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FOREWORD 

T h i s  r e p o r t  i s  t h e  twen ty- n in th  i n  a s e r i e s  o f  Q u a r t e r l y  Techn ica l  Progress Repor ts  on Damage A n a l y s i s  
and Fundamental S t u d i e s  (OAFS), which i s  one element of  t h e  Fus ion  Reactor  M a t e r i a l s  Program, conducted 
i n  suppo r t  of  t h e  Magnet ic  Fus ion  Energy Program o f  t h e  U.S. Department of Energy (DOE). 
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 th rough 8. 
Program a re :  . . Plasma-Mater ia ls I n t e r a c t i o n  (PMI) . Spec ia l  Purpose M a t e r i a l s  (SPM). 

The f i r s t  e i g h t  
Other  e lements of  t h e  Fus ion  M a t e r i a l s  

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

The DAFS program element i s  a 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 om a number o f  Na t i ona l  Labora- 
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 .  It was o rgan i zed  b y  
t h e  M a t e r i a l s  and R a d i a t i o n  E f f e c t s  Branch, DOE/Office of  Fus ion  Energy, and a Task Group on Damage m a l y -  
s i s  and Fundamental S t u d l e s ,  which opera tes  under t h e  auspices of  t h a t  branch.  The purpose o f  t h i s  s e r i e s  
of  r e p o r t s  i s  t o  p r o v i d e  a wo rk i ng  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 of  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 ized 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 lan  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.  
g i v e n  l a b o r a t o r y  may appear th roughout  t h e  r e p o r t .  
r i a l s  t o  accommodate work on a t o p i c  n o t  i nc l uded  i n  t h e  e a r l y  program p lan .  
f o r  t h e  convenience 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  b y  N. E. Kenny under t h e  guidance o f  t h e  Chairman o f  t h e  Task 
Group on  amd dye A n a l y s i s  and Fundamental Studies, 0. G. Doran, Hanford  Eng inee r i ng  Oevelopment 
Labo ra to r y  (HEDL). 
t e c h n i c a l  c o n t r i b u t i o n s  a re  g r a t e f u l l y  acknowledged. 
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. 

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

The Contents i s  annota ted  

T h e i r  e f f o r t s ,  t hose  of  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. C.  Reuther, Fus ion  Technologies Branch, i s  t h e  

G. M. Haas, Chief  
Fus ion  Technologies Branch 

O f f i c e  o f  Fus ion  Energy 

iii 
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a n g u l a r  range from 0-60' f o r  n e u t r o n  e n e r g i e s  between 14.5-14.9 MeV. 
R e s u l t s  a r e  compared t o  ENOFIB-V and o t h e r  da ta .  

ISOTOPIC TAILORING WITH NICKEL-59 TO ENHANCE HELIUM PRODUCTION I N  
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F u r t h e r ,  a d d i t i o n s  of s m a l l  amounts of 54Ni r e s u l t  i n  t h e  e l i m i n a t i o n  o f  
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CHAPTER 1 

IRRAOIATION TEST FACILITIES 

1 



C.M. Logan and D. W. Heikkinen (Lawrence Livermare National Lahoratory) 

1.0 

?he objectives of this work are operation of KI1Js-I1 (a 14-MeV neutron source f ac i l i t y ) ,  mchine 
develapnent, and support of the experimental program that ut i l izes  th is  fac i l i ty .  
include dosimetry, handling, scheduling, coordination, and reporting. 
U.S. and Japan and is dedicated t o  w t e r i a l s  research for the fusion pa*er program. 
aid i n  the developnent of -1s of high-energy neutron effects.  
projecting t o  t h e  fusion environment, engineering data obtained i n  other spectra. 

Experimenter services 
RPNS-I1 is supported jointly by the 

Its pr iwry  use is t o  
such models are needed in interpreting and 

Irradiations were pe r fomd  on 13 different experiments during this quarter. 
Target vacuum system modifications were completed on the right and l e f t  mchines. 
The target chilled water system upgrade was corpleted. 

T i t l e :  RI'NS-11 operations (WZJ-161 
Principal Investigator: D. w. Heikkinen 
Affiliation: Lawrence L ivemre  National Laboratory 

4.0 R e l e v a n t s  Prwram Plan Task/Subtask 

TASK II.A.2.3.4. 
TASK II.B.3;4' 
TASK II.C.1,2,6,11,18. 

5.0 - M. Lwan. D. W. He ikkinen an d M. W. G u i n a  

During th i s  quarter, irradiations (both dedicated and add-nl were done for the following pop le .  

ExDerimenter P or A* -Le Lrradiated 

D. Heikkinen ( W I  A No - dosimetry calibration 

P. cannon (HEDL1 

C. Snead (EiNL) and 
M. Guinan (LLNLI 

P 

A 

R. Flukiger (Karlsruhe) and A 
M. Guinan (LU4L) 

Thermocouples and ceramic-rretal 
seals -neutron damge 

N b j F 3 i  alloys (mono-filaments1 
c r i t i ca l  f ie ld ,  current and 
t e rp ra tu re  

Nb Sn various m u l t i f i l m t a r y  
al?oys - c r i t i ca l  f ie ld ,  current 
and tenpra ture  

2 



J. S. HUang and M. Guinan (LLNL) A 

3. S. Huang and M. Guinan (LINL) A 

Al, Cu, Fe, Ni-Si, N i A l  and N i p  
defect cluster f o m t i m  and 
phase t ransfomt ion  

BN - evaluate coating for high 
tenpra ture  furnace 

A K3Fe(CNI6 - K cross sections R. Borg 

M. Nakazawa (Tokyo) 

Y. Tabata (Tokyo) 

P 

A 

Nb, Zr, Au, Al, N i ,  CO, TLD600 & 
TU3700 - neutron spectra and flux 
d i s t r i h t i o n s  

mlymer mterials - tensi le  
strength 

K. Abe (Tohoku) A Sc and Mo - induced act ivi ty 

E. Kurmto  (Kyushu) P Metals - displacement damage & 
mechanical p r o p r t i e s  - irradiated 
a t  6OoC and lSO0C 

M. Kiritani (Hokkaido) 
H. Matsu i  (Tohoku) 
K. Abe (Tohoku) 
S. Ishino (Tokyo) 
M. Shimtomi (Tokyo) 
Y. Shimmra (Hiroshim) 
N. Yoshida (Kyushu) 

H. Heinisch ( W L )  P 
G. Pel ls  (Hamell) 
F. Clinard (LANL) 
M. Kiritani (Hokkaido) 
R. Ohshim (Osaka) 
H. Yoshida (Kyoto) 
K. Abe (Tohoku) 
H. Matsui  (Tohoku) 
H. Kayano (Tohoku) 
H. Kawanishi (Tokyo) 
N. Igata (Tokyo) 
Y. Shimmra (Hiroshim) 
N. Yoshida (Kyushu) 

s. Iwasaki  (Tohoku) A 

*P = primry, A 1 Md-on 

M. I&&w and D. W. Helkklnen . .  - 5.1 

Metals -displacement damage & 
mechanical properties. Ceramics - 
neutron m g e  - irradiated a t  90' 
and 29OoC 

2 7 ~ l ( n , m )  - cross section 

me vertical turbo pwnps in the target  room are  k i n g  replaced w i t h  & h e r ' s  turbo punps as p l r t  of the 
vacuum system modification. 

me target  chilled water system upgrade was completed. 

6.0 - 
Irradiations w i l l  he continued for D. Heikkinen (LLNL) , C. Snead (BNL)/M. Guinan (LINL) , R. Flukiger 
(Karlsruhe)/M. Guinan (m), H. Heinisch et  a l .  (HEDL), J. Huang/M. Guinan (m), R. mrg  (LLNL), S .  
I w a s a k i  (Tohoku), K .  Abe (Tohoku). 
Huang/M. Guinan (LLNL), E. Dalder (LLNL), D. Tucker (I&&), E. Franc0 k a c o r )  , R. Jalhert (LANL), S. 
I w a s a k i  (Tohoku) and J. McDonald ( W L )  w i l l  be initiated. 

Also during t h i s  period, i r rad ia t ims  for  M. Guinan/P. Hahn (LINL), J. 
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CHAPTER 2 

DOSIMETRY AND DAMAGE PARAMETERS 

n 



FISSION REACTOR DOSIMETRY - HFIR-CTR 30 ,  36, 46 
L. R. Greenwood (Argonne National Laboratory) 

1.0 Objective 

To characterize neutron irradiation experiments in terms of neutron fluence, spectra, and damage parameters 
(dpa, gas generation, transmutation). 

- 

2 . 0  Suormary 

Dosimetry measurements and damage calculations have been completed for the CTR 30, 36 
HFIR. CTR 30 and 36 have the highest expoeures seen to date with fluences of 1.95x10i3n/cm2 and 
1.61r1023n/cm2, respectively. Work is in progress on the RB2 and T3 experiments in HFIR and a prototype 
of the Japanese experiments in ORR. 

The statue of all other experiments is euormarized in Table 1. 

and 46 experiments in 

- Table I. Status of Dosimetry Experiments 

FacilitylExperiment Statuslcomments 

ORR 

HFIR 

Omega west 

EBR I 1  
IPNS 

- W E  1 
- MFE 2 
- MFE 4Al 
- WE 4A2 
- MT6 4B 
- TBC 07 
- TRIO-Test 
- TRIO-1 
- HF Test 
- JP Test 
- 36, 57 
- CTR 32 
- CTR 3 1 ,  34, 35 
- T2, RBI 
- TI, CTR 39 
- CTR 30, 36, 46 
- RB2,  T3 
- CTR 47-56 
- J P  1-8 
- Spectral Analysis 
- HEDLl 
- HEDL2 
- LANL 1 
- X287 
- Spectral Analysis 
- LANLl (Hurley) 
- Hurley 
- Coltman 

- CTR 40-45 

3.0 Program 

Title: Dosimetry and Damage Analysis 
Principal Investigator: L. R .  Greenwood 
Affiliation: Argonne National Laboratory 

4.0 Relevant DAFS Program Plan TasksISubtask 

Completed 12/79 
Completed 06/R1 
Completed 12/81 
Completed 11/82 
Completed 04/84 
Completed 07/80 
Completed 07/82 
Completed 12/83 
Completed 03/R4 
Samples Received 03/85 
Samples Sent 02/85 
Completed 04/R2 
Completed 04/83 
Completed 09/83 
Completed 01/84 
Completed 09/84 
Completed 03/85 
Samples Received 11/84 
Irradiations in Progress 
Irradiations in Progress 
Completed 10/80 
Completed 05/81 
Samples Sent 05/83 
Completed 08/84 
Completed 09/81 
Completed 01/82 
Completed 06/82 
Completed 02/83 
Completed 08/83 

Task II.A.1 Fission Reactor Dosimetry 

5 



5.0 Accomplishments and Status 

Dosimetry measurements and damage calculations have been completed for the CTR 30, 36, and 46 experiments in 
the peripheral target position of the High Flux Isotopes Reactor (HFIR) at Oak Ridge National Laboratory. 

The present experiments are designed to study PCA, ferritic alloys, long-range ordered alloys, titanium 
alloys, and high nickel alloys in CTR 30: fatigue specimens of auetenitic stainless steels in CTR 36: and the 
impact properties of 12 Cr - 1 HOW steel in CTR 46. The exposure histories are as follows: 

Experiment Dates Exposure, MWD __ 
30 
36 
46 

07/80 - 11/81 
11/82 - 04/84 
02/83 - 06/63 

43,316 
38,069 
10,620 

Dosimetry capsules Were located at six vertical positions in CTR 30 and at five positions in CTR 36 and 46. 
Each capsule contained Fe, Ti, Co-A1, and Mn-Cu dosimetry wires; CTR 30 also contained additional helium 
samples in Cu, Fe, and Nb which could also be used for dosimetry. 

The measured activities are listed in Tables 11-111. The values are normalized to 100 MW and have been 
corrected for burnups. The very long exposures on CTR 30 and 36 necessitated rather sizeable burnup correc- 
tions of nearly 60% far the 59Co(n,Y)60Co reaction. 
be declining with further exposure due to burnout of the cobalt sample. In the case  of 54Mn produced by the 
54Fe(n,p) and 55~n(n,2n) reactions, burnup correctione are also hampered by our lack of information concerning 
the thermal cross section of 54Mn. 
With these present higher exposure data, we can now determine the groper value more accurately to be 14.611.5b. 
We were a l s o  able to determine a better thermal cross section for 
agreement with the ENDFIB-V value2 of 14.9il.Ob. 
seccion determinations. In m y  case,  these new values permit us to correct the activities in Table I with an 
estimated uncertainty of about t2% for all reactions except 59C0(n,V) which has a larger uncertainty of about 
* 5 % .  

All of the data in Tables 11-111 agree quite well with previous data' and the vertical gradients can be 
described by the following equation: 

In fact, the 6oCo activity level was found to actually 

Previous work indicated a value of about 10b for chermal capture in 54Mn. 

4Nb of about 15.hb (to 95g,b) in good 
A paper is now being witten describing these new cross 

f(z) = a ( I  + be + cz2) ( 1 )  

where a = midplane value, b = 5.02~10-4, c = I.OOX~O-~, and z = height in cm. This equation has  been slightly 
revised from previous work since it represents a global fit to a l l  of the available data. The b term indicates 
only a small asyxmetry and is not significant near midplane. Some of the data is shown in Fig. 1. 

-24.0 -18.0 -12.0 -8.0 00 e.0 12.0 1a.o 
HEIGHT,cm. 

.O 

FIGURE 1. Activation Measurements of the 5 9 ~ o ( n , ~ 6 0 ~ 0  Reaction are Shown for 63 Locations in HFIR During 14 
Different Materials Experiments. 
The Scatter of 5% is Partially Due to Uncertanties in the Burnup Corrections and Partially Due 
to Physical Differences in the Flux Levels and Experimental Assemblies. 

The Dotted Line Represents a Least Square Fit to the Data. 
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Table 11. Measured Activities for HFIR-CTR 30 

Values at 100 MW With Burnup Corrections 
Accuracy 52% Unless Noted 

Height, Cma Activation Rate, atlat-s 

59Co(n,Y)b 93Nb(n,Y) 54Fe(n,p) 46Ti(n,p) 55Mn(n,2n) 

(xio-8) (do-9) (xio-ll) (x1~-12) ( x l ~ - 1 3 )  

20.8 3 . 8 3  1.66 4.46 5.94 1.38 
16.7 - 5.27 
12.5 5.62 2.53 6.20 8.56 1.76 
8.3 - 
4.2 6.87 3 . 0 3  7.55 10.38 2.27 
0.0 10.72 - 
-4.2 7.00 3.07 7.40 10.54 2.16 
- 8 . 3  6.79 - 
-12.5 5.41 2.36 6.89 9.04 1.83 
-20.8 4.13 1.66 4.13 5.61 1.25 
-25.0 4.41 - 

- - - 
- - - - 
- - - 
- - - 

- - - 

______ 
aHeight to bottom of capsule: samples may vary by 1 cm. 
bCo values ?5% due to large burnup corrections. 

Table 111. Measured Activities for HFIR-CTR36,46 

Values at 100 MW with Burnup Corrections 
Accuracy 9% Unless Noted 

18.5 
8.5 

4.29 
6.31 

1.22 
1.68 

-0.7 6.88 1.92 
-10.7 5.80 1.68 
-20.7 3 . 8 8  1.17 

CTR 46: 59Co(n,g) 58Fe(n,g)b 54Fe(n,p) 

( 10-8 ) (10-9) (10-11) 

21.9 3.70 1.06 3.93 
12.7 5.61 1.56 6.10 
0.0  6.91 1.91 7.40 

-12.7 5.38 1.45 6.28 
-21.9 3.64 1.32 3.13 

6.49 
7.27 
6.43 
4.36 

46Ti (n, p) 

(10-12) 

5.48 
8.26 
9.71 
8.64 
5.10 

2.81 

3.86 
4.44 
5.01 

5.04 

- 

- 

4.63 
3.07 - 

55Mn (n, 2n) 

1.40 
2.10 
2.23 
1.93 
1.36 

55~n(n,2n) 

(10-13) 

1.14 
1.80 
2.13 
1.79 
1.07 

a 3yCo and 'OFe(n,Y) values  +5% due to large burnup corrections for CTR 36. 
b 58Fe(n,Y) values ?5% on CTR 46. 

Neutron fluence and damage parameters are listed in Table IV. 
(1) except for helium production in nickel which listed separately in Table IV. 
the helium and dpa from nickel are well described in recent  paper^.^,^ 

In the case of CTR 30, selected samples have been sent to Rockwell International for helium analysis 

These gradients are also described by equation 
The methods used to determine 
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Table IV. Neutron Fluence and Damage Parameters - 
HFIR-CTR 3 0 ,  36, 46 

Values at midplane; gradients use equation (1) 

Energy Neutron Fluence, x IOz2 nlcm2 

CTR 30 CTR 36 CTR 46 
~ __ ~ 

Total 19.5 16.1 4.44 
Thermal (c.5 ev)a 7.89 6.51 1.79 
Fas t  0 . 1 1  MeV) 5.23 4.31 1.20 

Element CTR 30 CTR 36 CTR 46 
~ 

DPA He, appm DPA He, appm DPA He, appm 

A1 68.8 31.8 56.7 27.9 15.8 7.62 
Ti 43.7 22.1 36.1 18.6 10.1 5.22 
V 48.9 1.08 40.3 0.94 11.3 0.26 
Cr 43.2 7.39 35.6 6.41 10.0 1.76 
f i b  47.4 6.44 39.1 5.65 10.9 1.54 
Fe 38.2 13.0 31.5 11.38 8.84 3.12 
Cob 47.7 6.38 39.4 5.60 11.0 1.53 

Fast 41.0 176. 33.9 151. 9.46 42. 
Ni 59Ni - 35.0 19,848. 28.5 ~ 16,178. ~ 5.02 ~ 2845. 

Total 76.0 20,024. 62.4 16,329. 14.48 2887. 
C" 37.2 11.6 30.7 10.1 8.59 2.77 
Nb 36.9 2.38 30.5 2.08 8.51 0.57 

_ _ -  

MO 27.4 - 22.6 - 6.32 - 
316SSd 44.0 2613. 36.2 2131. 9.75 378. 

aMultiply X0.866 for 2200 m/s va lue;  temperature effect not included. 
bThermal self-shielding important for Mn and Co. 
CSee Table IV for Ni gradients. 
d316SS: Fe(.645), Ni(.13), Cr(.l8), Mn(.019), Mo(.026). 

The damage parameters listed i n  Tables IV and V show rather large helium effects for the thermal nickel 
reactions. For CTR 30, the helium production has reached 2 atom percent and the extra displacements from the 
59Fe recoils (He/567) produce 35 dpa, nearly equal to the fast displacements. 

Table V. Helium and Displacement Damage for 316SS* 

Helium Includes 59Ni and Fast Reactions 
DPA Includes Extra Thermal Kick (He1567) 

CTR 30 CTR 36 CTR 46 
Height, cm He, aepm __ DPA He, appm - DPA He, appm fi 

0 2613 44.0 2131 36.2 378 9.75 
3 2588 43.5 2109 35.9 372 9.66 
6 
9 

2 5 1 5  42.4 2046 34.9 356 9.38 
2391 40.4 1939 33.3 330 8.93 

12 2214 37.6 1786 30.9 295 8.30 
15 1983 34.0 1590 28.0 250 7.48 
18 1693 29.6 1344 24.2 199 6.48 
21 1343 24.3 1052 19.9 144 5.32 
24 935 18.2 718 14.9 88 3.99 

*316SS: Fe(.645), Ni(.13), Cr(.l8), Mn(.019), Mo(.026). 

6.0 References 

1. L. R. Greenwood, Damage Analysis and Fundamental Studies Quarterly Progress Report, DOE/ER-0046/13, 
pp. 17-26, Hay 1983; DOE/ER-0046/14, pp. 9-18, August 1983. 
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L. R. Greenwood, A. New Calculation of Thermal Neutron Damage and Helium Production in Nickel, J. Nucl. 
Mater. 115, 137-142 (1983). ~- 

L .  R. Greenwood, D. W. Kneff, R. P. Skowonski, and F. M. Mann, A Comparison of Measured and Calculated 
Helium Production in Nickel Using Newly Evaluated Neutron Cross Sections for 59Ni, J. Nucl. Mater. 
122, 1002-1010 (1984). - 
D. W. Kneff, B .  M. Oliver, R. P. Skowronski, and L. R,  Greenwood, Damage Analysis and Fundamental 
Studies Quarterly Progress Report, DOEIER-0046/20, pp. 13-16, February 1985. 

Future Work 

Recent dosimetry measurements and helium measurements for copper also  indicate that a thermal helium effect 
is present.5 Since the effect in copper 
requires three successive thermal captures, the effect is much smaller than seen far nickel. For CTR 30, we 
predict that the effect may produce about 75 appm helium and 0.2 dpa in addition t o  the 12 appm helium and 
37.2 dpa produced by fast neutrons. A joint paper with Rockwell International ie now being written describing 
this effect. 

This effect is now being studied and is not included in Table IV. 

8.0 Publications 

L. R. Greenwood, A. New Calculation of Thermal Neutron Damage and Helium Production in Nickel, 
J. Nuel. Mater. 115, 137-142 (1983). 
L. R. Greenwood, D. W. Kneff, R .  P. Skowronski, and F. M. Mann, A Comparison of Measured and Calculated 
Helium Production in Nickel Using Newly Evaluated Neutron Cross Sections for b9Ni, J. Nuel. Mater. 
122, 1002-1010 (1984). - 
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ANALYSIS OF DAMAGE ExPnsuu R P T E S  IN THE MATERIALS OPEN TEST ASSEMBL Y OF THE FAST F L U X  TEST FACILITY 

R.  L .  Simons (Hanford  Eng inee r i ng  Development Laho ra to r y )  

1 .O O b j e c t i v e  

The o b j e c t i v e  o f  t h i s  e f f o r t  i s  t o  c a l c u l a t e  t h e  i r r a d i a t i o n  damage parameters f o r  t h e  M a t e r i a l s  CDen Tes t  
Assembly (MOTA) i n  t h e  Fas t  F l u x  Tes t  F a c i l i t y  [FFTF). 

2 .0  ~ Summary 

The a x i a l  d i s t r i b u t i o n  o f  dpa/sec i n  s t a i n l e s s  s t e e l  (Fe lBCr lONi )  and f l u x  E > 0 MeV and E > 0.1 i.:i.'d 
were determined from t h e  a n a l y s i s  o f  dos in ie t ry  measurements made d u r i n g  POTf i  Cycles I A  and 1E. 

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  A n a l y s i s  i f i K J )  
P r i n c i p a l  I n v e s t i g a t o r :  D. G. Doran 
A f f i l i a t i o n :  Hanford E n p i n e r r i n g  Development Laho ra tn r y  

4.0 Re levant  DAFS Program P lan  Task/Subtask 

Subtask I I . A . l  F i s s i o n  Reactor  Dos imet rv  

5 .o Accomplishments and S t a t u s  

5 .1  I n t r o d u c t i o n  

The FFTF KOTA i s  an e x c e l l e n t  f a c i l i t y  f o r  m a t e r i a l s  i r r a d i a t i o n  exper iments f o r  a numher o f  reasons 
i n c l u d i n g :  1 )  h i a h  displacement r a t e  and subsequent dpa, 7 )  l a r o e  t e s t  volumes, 3 )  c o n t r o l l e d  anti 
measured i r r a d i a t i o n  ten ipera tu r rs ,  anti 4) qu i ck  r echa rq ino  o f  r i i r t a l l u r q i c a l  specimens lbetvieen r e a c t o r  
c y c l e s .  

Dos imet ry  mon i t o r s  i r r a d i a t e d  i n  MOTA c y c l e s  1 A  and 1 6  r i e re  analyzed and a x i a l  d i s t r i b u t i o n  o f  dpa/s?c and 
f l u x  > O  Me? and X2.1 Me? were de termined f o r  1"OTA. 

5.2 A n a l y s i s  and Resu l t s  

The dos ime t r y  i n  M C T A - l A  c o n s i s t e d  o f  s e w n  s p e c t r a l  s e t s  and n i n e  q r a d i e n t  s e t s  wh ich  vwrr d i s t r i b u t e d  
a x i a l l y  and  r a d i a l l y  t o  o b t a i n  neu t ron  s p e c t r a  and f l u x  g r a d i e n t  i n f o r m a t i o n .  
of  t h r e e  s p e c t r a l  s e t s  ( two  i n  t h e  below c o r e  c a n i s t e r )  and f i v e  q r a d i e n t  s e t s  d i s t r i b u t e d  a x i a l l y .  For  
t h e  most p a r t ,  t h e  dos ime t r y  i n  MOTA-1A iYas used t n  c h a r a c t e r i z e  t h e  n r i i t r o n  environment i n  MOTA, a n d  t h e  
dos ime t r y  i n  MOTA-lB was used to no rma l i ze  t h e  c h a r a c t e r i z e d  rnv i ronment .  
because t h e  neu t ron  env i ronment  i s  expec ted  t o  chanae l i t t l e  hetvieen r p a c t o r  o p e r n t i n a  c y c l e s .  

MOTA- lE  dos ime t r y  c o n s i s t e d  

The n o r m a l i z a t i o n  i s  j u s t i f i a b l e  

10 



The FFTF power t i m e  h i s t o r y  ( ob ta i ned  f r om ope ra t i ons  r e p o r t s )  was used as i n p u t  t o  t h e  TIMWH c o d e ( l )  t o  
de te rm ine  s a t u r a t i o n  f a c t o r s  and t h e  t o t a l  e f f e c t i v e  f u l l  power exposure t ime.  The r e a c t i o n  r a t e s  [ d i s -  
i n t e g r a t i o n s  p e r  second p e r  nuc leus ,  (dps /n ) ]  a t  f u l l  power o p e r a t i o n  (400 MW) a r e  t a b u l a t e d  f o r  MOTA-1A 
and -15 i n  Tables 1 and 2, r e s p e c t i v e l y .  
ranged f rom one t o  seven percent  on s tandard  d e v i a t i o n .  
seconds and f o r  1B was 9.466 x 106 seconds. 

The u n c e r t a i n t y  i n  t h e  r e a c t i o n  r a t e s  was about  3%, b u t  t h e y  
The i r r a d i a t i o n  t i m e  f o r  1A was 1.750 x l o 7  

The measured r e a c t i o n  
squares  code FERRET.(Zr Th e a p r i o r i  neu t ron  s p e c t r a  f o r  MOTA a r e  f r o m  a three- dimensiona 
g r o u p- d i f f u s i o n  t h e o r y  c a l c u l a t i o n  of  t h e  FFTF f o r  t h e  p r e - s t a r t u p  f u e l  l o a d i n g  c o n d i t i o n . l j )  Th? MOTA 
f l u x e s  used i n  t h i s  a n a l y s i s  a r e  f r om  t h e  subassembly 3404. 
w i t h  s t a i n l e s s  s t e e l  p i n s )  i n  a l o c a t i o n  w i t h  su r round ing  f u e l  and c o n t r o l  r o d s  t h a t  were n o m i n a l l y  t h e  
same as t hose  around MOTA. 
subassembly. 
a x i a l  l o c a t i o n .  The c a l c u l a t i o n  showed no s i g n i f i c a n t  r a d i a l  q r a d i e n t  ac ross  t h e  subassembly. The 
r e a c t i o n  c r o s s  s e c t i o n s  and f i s s i o n  y i e l d s  a r e  based on ENflFfR-V n u c l e a r  da ta .  

a te8  a r e  used t o  a d j u s t  t h e  a p r i o r i  neu t ron  spectrum u s i n g  t h e  gene ra l i zed  l e a s t -  
53-energy 

Subassembly ?404 i s  a shim subassembly ( f i l l e d  

The d i f f u s i o n  t h e o r y  c a l c u l a t i o n s  used s i x  mesh p o i l r t s  i n  each hexagonal 
The f l u x e s  used i n  t h i s  c a l c u l a t i o n  were t h e  averape va lues  o f  t h e  s i x  mesh p o i n t s  f o r  each 

The f l u x e s  ( E  >0.O MeV and E >0.1 MeV) and dpa/sec i n  s t a i n l e s s  s t e e l  (Fe lRCr lONi )  f o r  POTA-1A and - l B  
a r e  shown i n  F i gu res  1 t h r u  3 and a r e  t a b u l a t e d  i n  Tab le  3. The symbols a r e  t h e  ad jus ted  va l ues .  The 
cu rve  i s  an i n t e r p o l a t i o n  u s i n g  t h e  c a l c u l a t e d  va lues  as a gu ide .  
c a l c u l a t e d  exposure r a t e s  were <25% i n  c o r e  and ahove co re .  However, i n  t h e  below c o r e  c a n i s t e r ,  t h e  
measured and c a l c u l a t e d  d i f f e r e d  by up t o  80%. The accuracy  o f  t h e  a d j u s t e d  exposures i s  5-10% ( + l a )  i n  
t h e  c o r e  ( l e v e l s  1 t h r i i  5 )  and 10.15% ( + l a )  o u t s i d e  t h e  c o r e  (bcc  and l e v e l s  6 and E ) .  The a n a l y s i s  o f  
t h e  g r a d i e n t  s e t s  shows t h a t  t h e  f l u x  dyops <5% across  t h e  MOTA subassembly a t  a l l  l e v e l s  except  i n  
l e v e l  6. I n  l e v e l  6 t h e  g r a d i e n t  w i r e s  show approx imate ly  10% h i g h e r  f l u x  on t h e  c o r e  c e n t e r  s i d e  o f  MOTA 
t h e n  t h e  c o r e  edge s i de .  

f l i f f e r e n c e s  between measured and 

Th i s  may be  a f f e c t e d  b y  t h e  mass l o a d i n q  i n  l e v e l  K o r  a nearhy  c o n t r o l  r o d .  

D i f f e r e n c e s  between MOTA-1A and -15 due t o  c y c l e - t o - c y c l e  f u e l  l oad ing ,  and c o n t r o l  r o d  p o s i t i o n i n g  i s  
expected t o  be  l e s s  t h a n  S % .  
u n c e r t a i n t i e s .  

The M O T A - l e  r e s u l t s  q e n e r a l l y  f a l l  w i t h i n  t h e  one s tanda rd  d e v i a t i o n  
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TABLE 1 

REACTION RATES FROM MOTA-1A THAT WERE USED TO ADJUST 
THE SPECTRA AT VARIOUS AXIAL LOCATIONS 

R e a c t i o n  

59C~(N,y )6nCo 

58Fe (n ,y )s9Fe 

54Fe (n .p )54Mn 

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

58Ni ( n , ~ ) ~ ~ C o  

45Sc (n,y )46Ti  

46Ti  (n,p)46Sc 

237Np(n,f) 

239pu(n, f )  

23511 (n,f) 

Reac t ion  Rates (dps fn )  a t  Dnsimeter  l o c a t i o n s  i n  MOTA-lA 

-44.27 -22.75 -0.03 +zo.27 +36.78 t71.07 +111.46 

9.489-10 4.522-10 4.248-10 3.668-10 5.694-10 1.021+09 3.30h-10 

5.151-11 5.378-11 5.861-11 4.771-11 3.503-11 1.857-11 5.128-12 

2.420-11 4.705-11 4.535-11 3.802-11 2.141-11 6.885-13 3.181-14 

1.386-13 2.425-13 2.579-13 2.172-13 1.227-13 3.583-15 7.386-16 

3.629-11 6.034-11 6.487-11 5.528-11 3.084-11 1.fl38-12 5.052-14 

1.757-10 2.031-10 2.152-10 1.787-10 1.237-20 6.195-11 2.015-11 

3.050-12 5.385-12 5.859-12 4.883-12 2.781-12 7.963-14 2.426-15 

1.433-09 2.289-09 2.613-09 2.038-0g 1.166-09 1.369-10 1.393-11 

8.056-09 9.371-09 ~ . R O R - O ~  8.496-09 5.965-09 3.108-09 9.156-10 

8.354-09 9.567-09 1.004-08 8.581-09 6.208-09 3.273-09 9.784-10 

TABLE 2 

REACTION RATES FROM MOTA-1B THAT WERE USED TO ADJUST 
THE NEUTRON SPECTRA AT VARIOUS AXIAL LOCPTIONS 

React ion R a t e s  ( d p s )  a t  Dosimeter locat ion i n  MOTA-18 

-65.34 

3.099-09 

5.234-1 I 

2.458-12 

2.471-14 

3.519-12 

2.814-13 

4.646-10 

9.790-09 

1.038-08 

-60.10 -43.17 -21.69 -2.38 21.37 t31.37 tb8.99 t114.46 

3.317-09 1.160-09 4.382-10 3.904-10 3.484-10 4.420-10 1.198-09 3.324-10 

5.518-11 4.789-11 5.265-11 5.196-11 4.623-11 3.626-11 2.012-11 4.626-12 

4.702-12 2.407-11 4.409-11 4.586-11 3.961-11 2.409-11 9.987-13 2.868-14 

3.557-14 

6.656-12 

5.630-13 

6.305-10 

1.084-08 

1.073-08 

~ ~ ~ ~ _ _ ~ - ~  
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T A B L E  3 

DPA/S A N D  FLUX E > 0 A N D  > 0.1 MeV IN FFTF MOTA-1A A N D  -16 

2 
(cm) 

-77.53 
-72.01 

-65.76 

-60.20 
- 55.34 

-50.47 

-47.01 

-43.57 

-38.74 
- 33.90 

-29.04 

- 24.15 
-19.34 
-14.62 

- 9 .92  
-5.03 

0.00 

4.95 

9.80 
14.fi6 

19.51 
24.3ti 

29.32 

34.10 
38 .98  

43.85 
47.32 
50.77 

55.63 

60.50 

67.41 

76.87 

88.33 
100.77 

111.22 

122.16 

Flux E > 0 MeV 
(n/cn?& 

15 1.51 x 10 

1.85 1015 

2.57 1015 

3.34 1015 

3 . 8 ~  
4.26 1015 

15 2.19 x 10 

15 2.96 x 10 

15 3.61 x 10 

15 4.61 x 10 
15 4.98 x 10  

5.11 x lo1’ 

15 5.44 x 10 

5.50 x lo1’ 

15 5 .39  x 10 
15 5.26 x 10 
15 5 .02  x 10 

4.82 x 10”  

15 

5 .26  

5 .50 l o J 5  

4.50 1015 
4.18 x i n  

3.79 x 1015 

3.36 x 

2.46 

1 .87  x 1015 

2.91 x l o1 ‘  

1 5  2.16 x 10  

15 

15 
1 .50  x 10 
1 .17  x lfl 

8 . 06  

2.18 

14 1 . 4 5  x 10 
3.42 x 1014 

1 .43  x lOI4  

9.32 x 

Flux E > 0.1 MeV 
( n / c d - s )  

7.57 1014 

1 .10  x 1015 

14 9.2h x 10  

1 .33  x 

1.59 x 10”  
1 .98  x 10’’ 

15 2.15 x 10 
1.40 1015 

15 2.fi9 x 10 
15 2.92 x 10 
15 3.10 x l f l  

3.25 x ! O I 5  
15 3.36 x 10 
15 3.44 x 10  
15 3 .49  x 10 

3.51 1o15 

3.48 1015 

3.39 1015 

3.27 
3.13 x 10”  

15 2.97 x 10 
15 2.72 x i n  

1.47  x in1’ 

1 . P 1  x 101s  

1.58 x 1n15 

15 2 . 2 1  x 10 

1 .33  x 

1.09 x l o1 ’  
8 .17  

fi.03 l o J 4  

3.95 1014 

2.48 1014 

8 .08  
4.77 

2.73 1013 

1.41 x 1014 

d p a l s  

2.55 
3.22 x 10- 7 

4.93 
6.16 

7.73 lo-’ 

9.15 

1.06 x 10-6 

1.21 x 10-6 

7 3.95 x 10-  

1 .33  x 10.‘ 

1 .43  x 
1.50 x l o M 6  

6 

h 
1.55 x 10- 
1.59 x i n -  

1.62 x 10-6 

1.61 x 

1.52  x 10-6 

1.63 x 

1.57 x lo-‘ 

1 .45  x 10.‘ 

1 .35  x 
1.25 x 

1.14 x 10.‘ 

1 .n? x in-’ 
R.75 x 

7.08 
5.80 1 r 7  

4.57 IO-’ 
3.27 
2.33 x l C 7  

1 .47  x lo-’ 

5.01 x 10.’ 

2.85 x lo-’ 

1.69 x lo-’ 

8.98 x i n - x  

9.96 
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Activation Cross-section Measurements at RTNS-I1 

L. R. Greenwood (Argonne National Laboratory), M. W. Guinan (Lawrence Livemore National Laboratory), and 
D. W. Kneff (Rockwell International) 

1.0 Objective 

To measure activation cross sections for the characterization of experiments at 14 MeV neutron facilities and 
fusion reactors. 

2 . 0  Surmoary 

Cross section measurements have been completed for 22  activation reactions at RTNS-I1 in the angular range 
from 0-60° for neutron energies from 14.5-14.9 MeV. The results are compared with ENDFIB-V and other pre- 
vious data. 
activation products. 

3.0 Program 

Samples of Ma, 94M0, Cu, and Fe have also been irradiated in order to look for very long-lived 

Title: Dosimetry and Damage Analysis 
Principal Investigator: L. R. Greenwood 
Affiliation: Argonne National Laboratory 

Relevant DAFS Program Plan TaskISubtask 

Task II.A.2 High-Energy Neutron Dosimetry 
Task II.A.7 

4.0 

Magnetic Fusion Reactor Dosimetry 

5.0 Accomplishments and Status 

Activation cross sections have been measured for 22 separate reactions at the RTNS-11. The irradiations were 
performed in collaboration with Rockwell International and Lawrence Livermore National Laboratory during 
June-July 1980 as part of an effort to characterize the facility. Whereas Some of this characterization work 
has been published previously1,2, the angular-dependent cross sections have not been fully published and 
detailed helium measurements have r-ntly been submitted for p~blication.~ 

The dosimetry foils were mounted on three thin arcs of stainless steel at 5, 15, and 30 cm from the RTNS-I1 
t a r g e t .  
with a net neutron production of 3.27~10~'. 
about 3.7x1014n/cm2. 
Argonne . 
In order to determine cros8 sections, values were determined by comparison to the 93Nb(n,2n)92mNb reaction 
with a reported value of 463 mb.4 
to be the best known (f7%) near 14 MeV and the energy dependence is quite flat near 14.8 MeV. The latter 
point is very important since each sample subtended a finite solid angle over which the neutron flux and 
energy was slowly varying. 

Corrections for absorption and finite solid angle were made in several ways. Selected foils were repeated in 
the thin foil stacks to measure absorption effects. Calculations were performed to average the reaction 
rates over a given solid angle. 
three different locations from the target. Finally, a good check on the normalization procedure is provided 
by examining the response of reactions such as 197Au(n,2n) which is quite independent of either distance 
or angle, as expected. 

Room-return neutrons were also measured by placing dosimetry fails at 120 and 380 cm from the target at Oo 
to the beam. The results of these measurements indicated that the room-return neutron flux is quite iso- 
tropic throughout the target vault,5 in good agreement with neutronics calculations. At 30 cm, the total 
room-return flux was found to be about 3 . 1 %  of the total. At 5 and 15 cm the effect is <1% and could not be 
observed in the measured activation rates. 

Defaile of the assembly have been published pre~iously.~ The samples were irradiated for 123 hours 
At the 30 cm arc, this produced a maximum neutron fluence of 

The samples were gamma counted both at Lawrence Livermore National Laboratory and at 

This reaction was chosen for two reasons. The cross section is believed 

Checks were also made on our procedure by measuring most reactions at the 
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The measured cross sections are listed in Table VI. 
references in the table. In order to make this eoqarison meaningful, it vas necessary to average the 
energy-dependent cross sections over the true neutron energy spectrum. The neutron energy spectra were 
calculated using the known properties of the TiT2 targets, energy of the incident deuterons at 360 keV, 
stopping power of deuterons in TiT2, and the measured cross sections and angular distributions of the D-T 
nuclear rea~tion.~ The resultant spectra are shown in Fig. 1. 
with previous calculations.8 
energy spread at each angle can be seen in Fig. 2 and declines from about 600 keV at Oo to about 300 keV 
at 30°. 

As can be seen in Table I, several of the reactions have notable differences with previous data. Some of 
the largest differences are for Ti(n,~)~~Sc (30%), 59Co(n,p)59Fe (26%), 6oNi(n,p)60Co (21%), 
58Ni(n,p)58Co (13%), 58Ni(n,2n)57Ni ( 1 4 % ) ,  and Ti(n,~)~~Sc (10%). 
with other data within 10%. 
cross sections. 
cro8s section is rapidly increasing, the ratio has often been proposed as a monitor of the neutron energy 
near 14 MeV. 
than 0.5 MeV in the average neutron energy deduced from the ratio. 

The values are compared to ENDF/B-V6 and other selected 

These results are also in excellent agreement 
The average neutron energies at each angle are also listed in Table VI. The 

All of the other reactions agree 
One especially interesting pair of reactions are the 58Ni(n,p) and (n,2n) 

Since the (n,p) cross section is declining with increasing neutron energy while the (n,Zn) 

We note that the ratio of the ENDFIB-V values is in error by 27% leading to an error of more 
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Future Work 

New measurements of very long-lived isotope production cross reactions have been initiated at 
have previously re orted the 
54Fe(n,2n)53Fe(b)53& ( 3 . 8 ~ 1 0 ~ y ) . ~ ~  New experiments have irradiated samples of Fe, Cu, Mo, and 94M0 as 
add-on experiments at RTNS I1 in collaboration with Hanford Engineering Development Laboratory. 
have now been gama counted along with Fe dosimetry foils. We plan to analyze these samples for various 
long-lived isotopes by gamma counting, liquid scintillation counting, and accelerator mass spectrometry. 
data are badly needed to accurately as8ess the production of long-lived isotopes at fusion reactors. 

We are also collaborating with M. Nakazawa (U. Tokyo) to provide dosimetry support fo r  Japanese experiments 
at RTNS 11. 

RTNS 11. We 
roduction cross sections of 27Al(n,2n)26Al (7.3x105y)ll and 

These samples 

Such 
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NEUTRON ENERGY,MeV 

FIGUIIE 1. Calculated Neutron Energy Spectra are Shown for Various Angles at RTNS 11. 

Table I. Cross Sections Measured at RTNS-I1 

Values Normalized to 93~b(n,2n) = 463 mb 
Geometry, Absorption Corrections Included 
Accuracy rl-2X Unless Noted 
ENDFIB-V Values are Spectral-Averaged at 
Each Angle 

Reaction Cross Section, mh 

00 15O 30° 450 60° - - 
<En>, MeV 1 4 3 0  14.85 14.80 ~ 14.65 ~ 14.50 

27A1 (n ,a) 24Na 108. 107. 111. 113. 117. 
ENDF 113. 114. 115. 117. 119. 

- - - 117. 
ENDF 124. - - - 112. 

45~e(n, 2n)% 128. 

45S~(n,@)~~K 54. - - - 58. (10%) 

T i ( n , ~ ) ~ ~ S c  297. 301. 299. 298. 300. 
ENDF 324. 323. 322. 319. 315. 
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Table I .  (continued) 

React ion 

<En>, M e V  

Ti(" ,x)46sc 
ENDF 

Ti(n,~)~~Sc 
ENDF 

54Fe(n,a)51Cr 
BNL-325 

59Co(n, p) 59Fe 
BNL-325 

59~o(n, 2") 5 8 ~ 0  
ENDF 

~ 

00 
1450 

297. 
324. 

317. 
246, 

66.3 
61.9 

840. 
786. 

296. 
289. 

92.7 
95.8 

45.9 
62.2 

803. 
819. 

295. 
335. 

40.9 
36.7 

132. 
108. 

40.1 
38.4 

991. 
942. 

5.8 

846. 
799. 

1593. 

567. 
612. 

1946. 
2034. 

2174. 
2109, 

Cross Section, mb 

15O 
14.85 

301. 
323. 

317. 
242. 

67.5 
62.1 

827, 
784, 

298. 
292. 

93.3 
95.7 

45.9 
62.5 

796. 
818. 

295. 
339. 

41.2 
36.2 

132. 
109. 

38.8 
38.7 

- 
- 

- 

850. 
791. 

1599. 

- 
- 
- 
- 

2172. 
2113. 

300 
14.80 

299. 
322, 

302. 
237. 

67.6 
62.2 

807. 
779. 

303. 
298. 

92.6 
95.3 

46.1 
62.8 

800. 
814. 

303. 
346. 

40.0 
35.4 

135. 
110. 

38.4 
39.1 

- 
- 

- 

824. 
776. 

1581. 

551. 
605. 

- 
- 

2171. 
2118. 

- 450 
~ 14.65 

298. 
319. 

287. 
226. 

69.4 
62.6 

825. 
770. 

311. 
309. 

92.5 
94.8 

41.5 
63.3 

789. 
806, 

312. 
360. 

38.2 
33.7 

138. 
113. 

40.4 
40.0 

- 
- 
- 

796. 
745. 

1580. 

- 
- 
- 
- 

2154. 
2130. 

600 
14.50 

300. 
315. 

262. 
214. 

66.0 
63.0 

791. 
759. 

331. 
324. 

91.2 
94.1 

48.9 
63.8 

771. 
794. 

329. 
378. 

33.1 
31.5 

142. 
116. 

41.2 ( 3 % )  
40.9 

929. 
887. 

5.5 ( 1 3 % )  

731. 
703. 

1608. 

547. 
581. 

1939. 
2022. 

2151. 
2142. 

References: ENDF - R e f .  6 
BNL-325 - Ref. 9 
LASL - Ref.  10 
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ISOTOPIC TAILORING WITH NICKEL-59 TO ENHANCE HELIUM PRODUCTION I N  FISSION REACTOR IRRADIATIONS 

R.  L .  Simons (Hanford  Eng inee r i ng  Development Labo ra to r y )  

1 .o O b j e c t i v e  

The o b j e c t i v e  o f  t h i s  e f f o r t  i s  t o  i s o t o p i c a l l y  t a i l o r  m a t e r i a l s  w i t h  n i c k e l  59 so t h a t  i n  f i s s i o n  r e a c t o r  
exper iments  t h e  r a t i o  o f  h e l i u m  t o  a tom ic  d isp lacements  per  atom i s  s i m i l a r  t o  t h a t  expected i n  magnet ic  
f u s i o n  energy devices.  

2.0 Summary 

A f ragment of a f r a c t u r e  toughness specimen o f  I ncone l  600 was ob ta i ned  a f t e r  i r r a d i a t i o n  i n  t h e  
Eng inee r i ng  T e s t  Reactor  (ETR). The specimen was e s t i m a t e d  t o  c o n t a i n  -2.2% n i c k e l  59lgram n i c k e l .  The 
n i c k e l  was s u c c e s s f u l l y  i s o l a t e d  and t h r e e  heats  o f  a u s t e n i t i c  s t e e l  doped w i t h  Ni- 59 have been prepared  
f o r  i r r a d i a t i o n  i n  t h e  Fas t  F l u x  Tes t  F a c i l i t y  (FFTF). 

3 .O Pragram 

T i t l e :  I r r a d i a t i o n  E f f ec t s  Ana l vs i s  fAKJI . ,  
P r i n c i p a l  I n v e s t i g a t o r :  D .  G .  Doran 
A f f i l i a t i o n :  Hanford Eng inee r i ng  Development Labora to ry  

4 .O Relevant  OAFS P lan  TasklSubtask 

Subtask I I .C .2  E f f ec t s  of He l ium on M i c r o s t r u c t u r e  
I I .C .7  E f fec ts  o f  He l ium and Displacements on Flow 

5 . 0  Accomplishments and S ta tus  

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

He l ium i s  known t o  a f f e c t  t h e  n u c l e a t i o n  and g r o w t h  of vo ids  i n  metals.  
changes and can produce s i g n i f i c a n t  harden ing  o f  t h e  meta l .  
s u b s t a n t i a l l y  l o w e r  r a t e  t h a n  expected i n  a f u s i o n  device.  
i r r a d i a t e d  i n  a t h e r m a l  r e a c t o r  such as t h e  H igh  F l u x  I s o t o p e  Reactor  (HFIR) or ou t- o f- co re  i n  a f a s t  
r e a c t o r  such as FFTF, where t h e  n o n l i n e a r  b u i l d - u p  of  t h e  i s o t o p e  n i c k e l  59 can l e a d  t o  h i g h  l e v e l s  o f  
h e l i u m  p r o d u c t i o n  i n  t h e  meta l .  
l o w e r  t h a n  expected i n  a f u s i o n  device.  It i s  d u r i n g  t h i s  t r a n s i e n t  p e r i o d  t h a t  n u c l e a t i o n  of vo i ds  i s  
t a k i n g  p lace.  The t r a n s i e n t  can be c i rcumvented by add ing  an i n i t i a l  c o n c e n t r a t i o n  o f  n i c k e l  59 t o  t h e  
a l l o y .  

The vo ids  cause d imens iona l  
F i s s i o n  r e a c t o r s  g e n e r a l l y  produce h e l i u m  a t  a 

The e x c e p t i o n  i s  n i c k e l - b e a r i n g  a l l o y s  

I n i t i a l l y ,  however, t h e  h e l i u m  p r o d u c t i o n  r a t e  i s  a t  l e a s t  a f a c t o r  of  t e n  

T h i s  r e p o r t  documents t h e  work done t o  secure a usab le  source of n i c k e l  en r i ched  i n  n i c k e l  59 and t h e  
p r e p a r a t i o n  o f  t h e  i n i t i a l  exper iment  f o r  i r r a d i a t i o n  i n  ou t- o f- co re  l o c a t i o n s  i n  FFTF. 
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5 . 2  N i c k e l  Source (R. L. Simons, W. Y .  Matsumoto, and F .  A .  S c o t t )  

A f r a c t u r e  touohness soecimen I M E - 1 )  o f  I ncone l  600 was l o c a t e d  a t  t h e  B e t t i s  Atomic P o w e r  Labora to ry .  I t  ~~ L~ ~~~ 

had been s e c t i i n e d  f r o ' m  t h e  ETR M - i  i n - p i l e  tube. 
1973. It rece i ved  a peak f luence (E > 1 MeV) of  1.8 x 10 
i s  l i s t e d  i n  Table 1. A f t e r  i r r a d i a t i o n  t h e  M E - ?  sDecimen. wh ich  was l o c a t e d  a t  t h e  Deak f l uence  l o c a t i o n ,  

The i y j p i l e  tube  was i r r a d i a t e d  f r om J u l y  1 4 6 7  t o . A p r i 1  
n/cm2 ( - 2 5  dpa). The I n c o n e l  600  compos i t i on  

con ta ined 1.7% n i cke l - 59 /a tom o f  I ncone l  o r  2.2% niCkel-59;atom o f  n i c k e l .  
e q u i l i b r i u m  concen t ra t i on .  

Th i s  i s  BG of t h e  maximum 
A t  h i ghe r  f luences t h e  n i c k e l  5 9  burns o u t  y i e l d i n g  a l o w e r  concent ra t ion .  

TABLE 1 

CHEMICAL COMPOSITION OF ALLOY 500  IN-PILE TUBE E T R  M-7 

Element 

N i c k e l  

Chromium 

I r o n  

Manganese 

Carbon 

Copper 

S i l i c o n  

Coba l t  

S u l f u r  

Phosphorus 

Aluminum 

T i t an ium 

Magnesium 

Boron 

~ 

A l l o y  W / O  

78 . n i  

14 .81  

6.63 

0 . 2 8  

0.07 

'1.02 

0.15 

0 . 0 5  

0 . 0 0 8  

0.021 

n.11 

0.22 

1.03 

n . o n 5  

On r e c e i p t  of t h e  ME- 7 specimen t h e  dose r a t e  a t  one meter  was - 8  R/hr. C a l c u l a t i o n s  i n d i c a t e d  t h a t  t h i s  
was n e a r l y  a l l  due t o  c o b a l t  60. In o rde r  t o  work w i t h  t h i s  m a t e r i a l  o u t  o f  t h e  ho t  c e l l  i t  was necessary 
t o  c h e m i c a l l y  remove t h e  c o b a l t  60. The I n c o n e l  600 was f i rs t  d i sso l ved  i n  a s o l u t i o n  o f  concent ra ted  5% 
HCL 50% HNO 
w i t h  HCL. 
D O W E X - I ,  X R  an ion  r e s i n  (100-200 mesh). 
remove n e a r l y  a l l  o f  t h e  c o h a l t  (and i r o n ) .  The dose from t h e  rema in i ng  s o l u t i o n  was -50 mR/hr a t  c o n t a c t  
( o f  t h e  po l ye thy l ene  con ta i ne r ) .  
so lu t . i on  was f u r t h e r  p u r i f i e d  by u s i n g  a hydrox ide  p r e c i p i t a t i o n  sepa ra t i on  method. The p r e c i p i t a t e  was 
washed and t h e  procedure repeated  seve ra l  t imes .  The n i c k e l  s o l u t i o n  was f i n a l l y  conver ted  t o  a s t r o n g  
amnoniacal  n i c k e l  s o l u t i o n .  Th i s  s o l u t i o n  was e l e c t r o p l a t e d  on to  one- inch  square by 3 m i l  t h i c k  h i g h  
p u r i t y  i r o n  cathodes. 
cover  o f  ammonia gas over  t h e  s o l u t i o n .  
po l a r i zed .  The n e t  n i c k e l  recovered  was -53 grams w i t h  a p u r i t y  >99%. About 20 grams o f  n i c k e l  were 
l o s t  d u r i n g  t h e  chemica l  processing.  The p r e p a r a t i o n  o f  t h e  n i c k e l  59 en r i ched  meta l  c o s t  -5509 grdm. 
However, i t  i s  expected t h a t  f u t u r e  p r e p a r a t i o n  would c o s t  much l e s s  because o f  t h e  exper ience gained t o  
da te .  

The HN03 was removed a f t e r  d i s s o l u t i o n  by a l t e r n a t e l y  evapo ra t i ng  and b r i n g i n g  t o  s o l u t i o n  
i ' t h r e e  l i t e r  s o l u t i o n  of  n i n e  molar  HCL was then  passed t.hrnugh a 350 m i l l i l i t e r  column of  

Two passes th rough t h e  an ion  exchange column were s u f f i c i e n t  t o  

The dose was p r i m a r i l y  f r om  Coba l t  60 and Manganese 54. The n i c k e l  

The s o l u t i o n  was k e p t  sa tu ra ted  w i t h  ammonia d u r i n g  e l e c t r o p l a t i n g  by m a i n t a i n i n g  a 
The vo l t age  was ma in ta i ned  so t h a t  t h e  e l e c t r o d e  was c o n c e n t r a t i o n  

A sample of n i c k e l  was examined i n  an Ion Microprobe Mass Analyzer t o  de te rm ine  t h e  i s o t o p i c  compos i t i on  o f  
t h e  n i c k e l  present .  The mass r a t i o s  a r e  summarized i n  Tab le  2. The mass 59 f r a c t i o n  was found t o  be 
0.025i 0.003. Th i s  i s  cons idered  an upper l i m i t  s i n c e  an i n t e r f e r i n g  mass was found a t  mass S O .  
A d d i t i o n a l  mass spectograph measurements o f  u l t r a p u r e  n i c k e l  a r e  p r e s e n t l y  be i ng  made t o  r e s o l v e  t h e  mass 
5 9  i n t e r f e r e n c e  problem. I n  a d d i t i o n ,  i t  i s  noted t h a t  t h e  n i c k e l  58  mass i s  2.23% l e s s  t han  t h e  n a t u r a l  
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abundance. 
ano ther .  

The c a l c u l a t i o n s  i n d i c a t e  2.2% n i c k e l  59  shou ld  be p resent .  A l l  va lues  a r e  w i t h i n  10% o f  one 

TABLE 2 

ISOTOPIC MASS ANALYSIS WITH I O N  MICROPROBE 

N i c k e l  Na tu ra l  F i n a l  
I s o t o p e  Mass Abundance Abundance 

58 

59 

60 

6 1  

62  

63 

6 4  

65 

5.3 N i c k e l  U t i l i z a t i o n  ( R .  1 

,683 

,000 

,261 

,011 

.036 

,000 

,009 

,000 

1.000 

Simons and H .  R .  B rager )  

.661 

.025 

, 257  

,019 

,027 

,003 

.OOR 

>.ooo  

1.000 

Three s i m p l e  a u s t e n i t i c  s t e e l s  en r i ched  w i t h  n i c k e l  59 were designed and prepared f o r  i r r a d i a t i o n  i n  FFTF. 
F i f t y  gram bu t t ons  were me l t ed  i n  an argon p a r t i a l  atmosphere i n  t h e  presence o f  mo l t en  t i t a n i u m  wh ich  was 
used t o  g e t t e r  H, 0, and N. 
T h i s  was f o l l o w e d  by a s e r i e s  o f  c o l d  r o l l s  and t h i r t y  m inu te  anneals a t  1O3O0C i n  argon u n t i l  t h e  a l l o y s  
were g i ven  a 29% r e d u c t i o n  i n  t h i c kness  w i t h  a f i n a l  r o l l  t o  10 m i l s  t h i c k .  
i n t o  TEM d i s k s  and m i n i a t u r e  t e n s i l e  specimens. 
1030°C f o r  t h i r t y  minu tes  a f t e r  be i ng  deburred and engraved w i t h  i d e n t i f i c a t i o n  codes. 

A l l  t h e  a l l o y s  w i l l  be i r r a d i a t e d  s ide- by- s ide  w i t h  a l l o y s  t h a t  have i d e n t i c a l  c h e m i s t r y  b u t  no n i c k e l  59.  
The t h r e e  re fe rence heats  used n i c k e l  ob ta i ned  by r educ ing  u n i r r a d i a t e d  I ncone l  500 by t h e  same processes 
desc r i bed  above. T h i s  s e r i e s  o f  s i x  a l l o y s  w i l l  be i r r a d i a t e d  i n  b o t h  t h e  annealed and 20% c o l d  worked 
c o n d i t i o n .  

The bu t t ons  were no rma l i zed  a t  1250°C f o r  t w o  hours i n  an argon atmosphere. 

The specimens were punched 
The s o l u t i o n  annealed specimens were hea t  t r e a t e d  a t  

The f i r s t  a l l o y  i s  a t e r n a r y  w i t h  t h e  compos i t i on  Fe15Cr25Ni. 
and 20% n a t u r a l  n i c k e l .  
The phosphorus-modi f ied a l l o y  i s  designed t o  i n v e s t i g a t e  t h e l i n t e r a c t i o n  between t h i s  h i g h  d i f f u s i v i t y  
s o l u t e  and v o i d  n u c l e a t i o n  as d iscussed by Garner and Brager: The t h i r d  a l l o y  c o n t a i n s  t h e  same we igh t  
percent  r a d i o a c t i v e  n i c k e l  b u t  t h e  t o t a l  n i c k e l  c o n c e n t r a t i o n  was inc reased t o  45% a t  t h e  expense of t h e  
i r o n .  T h i s  a l l o y  i s  designed t o  i n v e s t i g a t e  t h e  i n f l u e n c e  of  sp inoda l  hardening,  t h e  r e s i s t a n c e  t o  v o i d  
n u c l e a t i o n  i n  t h e  I n v a r  compos i t i on  reg ion ,  and t h e  e f f e c t  o f  he l i um ldpa  on t h e  t r a n s i e n t  r eg ime  o f  v o i d  
nuc l ea t i on .  The exposure t i m e s  w i l l  be 
app rox ima te l y  200, 400, and 800 e f f e c t i v e  f u l l  power days (EFPD) i n  t h e  FFTF M a t e r i a l s  Open Tes t  Assembly 
(MOTA). 

The specimen l o c a t i o n s  i n  MOTA, t h e  number o f  MOTA c y c l e s  ( 2 0 0  EFPOlcycle), i r r a d i a t i o n  tempera ture ,  dpa 
damage exposure, h e l i u m l d p a  r a t i o  and t o t a l  h e l i u m  (appm) a r e  summarized i n  Tab le  3. The l a s t  column i s  
t h e  h e l i u m l d p a  enhancement expected by u s i n g  a s t e e l  en r i ched  i n  n i c k e l  59  compared t o  a s t e e l  w i t h o u t  
n i c k e l  59.  The l e v e l  8 l o c a t i o n  w i l l  be used t o  compare w i t h  a h i g h  tempera ture ,  l o n g  t e rm  RTNS-I1 
i r r a d i a t i o n  c u r r e n t l y  p lanned by JapanIUSA. 
necessary because t h e  f luences  do n o t  over lap .  There w i l l  be s u b s t a n t i a l  d i f f e rences  between t h e  cascades 
produced i n  t h e  t w o  neu t ron  spec t ra .  

The n i c k e l  was s p l i t  80% r a d i o a c t i v e  n i c k e l  
0.04% phosphorus. The second a l l o y  compos i t i on  i s  t h e  same as t h e  f i r s t  b u t  w i t h  

The i r r a d i a t i o n  tempera tures  chosen a r e  360, 450, 490, and 60OOC. 

Some e x t r a p o l a t i o n  of t h e  FFTF and R T N S - I 1  da ta  w i l l  be 
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The specimen c o n f i g u r a t i o n s  a r e  m i n i - t e n s i l e  specimens and TEM d i s k s .  
i r r a d i a t i o n  tempera tures  f o r  a l l  m a t e r i a l s  and t he rma l lmechan i ca l  c o n d i t i o n s .  
so lu t ion- annea led  m a t e r i a l  w i l l  be done a t  room tempe ra tu re  a lso.  
punch t e s t s  w i l l  be per fo rmed on TEM d i s k s  i n  a d d i t i o n  t o  TEM a n a l v s i s .  

T e n s i l e  t e s t i n g  w i l l  be done a t  t h e  
T e n s i l e  t e s t i n g  of  t h e  

Dens i ty ,  hardness, and i ns t r umen ted  

TABLE 3 

IRRADIATION PARAMETERS FOR THE 5 q N i  ENRICHED TERNARY 

MOTA 
MOTA I r r a d .  
__ Leve l  Cycles 

6 E2 1 
2 
4 

501 1 
2 
4 

Below 1 
Core 2 
C a n i s t e r  4 
( B C C )  

Temp. Dose h pa I d  pa m m (appmldpa) 

490 2.2 11 
4 . 4  
8.8 

35  

360 5.2 11 
10 
21 

I n i t i a l  
h pa h pa /dpa m Enhancement 

24 1 5 0  
4A 
91 

70 2 2  
144 
280 

57 113  
110 
231 

RE1 I 450 .19 33 6 S O  
2 .39 13 
4 . 76  25 

T h i r t y - t h r e e  grams of  t h e  o r i g i n a l  53 grams o f  n i c k e l  c o n t a i n i n g  n i c k e l  5 9  have been used i n  p r e p a r a t i o n  
fo r  t h e  FFTF i r r a d i a t i o n s .  T h i s  leaves  -213 grams f o r  a d d i t i o n a l  a l l o y s  t o  be used i n  f u t u r e  i r r a d i a t i o n s .  
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ON THE USE OF ISOTOPIC AND SPECTRAL TAILORING TO SIMULATE FUSION IRRADIATION VARIABLES I N  FISSION 
REACTORS 

G. R. Odette ( U n i v e r s i t y  o f  C a l i f o r n i a ,  Santa Barbara) 

1.0 O b j e c t i v e  

The purpose o f  t h i s  s tudy  i s  t o  e x p l o r e  means of  app rox ima t i ng  t h e  i r r a d i a t i o n  v a r i a b l e s  found i n  f u s i o n  
r e a c t o r  environments i n  exper iments i n  e x i s t i n g  h i g h  f l u x  f i s s i o n  r e a c t o r s .  

2 .0  Summary 

It i s  shown t h a t  by u s i n g  v a r i o u s  i s o t o p i c  r a t i o s  of s 8 N i / 6 0 N i ,  s i n g l e  v a r i a b l e  exper iments on t h e  e f f e c t  
of  he l i um t o  d isplacement-per-atom r a t i o s  (He/dpa) can be c a r r i e d  o u t  i n  f e r r i t i c  and a u s t e n i t i c  a l l o y s .  
Fu r the r ,  a d d i t i o n s  of  smal l  amounts of  s 9 N i  r e s u l t  i n  t h e  e l i m i n a t i o n  of  t h e  low f luence t r a n s i e n t ,  
r e s u l t i n g  i n  an approx imate ly  cons tan t  He/dpa r a t i o  i n  t h e  range up t o  100 dpa. F u r t h e r ,  approaches a r e  
o u t l i n e d  f o r  d e a l i n g  w i t h  o t h e r  v a r i a b l e s  and/or confound ing f a c t o r s ,  i n c l u d i n g  h i g h e r  t han  normal n i c k e l  
con ten ts  i n  f e r r i t i c s ,  d i f f e r e n t  sources of  he l ium,  t h e  hydrogen g e n e r a t i o n  r a t e ,  e v o l u t i o n  o f  s o l i d  
e lementa l  c o n s t i t u e n t s ,  and even d i f f e r e n c e s  i n  t h e  p r i m a r y  r e c o i l  spect ra .  F i n a l l y ,  some impor tan t  
fundamental exper iments and issues i n  need o f  r e s o l u t i o n  a r e  noted. 

3.0 Progran 

T i t l e :  
Principal I n v e s t i g a t o r s :  G. R. Odet te  and G. E. Lucas 
A f f i l i a t i o n :  

Damage Ana lys i s  and Fundamental S tud ies  f o r  Fus ion  Reactor M a t e r i a l s  Development 

U n i v e r s i t y  of  C a l i f o r n i a ,  Santa Barbara 

4.0 Re levant  DAFS Program Plan/Subtask 

Subtask I I . C . 2  E f f e c t s  of  He l ium on M i c r o s t r u c t u r e  
Subtask I I .C .16  Composite C o r r e l a t i o n  Models and Exper iments 

5.0 Accomplishments and Status 

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

I r r a d i a t i o n  damage t o  s t r u c t u r a l  components has been i d e n t i f i e d  as a major  t e c h n o l o g i c a l  b a r r i e r  t o  t h e  
r e a l i z a t i o n  o f  f u s i o n  power. Developing r a d i a t i o n  r e s i s t a n t  a l l o y s  f o r  f u s i o n  a p p l i c a t i o n s  has been 
hampered by t h e  f a c t  t h a t  t e s t  f a c i l i t i e s  w i t h  t h e  p rope r  combinat ion  of  i r r a d i a t i o n  v a r i a b l e s  a r e  n o t  
a v a i l a b l e .  C u r r e n t l y ,  h i g h  exposure da ta  can be o b t a i n e d  o n l y  i n  f i s s i o n  r e a c t o r s .  E f f o r t s  t o  develop 
c o r r e l a t i o n s  t o  e x t r a p o l a t e  f i s s i o n  r e a c t o r  d a t a  t o  f u s i o n  c o n d i t i o n s  a re  and w i l l  con t i nue  t o  be t h e  b a s i s  
f o r  p r e d i c t i n g  i r r a d i a t i o n  e f f e c t s  i n  f us ion  environments.  These s o - c a l l e d  f i s s i o n - f u s i o n  c o r r e l a t i o n s  a r e  
based on a combinat ion  of  t h e o r y  and da ta  from an a r r a y  of  a v a i l a b l e  i r r a d i a t i o n  f a c i l i t i e s ;  u l t i m a t e l y ,  a 
h i g h  f l u x  and energy neu t ron  source w i l l  be needed t o  r e f i n e  and v a l i d a t e  t h e  c o r r e l a t i o n s  and t o  p r o v i d e  
t h e  d a t a  base r e q u i s i t e  f o r  r e a c t o r  design.  Meanwhile, i t  i s  i m p o r t a n t  t o  seek new and i n n o v a t i v e  means of  
o b t a i n i n g  more r e l e v a n t  d a t a  and t o  con t i nue  t o  improve t h e o r e t i c a l  models. 

It i s  w i d e l y  b e l i e v e d  t h a t  t h e  most s i g n i f i c a n t  env i ronmenta l  d i f f e r e n c e  i s  t h e  h i g h  r a t e  o f  t ransmutant  
h e l i u m  g e n e r a t i o n  i n  f us ion  spect ra .  Th i s  env i ronmenta l  v a r i a b l e  i s  u s u a l l y  c h a r a c t e r i z e d  i n  terms o f  t h e  
h e l i u m  (He) t o  d isplacement-per-atom (dpa) r a t i o  (He/dpa), where t h e  he l i um c o n t e n t  i s  expressed i n  u n i t s  
o f  atom p a r t s - p e r - m i l l i o n .  P r o t o t y p i c a l  va lues o f  t h e  He/dpa r a t i o s  a r e  around 10 f o r  i r o n  based a l l o y  
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f i r s t  w a l l s ,  a l t h o u g h  t h i s  number v a r i e s  w i t h  r e a c t o r  des ign,  a l l o y  t y p e  and compos i t i on ,  and p o s i t i o n  i n  
t h e  b l a n k e t .  Other  
p o t e n t i a l l y  s i g n i f i c a n t  d i f f e r e n c e s  i n  f u s i o n  r e l a t i v e  t o  f i s s i o n  env i ronments i n c l u d e :  t h e  h i g h e r  energy 
of  t h e  p r i m a r y  knock-on atom r e c o i l  d i s t r i b u t i o n ;  h i g h e r  c o n c e n t r a t i o n s  o f  hydrogen ( f rom b o t h  t ransmutan t  
and env i ronmenta l  sources) ;  and v a r i a t i o n s  i n  s o l i d  t r a n s m u t a t i o n  p roduc ts .  F u r t h e r ,  b o t h  damage r a t e s  and 
i r r a d i a t i o n  temperatures may be lower  i n  e a r l y  f u s i o n  r e a c t o r s  t h a n  found f o r  t h e  b u l k  o f  e x i s t i n g  and 
a n t i c i p a t e d  f i s s i o n  r e a c t o r  data.  

Corresponding He/dpa r a t i o s  f o r  f a s t  f i s s i o n  r e a c t o r s  a re  t y p i c a l l y  about  0.5 o r  l e s s .  

I t  has been recogn ized  f o r  some t ime t h a t  i r r a d i a t i o n s  o f  n i c k e l  b e a r i n g  a l l o y s  i n  mixed spectrum f i s s i o n  
r e a c t o r s ,  w i t h  an a p p r e c i a b l e  thermal  f l u x  component, can produce copious amounts of h e l i u m  th rough  t h e  two 
stage r e a c t i o n  

Th is  r e a c t i o n  i s  exoerg ic  and occurs a t  low neu t ron  energ ies  w i t h  a l a r g e  c ross  s e c t i o n .  By a d j u s t i n g  t h e  
thermal t o  f a s t  f l u x  r a t i o  ( i . e . ,  s p e c t r a l  t a i l o r i n g ) ,  He/dpa r a t i o s  o f  10 can be approximated i n  s t a i n l e s s  
S tee l5  c o n t a i n i n g  10 t o  20% n i c k e l .  U n f o r t u n a t e l y ,  p r a c t i c a l  c o n s i d e r a t i o n s  appear t o  r e s t r i c t  such 
i r r a d i a t i o n s  t o  i n t e r m e d i a t e  f l u x  env i ronments w i t h  exposure accumulat ions o f  l e s s  than  about 10 dpa p e r  
year .  Higher  f l u x e s  a re  a v a i l a b l e  f o r  some (e .g .  t h e  P T P )  l o c a t i o n s  i n  t h e  H igh  F l u x  I s o t o p e  Reactor 
( H F I R )  which produces about 30 dpa p e r  y e a r ;  however, s i g n i f i c a n t  s p e c t r a l  t a i l o r i n g  i s  n o t  p o s s i b l e  a t  
t h i s  t i m e  i n  these H F I R  r e a c t o r  l o c a t i o n s ,  and t h e  He/dpa r a t i o  changes w i t h  exposure, approaching an 
approx imate ly  c o n s t a n t  va lue  o f  65 t5  a f t e r  about 10 dpa. Other  i m p o r t a n t  cand ida te  a l l o y  c lasses ,  
i n c l u d i n g  f e r r i t i c /  m a r t e n s i t i c  s t a i n l e s s  s t e e l s  t y p i c a l l y  c o n t a i n  l e s s  t h a n  0.5 p e r c e n t  n i c k e l .  Hence, 
h i g h  He/dpa r a t i o s  do n o t  r e s u l t  f rom mixed spectrum i r r a d i a t i o n s  un less  such a l l o y s  a r e  doped w i t h  
u n n a t u r a l l y  l a r g e  amounts o f  n i c k e l .  U n f o r t u n a t e l y ,  n i c k e l  may have an i n f l u e n c e  on b o t h  t h e  b a s i c  
p h y s i c a l  m e t a l l u r g y  o f  such a l l o y s  and t h e i r  response t o  i r r a d i a t i o n .  

Simons has suggested t h e  use o f  p r e - i r r a d i a t e d  n i c k e l ,  c o n t a i n i n g  a s u b s t a n t i a l  i n i t i a l  c o n c e n t r a t i o n  o f  
S S N i  , coupled w i t h  subsequent i r r a d i a t i o n s  i n  i n t e r m e d i a t e  s p e c t r a l  l o c a t i o n s  i n  t h e  F a s t  F l u x  Te5t 
F a c i l i t y  (FFTF) ’ .  Because o f  a l a r g e  203 eV resonance, t h i s  r e s u l t s  i n  He/dpa r a t i o s  around 1 0  in a l l o y s  
c o n t a i n i n g  more t h a n  about  15% n i c k e l ,  a t  exposure r a t e s  o f  about  10 dpa p e r  year .  To t h i s  end Simons and 
coworkers have succeeded i n  e x t r a c t i n g  approx imate ly  55 grams o f  n i c k e l  c o n t a i n i n g  about 2 . 1 %  5 9 N i  f r o m  a 
n i c k e l  based a l l o y  i r r a d i a t e d  t o  h i g h  f l u e n c e  i n  a mixed spectrum r e a c t o r 2 .  A s  no ted  by Simons, i t  i s  
p o s s i b l e  t o  generate a d d i t i o n a l  5 y N i  i n  H F I R  u s i n g  e i t h e r  n a t u r a l  n i c k e l  o r  an i s o t o p i c  mix h i g h l y  e n r i c h e d  
i n  5 8 N i ,  t he reby  p e r m i t t i n g  5 9 N i  c o n c e n t r a t i o n s  of up t o  3.5%. The major  p r a c t i c a l  d i f f i c u l t y  i n  o b t a i n i n g  
5 9 N i  i n  a use fu l  f o r m  i s  s e p a r a t i o n  o f  t h e  concommital h i g h  l e v e l  o f  6oCo a c t i v i t y ,  which i s  on t h e  o r d e r  
of  1 C i  p e r  gram o f  5 8 N i .  It has been demonstrated t h a t  t h i s  s e p a r a t i o n  can be accomplished by 
e l e c t r o c h e m i c a l  techn ioues2 .  

I n  t h i s  r e p o r t ,  severa l  a l t e r n a t e  approaches t o  t h e  use o f  i s o t o p i c  t a i l o r i n g  are proposed u s i n g  b o t h  
syn thes ized  and separated i s o t o p e s  o f  n i c k e l  and o t h e r  elements. Th is  s t r a t e g y  p e r m i t s  s i n g l e  v a r i a b l e  
exper iments i n v o l v i n g  c o n t r o l l e d  He/dpa r a t i o s  i n  t h e  h i g h  f l u x  l o c a t i o n s  i n  H F I R  f o r  a v a r i e t y  o f  
cand ida te  a l l o y s ,  i n c l u d i n g  f e r r i t i c s .  Other  s i n g l e  o r  few v a r i a b l e  exper iments i n  h i g h  f l u x  f i s s i o n  
r e a c t o r s  which e x p l o r e  t h e  e f f e c t  a f  r e c o i l  s p e c t r a ,  s o l i d  t ransmutan ts ,  and h i g h  l e v e l s  o f  t ransmutan t  
hydrogen as w e l l  as e v a l u a t i n g  p a r t i c u l a r  mechanisms a re  a l s o  p o s s i b l e .  F i n a l l y ,  t h e  combined e f f e c t s  o f  
severa l  o f  t h e  i m p o r t a n t  f i s s i o n - f u s i o n  v a r i a b l e s  :an be assessed. 

The r e s t  o f  t h i s  r e p o r t  desc r ibes  t h e  b a s i c  concepts,  o u t l i n e s  an o v e r a l l  s t r a t e g y  based on these concepts 
and d iscusses b r i e f l y  some o f  t h e  i m p o r t a n t  i ssues  which need t o  be addressed. 

5 . 2  Hel ium t o  dpa R a t i o s  i n  A l l o y s  Con ta in ing  T a i l o r e d  I s o t o p i c  Concen t ra t ions  o f  N i c k e l  

The p r o d u c t i o n  o f  he l ium f rom 5 9 N i  i s  g i v e n  by t h e  r e l a t i o n  

where t h e  <a > and <a > a re  s p e c t r a l  averaged t o t a l  a b s o r p t i o n  and a lpha  emiss ion  c r o s s  s e c t i o n s ,  5 y N i  t h e  
i n i t i a l  c o n z e n t r a t i o f  o f  t h i s  i s o t o p e ,  and @t t h e  t o t a l  f l u e n c e .  The co r respond ing  express ion  f o r  t h e  
he l ium p r o d u c t i o n  f rom 5 8 N i  i s  
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where <u >s8  i s  t h e  (n,y) a b s o r p t i o n  c ross  s e c t i o n  and S8N io  t h e  i n i t i a l  n i c k e l  c o n c e n t r a t i o n  o f  t h i s  

i so tope .  Hel ium i s  a l s o  produced by h i g h  energy neu t ron  (n,a) r e a c t i o n s  as 
Y 

He3 /Ns tee~  = ‘‘he’steelet (3)  

where t h e  <uhe>steel i s  a f u n c t i o n  of  t h e  o v e r a l l  compos i t ion  ( i n c l u d i n g  t h e  i s o t o p i c  mix)  as w e l l  as t h e  

spectrum. As noted above, f o r  t h e  range o f  He/dpa o f  about 10, t h i s  i s  no rma l l y  n o t  a s i g n i f i c a n t  source 
of  he l ium;  however, t h e  c o n t r i b u t i o n s  from s p e c i f i c  i s o t o p e s  of  i r o n ,  n i c k e l  and chromium can be 
s i g n i f i c a n t .  C o n t r i b u t i o n s  of  o t h e r  i so topes ,  of  t r a c e  i m p u r i t i e s  such as boron and l i t h i u m ,  g e n e r a l l y  do 
n o t  exceed a few p a r t s  p e r  m i l l i o n ,  hence a re  n o t  impor tan t  a t  h i g h e r  exposures. The t o t a l  d isp lacement  
damage exposure can a l s o  be c a l c u l a t e d  from t h e  c o m p o s i t i o n a l l y  we ighted s p e c t r a l  averaged c ross  s e c t i o n  as 

As p o i n t e d  o u t  by Greenwood, t h e  (n,a) r e a c t i o n  produces r e c o i l s  a t  340 keV which a l s o  generates 
d isp lacement  a t  a r a t e  o f  about 1 p e r  570 p a r t s - p e r - m i l l i o n  o f  he l ium;  however, w h i l e  t h i s  i s  n o t  no rma l l y  
a s i g n i f i c a n t  source o f  d isp lacement  damage, i t  w i l l  be shown below t h a t  t h i s  r e a c t i o n  can a l s o  be used t o  
s tudy h i g h  energy r e c o i l  e f f e c t s  w i t h  s p e c i a l l y  designed specimens. 

Equat ions 1 t o  4 can be used a long  w i t h  a p p r o p r i a t e  measured o r  c a l c u l a t e d  o f  s p e c t r a l  averaged c ross  
sec t i ons  t o  c a l c u l a t e  t h e  t o t a l  he l ium c o n c e n t r a t i o n  as a f u n c t i o n  of  d isp lacement  damage f o r  v a r i o u s  
i r r a d i a t i o n  f a c i l i t i e s .  As shown below, by changing t h e  i n i t i a l  f r a c t i o n  of t h e  v a r i o u s  i so topes ,  i t  i s  
p o s s i b l e  t o  mod i f y  t h e  He/dpa r a t i o .  However, separa te  s t r a t e g i e s  a re  needed f o r  t h e  v a r i o u s  a l l o y  
c lasses .  

For  a l l o y s  such as 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  wh ich  c o n t a i n  app rec iab le  amounts of  n i c k e l  ( 8  t o  16%), 
d i l u t i o n  o f  t h e  normal i s o t o p i c  compos i t i on  of  s8N i  (about 68 pe rcen t )  and a d d i t i o n s  o f  smal l  amounts of  
s 9 N i  coup led w i t h  i r r a d i a t i o n s  i n  h i g h  f l u x  HFIR p o s i t i o n s  y i e l d s  an app rox ima te l y  cons tan t  and 
c o n t r o l l a b l e  He/dpa r a t i o .  Table 1 l i s t s  v a r i o u s  s p e c t r a l  averaged cross  sec t i ons  f o r  HFIR, EBRII co re  and 
a t y p i c a l  f u s i o n  f i r s t  w a l l  spectra3-7.  The c a l c u l a t i o n s  wh ich  f o l l o w  a l s o  assume, un less  o the rw ise  
s t a t e d ,  a a u s t e n i t i c  a l l o y  compos i t i on  ( i n  atom pe rcen t )  o f  65 i r o n ,  18 chromium, 14 n i c k e l  and ba lance 
o t h e r ;  f e r r i t i c  a l l o y s  a re  t aken  as 88 i r o n ,  10 chromium and ba lance o t h e r .  These c a l c u l a t i o n s  a l s o  n e g l e c t  
t h e  e f f e c t s  o f  r e a c t i o n s  w i t h  b o t h  r a d i o a c t i v e  i so topes ,  o t h e r  t h a n  s 9 N i ,  and t r a c e  i m p u r i t i e s  such as 
n i t r o g e n  and boron; f u r t h e r  t h e  e f f e c t  of  (n,2n) and (n,charged p a r t i c l e )  r e a c t i o n s  on t h e  s o l i d  e lementa l  
c o n s t i t u t e n t  e v o l u t i o n  i s  n o t  t r e a t e d .  Improved c a l c u l a t i o n s  w i l l  be pursued i n  f u t u r e  research.  

The l a r g e  t o t a l  c ross  s e c t i o n  f o r  59Ni  has two i m p o r t a n t  consequences: t h e  i n i t i a l  59N i  q u i c k l y  burns  o u t  
w i t h  about 10.3 o f  t h e  t o t a l  12.5 pe rcen t  conve rs ion  t o  he l i um o c c u r r i n g  by 10 dpa; and t h e  t ransmuted s 9 N i  
approaches r a p i d l y  secu la r  e q u i l i b r i u m  w i t h  s 8 N i  a c h i e v i n g  over  90 p e r c e n t  of  i t s  maximum va lue  a t  t h i s  
exposure a t  a r a t i o  o f  s 9 N i / s 8 N i  o f  about 1/33. The t o t a l  c o n c e n t r a t i o n  o f  5 8 N i / s 9 N i  s l o w l y  d e c l i n e s  
f o l l o w i n g  t h e  peak due t o  bu rnou t  of  5 8 N i ,  w i t h  a p r o p o r t i o n a l  decrease i n  t h e  he l i um p r o d u c t i o n  r a t e .  
Hence, an i s o t o p i c a l l y  t a i l o r e d  a l l o y  i n i t i a l l y  c o n t a i n i n g  a s i m i l a r  59Ni /58Ni  r a t i q  w i l l  have an 
app rox ima te l y  cons tan t  va lue  o f  He/dpa over  a broad exposure range. 

F i g u r e  1 shows t h e  He/dpa r a t i o  f o r  an a l l o y  w i th  2 percen t  p r e - i r r a d i a t e d  n a t u r a l  n i c k e l  o f  i s o t o p i c  
compos i t i on  2.1 p e r c e n t  s 9 N i  and about 64 p e r c e n t  of  s 8 N i  w i t h  t h e  ba lance o f  h i g h e r  we igh t  n i c k e l  
i so topes.  The remain ing  11.3 ( o r  whatever)  p e r c e n t  n i c k e l  i s  composed o f  i s o t o p i c a l l y  separa ted “ O N i  ( t h i s  
i s o t o p e  can be purchased f o r  about $350/g). There i s  an app rox ima te l y  cons tan t  He/dpa r a t i o  o f  10.5f1.5 up 
t o  a l e v e l  of 100 dpa as a consequence o f  t h e  compensating burn- out  of  S a N i  and t h e  b u r n - i n  o f  58Ni .  The 
r e l a t i v e  c o n t r i b u t i o n s  a r e  a l s o  shown i n  F i g u r e  1. It i s  obv ious  t h a t  by  changing t h e  f r a c t i o n  of  t h e  ““Ni  
i so tope ,  t h e  He/dpa r a t i o  can be v a r i e d  from f a s t  r e a c t o r  l e v e l s  o f  l e s s  than  1 t o  about 50 o r  more. 
Hence, as d iscussed below, as w e l l  as p r o v i d i n g  an approximate s i m u l a t i o n  o f  t h e  f u s i o n  He/dpa l e v e l s ,  d a t a  
from such exper iments c o u l d  be used t o  r e f i n e  and v a l i d a t e  models of  t h e  s y n e r g i s t i c  i n t e r a c t i o n s  between 
he l i um and d isp lacement  damage i n  c o n t r o l l i n g  m i c r o s t r u c t u r a l  e v o l u t i o n .  I n  a d d i t i o n  t o  c o n t r o l l e d  
v a r i a t i o n s  i n  t h e  He/dpa r a t i o ,  a l l o y s  w i t h o u t  t h e  s 9 N i  would have t h e  t r a n s i e n t  He/dpa r a t i o  as shown i n  
F i g u r e  1. Hence, s i d e  by  s i d e  i r r a d i a t i o n s  w i t h  and w i t h o u t  5 9 N i  would be u s e f u l  i n  i l l u m i n a t i n g  t h e  r o l e  

25 



Table 1 

Ni = 0.2; X5* = 0.64 X,, = 0.021 

Spec t ra l  Averaged Cross Sect ions  (mb) 

React ion-  Reactor  Spectrum React ion-  Reactor  Spectrum React ion-  Reactor  Spectrum 
I s o t o p e  I s o t o p e  I s o t o p e  

(n,p)  HFIR EBRII FUSION (n,a) HFIR E B R I I  FUSION Other H F I R  EBRII FUSION 
(PTP) (5.2,O.O) - (PTP) (5.2,O.O) (PTP) (5.7,O.O) 

C r  0 . 4  0.49 77 C r  0.057 0.068 12 58Ni (n ,y )  1625 9 .4  .. 

58Ni 17 .4  22 98 5 8 N i  1.22 1.42 20 59Ni(n,y)  29150 72.5 ._ 

5 9 N i  735 54.7 .. 5 9 N i  4300 14.4 _ _  54Fe(n ,y ) *  2900 .. .. 

54Fe 11.9 14.6 92 54Fe, 0.36 0 . 4 3  75 '*Cr(n,y)* 300 _ _  _ _  
56Fe 0.24 0 .28  72 54Fe, 0.19 0.21 75 S°Cr(n,y)* 17000 -- _ _  

2x105 4 . ~ ~ 1 0 5  106 56Fe 0.036 0.048 71 50V(n,y)*  4900 .. .. 

_. 60Ni 0.42 0.47 32 6 0 N i  0 .14  0 . 1 6  10 54Mn(n,y)* 13300 - -  

- 
dpa 

*These a re  c ross  s e c t i o n s  f o r  thermal neut rons  i n  H F I R  taken f rom Reference 4 ;  nuc lea r  decay da ta  w a s  a l s o  
taken f rom t h i s  source.  

F i g u r e  1. The He/dpa r a t i o  v a r i a t i o n  w i t h  exposure f o r  a s8Ni /s9Ni /60Ni  i s o t o p i c a l l y  t a i l o r e d  a u s t e n i t i c  
s t e e l .  
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o f  he l i um i n  t h e  e a r l y  m i c r o s t r u c t u r a l  e v o l u t i o n ,  and t h e  e f f e c t  o f  t h i s  e a r l y  e v o l u t i o n  on t h e  i n c u b a t i o n  
and steady s t a t e  s w e l l i n g  regimes. Fu r the r ,  i t  i s  noted t h a t ,  i n  p r i n c i p l e ,  manganese can be s u b s t i t u t e d  
f o r  6 0 N i  i n  o rde r  t o  s tudy  t h e  behav io r  of  low a c t i v a t i o n  a u s t e n i t i c s ;  however, i n  p r a c t i c e  somewhat h i g h e r  
n i c k e l  l e v e l s  p l u s  s p e c t r a l  t a i l o r i n g  t o  reduce thermal f l uxes  would be needed t o  l i m i t  t h e  bu rnou t  of  
manganese. 

F e r r i t i d m a r t e n s i t i c  s t a i n l e s s  s t e e l s  c o n t a i n  much l ower  amounts of  n i c k e l ,  t y p i c a l l y  l e s s  t h a n  0.5 
percent .  Hence, h i g h  He/dpa r a t i o s  cannot be r e a d i l y  achieved by  e i t h e r  i s o t o p e  o r  s p e c t r a l  t a i l o r i n g  
a p p l i c a b l e  t o  a u s t e n i t i c  a l l o y s .  Simons has suggested use of  i s o t o p i c a l l y  separa ted 59Ni  en r i ched  t o  
n e a r l y  100 pe rcen t  f o r  use i n  f a s t  r e a c t o r  i r r a d i a t i o n s .  An a l t e r n a t e  s t r a t e g y  i s  t o  eva lua te  t h e  e f f e c t s  
o f  n i c k e l  v a r i a t i o n s  a t  a cons tan t  He/dpa r a t i o  u s i n g  = O N i  d i l u t i o n  coup led w i t h  an assessment of  t h e  
e f f e c t  o f  He/dpa v a r i a t i o n s  a t  a cons tan t  n i c k e l  con ten t .  W i th  about 2 pe rcen t  n i c k e l ,  a He/dpa r a t i o  of  
about 10 can be achieved w i t h  n a t u r a l  n i c k e l ,  and t h e  r a t i o  can be made approx imate ly  cons tan t  by  add ing 
t h e  s 9 N i  as d iscussed above. If 5 9 N i  produced i n  f u l l y  en r i ched  s 8 N i  i s  used, t h e  nominal He/dpa r a t i o  of  
10 can be achieved u s i n g  o n l y  about 1.4 p e r c e n t  n i c k e l .  Hence, by v a r y i n g  b o t h  t h e  58N i /59N i /60N i  r a t i o  
and t h e  n i c k e l  con ten t  a response sur face can be c o n s t r u c t e d  t o  p e r m i t  sys tema t i c  e x t r a p o l a t i o n  t o  t h e  
a p p r o p r i a t e  combinat ion  o f  He/dpa r a t i o  and n i c k e l  con ten t .  That  i s  n i c k e l  v a r i a t i o n s  a t  cons tan t  He/dpa 
r a t i o s  and He/dpa v a r i a t i o n s  a t  cons tan t  n i c k e l  con ten t  can be s t u d i e d  s imul taneous ly .  T h i s  i s  
s c h e m a t i c a l l y  i l l u s t r a t e d  i n  F i g u r e  2. F u r t h e r ,  by o v e r l a p p i n g  He/dpa and n i c k e l  c o n t e n t  m a t r i x  p o i n t s  
w i t h  a l l o y s  n o t  c o n t a i n i n g  an i n i t i a l  charge of 5 9 N i ,  t r a n s i e n t  e f f e c t s  (if any) can be eva luated.  Indeed, 
if t h e  e f f e c t  of n i c k e l  v a r i a t i o n s  ( i n  t h e  range up t o  2 pe rcen t )  and t h e  He/dpa t r a n s i e n t  a r e  found t o  be 
min imal ,  a ve ry  conven ient  means of  e v a l u a t i n g  He/dpa r a t i o s  u s i n g  o n l y  s 8 N i  w i l l  be p o s s i b l e .  

5.3 Confounding Factors ,  Other  Va r i ab les  and Other  I so topes  

Whi le  t hese  exper iments c o n f r o n t  d i r e c t l y  t h e  q u e s t i o n  o f  He/dpa e f f e c t s ,  t h e r e  a r e  confounding f a c t o r s  
wh ich  need t o  be cons idered and t h e r e  a r e  o t h e r  f i s s i o n - f u s i o n  v a r i a b l e s  wh ich  a r e  n o t  p r o p e r l y  accounted 
f o r .  The e f f e c t s  o f  h i g h e r  t han  normal n i c k e l  l e v e l s  i n  f e r r i t i c  a l l o y s  a t  He/dpa r a t i o s  of  about 10 i s  
one example. Another i s  t h e  v a r i a t i o n  i n  t h e  t ransmutant  hydrogen (H) p r o d u c t i o n  i n  v a r i o u s  environments.  
For  a u s t e n i t i c  a l l o y s  t h e  H/dpa r a t i o s  a re :  HFIR-12; EBRII-6; and fusion- 30. The cor respond ing H/dpa 
va lues f o r  f e r r i t i c  a l l o y s  are:  HFIR-5; EBRII-2.5; and fusion-25. I n  H F I R  a l l o y s  i s o t o p i c a l l y  t a i l o r e d  t o  
have He/dpa r a t i o s  o f  about 5 t o  20 t h e r e  i s  a s l i g h t  r e d u c t i o n  i n  t h e i r  H/dpa r a t i o s  wh ich  v a r i e s  from 
about 4 t o  6, s i m i l a r  t o  t h e  r a t i o  f o r  f a s t  r e a c t o r s .  
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I n  thermal r e a c t o r s  w i t h  t h e  He/dpa r a t i o  o f  about 10, w e l l  over  90 p e r c e n t  o f  t h e  he l ium comes from 
n i c k e l ;  t h i s  i s  f a i r l y  c l o s e  t o  t h e  case f o r  f a s t  f i s s i o n  r e a c t o r s  where over 70 pe rcen t  o f  t h e  he l ium i s  
generated f rom n i c k e l  r e a c t i o n s .  The q u e s t i o n  of  t h e  source of  he l i um becomes more se r i ous ,  and indeed may 
be a f i s s i o n - f i s s i o n - f u s i o n  v a r i a b l e ,  when comparing v a r i o u s  f i s s i o n  r e a c t o r s  w i t h  t h e  f u s i o n  environment.  
In a f a s t  spec t ra  t y p i c a l  of  f us ion  environment,  t h e  e lementa l  sources o f  he l ium a re  i n  rough p r o p o r t i o n  t o  
t h e  percentages o f  t h e  major  a l l o y  c o n s t i t u e n t s ,  hence, a r e  predominant ly  produced i n  r e a c t i o n s  w i t h  i r o n .  
The concern over  t h e  e lementa l  source d e r i v e s  from t h e  f a c t  t h a t  t h e  a l l o y  c o n s t i t u e n t s  segregate s t r o n g l y  
d u r i n g  i r r a d i a t i o n ,  hence he l i um gene ra t i on  w i l l  n o t  be s p a t i a l l y  un i fo rm.  

Another p o t e n t i a l  f i s s i o n - f i s s i o n - f u s i o n  v a r i a b l e  i s  assoc ia ted  w i t h  s o l i d  t ransmutant  p r o d u c t i o n  and 
e lementa l  bu rnou t  r e a c t i o n s .  F igu re  3 shows t h e  c a l c u l a t e d  e v o l u t i o n  o f  t h e  vanadium and manganese con ten t  
i n  mixed and f a s t  f i s s i o n  and a f u s i o n  spectrum.a The s i g n i f i c a n c e  o f  t h e  v a r i a t i o n s  i n  s o l i d  minor  a l l o y  
c o n s t i t u e n t s  (and hydrogen and t h e  source o f  he l ium)  i s  n o t  known. E v a l u a t i o n  o f  l i m i t e d  d a t a  on t h e  e f f e c t  
o f  these elements i n  f a s t  r e a c t o r  i r r a d i a t i o n s  suggests t h a t  t h e y  ape second o rde r  v a r i a b l e s .  

By t a i l o r i n g  of  o t h e r  i so topes  o f  i r o n  and chromium i t  may be p o s s i b l e  t o  assess e x p e r i m e n t a l l y  e f f e c t s  of  
these v a r i a b l e s  and confounding f a c t o r s .  F u r t h e r ,  i n  combinat ion  w i t h  s p e c t r a l  t a i l o r i n g  i s  i n  p r i n c i p l e  
p o s s i b l e  t o  eva lua te  t h e  e f f e c t s  o f  He/dpa r a t i o s  independent o f  t h e  n i c k e l  t a i l o r i n g .  The major source o f  
t ransmutant  vanadium i n  mixed H F I R  i s  t h e  "Cr c h a i n  

The i s o t o p e  5 0 C r  i s  n a t u r a l l y  4 . 3  pe rcen t  abundant; hence, by u s i n g  chromium dep le ted  i n  t h i s  i s o t o p e ,  t h e  
amount o f  t ransmutant  vanadium i n  H F I R  can be reduced as i l l u s t r a t e d  i n  F igu re  3 f o r  d e p l e t i o n  f a c t o r s  of  
3 .6  approx imat ing  behav io r  i n  f u s i o n  spec t ra .  A t  d e p l e t i o n s  f a c t o r s  g r e a t e r  t han  30 t o  40, t h e  vanadium 
con ten t  remains low,  s i m i l a r  t o  f a s t  r e a c t o r  behav io r .  F igu re  4 shows an approach t o  t r e a t i n g  t h e  e f f e c t  
of manganese v a r i a t i o n s .  Here, use i s  made o f  t h e  r e a c t i o n  c h a i n  s t a r t i n g  w i t h  t h e  i s o t o p e  5 4 F e  

Fe( n, y I5%e(  EC )55Mn( n, y)56Mn( f l-)56Fe 
54 

The upper dashed curve shows t h e  r e s u l t s  o f  a H F I R  i r r a d i a t i o n  o f  an a u s t e n i t i c  a l l o y  f a b r i c a t e d  from an 
i r o n  en r i ched  t o  58 percen t  54Fe p r e - i r r a d i a t e d  t o  a thermal f l uence  o f  3 ~ 1 0 ' ~ n / m ~  combined w i t h  an i n i t i a l  
charge o f  2 . 0  pe rcen t  n a t u r a l  manganese. Thermal c ross  sec t i ons  f rom t h e  l i t e r a t u r e  were used i n  these 
c a l c u l a t i o n s * .  The lower  dashed-dot ted  curve i s  f o r  a s i m i l a r  Case where t h e  "Fe enr ichment i s  40 pe rcen t  
and t h e  i n i t i a l  c o n c e n t r a t i o n  o f  n a t u r a l  manganese i s  2.5 pe rcen t .  These l i m i t i n g  cases approximate t h e  
changes i n  manganese f o r  a t y p i c a l  a u s t e n i t i c  a l l o y  i r r a d i a t e d  i n  a f u s i o n  and f a s t  f i s s i o n  spec t ra  
r e s p e c t i v e l y ,  as shown by t h e  s o l i d  l i n e s .  It shou ld  be noted, however, t h a t  t h e r e  may be e f f e c t s  due t o  
t h e  d i f f e r e n c e s  i n  t h e  l o c a t i o n  o f  t h e  va r i ous  pa ren t /bu rnou t  spec ies .  

l h e  use o f  i r o n  en r i ched  i n  54Fe can a l s o  be used t o  i nc rease  b o t h  t h e  he l i um and hydrogen p r o d u c t i o n .  
Table 1 a l s o  g i ves  es t ima tes  o f  t h e  s p e c t r a l  averaged (n,p) and (n ,a)  cross sec t i ons  f o r  h i g h  f l u x  
l o c a t i o n s  i n  H F I R  and EBRII f o r  t h e  i so topes  o f  i r o n ,  n i c k e l  and chromium. The cross s e c t i o n s  were taken 
from a r e c e n t  c r i t i c a l  r ev iew  o f  Paulsen who compared e x i s t i n g  exper imenta l  da ta  t o  e x c i t a t i o n  f u n c t i o n s  
c a l c u l a t e d  from n u c l e a r  models'. lwo  va lues a r e  l i s t e d  f o r  t h e  
54Fe(n,u)  cross s e c t i o n  r e f l e c t i n g  s i g n i f i c a n t  d e v i a t i o n s  between t h e  c a l c u l a t e d  cross s e c t i o n  and 
exper imenta l  va lues i n  t h e  t h r e s h o l d  r e g i o n  o f  2 t o  4 MeV; an average va lue  between these l i m i t s  w i l l  be 
used f o r  t h e  subsequent c a l c u l a t i o n s .  

The spec t ra  a r e  a l s o  f rom t h e  l i t e r a t u r e ' .  

I n  H F I R  t h e  s4Fe(n,u) cross s e c t i o n  i s  about 0.27 t 0.08 mb which  i s  about  a f a c t o r  of  8 t imes  h i g h e r  t h a n  
t h e  co r respond ing  cross s e c t i o n  f o r  56Fe; a t  100 p e r c e n t  enr ichment t h i s  y i e l d s  a He/dpa r a t i o  of  about 
1 .4  r . 4  mb. Thus t h e  behav io r  o f  i r o n  based a l l o y s  c o n t a i n i n g  n i c k e l  o n l y  i n  t h e  form o f  " O N i  c o u l d  be 
compared t o  t hose  based on n a t u r a l  i r o n  c o n t a i n i n g  s u f f i c i e n t  5 8 N i / 6 0 N i  t o  g i v e  t h e  same He/dpa r a t i o ,  b u t  
where most o f  t h e  he l i um comes from t h e  n i c k e l .  The use o f  54Fe i n  H F I R  does r e s u l t ,  however, i n  a 
s i g n i f i c a n t  i nc rease  i n  t h e  manganese c o n t e n t .  Moderate s p e c t r a l  t a i l o r i n g  t o  reduce t h e  thermal  f l u x  
c o u l d  be used t o  d i m i n i s h  t h i s  e f f e c t .  A l t e r n a t e l y  i r r a d i a t i o n s  i n  f a s t  spec t ra  c o u l d  be c a r r i e d  o u t ;  t h e  
He/dpa r a t i o s  o b t a i n a b l e  a r e  reduced by a fac t .or  of  about 0 . 6  i n  a EBRII co re  spec t ra .  

For  HFIR i r r a d i a t i o n s  of  i r o n  based a u s t e n i t i c  s t e e l s  c o n t a i n i n g  a smal l  amount o f  5 R N i  so  t h a t  about two 
t h i r d s  of  t h e  he l i um i s  genera ted f rom n i c k e l ,  t h e  He/dpa r a t i o  increases about 4; a comparable va lue f o r  a 
n a t u r a l  e lementa l  a u s t e n i t i c  a l l o y  i n  EBRII i s  about 0.5 and about 0.15* f o r  s t e e l s  c o n t a i n i n g  l e s s  than  1 

*It i s  no ted t h a t  t h e  low He/dpa r a t i o  i n  f e r r i t i c s  may be one f a c t o r  i n  t h e i r  s w e l l i n g  r e s i s t a n c e  
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Figure 3. Calculated estimates of the evolution o f  elemental concentrations of manganese and vanadium in 
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p e r c e n t  n i c k e l .  I n  HFIR bu rnou t  o f  t h e  S4Fe lowers  t h e  r a t e  o f  he l i um p r o d u c t i o n  t o  about 50 p e r c e n t  a t  
100 dpa i n  a l l o y s  w i t h  o n l y  6 o N i  and by about 15 p e r c e n t  i n  a l l o y s  c o n t a i n i n g  58Ni ;  aga in  t h i s  can be 
reduced u s i n g  s p e c t r a l  t a i l o r i n g .  Decreasing t h e  thermal  f l u x  by a f a c t o r  o f  2.5 would r e s u l t  i n  r e d u c t i o n  
of t h e  he l ium g e n e r a t i o n  r a t e  a t  100 dpa by o n l y  about 13 and 4 p e r c e n t  f o r  these cases r e s p e c t i v e l y .  
Hence, HFIR exper iments  on 54Fe en r i ched  a l l o y s  can r e s u l t  i n  s i g n i f i c a n t  increases i n  t h e  He/dpa r a t i o  
where t h e  he l ium i s  r o u g h l y  generated f rom t h e  same sources as e i t h e r  f a s t  f i s s i o n  o r  f u s i o n  environments.  
More s i g n i f i c a n t l y  perhaps, 64Fe enr ichment can a l s o  be used t o  s tudy t h e  e f f e c t  o f  i n t e r m e d i a t e  He/dpa 
r a t i o s  i n  low a c t i v a t i o n  a u s t e n i t i c s  and f e r r i t i c s .  

Independent v a r i a t i o n  o f  t h e  hydrogen p r o d u c t i o n  r a t e  a t  a cons tan t  He/dpa r a t i o  can a l s o  be a f f ec ted  by 
enr ichment i n  54Fe. The H/dpa f o r  an a u s t e n i t i c  a l l o y  w i t h  e lementa l  i r o n  i n  HFIR can be i nc reased  f rom 
about 5 ( a t  a He/dpa r a t i o  o f  5 t o  20) t o  about 30 for i r o n  75 p e r c e n t  en r i ched  i n  t h e  54Fe i s o t o p e .  T h i s  
i s  c l o s e  t o  t h e  H/dpa r a t i o  f o r  a s i m i l a r  n a t u r a l  e lementa l  a l l o y  i n  f u s i o n  spec t ra .  Hence, combinat ions  
o f  i s o t o p e / s p e c t r a l  t a i l o r i n g  can be used t o  s i m u l a t e  b o t h  t h e  H/dpa and t h e  He/dpa r a t i o s  as w e l l  as t h e  
e lementa l  e v o l u t i o n  wh ich  occurs  i n  e i t h e r  f u s i o n  o r  f a s t  f i s s i o n  spec t ra .  

Other uses o f  i s o t o p d s p e c t r a l  t a i l o r i n g  t o  s tudy p a r t i c u l a r  mechanisms and phenomena w i l l  be d iscussed 
b r i e f l y  i n  a l a t e r  sec t i on .  M o d i f i c a t i o n s  o f  h i g h  f l u x  p o s i t i o n s  i n  HFIR t o  p r o v i d e  lower  temperatures ,  
i n s t r u m e n t a t i o n  and s p e c t r a l  t a i l o r i n g ,  use of  o t h e r  HFIR l ower  f l u x  r e f l e c t o r  p o s i t i o n s  (e .g .  t h e  
RBR-which can be i ns t rumen ted  and s p e c t r a l  t a i l o r e d )  w i l l  be needed t o  r e f i n e  t h e  c h a r a c t e r i z a t i o n  and 
ex tend t h e  range o f  v a r i a b l e s  such as damage r a t e  (comparable i r r a d i a t i o n s  a t  about 12 vepsus 30 dpa p e r  
y e a r )  and tempera ture  (below 30OOC). F u r t h e r ,  i t i s  expected t h a t  t h e  b u l k  of  i r r a d i a t i o n  e f f e c t s  da ta ,  
p a r t i c u l a r l y  f o r  mechanical p r o p e r t y  changes, w i l l  con t i nue  t o  be genera ted i n  f a s t  r e a c t o r s  such as l a r g e  
volume M a t e r i a l s  Open Tes t  Assembly (MOTA) l o c a t i o n s  i n  t h e  Fas t  Tes t  Reactor (FTR). 

Together w i t h  t h e  concepts and approaches o u t l i n e d  above, these developments w i l l  p r o v i d e  an e f f e c t i v e  
s t r a t e g y  o f  o b t a i n i n g  a da ta  base f o r  deve lop ing  f i s s i o n - f u s i o n  c o r r e l a t i o n s .  Quas i  s i n g l e  v a r i a b l e  
exper iments can be used t o  eva lua te  t h e  e f f e c t  of  p a r t i c u l a r  i r r a d i a t i o n  v a r i a b l e s  and confound ing f a c t o r s ;  
and t h e  combinat ion  o f  t h e  m o s t  impor tan t  i r r a d i a t i o n  v a r i a b l e s  (stress, tempera ture ,  damage rate, He/dpa 
r a t i o ,  H/dpa r a t i o  and e lementa l  e v o l u t i o n )  can be h e l d  reasonab ly  c l o s e  t o  c o n d i t i o n s  expected f o r  f u s i o n  
environments.  However, t h e r e  i s  one impor tan t  excep t i on  t o  a c h i e v i n g  a reasonab le  match ing o f  impor tan t  o r  
p o t e n t i a l l y  impor tan t  i r r a d i a t i o n  v a r i a b l e s ,  namely, t h e  PKA r e c o i l  spec t ra .  Th i s  w i l l  be d iscussed i n  t h e  
f o l l o w i n g  s e c t i o n .  

5.4 PKA Spec t ra l  D i f f e r e n c e s  and Approaches t o  S i m u l a t i o n  

The q u a n t i t a t i v e  d i f f e r e n c e s  between p r imary  knock-on atom r e c o i l  spec t ra  i s  f i s s i o n  and . f u s i o n  
environments,  and between v a r i o u s  f i s s i o n  environments,  have been w e l l  documented i n  t h e  l i t e r a t u r e  '. The 
f u s i o n  r e c o i l  spec t ra  can be desc r i bed  q u a l i t a t i v e l y  i n  terms of  a h i g h  energy component produced by t h e  14 
MeV neut rons,  wh ich  a re  about 20 p e r c e n t  o f  t h e  neu t ron  f l u x  a t  t h e  f i r s t  w a l l .  The h i g h  energy component 
has a mean energy i n  t h e  range o f  a few hundred keV. I t  i s  coup led w i t h  a b r o a d l y  d i s t r i b u t e d  lower  energy 
r e c o i l  d i s t r i b u t i o n  w i t h  a mean energy i n  t h e  tens  o f  keV generated by t h e  c o l l i d e d  neu t ron  s p e c t r a  (wh ich  
comprises about 80 p e r c e n t  o f  t h e  f i r s t  w a l l  f l u x ) .  The l a t t e r  resembles t h e  r e c o i l  d i s t r i b u t i o n  produced 
i n  t h e  co re  r e g i o n  o f  a f i s s i o n  r e a c t o r  such as HFIR. Roughly 60 pe rcen t  o f  t h e  d isp lacement  damage is 
produced by t h e  h i g h  energy neut rons;  and about one o u t  of  15 r e c o i l s  have energ ies  g r e a t e r  t han  200 keV 
(above t h i s  energy t h e  HFIR and f u s i o n  PKA spec t ra  d i ve rge  ve ry  r a p i d l y ) .  Sma l l e r  d i f f e r e n c e s  i n  r e c o i l  
s p e c t r a  a r e  found among t h e  v a r i o u s  high f l u x  f i s s i o n  r e a c t o r  environments;  mean ene rg ies  a t  r e c o i l s  
genera ted by f a s t  neut rons  i nc rease  from about 5 t o  30 keV i n  ascending o r d e r  f o r  FTR. E B R I I  and H F I R  i n  
l o c a t i o n s  w i t h  r o u g h l y  comparable t o t a l  d isp lacement  r a t e s .  

Hence, t h e  major  f a c t o r  wh ich  must be accounted f o r  i n  deve lop ing  f i s s i o n - f u s i o n  c o r r e l a t i o n s  i s  t h e  h i g h  
energy r e c o i l  component. S u b s t a n t i a l  p rogress  has been made i n  c h a r a c t e r i z i n g  t h e  i n i t i a l  p r o d u c t i o n  s tage 
o f  d isp lacement  damage based on f l o w  f l uence  i r r a d i a t i o n s  i n  t h e  RTNS-I1 14 MeV f a c i l i t y ;  cor respond ing 
f i s s i o n  i r r a d i a t i o n s  a re  more l i m i t e d ,  b u t  a number a re  p lanned wh ich  shou ld  p r o v i d e  a sound b a s i s  f o r  
d e f i n i n g  n e t  d e f e c t  p r o d u c t i o n  parameters f o r  t h e  energy range o f  i n t e r e s t .  I n f o r m a t i o n  a v a i l a b l e  t o  da te  
suggests t h a t  dpa i s  an adequate b a s i s  f o r  c o r r e l a t i n g  low tempera ture  i r r a d i a t i o n  e f f e c t s  on s imple  
mechanical and p h y s i c a l  p r o p e r t y  changes i n  pu re  m a t e r i a l s  and model a l l o y s .  There i s  n o t  s u f f i c i e n t  d a t a  
t o  suppo r t  t h i s  c o n c l u s i o n  f o r  more complex a l l o y s  i n  gene ra l ,  and f o r  p r o p e r t y  changes which a r e  due t o  a 
s i g n i f i c a n t  e v o l u t i o n  o f  t h e  m i c r o s t r u c t u r e  induced a t  h i g h  f luences and temperatures i n  p a r t i c u l a r .  

T h i s  i s  s i g n i f i c a n t ,  s i n c e  even i f  t h e  low f l u e n c e  da ta  i s  s u f f i c i e n t  t o  r i g o r o u s l y  e s t a b l i s h  d e f e c t  
p r o d u c t i o n  parameters,  t h e r e  is evidence t h a t  t h e  form of  t h e  damage may have i m p o r t a n t  e f f e c t s  on 
e v o l u t i o n a r y  processes such as v o i d  s w e l l i n g .  I n  p a r t i c u l a r ,  damage predominant ly  genera ted i n  t h e  form of  
cascade c l u s t e r s  m igh t  y i e l d  s i g n i f i c a n t l y  d i f f e r e n t  r a t e s  and even paths  o f  m i c r o s t r u c t u r a l  e v o l u t i o n  than 
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t h e  same number of  de fec ts  generated p redominan t l y  as i s o l a t e d  F renke l  p a i r s .  H igh r e s o l u t i o n  microscopy 
o f  t h e  p r imary  damage s t r u c t u r e  w i l l  be usefu l  i n  address ing t h i s  i ssue ;  however, these r e s u l t s  can be 
t r a n s l a t e d  t o  e f f e c t s  on h i g h  f l u e n c e  e v o l u t i o n a r y  processes o n l y  th rough models. U l t i m a t e l y ,  h i g h  f l u x  
h i g h  energy neu t ron  i r r a d i a t i o n  f a c i l i t i e s  w i l l  p r o v i d e  exper imenta l  v e r i f i c a t i o n  o f  t h e  models. However, 
i n  t h e  i n t e r i m  i s o t o p e  and s p e c t r a l  t a i l o r i n g  exper iments may p e r m i t  a p r e l i m i n a r y  assessment of  h i g h  
energy r e c o i l  e f f e c t s  a t  h i g h  f l uences .  

The concept i n v o l v e s  t a k i n g  advantage o f  t h e  340 keV r e c o i l  from t h e  59Ni(n,a) r e a c t i o n .  Greenwood has 
shown t h a t  f o r  about every  570 ppm of he l i um genera ted t h e r e  i s  a cor respond ing d isp lacement8.  Hence as 
t h e  He/dpa r a t i o  i s  increased by enr ichment w i t h  t h e  i so topes  sgNi /58Ni ,  a s i g n i f i c a n t  f r a c t i o n  of  t h e  
displacements i s  due t o  340 keV r e c o i l .  For a 20 pe rcen t  n i c k e l  a l l o y  f u l l y  en r i ched  i n  these i so topes  
w i t h  t h e  r a t i o  S g N i / 5 8 N i  (- 0.033) so t h a t  t h e  He/dpa r a t i o  i s  app rox ima te l y  cons tan t  a t  about 150, t h e  340 
keV r e c o i l s  c o n t r i b u t e  about 20 pe rcen t  o f  t h e  displacements.  I n  t h i s  case, however, t h e  f r a c t i o n  of h i g h  
energy r e c o i l s ,  g r e a t e r  than 200 KeV i s  about 5 t i m e s  lower  than i n  a f u s i o n  spect ra .  

Th is  f r a c t i o n  as w e l l  as t h e  h i g h  energy r e c o i l  c o n t r i b u t i o n  t o  t h e  d isp lacements  can be i nc reased  by 
i n c r e a s i n g  t h e  n i c k e l  con ten t  o f  t h e  a l l o y ,  o r  by i n c r e a s i n g  t h e  thermal  t o  f a s t  f l u x  r a t i o .  A l t e r n a t e l y ,  
a h i g h e r  r a t i o  o f  59Ni /58Ni  p repared by i s o t o p i c  s e p a r a t i o n  c o u l d  be used; 33 pe rcen t  en r i ched  s9Ni i n  a 20 
pe rcen t  n i c k e l  a l l o y  would r e s u l t  i n  about 60 pe rcen t  o f  t h e  d isp lacements  generated by t h e  h i g h  energy 
r e c o i l s ,  and a f r a c t i o n  o f  PUS w i t h  energy g r e a t e r  than  200 keV app rox ima te l y  equal t o  t h a t  i n  a f u s i o n  
spec t ra .  However, burnout  o f  t h e  59Ni  would decrease t h e  h i g h  energy c o n t r i b u t i o n  t o  about 33 pe rcen t  a t  5 
dpa and 14 pe rcen t  a t  10 dpa; hence, t h i s  approach would be u s e f u l  o n l y  i n  a r e l a t i v e l y  l ow  f luence o r  
s h o r t  incrementa l  exposure exper iments.  Some b a s i c  mechanism s t u d i e s  t h a t  would be p o s s i b l e  u s i n g  t h i s  
approach a re  d iscussed below. 

The obvious disadvantage t o  t h i s  means o f  o b t a i n i n g  h i g h  energy r e c o i l  damage i s  t h a t  t h e  i n t r i n s i c  He/dpa 
r a t i o s  would be much t o  h igh .  However, t h i s  problem c o u l d  be m i t i g a t e d  by i r r a d i a t i n g  specimens i n  t h e  
form o f  t h i n  f o i l s  ( f i n e  powders m igh t  a l s o  be cons idered) .  The a lpha  p roduc t  has an energy of about 4 . 3  
MeV and an e q u i v a l e n t  range i n  i r o n  o f  about R = 7.4 pm. As i l l u s t r a t e d  i n  F i g u r e  5 i n  a t h i n  f o i l  
geometry, most o f  t h e  a lpha p a r t i c l e s  would escape, l e a v i n g  o n l y  those e m i t t e d  w i t h i n  t h e  shaded ( s o l i d )  
angle. For a f o i l  o f  t h i ckness  t t h i s  f r a c t i o n  fHe can be r e a d i l y  c a l c u l a t e d  by t h e  exp ress ion  

t 

(5) 
fHe = 5 . 5 5 ~ 1 0 - ~  J ( s i n  -1 (x/Re) + s i n - l ( t - x / R e ) ) d x  - .047t(pm) 

0 

I n  t h i s  c a l c u l a t i o n  t h e  e f f e c t i v e  range of  the  a lpha p a r t i c l e  Re i s  t aken  as 95% o f  t h e  t o t a l  range R t o  
account f o r  s t r a g g l i n g .  W i th  f o i l s  o f  about a micron th i ckness ,  reasonable e f f e c t i v e  He/dpa r a t i o s  (< 50) 
can be ma in ta ined  even up t o  a c t u a l  He/dpa r a t i o s  o f  1000. Format ion o f  s u r f a c e  denuded zones o f  up t o  0.5 
micron and problems o f  f a b r i c a t i o n  and con tamina t i on  may 

F i g u r e  5. I l l u s t r a t i o n  o f  t h e  t h i n  f o i l  geometry needed t o  reduce he l i um r e t a i n e d  from (n,a) r e a c t i o n s .  
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r e s t r i c t  minimum f o i l  t h i c k n e s s  t o  a few microns;  however even a 3 pm f o i l  i s o t o p i c a l l y  t a i l o r e d  t o  produce 
a W d p a  o f  150 would have an e f f e c t i v e  He/dpa r a t i o  o f  o n l y  about 25. Fur the r ,  some o f  t hese  problems 
might be reduced a t  l ower  temperatures where t h e  e f f e c t  o f  cascade damage i s  b e l i e v e d  t o  be most 
s i g n i f i c a n t .  

5.5 D iscuss ion:  I ssues  and O the r  I m p l i c a t i o n s  

The p reced ing  d i s c u s s i o n  o u t l i n e s  a broad s t r a t e g y  t o  a c h i e v i n g  f u s i o n  l i k e  i r r a d i a t o n  v a r i a b l e s  i n  f i s s i o n  
r e a c t o r  environments w i t h  emphasis on mixed spectrum r e a c t o r s .  Wh i l e  a l l  t h e  f u s i o n  v a r i a b l e s  o f  known o r  
p o t e n t i a l  s i g n i f i c a n c e  cannot be d u p l i c a t e d ,  i n  a lmost  a l l  cases i t  i s  p o s s i b l e  t o  conduct  quas i  s i n g l e  
v a r i a b l e  exper iments i n  o r d e r  t o  s y s t e m a t i c a l l y  eva lua te  t h e  e f f e c t s  o f  d i f f e r e n c e s  i n  t h e  i r r a d i a t i o n  
v a r i a b l e s .  Coupled w i t h  p h y s i c a l  models and o t h e r  i n f o r m a t i o n  from f a s t  r e a c t o r  and dua l  i o n  bombardment 
exper iments,  s i g n i f i c a n t  advances i n  f i s s i o n - f u s i o n  c o r r e l a t i o n s  can be a n t i c i p a t e d .  

The approaches o u t l i n e d  here c l e a r l y  n e i t h e r  exhaust  t h e  p o s s i b i l i t i e s  n o r  n e c e s s a r i l y  desc r i be  an optimum 
approach. Fo r  example. t h e r e  a r e  a l a r o e  number of  mechanism s t u d i e s  wh ich  m ioh t  be cons idered.  which 
c o u l d  h e l p  d e v e l o p .  unders tand ing of  c r r t i c a l  phenomena and r e f i n e  models. T o  i l l u s t r a t e  t h i s ' p o i n t ,  
cons ide r  o n l y  a few o f  many p o s s i b i l i t i e s :  

1. He l ium m o b i l i t y  p a r t i t i o n i n g  and i n i t i a l  k i n e t i c s  of  bubb le  f o r m a t i o n ,  and p a r t i t i o n i n g  under r e a l i s t i c  
c o n d i t i o n s  c o u l d  be s t u d i e d  i n  r e l a t i v e l y  low f l u e n c e  exper iments u s i n g  n i c k e l  i s o t o p e  t a i l o r i n g  i n  
HF IR .  I n  p a r t i c u l a r ,  t h e  dependence of  t h e  c a v i t y  d e n s i t y  and t h e  genera l  s c a l e  of  m i c r o s t r u c t u r a l  
development as a f u n c t i o n  o f  t h e  He/dpa r a t i o  and o t h e r  v a r i a b l e s  c o u l d  be determined. 

2. The c a p a c i t y  of  v a r i o u s  m i c r o s t r u c t u r a l  f e a t u r e s  t o  t r a p  he l ium,  t h e  d u r a t i o n  o f  t r a p p i n g ,  and t h e  
e f f e c t  o f  t r apped  he l i um on t h e  s t a b i l i t y  o f  f e a t u r e s  such as MC ca rb ides  c o u l d  be s i m i l a r l y  examined. 

3 .  The b a s i c  importance o f  he l i um i n  c o n t r o l l i n g  t h e  onse t  o f  r a p i d  s w e l l i n g  and t h e  v a l i d i t y  o f  c r i t i c a l  
bubble models can be s t u d i e d  by  lowering t h e  He/dpa r a t i o n  u s i n g  a l l o y s  en r i ched  i n  t h e  i so topes  6 0 N i  
and s6Fe. 

4. The e f f e c t  of  cascade r e c o i l  energy on p o i n t  d e f e c t  s u r v i v a l  c o u l d  be assessed by low f l u e n c e  l o o p  
growth  exper iments  u s i n g  t h i n  f o i l s  e n r i c h e d  i n  59Ni.  A l t e r n a t e l y ,  such f o i l s  m igh t  be f i r s t  be 
i r r a d i a t e d  i n  a f a s t  r e a c t o r  t o  i n i t i a t e  v o i d  s w e l l i n g  f o l l o w e d  by  an i nc remen ta l  exposure o f  seve ra l  
dpa i n  b o t h  t h e  f a s t  r e a c t o r  and HFIR t o  measure any e f f e c t s  o f  h i g h  energy cascade damage p r o d u c t i o n  
on t h e  subsequent s w e l l i n g  r a t e s .  H igh energy r e c o i l  p r i m a r y  de fec t  p r o d u c t i o n  e f f e c t s  on o t h e r  
p r o p e r t y  changes wh ich  occu r  a t  such exposures (e.g.  c reep)  c o u l d  be eva lua ted  i n  a s i m i l a r  manner. 

Whi le  t hese  and many o t h e r  p o s s i b i l i t i e s  e x i s t ,  t h e r e  a r e  a number of  p o t e n t i a l  problems t o  be o v e r c m e  and 
techn iques wh ich  must be developed i f  t h e  f u l l  p o t e n t i a l  o f  t h e  i s o t o p e / s p e c t r a l  t a i l o r i n g  approach i s  t o  
be r e a l i z e d .  The p r i m a r y  i ssues  o f  concern  i n c l u d e :  

1. Procedures t o  produce 5 s N i  i n  HFIR p o s i t i o n s ,  and means o f  e x t r a c t i n g  pure  n i c k e l  f rom i s o t o p i c a l l y  
As no ted  by  Simons, i s o t o p i c  s e p a r a t i o n  o f  5 9 N i  would a l s o  be a use fu l  c a p a b i l i t y .  

2 .  Measurement of  i s o t o p i c  p r o d u c t i o n  r a t e  of  he l i um i n  v a r i o u s  spec t ra  of i n t e r e s t .  F u r t h e r ,  such 
measurements shou ld  be extended t o  measure hydrogen p r o d u c t i o n  and changes i n  s o l i d  e lementa l  
components. 

Development and e v a l u a t i o n  procedures t o  ensure r e p r o d u c i b i l i t y  and c o m p o s i t i o n - m i c r o s t r u c t u r a l  c o n t r o l  
i n  smal l  s l i t  me l t s .  The n e c e s s i t y  t o  hand le  r a d i o a c t i v e  s t o c k  may comp l i ca te  t h e  f a b r i c a t i o n  problem 
f u r t h e r .  Deve lop ing  techn iques f o r  f a b r i c a t i n g  and i r r a d i a t i n g  t h i n  f i l m s  t o  s tudy r e c o i l  e f f e c t s  
would a l s o  be r e q u i r e d .  

mod i f i ed  m a t e r i a l s .  

3 .  

4. Cont inued e f f o r t s  a t  deve lop ing  smal l  specimen t e s t i n g  procedures 

5 .  Improved m o n i t o r i n g  and c o n t r o l  of  tempera tures  i n  HFIR (and EBRII i f  i t  i s  used). F u r t h e r ,  
development o f  a s p e c t r a l  t a i l o r i n g  f a c i l i t y  i n  t h e  r e f l e c t o r  p o s i t i o n  i n  HFIR would be ve ry  u s e f u l .  

Whi le  t hese  developments may i n v o l v e  cons ide rab le  e f f o r t ,  i t  seems l i k e l y  t h a t  t hese  and o t h e r  r e l a t e d  
problems can be so lved.  As noted i n  t h e  i n t r o d u c t i o n ,  a h i g h  energy- f lux- volume i r r a d i a t i o n  f a c i l i t y  w i l l  
be r e q u i r e d  f o r  t h e  r a t i o n a l  development o f  h i g h  performance s t r u c t u r a l  a l l o y s  f o r  f u s i o n  r e a c t o r s .  
However, i n  t h e  i n t e r i m ,  t h e  c r e a t i v e  use of  i s o t o p e  and s p e c t r a l  t a i l o r i n g  i n  f i s s i o n  r e a c t o r s  promises t o  
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be a rich source of information and a sound basis for preliminary data correlation for fusion reactor 
structural alloys. 
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7.0 Future Work 

An initial experiment to use the isotope tailoring technique has been proposed, and a detailed plan will 
be developed during the next reporting period. 
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HELIUM PRODUCTION CROSS SECTIONS FOR 14.8-MeV NEUTRONS 

B. M. O l i v e r ,  D. W. Kneff, R .  P .  Skowronski, and H .  F a r r a r  I V  (Rockwel l  I n t e r n a t i o n a l )  

1.0 O b j e c t i v e  

The o b j e c t i v e  o f  t h i s  work i s  t o  measure he l ium genera t ion  r a t e s  o f  m a t e r i a l s  f o r  Magnetic Fus ion  Reactor 
a p p l i c a t i o n s  i n  the  -14.8-MeV T(d,n) neu t ron  environment.  

2 .0  Summary __ 

T o t a l  h e l i u m  p r o d u c t i o n  c r o s s  s e c t i o n s  have been measured f o r  e leven  separated i s o t o p e s  of l e a d  and t i n  
i r r a d i a t e d  i n  the  -14.8-MeV T(d,n) neu t ron  env i ronment  o f  RTNS-11. 

3.0 Program ___ 

T i t l e :  Hel ium Generat ion i n  Fus ion  Reactor  M a t e r i a l s  
P r i n c i p a l  I n v e s t i g a t o r s :  D. W .  K n e f f  and H. F a r r a 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  

4.0 Re levan t  OAFS Program P lan  Task/Subtask 

Subtask I I .A.S.2 T (d ,n l  Hel ium Gas Produc t ion  Data 

5.0 Accomplishments and S t a t u s  

The t o t a l  h e l i u m  p r o d u c t i o n  c r o s s  s e c t i o n s  o f  t h e  separated i s o t o p e s  116Sn, l17Sn, 118Sn, 119Sn, 120Sn, 
lZ2Sn,  lZ4Sn, 204Pb, 206Pb, 207Pb, and 208Pb have been measured f o r  -14.8-MeV T(d,n) neu t rons  f rom t h e  
R o t a t i n g  T a r g e t  Neutron Source-11. The measurements were made by i r r a d i a t i n g  m u l t i p l e  samples o f  each sepa- 
r a t e d  i s o t o p e  i n  c l o s e  geometry t o  t h e  RTNS-I1 source, and subsequent ly  a n a l y z i n g  t h e  samples f o r  h e l i u m  by 
h i g h - s e n s i t i v i t y  i s o t o p e - d i l u t i o n  gas mass s p e c t r o m e t r y . ( l )  The i r r a d i a t i o n  was a j o i n t  Rockwt l l  I n t e r n a -  
t i o n a l  -Argonne N a t i o n a l  Labora to ry  (ANI)-Lawrence l i v e r m o r e  N a t i o ? $ j  Labora to ry  (LLNLI exper iment  t h a t  a1 so 
i n c l u d e d  numerous o t h e r  m a t e r i a l s  f o r  c r o s s  s e c t i o n  measurements. The neu t ron  f l uence  r e c e i v e d  a t  each 
sample l o c a t i o n  was determined by d e t a i l e d  neu t ron  f l u e n  e m p p i n g  o f  t h e  i r r a d i a t i o n  volume u s i n g  a combi- 
n a t i o n  of r a d i o m e t r i c  and h e l i u m  accumu la t ion  dosimetry.(i3,4f Var ious aspects  o f  t h i s  work were suppor ted  
by t h e  O f f i c e  of Fus ion  Energy and t h e  O f f i c e  of Bas ic  Energy Sciences o f  t h e  U.S. Department o f  Energy. 

The i r r a d i a t e d  i s o t o p e s  were etched, t o  remove a l l  p o s s i b l e  e f f e c t s  o f  h e l i u m  r e c o i l  i n t o  o r  o u t  o f  t h e  sam- 
p l e s ,  and then  analyzed u s i n g  a new cons tan t - tempera tu re  sample furnace. These samples were n o t  segmented, 
a s  was done f o r  most o f  t h e  p r e v i o u s l y  analyzed samples, because o f  t h e  low h e l i u m  c o n c e n t r a t i o n s  expected. 
The measured h e l i u m  c o n c e n t r a t i o n s  i n  these  samples ranged from 0.07 appb t o  1.8 appb (a tomic  p a r t s  p e r  b i l -  
l i o n ,  10-9 atom f r a c t i o n ) .  

The new cons tan t- tempera tu re  furnace was developed f o r  t h e  a n a l y s i s  o f  samples w i t h  smal l  ( - 1  mb) h e l i u m  
p r o d u c t i o n  c r o s s  sec t ions ,  and f o r  m e t a l l i c  samples o f  l a r g e  mass (>ZOO mg). The furnace u t i l i z e s  a l a r g e  
g r a p h i t e  c r u c i b l e ,  ma in ta ined  a t  a c o n s t a n t  e l e v a t e d  tempera tu re  (-2OOO"C), i n t o  wh ich  samples a r e  dropped 
remote ly .  
v i d u a l  r e s i s t a n c e- h e a t e d  tungs ten  w i r e  c r u c i b l e s .  
s m a l l e r  than  i s  c u r r e n t l y  produced when v a p o r i z i n g  samples i n  ou r  l a r g e r  r e s i s t a n c e- h e a t e d  g r a p h i t e  c r u c i -  
b l e s .  
u r e d  oven background was (0 .4  f 2.1) x l o 8  atoms o f  he l ium.  

Th is  system p r o v i d e s  a more u n i f o r m  background s i g n a l  than  i s  c u r r e n t l y  o b t a i n a b l e  by u s i n g  i n d i -  
The background u n c e r t a i n t y  i s  a l s o  an o rder- o f - magn i tude  

The meas- The Pb and Sn analyses were performed i n  t h e  new furnace u s i n g  an empty, heated c r u c i b l e .  
H i g h- m e l t i n g - p o i n t  samples w i l l  u t i l i z e  a 
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TABLE 1 

TOTAL HELIUM GENERATION CROSS SECTIONS FOR -14.8-MeV NEUTRONS(a) 

Cross Sec t i on  Cross S e c t i o n  
Ma t e r i  a1 (mbl M a t e r i a l  (mbl 

Sn-116 3.0 f 0.2 Pb-204 1.02 f 0.08 
Sn-117 3.0 0.2 Pb-206 0.66 f 0.06 
Sn-118 1.4 f 0.1 Pb-207 0.52 0.04 
Sn-119 1.2 f 0.1 Pb-208 0.42 * 0.04 
Sn-120 0.62 f 0.05 
Sn-122 0.34 0.03 
91-124 0.12 f 0.02 

( a l p r e l i m i n a r y  values;  see t e x t .  

l i q u i d  metal  b a t h  w i t h i n  t h e  c r u c i b l e ,  where t h e  samples' h e l i u m  w i l l  be re leased  by sample d i s s o l u t i o n .  
I n i t i a l  t e s t s  have been conducted u s i n g  n i c k e l  f o r  t h e  l i q u i d  meta l  bath,  and a d d i t i o n a l  t e s t s  a r e  planned 
u s i n g  a l t e r n a t i v e  metals.  

The c r o s s  s e c t i o n  r e s u l t s  f o r  t h e  e leven Sn and Pb i s o t o p e s  a r e  summarized i n  Tab le  1. 
were determined by f i r s t  e v a l u a t i n g  t h e  c ross  s e c t i o n  of  each i r r a d i a t e d  i s o t o p i c  m a t e r i a l .  The c r o s s  sec- 
t i o n  o f  each i s o t o p e  was then c a l c u l a t e d  by c o n s t r u c t i n g  a m a t r i x  o f  equat ions  f o r  a l l  o f  t h e  en r i ched  i s o -  
topes o f  t h a t  element, and s o l v i n g  i t  t o  c o r r e c t  t h e  c r o s s  s e c t i o n  measurement o f  each en r i ched  i s o t o p e  f o r  
t h e  smal l  c o n c e n t r a t i o n s  o f  each o f  t h e  o t h e r  i so topes  i n  t h e  m a t e r i a l .  
were those p rov ided  by t h e  vendor Oak R i d  e Na t i ona l  L a b o r a t o r y ) .  The e f f e c t  of  smal l  i m p u r i t y  concent ra-  

performed u s i n g  es t ima ted  va lues f o r  t h e  unknown c ross  sec t i ons .  

These c ross  s e c t i o n s  

The assumed i s o t o p i c  compos i t ions  

t i o n s  o f  t h e  unmeasured i so topes  li2Sn, l1 ! Sn, and ll%n was found t o  be n e g l i g i b l e ,  based on c a l c u l a t i o n s  

These c r o s s  sec t i ons  must be cons idered p r e l i m i n a r y  a t  t h e  p r e s e n t  t ime, because an independent a n a l y s i s  has 
n o t  y e t  been performed t o  t e s t  t h e  i s o t o p i c  m a t e r i a l s  f o r  i m p u r i t y  elements. 
i m p u r i t i e s ,  such as C, 0, and S i ,  w i t h  h i g h  (n,Xal c r o s s  s e c t i o n s  c o u l d  have an e f f e c t  on these  low measured 
c ross  sec t i ons .  However, t h e  e lementa l  i m p u r i t i e s  a r e  expected t o  be n e g l i g i b l e .  Spect roscop ic  a n a l y s i s  of  
another  separa ted i so tope  o r i g i n a l l y  p repared i n  an i d e n t i c a l  manner a t  Oak Ridge (reduced t o  m e t a l l i c  form 
and a rc - me l ted  t o  re lease  a l l  he l ium1 i n d i c a t e d  l i m i t e d  i m p u r i t i e s  o n l y  a t  t h e  p a r t s - p e r - m i l l i o n  l e v e l .  The 
measured Sn and Pb c ross  sec t i ons  a l s o  e x h i b i t  t h e  expected decrease i n  va lue  w i t h  i n c r e a s i n g  mass number. 
F u r t h e r  evidence of  a n e g l i g i b l e  i m p u r i t y  e f f e c t  i s  g i ven  by t h e  abundance-weighted averages o f  t h e  measured 
i s o t o p i c  c r o s s  sec t i ons .  
Sn. These c a l c u l a t e d  c ross  s e c t i o n s  a re  s l i g h t l y  l ower  than, b u t  c o n s i s t e n t  i t h  t h e  p r e v i o u s l y  measured 
pure-element c r o s s  sec t i ons  o f  0.62 f 0.05 mb and 1.5 f 0.1  mb, r e ~ p e c t i v e l y . 7 ~ . ~ j  Low-2 i m p u r i t i e s  would 
have produced r e l a t i v e l y  h i g h e r  c r o s s  sect ions .  
5.3 mb, 4.2 mb, and 3.7 mb f o r  l12Sn, 114Sn, and 115Sn, r e s p e c t i v e l y ,  b u t  t h e  results are n o t  very  sens i -  
t i v e  t o  t hese  es t ima tes  because o f  t h e  l ow  abundances o f  t h e  t h r e e  i so topes .  

Small c o n c e n t r a t i o n s  of  low-2 

They g i v e  c a l c u l a t e d  pure-element c r o s s  s e c t i o n s  o f  0.51 mb f o r  Pb and 1.4 mb f o r  

The t i n  c a l c u l a t i o n  used es t ima ted  c ross  sec t i ons  of  
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7.0 F u t u r e  Work 

A new RTNS-I1 i r r a d i a t i o n  i s  i n  p lann ing ,  t o  measure t h e  t o t a l  h e l i u m  p r o d u c t i o n  c r o s s  s e c t i o n s  o f  new 
m a t e r i a l s  (e.g.,  N, Mg, W) a t  14.8 MeV. 

8.0 P u b l i c a t i o n s  

None. 
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HELIUM PRODUCTION I N  REACTOR-IRRADIATED COPPER 

D. W. Kne f f ,  8.  M. O l i v e r ,  and R. P. Skowronski (Rockwel l  I n t e r n a t i o n a l )  

1.0 O b j e c t i v e  

The o b j e c t i v e s  o f  t h i s  work a re  t o  app l y  he l i um accumula t ion  neu t ron  dos imet ry  t o  t h e  measurement o f  neu t ron  
f l uences  and energy spec t ra  i n  mixed-spectrum f i s s i o n  r e a c t o r s  u t i l i z e d  f o r  f u s i o n  m a t e r i a l s  t e s t i n g ,  and t o  
measure he l i um gene ra t i on  r a t e s  o f  m a t e r i a l s  i n  these i r r a d i a t i o n  environments.  

2.0 Summary 

Hel ium gene ra t i on  measurements have been per fonred f o r  copper samples i r r a d i a t e d  i n  t h e  H igh F lux  I so topes  
Reactor (HFIR) exper iments CTR30 and CTR32, and i n  t h e  Oak Ridge Research Reactor  ( O R R )  exper iment MFE4B. 
The h i g h  measured he l ium c o n c e n t r a t i o n s  i n  t h e  CTR30 samples (up t o  81 appm) p r o v i d e  f u r t h e r  evidence f o r  
t h e  r e c e n t l y  i d e n t i f i e d  thermal t h ree- s tage  r e a c t i o n  process  i n  copper. 

- 

3.0 Program 
~ 

T i t l e :  Hel ium Generat ion i n  Fus ion Reactor M a t e r i a l s  
P r i n c i p a l  I n v e s t i g a t o r s :  0. W .  K n e f f  and H. F a r r a 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  

4.0 Re levant  OAFS Program Plan Task/Subtask 

Task I I . A . l  F i s s i o n  Reactor  Dosimetry 
Task I I .A.4 Gas Genera t ion  Rates 
Subtask I I . A . 5 . I  Helium Accumulat ion Mon i to r  Development 

5.0 Accomplishments and S t a t u s  

Hel ium g e n e r a t i o n  measurements have been pe r fon red  f o r  copper samples i r r a d i a t e d  i n  HFIR as p a r t  o f  e x p e r i -  
ments CTR30 and CTR32, and i n  ORR as p a r t  o f  exper iment MFE4B. 
Rockwell -Argonne Na t i ona l  Labora tory  (ANL) program t o  measure t o t a l  he1 ium p r o d u c t i o n  r a t e s  over  t h e  range 
o f  f i s s i o n  r e a c t o r  neu t ron  spec t ra  and f l uences  used f o r  f u s i o n  m a t e r i a l s  t e s t i n g ,  and t o  use t h e  r e s u l t s  t o  
i n t e g r a l l y  t e s t  he l ium p r o d u c t i o n  c r o s s  s e c t i o n  e v a l u a t i o n s  used i n  damage c a l c u l a t i o n s .  
urements were performed t o  ex tend t h e  da ta  base f o r  h e l i u m  g e n e r a t i o n  i n  r e a c t o r - i r r a d i a t e d  copper a t  h i g h  
neu t ron  f l uences .  The r e s u l t s  w i l l  be used i n  t h e  d e t e r m i n a t i o n  o f  those spec t rum- in teg ra ted  c r o s s  s e c t i o n s  
needed t 

These measurements a r e  p a r t  o f  a j o i n t  

The p resen t  meas- 

r e d i c t  he l i um gene ra t i on  i n  copper a t  h i g h  f luences from t h e  thermal t h ree- s tage  r e a c t i o n  
process.  P19 

The copper samples were i r r a d i a t e d  i n  HFIR and ORR as bare  w i r e  segments, and were used f o r  b o t h  he l i um 
accumula t ion  and r a d i o m e t r i c  dos imet ry  measurements ( t h e  l a t t e r  a t  ANL). 
i r r a d i a t i o n ,  t o  remove any he l i um r e c o i l  e f f e c t s ,  and then  segmented b e f o r e  h e l i u m  n l y s i s .  The he l i um 

c a t e  ana lyses  f o r  each sample l o c a t i o n .  
3He, wh ich  i s  formed from t h e  decay o f  t r i t i u m  o f t e n  found i n  r e a c t o r  environments.  
t i o n  i n  each case was measured t o  be l e s s  t h a t  2 appb (10-9 atom f r a c t i o n ) .  
each 4He a n a l y s i s  was *1-2%. 

The samples were e tched f o l l o w i n g  

analyses were performed by h i g h - s e n s i t i v i t y  i s o t o p e - d i l u t i o n  gas mass spect romet ry ,  ?2? and i n c l u d e d  dupl  i- 
Se lec ted  samples f rom each i r r a d i a t i o n  were a l s o  analyzed f o r  

The 3He concent ra-  
The abso lu te  u n c e r t a i n t y  i n  
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TABLE 1 

HELIUM PRODUCTION MEASUREMENTS FOR COPPER IRRADIATED IN HFIR At?D ORE 

Ca l cu la ted  

H e i g h t ( a )  F luence Measur d C a l c u l a t  d (C)  Measured 
4He Concen t ra t i on  

Core Thermal 

Exper iment Sample (cml  (1022 n/cm2) (appm)Pb) (appmi Pb 1 (C/E 1 

HFIR-CTR30 Cu-1 121.86 3.36 24.1 6.17 0.26 
cu-3 + 5.20 6.12 81.3 11.32 0.14 
cu-5 -11.46 4.96 52.4 10.01 0.19 

HFIR-CTR32 Cu-1 t21.86 0.84 2.50 1.58 0.63 
cu-5 -11.46 1.24 4.54 2.57 0.57 

ORR-MFE4B cu-3 -13.64 i n n e r  0.56 2.03 1.37 C.67 
cu-4 -13.64 o u t e r  0.61 1.99 1.38 0.69 

(a )O i s tance  above c o r e  midp lane 
(b )Atomic  p a r t s  p e r  m i l l i o n  (10-6 atom f r a c t i o n )  
IciL. R.  Greenwood, Refs. 3-5. These c a l c u l a t i o n s  i n c l u d e  he l i um  p r o d u c t i o n  f rom fas t - neu t ron  

r e a c t i o n s  o n l y .  

The ana lyzed samples a r e  l i s t e d  i n  Tab le  1. 
concen t ra t i ons ,  and compar' on between t h e  measurements and p r e d i c t i o n s .  
l a t i o n s  b y  L .  R .  G r e e n w o ~ d ~ ~ - ~ ~  u s i n g  EIIDF/B-V c ross  s e c t i o n  eva lua t i ons ,  i n c l u d e  o n l y  f as t - neu t roc  he l i um  
p roduc t i on .  
spectrum r e a c t o r  samples measure 
v i o u s i y  measured copper sarflples.~l) Comparison o f  t h e  ca l cu l a ted /expe r imen ta l  ( C / E )  r a t i o s  f o r  these  sam- 
p l e s  (Tab le  1, Column 7 )  demonstrates t h e  s i g n i f i c a n t  i nc rease  i n  he l i um  p r o d u c t i o n  r a t e  a t  hiGn f luences .  
The l a r g e  d isc repancy  i n  t h e  C / E  va l ues  i s  a t t r i b u t e d  p r i m a r i l y  t o  h e l i u n  p rcc luc t ion  fror? t h e  t h ree- s tage  
r e a c t i o n  process 

Tab le  1 a l s o  g i v e s  t h e i r  i r r a d i a t i o n  l o c a t i o n s ,  measured h e l i u m  
The p r e d i c t i o n s ,  based on c a l c u -  

t o  date,  and e x h i b i t  s i g n i f i c a n t l y  h i g h e r  he l i um  concen t ra t i ons  t han  p re -  
Samples from Exper iment CTR30 were exposed t o  t h e  h i g h e s t  neu t ron  f luences  o f  any n i x e d -  

6 3 ~ u ( n , r 1 6 4 ~ u  ~- %n(n, v i 6 5 ~ n ( n , ~ ) S z ~ i  

w i t h  thermal  n e u t r o n s . ( l )  
measurements summarized i n  t h e  p rev i ous  DAFS r e p o r t , ( l )  f o r  copper saniples i r r a d i a t e d  t o  d i f f e r e n t  f luences  
i n  o t h e r  mixed-spectrum r e a c t o r  exper iments,  and p r o v i d e  f u r t h e r  ev idence f o r  t h e  t h ree- s tage  r e a c t i o n  
mechanism. 

The p resen t  measureinents a r e  c o n s i s t e n t  w i t h  t h e  copper h e l i u m  c o n c e n t r a t i o n  

The p resen t  r e s u l t s ,  p l u s  t h e  p r e v i o u s l y - r e p o r t e d  r e s u l t s ,  and a d d i t i o n a l  da ta  developed a t  ANL, a r e  b e i n g  
used i n  a j o i n t  Rockwell-ANL e f f o r t  t o  de termine  a c o n s i s t e n t  s e t  o f  spec t rum- in teg ra ted  c r o s s  s e c t i o n s  f o r  
b o t h  t he rma l -  and f as t - neu t ron  he l i um  p r o d u c t i o n  i n  copper.  These r e s u l t s  can t hen  be  used t o  o b t a i n  more 
accu ra te  p r e d i c t i o n s  o f  he l i um  g e n e r a t i o n  i n  r e a c t o r - i r r a d i a t e d  copper a t  h i g h  neu t ron  f l uences .  
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5. L.  R. Greenwood, " F i s s i o n  Reactor Dosimetry," i n  Damage Ana lys i s  and Fundamental S tud ies ,  Q u a r t e r l y  
Progress Report  January-March 1985, DOE/ER-D046/21 ( t h i s  volume), U.S. Department o f  Energy (1985). 

7.0 F u t u r e  Work 

A j o i n t  Rockwell-ANL e f f o r t  i s  i n  progress  t o  determine t h e  spec t rum- in teg ra ted  c r o s s  s e c t i o n s  f o r  t h e  reac-  
t i o n s  64Cu(n,r), 65Zn(n,a), 6 5 Z n ( n , ~ ) ,  and 63Cu(n,.). 
p r e d i c t i o n s  o f  he l i um p r o d u c t i o n  i n  copper samples i r r a d i a t e d  t o  h i g h  neu t ron  f l u e n c e s  i n  mixed-spectrum 
r e a c t o r s .  

The r e s u l t s  w i l l  p r o v i d e  a b a s i s  f o r  more accu ra te  

8.0 Pub1 i c a t i o n s  

A paper e n t i t l e d  "Hel ium Produc t i on  i n  Copper by  a Thermal Three-Stage React ion,"  by D. W. Kneff (Rockwel l ) ,  
L .  R. Greenwood (ANL), 6.  M. O l i v e r ,  and R. P. Skowronski (Rockwe l l ) ,  w i l l  be presented a t  t h e  I n t e r n a t i o n a l  
Conference on Nuc lear  Data f o r  Bas i c  and App l i ed  Science, i n  Santa Fe, New Mexico i n  May 1985. 
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CHAPTER 3 

REDUCED ACTIVATION MATERIALS 
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NEUTRON-INDUCED SWELLING OF Fe-Cr-Mn TERNARY ALLOYS 

F. A. Garner and H. R .  Brager  (Hanford  Eng ineer ing  Development Labo ra to ry )  

1 .o O b j e c t i v e  

The o b j e c t  of  t h i s  e f f o r t  i s  t o  de termine those  f a c t o r s  which c o n t r o l  t h e  s w e l l i n g  o f  a l l o y  systems which 
have t h e  p o t e n t i a l  f o r  reduced a c t i v a t i o n .  

2.0 Summary 
~ 

It appears t h a t  t h e  s w e l l i n g  of  Fe-Cr-Mn a l l o y s  i s  remarkab ly  i n s e n s i t i v e  t o  bo th  i r r a d i a t i o n  tempera ture  
(420-600°C) and compos i t ion .  
t o  be p r i m a r i l y  t h e  consequence of  a composi t ion-dependent d e n s i f i c a t i o n ,  p o s s i b l y  assoc ia ted  w i t h  
r a d i a t i o n - i n d u c e d  sp inoda l  decompos i t ion  i n  t h e  Fe-Cr-Mn I n v a r  regime. 
t hese  a l l o y s  appears t o  be z l%/dpa.  

The s l i g h t  dependence o f  macroscopic s w e l l i n g  on manganese c o n t e n t  i s  thought  

The s t e a d y- s t a t e  s w e l l i n g  r a t e  of  

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  A n a l y s i s  (AKJ) 
P r i n c i p a l  I n v e s t i g a t o r :  D. G. Doran 
A f f i l i a t i o n :  Hanford Eng ineer ing  Development Labo ra to ry  

4.0 Relevant DAFS Program Plan Task/Subtask 

Subtask I I . C . l  E f f ec t s  of  M a t e r i a l  Parameters on M i c r o s t r u c t u r e  

5.0 Accomplishments and S ta tus  

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

I n  a p r e v i o u s  r e p o r t ( ] )  i t  was shown t h a t  t h e  s w e l l i n g  of  s imp le  Fe-Fln b i n a r y  and Fe-Mn-Cr t e r n a r y  a l l o y s  
i n  FFTF-MOTA a t  520°C and %I4 dpa i s  remarkab ly  i n s e n s i t i v e  t o  t h e  chromium l e v e l  and o n l y  weakly depen- 
den t  on  t h e  manganese l e v e l  as shown i n  F i g u r e  l a .  F i g u r e  l b  shows t h a t  t h i s  behav io r  i s  a u i t e  d i f f e r e n t  
from t h a t  of Fe-Cr-Ni a l l o y s  which a r e  s t r o n g l y  s e n s i t i v e  t o  b o t h  chromium and n i c k e l  f o r  comparable 
i r r a d i a t i o n  c o n d i t i o n s .  

A d d i t i o n a l  immersion d e n s i t y  d a t a  a re  now becoming a v a i l a b l e  f o r  t h i s  i r r a d i a t i o n  s e r i e s .  The p o r t i o n  o f  
t h e  d a t a  m a t r i x  t h a t  i s  now complete l eads  us t o  r e v i s e  somewhat o u r  e a r l i e r  concep t i on  o f  t h e  pa rame t r i c  
dependency o f  s w e l l i n g  i n  t h e  Fe-Cr-Mn system. 
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F I G U R E  1. Comparison between neutron-induced swelling in Fe-Cr-Mn and Fe-Cr-Ni alloys. ( 1 )  
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FIGURE 2. Comparison of new data on swelling of Fe-5Cr-15Mn at 14 dpa and the trend of previously 
published data for other Fe-Cr-Mn alloys at 520°C and 14 dpa. 

5.2 New Data 

Figure 2 shows that the swelling data of one alloy, Fe-50-lSMn, does not fit the behavior typical of the 
other previously reported alloys irradiated at 520°C and 14 dpa. At 600°C and 14 dpa essentially the 
same swelling is observed for this alloy, however, which leads us to speculate that irradiation ahove 
500°C has caused some relatively temperature-independent phase evolution for this alloy that is different 
from that of the others. 
after irradiation at 600°C and 14 dpa essentially the same swelling as  observed at 520°C and 14 dpa. 
implies that there is little or no dependence of swelling on temperature in the range 520-600'r. 

Figure 3 shows that, with the pxception of Fe-SCr-l5Mn, all other alloys exhihit 
This 

It is 
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desired to check whether the independence of temperature extends as low as 420°C but unfortunately the 
data at 420'C exist only at 9 dpa, as is also shown in Figure 3. 
densify hut that rather large densifications are exhibited at the hiqher manganese levels. 

Note that at 420°C most of the specimens 

At this point we can borrow from our experience on Fe-Cr-Ni alloys and remember that at low temperature 
there is usually no temperature dependence of swelling and thus we can plot the data ignorinq the tempera- 
ture.(2.3) 
for each alloy and that each line exhibits a slope of Il%/dpa. 
to that observed for all other austenitic alloys in the post-transient regime.12) 

Note in Figure 4 that we can draw lines between (420°C, 9 dpa) data and (520°C. 14 dpa) data 
This apparent swelling rate is identical 

The densification shown in Figures 3 and 4 tends to imply that much of the previously observed composition 
dependence o f  post-irradiation density change is a reflection o f  a process other than void swellinq. 
Therefore the composition dependence of swelling in the Fe-Cr-Mn system appears to he even less than 
previously reported.(l) 
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FIGURE 3. New data showing swelling o f  Fe-Cr-Mn alloys and 420°Cand6000C. Some alloys densify at 420'C. 

5.3 Discussion 

The alloys irradiated in this experiment were selected to explore th 
exists between anomalous Invar properties and swellin resistance. (47 Since the Fe-Cr-Mn system also 
exhibits Invar behavior in the range around 35% Mn(5,2,7) it was thought that there might he some 
advantage to developing low activation austenitic alloys which contain manganese levels of this magnitude. 

possibility that a correlation 

Just as radiation-induced spinodaling is a consequence of the same metastability that produces anomalous 
properties in the Fe-Cr-Ni Invar regime, it is suggested that spinodaling also occurs in the Fe-Cr-Mn 
Invar regime. In order to quickly and almost completely destroy the compositional and temperature 
dependence of swelling, however, spinodal decomposition in the Fe-Cr-Mn system must occur faster than it 
does in the Fe-Cr-Ni system. The den ification of 2.2% observed in Fe-35Mn is much larger than the 0.9% 
that occurs in the Fe-Ni-Cr system.(af This implies a much larger driving force in the Fe-Cr-Mn 
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DISPLACEMENTS PER ATOM 

FIGURE 4. P l D t  of Fe-Cr-Fln s w e l l i n g  d a t a  assuming indeoendence of  s w e l l i n q  on tPmpPra t i i?  t:t,.c-L' 
t e m p e r a t u r e s  o f  470 and 520'1:. 

s ys tem.  
o f  Fe-Cr-Mn a i l o y s  b e l o w  3551 manganese i s  v e r y  l a r g e .  I f  t h e  d e n s i t y  a q a i n  r i s e ?  S t e e p l y  a b n w  7c,il 
manganese, s p i n o d a l  d e c o m p o s i t i o n  c o u l d  i n d e e d  l e a d  t n  a v e r y  s u b s t a n t i a l  d e n s i f i c a t . i n n  ani1 a l i ' o r  
d r i v i n q  f o r c e .  

F i g u r e  5 i n d e e d  shows t h a t  t h e  r a t e  of change w i t h  manqanese c o n t e n t  o f  o r e - i r r n d i n t i s n  r i a n 5 i t y  

5 . 4  C o n c l u s i o n s  

Tne re  does n o t  appea r  t o  h e  any  advan taqe  t o  h e  g a i n e d  at. h i q h e r  (.?n%) manoanese c o n t e n t s  i P  !cr'-s .if t h e  
i n t r i n s i c  s w e l l i n g  r e s i s t a n c e  of  s i m p l e  Fe-Cr-Mn a l l o y s .  i !owever,  t h i s  c o n c l u s i o n  may  n u t  a"Ll'i t n  t h e  
s o l u t e - m o d i f i e d  Fe-Cr-Nn a l l o y s  wh i ch  have n o t  y e t  heen examined.  Ti r a d i a t i o n - i n d i i c e r l  s o i n o l ? . l  d p c ? ~ o n s i -  
t i o n  i s  c a u s i n g  b o t h  l a r g e  d e n s i f i c a t i o n s  and t hP  d e s t r u c t i o n  o f  t i l e  s w e l l i n q  r e s i s t a n c c ,  t h e n  t i -  s h d y  
o f  t h e  d i f f e r e n c e s  be tween Fe-Cr-Fln and Fe-Cr-Fli  l n v a r  a l l o y s  m a y  l e a d  t o  c l u e s  a s  t o  how t o  S ! J D O ~ ~ S S  t h e  
s p i n o d a l  p r o c e s s  and e x t e n d  t h e  i n c u b a t i o n  p e r i o d  o f  s w e l l i n q .  Therefore e x a n i i n a t i o n  o f  t h e  Fe-Cr- I ln 
I n v a r  a l l o y s  will c o n t i n u e  d e s p i t e  t h e  i n i t i a l l y  u n s u c c e s s f u l  a p p l i c a t i o n  of t h e  I n v a r - s w P l l i n g  r e s i s t a n c e  
c o r r e l a t i o n  t o  t h e  s i m p l e  Fe-Cr-Mn sys tem.  

6.6 Re fe rences  

1 .  H. R .  B r a g e r  and F. A. Ga rne r ,  " S w e l l i n g  of  Fe-Cr-Mn T e r n a r y  A l l o y s  i n  FFTF," DAFS f l u a r t e r l y  D r o n r p ? s  
Report,DOE/ER-0046/19, November 1984, 31-33.  

~ 

7. F. A. Ga rne r ,  J .  N u c l .  Ma te r . ,  127 R 1 2 3  (1984 )  4 5 9 - 4 7 1 .  

3. F. A .  Garner ,  " A p p l i c a t i o n  o f  r i g h  F l u e n c e  F a s t  R e a c t o r  Data  t o  F u s i o n- R e l e v a n t  t 4 3 t e r i a i s  Prohle:?s,"  
t h i s  volume. 

4 .  H. R .  B r a g e r  and F. A. Garner ,  "Fundamenta l  P i l o y  S t u d i e s , "  DAFS D u a r t e r l y  P r o g r e s s  R e n o r t ,  
DOE/ER-0046/17,  Nay 1984, 93-101. 

44 



5. 

6. 

7. 

Y .  Endoh, Y. Noda and M. I i z u m i ,  J. Phys. Sac. Japan, - 50, No. 2 (1981 ) .  469-475. 

0.  G. Soko lov  and A. I .  M e l ' k e r ,  S o v i e t  Phys ics- Dok lady,  - 9, No. I ,  (1965) ,  1019-1021 

0. A. Khornenko and I .  F. K h i l ' k e v l c h ,  Met .  Term. Obra. Met .  - 6 (1987) .  42-44. 

8. H. R .  B rage r  and F. A. Garner,  " S w e l l i n g  o f  Fe-Ni- Cr  T e r n a r y  A l l o y s  a t  H i g h  Exposure,"  OAFS 0Uar te r l .Y  
P rog ress  Report ,  DOE/ER-0046/16, Feb. 1984, 38-45. 

7.0 F u t u r e  Work 

D e n s i t y  change d a t a  w i l l  c o n t i n u e  t o  b e  accumu la ted  on t e r n a r y  and s o l u t e - m o d i f i e d  Fe-Cr-Mn a l l o y s .  
s e r i e s  o f  Fe-Cr-Mn-Ni a l l o y s  i s  a l s o  b e i n g  p r e p a r e d  f o r  i r r a d i a t i o n  i n  FFTF-MOTA. 

A 

8.0 P u b l i c a t i o n s  

None. 

8.0 

7.9 

ORIGINAL 
DENSITY OF 
ANNEALED 

ALLOY 7,8 

g m ~ c m 3  

7.7 

7.6 
1 

I I I 1 

I I I I 
15 20 25 30 

wr.% MANGANESE 

FIGURE 5. Dependence o f  p r e - i r r a d i a t i o n  d e n s i t y  on c o m p o s i t i o n  f o r  annea led  Fe-Cr-Mn a l l o y s .  
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FUNDAMENTAL I R R A D I A T I O N  STUDIES ON VANADIUM ALLOYS 

B .  A. Loomis (Argonne N a t i o n a l  L a b o r a t o r y ) ,  F. A. Garner and A. M. E r m i  (Hanford  E n g i n e e r i n g  Development 
L a b o r a t o r y )  

1 .O O b j e c t i v e  

The o b j e c t  o f  t h e  e f f o r t  i s  t o  s t u d y  t h e  response  o f  s i m p l e  vanadium a l l o y s  t o  f a s t  r e a c t o r  i r r a d i a t i o n  
and t h u s  p r o v i d e  a b a s i s  f o r  t h e  development o f  vanadium a l l o y s  wh i ch  a r e  s u i t a b l e  f o r  f u s i o n  r e a c t o r  
s e r v i c e  and wh ich  w i l l  a l s o  e x h i b i t  r educed  l o n g- t e r m  r a d i o - a c t i v a t i o n .  

2.0 Summary 

A j o i n t  expe r imen t  on t h e  i r r a d i a t i o n  response  o f  s i m p l e  vanadium a l l o y s  has been i n i t i a t e d  unde r  t h e  
ausp ices  o f  t h e  OAFS and BES programs. 
expec ted  t o  b e  i r r a d i a t e d  i n  l i t h i u m  i n  FFTF-MOTA Cyc les  7 and 8 .  

Specimen f a b r i c a t i o n  i s  n e a r l y  comp le te  and t h e  a l l o y s  a r e  

3.0 Program 

T i t l e :  I r r a d i a t i o n  E f fec t s  A n a l y s i s  (AKJ) 
P r i n c i p a l  I n v e s t i g a t o r :  D. G. Doran 
A f f i l i a t i o n :  Hanford E n g i n e e r i n g  Development L a b o r a t o r y  

4.0 Re levan t  DAFS Program P l a n  TaskISubtask  

Subtask I I . C . l  E f f ec t s  of M a t e r i a l  Parameters  on M i c r o s t r u c t u r e  

5.0 Accompl ishments and S t a t u s  

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

Three commercial  vanadium-base a l l o y s  (V- lSCr-STi ,  Vanstar- 7 and V-3 1 1 S i )  a r e  c u r r e n t l y  b e i n g  i r r a d i a t e d  

o f  each e l e m e n t a l  c o n s t i t u e n t  i n  t h e  phase s t a b i l i t y  and i r r a d i a t i o n  response o f  t h e s e  a l l o y s ,  a j o i n t  
expe r imen t  between t h e  DAFS and B E S  ( B a s i c  Energy  Sc ience )  programs has been i n i t i a t e d .  

i n  t h e  FFTF f a s t  r e a c t o r  i n  t h e  M a t e r i a l s  Open T e s t  Assembly (MOTA). r -  I n  o r d e r  t o  d e t e r m i n e  t h e  r o l e  

T h i s  expe r imen t  w i l l  use  a s e r i e s  o f  s i m p l e  a l l o y s  produced e a r l i e r  i n  t h e  RES program. 
added t o  t h e s e  a l l o y s .  
t e n s i l e  specimens w i l l  a l s o  b e  i r r a d i a t e d  f o r  some of t h e s e  a l l o y s .  
TZM c a p s u l e s  i s  p lanned  f o r  Cyc les  7 and R i n  FFTF-MOTA. In t h i s  expe r imen t  t h r e e  c a p s u l e s  a r e  d e s i g n a t e d  
as D A F S I B E S  capsu les .  Two o f  t h e s e  a r e  a t  l e v e l  2 i n  MOTA (420' and 6OO'C) a c c u m u l a t i n g  226 d p a l y e a r  
and one i s  a t  l e v e l  1 (52O'C) a t  214 d p a l y e a r .  In a d d i t i o n  o t h e r  specimen subse ts  w i l l  be i n c l u d e d  i n  
t h e  HEDL A D I P  c a p s u l e s  i n  l e v e l s  1, 7 and 5. 
niens c o n s t r u c t e d  from V-15Cr-5Ti .  

No h e l i u m  w i l l  be 
Specimens w i l l  b e  p r i m a r i l y  i n  t h e  form o f  TEM d i s k s  a l t h o u g h  m i n i a t u r e  88-3  

I r r a d i a t i o n  unde r  s t a t i c  l i t h i u m  i n  

These capsu les  w i l l  a l s o  c o n t a i n  o n e - t h i r d  s i z e  Charpy s p e c i -  
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5.2 Alloy Descriptions 

The alloys can be categorized in the following subsets. 

Vanadium Impurity Series: 
amounts of major impurities (carhon, oxygen, nitrogen). 

These alloys study the effects of impurity levels and variations in relative 

Vanadium-Chromium Series: Ion  bombardment data already exist for these alloys which contain chromium 
levels of 10, 15 and 20% . In addition t o  phase stability and swelling data, this subset o f  specimens will 
provide a correlation between ion and neutrnn irradiation behavior in a simple vanadium alloy System. 

Vanadium-Titanium Series: Ion bombardment experiments on this alloy series are currently in progress. In 
addition to providing a neutron-ion correlation it is desired to determine the composition of the precipi- 
tates that form before and during irradiation. 

Vanadium-Other Solute Series: 
W, Mo) to provide a ranqe of elements varying from slow to fast-diffusing species. 
and the diffusion relationship to swelling and other property changes will be studied. 

V-15Cr-xTi and V-Cr-Ti-Zr Series: 
role in both f-welling and also to study the consequences of total or partial 
substitution of zirconium for titanium. 

In addition to chromium and titanium, three other solutes were chosen (Ni, 
Both solute segregation 

These alloys will be used to study the interplay hetween titanium's 

Reference Alloy Series: 
results of on-going ADIP studies. 

The three ADIP alloys described earlier will be included for comparison with the 

5.3 Status of Experiment 

All of the alloys shown in Table 1 have been prepared as TEM disks and delivered to HEDL for engraving and 
encapsulation. 
V-Cr-Ti-Ln series) are still being prepared. 
gress. 

A total of 546 disks is currently availahle for irradiation. Some alloys (V-ZOCr, 
Preparation of miniature tensile specimens is also in pro- 

6.0 References 

1. A. M. Ermi, "FFTF Fusion Irradiations-FFTF Cycles 4- 6," Alloy Development for Irradiation 
Performance Semiannual Progress Report for Period Ending September 30, 1984, 00E/ER-O045/13 
p. 21. 

7.0 Future Work 

Preparation of tensile specimens will continue. 

8.0 Publications 

None. 
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CHAPTER 4 

FUNDAMENTAL MECHANICAL BEHAVIOR 
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YIELD STRESS DETERMINATION FROM MINIATURIZED D I S K  BEND TEST DATA 

D. S. Sohn, G .  Kohse and 0. K. H a r l i n g  (Massachuset ts  I n s t i t u t e  o f  Techno logy )  

1 . 0  O b j e c t i v e  

The r e s e a r c h  d e s c r i b e d  was a imed a t  e s t a b l i s h i n g  a n  a n a l y s i s  me thodo logy  f o r  e s t i m a t i n g  y i e l d  s t r e s s  f r om 
bend t e s t  d a t a  o f  3.0 mm d i a m e t e r  by  0.25 mm t h i c k  d i s k s .  

2.0 Summary 

Methodo logy f o r  t e s t i n g  3 . 0  mm d i a m e t e r  by  0.25 mm t h i c k  d i s k s  by  bend ing  i n  a punch and d i e  has been 
d e s c r i b e d  p r e v i o u s l y .  
bend t e s t s  (MDBT) u s i n g  a f i n i t e  e lemen t  s i m u l a t i o n .  Good s i m u l a t i o n  has been a c h i e v e d  up t o  a p o i n t  j u s t  
beyond t h e  p r e d o m i n a n t l y  e l a s t i c  response,  l i n e a r  i n i t i a l  r e q i o n .  The l o a d  a t  wh i ch  d e v i a t i o n  f r om l i n e a r -  
i t y  b e g i n s  has been found t o  c o r r e l a t e  w i t h  y i e l d  s t r e s s ,  and y i e l d  s t r e s s  has been s u c c e s s f u l l y  e x t r a c t e d  
from d i s k  bend t e s t s  o f  a number o f  known m a t e r i a l s .  A l t h o u g h  f i n i t e  e lement  codes capab le  o f  d e a l i n g  w i t h  
l a r g e  s t r a i n s  and l a r g e  r o t a t i o n s  have been used, s i m u l a t i o n  o f  t h e  e n t i r e  l o a d l d e f l e c t i o n  c u r v e  up t o  
f r a c t u r e  o f  t h e  specimen has n o t  y e t  been a c h i e v e d .  

T h i s  pape r  d e s c r i b e s  t h e  a n a l y s i s  o f  l o a d l d e f l e c t i o n  d a t a  from such m i n i a t u r i z e d  d i s k  

3 . 0  Proqram 

T i t l e :  A l l o y  Development f o r  I r r a d i a t i o n  Per formance i n  Fus ion  Reac to rs  
P r i n c i p a l  I n v e s t i g a t o r s :  0. K. H a r l i n q  and N .  J .  G r a n t  
A f f i l i a t i o n :  N u c l e a r  Reac to r  L a b o r a t o r y  and  Depar tment  o f  M a t e r i a l s  Sc ience and E n g i n e e r i n g ,  Massachuse t t s  

I n s t i t u t e  o f  Techno loqy 

4 . 0  R e l e v a n t  OAFS Proqram P l a n  Task ISub task  

Task I I . C . 7  E f f e c t s  o f  H e l i u m  and  D isp lacemen ts  on Flow 
I I . C . 8  E f f e c t s  o f  H e l i u m  and D isp lacemen ts  on F r a c t u r e  
I I . C . 9  E f f e c t s  o f  Hydrogen on F r a c t u r e  
I I . C . 1 0  E f f e c t s  o f  S o l i d  T r a n s m u t a t i o n  P r o d u c t s  on  F r a c t u r e  B e h a v i o r  
I I . C . 1 1  E f f e c t s  o f  Cascades and F l u x  on Flow 
I I . C . 1 2  E f f e c t s  o f  C y c l i n g  on Flow and F r a c t u r e  
I I . C . 1 3  
I I . C . 1 5  
I I . C . 1 9  

E f f e c t s  o f  H e l i u m  and D isp lacemen ts  on Crack I n i t i a t i o n  and P r o p a g a t i o n  
E f f e c t  o f  Near Sur face Damage on F a t i g u e  
Comparison of Ln. Sltx and P o s t i r r a d i a t i o n  F r a c t u r e  B e h a v i o r  

5 .0  Accompl ishments  and Sta tus-  

5 .1  I n t r o d u c t i o n  

P r e v i o u s  OAFS r e p o r t s  and o t h e r  pub1 i c a t i o n s  have d e s c r i b e d  t h e  MDBT e x p e r i m e n t a l  me thodo logy . '  ' 2 ' 3  
d e f l e c t i o n  c u r v e  i s  g e n e r a t e d  by  bend ing  t h e  3 . 0  mm d i a m e t e r  b y  0.25 mm t h i c k  specimen i n  a punch and d i e .  
The punch and d i e  geometry  o f  t h e  MIT v e r s i o n  o f  t h e  MDBT i s  such t h a t  f r a c t u r e  i s  ach ieved  even i n  d u c t i l e  
m a t e r i a l s .  I t  s h o u l d  be p o s s i b l e ,  as  d i s c u s s e d  i n  References 1-3 ,  t o  e x t r a c t  such d a t a  as  y i e l d  s t r e s s ,  
u l  t i m a t e  t e n s i l e  s t r e s s ,  and e l o n g a t i o n  t o  f r a c t u r e  by  compar ing e x p e r i m e n t a l  l o a d l d e f l e c t i o n  csJrves t o  
s i m u l a t i o n  c u r v e s  g e n e r a t e d  b y  t h e  f i n i t e  e lemen t  code ABAQUS.4 A f i r s t  s t e p  toward  t h i s  goa l  has been 
a c h i e v e d  t h r o u g h  s u c c e s s f u l l y  s i m u l a t i n g  t h e  i n i t i a l  p o r t i o n  o f  t h e  l o a d l d e f l e c t i o n  c u r v e .  
t h i s  y i e l d  s t r e s s  e s t i m a t i o n  method and an i n d i c a t i o n  o f  t h e  a c c u r a c i e s  a c h i e v e d  w i t h  a range o f  t e s t  

A l o a d /  

The b a s i s  o f  
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m a t e r i a l s  are b r i e f l y  descr ibed here.  F u l l  d e t a i l s  a re  a v a i l a b l e  i n  Reference 5 .  Progress toward s imu la t-  
i n g  t h e  l o a d l d e f l e c t i o n  curve  up t o  t h e  onset  o f  f r a c t u r e  i s  a l s o  b r i e f l y  summarized. 

5.2 Y i e l d  Stress Es t imat ion  

As has been e x t e n s i v e l y  d iscussed elsewhere, 1-3'5 t h e  l o a d l d e f l e c t i o n  curve of t h e  MDBT has an i n i t i a l  
r eg i on  which i s  dominated by  e l a s t i c  deformation of t h e  d i sk ,  as demonstrated by load lun load  t e s t s  and con- 
f irmed by f i n i t e  element s t r e s s f s t r a i n  c a l c u l a t i o n s .  
r i a l ,  and a l s o  i n d i c a t e s  the  accuracy o f  f i n i t e  element s imu la t i on  which has been achieved. 
p rope r t i e s  were i n p u t  t o  t h e  f i n i t e  element code f o r  t h i s  comparison.) 
f i n i t e  element nodes a re  i n  con tac t ,  the  f i n i t e  element s o l u t i o n  f a l l s  w i t h i n  the  envelope o f  the  expe r i -  
mental curve, and cont inues t o  do so beyond t h e  p o i n t  o f  d e v i a t i o n  from l i n e a r i t y .  
d e v i a t i o n  from l i n e a r i t y  has been termed t h e  " y i e l d  load . "  

F igure  1 shows the  l i n e a r  regime f o r  a d u c t i l e  mate- 
(Known m a t e r i a l  

Once e i g h t  t o  t en  punchlspecimen 

The l oad  a t  measurable 

3c 

- 20  z 
0 

0 
J 

- 
a 

I O  

0 

i/ FROM LINEARITY 

u .  
I . COMPUTER CALCULATION 

$: A E R A Q E  WITH DATA BAND 
[ 4 EXPERIMENTS) 

-EIGHT NODAL POINTS MAKE 
CONTACTS WITH THE PUNCH 

I I I I 1 
I O  2 0  30 

DEFLECTION ( u  m) 

FIGURE 1 .  Comparison o f  a computer generated l o a d l d e f l e c t i o n  curve w i t h  t h e  r e s u l t s  o f  f o u r  MDBT expe r i -  
ments f o r  a Cu-Ni a l l o y  a t  room temperature. Data from u n i a x i a l  t e n s i l e  t e s t s  was used f o r  the  
computer c a l c u l a t i o n .  
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Al though  a sma l l  f r a c t i o n  (-1%) o f  t h e  d i s k  volume has exper ienced  p l a s t i c  de fo rmat ion  by t h e  t i m e  t h e  y i e l d  
l o a d  i s  reached, s t r a i n  ha rden ing  b e h a v i o r  has been shown t o  have l i t t l e  e f f e c t  on t h e  y i e l d  l o a d .  I n  f a c t ,  
y i e l d  l o a d  c o r r e l a t e s  s t r o n g l y  and m o n o t o n i c a l l y ,  a l t h o u g h  n o n - l i n e a r l y ,  w i t h  y i e l d  s t r e s s  as shown i n  
F i g u r e  2 .  It i s  t h e r e f o r e  p o s s i b l e ,  by  v a r y i n g  t h e  y i e l d  s t r e s s  i n p u t  t o  t h e  f i n i t e  e lement  s i m u l a t i o n ,  t o  
produce a s i m u l a t e d  c u r v e  wh ich  matches any exper imen ta l  c u r v e  up t o  t h e  y i e l d  l o a d .  The y i e l d  s t r e s s  i n p u t  
which produces a s i m u l a t i o n  y i e l d  l o a d  equal  t o  t h e  exper imen ta l  y i e l d  l o a d  i s  a good e s t i m a t e  o f  t h e  y i e l d  
s t r e s s  f o r  an unknown m a t e r i a l .  I n  p r a c t i c e ,  t h e  n a t u r e  o f  t h e  y i e l d  l o a d l y i e l d  s t r e s s  r e l a t i o n s h i p  p e r m i t s  
i n t e r p o l a t i o n  between we l l - chosen  cases, m i n i m i z i n g  t h e  amount o f  f i n i t e  e lement  s i m u l a t i o n  which i s  
r e q u i r e d .  Th is  i s  p a r t i c u l a r l y  t r u e  where, as i n  p o s t i r r a d i a t i o n  t e s t i n g  f o r  example, t h e  e l a s t i c  modulus 
o f  a m a t e r i a l  i s  known. 

50- 

40 

- 
2 

2 30- 
0 
J 

- 

- 

* ___-- ----- 
I x--- - Y . S  -490  MPo 

I *--.--- , 
Y . S  = 4 2 1  MPa 

-----t- 
, .r- Y . S  = 276 MPa 

50 100 I50 200 
MODULUS OF ELASTICITY, GPO 

F I G U R E  2 .  Dependence of  y i e l d  l o a d  on y i e l d  s t r e s s  and modulus o f  e l a s t i c i t y  f rom computer s i m u l a t i o n s  
The s o l i d  p o i n t s  r e p r e s e n t  cases c a l c u l a t e d  f o r  i n t e r p r e t a t i o n  o f  exper imen ta l  cu rves .  

Us ing  t h i s  y i e l d  l o a d  s i m u l a t i o n  method and i n t e r p o l a t i n g  between s i x  f i n i t e  e lement  s i m u l a t i o n  cases, 
y i e l d  s t r e s s e s  were e s t i m a t e d  f o r  a group o f  w e l l - c h a r a c t e r i z e d  m a t e r i a l s .  
from t h e  undeformed ends o f  u n i a x i a l  t e n s i l e  t e s t  specimens, and t h e  MDBT e s t i m a t e d  y i e l d  s t r e s s e s  a r e  com- 
pared w i t h  t h e  u n i a x i a l l y  determined va lues  i n  F i g u r e  3. 
ference between t h e  MDBT t e s t  average and t h e  u n i a x i a l  r e s u l t  i s  101. 

MDBT t e s t  specimens were c u t  

Over t h i s  range o f  p r o p e r t i e s ,  t h e  maximum d i f -  

5.3 S i m u l a t i o n  t o  F r a c t u r e  

D e s p i t e  t h e  a p p l i c a t i o n  o f  a v e r s i o n  o f  ABAQUS which i s  des igned t o  accommodate l a r g e  s t r a i n s  and l a r g e  
r o t a t i o n s ,  a c c u r a t e  s i m u l a t i o n  o f  t h e  exper imen ta l  c u r v e  up t o  t h e  onse t  o f  f r a c t u r e  has n o t  y e t  been 
ach ieved .  A t y p i c a l  r e s u l t  i s  i l l u s t r a t e d  i n  F i g u r e  4. P o s s i b l e  reasons f o r  t h e  d i sc repancy  i n c l u d e  
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FIGURE 3. Comparison o f  MDBT-derived and u n i a x i a l  y i e l d  s t r ess  values f o r  a number o f  a l l o y s .  

inadequacy o f  the  boundary c o n d i t i o n  model and i n s u f f i c i e n t  ref inement  o f  the  f i n i t e  element mesh i n  the  
reg ion  of t h e  d i s k  which undergoes pronounced deformation ( t h i n n i n g )  i n  t h e  l a t e r  stages of t h e  t e s t .  
the  s imu la t i on  can be improved, g iven t h a t  y i e l d  st resses can be ob ta ined  as descr ibed above, e x t r a c t i o n  
o f  u l t i m a t e  t e n s i l e  s t r eng th  and d u c t i l i t y  i n f o rma t i on  may be poss ib le .  

If 

5.4 Summary 

A method of e x t r a c t i n g  y i e l d  s t r ess  values from MDBT data has been descr ibed and has been shown t o  produce 
use fu l  r e s u l t s  over  a range o f  m a t e r i a l  p rope r t i e s .  
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THE INFLUENCE OF THEKllAL ANNEALING O N  THE MICROSTRUCTURAL EVOLUTION I N  HT-9 FERRITIC STEEL 

J . J .  Kai ,  G.L. K u l c i n s k i  and R.A.  Dodd ( U n i v e r s i t y  o f  Wisconsin-Madison) 

1.0 O b j e c t i v e  

The purpose o f  t h i s  s tudy i s  t o  unders tand  t h e  m i c r o s t r u c t u r a l  e v o l u t i o n  o f  t he  HT-9 f e r r i t i c  s t e e l  under 
thermal  e f f e c t .  The r e s u l t s  o f  t h i s  work w i l l  be used as a background t o  f u r t h e r  i n v e s t i g a t e  the  heavy i o n  
i r r a d i a t i o n  e f f e c t s  i n  HT-9 w i t h  and w i t h o u t  he l i um p r e i m p l a n t a t i o n .  

2.0 Summary 

The a s- r e c e i v e d  m a t e r i a l  and a s e t  o f  thermal  annealed specimens o f  HT-9 were c a r e f u l l y  s t u d i e d  by u s i n g  a 
JEOL-ZUOCX I 1  TEt4lSCAN microscope equ ipped w i t h  x- ray ED8 system. 
t a t e  d i s t r i b u t i o n  and number d e n s i t y  were s t u d i e d  by u s i n g  c o n v e n t i o n a l  3 mm TE:K d i s c s .  The morphology, t he  
c r v s t a l  s t r u c t u r e  and the  chemica l  comDos i t i on  o f  t he  P r e c i D i t a t e  were s t u d i e d  by u t i l i z i n g  a carbon e x t r a c -  

The d i s l o c a t i o n  d e n s i t y  and the  p r e c i p i -  

t i b n  r e p l i c a  techn ique .  
900°C f o r  2 h r s  and/or  24 h r s .  

The the rma l  annealed specimens were annea led  i n  a tempera tu re  range between 300 and 

3.0  Prograni 

T i t l e :  R a d i a t i o n  E t f e c t s  t o  Keac to r  I 4 a t e r i a l s  
P r i n c i p a l  I n v e s t i g a t o r s :  G.L. K u l c i n s k i  and R . A .  Dodd 
A f f  i 1 i a t i  on: U n i v e r s i t y  o f  W i  s cons i  n-Madison 

4.0 R e l e v a n t  OAFS Program P lan  TaskISubtask 

Subtask I I .B .3 .2  Exper imen ta l  C h a r a c t e r i z a t i o n  o f  P r imary  Damage S ta te ;  S t u d i e s  of M e t a l s  
Subtask l I . C . 1 . 1  Phase S t a b i l i t y  Mechanics 

5.0 Accompl ishments and S t a t u s  

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

F e r r i t i c  s t e e l s  a r e  b e i n g  c o n s i d e r e d  as a c a n d i d a t e  f o r  t he  f i r s t  w a l l  s t r u c t u r a l  m a t e r i a l  i n  a f u s i o n  r e -  
a c t o r .  HT-9 i s  one o f  the most a t t r a c t i v e  f e r r i t i c  s t e e l s  b o t h  i n  t h e  mechanical  s t r e n g t h  and the  s w e l l i n g  
r e s i s t a n c e  under e l e v a t e d  tempera tu re  i r r a d i a t i o n .  

The p r e s e n t  s tudy i s  one i n  a s e r i e s  t h a t  i n t e n d  t o  c h a r a c t e r i z e  the  heavy i o n  i r r a d i a t i o n  e f f e c t s  i n  HT-9. 
Because o f  t he  c o m p l i c a t e d  m i c r o s t r u c t u r e  o f  H i- 9,  i t  i s  necessary  t o  f i r s t  unde rs tand  the  m i c r o s t r u c t u r e  o f  
a s- r e c e i v e d  m a t e r i a l  and t h e  m i c r o s t r u c t u r a l  e v o l u t i o n  d u r i n g  the rma l  a n n e a l i n g  w i t h o u t  i r r a d i a t i o n .  There-  
a f t e r ,  t he  m i c r o s t r u c t u r e  e v o l u t i o n  induced ( o r  enhanced) by i r r a d i a t i o n  can be addressed by examin ing  t h e  
d i f f e r e n c e s  among the  a s- r e c e i v e d  c o n d i t i o n ,  t he  the rma l  annealed c o n d i t i o n ,  and the  i r r a d i a t e d  c o n d i t i o n .  
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5.2 Experimental Procedures 

5.2.1 Mater ia l  and Annealing 

The HT-9 f e r r i t i c  s tee l  used i n  t h i s  study has been described previously.1 
pared for  the study. 
e lec t ron microscope and 5 ann x 10 mn f o i l s  were used for  preparing carbon ex t rac t i on  rep l i cas  and for  micro- 
hardness tests. 

The specimens were mechanically pol ished w i th  0.3 lun A1203 powder. 

high vacuun furnace w i t h  a background pressure of 
two p a i r s  of thermocouples which were attached t o  the specimen holder. 
cases were w i t h i n  *20'C. 

Two forms o f  Specimen were pre- 
Several 3 m discs were used for  examining the microstructures under the transmission 

Thermal annealing was performed i n  a 

t o r r  or  lower. The temperature was measured by using 
The temperature measurements i n  a l l  

5.2.2 Specimen Preparation and Analysis 

The 3 mn TEM discs were electrothinned by u t i l i z i n g  a commercial t w i n- j e t  e lec t ropo l isher  w i t h  a so lu t i on  of 
10% HC104 and 90% ethanol a t  the cond i t ion  o f  -2O'C and 20 mA. 

The carbon ex t rac t i on  rep l i cas  were produced from the f o i l s  by e tch ing i n  a p iCra l  so lu t i on  ( 1  gm p i c r i c  
ac id  + 100 m l  ethanol + 5 m l  hydrochlor ic ac id)  fo r  about 30 seconds. 
t h i n  layer  of carbon f i l m  by using a carbon evaporator and re-etched i n  the same so lu t ion  f o r  about 10 
minutes to loosen the carbides on the surface. 

The Specimens were then coated w i t h  a 

Both the carbon rep l i cas  and the TEM specimens were examined by using a JEOL-200CX I 1  TEMISCAN microscope 
operated a t  200 KV. 
t o  the microscope and processed by a Tracor Northern TN-2000 system. 
combining the fo l lowing information: 

a. 
b. The q u a l i t a t i v e  EDS resu l t s .  
C .  

The x-ray energy dispersive spectra (EDS)  were detected by a S i ( L i )  detector attached 
Prec ip i t a te  i d e n t i f i c a t i o n  was done by 

The c rys ta l  s t ruc ture  which i s  determined by the selected area d i f f r a c t i o n  pat tern  (SADP) .  

The mrphology of p r e c i p i t a t e  which i s  re la ted  t o  the r e s u l t s  i n  (a)  and (b). 

The microhardness t e s t  was accomplished by using a Buehler Micromet microhardness tes ter .  
was tested 20 spots a t  d i f f e r e n t  areas and measured twice f o r  each spot. 
ta ined by using the average diagonal length o f  the indented spots. 

Every specimen 
The Vicker hardness number was ob- 

5.3 Results 

5.3.1 As-Received Mater ia l  

The general TEM microstructure of as-received HT-9 i s  glven i n  Fig. 1. A l o w  magnif lcation p i c tu re  i s  shown 
i n  Fig. l ( a )  which gives a rough idea of how complicated t h i s  m a t e r i a l  i s  i n  i t s  o r l g i n a l  form. 
l ( b ) ,  (c )  and (d) are a t  three times higher magni f icat ion of c e r t a i n  spec i f i c  regions i n  Fig. l ( a ) .  The 
tempered l a t h  martensite i s  the predominant phase i n  as-received HT-9, i t  occupies about 80% or  more o f  the 
t o t a l  volume o f  the mater ia l .  The r e s t  o f  the volume i n  HT-9 i s  equa l ly  d iv ided by the heavi ly  tempered 
carbide region and the f e r r i t e  region w i t h  some needle- l ike p rec ip i t a tes  i n  it. 

Figure 

The d i s loca t i on  densi ty i n  HT-9 i s  always high. Figure 1 also ind ica tes  the high d i s loca t i on  densi ty i n  
various regions. Figure 2 shows a wel l  recovered region which s t i l l  has a d i s loca t i on  densi ty about 1 x 

10l1 c d 2 .  The d i s loca t i on  density measurement i s  accomplished by using the (z .36)  weak beam dark f i e l d  
(WBDF) technique. The specimen thickness i s  determined by examining an i n c l i n e d  d i s loca t i on  running through 
the specimen from top to bottom and counting the number o f  segments o f  the d i s loca t i on  i n  the mat r ix  and 
a lso  double checked by focusing the e lec t ron beam t o  produce a p a i r  o f  contamination spots and measuring the 
distance between the two spots a f te r  t i l t i n g  a la rge angle. 
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CARBIDES 

FIGURE 1. The general  micros t ruc ture  o f  as- received HT-9. 
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FIGURE 2. D i s l o c a t i o n  dens i ty  measurement i n  as- received HT-9. 
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I n  a l l .  four types o f  p rec ip i t a tes  were i d e n t i f i e d  by the i nd i v idua l  p r e c i p i t a t e  e lec t ron d i f f r a c t i o n  
pat terns and the x-ray EDS microanalysis. Figure 3 shows a carbon ex t rac t i on  r e p l i c a  which ind ica tes  the 
var ious p rec ip i t a tes  and regions i n  HT-9. 

The mast predominant second phase i n  HT-9 i s  the equiaxed MZ3C6 p a r t i c l e s  which are d i s t r i b u t e d  along the 

residual  austeni te g ra in  boundaries and i n  the matr ix .  The s ize  of t h i s  type p r e c i p i t a t e  va r i es  from 0.1 !m 
t o  about 1.0 vm i n  diameter. 
of 1.062 nm. 

p a r t i c l e  i n  a carbon rep l ica .  
shown as wel l  as the q u a l i t a t i v e  EOS resu l ts .  

has not iceable Mo and W peaks. 

resul ts.*  Therefore. fo r  a more accurate quan t i t a t i ve  EDS study, the carbon ex t rac t i on  r e p l i c a  must be 
used. 

from the mat r ix  a t  the edges o f  the hole i n  the HT-9 specinen. 

The MZ3C6 phase has a c o v l e x  fcc  c r y s t a l  s t ruc ture  w i t h  a l a t t i c e  parameter 

An example o f  an M2& p a r t i c l e  i n  the mat r ix  i s  shown i n  Fig. 4. Figure 5 shows a s i m i l a r  

It i s  c lea r l y  shown t h a t  the M2& i s  Cr-enriched and a lso  
Both the b r i g h t  f i e l d  and dark f i e l d  images and the d i f f rac t i on  pat terns  are 

It i s  also found t h a t  the mat r ix  does have a s i g n i f i c a n t  e f f e c t  on the EOS 

Figure 6 shows the l a t t i c e  image fr inges o f  the I111) planes i n  an M23C6 p a r t i c l e  t h a t  was pro t rud ing 

The p rec ip i t a tes  along the tempered martensite l a t h  boundary, which had i r r e g u l a r  elongated morphology, were 
also i d e n t i f i e d  as MZ3C6. Although these p rec ip i t a tes  have ra the r  d i f f e ren t  morphology and composition w i t h  

respect  to the equiaxed M23C6 pa r t i c l es ,  the i nd i v idua l  p r e c i p i t a t e  SADP shows t h a t  they are indeed the 

M23C6 phase. Figure 7 shows the phase both i n  the mat r ix  and i n  the carbon ex t rac t i on  rep l i ca .  

t a t i v e  EDS r e s u l t  shows t h a t  t h i s  phase i s  enriched i n  C r  and V and depleted i n  Fe. 

The qua l i-  

The t h i r d  type prec ip l ta te .  which can be eas i ly  d ist inguished from others, i s  the needle- l ike p a r t i c l e s  ap- 
pearing i n  the f e r r i t e  region. The SADP shows t h a t  t h i s  phase i s  M2X and has an hcp c r y s t a l  s t ruc ture  w i t h  

a, = 0.27 nm. Co = 0.44 nm. 

Th is  phase i s  h ighly enriched i n  Cr.  therefore, i t  could be Cr2N p rec ip i t a te .  

c i p i t a t e  i s  about 0.2 urn to 1.0 !Jm long and 20 nm to 50 nm wide. 

The fou r th  type p r e c i p i t a t e  i s  the MX phase (M = V, Cr and X = C. N). 
i zed by t h i n  p la tes  and la ths  w i th  edge dinensions from 50 nm t o  300 nm. 

The MX phase has an f c c  c r y s t a l  s t ruc ture  w i t h  a l a t t i c e  parameter o f  0.417 nm. Gelles and T ~ O M S ~  reported 
t h i s  phase as a n i t r i d e  i n  t h e i r  neutron i r r a d i a t i o n  study. 
t r y ) ,  they found t h a t  t h i s  phase i s  (V,Cr)N w i t h  no carbon. oxygen or boron. However, i n  e a r l i e r  thermal 

tempering study by Smith,4 the V4C3 phase was a t rans len t  phase I n  a mater ia l  t h a t  i s  q u i t e  s i m i l a r  t o  HT-9. 

A t  t h i s  t ime.  the present authors would pre fer  to keep open the p o s s i b i l i t y  t h a t  the MX phase could be both 
a n i t r i d e  or a carbide. 
Both o f  them are V and C r  enriched, b u t  the one on the l e f t  hand side has a higher V peak and the one on the 
r i g h t  hand side has a higher C r  peak. The t o t a l  number densi ty o f  a l l  the p rec ip i t a tes  i n  the as-received 

HT-9 f e r r i t i c  steel i s  on the order *e equiaxed and i r r e g u l a r  elongated 
MZ3C6 pa r t i c l es .  The de ta i l ed  quan nber density, the volume f r a c t i o n  

o f  each type prec ip i ta te ,  and the cs 

Figure 8 shows the morphology, the d i f f r a c t i o n  pattern, and the EDS r e s u l t .  

The s ize  of t h i s  type pre- 

This  type p r e c i p i t a t e  i s  character-  

By using EELS (e lec t ron energy loss  spectrome- 

Figure 9 Shuus two MX p rec ip i t a tes  w i t h  ra the r  d i f f e r e n t  chemical composition. 

5.3.2 Thermal A l  

A sequence of TEM micrographs t h a t  were taken from the various thermal annealed specimens and the re levan t  
carbon exWact ion rep l i cas  are shown i n  Figs. 10-13. Figures 10 and 12 show the micrographs o f  the speci- 
mens annealed for  2 hrs. 
From the universal  parameter equation for thermal annealing, P (Larson-Mil ler parameter) = T (20 + l o g  t )  x 

has much greater e f f e c t  than the time. I n  the fo l lowing descr ipt ions of the resu l ts .  the thermal annealing 
e f fec t  i s  increased i n  the fo l lowing order: 
(3)  400'C. 2 hrs ( P  = 13.71; (4) 400'C, 24 hrs (P = 14.4); (51 500'C, 2 hrs (P  = 15.7); (6) 500'C, 24 h rs  
I P  = 16.5): (7 )  600'C. 2 hrs (P = 17.7); (8) 600'C, 24 hrs (P = 18.7); (9)  700'C. 2 hrs (P = 19.81; 

Figures 11 and 13 show the micrographics of the specimens annealed f o r  24 hrs. 

where t i s  the t i m e  i n  hours and T i s  the temperature i n  'K. i t  i s  c l e a r l y  seen t h a t  the temperature 

(1) 300'C. 2 hrs (P = 11.61,; (2) 300'C, 24 hrs (P = 12.3); 
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MARTENSITE LATH BOUNDARY AUSTENITE GRAIN BOUNDARY 

NEEDLE PPT IN FERRITE 

The carbon ext ract ion repl ica  shws the prec ip i ta te  d is t r lbu t ion  i n  as-received HT-9. FIGURE 3. 

FIGURE 4. The M23C6 p a r t i c l e  i n  HT-9 matrix. FIGURE 5. The MZ3C6 p a r t i c l e  i n  the carbon 
ext ract ion r e p l i c a  o f  as-received HT-9. 
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FIGURE 6. The lat t ice fringe of (111) planes i n  a MZ3C6 particle. 
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FIGURE 7. The irregular elongated MZ3C6 along the tempered martensite lath boundary. 

(10) 700'C, 24 hrs (P = 20.8); (11) 800'1 
2 hrs (P = 23.8). 

?, 2 hrs IP = 21.8); (12) 800°C , 24 hrs IP = 22.9); and (13) 9OO'C. 

Since the tempered lath martensite i s  the predominant phase in HT-9, i t  is  used for  the comparlson of the 
thermal annealing effect. Figures 10 and 11 shod the TEM microstructures of the thermal annealed specimens. 
There i s  no major microstruCtura1 change up to 600'C for 24 hrs (P = 18.7) extept for a small amount o f  dis- 
location recovery i n  some laths. After 700% for 2 hrs (P = 19.8). the subgrdin of the tempered martensite 
lath started t o  recrystallize and the precipitate number density was gradually decreased. After 800°C for 
24 hrs (P = 22.91, the microstructure was changed to martensite on cooling Without any blocky precipitates 
in the matrix or on t h e  grain boundary. The martensite i s  formed by the re-austenitizing process and the 
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FIGURE 8. The M2X phase i n  f e r r i t e  region o f  as-received HT-9. 

FIGURE 9. The MX phase i n  the carbon r e p l i c a  o f  as-received HT-9. 

austen i te  to martensi te transformation. 

Th i s  austen i te  t o  martensi te transformation i s  a lso  shown i n  the microhardness tests.  
curve of Vicker hardness number (VHN) versus the universal  parameter P. It i s  shown t h a t  the hardness i s  
gradual ly reduced up t o  600°C due to the recovery of d is loca t i on  density. A f t e r  700'C or  higher tempera- 
tures, the hardness g w s  up qu ick ly  due to the austeni te t o  martensite t ransformat ion and f i n a l l y  saturates 
a t  the maxlmum hardness which i s  the Vicker hardness number o f  l a t h  martensite. 

Figure 14  s h w s  the 

The p r e c i p i t a t e  evo lu t ion  under thermal annealing was studied by using the carbon ex t rac t i on  r e p l i c a  tech- 
nique. Figures 12 and 13 show the micrographs t h a t  were taken from the carbon rep l i cas  o f  the thermal an- 
nealed specimens which were annealed for  2 hrs and 24 hrs. respect ively.  The types o f  p r e c i p i t a t e  and the 
chemical composition o f  each type o f  p r e c i p i t a t e  remalned unchanged compared t o  the as-received mater ia l .  
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FIGURE 10. The tempered l a t h  mar tens i te  of  thermal annealed HT-9. 

FIGURE 11. The tempered l a t h  mar tens i te  of thermal annealed HT-9. 
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4 AS-RECEIVE0 

FIGURE 12.  The carbon e x t r a c t i o n  r e p l i c a s  of thermal annealed HT-9. 

FIGURE 13. The carbon e x t r a c t i o n  r e p l i c a s  o f  thermal annealed HT-9. 
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However, the number dens i ty  of each phase d i d  change w i t h  temperature and t ime a t  h igh temperature anneal- 
ing. 

The d i s t r i b u t i o n  and the s t r uc tu re  of p r e c i p i t a t e  were roughly unchanged dur ing  thermal annealings up t o  
600°C f o r  2 h rs  ( P  = 17.7). 

i r r e g u l a r  e longated M ~ ~ C ~  phase a long the  tempered mar tens i te  l a t h  boundary s t a r t e d  t o  d isso lve  a f t e r  700°C 

f o r  2 h r s  (P = 19.8) and disappeared a f t e r  700'C f o r  24 h r s  (P  = 20.8). 
21.8). the  MX type phase was d isso lved  and some M3C carb ides were formed due t o  autotempering. 

s tab le  second phase i n  thermal annealed HT-9 i s  the  equiaxed MZ3C6 p a r t i c l e s  which a re  the only p r e c i p i t a t e s  

s t i l l  found i n  the  8OO'C ( 2  hrs )  (P = 21.8) specimen. A f t e r  8OO'C f o r  24 h rs  (P  = 22.9) and 900°C f o r  2 h rs  
(P = 23.8). the o r i g i n a l  p r e c i p i t a t e s  were gone and a new generat ion of M3C type phase was formed. 
cons i s ten t  w i t h  the  mic ros t ruc tu re  evo lu t i on  i n  F igs.  10 and 11. 

The M2X need le- l i ke  phase disappeared a f t e r  600°C f o r  24 h rs  ( P  = 18.7). The 

A f t e r  the 8OO'C fo r  2 h r s  ( P  = 
The most 

Th is  i s  

The x-ray EDS q u a l i t a t i v e  r e s u l t s  showed t h a t  the chemical composit ion o f  each type p r e c i p i t a t e  was rough ly  
unchanged and the M3C phase had a h igh  Fe peak w i t h  some C r  (Fig. 15a). However, i n  the h igher temperature 

annealing (700'C, 24 h rs  and 8OO'C. 2 h rs ) ,  the MZ3C6 phase has a V-peak which i s  about 3 w t . %  (see F ig .  

15b). 

phase. 

Th is  i s  due t o  the d i s s o l u t i o n  of o ther  phases and the vanadium must be incorpora ted  i n t o  the MZ3C6 

5.4 Discussion 

The d i s l o c a t i o n  dens i ty  i n  HT-9 i s  always h igh (2  1 x 10l1 cm-'). 
t reatment  response o f  t h i s  mater ia l .  A t  lower temperature annealings (T < 600'C). the small subgrain s ize  
and the o r i g i n a l  h igh number dens i ty  of p r e c i p i t a t e  slowed down the recovery o f  the d i s l o c a t i o n  dens i ty .  
the higher temperature anneals (T > 700'C). c e r t a i n  po r t i ons  o f  the ma te r i a l  a re  t r ans fe r red  t o  aus ten i t e  
phase and the aus ten i te  t o  martensi te t ransformat ion occurs dur ing the coo l ing  process producing the h igh  
d i s l o c a t i o n  densi ty .  

Th is  can be exp la ined  by the  spec ia l  heat  

A t  

The microhardness t e s t  r e s u l t s  can a l so  be expla ined by the aus ten i t e  t o  mar tens i te  transformation. 

e t  a1.5 have pointed o u t  t h a t  the A C ~  ( re- aus ten i t ing)  and M~ (mar tens i te  s t a r t i n g )  temperatures a re  bo th  

a f f e c t e d  by the minor a l l o y  elements. 

mater ia l  used i n  t h i s  study i s  about  756°C which i nd i ca tes  t h a t  there  should be no aus ten i te  reforming 
dur ing  anneal ing l e s s  than 700°C. 

elements so t h a t  the aus ten i te  t o  martensi te t ransformat ion a f t e r  700°C annealing i s  reasonable. 

TTT diagram (Fig.  16)6 o f  a s i m i l a r  mater ia l  shows t h a t  the nose i s  pushed t o  longer times, the coo l i ng  r a t e  
i s  n o t  c r u c i a l  f o r  aus ten i t e  t o  martensi te t ransformat ion.  A l l  the reformed aus ten i te  w i l l  t ransform t o  
martensi te dur ing  the coo l i ng  process even dur ing  the  slow coo l i ng  i n  the  h igh vacuum furnace. 

I r v i n e  

According t o  t h e i r  data, the ca l cu la ted  Acl temperature o f  the HT-9 

However, the Acl temperature i s  a f f e c t e d  by l o c a l  concent ra t ion  o f  a l l o y  

Since the 

The p r e c i p i t a t e  evo lu t i on  r e s u l t s  a re  expla ined as fol lows. For lower temperature (< 60D'C) anneals, the 
p r e c i p i t a t e  s t r uc tu re  remained unchanged due t o  the  slow d i f f us i on  r a t e  o f  the  a l l o y  elements i n  the  mater i-  
a l .  For h igher temperatures (>  700'C) anneals, a p o r t i o n  of the ma t r i x  i s  re- aus ten i t i zed  and there fo re ,  
the  smal ler  p r e c i p i t a t e s  o r  the  r e l a t i v e l y  unstable p r e c i p i t a t e s  s t a r t e d  t o  d isso lve  i n t o  the  mat r i x .  

The p r e c i p i t a t e  d i s s o l u t i o n  sequence can be exp la ined  by o ther  ~ t u d i e s . ~ ' ~  

r e l a t i v e l y  h igher  format ion enthalpy7 and a l s o  smal ler  size, therefore,  i t  disappears f i r s t .  The e longated 
MZ3C6 d isso lves  due M the tempered martensi te l a t h s  which no longer  e x i s t  a t  h igh  temperature annealing. 

From Smith's4 work, the equiaxed MZ3C6 i s  the f i n a l  e q u i l i b r i u m  phase a t  700'C annealing i n  t h i s  ma te r i a l .  

Therefore, i t  i s  the l a s t  second phase which disappeared from the  mat r i x .  

For example, the M2X phase has a 

The q u a l i t a t i v e  EOS r e s u l t s  showed t h a t  most of the p r e c i p i t a t e s  were t r- enr iched.  
cause the ma te r i a l  conta ins about 12 wt .% C r  and on ly  3 w t .% o f  o the r  a l l o y  elements. 

Q u a r r e l l a  reviewed the  poss ib le  p r e c i p i t a t e s  i n  thermal annealing a l l o y  s tee ls .  

I t  i s  understandable be- 
Woodhead and 

They s ta ted  t h a t  o f ten  the 
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FIGURE 14. The microhardness t e s t  r e s u l t  of thermal FIGURE 16. The TTT diagram f o r  an a l l o y  o f  chemi- 
annealed HT-9. c a l  composi t ion s i m i l a r  t o  HT-9. 

C n f 

ENERGY keV 

FIGURE 15. The liiorphology and q u a l i t a t i v e  EDS r e s u l t  o f  (a) MZ3C6, ( b l  M3C. 

66 

ENERGY keV 



I c i p i t a t e s  were s tab le  over an appreciable composit ion range, i .e. they were n o t  s t o i ch iome t r i c  and the  
i e r a l  formulae (such as MZ3C6. MX, etc.) should be regarded as represent ing  c e r t a i n  s t r u c t u r a l  types 

ther than spec i f i c  chemical species. There i s  sometimes appreciable s o l u b i l i t y  fo r  n i t r ogen  i n  p r e c i p i -  
tes; t h i s  i s  p a r t i c u l a r l y  t r ue  of the cubic carbides of formula MC and the hexagonal carb ides o f  formula 
; f o r  which they a re  usua l l y  isomorphous w i t h  n i t r i d e s .  

rse i s  the bes t  way t o  descr ibe the p l a t e l e t  and the need le- l i ke  p rec ip i t a tes ,  r espec t i ve l y .  

Therefore, a t  the  p resent  time, the  MX and M2X 

> Conclusions 

The d i s l o c a t i o n  dens i ty  i n  HT-9 i s  always h igh  ( >  1 x 10l1 cm-2). 
Four types o f  p r e c i p i t a t e s  (2 types of Mz3C6. MzX, MX)  were i d e n t i f l e d  i n  as- received HT-9 and m O S t  o f  

the  p r e c i p i t a t e s  were Cr-enriched. 
Thermal annealina s tud ies  Showed t h a t  some maior m i c ros t ruc tu ra l  chanqes occur a f t e r  anneal ing above 
600'C. 
Annealing a t  the temperature above 800'C w i l l  re fo rm aus ten i t e  i n  the ma t r i x  and the aus ten i t e  w i l l  

Therefore, i t  i s  n o t  p r a c t i c a l  t o  use- th is  mater ia l  above 600'C. 

t ransform t o  martensi te dur ing  the coo l i ng  process. 
The M3C p r e c i p i t a t e  formed a f t e r  the aus ten i te  t o  mar tens i te  t ransformat ion i s  due t o  the  aUtOtemping. 
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1 Future  Work 

re  d e t a i l  q u a n t i t a t i v e  work on the un i r r ad ia ted  p r e c i p i t a t e s  i s  underway and w i l l  be repo r ted  i n  the  near 
ture. The e f f e c t  of i r r a d i a t i o n  on the m ic ros t ruc tu ra l  evo lu t i on  of HT-9 i s  a l so  belng analyzed. 
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THE IDENTIFICATION OF C H I  PHASE I N  HEAVY I O N  IRRADIATED HT-9 FERRITIC STEEL 

J . J .  Kai, G.L. Ku lc insk i ,  and R.A.  Dodd (Un i ve rs i t y  o f  Wisconsin-#adison) 

1.0 Ob jec t i ve  

The purpose o f  t h i s  study i s  t o  understand the microstructural/microchemical evo lu t i on  of HT-9 f e r r i t i c  
s tee l  under heavy i on  i r r a d i a t i o n .  

2.0 Summary 

A new phase was formed i n  HT-9 f e r r i t i c  s tee l  under 14 MeV N i + 3  i o n  i r r a d i a t i o n  which i s  n o t  found i n  

thermal annealing s tud ies  o f  t h i s  a l l oy . '  
100 dpa a t  the peak damage reg ion .  The phase was i d e n t i f i e d  as c h i  phase which has been repo r ted  i n  neutron 

i r r a d i a t e d  HT-9 by Gel les and Thomas.2 
q u a l i t a t i v e  ana lys is  r e s u l t s  are presented. 

The specimens were i r r a d i a t e d  a t  500°C fo r  the t o t a l  dose up t o  

The The techniques used fo r  i d e n t i f y i n g  t h i s  phase are  described. 

3 . 0  Program 

T i t l e :  Rad ia t ion  E f f e c t s  t o  Reactor H a t e r i a l  
P r i n c i p a l  I nves t i ga to r s :  G.L. Ku l c i nsk i  and R.A.  Uodd 
A f f i l i a t i o n :  U n i v e r s i t y  o f  Wisconsin- liadison 

4.0 Relevant DAFS Program Task/Subtask 

Subtask I I . C . l . l  Phase S t a b i l i t y  Mechanics 

5.0 Accomplishments and Status 

A group o f  HT-9 specimens were i r r a d i a t e d  by 14 MeV N i + 3  i o n  a t  500'C t o  a dose l e v e l  o f  up t o  100 dpa a t  
the peak damage region.  

technique. 

The specimens were prepared fo r  TEM examination by us ing the cross- sect ion 

The ma te r i a l  and the  cross- sect ion technique used i n  t h i s  study were descr ibed b e f ~ r e . ~  

An ordered bcc phase, which has a cube-on-cube o r i e n t a t i o n  r e l a t i o n s h i p  w i t h  the mat r i x ,  was found i n  the  
i r r a d i a t e d  reg ion  o f  every specimen. 

Thomas' i n  f a s t  neutron i r r a d i a t e d  (EBR-11) HT-9. 
neutron i r r a d i a t e d  (DFR) CRM-12 f e r r i t i c  s t ee l  which has a chemical composit ion very s i m i l a r  t o  HT-9. 
phase has a bcc c r y s t a l  s t r uc tu re  w i t h  a l a t t i c e  parameter of 0.8878 nm and a composit ion of M18C (M = Fe, 
C r ,  Mo. N i ,  and S i ) .  

The phase i s  s i m i l a r  t o  the c h i  phase t h a t  was found by Gel les and 

It was a l so  repo r ted  by L i t t l e  and S t o t e r l '  i n  f a s t  
Th i s  

The diameter o f  these p r e c i p i t a t e s  var ies  from 6 nm t o  30 nm. F igure  1 Shows the b r i g h t  f i e l d  and dark 
f i e l d  images and the d i f f r a c t i o n  pa t t e rn  of two dose l e v e l  reg ions  which represent  the 40 dpa and 100 dpa, 
r espec t i ve l y .  The s u p e r l a t t i c e  d i f f r a c t i o n  pa t t e rn  Shows t h a t  the  phase has a bcc c r y s t a l  s t r u c t u r e  w i t h  a 
u n i t  c e l l  parameter about  0.89 nm and a cube-on-cube o r i e n t a t i o n  r e l a t i o n s h i p  w i t h  the mat r i x .  
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(a) 40 dpa, 500°C (b) 100 dpa, 500°C 

FIGURE 1. Examples of chi  phase p a r t i c l e s  i n  14 MeV N i  i o n  i r r a d i a t e d  HT-9. 

la) 40 dpa. 500°C (b) 100 dpa, 500°C 

FIGURE 2. Same reg ions  as i n  F i g .  1 Shows the p a r a l l e l  type moire  f r i n g e  c o n t r a s t  i n  c h i  phase p a r t i c l e s .  

69 



F "1 

(b) 

D, = 3.6 nm 

D, = 3.64 nm 

D, Z 3 . 4  nm 

0, = L O 7  nm 

D,= 4.4 nm 

D, = 4.69 nm 

D, = 4.6 nm 

0, = 4.69 nm 

D,,,=measured moire fringe spacings %=calculated moire fringe' spacings 

AD = (d,-d2 )/d, = lattice mismatch ~ 2 . 5 7 %  

d, = d-spacing of the matrix d, = d-spacing of the ppt. 

FIGURE 3. I d e n t i f i c a t i o n  of c h i  phase by using the moire f r i nge  spacings i n  14 MeV N i  i o n  i r r a d i a t e d  HT-9 
a t  500°C. 100 dpa. 

F igure  2 shows the p r e c i p i t a t e s ,  which were i n  the  same two reg ions  o f  F ig.  1, t h a t  have the  moire f r i nge  
c o n t r a s t  on them, The d i f f r a c t i o n  pa t t e rn  ( i n s e r t )  s h w s  t h a t  these f r inges  are  perpendicular  t o  t he  g 
vector .  Th i s  f a c t  i n d i c a t e s  t h a t  the moire pa t t e rn  i s  a p a r a l l e l  type and hence the spacing between the  

f r inges ,  D, i s  g iven by:4*5 

where dl and d2 are  the spacings o f  Speci f ied planes i n  the ma t r i x  and the p r e c i p i t a t e ,  r espec t i ve l y .  

F igure  3 g i ves  a very c l e a r  demonstrat ion of the r e l a t i o n s h i e  between the spacing o f  these moire f r inges  and 
the  l a t t i c e  mismatch of Fe (a) and c h i  phase L x )  i n  c e r t a i n  g vec to rs .  
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FIGURE 4. The q u a l i t a t i v e  EOS r e s u l t s  of l a )  the  HT-9 m a t r i x ,  and (b )  the  c h i  phase embedded i n  the  m a t r i x .  

For example, i n  F ig.  3 ( c ) ,  s = 1 2 6  - 36ZX , the measured moire f r i n g e  spacing ( O m )  i s  4.6 nm and the ca lcu-  

l a t e d  moire f r i n g e  spacing (Dc) i S  4.69 nm. The c o n s i s t e n t  r e s u l t  i s  a l s o  t r u e  f o r  o t h e r  g v e c t o r s  as shown 

i n  F i g s .  3(d),  3 ( e ) ,  and 3 ( f ) .  The moire f r i n g e  p a t t e r n  f u r t h e r  proves t h a t  the new phase found i n  t h i s  
study i s  indeed the c h i  phase. 

The q u a l i t a t i v e  x- ray EOS spect ra of the m a t r i x  and the  c h i  phase embedded i n  the  m a t r i x  are shown i n  F i g .  
4. I t  i s  c l e a r l y  i n d i c a t e d  t h a t  the phase i s  enr i ched  i n  C r ,  N i ,  and S i .  

The number d e n s i t y  and the average s i z e  o f  these p r e c i p i t a t e s  a re  d i f f e r e n t  i n  va r ious  dose l e v e l s .  For  

example, i n  the  40 dpa dose l e v e l .  the number d e n s i t y  o f  the  p r e c i p i t a t e  i s  about  3 x 1015 #/cm3 and the  

average s i z e  i s  about  10 nm. 

#7cm3 b u t  the average s i z e  i s  increased t o  about  18 nm. 
i s  about  0.1% and 0.4% f o r  40 dpa and 100 dpa. r e s p e c t i v e l y .  

Th is  phase was n o t  r e p o r t e d  by o ther  heavy i o n  i r r a d i a t i o n  s tud ies6* '  and i t  was a l s o  n o t  found i n  a u t h o r ' s  

thermal anneal ing study.' 

a l l o y  s tee ls .9 t h i s  phase i s  n o t  one o f  the s t a b l e  phases and a l s o  n o t  a t r a n s i e n t  phase. 
2000 h r s  annea l ing  a t  700'C study, the re  i s  no s i g n  t h a t  c h i  phase w i l l  form ( t h i s  i s  e q u i v a l e n t  t o  anneal-  

i n g  a t  500°C f o r  about  2 x lo5 years ) .  
duced i n  heavy i o n  i r r a d i a t e d  HT-9. 

I n  the  100 dpa dose l e v e l ,  the  number d e n s i t y  has dropped t o  about  1 .5  x l oL5  
The volume f r a c t i o n  o f  the c h i  phase i n  the  m a t r i x  

From the e q u i l i b r i u m  phase diagram o f  1 2 %  C r  s t e e l s  and the  carb ides  formed i n  

From Smith's' ' 

Therefore, i t  i s  very p o s s i b l e  t h a t  the c h i  phase i s  r a d i a t i o n  i n -  
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APPLICATION OF H I G H  FLIJENCE FAST REACTOR DATA TO FUSION-RELEVANT MATERIALS PROBLEMS 

F. A. Garner  (Hanford  E n g i n e e r i n g  Development L a b o r a t o r y )  

1 .o O b j e c t i v e  

The o b j e c t  of t h i s  e f f o r t  i s  r eassess  t h e  u t i l i t y  o f  f a s t  r e a c t o r s  t o  f u s i o n  m a t e r i a l s  s t u d i e s  i n  l i g h t  o f  
r e c e n t  i n s i g h t s  on  t h e  response o f  m a t e r i a l s  t o  r a d i a t i o n  exposu re  a t  d i f f e r e n t  l e v e l s  o f  h e l i u m .  

2.0 Summary __ 

I n  t h r e e  r e c e n t  compara t i ve  s t u d i e s  i n  HFIR and EBR-I1 where t h e  e f f e c t  o f  h e l i u m  and s o l i d  t r a n s m u t a n t s  
c o u l d  he assessed, i t  was found  t h a t  i n  each case t h e r e  was no  s i q n i f i c a n t  p e r t u r h a t i o n  o f  t h e  macroscop ic  
p r o p e r t y  change unde r  c o n s i d e r a t i o n .  These f i n d i n q s  r e i n f o r c e  t h e  b e l i e f  t h a t  f a s t  r e a c t o r s  can s e r v e  as 
a m a j n r  t o o l  f o r  f u s i o n  m a t e r i a l s  s t u d i e s  and t h a t  t h e  e f f e c t s  o f  h e l i u m  and o t h e r  t r a n s m u t a n t s  can 1 1 ~  
t r e a t e d  as second- order  p e r t u r b a t i o n s  t o  he s t u d i e d  h y  o t h e r  methods. A number of new f u s i o n - r e l e v a n t  
i n s i q h t s  d e r i v e d  froin f a s t  r e a c t o r  s t u d i p s  a r e  p resen ted .  

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  A n a l y s i s  (AKJ) 
P r i n c i p a l  I n v e s t i g a t o r :  D. 6 .  b r a n  
A f f i l i a t i o n :  Han fo rd  E n g i n e e r i n q  Development L a b o r a t o r y  

4.0 R e l e v a n t  D A I S  Program P l a n  Task/Subtask 

Subtask I I . C . l  E f f e c t s  o f  M a t e r i a l  Parameters  on M i c r o s t r u c t u r e  
Subtask I I .C.2 E f f e c t s  o f  He on M i c r o s t r u c t u r e  
Subtask 1I.C.J E f f e c t s  o f  He and D isp lacemen t  on Flow 
Subtask I I .C .8  E f f e c t s  o f  He and Disp lacement  on F r a c t u r e  

5.0 Accompl ishments and S t a t u s  

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

The d e s i g n  o f  f u s i o n  dev i ces  r e q u i r e s  t h e  c a p a b i l i t y  t o  p r e d i c t  r a d i a t i o n - i n d u c e d  changes i n  t h e  p r o p e r t i e s  
and d imens ions  o f  s t r u c t u r a l  m a t e r i a l s .  I n  t h e  absence o f  a t e s t  d e v i c e  w i t h  a f u s i o n - t y p i c a l  n e u t r o n  
spec t rum t h i s  o b j e c t i v e  n e c e s s i t a t e s  t h r e e  t y p e s  o f  a c t i v i t i e s .  F i r s t ,  a s u f f i c i e n t l y  l a r g e  d a t a  hasp a t  
h i q h  n e u t r o n  f l u e n c e  must h e  d e r i v e d  f rom e x i s t i n q  f i s s i o n  r e a c t o r s  f o r  each p r o p e r t y  o f  i n t e r e s t .  
a c o r r e c t  p e r c e p t i o n  must  be a t t a i n e d  o f  t h e  o p e r a t i n g  damage mechanisms and t h e i r  response i n  t h e  f i s s i o n  
r e a c t o r  t o  m a t e r i a l  and e n v i r o n m e n t a l  v a r i a b l e s .  F i n a l l y ,  one must  i d e n t i f y  t h e  consequences o f  
d i f f e r e n c e s  i n  n e u t r o n  s p e c t r a  and o p e r a t i o n a l  v a r i a b l e s  between a n t i c i p a t e d  f u s i o n  env i ronmen ts  and t h e  
f i s s i o n  env i ronmen t  f r o m  which t h e  d a t a  were d e r i v e d .  
d i s p l a c e m e n t s  p e r  atom adequa te l y  d e s c r i b e s  t h e  damaginq c h a r a c t e r i s t i c s  o f  n e u t r o n s  a t  f u s i o n - r e l e v a n t  
e n e r g i e s  and 

Second, 

C u r r e n t l y ,  we can  o n l y  assume t h a t  t h e  use of 

n y l i m i t e d  d a t a  a r e  a v a i l a b l e  c o n c e r n i n g  t h e  p o t e n t i a l  impac t  o f  spect rum-dependent  
t r a n s m u t a n t s .  911  
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Until a high flux fusion neutron facility is available, the 1J.S. materials community is using a variety of 
neutron sources t o  conduct experimental studies. The nature of the differences between fission and fusion 
neutrons is beinq studied in comoarative low flux irradiat.ions in RTNS-II and low power thermal 
reactors.(l) P,lthough we anticipate the eventual use of the F M I T  facility at high displacement fates, 
we must at this time rely on fast reactors and hiqh flux mixed-spectrum reactors. 
$verv hiqh Qarnma heatinq rates and space limitations, they have been quite useful in investiqaticq the 
inpact of larue amounts of helium on damaue evolution in alloys that contain nickel. 

'he question of helium's influence in alterinq the response of materials to displacive irradiation is the 
subject of intensive world-wide investioation, h8it in three ca5es Mihere a clear comparison can he made at 
!both high and low helium levels, it was found that larqe levels of helium did not siqnificantly aer:?lrS 
the macroscopic property chanqe under consideration. 
of annealed AIS1 316 stainless steel was not altered by the larqe differences in heliurnfdpa ratio obtained 
in EBP-I1 and H F I R ;  nor was it influenced hy the much higher cavity density qenerated in H t I R ( 1 , 3 ) .  It 
'was later determined that the tensile properties of 2WL cold-worked AIS1 316 stainless steel irradiated 
below 575'C were also insensitive to the larqe difference in helium oeneratinn rates in these two 
r e a ~ t o r 8 . i ~ )  
alloys in H F I R ( 5 )  was identical to that observed in EBR-II.(6.7) 
to displacement damage and environment.al variables overwhelmed the effect o f  large amounts of he1 i u q .  
Ttiese findinqs reinforce o u r  decision to use fast reactors as a major tool for fusion miterials studies 
and to treat helium effects as a second-order perturbation to be studied separately. 

While the latter have 

It was found that the post-transient swelling rzte 

Finally, the ductility loss exhibited by hiqh nickel precipitation-hardened austenitic 
Thus, the response of these alloys 

It is recognized, however, that this approach may not be valid for all alloys and all property chances of 
interest. Another approach is also 
lheinq emoloyed which concentrates on fast reactor irradiations and whici-i introduces helium prior to or 
rlurinq irradiation, 

Therefore studies are beinq continued in mixed soectrum reactors. 

Tne first of these technioues involves the u e of the "tritium trick" to introduce helium into a portion 
o f  the specimen ,matrix orior to irradiation.?') 
vdnndilim allovs that i in nnt  contain nickrl a n d  therefore will not prodtrce sianificant amounts of helium! i n  
:mixed spPctrum reactors. The s ~ c o n d  approach involves the reirradiation in FFTF of a series of specimens 
oreviously irradiated in HFIR to different dis@lacement levels and helium levels.(9) 
approach involves enrichment of the 59Ki isotope nrior t o  irradiation in FFTF.(lO) 
%llows helium to he gerierated durin 
grams of nickel enriched to Q% i n  29Ni have heen extracted from Inconel 600 ahicR was irradiated to a 
high flirence in ETK. 
effect of helium on void, dislocation, precipitate and spinodal evolution. 

This techniqup is valuahle for materials such as  

The most unioue 
This aoproach 

fast-reactor irradiation at fusion-relevant rates. Approximately 50 

Experiments utilizing this material are now being planned to study the synergistic 

Tne ERR-II fast reactor was previously the major U.S. source of fusion-relevant data in the ranqe of 
40O-70O0C and reached exposures as large as 100 dpa in some experiments. E E A - I 1  has now been supolanted 
by FFTF as the major irradiation facility. It has a much larger experimental volume, a higher displace- 
ment rate and on-line temperature control to +5'C. On-line stress rupture et ction using isotoDic tag- 
qing of f i l l  gases is also a feature of current FFTF fusion-related studies?ll?. The materials open 
test assembly (MOTA) in F t T t  is the major experimental vehicle and is currently discharging specimens at 
increments of 130 dpa each year. 

5.2 New Insights Derived from Fast Reactor Irradiations 

Since the validity of any fission-fusion correlation is strongly dependent on the soundness of the 
property-chanqe description in the fission environment, an increased emphasis has been placed on examina- 
tion of previously developed correlations for swelling, creep, mechanical properties and phase stability. 
This attention has led to important revisions in some of our perceptions of the various damaqe processes, 
their relative importance and their dependence on material and environmental parameters. One unantici- 
pated major conclusion is that differences in environmental variables such as temperature history and 
displacement r t 
considerations?27. 

are at least as important as differences arising from neutron spectral 

Perhaps the most far-reaching revision involves the realization that the steady-state or post-transient 
swelling rate of all austenitic alloy ' s  %l%/dpa, essentially independent of comoosition, temperature, 
displacement rate, stress and heliurn.i21 This conclusion has led to a reduction of effort on austenitic 
P C A  alloys and an enhanced interest in ferritic alloys. In the recent Blanket Comparison nd Selection 
Study for instance, austenitic alloys were not recommended for high exposure applications.?l2) This con- 
clusion has also led t o  reassessments in the theoretical descriptions employed to d scribe ~welling(13~14) 
and in the correlation of results between neutron and charged particle irradiation.715.16) 
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Other recent conclusions for austenitic steels were that the primary influcence of all variables lay in the 
duration of the transient regime of swelling, that swelling did not saturate at engineering-relevant levels 
and that the sensitivities of the swelling transient regime would be reflected in the sensitivities o f  
transient creep but not in the post-transient creep rate.(Z) 

Since these findings were published additional data have been acquired which confirm their validity. 
Exposures of simple Fe-Cr-Ni ternary alloys have now reached 110 dpa in EBR-11.  
is eventually reached at all compositions in the range 12-75% nickel and 7-72% chromium.(l6) Simple 
Fe-Cr-Mn ternaries and solute-modified Fe-Cr-Mn-Ni alloys also appear to reach l%/dpa. ( 1 7 ~ ~ ~ )  
in Figures 1 and 2, structural alloys such as OKhl N15M3B and AIS1 316 have also been reported to develop 
temperature- independent swelling rates of l%/dpa.?19,2O) The addition o f  titanium, phosphorus and 
other solutes 316 have been shown to delay but not to preclude the inevitability of reaching this 

It was found that l%/dpa 

As shown 

o AIS 
swelling rate. T f  21322 

In Fe-Cr-Ni and possibly in the Fe-Cr-Mn systems there appears to be a minimum transient regime of %lo 
dpa that cannot be reduc d by application of stress, off-normal temperature histories or variations in 
displacement rate.(16,237 The swelling of ternary alloys is independent of temperature from the lowest 
test temperature (400°C) to some composition-dependent upper limit as shown in Figure 3. 
temperature the transient duration increases with temperature. I n  general the transient regime increases 
with decreasing chromium (Figure 4) and increasing nickel (Figure 5 ) .  
however, swelling again increases with increasing nickel as shown in Figure? 5 and 6. 

Above this 

At relatively hiqh temperatures, 

The compositional dependence of swelling arises from the strong effect of nickel content on two competing 
processes. The first is the effect of solvent composition on the effective vacancy diffusion coefficient 
and on void nucleation.(l3,24) tend ncy of Fe-Ni-Cr alloys to undergo spinodal decom- 
position during either neutron or ion irradiationP25i265 as shown in Figure 7. 
decomposes toward Fe3Ni and FeNi. Both of these processes increase with irradiation temperature. Nickel 
enhances vacancy diffusion and increases the tendency toward decomposition. 
decreases vacancy diffusion and appears to he relatively inert in spinodal formation. The micru- 
oscillations in composition produce large areas which favor void nucleation since they are relatively low 
in nickel and high in chromium. Associated with the spinodal formation are a decrease in lattice para- 
meter, a loss  of the anomalous properties characteristic of the Invar compositional regime and a signifi- 
cant increase in yield strength.(25,27) 

The second is th 
In Fe-35Ni-7Cr the alloy 

Chromium on the other hand 

5.3 Consequences of Swellinp 

It is sometimes proposed that some fusion components can be relatively tolerant of swelling. 
newly discovered consequences, however, that mitigate against such,a 
he significant changes in thermal conductivity and elastic moduli.i28? Second, it appears that at 
swelling levels on the order of 5-10% there are significant changes in both irradiation creep and fail- 

There are 
hilosophy. First of all, there will 

- 
Mb cw 
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,1 
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FIGURE 1. Swelling of OKh16N15M3B steel in BOR-60 Fast Reactor at 40O-55OoC.(19) 
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FIGURE 4 .  Influence o f  ch ornium ievel and temperature on the swelling of Fe-3SNi-XCr alioys in 
EBR- I I. (167 

"'7"'"' 

n 

F I G U R E  5. Influence of nickel level and temperature on the swelling of Fe-1SCr-XNi alloys i n  EBR-II.(l6) 
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FIGURE 7 .  Local measurements of spinodal decomposition of Fe-Cr-Ni Invar alloys, illustrated by the 
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FIGURE 8.  Comparison of predicted and measured diametral strains of 20% cold-worke 
a fuel pin irradiated to a peak fluence of 1.7 x 1023 n/cm2 (E a.1 MeV)?zOi. Note that 
the measured diameter change appears to arise primarily from the swelling-related strain. 

A SI 316 cladding on 

ure modes. As shown in Figure 8 Makenas has recently found that large underpredictions of creep strain 
occur in fuel pins with siqnificant levels of swelling. 
creep tubes irradiated in E B R - I 1  show that creep strains appear to saturate coincident with 7-10% swel- 
ling. One consequence of this is that diameter changes at high fluence do not exceed 0.33%/dpa for any 
stress level. 

The results of on-going analyses of pressurized 

This strain rate therefore represents only post-transimt swellinq-induced deformation. 

If large levels of void swelling tend to interfere with irradiation creep it might be expected that other 
deformation modes may a l so  be affected. 
and titanium-modified AISI 316 undergo significant changes as swelling increases. 
change in fracture mode from ductile to channel facture when swelling levels exceed 10% and when tensile 
tests are conducted at the irradiation temperature. As shown in Figure 9 a moderate amount of ductility 
remains and the fracture surfaces show significant ductility as evidenced by deformation of the sheared 
voids. 
occurs normal to the direction of applied stress and which shows the river patterns typical of cleavage 
fract re (Figure 10). 
HuangY29) as well as Hamilton and coworkersf36j conclude that the fracture toughness of irradiated 
AISI 316 is sufficient for breeder and fusion applications, it appears that the tearing modulus at low 
temperatures i s  greatly reduced when significant swelling has occurred. 

It has recently been found that the fracture modes in A I S I  316 
There is a complete 

When the tests are conducted at room temperature, however, there is a quasi-cleavage failure that 

The voids on the qua i leavage surface do not exhibit deformation. Although 

5.4 Conclusions 

Based on the new insights discussed in this paper it appears that there are radiation-induced phenomena yet 
to be discovered. 
displacement damage and that neutron spectral considerations such a helium can be treated as second-order 
perturbations. Fast reactors will therefore continue to he a valuable tool for fusion materials studies. 

It is felt that most of these phenomena represent the response of the material to 
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7.0 Future Work 

The reassessment of the utility of fast and thermal reactor data to fusion-relevant studies will continue 
as additional data become available. 

R.0 Publications 

This report will be published in a slightly shorter version in the J. o f  Nuclear Materials, Proceedings of 
the First International Conference on Fusion Reactor Materials, Tokyo, Japan, Dec. 3-6, 1984. 
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EFFECTS OF TENSILE AND COMPRESSIVE STRESSES ON IRRADIATION-INDUCED SWELLING I N  A I S I  316 

T. L a u r i t z e n ,  W. L. B e l l ,  G. M. Konre, J. M. Rosa and S .  Vaidyanathan (General E l e c t r i c  Company) 

F. A .  Garner (Hanford Eng ineer ing  Development Labora to ry )  

1.0 O b j e c t i v e  

The o b j e c t  o f  t h i s  e f f o r t  i s  t o  i d e n t i f y  t h e  e f f e c t s  o f  a p p l i e d  e x t e r n a l  o r  i n t e r n a l  s t resses  on 
r a d i a t i o n- i n d u c e d  d imensional  changes i n  meta ls  and t o  p r e d i c t  t h e  impact o f  these  e f f e c t s  on f u s i o n  
r e a c t o r  des ign  and performance. 

2.0 Summary 

The r e s u l t s  o f  two r e c e n t  exper iments  i n d i c a t e  t h a t  t h e  c u r r e n t  p e r c e p t i o n  of s t r e s s- a f f e c t e d  s w e l l i n g  
needs r e v i s i o n .  
a c t u a l l y  a c c e l e r a t e  s w e l l i n g  a t  a r a t e  comparable t o  t h a t  induced b y  t e n s i l e  s t resses .  

It appears t h a t  compressive s t r e s s e s  do n o t  d e l a y  s w e l l i n g  as p r e v i o u s l y  modeled b u t  

3.0 

T i t l e :  I r r a d i a t i o n  E f fec ts  A n a l y s i s  (AKJ) 
P r i n c i p a l  I n v e s t i g a t o r :  D. G. Doran 
A f f i l i a t i o n :  Hanford Engineer ing Development Labora to ry  

4.0 Relevant  DAFS Program Plan Task/Subtask 

Task II.C.2.1 E f fec ts  of M a t e r i a l  Parameters on M i c r o s t r u c t u r e  
Task II.C.16 Composite C o r r e l a t i o n  Models and Experiments 

5.0 Accomplishments and S t a t u s  

5.1 Pre face  - 

T h i s  r e p o r t  i s  d i v i d e d  i n t o  two p a r t s .  The f i r s t  summarizes e a r l i e r  exper imen ta l  and model ing e f f o r t s  
d i r e c t e d  toward  d e s c r i b i n g  s t ress- a f fec ted  s w e l l i n g .  
independent s t u d i e s  which c o n t r a d i c t  one major  f a c e t  o f  t h e  c u r r e n t  s t r e s s- a f f e c t e d  s w e l l i n g  model. The 
second p a r t  desc r ibes  work by L a u r i t z e n  and coworkers a t  General E l e c t r i c  Company done under t h e  
sponsorsh ip  of t h e  U.S. Breeder Reactor program; i t  i s  p u b l i s h e d  here  w i t h  t h e  permiss ion  of t h a t  program. 

It a l s o  desc r ibes  t h e  c o n c l u s i o n s  o f  two r e c e n t  

5.2 P a r t  I 

I n  an e a r l i e r  r e p o r t ( ] )  i t  w a s  shown t h a t  many a l l o y s  e x h i b i t  an enhancement o f  i r r a d i a t i o n - i n d u c e d  v o i d  
s w e l l i n g  due t o  t h e  a p p l i c a t i o n  of b i a x i a l  t e n s i l e  s t resses  d u r i n g  i r r a d i a t i o n .  
ment was shown t o  a r i s e  f rom a s h o r t e n i n g  of t h e  i n c u b a t i o n  p e r i o d  of v o i d  growth. 
was seen on t h e  s t e a d y- s t a t e  s w e l l i n g  r a t e .  
c u r r e n t l y  employed i n  t h e  U.S. Breeder Reactor Program.I l )  

For  A I S I  316 t h i s  enhance- 
No e f f e c t  of s t r e s s  

A c o r r e l a t ' o n  developed t o  d e s c r i b e  t h i s  phenomenon i s  
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Before  t h i s  c o r r e l a t i o n  can  be employed i n  f u s i o n  r e a c t o r  d e s i g n  s t u d i e s ,  one must  c o n s i d e r  t h e  impac t  o f  
t h e  d i f f e r e n c e s  i n  t h e  t w o  r e a c t o r  env i ronmen ts  and a l s o  make an assessment on how b e s t  t o  e x t r a p o l a t e  t h e  
d a t a  i n t o  u n t e s t e d  s t r e s s  s t a t e s .  It i s  i m p o r t a n t  t o  n o t e  t h a t  t h e  t o t a l  d a t a  base was deve loped  f r o m  
e s s e n t i a l l y  i s o t h e r m a l  i r r a d i a t i o n s  o f  t h e  w a l l s  o f  t h i n  t u b e s  s u b j e c t e d  t o  a c o n s t a n t  b i a x i a l  t e n s i l e  
s t r e s s .  
and no expe r imen ts  w h i c h  p r o v i d e d  gu idance  on how t o  i n c o r p o r a t e  t h e  e f f e c t s  o f  s t r e s s  h i s t o r y .  These 
c o n s i d e r a t i o n s  a r e  p o t e n t i a l l y  q u i t e  i m p o r t a n t  f o r  t h r e e  reasons.  F i r s t ,  t h e  s t r e s s e s  a n t i c i p a t e d  i n  t h e  
f i r s t  w a l l  o f  Tokamak- type r e a c t o r s  w i l l  b e  t ime- dependen t ,  c y c l i n g  f r o m  t e n s i l e  t o  compress i ve ,  and w i l l  
n o t  d e v e l o p  g r a d u a l l y  l i k e  t h e  f i s s i o n  gas l o a d i n g  t y p i c a l  o f  b r e e d e r  r e a c t o r  f u e l  p i n s .  Second, t h e r e  i s  
some u n p u b l i s h e d  ev idence  wh ich  i n d i c a t e s  t h a t  t h e  c u r r e n t  model (based o n l y  on m i c r o s t r u c t u r a l  c o n c e p t s )  
i n c o r r e c t l y  p r e d i c t s  t h a t  compress i ve  s t r e s s e s  w i l l  d e l a y  s w e l l i n g .  These new d a t a  i n d i c a t e  t h a t  perhaps 
compress i ve  o r  t o r s i o n a l  s t r e s s e s  a l s o  a c c e l e r a t e  s w e l l i n g ,  p a r t i c u l a r l y  a t  h i g h e r  t empera tu res .  T h i r d ,  
t h e  d u r a t i o n  o f  t h e  v o i d  i n c u b a t i o n  p e r i o d  o f  A I S I  316 s t e e l  has been shown t o  b e  p r i m a r i l y  d e t e r m i n e d  b y  
t h e  m i c r o c h e m i c a l  e v o l u t i o n  f t h e  m a t r i x ,  a p rocess  wh ich  i s  n o r m a l l y  r a t h e r  s l u g g i s h  compared t o  t h e  
m i c r o s t r u c t u r a l  e v o l u t i o n .  (27 The g r e a t e s t  s e n s i t i v i t i e s  o f  t h e  m ic rochemica l  e v o l u t i o n  appear t o  be 
a s s o c i a t e d  w i t h  v a r i a t i o n s  i n  f l u x ,  t e m p e r a t u r e  and s t r e s s ,  a l l  t h r e e  o f  wh i ch  w i l l  undergo pronounced 
s imu l taneous  v a r i a t i o n s  i n  t h e  w a l l s  o f  p u l s e d  r e a c t o r s .  The p o s s i b l e  syne rg i sms  f o r  such complex and 
s e n s i t i v e  h i s t o r i e s  may l e a d  t o  s u b s t a n t i a l  changes i n  t h e  r a t e  o f  t h e  m i c r o c h e m i c a l  e v o l u t i o n .  P d d i t i o n -  
a1 d a t a  p r e s e n t e d  i n  l a t e r  r e p o r t s  i n d i c a t e d  t h a t  a p p l i e d  t e n s i l e  s t r e s s e s  i ndeed  a c c e l e r a t e  t h e  m i c r o -  
chemica l  e v o l u t i o n  a t  tem e r a t u r e s  above 550°C b y  a c c e l e r a t i n g  t h e  f o r m a t i o n  o f  s t r e s s - s e n s i t i v e  
i n t e r m e t a l l i c  phases. (3-59 

There were no p r e v i o u s l y  p u b l i s h e d  d a t a  on t h e  e f f e c t  o f  compress i ve  o r  t o r s i o n a l  s t r e s s  s t a t e s  

A subsequent  m o d e l l i n g  e f f o r t  o f  t h e  e f f e c t  o f  s t r e s s  on phase f o r m a t i o n  i n d i c a t e d  t h a t  t h e  phases formed 
i n  A 1 8 1  316 wou ld  b e  s e n s i t i v e  o n l y  t o  t h e  h y d r o s t a t i c  component and n o t  t h e  d e v i a t o r i c  component o f  t h e  
s t r e s s  s t a t e . ( 6 )  
f o r m a t i o n  and t h e r e b y  t e m p o r a r i l y  supp ress  s w e l l i n g .  There  was some d i s c o m f o r t  w i t h  t h i s  c o n c l u s i o n ,  how- 
eve r ,  s i n c e  a l l  d a t a  were d e r i v e d  i n  a t e n s i l e - s h e a r  env i ronmen t  and no d a t a  on d e v i a t o r i c  o r  compress i ve -  
h y d r o s t a t i c  c o n d i t i o n s  were a v a i l a b l e  t o  c o n f i r i n  such  a p r e d i c t i o n .  

The re fo re  one wou ld  e x p e c t  t h a t  compress i ve  s t r e s s e s  would  d e l a y  i n t e r m e t a l l i c  phase 

Other  e x p e r i m e n t e r s  were t h e r e f o r e  encouraged t o  g e n e r a t e  d a t a  f o r  compress i ve  s t r e s s  env i ronmen ts .  Ke ra  
and coworke rs  had e a r l i e r  used 6 MeV d e u t e r o n  bombardment a t  550°C and demons t ra ted  t h a t  t e n s i l e  s t r e s s e s  
a c c e l e r a t e  v o i d  n u c l e a t i o n  and s h o r t e n  t h e  d u r a t i o n  o f  t h e  t r a n s i e n t  r e g i m e  i n  a Fe-Cr-Ni-Mo a u a t e r n a r y  
a l l o y  r e p r e s e n t a t i v e  o f  t h e  base c o m p o s i t i o n  o f  A I S I  316. (7)  They have  r e c e n t l y  ex tended  t h i s  s t u d y  
u s i n g  7 MeV p r o t o n s  and b o t h  compress i ve  and t e n s i l e  s t r e s s e s  o f  100 MPa a t  ~ o o ~ c . ( ~ )  They c o n c l u d e  
t h a t  t h e  i r r a d i a t i o n  c r e e p  r a t e  i s  u n a f f e c t e d  b y  t h e  s i g n  o f  t h e  s t r e s s ,  a c o n c l u s i o n  t h a t  m i g h t  w e l l  be 
expec ted .  They a l s o  f i n d ,  however, t h a t  t h e  s w e l l i n g  i s  a c c e l e r a t e d  e q u a l l y  b y  t e n s i l e  and c o m w e s s i v e  
s t r e s s e s .  

In a n o t h e r  r e c e n t  s t u d y ,  L a u r i t z e n  and coworke rs  examined t h e  s w e l l i n g  a c r o s s  a ben t  beam soecimen o f  209: 
co ld- worked  A I S I  316 s t r a i n e d  i n  a f o u r - p o i n t  b e n d i n g  mode d u r i n g  f a s t  n e u t r o n  i r r a d i a t i o n  i n  EaQ-I1 a t  
400-425'C.19) They found t h a t  v o i d  n u c l e a t i o n  and s w e l l i n g  a t  140 dpa were a c c e l e r a t e d  e q u a l l y  on b o t h  
t h e  t e n s i l e  and compress i ve  s i d e s  o f  t h e  beam when compared t o  t h e  r e g i o n  o f  t h e  beam encompassing t h e  
n e u t r a l  s t r e s s  a x i s .  
T h i s  war% i s  d e s c r i b e d  i n  t h e  n e x t  s e c t i o n .  

L a u r i t r e n  and coworke rs  have now extended t h i s  s t u d y  t o  h i g h e r  n e u t r o n  f l u e n c e .  

5 .3  P a r t  I 1  
~ 

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

In a r e c e n t  p u b l i c a t i o n  ,('I we p r e s e n t e d  e x p e r i m e n t a l  e v i d e n c e  t h a t  i r r a d i a t i o n - i n d u c e d  s w e l l i n g  i n  A I S I  
316 i s  i n c r e a s e d  by  an a p p l i e d  bend ing  s t r e s s  a t  i r r a d i a t i o n  t e m p e r a t u r e s  r e p r e s e n t a t i v e  o f  o p e r a t i n g  
LMFBR f u e l  asse i rb l y  d u c t s .  
t o  a n  a c c e l e r a t e d  n u c l e a t i o n  o f  v o i d s  i n  b o t h  t e n s i o n  and compress ion  r e g i o n s  o f  b e n t  beams r e l a t i v e  t o  
t h a t  o f  a z e r o  s t r e s s  r e g i o n  a t  t h e  beam c e n t e r l i n e .  
s t u d y  accumula ted a m o d e r a t e l y  l o w  f l u e n c e  (8x1022 n/cm2, E :' 0.1 MeV), t h e  s w e l l i n g  was r a t h e r  s m a l l  w i t h  
c o r r e s p o n d i n g l y  l a r g e  u n c e r t a i n t i e s .  
d e s i g n  e q u a t i o n s ,  t h a t  t h e  s w e l l i n g  r e p r e s e n t e d  b y  t h i s  f l u e n c e  l e v e l  was s t i l l  w e l l  w i t h i n  t h e  i n c u b a t i o n  
reg ime .  
s w e l l i n g  on c o r e  s t r u c t u r a l  m a t e r i a l s ,  t h e  e x p e r i m e n t a l  and a n a l y t i c a l  p rogram was ex tended  t o  e v a l u a t e  
s i b l i n g  specimens o f  A I S I  316 wh ich  had been r e c o n s t i t u t e d  f o r  a d d i t i o n a l  i r r a d i a t i o n .  

The r e s u l t s  f u r t h e r  i n d i c a t e d  t h a t  t h e  obse rved  s w e l l i n g  enhancement was due 

However, because t h e  specimens examined i n  t h a t  

Moreover,  i t  was dSSUined, based on  t h e  c u r r e n t  s w e l l i n q  d a t a  and 

As a r e s u l t  o f  t h e  i n t e r e s t  t h a t  t h e s e  d a t a  g e n e r a t e d  and t h e  i m p l i c a t i o n s  o f  s t ress- enhanced  



I n  t h e  p resen t  work, t h r e e  beams r a n g i n g  i n  f l uence  from 11.2 t o  1 4 . 9 ~ 1 0 ~ ~  n/cm7 were s e l e c t e d  f o r  examina- 
t i o n .  
sented below. 

The r e s u l t s  o f  those  examinat ions a long  w i t h  summaries of t h e  p rev ious  low- f luence  d a t a  a r e  p re-  

5.3.2 D e s c r i p t i o n  of M a t e r i a l  

The 20 percen t  cold-worked 31K specimens examined i n  t h i s  program were prepared as 0.030- inch t h i c k  coupons 
f rom wrought s tock  of Carpenter  Heat No. Ke1581. 
specimens i n  t h e  C 1  i r r a d i a t i o n  c reep  experiment,  d e t a i l s  ol which have been qiVen i n  numerous progress 
r e p o r t s .  The m u l t i p l e - e l e m e n t  
specimen t r a i n  used i n  t h i s  exper iment  was designed t o  p e r m i t  t h e  removal of t h e  e n t i r e  t r a i n ,  f u l l y  encap- 
s u l a t e d  i n  a s o d i u m - f i l l e d  duct ,  f r o m  t h e  i r r a d i a t i o n  capsu le  a t  v a r i o u s  i r r a d i a t i o n  i n t e r v a l s  f o r  non- 
d e s t r u c t i v e  examinat ion of t h e  weighted beams b y  n e u t r o n  rad iog raphy .  
examinat ion p e r i o d s  ( a f t e r  t h e  f i f t h  i n t e r i m  examinat ion and t h e  accumulat ion of a peak f l u e n c e  o f  r o u g h l y  
8x1022 n/cm2, E > 0.1 MeV), i t  was d iscovered  t h a t  t h e  22-element t r a i n  had extended t o  such a 
degree t h a t  f u r t h e r  i r r a d i a t i o n  would have caused t h e  deadweight l o a d i n g  t h e  t r a i n  t o  bot tom-out  a t  t h e  
base o f  t h e  capsule.  Since t h e  t r a i n  was ar ranged i n t o  f o u r  modules of f i v e  t o  seven elements pe r  module, 
i t  was dec ided t o  remove t h e  lower  two modules f rom t h e  t r a i n ,  r e a t t a c h  t h e  deadweight t o  t h e  upper 
modules and resume t h e  i r r a d i a t i o n .  
examinat ion and sdbsequent ly  p r o v i d e d  beams 1 3  and 15 f o r  t h e  f i r s t  s w e l l i n g  examinat inn.  
two modules, c o n t a i n i n g  a t o t a l  o f  t w e l v e  beams, accumulated an a d d i t i o n a l  peak f l uence  of 7x1OZ2 
n/cm2 before t h e  exper iment  was t e r m i n a t e d  a t  15 x 1OZ2 n/cm7. 

The specimens were i r r a d i a t e d  a s  un i fo r rn  heam c reep  

(See, f o r  example, Reference 10 and t h e  b i b l i o g r a p h y  appended t h e r e t o . )  

A t  t h e  comp le t ion  of one of these  

Having done t h i s ,  t h e  lower  modLiles were a v a i l a b l e  f o r  d e s t r u c t i v e  
The rema in ing  

The t h r e e  r e c o n s t i t u t e d  beams s e l e c t e d  f o r  s w e l l i n g  examinat ion i n c l u d e d  t h e  h i g h e s t  f l u e n c e  heam, t h e  
h i g h e s t  temperature beam and t h e  beam es t ima ted  f rom t h e  c u r r e n t  s w e l l i n g  des ign  enua t ion  t o  have under-  
gone t h e  l a r g e s t  s w e l l i n g .  
s t r e s s - s t r a i n  h i s t o r i e s  a r e  g iven,  a long  w i t h  d a t a  f rom t h e  p r e v i o u s l y  r e p o r t e d  two beams, i n  Table 1 .  

These heams wer? numbered 1 2 ,  F and 8 ,  r e s p e c t i v e l y .  T h e i r  i r r a d i a t i o n  and 

TABLE 1 

I r r a d i a t i o n  Parameters and Load ing /S t ra in  Cond i t i ons  o f  t h e  LUB/LUM Uniform Beam 
Soecimens Se lec ted  f o r  TEM Examinat ion 

Beam I r r a d .  F1 uence, S t ress ,  MPa F i n a l  S t r a i n ,  % 
NO. Temp., 'C n/cm2 ( E  > 0.1) I n i t i a l  F i n a l  E l a s t i c  Creep T o t a l  

15 412 7. 6x1OZ2 328 151 0.09 2.3 2.4 

13 423 7 .Ex1 0'' 159 143 0.09 1.2 1.3 

6 458 1 1 . 2 ~ 1 0  85 81 0.05 1.2 1.2 

8 444 1 3 . 0 X i n ~ ~  2 3 7  59  fl.04 3.6 3.6 

12 420 1 4 . 9 ~  10'' 82 J 2  0.04 1.3 1.4 

2 2  

A f t e r  removing t he  sodium f rom t h e  specimen t r a i n ,  d u p l i c a t e  samples o f  each heam were c u t  a s t r i d e  t h e  
peak- curva tu re  c e n t e r l i n e  o f  t h e  beam, a s  shown i n  F i g u r e  1,  s t e p  1. 
i n  w id th ,  0.030- inch t h i c k ,  and as l o n g  as t h e  i n d i v i d u a l  beams were wide. 
0.17 i n c h  i n  Ream 8 t o  0.30 i n c h  i n  Ream 1 2 ) .  Extreme c a r e  w a s  e x e r c i s e d  throughout  t h e  sample e x t r a c t i o n  
procedure t o  m in im ize  any ext raneous s t resses  on t h e  beams. 

The samples were r o u g h l y  3 / l h - i n c h  
( T h i s  d imension v a r i e d  f ro ln  

A f t e r  e x t r a c t i o n  f r o m  t h e  heam t r a i n ,  t h e  samples were removed from t h e  h o t  c e l l  f o r  t h e  p r e p a r a t i o n  of 
d i s c s  f o r  TEM. The sequence o f  events  fo l l owed  i n  t h i s  phase o f  sample p r e p a r a t i o n  i s  i l l u s t r a t e d  i n  
s t e p s  2 th rough  5, F i g u r e  1. I n  s t e p  2, t h e  sodium-exposed su r faces  ( b o t h  concave and convex su r faces )  
were l i g h t l y  buffed w i t h  4 0 0 - g r i t  m e t a l l o g r a p h i c  paper t o  remove s c a l e  and o x i d e  f i l m s  t h a t  have been 
found t o  i n t e r f e r e  w i t h  subsequent e l e c t r o- d i s c h a r g e  machin ing and e l e c t r o p o l i s h i n g .  
were t h e n  e l e c t r o p o l i s h e d  l i g h t l y  t o  remove t h e  s u p e r f i c i a l  co ld-worked l a y e r  produced b y  b u f f i n q .  
procedure removed, on t h e  average, approx imate ly  0.001- inch o f  su r face .  
f rom each beam was s l i c e d  th rough  i t s  t h i c k n e s s  w i t h  an 0.006- inch t h i c k  diamond- impregnated c u t o f f  wheel 
t o  i s o l a t e  t h e  t e n s i o n  r e g i o n  f r o m  t h e  compression r e g i o n  o f  t h e  beani and t o  p r o v i d e  a more optimum f o i l  
t h i c k n e s s  f o r  s i n g l e - j e t  e l e c t r o p o l i s h i n q .  Whi le  m a i n t a i n i n g  s t r i c t  i d e n t i f i c a t i o n  of sur faces and s t r e s s  
s t a t e s ,  d u p l i c a t e  3-mm diameter  d i s c s  were c u t  by e l e c t r o d i s c h a r g e  machin ing f rom each of t h e  two s l i c e s ,  
as shown i n  s t e p  4. These d i s c s  were then  p e r f o r a t e d  from t h e  s l i c e d  s u r f a c e  b y  s i n g l e - j e t  e l e c t r o p o l i s h -  
i n g  t o  p r o v i d e  t h i n  f o i l s  o f  t h e  t e n s i o n  and compression r e g i o n s  o f  each heam a t  a depth from t h e  o r i g i n a l  
sur face n o t  s u b s t a n t i a l l y  g r e a t e r  t h a n  t h e  0.001- inch depth removed i n  s t e p  2.  

The huf fed sur faces 
T h i s  

I n  s t e p  3,  one of t h e  two samples 
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FIGURE 1. Sequence o f  O p e r a t i o n s  F o l l o w e d  i n  t h e  P r e p a r a t i o n  o f  t h e  TEM F o i l s  of C1 Un i fo rm Beam 
Specimens. 

F o i l s  o f  t h e  n e u t r a l  a x i s  o f  t h e  beams were p r e p a r e d  b y  t w i n - j e t  e l e c t r o p o l i s h i n g  o f  d i s c s  c u t  f r o m  t h e  
u n s l i c e d  specimen o f  each beam. 
a r e  r a r e l y  t h e  same, e l e c t r o p o l i s h i n g  was i n t e r r u p t e d  a t  measured i n t e r v a l s  d u r i n g  p r e p a r a t i o n  o f  t h e  
n e u t r a l  a x i s  f o i l s  t o  r o t a t e  t h e  d i s c s  180" i n  t h e  p o l i s h i n g  appa ra tus .  T h i s  assu red  t h a t  t h e  p e r f o r a t i o n  
o c c u r r e d  as c l o s e  t o  t h e  t r u e  c e n t e r l i n e  ( i . e . ,  t h e  n e u t r a l  a x i s )  as p o s s i b l e .  
per formed w i t h  a F i s c h i o n e  t w i n - j e t  e l e c t r o p o l i s h e r ;  t h e  e l e c t r o l y t e  was a s o l u t i o n  o f  20  p e r c e n t  p e r -  
c h l o r i c  a c i d  i n  e t h a n o l  m a i n t a i n e d  a t  -40°C. 
o p e r a t e d  a t  100 kV. 

S ince  t h e  p o l i s h i n g  r a t e s  o f  t h e  two  j e t s  i n  a t w i n - j e t  e l e c t r o p o l i s h e r  

A l l  e l e c t r o p o l i s h i n g  was 

The f o i l s  were examined i n  a JEM-6A e l e c t r o n  m ic roscope  

5.3.3 R e s u l t s  and D i s c u s s i o n  

V o i d  images r e p r e s e n t a t i v e  o f  t h e  t e n s i o n ,  compress ion  and n e u t r a l  r e g i o n s  o f  Beams 6,  8 and 12 a r e  shown 
i n  F i g u r e s  2, 3 and 4 r e s p e c t i v e l y .  
e i g h t h  and f i n a l  d i s c h a r g e  of t h e  assembly  f r o m  E B R - 1 1 .  
beams was t h e  same, t h e  i r r a d i a t i o n  h i s t o r y  o f  each i s  u n i q u e  as t h e  r e s u l t  of t h e i r  d i f f e r e n t  a x i a l  l o c a -  
t i o n s  i n  t h e  co re .  The d i f f e r e n c e s  i n  i r r a d i a t i o n  pa rame te rs  ( s e e  T a b l e  l f o r  d e t a i l s )  a r e  r e a d i l y  
appa ren t  when one compares t h e  v o i d  images o f  t h e  t h r e e  beams. (To p e r m i t  a one- to- one compar i son  o f  t h e  
t h r e e  s e t s  o f  images, p l a t e s  w i t h  t h e  same m a g n i f i c a t i o n  and r e p r e s e n t i n g  f o i l s  o f  s i m i l a r  t h i c k n e s s  were 
s e l e c t e d  f o r  t h e  f i g u r e s . )  
and t h o s e  o f  beams 8 and 12, t h e  most  s i g n i f i c a n t  o b s e r v a t i o n s  one can  make w i t h o u t  b e n e f i t  o f  q i i a n t i t a -  
t i v e  v o i d  image a n a l y s i s  a r e  t h a t  ( 1 )  a s h a r p  d i f f e r e n c e  i n  v o i d  d e n s i t y  e x i s t s  between s t r e s s e d  and 
u n s t r e s s e d  r e g i o n s  and ( 2 )  t h e r e  appears  t o  b e  l i t t l e  d i f f e r e n c e  i n  v o i d  d e n s i t y  between t e n s i o n  and com- 
p r e s s i o n  r e g i o n s  o f  t h e  beams. 

The t h r e e  beams were e x t r a c t e d  from t h e  C1 c reep  assembly  a f t e r  t h e  
A l t h o u g h  t h e  i n - r e a c t o r  r e s i d e n c e  t i m e  o f  a l l  

A s i d e  from t h e  s t r i k i n g  d i f f e r e n c e s  between t h e  v o i d  d i s t r i b u t i o n  o f  Beam 6 

To more c l e a r l y  demons t ra te  t h e  e f f e c t  o f  as much as  a f a c t o r  of two i n c r e a s e  i n  f l uence ,  t h e s e  images can  
be compared w i t h  t h o s e  c o l l e c t e d  f rom beams 13 and 15 ( F i q u r e  5 )  a f t e r  t h e i r  remova l  f r o m  t h e  t e s t  assemblv  
a t  t h e  c o n c l u s i o n  o f  i n t e r i m  e x a m i n a t i o n  No. 5. 
a r e  r e a d i l y  appa ren t .  

The sha rp  i n c r e a s e s  i n  b o t h  v o i d  s i z e  and v o i d  d e n s i t y  
~ 
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FIGURE 2. Void Images Representat ive o f  t he  Tension Side, t h e  Neutra l  Axis and t he  Corn r ess ion  Side o f  
A I S 1  316-CW Bent Beam Specimen 6. 
( E  > 0.1 MeV) and susta ined a t o t a l  s t r a i n  o f  1.2 percent .  

Ream 6 was i r r a d i a t e d  a t  450°C t o  1 1 . 2 ~ 1 0 ~ ~  n/cm2 

A t  l e a s t  s i x  reg ions  of each f o i l  were examined i n  d e t a i l  and analyzed f o r  v o i d  s ize,  v o i d  d e n s i t y  and 
percent  v o i d  swe l l ing .  Weighted averages of t h e  t h r e e  types o f  da ta  a re  summarized i n  Table 2 f o r  t h e  
t h r e e  beams examined i n  t h i s  program and t h e  two low f luence beams examined e a r l i e r .  
c l e a r  e f f e c t  o f  s t r e s s  on s w e l l i n g  i n  t h e  t w o  h ighes t  f luence specimens, beams 8 and 12, w i t h  s w e l l i n g  
l e v e l s  i n  t h e  t ens ion  and compression reg ions  about a f ac to r  of two h igher  than  i n  t h e  unstressed c e n t r a l  
zone of t h e  beams. 
l a t t e r  work, we proposed t h a t  t h e  increase i n  s w e l l i n g  w i t h  s t r ess  was due t o  an accelerated vo id  nuclea-  
t i o n  i n  t he  st ressed ma te r i a l ,  as t he  da ta  on bo th  beams 12 and 13 seem t o  ind ica te .  
n a t i o n  does n o t  f i t t h e  t rends  shown b y  Beam 8 whose v o i d  d e n s i t i e s  a re  r e l a t i v e l y  uniform throughout  t h e  
th ickness  of t h e  heam, b u t  whose v o i d  s i zes  a re  n o t  o n l y  s u b s t a n t i a l l y  h igher  than  Beam 12 b u t  show a 
s i zeab le  increase i n  t h e  s t ressed reg ions  r e l a t i v e  t o  t h a t  of t h e  c e n t r a l  unstressed zone. 
increases i n  v o i d  s i zes  do n o t  appear t o  r e f l e c t  t he  s l i g h t l y  h i ghe r  i r r a d i a t i o n  temperature, s i nce  Beam 
6, w i t h  an even h igher  temperature e x h i b i t s  v o i d  s i zes  comparable t o  those o f  Beam 12. 
inc rease were a p u r e l y  thermal e f fec t ,  one would expect t o  see a corresponding increase i n  v o i d  s i z e  o f  
t h e  unstressed ma te r i a l .  Thus, t he  da ta  seem t o  i n d i c a t e  t h a t  t h e  s t r ess -  
enhanced s w e l l i n g  observed i n  Beam 8 i s  t h e  r e s u l t  of acce le ra ted  v o i d  growth r a t h e r  than acce le ra ted  v o i d  
nuc lea t i on  as t h e  Beam 12 and e a r l i e r  data had ind ica ted .  

The r e s u l t s  show a 

These r e s u l t s  cor robora te  t h e  f i nd ings  on Beam 13, as p r e v i o u s l y  r epo r ted  [9]. I n  t h e  

However, t h i s  exp la-  

These 

Moreover, i f  t h i s  

This c l e a r l y  was not t h e  case. 
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FIGURE 3. Void Images Representat ive o f  t he  Tension Side, t he  Neutra l  Axis and t he  Corn r e s s i o n  Side o f  
A I S 1  316-CW Bent Beam Specimen 8. Beam 8 was i r r a d i a t e d  a t  444'C t o  1 3 . 0 ~ 1 0 ~ ~  n/cm2 
(E > 0.1 MeV) and susta ined a t o t a l  s t r a i n  o f  3.6 percent .  

Except f o r  a s l i g h t l y  h i ghe r  f luence l e v e l  i n  Beam 12 and a 24-degree h igher  temperature i n  Beam 8, t h e  
o n l y  s i g n i f i c a n t  d i f f e r e n c e  between t h e  two beams i s  t h e i r  s t r e s s - s t r a i n  h i s t o r i e s .  Beam 8 was o r i g i n a l l y  
loaded t o  a peak f i b e r  s t r ess  o f  237 MPa; t h e  load  on Beam 12 was 82 MPa. By t h e  end of t h e  i r r a d i a t i o n ,  
these st resses were reduced t o  59 and 72 MPa, r espec t i ve l y ,  b u t  t h e  t o t a l  s t r a i n  accumulated by Beam 8 was 
more than  t w i c e  t h a t  o f  Beam 12. These d i f f e rences  i n  s t r e s s- s t r a i n  h i s t o r i e s  a re  c l e a r l y  i l l u s t r a t e d  i n  
F i gu re  6. Thus, t h e  Beam 8 data  showing accelerated vo id  growth and t h e  Beam 12 da ta  showing acce le ra ted  
v o i d  nuc lea t i on  as a func t ion  o f  s t r e s s  suggest t h a t  t h e  mechanism f o r  stress-enhanced swe l l ing ,  a l though 
independent o f  t h e  s i g n  o f  t he  app l i ed  s t r ess ,  may be a s e n s i t i v e  f u n c t i o n  o f  t he  magnitude of t h a t  s t r ess .  

6.0 References 

1. F. A. Garner, E. R. G i l b e r t  and 0. L. Por te r ,  "Stress-Enhanced Swel l ing  o f  Metals  Dur ing I r r a d i a t i o n , "  
Proc. ASTM 10 th  I n t e r n a t i o n a l  Symposium on E f f e c t s  of Rad ia t ion  on Mater ia ls ,  ASTM STP 725, 
Savannah, GA, June 3-5, 1980, 6FO-697. 

2. F. A. Garner, "The Microchemical Evo lu t i on  of I r r a d i a t e d  Sta in less  Steels,"  HEDL-SA-2159 Proceedin s 
of A I M €  Symposium on I r r a d i a t i o n  Phase S t a b i l i t y ,  October 5-9, 1980, P i t t sburgh ,  PA, 165:1+ 
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FIGURE 4 .  Void Images Representative of the Tension Side, the Neutral Axis and the Cornwe sion Side of 
A I S I  316-CW Bent Beam Specimen 12. 
(E > 0.1 MeV) and sustained a total strain of 1.4 percent. 

Beam 12 was irradiated at 420°C to 14.9x1oz3 n/cd 
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FIGURE 5. Void Images Represen ta t i ve  o f  t h e  Tension Side, t h e  Neut ra l  Ax is  and t h e  Compression Side of 
A IS I  316-CW Bent Beam Specimens 13 and 15. 
n/cm2 ( E  > 0.1 MeV) and sus ta ined  a t o t a l  s t r a i n  of 1.3 percen t ;  Beam 1 5  was i r r a d i a t e d  a t  
412°C t o  7 . 6 ~ 1 0 ~ ~  n/cm2 and sus ta ined  a t o t a l  s t r a i n  of 2.4 percent .  

Beam 13 was i r r a d i a t e d  a t  423°C t o  7.8x1@2 

9. T. Laur i t zen .  W. L. B e l l .  J. M. Rosa and S .  Vaidvanathan. "Some Observat ions on t h e  E f f e c t  of S t r e s s  
on I r r a d i a t i o n - I n d u c e d  S w e l l i n g  i n  A I S I  316," E i f e c t s  o f .Rad ia t ion  on M a t e r i a l s ,  1 2 t h  Conference, 
F. A. Garner and J .  S .  P e r r i n ,  Eds., American S o c i e t y  f o r  T e s t i n g  and M a t e r i a l s ,  1984, i n  p u b l i c a t i o n .  

7.0 Fu tu re  Work 

These and o t h e r  r e c e n t  d a t a  on t h e  s t r e s s- a f f e c t e d  development o f  r a d i a t i o n- i n d u c e d  m i c r o s t r u c t u r e  a r e  
b e i n g  compi led p r i o r  t o  an e x t e n s i v e  r e a n a l y s i s  of t h e  models employed i n  c reep  and s t r e s s - a f f e c t e d  
s w e l l i n g .  

8.0 P u b l i c a t i o n s  

None. 
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T A B L E  2 

Void Swelling Data: Effect o f  Stress on Swelling in 20 Percent Cold Worked A I S I  316 

B E A M  F L U E N C E  I R R A D .  S T R E S S  AVERAGE S W E L L I N G  PARAMETERS 
NO. n/cd ( E  > 0.1) TEMP., “c S T A T E  V O I D  D I A . ,  A V O I D  D E N S I T Y  cm-3 S W E L L I N G ,  % 

12 14.9~10’~ 420 T E N S I O N  350 l.blxl0 3.6 
2.1 
3.7 

1s 
15 
15 

12 14.9~10~‘ 420 N E U T R A L  359 n.86Xio 
12 14.9~10 420 C O M P R E S S I O N  372 1 . 3 8 ~ 1 0  22 

8 13.0~10~~ 444 TENSION 432 0.84~10~ 3.5 

8 13.0~10 444 C O M P R E S S I O N  423 0.74~10~~ 3.1 

6 11.2x1022 458 T E N S I O N  360 0.35~10~~ 0.9 

6 11.2x1022 458 C O M P R E S S I O N  3fi4 0.35~10 

1 .6 15 8 13.0~10 444 N E U T R A L  342 0.71~10 22 
22 

0.9 
1.1 

13 7.8~10 423 T E N S I O N  215 0 . 7 1 ~ 1 0 ~ ~  0.4 

15 
1s 

6 11.2x10 458 N E U T R A L  3R3 0.19Xlf l  22 

22 

13 7.8~10’~ 423 N E U T R A L  21 1 0 . 4 0 ~ 1 0~~ 0.2 
13 7 . 8 ~ 1 0 ~ ~  423 C O M P R E S S I O N  191 0.~3xin’~ 0 .3  

15 7 .fix1 0’’ 412 T E N S I O N  190 0.67~10~’ 0.2 

15 7.6~10’~ 412 N E U T R A L  171 0.72~1 O1 0.2 
15 7.6~10 412 C O M P R E S S I O N  1R2 n.min 0.2 1s 2 2  

FLUENCE. nl.m2 .,On M.VI 

F I G U R E  6. Stress-strain Histories of  Irradiated A I S I  316-CW Bent Beam Specimens R and 12. 
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EARLY DEVELOPMENT OF SPINODAL DECOMPOSITION I N  NEUTRON-IRRADIATED F e - 3 % - 7 . 5 0  AT 550OC 

H. R .  B rage r  and F. A. Garner  (Hanford  E n g i n e e r i n g  Development L a b o r a t o r y )  

1 .o  O b j e c t i v e  

The o b j e c t  o f  t h i s  e f f o r t  i s  t o  d e t e r m i n e  t h e  m i c r o s t r u c t u r a l  and m ic rochemica l  o r i g i n s  o f  r a d i a t i o n -  
induced  changes i n  p h y s i c a l  p r o p e r t i e s  and d imens ions .  

2.0 Summary 

I n  Fe-35Ni-7.5Cr i r r a d i a t e d  a t  550°C t o  2.5 x 1022 n/cm2 ( E  > 0.1 NeV) t h e  s p i n o d a l  d e c o m p o s i t i o n  
obse rved  a t  h i a h e r  i r r a d i a t i o n  t e rnoe ra tu res  arid h i a h e r  n e u t r o n  exDosures i s  j u s t  b e q i n n i n q  t o  form. The 

~ 

d e c o m p o s i t i o n  i p p e a r s  t u  b e g i n  v e r y  h e t e r o g e n e o u s l y  and may b e  a s s i s t e d  b y  t h e  a c t i o n  o f  t h e  i n v e r s e  
K i r k e n d a l l  mechanism o p e r a t i n g  a t  v a r i o u s  m i c r o s t r u c t u r a l  s i n k s .  

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  A n a l y s i s  (AKJ) 
P r i n c i p a l  I n v e s t i g a t o r :  D. G. Doran 
A f f i l i a t i o n :  Hanford E n g i n e e r i n g  Development L a h o r a t o r y  

4.0 R e l e v a n t  DAFS Program P l a n  Task/Suhtask  

Suhtask l I . C . 1  E f f e c t s  o f  M a t e r i a l  Parameters  on M i c r o s t r u c t u r e  

5.0 Accompl ishments  and S t a t u s  

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

I n  an e a r l i e r  r e p o r t  i t  was shown t h a t  t h e  r a d i a t i o n - i n d u c e d  changes i n  t h e  t e n s i l e  p r o p e r t i e s  o f  annea led  
Fe-Cr-Ni  a l l o y s  i n  t h e  A D - l  expe r imen t  ( i r r a d i a t e d  a t  450'C and 7 .5  x 1022 n / c d  ( E  ,, 0.1 MeV) i n  FFTF- 
MOTA) were somewhat s e n s i t i v e  t o  n i c k e l  c o n t e n t  i n  t h e  range  o f  ?5 t o  45 w t %  h u t  were n o t  s e n s i t i v e  t o  
chromium c o n t e n t .  1 It was a l s o  shown, however, t h a t  t h e  component o f  r a d i a t i o n - i n d u c e d  h a r d e n i n g  
a r i s i n g  f rom m i c r o s t r u c t u r a l  components such as  v o i d s ,  Frank l oops  and ne twork  d i s l o c a t i o n s  decreased 
r e l a t i v e l y  s t r o n g l y  w i t h  n i c k e l  c o n t e n t .  
on n i c k e l  c o n t e n t .  

The m a j o r  e f f e c t  was found t o  b e  t h e  dependence o f  v o i d  d e n s i t y  

T h i s  caused a d i s p a r i t y  between t.he measured change i n  y i e l d  s t r e n g t h  and t h a t  p r e d i c t e d  f rom knowledge of 
t h e  v a r i o u s  m i c r o s t r u c t u r a l  d e n s i t i e s .  As shown i n  F i g u r e  1 ,  t h i s  d i s p a r i t y  i n c r e a s e s  w i t h  n i c k e l  c o n t e n t  
and i s  a t t r i b u t e d  t u  t h e  h a r d e n i n g  t h a t  a r i s e s  f r o m  s p i n o d a l  decompos i t i on .  A t  t h e  t i m e  i t  was c o n s i d e r e d  
i n f e a s i o l e  t o  a c t u a l l y  measure t h e  s p i n o d a l  p e r i o d  a n d  c o n f i r m  i t s  presence because t h e  wave leng th  a t  4 5 0 ° i  
was e x p e c t e d  to h e  on t h e  o r d e r  o f  t h e  r e s o l u t i o n  o f  t h e  x - r a y  a n a l y s i s  t e c h n i q u e  employed. I t  would  a l s o  
b e  d i f f i c u l t  t o  measure because t h e  l a r g e  number o f  v o i d s  w i t h  t h e i r  a s s o c i a t e d  s e g r e g a t i o n  wou ld  
i n t e r f e r e  w i t h  t h e  measurement. 

I t  was t h e r e f o r e  d e c i d e d  t o  examine t h e  E31 ( F e - 3 S N - 7 . 5 C i )  specimen i r r a d i a t e d  t o  t h e  same f : l rence  a t  
550°C. 
s f i o u l d  b e  l o w e r  t h a n  t h a t  o b t a i n e d  a t  450°C. The o s c i l l a t i o n  p e r i o d  i s  s t i l l  e x p e c t e d  t o  be s-a l 'er  :hart 
t h a t  obse rved  at 593°C i n  E B R - I 1 2  and a t  625°C w i t h  n i c k e l  i o n  i r r a d i a t i o n . 3  

T h i s  specimen was chosen because t h e  o s c i l l a t i o n  p e r i o d  sho i r ld  b e  l a r g e r  and t h e  v o i d  d e n s - t y  
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Based on t h e  r e s u l t s  of e a r l i e r  s tud ies ,  however, t h e r e  was some concern t h a t  t h e  sp inoda l  process a t  t h i s  
exposure l e v e l  m igh t  n o t  be v e r y  w e l l  advanced. 
t h i s  a l l o v  over  a ranae of i r r a d i a t i o n  t e m e r a t u r e s  f rom another  exDeriment conducted i n  EBR-11. Note t h a t  

F i g u r e  2 shows t h e  r e s u l t s  of d e n s i t y  measurements f o r  

t h e  d e n s i i i c a t i o n  a s s & i a t e d  w i t h  s p i n o d a l '  decomposi t ion does n o t  appear t o  b e g i n  u n t i l  exposures of 2 t o  
3 x l o z 7  n/cm2 ( E  > 0.1 MeV). 
compared t o  t h e  -0.9% maximum t h a t  can be r e a l i z e d  by decomposi t ion.   the arrow i n  F i g u r e  2 p o i n t s  t o  a 

The d e n s i t y  change o f  t h e  E37 specimen chosen f o r  examina t ion  i s  o n l y  -0.14% 

measurement o f  t h e  maximum d e n s i f i c a t i o n  a t  593'C and 7.6 x 1022 nlcmz ( E  > 0.1 MeV). 

5.2 Exper imenta l  D e t a i  1 s 

Microscopy d i s k s  were removed f r o m  t h e  shoulder  p o r t i o n  o f  a t e n s i l e  specimen which had n o t  been sub jec ted  
t o  t e n s i l e  t e s t i n g .  
Due t o  t h e i r  ve ry  low concen t ra t ion ,  v a r i o u s  m i c r o s t r u c t u r a l  f e a t u r e s  such as vo ids,  d i s l o c a t i o n s  o r  
sur face a r t i f a c t s  were used as markers from which t o  i n i t i a t e  comoos i t i ona l  t r a v e r s e  measurements. The 

Standard specimen p r e p a r a t i o n ,  microscopy and EDX a n a l y s i s  techn iques  were employed. 

measurements were made on areas about 70 nm t h i c k  and were per formed p a r a l l e l  t o  t h e  erlqe o f  t h e  c e n t r a l  
h o l e  t o  reduce th i ckness  g r a d i e n t s  a long  t h e  t r a v e r s e  l i n e .  

5.3 R e s u l t s  
~ 

As a n t i c i p a t e d ,  t h e  v o i d  d e n s i t y  a t  t h i s  temperature and exposure l e v e l  was v e r y  low (< lo12  cm-3) and t h r  
d i s l o c a t i o n  d e n s i t y  was on t h e  o r d e r  of No Frank loops  o r  p r e c i p i t a t e s  were observed. 

F igu res  3 and 4 show t h a t ,  on t h e  average, m i c r o - o s c i l l a t i o n s  e x i s t ,  b u t  t h e y  a r e  l e s s  pronounced t h a n  
those  observed i n  e a r l i e r  s t u d i e s  a t  h i g h e r  exposure l e v e l s .  
t o  f l o w  i n  t h e  o p p o s i t e  d i r e c t i o n  from t h a t  o f  i r o n  and chromium. 

As was a l s o  observed p r e v i o u s l y ,  n i c k e l  tends 

F i g u r e  5 shows much more pronounced ranges o f  v a r i a t i o n  were a l s o  found  o c c a s i o n a l l y ,  however. 
an t  f e a t u r e  i n  
compos i t i on  i n  i t s  neighborhood, presumably by t h e  a c t i o n  o f  t h e  i n v e r s e- K i r k e n d a l l  mechanism. The cause 
of t h e  f a r - r e a c h i n g  g r a d i e n t  shown i n  F i g u r e  5b was n o t  determined and may be assoc ia ted  w i t h  a 
m i c r o s t r u c t u r a l  f e a t u r e  t h a t  o r i g i n a l l y  l a y  o u t s i d e  t h e  c u r r e n t  f o i l  volume. 

The domin- 
Run #7 of F i g u r e  5 i s  t h e  i n f l u e n c e  of a sma l l  (1.50 nm) v o i d  which s t r o n g l y  a l t e r s  t h e  

F i g u r e  6 c o n t a i n s  a c o m p i l a t i o n  of t h e  d a t a  i n  F igu res  3- 5 showing t h e  deve lop ino  tendency o f  t h e  sp inoda l  
decomposi t ion t o  s p l i t  toward Fe3Ni and FeNi. 
temperatures and exposures a r e  shown i n  F i g u r e  7. 

More advanced l e v e l s  o f  decomposi t ion observed a t  h i g h e r  

I MEASURED CHANGE' ' I  

m. 
CHANGE INDUCED 

IN YIELD 
STRENGTH BY 
IRRADIATION 

'7 IMPal 
INCREASE IN YIELD STRENGTH 
CALCULATED FROM MEASURED 
MICROSTRUCTURE 

--.SPINDDAL-INDUCED 
HARDENING OF 
ALLOY MATRIX 

1 
HARDENING AT 
35% NICKEL IS 
INDEPENDENT 
OF CHROMIUM 

I I CONTENT 17.5 - 21.7%) 

NICKEL, wt% 

FIGURE 1. D i s p a r i t y  Observed i n  t h e  AD- 1 Experiment Between Measured and C a l c u l a t e d  Inc reases  i n  Y i e l d  
S t r e n g t h  Due t o  I r r a d i a t i o n  a t  450°C t o  7.5 x l o z 7  n/cm2 ( E  > 0.1 MeV) o r  217 dpa.1 
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F I G U R E  2. Swelling of Annealed Fe-35Ni-7.5Cr Ternary Alloy i n  EBR-II.4 

2 2 x 1 9  

5.4 Discussion and Conclusions 

It appears that at 550°C and 2 x 10-6 dpa/s, the evolution o f  the spinodal process in Fe-35.5Ni-7.5Cr 
requires '.IO dpa prior to the onset of measurable micro-oscillations or significant densification. 
onset of the process is very heterogeneous and inay be accelerated locally by the action of the 
inverse-Kirkendall mechanism a t  microstructural sinks such as voids. 

The 

6.0 References 
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Irradiation," DAIS Quarterly Report DOE/ER-0046/14, (Aug. 1983) 152-159. 
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7.0 Future Work 

Tensile tests will continue on the AD-l specimens irradiated at 5511°C and also at 395°C. 
neutron scattering and 2 112-0 microscopy studies on these specimens are also planned. 

Small anqle 

E.0 Publications 

None. 
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F i g u r e  3. Composi t iona l  T rave rse  o f  E37  Alloy  A f t e r  I r r a d i a t i o n  i n  FFTF-MOTA a t  550°C and 7.5 x 
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F I G U R E  4 .  C o m p o s i t i o n d l  T r a v e r s e s  o f  E37 A l l o y  A f t e r  ! r r a d i a t i o n  i n  FFTF-MOTA a t  550°C and 
2 .5  x l o z 2  n/cm2 ( E  0.1 MeV).  
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FIGURE 5. A d d i t i o n  Cornp s i t i o n a l  Traverses o f  E37 A l l o y  A f t e r  I r r a d i a t i o n  i n  FFTF-MOTA a t  550°C and 
2.5 x l &  n / m S  ( E  , 0.1 MeV). 
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F I G U R E  6. Comp i la t i on  o f  Rad ia t ion- Induced  Decomposit ion D a t a  f o r  A l l o y  E37 a t  550°C and 2 .5  x 1022 n cm-2  

(E > 0.1 MeV), Showing t h e  Tendency o f  N i c k e l  t o  Flow i n  t h e  Opposi te  D i r e c t i o n  From That o f  
Chromium. I ron E x h i b i t s  t h e  Same Behavior  as Chromium. 
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F i g u r e  1 .  ( a )  Data S i m i l a r  t o  That of F i g u r e  9 From E a r l i e r  S tud ies  a t  Higher  Temperature,2.3 and 
( b )  Schematic Diagram Showing End-Points o f  Spinodal  Decomposit ion o f  E37 A l l o y .  
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OWRIRTNS-I1 LOW EXPOSURE SPECTRAL EFFECTS EXPERIMENT 

H.L. Heinisch (Westinghouse Hanford Company) 

1 .o Objective 

The objective of this experiment is to determine the effect of the neutron spectrum on radiation-induced 
changes in mechanical properties for metals irradiated with fission and fusion neutrons. 

2.0 Summary 

The first RTNS-I1 irradiation of the Low Exposure Spectral Effects Experiment has been completed. The 
dosimetry has been analyzed, and expressions have been determined that fit the data very well. The 
effects of including the angular variation of the neutron spectrum were investigated. 

3.0 ~ Program 

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

4.0 Relevant OAFS Program Plan TasklSubtask 

Subtask 11.5.3.2 Experimental Characterization o f  Primary Damage State; Studies of Metals 
Subtask II.C.6.3 

Subtask II.C.16.1 14-MeV Neutron Damage Correlation 

Effects of Damage Rate and Cascade Structure on Microstructure; Low-EnergylHigh- 
Energy Neutron Correlations 

5.0 Accomplishments and Status 

5.1 Irradiations 

The HEDL Low Exposure Spectral Effects Experiment is described in detail i n  an earlier report.(l] The 
irradiations consist of two primary RTNS-I1 irradiations (R-1 and R-2) an eight irradiations at the 
Omega West Reactor (0-1 through 0-8 ) .  R - 1 ,  to peak Zluence of 2.4 x loqa ilcm2, has been completed, 
and R-2, scheduled for a peak fluence of 1 x 10 nlcm , is in progress. The Omega West irradiations 
will begin immediately after installation of the In-core Reactor Furnace is completed. 

R-1 and R-2 have been parts of joint USIJapan irradiations using the HEDL dual-temperature vacuum 
insulated furnace. 
specimens for approximately twelve Japanese experimenters. 

These irradiations contain specimens for several other US experiments as well as 

5.2 R-1 Dosimetry 

Dosimetry foils from R-l have been analyzed, and the information has been used to determine neutron doses 
for the tensile speci n s .  Th dosimeters in the main irradiation volume of the furnace consisted of Fe 

thick with an area equal to the cross section of the specimen volume in each zone, 10.2 x 12.7 mm. 
foils, utilizing the “Fe(n,p) 5 4Mn reaction. The 18 foils (9 in each temperature zone) were 0.025 mm 
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A f t e r  l o a d i n g  t h e  sample h o l d e r s ,  t h e  p o s i t i o n  o f  each d o s i m e t r y  f o i l  r e l a t i v e  t o  t h e  f r o n t  f o i l  ( t h e  
f i r s t  spec imen i n  each zone )  was measured d i r e c t l y  u s i n g  a t r a v e l i n g  m i c r o s c o p e  a t  1 O X .  

A f t e r  i r r a d i a t i o n ,  t h e  f o i l s  were  a n a l y z e d  by R u t h  N u c k o l l s  a t  LLNL Each o f  t h e  r e c t a n g u l a r  f o i l s  was 
c u t  i n t o  9 e q u a l  p i e c e s  ( a  3 x 3 r e c t a n g u l a r  a r r a y ) .  
p i e c e  was measured,  and n e u t r o n  f l u e n c e s  were  d e t e r m i n e d  f r o m  t h e  a c t i v i t y  and t h e  f a c i l i t y  o p e r a t i n g  
t i m e  h i s t o r y  i n f o r m a t i o n .  

The mass and 54Mn gamma a c t i v i t y  o f  each s m a l l  

E x p r e s s i o n s  f o r  t h e  f l u x  i n t e n s i t y  f r o m  a r a d i a t i n g  c i r c u l a r  Gauss ian  s o u r c e  we re  f i t t e d  t o  t h e  d o s i m e t r y  
d a t a .  The f l u e n c e s  s u p p l i e d  by t h e  d o s i m e t r y  a n a l y s i s  a t  LLNL were  assumed t o  be t h e  v a l u e s  a t  t h e  
c e n t e r  of  each s m a l l  r e c t a n g l e .  The p o s i t i o n  o f  each p i e c e  was d e t e r m i n e d  r e l a t i v e  t o  t h e  c e n t e r l i n e  of  
t h e  f u r n a c e  and t h e  p l a n e  of  t h e  f r o n t  f o i l s ,  w h i c h  was assumed t o  be  p e r p e n d i c u l a r  t o  t h e  d e u t e r o n  beam. 

Two e x p r e s s i o n s  f o r  t h e  u x  i n t e n s i t y  a t  a p o i n t  due t o  a c i r c u l a r  Gauss ian  s o u r c e  we re  f i t t e d  t o  t h e  
d a t a :  one i n  w h i c h  t h e  "Fe(n ,p )  c r o s s  s e c t i o n  i s  assumed c o n s t a n t ,  and one i n  w h i c h  t h e  s p e c t r a l l y  
ave raged  c r o s s  s e c t i o n  v a r i e s  due t o  t h e  change i n  t h e  n e u t r o n  s p e c t r u m  w i t h  t h e  a n g l e  o f  
f r o m  t h e  beam d i r e c t i o n .  The c r o s s  s e c t i o n  v a r i e s  l i n e a r l y  w i t h  t h e  c o s i n e  o f  t h e  angle,( ') i n c r e a s i n g  
by 23% f r om 0 t o  90 deg rees .  A t t e n u a t i o n  of  t h e  n e u t r o n  f i e l d  by t h e  spec imens and f u r n a c e  was n o t  
c o n s i d e r e d .  

e n e u t r o n  

The e x p r e s s i o n s  have  t h e  g e n e r a l  f o r m  

w i t h  R '  = ( r ' - x ) '  + y '  + z "  

24 = 2 + A2 

r "  = ( r  cos  + - a x ) >  + ( r  s i n  + - a y ) '  

and o ( z ' , R )  = [a - b ( z ' / R ) ] ;  

where  r, +, and 2 a r e  c o o r d i n a t e s  o f  t h e  p o i n t  r e l a t i v e  t o  t h e  f r o n t  c e n t e r  o f  t h e  f u r n a c e ,  w i t h  z l y i n g  
a l o n g  t h e  beam a x i s ,  and A X ,  ny,  and a2 a r e  t h e  c o o r d i n a t e s  o f  t h e  f r o n t  c e n t e r  o f  t h e  f u r n a c e  r e l a t i v e  
t o  t h e  c e n t e r  o f  t h e  sou rce ;  and where  A i s  t h e  beam s p o t  s i z e  (FWHM) and Y i s  t h e  s o u r c e  s t r e n g t h  ( t o t a l  
n e u t r o n s ) .  F o r  t h e  case  i n c l u d i n g  a n g u l a r  v a r i a t i o n  a = 1.21 and b = 0.23.  If t h e  a n g u l a r  v a r i a t i o n  i s  
n o t  i n c l u d e d ,  a = 1 and b = 0.  

Each e q u a t i o n  has  f i v e  a d j u s t a b l e  pa rame te r s ,  ax,  A Y ,  nz, A ,  and Y ,  wh i ch  we re  e v a l u a t e d  by n o n - l i n e a r  
l e a s t - s q u a r e s  f i t t i n g  o f  t h e  e q u a t i o n s  t o  161 d o s i m e t r y  v a l u e s .  
e a s i l y  t o  a s i n g l e  i n t e g r a l ,  wh i ch  r e s u l t s  i n  more t h a n  an o r d e r  o f  m a g n i t u d e  l e s s  c o m p u t i n g  t i m e .  T a b l e  
1 c o n t a i n s  v a l u e s  of  t h e s e  p a r a m e t e r s  f o r  t h e  t w o  e x p r e s s i o n s .  

W i t h  b = 0 t h e  d o u b l e  i n t e g r a l  r e d u c e s  

TABLE 1 

W i t h  A n g u l a r  V a r i a t i o n  

A X  1 .22  mm 

AY 4.06 mm 

A 2  6 . 6 2  mm 

A ( S p o t  S i z e )  1.74 cm 

Y ( S t r e n g t h )  3.00 1019 

W i t h o u t  

1 .21  mm 

4.04 mm 

5 .48  mm 

2.88 1 0 1 ~  

1 . 9 5  cm 

100 



The f u n c t i o n s  f i t  t h e  d o s i m e t r y  d a t a  abou t  e q u a l l y  w e l l .  I n  each case t h e  f i t  was s l i g h t l y  b e t t e r  f o r  
t h e  f o i l s  c l o s e r  t o  t h e  source.  The measured and c a l c u l a t e d  va lues  o f  t h e  f l u e n c e s  a t  t h e  d o s i m e t r y  
f o i l s  were w i t h i n  3% of each o t h e r  f o r  a l l  b u t  t h e  most d i s t a n t  f o i l s .  The most d i s t a n t  f o i l s  i n  b o t h  
zones ( a p p r o x i m a t e l y  53 mm f rom t h e  sou rce )  had c a l c u l a t e d  v a l u e s  10% t o  12% l e s s  t h a n  measured, due 
perhaps t o  s c a t t e r i n g  o f  t h e  neu t rons  by i n t e r m e d i a t e  m a t e r i a l .  

The d e v i a t i o n  i n  t h e  a l i g n m e n t  o f  t h e  beam and f u r n a c e  ( A x ,  A y )  was t h e  same by b o t h  ana l yses ,  and t h e  
va lues  of A x  and Ay a r e  c o n s i s t e n t  w i t h  t h e  beam d e v i a t i o n s  s y s t e m a t i c a l l y  expe r i enced  i n  o t h e r  runs .  
The s p o t  s i z e  was l a r g e r  f o r  t h e  case i n  wh i ch  t h e  a n g u l a r  dependence o f  t h e  n e u t r o n  spec t rum was 
n e g l e c t e d .  T h i s  appears  t o  be c o n s i s t e n t  b e h a v i o r  o f  t h e  two  models, s i n c e  i n  o r d e r  t o  match t h e  g r a d i e n t  
i n  t h e  da ta ,  t h e  case w i t h  t h e  l a r g e r  s p o t  s i z e  has a c o r r e s p o n d i n g l y  s m a l l e r  s o u r c e- f u r n a c e  s e p a r a t i o n  
( A Z )  and a l o w e r  sou rce  s t r e n g t h .  I n  t h e  f u r n a c e  t h e  specimens a r e  c l o s e  t o  t h e  beam c e n t e r  l i n e ,  t h u s  
t h e  e f f e c t  of t h e  a n g u l a r  v a r i a t i o n  i s  s m a l l  excep t  nea r  t h e  source.  

The v a l u e  o f  Az = 6.62 mm i s  abou t  2 mm g r e a t e r  t h a n  t h e  nomina l  v a l u e  o f  t h e  s o u r c e - t o - f o i l  d i s t a n c e ,  
w h i c h  i s  t h e  sum o f  t h e  t a r g e t  t h i c k n e s s ,  t a r g e t - f u r n a c e  gap, and f o i l  l o c a t i o n  w i t h i n  t h e  f u r n a c e .  The 
t a r g e t - f u r n a c e  gap, wh i ch  v a r i e s  as t h e  t a r g e t  i s  scanned, i s  measured a t  t h e  d i s t a n c e  o f  minimum 
s e p a r a t i o n ,  so  t h e  average s e p a r a t i o n  w i l l  be l a r g e r .  The i r r a d i a t i o n  consumed s e v e r a l  t a r g e t s ,  a d d i n g  
an a d d i t i o n a l  sou rce  o f  s c a t t e r  i n  t h e  d a t a .  

The pa rame te r  va lues  a r e  a l s o  c o n s i s t e n t  w i t h  t h e  n e u t r o n  sou rce  p o s i t i o n  and s i z e  e s t i m a t e d  f r o m  
d o s i m e t r y  f o i l s  f a s t e n e d  t o  t h e  o u t s i d e  o f  t h e  f u r n a c e  d u r i n g  t h e  r u n .  
f u r n a c e  was l e s s  s t e e p  t h a n  t h e  example i n  t h e  RTNS-I1 Guide f o r  Expe r imen te rs ,  because t h e  spo t  s i z e  
was l a r g e r  t h a n  assumed f o r  t h a t  example. 

The f l u f 3 y r a d i e n t  w i t h i n  t h e  

As w i t h  t h e  d o s i m e t r y  f o i l s ,  t h e  p o s i t i o n s  o f  t h e  t e n s i l e  specimens w i t h i n  t h e  volume were a c c u r a t e l y  
measured p r i o r  t o  i r r a d i a t i o n .  Thus, e i t h e r  f u n c t i o n  w i l l  g i v e  v e r y  a c c u r a t e  v a l u e s  f o r  t h e  f l u e n c e s  seen 
by t h e  specimens i n  t h i s  i r r a d i a t i o n ,  e s p e c i a l l y  i n  t h e  f r o n t  p a r t  o f  t h e  specimen volume where t h e  
s t e e p e r  g r a d i e n t s  u s u a l l y  make an a c c u r a t e  r e p r e s e n t a t i o n  more d i f f i c u l t  t o  ach ieve .  

6.0 Re fe rences  

1. H.  L .  H e i n i s c h  and S .  0. A t k i n ,  OAFS Q u a r t e r l y  P rog ress  Repor t ,  January-March, 1984, OOEIER-0946117, 
76 (1984 ) .  

2 .  L .  R .  G reenwood , "Ac t i va t i on  C ross- Sec t i on  Measurements a t  RTNS-11," t h i s  volume. 

3 .  Gu ide f o r  Expe r imen te rs ,  R o t a t i n g  T a r g e t  N e u t r o n  Source-11, LLNL-M-094 Rev. 1, Lawrence L i v e r m o r e  
N a t i o n a l  L a b o r a t o r y ,  ( 1982 ) .  

7.0 F u t u r e  Work 

T e n s i l e  t e s t i n g  of t h e  m i n i a t u r e  t e n s i l e  specimens i r r a d i a t e d  i n  R - 1  has begun. The v a r i o u s  p a r t s  o f  t h e  
expe r imen t  w i l l  c o n t i n u e  as  p lanned.  



RADIATION INDUCED PRECIPITATION I N  T i- 64  

D.L. Plumton. G.L. K u l c i n s k i  and R . A .  Dodd ( U n i v e r s i t y  of Wisconsin-Madison) 

1.0 O b j e c t i v e  

The dominant r a d i a t i o n  response i n  s e v e r a l  t i t a n i u m  a l l o y  systems i s  a phase separa t i on .  P r e v i o u s  s t u d i e s  
have shown t h a t  a t h e r m a l l y  u n s t a b l e  bcc phase p r e c i p i t a t e s  o u t  i n  t h e  hcp m a t r i x  d u r i n g  i r r a d i a t i o n .  I n  
t h i s  paper, t he  e x t e n t  o f  t h i s  phase s e p a r a t i o n  i n  T i - 6 4  i s  examined as a f u n c t i o n  o f  t empera tu re  f o r  l ow  
dose i o n  i r r a d i a t i o n s .  

2.0 5 u mma r y  
~ 

The a l l o y  T i- 64  was heavy i o n  i r r a d i a t e d  t o  2 dpa a t  a 2 m dep th  Over a 500-7OO’C t empera tu re  range. 
a e n s i t i e s  o f  t he  r a d i a t i o n  i nduced  E p r e c i p i t a t e  were found t o  decrease f o r  t he  h i g h  tempera tu res  w h i l e  t h e  
s i z e  i nc reased .  The as- rece i ved  g r a i n  boundary R phase shows no r a d i a t i o n  e f f e c t  u n t i l  650’C when i t  under-  
goes a t r d n s f o r m a t i o n  t o  a Widmanstatten morphology. An C O S  a n a l y s i s  o f  t he  r a d i a t i o n  i n d u c e d  E phase i n d i -  
c a t e s  i t  i s  50% e n r i c h e d  i n  vanadium coinpared t o  t h e r m a l l y  p r e d i c t e d  vanadium c o n c e n t r a t i o n .  The t o t a l  
f r a c t i o n  o f  bcc phase p r e s e n t  i n  a specimen i s  d r a s t i c a l l y  a l t e r e d  by i r r a d i a t i o n .  

The 

3.0 Programs 

T i t l e :  R a d i a t i o n  Damage S t u d i e s  
P r i n c i p a l  I n v e s t i g a t o r :  G.L. K u l c i n s k i  and R.A. Dodd 
A f f i l i a t i o n :  U n i v e r s i t y  o f  Ll isconsin-Madison 

4.0 R e l e v a n t  DAFS Program TaskISubtask 

Task Number I.C.4 1 . l i c ros t ruc tu res  and S w e l l i n g  i n  R e a c t i v e I R e f r a c t o r y  A l l o y s  ( P a t h  C) 

5.0 Accompl ishments and S t a t u s  

5 .1  I n  t r o d u c  ti on 

T i t a n i u m  a l l o y s  a r e  among the  m a t e r i a l s  be ing  c o n s i d e r e d  f o r  use i n  a f u s i o n  The s t r e n g t h  t o  
w e i g h t  r a t i o  and creep r u p t u r e  p r o p e r t i e s  of T i  a l l o y s  a r e  equal  t o  o r  s u p e r i o r  than those of s t a i n l e s s  
s t e e l  i n  t he  400-5OO’C tempera tu re  range. The h i g h  e l e c t r i c a l  r e s i s t i v i t y ,  h e a t  c a p a c i t y ,  and low c o e f f i c i -  
e n t  o f  thermal  expans ion  a r e  a l l  advantageous. T i t a n i u m  i s  a l s o  c o m p a t i b l e  w i t h  c o o l a n t s  such as l i t h i u m ,  
h e l i u m  and water ,  and i t  has a low long- te rm r e s i d u a l  r a d i o a c t i v i t y .  However, t h e  r a d i a t i o n  damage r e s i s -  
tance of t i t a n i u m  a l l o y s ,  s p e c i f i c a l l y  t he  phase s t a b i l i t y ,  i s  an a red  t h a t  needs t o  be examined. 

The t i t a n i u m  a l l o y  T i - 6 4  e x h i b i t s  an e x t e n s i v e  phase r e d i s t r i b u t i o n  under  i r r a d i a t i o n .  

K u l c i n s k i ’  f i r s t  noted, i n  1978. t h a t  i o n  i r r a d i a t i o n  o f  T i- 64 r e s u l t e d  i n  cop ious  p r e c i p i t a t i o n  o f  a f i n e  

bcc phase i n  t h e  a l p h a  m a t r i x .  

a t ion* . ’  has c o n f i r m e d  t h a t  t he  b e t a  p r e c i p i t a t e s  a r e  an i r r a d i a t i o n - i n d u c e d  phenomenon, and t h a t  they d i s -  

W i l k e s  and 

Subsequent work u s i n g  b o t h  d u a l - i o n  i r r a d i a t i o n b ”  and n e u t r o n  i r r a d i -  
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so lve  upon thermal anneal ing below the a / ( a  + 6 )  phase boundary t r a n s i t i o n  t e m p e r a t ~ r e . ~ , ~ * ~ ~  
64 i s  an a16 a l l o y .  
These c lasses a re  the  a lpha (a) ,  be ta  (6) and a l p h a l b e t a  ( a I 6 )  where the  a phase i s  hcp and the  B phase i s  
bcc. 

which phase the  element s t a b i l i z e s ."  The s u b s t i t u t i o n a l  o s t a b i l i z e r s  a re  A l ,  Z r  and Sn w h i l e  the  be ta  
s t a b i l i z e r s  a r e  V ,  C r ,  Mn, Fe, Co, N i  and Mo. I t  has been noted t h a t  vanadium and aluminum are  bo th  under- 

s i z e  i n  t i t an ium"  and t h a t  t h i s  corresponds w e l l  w i t h  the r a d i a t i o n  induced segrega t ion  (RIS) theory  o f  

Okamotn and Wiedersich13 which p r e d i c t s  R I S  of unders ize s o l u t e s  t o  s inks .  
p r o f i l i n g  on Ti-64, found t h a t  vanadium and aluminum bo th  segregate t o  a f ree  sur face under i r r a d i a t i o n  b u t  
the r e l a t i v e  magnitude of the  segregat ion c o u l d  n o t  be exp la ined  by the  s i z e  o f  the  m i s f i t  parameter. 
nadium segregated more than aluminum al though aluminum has the l a r g e r  m i s f i t  parameter. 
g a t i o n  o f  V, a beta s t a b i l i z e r ,  can be used t o  e x p l a i n  t h e  B p r e c i p i t a t i o n  i n  the  a lpha m a t r i x .  

The a l l o y  T i -  
T i tan ium a l l o y s  a re  d i v i d e d  i n t o  th ree  major c lasses  determined by phase c o n s t i t u e n c y .  

The a l l o y i n g  elements used i n  the  t i t a n i u m  system can be d i v i d e d  i n t o  two c lasses  upon the b a s i s  of 

Wang e t  a1.,l4 us ing  Auger dep th  

Va-  
The s t r o n g  segre- 

I n  t h i s  paper the  e x t e n t  of t h i s  phase r e d i s t r i b u t i o n  i n  Ti- 64 i s  examined as a f u n c t i o n  o f  temperature f o r  
low dose i o n- i r r a d i a t i o n s .  

f o r  each i r r a d i a t e d  sample. The chemical composi t ion o f  the hcp m a t r i x ,  the  bcc as- received g r a i n  boundary 
phase (BG) and t h e  Bi p r e c i p i t a t e s  a re  analyzed us ing  energy d i s p e r s i v e  x- ray a n a l y s i s  on TEM f o i l s .  

The d e n s i t y  and s i z e  o f  the  i r r a d i a t i o n - i n d u c e d  B p r e c i p i t a t e s  (Bi) a re  examined 

5.2 Exper imenta l  Procedure 

The composi t ion and i m p u r i t y  c o n t e n t  o f  the  Ti-64, nominal ly  Ti-6A1-4V. i s  presented i n  Table I.I5 
a l l o y  was obta ined from McDonnell Douglas As t ronau t i cs  Company i n  the  form of 0.9 mm sheet  i n  the  m i l l  an- 
nea l  c o n d i t i o n .  The m i l l  anneal heat  t rea tment  cons is ted  o f  790'C f o r  15  m i n  f o l l o w e d  by an a i r  cool ,  then 
720' f o r  4 hours i n  a vacuum f o l l o w e d  by an argon c o o l .  P repara t ion  o f  the  a l l o y  f o r  i r r a d i a t i o n  c o n s i s t e d  
of punching o u t  d i s c  specimens 3 mm i n  diameter.  
th i ckness  o f  0.4 mm. 

The 

These specimens were then mechanica l ly  p o l i s h e d  t u  a 

I r r a d i a t i o n  of these specimens was performed a t  the  U n i v e r s i t y  of L i isconsin Heavy-Ion I r r a d i a t i o n  F a c i l i t y  
16 us ing  9 MeV A1 ions.  

e l e c t r o n i c  s topping power (esp), a d i s p l a c e i w n t  e f f i c i e n c y  of K = 0.8, and a d isp lacement  energy o f  32 eV. 
Aluminum ions  were used t o  a v o i d  any chemical a l t e r a t i o n s  i n  the  a l l o y .  
c a r r i e d  o u t  a t  the 2 Irm depth t o  a v o i d  any excess i n t e r s t i t i a l  e f f e c t s  and any a l t e r e d  phase s t a b i l i t y  ef-  
f e c t s  due t o  the  a d d i t i o n a l  aluminum deposi ted by the  i n c i d e n t  i o n s .  
t o t a l  dose o f  2 dpa a t  2 pm f o r  temperatures from 500 t o  700°C. 

F igure  1 shows a B R I C E  code damage c a l c u l a t i o n  f o r  9 MeV A1 on T i- 64 us ing  the LSS 

Furthermore a l l  the microscopy was 

The specimens were i r r a d i a t e d  t o  a 

P o s t - i r r a d i a t i o n  specimen p r e p a r a t i o n  f o r  TEM a n a l y s i s  i n v o l v e d  e lec t rochemica l  removal of 1.8 !m of the  
f r o n t  surface and then e lec t rochemica l  j e t  p o l i s h i n g  from the  back t o  p e r f o r a t i o n .  The sur face removal was 
done i n  a s o l u t i o n  of 5% H2S04 i n  methanol a t  -35°C and 11 v o l t s .  The j e t  p o l i s h  was accomplished u s i n g  the  

s tandard ~ o l u t i o n ' ~  o f  6% p e r c h l o r i c  ac id,  35% n- buty l  a l c o h o l  and 59% methanol a t  -28°C and 20 v o l t s .  The 
low temperature p a l i s h  avoids the chance of hydr ide  format ion i n  the  TEM metal f o i l s .  TEM and EDS was per-  
formed us ing  a JEOL TEMSCAN-ZOOCX e l e c t r o n  microscope equipped w i t h  a T racor  Nor thern TN-2000 x- ray a n a l y s i s  
system. 

5.3 R e s u l t s  

The r e s u l t s  a re  presented i n  two par ts .  The TEM data i s  considered f i r s t  where Table I 1  summarizes the pre-  
c i p i t a t e  d e n s i t y  and s i z e  measurements. The data from the  EDS a n a l y s i s  i s  presented i n  Tables 111-V and i s  
considered a f t e r  the  TEM r e s u l t s .  

F i g u r e  2 i s  a TEM micrograph showing the  m i c r o s t r u c t u r e  of the  as- rece ived  Ti- 64 a l l o y .  
equiaxed w h i l e  t h e  B phase forms i n t e r g r a n u l a r l y  (BG). 
a t t a c k  on the  EG gra ins .  

observed t h a t  the r a d i a t i o n- i n d u c e d  B p r e c i p i t a t e s  (Bi) dominate the m i c r o s t r u c t u r e .  

1.2 x 1015 #/cm3 w i t h  an average l e n g t h  of 65 nm. 

r a d i a t i o n  damage. 

The a g r a i n s  a re  
The p o l i s h i n g  c o n d i t i o n s  used r e s u l t  i n  enhanced 

A f t e r  2 dpa a t  500°C the T i- 64 m i c r o s t r u c t u r e  i s  i l l u s t r a t e d  i n  F ig.  3. 

The d e n s i t y  o f  Bi i s  

It can be 

I t  can a l s o  be noted t h a t  the  BG phase shows no Signs of 

TO i l l u s t r a t e  the h igh  dens i t y  o f  Bi i n  the  a g r a i n s  and the lack  o f  damage i n  t h e  B G  
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TABLE I __ 

Compos i t i on  (We igh t  Pe rcen t )  

T i - 6 4  A1-6.4 v-3.9 c- 0.01 
(Hea t  8913521 N-0.01 0-0.12 Fe-0.21 

TABLE 11. T i- 64  2 dpa Bi P r e c i p i t a t e  Response 

Temperature ( " C l  Leng th  (nml D e n s i t y  (# l cm3)  

500 65 1.2 1015 

550 87 2.0 1015 

600 140 5.3 1014 

650 400 6 x lo1' 
700 NONE NONE 

TABLE 111. Alpha Phase C o n c e n t r a t i o n s  (We igh t  P e r c e n t l  

I r r a d i a t e d  U n i r r a d i a t e d  

d p a l  temp CTai c; C,"l dpal temp c;i c; c", 
010 (720)  91.90 t 1.39 1.34 i 1.62 6.76 f 1.07 

21500 94.34 f 4.96 0 t 4.43 5.66 t 3.08 01500 92.83 f 1.88 0.44 * 1.21 6.73 f 1.05 

21550 94.00 f 2.25 0 f 1.73 6.00 f 1.33 

21600 93.63 t 2.49 0 i 1.52 6.37 i 1.21 

21650 92.51 f 1.65 0.90 f 1.38 6.60 f 0 . 4 1  01650 91.82 i 0.79 1 .61 f 0.73 6.57 f 0.93 

21700 91.96 f 1.39 1.82 * 1.73 6.22 * 1.13 

TABLE I V .  Beta G Phase C o n c e n t r a t i o n s  (We igh t  P e r c e n t )  

I r r a d i a t e d  Uni r r a d i a t e d  

BG %ti B t i  
dpaltemp CT i C V  'A1 

010 (7201 86.54 f 5.66 10.06 f 5.05 3.39 f 2.15 

21500 79.19 f 3.34 18.22 f 2.68 2.59 f 1.94 01500 78.75 + 4.27 18.14 f 4.06 3.11 * 1.52 

21550 78.69 f 2.60 16.66 f 3.40 4.65 f 1.64 

2/600 80.58 + 4.26 15.84 f 3.84 3.50 f 1.70 

21650 86.92 f 0.9 8.13 f 0.85 4.94 * 0.87 0165U 86.01 f 1.64 10.26 f 1.94 3.73 f 0.66 

21700 84.66 3.16 11.03 f 2.88 4.30 f 1.26 

BG 
'A1 

BG 
'Ti d p a l  temp 
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TABLE V. Beta i Phase Concentrat ions (Weight Percent) 

'i 'i 61 
dpaltemp CTi CY 'A1 
21500 82.70 t 6.19 11.65 f 6.22 5.64 * 3.75 

21550 87.29 5.33 5.79 5.76 6.92 t 1.25 

21600 69.66 t 4.70 24.50 5.20 5.83 2.06 

21650 87.07 1.82 7.42 f 2.12 5.51 1.29 
21700 NONE 

Ti-64 AS RECEIVED 

FIGURE 1. Displacement damaqe and implanted i o n  FIGURE 2. TEM micrograph showing the as- received 
concentrat ion for  9 MeV A1 i nc iden t  on Ti-64. Ti-64 g r a i n  s t ruc ture .  .Note the~enhanced a t tack  on 

the g ra in  boundary BG phase. 

10 grains, F ig.  4 shows a b r i g h t  f i e l d l da rk  f i e l d  pa i r .  

o r i en ta t i ons  are ,shown i n  an a g r a i n  w i t h  a BG g r a i n  a t  the top of the p i c t u r e  e x h i b i t i n g  a Clear micro- 
s t ruc ture .  
l a rge  d i s t r i b u t i o n  i n  size. 
a t  500'C. 
served between the annealed and as-received specimens. 
Ti-64 specimen annealed a t  500'C f o r  8 hr. 

In Fig.  4a several o r i en ta t i ons  o f  the 6 poss ib le  6 7  

In Fig. 4b one o f  the 6 possib le o r i en ta t i ons  i s  imaged showing the h igh  dens i ty  of  61 and the 
To ob ta in  the 2 dpa damage l eve l  t h i s  specimen was i r r a d i a t e d  f o r  1-112 hours 

If one anneals an as-received specimen f o r  8 h r  a t  500'C, no r e a d i l y  apparent d i f f e rence  i s  ob- 
Th i s  p o i n t  i s  i l l u s t r a t e d  by F ig .  5 which shows a 

Simi la,  u J ,  SnallJIIImL*IUII ,f specimens i r r a d i a t e d  a t  550-6OO'C shows the Bi p r e c i p i t a t i o n  response dominating 

the microstructure.  

and l a rge  s i ze  d i s t r i b u t i o n  of  the Bi p rec ip i t a tes .  

w i t h  an average length  o f  87 nm. 
ta tes  are d r a s t i c a l l y  inc reas ing  i n  average s i ze  f o r  j u s t  a 50'C t e m p e r f p  i crease. The average length  
o f  the 2 dpa 600'C Bi p r e c i p i t a t e s  i s  140 nm w i t h  a densi ty  o f  5.4 x 10 
magnitude o f  t h i s  p r e c i p i t a t i o n  e f f ec t ,  Fig. 8 shows two micrographs a t  s l i g h t l y  d i f f e r e n t  ma t r i x  Orienta- 
t i ons  showing a l l  6 Bi p r e c i p i t a t e  o r ien ta t ions .  

no s ign  o f  r a d i a t i o n  damage. Th is  can be seen i n  Fig.  9 which shows a c lean BG g r a i n  nex t  t o  some obviously 

rad ia t i on- a f fec ted  a grains. 

F igure 6 shows two b r i g h t  f i e l d l d a r k  f i e l d  p a i r s  again i l l u s t r a t i n g  the h igh  dens i ty  

The densi ty  o f  Bi a t  2 dpa and 550'C i s  2 x #/cm2 

Figure 7 shows the 2 dpa 600'C sample and i l l u s t r a t e s  how the  Bi PreCipi -  

9 #/cm . To f u l l y  appreciate t he  

Again i t  should be pointed o u t  t h a t  t he  BG gra ins  d i sp lay  
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FIGURE 3. TEM micrograph showing the  ex tens ive  Ei p r e c i p i t a t i o n .  
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Ti-64 500°C 8 hr 

, 1 

FIGURE 5. TEM micrograph showing the g ra in  s t ruc ture  and d i s loca t i on  d i s t r i b u t i o n  i n  Ti-64 annealed a t  
500'C f o r  8 hours. 

The concentrations i n  weight percent o f  the a phase, EG phase and Ei phase are shown i n  Tables 111-V. 

Table I11 the a phase concentrations are presented and i l l u s t r a t e  t h a t  under i r r a d i a t i o n  no V i s  l e f t  f ree  
i n  the a mat r ix  except i n  the 650'C case. 

annealing o r  i r r a d i a t i o n  r e s u l t s  i n  s i g n i f i c a n t  increase i n  V concentration. 

I n  

For the EG phase, Table I V  shows t h a t  a 500-6OO'C temperature for  

Comparison of aluminum concentration between the a and EG phases ind ica tes  a preference f o r  the a phase. 

The phase concentrations o f  the Ei p rec ip i t a tes  are presented i n  Table V and show a l a rge  variance i n  va- 

n a d i m  values and a la rge e r ro r .  The la rge variance and e r r o r  r e s u l t s  from taking spectra from small pre- 
c i p i t a t e s  embedded i n  a matrix, so these values are no t  an accurate i nd i ca t i on  of the p r e c i p i t a t e  concentra- 
t ion .  However, they do show a la rge vanadium concentration i n  the a mat r ix  which has a la, V concentra- 
t i on .  

t h i n  a matr ix.  

cate a V concentration higher than t h a t  found i n  the EG phase. 

t r a t i o n  was n o t  reduced t o  the same extent  i n  the Ei phase as i n  the EG phase. 

I n  one case, Ei 2/600, the e lec t ropo l i sh  resu l ted  i n  the Ei p rec ip i t a tes  being suspended i n  a very 

Therefore. the concentrations from the Ei 2/600 case are accurate. These Si r e s u l t s  i n d i -  

Also i t  should be noted t h a t  the A1 concen- 
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FIGURE 7. a1 & b) 

c) (I d) 

B r i g h t  f i e l d  TEM micrographs a t  or ien ta t ions ;(a1 = Coli21 and ;(a) = CllTOl shoving the 
r a d i a t i o n  induced Bi p rec ip i ta te .+  
Uark f i e l d  TEM micrographs using g(6) = C0111. 

The second mechanism i s  based on thermodynamic reasoning. It postulates t h a t  i f  a mater ia l  i s  i n  a nonequi- 

l i b r i u m  state. then rad ia t i on  may promote nucleat ion i n  incoherent prec ip i ta tes . ”  The as-received mater ia l  
i s  i n  a nonequi l ibr ium s ta te  f o r  the 50O-60O0C temperature range as i s  ind ica ted by the increase i n  V con- 
cent ra t ion  f o r  a 500°C anneal. 
theory would a lso  requ i re  modi f ica t ion  t o  f i t  the resu l ts .  The EDS r e s u l t s  presented here can be used t o  
sketch an i r r a d i a t i o n  modi f ied phase diagram t o  fu r the r  assess the phase s t a b i l i t y  under i r r a d i a t i o n .  

However, the i r rad ia t ion- induced p rec ip i t a tes  are n o t  incoherent so t h i s  

The r e l a t i v e  amounts o f  the phases present can be calculated. 
accuracy o f  the EOS resu l t s .  
only 2 phases present, a and BG (o r  BGT i n  the l a t t e r  case). 

Add i t iona l ly ,  t h i s  gives an est imate on the 
I n  the case o f  the annealed specimens and the 2 dpa 700°C specimen there are 

By so lv ing the fo l lowing equations 

C ” Y @  + C;fa = 3.9 

CAlfg 6 + Cilfs = 6.4 
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Ti-64 2 dna 6OO0C 

TEN micrographs showing a l l  6 6, p r e c i p i t a t e  o r i e n t a t i o n s  i n  vary ing  

ng a BG g r a i n  whlch has no observable damage. 
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Ti164 2 dpa 7OO0C 

, 

n 
t 

H 
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FIGURE 14. TEM micrograph showing a transformed g ra in  (EGT). 

the r e l a t i v e  f rac t i on  o f  the phases, fa and f,,. can be obtained. The r e s u l t s  are presented i n  Table V I .  
can be noted t h a t  a higher temperature anneal gives a higher f r a c t i o n  of 6 w i t h  a lower V concentration. 
Since the above two equations are no t  constrained t o  give fa + f E  = 1.0 any dev la t ion  from 1.0 i s  an e s t i -  
mate o f  the error.  
s i s  i s  necessary for  the i r r a d i a t e d  specimens where three phases, a. EG and Ei. are present. 

It 

As can be seen, the e r r o r  i n  each case i s  less  than 10%. A l i t t l e  more d i f f i c u l t  analy- 
Solv ing 

BG ’1 = 89.7 ‘;jfa + ‘TifE, + ‘TifE, 
Ir 1 

BG @i + c  f + c  f - 3 .9  
I V Ec v Ei - 
fa + CAlfEG BG + CAlfAl B i  = 6.4 

gives the appropr iate f rac t i ons  a f t e r  normalization. The r e s u l t s  are presented i n  two pa r t s  I n  Table V I I .  

The f i r s t  part, (a). takes the values o f  CyBi experimental ly obtained, ignor ing the f a c t  t h a t  a l l  b u t  the 2 

dpa 600’C r e s u l t s  a lso  average over a l a rge  p a r t  o f  the a matrix. From these r e s u l t s  we can see t h a t  the 

rmst be hlgher, on the order o f  the 21600 data. t o  give a reasonable f f r a c t i o n  (- 20%) t h a t  qua l i t a -  
B i  

t i v e l y  agrees w i t h  the TEM observations. 
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precipitate Density vs Emperature 
in Ti-64 

z DPA at z microns 1 -- E 

. (precipitate size) 

400 450 500 650 800 BM) 7w 75 
'kmpemture (T) 

Id" 

FIGURE 15. 
temperature. 

Bi p r e c i p i t a t e  dens i ty  versus 

0 

PHASE D IAGRAM SKETCH FOR Ti- 6 .4% A I  

0 4 8 I2 16 20 24 2S 
VANADIUM (Weight XI 

FIGURE 16. Sketch o f  the phase diagram for  Ti-6.4% 
A1 as a f u n c t i o n  o f  temperature and V concentrat ion.  

TABLE V I .  f, and f, 

X e r r o r  dpa/ temp fa f a  
01500 0.861 0.194 9.2 

01650 0.832 0.25 5.5 

21700 0.885 0.21 9.3 

010 (720) 0.806 0.28 8.2 

B i  
TABLE V I I .  fa. f and f BG 

B i  
f 

BG 
d p a / t e w  fa  f 

a )  21500 0.353 0.164 0.482 

21550 0.43 0.55 0.515 

21600 0.784 0.043 0.174 

21650 0.20 0.286 0.514 

b)  21500 0.651 0.164 0.186 

21550 0.712 0.110 0.178 

21600 0.783 0.044 0.173 

21650 0.834 0.032 0.134 
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An i r r a d i a t i o n  m o d i f i e d  phase d iagram i s  p resen ted  i n  F ig .  16. T h i s  d iagram i s  based on t h e  EDS r e s u l t s  

p resen ted  i n  Tab les  111 t o  V and on the  h i g h e r  temperature  (- l O O O ' C )  work o f  Rausch e t  a1.I '  i n  t h e  T i 7 %  A1 

system. 

t r a n s u s  i s  e x t r a p o l a t e d  by drawing a s t r a i g h t  l i n e  th rough  the  CYBi 21600 p o i n t  and the  C y  = 0 p o i n t .  The 

i r r a d i a t e d  BG i s  a prob lem i n  p r e s e n t a t i o n  s i n c e  a t  - 650°C t h e r e  appears  t o  be some fo rm o f  phase t r a n s i -  

t i o n  ( E G  + BGT). 

t i o n  i n  C!G a t  650'C ( i .e . ,  a p i n c h i n g  i n  o r  o f f  o f  t he  a + B r e g i o n ) .  From F i g .  16 the  C!i d a t a  can then 

T h i s  da ta  i s  p r e s e n t e d  i n  p a r t  be  taken f o r  d i f f e r e n t  t empera tu res  and used t o  c a l c u l a t e  fa, f 

( b l  of Tab le  V I I .  T h i s  data  agrees q u a l i t a t i v e l y  w i t h  the  TEN o b s e r v a t i o n  i n  t h a t  f o r  low tempera tu re  i r -  
r a d i a t i o n s  the  BG f r a c t i o n  does n o t  appear markedly reduced y e t  t h e r e  i s  a s i g n i f i c a n t  Bi f r a c t i o n .  

500°C and 2 dpa the  t o t a l  bcc f r a c t i o n  i s  35% compared t o  19% i n  t h e  u n i r r a d i a t e d  case. 
c a n t  r e d i s t r i b u t i o n  i n  t h e  phase f r a c t i o n s  wh ich  i s  d i f f i c u l t  t o  a s c r i b e  s o l e l y  t o  RIS. R I S  shou ld  r e s u l t  
i n  p r e c i p i t a t i o n  o f  t h e  e q u i l i b r i u m  p r e c i p i t a t e ,  n o t  a p r e c i p i t a t e  w i t h  50% more vanadium. 

drawing a l i n e  th rough  the  one C ' 21600 da ta  p o i n t  can be ques t i oned .  

m e n t a l l y  t h a t  i n  those  few cases, a t  o t h e r  temperatures,  where the  Bi p r e c i p i t a t e  hung o v e r  t he  edge o f  t h e  

f o i l ,  o r  was i n  ve ry  t h i n  s e c t i o n  o f  f o i l ,  t h a t  CYBi approached 2 0  + %. 

8 .  
A l l  t he  d a t a  on a and EG i s  p l o t t e d .  Only the  21600 da ta  f o r  C y '  i s  p l o t t e d .  The a + Bi/Bi 

T h i s  t r a n s i t i o n  t o  a B t r ans fo rmed  morphology i s  seen i n  the  a + B G / B G  t r a n s u s  as a reduc-  

and fBi. 
BG 

F o r  T = 

T h i s  i s  a s i g n i f i -  

The accuracy o f  
E .  

V However, i t  has been n o t e d  e x p e r i -  

The h i g h  temperature  (650-70O"Cl i r r a d i a t i o n  response i n  t h e  a s- r e c e i v e d  B g r a i n  (BGI  resembles the  mor- 

phology o f  a Eanneal. 

( a t  - 1040') f o l l o w e d  by an a i r  coo l  and a reanneal  a t  700°C. 
p l a t e s .  I t  seems reasonab le  t o  assume t h a t  even under i r r a d i a t i o n  the  Widmanstatten lr iorphology w i l l  n o t  
occu r  u n t i l  t h e  tempera tu re  i s  reduced, Under heavy i o n  i r r a d i a t i o n  c o n d i t i o n s  the  temperature  i s  n o t  
reduced u n t i l  t he  i r r a d i a t i o n  ceases. Therefore ,  i n  t h e  BG g r a i n s  as the  vacancy c o n c e n t r a t i o n  decays t o  
e q u i l i b r i u m  w h i l e  t i l e  te i l ipera ture  i s  c o n c o m i t a n t l y  reduced, here e x i s t s  enough s o l u t e  m o b i l i t y  f o r  t i l e  A1 
and V t o  segregate  t o  t h e i r  r e s p e c t i v e  a and 0 p l a t e s .  

A b e t a  anneal"  i s  ach ieved  by an anneal above t h e  B l ( a  + 61 t r a n s i t i o n  tempera tu re  

T h i s  r e s u l t s  i n  Widmansta t ten d lpha -be ta  

6.0 Conc lus ions  

1. The d e n s i t i e s  and l e n g t h s  o f  t he  r a d i a t i o n  induced p r e c i p i t a t e s  i n  T i - 6 4  a r e  g i v e n  as a f u n c t i o n  o f  
temperature .  

Observa t i on  o f  t h e  f i r s t  i r r a d i a t i o n  e f f e c t  i n  t h e  g r a i n  boundary B phase i n  T i- 64  a t  and above 650°C 2 .  

3. EDS a n a l y s i s  o f  T i- 64 r e s u l t e d  i n :  

a .  O b s e r v a t i o n  t h a t  t he  r a d i a t i o n  i nduced  0 p r e c i p i t a t e  has a vanadium c o n c e n t r a t i o n  - 50% g r e a t e r  t han  

b. 
t h e r m a l l y  p r e d i c t e d .  
The f r a c t i o n  o f  bcc phase p r e s e n t  a t  500°C a f t e r  a 2 dpa i r r a d i a t i o n  i s  35% wh ich  i s  80% more than  
p r e d i c t e d  t h e r m a l l y ,  whereas the  f r a c t i o n  o f  bcc phase p r e s e n t  a t  650°C a f t e r  2 dpa i r r a d i a t i o n  i s  
16% wh ich  i s  o n l y  60% o f  t he  thermal  p r e d i c t i o n .  
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8.0  F u t u r e  Vork 

F u r t h e r  C h d r a C t e r i L a t i o n  o f  t he  chemica l  c o m p o s i t i o n  o f  t he  r a d i d t i o n  i nduced  8 p r e c i p i t a t e .  
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HEAVY I O N  IRRADIATION OF Ti-6242s 

U.L. Plumton, G.L. K u l c i n s k i  and R.A .  Uodd ( U n i v e r s i t y  o f  Wisconsin-Madison1 

1.0 O b j e c t i v e  

Prev ious work on T i- 64  has demonstrated t h a t  t h i s  t i t a n i u m  a l l o y  system has phase i n s t a b i l i t i e s  under i r- 
r a d i a t i o n .  Neutron r e s u l t s  on Ti-6242s i n d i c a t e  t h i s  a l l o y  may have a s t a b l e  phase m i c r o s t r u c t u r e .  The 
p r e s e n t  study was under taken t o  examine the m i c r o s t r u c t u r e  and phase s t a b i l i t y  o f  Ti-6242s a f t e r  2 dpa o f  
heavy i o n  i r r a d i a t i o n  over a 450-700°C temperature range. 

2.0 Summary 
~ 

A f t e r  2 dpa of 9 NeV A1 i o n  i r r a d i d t i o n ,  Ti-62425 d isp layed  e x t e n s i v e  p r e c i p i t a t i o n  a t  a l l  temperatures i n  
the range 450-700°C. 
morphology of the p r e c i p i t a t i o n  response f o r  45U-600°C was h i g h l y  unusual.  I t  c o n s i s t e d  o f  the apparent  ag- 
g lomera t ion  of  s m a l l  (- 20 nm) p r e c i p i t a t e s  i n t o  some form of  a r r a y  o r  c l u s t e r .  
c i p i t a t e  response (650-7UO'Cl was normal where the p r e c i p i t a t e  morphology was t h a t  o f  an e longa ted  p l a t e l e t .  
A l o u  v o i d  d e n s i t y  was observed between 550-650'C w i t h  the vo ids  p r e f e r e n t i a l l y  l o c a t e d  near g r a i n  boun- 
d a r i  es. 

The p r e c i p i t a t e  was i d e n t i f i e d  as a bcc phase s i m i l a r  t o  t h a t  observed i n  T i- 64.  The 

The h i g h  temperature p re-  

3.0 Pragram 

T i t l e :  R a d i a t i o n  Damage S tud ies  
P r i n c i p a l  I n v e s t i g a t o r :  G.L. K u l c i n s k i  and R.A.  Dodd 
A f f i l i a t i o n :  U n i v e r s i t y  o f  Wisconsin-#adison 

4.0 Relevant  DAFS Program Task/Subtask 

Task Number I .C.4  M i c r o s t r u c t u r e s  and S w e l l i n g  i n  R e a c t i v e l R e f r a c t o r y  A l l o y s  (Pa th  C) 

5.0 Accomplishments and S t a t u s  

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

T i t a n i u m  a l l o y s  a r e  among the  s t r u c t u r a l  m a t e r i a l s  be ing  cons ide red  f o r  use i n  a f u s i o n  reactor .1-4 T i t a n i -  
um i s  compat ib le  w i t h  severa l  coo lan ts  and i t  has a l o w  long- te rm r e s i d u a l  r a d i o a c t i v i t y .  
we igh t  r a t i o  and creep r u p t u r e  p r o p e r t i e s  o f  t i t a n i u m  a l l o y s  a r e  equa l  t o  o r  s u p e r i o r  t o  those o f  s t a i n l e s s  
s t e e l  i n  the  400-500°C temperature range. The h igh  e l e c t r i c a l  r e s i s t i v i t y .  hea t  c a p a c i t y  and low c o e f f i c i -  
e n t  o f  thermal expansion a r e  a l l  advantageous. However, the  r a d i a t i o n  damage r e s i s t a n c e  of t i t a n i u m  a l l o y s ,  
s p e c i f i c a l l y  the  phase s t a b i l i t y ,  i s  an area t h a t  needs t o  be examined. 

The s t r e n g t h  t o  

T i t a n i u m  a l l o y s  a r e  d i v i d e d  i n t o  th ree  major  c lasses  determined by phase cons t i tuency .  These c lasses  a r e  
the a lpha (a) ,  beta  ( 6 )  and a lpha/beta ( d B 1  where the a lpha phase i s  hcp and the beta phase i s  bcc. The 
a l l o y i n g  elements used i n  the  t i t a n i u m  system can be d i v i d e d  i n t o  two c lasses  depending on which phase i s  

~ t a b i l i z e d . ~  The s u b s t i t u t i o n a l  a s t a b i l i z e r s  a r e  AI ,  z r  and Sn w h i l e  the beta s t a b i l i z e r s  a r e  V, C r ,  bin, 
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Fe, Co, N i  and No. 

Prev ious  work on i r r a d i a t e d  Ti-6A1-4V,6-11 an o/B a l l o y ,  has shown an e x t e n s i v e  r a d i a t i o n - i n d u c e d  E p r e c i p i -  

t a t i o n  response. 
f r e e  s u r f a c e  under i r r a d i a t i o n .  However, t h e  r e l a t i v e  magnitude o f  t h i s  s e g r e g a t i o n  c o u l d  n o t  be e x p l a i n e d  

by the s i z e  o f  t he  s o l u t e  m i s f i t  parameter  a lone.  R a d i a t i o n- i n d u c e d  s e g r e g a t i o n  (R18)13 p r e d i c t s  t he  segre-  
g a t i o n  o f  u n d e r s i z e  s o l u t e s  v i a  i n t e r s t i t i a l  complexes t o  s i n k s .  In  t h e  t i t a n i u m  system, the  r e l a t i v e  
magnitudes o f  t he  s e g r e g a t i o n  e f f e c t s  f o r  V, Mo and A1 a r e  e x a c t l y  t he  o p p o s i t e  o f  what one would e x p e c t  
f rom j u s t  c o n s i d e r i n g  the  s i z e  o f  the m i s f i t  parameter .  Vanadium seg rega tes  the  most and A1 t h e  l e a s t .  

I r r a d i a t i o n  s t u a i e s  o f  nea r  a a l l o y s  a r e  sparse.  

1v- l t . lo)  and found the  r a d i a t i o n - i n d u c e d  B p r e c i p i t a t e .  
0 .08Si )  and on Ti-62428 (5A1-68n-2Zr - l t~ lo -0 .3S i )  has n o t  r e v e a l e d  any r a d i a t i o n - i n d u c e d  E p r e c i p i t a t e .  
p a r i n g  the  s o l u t e  c o n t e n t  o f  these a l l o y s  shows t h a t  vanadium i s  p r e s e n t  i n  a l l  t he  a l l o y s  where the  
r a d i a t i o n - i n d u c e d  B p r e c i p i t a t e  i s  observed. 

Many e t  al . , "  u s i n g  Auger depth  p r o f i l i n g ,  f ound  t h a t  V ,  Mo and A1 a l l  seg rega te  t o  a 

A y r a u l t 1 4  per formed heavy i o n  i r r a d i a t i o n  o f  T i- 811 (8A1- 

Neut ron work9.10 on Ti-62425 (6A1-2Sn-SZr-2:lo- 
Com- 

I n  t h i s  paper t he  m i c r o s t r u c t u r e  o f  t he  near a a l l o y ,  Ti-6242S, i s  r xamined  as a f u n c t i o n  o f  t empera tu re  f o r  
low dose i o n - i r r a d i a t i o n s .  The morphology and d i s t r i b u t i o n  o f  a p o s s i b l e  r a d i a t i o n - i n d u c e d  phase i s  exam- 
i n e d  ove r  t he  temperature  range o f  500-7OO'C. 

5.2 Exper imen ta l  Procedure 

The t i t a n i u m  a l l o y  which was i r r a d i a t e d ,  Ti-6242S. has the  nominal  c o m p o s i t i o n  o f  6A1-2Sn-4Zr-2No-0.088i. 
The a l l o y  was Obta ined f rom the  l lcDonnel1 Douglas A s t r o n a u t i c s  Company i n  t he  f o r m  of 0.9 rnm S h e e t  i n  t h e  
dup lex  annealed c o n d i t i o n .  The dup lex  anneal  h e a t  t r e a t m e n t  c o n s i s t s  o f  112 h r  a t  900°C. a i r  c o o l ,  114 h r  
a t  790 'C.  a i r  c o o l ,  then a 4 h r  vacuum anneal  a t  720°C and an a rgon  c o o l .  
w i t h  g r a i n  boundary t ransformed E g r a i n s .  P r e p a r a t i o n  o f  t h e  a l l o y  f o r  i r r a d i a t i o n  c o n s i s t e d  o f  punch ing  
o u t  d i s c  speciinens 3 nm i n  d iamete r .  These specimens were then m e c h a n i c a l l y  p o l i s h e d  t o  a t h i c k n e s s  o f  0.4 
mm . 

T h i s  r e s u l t s  i n  equ iaxed  o. g r a i n s  

I r r a d i a t i o n  o f  these Specimens was perforr i ied a t  t he  U n i v e r s i t y  o f  W iscons in  Heavy- Ion I r r a d i a t i o n  F a c i l i t y  
us i r ig  9 tleV A1 i o n s .  F i g u r e  1 shows a B R I C E  code damage c a l c u l a t i o n  f o r  9 lleV A1 on T i- 64  i- T i- 62425)  

u s i n g  the  LSS" e l e c t r o n i c  s t o p p i n g  power ( e s p ) ,  and a d i sp lacemen t  energy o f  32  eV.  Aluminum i o n s  were 
used t o  a v o i d  dny chemica l  a l t e r a t i o n s  i n  t he  a l l o y .  Fur thermore,  a l l  t he  microscopy was c a r r i e d  o u t  a t  t h e  
2 l i m  dep th  t o  a v o i d  any excess i n t e r s t i t i a l  e f f e c t s  and any a l t e r e d  phase s t a b i l i t y  e f f e c t s  due t o  t h e  ad- 
d i t i o n a l  aluminum d e p o s i t e d  by the  i n c i d e n t  i o n s .  The specimens were i r r a d i a t e d  t o  a t o t a l  dose o f  2 dpa a t  
a 2 wr d e p t h  f o r  t empera tu res  f rom 500-700°C. 

P o s t - i r r a d i a t i o n  specimen p r e p a r a t i o n  f o r  TEM a n a l y s i s  i n v o l v e d  e l e c t r o c h e m i c a l  removal o f  2.4 vm o f  t he  
f r o n t  sur face and then e l e c t r o c h e m i c a l  j e t  p o l i s h i n g  from the  back t o  p e r f o r a t i o n .  The s u r f a c e  removal was 
done i n  a s o l u t i o n  o f  5% H28U4 i n  metnanol a t  -35°C and 11 v o l t s .  

s tandard  s o l u t i o n 1 6  o f  6% p e r c h l o r i c  a c i d ,  355 n- b u t y l  a l c o h o l  and 59% methanol a t  -28°C and 20 v o l t s .  The 
low te inperature  p o l i s h i n g  a v o i d s  t h e  chance o f  h y d r i d e  f o r m a t i o n  i n  t h e  TEtP f o i l s .  T r a n s w i s s i o n  e l e c t r o n  
microscopy (TEM) was pe r fo rmed  on a JEOL TEMSCAN-2OOCX e l e c t r o n  microscope.  

The j e t  p o l i s h  was accompl ished u s i n g  the  

5.3 R e s u l t s  

These r e s u l t s  p r e s e n t  a p r e l i m i n a r y  survey o f  t he  morphology and d i s t r i b u t i o n  o f  p r e c i p i t a t e s  wh ich  a r e  sus- 
p e c t e d  o f  be ing  r a d i a t i o n - i n d u c e d .  The r e s u l t s  range from low  tempera tu res ,  where the  p r e c i p i t a t e  morpholo-  
gy i s  unusual ,  t o  h i g h  tempera tu res  where a normal appear ing  p r e c i p i t a t e  i s  observed. A p r e c i p i t a t e  r e -  
sponse i s  observed i n  a l l  i r r a d i a t e d  samples from 450 t o  700"C, w h i l e  samples annealed f o r  l o n g e r  t imes  a t  
s i m i l a r  t empera tu res  show no p r e c i p i t a t i o n .  

F i g u r e  2 shows a Ti- 62425 specimen annealed f o r  E hou rs  a t  500°C. There i s  l i t t l e  d i f f e r e n c e  between t h i s  
r l i c r o s t r u c t u r e  and t h e  as- rece i ved  m i c r o s t r u c t u r e .  The a lpha  g r a i n s  a r e  f a i r l y  equ iaxed and the  a s- r e c e i v e d  
bcc B phase can be observed a t  a g r a i n  boundar ies  as a t ransformed B phase. The t ransformed 6 phase ( E T )  
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FIGURE 1. Displacement damage and implanted i o n  concent ra t ion  versus the  i n c i d e n t  i o n  range f o r  
9 MeV A1 on Ti-6A1-4V. 

FIGURE 2. TEM micrograph i l l u s t r a t i n g  g r a i n  s t r u c t u r e  FIGURE 3. TEM micrograph i l l u s t r a t i n g  some g r a i n  
and d i s l o c a t i o n  d i s t r i b u t i o n  i n  Ti- 6242s annealed a t  growth and recovery i n  Ti- 6242s annealed a t  650°C 
500'C f o r  8 hours. f o r  8 hours. 
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cons i s t s  o f  a l t e r n a t i n g  p l a t e s  o f  a and B phase. F igure  3 shows the  a l l o y  mic ros t ruc tu re  a f t e r  an 8 h r  an- 
neal a t  650°C. 

many p l a tes  t o  a t  most a few 6 p l a tes  and i n  some instances a small 6 gra in.  The p r e c i p i t a t e s  i n  the  l a r g e  
a g ra i n  have been q u a l i t a t i v e l y  i d e n t i f i e d ,  using EDS, as Sn r i c h  p a r t i c l e s .  It should be po in ted  o u t  t h a t  
i n  t h i s  t i t an ium a l l o y  system the d i s l oca t i ons  o f t en  a l i g n  i n t o  arrays,  examples o f  which can be observed i n  
both previous micrographs. Th is  p o i n t  w i l l  be impor tan t  l a t e r  as i t  w i l l  be shown t h a t  the i r r a d i a t i o n  p re-  
c i p i t a t e  response appears t o  be associated w i t h  these arrays.  

It appears t h a t  sow g ra in  growth has occurred. The ET appears t o  have conso l ida ted  from 

A t y p i c a l  example o f  the mic ros t ruc tu re  o f  Ti-6242s i r r a d i a t e d  t o  2 dpa a t  450°C i s  shown i n  Fig.  4La). 
alpha g ra i n  i s  f u l l  o f  a f i n e  d i s l o c a t i o n  m ic ros t ruc tu re  wh i l e  the ET v i s i b l e  i n  the lower l e f t  corner  

appears unaffected. Examination of the corresponding d i f f r a c t i o n  pa t te rn ,  4(d) .  shows what appears t o  be 
over ldpping spots w i t h  the index ing  g iven ad jacent  t o  the  pa t te rn .  F igure  4 (b)  i s  a centered dark f i e l d  
micrograph using g(a)  = [T lO l I / g (E )  = C l l 0 l  which appears t o  be a s t r ong l y  d i f f r a c t i n g  a r e f l e c t i o n .  
r e s u l t s  i n  the imaging o f  the d i s l o c a t i o n  ~ t r u c t u r e  and-possibly some p r e c i p i t a t e s  a l i gned  on the d i s l o-  
ca t i on  network. F igure  4 (c )  uses g(6)  = [ l l O l / g ( a )  = [ l O l l l  which shows a double spot i d e n t i t y  i n d i c a t i n g  a 
s t r o n y l y  d i f f r a c t i n g  E r e f l e c t i o n ,  and indeed the image shows small p r e c i p i t a t e s  arranged a long d i s l o c a t i o n  
l i n e s .  Fur ther  evidence t h a t  these p r e c i p i t a t e s  a re  heterogeneously p r e c i p i t a t i n g  on d i s l o c a t i o n  l i n e s  i s  
g iven i n  Fig. 5 where the b r i g h t  f i e l d  image shows some s t rong ly  d i f f r a c t i n g  p r e c i p i t a t e s  arranged a long 
l i n e s .  The dark f i e l d  image shows how these p r e c i p i t a t e s  are s t r ong l y  imaged. The d i f f r a c t i o n  pa t t e rns  
associated w i t h  these p r e c i p i t a t e s  i n d i c a t e  a bcc s t ruc tu re ,  s i m i l a r  t o  t h a t  repor ted  p rev ious ly  fo r  the 
rad ia t ion- induced 6 phase i n  Ti-64. 

c a t i o n  view of these Bi i s  shown i n  Fig. 6 where the  h igh dens i ty  and small  s ize  o f  these p r e c i p i t a t e s  i s  

imaged i n  a homogeneous d i s t r i b u t i o n .  Only i n  t h i s  type o f  homogeneous d i s t r i b u t i o n  i s  i t  poss ib le  t o  ob- 

t a i n  a number dens i ty  (8.8 x and an average s ize  (16 nm). 

The 

Th is  

For the present, these p r e c i p i t a t e s  w i l l  be c a l l e d  Bi. A h i gh  magn i f i-  

F igure  7 Shows the  Ei morphology a t  550°C and 2 dpa. 

d i s l o c a t i o n  arrays.  Th i s  can be seen i n  the  cen t ra l  p o r t i o n  o f  bo th  (a )  and ( b ) .  There i s ,  however, a 
c l u s t e r  morphology which i s  s t a r t i n g  t o  occur and can be seen i n  the upper l e f t  corner. A l l  of t h i s  pre-  
c i p i t a t i o n  appears t o  be small Ei p r e c i p i t a t e s  which agglomerate a t  some s inks.  

t h i s  p o i n t  i s  seen i n  F ig .  8. This i s  a b r i g h t  f i e l d l d a r k  f i e l d  p a i r  which d i s t i n c t l y  shows the small i n d i -  
v idua l  Bi p r e c i p i t a t e s  l i n e d  up i n  arrays.  

It appears t h a t  the  Bi p r e c i p i t a t i o n  i s  occur r ing  on 

A c l ea re r  i l l u s t r a t i o n  of 

A t  h igher  i r r a d i a t i o n  temperature (600°C) the Ei p r e c i p i t a t e  c l u s t e r s  predominate and are  more un i fo rmly  

d i s t r i b u t e d .  F igure  9 i l l u s t r a t e s  t h i s  phenomenon. While much o f  the  p r e c i p i t a t i o n  i s  occur r ing  i n  the 
c l us te r s .  the Fig. 9 ( b )  dark f i e l d  view shows some small p r e c i p i t a t e s  i n  the m a t r i x  away from c l us te r s .  The 
s ize  of the  Ei p r e c i p i t a t e s  s t i l l  appears very small and the c l u s t e r s  do seem t o  cons i s t  o f  these small  Ei 
p r e c i p i t a t e s  i n  several  s h o r t  l i n e a r  agglomerations per c l us te r .  I n  a few cases these c l u s t e r s  look d i s-  
t i n c t l y  g lobu la r .  This i s  shown i n  Fig. 10. 

Occasional vo ids are observed. Fig. 11, and i n  most cases they a re  ad jacent  t o  a g r a i n  boundary. The two 
voids i n  the upper r i g h t  hand corner  of F ig .  11 are nex t  t o  a r e t a i n e d  B g ra in  and associated w i t h  a 6 i  

c l u s t e r  as the dark f i e l d  micrograph i nd i ca tes .  Not  a l l  the Bi p r e c i p i t a t e s  a re  i n  c l u s t e r  form. 
12(a)  and (b)  show a Bi d i s t r i b u t i o n  t h a t  i s  a denser vers ion  of the l i n e a r  a r ray  morphology. 

a t  600°C and 2 dpa, the dens i ty  o f  small Bi p r e c i p i t a t e s  i n  a c l u s t e r  appears h igher than a t  the lower 

temperatures i n  the l i n e a r  arrays.  

F igures  
I n  a l l  cases, 

A t  650°C and 2 dpa the  p r e c i p i t a t e  morphology i s  of a more normal appearance and i n  f a c t  resembles the 
radiat ion- induced p r e c i p i t a t i o n  t h a t  occurs i n  Ti-64 a t  lower temperat i res.  
a l l  6 Bi p r e c i p i t a t e  o r i e n t a t i o n s .  

nm and a dens i ty  o f  6 x l 0 l 3  #1cm3. 
cu r r i ng .  
ducing m ic ros t ruc tu ra l  evo lu t ion ,  i n  terms o f  g ra i n  growth. as i s  i n d i c a t e d  by the l a rge  r e t a i n e d  E g r a i n  
near the  center  o f  F ig .  13. 
g ra ins  i s  i nd i ca ted  i n  F ig .  14. Th is  shows t h a t  the r e t a i n e d  E g ra in  has no o r i e n t a t i o n  r e l a t i o n  w i t h  the  
Si p r e c i p i t a t e s  p resent  i n  the  a gra in.  Fur ther  i n d i c a t i o n  of the ex tens ive  d i s l o c a t i o n  annealing, 

occur r ing  dur ing  i r r a d i a t i o n  a t  650"C, i s  shown i n  Fig. 15.  
t races .  

F igure 13 shows an a g r a i n  w i t h  
The Ei p r e c i p i t a t e s  are e longated p l a t e l e t s  w i t h  an average s ize  o f  150 

A t  t h i s  temperature there ' i s  d i s l o c a t i o n  movement and g ra i n  growth oc- 
Also shown a re  f a u l t e d  loops pinned on p rec ip i t a tes .  The p r e c i p i t a t e s  are n o t  d r a s t i c a l l y  r e-  

That t h i s  alpha g ra i n  has grown around one o f  i t s  former g ra i n  boundary E 

Here the d i s l oca t i ons  d isp lay  long  f a u l t e d  
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FIGURE 4. a )  B r i g h t  f i e l d  TEM micrograph showing a heterogeneous d i s t r i b u t i o n  o f  rad ia t ion- induced B pre-  
c i p i t a t e s .  

Selected area d i f f r a c t i o n  pa t t e rn  i l l u s t r a t i n g  the over lap of Ez(al = [ O l i l I  and Ez(6)  = 
b) & c)  Dark f i e l d  TEM micrograph usfng 
d )  

= ~ 1 1 0 1  and c i i o ~ .  

C O O l l .  

- . .  I '  

e imaged from a top  view o r i en ta t i on .  F igure  16 Shows the  w id th  ( 

ha t  there i s  some small amount of c l u s t e r i n g  remaining i n  t h e i r  d i  
< -  <.. r 4 "  1, TL^*^ .~-  -=".  *- --.- i.. & h i _  ' 

side, the view of the a l i gned  Ei p r e c i p i t a t e s  i s  t h e i r  topside. 

c i p i t a t e  a r rays  i s  n o t  as h igh  as i t  was fo r  the lower temperature c l us te r s .  
lower l e f t  corner, t he  E i  p r e c i p i t a t e s  a re  imaged from edge on. 

However, the Ei dens i ty  o f  the a l i gn ,  

Beneath t h i s  g r a i n  i n  t 
Another i tem t o  note i s  t h a t  the ave' 

g r a i n  s ize has increased (i.e., compared t o  Fig.  2) wh i l e  the as- received, transformed E g ra i ns  appea 
have consol idated i n t o  E g ra i n  boundary regions. The vo id  dens i ty  appears higher than i n  the 600'C c, 
voids s t i l l  a re  mainly associated w i t h  g r a i n  boundaries. 

While F i o .  13 showed the  E: o rec io i t a tes .  Droduced a t  650'C. from near an edge-on perspect ive they can a l s o  
b )f  the  Bi p r e c i p i t a t e s  and a l s o  i n d i c a t e s  

s t r i b u t i o n .  An o v e r a l l  view o f  several  t 
grqn jo .  ,11w13 "3. A,. I ~ O C ~ F  a rc  UWY I W I ~  LU w c c  1 8 0  LI I IS  i i gu re .  I n  the l a rge  a g r a i n  on the l e f t  .. 

ed pre- 

he 
rage a 
r t o  
ase y e t  

F i n a l l y  a f t e r  2 dpa a t  700'C. the  Ei p r e c i p i t a t e s  have grown t o  - 360 nm wh i l e  the  dens i ty  has remain, 

about the same a t  5 x I O l 3  X/cms. While s t i l l  s l i g h t  F igure  18 shows the p r e c i p i t a t e s  from edge on. 
r l i i c t o r o n  +ha r l 5 c t ~ i h ~ i t i n n  w a c  C . i r l l ,  s m n i C n r m  I l n C - r t a a n s t n l ~ ~  t h n  r s n n l e  -*.-.-.-=+in- ..L + h i -  - m - - i - - ,  

ed 

1Y "... I I I~ Iy I  I lul l  ., YI I . IV I I I I .  y I I I v I  .v88u-aJ CllF aao8,y15 y ~ ~ y ~ ~ m c l v ~ ~  c J I I a  ,VSClllhn was 
such t h a t  a vo id  d i s t r i b u t i o n  was impossible t o  determine. The s izes  and p r e c i p i t a t e  dens i t i es  a re  sum- 
marized i n  Table I. 
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1 r 

Ti-6242s 2 dDa 45O0C 

I- 

FIGURE 5. a)  B r i g h t  f i e l d  TEM micrograph showing FIGURE 6. a )  B r i g h t  f i e l d  TEM micrograph showing 
a heterogeneous d i s t r i b u t i o n  o f  small Bi p r e c i p i -  the h igh dens i t y  and small s ize  of Bi p r e c i p i t a t e s  
t a t i o n .  i n  a homogeneous d i s t r i b u t i o n .  
b )  Dark f i e l d  TEbl micrograph using = LllOl. b) Dark f i e l d  TEM micrograph us ing  < ( E )  = ~0111. 

Ti-6 

FIGURE 7. a )  

b) 

B r i g h t  f i e l d  TEM micrographs showing b o t h  g lobu la r  and l i n e a r  a r ray  morphologies o f  the Bi 
p r e c i p i t a t e  agglomerations. 
Dark f i e l d  TEM micrograph using ;(E) = C200l. 
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4 Discussion 

I p o s i t i v e l y  i d e n t i f y  these bcc p rec ip i t a tes  as radiation- induced one must observe d i sso lu t i on  o f  the pre- 
l p i t a t e  upon annealing a t  a temperature i n  the a phase f i e l d .  Thfs has n o t  y e t  been done so a q u a l i t a t i v e  
.gurnent must be used. This near-a a l loy ,  Ti-62425, has much mre a s t a b i l i z i n g  solutes than Ti-6A1-4V and 
!wer 5 s t a b i l i z i n g  solutes. Therefore i t  would seem reasonable t h a t  i f  the bcc radiat ion- induced p r e c i p i -  
l t e s  ( 6 i )  i n  Ti-64 dissolve. then so should those i n  Ti-62425. The 6 i  p rec ip i t a tes  probably are Mo en- 

ched. 
ley. however, noted sow ambiguity i n  the i n t e r p r e t a t i o n  o f  t h e i r  r esu l t s .  They examined Ti-8At-lV-lMo and 
le b inary a l l o y s  Ti-3V and Ti-8.7A1, and wh i le  they could s ta te  t h a t  V and A1 do segregate t o  a f r e e  
i r face by considerat ion of the binary a l l o y  resu l ts ,  there e x i s t s  another p o s s i b i l i t y  f o r  Mo. This i s  t h a t  
' vanadium-rich bcc p rec ip i t a tes  form a t  the f ree  surface, then t h i s  bcc phase might p r e f e r e n t i a l l y  i n -  
i rporate Mo. The f a c t  t h a t  
:c radiation- induced p rec ip i t a tes  are occurr lng i n  Ti-6242s w i thout  vanadium being present i nd i ca tes  t h a t  
I i s  undoubtedly segregating t o  a sink, then p r e c i p i t a t i n g  ou t  i n  a bcc phase. This p o i n t  i s  f u r t h e r  ad- 

mced by the work o f  Erck e t  a1.l' who i r r a d i a t e d  Ti-8.5A1 w i t h  ions  and found no i r rad ia t ion- induced 6 
lase. They d i d  note the A1 segregated to sinks, p r e c i p i t a t i n g  o u t  as 02. the Ti3Al  ordered phase. There- 

r e ,  i t  appears t h a t  some form of bcc s t a b i l i z i n g  so lu te  i s  necessary f o r  the radiat ion- induced beta phase 
, form. 

As noted previously Wang e t  a1.12 d i d  observe Mo segregation to a f ree surface a f t e r  i r r a d i a t i o n .  

This would produce a d r i v i ng  force f o r  Mo t o  d i f fuse i n t o  the depleted area. 

CURE 8. a)  
b) 

B r i g h t  f i e l d  TEM micrograph showing a heterogeneous agglomeration o f  Bi p rec ip i t a tes .  
Dark f i e l d  TEM micrograph using g(5)  = C2001. 
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5.5 Conclusions 

1. 
2.  

A bcc p r e c i p i t a t e  i s  observed i n  Ti-6242s a f t e r  2 dpa a t  temperatures from 450-7OO'C. 
The l o w  temperature (450-6OO'C) morphology of the  6 p r e c i p i t a t e  i s  unusual. 
nm) 6 prec ip i t a tes  c l u s t e r i n g  i n t o  d i f f e r e n t  shaped agglomerations. 
l i n e a r  arrays wh i l e  a t  600'C the agglomerations had becorne "homogeneously" d i s t r i b u t e d  c lus te rs  composed 
o f  sho r t  arrays. 
The high temperature i r r a d i a t i o n s  (650-7OO'C) produced p rec ip i t a tes  t h a t  were normal i n  appearance and 
they consisted of elongated p l a t e l e t s  s i m i l a r  t o  those seen i n  i r r a d i a t e d  Ti-6A1-4V. 

A l o w  densi ty o f  voids (<  lo1* #/cm3) i s  observed between 550-65O'C and the voids are heterogeneously 
d is t r ibu ted,  usua l ly  adjacent t o  a gra in  boundary. 

It Consists Of Small (- 20 
A t  450'C the agglomerations were 

3. 

4. 

5.6 Future Work 

The magnitude of the vo id  swel l ing  and the composition o f  the Bi p r e c i p i t a t e s  w i l l  be q u a n t i t a t i v e l y  
measured. 

FIGURE 10. a)  B r i g h t  f i e l d  TEM micrograph showing several g lobu lar  shaped Ei p r e c i p i t a t e  c lus te rs .  
b) Dark f i e l d  TEM micrograph using g l 6 )  = CllOl. 
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r 1 

Ti-6242s 2 dna 6OO0C 

FIGURE 11. a) 

b )  

B r i g h t  f i e l d  TEM micrograph i l l u s t r a t i n g  a "homogeneous" d i s t r i b u t i o n  o f  Bi C lus ters  and two 
voids next  to a gra in  boundary. 
Dark f i e l d  TEM micrograph using G(6) = [llOl, and showing Bi p r e c i p i t a t e l v o i d  association. 

FIGURE 12. a)  B r i g h t  f i e l d  TEM micrograph i l l u s -  FIGURE 13. TEM micrograph showing a l l  6 Bi p rec ip i-  
t r a t i n g  the heterogeneous nature of Ei p rec ip i-  
ta t ion .  pinned on Ei p rec ip i ta tes .  
b)  Dark f i e l d  TEM micrograph using ;(E) = ~1101. 

tate or ienta t ions.  Also shown are fau l ted loops 
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FIGURE 14. a) B r i g h t  f i e l d  TEM micrograph showing FIGURE 15. TEM micrograph showing stacking fau l t s ,  
a void+and a re ta ined grain boundary, EG. prec ip i-  

b)  

an i nd i ca t i on  of the extensive recovery t h a t  has OC- 
curred. tate, g(a) = 111201. + 

Dark f i e l d  TEM micrograph using g(6 )  = [ZOO]. 

Tl-8242S 2 dpa 8SOOC 

Ti-6242s 2 dpa 65OoC 

FIGURE 16. a) B r i g h t  f i e l d  TEM micrograph show- FIGURE 17. TEM micrograph showing a t y p i c a l  g ra in  
i n g  Bi p rec ip i t a tes  i n  a s l i g h t l y  c lus tered d i s t r i -  s ize d i s t r i b u t i o n  and the radiat ion- induced 6 pre- 
bution. c i p i t a t e s  (Bil. 
b) Dark f i e l d  TEM micrograph using < ( 6 )  = 11121. 
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1 F 

FIGURE 18. 
of 8 .  prec ip i ta tes .  
b )  bark f i e l d  TEM micrograph using G(6)  = C1121. 

a)  B r i g h t  f i e l d  TEM micrograph sharing the la rge size, 350 nm, and la, density, 5 x lo1’ #/m3, 

14 

TABLE I. Bf P r e c i p i t a t e  Sizes and Dens i t ies  f o r  Ti-6242s 

Temperature ( ‘ C )  Density #lcm3 Size Lnm) 

450 8 .8  1015 16 
600 6.0 1013 170 

650 6.1 1013 150 

700 5.0 1013 360 
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THE EFFECT OF DENSITY CHANGES ON THE EHERGY AND I O N  DEPOSITION PROFILES 

U.G. Wolfer  and M.E. Benchikh-Lehocine ( U n i v e r s i t y  o f  Wisconsin-Madison) 

1.0 O b j e c t i v e  

I o n  bombardment o f  s o l i d  s u r f a c e s  produces d e n s i t y  changes i n  the  su r face  l a y e r  which subsequent ly  a f f e c t s  
the  i o n  range. A c o r r e c t i o n  procedure i s  developed t o  e v a l u a t e  the  m o d i f i e d  i o n  range.  

2 .0  Summary 
~ 

Us ing the  t r a n s p o r t  t heo ry  f o r  the  d i s t r i b u t i o n  o f  depos i ted  energy o r  depos i ted  i o n s ,  i t  i s  shown t h a t  t h e  
e f f e c t  of d e n s i t v  chanqes on these d i s t r i b u t i o n  o r o f i l e s  can be o b t a i n e d  f rom the  d i s t r i b u t i o n  o r o f i l e s  i n  a 
medium w i t h  cons-tant d e n s i t y  by a s imple c o o r d i n a t e  t r a n s f o r m a t i o n ,  p r o v i d e d  the  d i s t r i b u t i o n  f u n c t i o n s  de- 
pend on ly  on % s p a t i a l  c o o r d i n a t e .  

3 . 0  Program 

T i t l e :  E f f e c t  o f  R a d i a t i o n  and High Heat F l u x  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 :  N . G .  Wol fe r  

4.0 Re levan t  DAFS Program P lan  TaskISubtask 

Subtask I 1  I . 8 . 2 . 3  C o r r e l a t i o n  Methodology 

5.0 Accompl i shments and S t a t u s  

5 . 1  i n t r o d u c t i o n  

I n  s t u d i e s  o f  s p u t t e r i n g ,  b l i s t e r i n g ,  r a d i a t i o n  damage, and i o n  i m p l a n t a t i o n  o f  s o l i d s ,  t he  range d i s t r i -  
b u t i o n  o f  bo th  depos i ted  i o n s  and depos i ted  energy a r e  o f  p r imary  i n t e r e s t .  These d i s f r j b u t i o n  p r o f i l e s  a r e  
commonly computed a c c o r d i n g  t o  the  t r a n s p o r t  t heo ry  developed by Sigmund and Sanders. I n  t h e i r  o r i g i n a l  
f o r m u l a t i o n ,  the  d e n s i t y  o f  atoms i n  the  s o l i d  was cons ide red  t o  be c o n s t a n t .  It i s  a t r i v i a l  m a t t e r ,  how- 
e v e r ,  t o  g e n e r a l i z e  i t  t o  i n c l u d e  nonuni form atom d e n s i t i e s .  

V a r i a t i o n s  i n  d e n s i t y  and compos i t i on  w i t h  depth a r e  o f t e n  encountered i n  i o n  bombardment s t u d i e s .  These 
v a r i a t i o n s  may be due t o  the  i n i t i a l  sur face con tamina t ion  and s e g r e g a t i o n  o f  a l l o y i n g  e lements  t o  the  
su r face .  O r ,  more o f t e n ,  t h e  v a r i a t i o n s  a re  due t o  v o i d  and bubble  f o r m a t i o n  as  a r e s u l t  o f  t he  i o n  bom- 
bardment i t s e l f .  

The e f f e c t  o f  d e n s i t y  v a r i a t i o n s  a 3  caused by r a d i a t i o n- i n d u c e d  v o i d s  on the  range o f  i o n s  and damage was 
e a r l i e r  cons ide red  by Odet te  e t  a l .  i n  an ad hoc fash ion .  They argued t h a t  the  e f f e c t  o f  v o i d s  can s imp ly  
be i n c l u d e d  i n t o  the  range by adding the  d i s t a n c e  t r a v e l e d  th rough  the  vo ids  t o  t h e  d i s t a n c e  t r a v e l e d  
t i i r ough  the  v o i d- f r e e  s o l i d .  They cons ide red  t h i s  procedure an approx imate one, however, s i n c e  vo id- induced  
s t r a g g l i n g  was n o t  accounted f o r .  



I n  t h e  p r e s e n t  paper we prove r i g o r o u s l y ,  s t a r t i n g  f rom the  t r a n s p o r t  t heo ry ,  t h a t  d e n s i t y  c o r r e c t i o n  t o  the  
e n t i r e  p r o f i l e s  f o r  b o t h  i o n  and damage d i s t r i b u t i o n  can be made immed ia te l y  if one knows these p r o f i l e s  i n  
t he  s o l i d  w i t h  c o n s t a n t  d e n s i t y  and if one knows the  d e n s i t y  v a r i a t i o n  w i t h  depth .  T h i s  can be ach ieved  by 
a s imp le  t r a n s f o r m a t i o n  o f  t he  depth  c o o r d i n a t e .  I t  f o l l o w s  f u r t h e r  f rom the  p r o o f  t h a t  d e n s i t y  c o r r e c t i o n s  
can be made i n  t h i s  manner whenever t he  t r a n s p o r t  prob lem can be f o r m u l a t e d  a s  a one- dimens iona l  one, be i t  
p lana r ,  c y l i n d r i c a l  o r  s p h e r i c a l .  

5 .2 T r a n s p o r t  Equa t i on  f o r  Range and Damage D i s t r i b u t i o n  

+ +  
L e t  F ( r , v l  denote t h e  d i s t r i b u t i o n  f u n c t i o n  f o r  e i t h e r  t he  d e p o s i t e d  energy (damage) o r  t he  d e p o s i t e d  i o n s  

( r a n g e ) .  More s p e c i f i c a l l y ,  F ( r , v )  d r i s  e i t h e r  t he  r e c o i l  energy or t he  i o n s  d e p o s i t e d  i n  t h e  volume 

e lemen t  d r abou t  when these i o n s  e n t e r  t h e  s o l i d  a t  f = 0 and w i t h  i n i t i a l  v e l o c i t y  ;. 
+ +  3 

3 

T h i s  d i s t r i b u t i o n  f u n c t i o n  s a t i s f i e s  the f o l l o w i n g  t r a n s p o r t  e q u a t i o n :  

+ f  
Here, N ( r 1  i s  the l o c a l  atom d e n s i t y ,  d o ( v ' , v " l  i s  t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n  f o r  e l a s t i c  n u c l e a r  s c a t -  

t e r i n g ,  t he  i n t e g r a t i o n  be ing  c a r r i e d  o u t  ove r  a l l  v e l o c i t i e s  ;' o f  t h e  s c a t t e r e d  i o n  and ove r  a l l  v e l o c i -  

t i e s  v"  o f  the r e c o i l i n g  t a r g e t  atom, and Se i s  t he  e l e c t r o n i c  s t o p p i n g  power pe r  t a r g e t  atom. The para-  

meter  5 = 0 f o r  t he  range d i s t r i b u t i o n ,  and 5 = 1 f o r  the damage d i s t r i b u t i o n ,  r e s p e c t i v e l y .  F ( r , v )  i s  t he  

r e c o i l  d i s t r i b u t i o n .  If the t a r g e t  atoms a i f f e r  from the  p r o j e c t i l e  atoms, then F ( r , v )  s a t i s f i e s  an 
e q u a t i o n  l i k e  Eq. (1) i n  wh ich  a l l  t h e  d i s t r i b u t i o n  f u n c t i o n s  r e f e r  now t o  t a r g e t  atoms. 

+ 
- +  + 

- +  + 

Equa t ion  (1) i s  i d e n t i c a l  

m o d i f i c a t i o n  t h a t  t h e  number d e n s i t y  o f  t a r g e t  atoms, N ( P ) ,  i s  a f u n c t i o n  o f  t he  p o s i t i o n .  

t o  those d e r i v e d  by Sigmund and Sanders'" and  other^^'^'^ w i t h  the  t r i v i a l  

5.3 T r a n s f o r m a t i o n  t o  Constant  D e n s i t y  

F o r  a p lane i o n  source w i t h  a l a t e r a l  i o n  f l u x  p r o f i l e  t h a t  changes l i t t l e  over  d i s t a n c e s  o f  t he  o r d e r  of 
the i o n  range, t he  t r a n s p o r t  prob lem becomes one- d imens iona l .  Then F depends o n l y  on the  d e p t h  c o o r d i n a t e  x 
i f  the  d e n s i t y  i s  a l s o  o n l y  a f u n c t i o n  o f  x. L e t  us  then d e f i n e  a new space c o o r d i n a t e  

(21  - l X  x = j H l x ' )  dx '  
N 0 

R 
131 - 1  where N = N ( x ' )  d x '  

0 

i s  t h e  number d e n s i t y  o f  atoms averaged ove r  a t  l e a s t  t he  e n t i r e  range o r  beyond. 

Assuming t h a t  t he  f u n c t i o n  ;(x) can be i n v e r t e d  i n  p r i n c i p l e  t o  o b t a i n  x(?), t he  d i s t r i b u t i o n  f u n c t i o n  be- 

comes now a f u n c t i o n  o f  1. Since 

aF dY aF N(x1  aF 
a x d x -  - - 3  ax t i  ax 

t h e  t r a n s p o r t  Eq. (1) f o r  t he  one- d imens iona l  case can now be w r i t t e n  as 

( 4 )  
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- +  
If t h i s  e q u a t i o n  i s  m u l t i p l i e d  by K / N ( x )  we o b t a i n  a t r a n s p o r t  e q u a t i o n  f o r  F ( x , v )  i n  a medium w i t h  c o n s t a n t  

atom d e n s i t y  n. 

There fo re ,  we have shown, t h a t  if t h e  t r a n s p o r t  e q u a t i o n  i s  s o l v e d  f o r  a c o n s t a n t  u n i f o r m  a t o n  a e n s i t y  and 

t h e  s o l u t i o n  i s  F(y,;], t h e n  t h e  d i s t r i b u t i o n  f u n c t i o n  i n  a rnediuai w i t h  n o n u n i f o r r  a t o r  r l e n s i t y  ; . ( X i  i s  

S i v e n  by F[x[F],;], where x(;) can e i t h e r  be o b t a i n e d  from t h e  i n v e r s i o n  o f  the  f u n c t i o n  de f i neC  i n  E c .  ( i i ,  
o r  f r om the e q u a t i o n  

t i k n  we a p p l y  these r e s u l t s  t o  d e n s i t y  changes caused by v o i d  o r  bubb le  swelJing, i t  i s  r , o re  c o n v e n i e n t  t o  
employ t i le  number d e n s i t y  >lo i n  t h e  t h e o r e t i c a l l y  dense r i a t e r i d l  r a t h e r  t han  IN. I f  S i x )  = L ' i / ' +  and 

S o ( i l  = A Y / V o  deno te  then the v o i d  volume f r a c t i o n  pe r  u n i t  volume o f  the  vo ided  and v o i d - r r e e  m a t e r i a l ,  

r e s p e c t i v e l y ,  t hen  

I l ( X 1  = l ro ( l  - S ( X i 1  ( 7 1  

and K(F1 = N o ( l  - So(Y1) . ( b )  

l ience, the  dep th  c o o r d i n a t e  t r a n s t o r m a t i o n  i s  g i v e n  bq 

X 

( 9 1  
- 
A = x - f S ( x ' )  d x '  

0 

E x p e r i m e n t a l l y ,  t h e  s w e l l i n g  i s  u s u a l l y  measured as  a f u n c t i o n  o f  dep th  x ,  so t h a t  Eq. ( 9 )  i s  tt,e more 
a p p r o p r i a t e  one t o  use. 

5 . 4  D i s c u s s i o n  

'Le have shown r i g o r o u s l y  f ro i l l  t h e  t r a n s p o r t  t heo ry  a p p l i c a b l e  t o  range  and damage d i s t r i b u t i o o  as  produceo 
by a p l a n a r  i o n  bean t h a t  d e n s i t y  v a r i a t i o n s  w i t h  dep th  can s imp ly  be accounted f o r  once the d i s t r i b u t i o n  
f u n c t i o n s  have been Ob ta ined  f o r  t h e  f u l l y  dense and u n i f o r i n  m a t e r i a l .  A l t h o u g h  t h i s  was Srobn e x j l i c l t l y  
o n l y  f o r  t h e  p l a n a r ,  one- d imens iona l  d i s t r i b u t i o n s .  the  sane r e s u l t  i s  o b t a i n e d ,  whenever ti.? t r a n s p o r t  
e q u a t i o n s  depend o n l y  on c o o r d i n a t e .  I t  a p p l i e s  then a l s o  t o  ion-bombarament f r o r i  a s; :ncr ical  o r  a 
c y l i n d r i c a l  Source i n  a s o l i d .  Sph r i c a l  i o n  sources i n  the  fo rm o f  b o r o n - r i c h  p r e c i p i t a t e s  have r e c e n t l y  
been c o n s i d e r e d  by G e l l e s  and Garner' d s  a t o o l  t o  s tudy  v o i d  f o r i n a t i o n  i s  s t e e l s  unde r  s i r i b l t a n e o u s  produc-  
t i o n  o f  damage and h e l i u m .  The v o i d  d e n s i t y  around t h e  p r e c i p i t a t e  p a r t i c l c s  was found t o  de;iend on l y  on 
t h e  r a d i a l  d i s t a n c e .  

As ment ioned i n  t h e  d i s c u s s i o n ,  a v a r i a t i o n  i n  t h e  c o m p o s i t i o n  o f  a l l o y s  o r  compounds w i t h  dept r i  may be pro- 
auced by t h e  i o n  bomuardment due t o  p r e f e r e n t i a l  S p u t t e r i n g ,  r a d i a t i o n - i n d u c e d  s e g r e g a t i o n  and r e c o i l  n i x -  
i n g .  T o  compute t h e  r e d i s t r i b u t i o n  o f  the  v a r i o u s  e lements  i n  an a l l o y  o r  compound a s  a r e s u l t  o f  i o n  b o w  
bardment,  a s e t  o f  t r a n s p o r t  e q u a t i o n s  f o r  each spec ies  need t o  be s o l v e d  s i m u l t a n e o u s l y . d  'ilhen e l e c t r o n i c  
losses can be n e g l e c t e d  each t r a n s p o r t  e q u a t i o n  depends on o n l y  one number d e n s i t y .  I t  t h e  n u n t e r  d e n s i t i e s  
f o r  the  v a r i o u s  spec ies  depend on t h e  dep th  we can a g a i n  a p p l y  t h e  above c o o r d i n a t e  t r a n s f o r n a t i o n  f o r  r d c h  
s p e c i e s  s e p a r a t e l y ,  and we o b t a i n  t r a n s p o r t  e q u d t i o n s  wh ich depend o n l y  on an average c o n s t a n t  d e n s i t y  of 
one p a r t i c u l a r  spec ies .  

U n f o r t u n a t e l y ,  when e l e c t r o n i c  l o s s e s  a r e  i n c l u d e d  each t r a n s p o r t  e q u a t i o n  depends now on a l l  n u m e r  der ls i -  
t i e s ,  and the above t r a n s f o r m a t i o n  no l o n g e r  gene ra tes  e q u a t i o n s  f o r  u n i f o r m  atom d e n s i t i e s .  
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STABILITY OF VACANCY CLUSTEKS I N  COPPLK ANU OTHEK METALS 

S . J .  Z i n k l e ,  L.E. h e i t r m a n  and W . G .  i l o l f e r  ( U n i v e r s i t y  o t  Wiscor is in- l . ladison) 

1 .0  O b j e c t i v e s  

To examine t h e  e n e r g i e s  o f  v a r i o u s  vacancy c l u s t e r s  b o t h  i n  t h e  absence and presence o f  gas. From t h i s  
a n a l y s i s ,  we hope t o  de te rm ine  e x p e r i m e n t a l  c o n d i t i o n s  t h a t  l e a d  t o  v o i d  f o r m a t i o n .  

2.0 Sumim r y  
~ 

Tlie e n e r g i e s  o f  v o i d s ,  s t d c k i n g  f a u l t  t e t r a h e d r a  and vacancy l o o p s  i n  aluminum, copper ,  n i c k e l  and s t a i n l e s s  
s t e f l  l lavc been de te rm ined  as  a f u n c t i o n  o f  s i z e  u s i n g  e s t a b l i s h e d  e q u a t i o n s  from e l a s t i c i t y  t h e o r y .  S tack-  
i n g  t d u l t  t e t r d h e d r a  and vacdncy l oops  were t h e  most s t a b l e  sma l l  c l u s t e r  morpho log ies  i n  a l l  f o u r  m e t a l s  i n  
the  absence o f  gas. A model i s  p resen ted  t h a t  de te rm ines  t h e  e f f e c t  o f  oxygen and h e l i u m  on t h e  e n e r g i e s  o f  
vacancy C l u s t e r s .  The presence o f  smal l  amounts o f  t hesc  gases  causes t h e  v o i d  t o  be t h e  most  s t a b l e  
c l u s  t e r  morpho1 ogy. 

3.0 Programs 

T i t i e :  K a d i a t i o n  E f f e c t s  t o  Reac to r  l i a t e r i a l s  
P r i n c i p a l  I n v e s t i g a t o r s :  G.L. K u l c i n s k i  and R . A .  Uodd 
k t t i l  i a t i o n :  U n i v e r s i t y  o f  W i  sconsin-Madi son 

T i t l e :  E f f e c t  o f  R a d i a t i o n  and H igh  F l u x  on t h e  Per formance o f  F i r s t  Wal 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.  Ho l  f e r  
A f f i l i a t i o n :  U n i v e r s i t y  o f  W iscons in - l l ad i son  

4.0 R e l e v a n t  DAFS Program P l a n  TaskISubtask  

Subtdsk l l . C . 1 . 2  M o d e l i n g  and A n a l y s i s  o f  E f f e c t s  o f  M a t e r i a l s  Parameters  on M i c r o s t r u c t u r e s  

5 .u Accompi ishments and S t a t u s  

5 . 1  I n t r o d u c t i o n  

i i a c r o s c o p i c  s w e l l i n g  due t o  v o i d  for1, lat ion i s  a ma jo r  conce rn  i n  r a d i a t i o n  damage s t u d i e s .  U n f o r t u n a t e l y ,  
the  p h y s i c a l  mechanisms t h a t  compr ise  the  v o i d  n u c l e a t i o n  p rocess  a r e  s t i l l  n o t  c o m p l e t e l y  unde rs tood .  I n  
p a r t i c u l a r ,  t h e  r o l e  Ot sinal1 amounts o f  gas on v o i d  n u c l e a t i o n  i s  u n c e r t a i n .  I t  has been r e c o g n i z e c  f o r  

some t ime  t h a t  ne l iu rn  can have d St rong  e f f e c t  on t h e  v o i d  m i c r o s t r u c t u r e . '  

known t o  promote v o i d  s w e l l i n g .  Recent  e x p e r i m e n t a l  work a t  t h e  U n i v e r s i t y  of \ l i ~ c o n s i n ~ - ~  and e l sewhere  
has found t h a t  gas may be r e q u i r e d  f o r  v o i d  f o r m a t i o n .  

Oxygen' and hydrogen3 a r e  a i s 0  

T h i s  paper  examines t h e  r e l a t i v e  e n e r g i e s  o f  vacancy c l u s t e r s  i n  aluminum, copper ,  n i c k e l ,  ana s t a i n l e s s  
s t e e l  as de te rm ined  from e l d s t i c i t y  t h e o r y .  A model i s  t hen  p r e s e n t e d  f o r  d e t e r m i n i n g  t h e  e f f e c t s  o f  oxygen 
and h e l i u m  on t h e  vacancy c l u s t e r  e n e r g i e s .  R e p r e s e n t a t i v e  c a l c u l a t i o n s  a r e  g i v e n  f o r  low c o n c e n t r a t i o n s  o f  
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these gases i n  copper .  

5.2 E n e r g e t i c s  o f  Vacancy C l u s t e r  Format ion 

The r e l a t i v e  s t a b i l i t i e s  o f  vacancy c l u s t e r s  may be determined u s i n g  procedures g i ven  by p r e v i o u s  

 worker^.^.^ 
l a r  d i s l o c a t i o n  loop,  t h e  f a u l t e d  (Frank)  l oop ,  and the  s t a c k i n g  f a u l t  t e t rahedron .  Var ious  e q u a t i o n s  a r e  

a v a i l a b l e  t h a t  d e s c r i b e  the energy o f  a d i s l o c a t i o n  l oop .  We have chosen the  exp ress ions  d e r i v e d  by 

Four t ypes  of  vacancy c l u s t e r  morpholog ies were cons idered,  namely the  v o i d ,  t h e  p e r f e c t  c i r c u -  

Kroupa,' s ince  they a r e  v a l i d  f o r  smal l  s i zes .  The energy o f  a p e r f e c t  d i s l o c a t i o n  l oop  i s  g i v e n  by 9 

J7 ~ 1 2  
E ( K )  = 1 dp 1 K s i n  @ 

0 

aod G = shear modulus, b = a IQ = Burgers  v e c t o r  o f  a p e r f e c t  l oop ,  u = P o i s s o n ' s  r a t i o ,  R = l o o p  r a d i u s  

and E = core r a d i u s ,  E % b. F i K )  and E(K)  a r e  e l l i p t i c a l  i n t e g r a l s  o f  t h e  f i r s t  and second k i n d ,  respec-  
0 

t i v e l y .  They may be so lved  n u m e r i c a l l y  u s i n g  po lynomia l  app rox ima t ions .  10 

A f a u l t e d  vacancy l o o p  may be desc r ibed  by a s i m i l a r  equation': 

b2 

where b 

The energy o f  a s t a c k i n g  f a u l t  t e t r a h e d r o n  (SFTI i s  g i v e n  by'' 

= a /a = B u r g e r ' s  v e c t o r  o f  a f a u l t e d  l o o p ,  A = l o o p  area and y = s t a c k i n g  f a u l t  energy.  F o  

Gb'L 4L 2 E = T [ l n  F+ 1.017 + 0.97 u] + fi L y ( 3 )  

where L = t e t r a h e d r o n  edge l e n g t h .  The energy o f  a v o i d  MY be expressed as1' 

where RV = v o i d  r a d i u s ,  r = su r face  energy o f  a f l a t  su r face ,  and N = number o f  vacanc ies i n  t h e  v o i d .  

term i n  p a r e n t h e s i s  i s  an e m p i r i c a l  c o r r e c t i o n  t o  the  su r face  energy due t o  c u r v a t u r e  e f f e c t s .  

ValUeS f o r  the  m a t e r i a l s   parameter^'^-^^ r e q u i r e d  i n  t h e  energy c a l c u l a t i o n s  a r e  g i ven  i n  Table  1. 
t i o n s  were per formed on four  r e p r e s e n t a t i v e  f c c  me ta l s  (aluminum, copper ,  n i c k e l ,  and a u s t e n i t i c  s t a i n l e s s  
s t e e l )  a t  homologous temperatures near the  peak v o i d  s w e l l i n g  temperature,  0.45 T,,,. 

t u r e  o f  the vacancy c l u s t e r  energ ies  i s  r a t h e r  sma l l ,  and the  c a l c u l a t e d  r e s u l t s  a r e  reasonab ly  v a l i d  ove r  

The 

C a l c u l a-  

The e f f e c t  o f  tempera- 
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TABLE 1. MATERIALS PARAMETERS 

A 1  

G (CPa) 26 .1  

Y 0.345 

I/ (m-3) 6 . 0  x l o z b  
a, (nm) 0.405 

r ( J I ~ ~ )  1.15 @ 150°C 

I (J /m2) 0 .2  

( a i  v a l u e  f o r  y-Fe 

c u  N i  S t a i n l e s s  S t e e l  

48.3 7 6  72.8 

0.343 0.312 0.305 

8.45 x 10" 9.14 x 10" 8.6 x ioz8 
0.361 0.352 0.360 

0.055 0.250 0.040 

1.7  @ 400'C 2 .1  @ 500°C 2.2 @ 500 "C(a )  

Ke f  

13 

13 

13 

13  

14 

15 

- 

FIGURE 1. C a l c u l a t e d  s p e c i f i c  e n e r g i e s  o f  vacancy FIGURE 2. C a l c u l a t e d  s p e c i f i c  e n e r g i e s  of vacancy 
c l u s t e r s  i n  pu re  aluminum. c l u s t e r s  i n  pu re  copper .  

FIGURE 3. C a l c u l a t e d  s p e c i f i c  e n e r g i e s  o f  vacancy FIGUKE 4. C a l c u l a t e d  s p e c i f i c  e n e r g i e s  o f  vacancy 
c l u s t e r s  i n  pu re  n i c k e l .  c l u s t e r s  i n  316 s t a i n l e s s  s t e e l .  
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t h e  e n t i r e  v o i d  s w e l l i n g  temperature regime. F i g u r e s  1-4 show the  c a l c u l a t e d  energy pe r  vacancy of  t h e  d i f -  
f e r e n t  c l u s t e r  morpholog ies as a f u n c t i o n  o f  t he  number o f  vacanc ies i n  t h e  c l u s t e r  f o r  t he  f o u r  me ta l s .  The 
s t a c k i n g  f a u l t  t e t r a h e d r o n  (SFT) i s  p r e d i c t e d  t o  be t h e  most s t a b l e  c o n f i g u r a t i o n  f o r  sma l l  1: 1000 vacan- 

c i e s )  c l u s t e r s  i n  copper and s t a i n l e s s  s t e e l ,  whereas the  f a u l t e d  ( s m a l l e r  s i z e s )  o r  p e r f e c t  ( l a r g e r  s i z e s )  
vacancy loop i s  the  most s t a b l e  i n  aluminum. Void  f o r m a t i o n  i s  p r e d i c t e d  t o  never  be e n e r g e t i c a l l y  f a v o r -  
a b l e  i n  these t h r e e  meta ls .  The v o i d  and the  f a u l t e d  l o o p  a r e  e q u a l l y  s t a b l e  as the  l o w e s t  energy morpholo-  
g i e s  i n  n i c k e l  f o r  smal l  c l u s t e r  s i z e s  1: 1000 vacanc ies ) .  

r a t i o n  f o r  a l l  f o u r  me ta l s  a t  very  l a r g e  vacancy c l u s t e r  s i zes .  S ince  vacancy c l u s t e r  n u c l e a t i o n  necessar i -  
l y  occurs  a t  smal l  s izes,  the  s t a b i l i t y  o f  t he  smal l  c l u s t e r s  1: 1000 vacanc ies)  i s  expected t o  e x e r t  t h e  

dominant e f f e c t  on the  f i n a l  observed morphology. ( A s  discussed l a t e r ,  t h e r e  i s  an a p p r e c i a b l e  a c t i v a t i o n  
energy b a r r i e r  t h a t  i n h i b i t s  convers ion  o f  vacancy c l u s t e r s  between p l a n a r  and three- dimensional  morpholo-  
g i e s ) .  
expected to occur  i n  any o f  t he  meta l s  i n v e s t i g a t e d ,  w i t h  t h e  e x c e p t i o n  o f  n i c k e l .  

E l a s t i c i t y  theo ry  i s  n o t  s t r i c t l y  v a l i d  f o r  very smal l  d e f e c t  c lus te rs , '  and i t  would be niore a p p r o p r i a t e  t o  
use a t o m i s t i c  c a l c u l a t i o n s  to determine the most s t a b l e  morphology a t  c l u s t e r  s i z e s  where v o i d  n u c l e a t i o n  i s  
expected t o  occur  (2 100 vacanc ies ) .  Un fo r tuna te l y ,  t he  i n t e r a t o m i c  p o t e n t i a l s  o f  most me ta l s  a r e  n o t  known 

a t  s u f f i c i e n t  accuracy t o  a l l o w  t h i s  type o f  c a l c u l a t i o n  t o  be performed. A t o m i s t i c  c a l c u l a t i o n s  have r e -  

c e n t l y  been conducted on thy6 ; f$b i l i t y  o smal l  vacancy c l u s t e r s  i n  pure copper .  16,17 Both i n v e s t i g a t i o n s  
found t h a t  the  vacancy l o o p  
ment w i t h  the e l a s t i c i t y  p r e d i c t i o n s  ( F i g .  2 ) .  

The p e r f e c t  l o o p  i s  the  most s t a b l e  con f igu-  

The most i n t e r e s t i n g  aspec t  o f  t h e  c a l c u l a t i o n s  p resen ted  i n  F i g s .  1-4 i s  t h a t  v o i d  f o r m a t i o n  i s  n o t  

and SFTf7 ( p l a n a r  c o n f i g u r a t i o n s )  a r e  more s t a b l e  than the  vo id ,  i n  agree- 

There have been severa l  r e p o r t e d  observa t ions  o f  SFT i n  i r r a d i a t e d  o r  quenched copper and copper a l l o y s  
(see, e.g., 6, 18-21), as  p r e d i c t e d  from F i g .  2. F a u l t e d  and p e r f e c t  l oops  a r e  commonly observed i n  i r r a d i -  

a t e d  a ~ u m i n u m . ~ ' ~ ~  1,lcLaurin 
i n  the  format ion o f  f a u l t e d  vacancy loops.  Subsequent growth d u r i n g  con t inuous  i r r a d i a t i o n  caused t h e  
f a u l t e d  loops  t o  shear and become p e r f e c t  loops.  No v o i d s  o r  SFT were observed, i n  agreement w i t h  F i g .  1. 

Vacancy loops, SFT and vo ids  have a l l  been observed i n  i r r a d i a t e d  or quenched n icke l .21,22 
p r e d i c t i o n s  o f  F i g .  3. F i g u r e  4 p r e d i c t s  t h a t  SFT a r e  s t a b l e  i n  s t a i n l e s s  s t e e l .  Recent o b s e r v a t i o n s  o f  
SFT have been made i n  i r r a d i a t e d  316 type s t a i n l e s s  s t e e l  and i n  some Fe-Cr-Ni a l l o y s  t h a t  a r e  s i m i l a r  t o  

316 s t a i n l e s s  s t e e l  .23-25 

5 observed t h a t  e l e c t r o n  i r r a d i a t i o n  o f  h i g h - p u r i t y  aluminum i n i t i a l l y  r e s u l t e d  

Th is  matches t h e  

The genera l  agreement between theory  (F igs .  1-4) and exper imen t  i n d i c a t e s  t h a t  e l a s t i c i t y  theo ry  may be a t  
l e a s t  q u a l i t a t i v e l y  c o r r e c t  i n  i t s  p r e d i c t i o n s  a t  sma l l  c l u s t e r  s i z e s .  However, a r e v i e h  o f  t h e  l i t e r a t u r e  

r w e a l s  t h a t  v o i d  fo rmat ion  i s  commonly observed i n  quenched or i r r a d i a t e d  aluminum,21 ~ o p p e r , ~ ~ . ~ ~ * * '  and 

s t a i n l e s s  These exper imen ta l  f i n d i n g s  a r e  i n  c o n f l i c t  w i t h  the  e l a s t i c i t y  t h e o r e t i c a l  p r e d i c -  
t i o n s  ( F i g s .  1. 2 ,  4 ) .  i n  o r d e r  t o  remedy t h i s  d iscrepancy between theory  and exper iment ,  i t  i s  necessary 
t o  examine the  e f f e c t  o f  i m p u r i t i e s  on the  r e l a t i v e  e n e r g i e s  o f  vacancy c l u s t e r s .  A model i s  developed i n  
t h e  f o l l o w i n g  s e c t i o n s  t h a t  addresses the  e f f e c t  o f  oxygen and h e l i u m  on t h e  vacancy c l u s t e r  energ ies .  I n  
the  i n t e r e s t  o f  b r e v i t y ,  c a l c u l a t i o n s  a re  o n l y  per formed f o r  t he  case of i r r a d i a t e d  copper.  

5.3 Ro le  o f  Oxygen on Vo id  Format ion i n  Copper 

I t  i s  w e l l  known t h a t  su r face- ac t i ve  spec ies such as oxygen o r  s u l f u r  may chemisorb o n t o  c lean  s u r f a c e s  of 

me ta l s  and cause a r e d u c t i o n  i n  the  su r face  en erg^.^'-^^ 
l a r g e ,  tnen v o i d  fo rmat ion  may become e n e r g e t i c a l l y  favorab le .  The change i n  s u r f a c e  energy due t o  t h e  

chemiso rp t i on  o f  oxygen a t  a c o n s t a n t  temperature i s  g i ven  by t h e  Gibbs a d s o r p t i o n  

I f  the  r e d u c t i o n  i n  su r face  energy i s  s u f f i c i e n t l y  

dr= -- RT ' sa t  
d I n  X 

Acu 

where eSat i s  t h e  s a t u r d t e d  f r a c t i o n a l  su r face  coverage, X i s  t h e  mole f r a c t i o n  o f  oxygen i n  s o l u t i o n  and 

A,, i s  t he  molar  su r face  area o f  copper. 

3.40 x l o 4  m2/g-mol f o r  the  (111) c l o s e  packed ~ 1 a n e . l ~  

energy33-35 have found t h a t  the  su r face  of  copper becomes s a t u r a t e d  w i t h  oxygen a t  a coverage l e v e l  o f  

The va lue  of ACU depends upon c r y s t a l l o g r a p h i c  o r i e n t a t i o n  and i s  

Exper imen ta l  measurements o f  t h e  su r face  
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eSat = 0.25. 

i n g s  on the o x i d a t i o n  sequence a r e  i n  good agreement w i t h  s u r f a c e  s t u d i e s  o f  c h e m i s o r p t i o n  and o x i d a t i o n  i n  

I n  t h e  presence o f  h i g h e r  p a r t i a l  p r e s s u r e s  o f  oxygen, an o x i d e  l a y e r  These f i n d -  

However, Habraken e t  a l . 3 6  r e p o r t e d  t h a t  BSat = 0.5 f o r  oxygen c h e i a i s o r p t i o n  on copper .  

The iangmuir-McLean nay be used t o  de te rm ine  the temperature- dependent  r e l a t i o n s h i p  between 
oxygen i n  s o l u t i o n  i n  t h e  m a t r i x  ana t h e  degree o f  s u r f a c e  coverage ( e )  on a v o i d .  

where X, i s  t h e  mole f r a c t i o n  o f  oxygen i n i t i a l l y  p r e s e n t  i n  t h e  m a t r i x ,  X C s  i s  t h e  mole f r a c t i o n  o f  oxygen 

chemisorbed on to  v o i d  s u r f a c e s ,  and G B  and G ,  a r e  t h e  Gibbs f r e e  e n e r g i e s  f o r  oxygen i n  t h e  b u l k  and on t h e  

su r face ,  r e s p e c t i v e l y ,  r e l a t i v e  t o  a s i n g l e  oxygen atom i n  vacuum. If e n t r o p y  terms a r e  n e g l e c t e d ,  t hen  
LB = ( t i C S  + E U ) / 2  where E" i s  the  d i s s o c i a t i o n  energy  o f  m o l e c u l a r  oxygen and HU and Hcs a r e  t h e  h e a t  o f  

s o i u t i o n  and c h e m i s o r p t i o n  f o r  m o l e c u l a r  oxygen. 

-167 KJimol  31 y i e l d s  t h e  r e s u l t ,  GB = 226 KJImol and G s  = 166 KJ Imo l .  

n o  e f f e c t  of oxygen coverage on t h e  h e a t  o f  c h e m i s o r p t i o n .  

a p p r e c i a b l y  s m a l l e r  a t  h i g h  coverage leve ls .31*40,41 

f o r  coverage l e v e l s  up t o  8 = 0.25, wh i ch  co r responds  t o  t h e  range o f  i n t e r e s t  i n  t h e  p r e s e n t  case.  

u s i n g  E~ = 458.4 KJ im01 ,~ '  H~ = - 41  KJ/mol 35 and H~~ = 

T h i s  approach i m p l i e s  t h a t  t h e r e  i s  

I t  i s  known t h a t  t h e  magni tude o f  t iCS becomes 

However, i t  appears  t h a t  t h e r e  i s  l i t t l e  change i n  H C S  

The change i n  s u r f a c e  energy  due t o  oxygen c h e m i s o r p t i o n  may be c a l c u l a t e d  u s i n g  t h e  method o f  G a l l o i s  and 

i u p i  s33 

RT e g 02 

A'U 

r - r ( e )  = - [-+ -1 1- 4 8  R T  ( 7 )  

where g Cor responds t o  an i n t e r a c t i o n  energy  between n e i g h b o r i n g  adso rbed  oxygen atoms. I t  has been e m p i r i -  

c a l l y  observed t h a t  g i s  nega t i ve ,33  b u t  i t s  e x a c t  v a l u e  i s  u n c e r t a i n .  
i n t e r a c t i o n  e f f e c t s  ( i . e . .  y = 0 ) .  T h i s  w i l l  l e a d  t o  an o v e r e s t i m a t e  o f  t h e  e f f e c t i v e n e s s  o f  oxygen i n  
l o w e r i n g  the su r face  ene rgy .  S imple  c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  magni tude o f  t h e  e r r o r  i n t r o d u c e d  by 
s e t t i n g  y = 0 i s  expec ted  t o  be 2 20% f o r  su r face  coverage l e v e l s  o f  8 2 0.22 ( a l s o  see F i g .  7 o f  Ref.  3 3 ) .  

An e v a l u a t i o n  of the  e n e r g e t i c s  of vacancy c l u s t e r  t o r m a t i o n  i n d i c a t e s  t h a t  a s u r f a c e  energy  o f  7 < 1.0 Jim2 
i s  r e G u i r e d  i n  o r d e r  f o r  v o i d  f o r m a t i o n  t o  occu r  i n  copper  ( F i s .  5 ) .  
su r face  coverage o f  e L 0.22. 

I n  t h e  f o l l o w i n g ,  we w i l l  n e g l e c t  

U s i n g  Eq. ( 7 ) .  t h i s  co r respo i i ds  t o  a 
T h i s  v a l u e  i s  t hen  i n s e r t e d  i n t o  Eq. ( 6 1  i n  o r d e r  t o  compute t h e  r e q u i s i t e  

n i a t r i x  oxygen c o n c e n t r a t i o n .  The 

the average v o i d  s i z e  and d e n s i t y  

4 n  Kvlv,,B 2 .  nv 

~ ACU "u 

where liA i s  Avogad ro ' s  number and 

b i l i t y  o f  c l u s t e r s  a t  s i z e s  where 

amount o f  oxygen t h a t  i s  chemisorbed o n t o  v o i d  s u r f a c e s ,  X,,, depends on 

( n v ) :  

( 8 1  

ncu  i s  t h e  atom d e n s i t y  o f  copper .  S ince  we a r e  i n t e r e s t e d  i n  t h e  s ta-  
v o i d  n u c l e a t i o n  occu rs ,  i t  i s  a p p r o p r i a t e  t o  use va lues  o f  n v  and R v  ob 

t a i n e d  from n u c l e a t i o n  t h e o r y .  
t heo ry  based on a Fokker- Planck d e s c r i p t i o n  t h a t  i s  i n  good agreement w i t h  e x p e r i m e n t a l  r e s u l t s .  
l i s t s  t h e  c a l c u l a t e d  tcmperarure- dependent  va lues  o f  nv  and R v  o b t a i n e d  f r o m  t h e i r  a n a l y s i s  of copper .  

i lehner  and W ~ l f e r ~ ~ , ~ ~  have r e c e n t l y  deve loped a dynamic v o i d  n u c l e a t i o n  
Tab le  2 

The c a l c u l a t e d  i n i t i a l  m a t r i x  oxygen c o n t e n t  r e q u i r e d  t o  reduce t h e  s u r f a c e  energy  o f  v o i d s  i n  copper  t o  1.0 

Jim2 i s  p l o t t e d  i n  F i g .  6. 
r e q u i r e d  t o  s t a b i l i z e  as v o i d s  a l l  o f  the  vacancy c l u s t e r s  t h a t  a r e  n u c l e a t e d  d u r i n g  i r r a d i a t i o n  i T a b l e  2). 
A l o w e r  oxygen c o n c e n t r a t i o n  c o u l d  r e s u l t  i n  p a r t i a l  s t a b i l i z a t i o n  o f  t h e  v o i d  n u c l e i  p o p u l a t i o n .  The c r i -  
t i c a l  oxygen c o n c e n t r a t i o n  depends s t r o n g l y  on t empera tu re ,  and e x h i b i t s  a minimum v a l u e  f o r  i n t e r m e d i a t e  
t empera tu res .  
t empera tu res  because of t h e  h i g h  vacancy c l u s t e r  d e n s i t y  t h a t  i s  n u c l e a t e d  ( T a b l e  21. 

T h i s  oxygen c o n c e n t r a t i o n  co r responds  t o  t h e  minimum amount o t  oxygen t h a t  i s  

R e l a t i v e l y  l a r g e  amounts of oxygen a r e  needed i n  o r d e r  t o  s t a b i l i z e  v o i d  f o r m a t i o n  a t  low 
Large oxygen concen- 
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TABLE 2 

0 8  

0 7  

CALCULATED CRITICAL V O I D  S I Z E  AND DENSITY I N  COPPER 
AS A FUNCTION OF IRRADIATION TEMPERATURE (FROM REF. 43) 

I00 COPPER 

STACKING F*"LT 
SURNlCL ENERG" . ID J,"? 

LNERG" . 0065 J l . 2  COATLO "Dl0 

Void Dens i t y  (m-3) 
Temperature ( 'C )  10-3 dpa/s 10+ dpa ls  C r i t i c a l  Void Radius (nm) 

100 5 1023 2 x 1022 0.6 

200 5 x 1022 3 x 1021 0.6 

250 2.5 x 1.5 x l o z 1  0.6 

300 9 x 1021 2.5 x 10'' 0.6 

400 2.5 x l o z 1  0.6 
450 1 x 1020 0.6 

F I G U R E  S .  S p e c i f i c  energ ies  o f  vaca cy c l u s t e r s  i n  copper 
assuming a su r face  energy o f  1.0 J lm 2 . 

FIGURE 6. Minimum m a t r i x  oxygen concentra-  
t i o n  t h a t  i s  needed t o  make vo ids  s t a b l e  i n  
pure copper. 

t r a t i o n s  a r e  a l s o  necessary a t  h igh  temperatures because t h e r e  i s  a lowered d r i v i n g  f o r c e  f o r  oxygen t o  conle 
o u t  o f  s o l u t i o n  and chemisorb onto v o i d  embryo surfaces. 

The i n t e r p r e t a t i o n  of F ig .  6 i s  as f o l l o w s :  

c o n t a i n i n g  l e s s  then 3 appm oxygen (e.g., OFHC copper)44 should n o t  cause any s u b s t a n t i a l  v o i d  f o r i i a t i o n  a t  
any temperature. 
r e s u l t  i n  v o i d  f o r m a t i o n  th roughou t  the e n t i r e  s w e l l i n g  temperature regime (0.3-0.6 TM1. A t  i n t e r m e d i a t e  

oxygen concen t ra t ions ,  v o i d  fo rmat ion  should occur over  a l i m i t e d  temperature regime cen te red  around 325" 
(0.45 TM). I n  p a r t i c u l a r ,  v o i d  s w e l l i n g  w i l l  n o t  occur a t  h i g h  temperatures and the v o i d  s w e l l i n g  regime 

w i l l  be r e s t r i c t e d  t o  the lower  temperature range f o r  p a r t i a l l y  outgassed copper. Neutron i r r a d i a t i o n  a t  

copper (1 x 10+ dpa/s) i s  more comp l i ca ted  than i n d i c a t e d  i n  F i g .  6 because he l ium generated d u r i n g  i r r a d i -  
a t i o n  g r e a t l y  enhances v o i d  s t a b i l i t y  i n  a d d i t i o n  t o  the  oxygen s t a b i l i t y  e f f e c t s  (see f o l l o w i n g  s e c t i o n ) .  
I t  should be no ted  t h a t  r e g u l a r  " h igh  p u r i t y "  copper t h a t  has n o t  been deox id i zed  o f t e n  con- 

t a i n s  2 200 appm oxygen. 

Charged p a r t i c l e  i r r a d i a t i o n  a t  1 x 

On the  o t h e r  hand, i r r a d i a t i o n  o f  copper c o n t a i n i n g  g r e a t e r  than 50 appm oxygen shou ld  

dpals  of pure copper 

44 
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The p r e d i c t e d  va lues  o f  oxyyen c o n c e n t r a t i o n  r e q u i r e d  t o  s t a b i l i z e  v o i d  f o r m a t i o n  i n  copper  a t  a g i v e n  
tempera tu re  a r e  n o t  expec ted  t o  be e x a c t  due t o  the  v a r i o u s  a p p r o x i m a t i o n s  t h a t  were used t o  o b t a i n  t h e  
f i n a l  r e s u l t .  F o r  example, t h e  assumpt ion o f  g = 0 i n  Eq. (71 r e s u l t s  i n  an u n d e r e s t i m a t i o n  o f  tk c r i t i c a l  
n a t r i x  oxygen c o n c e n t r a t i o n  necessary  f o r  v o i d  s t a b i l i t y .  I k v e r t h e l e s s ,  i t  i s  p l e a s i n g  t o  n o t e  t h a t  t h e  
p r e d i c t i o n s  a r e  i n  good agreement w i t h  t h e  l i m i t e d  amount o f  i r r a d i a t i o n  d a t a  t h a t  i s  a v a i l a o l e  on copper  

c o n t a i n i n g  known amounts o f  oxygen." A 14-MeV Cu i o n  i r r a d i a t i o n  o f  h i g h - p u r i t y  copper  c o n t a i n i n g  < 5 ppin 

oxygen a t  a damage r a t e  o f  2 x d p a l s  d i d  n o t  r e s u l t  i n  any s i g n i f i c a n t  v o i d  f o r m a t i o n  over  the  t e n p e r -  

a t u r e  range of 100-500°C.4*6 

t u r e ,  400°C. There  was no Observab le  v o i d  f o r m a t i o n  a t  300 o r  450°C. G l o w i n s k i  and coworke rs  found t h a t  

copper  c o n t a i n i n g  50 ppm Oxygen j -  200 appm 0 )  formed v o i d s  e a s i l y  f o l l o w i n g  e l e c t r o n 4 '  and 
a t i o n .  u u t g a s s i n g  o f  t h e  f o i l s  i n  a high- vacuum f u r n a c e  p r i o r  t o  i r r a d i a t i o n  s h i f t e d  t h e  s w e l l i n g  peak t o  
l ower  t empera tu res  and c o m p l e t e l y  e l i m i n a t e d  h igh- tempera tu re  v o i d  s w e l l i n g .  As n o t e d  e a r l i e r ,  F i g .  6 p r e -  
a i c t s  t h a t  p a r t i a l  d e o x i d a t i o n  o f  copper  w i l l  p r e f e r e n t i a l l y  e l i m i n a t e  v o i d  f o r m a t i o n  a t  t h e  hiGh tempera- 

A v e r y  l i m i t e d  number o f  v o i d s  i n v  = 1 0 1 7 / ~ 3 )  were observed6 a t  one tempera-  

i r r a d i -  

t u r e  end o f  the  v o i d  s w e l l i n g  reg ime.  S i n d e l a r  e t  have r e c e n t l y  observed a s i m i l a r  t empera tu re  s h i f t  
i n  i o n - i r r a d i a t e d  s t a i n l e s s  s t e e l s  wh ich  they  a t t r i b u t e d  t o  oxygen e f f e c t s .  

The e f f e c t  o f  oxygen gas e x i s t i n g  i n  t h e  v o i d  i n t e r i o r  was n e g l e c t e d  i n  t h e  p r e c e d i n g  a n a l y s i s  o f  v o i d  s t a -  

b i l i t y .  

um w i t h  a p a r t i a l  p r e s s u r e  o f  2 .6  x IO-' atm. 
n e y l i g i b l e .  Ne have a l s o  n e g l e c t e d  t o  i n c l u d e  t h e  oxygen atoms r e s i d i n g  i n  t h e  v o i d  i n t e r i o r  i n  t h e  oxygen 
mass ad lance .  It may be S t a t e d  t h a t  
v o i d  s t a b i l i z a t i o n  i n  copper  i n  t h e  presence o f  oxygen i s  s o l e l y  due t o  t h e  c h e m i c a f ' s u r f a c e  i n t e r a c t i o n  be- 
w e e n  oxygen and copper .  

A p p l i c a t i o n  o f  S i e v e r t ' s  Law data3'  a t  400'C shows t h a t  10 appm oxygen i n  s o l u t i o n  i s  i n  e q u i l i b r i -  

The c o n t r i b u t i o n  t o  v o i d  s t a b i l i t y  f o r  t hese  p r e s s u r e s  i s  

T h i s  c o n t r i b u t i o n  can a l s o  be shown t o  i n s i g n i f i c a n t ,  i . e .  X = Xo;Xc 

3 .4 Role o f  Hel iu i r i  i n  Vo id  Fo rma t i on  i n  Copper 

U n l i k e  oxygen, i n e r t  gases such as  h e l i u m  have no e f f e c t  on t h e  mac roscop i c  su r face  energy  of copper .32 
There have been s e v e r a l  i n v e s t i g a t i o n s  of t h e  e n e r g e t i c s  o f  c a v i t i e s  i n  t h e  presence o f  h e l i m  (see, e.g., 
Kefs .  50, 5 1 ) .  However, t h e  d e r i v e d  energy  e q u a t i o n s  c o n t a i n  s e v e r a l  terms whose v a l u e s  a r e  n o t  w e l l  known. 
A s i m p l i s t i c  e s t i m a t e  o f  t h e  s t a b i l i t y  o f  vacancy c l u s t e r s  i n  t h e  presence o f  h e l i u m  may be o b t a i n e d  f r o m  
t h e  f o l l o w i n g :  

0 u 
E = E  - m t  

x x  l ie-u 

where E t  i s  t h e  energy  o f  a v o i d  i n  t h e  absence o f  he l i um,  E: i s  t h e  energy  o f  a vacancy l o o p  o r  SFT i n  t h e  

absence of  he l i um,  m i s  t h e  number o f  h e l i u m  atoms a s s o c i a t e d  w i t h  t i l e  vacancy c l u s t e r ,  E' ) .  i s  t h e  b i n d i n g  

energy  o i  t h e  i t t i  he l i ua l  atom t o  t h e  c a v i t y ,  and E' 

d i s l o c a t i o n .  I n  a s u t f i c i r n t l y  d i l u t e  system, ( h e l i u m l v a c a n c y  < <  11 t i l e  b i n d i n g  e n e r g i e s  of  h e l i u m  atoms i n  

a hel iu i ; i -vacancy c l u s t e r  can be app rox ima ted  by t h e  fo rn la t i on  energy  o f  i n t e r s t i t i a l  h e l i u m ,  E 

lie 1 
i s  t h e  b i n d i n g  energy o f  i n t e r s t i t i a l  h e l i u m  t o  a 

tie-0 

F 
Ze ' 

T h i s  a p p r o x i m a t i o n  b reaks  down f o r  c o n c e n t r a t e d  he l ium- vacancy c l u s t e r s  (see,  e.g., T a b l e  6 .53  i n  Re f .  521. 

The Value o f  EHe/E,,,e decreases t o  abou t  0.5 as t h e  h e l i u m  t o  vacancy r a t i o  approaches 1. 

Eq. (91 can be r e p r e s e n t e d  by t h e  h e l i u m  e q u a t i o n  o f  s t a t e ,  pV = zmk i .  The c o m p r e s s i b i l i t y  f a c t o r ,  z ,  i s  on 

t h e  o r d e r  o t  u n i t y s 3  f o r  a l l  cases c o n s i d e r e d  i n  t h i s  pape r .  

t h e  v o i d  s w e l l i n g  reg ime.  

c o n s i d e r a t i o n s ,  Eq .  ( 9 )  may be app rox ima ted  by 

a F  
The l a s t  t e rm  i n  

The re fo re ,  r k T  5 0.1 eV f o r  t e m p e r a t u r e s  i n  

T h i s  f a c t o r  i s  n e g l i g i b l e  compared t u  t h e  u n c e r t a i n t i e s  i n  EF From t h e  above 
i le '  
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(11) F E E: - m . 
V 

The i n e q u a l i t y  s i g n  serves as  a reminder  t h a t  t h e  s i m p l i f i c a t i o n s  used t o  o b t a i n  Eq. (11) may r e s u l t  i n  an 
underes t ima t ion  o f  the  a c t u a l  v o i d  energy, e s p e c i a l l y  f o r  h i g h  h e l i u m  per  vacancy r a t i o s .  

The va lues  o f  EHe and EHe-o a p p a r e n t l y  have n o t  y e t  been a c c u r a t e l y  determined f o r  copper.  F B CalCula t iOnS o f  

F EHe f o r  copper54 i n d i c a t e  t h a t  i t  should  be - 3 t o  4 eV. 

taken  t o  be55 EBHe-D = 0.3 eV, wh ich  i s  t h e  c a l c u l a t e d  va lue  f o r  n i c k e l .  

The b i n d i n g  energy o f  he l i um t o  a d i s l o c a t i o n  i s  

F i g u r e  7 shows t h e  c a l c u l a t e d  energ ies  pe r  vacancy o f  v o i d s  and s t a c k i n g  f a u l t  t e t r a h e d r a  i n  copper i n  t h e  
presence o f  3.5 and 35 Helvacancy c l u s t e r .  T h i s  i s  e q u i v a l e n t  t o  a h e l i u m  c o n c e n t r a t i o n  o f  0.1 and 1 appm. 
r e s p e c t i v e l y ,  f o r  i o n - i r r a d i a t e d  copper a t  400°C (Tab le  2 )  assuming t h a t  a l l  o f  t h e  h e l i u m  i n i t i a l l y  p r e s e n t  
i n  the m a t r i x  i s  c o n t a i n e d  i n  t h e  vacancy c l u s t e r s .  The presence o f  h e l i u m  causes the  v o i d  t o  be t h e  most 
s t a b l e  type o f  vacancy c l u s t e r  f o r  smal l  c l u s t e r  s i zes .  P rev ious  a t o m i s t i c  c a l c u l a t i o n s  reached a s i m i l a r  
conc lus ion  -- a d d i t i o n  o f  he l i um t o  copper causes t h e  v o i d  t o  be e n e r g e t i c a l l y  f a v o r a b l e  compared t o  p l a n a r  

d e f e c t  c l u s t e r s ."  I n c r e a s i n g  Concen t ra t i ons  o f  he l i um f u r t h e r  enhance t h e  s t a b i l i t y  o f  t h e  v o i d  r e l a t i v e  
t o  the  o t h e r  vacancy c l u s t e r  morphologies. The c r i t i c a l  amount of h e l i u m  r e q u i r e d  t o  make the  v o i d  ener-  
g e t i c a l l y  s t a n l e  compared t o  the  s t a c k i n g  f a u l t  t e t r a h e d r o n  i s  g i v e n  by 

- 'v - 'T 
c r i t  F - B m 

EHe EHe-D 

( 1 2 )  

where E, and ET a r e  g i v e n  by Eqs. (3 )  and ( 4 )  and depend on the  c l u s t e r  s i ze .  

merit f o r  two d i f f e r e n t  v o i d  s i z e s  t h a t  a r e  a p p r o p r i a t e  f o r  v o i d  n u c l e a t i o n .  Values a r e  t a b u l a t e d  f o r  ELe = 

2 eV and 4 eV, which r e p r e s e n t s  the  lower  and upper e s t i m a t e s  f o r  t h i s  q u a n t i t y .  The he l i um p e r  vacancy 
r a t i o  i s  << 1 f o r  a c r i t i c a l  s i z e d  v o i d  nuc leus.  i n d i c a t i n g  t h a t  Eq. (11) may be a reasonable  approx ima t ion .  

Tab le  3 g i v e s  the  va lues  of 

F i g u r e  8 g i v e s  t h e  minimum he l i um c o n c e n t r a t i o n  r e q u i r e d  f o r  v o i d  s t a b i l i t y  d u r i n g  i r r a d i a t i o n  as a f u n c t i o n  
o f  temperature, assuming t h a t  a l l  o f  the he l i um i n i t i a l l y  p r e s e n t  i n  t h e  m a t r i x  p r e c i p i t a t e s  i n t o  the  vacan- 

cy c l u s t e r s .  Values r e l e v a n t  f o r  neu t ron  (1 x 10+ dpa ls )  and i o n  o r  e l e c t r o n  i r r a d i a t i o n  (1 x 
of copper were o b t a i n e d  f rom the  data i n  Tables 2 and 3. The minimum he l i um c o n c e n t r a t i o n  f o r  v o i d  s t a b i l i -  
t y  decreases r a p i d l y  w i t h  i n c r e a s i n g  temperature. F i g u r e  8 p r e d i c t s  t h a t  l e s s  than 0.1 appm He w i l l  cause 
the  v o i d  t o  be the  most s t a b l e  vacancy C l u s t e r  morphology d u r i n g  n e u t r o n  i r r a d i a t i o n  a t  a l l  v o i d  s w e l l i n g  
temperatures (0.35 - 0 . b  TI.,). I r r a d i a t i o n  a t  a h i g h e r  d isp lacement  r a t e s  r e q u i r e s  a h i g h e r  he l i um concen- 

t r a t i o n .  Small amounts o f  he l i um should  g r e a t l y  enhance the  s t a b i l i t y  o f  v o i d s  a t  h i g h  temperatures,  and 
may " s h i f t "  t he  v o i d  s w e l l i n g  temperature regime t o  h i g h e r  temperatures,  Such a s h i f t  has been observed i n  

i r r a d i a t e d  copper,48 s t a i n l e s s  s t e e l 5 6  and n i c k e l 5 7 .  

d p a l s )  

F i g u r e  8 i s  i n  good agreement w i t h  the l i m i t e d  amount o f  exper imen ta l  data  on he l i um e f f e c t s  i n  copper -- no 
vo ids  were observed i n  degassed copper f o l l o w i n g  i o n  i r r a d i a t i o n  a t  450'C. However, i m p l a n t a t i o n  o f  1-100 

appm He p r i o r  t o  i r r a d i a t i o n  r e s u l t e d  i n  v o i d  formation.48 ~ c ~ a u r i n ~  observed t h a t  h i g h - p u r i t y  aluminum ir- 
r a d i a t e d  w i t h  9-MeV A1 i o n s  a t  50'C (0.35 Ti,) d i d  n o t  form vo ids,  whereas p r e i m p l a n t a t i o n  of as l i t t l e  as  

0.1 appm He r e s u l t e d  i n  s i g n i f i c a n t  v o i d  s w e l l i n g  w i t h  a v o i d  c o n c e n t r a t i o n  o f  1 x 10211~3.  The correspond-  
i n g  He c o n c e n t r a t i o n  pe r  v o i d  i n  t h i s  case i s  mHe = 6, assuming t h a t  a l l  o f  t he  imp lan ted  h e l i u m  i s  con- 

t a i n e d  i n  the  vo ids.  A p p l i c a t i o n  o f  Eq.  112) t o  t h e  vacancy c l u s t e r  e n e r g e t i c s  data  f o r  aluminum ( F i g .  1) 
r e s u l t s  i n  a c a l c u l a t e d  v o i d  s t a b i l i t y  c r i t e r i o n  o f  merit 5 5 He atoms pe r  v o i d .  

= 3.7 ev and an average v o i d  nuc leus  s i z e  o f  ZOO vacanc ies i R v  = 0.7 nm). used EHe - 
f o r m a t i o n  i s  p r e d i c t e d  t o  be s t a b l e  i n  aluminum f o r  imp lan ted  h e l i u m  c o n c e n t r a t i o n s  - 0.1 appm He, i n  agree-  

ment w i t h  the  o b s e r v a t i o n s  o f  Mciaur in . '  

The p reced ing  c a l c u l a t i o n  

There fo re ,  v o i d  
F 

EHe-O 

The model developed t o  d e s c r i b e  he l i um e f f e c t s  i n  me ta l s  c o n t a i n s  severa l  assumptions t h a t  may l i m i t  i t s  
a p p l i c a b i l i t y .  F i r s t ,  i t  i s  assumed t h a t  a l l  o f  t he  he l i um t h a t  was i n i t i a l l y  i n  the i n a t r i x  m i g r a t e s  t o  t h e  
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TABLE 3 

MINIMUP! HELIUI.1 CONCENTRATION FUR V O I D  STABILITY I N  COPPER 

R v  = 0.6 nm R v  = 1.0 nm 

" c r i  t Helvacancy 
~ 

4.3 0.056 
B 

EHe = 2 eV 

2.0 0.026 B EHe = 4 eV 

10 100 lP00 10.000 loop00 
NUMBER OF YACANClES 

FIGURE 7 .  V O I D  and SFT e n e r g i e s  i n  t he  presence of he l i um.  

M c r i  He lvacancy 
~ 

8.2  0.023 

3.6 0.01 

, 
0 35TM C 6 T u  

t 

200 300 4CC 5CC 500 
TEMPERATUREI'CI 

FIGURE 8. Ninimum h e l i u m  c o n c e n t r a t i o n  
t h a t  i s  needed t o  make v o i d s  s t a b l e  i n  pu re  
copper .  

v o i d  embryos where i t  i s  e q u a l l y  p a r t i t i o n e d .  Hel ium has a r e l a t i v e l y  h i g h  m o b i l i t y  i n  most  m e t a l s  and 

tends  t o  c l u s t e r  a t  vacanc ies  o r  o t h e r  n i g h- o r d e r  vacancy  cluster^.^^^^^ There fo re ,  t he  above assumpt ion 
shou ld  be v a l i d  i n  t he  expe r imen ta l  cases where h e l i u m  i n i t i a l l y  e x i s t s  as i s o l a t e d  atoms i n  a me ta l  con- 
t a i n i n g  vacancy c l u s t e r s  ( n e u t r o n  i r r a d i a t i o n  o r  s u b t h r e s h o l d  c o i m p l a n t a t i o n  s t u d i e s ) .  The case o f  h e l i u m  
p r e i m p l a n t d t i o n  by i on  bombardment p r i o r  t o  i r r a d i a t i o n  i s  n o t  a c c u r a t e l y  modeled here -- the  i m p l a n t e d  
lhelium tends t o  spontaneous ly  c l u s t e r  a t  t h e  i m p l a n t a t i o n- p r o d u c e d  vacanc ies  ( f o r m i n g  He6V c l u s t e r s  i n  

copper )"  and becomes r e l a t i v e l y  immobi le .  Also, t he  n u c l e a t i o n  code used i n  t he  p r e s e n t  t r e a t m e n t  does n o t  
accoun t  f o r  heterogeneous n u c l e a t i o n  a t  h e l i u m  c l u s t e r s .  The r e s u l t s  may t h e r e f o r e  be i n a p p r o p r i a t e  f o r  

most p r e i m p l a n t a t i o n  s t u d i e s .  Ilowever, I.lakinbO found t h a t  t he  observed v o i d  d e n s i t y  i n  i r r a d i a t e d  s t a i n l e s s  
s t e e l  was n o t  s t r o n g l y  a f f e c t e d  by a 10 ppm He p r e i n j e c t i o n  a t  room tempera tu re .  I t  i s  p o s s i b l e  t h a t  t h e  
r e s u l t s  o b t a i n e d  i n  t h i s  paper conce rn ing  h e l i u m  e f f e c t s  may be v a l i d  f o r  p r e i n j e c t i o n  s t u d i e s  i f  low h e l i u m  
c o n c e n t r a t i o n s  a r e  i n v o l v e d  ( <  10 appm He). 
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5.5 A c t i v a t i o n  Energy f o r  the Collapse o f  a Void 

A t  very l a rge  sizes, the pe r f ec t  loop i s  always the most e n e r g e t i c a l l y  s t ab le  type o f  vacancy c l u s t e r .  
Therefore, vo ids which may have been ene rge t i ca l l y  s tab le  a t  small s izes  may become unstable once they have 
grown l a r g e r  than a c r i t i c a l  s ize.  
given s ize  w i l l  co l lapse  i n t o  a planar de fec t  c l u s t e r .  
conversion of a vo id  t o  a d i s l o c a t i o n  loop. An upper l i m i t  t o  t h i s  a c t i v a t i o n  energy b a r r i e r  i s  obta ined by 
comparing the energy d i f f e rence  between a sphere and a d isk  ( o f  th ickness b) t h a t  are of equal volume. 

It i s  impor tan t  t o  determine what the  p r o b a b i l i t y  i s  t h a t  a vo id  o f  a 
An a c t i v a t i o n  energy b a r r i e r  e x i s t s  t h a t  i n h i b i t s  

(13) 

A more r e a l i s t i c  est imate o f  the a c t i v a t i o n  energy i s  obtained by comparing the energies between a sphere 

and an oblate spheroid (a "squashed" sphere).61 
vo id  t h a t  i s  i n  the process o f  co l l aps ing  t o  a p lanar  con f igura t ion .  The energy d i f f e rence  i s  g iven by 

The ob la te  spheroid accura te ly  represents the geometry o f  a 

AE = C - E V  114) 

where C i s  a constant  t h a t  depends on the e c c e n t r i c i t y  o f  the Spheroid. Values o f  C are g iven i n  Table 4 
f o r  var ious r a t i o s  of major t o  minor ax i s  a long w i t h  ca l cu la ted  a c t i v a t i o n  energies fo r  the co l lapse  of a 
" t y p i c a l "  small void. 
may occasional ly  be surmounted by thermal energy processes. For temperatures app l i cab le  t o  vo id  swe l l i ng  i n  
metals, t h i s  i nd i ca tes  t h a t  energy b a r r i e r s  < 2 eV w i l l  n o t  a l low vo id  co l lapse  t o  occur. 

va t ion  energy b a r r i e r  i s  p ropor t iona l  t o  R2 , i t  i s  apparent from Table 4 t h a t  vo id  co l lapse  w i l l  n o t  occur 

except  poss ib ly  f o r  voids t h a t  have j u s t  nucleated and are, therefore,  very small, R v  5 2 nml. 

A rule-of- thumb i n  void nuc lea t ion  c a l c u l a t i o n s  i s  t h a t  energy b a r r i e r s  up t o  30 kT 

Since the a c t i -  

V 

5.6 Discussion and Conclusions 

E l a s t i c i t y  theory p red i c t s  t h a t  void format ion i s  e n e r g e t i c a l l y  uns tab le  i n  many pure m t a l s  (F igs.  1-4). 
Incorpora t ion  o f  the e f f e c t s  o f  oxygen and hel ium on the s t a b i l i t y  a t  vacancy c l u s t e r s  mod i f ies  the r e l a t i v e  
energies o f  the c l u s t e r  so as t o  favor  vo id  formation. The gas e f f e c t s  models presented i n  t h i s  paper ap- 
pear t o  be i n  good agreement w i t h  the experimental data t h a t  i s  a v a i l a b l e  on oxygen and hel ium. Small 
amounts o f  oxygen i n  copper tend t o  s t a b i l i z e  voids a t  low i r r a d i a t i o n  temperatures whereas small hel ium 
concentrat ions p r e f e r e n t i a l l y  s t a b i l i z e  voids a t  h igh temperatures. The combination o f  minute q u a n t i t i e s  o f  
oxygen and hel ium can s t a b i l i z e  vo id  format ion i n  copper a t  a l l  temperatures r e l e v a n t  t o  vo id  swe l l ing .  
F igure 9 Shows the minimum combined gas content  t h a t  i s  needed t o  s t a b i l i z e  vo id  format ion i n  copper i r r a d i -  

a ted  a t  a damage r a t e  o f  
the ma t r i x  i s  p red ic ted  t o  r e s u l t  i n  void s t a b i l i z a t i o n  a t  a l l  temperatures i n  the vo id  swe l l i ng  regime. 

dpals. The combination o f  10 appm oxygen and 0.01 appm hel ium i n  s o l u t i o n  i n  

Even lower gas l e v e l s  are s u f f i c i e n t  f o r  void s t a b i l i t y  i n  copper dur ing  neutron i r r a d i a t i o n  ( 1  x 10+ 
dpals) .  

The e l a s t i c i t y  ca l cu la t i ons  presented i n  t h i s  paper p r e d i c t  t h a t  vo id  format ion should n o t  occur i n  alumi-  
num, copper o r  a u s t e n i t i c  s t a i n l ess  s tee l  unless su i t ab le  i m p u r i t i e s  (such as gas atoms) a re  present. 
Previous researchers have s i m i l a r l y  concluded t h a t  gas i s  necessary f o r  vo id  formation (see, e.g.. Ref. 62) .  

Recent experimental s tud ies  on h igh- pur i t y  aluminum and copper4s6 have shown t h a t  these two metals do n o t  
e x n i b i t  any s i g n i f i c a n t  vo id  format ion fo l low ing  s e l f - i o n  i r r a d i a t i o n  t o  h igh doses. I n  add i t ion .  i o n  i r- 
r a d i a t i o n  o f  a "low-oxygen" (200 appm 0)  a u s t e n i t i c  s t a i n l ess  s t e e l  r e s u l t e d  i n  g rea t l y  reduced swe l l i ng  
(and no observable vo id  format ion a t  h igh temperatures) compared t o  a "high-oxygen" (1000 appm 0) a l l o y .  
i s  n o t  known whether s t a i n l ess  s tee l  has ever been i r r a d i a t e d  i n  a very low oxygen form ( <  5 appm). 

It 

There have been many repor ted  observations o f  vo id  format ion i n  h i gh- pu r i t y  aluminum and copper fo l low ing  
i r r a d i a t i o n  w i t h  charged p a r t i c l e s .  For example there a re  more than twenty known repo r t s  of vo id  format ion 

i n  copper fo l low ing  e l ec t ron  o r  i o n  i r r a d i a t i ~ n . ~ ~  From the preceding d iscussion,  i t  appears t h a t  some type 
o f  gas must have been present  i n  the f o i l  dur ing the i r r a d i a t i o n .  S i g n i f i c a n t  oxygen l e v e l s  can be found i n  

h i gh- pu r i t y  copper unless specia l  deoxidat ion steps are taken.44 Unfor tuna te ly ,  i r r a d i a t i o n  s tud ies  t o  date 
on copper have n o t  kep t  c lose con t ro l  of t h e i r  oxygen content .  I t  appears t h a t  a l l  o f  the preceding charged 
p a r t i c l e  i r r a d i a t i o n  studies on aluminum and copper t h a t  repor ted  vo id  format ion should be reevaluated w i t h  
respect  t o  gas e f f e c t s .  
parameters t h a t  were being studied. 

These gas e f f e c t s  may have masked o r  d i s t o r t e d  the e f f e c t s  o f  other  i r r a d i a t i o n  

143 



TABLE 4 

ENERGY BARRIER FOR COLLAPSE OF A V O I D  

Ob la te  Spheroid 

___ a l c  = 2 a l c  = 4 
~ 

Energy B a r r i e r  Constant. C* 0.095 0.43 

A c t i v a t i o n  Energy** 1 eV 4.4 eV 

a /c  = 6 - Disk 

_ -  
3b 0.88 

9.1 eV 24 eV 

a l c  = r a t i o  o f  ma jo r lm inor  a x i s  
* I n  terms of the i n i t i a l  v o i d  energy 
** Assuming R v  = 5 b (1.8 nm) and r = 1 J/mZ 

I 

I I 
I 
I00 200 350 400 500 6 

TEMPERATURE IT1 

FIGURE 9. Minimum oxygen concen t ra t ion  t h a t  i s  needed t o  make v o i d s  s t a b l e  i n  copper c o n t a i n i n g  v a r i o u s  
amounts o f  hel ium. 

The conc lus ion  t h a t  gas i s  necessary f o r  v o i d  fo rmat ion  i s  c u r r e n t l y  known t o  be v a l i d  o n l y  f o r  aluminum and 
copper. However, i t  seems l i k e l y  t h a t  many o ther  meta ls  may a l s o  be r e s i s t a n t  t o  v o i d  format ion i n  the  ab- 
sence o f  i m p u r i t i e s  (gaseous and o therw ise) .  Fu tu re  i r r a d i a t i o n  s t u d i e s  should be performed o n l y  on f o i l s  
w i t h  a w e l l - c h a r a c t e r i z e d  and p r e f e r a b l y  low gas concen t ra t ion .  

Form a m e t a l l u r g i c a l  p o i n t  of view, the t h e o r e t i c a l  p r e d i c t i o n  (and exper imenta l  c o n f i r m a t i o n )  t h a t  vo ids  
a re  n o t  i n h e r e n t l y  s t a b l e  i n  meta ls  such as A1 and Cu d u r i n g  i r r a d i a t i o n  r a i s e s  hopes t h a t  a l l o y  d e v e l o p m n t  
research may be a b l e  t o  p reven t  d e l e t e r i o u s  l e v e l s  of v o i d  swe l l i ng .  A t  l e a s t  two c o n d i t i o n s  a re  needed t o  
minimize v o i d  swe l l i ng .  F i r s t ,  the base metal should be oxygen- free ( 5  1 appm 0)  . A second c o n s i d e r a t i o n  

i s  t h a t  he l ium generated d u r i n g  neutron i r r a d i a t i o n  cannot be a l lowed t o  f r e e l y  i n t e r a c t  w i t h  the  embryonic 
vacancy c l u s t e r s .  

o f  p r e c i p i t a t e s ,  e t c .  t h a t  d i r e c t s  the hel ium i n t o  a r a t h e r  benign r o l e . 6 3  

S i g n i f i c a n t  advances i n  t h i s  area have r e c e n t l y  been made us ing  m i c r o s t r u c t u r a l  t a i l o r i n g  
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A NOTE O N  REACTIVE GAS CHARGING D U R I N G  PRE-IRRADIATION SPECIMEN PREPARATION 

R.L. S i n d e l a r ,  R .A .  Dodd and G.L. K u l c i n s k i  ( U n i v e r s i t y  of Wisconsin-Madison) 

1.0 Ob j e c  ti ve 

To c l a r i f y  the n a t u r e  and mechanisms o f  r e a c t i v e  gas charg ing  d u r i n g  p r e - i r r a d i a t i o n  e l e c t r o c h e m i c a l  p o l i s h -  
i n g  o f  m e t a l l i c  specimens. 

2.0 Summary 

Reac t i ve  gases a c t  as p o t e n t  agents  i n  v o i d  fo rmat ion  i n  many a l l o y s  d u r i n g  i r r a d i a t i o n .  
p r e - i r r a d i a t i o n  i m p l a n t a t i o n  of hydrogen o r  oxygen i n t o  meta ls  i s  known t o  cause the r a p i d  onse t  of v o i d  
s w e l l i n g .  

I n  p a r t i c u l a r ,  the  

The cornon misconcept ion o f  hydrogen i n t r o d u c t i o n  d u r i n g  the p r e - i r r a d i a t i o n  specimen e l e c t r o p o l i s h  has been 
addressed. It i s  shown t h a t  hydrogen cannot e n t e r  the  specimen, b u t  t h a t  the i n g r e s s  o f  oxygen may occur  
d u r i n g  the e l e c t r o p o l i s h i n g  s tep.  Hydrogen can, however, e n t e r  the  specimen i n  the absence o f  the a p p l i e d  
vo l tage  if the sample, w i t h o u t  a pass ive f i l m  l a y e r ,  remains i n  the  e l e c t r o l y t e .  

3.0 Program 

T i t l e :  R a d i a t i o n  E f f e c t s  t o  Reactor M a t e r i a l s  
P r i n c i p a l  I n v e s t i g a t o r :  G.L. K u l c i n s k i  and R.A. Oodd 
A f f i l i d t i o n :  U n i v e r s i t y  o f  Wisconsin-Madison 

4.0 Relevan t  DAFS Program Plan TaskISubtask 

Subtask I l .C.3.2 E f f e c t s  o f  Hydrogen on M i c r o s t r u c t u r a l  E v o l u t i o n  

5.0 Accomplishments and S ta tus  

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

I n  1972. Nelson e t  a 1 . l  r e p o r t e d  the fo rmat ion  o f  v o i d s  i n  an 18181Ti s t a i n l e s s  s t e e l  d u r i n g  i o n  i r r a d i a t i o n  
on ly  a f t e r  a l a r g e  amount o f  oxygen was p re- imp lan ted  i n t o  the  m a t e r i a l .  N i t r o g e n  p r e- i m p l a n t a t i o n ,  how- 
ever ,  showed no e f f e c t .  Oxygen has a l s o  been observed t o  promote a s i g n i f i c a n t  i nc rease  i n  v o i d  s w e l l i n g  i n  

vanadium,' n i ~ b i u m , ~  copper4 and n i c k e l   alloy^.^ 
enhance the s i z e  and number d e n s i t y  o f  vo ids  i n  i o n - i r r a d i a t e d  n i c k e l  a l l oys .5 .6  

oxygen, however, can a c t u a l l y  reduce the amount o f  v o i d  s w e l l i n g  i n  some a l l o y s . ' 3 3  

Z i n k l e  e t  a l . 7  g i v e  a mechan is t i c  d e s c r i p t i o n  o f  the e f f e c t  o f  r e a c t i v e  and i n e r t  gases on the  r e l a t i v e  s ta-  
b i l i t y  o f  v a r i o u s  vacancy c l u s t e r s .  Wi th  a r e d u c t i o n  i n  the  su r face  energy through chemisorp t ion  of the r e -  
a c t i v e  gas atoms, a three- dimensional  vacancy c l u s t e r  ( v o i d )  can become the most s t a b l e  c l u s t e r .  T h i s  de- 

S i m i l a r l y ,  hydrogen p r e- i m p l a n t a t i o n  has been r e p o r t e d  t o  

Excess ive i m p l a n t a t i o n  o f  



crease i n  su r face  energy o f  vo ids  w i t h  an inc rease  i n  the m a t r i x  oxygen c o n t e n t  was stlown by an annea l ing  
8 exper iment  o f  vo ids  i n  copper. 

It has been conjectured '  t h a t  hydrogen can e n t e r  a sample d u r i n g  the  common Step" o f  a p r e - i r r a d i a t i o n  
e l e c t r o p o l i s h .  However, i t  i s  d i f f i c u l t  t o  j u s t i f y  t h i s  argument. 

5.2 Anodic React ions 

Dur ing  e l e c t r o p o l i s h i n g ,  the m e t a l l i c  components i n  the a l l o y  undergo anodic  d i s s o l u t i o n ,  i . e .  o x i d a t i o n ,  
accord ing  t o  

M + M ~ +  + ne' . 
The corresponding ca thod ic  r e d u c t i o n  i s  l i k e l y  t o  be 

+ nil + ne + nH + n/2 H2 . 
The atomic hydrogen can d i f f u s e  i n t o  the cathode and/or hydrogen gas w i l l  be evo lved  from the cathode 
surface. The main p o i n t  i s  t h a t  hydrogen i s  n o t  a v a i l a b l e  a t  the surface o f  the specimen be ing  
e l e c t r o p o l i s h e d  (anode su r face)  because the anodic r e a c t i o n s  a r e  o x i d a t i o n s .  Therefore,  hydrogen charg ing  
o f  a m e t a l l i c  specimen i s  imposs ib le  d u r i n g  the p e r i o d  o f  t i m e  when the  specimen i s  a c t u a l l y  be ing  e l e c t r o -  
p o l i s h e o .  O f  course, i f  the specimen i s  a l l owed  t o  remain i n  the e l e c t r o l y t e  a f t e r  e l e c t r o p o l i s n i n g  has 
been completed (no a p p l i e d  c u r r e n t ) ,  a smal l  amount o f  c o r r o s i o n  may occur, and atomic hydrogen generated a t  
l o c a l  cathodes may e n t e r  the  meta l .  No doubt t h i s  i s  why t i t a n i u m  hydr ide  sometimes occurs i n  t h i n  f o i l s  o f  
t i t a n i u m  e l e c t r o p o l i s h e d  f o r  TEN, b u t  i t  i s  n o t  a l i k e l y  mechanism f o r  charg ing  bul l (  samples w i t h  hydrogen. 

On the  o t h e r  hand, i f  the  anode p o t e n t i a l  i s  s l i g h t l y  more noble than needed t o  o b t a i n  an e l e c t r o p o l i s h e d  
surface, oxygen may be evolved a t  the anode, and atomic oxygen may e n t e r  the specimen. Also, the  i n s t a b i l i -  
t y  of pass ive f i l m s  (ox ides )  i n  e l e c t r o p o l i s h i n g  s o l u t i o n s  suggests t h a t  oxygen may be a v a i l a b l e  from t h i s  
source. I n  meta ls  such as n i c k e l  where the s o l u b i l i t y  o f  oxygen a t  room temperature approaches 0 .1  a t . % ,  i t  
seems h i g h l y  probable t h a t  i t  i s  oxygen which causes the  enhanced s w e l l i n g  o f  a l l o y s  which have undergone a 
p r e - i r r a d i a t i o n  e l e c t r o p o l i s h .  

5.3 Oxygen Charg inp  

If the anodic p o t e n t i a l  i s  noble enough t o  generate oxygen a t  the  specimen surface, and i f  i n  the  absence o f  
a pass ive su r face  l a y e r  i t  i s  p o s s i n l e  f o r  oxygen t o  d i f f u s e  i n t o  the  specimen, s imple a p p l i c a t i o n  o f  F i c k ' s  

second law'' y i e l d s  the express ion  f o r  the depth-dependent oxygen concen t ra t ion ,  

where Cy 

charg ing  t ime and D i s  a c o n s t a n t  d i f f u s i o n  c o e f f i c i e n t .  

d u r i n g  T can be found by i n t e g r a t i n g  Eq. (1) w i t h  r e s p e c t  t o  x. thus,  

i s  the oxygen c o n c e n t r a t i o n  a t  the  sample su r face ,  x i s  the  d i s tance  i n t o  the sample, T i s  the 
0,o 

The mass of  0, ma, t h a t  has e n t e r e d  the  sample 

A t rens  e t  a1. l '  have cons idered the ing ress  of H d u r i n g  ca thod ic  p o l a r i z a t i o n  of a u s t e n i t i c  s t a i n l e s s  s t e e l s  
a long  w i t h  the egress o f  H a f t e r  the e l e c t r o l y t i c  charg ing .  T h e i r  computer model based on d i f f u s i o n  c o n t r o l  
a c c u r a t e l y  desc r ibed  t h e i r  exper imenta l  r e s u l t s  o f  H mot ion d u r i n g  and a f t e r  charg ing.  
manner, a model f o r  the i n g r e s s  and egress of oxygen may be developed. 
ox ide  f i l m  a f t e r  the  e l e c t r o p o l i s h  may l i m i t ,  however, the  egress o f  oxygen from the sample. 

I n  an analogous 
The r a p i d  f o r m a t i o n  o f  a pass ive  
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5.4 Conc lus ions  

I t  i s  p o s t u l a t e d  t h a t  hydrogen charg ing  o f  t he  specimen i s  n o t  p o s s i b l e  d u r i n g  the  e l e c t r o p o l i s h  s tep  p r i o r  
t o  i r r a d i a t i o n .  Anodic r e a c t i o n s  m y  i n c l u d e  t h e  fo rmat ion  o f  a tomic  oxygen o r  oxygen gas and thus,  i n  t h e  
absence of a p a s s i v e  su r face  f i l m ,  a l l o w  the  d i f f u s i o n  o f  oxygen i n t o  t h e  specimen. 
taken i n t o  account  when subsequent m i c r o s t r u c t u r e s  o f  i r r a d i a t e d  specimens a r e  analyzed.  

Such oxygen m U S t  be 
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RADIATION ENHANCED RECRYSTALLIZATION I N  COPPER ALLOYS 

S.J. Z i n k l e  and G.L. K u l c i n s k i  ( U n i v e r s i t y  o f  Wisconsin-Madison) 

1.0 O b j e c t i v e  

To i n v e s t i g a t e  t h e  source o f  rad ia t i on- enhanced  r e c r y s t a l l i z a t i o n  i n  me ta l s .  

2.0 Summary 

A M Z I R C  and AIMX-MZC have been found t o  e x h i b i t  s i g n s  o f  rad ia t i on- enhanced  r e c r y s t a l l i z a t i o n  f o l l o w i n g  i o n  
i r r a d i a t i o n  t o  10 dpa a t  temperatures above 300°C. A s i m p l i f i e d  a n a l y s i s  o f  t he  r e s u l t s  suggests  t h a t  t h e  
a c c e l e r a t e d  r e c r y s t a l l i z a t i o n  k i n e t i c s  i s  due t o  rad ia t i on- enhanced  d i f f u s i o n .  
s l u g g i s h  r e c r y s t a l l i z a t i o n  response when compared t o  AINZIRC. T h i s  i s  a t t r i b u t e d  t o  C r  and Mg s o l u t e  atoms 
r e t a r d i n g  the  g r a i n  boundary m o b i l i t y .  

AMAX-MZC e x h i b i t s  a more 

3.0 Program 

T i t l e :  K a d i a t i o n  E f f e c t s  t o  Reactor  I k la te r ia l s  
P r i n c i p a l  I n v e s t i g a t o r s :  G.L. K u l c i n s k i  and R.A.  Uodd 
A f f i l i a t i o n :  U n i v e r s i t y  o f  Wisconsin-Madison 

4.0 Re levan t  DAFS Program P lan  TasktSubtask 

Subtask I I . C . 1 . 1  Phase S t a b i l i t y  Mechanics 
Subtask II.C.1.2 Model ing and A n a l y s i s  o f  E f f e c t s  o f  M a t e r i a l  Parameters on M i c r o s t r u c t u r e  

5.0 Accomplishments and S t a t u s  

5.1 In  t r a d u c t i o n  

Recent  s t u d i e s  o f  some h i g h- s t r e n g t h ,  h i g h - c o n d u c t i v i t y  copper a l l o y s  have Shown t h a t  i o n  i r r a d i a t i o n  causes 

an a c c e l e r a t i o n  o f  recovery  and r e c r y s t a l l i z a t i o n  It i s  i m p o r t a n t  t o  determine what  i r r a d i -  
a t i o n  c o n d i t i o n s  a r e  s u f f i c i e n t  t o  induce r e c r y s t a l l i z a t i o n  i n  t h e  c o l d  worked p l u s  aged c l a s s  o f  copper a l -  

l o y s  because a l a r g e  p o r t i o n  o f  t h e i r  s t r e n g t h  i s  l o s t  when r e c r y s t a l l i z a t i o n   occur^.^ Recent neu t ron  i r -  
r a d i a t i o n  s t u d i e s  o f  some of these a l l o y s  have found t h a t  t h e i r  s t r e n g t h  f o l l o w i n g  i r r a d i a t i o n  i s  l e s s  than 

t h e i r  i n i t i a l ,  n o n i r r a d i a t e d  ~ a l u e . ~ . ~  
due t o  thermal  r e c r y s t a l l i z a t i o n  e f f e c t s .  

However, i t  i s  p o s s i b l e  t h a t  t h i s  decrease i n  s t r e n g t h  may be Simply  

There have been severa l  p r e v i o u s  observa t ions  o f  rad ia t i on- enhanced  r e c r y s t a l l i z a t i o n  e f f e c t s  i n  me ta l s  
(see, e.g.,  Refs. 7- 1 3 ) .  The a c c e l e r a t i o n  of t he  r e c r y s t a l l i z a t i o n  process d u r i n g  i r r a d i a t i o n  has been p r o-  
posed t o  be caused by an i n c r e a s e  i n  t h e  g r a i n  boundary m o b i l i t y  due t o  a s u p e r s a t u r a t i o n  o f  vacanc ies 

8*10,11,13 However, t h e r e  has ( rad ia t i on- enhanced  d i f f u s i o n )  o r  by an inc rease  i n  the  g r a i n  n u c l e a t i o n  r a t e .  
been r e l a t i v e l y  l i t t l e  e f f o r t  devoted t o  making q u a n t i t a t i v e  p r e d i c t i o n s  of t h e  magnitude o f  these e f f e c t s .  
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F o i l s  o f  two commercial copper a l l o y s  (AMZIRC and AMAX-MZC) i n  t h e  c o l d  worked p l u s  aged c o n d i t i o n  were i r- 
r a d i a t e d  w i t h  14-MeV Cu i o n s  t o  a damage l e v e l  o f  10 dpa ( 1  m dep th )  over  the  temperature range o f  100 t o  

500'C 10.28-0.57 T,). d p a l s  and t h e  co r respond ing  i r r a d i a t i o n  t ime  

was about  1.5 hours. 
microscope. 

The c a l c u l a t e d  damage r a t e  was 2 x 

The i r r a d i a t e d  specimens were examined i n  c r o s s- s e c t i o n  i n  a JEOL 200 CX e l e c t r o n  

The degree o f  rad ia t i on- enhanced  r e c r y s t a l l i z a t i o n  as  a f u n c t i o n  o f  i r r a d i a t i o n  temperature may be q u a n t i -  
f i e d  by making a p p r o p r i a t e  measurements o f  t he  subgra in  s i z e  i n  i r r a d i a t e d  and n o n i r r a d i a t e d  r e g i o n s  o f  t h e  
f o i l s .  The most common procedure i s  t o  measure the  g r a i n  s i z e  u s i n g  t h e  i n t e r c e p t  method. I n  t h i s  paper we 
have made no d i s t i n c t i o n  between the n u c l e a t i o n  o f  subgra ins  ( p o l y g o n i z a t i o n )  and g r a i n s  (p r imary  r e c r y s t a l -  

l i z a t i o n ) .  
t o  s t a r t  w i t h  the  f o r m a t i o n  o f  subgra ins and i t  proceeds u n t i l  g r a i n  growth processes become i m p o r t a n t .  

I ns tead ,  we have adopted t h e  approach o f  Vaidya and E h r l i c h "  where r e c r y s t a l l i z a t i o n  i s  taken 

5.2 R e s u l t s  
~ 

F i g u r e  1 shows the  subgra in  s i z e  i n  the  l o n g i t u d i n a l  ( r o l l i n g )  d i r e c t i o n  as  a f u n c t i o n  o f  i r r a d i a t i o n  
temperature f o r  A M Z I K C  and AMAX-IdZC, as determined from TEN measurements. F i g u r e  2 shows the dependence o f  
subgra in  area (as viewed i n  c r o s s- s e c t i o n )  on i r r a d i a t i o n  temperature. I t  has been proposed t h a t  the  sub- 

g r a i n  area i s  a b e t t e r  parameter f o r  de te rm in ing  the  degree o f  r e c r y s t a l l i z a t i o n ."  F i g u r e s  1 and 2 show 
t h a t  t h e  subgra in  s i z e  and area a r e  independent  o f  t h e  i o n  i r r a d i a t i o n  temperature over the  i n t e r v a l  100- 
300°C f o r  bo th  AHZIRC and AI4AX-MZC. The subgra in  s i z e  i n  t h i s  temperature range i s  equal t o  the  measured 
as- rece ived  ( n o n i r r a d i a t e d )  va lue  (0.4 urn, 0.34 urn f o r  A M Z I K C  and AMAX-MZC, r e s p e c t i v e l y ) .  

The subgra in  s i z e  and area inc reased  above the  as- rece ived  va lues  f o l l o w i n g  i o n  i r r a d i a t i o n  a t  temperatures 
g r e a t e r  than 300"C, i n d i c a t i n g  t h a t  r e c r y s t a l l i z a t i o n  was o c c u r r i n g .  Subgra in  n u c l e a t i o n  was v i s i b l e  i n  ir- 

r a d i a t e d  r e g i o n s  o f  t h e  f o i l s . l S 2  
boundar ies .  I n  t h e  absence o f  i r r a d i a t i o n ,  the  subgra in  s i z e  o f  b o t h  a l l o y s  was determined t o  be c o n s t a n t  
up t o  475C f o r  a 1 hour anneal ,  w i t h  a r a p i d  i nc rease  a t  h i g h e r  temperatures.  
g e s t s  t h a t  AEIZIRC beg ins  t o  r e c r y s t a l l i z e  a t  - 350°C d u r i n g  i o n  i r r a d i a t i o n ,  w h i l e  AMAX-MZC does n o t  s t a r t  
t o  r e c r y s t a l l i z e  u n t i l  i r r a d i a t i o n  temperatures o f  - 450°C a r e  reached. F i g u r e  2 ( s u b g r a i n  area) i n d i c a t e s  
t h a t  r e c r y s t a l l i z a t i o n  has s t a r t e d  t o  occur  f o l l o w i n g  i o n  i r r a d i a t i o n  a t  300°C i n  AMZIRC and 40U"C i n  AI'IAX- 
MZC. T h i s  rep resen ts  an e f f e c t i v e  s h i f t  i n  the  r e c r y s t a l l i z a t i o n  temperature o f  these two a l l o y s  due t o  i o n  
i r r a d i a t i o n  o f  - 75'C f o r  AMAX-MZC and - 150°C f o r  AMZIKC.  

The subgra ins were g e n e r a l l y  found a l o n g  p r e e x i s t i n g  h i g h  ang le  g r a i n  

F i g u r e  1 ( s u b g r a i n  sire) sug- 

A q u a n t i t a t i v e  p r e d i c t i o n  of the s h i f t  i n  the  r e c r y s t a l l i z a t i o n  temperature (ATR) d u r i n g  i r r a d i a t i o n  may be 

made by assuming t h a t  t h e  a c c e l e r a t i o n  o f  r e c r y s t a l l i z a t i o n  k i n e t i c s  i s  s o l e l y  due t o  rad ia t i on- enhanced  
d i f f u s i o n .  The rad ia t i on- enhanced  d i f f u s i o n  c o e f f i c i e n t  was determined f rom a c a l c u l a t i o n  o f  t he  vacancy 
c o n c e n t r a t i o n  d u r i n g  i r r a d i a t i o n  based on steady s t a t e  n u c l e a t i o n  theory .  Only monovacancy d i f f u s i o n  was 
cons ide red  t o  c o n t r i b u t e  t o  the  rad ia t i on- enhanced  d i f f u s i o n .  F i g u r e  3 shows the  c a l c u l a t e d  ternprra ture-de-  
pendent s e l f - d i f f u s i o n  c o e f f i c i e n t  o f  copper f o r  c o n d i t i o n s  a p p r o p r i a t e  t o  i o n  i r r a d i a t i o n  ( 2  x d p a l s ) ,  

neu t ron  i r r a d i a t i o n  (1 x d p a l s )  and thermal  anneal ing.  The p r e d i c t e d  s h i f t  i n  r e c r y s t a l l i z a t i o n  
temperature d u r i n g  i r r a d i a t i o n  may be ob ta ined  as f o l l o w s :  

AMAX+lZC f o r  a 1 hour thermal  anneal4  i s  abou t  4 7 5 ' ~ .  

3 x lo-'' m2/s. 

equals  3 x 1 O - l '  m2/s f o r  an i r r a d i a t i o n  temperature of abou t  300°C. 
temperature due t o  i o n  i r r a d i a t i o n  i s  t h e r e f o r e  p r e d i c t e d  t o  be  AT^ = 180°C. 

Neutron i r r a d i a t i o n  a t  1 x 
temperatures above 375°C due t o  a low vacancy s u p e r s a t u r a t i o n  a t  h i g h  temperatures ( F i g .  3 ) .  
l a t e d  r e c r y s t a l l i z a t i o n  temperature o f  AMZIRC and AMAX-MZC f o r  a 2 yea r  anneal' i s  5 350"C, which c o r r e .  

sponds t o  a s e l f - d i f f u s i o n  c o e f f i c i e n t  o f  abou t  4 x lo-'' m2/s. The p r e d i c t e d  r e c r y s t a l l i z a t i o n  temperature 
f o r  a Many o f  t he  proposed a p p l i c a t i o n s  f o r  
h i g h  s t r e n g t h  opper a l l o y s  i n  f u s i o n  dev ices  r e q u i r e  o p e r a t l o n  a t  i r r a d i a t i o n  temperatures o f  100-350°C f o r  
severa l  years. '  The preceding c a l c u l a t i o n s  i n d i c a t e  t h a t  A M Z I R C  and APlAX-MZC w i l l  r e c r y s t a l l i z e  i n  t h i s  
t ype  o f  an i r r a d i a t i o n  env i ronment  (p robab ly  w i t h  an accompanying l o s s  o f  s t r e n g t h ) .  

The r e c r y s t a l l i z a t i o n  temperature o f  A i l Z l R C  and 

Th is  cor responds t o  a s e l f - d i f f u s i o n  c o e f f i c i e n t  o f  

dpa/s, t h e  rad ia t i on- enhanced  s e l f - d i f f u s i o n  c o e f f i c i e n t  Dur ing  i o n  i r r a d i a t i o n  a t  2 x 

The s h i f t  i n  the  r e c r y s t a l l i z a t i o n  

dpa ls  has no e f f e c t  on the  s e l f - d i f f u s i o n  c o e f f i c i e n t  f o r  i r r a d i a t i o n  
The ex t rapo-  

d p a l s  neu t ron  i r r a d i a t i o n  i s  abou t  140°C (ATR = 2fO"C). 
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F I G U R E  1. Long i tud ina l  subgrain s i r e  o f  cold-worked p l u s  FIGURE 2 .  Subgrain a r e a  o f  cold-worked 
aged copper a l l o y s  as a func t ion  of i r r a d i a t i o n  temperature.  p lus  aged copper a l l o y s  as  a func t ion  o f  

i r r a d i a t i o n  temperature .  
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f t  i n  the r e c r y s t a l l i z a t i o n  temperature o f  copper a l l o y s  due t o  rad ia t ion- enhanced  
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5.3 Discussion 

I t  i s  we l l  es tab l i shed t h a t  r e c r y s t a l l i z a t i o n  requ i res  a s u f f i c i e n t l y  l a r g e  d r i v i n g  fo rce  i n  combination 

w i t h  adequate atomic m o b i l i t y  i n  order t o  p r ~ c e e d . ~ ~ , " , ~ ~  I r r a d i a t i o n  tends t o  increase the d r i v i n g  f o r ce  
f o r  r e c r y s t a l l i z a t i o n  by c rea t i ng  de fec t  c l us te r s  i n  the l a t t i c e .  The atomic m o b i l i t y  i s  a l s o  increased 
dur ing  i r r a d i a t i o n  due t o  a supersaturat ion o f  p o i n t  defects (radiat ion-enhanced d i f f u s i o n ) .  Previous 
s tud ies  have shown t h a t  g ra i n  boundary m o b i l i t y  i s  d i r e c t l y  r e l a t e d  t o  the vacancy concentrat ion i n  the ma- 
t r i ~ . ' . ~ ' , ~ ~  

sense t h a t  creep has been shown t o  be independent o f  radiat ion-enhanced d i f f ~ s i o n . ' ~ , ~ ~  
the f a c t  t h a t  i r r a d i a t i o n  creep invo lves  a " d i r e c t i o n a l  f l u x "  o f  de fec ts  whereas r e c r y s t a l l i z a t i o n  s imply 
requ i res  adequate m o b i l i t y  i n  any d i r ec t i on .  

I n  t h i s  regard, radiat ion-enhanced r e c r y s t a l l i z a t i o n  d i f f e r s  from i r r a d i a t i o n  creep i n  the  

Th i s  may be due t o  

The pred ic ted  s h i f t  i n  the r e c r y s t a l l i z a t i o n  temperature of A M Z I R C  due t o  i o n  i r r a d i a t i o n  (F ig .  31 i s  i n  
reasonable agreement w i t h  the ac tua l  observat ions (Fig.  21. I n  p a r t i c u l a r ,  the p red ic ted  and observed 
r e c r y s t a l l i z a t i o n  temperatures f o r  AMZIRC dur ing  i on  i r r a d i a t i o n  are bo th  about the same, 300°C. The re-  
s u l t s  f o r  AMAX-MZC are n o t  i n  as c lose of agreement; the p red ic ted  and observed r e c r y s t a l l i z a t i o n  tempera- 
tu res  are 300'C and 400'C. respec t ive ly .  

The d i f f e rence  between the p red ic ted  and observed radiat ion-enhanced r e c r y s t a l l i z a t i o n  temperature o f  AMAX- 
MZC i s  probably due t o  the neg lec t  of so l u te /p rec ip i t a te  e f f ec t s  i n  the r e c r y s t a l l i z a t i o n  ca l cu la t i ons .  

Yaidya and Ehrl ich' '  found t h a t  s l i g h t  va r i a t i ons  i n  the composit ion o f  i r r a d i a t e d  s ta i n l ess  s tee l  r e s u l t e d  
i n  a spectrum o f  r e c r y s t a l l i z a t i o n  stages t h a t  ranged from u n r e c r y s t a l l i z e d  t o  completely r e c r y s t a l l i z e d .  
I n  the present  case, AMZIRC i s  a simple b inary a l l o y  con ta in ing  0.15% Z r  whereas AMAX-MZC i s  a quaternary 
a l l o y  con ta in ing  0.65% C r ,  0.15% Z r  and 0.04% Mg. 

Examination of the damage mic ros t ruc tu re  of the two a l l o y s  fo l low ing  i r r a d i a t i o n  a t  d i f f e r e n t  temperatures 
i nd i ca ted  t h a t  r e c r y s t a l l i z a t i o n  i s  i n i t i a t e d  i n  both A M Z I R C  and AMAX-MZC a t  temperatures o f  - 300"C, i . e .  
subgrain nuc lea t ion  occurs. 
suppressed i n  AMAX-MZC r e l a t i v e  t o  AMZIRC (F ig.  2 ) .  This r e s u l t s  i n  a s luggish r e c r y s t a l l i z a t i o n  response 
o f  AMAX-MZC t h a t  i s  maintained up t o  i r r a d i a t i o n  temperatures o f  500°C. Chromium and magnesium are  bo th  

overs ized solutes i n  copper16 and are expected t o  migrate away from vacancy s inks  such as g ra i n  boundaries 
dur ing  i r r a d i a t i o n  (vacancy inverse K i rkenda l l  e f f e c t ) .  I t  has a l so  been observed t h a t  so lu tes  which are 

repe l l ed  from gra in  boundaries a c t  t o  s t rong ly  r e t a r d  g ra i n  
i r r a d i a t i o n  enhances the i n i t i a t i o n  of r e c r y s t a l l i z a t i o n  i n  AMAX-MZC, b u t  r e ta rds  subgrain coalescence and 
subsequent g ra i n  growth. I r r a d i a t i o n  enhances a l l  phases of r e c r y s t a l l i z a t i o n  i n  AMZIRC.  

However. the coalescence and growth o f  these subgrains dur ing  i r r a d i a t i o n  i s  

Therefore, i t  appears t h a t  

TEM examination o f  copper a l l o y  f o i l s  t h a t  were i r r a d i a t e d  a t  the same temperature b u t  d i f f e r e n t  dose l e v e l s  
i nd i ca ted  t h a t  the subgrain s ize was e s s e n t i a l l y  independent of damage l e v e l  over the dose range of 1-40 dpa 
(see Fig. 1). 
worked copper were independent o f  neutron fluence fo r  damage l e v e l s  ?. 0.01 dpa. 

Th is  i s  i n  agreement w i t h  another study' which found t h a t  r e c r y s t a l l i z a t i o n  e f f ec t s  i n  cold-  

Neutron i r r a d i a t i o n  s tud ies  of AMZIRC and M A X- M Z C  have found t h a t  t h e i r  y i e l d  st rengths decreased f o l l ow ing  

i r r a d i a t i o n  t o  10-15 dpa a t  temperatures of 450'C5 and 385"C.6 Since these i r r a d i a t i o n  temperatures are too 
h igh f o r  radiat ion-enhanced d i f f us i on  processes t o  be impor tan t  (F ig .  31, the observed so f ten ing  i s  probably 
due t o  thermal annealing e f f e c t s  alone. 

5.4 Conclusions 

The s h i f t  i n  the r e c r y s t a l l i z a t i o n  temperature of A M Z I R C  and AMAX-MZC dur ing  i r r a d i a t i o n  may be exp la ined  by 
consider ing the e f f ec t  of radiat ion-enhanced d i f fus ion .  
under long term neutron i r r a d i a t i o n  cond i t ions  i s  p red ic ted  t o  be - 100-200°C. 
c a b i l i t y  i n  fus ion  devices, since t h e i r  h igh s t reng th  i s  n o t  r e ta i ned  fo l low ing  r e c r y s t a l l i z a t i o n .  
u t e  andlor  p r e c i p i t a t e s  i n  i r r a d i a t e d  AMAX-MZC tend t o  r e t a r d  the growth of subgrains and gra ins,  which 
leads t o  a h igher r e c r y s t a l l i z a t i o n  temperature when compared t o  A M Z I R C .  

The r e c r y s t a l l i z a t i o n  temperature o f  these a l l o y s  
Th is  may l i m i t  t h e i r  a p p l i -  

The so l -  
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