence ma te r i a l s  and i n  round- robin 
t e s t i n g  i s  progressing we l l .  Considerat ion should be g iven t o  exchange o f  personnel where appropr ia te .  

5. Hodel ing o f  e l e c t r o n i c  and i o n i c  m o b i l i t y  as w e l l  as r a d i a t i o n  e f f e c t s  cou ld  be most h e l p f u l  i n  

There was a p e r s i s t e n t  theme dur ing  the  workshop t h a t  long- term basic s tud ies  a re  needed t o  

i n t e r p r e t i n g  and exp la i n i ng  observed R I C  phenomena. 

understand i n - s i t u  degradat ion mechanisms. 
6. 

RECOMHENDATIONS 

The workshop p a r t i c i p a n t s  made t he  f o l l o w i n g  recommendations t o  designers, based on the  present  s t a te  of 
knowledge, w i t h  respec t  t o  t he  s i x  i n s u l a t o r  app l i ca t i ons  f o r  N E T I I T E R .  
f o r  the  I T E R  t o r o i d a l  cur ren t  break were no t  known, and so no recommendations cou ld  be made f o r  t h a t  
appl i c a t  i on. 1 

(Design and opera t ing  cond i t ions  

I C R H  i n s u l a t o r s .  The recommended ma te r i a l  i s  99.5% pure A1203. 

LHRH i n s u l a t o r s .  The ma te r i a l  of choice i s  again 99.5% A1 Dj.  se lec ted  f o r  lowest l oss  tangent .  
Fur ther  da ta  on R I C  e f fec ts  i s  needed, and t r i t i u m  permeation gay be a problem. 

ECRH i n s u l a t o r s .  A cooled s i ng le- c r ys ta l  ma te r i a l  such as sapphire should be used. Even low-dose 
damage may present  d i f f i c u l t i e s ;  i r r a d i a t i o n  t e s t i n g  t o  appropr ia te  damage l e v e l s  should be c a r r i e d  out ,  and 
under c y c l i c  temperatures t h a t  approximate expected opera t ing  cond i t ions .  

Neut ra l  beam i n j e c t o r  i nsu la to r s .  Current  leakage and d i e l e c t r i c  breakdown a t  sur faces may present  a 
problem. Fab r i ca t i on  o f  l a r g e  i n s u l a t o r s  w i t h  t he  r e q u i s i t e  s t r eng th  i s  another issue. The r a d i a t i o n  
environment r equ i res  f u r t h e r  s p e c i f i c a t i o n .  

t he  expected h i gh  e l e c t r i c  f i e l d s ,  i r r a d i a t i o n  f l uxes ,  and f luences.  
vs. powder) and i t s  composit ion must be c a r e f u l l y  chosen, and an e l e c t r i c a l  r e s i s t i v i t y  as low as 10 ohm-m 
(reduced t o  t h a t  value by RIC) must be an t i c i pa ted .  

I n s u l a t o r s  f o r  copper c o i l s .  The v e r t i c a l  s t a b i l i z i n g  c o i l  i n s u l a t o r s  present  ser ious problems, g iven 
The form o f  the  i n s u l a t o r  (e.g6. s o l i d  

I n s u l a t o r s  f o r  d i agnos t i c  app l i ca t i ons .  Fur ther  in fo rmat ion  on m a t e r i a l s  needs and opera t ing  cond i t i ons  
i s  required.  
respec t  t o  o p t i c a l  f i be r s ,  i r r ad ia t i on- induced  degradat ion of the  polymer ic  coat ings w i l l  present  a ser ious  
problem. 

The use o f  I R  windows necess i ta tes  development o f  an acceptable mounting technique. With 
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IN-SITU MEASUREMENT OF RADIATION INDUCED CONDUCTlViTY IN CERAMICS-€. H. Farnum. H. M. Frost and F. W. 
Ciinard (Los A i a m  National Laboratory) 

OBJECTiVE 

The objective d this work Is to develop a data base and understandlng of radiation-tnduced changes In the electrical 
properties of ceramlc Illsulators, and then use this information to identify or design new ceramic materials that will Improw the 
periormanoe of magnetic fusion machines. 

SUMMARY 

This report describes our experimental plan and schedule for measuring the radiation induced conductivity (RlC) in ceramlcs 
while being irradiated with 3 MeV protons. In the Initial experiments, dielectric constant and l a  will be measured in pure and 
in Tidoped sapphire. The measurements will be made at rmm temperature. at frequencies between 100 HL and 
10 MHz. with and without an applied DC bias. and as a function of radiation flux and fluem. The Ion Beam Materials 
Laboratory (IBML) ion source at Los Alamos will be used with beam currents up to 1 micro-ampere. We expect initial results to 
be available lor the next semi-annual Progress Report. 

PROGRESS AND STATUS 

Introduction 

The fact that penetrating radiation reduces the electrical reslstivity of ceramics has been known for some time (1-4) and has 
been measured In a number of candidate fusion reactor insulator materials. This effect, called radiation-Induced conductivity 
(RIC). has been shown to reduce the predicted lifetime of reactor windows to unacceptable levels (5.6). TW effect has been 
measured as a function of flux and fluence with fast and thermal neutrons (1,4,7), with gamma rays (2.7.8) , and with 
accelerated charged particles (9,10,11). These measurements were made by subjecting the material to the irradiation at a 
fixed temperature and subsequently measuring the change from the pre-inadiated conductivity. Recently, Hodgson in Spain 
(10.12) and Peils in England (13) measured the RIC in-situ during irradiation with electrons and with protons respectively. 
Both of these experiments showed higher RIC than w l d  be expected from post-irradiation measurements. Further. they 
then applied a DC electric field to the material during the irradiation and observed an even greater RIC effect (12,131. Their 
experiments showed for the first time that even in-situ experiments may be insufficient for predicting the behavior of insulators 
in fusion applications. Since in plasma heating applications at ECRH. LHRH and ICRH frequencies the insulator is used for 
vey hlgh power transmissions, high electric fields at the applied frequencies will be coincident with neutron and gamma 
irradiation. Therefore, to simulate a real fusion reactor environment, radiation and electric fields must be aDPlied 
simultaneously. Our experiments will attempt to simulate the fusion environment as closely as possible. 

Experimental Plans 

Neutron and gamma radiation from the fusion reactor produce both ionizing and displacive damage In ceramics. High energy 
protons also cause both ionizing and dispiacive damage and have been used to simulate fusion reactor conditions (13). 
Advantages of protons as a radiation source include the ability to adjust the beam energy, to achieve very high fluxes and to 
control the irradiation environment. ThreeMeV protons have a range in aluminum oxide of 49 um, and nearly all of the protons 
stop in the last few urn of path. in irradiating insulators it is necessary to assure that the protons pass through the sample and 
stop in a metal backing layer. OthemiSe the build-up of space charge would destroy the sample. Therefore we have chosen a 
Sample thickness of 25um and a guard-ring capacitor configuration with thin gold top electrodes as shown in Fig. 1. Protons 
that are incident on the top electrode with 3 MeV energy. enter the alumina with 2.92 MeV and enter the gold backing layer with 
1.92 MeV. Thus each proton l x e s  1 .O MeV in the alumina. Of this, 959.4 keV is 1st to ionization reactions and 0.6 keV is lost 
to coilisions that cause displacements. A plot of energy absorption is shown in Fig 2. Because most of the absorbed energy 
is ultimately converted to heat, the metal backing also serves as a heat sink to keep the sample near rmm temperature, 
initial experiments will focus on low frequencies (< 10 MHz) and will explore the effect of flux and DC bias on in-situ RIC. The 
experimental configuration is shown schematically in Fig 3. Samples will be held at constant temperature near 25 OC by 
controlling the backing piate temperature. Proton flux wiil be varied between 1.3 n~ (103 G ~ / s )  and 1.3 UA (10s G ~ / s ) .  (Peak 
Ionizing flux for the first wail of CIT is -1.67 x I+ Gy/s.) The beam will be periodically turned on to compare in-situ RiC with 
post-irradiation values and to determine decay time (if greater than -1 s). A DC bias of 0 to 25 V. corresponding to 0 to 

?OWV/mm, will be applied during the irradiation. (In alumina irradiated at 45OoC, thermoelectric breakdown has been 
observed at 130 Vimm (13,14).) Initial in-situ RiC measurements will be made on both pure sapphire (Cystal Systems, Inc.: 
C-aXiS in plane of disk) and sapphire doped with 150 ppm Ti. 
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Exwrirnental Schedule 

We expect to put the first IBML proton beam on a sapphire sample in December. 1990. Initial results should k ready lor the 
March 1991 Progress Report. 

I 3MeV ,' 
: proton ,' 

O.Sum-thick I beam I 

gold electrodes 

0 c to 10 UHZ backino 
layer- 

Sample Configuration lor Proton Irradiation Exmriment 
Figure 1 

0.5um 25.5um 38um 
DEPTH 

Figure 2 
Proton Energy Deposition Rate vs Depth in a 

goid/ alumina/ gold Target 

Beam steering stage 

ION BEAM 

Analyzw I ::I. I With bias voltage) 

Figure 3 
Schematic lor planned Proton Irradiation Experiment 
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MILLIMETER-WAVE TESTING OF ISOTOPICALLY ENRICHED ALUMINA 
H .  M. Frost, 111, J. C. Kennedy, 111, and T. N. Claytor (Los Alamos National 
Laboratory) and S .  J. Zinkle (Oak Ridge National Laboratory) 

OBJECTIVE 

Evaluate the quality of isotopically enriched high-purity alumina made by clo- 
sed-cycle processing, with application to a special irradiation experiment. 

SUMMARY 

In a special fustgn-neutron irradiation simulation experiment, 0 has been 
substituted for 0 in 99.5% alumina to be neutron-irradiated in the High Flux 
Isotope Reactor (HFIR) at Oak Ridge for raising the potentially deleterious 
helium gas yield to levels closer to those expected from the neutrons of deute- 
rium-tritium (D-T) fusion reactions. Earlier, we reported values of complex 
dielectric constant k* measured at Los Alamos at millimeter-wave (MMW) frequen- 
cies for conventional (unenriched) 99.5% alumina test specimens1. These speci- 
mens were made under the same conditions applying to the present report of k* 
measured for 170-enriched specimens based on the same alumina system. 
present alumina has lower dielectric losses than that reported in the earlier 
work. Furthermore, we corroborate the earlier finding that k* is a sensitive 
nondestructive measure of the quality of alumina being considered for rf-window 
use -- and the overall quality of high-purity ceramics in general. 

1 7  

The 

PROGRESS AND STATUS 

Introduction 

While neutron-irradiation studies have been carried out on electrically insu- 
lating or mechani@lly ssrong ceramics such as alumina, the high fluences 
reached of 1 x 10 n/cm or greater have been achieved only in fission 
reactors whose 'fast neutrons' (E > 0.1 MeV) are slower than the 14 MeV neu- 
trons expected from D-T fusion reactions. 
from the Rotating Target Neutron Source (RTNS-11) at Lawrence Livermore 
National Laboratory, the corresponding fluences, as li$Jted by irradiation 
scheduling and aperture constraints, were below 5 x 10 n/cm . 
Fission reactors can simulate the extent of displacement and ionization damage 
expected from 14 MeV neutrons in ceramics such as alumina, but generally not 
the extent of that type of damage linked to transmutation production of gases 
such as helium and hydrogen. When produced, these gases are initially atomi- 
cally dispersed, but are subject to subsequent diffusion and segregation 
effects. Lack of sufficient levels of transmuted gas occurs under the usual 
materials irradiation conditions of a hard neutron spectrum (E > 0.1 MeV) and 
normal isotopic abundances for the test specimen elements involved (e.g., A1 
and 0 in alumina). Gas levels produced by fission neutrons in a test specimen 
can be boosted, however, through isotopic substitution within the material to 
be irradiated and inclusion of thermal as well as fast neutrons. The effect of 
this is to ifprease &he cross section of the desired (n,e) reaction, which in 
our case is o(n,a) c. 

When D-T neutrons were available 

ExDerimental Drocedureg 

1. Processing 

Hard, nearly theoretically dense ( 7  99 .5% TD), isotopically adjusted alumina 
samples of 99 .5% purity were made through dissolving an organic pfFcursor (alu- 
minum isopropoxide) in isopropyl alcohol and then hydrolyzing in 0-enriched 
water followed by removal of the alcohol, calcining, miring with MgO (sintering 
aid), milling, and sintering.2 The resulting maximum 0 fraction in the total 
oxygen content was about 25%. The flexural strength resulting from the closed- 
cycle processing involved was 2 8 0  MPa. Average grain sizes were 10 pm. 
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2. Dielectric measurements 

The dielectric constant, k, and loss tangent, tan6, contribute to the complex 
dielectric constant via k* = k(l - jtan6). These properties were measured at 
room temperature by means of a computer-operated, swept-frequency MMW scalar 
network analyzer system operating at an average frequency of about 95 GHz on 
specimens inserted within single-moded waveguide. Further details on this 
technique are reported elsewhere, as well as on data-reduction software needed 
when spatial inhomogeneities (e.g., pores or inclusions) are present in the 
test specimens.lr3 
specimen available. Specimens were machined from sintered alumina blocks (12 
per block). 

From four to ten repeat measurements were made on each 

Experimental results 

The values of k and tan6 are given in Table 1, along with the number of speci- 
mens in the statistical sample involved. 

Table 1. 
cimens from blocks no. 3 and 8, respectively. 

Dielectric properties of sets of unenriched and enriched alumina spe- 

DESCRIPTOR/StatiStiC Unenriched Enriched Standard 
(block X3) (block #8) 

DIELECTRIC CONSTANT 
Mean: 10.05 9.86 9.84 
Standard deviation: 0.016 0.044 0.022 
Fractional deviation: 0.16% 0.45% 0.22% 

LOSS TANGENT 
Mean: 
Standard deviation: 
Fractional deviation: 

5.1 xlO-' 5.2 x~o-' 4.2 X10-' 
0.17x10-' 0.64x10-' 0.51x10-' 
3.4% 12.8 12.% 

NO of specimens in 
statistical sample: 8 5 (1) 

Values of the dielectric properties were extracted from 'channel spectra' con- 
sisting of plots of transmission loss as a function of frequency swept from 90 
to 100 GHz. For obtaining reliable values, a subjective but repeatable SeleC- 
tion process was used for accepting or rejecting channel spectra for subsequent 
data reduction. This process involved a comparison of important features of 
each plot with those for the plot expected from electrodynamics theory. 
ferences between the expected and observed spectra are due to either specimen- 
related or measurement-related effects, such as cracks and inclusions producing 
spurious MMW scattering within the specimen or multimoding due to imperfect 
specimen and waveguide geometries. 

Each average value given in Table 1 is actually a mean of the means. 
measurements on a specific specimen were averaged before subsequent averaging 
of measurements over several specimens. 
represented in this report, the rounded off values of the 'intra-specimen' 
standard deviations for k fell in the range of 0.04 to 0.06, with the other 
four values above (2) and below (2) this range. These typical values essen- 
tially overlap those for the 'inter-specimen' standard deviations of 0 . 0 2  to 
0.05 This overlap condition was 
basically mirrored in the intra-specimen and inter-specimen standard deviations 
for tan6 as well. 

The "standard" alumina featured in Table 1, with a density of 95% TD, is a 
Coors AD-995 (99.5 %) alumina control specimen used in an earlier EBR-I1 irra- 
diation experiment 3,4: the mean and standard deviation of its k and tan6 
values were estimated through repeat measurements alone. 
tion" is the ratio in percent of the (n-1) weighted standard deviation divided 
by the mean and multiplied by 100. 

Dif- 

Repeat 

For 13 of the total of 17 specimens 

(rounding off to one significant figure). 

"Fractional devia- 



299 

Acceptable dielectric data were also obtained on specimens from other 
(enriched) blocks (#7 and #lo). Only two specimens per block were available in 
these cases, though, so inter-specimen variafions could not be evaluated. 
block 110.7, k and tan6 werq 9.95 and 4.2~10- , respectively; for block no.10, 
they were 9.85 and 4.3~10- . The dielectric losses were the same as for the 
'standard' alumina. 

Test specimens were examined by acoustic microscopy for their defect contents. 
This method involves "B-scan" imaging of internal structure by an ultrasound 
transducer operated in a pulse-echo mode and mechanically scanned under com- 
puter control over the test specimen immersed within a coupling medium 
(water). ll5 Acoustic microscopy probes the entire volume of each test speci- 
men, as opposed to the limited sampling capabilities of optical and electron 
microscopy. Images obtained by both acoustic and optical microscopy revealed 
internal and surface-connected defects which usually correlated in a predict- 
able manner with the quality of the associated channel spectra. In the MMW 
measurements, it was also observed, however, that this quality was sensitive to 
the varying 'specimen to waveguide' gaps presumably resulting during repeat 
measurements on a given specimen. 

For 

Discussion 

Our earlier report1 of the sensitiveness of fractional deviation in the dielec- 
tric constant (k) to material quality is borne out in the present work as well -- that is, the greater this deviation, the worse the quality. Results from 
microscopy indicate that specimens cut from block no.3 are much more free of 
defects than those block no.8, especially those defects with sizes of the order 
of the specimen width (0.100 in = 2.5 m m ) .  Corresponding examination of Table 
1 indicates that the fractional deviation of k for block no.8 is almost three 
(2.8) times larger than is the case for k from block no.3. 

The corresponding means of k for the two different blocks are different and 
this difference appears to be statistically significant. That is, these means 
are separated by much more than the sum of their probable errors (assuming a 
Gaussian distribution), as given by 0.6745(~.d.~ + s.d.s), where "s.d." stands 
for standard deviation. However, the tan6 values are nearly equal (to within 
3%) -- and are roughly 25% larger than the value for the "standard" alumina 
used in our earlier work. As reported in that work, the measurable losses in 
the standard specimen probably arose from absorption only, e.g., not scattering 
from inclusions or pores. That is probably also the case here: The densities 
of the experimental aluminas are within a small fraction of one percent of the 
theoretically dense value, so that porosity is low and scattering losses unim- 
portant. Thus, the present alumina has an excess dielectric absorption of 2 5 %  
more than in the standard alumina. 

One possible explanation for excess absorption (in block nos. 3 and 8) and 
larger dielectric constant (in block no.3) involves electric polarization on 
the interfaces between the matrix and the inclusion materials revealed by 
acoustic microscopy. The charge carriers and/or electric dipoles involved in 
this 'interfacial polarization' would have to be essentially free or unbound 
for this effect to be important at MMW frequencies and room temperature, how- 
ever. Delocalized electronic states on the interface or electric dipole 
moments of relatively tightly bound cations associated with symmetry breaking 
bi- or tri-vacancies are possibilities. Presence of an effective, slightly 
viscous medium within which these charges move could give rise to the dielec- 
tric loss. 

The (alumina-like) inclusion material itself may be a vestige of a small amount 
of the organic precursor that remained as particulate matter during solubiliza- 
tion in alcohol during synthesis of the alumina powder. One speculation is 
that the inclusion material is alumina itself that calcined and sintered at a 
different rate and to a lower density than the matrix alumina. 

In our earlier report on the MW dielectric properties of the same alumina sys- 
tem featured (except for lack of enrichment), the tan6 values reported there 
were 7.5x10-' and 13.1x10-' (for specimen sets no. 4 and 3, respectively). The 
lower value had been attributed entirely to absorption losses, so the alumina 
featured in the present report has a substantially improved transparency as a 
MMW window. 
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One possible explanation for the differences in k* between the experimental 
aluminas vs. the standard alumina involves the residual carbon content result- 
ing from incomplete burnoff of the organic precursor used for making the pow- 
der. 
duced at boosted levels by the nuclear reaction 
producing helium gas. 
fusion-neutron loading of natural isotope abundance (99.76% ) alumina at the 
first wall would yield 6 2 4  appm of carbon.6 Such material could affect the 
dielectric losses because of its relatively conductive nature, especially if 
segregated out, as on grain boundaries. Trace carbon analyses will thus be 
needed on both the control and irradiated samples. 

The question of trace amounts of silicon also needs to be addressed. This is 
because the same therm?; neutron$sa used to convert oxygen into helium (plus car- 
bon) may also convert A1 into Si. This question was raised in the 1960’s’ 
and was dealt with at greater length by Youngman fifteen years later8, as noted 
in a recent review of radiation effects in n~n-metals.~ 

During a planned irradiation in HFIR, traneputed cl?rbon will also be pro- 
O(n,=) C intended for2 

For comparison, typical MFE conditioneeof 1 MW/m 

CONCLUSIONS 

The present results, combined with those in our earlier report,l indicate that 
the fractional deviation -- equal to the mean divided by the standard deviation 
(and multiplied by 100) -- in the dielectric constant is a sensitive indicator 
of material quality, as substantiated by independent results from acoustic 
microscopy, which for our work here had a lateral resolution of about 0.1 mm. 

From the standpoint of dielectric properties, alumina specimens cut from unen- 
riched block no.3 have the highest quality of all the specimens we have 
examined so far in the fusion-neutron simulation experiment, and this quality 
is comparable to that for a commercially available high-purity alumina used for 
comparison purposes. The dielectric quality of specimens cut from block no.8 
was somewhat lower than for block 110.3, but still acceptable -- and comparable 
to that for specimens from “set no.4“ featured in our earlier rep0rt.l 

With MMW dielectric testing, the entire volume of the ceramic can be sensi- 
tively and nondestructively sensed for the presence of internal defects, and 
tested specimens can be archived for subsequent retesting at any time. Such 
advantages outweigh the disadvantage of the precision machining now required 
for preparation of test specimens which are inserted under tight tolerances 
into the waveguide section serving as the test fixture in MMW testing. 

Acoustic microscopy is a valuable adjunct to MMW testing, and it probably will 
also be useful for improving the statistics of the four-point bend tests 
intended for measuring flexural strength. It indicates in straightforward man- 
ner those surface regions in each specimen to avoid when placing the test 
anvils on the specimen, so that the stress concentration effects of anvil and 
defect do not overlap to produce premature failure. 

Because of the presence of thermal as well as fast neutrons in the anticipated 
irradiatjpn in HFIR, trace amounts of carbon are expected from the transmuta- 
tion of 
transmutation of A1 into Si through neutron capture. The electrical and 
dielectric properties may be changed significantly with these impurities either 
atomically dispersed or segregated on grain boundaries, for example. 

0 in tht$7enriched2plumina. Silicon may also be generated through 

FUTURE WORK 

In the next phase of this work, various sets of 0-enriched and unenriched 
alumina specimens will be irradiated under various flux and temperature condi- 
tions in HFIR at Oak Ridge. When available, irradiated sets will be sent to 
Los Alamos for specimen preparation and subsequent post-irradiation MMW 
measurements. Assays of trace carbon in both irradiated and unirradiated alu- 
mina specimens will have to be added to the materials characterization planned. 

I7 
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WORKSHOP ON CERAMIC MATRIX COMPOSITE MATERIALS FOR STRUCTURAL APPLICATIONS IN FUSION REACTORS - R. H.  Jones, 
Pacific Northwest Laboratory,(") and G .  E. Lucas, University of California.Ib) 

OBJECTIVE 

The objective of the workshop was to assess the potential of ceramic matrix composites for structural appli- 
cations in fusion reactors. 
needs to comolete this assessment. 

This included identifying the critical issues regarding their use and data 

SUMMARY 

The workshop to assess the potential application of ceramic matrix composites (CMCs) for structural appli- 
cations in fusion reactors was held on May 21-22, 1990, at University of California, Santa Barbara. Parti- 
cipants included individuals familiar with materials and design requirements in fusion reactors, ceramic 
composite processing and properties and radiation effects. 
issues that might limit the application of these materials in fusion reactors. 

Clear advantages for the use of CMCs (i.e., SiC/SiC) are high-temperature operation, which would allow a 
high-efficiency Rankine cycle, and low activation. 
complexity and costs, lack of familiarity with these materials in design, and the lack of data on radiation 
stability at relevant temperatures and fluences. 

Fusion-relevant feasibility issues identified at this workshop include: 

The primary focus was to list the feasibility 

Limitations to their use are material costs, fabrication 

. hermetic and vacuum properties related to effects of matrix porosity (10.15%) and matrix 
microcracking 

effects on compatibility 
chemical compatibility with coolant, tritium, and breeder and multiplier materials, radiation 

. radiation stability and integrity 

ability to join CMCs in the shop and at the reactor site, radiation stability and integrity of 
joints. 

It was suggested that a true feasibility assessment of CMCs for fusion structural applications could not be 
completed without evaluation of a material "tailored" to fusion conditions or at least to radiation sta- 
bility. It was suggested that a follow-up workshop be held to design a tailored composite after further 
results of CMC radiation studies are available and the critical feasibility issues are more fully addressed. 

Feasibilitv Issues for Use of Ceramic Matrix Comoosites for Fusion Structural Aoolications 

The following issues were identified during the workshop. For each topical area, the first short list con- 
tains those issues deemed most critical and fusion-relevant. Many of the issues in the second list are 
generic to CMCs, and their outcome could not be affected by the limited fusion budget available for this 
activity. The issues are also listed by category, although it is recognized that there is considerable 
overlap among these categories. 

I. PROCESSING 

A. Critical Fusion Issues 

CMCs with 30.40% continuous reinforcement contain 10.15% porosity, which may be inter- 
connected. Also, CMCs exhibit matrix microcracking long before final failure and they may be 
utilized at stresses above the matrix microcracking stress. 
evaluate the effect of the original porosity and matrix microcracking on the following: - coolant and tritium containment 

vacuum integrity 
outgassing characteristics. 

Therefore, it is important to 

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

(b) University of California, Santa Barbara, California. 



303 

B. General Issues 

1. 

2.  

3 .  

What are the problems and potential for scale-up of CMC processing methods to pro 
duce fusion reactor-relevant components; i.e., size and shape? 

What is the role of CMC processing in the variability of CMC properties and can this 
variability be controlled? 

If CMC impurities impose low activation limitations, can the desired purity be 
achieved? 

Are currently used fiber/matrix interface layers such as C and BN suitable for 
irradiation environments? 

Is it possible to integrate quality control methodology into CMC processing? 

Since the costs of CMCs are heavily dependent on processing method and the mate- 
rials costs presently range from $1000 for material to $7000/lb for complex 
components, what is the potential for future reductions in materials costs and what 
are the impacts of these costs on reactor costs? 

11. FABRICATION OF COMPONENTS 

A. Critical Fusion Issues 

4 .  
If not, what materials might be suitable? 

5. 

6. 

Joining of CMCs is a relatively untested technology, although there are several methods for 
making ceramic/ceramic and ceramic/metal joints. Joining of CMCs will clearly be necessary 
because the fabrication of large components from a single piece is very difficult. 
on-site joining will be necessary. Therefore, the following joining issues were identified: 

demonstration of joining CMCs 
on-site joining o f  CMCs (e.g., microwave or laser joining). 

Also, 

B. General Issues 

What is the status of NDE for CMCs? 
(-0.2 mm) be distinguished from porosity, which can have similar dimensions? 

Can net shape components be fabricated or will it be necessary to machine parts to 
final shape? What will be the impact of a machining process on fabrication costs? 

How will the as-built integrity be assessed? Will it be necessary to proof-test or 
will NDE be adequately developed for composites in the future to ensure reactor 
integrity? 

1.  Can critical fracture toughness-sized flaws 

2 .  

3. 

111. UNIRRADIATEO MATERIAL PROPERTIES 

A. Critical Fusion Issues 

1. The chemical compatibility of CMCs with the coolant, tritium, and breeder and 
multiplier materials is of major concern. 
of the SiO, layer that forms on Sic, so Li as a coolant or from the breeding 
material could induce corrosion. Also, oxygen reacts with Sic to form SiO,. The 
SiO, forms as a protective layer but the growth rate as a function of time and 
temperature is important. Also, the compatibility of Sic and C with tritium is a 
concern at elevated temperatures. 

Alkali elements alter the protectiveness 

B. General Issues 

1. 

2 .  

3. 

The inter-layer shear strength of composites(” is generally very poor. This is a 
concern for the use of CMCs in fusion reactors because of the need to transfer load 
at fittings and couplings. 

Can the variability of material properties from batch to batch and vendor to vendor 
be reduced and what is the impact of this variability on fusion design? 

What is the proper specimen design for obtaining mechanical and physical properties 
data? 
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4 .  Is the matrix fracture stress the proper limiting stress for CMCs or is some value 
greater than this appropriate? 

The design methodology for brittle matrix materials has not been proven and this 
will be necessary before reactor licensing. 
complicate this. 
reactor construction? 

6. What are the thermal and mechanical fatigue and creep properties of CMCs? Are they 
acceptable? For steady-state operation, creep properties will be most critical but 
cyclic stresses and strains will also occur with start-up/shut-down and non-steady- 
state operation. 

5 .  
The effects of irradiation will 

Will this methodology be in place for use of CMCs in fusion 

I V .  IRRADIATED MATERIAL PROPERTIES 
(at relevant fluences and temperatures) 

A. Critical Fusion Issues 

1.  Radiation stability: failure induced by differential dimensional changes of fiber 

2. Radiation effects on electrical and thermal conductivity and mechanical properties. 

3 .  Radiation effects on chemical compatibility. 

4 .  Stability and integrity of joints in an irradiation field. 

and matrix. 

6 .  General Issues 

1. What is the activation level for commercial CMCs including the effects of 
impurities? 

2. 

3 .  

4 .  What is the effect of plasma/material interactions on material performance? 

5. Is there enough basic understanding about radiation damage (gas transport, defect 
migration and agglomeration) to adequately design radiation-resistant CMCs? 

6. How does radiation affect the interfacial (fiber/matrix) properties of CMCs? 

What are the effects of transmutants (solid and gaseous) on properties? 

What is the life-limiting property? 

7 .  Are there :lux- and rate-dependent properties which will impact the use of CMCs in 
ICFs? 

8.  

9 .  

Does radiation accelerate creep in CMCs as it does in metals? 

What are the optimal reinforcement and reinforcement architecture for radiation 
resistance? 

Is the dimensional stability of SiC/SiC independent of fluence as suggested by the 
limited data on Sic? 

10. 

(a) The inter-layer shear strength of composites is generally a major concern for 2-dimensionally 
reinforced composites using organic matrix materials. 
resin that "glues" two sheets of fiber cloth together. This manufacturing approach results in a weak 
inter-layer shear strength. For ceramic matrix composites, however, the chemical vapor infiltration 
manufacturing approach generally avoids this shortcoming by using a 3-0 weave. 
reinforced layer of ceramic between layers of 2-0 fiber-reinforced sheets would be susceptible to the 
same catastrophic failures as is bulk ceramic material. 
issue of inter-layer shear strength is replaced by the issue of fiber/matrix interface strength. 

The 2-0 composites are manufactured using a 

Otherwise, a non- 

For ceramic matrix composite materials the 
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V. OTHER ISSUES 

A. Consideration of CMCs should be based on an evolutionary understanding of their behavior in a 
radiation environment, in that lessons learned in early irradiation testing should be used in 
conjunction with a fundamental understanding of the structure-property relations of these sys- 
tems to tailor the structure for improved irradiation response. 
CMCs may not be complete until at least one iteration has occurred in this development cycle. 

mixture of the two. 
relate to these uses? 

A feasibility assessment of 

6. It is possible that the final reactor design will not be all ceramic nor all metallic but a 
What are the priority uses for CMCs and how do the feasibility issues 

VI. ON-GOING IRRADIATION STUDIES OF CMCs 

A .  ORNL: 
32 dpa, evaluate dimensional change, microstructure, modulus, conductivity, strength (brittle 
ring). 

C/C, pitch and pan fibers, 600 and 900°C irradiation temperatures, fluence less than 

E. PNL: Same materials as above, cycle 11 o f  FFTF MOTA. 

C. PNL/KIST Tests: Large variety of C/C and SiC/SiC; 850 and 150PC, 1 .5- 4 .0  dpa. Dimensional 
change and fracture strength at irradiation temperature. 

D. RPI/ORNL: SiC/Nicalon composite, 30PC, 2-24 dpa with neutrons; SiC/Nicalon b100 dpa, 
RT-900°C with C, He, H beams. Emphasis of work, will be to study radiation and gas production 
effects on interface. 

LANL will be commencing research on CMCs which will be partly dictated by the results of this 
workshoo. 

Radiation-induced conductivity measurements are also underway at RPI. 

E .  

FUTURE PLANS 

A workshop report containing presentations and summaries will be published. 
mended but a date for this follow-up workshop has not been set. 

A second workshop was recom- 
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DEVELOPMENT OF THIN- SECTION PUSH-OUT TECHNIQUE FOR USE I N  MEASURING RAOIATION- INDUCED MODIFICATION OF 
COMPOSITE INTERFACES - Lance L. Snead [Rensselaer Po ly techn ic  I n s t i t u t e  (RPI), assigned t o  Oak Ridge 
Nat ional  Laboratory],  Steven J. Z ink l e  (Oak Ridge Nat ional  Laboratory) ,  and Don S te i ne r  (RPI) 

OBJECTIVE 

The p o s s i b i l i t y  o f  us ing  l ow- ac t i va t i on  ceramic composites i n  f us i on  systems w i l l  depend no t  on ly  on 
t he  r a d i a t i o n  i n t e g r i t y  o f  the  composite f i b e r  and mat r i x ,  but  a lso  on t he  i n t e r f a c i a l  s t r u c t u r e  inheren t  
t o  such composites. The o b j e c t i v e  o f  t h i s  study i s  the  development o f  a technique t o  d i r e c t l y  measure 
i n t e r f a c i a l  mechanical p rope r t i es  of the  f i b e r l m a t r i x  i n t e r f ace .  Once t h i s  technique has been v e r i f i e d ,  
t he  i n f l uence  o f  r a d i a t i o n  on t he  i n t e r f a c e  may be q u a n t i f i e d  and i t  may be used as a t o o l  i n  t he  develop- 
ment o f  r a d i a t i o n  hardened composites. 

SUMMARY 

A technique f o r  measuring t h e  i n t e r f a c i a l  p rope r t i es  f o r  extremely t h i n  composite sec t ions  i s  p re-  
sented. 
microhardness t es te r ,  composite f i be r s  were i n d i v i d u a l l y  loaded and t he  debond and f r i c t i o n a l  s l i d i n g  
s t reng th  measured. It i s  shown t h a t  such a technique can d i sc r im ina te  between t h e  debond and f r i c t i o n a l  
components of t he  i n t e r f a c i a l  bond. The technique presented i s  a subs tan t i a l  improvement over previous 
techniques i n  both th ickness  of composite sect ion,  f i b e r  load ing  accuracy, and percentage of f i b e r  
f a i l u res .  Though t he  data presented i s  only f o r  a s i ng le  sect ion,  t he  r e s u l t s  are t y p i c a l  of o ther  sec- 
t i o n s  tes ted .  A s t a t i s t i c a l  ana lys is  of t he  data suggests t h a t  a Weibul l  t reatment  i s  more appropr ia te  t o  
i n t e r f a c i a l  data than t he  commonly used normal d i s t r i b u t i o n .  

The data shown i s  f o r  a s i ng le  composite sec t ion  o f  22 um th ickness.  By employing a Nanoindenter 

PROGRESS AND STATUS 

I n t r oduc t i on  

The p o t e n t i a l  b e n e f i t s  o f  ceramics f o r  use as s t r u c t u r a l  ma te r i a l s  i n  f us i on  systems have long  been 
apparent. The i r  i n h e r e n t l y  low a c t i v a t i o n  and a f t e rhea t  are b e n e f i t s  f o r  maintenance and d isposal ,  t h e i r  
p o t e n t i a l l y  h igher  opera t ing  temperatures o f f e r  t h e  p o s s i b i l i t y  of increased reac to r  thermal e f f i c i e n c i e s ,  
and t he  unusual ly  h igh  modulus and s t r eng th  o f  some ceramics are a t t r a c t i v e .  
i n h e r e n t l y  b r i t t l e ,  which ra i ses  many p r a c t i c a l  ob jec t ions  t o  t h e i r  use. 

I n  recent  years t he re  has been a growing i n t e r e s t  i n  ceramic composites. 
p o s s i b i l i t y  t o  t ake  advantage of t he  s t rong  p o i n t s  of t he  mono l i t h i c  ma te r i a l ,  and being a composite, a 
degree o f  " d u c t i l i t y *  can be b u i l t  in .  A composite which o f f e r s  the  a t t r a c t i v e  features of a ceramic and 
possesses a degree of d u c t i l i t y  i s  t he  S i C I S i C  system. 
carbide f i be rs  i n t o  a chemica l l y  vapor-deposited mat r i x ,  a long wi th  a f i b e r / m a t r i x  i n t e r f a c i a l  l aye r ,  t he  
ceramic no longer  f a i l s  j n  a ca tas t roph i c  manner. 
composite made w i t h  var ied  th icknesses o f  a g r a p h i t i c  carbon i n t e r f a c i a l  layer .  From the  f i g u r e  i t  i s  
apparent t h a t  t he  composite w i t h  no i n t e r f a c i a l  coa t i ng  f a i l e d  a t  a r e l a t i v e l y  low load and i n  a b r i t t l e  
manner. As t he  i n t e r f a c i a l  l a y e r  becomes t h i cke r ,  t he  f a i l u r e  appears t o  be more d u c t i l e  wi th  t he  u l t i -  
mate s t r eng th  of t he  composite d rama t i ca l l y  i nc reas ing  and passing through a maximum. 

t ype  and magnitude of bonding a t  t he  f i be r fma t r i x  interface. ' ,2 
being s t rong  enough t o  t r a n s f e r  load  between ma t r i x  and f i b e r  t o  t ake  advantage of t he  h i gh  f i b e r  s t r eng th  
and be ing  compl iant  enough t o  i n h i b i t  crack propagatign, thus adding toughness t o  an otherwise b r i t t l e  
composite. I f  ceramic composites are t o  be used as s t r u c t u r a l  ma te r i a l s  i n  f us i on  svstems. a fundamental 

However, ceramics are 

A composite o f f e r s  t he  

Through t he  i nco rpo ra t i on  o f  h igh- s t rength  s i l i c o n  

F igure  1 shows t he  load/displacement behavior  of such a 

It i s  w e l l  known t h a t  t he  ceramic composite s t r eng th  and f r a c t u r e  toughness are very s e n s i t i v e  t o  t he  
This i n t e r f a c e  has t he  dual  r o l e s  of 

understanding of not  only t he  r a d i a t i o n  ef fects on t he  ma t r i x  and f i b e r s  w i l l  be re4ired;but a l s o  
e f fec ts  on t he  composite i n t e r f a c i a l  s t r uc tu re .  

Due t o  t he  fundamental importance of t he  composite i n t e r f a c e  and t he  newness o f  d i r e c t  i n t e r f a c i a l  
measurement techniques, t he re  has been growing i n t e r e s t  i n  t h i s  area. 
papers i n  which experimenters have employed mic ro indenta t ion  t e s t i n g  techniques t o  measure i n t e r f a c i a l  
~ t r e n g t h . ~ - ~  The bu lk  of t he  work f o r  ceramic f i b e r  composites has been on t h e  SiCIg lass system which, 
due t o  t h e  mismatch i n  thermal expansions and r e s u l t i n g  debonding dur ing  process cool ing,  has a p re-  
cracked i n te r f ace  y i e l d i n g  on ly  a f r i c t i o n a l  res is tance  t o  f i b e r  s l i d i n g .  was the  f i r s t  t o  
employ a mic ro indenta t ion  technique t o  measure t h i s  i n t e r f a c i a l  f r i c t i o n a l  s t r eng th  by us ing  a Vickers 
pyramic indenter  t o  apply load and push-down f i b e r s  o r i en ted  normal t o  a po l i shed S iC(N ica1on) l l i th ium-  
a l um ina- s i l i ca te  (LAS) g lass surface. I n  t he  corresponding analys is ,  Poisson e f f e c t s  on t h e  f i b e r  end 
were neglected and t he  f r i c t i o n a l  res is tance  was taken t o  be p ropo r t i ona l  t o  t he  square o f  t he  app l i ed  
force d i v i ded  by t he  s l i d i n g  d is tance  o f  t he  f i b e r .  
reasonably we l l  w i t h  data taken using ma t r i x  crack-spacing measurements. 

There have been several  recent  

Resul ts  o f  i n t e r f a c i a l  f r i c t i o n  were shown t o  compare 
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Fig.  1. Load-displacement curve showing e f fec t  of composite i n t e r f a c i a l  coa t ing .  

It i s  c l e a r  t h a t  f o r  a f u l l y  bonded i n te r f ace  t he re  w i l l  be a t  l e a s t  two competing res is tances  t o  
f i b e r  s l i d i n g .  F i r s t ,  t he re  w i l l  be a minimum force requ i red  t o  i n i t i a t e  a crack i n  t he  i n t e r f a c i a l  chem- 
i c a l  bond which may o r  may not  then have t he  requ i red  energy t o  propagate a long t h e  l eng th  o f  t he  f i b e r .  
Second, t he re  w i l l  be a f r i c t i o n a l  component t o  t he  res is tance  which i s  caused by t he  crack surfaces 
passing over each o the r  as the  f i b e r  s l i des .  

Marshal l  and O l i v e r 9  were t he  f i r s t  t o  use a m ic ro indenta t ion  technique t o  attempt t o  separate t h e  
e f f ec t s  of bonding and f r i c t i o n a l  s l i d i n g  i n  weakly bonded composites. I n  t h e i r  experiments they heat 
t r e a t e d  as-processed, unbonded Si(Nicalon)/LAS composite i n  a i r  and argon between 900 and 1250°C forming a 
carbon chemical bond a t  t he  in te r face .  The NanoindenterTM was used t o  apply load  t o  f i b e r s  o f  t h i c k  sec- 
t i o n s  of t he  as-processed and heat t r e a t e d  composite. 
displacement curve was generated and from t h e  load ing  curve and t he  unload- reload hys te res i s  curves an 
est imate of t he  debonding and f r i c t i o n a l  res is tance  cou ld  be obtained. 

small percentage of t he  f i b e r s  were "pushed-out'' of the  mat r i x ,  thereby s imp l i f y i ng  ana lys is  of the  i n t e r -  
f a c i a l  s t rengths.  
bonded- s i l i con- n i t r i de  composites and measured both bonding and f r i c t i o n a l  i n t e r f a c i a l  s t r eng th  f o r  
sec t ions  as t h i n  as 0.5 mn, o r  a f i b e r  diameter t o  th ickness  r a t i o  of approximately 1/35. For f i b e r  push- 
out  experiments i t  i s  bene f i c i a l  t o  have as l a r g e  a f i b e r  d iameter- to- th ickness r a t i o  as poss ib le  wh i l e  
not  a l t e r i n g  t he  f i b e r f m a t r i x  i n t e r f ace  i n  t he  t h i n n i n g  process. 
i n t e r f a c i a l  shear s t r ess  i s  s i m p l i f i e d .  

i n t e r f a c i a l  s t rengths.  There has been l i t t l e  s t a t i s t i c a l  ana lys is  of t h i s  v a r i a t i o n  t o  date, w i t h  some 
researchers assuming a normal d i s t r i b u t i o n  i n  strengths.10 

out  measurements f o r  a very t h i n  sec t ion  of SiC(Nicalon)/SiC(CVO) composite mater ia l .  
technique i s  i dea l  f o r  ana lyz ing  r a d i a t i o n  mod i f i ca t ions  caused by displacements and t h e  h i gh  he l ium gas 
generat ion i n t r i n s i c  t o  t h i s  mater ia l .  
which corresponds t o  a Nicalon f i b e r  diameter t o  sample th ickness  r a t i o  approaching u n i t y .  
represent  a s i n g l e  composite sect ion,  they are t y p i c a l  of o ther  sect ions tested.  F i n a l l y ,  a methodology 
i s  presented fo r  s e l e c t i n g  between competing s t a t i s t i c a l  d i s t r i b u t i o n  funct ions t o  descr ibe i n t e r f a c i a l  
s t r eng th  data. 

Using t h e  Nanoindenter, an accurate force-vs- 

La te r  researchers'O employed a s i m i l a r  methodology w i t h  composite sec t ions  t h i n  enough such t h a t  a 

B r i g h t  e t  a1 . 5  app l ied  t he  push-out technique t o  f u l l y  bonded SiC(AVC0)lreaction- 

By doing t h i s  t h e  c a l c u l a t i o n  of t h e  

A c h a r a c t e r i s t i c  o f  most ceramic f i b e r  composite i n t e r f aces  i s  t he  wide d i s t r i b u t i o n  of in tersample 

The purpose of t h i s  r epo r t  i s  t o  present i n t e r f a c i a l  bond and f r i c t i o n a l  s t r eng th  obta ined f rom push- 
Such a t h i n  sec t i on  

A l l  r e s u l t s  repor ted  a re  f o r  a s i n g l e  composite sec t i on  of 22 m, 
While r e s u l t s  
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Exper iments  

Forced Chemical Vapor I n f i l t r a t i o n  process.” 
carbon which was deposi ted onto the  f i be rs  from a methane gas p r i o r  t o  S i c  i n f i l t r a t i o n .  

and po l i shed w i t h  6, 1 ,  and V2 um diamond paste t o  a f i n a l  th ickness  of 22 wn. 
on to  a po l i shed aluminum ho lder  such t h a t  the  center  of the  sample was pos i t ioned over a groove of 200 um 
i n  width. The composite sec t ion  was then he ld  r i g i d l y  t o  t he  mount and f i x e d  t o  t he  sur face w i t h  c r y s t a l  
bond mounting wax. 
sample i n  order  t o  avo id  p re- crack ing  the  in te r face .  

f i b e r s  which l a y  normal t o  t he  composite surface. 
elsewhere.12 
0.16 nm, respec t ive ly .  The X- Y  t a b l e  has sub-micron accuracy t o  ensure load ing  near t he  center  of f i b e r s  
which have diameters ranging from 12 t o  25 urn. A constant load ing  r a t e  of 900 uN/s was used w i t h  a maxi- 
mum load ing  c a p a b i l i t y  o f  0.12 N which corresponds t o  approximately 700 MPa fo r  t he  average f i be r .  
Berkov i tch- type  pyramidal diamond indenter  t i p  was used wi th  an aspect r a t i o  o f  1:7. 

Once t he  f i b e r s  were loaded t o  t h e i r  debond load  and pushed through the  ma t r i x  ( o r  t o  t he  maximum 
load of t he  machine wh i l e  remaining i n t a c t ) ,  t he  sample was then demounted and tu rned over i n  t he  ho lder  
such t h a t  t he  debonded f i b e r s  again l a y  over t he  200 um groove. The p o s i t i o n s  of the  f i be rs ,  which are 
seen as standing out  o f  t he  mat r i x ,  were found and the  load reapp l ied  w i t h  t he  Nanoindenter so t h a t  t he  
f i b e r s  passed through t h e i r  o r i g i n a l  p o s i t i o n s  and out  t he  opposi te s i de  of t he  composite sec t ion .  
keeping t r ack  of t he  coordinates f o r  t he  f i b e r s  i n  both d i r ec t i ons ,  t he  debond s t rength  and s l i d i n g  
res is tance  f o r  each f i b e r  cou ld  be compared. The i n d i v i d u a l  f i b e r  diameters were measured by u t i l i z i n g  
t he  Nanoindenter op t i c s  and pos i t i on ing .  

The composite sample i s  a layered  30/60/90 weave o f  Nicalon c l o t h  i n f i l t r a t e d  w i t h  S i c  us ing t he  ORNL 
The f i b e r / m a t r i x  i n t e r f a c e  conta ins a 1 um l a y e r  of g r a p h i t i c  

The composite was s l i c e d  i n t o  250 um sect ions w i t h  a low-speed diamond saw and mechanical ly  th inned 
The sample was then mounted 

Care was taken dur ing  t he  t h i n n i n g  and mounting procedure t o  prevent bending t he  

A l oad- con t ro l l ed  Nanoindenter mic ro indenta t ion  hardness t e s t e r  was used t o  apply a force t o  t he  
A good d iscuss ion  of t he  Nanoindenter can be found 

The Nanoindenter has an app l ied  force and depth measurement s e n s i t i v i t y  of 0.3 uN and 

A 

By 

Resul ts  

A t o t a l  of 44 f i b e r s  were tested,  o f  which 37 f i b e r s  debonded w i t h i n  t he  machine’s maximum load of 
0.12 N. 
Figure  2 shows t he  load displacement curve For a f i b e r  t h a t  d i d  not  f a i l ,  which p rov ides  a measure of t he  
specimen compliance. Th is  can be c r u c i a l  since, i f  t he re  i s  appreciable specimen bending present ,  t he re  
may be a f i b e r  p i nch ing  e f fec t  which would a f f e c t  t h e  resu l t s .  It can be seen from F ig .  2 t h a t  t he  maxi- 
mum diamond indenter  depth corresponding t o  maximum machine load i s  1.5 um (marked A ) ,  of  which 0.4 um 
(marked B) i s  p l a s t i c  deformation of t he  f i b e r .  

A l l  of t he  debonded f i b e r s  t h a t  were t es ted  i n  reverse l oad ing  showed f r i c t i o n a l  s l i d i n g .  

t 1 

DEPTH (nanometers) 

F ig.  2. Load displacement curve showing a non- y ie ld ing  f i be r .  
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Table 1. P r o b a b i l i t y  D i s t r i b u t i o n  Functions 

NAME 

EXPONENTIAL 

GAMMA 

WEIBULL 

LOGNORMAL 

SYMBOL 

- 
PROBABILITY DISTRIBUTION FUNCTION 

w i t h  assumed d i s t r i b u t i o n  f unc t i on  g iven by: 
d i s t r i b u t i o n :  Y1 ,  Y2, ... Yn; 

then t he  L i ke l i hood  Function, L, i s :  

n 

i = i  
L(y1, y2, ... yn;8) = n f ( y i . 8 )  

where 0 i s  t he  ML parameter(s) and F i s  t he  d i s t r i b u t i o n  under cons idera t ion .  For  example, i n  t he  case of 
t h e  lognormal d i s t r i b u t i o n .  t he  l i k e l i h o o d  f unc t i on  would be: 

2 
If the d e r i v a t i v e  w i t h  respect t o  uo (mean) and 00 (var iance)  i s  taken and equated t o  zero, t he  param- 

e te r s  y i e l d i n g  t he  maximum l i k e l i h o o d  func t ion  are obta ined and an associated MLR i s  calculated.  
then gives a measure of the  correctness of t he  f i t as g iven by t he  d i s t r i b u t i o n .  By c a l c u l a t i n g  t he  ML 
parameters f o r  each d i s t r i b u t i o n  under cons idera t ion ,  t he  b e s t - f i t t i n g  func t ion  i s  obta ined by choosing 
t he  d i s t r i b u t i o n  wi th  t h e  l e a s t  negat ive  MLR. 

For both f u l l y  bonded and unbonded i n te r f aces ,  researchers have found a great  v a r i a b i l i t y  i n  measured 
intersample i n t e r f a c i a l  s t rengths.  The v a r i a b i l i t y  i n  t he  i n t e r f a c i a l  s t rengths had i n i t i a l l y  been 
t r e a t e d  as being best  f i t t e d  by a lognormal d i s t r i b u t i o y A I Q  A normal p l o t  reproduced from Weihs and Nix'O 
showing t h e  f r i c t i o n a l  res is tance  t o  s l i d i n g  of Nicalon f i be rs  i n  a LAS mat r i x  i s  shown i n  Fig.  6. For 
t h i s  data t he  MLRs were obta ined as g iven i n  Table 2 f o r  t he  as-processed and annealed cond i t ions .  By 
i nspec t i on  of t he  t ab le ,  i t  i s  apparent t h a t  t h e  Weibul l  d i s t r i b u t i o n  gives t he  l e a s t  negat ive MLR value 
( thus t he  best  f i t )  f o r  t he  t h ree  composite cond i t ions  w i t h  t he  lognormal g i v i n g  the  most negat ive MLR 
values f o r  t w o  out  o f  t he  three.  
best  described u t i l i z i n g  a Weibul l  t reatment  o f  the  data. 

The MLR 

This ana lys is  suggests t h a t  t he  i n t e r f a c i a l  f r i c t i o n a l  s l i d i n g  may be 

Table 2. MRL values O f  i n t e r f a c i a l  f r i c t i o n  measurements on SiC/LAS composite10 

Weibul l  Gama Exponential Log n o m a  1 

As-Processed -77.5 -78.8 -83.0 -80.61 
2-h Anneal -87.3 -88.3 -91.1 -90.29 
4-h Anneal -66.2 6 6 . 2  -66.6 -66.34 
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F igure  7 shows a Weibul l  p l o t  o f  t he  same data as Fig.  6. By comparison o f  F igs.  6 and 7, i t  would 
appear t h a t  t he  data i s  somewhat b e t t e r  represented by t he  Weibul l  i n  t he  t a i l  regions where t he  two 
f i t t e d  curves would be expected t o  show the  l a r g e s t  d i f f e rence .  It shoud be mentioned, however, t h a t  due 
t o  the  l i m i t e d  number of data po in t s ,  t he re  i s  a minimum t h e o r e t i c a l l y  expected e r r o r  w i t h  a MLR selec-  
t i o n .  According t o  Kent.15 t he  p r o b a b i l i t y  f o r  i n c o r r e c t l y  choosing a Weibul l  d i s t r i b u t i o n  from lognnor- 
ma l l y  d i s t r i b u t e d  data f o r  20 observat ions i s  26% (and f o r  30 observat ions 19%). 
f o r  i n c o r r e c t l y  choosing t he  Weibul l  i n  a l l  t h ree  cases i s  0.26 cubed o r  1.76%. Th is  ca l cu la ted  e r r o r  
does not account f o r  any experimental e r r o r  i n  t he  data f o r c i n g  an i n c o r r e c t  se lec t i on .  

Table 3 shows t he  MLR comparisons f o r  t he  debond s t r eng th  and f r i c t i o n a l  

However, t he  p r o b a b i l i t y  

Resul ts  obta ined fo r  t he  SiC(Nicalon)/SiC composite system suggest a lso  t h a t  a Weibul l  d i s t r i b u t i o n  
i s  t he  most appropr iate.  
res is tance  t o  s l i d i n g  f o r  a 22 um sect ion.  Again, t he  Weibul l  has t he  l a r g e s t  MLR values i n d i c a t i n g  t he  
best  f i t  t o  t he  data. The MLR values f o r  t he  data presented do not  d r a s t i c a l l y  d i f f e r  between d i s t r i b u -  
t i o n s  and i n  t he  case o f  t he  2% debond y i e l d  data t he  values f o r  t he  Weibul l  and gamma d i s t r i b u t i o n s  are 
near ly  i d e n t i c a l .  Such small d i f fe rences  are t y p i c a l  o f  an MLR ana lys is ,  however. By comparison of the  
exponent ia l  d i s t r i b u t i o n  w i t h  t he  o the r  d i s t r i b u t i o n s ,  which have fundamental ly d i f f e r e n t  shapes, one 
would i n t u i t i v e l y  expect a l a r g e  d i f f e rence  i n  goodness o f  fit s t a t i s t i c  ( f o r  5 not  approaching u n i t y ) .  
Though f o r  an MLR analys is ,  t h i s  d i f f e rence  i s  t y p i c a l l y  l ess  than 10%. 

Table 3. MRL values f o r  push-out o f  S i C / S i C  

Weibul l  Gamma Exponent ia l  Lognormal 

2% Debond Y i e l d  
F r i c t i o n a l  S l i d i n g  

-172.5 -173.0 -175.0 -175.0 
-89.9 -90.5 -98.8 -91.7 

The two-parameter form o f  t he  Weibul l  p r o b a b i l i t y  d i s t r i b u t i o n  func t ion  i s  appl ied,  g iven by: 

7 P = (505-1 /@) e-[o/e)B 

where B i s  the  Weibul l  s lope (shape parameter),  e i s  t he  s i ze  parameter, and o i s  the  app l i ed  v a r i a b l e  
s t ress .  Th is  can be w r i t t e n  i n  t he  more convenient form of the  cumulat ive f a i l u r e  d i s t r i b u t i o n  which 
would represent  t he  t o t a l  p r o b a b i l i t y  of f i b e r  f a i l u r e :  

F = 1 - e-(u/@IB . 
The data f o r  t he  debonding and f r i c t i o n a l  s l i d i n g  of t he  composite f i be r s  are p l o t t e d  on standard 

Weibul l  paper i n  Fig. 8. 
c r i t e r i a  f o r  bond f a i l u r e  a re  p l o t t ed .  
f a i l u r e  i s  t he  more a t t r a c t i v e  d e s c r i p t i o n  of t he  debonding s t ress ,  g i v i n g  an approximate Weibul l  modulus 
of 1 and shape parameter of 60 MPa fo r  debond y i e l d  st rength.  
t o  have a steeper slope (h igher Weibul l  modulus) w i t h  a lower average st rength.  The opt imized values O f  5 
and 0 are g iven on Fig. 9, which shows t he  cumulat ive d i s t r i b u t i o n s  f o r  debonding and f r i c t i o n a l  s l i d i n g .  
The average Weibul l  shear s t reng ths  are ca l cu la ted  t o  be 60.8 MPa f o r  debonding and 16.5 MPa fo r  f r i c t i o n .  

Due t o  t he  r e l a t i v e l y  low values of the  Weibul l  moduli, t he  p r o b a b i l i t y  d i s t r i b u t i o n  func t ion  f o r  t h e  
debonding y i e l d  s t r eng th  and t he  f r i c t i o n a l  s l i d i n g  res is tance  i s  r a the r  broad. Because of t h i s ,  t he re  
w i l l  be no t i ceab le  over lapp ing  o f  the  p r o b a b i l i t y  f unc t i ons  which would become more pronounced as t he  
average s t rengths  of t he  two d i s t r i b u t i o n s  approach each other .  
there fo re ,  t he re  w i l l  be some f r a c t i o n  of f i be r s  (mathemat ical ly)  which possess a h igher  f r i c t i o n a l  
res is tance  t o  s l i d i n g  than debond st rength.  Phys i ca l l y  t h i s  means t h a t  t he  s t r ess  requ i red  t o  i n i t i a t e  
and propagate a crack i s  less  than t he  s t r ess  requ i red  t o  s l i d e  t he  f r ac tu re  surfaces across each o ther .  
On t he  load  curve o f  such f i b e r s ,  t he  debonding i s  no t  no t i ceab le  and t he  gradual f r i c t i o n a l - t y p e  f a i l u r e  
would dominate. 

F igure  10 shows t he  c o r r e l a t i o n  between t he  debond y i e l d  s t r eng th  and t he  f r i c t i o n a l  res is tance  t o  

Both t he  2% dev ia t i on  from the  pa rabo l i c  curve and t he  t o t a l  debond (push-out) 
From the  f i g u r e ,  i t  appears t h a t  t he  2% y i e l d  c r i t e r i o n  fo r  

The f i b e r  f r i c t i o n a l  s l i d i n g  data i s  seen 

When t h e  f i b e r s  are i n i t i a l l y  loaded, 

s l i d i n g .  Th is  p l o t  s imply shows t he  measured 2% debond s t rength  and f r i c t i o n a l  res is tance  fo r  each i n d i -  
v idua l  f i b e r  tes ted .  From t h i s  f i g u r e  i t  i s  apparent t h a t  t he  two s t rengths  are not  independent of each 
o the r  and t h a t  t he  h igher  bond s t r eng th  f i b e r s  have a h igher  average f r i c t i o n a l  res is tance.  
f i b e r  w i th  bond st rength,  nb, t he re  should be a (Weibul l  t ype )  s c a t t e r  i n  poss ib le  values of t he  f r i c -  
t i o n a l  s t rength,  of, around some mean value o f  f r i c t i o n a l  s t r eng th  (afm). 
Fig. 10 represents such a mean value of f r i c t i o n a l  res is tance.  Because i t  i s  poss ib le  f o r  very low bond 
s t r eng th  f i b e r s  t o  have a s i g n i f i c a n t  f r i c t i o n a l  res is tance  t o  s l i d i n g  t h i s  l i n e s  does not  pass through 
t he  o r i g i n .  

For each 

The l i n e  f i t t e d  t o  the  data of 

The increase i n  f r i c t i o n a l  s t r eng th  w i t h  t he  more s t r ong l y  bonded i n te r f aces  may s imply be because 
t he  path which t he  crack f r on t  t r a v e l s  f o r  t he  st ronger bonds provides a more jagged sur face f o r  f i b e r  
s l i d i n g ,  thereby induc ing  a h igher  f r i c t i o n a l  res is tance.  
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CONCLUSIONS 

It has been shown t h a t  samples o f  SiC(Nica1on)lSiC composites can be th inned t o  a th ickness  
approaching a f i b e r  diameter (-20 um) and push-out t e s t s  can be performed w i t hou t  sample compliance l i m i -  
t a t i o n s  o r  ma t r i x  cracking. Also, t e s t i n g  of such a t h i n  sec t ion  al lowed a h igh  percentage of i n t e r f a c i a l  
f a i l u r e s  of those f i b e r s  tested.  
f i b e r s  can be obta ined us ing  a Nanoindenter. The f r i c t i o n a l  res is tance  t o  s l i d i n g  can l i k e w i s e  be de ter-  
mined by reapp ly ing  t h e  load t o  t he  opposi te end o f  t he  pushed-out f i b e r .  
s tudy ing  t h e  i n t e r f a c i a l  e f f ec t  of displacement damage and hel ium gas generat ion f o r  e i t h e r  neutron o r  i o n  
beam i r r a d i a t e d  mater ia ls .  

The debond y i e l d ,  debonding push-out, and f i b e r  s l i d i n g  s t r ess  can be adequately separated by inspec-  
t i o n  of t he  load-displacement curve. 
s l i d i n g  i s  a more gracefu l  f a i l u r e .  

p e t i n g  d i s t r i b u t i o n s .  
data most appropr ia te ly .  

The r e s u l t  of t he  ana lys is  has shown t h a t  t he  i n t e r f a c i a l  f r i c t i o n a l  s t r ess  has a h igher  Weibul l  
modulus than t he  debond s t ress ,  thus a less  " b r i t t l e "  f a i l u r e .  

A c o r r e l a t i o n  between i n d i v i d u a l  f i b e r  debond s t rength  and t he  f i b e r  res is tance  t o  s l i d i n g  has been 
shown. 
have a h igher  res is tance  t o  f i b e r  s l i d i n g .  

The debond y i e l d  s t r eng th  and f i b e r  push-out s t r eng th  f o r  these small 

Such a technique i s  i dea l  f o r  

The debonding i s  charac te r ized  by an abrupt  f a i l u r e  wh i l e  t he  f i b e r  

A Maximum L i ke l i hood  Rat io  technique has been used as a se lec t i on  s t a t i s t i c  t o  choose between com- 
Of  t he  four d i s t r i b u t i o n s  considered, t he  Weibul l  d i s t r i b u t i o n  appears t o  f i t  t h e  

The r e s u l t s  i n d i c a t e  t h a t  t h e  f i b e r  i n t e r f a c e s  which possess a h igher  degree on bond s t r eng th  a l so  

FUTURE WORK 

Th is  technique of measuring t h e  i n t e r f a c i a l  debond y i e l d  s t reng th  and f r i c t i o n a l  res is tance  t o  
s l i d i n g  i s  being developed t o  be app l ied  t o  composites modi f ied by neutrons and i o n  beams. 
t he  e f f e c t  of neutron displacement damage w i l l  be s tud ied  on HFIR and FFTF i r r a d i a t e d  samples w i t h  d i s -  
placements of 2 and 30 dpa, respec t ive ly .  Also, t he  e f f ec t  of carbon beam displacements and hel ium bubble 
format ion a t  t h e  i n t e r f a c e  i s  be ing  pursued i n  t he  displacement and temperature range of 1 t o  30 dpa and 
300 t o  11OO"C, respec t ive ly .  
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MEASUREMENT OF DIELECTRIC PROPERTIES IN ALUMINA UNDER I O N I Z I N G  AND DISPLACIVE I R R A D I A T I O N  CONDITIONS - 
R. E. S t o l l e r ,  R. H. Goulding, and S. J. Z ink le  (Oak Ridge Nat ional  Laboratory)  

OBJECTIVE 

Th is  work has been undertaken i n  support o f  t he  research and development needs o f  C I T  and o the r  near-  
term fus ion devices. 

SUMMARY 

Several experiments have been completed i n  which t he  d i e l e c t r i c  p rope r t i es  of alumina have been 
measured i n  t he  presence of i o n i z i n g  and d i sp lac i ve  i r r a d i a t i o n .  
Isotope Reactor (HFIR) a t  t he  Oak Ridge Nat ional  Laboratory were used t o  p rov ide  an in tense  source of 
i o n i z i n g  i r r a d i a t i o n  f o r  some of t h e  measurements. The TRIGA reac to r  a t  t he  U n i v e r s i t y  of I l l i n o i s  was 
used t o  p rov ide  an i r r a d i a t i o n  f i e l d  t h a t  produced both i o n i z a t i o n  and atomic displacements. The r e s u l t s  
of these i n  s i t u  measurements i n d i c a t e  t h a t  t he  d i e l e c t r i c  p rope r t i es  o f  alumina are m r e  severely  
degraded by d i s p l a c i v e  i r r a d i a t i o n  t h a t  was i n d i c a t e d  by e a r l i e r ,  p o s t i r r a d i a t i o n  measurements. 

Spent f ue l  elements from the  High F lux  

PROGRESS AND STATUS 

I n t r oduc t i on  

The mo t i va t i on  f o r  t h i s  work was d e t a i l e d  i n  an e a r l i e r  report. '  The fac t  t h a t  ceramic ma te r i a l s  are 
good e l e c t r i c a l  i n s u l a t o r s  i s  one reason why cur ren t  r eac to r  designs c a l l  f o r  them t o  be used i n  t he  
f a b r i c a t i o n  of many components. The app l i ca t i ons  f o r  i n s u l a t i n g  ceramics range from simple dc vol tage 
standoffs t o  components i n  microwave heat ing systems t h a t  operate a t  h igh  frequencies. The c r i t i c a l  
d i e l e c t r i c  parameter i n  these l a t t e r  components i s  t he  so- cal led loss tangent. 
mainta ined a t  a low value because t h e  microwave power absorbed i s  p ropo r t i ona l  t o  t h e  l oss  tangent '  and 
excessive heat ing  due t o  rf power absorpt ion could lead t o  e a r l y  mechanical f a i l ~ r e . ~ , ~  Typical  values 
f o r  the  l oss  tangent i n  u n i r r a d i a t e d  ceramics of i n t e r e s t  t o  t he  fus ion program are  from IO+ t o  
The maximum t o l e r a b l e  value of t he  l oss  tangent ( t a n  6) i n  i o n  c y c l o t r o n  radiofrequency heat ing  ( ICRH)  
designs ranges from IO-* f o r  pulsed near- term machines such as t he  compact i g n i t i o n  tokamak (CIT) t o  1 O - j  
f o r  s teady- state operat ion.  

The well-known phenomenon of rad ia t ion- induced c o n d u c t i v i t y  a t  dc o r  low-frequency ac cond i t i ons 4  

gives r i s e  t o  some concern about whether the  candidate ma te r i a l s  w i l l  remain s u f f i c i e n t l y  i n s u l a t i n g  when 
exposed t o  a r a d i a t i o n  f i e l d  t h a t  i s  t y p i c a l  of t h e i r  u l t i m a t e  opera t ing  environment. P o s t i r r a d i a t i o n  
measurements have shown t h a t  both i o n i z i n g  ( a t  low f requencies)  and d i sp lac i ve  i r r a d i a t i o n  can increase 
t h e  value of t he  l oss  t a ~ ~ g e n t . ~ - ~  There i s  a lso  some evidence t h a t  t he  amount of t he  increase i s  depen- 
dent on t he  neutron ~ p e c t r u m . ~  However, t he re  have been no re l evan t  measurements o f  d i e l e c t r i c  p rope r t i es  
du r i ng  i r r a d i a t i o n  and t he  v a l i d i t y  of p o s t i r r a d i a t i o n  measurements i s  c a l l e d  i n t o  ques t ion  by data t h a t  
show s i g n i f i c a n t  l e v e l s  o f  recovery i n  t he  loss  tangent a t  room temperature f o l l ow ing  pro ton  i r r a d i a t i o n . 8  
A recent  I E A  workshop held t o  review the  cur ren t  understanding of rad ia t ion- induced c o n d u c t i v i t y  and 
d i e l e c t r i c  p roper ty  changes emphasized t he  need f o r  i n  s i t u  p roper ty  measurement.1° 

The l oss  tangent must be 

I n  order  t o  begin addressing some o f  these concerns, a se r i es  o f  i n  s i t u  i r r a d i a t i o n  experiments have 
been conducted t o  measure t h e  d i e l e c t r i c  p rope r t i es  of alumina and sapphire wh i l e  they a re  exposed t o  
e i t h e r  an i o n i z i n g  i r r a d i a t i o n  f i e l d  o r  a f i e l d  t h a t  i s  both i o n i z i n g  and d i sp lac i ve .  
sapphire were chosen f o r  t h i s  i n i t i a l  work because they are prime candidates f o r  use i n  microwave heat ing  
Systems.lO,ll S i m i l a r  work has been proposed and i s  a l so  under way by o ther  workers.12 

Alumina and 

Ma te r i a l s  

The experimental ma t r i x  inc luded the  use o f  o r i en ted  s i ng le- c rys ta l  sapphire and commercial-grade 
p o l y c r y s t a l l i n e  alumina. The commercial products were obta ined from two d i f f e r e n t  vendors. Since 
p o s t i r r a d i a t i o n  measurements have shown a s i g n i f i c a n t  in f luence o f  i m p u r i t i e ~ , ~ . ~  the  commercial products 
i nc l ude  several  d i f f e r e n t  p u r i t y  l eve l s .  The ma te r i a l s  obta ined f o r  these i n i t i a l  experiments are l i s t e d  
i n  Table 1. Not a l l  o f  t h e  ma te r i a l s  have been t es ted  t o  date. 

I r r a d i a t i o n  Faci  1 i t i e s  

Two i r r a d i a t i o n  f a c i l i t i e s  have been used i n  t h i s  work. The f i r s t  was the  Gamma I r r a d i a t i o n  F a c i l i t y  
(GIF) o f  t he  High F lux  Isotope Reactor (HFIR) a t  t h e  Oak Ridge Nat ional  Laboratory. The GIF uses spent 
HFIR cores as a source o f  gamma rad ia t ion .  Decay of f i s s i o n  products i n  t he  spent cores p rov ides  an 
in tense  source of i o n i z i n g  rad ia t i on .  The damage r a t e  i n  the  HFIR-GIF on t he  day t h a t  i t  was used f o r  
t h i s  work was 1.25 x lo7 rads lh .  Th is  i s  somewhat lower than  t h a t  expected near the  C I S  f i r s t  wa l l .  The 
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Table 1. Ma te r i a l s  obta ined f o r  i n  s i t u  d i e l e c t r i c  experiments 
~~ 

Ma te r i a l  Vendor Grade 

Single c r y s t a l  C rys ta l  Systems 
(0001) o r i e n t a t i o n  

A1 umi na 
Alumina 

Coors Technical Ceramics 
WESGO O iv is ion ,  GTE Corp. 

Sapphi r e  

AD94 (0.94% p u r i t y ) ,  AD998 (0.998% p u r i t y )  
AL300 (0.967% p u r i t y ) ,  AL995 (0.995% 

in f l uence  o f  gamma heat ing  i n  t h i s  f a c i l i t y  was determined by us ing  a thermocouple brazed t o  t he  specimen 
chamber. A temperature o f  73°C was measured a t  steady s ta te .  The small increase i n  rf losses i n  t he  
resonant c a v i t y  wa l l s  due t o  t he  temperature r i s e  was taken i n t o  account i n  eva lua t i ng  t he  experimental 
r esu l t s .  Since gamma i r r a d i a t i o n  does not  produce s tab le  displacements i n  A l z O 3 ,  t h i s  f a c i l i t y  provided 
d i r e c t  in fo rmat ion  on t he  e f f e c t  o f  pu re l y  i o n i z i n g  r a d i a t i o n  on l oss  tangent changes a t  I C R H  frequencies. 

(i.e., d i sp l ac i ve  p l us  i o n i z i n g )  i r r a d i a t i o n  environment. When t he  TRIGA i s  operated i n  a pulsed mode, 
t he  displacement r a t e  i s  comparable t o  t h a t  expected i n  t he  C I T .  The i o n i z i n g  damage r a t e  i s  somewhat 
h igher  than C I T .  The maximum temperature due t o  gama heat ing  observed dur ing  t h e  TRIGA i r r a d i a t i o n s  was 
33°C. The nominal peak damage ra tes  are l i s t e d  i n  Table 2, a long w i t h  t he  value fo r  t he  HFIR-GIF and t he  
C I T  values. 

The TRIGA r eac to r  a t  t he  U n i v e r s i t y  o f  I l l i n o i s  was used t o  ob ta in  data on t he  i n f l uence  of a mixed 

Table 2. Typical  r a d i a t i o n  damage ra tes  i n  var ious f a c i l i t i e s  

Damage Rate 

F a c i l i t y  I o n i z i n g  Displacement 
[ r a d s l h )  (dDa/S) 

Gamma/ Neutron 
Absorbed 

Dose Ra t i o  

HFIR-GIF up t o  108 None 
T R I G A  

$1.50 pu lse  1.3 x 109 (A12O3) 1.3 x 10-8 ( N i )  
63.00 pu lse  2.1 x lo1' ( A 1 ~ 0 3 )  1.8 x l o b 7  ( N i )  

Near f i r s t  wa l l  3.7 x i o 9  ( s i )  1.9 x ( N i )  
Rear b lanke t  9.6 x l o 6  ( S i )  4.6 x 10'9 ( N i )  

C I T  cen t ra l  c e l l  

Not app l i cab le  

0.65 ( S i )  
1.2 ( S i )  

The values l i s t e d  i n  Table 2 are based on i n fo rma t i on  obta ined i n  d iscussions w i t h  the  s ta f f  a t  each 
f a c i l i t y .  Since t he  damage r a t e  i s  ma te r i a l  dependent, representa t i ve  values are quoted fo r  t he  ma te r i a l s  
i nd i ca ted  i n  parentheses. 
( rads)  due t o  gamma rays and t he  absorbed dose due t o  neutrons. 
neutrons t h a t  leads t o  atomic displacements i s  a f unc t i on  of t he  neutron energy spectrum. For  example, 
t h i s  f r a c t i o n  i s  0.093 near t he  C I T  f i r s t  wa l l  and increases t o  0.15 i n  t he  rea r  b lanke t  p o s i t i o n .  A l l  o f  
t h e  values i n  Table 2 are approximate and m r e  d e t a i l e d  dosimetry needs t o  be done t o  cha rac te r i ze  both 
t he  a n t i c i p a t e d  fus ion environment and t he  t e s t  reac to r  environments. Th is  need f o r  dosimetry i s  g rea ter  
f o r  measurements o f  rad ia t ion- induced changes i n  d i e l e c t r i c  p rope r t i es  than f o r  s t r u c t u r a l  p rope r t i es  
s ince  cu r ren t  i n d i c a t i o n s  are t h a t  t he  response o f  i n s u l a t o r s  t o  r a d i a t i o n  i s  more s e n s i t i v e  t o  t h e  
d e t a i l s  of t he  i r r a d i a t i n g  p a r t i c l e  spectrum. 

The gamma ray t o  neutron damage r a t i o  i s  ca l cu la ted  us ing  t he  absorbed dose 
The f r a c t i o n  o f  t he  absorbed dose due t o  

Experimental Method 

The d i e l e c t r i c  measurements were made us ing  a c a p a c i t i v e l y  loaded resonant cav i t y .  The d e t a i l s  o f  
t he  experimental method were repor ted  p rev ious l y '  and a drawing of a p ro to type  c a v i t y  i s  reproduced i n  
F ig .  1. The resonant c a v i t y  m t h o d  i s  we l l  s u i t e d  t o  measurement of t he  loss  tangent because t he  power 
d i s s i p a t i o n  i s  maximized i n  t h e  ceramic r e l a t i v e  t o  t he  balance of the  experimental apparatus. I n  addi-  
t i o n ,  losses i n  t he  feed l i n e  can be accounted f o r  w i thou t  t he  need f o r  p r i o r  c a l i b r a t i o n ,  which would be 
extremely d i f f i c u l t  t o  accomplish i n  s i t u .  The loss  tangent i s  measured by determining t he  c a v i t y  q u a l i t y  
f ac to r ,  t he  r a t i o  of t he  s to red  energy t o  t he  energy d i ss i pa ted  per  rf f i e l d  per iod.  Re la t i ve  changes i n  
t he  d i e l e c t r i c  constant  can a lso  be measured us ing  t he  resonant c a v i t y  technique w i t h  an accuracy of 110, 
o r  less  than 1% a t  the  h ighest  values o f  t he  l oss  tangent measured here. 

This i n i t i a l  set of experiments u t i l i z e d  c a v i t i e s  t h a t  were s ized  t o  permi t  the  measurement of t he  
loss tangent a t  100 MHz. A copper c a v i t y  w i t h  the  dimensions of t he  p ro to type  shown i n  Fig.  1 was used 
f o r  some o f  the  measurements. Th is  was the  l a r g e s t  c a v i t y  t h a t  t he  dimensions of t he  HFIR-GIF would 
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Fig .  1. Design o f  p ro to type  resonant c a v i t y  f o r  i n  s i t u  d i e l e c t r i c  measurements. 

accommodate. Th is  same c a v i t y  was a lso  used i n  some of t he  TRIGA measurements t o  permi t  a d i r e c t  com- 
par ison  between t h e  measurements obta ined i n  t he  two f a c i l i t i e s  w i thou t  i n t r oduc ing  any u n c e r t a i n t i e s  due 
t o  d i f f e r e n t  c a v i t i e s .  However, a l a r g e r  diameter c a v i t y  would y i e l d  a h igher  0 and hence improve t he  
accuracy of t he  measurements. Therefore, two add i t i ona l  c a v i t i e s  were fabr ica ted  t h a t  had an i n s i d e  
diameter o f  70 mn ( w i t h  the  same o v e r a l l  l eng th ) ,  s ince t h e  TRIGA beam tube would accommodate t h i s  l a r g e r  
device. 
aluminum ra the r  than copper. 
ensure adequate e l e c t r i c a l  conduc t i v i t y .  Both t he  l a r g e r  and t he  smal ler  c a v i t i e s  used disk-shaped speci-  
mens t h a t  were 35 inn i n  diameter and 3 mn t h i c k .  The l a r g e r  c a v i t i e s  were a l so  capable o f  being evacuated 
t o  determine whether t he re  was any e f f e c t  due t o  gas i o n i z a t i o n  i n  t he  c a v i t y .  

Resul ts  of I n i t i a l  Experiocents 

The r e s u l t s  of measurements i n  t he  HFIR-GIF i nd i ca ted  t h a t  pu re l y  i o n i z i n g  r a d i a t i o n  d i d  no t  increase 
t h e  l oss  tangent i n  e i t h e r  s i ng le  o r  p o l y c r y s t a l l i n e  alumina (0.995 p u r i t y )  a t  a dose r a t e  1.25 x lo7 
radslh.  The maximum exposure obta ined i n  t he  GIF was 3.15 x l o 7  rads. 
observed i n  t he  case o f  experiments u t i l i z i n g  neutron and gama i r r a d i a t i o n  from t h e  pulsed TRIGA reac to r .  
As seen i n  F ig.  2, t he  l oss  tangent of a sample o f  AL995 i r r a d i a t e d  by a pu lse  w i t h  a peak displacement 
r a t e  of 1.8 x lo-’ dpa/s was observed t o  increase from 5 x t o  8 x Th is  l a r g e  increase i n  t h e  
loss tangent  pe rs i s t ed  f o r  the du ra t i on  of t he  r a d i a t i o n  pulse, and then recovered t o  a value approxima- 
t e l y  tw i ce  t he  o r i g i n a l  value. It i s  not  c l e a r  a t  t h i s  t ime whether o r  not  t h i s  res idua l  change i s  r ea l ,  
o r  an a r t i f a c t  caused by small temperature changes i n  t he  c a v i t y  a f t e r  t he  pulse. As i s  a l so  shown, t h e  
loss  tangent was observed t o  peak 2 ms before t he  peak i n  t h e  i o n  chamber s i gna l .  This e f f ec t  was 
observed cons i s ten t l y ,  but  i s  unexplained a t  t he  present t ime. A reduc t ion  i n  t he  rea l  p a r t  of t he  
d i e l e c t r i c  canstant  of t he  ceramic was a lso  observed du r i ng  the  r a d i a t i o n  pulse, as shown i n  Fig. 3. A 
Smith cha r t  p l o t  showing t he  path fol lowed by t he  c a v i t y  inpu t  impedance ( w i t h  t he  coup l ing  loop  reactance 
subtracted o f f )  du r i ng  a t y p i c a l  pu lse  i s  shown i n  Fig. 4. Overlayed on t h i s  p l o t  i s  the  path t h a t  would 
be fo l lowed i f  t he re  was a negat ive change i n  t he  rea l  p a r t  of t he  d i e l e c t r i c  constant  equal i n  magnitude 
t o  the  change i n  t he  imaginary pa r t ,  t h a t  i s ,  i f  we assume t h a t  

As* = -- tan6 . 

I n  order  t o  minimize t he  induced r a d i o a c t i v i t y  i n  t he  l a r g e r  c a v i t i e s ,  they were constructed of 
A l aye r  of copper about 25 um t h i c k  was p l a ted  onto t he  aluminum c a v i t y  t o  

However, subs tan t i a l  e f f e c t s  were 

It can be seen t h a t  t h i s  r e l a t i o n s h i p  agrees very we l l  w i t h  t he  observed data. 
would t y p i c a l l y  be observed i n  a semiconductor, w i t h  E -  t a n  6 and t he  change i n  E’ both p ropo r t i ona l  t o  
t he  dens i ty  of f r e e  e lec t rons .  

This type  of behavior 

A compl ica t ing  f ac to r  i n  these measurements was t he  presence i n  a i r  i n  t he  resonant cav i t y ,  which 
becomes p a r t i a l l y  i on i zed  du r i ng  gamma i r r a d i a t i o n ,  and can he ion ized  a t  low pressures by t he  rf e l e c t r i c  
f i e l d  as we l l .  Experiments t o  date a t  t he  GIF f a c i l i t y  were c a r r i e d  out a t  atmospheric pressure, wh i l e  
t he  T R I G A  measurements were c a r r i e d  out  a t  pressures ranging from 12 Pa t o  atmospheric (lo5 Pa) .  
e f fec t  of t he  rf e l e c t r i c  f i e l d  on t he  TRIGA measurements was i nves t i ga ted  by ob ta i n i ng  data a t  several r f  

The 
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Fig.  2. Time scan comparing t y p i c a l  l oss  Fig.  3. Time scan showing changes i n  t he  rea l  
tangent measurements and t he  output  from t h e  
TRIGA i o n i z a t i o n  chamber dur ing  a $3 pulse. 
Reactor power i s  p ropo r t i ona l  t o  t he  s igna l  from 
the  i o n i z a t i o n  chamber. 

p a r t  o f  t he  d i e l e c t r i c  constant  f o r  t he  same pu lse  
as i s  shown i n  Fig.  2. 

power l eve l s .  A t  atmospheric pressure, no power 
dependence was observed, wh i l e  a t  low pressure (12 t o  
22 Pa), no dependence was observed f o r  rf power l e v e l s  ORNL-lJWG 91-6510 . o f  < 1 mW. Most o f  t he  data shown here was obta ined . - _--. 

c -  I c , , I . a t  a power l e v e l  o f  0.1 mW. 
\ c , 

I n  order t o  examine t h e  e f f e c t s  of i o n i z a t i o n  due 
t o  gammas accompanying t he  neutron pulse, t he  c a v i t y  
pressure was varied, w i t h  t he  r e s u l t s  shown i n  Fig. 5. 
It can be seen t h a t  t he re  was no change i n  t he  
observed l oss  tangent  as t he  pressure was va r i ed  from 
12 t o  22 Pa (0.095 t o  0.165 t o r r ) ,  but  t h a t  t he  
observed value decreased by an order  of magnitude a t  
atmospheric pressure. We are a t tempt ing  t o  model t h i s  
phenomenon, bu t  f ee l  t h a t  t he  lack  of pressure depen- 
dence a t  low pressure i n d i c a t e s  t h a t  a i r  i o n i z a t i o n  
has l i t t l e  e f fec t  on t he  r e s u l t s  i n  t h i s  case. 
Experiments were a l so  performed us ing  an empty cav i t y ,  
i n  which t he  capac i to r  gap was reduced so t h a t  t he  
resonant frequency remained constant .  These r e s u l t s  
are a l so  shown i n  Fig.  5. I n  t h i s  case, t he  value of 
t h e  " loss  tangent"  represents t he  apparent value 
ca l cu la ted  f o r  t h e  increased losses observed i n  t he  
chamber. I n  a c t u a l i t y ,  losses take  p lace  throughout  
t he  c a v i t y  volume i n  t h i s  case as we l l  as i n  t he  capa- 
c i t o r  aao. It can be seen t h a t  a t  a pressure of 22 
Pa (0. i65 t o r r )  t he  apparent l oss  tangent decreases by 
an order  of magnitude when t he  ceramic i s  removed. bu t  
t h a t  some increase i n  c a v i t y  l o s s  i s  s t i l l  observed. 
It can a lso  be seen t h a t  t he  apparent l oss  tangent 

c a v i t y  impedance comparing t he  path fo l lowed from atmospheric t o  22 Pa. 
dur ing  an ac tua l  pu lse  w i t h  the  pa th  fo l lowed t h a t  observed when t he  ceramic i s  present, and i s  con- 
assuming tan6 increases from 5 x l o +  t o  8 x s i s t e n t  w i t h  losses expected f o r  a weakly i on i zed  

plasma i n  which t he  e l e c t r o n  dens i ty  decreases w i t h  
t he  neu t ra l  pressure. The e l ec t ron  dens i t y  was ca lcu-  
l a t e d  from the  observed losses t o  be 2.8 x 1O9/cm3 a t  

Fig. 4. Smith cha r t  p l o t  of t he  resonant decreases by a f ac to r  o f  3 as t he  pressure i s  reduced 
Th is  behavior  i s  opposi te 

w i t h  k'= s'tan6. 

atmospheric pressure and 3.2 x 105/cm3 a t  a pressure o f  22 Pa. 
approximately l i n e a r  w i t h  t he  reduc t ion  i n  neut ra l  pressure, which would be expected fo r  a source r a t e  
p ropo r t i ona l  t o  neut ra l  dens i ty ,  as i s  t he  case f o r  gamma-induced i o n i z a t i o n ,  and a loss  r a t e  independent 
o f  neu t ra l  dens i ty ,  which would be t he  case if recombinative losses dominated over d i f f u s i v e  losses. 

This reduc t ion  i n  e l e c t r o n  dens i t y  i s  
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Fig.  5. ( a )  Time scan showing t he  measured l oss  tangent of a 99.5% pure alumina d i sk  f o r  d i f f e r e n t  
values of a i r  pressure i n  t h e  resonant cav i t y .  
from changes i n  losses i n  t he  c a v i t y  w i t h  no ceramic present .  

( b )  Time scan showing t he  apparent l o s s  tangent  determined 

Planned Add i t i ona l  Experiments 

r a t e  i n  t he  TRIGA was about 10 t o  100 t imes h igher  than t h a t  i n  the  HFIF-GIF precludes a firm conclus ion 
regarding t he  r e l a t i v e  importance of i o n i z a t i o n  and displacement damage. Fu r t he r  experiments w i l l  be con- 
ducted i n  t he  HFIR-GIF using a f resh spent core i n  o rder  t o  achieve grea ter  than a f a c t o r  o f  10 i nc rease 
i n  t he  i o n i z i n g  damage rate.  We a lso  hope t o  achieve a c a v i t y  pressure f o r  these experiments of <1 Pa, t o  
conf i rm t h a t  gamma-induced i o n i z a t i o n  of a i r  i n  t he  c a v i t y  has l i t t l e  e f f ec t  helow a pressure o f  about 20 
Pa. Both t he  i o n i z i n g  and d i sp lac i ve  damage ra tes  i n  t h e  TRIGA are w i t h i n  t he  range t h a t  i s  expected f o r  
C I T  and o ther  f us i on  reactors.  Thus, t he  increases i n  t h e  l oss  tangent observed i n  these i n i t i a l  expe r i -  
ments h i g h l i g h t  t he  need fo r  a carefu l  experimental program t o  q u a l i f y  ceramics f o r  use as i n s u l a t o r s  i n  
fus ion reac to rs .  
explored. The r e s u l t s  o f  recent  i n  s i t u  dc and low- frequency (50 Hz) ac conduc t i v i t y  measurements by 
Hodgson and coworkers i n  Spain" i n d i c a t e  t h a t  i t  i s  p a r t i c u l a r l y  important  t o  examine t he  e f fec t  of 
Sustained i r r a d i a t i o n  w i t h  an app l ied  e l e c t r i c  f i e l d .  

t h a t  have p o t e n t i a l  fus ion app l i ca t i ons .  The add i t i ona l  ma te r i a l s  inc lude :  magnesium aluminate ( s p i n e l ) ,  
s i l i c o n  carbide,  s i l i c o n  n i t r i d e ,  aluminum n i t r i d e ,  and macor. These i r r a d i a t i o n s  w i l l  cont inue t o  be 
conducted i n  t he  TRIGA f a c i l i t y  a t  t he  U n i v e r s i t y  of I l l i n o i s .  I n  add i t ion ,  specimens of sapphire and 
0.995 alumina have been i r r a d i a t e d  i n  t he  TRIGA t o  a neutron f luence of about 5 x l o2 '  n/m2. 
i r r a d i a t i o n  measurements w i l l  be made on these specimens t o  examine t he  e f f e c t  o f  neutron f luence. Th is  
W i l l  be fo l lowed by i n  s i t u  p roper ty  measurements on t he  same specimens t o  determine how the  accumulated 
f luence a l t e r s  t he  response of the  ma te r i a l s  du r i ng  a TR IGA pulse. 

Add i t i ona l  work i s  requ i red  t o  v e r i f y  these p re l im ina ry  r esu l t s .  The fac t  t h a t  t he  i o n i z i n g  dose 

Other var iab les  such as t he  frequency and t he  magnitude of t he  e l e c t r i c  f i e l d  need t o  be 

The scope o f  ma te r i a l s  acquired f o r  t h i s  work has been expanded t o  i nc l ude  o the r  ceramic ma te r i a l s  

Post-  
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DISLOCATION LOOP FORMATION I N  ION-IRRADIATED POLYCRYSTALLINE SPINEL AND ALUMINA - S. J. Z ink l e  (Oak Ridge 
Nat ional  Laboratory)  

OBJECTIVE 

The o b j e c t i v e  o f  t h i s  study i s  t o  compare t he  m ic ros t ruc tu ra l  response t o  i on  i r r a d i a t i o n  of two oxide 
ceramics having predominantly i o n i c  bonding. A comparison o f  t he  s i m i l a r i t i e s  and d i f fe rences  of t h e i r  
m i c ros t ruc tu re  enables bas ic  in fo rmat ion  t o  be obta ined regard ing  t he  e f f e c t s  o f  r a d i a t i o n  on ceramics. 

SUMMARY 

The m ic ros t ruc tu re  of magnesium aluminate sp ine l  (MgAl204) and alumina (Al2O3) has been examined w i t h  
t ransmiss ion  e l e c t r o n  microscopy f o l l o w i n g  i o n  i r r a d i a t i o n  t o  damage l e v e l s  o f  0.1 t o  5 keV/atom ( 1  t o  
50 dpa) a t  room temperature and 650°C. The i o n  i r r a d i a t i o n  produced i n t e r s t i t i a l  d i s l o c a t i o n  loops o f  
types a/4<110>[110] and a/4<110>[111] i n  sp ine l  a l onq  with-a very l o w  dens i t y  o f  a/6<111>[111] loops. 
D i s l oca t i on  loops of types a/3~OOOll(OOOl) and a /3 t1100~(1100]  were t e n t a t i v e l y  i d e n t i f i e d  i n  alumina. 
The loop  s i ze  increased and t he  dens i ty  decreased gradua l l y  w i t h  i nc reas ing  f luence i n  sp ine l  i r r a d i a t e d  
a t  650"C, w i t h  t he  ne t  r e s u l t  t h a t  t he  concent ra t ion  o f  i n t e r s t i t i a l s  conta ined i n  t he  loops remained 
nea r l y  constant  a t  -0.1 at.  %. Defect- f ree regions were observed adjacent  t o  g ra i n  boundaries and t h e  
i r r a d i a t e d  sur face  i n  sp ine l  i r r a d i a t e d  a t  650'C. The denuded zone w id th  was very small f o r  sp ine l  i r r a -  
d ia ted  a t  25°C and A1203 i r r a d i a t e d  a t  650'C. 
were l a r g e r  and o f  much lower dens i ty  than t he  loops i n  A l 2 O 3 .  

PROGRESS AN0 STATUS 

For a g iven i r r a d i a t i o n  temperature, t he  loops i n  sp ine l  

I n t r oduc t i on  

Ceramics are requ i red  f o r  numerous app l i ca t i ons  i n  a f us i on  reac to r  where appreciable r a d i a t i o n  
Previous s tud ies  have shown t h a t  magnesium aluminate sp ine l  (MgA1204) i s  r e s i s t a n t  t o  f i e l d s  e x i s t .  

c a v i t y  and d i s l o c a t i o n  loop format ion du r i ng  i r r a d i a t i o n  t o  h igh  damage 
(A1203) i s  
widespread comnercial a v a i l a b i l i t y  and a l so  due t o  t he  exis tence o f  a f a i r l y  l a r g e  data base on i t s  
response t o  r ad ia t i on .  The present  study compares t he  m ic ros t ruc tu ra l  behavior  of sp ine l  and alumina 
f o l l ow ing  i o n  i r r a d i a t i o n  a t  room temperature and 650°C. 

Aluminum ox ide  
a l ead ing  candidate f o r  several  i n s u l a t o r  app l i ca t i ons  i n  fus ion reactors,  l a r g e l y  due t o  i t s  

EXPERIMENTAL PROCEDURE 

P o l y c r y s t a l l i n e  specimens o f  s t o i ch iome t r i c  sp ine l  and alpha-alumina (bo th  w i t h  a g ra i n  s i z e  of 330 
um) were obta ined from Ceradyne, Inc.  and General E l e c t r i c  (Lucalox brand alumina), r espec t i ve l y .  
Transmission e l e c t r o n  microscope (TEM) d i sks  o f  dimensions 3-nun-diam by 0.5 mn were cu t  and t he  surface 
t o  be bombarded was g iven a mechanical p o l i s h  w i t h  0.5 vm diamond paste. Specimens were bombarded i n  a 3 
x 3 ar ray  a t  room temperature o r  650Y i n  t he  t r i p l e  i o n  beam acce le ra to r  f a c i l i t y  a t  Oak Ridge Nat ional  
Laboratory (ORNL).6 The i r r a d i a t i o n  temperature was determined from a thermocouple at tached t o  t he  face 
of a s t a i n l e s s  s t e e l  specimen t h a t  occupied one o f  t he  p o s i t i o n s  i n  t he  9-specimen array. 

Table 1 sumnarizes t he  i r r a d i a t i o n  cond i t ions  f o r  t he  present  study. The displacement damage l e v e l s  
i n  Table 1 are  g iven f o r  a depth of 0.55 urn, which i s  approximately halfway between t he  surface and t he  
ca l cu la ted  peak damage reg ion  (Fig.  1 ) .  Due t o  unce r ta i n t i es  i n  t h e  t h resho ld  displacement energies on 
t he  var ious s u b l a t t i c e s  i n  MgA1204 and A1203, t he  damage l e v e l s  i n  Table 1 are  given i n  terms of damage 
energy dens i t y  (nuc lear  s topping power) r a the r  than displacements per  atom (dpa). Assuming t h a t  a mean 
displacement energy o f  40 eV i s  appropr ia te  f o r  descr ib ing  t h e  displacement t h resho ld  i n  A1203 and 
MgA1204 ( r e f .  7), then 1 keV/atom = 10 dpa. The conversion from f luence t o  damage energy dens i t y  was 
determined from an EDEP-1 ca lcu la t ion .8  F igure  1 shows t he  ca l cu la ted  depth-dependent displacement p ro-  
f i l e  f o r  2 MeV A l +  i ons  i n c i d e n t  on MgA1204. 
f a c t o r  of 7 between t he  surface and the  damage peak. 
a t  -1.1 x 10" Al+/m2-s f o r  a l l  o f  t he  specimens, which corresponds t o  a damage r a t e  o f  -7.2 x 
a t  a depth o f  0.55 um. 

mechanical ly  dimpled, and i on  m i l l e d  a t  room temperature ( 6  kV Ar', 15" spu t t e r i ng  angle)  u n t i l  per-  
f o r a t i o n  occurred a t  t he  i n te r f ace .  TEM ana lys is  was performed w i t h  a P h i l i p s  CM-12 microscope opera t ing  
a t  120 kV. D i s l oca t i on  loop ana lys is  was performed us ing  t he  c l a s s i c a l  i ns i de /ou t s i de  con t ras t  method i n  
so- ca l led  "safe" or ien ta t ions .g  

Note t h a t  t he  damage l e v e l  (and damage r a t e )  var ies  by a 
The i o n  beam f l u x  du r i ng  i r r a d i a t i o n  was mainta ined 

dpa/s 
One specimen i r r a d i a t e d  w i t h  3.6 MeV Fe" ions  was inc luded i n  t h i s  study (Table 1) 

The i r r a d i a t e d  specimens were glued face- to- face w i t h  a po l i shed non i r r ad ia ted  specimen, sectioned, 
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Table 1. I o n  I r r a d i a t i o n  Condi t ions f o r  t he  
Ceramic Specimens 

Midrange 

Damage Level 
(keV/atom) 

Temperature (0.55 um) 
Ma te r i a l  Ion Beam ("C) 

2 MeV A l '  25 

2 MeV A l t  25 

2 MeV A l t  650 

2 MeV A1' 650 

2 MeV A l '  650 

2 MeV A l *  25 

2 MeV A l *  25 

3.6 MeV Fe" 650 

2 MeV A l t  650 

0.8 

2.0 

0.3 

1.0 

2.4 

0.1 

0.5 

0.1 

0.6 

E, 0.28 2 MeV AL' + W&O, - 
0.24 0'4 

2. 0.20 0.3 > 2 0.16 
w 

# 0.2 I 5 0.12 I 

9 0.04 , 
I , 
, , ', 0.1 ; 0.08 

0 
0 ,' . 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 
DEPTH (pm) 

damage energy dens i t y  and implanted i o n  con- 
c e n t r a t i o n  f o r  i o n - i r r a d i a t e d  sp ine l  as 
determined from an EDEP-1' c a l c u l a t i o n .  

Fig. 1. Depth-dependent displacement 

RESULTS 

F igure  2 shows t he  general c ross- sec t ion  m ic ros t ruc tu re  o f  sp ine l  i r r a d i a t e d  w i t h  2 MeV A I C  i ons  t o  
a peak damage l e v e l  o f  1.4 keV/atom (14 dpa) a t  650'C. The near-surface reg ion  was devoid of any obser-  
vable rad ia t ion- induced de fec ts  f o r  depths up t o  -0.35 um. The midrange (0.4 t o  1.1 um depth)  damage 
m ic ros t ruc tu re  cons is ted  o f  a moderate dens i t y  o f  i n t e r s t i t i a l  loops lying on (111) and { I l O )  h a b i t  
planes. 
and w i l l  not  be analyzed here. 
than p red i c ted  by t he  EDEP-1 c a l c u l a t i o n  (F ig.  1 ) .  

keV/atom (100 dpa) a t  650T i s  shown i n  F ig .  3. 
dose case, w i t h  a surface-denuded zone of -0.4 um. 

The peak damage reg ion  (1.1 t o  1.8 um depth)  was s t r ong l y  in f luenced by t he  i n j e c t e d  A l '  i ons  
The maximum range o f  observable damage (1.82 urn) was about 0.2 um grea ter  

The corresponding c ross- sec t ion  m ic ros t ruc tu re  o f  sp ine l  i r r a d i a t e d  t o  a peak damage l e v e l  of 10.1 
The m ic ros t ruc tu re  was q u a l i t a t i v e l y  s i m i l a r  t o  t he  low- 

F igure  4 shows t he  cross- sect ion m ic ros t ruc tu re  observed near a g ra i n  boundary i n  sp ine l  i r r a d i a t e d  
a t  650°C t o  a peak damage l e v e l  of 1.4 keV/atom (14 dpa). A de fec t- f ree  zone occurs i n  t h e  m a t r i x  reg ion  
adjacent  t o  both t he  sur face and t he  g ra i n  boundary. The w id th  of the  g ra i n  boundary denuded zone var ies  
w i t h  depth from the  bombarded f o i l  surface. 
loop  nuc lea t i on  p l u s  denuded zones occur near p o i n t  defect  s inks  because t he  p o i n t  defect  
concent ra t ions  approach thermal e q u i l i b r i u m  values and there fo re  t he  loop  nuc lea t i on  and growth ra tes  a re  
very low. The g ra i n  boundary denuded zone w id th  var ies  w i t h  d is tance  from the  bombarded surface due t o  
t he  s p a t i a l  dependence o f  t he  damage r a t e  (F ig.  1) and de fec t  s ink  m ic ros t ruc tu re  (F igs.  2 and 3) asso- 
c i a t e d  w i t h  i o n  bombardment. 

According t o  t he  es tab l i shed theory on vo id  and d i s l o c a t i o n  

An examination of the  g ra i n  boundary and surface-denuded zone widths a t  t he  same depth from t h e  sur-  
face (and t he re fo re  same damage r a t e  and s i nk  dens i t y )  a l lows a comparison t o  be made o f  t he  r e l a t i v e  
e f f i c i e n c i e s  o f  t he  two s inks f o r  i n t e r s t i t i a l s .  The measurements f o r  sp ine l  found t h a t  t he  g ra i n  boun- 
dary denuded zone w id th  a t  a depth of 0.4 um was -60% o f  t he  surface-denuded zone width. Table 2 sum- 
marizes some o f  t he  denuded zone measurements made on i o n- i r r a d i a t e d  MgA1204 and A1203 specimens. The 
w id th  o f  the  denuded zone near t he  sur face and g ra i n  boundaries o f  sp ine l  i r r a d i a t e d  a t  room temperature 
was G50 nm. 

F igure  5 shows t he  c ross- sec t ion  m ic ros t ruc tu re  of A1203 i r r a d i a t e d  a t  650°C under cond i t i ons  s im i -  
l a r  t o  t he  sp ine l  case. O i s l oca t i on  loop formation occurred un i f o rm ly  w i t h i n  t he  m a t r i x  even a t  regions 
very c l ose  t o  t h e  bombarded sur face and g ra i n  boundaries. 
denuded zone i n  A1203 i r r a d i a t e d  a t  650°C was measured t o  be <15 nm (Fig.  6 ) ,  which i s  more than an order  
o f  magnitude smal ler  than t he  widths observed i n  sp ine l  subjected t o  s i m i l a r  i r r a d i a t i o n  cond i t ions .  

The w id th  o f  the g ra in  boundary and surface- 
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- 
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Fig. 2. Depth-dependent microstructure o f  spinel  i r r a d i a t e d  a t  650Y t o  a peak damage leve l  o f  
1.4 keVlatom (14 dpa). 

Figure 7 compares the d i s loca t ion  loop microstructure i n  spinel  i r r a d i a t e d  t o  three d i f fe rent  doses 
a t  650°C. 
a s l i g h t  amount as the damage leve l  increases from 0.5 t o  3.5 keV/atom. The mean loop diameter a t  a 
depth of 0.6 pm from the surface increased from 23 t o  34 nm over t h i s  range of damage levels,  and the 
loop densi ty showed a corresponding decrease from 12 t o  3.5 x lOZ1/m3. 

D is locat ion loop formation i n  spinel  occurred on IllO) and 1111) habi t  planes. 
the d i s loca t ion  loop parameters (measured a t  an i r r a d i a t i o n  depth of 0.55 urn) for spinel i r r a d i a t e d  a t  
650°C. Approximately 75% of the loops were observed t o  be on [llO) planes i n  the lowest dose (0.32 keV/ 
atom) specimen. This f r a c t i o n  increased t o  -90% for  the two higher dose condit ions. Figure 8 shows an 
example of loops on three d i f fe rent  hab i t  planes viewed edge-on. A de ta i l ed  analysis of the nature and 
Burgers vector o f  the loops using weak-beam imaging techniques indicated tha t  a l l  o f  the loo  s on { l l O )  
were faul ted i n t e r s t i t i a l  loops of the type a/4<110>(110]. An analysis of the loops on (lllp planes 
revealed tha t  a l l  o f  the loops were i n t e r s t i t i a l - t y p e ,  and tha t  >90% of the loops were fau l ted on the 
cat ion sub la t t i ce  but unfaul ted on the anion sub la t t i ce  w i th  Burgers vectors of the type a/4<110>[110]. 
A very s m a l l  f r a c t i o n  (~10%) of the i n t e r s t i t i a l  loops on (Ill] planes were i d e n t i f i e d  as f u l l y  fau l ted  
loops of the type a/6~111>[111]. 

It i s  evident from t h i s  f igure tha t  both the s i ze  and densi ty of d is locat ion loops change only 

Table 3 sumnarizes 
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0.5 keV/atom 1.5 k e V / a t o m  3.5 keV/atom 
Fig. 7. D is locat ion loop formation i n  spinel  fo l lowing i r r a d i a t i o n  a t  650°C t o  three d i f fe rent  

fluences. The calculated damage leve ls  were ( l e f t  t o  r i g h t ) :  
dpa). 
r i g h t ) :  B = C1111, g = CT401; B = L1111, g = C0441; B = C O O l l ,  g = C4401. 

0.5, 1.5, and 3.5 keV/atom (5, 15, and 35 
The arrows ind ica te  the d i rec t i on  of the d i f f r a c t i o n  vectors. The imaging condi t ions were ( l e f t  t o  

Table 2. Denuded Zone Width Measurements i n  
Ion- I r rad ia ted Spinel and Alumina 

Peak Denuded Zone Width, nm 
Temper- Damage 

("C) (keV/atom) Surface Boundary 
Mater ia l  ature Leve'l Grain 

(0.5 um depth) 

Spinel 25 3.5 

Spinel 25 9 

Spinel 650 1.4 

Spinel 650 4.5 

Spinel 650 10 

A1203 25 0.4 

A1 203 25 2.2 

A1 203 650 0.4 

<50 

<50 

350 

350 

380 

<20 

<20 

(25 

-20 

-15 

180 

220 

170 

< l o  
15 

(12 

A deta i led analysis of the loop hab i t  
planes i n  spinel  i r rad ia ted  a t  65O0C found tha t  
there was a m r k e d  anisotropy w i t h  respect t o  
the i r rad ia ted  surface f o r  loop formation on 
both [ l l O }  and {lll] planes. Loop formation 
p re fe ren t ia l l y  occurred on habi t  planes tha t  
were near ly perpendicular t o  the i r r a d i a t e d  
surface, whereas loop formatlon was suppressed 
on habi t  planes tha t  were near ly p a r a l l e l  w i th  
the i r r a d i a t e d  surface. The loop s ize d i d  not 
e x h i b i t  such a strong anfsotropy w i t h  respect 
t o  the i r rad ia ted  surface. De ta i l s  of the an i-  
sot rop ic  loop formation w i l l  be published 
e l  sewhere. 

The d i s loca t ion  loops i n  A1203 were of 
higher densi ty and smaller s ize  compared t o  
spinel  i r r a d i a t e d  under comparable condit ions. 
Loop formation i n  A1203 was observed on both 
basal (0001) and Drism ( l l O O \  olanes. Fiaure 9 
shows an example of the 'd is locat ion loop - 
microstructure i n  A1203 i r r a d i a t e d  a t  650-C t o  
a damage leve l  o f  -0Tl~keVlatom (-1 dpa). A 
t e n t a t i v e  loop analysis ind icates tha t  nmst of 
the  loops are faul ted w i th  Burgerr  vectors of 
the type a/3[00011(0001) and a /3~1100~{1100) ,  
although there i s  some ind ica t ion  tha t  pa r t  of 

the loop populat ion has unfaulted dur ing i r r a d i a t i o n  t o  0.1 keV/atom (dpa) a t  65OoC 
v i s i b l e  loops on ( l l O O ]  pr ism planes for  g = [OOOS] i n  the  right-hand panel of Fig. 9). 
s i t y  of loops on the  basal and prism planes were comparable. 

(e.g.. presence of 
The s ize and den- 
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OWL-PHOTO 4412- 90 -- ~ cr 
~ a b ~ ~  3. ue.asurd Dislocation LOW Parameters for W n e l  

~oilowtng Ion lrradtat ion a t  550% 

Damage Denrlty usan Dlameter (nn) 
L.V.l* 

(Levlatoll) ~llO]~oop~ {lllhwps blOhwps ~lllhoopr 

9.0 x 10" 3.3 x 10" 25.8 18.1 

3.5 x 10" 2.9 x 10'. 34.8 27.4 

0.32 

1.0 

2.4 2.9 x 10" 3.4 x 10'. 34.0 30.0 

*ue.asu-ts w n  mad. on crass-sectton wocllens within a 
constant irradlat ion d s t h  s q l e n t  Of 0.4 to  0.7 P. 

. -, - .. - .  f'. 
' 5 0 n m '  

F i g .  8. D i s l o c a t i o n  loops i n  i r r a d i a t e d  sp ine l  

Centered dark f i e l d  image, B = [Olll, 
(650°C, 0.35 keV/atom) l y i n g  on severa l  d i f f e r e n t  
h a b i t  p lanes.  
g = [llil. 

OWL-PHOTO 4418-90 

. 9. D i s l o c a t i o n  loop c o n t r a s t  i n  A1203 i r r a d i a t e d  a t  650°C t o  a damage l e v e l  of 0.1 keV/ 
The zone a x i s  f o r  a l l  t h r e e  cond i t ions  was [11201. 

'atom 
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DISCUSSION 

Denuded-Zone Width 

A previous semi-empir ical ana lys is  of metal specimens i r r a d i a t e d  i n  a h igh  vo l tage  e l ec t ron  micro-  
scope found t h a t  t he  denuded zone w id th  ( L )  near a p o i n t  de fec t  s ink  such as a f ree  sur face was L ~ v, 
where Dm i s  t he  p o i n t  defect  d i f f u s i o n  coe f f i c i en t  and P i s  the  p roduc t ion  r a t e  of p o i n t  defects.'* 
Various authors have der ived  t h e  s teady- s ta te  s p a t i a l  concent ra t ion  p r o f i l e  of p o i n t  defects i n  t h e  v i c i n -  
i t y  of a f ree surface.13-17 I n  general,  t h e  p o i n t  defect  p r o f i l e  cannot be solved a n a l y t i c a l l y .  A s i m p l i -  
f i e d  ana lys is  i s  presented i n  t he  f o l l ow ing  i n  order  t o  show the  dependence o f  t he  p o i n t  defect g rad ien t  
on phys ica l  parameters. 

The s teady- s ta te  one-dimensional chemical r a t e  equations descr ib ing  t h e  p o i n t  defect concentrat ions 
i n  t he  presence o f  a s ink  a re  g iven by:10,13,15,16 

d r dC.1 

where 
c ies ,  a 1s t he  v a c a n c y - i n t e r s t i t i a l  recombination coe f f i c i en t .  C. i s  Dropor t iona l  t o  t h e  concent ra t ion  o f  

and C I , ~  are t he  d i f f us i on  c o e f f i c i e n t s  and atomic concent ra t ions  o f  i n t e r s t i t i a l s  o r  vacan- 

d i s t r i b u t e d  i n t e r n a l  s i n k s  f o r  vacancy or i n t e r s t i t i a l  ann ih i la tTon,  and. P i s  t he  p roduc t ion  r a t e  o f  
p o i n t  defects.  
aCi)  then t he  second term i n  Eqs. (1) and (2) may be neglected. The r e s u l t a n t  equat ion yo, t h e  slnk 

If the  l oss  o f  p o i n t  defects occurs p r i m a r i l y  a t  s inks  (i.e., OiC, >> aC and DvCS >> 

dominant case i s  then o f  t he  form 

d2Ci  
- oicics + P = 0 . O i  

The preceding neg lec ts  any dependence of the  d i f f us i on  c o e f f i c i e n t s  on t h e  p o i n t  defect concentrat ions.  
The s o l u t i o n  o f  Eq. (3 )  i s  g iven by 

P 
c .  1 I E& - [ q c s  - C?q] exp - x , ( 4 )  

where t h e  boundary cond i t i ons  C i  (X + 

(thermal e q u i l i b r i u m  i n t e r s t i t i a l  concent ra t ion)  have been used. Under t y p i c a l  i r r a d i a t i o n  cond i t ions ,  
Ceq i s  n e g l i g i b l e  compared t o  t he  bulk i n t e r s t i t i a l  concentrat ion.  

) = P / D i C s  = cy (bu lk  i n t e r s t i t i a l  concent ra t ion)  and C i (0 )  = C7q 

Therefore, Eq. (4 )  s i m p l i f i e s  t o  
1 

( 5 )  

If Ci(L) i s  t h e  c r i t i c a l  i n t e r s t i t i a l  concent ra t ion  needed t o  produce observable loop formation, t h e  
denuded zone w id th  i s  found a f t e r  rearrangement o f  E q .  (5 )  t o  be 
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The corresponding d i f f e r e n t i a l  equations f o r  t he  l i m i t i n g  case where p o i n t  de fec t  l oss  occurs p r i -  
m a r i l y  v i a  recombination events (i.e.. nCv >> D.Cs and aCi >> DvC,) can be obta ined from Eqs. (1) and (2) 
by invok ing  t he  re l a t i on11* ' 5 *16  DvCv = D i C i .  f h l s  leads t o  an equat ion O f  t he  f o l l o w i n g  form: 

The preceding ignores the  d i f f e r e n c e  i n  s ink  capture e f f i c i e n c i e s  f o r  vacancies and i n t e r s t i t i a l s ,  
both of which are of o rder  uni ty ."  
dominant case can be obta ined d i r e c t l y  from Eq. ( 7 ) ,  

The bu lk  i n t e r s t i t i a l  concent ra t ion  f o r  t he  recombination- 

The exact s o l u t i o n  of t he  d i f f e r e n t i a l  Eq. (7)  i s  g iven by t he  Jacobi e l l i p t i c a l  f unc t i on .  However, o the r  
have shown t h a t  Eq. (5 )  i s  a l so  a reasonable approximation t o  t he  s o l u t i o n  f o r  t he  recombina- 

t i o n  dominant case (Eq. 7). Hence, i n  both t he  recombination-dominant and sink-dominant l i m i t s  f o r  p o i n t  
defect  a n n i h i l a t i o n ,  t he  c h a r a c t e r i s t i c  w id th  of t he  depressed i n t e r s t i t i a l  concent ra t ion  adjacent  t o  a 
one-dimensional s ink  i s  p ropo r t i ona l  t o  w. The t h e o r e t i c a l  dependence of t h i s  denuded zone on phy- 

s i c a l  parameters can be obta ined a f t e r  s u b s t i t u t i o n  of t he  appropr ia te  r e l a t i o n  fo r  t he  bulk i n t e r s t i t i a l  
concentrat ion,  C:, f o r  t he  two l i m i t i n g  cases: 

1 

L = 4 s ink  dominant ; (8 )  

Y4 
L =r$] recombination dominant 

The two l i m i t s  i n d i c a t e  t h a t  t he  denuded zone w id th  should be independent o r  weakly dependent on t he  
displacement r a te .  

The r a t i o  o f  t he  g ra i n  boundary denuded zone widths i n  sp ine l  i r r a d i a t e d  a t  650°C (Fig.  4) was 3.3 
f o r  depths of 0.5 um and t he  implanted i o n  peak. According t o  t he  EDEP-1 c a l c u l a t i o n  (Fig. 1). t he  
corresponding r a t i o  of t he  damage ra tes  f o r  these two depths was 4.6. 
denuded zone wid th  r a t i o  o f  ( 4 . 6 ) %  = 1.46 would be expected i f  t he  recombina t ion- l im i ted  approximation 
was v a l i d  a t  a l l  depths. However, an i nspec t i on  of t he  m ic ros t ruc tu re  i n d i c a t e s  t h a t  t h e  loop  dens i t y  
increases w i t h  inc reas ing  depth and t h a t  t he  ma t r i x  conta ins a very h igh  dens i ty  o f  small defects i n  t he  
v i c i n i t y  of the  peak damage ( i n j e c t e d  i o n )  region, 1.3 t o  1.8 urn. The l a r g e  change i n  t h e  g ra i n  boundary 
denuded zone w id th  i n  Fig. 4 can t he re fo re  be a t t r i b u t e d  p r i m a r i l y  t o  decreases i n  t h e  bu lk  i n t e r s t i t i a l  
concent ra t ion  w i t h  i nc reas ing  depth due t o  a h igher  concent ra t ion  o f  i r rad ia t ion- produced t r aps  i n  the  
i n j e c t e d  i on  reg ion  which causes a gradual s h i f t  from a recombination-dominant t o  a sink-dominant regime. 

Therefore, a g ra i n  boundary 

I n  con t ras t  t o  t he  case f o r  sp ine l  i r r a d i a t e d  a t  650°C. t he  g ra i n  boundary denuded zone w id th  was 
nea r l y  constant  a t  a l l  i r r a d i a t i o n  depths fo r  sp ine l  i r r a d i a t e d  a t  room temperature and A1203 i r r a d i a t e d  
a t  650°C. I n  both of these cases t he  h igh  dens i ty  of i r rad ia t ion- produced defects induced a s i nk  domi- 
nant cond i t i on  fo r  p o i n t  defect a n n i h i l a t i o n ,  w i t h  a s ink  dens i t y  t h a t  was nea r l y  independent o f  i r r a -  
d i a t i o n  depth (e.g., Fig. 5). The d i f fe rence i n  t he  denuded zone widths i n  sp ine l  i r r a d i a t e d  a t  650°C 
versus sp ine l  i r r a d i a t e d  a t  25°C o r  A1203 i r r a d i a t e d  a t  650°C may be a t t r i b u t e d  t o  t he  lower m o b i l i t y  of 
i n t e r s t i t i a l s  i n  t he  l a t t e r  cases a long w i t h  a change from recombination-dominant t o  sink-dominant con- 
d i t i o n s  (h igher  s i nk  dens i t y  i n  A1203 and 25°C sp ine l  due t o  enhanced i n t e r s t i t i a l  loop nuc lea t i on ) .  The 
denuded zone observat ions i n  t he  present  study are i n  general agreement w i t h  previous repo r t s  of g ra i n  
boundary denuded zones i n  i r r a d i a t e d   ceramic^.'^-^^ 

Ma t r i x  D i s l oca t i on  Loop Formation 

t i v e  agreement w i t h  previous s tud ies  on i on-  o r  neu t ron- i r r ad ia ted  sp ine l  and a l ~ m i n a J - 5 , ~ ~ -  
Most of t he  general features observed for  d i s l o c a t i o n  loop formation i n  t h i s  s t ud  a re  iq ,qual i ta-  
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I r r a d i a t i o n  of sp ine l  produces loops on (lll] and [ l l a ]  planes, with [ l l O )  loops i nc reas ing l y  favored a t  
h igher   temperature^.^-^,^^-^^ Table 4 sumar i zes  t he  temperature dependence o f  loop format ion on {lll] 
planes i n  i o n - i r r a d i a t e d  s to i ch iome t r i c  sp ine l .  
i r r a d i a t i o n  decreases from -45% a t  room temperature t o  0% a t  800°C. The f r a c t i o n  o f  loops occu r r i ng  on 
{Ill) planes i n  t h e  present  study of sp ine l  i r r a d i a t e d  a t  650°C decreased from -25% a t  a damage l e v e l  o f  
0.3 ke'dlatom (3 dpa) t o  -10% a t  10 and 24 dpa, which i s  a f u r t h e r  i n d i c a t i o n  of t h e i r  r e l a t i v e  i n s t a b i l i t y .  
Previous neutron i r r a d i a t i o n  s tud ies  on sp ine l  have repor ted  s i m i l a r  f i n d i n  s w i t h  regard t o  t he  s t a b i l -  
i t y  of [ l l o }  versus j111) loops as a func t ion  of i r r a d i a t i o n  t e m p e r a t ~ r e . ' , ~ ~ , ~ ~  A mix tu re  of loops on 
bo th  sets of h a b i t  planes was observed a t  i r r a d i a t i o n  temperatures of 410 t o  65OoC, whereas on ly  (1101 
loops were found a t  825OC. 
f o l l ow ing  neutron i r r a d i a t i o n  of s t o i ch iome t r i c  sp ine l  a t  400 and 540°C. Hypers to ich iomet r i c  sp ine l  

on ly  11111 loops a t  both temperatures.2 

The f r a c t i o n  o f  loops found i n  [ill] planes f o l l o w i n g  

Parker e t  a l .2  and Tucker e t  al.20 observed loops on ly  on [ l l O )  planes 

specimens, MgO. A 1 ~ 0 3 ) ~ ,  i r r a d i a t e d  a t  t he  same cond i t ions  formed a mix tu re  of [ l l O )  and (111) loops a t  
400°C and on ly  1101 loops a t  540°C fo r  n = 1.1 mater ia l .2  The n = 2 hypers to ich iomet r i c  ma te r i a l  formed 

Table 4. Temperature-Dependent F rac t i on  o f  
[lll] Loops Observed i n  I o n - I r r a d i a t e d  Spinel 

F rac t i on  of 
I r r a -  I r r a -  Loops Observed Refer-  
d i a t i o n  d i a t i n g  on ence 
Temper- Part  i c 1 e [111] Planes 
a tu re  
("C) 

25 Mg' -45% 3 

650 Mgf -30% 3 

800 Ar'  I O %  4, 20 

650 A1 + 10 t o  25%* Th is  study 

*Fluence-dependent (see t e x t ) .  

The lack o f  11111 loops a t  h igh  i r r a d i a t i o n  
temperatures i n  sp ine l  has been c i t e d  as evidence 
f o r  t he  i n s t a b i l i t y  o f  a/6<111>(111] loops s ince 
they do no t  preserve s to ich iomet ry  and are e l e c t r i -  
c a l l y  charged.21,22 The [111] loops observed i n  
t h e  present study were c o n s i s t e n t l y  smal le r  than  
loops t h a t  formed on {110] planes (Table 3). 

planes i n  t he  present  study were o f  t he  type  
a/4<110>[111), which does no t  con ta i n  an anion 
f a u l t  and i s  e l e c t r i c a l l y  more s tab le .  This par-  
t i a l l y  f au l t ed  type  o f  loop was a l so  found i n  a 
previous i on  i r r a d i a t i o n  study,3 but  has never been 
observed i n  neu t ron- i r r ad ia ted  specimens. Th is  
suggests t h a t  t he re  i s  some fea tu re  associated w i t h  
i o n  i r r a d i a t i o n  t h a t  induces t he  format ion o f  
a/4<110>{111] loops i ns tead  o f  a/6<111>{111] loops. 
L i k e l y  candidates inc lude  d i f f e rences  i n  t he  
i o n i z i n g  r a d i a t i o n  f i e l d s  between neutron and i o n  
i r r a d i a t i o n  a long w i t h  displacement r a t e  e f fec ts  
and poss ib l e  e l e c t r i c  f i e l d  e f f e c t s  associated w i t h  
t h e  imp lan ta t i on  o f  charged p a r t i c l e s .  

E s s e n t i a l l y  a l l  of t he  loops observed on [Ill] 

Loops were occas iona l l y  observed on h a b i t  p lanes t h a t  d i d  no t  correspond exac t l y  t o  t he  [110] o r  
(111) fam i l i es  of planes. 
are r o t a t i n g  a long t h e i r  g l i d e  c y l i n d e r  i n  t he  d i r e c t i o n  of t h e i r  Burgers vec to r .  
i s  needed t o  conf i rm t h i s .  Kn igh t r *21  has a l so  repor ted  evidence t h a t  a very low dens i t y  o f  loops may 
form on [ O O l ]  planes i n  sp ine l  dur ing  i o n  i r r a d i a t i o n .  
i n  our s tud ies ,  bu t  t h e  small loop  s i z e  ( < l o  nm) makes an unequivocal de te rmina t ion  of t h e  h a b i t  p lane 
impossible. 

It i s  no t  

Th is  may be evidence t h a t  some of t he  p a r t i a l l y  f au l t ed  a/4<110>[111] loops 
Fu r the r  i n v e s t i g a t i o n  

We have seen occasional evidence f o r  (001) loops 

Vacancy loops have not  been observed i n  sp ine l  f o r  any i r r a d i a t i o n  c o n d i t i ~ n . ~ - ~ ~ ' ~ ~ ~ ~  
immediately c l e a r  whv i n t e r s t i t i a l  c l u s t e r s  form as d i s l o c a t i o n  loODs whereas vacancy c l u s t e r s  occur as 
c a v i t i e s .  -Rech t i n  repor ted  t h e  presence o f  a low dens i ty  o f  vacancy loops dispersed-among a h igh  dens i t y  
of i n t e r s t i t i a l  loops i n  Of i o n - i r r a d i a t e d  A1203 ( re f .  30). 

The concent ra t ion  o f  i n t e r s t i t i a l s  conta ined i n  v i s i b l e  d i s l o c a t i o n  loops f o l l o w i n g  i r r a d i a t i o n  i s  a 
convenient parameter f o r  gauging t h e  r e l a t i v e  r a d i a t i o n  res is tance  o f  d i f f e r e n t  mater ia ls .  
s tud ies  have found t h a t  i r r a d i a t e d  sp ine l  t y p i c a l l y  conta ins an order  o f  magnitude fewer i n t e r s t i t i a l  
defects i n  t he  form of d i s l o c a t i o n  loops than simple ceramics such as MgO and A l2O3.  Very l i t t l e  has 
been publ ished on t h e  temperature o r  f luence dependence o f  t h i s  parameter, however. Table 5 summarizes 
t h e  r e s u l t s  of several  recent  TEM measurements on i o n - i r r a d i a t e d  spinel.3-s.21 A l l  o f  t he  measurements 
i n d i c a t e  t h a t  t he  maximum concent ra t ion  of p o i n t  defects t h a t  can be re ta i ned  i n  sp ine l  i s  on t h e  o rder  
of 0.1 a t .  %. There does not  appear t o  be any l a r g e  f luence dependence f o r  these temperatures and doses 
(3 t o  24 dpa), which suggests t h a t  t h e  s a t u r a t i o n  concent ra t ion  o f  i n t e r s t i t i a l s  has a l ready been reached 
by -5 dpa. Th is  i n t e r s t i t i a l  concent ra t ion  i s  comparable t o  t he  sa tu ra t i on  concent ra t ion  of p o i n t  defects 
observed i n  metals f o l l ow ing  low-temperature i r r a d i a t i o n .  I n  t h e  present  study, i t  was observed t h a t  the 
d i s l o c a t i o n  loops coarsened dur ing  i r r a d i a t i o n  (i.e., t he  loop dens i t y  decreased wh i le  t h e  loop s i z e  
increased, Table 3 ) .  The net r e s u l t  was t h a t  t he  concent ra t ion  of i n t e r s t i t i a l s  conta ined i n  loops 
remained constant  over t he  dose range o f  0.3 t o  2.4 keV/atom (3  t o  24 dpa). Kn igh tz1  observed a s i m i l a r  
behavior  i n  sp ine l  and i n  Al23027N5 (which has a sp ine l- type  s t r u c t u r e )  f o l l ow ing  i o n  i r r a d i a t i o n  a t  
800°C t o  comparable doses. 

Previous 
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Table 5. Sumnary of Measured F rac t i on  of I n t e r s t i t i a l 2  Retained 
i n  D i s l oca t i on  Loops i n  I o n - I r r a d i a t e d  Spinel 

I r r a d i a t i o n  Oamage Concentrat ion Su rv i v i ng  
Temperature Level of I n t e r s t i t i a l s  Defect Reference 

("C) (dpa) Retained i n  Loops F rac t i on  
( a t .  %) (%)  

25 

25 

650 

650 

650 

650 

800 

800 

10 

20 

10 

3.2 

10 

24 

1 

6 

0.034 

0.16 

0.058 

0.12 

0.10 

0.091 

0.057 

0.12 

0.0034 3 

0.008 5+ 

0.005 3 

0.038 Present study 

0.01 Present study 

0.004 Present study 

0.057 4, 20 

0.02 4, 20 

*Values f o r  t he  present  study were obta ined on c ross- sec t ion  
specimens from 0.3-um-wide segments centered a t  an i r r a d i a t i o n  
depth of 0.55 um (23% of t he  peak damage value; see Fig. 1 ) .  

+The loop dens i t y  fo r  t h i s  i r r a d i a t i o n  cond i t i on  was 
7.3 x 102'1m3. 

The s u r v i v i n g  de fec t  f r a c t i o n  
(Table 5) was obta ined by d i v i d i n g  
t he  measured concent ra t ion  of 
i n t e r s t i t i a l s  i n  loops by t h e  number 
of i n i t i a l l y  c rea ted  defects 
(displacement damage l e v e l ) .  Since 
t h e  concent ra t ion  of i n t e r s t i t i a l s  i n  
loops was nea r l y  constant ,  t h e  sur-  
v i v i n g  de fec t  f r a c t i o n  (II) decreased 
s t e a d i l y  w i t h  i nc reas ing  f luence f o r  
a g iven i r r a d i a t i o n  temperature. 

The m ic ros t ruc tu ra l  changes 
observed i n  t h e  present  study of ion-  
i r r a d i a t e d  A1203 are i n  agreement 
w i t h  p rev ious  TEM observations.1*2r-30 
D i s l oca t i on  loop  format ion has been 
found i n  these s tud ies  t o  obey t he  
f o l l o w i n g  evo lu t i on :  Fau l ted  i n t e r -  
s t i t i  a1 l o y s  of-tjpes. a~3COOOll(OOOl) 
and 1 / 3 ~ 1 0 1 0 ~ ( 1 0 1 0  i n i t i a l l y  form on 
t h e  basal and pr ism planes, respec- 
t i v e l y .  Upon cont inued i r r a d i a t i o n ,  
t he  loops u n f a u l t  t o  form loops-of 
t ype  a/3~1011>C00011 and a/3<1011> 
[lOiO}. These loops eventua l l y  
i n t e r a c t  t o  form a d is locat ion-net-  
work w i t h  a predominant 1/3<1011> 
Burgers vector .  P re fe ren t i a l  absorp- 
t i o n  o f  i n t e r s t i t i a l s  by t h e  d i s l oca-  
t i o n  network provides a s u f f i c i e n t  
supersa tura t ion  of vacancies t o  
induce growth o f  c a v i t i e s .  

CONCLUSIONS 

Regions devoid o f  d i s l o c a t i o n  loops occur near t h e  sur face  and g ra i n  boundaries o f  sp ine l  i r r a d i a t e d  
The g r a i n  boundary denuded zone w id th  i s  -0.2 urn f o r  i r r a d i a t i o n  a t  650°C a t  a damage r a t e  of a t  650°C. 

6 x keV/atom-s (6  i dpa/s), and i s  independent o f  f luence f o r  doses between 0.3 and 2.4 keV/ 
atom (3  t o  24 dpa). The denuded zone w id th  i s  very small ( < I 5  nm) i n  sp ine l  i r r a d i a t e d  a t  room tem- 
pe ra tu re  o r  i n  A1203 i r r a d i a t e d  a t  25 o r  650°C due t o  enhanced l oop  nuc lea t i on  and low i n t e r s t i t i a l  m b i l i t y .  

l esse r  ex ten t ,  dose. 
exc lus ive  of o the r  loop geometries a t  h i gh  i r r a d i a t i o n  temperatures. 
a t  i on  i r r a d i a t i o n  temperatures <650"C, a long w i t h  a low dens i t y  o f  a / 6 ~ 1 1 1 ~ ( 1 1 1 ~  loops. 

Ion  i r r a d i a t i o n  s tud ies  suggest t h a t  sp ine l  can accommodate a maximum i n t e r s t i t i a l  concent ra t ion  of 
-0.1 a t .  % i n  t he  form o f  d i s l o c a t i o n  loops f o r  i r r a d i a t i o n  temperatures o f  25 t o  800°C. This value i s  
comparable t o  sa tu ra ted  de fec t  concent ra t ions  measured i n  metals f o l l o w i n g  low- temperature i r r a d i a t i o n .  
The sa tu ra ted  i n t e r s t i t i a l  concent ra t ion  i n  sp ine l  i s  a l ready reached f o r  doses as low as 0.3 keV/atom 
( 3  dpa) a t  650°C. 

dec ided ly  an i so t rop i c  with respect  t o  t he  i r r a d i a t e d  sur face.  Th is  phenomenon has not  been repor ted  i n  
any p rev ious  i r r a d i a t i o n  s tud ies  on ceramics. Several poss ib l e  mechanisms can be formulated, bu t  addi-  
t i o n a l  s tud ies  are needed t o  i d e n t i f y  t he  most v i a b l e  cause. 

The d i s l o c a t i o n  loop  geometry i n  i r r a d i a t e d  sp ine l  depends on t h e  i r r a d i a t i o n  temperature and, t o  a 
Loops of t he  type  a/4<110>(110] are p re fe r red  a t  a l l  temperatures and are  found 

Loops of t pe a / 4 ~ 1 1 0 ~ [ 1 1 1 ]  occur 

An unusual fea tu re  observed i n  t he  present  study was t h a t  t he  (110) and (111) loop format ion was 

FUTURE WORK 

The m ic ros t ruc tu re  of ceramic specimens i r r a d i a t e d  a t  650°C w i t h  1-MeV HC and He' ions  w i l l  be ana- 
l yzed  and compared w i t h  t he  present  r esu l t s .  
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TECHNIQUE FOR PREPARING CROSS-SECTION TRANSMISSION ELECTRON MICROSCOPE SPECIMENS FROM ION- 
IRRADIATED CERAMICS -- S.J. Zinkle, C.P. Haltom, L.C. Jenkins, and C.K.H. DuBose (Oak Ridge National Laboratory) 

OBJECTIVE 

The purpose of this report is to summarize the experimental techniques used at ORNL to prepare cross-section TEM 
Specimens from ion-irradiated ceramics. 

SUMMARY 

The general techniques necessary to produce a high-quality cross-sectioned ceramic specimen for transmission 
electron microscope ObSeNatiOn are outlined. A particularly important point is that the width of the glued region between 
faces of the ceramic specimen must be ~ 0 . 2  pm to prevent loss of the near-surface region during ion milling. A recently 
developed vise for gluing ceramic cross-section specimens is described, and some examples of the effect of glue thickness 
on specimen quality are shown. 

PROGRESS AND STATUS 

Introduction 

In recent years there has been an increasing interest in the microstructure of ion-implanted ceramics, in particular 
due to applications in surface modification' and radiation effects' studies. The region of interest is typically within one 
micron of the surface, and the microstructure usually exhibits a strong depth dependence. It is often useful to prepare 
cross-section specimens for ObSeNatiOn in a transmission electron microscope (TEM). There are numerous papers 
available that describe different techniques for preparing cross-section TEM specimens from metals or ceramics."z 

For monolithic ion-implanted ceramics, the standard cross-section preparation procedure involves the following steps, 
which are outlined in Fig. 1: First, the ionimplanted specimen is glued face-to-face to another polished specimen (either 
implanted or nonimplanted) using a commercial epoxy such as M-BOND 61 0 ADHESIVE (Measurements Group, Raleigh, 
NC 2761 1). The glued sandwich is then sectioned. mechanically dimpled, mounted on a support ring (e.g. graphite) and 
spuner ion milled until perforation occurs near the interface. if the specimen contains multiple phases with dfferent ion 
milling rates, then special techniques such as sacriicial coatings or other forms of beam shielding"." may be necessary 
during the ion milling step. 

In order to achieve good contrast in the electron microscope, the cross-section specimen must be suitably thin (-100 
nm) in the region of interest. Although there are many contributing factors to the preparation of a high-quality cross-section 
ceramic TEM specimen, it was recognized through experience that a key factor is the width of the glued region separating 
the two polished faces of the cross-section sandwich. lt has been our experience that all commercially available epoxies 
thin at a faster rate than ceramics such as AI,O, and MgAI,O, during the ion milling process. if the width of the glued region 
is too wide, then a significant portion of the near-surface material is milled away before the foil thickness is electron- 
transparent. The cause of this near-surface erosion is immediately apparent when the geometry of the ion-milling process 
is considered. Figure 2 shows an idealized sketch of the glued interface region of a cross-section specimen during ion 
milling (in practice, there will be gradients In the foil thickness near the interface that depend on the ion milling details). 
During the initial stages of ion milling, small surface troughs are created in the glued region of the specimen due to the 
faster ion milling rate of the epoxy compared to the ceramic. When the foil thickness (t) equals a critical value of 

t - 2W'tana , (1) 

where W is the width ofthe glued region and a is the milling angle (Fig. 2b), then the interface corresponding to the original 
surface is completely exposed to the ion milling beams. Continuation of the ion milling process causes material near the 
interface of interest in the cross-section specimen to be lost due to direct exposure to the ion milling beams (Fig. 2c). Ion 
mill thinning is usually performed with a milling angle of a - 15 deg, which is close to the angle that produces the maximum 
erosion rate for most materials and hence minimizes the specimen preparation time."." For a final foil thickness of 100 nm 
and a milling angle of 15 deg, the width of the glued region must therefore be less than 190 nm to avoid any loss of the 
near-surface material (Eq. 1). 
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EPOXY 

3. SLICE AND MECHANICALLY 4. MOUNT ON SUPWORT RING 
GRIND AND DIMPLE AND ION MILL 

Fig. 1. Schematic of procedure used to prepare 
cross-section ceramic TEM swcimens. 

L-- v l L - . d  

Fig. 2. Schematic of ion milling procass. 
The near-surface regions are milled away t the 
glue width is large. 

In order to achieve this narrow glue width. the surfacas of the specimens must be flat and parallel (i.e., well polished) 
and glued under pressure. We have designed and built a calibrated vise for making thin, reproducible glue widths in cross- 
section specimens. There have been several previous descriptions of vises used to prepare cross-section E M  
specimens,'"'' where the gluing pressure is controlled by finger tightening. The present vise is unique in that it does not 
rely on operator skill to achieve a known and reproducible pressure on the specimen during gluing. 

DESCRIPTION OF CALIBRATED VISE 

A vise was designed and built that would produce a known and consistent pressure while the specimen glue was 
curing in a small laboratory furnace. Due to the inherent brittleness of ceramics. the pressure during gluing must be 
controllable to avoid the possibility d cracking the specimen as the resun of applying excessive force. h addition, since 
the specimens to be glued are often polished on only one surface, there is a need to eliminate $tress concentrators that 
may occur during clamping due to slightly nonparallel or uneven back surfaces. This was achieved by using Teflon pads 
on the clamping surfaces of the vise. 

The vise consisted of an aluminum base and a stainless steel threaded drive rod and shaft. A photograph of the 
vise is shown in Fig. 3. With a l i k ing  torque wench (Utica Tool Co.. Orangeburg, SC 291 15), a known pressure can be 
reproducibly applied. Teflon pads are inserted into machined recesses in the ends of the vise mandrels, which prevents 
the pads from shifting when pressure is applied. The Teflon pads are 9.5 mm (3/8 in.) diameter by 1.6 mm (1116 in.) thick 
and are punched from sheet material. Teflon was chosen for the padding material due to its stability at temperatures 
appropriate for curing the epoxy (100°C). New pads are used for each specimen to be glued, since the Teflon tends to 
become scored from indentations associated with the clamping process. 

Typically, a small amount d epoxy (M-Bond) is applied between the polished faces of two ceramic pieces, which are 
then placed on the bottom Teflon pad. The upper mandrel of the vise, which also contains a Teflon pad, is pressed against 
the glued specimen and torqued by an amount that depends on the strength and fracture toughness of the pieces being 
glued. The entire vise is then put into a small lab furnace and heated to 100°C for 1 h to cure the epoxy. The force exerted 
by the upper mandrel for different torque settings was calibrated by making measurements with known mass standards. 
The relation between torque and applied force is nonlinear due to friction effects in the threaded drive rod. For a torque 
setting of 2 in.-lb, the applied force is 82 N (18.4 lb,). The corresponding pressure on a TEM disk of 3 mm diameter is 12 
MPa (1700 psi). This pressure is much lower than the typical compressive strength for ceramics of about 1 GPa, but is 
sufficiently high to produce a narrow glue width in the cross-section specimen. 
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Fig. 3. Photograph of vise with Teflon 
pads and torque wrench used to control the pressure 
during gluing of cross-section specimens. 

After the specimen has been glued, the 
sandwich is mounted on a metal cutting block using 
a commercial mounting wax (Crystalbond, AREMCO 
Products, Inc., Ossining. NY) and sliced with a low- 
speed diamond wafering saw (Buehler Ltd.. Lake 
Bluff, IL 60044) to produce a rectangular foil of 
about 250 pm thickness (Fig. 1). The foil is 
mounted on a polishing block with wax and 
mechanically ground to a thickness of about 150 pm 
using a grinding wheel or a precision 
dimplerlgrinder (Gatan). The specimen is 
demounted from the block by soaking in acetone, 
flipped over, and the back side is ground and 
mechanically dimpled until the final foil thickness is 
about 30 Wm. The specimen is then demounted 
and glued onto a graphite support ring with M-Bond 
at room temperature in preparation for ion milling. 
The best resuits have been obtained with a graphite 
foil of dimensions 3-mm-diam by 100-pm thick, with 
a 1-mm hole in its center. The specimens are then 
ion milled at either room tern erature or in a liquid 

6-keV Art and an ion milling angle of 15 deg. After 
foil perforation occurs near the glued interface, the 
specimen is given a finishing treatment with 3-keV 
Art ions to remove some of the surface damaged 
layer caused by the more energetic 6-keV ions. The 
milling angle is reduced to 10 dag during the 
finishing milling of radiation-sensitive materials. 

nitrogen-cooled holder (Gat J ) using two beams of 

EXPERIMENTAL RESULTS 

Cross-section TEM foils prepared from ion-irradiated AI,O, and MgAI,O, polycrystalline and single crystal specimens 
were examined using a Philips CM12 electron microscope operating at 120 keV. 

Figure 4 shows a low-magnification view of a spinel specimen that contained a very wide (3.6 pm) glue region. It 
can be seen that the epoxy has become very thin from the ion milling and has completely disappeared in some regions, 
whereas the spinel specimen is not thin enough to be transparent to the electron beam. 

Figure 5 is a composite view of a single ctystal AI,O, specimen that was prepared with a glue width Of 1.3 Wm. In 
regions of the cross-section foil where the glue was thin but still intact, the AI,O, was too thick to be electron-transparent. 
After additional ion milling to produce A120, regions that were thin enough to be usable, about 0.7 pm was milled away from 
the near-surface regions of both sides (cf Fig 2b, 2c). Hence, it is not possible to perform detailed TEM analysis of near- 
surface regions in this specimen. 
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Fig. 4. Transmission electron micrograph of 
an ion-irradiated spinel specimen with a very wide 
glue width (compare with Fig. 2b). 

I I 
Fig. 5. Transmission electron micrograph of 

a sapphire specimen with a wide glue width. The 
ceramic foil thickness is very large in the region 
where the glue is intact. Approximately 700 nm has 
been milled away from the original surface in regions 
where the foil is suitably thin (compare Fig. 2b,c). 

Figure 6 shows a single Mystal N2O5 specimen that was prepared with a glue width of 0.5 Mm. In this case, the glue 
is beginning to mill away in regions where the A1,Os foil thickness is about 250 nm (this is about the maximum useful 
thickness for TEM analysis using a microscope operating at 120 kev). 

Figures 7 through 9 demonstrate results that were obtained after using the Tefm-padded vise to prepare moss- 
section foils from ion-irradiated specimens. The ion damaged region in Fig. 7 was contained within 0.53 Mm from the 
bombarded surface, and it was therefore essential for the near-surface region to remain intact. Suitably thin areas were 
obtained in this specimen, which had a glue width of 0.21 pm. In Fig. 0, the glue width was about 0.17 pm and a foil 
thickness of <IO0 nm was obtained without any loss of the near-surface irradiated region. Figure 9 shows part of the 
extensive thin area that was produced by ion milling of a cross-section specimen with a glue thickness of about 50 nm. 

A large number of ion-irradiated ceramic specimens have been prepared for cross-section TEM observation within 
the past six months in our laboratory. It appears that the success rate of obtaining crossaectiDn specimens with suitabie 
thin area over the entire iondamaged region is >90% with the present technique. 
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microstructure of single 
J the c-axis with 200-keV 
~ c e  of I .E x iow ions/m2. 

To avoid the loss of the near-surface portion of cross-section ceramic TEM specimens, it is essential that the original 
interface be "shadowed" from the ion milling beams until the desired foil thickness is achieved. This is most easily carried 
out by minimizing the width of the glued region between the ceramic faces. Specimens suitable for TEM analysis with a 
120 keV electron microscope may be obtained if the glue width is ~ 0 . 2  am. 

ACKNOWLEDGMENTS 

The ion irradiations for the ceramic specimens were performed by S.W. Cook and W. R. Allen. Experimental 
assistance in preparing the cross-section TEM specimens and comments on the design of the calibrated vise were provided 
by A.M. Williams and J.W. Jones. We thank L. L. Horton and K. L. More for their efforts in developing the experimental 
technique and K. 6. Alexander and P. S. Sklad for technical comments on the manuscript. 



339 

Fig. 6. Microstructure of spinel irradiated Fig. 9. Microstructure of spinel inadiated 
with 2-MeV AI+ ions at 650°C to a fluence of 
5 x ldolm2. The glue width is about 170 nm 
and the foil thickness is about 70 nm. 

with 2-MeV AI' ions at 650°C to a fluence of 
1.6 x 102'/m2. The glue width is about 50 nm. 
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