


NOTICE 

This report was prepared as an account of work sponsored by an agency of 
the United States Government. Neither the United States Government nor 
any agency thereof, nor any of their employees, nor any of their contractors, 
subcontractors or their employees, makes any warranty, express or implied, 
or assumes any legal liability or responsibility for the accuracy, com- 
pleteness, or any third party's use or the results of such use of any informa- 
tion, apparatus, product, or process disclosed, or represents that its use 
would not infringe privately owned rights. Reference herein to any specific 
commercial product, process, or service by trade name, trademark, 
manufacturer, or othetwise, does not necessarily constitute or imply its 
endorsement, recommendation, or favoring by the United States Govern- 
ment or any agency thereof or its contractors or subcontractors. 

Printed in the United States of America 
Available from 
National Technical Information Service 
U.S. Department of Commerce 
5285 Port Royal Road 
Springfield, VA 22161 

NTlS price codes 
Printed copy: A08 
Microfiche copy: A01 



DOE/ER-0046/18 
UC-20,2Oc 

Damage Analysis and 
Fundamental Studies 

Quarterly Progress Report 
April-June 1984 

August 1984 

US. Department of Energy 
Office of Energy Research 

Off ice of Fusion Energy 
Washington, DC 20545 





FOREWORD 

This r e p o r t  i s  t h e  twenty-.sixth i n  a se r i es  of Q u a r t e r l y  Technical Progress Reports on Damage Analysis 
and Fundamental Studies (DAFS), which i s  one element of t he  Fusion Reactor Ma te r i a l s  Program, conducted 
i n  support o f  t he  Magnetic Fusion Energy Program o f  t h e  U.S. Department of Energy (DOE). 
r epo r t s  i n  t h i s  se r i es  were numbered DOE/ET-D065/1 through 8. 
Program are:  

The f i r s t  e i g h t  
Other elements of the  Fusion Ma te 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) . Plasma-Materials I n t e r a c t i o n  (PMI) . Special Purpose Ma te r i a l s  (SPM). 

The OAFS program element i s  a n a t i o n a l  e f f o r t  composed of c o n t r i b u t i o n s  from a number of Nat ional  Labora- 
t o r i e s  and o the r  government l abo ra to r i es ,  u n i v e r s i t i e s ,  and i n d u s t r i a l  l abo ra to r i es .  It was organized by 
the  Ma te r i a l s  and Rad ia t ion  Ef fects Branch, OOEIOffice of Fusion Energy, and a Task Group on Damage ~naiy- 
sis and Fundamental Studies, which operates under t he  auspices of t h a t  branch. The purpose o f  t h i s  se r i es  
o f  r epo r t s  i s  t o  ;provide a work ing t echn i ca l  r eco rd  of t h a t  e f f o r t  f o r  t he  use of t h e  program p a r t i c i p a n t s ,  
t he  fus ion energy program i n  general,  and the  DOE. 

This r e p o r t  i s  organized 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 Plan of t he  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 fo l lowed r e a d i l y ,  r e l a t i v e  t o  t h a t  Program Plan. 
g iven l abo ra to r y  may appear throughout the  repo r t .  Note t h a t  a new chapter  has been added on Reduced A c t i -  
va t i on  Ma te r i a l s  t o  accommodate work on a t o p i c  n o t  inc luded i n  t he  e a r l y  program plan.  
annotated f o r  the  convenience o f  the  reader. 

This r e p o r t  has been compiled and e d i t e d  under t he  guidance of t he  Chairman of t he  Task Group on ~ m a g e  
Analysis and Fundamental Studies, D. G. Doran, Hanford Engineer ing Development Laboratory (HEDL). His 
e f f o r t s ,  those of t he  suppor t ing  s ta f f  of HEDL, and t he  many persons who made t echn i ca 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. T. C. Reuther, Ma te r i a l s  and Rad ia t ion  Ef fects Branch, i s  t he  DOE counterpar t  t o  
the  Task Group Chairman and has r e s p o n s i b i l i t y  f o r  t he  DAFS program w i t h i n  ODE. 

Thus, t h e  work of a 

The Contents i s  

G. M. Haas, Chief  
Fusion Technologies Branch 

Off ice of Fusion Energy 
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- 
C.M. Logan and D. W. Heikkinen (Lawrence Livermare National Laboratory) 

1.0 

Ihe objectives of this work are operation of FmS-11 (a 14-MeV neutron source facility), rrachine 
developnent, and support of the experimental program that utilizes this facility. 
include dosimetry, handling, scheduling, coordination, and reporting. 
U.S. and Japan and is dedicated to materials research for the fusion p e e r  program. 
aid in the developnent of models of high-energy neutron effects. 
projecting to the fusion environment, engineering data obtained in other spectra. 

Experimenter services 
m - I 1  is supported jointly by the 

Its primary use is to 
Such mdels are needed in interpreting and 

Irradiations were performed on 10 different experiments during this quarter. 
continues. A redesiped ground electrode assenbly was installed. 
encountered and repaired. 

Ion source developnent 
Target cooling water leaks were 

Title: RINS-I1 Operations (WU-16) 
Principal Investigator: C. M. Logan 
Affiliation: Lawrence Livenmre National Laboratory 

4.0 

TASK II.A.2,3,4. 
TASK 11.8.3.4 
TASK II.C.1,2,6,11,18. 

M. Laclan. D. W. Helkklnenand M. W. Q h L l  
. .  5.0 - 

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

K. Saneyoshi (TIT) 

A 

A 

AI - the 27~1(n,2n)26~1 cross 
section near threshold 

LiF - determine the feasibility of 
TUJ self irradiation as a tritium 
production nwnitor 

D. Heikkinen (LLNLJ A - dosirretry calibration 
K. Abe (Tohoku) P 
H. Matsui (Tohoku) 
H. Kayano (Tohoku) 
M. Kiritani (Hokkaido) 

Metals -mechanical properties 
roan temperature 

2 



F x w w r  P or A* SamDle U&iated 

H. Takahashi (Hokkaido) 
K. Shinohara (KyUshu) 
E. Kuramoto (Kyushu) 
N. Yoshida (Kyushu) 
T. Kinashita (Kyushu) 
N. Igata (Tokyo) 
A. Kohyam (Tokyo) 
K. Mihayara (Tokyo) 
H. Kawanishi (Tokyo) 
K. Kamda (Nagoya) 
M. Iseki (Nagoya) 
K. Sata (Nagoya) 

Y. ShinmuIra (Hiroshima) 

K. Sumita (Osaka) 

P. Hahn (Vienna) 

K. Okamura (Tohoku) 

L. Lucht (LLNL) 

P. Pawlikowski (LLNL) 
G. C o l m  (LLNL) 

A Au - room twrature experimt 
cascade and microsctructural 
damage 

Insulators - electrical and 
mechanical properties 

Nb-Ti - measure fluxoid pinning 
Strength Of SUpeKCMdUCtOKS 

Silicon carbide fibers - 
mechanical properties 

Oil shale tracer transport in 
fluidized bed 

(n,Zn) cross section 

*p - primary, A = Pdd-on 

tatus G M,L4gan and D. W. Helkklnen 5.1 - . .  

The ion source system developnent continues on the right mchine. 

General cleanup was performed in June on all areas of the facility. 

Left mchine target hub and water lines developed leaks. 

A new ground electrode assembly was installed on the right mchine in order to improve vacuum conductance 
and allow for ground electrode biasing. 

Hoses were replaced and the hub was repaired. 

Irradiations will be continued for H. Heinisch (HEDL) et al., K. Saneyoshi (TiT), R. Smither (m), L. Lucht 
(LLNL), P. Pawlikowski/G. C o l m  (LLNL), D. Heikkinen (LLNL). Also during this period, irradiations for N. 
Yoshida (Kyushu) , H .  Matsui (Tohoku), K. Kawamura (TIT) and D. Nethaway (LLNL) will be initiated. 

A new byprss and filtering system will be installed on the target cooling water system. 
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DOSIMETRY MEASUREMENTS AND DAMAGE CALCULATIONS FOR THE ORR-MFE48 EXPERIMENT 

L .  R. Greenwood and R. K. h i t h e r  (Argonne Nat ional  Laboratory)  

1 .o Objec t ive  

To measure the neutron fluence and ca l cu la te  
s p e c t r a l - t a i l o r i n g  experiment i n  ORR. 

the r e s u l t a n t  damage i n  i r r a d i a t e d  specimens dur ing the WE48 

2.0 Sumnary __ 

Dosimetry measurements and damage ca l cu la t i ons  are reported f o r  the WE48 s p e c t r a l - t a i l o r i n g  experiment i n  
the  ORR. With an expsoure o f  424 f u l l  power days the maximum f luence was 1.9 x loz2 n / n 2  producing 
about 64 appm helium and 5 .1  dpa i n  316 s ta in less  s tee l .  
i n  Table I. 

The s ta tus  o f  a l l  other experiments i s  sumnarized 

TABLE I 

STATUS OF DOSIMETRY EXPERIMENTS 

Faci 1 i t y / E x p e r i m n t  S t a t u s I C m e n t s  

ORR 

HFIR 

Omega West 

EBR 11 
IPNS 

- MFE 1 - MFE 2 - MFE 4A1 - MFE 4A2 - MFE 48 - TBC 07 - TRIO-Test 
- TRIO- 1 - H f  Test - JP Test - CTR 32 - CTR 31, 34, 35 
- CTR 30 - T2, RE1 - T1, CTR 39 - R82. R83. T3 - CTR~40-52 
- JP 1-8 - Spectral Analysis - HEDLl - HEDL2 - LANL 1 - X287 - Spectral Analysis - LANLl (Hur ley) - Hurley - Coltman 

Completed 12/79 
Completed 06/81 
Completed 12/81 
Completed 11/82 
Completed 04/84 
Completed 07/80 
Completed 07/82 
Completed 12/83 
Completed 03/84 
Samples Sent 06/84 
Completed 04/82 
Completed 04/83 
Samples Received 07/84 
Completed 09/83 
Completed 01/84 
I r r a d i a t i o n s  i n  Progress 
I r r a d i a t i o n s  i n  Progress 
I r r a d i a t i o n s  i n  Progress 
Completed 10180 
Completed 05/81 
Samples Sent 05/83 
Samples Sent 06/84 
Completed 09/81 
Completed 01/82 
Completed 06/82 
Completed 02/83 
Completed 08/83 

3.0 - Program 

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

5 



4.0 

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

Relevant DAFS Program Plan Task/Subtask 

5.0 Accomplishments and Status 

The WE40 experiment i n  t he  Oak Ridge Research Reactor (ORR) i s  a spec t ra l -  i i l o r i n g  i r r a d i a t i o n  designed t o  
achieve f u s i o n- l i k e  helium-to-dpa r a t i o s  i n  s t a i n l e s s  stee1. l  
MFE4A i r r a d i a t i o n  repor ted  e a r l i e r . 2  The i r r a d i a t i o n  took p lace  i n  core  p o s i t i o n  E7 from A p r i l  22, 1981 t o  
October 20, 1982 f o r  a t o t a l  exposure of 424 f u l l  power days. The present  ana lys is  i s  based on f o u r  dosim- 
e t r y  tubes removed from the  assembly when it was repackaged. New replacement dosimetry tubes were i n s e r t e d  
a t  t h a t  t ime and t he  experiment i s  now undergoing f u r t h e r  exposure i n  ORR. 
a re  thus designed t o  check on the  progress o f  the experiment, e s p e c i a l l y  regard ing  t he  c r i t i c a l  hel ium-to- 
dpa r a t i o  and t h e  subsequent i n s e r t i o n  of the  hafnium co re  p iece  t o  reduce the hel ium accumulation.1 

The four  s t a i n l e s s  s tee l  dosimetry tubes measured 1/16" O.D. x 2-3/4" l o n g  and conta ined small  specimens o f  
Fe, N i ,  Co, T i ,  Nb, Cu, 80% Mn-Cu, and he l ium accumulat ion moni tors suppl ied by Rockwell I n t e r n a t i o n a l .  A l l  
of the  samples were gama counted by Ge(L i )  spectroscopy and t h e  measured a c t i v a t i o n  ra tes  a re  l i s t e d  i n  
Table 11. 
be removed from the  tube f o r  gama  ana l ys i s .  Two o f  the  tubes were l o c a t e d  on the  upper l e v e l  and two on 
t he  lower  l e v e l  of the MFE4B assenbly. I n  each case, one tube was ou t s i de  and one i n s i d e  o f  a s t a i n l e s s  
s tee l  annulus surrounding t he  NaK and experirnental samples. The top tubes were a t  600-C w h i l e  t he  lower 
tubes were i n  t he  5OOOC temperature reg ion .  

The expe r im  t i s  nea r l y  i d e n t i c a l  t o  t he  

The present  i n t e r i m  measurements 

One dosimetry tube apparen t ly  b u r s t  du r i ng  t he  i r r a d i a t i o n  and some o f  the  dosimeters c o u l d  n o t  

TABLE I 1  

ACTIVATION RATES MEASURED FOR ORR-MFE4B 
Dosimeters removed 10/82 a t  424 FPD; normal ized t o  30 Mw 

Burnup c o r r e c t i o n s  inc luded;  accuracy 9% unless noted 

Reaction Height ,  i n .  A c t i v i t y  (atom/atom-s) 

I ns i de  Outside 

58Fe( n , ~ ) ~ 9 F e  -0.84 1.60 E-10 1.69 E-10 
(?4%) -2.41 1.68 E-10 1.78 E-10 

-3.91 1.70 E-10 
-4.03 1.73 E-10 
-5.72 1.49 E-10 1.54 E-10 

5%0( n , y ) ~ O C O  -1.02 5.52 E-9 
-4.08 5.46 E-9 
-4.20 5.10 E-9 

93Nb( n . Y )  94Nb -1.56 2.72 E-10 2.89 E-10 
-4.88 2.72 E-10 2.77 E-10 

54Fe( n,pI54Mn -0.84 9.80 E-12 9.89 E-12 
-2.41 10.48 E-12 10.22 E-12 
-3.91 10.47 E-12 
-4.03 10.76 E-12 
-5.72 
-1.31 
-4.37 
-4.62 
-1 .El 
-5.12 
-2.06 
-5.37 
-2.25 
-6~17 

10.22 E-12 10.03 E-12 
1.40 E-12 

1.37 E-12 1.45 E-12 
1.42 E-12 1.43 E-12 
3.71 E-14 3.96 E-14 
3.71 E-14 3.33 E-14 

6.94 E-14 
7.19 E-14 6.83 E-14 
3.96 E-12 4.29 E-12 

d ~ 6 K  F-17 .. , "  - -_ 
-5.56 4.76 E-12 5.00 E-12 

6oNi (n,p)60Co* -2.25 1.29 E-12 1.58 E-12 
-4,37 1.57 E-12 
-5.56 1.26 E-12 1.30 E-12 

Burnup c o r r e c t i o n s  n o t  inc luded b u t  est imated t o  be 50% 
o f  more f o r  bo th  n i c k e l  reac t ions .  

* 
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The a c t i v i t i e s  l i s t e d  i n  Table I1  can a l l  be f i t to a simple polynomial o f  form: 

f (h1  = fmax C1 + c ( x - xo12~  (1 )  

where fmax = h ighes t  value and xo = center  o f  f l ux  gradient .  The thermal and f a s t  react ions were f i t  
separate ly and the  resu l t an t  parameters a re  l i s t e d  i n  Table 111. 
on ly  about 15% over the  sample region wh i l e  the inner- to- outer  g rad ien t  i s  q u i t e  small, with a thermal 
d i f f e rence  of about 5% and no apparent f a s t  gradient .  

As can be seen, the  v e r t i c a l  gradient  i s  

TABLE 111 

MAXIMUM ACTIVITIES FOR ORR-MFE4B 
(Values Determined from Polynomial F i t 1  

ou t  Ac t i va t i on  Rate (atom/atom-SI 
Rat io  (-1 

Reaction I ns i de  Outside i n  

58Fe( n,r)59Fe 1.72 E-10 1.77 E-10 1.03 

5 9 ~ o ( n , v ) 6 0 ~ 0  5.25 E-9 5.70 E-9 1.08 

54Fe( n ,p)54Mn 1.07 E-11 1.06 E- 11 0.99 

46Ti ( n , p I 4% 1.42 E-12 1.43 E-12 1.01 
55Mn( n ,2n) 54Mn 3.85 E-14 3.85 E-14 1 .oo 
63cu( n ,a) 6 0 ~ 0  7.20. E-14 7.20 E-14 1.00 

93Nb(n,r)94Nb 2.85 E-10 2.96 E-10 1.04 

Gradient Polynomial Function 

F(x)  = Fmax C1 + c (x-xo)21 
where Fmax = maximum value 

xo = center  of a c t i v i t y  ( inches1 

xo __. C 

Fast  -1.269 E-2 -3.35" 
Thermal -1.521 E-2 -2.81" 
Global -1.395 E-2 -3.06 

The maximum a c t i v i t y  values were used as i n p u t  to the  STAYSL complter code t o  ad jus t  the neutron spectrum 
ca l cu la ted  by R. A. L i l l i e . 1  
i s  shown i n  F ig .  1. These values are  q u i t e  s i m i l a r  t o  those reported prev ious ly  f o r  the  MFE4A experiment 
a f t e r  a s i m i l a r  exposure.2 The thermal f l u x  was ca l cu la ted  assuming a temperature d i s t r i b u t i o n  centered a t  
95'C, t h e  temperature o f  the surrounding moderator. 
comparison. 

The adjusted f l u x  and fluence values are l i s t e d  i n  Table I V  and t h e  spectrum 

The der ived 2200 m/s f l u x  i s  a lso  l i s t e d  f o r  

TABLE I V  

MAXIMUM FLUX AND FLUENCE VALUES FOR ORR-MFE4B 
(Values a t  30 MW a f t e r  424 FPD a t  -3" below midplane) 

Flux, x 1014 n/cm2-s Fluence, x 1021 n / c d  

Energy Er ro r ,  % I ns i de  Outside I ns ide  Outside 

Total 6 5.19 5.36 19.0 19.6 
Thermal (c.5 eV.) 6 1.70 1.83 6.24 6.72 

- - 

(2200 m/s l  
Fast, >.11. MeV 10 1.76 1.70 6.43 6.43 
0.5 eV - 0.11 MeV 12 1.73 1.77 6.33 6.48 
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F i g .  1. Adjusted f l u x  spectrum f o r  the  ORR-MFE48 experiment normal ized t o  30 MW a f t e r  424 f u l l  power days. 
The do t ted  and dashed l i n e s  i n d i c a t e  one standard dev ia t ion ;  however, t h e  f l u x  groups are h i g h l y  
c o r r e l a t e d  . 

Displacement damage and he l ium c a l c u l a t i o n s  were performed us ing  the  SPECTER computer code. 
l i s t e d  f o r  a number of elements a t  the maximum f l u x  p o s i t i o n  i n  Table V. 
he igh ts  i n  the  assembly can be determined u s i n g  Eq. (1) and t h e  maximum values i n  Table V. 

Values a re  
The He and dpa values a t  o t h e r  

TABLE Y 

DAMAGE PARAMETERS FOR ORR-MFE4B (424 FPO) -_ -~ 
Element He (appm) OPA 

I n s i d e  Outside I n s i d e  Outside 

A1 3.91 3.92 8.65 8.65 
T i  2.96 2.96 5.51 5.51 
Y 0.14 0.14 6.12 6.12 
C r  0.97 0.97 5.48 5.48 
h a  0.81 0.81 5.86 5.87 
Fe 1.68 1.68 4.87 4.87 
coa 0.81 0.81 5.61 5.66 

Thermal 457.0 517.8 0.81 0.91 
5.13 5.14 23.8 Nib Fast  

Tota l  480.9 541.6 5.94 6.05 
~- __ 23.9 _ _  - 

cu 
Z r  
Nb 
Mo 
Ta 

316 ssc 

1.45 
0.15 
0.31 _ _  -- 

63.8 

1.46 
0.15 
0.31 

_ _  
71.7 

4.70 
5.08 
4.68 
3.44 
2.36 
5.10 

4.70 
5.08 
4.68 
3.44 
2.36 
5.12 _____---- .__-__ 

% e l f - s h i e l d i n g  c o r r e c t i o n s  may be needed f o r  the  (n ,y )  
damage i n  Mn (5%) and Co (17%) .  

b e e  references 3 and 4 f o r  n i c ke l  c a l c u l a t i o n s .  
C316 ss: C r  (.18), Mn (.019), Fe (.645), N i  (.13), 

Mo (0.026) 
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Helium and damage ra tes  for  n icke l  and 316 ss were computed separately and are l i s t e d  i n  Table V I  and shown 
i n  Fig. 2. The procedure used i n  these ca l cu la t i ons  was descr ibed i n  d e t a i l  i n  a recent pub l ica t ion .3  The 
ex t ra  d a from the 56Fe r e c o i l s  i s  a l so  included using the formula of one displacement f o r  every 567 appm 
helium.! As shown i n  reference 3, we expect the hel ium ca lcu la t i ons  tn be q u i t e  accurate L*5-10%). Of 
course, samples from t h i s  experiment w i l l  a l so  be analyzed by Rockwell I n te rna t iona l  and measurements w i l l  
then become ava i l ab le  fo r  a number o f  elements. 
cross sect ions and t o  improve our dosimetry technique. 

These data w i l l  be used t o  r e f i n e  our hel ium product ion 

TABLE V I  

KLIUM AND DPA GRADIENTS FOR ORR-MFE48 (424 FPD) 
(Values are  l i s t e d  f o r  the inner  p o s i t i o n )  

F1 uence Helium, appm DPA 

( x  1022 n/cm2) N i  316 ss N i  316 ss 
Height, i n .  .- - -  

0 1.67 331. 50.7 5.18 4.48 
-1 1.81 441. 5 8 . 5  5.61 4.85 
-2 1.88 472. 62.6 5.87 5.04 
-3 1.90 481. 63 .8 5.94 5.10 
-4 1.86 463 .  61.4 5.80 4.99 
-5 1.76 419. 55.7 5.46 4.72 
-6 1.61 357. 47.5 4.93 4.30 __ - 

x (  I , I c 

-6.0 -4.0 -2.c 0.2 .o 

F ig .  2. Helium (appn) and dpa ( x  10) values are  shown f o r  316 s ta in less  steel  as a func t i on  of the height  
above midplane. 
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7.0 Future  Work 

We w i l l  con t inue to moni to r  t he  progress o f  t he  WE4 s p e c t r a l - t a i l o r i n g  experiment i n  ORR. 
a l s o  prepared f o r  f u r t h e r  experiments i n  HFIR and the  mega West Reactor. 

Samples were 
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MEASUREMENT OF Cu SPALLATION CROSS SECTIONS AT IPNS 

L.  R. Greenwood and R. K. Smither (Argonne Nat iona l  Labora tory )  

1 .o Objec t ive  

To develop new cross sect ions and techniques for  dosimetry and damage ana lys is  a t  accelerator-based neutron 
sources. 

2.0 Sumnary 
~ 

S p a l l a t i o n  cross sect ions for  Cu have been measured a t  the IPNS a t  Argonne Nat ional  Laboratory.  
are repor ted f o r  t he  product ion  of 21 d i f f e r e n t  rad io iso topes a t  13 d f f f e r e n t  energies between 25 and 450 
MeV. 
r e s u l t s  are reported. 

Resul ts 

These data are mw being t e s t e d  f o r  spec t ra l  adjustments a t  IPNS and LAMPF and some p r e l i m i n a r y  

3 .O Program __ 

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

4.0 - Relevant DAFS Program Plan T a s k h b t a s k  

Task II .A.2 High-Energy Neutron Dosimetry 

5.0 Accomplishments and Sta tus  

S p a l l a t i o n  cross sect ions are be ing  developed i n  order t o  extend our  dosimetry and damage techniques to 
higher energies for accelerator-based neutron sources. e s p e c i a l l y  s p a l l a t i o n  sources such as the In tense 
Pulsed Neutron Source (IPNS) a t  ANL and t h e  LOS A lams  Meson Physics F a c i l i t y  (LAMPF) a t  LANL. 
repo r ted  prev ious ly1  f o r  the p roduc t i on  of 7Be, 22Na, and Z4Na f rom A l .  I n  the present  r e p o r t  r e s u l t s  are 
l i s t e d  f o r  21 d i f f e r e n t  rad io iso topes from Cu. 

Resul ts were 

A stack of th ree copper f o i l s ,  each measuring 4" x 4" x 5 m i l s ,  was d i r e c t l y  i r r a d i a t e d  i n  the  p ro ton  beam 
o f  the IPNS. The l a r g e  s i z e  o f  t he  f o i l s  guarantees i n t e r c e p t i o n  o f  t he  e n t i r e  pro ton beam which i s  
subsequently stopped i n  a beam dump Faraday cup and i n t e g r a t e d  t o  determine the t o t a l  number o f  protons.  
The cen te r  f o i l  was gama counted wh i l e  the  f r o n t  and back f o i l s  were used t o  c o r r e c t  f o r  r e c o i l  losses.  
Each i r r a d i a t i o n  requ i red about 1 hour t o  ob ta in  a pro ton f luence o f  about 1017. The f o i l s  were autoradio-  
graphed p r i o r  t o  c u t t i n g  and gama count ing  t o  determine the beam p r o f i l e .  Absorbers were used t o  reduce 
the  p ro ton  energy below 50 MeV. 

The cross sec t i on  r e s u l t s  are l i s t e d  i n  Tables 1-111. Tables 1-11 l i s t  t r u e  s p a l l a t i o n  products which pre-  
sumably a r e  i d e n t i c a l  f o r  e i t h e r  neutron o r  p ro ton i r r a d i a t i o n .  Table I 1 1  l i s t s  spec i f i c  proton- induced 
reac t i ons  which a re  produced from pe r iphe ra l  reac t i ons  on i n d i v i d u a l  copper isotopes.  Most o f  the values 
are accurate to %%. 
d i f f e r e n t  decay t imes, i n  order t o  c o r r e c t l y  i d e n t i f y  and separate a l l  of the d i f f e r e n t  isotopes.  For 
example, 6 0 ~ 0  can no t  be accurate1 counted u n t i l  about 30 days a f t e r  t he  i r r a d i a t i o n  due to i n te r fe rence  
from 52Mn (1333.6 keV, 5.6 days), f2Zn (1173.0 keV, 9.3 hours) ,  and 56Co (1175.1 keV, 78.8 days). 

I t  i s  impor tan t  to note t h a t  each f o i l  had t o  be counted a t  l e a s t  four t i m e s  a t  
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TABLE I 

SPALLATION PRODUCT CROSS SECTIONS FOR Cu 

Energy, MeV Cross Section, mb _________ 
COCO 59Fe 5 8 ~ 0  57Ni 57Co 5 6 ~ n  

26 
32 
40 
50 .. 
80 

100 
150 
200 
250 
300 
350 
400 
450 

_ _  -- 
6.04 -- 

10.8 0.08 
13.2 0.20 
10.1 0.77 
9.90 0.84 

3.92 _- 
69.2 -- 
81.3 0.33 
57.8 1.87 
49.8 1.20 
47.2 1.74 

9.35 1.02 42.6 1.80 
9.10 1.12 38.6 1.65 
9.61 1.25 37.5 1.58 
9.54 1.33 
9.61 1.39 
8.93 1.38 
8.71 1.38 

36.3 1.46 
34.9 1.39 
32.3 _ _  
30.7 1.21 

-- 
0.52 

20.2 
62.8 
34.7 
41.2 
39.0 
36.6 
34.2 
32.4 
33.4 
33.4 
28.6 

TABLE I 1  

AIHJITIONAL SPALLATION PROOUCT CROSS SECTIONS FOR Cu 

2.37 
2.89 
2.80 
2.94 -- 
2.92 

Energy, MeV Cross Section, Irt, __ __-__- 
5 6 ~ 0  55Co 54Mn 52Fe 52Mn 51Cr 

_- __ -- 40 0.028 _ _  0.056 
50 0.25 _- 1.61 
80 13.2 0.96 3.62 _- 0.56 0.31 

100 10.4 1.44 8.40 0.030 1.84 2.55 
150 12.0 1.70 13.4 0.083 3.87 7.29 
200 11.6 1.86 15.7 0.131 5.21 11.1 

_ _  _ _  _- 

250 11.7 1.83 18.0 0.153 6.50 14.7 
300 11.4 1.92 19.1 0.178 7.15 17.3 
350 11.1 1.76 19.9 0.181 7.88 19.6 
400 10.2 _ _  20.2 _ _  _ _  20.2 
450 9.67 1.67 19.6 0.209 8.18 21.0 

4 8 ~  48% 47% 4 6 ~ c  44% 

_ _  0.02 _ _  100 0.129 -- 
150 0.976 0.027 0.184 0.188 0.060 
200 2.26 0.090 0.350 0.542 0.251 
250 3.80 0.116 0.554 1.07 0.572 
300 5.16 0.321 0.821 1.64 0.914 

6.27 0.381 0.991 2.24 1.41 350 
400 7.43 _ _  -- 3.02 
450 7.87 0.318 1.48 3.28 2.17 

_ _  
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TABLE 111 

PERIPHERAL PROTON REACTIONS WITH Cu ___ ___ 
Energy, MeV Cross Sect ion,  nh 

26 44.0 436. 102. 89.7 
32 32.6 306. 33.0 354. 
40 26.3 269. 25.1 282. 
50 22.4 241. 24.9 194. 
80 8.56 133. 8.07 105. ~~ 

100 6.24 103. 5.50 66.2 
150 3.85 75.3 3.28 49.6 
2M) 3.09 64.5 2.41 30.7 
250 2.44 55.6 1.85 30.4 
300 2.15 52.8 1.46 29.0 
350 2.04 54.0 1.19 25.6 
400 1.88 _ _  _ _  _ _  
450 1.64 51.4 0.95 21.7 

Since S p a l l a t i o n  produces a l l  masses lower  than the  t a r g e t  mass, m x t  o f  our  cross sect ions should be 
considered as cha in  y i e l d s ,  comparable to the  f i s s i o n  case. 
inc ludes  c o n t r i b u t i o n s  from U C r  (21.6 hour) ,  56Mn inc ludes  5 6 ~ r  (5.9 m), and so on. 
l i s t e d  separa te ly  s ince  they cou ld  be e a s i l y  i d e n t i f i e d .  
i nc l ude  these con t r i bu t i ons .  Such e f fec ts  should be c a r e f u l l y  considered i n  the  app l i ca t i on  o f  t he  cross 
sec t i ons  i n  Tables 1-11. 

For example, our  cross sec t ion  f o r  48V 
52Fe and 57Ni are 

However, t he  cross sect ions fo r  52Mn and 57Co a l so  

The pe r i phe ra l  r e a c t i o n  da ta  i n  Table 111 i s  compared t o  p rev ious  measurements2.3 a t  lower energy i n  
F i g u r e  1. The exce l l en t  agreement w i th  previous da ta  helps t o  con f i rm  t he  accuracy o f  ou r  p ro ton  beam 
c u r r e n t  i n t e g r a t i o n  and energy c a l i b r a t i o n .  

J’ 

F ig .  1. Comparison of measured c ross  sect ions f o r  pe r i phe ra l  r eac t i ons  on Cu w i t h  previous measurements. 
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Some of the  s p a l l a t i o n  cross sec t ions  a re  shown i n  Figures 2-4. The o v e r a l l  s p a l l a t i o n  y i e l d  mass depen- 
dence i s  shown i n  F igure  5 and compared t o  semi-empir ical theorles.4.5 As can be seen, t he  semi-empir ical 
equat ions i n c o r r e c t l y  p r e d i c t  the  mass dependence o f  t he  s p a l l a t i o n  y i e l d .  These theor ies  a l so  do no t  pre- 
d i c t  t he  energy dependence of the  c ross  sect ions,  as demonstrated i n  F igure  4. A t  present  the models on l y  
appear t o  be accurate t o  w i t h i n  about a f a c t o r  o f  2. C lea r l y ,  t he  present  data cou ld  be used t o  r ead jus t  
these semi-empir ical models, a l though t h i s  has n o t  y e t  been done. 

COPPER 

5% 

5 7 ~ 0  

Fig .  2.  S p a l l a t i o n  c ross  sect ions a re  shown from Cu t o  var ious  Co rad io iso topes .  

S I  4 

Ibl  YOZ 
ENERGY, NeV 

S p a l l a t i o n  c ross  sec t ions  a re  shown f rom Cu t o  Sc, V, and C r  rad io iso topes .  F ig .  3. 
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0 
0 
.-I T I , 1 1 1  I I l l r  

Ib l  Iba 1 
ENERGY, HeV 

Fig .  4. S p a l l a t i o n  cross sec t ions  a re  shown from Cu t o  52Mn t o  54Mn. 
the  model o f  Rudstam (Ref .  4 )  and t he  model o f  S i l be rbe rg  and Tsao (Ref .  5 ) .  Ne i ther  model 
adequately p r e d i c t s  the  cross sec t ion .  

The curves a re  c a l c u l a t e d  us ing  g 

0 1  
I I I I 1 

40.0 a.0 50.0 55.0 60.0 65.0 
MASS 

F i g .  5 .  The r a t i o  o f  the p red i c ted  s p a l l a t i o n  c ross- sec t ions  a t  450 MeV t o  our  measured values i s  shown as 
a f u n c t i o n  o f  mass. I d e a l l y ,  t h i s  r a t i o  should be eaual t o  1. Clear ly .  t h e  model o f  S i l be rbe rq  
and Tsao (Ref. 5 )  does n o t  p r e d i c t  t h i s  dependence c o r r e c t l y .  
shows a s i m i l a r  behavior. 

The Rudstam model (Ref. 4 )  a l so  
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Sone p re l im ina ry  t e s t i n g  o f  s p a l l a t i o n  cross sect ions fo r  spec t ra l  adjustment has a l ready been done a t  IPNS 
and LPMPF. 
sec t ions  to 800 MeV. 
t o  51Cr and 54Mn appear to agree reasonably w e l l  w i t h  neut ron ics  c a l c u l a t i o n s  a t  bo th  f a c i l i t i e s .  
ad jus ted  spectrum a t  LPMPF i s  shown i n  F igu re  6. 
sec t i on  8.0) and presenta t ion  a t  the Wi l l iamsburg conference i n  June. 

The A1 data repor ted  p rev ious ly1  and some Fe da ta  6 has been used t o  extend several  cross 

An 
I n  p a r t i c u l a r ,  measurements o f  the A1 r eac t i ons  to 7Ee and 22Na and t he  Fe reac t i ons  

Th i s  da ta  i s  now be ing  w r i t t e n  up f o r  p u b l i c a t i o n  (see 

F ig .  6. The ad jus ted  neutron spectrum from STAY'SL f o r  t he  LPMPF r a d i a t i o n  e f f e c t s  f a c i l i t y  i s  compared w i t h  
neut ron ics  c a l c u l a t i o n s  us ing  t he  KNP and HETC computer codes. Note t h a t  adjustments a re  now being 
made up t o  800 MeV us ing  ou r  new s p a l l a t i o n  cross sect ions.  
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7.0 Future Work 

These s p a l l a t i o n  cross sec t ions  are now being t e s t e d  f o r  app l i ca t ion  a t  IPNS and LRMPF. They w i l l  a l s o  be 
evaluated f o r  appl ica t ion a t  FMIT f o r  measuring the weak neutron f l u x  between 30-55 MeV. 

8.0 Publ ica t ions  

Two papers have been submitted f o r  publ ica t ion  i n  the  Proceedings o f  t he  12th  In ternat ional  Symposium on 
t he  Ef fec t s  of Radiation on Mater ia ls ,  Williamsburg, VA, 18-20 June 1984. 

1 .  Measured Radiation Environment a t  the LRMPF I r r a d i a t i o n  F a c i l i t y ,  0. R .  Davidson, R. C. Reedy, 
W. F. Sommer, and L .  R .  Greenwood. 

2 .  The Calcu la t ion  of Radiation Damage Parameters f o r  the LAMPF I r r a d i a t i o n  F a c i l i t y ,  D. R. Davidson, 
W. F. Somer, M. S. Wechsler, and L .  R .  Greenwood. 
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HELIUM GENERATION MEASUREMENTS FOR Ti AND Cu FROM ORR 
8. M. Oliver, D. W .  Kneff, and R. P.  Skowronski (Rockwell International) 

1.0 Objective 

The objectives of this work are to apply helium accumulation neutron dosimetry to the measurement of neu- 
tron fluences and energy spectra in mixed-spectrum fission reactors utilized for fusion materials testing, 
and to measure helium generation rates of materials in these irradiation environments. 

2.0 Sumnary 

Helium generation measurements have been made for Ti and Cu samples irradiated in the Oak Ridge Research 
Reactor (ORR) experiment MFE4A2. The results are significantly different from helium generation predic- 
tions based on ENDF/B-V cross section evaluations, providing evidence that the ENDF/B-V files for helium 
generation in Ti and Cu require revision for fission reactor neutron spectra. 
previously been observed in analyses of samples irradiated in the Experimental Breeder Reactor-I1 (EBR-11). 
Measurements were also made using platinum-encapsulated samples to test helium retention in Ti, Cu, and Fe 
i n  the severe ORR irradiation environment. Preliminary results show less than 1% loss from iron, but 
losses of -3.5% and -6% from Ti and Cu, respectively. 

Similar discrepancies have 

3.0 Program 

Title: Helium Generation in Fusion Reactor Materials 
Principal Investigators: D. W .  Kneff and H. Farrar IY 
Affi 1 iation: Rockwell International 

4.0 Relevant DAFS Program Plan Task/Subtask 

Task II.A.1 Fission Reactor Dosimetry 
Task II.A.4 Gas Generation Rates 
Subtask II.A.5.1 Helium Accumulation Monitor Development 

5.0 Accomplishments and Status 

Helium generation measurements have been performed for Ti and Cu samples irradiated in ORR as part of 
experiment MFE4A2, and helium-retention measurements have been made for a set of platinum-encapsulated Fe, 
Ti, and Cu samples also irradiated in this experiment. 
Argonne National Laboratory (ANL) program to measure total helium production rates over the range of fis- 
sion reactor neutron spectra and fluences used for fusion materials testing, and to use the results to 
integrally test helium production cross section evaluations used in damage calculations. 
results tend the measurements recently reported f r nickel samples from nine different aterials irradi- 
ations,(?f iron samples from ORR-MFE4A2 and EBR-II,?Z) and Ti and Cu samples from EBR-II.T2) 

These measurements are part of a joint Rockwell- 

The present 

The analyzed Ti and Cu samples from ORR experiment MFE4A2 (MFE4A, over the irradiation period June 12, 1580 
to April 26, 1982) were incorporated in that experiment as bare wire segments for both helium accumulation 
and radiometric dosimetry measurements. 
number designates the ANL dosimetry tube in which each sample was placed. After irradiation, the activated 
samples were radiometrically counted at ANL and then returned to Rockwell. At Rockwell they were etched, 

These samples are listed in Column 1 of Table 1. The sample 
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TABLE 1 

HELIUM PRODUCTION MEASUREMENTS FOR TITANIUM AND COPPER 
IRRADIATED IN ORR-MFE4A2 

Irradiation Location 4He Concentration 
Calculat d(d) Calculated 

Sample (cm) Radius (appm) P C) Measured 
Z(a) 

- - - 
Ti-5 -4.22 inner 
Ti-8 -4.22 outer 
Ti-4 -12.62 outer 
Ti-1 -12.78 inner 

cu-5 -5.40 inner 
cu-8 -5.41 outer 
cu-4 -13.82 outer 
cu-1 -13.97 inner 

1.20 
1.27 
1.23 
1.17 

2.14 
2.29 
2.15 
1.99 

2.75 
2.94 
2.90 
2.71 

1.31 
1.38 
1.30 
1.22 

2.29 
2.31 
2.36 
2.32 

0.61 
0.60 
0.60 
0.61 

(a)Distance above core midplane 
(b)Preliminary values, based on preliminary corrections for helium loss during 

(c)Atomic parts per million (10-6 atom fraction) 
(d)Eased on calculations by L. R. Greenwood (Ref. 4; see text) using ENDF/B-V 

irradiation (see text). Concentration uncertainties are -+5% 

to remove all possible sur ce effects of helium recoil, and then segmented and analyzed by high-sensitiv- 

were analyzed for each sample location, with good reproducibility. The absolute uncertainty in each 
helium analysis was il-2%. 

ity gas mass spectrometry ( 58 for their irradiation-generated helium concentrations. Multiple specimens 

One sample of each material was also analy ed for 3He, which can be formed from the decay of tritium 

(10-9 atom fraction). 

The MFE4A2 experiment also included a set of Fe, Ti, and Cu samples vacuum-encapsulated within miniature 
platinum capsules. Analysis of these samples was initiated to test helium retention within the samples 
themselves under the high-temperature irradiation conditions in ORR. Five capsules were sheared within 
the mass spectrometer system and the helium release from the samples into the capsule void was measured. 
The capsule helium release was then compared with the helium release from the other bare wire samples to 
get a preliminary estimate of the fractional helium loss. 
less than 1% of its helium during irradiation, but that the Ti and Cu samples released -3.5% and -6%, 
respectively. The fractional helium release is variable, introducing an estimated i5% uncertainty in the 
final measured sample helium concentrations. 
encapsulated wire samples with the helium remaining in etched samples from nearby locations. Further 
measurements will be made for the helium remaining in the unetched samples themselves, to determine whether 
the etching removes some of the ffect. 

The measured helium concentrations for the ORR-irradiated Ti and Cu samples are given in Column 4 of 
Table 1. 
about 25%. We consider these results to be preliminary, because further analyses are in progress to refine 
the helium loss measurements. 

Column 5 o f  Table 1 gives the predicted helium concentrations in the analyzed samples, based on helium pro- 
duction cross section evaluations from the ENDF/B-V General Purpose File. 
from L. R. Greenwood's calculations for the maximum-exposure core-height location (-5.84 cm) for MFE4A2.f4) 
Those calculations were used as an estimate for the Ti-5 and Cu-5 irradiation posi 1 ns. This estimate 
introduces negligible uncertainty, because of the small neutron fluence gradients. 
the other sample locations were calculated from the maximum-exposure values using the ratios o f  the 
46Ti(n,p) ~ t f  63Cu(n,a) reaction rates in the different Ti and Cu samples, respectively, as measured by 
Greenwood. 

Comparisons between the measured and calculated helium concentrations in the Ti and Cu samples show large 
discrepancies. 
low. 

often found in reactor environments. The 5 He concentration in each case was measured to be about 1 appb 

The results indicate that the iron released 

These results compared the helium release from unetched, 

If so, the actual helium loss from the measured samples will be 
less than quoted, and the final 8 He concentrations will be adjusted accordingly. 

They have been corrected for helium loss during irradiation, and have estimated uncertainties of 

These predictions were derive 

Predictions for 

The titanium predictions are about 230% high, while the copper predictions are about 40% 
These comparisons are similar to the results obtained previously for Ti and Cu samples from EBR-I1 
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experiment X287, for which the Ti and Cu predictions were -270% high and -40% low, respectively.(z) 
present comparisons provide further evidence that the ENDF/B-V files for helium generation in Ti and Cu 
need significant revision for fission reactor neutron spectra. 

The 

6.0 References 

1. 0. W. Kneff, R. P. Skowronski, 8. M. Oliver, and L. R. Greenwood, "A Comparison of Measured and 
Calculated Helium Production in Nickel for Fission Reactor Irradiations," in Damage Analysis and 
Fundamental Studies, Quarterly Progress Report July-September 1983, DOE/ER-O0?6/ 15, U.S. Department 
of Energy, 12 (1983). 

2. B. M. Oliver, 0. W. Kneff, and R. P. Skowronski, "Helium Generation Measurements for EBR-I1 and ORR," 
in Damage Analysis and Fundamental Studies, Quarterly Progress Report January-March 1984, 
OOE/ER-0046/17 , U.S. Department of Energy (19841. 

H. Farrar I V ,  W. N. McElroy, and E. P. Lippincott, "Helium Production Cross Section of Boron for 
Fast-Reactor Neutron Spectra," Nucl. Technol., 5, 305 (1975). 

L. R. Greenwood, "Dosimetry and Damage Analysis for the MFE4A Spectral Tailoring Experiment in ORR," 
in Damage Analysis and Fundamental Studies, Quarterly Progress Report October-Oecember 1982, 
DOE~R-0046/12 , U.S.  Department of Energy, 14 (1983). 

3. 

4. 

7.0 Future Work 

Helium measurements and integral cross section testing are continuing, in a joint effort with ANL. This 
work includes the analysis of several materials that have been, and will be, incorporated in a number of 
different experiments in ORR and HFIR (High Flux Isotopes Reactor). 
rate prediction of helium generation in materials irradiation experiments and the further development of 
helium accumulation fluence monitors for stable-product neutron dosimetry. 

The goals of this work are the accu- 

8.0 Publications 

None. 
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CHAPTER 3 

REDUCED ACTIVATION MATERIALS 
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A C T I V A T I O N  OF SEVERAL O X I D E S  

D .  G .  Doran, F. M. Mann, and H.  L .  He in isch (Hanford Engineer ing Development Laboratory)  

1 .o Ob jec t i ve  

Oxides a re  used as d i s p e r s i o n  hardening agents i n  a l l o y s .  The purpose of t h i s  work was t o  examine severa l  
candidate oxides f o r  c o m p a t i b i l i t y  w i t h  t h e  goal  o f  reduc ing t h e  a c t i v a t i o n  of f us ion  r e a c t o r  m a t e r i a l s  t o  
meet shal low b u r i a l  c r i t e r i a .  

2.0 Summary 

The a c t i v a t i o n  of MgO, BeO, Y203, A120 
f i r s t  w a l l  p o s i t i o n .  
themselves, cause an a l l o y  t o  exceed sha l low b u r i a l  l i m i t s .  

and CaO was est imated f o r  a 10 MW-y/m2 i r r a d i a t i o n  a t  a STARFIRE 
A t  t h e  concentra$jons used f o r  d i s p e r s i o n  hardening, none of t h e  oxides would, i n  

3.0 Program 

T i t l e :  I r r a d i a t i o n  E f f e c t s  Analys is  
P r i n c i p a l  I n v e s t i g a t o r :  0.  G. Doran 
A f f i l i a t i o n :  Hanford Engineer ing Development Laboratory  

4.0 Relevant Program P lan  TasklSubtask 

No tasks on reduced a c t i v a t i o n  were i d e n t i f i e d  i n  t h e  o r i g i n a l  OAFS program p lan .  

5.0 Accomplishments and Sta tus  

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

Est imates have been made o f  t h e  a c t i v a t i o n  of  t h e  f i v e  oxides l i s t e d  i n  Table 1. 
r e f e  ence i r r a d i a t i o n  c o n d i t i o n  was 10 MW-y/m2 a t  a STARFIRE f i r s t  w a l l  p o s i t i o n ,  i . e . ,  2.8 years a t  3.6 

Mann has ca l cu la ted  a c t i v i t i e s  f o r  a l l  t h e  elements of i n t e r e s t  exceDt Ca and Y.  usina t h e  code 

Fo l l ow ing  Mannl, t h e  

HW/m 5 . 
REAC.' For t h e  p r e  ent  work, t h e  necessary cross sect ions f o r  Ca and Y were est imated u i i n g  ti;e code 
THRESH3 and BNL 325 2 . 
I t  i s  assumed t h a t  t h e  r e l e v a n t  r e g u l a t ' o n  governing near- surface l and  d isposa l  o f  low l e v e l  r a d i o a c t i v e  
waste i s  10CFR61, issued e a r l y  i n  1983.' Th is  r e g u l a t i o n  de f i nes  c lasses o f  wastes i n  terms of s t a b i l i t y  
and h a l f - l i f e .  Class C i s  t h e  most a c t i v e  waste t h a t  meets t h e  c r i t e r i a  f o r  sha l low land b u r i a l .  A p e r i o d  
o f  500 years i s  pe rm i t ted  f o r  Class C waste t o  decay t o  a l e v e l  t h a t  i s  n o t  an unacceptable hazard t o  an 
i n t r u d e r .  Th is  r e g u l a t i o n  permi ts  a c t i v i t i e s  h ighe r  by a f a c t o r  o f  10 f o r  c e r t a i n  rad ionuc l i des  if they a re  
i n  t h e  form of an a c t i v a t e d  meta l .  We have assumed t h a t  t h i s  c r e d i t  i s  app l i cab le  a l s o  t o  the oxides. 
Est imated Class C l i m i t s  a re  g i ven  i n  Table 2. 

5 . 2  

I4C i s  produced by two reac t i ons ,  

170(  n, . ) 14~  83% and 
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'EO( n,nci)14c ll%, 

r e s u l t i n g  i n  t he  reporhed 26 C i l m 3  f o r  oxygen ( a t  l i q u i d  dens i t y ] .  
r eac t i ons  t h a t  produce C; t he  most important  a re  

There a re  a l so  severa l  m u l t i - s t e p  

160(n,u)13C(n,~)14C, and 

160(n,d)15N(n,d)'4C. 

A t  10 MW-y/m2, they c o n t r i b u t e  about 10 % of t he  t o t a l  a c t i v i t y  o f  29 Ci/m3. 
f o r  these two-stage reac t i ons  increases as t h e  square o f  t he  f luence,  t h e i r  p ropo r t i ona te  c o n t r i b u t i o n  
w i l l  increase a t  h igher  doses. 

The IOCFR61 Class C l i m i t  f o r  1 4 C  conta ined i n  an ac t i va ted  metal i s  80 C i / m 3 .  

S ince t h e  p roduc t i on  r a t e  

5.3 Be ry l 1  ium 

Mann found h a t  t he  r e a c t i o n  9ge(n,Y)10Be produced 1.5 C i l m 3  (meta l ) .  Kennedy6 has est imated t he  Class C 
l i m i t  f o r  lhBe t o  be 7000 C i l m  f o r  an ac t i va ted  metal .  

5.4 Magnesium 

"Na i s  produced by t he  24Mg(n,t) r eac t i on ,  bu t  
f o r  waste management. 

because i t s  h a l f l i f e  i s  on ly  2.6 years i t  i S  no t  o f  concern 

5.5 A1 uminum 

Long-term a c t i v ' t y  from (P re l im ina ry  ana l ys i s  o f  a 

t he  c a l c u l  t ed  a c t i v i t y ,  i s  t oo  high.) Kennedy's est imated Class C l i m i t  f o r  A 1  as an ac t i va ted  metal 
i s  20 C i l m  . 

, due t o  26A1, i s  56 Ci/m3(metal) according t o  Mann. 

2 new measurement I o f  t h e  "Al(n,2n)26A1 cross sec t ' on  suggests t h a t  t he  cur ren t15  used cross sec t i on  , hence 

3 

5.6 Calcium 

Two l ong- l i ved  iso topes  are  produced by t he  i r r a d i a t i o n  o f  Ca: 

42Ca( n, a)39Ar 

40Ca(n,p)40K. 

The a c t i v i t y  o f  3 9 A r  i s  est imated t o  be about 800 C i / m 3  and t h a t  o f  40K about 0.05 C i / m 3 .  The l a t t e r  
value i s  about 40 t imes t h e  a c t i v i t v  o f  na tu ra l  Dotassium. No l i m i t  i s  o iven  i n  10CFR61 f o r  e i t h e r  o f  
these isotopes.  
equ i va len t  t o  t h a t  for 
500 

We sygeest t h a  t he  l i m i t  f o r  K ,  which i s  r e a d i l y  inge;ted i n t o  t he  body, would be 
t h  t he  l a t t e r  a re  such t h a t  t he  a c t i v i t y  a f t e r  

Since t h e  h a l f - l i f e  o f  g8K i s  e s s e n t i a l l v  i n f j n i t e .  we have assumed a 
Cs and "Sr. The l i m i t s  f o r  

Years would be 0.05 C i / m 3 .  
l i m i t - o f  0.05 C i / m 3 .  i n d  no conv inc ing  r a t i o n a l e  f o r  s e t t i n g  a l i m i t * f o r  "Ar; b u t  es t imate  a value 
o f  t he  o rder  o f  1000 C i l m  by comparison w i t h  o the r  values i n  10CFR61. The values i n  Table 2 r e f l e c t  a 
f a c t o r  o f  10 c r e d i t  f o r  t h e  waste form as an a c t i v a t e d  metal .  

We f' 

5.7 Y t t r i u m  - 
T h i s  work was s t imu la ted  i n i t i a l l y  by a concern t h a t  an excessive amount o f  9 0 S r  would be produced i n  
y t t r i u m  through t he  two-stage reac t ions :  

23 



89~(n,p)89~r(n,~)90~r and 

8 9 ~  (n, v)90~ (n, p) 9% r. 

Estimated upper limits on the activ' ies are about 3 0 Cilrn3 from the first reaction and about 4 Cilm3 from the second. The Class C limit for "Sr is 7000 Cilm s . 
5.8 Conclusions 

The results of this exercise are summarized in Tables 1 and 2. Only the alumin m and calcium oxides 
At the Concentra- 

tions used for dispersion hardening, none of the oxides would, in themselves, cause an alloy to exceed the 
limit. They must be included, however, along with all the radioisotopes in an alloy, in a "sum of frac- 
tions rule" to determine if the alloy meets Class C limits. 

These results The 
production of ''C from oxygen is sufficiently high at 10 MW-ylm2 to limit the permissible activation o f  any 
component that might contain or be associated with an oxide in a reactor component, if that component is to 
meet Class C waste criteria. 

exceed the assumed Class C limits at 10 MW-ylm'; all the oxides would at 40 MW-ylm Y . 

re of course applicable to any application of an oxide in o r  near a reactor first wall. 

6.0 References 
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2. F. M. Mann, "Transmutation of Alloys in MFE Facilities as Calculated by REAC," Hanford Engineering 
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7. 

7 .O Future Work 

Further work specifically on the activation of oxides is not planned, but work on evaluating limits is 
included in an ongoing program on reduced activation. 

8 .O Publications 

None planned. 
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TABLE 1 

ESTIMATED ACTIVATION OF SEVERAL OXIDES AFTER 10 M W - Y / M 2  AT A 
STARFIRE FIRST WALL LOCATION 

MgO 
Be0 

ISOTOPE 
- 

1 4 c  
''Be 
9 0 ~ r  
26A1 
3 9 A r  
40K 

MATERIAL DENSI jY  ACT1 ATION CLASS C L I M I T  
g lc rn  Ci/rn Y .  o x i d e  ~ i 1 r n 3  

. -  O M  0 M 

3.7 40 - aa - 
3 50 1 80 7000 
5 30 3 0 0  EO 70000  
4 5 0  45 EO 20 
3 .4  25 80 

1 3 0 0  1 0 0 0 0  
0.05 0.5 

TABLE 2 

PRINCIPAL ISOTOPES 

HALF- LIFE GAMNA EST.  CLASS c LIMIT ( ~ i / m 3 )  
IYEARS)  EMITTER? VALUE SOURCE 

5700  no EO 10CFR61 
1.6(6)' no 7000  R e f .  6 

29 no 70000*' IOCFR61 
7 . 3 ( 5 )  y e s  20 Ref .  6 

269 no 10000 A u t h o r s '  e s t .  
1 .3 (9 )  y e s  0 .5  A u t h o r s '  e s t .  

* 1.6 x 1D6 
** Assumes a f a c t o r  of 10 c r e d i t  a b o v e  10CFR61 v a l u e  b e c a u s e  w a s t e  

f o r m  i s  an " a c t i v a t e d  m e t a l " .  
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THE EFFECTS OF SUBSTITUTIONAL ALLOYING ELEMENTS IN AN Fe-1OCr FERRITIC ALLOY 

D. 5. Gelles and W .  L. Beem (Hanford Engineering Development Laboratory) 

1 .o Objective 

The object of this effort is to determine the effects of substitutional alloying elements in an Fe-1OCr base 
composition on microstructural development due to neutron irradiation. The alloying elements selected are 
of interest in reduced activation applications and include a wide range of atom sizes. 

2.0 

In order to determine the effect of minor element additions on microstructural development due to fast 
neutron irradiation, a series of 12 alloys has been prepared for irradiation in MOTA 1C. 
involves additions of Si, Mn, V, W, Ta, and Zr to form alloys of Fe-1OCr-O.1M and Fe-1OCr-1M (where M 
designates the alloying addition). 

The alloy series 

3.0 Program 

Title: Irradiation Effects Analysis (AKJ) 
Principal Investigator: D. A. Doran 
Affiliation: Westinghouse Hanford Company 

4.0 Relevant OAFS Program Plan Task/Subtask 

Task II.C.l Effects of Material Parameters on Microstructure 

5.0 Accomplishments and Status 

5.1 Introduction 

Martensitic stainless steels have been identified as a potential alloy class for low activation alloy 
developmentl. 
comnercially available steels because additions of niobium, molybdenum and nickel must be limited. 
major consequence to alloy design is the removal of molybdenum, a universally used solid solution hardening 
element. 
intended to provide a fundamental series of alloys which can be used to investigate effects o f  solid solu- 
tion hardening elements in a base composition, Fe-IOCr, similar to that of commercial martensitic stainless 
steels. 

A martensitic stainless steel satisfying a low activation requirement2 would differ from 
The 

Possible alloying substitutes are vanadium, tantalum and tungsten1. The present effort iS 

In addition to vanadium, tantalum and tungsten, silicon and zirconium were included in order to determine 
effects of atom misfit on behavior and manganese was included because it can be used as an alloying element 
in substitution for nickel to control phase stability in martensitic stainless steels3. The atomic sizes 
of these elements in comparison with iron and chromium are given in Table 1. (The misfit for molybdenum is 
0.0968. ) 

The purpose of this investigation is to determine if these substitutional alloying additions have major 
consequences on microstructure and properties following fast neutron irradiation. Such a determination 
will provide not only fundamental information on solute segregation and phase stability in a ferritic base 
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TABLE 1 

ATOMIC SIZE COMPARISON OF ALLOYING ELEMENTS USED IN THIS INVESTIGATION4 

Element Atomic Number Atomic Weiqht Atomic Radius 

Fe 26 
Cr 24 
Si 14 
Mn 25 
V 23 
W 74 
Ta 73 
Zr 40 

55.8 1.24 __-  
52.0 1.25 0.0081 
28.1 1.17 -0.0565 
54.9 1.23 - 1.48 -0.0081 - 0.1935 
50.9 1.31 0.0565 

183.9 1.37 0.1048 
180.9 1.43 0.1532 
91.2 1.58 - 1.61 0.2742 - 0.2984 

alloy,, but also will generate fundamental alloying information of use in the design of low activation 
martensitic stainless steels. 
order to study effects both in dilute and moderately concentrated alloys. 

Two levels of alloy additions have been prepared, 0.1 wt.% and 1.0 wt.%, in 

5.2 Experimental Procedure 

175 gram buttons of each of the twelve alloys listed in Table 2 were made by standard arc melting techniques 
using comercially pure starting materials (Fe-99.95%, Cr-99.5% with Fe-0.35% max, Mn-99.7%, Si-98.0%, 
V-99.85%, W-99%, Ta-99.9% and Zr-98%. The buttons were rod shaped, ul cm in diameter by u5 cm in length. 
All buttons were homogenized at 1250°C for 2 hours and then were cold rolled. 
two Steps (to 0.25 cm and to 0.03 cm) with one intermediate anneal (700°C for 0.5 hours). 
specimen fabrication the final heat treatment given was 104OOC for one hour, air cooled plus 760°C for 2 
hours, air cooled (which duplicates procedures used in a related alloy seriess). 

Rolliny was accomplished in 
Following 

TABLE 2 

ALLOY COMPOSITIONS (wt%) 

Alloy Composition 

R117 Fe-1OCr-0.1 Si 
R118 Fe-1OCr-1.OSi 
K119 Fe-1OCr-O.1Mn 
R120 Fe-1OCr-1.OMn 
R121 Fe-1OCr-0.1 V 
R122 Fe-1OCr-1.OV 
R123 Fe-1OCr-O.1W 
R124 Fe-1OCr-1.OW 
R125 Fe-1 OCr-0.1 Ta 
R126 Fe-1 OCr- 1, OTa 
R127 Fe-1OCr-0.1 Zr 
R128 Fe-1OCr-1 .OZr 

Engraving 
Code 

R9 
A H  
AU 
AX 
AZ 
A1 
A3 
A4 
A5 
A6 
A7 
A9 

Alloys were successfully manufactured and fabricated into 0.03 cm thick sheet for each of the compositions 
listed i n  Table 2. 
digit composition and irradiation history code and given a final heat treatment. 
the alloys were then loaded into identical packets for irradiation in MOTA 1C at four irradiation 
temperatures. Irradiation conditions are summarized in Table 3. 

Specimen disks 0.3 cm i n  diameter were punched from the sheet, engraved with a four 
Five specimens of each of 
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TABLE 3 

PLANNED MOTA IRRADIATIONS OF THE SUBSTITUTIONAL FERRITIC ALLOY SERIES 

Packet 
Code 

K X  

K2 

K1 
K3 

K4 
K5 
K9 
K6 

K7 

Temperature 
("C) 

370 

370 
420 
420 
500 
500 
500 
600 

600 

Dose m 
6 

18 

30 

90 
30 
60 
90 
30 
90 

5.4 Discussion 

It is anticipated that the substitutional alloying elements selected for investigation will provide an 
optimum series to determine solute behavior i n  an irradiation environment with regard to low activation 
alloy development. The phenomena of concern are solute segregation and irradiation induced or enhanced 
precipitation and their consequences on void and dislocation evolution. 
expected to have negligible radioactivity 100 years after irradiation in a fusion reactor and each i s  
expected to remain in solid solution (at least at levels of 1% or below) during long term thermal aging. 
Three of the six, Mn, V, and W, are commonly used as alloying elements i n  commercial martensitic stainless 
steels, one is a common impurity, Si, and the remaining two are infrequently added. As noted in Table 1, a 
wide range of atom misfits is covered by the alloy series and therefore it should be possible t o  generalize 
the results to a wide range of solute additions. 

Each of the elements selected is 

5.5 Conclusions 

A series of 12 alloys of the type Fe-1OCr-0.1 or 1.OM have been prepared having substitutional alloying 
elements (M)  Si, Mn, V, W, Ta and 2r. Those alloys are now being irradiated i n  FFTF MOTA IC at 370, 420, 
500 and 600°C. 

5.6 Expected Accomplishments in the Next Reporting Period 

Irradiated specimens will not be available before June 1985, at which time this effort will be continued. 
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RELATING BUBBLE S I Z E  TO THE FAILURE MODE OF NEUTRON- AND HEL IUM- IRRADIATED A U S T E N I T I C  S T A I N L E S S  S T E E L  

R .  D. Gerke and W. A .  Jesser ( U n i v e r s i t y  o f  V i r g i n i a )  

1.0 Dbj ec t  i ve 

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 n v e s t i g a t e  the  e f f ec t  o f  s m a l l  he l ium bubbles i n  causing i n t e r g r a r u l a r  
f a i l u r e  i n  a u s t e n i t i c  s t a i n l e s s  s tee l .  

2.0 Summary 

Helium i r r a d i a t e d  type 316 m i c r o t e n s i l e  specimens con ta i n i ng  t i n y  bubbles were t e n s i l e  t es ted  a t  250°C and 
450°C under r a p i d  and slow s t r a i n  r a tes .  
r a t e  i n s e n s i t i v e  mic ros t ruc tu res  are possib le.  
i n t e r a c t i o n  between c l u s t e r s  of hel ium and d i s l oca t i ons  occur a t  h i gh  temperatures t o  f i n e l y  d i s t r i b u t e  
helium-vacancy c l u s t e r s  a t  the  g r a i n  boundary and i n i t i a t e  i n t e r g r a n u l a r  f a i l u r e .  
i t  i s  a l so  poss ib l e  t o  e s t a b l i s h  a f i n e  d i s t r i b u t i o n  of t i n y  bubbles by c o l d  i n j e c t i o n  of hel ium and thereby 
cause i n t e r g r a n u l a r  f a i l u r e  a t  low temperatures ((450°C). 

Mixed mode f a i l u r e  occurred under a l l  cond i t ions  suggesting s t r a i n  

These r e s u l t s  show t h a t  

These r e s u l t s  support previous work suggesting t h a t  dynamic 

3.0 Program 

T i t l e :  S imu la t ing  the  CTR Environment i n  the  HVEM 
P r i n c i p a l  I nves t i ga to r s :  W. A. Jesser and R. A. Johnson 
A f f i l i a t i o n :  U n i v e r s i t y  o f  V i r g i n i a  

4.0 Relevant DAFS Program Plan Task/subtask 

Subtask l l .C .13  E f f e c t s  of Helium and Displacements on Crack I n i t i a t i o n  and Propagation. 

5.0 Accomplishments and Status 

A u n i f i e d  hel ium embr i t t lement  mechanism has n o t  emerged due t o  d iscrepancies between experiment a rd  theory.  
I t  seems l i k e l y  t h a t  t he  embr i t t lement  i s  associated w i t h  hel ium accumulat ion a long g r a i n  boundaries under 
the  i n f l uence  of app l i ed  s t ress .  
f i l l e d  c a v i t i e s  on t he  g r a i n  boundaries a s  a c r i t e r i o n  f o r  b r i t t l e  f a i l u r e .  
boundary bubbles has been suggested as the  cause f o r  h igh  temperature ernbri t t lernent through g r a i n  boundarr 
weakening [I]. 
c e r t a i n  m ic ros t ruc tu ra l  aspects o f  the  hel ium bubbles w i t h  temperature and t h e i r  r e l a t i o n s h i p  t o  i n t e rg ranu-  
l a r  f a i l u r e .  
t i o n a l  coverage by hel ium bubbles, a , [2,3,41 and pressure i n  g r a i n  boundary bubbles, p. [2,3-5]. Bennetch 
and Jesser showed s t rong evidence t h j t  
t u r e  i n  neutron i r r a d i a t e d  and he l ium i8 i r r a d i a t e d  a u s t e n i t i c  s t a i n l e s s  s tee l  [3] .  
i n t e r g r a n u l a r l y  cou ld  e x h i b i t  a range o f  
qua te l y  descr ibe the  cond i t i ons  fo r  embr i8 lement .  
increase specimen d u c t i l i t y .  
t o  be an important  parameter. 
i n  a u s t e n i t i c  s t a i n l e s s  s t e e l s  [3]. 
aga ins t  t e n s i l e  t e s t  temperature revea ls  a f r ac tu re  'map' i n d i c a t i n g  regions of t ransgranu la r  and 
i n t e r g r a n u l a r  f a i l u r e  separated by a J-shaped boundary o f  mixed mode f a i l u r e ,  as schemat ica l l y  shown i n  
f i g u r e  1. There a re  two d i s t i n c t l y  d i f f e r e n t  f r ac tu re  behaviors represented i n  the  L versus T graph, one 
temperature independent (T(550"C) f o r  small bubble spacings and one temperature dependent (T '550'C) f o r .  
l a r g e  bubble spacing, which def ine the  onset  of i n t e r g r a n u l a r  f a i l u r e .  
versus T c l o s e l y  p a r a l l e l s  the  ' J '  shape o f  f i gu re  1 s ince  d i s  probably n o t  independent o f  L. There a re  

Many hel ium embr i t t lement  t heo r i es  t r e a t  the  number dens i t y  o f  hel ium 
The presence o f  l a r g e  g r a i n  

The charac te r  o f  g r a i n  boundary bubbles has been i nves t i ga ted  i n  an at tempt t o  cha rac te r i ze  

M ic ros t ruc tu ra l  parameters which have been o f  pr imary i n t e r e s t  are g r a i n  boundary area f r a c -  

and p a re  n o t  c r i t i c a l  parameters f o r  the  onset o f  b r i t t l e  f r c c -  
Specimens f r a c t u r i n g  

and p values thus i n d i c a t i n g  t h a t  the  parameters do n o t  ade- 

Grain boundary bubble spacing versus t e n s i l e  t e s t  temperature has been shown 
I n  c e r t a i n  cases, hel ium f i l l e d  c a v i t i e s  have served t o  

This graph has shown hel ium embr i t t lement  t o  be a t he rma l l y  a c t i v a t e d  process 
A graph o f  edge t o  edge ( g r a i n  boundary) bubble spacing, L ,  p l c t t e d  

It should be noted t h a t  a p l o t  of d 
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Figure 1 - Schematic Plot of Cavity Spacing versus Tensile Test Temperature for Neutron and Helium 
Irradiated Austenitic Stainless Steel (after Bennetch and Jesser [3]) .  

critical values of Ls30 nm and correspondingly d 54 nm for which the onset of brittle fracture occurs. At 
temperatures below 550°C cleavage cracks dominated the transgranular failure mode which suggested that 
extremely close packed small bubbles can embrittle solids by acting as effective dislocation obstacles [3]. 
In the temperature dependent region of the ' J '  curve helium embrittlement was shown to be a function of only 
temperature for cavity spacings ranging over two orders of magnitude (-30 nm to '3000 nm). 
below 550°C resulted in transgranular failure, mixed mode failure occurred between 550°C and 700°C while an 
intergranular mode of failure occurred for all test temperatures above 700°C. 
which assists in the promotion of intergranular fracture in irradiated specimens is strain rate. At inter- 
mediate strain rates, tensile tests reveal fracture behavior depicted by the ' J '  curve. However, austenitic 
stainless steels containing a s  little as 20 appm helium tested at slow strain rates and high temperatures 
(T27OO"C) failed intergranularly while similar specimens tested at fast strain rates failed transgranularly 
[2,8]. Bubble dragging b dislocations has been invoked to explain these results. In a recent DAFS 
report [6] and elsewhere i7] attempts to relate the two fracture behaviors in the 'J' curve have been 
reported. 
dynamic process requiring a sufficiently high temperature for high helium mobility and a sufficiently low 
strain rate (i.e. dislocation velocity) for dislocation dragging of very small helium-vacancy clusters. 
When these conditions are not met helium may aggregate in bubbles or may not be properly distributed at the 
grain boundary. In order to study the helium embrittlement phenomenon, Type 316 austenitic stainless steel 
foil specimens were helium ion irradiated and tensile tested in-situ in a high voltage electron microscope 
(HVEM).  Failure mode was investigated with particular reference to its dependence on strain rate and 
temperature. 

Temperatures 

Another important variable 

The temperature dependent region may be related to the temperature independent region through a 

5.1 Experimental Results and Discussion 

5.1.1 Experimental Procedure 

As received type 316 Stainless Steel foil, 40 vm thick, was punched into rectangular microtensile specimens 
12.5 mn x 2.5 mm in size. 
90% acetic - 10% perchloric acid solution at room temper&ure. 
HVEM-ion accelerator facility [9]. Fluences of 9.4 x 10 ions m (flux = 3.9~10 ions rn- S ) were 

Next the central portion of each specimen was electropolished to perforation in a 
Spyimens were they ion irragialed in an 
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produced us ing  80 keV hel ium ions  and i r r a d i a t i o n  temperatures were est imated t o  be -300°C. 
hel ium depos i t i on  range i s  ca l cu la ted  t o  be 281.6 nm (assumed gaussion d i s t r i b u t i o n  w i t h  standard dev ia t i on  
of 77.9 nm) f o r  80 keV hel ium [ lo ] ,  i r r a d i a t i o n s  were conducted on both s ides of t he  f o i l  microspecimens t o  
increase t he  e f f ec t  of hel ium on the  f r ac tu re  process. These i r r a d i a t i o n  cond i t i ons  produced a m i c ros t ruc-  
t u r e  i n  the  temperature independent reg ion  of t he  mixed mode reg ion  of the  ' J '  curve ( f i g u r e  1)  j u s t  below 
the  c r i t i c a l  values f o r  L and d ('30 nm and '4 nm respec t i ve l y ) .  Tens i le  t e s t i n g  i n  t he  HVEM was performed 
i n  a h y d r a u l i c a l l y  operated s i n g l e  t i l t  q u a n t i t a t i v e  lead- e longat ion  t e  s i l e  stage [ll]. 
t e n s i l e  t es ted  t o  f a i l u r e  a t  $50iC and 45OoC a t  s t r a i n  r a tes  of -10-4S-p and -1 S-'. During t e n s i l e  t e s t i n g  
HVEM observat ions ( i n  the  10- S -  
f a i l u r e .  D u c t i l i t y  was determined p r i m a r i l y  by the  na ture  of the  crack propagat ion through t he  specimen ( i n  
t he  slow s t r a i n  r a t e  experiments). 
t o  f a i l  i n  a d u c t i l e  (T)  mode. 
b r i t t l e  i n t e r g r a n u l a r  ( I )  mode. 
Frac tu re  surfaces observed i n  a SEM were used t o  determine mode o f  f a i l u r e  i n  f as t  s t r a i n  r a t e  t e n s i l e  t e s t s  
where HVEM observat ions were n o t  p r a c t i c a l .  
another w i t h  resDect t o  f r a c t u r e  mode. 

Because the  

Specimens were 

t e s t s )  were recorded on s t i l l  micrographs i n  o rder  t o  o b t a i n  the  type of 

If most of t he  cracks propagated t r ansg ranu la r l y  the spec;men w a s  sa i d  
When g r a i n  boundary f a i l u r e  was observed t he  specimen was s a i d  t o  f a i l  i n  a 

Mixed mode f a i l u r e  ( I  and T) was observed i n  t he  HVEM observat ions.  

I n  a l l  experiments HVEM and SEM observat ions agreed w i t h  one 

5.1.2 S t r a i n  Rate Effects 

Specimens con ta i n i ng  bubbles and t e n s i l e  t es ted  a t  r a p i d  s t r a i n  r a tes  have been shown t o  f a i l  i n  a d u c t i l e  
t ransgranu la r  mode f o r  bo th  bu l k  l i k e  181 and th in  f o i l  t ype  specimens [ 6 , 7 ] ;  w h i l e  s i m i l a r  specimens 
t e n s i l e  t es ted  under slow s t r a i n  r a t e s  y i e l d  p r i m a r i l y  i n t e r g r a n u l a r  f a i l u r e .  Bubble dragging by d i s l o -  
ca t i ons  has been used t o  exp la i n  t h i s  phenomenon [8,12]. However, b r i t t l e  f a i l u r e  occurs i n  t he  temperature 
independent r eg ion  of t he  ' J '  curve  where no v i s i b l e  bubbles e x i s t .  I t  seems t h a t  d i s l o c a t i o n s  a re  a c t i v e  
i n  t he  f r a c t u r e  process; however, t he  p r imary  cause of embr i t t lement  i s  f e l t  t o  be t he  sma l l  c l u s t e r s  o r  
a t o m i s t i c  he l ium [ 6 , 7 ] .  The temperature dependent r eg ion  ( l a r g e  bubbles) may be r e l a t e d  t o  the  temperature 
independent r eg ion  by a dynamic c o n d i t i o n  se t  up by d i s l o c a t i o n s  which a c t i v e l y  b r i n g  s m a l l  hel ium-vacancy 
c l u s t e r s  i n  s o l u t i o n  t o  the  g r a i n  boundary. 
e x i s t i n g  s m a l l  bubbles of very  h igh  number dens i ty ,  t he  f r a c t u r e  mode was observed f o r  specimens, 
miCrOStrUCturalTy i n  t he  temperature independent r eg ion  o f  the  'J' curve,  tes ted  a t  r a p i d  and slow s t r a i n  
rates..4 Thy r e s u l t ?  a t  250°C appear t o  be t h a t  s t r a i n  r a t e  has no e f f e c t  on f r a c t u r e  mode ( i n  t he  range 
6 - 10 S - -1 S ). A t  the  s l i g h t l y  h igher  temperature o f  45OOC r a p i d  s t r a i n i n g  a l so  has minimal 
e f fec t .  
smal l  bubbles and c l u s t e r s  o f  he l ium dominate t he  i r r a d i a t i o n  produced m ic ros t ruc tu re .  
very d i f f e r e n t  from r e s u l t s  of t e n s i l e  t e s t s  performed on specimens con ta i n i ng  l a r g e  bubbles. 
d i f fe rence i n  t he  s e n s i t i v i t y  of f r ac tu re  behavior  t o  s t r a i n  r a t e  tends t o  support  the  idea suggested 
e a r l i e r  t h a t  d i s l o c a t i o n s  dynamical ly  se t  up the  cond i t i on  a t  t he  g r a i n  boundary t h a t  i s  present  i n  the  
bottom o f  t he  ' J '  curve i n  specimens con ta i n i ng  l a r g e  bubbles a t  h i gh  temperatures [ 6 , 7 ] .  
i t i n g  t h i s  f i n e  m ic ros t ruc tu re  due t o  i r r a d i a t i o n  would be i n s e n s i t i v e  t o  s t r a i n  r a t e  because the  proper 
cond i t i ons  f o r  i n t e r g r a n u l a r  f a i l u r e  a l ready  e x i s t .  

I n  o rder  t o  t e s t  t h i s  hypothesis under cond i t i ons  o f  pre- 

1 
There i s  no no t i ceab le  e f f ec t  of s t r a i n  r a t e  i n  the  temperature independent r eg ion  o f  the  ' J '  where 

These r e s u l t s  a re  
This obvious 

Specimens exhib-  

5.1.3 Mixed Mode F a i l u r e  and C r i t i c a l  S t r a i n  Rate 

The sweeping of hel ium t o  g r a i n  boundaries by d i s l o c a t i o n s  i s  considered t o  be dominant i n  causing h i gh  
temperature he l ium embr i t t lement .  
be used t o  p r e d i c t  t he  onset o f  b r i t t l e  behavior  ( i . e .  mixed mode) by c a l c u l a t i n g  c r i t i c a l  cond i t i ons  f o r  
which t he  hel ium ( i n  bubble o r  a t o m i s t i c  form) may be t ranspor ted  by d i s l o c a t i o n s .  
sweepin! he l ium bubbles t o  g r a i n  boundaries as a func t ion  of temperature and s t r a i n  r a t e  has been proposed 
by Motsumoto e t  a l .  [8]. 

S t r a i n  r a t e  (and d i s l o c a t i o n  v e l o c i t y )  as a func t ion  o f  temperature can 

A model f o r  d i s l o c a t i o n s  

I n  t h i s  model a bubble v e l o c i t y  v i s  c a l c u l a t e d  from the  r e l a t i o n s h i p  

v = DB &'cos$/kT ( 1 )  

here u i s  the  3verage shear modulus, b the  Burgers vector ,  + t he  ha l f  angle subtended by the  d i s l o c a t i o n  a t  
t he  bubble ( i b  c o s $  represents the bubble dragging fo rce) ,  k t he  Boltzmann constant ,  T the  abso lu te  tempera- 
t u r e  and DB t he  d i f f u s i v i t y  o f  the  bubble. 
The s t r a i n  r a t e  o f  a specimen i n  which he l ium bubbles a re  swept a long by d i s l o c a t i o n s  i s  then determine? by 

; =  b v  ( 2 )  
10 11 -2 where i s  the  dens i t y  of a c t i v e  d i s l oca t i ons .  When P i s  consii"red t o  be on the  o rder  o f  -10 -10 cm 

( t y p i c a l  f o r  a deformed c r y s t a l ) ,  i i s  c a l c u l a t e d  t o  be i n  agreement w i t h  experimental r e s u l t s .  
would seem t o  e x p l a i n  h igh  temperature hel ium embr i t t lement  i n  specimens w i t h  bubbles v i s i b l e  by TEM b u t  
does n o t  at tempt t o  e x p l a i n  embr i t t lement  o f  specimens w i t hou t  bubbles. This l a t t e r  case corresponds t o  
b r i t t l e  behavior  dep ic ted  by t he  reg ion  a t  the  bottom of the  ' J '  curve i n  f i g u r e  1. 
There a re  numerous examples of hel ium embr i t t lement  occu r r i ng  i n  a u s t e n i t i c  s t a i n l e s s  s t e e l  w i t hou t  the  
presence o f  v i s i b l e  bubbles ( l e s s  than -2 nm) [2,13-161. The above observat ions tend t o  s t r o n g l y  suggest 

Th is  model 
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t h a t  smal l  c l u s t e r s  o r  a tom is t i c  he l ium p lay  an impor tan t  r o l e  i n  t he  promotion o f  i n t e r g r a n u l a r  f a i l u r e  i n  
a u s t e n i t i c  s t e e l s .  

Reduction o f  d u c t i l i t y  caused by a tom is t i c  hydrogen has been ex tens i ve l y  s t ud ied  f o r  years. 
has been developed t o  exp la i n  t he  t r a n s p o r t  o f  hydrogen as C o t t r e l l  atmospheres on d i s l o c a t i o n s  [17-191. 
The model i s  developed i n  a s i m i l a r  manner t o  the  one developed by Matsumoto e t  a l .  [E] fo r  d i s l o c a t i o n s  
sweeping hel ium bubbles t o  g r a i n  boundaries. 
t o  move w i t h  them as a c loud  o r  atmosphere. The atmospheres can then be deposi ted a t  var ious  in te r faces  
( p r i m a r i l v  q r a i n  boundar ies) .  When a c r i t i c a l  d i s l o c a t i o n  v e l o c i t v ,  v., i s  exceeded the  d i s l o c a t i o n  can 

A k i n e t i c  model 

I n  t h i s  model atoms are  bound t o  d i s l oca t i ons  and considered 

break a w a y  From the  atmosphere. 
r a t e .  The c r i t i c a l  v e l o c i t y  i s  est imated by 

For t he  atmosphere t r anspo r t  t o  &curLE'EC where ic i s  a c r i t i c a l  s t r a i n  

D E. 
(3) 

- n  
vc  = kT 30b 

where D i s  the  d i f f u s i v i t y ,  k the  Boltzmann constant ,  T t he  absolute temperature, E 
the  sas atom t o  a d i s l o c a t i o n  and b the  burgers vec to r  (30 b i s  the  i n t e r a c t i o n  d is&ance).  The value f o r  vC 
i s  then used t o  determined iC by s u b s t i t u t i n g  vc from equat ion 3 f o r  v i n  equat ion 2. 

the  b i nd ing  energy of 

The r e s u l t  i s  

; -  . PDEB 
30kT c -- ( 4 )  

which was der ived  e a r l i e r  [17]. Equation 4 may be evaluated f o r  a t o m i s t i c  he l ium t o  p r e d i c t  i n t e r g r a n u l a r  
' a i l u re  behavior  as a func t ion  o f  t e n s i l e  t e s t  temperature and s t r a i n  r a te .  When a c r i t i c a l  s t r a i n  r a t e  a t  
c r  near 1 i s  se lected,  inhomogeneit ies i n  t he  l o c a l i z e d  d i s l o c a t i o n  dens i t y  l i k e l y  e s t a b l i s h  regions where 
the  a c t i v g  d i s l o c a t i o n s  exceed the  c r i t i c a l  v e l o c i t y  v w h i l e  o ther  reg ions  e x h i b i t  d i s l o c a t i o n  v e l o c i t i e s  
below v . 
E suck v a r i a t i o n s  i n  d i s l o c a t i o n  dens i t y  and correspondingly d i s l o c a t i o n  v e l o c i t y  do n o t  a t t a i n  the  
cS t t i c : a l  v e l o c i t y  v 
No at tempt i s  made here t o  eva lua te  equat ion 4 because of t he  l ack  of r e l i a b l e  data f o r  some o f  t he  neces- 
sary p a r m e t e r s .  
n!ental ly observed iC. 

5.1.4 U i s l oca t i on  - Helium I n t e r a c t i o n s  

Th is  c o n d i t i o n  corresponds t o  a mixed mode F a i l u r e  behavior. If the t e s t  cond i t i ons  a re  n o t  near 

and no mixed mode f a i l u r e  i s  observed. 

However, i t  i s  poss ib l e  t o  s e l e c t  reasonable values o f  t he  parameters t o  y i e l d  the  expe r i -  

I t  i s  a n t i c i p a t e d  t h a t  d i s l o c a t i o n s  can accumulate a tom is t i c  he l ium atmospheres by two mechanisms: 1) 
i n t e r a c t i o n  w i t h  overpressur ized bubbles and 2)  by c u t t i n g  through e x i s t i n g  hel ium bubbles. 
may s t r i p  hel ium atoms from overpressur ized bubbles due t o  the  e f f e c t i v e l y  negat ive b i nd ing  energy t he  
bubble may have f o r  (excess) hel ium atoms. Th is  event i s  thought  t o  occur  even though t he  b i nd ing  energy of 
a he l ium atom t o  a d i s l o c a t i o n  i s  quoted by Trinkhaus t o  be on l y  a few ten ths  of an eV and i s  thought  n o t  t o  
be s i g n i f i c a n t  a t  h i gh  temperatures [20]. 
bubble i n  t h r e e  dimensions i . e .  though m u l t i p l e  s l i p  systems being a c t i v e  i s  thought  t o  produce he l ium 
c l u s t e r s  and poss ib l y  a tom is t i c  he l ium which i n  t u r n  may become an atmosphere around the  d i s l oca t i on .  
r e s u l t  of t h i s  'chopping '  o f  bubbles i s  observed i n  the  p u l l e d  ou t  l igaments i n  a f r a c t u r e  sur face where t he  
l igaments accommodating a l o c a l i z e d  h i gh  dens i t y  o f  d i s l o c a t i o n s  a re  f r e e  o f  bubbles [ Z l ] .  
ca t i ons  b r i n g  l a r g e  numbers of he l ium atoms t o  t he  g r a i n  boundaries i t  i s  n o t  l i k e l y  t h a t  de-cohesion i s  
a c t i n g  as t he  mechanism f o r  the  embr i t t lement  because specimens t e n s i l e  t es ted  a t  t h i s  f a c i l i t y  i r r a d i a t e d  
t o  over 10,000 appm hel ium (and f r a c t u r e d  below 550°C) f a i l e d  t r ansg ranu la r l y  [lo]. I n  such h igh  hel ium 
experiments, one might  expect t o  exceed any c r i t i c a l  concent ra t ion  of l a t t i c e  hel ium f o r  i n t e r g r a n u l a r  
f a i l u r e  unless la rge ,  benign bubbles conta ined almost a l l  of t he  hel ium. 

D i s l oca t i ons  

A h igh  dens i t y  of d i s l o c a t i o n s  i n t e r s e c t i n g  and c u t t i n g  a he l ium 

The 

When d i s l o -  

5 . 2  Conclusions 

High temperature he l ium embr i t t lement  seems t o  r e q u i r e  a s e t  o f  k i n e t i c  cond i t ions .  
proposed t h a t  hel ium embr i t t lement  i s  l a r g e l y  the  r e s u l t  o f  a dynamic cond i t i on  s e t  up as a consequence o f  
compet i t ion  between s t r a i n  r a t e  ( d i s l o c a t i o n  v e l o c i t y )  and t e s t  temperature (he l ium m o b i l i t y ) .  
d i s l o c d t i o n s  may drag o r  'sweep' a tom is t i c  he l ium i n  s o l u t i o n  or small  helium-vacancy c l u s t e r s  t o  such s inks  
as ( l a r g e )  he l ium bubbles and g r a i n  boundaries. 
atmospheres and can move w i t h  the  d i s l o c a t i o n  and c o n t r i b u t e  t o  i n t e r g r a n u l a r  f a i l u r e  as l ong  as a c r i t i c a l  
d i s l o c a t i o n  v e l o c i t y ,  v , ( i . e .  a c r i t i c a l  s t r a i n  ra te ,  C ) f o r  a p a r t i c u l a r  temperature i s  no t  exceeded. 
Mixed mode f a i l u r e  i s  t f ie re fo re  expected when the  c r i t i c a ?  cond i t i ons  f o r  v and i a re  es tab l i shed a t  t e s t  
temperature 
t i o n .  Equations which r e l a t e  s t r a i n  r a t e  and d i s l o c a t i o n  v e l o c i t y  t o  descr ibe  i n t e r g r a n u l a r  f a i l u r e  a t  a 
p a r t i c u l a r  t e s t  temperature should focus a t t e n t i o n  on t h i s  c r i t i c a l  cond i t ion .  I n te rg ranu la r  f a i l u r e  may 

It i s  consequently 

Moving 

Helium i n  s o l u t i o n  may i n t e r a c t  w i t h  d i s l o c a t i o n s  as 

T due t o  the  f a c t  t h a t  these cond i t i ons  correspond t o  the  inteFgranulkr-transgranular t r a n s i -  
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a l s o  be i n i t i a t e d  by t he  presence o f  a f i n e  d i s t r i b u t i o n  o f  he l ium w i t hou t  the  dynamic assis tance from 
d i s l o c a t i o n s  when t he  i r r a d i a t e d  m ic ros t ruc tu re  corresponds t o  t h a t  of the  temperature independent reg ion  Of  
t he  ' J '  curve. 
necessary f o r  embr i t t lement .  
(below about 550°C) and i s  s t r a i n  r a t e  i nsens i t i ve .  

M ic ros t ruc tu res  such as these a l ready con ta i n  the  necessary f i n e  d i s t r i b u t i o n  of hel ium 
Under these cond i t i ons  i n t e r g r a n u l a r  f a i l u r e  i s  poss ib l e  a t  low temperatures 
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FUNDAMENTAL FLOW AN0 FRACTURE STUDIES OF HT-9 

G.R. Odette, G.E. Lucas, R.  M a i t i  and J.W. Sheckherd (Un i ve r s i t y  o f  C a l i f o r n i a ,  Santa Barbara) 

1.0 Ob jec t i ves  

The ob jec t i ves  o f  t h i s  e f f o r t  are t o  i n v e s t i g a t e  t h e  mic ros t ruc tu re- proper ty- proper ty  r e l a t i o n s h i p s  
d i c t a t i n g  lower s h e l f  f r a c t u r e  toughness of HT-9 and t o  determine t h e  appropr ia te  procedures f o r  es t ima t i ng  
f r a c t u r e  loads i n  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 r uc tu res  con ta i n i ng  p r e - e x i s t i n g  f laws.  

2 .0  Summary 

Resul ts  o f  e l e c t r o n  microscopy s tud ies  o f  cleavage c rack  format ion and propagat ion i n  HT-9 are cons i s t en t  
w i t h  a model f o r  s t r ess- con t ro l l ed  cleavage i n  which t h e  c r i t i c a l  s t r e s s  u* i s  r e l a t e d  t o  t h e  l a t h  packet  
s ize.  Moreover, u* appears t o  undergo a sharp t r a n s i t i o n  a t  low temperaturef  and h igh  s t r a i n  r a t e s ;  t h i s  i s  
probably a r e s u l t  o f  a change i n  mechanism from s l i p -  t o  twinning- nucleated cleavage. Th is  change i n  u: 
ef fec ts  corresponding changes i n  lower s h e l f  f r a c t u r e  toughness. A s imple two-parameter approach i s  shown 
t o  be a reasonable bas is  f o r  p r e d i c t i n g  f r a c t u r e  loads f o r  va r ious  s i z e  and crack-geometry bend specimens. 
These r e s u l t s  i n d i c a t e d  t h a t  cleavage f r a c t u r e  w i l l  occur  near p l a s t i c  co l lapse  loads f o r  t h i n  w a l l  
s t r uc tu res  con ta i n i ng  shal low sur face cracks. Fur ther ,  r e s u l t s  o f  an i n i t i a l  s tudy o f  d u c t i l i t y  i n  the  
cleavage regime i n d i c a t e  de f l ec t i ona l  displacements on t h e  o rde r  of 1-2 cm/m w i l l  be t h e  l i m i t  f o r  such 
sha l l ow  surface cracks i n  t h i n  w a l l s .  F i n a l l y ,  t h e  e f f e c t s  o f  d isso lved  hydrogen and s t r ess  s t a t e  
v a r i a t i o n s  induced by  s ide  grooving were inves t iga ted .  Hydrogen charges r e s u l t e d  i n  an average reduc t i on  i n  
measured K values of about 17% and 5% i n  t h e  r a t i o  of maximum l o a d  f r ac tu re- to- co l l apse  s t r ess  r a t i o s .  No 
s i g n i f i c a n e  e f f e c t  of hydrogen on d u c t i l i t y  was observed. Side grooving r e s u l t e d  i n  increases i n  bo th  
apparent K toughness l e v e l s  and f rac tu re- to- co l lapse  s t r ess  r a t i o s .  Side grooving decreased d u c t i l i t y  f o r  
shal low c r i c k s  and increased i t  f o r  deep cracks. However, i n  general these e f f ec t s  a re  judged t o  be 
r e l a t i v e l y  modest compared t o  unce r t a i n t i e s  i n  t h e  measurements and t h e  e f fec ts  o f  s i g n i f i c a n t  v a r i a t i o n s  i n  
s i z e  and s t r eng th  l e v e l s .  

f 
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4.0 Relevant OAFS Program Plan Task/Subtask 

Subtask B Mechanical P rope r t i e s  

5.0 Accomplishments and Status 

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

The m a r t e n s i t i d f e r r i t i c  s t a i n l e s s  s t e e l  a l l o y  c l a s s  has many a t t r a c t i v e  features as a candidate f us i on  
s t r u c t u r a l  a l l o y .  However, t h e  p o t e n t i a l  f o r  increased temperature d e l i n e a t i n g  the  d u c t i l e - b r i t t l e  f r ac tu re  
mode t r a n s i t i o n  induced by i r r a d i a t i o n  has been i d e n t i f i e d  as a major problem t o  be resolved f o r  t h i s  a l l o y  
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c lass .  In a p rev ious  ana lys is '  i t  was suggested t h a t  t h e  increase i n  t r a n s i t i o n  temperature would be 
l a r g e l y  i r r e l e v a n t  if i t  cou ld  be demonstrated t h a t  a c t u a l  fus ion  s t r uc tu res  can be r e l i a b l y  operated i n  t h e  
lower s h e l f  toughness, cleavage f r a c t u r e  regime. Such demonstrat ion requ i res  t h a t :  1) i r r a d i a t i o n  and 
o the r  environmental f ac to r s  do n o t  s i g n i f i c a n t l y  degrade lower s h e l f  toughness; and 2) f r ac tu re  occurs a t  
loads beyond those associated w i t h  la rge- sca le  p l a s t i c  deformat ion --  i . e . ,  general y i e l d .  The response o f  
lower s h e l f  toughness t o  se r v i ce  cond i t i ons  depends on bo th  t h e  e f f ec t s  o f  t h e  environment on t h e  a l l o y s '  
m i c ros t r uc tu re  and microchemist ry  and t h e  bas ic  mechanism o f  cleavage f r a c t u r e .  The c r i t i c a l  l oad  a t  
i n i t i a t i o n  o f  cleavage f r ac tu re  depends on n o t  o n l y  t h e  m i c roscop i ca l l y - d i c t a ted  m a t e r i a l  s t a t e  (e .g . ,  
toughness and s t reng th )  b u t  a l s o  on t h e  macroscopic mechanisms as c o n t r o l l e d  by s i z e  and f law-s t ruc tu re -  
load ing  geometry. 

Experience w i t h  low a l l o y  pressure vessel s t e e l s ,  i n  which cleavage i s  s t r e s s  con t r o l l ed ,  shows t h a t  
i r r a d i a t i o n  a t  t y p i c a l  l i g h t  water  r eac to r  e n d - o f - l i f e  cond i t i ons  (about 0 . 1  dpa a t  30O0C) has l i t t l e  o r  no 
e f f e c t  on lower she l f  toughness. Th is  i s  cons i s t en t  w i t h  t h e  f i ne- sca le  damage (- 1 nm) induced by such 
i r r a d i a t i o n  cond i t i ons ;  t h i s  m i c ros t r uc tu re  does n o t  pe r t u rb  t h e  p r e - e x i s t i n g  m i c ros t r uc tu ra l  fea tu res  on 
the  s i z e  scale 1-100 i.lm which c o n t r o l  cleavage f r a c t u r e .  I t  has a l s o  be shownZ t h a t  cleavage f r a c t u r e  i n  
HT-5 i s  s t r e s s  c o n t r o l l e d  and can be modeled by t h e  R i t c h i e ,  Kno t t  and Rice (RKR)  c r i t i c a l  s t r e s s - c r i t i c a l  
d is tance  c r i t e r i a . 3  Fur ther ,  i t  was found t h a t  the  c r i t i c a l  microcleavage f r ac tu re  s t r e s s  (0;) and c r i t i c a l  
d is tance  (1*) parameters f o r  HT-9 were cons i s t en t  w i t h  behavior  observed i n  o t he r  tempered b a i n i t i c /  
m a r t e n s i t i c  s t e e l s .  This  suggests t h a t  t h e r e  may be ways t o  op t im ize  t h e  m i c ros t r uc tu re  o f  f us i on  a l l o y s  t o  
increase values o f  lower s h e l f  toughness. 

There are,  however, a number o f  remaining problems and quest ions r e l a t i n g  t o  t h e  micromechanics o f  cleavage 
f r a c t u r e  i n  HT-9. These inc lude :  

1) The e f f e c t  o f  i r r a d i a t i o n  m i c ros t r uc tu re  c h a r a c t e r i s t i c  o f  f u s i on  se r v i ce  cond i t i ons  on t h e  
f r a c t u r e  parameters. 

2 )  The e f f e c t  of hydrogen O n  the  f r a c t u r e  parameters 

3 )  The e f f e c t  o f  thermal segregat ion and p r e c i p i t a t i o n ,  as per turbed by i r r a d i a t i o n ,  on t h e  f r a c t u r e  
parameters. 

4) The combined ( s y n e r g i s t i c )  e f f ec t s  o f  i tems 1 t o  3 above 

5 )  A r i go rous  mechanist ic  model o f  the  r e l a t i o n  o f  m i c ros t r uc tu re  t o  bas ic  f r a c t u r e  parameters. The 
models developed t o  date have been o n l y  semiquant i ta t i ve  and l a r g e l y  phenomenological. Improved 
models would a s s i s t  i n  bo th  ana lys is  o f  i r r a d i a t i o n  and o the r  environmental e f f e c t s  da ta  and i n  
developing op t im ized  a l l o y  mic ros t ruc tu res .  

Based on i n f o rma t i on  i n  the  f r a c t u r e  mechanics l i t e r a t u r e  and est imates o f  i n - se r v i ce  p rope r t i e s ,  i t  was 
a l s o  p rev i ous l y  shown4 t h a t  t h i n  f us i on  s t r uc tu res  would probably f a i l  by p l a s t i c  co l l apse  f o l l ow ing  general 
y i e l d ,  r a t h e r  than b r i t t l e  f r ac tu re  a t  loads below y i e l d .  Th is  was pos tu l a t ed  t o  be t r u e  even a t  lower 
s h e l t  temperatures and cond i t i ons  o f  l a r g e  amounts of i r r a d i a t i o n  st rengthening.  Indeed, it was shown t h a t  
under such cond i t i ons  t h i n  f us i on  s t r uc tu res  would experience increased f a i l u r e  loads due t o  i r r a d i a t i o n .  
Th is  i s ,  o f  course. i n  d i r e c t  c o n t r a s t  t o  the  behavior  of t h i c k - wa l l ed  vessels  which would man i fes t  
decreasing f r a c t u r e  loads f o r  these circumstances. 

~ l h e  mechanics ana l ys i s  descr ibed above was basea l a r g e l y  on a s i m p l i f i e d  i n t e r p o l a t i o n  procedure f o r  
p r e d i c t i n g  the  f r a c t u r e  loads f o r  the  range o f  cond i t i ons  from f u l l y - e l a s t i c  t o  f u l l y - p l a s t i c  behavior .  
This  so- ca l l ed  two-parameter procedure (TPP) ,  which der ives  from a p lane s t r e s s  B i lby -Cot t re l l -Swinden c rack  
f i e l d ' ,  r equ i r es  o n l y  geometry, s t reng th ,  and f u l l y - e l a s t i c  f r ac tu re  toughness data t o  es t imate  f r a c t u r e  
loads.  The T P P  s p e c i f i c a l l y  avoids the  compl ica t ions  o f  e l a s t i c - p l a s t i c  f r a c t u r e  mechanics (EPFM); however, 
EPFM may s t i l l  be r equ i r ed  t o  ob ta i n  v a l i d  f r a c t u r e  toughness data from small  specimens. 

Th is  progress r e p o r t  descr ibes work addressing a number o f  these issues.  S p e c i f i c a l l y ,  t ransmiss ion  and 
scanning e l e c t r o n  microscopy s tud ies  o f  crack fo rmat ion  and propagat ion mechanisms have been c a r r i e d  o u t  i n  
support o f  developing improved micromechanical cleavage f r a c t u r e  models. Fur ther ,  the  e f f ec t  o f  l oad ing  
( s t r a i n )  r a t e  on f r ac tu re  parameters has been i nves t i ga ted  a long w i t h  a p re l im ina ry  eva lua t i on  of t h e  e f f e c t  
u f  d isso lved  hydrogen. A p p l i c a b i l i t y  o f  t h e  TPP was i nves t i ga ted  us ing  a range o f  specimen s izes  and crack 
deptn t o  l igament  r a t i o s  f o r  sample t h ree- po in t  bend l oad ing  geometries. Fur ther ,  the  e f f e c t  of s t r e s s -  
s r a t e  v a r i a t i o n s  us ing s ide  grooving was inves t iga ted .  F i n a l l y ,  the  e f f e c t  o f  l oad ing  r a t e  and hydrogen on 
the  a p u l i c a b i l i t y  of the  TPP was evaluated a long w i t h  t h e i r  i m p l i c a t i o n s  t o  micromechanical f r ac tu re  
mechanisms. A l l  of these s tud ies  are f o r  t h e  MFE program heat  o f  ESR HT-9 supp l ied  by T. Lechtenberg o f  G A 
Technologies. 
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5.2 Macromechanics 

5.2.1 The Applicability of the Two-Parameter Procedure to Predicting Fracture Loads of HT-9 Structures 

In the initial study of the applicability of the TPP to fusion alloys and structures, a simple three-point 
bend geometry was chosen. In addition to the convenience of bend bars as standard test specimens and the 
ability to link the results to other studies in the literature, this geometry should provide the mOSt 
conservative basis for estimating cleavage fracture loads. 

The standard bend bar geometry is illustrated schematically in Figure la. Sizes range from B = .25 to 1 cm 
with nominal crack depth (a) to width (w) ratios a/w of about .05 to 0.3;  the range of specimen dimensions 
is illustrated in Fig. lb. The specimens were precracked from notches machined to various depths at a 
maximum AK from crack notch of 21 MPaJm. For both very deep (> .75 a/w) and shallow (< .25 a/w) cracks, the 
nearest surface was machined away after precracking to give the final nominal a/w ratio. The actual crack 
length was established subsequent to the testing using a 9-point averaging procedure on an optical 
microscope; in general, the actual crack lengths were within twenty percent of nominal specifications. 

Tests were conducted at temperatures of -73 and -101OC (-100 to -15OOF) and at noninal static displacement 
rates of ,025 mm/s with equivalent nominal notch tip strain rates of 10 to lo3 s for 2.54 cm thick bend 
bars. For other sizes, the strain rate can be estimated by dividing these values by the specimen thickness 
in inchest. This range of strain rates is expected to account for uncertainties in converting data from 
displacement rates to appropriately averaged crack tip deformation rates. At these strain rates and 
temperatures, the yield stress increment above room temperature is about 75 to 175 MPa, and is about 175 to 
275 MPa above the yield strength at 100°C. Hence, the conditions approximately represent a corresponding 
level of irradiation strengthening. In addition, tests of B y .5 cm specimens with a/w from .05 to 0.75 
were conducted at similar displacement rates at room temperature. In this temperature regime, the fracture 
mode is ductile microvoid coalescence following gross plastic deformation. Therefore, these data were used 
to evaluate the collapse loads in a rLgion o f  large-scale yielding. 

The fracture stress was calculated from the maximum load determined from load displacement curves. Limited 
interrupted tests indicate that at temperatures in the cleavage regime there is relatively little stable 
crack growth; hence, the assumption of fracture initiation coincidence with maximum load seems justified. 
However, this assumption may not be valid in the room temperature ductile fracture regime. 

In general, however, the maximum load Eollapse (= fracture) stress from room temperature tests approximately 
equaled a calculated collapse stress oc determined from the following equation given by Chel16 

(1) C 2 oc - 2.18 ou (1 - a/w) 
A comparison is given in Table 1. Values of the ultimate tensile strength used in eqn. (1) were measured in 
tensile tests, and were found to be 0 (-101°C) = 918+20 MPa and o (-73°C) = 862 f 20 MPa. The largest 
deviation at low values o f  a/w (a/w 5 .2y is about 10 percent. Indeer$ as shown incFi#. 2, there appears to 
be a systematic reduction in the ratio o f  calculated to measured collapse load o /o with increasing a/w. 
As mentioned previously, this may be due to some stable crack growth at low a/$. 'However, the absolute 
amounts of crack growth would be small g .05 mm); considering the difficulty in establishing crack lengths 
and other experimental uncertainties, these differences are not considered to be significant. 

The data taken at lower temperatures are summarized in Table 2. All the specimens tested at low 
temperatures (less than about -5OOC) showed a predominantly cleavage fracture morphology independent of the 
specific geometry temperature and strain rate. These data were analyzed quantitatively by comparing the 
ratio of experimental fracture to collapse stress to calculated stress ratios using the TPP as formulated by 
Chell.6 Chell's expression is given by 

t Notch tip strain rates reported here were determined by using the analysis of Server(19) as a lower limit 
and a simple crack opening model for an upper limit. These limits differ by an order of magnitude. and 
hence all strain rates are reported here as a range. 
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,113 
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,740 
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w=2B 

1048 
766 
302 
103 

(a) (b) 

Fig. 1. a) Schematic o f  bend bar  geometry; and b) photograph i l l u s t r a t i n g  t h e  range o f  s izes.  

Table 1 

Col lapse Stresses f o r  E = .5 cm Bend EarCa) 

I Collapse St ress  (MPa) (b) 

I 
Experimental Ca lcu la ted  

2.18 uu(l-a/w) 

I ,054 I 1206 1360 
1195 
862 
315 
103 

-2 -1 (a) T = 2 5 T ;  d - 5 ~ 1 0 - ~ / 5 x 1 0  s ; uu = 697 MPa 

(b) Ey d e f i n i t i o n ,  t he  co l l apse  s t ress  i s  t he  e l a s t i c  o u t e r  f i b e r  s t ress  i n  a bend ba r  which r e s u l t s  
The e l a s t i c  f i b e r  s t ress  o f  a rec tangu la r  ba r  i n  a 3- po in t  bend i s  g i ven  by i n  p l a s t i c  co l lapse.  

iimoshenkoZc as 6P/EW. -. The p r e d i c t e d  co l lapse s t ress  i s  g iven by eqn. (1). 
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Here, Klc i s  t he  p lane s t r a i n  f r ac tu re  toughness and Y i s  t he  bend bar  compliance f a c t o r  which i s  a f unc t i on  
o f  aiw. The values o f  t he  f r a c t u r e  toughness were taken from prev ious ly- repor ted  r e s u l t s 2  and were Klc 
(-101OC) of about 57 t o  63 MPaJm and Klc (-73OC) of about 65 t o  68 MPaJm. The experimental r a t i o  was 
de f ined  as t he  measured maximum load f r a c t u r e  s t r ess  g iven i n  Table 2 d i v i d e d  by the  ca l cu la ted  co l lapse  
s t r ess  us ing  au(-73°C) o f  862 MPa and uu (-101°C) of 918 MPa. 

Resul ts  o f  t he  comparison are  shown i n  F igure  3. The cross-hatched reg ions  represent  the  s e n s i t i v i t y  o f  the  
ca l cu la ted  r a t i o s  t o  u n c e r t a i n t i e s  i n  t he  i n p u t  toughness parameter, K and u l t i m a t e  t e n s i l e  s t reng th .  
The experimental r a t i o  due t o  u n c e r t a i n t i e s  i n  crack l eng th  and u l t i m a t e  t e n s i l e  s t r ess  and v a r i a b i l i t y  i n  
t he  maximum load a re  est imated t o  be o f  t he  o rder  ? .1. Unce r ta i n t i es  a t  t he  smal les t  (<  .I) and l a r g e s t  
(> .9) a/w r a t i o s  a re  somewhat l a r g e r .  

I C '  

Ove ra l l ,  t he  agreement between t he  TPP p red i c t i ons  and experimental values i s  reasonably good. A t  a t e s t  
temperature o f  -73OC (F igure  3a), agreement i s  somewhat b e t t e r ;  experimental r a t i o s  f a l l i n g  bo th  s l i g h t l y  
above (B = 1 cm) and below (E  = . 5  and .25 cm) t he  ca l cu la ted  values a t  low a/w values fa/w 5 .1 fo r  8 = .25  
and .5 ;  a/w 5 .25 f o r  B = 1.0). C lea r l y ,  t he  t rends  p red i c ted  by t he  TPP are  observed i n  t he  experimental 
da ta  and dev ia t i ons  a re  gene ra l l y  w i t h i n  t he  combined u n c e r t a i n t i e s  i n  t he  ca l cu la ted  and experimental 
r a t i o s .  Note t h a t  t he  toughness values a re  n o t  ad jus ted  f o r  t he  v a r i a t i o n s  i n  s t r a i n  r a t e  a t  d i f f e r e n t  
s izes.  Th is  i s  cons i s ten t  w i t h  constant  value o f  lower s h e l f  toughness independent o f  temperature and 
s t r a i n  r a te .  However, a5 shown below a t  low temperatures and h i gh  ra tes ,  reduc t ions  i n  toughness occur.  
Th is  would n o t  a f f ec t  the  -73OC ca l cu la t i ons .  However, a t  - l O I ° C ,  t he  c a l c u l a t e d  f r ac tu re - to - co l l apse  loads 
would be somewhat reduced f o r  t he  .25 cm and .5 cm bend bars,  p a r t i c u l a r l y  t he  former ( K  - 42 t o  50 MPaJrn 
versus KIc = 57 MPaJm). Th is  would r e s u l t  i n  somewhat b e t t e r  agreement a t  low a/w valueg and conservat ive 
p red i c t i ons  o f  f r ac tu re  loads a t  h igher  values. These e f fec ts  w i l l  be discussed e x p l i c i t l y  i n  Sec t ion  
5.3.3. 

The poss ib l e  design imp l i ca t i ons  o f  t he  broad conf i rmat ion  of t he  TPP r e s u l t s  will be considered i n  d e t a i l  
elsewhere, b u t  p resen ta t i on  of one example i s  usefu l .  Consider a .25  cm t h i c k  w a l l  con ta i n i ng  a .05 cm 
crack which, due t o  i r r a d i a t i o n ,  has manifested a l a r g e  y i e l d  s t r ess  increase o f  about 300 MPa above t he  
u n i r r a d i a t e d  value o f  600 MPa; f u r t h e r ,  assume the  a l l o y  has a l s o  experienced a reduc t i on  i n  i t s  lower s h e l f  
toughness from 50 MPaJm t o  35 MPaJm. Eased on TPP est imate,  which appears t o  be s l i g h t l y  conserva t ive ,  the  
load  bear ing  capac i ty  a t  f r a c t u r e  w i l l  increase by about 25% due t o  i r r a d i a t i o n .  

5.2.2 Stress S ta te  and Side Grooving Ef fec ts  

For t he  standard bend bar  geometry, t h e  th ickness  B v a r i e s  a long w i t h  t h e  w i d t h  w (w = 28). For small  
th icknesses,  i nc reas ing  l oss  o f  l a t e r a l  ( th ickness)  c o n s t r a i n t  corresponds t o  a t r a n s i t i o n  from plane s t r a i n  
t o  p lane s t r ess  s t a t e  cond i t ions .  Th is  t r a n s i t i o n  normal ly  r e s u l t s  i n  inc reas ing  f r a c t u r e  loads and may, 
indeed, r e s u l t  i n  a f r a c t u r e  mode t r a n s i t i o n ,  v i z .  cleavage t o  mic rovo id  coalescence. Th is  i s  due t o  a 
reduc t ion  i n  t he  maximum ( p r i n c i p a l )  t e n s i l e  s t r ess  amax; f o r  e l a s t i c - p e r f e c t l y - p l a s t i c  behavior ,  the  

reduc t i on  i s  about a f a c t o r  o f  3 ,  i . e . ,  from amax = 30 Standard t e s t i n g  requirements suggest 

t h a t  minimum s i z e  requirements f o r  p lane s t r a i n  cond i t i ons  are B . = 2 .5  ( K  /a ) 2 ;  f o r  t h e  -73-C and 

-10loC t e s t i n g  cond i t i ons ,  t h i s  suggests 8 . o f  about 2.5 cm and 1.5 cm. r espec t i ve l y .  I n  p r a c t i c e ,  i t  i s  
known t h a t  these s i z e  requirements a re  highy$"conservative. However, s ince the  specimen th icknesses used i n  
t h i s  study were i n  t he  range o f  on l y  .25 t o  1 cm, th ickness  e f f e c t s  may be s i g n i f i c a n t .  

t o  amax = 0 . 
Y Y 

nl, n IC Y 

I n  o rder  t o  eva lua te  t h i s  p o s s i b i l i t y ,  a se r i es  of side-grooved B = 0.4 cm bend bars w i t h  a/w r a t i o s  of 
about .95 t o  . 9  were t es ted  a t  a temperature o f  - 1 O l o C  and a t  appFoximate no tch  t i p  s t r a i n  r a tes  of 6x10.' 
t o  6x10 5 - ' .  I n  a d d i t i o n ,  t he  e f f e c t  o f  s i de  grooving on d u c t i l e  co l lapse  st resses a t  a t e s t  temperature 
o f  2 5 Y  was i nves t i ga ted .  

Side grooves inc rease the  l a t e r a l  c o n s t r a i n t  and hence p r i n c i p l e  s t r e s s  as a f u n c t i o n  o f  specimen- loading 
geometry, s ize ,  a/w, notch depth, f l a n k  angle and r o o t  rad ius ,  and t he  ma te r i a l  p rope r t i es .  Unfor tuna te ly ,  
t he re  i s  no simple procedure a v a i l a b l e  t o  q u a n t i f y  t he  o v e r a l l  e f f e c t .  I n  general ,  i n  a d d i t i o n  t o  
inc reas ing  t he  t r i a x i a l i t y  (p lane s t r a i n  charac te r )  of the  s t r ess  s ta te ,  s ide  grooving enhances f l a t  
f r a c t u r e ,  promotes f r a c t u r e  i n i t i a t i o n  and unstable crack growth a t  maximum load,  and reduced shear l i p s .  A 
v a r i e t y  o f  approaches cou ld  be used t o  study these e f fec ts .  For example, a cons tan t  l i gament  th ichness  B 
and sample w id th  cou ld  be maintained, w i t h  vary ing  notch depth (Bo  - 8)/2. A l t e r n a t e l y ,  t he  s ide  grnove 
f l ank  angle cou ld  be var ied .  
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F i g .  2. Comparison of c a l c u l a t e d  t o  measured col lapse s t r e s s  w i t h  inc reas ing  a h .  
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Table 2 

Measured Maximum Load Bend Bar Fracture  Stresses 

.234 1026 

.530 1145 

.775 1436 

.913 1611 

B 1 -73oc 

1 . 0 0  I ,107 1114 

ature  

-101c 

,068  1329 
.089 1488 
.272 1418 
.95n 1849 _ _  _. _ _  .. 
._ _ _  

,068 1027 
,093 1007 
,249 1079 
,536 1228 
,506 1252 
,752 1636 
.930 2079 
,095 1060 
.119 1059 
,235 884 

,759 1303 
.936 1962 
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Fig. 3. Comparison of measured values o f  of/ac to values calculated with the TPP for a) -73OC and b )  -10loC 

Table 3 

Collapse Stresses f o r  Side-Grooved B = .4 cm Bend 

,125 13.18 
.128 I 15.81 

Collapse Stress (MPa) 

Experimental 

1255 
1096 
1124 
1034 
1145 
807 
345 
323 
348 
328 
91 
81 
87 
88 
28 

Calculated 

1380 
1232 
1166 
1159 
1159 
910 
374 
338 
352 
324 
94 
83 
90 
85 
22 

Test temperature = 2 5 O C ;  

Strain rate d - 6~10-~/6xlO -2 s -1 . 
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In this study, the side grooves were cut at a constant 45O flank angle with a root radius of .025 cm. The 
outside bar thickness Bo was kept constant at 0.4 cm while the actual ligament thickness B varied from 0.4 
to 0.25 cm in three increments of .05 cm; v i s .  notching of 0%. 12.5%, 25% and 37.5%. The width of the 
specimens was kept at 0.8 cm. Other specimen fabrication and precracking procedures were constant with 
those discussed previously. 

Table 3 summarizes the collapse test results for tests at 25OC. For specimens without side grooves, the 
results are consistent with the B = .5 cm data given in Table 2. The predicted collapse stresses agree with 
calculated values within about 10 to 15% with decreasing deviation with increasing a/w. Similar trends are 
observed in the side-grooved specimens but the deviations are somewhat smaller. These results are shown i n  
Fig. 4. One explanation far these slight differences is that side grooving reduces stable crack growth at 
low a/w. Overall, the measured to calculated deviations are smaller in side-notched specimens and hence 
even less significant than for standard bend bars. 

Values of toughness from the low temperature (-101OC) tests o f  the a/w - .5 bend bars are summarized in 
Table 4. The K toughness is found to increase with increasing notch depth with minimum value for the 
normal bend bar geometry with no side notch. While the variations are not large, ranging from 41 to 52 
MPaJm, they are systematic and go in the opposite direction anticipated. This may be due to a predominance 
of the effect of reduced ligament thickness over the influence of the notch itself. Alternatively, this may 
be related to effects on the specimen compliance coupled with the Secant procedure used to establish K 
Specifically, small specimens showing larger elastic-plastic compliance prior to cleavage initiation ne!, 
maximum load would yield artificially low values of K Hence, additional tests with constant ligament 
thickness and with and without notches will be conductedQfn the future and on larger specimens. 

9 

Table 5 summarizes the experimental fracture-to-collapse load results for the side grooved specimens tested 
at -101OC for a/w - .1 to .9. Figure 5 compares the predictions of the TPP for nominal properties and a w = 
0.8 cm bend bar with the experimental fracture-to-collapse stress ratios. The specimens without side 
grooves are systematically low by about 0.1. This is in contrast to the data for the w = 1 cm bars which 
are in good agreement with the TPP predictions except at low a/w ratios (-.l), where they are also low. 
Hence, these deviations are probably not significant, except for small crack  depths where some systematic 
error i n  the TPP procedure may be indicated. As noted above, agreement would be better if possible effects 
of notch tip strain rate in reducing the lower shelf toughness were considered. 

Figure 6 shows the fracture-to-collapse stress ratio plotted against percent side groove for nominal values 
of a/w of .l, . 5  and .75. The indicated rate of increase i s  most rapid with the initial side grooving 
leveling off thereafter; the maximum increase is similar for various a/w values and is about 0.1 to 0.15. 
Indeed, this increase is relatively small. The B = .4 cm results can be compared to data from the larger B 
= 0.5 cm bend bar tests for similar conditions. For the smaller a/w, the B = 0.5 cm data is reasonably 
Consistent with the B = .4 cm data. However, if the B = . 5  cm data are adjusted for the difference in size 
by an amount predicted by the TPP, they fall above the B = .4 cm data. The size corrected B = 5 cm data is 
also shown in Fig. 6 .  This would suggest a smaller effect of side grooving. ~ For the high a/w ratio the B = 
.5 cm data indicate little or no effect of side grooving with or without size adjustment. 

In summary, while there appears to be some systematic effects of side grooving, they are relatively small; 
if they are significant, it is primarily at small a/w ratios. Indeed, the apparently anomalous behavior of 
increasing toughness and fracture loads with increased side grooving may be a consequence of material 
variability and uncertainties and the effect of factors such as effective strain rate, o r  effects on 
specimen compliance factors. In this regard, we note that similar anomalous behavior in static toughness 
values measured with B = 2.5 cm bend bars in the temperature range of -60 to -9OOC; these data fall 
significantly above (by - 7-20 MPaJm) a value measured with a smaller B = 1 cm specimen at -7OOC. As noted 
above, stress state effects will be studied further with different specimen configurations and sizes. 

5.2.3 Strain Rate Effects 

Low strain rate, quasi static results may not apply to high strain rate loading conditions. Indeed, both 
strength increases and possible toughness reductions would result in more brittle behavior. Such dynamic 
rates might OCCUP, for example, if someone were to drop a reactor component during a maintenance operation 
during cold shutdown. Therefore, fracture toughness tests on B = . 5  cm thick bend bars were conducted from 
near static (5~10-~/10-~s-') to dynamic (above 102s-') strain rates at -10loC. Additional testing involved 
the following: a B = 1.0 cm bend bar was conducted at a strain rate of 3~10-~/10-~s-' at -13OOC; both 
Charpy-V-notch (CVN) and pre-cracked Charpy-V-notch (PCCV) specimens tested at -101OC at strain rates of 100 
to 200s-' and 250 to 350s-', respectively; B = . 4  cm at 6~10-~/10-~; a B = 2.5 cm bend bar tested at liquid 
nitrogen temperature (T = -195OC) and static (10-3/10-2s-1) strain rates. The latter was carried out to 
achieve cleavage fracture at very high values of yield strength. 
TlnlO-*/e parameter can be crudely used to estimate a strength equivalent strain rate for a temperature of 

A strain rate temperature parameter 
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Fig. 4. 
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Comparison of  calculated to measured collapse stresses for side-grooved specimens. 

I I I I 
(d) Test temperature = -101OC; 

S t r a i n  rate = 6~10-~/6xlO -2 s -1 
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Table 5 

0.0 
0.0 

11.52 
25.06 
37.31 

0.0 
0.0 

14.68 
26.62 
37.56 

0 . 0  
14.68 
26.18 
38.87 

0.0 

Measured Values of Fracture-to-Collapse Stress Ratips,and Bend 
Ductilities for Side-Grooved Bend Bars"' 

0.610 
0.636 
0. 718 
0.766 
0.774 
0.560 
0.683 
0.742 
0.806 
0.838 
0.748 
0.873 
0.881 
0.819 
0.878 

a/w 

,092 
,100 
,118 
,109 
,136 
.194 
.529 
.532 
.527 
.546 
.749 
,780 
. I 5 9  
. I 5 5  
.907 

(e) Test temperature T = -101OC; 
-2 -1 s Strain rate k = 6 ~ 1 0 - ~ / 6 x 1 0  

l . C  

- '' 0.6 
% 
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0 
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,0029 
,0031 
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,0028 
,0065 

.0039 
,0022 
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Fig. 5. Comparison of measured values of of/oc to values calculated with the TPP for side-grooved specimens 
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Fig. 6 .  Variation o f  o /o with percent side grooving and a/w f c  

Table 6 

Dynamic Toughness Data 

Specimen 
Type 

Bend bar 

Bend bar 

Bend bar 

Bend bar 

Bend bar 

Bend bar 

CVN 

PCCV 

Specimen 
Thickness 

(cm) 

2.54 

.51 

.51 

.51 

1.02 

1.02 

1.0 

1.0 

Test 
Temperature 
("C) 

-101 

-101 

-101 

-101 

-130 

-195 

-150 

-150 

Strain 
Rate 

(S-l) 

Klc/Kld 

(MPaJm 

(9) Strength equivalent rate at -1010~ is .2/1.~s-~ for the -130°C test and 1 9 0 0 / 5 3 0 0 ~ ~ ~  f o r  the 
-195OC test. 

( h )  itQ 

(i) Extrapolated, assuming po - .05 mm. 
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-73OC; the strength equivalent rate is about 130/350s". lhe results are summarized in Table 6. It should 
be noted that because of measurement uncertainties in the PCCV I'esults and the need to extrapolate the CVN 
point to a sharp crack geometry, these data points must be viewed as subject to considerable error. 

Figure 7 plots toughness as a function of strain rates (including equivalent rates at -10loC), including 
data for E = .46 cm side-grooved speciFens. The results suggest that there is a transition in toughness at 
a strain rate of about 10 ' to 10's ' from about 65 f 5 to about 35 f 8 MPaJm. The micromechanical 
implications of these results will be discussed below. With respect to assessing the influence of fusion 
structures, this suggests that strain rate effects on both strength and toughness must be considered in 
estimating fracture loads. Indeed, high rate loading conditions may result in a transition from 
irradiation-induced increases to decreases in fracture load. 

This behavior is illustrated in Fig. 8 where the TPP predictions are compared to experimental measures of 
the fracture to collapse stresses for B = .5  cm bend bars with a/w = . 5  and tested at -lOl°C at static to 
dynamic strain rates. Here both ultimate tensile stress and toughness values were taken for appropriate 
strain rates. The results indicate that the TPP is applicable at dvnamic strain rates. orovided relevant . .  
dynamic material parameters are used. Further, Fig. 8 illustrates the substantial effect of strain rate in 
reducing fracture loads by about a factor of 2. 

However, it should be noted that Eq.  (2 )  shows that even for low toughness and high yield/ ultimate stress 
values, plastic collapse will occur at very small crack lengths. By eauating predicted failure loads this 
size i s  approximately given as 

2 "1. 
2 a .  - . 5  mi n 
0" 

Hence, an irradiated steel with a high strength level of 1000 MPa and low 
shallow cracks of 5 .06 cm would still fail only when loads in excess 
occurred even in the "brittle" bend geometry. 

( 3 )  

toughness of 35 MPaJm containing 
of those required for collapse 

5.2.4 Cleavage Fracture Ductility 

In the lower shelf cleavage fracture regime, ductility is limited. Hence, this parameter, as well as 
maximum tolerable load, is an important factor in structural design. The most appropriate measure of 
ductility for the bend geometry is the plastic deflection at maximum load, d , divided by the half span 
length, 512, i.e., zB - tan 8 - d /S/2. 
data are presented in Fig. 10 for temperatures of -73'C, -101OC and 25OC. Clearly, there is a specimen size 
and a/W effect as well as an effect of temperature. Increasing size leads to lower ductility; and ductility 
is minimum at intermediate ratios of a/w. Indeed, the overall pattern is similar to the fracture to 
collapse stress ratio. However, the sensitivity of the bend ductility parameter is much greater; indeed, 
the variation between B = . 2 5  and 1 cm is a factor of 10; and the minimum ductility at intermediate a/w 
ratio5 is a factor of 5 to 10 below that for very short o r  long cracks, In general, the cleavage fracture 
ductilities are about a factor of 5 to 20 below ductile fracture limits. 

This geometry is illustrated in Fig.'9. The static bend bar 
P 

For crack length to width ratios 5 . 5 ,  we have found that the data can be crudely correlated by plotting the 
measured ductility times thickness E versus the actual crack length, a. This is shown in Fig. 11. Here we 
have normalized the data at the twf temperatures, by decreasing the ductility at -73OC by a factor of 3. 
TheBeE parameter decreases rapidly at low values of a leveling off at a - .15 to .25 cm. At -101OC the 
minimum bend ductility isBzB - .0005/B (cm). At small crack sizes, (a < .3 cm) the bend ductility parameter 
can be represented approximately by the function 

- .005 exp(a/.32)/B (4) 

For example, at -101OC for the w = 0 . 2 5  cm specimen and a 0.1 cm deep crack, a net bend ductility of .DO8 
would be anticipated, while for a ,025 cm :rack a durt.ility of about ,018 would be predicted. These compare 
to eiastic strain limits of about ,006 for these geometries. At -73-C the ductilities increase by a factur 
of about 2 to 4 (with an average of - 3). In contrast, the ductilities in the microvoid coalescence ductile 
fracture regime are about .04-.09 as determined from the room temperature tests on B = . 5  cm bend bars 
described earlier. 
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Fig .  9. Schematic i l l u s t r a t i o n  of t h e  d e f i n i t i o n  of bend d u c t i l i t y  & B .  

F i g .  10. V a r i a t i o n  of  d u c t i l i t y  w i t h  a/w f o r  t h r e e  d i f f e r e n t  temperatures and bend bars 
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Fig. 12. Variation of bend ductility with yield stress f o r  the B = 0.5 crn bend bar. 
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Table 7 
(f) Bend Ductilities for B = 0.5 cm Bend Bars with a/v G 0.5 

,536 5~10-~/5x10-2 1.6 

.506 5~10-~/5xlO-~ 1.6 

.515 10-1/100 .5 

,631 10-1/100 . 2  

,515 101/102 . 5  

.557 101/102 - 0 (<.l: 

The high sensitivity of the bend ductility to temperature suggests a strong dependence on yield stress; 
e.g., an approximately 75 MPa increase in strength in going from -73O to -101°C leads to a reduction in 
ductility by about a factor of about 3. Table 7 shows the effect of strain rate for .5 cm thick bend bars 
tested at -10loC; clearly, higher strain rates lead to  lower ductility limits. Figure 12 plots the bend 
ductility at a/w = . 2  against the corresponding yield stress for B = .5 cm bend bars at the two temperatures 
and three strain rates. The high sensitivity is clearly evident. The micromechanical implications Of these 
results will be assessed in future msearch. 

The effect of stress state variations due to side grooving can also be evaluated from the B = .4  cm bend bar 
tests reported earlier. The results are shown in Table 5 and can be briefly summarized as follows. At low 
a/w ratios (- .l), side grooving reduced the ductility significantly; at side grooves of 12.5% and 25% the 
reduction was about a factor of 2 and at 37.5% about a factor of 4. At high a/w ratios (a/w - .75) the 
effect was reversed and the side notched specimens had somewhat more ductility with an increase of about 1.5 
at side notches of 25% and 37.5% and about 2 for the 12.5% side notch. Thus there was no uniform trend with 
ificreasing notch depth. The effects were null at intermediate notch depths of a/w - 0.5. This behavior is 
Consistent with the argument that notching reduces stable crack growth at low a/w and with a ligament size 
effect at higher a h .  Overall, the differences are not large compared to the variability in the data. 

it should be emphasized that the ductility discussed here is not a simple material property. The Values 
depend on the specific test specimen loading geometry configuration . However, as noted above and discussed 
elsewhere, in the cleavage fracture regime the ductility is probably close to minimal in the "brittle" bend 
geometry. Based on this assumption cleavage fracture regime deflection limits on the order of 1-2 cm/m Of 
structural beam equivalent can be anticipated, for thin wall structures containing shallow fatigue cracks. 
Hence, this might be used by designers to evaluate the feasibility of operation in the cleavage fracture 
lower shelf toughness regime. 

5 . 3  Micromechanics 

5.3.1. Overview 

The micromechanics of fracture in tempered martensitic HT-9 has been discussed previously.' Briefly it was 
shown that fracture is controlled by a critical cleavage fracture stress 0;. Further, for sharp cracks the 
appiied tensiie stress must act over a critical microstructural distance 1". Hence, quantitative micro- 
cechanical models are needed to relate the microstructure, including irradiation-induced changes to the 0; 

and 1* parameters. 
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While r e l a t i v e l y  s imple models have been success fu l l y  developed f o r  f e r r i t i c  a l l o y s ,  t h e  s i t u a t i o n  i s  more 
complex and l e s s  understood f o r  b a i n i t i c  and m a r t e n s i t i c  l a t h  mic ros t ruc tu res .  For s t e e l s  such as HT-9 w i t h  
r e l a t i v e l y  la , .ger  carb ides  l oca ted  on p r i o r  aus ten i t e  g r a i n  boundaries, f r a c t u r e  i n i t i a t i o n  i s  be l i eved  t o  
be c o n t r o l l e d  by propagat ion o f  a c rack  f rom a l a r g e  cracked carbide.  For a G r i f f i t h - t y p e  f r a c t u r e  and 
i g n o r i n g  a smal l  c o n t r i b u t i o n  from d i s l o c a t i o n  p i le- ups ,  t he  microcleavage f r a c t u r e  s t r ess  a; can be w r i t t e n  
gene ra l l y  as 

where E i s  t he  e l a s t i c  modulus, 2 c h a r a c t e r i s t i c  s i z e  and y a p l a s t i c  work term 
P 

Data developed by Brozzo e t  a i '  and  other^^'^ suggest an i nve rse  square r o o t  r e l a t i o n s h i p  between l a t h  
packet  s i z e  and f r a c t u r e  s t ress .  The l a r g e  value of t he  f r a c t u r e  s t r e s s  a t  about 2500 MPa imp l i es  very h igh  
values of y , approximately  120 J/m*. Knott'O proposes a model i n v o l v i n g  t h e  i n t e r n a l  necking and d u c t i l e  
f r a c t u r i n g  8 f  unfavorably o r i e n t e d  l a t h  s t r uc tu res  t o  r a t i o n a l i z e  t h i s  h i gh  value of y . Other workers" 
propose a s i g n i f i c a n t  r o l e  of a l t e r n a t e  m ic ros t ruc tu ra l  fea tu res  i n c l u d i n g  f i ne- sca le  gecondary hardening 
p a r t i c l e s ,  d i s l o c a t i o n  s t r uc tu res  and perhaps s o l u t i o n  hardening elements. Curry'? has r e c e n t l y  repor ted  
r e s u l t s  f o r  a b a i n i t i c  pressure vessel s t ee l  which a re  cons i s ten t  w i t h  a c r i t i c a l  s t r ess  c r i t e r i o n ;  i n  
add i t i on .  he determined values f o r  0% which were cons i s ten t  w i t h  p r e d i c t i o n s  based on propagat ion of s t ab l f ,  
la th- packet- s ized  microcracks, assuming h i gh  values o f  y (- 120 J / m Z ) .  A l t e r n a t e l y ,  he notes cleavage i n  
these s t e e l s  cou ld  proceed by a d i s l o c a t i o n  mechanism, ?n which case a* would depend on s l i p  band l eng th  
which can be in f luenced by f a c t o r s  such as packet  s i ze  and l a t h  w id th  as proposed by Naylor.13 I n  a study 
of m a r t e n s i t i c  s t e e l s ,  K ing  e t  a1.14 suggest t h a t  i n t e r l a t h  carb ides c o n t r o l  f r a c t u r e  and t he  magnitude o f  
t h e  microcleavage f r a c t u r e  s t r ess ;  and f u r t h e r ,  t h a t ,  as proposed by o thers  f o r  h i gh  s t r eng th  4340 s tee ls15 ,  
t h e  reduc t i on  i n  t h e  toughness associated w i t h  tempering a t  350°C i s  a r e s u l t  o f  coarsening o f  t h e  i n t e r l a t h  
carb ides,  thereby lower ing  0;. 

The r e s u l t s  repor ted  p r e v i o u s l y  f o r  HT-9* are  gene ra l l y  cons i s ten t  w i t h  these prev ious  observations: I* i s  
observed t o  be on t he  o rder  of t he  p r i o r  aus ten i t e  g r a i n  s ize ;  and ux i _ s  c ons i s ten t  w i t h  an observed packet  
s i ze  on t h e  o rder  o f  5-10 pm based on t he  r e l a t i o n  u; - 190 f 20 MFaJm/Jd determined from the  da ta  i n  t he  
l i t e r a t u r e ,  as noted above. 

f. 

f 

The model proposed by Kno t t  t o  r a t i o n a l i z e  t he  h i g h  y value appears t o  be t he  most p romis ing  approach. It 
der ives  from t h e  f o l l o w i n g  p i c t u r e  of t he  f r a c t u &  process. Propagat ion o f  a c rack  from a carh ide  
i n i t i a t i o n  s i t e  i s  c o n t r o l l e d  by st resses needed t o  l i n k  and propagate microcracks which form r e a d i l y  w i t h i n  
l a t h  packets. While such cracks propagate e a s i l y  w i t h i n  a packet ,  they  may a r r e s t  upon i n t e r s e c t i n g  a h i gh  
angle packet  boundary. Since t he re  i s  concurrent  format ion o f  packets w i t h i n  a g ra i n ,  such h i gh  angle 
i n t e r s e c t i o n s  and a r r e s t s  may occur on t he  o rder  of one t o  several  packet  widths.  Because o f  m i s o r i e n t a t i o n  
of t he  cleavage f r ac tu re  p lanes cont inued propagat ion o f  a c rack  pas t  a h i gh  angle boundary requ i res  p l a s t i c  
r up tu re  o f  t h e  i n t e r v e n i n g  l a t h s .  By equat ing l o c a l  i n t e r n a l  necking s t r a i n  displacement l ead ing  t o  45O 
f r a c t u r e  o f  l a t h s  of th ickness  t w i t h  a c r i t i c a l  crack displacement for s t a b l e  crack growth 6x (E K:/Zo,,E), 
Kno t t  ob ta ins  t h e  f o l l o w i n g  es t imate  o f  07 

(6  ) 
2 1/2 

0; = (4Ea t /n( l  - u ) dp) 

For E = 200 GPa, 0 = 800 HPa, t = .2 pm and d 

, Y 

= 8 vm, t he  p red i c ted  value o f  u* i s  2400 MPa. Y P f 

Whi le a number of c r i t i c i s m s  can be aimed a t  t h i s  model (e.g.,  use o f  a m ix tu re  of e l a s t i c  and 
e l a s t i c - p l a s t i c  f r a c t u r e  concepts on a mic rosca le  where n e i t h e r  apply r i g o r o u s l y ,  and t he  p red i c ted  y i e l d  
s t r ess  dependence which i s  n o t  observed) t h e  most s i g n i f i c a n t  ques t ion  concerns t he  unde r l y i ng  d e s c r i p t i o n  
of t h e  f r a c t u r e  process. Therefore, a microscopic i n v e s t i g a t i o n  was c a r r i e d  o u t  t o  determine if the re  $ 5  
evidence o f  microcracking,  microcrack a r r e s t ,  and d u c t i l e  deformation and f r a c t u r e  i n  assoc ia t i on  w i t h  
cleavage microcrack propagat ion.  

5.3.2 Fractography Studies 

Extensive eva lua t i on  o f  f r a c t u r e  sur faces o f  specimens t e s t e d  over t he  range o f  s ize ,  geometry, temperature 
and s t r a i n  r a t e  cond i t i ons  discussed i n  Sec t ion  5.2 was c a r r i e d  o u t  on an ETEC scanning e l e c t r o n  microscope 
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(SEM). Whi le t he re  were d i f f e rences  i n  d e t a i l ,  a number o f  h i g h l y  cons i s ten t  observat ions were ob ta ined 
which can be summarized as fo l lows:  

1. 

2. 

3 .  

As noted above, t he  predominant mode o f  f r a c t u r e  was cleavage f o r  all low temperature t e s t  cond i t ions .  
Indeed, t h e  f r a c t u r e  surface appearance was on a gross sca le  independent of s t r a i n  r a t e ,  specimen s i ze ,  
a/w r a t i o  and temperature below about -50°C. Th i s  bas i c  f r a c t u r e  sur face  morphology i s  i l l u s t r a t e d  i n  
F igure  13, which c l e a r l y  demonstrates t h e  correspondence o f  cleavage face ts  t o  t h e  b a i n i t i c  packet  s i z e  
scale.  

However, on a mow ' l im i t ed  scale,  t he re  was a l s o  evidence o f  d u c t i l i t y  f o r  e s s e n t i a l l y  all t e s t  
cond i t i ons .  F i -  , _ ,  ds expected, small  shear l i p s  were observed near t h e  edges of t h e  specimens. 
HinevP.., t he  shear reg ions  were i n  general a very  smal l  f r a c t i o n  ( l ess  than  a few percent)  o f  t he  t o t a l  
f rac t  ' . 5l:rface area. Add i t i ona l  evidence of d u c t i l i t y  randomly d i s t r i b u t e d  on t he  i n t e r i o r  o f  t he  
f ractc. r t .  ~i lr :ace was a l s o  observed i n  t he  form o f  t e a r  r idges  which f a i l e d  by mic rovo id  coalescence. A 
t y p i c a l  example i s  shown i n  F igure  14a. These d u c t i l e  reg ions  u s u a l l y  e x h i b i t e d  a w i d t h  dimension o f  
the  o rder  o f  t he  packet  s i ze ,  a l though they  tended t o  be s t r ung  ou t  i n  r i d g e - l i k e  s t r uc tu res ,  as 
imp l i ed  i n  t he  name and i l l u s t r a t e d  i n  F igure  14a. I n  o the r  cases, more i s o l a t e d  packet  s i ze  t e a r i n g  
regions were i d e n t i f i e d ,  as i l l u s t r a t e d  i n  F igure  14b and 14c. While t h e  apparent frequency o f  these 
reg ions  increased a t  lower s t r a i n  r a t e s  and h i ghe r  t e s t  temperatures, t he  d i f f e rences  were n o t  l a rge .  

These observat ions were made on reg ions  o f  t he  f r a c t u r e  surface corresponding t o  c rack  propagat ion,  
a l b e i t  c l ose  t o  the  i n i t i a t i o n  s i t e .  E f f o r t s  t o  use r i v e r  p a t t e r n  techniques t o  i d e n t i f y  t he  ac tua l  
i n i t i a t i o n  s i t e s  were l a r g e l y  unsuccessful. Th i s  d i f f i c u l t y  i s  due p r i m a r i l y  t o  t he  extremely f i n e  
sca le  of t he  f r a c t u r e  surfaces. However, occas iona l l y  fea tu res  t h a t  suggested an i n i t i a t i o n  s i t e  wePe 
observed as i l l u s t r a t e d  i n  F igure  15. Here a s i z a b l e  spher ica l  f ea tu re  which may be a g r a i n  boundary 
carb ide  o r  i n c l u s i o n  i s  surrounded by a reg ion  o f  r a d i a t i n g  cleavage facets mixed w i t h  l i g h t  reg ions  
i n d i c a t i n g  d u c t i l i t y .  

These observat ions support  t he  p o s t u l a t e  t h a t  cleavage f r a c t u r e  propagat ion i s  n o t  un i fo rm and i s  i n t e r r u p t e d  
by small  reg ions  o f  d u c t i l e  f r ac tu re .  Observations o f  such reg ions  i n  assoc ia t i on  w i t h  r a p i d l y  propagat ing 
cracks associated w i t h  h i gh  dynamic s t r ess  i n t e n s i t i e s  suggests t h a t  such d u c t i l e  f r ac tuve  nay be an even 
more impor tan t  component of t he  cleavage f r a c t u r e  i n i t i a t i o n  event. 

To b e t t e r  determine t he  poss ib l e  r o l e  of c rack  formation, m ic rocrack ing  and microcrack a r r e s t ,  a two-stage 
r e p l i c a t i o n  examinat ion was c a r r i e d  o u t  of t he  reg ion  near t he  i n i t i a l  c rack  t i p  and below the  f r a c t u r e  
surface (- 1 mm). The procedure i nvo l ves  t h e  f o l l o w i n g  steps: e l e c t r o p o l i s h i n g  o f  a mechanical ly-prepared 
surface; negat ive  r e p l i c a t i o n  o f  t h e  sur face  us ing  a p l a s t i c  tape softened i n  acetone; negat ive  r e p l i c a t i o n  
o f  t he  tape by carbon depos i t ion ;  shadowing t he  now-posi t ive carbon r e p l i c a  of t he  sur face  us ing  a h i gh  
c o n t r a s t  element, i n  t h i s  case chromium; t ransmiss ion  e l e c t r o n  microscopy (TEN) examination o f  t he  shadowed 
r e p l i c a  us ing  a JEM-200CX. 

Abundant evidence o f  subsurface mic rocrack ing  and a r r e s t  was found as i l l u s t r a t e d  i n  F i gu re  16. The 
microcracks can be i d e n t i f i e d  as reg ions  o f  l i g h t  a l t e r n a t i n g  w i t h  b l a c k  ( the  shadow) aga ins t  a grey 
background. F igure  17 shows t he  morphology o f  an i s o l a t e d  microcrack. Here an i n t e r l a t h  c rack  appears t o  
have made a smal l- angle turn b u t  a r res ted  a t  high angle i n t e r s e c t i o n  w i t h  another l a t h  packet. 

C lea r l y ,  these observat ions support  t he  general phenomenology o f  cleavage f r a c t u r e  i n  l a t h  m ic ros t ruc tu res  
proposed by Broz207 f o r  low carbon mar tens i tes  and Currys f o r  a b a i n i t i c  low a l l o y  s t e e l  (A533B). Hence, 
t he  general model ing approach o f  Kno t t  appears reasonable, a l though a more r i go rous  approach t o  t h e  
mechanics o f  t he  microscopic deformat ion t o  f r a c t u r e  process may be requ i red .  The r e s u l t s  do f u r t h e r  
suggest app rop r i a te  heat  t reatments which cou ld  improve f r ac tu re  toughness by: ma in ta i n i ng  f i n e  carbides 
and packet  s t r uc tu res ;  enhancing t he  d u c t i l i t y  o f  and i n t e r n a l  m i so r i en ta t i ons  o f  packet  s t r uc tu res ;  
and i nc reas ing  t he  spacing o f  carb ides.  As an i l l u s t r a t i o n ,  one migh t  cons ider  s t a r t i n g  w i t h  a r e f i n e d  
m ic ros t ruc tu re ,  hea t ing  r a p i d l y  t o  h i gh  temperatures t o  promote r a p i d  r e c r y s t a l l i z a t i o n  and l a r g e  aus ten i t e  
g ra i ns  ( l a r g e  1*) and then  r a p i d l y  quenching t o  promote f i n e  packet  s t r uc tu res .  Subsequent in te rmed ia te  
temperature temper ing cou ld  be used t o  at tempt t o  op t im ize  t he  format ion o f  f i n e  and s t a b l e  carbides t o  
moderately lower t he  y i e l d  s t ress .  Th is  and o the r  a l l o y  o p t i m i z a t i o n  approaches w i l l  be pursued i n  f u tu re  
research.  

5.3.3 Hydrogen E f f e c t s  on F rac tu re  

S i g n i f i c a n t  q u a n t i t i e s  o f  d i sso l ved  i s o t o p i c  (0, T, H) hydrogen may e x i s t  i n  f u s i o n  s t r uc tu res .  Hence t he  
e f f e c t s  o f  t h i s  v a r i a b l e  on low temperature f r a c t u r e  processes i s  o f  cons iderab le  i n t e r e s t .  Fur ther ,  t he  
e f f ec t  of hydrogen may p rov ide  a d d i t i o n a l  c l ues  t o  t he  micromechanisms of f r ac tu re .  For example, if Some 
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Fig. 15. Fractograph showing a possible crack i n i t i a t i o n  s i t e  associated with large three-dimensional 
defect. 

(a) (b) 

Fig. 16. TEM micrographs o f  surface replicas showing microcrack locations with respect t o  microstructure. 
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localized ductile fracture process controls the magnitude of the microcleavage fracture stress, as suggested 
above. then a relative insensitivity to hydrogen would be anticipated. This, of course, presumes that there 
is not a shift to an intergranular fracture mode/ path. 

A preliminary study of the effect of hydrogen was carried out on bend bars with B = .25 cm and a/w of .75 
and .5 at -73OC and -101% tested at static strain rates. This represents a range of relatively ductile to 
moderately brittle fracture condftians (a+ The specimens were hydrogen charged in an 
autoclave at about 10 MPa hydrogen pressure $t 500°C. They were then rapidly cooled at pressure (2OO0C in 
0.5h) and subsequently discharged and tested. Based on equilibrium solubility estimates, the hydrogen 
content was about 10 ppm. 

- .95 to .65). 

The fracture toughness results are sumarized in Table 8. In general, there appears to be substantial 
reduction in the fracture resistance induced by hydrogen charging from about 9 to 23 percent with an average 
reduction of about 17 percent. The results for the deep crack a/w should be viewed with some suspicion 
since the differences reside largely in the high sensitivity of the compliance function to a/w in this 
range; notably, the maximum load for the hydrogen specinen is larger in this case, but the P load is 
slightly smaller 20.5 versus 21.8 kg). Further, the apparent reduction at -101'C is less that for the 
nominally less brittle -73OC case, contrary to expectation. Thus some of the apparent hydrogen effects may 
be due to data scatter and indices; nevertheless, 
the trend to s a  reduction seems clear. However. 
the maximum load-based fracture-to-collapse stress ratio is clearly less sensitive with a maximum reduction 
of abput 1l% and an average decrease of about 5%. 

As expected. fractography studies did not indicate a significant difference in fracture surface appearance. 
Further, evaluation of ductilities for charged and uncharged specimens showed relatively little effect. 
Additional studies of hydrogen will be carried out on larger specimens at lower test temperatures and higher 
strain rates. These studies will also include the effect of thermal aging to try to temper-embrittle the 
alloys. charging to higher hydrogen levels, and charging in flawed specimens under a maintained crack tip 
stress field. 

5.3.4 Strain Rate Effects 

As discussed elsewhere', simple theory suggests that la and a* are relatively insensitive to temperature and 
strain rate over a considerable range in the lower-shelf toughness regime. Stress-controlled cleavage 
fracture models further predict relatively constant lower shelf toughness for constant la and a: even though 
the yield stress increases with decreasing temperature and increasing strain rate. 

f 

Therefore, the reduction in lower shelf toughness with increasing strain rate and decreasing temperature 
reported in Section 5.2 suggests a change in either the micromechanism of fracture, variation in the 
fracture parameters, aa and 1*, or both. Indeed, data in the literature for mild and low alloy steel 
suggest that at very 18w temperatures there is a change in the basic cleavage fracture mechanisms. signaled 
by a large drop in a*. Therefore, a study of the strain rate sensitivity of the basic fracture parameters 
was undertaken. Furt%er, dynamic yield strength measurements were extended to lower temperatures from the 
previous limit of about -129°C; the yield strength data are needed along with the toughness data given in 
Section 5.2 to clarify fracture mechanisms at high strength limits associated with low temperatures and high 
strain rates. 

The temperature and strain rate sensitivity of a* was investigated with Griffiths-Owen (GO) type four point 
benq barsl8_using procedures discussed elsewherefz Tests were conducted at nominal notch tip strain rates 
of-c =-SO? at temperatures from -73 to -195OC. One GO test was conducted at a lower_ strain rats E = 
10 s/10 2s at 195°C. Standard tensile tests were conducted at strain rates of 10 and 3 s ' at 
temperature from -129OC to -195OC. 

The tensile data are shown in Fig. 18. The yield strength measurements are correlated by a nominal 
temperature strain rate parameter T ln(108/E). Several previously-reported instrumented C general yield 
data points are also shown in Fig. 18. These results can be reasonably represented by a relalion 

(7) 
-0.5 a - 4.7x104[T ln(108/i)1 

Ys 

The lo"/; strain rate parameter is equivalent to an activation enthalpy H for dislocation motion on the 
order of H = Q* - Vaa = 24.OkJ/mole, where Q* is the intrinsic activation energy for slip and V* the 
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Fig. 18. Variation o f  yield stress with temperature/strain rate parameter. 
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olume. Th is  va lue  i s  cons i s ten t  w i t h  a wide a r r a y  o f  l o w  temperature deformat ion s tud ies  i n  
body-centered cub i c  a l l o y s .  The temperature and s t r a i n  r a t e  dependence descr ibed by  eqn. (7) i s  

It has been shown recent ly1 '  
s a unique r e l a t i o n  i n  t h i s  a l l o y  c lass  f o r  t h e  increase i n  t h e  dynamic and s t a t i c  y i e l d  s t r e s s  
ing temperature; t h a t  i s ,  w i t h i n  t h e  s c a t t e r  i n  t h e  data, t h e  average abso lu te  increase i n  y i e l d  
increment o f  temperature decrease i s  independent o f  t h e  s p e c i f i c  a l l o y  type, c o n d i t i o n  and 
c l  i n c l u d i n g  t h e  e f f e c t s  o f  neut ron  i r r a d i a t i o n  exposure. Therefore, t h e  a p p l i c a b i l i t y  of t h i s  
m a r t e n s i t i c  s t e e l s  and more accurate eva lua t i on  of s t r a i n  r a t e s  w i l l  be f u r t h e r  eva lua ted i n  
'ch. 

t o  t h e  behavior  of a range o f  l ow- a l l oy  pressure  vessel  s tee ls .  

ovs t h e  microcleavage f r a c t u r e  s t r e s s  a; data  from t h e  GO tes ts .  Again, t h e  data  a re  p l o t t e d  
same temperature s t r a i n  r a t e  parameter used p rev ious l y .  The data  show a r a p i d  drop i n  07 from 
Pa 50 about 1800 MPa a t  s t ra in - ra te- tempera ture  parameter values o f  about 1750°K f o r  t h e  s t r a i n  
50s 1. Th i s  corresponds t o  a temperature o f  about -150V;  note  t h e  t e s t  a t  l o v e r  s t r a i n  r a t e  
a r  l o w  va lue  a t  a temperature o f  -195OC. The lowest  da ta  p o i n t  a t  t h e  h igher  s t r a i n  r a t e  and a 
! o f  -195OC shows a s l i g h t  increase t o  a 0; o f  about 1930 MPa; i t i s  n o t  known if t h i s  i s  a r e a l  
! consequence o f  da ta  sca t te r .  

The abruptness o f  t h e  t r a n s i t i o n  i s  s u r p r i s i n g .  It i s  be l i eved  t h a t  t h i s  may be t h e  consequence o f  a 
t r a n s i t i o n  i n  t h e  bas ic  deformation mechanism from s l i p  t o  twinning.  However, t h i s  remains t o  be 
demonstrated m i c r o s t r u c t u r a l l y .  Whatever t h e  unde r l y i ng  mechanism, however, t h e  abruptness of t h e  
t r a n s i t i o n  has a number o f  s i g n i f i c a n t  imp l i ca t i ons .  I n  p a r t i c u l a r ,  i t might  be used as a second re ference 
p o i n t  f o r  purposes such as eva lua t i ng  c o n s t r a i n t  f a c t o r s  and notch/crack t i p  s t r a i n  ra tes .  Indeed, if t h e  
t r a n s i s i o n  were o n l y  dependent on t h e  u n i a x i a l  y i e l d  s t reng th  (.- 1100 MPa f o r  t h e  specimens a t  -150°C and E 
= 150s ') it cou ld  serve as an abso lu te  reference point.. The 
dynamic .toughness data  show a t r a n s i t i o n  a t  about E = 10 */lo ' and -101°C. Th i s  corresponds t o  a 
Tln(lO*/e) parameter o f  about 3600 t o  4000°K, compared t o  a value o f  about 1700 t o  2100 f o r  t h e  GO-bar 
determined u* values. 
p r i n c i p a l  t o f y i e l d  s t r e s s  r a t i o  Rmax f o r  a loaded, i n i t i a l l y - s h a r p  c rack  i s  about 3.6 f o r  an a l l o y  w i t h  a 
work hardening exponent o f  about .l. This i s  c a l c u l a t e d  us ing  Crack t i p  f i e l d  f i t s  t o  f i n i t e  element 
c a l c u l a t i o n s . *  The maximum r a t i o  i n  GO specimens i s  about ?.?I6 (it i s  lower due t o  t h e  b l u n t  notch). I t  
i s  assumed t h a t  t h e  geomet r i ca l l y- sens i t i ve  s t ress  s t a t e  behav ior  i s  represented by these maximum r a t i o s  and 

maxo . Th is  suggests t h a t  equivalency i n  go ing  t h a t  equ i va len t  behav ior  i s  observed a t  equal values o f  R 
from an i n i t i a l l y - s h a r p  c rack  f r a c t u r e  specimen t o  a GO specimen would r e q u i r e  about a f a c t o r  of 1.3 
increase i n  y i e l d  s t ress .  As shown i n  Fig. 18. t h i s  c l o s e l y  corresponds t o  t h e  increase i n  t h e  y i e l d  
s t reng th  over  t h e  s t r a i n  r a t e  parameter range o f  3400 (- MPa) t o  1900 (- 1070 HPa). Hence, t he re  i s  a 
s t rong  i n d i c a t i o n  t h a t  t h e  t r a n s i t i o n  i s  c o n t r o l l e d  by  s t ress- s ta te- d i c ta ted  c o n s t r a i n t  fac tors ;  Viz. .  
maximum p r i n c i p a l  s t resses on t h e  order  of 2900 MPa a re  requ i red.  Fu r the r  evidence i s _  found i n  the  r e s u l t s  
o f  t e n s i l e  t e s t s  a t  l i q u i d  n i t r o g e n  temperature (-195%) and a t  h i g h  s t r a i n  rates(3s l) which i n d i c a t e s  a 
c l a s s i c a l  cup and cone d u c t i l e  f r a c t u r e  mode. Representat ive micrographs o f  t h e  d u c t i l e  f r a c t u r e  sur face 
a re  shown i n  F igu re  20. Based on t h e  measured reduc t i on  i n  area (44%) and a Bridgman ana l ys i s  a t  t h e  P o i n t  
of f r a c t u r e , l s  t h e  f o l l o w i n g  parameters a re  obtained: y i e l d  s t r e s s  o f  1220 MPa; t r u e  f r a c t u r e  s t r e s s  of  
about 1400 MPa; maximum p r i n c i p a l  s t ress  of about 1800 MPa. Evidence o f  a h i g h l y  t r i a x i a l  s t r e s s  s t a t e  i s  
observed i n  t h e  occurrence o f  a x i a l  cracks a l s o  v i s i b l e  i n  F igure  20. Hence, t h e  observa t ion  of d u c t i l e  
f r a c t u r e  i n  t e n s i l e  t e s t s  i s  cons i s ten t  w i t h  t h e  value of t he  maximum p r i n c i p a l  s t r e s s  i n s u f f i c i e n t  t o  
t r i g g e r  e i t h e r  cleavage f r a c t u r e  mechanism. F i n a l l y ,  we note one very  p u z z l i n g  observat ion;  namely, t h a t  
t h e  low s t r a i n  r a t e  -195OC t e n s i l e  t e s t s  showed a lower d u c t i l i t y  ( reduc t i on  i n  area o f  - 2Z i n  a h i g h l y  
d i f f u s e  neck) and i n d i c a t i o n s  o f  quasi cleavage f r a c t u r e ,  a l b e i t  w i t h  a more three- dimensional  morphology 
than f o r  bend ba r  f r a c t u r e  surfaces. Poss ib le  exp lanat ions  f o r  t h i s  behavior  a re  under i n v e s t i g a t i o n .  

However, t h i s  does n o t  appear t o  be t h e  case. 

Th is  suggests poss ib le  e f fec ts  o f  s t r e s s  s t a t e  on t h e  t r a n s i t i o n .  The maximum 
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7.0 Future  Work 

As i n d i c a t e d  throughout Sect ion  5, a v a r i e t y  o f  t e s t s  are  planned and ongoing. We p l a n  to f u r t h e r  address 
t h e  e f fec ts  of s ide  groov ing by i n v e s t i g a t i n g  l a r g e r  samples and ma in ta in ing  B constant  w h i l e  va ry ing  B . 
Studies w i l l  be performed t o  address t h e  observat ion  o f  systemat ic d e v i a t i o n  i n  p r e d i c t e d  and l easu rgd  
values of a /a a t  small values of a/w i n  bo th  side-grooved and p l a i n  specimens. The micromechanical model 
f o r  c leava te  ‘ f racture w i l l  be f u r t h e r  t e s t e d  aga ins t  a m a t r i x  o f  heat t reatments i n c l u d i n g  5 
reausten iza t ions ,  3 c o o l i n g  r a t e s  and 5 tempering cond i t ions .  . I n  a d d i t i o n ,  some simulated hea t- a f fec ted  
zone m a t e r i a l  w i l l  be s tud ied.  Hydrogen charg ing s tud ies  w i l l  cont inue w i t h  emphasis on l a r g e r  specimens, 
on hydrogen charg ing s t ressed specimens and on h igher  s t r a i n  r a t e ,  lower temperature t e s t  cond i t ions .  I n  
a d d i t i o n ,  we w i l l  a t tempt t o  examine t h e  p o t e n t i a l  r o l e  o f  temper embri t t lement.  The temperature and s t r a i n  
r a t e  dependence of t h e  y i e l d  s t r e s s  w i l l  be compared t o  a master curve success fu l l y  developed f o r  a v a r i e t y  
of f e r r i t i c  s t e e l s ,  and i m p l i c a t i o n s  w i l l  be assessed. The m i c r o s t r u c t u r a l  s tud ies  w i l l  be continued. 
Emphasis w i l l  be on c h a r a c t e r i z i n g  m ic ros t ruc tu res  developed i n  t h e  heat t r e a t i n g  m a t r i x  descr ibed above, 
and on microcrack  e v o l u t i o n  as a func t i on  of t e s t  temperature, c o n s t r a i n t  and s t r a i n  ra te .  F i n a l l y ,  we p l a n  
t o  eva luate  t h e  TPP by per forming t e s t s  on specimens o the r  than bend bars, f o r  ins tance,  w i t h  center- cracked 
panels. I n  a d d i t i o n ,  t h e  i ssue  of v a r i a t i o n  i n  s t ress  and deformat ion f i e l d s  around par t- through cracks 
w i l l  be addressed. 
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SOME CONSIDERATIONS OF RADIATION EFFECTS ON STRESS CORROSION CRACKING OF FUSION REACTOR MATERIALS 

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

1 .o Ob jec t i ve  

The purpose of t h i s  eva lua t ion  was t o  i d e n t i f y  p o t e n t i a l  synergisms between i r r a d i a t i o n  phenomena and s t r ess  
cor ros ion  processes. 
and no repor ted  s tud ies  of i n - s i t u  s t r ess  corros ion.  Therefore, an assessment of p o t e n t i a l  i r r a d i a t i o n  and 
s t r ess  cor ros ion  synergisms was undertaken t o  i d e n t i f y  poss ib le  concerns f o r  fus ion reac to r  mater ia ls .  

There have been few s tud ies  on the  s t r ess  co r ros i on  behavior  o f  i r r a d i a t e d  ma te r i a l  

2.0 Sumnary 

Publ ished research on r a d i a t i o n  enhanced co r ros i on  was reviewed and i t  was concluded t h a t  r a d i o l y s i s  i s  not 
expected t o  increase the  cor ros ion  r a t e  o f  fus ion reac to r  ma te r i a l s  by more than a f a c t o r  o f  3; however, 
hydrogen uptake cou ld  increase s i g n i f i c a n t l y  i n  f e r r i t i c ,  r e f r a c t o r y  and r e a c t i v e  a l loys .  The e f f e c t  of 
i r r a d i a t i o n  enhanced creep on i n t e r g r a n u l a r  s t ress  co r ros i on  cracking,  IGSCC, was modeled and i t  was con- 
cluded t h a t  i r r a d i a t i o n  creep could s i g n i f i c a n t l y  increase t he  crack growth r a t e  a t  s t resses below the  y i e l d  
st rength.  A phosphorus segregat ion induced I G S C C  process was a lso  evaluated and shown t h a t  r a d i a t i o n  
induced phosphorus segregat ion cou ld  dominate a l l  o ther  I G S C C  ef fects.  Ca lcu la ted  K 
HT-9 were reviewed and compared w i t h  publ ished KIC r e s u l t s  fran the  ADIP  program. TkFs comparison suggests 
t h a t  the  model used t o  ca l cu la te  t he  e f f e c t s  of i nc reas ing  y i e l d  s t r eng th  and g r a i n  boundary segregat ion on 
KIC g ives ca l cu la ted  values s i g n i f i c a n t l y  l ess  than the  experimental r esu l t s .  

and KTH, resu l ts  fo r  

3.0 Program 

T i t l e : .  Mechanical Proper t ies  
P r i n c i p a l  I n v e s t i g a t o r :  R. H. Jones 
A f f i  1 i a t i on :  P a c i f i c  Northwest Laboratory 

4.0 Relevant DAFS Proqram Plan Task/Sub-Task 

Subtask II.C.8 E f f e c t s  o f  Helium and Displacements on Frac tu re  
Subtask II .C.9 
Subtask II.C.12 E f f e c t s  o f  Cyc l ing  on Flow and F rac tu re  

E f f e c t s  o f  Hydrogen on Frac tu re  

5.0 Accomplishments and Status 

5.1 Background 

5.1.1 Radiation-Enhanced Corrosion 

Rad ia t ion  may a l t e r  t he  cor ros ion  behavior  o f  ma te r i a l s  by causing chemical changes i n  the  environment, by 
a l t e r i n g  t he  p r o t e c t i v e  p rope r t i es  of t he  passive f i l m  o r  by chemical o r  phase changes i n  t he  a l l o y .  
t i o n  induced chemical changes i n  the  environment are c a l l e d  r a d i o l y s i s  and occur by e x c i t a t i o n  and i on i za-  
t i o n  of t he  atoms and molecules i n  t he  environment. 
chemical a c t i v i t y  o f  t he  environment o r  the k i n e t i c s  o f  the  ca thod ic  o r  anodic e lectrochemical  processes. 
I n  a f us i on  reac to r  system, r a d i o l y t i c  e f f e c t s  w i l l  occur p r i m a r i l y  fran the  i n t e r a c t i o n  o f  gamma rays and 
beta p a r t i c l e s  from the  ac t i va ted  s t r u c t u r e  o r  from rad ionuc l ides  i n  t he  coolant .  I n  a water cooled system, 
t he  dominant r ad ionuc l i de  i s  expected t o  be 16N formed by (n,p) reac t ions  which decays i n t o  6.1 MeV gamma 

Radia- 

Changes i n  chemical composit ion produce a change i n  
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rays and 10.4 MeV and 4.3 MeV beta p a r t i c l e s .  
s t r u c t u r e  w i l l  depend on the  chemical composit ion of the  b lanke t  s t r u c t u r e .  R a d i o l y t i c  processes are not  
expected i n  l i q u i d  metal cooled systems a l though chemical o r  phase changes i n  the  m a t e r i a l  con tac t ing  the  
l i q u i d  metal coo lan t  could a f fec t  the  cor ros ion  ra te .  

The gamma and beta spectrum emanating from the  ac t i va ted  

Most cor ros ion  r e s i s t a n t  ma te r i a l s  form a t h i n  p r o t e c t i v e  f i l m  on t h e i r  sur face when exposed t o  aqueous 
environments. This  f i l m  i s  genera l l y  about 100 R t h i c k  and i s  thought  t o  be a hydrated oxide which reduces 
c a t i o n  and anion d i f f us i on  s u f f i c i e n t l y  t o  reduce the  co r ros i on  r a t e  by several orders o f  magnitude. 
t i o n  can degrade t h e  p r o t e c t i v e  p rope r t i e s  o f  a passive f i l m  by atomic displacements which increase t h e  
c a t i o n  o r  anion d i f f u s i v i t y  through the  f i l m  o r  from a pho to- rad ia t ion  e f f e c t  which a l t e r s  the  semiconduct- 
i n g  p rope r t i e s  o f  the  f i l m .  

Radia- 

Byalobzhesky’ has reviewed the  r a d i o l y t i c ,  damage and photoconductive e f f e c t s  of i r r a d i a t i o n  on co r ros i on  
and f o r  most ma te r i a l s  an increase of on ly  1.5 t o  3 t imes i s  noted. For sow selected cases however t h e  
increase was several orders of magnitude. Stobbs and Swallow2 a l so  reviewed t h e  e f f e c t s  o f  r a d i a t i o n  on 
m e t a l l i c  co r ros i on  although most of t h e i r  examples are f o r  z i rconium and uranium a l l o y s .  
r e s u l t s  o f  many i nves t i ga t i ons ,  Stobbs and Swallow2 s t a t e  t h a t  the  co r ros i on  behavior o f  s t a i n l ess  s tee l  i n  
h igh p u r i t y  water a t  temperatures up t o  300°C and a pH of 10 i s  a f f ec ted  very l i t t l e  by a neutron f l u x  of 
l o t 3  t o  l o t 4  cm-2 5-1  ( thermal) .  S i m i l a r l y ,  co r ros ion  s tud ies  o f  s t a i n l ess  s tee l  i r r a d i a t e d  w i t h  e l ec t r ons  
and deuterons showed l i t t l e  e f fec t  of these i r r a d i a t i o n s .  The r e s u l t s  on carbon s t e e l s  i n  reac to r  loops a t  
300OC are c o n f l i c t i n g  showing both an increase and a decrease i n  cor ros ion  rate2;  however, w i t h  inc reas ing  
chromium content  and t he re fo re  w i t h  inc reas ing  p a s s i v i t y  t h e  e f fec t  of r a d i a t i o n  diminishes. 

I n  summarizing t h e  

Van Konynenberg and McCright3 r ecen t l y  reviewed the  e f f e c t  o f  r a d i a t i o n  on co r ros i on  i n  steam generators. 
I n  t h i s  case, r a d i a t i o n  r e s u l t e d  fran decay of 16N i n t o  gamma rays and beta p a r t i c l e s  and no neutrons were 
present .  

5.08 H20 + 2.63 e- + 0.55 H + 2.72 OH + 0.68 H202 + 0.45 HZ + 3.63 H++ 1.00 OR. 
aq 

I n  a closed con ta iner  t h e r e  i s  no net  chemical change because t h e  reverse r e a c t i o n  o f  f r e e  r a d i c a l s  t o  form 
water i s  very f as t .  I n  an open system w i t h  gas bubb l ing  through so lu t ion ,  t h e  Hz gas goes of f  and t h e  HzOz 
concent ra t ion  increases and reaches a steady s t a t e  concentrat ion.  I n  rev iewing the  e f f e c t s  of r a d i a t i o n  on 
co r ros i on  of carbon s t e e l s ,  Van Konynenberg and McCr ight3 concluded t h a t  i n  temperature and pH regimes a t  
which a passive f i l m  i s  not  s t a b l e  r a d i a t i o n  increased t h e  cor ros ion  r a t e  wh i l e  i n  temperature and pH 
regimes i n  which a passive f i l m  i s  s table,  r a d i a t i o n  a s s i s t s  i n  f i l m  formation and reduces the  Cor ros ion  
rate.  Under cond i t i ons  i n  which r a d i a t i o n  increased the  co r ros i on  rate,  the  increase was o n l y  about a f a C -  
t o r  o f  2 a l though one study repor ted  an increase of 12.7 f o r  e l e c t r o n  i r r a d i a t i o n .  

The chemical changes occur r ing  i n  pure water can be represented by the  fo l low ing  o v e r a l l  reac t ion :  

Nelson, Westerman, and Gerber4 r ecen t l y  repor ted  co r ros i on  t e s t s  conducted on several f e r r i t i c  s t e e l s  and 
t i t a n i u m  a l l o y s  i n  a cobal t- 60 f a c i l i t y .  
w i t h  a gamma ray dose r a t e  o f  2 x 106 rad lh r .  
s tee l ,  a c a s t  2 112 Cr-1% Ma s t e e l  and a wrought 1020 s tee l  w h i l e  t h e  t i t a n i u m  a l l o y s  were t i t a n i u m  grade 2 
and grade 12. 
cable t o  f u s i o n  reactors,  it i s  encouraging t o  no te  t h a t  Nelson, Westerman, and Gerber4 observed a t  most a 
f a c t o r  o f  2 increase i n  t h e  co r ros i on  r a t e  of f e r r i t i c  s tee ls .  The most cor ros ion  r e s i s t a n t  f e r r i t i c  Steel 
tes ted ,  2 112 C r - 1  Ma s t e e l ,  showed l i t t l e  if any increase i n  t h e  co r ros i on  r a t e  which i s  cons i s t en t  w i t h  
t h e  r e s u l t s  repor ted  by others2.3. 
t i t a n i u m  a l l o y s  which reached 100 w t .  ppm a f t e r  a 10 month exposure. 

Tests were conducted a t  250°C i n  Grande Ronde Basa l t  groundwater 
The f e r r i t i c  a l l o y s  were a d u c t i l e  cas t  i r o n ,  a cas t  1025 

While the  ma te r i a l s ,  water chemist r ies,  and gama spectrum and f l u x e s  are not  d i r e c t l y  a p p l i -  

Perhaps of g rea te r  concern was the  hydrogen uptake observed f o r  the  

I n  summary, i t  would appear t h a t  a l l o y s  such as 316 SS and HT-9 which form passive l a y e r s  i n  h igh  tempera- 
t u r e  water would not  experience an increased co r ros i on  r a t e  frm the  gama and be ta  r a d i a t i o n  emanating from 
t h e  b lanke t  reg ion  of a f u s i o n  reactor .  
i nc luded  i n  t h i s  assessment. I f  an increase i s  observed i t  would be small and o f  t h e  order  of 2-3 t imes. 
Low a l l o y  s t e e l s  such as 1 114 Cr-1 Mo would a lso  not  l i k e l y  experience co r ros i on  ra tes  more than 2-3 t imes 
f as te r  i n  the  b lanke t  s t r u c t u r e .  A c l ose r  eva lua t ion  f o r  the  gamma spectrum expected i n  a fus ion r eac to r  
b lanke t  s t r u c t u r e  combined w i t h  fus ion energy neutron reac t ions  i s  needed be fo re  the  p o s s i b i l i t y  o f  enhanced 
cor ros ion  i n  a f u s i o n  r eac to r  b lanket  s t r u c t u r e  can be dismissed. Since both f e r r i t i c  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 s  can be e m b r i t t l e d  by hydrogen, the  p o s s i b i l i t y  of enhanced hydrogen absorp t ion  i n  f u s i o n  r eac to r  
s t r u c t u r a l  ma te r i a l s  i s  o f  g rea te r  concern than t h e  p o s s i b i l i t y  of enhanced cor ros ion  ra tes .  
appear t h a t  a hydrogen embr i t t lement  s tudy o f  fus ion  reac to r  ma te r i a l s  exposed t o  r a d i a t i o n  wh i l e  i n  con tac t  
w i t h  water i s  warranted. 

The e f f e c t  o f  neutron induced damage t o  t h e  passive f i l m  i s  not  

It would 
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5.1.2 St ress Corrosion Crackinq o f  I r r a d i a t e d  M a t e r i a l s  

U n l i k e  the sub jec t  o f  r a d i a t i o n  e f f e c t s  on cor ros ion,  t h e r e  have been r e l a t i v e l y  few s tud ies  on the e f f e c t  
of r a d i a t i o n  on s t ress  co r ros ion  cracking. The notab le  except ion t o  t h i s  i s  z i r c a l o y  al though the main 
f a i l u r e  mechanisms i n  z i r c a l o y  c ladd ing i s  a combination o f  s t ress  rup tu re  and embr i t t lement  by i o d i n e  o r  
l i q u i d  metal .  There are a number of r a d i a t i o n  damage processes which may e f f e c t  t h e  s t ress  co r ros ion  
behavior o f  ma te r ia l s  i nc lud ing :  

e Hydrogen embr i t t lement  from r a d i o l y t i c  hydrogen uptake coupled w i t h  r a d i a t i o n  hardening, 

0 Radia t ion induced segregat ion as discussed by Jones and Wolfer,5 

o Radia t ion induced p r e c i p i t a t i o n  which increases t h e  co r ros ion  r a t e  o r  causes a f as te r  crack 
growth r a t e  due t o  embr i t t lement ,  

o Rad ia t i on  e f f e c t  on the co r ros ion  ra te ,  

n Helium embr i t t lement  causing a f a s t e r  s t ress  co r ros ion  crack growth ra te ,  

I r r a d i a t i o n  creep enhanced s t ress  co r ros ion  crack ing as discussed below. 

O f  these processes, hydrogen embr i t t lement  o f  f e r r i t i c  s t e e l s  i s  the g rea tes t  concern because i t  appears 
t h a t  r a d i a t i o n  w i l l  increase the y i e l d  s t rength ,  induce i m p u r i t y  segregat ion t o  g r a i n  boundaries, and 
enhance hydrogen absorpt ion. A l l  t h ree  e f f e c t s  w i l l  reduce the l i f e t i m e  o f  f us ion  reac to r  ma te r ia l s .  The 
e f f e c t s  of r a d i a t i o n  induced p r e c i p i t a t i o n  and he l ium embr i t t lement  are unknown hut should not be ignored 
w h i l e  i r r a d i a t i o n  enhanced co r ros ion  w i l l  a f f ec t  s t ress  co r ros ion  but the e f fec t  should he smal l .  It was 
est imated by Jones and Wolfer5 t h a t  r a d i a t i o n  induced g ra in  boundary segregat ion o f  phosphorus i n  316 SS 
cou ld  increase t h e  s t ress  co r ros ion  crack growth r a t e  by a f a c t o r  of 8 w h i l e  i n  the eva lua t i on  given i n  Sec- 
t i o n  5.2 i t  was est imated t h a t  i r r a d i a t i o n  creep cou ld  increase the crack growth r a t e  by IO3 t imes a t  a 
s t ress  of 10 MPa and a f ac to r  of 4 a t  100 MPa. 
i n  reac to r  design. 

Therefore, both of these processes should not be over looked 

F u j i t a  e t  a l .6  evaluated the s t ress  co r ros ion  crack ing behavior o f  304 SS i n  h igh temperature water (250'C) 
du r ing  a gamma ray r a d i a t i o n  of 4.5 x IO4 r a d l h r .  
5 x t o  5 x 
water w i t h  8 ppm oxygen. 
from r a d i o l y s i s  caused the breakdown of the passive f i l m  and thereby caused i n t e r g r a n u l a r  s t ress  cor ros ion,  
IGSCC,  o f  s e n s i t i z e d  ma te r ia l .  Kur ibayashi  and Okabayashi'? a l s o  observed increased I G S C C  o f  304 SS from y 
r a d i a t i o n  i n  oxygenated h igh  p u r i t y  water and i n  a b o i l i n g  12% NaCl s o l u t i o n  w i t h  a pH of 3. I n  t h e  low pH 
experiment$ Kur ibayashi  and Okabayashi concluded t h a t  t h e  gamma r a d i a t i o n  caused a r a d i o l y t i c  r e a c t i o n  o f  
Fez+ 1 Fe3 and t h a t  the s t rong o x i d i z i n g  f e r r i c  ions acce lera ted the co r ros ion  r a t e  and hence a f f e c t e d  the 
IGSCC. 

They found t h a t  the f r a c t u r e  s t r a i n  a t  s t r a i n  ra tes  o f  

F u j i t a  e t  a l . 6  suggested t h a t  t h e  increased hydrogen concen t ra t i on  i n  t h e  water 
s-l was unaffected i n  water w i t h  l e s s  than 20 ppb oxygen but was decreased about 50% i n  

Vot inov e t  a1.8 evaluated the s u s c e p t i b i l i t y  o f  s t a i n l e s s  s tee l  i r r a d i a t e d  a t  70°C t o  a f luence o f  3 x 
IO2" C K 2  t o  i n t e r g r a n u l a r  co r ros ion  (IGC). 
sequent ly heat t r e a t e d  t o  produce s e n s i t i z a t i o n .  I r r a d i a t i o n  caused I G C  t o  occur a t  sho r te r  t imes and a t  
lower temperatures and t o  p e r s i s t  t o  longer  t imes a t  h igher  temperatures than f o r  u n i r r a d i a t e d  samples. I G C  
o f  i r r a d i a t e d  18/8 s t a i n l e s s  s tee l  occurred a f t e r  1.5 h r  a t  350OC w h i l e  100 h r  a t  40OoC was needed t o  pro- 
duce I G C  i n  u n i r r a d i a t e d  ma te r ia l .  The reason f o r  the enhanced s e n s i t i z a t i o n  was not i d e n t i f i e d  bu t  a t  70°C 
i t  i s  not expected t h a t  g r a i n  boundary carb ide p r e c i p i t a t i o n  o r  i m p u r i t y  Segregation occurred du r ing  i r r a d i -  
a t i on .  The most l i k e l y  cause i s  a change i n  the d i s l o c a t i o n  s t r u c t u r e  and perhaps p o i n t  defect  concentra- 
t i o n  produced acce lera ted d i f f u s i o n  du r ing  the p o s t - i r r a d i a t i o n  annealing. 
r e s u l t s  t o  f us ion  reac to r  ma te r ia l s  i s  not c l e a r  but i t  does suggest t h a t  enhanced s e n s i t i z a t i o n  could occur 
f o r  components sub jec ted t o  neutron i r r a d i a t i o n  a t  temperatures o f  350 t o  400OC. 

Samples were i r r a d i a t e d  i n  the aus ten i t i zed  c o n d i t i o n  and sub- 

The s i g n i f i c a n c e  of these 

5.2 Assessment of I r r a d i a t i o n  Creep Enhanced St ress Corros ion Cracking 

St ress co r ros ion  crack ing of ma te r ia l s  which form p ro tec t i ve ,  passive f i lms  i n  aqueous s o l u t i o n s  has been 
descr ibed by a passive f i l m  rup tu re  model by Vermilyea' and extended by Ford lo  t o  account f o r  the e f f e c t  o f  
crack t i p  s t r a i n  r a t e  on the f i l m  rup tu re  rate.  I n  Fo rd ' s  ana lys is ,  the crack growth r a t e  for  t imes l e s s  
than the passive f i l m  i ncuba t ion  t ime, to, i s  given by a s imple Faradaic dependence: 
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wnere 

M = 
n = valence change i n  the  t o t a l  ox i da t i on  r e a c t i o n  
p = 
F = Faraday's constant  
io = bare sur face d i s s o l u t i o n  rate.  

atomic weight o f  the a l l o y  

dens i t y  o f  the a l l o y  

For t imes exceeding the  passive f i l m  i ncuba t ion  time, Ford expressed the  crack growth r a t e  as fo l lows:  

where 

t = passive f i l m  incuba t ion  time, 

c f  = passive f i l m  f r a c t u r e  s t r a i n .  
e = crack t i p  s t r a i n  rate,  

For s t r ong l y  pass i va t i ng  mater ia ls ,  to i s  about 10-3 s;  the re fo re ,  the  s t ress  cor ros ion  crack growth r a t e  
should be c o n t r o l l e d  by Equation 2 f o r  316 SS and HT-9. Th is  assumption does not  consider  t h e  p o s s i b i l i t y  
of a mechanical f r a c t u r e  component t o  s t r ess  co r ros i on  as proposed by Jones e t  al.11 bu on ly  consid r s  the  
Faradaic component t o  s t r e s s  corros ion.  A boundary cond i t i on  on Equation 2 i s  t h a t  t01!2 ;IJ2 1 c+-192 < 1 
s ince  a system i n  which a passive f i l m  covers t h e  crack t i p  f o r  some f r a c t i o n  o f  t ime w l l l  have l e s s  charge 
t r a n s f e r  than one i n  which no passive f i l m  i s  present. 

For 304 SS i n  water con ta in ing  0.2 ppm oxygen a t  288'C, Ford10 der ived  the  f o l l ow ing  r e l a t i o n s h i p  between 
the  s t r e s s  co r ros i on  crack growth r a t e  and the  crack t i p  s t r a i n  r a t e :  

d a l d t  = 1.5 x i 'I2 ( 3 )  

which i s  shown p l o t t e d  i n  F igure  1. Th is  data i nd i ca tes  t h a t  a crack t i p  s t r a i n  r a t e  o f  
commonly used i n  l abo ra to r y  s t ress  co r ros i on  t e s t s ,  would g ive  a crack growth r a t e  of about l o - '  cmls. 
Under these cond i t ions ,  a s t r e s s  co r ros i on  crack would penet ra te  a 2 mn t h i c k  wa l l  i n  about 500 hr. 
crack t i p  s t r a i n  ra tes  exceeding about 10-3 s-1, d u c t i l e  f r ac tu re  processes occur i n  preference t o  s t r ess  
co r ros i on  crack ing.  The s t r e s s  co r ros i on  crack growth r a t e  a t  t h i s  s t r a i n  r a t e  would be about 
r e s u l t i n g  i n  pene t ra t i on  of a 2 mn t h i c k  f i r s t  w a l l  i n  5 hr.  However, crack b l u n t i n g  and d u c t i l e  f r ac tu re  
would be more l i k e l y  t o  occur a t  h igh s t r a i n  r a t e s  w i t h  crack propagat ion dependent on the  t e a r i n g  modulus 
of the  f i r s t  w a l l  s t r uc tu re .  

s-l. which i S  

A t  

Cm/S 

I n  t h e  model presented by Fo rd l o  i n  Equation 3, the  crack t i p  s t r a i n  r a t e  r e s u l t s  from therma l l y  ac t i va ted  
creep processes; however, a m a t e r i a l  i n  a neutron f l u x  environment w i l l  a l so  undergo i r r a d i a t i o n  enhanced 
creep. The c o n t r i b u t i o n  o f  i r r a d i a t i o n  enhanced creep t o  s t ress  cor ros ion  c rack ing  has been est imated by 
assuming t h a t  the  therma l l y  ac t i va ted  creep r a t e ,  it. and i r r a d i a t i o n  enhanced creep ra te ,  iI ,  are a d d i t i v e  
such t h a t  the  crack t i p  s t r a i n  r a t e  g iven i n  Equation 3 i s  the  sum o f  it + iI and t h a t  the  s t r e s s  co r ros i on  
crack growth r a t e  i s  g iven by the  f o l l ow ing  r e l a t i o n s h i p :  

da/dt  = 1.5 x ( k t  + E l )  112 . (4)  

Since t he rma l l y  ac t i va ted  creep i s  expected t o  dominate a t  h igh  st resses and i r r a d i a t i o n  enhanced creep i s  
expected t o  dominate a t  low stresses, t h e  crack growth r a t e  g ive  by Equation 4 was expressed i n  terms of 
s t r e s s  us ing the  f o l l ow ing  r e l a t i onsh ips l 0 . 12  between s t r a i n  r a t e  and s t ress :  

where B = 3 x 10-20  MPa-6 - 5 - 1  

and 

+ = B o  

64 



10-9 10-8 1 0 - 7  10-6 10-5 1 0 - 4  10-3 1 0 - 2  1 0 - 1  

Strain Rate, s - '  

FIGURE 1. Ca lcu la ted  Crack Growth Rate Versus S t r a i n  Rate fo r  304SS Based on Equation 3 by Ford." 

where B = Bo + B s  = 3 x 10- MPa-l-dpa-'. 
f 0 l  lows: 

For a displacement r a t e  of dpa/s the  crack growth r a t e  i s  as 

da/dt  = 1.5 x ( 3  x lo-' u + 3 X lo-'' 0 6 )  'I2. ( 7 )  

The s t ress  dependence o f  the  crack growth r a t e  i s  g iven i n  F igure  2 where i t  can be seen t h a t  i r r a d i a t i o n  
enhanced creep makes a s i g n i f i c a n t  c o n t r i b u t i o n  t o  s t ress  cor ros ion  c rack ing  a t  s t resses below the  y i e l d  
s t r eng th  (-200 MPa) o f  annealed 304 S S .  The r e s u l t s  shown i n  F igure  2 i n d i c a t e  t h a t  s t resses exceeding 
10 MPa w i l l  produce s t r ess  cor ros ion  crack growth ra tes  exceeding 2 x lo-* cmls. Since i t  i s  u n l i k e l y  t h a t  
the  sum of app l i ed  and res idua l  s t resses w i l l  be l ess  than 10 MPa, a crack growth r a t e  of 2 x 10-8 cm/s 
appears t o  be the  minimum value for  a s t r u c t u r e  i n  a neutron f l u x  induced displacement r a t e  o f  10-6 dpals. 
Th is  minimum s t ress  co r ros i on  crack growth r a t e  w i l l  cause a crack t o  penet ra te  a 2 mn t h i c k  wa l l  i n  about 
2500 h r  which i s  a shor t  t ime i n  the  l i f e  of a f us i on  reac to r  b lanke t  s t ruc tu re .  Therefore, i t  appears t h a t  
s t r ess  co r ros i on  and i r r a d i a t i o n  enhanced s t r ess  co r ros i on  need t o  be considered i n  t he  design of water 
cooled fus ion reac to r  b lanke t  s t ruc tu res .  Water chemistry  and ma te r i a l  chemistry  are two very important  
f ac to r s  i n  t he  s t r ess  co r ros i on  c rack ing  o f  ma te r i a l s  and s ince  lower ing  t he  s t ress  does not  appear t o  
e l i m i n a t e  s t r ess  co r ros i on  i n  t he  presence of i r r a d i a t i o n  creep, it would appear t h a t  reduced s t r ess  cor-  
ros ion  crack growth ra tes  w i l l  only come about by proper c o n t r o l  o f  these chemistr ies.  

5.3 Assessinent o f  I r r ad ia t i on- Induced  Impu r i t y  Segregation 

5.3.1 I n t e r g r a n u l a r  Stress Corrosion Cracking 

The m o s t  common cause o f  i n t e r g r a n u l a r  s t r ess  co r ros i on  c rack ing  (IGSCC) i n  a u s t e n i t i c  s t a i n l e s s  s tee l s  i s  
chromium dep le t i on  adjacent  t o  the  g ra i n  boundaries because o f  chromium carb ide  p r e c i p i t a t i o n  a t  g r a i n  
boundaries as descr ibed by the  s t ress  co r ros i on  model by Ford la  g iven i n  Equation 2. 
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Calcu la ted  Crack Growth Rate Versus Stress f o r  304SS Dur ing I r r a d i a t i o n  Based on 
and as a Resu l t  of Rad ia t ion  Induced Phosphorus Segregation Based on Equation 8. 

F I G U R E  2. Equation 7 

A second and l ess  s tud ied  cause o f  IGSCC i s  t h a t  o f  impu r i t y  segregat ion (phosphorus, s u l f u r ,  etc . )  t o  g ra i n  
boundaries. I n  most app l i ca t ions ,  impu r i t y  segregat ion occurs dur ing  f a b r i c a t i o n  and only moderately du r i ng  
serv ice;  however, Br imha l l ,  Baer, and Jones13 have shown t h a t  i r r a d i a t i o n  can g r e a t l y  enhance the  seg- 
rega t i on  o f  phosphorus i n  a u s t e n i t i c  s t ee l s  and n i cke l  based a l l oys .  Also, t he re  i s  evidence t h a t  phos- 
phorus enhances t he  i n t e r g r a n u l a r  co r ros i on  and s t ress  cor ros ion  o f  a u s t e n i t i c  s tee l  ,14 n i c k e l  ,I1 and n i cke l  
based a l loys.15 
can complete ly  e l im ina te  passive f i l m  format ion and i t  has a lso  been shown" t h a t  phosphorus behaves s im i-  
l a r l y .  A s i g n i f i c a n t  d i f ference between s u l f u r  and phosphorus however, i s  i n  t h e i r  behavior  on the  sur face 
o f  an anode. Phosphorus i s  ox id ized  and d isso lved  i n  the  e l e c t r o l y t e  wh i l e  s u l f u r  remains on t he  anode sur-  
face. Therefore, an i n t e r g r a n u l a r  crack propagat ing along a phosphorus enr iched g ra i n  boundary would have a 
very a c t i v e  crack t i p  and r e l a t i v e l y  i n a c t i v e  crack wa l l s  wh i l e  a crack along a s u l f u r  enr iched g ra i n  boun- 
dary would have an a c t i v e  t i p  and wa l l s .  Jones e t  al.11 have shown fo r  n i cke l  t h a t  these two circumstances 
lead t o  r ap id  s t r ess  co r ros i on  crack growth ra tes  f o r  phosphorus enr iched g ra i n  boundaries and b lun ted  non- 
propagat ing cracks f o r  s u l f u r  enr iched g ra i n  boundaries. Therefore, r a d i a t i o n  induced phosphorus segrega- 
t i o n  i s  a concern f o r  the  s t ress  co r ros i on  behavior o f  316 SS. 

Marcus, Oudar, and O le f j o rd16  have shown t h a t  s u l f u r  enrichment a t  t h e  sur face  of n i c k e l  
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I n  an e f f o r t  t o  est imate the  e f f ec t  o f  i r r a d i a t i o n  induced phosphorus segregat ion on the  s t r ess  co r ros i on  
c rack ing  of 316 SS, Jones and Wolfer5 used t he  i r r a d i a t i o n  induced phosphorus segregat ion data of B r imha l l  
e t  a1.,13 t he  co r ros i on  r a t e  versus phosphorus concent ra t ion  data of Gulyaev and Chulkova17 and Equation 1 
t o  de r i ve  t he  f o l l ow ing  crack growth r a t e  versus f luence r e l a t i o n s h i p :  

d a l d t  = 4.4 x + 16.1 x l o g  ( + t l + t o )  mn/s ( 8 )  

where ( $ t o )  = 0.004. 

Equation 8 i s  shown p l o t t e d  i n  F igure 3 where i t  can be seen t h a t  a crack growth r a t e  of cmls i s  pre- 
d i c t e d  f o r  a f luence of 0.01 dpa and 7.5 x 
equal t o  those pred ic ted  by the  Ford model fo r  chromium dep le t i on  induced IGSCC f o r  s t resses o f  150 MPa and 
300 MPa fo r  t he  0.01 dpa and 100 dpa fluences, r espec t i ve l y .  The phosphorus induced s t r ess  co r ros i on  pro- 
cesses are expected t o  be f a i r l y  independent of s t ress  s ince  the  phosphorus enr iched i n  t he  g ra i n  boundary 
i s  thought t o  e l i m i n a t e  the  passive f i l m  i n  t h i s  v i c i n i t y  and there fo re  the  crack t i p  s t r a i n  r a t e - f i l m  rup- 
t u r e  r a t e  r e l a t i o n s h i p  expressed by Equation 2 should not  be a factor .  The phosphorus induced s t ress  corro-  
s ion  crack growth ra tes  are shown i n  F igure  2 as s t r ess  independent and suggest t h a t  a t  low f luences the  
minimum crack growth r a t e  i s  10'' cmls  and i s  dominated by phosphorus segregat ion up t o  a s t ress  o f  about 
100 MPa wh i l e  a t  a h igh  f luence the  s t ress  co r ros i on  crack growth r a t e  i s  dominated by phosphorus segrega- 
t i o n  up t o  a s t r ess  of 300 MPa. Both the  phosphorus and chromium dep le t i on  induced i n t e r g r a n u l a r  s t r ess  
co r ros i on  can be s i g n i f i c a n t l y  reduced by con t ro l  o f  t he  bu lk  phosphorus and carbon concentrat ions.  While 
t he  r e s u l t s  shown i n  F igure  2 are ca l cu la ted  est imates which need experimental v e r i f i c a t i o n ,  t he  need t o  
minimize the  phosphorus and carbon concent ra t ions  i s  f a i r l y  ev ident .  

cmls f o r  a f luence of 100 dpa. These crack growth ra tes  a re  

FLUENCE. dpa 

FIGURE 3. Ca lcu la ted  Crack Growth Rate Versus Fluence fo r  Rad ia t ion  Induced Phosphorus Segregation Based 
on Equat ion 8. 

5.3.2 Hydrogen Embr i t t lement  of HT-9 

Rad ia t ion  may a f f e c t  t he  hydrogen embr i t t lement  o f  f e r r i t i c  s t ee l s  i n  several ways: 

* hydrogen produc t ion  from (n,p) reac t ions ,  cor ros ion ,  r a d i o l y s i s ,  and i n j e c t i o n  from the  plasma, 
4 y i e l d  s t r eng th  increase from displacement damage, 
a e inbr i t t lement  reac t ions  fran r a d i a t i o n  induced p r e c i p i t a t i o n  and segregation. 
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S t o l t z  e t  a1.18 ca l cu la ted  the  steady s t a t e  hydrogen concent ra t ion  expected i n  HT-9 from (n,p) reac t ions  and 
i n j e c t i o n  from the plasma and concluded t h a t  t he  maximum steady s t a t e  concent ra t ion  o f  hydrogen w i l l  no t  
exceed 0.5 appm. Since t h i s  i s  l ess  than t he  concent ra t ion  present i n  most s t ee l s  (1-5 appm), they con- 
cluded t h a t  hydrogen embr i t t lement  would not  be a concern f o r  HT-9 dur ing  fus ion  reac to r  serv ice.  However, 
f o r  a water cooled system, cor ros ion  and r a d i o l y s i s  are two sources o f  hydrogen not  considered by S t o l t z  
e t  a1.18 which cou ld  produce a h igher  steady s t a t e  hydrogen concent ra t ion .  This p o t e n t i a l  f o r  a hydrogen 
concent ra t ion  exceeding 0.5 appm coupled w i t h  r a d i a t i o n  induced s t rength  increases and e m b r i t t l i n g  reac t ions  
suggests t h a t  hydrogen embr i t t lement  o f  HT-9 i n  water cooled reac to rs  i s  a p o s s i b i l i t y  t h a t  should not be 
ignored. 

Jones and Wolfers have modeled the  e f f e c t  of phosphorus segregat ion t o  the  g ra i n  boundaries o f  HT-9 on K 
and KTH w i t h  the  r e s u l t s  shown i n  Figures 4 and 5. These r e s u l t s  i n d i c a t e  t he  p o t e n t i a l  s e n s i t i v i t y  o f  A?-9 
t o  r a d i a t i o n  hardeninq and impu r i t y  seqresat ion where a s t r enq th  increase t o  1000 MPa CouDled w i t h  a w a i n  
boundary phosphorus concent ra t ion  bf 0;5 could reduce KI 
toughness fo r  a severely  embr i t t l ed  ma te r i a l  i s  g rea ter  than zero and probably de f ined  by the  G r i f f i t h  crack 

and-KTH t o  v a h e s  approaching zero. The minimum 

c r i t e r i o n  i n  which the  f r a c t u r e  energy i s  determined by the  energy needed t o  create new sur faces.  
e t  a1.13 observed 0.05 monolayers o f  phosphorus segregat ion t o  the  free surface o f  HT-9 a t  a f luence o f  
0.8 dpa. Assuming the  f ree  sur face segregat ion data i s  app l i cab le  t o  g ra i n  boundary segregat ion and t h a t  
t he  segregat ion r a t e  o f  5%/dpa extends t o  h igher  displacements, a g ra i n  boundary phosphorus concent ra t ion  of 
50% could be reached i n  only 10 dpa. Recent data by Klueh and V i tek 'g  shows t h a t  t he  y i e l d  s t r eng th  o f  HT-9 
a t  22'C and 400°C was 1017 MPa and 872 MPa a f t e r  i r r a d i a t i o n  i n  ERR 11 a t  39OOC t o  a f luence o f  11 dpa. 
Therefore, the  cond i t i ons  dep ic ted  by the  K and KTH curves fo r  simultaneous increases i n  cy and X are  a 
p o s s i b i l i t y .  The d u c t i l i t y  observed by Klu% and V l t ek  of 5.2% t o t a l  e longat ion  a t  22°C and 3.4% a! 400°C 
would suggest t h a t  the  ca l cu la ted  values are extreme and t h a t  t he  KIC would exceed t h a t  g iven by the  lower 
curve i n  F igure  4. Huang and GellesZO measured the  f r a c t u r e  toughness o f  i r r a d i a t e d  HT-9 weld metal and 

Br imha l l  
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FIGURE 4. Ca lcu la ted  Frac tu re  Toughness of HT-9 w i t h  Vary ing Grain Boundary Phosphorus Concentrat ion and 
Y ie l d  Strength. 
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found t h a t  the  JIc of i r r a d i a t e d  mater ia l  was equal t o  or  g rea te r  than the  un i r r ad i a ted .  Since t h e  calcu-  
l a t e d  KIC r e s u l t s  g iven i n  F igure  4 are f o r  plane s t r a i n  cond i t i ons  and the  r e s u l t s  o f  Huang and Ge l lesZ0 
a re  f o r  p lane s t r e s s  cond i t ions  the  r e s u l t s  are not d i r e c t l y  app l i cab le ;  however, the  ca l cu l a t ed  r e s u l t s  
suggest t h a t  a decrease i n  K from 273 MPa J i i ~  should r e s u l t  from a s t r eng th  increase t o  900 MPa. 
C lear l y ,  t h e  ca l cu l a t ed  r e s u i t s  are q u a l i t a t i v e l y  i f  not  q u a n t i t a t i v e l y  i n cons i s t en t  w i t h  the  experimental 
r e s u l t s .  The cause o f  t h i s  incons is tency  i s  not  p resen t l y  known but  w i l l  be t h e  sub jec t  of f u r t h e r  evalua- 
t i o n  as more f r a c t u r e  toughness data fo r  i r r a d i a t e d  m a t e r i a l  becomes ava i lab le .  
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7 .O Future Work 

The e f fec ts  of phosphorus segregat ion t o  t he  g ra i n  boundaries o f  316 SS on i n t e r g r a n u l a r  s t r ess  co r ros i on  
c rack ing  w i l l  be evaluated exper imenta l l y .  The g ra i n  boundary chemistry  w i l l  be es tab l i shed by thermal 
t reatments and measured by Auger e l e c t r o n  spectroscopy. Measurements o f  hydrogen uptake and embr i t t lernent  
o f  HT-9 and 316 SS i n  a 6QCo y source are being considered. Fur ther  modeling of hydrogen e f f e c t s  on crack 
growth behavior  i n  HT-9 w i l l  be done t o  improve the  c o r r e l a t i o n  between ca l cu la ted  and experimental KIC, t o  
i nc l ude  temperature e f f e c t s  and dynamic crack growth. 
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STRENGTH AND MICROSTRUCTURE I N  VANADIUM IRRADIATED HITH T(d,n) FIEUTRONS AT 300K, 475K, and K75K 

E. R.  Bradley ( P a c i f i c  Northwest Laboratory)  

1.0 Ob jec t i ve  

The purpose o f  t h i s  work i s  t o  determine t he  e f fpc ts  of 14-MeV neutron i r r a d i a t i o n  on t h e  s t r enq th  and 
m ic ros t ruc tu re  i n  m a t e r i a l s  whose p rope r t i es  a re  s e n s i t i v e  t o  i n t e r s t i t i a l  i m p u r i t i e s .  The u l t i m a t e  
a p p l i c a t i o n  o f  t h i s  work i s  t o  i d e n t i f y  p o t e n t i a l  i m p u r i t y  l i m i t s  f o r  t h e  surcessfu l  opera t ion  nf fus ion  
reac to rs .  

2.0 Sumary __ 

Tens i l e  t e s t s  and m i c r o s t r u c t u r a l  examinations have been conducted on vanadium wi res  and f o i l s  con ta i n i ng  
1300 wt-ppm i n t e r s t i t i a l  i m p u r i t i e s  f o l l ow ing  T(d,n) neutron i r r a d i a t i o n  a t  300K, 475K, and 675K. 
Tens i l e  r e s u l t s  f rom w i re  samples show s i m i l a r  increases i n  y i e l d  s t r eng th  f o r  samples i r r a d i a t e d  a t  300K 
and 475K b u t  s t reng then ing  decreased s i g n i f i c a n t l y  f o l l ow ing  i r r a d i a t i o n  a t  675K. SEM examination of t he  
f r a c t u r e  sur faces showed a l l  samples f a i l e d  by d u c t i l e  r u p t u r e  a f t e r  a t t a i n i n g  more than  95% reduc t i on  i n  
area. A reasonable c o r r e l a t i o n  hetween m ic ros t ruc tu res  and s t rengthen inp  was obta ined us ing  a simple 
d ispersed b a r r i e r  s t reng then ing  model. A h igh  dens i t y  of ext remely small  (<7 nm diam.) defect  c l u s t e r s  
was respons ib le  f o r  t he  observed s t rengthen ing  a f t e r  i r r a d i a t i o n  a t  300K. Fo l low ing  i r r a d i a t i o n  a t  
475K, i n t e r s t i t i a l  loops w i t h  a<100> Burgers vec to rs  were t h e  predominant Strengthening defect  w i t h  a 
smal le r  c o n t r i b u t i o n  from a / l < l l l >  t.ype loops. A heterogeneous d i s t r i b u t i o n  of d i s l o c a t i o n  loops and 
p l ana r  p r e c i p i t a t e s  prevented d e f i n i t e  c o r r e l a t i o n s  hetween s t r eng th  and m ic ros t ruc tu re  i n  samples 
i r r a d i a t e d  a t  675K from be ing  made. 

3.0 Program __ 

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

4.0 Relevant DAFS Proc ram P l a n  Task/Subtask 

Subtask I I . c .6  E f fec ts  o f  Damage Rate and Cascades on M ic ros t ruc tu res  
Subtask II.c.11 Effects o f  Cascades and F lux  on Flow 
Subtask II.c.18 Re la t i ng  Low- and Migh-Exposure M i c r o ~ t r u r t u r e ~  

5.0 Accomplishments and Status 

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

I n t e r s t i t i a l  i m p u r i t i e s  a re  known t o  have a s t r ong  e f f ec t  on t he  m ic ros t ruc tu res  and mechanical p ro-  
p e r t i e s  neut ron  i r r a d i a t e d  metals',z,3,". 
i n t e r s t i t i a l  i m p u r i t i e s  from fab r i ca t i on ,  proc.essinq, and r e a c t o r  operat ion;  henc?, i t  i s  import.ant t o  
s tudy t he  e f f e c t s  n f  these i m p u r i t i e s  on m ic ros t ruc tu re  and propert . ies i n  m a t e r i a l s  i r r a d i a t e d  w i t h  
high-energy neutrons. 

S t r u c t u r a l  m a t c r i a l s  f o r  f u s i o n  reac to r s  w i l l  c on ta i n  

I n t e r s t i t i a l  i m p u r i t i e s  a f f e c t  r a d i a t i o n  s t rena then ing  by i n t e r s c t i n g  w i t h  p o i n t  de fec ts  and chanpinfl the  
d i s t r i b u t i o n  and/or e f fec t i veness  o f  i r r a d i a t i o n  produced obs tac les  t o  d i s l o c a t i o n  motion. 
Wechslerz repor ted  t he  de fec t  c l u s t e r  dens i t y  increased and t he  average c l u s t e r  s i z e  decreased w i t h  

6aia.i and 

71 



i n c reas i ng  oxygen cont.ent i n  vanadium i r r a d i a t e d  w i t h  f i s s i o n  neutrons a t  375K. The d i f f e r e r c e  i p  m ic ro-  
s t r uc tu res  was a t t r i b u t e d  t o  nuc l ea t i on  of de fec t  c l u s t e r s  a t  oxygen atoms o r  oxygen-point de fec t  
complexes. 
n iobium by Loomis and Gerber3. 
cause of d i f f e rences  i n  r a d i a t i o n  s t reng then ino  as measured by y i e l d  s t r eng th  increases. 
i n t e r s t i t i a l  i m p u r i t i e s  i nc reas i ng  t h e  b a r r i e r  s t r ena th  o f  defect  c l u s t e r s  comes p r i m a r i l y  f rom 
rad ia t ion- annea l  hardening (RAH)  s tud ies  i n  ~ a n a d i u m ’ , ~  and niobium6. Add i t i ona l  s t renq then ing  i s  o f t e n  
observed i n  these meta ls  f o l l o w i n u  p o s t - i r r a d i a t i o n  anneal ing a t  t h e  temperatures hetween 450K and 700K. 
Gold and Harrod5 reviewed RAH i n  vanadium and concluded t h e  most probable mechanism was t h e  migra t .on  o f  
i n t e r s t i t i a l  i m p u r i t i e s  t o  defect  c l u s t e r s ,  thereby inc reas ing  t h e i r  e f fect iveness as b a r r i e r s  t o  ( ! i s -  
l o c a t i o n  motion. 

A s i m i l a r  e f f e c t  o f  oxygen on de fec t  c l u s t e r  dens i t y  and s i z e  was a l s o  found i n  i r r a d i a t e d  
I n  both st.udies, changes i n  t h e  c l u s t e r  d i s t r i b u t i o n s  were the  p r i n a r y  

Evidence f o r  

The present  work examines t h e  s t r eng th  and m i c ros t r uc tu res  i n  vanadium con ta i n i ng  1300 wt-ppm i n t e r s t i -  
t i a l  i m p u r i t i e s  f o l l o w i n g  T(d,n) neutron i r r a d i a t i o n  a t  temperat.ures where t h e  i n t e r s t i t i a l  i m p u r i t i e s  
become mobi le .  
cussed p rev i ous l y  f o r  t h e  ambient temperature i r r ad i a t i ons ’ .  
dependence i n  n iobium con ta i n i ng  two l e v e l s  o f  oxvqen. 

Emphasis i s  p lace  on t h e  temperat.ure dependence s ince  t h e  f luence  dependence was d i s -  
Future r e p o r t s  w i l l  examine t h e  tempe-ature 

5.2 Experimental Procedures 

VP grade vanadium w i re ,  0.5 mm diameter, was ohta ined f rom Ma te r i a l s  Research Corporat ion and f o i l  
m a t e r i a l  was prepared from t h e  w i r e  s tock by c r o s s - r o l l i n g  t o  about 0.1 mm. 
t e s t i n g  were annealed i n  vacuum 
t i o n  and, annealed f o r  an a d d i t i o n a l  hour p r i o r  t o  i r r a d i a t i o n .  
produced equiaxed g ra i ns  o f  25 pm diameter  i n  the  w i r e  samples. 
t h e  f o i l  ma te r i a l s .  Chemical ana l ys i s  o f  t h e  w i r e  ma te r i a l s  i n d i c a t e d  a t o t a l  i n t e r s t i t i a l  impu r i t y  
content. of 1300 wt-ppm w i t h  oxygen heing t h e  pr imary impu r i t y ,  920 wt-ppm. 

Wire samples f o r  t e n s i l e  
P a )  f o r  1 hour, s t ra igh tened by a small  amount o f  p l a s t i c  deforma- 

Annealing temperature was 1225K which 
The same anneal ing t reatment  was us’ id an 

N i r e  and f o i l  samples were i r r a d i a t e d  a s  p a r t  of t h e  Japanese/PHL e leva ted  temperature i r r a d i a t i o n  
experiment conducted a t  t h e  RTNS I 1  f a c i l i t y  a t  Lawrence Livermore Flat ional Laboratory (LLNL). The 
experiment used the  dual- temperature vacuum- insulated furnace system t h a t  was desianed and f a b r i c a t e c  a t  
Hanford Engineer inq Development Laboratory (HEDL). 
a t  475K and 675K du r i nq  t h e  i r r a d i a t i o n .  
a l though somewhat h i ghe r  pressures would be Pxpected i n  the  sample chambers. 

Two n iobium f o i l  capsules, 1 3 x 6 ~ 1  m3, con ta i n i ng  t h e  w i r e  and f o i l  samples were i r r a d i a t e d  i n  each 
temperature zone. 
samples ho lde r s  which enabled two f luence  l e v e l s  t o  be obta ined a t  each temperature. 
determined from i r o n  dosimeter  f o i l s  which were counted and repor ted  by personnel a t  LLNL. 
i n d i c a t e  f luence  l e v e l s  o f  3 and I l l ~ l O ~ ~ m - ~  f o r  samples i r r a d i a t . e d  a t  475K, w h i l e  a t  675K, t h e  cor res -  
pondina f luence l e v e l s  were 3 and 6 ~ 1 0 ~ ~ m ~ ~ .  The d i f fe rence  i n  f luence l e v e l s  i nd i ca tes  t h e  neutron tear,  
wa.s o f f s e t  s l i g h t l y  f rom t h e  furnace c e n t e r l i n e .  I r r a d i a t i o n  cond i t i ons  f o r  t h e  300K i r r a d i a t i o n  have 
been presented previously’ .  

Temperatures of t h e  two furnace zones were mainta ined 
The vacuum measured a t  t h e  i o n  pump was l e s s  than ~ X I O - ~  Pa 

The capsules were pos i t i oned  1 nn and 6 m from t h e  f r o n t  surface of s t a i n l e s s  stet.1 

The resul1.s 
Neutron f luence was 

Gage sec t ions  (0.25 by 3mm) were produced a t  t h e  cen te r  o f  12  mn l ong  w i r e  samples by e l e c t r o p o l i s h i n g .  
The minimum diameter  a long t h e  gage sec t ions  was measured w i t h  an o p t i c a l  microscope equipped w i t h  a 
c a l i b r a t e d  eyepiece. 
c a l c u l a t e  t e n s i l e  p rope r t i e s .  
gage sec t ions  i n  35 nn l ong  w i r e  samples f rom t h e  300K i r r a d i a t i o n s .  
made by u n i a x i a l l y  s t r a i n i n g  t h e  w i r e  samples a t  room temperature i n  an I n s t r o n  t e n s i l e  t e s t i n g  machine. 
The average s t r a i n  r a t e  was about 6x10-‘, h u t  l o c a l  v a r i a t i o n  would e x i s t  because o f  t h e  tapered nature 
of t h e  e l ec t r opo l i shed  gage sec t ions .  The samples were h e l d  i n  
measured by a l i n e a r  v a r i a b l e  d i f f e r e n t i o n  t rans fo rmer  (LVDT). 
g iven  m a t e r i a l  and f l uence  were determined f rom f i v e  t o  t e n  samples. 

The average o f  f i v e  measurements around t h e  sample c i rcumference was used t o  
The same procedures were used f o r  p repar ing  and measuring t h e  0.25 by 5 mm 

Flow s t r ess  de te rmina t ions  were 

s p l i t  g r i p s  and g r i p  displacement was 
The averaqe t e n s i l e  p rope r t i e s  f o r  a 

Thin f o i l s  f o r  t ransmiss ion  e l e c t r o n  microscopy were prepared by  e l e c t r o p o l i s h i n g  and examined i n  a 
P h i l l i p s  EF! 400T e l e c t r o n  microscope. 
graphs us i ng  a c a l i b r a t e d  l o x  eyepiece. 
est. imating d e f w t  dens i t i e s .  
and ?30 percen t  r espec t i ve l y .  

Defect  C lus te r f l oop  diameters were measured f rom TEE1 photomicro-  
Stereomicrographs were used t o  measure f o i l  th icknesses f o r  

The accuracy o f  t h e  s i z e  and d e n s i t y  measurements were est imated t o  be + I 5  
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FIGURE 1 Effect rf Irradiation Temperature on Microstructure in T(d,n) Neutron irradiated 
Vanadium: a )  T = 300K 0t = 8xl021m 3 ,  9 / 3 4  a = r1101; b) T = 475K 0t  = 1x1022m-2, 
1 = TllOl; c alrd d) T = 675K p t  = 6x10 1m-2fq/39g = rllOl. (Arrows Indicate Direction 
of Ll! 

7 4  



FIGURE 2. D i s l o c a t i o n  Loops i n  Vanadium I r r a -  
d i a t e d  a t  475K, P t  = 3xl021m-2. 
Note Small a/2<111> Type Loops W i th i n  
Grain Boundary Denuded Region of t he  
Larger  a<100> Type Loops. 4 = r'2003 

Irradiated 

$madialed Irradiated 

FIGURE 3. Effect  n f  I r r a d i a t i o n  Temperature 
on S t ress- s t ra i n  Behavior of 
Vanadium Wires. 

5.3.2 Tens i l e  P rope r t i es  

Resu l ts  f rom t e n s i l e  t e s t s  o f  t h e  i r r a d i a t e d  and u n i r r a d i a t e d  vanadium w i r e  samples a re  s i m a r i z e d  i n  
Table 2. 
i n d i v i d u a l  samples a re  given. 
10% o f  t he  average. 
r a d i a t i o n  st rengthening.  Uni form and t o t a l  e longat ion  data represent  t he  average e longat ion  a long t he  
tapered gage sec t ions  as measured a t  t he  u l t i m a t e  t e n s i l e  s t r eng th  and f a i l u r e ,  r espec t i ve l y .  
s t r a i n  v a r i e s  l o c a l l y  a long a tapered gage sec t ion ,  t he  p r imary  value o f  these data i s  de te rmin ing  t he  
r e l a t i ~ v e  changes produced by i r r a d i a t i o n  i n  samples of s i m i l a r  geometry. 

The e f f e c t  o f  i r r a d i a t i o n  temperature on the s t r e s s - s t r a i n  behav io r  o f  t he  w i re  samples i s  shown schema- 
t i c a l l y  i n  F igure  3. 
l ower  y i e l d  p o i n t s  fo l lowed by a reg ion  where t he  s t r ess  increased t o  t he  u l t i m a t e  t e n s i l e  s t r eng th  
wherein p l a s t i c  i n s t a b i l i t y  l e d  t o  f a i l u r e .  
f low curves and i t s  e f f e c t  increased w i t h  decreasing i r r a d i a t i o n  temperature. 
occurred immediately a f t e r  y i e l d i n g  and t he  u l t i m a t e  t e n s i l e  s t r eng th  (UTS) egualed t h e  lower  y i e l d  
s t r eng th  (LYS) f o r  samples i r r a d i a t e d  a t  300K t o  f luence l e v e l s  above 3x1OZ1m 3 .  
reduced t he  d i f f e rence  between t he  UTS and LYS by about 50% and s l i g h t l y  decreased t he  un i f o rm  elonga- 
t i o n ,  Table 2. 

The average t e n s i l e  p rope r t i es  and standard dev ia t i ons  t h a t  were obta ined from f i v e  t o  t en  
Standard dev ia t i ons  i n  t he  s t r eng th  p rope r t i es  were gene ra l l y  l e s s  than 

The lower y i e l d  s t r eng th  data were more reproduc ib le  and were used t o  eva lua te  

Since 

S t ress- s t ra i n  curves f o r  t h e  u n i r r r a d i a t e d  w i res  can be descr ibed by upper and 

I r r a d i a t i o n  reduced t he  s t ra in- harden ing  p o r t i o n  o f  t h e  

I r r a d i a t i o n  a t  475K 

P l a s t i c  i n s t a b i l i t y  

L i t t l e  change i n  t he  s t r e s s - s t r a i n  behavior  was observed f o l l o w i n g  i r r a d i a t i o n  a t  675K. 

Although d i f f e rences  were observed i n  t h e  s t r e s s- s t r a i n  behavior ,  t e n s i l e  f r a c t u r e  was q u i t e  independent 
o f  i r r a d i a t i o n  o r  i r r a d i a t i o n  temperature. 
microscopy (SEM) showed f a i l u r e  occurred by d u c t i l e  r up tu re  a f t e r  ex tens ive  p l a s t i c  deformation. 
s i g n i f i c a n t  d i f fe rences  i n  t h e  f r a c t u r e  sur faces between u n i r r a d i a t e d  o r  i r r a d i a t e d  samples were 
observed; a l l  samples examined showed more than 95% reduc t i on  i n  area a t  f r a c t u r e .  
micrographs are  shown i n  F igure  4. 

Examination of f rac tu red  t e n s i l e  samples by scanning e l e c t r o n  
No 

Typ ica l  e l e c t r o n  
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F" 1 

TABLE 2 

SUMMARY of VANADIUM WIRE TENSILE @ATA 

* 
Neutron Uniform Tota l *  

I r r a d i a t i o n  Fluence UYS LYS UTS Elongation Elongation 
Temperature m-2 MPa MPa MPa % % 

300K 0 470'80 340'30 400'30 8 19 
1x1021 495A15 350t30 390'20 7 14 

11 
11 

3x1021 545'75 400'25 410~30 
6x1021 555A110 430~15 430'15 
8x1021 590'90 445530 445+30 11 

- - - 
473 0 422'50 367'14 425'20 9 

3x1021 528~49 425~20 463t22 8 
1x1022 549'49 470~12 498515 6 

673 0 380'21 348~12 407'15 10 
3x1021 396c17 360~12 429A9 11 

23 
25 
21 

23 
27 ~. 

6x1021 419'12 385A17 452514 ii 26 
* 

Average Elongation over gage sect ion.  
Local Elongation would be g rea te r .  

FIGURE 4. Scanninp Electron Micrographs Showing Fracture  Charac te r is t i cs  of Vanadium Wire Tens i le  
Samples. 
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Irradiation Temperature 
0 300K 

Neutron Fluence, m-z 

!3 

FIGURE 5. Y i e l d  St rength  Increase Versus Fluence For T(d,n) Neutron I r r a d i a t e d  Vanadium. 

Radia t ion s t rengthen ing was independent of i r r a d i a t i o n  temperature from 300K t o  475K. b u t  decreased 
f o l l o w i n q  i r r a d i a t i o n  a t  675K. 
a func t i on  of neut ron f l uence  a re  compared. 
lx1021ri-? and increased t o  1 4 0  MPa a t  Zx1022m-2 f o r  samples i r r a d i a t e d  a t  300K. 
f o l l o w  a ( e t )  
d e f e c t  s t reng then ing lo .  The small defect  c l u s t e r s  p rov ide  t h e  obstac les  t o  d i s l o c a t i o n  movement. Y i e l d  
s t reng th  increases f o l l o w i n g  i r r a d i a t i o n  a t  475K were w i t h i n  10% of t h e  values from t h e  300K i r r a d i a t e d  
sariples a l though l a r g e  d i f f e r e n c e s  i n  m i c r o s t r u c t u r e  were observed. 
small a / ? < l l l >  type loops a t  t h e  two f luence l e v e l s  suggests t h e  l a r g e r  a<100> loops a r e  t h e  pr imary  
cause o f  the observed s t rengthen ing.  
responsg i n  these samples t o  h ighe r  f luence l e v e l s .  
6x1021m 2 was about 50% lower  than f o r  i r r a d i a t i o n  a t  300K o r  475K.  

Th is  i s  shown i n  F igure 5 where t h e  increases i n  lower  y i e l d  s t r e n g t h  as 
Measurable s t rengthen ing began a t  a f l uence  o f  about 

These data approximately 1 f luence dependence which i s  c o n s i s t e n t  w i t h  Thompson’s a n a l y s i s  of r a d i a t i o n  induced 

The s i m i l a r  s i z e  and d e n s i t y  f o r  the 

The measured y i e l d  s t r e n g t h  increase a t  a f luence o f  
Smal ler d e f e c t  p roduc t ion  a t  675K s h i f t e d  t h e  s t rengthen ing 

5 . 4  Discussion 

5.4.1 M ic ros t ruc tu res  

M ic ros t ruc tu res  of t h e  T(d,n) neut ron i r r a d i a t e d  vanadium agree reasonably w e l l  w i t h  prev ious s tud ies  o f  
f i s s i o n  neut ron i r r a d i a t i o n  except f o r  t h e  a<100, t.ype d i s loca t . i on  loops observed f o l l o w i n g  i r r a d i a t i o n  
2 t  475K. 
buted t o  i n t e r s t i t i a l  impur i t i esa ’9 .  
s ince  s i n i l a r  p r e c i p i t a t e s  were observed f o l l o w i n g  vacuum anneal ing f o r  300 hours a t  675K. 
may have enhanced t h e  p r e c i p i t a t i o n  process, b u t  s u f f i c i e n t  data a re  n o t  a v a i l a b l e  t o  e s t a b l i s h  t h e  
c o n t r i b u t i o n  from i r r a d i a t i o n .  
c l u s t e r s  have been repor ted  i n  vanadium f o l l o w i n g  f i s s i o n  neut ron i r r a d i a t i o n  a t  ambient r e a c t o r  temper- 
atures,  i .e. ,  < 375K. I n t e r s t i t i a l  i m p u r i t i e s  a f f e c t  t h e  defect  d i s t r i b u t i o n s  as demonstrated B a j a j  and 
Wechsler2,l l  where t h e  de fec t  c l u s t e r  s i z e  decreased and d e n s i t y  increased w i t h  i nc reas ing  oxygen concen- 
t r a t i o n s .  
Gerbers. 
atoms o r  oxypon-defect complexes. 
f i s s i o n  and T(d,n) neut ron i r r a d i a t . i o n s  i s  n o t  p o s s i b l e  because of d i f f e r e n c e s  i n  m a t e r i a l  p u r i t y ,  
f luence l e v e l s ,  i r r a d i a t i o n  temperature, and neut ron energy. However, t h e  present  r e s u l t s  i n d i c a t e  
h ighe r  d e n s i t i e s  o f  sma l le r  c l u s t e r s  than genera l l y  observed a f t e r  f i s s i o n  neutron i r r a + i a t i o n l l  which i s  
c o n s i s t e n t  w i t h  t h e  h igh  l e v e l  of i n t e r s t . i t i a 1  i m p u r i t i e s  i n  t h e  T(d,n! neut ron i r r a d i a t e d  vanadium. 

P r e c i p i t a t e s  a r e  commonly observed i n  vanadium i r r a d i a t e d  a t  e levated temperatures and a t t r i -  
The present  r e s u l t s  suggest p r e c i p i t a t i o n  was t h e r m a l l y  a c t i v a t e d  

I r r a d i a t i o n  

I n  accordance w i t h  t h e  present  resul t .s,  h igh  d e n s i t i e s  o f  smal l  de fec t  

A s i m i l a r  e f f e c t  of oxyaen on defect d i s t r i b u t i o n  was a l s o  observed i n  niobium by Loomis and 
The changes i n  defect  d i s t r i b u t i o n s  were a t t r i b u t e d  t o  increased c l u s t e r  n u c l e a t i o n  a t  oxypen 

D i r e c t  q u a n t i t a t i v e  comparisons of c l u s t e r  s i z e  and d e n s i t y  between 
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Although a<100, loops have no t  p rev ious l y  been repor ted  i n  i r r a d i a t e d  vanadium, t h e i r  format ion w a s  n o t  
t o t a l l y  unexpected s ince  they have been observed i n  i r o n  and f e r r i t i c  a l l o y s  f o l l o w i n g  i r r a d i a t i o n  w i t h  
neutrons1Z-14, 1 NeV e lec t rons15,  and heavy i ons l s .  L i t t l e  e t  a l .  proposed a model t o  account f o r  t he  
experimental observat ions i n  f e r r i t i c s  and suggested a<100> loops should a l s o  form i n  vanadium and 
niobium14. The model i s  based on Eyre and Bu l l ough ’ s  model f o r  loop  nuc lea t i on  i n  bcc metals17 and 
assumes a small p r o b a b i l i t y  f o r  forming a<10@> i n t e r s t i t i a l  loops r e l a t i v e  t o  the  more corm no^ a / ? < l l b  
type  i n t e r s t i t i a l  loops.  The a<100> loops grow by p r e f e r e n t i a l  i n t e r s t i t i a l  capture w h i l e  t he  more 
numerous a/2<111> i n t e r s t i t i a l  loops sh r i nk  and even tua l l y  disappear by a n e t  i n f l u x  of vacancies. 
experimental da ta  f o r  t he  a l Z < l l l >  t ype  loops i n  Table 1 agree q u a l i t a t i v e l y  w i t h  t h i s  model i f  bo th  
i n t e r s t i t i a l  and vacancy loops a re  assumed present  a t  t he  lower f luence l e v e l .  Growth o f  t he  vacancy 
loops would p rov ide  t he  observed inc rease i n  loop  s i z e  w h i l e  t he  t o t a l  loop  dens i t y  would decrease by 
2 l i m i n a t i o n  of small  i n t e r s t i t i a l  loops.  However, t he  dens i t y  o f  t he  l a r g e r  ~ ~ 1 0 0 ,  i s  much g rea te r  t ha r  
p red i c ted  by t h e  model. 
loops i n  vanadium14 and t he  measured c l u s t e r  dens i t y  f o l l o w i n g  T(d,n) neu t ron  i r r a d i a t . i o n  a t  300K, i .e . ,  
1 ~ 1 0 2 3 m - ~ ,  i n d i c a t e  an a<100> l oop  dens i t y  o f  5 . 5 ~ 1 0 l ~ m - 3  compared t o  8x1021m-3 measured exper imenta l l y  
i n  the  h i gh  f luence sample. 
t he  format ion of 

The 

Ca l cu la t i ons ,  us i ng  5 . 5 ~ 1 0 - ~  as t he  r e l a t i v e  p r o b a h i l i t y  f o r  fo rming  a < l O b  

Th i s  l a r g e  d i f f e r e n c e  i n  d e n s i t y  sugge8t.s o the r  fac to rs  may c o n t r i b u t e  t o  
a<100> type  d i s l o c a t i o n  loops. 

The reason a<100> have n o t  p rev ious l y  been found i n  i r r a d i a t e d  vanadium may be r e l a t e d  t o  t he  i n t e r s t i -  
t i a l  i m p u r i t y  concent ra t ion .  
vanadium i r r a d i a t e d  near 475K and repor ted  on ly  a l Z < l l l >  d i s l o c a t i o n  loops. I n  bo th  s tud ies ,  t he  t o t a l  
i n t e r s t i t i a l  i m p u r i t y  concent ra t ions  were l e s s  than 350 wt-ppm compared t o  1300 wt-ppm f o r  t he  vanadium 
used i n  t he  p resent  s tudy.  
t h a t  i n t e r a c t i o n  between these mcb i le  i m p u r i t i e s  and vanadium i n t e r s t i t i a l  atoms cou ld  promote nuc lea t i on  
o f  t he  a<100> loops. Neutron energy i s  
n o t  considered a v i a b l e  exp lanat ion  f o r  t he  d i f f e rence  i n  loop  st ruct .ure because a<100> loops formed i n  
m i l d  s t e e l  du r i ng  1 MeV e l e c t r o n  i r r a d i a t i o n ’ s  where Frenkel p a i r  de fec ts  a re  created.  Future expe r i -  
ments us i ng  n iobium w i t h  two oxygen i m p u r i t y  l e v e l s  may c l a r i f y  t he  r o l e  o f  i n t e r s t i t i a l  i m p u r i t i e s  i n  
nuc lea t i ng  t he  a<100> t ype  loops. 

S h i r a i s h i  e t  a1. I8,  and Horton and Farre118 examined t he  m ic ros t ruc tu res  o f  

Oxygen and carbon atoms become mob i le  a t  about 340K and i t  seem reasonable 

However, a s p e c i f i c  mechanism f o r  t h i s  i n t e r a c t i o n  i s  n o t  known. 

5.4.2 S t rength- Mic ros t ruc tu re  Co r re l a t i ons  

The s t rengthen ing  produced hy T(d,n) neutron i r r a d i a t i o n  i n  vanadium, F igure  5 ,  can be p red i c ted  from the  
m i c r o s t r u c t u r a l  data i n  Table 1 us ing  a s imple d ispersed b a r r i e r  model. Small de fec t  c l u s t e r s l l o o p s  
p rov ide  t he  b a r r i e r s  t o  d i s l o c a t i o n  mot ion i n  samples i r r s d i a t e d  a t  300K w h i l e  bp th  a<100> and a/2<111> 
type  d i s l o c a t i o n  loops c o n t r i b u t e  t o  s t reng then ing  t he  475K i r r a d i a t e d  samples. 
s t r eng th  inc rease f o r  each m i c r o s t r u c t u r a l  component was est imated from the  r e l a t i o n  

The c o n t r i b u t i o n  t o  t he  

AU = * 
S i  

4 where bo = y i e l d  s t r eng th  increase,  
a = average i n t e r b a r r i e r  d i s t ance  which i s  equal t o  (Nd)- , 
N = b a r r i e r  dens i t y ,  
d = b a r r i e r  diameter, 

b” = Burgers vec to r  o f  s l i p  d i s l o c a t i o n  (0.263 nm), 
6 = 

= shear modulus ( 4 . 6 3 ~ 1 0 ~  MPa), 

a constant  which i s  r e l a t e d  t o  t he  b a r r i e r  s t r eng th .  
The inc rease i n  y i e l d  s t r eng th  was c a l c u l a t e d  w i t h  a r e l a t i o n  such as proposed by Koppenaal and 
Kuhlmann-Wilsdorf 19 

where A I T ~ ,  and A O ~  are  t he  c o n t r i b u t i o n s  from the  a/2<111> and a < 1 0 b  type  d i s l o c a t i o n  loops,  respec t ive-  
l y .  

The bes t  c o r r e l a t i o n  w i t h  t he  experimental data from each i r r a d i a t i o n  temperature was ob ta ined by vary ing  
B 1  and B2 i n c remen ta l l y  between 2 and 6. 
component was considered and the  bes t  c o r r e l a t i o n  was nb ta ined us ing  a va lue of 3 f o r  B 1 .  The ca l cu la ted  
y i e l d  s t r eng th  increases were 90 and 1 5 1  MPa compared t o  105 and 145 MPa increases measured exper imental-  
l y .  Previous s tud ies  of r a d i a t i o n  s t reng then ing  from small  defect  c l u s t e r s  i n  a var iet .v  of m a t e r i a l s  
have found 6 values ranging from 2 t o  46,20-23 which i s  cons i s ten t  w i t h  t he  p resent  r e s u l t s .  
c o r r e l a t i o n  w i th  t he  exper imental  data from samples i r r a d i a t e d  a t  475K was obta ined us ing  B1 = 6 f o r  t he  
a / Z < l l l >  loops and B2 = 2.6 f o r  t h e  a<lOO> loops.  

For  samples i r r a d i a t e d  a t  300K, on l y  one m i c r o s t r u c t u r a l  

The bes t  

The corresponding ca l cu la ted  and experimental y i e l d  
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s t reng th  increases were 64 and 60 MPa, r espec t i ve l y ,  f o r  t he  low f luence da ta  and 103 MPa compared t o  105 
MPa a t  t he  h i ghe r  f luence. 
compared t o  t he  a<100> loops. Th is  i s  cons i s ten t  wit.h t h e  l a r g e r  displacement vec to r  and s t r ess  f i e l d  
associated w i t h  a<100> t ype  loops. However, t he  c o r r e l a t i o n  was based on l i m i t e d  data us ing  a s i m p l i f i e d  
model and q u a n t i t a t i v e  comparisons e re  n o t  considered r e l i a b l e .  Reasonable correspondence between c a l -  
cu la ted  and measured y i e l d  s t r eng th  increases cou ld  a l s o  be obta ined us ing  o the r  combinations f o r  6,  an$ 
62. 

5.5 Conclusions 

Rad ia t ion  s t reng then ing  i n  T(d,n) neutron i r r a d i a t e d  vanadium con ta i n i ng  1300 wt-ppm i n t e r s t i t i a l  
i m p u r i t i e s  was independent of i r r a d i a t i o n  temperature a t  300K and 475K b u t  decrpased a t  h i ghe r  tempera- 
tu res .  Small d iameter  defect  c l u s t e r s l l o o p s  were t he  rad ia t ion- produced obstacles t o  d i s l o c a t i o n  mot ion 
i n  samples i r r a d i a t e d  a t  300K. D i s l o c a t i o n  loops w i t h  a<100, t ype  Burgers vec to rs  provided most o f  t he  
s t reng then ing  i n  475K i r r a d i a t e d  samplps w i t h  a smal le r  c o n t r i h u t i o n  from a/2<111> type  loops. 
persed b a r r i e r  model shows good agreement w i t h  t he  experimental data from samples i r r a d i a t e d  a t  300K and 
475K, b u t  heterogeneous d i s t r i b u t i o n s  of d i s l o c a t i o n  and p r e c i p i t a t e  s t r uc tu res  d i d  n o t  a l l ow  t he  
s t renghten ing  mechanism t o  be i d e n t i f i e d  i n  samples i r r a d i a t e d  a t  675K. 

The l a r g e  d i f ferences i n  6 i n d i c a t e s  t he  a l ? < I l l ~  loops are  weak b a r r i e r s  

A d i s -  
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7.0 Future Work 

Tensi le  t e s t s  and transmission e l e c t r o n  microscopy wi l l  be used t o  determine the  s t reng th  and micro- 
s t r u c t u r e s  i n  niobium samples containing two l e v e l s  o f  oxygen following i r r a d i a t i o n  a t  C75K and 675K. 
These samples were i r r a d i a t e d  w i t h  the  vanadium and a r e  cur ren t ly  heing prepared f o r  t e s t i n g .  
r e s u l t s  wi l l  be compared t o  those from 300K i r r a d i a t e d  samples t o  determine the dependence of i r r a d i a t i o n  
temperature on s t reng th  and microst ructures  i n  these  mate r ia l s .  

The 
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CORRELATION OF IRKADIATEO 2U% CW 316 STAINLESS STEEL FRACTURE TOUGHNESS N I T H  TEST TENPEgATURE 

R .  L. Simons and M. L. Hamilton (Hanford Engineer ing Development LaDoratory) 

1 .o Ob jec t i ve  

The o b j e c t i v e  of t h i s  e f f o r t  i s  t o  develop c o r r e l a t i o n  equat ions f o r  t h e  f r a c t u r e  toughness of i r r a d i a t t i d  
70% CW 316 55  as a f unc t i on  of t e s t  temperature. 

2.0 

A t h ree  parameter f u n c t i o n  was developed t o  c o r r e l a t e  f r a c t u r e  toughness ( J r C )  i n  20% CW 316 SS as a func- 
t i o n  of  t e s t  temperature. 
pe ra tu re  range 643 t o  680"K, and t e s t  temperature range 293 t o  923°K. 

The equat ion i s  app l i cab le  f o r  t he  exposure range 40 t o  60 dpa, i r r a d i a t i o n  tem- 

3.0 

T i t l e :  I r r a d i a t i o n  E f fec ts  Analys is  (AKJ) 
P r i n c i p a l  I n v e s t i g a t o r :  0. G. Ooran 
A f f i l i a t i o n :  Hanford Engineer ing Development Laboratory 

4.0 Relevant DAFS Plan Task/Subtask 

Subtask I I . C . l  Ef fects of  Mate r i a l s  Parameters on M ic ros t ruc tu re  

Subtask II.C.8 

Subtask II.C.14 Model o f  Flow and F rac tu re  Under I r r a d i a t i o n  

Ef fects of Hel ium and Displacements on i r a c t u r e  

5.0 Accomplishments and Status 

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

I n  o rder  t o  determine t he  l i f e t i m e  of f i r s t - w a l l  o r  s t r u c t u r a l  components of fus ion  devices exposed t o  h i gh  
neutron damage exposures, i t  w i l l  be necessary t o  eva lua te  t h e  e l a s t i c - p l a s t i c  f r a c t u r e  behavior  of t h e  com- 
;lonent. An emp i r i ca l  equat ion 
was developed desc r i b i ng  t he  J I ~  behavior  i n  20% CW 316 S S  as a f unc t i on  o f  t e s t  temperature and app l i cab le  
t o  damage exposures rang ing  from 40 t o  60 dpa and i r r a d i a t i o n  temperatures rang ing  f rom 643 t o  688OC. 
r e s u l t s  will be submit ted f o r  i n c l u s i o n  i n  t he  Ma te r i a l s  Handbook f o r  Fusion Energy Systems1 (MHFES). 

The f r a c t u r e  toughness ( J l C )  i s  a m a t e r i a l  parameter needed i n  t he  ana lys is .  

The 

5.2 Data Source 

The compact t ens ion  specimens used f o r  f r a c t u r e  toughness t e s t s  were f a b r i c a t e d  f rom sec t ions  o f  Ouct XZ31 
(Heat 81594) o f  20% CW 316 SS f o l l o w i n g  i r r a d i a t i o n  i n  t h e  P14A experiment i n  E B R I I Z .  
s t a i n l e s s  s t e e l s  gene ra l l y  e x h i b i t  e l a s t i c - p l a s t i c  oehavior, t he  J - i n t e g r a l  approach wa!, used t o  measure t he  
d u c t i l e  f r a c t u r e  toughness of F i r s t  Core s t e e l .  
specimens, and t h e i r  corresponding y i e l d  and u l t i m a t e  t e n s i l e  s t reng ths  a re  l i s t e d  in Table 1 .  
0.040 i nch  t h i c k  specimens s a t i s f i e d  t he  th ickness  reauirement f o r  a v a l i d  J l c  de te rm ina t im .  

Since a u s t e n i t i c  

The J values determined f o r  i r r a d i a t e d  and u n i r r a d i a t e d  
Tnr 
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TABLE 1 

FRACTURE TOUGHNESS DATA FOR 20% CW AIS1 316 STAINLESS STEEL 

Test 
Temperature 

( O K )  

Irradiated Specimens 
505 
700 
81 1 
923 
866 

JIC "ys Outs 
( O K )  d J a ( k J / m 2 ) m ( M P a )  

Irradiation 
Temperature 

650 56 39.7 894 94Y 
673 57 27.0 775 831 
661 56 31.5 71 6 7 60 
655 55 5.8 501 527 

648-688 39 23.4 707 738 

Unirradiated Specimens 
505 --- _-  67.9 579 730 
700 _ _ _  _ _  59.8 524 669 
Ell _--  --  52.5 496 627 
923 --- _ _  24.7 386 448 

An additional datum point was obtained from Reference 3 for an irradiation temperature of 648 to 6 8 V K  and an 
exposure of 139 dpa. 
obtained from specimens having only marginally satisfactory thickness. 

The test temperature was 688°K. It was noted in Reference 2 that this Jlc value was 

5.3 Discussion 

The J-integral approach was used to evaluate the effect of irradiation on the toughness of First Core steel. 
The Jlc values are listed in Table 1 for specimens irradiated to approximately 40-60 dpa and 20-30 appm 
helium at temperatures ranging from 648 to 688'K. 
thickness as the actual subassembly ducts of interest (0.040 inches or 0.10 cm). 
appears to have occurred by approximately 40 dpa. 
the transient behavior. 
dependence on irradiation temperature has been included. 
values to account for testing above the irradiation temperature. 
the grounds that the Hahn and Rosenfield model4 and a modified Krafft model5 both show that Jlc should 
be proportional to the yield strength when the work hardening coefficient is small. 
stainless steel satisfies this reouirement. 

The tests were conducted on specimens of the same 

There are no low dpa exposure data availaole to determine 
Saturation in toughness 

Since the data are available for only a limited range of irradiation temperature, no 
A linear recovery factor was applied to the JlC 

A linear recovery factor is justifiable 011 

Irradiated 20% CN 316 

The following equation was developed to describe the dependence of fracture toughness (in units of kJ/rn2) 
on test temperature: 

JIC = [38 - 1.18 x 10-4(T-525)2] Z ( 1 )  

where: 

T = Test temperature in units of " C  for the range 293 < T < 923'K. 
Z = The recovery effect produced by testing at a temperature above the irradiation temperature 

Due to the limited data, Equation 1 has the following limitations imposed on it: 

643'K < TIRRAD < 688'K 
40 < doa < 60 
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The recovery e f f e c t  produced by t e s t i n g  a t  a temperature above t he  i r r a d i a t i o n  temperature i s  g iven by1,6: 

1 + exp [ a ( o o - B / ( E / E o ) ) ]  

1 t exp ( avo )  

where: 

o0  = 951.5 - 0.676 (T-273), 

3 
b = 2.03 x 10-4[0.931 + tanh (Tg)] , 
T = Test temperature, OK, (T > Tirrad) 

LI = 0.0145, 

o*/(E/Eo) = 648 + (648 - CR) (e - t  *I q/k - 1 )  

+ bo i n - l  arc tan  f0.007 (t - t 2 ) ]  + 0.51 (MPa), 

where: 

61131 t = exp (- - 51.517) ( h r ) ,  
2 T i  

T i  = Temperature o f  i r r a d i a t i o n  (OK), 

t = I r r a d i a t i o n  t i m e  ( h r ) ,  

C R  = 1034 - 605.77 ("-I a rc tan  C0.036551 ( T i  - 273) - 17.01641 + 0.51, 

P O  = -305.047 ("-1 a rc tan  f0.15609 (T i  - 273) - 116.47161 + 0.51, 

AI = 0.0330261 ("-1 a r c tan  [0.068773 ( T i  - 273) - 51.1211 + 0.5)F, 

F = 1/[0.001 + 7.86 x IO8 exp(-12533/Ti)], T i  < 612 O K  

F = 1 .O, T i  1. 612'K 

x = dpa/sec 

= x f o r  T i  c 753 O K ,  

xo  = 7 . 5  x 10-7 dpa/sec 

(Ti - 863)x - (Ti - 753)x 
for  753 1. Ti 5 863 OK,  o =  -1 IO 

4 = xo f o r  T i  > 863 O K ,  

The modulus r a t i o ,  E/Eo i s  g iven b y  

( a )  For T < 1043"K, 
E/Eo = (exp[exp(0.8706 - 1928.23/T)] - I} ,  

( b )  For  T > 1043'K, 
E/Eo = (exp[exp(3.2399 - 4400.3/T) I } - l  

A comparison o f  measured JrC values and p red i c ted  JrC values based on Equation 1 i s  shown i n  F i p r e  1. 
Tne unce r ta i n t y  i n  J I ~  i s  L7 kJ/rn2 and t h i s  inc ludes  t he  v a r i a t i o n  i n  i r r a d i a t i o n  temperature. 
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The J I ~  values for unirradiated material are 1.79 times the values from Equation 1. 
temperature dependence of the unirradiated and irradiated Jlc values normalized by the recovery term ( 2 ) .  

Figure 2 shows the test 
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A COMPARISON OF DEPTH-DEPENDENT MICROSTRUCTURES OF ION- IRRADIATED 316-TYPE STAINLESS STEELS 

R.L. Sindelar ,  R.A. Dodd and G.L. Ku l c i nsk i  (Un i ve rs i t y  of Wisconcin) 

1.0 Ob jec t i ve  

The goal o f  t h i s  program i s  t o  charac te r ize  the ef fects o f  heavy-ion i r r a d i a t i o n  on the  
micros t ruc tura l lm ic rocompos i t iona l  evo lu t i on  o f  316-type s t a i n l e s s  s tee l s .  

2.0 Summary 

The m ic ros t ruc tu ra l  response of P7, a h igh- swel l ing,  "pure" 316-type s t a i n l e s s  s tee l  and the  MFE heat  of 316 
s ta i n l ess  s tee l  were i nves t i ga ted  a f t e r  14-MeV Ni- ion i r r a d i a t i o n .  Specimens of the P7 a l l o y  were i r r a d i -  

a ted  t o  f luences of 3.3 x 10 l6  14-MeV N i  ions/cm2. 
(0.45 - 0.6 Tm) .  
1 0 l 6  14-MeV N i  ions/cm2. 
The 500'C i r r a d i a t i o n  of the P7 a l l o y  produced a depth-dependent vo id  d i s t r i b u t i o n  in f luenced by the  excess 
i n t e r s t i t i a l  e f f e c t  o f  the bombarding ions. 
d i s t r i b u t i o n  a t  the damage peak. The 650°C i r r a d i a t i o n  of 316 58 produced need le- l i ke  p r e c i p i t a t i o n  i n  the  
e n t i r e  damage region.  

I r r a d i a t i o n  temperatures ranged from 500°C to 650'C 
I n  add i t ion ,  a sample o f  316 SS was i r r a d i a t e d  a t  650'C (0.6 T,) t o  a f luence of 3.3 x 

The i r r a d i a t e d  specimens were examined i n  cross- sect ion by e l e c t r o n  microscopy. 

The 650°C i r r a d i a t i o n s  o f  the P7 a l l o y  produced a bi-modal vo id  

3.0 Programs 

T i t l e :  Rad ia t ion  Damage Studies 
P r i nc i pa l  I nves t i ga to r s :  G.L. Ku l c i nsk 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  sconsi n-Madi son 

4.0 Relevant DAFS Program TaskISubtask 

Subtask I I . C . l . l :  Phase S t a b i l i t y  Mechanics 
Subtask II.C.6.1: E f f e c t  o f  Damage Rate on M ic ros t ruc tu ra l  E v o l u t i o n  

5.0 Accomplishments and Status 

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

M a t e r i a l s  t o  be used i n  the  cons t ruc t i on  of near- term fus ion reac to r s  w i l l  be t a i l o r e d  t o  meet Various 
c r i t e r i a .  These c r i t e r i a  i nc l ude  the  maintenance o f  mechanical s t a b i l i t y  and the res i s t ance  to c a v i t y -  
induced swe l l i ng  dur ing  exposure t o  in tense  r a d i a t i o n  environments. Even minimal v a r i a t i o n s  i n  the 
composit ion o f  a promis ing a l l o y  may lead  t o  d i f f e r e n t  microstructurallmicrochemical evo lu t i ons  under 

i r r a d i a t i o n  which cause the a l l o y  t o  n o t  s a t i s f y  the design requirements.( l .2) 

S l i g h t  composit ional a l t e r a t i o n s  of major a l l o y i n g  elements and even " impu r i t y "  elements i n  316-type 
s t a i n l e s s  s tee l s  have produced va r i ed  i r r a d i a t i o n  responses. 

reactor,('") high-energy e lec t ron , (5 )  and h e a ~ y - i o n ( ~ . ~ )  r a d i a t i o n  exposure. 
hydrogen and oxygen) gases d isso lved  i n  a metal seem l i k e l y  t o  a s s i s t  i n  c a v i t y  nuc lea t i on  and growth 

Th is  behavior  has been observed a f t e r  f a s t  

I n  add i t ion ,  r e a c t i v e  (e.g. 
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TABLE 1. C O M P O S I T I O N  OF MFE HEAT X 15893 316 SS AND THE "PURE" 316 S S ,  P-7 ALLOY 

Composition 1wt.%) 

C - - - - Mater ia l  C r  N i  Mo Mn S i  

316 SS 17.4 12.6 2.2 1.81 0.65 0.05 

P7 a l l o y  17 16 .7  2.5 0.03 0.1 0.005 

- 

S T i  0 W Fe - - Mater ia l  P 

316 SS 0.030 0.020 0.001 0.005 Bal . 
P7 a l l o y  0.01 0.03 0.068 Bal. 

- - 
- 

- - 

processes. ( * - l o )  
c a r e f u l l y  t o  assure the  "proper"  composit ion of the f i n i shed  product .  

Therefore, ac tua l  l a rge  scale f a b r i c a t i o n  of r eac to r  components may have t o  be moni tored 

One type of 316 s ta i n l ess  s tee l  w i t h  reduced impu r i t y  l e v e l s  has been recen t l y  s tud ied  i n  dual- ion and f a s t  

r eac to r   experiment^.^^^"^) 
t o  p rov ide  an a l l o y  r e s i s t a n t  t o  phase i n s t a b i l i t i e s .  This a l l o y  was found t o  swel l  r e a d i l y  w i t h  essen- 
t i a l l y  no incubat ion  dose. Th i s  paper i nves t i ga tes  the d i f f e r e n t  response o f  t h i s  "pure" 316 s ta i n l ess  
s tee l  a l l o y ,  P7, compared t o  the MFE heat  o f  316 s t a i n l e s s  s tee l  a f t e r  14-MeV Ni- ion  i r r a d i a t i o n .  

Th i s  a l l oy ,  P7, was fabr ica ted  as a "pure" 316 s t a i n l e s s  s tee l  a l l o y  i n  order  

5.2 Experimental 

The composit ions of the a l l o y s  i r r a d i a t e d  i n  t h i s  study are shown i n  Table 1. Note t h a t  the MFE heat  #15893 
o f  316 SS conta ins h igher  l e v e l s  of most impu r i t y  elements than does P7. 
con ta ins  a h igh  ma t r i x  oxygen content. The p r e - i r r a d i a t i o n  t reatment  o f  the P7 a l l o y  stock invo lved  r o l l i n g  
t o  a th ickness o f  500 M fo l lowed by a s o l u t i o n  quench a f t e r  a 1 hour anneal i n  a i r  a t  1000°C. 
p resent  i n  the anneal furnace as evidenced by a sur face oxide coa t i ng  on the P7 a l l oy ,  and t h i s  had t o  be 

removed p r i o r  t o  i r r a d i a t i o n .  
r e s u l t a n t  ma t r i x  i s  sa tu ra ted  w i t h  oxygen a t  o r  near the  value shown i n  Table 1. P r e- i r r a d i a t i o n  prepar-  
a t i o n  consisted simply of successive mechanical p o l i s h i n g  operat ions us ing  abrasives down t o  0.3 um alumina 
powder. The samples were n o t  e l ec t ropo l i shed  p r i o r  t o  i r r a d i a t i o n  i n  order  t o  preclude the i n t r o d u c t i o n  o f  
hydrogen i n t o  the specimen.('') 
I r r a d i a t i o n  F a c i l i t y  us ing  14 MeV N i 3 +  ions.  

Also note t h a t  the  P7 a l l o y  stock 

Oxygen was 

A simple c a l c u l a t i o n  us ing  oxygen s o l u b i l i t y  da ta (18*19)  est imates t h a t  t he  

I r r a d i a t i o n s  were performed a t  the  U n i v e r s i t y  o f  Wisconsin Heavy-Ion 

F igu re  1 shows the  displacement damage as a f unc t i on  o f  depth f o r  14 MeV N i  i ons  on 316-type s t a i n l e s s  s tee l  

ta rge ts .  

energy, i n  c o n t r a s t  t o  the standard value of K = 0.8 as proposed by Torrens and Robinson.(23) A t  h igh  
energies the  value of K has been found t o  be about 0.3, independent o f  energy. 
0.3 i n  a l l  of our dpa c a l c u l a t i o n s  i n  t h i s  paper. 

Recent s tudies122) have found t h a t  the  displacement e f f i c i e n c y  (K) var ies  as a f unc t i on  of PKA 

Therefore, we have used K = 

The samples were i r r a d i a t e d  a t  temperatures between 500°C and 650°C 10.45 - 0.55 Tm) t o  peak damage l e v e l s  

of 20 dpa (K = 0.3). Table 2 l i s t s  the i r r a d i a t i o n  parameters used i n  t h i s  study. P o s t - i r r a d i a t i o n  prepar-  

a t i o n  f o r  TEM ana lys is  invo lved  a cross- sect ion technique descr ibed i n  d e t a i l  e l s e ~ h e r e . 1 ~ ~ )  Th is  procedure 
a l lows the  e n t i r e  damage range shown i n  Fig. 1 to be analyzed f o r  a s i n g l e  i r r a d i a t e d  sample. 
scopy ana lys is  was performed using a JEOL TEMSCAN-ZOO CX e l e c t r o n  microscope. 

The micro-  

Voids d e n s i t i e s  were determined i n  0.25 !m i n t e r v a l s  a long the i o n  range w i t h  the  data p o i n t s  p l o t t e d  i n  t he  
middle o f  the  i n t e r v a l .  E r r o r  bars r e f l e c t  the unce r ta i n t y  i n  f o i l  th ickness de termina t ion  (- 10%) and the 
s t a t i s t i c a l  count ing unce r ta i n t y  ( 6 / n )  where n i s  the  t o t a l  number of vo ids i n  a 0.25 vm i n t e r v a l .  
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FIGURE 1. 
damage e f f i c i e n c y  ( K )  used i s  0.3. 

Oamage (dpa) vs. d is tance from the i r r a d i a t e d  surface c a l c u l a t e d  us ing the B r i c e  code.(21) The 
Ed = 32 eV. 

14 MeV Ni IONS ON 316-TYPE S S  TARGET 
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TABLE 2. 14 MeV N i - I O N  I R R A D I A T I O N  PARAMETERS 

Samples i r r a d i a t e d  a t  a f l u x  o f  3 x 1011 ions/cmz/s. 

M a t e r i a l  dpa a t  1 urn* peak dpa* Fluence (ions/cm2) 

P7 a l l o y  1 5 0.8 x 1 O I 6  

P7  a l l o y  4 20 3.3 x 1016 

P7 a l l o y  

P7  a l l o y  

1 

4 

5 

20 

0.8 x 1 O l 6  

3.3 x 1016 

316 SS 4 20 3.3 x 1016 

I r r a d i a t i o n  
Temp. ('C) 

500 

500 

650 

650 

650 

*displacement e f f i c i e n c y  K = 0.3 

5.3 Resul ts  

F igu re  2 shows the TEM micrographs which span the e n t i r e  damage range of the low (5 dpa peak, K = 0.3) and 
h igh  fluence (20 dpa peak, K = 0.3) 500'C i r r a d i a t i o n  of the P7  a l l o y .  
diameter, c a v i t y  densi ty,  and cav i ty- induced s w e l l i n g  as a f u n c t i o n  o f  d is tance from the sample sur face f o r  
these two i r r a d i a t i o n  condi t ions.  It i s  ev iden t  from Fig .  3 t h a t  the re  i s  a suppression i n  the average 
c a v i t y  diameter and number dens i t y  o f  the h igh f luence specimen i n  a reg ion  approximately 2.0 t o  2.6 urn from 
the sample surface. Th is  reg ion  i s  co inc iden t  w i t h  the range of the bombarding N i  ions.  The suppression o f  
c a v i t y  growth(25) and c a v i t y  n u c l e a t i ~ n ( ~ ~ * ~ ~ )  i s  thought t o  be caused by these i n j e c t e d  ions  p r o v i d i n g  
i n t e r S t i t i a l S  i n  excess o f  the Frenkel defects produced dur ing  the i r r a d i a t i o n .  

F igu re  3 shows the average c a v i t y  

F igu re  4 conta ins the through- range m ic ros t ruc tu res  o f  the low (5 dpa peak, K = 0.3) and h igh  f luence (20 
dpa peak, K = 0.3) 650'C i r r a d i a t i o n  o f  the P7 a l l o y .  F igu re  5 shows the average c a v i t y  diameter, c a v i t y  
dens i ty ,  and cav i ty- induced s w e l l i n g  as a f u n c t i o n  o f  d is tance from the sample surface f o r  these two i r r a d i -  
a t i o n  condi t ions.  It i s  apparent t h a t  there i s  bi-modal v o i d  d i s t r i b u t i o n  i n  the peak damage reg ion  (see 
F ig .  1)  a t  650°C. To a i d  i n  d i s t i n g u i s h i n g  the two d i s t r i b u t i o n s ,  c a v i t i e s  100 nm were c l a s s i f i e d  as 
" la rge  voids"  whereas those < 100 nm were labe led  "smal l  voids." 
h igh  f luence specimen approach the value of the TEM specimen th ickness i n  t h i s  reg ion  (- 200 nm). 
many of these voids i n t e r s e c t  the f o i l  surface. Stereo microscopy ana lys i s  i n  t h i c k e r  regi0r.s o f  the f o i l  
revealed t h a t  these fea tu res  are n o t  a r t i f a c t s  b u t  are completely contained w i t h i n  the specimen. F igu re  4 

The diameters o f  the " la rge  vo ids"  i n  t h e  
Hence, 
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FIGURE 2. 
o f  P7. 
f luence sample. 

TEM micrographs spanning the e n t i r e  damage reg ion  for  t h e  l o w  and h igh fluence 500'C i r r a d i a t i o n s  
Note the suppression i n  c a v i t y  dens i t y  and average diameter a t  t h e  - 2.5 M depth i n  the h i g h  

and 5 suggest t h a t  the voids present  a t  the low f luence are the precursor  d i s t r i b u t i o n  o f  the " la rge  vo id"  
d i s t r i b u t i o n  i n  the h igh  fluence sample. A denuded zone of  - 0.6 M from the f o i l  sur face i s  present  i n  t h e  
h i g h  f luence 650'C sample. The absence o f  voids i n  t h i s  reg ion  i s  a t t r i b u t e d  t o  the d i f f u s i o n  of defects t o  

the f r e e  surface. 
a t  a dose o f  6 dpa (K = 0.8) i n  316 SS a t  650'C. 

Garner and Thomas(28) have shown i n  HVEM s tud ies  t h a t  a 0.6 M v o i d  free zone a l s o  e x i s t s  

F igu re  6 shows the p r e c i p i t a t i o n  response o f  the e n t i r e  ion-damage reg ion  f o r  t h e  316 SS sample. 
ev iden t  t h a t  there i s  an absence of c a v i t i e s  throughout the e n t i r e  damage reg ion.  

a t i o n  produced a network d i s l o c a t i o n  s t r u c t u r e  whose dens i t y  i s  - do cm-' throughout the damage region. 

It i s  
I n  add i t i on ,  the i r r a d i -  

The p r e c i p i t a t i o n  response of t h i s  Sample t o  i r r a d i a t i o n  can be seen i n  the o p t l c a l  micrographs o f  F ig .  7. 
The - 3 um o f  enhanced p r e c i p i t a t i o n  a t  the i n t e r f a c e  corresponds t o  the depth o f  the damage reg ion  charac- 
t e r i s t i c  of 14 MeV N i  ions. 
p r e c i p i t a t e s .  

average leng th  o f  150 nm and dens i t y  - 1 x 1014 ~ m - ~ .  
which shows these p r e c i p i t a t e s  a t  a depth of 1.5 um from the f o i l  surface. 

t h i s  approximate s i ze  and dens i t y  have p rev ious ly  been observed i n  dual- i ron i r r a d i a t i o n  s tud ies(" )  where 
they were determined t o  be an i r o n  phosphide phase, Fe2P. 

(wt.%) 16Si-5P-4S-19Cr-29Fe-27Ni. 

The p r e c i p i t a t i o n  response i n  the damage reg ion  was predominant ly needle-shaped 
These p r e c i p i t a t e s  had a uniform d i s t r i b u t i o n  over the depth o f  - 0.75 um t o  - 3.0 urn w i t h  an 

F igu re  7d d i sp lays  a micrograph o f  the damage r e g i o n  
Needle-shaped p r e c i p i t a t e s  o f  

The t y p i c a l  composit ion o f  the needles given was 
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P l .  

Cav i t y  m a n  size, densi ty,  and swe l l i ng  r e s u l t s  f o r  t he  low and h igh  f luence 500'C i r r a d i a t i o n  of 

Op t i ca l  micrographs o f  the cross- sect ioned sample (Figs.  7a.7b) revea l  ex tens ive  g r a i n  boundary p r e c i p i -  
t a t i o n  throughout  the u n i r r a d i a t e d  region. 

p r e c i p i t a t e s  (see Fig.  7c) a long the g r a i n  boundaries. 
reg ion  where two aus ten i t e  g ra ins  have i n t e r s e c t e d  a t  the n i c k e l  p l a t e  - 316 SS f o i l  i n te r face .  
a r t i f a c t  of the p l a t i n g  process. 

the s t r i k e  

TEM ana lys i s  shows t h a t  these regions con ta in  b locky  M23C6 

F igure  7b a l s o  inc ludes a fea tu re  i n  t he  boundary 
This i s  an 

Corrosion a t  t h i s  l o c a t i o n  occurred when the  i r r a d i a t e d  f o i l  was anodic i n  

When the c u r r e n t  was reversed t h i s  co r ros ion  p i t  was f i l l e d  w i t h  the n i c k e l  p l a t e .  

5.4 Discussion 

The above r e s u l t s  show a va r i ed  response t o  14-MeV Ni- ion i r r a d i a t i o n  f o r  i )  i d e n t i c a l  samples i r r a d i a t e d  a t  
d i f f e r e n t  temperatures and f o r  i i )  samples w i t h  d i f f e r e n t  i m p u r i t y  and r e a c t i v e  gas l e v e l s  i r r a d i a t e d  a t  t he  
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FIGURE 5. 
P l .  

Cav i t y  mean size, densi ty,  and swe l l i ng  r e s u l t s  f o r  t he  l o w  and h igh f luence 650'C i r r a d i a t i o n  o f  

t he  low f luence 500'C P l  sample where no d i p  i n  the c a v i t y  dens i t y  i s  noted a t  the peak damage region.  
add i t ion ,  the dpa l e v e l  a t  1 m i n  the h igh f luence sample was approximately the Sam as the peak dpa va lue  
o f  the low  f luence sample (5 dpa). y e t  the c a v i t y  number dens i t y  was s l i g h t l y  g reater  i n  the peak damage 
t i n g u i s h i n g  small c a v i t f e s  (1 nm - 2 nm) from a r t i f a c t s  i n  a TEM f o i l  - 100 nm t h i c k  and t h e r e f o r e  the  
discrepancy l i e s  w i t h i n  the  e r r o r  es t imat ion  of the c a v i t y  number dens i ty .  

I n  t he  650% i r r a d i a t i o n s  of the P l  a l l oy ,  a bi-modal vo id  d i s t r i b u t i o n  was observed t o  evolve. A b i -modal  
v o i d  d i s t r i b u t i o n  has on ly  been p rev ious l y  observed i n  a heavy- ion i r r a d i a t e d  s ing le  phase m a t e r i a l  when i t  
contained i n j e c t e d  o r  transmuted gas. 
h i g h l y  mobi le i n  the P7 m a t r i x  a t  t h i s  650'C i r r a d i a t i o n  temperature, i s  be l ieved to be respons ib le  for  t h i s  

bi-modal vo id  development. Ca l cu la t i ons  us ing oxygen s o l u b i l i t y  data from F r o m  and Gebhardt.[ l*) t he  hea t  

of chemisorpt ion equat ions o f  Tanaka and Tamar~ . (~ ' )  and the heat  of oxide fo rmat ion  from Roble e t  al.,(31) 

I n  

The presence of a h igh  m a t r i x  oxygen level ,  which i s  assumed to be 
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IRRADIATION-INDUCED PRECIPITATION IN 316 STAINLESS STEEL 

FIGURE 6. 
voids and the r e s i d u a l  absorpt ion c o n t r a c t  o f  the need le- l i ke  phase i n  the l o w  c o n t r a s t  mlcrographs. 

TEM micrographs spanning the e n t i r e  damage reg ion  f o r  t h e  316 SS sample. Note the absence o f  

p r e d i c t  t h a t  the heat o f  chemisorpt ion of  oxygen on y-Fe (-272 kJ/mole oxygen a t  650'C) i s  g rea te r  than the 
heat o f  s o l u t i o n  of oxygen i n  Y-Fe (-93 kJ/mole oxygen a t  650'C). This l a r g e  d i f ference prov ides the d r i v -  
i n g  f o r c e  f o r  oxygen t o  come ou t  o f  s o l u t i o n  and c o l l e c t  on a clean, f r e e  surface. Oxygen should therefore 
be a t t r a c t e d  t o  the surface o f  a vo id  nucleus, and thus a f f e c t  the sur face energy o f  the cav i t y .  According 
t o  Bernard and L u p i ~ . ( ~ ~ )  the sur face energy Y i s  determined by 

kT Y = yo + K  8n ( 1 4 )  

where 0 i s  the degree o f  coverage o f  the surface, yo i s  the energy o f  the c lean metal sur face (0 = 0) and A 

i s  the area e f f e c t i v e l y  occupied by a chemisorbed oxygen atom. Jones and W ~ l f e r ( ~ ~ )  r e c e n t l y  performed a 
s i m i l a r  ana lys i s  of hydrogen i n  a- i ron w i t h  a r e s u l t a n t  subs tan t ia l  reduc t ion  i n  sur face energy. When 
surface energy i s  reduced, vo id  n u c l e i  are  more r e a d i l y  s t a b i l i z e d  and acce lerated c a v i t y  growth can take 
place. 

The Void nuc lea t ion  r a t e  i n  P7 should be the g rea tes t  i n  the peak displacement r a t e  reg ion  (2.3 um depth) as 
shown by another study.(") Using a d i f f u s i o n  equat ion given f o r  oxygen i n  Y- iron given in,(3*),  

-40,300 2 D = 5.75 exp (=) cm Is 

i t  can be shown t h a t  0 = 1.5 x lo-' cm2/s a t  650'C. Thus, oxygen should be h i g h l y  mobi le  and may f r e e l y  
migrate  towards the v o i d  embryos forming i n  the peak damage region. Th is  process appears t o  be e f f i c i e n t  i n  
reducing the surrounding m a t r i x  oxygen l e v e l  s ince the l o w  f l uence  650'C P7 sample conta ins vo ids i n  t h e  
peak damage reg ion  only.  L a t e r  i n  the i r r a d i a t i o n ,  a d d i t i o n a l  c a v i t i e s  can nuc leate and grow throughout the 
damage region. Those c a v i t i e s  i n  the peak reg ion  have a lower number dens i t y  and average diameter which 
cou ld  be due t o  the e f f e c t  of the " la rge  voids." Note, however, the d i f f e r e n c e  i n  the c a v i t y  number dens i ty  
o f  the low f luence sample and the " la rge  vo id"  dens i t y  i n  the h igh  fluence sample. A c a l c u l a t i o n  of t h e  

maximum poss ib le  dens i t y  o f  ZOO nm spheres i s  - 1 x 1 0 1 4 1 ~ ~ 3  when cons ider ing a simple cub ic  dense packing 
arrangement. A more r e a l i s t i c  est imate would take a simple cub ic  arrangement of spheres w i t h  spacing equal 

t o  one diameter. 

dens i ty  i s  - 4 x 1014 cav i t ies /cm3 i n  the l o w  f luence sample, an i n t e r a c t l v e  process must take p lace between 

This  would y i e l d  a dens i t y  - 2 x sphereslcm3. Therefore, s ince the measured vo ld  
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100 nm 

FIGURE 7. 
p l a t e  - 316 SS f o i l  i n t e r f a c e  ( v e r t i c a l  band on l e f t  hand s ide of micrograph) i s  c l e a r l y  v i s i b l e .  Th is  - 
3.0 um w i d t h  reg ion  corresponds w i t h  TEM observat ions of need le- l i ke  p r e c i p i t a t e s  which are found up to - 
3.0 urn frm the f o i l  surface. 

c )  

is ev iden t  i n  F ig.  l a .  
d)  

a), b )  Opt ica l  micrographs f o r  the 650'C 316 SS sample. The h i g h l y  etched reg ion  on the  n i c k e l  

TEM micrograph o f  MZ3C6 p r e c i p i t a t e s  on a g ra in  boundary i n  the u n i r r a d i a t e d  reg ion.  

TEM micrograph o f  the  need le- l i ke  p r e c i p i t a t e s  i n  a reg ion  - 1.5 um from the f o i l  Surface. 

Th is  p r e c i p i t a t i o n  
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t h  
cm 5 observed f o r  the l a r g e  s ize  c lass  i n  the h igh f luence sample. One poss ib le  r cess t o  reduce v o i d  
number dens i ty  i n  t h i s  manner would be the ac tua l  coalescence of voids. M a n ~ u r ( ' ~ ~  descr ibes such a process 
and c i t e s  experimental evidence f o r  i t s  occurrence. 

c a v i t i e s  dur ing  t h e i r  growth stage i n  order  t o  reduce t h e i r  number dens i ty  t o  the - 2 x 1013 c a v i t i e s /  

Las t l y ,  the needle-shaped p r e c i p i t a t i o n  which occurred i n  the damage reg ion  only f o r  the 650'C 316 SS sample 

i n  t h i s  study i s  s i m i l a r  t o  t h a t  observed i n  dual i o n - i r r a d i a t i o n  This phase appeared 
e a r l y  i n  these i r r a d i a t i o n s  only t o  d isso lve  upon f u r t h e r  i r r a d i a t i o n .  Recently, Lee e t  a l . ,  d iscovered 
these needles a f t e r  dual- ion i r r a d i a t i o n  of an a l l o y  s i m i l a r  t o  316 SS and i d e n t i f i e d  them as the  Fe2P 

phase. 

No thermal aging s tud ies  o f  316 SS have shown the Fe2P phase t o  form. However, such a phase has formed i n  

321 SS.(373 
675°C f o r  16 hours was seen t o  cause a p a r t i a l  d i s s o l u t i o n  of the  Fe2P phase. I n  the present  study, a TEM 

f o i l  having the needle p r e c i p i t a t e s  was i on- m i l l ed  w i t hou t  specimen coo l ing .  
t h i s  pos t- mi l led  sample revealed t h a t  no needles were present. The t e n t a t i v e  conclus ions of these exper i-  
mental observat ions suggest t h a t  the needle-shaped Fe2P phase i s  rad ia t ion- induced and w i l l  d i s so l ve  a t  h igh  

temperatures i n  the  absence o f  i r r a d i a t i o n .  Fu r t he r  work i s  necessary t o  conf i rm t h i s  hypothesis. 

I n  the Lee e t  a l .  study,(29) a p o s t - i r r a d i a t i o n  thermal aging a t  the i r r a d i a t i o n  temperature o f  

Subsequent TEM ana l ys i s  of 

6.0 Conclusions 

The cross- sect ion technique has been app l i ed  t o  heavy-ion 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 s  t o  a l l ow  the 
complete damage reg ion  t o  be analyzed. 
1. Suppression i n  vo id  nuc lea t i on  and growth was observed i n  a r eg ion  near the  end of range o f  the i n c i d e n t  

ions i n  the low temperature (500-C) i r r a d i a t i o n  o f  the P7 a l l o y .  This suppression i s  a t t r i b u t e d  t o  the 
"excess i n t e r s t i t i a l "  e f f e c t  o f  the bombarding ions. 

Several i n t e r e s t i n g  e f f e c t s  o f  the  i o n  damage were noted: 

2. A bi-modal vo id  d i s t r i b u t i o n  was observed t o  evolve i n  the  peak damage reg ion  o f  the  h igh  temperature 
(650°C) i r r a d i a t i o n  o f  the P7 a l l o y .  Oxygen i n i t i a l l y  present  i n  the ma t r i x  i s  be l ieved t o  be 
responsib le f o r  t h i s  development. 

3. Needle- l ike p r e c i p i t a t e s  were found i n  the  damage reg ion  o f  heavy-ion i r r a d i a t e d  316 SS. Th is  phase has 
been observed be fore  as a t r a n s i t o r y  phase i n  dual- ion i r r a d i a t i o n  s tud ies  where i t  was i d e n t i f i e d  as an 
Fe2P phase. 
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MICROSEGREGATION OBSERVED I N  Fe-35.5Ni-7.5Cr IRRADIATED I N  EBR-I1 

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

1 .o Objec t i ve  

The ob jec t  of t h i s  s tudy  i s  t o  determine t he  m ic ros t ruc tu ra l  and microchemical o r i g i n s  of rad ia t ion- induced 
p rope r t y  changes i n  s t r u c t u r a l  a l l oys .  

2.0 Summary 

A t  5 9 3 Y  one a l l oy ,  Fe-35.5Ni-7.5Cr. which was p a r t i c u l a r l y  r e s i s t a n t  t o  s w e l l i n g  i n  EBR-11, increased i n  
d e n s i t y  0.9% a t  7.6 x 1022 n/c$ (E > 0.1 Mev). 
revealed t h a t  subs tan t i a l  o s c i l l a t i o n s  occur  i n  t he  n i c k e l  content  of t h e  a l l o y ,  vary ing  f rom 25 t o  53% 
about t h e  nominal l e v e l  of 35.5%. Regions enr iched i n  
n i c k e l  a re  depleted i n  chromium and i r o n ,  and t h e  reverse  i s  t r u e  i n  reg ions  of low n i c k e l  content .  
sp i noda l- l i ke  process produces a n e t  d e n s i f i c a t i o n  and a l s o  appears t o  even tua l l y  des t roy  t h e  s w e l l i n g  
res i s t ance  of t h e  a l l o y .  
n i c k e l  t o  vo id  sur faces i s  expected t o  acce le ra te  t h e  l o s s  o f  s w e l l i n g  res is tance .  

Examination by energy d i spe rs i ve  x- ray  ana l ys i s  

These o s c i l l a t i o n s  e x h i b i t  a pe r i od  of Q O O  nm. 
Th is  

Once vo ids  form i n  t h e  n icke l- poor  chromium-rich regions, f u r t h e r  segregat lon 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  Analys is  (AKJ) 
P r i n c i p a l  I n v e s t i g a t o r :  0. G. Ooran 
A f f i l i a t i o n :  Hanford Engineering Development Laboratory 

4.0 Relevant DAFS Proqram Plan Task/Subtask 

II.C.1 E f f ec t s  of Ma te r i a l  Parameters on M ic ros t ruc tu re  
II.C.16 Composite Co r re l a t i on  Models and Experiments 

5.0 Accomplishments and Sta tus  

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

Charged p a r t i c l e  s imu la t i on  s tud ies  o f  neutron- induced vo id  growth have o f ten  been used t o  fo recas t  t he  
composi t ional  dependence of swe l l ing .  
l i n g  of Fe-Cr-Ni a u s t e n i t i  
i s  reduced t o  10% o r  less. f l .2)  
t h e  v a l i d i t y  o f  t h i s  p red ic t ion . (3 -5?  

In Figure  1 we can compare t he  s w e l l i n g  behavior  o f  a cold-worked, so lu te- bear ing  comnercial a l l oy ,  A I S 1  
316, w i t h  t h e  much lower s w e l l i n g  o f  annealed, e s s e n t i a l l y  so lu te- f ree  Fe-35.5Ni-7.5Cr. 
s imple t e r n a r y  a l l o y  r e s i s t  s w e l l i n g  b u t  i t  a c t u a l l y  d e n s i f i e s  p r i o r  t o  and du r i ng  t he  onset of swe l l i ng .  
One specimen i r r a d i a t e d  a t  5 9 3 Y  t o  7.6 x 1022 n c m 2  (E > 0.1 MeV) o r  %38 dpa increased i t s  d e n s i t y  0.9%. 
The thermal e q u i l i b r i u m  diagram f o r  t he  Fe-Ni-Cr system a t  600°C does n o t  d i s p l a y  any m i s c i b i l i t y  gaps o r  
phases which form under these cond i t ions ,  however, and t h e  observed d e n s i f i c a t i o n  was there fo re  r a t h e r  
s u r p r i s i n g  . 

There i s  near un i ve rsa l  agreement f rom such s tud ies  t h a t  t he  swel-  
a l l o y s  can be minimized i f  t h e  n i c k e l  i s  increased t o  35-45 w t %  and t h e  chromium 

Rec n t  neu t ron  i r r a d i a t i o n  s tud ies  i n  t h e  E B R - I 1  f a s t  r e a c t o r  Confirm 

Not o n l y  does t h i s  
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FIGURE 1. Comparison of t h e  s w e l l i n g  behavior i n  E B R - I 1  of 20% cold-worked A I S I  316 and t h a t  of annealed 
Fe-35.5Ni-7.5Cr. 
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FIGURE 2. Dens i ty  of Fe-Ni A l l oys  a t  W C ,  as repo r ted  b y  Tomlinson and Andrews.(6) 
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It was noted, however, t h a t  a minimum i n  d e n s i t y  e x i s t s  a t  Fe-40Ni-OCr a t  room temperature,(6)  as sholvn 
i n  F igure  2. 
segregat ion might  lead  t o  an increase i n  t he  average d e n s i t y  o f  t he  a l l o y . ( ? )  
microscopy and energy-dispers ive x- ray  ana l ys i s  were t h e r e f o r e  performed on t he  (593"C, 38 dpa) specimen t o  
check t h i s  hypothesis.  

Thus t he  Fe-35.5Ni-7.5Cr a l l o y  l i e s  very  c l ose  t o  a d e n s i t y  minimum and radiat ion-enhanced 
Transmission e l e c t r o n  

5.2 Resu l ts  

F igures  3 and 4 are micrographs o f  t h i s  a l l o y .  
w i t h  t h a t  u s u a l l y  found a t  t h i s  h i gh  i r r a d i a t i o n  temperature. 
were a l s o  found and these were u s u a l l y  at tached t o  a l i k e w i s e  small  number of p r e c i p i t a t e s .  
however, a r e l a t i v e l y  h igh  d e n s i t y  ( 1  x 1016 c m 3 )  of smal l  (55 nm) c a v i t i e s  t h a t  appear t o  be bubbles 
i nco rpo ra t i ng  t h e  %30 appm he l ium generated by t ransmutat ion.  
observed which cou ld  account f o r  t h e  d e n s i f i c a t i o n ,  however. 

A very  low dens i t y  o f  d i s l o c a t i o n s  was observed, cons i s ten t  
A ve r y  small  ( d o l 2  ~ m - ~ )  number of vo ids  

There were no n i c k e l - r i c h  p r e c i p i t a t e s  

There was, 

When x- ray  ana lys is  was performed, however, i t  appeared t h a t  subs tan t i a l  segregat ion was occu r r i ng  i n  t he  
m a t r i x  of t h i s  a l l o y .  
g ra ins ,  us i ng  an e l e c t r o n  beam G O  nm i n  diameter. There i s  a p e r s i s t e n t  tendency of t he  a l l o y  t o  e x h i b i t  
enhanced n i c k e l  l e v e l s  a t  t he  expense o f  chromium i n  some areas and t o  do t he  opoos i te  i n  o the r  areas. 
i r o n  concent ra t ion  fo l lows t he  same t r e n d  as t h a t  o f  t h e  chromium. Va r i a t i ons  i n  t h e  n i c k e l  l e v e l  between 
25 and 53% were found which cou ld  e a s i l y  lead t o  some d e n s i f i c a t i o n ,  as shown i n  F igure  6 .  

F igure  5 shows 4 0 0  composi t ional  measurements of smal l  areas i n  four  separate 

The 

It i s  impor tan t  t o  note, however, t h a t  these measurements a re  averaged over a f i n i t e  volume of f o i l  S O  t he  
ac tua l  range of n i c k e l  v a r i a t i o n  p robab ly  extends bo th  above and below the  25-53% range. 

I t  was there fo re  decided t o  measure t he  s p a t i a l  v a r i a t i o n  o f  t he  m a t r i x  composi t ion a t  f i x e d  i n t e r v a l s  
a long t raverses  across t h i n  ( 6 0  nm) sec t ions  o f  f o i l .  F igure  7 shows t he  r e s u l t s  of a t y p i c a l  t r a v e r s e  
f o r  bo th  t h e  i r r a d i a t e d  f o i l  and an u n i r r a d i a t e d  specimen, us i ng  50 nm sampling i n t e r v a l s  and a beam w id th  
o f  4 0 - 4 0  nm. While no l a r g e  composi t ional  v a r i a t i o n s  a re  seen i n  t h e  u n i r r a d i a t e d  soecimen, r a t h e r  l a r g e  
and p e r i o d i c  v a r i a t i o n s  a re  seen i n  t he  n i c k e l  concent ra t ion  i n  t he  i r r a d i a t e d  specimen. Note a l so  t h a t  
whenever t h e  n i c k e l  l e v e l  was above t h a t  of t h e  bu lk  average concent ra t ion ,  t h e  i r o n  l e v e l  tended t o  be 
below i t s  bulk-averaged concent ra t ion .  
t h e  n i c k e l  p r o f i l e .  The t raverses  shown i n  F igure  7 used d i s l o c a t i o n s  as s t a r t i n g  po in t s .  

Both t he  i r o n  and chromium p r o f i l e s  appear t o  be m i r r o r  imageS of 

When a r a r e  p r e c i p i t a t e  o r  vo id  surface was used as a marker (F igure  8) ,  one observed a p e r t u r b a t i o n  r e l a -  
t e d  t o  t h e  sur face  of t h e  marker and then  t he  development o f  t he  composi t ional  m i c r o - o s c i l l a t i o n s  f a r  from 
t h e  marker surface. These o s c i l l a t i o n s  e x h i b i t  a p e r i o d i c i t y  on t h e  o rder  of several  hundred nm. 
m i c r o - o s c i l l a t i o n s  cou ld  n o t  be c o r r e l a t e d  w i t h  any components o f  t h e  m ic ros t ruc tu re  which c u r r e n t l y  e x i s t e d  
i n  t h e  f o i l .  To v e r i f y  t h a t  t h e  m i c r o s c i l l a t i o n s  were reproduc ib le ,  measurements on many o f  t he  t r aces  were 
taken on more than  one occasion, as i l l u s t r a t e d  us ing  d i f f e r e n t  symbols i n  F igures  7 and 8. 

The 

5.3 Discussion 

The o s c i l l a t i o n s  can a r i s e  from th ree  poss ib l e  sources. 
t u r a l  s i nks  e i t h e r  ou t s i de  t he  f o i l  volume o r  formed e a r l i e r  w i t h i n  t h e  f o i l  volume b u t  which no  l onger  
e x i s t .  
gate n i c k e l  a t  t h e  expense o f  i r o n  and chromium. The concent ra t ions  o f  these are  t oo  low t o  c rea te  t he  
o s c i l l a t i o n s .  
segregate n i c k e l .  
t a n t  d i s l o c a t i o n  moves away. 
y i e l d  t h e  observed sca le  o f  o s c i l l a t i o n s ,  however. 

The t h i r d  candidate mechanism does n o t  r e q u i r e  e i t h e r  p r e - e x i s t i n g  o r  rad ia t ion- induced s inks .  
t h e  moment t h a t  spontaneous spinodal- type o s c i l l a t i o n s  occur  t h a t  a re  c rea ted  o r  perhaps merely acce le ra ted  
b y  i r r a d i a t i o n .  
thermally-aged Fe-Ni o r  Fe-Ni-Cr a l l oys ,  t h e  ex is tence  o f  concent ra t ion  inhomogeneit ies on a smal l  s c a l e  
has f r equen t l y  been suggested i n  t h e  l i t e r a t u r e .  
diagram f o r  t h e  Fe-Ni system conta ins  a number o f  m i s c i b i l i t y  gaps and comprises 
y o  - Fe N i  ordered phase, 1'' - FeNi3 ordered phase and ylll - Fe3Ni ordered ~ h a s e . 1 ~ 7  Th is  assumptlon seems 
t o  be p a r t i a  l y  conf i rmed by t he  observa t ion  o f  an Fe-Ni ordered phase i n  meteor i tes  formed b i l l i o n s  o f  
years  ago.(8\ If t h i s  assumption i s  c o r r e c t  then a l l o y s  i n  t he  composi t ion range occupied by t h e  
Fe-35.5NI-7.5Cr a l l o y  do n o t  e x i s t  i n  t h e  t r u e  e a u i l i b r i u m  s ta te ,  b u t  t h e  k i n e t i c s  of t rans fo rmat ion  t o  t h e  
ordered s t a t e  a re  t oo  s low t o  be observable i n  human experience. 

Two o f  these are pe r t u rba t i ons  due t o  m ic ros t ruc-  

The f i r s t  o f  these i s  exemp l i f i ed  b y  vo ids  and grain-boundaries, bo th  o f  which a re  known t o  segre- 

The second type  of p e r t u r b a t i o n  might  a r i s e  from d i s l o c a t i o n  loops which are a l so  known t o  
Perhaps t he  r e s u l t i n g  n i c k e l  enhancement p e r s i s t s  a f t e r  t he  loop  u n f a u l t s  and t h e  r e s u l -  

The h ighes t  d e n s i t y  o f  loops found a t  these temperatures i s  much t oo  smal l  t o  

Assume f o r  

Although no ac tua l  m i s c i b i l i t y  gap has been observed i n  t h i s  composi t ional  regime i n  

It has even been suggested t h a t  t h e  t r u e  e q u i l i b r i u m  
h -disordered.phase, 
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FIGURE 5. 
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Relationship between local nickel and chromium levels, as measured in random small areas 3 0  nm 
i n  size. The three types of symbols denote separate measurements on three different days. 
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FIGURE 6. Lattice parameters of Fe-Ni and Fe-7.5Cr-XNi austenitic alloys at 25T. Also shown i s  the range 
of average nickel levels observed in Figure 5 to illustrate the origin of the densification. 
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FIGURE 7. Typical compositional traverses across thin foil sections using a dislocation as a starting point. 
The different symbols represent separate measurements on different days to demonstrate the repro- 
ducibility of the measurements. 
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FIGURE 8. Compositional traverses starting from void or inclusion-precipitate markers. 
bility when measured twice on separate days. 

Note the reproduci- 
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Th is  composi t ional  regime has rece ived  a l a r g e  amount of s c i e n t i f i c  a t t e n t i o n  s ince  t he  low- swel l ing  regime 
happenS t o  co inc i de  w i t h  t he  composi t ional  range r e f e r r e d  t o  as I nva r  a l l oys .  
phys i ca l  p rope r t i es ,  such as thermal expansion, magnetic p rope r t i es ,  e l a s t i c  moduli, l a t t i c e  parameter and 
excess f r ee  energy, e x h i b i t  r a t h e r  marked v a r i a t i o n s  w i t h  r e l a t i v e l y  small  changes i n  composit ion. 
I nva r  regime i s  f r equen t l y  r e fe r red  t o  as t he  anomalous p rope r t y  regime. 

It i s  w e l l  known t h a t  many 

The 

Many researchers have there fo re  used charged p a r t i c l e  o r  neutron i r r a d i a t i o n  t o  speed up t he  k i n e t i c s  o f  
t r ans fo rma t i on  and t e s t  t h e  s t a b i l i t y  o f  Invar  a l l o y s .  
Reference 9. 
a t i o n  and i s  a vacancy-dominated Process, a l though i n t e r s t i t i a l s  produced by i r r a d i a t i o n  can a l so  p a r t i c i -  
pate. 
range o r d e r i n g  occurs. The degree o f  o rde r i ng  i s  s e n s i t i v e  to t he  camposition, temperature and displacement 
r a t e .  Most evidence of o rde r i ng  has been i n f e r r e d  f rom i n d i r e c t  observa t iona l  techniques (Mossbauer, 
induced magnetic anisotropy,  r e s i s t i v i t y ,  nuc lear  gamma resonance, neutron sca t te r ing ,  l a t t i c e  parameter 
measurements, e t c . )  and comparison w i t h  s i m i l a r  s tud ies  on e a s i l y  ordered systems such as Cu-Au. 
been one o the r  d i r e c t  observa t ion  o f  composi t ional  o s c i l l a t i o n s  induced by i r r a d i a t i o n .  Penisson and 
Bourret  i r r a d i a t e d  Fe-5ONi w i t h  1.0 MeV e lec t rons  an o served h i gh  d e n s i t i e s  of ordered micro-domains - 4 0  nm i n  s i z e  us ing  dark f i e l d  e l e c t r o n  microscopy. ?lo? The micro-domains formed o n l y  when t he  i r r a d i a -  
t i o n  was conducted below the  c r i t i c a l  o rde r i ng  temperature, which i s  1320°C f o r  Fe-50Ni. 

The e a r l i e s t  of these s tud ies  are summarized i n  
The i r  major conclus ions were t h a t  t h e  o rder- d isorder  t rans fo rmat ion  i s  acce le ra ted  by i r r a d i -  

The anomalous I nva r  p rope r t i es  u s u a l l y  disappear a f t e r  i r r a d i a t i o n  and both short- range and long  

There has 

It i s  n o t  unreasonable t o  assume t h a t  t he  o rde r i ng  process requ i res  f i r s t  a segregat ion process and t h a t  
t h i s  p recursor  segregat ion process does n o t  cease ab rup t l y  above t he  c r i t i c a l  o rde r i ng  temperature. 
d isordered  s ta te ,  however, one cannot observe w i t h  e l ec t rons  t he  ex is tence  o f  composi t ional  o s c i l l a t i o n s  
s i nce  t he  s t r u c t u r e  fac to rs  of t h e  t h ree  so l ven t  atoms (Fe,Ni,CrJ a re  q u i t e  s i m i l a r .  
of m i c r o - o s c i l l a t i o n s  a t  r eac to r - re l evan t  temperatures can o n l y  be i n f e r r e d  b y  x- ray measurements o r  by t h e  
use o f  i n d i r e c t  techniques which measure t he  rad ia t ion- induced mod i f i ca t i on  o f  var ious anomalous I nva r  
p rope r t i es .  

It has been shown by Pauleve and c o w o r k e r s ( l l )  that two over lapp ing  types of o rde r i ng  (FeNi, FeNi3) 
develoi l  i n  i r r a d i a t e d  Fe-Ni a l l o y s  i n  t h e  range of 37-70% n i c k e l ,  as shown i n  F igure  9. If we ignore  t h e  
chromium i n  our  a l l o y  f o r  a moment we can see from F igure  9 t h a t ,  f o r  Fe-35.5Ni our  e n t i r e  range of i r r a d i -  
a t i o n  temperature (400-650'C) l i e s  above t h e  c r i t i c a l  o rde r i ng  temperature The a d d i t i o n  
o f  chromium has been shown t o  reduce t he  tendency toward short- range ~ r d e r ? ~ ~ , ~ ~ ?  bu t  n o t  suppress i t  
t o t a l l y .  C romium add i t i ons  a l so  tend t o  reduce t he  degree of anomaly i n  some p rope r t i es  such as Young's 
modul s.(14? The a d d i t i o n  of chromium a l so  in t roduces  t he  p o s s i b i l i t y  of ordered phases i n v o l v i n g  chro- 
mium,r15-17) such as N i 2 C r  which forms thermal ly .  Wahi r e c e n t l y  repor ted  t h a t  p r e c i p i t a t e s  of Cr38Fel lNi  
a re  formed i n  t h i n  f o i l s  o f  Fe-40Ni-13Cr whic 
P r e c i p i t a t e s  d i d  n o t  form i n  hu l k  samples.( l3? 

I n  t he  

Therefore t he  presence 

of b t h  phases. 

were thermal ly- annealed i n  vacuum a t  700-9OO0C, a l though such 

The e f fec ts  o f  chromium, then, i s  such t h a t  one would expect t o  see s i m i l a r  composi t ional  m i c r o - o s c i l l a t i o n s  
even more e a s i l y  i n  Fe-35.5Ni than i n  Fe-35.5Ni-7 5Cr. 
Dor ts  t h i s  conclus ion.  
p o s i t i o n s  between Fe-28Ni and Fe-50Ni a t  temperatures of 80, 250 and 400OC. The l a s t  temperature l i e s  above 
t h e  c r i t i c a l  o rde r i ng  temperature f o r  t h i s  composi t ion range. 
l a t t i c e  parameter i n  t he  Invar  range disappears a t  t he  lower two i r r a d i a t i o n  temperatures. 
I n v a r  a l l o y s  dens i fy  j u s t  as d i d  t h e  Fe-35.5Ni-7.5Cr a l l o y  o f  t h i s  study. 
400°C the  anomaly i s  a l s o  beg inn ing  t o  disappear, even though t h e  i r r a d i a t i o n  was conducted above t he  c r i t i -  
c a l  o rde r i ng  temperature. 
w e l l  above t h e  c r i t i c a l  o rder- d isorder  temperature. It i s  n o t  unreasonable t o  expect t ha t ,  n o t  o n l y  w i l l  
t h e  r a t e  of segregat ion he temperature-dependent, h u t  a l so  t h a t  t he  pe r i od  of t he  m i c r o - o s c i l l a t i o n s  w i l l  
be s t r o n g l y  s e n s i t i v e  t o  temperature. 

There has been one i n d i r e c t  measurement t h a t  sup- 
Chamberod and coworkers(7) i r r a d i a t e d  w i t h  e l ec t rons  a se r i es  of a l l o y s  w i t h  com- 

As shown i n  F igure  10, t he  anomalous peak i n  
I n  e f f e c t ,  t h e  

One can see, however, t h a t  a t  

This supports our  hypothesis t h a t  t h e  p recursor  segregat ion process cont inues 

I n  another s tudy  i t  was shown t h a t  s imul taneously decreasing t he  n i c k e l  and i nc reas in  

decomposit ion o f  our  a l l o y  i s  c r e a t i n g  r e l a t i v e l y  l a r g e  zones o f  c r y s t a l  w i t h  such lowered s w e l l i n g  r e s i s t -  
ance, and i t  i s  reasonable t o  expect t h a t  vo ids  w i l l  nuc lea te  f i r s t  i n  these regions.  
and grow t o  reasonably l a r g e  s i zes  t hey  begin t o  segregate n i c k e l  a t  t h e i r  sur faces and r e j e c t  chromium 
back i n t o  t he  mat r i x ,  as seen i n  F igures 8 and 11. Each vo id ,  once formed, then a l t e r s  t h e  surrounding 
(matr ix  i n  a manner which makes t he  nuc lea t i on  o f  t he  nex t  v o i d  eas ie r .  This se ts  i n t o  mot ion a p o s i t i v e  
feedback urocess o i  enhanced vo id  nuc lea t ion .  
t h e  vo ids  themselves become the  r e s e r v o i r  f o r  n i c k e l  removal. Note i n  F igure  11 t h a t  t he  m a t r i x  a t  a d i s -  
tance 100 t o  150 mm from a vo id  i n  a Fe-35.1Ni-21.7Cr a l l o y  has been depleted t o  4 0 %  n i c k e l .  
l i n g  Produced i n  t h i s  specimen a t  538°C by 36 dpa neutron i r r a d i a t i o n  i s  7.7% and t he  t r a n s i e n t  regime i s  
e s s e n t i a l l y  over .  

t he  chromium l e v e l  
w i l l  s t r o n g l y  reduce t h e  incubat ion  pe r i od  o f  s w e l l i n g  i n  neu t ron- i r r ad ia ted  a l loys . (  2 ) The sp inoda l  

Once vo ids  nuc lea te  

While n i c k e l - r i c h  p r e c i p i t a t e s  do n o t  form i n  these a l l o y s  

The swel-  
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FIGURE 9. C r i t i c a  t mperatures f o r  t h e  o rder- d isorder  t r a n s i t i o n s  of t h e  NiFe and Ni3Fe types i n  Fe-XNi 
a1 lays  .I1 1 7  

I I I I I 
Fe Ni3 

- /L.- - 
8 

/' , 
I 

,M8 

- 

Fn Ni I 
I I I I I 

Fe 

3.60, I I I I 

Ni 

. 
NICKEL CONCENTRATION, % " E m  -. I ' DISTANCE 

(nrnl 

FIGURE 10. L a t t i c e  Parameters of  Fe-XNi A l l o y s  Meas- FIGURE 11. Concentrat ion P r o f i l e s  Observed i n  the  
u red  a t  Room Temperature Before and A f t e r  
E l ec t r on  I r r a d i a t i o n .  ( 7 )  21.7Cr A l l o y  I r r a d i a t e d  t o  7 .2  x 10 

V i c i n i t y  o f  a Void Surface i n  Fe35.@- 

n/cm2 (E>0.1 MeV) a t  538°C. (19) The 
reduc t i on  i n  m a t r i x  N i  con ten t  due t o  
segregat ion a t  t h e  v o i d  sur faces.  
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5.4 Conclusion 

The s imple homogeneous aus ten i te  r eg i on  shown on phase diagrams f o r  Fe-Ni-Cr a l l o y s  near t h e  Invar  composi- 
t i o n a l  range appears n o t  t o  be t h e  t r u e  e q u i l i b r i u m  s t a t e .  
toward t r u e  s t a b i l i t y  p a r t i c u l a r l y  if the  i r r a d i a t i o n  occurs below t h e  c r i t i c a l  order- disorder  temperature. 
Even above t h e  c r i t i c a l  temperature a sp i noda l - l i ke  decomposit ion occurs du r i ng  i r r a d i a t i o n .  Th is  produces 
comuosi t ional  m i c r o - o s c i l l a t i o n s  w i t h  per iods  on t h e  o rder  of hundreds of nanometers. This  process leads 
t o  t h e  e a r l i e r  nuc l ea t i on  o f  vo ids i n  t h e  n icke l- poor  chromium-rich zones, shor ten ing  t h e  du ra t i on  of t h e  
t r a n s i e n t  regime of swe l l i ng .  It a l s o  leads t o  t h e  e l i m i n a t i o n  of t h e  anomalous I n v a r  p rope r t i e s .  Another 
consequence i s  a n e t  dens i f i ca t i on  o f  t h e  a l l o y .  

Rad ia t ion  seems t o  acce le ra te  t h e  e v o l u t i o n  
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Add i t i ona l  examination of o t he r  neu t ron- i r r ad i a ted  t e r n a r y  a l l o y s  w i l l  cont inue.  The i o n - i r r a d i a t e d  speci -  
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EXPERIMENTAL INVESTIGATION OF THE EFFECT OF INJECTED INTERSTITIALS ON V O I D  FORMATION 

6. Badger, Jr., D.L. Plumton, S.J. Zink le ,  R.L. Sindelar ,  G.L. Ku lc insk i ,  R.A. Dodd, and W.G. Wolfer 
( U n i v e r s i t y  o f  Wisconsin) 

1.0 Ob jec t i ve  

The ob jec t i ve  o f  t h i s  study i s  t o  assess the  i n f l uence  o f  i n j e c t e d  i o n s  on v o i d  nuc l ea t i on  i n  d i f f e r e n t  
m e t a l l i c  systems. 
i s  examined. The experimental r e s u l t s  are compared t o  a t h e o r e t i c a l  v o i d  nuc l ea t i on  model. The u l t i m a t e  
goal o f  t h i s  i n v e s t i g a t i o n  i s  t o  ob ta in  a b e t t e r  c o r r e l a t i o n  between neutron displacement damage and i o n -  
induced damage. 

The e f f e c t  o f  temperature on the suppression o f  v o i d  format ion i n  the  peak damage reg i on  

2.0 Summary - 

Pure n i c k e l ,  a "pure" 316-type s t a i n l ess  s tee l  (P7) and two h igh s t r eng th  copper a l l o y s  have been i r r a d i a t e d  
w i t h  e i t h e r  14-MeV n i c k e l  o r  copper ions t o  a peak damage l e v e l  o f  50 dpa (K  = 0.8) a t  homologous tempera- 
t u r e s  ranging f rom 0.4 t o  0.6 Tm. The i r r a d i a t e d  f o i l s  have been examined i n  cross sec t ion  i n  an e l e c t r o n  
microscope. The i n j e c t e d  i n t e r s t i t i a l  e f f ec t  on the  suppression o f  the measured v o i d  d e n s i t i e s  i n  N i  and P7 
was found t o  increase w i t h  decreasing temperature. The comparison o f  these r e s u l t s  w i t h  nuc l ea t i on  theory 
shows good q u a l i t a t i v e  agreement. Quan t i t a t i ve  d iscrepancies a re  a t t r i b u t e d  t o  d i f f u s i o n a l  spreading of 
p o i n t  de fec ts  and t o  the presence o f  i m p u r i t y  atoms i n  the  mat r i x .  
showed a small heterogeneous v o i d  dens i ty  c h a r a c t e r i s t i c  o f  the h i g h  temperature end o f  the v o i d  s w e l l i n g  
regime, wh i le  no voids formed i n  the  a l l o y s  i r r a d i a t e d  > 400°C. Th is  r e s u l t  i s  i n  e x c e l l e n t  agreement w i t h  
nuc lea t ion  theory which i nd i ca tes  the v o i d  swe l l i ng  regime i n  i on- i r r ad i a t ed ,  low i m p u r i t y  copper should be 
l e s s  than 300°C (0.42 Tm). 

A copper a l l o y  i r r a d i a t e d  a t  300°C 

3.0 Programs 

T i t l e :  Rad ia t ion  Damage Studies 
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. Oodd 
A f  f l l  i a t i o n :  U n i v e r s i t y  o f  W i  sconsin-Madison 

T i t l e :  E f fec t  of Rad ia t ion  and High F lux  on the Performance o f  F i r s t  Wall Components 
P r i n c i p a l  I nves t i ga to r :  W.G. Wolfer 
A f f i l i a t i o n :  Un i ve r s i t y  o f  Wisconsin 

4.0 Relevant DAFS Program Task/Subtask 

DAFS Subtask 11.8.2.3 
Subtask C. Co r re l a t i on  Methodology 

5.0 Accomplishment and Status 

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

Dur ing the pas t  decade many r a d i a t i o n  e f f e c t s  s tud ies  have u t i l i z e d  heavy ions  t o  produce displacement 
damage i n  metals. 
as compared t o  neutron i r r a d i a t i o n .  However, d i f f e rences  i n  the displacement cascade s t r uc tu re  and d i s -  

Heavy i o n  i r r a d i a t i o n  o f f e r s  the advantage o f  r a p i d  accumulat ion o f  displacement damage 
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placement r a t e s  between i o n  and neutron i r r a d i a t i o n s ,  along w i t h  the absence of t ransmutat ion products  i n  
i o n  i r r a d i a t i o n s ,  make i t  d i f f i c u l t  t o  e s t a b l i s h  c o r r e l a t i o n s  between the damage r e s u l t i n g  from the two 
types of i r r a d i a t i o n s .  An a d d i t i o n a l  f a c t o r  which has received somewhat l e s s  a t t e n t i o n  i s  t h a t  heavy i o n  
i r r a d i a t i o n  deposi ts  the i r r a d i a t i n g  i o n  i n  the m a t r i x  i n  the form of an excess i n t e r s t i t i a l .  Th is  i n j e c t e d  
i o n  e f f e c t  was o r i g i n a l l y  assumed t o  be minimal, b u t  has subsequently been found t o  s i g n i f i c a n t l y  reduce 
vo id  formation and growth under the appropr ia te  cond i t i ons .  

Where p o i n t  de fec t  recombination i s  dominant, the i n j e c t e d  i n t e r s t i t i a l s  can reduce the v o i d  growth ra te .  

This e f f e c t  was p r e d i c t e d  by B r a i l s f o r d  and Mansur( l )  and exper imenta l l y  v e r i f i e d  by Lee e t  a1. (2)  The r e -  
auc t ion  i s  s i g n i f i c a n t  when the  b i a s  i s  small, i.e. when the c u r r e n t  of vacancies i s  almost equal t o  tne 
c u r r e n t  of i n t e r s t i t i a l s  i n t o  the void. Obviously t h i s  i s  the case f o r  voids o f  the c r i t i c a l  s ize. There- 
fore, i t  may be expected t h a t  the i n j e c t e d  i n t e r s t i t i a l s  w i l l  a f f e c t  v o i d  nuc lea t ion  t o  a g rea te r  e x t e n t  

than v o i d  growth. 
presence o f  the i n j e c t e d  ions. 

Plumton and ~ o l f e r ( 3 )  have r e c e n t l y  shown t h a t  v o i d  nuc lea t ion  can be suppressed by the  

An i n j e c t e d  i o n  comes t o  r e s t  i n  the m a t r i x  as an i n t e r s t i t i a l  w i t h o u t  a vacancy par tner .  Therefore, there 
e x i s t s  an excess number o f  i n t e r s t i t i a l s  i n  the reg ion  where the  i o n s  are deposited. I n  a heavy i o n  i r r a d i -  
a t i o n  the peak i n  the damage p r o f i l e  over laps the i o n  depos i t i on  p r o f i l e ,  meaning t h a t  there i s  an excess o f  
i n t e r s t i t i a l s  i n  the damage peak. 
and i n t e r s t i t i a l  f l u x  t o  the v o i d  nuc le i ,  causing suppression o f  v o i d  nuc leat ion.  Since the excess i n t e r -  
s t i t i a l s  are a small f r a c t i o n  o f  the t o t a l  i n t e r s t i t i a l  concentrat ion.  they are on ly  impor tan t  when most of 
the p o i n t  defects  produced by displacements are recombining. The e f f e c t  o f  the i n j e c t e d  ions  on v o i d  nucle-  

a t i o n  should the re fo re  become i n c r e a s i n g l y  impor tant  a t  lower temperatures. Garner(4) r e c e n t l y  reeva lua ted  
prev ious work i n  l i g h t  o f  t h i s  suppression e f f e c t  and found t h a t  i n  var ious metals i n j e c t e d  i n t e r s t i t i a l s  
may have a pronounced e f f e c t  on experimental v o i d  s w e l l i n g  r e s u l t s .  

For  h i g h  energy ions, i n  c o n t r a s t  t o  low energy ions,(3'5' t he re  e x i s t s  a reg ion  midway along the range t h a t  
i s  n o t  a f fec ted  by e i t h e r  the f r o n t  surface o r  by the i n j e c t e d  ions.  The development o f  the cross s e c t i o n  
procedure f o r  p o s t - i r r a d i a t i o n  examination a l lows v o i d  s w e l l i n g  data f o r  d i f f e r e n t  displacement r a t e s  and 

f luences t o  be obta ined from one sample. 16-g) 
e n t i r e  damage range a l l o w s  a determinat ion t o  be made of the e f f e c t  of i n j e c t e d  i n t e r s t i t i a l s  on v o i d  f o r -  

mation. 

stee1.(8>9) 

These excess i n t e r s t i t i a l s  may p e r t u r b  the balance between the vacancy 

Transmission e l e c t r o n  microscopy (TEM) observat ions over the  

The cross sec t ion  technique i s  n w  we l l- es tab l i shed  f o r  n i c k e l , ( 6 )  copper,(7) and s t a i n l e s s  

Pure n icke l ,  a "pure" 316-type s t a i n l e s s  s tee l  (P7), and 2 h igh  s t r e n g t h  copper a l l o y s  have been i r r a d i a t e d  
w i t h  e i t h e r  14-MeV n i c k e l  o r  copper ions.  These samples have been e l e c t r o p l a t e d  w i t h  n i c k e l  o r  copper and 
th inned  t o  observe the damage reg ion  i n  cross sect ion. The use o f  3 d i f f e r e n t  m e t a l l i c  systems a l lows  an 
assessment t o  be made o f  the general i n f l u e n c e  o f  i n j e c t e d  i o n s  on v o i d  nuc leat ion.  The i r r a d i a t i o n s  were 
conducted a t  homologous temperatures ranging from 0.4 Tm t o  0.6 Tm i n  order  t o  determine the e f f e c t  o f  
temperature on the suppression of vo id  format ion i n  the  peak damage reg ion.  

5.2 Experimental Procedure 

The composit ion and i m p u r i t y  con ten t  of the "pure" 316-type s t a i n l e s s  s t e e l  a l l o y  P7, nominal ly  Fe-17Cr- 

16 .7N i -2 .5M0, (~ .~~)  and AMZIRC (Cu-O.15Zr) and AMAX-MZC (Cu-O.6Cr-O.l5Zr-O.O5Mg) copper a l loys( ' ' )  are g iven  
elsewhere. The p u r i t y  o f  the n i c k e l  used i n  t h i s  i n v e s t i g a t i o n  was 0.99995. The p r e - i r r a d i a t i o n  prepa- 
r a t i o n  o f  a l l  three m a t e r i a l s  i n v o l v e d  successive mechanical p o l i s h i n g  operat ions down t o  an abras ive  of 0.3 
urn alumina powder. I n  add i t i on ,  the copper a l l o y s  and pure n i c k e l  samples were e l e c t r o p o l i s h e d  t o  remove 
any c o l d  work from the mechanical po l i sh .  

The m a t e r i a l s  were i r r a d i a t e d  a t  the U n i v e r s i t y  o f  Wisconsin Heavy-Ion i r r a d i a t i o n  F a c i l i t y  us ing 14-MeV 

N i 3 +  i ons  f o r  the P7 a l l o y  and pure n i c k e l  samples and 14-MeV Cu3+ ions  f o r  the copper a l l o y s .  
l i s t s  the i r r a d i a t i o n  parameters used i n  t h i s  study. 

Table 3 

P o s t - i r r a d i a t i o n  p repara t ion  f o r  TEM ana lys is  i n v o l v e d  a cross- sect ion technique descr ibed e sewhere f o r  the  

pure n i c k e l , ( 6 )  the copper a l l o y s ( 7 )  and P7 a l loy. ( ' )  These procedures a l l o w  the e n t i r e  damage r e g i o n  o f  
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t he  heavy ions  t o  be analyzed f o r  a s i ng le  i r r a d i a t e d  sample. 
e l ec t ron  microscope. 

TEM was performed using a JEOL TEMSCAN-POOCX 

5.3 Theore t i ca l  Parameters and Procedures 

Comparisons between ma te r i a l s  w i t h  vary ing  amounts o f  i r r ad ia t i on- induced  displacement damage are usua l l y  
done i n  terms o f  displacements per atom, DPA. 

model(12) so t h a t  the number o f  displacements (RD) i s  g iven by 
This value i s  obta ined by use o f  a mod i f i ed  Kinchen and Pease 

+ K S,(x) 
RD = 2 P ED 

where $ i s  the fluence, P i s  the atomic densi ty ,  ED i s  the e f f e c t i v e  displacement energy and SD(X) i s  t he  

energy a v a i l a b l e  f o r  displacements a t  a depth x (damage energy). The l a s t  parameter, K, i s  the displacement 
e f f i c i ency  which Torrens and Robinson took t o  be 0.8, which has been used as a standard value over the years 
f o r  DPA ca l cu la t i ons .  
revealed t h a t  i t  i s  s t r ong l y  dependent on energy, w i t h  K decreasing f o r  inc reas ing  r e c o i l  energy (see Ref. 
13 f o r  a rev iew).  These r e s u l t s  i n d i c a t e  t h a t  f o r  h igh  energy (?  1 MeV) neutron o r  heavy i o n  i r - a d i a t i o n s  

of fcc metals the e f f i c i ency  i s  - 0.3, which reduces many p rev ious l y  c i t e d  damage values by a f ac to r  of 318. 
The defect  p roduc t ion  e f f i c i ency  used i n  t h i s  paper f o r  the  de termina t ion  of DPA r a t e  and excess i n t e r s t i -  
t i a l  f r a c t i o n  ( E ~ )  i s  K = 0.3. 

The B r i c e  code(14) has been used t o  ca l cu la te  the  damage ra tes  and excess i n t e r s t i t i a l  f r ac t i ons  f o r  14-MeV 
Cu o r  N i  ions i n c i d e n t  on copper, n i cke l  o r  s t a i n l e s s  s tee l .  

the r a t i o  of deposi ted ions  t o  the i n t e r s t i t i a l s  produced by damage t h a t  surv ive  cascade recombinat ion i s  
a l s o  af fected by the e f f i c i e n c y .  i s  taken as 

Recent experimental and t h e o r e t i c a l  s tud ies  on the displacement e f f i c i ency  have 

The excess i n t e r s t i t i a l  f r ac t i on ,  ci. taken as 

E. = f ( x )  0 
’ I f f  RD 

where f ( x )  i s  the deposi ted i o n  d i s t r i b u t i o n  f unc t i on  a t  a depth x and E f f  i s  the  f r a c t i o n  of defects t h a t  

escape in-cascade recombination. Therefore, wh i l e  previous damage r a t e s  scale by 318, prev ious  excess 
i n t e r s t i t i a l  f r ac t i ons  scale by 813. The e f f e c t i v e  displacement energies used f o r  the  Cu, N i  and P7  
s t a i n l e s s  s tee l  damage c a l c u l a t i o n s  are 29, 40 and 32 eV respec t i ve l y .  

The steady State vo id  nuc lea t i on  theory fo r  heavy i o n  i r r a d i a t i o n s  presented by Plumton and W ~ l f e r ( ~ )  i s  

used here a long w i t h  the  mod i f i ca t i on  of a vacancy surface s i nk  t e r m  p rev ious l y  inc luded(5)  i n  the nucle-  
a t i o n  computer code. The ma te r i a l s  parameters, Table 1. used i n  the  nuc lea t i on  c a l c u l a t i o n s  are expe r i -  
menta l l y  determined values taken from the l i t e r a t u r e .  An at tempt has been made t o  q u a l i t a t i v e l y  match the 
t h e o r e t i c a l  ou tpu t  w i t h  the experimental r esu l t s .  The matching i s  accomplished by s l i g h t l y  mod i fy ing  some 
of the i n p u t  ma te r i a l s  parameters l i s t e d  i n  Table 1. The ma te r i a l s  values t h a t  have been used t o  a d j u s t  the 
t h e o r e t i c a l  nuc lea t ion  p r o f i l e s  a re  the energies and en t rop ies  of vacancy m ig ra t i on  and format ion (E:, E:, 

s:, sv), the surface energy of the metal ( Y )  and the  vo id  b i as  f ac to r s  (Zi, Zv )  f o r  i n t e r s t i t i a l  and vacancy 

capture. The adjustment cons i s t s  of matching the  t h e o r e t i c a l  nuc lea t i on  r a t e  w i t h  the exper imenta l l y  de te r-  
mined vo id  densi ty .  The experimental vo i d  dens i ty  i s  assumed t o  be the  dens i ty  t h a t  i s  reached a f t e r  nucle-  
a t i o n  has stopped so t h a t  the nuc lea t ion  pe r i od  must be l ess  than the  t o t a l  i r r a d i a t i o n  time. 
r a t r  o f  - 1018-1019 voids/m3/s was obta ined from measured vo id  dens i t i es  o f  1020-1022 voids/m3 and t o t a l  

i r r a d i a t i o n  t imes o f  - 103 s .  

f 0 0  

A nuc lea t i on  

The vacancy d i f f u s i v i t y  ( D ~ )  and thermal e q u i l i b r i u m  concent ra t ion  CC;~) were determined i n  accordance w i t h  

the formal ism o f  Seeger and Mehrer(”) f o r  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  (oSD):  
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TABLE 1. NATERIALS PARAMETERS 

Parameter 

L a t t i c e  parameter, a. (nm) 

Surface energy. yo (J/m2) 

Shear modulus, v (MPa) 

Poisson's r a t i o ,  w 

Vacancy formation energya, 

Vacancy migra t ion  energya, E: 

Mass of d i f f u s i n g  atom, 1.1 (amu) 

vacancy format ion entropyb, S: 
Vacancy migra t ion  entropy b , S: 

I n t e r s t i t i a l  r e l a x a t i o n  volumec, vI 

vacancy r e l a x a t i o n  volumec. vv 
G I n t e r s t i t i a l  p o l a r i z a b i l i t y ' ,  aI 

G Vacancy p o l a r i z a b i l i t y a ,  av 

Modulus va r i a t i on ,  A P I V  
L a t t i c e  parameter va r i a t i on ,  Aao/ao 

Cascade su rv i va l  f r ac t i on ,  n 

Sink st rength,  S (m-') 

Bias f a c t o r  r a t i o ,  TIEv 
Thickness o f  segregat ion s h e l l ,  h / r  

a I n  u n i t s  of eV 

'In u n i t s  of the atomic volume Q = ao/4 

u n i t s  of the  Boltzmann constant  k 
3 

cu - N i  

0.352 0.361 

0.8 0.8 
9. 47x104 4 . 1 ~ 1 0 ~  
0.28 0.33 

1.84 1.29 
1.04 0.77 

- 

4 ~ 1 0 - ~  1.3x10+ 
58.1 63.5 

3.0 2.4 

2.3 1.2 

1.8 1.55 
-0.2 -0.1 
72 34 
39 18 

2x10-5 3 ~ 1 0 - ~  

~ ~ 1 0 - 5  3 ~ 1 0 - ~  

0.15 0.15 
5x1Ol3 1014 

1.4 1.4 
0.1 0.1 

P7  Reference 

0.356 38 

0.8 

6. 55x104 39.40 
0.28 39.40 

1.82 see t e x t  

- 

1.29 ( N i )  see t e x t  
1.38 (Cr)  
1.39 (Fe) 

_ _ _  
56 

2.5 see t e x t  

3.1 ( N i l  see t e x t  
4.3 (Cr)  
4.8 (Fe) 

1.8 41  
-0.1 30 

52 42 
28 42 

4 ~ 1 0 - ~  

4 ~ 1 0 - ~  

0.15 43 
1014 

1.4 see t e x t  

0.1 

- 
where the jump frequency f o r  FCC c r y s t a l s  u0 i s  

mass of the atoms making up the l a t t i c e .  Experimental s e l f - d i f f u s i o n  data only a l lows the sums S: + sV and 

E: + EV t o  be determined. o r  EV . A complete 

parametr ic  study o f  vary ing  the energies and en t rop ies  o f  vacancy m ig ra t i on  and format ion and de termin ing  
the  impact on vo id  nuc lea t i on  i s  beyond the scope o f  t h i s  paper. However, several t rends have been no t i ced  

as these i n p u t  parameters are modi f ied.  

*a t i ceab ly  a t  h igh temperatures, wh i l e  the e f f e c t  o f  the i n j e c t e d  i n t e r s t i t i a l s  on vo id  nuc lea t i on  suppres- 
s ion  i s  decreased. 

/E:/M , a i s  the  l a t t i c e  parameter and M i s  the average 
f 

f f m  m f 
Therefore a decrease i n  Sy o r  E V  imp l ies  an increase i n  S v  

f Rais ing E o r  lower ing  Sf increases the nuc lea t i on  ra te ,  most 
V V 

The vacancy energies and en t rop ies  f o r  copper and n i cke l  have been ex tens i ve l y  examined i n  the l i t e r a t u r e .  
For copper the s e l f - d i f f u s i o n  data i s  we l l  determined. 

ev,(16) and a vacancy format ion energy o f  = 1.29 e ~ ( 1 7 )  leads t o  a vacancy m ig ra t i on  energy of 0.17 ev. 

The low temperature s e l f - d i f f u s i v i t y  data (1'*19) and OsD are  then used i n  Eq. (1) t o  determine the entropy 

f o r  s e l f - d i f f u s i o n ,  5;  + S: = 3.63 k. This entropy can then be broken i n t o  the m ig ra t i on  an1 format ion 

components by us ing  a vacancy concent ra t ion  of Cv = 190 ppm a t  1075"C(") and C t q  iii Eq. (1) .  

Using an energy f o r  s e l f - d i f f u s i o n  of aso = 2.06 

Th is  r e s u l t s  
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i n  S: = 1.2 k and S: = 2.4 k. For n icke l ,  the s e l f - d i f f u s i v i t y  data are a l so  f a i r l y  w e l l  known. The s e l f -  

d i f f u s i o n  energy has been found t o  be 2.88 ev(2') which cor*esponds w e l l  w i t h  independent measurements of 

EVf = 1.8(22) and E: = 1.04 eV.(23) However, values f o r  the en t rop ies  a re  uncerta in.  Using the formal ism o f  

Eq. ( 1 )  f o r  the  data o f  Maier e t  al."') y i e l d s  S: + S: = 5.27 k, b u t  the  d i v i s i o n  between the two en t ro-  

p ies  i s  unknown. 

Re l i ab le  se l f - d i f f us i on  data f o r  s t a i n l e s s  s tee l  a re  scarce. Rothman e t  ,1.(24) have used t r a c e r  d i f f us i on  
techniques t o  examine the d i f f u s i v i t y  of the major elements Fe, N i  and C r  i n  an a l l o y  o f  approximately  the  
same composit ion as the P7 examined here. Appreciable d i f ferences were found by Rothman e t  a l .  i n  the  d i f -  
f u s i v i t i e s  o f  the a l l o y  components fo r  a g iven composit ion as w e l l  as v a r i a t i o n s  w i t h  composit ion between 
the  same components i n  d i f f e r e n t  a l l o y i n g  systems. Care must t he re fo re  be exerc ised  i n  us ing  d i f f u s i v i t y  
data from one steel  a l l o y  System and app ly ing  i t  t o  another. Making use of Eq. (1) again and Rothman e t  
a l . ' s  data g ive  the  r e s u l t s  l i s t e d  i n  Table 2. 
i s  again unknown. 

Ev and Sv f o r  a l l  components, b u t  d i f f e r e n t  values o f  E: and S: f o r  each a l l o y  component. 

f u s i v i t y  i s  then determined as an average 

The d i v i s i o n  o f  these sums i n t o  t h e i r  i n d i v i d u a l  components 

The vacancy d i f -  

For the nuc lea t ion  ca lcu la t ions ,  the  d i v i s i o n  i s  made by assuming constant  values o f  
f f 

D = b  = I C  D x  (2)  v v  x v  X 

where Cx i s  the f r a c t i o n  o f  x i n  the a l l o y  and 

& ; w i t h  U =; 

The sur face energies used i n  t h i s  study are l ess  then the  values tabu la ted  by M ~ r r ( ~ ~ )  by a fac to r  of 2-3. 
This must be done because steady s t a t e  vo id  nuc lea t ion  ra tes  a re  too  l o w  when sur face energy values f o r  

c lean  sur faces are employed.(26) Th i s  imp l i es  t h a t  e i t h e r  some unknown impu r i t y  segregat ion occurs t o  the 
void embryo surface which reduces i t s  surface energy, o r  t h a t  t he re  e x i s t s  gas such as hydrogen o r  hel ium i n  
the  metal t h a t  can pressur ize  the vo id  embryo. 

v o i d ( 2 7 )  con ta in ing  x vacancies, i .e. 

= 1 C Em(x) x v  . X 
V V 0 

Both a f f ec t  the vacancy concent ra t ion  i n  e q u i l i b r i u m  w i t h  a 

by changing the  surface energy r o ( x )  and the  gas pressure P. 
rec ted  fo r  temperature and curvature,  Y => Yo(r(x),T), according t o  Si-Ahmed and Wolfer.(28) The o the r  

f ac to r s  i n  Eq. ( 4 )  are  the vo id  radius, r ( x ) .  and the vo id  b i as  f o r  vacancies, Zo(x) .  As the sur face ener- 

gY, Y. i s  decreased, the  vo id  nuc lea t i on  r a t e  increases dramat ica l l y ,  i n  p a r t i c u l a r  a t  h igh  temperatures. 
The reduc t ion  I n  the  vacancy concent ra t ion  i n  e q u i l i b r i u m  w i t h  a vo id  embryo as g iven by Eq. ( 4 )  leads t o  a 
slower vacancy re-emmission ra te .  
creases. 

The vo id  b i as  f ac to r s  Zp and 2; are  obta ined from a s h e l l  model presented p r e v i o ~ s l y . ( ~ , * ~ * ~ ~ )  The s h e l l  

model a l so  imp l i es  t h a t  a segregat ion reg ion  e x i s t s  around the vo id  which has a d i f f e r e n t  shear modulus and 
l a t t i c e  p a r a w t e r  than the matr ix .  This d i f fe rence need only be on the order  o f  0.002-0.03% fo r  vo id  nucle-  
a t i o n  t o  occur a t  the  des i red  ra te .  
parameter i s  t o  increase the vo id  b i a s  fo r  vacancies and decrease the b i a s  f o r  i n t e r s t i t i a l s .  The s i nk  

averaged b ias  f a c t o r  r a t i o ,  z I / z y .  f o r  vo id  nuc lea t i on  i s  taken t o  be 1.4 which i s  about halfway t o  the 

l a r g e  vo id  steady s t a t e  swe l l i ng  value ca l cu la ted  by Sniegowski and ~o l f e r . ( 'O )  

Here, the  sur face energy ro(x)  has been cor-  

V 

S i m i l a r i l y  if the embryo i s  pressur ized,  the nuc lea t ion  r a t e  a l so  i n -  

The e f f ec t  of i nc reas ing  the  d i f f e rence  i n  shear modulus o r  l a t t i c e  

- -  
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TABLE 2. SELF-DIFFUSION DATA I N  A STEEL ALLOY 

Component 

17% N i  

17% C r  

66% Fe 

5.58 k 

6.85 k 

7.3 k 

3.11 eV 

3.2 eV 

3.21 eV 

5.4 Resul ts  - 

The experimental r e s u l t s  from the copper a l l o y ,  n icke l ,  and P7 s t a i n l ess  s t e e l  i r r a d i a t i o n s  can be grouped 
i n t o  three broad ca tegor ies  based on the observed e f f e c t  of excess i n t e r s t i t i a l s  on the v o i d  dens i ty .  The 
th ree  ca tegor ies  a re  (a) vo ids observed, w i t h  the magnitude of the  i n j e c t e d  i o n  e f f e c t  q u a n t i t a t i v e l y  
determined, (b)  voids observed, b u t  no observed suppression i n  vo i d  densi ty ,  and ( c )  no voids observed. 
Table 3 summarizes these r e s u l t s  f o r  the var ious cond i t ions  t h a t  were inves t iga ted .  
i r r a d i a t i o n  temperatures genera l l y  g ive  r i s e  t o  a g rea te r  v o i d  dens i ty  suppression, i n  agreement w i t h  
theory. 

The lower homologous 

5.4.1 Copper A1 l o y s  

NO v o i d  format ion was observed i n  cold-worked p l u s  aged copper a l l o y s  t h a t  were i r r a d i a t e d  up t o  peak damage 
l e v e l s  o f  15 dpa ( K  = 0.3) a t  homologous temperatures of 0.5-0.6 Tm (400-55O'Cl. I r r a d i a t i o n  o f  an annealed 
(SOO'C, 1 h r l  A M Z I R C  (Cu-Zr) a l l o y  t o  the  same f luence a t  300°C r e s u l t e d  i n  a sparse d i s t r i b u t i o n  o f  l a r g e  

[- 250-500 nm d iameter)  voids. The few vo ids  
which were observed were p r e f e r e n t i a l l y  found i n  the v i c i n i t y  o f  l a r g e  z i rconium p a r t i c l e s  p resen t  i n  the 
damage reg ion  of the a l l o y .  F igure  1 shods two voids observed i n  cross- sect ion i n  the i r r a d i a t e d  A M Z I R C  
a l l o y .  

The v o i d  dens i ty  was est imated t o  be on the order  of 10i7/m3. 

The ca l cu l a ted  v o i d  nuc l ea t i on  r a t e  versus i r r a d i a t i o n  temperature f o r  pure copper i s  shown i n  F ig .  2. 
v o i d  nuc lea t ion  r a t e  w i t hou t  excess i n t e r s t i t i a l s  (ci = 0)  i s  compared t o  the nuc lea t ion  r a t e  w i t h  an excess 

i n t e r s t i t i a l  f r a c t i o n  corresponding t o  the peak damage reg ion  (ci = 

as 3 x dpats (K = 0.3). which corresponds t o  the peak damage r a t e  dur ing  the copper a l l o y  i r r a d i a t i o n s .  
I t  cdn be seen t h a t  the  steady- state nuc lea t ion  theory p r e d i c t s  an absence of homogeneous v o i d  nuc l ea t i on  i n  
copper fo r  i r r a d i a t i o n  temperatures 1 300'C. i n  agreement w i t h  tine experimental observat ions.  The e f f e c t  o f  

the i n j e c t e d  i n t e r s t i t i a l s  on v o i d  nuc l ea t i on  i s  p red i c t ed  t o  be n e g l i g i b l e  f o r  temperatures 1 150'C. 

The 

The displacement r a t e  Mas taken 

5.4.2 N i  c ke 1 

The 14-MeV N i  i o n  i r r d d i a t i o n s  o f  n i c k e l  a t  425'C and 450°C (0.40-0.42 Tm) bo th  show a suppression i n  the  
vo id  number dens i ty  i n  the peak damage region.  
bu t i on  f o r  a n i c k e l  sample i r r a d i a t e d  t o  a peak damage l e v e l  of 2 dpa ( K  = 0.3) a t  450°C. The reduc t i on  i n  
v o i d  dens i ty  i n  the i n j e c t e d  ion  reg ion  i s  c l e a r l y  v i s i b l e  i n  t h i s  f i g u r e .  The v o i d  number dens i ty  versus 
depth f o r  both the 425'12 and the  450'C n i c k e l  samples i s  shown i n  F ig.  4. 
a depth o f  1.6 and 2.1 M f o r  the  425 and 450°C i r r a d i a t i o n  temperatures, r espec t i ve l y .  The e x t e n t  o f  the  
suppression reg ion  f o r  the 425'C sample, 0.5-2.8 urn, i s  l a r g e r  than t h a t  f o r  the 450°C sample (1.0-2.6 urn). 
The vo id  number dens i ty  for  the  425°C sample i s  l e s s  than the  450°C sample dens i ty  i n  the suppression 
region.  

F igure  3 shows the observed TEM depth-dependent v o i d  d i s t r i -  

The maximum suppression occurs a t  

The ca l cu l a ted  v o i d  nuc l ea t i on  r a t e  as a f u n c t i o n  o f  depth f o r  a 14-MeV N i  i o n  i r r a d i a t i o n  o f  n i c k e l  i s  
Shown i n  Fig. 5 .  
t h e  reg ion  of suppression. Th is  r e s u l t  agrees w i t h  the exper imenta l l y  observed v o i d  dens i ty  (F ig.  4). The 
maximum suppression o f  v o i d  nuc l ea t i on  i s  p red i c t ed  t o  occur a t  2.2 wm. 
p ress ion  regions f o r  the 425'C and 450'C cases are 1.6 t o  2.5 vm and 1.6 t o  2.4 urn, r espec t i ve l y .  

The 450'C sample i s  seen t o  have a lower nuc l ea t i on  r a t e  than the  4 2 5 T  sample except  i n  

The widths o f  the c a l  :u la ted sup- 
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DAMAGE PEAK 
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INTERFACE 
14-hkV CU IONS 

FIGURE 1. Cross- sect ion TEM micrograph showing voids i n  annealed AMZIRC i r r a d i a t e d  w i t h  14-MeV Cu ions to a 
peak damage l e v e l  o f  15 dpa (K  = 0.3) a t  300'C. 

5.4.3 P7 Sta in less  Stee l  

The P7 s t a i n l e s s  s t e e l  samples were i r r a d i a t e d  a t  400'. 500' and 650'C up t o  a peak damage l e v e l  o f  20 dpa 
(K = 0.3). Small voids (diameter 5 2 nm) were observed a t  the end of range i n  the 400'C sample. However, 

i nconc lus i ve  r e s u l t s  were obtained f o r  the depth-dependent v o i d  dens i t y  due t o  the smal l  v o i d  size. A sup- 
press ion e f f e c t  on vo id  number dens i t y  was observed i n  the h igh  f luence 500'C sample C20 dpa (K = 0.3) a t  
t h e  peak damage reg ion]  whereas the low fluence 500'C sample (4 dpa peak damage) and the h i g h  fluence 650.C 
sample (20 dpa peak damage) showed no suppression e f fec t .  The low f luence 500°C sample had voids 1-2 nm i n  
diameter which are d i f f i c u l t  t o  d e t e c t  due t o  t h e i r  small s ize. Th is  g ives a l a r g e  measurement e r r o r  which 
i s  be l i eved  to be the reason no suppression e f f e c t  was observed. F igu re  6 shows TEM micrographs spanning 
the damage reg ion  i n  the 500'C h igh  f luence P7 sample. A smal l  decrease i n  the vo id  number dens i t y  i n  the 
peak reg ion  i s  evident.  The v o i d  number dens i t y  versus depth f o r  the h igh f luence 500'C and 650'C samples 
a r e  shown i n  Fig. 7. For  the 650°C data the decreasing vo id  number dens i t y  i n  the peak damage reg ion  re-  
s u l t s  from the l a r g e  voids (- 200 nm diameter) i n  the bimodal d i s t r i b u t i o n  reducing the number o f  vo ids 
through coalescence. The two s i z e  classes found i n  the 650'12 sample are be l i eved  to be the r e s u l t  of an 
oxygen e f f e c t  as discussed e l s e ~ h e r e . ( ~ * ~ ~ )  Experimental ly.  the maximum suppression a t  500'C i s  centered a t  
2.4 vm, where the amount of suppression r e s u l t s  i n  a v o i d  number dens i t y  decrease by a f a c t o r  o f  - 3. 
w id th  o f  the suppressed reg ion  i s .  from 1.9 M t o  2.9 m. 
sampl e. 

The 
There i s  no apparent suppression i n  t h e  650'C 
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F igu re  a y , v c  cIIsv15..1.-~.1 IIuI.15mcIuII 8 m K  vsrDuD ysvbcII A--v,c. 1.8 I V ~ ~ - ~ I I . , U I . , U I Y  P7. The 
400'C c a l c u l a t i o n s  shcm a s i g n i f i c a n t  suppression e f f e c t  centered a t  a depth of 2.4 wn and extending f rom 
1.7 urn t o  3.1 wn. The 500'C c a l c u l a t i o n  shows a smal le r  suppression centered a t  2.5 um and ex tend ing  f rom 
1.8 m to 2.8 urn. A t  650'C. there  i s  on ly  a small o v e r a l l  r educ t i on  o f  the nuc lea t i on  r a t e  w i t h  no charac-  
t e r i s t i c  suppression dip.  The ca l cu la ted  nuc lea t i on  r a t e  a t  650'C i s  about seven orders of magnitude too 
l c m  t o  account fo r  the e x p e r i m n t a l  resu l t s .  

5.5 D i  scussion 

The t h e o r e t i c a l  c a l c u l a t i o n s  and experimental r e s u l t s  of t h i s  study are i n  good q u a l i t a t i v e  agreement on the 
magnitude of the suppression e f f e c t  and i t s  s e n s i t i v i t y  t o  i r r a d i a t i o n  temperature. A q u a n t i t a t i v e  compari 

c 1  I I I I I I I 1 4  

24k c; =o 3 x  dpa/s A 
W 

n 
Z E  
>; 
L Z  
0- 

- 
3 x  dpa/s - 
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I I 
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FIGURE 2. Theore t i ca l  v o i d  nuc lea t i on  r a t e  VS. temperature i n  Cu a t  a damage r a t e  o f  3 x 
E! = 0.77 eV. 

dpals w i t h  
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I- I 
INJECTED IONS 

I 
INTERFACE 
FIGURE 3. Depth-dependent v o i d  m ic ros t ruc tu re  o f  n i c k e l  i r r a d i a t e d  w i t h  14-MeV N i  i ons  to a peak damage 
l e v e l  of 2 dpa (K = 0 .3 )  a t  450'C. Note the  absence o f  voids i n  the  implanted i o n  region.  

son between experiment ana theory shows d i f f e rences  which m s t  be a t t r i b u t e d  to a d d i t i o n a l  e f f e c t s  n o t  y e t  
incorpora ted  i n  the theory, and t o  the complex interdependence o f  ma te r i a l s  parameters i n  an i r r a d i a t i o n  en- 
v i ronnent .  A t  '"low" temperatures the  d iscrepancies between theory and experiment concerning the  amount and 
p o s i t i o n  o f  the-suppression o f  vo id  nuc lea t ion  may be a t t r i b u t e d  mainly t o  d i f f u s i o n a l  spreading. A t  "h igh"  
temperatures, where the excess i n t e r s t i t i a l  e f f e c t  i s  unimportant. the discrepancy between t h e o r e t i c a l  vo i d  
nuc lea t i on  r a t e  and experimental observat ions may be a t t r i b u t e d  t o  the  e f f e c t  o f  i m p u r i t i e s  i n  the metal. 
Both o f  these e f f e c t s  a re  discussed below. Whether an i r r a d i a t i o n  i s  a t  a "high" o r  " low" temperature i s  
unique to the metal being i nves t i ga ted  and depends on the vacancy m o b i l i t y  and the  impu r i t y  content .  

For  the  " low" temperature i r r a d i a t e d  N i  specimens, the observed suppression was l a r g e r  and c l o s e r  t o  the  
surface than the t h e o r e t i c a l  c a l c u l a t i o n s  would p r e d i c t  (Figs. 4. 5). The 425 and 450'C n i c k e l  samples gave 
a maximum suppression a t  depths o f  1.6 and 2.1 um w i t h  the suppression extending over a w id th  o f  2.3 and 1.6 
um, r espec t i ve l y .  The t h e o r e t i c a l  r e s u l t s  i n  N i  g ive  a maximum suppression a t  2.2 !m w i t h  widths o f  1.0 and 
0.8 ]urn. The increased w id th  of the suppression zone w i t h  lower temperatures i s  probably due t o  recombi- 
na t i on  mechanisms becoming more dominant, which i n  t u r n  enhance the e f f e c t  o f  i n j e c t e d  ions  on v o i d  
suppression. The d i f f e rences  i n  the  maximum suppression p o s i t i o n  and i n  the w id th  o f  the suppression reg ion  
a re  more d i f f i c u l t  t o  exp la in .  One poss ib le  exp lanat ion  f o r  t h i s  d i f f e rence  i s  d i f f us i ona l  spreading. Th is  
i s  m r e  apparent  when the P7  r e s u l t s  are examined. The P7-500°C sample has a maximum experimental suppres- 
s ion  a t  2.4 um which extends over 1 wm i n  w id th  and t h i s  agrees w i t h  the  2.5 and 1 um from the t h e o r e t i c a l  
r e s u l t s  (Figs. 7, 8 ) .  The P7 experimental r e s u l t s  a re  much c l ose r  to the t h e o r e t i c a l  p red i c t i ons  than i n  
the case o f  n i c k e l .  From the ma te r i a l s  parameters i n  Table 1 (e.g., Et, S t )  i t  i s  apparent  t h a t  the vacancy 

m o b i l i t y  i n  P7 w i l l  be lower than i n  the n i cke l .  D i f fus iona l  spreading, which has r e c e n t l y  been shown t o  be 

i r n p ~ r t a n t , ( ~ ~ * ~ * )  w i l l  then be l a r g e r  i n  n i c k e l  than i n  P7 due t o  the  d i f f e rences  i n  the vacancy mob i l i t y .  
This r e s u l t s  i n  a l a r g e r  s h i f t  o f  the suppression maximum towards the  f r o n t  sur face f o r  N i  r e l a t i v e  t o  P7. 
Another i n d i c a t i o n  of the d i f f us i ona l  spreading d i f fe rences  between the  two metals i s  seen by examining t he  
end o f  range data. 
3.1 t o  3.5 um, r espec t i ve l y .  The end o f  range d i f f u s i o n a l  spreading i s  l a r g e r  f o r  n i cke l ,  0.6 urn, than f o r  
P7, 0.4 urn. 

Comparing t h e o r e t i c a l  t o  experimental end o f  range f o r  N i  and P7 g ives  2.8 t o  3.4 um and 

A t  "high" temperatures, when there  i s  very l i t t l e  suppression, the  l ack  of good c o r r e l a t i o n  between theory 
and experiment cou ld  be due t o  the presence of i m p u r i t i e s  i n  the metal t h a t  are not  p rope r l y  accounted f o r  
i n  the nuc lea t i on  model. 
examples o f  t h i s  po in t .  

The copper a l loy ,  AMZIRC, a t  300°C and the  s t a i n l e s s  s tee l  P7 a t  650'C are  good 
For AMZIRC. the nuc lea t ion  code i s  based on "pure" copper w h i l e  the  i r r a d i a t e d  
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FIGURE 4. Experimentally observed void density as FIGURE 5. Theoretical void nucleat ion r a t e  VS. a 
function o f  depth f o r  n icke l  fo l lowing 14-MeV N i  
i o n  i r r a d i a t i o n  a t  425'C and 450'C t o  peak damage 

leve ls  of 2 dpa (K = 0.3). 

depth fo r  14-MeV N i  on N i  a t  425'C and 450'C. 
Dashed l i n e  corresponds t o  no in jec ted  ions 
(Ei = 0). So l id  l i n e  uses Ei frm Brice.(14) 

specimen i s  a c o m r c i a l  copper a l loy .  

vacancies, then the vacancy mob i l i t y  i s  e f fec t i ve l y  decreased.(33) This decrease I n  the m o b i l i t y  can be 
accounted f o r  i n  the nucleat ion code by r a i s i n g  the vacancy migrat ion energy. Figure 9 i s  a p l o t  of the 

vo id  nucleat ion r a t e  versus temperature i n  copper when E: = 0.81 eV, implying an energy o f  0.1 eV fo r  t rap- 

Comparison of Figs. 2 and 9 shows tha t  the decrease i n  vacancy mob i l i t y  w i l l  s h i f t  the "high" 
temperature nucleat ion r a t e  by 30°C. 

tude to a value o f  101h3-s .  

r a t e  of - 1014/m3-s i s  not  considered t o  be s i g n i f i c a n t  since i t  occurs a t  the upper temperature l i m i t  for 
void nucleation. 
e f f e c t  o f  the in jec ted  i n t e r s t i t i a l s  on vo id  nucleation. 

Many of the voids Observed i n  AMZIRC (Cu-Zr) were i n  the v i c i n i t y  o f  la rge zirconium prec ip i ta tes .  
extreme heterogeneity of the voids i n  the copper a l l o y  ind icates t h a t  special circumstances are required for 
t h e i r  formation. 
sink density and segregation e f f e c t s  are time and space averages. 
trapping energy. a small decrease of the surface energy (which would occur I f  impur i t ies  segregated to the 
void embryos), or  a small decrease i n  the sink strength br ings the calculated void nucleat ion i n t o  exact 
agreement w i th  the AMZIRC experimental resu l ts .  

I f  the solutes and i n p u r i t l e s  i n  the a l loy a c t  as t rapping s i t e s  for 

The overa l l  nucleat ion r a t e  a t  300'C has r isen by .. 5 orders of magni- 

The d i spa r i t y  between the theoret ica l  ra te  o f  101'/m3-S and the experimental 

Also evident from Fig. 9 i s  t h a t  a reduction i n  vacancy mob i l i t y  increases the suppression. 

The 

These circumstances are only approximated I n  the steady-state nucleat ion code because the 
An add i t iona l  increase of 0.05 eV i n  the 

The appropriate surface energy o f  voids i s  an unknown parameter, y e t  i t has a pronounced ef fec t  on the 
nucleat ion rate.  
surface energy, thereby increasing the nucleat ion r a t e  dramatically.(9s10) 
increasing the gas pressure has a s im i la r  e f fec t  on the void nucleation. 
pred ic t ions o f  the void nucleat ion r a t e  when the surface energy of P7 I s  reduced t o  0.1 Urn2. 
gives a nucleat ion r a t e  a t  650'C which i s  approx imte ly  equal t o  t h a t  observed. 

J/m2 i s .  however, u n r e a l i s t i c a l l y  low. and some other e f fec ts  such as vacancy trapping by impur i t i es  or gas 
Stabi l lZaf iOn of void embryos must also play a role.  

Oxygen i n  the P7 a l l o y  could have migrated t o  a void embryo surface and reduced the 
Decreasing the surface energy O r  

Figure 10 shows the theore t i ca l  
This change 

A surface energy of 0.1 
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FIGURE 6. 
o f  20 dpa (K  = 0.3) a t  500'C. 

Depth-dependent void microstructure of P7 i r r a d i a t e d  w i t h  I4-MeV N i  ions to a peak damage leve l  

A t  very high temperatures. the theoret ica l  predict fans are i n  agreenent w i t h  experimental resul ts.  The 
copper a l l oys  t h a t  were i o n  i r r a d i a t e d  I400 'C d i d  not  produce any voids. which i s  i n  agreemnt w i th  the 

theory (Figs. 2 and 9). One reason f o r  t h i s  lack o f  void nucleat ion may be t h a t  the vacancy reemission ra te  
from a void, which increases wi th  temperature. i s  too high due t o  lack o f  gas s t a b i l i z a t i o n  o f  the voids. 
When combined w i t h  the high vacancy mobi l i ty .  which lowers the vacancy supersaturation, i t  makes vo id  nucle- 
a t ion  very un l ike ly .  These resu l t s  then ind icate  tha t  i n  the absence o f  impur i t ies,  the peak void swel l ing  
temperature f o r  i o n  i r r a d i a t i o n  of copper a l l oys  i s  probably below 300'C. 
t o  note t h a t  both AMZIRC and AMAX-MZC are manufactured under c a r e f u l l y  con t ro l l ed  (oxygen-free) environments 
using OFHC copper, which mans a.low content of gaseous impur i t ies .  Other experimental work on fon- i r rad i -  

ated copper by G l o w i n ~ k f ( ~ ~ )  and Kno l l (7 )  confirm t h a t  voids do not  form i n  degassed copper. This contrasts 
w i t h  the published neutron i r r a d i a t i o n  data which show tha t  voids fo rm r e a d i l y  between 220 and 550.C (0.35- 
0.60 T n ~ l . ( ~ ~ )  Clearly, more research i s  required on the e f fec t  of gas on void nucleat ion i n  copper. 

In  t h i s  context  i t i s  fmportant 
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The suppression e f f e c t  o f  the in jec ted  i n t e r s t i t i a l s  on void nucleat ion need n o t  be l i m i t e d  to l o w  tenpera- 
tures. The presence of impur i t i es  and o r  gas i n  the metal may s h i f t  the s t a r t  of the p o i n t  defect  recombi- 
nat ion regime t o  higher temperatures. The use o f  l o w  energy (<  5 MeV) sel f- ions to i r r a d i a t e  the meta l  
would exacerbate such a temperature s h i f t  because the excess i n t e r s t i t i a l  f ract ion,  and hence the suppres- 
sion effect, increases w i th  decreasing i o n  en erg^.(^.^) 
excess i n t e r s t i t i a l  f r a c t i o n  increases from 3 x to 6 x where both o f  these values correspond t o  
the ion deposi t ion peak and K = 0.3.(3) 

For 14-MeV compared t o  S-MeV N i  ions on n icke l ,  the 

The combination o f  impur i t i es  and/or gas w i th  a low energy se l f- ion i r r a d i a t i o n  o f  a meta l  i s  i l l u s t r a t e d  by 
the fo l lowing cases. 
5-MeV H i  i o n  i r r a d i a t e d  s ta in less s tee l  a t  625'C. 
the void density o f  n icke l  dua l- i r rad ia ted w i th  helium and 4-MeV N i  ions a t  600'C. These observed suppres- 
sion e f f e c t s  occurred a t  temperatures m c h  higher than expected from se l f- ion i r r a d i a t i o n  r e s u l t s  presented 
here and elsewhere.(6) The impur i t ies  (or  solutes) i n  the s tee l  and the implanted gas (andlor i q u r i t i e s )  
i n  the n icke l  my have trapped the p o i n t  defects i n  such a mnner as to cause recombination to dominate the 
po in t  defect  loss  mechanisms. This would make the excess i n t e r s t i t i a l s  a l a rge r  f rac t i on  o f  the p o i n t  de- 
f e c t s  going to sinks (e.g. voids) and would r e s u l t  i n  reduced void nucleation. The above ind icates t h a t  any 
void swel l ing resu l t s  obtained from the peak damage region must be used w i th  caution. 

Johnston e t  a1.(37) found an extensive mid-range suppression i n  the vo id  densi ty fo r  
F a r r e l l  e t  al.(32) observed a mid-range suppression i n  

6.0 Conclusions 

The fo l lowing general conclusions my be drawn concerning void formation i n  ion- i r rad ia ted metals. 
conclusions are cur rent ly  v a l i d  only when appl ied to nickel .  copper and s ta in less s tee l  b u t  may be more 
broadly appl icable t o  a l l  meta ls .  

These 
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FIGURE 9. 
3 10- dQd/S w i t h  and w i t hou t  a vacancy b i nd ing  energy o f  0.1 ev. 

Comparison of the t h e o r e t i c a l  vo id  nuc lea t ion  r a t e  vs. temperature i n  Cu a t  a damage r a t e  of 3 x 
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FIGURE 10. Theo re t i ca l  vo i d  nuc lea t ion  r a t e  vs. depth f o r  14-MeV N i  on P7 a t  400, 500 and 650°C assuming 
Y = 0.1 J/m2. Dashed l i n e  i s  Ei = 0, s o l i d  l i n e  i s  si from Br ice . (14)  

1. Q u a l i t a t i v e  agreement between theory and experiment regard ing  vo id  nuc lea t i on  i n  the presence of i n -  
jec ted  ions  i s  very good. 
decreased. The ac tua l  temperature where the e f f e c t  becomes s i g n i f i c a n t  depends on the metal be ing  i n -  
ves t i ga ted  and on the impu r i t y  and/or gas content  of t h a t  metal.  

The i n j e c t e d  i o n  e f f e c t  becomes impor tan t  as the i r r a d i a t i o n  temperature i s  



2. Q u a n t i t a t i v e  agreement between theory and experiment regarding the e f f e c t  o f  i n j e c t e d  i ons  on vo id  
nuc lea t ion  i s  f a i r .  It appears t h a t  the d iscrepancies a re  due t o  neg lec t  o f  d i f f u s i o n a l  spreading and 
impu r i t y  e f fec ts  i n  the nuc lea t i on  theory. 

3. The magnitude o f  vo id  nuc lea t ion  suppression can be very s i g n i f i c a n t  below c e r t a i n  temperatures. Void 
swe l l ing  data from i o n  i r r a d i a t i o n s  should no t  be taken from the peak damage reg ion  when exper imental  
cond i t ions  e x i s t  which make the i n j e c t e d  i o n  e f f e c t  important .  

4. As i s  ev i den t  from i o n  i r r a d i a t i o n  studies on pure copper and copper a l l oys .  the r e l a t i v e  temperature 
regime f o r  swe l l i ng  i s  determined by the vacancy mob i l i t y ,  n o t  by the m l t i n g  p o i n t  of the metal. i .e .  
the void swe l l i ng  r e g i m  i s  n o t  necessar i l y  0.35-0.6 Tm. 
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THE EFFECT OF V O I D  SURFACE MOTION ON THE V O I D  SINK STRENGTH FOR POINT DEFECTS 

R. Bullough ( T h e o r e t i c a l  p h y s i c s  Division, AERE Harwell, UK), N.M. Ghoniem (UCLA) 

1.0 O b j e c t i v e  

A t  ve ry  h i g h  damage rates, or g e n e r a l l y  under  c o n d i t i o n s  of s u b s t a n t i a l  r a d i a l  c a v i t y  growth rates, t h e  f a s t  
motion of c a v i t y  boundary i s  e n v i s i o n e d  t o  s i m u l t a n e o u s l y  i n f l u e n c e  t h e  a b i l i t y  o f  t h e  c a v i t y  f o r  p a i n t  
d e f e c t  a b s o r p t i o n .  I n  t h i s  r e p o r t ,  we d e r i v e  a n a l y t i c a l  fo rmulas  f o r  t h e  c a v i t y  s i n k  s t r e n g t h  i n c l u d i n g  
such boundary motion. 

2.0 Summary 

By a g e n e r a l i z a t i o n  of an a n a l y s i s  due t o  Frank of t h e  growing p r e c i p i t a t e  we d e r i v e  an  a n a l y t i c  s i n k  
s t r e n g t h  f o r  t h e  growing v o i d  t h a t  t a k e s  accoun t  of the vo id  s u r f a c e  motion i n  a s e l f - c o n s i s t e n t  f a s h i o n .  
The lower m o b i l i t y  of t h e  v a c a n c i e s  compared t o  the i n t e r s t i t i a l s  ensures t ha t  a growing Void c a p t u r e s  more 
vacancies t han  t h e  usual q u a s i - s t a t i c  void .  The various consequences  of t h i s  v o i d  b i a s  f o r  v a c a n c i e s  are 
d i s c u s s e d  i n  r e l a t i o n  t o  t h e  s w e l l i n g  of r e a c t o r  materials. 

3 .0  

T i t l e :  R a d i a t i o n  E f f e c t s  on S t r u c t u r a l  Materials ( T h i s  work has  t e e n  performed a t  t h e  T h e o r e t i c a l  P h y s i c s  

P r i n c i p a l  I n v e s t i g a t o r :  N.M. Ghoniem 
A f f i l i a t i o n :  U n i v e r s i t y  of C a l i f o r n i a ,  a t  Los Angeles  

Division of Hamell d u r i n g  P r o f e s s o r  Ghoniem's s a b b a t i c a l  leave.) 

4.0 Relevant  DAFS Program P lan  Task/Subtask 

C o r r e l a t i o n  Methodology/Microstructure 

5.0 Accomplishments and S t a t u s  

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

Void growth i n  i r r a d i a t e d  materials l e a d s  t o  a n e t  volume increase, or s w e l l i n g ,  of such  material and h a s  
been t h e  s u b j e c t  of much e x p e r i m e n t a l  and t h e o r e t i c a l  i n v e s t i g a t i o n  s i n c e  Cawthorne and Fu l ton? ' )  f i r s t  
obse rved  t h e  phenomenon i n  s t a i n l e s s  steel fas t  r e a c t o r  f u e l  c l add ing .  Such v o i d s  are u s u a l l y  c o n s i d e r e d  t o  
be r e l a t i v e l y  n e u t r a l  sinks f o r  mobi le  p o i n t- d e f e c t s  and t h e i r  growth,  i n  such  materials, occurs because 
i n t e r s t i t i a l s  are l o s t  p r e f e r e n t i a l l y  a t  t h e  d i s l o c a t i o n s  so t h a t ,  i n  a s t e a d y- s t a t e  i r r a d i a t i o n  
env i ronment .  t h e r e  must be a consequen t  e x c e s s  vacancy f l u x  i n t o  r e l a t i v e l y  n e u t r a l  sinks such  as vo ids .  
The dependence of t h e  k i n e t i c s  of vo id  s w e l l i n g  on t h e  p h y s i c a l  and i r r a d i a t i o n  p a r a m e t e r s  and on t h e  
o v e r a l l  m i c r o s t r u c t u r a l  s ta te  of ater als h a s  been e x t e n s i v e l y  s t u d i e d  u s i n g  t h e  r a t e  t h e o r y  model of t h e  
t o t a l  e v o l v i n g  m i c r o s t r u c t u r e  (2,3*2*5,63. A d e s c r i p t i o n  of t h e  m i c r o s t r u c t u r e  is t h u s  p rov ided  by r e p l a c i n g  
t h e  c r y s t a l l i n e  m a t e r i a l ,  w i t h  i t s  s p a t i a l l y  v a r y i n g  local p o i n t- d e f e c t  c o n c e n t r a t i o n s  i n  t h e  neighborhood 
of each s i n k .  by an e f f e c t i v e  medium i n  which t h e  p o i n t- d e f e c t  c o n c e n t r a t i o n s  are homogeneous 2nd t h e  a c t u a l  
s i n k s  are  r e p l a c e d  by e f f e c t i v e  s i n k s .  The e f f e c t i v e  medium is t h u s  a l o s s y  continuum i n  whic ,  t h e  variouse 
s i n k  t y p e s ,  t h a t  t o g e t h e r  d e f i n e  t h e  t o t a l  m i c r o s t r u c t u r e .  each have an a s s o c i a t e d  sink s t r e n g t h .  The s i n k  
s t r e n g t h s  f o r  many of t h e  i m p o r t a n t  s i n k  t y p e s  have now been o b t a i n e d  u s i n g  t h e  c o n s i s t e n t  embedding 
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procedure,  the  fundamental basis of which has k e n  reviewed by B r a i l s f o r d  and B ~ l l o u g h ( ~ ) .  I n  mst of t h e s e  
sink s t r e n g t h  c a l c u l a t i o n s  a q u a s i- s t a t i c  approximation is adopted i n  which t h e  motion or t r a n s i e n t  
morphological changes of t h e  sink caused by t h e  net f l u x  of i n t- d e f e c t s  absorbed by i t  are assumed t o  have 
n e g l i g i b l e  effect  upon t h e  f l u x  i t s e l f .  Rauh and Bullough(g3 have r e c e n t l y  s t u d i e d  t h e  effect  of dropping 
t h i s  r e s t r i c t i o n  f o r  t h e  edge d i s l o c a t i o n  sink; they have shown t h a t  t h e  climb motion of the  d i s l o c a t i o n s  
can have a s i g n i f i c a n t  e f f e c t  upon t h e i r  s t r e n g t h  a t  high damage rates. I n  p a r t i c u l a r  the  cl imb motion 
i n c r e a s e s  t h e  vacancy f l u x  i n t o  a d i s l o c a t i o n  and thereby i t s  e f f e c t i v e  pre fe rence  ( o r  b i a s )  f o r  the  
i n t e r s t i t i a l s  which, i n  t u r n ,  reduces t h e  a c t u a l  c l imb r a t e .  

The purpose of the  p resen t  paper is t o  p resen t  an analogous,  a l b e i t  s impler ,  a n a l y s i s  f o r  t h e  growing void 
i n  which t h e  a c t u a l  motion of t h e  void s u r f a c e  is included i n  a s e l f- c o n s i s t e n t  fash ion .  I n  s e c t i o n  2 we 
presen t  the  c a l c u l a t i o n  of the  s e l f- c o n s i s t e n t  growing void s i n k  s t r e n g t h  us ing  an embedding model v a l i d  f o r  
low sink d e n s i t i e s .  I n  a d d i t i o n .  some l i m i t i n g  a n a l y t i c  f e a t u r e s  of t h e  s o l u t i o n  are discussed  and r e l a t e d  
t o  t h e  u s u a l  q u a s i- s t a t i c  r e s u l t s  f o r  void s w e l l i n g  i n  t h e  presence of a second sink.  A range of numerical 
e v a l u a t i o n s  of the  g e n e r a l  s o l u t i o n  a r e  descr ibed  i n  s e c t i o n  3 using p h y s i c a l  parameters  a p p r o p r i a t e  f o r  
s t a i n l e s s  s t e e l .  F i n a l l y  i n  s e c t i o n  4 ,  we d i s c u s s  the  p r a c t i c a l  re levance  of the  p resen t  growing void s i n k  
s t r e n g t h ,  t o g e t h e r  with i t s  p h y s i c a l  l i m i t a t i o n s  and suggest  how its s i g n i f i c a n c e  could be i n v e s t i g a t e d  i n  
t h e  f u t u r e .  

5 . 2  Tne Sink St rength  f o r  the  Growing Void 

I f  t h e  e f f e c t i v e  ~ e d i u m ( ~ ) ,  which r e p r e s e n t s  t h e  r e a l  material, has t o t a l  s i n k  s t r e n g t h  k:, where hencefor th  
t h e  s u b s c r i p t  n can be i ( f o r  i n t e r s t i t i a l )  or v ( f o r  vacancy) t o  d i s t i n g u i s h  t h e  two po in t- defec t s ,  we have 

(1)  
2 k2 = k2 + k 

a aD aC ’ 

where k2 is t h e  d i s l o c a t i o n  s i n k  s t r e n g t h  and k& is t h e  void ( c a v i t y )  s i n k  s t r e n g t h  we seek;  f o r  
s i m p l i c i t y  the  on ly  sink types deemed t o  be presen t  i n  t h e  m i c r o s t r u c t u r e  w i l l  be d i s l o c a t i o n s  and voids. 
In t h e  u s u a l  n o t a t i o n  w e  write 

PD 

Where 2 (2, > Zv) are the  d i s l o c a t i o n  b i a s  parameters  d e f i n i n g  t h e  d i s l o c a t i o n  pre fe rence  f o r  i n t e r s t i t i a l s  
compare8 t o  vacancies  and pD i s  the  edge d i s l o c a t i o n  dens i ty .  FOK such a homogeneous medium t h e  s t e a d y  
s t a t e  po in t- defec t  concent ra t ion  is 

(3 ) 
c = K/Daka 2 

where K is the poin t- defec t  p roduc t ion  (damage) rate, assumed t o  be equal f o r  vacancies  and 
i n t e r s t i t i a l s ,  Da is t h e  d i f f u s i o n  c o e f f i c i e n t  of t h e  point- defect  a and thermal  emission of po in t- defec t s  
from the  sinks t o g e t h e r  with l o s s  of point- defect8 due t o  bulk recombination are neglected.  

To o b t a i n  t h e  exact c o n s i s t e n t  s i n k  s t r e n g t h  o the  growing vo ids  f o r  i n t e r s t i t i a l s  and vacanc ies  we must 
a t t empt  t o  fo l low the  embedding p r e s c r i p t i o n ( 7 f  and i d e n t i f y  a t  time t one of the  voids embedded i n  the  
e f f e c t i v e  medium of (unknown) r a d i u s  r c ( t ) .  The p o i n t  d e f e c t  c o n c e n t r a t i o n  around such a void s a t i s f i e s  t h e  
c o n s e r v a t i o n  equa t ion :  

Da 6 2 6ca 2 6c a -- ( r  - ) + K - D k c  = -  2 6r 6r a ( 1 a  6 t  
K 

( 4 )  

where t h e  c e n t e r  of t h e  void is l o c a t e d  a t  the o r i g i n .  r=o of a s p h e r i c a l  coord ina te  system. In  the 
e f f e c t i v e  medium. away from the v i c i n i t y  of t h e  i d e n t i f i e d  void t h e  s p a t t a l  and e x p l i c i t  t r a n s i e n t  v a r i a t i o n  
of ca must vanish and, from (3) 

(5) 
s 2 c = c = K/Daka as r + -. a a  

For s i m p l i c i t y  we may treat the  void a s  an i d e a l  s i n k  f o r  e i t h e r  po in t- defec t  and tlius 
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c ' 0  a t r = r ( t ) .  
(1 C 

We can s p e c i f y  a small  value (or  z e r o )  

r ( t )  = Yo a t  t=o C C 

F i n a l l y  the  c o n s i s t e n t  v e l o c i t y  of t h e  

6c 6c 
( t )  = [D - D 2 1  v 6r i 6 r  r=r ( t )  C C 

By equa t ing  t h e  po in t  d e f e c t  loss r a t e  

( 6 )  

f o r  t h e  r a d i u s  of the  void at t = O :  

( 7 )  

void s u r f a c e  i s  given by the  ne t  vacancy f l u x  i n t o  the  void: 

( 8 )  

t o  t h e  i d e n t i f i e d  void 

( 9 )  

t o  the  corresponding loss r a t e  i n  t h e  e f f e c t i v e  medium 

where cc is t vz,rglume c o n c e n t r a t i o n  of vo ids ,  we o b t a i n  t h e  i m p l i c i t  equa t ion  f o r  the  requ i red  growing void 
s i n k  s t r e n g t h  

It is c l e a r  t h a t  t o  solve ( 4 )  when the  boundary condi t ion  ( 6 )  is s p e c i f i e d  on a s u r f a c e  r = r c ( t )  whose 
va lue  h a s  t o  be c o n s i s t e n t l y  deduced by i n t e g r a t i n g  ( 8 )  is a mathematical ly  formidable problem; t h i s  is 
p a r t i c u l a r l y  t r u e  also when the  k:C component of k: i n  ( 4 )  i s  the  q u a n t i t y  we seek  from (11). TO o b t a i n  a 
s o l u t i o n  of t h e s e  equa t ions  we can s i m p l i f y  t h e  conserva t ion  e q u a t i o n  ( 4 )  by removing t h e  e x p l i c i t  source 
and s i n k  terms (K-Dakica) wi th  t h e  knowledge t h a t  h i s  approximation will y i e l d  a s i n k  s t r e n g t h  r e s u l t  t h a t  
is c o r r e c t  t o  lowest o rder  i n  t h e  s i n k  When the  void growth is neglec ted ,  as i n  t h e  usual 
q u a s i - s t a t i c  approximation,  equa t ion  ( 4 )  becomes 

2 dcu _ _  ( r  - ) = a  
2 d r  d r  

which, from ( 5 ) ,  ( 6 )  and (11) y i e l d s  the  f i r s t- o r d e r  n e u t r a l  s i n k  s t r e n g t h :  

( 1 3 )  
2 k:c = kC = 4nr C c c  

The adopt ion  of t h i s  approximation thus  ensures  t h a t  our f i n a l  r e s u l t  will y i e l d  t h e  c o r r e c t i o n  to the  
lowest o r d e r  void s i n k  s t r e n g t h  due t o  i ts  growt and i t s  use must t h e r e f o r e  be r e s t r i c t e d  wi th  t h i s  i n  
mind. As discussed  by B r a i l s f o r d  and BulloughR) t h e  approximation is o n l y  v a l i d  when t h e  s ink- sink 
i n t e r a c t i v e  c o r r e c t i o n  terms a r e  n e g l i g i b l e ;  t h a t  is when 

k r << 1. (14)  a C  

Replacing equa t ion  ( 4 )  by t h e  d i l u t e  s i n k  d e n s i t y  form: 

6c _ _  6 (= 2 -) 6ca =2 
2 6 r  6r 6 t  r 
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and c o n s i d e r i n g  t h e  growth of t h e  vo ids  from zero r a d i u s  ( r o  - 0 i n  ( 7 ) )  we can then proceed t o  o b t a i n  a 
c o n s i s t e n t  s o l u t i o n  of ( 1 5 )  t h a t  s a t i s f i e s  (5) To do so we fo l low a previous a n a l y s i s  of 
the  growing s p h e r i c a l  p r e c i p i t a t e  due t o  Frank(’I and assume a t r i a l  f u n c t i o n  f o r  r c ( t )  of t h e  e x p l i c i t  form 

6 ) ,  ( 7 )  and 6 ) .  

r c ( t )  = A&. (16) 

We now seek a constant  value f o r  A such t h a t  t h e  s o l u t i o n  of (15) s a t i s f i e s  t h e  boundary condi t ion  (5), ( 6 )  
and ( I )  t o g e t h e r  wi th  the  growth v e l o c i t y  c o n d i t i o n  (8). I f  A i s  cons tan t  then (16) a u t o m a t i c a l l y  s a t i s f i e s  
t h e  i n i t i a l  condi t ion  (7 ) ,  with r: set t o  zero. The requi red  s o l u t i o n  of (15)  f o r  the  po in t- defec t  
c o n c e n t r a t i o n  ca around t h e  growing void may be ob ta ined  by r e p l a c i n g  t h e  v a r i a b l e s  ( r , t )  by the  s i n g l e  
v a r i a b l e  s. such t h a t  

With t h i s  t r a n s f o r m a t i o n  equa t ion  ( 1 5 )  is rep laced  by t h e  ord inary  d i f f e r e n t i a l  equa t ion  

2 d c  

d s  2Ua s d s  
6 2 dc 

-++ (-+-) u= 0 

The s o l u t i o n  of t h i s  equa t ion  and hence of t h e  o r i g i n a l  equa t ion  (15) .  t h a t  s a t i s f i e s  both (5) and ( 6 )  is, 
in terms of the  r and t v a r i a b l e s  

The value of A must now be both cons tan t  and c o n s i s t a n t  with t h e  growth v e l o c i t y  equa t ion  (8); s u b s t i t u t i o n  
of (19)  i n t o  (8) y i e l d s  the  requ i red  r e l a t i o n  f o r  A 

“he e x i s t e n c e  of the  r e l a t i o n  (21) f o r  A confirms the  v a l i d i t y  of t h e  t r i a l  s o l u t i o n  (16) and t h a t  (19) i s  
the  requ i red  s o l u t i o n  f o r  t h e  po in t- defec t  c o n c e n t r a t i o n  around t h e  growing void. 

The requi red  growing void sink s t r e n g t h s  now follow from (11) and (19) and may be w r i t t e n  in t h e  form 

where 
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a r e  the  growth c o r r e c t i o n  f a c t o r s  on t h e  f i r s t  order  n e u t r a l  void s i n k  s t r e n g t h  k 2 ,  g iven  by (13) .  The 
e x p l i c i t  r e l a t i o n  f o r  A now fo l lows  by s u b s t i t u t i n g  t h e  c: c o n c e n t r a t i o n s  g iven ,  &om ( I ) ,  (2),  ( 5 )  and 
(23) ,  by 

i n t o  t h e  r e l a t i o n  (21)  t o  y i e l d  

Before p r e s e n t i n g  r e s u l t s  ob ta ined  by so lv ing  equa t ion  ( 2 6 )  numerical ly  i t  is i n s t r u c t i v e  t o  r e p l a c e  (26) by 
an approximate form v a l i d  when the  argument of t h e  f u n c t i o n  $, def ined  by (22), is small .  It is then e a s i l y  
shown t h a t  

2 
( 2 7 )  $cy )  = -/[I 1 - p f7 + $- 1 when y < 2/& 

Y 

which, when s u b s t i t u t e d  i n t o  (26 )  y i e l d s  the  q u a d r a t i c  equa t ion  fo r  A: 

(Z  P + ki)(ZipD + kC)A 2 2  - K D ~ J ; ( Z ~ / / ~ ~ ;  - Z i / q ) A  
v D  

- ZKpD(Zi - Zv) = 0 . (28 )  

Since  Di >> Dv, t h e  requ i red  p o s i t i v e  real r o o t  of (28) is a c c u r a t e l y  given by: 

where Zi and 2, have t e e n  rep laced  by 7. when t h e  small  d i f f e r e n c e  between them is unimportant and 

(30)  2 2 
D C  

k = Z p  + k  

Two extremes can be i d e n t i f i e d  from (29) :  

i) 
on t h e i r  sink s t r e n g t h  and ( 2 4 )  y i e l d s  

I f  the  vacancies  a r e  very mobile (Dv l a r g e )  then t h e  growth of t h e  voids w i l l  have a n e g l i g i b l e  effect 

(31) 4 ‘/2 A = % = [2KpD(Zi - Zv)/kol , 

where t h e  s u b s c r i p t  b i n d i c a t e s  ‘ b i a s ’  dominated value.  

ii) Conversely when t h e  vacancies  are not very mobile (Dv s m a l l )  t h e  void growth w i l l  l ead  t o  e x t r a  vacancy 
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c a p t u r e  and t h e  value of A w i l l  i n c r e a s e  towards 

where the  s u b s c r i p t  g i n d i c a t e s  'growth' dominated value.  

When the  volume c o n c e n t r a t i o n  of voids is Cc the  expected void s w e l l i n g  r a t e  must he 

d 2 .  
d t  v c 'c cc - (E) = 4 n r  (33)  

and t h u s ,  from (16) 

I t  i s  e a s i l y  seen t h a t  ( 3 4 ) .  with A given by (31) i s  indeed t h e  u s u a l  q u a s i- s t a t i c  s w e l l i n g  r a t e C 4 )  when the  
e f f e c t s  of void growth are neg lec ted  t o g e t h e r  with the  thermal  emission and bulk recombinat ion of the  po in t-  
d e f e c t s .  In the  o t h e r  extreme, when void growth e f f e c t s  dominate over t h e  b i a s  growth ( 3 4 )  and (32) also 
l e a d  t o  a "on-zero s w e l l i n g  r a t e .  We thus  conclude t h a t  once void growth begins i t  w i l l  con t inue  i n  t h e  
presence of a second s ink  even i f  t h a t  second s i n k  i s  completely n e u t r a l !  This conclusion and i t s  p o s s i b l e  
p h y s i c a l  re levance  w i l l  he f u r t h e r  d i scussed  i n  the  f i n a l  s e c t i o n .  

5 . 3  Numerical Resu l t s  

To explore  t h e  consequences of the  presen t  s i n k  s t r e n g t h s  f o r  the  growing voids we have solved t h e  exac t  
e q u a t i o n  (26)  f o r  A by an acc ra e numerical  i t e r a t i o n  procedure us ing  t h e  p h y s i c a l  parameters ,  reasonably 

In a l l  the  c a l c u l a t i o n s  we have assumed a small  void 
r a d i u s  of 1 n.m. and a f i x e d  void concent ra t ion  of 10" m-3 and v a r i e d  the  d i s l o c a t i o n  d e n s i t y ,  temp r a t u r e  
and damage r a t e .  
d p a l s  f o r  the  tempera tures  300°C and 500'C.  It i s  clear from (16)  t h a t  the  q u a n t i t y  A i s  a measure of t h e  
mobi l i ty  of t h e  s u r f a c e  of a growing void and because its va lue  is much less than  t h a t  of t h e  vacanc 
d i f f u s i o n  c o e f f i c i e n t  i n  t h i s  temperature range (Dv = 2.9 x m' 
s-l a t  500°C) t h e  motion of the  void s u r f a c e  can have only a small  e f f e c t  at t h i s  low damage rate. This 
almost q u a s i - s t a t i c  behavior  r e s u l t s  i n  the  near temperature independence of the  curves and t h e  p o s i t i o n  f 
t h e  maximum i n  A a t  about m-') 
and d i s l o c a t i o n s  are d p a l s ;  it 
i s  immediately n o t i c e a b l e  t h a t  t h e  magnitude of A 2  is now much larger and t h a t  as it approaches the value of 

a p p r o p r i a t e  t o  s t a i n l e s s  s t e e l  ?I05 , given i n  t a b l e  1 .  

2 Figure  1 shows the  v a r i a t i o n  of A2 with d i s l o c a t i o n  d e n s i t y  a t  a dama e r a t e  of 10- 5 
m2 s-l a t  300°C and Dv = 4.5 x 

m-', when the  s ink  s t r e n g t h s  of the  voids ( 4  T rcCc I 1.2 x 2 - 
-F igure  2 shows the  same r e s u l t s  f a r  t h e  h igher  damage r a t e  of 

5- U, t h e  curves both change shape and e x h i b i t  a marked dependence. To f u r t h e r  c l a r i f y  t h i  
behavior  f i g u r e s  3 and 4 show t h e  v a r a t i o n s  of t h e  the  low d p a / s )  and h igh  (10- 
d p a l s )  damage r a t e s  r e s p e c t i v e l y .  This  r a t i o  is a enhancement' of the  void s u r f a c e  
m o b i l i t y  and we  see the  enhancement i s  cons iderab le  a t  t h e  h igher  damage r a t e  i n  f i g u r e  4 with a s t r o n g  
temperature dependence e s p e c i a l l y  a t  low d i s l o c a t i o n  d e n s i t i e s .  

The consequent v a r i a t i o n s  of the  growth c o r r e c t i o n  f a c t o r s  5 ,  f o r  the  growing void s ink  s t r e n g t h s ,  as g i v e n  
by ( 2 3 )  and ( 2 4 ) ,  are d i p i c t e d  i n  f i g u r e s  5, 6 and 7 by p r e s e n t i n g  the  percentage i n c r e a s e  of the  void s i n k  
s t r e n g t h  due t o  growth, ( 5 ,  - 1) x 100, aga in  f o r  the  two temperatures  300°C and 500-C. We see ,  from f i g u r e  
5 .  t h a t  f o r  t y p i c a l  r e a c t o r  c o n d i t i o n s  (K = lom6 d p a / s )  the  i n c r e a s e s  f o r  t h e  vacancies  are always smal l .  
t y p i c a l l y  smal l  f r a c t i o n s  of a percen t .  On t h e  o t h e r  hand, from f i g u r e  6. i t  is c l e a r  t h a t  f o r  a c c e l e r a t o r  
c o n d i t i o n s  (K = d p a l s )  i n c r e a s e s  of a f e w  percent  or g r e a t e r  can occur. For comparison w i t h  t h e s e  s i n k  
s t r e n g t h  i n c r e a s e s  f o r  vacancies  we show t h e  corresponding s i n k  s t r e n g t h  i n c r e a s e ,  (Ei - 1) x 100, f o r  t h e  
i n t e r s t i t i a l $  in f i g u r e  7 f o r  the  high damage r a t e  d p a l s ) ;  even f o r  t h i s  h igh  damage r a t e  the  
i n t e r s t i t i a l  mobi l i ty  i s  s u f f i c i e n t l y  high t o  ensure  t h a t  the  i n c r e a s e  i s  always q u i t e  n e g l i g i b l e  compared 
wi th  t h a t  for t h e  vacancies .  We conclude t h a t  void s u r f a c e  motion does not s i g n i f i c a n t l y  a f f e c t  the 
i n t e r s t i t i a l  f l u x  i n t o  t h e  voids. 

F i n a l l y ,  i n  f i g u r e s  8 and 9 we presen t  thc v a r i a t i o n  of the  percentage f r a c t i o n  of the t o t a l  s w e l l i n g  

r a t e  - (-), given by ( 3 4 ) ,  due t o  t h e  void s u r f a c e  motion, ( I  - (Ab/A)3) x 100, f o r  the  r e s p e c t i v e  low and d A V  

d t  v 
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h i g h  damage r a t e s  used p r e v i o u s l y .  Again r e s u l t s  f o r  t h e  two t e m p e r a t u r e s  300'C and 500°C a r e  g iven .  A t  
t h e  lower ,  r e a c t o r ,  damage rate  in f i g u r e  8 t h e  s w e l l i n g  enhancement due t o  t h e  v o i d  surface motion is 
r e s t r i c t e d  t o  a few p e r c e n t  whereas a t  t h e  h i g h e r ,  a c c e l e r a t o r ,  damage rate i n  f i g u r e  9 v e r y  l a r g e  s w e l l i n g  
enhancements o b t a i n ,  p a r t i c u l a r l y  a t  t h e  lower t empera tu re .  The p r a c t i c a l  r e l e v a n c e  and v a l i d i t y  of t h e s e  
s w e l l i n g  r e s u l t s  w i l l  be d i s c u s s e d  i n  the nex t  s e c t i o n ;  i t  w i l l  s u f f i c e  h e r e  t o  emphasize  t h a t  t h e s e  
s w e l l i n g  curves are p r e s e n t e d  o n l y  f o r  t h e i r  i n t e r e s t  as a c c u r a t e  e v a l u a t i o n s  of t h e  s imple  t h e o r e t i c a l  
e x p r e s s i o n s .  such as ( 2 6 ) ,  i n  t h e  p r e s e n t  paper  and are not  i n t e n d e d  t o  have v a l i d i t y  t o  any p h y s i c a l  sys tem 
over  t h e  complete  r ange  of pD and T used he re .  

5 .4  Discuss ion  

I n  t h i s  paper  we have used an embedding procedure  t o  o b t a i n  a s imple  e x p r e s s i o n  f o r  t h e  s i n k  s t r e n g t h  of a 
growing vo id .  The e s s e n t i a l  f e a t u r e  o f  t h e  s t u d y  is probab ly  t h e  r e a l i z a t i o n  t h a t  such  a s e l f - c o n s i s t e n t  
s o l u t i o n  f o r  t h e  growing s p h e r i c a l  s i n k  e x i s t s  when i ts growth is determined by t h e  f l u x e s  of mre t h  n one 
p o i n t- d e f e c t  type .  In  t h i s  s e n s e  i t  r e p r e s e n t s  a g e n e r a l i z a t i o n  of t h e  o r i g i n a l  a n a l y s i s  due t o  Franka9) of 
t h e  growing s p h e r i c a l  p r e c i p i t a t e  when o n l y  one po in t- defec t  t y p e  w a s  i nvo lved  i n  t h e  p r e c i p i t a t i o n  
p rocess .  Of c o u r s e ,  t h e  p r e s e n t  c a l c u l a t i o n  cou ld  be f u r t h e r  g e n e r a l i z e d  t o  i n v l o v e  growth a r i s i n g  from t h e  
c o l l e c t i v e  s e g r e g a t i o n  of more than  two p o i n t- d e f e c t  types .  It is, however,  impor tan t  t o  i d e n t i f y  t h e  
i n a d e q u a c i e s  of t h e  p r e s e n t  a n a l y s i s  i n  r e l a t i o n  t o  vo id  p r o c e s s e s  i n  real i r r a d i a t e d  m a t e r i a l s .  We have 
s t a t e d  i n  t h e  t e x t  t h a t  t h e  embedding w d e l  used is o n l y  v a l i d  when s i n k- s i n k  i n t e r a c t i v e  e f f e c t s  are 
n e g l i g i b l e ,  t h a t  i s  when t h e  i n e q u a l i t y  (14)  is s a t i s f i e d ,  and t h u s  any r e s u l t s  we o b t a i n  can on ly  by v a l i d  
as c o r r e c t i o n s  t o  t h e  ' d i l u t e '  q u a s i - s t a t i c  vo id  s i n k  s t r e n g t h  (13) .  It i s  t o  s a t i s f y  (14)  t h a t  we 
d e l i b e r a t e l y  p r e s e n t  r e s u l t s  f o r  s m a l l  v o i d s  o f  r a d i u s  1 n.m.; f o r  t h i s  r a d i u s  t h e  c o n d i t i o n  ( 1 4 )  i s  
s a t i s f i e d  f o r  t h e  complete  range of pD employed. For l a r g e r  vo ids  t h e  upper  l i m i t  of pD would have t o  be 
lowered t o  comply w i t h  (14) .  However t h i s  tendency f o r  t h e  w d e l  t o  be i n a c c u r a t e  a t  h i g h  p D  i s  somewhat 
a l l e v i a t e d  by t h e  f a c t  t h a t  t h e  growth e f f e c t s  we are examining a r e  i n  any case minimal when p D  1s l a r g e .  

I n  a d d i t i o n  t o  t h e  r e s t r i c t i o n  (14)  on t h e  v a l i d i d t y  of t h e  r e s u l t s  it is impor tan t  t o  emphasize t h a t  p o i n t-  
d e f e c t  l o s s  due t o  bulk  r ecombina t ion  has been n e g l e c t e d  both  i n  t h e  d e r i v a t i o n  of t h e  growing v o i d  dink 
s t r e n g t h  in s e c t i o n  2 and i n  t h e  subsequen t  e v a l u a t i o n  of t h e  s w e l l i n g  i n c r e a s e  due t o  t h e  void growth i n  
f i g u r e s  8 and 9. The error i n  the s i n k  s t r e n g t h  c a l c u l a t i o n  is d i f f i c u l t  t o  e s t i m a t e  bu t  i t  arises because 
i t s  value depends on the a c t u a l  "et f l u x  of vacancies a r r i v i n g  a t  t h e  vo id  th rough  e q u a t i o n  (8) ;  t h u s ,  i n  
c o n t r a s t  t o  the u s u a l  q u a s i - s t a t i c  embedding c a l c u l a t i o n s  of s i n k  s t r e n g t h s ,  t h e  s i m u l t a n e o u s  p r e s e n c e  of 
b o t h  p o i n t- d e f e c t  t y p e s  is i m p l i c i t l y  unders tood  and recombina t ion  l o s s  shou ld  be i n c l u d e d .  The o n l y  
m i t i g a t i o n  we c a n  claim stems from t h e  f a c t  that  when such no 1 n e a r  r ecombina t ion  l o s s  h a s  been i n c l u d e d  
i n  q u a s i - s t a t i c  s i n k  s t r e n g t h  c a l c u l a t i o n s  i ts e f f e c t  is small . I n  a d d i t i o n  t h e  p r e s e n t  s i n k  s t r e n g t h s  
are p robab ly  s a t i s f a c t o r y  i f  t h e i r  use is r e s t r i c t e d  t o  s w e l l i n g  s i t u a t i o n s  when t h e  p o i n t- d e f e c t  l o s s  
o c c u r e s  re o m i n a n t l  a t  t h e  s i n k s  r a t h e r  t h a n  by bulk  r ecombina t ion .  Thus u s i n g  a r ecombina t ion  pa ramete r  
g i v e n  byr1'? II = loz8 D i s - l  we can estimate t h e  v a l u e  of PO, f o r  each t e m p e r a t u r e  and damage rate i n  f i g u r e s  
8 and 9, above which the curves  are v a l i d .  S i n c e  no recombina t ion  h a s  been i n c l u d e d  i n  t h e  e v a l u a t i o n s  of 
t h e s e  curves t h e y  can o n l y  he  v a l i d  when 2K > a c p z  where cy  and c, are g i v e n  i n  terms of A and t h e  o t h e r  
p a r a m e t e r s  by (25). T h i s  comparison of t o t a l  p o i n t- d e f e c t  lass t o  t h e  s i n k s  w i t h  p o t e n t i a l  r ecombina t ion  
l o s s  y i e l d s  t h e  f o l l o w i n g  c o n c l u s i o n s :  For the damage r a t e  of d p a l s ,  pD must exceed 5 x IOl4 m-' a t  
300°C and lOI3 m-' a t  500°C; a t  the h i g h e r  damage rate of d p a l s ,  pD must exceed 10l6 m-' a t  300°C and 5 
x I O l 4  m-2 a t  500'C. It f o l l o w s  t h a t  t h e  r e s u l t s  in f i g u r e s  8 and 9 have l i m i t e d  v a l i d i t y  and t h e  
p e r c e n t a g e  increase of s w e l l i n g  due t o  t h e  motion of t h e  vo id  s u r f a c e  is probab ly  a lways less t h a n  5%. 

?io5 

Although we have p r e s e n t e d  r e s u l t s  showing t h e  t e m p e r a t u r e  s e n s i t i v i t y  of t h e  vo id  growth on t h e  s w e l l i n g  
our b a s i c  rate t h e o r y  model f o r  t h e  s w e l l i n g  used h e r e  i s  e x t r e m e l y  p r i m i t i v e .  Thus n o t  o n l y  have  we 
n e g l e c t e d  bulk  r ecombina t ion  but  we have a l s o  o m i t t e d  any t e m p e r a t u r e  v a r i a t i o n s  of t h e  s i n k  d e n s i t i e s  
themselves .  The c u r v e s  i n  f i g u r e s  8 and 9 are t h u s  n o t ,  i n  a n  s e n s e ,  i n t e n d e d  t o  r e p r e s e n t  p r e d i c t i o n s  f o r  
s t a i n l e s s  s t e e l  bu t  a r e  p r e s e n t e d  m r e l y  t o  p rov ide  i n s i g h t  i n t o  t h e  k ind  of m o d i f i c a t i o n s  t h e  m t i o n  of t h e  
growing vo id  s u r f a c e  c o u l d  have  an t h e  t o t a l  s w e l l i n g  o f  i r r a d i a t e d  materials. I t  is i n t e r e s t i n g  t o  
s p e c u l a t e  on the e f f e c t  of i n c l u d i n g  both  t h e  void  su face w t i o n  as d i s c u s s e d  h e r e  and t h e  c l imb  m t i o n  of 
t h e  d i s l o c a t i o n s  as d i s c u s s e d  by Rauh and Bul lough(8 j  i n  t h e  same s w e l l i n g  a n a l y s i s .  The motion of v o i d  
s u r f a c e  i n c r e a s e s  t h e  growth rate of t h e  vo id  because t h e  vo id  s u r f a c e  c a p t u r e s  wre r e l a t i v e l y  s l u g g i s h  
vacancies, on t h e  o t h e r  hand t h e  c l imb  motion of t h e  d i s l o c a t i o n  reduces  t h e  n e t  i n t e r s t i t i a l  f l u x  t o  t h e  
d i s l o c a t i o n s  and hence r e t a r d s  t h e  vo id  growth r a t e .  Presumably i f  the two e f f e c t s  a r e  s i m u l t a n e o u s l y  
p r e s e n t  t h e  o v e r a l l  e f f e c t  of such  mot ions  cou ld  be minimal and s t r o n g  s u p p o r t  f o r  t h e  accuracy  of t h e  
q u a s i - s t a t i c  approach might be fo r thcoming .  

F i n a l l y  we have noted t h a t  t h e  vo id  s u r f a c e  motion p r o v i d e s  a n e t  vacancy b i a s  f o r  t h e  growing vo id  and t h u s  
we  see t h a t ,  even i f  the second s i n k  is n e u t r a l .  once vo id  growth h a s  commenced i t  shou ld  be s e l f- d r i v e n  by 
i t s  own vacancy b i a s  a r i s i n g  s o l e l y  from t h e  d i f f e r e n c e s  i n  p o i n t- d e f e c t  m o b i l i t y .  Such an e f f e c t  cou ld  
w e l l  g i v e  s i g n i f i c a n t  a s s i s t a n c t  t o  t h e  growth of t h e  vacancy c l u s t e r s  d u r i n g  t h e  i n i t i a l  n u c l e a t i o n  and 
growth s t a g e .  
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Table  1 

P h y s i c a l  and i r r a d i a t i o n  parameters  f o r  316 s t a i n l e s s  steel 
used t o  o b t a i n  t h e  r e s u l t s  i n  f i g u r e s  1-9 

I n t e r s t i t i a l  d i f f u s i o n  c o e f f i c i e n t ,  Di = D>p(-Ey/kBT) 

i 

i 

-7 2 -1 
DO = 10 m s 

Em = 0.2 eV 

Vacancy d i f f u s i o n  c o e f f i c i e n t ,  D = D: exp(-E:/kBT) 
V 

Do = 6 x 

Dm = 1.4 eV 

m2 s-l 

Y 

Average c a v i t y  r a d i u e  rc = 1 n.m. 

C a v i t y  number d e n s i t y  Cc = 10" m-3 

Range of d i s l o c a t i o n  d e n s i t i e s  p 

Range of t empera tu res  T = 300 - 50092 

Range of damage rates K = - dpa / s  

D i s l o c a t i o n  b i a s  pa ramete r s  Zi = 1.10, Zv = 1.00 

= 1013 - 1 0 l 6  m-2 
D 
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2 rigure-! The variation of A , given by solving (26) 
with dislocation density p D  for the two 
temperatures specified. The damage rate 
K = dpa/s and the physical parameters 
in table 1 have been used for all the 
figures . 

I 
10- 10- Id' 1.3'. 

p0 (rn-9 

FIX"& A s  f o r  figure 1 but for a damage rate 
K = dpa/s: the value of the vacancy 
diffusion coefficient Dv at 30f lOC is 
indicated. 

p,(m-') 

Figure 3 The variation of the ratio (AJAb)Z, where Ab is given by ( 3 1 ) ,  with dislocation density DD 
for the two temperatures specified. The damage rate K = dpa/s. 
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70" 10'' 70'5 10'6 

p,(ni') 

P ' F  As for figure 3 but for a damage rate K = dpals. 

Flgure 5 The variation with p D  of the percentage 
increase of the void sink strength for 
vacancies, ( E ,  - 1) x 100, due to the 
motion of the void surface for the two 

K = lo@ d p a l s .  

0.0, 
1033 ,034 7oi5 

temperatures specified. The damage rate p. (m-') 

r ig& As for figure 5 but for a damage ratc 
K = d p a l s .  
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Figure 7 The variation with o D  of 
the percentage increase of the 
void sink strength f o r  intersti- 
tials, (Si-l)xlOO, due to the mo- 
tion of the void surface f o r  the 
two temperatures specified. The 
damage rate K = dpals. 

~ .- 

15 

3OO.C 

Fi-ure 8 The variation with oD of the 
percentage of total swelling due to 
the motion of the void surface, 
( I  - ( / A ) 3 )  x 100, f o r  the two 

rate K = 1O@ dpals. 0 10 
tempera 3 ures specified. The damage 

p,Cm-' 1 

Figure 9 A s  f o r  figure 8 but fcr a damage rate K = dpals 

1 3 2  



PREPARATION OF ION- IRRADIATED FOILS FOR CROSS-SECTION ANALYSIS 

S.J. Z i n k l e  and R.L. S inde la r  (Un i ve rs i t y  of Wisconsin-Madison) 

1.0 Object ives 

The ob jec t i ve  of t h i s  r e p o r t  i s  t o  o u t l i n e  the experimental procedures used a t  the U n i v e r s i t y  o f  Wisconsin 
fo r  ob ta i n i ng  f o i l s  s u i t a b l e  f o r  cross- sect ional  ana lys is .  

2.0 Summary 

A simple, r o u t i n e  method has been developed which a l lows i o n- i r r a d i a t e d  f o i l s  t o  be examined i n  cross-  
sect ion.  The method has been success fu l l y  demonstrated on t h ree  a l l o y  systems: s t a i n l e s s  s tee l ,  a low- 
chromium s tee l ,  and some h igh- s t rength  copper a l l oys .  The technique i s  genera l l y  app l i cab le  t o  p r a c t i c a l l y  
a l l  metals. 

3.0 Program 

T i t l e :  Rad ia t ion  E f f e c t s  to Reactor i 4a te r i a l s  
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. 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-Madison 

4.0 Relevant OAFS Program TaskISubtask 

Subtask I I . C . l . l :  Phase S t a b i l i t y  Mechanics 
Subtask II.C.6.1: E f f ec t  o f  Damage Rate on M ic ros t ruc tu ra l  E v o l u t i o n  

5.0 Accomplishments and Status 

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

I o n  i r r a d i a t i o n  experiments have been shown t o  be very usefu l  as a r a d i a t i o n  damage t o o l  i n  scoping 
studies.( ' )  The h igh displacement damage ra tes  associated w i t h  heavy i o n  i r r a d i a t i o n s  a l lows h igh  damage 
l e v e l s  to be achieved i n  a very sho r t  time. Ion i r r a d i a t i o n  therefore enables one t o  qu i ck l y  probe many 
i n t e r e s t i n g  experimental cond i t ions .  The r e s u l t s  from these i o n  i r r a d i a t i o n  s tud ies  may then be used as a 
bas is  f o r  determining the appropr ia te  experimental cond i t i ons  f o r  l a t e r  neutron i r r a d i a t i o n s .  Two major 
uses of Ton i r r a d i a t i o n  s tud ies  a re  r e a d i l y  ev ident :  F i r s t ,  f o r  scoping s tud ies  on new a l l o y  systems t o  
determine what s o r t  o f  r a d i a t i o n  damage e f f e c t s  occur f o r  a g iven s e t  o f  experimental cond i t ions .  I f  the 
a l l o y  looks  promising, then a f u l l - s c a l e  neutron i r r a d i a t i o n  program may f o l l ow .  Otherwise, only l i m i t e d  
neutron s tud ies  my be necessary merely t o  con f i rm  the  t rends es tab l i shed  by the i on  i r r a d i a t i o n .  A second 
use o f  i o n  i r r a d i a t i o n  studies i s  f o r  d e t a i l e d  i n v e s t i g a t i o n  o f  the  e f f e c t  o f  changing var ious exper imental  
parameters (temperature, a l l o y  composition, e tc . ) .  These s tud ies  a l low a s i ng le  va r i ab le  to be i so l a ted ,  
which i s  impor tan t  f o r  t h e o r e t i c a l  modeling o f  r a d i a t i o n  damage. 

Most i o n  i r r a d i a t i o n  s tud ies  t o  date have used convent ional  "back- th inning"  methods f o r  examining the i r -  
rad ia ted  region.  A p o t e n t i a l l y  more powerful technique i s  the  cross- sect ion method.(') 
procedure a l lows the e n t i r e  i o n  damage reg ion  t o  be viewed a t  once. Th is  i s  an impor tan t  advantage since 

The cross- sect ion 
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the damage r a t e  (and t he re fo re  the f i n a l  damage l e v e l )  vary w i t h  depth f o r  i o n  i r r a d i a t i o n .  
con t ro l  samples are e l im ina ted  when using the cross- sect ion technique -- one merely cu ts  a cross- sect ioned 
specimen from the non- i r r ad ia ted  p o r t i o n  o f  the sample. 
con t ro l  specimens are from the  same sample as the  i r r a d i a t e d  specimens. 

Separate 

Th is  r e s u l t s  i n  the very des i rab le  e f f ec t  t h a t  the 

A f i n a l  p o t e n t i a l  advantage of the cross- sect ion technique which has only r ecen t l y  been achieved i n  p r a c t i c e  
i s  m u l t i p l i c i t y  of i r r a d i a t e d  specimens. Proper use of the cross- sect ion method a l l w s  up t o  e i g h t  i d e n t i -  
c a l  i r r a d i a t e d  specimens t o  be obta ined from a s i ng le  sample. Therefore, favorab le  count ing s t a t i s t i c s  may 
be obta ined from the cross- sect ion technique as compared t o  the back- th inn ing  method. 

Spu r l i ng  and Rhodes(3) were the f i r s t  researchers to apply the cross- sect ion m t h o d  t o  an i o n- i r r a d i a t e d  ma- 
t e r i a l .  They successfu l ly  th inned p ro ton- i r r ad ia ted  316 s t a i n l e s s  s tee l  i n  cross- sect ion by u t i l i z i n g  a 
n i c k e l  p l a t i n g  procedure. Unfor tuna te ly ,  t h e i r  technique requ i red  a high- temperature (500'C) heat  t reatment  
i n  order  t o  ensure an adequate bond a t  the f o i l - p l a t e  i n t e r f ace .  A subsequent mod i f i ca t i on  of t h e i r  p l a t i n g  

procedure by Whi t ley e t  
lower i r r a d i a t i o n  temperatures to be i nves t i ga ted  i n  cross- sect ion.  Whi t ley 's  method was only app l i ed  t o  
i o n- i r r a d i a t e d  n i cke l  which was e l e c t r o p l a t e d  w i t h  n i cke l .  The cross- sect ion procedure was extended t o  

copper and copper a l l o y s  by Narayan e t  a l . ( 5 )  and Kno l l  e t  a l . ( 6 )  

S inde la r  e t  a l . ( * )  have demonstrated a cross- sect ion technique f o r  i o n- i r r a d i a t e d  316 s ta i n l ess  Steel which 
uses a low- temperature N i  p l a t i ng .  

circumvented the high- temperature d i f f u s i o n  bond step, and therefore a l lowed 

Recently, Sh i r a i sh i  e t  al.( ' )  and 

The purpose o f  t h i s  r e p o r t  i s  t o  o u t l i n e  the procedure p resent ly  used a t  the Un i ve rs i t y  of Wisconsin fo r  
ob ta i n i ng  cross- sect ion specimens. 

technique have p rev ious l y  been a v a i l a b l e  only i n  the form o f  unpublished  document^.(^.^^) 
expanded upon the techniques o r i g i n a l l y  developed by U h i t l e ~ ( ~ )  and Knoll ,( 'O) and have developed a p ro-  
cedure which may be r o u t i n e l y  app l i ed  t o  several a l l o y  systems. 

D e t a i l s  o f  the experimental procedures fo l lowed f o r  the c ross- sec t ion  
We have recen t l y  

5.2 Experimental Procedures 

5.2.1 The Cross-Section Technique 

The basic steps fo l lowed to ob ta in  a cross- sect ioned TEM specimen from an i o n- i r r a d i a t e d  f o i l  are o u t l i n e d  
i n  Fig. 1. The c r i t i c a l  po in t s  i n  the procedure a re  steps 2 and 4, where the i r r a d i a t e d  f o i l  i s  e l e c t r o -  
p l a t e d  and thinned, r espec t i ve l y .  
uniform, t h i c k  depos i t  l a y e r  w i t h  good adhesion to the f o i l  surface. D i f f e r e n t  p l a t i n g  procedures a re  f o l -  
lowed depending on the  p a r t i c u l a r  m e t d l  t h a t  i s  being invest iaged.  The cross- sect ion technique descr ibed 
below has been success fu l l y  app l i ed  t o  pure n i cke l ,  pure copper and copper-based a l l oys ,  several  a u s t e n i t i c  
s t a i n l e s s  s tee l  a l l oys ,  and some low chrome iron-based a l loys .  The p l a t i n g  cond i t i ons  fo r  each a l l o y  Class 
i s  g iven i n  Table 1. 

Care dur ing  the e l e c t r o p l a t i n g  step i s  requ i red  i n  order  to prov ide  a 

Specia l  p re- p la t i ng  procedures are requ i red  i n  order  to ensure a good p l a t i n g  bond. A l l  f o i l s  are thorough- 
l y  degreased us ing  acetone a f t e r  removal from the  i r r a d i a t i o n  f a c i l i t y .  The i r r a d i a t e d  n i c k e l  f o i l s  a re  

g iven an a c t i v a t i o n  t reatment  i n  a s o l u t i o n  o f  Wood's n i cke l ( " )  (60 g NiC12. 31 m l  H C l ,  250 m l  H20) by 

making the sample anodic f o r  3 seconds a t  a c u r r e n t  dens i ty  o f  200 mA/cm2. 
remove the metal ox ide layer ,  which i s  necessary i n  o rder  t o  ob ta i n  a good bond. 
t e r i a l  i s  est imated to be removed frm the i r r a d i a t e d  sur face as determined by in te fe rence microscopy. 
A f t e r  a c t i v a t i o n ,  the cu r ren t  i s  reversed i n  t h i s  same s o l u t i o n  and a t h i n  n i cke l  s t r i k e  app l i ed  f o r  5 
minutes. I n  a s i m i l a r  procedure, the oxide l a y e r  on the a u s t e n i t i c  s t a i n l e s s  s t e e l s  i s  removed i n  a SO- 

l u t i o n  of 60 g NiC12, 40 m l  HC1, 250 m l  H20 a t  a c u r r e n t  dens i ty  of 250 rrd/cm2 f o r  2 seconds. 

on the sample i s  then reversed and the sample i s  p l a ted  i n  t h i s  s o l u t i o n  f o r  5 minutes. 

t r ans fe r red  i n t o  the  p l a t e  bath where i t  i s  made anodic f o r  10 seconds w i t h  a c u r r e n t  dens i ty  of 200 m4/Cm2. 
The p o l a r i t y  i s  then reversed and the f o i l  i s  p l a ted  u n t i l  a 2 m l a y e r  has been deposited. 

The purpose of t h i s  Step i s  t o  
Less than 0.1 om of ma- 

The p o l a r i t y  

The sample i s  then 

The p re- p la t i ng  t reatment  f o r  pure copper and copper a l l o y s  invo lves  e l e c t r o p o l i s h i n g  f o r  2 seconds i n  a SO- 
l u t i o n  o f  33% HN03/67% CH30H cooled to -4O'C a t  an app l i ed  p o t e n t i a l  of 5 Y. This  process i s  in tended t o  
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TABLE 1. ELECTROPLATING C O N D I T I O N S  FOR V A R I O U S  METALS 

Metal  

N icke l  

- 

Stain less  Steel  

CopperICu A1 l ays  

I r o n  A l l oys  

E l e c t r o p l a t i n g  Sol u t i  ons 

150 g NiS04 

150 g N i C I 2  
50 g b o r i c  a c i d  

1000 m l  H20 

150 g NiS04 

150 g NiC12 

70 g b o r i c  a c i d  

1000 m l  H20 

180 g cuso4 

30 m l  H2S04 

950 m l  H20 

250 g FeC12 

100 g NaCl 

750 m l  H20 

Experimental Condi t ions 

ZOO mA/cm2 

50'C 

ZOO ~ 1 c m 3  

70'C 

150 nJl/cm2 

20°C 

100 nJ\/cm2 

100°C 

remove the oxide l a y e r  and any carbon contaminants which may be present  on the f o i l  surface. The i r r a d i a t e d  
f o i l  i s  then t r ans fe r red  to the p l a t i n g  so lu t i on  (180 g CuS04, 30 m l  H2S04, 950 m l  H20), where i t  i s  made 

anodic f o r  1 t o  2 seconds using a cu r ren t  dens i ty  of 100 mA/cm2. In te r fe rometer  measurements i n d i c a t e  t h a t  
the t o t a l  depth removed dur ing  the above e l e c t r o p o l i s h  and s t r i k e  t reatment  i s  l ess  than 0.1 urn. Fo l low ing  
the  s t r i k e  treatment, the p o l a r i t y  of the p l a t i n g  c e l l  i s  reversed and the f o i l  i s  e l e c t r o p l a t e d  a t  a 

cu r ren t  dens i ty  o f  103-150 mA/cm2. 

The low chrome iron-based a l l o y s  are susceptable t o  cor ros ion  dur ing  the  oxide l a y e r  reinoval step, i n  which 
the sample i s  made anodic i n  an e lectrochemical  c e l l .  Therefore a p i c k l i n g  s o l u t i o n  rrhich has an i n h i b i t o r  
added t o  i t  i s  used t o  remove any metal ox ide l a y e r  wh i le  min imiz ing  co r ros i on  of the base metal. 
of 2-114 C r - 1  Ha s tee l  have been success fu l l y  e l e c t r o p l a t e d  a f t e r  p i c k l i n g  i n  50 m l  H C l  i n  H20 t o  which 1 g 

o f  th iourea  was added. The specimens are dipped i n  t h i s  p i c k l i n g  bath f o r  2 minutes fo l lowed by a thorough 
water r i nse .  A t  t h i s  p o i n t  the f o i l  i s  d i r e c t l y  t r ans fe r red  t o  the p l a t i n g  bath where the sample i s  p l a t e d  

a t  a cu r ren t  dens i ty  o f  100 mA/cm2. 

Samples 

A common p l a t i n g  apparatus which cons is ts  o f  a cu r ren t- con t ro l l ed  power supply, a heater  base, a gas bubbler 
device, and a f o i l  holder  i s  used t o  achieve smooth e lec t ro- depos i ted  st ratums on the  0.5 cm x 1 cm i r r a d i -  
a ted  f o i l s .  F igure  2 i s  a photograph of the equipment used f o r  e l e c t r o p l a t i n g .  The key fea tu res  to note i n  
the f i g u r e  are the s a c r i f i c i a l  anodes and the P lex i g l as  sample holder. The anodes are bagged dur ing  the  
p l a t i n g  process t o  p revent  sludge from e lec t rodepos i t i ng  on the f o i l .  The sample holder  has been designed 
so as to op t im ize  the p l a t i n g  r a t e  of the i r r a d i a t e d  f o i l s .  
shown i n  Fig.  3. The small 112 cm x 112 cm "window" i n  the  ho lder  serves to minimize f o i l  edge e f f e c t s  on 
the p l a t e  layer ,  thereby a l l ow ing  uni form depos i t ion  t o  occur. A common aquarium a i r  stone i s  used t o  cre-  
a t e  a f i n e  stream of n i t r ogen  gas bubbles. The gas bubbles a re  d i r e c t e d  through the channel i n  the  sample 
ho lder  and a l lowed t o  fla, over the f o i l  surface. The purpose of the f i n e  gas stream i s  twofo ld:  F i r s t ,  i t  
ensures t h a t  hydrogen bubbles formed from e l e c t r o l y s i s  on the f o i l  sur face are  swept away. F a i l u r e  t o  r e-  
move these H2 bubbles wh i le  e l e c t r o p l a t i n g  would r e s u l t  i n  a porous p l a t i n g .  A second. r e l a t e d  advantage o f  

c r e a t i n g  a t u r b u l e n t  l a y e r  near the f o i l  sur face i s  t h a t  the c r i t i c a l  e l e c t r o p l a t i n g  c u r r e n t  dens i ty  i s  i n -  
versely p ropo r t i ona l  to the f i l m  th ickness.  Therefore, h igher c u r r e n t  d e n s i t i e s  (and hence sho r te r  p l a t i n g  
per iods)  can be achieved when the p l a t i n g  s o l u t i o n  i s  * e l l  ag i ta ted .  However, too h igh o f  an a g i t a t i o n  r a t e  
w i l l  a l s o  cause a porous p l a t i n g .  

A d e t a i l e d  schematic o f  the sample ho lder  i s  

1 3 5  
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FIGURE 1. Procedure for  prepar ing i on- i r rad ia ted  f o i l s  i n  cross-section. 

A f t e r  a l a y e r  approximately 2 mn t h i c k  i s  deposited on each f o i l  surface, the r e s u l t a n t  sample i s  removed 
from the p l a t e  bath and mounted i n  epoxy. F igure 4 shows a p l a t e d  copper f o i l  as i t  appears p r i o r  to being 
mounted i n  epoxy. The 3 mn diameter d isk  def ines the i r r a d i a t e d  beam spot, and serves as an a i d  for  de ter-  
mining whether a p a r t i c u l a r  s l i c e  i s  from the i r r a d i a t e d  o r  con t ro l  reg ion  o f  the f o i l .  

A diamond saw i s  used to s l i c e  specimens from the p la ted  sample. 
i s  poss ib le  to obta in  as many as e i g h t  i r r a d i a t e d  cross- sect ion specimens from a s i ng le  sample. A v i r t u a l l y  
un l im i t ed  number o f  con t ro l  cross-section specimens may be obtained from the Sam sample. As descr ibed 
l a t e r ,  these m u l t i p l e  specimens a l low several d i f f e r e n t  experimental analyses t o  be performed (e.g., ex t rac-  
t i o n  rep l i cas ,  TEM. etc. ) .  
l ess  s tee l  sample as they appear i m d i a t e l y  a f t e r  being s l i c e d  on a diamond saw. 

With the use o f  a 150 wn-thick blade, i t  

F igure  5 shows the con t ro l  and i r r a d i a t e d  cross- sect ion specimens f o r  a s t a i n -  
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FIGURE 2. 
i r r a d i a t e d  f o i l s .  

Apparatus used for  e l e c t r o p l a t i n g  ion-  FIGURE 3. 
used for  e l e c t r o p l a t i n g  i on- i  r r a d i  a ted  f o i  1 s. 

Schematic of sample holder and gas bubbler  

5.2.2 Preparation o f  TEN F o i l s  from Cross-Sectioned Specimens 

E lec t ropo l i sh ing  techniques are genera l l y  used to prepare specimens for  TEM analys is.  
so lu t i ons  used for  the j e t- th inn ing  of cross-sectioned samples f o r  TEM specimens. 
i n c i d e n t  i o n  i s  r a the r  l i m i t e d  (- 3 Irm f o r  14-MeV N i  ions  i nc iden t  on n i c k e l ) ,  i t  i s  essen t i a l  t o  have the 
i r r a d i a t e d  boundary reg ion  of the specimen t ransparent  to e lec t rons .  One of the previous problems associ-  
a ted  w i t h  the cross- sect ion technique was the d i f f i c u l t y  i n  ob ta in ing  adequate e lectron- transparent  regions 
o f  the TEM f o i l  a t  the i r r a d i a t e d  boundary. Without u t i l i z i n g  spec ia l  measures t o  force the t h i n  area t o  
occur a t  the i r r a d i a t e d  boundary, a low success ra te  i s  obtained ( t y p i c a l l y  s 30%). This defeats the cross- 
sec t ion  advantage o f  having m u l t i p l e  specimens. A f u r t he r  d i f f i c u l t y  associated w i t h  many of the cross-  
sect ioned a l l o y  specimens i S  t h a t  the p l a t i n g  mater ia l  t h i ns  a t  a d i f f e r e n t  r a t e  as compared t o  the a l l oy .  
I n  some cases, i t  i s  v i r t u a l l y  impossible t o  ob ta in  adequate t h i n  area i n  the i r r a d i a t e d  reg ion  o f  t he  
cross-sectioned f o i l  w i t hou t  a specia l  experimental procedure. Two companion experimental methods have been 
developed t o  address t h i s  problem. 

Table 2 l i s t s  the 
Since the range o f  t he  

For m s t  cross-sectioned mater ia ls .  adequate t h i n  area a t  the i r r a d i a t e d  boundary may be obtained by simply 
using a p r o t e c t i v e  lacquer t o  iSOlate the reg ion  o f  i n te res t .  
s ides of the TEM d isk  are covered w i t h  a p r o t e c t i v e  lacquer w i t h  the except ion of a - 50 urn wide s t r i p  
centered along the i r r a d i a t e d  boundary. The specimen i s  then e lec t ropo l i shed  for  a pe r i od  o f  t i m  rang ing  
from 15 seconds to 2 minutes, depending on the f o i l  thickness and the p a r t i c u l a r  metal being invest igated.  
Fol lowing t h i s  p repo l ish  treatment, the lacquer i s  removed from the TEM disk and the specimen i s  e l e c t r o -  
p l i shed  u n t i l  per fo ra t ion  occurs. 
r ad ia ted  copper a l l o y  fol lowing. the above procedure. The p a r a l l e l ,  dark bands running h o r i z o n t a l l y  across 
the micrograph o u t l i n e  the step he igh t  change from the p repo l i sh  treatment. 
damage reg ion  has been obtained i n  about 80% of the cross-sectioned specimens which were prepared using t he  
above technique. Since s i x  t o  e i g h t  i r r a d i a t e d  specimens are genera l l y  ava i l ab le  from each p la ted  sample, 
t h i s  h igh  success r a t e  a l lows m u l t i p l e  specimens t o  be analyzed. 

The procedure i s  as fo l lows:  F i r s t  bo th  

Figure 6 i s  an o p t i c a l  micrograph which shows a t y p i c a l  r e s u l t  for  an ir- 

Adequate t h i n  area i n  the 

A somewhat more complicated procedure i s  employed t o  e lec t rochemica l l y  t h i n  cross-sectioned s ta in l ess  s tee l  
specimens. A two-step po l i sh ing  technique which u t i l i z e s  two d i f f e r e n t  e l e c t r o p o l i s h i n g  so lu t ions  i s  used 
i n  conjunct ion w i t h  the above prepo l ish  lacquer technique. The f i r s t  step invo lves  the a p p l i c a t i o n  o f  the 
pro tec t ive- lacquer  cover ing which exposes the i r r a d i a t e d  boundary only. The sample i s  then po l i shed i n  so- 
l u t i o n  l (see Table 2) which po l i shes  the n i cke l  p l a t e  a t  a s l i g h t l y  fas ter  r a t e  compared t o  the s tee l .  
A f te r  approximately two minutes. the lacquer i s  removed and the sample i s  pol ished t o  pe r fo ra t i on  i n  so- 
l u t i o n  2 which po l i shes  the s tee l  a t  a more r a p i d  r a t e  compared t o  the n i cke l  p la te .  
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TABLE 2. PARAMETERS USED FOR JET-ELECTROPOLISHING OF CROSS-SECTIONED SPECIMENS 

I n i t i a l  TEM 
Alloy Disc Thickness 

Cu-Zr. .Cu-Cr-Zr 250 wn 

300 Series 250 ym 

Austen i t ic  
Stainless Steels 

Low ( <  4 wt.4) C r  250 vm 
F e r r i t i c  Steels 

Solut ion Yo1 t S  Current Temperature 

33% "03, 67% CH30H 15 90 nl4 -2O'C 

Solut ion 1: 30% HN03, 70% 10 v 80-90 d O'C 

Methanol, Time = 2 min 

Solut ion 2: 10% Perchlor ic 45 v 80-90 nd 20-c 

Acid, 40% Acetic Acid, 20 

g/E Cr2O3, 10 g / t  NiC12 

5% Perchloric, 45% Ethanol 60 V 90 d O'C 

5.3 Results 

A va r ie t y  of experimental techniques may be appl ied to the cross-sectioned specimen i n  order to obtain d i f -  
ferent pieces of information. A b r i e f  sampling o f  some t y p i c a l  resu l t s  which m y  be obtained i s  presented 
below. 

Opt ica l  microscopy my be pe r fo rmd on i r r a d i a t e d  cross-section specimens i n  order to help character ize the 
e f f e c t  o f  i r r a d i a t i o n .  Figure 7 i s  an op t i ca l  metallograph o f  a 316 s ta in less s tee l  specimen which has been 

FIGURE 4. Photograph of an e lec t rop la ted ion- FIGURE 5. Control and i r r a d i a t e d  cross-section 
i r r a d i a t e d  copper f o i l .  specimens from a s ta in less s tee l  sample. 

138 



FIGURE 6. 
po in t s  to the pe r fo ra t i on  i n  the f o i l  nex t  to the i r r a d i a t e d  boundary. 

Opt ica l  micrograph o f  an e lec t ropo l ished copper a l l o y  cross-section TEM specimen. The arrow 

IFIGURE 7. Opt ica l  micropraph of an i r r a d i a t e d  FIGURE 8. Ex t rac t i on  r e p l i c a  e lec t ron  micrograph from 
s ta in l ess  s tee l  cross-section Specimen. The a cross- sect ional  2-114 C r - 1  Mo s tee l  specimen. 
3 u m r i d e  band along the i r r a d i a t e d  i n t e r f a c e  
corresponds to the r a d i a t i o n  damage region. 

i r r a d i a t e d  w i t h  14-MeV N i  ions  a t  650'C to a fluence of 3.3 x lo2' ionslm2. The damage reg ion  i s  c l e a r l y  
v i s i b l e  i n  the micrograph as a - 3 1411 wide band adjacent  t o  the p l a t e d  in te r face .  
behavior i n  the damage reg ion  was determined from TEM inves t i ga t i ons  to be due t o  i r o n  phosphide p r e c i p i -  

ta tes .  These p r e c i p i t a t e s  were needle-shaped w i t h  an average l eng th  o f  150 nm and dens i t y  - 1 x lozo ~ n - ~ .  

The d i f f e r e n t  e t ch ing  
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FIGURE 9. 
boundaty of a cross-sectioned Cu-Zr specimen. 

TEM micrograph showing the extent o f  the electron- transparent region along the i r r a d i a t e d  

Ext rac t ion rep l i ca  techniques are often u t i l i z e d  i n  a l l oys  where i r r a d i a t i o n  can enhance on induce p rec ip i-  
t a t i o n  events. 
quan t i t a t i ve  microchemical analysis resu l t s  to be obtained.(”) Figure 8 shows an ex t rac t i on  rep l i ca  
obtained frm a cross-sectioned 2-114 C r - 1  Mo steel  specinen. 
an un i r rad ia ted solution-quenched and aged f o i l  t ha t  had been plated w i th  iron. 

It i s  essent ia l  t ha t  the p rec ip i ta tes  be extracted from the matr ix i n  order f o r  accurate 

This micrograph shcws extracted carbides from 
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Extensive t h i n  area fo r  TEM ana lys is  a t  the  i r r a d i a t e d  boundary i s  achievable us ing the p repa ra t i on  tech-  
niques prev ious ly  ou t l ined .  Electron- transparent  reg ions  which extend a long the i r r a d i a t e d  boundary f o r  
d is tances up t o  100 wn have been obta ined under favorable cond i t ions .  F igure  9 shows a p o r t i o n  o f  the t h i n  
area which was obta ined a long the i r r a d i a t e d  boundary of a Cu-Zr specimen i r r a d i a t e d  w i t h  14-MeV Cu ions  a t  

3DO'C t o  a f luence of 1 x 10" ions/m2. 
the i n te r f ace  and there  was roughly equal amounts o f  t h i n  area on e i t h e r  s ide o f  the hole. 

I n  t h i s  specimen, p e r f o r a t i o n  du r i ng  e l e c t r o p o l i s h i n g  occured on 

5.4 Summary and Conclusions 

A r o u t i n e  procedure has been developed which a l lows i o n- i r r a d i a t e d  metals t o  be examined i n  cross- sect ion.  
The h igh success r a t e  which i s  ob ta inab le  us ing  t h i s  procedure a l lows m u l t i p l e  specimens t o  be examined. 
Th i s  imp l ies  t h a t  s t a t i s t i c a l l y  s i g n i f i c a n t  vo id  and p r e c i p i t a t e  d i s t r i b u t i o n s  may be obta ined from i r r a d i -  
ated samples as a func t ion  of depth (damage l e v e l ) .  The experimental procedure descr ibed i n  t h i s  r e p o r t  
enables the cross- sect ion procedure t o  operate a t  i t s  f u l l  p o t e n t i a l .  The many p o t e n t i a l  advantages o f  the 
cross- sect ion technique over convent ional  back- th inning methods may now be r e a l i z e d  i n  p rac t i ce .  
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CHAPTER 6 

FUNDAMENTAL STUDIES OF 
SPECIAL PURPOSE MATERIALS 

1 4 2  



MICROSTRUCTURES AND PHYSICAL PROPERTIES OF Cu-Zr AND Cu-Cr-Zr-Mg ALLOYS 

S.J. Zinkle,  D.H. P lantz,  G.L. Ku l c i nsk i  and R.A. Dodd (Un i ve rs i t y  o f  Wisconsin) 

1.0 Object ives 

1 )  To i n v e s t i g a t e  the  phys ica l  p rope r t i es  and mic ros t ruc tu res  o f  two h igh- strength,  h igh- conduc t iv i t y  copper 
a l l o y s  as a func t ion  of anneal ing condi t ions,  and 2 )  to determine the  source of the h igh  s t r eng th  o f  these 
two a l l o y s .  Th is  u i l l  a l low a b e t t e r  es t imat ion  t o  be made on the  p o t e n t i a l  e f f ec t s  of i r r a d i a t i o n  on the 
mechanical p rope r t i es  of these a l l oys .  

2.0 Summary 

E l e c t r i c a l  r e s i s t i v i t y  measurements have been made a t  20°C on specimens o f  as- received AMZIRC and ANAX-MZC 
copper a l l o y s  as a f unc t i on  o f  anneal ing t ime and temperature. The e l e c t r i c a l  c o n d u c t i v i t y  o f  both a l l o y s  
s t e a d i l y  increases between 300 and 550'C. The maximum c o n d u c t i v i t y  i s  about 90% I A C S  f o r  MZC and - 100% 
I A C S  fo r  A M Z I R C .  TEM observat ions i n d i c a t e  t h a t  AMZIRC con ta ins  incoheren t  Cu-Zr p r e c i p i t a t e s  which a re  
p r e f e r e n t i a l l y  l oca ted  a t  g ra i n  boundaries. The AYAX-MZC a l l o y  con ta ins  the same Cu-Zr p rec ip i t a tes ,  and 
a l so  coherent C r  p r e c i p i t a t e s  vihich are un i fo rmly  d i s t r i b u t e d  throughout  the mat r i x .  

3.0 

T i t l e :  Rad ia t ion  E f f ec t s  t o  Reactor Ma te r i a l s  
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. Dodd 
A f f i l i a t i o n :  U n i v e r s i t y  o f  Uisconsin-Madison 

4.0 Relevant DAFS Program Plan TasklSubtask 

Subtask I I . C . l . l :  Phase S t a b i l i t y  Mechanics 
Subtask II .C.1.2: Modeling and Analys is  o f  E f f e c t s  of Ma te r i a l s  Parameters on Mic ros t ruc tu res  

5.0 Accomplishments and Status 

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

High- strength.  h igh- conduc t iv i t y  copper a l l o y s  are being considered f o r  a v a r i e t y  o f  app l i ca t i ons  i n  pro-  
posed fus ion reac to rs . ( ' )  This r e p o r t  summarizes some of the progress which has been made on determining 
the  fundamental behavior  du r i ng  anneal ing o f  two candidate copper a l loys ,  A M Z I R C  and A M A X - W C .  Previous 
repo r t s  have summarized the microhardness and p re l im ina ry  r e s i s t i v i t y  measurements made on these a l l o y s  i n  

t h e i r  as-received(') and annealed(') s ta tes .  
these a l l o y s  i s  due to cold-working. 

I t  was determined t h a t  a l a r g e  p o r t i o n  o f  the s t r eng th  of 

5.2 Experimental Procedure 

The nominal a l l o y  composit ion o f  AMZIRC and AMAX-MZC i s  g iven i n  Table 1. 
received a l l o y s  has been prev ious ly  descr ibed.(3)  

The heat t reatment  fo r  the as- 

Specimens f o r  both a l l o y s  have a l so  been obta ined f rom 
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TABLE 1. NOFIINAL C O M P O S I T I O N  OF AMZIRC AND AMAX-MZC 

Alloy 

AMZlRC 

AMAX-MZC 

C r  
9 

0.80 

Z r  e 
0.13-0.20 

0.15 

Mg 

- 

0.04 

cu 

balance 

balance 

- 

AMAX Copper, Inc.  i n  the s o l u t i o n  annealed p l us  aged cond i t ion .  The heat  t reatment  f o r  these a l l o y s  con 
s i s t e d  of a so lu t i on  anneal a t  930'C f o r  45 minutes fo l lowed by aging f o r  1 hour a t  450'C f o r  the A M Z I R C  
a l l o y  and 500'C f o r  the  MZC a l l o y .  

As-received f o i l s  (250 um th ickness)  of bo th  a l l o y s  were annealed f o r  t imes ranging from 0.25 - 10 hours i n  

a h igh vacuum furnace.13) R e s i s t i v i t y  specimens were c u t  from the annealed f o i l  us ing  a diamond saw(') so 
as t o  g ive  a square cross- sect ional  area (250 i lm x 250 urn). E l e c t r i c a l  r e s i s t i v i t y  measurements were made 
a t  room temperature on the  as- received and annealed a l l o y  specimens using standard 4- po in t  probe techniques. 
One t o  two r e s i s t i v i t y  ' "wires" were measured f o r  each thermal anneal ing cond i t ion .  The measured r e s i s t i v i t y  
values were converted t o  conduc t i v i t y  I I A C S  ( I n t e r n a t i o n a l  Annealed Copper Standard) u n i t s  by assuming t h a t  

pure copper has a r e s i s t i v i t y  of( ' )  16.73 nn-m a t  2O'C w i t h  a temperature c o e f f i c i e n t  o f  0.068 nn-m/'C. 
Selected specimens were examined i n  a JEOL TEMSCAN-2OOCX e l e c t r o n  microscope. 

5.3 Resul ts  - 

Figures  1 and 2 show the e l e c t r i c a l  c o n d u c t i v i t y  o f  as- received A M Z I R C  and AMAX-MZC, r espec t i ve l y ,  as a 
func t ion  of annealing t i m e  and temperature. Typical  experimental e r r o r  bars are shown i n  both f i gu res .  The 
c o n d u c t i v i t y  o f  AMZIRC i s  seen t o  s t e a d i l y  increase from 75% t o  95-100% I A C S  as the anneal ing temperature 
goes from 300 t o  550'C. The conduc t i v i t y  values o f  AMZIRC f o l l o w i n g  a 0.25 h r  anneal are c o n s i s t e n t l y  below 
t h a t  f o r  a 1 h r  and 10 h r  anneal, which i s  an i n d i c a t i o n  t h a t  the k i n e t i c s  f o r  m i c ros t ruc tu ra l  changes i s  on 
the order  of 0.25 h r  i n  t h i s  temperature range. The e l e c t r i c a l  c o n d u c t i v i t y  o f  MZC s t e a d i l y  increases from 
55-608 t o  - 90% I A C S  over the  temperature range o f  300-55O'C. 
fo r  a 0.25 h r  anneal, b u t  the d i f fe rence compared t o  the o the r  anneal ing times i s  n o t  near ly  as g rea t  as f o r  
the  AMZIRC a l l o y .  

The MZC conduc t i v i t y  values a re  a l so  lowest  

Vickers microhardness (VHN) measurements were made on s o l u t i o n  annealed p l u s  aged AMZIRC and AMAX-NZC f o i l s  
obta ined from AMAX Copper Inc.  i n  order  t o  determine the r e l a t i v e  s t r eng th  of these a l l o y s  due t o  p r e c i p i -  
t a t i o n  hardening vs. c o l d  working. The r e s u l t s  of the VHN measurements a re  presented i n  Table 2 a long w i t h  
the as-received, solut ion- annealed ( S A ) ,  and SA + aged ( U W  hedt  t reatment)  values which were p rev ious l y  
g iven i n  Ref. 5. It can be seen t h a t  AMZIRC does n o t  achieve any observable p r e c i p i t a t i o n  hardening, wh i le  
MZC e x h i b i t s  a f a i r l y  l a rge  amount of p r e c i p i t a t i o n  hardening. The s t rength  o f  bo th  o f  the  aged a l l o y s  i s  
s i g n i f i c a n t l y  l ess  than t h a t  o f  the as- received a l loys ,  which i n d i c a t e s  t h a t  much o f  the s t r eng th  o f  the 
l a t t e r  i s  due to cold-working. 

The p r e c i p i t a t e  mic ros t ruc tu res  o f  the  M A X  SA + aged a l l o y s  i s  shown i n  Fig. 3. 
c i p i t a t e s  were observed t o  p r e f e r e n t i a l l y  nucleate a t  g ra i n  boundaries, i n  agreement w i t h  Ref. 6. The 
dominant m i c ros t ruc tu ra l  f ea tu re  o f  aged AMAX-MZC i s  the h igh  dens i ty  o f  homogeneously nucleated coherent  C r  
p r e c i p i t a t e s .  
AMAX+lZC a l l o y .  An example o f  these g ra i n  boundary p r e c i p i t a t e s  a long w i t h  the  ma t r i x  C r  p r e c i p i t a t e s  i s  
shown i n  Fig. 4. 

Incoheren t  Cu-Zr pre-  

Incoherent  Cu-Zr p r e c i p i t a t e s  have a l so  been observed a long g ra i n  boundaries i n  the  aged 

5.4 Discussion 

The observed dependence o f  the e l e c t r i c a l  conduc t i v i t y  o f  as- received AMZIRC and AMAX-MZC i s  i n  f a i r l y  good 

agreement w i t h  r e s u l t s  found i n  the l i t e r a t u r e . ( ' - l O )  
n o t  e x h i b i t  a we l l- de f ined  "knee" such as was found i n  the p rev ious l y  repor ted  microhardness 

The c o n d u c t i v i t y  vs. anneal ing temperature curve does 
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TABLE 2. VICKERS MICROHARONESS OF HEAT-TREATED COPPER ALLOYS (2009 load) 

Microhardness (HV200) 

As -Re~e ived(~ )  So lu t ion Annealed   SA)(^) SA + aged (AMAX)* SA + aged (UW)(5)+* 

AMZIRC 146 50 51 1 48 

AMAX-MZC 168 46 78 f 1 84 

* AMAX heat t r e a t m n t  consisted o f  so lu t ion annealing a t  930'C f o r  0.75 hr  fol lowed by aging f o r  1 hour a t  
450'C f o r  AMZIRC and 500'C for MZC. 

** W heat treatment consisted of so lu t ion annealing a t  950.C f o r  100 hours fol lowed by aging f o r  1 hour a t  
470'C f o r  both al loys.  

TABLE 3. SPECIFIC RESISTIVITY AND CONCENTRATION OF ELECTRON SCATTERERS I N  AS-RECEIVE0 COPPER ALLOYS 

Concentration Reference 

I n p u r i t y  Spec i f ic  R e s i s t i v i t y  As-Received 550.C Anneal R e s i s t i v i t y  Concentration 

O i  s locat ions 1.3 x 10-13 vn-cd/nd - 5 x 1012/cm2 5 1 x 1 0 9 / ~ &  13 measured 

C r  4 un-cmlat I 0.04 a t  Z 0.06 a t  4 14 16 

Mg 0.8 vn-cmlat 4 0.04 a t  a 0.04 a t  X 14 16 

Z r  0.8 vn-cm/at % 0.014 a t  X 0.02 a t  % 15 17 
~ 

It i s  possible t o  conpare the experimental e l e c t r i c a l  r e s i s t i v i t y  w i t h  the theoret ica l  value for d i l u t e  
a l loys .  
on the measured r e s i s t i v i t y .  For the present case, we have considered e lec t ron scat ter ing to be due t o  
d is locat ions and solute atoms, along w i th  phonons. 
found t o  be i n s i g n i f i c a n t  f o r  the condi t ions i n  t h i s  study. 
neglected. 
n o t  t rue f o r  copper.(") 
were performed for both a l l oys  i n  t h e i r  as-received condi t ion and a lso fo l lowing a 550'C anneal f o r  1 hour. 
The d i s loca t ion  densi ty o f  the as-received a l l oys  was estimated from TEM. b u t  i s  ra ther  uncertafn due to the 
very high s t r a i n  present i n  the matrlx. 
concentration present a t  equ i l ib r ium i n  pure copper a t  the aging temperature (400.C). 
ca lcu la t ions ind icate  the the solute i s  mobile enough a t  these temperatures for  t h i s  t o  be a resonable 

This al lows a determination to be made as to which microst ruc tura l  feature has the dominant e f f e c t  

Grain boundary cont r ibut ions to the r e s i s t i v i t y  were 
The e f f e c t  o f  p rec ip i ta tes  on Scatter ing i s  

Calculat ions 

We have a lso assumed tha t  Matthiesson's Rule i s  obeyed a t  a l l  temperatures. which i s  general ly 
Table 3 l i s t s  the parameters used to ca lcu la ted the r e s i s t i v i t y .  

The as-received solute concentrations were assumed to be the  
Simple d i f fus ion 

assumption. (18) 

The r e s u l t s  o f  the ca lcu la t ion are given i n  Table 4. The agreement between the measured and ca lcu la ted 
e l e c t r i c a l  conduct iv i ty  values i s  good. considering the assurnptions whlch were used. Dis locat ions are the 
dominant con t r i bu t ion  t o  the ca lcu la ted r e s i s t i v i t y  for  the as-received a l l oys  (next t o  phonons). 
e l e c t r i c a l  conduct iv i ty  o f  annealed AMZIRC i s  close to tha t  of pure copper due t o  the l w  spec i f i c  reSiS- 
t i v i t y  o f  Zr .  The high spec i f ic  r e s i s t i v i t y  o f  C r  degrades the e l e c t r i c a l  COnductivity of MZC by 10-15% 
compared to pure copper. Following higher anneallng temperatures, the conduct iv i ty  of MZC should become 
even lower due to the higher so lubu l i t y  of C r  i n  the matrix. Evidence of t h i s  e f fec t  has been observed.(19) 

The 

The microstructures observed i n  the SA t aged a l l oys  serve to confirm the r o l e  o f  p rec ip i ta tes  i n  deter-  
mining the strength of AMZIRC and AMAX-MZC. 
boundaries and c e l l  w a l l s  has been previously observed by several  researcher^.(^*'^*^^) The r o l e  of the Cu- 
Z r  p rec ip i ta tes  i s  to increase the a l l o y  strength by impeding d i s loca t ion  c e l l  w a l l  migration, and to pre- 
vent excessive grain growth by pinning gra in  boundaries. 
have no strengthening ef fect  i n  the absence o f  a well-developed d i s loca t ion  StPUCtUPe. 

Heterogeneous nucleat ion o f  Cu-Zr p rec ip i ta tes  a t  g ra in  

As i s  evident frm Table 2. Cu-Zr p r e c i p i t a t e s  
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FIGURE 4. TEM micros t ruc ture  for  so lu t i on  annealed p lus  aged AMAX-MZC w i t h  both Cu-Zr g ra in  boundary 
p r e c i p i t a t e s  and C r  mat r ix  p r e c i p i t a t e s  v i s i b l e .  

TABLE 4. ELECTRICAL CONDUCTIVITY OF COPPER ALLOYS I N  UNITS OF Z IACS 

AMZIRC 

AMAX-MZC 

As-Received 

Meas. - Calc. 

72% 75% 

66% 57% 

- 
550'C Anneal - 1 h r  

Meas. Calc. 

99% 98% 

85% 88% 

- - 

The Cu-Zr p r e c i p i t a t e s  a l so  a c t  t o  prevent  g ra in  growth i n  the MZC a l l o y .  
s t rengthening i n  MZC can be a t t r i b u t e d  t o  C r  p rec ip i t a t i on .  
(UW t reatment)  r e s u l t s  i n  a greater  s t rength  than aging f o r  1 hour a t  500'C (AMAX treatment). 

A considerable amount of 
Table 2 shows t h a t  aging f o r  1 hour a t  470'C 

5.5 Conclusions 

The e l e c t r i c a l  conduc t i v i t y  of as- received AMZIRC and AMAX-MZC increases s tead i l y  w i t h  annealing temperature 
over the range 300-55O'C. Calculated r e s i s t i v i t y  values of the as-received and 550'C annealed a l l o y s  are i n  
good agreement w i t h  experimental masuremnts .  The as-recelved conduc t i v i t y  i s  mainly c o n t r o l l e d  by the 
d i s l o c a t i o n  dens i ty  wh i l e  the annealed conduc t i v i t y  i s  most af fected by the C r  concentrat ion. 
t a tes  i n  AMZIRC have a n e g l i g i b l e  e f f ec t  on the a l l o y  s t rength  i n  the absence o f  a well-developed d i s l o-  
ca t i on  s t ruc ture .  

The p r e c i p i -  
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8.0 Future Work 

Microhardness and r e s i s t i v i t y  measurements w i l l  be reported on specimens which have been annealed for  100 
hours. 
s t rength  r e s u l t s  w i l l  be co r re la ted  w i t h  prev ious ly  reported microhardness Values. 

Tensi le tes ts  w i l l  be performed on the as-received and annealed sheet specimens a t  HEDL. The y i e l d  
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TABLE 1. CDMPOSITION AND OPTIMUM PHYSICAL PROPERTIES OF AMZIRC AND AMAX-MZC 
(FROM REF. 3) 

C r  Z r  Mg E l e c t r i c a l  Conductivity Y ie ld  Strength 
(0.2% Of fset )  ( a t  $1 @ 20' c - ( a t  %) Alloy - 

AMZ I RC - 0.13-0.20 - 93% IACS 410 MPa 

MZC 0.80 0.15 0.04 80% I A C S  517 MPa 

TABLE 2. IRRADIATION PARAMETERS OF ION- IRRADIATED AMZIRC AND AMAX-MZC 

AMZIRC, MZC 

AMZIRC. MZC 

AMZIRC. MZC 

AMZIRC. MZC 

*K = 0.3 

I r r a d i a t i o n  
Temperature 

100'C 

150'C 

200'C 

250'C 

Calculated Damage (dpa)* 
1 urn - Peak - 
4 1 5  

4 15 

4 1 5  

4 15 

5.2 Experimental Procedure 

The composition and optimum physical propert ies o f  AMZIRC and AMAX-MZC are given i n  Table 1. 
specimens o f  both a l l oys  were i r r a d i a t e d  w i th  14-MeV Cu3+ ions using the Universi ty o f  Wisconsin tandem Van 

de Graaf accelerator t o  a fluence of 3 x IOzo ions/m2. 

specimens. 
modif ied Kinchin-Pease nodel f o r  a l l  o f  our dpa ca lcu la t ions (as opposed t o  the previous value of K = 0.8). 

As-received 

Table 2 l i s t s  the i r r a d i a t i o n  condi t ions f o r  these 

I n  keeping w i th  recent displacement e f f i c iency  m e a ~ u r e m e n t s , ( ~ * ~ )  we have used K = 0.3 i n  the 

Following the i r rad ia t i on ,  the samples were prepared f o r  cross-section analysis using techniques which are 
described i n  d e t a i l  elsewhere i n  t h i s  DAFS quar ter ly  volume.(6) 
electropol ished i n  a so lu t ion o f  33% HN03/67X CH30H cooled t o  -2O'C a t  an appl ied voltage o f  15-20 V, and 

were examined i n  a JEOL TEMSCAN-200CX e lec t ron microscope. 

The cross-section specimens were j e t -  

5.3 Results 

Radiation-enhanced recovery and p a r t i a l  r e c r y s t a l l i z a t i o n  was observed i n  both AMZIRC and AMAX-MZC over the 
e n t i r e  temperature range o f  100-25O'C. 
s t ruc tu re  of AMAX-MZC. 
region t o  be noted. w i th  both the i r r a d i a t e d  and nonirradiated por t ions o f  the f o i l  observable. The bottom 
two micrographs present the i r r a d i a t e d  and nonirradiated regions o f  the f o i l  a t  higher magnif ication. 
Recovery of the cold-worked d is locat ion s t ruc ture  has occurred i n  the i r r a d i a t e d  region of the f o i l ,  wh i le  
the control  microstructure remains s im i la r  t o  t h a t  o f  the as-received a l loy .  Subgrain development i s  
observed to be more advanced i n  the damage region conpared t o  the control .  A t h i r d  feature i s  the appear- 
ance o f  small "black spots" i n  i r r a d i a t e d  regions o f  the f o i l .  
i r r a d i a t e d  a t  the Sam condit ions. 

Figure 1 shows the e f fec t  o f  a 250'C i r r a d i a t i o n  on the micro- 
The cross-section micrograph a t  the top al lows the scale o f  the r a d i a t i o n  damage 

S i m i l a r  r esu l t s  were obtained f o r  AMZIRC 

Figure 2 shows the microstructures o f  AMZIRC and AMAX-MZC fo l lowing i r r a d i a t i o n  a t  1OO'C. 
cold-worked d is locat ion s t ruc ture  has recovered during i r r a d i a t i o n .  
micrographs. Both a l l oys  contain a high density o f  small "black spots". 

Once again, the 
Subgrain nucleat ion i s  v i s i b l e  i n  both 
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I 
I N T E R F A C E  D A M A G E  PEAK 

FIGURE 1. 
leve l  o f  15 dpa (K = 0.3) a t  250%. The top micrograph shows the i r rad ia ted  and nonirradiated regions o f  
the f o i l  i n  cross section. The bottom at0 micrographs are  higher magnifications of  the damage ( l e f t )  and 
control ( r i g h t )  regions. 

Radiation damage e f fec ts  i n  as-received AMAX-MZC i r rad ia ted  with 14-MeV Cu ions t o  a peak damage 
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FIGURE 2. 
oeak damaae leve l  o f  15 doa (K = 0.3) a t  100°C. 

Microstructures o f  ANZIRC ( l e f t )  and ANAX-MZC ( r i g h t )  f o l l ow ing  14-MeV Cu i o n  i r r a d i a t i o n  to a 

nl.lllnL a.IIy m.mn-l.ILr avvFar ,.v have q u i t e  s i m i l a r  responses M moderately high fon l r r a d i a t i o n  doses over the 
temperature range o f  100-25O'C. 

AMAX-MZC exh ib i ted  more pronounced micros t ruc tura l  changes as compared t o  AMZIRC.( l )  
temperatures o f  100-250'C, both a l l o y s  undergo recovery o f  t h e i r  cold-worked d i s loca t i on  s t ruc ture .  
spot formation and subgrain nucleat ion i s  observed a t  a l l  temperatures. Qual i ta t ive ly ,  i t appears t h a t  the 
ANZIRC a l l o y  may have a s l i g h t l y  higher densi ty of black spots than MZC a t  the i r r a d i a t i o n  cond i t ions  
invest igated.  
average than the MZC subgrains. 

This i s  i n  cont ras t  t o  t h e i r  high temperature i r r a d i a t i o n  behavior. where 

Black 
For i r r a d i a t i o n  

The s ize  o f  the subgrains i n  i r r a d i a t e d  AMZIRC a lso  appear t o  be somewhat l a r g e r  on the 
Quant i ta t ive  i nves t i ga t i on  o f  these observations i s  i n  progress. 

There i s  l i t t l e  o r  no fnf luence o f  temperature on the damage microstructure o f  these a l l oys  for  i r r a d i a t i o n  
temperatures o f  100-25O'C. 
w i t h  100°C. 
both a l loys .  This f ind ing i s  i n  agreement w i th  numerous(2) d i s loca t i on  loop studies of copper using HVEM 
and i o n  i r r a d i a t i o n ,  where it was found t h a t  loop densi ty decreases very slowly ( f ac to r  o f  Wo) as the 
i r r a d i a t i o n  temperature i s  increased from 50'C t o  25O'C. 

Subgrain development i s  a t  most only s l i g h t l y  more advanced a t  250'C as compared 
The density o f  black spots appears to be s i m i l a r  f o r  a l l  temperatures between 100 and 250°C for  

Cross-section analysis al lows the depth-dependence o f  the rad ia t i on  damage t o  be determined. This i s  often 
important, since the peak damage leve l  a t  2 m i s  about f f v e  times l a rge r  than the damage l e v e l  a t  0.5-1.0 
urn. 
damage. D is locat ion  recovery was observed a t  a l l  depths, and the subgrain s ize  was s i m i l a r  throughout the 
damage region. Quant i ta t ive  analysis o f  the depth-dependence of the bldck spot densi ty was complicated by 
the presence of the numerous subgrains, which change the d i f f r a c t i n g  condit ions. Q u a l i t a t i v e l y .  the black 
spot densi ty d l d  no t  vary great ly  w i t h  depth. 

I n  the present case, however. we have no t  observed any s l g n i f i c a n t  depth-dependence of the rad ia t i on  
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A previous i n v e s t i g a t i o n  o f  A M Z I R C  and MAX- MZC found t h a t  the  s t r eng th  of these a l l o y s  decreased dramat i-  

c a l l y  upon r e c r y ~ t a l l i z a t i o n . ( ~ )  Therefore, i t  may be imp l i ed  t h a t  the p a r t i a l  r e c r y s t a l l i z a t i o n  which i s  
observed i n  these a l l o y s  f o l l ow ing  i r r a d i a t i o n  could lead  t o  a degradat ion i n  t h e i r  s t rength,  which would 
make them unsu i tab le  f o r  many f us i on  reac to r  app l i ca t i ons .  
small  d i s l o c a t i o n  loops)  should cause an increase i n  the s t reng th  of the a l l o y s .  
these two competing e f f e c t s  cou ld  r e s u l t  i n  e i t h e r  a n e t  inc rease o r  decrease i n  the a l l o y  s t reng th .  Neu- 
t r o n  i r r a d i a t i o n  o f  copper t o  a f r a c t i o n  of a dpa a t  40°C has been found t o  increase the y i e l d  s t r eng th  by 

more than 300 MPa, w i t h  sa tu ra t i on  occur r ing  a t  h igher  fluences.(') 
same as the maximum loss  o f  s t reng th  which cou ld  occur i n  AMZIRC o r  MZC if complete r e c r y s t a l l i z a t i o n  

occurs.(1) 
study, i t  appears l i k e l y  t h a t  the n e t  e f f e c t  of i r r a d i a t i o n  a t  temperatures of 100-250°C may be t o  produce a 
st ronger a1 loy .  

The h i gh  dens i ty  o f  b lack  spots (presumed t o  be 
The r e l a t i v e  importance of 

This s t r eng th  increase i s  about the  

Since only p a r t i a l  r e c r y s t a l l i z a t i o n  has been observed f o r  the  i r r a d i a t i o n  cond i t i ons  i n  t h i s  

There was no observable vo id  format ion i n  e i t h e r  o f  the  as- received copper a l l o y s  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  100-250°C. 
o f  annealed AMZIRC specimen a t  300°C. 
specimens f o l l ow ing  i o n  i r r a d i a t i o n  t o  15 dpa (K = 0.3) over the wide temperature range o f  100-550'C (0.28- 
0.61 Tm). 

gaseous nuc lea t i ng  agents (bo th  a l l o y s  a re  f ab r i ca ted  from oxygen-free copper i n  a c a r e f u l l y  c o n t r o l l e d  
environment). 
i n g  the onset o f  vo id  formation. To i n v e s t i g a t e  t h i s  p o s s i b i l i t y ,  we have i r r a d i a t e d  f o i l s  o f  bo th  a l l o y s  
i n  a s o l u t i o n  annealed p l u s  aged cond i t i on  a t  temperatures 100-4OO'C. This i r r a d i a t i o n  w i l l  a l s o  p rov ide  
sow i n s i g h t  whether p o i n t  de fec t  t rapp ing  on so lu te  atoms o r  p r e c i p i t a t e s  may be suppressing vo id  swe l l ing .  

A prev ious study(')  a t  h igher temperatures d i d  n o t  de tec t  vo id  format ion except i n  the case 
Therefore, no voids have been observed i n  as- received M Z I R C  o r  MZC 

One poss ib le  reason f o r  the absence o f  vo id  format ion i n  the  as- received a l l o y s  i s  the absence of 

A second exp lanat ion  i s  t h a t  the h igh cold-work l e v e l  i n  the as- received a l l o y s  may be delay-  

5.5 Conclusions 

I o n  i r r a d i a t i o n  o f  as- received AMZIRC and AMAX-MZC t o  15 dpa (K = 0.3) a t  temperatures o f  100-250°C r e s u l t s  
i n  the f o l l ow ing  m ic ros t ruc tu ra l  changes: 1 )  recovery o f  the cold-worked d i s l o c a t i o n  s t r uc tu re ,  2) poss ib l e  
enhancement o f  r e c r y s t a l l i z a t i o n  processes, and 3) format ion o f  a h igh  dens i ty  o f  b lack spots. Recovery and 
r e c r y s t a l l i z a t i o n  tend to decrease the  a l l o y  st rength,  wh i l e  r a d i a t i o n  hardening due t o  b lack  spo t  format ion 
should increase the y i e l d  st rength.  The n e t  e f f e c t  o f  these competing processes may be an increase i n  the  
s t reng th  o f  these a l l o y s  f o l l o w i n g  i r r a d i a t i o n  a t  100-250°C. No vo id  format ion has been detected i n  the as- 
rece ived  a l l o y s  f o l l ow ing  i r r a d i t i o n  over a wide temperature range. 
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