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FOREWORD 

This  r e p o r t  i s  t he  t h i r t y - f i r s t  i n  a se r i es  o f  Q u a r t e r l y  Technical Progress Reports on Damage Analysis 
and Fundamental Studies (DAFS), which i s  one element of t he  Fusion Reactor Ma te r i a l s  Program, conducted 
i n  support o f  t he  Magnetic Fusion Energy Program o f  t he  U.S. Department of Energy (DOE). 
r epo r t s  i n  t h i s  se r i es  were numbered DOE/ET-0065/1 through 8. 
Program are: 

. Plasma-Materials I n t e r a c t i o n  (PMI) . Special  Purpose Ma te r i a l s  (SPM). 

The f i r s t  e i g h t  
Other elements o f  t h e  Fusion Mater ia ls  

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

The DAFS program element i s  a na t i ona l  e f f o r t  composed of con t r i bu t i ons  from a number o f  Nat ional  Labora- 
t o r i e s  and other  government labora to r ies ,  u n i v e r s i t i e s ,  and i n d u s t r i a l  l abora to r ies .  It was organized by 
t he  Ma te r i a l s  and Rad ia t ion  E f fec ts  Branch, DOEIOffice of Fusion Energy, and a Task Group on Damage Anaiy- 
sis and Fundamental Studies, which operates under t he  auspices of t h a t  branch. The purpose of t h i s  ser ies  
of r epo r t s  i s  t o  p rov ide  a working techn ica l  record of t h a t  e f f o r t  f o r  t he  use o f  t h e  program pa r t i c i pan t s ,  
t h e  fus ion energy program i n  general, and t he  DOE. 

This  r e p o r t  i s  organized along t o p i c a l  l i n e s  i n  p a r a l l e l  t o  a Program Plan o f  t h e  same t i t l e  so t h a t  a c t i v -  
i t i e s  and accomplishments may be fol lowed read i l y ,  r e l a t i v e  t o  t h a t  Program Plan. 
given labora to ry  may appear throughout t he  r epo r t .  
r i a l s  t o  accomnodate work on a t o p i c  no t  inc luded i n  t he  e a r l y  program plan. 
f o r  t he  convenience of t h e  reader. 

Th is  r e p o r t  has been compiled and ed i t ed  by N. E. Kenny under t he  guidance o f  t he  Chairman o f  t h e  Task 
Group on Damage Analysis and Fundamental Studies, 0. G. Doran, Hanford Engineering Development 
Laboratory  (HEDL). The i r  e f f o r t s ,  those o f  t h e  suppor t ing s t a f f  o f  HEDL, and t he  many persons who made 
techn ica l  con t r i bu t i ons  are g r a t e f u l l y  acknowledged. T. C. Reuther, Fusion Technologies Branch, i s  t h e  
DOE counterpar t  t o  t h e  Task Group Chairman and has r e s p o n s i b i l i t y  f o r  t he  DAFS program w i t h i n  DOE. 

Thus, t h e  work o f  a 
A chapter has been added on Reduced A c t i v a t i o n  Mate- 

The Contents i s  annotated 

G. M. Haas, Chief 
Fusion Technologies Branch 

O f f i c e  o f  Fusion Energy 
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CHAPTER 1 

IRRADIATION TEST FACILITIES 

1 



D. W. Short and D. W. Heikkinen 
Lawrence Livemre National rahoratory 

1.0 

m e  objectives of this work are operation of RTW-11 (a 14-MeV neutron source facility), mchine 
developmt, and support of the experimental program that utilizes this facility. 
include dosimtry, handling, scheduling, coordination, and reporting. 
U.S. and Japan and is dedicated to materials research for the fusion power program. 
aid in the developnent of models of high-energy neutrm effects. 
projecting to the fusion environmnt, engineering data obtained in other spectra. 

Experimenter services 
RTW-11 is supported jointly by the 

Its primry use is to 
Such models are needed in interpreting and 

Irradiations were performed M 7 different experiments during this quarter. 
in the right target roan. 
Suction hood was installed in the right target room to reduce tritium gas quantity during target ramal .  
Taarget removal procedures were also changed to reduce expasure time to persumel. Ion source developnent 
continues. 

Japanese furnace was installed 
Terminal turbo's were reworked. Terminal water flow panel was upgraded. 

Title: FUNS-I1 operations (WW-16) 
Principfal Investigator: D. W. Short 
Affiliation: Lawrence Livemre Natiml Laboratory 

4.0 

TASK II.A.2,3,4. 
TASK II.B.3,4 
TASK II.C.1,2,6,11,18. 

5.0 

mring this quarter, irradiations (both dedicated and add-m) were done for the following people. 

D. Heikkinen (W) A Nb -dosimetry calibration 

H. Heinisch (HDL) P Metals - displacement h g e  & 
G. Fells (Hawell) mechanical properties. Ceramics - 
F. Clinard (LANL) 
M. Kiritani (Hokkaido) and 290% 
R. Ohshim (Osaka) 

K. ?4x (Tohoku) 
H. Matsui (Tohoku) 
H. Kayano (Tohoku) 

neutron h g e  - irradiated at 9W 

H. Ycshida (Kyoto) 

2 



Experimenter P or A* Sample Irradiated 

HEDL (Cont’d) 

H. Kawanishi (Tokvol - 
N. Igata (Tokyo) 
Y. Shirmrrura (Hiroshima) 
N. Yoshida (Kyushu) 

A. Kchyan’a (Tokyo) 
S. Nanao (Tokyo) 
H. Kawanishi (Tokyo) 
K. Miyahara (Tokyo) 
M. Kiritani (Hokkaido) 
H. Takahashi (Hokkaido) 
K. Abe (Totmkd 
Y. Higasiguchi (Tohoku) 
H. Kayano (Tohoku) 
K. Okamura (Tuhoku) 
H. Matsui (Tohoku) 
M. Hasegawa (Tchoku) 
K. on0 (Hiroshima) 
N. Yoshida (Kyushu) 

P 

K. Kawamura A 

M. Kiritanin. Yoshiie (Hokkaido) P 

S .  Iwasaki (Tohoku) A 

S.  Iwasaki (Tohoku) A 

* P = primwy, A = add-on 

w. . .  5.1 - 

Diode string repired on the left mchine. 

Terminal turbo prmp replaced on the left mchine. 

Ion source developnent continues. 

Japanese furnace installed in the right target roan. 

Terminal water flcw panel changed on the right rmchine. 

Suction hood installed in right target roan. 

Metals - displalacement darmge h 
mechanical properties. Ceramics - 
neutron W g e  - irradiated at roan 
temperature. 

FdeoSi20 - Property change 
Ni, Au, Ag, Cu & Fe - cascade damge 

27~l(n,~n) - CKOSS section 
SS 6 Ni alloy - tensile 

Irradiations will be continued for D. Heikkinen (LLNL), H. Heinisch et al., s. Iwasaki (Tohoku), A. Kohymm 
et al., M. Kiritani/T. Yoshiie (Hokkaido). 
T. Yoshiie (Hokkaido) and H. mwanishi (Tokyo) et al., will be initiated. 

Also during this period, irradiations for M. Kiritani (H&kaido, 

3 



CHAPTER 2 

DOSIMETRY AND DAMAGE PARAMETERS 
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DOSIMETRY MEASUREMENTS FOR THE ORR 65 PROTOTYPE EXPERIMENT 

L. R .  G r e e d  (Argonne National Laboratory) 

1.0 W&CtitiVe 

To characterize neutron irradiation experiments in te- of neutron fluence, spectra, and damage Wr-ters 
(dpa, gas production, transmutation). 

2 . 0  S W 2  

Results are reported for a test of the 65 Japanese experiment in the oak Ridge Research Reactor. maximum 
fast fluxes above 0.1 m V  were Z.oX1014n/cmz-S producing about 4.5 dpa per year in 316 stainless steel. 

m e  status of all dosimetry experiments is sunnarized in Table 1. 

T m . 1 .  Status of msimtnr lsme riwants 

Faci litv/ExDeriae LE 

O W  - m 1  
- m 2  
-m4Al 
-1111:w 
- NVE 4B 
- TW: 07 
- THIO-Test 
- THIO-1 
- Test 
- 56 Test 
- 56. 57 

HI'IR - CTR 32 
- CTR 31, 34, 35 
.- 1'2, RB1 
- T1, CTR 39 
- cm 400-15 
.- Clll 30, 36, 46 
- RB2 
- CTR 47-56 
- JP I 
- JP 2-8 
- BE Test 

mega West - spectral Analysis 
- E D L l  
- HEDL2 
- L A N L l  

EBR I1 - X287 
IYNS - Spectral Analysis 

- LENL I (Hurley) 
- Hurley 
- coltwn 

3.0 P-LW 

Title: Dosimetry and Damage Analysis 
Principal Investigatorr L. R .  G r e e d  
Affiliation, Atyonne National raboratory 

4.0 DAFS P-ram Plan TasWSubtask 

Taek II.A.l Fission Reactor Dosimetry 

S~atos/Cammn& 

completed 12/79 
canpleted 06/81 
Completed 12/81 
Completed 11/82 
completed 04/84 
completed 07/80 
Completed 07/82 
completed 12/83 
Conpleted 03/84 
completed 07/85 
Irradidtions In Progress 
completed 04/82 
completed 04/83 
completed 09/83 
completed 01/84 
completed 09/84 

completed 06/85 
Irradiations in Progress 
Samples received 06/85 
Irradiations In Progress 
cmpleted 09/85 
completed l0/80 
completed 05/81 
Samples sent 04/85 
completed 08/84 
completed 09/81 
Completed 01/81: 
completed 06/82 
completed 02/83 
completed 08/83 

Completed 03/85 

'5 



. ,  

5.0 %CCMM l i s h a e n t s  and s t a t u s  

A ~ l y s i e  has been ccmpleted f o r  the prototype 65 Japanese e r p e r i r e n t  in the Oak Ridge Researeh Reactor. 
Rle e x p r i m n t  WM conducted i n  the C l  p o s i t i o n  f m  S e p t d r  6 ,  1984 to January 21, 1985 f o r  a ne t  
exposure of 82.0% H". 
and f o u r  dosimetry tubes were loca ted  i n  each ternparaturn reg ion .  These tw t e n Q e r a t u r e  reg ions  were 
concentr ic .  the 2W0C being on t h e  i n s i d e  of  t h e  60°c region and the reg ions  extended fm a b u t  2 .4  m 
above midplane io -17.9 cm below midplane. 

The experirerot contained ~ 3 p e c i . e ~  at two d i f f e r e n t  tenQeratures ,  60°C and 20OoC 

Each dosimetry tube contained four w i r e s  of 0.1% CO-Al, m, Ti ,  and N i .  Each w i r e  w a s  m n t e d  i n t o  e i g h t  
1" pieces f o r  garnna counting.  Selected v s r t i c a 1  g r a d i e n t s  are skmn i n  Pig.  1. A l l  o f  t h e  v e r t i c a l  
g r a d i e n t s  were € i t  by a simple pol-ial func t ion ,  

(1) 2 P(z) - a(1 + be + cz ) 

where a is t h e  midplane va lue  and e is the he igh t  above midplane ( i n  c e n t i m e t e r s ) .  
w e f f i c i e n t s  were determined by l e u t - s q u a r e s  analysis. 
b = -8.31 x 
v e r t i c a l  f l u x  g r a d i e n t s ;  howwer, t h i s  e f f e c t  is at mst o n l y  a few percen t  and no s i g n i f i c a n t  spectral 
d i f f e r e n c e  is indicated. 

'me maximum f l u x  p o s i t i o n  w a s  d e t e m i n e d  to be at -4.7 cm below mid-plane. 
l o c a t i o n  are listed i n  Table 2.  Them rates were then  used M i n p l t  to t h e  STAY'SL colplter code to ad ju r r t  
t h e  neutron flux spectrum at each l oca t i on .  
can be de tedned  us ing  the d a t a  i n  Table 1-3 and Equation (1); haraver, we should no te  t h a t  s i n c e  t h e  
nmxhm f l u x  p o s i t i o n  is at -4.7 cm below m i d p l a n e .  t h e  "a" term# i n  Equation (1) are a c t u a l l y  2 1  less than 
the va lues  listed i n  Tables 2 or 3. 

The h o r i r a n t a l  f l u x  g r a d i e n t s  are i n  al l  cases less than  201. 
m e r ,  there is a drop i n  thermal f l u x  of about  1-20% between the two d i f f e r e n t  t-rature regions 
presumably due to absorp t ion  i n  t h e  extra material. 
then  t he  h o r i w n t a l  f l u x  g r a d i e n t s  are o n l y  about  10% i n  each region.  
the nor th  and east sides and lowest on t h e  west side. 

The b and c 

mere may be a -11 d i f f e r e n c e  between t h e  thermal and f a s t  
A l l  of t h e  data is well-describod by eq. (1) us ing  

and c = -8.85 x lo-'. 

The a c t i v i t y  rates at t h i s  

These ad jus ted  fluxes are listed i n  Table 3. Plux g r a d i e n t s  

The fast f l u x  g r a d i e n t s  are less than  141; 

If we consider t h e  two t-rature reg ions  separa te ly .  
I n  a l l  cases the f l u x  is h i g h e r  i n  

Damage and g a s  p roauc t ion  rates were colplted us ing  the SPECTER cOmputer code. Resul t s  are listed for 
These va lues  correspond to the h i g h e s t  f l u x  p o s i t i o n  (east side, SOOC, -4.? cm belnr midplane) i n  Table 4. 

a total  f luence  of 5.88 x loz1 ll/m2 and 1.99 x loz1 n / 0 2  above 0 .1  mV. 
are l i n e a r  wi th  t h e  f luence,  d- rates at  any o t h e r  l o c a t i o n  can be detedned by s c a l i n g  wi th  the fast 
flue- ( > .1 MeV) i n  Table 3 follaed by t h e  use of Equation (1). 
about 301 of t h e  va lues  i n  Table 1. 
n i c k e l  which roughly scales wi th  t h e  square of t h e  thermal  f luence.  

similar dosimetry experiments are nor) i n  progress for t h e  56 and 57 i r r a d i a t i o n s  i n  ORR. 
being analyze3 for t h e  JP1 i r r a d i a t i o n  i n  WIR. 

Since mst of t h e  d-w terns 

I n  any case, t h e  r e s u l t s  w u l d  be with in  
The o n l y  e m p t i o n  to  t h i s  is for the thermal  helim product ion i n  

Samples are nor) 

Table 2.  llluiauol Act iva t ion  Rate for om-65-T~~ 

values  at  -4.7 cm below midplane n o m a l i z a d  
to 30 m; data corrected for bumup; 
accuracy 22% 

Act iva t ion  Rate I a t d a t e s  __ -. 

1 E 
2 N 
3 N 
4 s 
5 N 
6 S 
7 E 
n N 

600 
600 
600 
600 

200' 
200- 
200- 
2000 

6.84 
6.78 
6.31 
6 . 7 2  
5.65 
5.86 
5.69 
5.72 

1.98 
1.90 
1.73 
1.88 
1.63 
1.69 
1.72  
1.65 

1.20  
1.26 
1.14 
1.17 
1.14 
1 . 1 3  
1.18 
1 . 2 1  

1.57 
1.67 
1.47 
1 .50  
l .% 
1.46 
1.55 
1.55 
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-18 -14 -10 -6 -2 2 

HEIGHT.cm. 

Fig. 1. vertical Activity Gradients lleasured for the "Fe(n,~)~~Un Reaction Indicative of the Fast 
Neutron F l u  (>O.l mv). 
Displayed. 

Gradients at all Other lacations Pall within the Range of Data 

Table 3. Flux M lues for ORR6J-Test 

values at maximur, 5 QI beion nidplaner 
accuracy ?lot 

Flux. xlol '  4 s  

mil Wation @ -a >0.1 nev 

1 E 
2 N 
3 w 
4 S 
5 w 
6 S 
7 E 
0 N 

60 2.01 
60 1.97 
60 1.82 
60 1.95 

200 1.65 
200 1.71 
200 1.60 
200 1.66 

1.99 
2.03 
1.85 
1.93 
1.79 
1.80 
1.85 
1.86 

5.97 
5.99 
5.49 
5.80 
5.14 
5.26 
5.27 
5.27 
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-le 4.  mmaae Parameters for ORRdJ-TBst 

Maximm values at east s ide ,  6OoC, 4.7 m belw midplane. 
Other locat ions  scale with fast flux i n  Table 1-3 and 
E¶. (1). Values mrrespod to a fast f luence  of 
1.99 x 1021 n/la2. 

A1 
T i  
V 
Cr 
m 
Pe 
8 

n i  

cu 
Nb 

316 SSa 
m 

2.68 
1.71 
1.90 
1.70 
1.82 
1.51 
1.74 
1.59 
.10 

1.69 
__  
1.46 
1.45 
1.07 
1.56 

6.0 Reference- s 

Nom 

7.0 Future Work 

me 56 Md st expari lants  a m  IWN being irradiated i n  OM. 

mLaEQ& 

1.22 
0.92 
0.0" 
0.30 
0.25 
0.52 
0.25 
7.34 

-3 
63.37 

0.45 
0.097 

8.63 
- 
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HAFNIUM SHIELDING TESTS I N  HFIR-RB POSITIONS AND REANALYSIS OF THE HFIR-RBI ,  -RB2 EXPERIMENT! 

I,. R .  Green& (Argonne National  Laboratory) 

1 .O Obisctive 

'To characterize neutron i r r a d i a t i o n  experiments i n  t e r n  of  neutron f luence,  spectra, and damage 
paraneters. 

2 . 0  _sm-q 

Analysis  has been conpleted tor t h e  hafnium shield tests i n  the r e m v a b l e  b e r y l l i u m  p o s i t i o n s  of  t h e  High 
Flux Isotopes Reactor (ORNL). The shield reduces the them1 f l u x  by 90% the e p i t h e m l  f l u x  by sot, and 
the fast f l u x  by o n l y  5%. Yearly helium product ion i n  316 s t a i n l e s s  s teel  is thus  reduced by a f a c t o r  o f  
26 w i t h  l i t t l e  e f f e c t  o n  displacement damage product ion.  
reana lyze  prev ious ly  reported r e s u l t s  f m  the RB1 and RBZ materials i r r a d i a t i o n s  i n  HPIR; the damage rates 
have been increased  b y  20-30%. 

3. pr-m 

These new spectral ana lyses  have been used to 

T i t l e :  Dosimetry and Damage Analysis  
P r i n c i p a l  I n v e s t i g a t o r :  L. R. G r e e n w w c l  
A f f i l i a t i o n :  Lrgonne N a t i o n a l  laboratory 

Relevant  DAPS Proqrm Plan TaskfSubtask 

Task I I . A . l  F i s s i o n  Reactor DoSimettY 

4.0 

5.0 Accmpllghmepts .and..&a+us 

Hafni-shielding experiments  have been completed i.n the removable bery l l ium (REI) p o s i t i o n s  i n  t h e  High 
Flux Isotopes Reactor ( € F I R )  at ORNL. The purpose oE these tests is to v a l i d a t e  the des ign  of. a hatnium 
core piece for the REI p o s i t i o n s .  Hafnium is used to reduce the thermal/ epithenml f l u x  ("spectrum 
t a i l o r i n g" )  i n  order to reduce helium product ion i n  nickel- bearing materials ( s t a i n l e s s  Steel) dur ing  
lengthy fus ion  materials i r r a d i a t i o n s .  Without t h e  hafnium, the helirmrto-displacement ratio w i l l  s u r p a s s  
t h e  fus ion  f i r s t - w a l l  va lue  w i t h i n  a year .  Thus, the idea is to f i r s t  irradiate without  hafnium, b u i l d i n g  
up the helium c o n t e n t ,  and then to switch to t h e  hafnium l i n e r  so that mre damage CM be accumulated 
without  excess ive  helium. Similar experiments have been s u c c e s s f u l l y  Conducted i n  the Oak Ridge Research 
Reactor.' 

The experiments  were conducted i n  s e v e r a l  d i f f e r e n t  RB positions both  wi th  and without  hafnium l i n e r s  on 
August 3, 1985 for I-hour at a reduced power level of 11 m. Twelve d i f f e r e n t  dosimetry materials were 
irradi.ated a t  s i x  d i f f e r e n t  v e r t i c a l  p o s i t i o n s  i n  each experimental  assembly. 
encapsulated i n  a n  aluminum tube measuring 1/a* OD by 21 ?/a'' i n  l e n g t h .  These tubes w e r e  i n s e r t e d  i n t o  
t h e  c e n t e r  of each hafnium ana/or a lminum assembly which measured 1.24" OD. 
permi t ted  u s  to u s e  f i s s i o n a b l e  m n i t o r s  and reducad t h e  gatma hea t ing .  
i n  progress for one reactos cycle (22 days). 

n*o separate 1-hour i r r a d i a t i o n s  were conducted. F i r s t ,  o n l y  aluminum assemblies  were irradiated at  
10.8 m i n  p o s i t i o n s  RB-1 and R&5, then a n  aluminum assembly w a s  irradiated at 11.0 MU i n  REI5 a long  wi th  a 
hafnium assembly i n  p o s i t i o n  RB1. me f i r s t  i r r a d i a t i o n  provided a normal b a e e l i n e  o p e r a t i n g  condi t ion  for 
W I R ,  whereas the second all- u s  to aaaeure  the hafnium effect and to observe any t i l t i n g  of the f l u x  
g r a d i e n t s  due to the presence of the hafnium. 
i n s e r t e d  i n t o  the aluminum capsu le  ( - 5 ) .  and hence, one of the hm b a s e l i n e  runs  w a s  lost. However, there 
does not appear to M any s i g n i f i c a n t  d i f f e r e n c e  between the two p o s i t i o n s  (RB1 and RB5) 80 that one 
b a s e l i n e  measurement is adequate for t h i s  canparison.  

The measured a c t i v i t i e s  are listed i n  Table 1. Aa can be seen,  there are o n l y  -11 d i f f e r e n c e s  between 
t h e  two aluminum c a p s u l e s  and a l l  o f  the fast (threshold) r e a c t i o n  rates, as expected. The presence o f  t h e  
hafnium depresees the t h e n n a l / e p i t h e m l  r e a c t i o n s  by factors of 3-10, depending on the energy response of 
each r e a c t i o n .  

Two fus ion  experiments  (RBI and RB2) have also been reporfed in HFIR.''z 

These dosimeters  weze 

The reduced power l e v e l  
A f u l l - p a r e r  (100 m) test is now 

Unfortunately one of the dosimetry tubes w a s  no t  f u l l y  
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ahe measured react ion rates were used to ad jus t  the neutron f lux  spectra at each locat ion am dNlated by 
R. mil l i e  ( o m )  using the least-sqtums a d j u s t m n t  code STAY'S L. uncer ta int ies  i n  the react ion rates 
are listed i n  Table 1, the neutron fluxes were ass- to have a uncertainty of 201, and cross- section 
variances are taken f m  MDF/B-V. Gaussian covariances were ass- i n  al l  cases. The adjusted f luxes  
are listed i n  Table 2. I n  both cases t he  adjusted f lux spectra agree rather w e l l  with the Calculations. 
Soae caution is, IIovBver, required i n  the hafnium-shielded case s ince  the calculated group S t m t u r e  w a s  
too -e i n  t h e  resonance region. For example, the  197 Au (n ,  y )  resonance does not coincide with those 
i n  hafnium and thus, the resonance shie lding is not very large for t h i s  react ion.  

C a l C U l a t i O M  are perforad, V 8 r y  large errors w i l l  o M r  for this react ion.  Consequently, m m d i f i -  
ca t ions  were required i n  t h e  input ca lcula ted spectrum to avoid these resow~ce p i t f a l l s .  m v e r ,  these  
have no effect on the fast f l u x  or dosage. 

unless finer group 

The ban and hafnirnrshielded f lux  spectra are shown i n  Figure 1. The deep va l l eys  centered 
around 1 ev and 300 e V  are due to resonances i n  hafnium. The thermal f l u x  is depressed about a factor of 
8 ,  while the fast f lux  is only depressed about 51. colparison of the hro aluminum i r rad ia t ions  (no  
hafnium) show t h a t  the  fast f l u x  agraes within 1.5: and that the theraaVepitherma1 f l u x  differs by about 
5:. This d i f ference is presumably due to a s l i g h t  t i l t i n g  of the  f l u x  gradients  due to the presence of 
hafnium. 
depression near  the  hafnium assembly i n  order to maintain a ne t  parer level of 100 Iu. 
gradients  were measured a t  al l  three  RB posi t ions  at 6 d i f f e r e n t  v e r t i c a l  heights .  
shcnm i n  Figs. 2 and 3. In a l l  cases t h e  da ta  can be described by a s i n g l e  po lynmia l  as follows: 

(1) 

In o the r  vords, t he  reactor power must be s l i g h t l y  increased overall to -mate f o r  the 
V e r t i c a l  f l u x  

Selected r e s u l t s  are 

2 f ( z )  - a(l  + bz + CE ) 

where E - height i n  cm, f is the v a l w  of t h e  f l u  or damage rate a t  height L, and a is the midplam value 
(Table 2 or 3). for the  
fast reactions and b = -1.625 x and c 2 -1.280 x for the  t h e m l  react ions .  In the  hafnium case, 
the t h e m l  effect is q u i t e  s t r i k i n g  and we can nee i n  Fig.  2 t h a t  t h e  f l u x  rises near t h e  end ( r30  an) as 
we emrge fm t h e  hafnium shie ld .  
-1.18 x A11 of these parameter s e t m  are similar and the dif ferences  are negl igible  between -20 can to 
+10 - above midPlarte. 

A t  larger dis tances  the re  is c l e a r l y  a spectral s h i f t  si- the t h e d  flux falls mre rapidly  than the  
fast flux.  A t  20 cm above midplane the  theml to fast ratio is about 30: laer  than a t  midplane. Within 
the hafnium sh ie ld  the  theml vertical gradient is s l i g h t l y  shallaer than without the  shield] hcwever. 
the fast f l u x  gradient  is about the  mnte e i t h e r  way. 

best f i t  to the bare (no-Ef) d a t a  gives b - 1.975 x and c = -1.083 x 

For t h i s  case, t h e  f i t t i n g  procedure give0 b - 3.00 x lo-' and c - 

Danage and gas production rates were calcula ted with the SPEC~ER~ crmpter code and t he  r e s u l t s  are listed 
i n  Table 3. Both ca lcu la t ions  are for pos i t ion  IIBl and t h e  di f ferences  are mainly due t o  t h e  di f ference i n  
the fast f l u x  of about 1.51. 
'Iha hafnium sh ie ld  reduces t h e  h e l i u m  production i n  s t a i n l e s s  steel f rm 688 apa to 26.1 a m ,  a factor OF 
about 26. Of Course. t h i s  is only valid for t h e  above conditions and must be done for each case 
considering poesible burnout of the hafnium as wll. 
reduces t h e  thernml h e l i u m  effect without s a c r i f i c i n g  the fast damage production as desi red.  

5.1 Bf. RB Tests 

5.2 peanalvsis of the  HPIRRB 1. RBZ ExDe rjmentg 

ahe ca lcu la t ions  i n  Table 3 were done for a 1 year (365 PPD) i r r a d i a t i o n .  

I n  MY case, it i n  evident that t h e  hafnium, indeed, 

1. R .  G r e e d  (Argonne National Laboratory) 

ahe hafnium tests i n  the ramDvable b e r y l l i u m  (RE) pos i t ions  of W I R  described i n  sect ion 5.1 all- US to 
p e r f o m  de ta i l ed  Spedral measurements using short-lived a c t i v i t i e s ,  fissionable naterials. and them1 
shie lds .  
nloabsr of dosimeters to adjus t  a p r e v i w s l y  detemined neutron spectrum. 
the neutron f l u x  spectrum i n  the RB polritions have recen t ly  been p e r f o m  by D. L i l l i e  (OPNL). 
consideration of a l l  of t h i s  new data, it was apparent t h a t  our previous masurements for t h e  RB12 and RBZ3 
exper i rente  i n  W I R  should be reanalyzed. 

Table 4 lists revised neutron f l u e n w s  and d- parameters for t h e  RBI and RBZ experiments. 
damage gradients  CM be d e t e r a b e d  by the following polynomial equations 

These techniques cannot be ueed i n  long materiale i r r a d i a t i o n s  and we must r e l y  on a select 

Upon 
Furthemore,  m w  ca lcu la t ions  OF 

The r e s u l t s  of t h i s  reanalysis iM given below. 

l lm f lux  and 

f(s) - a(l+bz+cz2) (1) 

Where a - midplane v a l w  i n  Table 4, b - -2.48x10-3, c - -9.76x104, and z is the height i n  m. 
equation cannot be u.ed to d m c r i b .  d- and helium production i n  copper, nickel,  or s t a i n l e s s  steel and 
calculations for t h e  latter are given i n  Table 5. 

This 
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Table 1. Measured Reaction Rates for MIR-RE-Hf wets 

Value. normalized to 11.0 m parer 
level? accuracy ?2* 

- - 
Activation Rate, at/at-s ~- 

Reaction A1-RB1 Hf-RE1 Al-RE5 - 
lhernal ReactiocQ: 

58re(n,y)59~e(10-11) 9.75 1.14 10.50 

5 9 q  n,y ) 6 0 ~ (  10-9)* 3.12 0.490 3.2'7 

63cu(n,y)"~ lo-") 3.37 0.392 3.68 

64zn(n,y)65~n( IO-") 6.19 1.15 6.61 

176Lu(n,y)177~( 3.22 0.390 3.45 

I9'Au( n,~)~~'Au( lo-')* 1.74 0.493 1.85 

238u( n,y)239Np( 10-l') 7.28 2.69 8.36 

237Np(n,7)Z'8Np( lo-') 1.63 0.265 1.73 

Pa.tReacrLons 8 

wTi(n,p)46Qf( 2.38 2.25 2.37 

47Ti(n,p)47Sc( 3.74 3.53 3.81 

'8~i(n,p)48~c(1~-15) 5.98 5.75 6.03 

54~(n,p)5%n(1~-'2) 1.72 1.58 1.73 

58Ni( n.p)'@Co( lo-'') 2.32 2.16 2.36 

55~(n,2n)5%n(1~-15) 5.31 4.99 5.29 

9 3 ~ (  n, 2n )9'%( 10-l~ ) 1.04 0.966 1.08 

237Np(n, fission)( lo-] 5.43 4.60 5.75 

238~( n, fission )( 10-l' ) 7 . 8 8  7.65 8.15 
- - __ ___ 

Dilute elements alloyed with aluminum. 

Table 2. Mjusted Neutron Pluxes €or WIR-WHf Test 

Midplane Values Noraalised to 1 W  IIW - ___ 
Neutron Plwi, x 1014 n/m2-s 

energy RE1 Pa1 (Hf) RB5 
- __ ___ - 
Total 23.4 10.2 24.5 

mermal (2.5 ev)a 9.44 1.10 9.90 

Intermediate 8.75 4.03 9.09 

Past ( r . 1  NeV) 5.27 5.02 5.35 

% e m 1  araxwellian at 120°c. 

-- - _ -  
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Table 3 .  Danws Paramterm for WIR-€S-Hf T s m t  

- UidDLMB V a l  ues  xn RBl at 1 w m  

oanaSe/uear= 

Bare H f  covered 

Element LWA I-. apFn LWA He.  3 p ~ r  

T i  

V 

Cr 

rmb 

m 

d 

N i  

cu 

Nb 

m 

1 1 . 3  4.19 

1 3 . 1  0.16 

11.0 1.17 

12 .9  0 .97  

9 . 7  2 .06  

1 3 . 5  0 .97  

Past 11.0 31.0  

59Ni 3 
m t e  20 .2  5278.0 

Past  9 . 8  1 . 7 5  

“5zn 5.al 

mtal 9 .8  7 .06  

9 .8  0 . 3 9  

7 . 7  

1 0 . 3  

12 .0  

10 .3  

11.1 

9 .2  

10 .3  

1 0 . 1  

0 . 3  

10.4 

9 . 2  

- 

9 . 2  

9 . 4  

7 . 2  

4.00 

0.15  

1 .11  

0.94 

1 . 9 7  

0.94 

29 .0  

189.0 

1.69 

1 . 7 1  

0 .37  

__ 

316SSc 1 1 . 3  688.0 9 . 5  26 .1  

=a65 m kssming no b u r n u t  OE H f .  
%%-1 neutron self-shielding may reduce damage i n  m, CO. 
C 3 i 6 ~ t  m(o .645  ), wi( 0 .13  ), w o .  18 ), m( 0.019 ), m(0.026 ) . 

12 



Table 4 .  Reviaad Flue- and Damage Pxcamters for WIR-RB1 
- a 
Value. at midplanei use eqn (1) for gradients 

2 neutron r 1uence. x loz2 n/m -e 
L w e  Em &e? 

4.62 
2.15 
1.56 
0.91 

9.30 
4.19 
3 . 2 1  
1.90 

.aQlm& 

A1 
Ti 
V 

Paat 
Ni '*Ni 

mtal 

Faa t 
"zn 
m t a l  

Nb 

316 SSc 
yo 

m 
11.07 
6.48 
7.52 
6.31 
7.51 
5.52 
8.37 

6.30 
6.53 
12.83 

5.57 
'.Ol 
5.57 

5.50 
4.30 
6.62 

Eta 

2.93 
2 .41  
0.10 
0.71 
0.61 
1.27 
0.61 

18. 
3705. 
3723. 

1.09 
3.33 
4.42 

0.24 - 
485. 

Rsz 

- DPA 

23.1  
13.5 
15.7 
13.2 
15.6 
11.5 
17.1 

13.1 
17.4 
30.5 

11.6 

11.6 

11.5 
9.0 

14.3 

0.04 

H e .  aDm 

5.84 
4.92 
0.20 
1.42 
1.21  
2.52 
1.20 

36. 
9868. 
9904. 

2.2 
18.6 
20.8 

0.47 - 
1289. 

T-le 5. Revised Helium and DPA Rates for 316 SS for 
p I R - R s l  and R B Z  im3"LS 

mliw includes "Ni and famt reactions 
Damage includes extra t h e m 1  kick (Se /567)  

RB1 .- Pa2 

DPA - OPA miaht. am &, a m  - 
0 
3 
6 
9 
I2 
15 
18 
21 
24 

485 6.62  
478 6.55 
459 6.36 
427 6.05 
383 5.62 
328 5.07 
265 4.40 
196 3.63 
124 2.74 

1289 14.3 
1274 14.2 
1232 13.7 
1161 13.1 
1059 1 2 . 2  
931 11.0 
776 9.6 
596 7.9 
399 6.0 
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rig. 1. Caparison of STAY'SL-Adjusted  are and Hafnium-Shielded Neutron plux spectra Measured i n  the 
RBI Posit ion of WTR. me Large D i p  around 1 and 30 e V  are Caused by Hafnim Remnancee. 

9- 

6 -  

3 -  A = Hf RBI 

0 

rig. 2 .  Vertical Gradients a m  sham for the mermal Neutron Flux  Measure3 With and Without Bafniln i n  
Posi t ions  RB1 and RB5 of WIR. 

14 
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O !  I I I I I 

-30 -20 -10 0 10 20 
VERTICAL HE1GHT.m. 

0 

Fig. 3. Vertical Fast F l u x ( > . l  MeV) Gradients are Shown for Positions RE1 and RE5 of WIR. c lear ly ,  the 
Hafnium Shield has L i t t l e  Effect  on t h e  Past  Flux. 

Ihe present  r e s u l t s  indicate a subs tan t ia l  increase i n  the f a s t  f l u x  and damage rates for both experiments. 
‘me flux above 0.1 MeV hrrs been increased by about 30% f o r  RE1 and 8 O t  for RE2j howaver, t h e  t h e m 1  f l u x  
and f lux  above about 1-2 MeV are not very d i f f e r e n t  than before. I n  o the r  words, most of t h e  f l u x  increase 
has occurred between about 0.1to 1 we’, *re our monitore are not  very s e n s i t i v e .  If we colnpare damage 
rates t h i s  Smctral change beccaes mre a p p a r e n t  s ince  damage for 316 SS hae only increased by 1 7 t  for RB1 
snd 33% for RSZ. nelium rates a c t u a l l y  show a decl ine s ince  the very f a s t  f lux  (r5 MeV) which produces 
h e l i m  by ( n , a )  m c t i o n s  is ac tua l l y  less than before. For i ron,  t h e  h e l i m  ha8 been reduced by 2 3 t  for 
RBI and 106 for -2. For nickel  and s t a i n l e s s  steel, the thermal helium e f f e c t  has  also been reduced 
primari ly  due to d i f fe rences  i n  t h e  epithermal energy region. 

6.0  References 

1. L. R. Greenwood and R .  I(. Smither, i lafnim C o r e  Piece Test i n  ORR-WE4, Damage A n a l y s i ~ ~  
Fundamental Studies  @mrterly P r c q m s  Report, COE/ER-0046/17, pp. 5-10, May 1984. 

2 .  L. R. Greemrmd, Fission Reactor Dosimetry-WIRRBZ, ib id . ,  DOE/ER0046/22, pp. 5-7, August 1985. 

3. 1. R. Greenwood and R. I[. Smither, ANL/P”P/lU-l97, SPDCTER: Neutron Damage Calcu_lations for 
materials ~r~gi~t.~., January 1985. 

7.0 F u t u r e  ua* 

Analysis is i n  progress for t h e  Jp1 experiment i n  H P I R .  !de expect t o  receive samples shor t ly  Erma the f u l l  
cycle hafnium test i n  HPIR and f rom t h e  JP3 experiment. 
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SPECTRAL ANALYSIS  __ FOR THE REAL84 PROJECT 
L. R. G r e e d  (lugonne National Laboratory) 

1.0 obiective 

m establish standardized doeimetry procedures in order to reduce uncertainties in dapage analysis and 
correlation studies. 

2 . 0  s- 
Results of our spectral analyses for seven differunt neutron fields have been sbitted to the FXN.84 
Project. an international intercmwuison of neutron spectral adjwhDent procedures and d- 
calculations. Our results will be ampared with those f- about 20 different laboratories by the 
International Atomic Energy W e n q  in Vienna. 

3.0 r- 
Titlet Dosimetry and Damage Analysis 
Principal Investigator: L. R. Greenwood  
Affiliation2 m n n e  National Laboratory 

4.0 Plan Tasks subt ks 

Task II.A.6 oDsinetry Standamizaion 
Subtask II.A.6.1 Interlaboratory Calibration Program 

5.0 AcamDlishmente and Statue 

Analysis has been W l e t e d  for five test caees as part of the -4 Project, an international 
inte-rison of data and procedures used to adjust neutron spectra and predict damage in materials. 
was part of an international cmmittee which planned this exercise at several recent meetings. 
project is a follorup to the REAL80 Project which we participated in previouely.’ 
sets were provided for seven different test m e s .  
perfolaing a spectral adjustnent necessitating critical judgments regarding the data provided and then 
calculating selected damage parameters. 

1vo of the data sets were provided by US, namely a Ea(d,n) spectrum manured at a deuteron energy of 16 m V  
at the Azyonne Tandem Accelerator, and a fusion-like 1-V spectrum with lvom-rutum neutmns WasUred at 
RTNSII, Analysis was performed for five other spectra, namely a reactor cavity spectrum in a camercial 
reactor (Mransas Nuclear one), two pressure vessel simulator spectra masured in the poolside facility of 
the oak Ridge Research Reactor the coupled Fast Reactivity Heaeureaent Facility at the Idaho National 
Engineering Laboratory, and a 535U standard neutron field. 

The results of our analysis have been sent to W. L. Zijp at eQT, Petten, The Netherlande and to R. Cullen 
at the IAEA in Vienna, Austria. Over 20 different laboratories a m  expected to participate in the 
exercise. 
Reactor Dosimetry in April 1987. 

6.0 Referencee 

I 

In this exercise data 
This 

Each particiwt was then asked to analyze the data by 

m e  plan is to umplete the comparisons for presentation at the Sixth ASW-evRATon SyWOSim on 

1. w. L. eijp et al., Final ~ ~ Report . ~ .  on .~ the -0 Exercise, . ~ E L x l Z B ,  INDC(NED)-7, February 1983. 

7.0 plture work 

Wa will assist the IIW in the analysis of the data. 
national data files and procedures. 

The ultimate goal is to establish Standardized inter 
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CHAPTER 3 

REDUCED ACTIVATION MATERIALS 
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.- NEUTRON-INDUCED SWELLING AND MICROSTRUCTURAL DEVELOPMENT OF SIMPLE Fe-Mn and Fe-Cr-Mn ALLOYS IN FFTF 

F. A. Garner and H. R. Brager (Hanford Engineering Development Laboratory) 

1 .o Objective 

The object of this effort is to determine those factors which control the swelling of alloy systems which 
have the potential for reduced activation. 

2.0 Sumnary 

Three binary Fe-Mn and six Fe-Mn-Cr ternary alloys have been irradiated in FFTF at temperatures of 420, 
500 and 6OO0C to exposures ranging from 9-14 dpa. 
ated under comparable conditions there is essentially no dependence of void swelling on chromium or man- 
ganese content, and there also appears to be no dependence on irradiation temperature. 
alloys, however, Fe-Cr-Mn and Fe-Mn alloys do swell at %l%/dpa after the transient regime. 

While density change data indicate an apparent weak dependence of swelling on manganese level, microscopy 
shows that radiation-induced second phases that form may be responsible for a densification of the matrix. 
This densification approaches 2.2% at 35% manganese. 

In contrast to the behavior of Fe-Cr-Ni alloys irradi- 

Like Fe-Cr-Ni 

3.0 Program 

Title: Irradiation Effects Analysis (AKJ) 
Principal Investigator: D. G. Doran 
Affiliation: Hanford Engineering Development Laboratory 

4.0 Relevant OAFS Program Plan Task/Subtask 

Subtask II.C.1 Effects of Material Parameters on Microstructure 

5.0 Accomplishments and Status 

5.1 Introduction 

In previous reports(l.2) it was shown that the swelling of simple Fe-Mn binary and Fe-Mn-Cr ternary 
alloys in FFTF-MOTA at 52OOC and 1.14 dpa is remarkably insensitive to the chromium level and only weakly 
dependent on the manganese level as shown in Figure la. 
different from that of Fe-Cr-Ni alloys which are strongly sensitive to both chromium and nickel for 
comparable irradiation conditions. 

Figure lb shows that this behavior is quite 

Additional imnersion density data are now becoming available for this irradiation series. The portion Of 
the data matrix that is now complete leads us to revise somewhat our earlier conception of the parametric 
dependence of swelling in the Fe-Cr-Mn system. 
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FIGURE 1. Comparison between neutron-induced swelling i n  Fe-Cr-Mn and Fe-Cr-Ni alloys.(]) 
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FIGURE 2. Comparison of additional data on swelling of Fe-5Cr-15Mn at 14 I: 
published data for other Fe-Cr-Mn alloys at 520°C and 14 dpa.(2 I' 

5.2 New Data 

the tr d of prei 'USlY 

Figure 2 shows that the swelling data of one alloy, Fe-5Cr-15Mn. does not fit the behavior typical of the 
other previously reported alloys irradiated at 520'C and 14 dpa. 
same swelling is observed for this alloy, however, which leads us to speculate that irradiation above 
50OoC has caused some relatively temperature-independent phase evolution for this alloy that is different 
from that of the others. Figure 3 shows that, with the exception of Fe-5Cr-15Mn, all other alloys exhibit 
after irradiation at 6OO0C and 14 dpa essentially the same swelling as observed at 520'C and 14 dpa. The 
scatter at 6 0 O O C  is somewhat larger, however. This implies that there is little or no dependence of 
swelling on temperature in the range 520-6OO0C. 

At 6OO0C and 14 dpa essentially the 

It is desired to determine whether the independence of 
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temperature extends as low as 42OoC but unfortunately the data at 420'C exist only at 9 dpa, as is also 
shown in Figure 3. 
are exhibited at the higher manganese levels. 

Note that at 42OOC most alloys not only densify but that rather large densifications 

6 -  

5 -  

4 -  

3 -  

2 -  

At this point we can borrow from our experience on Fe-Cr-Ni alloys and remember that at low temperatures 
there is usu 1 1  
temperature.P3.3) Note in Figure 4 that we can draw lines between (42OoC, 9 dpa) data and (520°C, 14 dpa) 

identical to that observed for all other austenitic alloys in the post-transient regime. 

no temperature dependence of swelling and thus we can often plot the data ignoring the 

data for each alloy and that each line exhibits a slope of cl%/dpa. This apparent swell 

The densification shown in Figures 3 and 4 tends to imply that much of the previously observed COmPOSitiOn 
dependence o f  post-irradiation density change is a reflection of a process other than void swelling. 
Therefore the compos'tion dependence of swelling in the Fe-Cr-Mn system appears to be even less than 
previously reported.ll) 

71 I r\ Y I 1 I I 

SWELLING 
% 

TREND BAND 

- 1  

- 2  

9 dpa 

A OCr 
W 5Cr 
0 lOCr 
0 15Cr 

- 3  

wt.% MANGANESE 

FIGURE 3. New data showing swelling of Fe-Cr-Mn alloys at 420°C and 60OOC. Some alloys densify at 420°C. 

5.3 Microstructural Oevelopment 

Examination of these alloys by electron microscopy is now in progress. 
have been examined. 
comparable dislocation densities (4 x 1010 cm-2).  
however. 
sometimes elongated precipitates which are as yet unidentified. 
lower densities in the 30% manganese alloy. 
voids, %2 x 1014 cm-3 as compared to %S x 1013 cm-3 for the 30% manganese alloy. 
density was the major cause of the difference in local swelling (8% vs. 3%) of the two alloys. 
micrographs are shown in Figure 5. 

Two alloys irradiated at 520°C 
These are Fe-lOCr-30Mn and Fe-lOCr-20Mn. Both contained large voids (400 nm) and 

Similar precipitates existed at much 

There were two distinct differences in microstructure, 
First, the 20% manganese alloy had a moderate density (J x 1013 cm-3) of large (200-500 nm) and 

Second, the 20% manganese alloy contained a higher density of 
This difference in void 

Typical 
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5.4 Discussion 

The alloys irradiated in this experiment were selected to explore h 
exists between anomalous Invar properties and swel in resistance. 157 Since the Fe-Cr-Mn system also 
exhibits Invar behavior in the range around 35% Mn16-3) it was thought that there might be some 
advantage to developing low activation austenitic alloys which contain manganese levels of this magnitude. 

possibility that a correlation 

Just as radiation-induced spinodal-like decomposition is a consequence of the same metastability that 
produces anmalous properties in the Fe-Cr-Ni Invar regime, it is suggested that spinodaling also occurs 
in the Fe-Cr-Mn Invar regime. 
temperature dependence of swelling. however. spinodal decomposition in the Fe-Cr-Mn system must occur 
faster than it does in the Fe-Cr-Ni system. 
than the 0.9% that occurs tn the Fe-Ni-Cr system.797 This implies a much larger driving force in the 
Fe-Cr-Mn system. Figure 6 indeed shows that below 35% manganese the rate of change with manganese content 
of pre-irradiation density of Fe-Cr-Mn alloys is very large. If the density again rises steeply above 35% 
manganese, spinodal decomposition could indeed lead to a very substantial densification and a large driv- 
ing force. The micrographs shown in Figure 5 suggest. however, that there is another phase separation 
process occurring at lower manganese levels. More microscopy data are required to determine the nature of 
the swelling-phase stability relationship in this alloy system. 

In order to quickly and almost completely destroy the compositional and 

The e sification of 2.2% observed in Fe-35Mn is m c h  larger 

8.1 

ORIGINAL 
DENSITY OF 
ANNEALED 

ALLOY 7,8 

gmlcmJ 

7.7 

7.0 

I I I I 

I I I I 
16 20 25 30 

wt.% MANGANESE --a 

FIGURE 6. Dependence of pre-irradiation density on composition for annealed Fe-Cr-Mn alloys. 
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5.5 Conclusions 

There does n o t  appear t o  be any l a r g e  advantage t o  be gained a t  h i ghe r  (120%) manganese conten ts  i n  terms 
o f  t h e  i n t r i n s i c  s w e l l i n g  res i s t ance  of s imp le  Fe-Cr-Mn a l l oys .  However, t h i s  conc lus ion  may n o t  app ly  t o  
t h e  solute-modi f ied Fe-Cr-Mn a l l o y s  which have n o t  y e t  been examined. If rad ia t ion- induced p r e c i p i t a t i o n  
and/or s p i n o d a l - l i k e  decomposition i s  causing bo th  a l a r g e  d e n s i f i c a t i o n  and t h e  d e s t r u c t i o n  o f  t h e  swe l l -  
i n g  res is tance ,  then t h e  s tudy  o f  t he  d i f f e rences  between Fe-Cr-Mn and Fe-Cr-Ni I n v a r  a l l o y s  may l ead  t o  
c l ues  as t o  how t o  suppress t he  s p i n o d a l - l i k e  process and extend t h e  i ncuba t i on  pe r i od  o f  swe l l ing .  
Therefore examination of t he  Fe-Cr-Mn I n v a r  a l l o y s  w i l l  con t inue  desp i t e  t he  i n i t i a l l y  unsuccessfu l  
a p p l i c a t i o n  of t h e  I nva r - swe l l i ng  res i s t ance  c o r r e l a t i o n  t o  t h e  s imple Fe-Cr-Mn system. 
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7.0 - Future Work 

Dens i ty  change and 
Fe-Cr-Mn a l l o y s .  

microscopy da ta  w i l l  con t inue  t o  be  accumulated on bo th  s imple and so lu te- mod i f ied  

8.0 Pub l i ca t i ons  

None. 
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CHAPTER 4 

FUNDAMENTAL MECHANICAL BEHAVIOR 
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A THIRD STAGE OF IRRADIATION CREEP I N V O L V I N G  ITS CESSATION AT H I G H  NEUTRON EXPOSURES 

F. A. Garner and E. J. Makenas (Hanford Engineer ing Development Labora to ry )  and D. L. Po r t e r  (Argonne 
Nat iona l  Laboratory, EBR-I1 P r o j e c t )  

1 .o Ob jec t i ve  

The ob jec t  of t h i s  e f f o r t  i s  t o  determine t h e  mechanism b y  which r a d i a t i o n  a f fec ts  t h e  p r o p e r t i e s  and 
dimensions o f  r e a c t o r  components. 

?.O Sumnary 

As s w e l l i n g  approaches 5-10% i n  A I S 1  316, t h e  creep r a t e  appears t o  r a p i d l y  d e c l i n e  and e v e n t u a l l y  vanish. 
There may be some c o r r e l a t i o n  between t h i s  phenomena and changes i n  f a i l u r e  mode t h a t  a l so  appear t o  be  
r e l a t e d  t o  v o i d  swe l l ing .  

3.0 Prpgram 

T i t l e :  I r r a d i a t i o n  E f fec ts  Ana lys is  (AKJ) 
P r i n c i p a l  I nves t i ga to r :  0. G. Doran 
A f f i l i a t i o n :  Hanford Engineer ing Development Laboratory 

Relevant OAFS P r o g r a m  P lan  Task/Subtask 
----I 

4.0 

Subtask II.C.14 Models o f  Flow and F rac tu re  Under I r r a d i a t i o n  
Subtask II.C.16 Composite C o r r e l a t i o n  Models and Experiments 

5.0 Accomplishments and Status 

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

It i s  g e n e r a l l y  accepted t h a t  i n  s t r u c t u r a l  s t e e l s  a t  f u  i o n  re l evan t  temperatures t h a t  t he re  i s  one minor 
s tage of i r r a d i a t i o n  creep f o l l owed  b y  two major  stages.?1-3! The minor  s tage i s  t r a n s i e n t  i n  na tu re  and 
i s  found o n l y  i n  cold-worked s t e e l s  ve ry  e a r l y  i n  t h e  i r r a d i a t i o n .  
d i s l o c a t i o n  dens i ty .  The f i r s t  major s tage i s  charac te r ized  b y  a s teady- s ta te  creep r a t e  which appears t o  
be  athermal i n  na tu re  and which i s  independent o f  v o i d  swe l l ing .  I n  t h e  second major s tage t h e  creep r a t e  
i s  acce le ra ted  and appears t o  be p ropo r t i ona l  t o  t h e  s w e l l i n g  ra te ,  a t  l e a s t  f o r  r e l a t i v e l y  low s w e l l i n g  
l e v e l s  (<5%). 
associated w i t h  t h e  s w e l l i n g  r a t e .  

It r e s u l t s  f rom an i n i t i a l  r educ t i on  i n  

I n  t h i s  s tage t he  creep r a t e  t h e r e f o r e  has t h e  same paramet r i c  s e n s i t i v i t i e s  as those 

Ana lys is  of creep da ta  ex t rac ted  f rom components w i t h  h i ghe r  l e v e l s  o f  s w e l l i n g  now shows t h a t  co inc i den t  
w i t h  5-10% s w e l l i n g  l eve l s ,  a t h i r d  major s tage o f  creep evolves i n  which t h e  creep r a t e  begins t o  r a p i d l y  
d e c l i n e  w i t h  f u r t h e r  exposure and even tua l l y  vanish. 

5.2 Fuel  P i n  Data 

T h i s  t h i r d  stage was f i r s t  bought t o  l i g h t  when t h e  measured creep s t r a i n s  of h i g h l y  i r r a d i a t e d  20% co ld-  
worked f ue l  p i n  c ladd ing  f e l l  s u b s t a n t i a l l y  below t h e  l e v e l s  p red i c ted  b y  a c o r r e l a t i o n  developed f rom 
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creep tube data a t  lower f luence.(4*5) 
burn-up r a t i o  and a ve ry  h igh  neutron exposure. 

I t  i s  important  t o  no te  t h a t  t h e  creep p r e d i c t i o n  shown i n  F igure  1 i s  t h a t  of  an o l d e r  c o r r e l a t i o n  which 
d i d  n o t  inc lude e i t h e r  o f  t e i n s i g h t s  of a s w e l l i n g  r a t e  which approached 1Xldpa o r  creep r a t e s  propor-  

la rger .  emphasizing once again t h e  d i f f e r e n c e  between measured and p red i c ted  creep s t r a i n s .  

An example i s  shown i n  F igure  1 f o r  a p i n  w i t h  a h igh  f luence t o  

t i o n a l  t o  s w e l l i n g  r a t e s . ( l  ' 1 "  Thus t h e  creep s t r a i n s  pred ic ted b y  more recent  c o r r e l a t i o n s  would be even 

Examination o f  t h e  s t r a i n s  o f  o the r  f ue l  p ins  a t  lower exposure l e v e l s  provides some a d d i t i o n a l  i n s i g h t .  
F igure  2 shows t h e  s t r a i n s  measured i n  a fue l  p i n  a t  lower f luence and f o r  which t h e  f luence t o  burn-up 
r a t i o  i s  r e l a t i v e l y  h igh  b u t  no t  as h igh as t h a t  o f  t h e  p i n  shown i n  F igure  1. Note once again t h a t  t h e  
measured creep i s  s i g n i f i c a n t l y  l ess  than predicted.  F igure  3 shows t h e  s t r a i n s  of  a p i n  i n  which t h e  
f luence t o  burn-up r a t i o  i s  much lower b u t  i n  t h i s  case t h e  measured creep i s  comparable t o  o r  g rea te r  than 
t h e  pred ic t ions .  The agreement i s  bes t  a t  temperatures where pressur ized tube data  were a v a i l a b l e  i n  t h i s  
f luence range. Otherwise an under- pred ic t ion  of creep s t r a i n s  would be an t i c i pa ted .  I n  general t h e  t rends 
of these two p ins  are reproduced i n  o the r  p ins,  w i t h  t h e  d i f fe rence between creep p r e d i c t i o n s  and measure- 
ments being somehow dependent on t h e  f luence t o  burn-up r a t i o .  

The f luence t o  burn-up r a t i o  i s  l a r g e l y  determined by  t h e  enrichment of  t h e  fue l .  
i s  l a r g e  b u t  t h e  burn-up i s  low s w e l l i n g  gets s t a r t e d  w i thou t  t h e  presence of  s i g n i f i c a n t  s t ress .  
s t ress  a r i ses  f rom t h e  generat ion o f  f i s s i o n  gases and the re fo re  increases monoton ica l ly  w i t h  neut ron expo- 
sure. I n  p i n s  which have h igher  
enrichments and there fore  h igher  burn-up r a t e s  creep gets a head s t a r t  on s w e l l i n g  and t h e  p r e d i c t i o n s  based 
on pressur ized tube data  are  comparable t o  t h a t  a c t u a l l y  observed i n  t h e  fue l  p ins .  Thus i t  appears t h a t  
t h e  l e v e l  o f  s w e l l i n g  may be r e l a t e d  t o  t h e  s h o r t - f a l l  observed i n  creep. 

I n  p i n s  where t h e  f luence 
The 

Thus when creep begins i n  such a p i n  s w e l l i n g  i s  a l ready r a t h e r  advanced. 

Since fue l  p i n s  are  sub jec t  t o  complex h i s t o r i e s  of s t ress ,  temperature and chemical environment, t h e  pos- 
s i b i l i t y  can n o t  be r u l e d  ou t  t h a t  t h e  unexpectedly low creep s t r a i n s  might  have a r i s e n  as a r e s u l t  of  some 
p rev ious l y  unsuspected h i s t o r y  dependence o f  m ic ros t ruc tu ra l  evo lu t i on .  

5.3 Pressur ized Tube Data 

I n  order  t o  i n v e s t i g a t e  t h e  sources of these sometime low creep s t r a i n s  i t  i s  b e t t e r  t o  analyze t h e  deforma- 
t i o n  o f  non- fueled creep tubes a t  constant  pressure. 
i n t e r n a l  pressures one can ge t  some idea  o f  t h e  r e l a t i o n s h i p  between s t ress ,  s w e l l i n g  and creep. 
Uses measurements along t h e  l eng th  of r e l a t i v e l y  long pressur ized tubes data  a t  a g iven s t r e s s  can a l so  be 
obtained as a f unc t i on  of  neutron f l u x  and f luence. 

By comparing t h e  s t r a i n s  of tubes a t  d i f f e r e n t  
If one 
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FIGURE 1. Comparison of p red i c ted  and measured d iamet ra l  s t r a i n s  of 20% cold-worked AIS1 316 FFT Co e-4 
c ladd ing f o r  a f u e l  p i n  i r r a d i a t e d  t o  a peak f luence of 1.7 x 1023 n/cm2 ( E  >0.1 MeV).f4557 
Note t h a t  t h e  measured diameter changes appear t o  a r i s e  p r i m a r i l y  f rom t h e  swe l l i ng- re la ted  
s t ra ins .  
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worked A I S I  316. 
( E  >0.1 MeV) and 9.0% burn-up. 

Th is  h i g h  f l uence  t o  burn-up r a t i o  p i n  reached a peak o f  11 x 1022 n l c i g  
The vo lumet r i c  s w e l l i n g  a t  t h e  p o s i t i o n  of maximum s t r a i n  i s  9.4%. 
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FIGURE 3. Comparison o f  measured and p red i c ted  s t r a i n s  f o r  p i n  P-14-29 c l a d  w i t h  FFTF Core-1 20% co ld-  
worked A I S I  316. 
(E  > 0.1 MeV) and 11.5% burn-up. 

The low f luence t o  burn-up r a t i o  p i n  reached a peak o f  8 x 10z2 n l c d  
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H e l i u m- f i l l e d  tubes o f  t h i s  t ype  have been ir ad ia ted  i n  E B R - I 1  f o r  bo th  AISI 304 and AISI 316 s t e e l s  and 
d a t a  from these have been repo r ted  elsewhere.r6.7) 
316 ( N- l o t  hea t )  i r r a d i a t e d  a t  550OC (+lO°C) i n  each of t h e  f o l l o w i n g  cond i t i ons ;  annealed, 10% cold-worked, 
20% cold-worked and a Garafo lo- type coTd-worked and aged c o n d i t i o n  (Heat Trea t  0, f u l l y  ca rb i de  p r e c i p i -  
t a ted ) .  
worked c o n d i t i o n  was achieved b y  f i r s t  anneal ing a 20% cold-worked tube  and then rework ing  it. Thus t h e  
two cold-work cond i t i ons  do n o t  have t h e  same s t a r t i n g  s t a t e  s i nce  t h e  o r i g i n a l  20% cold-worked m a t e r i a l  
was annealed us ing  another technique i n  an i n d u s t r i a l  labora to ry .  

I n  t h i s  s tudy  we w i l l  concent ra te  on tubes of AISI 

The l a t t e r  c o n d i t i o n  i s  known t o  induce e a r l y  swe l l ing .  It should be noted t h a t  t h e  10% c o l d -  

These tubes have a 10 i nch  (0.25 m) p ressur ized  sec t i on  l oca ted  above t h e  co re  c e n t e r l i n e  and t h e  tempera- 
t u r e  was mainta ined b y  p reheat ing  t h e  sodium coo lan t  w i t h  a s o l i d  tan ta lum heater  i n  t h a t  sec t i on  of t h e  
tube  which i s  below t h e  core  cen te r l i ne .  
when t h e  tube was removed f rom t h e  r e a c t o r  f o r  t he  f i n a l  examination. Creep s t r a i n s  were measured a t  bo th  
core  cen ter  and o the r  a x i a l  p o s i t i o n s  du r i ng  i n t e r i m  examinations. Some tubes were sect ioned i n t o  a x i a l  
increments upon removal f rom t h e  r e a c t o r  and imners ion d e n s i t y  measurements were performed on them. 

The e n d - o f - l i f e  i n t e r n a l  gas pressure o f  each tube was measured 

F igure  4 shows t h e  t o t a l  d iamet ra l  s t r a i n s  measured a t  core  c e n t e r l i n e  f o r  t h r e e  10% cold-worked tubes a t  
d i f f e r e n t  s t r ess  l eve l s .  
t hey  do n o t  exceed t h e  s t r a i n - r a t e  (0.33%/dpa) t h a t  one would expect f rom s teady- s ta te  s w e l l i n g  a lone  ( 1 / 3  
o f  l%/dpa).  
F i gu re  5 shows t h e  s t r a i n  f o r  t he  cold-worked and aged Heat Trea t  D c o n d i t i o n  which i s  known t o  swe l l  sooner 
t han  cold-worked s t e e l .  Note t h a t  w h i l e  t h e  t r a n s i e n t  regime o f  d iamet ra l  deformation decreases i n  du ra t i on  
w i t h  i nc reas ing  s t ress ,  t h e  pos t- t r ans ien t  deformat ion r a t e  does n o t  appear t o  change. 
can t l y ,  t h e  t o t a l  deformation r a t e  does n o t  exceed t h e  0.33XJdpa expected f rom s teady- s ta te  s w e l l i n g  alone. 
Indeed i t  appears t h a t  t h e  well-known s t r e s s  dependence of creep r a t e  has disappeared somewhere between hoop 
s t r e s s  l e v e l s  o f  0 and 15 k s i .  A s i m i l a r  behavior  i s  shown i n  F igu re  6a f o r  t h e  20% cold-worked cond i t i on .  
Note t h a t  bo th  t h e  Heat Trea t  D and t he  20% cold-worked c o n d i t i o n  swe l l  sooner i n  t h e  s t r ess- f ree  c o n d i t i o n  

As t h e  s t r ess  increases t h e  creep and s w e l l i n g  s t r a i n s  a l so  inc rease b u t  toge ther  

The inc rease i n  s t r a i n  r a t e  between tubes a t  15 and 30 k s i  i s  s u r p r i s i n g l y  smal l ,  however. 

Even more s i g n i f i -  

than does t h e  10% cold-worked cond i t ion .  
f o r  t h e  10 and 20% cold-worked s tee l s .  

Th i s  i s  p robab ly  a r e f l e c t i o n  o f  t h e  d i f f e r e n t  s t a r t i n g  c o n d i t i o n s  

When t h e  s w e l l i n g  and creep s t r a i n s  a re  separated, i t  becomes more obvious why t h e  t o t a l  s t r a i n  r a t e  appears 
t o  sa tu ra te  a t  a l e v e l  independent o f  t h e  s t r e s s  and s t a r t i n g  cond i t i on .  
d e n s i t y  change measurements performed a long t h e  l eng th  o f  t h e  30 k s i  tube. 
a f f e c t e d  s w e l l i n g  s t r a i n s  w i t h  those o f  t h e  s t r ess- f ree  tube  i n d i c a t e s  a r e l a t i v e l y  smal l  i n f l uence  o f  
s t r e s s  i n  acce le ra t i ng  t h e  onset  o f  s teady- s ta te  swe l l i ng .  However, when t h e  s t ress- a f fec ted  s w e l l i n g  
s t r a i n s  a re  sub t rac ted  from t h e  t o t a l  deformat ion a t  30 k s i  i t  can be seen t h a t  t h e  creep s t r a i n s  indeed 
beg in  t o  sa tu ra te  co inc i den t  w i t h  s w e l l i n g  l e v e l s  o f  7-10%. The stress-dependence o f  creep d isappears 
because creep i t s e l f  disappears. 

F i gu re  6b shows t h e  r e s u l t s  o f  
Comparison of t h e  s t r e s s-  

Fu r the r  i n s i g h t  can be ob ta ined on t h i s  phenomenon b y  measuring t h e  s t r a i n s  o f  t h r e e  Heat T rea t  D tubes 
removed a t  a lower l e v e l  of i r r a d i a t i o n .  Note t h a t  t h e  s t r a i n s  o f  these tubes a re  compared i n  F i g u r e  7 
w i t h  those o f  t h e  nomina l l y  i d e n t i c a l  tubes a t  h i ghe r  f luence shown i n  F igu re  5. 
were sec t ioned i n  a x i a l  increments and d e n s i t y  change measurements made. 
t h e  s t r e s s- f r e e  s w e l l i n g  s t r a i n ,  t h e  onset  o f  creep s a t u r a t i o n  i s  camouflaged somewhat. Th is  may e x p l a i n  
why t h i s  phenomenon has n o t  y e t  been observed i n  t h e  sho r te r  p ressur ized  tubes used f o r  t h e  U.S. breeder 
r e a c t o r  s tud ies .  It i s  t h e  p r a c t i c e  i n  those s tud ies  t o  c a l c u l a t e  creep us ing  t h e  s t r ess- f ree  s t r a i n s  i n  
o rder  t o  avo id  s a c r i f i c i n g  a va luab le  s t r e s s - f r e e  tube a t  low and i n te rmed ia te  f l uence  l e v e l s .  Thus t h e  
stress-enhanced p o r t i o n  o f  t h e  s w e l l i n g  s t r a i n  i s  inc luded as a creep c o n t r i b u t i o n  which thereby  obscures 
t h e  observa t ion  of t h e  t h i r d  stage of creep. 

These lower f luence p i n s  
Note i n  F i gu re  8 t h a t  if one uses 

The annealed tubes from t h i s  experimental se r i es  were n o t  used i n  t h i s  ana l ys i s  because these tubes a f r e r  
removal from t h e  r e a c t o r  were found t o  have l o s t  t h e i r  gas pressure, i n d i c a t i n g  t h a t  t hey  f a i l e d  sometime 
d u r i n g  i r r a d i a t i o n .  These tubes s t a r t  t o  s w e l l  sooner than  do tubes i n  e i t h e r  t h e  cold-worked o r  Heat 
T rea t  D cond i t i ons .  Note i n  F i gu re  9 t h a t  t h e  30 k s i  tube  f a i l e d  somewhere be fo re  a d i ame t ra l  s t r a i n  o f  
>2% was a t t a i ned .  Judging f rom t h e  s t r e s s- f r e e  s t r a i n  behavior, most of t h i s  s t r a i n  i s  associated w i t h  
swe l l ing ,  i n d i c a t i n g  a s w e l l i n g  l e v e l  p robab ly  on t h e  o rder  o f  25%. While t h e  annealed tubes cannot be 
c o n f i d e n t l y  used t o  s tudy  t h e  pos tu l a ted  t h i r d  stage o f  creep, t h e y  do suggest another r a m i f i c a t i o n  of t h e  
swe l l ing- creep i n t e r a c t i o n .  In another r ecen t  paper i t  has been suggested t h a t  i f  l a r g e  l e v e l s  of v o i d  
s w e l l i n g  tend  t o  i n t e r f e r e  w i t h  irr d ' a t i o n  creep, i t  might  be expected t h a t  ex- reac to r  deformation and 
f a i l u r e  modes may a l s o  be affected.15) 
indeed occur f o r  s w e l l i n g  l e v e l s  on t h e  o rder  of 5-10%.(5) 
a r e  a l s o  af fected b y  swe l l ing .  While t h e  f a i l u r e  o f  t h e  annealed tubes cannot be taken as proof  of a causal 
r e l a t i o n s h i p  between t h e  reduc t i on  of i r r a d i a t i o n  creep and t h e  subsequent f a i l u r e  of t h e  tube, i t  does 
s i gna l  t h a t  a d d i t i o n a l  a t t e n t i o n  should be p a i d  t o  t h e  p o t e n t i a l  f o r  such a r e l a t i o n s h i p .  
t o  imagine how t h e  app l i ed  and swel l ing- generated s t resses  ( p a r t i c u l a r l y  a t  s t r e s s  r i s e r s  and t r i p l e  p o i n t s )  
a re  be ing  r e l i e v e d  when t h e  macroscopic creep r a t e  seems t o  disappear. 

It was shown i n  t h a t  paper t h a t  l a r g e  changes i n  f r a c t u r e  mode 
Perhaps then, t h e  i n - r e a c t o r  f a i l u r e  modes 

It i s  d i f f i c u l t  

28 



I I 1 

I I I I I 
m a m m 100 

DISPlACEMENTS PER ATOM 

FISURE 4. Diametra l  s t r a i n  a t  5 W C  observed a t  core  c e n t e r l i n e  of E K R - I 1  f o r  t h ree  pressur ized  tubes o f  
N - l o t  A I S I  316 i n  t h e  10% cold-worked cond i t i on .  

F I  

12 

I 30 ksi, 
I 

'0 t O.a%/dpa 
/ 

/ 

:t / 

zo 40 60 m 
DISPIACEMENTS PER ATOM 

0 

Diametral s t r a i n s  a t  5 5 0 T  observed a t  co re  c e n t e r l i n e  o f  EBR-I1 f o r  t h ree  pressur ized  tubes o f  
N - l o t  A I S I  316 i n  t h e  Heat Trea t  D cond i t i on .  

5.4 Discussion_ 

The m ic ros t ruc tu ra l  o r i g i n s  of t h i s  phenomenon are  n o t  a t  a l l  obvious and are  c u r r e n t l y  under study. Some 
observat ions can be made, however, t h a t  may a t  l e a s t  p a r t i a l l y  exp la i n  t he  observed r e s u l t s .  F i r s t  o f  a l l ,  
a t  these s w e l l i n g  l e v e l s  t h e  overwhelming m a j o r i t y  o f  d i s l o c a t i o n s  te rmina te  a t  v o i d  surfaces, a s i t u a t i o n  
i n  which t h e  c l imb  r a t e  of d i s l oca t i ons  can be s t r o n g l y  af fected b y  p i pe  d i f f u s i o n  of defects i n t o  t he  
voids.  
l oca t i ons  w i l l  be decreased as t h e  vo ids  become t h e  dominant obstacle.  Th i s  w i l l  reduce t h e  amount o f  
creep t h a t  can occur f o r  a g iven  l e v e l  o f  i r r a d i a t i o n .  
p r i m a r i l y  t o  i r r a  i a t i o n  induced c l imb  o f  d i s l oca t i ons ,  one can env i s i on  a s i t u a t i o n  i n  which t h e  S I P A  

t i o n s  l y i n g  on some planes i s  enhanced b y  t h e  app l i ed  s t r ess  s t a t e  w h i l e  o the r  l e s s  favorab ly  o r i e n t e d  
d i s l o c a t i o n s  a re  i n h i b i t e d  i n  t h e i r  c l imb  r a t e .  I n  sho r t ,  t h i s  mechanism r e q u i r e s  t h a t  d i s l o c a t i o n s  l i e  on 
d i f f e r e n t  p lanes w i t h  d i f f e ren t  Burgers vec to rs .  Gel les and coworkers have r e c e n t l y  shown t h a t  l a r g e  
a p p l i e d  s t resses  lead  t o  an an iso t ropy  of d i s l o c a t i o n s  such t h a t  unfavorably o r i e n t e d  d i s l  c a t i  ns e x i s t  a t  
s u b s t a n i t a l l y  reduced d e n s i t i e s  w h i l e  favorab ly  o r i e n t e d  d i s l o c a t i o n s  i nc rea  e i n  e n ~ i t y . f g * ~ O ?  S i m i l a r  
s t ress- induced an iso t rop ies  have been observed i n  t h e  Frank l oop  population.?11.12? Hence, t h e  S I P A  creep 
mechanism may n o t  f unc t i on  ve ry  e f f e c t i v e l y  a f t e r  t h e  s t r e s s  s t a t e  has s u b s t a n t i a l l y  a l t e r e d  t h e  d i s l oca-  
t i o n  and l oop  mic ros t ruc tu re .  

Th is  w i l l  t end  t o  change t h e  b i a s  o f  t h e  d i s l o c a t i o n  network. Second, t h e  g l i d e  d i s t ance  o f  d i s -  

Third,  if t h e  creep process i s  now r e s t r i c t e d  

creep mechanism(8 Y may . no - '  longer  operate e f f e c t i v e l y .  Th is  mechanism requ i res  t h a t  t h e  c l imb  of d i s l oca-  
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FIGURE 6. a )  Deformation observed i n  p ressur ized  tubes o f  20% cold-worked A I S 1  316 i r r a d i a t e d  i n  EBR-I1 a t  
55OOC. 
l eve l s .  b )  Dens i ty  measurements on t h e  30 k s i  p ressur ized  tube  show t h a t  s t r e s s  acce le ra tes  t h e  
r a t e  o f  s w e l l i n g  and i t s  approach t o  l%/dpa, b u t  a l s o  causes t h e  creep r a t e  t o  approach zero  a t  
h i gh  s w e l l i n g  l e v e l s .  

Note t h a t  t h e  t o t a l  s t r a i n  r a t e  does n o t  exceed 0.33%/dpa, even a t  ve r y  h i g h  s t r e s s  
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FIGURE 7. Comparison o f  t h e  s t r a i n s  a t  550°C o f  t h r e e  pressur ized  tubes i n  t h e  Heat Trea t  0 c o n d i t i o n  w i t h  
those a t  h i ghe r  f luences shown i n  F igu re  5. 

Since t h e  d iamet ra l  creep r a t e  does s a t u r a t e  a t  approximately  one- th i r d  o f  l%/dpa, t h e  l a t t e r  be ing  t h e  
s teady- s ta te  s w e l l i n g  ra te ,  t h i s  imp l i es  t h a t  s t r ess- a f f ec ted  s w e l l i n g  i t s e l f  i s  i s o t r o p i c .  
volume r e q u i r e  d i s l o c a t i o n  mot ion b u t  t h e  apparent disappearance o f  creep imp l i es  g r e a t l y  reduced m o b i l i t y  
o f  d i s l oca t i ons ,  o r  a t  l e a s t  a r educ t i on  i n  t h e i r  a b i l i t y  t o  sense and r e a c t  t o  t h e  s t r e s s  s ta te .  Th i s  
apparent paradox awai ts  t he  a c q u i s i t i o n  of more da ta  before i t  can be resolved.  

Increases i n  

5.5 Conclusions 

Co inc ident  w i t h  t h e  at ta inment  o f  s w e l l i n s  l e v e l s  i n  t h e  ranae 5-108. i r r a d i a t i o n  creeD i n  A I S 1  316 appears 
t o  dec l i ne  i n  r a t e  and even tua l l y  vanish.-  There may be some"re1ationship between this'phenomenon and t h a t  
o f  changes i n  f a i l u r e  mode t h a t  a l s o  appear t o  be r e l a t e d  t o  swe l l ing .  
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FIGURE 9. Creep Strains observed in annealed AIS1 316 tubes irradiated at 550°C in EBR-11. All of these 
pins were found to have lost their gas pressure somewhere prior to their final examination. 
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7 .O Future  Work 

Th i s  e f f o r t  w i l l  continue, p a r t i c u l a r l y  i n  t h e  area o f  poss ib l e  r e l a t i o n s h i p s  between swe l l ing ,  creep and 
ex- reactor  deformation. 

8.0 Pub l i ca t i ons  

None 
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CHAPTER 5 

RADIATION EFFECTS MECHANISMS 
AND CORRELATIONS 
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A CONPOSITE MODEL OF MICROSTRUCTURAL. EVOLUTION IN AUSTENITIC STAINLESS STEEL UNDER PAST NEUTRON IRRADIATION 
R. E .  Stoller (Oak Ridge National Laboratory) and G. R. Odette (university of California, Santa Barbara) 

1 .o Objective 

To develop a amprehenaive model of the microstructural evolution of austenitic stainless steels under the 
irradiation conditions typical of a D-T fusion reactor first wall. 

2 .o Summary 

A rate-theory-based model has been developed which includes the simultaneous evolution of the dislocation 
and cavity components of the microstructure of irradiated stainless steels. Previous work has generally 
focused on developing models for void welling while neglecting the time dependence of the dislocation 
structure. These models have broadened OUK understanding of the physical processes that give rise to 
swelling, e.g., the role of helium and void formation from critically-sized bubbles. That work has also 
demonstrated some predictive capability by successful calibration to fit the results of fast reactor 
swelling data. However, considerable uncertainty about the values of key parameters in these models limits 
their ueefulaess ae predictive tools. Hence the use of such models to extrapolate fission reactor swelling 
data to fusion reactor conditions is compromised. 

The present work represents an effort to remove some of these uncertainties by self-consistently generating 
the time dependence of the dislocation structure, both faulted loops and network dislocations. The mdel's 
predictions reveal the closely coupled nature of the evolution of the various microstructural components 
and generally track the available fast reactor data in the temperature range of 35w700'C for doses up to 
100 dpa. As the theoretical model has become more complex, parameter choices began to be constraiied to a 
more limited range of values in order to obtain this agreement between theory and experiment. While the 
model remains approximate in many respects, it should ultimately provide a more ueeful tool for 
understanding microstructural evolution under irradiation and permit more confident predictions of void 
swelling in future fusion reactors. 

3 .O P,,gram 

Title: Radiation Effects Mechanisms 
Principal Investigator: L. K. Mansur 
Affiliation: Oak Ridge National Laboratory 

Title: Damage Analysis and Fundamental Studies far Fusion Reactor Materials Development 
Principal Investigators: G. R. Odette and G. E. Lucas 
Affiliation: University of California, Santa Barbara 

4 .O Relevant DAFS Program PlanlSubtask 

Subtask II.C.1.2 Effects of Material Parameters on Microstructure - Modeling and Analysis 
Subtask II.C.16.1 Composite Correlation Models and Experiments - Correlation Model Development 
Subtask II.C.18.3 Relating Low and High Exposure Microstructures - Modeling and Analysis 

5 .O Accomplishments and Status 

5.1 Introduction 

The task of predicting the observable effects of neutron irradiation of stainless steel is hindered by the 
complex interactions of numerous microscopic phenomena ( I ) .  A rigorous treatment requires that one con- 
sider the simultaneous evolution of the various microstructural features and microchemical effects such as 
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solute segregation and irradiation induced phase instabilities. 
biases are difficult to quantify precisely, yet they play a major role in determining the nucleation and 
growth rates of the Various extended defects. 

Development of theoretical models is further hindered by an incomplete data base and large heat-to-heat 
variations in microstructural data. Such VaKfations may in part be related to effects such as reactor duty 
cycle differences during various experiments or uncertainties i n  the temperature, flux. and fluence at 
which the experiment was conducted. However, type 316 stainless steel has also shown a significant sen- 
sitivity to subtle changes in minor alloying element8 (e.g. carbon, titanium, and silicon) (2 )  and details 
of thermo-mechanical treatment. Such sensitivity increases the uncertainty i n  determining values for cer- 
tain critical physical parameters, such as "effective" diffusion coefficients and the recombination coef- 
ficient. Further, model predictions are not unique in that different sets of mechanisms and parametere can 
result in "reasonable" agreement with the data. This is particularly a problem if interpretation of 
limited data sets, containing intrinsic uncertainties. ace interpreted in terns of single or few mecha- 
nisms. 
the underlying mechanisms and by failing to consider the statistical significance of so-called data trends. 
Single mechanism models can be very important in developing an understanding of individual processes; 
however, they can justifiably be applied in quantitative analysis only if both KigOKOUS control over 
experimental variables is maintained and i f  it can be shown that the interaction of multiple mechanisms is 
not important. This is not often the case in practice. However, empirical approaches may still provide an 
engineering expedient for data correlation and some limited extrapolation of data. 

More complex quantitative models allow for competition and interaction of mechanisms which have been iden- 
tified, but they suffer from the proliferation of non-unique parameters as noted above. Hence, they are 
most effective as analytical tools only if the possible ranges of parameter combinations are identified and 
considered in any extrapolation. 
recognition of the likely non-uniqueness of any single calibration and a quantitative effort to ascertain 
the consequences of this in extrapolated predictions. This general problem has been discussed In some 
detail previously ( 1 ) .  

The model described below is part of an overall effort to develop a quantitative understanding of 
microstructural evolution in irradiated alloys. The model focuses an the coupled evolution of the major 
microstructural features observed in irradiated austenitic scainless steels; bubbles, voids, faulted dislo- 
cation loops and network dislocations. The effects of second phase precipitate particles are included to a 
limited degree. 
importance, are not explicitly treated. However, the influence of microchemical evolution is approximately 
accounted for in the various rate theory parameters. The major approximation here is in the use of 
material parameters (e.g. biases and diffusivities) which are not altered to reflect either spatial or tem- 
poral fluctuations in the alloy composition. 

Parameters such 88 effective pint defect 

Unfortunately such interpretations are often further compromised by only qualitatively considering 

Two important components of any data analysis effort are the explicit 

The effect8 of microchemical evolution, which is known to OCCUK and is likely to be of 

5.2  Description of the Model 

The model developed here is an extension of previous work which examined primarily the evolution of the 
cavity wmponent of the irradiated microstructure (3-7). That work helped to establish the generally 
accepted sequence of events which lead to void swelling; vi=., that bubbles nucleate and elowly grow by 
accumulating both vacancies and helium until they reach a critical size, r*, which is determined by the 
vacancy supersaturation, S, the material parameters Y, the surface energy and n, the atomic volume and 
temperature, T. 

The function f(tn S) is a non-ideal gas correction factor (7); for an ideal gas f = 413. 
this critical size the bubbles are converted to voids and begin to grow primarily by vacancy accumulation. 
Similar work by others has also confirmed this general scenario (8-10). Since references b and 7 describe 
the cavity evolution model in detail, it will not be discussed further here. 

After reaching 

5.2.1 Calculation of Point Defects 

The approach used to calculate the point defect concentrations follows the familiar rate theory (b.11). 
conventional rate equations which describe the vacancy and interstitial concentrations are slightly 
modified due to the dislocation evolution models. The following assumptions are implicit in the mathemati- 
cal description: 

1 .  The concentrations of vacancies and mono-, di-, tri-, and tetra-interstitials are calculated as if 

The 

they were at steady state during a given time step. 
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2 .  Only the mono-defects are mobile. 
effect on the point defect calculations (12) .  
(0.85 eV) is used. This value is wnsistent with recent measurements of this parameter in austenitic 
steels ( 1 3 . 1 4 ) .  

Mobility of small clusters has been shown to have no significant 
A relatively high interstitial migration energy 

Solute-interstitial trapping could account for this value. 

3. The tetra-interstitial is the stable nucleus for faulted loop growth. The di- and tri-interstitials 
may thermally dissociate by emitting single interstitials. 

4 .  The point defect sinks included are bubbles, voids, subgrain structure, transient vacancy clusters in 
the form of microvoids as a result of cascade collapse, network dislocations and Frank faulted loops. 
The sink strengths are calculated using a first order effective medium approach as described pre- 
viously ( 6 ) .  
sinks are unbiased. 

The faulted loop and network dislocations preferentially absorb interstitials; all other 

The rate equations then are: 

( 3 )  
n E c vcl - aC C - D C ( S  + Si + Si + Si + S i )  i v  i i  i 

In Eqs. (F6) CZ. Cj, and C 4  are concentrations of di-, tri-, and tetra-interstitials, the 6 

r2,3 are rate wnstants for the impingement of point defects on interstitial clusters of size j and the 

thermal dissociation of di- and tri-interstitials. respectively, S 

and K4 will be discussed below. 

and 
f.V 

d 

e 
is the faulted loop sink strength 

i,v 
The other terms have their normal meaning (see Table 1). 
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TABLE 1. VARIABLE DEFINITIONS 

Parameter 

Lattice parameter, a 
Atomic volume, 11 

Valuelunits 

3.58 x 10-l'Jm 
1.15 x m 3  (ao313) 

2.53 x 10-l' m (ao / f i )  

2.07 x 1 0 - l u m  ( a o / 6 )  

m 2 / s e c  

m2/sec 

#latom 

#/atom 

Illatom 

#/atom 

#latom 

Illatom 

m- 

#/atom 

bd Network dislocation Burgers vector, 

Faulted loop Burgers vector, be 

vacancy diffusivity, D" 

Interstitial diffusivity, D 

Vacancy concentration, 

Thermal equilibrium vacancy concentration, 

Interstitial concentration, 

Di-interstitial concentration, C2 

Tri-interstitial concentration, C3 

Tetra-interstitial concentration, C+ 

Extended defect sink strengths, 

Extended defect equilibrium vacancy concentrations, cj 

i 

cV 

ci 

%V 

V 

where: j - c for cavities 
- n for network dislocations 
= e for faulted loops 

= g for subgrains 

- vc1 for microvoids 
The Z," (K) are faulted loop bias factors for interstitials and vacancies and rc and r are the dislocation 

core radius and the outer Cutoff radius. respectively. The Outer cutoff radius is taken as the mean dislo- 
cation spacing, r - ( n P n ) - l / Z ,  and the core radius is twice the Burgers vector, r - 2bp (16.17).  

for the binding energy of the second and third interstitial in a cluster (E2,3) b and for the combinatorial 

numbers ( z : , ~ )  in Eq. (10) are given in Table 2. The choice of these values will be discussed below. 

The vacancy generation rate is computed by summing the contributions from each sink type (S ). 

0 'V 

Values 
0 C 

j 

(10) Gv - rlG ( 1  - x) + Dv 1 SjCv .i 
dpa 

The C j in Equation (10) are the vacancy concentrations in equilibrium with the appropriate sink. These have V 
been given previously (6 )  with the exception of C;, the value for faulted loops. 
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Parameter 

vacancy migration energy, 

Vacancy formstion energy, E f 
V 

TABLE 2. TYPICAL MATERIAL AND INPUT PARAMETERS 

Value - 

1.4 eV 

1.6 eV 

Interstitial migration energy, E" 

b Di-interstitial binding energy, E? 

b Tri-interstitial binding energy, E 3  

b Helium-divacancy binding energy, % 
Vacancy diffusivity pre-exponential, Do 

Interstitial diffusivity pre-exponential, Do i Recombination coefficient, a 
Displacement rate, Gdpa 
Helium generation rate, G 
Cascade efficiency , rl 
Fraction of cascade vacancies collapsed into microvoids, x 
Interstitiallvacancy combinatorial number 

i 

V 

He 

far interstitial clusters 

Surface free energy, y 
Stacking fault energy, y 
Initial dislocation density, ~ ~ ( 0 )  

Network dislocationlinterstitial bias, 2: 

Faulted looplintersritial bias, 
Subgrain size, d 

a 

g 

Hicrovoid radius, r mv 

t Total cavity density, Nc 
Precipitate associated cavity fraction, fp 
Precipitate sink strength, S 
Precipitate nucleation time,'r 

P 

Cavity volume factor, 3F (0)/4 II 

Cavity surface area factor, Fs(B)/4n 
Lattice parameter, a 
Atomic volume, $1 

V 

d Network dislocation Burgers vector, b 

Faulted loop Burgers vector, BQ 
Thermal dislocation evolution parameters 

D source density, S 

Modified back stress term, A' 

0.85 eV 

1.35 eV 

1.75 eV 

0.5 eV 

8.0 x m'lsec 

8.0 x m'lsee 

1 x d alsec 
3.50 x Helatomlsec 

2 X IO1' Di sec-' 

0.333 
0.6 
Z1 = 63 i 2: = 33 

Z: = 90 z 3  = 38 

2: = 110 

Z 4  = 130 

2: = 42 

i 

3.24 - 1.4 X 

1.5 x IO-' J/m2 
3.0 x IOl5 m-' - 20% cold worked 

T("3 Jlm2 

1.25 

I .50 
T 5 500°C 1.0 x m 

= 550 1.25 x m 
= 600 3.0 x m 
= 650 7.75 x m 
= 700 1.70 x 1 0 - ~  m 

T = 350°C 7.0 x 10-l' m 
= 400°C 7.5 x IO-" m 
> 450'C 8.0 x 10-l' m - 

2.53 x IOz6 exp(-0.023 T('C)) m-3 
0.1 
4 x 1014 m-2 
0.16 (700 - T("C)) dpa 

Matrix Precipitate-associated 
I .o 0.40 
1.0 0.434 

2.53 x IO-" m (ao/fi) 

2.07 x 10-l' m ( a o 1 6 )  

T i  550°C 2.0 x IO" m-3 - 600'C 9.7 x IOzo m-3 
= 650'C 1.2 x IO" K 3  - 700'C 2.0 x 10'' K 3  
0.05 
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The first term in the exponential in Eq. (11) is the elastic energy opposing loop growth due to the 
increasing dislocation line length while the second term is due to the stacking fault; Gs is the shear 

modulus (15) ,  u is Poisson's ratio , Ysf is the stacking fault energy and b, is the Burgers vector (bQ - 
so/ 6). 

5.2 .2  Faulted Loop Evolution 

The present model distinguishes between the small interetitial clusters and the larger faulted loops by 
treating their evolution differently. 
against growth to the size of the first faulted loop size class. If r+ is the radius of the tetra- 
interstitial and rp is the radius of loops in the first size class, 

The K +  term i n  Eq. (6 )  is the lifetime of a tetra-interstitial 

a 
o c  V 

in which A - 2 n I M r  11 ) and C is given by Equation (11). 

The use of the term Ck74-l in Eq. ( 6 )  permits a transition between regions in which alternate descrip- 
tions of interstitial loop evolution are used. As shown in Eqs. (e), a discrete clustering calculation 
is done for sizes up to the tetra-interstitial. 
greater than lo4 rate equations if it yere used for loops up to the maximum size observed experimentally. 
The evolution of the larger loops is instead given by equations of the form 

However. this description would necessitate integrating 

P a where Ni is the number of loops in a given size class with radius ri and the Ti are given by Eq. (12) with 

the appropriate radii  used as the limits of the integration. The loop size distribution between r+ and the 
maximum loop radius is divided into a histogram which preserves the essential features of the distribution. 
The number of size classes required can be determined numerically. Figure 1 is a plot of the loop density 
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FIGURE 1. Faulted Loop Density (N1) and Loop Line 
Length (PI) as a Function of the Number 
of Loop Size Classes. 



and loop line length at 450°C as a function of the nunber of size classes used. These parameters are 
essentially independent of the number of size classes when greater than about 15 are used. 

It remains to be shown that Eq. ( 6 )  provides a numerically appropriate boundary condition between the two 
regions. This can be done by comparing the net forward CurKent (J ) from Eq. (6) with a more rigorous 
calculation based on the continuity equation. The continuity equatfon yields the following result: 

- i ( r  + 6r)n(r + 6r) + ;(r)h(r) 
6r 

If r = r4,  r + 6r = r g .  n(r) = Cq and n(r + 6r) = C,; then Eq. (15) yields: 

(17) 
C4be a a e 

J+ A(r5 - TI,) [ZI(r4)DiCi - ZV(rr)DV(CV - Cv(r4)l 

where Eq. (13) bas been substituted for %Cq). Alternately, J+ from Eq. ( 6 )  is given by C*?q-'. 

where the integral has been approximately evaluated by the values of the integrand at the lower limit times 

dr. In the limit as rl approaches r5 (the radius of the penta-interstitial), Eqs. (17) and (19) are equal 
by inspection. This equality is subject to the assumption that the integrand i n  Eq. (18) is only a weak 

function of r. This condition is met by noting that D C (r) - 0 for small loops and that in the present 

model the biases are not size dependent for the smallest loops. Finally, it is worth noting that the 

values in Fig. 1 for 32 size classes correspond to the case where r l  = r5. 

a 

a 
v v  

e 

5.2.3 Network Dislocation Evolution 

The model for the evolution of the dislocation structure includes four components, two of which are solely 
due to the irradiation and two of which are thermal. The thermal components are a high temperature climb 
source term (Bardeen-Herring sources) and a thermal annihilation term due to stress-assisted directional 
diffusion of vacancies. 
Network dislocations can be recovered by climb and glide processes leading to annihilation. The present 
model assumes that climb is the rate controlling process. The climb velocity of an edge dislocation sub- 
ject to a Stress, a, is given by Nix et. al. (20) as 

Models of this type have been developed for the study of creep processes (18,19). 

D Cea . 2n n 
v =  CI en(= I r  ) E v v o c  

(20) 

Adopting the model of Gibbs ( 2 1 ) ,  the stress is assumed to be an internal (back) stress due to a population 
of immobilized dislocations 

a = AGbpi1l2 (21) 
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where A is nominally 0.4 and p is the density of pinned dislocations. The average climb distance is taken 
as the mean dislocation spacine 

dcl - (nPn)-1f2 . ( 2 2 )  

Using Eqe. (20-22) one obtains a lifetime against annihilations due to this climb-glide process 88 

In Eq. (23) AP:f2 has been set to A'pAf2 and the parameter A' was used to fit thermal recovery data. 

The Bardeen-Herring sources for network dislocations are Similar to the Frank-Read source except that the 
former are climb driven while the later are glide driven ( 2 2 ) .  The source is shown schematically in 
Fig. 2 in which a pinned dislocation segment is bowed due to an applied stress. After climbing a suf- 
ficient distance, the SOU KC^ will collapse leaving a dislocation loop and the original line segment once 
agaii able to generate succeeding loops. For simplicity, the source may be assumed to generate 2nL of new 
dislocation line length after climbing a distance L. The climb velocity is given by Eq. (20) and the 
generation rate is then 

12 which S is the source density. In cold worked materials potential sources of this type include not 
only the dPslocation network but also the subgrain structure. The parameter S was also used as a fitting D parameter. 
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FIGURE 2. Schematic Drawing of Bardeen- 
Herring Dislocation Source 
(After Ref. 22). 

The thermal dislocation source and annihilation terms Were 
calibrated using tensile data obtained at 450". 550", and 650°C 
for AIS1 316 stainless steel. This data included yield strength 
measurements ( 2 %  offset) for both 20% cold-worked and solution 
annealed material a8 well as 20% cold worked material aged for 
4000 hours at the test temperature ( 2 3 ) .  Assuming that the bar- 
dening increment due to network dislocations varies as ( pn) '1' 
( 2 4 )  and that this is the primary came of the increased yield 
strength of the wld-worked material relative to the solution 
annealed material. the ratios shown in Table 3 are obtained from 
the data. The mdel's predictions far these same ratios are 
also listed. These -re obtained by computing the dislocation 
evolution with G - 0 in the model. 
TABLE 3 .  RESULTS OF THERMAL DISLOCATION EVOLUTION CALIBRATION. 

dpa 

Dislocation Density Ratio: Cold Worked + 4000 h at T 
As Cold Worked 

Test Temperature 
T ('0 Data Model - - 

450 
550 
650 

0.73 0.99 
0.41 0.41 
0.054 0.053 

The parameters used to obtain these results are listed below in Table 4 .  They are discussed further in the 
section on Model Predictions. 

Under irradiation, the growth and unfaulting of Frank loops provides an additional source of dislocations. 
The mdel assumes that the maximum loop size is governed by the geometrical constraint that the loop 
unfaults upon wntacting another loop or network dislocation, hence 
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TABLE 4 .  THERHAL DISLOCATION EVOLUTION P W T E R S  

Modified back stress term. A' 

Source density, S 

0.05 

TI 550-c 2.0 x loz1 m-3 

= 600'c 9.7 x 10" m-3 

= 650'C 1.2 x I O z o  K3 

- 700'C 2.0 x 1019m-3 

D 

where Pt is the total dislocation density (25). 

considered Frank loops and a dislocation line length 2nruenfNLf is added to the dislocation network. The 

t h e  constant for this process is given by Eq. (12) with the appropriate limits of integration. The rate 
at which new dislocation line length is generated by this mechanism is: 

As the loops grow into this size class, they ace M longer 

Network dislocations can a l s o  be annihilated by bias driven dimb of point defects generated by irra- 
diation. The climb velocity for this process is 

where the superscript n denotes the relevant parameter for network dislocations. 
which leads to Eq. (23), the dislocation lifetime for this process is 

By similar reasoning 

The lifetimes given in E q s .  (23) and (29) are added using an electrical resistance analog to yield the 
total lifetime of network dislocations. 

This finally leads to a rate equation describing the evolution of the dislocation network as 

5.3 Kodel Predictions and Comparison with Data 

5.3.1 Parameter Choices 

There are at least two general goals in developing models such as have just been described. 
to develop an understanding of the important physical processes which lead to microstructural evolution 
under irradiation and the other is to ultimately provide some predictive capability. The satisfaction of 
both of these goals is frustrated by a lack of well known material parameters for austenitic stai2less 
steel. In some cases, measurements made on pure metals can be used to provide initial estimates, but key 
parameters are known to be sensitive to alloy cnmposition and perhaps impurities (11,12,2629). Although 
simple void swelling models have been successfully used to explain much of the available swelling data and 
have provided considerable insight into the mechanisms responsible for this phenomenon (H), the ability 
to do predictive vork with these models is compromised by uncertainty about parameter values. 
when bulk recombination is ignored and dislocations are the major point defect sink, the vacancy super- 
saturation takes the following simple form ( 5 ) .  

One is to try 

For example, 
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Values of the cascade efficiency ( n )  between 0.1 and 1.0 have been used by various workers (6,9.30) and 
values of the interstitial/dislocation bias (Zp) have varied between -1.02 to > 1.5 (6,31,32). 
on the values chosen for these two parameters, the computed supersaturation can vary significantly. 

The parameters which have been used to compute the results given below are listed in Tables 2 and 4.  
initial choice for m s t  of these parameters was the value used previously (6); these values generally fall 
withi7 the range of what might be termed "typical" for the void swelling models which have been referred to 
above. A notable exception is the relatively high activation energy for interstitial diffusion. Measure- 
mente of E; in pure metals have indicated a lower value, <0.5 eV (30). Such a value has normally been used 

in void swelling models already discussed; however, the results obtained from these models are not sensi- 
tive to the value of Em ( 3 4 ) .  

influence on the predicted faulted loop population and their subsequent effect on network dislocation den- 
cation density. The value of E given in Table 3 is in agreement with recent measurements of this param- 

eter in austenitic steels ( 1 3 , 1 4 ) .  The fact that the mdel requires such a value is encouraging. As the 
model became mre complex, through the introduction of additional physical mechanisms, more parameters were 
introduced as a result. However, the mdel also became somewhat "stiffer" with respenct to arbitrary param- 
eter choices. The example, reference to Eq. 32 indicates that relative changes in Z and n can be used to 
offset one another in a simple model. This is no longer the case in the present Rodel since the various 
sinks have different dependencies on these parameters. The cavity and dislocation evolution are not inde- 
pendent but are coupled in a complex way via their mutual effect on the point defect concentrations. 

There are several parameters used in the present work which have not been included previously. These 
include the thermal dislocation evolution parameters in Equations 21-25 and the parameters used in the rate 
equations for interstitial clusters. Equations (2-6, 9-11). The choice of the values for interstitial 
clustering parameters was guided by the results of more detailed nucleation calcularions (12,35,36). 
model's predictions are not too sensitive to the values of the combinatorial numbers while the di- and tri- 
interstitial blading energies affect primarily the temperature dependence of the faulted loop density. The 
predicted dislocation density is sensitive to the thermal dislocation evolution parameters (Table 2) only 
for temperatures above about 550°C when faulted loops cease to contribute significantly to the dislocation 
network. 
mean spacing of dislocatlon pinning points. If other dislocations provide the primary pinning sites, then 
L should be roughly proportional to p i z .  

Table 3 would correspond to pinned dislocation densities of 1.6 x IO1 '  and 7.4 x IO1' m-'. 

Depending 

The 

The results obtained with the present model are dependent on Em via its i i 

m 
i 

i 

The 

To a first approximation, the source density, %, should be about equal to L-3  where L is the 

In this case, the maximum and mtnimum values of SD given in 

5.3.2 Model Predictions 

The results given here were obtained using the parameter values given in Tables 1,2 and 4 and using a com- 
putational method discussed previously (6). The parameters have M t  been thoroughly optimized to date but 
the overall behavior of the model is very encouraging. 

Predicted values for void swelling, network dislocation density and faulted loop density are shown in 
Figure 3,  a-c as a function of temperature at two doses for 204 cold-worked material. A comparison with 
fast reactor data is provided in Figs. 4-6. Values of these key microstructural features are well 
tracked by the mdel over this fairly broad temperature ranges. The swelling data shown in Fig. 4 is from 
the RS-I experiment in the Experimental Breeder Reactor-I1 (EBR-11) (37,38). This experiment included 
several heats of AISI 316 stainleas steel which had been developed to meet the specifications for com- 
ponents i n  the first core of the Fast Flux Test Facility (FFTF). The temperatures shown in Fig. 4 reflect 
a downward revision from the original design temperatures (39). The model predicts both incubation times 
and peak swelling rates (-Wdpa in the p a k  swelling region) which are similar to the data. The model 
predictions of swelling at temperatures greater than 650°C in Pig. 3a are a l s o  consistent with recent 
observations (38). 

There is much less data with which to compare the model's predictions of dislocation and faulted loop den- 
sities. Figure 5 compares dislocation densities at 30-40 dpa for M316 stainless steel irradiated in the 
Dounreay Fast Reactor (DFR) in Great Britain ( 4 0 )  with those from the model at 40 dpa. The agreement is 
quite good. The results are also consistent with reported values far AISI 316 stainless steel irradiated 

43 



ORNL-DWG 85-46838 

(0" 

ORNL-DXG 85-16837 

I I 

to'# 
400 500 600 700 

TEMPERATURE 1%) 

ORNL-OWG 85-46842 

I I I I 

400 500 600 700 
TEMPERATURE I'C) 

ORNL-0% 85-16845 
ORNL-DWG 85-46844 

40, I I I 1 
DATA BAND. 60-80dpo 

- MODEL, 70dw 

TEMPERATURE PC) TEMPERATURE 1%) 
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ORNL-OWG a5-ww3 
i n  the EBR-I1 ( 4 1 ) .  Predicted faul ted  loop dens i t i e s  
a r e  compared with data  from severa l  sources i n  Fig. 6. 
The data are  for AIS1 316 s t a i n l e s s  s t e e l  i r r ad ia t ed  i n  
both the solut ion annealed and cold-worked conditions 
a t  doses between ahout 6 and 16 dpa (25 .4H-43 ) .  The 
data  from Ref. 25 a l s o  r e f l e c t  varying s t r e s s  levels .  
The predicted curves r e f l e c t  the peak faulted loop den- 
s i t y  f a r  both solut ion annealed and 204 cold worked 
s t a r t i n g  conditions. 
f i t t e d  by the predic t ions  except at low temperatures 
where the loop density is somewhat low. 

The data is reasonably well I 

N 

#E 

p‘ 
- 

The fluence dependence of the m d e l  predictions at  
500°C is shown in Fig. l a  and 7b for 20% cold worked 

MODEL. 40dpo and solut ion annealed mater ia l ,  respectively.  The 
coupling of the evolution of the Various micKOStruC- 
t u r d  fea tures  is c lea r ly  seen. After an i n i t i a l  tran- 
s i e n t  the miCKOStrUCtUKe reaches a s t a t e  which is 
independent of the i n i t i a l  condition. The incubation 
time fa r  swelling is not p r i m a r i l y  associated with the 

d i s loca t ion  t r ans ien t  but r a the r  with the t i m e  required 
f o r  the cav i t i e s  t o  accumulate the c r i t i c a l  number of 

0 DATA, 29-40dpa 

7 ~ )  
tb= ’*‘Y 4m TEMPERATURE 500 (.C) 600 

FIGURE 5 .  Camparison of Predicted Network D i s -  helium atoms ( 3 6 ) .  Following the i n i t i a t i o n  of void 
locat ion Density and Fast Reactor Data swelling, the d is locat ion Structure undergoes some 

addi t ional  recovery ae the cavi ty  sink Strengths begins 
t o  increase. Although it is not shown i n  Fig. 7, at 
high doses the swell ing r a t e  begins to decrease at the 
cavi ty  sink s t rength  exceeds the d is locat ion sink 
s t r eng th  ( 4 4 ) .  The precise  coincidence of the 
values for the  solut ion annealed and cold-worked 

The model does not include an  e x p l i c i t  cavi ty  
nucleation ca lcula t ion and the same i n i t i a l  cavity den- 
sities were used f a r  both materials .  Some data indica- 
t e s  tha t  void dens i t i e s  at low doses are  higher fo r  
so lu t ion  annealed material  ( 4 3 )  and neglecting t h i s  
d i f f e rence  may influence the model‘s predictions at low 
doses. 

a t  40 dpa (Ref. 4 0 ) .  ORNL-DWG s 5 - m +  

rP I I I 
0 

- mater ia l  a t  such low doses may be somewhat a r t i f i c i a l .  

- 

- --- MOOEL, SOLUTION - The evolution towards a sa tu ra t ion  microstructure has 
been observed ( 4 5 , 4 6 )  and has been discussed elsewhere 
( I ) .  The predicted low dose peak i n  the faul ted  loop 
number density i n  solut ion annealed mater ia l  has a l so  

reported s imi lar  high values at low doses i n  20% cold 
worked s t a i n l e s s  s t e e l  (47) i n  conf l i c t  with the pre- 
dictions Shown i n  Fig. 7. While the i o i t l a l  recovery 
of the network d i s loca t ion  density i n  the 20% cold- 

Loop Density and Low Fluence worked material  appears t o  be i? agreement with the 
Fast  Reactor Data. ( A  Ref. 25 ,  avai lable  data ( 4 5 , 4 7 ) ,  the i n i t i a l  t r ans ien t  appears 
0 Ref. 42, 0 Ref. 4 3 ) .  t o  occur too quickly i n  the solut ion annealed material  

( 4 5 ) .  The thermal d is locat ion source term may be the 
cause of the too rapid buildup of the network disluca- 

t i o n  density fo r  the solut ion annealed simulation. The source density (Su) values were developed for 20% 
cold-worked material  and impl i c i t ly  r e f l e c t  a near steady s t a t e  value f a r  the network d i s loca t ion  density 
as discussed above. Hence fo r  the solut ion annealed mater ia l ,  the values of SD may be too high  at low 
doses. 
so lu t ion  annealed data. 

COLD WORKED 

ANNEALED 

ISYO caption for data) 

I I I been observed ( 4 3 ) ;  however, Brager and Straalsund have 
,oo 

4D’a 
400 5M) 600 

TEMPERATURE ( T I  

FIGURE 6. Comparison of Predicted Faulted 

Expl ic i t  d is locat ion density dependence i n  SD may be required t o  improve the agreement with the 

5.4 Summary 

The theore t i ca l  made1 described herein provides a vehicle for studying the evolution of t h e  important 
micros t ructura l  fea tures  i n  f a s t  neutron i r r ad ia t ed  s t a i n l e s s  s t ee l .  A prominent fea ture  of the model is a 
new descr ip t ion of d is locat ion evolution i n  which Frank faul ted  loops nucleate,  grow, and unfaul t  to pro- 
vide a source fo r  network dis locat ions  while network dis locat ions  are simultaneously annihilated by climb/ 
g l i d e  processes. 
equations are  used to describe the smallest  loops and a discre t ized continuum d i s t r i b u t i o n  is used to 
descr ibe  the l a rge r  loops. 
loop d i s t r ibu t ion .  

Faulted loop evolution is simulated using a novel scheme in which d i s c r e t e  c lds t e r  

This scheme great ly  reduces the number of equations necessary to describe the 
The mudel a l s o  includes components which describe the evolution of the d is locat ion 
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FIGURE 7 .  Dose Dependence of Predicted Swelling, Network Dislocation Density, and Faulted Loop Density a t  
500°C for 204 Cold Worked and Solution Annealed Material. 

network in the absence of irradiation. 
developed model of cavity evolution which had been used to analyze the problem of void swelling ( 4 , 6 ) .  

The predictions of the model indicate that the individual features do not evolve independently but are 
coupled via their mutual influences on the point defect concentrations. Although the model incorporates 
the time dependence of only three major microstructural components (cavities, faulted loops, and network 
dislocations), good agreeoent has been obtained with a variety of experimental data. 
note that as more microstructural features were added to the current model, the parameter space i n  which 
one could obtain "reasonable" results became mre limited. 
certain of the activation energies could not be accommodated without significantly altering the predic- 
tions. 
effects and suggests that the relative importance of microstructural evolution may he greater than that of 
effects such as microchemistry ( 4 8 ) .  
obscured globally by the use of the various rate theory parameters which are effective averages over times 
and distances greater than the scale of the Ricrochemical variations. 
mistry may be primarily to influence microstructural evolution. 

This dislocation evolution model has been linked With a previously 

It was encouraging to 

Even fairly small changes in parameters such as 

This appears to indicate the robustness of the rate theory 88 a tool for investigating radiation 

While microchemical changes are known to occur. their effect may he 

In such a case the role of microche- 
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8 .O Future Work 

This modeling work will continue and in a future report a m r e  detailed examination of parametric dependeo- 
cies will be reported. An analysis will be made of the effect of using alternate descriptions for the 
faulted loop bias factors. 
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ION- INDUCEI I  SPINOOAL-LIYE DECOMPOSITION OF Fe-Ni-Cr INVAR ALLOYS 

F. A. Garner and H. R .  Brager (Westinghouse Hanford Co.), R .  A. Oodd ( U n i v e r s i t y  o f  Wisconsin) and 
1. Lau r i t zen  (General E l e c t r i c  Co.) 

1 .o Object ive_ 

The ob jec t  of t h i s  e f f o r t  i s  t o  i d e n t i f y  t h e  mechanisms b y  which r a d i a t i o n  a f fec ts  t h e  p r o p e r t i e s  and 
dimensions o f  s t r u c t u r a l  ma te r i a l s .  

? . O  Sumnary 

It was r e c e n t l y  d iscovered t h a t  Fe-Cr-Ni a l l o y s  w i t h  35 2 10 w t %  n i c k e l  decompose i n  a s p i n o d a l - l i k e  manner 
when i r r a d i a t e d  w i t h  f a s t  neutrons. Th is  unexpected decomposit ion has many consequences. 
anomalous p rope r t i es  c h a r a c t e r i s t i c  o f  t he  I nva r  composi t ional  regime disappear, b u t  pronounced changes 
occur i n  bo th  t e n s i l e  p r o p e r t i e s  and v o i d  swe l l ing .  I o n  bombardment experiments have a l so  been used t o  
s tudy  vo id  s w e l l i n g  and a re  now be ing  used t o  s tudy  t h e  decomposition. 
specimens employed i n  e a r l i e r  v o i d  s w e l l i n g  s tud ies  con f i rm  t h a t  i o n  i r r a d i a t i o n  induces s p i n o d a l - l i k e  
decomposit ion i n  these a l l oys .  The pe r i od  and ampl i tude o f  t h e  composi t ional  f l u c t u a t i o n s  induced by 
r a d i a t i o n  a re  s e n s i t i v e  t o  temperature, n i c k e l  con ten t  and c r y s t a l l o g r a p h i c  d i r e c t i o n ,  b u t  a re  n o t  v e r y  
s e n s i t i v e  t o  chromium content  o r  displacement ra te .  

Not o n l y  do t h e  

Microscopy and EDX examination o f  

3.0 Proqram 

T i t l e :  I r r a d i a t i o n  E f fec ts  Analys is  (AKJ)  
P r i n c i p a l  I nves t i ga to r :  0. G. Ooran 
A f f i l i a t i m :  Hanford Engineer ing Oevelopment Laboratory 

4.0 ____ Relevant OAFS Program Plan Task/Subtask 

Task II.C.2.1 E f f e c t s  o f  Ma te r i a l  Parameters on M ic ros t ruc tu re  
Task II.C.16 Composite C o r r e l a t i o n  Models and Experiments 

5.0 Accomplishments and Status 

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

I n  several  e a r l i e r  papers i t  was repo r ted  t h a t  Fe-7.5Cr-35.5Ni (wt%) decomposes by a p rev ious l y  un xpe t e d  
mechanism du r i ng  neut ron  i r r a d i a t i o n  a t  c l  x 10-6 dpalsec and temperatures i n  t h e  range 550-60OoC.P1*27 
Th i s  decomposit ion mani fests i t s e l f  i n  composi t ional  o s c i l l a t i o n s  w i t h  per iods  on t h e  o rder  o f  hundreds of 
nanometers a t  d O O ° C .  
oppos i te  manner. I n  general t h e  n i c k e l  p r o f i l e s  a re  m i r r o r  images o f  t h a t  o f  i r o n  and chromium. 
composi t ion appears t o  o s c i l l a t e  between Fe iN i  and FeNi, w i t h  chromium s u b s t i t u t i n g  f o r  i r on .  
o s c i l l a t i o n s  cannot be c o r r e l a t e d  w i t h  any c u r r e n t l y  e x i s t i n g  m i c r o s t r u c t u r a l  components. 

I r o n  and chromium appear t o  behave as one species, w h i l e  n i c k e l  behaves i n  t h e  
The l o c a l  

These 

There i s  a d e n s i f i c a t i o n  o f  4% t h a t  occurs upon decomposit ion of t h i s  a l l o y  and p o s t i r r a d i a t i o n  d e n s i t y  
change measurements on o the r  a l l o y s  have been used t o  i n f e r  t h a t  s i m i l a r  s p i n o d a l - l i k e  decomposit ion occurs 
throughout  t h e  near- Invar  composi t ional  range. 
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If t h i s  decomposit ion i s  i n  f a c t  s p i n o d a l - l i k e  i n  nature,  one would expect t h a t  t h e  p e r i o d  of o s c i l l a t i o n  
would be s e n s i t ' v  t o  temperature and c r y s t a l l o g r a p h i c  d i r e c t i o n  and would a l s o  lead  t 
c a l  p roper t ies . /37  Hardening has been p red i c ted  t o  r e s u l t  rom sp inoda l  decomposition!3! and t h i s  has 
been v e r i f i e d  exper imenta l l y  i n  severa l  copper-base alloys.[4,5) It now appears t h a t  a s i m i l a r  hardening 
may occur i n  t h e  Fe-Ni-Cr system du r i ng  i r r a d i a t i o n .  

hanges i n  mechani- 

CHANGE INDUCE0 
IN YIELD 

STRENGTH BY 
IRRADIATION 

1M IMPal 

Figure  1 shows t h e  r e s u l t s  of t e n s i l e  s t ud ies  i n  which t h e  neutron- induced change i n  y i e l d  s t r eng th  was 
determined f o r  t h ree  Fe-XNi-15Cr a l l o y s  (X = 25, 35, 45 nd two Fe-35Ni-YCr a l l o y s  ( Y  = 7.5, 22) a f t e r  
i r r a d i a t i o n  a t  4 5 0 Y  t o  12.5 dpa i n  t h e  E B R - I 1  reactor . [s? The s i zes  and d e n s i t i e s  of neutron- induced 
m i c r o s t r u c t u r a l  components o f  these a l l o y s  were a l s o  determined by e l e c t r o n  microscopy and p r e d i c t i o n s  were 
made o f  t h e  a n t i c i p a t e d  changes i n  s t r eng th  based on t h e  observed mic ros t ruc tu res .  No p r e c i p i t a t e s  o r  
ordered domains were observed; o n l y  voids,  Frank loops and network d i s l o c a t i o n s .  F i gu re  1 shows t h a t  an 
i nc reas ing  d i s p a r i t y  was observed between measured and p red i c ted  s t r eng th  changes w i t h  i nc reas ing  n i c k e l  
con ten t  i n  t h e  Invar  composi t ional  regime, b u t  a l so  shows t h a t  t h e  s t r eng th  change was i n s e n s i t i v e  t o  
chromium conten t  a t  35% n i c k e l .  

- 

MEASURED CHANGE I 

mo _I 
INCR~ASE IN YIELD STRENGTH 
CALCULATED FROM MEASURED 
MICROSTRUCTURE 

-POSTULATED 
SPINODAL- LIKE 
HARDENING OF 
ALLOY MATRIX 

HARDENING AT 
35% NICKEL IS 
INDEPENDENT 
OF CHROMIUM 
CONTENT 17.6 - 21.7%) 

FIGURE 1. Comparison of measured y i e l d  s t r eng th  changes and m i c r o s t r u c t u r a l  based p r e d i c t i o n s  i n  f i v e  
Fe-Ni-Cr a l l o y s  a f t e r  i r r a d i a t i o n  a t  45OoC t o  12.5 dpa i n  EBR-11. Iii 

The a d d i t i o n a l  hardening component observed i n  t h i s  experiment was pos tu l a ted  t o  a r i s e  from t h e  presence of 
s p i n o d a l - l i k e  m i c r o - o s c i l l a t i o n s  of magnitude l e s s  than 100 nm. Unfor tuna te ly ,  t h e  r e s o l u t i o n  l i m i t  o f  t h e  
energy d i s p e r s i v e  x- ray  technique (EDX) employed i n  these s tud ies  l i e s  i n  t h e  range 60-100 nm. Th i s  l i m i t  
i s  def ined b y  t h e  volume sampled b y  t h e  focused e l e c t r o n  probe. Th i s  volume i n  t u r n  i s  de f i ned  b y  t h e  
w i d t h  of t h e  i n c i d e n t  beam (*30 nm), t h e  th ickness  of t h e  f o i l  (50-70 nm), t h e  angle between t h e  beam 
a x i s  and t h e  f o i l  normal (45O) and t h e  tendency o f  t h e  beam t o  spread o u t  as i t  t raverses  t h e  f o i l .  
r e l a t i o n s h i p  between t h e  beam, specimen and d e t e c t o r  i s  shown i n  F i g u r e  2. 

The 

It has a l s o  been proposed, however, t h a t  t h e  dependence of s w e l l i n g  on n i c k e l  con ten t  a t  r e l a t i v e l y  h i gh  
i r r a d i a t i o n  temperatures a r i ses  from t h e  s t r ong  ff c t  o n i c k e l  on two competing processes, bo th  of which 
inc rease i n  importance as t h e  temperature rises.?2*?,8,gf The f i r s t  i s  t h e  e f f e c t  o f  n i c k e l  on t h e  
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  and thereby  on v o i d  nuc lea t ion .  The second i s  t h e  tendency o f  
Fe-Ni-Cr a l l o y s  t o  undergo s p i n o d a l - l i k e  decomposition. 
thought  t o  produce t h e  minimum i n  s w e l l i n g  observed i n  t h e  I nva r  regime. The s w e l l i n g  res i s t ance  i s  
proposed t o  be g r a d u a l l y  destroyed i n  t h i s  composi t ional  range as vo ids  nuc lea te  i n  t h e  r e l a t i v e l y  l a r g e  
volumes whose n i c k e l  l e v e l s  a re  r e l a t i v e l y  low and whose chromium l e v e l s  a re  r e l a t i v e l y  h igh.  
e a r l i e r  shown t h a t  a t  these h i ghe r  i r r a d i a t i o n  temperatures, decreasing n i c k e l  and i nc reas ing  c h r  mium were 
bo th  e q u a l l y  e f f e c t i v e  ways of speeding up t h e  onset  of v o i d  s w e l l i n g  du r i ng  neut ron  i r rad ia t ion .?7 .10)  

As shown i n  F i g u r e  3 these two processes are  

It was 

Since t h e  inimum i n  s w e l l i n g  w i t h  n i c k e l  con ten t  was observed n o t  o n l y  i n  neut ron  i r r a d i a t e d  b u t  a l s o  i o n  
i r r a d i a t e d ? ] ] )  Fe-Ni-Cr a l l oys ,  i t  there fo re  fo l lowed from t h i s  hypothesis t h a t  composi t ional  m ic ro-  
o s c i l l a t i o n s  must be a l s o  be generated du r i ng  i o n  bombardment. Since t h e  Fe-Cr-Ni specimens used b y  
Johnston and coworkers t o  de f ine  t h e  composi t ional  dependence of s w e l l i n g  (F i gu re  4 )  were s t i l l  a v a i l a b l e  
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FIGURE 2. Schematic representation of beam, foil and detector relationships during EDX analysis of 
irradiated specimens. 
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FIGURE 3 .  (a) Dependence of swelling of Fe-15Cr-XNi alloys on temperature, neutron fluence and nickel 
content. 
operating at high temperatures. 

(b) Swelling behavior is postulated to arise from competition between two mechanisms 

in the post-irradiation thinned condition, they are now being examined by the current authors using EOX 
analysis. The irradiations were conducted ten years prior to this time and yet the specimens generally 
were found to be in excellent shape. 

The regions available for examination are 850-1050 nm from the original specimen surface and accum lated 

dpafsec. he OX procedures used in the analysis are identical to those used for the neutron irradiated 

electron microscope. 

exposures up to 117 dpa at temperatures of either 625 or 675OC. The displacement rate was 2 x 10- ? 
specimens, T f  and involve ' the use of a single tilt specimen stage in either a JEOL 1200 or JEOL 200CX 

Each microscope was used for a separate series of experiments. 
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FIGURE 4. Swe l l i ng  induced i n  Fe-Cr-Ni a l l o y s  b y  i r r a d i a t i o n  w i t h  5 MeV N i +  i ons  t o  117 dpa a t  675OC.(l l )  

5.2 Resu l ts  

I n  t h e  f i r s t  s e r i e s  o f  experiments t h e  specimen examined was chosen t o  be 
specimen which developed m i c r o - o s c i l l a t i o n s  du r i ng  neut ron  i r r ad ia t i on (132y .  Johnston and coworkers had 
i r r a d i a t e d  t h i s  Fe-35.ONi-7.OCr specimen t o  117 dpa a t  625OC. 
s w e l l i n g  (<0.01%) was found b y  Johnston t o  have occurred. 
on t h e  JEOL 1200 microscope a t  Westinghouse Hanford Company. 

omparable t o  t h e  Fe-35.5Ni-7.5Cr 

I n  t h e  o r i g i n a l  s tudy  v e r y  l i t t l e  v o i d  
Th i s  specimen was examined i n  t h e  c u r r e n t  s t udy  

Although t h e r e  were ve ry  few m i c r o s t r u c t u r a l  fea tu res  observed w i t h i n  s u i t a b l y  t h i n  areas (50-80 nm t h i c k )  
o f  t h e  specimen, s t r a i g h t - l i n e  composi t ional  t r aces  were ob ta ined s t a r t i n g  a t  fea tu res  which appeared t o  be 
surface contaminat ion p a r t i c l e s .  F i gu re  5 shows f o u r  such se t s  of measurements and conf i rms t h a t  m ic ro-  
o s c i l l a t i o n s  have been generated b y  i o n  i r r a d i a t i o n .  Note t h a t  t h e  pe r i od  of t h e  o s c i l l a t i o n s  i s  on t h e  
o rder  of 200-400 nm and t h a t  once again t h e  chromium and i r o n  t r a c e s  tend  t o  be m i r r o r  images o f  t h a t  o f  
n i c k e l .  

I n  F i g u r e  6 each of t h e  chromium and n i c k e l  l e v e l s  shown i n  F igu re  5 has been p l o t t e d  t o  show t h a t  these 
elements indeed segregate i n  opposi S i m i l a r  da ta  p o i n t s  f o r  t h e  (593"C, 38 dpa) neut ron-  

two groups o f  da ta  t h a t  t h e r e  i s  a l s o  an o f f s e t  between t h e  two groups. Although a smal l  o f f s e t  a r i s e s  
from t h e  s l i g h t  d i f f e r e n c e  i n  composi t ion i n  t h e  two a l l o y s ,  t h i s  f a c t o r  a lone i s  i n s u f f i c i e n t  t o  account 
f o r  t h e  d i f ference.  
average composi t ion a t  t h e  depth examined. Johnston,!12? as w e l l  as o the rs , ( 13 *14 j  have shown t h a t  t h e  
e lemental  d i s t r i b u t i o n  i s  changed along t h e  i o n  pa th  i n  Fe-Ni-Cr a l l o y s .  
in f luence o f  t h e  f o i l  su r face  and the g rad ien t  i n  displacement ra te ,  ope ra t i ng  i n  con junc t i on  w i th  t h e  
i nve rse  K i r k e n d a l l  e f f ec t  and p o s s i b l y  o the r  d i f f u s i o n  mechanisms. 
i n  Table 1 )  c o n f i r m  t h a t  t h e  average composi t ion a t  t h i s  depth was indeed s h i f t e d  from t h e  o r i g i n a l  
bulk-averaged l e v e l .  

d i r e c t i o n s .  
i r r a d i a t e d  Fe-35.5Ni-7.5Cr specimen Yi a re  a l s o  shown. Note t h a t  i n  a d d i t i o n  t o  t h e  s i m i l a r  t r e n d  o f  t h e  

It i s  thought  t h a t  t h e  o f f s e t  a r ' s e  p r i m a r i l y  from an i o n- i n  uced m o d i f i c a t i o n  of t h e  

Th is  i s  due t o  t h e  combined 

Large-area compos i t iona l  scans (compi led 

It shou ld  be noted t h a t  t h e  l i m i t a t i o n s  imposed b y  t h e  s i n g l e  t i l t  stage no rma l l y  used f o r  EDX ana l ys i s  do 
n o t  a l l o w  an easy de termina t ion  of t h e  c r y s t a l l o g r a p h i c  vec to r  a long which t h e  composi t ional  t r a c e  i s  
taken. 
t i o n s  on c r y s t a l l o g r a p h i c  d i r e c t i o n .  

Add i t i ona l  experiments now i n  progress a re  d i r e c t e d  toward o b t a i n i n g  t h e  dependence o f  t h e  o s c i l l a -  

The second s e r i e s  of experiments were performed on a JEOL 200CX microscope a t  t h e  U n i v e r s i t y  of Wisconsin- 
Madison i n v o l v i n g  N i +  i o n  i r r a d i a t e d  Fe-Ni b i n a r i e s  a t  35, 45, 60 and 75Ni as w e l l  as Fe-15Cr-Ni t ena r i es  
con ta i n i ng  t h e  same n i c k e l  l e v e l s .  
Although t he  measurements were performed i n  t h i c k e r  f o i l s  (150-200 nm) i n  t h i s  exper imental  se r i es ,  m ic ro-  

Each a l l o y  had been i r r a d i a t e d  a t  two temperatures, 625 and 675OC. 
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FIGURE 6. Compi lat ion of ion- induced decomposit ion da ta  f rom F igu re  5. 
da ta  f rom r e f .  1 i s  a l s o  shown f o r  comparison. 

The neutron- induced composi t ional  

TABLE 1 

LARGE AREA MEASUREMENTS OF AVERAGE COMPOSITION AT  850-1050 nm DEPTH I N  AN ION-BOMBARDED SPECIMEN OF 
Fe-35.ONi-7.OCr AT 625OC AND 117 dpa 

Area 

$1 
$ 2  
#3 
#4 
$5 
$ 6  

- 

Average 

C r  (wt%) 

6.1 
5.8 
6 . 3  
6.6 
6.6 
6.3 

6.3 

- 

N i  (wt%)  

33.9 
33.6 
34.5 
34.8 
33.4 
33.9 

34.0 

- 

o s c i l l a t i o n s  were observed i n  a l l  specimens a t  bo th  temperatures. 
t h e  o s c i l l a t i o n s  was l a r g e s t  i n  t h e  mid- range o f  n i c k e l  l e v e l s  (35-45%). 

I n  general t h e  ampl i tude and p e r i o d  o f  

These measurements a re  now be ing  repeated on t h i n n e r  f o i l s ,  us i ng  bo th  t h e  JEOL 200CX and HB501 miCrOSCOPeS. 
The l a t t e r  microscope has a much smal le r  e l e c t r o n  probe ( < l o  nm) and w i l l  y i e l d  b e t t e r  r e s o l u t i o n  o f  t h e  
o s c i l l a t i o n s  when t h i n n e r  f o i l  sec t i ons  a re  studied.  

Fo r  t h e  purposes o f  t h i s  paper i t  i s  s u f f i c i e n t  t o  p resent  f rom t h i s  second s e r i e s  o n l y  t h r e e  r e s u l t s ,  a l l  
of which show t h a t  chromium i s  n o t  a necessary p a r t i c i p a n t  i n  t h e  decomposit ion process. F i gu re  7 shows a 
random-direct ion s t r a i g h t - l i n e  composi t ional  t r a c e  a long a Fe-45Ni specimen i r r a d i a t e d  t o  102 dpa a t  675OC. 
The observed changes i n  n i c k e l  l e v e l  a re  q u i t e  la rge ,  even though i n  f o i l s  of t h i s  th ickness  such v a r i a t i o n s  
t e n d  t o  be averaged back toward t h e  nominal a l l o y  composit ion. 
appear t o  be omp r a b l e  b u t  somewhat l a r g e r  (200-400 nm) than those observed i n  neu t ron- i r r ad ia ted  specimens 
a t  550-600°C.?1 s2! 

The p e r i o d  o f  t h e  o s c i l l a t i o n s  a t  675OC 

Occasional ly ,  some composi t ion t r aces  tended t o  be v e r y  r e g u l a r  and almost s i nuso ida l ,  as shown i n  F i g u r e  
8, w h i l e  o the r  t r aces  i n  t h e  same specimen e x h i b i t  t h e  i r r e g u l a r i t y  observed i n  e a r l i e r  s tud ies .  
8 t h e  Fe-35Ni specimen i r r a d i a t e d  a t  625'C t o  117 dpa possessed a wavelength o f  %400 nm i n  t h e  near-  
s i nuso ida l  t r a c e  shown. A s i m i l a r  example i s  shown i n  F i g u r e  9 where t h e  same a l l o y  a t  117 dpa b u t  675°C 
a l s o  e x h i b i t e d  a pe r i od  i n  t h e  300-400 nm range. 
F igures  8 and 9 represent  t r a c e s  taken near <loo> d i r e c t i o n s  w h i l e  t h a t  i n  F i gu re  7 was taken a long 
some vec to r  which was n o t  low- index 
t i o n  pe r i od  a long <loo> d i r ec t i ons . / 3 )  
c o n f i r m  t h i s  hypothesis.  

I n  F i g u r e  

It i s  thought  t h a t  t h e  r e g u l a r  o s c i l l a t i o n s  shown i n  

Spinodal development i n  fcc  a l l o y s  should e x h i b i t  i t s  longes t  o s c i l l a -  
Soon-to-be pub l i shed da ta  on neu t ron- i r r ad ia ted  specimens tend t o  
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FIGIJKE 7. Decomposition observed i n  Fe-45Ni i r r a d i a t e d  t o  102 dpa w i t h  5 MeV N i '  ions a t  675OC. 
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FIGURE 8. O s c i l l a t i o n  o f  i r o n  l e v e l  i n  Fe-35Ni i r r a d i a t e d  t o  117 dpa b y  5 MeV N i +  i ons  a t  625OC. 

5.3 Discussion 

In an e a r l i e r  paper t h e  p o t e n t i a l  causes o f  t h i s  decomposit ion phenomenon were discussed i n  d e t a i l . ( 2 )  
I t  was shown t h a t  o t h e r  s tud ies  conducted a t  lower i r r a d i a t i o n  temperatures found a l l o y s  i n  t h e  I nva r  regime 
t o  break down i n t o  ordered FeNi and another d isordered  f c c  phase w i t h  composi t ion near Fe3Ni. 
t h e  same composi t ional  l i m i t a t i o n s  observed i n  t h e  neut ron  i r r a d i a t e d  specimens. 

These a re  

If we assume t h a t  t h i s  decomposit ion r e q u i r e s  f i r s t  a l ong  range segregat ion process and second a l o c a l  
o rde r i ng  process, i t  i s  n o t  unreasonable t o  assume t h a t  t h e  f i r s t  s tage segregat ion  process con t inues  t o  
opera te  a t  temperatures above t h e  c r i t i c a l  o rde r i ng  temperature o f  t h e  second-stage o rde r i ng  process. 
segregat ion process i s  obv ious l y  r t h  r s l ugg i sh  even du r i ng  i r r a d i a t i o n  and r e q u i r e s  l a r g e  l e v e l s  o f  atomic 
displacements f o r  i t s  i n i t i a t i on . ( f . 2P  It may be  t h a t  t h e  decomposit ion process r e q u i r e s  n o t  o n l y  t h e  
enhanced d i f f u s i o n  inheren t  i n  t h e  r a d i a t i o n  environment b u t  a l s o  some f e a t u r e  unique t o  i r r a d i a t i o n .  
Inverse  K i r k e n d a l l  e f f ec t  i s  such a fea tu re  and i s  known t o  segregate n i c k e l  a t  t h e  expense o f  chromium and 
i r o n  a t  any s i nk  where t h e r e  i s  a s t r ong  vacancy grad ien t .  The presence o f  rad ia t ion- genera ted  i n t e r -  
s t i t i a l s  may a l so  p l a y  a r o l e .  

The 

The 
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FIGURE 9. O s c i l l a t i o n  o f  i r o n  l e v e l  i n  Fe-35Ni i r r a d i a t e d  t o  117 dpa by 5 MeV N i t  i ons  a t  675°C. 

There a re  severa l  f ea tu res  o f  these r e s u l t s  t h a t  r u n  counter  t o  t h e  es tab l i shed  percept ion  o f  sp inodal  
decomposition. 
i n  a non- rad ia t ion  environment. A model c u r r e n t l y  be ing  explored b y  t h e  l ead  author  and G. Mar t i n  may 
e x p l a i n  t h e  l a r g e  wavelengths i n  terms o f  t h e  r e l a x a t i o n  d i s t ance  of t h e  p o i n t  de fec t  p r o f i l e s  generated 
near  m i c r o s t r u c t u r a l  s i nks  du r i ng  i r r a d i a t i o n  a t  h i gh  temperatures and low s i nk  dens i t i es .  
a l t e r e d  s p i n o d a l - l i k e  model must a l so  con f ron t  t h e  f a c t  t h a t  t h e  es tab l i shed  percept ion  i s  t h a t  t h e  Fe-Ni 
and Fe-Ni-Cr systems do n o t  decompose s p i n o d a l l y  i n  t h e  I nva r  regime du r i ng  thermal aging. 
however, a number o f  authors have independent ly  reached t h e  conc lus ion  t h  t a 
p o s i t i o n  should occur  i n  t h e  Fe-Ni system i n  t h e  I nva r  composi t ion range.?l5-1?? 

F i r s t ,  t h e  wavelengths a re  much l a r g e r  than  would be observed du r i ng  sp inoda l  decomposit ion 

Th i s  r a d i a t i o n -  

In recent  years,  
r y  s l ugg i sh  sp inoda l  decom- 

More recen t l y ,  however, Chuang and coworkers have shown t h a t  when r e c e n t l y  measured magnetic c o n t r i b u t i o n s  
t o  var ious  thermodynamic func t ions  a re  employed, t h e  ca l cu la ted  phase diagram f o r  t h e  Fe-Ni system con ta i ns  
a m i s c i b i  I t  gap i n  which a two phase f c c  regime e x i s t s  i n  t h e  I nva r  regime and which i s  associated w i t h  a 
spinodal. l l .87 The peak of t h e  c a l c u l a t e d  m i s c i b i l i t y  gap reaches o n l y  t o  %450°C, however, and n o t  t o  
t h e  625-675OC range employed i n  t h i s  study. Based on a v a r i e t y  o f  exper imental  s tud ies ,  however, Tan j i  and 
coworkers asse r t  t h a t  
h i g h  as %l00O0C.(17, lg~ It t h e r e f o r e  appears t h a t  s p i n o d a l - l i k e  behavior  du r i ng  i r r a d i a t i o n  i s  n o t  t o t a l l y  
unexpected i n  t h e  I n v a r  regime. 

ve ry  s lugg ish ly- deve lop ing  spinodal  l i e s  below a m i s c i b i l i t y  gap t h a t  extends as 

It should a l s o  be noted t h a t  t h e  neut ron  and i o n  i r r a d i a t i o n s  discussed i n  t h i s  paper were conducted a t  
displacement r a t e s  t h a t  were more than  f o u r  o rders  o f  magnitude i n  d i f f e r e n c e  and y e t  t h e r e  were n o t  l a r g e  
changes i n  wavelength observed. 
temperature, a l though t h i s  t r e n d  i s  somewhat obscured b y  t h e  i r r e g u l a r i t y  associated w i t h  t h e  unknown 
c r y s t a l l o g r a p h i c  vec to r s  employed i n  each EDX t race .  Th is  imp l i es  t h a t  t h e  s p i n o d a l - l i k e  decomposit ion i s  
n o t  ve ry  s e n s i t i v e  t o  displacement r a t e  and t h a t  t h e  smal l  range of v a r i a t i o n  observed i n  o s c i l l a t i o n  wave- 
l e n g t h  may be due mos t l y  t o  d i f fe rences  i n  i r r a d i a t i o n  temperature. 
concept of a radiat ion-enhanced spinodal  process r a t h e r  than  a composi t ional  i n s t a b i l i t y  t h a t  r e q u i r e s  
r a d i a t i o n  f o r  i t s  cont inued exis tence.  P o s t - i r r a d i a t i o n  anneal ing s tud ies  a re  planned t o  r e s o l v e  which o f  
these two i s  t h e  more c o r r e c t  i n t e r p r e t a t i o n .  

I f  t h e  displacement r a t e  i s  ignored t h e  wavelengths inc rease s l ow l y  w i t h  

Th is  conc lus ion  a l s o  supported t h e  

The hardening o f  these a l l o y s  associated w i t h  s p i n o d a l - l i k e  decomposit ion d u r i n g  i o n  i r r a d i a t i o n  w i l l  a l so  
lead  t o  a surface l a y e r  t h a t  i s  harder  than  t h e  unde r l y i ng  m a t e r i a l  w h i l e  n o t  r e t a i n i n g  i t s  o r i g i n a l  I n v a r  
p rope r t i es .  
have been i r r a d i a t e d  w i t h  ions,  p a r t i c u l a r l y  a t  lower i r r a d i a t i o n  temperatures n o t  covered i n  t h i s  study. 

Th is  development may have a pronounced i n f l uence  o f  t h e  behavior  of I n v a r  a l l o y s  whose surfaces 

56 



5.4 Conclusions 

A t  temperatures above %45OoC Fe-Ni and Fe-Ni-Cr a l l o y s  i n  t h e  I nva r  composi t ional  range decompose b y  an 
unexpected s p i n o d a l - l i k e  mechanism when i r r a d i a t e d  b y  e i t h e r  neutrons a t  %l x 10-6 dpafsec o r  5 MeV N i t  
i o n s  a t  2 x 10-2 dpalsec. 
n o t  ve ry  s e n s i t i v e  t o  displacement r a t e  and n o t  a t  a l l  s e n s i t i v e  t o  t h e  chromium l e v e l .  
evidence t h a t  t h e  process may be dependent on c r y s t a l l o g r a p h i c  d i r e c t i o n  and t h a t  i t  may induce an eventual  
l oss  o f  r es i s t ance  t o  v o i d  swe l l ing .  

Th is  decomposit ion appears t o  be somewhat s e n s i t i v e  t o  i r r a d i a t i o n  temperature, 
There i s  some 
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7.0 Fu tu re  Work 

Examination o f  i o n  bombarded specimens w i l l  con t inue  t o  determine bo th  t h e  composi t ional  and c r y s t a l l o -  
graphic dependence o f  t h e  m i c r o - o s c i l l a t i o n s .  

8.0 Pub1 i c a t i o n s  

T h i s  r e p o r t  w i l l  be submit ted f o r  p u b l i c a t i o n  i n  a spec ia l  volume o f  Nuclear Inst ruments and Methods i n  
Nuclear Research. 
assoc ia ted  w i t h  I o n  Implantat ion,  h e l d  i n  Toronto, Canada on October 14-15, 1985. 

Th i s  volume w i l l  con ta i n  t h e  proceedings o f  a TMS-AIME Symposium on I r r a d i a t i o n  E f fec ts  
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OWRIRTNS-I1 LOW EXPOSURE SPECTRAL EFFECTS EXPERIMENT 

H. L. Hein isch (Hanford Engineer ing Development Labora to ry )  

1.0 Ob jec t i ve  

The o b j e c t i v e  o f  t h i s  experiment i s  t o  determine t he  e f f ec t  of t he  neutron 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  f o r  metals i r r a d i a t e d  w i t h  fus ion  and f i s s i o n  neutrons. 

2.0 Summary 

The s ta tus  of t he  OWRIRTNS-I1  Low Exposure Spec t ra l  E f f e c t s  Experiment i s  reviewed. Several  i r r a d i a t i o n s  
have been completed or are  i n  progress. Tens i l e  specimens from t h e  f i r s t  e leva ted  temperature RTNS-I1 
i r r a d i a t i o n  f o r  t h i s  experiment have been tes ted .  Some specimens i r r a d i a t e d  a t  room temperature have 
a l s o  been tes ted .  Y i e l d  s t r ess  and u l t i m a t e  t e n s i l e  s t r eng th  as a f unc t i on  o f  14 MeV neutron f l uence  are  
repor ted  here f o r  pure copper and 316 s t a i n l e s s  s t e e l .  Both annealed copper and s o l u t i o n  annealed 316 
s t a i n l e s s  s t e e l  e x h i b i t  a d e f i n i t e  temperature dependence i n  t h e i r  response t o  14 MeV neutron i r r a d i a -  
t i o n .  

3 .0  Program 

T i t l e :  I r r a d i a t i o n  E f f e c t s  Ana lys is  
P r i n c i p a l  I n v e s t i g a t o r :  0. G. Ooran 
A f f i l i a t i o n :  Westinghouse Hanford Company 

4.0 Relevant DAFS Program Plan Task/Subtask 

Subtask 11.6.3.2 
Subtask II.C.6.3 E f f ec t s  o f  Damage Rate and Cascade S t ruc tu re  on Mic ros t ruc tu re ;  Low-Energy1 High 

Subtask II.C.16.1 14-MeV Neutron Damage C o r r e l a t i o n  

Exper imental  Cha rac te r i za t i on  of Primary Damage State;  Studies o f  Metals 

Energy Neutron Co r re l a t i ons  

5.0 Accomplishments and Sta tus  

5.1 RTNS- I1  I r r a d i a t i o n s  

The OWRIRTNS-I1 Spec t ra l  E f fec ts  Experiment (HEDL-SEX), descr ibed i n  d e t a i l  elsewhere,l  c a l l s  f o r  t h ree  
RTNS- I1  i r r a d i a t i o n s  t o  be performed us ing  t h e  HEDL Dual-Temperature, Vacuum-Insulated (DTVI) furnace 
ope ra t i ng  a t  9O'C and 290'C. The f i r s t  RTNS-I1 i r r a d i a t i o n  was completed i n  September, 1984, t o  a peak 
f luence of 2 . 4  x 1 0 l 8  nlcm2. The second i r r a d i a t i o n ,  t o  a peak f l uence  o f  approximately  1 x 1019 nlcm2, 
w i l l  be completed November 2, 1985. Th i s  i s  t h e  h ighes t  f l uence  ever  achieved i n  a cont inuous i r r a d i a -  
t i o n  a t  t he  RTNS-11, and i t  i s  t h e  h i ghes t  dose o f  D-T (14 MeV) neutrons ever  rece ived  by metal spec i-  
mens. 

Both HEDL-SEX i r r a d i a t i o n s  a t  RTNS- I1  have been j o i n t  U.S./Japan i r r a d i a t i o n s ,  w i t h  t h e  Un i t ed  S ta tes  
hav ing  t h e  p r imary  r e s p o n s i b i l i t y .  As an ad junc t  t o  t h e  fus ion  neut ron  p o r t i o n  of t h e  experiment, some 
HEDL-SEX t e n s i l e  specimens were a l s o  inc luded i n  a Japanese-sponsored room tenpera tu re  i r r a d i a t i o n  a t  
RTNS-11. Also, HEOL-SEX specimens are  inc luded i n  t he  j o i n t  Japan1U.S. long- term i r r a d i a t i o n  now i n  
progress us ing  t h e  Japanese DTVI furnace. Temperatures f o r  t h i s  i r r a d i a t i o n  a re  2OO'C and 450'C, and t he  
t a r g e t  peak f luence i s  a l s o  1 x 1019 nlcmz. 
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5 . 2  Omega West Reactor I r r a d i a t i o n s  

HEDL-SEX c a l l s  f o r  e i g h t  companion i r r a d i a t i o n s  i n  t he  Omega West Reactor (OWR) a t  Los Alamos Nat iona l  
Laboratory t o  f o u r  f luences a t  each o f  t he  temperatures, 9O'C and 29O'C. The f luences  span t he  range of 
t he  f luences received i n  RTNS-11. A t  t h i s  time, t he re  are no p lans t o  do any f u r t h e r  OWR i r r a d i a t i o n s .  

Three OUR i r r a d i a t i o n s  have been completed a t  9O.C. and t he  f ou r t h  a t  t h i s  temperature i s  i n  progress. 
The f o u r  i r r a d i a t i o n s  a t  29O'C w i l l  immediately f o l l o w  t he  9O'C i r r a d i a t i o n s .  

The OWR i r r a d i a t i o n s  use t he  In-Core Reactor Furnace developed a t  Lawrence Livermore Na t i ona l  Laboratory 
f o r  ONR i r r a d i a t i o n s .  Temperatures o f  the  specimens are  mainta ined by ba lanc ing  nuc lear  heat ing ,  coo lan t  
f low through t he  furnace, and res is tance  heat ing  near t he  specimens. I n  t he  lower i r r a d i a t i o n  tempera- 
t u r e  reg ion  ( i n c l u d i n g  90.C). t he  furnace u t i l i z e s  the  reac to r  coo lan t  water t o  ma in ta in  t he  requ i red  
temperature, wh i l e  a t  t he  h i ghe r  temperatures a f l o w  of he l ium gas i s  used. A r es i s t ance  heater  w i t h i n  
the  furnace prov ides  p rec i se  c o n t r o l  o f  t he  temperatures. 

The t e n s i l e  specimens are  conta ined i n  capsules developed a t  HEDL t h a t  were designed t o  p rov ide  wel l -con-  
t r o l l e d  specimen temperatures by min imiz ing  temperature g rad ien ts  caused by nuc lear  heat ing .  One capsule 
conta ined thermocouples d i r e c t l y  welded t o  specimens s o  t h a t  a c o r r e l a t i o n  among t he  furnace, capsule, 
and specimen temperatures cou ld  be determined. Measurements w i t h  t h i s  capsule i n  t he  reac to r  showed t h a t  
temperatures can be c o n t r o l l e d  du r i ng  a run  t o  w i t h i n  2'C. and t he  abso lu te  specimen temperatures can be 
determined t o  w i t h i n  f i v e  degrees a t  both temperatures. 

5.3 Tens i le  Tes t ing  

Tens i l e  t e s t s  have been done on specimens i r r a d i a t e d  a t  room temperature i n  RTNS-I1 and on those from the  
f i r s t  e levated- temperature R T N S - I 1  run. 

The t e n s i l e  t e s t s  were performed a t  room temperature us i ng  a t e n s i l e  frame designed s p e c i f i c a l l y  f o r  
m in i a tu re  specimens.2 Contro l  specimens are  tes ted  p e r i o d i c a l l y ,  and r e s u l t s  f a l l  w i t h i n  a 20 band of 
t 6 %  f o r  y i e l d  s t r ess  and u l t i m a t e  t e n s i l e  s t reng th .  The l a r g e s t  source o f  e r r o r  i s  i n  measuring the  
v a r i a t i o n  i n  t he  specimen dimensions, which becomes more important  w i t h  i nc reas ing  specimen s ize .  

The changes i n  0 . 2 %  o f f s e t  y i e l d  s t r ess  and t he  u l t i m a t e  t e n s i l e  s t r eng ths  a re  p l o t t e d  as func t ions  of 
neutron f luence i n  F igures 1 and 2 f o r  copper and Figures 3 and 4 f o r  s o l u t i o n  annealed AIS1 316 s t a i n -  
less  s t e e l .  S t r a i g h t  l i n e  segments connect t he  s e t  o f  data p o i n t s  f o r  each i r r a d i a t i o n  temperature. 
Neutron f luences f o r  each specimen are  known w i t h i n  about 33%. based on dosimetry methods descr ibed 
e a r l i e r .  3 

The change i n  y i e l d  s t r ess  o f  copper shows an expected temperature e f f e c t ,  which i s  r e f l e c t e d  t o  a lesser  
ex ten t  i n  t he  u l t i m a t e  t e n s i l e  s t reng th .  W i th i n  t h i s  f luence range t he re  i s  no d iscernab le  e f f ec t  of 14 
MeV neutron i r r a d i a t i o n  i n  copper a t  29O'C. The i nc reas ing  de fec t  m o b i l i t y  a t  h i ghe r  temperatures 
e v i d e n t l y  r e s u l t s  i n  more defect  p a i r  recombinat ion and perhaps coarsening o f  t he  s u r v i v i n g  r a d i a t i o n -  
induced defect  c l u s t e r  d i s t r i b u t i o n .  

Temperature e f f e c t s  a re  a l s o  seen i n  t he  rad ia t ion- induced changes i n  y i e l d  s t r ess  o f  s o l u t i o n  annealed 
316 s t a i n l e s s  s t e e l .  Even though the  data a t  29O'C has considerable sca t t e r ,  t he re  i s  a c l e a r  d i f f e r e n c e  
i n  t he  behavior  a t  t h i s  temperature. There i s  no apparent e f f e c t  o f  14 MeV neutrons on t he  u l t i m a t e  
t e n s i l e  s t r eng th  o f  316 s t a i n l e s s  s t e e l  a t  these f luences  and temperatures. 
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FIGURE 4. Ultimate Tensile Strength as a Function of 14 MeV Neutron Fluence for Solution Annealed AISI 316 
Stainless Steel at Three Irradiation Temperatures. 
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CHAPTER 6 

FUNDAMENTAL STUDIES OF 
SPECIAL PURPOSE MATERIALS 
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MICR'ISTRUCTURAL E X A M I N A T I O N  OF PURE COPPER AND THREE COPPER ALLOYS IRRADIATED I N  FFTF 

H. R. Brager and F. A .  Garner (Hanford Engineer ing Development Laboratory)  

1 .o Ob jec t i ve  

The ob jec t  o f  t h i s  e f f o r t  i s  t o  determine t h e  o r i g i n  of rad ia t ion- induced a l t e r a t i o n s  of t h e  p r o p e r t i e s  o f  
copper a l l o y s  a n t i c i p a t e d  f o r  use i n  fus ion  environments. 

2.0 Summary 

E lec t ron  microscopy o f  pure copper i r r a d i a t e d  a t  %45OoC t o  16 dpa revea led  no unexpected behavior, 
showing bo th  d i s l o c a t i o n  and vo id  development. 
a l l o y  A125 e x h i b i t e d  a remarkable i n s e n s i t i v i t y  t o  i r r a d i a t i o n .  
had no vo ids  present  b u t  t h e  p r e c i p i t a t e  m ic ros t ruc tu re  was changed such t h a t  an apparent s w e l l i n g  of 1.03% 
occurred. 
p a r t i c u l a r l y  i n  those areas which suffered r e c r y s t a l l i z a t i o n  and a l t e r a t i o n  of t h e  p r e c i p i t a t e  s t r uc tu re .  

I n  t h e  same experiment, however, t h e  dispersion-hardened 
The prec ip i ta t ion- hardened a l l o y  MZC a l s o  

Dependent on t h e  heat- t reatment  employed t h e  a l l o y  CuBeNi showed var ious  l e v e l s  o f  voidage, 

3.0 Program 

T i t l e :  I r r a d i a t i o n  Ef fects Analys is  (AKJ) 
P r i n c i p a l  I n v e s t i g a t o r :  0. G. Doran 
A f f i l i a t i o n :  Hanford Engineer ing Development Labora to ry  

4.0 Relevant DAFS Program Plan Task/Subtask 

II.C.1. E f f ec t s  of Ma te r i a l  Parameters on M ic ros t ruc tu re  

5.0 Accomplishments and Status 

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

I n  an e a r l i e r  r e p o r t  t h e  neutron- induced changes i n  e l e c t r i c a l  conduc t i v i t y ,  t e n s i l e  p r o p e r t i e s  and d e n s i t y  
were measure f o r  h i gh  p u r i t y  copper and e i g h t  copper a l l o y s  a f t e r  i r r a d i a t i o n  a t  45OoC t o  4 6  dpa i n  
FFTF-MOTA.(l! In t h i s  r e p o r t  t h e  m ic ros t ruc tu res  induced i n  pure  copper and t h r e e  of t h e  copper a l l o y s  
a re  descr ibed a f t e r  examination b y  t ransmiss ion  e l e c t r o n  microscopy. 
b u l k  d e n s i t y  change of these a l l o y s  a re  shown i n  Table 1. 

The composit ion, hea t  t rea tment  and 

5.2 MARZ Copper 

Th i s  a l l o y  was i r r a d i a t e d  i n  t he  annealed c o n d i t i o n  us ing  zone- refined 99.999% pure MAR2 copper. The 
i r r a d i a t i o n  was conducted a t  450'C which represents  a homologous temperature o f  0.53. 

Thus one would expect a s i g n i f i c a n t  l e v e l  of vacancy m o b i l i t y  a t  t h i s  temperature and a r e l a t i v e l y  low v o i d  
dens i t y .  F i gu re  1 shows t h a t  o n l y  a moderate d e n s i t y  ( c l  X 1014 cm-3) o f  q u i t e  l a r g e  vo ids  were observed. 
The average d iameter  of these vo ids  was 90 nm and t h e i r  shape was t h a t  of t h e  usual  t r unca ted  octahedra. 
The l o c a l  s w e l l i n g  i n  t h e  reg ion  shown i n  F igu re  1 i s  %4% compared t o  t h e  measured change i n  bu l k  d e n s i t y  
of 6.5%. The d i f fe rence probab ly  r e f l e c t s  t h e  reg ion- to- reg ion  v a r i a b i l i t y  no rma l l y  e x h i b i t e d  i n  f o i l s  
w i t h  low t o  moderate vo id  dens i t i es .  
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TABLE I 

SWELLING OF VARIOUS COMMERCIAL COPPER ALLOYS I N  MOTA-1B 
AT 450°C and 2.5 x 1022 n/cm2 (E N . 1  MeV) 

A l l o y  Composition (ut .%) Cond i t ion  % Swe l l i ng  

Cu (MARZ) cu (99.999%) Annealed 6.5 

CuNiBe (1/2 HT)* Cu-1.8 Ni-0.3 Be 20% CW & Aged 1.70 
( 3  h r  a t  480'C) 

( 3  h r  a t  480'C) 

a t  470'C 

CuNiBE (AT)* Cu-1.8 Ni-0.3 Be Annealed & Aged 0.29 

MZC Cu-0.9 Cr-0.1 Zr-0.05 Mg 90% CW, Aged 1/2 h r  1 .03 

Cu-A125 Cu-0.25 A1203 20% cw 0.13 

* l / 2  HT and AT a re  i n d u s t r y  des ignat ions  f o r  ha l f - ha rd  and tempered, and annealed and tempered, 
r espec t i ve l y .  

The d i s l o c a t i o n  d e n s i t y  i n  t h i s  r e g i o n  was a l s o  r e l a t i v e l y  low (13 K 10-9 cm-2) and r e f l e c t s  b o t h  t h e  p u r i t y  
o f  t h e  copper and t h e  h i gh  homologous temperature a t  which t h e  i r r a d i a t i o n  was conducted. A lso  shown i n  
F i g u r e  1 i s  a low d e n s i t y  (% lO14 /cd )  o f  smal l  u n i d e n t i f i e d  defect  c l us te r s .  These c l u s t e r s  a re  n o t  a n t i c i -  
pated t o  have a s i g n i f i c a n t  e f f e c t  on t h e  e l e c t r i c a l  o r  mechanical p r o p e r t i e s  when compared t o  t h e  e f f ec t  
of t he  o the r  m i c r o s t r u c t u r a l  components. 

5.3 Dispersion-Strengthened Copper 

The commercial a l l o y  A125 was i r r a d i a t e d  i n  t h e  2oX cold-worked c o n d i t i o n  and i s  e s s e n t i a l l y  pure  copper 
st rengthened w i t h  ve ry  smal l  alumina p a r t i c l e s  formed b y  i n t e r n a l  o x i d a t i o n  o f  a smal l  amount o f  aluminum 
so lu te .  
con ta i ns  g r a i n s  and subgrains o f  m ic ron  and submicron s izes.  In t h i s  p a r t i c u l a r  a l l o y  t h e  A1203 i s  0.25 
percent  b y  weight  and i s  d ispersed i n  p a r t i c l e s  rang ing  f rom 3 t o  20 nm i n  s i z e  a t  a d e n s i t y  o f  %3 X 1016 
cm-3. As shown i n  F i g u r e  2 bo th  t h e  p a r t i c l e s  and cold-worked d i s l o c a t i o n  d e n s i t y  a re  r e l a t i v e l y  s tab le ,  
n o t  Only a f t e r  aging f o r  1000 hours a t  700°C. b u t  a l s o  a f t e r  i r r a d i a t i o n  t o  16 dpa a t  45OOC. 

In c o n t r a s t  t o  t h e  pure copper which had l a r g e  g ra i ns  on t h e  o rder  o f  tens o f  microns, A125 

A ve ry  c a r e f u l  examination o f  t h e  m ic ros t ruc tu re  a f t e r  i r r a d i a t i o n  showed t h a t  t h i s  a l l o y  was remarkably 
i n s e n s i t i v e  t o  i r r a d i a t i o n ,  wi th  no vo ids  o r  bubbles observed and v e r y  few Frank loops, b u t  o n l y  a t  smal l  
s i zes  ( < l o  nm). Examples of t h e  vo id- f ree  m a t r i x  and p r e c i p i t a t e  m i c r o s t r u c t u r e  a re  shown i n  F igu re  3. 
F i gu re  ? shows when d i f f e r e n t  d i f f r a c t i o n  vec to rs  a re  used t o  image t h e  p r e c i p i t a t e s  a f t e r  i r r a d i a t i o n ,  t h e  
b lack- wh i te  c o n t r a s t  vec to r  i s  always p a r a l l e l  t o  t h e  d i f f r a c t i o n  vector .  Th i s  i n d i c a t e s  t h a t  t h e  
p r e c i p i t a t e s  have a rad ia l l y - symne t r i c  s t r a i n  f i e l d .  

5.4 Precipitation-Strenqthened Cold-Worked A l l o y  

The MZC copper-base a l l o y  con ta ins  smal l  amounts o f  magnesium, z i rcon ium and chromium which p rov ide  bo th  
s o l i d  s o l u t i o n  s t reng then ing  and p r e c i p i t a t i o n  hardening. When combined w i t h  work hardening t h i s  a l l o y  p ro-  
v ides  a good combinat ion of h i g h  s t r eng th  and h i g h  conduc t i v i t y .  The p r o p e r t i e s  o f  t h e  a l l o y  a re  somewhat 
dependent on thermal-mechanical t reatment .  The recomnended t reatments a re  d i r e c t e d  toward p roduc t i on  of  a 
h i g h  concent ra t ion  o f  smal l  p r e c i p i t a t e s  which a re  r i c h  i n  copper and z i rconium. 
ducing these p r e c i p i t a t e s  i s  t o  s t a b i l i z e  t h e  d i s l o c a t i o n  network a t  h i g h  temperatures. 
F i gu re  5 these p r e c i p i t a t e s  were observed t o  be s t a b l e  a f t e r  aging f o r  1000 hours ou t- o f - reac to r  a t  4OOOC. 

The purpose o f  i n t r o -  
As shown i n  

A f t e r  a l e s s  d e t a i l e d  examination than  t h a t  employed f o r  t h e  A125 a l l o y ,  i t  appeared t h a t  no vo ids  had 
formed i n  t h e  i r r a d i a t e d  a l l o y .  Th is  i s  i ncons i s ten t  wi th  t h e  repo r ted  d e n s i t y  change of -1.03%. 
suspected t h a t  t h e  apparent s w e l l i n g  i s  a consequence o f  a l a t t i c e  parameter change o f  t h e  m a t r i x  a r i s i n g  
from p r e c i p i t a t i o n .  

It i s  

While F i gu re  6 shows t h a t  *5 X 1016 cm-3 p r e c i p i t a t e s  w i t h  s i zes  i n  t h e  range 2-10 n m  
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FIGURE 1. Large voids observed in MAR2 copper after irradiation to 16 dpa at - 4 5 O O C .  

F IGURE 2. Comparison of microstructures of aged and irradiated A125 alloy. 
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FIGURE 3. I l l u s t r a t i o n  o f  absence of vo ids  i n  i r r a d i a t e d  A125 dur ing  c a r e f u l  t h r u- f o c a l  s e r i e s  of  
microscopy. Also shown i s  t h e  f ineness and d i s t r i b u t i o n  of  A1203 d isperso ids .  

I 

FIGURE 4. I l l u s t r a t i o n  of t h e  procedures used t o  e s t a b l i s h  t h e  r a d i a l l y  symmetric n a t u r e  of t h e  d i s p e r s o i d  
p a r t i c l e s  i n  i r r a d i a t e d  A125. 
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still exist after irradiation, there is a second population of precipitates at 1.1014 cm-3 which have mvch 
larger sizes (1.50 nm). These were found to be rich in chromium. Experiments are now in progress to 
identify both precipitate populations. The dislocation density after irradiation was found to be 
marsinallv hiaher (4011 cm-2) than that of tvDical austenitic stainless steels (3-6 X 1010 cm-2) irradi- 
i 

5 

_ .  
&.e; at compa;able'homologous' temperatures. 

8.5 Precipitation-Strengthened Alloy 

.L^ .-."̂.,l - 7 1  I A?..-> 1. L . . .  _..>1*1._.. , lur LUOCIII a t ~ o y  wds i r r . m i a L r o  ~n LWO cunoicions; the half-hard and tempered (112 HT) condition and the 
annealed and tempered condition (AT). Since beryllium in solution strongly reduces elec 
conductivitv. nickel is added to reduce the solubilitv of beryllium and induce precipiti 
n 

are quite stable but after aging at 700'C for the same time extensive recrystallization occurs along with 
strong coarsening of the precipitate structure. During irradiation at 450°C, however, recrystallization 
and coarsening also occurs. Figures 9 and 10 show that extensive recrystallization (%75% of grains) has 
occurred, with large precipitates and voids forming in the recrystallized zones. The unrecrystallized 
grains are largely free of voids and contain 1.5 X 1016 cni-2 of small (1.5 nm) precipitates of undetermined 
nature. There is some evidence that envelopes or halos of voids are formed around the lar e precipitates. 
Similar behavior has been observed in other alloys containing boron-rich precipitates.(2.3? It is 
assumed that these are a conseouence of the 98e(n,Zn)B8e+%e + 4He reaction. The reaction energy is 

as well defined as that of typical (n,.) reactions, however. 
s distinct than that generated by (n. U) reactions. 

~~~ ~ ~ ~ .. ..l .~ ~~ 

known to be broader in energy range and not 
and the halo's are therefore broader and les 

In the at condition, no recrystallization wa! 
of small precipitates there were a very low i 
that observed in the pure copper. 

5 observed after irradiation. 
Tensity (%1012 cm-3) of large voids, with sizes comparable to 

In addition to the high density 

5.6 Conclusions 

Pure copper swells rather easily at 45OOC but swelling can be delayed by solute additions. particularly 
when dense precipitate populations are introduced which are stable during irradiation. When the 
precipitate populations are unstable and when recrystallization occurs, then swelling can occur. This is 
particularly true in alloys which contain beryllium that transmutes to helium. 
density change information must be supplemented by microscopy observations to determine whether decreases 
in density arise from voids and/or precipitation sequences. 

It also appears that 

The behavior of MZC and particularly of A125 during irradiation at 45OOC is most promising and provides 
additional incentive for development of high-conductivity alloys for fusion service. 
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FIGURE 7. High d e n s i t y  o f  small p r e c i p i t a t e s  observed i n  CuBeNi ( 1 / 2  HT) a f t e r  aging 1000 hours a t  400OC. 
us ing  d i f f e r e n t  d i f f r a c t i o n  vec tors .  

FIGURE 8.  R e c r y s t a l l i z e d  tnicrostructures observed i n  CuBeNi ( 1 / 2  HT) a f t e r  aging 1000 hours a t  700°C. 
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FIGURE 9. Adjacent grains in CuBeNi (1/2 HT) after irradiation, showing both recrystallized and 
unrecrystallized grains. Large precipitates and voids are found in in recrystallized areas. 

_I 

H- 

F IGURE 10. While the recrystallized areas o f  CuBeNi ( 1 / 2  HT) exhibit large voids and precipitates, the 
uncrystallized areas retain their original cold-work character. 
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KR Absher, Chief 

HEDL (26 )  

HR Brager 
LL Carter  
OG Doran (5)  
FA Garner 
OS Ge l les  
R. Gold 
HL He in isch  
DL Johnson 
GD Johnson 
NE Kenny 
FM Mann 

WIA-58 
WIB-47 
WIA-57 
WIA-58 
W/A-58 
WIC-39 
WIA-58 
WIB-41 
WIA-65 
WIC-115 
WIA-58 

C. Mart inez WIA-58 

EK Opperman WIA-58 
RW Powell WIA-58 
RJ Puigh WIA-58 
FA Schrni t t roth WIA-58 
WF Sheely WIC-20 
RL Simons WIA-65 
HH VoshikawaIMJ Korenko WIC-44 
Centra l  F i l e s  WIC-110 
Documentation Serv ices WIC-123 

WN McElroy WIC-39 
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