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FOREWORD 

T h i s  r e p o r t  i s  t h e  t w e n t y - f o u r t h  i n  a s e r i e s  o f  Q u a r t e r l y  Techn i ca l  Progress  
Repo r t s  on  Damage A n a l y s i s  a n d  Fundamenta l  S t u d i e s  (DAFS),  which i S  one 
element o f  t h e  Fus ion  Reactor  M a t e r i a l s  Program, conducted i n  suppo r t  o f  t h e  
Magnet ic  Fus ion  Energy Program o f  t h e  U.S. Department o f  Energy (DOE). 
f i r s t  e i g h t  r e p o r t s  i n  t h i s  s e r i e s  were numbered DOE/ET-0065/1 t h rough  8. 
Other  e lements o f  t h e  Fus ion  M a t e r i a l s  Program are :  

A l l o y  Development f o r  I r r a d i a t i o n  Performance (ADIP) 
P1 asma-Materi a1 s I n t e r a c t i o n  (PMI ) 

The 

Spec ia l  Purpose M a t e r i a l s  (SPM). 

The DAFS program element i s  a n a t i o n a l  e f f o r t  composed o f  c o n t r i b u t i o n s  f r o m  
a number of N a t i o n a l  L a b o r a t o r i e s  and o t h e r  government l a b o r a t o r i e s ,  u n i v e r -  
s i t i e s ,  and i n d u s t r i a l  l a b o r a t o r i e s .  
R a d i a t i o n  E f f e c t s  Branch; DOE/Office o f  Fus ion  Energy, and a Task Group on 
Damage A n a l y s i s  a n d  Fundamenta l  S t u d i e s ,  which  ope ra tes  under  t h e  ausp ices  
o f  t h a t  branch. The purpose o f  t h i s  s e r i e s  o f  r e p o r t s  i s  t o  p r o v i d e  a work- 
i n g  t e c h n i c a l  r e c o r d  o f  t h a t  e f f o r t  f o r  t h e  use o f  t h e  program p a r t i c i p a n t s ,  
t h e  f u s i o n  energy program i n  genera l ,  and t h e  DOE. 

T h i s  r e p o r t  i s  o rgan i zed  a long 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 P l a n  
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 f o l l o w e d  
r e a d i l y ,  r e l a t i v e  t o  t h a t  Program Plan. Thus, t h e  work o f  a g i v e n  l a b o r a-  
t o r y  may appear t h roughou t  t h e  r e p o r t .  Note t h a t  a new c h a p t e r  has been 
aoded on Reduced A c t i v a t i o n  M a t e r i a l s  t o  accommodate work on  a t o p i c  n o t  
i n c l u d e d  i n  t h e  e a r l y  program p lan .  The Contents i s  annotated f o r  t h e  con-  
venience o f  t h e  reader .  

T h i s  r e p o r t  has been compi led  and e d i t e d  under  t h e  guidance o f  t h e  Chairman 
O f  t h e  Task Group On Damage A n a l y s i s  a n d  Fundamenta l  S t u d i e s ,  D. G. Doran, 
Hanford  Eng inee r i ng  Development L a b o r a t o r y  (HEDL). 
t h e  s u p p o r t i n g  s t a f f  o f  HEDL, and t h e  many persons  who made t e c h n i c a l  con-  
t r i b u t i o n s  a r e  g r a t e f u l l y  acknowledged. 
t i o n  E f f e c t s  Branch, i s  t h e  DOE c o u n t e r p a r t  t o  t h e  Task Group Chairman and 
has r e s p o n s i b i l i t y  f o r  t h e  DAFS program w i t h i n  DOE. 

I t  was o rgan i zed  b y  t h e  M a t e r i a l s  and 

H i s  e f f o r t s ,  t h o s e  o f  

T. C. Reuther,  M a t e r i a l s  and Radia-  

6. M. Haas, Chief  
Reac tor  Technologies Branch 

O f f i c e  o f  Fus ion  Energy 
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C.M. man and D. W. Heikkinen (Lawrence Livermore National Laboratory) 

1.0 

The objectives of this work are operation of Klhls-I1 (a 14-NeV neutron scurce facility), mchine 
d e v e l m t ,  and support of the experimental program that utilizes this facility. 
inciude dosirretry, handling, scheduling, coordination, and reporting. 
research for the fusion power program. Its primary use is the development of models of high-energy 
neutron effects needed to project engineering data obtained in fusion reactors to fusion environments. 
The facility is currently operated jointly by USDOE and Japan-Monbusha. 

Exprimenter services 
RPNs-11 is dedicated to mterials 

Irradiations were performed for 13 different experimenters during this quarter. 
are being used on the right and left machines now. 
supply upgrade for the left and right machines was carpleted. 

Fifty centimter targets 
Ion scurce developnent continues. The extraction p w r  

Title: Klhls-11 operations (WZJ-16) 
Principal Investigator: C. M. man 
Affiliation: mwrence Livenrare National Labratory 

4.0 

Task II.A.2,3,4. 
Task II.B.3.4 
Task II.C.1,2,6,11,18. 

M. LaJan, D. W. &&beL& M. W. Qh%l . .  - 5.0 

During this quarter, irradiations (both dedicated and add-on) were done for the follawing people. 

J. Fowler (LANL) 

R. Snither (Am) 

R. Borg (LLHL) 

K. Saneyoshi (TIT) 

P 

A 

A 

A 

MpmR - electrical and mchanical 
properties. 

~1 - the 27~l(n,~n)26~1 cross 
section near threshold 

1. NiRh - mgnetic properties 
2. I(Br and KI - inert gas 

prcduction and diffusion. 

LiF - determine the feasibility of 
TID self irradiation as a tritium 
prcduction 
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ted 

K. Shinohara (Kyushu) A 

D. Heikkinen (LLNL) A 

N. Itoh (Nagoya) P 

K. Abe (Tohoku) P 
H. Matsui (Tohoku) 
H. Rayall0 IToholtU) 
M .  Kiritani (Hokkaido) 
H. Takahashi (Hokkaido) 
K. Shinohara (Kyushu) 
E. KUraIIKkO (KyuShu) 
N. Yoshida (KwShu) 
T. K i n a s h i t a  iKyushu) 
N. Igata (Tokyo) 
A. KOhyallb3 (6kyd 
K. Mihayara (Tokyo) 
H. Kawanishi (Tokyo) 

M. Iseki (Nagoya) 
K. m d a  (Nagoya) 

K. Sata (Nagoya) 

K. S m i t a  (Osaka) A 

Y. Tabata (Tokyo) A 

Y. Yamoka (Kyoto) A 

c. Ichihara (Kyoto) 

F. Deadrick LWL) 

*P - primary, A = M-on 

A 

A 

Cu - fluence depmdence of yield 
stress 

& - dosimetry calibration 
Ceramics - in-situ expansion due 
to radiation darrage 

Metals -mechanical properties 

Insulators - electrical and 
mechanical properties 

Polymers - tensile strength 
Polymers - tensile strength 
M q J  - light atsorption for 
dosimetry 

Linear amplifiers - perfornwce 

M. man D. W. HelkklnM . .  - 5.1 

The ion source system developnent for the right and left machine continues. 
had already been obtained. 

Both the left and right machines are naw operating with 35-kV Cober extraction power sumlies. 

On mvaber 30, 1983, both the right and left mchines were in operation at the same time using 501m 
targets. 

Deuteron currents over 120 rA 

"his was a historical event for KMS-11. 

Irradiatirms will be continued for J. FWler (LANL), R. Borg, (u), K. Abe (Tohoku) et al., Y. Tabata 
(Tbkyo) , Y. Ymoka (Kyoto), K. Wta (Osaka) and K. Saneyoshi (TIT). Rlso during this period, irradiations 
for Y. Shimormra (Hiroshh), H. Heinisch (IGDL) and D. Nethaway (JUT) will be initiated. 
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FISSION REACTOR DOSIMETRY - HFIR - T1 - CTR39) 

L.  R.  Greenwood (Argonne Nat iona l  Labora to ry )  

- __________ 

1.0 Ob jec t i ve  

To cha rac te r i ze  neutron i r r a d i a t i o n  f a c i l i t i e s  i n  t e r n s  o f  neutron f l u x ,  spectra,  and damage parameters 
(dpa, gas generat ion,  t ransmuta t ion)  and t o  measure these exposure parameters du r i ng  fus ion m a t e r i a l s  
i r r a d i a t i o n s .  

2.0 Sumnary __ 

Dosimetry measurements and damage c a l c u l a t i o n s  a re  sumnarized f o r  the  T1 and CTR39 i r r a d i a t i o n s  i n  MIR. 
The s t a t u s  o f  a l l  o t he r  experiments i s  sumnarized i n  Table 1. 

H F I R  

TABLE 1 

STATUS OF DOSIMETRY EXPERIMENTS 
_- __ __ 

F a c i l  i tyIExper iment  StatusIComments 

ORR - MFE 1 Completed 12/79 - MFE 2 completed 06/81 
- MFE 4A1 Completed 12/81 

Completed 11/82 - MFE 4A2 - MFE 48 Samples Received 09/83 - MFE 4C I r r a d i a t i o n  i n  Progress - TBC 07 Completed 07/80 - TRIO-Test Completed 07/82 - TRIO-1 completed 12/83 
- H f  Test  Planned f o r  01/84 - CTR 32 Completed 04/82 - CTR 31, 34, 35 Completed 04/83 - CTR 30 I r r a d i a t i o n s  i n  Progress 
- T2, RE1 Completed 09/83 - T1, CTR 39 Completed 01/84 - RB2, RB3, T2 I r r a d i a t i o n s  i n  Progress - CTR 40-52 I r r a d i a t i o n s  i n  Progress 
- JP 1-8 I r r a d i a t i o n s  i n  Progress 

mega West - Spectra l  Ana lys is  Completed 10/80 - HEDLl Completed 05/81 - HEDL2 Samples Sent 05/83 
EBR I 1  - X287 Completed 09/81 
IPNS - Spectra l  Ana lys is  Completed 01/82 - LAN11 (Hur ley )  completed 06/82 - Hur ley  Completed 02/83 

- Coltman Completed 08/63 

____ - - __ 

__ 

Program __ 3.0 

T i t l e :  Dosimetry and Damage Ana lys is  
P r i n c i p a l  I nves t i ga to r :  L.  R .  Greenwood 
A f f i  1 i a t i o n :  Argonne Nat ional  Laboratory 

5 



4.0 Relevant DAFS Program Plan Task/SubtasJ 

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

5.0 Accomplishments and Sta tus  

Measurements and c a l c u l a t i o n s  have been completed f o r  t he  T1 and CTR39 i r r a d i a t i o n s  i n  t h e  High F l u x  
Isotopes Reactor (HFIR) a t  Oak Ridge Nat iona l  Laboratory.  
s t e e l s  and cons is ted  o f  t e n s i l e  and fa t i gue  specimens. 

Both experiments were designed t o  study f e r r i t i c  
The i r r a d i a t i o n  h i s t o r i e s  are,  as f o l l o w :  

Experiment r leactor P o s i t i o n  __ Dates Exposure, MWD 
~ 

CTR39 
T1 

PTP 6/82 - 10/82 13,004 
Target  2/81 - 8/82 32,272 

Dosimeters were l oca ted  a t  two he igh ts  i n  T1 and th ree  he igh ts  i n  t he  CTR39 subassembly. 
conta ined N i ,  Cu, Co-AI, Mn-Cu, Nb, T i ,  Fe, and Z r  dosimeter w i res  w h i l e  the CTR39 capsules conta ined on l y  
Fe, T i ,  Mn-Cu, and Co-A1 dosimeters. 

The T2 capsules 

The measured a c t i v a t i o n  ra tes  are l i s t e d  i n  Table 2 .  
valuesl .2 measured i n  s i m i l a r  l o c a t i o n s  i n  HFIR, i t  was apparent t h a t  t he  54Fe(n,p)54Mn and 55Mn(n,211)~'% 
r e a c t i o n  ra tes  showed much more s c a t t e r  (15-20%) than expected. 
u n c e r t a i n t y  i n  t he  burnup c o r r e c t i o n s  f o r  54Mn s ince the  thermal cross sec t ion  i s  n o t  w e l l  known. 

When the  present  values were canpared t o  prev ious  

Th is  can be e a s i l y  exp la ined by t h e  

TABLE 2 

A C T I V I T Y  RATES MEASURED I N  F I R - T I ,  CTR39 
(Values normalized t o  100 MW: co r rec ted  f o r  burnup) 

Reaction A c t i v i t y  Rate, atom/atom-s 
_______. 

- 
T1 Experiment: Height ,  cm: 7.22 16.95 

-~ ____ _-  

CTR39 Experiment: - 10.89 19.78 _ _  2.00 ~- __ 
58Fe( n.r)59Fe (10-9) 2.10 1.84 1.30 
59cOi n:;i60co iio-8) 7.54 6.57 4.57 
54Fe( n ,p)54Mn (10-11) 7.36 6.55 4.68 
5 5 t h  I n ,2n) 54Mn (10-13) 2.14 1.95 1.42 

ENDF/B-IV3 l i s t e d  the  54Mn thermal cross sec t i on  as < lob.  The newly re leased ENDF/B-V4 Value i S  @ab. 
we compare r e a c t i o n  ra tes  measured i n  s i m i l a r  p o s i t i o n s  over  var ious  exposure t imes (6000 - 30000 M I D ) ,  
then bo th  reac t i ons  show reasonably good agreement (5-10%) us ing  a 54Mn thermal cross sec t i on  of about l ob .  
Consequently, we have adopted t h i s  value f o r  t he  present  da ta .  Unfor tunate ly ,  t h i s  means t h a t  a l l  p rev ious  

54Fe(n,p) and 55Mn(n,2n) ra tes  should be rev ised;  however, t h e  co r rec t i ons ,  which sca le  w i t h  the exposure, 
are l e s s  than 10% i n  a l l  cases. 
damage parameters, these data should have changes o f  l e s s  than 5%. Data fran f u t u r e  i r r a d i a t i o n s  i n  HFIR 
w i l l  h e l p  us to f u r t h e r  r e f i n e  our es t imate  of the 54Mn thermal cross sec t ion  and a l l  data w i l l  be rev i sed  
as necessary. 

If 

Since these reac t i ons  are no t  the o n l y  ones used t o  determine f luences and 
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The p resen t  g rad ien t  data i s  we l l- descr ibed  by a quadra t i c  polynomial and t h e  c o e f f i c i e n t s  are l i s t e d  i n  
Table 3. 
r a t e s  a t  any p o i n t  i n  the  subassembly. 
and t h e  he l ium and dpa ra tes  a re  l i s t e d  separa te ly  i n  Table 4. 
measurements and c a l c u l a t i o n s  was presented a t  the  Albuquerque meeting.5 

Using t h i s  f unc t i on  and t h e  midplane values,  users can r e a d i l y  determine f l uence  o r  damage 

A more complete d e s c r i p t i o n  o f  hel ium 
O f  course, he l ium produc t ion  i n  n i cke l  i s  n o t  so e a s i l y  determined 

TABLE 3 

NUTRON FLUENCE AND DAMAGE PARAMETERS FOR HFIR-T1, CTR39 
Values a re  l i s t e d  a t  midplane; g rad ien ts  are descr ibed 

by f = a ( l  + bz + cz2) where b = 1.95 x 10-4, c = -9.75 x 10-4 

T 1  CTR39 
~- 

Neutron Fluence, x 1022 n / c d  
- 

Tota l  14.74 5.92 
Thermal (c.5 ev)a  7.00 2.47 
Fas t  ( > . l l  MeV) 3.37 1.54 

CTR39 _________ T1 _________ 
He, appm __ dpa __ Element dpa W ,  appm __ 

A1 
T i  
V 

cu 
Nb 
ifa 
316 SSd 

43.85 
27.84 
31.25 
27.37 
30.80 
24.12 
32.42 
26.23 
30.82 
5T.m 
23.67 
23.35 
17.47 
28.94 

19.41 
13.37 
0.67 
4.49 
3.93 
7.89 
3.89 

104.68 
17476. 
imi- 

7.05 
1.44 -- 

2291. 

20.23 
12.88 
14.41 
12.71 
14.01 
11.25 
14.22 
12.10 

8.23 
7033  
10.97 
10.86 

8.08 
12.66 

9.86 
6.58 
0.33 
2.26 
2.00 
4.02 
1.98 

53.32 
4668. 
mE- 

3.58 
0.74 -- 

617. 
__ _____ ________ 
aThe 2200 m/s thremal f l u x  i s  equal t o  0.866 t imes the value 

bThermal sel  f - sh ie l d i ng  must be considered f o r  (n , r )  damage. 
CSee Table I V  f o r  N i  g rad ien ts .  
d316 S S :  

l i s t e d .  

Fe(0.645), Ni(0.13), Cr(0.18), Mn(0.019), Mo(0.026). 

TABLE 4 

HELIUM AND DPA GRADIENTS FOR NICKEL I N  I F I R - T Z ,  RE1 
Helium values i nc l ude  59Ni and f a s t  r eac t i ons  

dpa values I nc l ude  e x t r a  thermal e f f ec t  (He/567) 
Gradients a re  v e r y  n e a r l y  sy rme t r i c  about midplane 

CTR39 
____.____ __ T1 - 

Height ,  m He, appm dpa He, appm dpa ___- 
0 17.581 57.1 4.721 20.3 
3 17;429 56.6 4;666 20.1 
6 16,932 55.0 4,487 19.5 
9 16.105 52.4 4.192 18.5 

12 14,915 48.8 3;781 17.0 
15 13,372 44.0 3,268 15.2 
18 11,439 38.1 2,660 13 .O 
21 9,113 31.0 1,984 10.4 
24 6,437 22.9 1,284 7.6 
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7.0 Future  Work 

Samples a re  be ing  analyzed f o r  t he  MFE48 i r r a d i a t i o n  i n  ORR. 
experiment i n  ORR i s  planned f o r  January 1984. 

A t e s t  o f  the H f  s h i e l d  design f o r  t he  MFE4A 

8.0 Pub l i ca t i ons  

1. L. R. Greenwood, Neutron Measurements and Rad ia t ion  Damage Ca lcu la t i ons  f o r  Fusion Ma te r i a l s  Studies,  
presented a t  the 1983 Winter Meeting o f  the American Nuclear Society,  San Francisco,  CA, November 1983. 
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HELIUM PRODUCTION CROSS SECTIONS FOR 14.8-MeV NEUTRONS 
D. W. Kneff, B. M. O l i ve r ,  R. P. Skowronski, and H. F a r r a r  I V  (Rockwell I n t e r n a t i o n a l ,  Energy Systems 
Group) 

1.0 Ob jec t i ve  

The o b j e c t i v e s  o f  t h i s  work a re  t o  measure he l ium genera t ion  r a t e s  of m a t e r i a l s  f o r  Magnetic Fusion 
Reactor a p p l i c a t i o n s  i n  t he  -14.8-MeV T(d,n) neutron environment, and t o  develop he l i um  accumulat ion 
neutron dosimeters f o r  t h i s  t e s t  environment. 

2.0 Sumnary 

The t o t a l  he l ium produc t ion  c ross  sec t i ons  o f  Be, 0, C r ,  and Mn have been measured f o r  -14.8-MeV T(d,n) 
neutrons from RTNS-11. Add i t i ona l  he1 ium analyses were performed f o r  se lec ted  encapsulated samples of Be, 
C r ,  and Mn t o  t e s t  t he  he l ium r e t e n t i o n  o f  those elements. 

3.0 Program 

T i t l e :  He1 ibm Generation i n  Fusion Reactor M a t e r i a l s  
P r i n c i p a l  I nves t i ga to r s :  D. W. Kne f f  and H. F d r r d r  I V  
A f f i l i a t i o n :  Rockwell I n t e r n a t i o n a l ,  Energy Systems Group 

4.0 Relevant  OAFS Program P lan  TaskISubtask 

Subtask II.A.4.2 T(d,n) Hel ium Gas Produc t ion  Data 

5.0 Accomplishments and Sta tus  

The t o t a l  he l ium produc t ion  c ross  sec t i ons  of t he  elements Be, 0, C r ,  and Mn have been measured f o r  
-14.8-MeV T(d,n) neutrons from the  Ro ta t i ng  Targe t  Neutron Source- I1 (RTNS-11). 
made b y  i r r a d i a t i n g  m u l t i p l e  samples o f  each ma te r i a l  o f  i n t e r e s t  i n  c l ose  geometry t o  t he  R 
and subsequently ana lyz ing  t he  samples f o r  he1 ium by h i g h - s e n s i t i v i  ty gas mass spectrometry. TYS- The 
i r r a d i a t i o n  was a j o i n t  Rockwell In te rna t iona l- Argonne Na t i ona l  Laboratory (ANLI-Lawrence L ivermore 
Na t i ona l  Labora to ry  (LLNL) experiment t h a t  a l s o  i nc l uded  numerous o the r  he l ium genera t ion  mater ia ls . (2 )  
The neut ron  f luence rece ived  by each i r r a d i a t e d  sample was determined by d e t a i l e d  neut ron  f luence mapping 
of t he  i r r a d i a t i o n  vo m us i ng  a combination o f  r ad iome t r i c  and he l ium accumulat ion dosimetry, as 
descr ibed  previously. lY.g) Var ious aspects of t he  p resent  measurements were supported by t h e  O f f i c e  o f  
Fusion Energy and O f f i c e  o f  Basic Energy Sciences o f  t he  U.S. Department o f  Energy. 

The measurements were 
I 1  source 

Several o f  t h e  p resent  s e t  o f  samples were i n d i v i d u a l l y  vacuum-encapsulated i n  m i n i a t u r e  p l a t i num capsules 
f o r  i r r a d i a t i o n  and subsequent he l ium ana lys is .  The manganese samples, and se lec ted  samples o f  Be and C r ,  
were encapsulated t o  ensure and v e r i f y  complete sample he l i um  r e t e n t i o n .  The oxygen samples were i r r a d i -  
a t e d  i n  t he  ox ide  forms PbO and NbzO5, and were encapsulated t o  ma in ta i n  sample i n t e g r i t y  as w e l l  as 
complete he l ium re ten t i on .  
c ross  sec t i ons  (0.62 0 5 b and 14 f 1 mb, r e s p e c t i v e l y ) ,  which were measured separa te ly  as p a r t  of 
t h i s  RTNS-II expe r imen t . l gA ’  P la t inum was se lec ted  as t he  encapsulat ing m a t e r i a l  because o f  i t s  r e l a -  
t i v e l y  smal he l ium genera t ion  c ross  sec t i on  (0.71 * 0.10 mb), which was a l so  measured as p a r t  o f  t h i s  
experiment.16) Each capsule and i t s  con ten ts  were vapor ized  and analyzed toge ther  f o r  hel ium. A c a l -  
c u l a t e d  p l a t i num hel ium genera t ion  c o n t r i b u t i o n .  based on i t s  measured c ross  sec t ion ,  t he  capsule mass, 
and t h e  neut ron  f luence a t  t he  capsule l o c a t i o n ,  was sub t rac ted  from the  t o t a l  amount o f  he l ium measured. 

These oxides were se lec ted  because o f  t h e  low Pb and Nb he l ium genera t ion  
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TABLE 1 

EXPERIMENTAL HELIUM GENERATION CROSS SECTIONS 
FOR -14.8-MeV NEUTRONS 

Cross Sect ion Cross Sect ion  

1018 * 83 34 3 

401 * 32 Mn 28 * 2 

M a t e r i a l  M a t e r i a l  

Each p la t i num capsule, and each unencapsulated Be and C r  sample, was etched before analysis;  t o  e l i m i n a t e  
surface r e c o i l  e f f e c t s .  

Helium measurements were made i n  two ana l ys i s  steps f o r  se lec ted p la t i num capsules con ta in ing  Be, Mn, and 
C r .  
system, and measuring any hel ium t h a t  had been re leased from the  sample i n t o  the  capsule void. 
second a n a l y s i s  step. the capsule p l u s  i t s  contents  were vapor ized t o  measure t h e  he l ium r e t a i n e d  i n  t h e  
sample ( p l u s  any hel ium t h a t  r e c o i l e d  from the  sample i n t o  the  i n n e r  capsule w a l l ) .  The r e s u l t s  o f  these 
two-step capsule analyses, p lus  several  analyses o f  unencapsulated Be and C r  samples, showed n e g l i g i b l e  
(<O.P/J hel ium d i f f u s i o n  from the  C r  and Mn samples, and a small l % l o s s  from b e r y l l i u m  (based p r i m a r i l y  
on one shear ing measurement). The C r  and Mn r e s u l t s  v e r i f y  t he  he l ium r e t e n t i o n  i n  C r  and Mn under RTNS 
i r r a d i a t i o n  cond i t i ons  w i thou t  t he  need f o r  encapsulat ion,  as has been v e r i f i e d  p r e v i o u s l y  f o r  o the r  
RTNS- irradiated m e t a l s  us ing  a v a r i e t y  o f  i r r a d i a t i o n  cond i t ions .  
neasurement f o r  each o f  t he  unencapsulated b e r y l l i u m  samples. 

The f i r s t  ana l ys i s  step i nvo l ved  shear ing the capsule w h i l e  i t  was i n  the mass spectrometer vacuum 
I n  the  

A l % c o r r e c t i o n  was made to the  he l ium 

The oxygen cross  sec t i on  was obta ined by f i r s t  de termin ing  the  PbO and Nb205 cross  section!;, and then 
u n f o l d i n g  t h e  Pb and Nb cross sec t i ons  from these r e s u l t s .  
t i o n  of t h e  oxygen cross sec t i on  were obta ined from an independent s e r i e s  o f  Rockwell analyses comparing 
t h e  he l ium generat ion i n  f o u r  ox ide  powders (Al2O3, GeO, Nb2O5, and PbO) i n  a f a s t  breeder r e a c t o r  
neut ron  environment. The r e s u l t s  showed agreement between the  oxygen hel ium genera t ion  r a t e s  f o r  Al2O3, 
GeO, and NbzO5, assuming s to i ch iome t r i es  given by t h e i r  emp i r i ca l  formulas. 
s to i ch iome t r i c ,  w i t h  the  r e l a t i v e  Pb and 0 concent ra t ions  b e t t e r  represented by Pb01.134 t 0.015. 
Q u a l i t a t i v e  x- ray  d i f f r a c t i o n  a l s o  i n d i c a t e d  the  presence o f  o t h e r  o x i d a t i o n  s ta tes .  
t i o n  a n a l y s i s  was a l s o  i n v e s t i g a t e d  as a t o o l  t o  measure PbO and Nb2O5 s to i ch iome t r i es ,  b u t  i n i t i a l  
r e s u l t s  i n d i c a t e d  t h a t  u n c e r t a i n t i e s  i n  t h e  T a t tenua t i on  c o r r e c t i o n s  were unacceptably l a r g e  f o r  t h e  
standard t e s t  geometry employed, so accurate s to i ch iome t r i es  cou ld  n o t  be obtained.  

The measured t o t a l  hel ium product ion  cross sect ions  f o r  t h e  four elements a re  g iven i n  Table 1. The 
b e r y l l i u m  cross sec t i on  i s  
9Be(n,Zn)8Be--Za react ion.17) The chromium c r  s s e c t i o n  has been measured i n  a prev ious  Rockuell  
RTNS-I exper iment  us ing  unencapsulated samples,?2j and t h a t  r e s u l t  (34 f 4 mb) i s  i n  e x c e l l e n t  agreement 
w i t h  t h e  34 3 &I cross  sec t i on  f rom the present  RTNS-I1 measurement. 

The ox ide  s to i ch iome t r i es  used i n  the  de r i va-  

PbO was found t o  be non- 

Fast- neutron a c t i v a -  

arge, as expected, because it i s  dominated by t h e  2a c o n t r i b u t i o n  fran the  
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5. B. M. Oliver, 0. W. Kneff, M. M. Nakata. and H. Farrar  I V .  "Helium Generation Cross Sections f o r  
14.8-MeV Neutrons," i n  Damage Analysis and Fundamental Studies ,  Quarterly Progress Report J u l y  - 
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7.0 Future Work 

A comprehensive paper covering a l l  of Rockwell ' 5  -14.8-MeV T(d,n) t o t a l  helium production measurements 
will be submitted f o r  publication shor t ly .  Further RTNS-I1 c ross  sec t ion analyses will be performed f o r  
low-level samples when a constant- temperature vaporization furnace, now being developed under an  Office of 
Basic Energy Sciences program, is completed. The Office of Basic Energy Sc'ences i a l s o  sponsoring the 

t i o n  c ross  sec t ions  using lead-encapsulated metal samples. 
cu r ren t  ana lys i s  of a j o i n t  LLNL-Rockwell RTNS-I experiment t o  measure the  2 .  L i  and f .  L i  helium ' produc- 

8.0 Pub1 i c a t i  ons 

None. 
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THE TRIO-1 TRITIUM RREEDING EXPERIMENT I N  ORR 

L. R. Greenwood and R. G. Clemner (Argonne Nat iona l  Labora to ry )  

__-______ 

Objec t i ve  ~- 1 .o 

To cha rac te r i ze  neutron i r r a d i a t i o n  f a c i l i t i e s  i n  terms o f  neutron f l u x ,  spectra,  and damage parameters 
(gas generat ion,  dpa. t ransmuta t ion)  and t o  measure these exposure da ta  du r i ng  f u s i o n  m a t e r i a l s  
experiments. 

2.0 Sumnary 

The TRIO-1 s o l i d  breeder (r-LiA102) t r i t i u m  experiment has been completed i n  ORR. The experiment was 
designed t o  t e s t  i n - s i t u  t r i t i u m  recovery and hea t  t r a n s f e r  performance. 
a l l  of the  tritium generated was recovered. 
our  dosimetry c a l c u l a t i o n s .  The t o t a l  t r i t i u m  generated was 35.1 C i  corresponding t o  a 6 L i  burnup o f  
about 33% (0.18% of t o t a l  l i t h i u m ) .  

The r e s u l t s  showed t h a t  nea r l y  
The on- l i ne  t r i t i u m  measurements were i n  good agreement w i t h  

3.0 Program 

T i t l e :  Dosimetry and Damage Ana lys is  
P r i n c i p a l  I n v e s t i g a t o r :  L.  R.  Greenwood 
A f f i l i a t i o n :  Argonne Nat iona l  Labora to ry  

__ 

Relevant OAFS Program P lan  Task/Subtask _____ 4.0 

Task I I . A . 1  F i s s i o n  Reactor Dosimetry 
Task II.A.4 Gas Generation Rates 

5.0 Accomplishments and Sta tus  _. 

The TRIO-01 experiment has been completed i n  t he  Oak Ridge Research Reactor (ORR) a t  the  Oak Ridge Nat ional  
Laboratory.  The present  r e p o r t  i s  designed t o  focus on t r i t i u m  measurements and ca l cu la t i ons ;  a more com- 
p l e t e  d e s c r i p t i o n  can be found i n  o the r  recent  pub l i ca t ions .1 -4  
t e s t  i n - s i t u  t r i t i u m  recovery and hea t  t r a n s f e r  preformance o f  a candidate s o l i d  fus ion breeder m a t e r i a l ,  
y-LiA102. 
P o s i t i o n  A2 of t he  ORR from March 12 t o  June 13, 1983, f o r  a t o t a l  exposure of 2558 MWd. 
were i n c l u d  d w i t h  t he  sample, and t he  neut ron  spectrum was measured e a r l i e r  i n  a mockup t e s t  descr ibed 
p rev ious l y .g  I n  t h e  mockup t e s t ,  the  6 ~ i  burnup r a t e  was measured by Oak Ridge Nat iona l  Laboratory and by 
Rockwell I n t e r n a t i o n a l .  

The TRIO-01 experiment was designed t o  

To decrease se l f - sh ie l d i ng ,  L i  depleted t o  0.55% 6 L i  was used. The experiment was i r r a d i a t e d  i n  
Neutron dosimeters 

These measurements agreed w i t h  t h e  ANL dosimetry-based c a l c u l a t i o n s  t o  w i t h i n  24%. 

I n  t he  ac tua l  TRIO-01 i r r a d i a t i o n  Fe, N i ,  and T i  dosimetry w i res  were l o c a t e d  i n  separate tubes on t he  west 
s ide,  e a s t  s ide,  and cen ter  o f  the  TRIO capsule. .The 10-mil w i res  were c u t  i n t o  s i x  p ieces,  each about 
1.4 cm l ong ,  and gama counted by Ge(Li )  spectroscopy. The reac t i on  ra tes  were cor rec ted  f o r  decay du r i ng  
t h e  i r r a d i a t i o n  us ing  t h e  f l u x  h i s t o r i e s  from th ree  self-powered neutron de tec to rs  which were wound around 
t h e  ou t s i de  o f  t he  TRIO capsule.  It i s  wor th  n o t i n g  t h a t  these f l u x  h i s t o r i e s  show some s i g n i f i c a n t  l o c a l  
v a r i a t i o n s  ( * l o%)  which are n o t  seen i n  t he  o v e r a l l  ORR power h i s t o r y .  
t o  f u e l  changes du r i ng  t he  course o f  the  experiment. 
t a t i o n  of ou r  dosimetry data s ince  we used r a t h e r  l o n g- l i v e d  a c t i v i t i e s .  
impo r tan t  i n  t h e  d a i l y  comparison of measured and c a l c u l a t e d  t r i t i u m  l e v e l s ,  as w i l l  be d iscussed l a t e r .  

These v a r i a t i o n s  a re  p robab ly  due 
Th i s  e f f e c t  i s  n o t  ve ry  impor tan t  f o r  t he  i n t e r p r e -  

However, t he  e f f e c t  i s  q u i t e  
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The measured a c t i v i t y  r a t e s  a re  l i s t e d  i n  Table 1. 
of the experiment, r e s u l t s  from a l l  s i x  samples were averaged. As can be seen, t he  thermal f l u x  i s  about 
t he  same on the  two out isde (West lEast)  p o s i t i o n s  b u t  drops about 32% i n  the  center  due to neutron s e l f -  
sh ie ld ing ,  p r i m a r i l  from the  s t a i n l e s s  s tee l  s leeve (0.5 011 t h i c k ) .  Th is  s h i e l d i n g  e f f e c t  was a l so  seen 
i n  the  mockup t e s t 3  A n a l y t i c a l  approximations i n d i c a t e  a s h i e l d i n g  fac to r  o f  about 0.74 f o r  t he  s t a i n l e s s  
s tee l  and an i n i t i a l  a d d i t i o n a l  s h i e l d i n g  o f  about 0.95 from the  LiA102 i t s e l f .  The f a s t  f l u x  g rad ien ts  
are r a t h e r  steep, 100% from west to east ,  due to the  l o c a t i o n  o f  the A2 p o s i t i o n  on the corner  o f  the ORR 
core  assembly. Th is  f a s t  g rad ien t  i s  i n s i g n i f i c a n t  i n  terms o f  t r i t i u m  generat ion and w i l l  have on l y  a 
small e f f e c t  on the  damage ra tes .  The a c t i v i t i e s  measured i n  the  T R I O 4 1  i r r a d i a t i o n  were about 30-40% 
lower than measured i n  the mockup t e s t s ,  due to changes i n  the f u e l  l oad ing  of the ORR core. 

Since there  was no measurable g rad ien t  over t he  l e n g t h  

TABLE 1 

MEASURE0 ACTIVATION RATES FOR TRIO-01 
Resul ts are the  average o f  s i x  samples nofmal ized t o  100 MW 

P o s i t i o n  A c t i v a t i o n  Rate, atomlatom-s _______ 
58Fe( n ,7)59Fe 54Fe( n ,p) 54Mn 46Ti ( n , p ) W c  _- 

West 1.24 E-10 5.34 E-12 7.47 E-13 
Center 8.31 E- 11 3.42 E-12 5.26 E-13 
East 1.22 E-10 2.67 E-12 3.82 E-13 

The a c t i v i t i e s  i n  Table 1 were used t o  a d j u s t  the neutron spectrum masured  i n  the  mockup t e s t s  us ing  the  
STAYSL computer code. The r e s u l t a n t  neutron f luences and damage parameters are l i s t e d  i n  Tables 2 and 3, 
respec t i ve l y .  
such as STARFIRE. 

The r a d i a t i o n  damage i s  equ i va len t  to about 0.6 MW-y o r  about two months i n  a fus ion  reac to r  

TABLE 2 

ADJUSTED NEUTRON FLUENCES 

Neutron Fluence, x 1020 n / C d  

East __ ~ 

Energy, MeV Center West _____ 
Total  19.1 28.7 19.7 
Thermal ( c . 5  eV)* 6.93 10.30 9.52 
0.5 eV - 0.1 MeV 6.01 8.98 5.13 
N.1 MeV 6.15 9.05 5.00 
i- 
The 2200 m/s thermal f l u x  i s  0.886 t i m e s  the 
quoted value. 

TABLE 3 

DAMAGE PARAMETERS FOR TRIO-01 
______ ___ 

Source Damage 
__- 

dpa: 6 ~ i  (n,a)  t 0.30 
Fast  Reactions 0.51 

Tota l  m 
- 

Rads: 6 ~ i ( n , d t  1.67 x 1012 
Fast  Reactions 0.15 x 1012 
Gama Heating* 3.54 x 1012 

Tota l  5.36 x r b l Z  

5 s x G a l u e  o f  4.8 W/g measured 
by ORNL i n  the A2 p o s i t i o n .  

T r i t i u m  product ion  can be d i r e c t l y  c a l c u l a t e d  us ing  our dosimetry data. 
was used t o  c a l c u l a t e  an unshie lded ( o u t e r )  6 ~ i  burnup r a t e  o f  9.70 x 10-8 atomslatom-s and an average 
i nne r  ( sh ie lded )  r a t e  of 5.87 x 10-8 atomslatom-s. 
du r i ng  t h e  experiment as the atoms are burned up. 
s h i e l d i n g  decreases frm about 0.952 t o  0.968. 
t r i t i u m  product ion .  
f luence and hence the tritium and 6L i  burnup. The s e l f - s h i e l d i n g  was then readjusted p r i o r  to the  next  
c a l c u l a t i o n .  The d a i l y  t r i t i u m  generat ion i s  shown i n  F igu re  1. 

The adjusted neutron f l u x  spectrum 

The s e l f - s h i e l d i n g  caused by t h e  6L i  i t s e l f  decreases 
Over t h e  97 days o f  the run, we c a l c u l a t e  t h a t  the 

An i t e r a t i v e  procedure was thus used t o  determine the d a i l y  
The f l u x e s  from the  self-powered neut ron de tec to rs  were used t o  determine the d a i l y  

The t o t a l  6L i  burnup was thus c a l c u l a t e d  t o  be 37.1% corresponding t o  a t r i t i u m  generat ion o f  39.2 C i .  
Th is  va lue  i s  compared w i t h  o the r  mesurements i n  Table 4. 
measurements and s e l f - s h i e l d i n g  approximations, t he  c a l c u l a t e d  value has an unce r ta in t y  o f  10-15%. 
c a l c u l a t e d  value i s  somewhat h igher  than the  o ther  measurements, a l though these o ther  values have e r r o r s  
o f  5-10?,. 
lower  ra tes  would reduce the c a l c u l a t e d  t r i t i u m  l e v e l  t o  37.5 C i ,  i n  b e t t e r  aqreement w i t h  the o the r  data 

Oue to the u n c e r t a i n t i e s  i n  t he  f luence 
Our 

I n  the  mockup t e s t s  the 6 ~ i  measurements were a l so  lower than our ca l cu la t i ons .  Using these 
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TIME, DRYS 

F igu re  1. Ca lcu la ted  d a i l y  t r i t i u m  generat ion f o r  the 97 day TRIO-01 experiment i n  ORR. The l a r g e  d i p s  
correspond t o  reac to r  shut-downs. The o v e r a l l  dec l i ne  i s  due to the  burnup o f  6L i .  

TARLE 4 

SUWARY OF TRIT IUM RESULTS FOR TRIO-01 
The q u a n t i t y  measured i s  i n d i c a t e d  by t h e  box 

___ 
Method Tr i t ium,  C :  Burnup Burnup E r ro r ,  % 

(%6L i )  (% L i )  

33 0.18 5 
6L i  Assay 32 
Thermal Gradient  35 0. I8 10 
Dosimetry 39 

jo.17/ 10 
T r i t i u m  Co l l ec ted  I3 

10-15 
7 

0.21 
Average 35 m 

The t r i t i u m  values l i s t e d  i n  Table 4 a re  cons i s ten t  w i t h i n  the  s ta ted  u n c e r t a i n t i e s  and demonstrate t h a t  
we can account f o r  a l l  t r i t i u m  w i t h i n  an u n c e r t a i n t y  o f  about 5%. The sample i t s e l f  r e t a i n e d  l e s s  than 
0.1-wppm t r i t i u m ,  i n d i c a t i n g  a very  low t r i t i u m  inven to ry  f o r  a f us ion  reac to r  (e.g., < l o 0  g i n  STARFIRE). 
The d e t a i l e d  t r i t i u m  generat ion shown i n  F igu re  1 i s  now be ing compared i n  d e t a i l  w i t h  the ac tua l  t r i t i u m  
measurements. This comparison w i l l  p rov ide  s i g n i f i c a n t  new data concerning t r i t i u m  re lease and t r a n s p o r t  
over  a temperature range from 400-700°C. 
t o  changes i n  the  sweep gas, no rm ina l l y  0.1% H2 i n  He a t  100 cc/min. 

I n t e r e s t i n g  in format ion  can a lso  be ex t rac ted from v a r i a t i o n s  due 

The most impor tan t  conclusions from the  TRIO-01 experiment are as fo l l ows :  

( 1 )  Near ly  a l l  o f  the t r i t i u m  was re leased and recovered. 

(2) T r i t i u m  r e t e n t i o n  i n  the  sample was < O . l  wppm fo l l ow ing  a run a t  650'C w i t h  0.1% H2 i n  t he  sweep gas. 

( 3 )  I r r a d i a t i o n  t o  a L i  burnup of 0.18% (equ i va len t  to 0.6 MW-y/mz) produced no detec tab le  changes i n  
thermal c o n d u c t i v i t y  o r  the m i c r o s t r u c t u r e  o f  t he  LiA102. 
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7.0 Future  Work 

Plans a re  be ing  made t o  study o the r  s o l i d  breeder m a t e r i a l s  such as L i20,  e i t h e r  as a fo l low- up experiment 
i n  ORR o r  i n  EBR 11. 

8.0 Pub1 i c a t i o n s  

See Reference 1.  
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REDUCED ACTIVATION ACTIVITIES 

F. A. Garner, H. R. Brager and 0. S. Ge l les  (Hanford Enqineer inq Development Labora to ry )  

1.0 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  p rov ide  i n fo rma t i on  on t h e  s u i t a b i l i t y  f o r  f i r s ion  r e a c t o r  sPrv icP o f  var ious  
a l l o y  c lasses  be ing  developed t o  e x h i b i t  low r e s i d u a l  r a d i o a c t i v i t y .  

2.0 Sumnary 

Four reduced a c t i v a t i o n  a l l o y  classes, two a u s t e n i t i c  and two f e r r i t i c ,  llave heen incoroora ted  i n t o  t h e  
MOTA-16 experiment i n  t h e  FFTF r e a c t o r  t o  p rov ide  an e a r l y  assessment of t he  s u i t a h i l i t y  of such a l l o v s  f o r  
f u s i o n  r e a c t o r  serv ice.  

3.0 Proqram 

T i t l e :  I r r a d i a t i o n  E f f e c t s  Analys 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 inq Oevclopment Laboratory 

4.0 Relevant OAFS Plan Task/Subtask 

Task II.C.1 E f f e c t s  o f  M a t e r i a l s  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  

The f u s i o n  ma te r i a l s  community has r e c e n t l y  begun t o  focus a t t e n t i o n  on t h e  o o t e n t i a l  f o r  develooment o f  
fus ion  r e a c t o r  s t r u c t u r a l  ma te r i a l s  w i t h  q r e a t l y  reduced r e s i d u a l  r a d i o a c t i v i t y .  These m a t e r i a l s  would meet 
c r i t e r i a  f o r  shal low b u r i a l  and perhaps oermi t  some recvc l i no .  

As discussed i n  an e a r l i e r  report , '  c u r r e n t  Qu ide l ineS o l a c e  r e s t r i c t i o n s  on several  elements commonly 
used f o r  s t a b i l i z a t i o n  of aus ten i t e  o r  f o r  solute-hardening o r  orecioitate-strenqtheninq. Thus, many of 
t h e  reduced a c t i v a t i o n  a l l o y s  c u r r e n t l y  under cons idera t ion  l i e  i n  m e t a l l u r g i c a l  and composi t ional  regimes 
t h a t  are n o t  w e l l  explored. 
o f  such regimes, i t  i s  deemed necessary t o  secure an e a r l y  i n d i c a t i o n  of t h e  r e l a t i v e  hehovior  o f  thQSe 
a l l o y  c lasses i n  an i r r a d i a t i o n  environment. 

An oppo r tun i t y  t o  q u i c k l y  secure such an assessment arose i n  t he  r e i n s e r t i o n  o f  t he  MOTA-1 exoeriment i n t o  
t he  Fast F lux Test  F a c i l i t y  (FFTF). 
f e ren t  temperatures (420, 500 and 6OO'C) and is c u r r e n t l y  scheduled t o  reach f o u r  exoosure l e v e l s  (15, 60, 
105, 210 dpa). The specimens a t  t he  f i r s t  exposure l e v e l  w i l l  be a v a i l a b l e  f o r  examination s h o r t l y  be fo re  
t h e  end o f  FY84. 

P r i o r  t o  commit t ing l a r a e  amounts of time, e f f o r t  and funds i n  t he  e x p l o r a t i o n  

The f u s i o n  m a t e r i a l s  o o r t i o n  o f  t h i s  experiment ooerates a t  t h r e e  d i f -  

I n  e a r l y  FYR7 60 dpa w i l l  be reached, and 105 dpa w i l l  be reached i n  e a r l y  FY88. 

The types o f  specimens i n  each a l l o v  c l a s s  t h a t  were inc luded i n t o  FFTF i n  MOTA-16 are discussed i n  t he  
f o l l o w i n g  sect ions.  

17 



5.2 Manqanese-Substituted Austenitics - H. R. Brager and F. A. Garner 

Two of the four DAFS fundamental alloy series are based on the Fe-Cr-Mn system. 
divided into two further categories, those with u15X Mn and those with 1.30%. 
concept employed to develop the latter category has not yet been tested, however. 

Five commercial alloys ( 2  US, 2 French and 1 Japanese), 10 Fe-Cr-Mn simple ternary alloys and 15 solute- 
modified Fe-Cr-Mn alloys were incorporated in MOTA-16. 
gram. 
included. There were also included, however, 40 miniature tensile specimens of two alloys, R 7 7  and R87. 

These alloys can be 
The Invar-low swellina 

The solute-modified alloys are within the ADIP Dro- 
Space limitations dictated that the primary emphasis be placed on TEM disks, of which 720 were 

5.3 Low-Activation Ferritic8 - 0. 8. Gelles 

As described elsewhere' two ferritic alloy classes are currently being considered for low activation 
studies within the ADIP program. 
and Fe-Cr-V martensitic steels with properties similar to HT9. 

To date nine alloys spanning these two classes have been manufactured in fifteen pound heats. Metallog- 
raphic examination showed that eight of these had acceptable delta-ferrite levels. 
cated for all nine alloys and miniature tensile specimens were made for the eight alloys with acceptable 
delta-ferrite levels. The specimens included in MOTA-16 were primarily aimed at phase stability considera- 
tions (375 TEM disks) althouqh 48 miniature tensile specimens were also included. 

These are Fe-Cr-V bainitic alloys with properties similar to 2-1/4Cr-lMo 

TEM disks were fabri- 

6.0 References 

1 .  F. M. Mann and W .  E. Kennedy Jr, "Activation of Components o f  Fus ion Alloy," DAFS Quarterly Proqress 
peport, DOE/ER-0046/14, August 1983, p. 6 3 .  

2. 0. 8. Gelles, H. R. Brager and F. A. Garner, "Low Activation Approaches to Materials Development," 
ADIP Quarterly Proqress Report, ODE/ER-0045/10, March 1983, p. 3. 

7.0 Future Work 

The thermal stability and corrosion resistance will be explored for the manganese-substituted alloys 
Fabrication of DBTT specimens of the ferritic alloys is now proceedinq. 

8.0 Publications 

None. 
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CHAPTER 4 

FUNDAMENTAL MECHANICAL BEHAVIOR 
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SUB-CRITICAL CRACK GROWTH I N  HT-9 

K.H. Jones ( P a c i f i c  Northwest Laboratory)  

1 .o Ob jec t i ve  

Several recent  s tud ies  have shown t h a t  i n t e r n a l '  o r  ex te rna l  ~ a t h o d i c " ~  hydrogen induces b r i t t l e ,  i n t e r -  
g ranu ld r  f r ac tu re  of HT-9. 
crack growth r a t e  data are needed f o r  i d e n t i f y i n g  t h e  e m b r i t t l i n g  mechanism and f o r  c r i t i c a l  f l a w  s i z e  
determinat ion.  Therefore t h e  purpose o f  t h i s  s tudy was t o  measure the  s u b - c r i t i c a l  crack qrowth o f  HT-9 i n  

These s tud ies  measured o n l y  t h e  t e n s i l e  d u c t i l i t y  w h i l e  f r ac tu re  th resho ld  and 

t h e  presence of ex te rna l  cathodic '  hydrogen a t  25OC.. 
ments i n  aqueous environments a t  288°C. 

Fu tu re  experiments w i l l  i n c l ude  crack-growth measure- 

2 .o Summary 

S u b- c r i t i c a l  crack growth measureinents have been made on HT-9 a t  25°C i n  a 1 N H SO s o l u t i o n  w i t h  t h e  
sarnpl? he ld  a t  a ca thod ic  p o t e n t i a l  o f  -600 mV ( S C E ) .  The t e n s i l e  d u c t i l i t y  o f  6 ~ - 4  was shown i n  a p rev ious  
study t o  be a minimum a t  -600 mV (SCE). The s u b- c r i t i c a l  crack growth behavior  o f  HT-9 was s i m i l a r  f o r  
m a t e r i a l  i n  t h e  tempered (76U°C/2.5 h rs )  o r  tempered + segregated (54OoC/240 h r s )  cond i t ions .  A r i s i n g  l o a d  
f r ac tu re  t h resho ld  o f  20 MPa #iii and a decreasing load  f r ac tu re  t h resho ld  of 65 MPa fi was measured. 
i n y  load f r ac tu re  toughness o f  110 fi was determined from e x t r a p o l a t i o n  of t h e  stage 111 crack growth curve. 
A K independent stage 11 was observed and a stage I 1  crack yrowth r a t e  of 0.5 t o  1 x m l s  was measured. 

A r i s -  

3 .o Proyram 

T i t  l e :  Mechanical P rope r t i e s  
P r i n c i p a l  I n v e s t i g a t o r :  R. H.  Jones 
A f f i l i a t i o n :  P a c i f i c  Northwest Laboratory 

4 .o Relevant UAFS Program Plan Task/Subtask 

- d j &  ! I . : . ?  t f f e c t s  o f  t : e : i ~ t  *no :isplacements on F r d c t r r e  
T d ~ ~  : ! . ? .$  t f f e c t s  o f  v,oroqen on FraLcJre 
1 2 5 6  I I .C .12  CffectS o f  Cycl inr:  on Flow dnd Fract,re 

5 .o Accomplishments and S ta tus  

5.1 Background 

F e r r i t i c  s t a i n l e s s  s t e e l s  are beiny considered f o r  s t r u c t u r a l  app l i ca t i ons  i n  f u s i o n  r eac to r s  where hydrogen 
embr i t t l ement  and s t r e s s  co r ros i on  may occur. Since t h e  i n t e g r i t y  o f  the  plasma chamber and s t r u c t u r a l  
components i s  an important  f ac to r  i n  fus ion r eac to r  design, p o t e n t i a l  m a t e r i d l  degradat ion processes are o f  
y rea t  concern. Segregation o f  i m p u r i t y  elements such as phosphorus and s u l f u r  have b en shown t o  have an 
e f f e c t  on t h e  hydrogen ernbri t t lement and i n t e r y r a n u l a r  co r ros i on  o f  f e r r i t i c  steels" ' and i t  i s  known t h a t  
phosphorus and s u l f u r  Segregation can occur du r i ng  hedt t reatment ,  f a b r i c a t i o n  and se r v i ce  above 450'C. 
Therefore, t h e  e f f ec t s  of i m p u r i t y  segregat ion on t h e  hydrogen embr i t t l ement  and s t r e s s  co r ros i on  o f  f e r -  
r i t i c  s t a i n l e s s  s t e e l s  dre being determined as a p a r t  o f  t h e i r  eva lua t ion  f o r  f u s i o n  r eac to r  s t r u c t u r a l  
app l i ca t i ons .  
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I n  a previous study', t he  e f f ec t  of heat t reatment  on g ra i n  boundary chemistry, hydrogen embr i t t lement  and 
s t r ess  co r ros i on  were evaluated. It was found i n  t h i s  p rev ious  study t h a t  t he  g ra i n  boundary phosphorus and 
s u l f u r  concent ra t ions  o f  HT-9 depend on heat t reatment  i n  a manner cons is ten t  w i t h  o the r  f e r r i t i c  s tee ls .  
A f t e r  a tempering t reatment  of 2.5 h rs  a t  760°C the  g r a i n  boundary phosphorus and s u l f u r  concent ra t ions  were 
0.015 and 0.03 monolayers, r espec t i ve l y  wh i l e  a f t e r  a heat t reatment  o f  240 h rs  a t  540'C t h e i r  g ra i n  bound- 
ary concent ra t ions  were 0.04 and 0.01 monolayers, respec t ive ly .  
anodic t e s t  p o t e n t i a l s  revealed t h a t  HT-9 i s  s e n s i t i v e  t o  hydrogen embr i t t lement  but  not  s t r ess  co r ros i on  a t  
25'C i n  an a c i d i c  e l e c t r o l y t e .  The reduc t ion  of area was 13% a t  ca thod ic  t e s t  p o t e n t i a l s  and 60% i n  a i r  and 
a t  anodic t e s t  po ten t i a l s .  Th is  decrease i n  reduc t ion  of area was accompanied by an inc rease i n  quasi- 
cleavage and i n t e r y r a n u l a r  f r ac tu re .  

S t r a i n i n g  e l ec t rode  t e s t s  a t  ca thod ic  and 

5.2 Experimental Procedure 

5.2.1 Ma te r i a l  

Samples f o r  s t r a i n i n g  e lec t rode t e s t s  were taken from a p iece  o f  13 nn t h i c k  p l a t e  o f  the  fus ion  AOD heat 
(No. 9607) of HT-9 received from General Atomics. The chemical composi t ion o f  t h i s  ma te r i a l  as repor ted  by 
General Atomics i s  g iven i n  Table 1. From t h i s  t a b l e  i t  can be seen t h a t  t h i s  heat o f  HT-9 has 325 at. ppm 
phosphorus and 123 at. ppm s u l f u r  which are both s u f f i c i e n t  q u a n t i t i e s  t o  produce g ra i n  boundary segrega- 
t i o n .  Gra in  boundary chemistry  ana lys is  and s t r a i n i n g  e l ec t rode  t e s t s  were performed on ma te r i a l  g iven t he  
f o l l ow ing  heat t redtments:  

1 )  1040°C f o r  30 min, a i r - coo led  t 760'C f o r  2-112 hr, a i r - coo led  

2 )  Same as 1 + 240 h r  a t  54OOC. 

TABLE 1 
CHEMICAL COMPOSITION OF FUSION AOD PROCESSED HT-9, (HEAT NO. 9607) WT. F R A C T I O N  

C S i  Mn P S C r  Mo _ _ _ -  
0.20 0.24 0.57 0.018 o.007 1 1 . 6 4  

N i  V W Fe _ -  
0.52 0.30 

A det  i ed des( i p t i o n  of t he  g ra i n  boundary chemistry  ana lys is  methods and r e s u l t s  were pub l i shed p rev i -  
o u s l y j - A  so t h i  on ly  a summary i s  g iven here. As seen i n  Table 2 ,  both phosphorus and s u l f u r  segregat ion 
was observed a l  iough t he  concentrat ions were low. The g ra i n  boundary phosphorus concent ra t ion  was low 
a f t e r  heat  t reatment  a t  76OOC and increased w i t h  heat t reatment  a t  540'C w h i l e  t he  s u l f u r  concent ra t ion  
behaved i n  an opposi te manner t o  phosphorus. I t  was a l so  shown i n  the  previous study t h a t  t he  g r a i n  bound- 
ary phosphorus concent ra t ion  was d i s t r i b u t e d  from 0 t o  15% a f t e r  heat t reatment  a t  540°C w h i l e  t he  g r a i n  
boundary s u l f u r  concent ra t ion  was d i s t r i b u t e d  f rom 0 t o  10% o f  a monolayer a f t e r  heat t reatment  a t  76OOC. 
Therefore, i t  was concluded t h a t  the  average g ra i n  boundary concent ra t ions  do no t  r e f l e c t  t he  p o t e n t i a l  
e f f e c t  o f  impu r i t y  segregat ion on the  hydrogen embr i t t lement  o f  HT-9. 

TABLE 2 
G R A I N  BOUNDARY CHEMISTRY OF HT-9 

Treatment MO P S C r  C 0 
76O"C/2.5 h 0.015 0.03 0.02 0.53 0.14 0.16 

76O"C/2.5 h 0.04 0.01 0.03 0.73 0.14 0.10 
540"C/240 h 

5.2.2 S u b- c r i t i c a l  Crack Growth 

Compact tens ion  (CT) f r a c t u r e  samples were prepared from the  heat t r ea ted  sample b lanks w i t h  t he  f o l l ow ing  
sample dimensions: W = 44.45 mm, B = 2.54 mm, and a = 19.1 mm. One t o  two m long pre- cracks were produced 
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i n  t h e  CT samples a t  a hK of 14 MPa fi and a frequency of 10 Hz. S u b- c r i t i c a l  crack growth r a t e  measure- 
ments were made i n  an i n v e r t e d  load frame immersed i n  1N H SO4 as shown i n  F igu re  1. 
ros ion  c e l l  was used t o  c o n t r o l  t h e  sample p o t e n t i a l  w i t h  $he p la t inum e lec t rode  sur round ing t h e  uncracked 
l igament o f  t h e  sample. 
t n e  sample. A sa tu ra ted  calomel reference e lec t rode  was i s o l a t e d  from t h e  t e s t  s o l u t i o n  but  monitored t h e  
sample p o t e n t i a l  through a Luggin probe s a l t  b r i dge  w i t h  t h e  t i p  2-3 mn ram t h e  pre- crack.  The crack  

te lescope v iewing the  crack l eng th  on t h e  sample surface. 
observed. Tests were conducted d t  constant load f o r  t he  t ime i n t e r v a l  needed t o  o b t a i n  t he  crack growth 
r a t e  a t  t he  se lec ted s t ress  i n t e n s i t y .  A Model 1120 I n s t r o n  constant  crosshead machine was used f o r  these 
t e s t s ,  i n  which a constant load was obtained by s e t t i n g  t he  vo l tage on the  load c e l l .  A v a r i a t i o n  of 2% 
from the  se lec ted load was poss ib le  us iny  t h i s  procedure. Tests were conducted w i t h  i nc reas ing  and decreas- 
i n g  K by a d j u s t i n g  t h e  load t o  t he  des i red  K and ho ld ing  t h e  load constant f o r  t he  t ime  i n t e r v a l  needed t o  
o b t a i n  crack growth r a t e  measurements. Th is  t ime i n t e r v a l  depended on t he  crack g r o  t h  r a t e  w i t h  t h e  s h o r t -  

A t h r e e  e lec t rode  cor-  

The sample was lacquered except f o r  a s t r i p  6 mn wide by 25 m long on each s i d e  o f  

l eng th  was monitored w i t h  an LVDT COD gage w i t h  a s e n s i t i v i t y  of 8 x 10- 5 mm of opening and a l s o  w i t h  a 
A r a t i o  of crack l eng th  t o  COD opening of 1.4 was 

e s t  t ime i n t e r v a l  be ing about 20U s and the  longest t ime i n t e r v a l  being about 5 x 1U  a 5. 

___ -~ . 

CROSS HEAD 

LACOUERED 

- SAMPLE LEAD, PT. 
- COUNTER ELECTRODE 
- 

. 
1 L 7 

INVERTED LOAD FRAME 

-GLASS CORROSION CELL 

TELESCOPE 

-PLATINUM 
C 0 U N T E R 
ELECTRODE 

FIGURE 1. Schematic of I n v e r t e d  Load Frame Apparatus 

5.2.3 St ress  I n t e n s i t y  Ca lcu la t i ons  

Kumar, German, and Shih' have r e c e n t l y  presented an approach fo r  es t ima t i ng  t h e  e l a s t i c - p l a s t i c  s t r e s s  
i n t e n s i t y  f o r  a v a r i e t y  of sample shapes. 
s o l u t i o n s  and combines i t  w i t h  t he  f u l l y  p l a s t i c  s o l u t i o n s  t o  ob ta in  an e l a s t i c - p l a s t i c  J i n t e g r a l  as 
f a 1  1 ows: 

T h e i r  approach s t a r t s  w i t h  t h e  " cor rec ted"  l i n e a r  e l a s t i c  

22 



where a, i s  t h e  e f f e c t i v e  e l a s t i c  crack l eng th  

a = a + $ r  
P '  e 

r i s  t he  s t r a i n  hardening cor rec ted  p l a s t i c  zone s i z e  expressed i n  Equat ion 3: 0 

Je(ae)  i s  determined from the  f o l l ow ing  r e l a t i o n s h i p :  

where a, i s  determined from Equation 2 w i t h  ,$ determined from Equation 5 below: 

2 rn = 1/c1 + (P/Po) 1. ( 5 )  

F(ae/b) i s  merely t he  value f(a/W) obta ined from ASTM E399 d i v i ded  by fi. 
i n g  re l a t i onsh ips :  

Jp i s  determined from the  fo l low-  

( 6 )  
n t l  

Jp = a ay (a /b )  c hl ( P / P o )  

P I P o  = o b/1.07 n c o ( 7 )  

(8 )  

Y 

= [I t (a/c)'] 'I2 - a/c 

The values f o r  .z and n a re  t he  c o e f f i c i e n t  and exponent i n  t he  Ramberg-Osgood f l ow  r e l a t i o n s h i p :  

( 9 )  
n 

= a (day)  . 
Data f o r  HT-9 s t r a i n i n g  e l ec t rode  samples t e s t e d  a t  -0.45 ( co r ros i on  p o t e n t i a l ) ,  -0.6, and -1.0 V and i n  a i r  
a re  shown p l o t t e d  as a func t ion  o f  l o g  ( d e y )  versus l o g  (a/oy) i n  F i gu re  2. 
g iven  i n  t he  legend and i t  can be seen t h a t  t h e  values are e s s e n t i a l l y  independent o f  t e s t  cond i t i on .  
r e s u l t s  f o r  t h e  sample t es ted  a t  -1.0 V (SCE) suggest t h a t  hydrogen may have increased the  work hardening 
r a t e  but  t he  r e s u l t s  a t  -0.6 V, -0.45 V and a i r  are very s i m i l a r .  The s u b - c r i t i c a l  crack growth t e s t s  were 
conducted a t  -0.6 V; there fo re ,  t he  average values f o r  a and n were used t o  descr ibe t he  s t r e s s - s t r a i n  
response of HT-9. 

The values f o r  a and n a re  
The 

Some of t he  parameters used i n  t h e  above equations are de f ined  below: 

a = y i e l d  s t r eng th  =3510 MPa 
EY = o,./E = 2.5 x 10- 
a: = d a c k  l eng th  ( i n i t i a l  va lue)  = 19.1 x lo- '  m 
b = sample width,  W = 44.45 x m 
c = b-a ( i n i t i a l  va lue)  = 25.35 x m 
hl = 0.62 f o r  a CT sample (va lue  obta ined from Reference 7 )  
o = sample s t ress .  
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FIGURE 2. Log E / E ~  Versus Log o/a, f o r  HT9 Tested i n  A i r  and Various Cathodic P o t e n t i a l s  a t  25°C i n  1N H,SO, 

Je-P i s  obta ined from Equation 1 and Ke-P from Equation 10, 

112 2 
Ke-P = I  ( K e )  + (KP)' 

and t h e  f o l l ow ing  r e l a t i o n s h i p  between J and K 

Using t h e  values g iven above Equation 4 reduces t o  Equat ion 4a and Equation 6 reduces t o  Equat ion 6a: 

2 2 0.116 (KI) 
N-m 

2 
a 

I + 2.02 m a0 + 

J e  = 
207 x IO3 MPa 

4 7.3 N-" 
2 J p  = 3.1 x 10 

Values f o r  K e ,  Kp and Ke-P obta ined w i t h  t h e  equations and values above are l i s t e d  i n  Table 3:  

(1.423 x lo - '  0) 

m 
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1 

TABLE 3 
STRESS INTENSITY VALUES FOR HT-9, MPa fi 

30 35 0.33 35 16% 0.4 
60 77 3.7 77 29% 1.6 

where i t  can be seen t h a t  Ke and Ke-P are  equal bu t  t h e r e  i s  a d i f f e rence  between t he  l i n e a r  e l a s t i c  s t r e s s  
i n t e n s i t y  KI. ca l cu la ted  us ing  t h e  ASTM approach and Ke us i ng  t he  Kumar, German and Shih approach. The ASTM 
value KI was used t o  c a l c u l a t e  t h e  s t r ess  i n t e n s i t y  s ince  t h i s  method i s  w ide ly  accepted b u t  i t  i s  p o s s i b l e  
t h a t  t h i s  value underestimates t he  s t r ess  i n t e n s i t y .  The p l a s t i c  zone ca l cu la ted  w i t h  Equat ion 3 i s  a l s o  
g iven  i n  Table 3. 
l a r y e r  than t h e  g r a i n  s i z e  a t  K1 equal t o  30 and 60 W a  fi. respec t ive ly .  These p l a s t i c  zone s i zes  i n d i c a t e  
t h a t  HT-9 i s  no t  f u l l y  p l a s t i c  i n  stage I and I 1  bu t  a t  a s t r ess  i n t e n s i t y  o f  60 MPa fi HT-9 i s  c l e a r l y  i n  
t h e  e l a s t i c - p l a s t i c  regime. Therefore, t he  l i n e a r  e l a s t i c  s t r ess  i n t e n s i t y  values determined us ing  t h e  ASTM 
approach a re  probably lower than t h e  ac tua l  va lue a t  t he  crack t i p .  

Wi th a p r i o r  aus ten i t e  g r a i n  s i z e  o f  l O O . p ,  t h e  p l a s t i c  zone s i z e  i s  4 and 16 t imes 

5.3 Experimental Resu l ts  

S u b- c r i t i c a l  crack growth r a t e  versus s t r ess  i n t e n s i t y  f o r  HT-9 t e s t e d  a t  -0.6 V (SCE) a re  g iven i n  F ig-  
ures 3 and 4. Resu l ts  a re  shown for 2 samples f o r  t h e  54052 heat t reatment  w i t h  t he  r e s u l t i n g  s u b - c r i t i c a l  
crack growth behavior  e s s e n t i a l l y  independent of heat treatment. Both se ts  of data show a c l e a r  s tage I 1  
(K- independent) and stage I11 w h i l e  a c l e a r  s tage I ( t h resho ld )  was no t  c l e a r l y  del ineated.  Since t he  da te  
g iven  i n  F igures  3 and 4 were obta ined a t  constant  load, t he  r e s u l t s  a re  f o r  d r i s i n g  K c o n d i t i o n  s i nce  an 
inc rease i n  crack l eng th  increases t he  s t r ess  i n t e n s i t y .  
20 W a  fl was obta ined from t h i s  data. A decreasing K t h resho ld  was a l so  obta ined by f i x i n g  t he  crosshead 
a f t e r  l oad ing  t he  sample t o  t he  stage 11-111 reg ion  and a l l o w i n g  t h e  load  t o  decay t o  a minimum value. A 
decreasing K t h resho ld  of 70 MPa AT for  a sample heat t r e a t e d  a t  760OC and 60 MPa AT for a sample heat 
t r e a t e d  a t  76O0C + 540°C was obta ined us ing  t h i s  method. The app rop r i a te  use of these values w i l l  depend on 
t h e  s p e c i f i c  a p p l i c a t i o n  and whether a component i s  i n  a constant  load  o r  constant  d e f l e c t i o n  cond i t ion .  
C l e a r l y  a constant  load  s i t u a t i o n  i s  worse than a constant  d e f l e c t i o n  s i t u a t i o n .  

An es t imate  f o r  t he  r i s i n g  K t h resho ld  o f  

3 A f r ac tu re  toughness, K,. of about 110 MPa ,K can be est imated by e x t r a p o l a t i o n  o f  t h e  stage 111 crack 
growth r a t e  data. Th is  value compares t o  a f r a c t u r e  toughness o f  155 W a  AT est imated by Jones and Thmas 
f o r  t h i s  s t e e l  frm Charpy impact data. A lower f r a c t u r e  toughness i s  expected frm t h e  s u b - c r i t i c a l  crack 
growth da ta  f o r  t he  f o l l ow ing  reasons: 

t he  crack i s  growing and i s  t h e r e f o r e  i n  a dynamic s ta te ,  

hydrogen has e m b r i t t l e d  a volume of m a t e r i a l  ahead of t he  crack t i p ,  

t h e  s u b- c r i t i c a l  crack i s  p a r t i a l l y  i n t e r g r a n u l a r  w h i l e  t h e  impact f r a c t u r e  was quasi-cleavage. 

Therefore, a crack growing i n  a s t r u c t u r e  under t h e  in f luence o f  hydrogen i s  more suscep t i b l e  t o  over loads 
than  a s i m i l a r  length, s t a t i c  f law i n  t h e  absence o f  hydrogen. 

A s tage 11 s u b - c r i t i c a l  crack yrowth r a t e  of approximately  lom5 m/s wa 
F igures  3 and 4. Sca t t e r  i n  t he  da ta  g ives a range o f  0.5 t o  1.0 x 10- mnls f o r  t h e  stage I 1  crack growth 
r a t e  w i t h  t h e  r e s u l t s  fran samples heat  t r e a t e d  a t  76OoC and 76OoC t 54OOC f i t t i n g  t h i s  range. 

determined fran t h e  r e s u l t s  i n  5 

A mixed t r ansg ranu la r- i n te rg ranu la r  f r a c t u r e  mode r e s u l t e d  as shown i n  F igure  5 f o r  a sample heat  t r e a t e d  a t  
760'C + 540'C. 
samples a t  -0.6 V (SCE) as g iven by the  s t r a i n i n g  e l ec t rode  data i n  F igure  6. 

The percent  i n t e r g r a n u l a r  f r a c t u r e  i s  equ iva len t  t o  t h a t  obta ined w i t h  s t r a i n i n g  e l ec t rode  

5.4 Discussion 

The absence of an e f fec t  of heat t reatment  on t h e  s u b - c r i t i c a l  crack growth data i s  cons i s ten t  wi th  t h e  
s t r a i n i n g  e l ec t rode  r e s u l t s  shown i n  F igu re  7. 
minimum i n  t he  t o t a l  e longat ion  and reduc t ion  o f  area - t e s t  p o t e n t i a l  r esu l t s .  S u b- c r i t i c a l  crack growth 

The s u b - c r i t i c a l  crack growth t e s t s  were conducted a t  t h e  
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FIGURE 3. Crack Growth Rate Versus S t res s  In teg r i ty  
for HT9 Heat Treated a t  760OV2.5 h and 
Tested i n  1 N  H,SO, a t  -0.6 V (SCE). 
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FIGURE 5. Scanning Electron Mlcrograph of a Frac- 
ture Surface from an HT9 Sample Heat 
Treated a t  540°C/500 h and Tested i n  
1 N  HzSOb a t  25-C. 
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FIGURE 4. Crack Growth Rate Versus S t re s s  I n t e g r i t y  
for HT9 Heat Treated a t  54O0C/5O0 h and 
Tested i n  1 N  H,SO1, a t  -0.6 V (SCE). 
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FIGURE 6. Percent In tergranular  Fracture Versus 
Test Potential  f o r  HT9 Stra in ing Electrode 
Samples Tested i n  1N HzSOu a t  25°C. 
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FIGURE 7. S t r a i n i n g  E lec t rode  Resul ts  f o r  HT9 Tested i n  1N H,SO, a t  25°C. 

t e s t s  a t  l ess  ca thod ic  t e s t  p o t e n t i a l s  would be expected t o  r e s u l t  i n  h igher  f r a c t u r e  th resho lds  and pos- 
s i b l y  slower stage I1 crack growth rates.  Jones e t  a l .  
i n t e r g r a n u l a r  s u b- c r i t i c a l  crack growth i n  i r o n  was a f u n p i g n . o f  t he  t e s t  p o t e n t i a l .  Th i s  observa t ion  was 
cons i s ten t  w i t h  KTH a 109 P 2 observed f o r  several  s t e e l s  - 
inc rease K Also, t he  smal le r  hydrogen pressure expected i n  a f us i on  reac to r  s t r u c t u r e  would be expected 
t o  produceT!igher KTH values than measured i n  t h e  present  experiments. Determinat ion of t h e  hydrogen con- 
c e n t r a t i o n  i n  a fus ion reac to r  s t r u c t u r a l  ma te r i a l  i s  not simple. The t o t a l  hydrogen i nven to r y  from ions  
i n j e c t e d  from the  plasma, (n,p) reac t ions  w i t h i n  t he  m a t e r i a l  and poss ib l y  from co r ros i on  reac t ions  from a 
water  coo lan t  must be considered. 

observed t h a t  t he  f r ac tu re  th resho ld ,  KTH. fo r  

i n  gaseous hydrogen. Therefore, a smal le r  
hydrogen reduc t i on  r a t e  a t  7 ess ca thod ic  po ten t i a l s ,  corresponding t o  a smal le r  hydrogen pressure, would 

Gerber ich and Wright14 developed a model which r e l a t e s  t he  f r a c t u r e  threshold,  K , t o  t he  g ra i n  boundfcy 
impu r i t y  concent ra t ion  and hydrogen concentrat ion.  T h i s  model was app l i ed  t o  HTTU by Jones and Wol fer  
w i t h  t he  r e s u l t  shown i n  F igure  8. The ca l cu la ted  K 
approximates an e q u i l i b r i u m  th resho ld  value. Using $#e average g r a i n  boundary phosphorus concent ra t ion ,  t he  
c a l c u l a t e d  KTH i s  150 MPa /7ii which i s  cons iderab ly  l a r g e r  than t he  measured value o f  65 MPa Jiii. 
o the r  than an e r r o r  i n  the  m d e l  o f  Gerber ich and Wright  t h e r e  are two poss ib l e  explanat ions f o r  t he  lower 
observed KTH. i s  
g rea te r  i n  t he  cathodic t e s t  than t he  value assumed by Gerber ich and Wright. A second exp lanat ion  i s  t t a t  
t he  maximum g ra in  boundary phosphorus concent ra t ion  and no t  t he  average concent ra t ion  c o n t r o l s  t he  f r a c t u r e  
threshold.  Th is  assumption i s  p h y s i c a l l y  a t t r a c t i v e  s ince  t he  f r a c t u r e  t h resho ld  i s  t he  s t r ess  i n t e n s i t y  
below which t he  crack growth r a t e  i s  zero. 

value i s  r e l a t e d  t o  a decreasing K value which 

However, 

One exp lanat ion  i s  t h a t  t he  hydrogen pressure and there fo re  t he  near sur face  quan t i t y ,  C 

Therefore, t he  f r a c t u r e  t h resho ld  f o r  i n t e r g r a n u l a r  f r a c t u r e  
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FIGURE 8. Ca lcu la ted  S u b- c r i t i c a l  Crack Growth FIGURE 9. Gra in  Boundary Phosphorus Concent ra t ion  
Threshold Versus Gra in  Boundary Phos- 
phorus Concentrat ion f o r  HT9. 

Histograms f o r  HT9. 

must be the  s t r ess  i n t e n s i t y  below which t he  most probable g ra i n  boundary w i l l  no t  f rac tu re .  
b i l i t y  t h a t  a g r a i n  boundary w i l l  f r a c t u r e  depends on i t s  o r i e n t a t i o n  t o  t he  s t ress ,  t ype  o f  boundary, g r a i n  
boundary chemistry  and many o ther  fac to rs .  Consider ing only the  g ra i n  boundary chemistry ,  t he  maximum g ra in  
boundary phosphorus concent ra t ion  was 15% of a monolayer, as shown by t h e  h is togram i n  F igu re  9b. 
t h i s  value f o r  t he  g ra i n  boundary phosphorus concent ra t ion  i n  F igure  8 g ives a ca l cu la ted  K of 90 MPa Cm. 
Therefore, the  combination of a h igher  hydrogen concent ra t ion  i n  the  ca thod ic  t e s t  and t h e  $Facture thresh-  
o l d  being p r i m a r i l y  c o n t r o l l e d  by t he  maximum g ra in  boundary phosphorus concent ra t ion  would g i ve  good agree- 
ment between t he  measured and ca l cu la ted  values f o r  KTH. 

The proba- 

Us ing  
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7 .O Future Work 

S u b- c r i t i c a l  crack growth r a t e  t e s t s  w i l l  be conducted a t  several ca thod ic  p o t e n t i a l s  f o r  t h e  purpose of 
eva lua t i ng  the  dependence o f  KTH and da/dt  on hydrogen pressure. 
hydrogen on t h e  i n t e r g r a n u l a r  crack growth r a t e  w i l l  be completed. 
s t r ess  co r ros i on  th resho ld  o f  HT-9 and 316 SS i n  water  a t  288°C w i l l  be completed. 

Also, f u r t h e r  modeling of t h e  e f f ec t  of 
A scoping experiment t o  measure t h e  
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CRITICAL LEAK RATE FLAW S I Z E S  FOR WATER OR LITHIUM-COOLED FUSION REACTORS 

R.H. Jones ( P a c i f i c  Northwest Laboratory)  

1.0 Ob jec t i ve  

The purpose o f  t h i s  eva lua t ion  was t o  extend a p rev ious  
he l ium cooled reac to r  t o  a water o r  l i q u i d  l i t h i u m  cooled reac to r .  As i n  t he  p rev ious  repo r t ,  t he  c r i t i c a l  
leak r a t e  f l aw  s izes  are compared t o  t h resho ld  f l aw  s izes f o r  f a t i g u e  o r  env i ronmenta l l y  induced sub- 
c r i t i c a l  crack growth and t o  f law s izes  f o r  uns tab le  f law growth. 

1 ana l ys i s  of c r i t i c a l  leak r a t e  f law s i ze  f o r  a 

2.0 Sumnary 

The r e s u l t s  o f  t h i s  ana lys is  i n d i c a t e  t h a t  t he  c r i t i c a l  leak r a t e  f l aw  s i z e  f o r  water and l i t h i u m  i s  about 
1 mn and 1500 mn respec t i ve l y  f o r  an e l a s t i c a l l y  loaded crack and about 0.04 mn and 12 mm, r espec t i ve l y ,  f o r  
a crack which has o ened by creep. By comparison, t he  c r i t i c a l  leak r a t e  f l aw  s i ze  f o r  he l ium which was 

t h resho ld  f l a w  s izes  f o r  f a t i g u e  and co r ros i on  f a t i g u e  s u b - c r i t i c a l  crack growth of 316 SS and HT-9 range 
from 0.2 t o  2 mn and t he  f l aw  s izes  f o r  uns tab le  crack growth o f  i r r a d i a t e d  316 SS and HT-9 are  4 mn and 
50 mn, respec t ive ly .  These r e s u l t s  suggest t h a t  t h e  c r i t i c a l  leak r a t e  f law s i z e  f o r  hel ium and water a re  
the  smal les t  f laws which may a f f e c t  r eac to r  performance and t h a t  t he  t h resho ld  f o r  s u b - c r i t i c a l  crack growth 
i n  f a t i g u e  i s  a c r i t i c a l  ma te r i a l  property .  A l s o ,  creep processes are shown t o  have a s i g n i f i c a n t  e f f ec t  on 
the  c r i t i c a l  leak r a t e  f law s ize.  

repor ted  p rev ious l y  9 '  I S  1.2 mn f o r  an e l a s t i c a l l y  loaded crack and 0.04 mn f o r  a crack opened by creep. The 

3.0 Program 

T i t l e :  Mechanical P rope r t i es  
P r i n c i p a l  I nves t i ga to r :  R. H. Jones 
A f f i l i a t i o n :  P a c i f i c  Northwest Laboratory 

4.0 Relevant OAFS Program Plan Task/Subtask 

Task II.C.8. E f f e c t s  o f  Hel ium and Displacement on F rac tu re  
Task II.C.9. Ef fects of Hydrogen on F rac tu re  
Task I I .C.12.  E f f e c t s  o f  Cyc l ing  on Flow and F rac tu re  

5.0 Accomplishments and Status 

5.1 Background 

The l i f e t i m e  o f  f us i on  reac to r  f i r s t  w a l l  ma te r i a l s  w i l l  be a f unc t i on  o f  many f a c t o r s  such as load, 
temperature and neutron i r r a d i a t i o n  h i s t o r y  and plasma-wall and coo lan t- wa l l  i n t e r a c t i o n s .  Fa t igue  crack 
growth has been i d e n t i f i e d  b 
More recen t l y ,  Watson e t  a l ?  evaluated t he  e f f ec t  of i r r a d i a t i o n  creep, swe l l ing ,  w a l l  e ros ion  and embr i t -  
t lement  on t he  f a t i g u e  l i f e  o f  a Tokamak f i r s t  w a l l  made o f  316 SS. 
growth i s  t he  l i f e - l i m i t i n g  process i n  Tokamak reac to rs  and t h a t  t h e  sho r tes t  l i f e t i m e  occurs when a f law 
e x i s t s  on t h e  coo lan t  side. Embr i t t lement  induced by neutron i r r a d i a t i o n  and sur face  e ros ion  were p red i c ted  
t o  decrease t he  l i f e t i m e  by i nc reas ing  t he  crack propagat ion rate.  

Cramer e t  a1.2 as t h e  pr imary s t r u c t u r a l  f a i l u r e  rode f o r  Tokamak f i r s t  wa l l s .  

They concluded t h a t  f a t i g u e  crack 
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A fus ion  reactor-vacuum f i r s t  w a l l  may lose  i t s  vacuum i n t e g r i t y  before l o s i n g  i t s  s t r u c t u r a l  i n t e g r i t y  by 
a l l ow ing  coo lan t  t o  leak i n t o  t he  plasma. A leak before break c r i t e r i o n  has been assessed f o r  20% CW 316 SS 
by Wol fer  and Jones' and t he  r e s u l t s  show t h a t  uns tab le  f l a w  growth i s  favored as the  s t r ess  and w a l l  t h i c k -  
ness increases and the  c r i t i c a l  s t r ess  i n t e n s i t y ,  KIC, decreases. A leak producing f l aw  was def ined as a y 
through w a l l  f law which was t oo  small f o r  uns tab le  crack growth. I n  a separate study, Jones and Bruemmer 
concluded t h a t  a 0.1 mn wide through wa l l  f l aw  i n  a hel ium cooled reac to r  would a l low the  hel ium concentra-  
t i o n  i n  t he  plasma t o  reach 50% i n  a 1000s period. Since f i r s t  w a l l  th icknesses are expected t o  be g rea ter  
than 1 mm, a through wa l l  f l aw  w i t h  a w id th  t o  l eng th  r a t i o  o f  1/10 would be s u f f i c i e n t  t o  shut down a reac- 
t o r .  Flaws of t h i s  dimension may be present  i n  t he  as- fab r i ca ted  f i r s t  wa l l  o r  may grow t o  t h i s  dimension 
du r i ng  reac to r  operation. Flaws o f  t h i s  s i z e  w i l l  be d i f f i c u l t  t o  l o c a t e  by non- des t ruc t i ve  t es t i ng ,  NDT, 
techniques i n  a non- rad ioac t i ve  s t r u c t u r e  and even more d i f f i c u l t  once t he  reac to r  has been ope ra t i ng  and 
t h e  f i r s t  w a l l  and b lanke t  s t r u c t u r e  are rad ioac t i ve .  Since de tec t i on  o f  f laws becomes more d i f f i c u l t  w i t h  
decreasing f l aw  s i z e  i t  i s  important  t o  know the  smal les t  c r i t i c a l  f l aw  so t h a t  NDT eva lua t i on  can be 
l i m i t e d  t o  f laws grea ter  than o r  equal t o  the  c r i t i c a l  s ize.  

8 

Ana l ys i s  of whether a f l aw  w i l l  merely cause a leak o r  w i l l  grow i n  an uns tab le  manner causing a break i s  an 
impor tan t  aspect o f  any c r i t i c a l  f law s i z e  analys is .  
s t reng th ,  u , w i l l  decrease t he  f law s i z e  f o r  uns tab le  crack growth and hence f h o r  a break before leak 
f a i l u r e .  
changes are processes which can decrease KIC w h i l e  r a d i a t i o n  induced hardening can increase t he  y i e l d  
s t reng th .  

Fac to rs  which decrease K o r  increase t he  y i e l d  

T h p e r ,  hydrogen and hel ium embr i t t lement ,  r a d i a t i o n  induced g ra i n  boundary segregat ion and phase 

S u b- c r i t i c a l  crack yrowth can occur i n  co r ros i ve  o r  hydrogen environments du r i ng  s t a t i c  o r  dynamic l oad ing  
cond i t i ons .  S t a t i c  load  s u b- c r i t i c a l  crack growth i s  commonly c a l l e d  s t r ess  co r ros i on  c rack ing  w h i l e  
dynamic load s u b - c r i t i c a l  crack growth i s  known as co r ros i on  fa t igue .  A th resho ld  s t r ess  i n t e n s i t y  e x i s t s  
below which measureable crack growth cannot be detected i n  co r ros i ve  environments. A t  s t a t i c  loads, t h i s  
t h resho ld  i s  c a l l e d  t he  K 
s i ze  can be der ived  from ki?%e th resho ld  s t r ess  i n t e n s i t i e s  which de f ines  t he  f l a w  s i z e  which w i l l  propagate 
under a g iven environment and l oad ing  cond i t i on .  Knowledge o f  t he  s i ze  o f  t he  t h resho ld  f law s izes  i n  
co r ros i on  f a t i gue  o r  s t r ess  co r ros i on  i s  important  because they may d e f i n e  t he  smal les t  f l aw  s ize.  Envi ron-  
men ta l l y  c r i t i c a l  f laws do no t  present as immediate a problem f o r  reac to r  opera t ion  as a leak o r  break; how- 
ever, t he  env i ronmenta l l y  enhanced crack growth r a t e  may be s u f f i c i e n t l y  h igh  t h a t  a leak o r  a break w i l l  
form i n  a r e l a t i v e l y  shor t  time. 

w h i l e  a t  dynamic loads, t h i s  t h resho ld  i s  c a l l e d  t he  hKISCC., A c r i t i c a l  f l aw  

The purpose of t h i s  research was t o  determine and compare t he  c r i t i c a l  f l aw  s izes  o f  f us i on  reac to r  mate- 
r i a l s .  These r e s u l t s  w i l l  be use fu l  f o r  focus ing  a t t e n t i o n  on t he  phys ica l  processes c o n t r o l l i n g  t he  l i f e -  
t i m e  o f  f us i on  reac to rs  w i t h  the  expec ta t ion  t h a t  systems can be designed which are i n s e n s i t i v e  t o  t he  
presence of f laws smal le r  than those which can be r e a d i l y  detected w i t h  NDT techniques o r  t he  need f o r  
b e t t e r  da ta  t o  de f i ne  t he  c r i t i c a l  f law s izes.  C r i t i c a l  f law s izes  f o r  uns tab le  crack growth, s t r ess  cor ro-  
sion, co r ros i on  f a t i g u e  and hydrogen embr i t t lement  f o r  316 SS and HT-9 are compared t o  the  c r i t i c a l  leak  
r a t e  f l a w  s i z e  f o r  helium, water and l i t h i u m  coolants.  

5.2 C r i t i c a l  Leak Rate Flaw Sizes f o r  Water and L i t h i u m  

1 The leak r a t e  process and equations for t h i s  ana lys is  were discussed p rev ious l y  such t h a t  on ly  t he  method- 
ology and r e s u l t s  f o r  t he  water and l i q u i d  l i t h i u m  r e s u l t s  are presented. 

The approach used f o r  water and l i t h i u m  leak ra tes  d i f f e r e d  from t h a t  used f o r  hel ium s ince  they are i n  t he  
l i q u i d  s t a t e  on t he  coo lan t  side. 
occurs by yas phase t r anspo r t  and t h a t  the  water vapor o r  l i t h i u m  gas pressure a t  t he  i n p u t  s i de  of t he  o r i -  
f i c e  i s  equal t o  t he  vapor pressure a t  t he  temperature o f  i n t e r e s t .  Water was assumed t o  be a t  a tempera- 
t u r e  of 288'C which i s  cons is ten t  w i t h  present  day l i g h t  water  reac to rs  and t h a t  l i t h i u m  was a t  500°C. 
There i s  a p o s s i b i l i t y  t h a t  water o r  l i t h i u m  would p a r t i a l l y  o r  complete ly  penet ra te  a through w a l l  f l aw  and 
t h a t  evaporat ion o r  b o i l i n g  would occur a t  temperatures g rea te r  than t he  coo lan t  temperature. 
ex ten t  of l i q u i d  pene t ra t i on  i s  unknown, i t  was assumed t h a t  water  and l i t h i u m  leakage occurs by gas t r ans-  
p o r t  which o r i g i n a t e d  on t he  coolant  s i de  o f  t he  flaw. 

It was assumed t h a t  water  o r  l i t h i u m  leakage through a small  o r i f i c e  

Since t he  

4 The vapor pressure of water a t  288OC i s  5.4 x 10 

be ing  c w s i d e r e d  as coolants.  
a t  t he  same temperature. A t  a pressure of 5 
16,000 f o r  a crack w i t h  a cross- sect ion o f  a[') = 0.17 cm and 6 = 3 x 
w i t h  a c ross- sec t ion  of a = 0.003 cm and b = 1.2 x 

t o r r 6  w h i l e  t h e  vapor pressure f o r  l i t h i u m  a t  500'C i s  3 x 
Only t he  leak r a t e  f o r  pure l i t h i u m  was considered a l though l i t h i u m- l e a d  and o the r  mix tu res  a re  torr'. 

A temperature o f  50OoC was chosen fo l i t h i u m  t o  g ive  a comparison t o  he l ium 

cm and a 6P = 65,000 f o r  a rack 
pm) 

4 9 x 10 t o r r  (5.4 x 10 @), water vapor would have a 6P = 

7 cm. A t  a coo lan t  pressure of 50 atm (3.8 x 10 
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he l ium would a l so  have SP values considerably y rea te r  than 500 f o r  s i m i l a r  crack dimensions. 
water vapor a t  288'C and hel ium a t  500OC would be i n  t he  viscous f l o w  regime. 
ever, would f low through small  cracks by a molecular  f l ow  process s i nce  a f l aw  w i t h  a c ross- sec t ion  as l a r g e  
as 8.5 cm x 1.7 cm would have a 6P - 5. 

Therefore, 
L i t h i u m  gas a t  50OoC, how- 

Using t he  equat ion f o r  viscous f low presented p rev ious l y  f o r  t he  leak r a t e  o f  water and molecular  f l ow  f o r  
l i t h i u m  and t he  vapor pressures g iven above, t he  leak r a t e  versus f l aw  s i ze  r e l a t i o n s h i p s  f o r  water and 
l i t h i u m  given i n  F igures 1 and 2, r espec t i ve l y  were derived. For comparison, t he  hel ium leak r a t e  versus 
f law s i z e  r e l a t i o n  i s  g iven i n  F igure  3. It should be noted t h a t  experimental v e r i f i c a t i o n  of t he  calcu-  
l a t e d  water and l i t h i u m  leak ra tes  through small cracks are not  c a r r i e d  out  as it was f o r  helium; t he re fo re ,  
t he  accuracy o f  t he  water and l i t h i u m  leak r a t e  f l aw  s izes  i s  unknown. However, based on the  data i n  F i g-  
ures 1 and 3 t he  c r i t i c a l  leak r a t e  f l a w  s izes  f o r  water are very comparable t o  those f o r  helium. For  
instance, t he  c r i t i c a l  f l aw  s i z e  f o r  a 1% water concent ra t ion  i n  a UWMAK I1 r eac to r  i s  0.067 cm i n  t h e  
absence of creep and 0.003 crn w i t h  creep crack opening. 
c r i t i c a l  hel ium leak r a t e  f laws. 

These values compare t o  0.08 cm and 0.003 cm f o r  

The small vapor pressure o f  l i t h i u m  a t  500°C r e s u l t s  i n  l a r g e  c r i t i c a l  f law s izes.  For a 1% l i t h i u m  concen- 
t r a t i o n  i n  a UWMAK 11, t he  c r i t i c a l  leak r a t e  f l aw  s i ze  i s  150 cm i n  t he  absence o f  creep and 7 crn w i t h  
creep. These f law s izes  a re  u n r e a l i s t i c  s ince  i t  i s  very l i k e l y  t h a t  some o ther  f a i l u r e  mechanism w i l l  
supersede the  f a i l u r e  o f  a f i r s t  w a l l  by l i t h i u m  leakage i n t o  t he  plasma. 

5.3 F1 aw S ize  Comparison 

Comparison o f  t he  c r i t i c a l  leak r a t e  f law s i ze  f o r  1% He, H20 o r  L i  i n  t he  plasma and s u b - c r i t i c a l  and 
c r i t i c a l  f law s izes  i n  a u s t e n i t i c  and f e r r i t i c  s t a i n l e s s  s tee l s  i s  g iven i n  Table 1 and 2 .  

The f o l l o w i n g  conclus ions can be made regarding c r i t i c a l  f laws i n  a u s t e n i t i c  s t a i n l e s s  s tee l s :  1) a he l ium 
cooled reac to r  w i l l  be shut-down because of a c r i t i c a l  leak  before a l a r g e  break i n  t he  f i r s t  w a l l  and 
2 )  f a t i gue  s t resses  w i l l  cause s u b - c r i t i c a l  f l aw  growth a t  lower st resses o r  f o r  sho r t e r  f laws than s t a t i c  
s t resses.  
a c r i t i c a l  leak r a t e  f law w h i l e  s t a t i c  s t resses requ i re  flaws t h a t  are l a r g e r  than t he  c r i t i c a l  leak r a t e  
f l aw  s ize.  
c y c l i c  s t resses i n  t he  b lanke t  and f i r s t  wa l l  ma te r i a l  over a pulsed f us i on  reac to r  i n  which t he  s t resses  
and temperatures w i l l  cyc le.  

Fa t igue  o r  co r ros i on  f a t i gue  w i l l  cause growth o f  s u b - c r i t i c a l  f laws t o  a s i ze  where they become 

Th is  comparison demonstrates the  d e s i r a b i l i t y  o f  a steady s t a t e  f us i on  reac to r  which minimizes 

/* 
/' 

FIGURE 1. Crack Length, a, Versus Leak Rate f o r  a 
Water-Cooled Fusion Reactor. 

/* 4- /*' 

LOO CRACX LENGTH. r m  

FIGURE 2. Crack Length, a, Versus Leak Rate f o r  a 
L i q u i d  Lithium-Cooled Fusion Reactor. 
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LOG CRACK LENGTH. cm 

FIGURE 3. Crack Length, a, Versus Leak Rate f o r  a Helium-Coaled Fusion Reactor ,  

The f l a w  s i z e  comparison g iven i n  Table 1 i s  use fu l  f o r  showing t he  k i n d  of t e s t  data needed t o  eva lua te  
ma te r i a l s  f o r  f us i on  reactors.  A l i s t  o f  t e s t  data needed t o  eva lua te  ma te r i a l s  f o r  f us i on  reactors.  A 
l i s t  o f  t e s t  da ta  needed t o  eva lua te  a u s t e n i t i c  s t a i n l e s s  s t e e l s  f o r  fus ion  reac to r  a p p l i c a t i o n s  i s  l i s t e d  
below along w i t h  t he  reason t h i s  data i s  needed: 

e f r a c t u r e  toughness o f  316 SS (25"C-45OoC) i r r a d i a t e d  a t  t he  fus ion Heldpa: hel ium i s  known t o  embr i t -  
t l e  316 SS and w i l l  t he re fo re  reduce t he  c r i t i c a l  f l a w  s ize.  Welded t e s t  samples should be inc luded i n  
t h i s  ser ies .  

f a t i gue  and/or co r ros i on  f a t i g u e  (300-500°C) of 316 SS i r r a d i a t e d  a t  t he  fus ion  Heldpa: 
ma te r i a l  cond i t i on  w i l l  orobablv de f i ne  t he  smal les t  c r i t i c a l  f l aw  size. Welded t e s t  samDles sho*alA ho 

t h i s  t e s t  and "." "- 
inc luded i n  t h i s  ser ies.  

e creep crack opening r a t e  s ince  t he  c r i t i c a l  f law s i z e  ( leng th)  i s  2OX smal le r  f o r  He and H20 and 2OOX 
f o r  L i  f o r  a f l aw  opened by creep than an e l a s t i c a l l y  loaded crack. 
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TABLE 1 
CRITICAL FLAW S I Z E S  I N  AUSTENITIC STAINLESS STEELS 

C r i t i c a l  S t ress  C r i t i c a l  Flaw 
F a i l u r e  C r i t e r i o n  Condi t ions Stress. MPa I n t e n s i t y  MPa Jm Size, mn Ref. 

Coolant leakage i n t o  E l a s t i c a l l y  1% He: 0.8 

1000s burn 1% ti: 1500 
plasma chamber du r i ng  Loaded Crack --- 1% H 0: 0.7 _ _ _  Coolant Leak Rate 

Crack Opened 
by Creep 

1% He: 0.03 
1% H 0: 0.03 
1% 2 i :  7 

~~ 

20% CW 316 SS, 400OC 550 110 10 3 

I r r a d i a t e d ,  l o z 3  cm-' 550 70 4 3 

Un i r r ad ia ted  
Unstable Flaw Growth 

f a s t  neutrons, 400OC 
~~~~~ 

20% CW, 316 SS 

55OoC, vacuum 
Fat igue  Crack Growth Un i r r ad ia ted  550 12 0.1 9 

Sens i t i zed  304 SS 200 
Un i r rad ia ted ,  Y5T ,  Argon 

11 0 .tl 10 

Cor ros ion  F a t i  yue 
Crack Growth 

Sens i t i zed  304 SS 200 6 0.2 10 
Y 5 T ,  H20/1.5 ppm O2 

Sens i t i zed  304 SS 200 15 1.4 10 
95"C, H20/1.5 ppm 02 

St ress  Corrosion 
Crack Growth 

Sens i t i zed  304 SS 200 17 1.8 11 
228Y,  H20/1.0 ppm 02 

F e r r i t i c  s t a i n l e s s  s t e e l s  show s i m i l a r  t rends  t o  a u s t e n i t i c  s t a i n l e s s  s tee l s  i n  t h a t  f a t i gue  s t resses  pro-  
duce s u b - c r i t i c a l  crack growth w i t h  t he  smal les t  f l aw  s ize .  
s e n s i t i v e  t o  s t r ess  co r ros i on  than a u s t e n i t i c  s t a i n l e s s  s t e e l s  where t he  c r i t i c a l  f law s i z e  f o r  s u b - c r i t i c a l  
crack growth i n  water a t  25'C i s  0.2 mn. 
i m p u r i t y  segregat ion (temper embr i t t lement )  r e s u l t i n g  i n  a c r i t i c a l  f l a w  s i ze  o f  1 mn i n  a 12 C r  s t e e l  a t  
25'C. 
o f  f e r r i t i c  s t e e l s  w i l l  presumably be g rea ter  a t  r eac to r  se rv i ce  temperatures than a t  25'C unless t he  duc- 
t i l e  t o  b r i t t l e  t r a n s i t i o n  t mperature, DBTT, i s  s h i f t e d  t o  t he  reac to r  se rv i ce  temperature by r d i a t i o n  

r e s u l t s  i n d i c a t e  t h a t  t he  c r i t i c a l  f law s i ze  was reduced from 95 mn t o  50 mn. I t  i s  poss ib l e  t h a t  t he  c r i t -  
i c a l  f l a w  s i z e  of HT-9 i r r a d i a t e d  t o  h igher  f luences a t  a f us i on  Heldpa w i l l  be l ess  than 50 mm; however, 
t h i s  data i s  not  p resen t l y  ava i lab le .  

F e r r i t i c  s t a i n l e s s  s tee l s  appear t o  be more 

F e r r i t i c  s t a i n l e s s  s tee l s  can be e m b r i t t l e d  by g r a i n  boundary 

The c r i t i c a l  f l aw  s i z e  f o r  temper embr i t t lement ,  hydrogen embr i t t lement  and s t r ess  co r ros i on  c rack ing  

hardening and helium. Smidt % has measured t he  f r ac tu re  p r o p e r t i e s  o f  HT-Y i r r a d i a t e d  t o  10" cm-' and h i s  

As i n  a u s t e n i t i c  s t a i n l e s s  s tee ls ,  t he  c r i t i c a l  he l ium leak  r a t e  f l a w  s i z e  i s  s i m i l a r  i n  s i z e  t o  t h a t  f o r  
s u b - c r i t i c a l  crack yrowth du r i ng  f a t i yue  and l e s s  than t he  c r i t i c a l  f l aw  s i z e  f o r  uns tab le  f l a w  yrowth. 
However, t he  f l aw  s i z e  f o r  uns tab le  f l aw  growth of temper e m b r i t t l e d  HT-9 i s  only 5X y rea te r  than  a c r i t i c a l  
leak r a t e  f l a w  s i z e  w h i l e  t he  smal les t  f l aw  s i ze  f o r  uns tab le  f law growth o f  a u s t e n i t i c  s t a i n l e s s  s t e e l  was 
20X y rea te r  than t he  c r i t i c a l  leak  r a t e  f law s ize.  
f e r r i t i c  s t a i n l e s s  s t e e l s  may be l e s s  than f o r  a u s t e n i t i c  s t a i n l e s s  s tee ls .  
t e  e r  e b r i t t l e m e n t  does not  occur i n  f e r r i t i c  s t a i n l e s s  s tee l s  and i f  i r r a d i a t i o n  t o  f luences y rea te r  than 
1 8  cm-? does no t  s i g n i f i c a n t l y  decrease t he  c r i t i c a l  f l aw  s i ze  f o r  uns tab le  f law growth. 

Therefore,  t he  t r a n s i t i o n  between leak be fore  break i n  
This s i t u a t i o n  changes i f  
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The da ta  i n  Table 2 i nd i ca tes  the  need f o r  w r e  data which i s  r e l evan t  t o  t he  f us i on  reac to r  environinent. 
A l i s t  of t e s t  data needed t o  eva lua te  f e r r i t i c  s t a i n l e s s  s t e e l s  f o r  fus ion reac to r  app l i ca t i ons  i s  l i s t e d  
below alony w i t h  t he  reason t h i s  data i s  needed: 

f r ac tu re  toughness (25°C-4500C) of HT-9 i r r a d i a t e d  t o  f luences of > loz3 cm-2 a t  t h e  fus ion  Heldpa: 
r a d i a t i o n  hardeniny and hel ium w i l l  r a i s e  t h e  DBTT and decrease t he  upper she l f  f r a c t u r e  toughness. 

fa t i yue ,  s t r ess  co r ros i on  o r  co r ros i on  f a t i g u e  t e s t s  (30O-50O0C) o f  HT-9 i r r a d i a t e d  t o  f luences of 
>luLJ cm-L a t  t he  f us i on  Heldpa: 
ma te r i a l  w i l l  de f i ne  t he  smal les t  c r i t i c a l  f l a w  s ize.  

fa t igue ,  s t r ess  co r ros i on  and co r ros i on  f a t i gue  t e s t s  of i r r a d i a t e d  

fa t i yue ,  s t r ess  co r ros i on  o r  co r ros i on  f a t i gue  t e s t s  (300-5OO0C) o f  temper e m b r i t t l e d  and i r r a d i a t e d  
HT-9: HT-9 temper e m b r i t t l e d  by improper thermal-mechanical t reatment  (such as du r i ng  welding, heat 
t reatment  o r  f a b r i c a t i o n )  p r i o r  t o  i r r a d i a t i o n  cou ld  conceivably produce t he  smal les t  c r i t i c a l  f l a w  
s i ze  and would there fo re '  represent  t he  worst case. 

creep crack openiny r a t e  of HT-9. 
HT-9 having a l a r g e r  c r i t i c a l  leak r a t e  f law s i z e  than  316 S S .  
openiny i n  HT-9 needs ana lys is  s ince  any creep opening w i l l  decrease t he  c r i t i c a l  leak r a t e  f law Size 
r e l a t i v e  t o  an e l a s t i c a l l y  loaded crack. 

The lower creep r a t e  of HT-9 r e l a t i v e  t o  316 S S  should r e s u l t  i n  
However, t he  ex ten t  o f  creep crack 

TABLE 2 
CKITICAL FLAW S I Z E S  I N  FERRITIC STAINLESS STEELS 

C r i t i c a l  S t ress  C r i t i c a l  Flaw 
F a i l u r e  C r i t e r i o n  Condi t ions Stress, MPa I n t e n s i t y  MPa Jm Size, mn Ref. 

Coolant leakage i n t o  

1000s burn 

E l  a s t i c a l  l y  
Coolant Leak Rate plasma chamber du r i ng  Loaded Crack 

Crack Opened 
by Creep 

1% He: 0.8 

1% ti: 1500 

1% He: 0.03 

__-  1% H 0: 0.7 _ _ _  

1% H 0: 0.03 
1% 2 i :  7 

HT-9 Un i r r ad ia ted  
427°C 

450 275 95 8 

HT-9 I rr  d i a t e d  
l o z L  cm-?, 427°C 

450 200 50 8 

Unstable Flaw Growth 

12 C r  S tee l ,  

25'C 
Temper einbri t t l e d  650 40 1 12  

HT-9, Hydrogen 
einbri t t l e d ,  25°C 

650 75 3 ( c a l c )  13 

Fa t igue  Crack Growth HT-9 Un i r r ad ia ted  
150°C-60UoC 

450 8 0.1 14 

Stress Cor ros ion  
Crack Crowth water 

12 Cr s tee l ,  25°C 650 20 0.2 12 
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7.0 Fu ture  Work 

Fu r the r  work on leak r a t e  ana l ys i s  i s  not  c u r r e n t l y  planned b u t  experi inental leak ra te- f l aw  s i z e  measure- 
ments a re  needed f o r  water and l i q u i d  l i t h i u m .  Fu r t he r  work i n  modeliny and measuriny t he  s u b - c r i t i c a l  
crack yrowth behavior  o f  316 SS and HT-9 i s  planned. 
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CHAPTER 5 

CORRELATION METHODOLOGY 
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SWELLING OF Fe-Ni-Cr TERNARY ALLOYS AT HIGH EXPOSURE 

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

1 .o Objective 

The objective of this effort is to determine the origins of the composition and temperature deoendence of 
swelling in simple austenitic alloys. 

2.0 Summary 

Acquisition of higher fluence data (70-110 dpa) on the swelling of austenitic Fe-Ni-Cr ternary alloys con- 
firms the conclusion drawn earlier that the eventual swelling rate of all austenitic Fe-Ni-Cr alloys in 
EBR-I1 is %l%/dpa in the range 400-650°C. 
duration of the transient regime of swelling. At temperatures below 500"C, saturation of swelling appears 
to be occurring, often at very high swelling levels. 
ature, increasing nickel level and decreasing chromium content. 

The influence of composition and temperature lies only in the 

The saturation level decreases with decreasing temper- 

3.0 Program 

Title: Irradiation Effects Analysis (AKJ) 
Principal Investigator: 0. G. Doran 
Affiliation: Hanford Engineering Development Laboratory 

4.0 Relevant OAFS Plan Task/Subtask 

Task II.C.1 Effects o f  Material Parameters on Microstructure 
Task II.C.16 Composite Correlation Models and Experiments 

5.0 Accomplishments and Status 

5.1 Introduction 

In earlier reports it was shown that the influence of both composition and temperature on the swelling of 
austpltic Fe-Ni-Cr ternary alloys in EBR-I1 lay primarily in the duration o f  the transient regime of swell- 
ing. It was further stated that the eventual swelling rate of all austenitic Fe-Ni-Cr alloys was %l%/dpa 
over a suprisingly large range of temperature. While this latter conclusion was amply demonstrated for 
alloys with relatively low (124%) nickel levels and relatively high (215% chromium) levels, some doubt could 
still be expressed concerning the eventual swelling rate for alloys with higher nickel and lower chromium 
levels. 
higher irradiation temperatures. 

Additional density change measurements at higher fluence have now been made, concentrating particularly on 
the higher nickel range and the higher temperatures. The new data (beyond that listed in Reference 1) are 
listed in Table 1. Except where noted each measurement is the average swelling of two identical specimens 
irradiated side-by-side. 
values are reported separately. 

The transients of these alloys were still in progress at the last report, particularly for the 

When the swelling varied more than 0.2% between members of the pair, the two 
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TABLE 1 

ADDITIONAL SWELLING DATA FOR Fe-Ni-Cr ALLOYS* 

Alloy 

Alloy E18 
Fe-12.1Ni-15.1Cr 

Alloy E90 
Fe-15.7Ni-15.6Cr 

Alloy E39 
Fe-20.3Ni-7.5Cr 

Alloy E26 
Fe-2O.lNi-ll.8Cr 

Alloy E19 
Fe-19.4Ni-14.9Cr 

Alloy E27 
Fe-24.7Ni -10.2Cr 

Alloy E20 
Fe-24.4Ni-14.9Cr 

Alloy E21 
Fe-29.6Ni -1 5.3Cr 

Alloy E37 
Fe-35.5Ni-7.5Cr 

Alloy E22 
Fe-34.5Ni-15.1Cr 

Alloy E38 
Fe-35.2Ni -2O.OCr 

Alloy E25 
Fe-35.1Ni-21.7Cr 

Alloy E23 
Fe-45.3Ni-15.OCr 

Alloy E24 
Fe-75.1Ni-14.6Cr 

Temperature 
( " C )  

427 
650 

427 
593 
6 50 

538 
593 
650 

538 
593 
650 

593 
650 

538 
593 
650 

538 
593 
650 

538 
593 
650 

400 
454 
482 
650 

400 
427 
482 
538 
593 
650 

427 

538 
593 
650 

427 
482 
538 
593 
650 

400 
427 
482 
538 
593 
650 

400 
427 
510 
538 
593 
650 

482 

+t/10" n/cm' 
(E > 0.1 MeV) 

18.5 
21.9 

18.5 
22.0 
21.9 

20.4 
22.0 
21.9 

20.4 
22.0 
21.9 

22.0 
21.9 

20.4 
22.0 
21.9 

20.4 
22.0 
21.9 

20.4 
22.0 
21.9 

15.1 
13.4 
17.4 
21.9 

15.1 
18.5 
17.4 
20.4 
22.0 
21.9 

18.5 
17.4 
20.4 
22.0 
21.9 

18.5 
17.4 
20.4 
22.0 
21.9 

15.1 
18.5 
17.4 
20.4 
22.0 
21.9 

15.1 
18.5 
21 .o 
20.4 
22.0 
21.9 

Swell i ng 
(%) 

49.5 
31.1 

52.6 
53.7 
21.2 

20.2 
3.19 
2.14 

47.8 
20.9,23.0** 
5.40 

46.3,49.1** 
13.2 

9.45 
3.06 
1.74 

66.1 
16.0 
6.48 

47.3 
7.38 
5.35 

1.71 
1.89 
0.95 
0.31 

16.2 
21.9 
20.8 
10.3 
2.90 
4.42 

38.0 
44.8 
61.1 
16.4 
17.0 

33.2 
60.7 
66.6 
54.2,50.1** 
23.7 

2.38 
8.19 
9.42 
5.26 
1.09 
4.96 

2.49 
9.03 
21.1 
18.7 

31 .O 
4.13,2.37** 

*These data are in addition to those published in Reference 1. 

different swelling, while all other specimen pairs exhibited 
identical swelling within 20.2%. 

**Each of these two nominally identical specimens exhibited a 
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5.2 Resu l ts  and Discussion 

F i g u r e  l a  shows a subset of t he  data pub l i shed i n  Reference 1 and demonstrates t h a t  over a range o f  12.1 t o  
24.4 w t %  n i c k e l  and chromium l e v e l s  o f  7.5 t o  15.6%, t he re  i s  s u r p r i s i n g l y  l i t t l e  s e n s i t i v i t y  o f  s w e l l i n g  t o  
bo th  composi t ion and temperature f o r  temperatures between 400 and 51OOC. 
F igu re  2 shows t he  i nc reas ing  impact o f  temperature above 510°C on t he  du ra t i on  of t h e  t r a n s i e n t  regime f o r  
these a l l o y s .  

Note t h a t  F igure  l b  shows t h a t  t he  seven a l l o y s  l i s t e d  i n  F igure  1 i n h a b i t  one end of t h e  experimental 
mat r i x .  A t  h igher  n i c k e l  l e v e l s  t h e  i n f l uence  of temperature i s  observed much sooner, a s  demonstrated i n  
F igure  3a. Inc reas ing  t he  chromium l e v e l  o r  decreasing the  n i c k e l  l e v e l  tends t o  postpone t he  e f f e c t  of 
temperature somewhat, as shown i n  F igures  3b and 3c. F igures  4 and 5 show t h a t  increases i n  chromium l e v e l  
a t  a g iven  temperature and n i c k e l  l e v e l  tend t o  shor ten t he  du ra t i on  of t h e  t r a n s i e n t  regime o f  swe l l ing .  
The i n f l uence  of n i c k e l ,  however, i s  e x a c t l y  t he  oppos i te  o f  t h a t  of chromium, as shown i n  Figures 6a, 6b, 
and bc. 

It i s  important  t o  no te  t h a t  t he  swe l l i ng  r a t e  o f  a l l  curves shown thus f a r  tends t o  increase w i t h  f luence 
and even tua l l y  approach %l%/dpa. 
curves, conf i rming our  p rev ious  conc lus ion  t h a t  s a t u r a t i o n  o f  swe l l i ng  w i l l  no t  occur  a t  engineer ing-  
r e l evan t  l e v e l s  i n  t he  Fe-Ni-Cr system, 

The minimu7 i n  ion- induced swe l l i ng  i n  t he  a l l o y  se r i es  a t  35-45% n i c k e l  (observed by Johnston and 
coworkers) obv ious ly  a r i ses  from a maximum i n  t he  du ra t i on  o f  t he  t r a n s i e n t  regime i n  t h i s  composi t ion 
range, p a r t i c u l a r l y  a t  h i ghe r  temperatures, as can be seen i n  F igure  6. 
change O f  swe l l i ng  w i t h  n i c k e l  content  i s  asyrnetr ical about the  minimum, however, w i t h  t he  h i gh  n i c k e l  s i de  
i n  general inc reas ing  a t  a slower r a t e  than  f ha t  of t h e  low n i c k e l  s ide .  
agreement w i t h  t he  observat ions of Johnston. 

One of t h e  most s t r i k i n g  features o f  F igures 3 through 6 i s  t he  l ack  of sa tu ra t i on .  Th i s  conc lus ion  may be 
somewhat mis leading,  however, and poss ib l y  r e f l e c t s  t he  f a c t  t h a t  most o f  t h e  new da ta  were obta ined a t  t h e  
h i ghe r  n i c k e l  l e v e l s  and h i ghe r  i r r a d i a t i o n  temperatures. There i s  one se t  o f  reasonably complete h iqh-  
f luence da ta  a t  427OC, however. As shown i n  F igure  8 i t  appears t h a t  s a t u r a t i o n  may be s e t t i n g  i n  a t  t h i s  
temperature. 

If s a t u r a t i o n  i s  s e n s i t i v e  t o  vo id  surface area o r  vo id  s i nk  s t r eng th  one would expect t h e  s a t u r a t i o n  l e v e l  
t o  dec l i ne  a t  lower temperatures due t o  t h e  s t r ong  temperature dependence o f  vo id  nuc lea t ion .  
of da ta  a t  40OOC (F igure  9b) tends t o  conf i rm t h i s  conc lus ion  and some da ta  a t  h i ghe r  temperatures (F ig-  
u re  sa)  suggests t h a t  t h i s  p r i n c i p l e  may be opera t ing .  

Note t h a t  a t  427°C t h e  l e v e l  of s a t u r a t i o n  i s  i n v e r s e l y  p ropo r t i ona l  t o  t h e  d u r a t i o n  of the  t r ans ien t .  
Whenever two curves have t h e  same t r a n s i e n t  dura t ion ,  t h e i r  s a t u r a t i o n  l e v e l s  a re  such t h a t  t he  lowest  l e v e l  
occurs i n  t h e  a l l o y  whose vo id  nuc lea t i on  r a t e  would be expected t o  be t h e  l a r g e s t  based on composi t ional  
d i f fe rences  (i.e., lower n i c k e l  o r  h i ghe r  chromium). 

There are no da ta  helow 400'C. 

Swe l l ing  l e v e l s  i n  t he  range o f  50-70% are  o f t e n  shown i n  t h e  preceding 

F igure  7 shows t h a t  t he  r a t e  o f  

Th is  observa t ion  i s  a l so  i n  

A l i m i t e d  s e t  

5.3 Conclusions 

A t  temperatures between 400 and 650°C t h e  eventual  s w e l l i n g  r a t e  o f  a u s t e n i t i c  Fe-Cr-Ni a l l o y s  appears t o  be 
*I%/dpa, w i t h  a l l  i n f l uence  o f  temperature, n i c k e l  and chromium l e v e l  l y i n g  i? the  d u r a t i o n  of t h e  t r a n s i e n t  
regime of swe l l ing .  The in f luence of n i c k e l  i s  oppos i te  t h a t  of chromium and e x h i b i t s  an asymmetrical m in i -  
mum a t  4 5  t o  45% n i c k e l .  
reaching l e v e l s  which are dependent on t he  composi t ion as w e l l  as t he  temperature. 

Sa tu ra t i on  a l so  appears t o  be occu r r i ng  a t  t he  lower i r r a d i a t i o n  temperatures, 
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F IGURE 4. Influence o f  Chromium Level and Temperature on the Swelling o f  Fe-PONi-XCr in EBR-11. 
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7.0 Fu ture  Work 

A vo id  nuc lea t i on  model i s  almost completed which exp la i ns  t h e  major  f ea tu res  o f  t h e  temperature and compo- 
s i t i o n a l  dependence of s w e l l i n g  i n  t h i s  a l l o y  ser ies .  
a l s o  being examined t o  determine whether t he  e v o l u t i o n  of loop  and d i s l o c a t i o n  m ic ros t ruc tu re  i s  s e n s i t i v e  
t o  comDosition. 

The m i c r o s t r u c t u r a l  development o f  these a l l o y s  i s  

8.0 Pub l i ca t i ons  

Reference 5 w i l l  be pub l i shed i n  t he  proceedings o f  t h e  T h i r d  Top ica l  Meeting on Fusion Reactor M a t e r i a l s  
(Albuquerque, NM, September 1983). 
be presented i n  t h e  TMS-AIME symposium on T a i l o r i n g  and Opt im iz ing  Ma te r i a l s  f o r  Nuclear App l i ca t i ons  
(Los Angeles, CA, February 1984). 

Reference 1 and References 3 and 4 w i l l  form the  bas is  of two papers t o  
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TRANSMUTATION OF MANGANESE-SUBSTITUTE0 STEELS IN STARFIRE 

H. L .  Heinisch and F. A. Garner (Hanford Enqineering Development Laboratory) 

1 .o Objective 

The object of this study is to determine whether the transmutation reactions occurring in a fusion environ- 
ment will seriously alter the phase stability of the fundamental alloy series employed to study the imoact 
of manganese substitution for nickel in iron-based austenitic alloys. 

2.0 Sumnary 

The transmutations calculated for the STARFIRE wall employing the manqanese substitution alloys currently 
under investigation in the DAFS program are not expected to qreatly change the phase stability of these 
alloys. 

3.0 Program 

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

4.0 Relevant DAFS Plan Task/Subtask 

Task II.C.4 Effects of Solid Transmutants on Microstructure 

5.0 Accomplishments and Status 

5.1 Introduction 

It has been proposed that austenitic alloys based on the Fe-Mn-Cr system might offer siqnificant advantaqe 
over the Fe-Ni-Cr system for fusion service with respect to activation. 
alloys has been prepared for testinq in the DAFS program. 
with a large component of thermal neutrons, such as HFIR, the transmutation of manqanese to iron chanqes the 
alloy composition, resulting in a loss of austenitic stability.' 
the FFTF or EBR-I1 core locations, manqanese burnout is much less than in HFIR and does not affect the 
phase stability of the Fe-Mn-Cr alloys. 

In general, the compositional balance between iron and manganese depends on the transmutation and decay of 
one to the other. There are a variety of important reactions [(n,p), (n,2n), ( n , ~ ) ] ,  so that radiation- 
induced changes in the manganese-iron balance depend on the shape of the neutron spectrum. As a prereque- 
site for the study of the Fe-Mn-Cr alloys for applications in fusion reactors, it was necessary to determine 
if loss of phase stability due to transmutation might be a problem in tpical first-wall spectra. This con- 
sideration has been addressed using the REAC code system, which is described in Reference 2. This code cal- 
culates both transmutation and activation using libraries of cross sections and decay data based larqely on 
the ENDF/B-V libraries.' 

For this study the neutron spectrum and flux were assumed to be those of the first-wall portion of the 
STARFIRE reactor, which has a relatively large low-energy neutron component for a fusion reactor because of 
the water-cooled blanket design. 
The alloy compositions were determined for continuous irradiation times of 1, 2, 5 and 10 years. The three 

Thus, a series of Fe-Mn-Cr based 
It is known that in an irradiation environment 

In fast reactor neutron spectra, such as 

In this environment, austenitic steels receive about 40 dpa per year. 
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alloys chosen for investigation are shown in Table 1; they span the range of interest of FeIMn ratios. 
They also include representative solute-free and solute-modified alloys. 

5.3 Results 

Table 2 contains the chanqes in the Fe and Mn concentrations after ten years for Fe, Mn, and Cr. 
three alloys, the manganese burns out while iron burns in. 
reactions transmute Mn to Fe. 
element. 
increases by 5%, while the manganese decreases by 18% after ten years. 
Phase instabilities are not likely to arise for these levels of transmutation. 

Table 3 also shows that in solute-modified alloys, only tunqsten is expected to change substantially (-40%), 
but considering the low-starting level of this solute-hardening element, no chanqe in phase-stability is 
expected. 

Calculations for these alloys in the much harder spectrum o f  the first wall of the MARS conceptual reactor 
showed compositional changes of smaller magnitude than in STARFIRE and opposite in effect, i.e., relative 
enrichment of manganese. Thus, in either MARS or STARFIRE, no transmutation-induced phase stability 
problems are expected. 

In all 
Some reactions transmute Fe to Mn, while other 

The Fe-Mn balance depends strongly on the starting concentrations of each 
Table 3 contains the composition of alloy R77 after each irradiation time. The iron concentration 

The chromium content doubles. 

TABLE 1 TABLE 2 

PREIRRADIATION COMPOSITION OF ALLOYS STUDIED RELATIVE CHANGES I N  ATOMIC FRACTIONS 
AFTER TEN YEARS IN STARFIRE 

A1 loy 
Desiqnation Composition (wt%) Element E R72 - R77 - - 

R67 70 Fe, 15 Mn, 15 Cr Fe 0% 4% 5% 

R72 70 Fe, 30 Mn Mn 4% -17% -18% 

R77 64.5 Fe, 30 Mn, 2 Cr, 0.4 C, 0.15 N, 1.0 V, 
0.05 P, 0.005 6 ,  1.0 W ,  0.5 Ni, 0.4 Si 

6.0 References 
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2. F. M. Mann, Transmutation of Allors in MFE Facilities as Calculated by REAC, HEOL-TME 81-37, Hanford 
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7.0 Future Work 

None. 

8.0 Pub1 ications 

None. 
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Element 
Fe 
Mn 
C r  
C 
v 
S i  
N 
N i  
W 
P 
B 
Re 
L i  
co 
T i  
Be 
A1 
Ta 

S 
U 

Mg 

TABLE 3 

STARFIRE-INOUCEO TRANSMUTATIONS I N  ALLOY R77 

Atomic Frac t ions  of Elements (Wt%) Change a f t e r  10 y r  

I n i t i a l  1 yr  2 yr 5 yr 10 yr  A % 

0.630 0.635 
6.298 0.292 
0.021 0.022 
0.018 0.018 
0.011 0.011 
7.7 (- 3) 7 . 7  (- 3)  
5.8 (- 3)  5.8 (-3) 
4.7 (- 3)  4.6 (- 3)  
3.0 (- 3)  2.5 ( - 3 )  
8 .8  (- 4)  8.7 (- 4)  
2.5 (- 4)  1.2 ( - 4 )  - 4.4 ( - 4 )  
- 1.4 ( - 4 )  
- 3.1 ( - 5 1  
- 2.2 i - 5 j  
- 1.5 (- 5 )  
- 1.3 ( - 5 )  
- 1.1 (- 5)  
- 7.6 (- 6)  
- 2.3 ( - 7 )  
. - 

.640 

.285 

.024 
,018 
.011 

7.7 (- 3)  
5.8 ( - 3 )  
4.5 i - 3 j  
2.3 ( - 3 )  
8.7 ( - 4 )  
1.3 ( - 4 )  
6.8 ( - 4 )  
1.5 (- 4)  
5.0 (- 5 )  
4.5 (- 5 )  
3.0 ( - 5 )  
2.7 ( -51  
1.9 i - 5 )  

5.4 (- 7)  
1.5 (- 5 )  

.650 
,268 
,030 
,018 
.011 

7.6 (- 3)  
5.7 ( - 3 )  
4.4 ( - 3 )  
2.0 (- 3)  
8.5 (- 4)  
1.6 (- 4)  
9.5 ( - 4 )  
1.5 ( - 4 )  
9.2 (- 5 )  
1.2 ( - 4 )  
7.5 (- 5 )  
6.7 ( - 5 )  
9.9 ( - 6 )  
3.8 ( -5)  
1.4 (- 6 )  
5 . 5  ( - 7 )  

.663 
-245 .~ .~ 
,040 
,018 
,011 

7.6 (- 3 )  

4.2 ( - 3 )  

8.2 (- 4)  

5.5 ( - 3 )  

1.8 (- 3 )  

2.1 ( - 4 )  
1.2 (- 3)  
1.6 ( - 4 )  
1.5 (- 4)  
2.6 ( - 4 )  
1.5 (- 4 )  
1.3 ( - 4 )  
2.8 (- 6)  
7.6 (- 5)  
2.7 (- 6)  
1.4  ( - 6 )  

.033 5.2 
-.053 -17.7 

,019 92.5 
-2.6 ( - 4 )  -1.5 
4.0 (- 4)  3.8 

-1.5 (- 4)  -2.0 
3.5 (- 4 )  -5.9 
5.0 ( - 4 )  -10.7 
1.2 (- 3 )  -39.5 
5.7 (- 5 )  -6.5 
4.5 (- 5 )  -18.1 
1.2 ( - 3 )  
1.6 ( - 4 )  
1.5 ( - 4 )  
2.6 (- 4)  
1.5 ( - 4 )  
1.3 ( - 4 )  
2.8 (- 6)  
7.6 (- 5 )  
2.7 (- 6)  
1.4 ( -6 )  
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RECENT INSIGHTS ON THE SWELLING AND CREEP OF IRRADIATED AUSTENITIC ALLOYS 

F. A. Garner (Hanford Engineer ing Development Labora tory )  

1.0 Ob jec t i ve  

The o b j e c t  o f  t h i s  e f f o r t  i s  t o  assess t h e  impact of r e c e n t l y  a t t a i n e d  s w e l l i n g  and creep da ta  on ADIP a l l o y  
development e f f o r t s .  as w e l l  as on t h e o r e t i c a l  modeling e f f o r t s  and f i s s i o n - f u s i o n  c o r r e l a t i o n  development. 

2.0 Sumnary 

It appears t h a t  a l l  a u s t e n i t i c  Fe-Ni-Cr a l l o y s  e v e n t u a l l y  swe l l  du r i ng  neut ron  i r r a d i a t i o n  a t  a r a t e  o f  
c l%/dpa over  a s u r p r i s i n g l y  l a r g e  range of temperature. 
of s w e l l i n g  w i l l  occur i n  commercial a l l o y s  a t  eng ineer ing- re levant  l eve l s .  
t o  v a r i a t i o n s  i n  composit ion, f a b r i c a t i o n  and environment l i e  almost e x c l u s f v e l y  i n  t h e  d u r a t i o n  of t h e  
t r a n s i e n t  regime o f  swel l ing .  I r r a d i a t i o n  creep r a t e s  a t  h i g h  exposures are a l so  expected t o  e x h i b i t  a 
s i m i l a r  paramet r ic  i n s e n s i t i v i t y ,  l a r g e l y  because t h e  major  creep c o n t r i b u t i o n  appears t o  be p r o p o r t i o n a l  
t o  the  s w e l l i n g  r a t e .  
discussed. 

I n  add i t ion .  t he re  i s  no evidence t h a t  s a t u r a t i o n  
The s e n s i t i v i t i e s  of s w e l l i n g  

The i m p l i c a t i o n s  o f  these conclusions f o r  var ious  OAFS and A D I P  a c t i v i t i e s  a re  

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  (AKJ) 
P r i n c i p a l  I n v e s t i g a t o r :  0. 6. Doran 
A f f i l i a t i o n :  Hanford Engineering Development Labora tory  

4.0 Relevant OAFS Plan Task/Subtask 

Task II.C.16 Composite C o r r e l a t i o n  Models and Experiments 

5.0 Accomplishments and Sta tus  

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

The a p p l i c a t i o n  of a u s t e n i t i c  s t e e l s  i n  fus ion  r e a c t o r s  w i l l  be l i m i t e d  i n  p a r t  by  t h e i r  p o t e n t i a l  f o r  l a r g e  
l e v e l s  of i r r a d i a t i o n  creep and swel l ing ,  an extreme example of which i s  shown i n  F igu re  1. 
governing these two deformat ion phenomena have r e c e n t l y  become b e t t e r  understood as a r e s u l t  o f  ex tens ive  
new data  f i e l d s  ob ta ined i n  t h e  var ious  n a t i o n a l  breeder r e a c t o r  programs. 

As w i l l  be demonstrated i n  t h i s  paper, i t  appears t h a t  s w e l l i n g  and creep are no t  o n l y  s t r o n g l y  i n t e r r e l a t e d  
phenomena, b u t  t h a t  a l l  a u s t e n i t i c  a l l o y s  i n  t h e  Fe-Ni-Cr system tend t o  evo lve  du r i ng  i r r a d i a t i o n  toward 
c h a r a c t e r i s t i c  r a t e s  of creep and s w e l l i n g  t h a t  are s u r p r i s i n g l y  independent o f  composi t ional  and f a b r i c a -  
t i o n a l  var iab les .  I n  add i t ion ,  t h e  dependence of these c h a r a c t e r i s t i c  r a t e s  on environmental v a r i a b l e s  such 
as temperature, displacement ra te ,  hel ium and s t r e s s  a l s o  appears t o  be much weaker than p r e v i o u s l y  env i-  
sioned by t h e  r a d i a t i o n  damage comnunity. 

The f a c t o r s  
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FIGURE 1. Scanning Micrograph of Voids on the Surface of Fractured 20% Cold-Worked AISI 316 Irradiated at 

51OOC to 120 dpa in EBR-11. The swelling is 72%. 
Hanford Company) 

(Courtesy of W.  J. S. Yang. Westinghouse 

5.2 Irradiation Creep 

Irradiation creep data are generally more difficult to obtain than are swelling data, requiring more and 
larger specimns and also requiring nore out-of-reactor measurement and analysis. 
creep specimens contain contributions not only from swelling and creep processes but also from recovery and 
precipitation sequences. With the exception of the swelling-induced strains, these other contributions are 
usually anisotropically diffributed and texture-dependent. 
stress-dependent, however. 
from the true creep component of strain, published data on creep rates of different alloys therefore exhibit 
unavoidably larger scatter than do swelling data. 

In spite of differences in availability of data and their ease of interpretation. both creep and swelling 
appear to respond to compositional, fabricational and environmental variables in the same manner, yielding 
much circumstantial evidence that supports a correlation of swelling and creep. 
strated that the peaked temperature dependence of swelling in the alloys AISI 316. ME13 and Ninmnic PE16 are 
mirrored in the peaked temperature dependence of irradiation creep.'' 
strated a similar relationship for the alloy A2p. which exhibits a valley rather than a peak in the tem- 
perature dependency of both swelling and creep. 
Note that the swelling data clearly show the contribution of a precipitate-related densification process. 
the strains of which are usually designated as components of the "true" creep rate. 

More recently, Boutard and coworkers demonstrated that during isothermal irradiation a, strong correspondence 
between swelling and creep exists in several heafs of AISI 316 irradiated in two different fast reactors and 
in both the annealed and cold-worked conditions. 
shown to accelerat$ swelling of AISI 316 to rates approaching l%/dpa were also found to strongly accelerate 
irradiatip creep. 
coworkers and confirmed by Boutard and others, where: 

The measured strains of 

All four of the strain contributions can be 
and since three of these contributions are usually not completely separated 

Puigh and coworkers demon- 

Paxton and coworkers also denmn- 

An updated version of these data is shown in Figure 2. 

Non-isothermal temperature histories which have been 

A much stronger swelling-crrfp relationship has been proposed, however, by Foster and 

. . 
e10 Bo + DS. 

This relationship ignores the short transient usually observed in cold-worked alloys and states that the 
creep rate per unit stress and displaced ?tom is described by the creep compliance Bo plus another contri- 
bution proportional torthe syelliq rate S. 
has shown that s10 MPa dpa for,a surprisingly large range of austenitic steels. Boutard and 
coworkers reached a similar conclusion. These studies indicated either a rather weak dependence or no 
dependence of Bo on irradiation temperature. 

Ehrlich has cmpiled the results of publish$! creep studies and 

Atkins and McElroy noted that in proton irradiation studies a 
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similar insensitivity of Bo to temperature and composition was also o?$erved in nickel alloys, stainless 
steels, PE16 and even in non-austenitic metals such as Zr, Mo and Hf. 

Ehrlich further noted that to within 20% the D-coefficients determined for both annealed 304L and cold- 
worked 1.4981 steels agree, with D % lo-* MPa-'. 
and heat identity was observed in AISI 316 by Boutard. 
sis of creep data, this level o f  agreement is surprising. 

If we accept the proposed insensitivity of Bo and D to composition and starting microstructure, then the 
sensitivities of swelling will dominate the creep behavior at high fluence. 
swelling rate of only O.Ol%/dpa or greater to give dominance to the DS term over that of the Bo term. 
are the parametric trends in swelling, and are there compositional insensitivities similar to those of the 
creep behavior? 

A siTilar insensitivity of D to starting microstructure 
Considering the difficulties associated with analy- 

Note that Eq. 1 requires a 
What 

5.3 Swelling of Pure Nickel 

Iron and chromium do not exist with f.c.c. structure at void-relevant temperatures, but f.c.c. nickel has 
often been irradiated. 
fast reactors to show that at temrpratures in the range 400-460°C pure nickel swells initially at %l%/dpa 
but quickly tends to saturate,"' Most other researchers did not generate suffi- 
cient data at one temperature to discriminate between the saturation and linear swelling regimes. 

Two of these studies have been conducted at sufficiently small fluence increments in 

as shown in Figure 3. 
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FIGURE 2. Temperature Dependence of Both the 
Average Creep Coefficient B and the  
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Treated and Ag;; A286*at 
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( E  10.1 MeV), or %19 dpa in EBR-11. 
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FIGURE 3a. Swelling Observed in 99.95% Nickel at 
400°C for Rapsodie." 
Swelling Observed i?,99.98% Nickel for 
Rapsodie and Siloe. 

3b. 

5.4 Saturation Regime of Swelling 

although the steady-state swelling rate was I .,I I I o n  irradiation studies of nickel have shown both regimes, 
shown to be deoressed bv a factor of five or more below the l%/dpa level by the action of the injected 

1 .6  interstitial. 
the swelling rate approached l%/dpa. 

In rebions of the spfcimen where the influence of the injected interstitial was minimal, 
' I c  

Although nickel starts swelling at very low displacement levels, most alloys exhibit a substantial incuba- 
tion or transient regime prior to the so-called "steady-state' or post-transient regime, as shown in Fig- 
ure 4. 
althmgh f f  was observed in ion irradiations of Fe-17Cr-16.7Ni-2.5Mq8(20% swelling at 627OC, 4 MeV 
Ni' ions) 

To date the saturation regime has not been observed in neutron irradiations of Fe-Ni-Cr alloys, 

and AISI 316 (260% swelling at 625OC, 140 keV protons). 
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The relatively low swelling observed in pure nickel by Johnston and coworkers" during 5 MeV Ni+ irradiation 
(Figure 5) is thought to reflect primarily the influence of saturation but also the increasing difficulty 
at higher temperatures of maintaining bulk-representative microstructures close to the surface of very soft 
metals. 
higher swelling levels. 

In the Fe-15Cr-Ni alloys shown in Figure 5 saturation either does not happen or occurs at much 

5.5 Swellinq of Simple Ternary Alloys 

Figure 5 leads to one conclusion, however, later found to be atypical of neutron irradiation; that there 
exists a strong dependence of swelling in Fe-Ni-Cr alloys on irradiation temperature. I n  fact,6the tempera- 
ture dependence of neutron-induced swelling is much less pronounced than that inducet6by ions. It has 
been shown that the influence of the injected interstitial effect at low temperature combined with the 
surface i nf 1 uence' ''" at high temperature distorts the temperature dependence of ion-induced swelling. 

A strong dependence of swelling on both nickel and chromium content (Figure 6 )  has also been,fyd2in 
studies 9~ both so1ute;frpp ternary alloys and solute-modified commercial alloys, using ion, 
electron and neutron irradiation. However, none of these studies showed unambiguously whether the 
influence of compositional variations lies in the transient or post-transient regime. 

Garner and Braqpr,Qave recently published an extensive data base on fifteen Fe-Ni-Cr ternary alloys with low 
solute levels. 
sures as large as 110 dpa. 
in the duration of the transient regime and that the post-transient swelling rate is %l%/dpa, which is 
relatively insensitive to both irradiation temperature and composition. As illustrated in other papers, the 
effect of composition on swelling of terqgry alloys is a second-order void nucleation effect visible only at 
higher neutron irradiation temperatures, the impact of which is distorted in low-temperature ion 
irradiations. "/" 

For each neutron-irradiated ternary alloy, a temperature can be designated as the break-away temperature Tg. 
Below T s  there is essentially no composition or temperature dependence of swelling in the range 
4 0 0 O C  5 T 5 TB, as shown in Figure 7. 
perature as shown in Figures 8 and 9a. 
decreasing chromium content. 
-.35-40% nickel and relatively low chromium levels, as shown in Figure 9b. 
through 9 is quite typical of that exhibited by the other ternary alloys described in References 29-31. 

There does not appear t o  be any possibility of early saturation of swellin in Fe-Ni-Cr ternaries. For 
those higher-nickel alloys irradiated to the highest exposures (90-110 dpa 3 , swelling levels of 50-7W were 
frequently observed.'o-' 

These were irradiated in EBR-I1 at eight temperatures between 400 and 650°C t o  expo- 
These data show that the primary influence of nickel and chromium content lies 

For T > TB the duration of the transient regime increases with tem- 

The behavior shown in Figures 7 

The break-away temperature decreases with increasing nickel and 
The longest transient regimes at a given temperature above TB occur at 
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5.6 Swelling of 300 Series Stainless Steels 

The swelling of stainless steels is known to be sensitive to temperature, composition, displacement rate and 
preirradiation thermal-mechanical treatment. 
leads to an extension of the transient regime by temporarily suppressing void nucleation. 
development of swelling in these steels has also been correlated with the irradiation-induced micro-chemical 
evo~ution"~" in which the silicon and nickel levels of the matrix are reduced by precipitation of phases 
rich in these nucleation-suppressiqg elements. (Silicon is much more effective per atom in suppressing void 
nucleation than is nickel, however ). It has also been shown that the parametric 
swelling in the transient regime are mirrored in the sensitivities of the precipitation process. 

This microchemical evolution is ordinarily very sluggish and leads to long transient regimes, particularly 
in cold-worked steels. 
behavior to very high swelling levels. It has been demonstrated, however, that t!itoe:qlution in AISI 316 
can be accelerated under some conditions such as in-reactor temperature decreases / or preirradiation 
thermal aging."/" 
quick attainment of the l%/dpa swelling rate characteristic of the austenitic Fe-Ni-Cr system. There were 
indications of this behavior in a number of 300 series steels as early as 1975. 
steels aged at 704°C in sodium for 10.000 to 15,000 hours all swelled at 4%/dpa when subsequently irradi- 
ated at 480°C.'' 
combined influence of annealing, low nickel con;$nt (%9%) and low carbon level leads to the shortest incuba- 
tion periods observed in the 300 series steels. 

Several factors precluded the earlier recognition of both the magnitude and parametric insensitivity of the 
post-transient swelling rate in the 300 series steels. 
solute-extended transient coupled with its sensitivity not only to temperature history but also to gradients 
in displacement rate. Note in figures 1 1  and 12 the strong and temperature-dependent effect of displacement 
rate on the duration of the transient regime of AISI 316.'*/*5 
below the effect of displacement rate ;; the transient reverses in the annealed steel, and swellina 
increases at higher displacement rate, 
displacement rate dependence of low temperature radiation-stable phases such as I' and the time dependence 
of high temperature intermetallic phases." In cold-worked AISI 316 the effect of displacement rate below 
500°C is much smaller. 

and applied Other studies have shown that the effects of cold-workinq," reactor spectra and helium,"/" 
stress' also manifest themselves in the transient regime. 

In data derived from many different structural components some of the less obvious parametric trends are 
often obscured by data scatter as shown in Figures 11, 12 and 14. 
the sensitivity of the transient regime to the combined effects of a large number of local environmental 
parameters.'' 
such that points far from the fixed end experience relatively large and time-dependent changes in p0SitiOn 
and environment.k9 

In general, the addition of solute, particu!q:!y-Sllicon, 
The 

As shown later this often yields continuous curvature in the swelling vs. fluence 
/ 

Both of these temperature histories accelerate the rate of curvature and foster the 

Figure 10a shows that three 

Even without aging, this swelling rate was observed in AISI 304L (Figure lob) where the 

The major factor was the long duration of the 

At temperatures in the vicinity of 5OOOC or 

This reversal has been attributed to the as shown in Figure 1 3 .  

This scatter has been shown to arise from 

In addition, the accumulated strain at large exposures causes long reactor components to qrow 

This adds to the uncertainties associated with description of environmental parameters. 

'1 5: 
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FIGURE loa. Comparison of Swelling of Aged and 

lob. Swelling of Annealed 304L.43 All four 

FIGURE 11. Influence of Temperature and Displace- 
ment Rate on Swelling of Annealed AISI 
316 Cladding in Rapsodie."" 

Unaged 300 Series Steels."' 

steels were irradiated in EBR-I1 and 
swelled at %l%/dpa. 
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FIGURE 12. In f luence o f  Displacement Rate on Swe l l i ng  500"C.46 The per iphery  o f  Phenix and t he  
c e n t r a l  r eg ion  o f  Rapsodie have d isp lace-  
ment r a t e s  rough ly  1/2 t h a t  o f  t he  c e n t r a l  
r eg ion  of Phenix. 

of CW A I S I  316 Cladding a t  *600"C i n  
P h e n i ~ . ~ ~  
77 dpaNRT (see p. 5 i n  Ref. 27). 

Note t h a t  100 French dpaF = 

Whereas an e a r l i e r  ana l ys i s  o f  annealed 304L s w e l l i n g  da ta  concluded t h a t  t he re  i s  a s t r ong  dependence of 
" steady- state"  s w e l l i n g  r a t e  on temperature," Figure  14 shows tha t ,  even i n  t h e  absence of c o r r e c t i o n s  f o r  
neutron spectra, t h e r e  e x i s t s  a broad temperature range over  which t h e  s w e l l i n g  i s  e s s e n t i a l l y  independent 
o f  t e m p e r a t ~ r e . ' ~ - ~ '  The s c a t t e r  i n  t he  range 450-538OC camouflages a con t i nu ing  increase i n  s w e l l i n g  r a t e  
w i t h  f luence.  
t he  eventual  s w e l l i n g  r a t e  r e f l e c t s  p r i m a r i l y  t h e  so f t en ing  of t h e  neut ron  spec t ra  i n  t h e  reg ion  where these  
temperatures e x i s t .  When p l o t t e d  vs. dpa t h e  curves i n  F igure  14b become more p a r a l l e l  t o  t h e  band shown i n  
F igu re  14a. 

Whi le t he  t r a n s i e n t  s w e l l i n g  regime may be s e n s i t i v e  t o  temperature f o r  some heats of s t ee l ,  o t h e r  heats a re  
r e l a t i v e l y  i n s e n s i t i v e  t o  temperature, as shown i n  F igure  15. 
s w e l l i n g  r a t e  i s  n o t  masked by da ta  s c a t t e r  s i nce  t h e  t h r e e  da ta  p o i n t s  shown a t  every  temperature i n  F i g-  
u r e  15 represent  i n t e r i m  measurements on a s i n g l e  specimen. 
*460°C. Other  da ta  a t  h i ghe r  exposures show t h a t  a t  bo th  above and below t h i s  d i s c o n t i n u i t y  t h e  s w e l l i n g  
r a t e  indeed reaches *l%/dpa (see F igu re  20, f o r  example, a t  500 and 420'C). The s e n s i t i v i t y  of t he  t r a n -  
s i e n t  regime t o  environmental h i s t o r y  i s  g r a p h i c a l l y  demonstrated i n  F igu re  15b, where t he  same heat  and l o t  
o f  t u b i n g  was used as f u e l  p i n  cladding."  Not o n l y  i s  t h e  t r a n s i e n t  regime longer  b u t  t h e  range of temper- 
a t u r e  i n s e n s i t i v i t y  i s  l a rge r .  A comp i l a t i on  of single-specimen s w e l l i n g  da ta  i s  presented elsewhere f o r  
many heats of A I S I  316 s t a i n l e s s  steel. ' '  

F igure  16a demonstrates t h a t  t h e  complex temperature dependency o f ten  repor ted  f o r  s w e l l i n g  o f  some heats 
a r i s e s  f r om a s t r ong  dependence of t h e  t r a n s i e n t  regime on temperature. 
i s  a remnant of t h e  "double-bump" s w e l l i n g  behav io r  u s u a l l y  observed i n  annealed A I S I  316, b u t  suppressed by 
cold-working. ' '  I n  general  
i t  i s  d i f f i c u l t  t o  assess t h e  h i g h  temperature behavior, s i nce  s w e l l i n g  p r o f i l e s  d e n v e d  f rom s t r u c t u r a l  
components a t  temperatures above 6 0 0 T  are  dominated b y  t he  steep f l u x  g rad ien t s  associated w i t h  these 
temperatures . 
Whereas i t  i s  u s u a l l y  assumed t h a t  s w e l l i n g  o f  300 s e r i e s  s t e e l s  ceases i n  t h e  range 650-7OO0C, s w e l l i n g  of 
A I S I  316 has been found t o  show no h i n t  o f  decreasing s w e l l i n g  r a t e  a t  65OoC'@ and t o  extend above 70OoC 
when s u f f i c i e n t  exposure i s  a t t a i n e d  (F igure  17) .s2  I n  fact ,  A I S I  304 has been observed t o  swe l l  t o  temper- 
a tures  as l a r g e  as 800°C.s' 
s w e l l i n g  i n  t he  range 70O-80O0C r e f l e c t s  more t h e  absence o f  h i gh  f l uence  experiments i n  t h i s  range than  t he  
absence o f  s w e l l i n g  i t s e l f .  

A t  lower temperatures, t he  t r a n s i e n t  d u r a t i o n  increases, b u t  t h e  apparent s low decrease i n  

The cont inuous " curva tu re"  o r  inc rease i n  

Note t h e  sharp d i s c o n t i n u i t y  i n  s w e l l i n g  a t  

The v a l l e y  a t  450'C i n  F igure  16b 

Note t h a t  f o r  t h i s  hea t  t he re  appears t o  be a p l a teau  i n  s w e l l i n g  above .550°C. 

The upper l i m i t  o f  s w e l l i n g  has n o t  been determined, b u t  t h e  presumed absence of 
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FIGURE 14. Swe l l ing  of E B R - I 1  Outer Fuel Swe l l ing  o f  20% CW N-Lot A I S I  316 i n  
Capsules Constructed from So lu t i on-  Two Separate EBR-I1 Experiments, Showing 
Annealed A I S I  304L."/50 a R e l a t i v e  I n s e n s i t i v i t y  of Swe l l ing  t o  

Temperature as w e l l  as a Strong Depend- 

FIGURE 15. 

*AIIIoy R U E I K E  It'L1 Y.V l  

FIGURE 16. Swe l l ing  o f  20% Cold-Worked R-Lot 
A I S I  316 i n  EBR-11. (S ing le -  
specimen imners ion d e n s i t y  data.)  

ence o f  Transient  on Environmental 
History. ' '  The s lope o f  t he  WSA-4 
curve above 10% swe l l i ng  i s  RlXldpa. 

FIGURE 17a. 2.5% Swel l ing  a t  38 dpa and 667-710OC. 
17b. 2.8% Swel l ing  a t  31 dpa and 700-718"C, 

Determined by Immersion Dens i ty  Meas- 
urement. Voids observed i n  20% C W  
A I S I  316 ( L o t  CN-13) a f t e r  i r r a d i a t i o n  
i n  EBR-1I.I' 

5.7 Ti tanium-Modi f ied 300 Ser ies  S ta i n l ess  S tee l  

Extensive neutron- induced s w e l l i n g  da ta  from t h e  U.S. Breeder program show t h a t  mod i f i ca t i on  of 300 s e r i e s  
s t a i n l e s s  s tee l s  by t i t a n i u m  a d d i t i o n  does n o t  change t h e  eventual  s w e l l i n g  ra te .  
d u r a t i o n  o f  t h e  t r a n s i e n t  regime, however, and e x h i b i t s  s t rong  synergisms w i t h  o the r  s o l u t e  elements. 
MC-tVDe Drec iD i t a tes  a re  reDlaced b v  n i c k e l  and s i l i c o n - r i c h  o rec io i t a tes .  s w e l l i n u  acce le ra tes  

T i tan ium does change t h e  
Once t he  

q u i  &'ly,'' * - 5 

has a l so  been shown t o  be s e n s i t i v e  t o  p u l s i n g  of t h e  r a d i a t i o n  environment.ss 
as demonstrated i n  F igure  18. Th i s  l o s s  of phase s t a b i l i t y . a n d  i t s  ;e lat ionship t o  s w e l l i n g  

Wi th  an appropr ia te  halance o f  var ious  so lu tes  and w i t h  thermal-mechanical pretreatments designed t o  s t a b i -  
l i z e  MC-type p r e c i p i t a t e s ,  i t  appears t h a t  t he  p o t e n t i a l  e x i s t s  f o r  extending t h e  t r a n s i e n t  regime somewhat. 
Based on c u r r e n t  s tud ies ,  however, 150-200 dpa appears t o  be t he  upper exposure l i m i t  and t h e  microchemical 
s t a b i l i t y  appears f r a g i l e  enough t h a t  i t  might  n o t  su rv i ve  weld ing o r  even var ious  i n- reac to r  temperature 
h i s t o r i e s .  Other papers i n  these proceedings descr ibe  t he  U.S. e f f o r t  t o  develop a Prime Candidate A l l o y  
(PCA) f o r  f us i on  app l i ca t i ons  based on t i tanium-modi f ied A I S I  316.56/57 
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5.8 Swelling of Other Comnercial Alloys 

The ion studies of Johnston and qreatly influenced the desiqn of U.S. neutron experiments and 
led to irradiation of many alloys with higher nickel levels. 
available on these alloys."/'* As shown in Figures 19 and 20, once swelling of these alloys comnences they 
do so  at rates that quickly approach 1Wdpa. 
nickel, chromium and solute levels that are quite consistent with the trends exhibited bv the simple ternary 
alloys, hut the transients have been extended by the solute additions. 
annealed alloys. 

It should also he noted that transients at hiqh nickel levels are shortest at the lower irradiation temper- 
atures. 
gests that the peaks in swellinq miqht exist at lower temperatures (<4nOoC) than investiqnted in t h e w  
studies. 

The largest levels of neutron-induced swellinq to date are shown in Fiqure 70 for Haztelloy-X (ROY-) and 20% 
cold-worked heat 81583 AISI 316 (72%). 
different compositions and yet eventually swell at essentially identical rates. 

Hiqh fluence data have onlv recently become 

The transients at a aiven temperature exhihit trends with 

This is particularlv easy to see in 
In general, cold-working further extends the transient regime. 2 8 / 5 *  

Not only does this observation aqree with the results of the ternarv alloy irradiations hut it suq- 

The lat.ter was also shown in Fiqure 1. These two alloys have vastly 

5.9 Implications for Alloy Development 

If swelling and creep behavior were the only considerations invoked as criteria for further development, two 
major approaches in the austenitic system are suggested by these results. The first is to probe the low 
chromium range (510%) of the hiqher nickel alloys,2'/'s/'o emolo.ving solute modification to extend the tran- 
sient and hopefully stabilize the phases existinq prior to irradiation. However, the most successful 
swelling-resistant commercial alloys to date, Inconel 7 0 6 5 9  and Inconel 718" actually have sliqhtly hiqher 
chromium levels. 
regimes that are longer than those o f  AISI 316. 

The second approach is to continue pursuing the stahilization of the matrix and MC-type precipitates in 
titanium-modified alloys, recoqnizinq that once these precipitates are replaced by nickel and silicon-rich 
phases, accelerated swelling will comnence shortly thereafter. 

Perhaps the most sobering implication of this work is that, on the sinqle consideration of swellinq, no 
austenitic alloy studied to date has the potential to reach expnsures in excess of 700 doa or first-wall 
loadings of 20 MWyrlm'. 
swell at much lower  rate^.^^/^' 

Note in Figure 20, however, that hiqh nickel levels per% are no quarantee of transient 

For qoals of this maanitude one must consider the ferritic steels which appear to 

5.10 Implications for Theoretical Modelinq 

The insights qained from these ctudies focus our attention more stronqly on void nucleation theory and ohase 
stability considerations, and deemphasize the attention paid to conventional rate theory. One can use rate 
theory, however, to describe the relative insensitivity of the post-transient swellinq rate to temperature, 
displacement rate. helium/dpa ratio and aDplied stresses."/'o At the hiqh sink strenqths generated in 
irradiated austenitic alloys, rate theory shows that the sensitivities of swellinq are effectivelv decoupled 
from the sensitivities of the microstructure. This largely explains why the homoqenization of the cavitv 
structure at high helium/dpa ratios does not appear to affect the post-transient swellinq rate.12 

The compositional sensitivity of void nucleation is now beinq exploreds*/'6/6' and involves both 
composition-dependent diffusion behavior of point defects in the alloy matrix and the consequences of 
radiation-induced segregation of nickel at void surfaces. An area requirino additional attention is the 
compositional sensitivity of Frank loop and dislocation evolution. 

5.11 Application of Fission-Derived Insights to Fusion Environments 

There are a number of considerations involved in the application of these fission-derived insiqhts to fusion 
conditions. 
paper to he adequately covered by the use of dDa as the exposure index, hut this assumption can not he fullv 
tested in existing facilities. 

The differences in non-gaseous transmutants in variouc neutron wectra can he suhetantial," hut for AISI 
316 in W I R  and E8R-I1 such differences were found to manifest themselves primarilv in the orecipitnte 
compositions and not in the transient duration or the post-transient swellinq rate.5z/s'/s' Considerinq the 

The spectral dependence of displacement damaqe for 14 MeV neutrons has heen assumed in this 
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FIGURE 18. C o r r e l a t i o n  of Swe l l i ng  w i t h  M a t r i x  N i  
Content Measured by EDX Mic roana lys is  
i n  20% CW Ti-Modi f ied A I S I  316 I r r a -  
d i a t e d  a t  538°C i n  E B R - I I . 5 4  S i l i c o n  
i s  removed i n  a s i m i l a r  manner. 
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FIGURE 19. Swe l l ing  i n  Annealed Commercial A l l o y s  
I r r a d i a t e d  i n  EBR-11. 2 8 , 5 8  

FIGURE 20. Maximum Swel l ing  Levels Observed t o  FIGURE 21. Comparison of Several Heats of 
Date i n  the  US Breeder Program." 
Hastel loy-X i s  a 19Fe-49Ni-ZlCr-9Mo 
a l l o y .  

Annealed A I S 1  316 I r r a d i a t e d  i n  HFIR 
and EBR-11, Showing R e l a t i v e  Insens i -  
t i v i t y  o f  Post- Transient  Swe l l i ng  t o  
Temperature and Neutron Spectra." 

composi t ional  i n s e n s i t i v i t y  o f  the  pos t - t r anc ien t  regime demonstrateo i n  t n i s  st,dy, Such a r e s d l t  i s  no t  
s,rprising, an0 i s  no t  expected t o  be a l t e r e 0  i n  f us i on  environments. 

Anotner cons ide ra t i on  i s  t h a t  o f  t he  helium/opa r a t i o .  AS snown i n  F i u i r e  21, t he  very  l a r q e  d i f f e r e n c e  i n  
nel ibmldpa r a t i o  oetween A F I R  an0 E B R - I f  a i d  not  lead  t o  a o i f f e rence  i n  rne pos t - t r ans ien t  s w ~ l l i n o  r a t e  o f  
annealen A l S l  316. A ConDi la t ion  o f  o the r  he1i.m e f f e c t s  s tud ies  has l ed  t o  t he  c o n c L s i o n  t h a t  r e l a t i v e l y  
smal l  d i f f e rences  i n  s t a r t i n g  composi t ion have a g rea te r  e f f e c t  on t he  t r a n s i e n t  regime than do l a r g e  v a r i l  
a t i o n s  i n  hel ium l eve l ."  

There i s  no guarantee t h a t  these spectrum- related conclus ions w i l l  apply t o  a l l  a l l o y s  a t  a l l  i r r a d i a t i o n  
cond i t ions .  A p o i n t  o f  a d d i t i o n a l  concern i s  t h e  e f f e c t  o f  d i f f e rences  i n  environmental h i s t o r y .  While we 
can spec i fy  w i t h  some confidence t h e  eventual  s w e l l i n g  ra te ,  we cannot s p e c i f y  t he  d u r a t i o n  o f  t h e  t r a n s i e n t  
regime f o r  a g iven  a l l o y  i n  any untested environment. The g rea tes t  s e n s i t i v i t i e s  of t h e  t r a n s i e n t  regime of 
A I S I  316 were found t o  be t o  temperature, displacement rate,  and st ress."  In a Tokamak a l l  t h ree  of these 
parameters w i l l  va ry  s imul taneously,  w i t h  c u r r e n t l y  unpred ic tab le  consequences. 
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7.0 Future Work 

An i r r a d i a t i o n  creep equat ion based on t he  r e s u l t s  of these s tud ies  w i l l  be develooed f o r  t h e  Fusion 
M a t e r i a l s  Handbook. 

8.0 Pub l i ca t i ons  

Th i s  r e p o r t  summarizes an i n v i t e d  panel paper and w i l l  be pub l i shed i n  t he  Journal  of Nuclear Ma te r i a l s  as 
p a r t  of t he  proceedings o f  the  Th i rd  Topical  Meeting on Fusion Reactor Mater ia ls ,  (Sept. 1983), 
Albuquerque, M. 
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SWELLING OF A I S I  304L I N  RESPONSE TO SIMULTANEOUS VARIAT IONS I N  STRESS AND DISPLACEMENT RATE* 

D. L. Po r t e r  (Argonne Nat iona l  Laboratory- Idaho F a l l s )  and F. A. Garner (Hanford Engineer ing Development 
Laboratory)  

1.0 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 he  f a c t o r s  which govern t he  s w e l l i n g  of a u s t e n i t i c  a l l o y s  and 
p rov ide  guidance f o r  t he  development o f  history-dependent swe l l i ng  equat ions.  

The d u r a t i o n  o f  t he  t r a n s i e n t  regime of neutron- induced swe l l i ng  i n  annealed A I S I  304L a t  400°C i s  s e n s i t i v e  
t o  bo th  s t r ess  and displacement r a t e  va r i a t i ons .  
s y n e r g i s t i c  e f f e c t  on. t he  t r a n s i e n t  regime. The d u r a t i o n  of t h i s  regime cannot be reduced below an exposure 
o f  -10 dpa, however, which has been found t o  be c h a r a c t e r i s t i c  o f  a l l  Fe-Ni-Cr a u s t e n i t i c  a l l o y s .  Th is  i s  
f o u r  t imes l a r g e r  than  t h a t  c u r r e n t l y  assumed i n  t he  s t r ess- a f f ec ted  s w e l l i n g  equat ion f o r  20% cold-worked 
A I S I  316. 

The simultaneous a p p l i c a t i o n  o f  bo th  va r i ab les  exe r t s  a 

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  (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 

4.0 Relevant DAFS Plan Task/Subtask 

Task II.C.16 Composite C o r r e l a t i o n  Models and Experiments 

5.0 Accomplishments and Sta tus  

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

I t  i s  know? t h a t  t he  t r a n s i e n t  regime of s w e l l i n g  i n  a u s t e n i t i c  a l l o y s  i s  s e n s i t i v e  t o  a l a r g e  a r r a y  of 
var iab les ,  
r e l a t i o n s  f o r  s w e l l i n g  requ i res  t h a t  some es t imate  be made o f  t he  s y n e r g i s t i c  i n f l uences  of those va r i ab les  
known t o  be d i f f e r e n t  i n  t he  two neutron environments. I t  i s  no t  known, f o r  instance,  how sho r t  t h e  dura- 
t i o n  o f  t he  t r a n s i e n t  regime can become o r  how t o  superimpose on t he  t r a n s i e n t  t he  i n f l uence  of two separate 
var iab les .  

Recently, i t  has become c l e a r  t h a t  t he  displacement r a t e  i s  one o f  t h e  important  environmental va r i ab les  
which determine t h e  d u r a t i o n  of t he  t r a n s i e n t  regime i n  A I S I  316. * - '  
ments w i t h  separable environmental va r i ab les  a re  i n  general no t  ava i l ab le .  

Th i s  r e p o r t  descr ibes one experiment where t he  combined a c t i o n  o f  temperature, displacement r a t e  and S m S S  

can be studied.  
however. 
i t s  lower n i c k e l  and carbon l eve l s ,  swe l l s  somewhat e a r l i e r  than does annealed 316 s t a i n l e s s  s tee l .  

some o f  which may ac t  s y n e r g i s t i c a l l y .  The development o f  history-dependent f i s s i o n- f u s i o n  co r -  

Unfor tunate ly ,  we l l - de f ined  expe r i -  

The a c t i o n  o f  t he  l a t t e r  v a r i a b l e  can be separated f rom t h e  i n f l uence  of t he  f i r s t  two, 
The m a t e r i a l  employed i n  t h i s  experiment was annealed 304L s t a i n l e s s  s tee l ,  which, by v i r r u e  of 

*Work supported i n  p a r t  by US DOE under c o n t r a c t  W-31-109-ENG-38. 
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5.2 Experimental D e t a i l s  

12 

10 

SWELLING 
9( 

The X065 i n- reac to r  creep experiment was conducted i n  Row 7 o f  EBR- I1  t o  s tudy  t h e  s w e l l i n g  and creep behav- 
i o r  of annealed A I S I  304L, t he  ma te r i a l  which forms most  o f  t he  c ladd ing  f o r  E B R - I 1  fue l .  There were 19 
pressur ized  tubes i n  t h i s  experiment, each 60 inches i n  l eng th  (152 cm). 
0.737 cm, 0.051-cm w a l l  th ickness  and a nominal g r a i n  s i z e  o f  ASTM 6. They were p ressur ized  t o  y i e l d  one o f  
seven l e v e l s  of hoop s t ress ,  vary ing  from 0 t o  190 MPa. The temperature o f  these tubes va r i ed  f rom 380°C a t  
t h e  bottom t o  415-C a t  t he  top.  

The tubes were removed p e r i o d i c a l l y  f rom the  r e a c t o r  and t h e  t o t a l  creep and s w e l l i n g  deformation was 
measured us ing  p r o f i l o m e t r y  a long t he  tube axis .  
t h e  tubes were c u t  i n t o  2.5-cm sec t ions  and t h e i r  d e n s i t y  change determined us ing  an immersion technique. 

Each had an ou te r  diameter of 

A t  t he  t e rm ina t i on  o f  t h e  i r r a d i a t i o n  ser ies ,  seven o f  

- 
- - 
- 

8 -  

e -  

4 -  

2 -  

5.3 Resu l ts  

F igures  1 and 2 show the  r e s u l t s  o f  t he  dens i t y  change measurements. 
da ta  over lap.)  
displacement r a t e  a long t he  tube. 
tube tends t o  move upward through t he  core  du r i ng  i r r a d i a t i o n .  
sum o f  t he  t o t a l  i n t eg ra ted  l i n e a r  s w e l l i n g  below t h a t  p o i n t .  Therefore, s w e l l i n g  da ta  were obta ined o n l y  
f rom t h e  bottom h a l f  o f  each tube t o  min imize u n c e r t a i n t i e s  i n  p o s i t i o n  and t o t a l  displacement l e v e l .  The 
temperature va r i ed  from *385 t o  %4OO0C over t he  range chosen f o r  examination. 

(Two f i g u r e s  were p l o t t e d  t o  avo id  
The f o u r - f o l d  displacement v a r i a t i o n  f o r  any one s t r ess  l e v e l  a r i ses  f rom t h e  v a r i a t i o n  i n  

Since t he  tube i s  f i x e d  a t  i t s  bottom end each p o i n t  on t he  o r i g i n a l  
The amount of upward displacement i s  t he  

12 1 4 i  
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FIGURE 1. Swe l l i ng  Data f rom A I S I  304L Creep FIGURE 2. Add i t i ona l  Swe l l i ng  Data f rom Creep 
Tubes, Der ived by Immersion Density. Tubes. 

The s t r e s s  l e v e l s  quoted i n  F igures  1 and 2 a re  those of t he  hyd ros ta t i c  s t r ess  OH, which f o r  a gas- 
p ressur ized  tube i s  one- hal f  o f  t h e  hoop stress.  
s t ress- af fec ted  s w e l l i n g  models developed i n  e a r l i e r  s tudies.6/ '  

A t  lower f luences and f l u x  l e v e l s  t h e r e  appears t o  be no e f fec t  of s t r ess  on swe l l ing .  
seven capsules a re  c o l i n e a r  i n  t h i s  range and r e f l e c t  an ex t rapo la ted  i n t e r c e p t  on t he  exposure ax i s  o f  
approximately  10 dpa. A t  h igher  f luence l eve l s ,  however, t he re  i s  a cons i s ten t  increase i n  s w e l l i n g  ( a t  a 
g i ven  displacement r a t e )  wi th  inc reas ing  s t r e s s  l e v e l .  

Th is  s t r ess  parameter was chosen f o r  consistency w i t h  

The da ta  f rom a l l  

5.4 Discussion 

Each o f  t h e  curves shown i n  Figures 1 and 2 i s  shaped by t he  combined a c t i o n  o f  t h ree  va r i ab les ;  d isp lace-  
ment ra te .  temperature and s t r ess  l eve l .  I t  i s  verv  d i f f i c u l t  t o  seoarate t h e  e f fec ts  of t h e  f i r s t  two 
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variables, however, particularly where there is a relatively steep gradient in displacement rate, such as 
occurs near the bottom edge of the core. 
however, the impact of temperature is presumed to be overshadowed by that of displacement rate. 

Two features of these curves require explanation. 
level. As shown in Figure 3, a similar experiment on 5% cold-worked AISI 316 yielded a similarly-shaped 
curve when core center profilometry measurements at differen: exposure levels were compared with axially 
varying measurements upon the termination of the experiment. 
variations in displacement rate alone, drawing on the experimental opservation that the influence of the 
displacement rate is manifested primarily in the transient regime.'. 
toward lower exposures upon application60f tensile stresses. 
stresses at constant displacement rate. 
to be a second order variable.6/' 
quickly, exerting a much smaller influence above 50 MPa. 

At a given stress level, however, the effect of displacement rate (or conversely time-at-temperature) exerts 
its influence by shortening the transient until a minimum transient is approached, as shown in Figures 6 
and 7. It is2significant, however, that the transient duration cannot be shortened below the minimum of 
2 x 10" n/cm (E > 0.1 MeV2 or .*lo dpa observed in the solute-free austenitic Fe-Ni-Cr alloy series irradi- 
ated in the core of EER-11, / l o  as illustrated in Figure 8. 
observed in various 300 series steels whose temperature histqries were such as to quickly yield the cl%/dpa 
swelling rate characteristic of austenitic Fe-Ni-Cr alloys. 

It is apparent then that the transient is extended primarily by the action of the solutes in 304L. primarily 
silicop ppd2$arbon. 
ments. ' ' At the higher displacement rate, these elements apparently do not segregate into precipitates 
as readily as they do at the longer times associated with lower displacement rates. 
levels are thus maintained in solution for a longer period, depressing void nucleation. 
action of stress on void nucleation can be more pronounced at the higher displacement rates where void 
nucleation is more difficult. 

The 10-dpa minimum incubation period observed in various austenitic metals may be related to the minimum 
time required to develop the requisite dislocation microstructures in solute-bearing alloys. 
recently demonstrated in 304L that it is not related to the time required to nucleate and grow voids. 
He annealed specimens irradiated at -415%'C to 22 dpa such that the dislocation density was greatly reduced, 
and the various solutes aispersed. 
%3% swelling accumulated. Even though there were approximately 10 voidslcm the swelling curve upon sub- 
sequent reirradiation exhibited an incubation period or transient regime of 110 dpa, as shown in Figure 10. 

These data thus provide a rationale for placing a lower limit on the incubation parameter T employed in the 
current stress-affected swelling equation. 
than that suggested by the results of this study. 
tained, this lower limit should also apply to AISI 316 and other 300 series alloys. 

It does not appear feasible, however, to specify the magnitude and sign of the displacement rpte effect for 
other 300 series alloys. 
roughly the same for both AISI 304L and AISI 316 in Figure 11, this impression may be misleading. 
strain differences measured in AISI 316 are much smaller and may represent primarily the effect of time-at- 
temperature on precipitate-related densification, a process known to develop small anisotropic and negative 
strains in this alloy." Otherwise one would expett that at these low temperatures that increasing the dis- 
placement rate would shorten the transient regime. At higher temperatures (>500"C), however, the influence 
o f  displacement rate reverses in sign and becomes much more pronounced with increasing temperature."' 

Since the temperature varies only about 15OC in this experiment, 

The first is the shape of each curve at a given stress 

Figure 4a shows the presumed effect of 

The second feature is the shift 
Figure 4b shows the known effect of tensile 

In this temperature range, however, stress is usually thought 
Figure 5 shows that the effect of stress indeed saturates rather 

As shown in Figure 9 a similar minimum is 

This is consistent with the results of recent studies on the influence of these ele- 

The silicon and carbon 
Apparently the 

Porter I ,  

This did not reduce the void dcpity measyrably nor did it reduce the 

A lower limit currently exists but is a factor of four lower 
If the parallel with the ternary alloy results is main- 

While the effect of displacement rate measured by Porter and Hudman appears to be 
The 

5.5 Conclusions 

It appears that the transient regime of any 300 series stainless steel is sensitive to the synergistic 
influences of those factors which affect void nucleation, namely, solute content, displacement rate, tem- 
perature, helium and applied stress. 
the transient regime while longer times at lower displacement rates in reactor tend to shorten the transient, 
presumably by facilitating the removal of these elements from the alloy matrix. Applied tensile stresses can 
also accelerate void nucleation and shorten the transient regime, but only if the duration of the transient is 
already relatively long. 
system by the synergistic action of any of these variables, however. 
current stress-affected swelling equation for 20% cold-worked AISI 316 and also in the development o f  a 
history-dependent swelling equation. 

In AISI 304L at 400°C the addition of carbon and silicon works to extend 

The transient duration cannot be reduced below that of the base Fe-Ni-Cr ternary 
This insight will be used to update the 
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FIGURE 3 .  Diametral Strains of 5% Cold-Worked 
A I S 1  316 at 4DD°C, Showing Influence 
of Displacemp Rate and/or Time-at- 
Temperature. 
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FIGURE 4 .  Schematic Representation of Separate 
Effects of Displacement Rate and 
Applied Stress. 
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FIGURE 6. Comparison of Seven Swelling Curves 
from Figures 1 and 2 With Trend Curve 
from the Ternary Irradiation Series 
Shown in Figure 7. 
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Fe-15Cr-Ni Alloys in EBR-11. '" 
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7.0 Future Work 

A history-dependent s w e l l i n g  equat ion w i l l  be developed i nco rpo ra t i ng  t h e  i n s i g h t  gained f rom t h i s  s tudy on 
t he  s t r ess  and f l u x  dependence o f  swe l l ing .  

8.0 Pub l i ca t i ons  

Th i s  r e p o r t  w i l l  be pub l i shed i n  t he  proceedings o f  t he  Twel f th ASTM Symposium on t h e  E f f e c t s  o f  Rad ia t ion  
on Mater ia ls ,  t o  be he ld  June 18-20. 1984 i n  Wil l iamsburg, Va. 
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SIMPLE POLYNOMIAL EXPRESSIONS FOR THE HELIUM EQUATION OF STATE 

B.B. Glasgow and W.G. Wolfer ( U n i v e r s i t y  o f  Wisconsin) 

1.0 Ob jec t i ve  

To f a c i l i t a t e  the  use o f  r e c e n t l y  developed equat ions o f  s t a t e  f o r  gaseous and s o l i d  helium, simple po ly-  
nomial f i t s  have been developed. 

2.0 SumMry 

The c o m p r e s s i b i l i t y  f a c t o r  z = pV/NkT f o r  gaseous and s o l i d  he l ium has been f i t t e d  t o  expressions o f  the 
form L = A + Bx + Cx2 + Ox3, where x i s  the dens i t y  and the c o e f f i c i e n t s  A through D are  func t ions  of 
temperature. By f i t t i n g  t h i s  expression t o  the t h e o r e t i c a l  r e s u l t s  obta ined p rev ious ly ,  A through 0 have 
been determined. These simple polynomial  expressions agree t o  w i t h i n  11% w i t h  the experimental  and theo- 
r e t i c a l  r e s u l t s .  

3.0 Program 

T i t l e :  E f f e c t  o f  Rad ia t ion  and High Heat F lux  on the Performance o f  F i r s t - W a l l  Components 
P r i n c i p a l  I n v e s t i g a t o r :  W.G. Wolfer 

4.0 

Task II.C.17 M i c r o s t r u c t u r a l  Charac te r i za t ion  
Subtask 11.6.2.3 Correlat ion Methodology 

Relevant OAFS Program Plan Task/Subtask 
- ~~ 

5.0 Accomplishments and Status 

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

The need f o r  an adequate equat ion o f  s t a t e  f o r  hel ium a t  e levated temperatures and a t  the  very h igh  

pressures encountered i n  bubbles has been emphasized p rev ious ly .  Accordingly,  t h e o r e t i c a l  equat ions of 
state have been developed p rev ious ly  based on accurate i n t e r a t o m i c  p o t e n t i a l s  and e labora te  t h e o r i e s  f o r  the 
f l u i d  and the s o l i d  State of helium. 
experimental  r e s u l t s  gave e x c e l l e n t  agreement. A t  very h igh d e n s i t i e s  and temperatures, however, where no 
data e x i s t s  p resen t l y .  the s o l i d  equat ions of s t a t e  developed by Glasgow and W o l f e r ( l )  and by Trinkhaus(') 

g i ve  somewhat d i f f e r e n t  r e s u l t s  f o r  reasons discussed e a r l i e r . ( 3 )  Nevertheless. the d i f f e r e n t  t h e o r e t i c a l  
approaches g ive remarkably s i m i l a r  r e s u l t s ,  as shown i n  F igs.  1 t o  3. F igure 1 and F ig .  2 s h w  the r e s u l t s  
of Glasgow and W o l f e r ( l )  f o r  the Beck(4) and the Young(5) p o t e n t i a l ,  r e s p e c t i v e l y .  

equat ion o f  s t a t e  accord ing t o  Tr inkaus. (2)  

equat ion o f  s t a t e  developed by M i l l s  e t  
a d i f f e r e n t  e m p i r i c a l  f i t  f o r  h i s  gaseous equat ion o f  s t a t e  t o  the data by M i l l s  e t  a l . , (6 )  w h i l e  Glasgow 

and Wolfer(') de r i ved  t h e i r  r e s u l t s  from f i r s t  p r i n c i p l e s  us ing  the p e r t u r b a t i o n  theory f o r  dense f l u i d s .  

Comparison of the t h e o r e t i c a l l y  de r i ved  equat ions o f  s t a t e  w i t h  

F igu re  3 g ives the 

The dashed curves i n  the above f i g u r e s  shows the e m p i r i c a l  

from t h e i r  data a t  and below room temperature. Tr inkaus uses 
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A l l  these equat ions of s t a t e  are judged very adequate f o r  a p p l i c a t i o n s  i n  vo id  nuc lea t i on  and growth theo- 
r i e s ,  i n  models f o r  b l i s t e r i n g ,  and i n  models f o r  g r a i n  boundary c a v i t a t i o n  and hel ium bubble growth. 
ever, the  numerical eva lua t i on  o f  the t h e o r e t i c a l  equations o f  s t a t e  by Glasgou and Wol fer( ' )  a re  cumber- 
some. Accordingly,  simple polynomial expressions have been developed t o  represent  these t h e o r e t i c a l  r e s u l t s  
i n  a more convenient  form. 

HOW- 

5.2 Polynomial Form o f  Equation of S ta te  

A t  low dens i t i es ,  a l l  th ree  equations o f  s t a t e  shown i n  F igs .  1 t o  3 g i ve  very s i m i l a r  and accurate r e s u l t s .  
As mentioned before,  the r e s u l t s  deviate from each o ther  no t i ceab l y  only a t  h igh  dens i t i es .  

dens i t i es ,  mny-body i n t e r a c t i o n s  become s i gn i f i can t ,  and pa i r- wise  p o t e n t i a l s  appear t o  be no longer  ade- 

quate. Young e t  a l .  ( 5 )  have incorpora ted  i n  t h e i r  i n t e ra tom ic  p o t e n t i a l  these many-body ef fects,  and t he  
r e s u l t s  de r i ved  from t h e i r  p o t e n t i a l s  are t he re fo re  judged t o  be the  most accurate. 

For these 

As a resu l t ,  the  polynomial f it i s  given only f o r  the  r e s u l t s  der ived  w i t h  the Young p o t e n t i a l .  

For  low dens i t i es ,  cover ing  the  gaseous state,  the compress ib i l i t y  f a c t o r  z = pV/NkT can be approximated by 

z = A g + B ~ X  t cgx2 + ogX3 , f o r  x. < 1.7 ( 1 )  

where x i s  the dens i ty  i n  ( m o l e s l l i t e r )  and 

Ag = (T/1300)1/25 (21  

Bg  = ~ 7 . 8 3 ( 1 / T ) O . ~ ~  (3 )  

C g  = loglo(T/8001/(0.69 (4 )  

O g  = 8.6(1/T11.44 (51  

T i s  the  abso lu te  temperature. For the s o l i d  equat ion o f  s tate,  

f o r  x > 1.7 (61 z = AS t Bsx + Csx 2 , 

where: A s  I -3.89 + 6.59.10-' T - 1.15*10-4 T2 t 5 . 4 6 ~ 1 0 - ~  T3 

Bs = -0.523 + 4.39*10-4 T t 1.77*10-6 T2 - 1.37*10-9 T3 

(7 )  

(8) 

C s  0.101 - 2 . 9 1 ~ 1 0 - ~  T t 3.01*10-7 T2 - 1.045-10-10 T3 (9 )  

F i gu re  4 g ives  the  comparison f o r  the  c o m p r e s s i b i l i t i e s  according t o  the theory and the  polynomial  f it f o r  
three d i f f e r e n t  temperatures, 200, 600, and 1000 K. Wi th in  the ranges 200 < T < 1200 K and 0 < x < 50 
( m o l e s l l i t e r l ,  the  agreement i s  w i t h i n  11%. 

It should be noted t h a t  computer programs fo r  bo th  the polynomial  f i t s  and f o r  the  ex tens ive  theory o f  the  
hel ium equat ion of s t a t e  are a v a i l a b l e  on the  MFE computer network. 

5.3 Curvature Cor rec t ions  

The pressure obta ined from the  above expressions f o r  z = pVlNkT i s  f o r  a f l a t  surface. 
l ~ , ( ~ )  curva tu re  co r rec t i ons  a re  requ i red  when the  equat ion o f  s t a t e  i s  t o  be app l i ed  t o  s m l l  bubbles w i t h  
r a d i i  on the  o rder  of 20 A o r  less.  A t  the  p resent  time, i t  i s  recommended t h a t  the pressure obta ined from 
the above expressions be m u l t i p l i e d  w i t h  an appropr ia te  f a c t o r .  This f a c t o r  can be obta ined from the  
g raph ica l  r e s u l t s  g iven i n  Ref. 7 f o r  P(y,R)/P(y,-l, where R i s  the  bubble rad ius  and y the  packing 
f r a c t i o n .  

As shown previous-  
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