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FOREWORD 

Th is  r e p o r t  i s  t h e  e igh teen th  i n  a s e r i e s  of Technica l  Progress Reports on " A l l o y  &velopPnent f o r  
I r r a d i a t i o n  Performance" (AOIP), which i s  one element of t h e  Fusion Reactor M a t e r i a l s  Program, conducted i n  
suppor t  o f  t h e  Magnetic Fusion Energy Program of t h e  U.S. Department o f  Energy. Other elements of t h e  
M a t e r i a l s  Program are  

- Damage Analysis and R m d w w n t a l  Studies  (DAFSI - Plasma-Materials I n t e M c t i o n  f P M I )  - Special-Purpose Materials ISPM) 

High Heat FLUX Components 

e l e v e n t h  i n  a new numbering sequence t h a t  begins w i t h  DOE/ER-0045/1. 
The f i r s t  seven r e p o r t s  i n  t h i s  s e r i e s  a re  numbered DOE/ET-0058/1 through 7. Th is  r e p o r t  i s  t h e  

The A D I P  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  f rom a number o f  Na t iona l  
L a b o r a t o r i e s  and o t h e r  government l a b o r a t o r i e s ,  u n i v e r s i t i e s ,  and i n d u s t r i a l  l a b o r a t o r i e s .  It was organized 
by t h e  M a t e r i a l s  and R a d i a t i o n  E f f e c t s  Branch, O f f i c e  o f  Fus ion Energ.v, DOE, and a Task Group on Al loy  
Development f o r  I r rad ia t ion  Performance, which now operates under t h e  auspices of t h e  Reactor  Technologies 
Branch. The purpose o f  t h i s  s e r i e s  o f  r e p o r t s  i s  t o  p r o v i d e  a work ing t e c h n i c a l  record  o f  t h a t  e f f o r t  f o r  
t h e  use o f  t h e  program p a r t i c i p a n t s ,  f o r  t h e  f u s i o n  energy program i n  genera l ,  and f o r  t h e  Department of 
Energy . 

a c t i v i t i e s  and accomplishments may be f o l l o w e d  r e a d i l y  r e l a t i v e  t o  t h a t  Program Plan. Thus, t h e  work of a 
g i ven  l a b o r a t o r y  may appear throughout  t h e  repor t .  
and eva lua t ion ,  t e s t  methods development, s t a t u s  of i r r a d i a t i o n  experiments, and c o r r o s i o n  t e s t i n g  and 
hydrogen permeation s tud ies ,  r e s p e c t i v e l y .  These a c t i v i t i e s  r e l a t e  t o  each o f  t h e  a l l o y  development paths. 
Chapters 3, 4, 5, 6, and 7 present  t h e  ongoing work on each a l l o y  development path. The Table of Contents 
i s  annotated f o r  t h e  convenience o f  t h e  reader. 

Th is  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 h e  same t i t l e  so t h a t  

Chapters 1, 2, 8, and 9 rev iew a c t i v i t i e s  on a n a l y s i s  

Th is  r e p o r t  has been compiled and e d i t e d  under t h e  guidance of t h e  Secre ta ry  o f  t h e  Task Group on A l l o y  
Development for Irradiat ior ,  Performance. F. W. Wiffen, Oak Ridge Nat iona l  Laboratory ,  and h i s  e f f o r t s  and 
those  of t h e  s u p p o r t i n g  s t a f f  of ORNL and t h e  many persons who made t e c h n i c a l  c o n t r i b u t i o n s  a re  g r a t e f u l l y  
acknowledged. 
Task Group Chairman and has r e s p o n s i b i l i t y  f o r  t h e  A O I P  Program w i t h i n  DOE. 

T. C. Reuther, Reactor Technologies Branch, i s  t h e  Department o f  Energy Counterpar t  t o  t h e  

G. M. Haas, Chief 
Reactor Technologies Branch 
O f f i c e  o f  Fus ion Energy 
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For t h i s  period the  e f f o r t  has been t o  e s t a b l i s h  a continuous f low of  data shee t s  i n t o  t h e  
handbook. Substant ial  progress has been m d e  t w r d s  the  achievement of t h i s  goal w i th  t h e  
pub l i ca t ion  of  7 new data pages covering the  propert ies  of HT-9 m d  316 s t a i n l e s s  s t e e l  a8 
well a s  the  establishment of a backlog of new &tu sheet8 in var ious  stages of preparation. 

During t h e  past siz months the  handbook e f f o r t  has been towards developing data shee t s .  

1.2 C o n t r o l  of A c t i v a t i o n  Levels  t o  S i m p l i f y  Waste Management of Fusion Reactor F e r r i t i c  S tee l  
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Decay of s t e e l  a c t i v i t y  w i th in  tens of years could s impl i f y  m s t e  disposal or even per- 
m i t  %cyc le .  For m t e r i a l  recycle ,  N, A l ,  N i ,  Cu, Nb, and Mo mst be a c l u d e d .  For shallow 
land burial ,  i n i t i a l  concentration l i m i t s  include (in a t .  ppmi N i ,  <20,000; Mo, ~3650; N, 
<3650; Cu, (2400;  and A%, ~ 1 . 0 .  Other cons t i tuen t s  of s t e e l s  W i l l  mt be l imi ted .  

A l l o y  Development f o r  Fast Induced R a d i o a c t i v i t y  Decay f o r  Fusion Reactor  A p p l i c a t i o n s  
(Oak Ridge Na t iona l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

wasm m n u g e m m ~  CVULII ~ t ?  SZ,TTLZJ ZBU u!g r i a v e w p r n g  ticee~b' LIIUI .  C O I I C ( I I N  urr~y w ~ e r ~ e r ~ i t i  

t h a t  produce m d i o a c t i v e  isotopes  t h a t  decay t o  low l e v e l s  i n  a reasonable t ime.  
development of suck s t e e l s  by elemental s u b s t i t u t i o n s  f o r  molybdenum in Cr-Mo s t e e l s  a d  
n i c k e l  and molybdenum 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  is discussed.  

Magnetic Forces on a Ferromaqnetic HT-9 F i r s t  Wa l l /B lanke t  and Coolant P ipe 
( G A  Technolog ies)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
f o r  a STARFIRE design m d e  of HT9. 
and can be reduced by su i tab le  support. 
and can be accomodated by s l i g h t  design changes. 

1.3 

The 

1.4 

Magnetic s t r e s s e s  a f i r s t  wzl t  and blanket modules and a coolant pipe were calculated 
Coolant pipe s t r e s s e s  depend on dis tance from the  nagnet 

S t r e s s e s  on the  f i r s t  mll and blanket are mt great 

2. TEST M A T R I C E S ,  EXPERIMENT DESCRIPTIONS, AND METHODS DEVELOPMENT . . . . . . . . . . . . . . . . .  
2.1 Neutron Source C h a r a c t e r i z a t i o n  f o r  M a t e r i a l s  Experiments 

(Argonne Na t iona l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Damage and gas production ca lcu la t ions  are s u m r i z e d  f o r  the  CTR 31, 32, 34, and 35 

i r r a d i a t i o n s  in HFIK. 
presented f o r  the  T2 and RBI i r rad ia t ions  i n  HFIK. The helium production from nickel has 
been revised according t o  new CPOSS sec t ion  evaluat ions  f o r  5 q N i .  
ezpperiments is sumar i zed .  

(Oak Ridge Na t iona l  Lahora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
being scaled t o  agree with experimental data. As of September 30, 1983,  t h i s  treatment 
y i e l d s  121.6 a t .  ppm He [not including 2.0 a t .  ppm He from 'OB)  and 8.25 dpa f o r  type 316 
s t a i n l e s s  s t e e l  i n  

Neutron dosimetry measurements and h m g e  ca lcu la t ions  are a l s o  

The s t a t u s  of a l l  o ther  

2.2 Neu t ron ic  C a l c u l a t i o n s  i n  Support o f  t h e  ORR-MFE-4A and -48 Spec t ra l  T a i l o r i n q  Experiments 

The calculated f luences  from the  ongoing three-dimensional neutronics  ca lcu la t ions  are 

ORR-,V?E-4A a d  69.3 a t .  ppm We and 5.13 &a in ORR-MFE-4R. 

2.3 Opera t ion  o f  t h e  ORR Spec t ra l  T a i l o r i n g  Experiments ORR-MFE-4A AND ORR-MFE-4R 
(Oak Ridge Na t iona l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
680 d a t  30 M7# reactor  power, ,with tempemtures  of 400 a d  330OC. The ORR-MFE-4B eapsule m s  
disassembled; the  t e s t  specimens were transferred t o  a new m p s u l e  assembly a d  % i n s t a l l e d  i n  
t h e  ORR on Ju ly  19, 1983.  
wi th  temperatures of 500 and 600°C. 

The specimens contained in t he  ORR-MFE-4A e q e r i m e n t  have operated f o r  an equivalent  of 

I t  has operated f o r  an equivalent  of 480 d a t  30 MW reactor  power 
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2.4 Summary o f  EBR-I1 AD-2 F e r r i t i c  I r r a d i a t i o n  Experiment 
(Westinghouse Hanford Company) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

No contr ibut ion.  

2.5 Disk-Bend D u c t i l i t y  Tests f o r  I r r a d i a t e d  M a t e r i a l s  
(Oak Ridge Na t iona l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

We nwdified the  HEDL disk-bend t e s t  m c h i n e  and are using it t o  q u a l i t a t i v e l y  s c ~ e e n  
a l l o y s  t h a t  are suscept ible  t o  embritt lement mused by i r rad ia t ion .  
understand the  disk-bend t e s t  i n  r e l a t i o n  t o  a uni-al t e s t  are discussed. Selected r e s u l t s  
o f  t e s t s  of neutron-irradiated nu ter ia l  are also presented. 

Tests designed t o  

3. PATH A ALLOY DEVELOPMENT - AUSTENITIC STAINLESS STEELS . . . . . . . . . . . . . . . . . . . . . .  
3.1 Improved S w e l l i n q  Resis tance f o r  PCA A u s t e n i t i c  S t a i n l e s s  S tee l  Under HFIR I r r a d i a t i o n  

Through M i c r o s t r u c t u r a l  Con t ro l  (Oak Ridge Na t iona l  Labora to ry )  . . . . . . . . . . . . . . .  
Swetting evaluat ion of PCA variants  m d  2O%-cotd-!Jorked (N-Lot1 type 326 s t a i n l e s s  s t e e l  

ICW 3161 at 3 0 0 4 0 0 ° C  ws extended t o  44  dpa. 
3 0 P C  a f t e r  -44 dpa. A t  500 to 600°C, 25%-cold-worked PCA showed b e t t e r  void swel l inp 
res i s tance  than type 316 a t  -44 dpa. 
400°C, but again 25%-cold-worked FCA WIS the  bes t .  

.%elling ius neg l ig ib le  in a l l  the  s t e e l s  a t  

There wzs less  swel l ing variation mnong a l l o y s  a t  

3.2 M i c r o s t r u c t u r a l  nes ign o f  PCA A u s t e n i t i c  S t a i n l e s s  S tee l  f o r  Improved Resis tance t n  Hel ium 
Embr i t t l emen t  Under HFIR I r r a d i a t i o n  (Oak Ridqe Na t iona l  Labora to ry )  . . . . . . . . . . . .  

Microstructural uariants  of E A  and imo heats of 20%-cold-worked type 316 s t a i n l e s s  
s t e e l  were i r rad ia ted  i n  HFIR and t e s t e d  for embritt lement res is tance wi th  the  disk-bend 
test. No embritt lement m s  ohserved for- i r m d i a t i o n  t o  - 4 4  dpa and 3000 t o  3600 a t .  ~ p m  .Ye 
at 300 and 400OC. A l l  m t e r i a l s  Were b r i t t l e  a f t e r  similar i r r a d i a t i o n  a t  600OC. The bes t  
embrittlement res is tance f o r  i r r a d i a t i o n  t o  44 dpa a t  5OODC and t o  22 dpa a t  600°C me found 
in PCA uariants t h a t  contained grain boundaq MC p a r t i c l e s  produced prior t o  i r r a d i a t i o n .  

4. PATH B ALLOY DEVELOPMENT - HIGHER STRENGTH Fe-Ni-Cr ALLOYS . . . . . . . . . . . . . . . . . . . .  
4.1 An E v a l u a t i o n  o f  Fa t igue  P r o p e r t i e s  o f  HF IR- I r rad ia ted  Nimonic PE-16 a t  430°C 

(Oak Ridge Na t iona l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . .  
430oC. 
o f  I O  a t  43OOC. 
observed. 
tendency toward "aleavago like" in t ragmnutar  f r a c t u r e  fop low s t r a i n  mnges.  

Nimonic PE-16 W B  i rradiated in t he  HFIR t o  6 t o  .9 dpa and 560 t o  I 0 0 0  at. ppm UD n t  
Pos t i r rad ia t ion  f a t i g u e  t e s t s  revealed a reduction in f a t i g u e  l i f e  by about a f a c t o r  

A l l  i r rad ia ted  specimens erh ib i t ed  some intergranular  f r a c t u r e  wi th  m increasing 
In contrast  rJith AISI  t ype  316 s t a i n l e s s  s t e e l ,  w endurance limit gas 

5. PATH C ALLOY DEVELOPMENT - R E A C T I V E  AND REFRACTQRY ALLOYS . . . . . . . . . . . . . . . . . . . .  
No contr ibut ions .  

6. I N N O V A T I V E  M4TERIAL CONCEPTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
No contr ibut ions .  

7. PATH E ALLOY DEVELOPMENT - FERRITIC STEELS . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
7.1 S w e l l i n g  i n  Several  Commercial A l l o y s  I r r a d i a t e d  t o  Very Hiqh F luence 

(Westinghouse Hanford Company) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
t o  a peak fluence of 2.5 x l o z 3  n/cm2 ( E  > 0.1 MeV1 or -125 @a covering the  mnge 400 t o  
55OoC. 
t h e  m r t e n s i t i c  and feerr i t ic  a l loys ,  the  niobium-based a l l o y s ,  the  precipi tat ion- strengthened 
i ron-  and nickel-based a l l o y s ,  t h e  molybdenum a l loys ,  and the  a u s t e n i t i c  a l l o y s .  

Swelling values have been obtained from a s a t  of commercial a l l o y s  i r rad ia ted  in E.%Q-II 

The a l l o y s  can be nznked f o r  siJetling res is tance from highest  to lowest as fo l lows:  
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v i i  

7.2 E v a l u a t i o n  o f  F e r r i t i c  A l l o y  Fe-2 114 Cr-1 Ma A f t e r  Neutron I r r a d i a t i o n  - I r r a d i a t i o n  Creep 
and We1 1 i n q  (Westinghouse Hanford Company) . . . . . . . . . . . . . . . . . . . . . . . .  

I w a d i a t i o n  creep and # e l l i n g  measurements are reported f o r  Fe-2 1/4 Cr-1 Mo a f t e r  
i r r a d i a t i o n  by f a s t  neiltrons over t h e  temperature mnge 390 t o  560°C. Diameter change 
measurements on thin-walled pressurized tubes i n  a h i n i t i c  condi t ion and density change 
measurements on rods i n  a nonstandard condi t ion were nnde fo l lowing  i r r a d i a t i o n  i n  the  
EHR I I .  
I E  > 0.1 MeV) or 30 d p  m d  t he  swel l ing specimens were i r rad ia ted  t o  a peak f luence  of 
2.4 x l o z 3  n/cm2 These r e s u l t s  have been used a s  a h s i s  t o  e s t a b l i s h  in- 
reac tor  creep and swel l ing corre la t ions  f o r  2 1 /4  0 - 1  Mo in  a h a i n i t i c  condition. The 
corre la t ions  predict  moderate # e l l i n g  and moderate irmdiation- enhanced creep a t  390°C. 

7.3 Elevated-Temperature T e n s i l e  P r o p e r t i e s  o f  2 114 Cr-1 Ma S tee l  I r r a d i a t e d  i n  t h e  EBR-11, 
AD-2 Experiment (Oak Ridge Na t iona l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . .  
mined f o r  specimens i r rad ia ted  i n  ERR-11 a t  390 t o  55OoC. Unirradiated control  specimens and 
specimens aged f o r  5000 h a t  t h e  i r r a d i a t i o n  temperatures #ere a l s o  t e s t e d .  
approxirmtely 9 dpa a t  390°C increased the  s trength and decreased the  d u c t i l i t y  compared wi th  
t h e  unirradiated and aged specimens. 
450, 500, and 550°C. 

The i w a d i a t i o n  creep epecimens Were i r rad ia ted  t o  a f luence  of 5.7 x l o z 2  n/cm2 

or  115 dpa. 

The e f f e c t  of i r r a d i a t i o n  on the  t e n s i l e  proper t i e s  of 2 1 / 4  Cr-1 Mo s t e e l  ms deter-  

I w a d i a t i o n  t o  

Sof tening occurred in  samples i r rad ia ted  and t e s t e d  a t  

7.4 Dens i t y  Chanqe Measurements f o r  SimDle F e r r i t i c  A l l o y s  I r r a d i a t e d  t o  Hiqh Fluences 
(Westinghouse Hanford Company) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
o f  i r r a d i a t i o n  i n  EBR- II  over the  temperature mnge 400 t o  650OC t o  fluences a8 high as 
2.13 x l o z 3  n/cm2 I F  > 0.1 MeV) or 105 dpa. 
binary a l loy ,  4.72 percent,  a f t e r  1.87 x 
a # e l l i n g  m t e  of O.O6%/dpa. 
pred ic t ions  f o r  commercial f e r r i t i c  a l l o y s  t o  40 M7/y/m2. 

A Ser ies  of Fe-Cr-C-nlo simpte a l l o y s  has been masured f o r  dens i t y  change as a f u n c t i o n  

Tke highest  swel l ing m s  found in  an Fe-12 C r  
n/crn2 or  95 dpa a t  42SoC, which corresponds t o  

This  peak swel l ing m t e  value can be used t o  de f ine  m e l t i n g  

7.5 M i c r o s t r u c t u r e  o f  9 Cr-1 MoVNh and 12 Cr-1 MoVW F e r r i t i c  S t e e l s  A f t e r  I r r a d i a t i o n  a t  E levated 
Temperatures i n  HFIR (Oak Ridge Flat ional Lahora to ry )  . . . . . . . . . . . . . . . . . . . .  
HFIR t o  36 dpa a t  300 t o  600°C. 
400OC with only  srmll helium bubble f o r m t i o n  a t  500 and 60OOC. 
9 Cr-I MoVNb than i n  12 Cr-1 MOW. 
duct ion of helium during i r rad ia t ion .  

Microstructures of 9 Cr-1 MoVNb and 12  Cr-1 MOW m r e  examined fol lowing i r r a d i a t i o n  i n  
Maximum cav i t y  development i n  t h e  form of voids  occurred a t  

The c a v i t y  development is a t t r i b u t e d  in part  t o  the  pro- 
Swelling m s  greater i n  

7.6 E f f e c t  of HFIR I r r a d i a t i o n  a t  55°C on M i c r o s t r u c t u r e  and Toughness of HT-9 
(Westinghouse Hanford Company) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
9 Cr-1 Mo fo l lowing i r r a d i a t i o n  in HFIR a t  55OC t o  5 &a. The DBTT s h i f t 8  i n  i r rad ia ted  base 
metal specimens were 30°C f o r  HT-9 and 30°C f o r  9 Cr-1 Mo wi th  f u r t h e r  s h i f t e  o f  20°C f o r  
weld mztal.  Concurrently, s trength as measured by hardness increased 15 percent f o r  HT-9 and 
25 percent f o r  9 Cr-1 Mo. The hardness increases  can be a t t r i b u t e d  i n  part t o  de fec t  
c l u s t e r s  1.5  t o  3.0 mn i n  diameter a t  d e n s i t i e s  approaching 10” and a l s o  t o  tower m t e s  
of m v i t y  nucleat ion ahead of the  propagating crack. 

Frac tograph ic  Examinat ion o f  HT-9 M i n i a t u r e  Compact Tension Specimens Tested a t  

Reeut te  are reported f o r  base m t a t  and weld metal specimens of HT-9 and nwdified 

7.7 
Low Temperatures (Westinghouse Hanford Company) . . . . . . . . . . . . . . . . . . . . . . .  

Fmctographic emminat ions  have been performed on a s e r i e s  of miniature compact t ens ion  
specimens of HT-9 t e s t e d  a t  room temperature and below. 
these  specimens are shown t o  be associated wi th  t m n s g m n u l a r  cleavage f r a c t u r e  and are a 
f u n c t i o n  of the  p l a s t i c  d e f o r m t i o n  which occurs pr ior  t o  t h e  onset  of b r i t t l e  f r a c t u r e .  

P o s t i r r a d i a t i o n  Tests o f  ESR A l l o y  HT-9 and M o d i f i e d  9 Cr-1 Ma A l l o y  from UBR Reactor 
Experiments (Naval Research Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . .  

During th i s  period, i r r a d i a t i o n  exposures a t  30OOC and 150DC t o  -8 x l o L 9  n/cm2, 
E > 0.1 MeV, were completed f o r  the  Alloy RT-9 p l a t e  and the  modified A l loy  9 Cr-I MO p la tes ,  
respec t i ve ly .  Pos t i r rad ia t ion  t e s t s  of b%arpy-V IC,) specimens idere completed f o r  both 
a l l o y s ;  o ther  specimen types  included in t h e  reactor assemblies #ere f a t i g u e  precracked 
charpy-V (PCC,,), h a l f - s i z e  Ozar~y-V, and, i n  the  case of the  m d i f i e d  9 0 - 1  Mo, 2.54-m-thick 
compact t ens ion  specimens. 

Reductions in  toughness found f o r  
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7.9 Ef fect  o f  Specimen S i z e  and N icke l  Content on t h e  Impact P r o p e r t i e s  o f  12 Cr-1 MoVW 
F e r r i t i c  Stee l  (Oak Ridge Na t iona l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . .  
subs i ze  specimens t o  mmim e f f e c t s  of n icke l  and chromium adjustments.  
a basel ine  f o r  conprison of e f f e c t s  of i r r a d i a t i o n  on the  impact propert ies  of these  a l l o y s .  

Charpy impact proper t i e s  Were developed on sir heats of 12 Cr-1 MOW s t e e l  wi tk  f u l l -  m d  
These data provide 

7.10 Gra in  Boundary Segregat ion and Embr i t t l emen t  i n  a 12 Cr-1 Ma S tee l  R e s u l t i n q  from 
C o o l i n g  Rate V a r i a t i o n s  (Sandia Na t iona l  L a b o r a t o r i e s )  . . . . . . . . . . . . . . . . . . .  

Segregation of embr i t t l ing  elements, e spec ia l l y  phosphorus, t o  the  p r i o r  aus ten i t e  
grain  boundaries i n  t h i s  1 2  Cr-1Mo s t e e l  has been shown to reduce t e n s i l e  d u c t i l i t y ,  
increase grain  boundary f rac ture ,  m d  dfefect  hydrogen compat ib i l i t y .  
t o  determine the  in f luence  of u a d a t i o n s  i n  cooling mte during heat treatment on t he  t e n s i l e  
proper t i e s .  
in tergranular  rupture decreased as t h e  cooling m t e s  wePe increased. 
a t  the  pr ior  aus ten i t e  grain  boundaries a160 decreased as t he  cooling m t e s  Were incmased .  

7.11 An Assessment o f  t h e  W e l d a b i l i t y  o f  HT-9 Us ing  a Y-Groove Tes t  
(GA Technolog ies)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

T e s t s  Were performed 

The mm-hydrogen-exposed t e n s i l e  d u c t i l i t y  increased a d  the  occurrence of 
Phosphorus segregation 

A m i n i m  preheat temperature of  200OC 1392"Fl was found necessary f o r  gas tungsten arc 
IGTAI oetding HT-9 p la te  of th ickness  9.5 mn 13/@ i n . )  and 16 m f 5 / 8  i n . ) .  
t reatments  produced no c m c k i n g  i n  welded t e s t  specimens. 

Thermal shock 

7.12 Time-Temperature C h a r a c t e r i s t i c s  o f  t h e  Var ious Hea t- A f fec ted  Zones i n  HT-9 Weldaments 
(GA Technolog ies)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Tempemtures a t  d i f f e r e n t  d is tances  from the  f u s i o n  boundary were masured during CTA 
weld deposi t ing MTS-4 f i l l e r  wire on 9.52 mn 13/8 in.) t h i c k  HT-9 p l a t e .  Peak temperature 
measurements ind ica te  each of t h e  heat-af fected pegions to be aua ten i t i zed .  An erponentia5 
el-pression has been used t o  describe the  cooling ~ u r v e f i  a6 a func t ion  of peak tempemtilm (OP 
dis tance from the f u s i o n  boundaq) .  

7.13 F rac tog raph ic  Examinat ion o f  Crack inq i n  Mu l t i pass  Welds i n  HT-9 
(Sandia Na t iona l  L a h o r a t o r i e s )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

No contr ibut ion.  

7.14 TEM Observat ions o f  HT-9 As-Welded Weldment M i c r o s t r u c t u r e s  
(GA Technolog ies)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

TEM s t u d i e s  of d i f f e r e n t  locat ions  i n  m H?-9 weldment indicated d e l t a - f e r r i t e  161 
occurrence, M23Cg p r e c i p i t a t i o n  a t  &martensite i n t e r f a c e s ,  f i n e  carbide p r e c i p i t a t i o n  a t  
p r i o r  aus ten i t e  grain boundaries, and m r t e n s i t e  l a t h  and la th  packet s iae  t o  be the  
d i s t ingu i shab le  microstructure f e a t u r e s  observed. Furthermore, re tained aus ten i t e  f i l m s  !dere 
observed i n  the  weld wtal  and the  HAZ adjacent to the  weld  metal t h a t  reached the  highest  
temperature during joining.  
perature microhardness mcep t  foor t h e  f u s i o n  boundary i n  weld m t a l ,  which exhibi ted a hnrd- 
ness drop and an imezpected minimum mount of d e l t a- f e r r i t e .  

The microstructures  corre la te  welt h t h  the  observed P O O ~  tern- 

7.15 An Assessment of t h e  Appl i cabi  1 i t y  o f  C r i t i c a l  - S t ress- Cr i  t i c a l  - Dis tance Models of 
Cleavage f r a c t u r e  i n  M a r t e n s i t i c  S t e e l s  (GA Technoloq ies)  . . . . . . . . . . . . . . . . . .  

No contpibut ion.  

7.16 The J l c  F r a c t u r e  Touqhness T r a n s i t i o n  Behavior o f  HT-9 
(Westinqhouse Hanford Company) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Small compact t ens ion  specimens of *bo heats of HT-9 were t e s t e d  a t  temperatures mnging 
f rom mom tempemture to -192OC. 
evaluated using the  J- integral  approach. ?%ere were tu0 loading m t e s  of 2.1 x m/s and 
3.2 x lo-' m/s. The ~ c t i l e - b r i t t l e - t r a n s i t i o n  temperatures of HT-9 (No. 1 hea t )  t e s t e d  a t  
2.2 x m / s  and HT-9 INo. 2 hea t )  t e s t ed  a t  3.2 x m/s  Were found to be 4 0  a d  -lO°C, . respec t i ve ly .  Resu l t s  shoided the  f r a c t u r e  toughness of  the  former ms wt s e n s i t i v e  t o  
loading m t e  a d  the  tower-shelf toughness decreased u i t h  tempemture t o  a J l c  value of 
5 W/m2 a t  -190OC. 
specimens ms well  above the  th ickness  c r i t e r i o n .  

The d u c t i l e - b r i t t l e  t r a n s i t i o n  toughness of HT-9 ijas 

Furthermore, the values of J l e  were m l i d  s ince  the th ickness  of the  t e s t  
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1.17 The F r a c t u r e  Toughness o f  F e r r i t i c  A l l o y s  I r r a d i a t e d  i n  HFIR 
(Westinghouse Hanford Company) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The f rac ture  toughness of  HT-9 and 9 h.-I Mo irradia ted  i n  H F I K  t o  IO dpa a t  50°C was 

The t e s t  r e s u l t s  
evaluated using e l ec t ropo ten t ia l  s ingle  specimen techniques.  
mens were t e s t ed  a t  temperatures mnging from room temperature t o  450°C. 
were analyzed using the  J - i n t e g m l  approach. 
both a l l o y s  was reduced a6 a r e s u l t  of KPIK i r rad ia t ion .  
toughness res is tance  was m r e  seveve f o r  9 Cr-1 Mo than HT-9. 
va l id  J l c  m l u e s  was s a t i s f i e d  by the  th ickness  of t he  t e s t  specimens. 

Circular  compact tens ion  speci-  

Analyses showed tha t  the  f m c t u r e  toughness of 
The degradation of i r r a d i a t i o n  

The th ickness  c r i t e r i o n  f o r  

8. STATUS OF IRRADIATION EXPERIMENTS AND MATERIALS INVENTORY . . . . . . . . . . . . . . . . . . . .  
8.1 I r r a d i a t i o n  Experiment S ta tus  and Schedule 

(Oak Ridge Na t iona l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
8.2 Fus ion Program Research M a t e r i a l s  I n v e n t o r y  

(Oak Ridqe Na t iona l  Laboratory ,  McDonnell Douglas Company, 
and GA Technolog ies)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

9. MATERIALS COMPATIRILITY AND HYDROGEN PERMEATION STUDIES . . . . . . . . . . . . . . . . . . . . .  
9.1 Cor ros ion  o f  Path A PCA and 12 Cr-1 MoVW Stee l  i n  Thermal ly  Convect ive L i t h i u m  

(flak Ridqe Na t iona l  Lahora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Exposure of path A PCA a l loys  t o  thermally convective lithiium f o r  6700 h a t  600 and 

570OC resul ted  i n  corrosion reactions that  , a r e  s imi lar  t o  what i s  observed f o r  other 
a u s t e n i t i c  a l l o y s  exposed under s imi lar  condit ions.  
s t a i n l e s s  s t e e l ,  and the  presence of n i t r i d e  s t r ingers  i n  PCA d i d  not a f f e c t  the  wasured 
weight lo s ses .  
s t e e l  e q o s e d  t o  thermally convective l i t h ium between 500 and 350°C f o r  10,088 h revealed 
tha t  reactions iJith carbon and ni trogen were probably the  principal  corrosion processes f o r  
t h i s  a l loy  i n  t h i s  temperature mnge.  

PCA corroded -re rapidly than type 316 

Consideration of the weight change and surface ana ly s i s  data f o r  12  Cr- I .YoW 

Corrosion was not severe.  

9.2 Cor ros ion  o f  Type 316 S t a i n l e s s  Stee l  i n  F low ing  P b 1 7  at.  % L i  
(Oak Ridge Na t iona l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The corrosion of type 316 s t a i n l e s s  s t e e l  exposed t o  thermally convective PL-I7 a t .  % L i  
was severe.  Plugging s tar ted  t o  occur a f t e r  j u s t  several hundred hours. A t  S O O T ,  the  
weight l o s s  of type 316 s t a i n l e s s  s t e e l  exposed t o  P M 7  a t .  % L i  ims m r e  than an order of 
magnitude greater than that  of t h i s  a l loy  exposed t o  thermally convective l i t h ium a t  E. 

9.3 C o m p a t i b i l i t y  Stud ies o f  S t r u c t u r a l  A l l o y s  w i t h  S o l i d  Breeder M a t e r i a l s  
(Argonne Na t iona l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Compatibi l i ty  t e s t6  between Li20 p e l l e t s  and a u s t e n i t i c  Q p e  316 s t a i n l e s s  s t e e l  or 
f e P r i t i c  HT-9 a l toy  and Fe-9 Cr-I MO s t e e l  i n  a ftowing-helium environment indicate  tha t  the 
react ion  m t e s  i n  hetiurn containing 93 ppm H20 are greater than in hetiurn with I ppm HzO. 
The corrosion behavior of Q p e  316 s t a i n l e s s  s t e e l  is s imi lar  t o  that  of the  f e r r i t i c  Rtee ts .  
The Liz0 p e l l e t s ,  exposed both with and without the  a l loy  specimens, lose  weight in f lowing 
helium. 

9.4 Cor ros ion  and Ox ida t ion  o f  Vanadium-Rase A l l o y s  i n  Hel ium Envi ronrnents 
(Arqonne Na t iona l  Lahora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The increase i n  weight of  unalloyed V and II-5Ti, V-15Cr and V-15Cr-5Ti a l l o y s  a t  725,  
825 and 925 K was determined f o r  exposure t imes ranging up t o  I000 hours i n  He containing 
H 2  and/or H 2 0  impurity.  
determined a f t e r  exposure f o r  IO00 hours. These r e s u l t s  were u t i l i a e d  t o  d iscuss  the  con- 
sequences of the  se l ec t ion  of ce r ta in  mdiation-damage r e s i s t a n t ,  V-base a l l o y s  f o r  struc-  
tura l  m t e r i a l s  appl ica t ions  i n  a f u s ion  Peactor. 

The microhardness of the  specimens i n  a transverse sec t ion  was a l so  

9.5 Env i ronmenta l  E f f e c t s  on P r o p e r t i e s  o f  S t r u c t u r a l  A l l o y s  
(Argonne Na t iona l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Corrosion data are presented f o r  several a u s t e n i t i c  and f e r r i t i c  s t e e l s  exposed a t  
temperatures between 700 and 755 K in f lowing l i t h ium and Pb- I7 L i  environments. 
i nd ica te  tha t  d i s so lu t ion  m t e s  f o r  both s t e e l s  are an order of rmqnitude greater i n  Pb-Li 
than i n  l i th ium.  
environment has M e f f e c t  on the t e n s i l e  proper t ies  of Type 316 s t a i n l e s s  s t e e l  a t  tem- 
peratures between 473 and 773 K .  

Tke r e s u l t s  

Tens i le  data f o r  cold-worked Type 316 s t a i n l e s s  s t e e l  show that  a f lowing 
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1. ANALYSIS AND EVALUATION STUDIES  
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1.1 MATERIALS HANDBOOK FOR FUSION ENERGY SYSTEMS - J .  W. Dav is  (McDonnell Douglas A s t r o n a u t i c s  
Company - S t .  L o u i s  D i v i s i o n )  and T. K. B i e r l e i n  (Westinghouse Hanford Company) 

1.1.1 A D I P  Task 

Task Number l . A . l  - Define m a t e r i a l  p r o p e r t y  requi rements  and make s t r u c t u r a l  l i f e  p r e d i c t i o n s  

1.1.2 O b j e c t i v e  

To p r o v i d e  a c o n s i s t e n t  and a u t h o r i t a t i v e  source o f  m a t e r i a l  p r o p e r t y  data  fo r  use by t h e  f u s i o n  com- 
mun i t v  i n  concept e v a l u a t i o n ,  des iqn,  s a f e t v  a n a l v s i s ,  and p e r f o r m a n c e l v e r i f i c a t i o n  s t u d i e s  o f  va r ious  
f u s i o n  energy systems. 
base where i n s u f f i c i e n t  i n f o r m a t i o n  o r  vo ids  e x i s t .  

A secondar; o b j e c t i b e  i s  i h e  e a r l y  i d e n t i f i c a t i o n  o f  areas i n  t h e  m a t e r i a l s  da ta  

1.1.3 E a g  

p e r i o d  t h e  e f f o r t  has been t o  e s t a b l i s h  a cont inuous f l o w  o f  data  sheets i n t o  t h e  handbook. S u b s t a n t i a l  
progress has been made towards the  achievement o f  t h i s  goal w i t h  t h e  p u b l i c a t i o n  o f  7 new data pages 
c o v e r i n k  the  p r o p e r t i e s  o f  HT-9 and 316 s t a i n l e s s  s t e e l  as w e l l  as t h e  es tab l i shment  o f  a back log  o f  
new data sheets i n  va r ious  stages o f  p r e p a r a t i o n .  

1 . I  .4 P r o j r e s s  and S t a t u s  

Dur ing  the  p a s t  s i x  months the  handbook e f f o r t  has been towards deve lop ing  da ta  sheets. For  t h i s  

Whi le t h e  M a t e r i a l s  Handbook f o r  Fus ion Energy Systems (MHFES) s t i l l  has a l o n g  way t o  go, i t  i s  
beg inn ing  t o  l o o k  l i k e  a m a t e r i a l s  handbook. Wi th  the  a d d i t i o n  o f  p u b l i c a t i o n  package No. 8 ,  t h e  l l H F E S  
now con ta ins  i n f o r m a t i o n  on m a t e r i a l s  f o r  f i v e  o f  i t s  e i g h t  ma jo r  chap te rs .  The l a t e s t  a d d i t i o n s  t o  t he  
handbook c o n s i s t  o f  da ta  pages on t h e  p r o p e r t i e s  o f  a f e r r i t i c  s t e e l  des ignated H i - 9  prepared by 0 .  5. Gel les  
o f  IIEDL and p r o p e r t i e s  o f  316 s t a i n l e s s  s t e e l  prepared by N .  J. Simon o f  NBS. The i n c l u s i o n  o f  H T- 9  i n  t h e  
handbook rep resen ts  the  f i r s t  s tep  i n  expanding t h e  i n f o r m a t i o n  i n  each handbook chap te r  t o  i n c l u d e  more 
than  one m a t e r i a l .  These data sheets cover  m a t e r i a l s  used i n  two i m p o r t a n t  areas i n  r e a c t o r  des ign :  
1 s t  w a l l  S t r u c t u r e  and magnet s t r u c t u r a l  m a t e r i a l s .  The IIT-9 data  c o n s i s t s  o f  d e n s i t y ,  thermal  expansion 
c o e f f i c i e n t  and l i n e a r  thermal  expansion a l l  as a f u n c t i o n  o f  te inperature. The 316 s t a i n l e s s  data  adds 
Po isson 's  Ra t io ,  Young's Modulus, Shear Modulus, Bu lk  Modulus and magnetic p e r m e a b i l i t y  a l l  as a f u n c t i o n  
o f  tempera t u  r e .  

I n  a d d i t i o n  t o  t he  da ta  sheets t h a t  have been i n c o r p o r a t e d  i n t o  the  handbook d u r i n g  t h i s  r e p o r t i n g  
p e r i o d  t h e r e  a r e  a number o f  data  sheets i n  v a r i o u s  s tages o f  i n c o r p o r a t i o n  i n t o  t h e  handbook. Severa l  
data  sheets on HT-9 and 316 s t e e l s  a r e  a w a i t i n g  p u b l i c a t i o n  o r  i n  t he  rev iew c y c l e .  The IHT-9 data  sheets ,  
prepared by D. S. Ge l l es  o f  HEDL, p rov ide  mechanical p r o p e r t y  i n f o r m a t i o n  on Poisson 's  R a t i o ,  Young's 
Nodulus. and Shear Modulus, and thermal  p r o p e r t y  i n f o r m a t i o n  on s p e c i f i c  heat ,  thermal d i f f u s i v i t y ,  thermal  
e m i s s i v i t y  ( i n  vacuum and s t a b l y  o x i d i z e d ) ,  and thermal c o n d u c t i v i t y .  The 316 s t a i n l e s s  data  sheets  p re-  
pared by IN. J .  Simon o f  NBS p r o v i d e  mechanical p r o p e r t y  i n f o r m a t i o n  showing t h e  e f f e c t  o f  temperature on 
u l t i m a t e  t e n s i l e  and y i e l d  s t r e n g t h s ,  e l o n g a t i o n ,  r e d u c t i o n  o f  area arid e n g i n e e r i n g  s t r e s s  s t a i n .  Data 
sheets c u r r e n t l y  i n  p r e p a r a t i o n  o r  planned w i l l  cover  s t r u c t u r a l  m a t e r i a l s  (vanadium a l l o y s  and copper 
a l l o y s ) ,  superconduct ing magnet case m a t e r i a l s ,  and neu t ron  m u l t i p l i e r s l b r e e d e r s  [ b e r y l l i u m  and l i t h i u r n  
l e a d ) .  
i r r a d i a t i o n  creep and i t s  t rea tmen t  i n  s t r u c t u r a l  des ign,  s w e l l i n g ,  and magnetic e f f e c t s  when maqnetic 
~ i a t e r i a l s  a r e  used (e.g. f e r r i t i c  s t e e l s ) .  HT-9 data sheets a r e  be ing  prepared by 0. 5 .  G e l l e s  o f  HEDL 
on i r r a d i a t i o n  induced s t r e s s  f r e e  s w e l l i n g .  

In a d d i t i o n ,  e f f o r t  i s  underway t o  develop data  sheets on s p e c i f i c  des ign r e l a t e d  i ssues  such as 

In a d d i t i o n  t o  t he  da ta  pages con ta ined  i n  t h e  MHFES, we a r e  c u r r e n t l y  i n  t he  process o f  p roduc ing  
a s u p p o r t i n g  documentat ion voluine which con ta ins  i n f o r m a t i o n  r e g a r d i n g  t h e  assumptions w i t h  r e s p e c t  t o  
t h e  t rea tmen t  o f  t h e  data, the  u n c e r t a i n t y  i n  t h e  a n a l y s i s ,  and t h e  sources of t h e  data  used t o  develop 
the  data  pages. The suppor t i ng  docuinentat ion voluine d i s t r i b u t i o n  w i l l  be l i m i t e d  t o  one i n d i v i d u a l  
a t  each o r g a n i z a t i o n  c u r r e n t l y  on t h e  d i s t r i b u t i o n  l i s t  f o r  t h e  handbook. 

The handbook i s  c u r r e n t l y  d i s t r i b u t e d  t o  more than 100 i n d i v i d u a l s  a t  over 30 o r g a n i z a t i o n s  i n  t he  
l l n i t e d  S ta tes .  Because o f  t h e  c o n t i n u a l l y  changing n a t u r e  o f  these o r g a n i z a t i o n s ,  a v e r i f i c a t i o n  o f  t he  
handbook d i s t r i b u t i o n  l i s t  was r e c e n t l y  made. I n  a d d i t i o n  t o  an upda t ing  o f  names, addresses and phone 
numbers numerous comments and suggest ions were rece ived  which w i l l  be cons ide red  f o r  improvement o f  t h e  
handbook. One comment from severa l  i n d i v i d u a l s  i n d i c a t e d  some data  sheets  a r e  i n a d v e r t e n t l y  m i s s i n g  froin 
some o f  t h e  handbooks. To c o r r e c t  t h i s  problein t h e  n e x t  p u b l i c a t i o n  package w i l l  c o n t a i n  a complete l i s t i n g  
of a l l  d a t a  pages. The l i s t i n g  w i l l  be  used t o  v e r i f y  t h a t  a l l  handbooks a r e  e i t h e r  c u r r e n t l y  complete o r  
i d e n t i f y  m i s s i n g  pages which w i l l  then be s e n t  t o  complete those handbooks. 
most handbook ho lde rs  expressed the  general  thought  t h a t  t he  handbook i s  v e r y  u s e f u l  and i s  a c t i v e l y  b e i n g  
used by  t h e  many o t h e r s  i n  t he  o r g a n i z a t i o n s  i n  a d d i t i o n  t o  t h e  cus tod ians .  

The comment r e c e i v e d  from 
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1.1.5 Conclusions 

S u b s t a n t i a l  progress has been made w i t h  r e g a r d  t o  p u t t i n g  i n f o r m a t i o n  i n  t h e  handbook d u r i n g  t h i s  
pe r iod .  
a r e  s t i l l  a number o f  data  pages i n  t h e  rev iew c y c l e  a w a i t i n g  approva l ,  however, once these da ta  pages 
a r e  i n c l u d e d  i n  t h e  handbook a d d i t i o n a l  new data pages w i l l  be needed if t h e  c u r r e n t  momentum i s  t o  be 
susta ined.  
data  sheets. 

A d d i t i o n a l  work i s  needed on the  p a r t  o f  everyone, e s p e c i a l l y  rev iewers  and page p repare rs .  There 

Researchers i n  A D I P  and o t h e r  t a s k  groups can h e l p  by  t u r n i n g  t h e i r  exper imenta l  r e s u l t s  i n t o  
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1.2 CONTROL OF ACTIVATION LEVELS TO SIMPLIFY WASTE MANAGEMENT OF FUSION REACTOR FERRITIC STEEL 
COMPONENTS - F. W. Wi f fen  and R. T. Santoro (flak Ridge Na t i ona l  Lahora tory )  

1.2.1 A D I P  Task 

ADIP  Task I . A . l ,  De f i ne  M a t e r i a l  P rope r t y  Requirements and Make S t r u c t u r a l  L i f e  P red i c t i ons .  

1.2.2 O b j e c t i v e  

s i m p l i f i e d  waste management a f t e r  s e r v i c e  i n  a fus ion  r e a c t o r  f i r s t  wa l l .  

1.2.3 a 
For  m a t e r i a l  recyc le ,  N, A l ,  N i ,  Cu, Nb, and Ma must be excluded. For  sha l low l a n d  b u r i a l ,  i n i t i a l  con- 
c e n t r a t i o n  l i m i t s  i n c l u d e  ( i n  a t .  ppm) N i ,  <2O,OOO; Mo, (3650; N, <3650; Cu, <2400; and Nb, <1.0. Other 
c o n s t i t u e n t s  o f  s t e e l s  w i l l  not  be l i m i t e d .  

1.2.4 Progress and Sta tus  

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

The o b j e c t i v e  of t h i s  work i s  t o  examine t h e  r e s t r i c t i o n s  p laced on t h e  composi t ion of s t e e l s  t o  a l l o w  

Decay o f  s t e e l  a c t i v i t y  w i t h i n  tens of years  cou ld  s i m p l i f y  waste d isposa l  n r  even pe rm i t  rec.ycle. 

Disposal  o f  m a t e r i a l s  and components from nuc lea r  power systems i s  compl ica ted by t h e  r a d i o a c t i v i t y  
induced by neut ron reac t i ons .  Th i s  d isposa l  has a t t r a c t e d  un favo rab le  p u b l i c i t y  and l a c k  o f  p u b l i c  accep- 
tance o f  t h e  f i s s i o n  power op t ions .  To counter  t h i s  p u b l i c  a t t i t u d e ,  i t  i s  incumhent on those dove lop inq 
t h e  f u s i o n  power source t o  examine t h e  p o t e n t i a l  f o r  t h e  same problem i n  a fus ion  power economy and t o  
eva lua te  t h e  f e a s i b i l i t y  o f  m i t i g a t i n g  t h e  m a t e r i a l  d isposa l  prohlem f o r  fus ion  reac tn r  com.ponents. 

(0 )  and t r i t i u m  ( T )  a re  t h e  fue ls .  Since t r i t i u m  does no t  occur i n  nature,  i t  must he bred i n  t h e  two i s o -  
topes o f  l i t h i u m  i n  t h e  reac t i ons  

The fus ion  f u e l  c y c l e  nwst l i k e l y  t o  be commercial ized i s  t h e  D-T-Li cycle.  I n  t h i s  system deuter ium 

n t 6 L i  + T + 4He 

and 

n t ' L i  + n' + T + 'He . 
The neutrons t h a t  d r i v e  t h i s  r e a c t i o n  and t h a t  c a r r y  t h e  g rea tes t  f r a c t i o n  of t h e  enerqy are produced i n  
t h e  f u s i o n  r e a c t i o n  

0 + T + n + 4He + 17.6 MeV . 
The r a d i o a c t i v i t y  concerns i n  a f u s i o n  r e a c t o r  a l l  d e r i v e  f rom t h i s  reac t i on .  Roth t h e  deuter ium f u e l  com- 
ponent and t h e  he l i um r e a c t i o n  product  a re  s t a h l e  and thus  pose no hand l i ng  problem. The t r i t i u m  fue l  
component i s  r a d i o a c t i v e  and decays by e l e c t r o n  emission w i t h  a h a l f - l i f e  of 12.33 years. Th is  r e q u i r e s  
t h a t  t h e  t r i t i u m  be conta ined and recovered w i t h  a h i g h  l e v e l  o f  e f f i c i e n c y .  The o t h e r  component of 
r a d i o a c t i v i t y ,  and t h e  one t h a t  i s  be ing  t r e a t e d  i n  t h i s  paper, i s  t h e  a c t i v i t r  produced i n  a l l  p l a n t  
m a t e r i a l s  from reac t i ons  w i t h  t h e  f u s i o n  neutrons.  

exponen t i ona l l y  w i t h  i n c r e a s i n g  d i s tance  f rom t h e  plasma chamber. The h ighes t  neut ron f l u x  i s  a t  t h e  
components of the  f i rs t  w a l l  and b lanke t  zone o f  t h e  reac to r ,  and i t  i s  t h i s  zone on which we w i l l  focus. 
Cons idera t ion  w i l l  f u r t h e r  be r e s t r i c t e d  t o  s tee l s ,  t h e  mst probab le  s t r u c t u r a l  m a t e r i a l s  f o r  use i n  t h e  
f i r s t  w a l l  and b lanke t .  

t h e i r  s e r v i c e  l i f e  i s  r e c y c l e  f o r  reuse i n  t h e  same o r  a new a p p l i c a t i o n .  I f  r e c y c l e  i s  no t  f eas ih le ,  t h e  
s imp les t  d isposa l  system t h a t  i s  acceptab le  w i l l  be pre fer red.  These two op t i ons  f o r  used m a t e r i a l  w i l l  he 
examined i n  t h i s  paper. 

l o w- a c t i v a t i o n  m a t e r i a l s  f o r  f u s i o n  r e a c t o r  components was reviewed and discussed by t h e  DOE panel cha i red  
by The m a t e r i a l  presented i n  those two repo r t s  forms t h e  has i s  of t h i s  paper. The qoal here i s  t o  
e s t a b l i s h  l i m i t s  t h a t  would be imposed on t h e  composi t ion o f  s t e e l s  by t h e  requirements f o r  r e c y c l e  o r  f o r  
s i m p l i f i e d  d isposa l  as waste a t  t h e  end o f  usefu l  component serv ice .  

Conn, f lkula, and Johnson3 have examined t h e  c o n t r o l  o f  a c t i v i t y ,  e s p e c i a l l y  a t  l onq  t imes a f t e r  
shutdown, by e lemen ta l l y  o r  i s o t o p i c a l l y  t a i l o r i n g  t h e  composi t ion o f  s t r u c t u r a l  a l l o y s .  They showed t h e  
advantages t o  be obta ined by s e l e c t i n g  a l l o y s  f r e e  o f  n i c k e l  and molybdenum and a l s o  showed advantaqes of 
u s i n g  on l y  se lec ted iso topes o f  these elements i f  a l l o y s  c o n t a i n i n g  n i c k e l  o r  mlybdenum were t o  be used. 
The r e s u l t s  were not  eva luated aga ins t  any regu la ted  l i m i t s  on r e c y c l e  o r  waste d isposa l .  

The f l u x  of neutrons on t h e  var ious  components of a fus ion  power p l a n t  w i l l  decrease approx imate ly  

The i d e a l  f a t e  f o r  m a t e r i a l s  f rom f u s i o n  reac to r  components t h a t  have f a i l e d  o r  have reached t h e  end of 

The ques t i on  o f  r ecyc le  o f  f u s i o n  r e a c t o r  components has been discussed by Jarv is . '  The sub jec t  of 
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The data presented i n  F ig .  1.2.1 
were c a l c u l a t e d  f o r  a t o t a l  r e a c t o r  
o p e r a t i o n  t o  9 MW.years/m2 accumulated 
i n  t h r e e  years  o f  cont inuous opera t ion .  
Th is  l i f e t i m e  corresponds t o  a t o t a l  
neu t ron  f l uence  o f  approx imate ly  1.0 x 
l o 2 '  neutrons/m2 and would produce 
100 dpa i n  an i r o n  a l l o y  f i r s t  wa l l .  
T h i s  i s  p robab ly  a minimum acceptab le  
l i f e t i m e  f o r  an economica l ly  v i a b l e  
reac to r .  

t r e a t e d ,  and c e r t a i n l y  f o r  a l l  those 
t h a t  are  major c o n s t i t u e n t s  o f  can- 
d i d a t e  fus ion r e a c t o r  s t r u c t u r a l  
m a t e r i a l s ,  t h e  range of a c t i v i t y  soon 
a f t e r  shutdown i s  o n l y  two o rde rs  o f  
magnitude. The range i s  f rom about 
2800 Ci/cm' f o r  Co t o  40 Ci/cm3 f o r  Cr. 
Fo r  m s t  s t e e l s ,  t h e  a c t i v i t y  w i l l  be 
s l i g h t l y  above t h e  a c t i v a t i o n  l e v e l  f o r  
una l l oyed  i r o n ,  about 1000 Ci/cm3. 

These a c t i v a t i o n  l e v e l s  can he 
p u t  i n t o  pe rspec t i ve  by comparing them 
w i t h  m a t e r i a l s  a c t i v a t e d  i n  f i s s i o n  
reac to rs .  Kazimib has p rov ided  such a 
comparison (Table 1.2.1). A t  1 and 10 
years  a f t e r  d ischarge from r e a c t o r  
se rv i ce ,  t h e  t o t a l  a c t i v i t i e s  per  u n i t  
volume a r e  q u i t e  s i m i l a r  f o r  STARFIKE 
(a  fus ion r e a c t o r  w i t h  s t a i n l e s s  s t e e l  
S t r u c t u r e ) ,  a l i g h t - w a t e r  ( t he rma l )  
f i s s i o n  reactor ,  and an LMFBR ( f a s t )  
f i s s i o n  reac to r .  One hundred vears 

Note t h a t  f o r  almost a l l  elements 

Table 1.2.1. Comparison o f  t h e  r a d i o a c t i v i t y  i n  hiqh- 
a c t i v i t y  wastes from fus ion and f i s s i o n  reac tn rs  

[ f o r  a lZnO-MW(e) p l a n t  a t  80% c a p a c i t y  f a c t o r  
and 33% thermal  e f f i c i e n c y ]  

( f rom Kazimi5)  

R i o l o q i c a l  hazard 

af ter  a c t i v i t y  [per GW ( e )  -yea r l  
dis- (c i /cm3) 

T o t a l  p o t e n t i  a1 

charqe 106 kmair km,?,,ter 

STARFIREa 1 2fi.36 47 fi7n 
f u s i o n  
r e a c t o r  

~ 

10 2;34 fi.3 Xfi.5 
100 7.6 10-3 n.2 5.2 

PWR l i g h t  1 25.3 7,600b ?K,90flb 
wate r  f i s s i o n  10 3.94 fi , nRn 13,300 
r e a c t o r  ion 0.41 3, Rll0 2,nqo 

LMFBR f a s t  1 27.n 1. finw 1 f i . m ~  
f i s s i o n  
r e a c t o r  

10 3.4 1;12n 3;xnn 
inn 0.41 740 571) 

=This rep resen t?  h a l f  t h e  b l a n k e t  s t r u c t u r a l  m a t e r i a l  
of  STARFIRE, b u t  t h e  r a d i o a c t i v i t y  o f  t h e  o t h e r  h a l f  i s  a t  
l e a s t  an o rde r  of maqnitude l e s s .  

I n h a l a t i o n  RHP i s  a c t i n i d e  dominated, bWith recyc le .  
b u t  i n q e s t i o n  i s  f i s s i o n  product  dominated. 

COnl.v h i q h  l e v e l  waste and fue l  assembly waste a r e  con- 
s i d e r e d  here. " 

a f t e r  shutdown, t h e  fus ion system 
m a t e r i a l  has an advantage o f  approx i-  
mate ly  100, s i n c e  t h e  a c t i v a t i o n  products  i n  s t a i n l e s s  s t e e l  decay more r a p i d l y  than  do t h e  a c t i n i d e  fue l  
and f i s s i o n  products  i n  t h e  two f i s s i o n  reac to rs .  The r e l a t i v e  hazards of t h e  m a t e r i a l s  i n  t h e  system, 
which g i v e  fus ion a dec ided advantage, w i l l  he d iscussed l a t e r .  

i s  a l s o  shown i n  F ig .  1.2.1. 
elements r e s u l t s  if they  a r e  compared on t h e  b a s i s  of t h e  r a t e  of decay of t h i s  t o t a l  induced ac t i v i t . y .  

The decay o f  induced a c t i v i t y  i n  i n d i v i d u a l  elements fo r  t imes up t o  100O years  a f t e r  r e a c t o r  shut.down 
While shutdown a c t i v i t i e s  showed l i t t l e  ranqe, a m c h  g r e a t e r  separa t ion  o f  

1.2.4.3 C r i t e r i a ,  Goals, and Regulat ions on A c t i v i t y  

A number o f  c r i t e r i a  have been used t o  judge t h e  "hazard" o f  r a d i o a c t i v e  waste and t o  measure t h e  r a t e  
The s i lnp les t  of  these i s  t h e  s p e c i f i c  a c t i v i t y  ( i n  c u r i e s  pe r  u n i t  o f  decay as a f u n c t i o n  of e lapsed t ime. 

mass o r  p e r  u n i t  volume), which i s  a measure of t h e  r a d i o a c t i v e  decay r a t e  only.  
F ig .  1.2.1.) Represent ing t h e  a c t i v i t y  i n  these u n i t s  does not  d i s t i n q u i s h  between decay processes, so a 
decay event t h a t  emi ts  a high- energy gamma ray  i s  counted e q u a l l y  w i t h  a low-enerqy e l e c t r o n  emission, 
i n t e r n a l  e l e c t r o n  capture, etc.  Another useful  measure of a c t i v i t y  i n  de te rm in inq  nccupa t iona l  hazard i s  
t h e  rem, which accounts f o r  t h e  energy d e p o s i t i o n  of t h e  d i f f e r e n t  types of r a d i a t i o n .  Two o t h e r  u n i t s  a r e  
used t o  eva lua te  t h e  p o t e n t i a l  f o r  harm a f t e r  i n g e s t i o n  o r  i n h a l a t i o n .  These a r e  t h e  b i o l o q i c a l  hazard 
p o t e n t i a l  (BHP) f o r  water  o r  a i r ,  g iven as t h e  volume of water  o r  a i r  needed t o  d i l u t e  t h e  waste t o  t h e  
maximum p e r m i s s i b l e  c o n c e n t r a t i o n  ( M P C )  p e r m i t t e d  by law. 
r a d i o a c t i v e  i s o t o p e  and i s  determined by t h e  decay mode and t h e  r a t e  of decay fo r  t h e  i s o t o p e  and hy t h e  
b i o l o g i c a l  a c t i v i t y  o f  t h e  chemical species. 

t h e  s t r u c t u r e ,  fue l ,  and f i s s i o n  products  of a f i s s i o n  r e a c t o r  i s  shown i n  Table 1.2.1. Whi le  t h e  t o t a l  
a c t i v i t y  was comparable fo r  fus ion  and f i s s i o n  a t  1 and 10 years  a f t e r  shutdown, t h e  RHP f o r  t h e  t h r e e  
systems shows fus ion  t o  have an advantage of 30 t o  970. 
l o n g - l i v e d  a c t i n i d e  i so topes  i n  t h e  f i s s i o n  r e a c t o r  wastes. 

on which t o  base judgments. 
s p e c i f i c  rad ionuc l i des ,  s e l e c t e d  on t h e  bas i s  o f  t h e i r  l o n q - l i v e d  hazard p o t e n t i a l .  

(These u n i t s  a r e  used i n  

The MPC, and hence t h e  RHP, i s  s p e c i f i c  t o  each 

The d i f f e rence  i n  t h e  r e l a t i v e  hazards of s t r u c t u r a l  m a t e r i a l s  a f t e r  s e r v i c e  i n  a fus ion  r e a c t o r  and o f  

The advantage inc reases  w i t h  t ime  hecause of t h e  

The t rea tmen t  of r e c y c l e  g iven by J a r v i s '  uses t h e  s p e c i f i c  a c t i v i t y  and t h e  r a d i a t i o n  f i e l d ,  i n  rem, 
The U.S. Federal  Requ la t i on  govern inq waste d i sposa l  cons ide rs  t h e  a c t i v i t . y  of 
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Rules govern ing t h e  hand l ing  and d isposa l  of r a d i o a c t i v e  m a t e r i a l s  a re  r e l a t i v e l y  new, and t h e  processes 
o f  s e t t i n g  these r u l e s  and i s s u i n g  l i c e n s e s  under them are  s t i l l  i n  t h e  f o r m a t i v e  stages. I n  p a r t i c u l a r ,  
l a r g e  q u a n t i t i e s  o f  a "new" t y p e  of spent m a t e r i a l ,  such as w i l l  be generated i n  a fus ion  economv, can be 
expected t o  a t t r a c t  c l o s e  s c r u t i n y .  It i s  l i k e l y  t h a t  t h e  r u l e s  and standards w i l l  be a l t e r e d  and adapted 
t o  meet t h e  requi rements of fusion. 
d ischarged from a f u t u r e  fus ion  r e a c t o r  on t h e  b a s i s  of r e g u l a t i o n s  a v a i l a b l e  today. However, such an ana l-  
y s i s  i s  a t tempted here t o  p r o v i d e  guidance on measures t h a t  can be taken t o  achieve c o n t r o l  of t h e  r a d i o-  
a c t i v i t y  i n  s t e e l  s t r u c t u r e s  a t  l ong  t imes a f t e r  r e a c t o r  shutdown. 

1.2.4.4 The Recycle Opt ion 

a f t e r  removal f rom t h e  reactor. '  He c a l c u l a t e d  t h e  l e v e l  o f  a c t i v a t i o n  i n  a f i r s t  w a l l  operated f o r  two 
years  a t  10MW(th)/m2. 
as c o n s t i t u e n t s  o f  common a l l o y  systems. 
determine a c t i v i t y  f o r  100 years  a f t e r  shutdown. 

zone w i l l  c o n t a i n  450 m e t r i c  tons  o f  s t a i n l e s s  s t e e l .  With random f a i l u r e s  and scheduled replacements, t h e  
b l a n k e t  zone w i l l  "use" 3400 m e t r i c  tons  of s t e e l  d u r i n g  t h e  r e a c t o r  l i f e t i m e . 6  I n  a f u l l  f us ion  power 
economy, t h e  q u a n t i t i e s  o f  m a t e r i a l  become very l a r g e ,  and r e c y c l e  c o u l d  reduce t h e  pressures on t h e  minera l  
e x t r a c t i o n  and p r imary  metal p r o d u c t i o n  i n d u s t r i e s .  

r e c y c l e  and o f  p o s s i b l e  r e s t r i c t e d  use of recovered m a t e r i a l  must be t r a d e d  aga ins t  t h e  values i n  t h e  
m a t e r i a l  and i n  reduced m a t e r i a l  s to rage  costs. 

Amonq t h e  most 
impor tan t  were t h e  r e c y c l e  scenar io  and t h e  c r i t e r i a  used t o  judge i f  a recyc led  a l l o y  was acceptahle f o r  
reuse. The assumption on r e c y c l i n g  was t h a t  t h e  reprocess ing  (me l t ing ,  cas t ing ,  forg inq,  r o l l i n q ,  e tc . )  
would be f u l l y  remote, w i t h o u t  any emissions, and t h a t  l i m i t s  on use of t h e  m a t e r i a l  would he s e t  b.v 
r a d i a t i o n  l e v e l s  encountered by workers d u r i n g  machining and assembly operat ions.  Two l i m i t s  were used t o  
judge t h e  accep tab le  a c t i v i t y  l e v e l s  o f  t h e  reprocessed a l l o y s :  
than  t h a t  o f  newly r e f i n e d  uranium meta l ,  which i s  12 pCi/cm3, and second, t h a t  t h e  occupa t iona l  exposure 
due t o  t h e  gamma dose r a t e  from an i n f i n i t e - a r e a  t h i c k  sheet be no m r e  than  2.5 mremlh. 

It i s  very s p e c u l a t i v e  t o  at tempt  t o  judge t h e  f a t e  of m a t e r i a l s  

J a r v i s  has t r e a t e d  t h e  ques t ion  of r e c y c l i n g  d ischarged f u s i o n  r e a c t o r  component m a t e r i a l s  100 years 

The c a l c u l a t i o n  was performed f o r  39 elements, i n c l u d i n g  a l l  of those norma l l y  found 
The decay of t h i s  induced a c t i v i t y  was a l s o  c a l c u l a t e d  i n  o rder  t o  

Recycle i s  t h e  mwst d e s i r a b l e  o p t i o n  f o r  used r e a c t o r  component mate r ia l s .  I n  STARFIRE,  t h e  b lanke t  

I f  r e c y c l e  does become p o s s i b l e ,  economic i ssues  w i l l  determine i f  i t  i s  p r a c t i c a l .  The cos ts  of 

J a r v i s  made a number o f  assumptions t o  es t imate  t h e  p o t e n t i a l  f o r  m a t e r i a l  recyc le.  

f i r s t ,  t h a t  t h e  a c t i v i t y  be not  q r e a t e r  

The above assumptions and a c c e o t a b i l i t v  c r i t e r i a  a re  reasonable bases f o r  ana lys is ,  and we have no 
b e t t e r  c r i t e r i a  t o  propose. However, i t  m u i t  be 
recognized t h a t  they would l i k e l y  be unacceptable 
under U.S. l i c e n s i n g  procedures. L i c e n s i n g  of a 
r e c y c l e  o p e r a t i o n  would r e q u i r e  a d e t a i l e d  ca lcu-  
l a t i o n  o f  e f f l u e n t s  expected d u r i n q  reprocess inq  
and would impose i s o t o p e - s p e c i f i c  l i m i t s  on both 
reprocess ing  e f f l u e n t s  and on a c t i v i t y  of t h e  
recyc led  product.  Whi le  t h e  l i m i t s  w i l l  no t  be 
a n t i c i p a t e d  here, it seems l i k e l y  t h a t  t h e  q r e a t -  
e s t  r e s t r i c t i o n s  w i l l  be on those gamma-emittinq 
i so topes  w i t h  l o n g  h a l f - l i v e s .  The l i m i t  on 
exposure o f  occupa t iona l  workers can a l s o  be 
expected t o  be l o w e r  than  assumed by J a r v i s .  I n  
t h e  U n i t e d  States, t h e  ALARA concept (As Low A s  
Reasonably Achievable)  i s  g e n e r a l l y  i n t e r p r e t e d  
as  r e s t r i c t i n g  exposures t o  approx imate ly  1 rem/ 
y e a r  i n s t e a d  of t h e  5 remlyear t h a t  was assumed 
by J a r v i s  t o  a r r i v e  a t  t h e  2.5 mremfh c r i t e r i o n .  
A mwre l i k e l y  l i m i t  on occupa t iona l  exposure f o r  
t h e  work force, under t h e  ALARA concept, i s  then 
about 0.5 mrem/h. 

Based on t h e  assumptions discussed, t h e  
a n a l y s i s  o f  t h e  p o t e n t i a l  f o r  r e c y c l e  r e s u l t s  i n  
a c l a s s i f i c a t i o n  o f  t h e  39 elements considered. 
The c l a s s i f i c a t i o n  i s  i n  terms of a l l owed 
i n i t i a l  c o n c e n t r a t i o n  of these elements t o  a l l o w  
r e c y c l e  100 years a f t e r  se rv ice .  The r e s u l t s  
presented by J a r v i s l  a r e  summarized i n  Table 
1.2.2. Note t h a t  t h e  l i m i t a t i o n s  on Fe, N i ,  and 
Mo would r u l e  out  r e c y c l e  o f  any of t h e  s t e e l s  
i n  t h e  100 year  scenario. 

Table 1.2.2. L i m i t s  on c o n s t i t u e n t s  of a 
f u s i o n  r e a c t o r  f i r s t  w a l l  t o  a l l o w  

r e c y c l e  100 years a f t e r  s e r v i c e  

(Adapted from J a r v i s ' )  

Comoosit ion L i m i t e d  elements 
Func t ion  

i n  
a l l o y  ranqe 

A l l o y  base Not l i m i t e d  C, Mq, P, S, \ I ,  C r ,  
Y, Ta, W, T1 

Major  a l l o y  20 t o  50% 0, F, S i ,  Mn, Fe, Pb 
c o n s t i t u e n t  

L i ,  Re, R, Na, C1, Ca, Minor  a l l o y  0.1 t o  20% 

Acceptable 10 t o  500 ppm PI, A l ,  A r ,  K, Sc, N i ,  
i m p u r i t y  Cu, Zn, Mo, Cd, Sn 

Unacceptable < 10 ppm Nb, Ag 

a d d i t i o n  T i ,  Co, Z r ,  I n  

i m p u r i t y  
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1.2.4.5 S i m p l i f i e d  Waste Disposal  

Whi le  t h e  technology e x i s t s  f o r  t h e  permanent d i sposa l  o f  l o n g - l i v e d  r a d i o a c t i v e  wastes under severa l  
geo log ic  s to rage  opt ions,  it would be economica l ly  and p o l i t i c a l l y  more acceptab le  t o  use a s imp le r  d i sposa l  
system. The favored approach i s  t o  generate o n l y  wastes t h a t  c o u l d  be emplaced i n  l a n d  d i sposa l  s i t e s  
( sha l l ow  l a n d  b u r i a l ) .  I n s t i t u t i o n a l  c o n t r o l  of t h e  f a c i l i t y  would be r e q u i r e d  o n l v  f o r  such t imes t h a t  t h e  
a c t i v i t y  presents  a hazard. A t  t i m e  beyond about 100 years, o n l y  enqineered b a r r i e r s  w i l l  be requ i red.  

a c t i v e  waste d i sposa l  were f i n a l i z e d  i n  l a t e  1982 and pub l i shed  i n  t h e  Federal  Register. '  These r u l e s  form 
p a r t  o f  t h e  Code o f  Federal  Regulat ions f o r  Energy, and a r e  r e f e r r e d  t o  h e r e a f t e r  as 10CFRh1. The perform- 
ance o b j e c t i v e s  used i n  d e r i v i n g  these  r e g u l a t i o n s  were 

p r o t e c t  t h e  general  p u b l i c ,  
p r o t e c t  i n d i v i d u a l s  f rom i n a d v e r t e n t  i n t r u s i o n ,  
p r o t e c t  i n d i v i d u a l s  d u r i n g  opera t ion ,  and 
ensure s t a b i l i t y  of s i t e  a f t e r  c losure.  

U n i t e d  States r e g u l a t i o n s  cover ing  t h e  l i c e n s i n g  and o p e r a t i o n  o f  l a n d  d i sposa l  f a c i l i t i e s  f o r  r a d i o-  

I n  e s t a b l i s h i n g  procedures t o  meet these o b j e c t i v e s ,  waste was c l a s s i f i e d  i n t o  t h r e e  ca teqor ies ,  
depending on t h e  s t a b i l i t y  and a c t i v i t y  l e v e l  of  t h e  waste. The h i g h e s t  p e r m i s s i b l e  l e v e l  i s  f o r  Class C 
wastes, and i t  i s  o n l y  t h i s  category  t h a t  can apply  t o  s t e e l  components from t h e  b l a n k e t  zone of f us ion  
reac to rs .  Class A and B wastes, w i t h  more r e s t r i c t i v e  l i m i t s  on a c t i v i t y ,  w i l l  n o t  be cons idered here. 

t i v e s .  These requirements i n c l u d e  
The general  r u l e s  govern ing t h e  d i sposa l  of  Class C wastes a r e  designed t o  meet t h e  performance ohdec- 

waste o r  c o n t a i n e r  s t a b l e  f o r  300 years, 

i n s t i t u t i o n a l  c o n t r o l  o f  access f o r  up t o  100 years, and 
a c t i v i t y  a t  500 years  not  unacceptable  hazard t o  i n t r u d e r .  

b u r i a l  5 m below su r face  o r  i n t r u d e r  b a r r i e r s  w i t h  500-year l i f e ,  

Whi le  these performance o b j e c t i v e s  and waste requi rements  are  general ,  t hey  w s t  he t r a n s l a t e d  t n  s p e c i f i c  
measurable q u a n t i t i e s  t h a t  can be used i n  j u d g i n g  t h e  a c c e p t a b i l i t y  o f  m a t e r i a l  f o r  d i sposa l .  Th i s  has been 
done by examining t h e  i so topes  expected i n  d ischarged f i s s i o n  r e a c t o r  m a t e r i a l s ,  e v a l u a t i n q  t h e  decay l i f e  
and t h e  p o t e n t i a l  b i o l o g i c a l  hazard of each isotope,  and then  e s t a h l i s h i n g  a c o n c e n t r a t i o n  l i m i t  f o r  each 
isotope.  Table  1.2.3 g i ves  t h e  l i m i t s  f o r  l o n g- l i v e d  r a d i o n u c l i d e s  a l l owed  i n  Class C waste. 
c e n t r a t i o n s  do n o t  exceed 0.1 t imes t h e  va lue i n  Table  1.2.3, t h e  waste may q u a l i f y  f o r  a l e s s  r e s t r i c t e d  
d i sposa l  c lass ,  Class A . )  L i m i t s  are  a l s o  s e t  f o r  some o f  t h e  s h o r t e r - l i v e d  rad ionuc l i des ,  and these 
l i m i t s ,  g iven i n  Table  1.2.4, are  f o r  a l l  t h r e e  c lasses o f  waste q u a l i f y i n g  f o r  l a n d  d i sposa l .  

D r a f t  vers ions o f  10CFR61 had proposed s e t t i n g  l i m i t s  by s i m i l a r i t y  t o  l i s t e d  i so topes ,  b u t  t h i s  b lanke t  
r u l e  was r e j e c t e d  i n  s e t t i n g  t h e  f i n a l  regu la t i ons .  It n u s t  be recognized, however, t h a t  o t h e r  r e q u l a t i o n s  
c o v e r i n g  exposure of t h e  occupa t iona l  work fo rce  ( t h a t  would apply  d u r i n g  waste emplacement) and l i m i t s  
c o v e r i n g  t r a n s p o r t a t i o n  may a l s o  s e t  p r a c t i c a l  r e s t r i c t i o n s  on t h e  m a t e r i a l  t h a t  can be d isposed of a t  land-  
f i l l  s i t e s .  The removal o f  decay heat may a l s o  s e t  p r a c t i c a l  l i m i t a t i o n s  on t h e  c o n c e n t r a t i o n  of rad ioac-  
t i v i t y  i n  s to rage  conta iners .  

n i l u -  
t i o n  w i t h  i n e r t  f i l l e r  m a t e r i a l  can be used t o  reduce t h e  a c t i v i t y  p e r  u n i t  volume. Wastes c o n t a i n i n g  m r e  
t h a n  one o f  t h e  i so topes  r e s t r i c t e d  i n  Tables 1.2.3 and 1.2.4 a r e  eva lua ted  by t h e  "sum of f r a c t i o n s "  r u l e .  

(If con- 

The o n l y  l i m i t s  on concen t ra t ions  of r a d i o n u c l i d e s  are  those s p e c i f i c a l l y  l i s t e d  i n  these twn tab les .  

I n  e v a l u a t i n g  r a d i o n u c l i d e  concen t ra t ions ,  t h e  a c t i v i t y  i s  averaged over  t h e  c o n t a i n e r  volume. 

Table  1.2.3. L i m i t a t i o n s  on l o n g - l i v e d  
r a d i o n u c l i d e s  fo r  l a n d  d i sposa l  

Table 1.2.4. L i m i t s  on s h o r t - l i v e d  r a d i o n u c l i d e s  
f o r  l and  d i sposa l  

Concen t ra t ion  
(C i  /m3) Rad ionuc l i de  

14c 
14C i n  a c t i v a t e d  m t a l  
' 9N i  i n  a c t i v a t e d  metal  
9rNb i n  a c t i v a t e d  metal  
99Tc 
1 2 9 1  

8 
80 

220 
0.2 
3 
0.08 

A lpha- emi t t i ng  t r a n s u r a n i c  100a 
n u c l i d e s  w i t h  h a l f - l i f e  
g r e a t e r  t han  5 years  

2 4 l P u  
242Cm 

3 ,  500a 
20,000a 

% n i t s  are  nanocuries pe r  gram. 

Concentra t  i nn  ( C i  /m3 ) 

Class A Class R Class C 
Rad ionuc l ide  

To ta l  of a l l  n u c l i d e s  w i t h  
less t h a n  5- year h a l f -  
l i f e  

3 H  

6 3 N i  
' j 3 N i  i n  a c t i v a t e d  metal  

6 O C O  

1 3 7 c s  

700 

4n 
700 

3.5 
35 

1 
0.04 

NLa 

NL 
r i t  

70 
7nn 
150 
44 

NL 

NL 
NL 

4600 

ONot l i m i t e d .  P r a c t i c a l  l i m i t s  on personnel dose 
r a t e s  o r  heat genera t ion  d u r i n q  h a n d l i n q  may se t  l i m i t s .  
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That i s ,  t he  concen t ra t i on  of each n u c l i d e  nus t  be d i v i d e d  by t h e  regu la ted  l i m i t  f o r  t h a t  nuc l ide ,  and t h e  
f r a c t i o n s  ob ta ined  f o r  a l l  l i m i t e d  nuc l i des  are  sumned. To be acceptab le  f o r  l and  diSDOSa1, t h e  sum of f r ac -  
t i o n s  m s t  not  exceed 1.0. 

F u r t h e r  d e t a i l s  i n  10CFR61 e s t a b l i s h  how a c t i v i t i e s  can be c a l c u l a t e d  o r  est imated, methods of 
packaging wastes, placement o f  wastes a t  t h e  s i t e ,  and o t h e r  p a r t i c u l a r s  not p e r t i n e n t  t o  t h e  d i scuss ion  
here. However, these r u l e s  are  new and they have not  y e t  been t e s t e d  through j u d i c i a l  cha l lenge nor have 
they been t e s t e d  i n  t he  l i c e n s i n g  process f o r  which they are  designed. It i s  a l s o  impor tan t  t o  note  t h a t  
t h e  r u l e s  were evo lved f o r  wastes from t h e  l i g h t - w a t e r  f i s s i o n  r e a c t o r  i ndus t r y ,  and t h e  focus was on t h e  
iso topes normal ly  encountered i n  these wastes. Many chanqes can be expected before r e q u l a t i o n s  are  needed 
t o  c o n t r o l  t h e  wastes o f  f u s i o n  power reactors ,  and t h e r e  i s  no f i r m  bas i s  f o r  a n t i c i p a t i n q  these chanqes. 
Inasmuch as t h e  most s t r i n g e n t  l i m i t s  a re  on t h e  l onges t  l i v e d ,  gamma-emitting rad ionuc l i des ,  p r e d i c t i o n  Of 
any r e l a x a t i o n  on these l i m i t s  does not appear t o  be j u s t i f i e d .  

1.2.4.6 Disposal  L i m i t s  App l ied  t o  S tee l s  

The c a l c u l a t e d  a c t i v i t y  l e v e l s  i n  t h e  separa te  elements i nc luded  i n  Fig.  1.2.1 can now he used w i t h  t h e  
l i m i t s  d iscussed i n  t h e  p rev ious  s e c t i o n  t o  e s t a b l i s h  al lowed concen t ra t i ons  of a l l o y  and i m p u r i t y  elements 
i n  s tee l s .  For  m a t e r i a l  t h a t  has been i n  s e r v i c e  i n  t he  r e a c t o r  f i rs t  w a l l  and has heen h e l d  10 .vears a f t e r  
se rv i ce ,  t h e  l i m i t s  g iven i n  Tables 1.2.3 and 1.2.4 impose l i m i t s  a? t h e  i n i t i a l  concen t ra t i on  of elements 
t h a t  are  a c t i v a t e d  t o  produce t h e  r e s t r i c t e d  iso topes.  Only t h r e e  o f  t h e  r e s t r i c t e d  r a d i o n u c l i d e s  impnse 
r e s t r i c t i o n s  on t h e  compos i t ion  of s t e e l s .  
i n i t i a l  concen t ra t i ons  o f  Mo. Nb. N i .  

These are  94Nb, 6 3 N i ,  and 14C. The l i m i t a t i o n s  these impose on 
. . .  

Cu, and N are g iven i n  Table 1.2.5. These 
l i m i t s ,  however, a re  mu tua l l y  exc lus i ve .  
A l l o w i n g  any one o f  these elements t o  reach t h e  
c o n c e n t r a t i o n  l i m i t  would meet t h e  l i m i t  f o r  
waste d isposa l  and would then a l l o w  no c o n t r i -  
b u t i o n  t o  t h e  waste r a d i o a c t i v i t y  from the  
o t h e r  f o u r  elements. These l i m i t s  are  g iven 
w i t h o u t  t a k i n g  any c r e d i t  f o r  d i l u t i o n  i n  
packaging t h e  waste. 
n a t u r a l  i s o t o p i c  d i s t r i b u t i o n  i n  each of t h e  
elements considered. 

must be used i n  coun t i ng  a l l  r e s t r i c t e d  
r a d i o n u c l i d e s  f o r  e v a l u a t i n g  t h e  s u i t a b i l i t y  
f o r  d i sposa l .  The l i m i t s  on rad ionuc l i des  are  
d i v i d e d  i n  t h i s  way fo r  two h y p o t h e t i c a l  s t e e l s  
i n  Table 1.2.6. I n  t h e  f i r s t  s t e e l ,  one-hal f  
o f  t h e  a l lowed l i m i t  f r a c t i o n  i s  assigned t o  
niobium, t o  a l l o w  0.9 wt ppm r e s i d u a l  n iobium 
i n  t h e  s t e e l .  I n  t he  second case, a l e s s  
r e a l i s t i c  assumption o f  n i  obium-free s t e e l  
was made, and a r e l a t i v e l y  low l i m i t  was Set 
f o r  i m p u r i t y  N i ,  Cu, and N t o  a l l o w  the  con- 
c e n t r a t i o n  of mlybdenum t o  be as h i g h  as 
poss ib le .  Th is  t rea tment  a l l ows  j u s t  over 
0.5 wt % Ma i n  t h e  s t e e l  

l i m i t s  de r i ved  are  "worst  case" assumptions fo r  
a s e r v i c e  l i f e  o f  9 MW.yearslmz. Since these 
l i m i t s  are  a l l  se t  by r e l a t i v e l y  l o n g - l i v e d  
i so topes ,  t h e  a1 lowed i n i  t i  a1 concent r a t i o n s  
w i l l  vary i n v e r s e l y  w i t h  t h e  s e r v i c e  l i f e .  The 
l i m i t s  were d e r i v e d  f o r  f i r s t - w a l l  se rv i ce ,  and 
t h e  a t t e n u a t i o n  of neut ron f l u x  deeper i n  t h e  
b lanke t  w i l l  r e s u l t  i n  lower p roduc t i on  r a t e s  
of t h e  r e s t r i c t e d  i so topes  i n  m s t  of t h e  
b l a n k e t  s t r u c t u r e .  It w i l l  a l s o  be imposs ib le  
t o  pack s t e e l  drums o r  o the r  con ta ine rs  w i t h  
f i r s t - w a l l  m a t e r i a l  w i t h o u t  e i t h e r  l e a v i n g  vo id  
space o r  adding i n e r t  f i l l e r  m a t e r i a l .  A more 
l i k e l y  scenar io  i s  f o r  f i r s t - w a l l  s t e e l  t o  be 
c a r e f u l l y  mixed w i t h  m a t e r i a l  f rom deeper i n  
t h e  b lanke t  t o  r e l a x  t h e  r e s t r i c t i o n  on i n i -  
t i a l  concen t ra t i on  l i m i t s .  The combinat ion of 
m a t e r i a l  m ix ing  and some d i l u t i o n  w i t h  f i l l e r  
m a t e r i a l  shou ld  r e s u l t  i n  r e l a x a t i o n  of a t  
l e a s t  a f a c t o r  o f  3 t o  10 i n  i m p u r i t y  content  
1 i m i t a t i o n s .  

They a l s o  assume t h e  

I n  p r a c t i c e ,  t h e  "sum o f  f r a c t i o n s "  r u l e  

The a l l o y i n g  and i m p u r i t y  concen t ra t i on  

Table 1.2.5. I n i t i a l  concen t ra t i on  l i m i t s  
f o r  f i r s t - w a l l  m a t e r i a l  lfl years  a f t e r  

shutdown, f o l l o w i n q  9 MN-yearslm2 
s e r v i c e  

( f rom re f .  2) 

L i m i t  on a l l o y i n q  elementa 
A l l o y i n g  L i m i t  i nq  
element r a d i o n u c l i d e  (wt % i n  

(a t .  ppm) steel) 

Mo 94Nb 3.650 0.63 
Nb 94Nb 
N i  b 3 4 i  
C,, b 3 ~ i  

1 n.00017 
20 ,non  2.1 

2.400 0.77 
~~ 

N "C 3; f im n.ng2 

aThese l i m i t s  are  mu tua l l y  exc lus ive .  

Tab le  1.2.6. Examples o f  two acceptab le  s t e e l s ,  f o r  
9 MW-yearslm2 se rv i ce ,  then h e l d  10 years  

be fo re  d isposa l  

(The "sum o f  f r a c t i o n s "  r u l e  i s  used) 

I n d i v i d u a l  Stee l  A Stee l  B 
maximum E l e -  

ment (wt 9 )  (wt  %) (wt %) (f) 
Ma 0.63 0.13 0.2 0.54 0.85 
Nb 0.00017 o.nooo9 0.5 o 0 
N i  2.1 0.42 0.2 0.11 0.05 
cu 0.27 0.014 0.05 0.014 0.05 
N 0.092 0.0046 0.05 0.0046 0.05 

__ __ 
Tota l  1.00 1.00 

=f i s  t he  f r a c t i o n  o f  t h e  a l lowed concen t ra t i on  
i n  Class C waste. 



10 

F u r t h e r  m i t i g a t i o n  would be p o s s i b l e  through t h e  use of i s o t o p i c  t a i l o r i n g  o r  l a y e r e d  cons t ruc t ion ,  h u t  
b o t h  would i nc rease  t h e  cos t  of a fus ion r e a c t o r  b lanket .  I f  i s o t o p i c  t a i l o r i n q  were used, some of t h e  i s o -  
topes of N i ,  Cu, and Mo would be reduced t o  low l e v e l s  by separa t ion  t o  a v o i d  t h e  p roduc t ion  of r e s t r i c t e d  
rad ionuc l i des .  I s o t o p i c  t a i l o r i n g  i s  not  p o s s i b l e  w i t h  n iob ium w i t h  o n l y  a s i n g l e  n a t u r a l l y  o c c u r r i n q  i s o -  
tope,  and i s  u n l i k e l y  w i t h  n i t rogen ,  where t h e  problem i s o t o p e  I 4 N  i s  99.6% of n a t u r a l l y  o c c u r r i n q  n i t roqen .  
C o n s t r u c t i o n  o f  a r e a c t o r  b lanke t  s t r u c t u r e  i n  separable  l a y e r s  might  a l s o  be poss ib le .  
w a l l  m a t e r i a l  cou ld  then  be separated f o r  geo log ic  d i sposa l .  M a t e r i a l  f rom deeper i n  t h e  b l a n k e t  would 
q u a l i f y  f o r  l a n d  d isposal .  An a l t e r n a t i v e  method o f  l a y e r  c o n s t r u c t i o n  would he t o  use s t e e l  w i t h  t i q h t l y  
c o n t r o l l e d  s p e c i f i c a t i o n s  a t  t h e  f i r s t  w a l l  and l e s s  r i g i d l y  c o n t r o l l e d  m a t e r i a l  deeper i n  t h e  b l a n k e t ,  so 
t h a t  a l l  m a t e r i a l  would q u a l i f y  f o r  l a n d f i l l  d i sposa l .  

1.2.4.7 Prospects f o r  C o n t r o l l e d  A c t i v a t i o n  S tee ls  

H i q h - a c t i v i t y  f i r s t -  

The l i m i t s  e s t a b l i s h e d  fo r  t h e  c o n c e n t r a t i o n  of N i ,  Ha, N, Cu, and Nb t o  meet Class C l a n d  d i sposa l  
requi rements  a f t e r  s e r v i c e  i n  a f u s i o n  r e a c t o r  a r e  very  s t r i n g e n t .  The r e s t r i c t i o n s  on n i c k e l  and m lvh -  
denum w i l l  r e q u i r e  t h e  s e l e c t i o n  of a l t e r n a t i v e  a l l o y  a d d i t i o n s  f o r  s t renq then ing  and phase c o n t r o l .  Amons 
t h e  u n r e s t r i c t e d  elements, Mn, W, Ta, T i ,  V ,  and S i  may be a t t r a c t i v e  s u b s t i t u t e s  fo r  ach iev inq  d e s i r e d  
p r o p e r t i e s .  The elements N, Cu, and Nb can he present  o n l y  as i m p u r i t i e s ,  hut  o n l y  n iob ium should  prove a 
prob lem f o r  c o n t r o l  t o  t h e  r e q u i r e d  l e v e l .  D iscuss ions w i t h  steelmakers suqqest t h a t ,  w h i l e  c o n t r o l  of 
n iob ium below 1 w t  ppm can be achieved, i t  w i l l  be expensive.8 

Two fac to rs  can a f fec t  t h e  prospects  of deve lop ing  s t e e l s  t o  meet t h e  low a c t i v a t i o n  qoal of l and  
d isposal .  
l and  d isposal .  Th i s  cou ld  r e s u l t  from m r e  complete examinat ion of t h e  a n t i c i p a t e d  c h a r a c t e r i s t i c s  of 
f u s i o n  r e a c t o r  waste m a t e r i a l  o r  f rom a general  r e d u c t i o n  i n  acceptab le  a c t i v i t y  l e v e l s  due t o  t h e  r e l u c-  
tance of t h e  general  p u b l i c  t o  accept t h e  pe rce ived  hazards of r a d i o a c t i v e  m a t e r i a l .  
i s  t h e  r e l a x a t i o n  of  i m p u r i t y  c o n t r o l  because of d i l u t i o n  of t h e  a c t i v a t e d  metal  components i n  s to raqe  con- 
t a i n e r s  and because of lower  a c t i v a t i o n  l e v e l s  f o r  m a t e r i a l  m r e  remote from t h e  f i r s t - w a l l  zone. 
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1.3 ALLOY DEVELOPMENT FOR FAST INDUCED R A D I O A C T I V I T Y  DECAY FOR FUSION REACTOR APPLICATIONS - R. L. Klueh 
and E. E. Bloom (Oak Ridge Nat iona l  Labora to ry )  

1.3.1 A D I P  Task 

ADIP  Task I .A . l ,  Defi'ne M a t e r i a l  P roper ty  Requirements and Make S t r u c t u r a l  L i f e  P r e d i c t i o n s .  

1.3.2 O b j e c t i v e  

Dur ing  t h e  o p e r a t i o n  o f  a f u s i o n  reac to r ,  t h e  s t r u c t u r a l  m a t e r i a l  of t h e  f i r s t  w a l l  and b lanke t  s t r u c -  
t u r e  w i l l  become h i g h l y  r a d i o a c t i v e  from a c t i v a t i o n  by t h e  high-energy fus ion  neutrons. A d i f f i c u l t  
r a d i o a c t i v e  waste management problem w i l l  be i n v o l v e d  i n  t h e  d isposa l  of t h i s  m a t e r i a l  a f t e r  t h e  s e r v i c e  
l i f e t i m e  i s  complete. One wa-' t o  min imize t h e  management problem i s  t h e  use o f  s t r u c t u r a l  m a t e r i a l s  where 
t h e  r a d i o a c t i v e  i so topes  i n  t h e  i r r a d i a t e d  m a t e r i a l  decay t o  l e v e l s  t h a t  a l l o w  f o r  s i m p l i f i e d  d isposa l  tech-  
niques. We a re  e x p l o r i n g  how f e r r i t i c  and a u s t e n i t i c  s t e e l s  c o u l d  be developed t o  meet t h i s  o b j e c t i v e .  

1.3.3 Summary 

Waste management cou ld  be s i m p l i f i e d  by developing s t e e l s  t h a t  c o n t a i n  o n l y  elements t h a t  produce r a d i o -  
a c t i v e  i so topes  t h a t  decay t o  low l e v e l s  i n  a reasonable t ime.  The development o f  such s t e e l s  by elemental 
s u b s t i t u t i o n s  f o r  molybdenum i n  Cr-Mo s t e e l s  and n i c k e l  and molybdenum 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  i s  
discussed. 

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

Ser ious s a f e t y  and envi ronmenta l  concerns f o r  f u s i o n  r e a c t o r s  i n v o l v e  t h e  induced r a d i o a c t i v i t y  i n  t h e  
f i r s t  w a l l  and b l a n k e t  s t r u c t u r e .  P u b l i c  s a f e t y  c o u l d  be jeopard ized  by t h e  a c c i d e n t a l  re lease  of t h i s  
induced r a d i o a c t i v i t y ,  and t h e  b i o l o g i c a l  hazard posed f o r  p l a n t  personnel would e l i m i n a t e  t h e  p o s s i b i l i t y  
of con tac t  maintenance and r e p a i r .  Another problem i n v o l v e s  t h e  spec ia l  waste s to rane  problems t h a t  w i l l  be 
faced w i t h  t h e  h i g h l y  r a d i o a c t i v e  b lanke t  and f i r s t - w a l l  s t r u c t u r e s  a f t e r  se rv ice .  A l l  of these  problems 
would be a l l e v i a t e d  by t h e  use o f  a l o w- a c t i v a t i o n  s t r u c t u r a l  m a t e r i a l .  However, as p o i n t e d  ou t  i n  a recent  
r e p o r t  by a U.S. Department o f  Energy (DOE) panel s e t  up t o  s tudy t h i s  sub jec t ,  t h e  technology f o r  commer- 
c i a l l y  p roduc ing  and f a b r i c a t i n g  m a t e r i a l  t h a t  would meet t h e  l o w- a c t i v a t i o n  c r i t e r i a  i s  no t  p r e s e n t l y  
a v a i l a b l e  and i s  u n l i k e l y  t o  be a v a i l a b l e  s0on.l ( H i g h- p u r i t y  s i l i c o n  carb ide  was t h e  o n l y  m a t e r i a l  con- 
s i d e r e d  t o  meet t h e  requirements, i f  p u r i t y  c o u l d  be adequate ly  maintained.) Even though o t h e r  s o l u t i o n s  
must be sought f o r  t h e  s a f e t y  and maintenance problems, i t  appears p o s s i b l e  t h a t  t h e  s to rage  of r a d i o a c t i v e  
r e a c t o r  components can be s i m p l i f i e d  by deve lop ing  m a t e r i a l s  i n  which t h e  induced r a d i o a c t i v i t y  decays i n  a 
reasonable t i m e  t o  such l e v e l s  t h a t  t h e  waste no longer  requ i res  maintenance. 

Gu ide l ines  flOCFR611 f o r  
t h e  c l a s s i f i c a t i o n  o f  n u i l e a r  
wastes have been issued by t h e  
U.S. Nuclear Regulatory  
Commi ss ion;z  these  guide1 i nes 
a r e  summarized i n  Table 1.3.1. 
The DOE panel on l o w- a c t i v a t i o n  
m a t e r i a l s  s e t  as a goal t h e  
development o f  r e a c t o r  m a t e r i a l s  
t h a t  f a l l  w i t h i n  Class C, b u t  
w i t h  t h e  hope t o  meet Class B 
c r i t e r i a . ' .  It should be noted 
t h a t  t h e  10CFR61 g u i d e l i n e s  
w i l l  undoubtedly be e x t e n s i v e l y  
r e v i s e d  by t h e  t i m e  t h e  f i r s t  
components a re  d ischarged from 
an o p e r a t i n g  f u s i o n  r e a c t o r  and 
a r e  ready f o r  d isposa l .  Never- 
t h e l e s s ,  these q u i d e l i n e s  o f f e r  
a s tandard t o  which a l l o y s  can 
be developed. 

The 10CFR61 w i d e l i n e s  were 
examined by t h e  DOE panel '  and 
more r e c e n t l y  by Wi f fen  and 
S a n t o r ~ . ~  Based on t h e  guide- 
1 i nes ,  i n i t i a l  c o n c e n t r a t i o n  
l i m i t s  have been c a l c u l a t e d  f o r  
f a r i o u s  common a l l o y i n g  elements 
o r  t h e  t h r e e  waste c lasses f o r  

Table 1.3.1. Nuclear  waste c l a s s i f i c a t i o n  and s to rage  
under proposed 1OCFR61 r u l e s  

Waste c l a s s  D e f i n i t i o n  Disposal  

Class A -  Decays t o  acceptable l e v e l s  
Segregated d u r i n g  s i t e  occupancy 

S t a b l e  100 years t o  l e v e l s  t h a t  sur face r a d i a t i o n  
Class B - S t a b i l i z e d ;  decays w i t h i n  Covered t o  reduce 

a re  no t  a danger t o  p u b l i c  t o  a few percent  
h e a l t h  and sa fe ty  o f  background 

Class C - Decays t o  acceptably  sa fe  A t  l e a s t  5 m below 
I n t r u d e r  l e v e l s  i n  t imes g rea te r  t h e  s u r f a c e  w i t h  

t h a n  100 years bu t  l e s s  n a t u r a l  o r  eng i -  
than  500 years  neered b a r r i e r s  

Waste t h a t  does Decay t imes g rea te r  than  Does not  q u a l i f y  
no t  meet 500 years  f o r  near- sur face 
Class C 
i n t r u d e r  waste 
d e f i n i t i o n  

d isposa l  ; proposed 
methods w i l l  be 
considered on a 
case-by-case basis  
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f i r s t - w a l l  and b lanke t  s t r u c t u r e s  10 years a f t e r  t h e  shutdown of a r eac to r  operated f o r  9 MW.years/&. 
elements f o r  which a l i m i t  e x i s t s  f o r  Class B and Class C waste a re  g iven i n  Table 1.3.2. No l i m i t s  a re  
a n t i c i p a t e d  f o r  elements no t  shown. The p o s s i b i l i t y  o f  a ma te r i a l  t h a t  r e s u l t s  i n  Class A waste i s  q u i t e  
remote; vanadium a l l o y s  o f f e r  t h e  p o s s i b i l i t y  f o r  Class B waste. It appears t h a t  s t e e l s ,  t h e  sub jec t  of 
t h i s  r epo r t ,  w i l l  have t o  be handled as Class C waste.l.’ 

q u a l i f y  f o r  Class C t reatment ,  c e r t a i n  common s tee l  a l l o y i n g  elements must be r e s t r i c t e d .  
n iob ium rmst  be e l im ina ted .  
ever  meet t h e  Class C c r i t e r i a  f o r  any s tee l . )  N i cke l ,  molybdenum, and n i t r o g e n  rmst  be severe ly  r e s t r i c t e d  
r e l a t i v e  t o  t he  concen t ra t i on  o f  these elements i n  s t e e l s  p r e s e n t l y  be ing  considered f o r  f i r s t  w a l l  and 
b lanke t  s t r u c t u r e  app l i ca t i ons .  Copper, gene ra l l y  present  as an i m p u r i t y  element, w i l l  a l s o  have t o  be 

Those 

From Table 1.3.2 it i s  seen t h a t  f o r  t h e  induced r a d i o a c t i v i t y  o f  a s t ee l  t o  decay r a p i d l y  enough t o  
I n  p a r t i c u l a r ,  

( I t  i s  t h i s  r e s t r i c t i o n  on n iobium t h a t  w i l l  p robably  make i t  imposs ib le  t o  

c o n t r o l  led .  
I n  t h i s  paper t he  development of s t e e l s  w i t h  

“ f a s t ”  i n d u c e d - r a d i o a c t i v i t y  decay (FIRD) charac-  
t e r i s t i c s  w i l l  be discussed. Fast  i s  a r e l a t i v e  
term, which f o r  t h i s  d iscuss ion  i s  taken t o  mean 
s t e e l s  w i t h  r a d i o a c t i v e  decay r a p i d  enough t o  a t  
l e a s t  meet Class C waste d isposa l  c r i t e r i a .  The 
t e rm  l o w- a c t i v a t i o n  ma te r i a l  i s  o f ten  used t o  
descr ibe  such a l l o y s  t h a t  min imize waste d isposa l  
as w e l l  as those t h a t  would a l l ow  hands-on mainte-  
nance. M a t e r i a l s  t h a t  would a l l ow  hands-on main- 
tenance would no t  on ly  have t o  be low a c t i v a t i n g  
bu t  would a l so  have t o  decay t o  low l e v e l s  very 
r a p i d l y  (e.g. pure S ic ) .  The s t e e l s  under d iscus-  
s i o n  here w i l l  have much h i ghe r  i n i t i a l  a c t i v a t i o n ,  
and f o r  t h a t  reason we w i l l  not c a l l  them low- 
a c t i v a t i o n  a1 lovs.  

~~ 
~~~ ~~~ ~ 

‘?e l i m i t s  on t h o  i n i t i a l  COnCentratrOn5 
O f  \i, Yo,  Cu. Yh, ana ‘. ( l a n l e  1.3.7) e s t an l i sneo  
ny :ne 1?CVU6! g - i a e l i n e s  a re  m ” t , a l l y  e x c l u s i ~ e . ~  
That i s ,  if any one of t he  elements i s  p resen t  a t  
t h e  concen t ra t i on  l i m i t ,  t h e  o the r  elements rmst not 
be present .  The 1 a t .  ppm l i m i t  f o r  n iob ium w i l l  be 
t h e  m s t  d i f f i c u l t  t o  meet. W i f f en  and Santoro 
i n d i c a t e d  t h a t  steelmakers w i l l  p robably  be ab le  t o  
meet t h e  l i m i t ,  a l though doing so w i l l  be expensive. 
Because of t h e  r e s t r i c t i v e n e s s  on t h e  niobium, t h e  
a l l o y s  discussed below w i l l  be those f o r  which 
Mo, N i ,  Cu, and N w i l l  be kept  t o  a minimum. 

For var ious  t echno loa i ca l  reasons. a u s t e n i t i c  

Table 1.3.2. I n i t i a l  concen t ra t i on  l e v e l  
r e s t r i c t i o n s  from 10CFR61 waste d isposa l  

r u l e s  t e n  years a f t e r  shutdown, 
9-MW*years/m2 exposure 

I n i t i a l  concen t ra t i on  l i m i t a  ( a t .  ppm) 
E 1 ement 

Class B Class C 

N 
cu 
Fe 
N i  
Mo 
Nb 

365 3,650 
240 2.400 

35,000 -106 
2,000 20,000 

b 3.6511 
b 1 

Source: R. W. Conn e t  a1 . , Panel Report on 
Low Act ivat ion Materials f o r  Fusion Appl icat ions ,  
UCLA Report PPG-728, U n i v e r s i t y  o f  C a l i f o r n i a  a t  
Los Angeles, June 1983. 

a L i m i t s  apply  t o  f i rs t  w a l l  reg ion .  

bThese elements do no t  q u a l i f y  f o r  Class B 
d isposa l .  

s t a i n l e s s  s t e e l s  and t h e  Er-Mo f e r r i t i ;  (and m a r t e n s i t i c )  s t e e l s  a re  p resen t l y  t h e  l e a d i n g  candidate a l l o yS  
f o r  f u s i o n  r eac to r  s t r uc tu res .  The e f f e c t  o f  i r r a d i a t i o n  on such s t e e l s  has been e x t e n s i v e l y  s t ud i ed  i n  t h e  
f us i on  r eac to r  development proqram and i n  t h e  breeder  r eac to r  program. Furthermore, t h e r e  i s  an ex tens i ve  
background o f  exper ience a v a i l a b l e  t o  draw upon f o r  f a b r i c a t i n g  l a r g e  and compl i ca ted  s t e e l  s t r u c t u r e s  f o r  
e levated- temperature serv ice .  Recause o f  t h i s  background o f  exper ience w i t h  such s t ee l s ,  these m a t e r i a l s  
a re  t h e  l o g i c a l  choices f o r  m d i f i c a t i o n  t o  develop FIRD a l l o y s .  

Common s t e e l  a l l o y i n q  elements t h a t  can be used i n  F I R D  s t e e l s  i nc l ude  Mn, T i ,  C r ,  S i ,  W, V, Ta, Co, 
and C. The mst impor tan t  of t h e  elements no t  a v a i l a b l e  a re  n i c k e l  and mlybdenum. Both elements a re  
present  i n  t h e  a u s t e n i t i c  s t a i n l e s s  s t ee l s ,  and mlybdenum i s  used i n  t h e  Cr-Mo f e r r i t i c  s t ee l s .  If these 
two types o f  s t e e l s  a re  t o  be used, s u b s t i t u t i o n s  must he found f o r  these two elements. I n  t h e  f o l l o w i n g  we 
w i l l  d iscuss p o s s i b i l i t i e s  f o r  deve lop ing  FIRD f e r r i t i c  s t e e l s  s i m i l a r  t o  t h e  Cr-Mo s t e e l s  and F I R D  aus ten i -  
t i c  s t a i n l e s s  s t e e l s  s i m i l a r  t o  t ype  316 s t a i n l e s s  s t ee l .  

1.3.5 F e r r i t i c  S tee ls  

The Cr-Mo f e r r i t i c  s t e e l s  a re  o f  two types:  (1) those  t h a t  b a s i c a l l y  con ta i n  on l y  Cr,*Mo, and 
C, and ( 2 )  those t h a t  con ta i n  these elements p l us  one o r  m r e  o f  t h e  s t r ong  ca rb i de  formers Nh, V, T i ,  
and W ( r e f .  4) .  As an example o f  t h e  f i r s t  type, we can cons ider  2 114 Cr-1 Mo s t e e l .  Th is  s t e e l  was 
an outgrowth o f  t he  C-MO s t ee l s ,  w i t h  t h e  chromium added t o  improve d u c t i l i t y ,  decrease t h e  tendency 
toward g r a p h i t i z a t i o n ,  and p rov i de  o x i d a t i o n  and c o r r o s i o n  r es i s t ance  a t  e l eva ted  temperature. Much of 

*These a re  t h e  elements t h a t  g i ve  s t r eng th  t o  t h e  Cr-Mo s t e e l s  through t he  fo rmat ion  of carb ides.  The 
commercial s t e e l s  gene ra l l y  a l so  con ta i n  up t o  0.5% Mn, 0.4% S i ,  0.5% N i ,  p l us  small  amounts of i m p u r i t y  
elements . 
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t h e  e levated- temperature s t r eng th  i n  t h i s  a l l o y  i s  p rov ided  by a d i spe rs i on  o f  M O ~ C ; ~  
v ides  s o l i d  s o l u t i o n  s t rengthening.  
A f t e r  pro longed exposure a t  e leva ted  temperature, on ly  M23C6 and k C  remain. 
1/4 C r - 1  MO s t e e l  has a pronounced e f f e c t  on t h e  p r e c i p i t a t e  formed and thus  on t h e  e levated- temperature 
proper t ies. ’  
p i t a t e  p rov ides  improved creep st rength.  

The high-chromium Cr-Mo s t e e l s  have a t t r a c t e d  a t t e n t i o n  f o r  f u s i o n  r eac to r   application^.^,^ 
w i t h  9 o r  12% C r  and 1% Ma a re  p r e s e n t l y  be ing  i nves t i ga ted .  
forming element, M23Cs p r e c i p i t a t e  forms i n  these  high-chromium  steel^.^ When vanadium i s  added, M23C6 i s  
s t i l l  t h e  predominant p r e c i p i t a t e  and t h e  on ly  p r e c i p i t a t e  p resen t  a t  equ i l i b r ium.1°  
of vanadium leads t o  a f i n e r ,  more s t a b l e  MZ3C6,  which increases t h e  e levated- temperature s t reng th .  Small 
amounts o f  n iob ium and t i t a n i u m  added t o  these  s t e e l s  l ead  t o  t h e  fo rmat ion  o f  niobium- and t i t a n i u m - r i c h  
MC-type carb ides,  i n  a d d i t i o n  ’.o M23C6 ( re fs .  10 and 11). E v i d e n t l y  these  a l l o y i n g  elements a re  no t  as 
r e a d i l y  absorbed i n  t h e  M23C6 as i s  vanadium. The fo rmat ion  of a f i n e  d i spe rs i on  o f  these  p r e c i p i t a t e s  a t  
t h e  s e r v i c e  temperature can lead  t o  improved s t reng th ,  a l though a reduced d u c t i l i t y  can a l so  r e s u l t .  A 
small  amount o f  tungs ten  (-0.5 wt. %) added t o  t h e  high-chromium Cr-Mo s t e e l s  has a minor e f f e c t  on Strength,  
probably  caused by s o l i d - s o l u t i o n  

molybdenum a l so  p ro-  
Several o t h e r  ca rb ides  a l s o  form,6 i n c l u d i n g  M3C, M7C3, M23C6. and MgC. 

I n  a d d i t i o n  t o  t h e  Mo- and C r - r i c h  carb ides,  V4C3 appears. The f i n e  d i spe rs i on  of t h i s  p r e c i -  

Stee ls  

The a d d i t i o n  o f  0.25% V t o  2 

Wi thout  t h e  a d d i t i o n  o f  a s t r ong  carb ide-  

However, t h e  a d d i t i o n  

1.3.5.1 A l l o y  Composit ion Se lec t i on  

If t h e  o b j e c t i v e  i n  developing a F I R D  a l l o y  i s  t h e  replacement o f  molybdenum i n  t h e  Cr-Mo s t e e l s  w i t h  
an element t h a t  w i l l  l ead  t o  d i spe rs i on  s t reng then ing ,  vanadium would appear t o  be a l o g i c a l  choice. Jus t  
as t h e  Cr-Mo s t e e l s  evolved from t h e  Fe-Mo-C s tee l s ,  which develop t h e i r  s t r eng th  from molybdenum carb ides ,  
a s i m i l a r  p ro  r ess i on  from Fe-V-C would seem poss ib le .  Indeed, a 2 114 Cr-1.5 V s t e e l  has been proposed as 
a FIRD a l l o y .  9 ,  

Considerable research has been conducted on Fe-V-C s tee l s ,  which develop t h e i r  e levated- temperature 
s t r e n g t h  by t h e  fo rmat ion  of V 4 C 3  ( r e f s .  1517). 
s t ee l s .  F i r s t ,  a convent iona l  quench-and-temper or  normalize-and- temper heat t rea tment  procedure can be 
used t o  form a temoered ma r t ens i t e  t h a t  con ta ins  t h e  V,C2. A second o o s s i b i l i t v  t h a t  has been s t ud i ed  i n  

Two types  of heat t rea tment  have been considered f o r  these 

recen t  years i s  t h e  use of a d i r e c t  t rans fo rmat ion .  
s t r u c t u r e  can be developed w i t h  supe r i o r  p r o p e r t i e s  t o  a quenched-and-tempered product .  By t h e  d i r e c t  

1; t h i s  process, ’a  f e r r i t d a n d  f i n e  ca rb i de  mic ro-  

t r ans fo rma t i on ,  which i s  most e a s i l y  ob ta ined  by an i so therma l  t rea tment ,  a f i n e  in te rphase  p r e c i p i t a t e  of 
V 4 C 3  i s  formed r a t h e r  un i f o rm l y  throuqhout  t h e  f e r r i t e .  
con junc t i on  w i t h  t h e  movement o f  t he  a u s t e n i t e - f e r r i t e  houndary d u r i n g  t rans fo rmat ion . )  
s t ud i es  t o  determine how an in te rphase  p r e c i p i t a t e  cou ld  be developed i n  a cont inuous cool (as opposed t o  an 
i so therma l  t r a n s f o r m a t i o n )  from t h e  a u s t e n i t i z i n g  temperature - a probable necess i t y  f o r  a commercial s t ee l .  
One way t o  accompl ish t h i s  i s  by t h e  a d d i t i o n  o f  n i c k e l  o r  manganese t o  t h e  s t e e l  (however, n i c k e l  should be 
avoided f o r  a F I R D  a l l o y ) .  

Because any f e r r i t i c  s t e e l  developed f n r  f u s i o n  r e a c t o r  a p p l i c a t i o n s  should have p r o p e r t i e s  t h a t  a l l ow  
i t  t o  be used t o  50655ODC, t h e  a l l o y  w i l l  undoubtedly need t o  con ta i n  chromium fo r  o x i d a t i o n  and co r ros i on  
res is tance .  The 
major e f f e c t  of chromium i s  t he  appearance of t h e  chromium-rich carb ides  i n  t h e  p r e c i p i t a t i o n  sequence. 
Which carb ides  form w i l l  depend on t h e  vanadium and chromium concent ra t ions ;  an e q u i l i b r i u m  s t r u c t u r e  of 

(An i n t e rphase  p r e c i p i t a t e  i s  one t h a t  forms i n  
There have been 

L i t t l e  i n f o r m a t i o n  i s  p resen t l y  a v a i l a b l e  on t h e  e f f e c t  o f  chromium on t h e  Fe-V-C s tee l s .  

e i t h e r  V 4 C 3  and M 7 C 3  o r  V4C; and M Z 3 C b  would be expected f o r  vanadium and chromium concent ra t ions  of probable 
i n t e r e s t  ( 6 1 %  V and 2-12% Cr )  ( r e f s .  18 and 19). Chromium cou ld  a l s o  change t h e  p r e c i p i t a t e  morphology 
t h a t  r e s u l t s  i n  a d i r e c t  t rans fo rmat ion .  Ins tead  o f  a f i n e  in te rphase  p r e c i p i t a t e  d i s t r i b u t e d  u n i f o r m l y  
th roughout  t h e  m i c ros t r uc tu re ,  chromium may promote t h e  fo rmat ion  o f  a f i b r o u s  p r e c i p i t a t e ,  u s u a l l y  con- 
s i s t i n g  o f  ca rb i de  f i b e r s  3LL50 nm i n  d iameter  spaced about 3C-50 nm apart.16 
f o r  such carb ides  appears s i m i l a r  t o  t he  process by which p e a r l i t e  forms.) 
morphology on mechanical p r o p e r t i e s  i s  not known, a l though t h e  p r o p e r t i e s  a re  no t  expected t o  be as 
favorab le  as those of a f i n e  i n t e rphase  p r e c i p i t a t e .  

and-tempered c o n d i t i o n  (i.e., avo id  t h e  d i r e c t  t r a n s f o r m a t i o n  route,  a t  l e a s t  i n i t i a l l y ) .  
r ep l ace  molybdenum i n  Cr-Mo a s t a r t  should be made w i t h  0.25 and 0.5 wt % V i n  s t e e l s  w i t h  2 2 . 5 %  C r  ( l e ss  
vanadium i s  r equ i r ed  because t h e  mo lecu la r  weight  of vanadium i s  about one-half  t h a t  of molybdenum). 
Vanadium i s  sometimes thought  t o  make a s tee l  l e ss  weldable. For t h a t  reason l ess  than 0.15% C should be 
used; it may a l so  be o f  i n t e r e s t  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  carbon (say 0.1 and 0.15% C a l l o y s ) .  

b e t t e r  p o s s i b i l i t y  f o r  t h e  development o f  a replacement f o r  Cr-Mo s tee ls .  Tungsten i s  i n  t h e  same group of 
t h e  p e r i o d i c  t a b l e  and d i sp l ays  severa l  s i m i l a r i t i e s  t o  molybdenum when i t  i s  used as an a l l o y i n g  element. 
A l l  i n d i c a t i o n s  a re  t h a t  Fe-Id-C a l l o y s  develop analogous p r e c i p i t a t e s  w i t h  s i m i l a r  p r e c i p i t a t i o n  sequences 
t o  Fe-Mo-C a l l o y s  (i.e., both form M2C and M6C of s i m i l a r  morphology, e t c . ) . I 6  
show s i m i l a r  s o l i d - s o l u t i o n  hardening c h a r a c t e r i s t i c s . 1 6  
t h e  two atoms: t h e  tungs ten  d i f f u s i v i t y  i s  s u b s t a n t i a l l y  l ess  than  t h a t  o f  mlybdenum. Th is  r e s u l t s  i n  a 
s lower deve lop ing  secondary hardening peak f o r  a tungs ten  s t e e l ;  however, t h e  tungsten s t e e l  does no t  
overage as r a p i d l y .  ( I t  should be noted t h a t  t h e  secondary hardening peak f o r  a tungsten s t e e l  i s  no t  as 
l a r g e  as t h a t  f o r  a comparable molybdenum s t e e l . )  Th i s  s i m i l a r i t y  o f  tungsten and molybdenum suggests an 
i n i t i a l  composi t ion of 2 4 . 5 %  C r 4 %  W s tee l  (2  wt % W i s  r equ i r ed  t o  ob ta i n  an atomic concen t ra t i on  s i m i l a r  
t o  t h a t  f o r  1 wt % Mo). 

(The p r e c i p i t a t i o n  sequence 
The e f f e c t  of such a p r e c i p i t a t e  

Any a l l o y  development program should concen t ra te  on a l l o y s  i n  a normalized-and-tempered o r  quenched- 
If vanadium i s  t o  

Because o f  t h e  l a r g e  u n c e r t a i n t y  w i t h  t h e  development o f  C r - V  s t ee l s ,  t he  Cr-W s t e e l s  may o f f e r  a 

Tungsten and molybdenum a l so  
One impor tan t  d i f f e r e n c e  i nvo l ves  t h e  d i f f u s i o n  of 
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Table 1.3.3 l i s t s  f e r r i t i c  and m a r t e n s i t i c  s t e e l s  
f o r  a " f i r s t  c u t "  i n  a FIRD a l l o y  development program. 
These i n c l u d e  t h e  C r - V ,  C r- W ,  and Cr- W- V s t e e l s  
d iscussed above. The 5% C r 4 %  WJl.75% V and 
17% Cr-7% IM.75% V s t e e l s  a r e  added f o r  comparison 
w i t h  t h e  nwd i f i ed  9 Cr-1 MoVNb and 12 Cr-1 MoVW (HT9) 
s t e e l s  c u r r e n t l y  under s tudy i n  t h e  fus ion  r e a c t o r  
a l l o y  development program. A s u i t a b l e  s u b s t i t u t e  f o r  
t h e  0.06% Nb i n  t h e  9 Cr-1 MoVNb s t e e l  may be 0.17% 
Ta i n  t h e  5% C r 4 %  K O . 2 5 %  V s t e e l .  Tantalum i s  i n  
t h e  same group o f  t h e  p e r i o d i c  t a b l e  as n iob ium and 
o f t e n  d i s p l a y s  analogous p r o p e r t i e s  t o  niobium. 

We propose t o  develop t h e  FIRO f e r r i t i c  s t e e l s  
based on 7 114% C r  i n s t e a d  o f  t h e  9 and 12% C r  used 
i n  t h e  a l l o y s  p r e s e n t l y  of p r imary  i n t e r e s t  t o  t h e  
fus ion  program. Th is  cho ice  of 7 114% Cr i s  based on 
an a n a l y s i s  o f  ou r  present  understanding o f  Cr-Mo 
s tee ls .  The 9 and 17% C r  s t e e l s  were chosen because 
of  t h e i r  e x c e l l e n t  s w e l l i n g  r e s i s t a n c e  i n  t h e  breeder  
r e a c t o r  program. However, t h e  proposed breeder  reac-  
t o r  a p p l i c a t i o n s  i n v o l v e  s e r v i c e  c o n d i t i o n s  con- 
s i d e r a b l y  d i f f e r e n t  f rom those  p r e s e n t l y  env is ioned  
f o r  f u s i o n  reactors .  Because of these d i f f e r e n c e s ,  
we p r e v i o u s l v  recommended t h a t  2 114 Cr-1 Mo s t e e l  

Table 1.3.3. P o s s i b l e  f e r r i t i c  s t e e l s  f o r  Fas t  
Induced R a d i o a c t i v i t y  Decay (FIRO) A l l o y  

Development Program 

Chemical compos i t i on  (wt %)" 
A l l o y  

C r  v W C 

7 114 Cr-114 V 7-7.5 0.75 0.14.15 
7 114 Cr-117 Vb 7-7.5 0.5 0.14.15 
7 114 Cr-7 W 7-2.5 2 0.14.15 
7 114 Cr-1 W-114 V 7 4 . 5  0.75 1 0.14.15 
7 114 Cr-7 W-1/4 V 7-7.5 0.25 2 0.14.15 
5 C d  W-114 V 5 0.25 7 0.14.15 
9 C r - 2  W-114 Cc 9 0.25 2 0.14.15 
17 Cr2 14-114 C 17 0.7 7 0.14.15 

aBalance i ron .  

b A l l o y s  w i t h  0.08 and 0.15% C should  be 
t e s t e d  . 

CAn a l l o y  w i t h  0.17% Ta should  be con- 
s i d e r e d  t o  comolete t h e  a n a l o w  w i t h  9 Cr-1 

I 

should  be s i r o n g l y  cons idered f o r  f u s i o n  r e a c t o r  
 application^.^ The reasons f o r  t h i s  recommendation 
i nc luded  t h e  o p e r a t i n g  temperatures of proposed 
fus ion  r e a c t o r  designs, p o s s i b l e  advantages i n  we ld ing  t h e  low-chromium s t e e l ,  and conserva t ion  of a s t r a -  
t e g i c  md te r ia l .4  
high-chromium s t e e l s  when t h e y  have been compared i n  i o n - i r r a d i a t i o n  ~ t u d i e s . ~  

Chromium i n  excess o f  about 2% does not  a f f e c t  t h e  e levated- temperature s t renqth, l '  and w i t h  t h i s  
amount o f  chromium, o x i d a t i o n  r e s i s t a n c e  i s  adequate f o r  s e r v i c e  t o  about 600°C. Chromium con ten t  w i l l  
a f f e c t  t h e  h a r d e n a b i l i t y ,  b u t  f o r  f u s i o n  r e a c t o r  a p p l i c a t i o n s  where r e l a t i v e l y  t h i n  s e c t i o n s  a r e  t o  be used, 
t h i s  e f fec t  should  n o t  prove impor tan t .  One o f  t h e  reasons t h e  9 and 12% C r  s t e e l s  a r e  o f t e n  assumed t o  be 
s u p e r i o r  t o  2 114 C r - 1  Mo s t e e l  i s  t h a t  t h e  long- t ime  e levated- temperature s t r e n g t h  o f  t h e  high-chromium 
Cr-Mo s t e e l s  c o n t a i n i n g  V, Na, o r  T i  a r e  compared w i t h  2 114 Cr-1 Mo w i t h o u t  any of these  s t r o n g  c a r b i d e  
formers added. Whenever t h e  e levated- temperature s t r e n g t h  o f  9 Cr-1 Ma and 12 Cr-1 Mo 
w i t h o u t  vanadium o r  n iob ium a r e  compared w i t h  2 114 Cr-1 Mo ( a l l  w i t h  s i m i l a r  m i c r o s t r u c t u r e s ) ,  l i t t l e  
d i f f e r e n c e  i s  observed.'0 
p o s s i b l e  o n l y  w i t h  t h e  h i g h e r  chromium s t e e l s .  

Smith" a r e  consu l ted  f o r  a I% M d . 7 5 %  V4.1% C s t e e l  w i t h  7 114% C r  and fo r  t h e  9 and 17% C r  s t e e l s ,  d i f -  
f e r e n t  ca rb ides  a r e  p r e d i c t e d  f o r  e q u i l i b r i u m  a t  700'C. The M4C3 (V4C3) and M7C3 ca rb ides  a r e  present  i n  
t h e  7 114% C r  s tee l ,  and o n l y  M Z 3 C b  i s  present  f o r  t h e  two hiqh-chromium s t e e l s .  The M 2 3 C g  c a r b i d e  i s  
g e n e r a l l y  a coarse r  c a r b i d e  than  M4C! and M7C3,  a l t hough  as noted above, vanadium s t a b i l i z e s  a f i n e r  p re-  
c i p i t a t e .  Th is  p o s s i b l e  d i f f e r e n c e  i n  ca rh ides  t h a t  occurs  w i t h  v a r y i n g  chromium c o n c e n t r a t i o n  does not  
seem t o  have been s y s t e m a t i c a l l y  i n v e s t i g a t e d ,  even though t h e  Japanese S tee l  Works has r e c e n t l y  i n t r o d u c e d  
a n w d i f i e d  2 114 Cr-1 Mo s t e e l  i n  which 0.25% V and 0.07% T i  have been added.' 

propose t o  i n v e s t i g a t e  t h e  e f f e c t  of chromium. These s t u d i e s  a r e  necessary because t h e  above arguments 
r e l a t i v e  t o  chromium w i l l  o n l y  apply  if molybdenum and tungs ten  behave i n  a complete ly  analogous manner. 

f us ion  r e a c t o r  a p p l i c a t i o n s  have i n d i c a t e d  d i f f e r e n c e s  i n  t h e  long- t ime e levated- temperature s t reng th ,  w i t h  
t h e  9 Cr-1 MoVNb s t e e l  t h e  stronger.'u 
because a t  e q u i l i b r i u m  f i n e  MC ca rb ides  a r e  observed i n  t h i s  s t e e l ,  i n  a d d i t i o n  t o  MZ3C, ( re f .  10). 
t h e  M 2 3 C 6  i s  ohserved i n  t h e  12 Cr-1 MoVW ~ t e e l . ' ~ , ' ~ * ' ~  
s t e e l ,  t an ta lum i s  o f t e n  analogous t o  niobium. T h i s  i s  t h e  bas i s  f o r  sugges t ing  a t a n t a l u m  a d d i t i o n  
(Table  1.3.3). 

i n  s t e e l s  a t  about 0.07% i s  known t o  prevent  g r a i n  coarsen inq  i n  t h e  weld h e a t - a f f e c t e d  zone d u r i n g  h igh-  
hea t- inpu t  welding, t hus  assur ing  good notch toughness. Such t i t a n i u m  a d d i t i o n s  may be u s e f u l  i n  t h e  FlRD 
a l l o y  development program. There i s  a l s o  ev idence t h a t  a low-carbon 7 114 Cr-1 Mo s t e e l  w i t h  ahout 0.144, T i  
has creep p r o p e r t i e s  s u p e r i o r  t o  those  o f  commercial 7 114 Cr-1 Mo s t e e l .  I f  t h e  7 114 Cr-2 W a n d l o r  t h e  

MoVNb s t e e l .  

The s w e l l i n g  r e s i s t a n c e  o f  7 114 Cr-1 MO s t e e l  has been found t o  he e q u i v a l e n t  t o  t h a t  of 

A t  h i g h e r  temperatures, above 600"C, adequate o x i d a t i o n  r e s i s t a n c e  w i l l  be 

There might w e l l  be an advantaqe f o r  a low-chromium Cr-Mo-V s t e e l ,  f o r  when t h e  Cr-Mo-V-C diaqrams of 

A l though t h e  proposed a l l o y  development scheme summarized i n  Table  1.3.3 emphasizes 2 114 C r ,  we a l s o  

Comparat ive s t u d i e s  on t h e  9 C r - I  MoVNb and 12 Cr-1 MoVW s t e e l s  t h a t  are  p r e s e n t l y  b e i n g  cons idered f o r  

Th is  d i f f e r e n c e  may be due t o  t h e  n iob ium i n  t h e  5% Cr s t e e l ,  
Only 

A l though n iob ium must be e l i m i n a t e d  i n  a FIKD 

As noted ahove, t h e  Japanese S tee l  Works added t i t a n i u m  t o  i t s  n w d i f i e d  7 114 Cr-1 Mo s t e e l .  T i tan ium 

7 114 Cr-7 W-0.75 V s t e e l s  s h o u l d  have favo rah le  p r o p e r t i e s ,  t h e  a d d i t i o n  o f  t i t a n i u m  t o  one o r  bo th  o f  
these composi t ions should  be considered. 
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1.3.5.2 A l l o y  Development S t ra tegy  

Any a l l o y  developed f o r  f u s i o n  r eac to r  a p p l i c a t i o n s  must be thorough ly  t e s t e d  i n  a s u i t a b l e  i r r a d i a t i o n  
environment. However, be fo re  any d e t a i l e d  i r r a d i a t i o n  s tud ies  a re  conducted, it i s  necessary t o  understand 
t h e  u n i r r a d i a t e d  behav io r  and t o  compare t h a t  behavjor  w i t h  t he  re fe rence  a l l o y s  t h a t  a re  p r e s e n t l y  can- 
d i da tes  f o r  fus ion  r eac to r  a p p l i c a t i o n s  (i.e., t h e  developmental s t e e l  must be compared w i t h  2 114 Cr-1 Mo, 
9 C r - I  MoVNb, and 12 C r - 1  MoVW s t e e l s ) .  I n f o rma t i en  w i l l  be r equ i r ed  on t he  phys i ca l  m t a l l u r g y  (e.g., p re-  
c i p i t a t e  type,  p r e c i p i t a t i o n  k i n e t i c s ) ,  f a b r i c a b i l i t y ,  w e l d a b i l i t y ,  e levated- temperature s t r eng th ,  impact 
p r o p e r t i e s ,  c o m p a t i b i l i t y ,  and o t h e r  p rope r t i e s .  Once a l l o y s  w i t h  s a t i s f a c t o r y  u n i r r a d i a t e d  p r o p e r t i e s  are 
obta ined,  d e t a i l e d  i r r a d i a t i o n  e f f ec t s  s t ud i es  w i l l  be requ i red .  

I n f o rma t i on  on t h e  phys i ca l  me ta l l u rgy  of t h e  new s t e e l s  w i l l  come from hea t- t rea tment  s t ud i es  t o  
determine t h e  phases developed when quenched, normalized, tempered, and aged. Hardness measurements and 
o p t i c a l -  and e lect ron-microscopy s t ud i es  w i l l  be used t o  s tudy phase s t a b i l i t y .  
t i o n s  my a l s o  prove use fu l .  

o b t a i n  t h e  sheet t h a t  w i l l  be used t o  make TEM and mechanica l- proper ty  specimens. 
should a l so  be performed; perhaps V a r i s t r a i n t  and/or guide-bend t e s t s  cou ld  be used f o r  e a r l y  q u a l i f i c a t i o n s .  

p r o p e r t i e s  w i l l  a l so  be needed t o  d e f i n e  upper temperature l i m i t s  f o r  t h e  a l l o ys .  Comparison w i t h  r e s u l t s  
on p resen t l y  a v a i l a b l e  s t e e l s  w i l l  p r ov i de  a r e l a t i v e  assessment o f  t h e  e levated- temperature behavior.  

t h e  toughness and impact p r o p e r t i e s  and an upper l i m i t  governed by c o m p a t i b i l i t y  l i m i t s  o r  e leva ted-  
temperature s t r eng th .  The impact p r o p e r t i e s  are known t o  be a f f e c t e d  by i r r a d i a t i o n .  For  example, t he  
d u c t i l e - b r i t t l e  t r a n s i t i o n  temperature (DBTT) o f  12 Cr-1 MoVW s t e e l  was found t o  inc rease  by 108°C du r i ng  
i r r a d i a t i o n  i n  E B R - I 1  a t  419°C t o  1.1 x l o z 6  neutrons/m2 ( re f .  21) ;  t h i s  was accompanied by a decrease i n  
t h e  upper- she l f  enerqy. There i s  a ques t ion  about whether t he  magnitude o f  t h e  s h i f t  i s  f i x e d  and whether 
t h e  f i n a l  value depends on t h e  value of t h e  u n i r r a d i a t e d  s t ee l .  
need t o  cons ider  t h e  impact p r o p e r t i e s  of t he  proposed a l l o y s .  These p r o p e r t i e s  w i l l  need t o  be determined, 
and t h e  p r o p e r t i e s  should be a t  l e a s t  as good as those of present  candidate f e r r i t i c  s t ee l s .  

F i n a l l y ,  i t  w i l l  be necessary t o  determine t h e  c o m p a t i b i l i t y  of these s t e e l s  w i t h  p o t e n t i a l  coo lan t  and 
breeding m a t e r i a l s  (i.e., water, hel ium, l i t h i u m ,  l e a d - l i t h i u m  a l l o y s ,  and s o l i d  l i t h i u m  ceramics) .  Because 
t h e r e  i s  no change i n  t h e  chromium concent ra t ion  between these  s t e e l s  and t h e  Cr-Mo s t e e l s ,  l i t t l e  d i f -  
ference i n  c o m p a t i b i l i t y  i s  expected. Never theless,  comparat ive t e s t s  w i l l  be necessary. 

1.3.6 A u s t e n i t i c  S ta i n l ess  S tee ls  

Ana lys is  of ca rb i de  ex t r ac-  

F a b r i c a b i l i t y  w i l l  be determined i n  t he  normal me l t i ng ,  cas t i ng ,  and r o l l i n g  opera t ions  necessary t o  

Elevated- temperature t e n s i l e  p r o p e r t i e s  o f  p rospec t i ve  FIRD f e r r i t i c  s t e e l s  w i l l  be requ i red .  Creep 

A s imple w e l d a b i l i t y  t e s t  

F e r r i t i c  s t e e l  may be use fu l  on ly  i n  a temperature window w i t h  a lower temperature l i m i t  determined by 

Any FIRD a l l o y  development program w i l l  

Type 316 s t a i n l e s s  s tee l  and m o d i f i c a t i o n s  o f  t h a t  bas ic  a l l o y  composi t ion (e.g., by t h e  adjustment o f  
chromium and n i c k e l  con ten ts  and t he  a d d i t i o n  o f  t i t a n i u m )  a re  p resen t l y  t h e  p r imary  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  under cons i de ra t i on  f o r  f us i on  r eac to r  s t r u c t u r a l  app l i ca t i ons .22  The a l l o y  development approach t o  
be f o l l owed  here w i l l  be s i m i l a r  t o  t h a t  f o l l owed  f o r  t h e  f e r r i t i c  s tee ls .  A n  attempt w i l l  be made t o  
develop an a u s t e n i t i c  s t ee l  pa t te rned  on t ype  316 s t a i n l e s s  s t e e l ,  which i s  p resen t l y  a candidate a l l o y .  
Once a base a l l o y  i s  developed, improvements w i l l  he sought i n  t h e  manner p resen t l y  be ing  used t o  develop a 
pr ime candidate a u s t e n i t i c  a l l o y  (PCA), which i s  be ing  developed as a v a r i a t i o n  on t ype  316 s t a i n l e s s  

O f  t h e  elements t h a t  a re  conta ined i n  those  a l l o y s ,  n i c k e l  and molybdenum are  no t  acceptable i n  a 
FIRD a l l o y .  Man anese, l i k e  n i c k e l ,  i s  an aus ten i te- fo rming  element and has o f ten  heen used as  a r e p l a c e-  
ment f o r  n i c k e l  .q3-27 However, t h e  a u s t e n i t e - f o r m i n g  tendency o f  manganese i s  cons iderab ly  l ess  than t h a t  
of n i c ke l ,  and t h e  development of an Fe-Cr-Mn s t a i n l e s s  s t e e l  does no t  f o l l o w  s imply by r e p l a c i n g  n i c k e l  
w i t h  manganese. 

w i l l  be mainta ined a t  0.05 t o  0.1% t o  min imize co r ros i on  problems. To meet t h e  10CFR61 waste- storage 
c r i t e r i a  f o r  Class C waste,2 t h e  n i t r o g e n  concen t ra t i on  cannot exceed 3650 a t .  ppm (-0.09 w t .  %). Thus, 
small  n i t r o g e n  a d d i t i o n s  may be poss ib le .  
d i a t i o n  of copper i n  a f u s i o n  r eac to r  inakes it unsu i t ab l e  f o r  F I R D  a l l o y s  (Table 1.3.2). 

As an a u s t e n i t e  s t a b i l i z e r ,  i t  i s  as s t r ong  as n i c ke l . 28  
I t s  r a d i o a c t i v e  decay c h a r a c t e r i s t i c s  a re  such t h a t  i t  i s  not fo rb idden  i n  Class B or Class C waste by 
10CFR61 ( re f .  2). However, immediately a f t e r  i r r a d i a t i o n ,  s t e e l s  c o n t a i n i n g  coba l t  emit high-energy gamma 
rays t h a t  make t h e  s t e e l s  d i f f i c u l t  t o  handle. Thus, even though coba l t  cou ld  improve t h e  p o s s i b i l i t y  of 
deve lop ing  a F I R D  s t a i n l e s s  s t e e l ,  i t  would make i r r a d i a t i o n  s t ud i es  ext remely d i f f i c u l t  o r  impossib le.  For  
t h a t  reason, coba l t  w i l l  be considered an unsu i t ab l e  a l l o y  a d d i t i o n  f o r  t h i s  d iscussion.  

Other common aus ten i te- fo rming  a l l o y i n g  elements i n c l u d e  C, N, Cu, and Co. The carbon concen t ra t i on  

The decay o f  r a d i o a c t i v e  daughter elements produced by t h e  i r r a -  

Cobal t  p resen ts  an i n t e r e s t i n g  p o s s i b i l i t y .  

1.3.6.1 A l l o y  Composit ion Se lec t i on  

The idea  o f  us i ng  t h e  l ess  expensive manganese t o  rep lace  n i c k e l  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  has 
appeal and has been i n v e s t i g a t e d  q u i t e  e x t e n s i ~ e l y , ~ ~ - ~ ~  ma in ly  i n  t h e  1930s and 1940s. 
i s  used t o  r ep l ace  some n i c k e l  i n  t h e  ZOO-series s t a i n l e s s  s t e e l s ,  t h e  lower aus ten i te- fo rming  c a p a b i l i t y  o f  

A l though manganese 
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manganese i s  o f f s e t  by t h e  a d d i t i o n  of up t o  0.25% N. The on l y  Cr-Mn s t a i n l e s s  s t e e l s  t h a t  appear t o  have 
been used commerc ia l ly  were used i n  Germany.24 These were an 8 0 - 1 8  Mn and an 18 Cr-8 Mn a l l o y ,  bo th  con- 
t a i n i n g  0.1% C. The f i r s t  a l l o y  was e n t i r e l y  a u s t e n i t e  (because o f  t h e  low chromium c o n c e n t r a t i o n ) ,  w h i l e  
t h e  second con ta ined  -40% f e r r i t e .  The low chromium c o n c e n t r a t i o n  of t h e  f i r s t  means it has r e l a t i v e l y  low 
o x i d a t i o n  and c o r r o s i o n  res i s tance ,  w h i l e  t h e  h i g h  f e r r i t e  con ten t  of t h e  second means it w i l l  be prone t o  
sigma-phase format ion,  bo th  reasons making t h e  a l l o y s  u n s u i t a b l e  f o r  e levated- temperature se rv i ce .  I n  add i-  
t i o n  t o  these  two reasons why t h e  development o f  manganese- stabi l ized ( n i c k e l - f r e e  and l o w- n i t r o g e n )  
s t a i n l e s s  s t e e l s  has never been a c t i v e l y  pursued, another  reason i s  t h a t  t h e  increased manganese leads t o  
decreased c o r r o s i o n  r e s i s t a n c e  by s u l f u r i c ,  h y d r o c h l o r i c ,  and n i t r i c  a ~ i d s . ~ ~ . ~ ~  

There have been m r e - r e c e n t  s t u d i e s  on t h e  e f f e c t  of manganese on p r o p e r t i e s  and as an a u s t e n i t e  
s t a b i  l i ~ e r . ~ ~ - ~ ~  Manganese lowers t h e  s t a c k i n g - f a u l t  energy and t h e r e f o r e  increases t h e  r a t e  of work 
hardening.3u 
t o  n i c k e l  ,31 a disadvantage f o r  f u s i o n- r e a c t o r  a p p l i c a t i o n s .  
s t e e l s  a t  e leva ted  temperatures should  n o t  prove l i m i t i n g  if t h e  maximum temperature i s  l i m i t e d  t o  about 
600°C. 

Because of t h e  low a u s t e n i t e - s t a b i l i z i n g  c a p a c i t y  o f  manganese, m s t  o f  t h e  a l l o y s  proved t o  be magnetic 
(i.e., t h e y  con ta ined  some f e r r i t e  o r  mar tens i te ) ,  i n c l u d i n g  an Fe-14% Cr-15% Mn s t e e l .  
c o n t a i n i n g  a l l o y s  mel ted and cast ,  o n l y  t h r e e  were nonmagnetic. One of these con ta ined  5% N i ,  another  2% 
Cu. Because copper i s  g e n e r a l l y  cons idered a weaker a u s t e n i t e  s t a b i l i z e r  than manqanese, t h e  copper cou ld  
presumably be rep laced by manqanese and r e t a i n  t h e  a u s t e n i t e  m ic ros t ruc tu re .  However, t h i s  F e l l %  Cr-15% 
Mn-2 Cu a l l o y  suf fered f rom hot  shor tness when worked. The o n l y  o t h e r  nonmagnetic a l l o y  was an F e 4 %  Cr-2% 
A1-15% Mn s tee l .  Th i s  s t e e l  had reasonably good o x i d a t i o n  r e s i s t a n c e  t o  600°C. The s t e e l  had e x c e l l e n t  
t e n s i l e  p r o p e r t i e s  r e l a t i v e  t o  t h e  o t h e r  s t e e l s  when t e s t e d  i n  t h e  c o l d - r o l l e d  cond i t i on .  A f t e r  a s o l u t i o n  
anneal a t  900 o r  l l O O ' C ,  i t was one of t h e  weakest as measured by t h e  0.2% o f f s e t  y i e l d  s t r e s s ;  t h e  u l t i m a t e  
t e n s i l e  s t r e n g t h  was s i m i l a r  t o  t h a t  f o r  m s t  of t h e  o t h e r  s tee l s .  

t a i n i n g  15% C r  and 15% Mn would be e n t i r e l y  a u s t e n i t e  but  near  t h e  a-y phase boundary, there.  i s  l i t t l e  
guidance a v a i l a b l e  when o t h e r  elements such as carbon a r e  added. A common method used t o  represent  t h e  
phases present  i n  C r - N i  s t a i n l e s s  s t e e l s  i s  a S c h a e f f l e r  diagramz8 (Fig.  1.3.1), i n  which t h e  phase f i e l d s  
expected a t  room temperature a r e  shown i n  terms o f  n i c k e l  and chromium equ iva len ts .  The n i c k e l  and chromium 
e q u i v a l e n t s  have been determined e m p i r i c a l l y  f o r  t h e  m s t  common a l l o y i n g  elements, i n c l u d i n g  
The equat ions t h a t  app ly  t o  Fig.  1.3.1 are  g iven by 

Th is  cou ld  l e a d  t o  problems i n  f a b r i c a t i o n .  It a l s o  lowers  t h e  thermal c o n d u c t i v i t y  r e l a t i v e  
The reduced o x i d a t i o n  r e s i s t a n c e  of Cr-Mn 

Recent ly ,  Desforges and D a n c ~ i s n e ~ ~  i n v e s t i g a t e d  a l a r g e  number of manganese-containing fe r rous  a l l o y s .  

O f  t h e  18 manganese- 

Al thouqh t h e  e a r l y  work on t h e  t e r n a r y  phase diagrams f o r  Fe-Cr-fln would i n d i c a t e  t h a t  a s t e e l  con- 

C r  Equiv  = (Cr) + 2 ( S i )  t 1.5(Mo) + 5 ( V )  t 5.5(AI) + 1.75(Nb) + 1 .5(T i )  + 0.75(W) ( 1 )  

N i  Equiv  = ( N i )  + (Co) + 0.5(Mn) + 0.3(Cu) + 2.5(N) + 30(C) ( 2 )  

where ( ) i s  t h e  c o n c e n t r a t i o n  expressed i n  
weight  percent .  Accord ing t o  Eq. ( 2 ) ,  
manganese i s  o n l y  h a l f  as e f f e c t i v e  as 
n i c k e l  i n  s t a b i l i z i n g  aus ten i te .  

c u l a t e d  fo r  severa l  a l l o y  composi t ions 
(Table  1.3.4), and t h e  p o s i t i o n s  o f  these 
s t e e l s  a r e  shown i n  F ia .  1.3.1. O f  i n t e r e s t  

The C r  and N i  e q u i v a l e n t s  were c a l -  

i s  t h e  f a c t  t h a t  t h e  l g -15  s t e e l  (15% C r ,  
15% Mn, 0.1% C )  and t h e  12-15 s t e e l  (12% C r ,  
15% Mn. 0.1% C l  a r e  i n  t h e  a u s t e n i t e - o l u s -  
m a r t e n s i t e  f i e i d .  
cates t h a t  such a l l o y s  should  be e n t i r e l y  
a u ~ t e n i t e . ~ ~ - ~ ~  A 12-20 s t e e l  f a l l s  i n  t h e  
a u s t e n i t e- p l u s  m a r t e n s i t e  reg ion  w h i l e  a 
15-20 s t e e l  l i e s  j u s t  o u t s i d e  t h i s  f i e l d  i n  
t h e  a u s t e n i t e  f i e l d .  Con t ra ry  t o  expec- 
t a t i o n s ,  t h e  diagram i n d i c a t e s  t h a t  an 
inc rease  i n  chromium f rom 12 t o  15% ( w i t h  
20% Mn) leads t o  an a u s t e n i t i c  s t e e l .  

A l so  shown i n  Table  1.3.4 and 
F ig .  1.3.1 a r e  da ta  f o r  t y p e  316 s t a i n l e s s  
s t e e l  and two exper imenta l  s tee l s .  The 
EP-838 i s  a Russian s t e e l  i n  which much o f  
t h e  n i c k e l  f rom a Cr-Ni- type s t a i n l e s s  
s t e e l  such as t y p e  316 was rep laced  by 
manganese. To h e l p  m a i n t a i n  a u s t e n i t e ,  t h e  
chromium and mlybdenum were reduced from 
t h e  amounts of these elements i n  t y p e  316 
s t a i n l e s s  s t e e l .  Th i s  s t e e l  i s  i n  t h e  
a u s t e n i t e  region. The Cr-Mn s t e e l  

The phase diagram i n d i -  

ORNL-DWG BO-12039R 
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F i g .  1.3.1. S c h a e f f l e r  diagram w i t h  p o i n t s  f o r  v a r i -  
ous s t e e l s  superimposed. Fo r  t h e  double numbers t h e  f i r s t  
number i s  t h e  weight  percent  chromium, t h e  second weight  
percent  manganese (e.g., 12-15 i s  12% C r  and 15 Mn); a l l  a r e  
assumed t o  have 0.1% C. AMCR i s  10% Cr--17.5% Mr+O.ll% C, 
EP-838 i s  11.6% Cr-13.5% M n 4 . 2 %  Ni4 .9% M d . 0 2 %  C, and 
316 SS i s  17.3% Cr-1.7% Mn-12.5% N i -Z . I% M&.06% C. 
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designated ACMR i s  a s t e e l  Table 1.3.4. Chromium and n i c k e l  equ i va l en t s  f o r  severa l  
be i ng  s t u d i e d  by t h e  European commercial and exper imenta l  s t e e l s  
c o r n u n i t i e s  f u s i o n  p r o  r a m  as 
a p o s s i b l e  FIRD steel.'' 
A l though no i n f o r m a t i o n  i s  Composit ion ( w t  %) Equi Val ent  
p resen t l y  a v a i l a b l e  f o r  t h i s  A l l o y  
m a t e r i a l ,  we would expect it Cr Mn N i  MO S i  A1 C N i  C r  
t o  be a u s t e n i t i c ,  w h i l e  t h e  
S c h a e f f l e r  diagram p r e d i c t s  316 SS 17.3 1.7 12.4 2.1 0.7 0.06 15.0 21.9 
otherwise.  Fu r t he r  d i f f i c u l -  15-15 15 15 0.10 18.0 15.0 
t i e s  w i t h  t h e  diagram are  12-15 12 15 0.10 18.0 12.0 
found when t h e  t h r e e  non- 15-20 15 20 0.10 23.0 15.0 
magnetic s t e e l s  of Desforges EP-838 11.6 13.5 4.2 0.9 0.4 0.7 0.02 11.6 17.6 
and Dancoisne a re  r e f e r r e d  t o  AMCR 10.1 17.5 0.10 0.55 0.11 12.2 11.2 
t h e  diagram.33 None of them 
was found t o  f a l l  i n  t h e  
aus ten i t e  reg ion  ( o r  near a 
boundary ) . 
ca te  t h a t  t h e  words of Oesforges and Dancoisne a re  appropr ia te .  

These i ncons i s t enc i es  between phase diagrams and exper imenta l  r e s u l t s  w i t h  t he  S c h a e f f l e r  diagram i n d i -  
They wro te :33  

A S c h a e f f l e r  c o n s t i t u t i o n  diagram f o r  manganese-containing s t e e l s  would be of g rea t  va lue 
i n  p r o v i d i n g  designers and we ld ing  engineers w i t h  t h e  necessary i n f o rma t i on  on weld metal m ic ro -  
s t r uc tu re .  

And, i t  might be added, base metal m i c ros t r uc tu re .  

an overes t imate  o f  manganese's a u s t e n i t e - s t a b i l i z i n g  e f f ec t . 35  One study i n d i c a t e d  t h a t  t h e  e f f ec t  of man- 
ganese may be a cons tan t  w i t h  a va lue of 0.35 ( re f .  35). 
i n  l i g h t  of t he  above d iscuss ion .  Thus, i t  appears t h a t  much s t i l l  needs t o  be learned  about t h e  e f f e c t  of 
manganese i n  a u s t e n i t i c  s tee ls .  The S c h a e f f l e r  diagram, as now c o n s t i t u t e d ,  would appear t o  be of l i t t l e  
he l p  i n  deve lop ing  manqanese- stabi l ized a u s t e n i t i c  s t ee l s .  

Molybdenum i s  p resen t  i n  t ype  316 s t a i n l e s s  s t e e l  t o  enhance t h e  co r ros i on  r es i s t ance  aga ins t  ch l o r i des  
and p i t t i n g  as w e l l  as improv ing  t h e  h igh- temperature mechanical p rope r t i e s .  It i s  not known whether 
tungsten,  which i s  analogous t o  molybdenum i n  f e r r i t i c  s t e e l s ,  would achieve t h e  same e f f ec t  as molybdenum 
i n  these s t ee l s .  However, tungsten i s  a f e r r i t e  former, and i n  a Cr-Mo s t e e l  would p robah ly  have t o  rep lace  
chromium if a duplex s t r u c t u r e  was t o  be avoided. 

t h e  Russian s tee l  des ignated EP-838.36 (The composi t ion i s  g iven  i n  Table 1.3.4). The t e n s i l e  p r o p e r t i e s  
o f  t h i s  s t e e l  i n  t h e  ZO%-cold-worked c o n d i t i o n  a t  room temperature and 300'C are  s i m i l a r  t o  those  of 

There have been var ious  s tud ies  t h a t  i n d i c a t e  t h a t  t h e  0.5 m u l t i p l i e r  f o r  manganese i n  Eq. (2 )  may be 

However, such a low value does no t  seem reasonable 

The s t r eng th  of t h e  Fe-Cr-Mn s t e e l s  i s  of some concern. We have r e c e n t l y  determined t h e  s t r eng th  of 

ORNL~DWG 81-780BR 
lmo , ORNL-OWG 82-7807R 
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Fig .  1.3.2. Eng ineer ing  s t r e s s - s t r a i n  curves a t  ((1) room temperature and ( b )  300°C fo r  u n i r r a d i a t e d  and 
i r r a d i a t e d  20%-cold-worked EP-838 and t ype  316 s t a i n l e s s  s t ee l s .  
8 dpa. 

I r r a d i a t i o n  was i n  HFIR a t  -5O'C t o  - 5 t o  



20%-cold-worked t y p e  316 s t a i n l e s s  s t e e l  (Fig. 1.3.2). The e f f e c t  of manqanese on t h e  work-hardening capa- 
c i t y  i s  ev iden t ,  e s p e c i a l l y  i n  t h e  room-temperature t e s t s .  A f t e r  i r r a d i a t i o n  t o  a displacement-damage l e v e l  
o f  5-8 dpa, t h e  p r o p e r t i e s  of t h e  two s t e e l s  were a l s o  s i m i l a r .  These two s t e e l s  a l s o  have s i m i l a r  t e n s i l e  
p r o p e r t i e s  i n  t h e  so lut ion- annealed c o n d i t i o n  be fo re  and a f t e r  i r r a d i a t i ~ n . ~ '  From these r e s u l t s  it appears 
t h a t  manganese cou ld  be used t o  rep lace  a l a r g e  p o r t i o n  of t h e  n i c k e l  and a t  t h e  same t i m e  t h e  chromium and 
molybdenum concen t ra t ions  cou ld  be reduced w i t h o u t  a f f e c t i n q  t h e  s t renq th .  No i n f o r m a t i o n  i s  a v a i l a b l e  on 
t h e  e f f e c t  of t h e  reduced amounts o f  chromium and mlybdenum on c o r r o s i o n  res is tance .  

The major  concerns w i t h  a u s t e n i t i c  s t e e l s  f o r  fus ion- reac to r  a p p l i c a t i o n s  i n v o l v e  v o i d  swe l l i ng ,38  
h e l i u m  embr i t t l ement ,3q  and c o m p a t i b i l i t y  w i t h  coolants .  
d u r i n o  i r r a d i a t i o n  i n  t h e  t e m e r a t u r e  ranue 0.35 t o  0.6 t imes t h e  abso lu te  m l t i n u  m i n t  of t h e  s t e e l  can 

The v o i d  and d i s l o c a t i o n  s t r u c t u r e  t h a t  develops 

l e a d  t o  l a r g e  volume increases,  which cou jd  not  be t o l e r a t e d  i n  a s t r u c t u r a l  component. The l a r g e  amounts 
of t ransmuta t ion  he l ium t h a t  w i l l  be generated i n  a f u s i o n  r e a c t o r  f i r s t - w a l l  s t r u c t u r e  a r e  known t o  a f fec t  
v o i d  n u c l e a t i o n  and u r o ~ t h . ~ ~  I n  a d d i t i o n .  above h a l f  t h e  abso lu te  m l t i n o  Po in t .  smal l  amounts of he l ium .. , 
a t  g r a i n  boundaries i e a d  t o  embrittlement.i9 

work)  and/or a h i g h  d e n s i t y  of f i n e  t i t a n i u m  carb ide  p r e c i p i t a t e s  (MC p r e c i p i t a t e s )  i n  t h e  m i c r o s t r u c t ~ r e s . ~ ~  
The d i s l o c a t i o n s  and p r e c i p i t a t e s  ac t  as h e l i u m- c o l l e c t i o n  s i t e s ,  g i v i n g  r i s e  t o  a h i g h  d e n s i t y  o f  f i n e  
c a v i t i e s  t h a t  subsequently ac t  as p r e f e r e n t i a l  s inks  f o r  t h e  vacancies and i n t e r s t i t i a l s  produced d u r i n g  
i r r a d i a t i o n .  The MC ca rb ides  on g r a i n  boundaries a l s o  impar t  r e s i s t a n c e  t o  he l ium embr i t t l ement  a t  e l e v a t e d  
temperatures. The a p p l i c a t i o n  o f  these p r i n c i p l e s  has l e d  t o  an a u s t e n i t i c  pr ime cand ida te  a l l o y  (PCA) f o r  
fus ion  reac to rs ;40  t h i s  a l l o y  w i t h  14% Cr, 16% N i ,  2% Mo, and 0.25% T i  i s  p r e s e n t l y  be ing  i r r a d i a t e d  and 
tes ted .  I n  a d d i t i o n  t o  h e l p i n q  c o n t r o l  t h e  he l ium and min im ize  t h e  s w e l l i n g ,  t h e  MC a l s o  s t reng thens  by 
p r e c i p i t a t e  hardeninq. The s i m i l a r  use of t i t a n i u m  i n  a manganese-Stabi l ized a u s t e n i t i c  s t e e l  would appear 
a p p r o p r i a t e  t o  p r o v i d e  s w e l l i n g  r e s i s t a n c e  and a d d i t i o n a l  s t reng th .  I t  should be noted, however, t h a t  t i t a -  
nium i s  a f e r r i t e  s t a b i l i z e r .  and t h e  fo rmat ion  o f  T i c  would e l i m i n a t e  carbon f rom s o l u t i o n  and thus  neoate 

Methods be ing  t e s t e d  f o r  t h e  suppress ion of v o i d  s w e l l i n g  a re  t o  use a h i g h  d i s l o c a t i o n  d e n s i t y  ( c o l d  

i t s  r o l e  as an a u s t e n i t e  s t a b i l i z e r .  
The above c o n s i d e r a t i o n s  i n d i c a t e  t h a t  t h e  development o f  a FIR0 a u s t e n i t i c  s t e e l  w i l l  be m r e  compl i-  

ca ted  than t h a t  o f  a f e r r i t i c  s tee l .  
a s t a b l e  composi t ion f o r  a Cr-Mn s tee l .  I n  o rder  t o  o b t a i n  an i n d i c a t i o n  o f  t h e  l i m i t s  of a u s t e n i t i c  phase 
s t a b i l i t y ,  smal l  heats w i t h  t h e  composi t ions g iven i n  Table 1.3.5 a re  proposed. The phase s t a b i l i t y  of t h e  
proposed s t e e l s  w i l l  be determined by o p t i c a l  microscopy f o l l o w i n g  so lu t ion- annea l  and the rma l- ag ing  t r e a t -  
ments. 

necessary t o  a d j u s t  t h e  composi t ion fo r  s w e l l i n g  res is tance ,  
s t reng th ,  and c o m p a t i b i l i t y  w i t h  p o s s i b l e  b reed ing  and Table 1.3.5. P o s s i b l e  a u s t e n i t i c  s t a i n -  
c o o l i n g  media. Exper ience w i t h  t ype  316 s t a i n l e s s  s t e e l  and l e s s  s t e e l s  f o r  Fas t  Induced 
improvements made when t h e  PCA was developed suggests t h e  R a d i o a c t i v i t y  Decay (FIRD) 
a d d i t i o n  of T i ,  S i ,  and W (as a s u b s t i t u t e  f o r  110). The A l l o y  Oevelopment Program 
development of PCA was aided by t h e  knowledge p r e v i o u s l y  
ob ta ined  on processes such as s o l u t e  segrega t ion  d u r i n g  
c a v i t y  growth and t h e  e f f e c t  o f  d i f f e r e n t  p r e c i p i t a t e s  on Chemical Composit ion, w t  F 
n u c l e a t i o n  and growth of c a v i t i e s  (e.g., t h e  d i f f e r e n c e  b e t -  A l l o y  

n i c k e l  cou ld  w e l l  a l t e r  these processes, thus  making 
necessary d e t a i l e d  s t u d i e s  of t h e  new a l l oy  system. Note 15 Cr-15 Mn 15 15 0.05-0.1 (0.01 
a l s o  t h a t  T i ,  W, and S i  a re  f e r r i t e  s t a b i l i z e r s .  Even i f  a 
Phase-stable aua te rnarv  a l l o v  i s  ob ta ined  from t h e  i n i t i a l  15 C r l O  Mn 15 20 0.05-0.1 <0.01 

The f i r s t  s tep  i n  a developmental program m s t  be t h e  de te rm ina t ion  of 

A f t e r  a s t a b l e  composi t ion i s  determined, it w i l l  be 

ween MC and M 2 3 C 6 ) . 4 0  The s u b s t i t u t i o n  o f  manganese f o r  C r  Mn C N 

s tud ies ,  t h a t  ' s t a b i l i t ;  may "be jeopard ized  by t h e  a d d i t i o n  
of these elements, and f u r t h e r  compos i t i ona l  ad justments and 10 Cr-15 Mn 10 15 O.OW.1 (0.01 
s t a b i l i t y  s t u d i e s  w i l l  be requi red.  

1.3.6.2 A l l o y  Development S t ra tegy  
~ . . . . . . . . . . . 

Once an a u s t e n i t i c - s t a b l e  a l l o y  composi t ion i s  
i d e n t i f i e d ,  t h e  s t r e n g t h  o f  t h e  a l l o y s  w i l l  have t o  be 
determined i n  t h e  cold-worked and so lu t ion- annea led  c o n d i t i o n s  i n  an e f f o r t  t o  get a l l o y s  w i t h  s t r e n g t h s  
comparable t o  those of t y p e  316 s t a i n l e s s  s t e e l .  
par isons.  Because t h e  l i f e  l i m i t a t i o n  on t h e  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  t h e i r  p r o p e n s i t y  t o  swe l l  
d u r i n g  i r r a d i a t i o n ,  samples of these a l l o y s  should be i r r a d i a t e d  t o  h i g h  f luences.  S w e l l i n g  masurements 
can be used t o  compare t h e  behavior  o f  t h e  new a l l o y  w i t h  t y p e  316 s t a i n l e s s  s t e e l  and PCA. 

I n f o r m a t i o n  on f a b r i c a b i l i t y  w i l l  be ob ta ined  d u r i n g  t h e  m l t i n g ,  cas t ing ,  and r o l l i n g  opera t ions  
necessary t o  o b t a i n  t e s t  m a t e r i a l .  Simple w e l d a b i l i t y  t e s t s  can be conducted on t h e  s t e e l s  t h a t  evo lve  f rom 
t h e  f i r s t  s e r i e s  of a l l o y s .  C o m p a t i b i l i t y  t e s t s  w i t h  p o t e n t i a l  c o o l i n g  and breeding media (e.g., L i ,  Pb-Li, 
and s o l i d  l i t h i u m  ceramics)  may prove ext remely  impor tan t  fo r  t h i s  c l a s s  o f  a l l o y s .  A l a r g e  r e d u c t i o n  o f  
chromium and t h e  e l i m i n a t i o n  of mlybdenum may w e l l  have a l a r g e  e f f e c t  on t h e  c o m p a t i b i l i t y  o f  t h i s  c l a s s  
of s t e e l .  

T e n s i l e  p r o p e r t i e s  should be adequate f o r  t h e  i n i t i a l  com- 



I 9  

1.3.6.3 Other A u s t e n i t i c  A l l oys  

Several Japanese s t e e l  companies have developed high-manganese, low-chromium a u s t e n i t i c  s t ee l s .  
However, nwst of these  e i t h e r  con ta i n  n i c k e l  and/or n i t r o g e n  content  above t h e  l i m i t s  g iven by 10CFR61 and 
thus  do no t  q u a l i f y  as F I R D  a l l o ys .  An excep t ion  i s  a s t e e l  by Nippon Kokan designated NM-1, which con ta ins  
20% Mn, 2% C r ,  0.5% C, and 0.5% S i .  O f  course, t h i s  s t ee l  i s  not " s t a i n l e s s "  and as such does no t  f it t h e  
c r i t e r i a  es tab l i shed  above when t h e  types o f  a l l o y s  t o  be developed were discussed. Never theless,  t h i s  
a l l o y  might be used t o  de f ine  another c lass  (low-Cr, Cr-Mn s t e e l )  of FIRD s t e e l s  t o  be considered should 
those  d iscussed above no t  prove adequate. Indeed, i n  t he  a l l o y  development approach suggested above, t h i s  
c l ass  of s t e e l s  i s  one o f  t h e  l i m i t s  being approached. 

1.3.7 Conclus ions 

If a fu tu re  fus ion  r e3c to r  cou ld  be cons t ruc ted  from a m a t e r i a l  t h a t  develops l i t t l e  o r  no induced 
r a d i o a c t i v i t y  du r i ng  serv ice ,  a r eac to r  m r e  acceptable t o  t h e  p u b l i c  and t h e  u t i l i t y  i n d u s t r y  would r e s u l t ,  
one t h a t  would a l l ow  f o r  hands-on maintenance and would min imize r a d i o a c t i v e  waste- disposal  prohlems. No 
s t r u c t u r a l  m a t e r i a l s  a re  p resen t l y  a v a i l a b l e  t o  cons t r uc t  such a reac to r .  However, i t  appears poss i b l e  t o  
develop a l l o y s  t h a t  have r e l a t i v e l y  f a s t  i n d u c e d - r a d i o a c t i v i t y  decay (FIRD), which would s i m p l i f y  t h e  
r a d i o a c t i v e  waste-disposal problem. 

p r e s e n t l y  l e a d i n g  candidate s t r u c t u r a l  m a t e r i a l s  f o r  f us i on  reac to rs .  These s t e e l s  do no t  q u a l i f y  as FIRD 
a l l o y s  p r i m a r i l y  because o f  t he  nwlybdenum and n i c k e l  contents ( n i t r o g e n  and n iobium n u s t  be kep t  t o  ex- 
t reme ly  low concen t ra t ions) .  An a l l o y  development approach has been o u t l i n e d  where s u b s t i t u t i o n s  cou ld  be 
made f o r  these elements i n  t he  Cr-Ma s t e e l s  and a u s t e n i t i c  s t e e l s  and y e t  ma in ta in  p r o p e r t i e s  s i m i l a r  t o  t h e  
parent  s tee ls .  For  s t e e l s  w i t h  p r o p e r t i e s  analogous t o  t h e  Cr-Ma s t e e l s ,  t he  s u b s t i t u t i o n  o f  tunqs ten  f o r  
molybdenum appears s t r a i gh t f o rwa rd .  To induce d i spe rs i on  s t reng then ing ,  t h e  a d d i t i o n  of vanadium i s  a l so  
poss ib le ,  and t i t a n i u m  and tan ta lum add i t i ons  may a l so  be valuable.  The p roduc t i on  o f  a u s t e n i t i c  s t ee l s  i n  
which n i c k e l  i s  replaced by manganese may be poss i b l e ,  a l though t h i s  may prove rmch m r e  d i f f i c u l t  than t h e  
development o f  a F I R D  f e r r i t i c  s t e e l .  This  d i f f i c u l t y  a r i ses  because manganese i s  no t  as s t r ong  an auste-  
n i t e  s t a b i l i z e r  as n i c k e l .  
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1.4 MAGNETIC FORCES ON A FERROMAGNETIC HT-9 FIRST WALL/BLANKET AN0 COOLANT PIPE - T. A. Lechtenberg. C. 
Dahms (GA Technologies Inc.) and H. A t taya  ( U n i v e r s i t y  o f  WlsconSln) 

1.4.1 hdd.lAA 

Def ine  m a t e r i a l  p rope r t y  requ i rements  and make s t r u c t u r a l  l i f e  p r e d i c t i o n s .  

1.4.2 ablectlvs 
To c a l c u l a t e  t h e  magnet ic loads induced on t y p i c a l  f u s i o n  r e a c t o r  f i r s t  w a l l  components and c m i a n t  

p i p e s  f a b r i c a t e d  a t  fe r rogmagnet ic  HT-9. 

1.4.3 SVmmKy 

The GFUN 3D code was used t o  model t h e  t o r o i d a l  f i e l d s  and determine t h e  magnet lc body fo rces  on t h e  
STARFIRE des ign for c o o l a n t  p i p e s  e x l t l n g  t h e  f i r s t  w a l l  sec to r  and f l r s t  w a i l / b l a n k e t  modules. The HT-9 
c o o l a n t  p i p e s  were modeled on t h e  b a s l s  of a square bar hav ing t h e  same l e n g t h  and m a t e r i a l  volume as t h e  
c o o l a n t  pipes. 
length, 8.25 un O.D., and 0.75 un th i ckness  by t h e  MDDSAP s t r e s s  a n a l y s t s  code. 
module, GFUN 30 does n o t  a l l o w  f u l l  model I n g  of t h e  complex t h i n- w a l l e d  s t r u c t u r e  o r  numerous Small t ubes  
because of t h e  element aspect  r a t i o  i Im l ta t i ons .  Therefore, t o  o b t a i n  t h r e e  dlmensional  loads, a so1 I d  
hanogenous e q u l v a l e n t  s t r u c t u r e  was used. 

The s t r e s s  a n a l y s i s  was performed u s i n g  these  magnet lc f o r c e s  a p p l l e d  t o  a p i p e  of 4 meters 
For t h e  f i r s t  w a l l / b i a n k e t  

Resu l t s  on t h e  c m i a n t  p i p e  show t h a t  magnet ic s t r e s s e s  a r e  Increased I f  t h e  p i p e  Is mwed c l o s e r  t o  
t h e  TF magnet l n t o  t h e  r e g l o n  of h i g h e r  f l e l d  grad ient .  Maxlmum effective s t r e s s e s  a t  a p i p e  d i s t a n c e  of 
1.4 meter fran t h e  cen te r  o f  t h e  TF magnet were c a l c u l a t e d  t o  be 33 MPa. T h i s  I s  cons idered t o  be a t  t h e  
l e v e l  I n  whlch magnet ic f o r c e s  must be accounted f o r  i n  design, y e t  n o t  so h i g h  as t o  be unmanageable. By 
p l a c i n g  t h e  p i p e  0.54 meters c l o s e r  t o  t h e  magnet, t h e  maximum o f  s t r e s s e s  increased t o  about 107 MPa. 
However, these can be reduced s l g n l f l c a n t l y  by s imp ly  s u p p o r t l n g  t h e  p l p e  I n  t h e  cen te r  or a t  t h e  l o c a t i o n  
of t h e  l a r g e s t  force.  Maximum e f f e c t  of  s t r e s s e s  I n  t h e  former case a r e  l e s s  t h a n  80 MPa. By p l a c i n g  t h e  
s lmp ie  suppor t  nearer  t h e  end w i t h  t h e  maxlmum f o r c e  a t  a d l s tance  on t h e  p i p e  between 1.10 and 1.15 meters, 
t h e  s t resses  a r e  es t lma ted  t o  be reduced t o  even sma l le r  l e v e l s  of about 27 MPa. 

Load c a l c u l a t l o n s  for t h e  FW/B modules were performed u s l n g  t h e  STARFIRE des ign c o n s l s t l n g  o f  24 
b l a n k e t  s e c t o r s  each canposed o f  n i n e  I n d i v i d u a l  modules. A l l  s e c t o r s  were assumed t o  be equal I n  5128 and 
p laced I n  symmetry w l t h  t h e  s t r o n g  magnet ic f l e l d  p lanes  under t h e  TF c o i l s .  The c a l c u l a t i o n s  determined 
t h a t  t h r e e  t ypes  of magnet ic f o r c e  would be induced on t h e  b l a n k e t  sec to r  of t h e  STARFIRE des ign I f  HT-9 
were used as t h e  f l r s t  w a l l / b l a n k e t  module m a t e r i a l .  Due t o  t h e  placement of t h e  sec to r  w l t h  respec t  t o  t h e  
magnet ic f l e l d  grad ients ,  a smal l  f o r c e  would be p u l l i n g  t h e  sec to r  upward. The fo rces  l e s s  than  0.3 t lmes  
t h e  we lgh t  o f  t h e  m a t e r i a l .  A second f o r c e  would be I n  t h e  t o r o l d a l  d i r e c t i o n  r e s u l t i n g  I n  a s e i f -  
c a n c e l l i n g  system of f o r c e s  be ing generated I n  each module. T h i s  f o r c e  would produce low I n t e r n a l  loads I n  
t h e  modules. The t h i r d  t y p e  of f o r c e  i s  d i r e c t e d  r a d i a l l y  inward toward t h e  r e a c t o r  cen te r  and r e s u l t s  i n  
e q u i v a l e n t  pressures exe r ted  on t h e  i n t e r n a l 5  of t h e  b l a n k e t  modules. The s t resses  r e s u l t i n g  fran these 
fo rces  can be c o n t r o l l e d  t o  t h e  same l e v e l s  as f o r  o the r  loads such as dead welght.  Whi le  t h e  suppor ts  
i n t e r n a l  t o  t h e  breed ing b l a n k e t  were n o t  Intended t o  Support  a magnet ic f o r c e  such t h a t  e l t h e r  a t h i c k e n i n g  
of t h e  w a l l s  or t h e  a d d i t i o n  of i n t e r n a l  w a i l s  would decrease t h e  s t resses  on t h e  s t r u c t u r e .  S l l g h t  des ign 
changes, there fore ,  c o u l d  acccmmodate any e x t r a  magnet lc f o r c e s  generated. 

1.4.4 

1.4.4.1 introduction 

An i ssue  for Path E i s  t h e  e f f e c t  o f  us ing  a fe r romagne t i c  a l l o y  I n  a dev i ce  w l t h  a h i g h  magnet lc 
f i e l d .  
t h a t  t h e  e f f e c t s  of HT-9 on plasma eng lnee r lng  and r e a c t o r  s t a b i l i t y  a r e  manageable. T h i s  c o n t r l b u t l o n  
c o n t a i n s  t h e  r e s u l t s  of an a n a l y s i s  and e v a l u a t i o n  o f  t h e  f o r c e s  induced on a c m l a n t  p i p e  and a FW/B module 
made of HT-9 u s i n g  t h e  STARFIRE tokamak model. 

1.4.4.2 AM.&J.s 

s t r u c t u r e ,  s t u d i e s  were I n J t l a t e d  u s i n g  t h e  GFUN3D code(3)  f o r  magnet ic f o r c e  c a l c u l a t i o n s ,  and MODSAPfi) 
f o r  s t r e s s  c a l c u l a t i o n s .  STARFIRE was s e l e c t e d  as t h e  f u n c t i o n a l  model, a l though i n  t h i s  s tudy a l l  m a t e r l a l  
p r e v i o u s l y  assigned as a u s t e n t i c  PCA was rep laced  by HT-9. Thus t h e  magnet lc f o r c e s  due t o  HT-9 near and 
w i t h i n  t h e  t o r o l d a l  f l e l d  c o i l s  c o u l d  be ca lcu la ted,  and t h e  body f o r c e s  used t o  compute t h e  Stress. 

Prev lous work by Rosenwasser e t  a i L 1 )  and a r e c e n t  rev lew  by Lechtenberg and co-workers(2) showed 

I n  o rde r  t o  understand t h e  s t resses  t h a t  m l g h t  be expected i n  a tokamak f e r r a n a g n e t i c  e n g l n e e r i n  

L2=hLum 
An a n a l y s i s  was performed on a t y p i c a l  c o o l a n t  m a n i f o l d  p l p e  e x l t l n g  a b l a n k e t  module on STARFIRE and 

Magnet iza t ions ( M ) were canputed by GFUN throughout  a s o l i d  pass lng  th rough  t h e  t o r o l d a l  magnet ic f i e l d .  
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square bar of equal l e n g t h  and volume t o  t h a t  of  t h e  ac tua l  plpe. F l g u r e  1.4.1 s h w s  t h e  I o c a t l o n  o f  t h e  
p l p e  r e l a t l v e  t o  t h e  r e s t  of  t h e  r e a c t o r  components. 
p l p e  was modeled i n  GFUN3D as a s o l i d  square bar or hav ing equal l e n g t h  and volume t o  t h a t  of  t h e  plpe. 
magnet lc fo,rce was c a l c u l a t e d  by us ing  

For t h e  purpose of c a l c u l a t i n g  magnet iza t ion ,  M, t h e  
The 

dV F = M o * B  

PO 
V 

where F, M , 8, Po, and V a re  t h e  t o t a l  force, t h e  magnet lza t lon ,  g r a d l e n t  of t h e  f i e l d ,  permeabll lfy, and 
m a t e r i a l  volume r e s p e c t i v e l y .  D e t a l l s  o f  t h e  c a l c u i a t l o n  a r e  descr lbed e l sewhere ( l5 ) .  

SCHEMATICSHOWING T H E  POSITION OF T H E  
M O D U L E  AND PIPEWITH R E S P E C T T O T H E  MAGNETS 

-1200 -800 -400 0 400 800 I 2 0 0  400 800 1200 

X-CM Y-CM 

Flg. 1.4.1 Schematlc of t h e  l o c a t i o n  of 
module and c o o l a n t  p l p e  w l t h  respec t  t o  t h e  
t o r o i d a l  f i e l d  magnets I n  ( a )  t o p  v l e u  and ( b )  
s l d e  v I W  

The g r a d i e n t  o f  8, o r  I t s  e q u l v a l e n t  p a r t l a l  d e r l v a t l v e s  was c a l c u l a t e d  fran GFUN3D by model ing t h e  
square bar such t h a t  t h e r e  would be two l n t e g r a t l o n  p o i n t s  i n  d i r e c t i o n s  pe rpend icu la r  t o  t h e  bar  ax ls .  
Thus, a t  each axla1 l o c a t l o n  t h e r e  were fou r  l n t e g r a t l o n  p o l n t s  i n  a p lane pe rpend icu la r  t o  t h e  bar ax ls .  
T h i s  a l l owed  a g r a d i e n t  t o  be c a l c u l a t e d  I n  a l l  t h r e e  d l r e c t i o n s  o f  space, thus  u t i 1  l z i n g  t h e  3-D c a p a b i l -  
l t l e s  o f  GFUN3D. By t a k l n g  f i n l t e  d i f f e r e n c e s  between elements and u s l n g  t h e  equa t ions  p r e v l o u s l y  men- 
t ioned, approxlmate f o r c e  v e c t o r s  (Fx, Fy, F,) were c a l c u l a t e d  a t  each s p e c i f i e d  node p o i n t .  The d e r i v e d  
p o l n t  loads were d i s t r i b u t e d  over t h e  leng th  of pipe. The i w d  d i s t r l b u t l o n  was then  used I n  an a n a l y s i s  
performed w l t h  t h e  computer code MODSAF on a beam hav lng t h e  approxlmate c ross  s e c t i o n a l  d lmenslons o f  t h e  
pipe. The p l p e ' s  end c o n d l t l o n s  were assumed f i x e d  and t h e  r e s u l t a n t  loads were then used t o  c a l c u l a t e  t h e  
e f f e c t l v e  stresses. 

The a n a l y s i s  was performed u s l n g  a new addendum t o  t h e  GFUN3D code f o r  c a l c u l a t l n g  magne tos ta t l c  
forces. 
th ln- wal  I s t r u c t u r e ,  or numerous smai I tubes, because of element aspect  r a t l o  I I m l t a t l o n s .  Therefore,  t o  
o b t a i n  t h r e e  dimensional  l w d s  a s o l i d  hanogeneous e q u l v a l e n t  s t r u c t u r e  was used. 

D e t a i l s  of t h e  addendum a re  r e p o r t e d  elsewhere. '6)  GFUN does n o t  a l l o w  f u l l  model l n g  o f  a canp lex  - 
The I w d  c a l c u l a t l o n s  for t h e  FW/B modules were performed us lng  t h e  STARFIRE des ign c o n s i s t i n g  of  24 

b l a n k e t  sectors,  each composed o f  n i n e  l n d l v l d u a i  moduies(7).  A l l  s e c t o r s  were assumed t o  be equal I n  s i z e  
a t  15 degrees each f o r  t h e  purpose o f  u t l l l z l n g  t h e  symmetry c a p a b i l i t i e s  of  GFUN, a l though t h e r e  a r e  actu-  
a l l y  two s i z e s  of sectors,  one w l t h  an a r c  o f  16.2 degrees and t h e  o the r  13.8 degrees w i t h  r e s p e c t  t o  t h e  
cen te r  of t h e  to rus .  Twelve b l a n k e t  s e c t o r s  were p laced i n  symmetry w l t h  t h e  s t r o n g  f l e l d  p lanes under t h e  
TF c o l l s  and t w e l v e  s e c t o r s  were p laced I n  s y m e t r y  w l t h  t h e  weak f l e l d  p lanes between t h e  TF c o l l s .  
1.4.2 shows t h e  b l a n k e t  l o c a t i o n  r e l a t l v e  t o  t h e  magnet. F l e l d  contour  I l n e s  f r a  a r e c e n t  tokamak study 
have been Inc luded t o  show t h e  r e l a t i v e  p o s l t l o n  of  t h e  module w l t h  respec t  t o  magnet lc f l e l d  con tou rs  f o r  a 
r e a c t o r  o f  s l m l l a r  s i z e  and f i e l d  s t reng th .  

F'?i) 
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1 Fig. 1.4.2. Schematlc showing p o s i t l o n  of  

~ 1 ~ .  1.4.3. Schematlc o f  STARFIRE first b lanke t -modu le  r e l a t l v e  t o  t h e  t o r o l d a l  f i e l d  
magnets w l t h  f l e l d  l i n e s  added whlch were 
c a l c u l a t e d  f o r  a s i m l l a r  tokamak, GA-TNS. wal I / b l a n k e t  module 

The b l a n k e t  module c o n s i s t s  o f  a co r ruga ted  f l r s t  wa l l ,  a neut ron m u l t i p l l e r ,  a co r ruga ted  second wal l ,  
a t r i t l u m  breeder and a r e f l e c t o r .  Fig. 1.4.3 shows a sketch of t h e  i n t e r n a l  s t r u c t u r e  of t h e  modules. The 
t o t a l  volume pe rcen t  of s t r u c t u r a l  ma te r la l  I n  t hese  r e g i o n s  I s  8.8%'7' n o t  i n c l u d l n g  t h e  s i d e  w a i l s  o f  t h e  
b l a n k e t  module, I n t e r n a l  composite p l a t e s  a c t i n g  as  supports,  headers, man i fo lds  or suppor t  frame. The re- 
f l e c t o r ,  man i fo lds  and suppor t  f rame a r e  n o t  cons idered I n  t h i s  c a l c u l a t l o n  because t h e  f i u e n c e  l e v e l  i s  
much lower a t  t hese  locat ions and It 1s assumed t h a t  a non-magnetic m a t e r l a l  can be used. For magnetlc force 
c a l c u l a t i o n s ,  t h e  HT-9 s i d e  w a l l s  and suppor t  p l a t e s  must a l s o  be Included. For c a l c u l a t i o n a l  s l m p l l c i t y  It 
was assumed t h a t  t h e  f e r r l t l c  m a t e r i a l  was con ta ined  s o l e l y  w i t h i n  t h e  breeder r e g i o n  and second w a l l .  A 
t o t a l  c o n s e r v a t i v e  es t lma te  of 15% volume HT-9 was used I n  t h e  f l n i t e  element computation. 

W l t h l n  each module a re  suppor t  p l a t e s  t h a t  a r e  spaced a maxlmum of 60cm apart .  The p l a t e s  themselves 
c o n s i s t  of two co r ruga ted  w a l l s  p r o v l d l n g  c o o l i n g  w l t h  about 5un spac lng between, and a r e  very  s i m i l a r  I n  
des ign t o  t h e  f l r s t  w a l l / m u l t i p l i e r / s e c o n d  w a l l  r e g i o n  o f  t h e  b l a n k e t  modules. For t h e  GFUN c a l c u l a t i o n ,  
modules were segmented I n t o  16 elements a p p r o p r l a t e l y  s l z e d  t o  r e f l e c t  t h e  I n t e r n a l  suppor t  s t r u c t u r e .  

1.4.4.3 M a g n n l a n t  Plpe 

F i g u r e  1.4.4 shows t h e  component f o r c e s  d i s t r i b u t i o n ,  a x l a l ,  shear, and bending s t r e s s e s  r e s u l t l n g  from 
t h e  load  d i s t r i b u t i o n  on t h e  modeled pipe. These fo rces  were t r a n s l a t e d  I n t o  an e f f e c t i v e  s t r e s s  and t h e  
r e s u l t s  a r e  shown I n  F l g u r e  1.4.5 for p lpes  a t  two h o r l z o n t a l  d l s tances  from t h e  TF magnet. The magnet ic 
f i e l d  g r a d l e n t  Increases sha rp l y  c l o s e  t o  t h e  magnets r e s u l t l n g  I n  s l g n l f i c a n t l y  h ighe r  magnet lc f o r c e s  a t  
t h a t  l o c a t l o n .  T h i s  c l e a r l y  r e s u l t s  I n  an Increase I n  t h e  m a g n e t i c a l l y  Induced s t r e s s .  A t  a d l s tance  of 
1.40m trm t h e  magnet center,  t h e  maxlmum magnet lc s t r e s s  occurs  a t  t h e  end of t h e  p i p e  e x l t l n g  t h e  s h i e l d  
access door, and i s  33 MPa. If t h e  p i p e  were moved c l o s e r  t o  t h e  magnet cen te r  by 0.54m. t h e  s t r e s s  In-  
creases t o  approx imate ly  170 MPa. 

Al though I n  j u d l c i o u s  des ign us lng  HT-9 c r l t l c a l  components would be k e p t  away fran magnets as f a r  as 
poss lb le ,  It i s  p o s s i b l e  t h a t  c a n p l i c a t e d  machines c o n t a l n l n g  HT-9 may r e q u l r e  some components t o  be c l o s e  
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The f o r c e  c a l c u l a t i o n s  r e s u l t e d  I n  magnet lc loads which a r e  I l l u s t r a t e d  schemat l ca l l y  I n  Fig.  1.4.7. 

The c a n p u t a t l o n  of t h e  magnet lc loads Inc luded  t h e  e n t l r e  tokamak b l a n k e t  s t r u c t u r e  such t h a t  any e f f e c t  o f  
magne t l za t l on  fran ne lghbor lng  elements was taken  I n t o  account. Magnet lc loads on t h e  s t r u c t u r e s  o f  I n t e r -  
e s t  were canpared w l t h  loads fran o t h e r  sources such as pressure  and weight. 

3 
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F Y 

Id1 

1 1 i, X 1 4 F  

Fig. 1.4.7 Schematic s h w l n g  p o s i t i o n  and f o r c e s  on b l a n k e t  modules: ( a )  s h w s  f o r c e s  I n  
Brackets  I n d i c a t e  f u l l  b l a n k e t  modules w h l l e  Y- d i rec t i on ,  and ( b )  s h w s  fo rces  i n  X- d i rec t i on .  

small numbers r e f e r  t o  elements used I n  GFUN c a l c u l a t i o n  

i n  t h e  p lane o f  t h e  magnet w i t h  s y m e t r y  of about Y = 0, equal and o p p o s l t e  loads I n  t h e  Y - d l r e c t i o n  
r e s u l t e d  I n  a c m p r e s s l v e  f o r c e  I n  t h e  b l a n k e t  modules l o c a t e d  under t h e  magnet and a t e n s i l e  f o r c e  I n  t h e  
modules l oca ted  between t h e  magnets. T h l s  I s  shown I n  F lg .  3a where two s e c t o r s  s i d e  by s l d e  have I n t e r -  
n a l l y  generated t e n s i l e  and compressive fo rces  whlch have no n e t  e f f e c t  on a module. The s t r e s s  I n  t h e  s l d e  
wal ls ,  r e s u l t i n g  fran t h e  t e n s l i e  and c m p r e s s l v e  forces, a re  m a i l  s i n c e  t h e  loads a r e  r e l a t i v e l y  small and 
t h e  HT-9 breeder tubes, which generate  t h e  m a j o r l t y  of t h e  magnet ic force, a r e  s t l f f  I n  t h e  Y- d l r e c t l o n  
because of t h e i r  p a r a l l e l  o r l e n t a t l o n  t o  t h i s  ax is ,  t hus  e n a b l i n g  them t o  t a k e  a l a r g e  p r o p o r t l o n  of t h e  
load. The magnltude of t h e  magnet ic body fo rces  generated were between 3 and 6 t imes  t h e  we igh t  o f  t h e  
f e r r a n a g n e t l c  m a t e r i a l .  

Loads I n  t h e  X- d l r e c t l o n  a r e  s h w n  I n  Fig. 1.4.1. A l l  modules exper lence a nega t l ve  force, p u l l i n g  t h e  
frame towards t h e  cen te r  of t h e  tokamak. The greates t  load 1s generated I n  t h e  h i g h e s t  f l e l d  g r a d l e n t  near- 
e s t  t h e  c e n t e r  of t h e  tokamak. I n  t h l s  case, t h e  magnet lc body forces generated were between 5 and 25 t lmes  
t h e  s t r u c t u r e  we igh t  dependlng on t h e  d i s tance  of t h e  m a t e r i a l  fran t h e  r e a c t o r  c e n t e r l i n e .  T h l s  d l s t r l b u -  
t l o n  Is shown I n  F ig .  1.4.8. The o rde r  of magnitude of these loads Is c o n s l s t e n t  w l t h  t h e  r e s u l t s  o f  
ana lyses performed on o t h e r  reac to rs .  
m u l t i p l l w  zone. A t  t h e  top  o f  t h e  torus,  i n  elements 7. 8, and 9, t h e  f o r c e  i s  supported by t h e  I n t e r n a l  
composi te p l a t e s  because of i t s  l a t e r a l  d l r e c t l o n .  I n  elements 1 t o  4. t h e  f o r c e  Is a t  I t s  maxlmum, b u t  I s  
t r a n s f e r r e d  t o  t h e  inne r  s t r u c t u r e  which i n  these  l n s l d e  modules t a k e s  t h e  p l a c e  of t h e  r e f l e c t o r .  

I n  elements 15 and 16 t h e  f o r c e  I s  comple te ly  t r a n s f e r r e d  t o  t h e  

Equal and o p p o s l t e  v e r t i c a l  f o rces  on t h e  upper and l w e r  ha l ves  of a b l a n k e t  sec to r  t end  t o  p u l l  t h e  
C-shaped b l a n k e t  sec to r  frame apar t .  Hwever,  these body f o r c e s  a r e  a i l  l e s s  than  0.3 t imes  t h e  we igh t  o f  
m a t e r i a l  and can be cons idered l n s l g n i f l c a n t  r e l a t i v e  t o  those  I n  t h e  X- d l rec t l on .  - 

The o n l y  fo rces  r e p o r t e d  f o r  t h e  PCA STARFIRE modules were those for g r a v l t y  and i n t e r n a l  pressure. 
The magnet lc f o r c e s  generated I n  t h i s  study a r e  n o t  n e c e s s a r l i y  i n  t h e  same d l r e c t i o n  as  those due t o  
pressure  and g r a v i t y .  But, a l though t h e  PCA STARFIRE modules were n o t  designed s p e c i f i c a l l y  t o  suppor t  
loads I n  t h e  d l r e c t i o n s  cmmensurate w l t h  a magnet ic m a t e r l a l  be ing used, t h e  magnet lc f o r c e s  can be can- 
pared t o  those  c a l c u l a t e d  for t h e  PCA design. (For  example, t h e  PCA module 5 I n  F lg .  1.4.7 Y I I I  have a 
shear lng  f o r c e  due t o  g r a v i t y ,  and t h e  fo rces  p laced on t h e  I n t e r n a l  suppor t s  have been ca l cu la ted .  i n  t h e  
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magnet lc c a l c u i a t i o n ,  a s l m l l a r  shear lng  f o r c e  would be p laced on module 3 b u t  due t o  magnetism Instead. 
So, f o r c e s  f o r  these two cases can be compared even though they a re  i n  d l f f e r e n t  Ioca t lons .  
t h e  form of pressure  l o a d s  a r e  made for t h e  two m a t e r l a l s .  

Comparlsons I n  
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Flg.  1.4.8. The f o r c e  d l s t r l b u t i o n  I n  t h e  

d l r e c t l o n  o f  major r a d l u s  on t h e  b l a n k e t  module 

As l n d l c a t e d  above, examples of t h e  c r i t i c a l l y  loaded elements (and t h e r e f o r e  modules) a r e  those des lg-  
nated 16, 8, and 1. For element 16, t h e  inward a c t i n g  magnet lc f o r c e  25kPa and i n t e r n a l  pressure  IOlkPa 
apply a t o t a l  p ressure of 126kPa t o  t h e  m u l t l p l  l e r  zone. For comparlson, t h e  f o r c e  d i r e c t i o n  is. I n d i c a t e d  
i n  F i g u r e  2 as +x, and I t  I s  seen t o  a c t  on t h e  I n s i d e  o f  t h e  second w a l l .  i n  STARFIRE, t h e  f o r c e  o f  g r a v i -  
ty 9kPa and p ressu re  would have p laced a IlOkPA load I n  t h a t  same d i r e c t i o n  f o r  a modu!e l o c a t e d  a t  t h e  t o p  
of t h e  to rus .  So, It appears t h e  added magnet ic f o r c e  Is smal l  compared t o  those  f o r  which t h e  module was 
designed. A schemat lc showlng t h e  i n t e r n a l  pressure  due t o  magnet lc l oad ing  as P1 Is i n  F i g u r e  1.4.9 f o r  
element no. 16. 

For element 8, t h e  magnet ic loads a r e  shear ing t h e  module I n  a s i m i l a r  l oad ing  d i r e c t i o n  t o  t h a t  f o r  
g r a v i t y  which was t h e  on ly  f o r c e  on t h e  s i d e  o f  t h e  suppor t  frame ( f o r  example, element 16 ) .  For element 8. 
t h e  Inward magnet ic f o r c e  i n  t h e  d l r e c t l o n  shown i n  F i g u r e  1.4.7 I s  62kPa. T h i s  Is a l s o  shown as P2 i n  
F l g u r e  1.4.9. For a PCA module, t h e  s t r u c t u r e  was designed t o  suppor t  a g r a v i t a t i o n a l  load o f  16kPa i n  t h a t  
d l r e c t l o n .  A s imple  c a l c u l a t i o n  can show t h a t  by i nc reas ing  t h e  th i cknesses  o f  t h e  p l a t e s  by l e s s  than  a 
f a c t o r  of two. t h e  s t resses  can be reduced t o  those f o r  which t h e  module was designed. I t  i s  n o t  expected 
t h a t  t h i s  change would s i g n i f l c a n t l y  a f f e c t  t h e  n e u t r o n l c s  o f  t h e  systems I n  t h i s  reg ion .  As an a l t e r n a t e ,  
t h e  number of suppor t  p l a t e s  m l g h t  be Increased t o  suppor t  t h e  Increased load. 

For element 1, t h e  magnet lc loads generated w l t h i n  t h e  module would be supported d i r e c t l y  by t h e  re- 
f l e c t o r  and t h e  suppor t  frame s t r u c t u r e .  Thus t h e  s t r u c t u r a l  components o f  t h e  module would n o t  exper ience 
s l g n l f l c a n t  loads. However, a suppor t  frame would have t o  be p rov lded  f o r  these elements. Al though a load 
a n a l y s i s  of t h e  module suppor t  frame was n o t  p a r t  o f  t h l s  study, It Is a n t i c i p a t e d  t h a t  adequate suppor t  
s t r u c t u r e  can be p rov lded  I n  t h e  space between t h e  frame and t h e  cen te r  p a r t  o f  t h e  to rus .  

Three t ypes  of magnet ic f o r c e  would be Induced on a b l a n k e t  sec to r  of t h e  STARFIRE des lgn I f  HT-9 were 
t o  be used as a f i r s t  w a l l / b i a n k e t  module m a t e r i a l .  Due t o  t h e  placement o f  t h e  sec to r  w i t h  respec t  t o  t h e  
magnet ic f i e l d  grad ients ,  a smal l  f o r c e  would be pu l  I Ing t h e  sec to r  upward. The f o r c e  Is l e s s  than  0.3 
t imes t h e  we lgh t  of t h e  ma te r la i .  
performed on t h e  pedestal  suppor t  upon which t h e  t o r u s  r e s t s .  

The f o r c e  appears n e g l i g l b l e  a l though no d e t a i l e d  des lgn work has been 

The second f o r c e  w i l l  be I n  t h e  t o r o i d a l  d l r e c t i o n .  A l a r g e  amount o f  computer t i m e  would be r e q u i r e d  
t o  per form a non- symnetr lc a n a l y s i s  w l t h  t h e  modules SI l g h t l y  o f f- cen te r  under t h e  TF magnets as was i n  t h e  
STARFIRE deslgn. A symnet r lc  des lgn was t h e r e f o r e  used I n  t h l s  s tudy r e s u l t l n g  I n  a s e l f - c a n c e l l i n g  system 
of f o r c e s  be ing generated i n  each module. I f  t h e  s e c t o r s  were o f f- cen te r ,  as descr lbed for STARFIRE, t h e  
fo rces  would n o t  balance b u t  It I s  doub t fu l  they would Increase s i g n i f i c a n t l y  because t h e  f i e l d  g r a d i e n t s  I n  
t h e  t o r o l d a l  d l r e c t l o n  cannot change more t h a n % 4 %  I n  order  t o  m a i n t a i n  a p p r o p r i a t e  l e v e l s  o f  f i e l d  r i p p l e .  
T h l s  f o r c e  would produce low I n t e r n a l  loads i n  t h e  modules. 
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COMPOSITE PLATE 2 
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Fig. 1.4.9 Schematic showing t h e  two t ypes  of b l a n k e t  modules analyzed: ( a )  shows a module 
r e f e r r i n g  t o  elements 15 and 16 w h l l e  ( b )  shars a module r e f e r r i n g  t o  element 8 i n  F i g .  1.4.7 

The t h l r d  t y p e  of f o r c e  i s  d i r e c t e d  r a d i a l l y  inward toward t h e  r e a c t o r  cen te r  and r e s u l t s  I n  e q u i v a l e n t  
pressures exe r ted  on t h e  i n t e r n a l s  o f  t h e  b l a n k e t  modules. However, s t resses  r e s u l t i n g  fran these f o r c e s  
can be c o n t r o l l e d  t o  t h e  same l e v e l s  as  for o the r  loads such as dead weight.  The main concern 1s I n  t h e  
module a t  t h e  top of t h e  sec to r  where a shear ing  f o r c e  I s  p u l l i n g  t h e  s t r u c t u r e  r a d i a l l y  Inward toward t h e  
cen te r  of t h e  tokamak. The supports i n t e r n a l  to t h e  b reed ing  b l a n k e t  were n o t  In tended to suppor t  a mag- 
n e t i c  force over  and above t h a t  of g r a v i t y .  However, t h e  f r a c t i o n a l  p a r t  of t h e  breeder  r e g i o n  t h a t  t h e  
I n t e r n a l  canpos i te  p l a t e  consumes I s  very  m a l l  and e i t h e r  a t h i c k e n i n g  o f  w a i l s  or t h e  a d d i t i o n  of w a i l s  
would n o t  g r e a t l y  increase t h i s  f r a c t i o n a l  volume. T h i s  s l i g h t  des ign change c o u l d  accommodate any e x t r a  
magnet lc f o rces  generated. 

The canputer  code GFUN does n o t  a l l o w  model ing o f  t h i n- w a l l e d  s t r u c t u r e s  because t h e  number of f i n i t e  
elements w l t h  t h e  r e q u i r e d  aspect  r a t l o  would be p r o h i b i t i v e  w i t h  r e s p e c t  t o  canputer  t lme. A d e t a i l e d  
model more c l o s e l y  r e p r e s e n t i n g  t h e  r e a l  s t r u c t u r e  would be d e s i r a b l e  for a c c u r a t e l y  c m p u t l n g  t h e  magnet lc 
forces. 
I n  o rde r  t o  assess t h e  t o t a l  inward load t h e  magnet ic f i e l d  produced on t h e  i n d i v i d u a l  modules which t rans-  
f e r s  t o  t h e  suppor t  frame. 

1.4.4.4 

I n  a d d i t i o n ,  an a n a l y s i s  shou ld  be performed on t h e  f i r s t  w a l l / b l a n k e t  suppor t  frame and pedesta l  

An a n a l y s l s  of a f e r r a n a g n e t i c  HT-9 p i p e  I n  t h e  STARFIRE tokamak model was made t o  determine t h e  e f f e c-  
t i v e  magnet ic s t r e s s e s  caused by t h e  i n t e r a c t i o n  w l t h  t h e  TF magnets. The l o c a t i o n  o f  t h e  p i p e  was deter-  
mined based on t h e  dimensions o f  t h e  c ryogen lc  cas ing  on t h e  TF magnets. The GFUN30 code was used t o  model 
t h e  t o r o i d a l  f i e l d s  and determine t h e  magnet ic body f o r c e s  on a square bar hav ing t h e  same leng th  and mater-  
i a l  volume as t h e  plpe. The s t r e s s  a n a l y s l s  was performed u s i n g  these  magnet ic f o rces  p laced  a p p l i e d  t o  a 
p i p e  of 4m length, 8.25 cm o.d., and 0.75 cm th i ckness  by t h e  MOOSAP s t r e s s  a n a l y s i s  code. Resu l t s  show 
t h a t  magnet ic s t r e s s e s  a r e  increased if t h e  p i p e  Is moved c l o s e r  t o  t h e  TF magnet i n t o  t h e  r e g i o n  of h igher  
f i e l d  g rad ien t .  Maximum e f f e c t i v e  s t resses  a t  a p i p e  d i s t a n c e  o f  1.4m fran t h e  cen te r  of t h e  TF magnet were 
c a l c u l a t e d  t o  be 33 MPa. T h i s  i s  cons idered t o  be a t  t h e  l e v e l  I n  which magnet lc f o r c e s  must be accounted 
f o r  I n  deslgn, y e t  n o t  so h i g h  as t o  be unmanageable. 
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By p l a c i n g  t h e  p l p e  0.54m c l o s e r  t o  t h e  magnet, t h e  maxlmum e f f e c t l v e  s t resses  Increase t o  about  170 
MPa. However, t hese  can be reduced s l g n i t i c a n t l y  by s imply  suppor t i ng  t h e  p i p e  I n  t h e  cen te r  or a t  t h e  
l o c a t i o n  of l a r g e s t  force.  
t h e  s imple  suppor t  nearer  t h e  end w i t h  t h e  maximum f o r c e  a t  a d i s t a n c e  on t h e  p l p e  between 1.10 and 1.15m. 
t h e  s t resses  a r e  es t ima ted  t o  be reduced t o  even sma l le r  l e v e l s  of about 27 MPa. 

Maxlmum e t t e c t l v e  s t resses  I n  t h e  f o r m e r  case a r e  l e s s  than  80 MPa. By p l a c i n g  

The magnet lc f o rces  Induced on an HT-9 S t a r f l r e  b l a n k e t  module a r e  of  t h e  same o rde r  as those due t o  
we lgh t  or pressure.  The maximum magnet lc f o r c e  a p p l i e d  t o  t h e  f l r s t  w a l l J m u i t l p l l e r / s e c o n d  wa l l  r e g i o n  I s  
approx imate ly  one- four th  of t h a t  generated fran o the r  sources. The maxlmum magnet ic f o r c e  a p p l i e d  t o  t h e  
I n t e r n a l  ccmposi te p l a t e  suppor t  i s  approx imate ly  fou r  t imes  t h a t  generated by o t h e r  sources. The s t r e s s  
produced i n  t h i s  second case can be k e p t  t o  low va lues by proper  des ign of t h e  i n t e r n a l  suppor ts  i n  t h e  
breed lng zone. 
l o g  the blanket,  t h i s  a n a l y s i s  shows t h a t  w i t h  HT-9 t h e  same b a s i c  des ign may be used w i t h  smal l  changes. 

1.4.4.5 Acknorledaements 

Although t h e  S t a r f i r e  des ign w i t h  a u s t e n i t i c  PCA d i d  n o t  cons ide r  magnet lc f o r c e s  I n  deslgn- 

The au tho rs  w ish t o  thank Pro f .  W. Wolfer a t  t h e  U n l v e r s i t y  of Wlsconsln and R. Ryder a t  GA f o r  many 
h e l p f u l  d l scuss ions  and suggest lons.  
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2.1 NEUTRON SOURCE CHARACTERIZATION FOR MATERIALS EXPERIMENTS - 
L. R. Greenwood (Argonne Nat iona l  Labora to ry )  

2.1.1 ADIP/DAFS Tasks 

ADIP - Task I.A.2 - De f i ne  Tes t  Ma t r i ces  and Procedures 
DAFS - Task I I . A . 1  - F i s s i o n  Reactor Dosimetry  

2.1.2 Ob jec t i ve  

To cha rac te r i ze  neu t ron  i r r a d i a t i o n  f a c i l i t i e s  i n  terms o f  neu t r on  f l u x ,  spec t ra ,  and damage parameters 
(OPA, gas p roduc t ion ,  t r ansmu ta t i on )  and t o  measure these exposure parameters d u r i n g  f us i on  m a t e r i a l s  
i r r a d i a t i o n s .  

2.1.3 Sumnary 

HFIR. 
a t i o n s  i n  HFIR. 
eva l ua t i ons  f o r  59Ni. 

2.1.4 Progress and S t a t u s  

~ 

Damage and gas p roduc t i on  c a l c u l a t i o n s  a re  sumnarized f o r  t h e  CTR 31, 32, 35, and 35 i r r a d i a t i o n s  i n  
Neutron dos imet ry  measurements and damage c a l c u l a t i o n s  a re  a l so  presented f o r  t h e  T2 and R81 i r r a d i -  

The he l ium p roduc t i on  f rom n i c k e l  has been r e v i s e d  accord ing  t o  new c ross  sec t i on  
The s t a t u s  o f  a l l  o t he r  experiments i s  sumnarized. 

The s t a t u s  o f  a l l  f i s s i o n  r e a c t o r  dos imetry  i s  sumnarized i n  Table 2.1.1. 

Table 2.1.1. S ta tus  o f  Dosimetry  Experiments 

F a c i l i t y I E x p e r i m e n t  Status/Comments 
- - - 

__ 
ORR - MFE 1 Completed 12/79 - MFE 2 Completed 06/81 

- MFE 4A1 Completed 12/81 
- MFE 4A2 Completed 11/82 
- MFE 48 - MFE 4C 
- TUC 07 Completed 07/80 
- TRIO-Test Completed 07/82 
- TRIO-I I r r a d i a t i o n  i n  Progress 
- CTR 32 Completed 04/82 
- CTR 31, 34, 35 Completed 04/83 
- CTR 30 I r r a d i a t i o n  i n  Progress 
- T I ,  T2, RB1, CTR39 Samples Counted 06/83 
- T3 I r r a d i a t i o n s  i n  Progress 
- RE2, R83 I r r a d i a t i o n s  i n  Progress 
- CTR 40-49 I r r a d i a t i o n s  i n  Progress 

h e g a  West - Spec t ra l  Ana lys is  Completed 10/80 
- HEDLl Completed 05/81 
- HEDL2 Samples Sent 05/83 

EBR I 1  - X287 Completed 09/81 
I P N S  - Spec t ra l  Ana l ys i s  Completed 01/82 

- LANLl (Hur ley )  Completed 06/82 
- Hur ley  Completed 02/83 
- Coltman Samples Received 05/83 

Samples Expected 07/83 
I r r a d i a t i o n  i n  Progress 

__ 

2.1.4.1 Damage C a l c u l a t i o n s  f o r  HFIR-CTR-31, 32, 34, and 35 

Neutron a c t i v a t i o n  and f luence measurements f o r  t h e  HFIR-CTR 31, 32, 34, and 35 i r r a d i a t i o n s  were 
r epo r t ed  i n  t h e  p rev i ous  semiannual r e p 0 r t . l  
r epo r t ed  i n  t h e  p resen t  r e p o r t .  Damage c a l c u l a t i o n s  were r epo r t ed  e a r l i e r 2  f o r  t he  CTR 32 exper iment ;  
however, he l i um  values have been r e v i s e d  f o r  n i c ke l - bea r i ng  m a t e r i a l s  accord ing  t o  a new e v a l u a t i o n  o f  c ross  
sec t i ons  f o r  59Ni by  F. M. Mann.3 

Gas p roduc t i on  and damage r a t e s  f o r  these exper iments a re  

HFIR 

I n  t he  pas t ,  he l i um  genera t ion  i n  n i c k e l  has been c a l c u l a t e d  and measured i n  v a r i o u s  r e a c t o r s  us ing  a 
A1 though neu t ron  energy spec t r a  have been known f o r  these reac to r s ,  t h e  energy- semi- empir ica l  technique.  

dependent c ross  sec t ions  for 5 9 N i  were no t  p r e v i o u s l y  a v a i l a b l e .  
cou ld  n o t  be r e a d i l y  used i n  o t h e r  r e a c t o r s  such as ORR. 
should be made f o r  epi thermal  neutrons,  a problem which we po in ted  o u t  r e c e n t l y  f o r  ORR.4 

As a r e s u l t ,  equat ions developed f o r  HFIR 
I n  p a r t i c u l a r ,  i t  i s  n o t  c l e a r  how c o r r e c t i o n s  
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Wi th  t h e  newly eva lua ted  c ross  sec t i ons  i t  i s  now a s t r a i g h t f o r w a r d  c a l c u l a t i o n  to o b t a i n  s p e c t r a l -  
averaged r e a c t i o n  r a t e s  f o r  any s p e c i f i e d  neu t ron  energy s ectrum 

exper iments i n  HFIR u s i n g  t h e  f l u x  spec t r a  ad j us ted  by STAYSL. 
s tandard d e v i a t i o n  was o n l y  4 . 7 % .  
It shou ld  be noted t h a t  these va lues  a r e  o n l y  v a l i d  f o r  t h e  PTP p o s i t i o n  and a r e  averages o v e r  t h e  t o t a l  
neu t ron  spectrum. 
be  seen, t h e  new values a r e  no t  s i g n i f i c a n t l y  d i f f e r e n t  from e a r l i e r  est imates.  
of t he  f l u x  i n  HFIR c o n s i s t s  o f  thermal neutrons,  n e g l e c t i n g  ep i therma l  and f a s t  neu t ron  e f fec ts  w i l l  n o t  
cause a se r i ous  e r r o r .  
w i l l  show i n  f u t u r e  r e p o r t s .  

The 58Ni(n,y) c ross  sec t i on  can be 

The r e s u l t s  were then  averaged and t h e  
o b t a i n e d  from t h e  ENDFIB-V a c t i v a t i o n  f i l e .  The 58Ni and E ' .  9N1 c ross  sec t ions  were averaged f o r  t h e  four  

The recomnended r e a c t i o n  r a t e s  f o r  t h e  FIR-PTP a re  g i v e n  i n  Table 2.1.2. 

Thermal (2200 m ls )  va lues  a re  a l so  g i v e n  and compared t o  p rev i ous  work i n  HFIR.5 As can 
Furthermore, s i n c e  about 36% 

T h i s  i s  n o t  t he  case, however, i n  o t h e r  l e s s  therma l i zed  r e a c t o r s  (e.g., ORR) as we 

Table 2.1.2. Cross Sect ions f o r  58Ni and 59Ni and Hel ium C a l c u l a t i o n  

_ _  
Cross Sect ion,  b 

Symbol React ion HFIR-PTP Thermal (2200 m/s) 
__ .___ - 

(Tota l  ENDFIB-V Ref. 5 

OY 58Ni  ( n , ~ ) ~ ~ N i  1.615 4.81 4.6 

va s9Ni(n,a)56Fe 4.292 11.99 11.6 
aT 59Ni  ABS 34.00 94.99 92.0 

-- 59Ni (n, r )60Ni  28.979 81.04 -- _- 59Ni(n,p)59Co 0.731 1.96 -- 

_- 
The p r o d u c t i o n  
f o l l ows :  

o f  he1 ium from i s  c a l c u l a t e d  as 

He a, C O T  ( 1  - e-'Ymt) - o Y  ( 1  - 
- 

- =  O T  (UT - O y )  

where e t  i s  t he  neu t ron  f l uence  i n  nlcmz. 

Using t he  va lues  above: 

For p roduc t i on  i n  na t rua l  n i c k e l ,  m u l t i p l y  t h e  above r e s u l t  by 0.683. 

The 56Fe r e c o i l s  a l s o  add e x t r a  DPA i n  t h e  r a t i o  of 1 DPA f o r  567 appm 
He (see Ref. 6). 

Helium c o n c e n t r a t i o n s  i n  n i c k e l  and s t a i n l e s s  s tee l  as a f unc t i on  o f  f luence  i n  t h e  HFIR- PTP a re  l i s t e d  
i n  Table 2.1.3. 
i r r a d i a t i o n s  i n  Table 2.1.4. 

Disp lacement  damage, h e l i u m  p roduc t i on  and f l uences  a r e  l i s t e d  a t  midplane f o r  t he  four  

A l l  o f  these  parameters obey t h e  same f unc t i ona l  dependence on h e i g h t  above midplane, as f o l l o w s :  

f ( z )  = aC1 + bz + cz21, z = h e i g h t  (an) ( 1 )  

where b = 0.195 x and c = -0.975 x 
about midplane.  
r e s u l t s 2  f o r  two reasons. 
elements i n c l u d e  r e a c t i o n s  n o t  c o n t a i n e d  i n  t he  general  f i l e s  which we used p rev i ous l y .  
r e a c t i o n s  a r e  computed d i r e c t l y  from t h e  c ross  sec t ions ,  as d iscussed e a r l i e r .  

f o u r  experiments, one can f i r s t  de te rmine  the f l uence  u s i n g  Tab le  2.1.4 and Eq. (1) and then  e i t h e r  i n t e r -  
p o l a t e  t he  he l i um  va lue  f rom Table 2.1.2 o r  use t he  accompanying equa t ions .  Due t o  t h e  complex i t y  o f  t h i s  
procedure,  t h e  he l i um  and f l uence  g r a d i e n t s  a re  i l l u s t r a t e d  i n  F igs .  2.1.1 and 2.1.2 and he l i um  and DPA 
g r a d i e n t s  f o r  n i c k e l  a r e  l i s t e d  i n  Table 2.1.5. 

The b t e rm  i s  n e g l i g i b l e  and t h e  g rad ien t s  a r e  q u i t e  symnetr ic  
The he l i um  values l i s t e d  i n  Tables 2.1.4-2.1.5 f o r  CTR32 d i f f e r  s l i g h t l y  from o u r  p rev i ous  

F i r s t  o f  a l l ,  we have now adopted t h e  ENDFIB-V gas p roduc t ion  f i l e  (533) and some 
Secondly, t h e  n i c k e l  

I n  o rde r  t o  f i n d  t he  he l i um  p roduc t i on  i n  n i c k e l ,  and s t a i n l e s s  s t ee l ,  a t  a g i ven  h e i g h t  i n  one o f  the 
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Table 2.1.3. Hel ium Generat ion i n  N icke l  and S t a i n l e s s  Steel  i n  t he  WIR-PTP 

Helium, appm 

Nicke l  S t a i n l e s s  S tee la  

F1 uence, n/cm2 5 9 N i ( n , ~ )  Fas t  59Ni (n ,a )  Fas t  

1 x 1020 0.024 0.092 0.003 0.017 
2 x 1020 0.094 0.184 0.012 0.034 
5 x 1020 0.59 0.46 0.077 0.086 
1 x 1021 2.34 0.92 0.30 0.17 
2 x 1021 9.25 1.84 1.20 0.34 
5 x 1021 55.8 4.6 7.25 0.86 
1 x 1022 211. 9.2 27.4 1.7 

5 x 1022 3508. 46. 456 .O 8.6 
1 1023 9343. 92. 1215. 17. 

2 x 1022 756. 18.4 98.3 3.4 

2 x 1023 20691. 184. 2690. 34. 

a316 5s: N i  (0.131, Fe (0.645), C r  (0.18). Mn (0.019). Mo (0.026) 

Table 2.1.4. Fluence and Damage Parameters f o r  HFIR-CTR 31, 32, 34, 35 

Values a r e  l i s t e d  a t  midplane;  f o r  g r a d i e n t s  use Eq. 11) i n  t e x t  

CTR31 CTR32 CTR34 CTR35 
__ __ ~ 

Neutron Fluence, x 1022 n / n 2  

To ta l  9.34 4.78 4.47 4.38 
Thermal (<.5 ev)  3.84 1.98 1.82 1.78 
> O . l l  MeV 2.45 1.26 1.19 1.17 

DPA and He (appm) CTR31 CTR32 CTR34 CTR35 
_- ~ _ _  

Element OPA He DP A He OPA He DPA He - ~ ~ _. ~ ~ ~ 

A1 31.9 16.9 16.5 8.20 15.6 7.70 15.5 7.64 
T i  20.2 10.5 10.5 5.38 9.97 5.15 9.86 5.11 
V 22.7 0.57 11.7 0.28 11.1 0.26 11.0 0.26 
C r  20.0 3.80 10.3 1.87 9.84 1.75 9.74 1.76 
Mna 22.0 3.41 11.4 1.66 10.8 1.56 10.7 1.55 
Fe 17.7 6.84 9.14 3.34 8.72 3.15 8.63 3.12 
coa 22.4 3.38 11.5 1.64 10.9 1.55 10.8 1.53 

Fas t  19.1 88.3 9.84 43.95 9.36 41.94 9.25 41.55 
N i b }  59Ni 1 5 . 1  8554. 5.77 3272. 5.19 2945. 5.03 2852. 

Tota l  34.2 8642. 15.61 3316. 14.55 2987. 14.28 2894. 
cu 17.3 6.13 8.92 2.98 8.49 2.80 8.40 2.78 
Nb 17.1 1.25 8.84 0.61 8.41 0.58 8.32 0.57 
Mo 12.8 -- 6.58 -- 6.25 -- 6.17 -- 
316 ssc 2 0 . 2 1 1 . 2 9  14.1 4.34 9.65 3.91 9.54 3.79 

a (n , r )  damage i s  8.4% f o r  Mn and 27.6% f o r  Co; however, neutron s e l f - s h i e l d i n g  

bN i  va lues  i n c l u d e  thermal he l i um  and e x t r a  DPA (see t e x t )  

‘316 ss: 

e f f e c t s  must be cons idered  f o r  samples 

Fe (0.645), N i  (0.131, Cr (0.18), Mn (0.019), Mo (0.026) 
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HEIGHT RBOVE MIDPLRNE,cm 

I 
1.0 

F i g .  2.1.1. Neutron f luence gradients for  i r r a d i a t i o n s  i n  the HFIR-PTP. 

9 
0 

I I , I I 
-30.0 -20.0 -10.0 0.0 10.0 20.0 

HEIGHT ABOVE MIDPLANE,cm 
1.0 

F i g .  2.1.2.  Helium gradients i n  nickel  for  i r r a d i a t i o n s  i n  the F I R - P T P .  
The 59Ni and f a s t  neutron react ions a r e  combined. 
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Table 2.1.5. Hel ium (appm) and DPA Grad ien ts  f o r  N icke l  i n  t h e  HFIR-PTP 

Hel ium values i n c l u d e  59Ni(n,a l  and f a s t  e f f e c t s .  
DPA va lues i n c l u d e  thermal e f f e c t s  (He/567) 

Grad ien ts  a re  symnetr ic  about  midplane 

CTR31 CTR32 CTR34 CTR35 

Height ,  cm He DPA He OPA He DPA He DPA 

0 8642 34.2 3316 15.6 2987 14.6 2894 14.3 
3 8553 33.9 3275 15.5 2950 14.4 2857 14.1 
6 8259 32.9 3143 15.0 2829 14.0 2739 13.7 
9 7776 31.2 2926 14.2 2632 13.2 2547 13.0 

12 7091 28.8 2625 13.0 2358 12.2 2282 11.9 
15 6222 25.8 2254 11.6 z w o  10.8 1954 10.6 
18 5168 22.2 1818 9.92 1627 9.26 1573 9.08 
21 3954 17.8 1340 7.97 1196 7.44 1155 7.30 
24 2643 13.1 857 5.84 761 5.46 734 5.36 

2.1.4.2 Dosimetry  Measurements and Damage C a l c u l a t i o n s  f o r  HFIR - RBI and 12  - _____ 
Neutron a c t i v a t i o n  dos imet ry  measurements and damage parameter c a l c u l a t i o n s  have been completed f o r  t h e  

T2 and RB1  exper iments i n  t h e  H igh  F l u x  I so topes  Reactor (HFIRI a t  Oak Ridge Nat iona l  Labora to ry .  The ir- 
r a d i a t i o n  h i s t o r i e s  a r e ,  as fo l l ows :  

Exposure, MWD __  I r r a d i a t i o n  R L a x  P o s i t i o n  Dates 

T2 Targe t  2/81 t o  5/81 6,616 
RB1 Be 11/81 t o  7/82 23,386 

Dosimetry capsules were p laced  a t  two h e i g h t s  i n  T2 and f i v e  h e i g h t s  i n  t h e  RE1 subassembly. The T2 
capsules con ta ined  Fe, Co, T i ,  Mn-Cu, and Cu w i r e s .  
The measured a c t i v a t i o n  r a t e s  a r e  l i s t e d  i n  Table 2.1.6. 

The RB1 capsules d i d  n o t  have the  Mn-Cu and Cu samples. 

Table 2.1.6. A c t i v a t i o n  Rates Measured i n  HFIR-T2, RE1 
(Values Normalized t o  100 MW Power L e v e l )  

__. ___.___-- 
React ion A c t i v a t i o n  Rate, atomlatom-s 

__ - _____ 
He igh t ,  cm: 7.22 16.95 

T2 Exper iment  

58Fe( n, Y I ~ ~ F ~  (10-91 -- 
59co( n, Y ) ~ ~ C O  (10-8) _ _  
54Fe( n , ~ l ~ ~ M n  (10-11) 5.83 
46Ti l n , ~ ) ~ ~ S c  (10-121 8.58 
55Mnl n.2nl54Mn (10-13) 1.79 

2.08 
6.32 
4.50 
6.31 
1.43 
3.04 

-5.40 +2.D2 +10.72 +21.15 

3.51 3.68 2.80 1.67 -- 10.12 7.69 4.77 _ _  1.38 1.21 0.81 _ _  2.17 1.86 1.20 

The T2 da ta  i n  t h e  t a r g e t  p o s i t i o n  c l o s e  to t h e  PTP i s  s i m i l a r  t o  o u r  p r e v i o u s  measurements i n  t h e  PTP.1 
Consequently,  we assume t h a t  t h e  f l u x  g r a d i e n t s  a r e  a l s o  descr ibed  by o u r  p r e v i o u s  equat ions,  namely: 

f ( z )  = a ( l  f bz f cz21 ( 2 )  

where z i s  t h e  h e i g h t  above midplane (cm), b = 0.195 x 1 0 4 ,  c = -0.975 x 10-3, and a i s  the  f l u x  o r  damage 
r a t e  a t  midplane. The midplane f l u e n c e  and damage r a t e s  a r e  l i s t e d  i n  Table 2.1.7. I n  o r d e r  t o  f i n d  a g i v e n  
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f luence o r  damage r a t e  a t  any o t h e r  h e i g h t ,  t h e  user  shou ld  s i m p l y  t a k e  t he  midplane v a l u e  i n  Table 2.1.7 f o r  
a and use Eq. ( 2 )  f o r  t h e  d e s i r e d  va lue  o f  z.  

Table 2.1.7. Fluence and Oamage Parameters f o r  F I R - T 2 ,  RE1  
Yalues a re  l i s t e d  a t  midplane; f o r  g r a d i e n t s  use Eq. ( 2 )  i n  t e x t  

b = 1.95 x 10-4, c = -9.75 x 10-4 and f o r  RB1: 
b = -9.18 x 10-5, c = -1.175 x 10-3 

where f o r  T2: 

~~ ~~ 

Neutron Fluence, x 1022 n / c d  T2 RB 1 

Element 

To ta l  
Thermal f< .5  ev)a 

3.20 3.89 
1.55 2.21 ~ ~~ 

F as t  (>.ii MeV). 0.722 0.685 

A1 
T i  
Y 
C r  

Fe 

Fas t  
Nic 59Ni 

To ta l  
cu 
Nb 
Mo 
316 ss 

Mnb 

Cob 

T2 

DPA He 

9.37 4.37 
- __ 

R B I  

OPA He 

8.66 4.12 
5.49 2.43 
6.20 0.15 

~ __ 

5.35 0.91 
6.32 0.83 
4.68 1.61 

4.56 0.29 
3.45 -- 
5.64 506. 

aThe 2200 m/s va lue  i s  equal t o  0.886 t imes the t o t a l  c . 5  eV. 
bThe thermal (n ,a )  damage i s  8% f o r  Mn and 28% f o r  Co; however, 

CNickel g rad i en t s  f o r  He must be done d i f f e r e n t l y ;  see Table 2.1.8 
sel  f - s h i e l d i n g  e f f e c t s  must be considered.  

and Ref. 3. 
d316 5s: Fe (0.645), N i  (0.13), C r  (0.18), Mn (0.019), 

MO (0.026) 

The s p e c t r a l  and g r a d i e n t  d i f fe rences  between t h e  PTP, t a r g e t ,  and Be p o s i t i o n s  are i l l u s t r a t e d  i n  
F ig .  2.1.3. 
The g r a d i e n t s  a re  o n l y  s l i g h t l y  s teeper  i n  t he  Be p o s i t i o n .  

As can be seen t h e  spectra become c o n s i d e r a b l y  s o f t e r  as we move o u t  f rom t he  core ,  as expected. 

HFIR 

F i g .  2.1.3. Neutron f l u x  spec t ra  a re  compared a t  d i f f e r e n t  l o c a t i o n s  i n  HFIR. 
(CTR 32) .  t h e  s o l i d  l i n e  i s  for  t he  t a r g e t  p o s i t i o n  (TZ),  and t h e  do t t ed  l i n e  i s  f o r  t he  
removable b e r y l l i u m  p o s i t i o n  (RB1). 

The dashed l i n e  i s  the PTP 
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The he l ium p roduc t i on  and damage i n  n i c k e l  and s t a i n l e s s  s tee l  r e q u i r e s  a more d e t a i l e d  c a l c u l a t i o n ,  as 
d iscussed i n  r ecen t  p u b l i c a t i o n s . 6 . 8  Due to t he  complex i t y  o f  t h i s  c a l c u l a t i o n ,  d e t a i l e d  g rad ien t s  a re  
l i s t e d  i n  Table 2.1.8. The thermal two-step r e a c t i o n  and f a s t  r e a c t i o n s  a re  sumned i n  t h e  t a b l e  and t h e  
e x t r a  DPA from the 56Fe r e c o i l s  (He/567l i s  a l s o  inc luded.6 

Tab1 e 2.1.8. HELIUM (appml AND DPA GRADIENTS FOR NICKEL I N  F I R - 1 2 ,  RB1  
Helium values i nc l ude  59Ni(n,a) and f a s t  r eac t i ons .  

OPA va lues i nc l ude  thermal e f f e c t s  (He/567 l .  
Grad ien ts  a re  nea r l y  symmetric about midplane.  

T2 RB1 
- 

Heigh t ,  cm He DPA He DPA 

0 2230. 9.50 3884 12.06 

18 
21 

1188. 5.93 
869. 4.74 

1793. 6.37 
1172. 4.57 

24 547. 3.44 574. 2.68 

Hel ium CalCUlatiOnS were made u s i n g  newly eva lua ted  c ross  sec t ions  f o r  59Ni3 averaged over  our  ad jus ted  
neu t ron  spec t ra .  Th i s  procedure appears t o  agree q u i t e  c l o s e l y  w i t h  he l ium measurements made a t  Rockwell 
I n t e r n a t i o n a l ,  as d iscussed elsewhere.8 Wi th  over  45 separa te  measurements i n  HFIR, ORR, and EBR 11, t h e  
measurements and c a l c u l a t i o n s  have an average r a t i o  of 0.982 ? 0.064 and t h e  maximum d i f f e r e n c e  was o n l y  
?11%. 

2.1.5 Conclus ions 

Samples have been g a m a  counted from the  CTR39 and T 1  i r r a d i a t i o n s  i n  HFIR and a n a l y s i s  i s  now i n  
Progress. Samples have been rece ived  from the  MFE4B i r r a d i a t i o n  i n  ORR. Data i n  t he  o resen t  r e n n r t  i s  be i na  ~-~ - - r -  - - ~- ~~~~~ ~ ~ ~ 

added t o  ou r  DOSFILE program on t he  NMFECC computer f o r  r a p i d  a c c e s s ~ b y  exper imenters.  
been sen t  t o  Rockwell  I n t e r n a t i o n a l  f o r  he l i um  ana l ys i s .  

Selected samples have 

The f o l l o w i n g  papers have been accepted f o r  p u b l i c a t i o n  i n  the proceedings o f  the T h i r d  Top ica l  Meeting 
o f  Fusion Reactor M a t e r i a l s  i n  Albuquerque, New Mexico, on September 19-22, 1983. 

1. L.  R. Greenwood, D .  W. Kneff, R. P. Skowronski,  and F. M. Mann, Comparison of Measured and 

L.  R. Greenwood, Recent Developments i n  Neutron Dosimetry  and Rad ia t i on  Damage C a l c u l a t i o n s  f o r  

Ca lcu la ted  Hel ium Produc t ion  i n  N icke l  Using Newly Evaluated Neutron Cross Sect ions f o r  59Ni. 

Fusion M a t e r i a l s  S tud ies .  
2. 
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7.2 NEUTRONICS CALCULATIONS I N  SUPPORT OF THE ORR-MFE-4A AND -4R SPECTRAL TAILORING EXPERIMENTS - 
R. A. L i l l i e  (Oak Ridge Na t iona l  Labora to ry )  

2.2.1 A D I P  Task 

A O I P  Task 1.A.7, Define Test Mat r i ces  and Test Procedures. 

2.7.7 O b j e c t i v e  

The o b j e c t i v e  of t h i s  work i s  t o  p r o v i d e  t h e  n e u t r o n i c  des ign f o r  m a t e r i a l s  i r r a d i a t i o n  experiments i n  
t h e  Oak Ridge Research Reactor  ( O R R ) .  Spec t ra l  t a i l o r i n g  t o  c o n t r o l  t h e  f a s t  and thermal  f l uxes  i s  r e q u i r e d  
t o  p r o v i d e  t h e  des i red  displacement and he l ium p r o d u c t i o n  r a t e s  i n  a l l o y s  c o n t a i n i n g  n i c k e l .  

7.7.3 Summary 

The c a l c u l a t e d  f l uences  f rom t h e  ongoing three- dimensional  neu t ron ics  c a l c u l a t i o n s  a re  be inq  sca led t o  
agree w i t h  exper imenta l  data. As of September 30, 19R3, t h i s  t rea tment  y i e l d s  121.fi a t .  ppm He (not  
i n c l u d i n s  7.0 at. DDm He f rom '"8) and 8.75 dDa f o r  t v o e  316 s t a i n l e s s  s t e e l  i n  ORR-MFE-4A and 69.3 at. o m  
He and 5119 dpa i n  ORR-MFE-48. 

7.7.4 Progress and Status 

Table 2.2.1 f o r  t h e  ORR-MFE-4A and -48 experiments. 

' 

The o p e r a t i n q  and c u r r e n t  c a l c u l a t e d  data based on t h e  f luence s c a l i n g  fac to rs '  a re  summarized i n  

The r e a l - t i m e  p r o j e c t i o n s  o f  t h e  he l ium-to-  
displacement r a t i o s  based on c u r r e n t  c a l c u l a t e d  data 
as of September 30, 1983 are presented i n  Fiqs. 2.2.1 
and 2.7.7 fo r  t h e  ORR-MFE-4A and -48 exoeriment5. 

s o l i d  aluminum core p ieces were i n s e r t e d  i n  t h e  
ORR-MFE-4A experiment on December 7, 1982 and i n  t h e  
ORR-MFE-45 experiment on August 5, 1983. The c u r r e n t  
t a r g e t  dates f o r  removal of specimens and f o r  i n s e r -  
t i o n  o f  t h e  1.0-mm-thick hafn ium core p ieces a t  t h e  
10 dpa l e v e l  a re  March 1, 1984, and December 10, 1984, 
f o r  t h e  ORR-MFE-4A and -48 experiments, respec t i ve lv .  

Tne e f f e c t  of - E  ( Ion -cn r i cnpo  . ran i~ rn )  f u e l  i n  
tne Oh2 r e a c t o r  un t ne  hP1i.v an0 rllSplaCPinPn: aamaqe 
l e v e l s  i n  t h e  ORR-MFE-4A and -4R experiments has been 
est imated and found t o  be minimal.  A t  present ,  an LEU 
fue l  experiment i s  planned f o r  t h e  ORR beg inn ing  on o r  
about January 1, 1985. The experiment c o n s i s t s  of 
g r a d u a l l y  r e p l a c i n g  t h e  e x i s t i n g  h i q h l y  en r i ched  f u e l  
w i t h  low- enr iched f u e l  over  a nine-month per iod.  
A f t e r  approx imate ly  s i x  months o f  f u l l  power use of 
t h e  low- enr iched fue l ,  it w i l l  be g r a d u a l l y  rep laced 
w i t h  h i g h l y  enr iched f u e l ,  again over  a n ine  month 
per iod.  A t  t h e  30 dpa l e v e l  i n  both t h e  ORR-MFE-4A 
and -48 experiments, t h e  o n l y  n o t i c e a b l e  e f f e c t  w i l l  
be a 6% drop i n  t h e  c a l c u l a t e d  he l ium l e v e l  i n  both 
MFE experiments. 

2.2.5 Fu tu re  Work 

Tahle 7.2.1. f l pe ra t inq  and c a l c u l a t e d  data f o r  
experiments ORR-MFE-4A and -4R as of 

September 30, 1983 

DRR-MFE-4A ORR-MFE-4B 

O R R  Cycles 59 37 

Operat ion (MWh) 488,346 344,937 

E q u i v a l e n t  f u l l -  680 480 
power daysa 

Thermal f luence 1.09 x 1026 7.93 1 0 2 5  

T o t a l  f luence 3.37 x 1026 

(neut  ronslm') 

(neut  rons/m' ) 
7.13 x I O z b  

He (a t .  ppm)* 171.6 69.3 

dpa' 8.25 5.19 

a F u l l  power f o r  O R R  i s  30 MW. 

'Helium and dpa values a re  fo r  t y p e  316 
s t a i n l e s s  s t e e l .  

The three- dimensional  n e u t r o n i c s  c a l c u l a t i o n s  
t h a t  mon i to r  t h e  r a d i a t i o n  environment i n  t h e  ORR-MFE-4A and -48 experiments w i l l  con t inue  w i t h  each ORR 
cyc le .  
exper imenta l  data become a v a i l a b l e .  

The s c a l e  f a c t o r s  used t o  s c a l e  t h e  f luences ob ta ined  f rom these  c a l c u l a t i o n s  w i l l  be updated as new 

7.2.6 Reference 

1. 
Spec t ra l  T a i l o r i n g  Experiments, PP. I S 7 0  i n  A DI P  Semiannu. ~ r o g .  R a p t .  MOP. 31, 1983, DOE/ER-0045/10, 
U.S. DOE O f f i c e  of  Fus ion Energy. 

R .  A. L i l l i e  and T. A.*,Gabriel, "Neutron ics C a l c u l a t i o n s  i n  Support of t h e  ORR-MFE-4A and -48 
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2.3 OPERATION OF THE ORR SPECTRAL TAILORING EXPERIMENTS ORR-MFE-4A AND ORR-MFE-48 - J. A. Con l in ,  
I. T. Dudley, and E. M. Lees (Oak Ridge Nat iona l  Labora to ry )  

2.3.1 A D I P  Task 

A D I P  Task I.A.2, De f i ne  Test Mat r i ces  and Test Procedures. 

2.3.2 Ob jec t i ves  

Experiments ORR-MFE-4A and -48, which i r r a d i a t e  a u s t e n i t i c  s t a i n l e s s  s t ee l ,  use neutron spec t ra l  
t a i l o r i n g  t o  achieve t h e  same hel ium- to- disp lacement- per- atom (He/dpa) r a t i o  as p red i c t ed  f o r  fus ion  r eac to r  
f i r s t - w a l l  se rv ice .  Experiment ORR-MFE-4A con ta ins  ma in ly  t ype  316 s t a i n l e s s  s t e e l  and Path A Prime 
Candidate A l l o y  (PCA) a t  i r r a d i a t i o n  temperatures o f  330 and 400°C. Experiment ORR-MFE-40 con ta ins  S i m i l a r  
m a t e r i a l s  a t  i r r a d i a t i o n  temperatures o f  500 and 60O'C. 

2.3.3 Summary 

The specimens conta ined i n  t h e  ORR-MFE-4A experiment have operated f o r  an equ i va l en t  o f  680 d a t  30 MW 
r eac to r  power, w i t h  temperatures o f  400 and 330°C. The ORR-MFE-48 capsule was disassembled; t he  t e s t  spec i-  
men were t r a n s f e r r e d  t o  a new capsule assembly and r e i n s t a l l e d  i n  t h e  ORR on J u l y  19, 1983. It has operated 
f o r  an equ i va l en t  o f  480 d a t  30 MW reac to r  power w i t h  temperatures of 500 and 600°C. 

2.3.4 Progress and S ta tus  

prev ious ly . '+  

coup le  4 con t inue  t o  occur. These f l u c t u a t i o n s  are be l i eved  t o  be caused hy huhbles of he l ium i n  t h e  NaK 
c o l l e c t i n g  i n  t he  annulus con ta i n i ng  t h e  thermocouples. Movements o f  t he  bubhles produced s h i f t s  i n  t h e  
temperature i n d i c a t e d  by thermocouple number 4. 

from 103 kPa (15 p s i g )  t o  241 kPa (35 p s i g )  i n  an e f f o r t  t o  reduce t he  huhble s i z e  and thereby  min imize 
i t s  e f f e c t  on t he  thermocouple 4 temperature i n d i c a t i o n .  There was no s i g n i f i c a n t  improvement as a r e s u l t  
o f  t h i s  pressure change. 

f lu r ing  t h e  ORR r e f u e l i n g  shutdown on September 29, 1983, i t  was found t h a t  t he  capsule he l i um  h l anke t  
gas i n l e t  l i n e  was p a r t i a l l y  plugged a t  a p o i n t  between t h e  capsule hulkhead and i ns t r umen ta t i on  i n  t h e  
sh i e l ded  valve box. The capsule b lanke t  gas o u t l e t  l i n e  proved t o  be c lear .  The alarms and r e a c t o r  sethack 
c i r c u i t s ,  which were a c t i v a t e d  by p ressure  swi tches on t h e  capsule i n l e t  gas l i n e ,  were t r a n s f e r r e d  t o  pressure 
swi tches on t he  capsule o u t l e t  l i n e .  Th is  p rov ided  t h e  necessary double t r a c k i n q  of t he  capsule p r imary  gas 

The d e t a i l s  of t he  Oak Ridge Research Reactor (ORR) Spec t ra l  T a i l o r i n g  Experiments have been descr ibed 

The ORR-MFE-4A capsule experiment cont inues t o  operate. Temperature f l u c t u a t i o n s  i n d i c a t e d  by thermo- 

On J u l y  7, 1983 t h e  he l ium b lanke t  gas pressure above t h e  NaK i n  t h e  pr imary containment was increased 

h igh-  and low pressure  r eac to r  sa fe t y  ti r c u i t s .  
t i o n s  a re  now accomplished by use o f  t he  o u t l e t  l i n e .  

The capsule p r imary  system p r e s s u r i z a t i o n  and ven t i ng  opera-  

Dur ing  t h i s  r e p o r t i n g  p e r i o d  t h e r e  have been no thermocouple f a i l u r e s .  Through September 30, 1983, t h e  
ORR-MFE-4A experiment specimens have accumulated an equ i va l en t  of 680 d a t  30 Mw r eac to r  power w i t h  specimen 
temperatures o f  400 and 330°C. 

The ORR-MFE-48 experiment t e s t  specimens were removed from t h e  capsule, inspected, and t r a n s f e r r e d  t o  a 
new capsule assembly. The capsule assembly was r e i n s t a l l e d  i n  t h e  ORR on J u l y  29, 1983. A t  t h a t  t ime  t h e  
w a t e r - f i l l e d  aluminum core p iece  was removed and rep laced  w i t h  a s o l i d  aluminum c o r e  p iece.  The core p i ece  
change was made on schedule t o  ad j us t  t he  neu t ron  spectrum so as t o  con t inue  t o  p rov i de  t h e  p roper  he l ium 
p roduc t i on  t o  displacement l e v e l  r a t i o s  w i t h i n  t h e  t e s t  specimens. 

inc reased  10 t o  15°C and a few hours l a t e r  dropped an equal amount. Th is  change occurs two o r  t h r e e  t imes 
every 24 h. The temperature i n d i c a t e d  by thermocouple 5 showed s i m i l a r  i r r e q u l a r i t i e s  a t  t h e  same t ime as 
those  of thermocouple 4; however, t h e  temperature changes were nuch smal le r .  The temperature f l u c t u a t i o n s  
a re  be l i eved  t o  be caused by gas bubbles s i m i l a r  t o  those  i n  t h e  ORR-MFE-4A experiment. The bubbles a re  
be l i eved  t o  be produced by he l ium cover gas absorbed i n  t he  NaK. On September 29, 1983, the NaK cover  gas 
was changed from he l ium t o  argon because argon does not absorb as  r e a d i l y  i n  NaK. Th is  chanqe i n  cover  gas 
made no s i g n i f i c a n t  change i n  t h e  temperature f l u c t u a t i o n s .  

a t  30 Mh r eac to r  power w i t h  temperatures of 500 and 600°C. 

Our ing t h e  ope ra t i on  o f  t h i s  capsule t h e  temperature i n d i c a t e d  by thermocouple 4 has p e r i o d i c a l l y  

Through September 30, 1983, t he  ORR-MFE-4B experiment specimens have accumulated an equ i va l en t  of 480 d 
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2.4 Summary of E B R - I 1  All-2 F e r r i t i c  I r r a d i a t i o n  Experiment - Westinghause Hanfard Company 

No c o n t r i b u t i o n .  





P "-7 

was made f rom t y p e  304 
s t a i n l e s s  s t e e l .  F i g u r e  
2.5.2 shows t h e  appara- 
t u s  i n s t a l l e d  i n  t h e  
t e n s i l e  machine. The 
t e s t  apparatus was 
i n s t a l l e d  i n  a vacuum 
chamber f i t t e d  t o  a 40 
kN c a p a c i t y  I n s t r o n  u n i -  
ve rsa l  t e s t i n g  machine. 
The apparatus was 
adapted t o  t h e  l o a d  t r a i n  
w i t h  a s imple  ba l l - and-  
socket arrangement, used 
t o  p r o v i d e  al ignment.  

t o  be e a s i l y  centered 
above t h e  d ie ,  a 
0.05-mn-wide by 
0.254-m-deep (0.002-in. 
by 0.01-in.) recessed 
l i p  was machined around 
t h e  t o p  of t h e  die. The 
o u t e r  d iameter  of t h e  
recessed l i p  i s  s l i g h t l y  
l a r g e r  than t h e  d iameter  
of t h e  t e s t  disk.  To 
conduct a t e s t ,  a d i sk  
(3-mm d iameter  by 0.25 
mn t h i c k )  i s  f i r s t  
o laced on t h e  recessed 

To a l l o w  t h e  d i s k  
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Y-193089 

l i p  above t h e  hemi- 
s p h e r i c a l  c a v i t y .  The Fig.  2.5.2. Disk-bend t e s t  apparatus i n s t a l l e d  on t h e  load  t r a i n  of t h e  
punch i s  then drawn i n t o  t e n s i l e  t e s t  machine. The apparatus i s  i n s t a l l e d  i n s i d e  a vacuum t e s t  chamber. 
t h e  specimen, and t h e  
l o a d  and displacement 
a re  m n i t o r e d .  

Our o b j e c t i v e  i s  t o  desc r ibe  t h e  o p e r a t i o n  o f  t h e  disk- bend apparatus and t o  develop an unders tand ing 
of t h e  r e l a t i o n s h i p  between t h e  d u c t i l i t y  determined i n  a b i a x i a l  d isk- bend t e s t  and t h a t  determined i n  a 
u n i a x i a l  t e n s i l e  t e s t .  To wake t h e  d u c t i l i t y  comparisons, t h e  f e r r i t i c  s t a i n l e s s  s t e e l  t y p e  446 was chosen; 
t h e  nominal chemical compos i t ion  f o r  t h i s  s t e e l  i n  w t .  % i s :  23.7 Cr ,  0.46 N i ,  0.46 Mn, 0.29 S i ,  0.046 C, 
and 0.13 N. A f t e r  a s o l u t i o n  anneal o f  1 h a t  1050"C, t h e  s t e e l  was q u i t e  d u c t i l e  ( t o t a l  e l o n g a t i o n  
exceeded 20%). (Aging 
100 h reduces t h e  t o t a l  e l o n g a t i o n  t o  l e s s  than 0.5%.) 

M i n i a t u r e  t e n s i l e  specimens 31.8 mn l o n g  (1.25 in . )  w i t h  a reduced gage s e c t i o n  12.7 mn (0.5 in.)  
l o n g  by 1.0 mn (0.040 in . )  wide were used f o r  comparat ive t e s t s .  
t h e  same 0.25-mn-thick sheet f rom which t h e  TEM specimens were punched. 

2.5.4.3 Resu l t s  and Discuss ion 

The so lu t i on- annea led  s t e e l  can be e m b r i t t l e d  by aq ing f o r  va r ious  t imes a t  475°C. 

The t e n s i l e  specimens were punched from 

A l a r g e  number of a l l o y s  a re  e m b r i t t l e d  when i r r a d i a t e d  w i t h  neutrons.' 
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  a re  i r r a d i a t e d  and t e n s i l e  t e s t e d  a t  low temperatures,  cons ide rab le  har-  
den ing i s  observed; t h e  harden ing i s  accompanied by a decrease i n  d u c t i l i t y .  
(above about 6 O O 0 C ) ,  severa l  a l l o y s ,  i n c l u d i n g  t h e  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  and n i cke l - base  a l l o y s ,  a re  
e m b r i t t l e d  by smal l  amounts of helium.* The disk- bend apparatus i s  t o  be used t o  de tec t  l a r g e  changes i n  
d u c t i l i t y  caused by i r r a d i a t i o n .  I n  an a l l o y  development program c o n t a i n i n g  a l a r g e  number of a l l o y s ,  i t  
may be p o s s i b l e  t o  use t h e  disk- bend t e s t  as a screen ing techn ique t o  e l i m i n a t e  a l l o y s  w i t h  a tendency 
toward excess ive embr i t t lement .  

Before a t e s t  techn ique can be p r o f i t a b l y  used, i t  i s  necessary t o  understand i t s  operat ion.  
F i g u r e  2.5.3 shows a t y p i c a l  room-temperature disk- bend l o a d- d e f l e c t i o n  curve f o r  t y p e  446 s t a i n l e s s  s t e e l  
i n  a d u c t i l e  cond i t i on .  
m a t e r i a l s  t e s t e d  t o  date, i n c l u d i n g  t h e  f e r r i t i c  s t a i n l e s s  s t e e l  t y p e  446, severa l  a u s t e n i t i c  s t a i n l e s s  
s tee ls ,  severa l  Cr-Mo s tee ls ,  and t h e  (Fe,Ni),V long- range-ordered a l l o y s .  

A l l  
d isk- bend t e s t s  were a r b i t r a r i l y  stopped a t  o r  be fo re  t h i s  displacement was reached i n  o r d e r  t o  a v o i d  
damaging t h e  t e s t  f i x t u r e .  Any i r r a d i a t e d  specimen t h a t  deformed t o  t h i s  displacement would be assumed t o  
have s u f f i c i e n t  d u c t i l i t y  f o r  f u r t h e r  e v a l u a t i o n  i n  a t e s t  program. A lso shown i n  Fig.  2.5.3 i s  a l oad -  
d e f l e c t i o n  curve f o r  a u n i a x i a l  t e s t  on t h e  same m a t e r i a l .  Al though t h e  t e s t  was r u n  t o  f r a c t u r e  a t  a t o t a l  
e longa t ion  o f  8.4% [a displacement o f  1.07 mn (0.042 in.)], on l y  t h e  e a r l y  p o r t i o n  i s  shown. 

When t h e  Cr-Mo f e r r i t i c  s t e e l s  

A t  e leva ted  temperatures 

The shape of t h e  disk-bend curve shown i n  Fig.  2.5.3 i s  t h e  same f o r  a l l  d u c t i l e  

The disk-bend t e s t  i n  Fig.  2.5.3 was conducted t o  a punch displacement o f  0.51 mn (0.02 in.). 
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Fig.  2.5.4. Disk-bend l o a d- d e f l e c t i o n  curve f o r  b r i t t l e  molybdenum specimens t e s t e d  a t  room tem- 
pera tu re .  A photomicrograph of a f r ac tu red  specimen i s  a l so  shown. 
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Fig.  2.5.5. 
a t  mom temperature. The t e s t  was d i s con t i nued  immediate ly  a f t e r  a load  drop. A photomicrograph o f  one o f  
t h e  wecirnens i s  a l s o  shown. 

Disk-bend l oad- de f l ec t i on  curve f o r  e m b r i t t l e d  t ype  446 s t a i n l e s s  s t e e l  specimens t e s t e d  





48 

ORNL-OWG 82-17863R 
DEFLECTION (mm) 

0 0.2 0.4 0 0.2 0.4 0 0.2 0.4 

Fig. 2.5.7. Disk-bend curves f o r  
(Fe,Ni)3V long- range-ordered a l l o y s  

z 2 30 - - - con t ro l .  ( b )  and Specimens i r r a -  
d i a t e d  a t  600°C i n  HFIR t o  12 dpa and n 4 a 100 2 1000 at .  ppm He. 
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l e v e l  (F ig.  2.5.10). The disk-bend t e s t  has proved va l uab le  f o r  such scop ing  ~ t u d i e s . ~  M i c r o s t r u c t u r a l  
s t u d i e s  are p r e s e n t l y  i n  p rogress  t o  determine t h e  cause o f  t h e  embr i t t l ement  i n  t h e  (Fe,Ni),V a l l o y s .  

d i f f e r e n t  disk-bend apparatus f rom t h a t  used i n  t h e  p resen t  t e s t s  and t h a t  developed by I4EDL.l 
p r i n c i p a l  d i f f e r e n c e s  i s  t h a t  t h e  punch used i n  t h e  M I T  bend t e s t  has a t i p  r ad i us  t h a t  i s  approx imate ly  
one- th i r d  o f  t h a t  used i n  t h e  HEDL-designed apparatus. 

Manahan e t  al .4 t e s t e d  10 specimens o f  20%-cold-worked t y p e  316 s t a i n l e s s  s t e e l  and found t h e  s c a t t e r  
band shown i n  Fig. 2.5.11. We have superimposed two o t h e r  t e s t s  conducted i n  t h e  p resen t  i n v e s t i g a t i o n  on 
t h i s  s c a t t e r  band. These two t e s t s  were d i s con t i nued  a f t e r  a 0.51-mn (0.02-in.) de f l ec t i on .  The agreement 
i s  exce l l en t ,  d e s p i t e  t h e  f ac t  t h a t  d i f f e r e n t  heats of t y p e  316 s t a i n l e s s  s t e e l  were tes ted .  We a l s o  found 
very good r e p r o d u c i b i l i t y  f o r  our  machine on d u c t i l e  ma te r i a l s ,  as shown i n  Fig. 2.5.12 f o r  m u l t i p l e  t e s t s  
on t ype  446 s t a i n l e s s  s t ee l .  

The above d i scuss i on  r e l a t i n g  changes i n  t h e  disk-bend curves t o  t h e  f r a c t u r e  o f  t h e  d i s k  i n d i c a t e d  
t h a t  a drop i n  l o a d  accompanied t h e  s t a r t  of f rac tu re .  However, recen t  observa t ions  on t h e  Path A Prime 
Candidate A l l o y  (PCA) a u s t e n i t i c  s t a i n l e s s  s t e e l  have shown t h a t  t h i s  i s  no t  always t h e  case.6 Tests a t  
400, 500, and 60OoC were made on severa l  m i c r o s t r u c t u r a l  v a r i a t i o n s  o f  PCA t h a t  had been i r r a d i a t e d  a t  t h e  
same temperature i n  HFIR t o  produce 22 dpa and up t o  1700 at .  ppm He. 
load- drop behav io r  was s i m i l a r  t o  t h a t  of t h e  long- range-ordered a l l o y  a t  600OC (Fig. 2.5.7), and a b r i t t l e  
f r a c t u r e  was observed by SEM. However, severa l  t e s t s  were run on PCA where no load  drop was detected,  b u t  
t h e  SEM examinat ion showed t h a t  f r a c t u r e  had occurred. The disk-bend curves i n  t h i s  case con ta ined  a 
"waviness" no t  present  i n  t h e  curves f o r  d u c t i l e  ma te r i a l .  Th i s  waviness may have been an i n d i c a t i o n  t h a t  
t h e r e  was a decrease i n  t h e  r a t e  a t  which t h e  load  was i n c r e a s i n g  (i.e., a d i f f e r e n c e  i n  s lope  from t h e  
curve  o f  an u n i r r a d i a t e d  specimen). 
was t h a t  t h e  a l l o y  was m r e  d u c t i l e  than  those  t h a t  were accompanied by a pronounced l oad  drop.6 
d u c t i l e "  behav io r  appears t o  be cha rac te r i zed  by cracks t h a t  propagate m r e  s l ow l y  and a re  accompanied by 
t e a r i n g  (as opposed t o  r a p i d  p ropagat ion  through t h e  specimen t h i c kness  f o r  an ex t reme ly  b r i t t l e  ma te r i a l ) .  
Work i s  i n  progress t o  understand t h i s  behavior ;  t h i s  work w i l l  e v e n t u a l l y  i n c l u d e  t h e  comparison of t e n s i l e  
t e s t s  and disk-bend tes ts .6  

2.5.5 Sumnary and Conclusions 

Manahan, Argon, and Ha r l i ng3s4  of Massachusetts I n s t i t u t e  o f  Technology (MIT) have designed a somewhat 
One of t h e  

I n  t h e  m s t  e m b r i t t l e d  cond i t i on ,  t h e  

Al though an i n t e r g r a n u l a r  f r a c t u r e  was observed, t h e  i n i t i a l  conc l us i on  
Th i s  "more 

A m d i f i e d  ve r s i on  o f  t h e  disk-bend apparatus o r i g i n a l l y  developed by HEOL was f a b r i c a t e d  and t e s t s  
were conducted t o  understand t h e  t h e  t e s t  techn ique  and t o  use t h e  t e s t  on i r r a d i a t e d  ma te r i a l s .  
apparatus cons i s t s  o f  a punch and d i e  t h a t  a re  used t o  bend a TEM d isk.  
i n s t a l l e d  i n  a t e n s i l e  t e s t  machine, and a l oad- de f l ec t i on  curve  i s  recorded as t h e  punch bends t h e  d i s k  i n t o  
t h e  die. The f o l l o w i n g  sumnarizes ou r  observa t ions  and conclus ions.  

The 
To conduct a t e s t ,  t h e  apparatus i s  
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ORNL-DWG 83-16540 

0 1 0 m m a  
DAMAGE LNEL 1dp.l 

Fig.  2.5.9. Graph of i r r a d i a t i o n  and d i sk -  
bend t e s t  temperature aga ins t  displacement-damage 
l e v e l  on which t h r e e  long- range-order  a l l o y s  have 
been p l o t t e d .  F i l l e d  symbols a re  f o r  disk-bend 
specimens t h a t  f a i l e d  i n  a b r i t t l e  manner; open 
symbols a re  f o r  specimens t h a t  deformed t o  t h e  
0.51-mm disp lacement  l i m i t  of t h e  apparatus. 
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DEFLECTION (in.) 

Fig. 2.5.11. Comparison of data p o i n t s  taken 
from two disk-bend t e s t s  conducted on 20%-cold- 
worked t y p e  316 s t a i n l e s s  s t e e l  (heat  X15893, t h e  
MFE reference hea t )  w i t h  s c a t t e r  band f o r  t e n  
t e s t s  (N- lot  h e a t )  taken  from re f .  4. 

DAMAGE LEVEL l d g l  

Fig.  2.5.10. Bend d u c t i l i t y  as a f unc t i on  o f  
displacement-damage l e v e l  f o r  t h r e e  long- ranqe- order  
a l l o y s  i r r a d i a t e d '  and t e s t e d  a t  400, 500, and 6OO0C 
t h a t  shows t h e  e f f e c t  of temperature and d i sp l ace-  
ment damage on d u c t i l i t y .  

ORNL-OWG B3-15915R 
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F ig .  2.5.12. Disk-bend t e s t s  on aged t y p e  446 
s t a i n l e s s  s t e e l  t h a t  show t h e  r e p r o d u c i b i l i t y  o f  
disk-bend t es t s .  D i f f e r e n t  ag ing  t imes  a t  475°C 
l e d  t o  d i f f e r e n t  s t r eng th  l eve l s .  
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1. The bend t e s t  i s  convenient ,  g ives r ep roduc ib l e  r e s u l t s  on small  t e s t  specimens, and p rov ides  a 

2. The deformat ion behavior  of a d i sk  du r i ng  t h e  bend t e s t  i s  complex and no t  e a s i l y  analyzed. 
3. Disk f r a c t u r e  i s  norma l l y  e a s i l y  detected because it i s  accompanied by a drop i n  load. An excep- 

use fu l  method f o r  q u a l i t a t i v e l y  sc reen ing  m a t e r i a l s  t h a t  a re  suscep t i b l e  t o  i r r a d i a t i o n  embr i t t l ement .  

t i o n  t o  t h i s  behavior  was noted i n  an a u s t e n i t i c  s t a i n l e s s  s t ee l .  
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3.1 IMPROVED SWELLING RESISTANCE FOR PCA AUSTENIT IC  STAINLESS STEEL UNDER HFIR I R R A D I A T I O N  THROUGH 
MICROSTRUCTURAL CONTROL - P. J. Maziasz and D. N. B rask i  (Oak Ridge Nat iona l  Labora to ry )  

3.1.1 A D I P  Tasks 

A D I P  Tasks I . C . l ,  M i c r o s t r u L t u r a l  S t a b i l i t y ,  and I.C.2, M i c r o s t r u c t u r e  and S w e l l i n q  i n  A u s t e n i t i c  
A l l o y s .  

3.1.2 O b j e c t i v e  

Th is  work i s  in tended  t o  eva lua te  t h e  e f f e c t  o f  p r e i r r a d i a t i o n  m i c r o s t r u c t u r a l  v a r i a t i o n  on s w e l l i n g  Of 
These r e s u l t s  are compared w i t h  r e s u l t s  on severa l  heats  Of t y p e  316 t h e  Path A PCA i r r a d i a t e d  i n  t h e  HFIR.  

and 316 + T i  s t a i n l e s s  s t e e l  s i m i l a r l y  i r r a d i a t e d .  

3.1.3 Summary 

S w e l l i n g  e v a l u a t i o n  o f  PCA v a r i a n t s  and ZO%-cold-worked (N-Lot) t y p e  316 s t a i n l e s s  s t e e l  (CW 316) a t  
300400°C was extended t o  44 dpa. S w e l l i n g  was n e q l i g i b l e  i n  a l l  t h e  s t e e l s  a t  300°C a f t e r  -44 dpa. A t  500 
t o  600°C 25%-cold-worked PCA showed b e t t e r  vo id  s w e l l i n g  r e s i s t a n c e  than  t y p e  316 a t  -44 dpa. There was 
less s w e l l i n g  v a r i a t i o n  among a l l o y s  a t  4OO0C, bu t  again 25%-cold-worked PCA was t h e  best.  

3.1.4 Progress and S ta tus  

Compositions of t h e  PCA a l l o y  and t h r e e  o t h e r  Table 3.1.1. A l l o y  composi t ions 
comparison m a t e r i a l s  des iqnated DO-heat and N- l o t  
316s, and t h e  R1-heat o f  316 + T i  are given i n  
Table 3.1.1. Designat ions,  d e s c r i p t i o n s ,  and thermo- Content ( w t .  %) 
mechanical p re t rea tments  f o r  t h e  p r e i r r a d i a t i o n  
m i c r o s t r u c t u r a l  v a r i a n t s  o f  t h e  PCA a re  g iven i n  DO-heat N- lo t  R1-heat P C A  
Table 3.1.2. Standard 3-mm-diam d i s k s  were punched 
f rom 0.254-mm-thick sheet stock. The PCA and 20%- 
cold-worked (CW) 316 ( N- l o t )  d i s k s  were i r r a d i a t e d  i n  Fe B a l  Bal Bal Bal 
experiments HFIR-CTR-30, -31, and -32, a t  300, 400, N i  13.0 13.5 12.0 16.2 
500, and 60f1°C, w i t h  temperatures v e r i f i e d  by tem- C r  18.0 16.5 17.0 14.0 
p e r a t u r e  moni tors .  More d e t a i l  i s  a v a i l a b l e  T i  0.n5 0.23 0.24 

C a v i t y  volume f r a c t i o n  ( c v f )  s w e l l i n q  MO 2.6 2.5 2.5 2.3 
was measured by t ransmiss ion  e l e c t r o n  microscopy Mn 1.9 1.6 0.5 1.8 
(TEM), descr ibed e l ~ e w h e r e . ~  D a t a  a re  a l s o  i n c l u d e d  C 0.05 0.05 0.06 0.05 

316 316 316 t T i  

on so lu t ion- annea led  (SA) and CW 316 (DO-heat) and S i  0.8 0.5 0.4 0.4 
CW 316 + T i  (R1-heat) f rom prev ious   experiment^,^,^ P 0.01 0.09 0.01 0.01 
w i t h  i r r a d i a t i o n  temperatures rang inq  from 325 t o  S 0.016 0.006 0.013 0.003 

755°C and f luence from -3 t o  69 dpa. (These e x p e r i -  N 0.05 0.006 0.006 0.01 
ments were des ignated H F I R- S S- 2  throuqh -6 and 
HFIR-CTR-9 through -13.) Ca lcu la ted  i r r a d i a t i o n  tem- 
pera tu res  f r o m  t h e  o l d e r  HFIR experiments have been 
cor rec ted5 upward by 50 t o  75°C. A l l  d isplacement damaqe (dpa) c a l c u l a t i o n s  i n  t h i s  work i n c l u d e  t h e  
recent  c o r r e c t i o n  ( inc rease)  due t o  he l ium p r o d u c t i o n  from n i c k e l  t ransmuta t ions  r e p o r t e d  by Greenwood.2 
The dpa values f o r  HFIR-CTR-30, -31, and -32 ranged f rom -10.5 dpa ( c a l c u l a t e d  from dosimetry2)  t o  -44 dpa 
(est imated,  pending dosimetry) .  Hel ium l e v e l s  range up t o  about 3000 a t .  ppm f o r  t h e  t y p e  316 and up t o  
-3600 a t .  ppm f o r  t h e  PCA a t  -44 dpa. 

3.1.4.1 Temperature and Fluence-Dependence o f  S w e l l i n g  

O f  t h e  s i x  PCA v a r i a n t s  examined, PCA-A2, -61, and -C were e l i m i n a t e d  from f u r t h e r  c o n s i d e r a t i o n  because 
o f  poor s w e l l i n g  r e s i s t a n c e  i d e n t i f i e d  a t  -10.5 dpa a t  500 and 600'C. 
temperature i n  Fig. 3.1.1 and a re  t a b u l a t e d  elsewhere.6 
s w e l l i n g  w i t h  increased i r r a d i a t i o n  temperature. 
l i n e  aga ins t  which t o  qage s w e l l i n g  r e s i s t a n c e  a t  h i q h e r  f luence. 
and CW 316 + T i  
temnc=ra t i i re<  ahnw  500°C. t h w p  a l l n v s  show b e t t e r  s w e l l i n q  r e s i s t a n c e  than  t h e  PCA v a r i a n t s  o r  CW 316 

The data a re  p l o t t e d  as  f u n c t i o n s  of 
The PCA v a r i a n t s  and CW 316 ( N - l o t )  show increased 

Study of P C A- A 1  was cont inued as a h i g h e r  s w e l l i n g  base 
A t r e n d  band f o r  t h e  CW 316 (DO-heat) 

A t  (R1-heat) data i n  t h i s  temperature and f l u e n c e  range i s  a l s o  i n c l u d e d  i n  F ig.  3.1.1. 
~"~ ~ ~ ~ 

~ - .  _ _  ~~~ ., . ... ~ 

( N- l o t ) .  

i n  F ig.  3.1.2(a) and f luence i n  F ig.  3.1.2(6). 
f o r  comparison. 
300"C, even a t  - 4 4  dpa. 
l e v e l  o f  s w e l l i n g  low a t  -22 dpa; these a re  roughly  p a r a l l e l  t o  t h e  dependence found a t  -10 dpa. 

However, below 450 t o  500°C, t h e  s i t u a t i o n  i s  reversed. 
The s w e l l i n g  values f o r  PCA-A1,  -82, and -A3 and CW 316 ( N - l o t )  a re  shown as f u n c t i o n s  of temperature 

Trend bands f o r  data on SA and CW 316 (DO-heat) a re  i n c l u d e d  

The temperature dependence o f  s w e l l i n g  i n  PCA- A1 and CW 316 ( N- l o t )  i s  weak and t h e  
The PCA-A3 

The s w e l l i n g  of t h e  PCA v a r i a n t s  and CW 316 ( N - l o t )  i s  low a t  400°C and n e g l i g i b l e  a t  
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Table 2. A l l o y  m i c r o s t r u c t u r a l  v a r i a n t s  and 
thermomechanical p re t rea tmen ts  of PCA 

gna- M i c r o s t r u c t u r e  t i o n  

PCA-A1 Very low d i s -  
l o c a t i o n  d e n s i t y  

PCA- A2  Moderate ly  h i g h  
d i s l o c a t i o n  
dens i t y  

PCA- A3  Very h i g h  d i s -  
l o c a t i o n  d e n s i t y  

P C A - B I  Low d i s l o c a t i o n  
d e n s i t y ;  medium- 
g . b .  and coarse 
m a t r i x  MC 

PCA-B2 Very h i g h  d i s -  
l o c a t i o n  dens i t y ;  
medi um-coarse 
g.h. and f i n e  
m a t r i x  MC 

PCA-C Very h i g h  d i s -  
l o c a t i o n  d e n s i t y  ; 
f i n e  g.h. and 
m a t r i x  MC 

Treatment 

50%-CW t SA f o r  
15 min a t  1 1 7 5 ° C  

SA ( A 1  t rea tmen t )  
+ 10% cw 

SA ( A 1  t rea tmen t )  
+ 25% CW 

SA ( A 1  t rea tmen t )  
t 8 h a t  8 0 0 ° C  
+ 8 h a t  5 Q D Y  

SA ( A 1  t rea tmen t )  
+ 8 h a t  8 0 0 ° C  
t 254, CW t 2 h a t  
7 5 0 o c  

SA ( A 1  t rea tmen t )  
+ 25% CW + 2 h a t  
750°C  

v - P C A A I  
0 - PCA A3 
4 - PCA 02 
m-20% CW IN LOT1 316 

316 47-69dps 

, 3w 4w 5w 6w 7m sw 
IRRAOIATION TEMPERATURE I'CI 

H F l R  IRRADIATION '1Odpi 
v ~ PCA A1 0 ~ PCA 81 
A ~ PCA A2 0 - P C A 8 2  

~ 20% CWIN LOT1 ~ PCA C 

Fiq .  3.1.1. S w e l l i n q  as func t ions  o f  temperature 
f o r  PCA v a r i a n t s  and severa l  Zfl%-cold-worked s t a i n l e s s  
s t e e l s  i r r a d i a t e d  t o  lower  f l uences  i n  H F I R .  

HFIR IRRI IOIATION 
D - P C A A I  

... ~ 

500'C . . . . . . . 

Fig .  3.1.2. S w e l l i n g  of severa l  H F I R- i r r a d i a t e d  PCA v a r i a n t s  and t y p e  316s ( n )  as f u n c t i o n s  o f  tern- 
p e r a t u r e  a t  2 2  and 44 dpa and ( 6 )  as f u n c t i o n s  o f  f luence a t  400 t o  640°C.  
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1 

has t h e  wer swe l l i ng ,  w i t h  t h e  a s t  temperature dependence a t  -22 dpa. A1 o f  these a l l o y s  develop nuch 
s t r o n g e r  temperature dependence a t  - 44 dpa. S w e l l i n g  of t h e  PCA v a r i a n t s  peaks a t  500'C, whereas t h a t  o f  CW 
316 (N- lo t )  increases m n o t o n i c a l l y  from 400 t o  600'C. 
PCA-A3 i s  by f a r  t h e  bes t  from 400 t o  600% Also, PCA-A3 i s  cons ide rab ly  b e t t e r  than CW 316 (N- lo t )  a t  500 
t o  6OO0C a t  44 dpa, and PCA-A1, -82. and CW 316 (N- lo t )  a re  c l e a r l y  l e s s  r e s i s t a n t  than CW 316 (DO-heat) a t  
h i g h e r  f luences f o r  temperatures below 6OO0C. 

A t  4OO0C, PCA-AI, -A3, and CW 316 ( N- l o t )  a l l  swe l l  a t  l e s s  than 0.04%-dpa, w i t h  t h e  l a t t e r  two showing 
t h e  lowest ra tes .  With increas. ing f luence, s w e l l i n g  r a t e s  i nc rease  r a p i d l y  a f t e r  a l ow- swe l l i ng  t r a n s i e n t  
of about 20 t o  25 dpa a t  bo th  500 and 600OC fo r  PCA-A1 and CW 316 ( N- l o t )  b u t  on l y  a t  50OOC f o r  PCA-62. 
These a l l o y s  rough ly  f o l l o w  t h e  h i g h  s w e l l i n g  behav ior  of SA 316 (DO-heat) i r r a d i a t e d  a t  525 t o  64OOC. w i t h  
s w e l l i n g  r a t e s  a f t e r  t h e  t r a n s i e n t  reg ion  rang ing  f rom 0.16 t o  0.37%-dpa. 
600°C s imply  extend t h e i r  lower  f luence behav ior  w i t h  no a d d i t i o n a l  r a t e  increase, s i m i l a r  t o  CW 316 
(DO-heat) i r r a d i a t e d  a t  525 t o  64OOC. 
s w e l l i n g  from -22 t o  -44 dpa. 

Of t h e  PCA va r ian ts ,  t h e  s w e l l i n g  r e s i s t a n c e  of 

The PCA-A3 a t  50OoC and PCA-82 a t  

For i r r a d i a t i o n  a t  600°C, PCA-A3 shows v i r t u a l l y  no inc rease  i n  

3.1.4.2 M i c r o s t r u c t u r a l  Devel opment 

Over 50 TEH d i s k s  were examined, and t h e  t o t a l  m i c r o s t r u c t u r e  (i.e., d i s l o c a t i o n ,  p r e c i p i t a t e ,  c a v i t y ,  
and g r a i n  boundary components) of each was observed i n  d e t a i l .  Only a b r i e f  summary of these r e s u l t s  appears 
i n  t h i s  paper; m r e  d e t a i l s  can be found elsewhere6*7 and w i l l  be pub l i shed  l a t e r .  

(or b i a s - d r i v e n  c a v i t i e s 8 )  i n i t i a t e d  a t  smal l  he l ium bubbles (o r  s t a b l e  c a v i t i e s ) ,  p a r t i c u l a r l y  a t  h i g h e r  
f luences a t  400 t o  6 0 0 O C .  
suggested p r e v i o ~ s l y . ~  even though both  can be descr ibed by t h e  m r e  general  te rm of cav i t y .  
a t  60OoC CW 316 ( N- l o t )  and PCA-A1 beg in  forming vo ids  a t  -10.5 dpa6,' wh ich then l e a d  t o  t h e  h i g h- s w e l l i n g  
v o i d  m i c r o s t r u c t u r e s  found a t  -44 dpa and shown i n  Fig. 3.1.3(a) and (a), r e s p e c t i v e l y .  I n  c o n t r a s t ,  l a r g e  
voids do not  develop i n  PCA-A3 a f t e r  s i m i l a r  exposure, as shown i n  Fig.  3.1.3(c). 
bubbles can be found a t  lower f luences i n  t h e  PCA- AI  and CW 316 (N- lo t ) ,  they do not  remain s t a b l e  but  
coarsen w i t h  i n c r e a s i n g  f l u e n c e  and conver t  t o  a combinat ion o f  l a r g e  m a t r i x  voids and p r e c i p i t a t e -  
assoc ia ted voids.  Many m r e  (up t o  a f a c t o r  o f  50) f i n e  bubbles develop e a r l y  i n  PCA-A3; these appear 
t o  be s t a b l e  and do n o t  coarsen app rec iab l y  o r  conver t  t o  voids. 
i s  n e a r l y  i d e n t i c a l  w i t h  t h a t  shown a t  - 4 4  dpa i n  Fig. 3.1.3(0). 

f o r  PCA-A3 i r r a d i a t e d  t o  -44 dpa. A t  3OO0C, bubbles are  b a r e l y  r e s o l v a b l e  ( ( 2  nm i n  diameter) .  H igh con- 
c e n t r a t i o n s  (>loz3 mm3) o f  f i n e  (4 t o  5 nm i n  d iameter )  bubbles remain s t a b l e  a t  400 and 6OO0C 
F i g .  3.1.4(b,d), respec t i ve l y ] .  A t  500"C, both  m a t r i x  and p r e c i p i t a t e- a s s o c i a t e d  voids form. 

Void s w e l l i n g  d i f f e rences  shown i n  F ig .  3.1.3 a t  600°C c o r r e l a t e  w i t h  d i f f e r e n c e s  observed i n  t h e  evo- 
l u t i o n  of t h e  p r e c i p i t a t e  and d i s l o c a t i o n  components amonq these a l l o y s .  Both PCA-A1 and CW 316 ( N- l o t )  
develop h ighe r  d i s l o c a t i o n  concent ra t ions,  many m r e  Frank i n t e r s t i t i a l  loops, and rad ia t i on- induced  phases 
Cy' (Ni,Si) i n  t h i s  case] e a r l i e r  i n  t h e  i r r a d i a t i o n  than does PCA-A3. These i n  t u r n  c o r r e l a t e  w i t h  t h e  
onset of e a r l y  bimodal c a v i t y  d i s t r i b u t i o n s  i n  t h e  ma t r i x .  The Frank loops remain i n  t h e  m i c r o s t r u c t u r e  t o  
-22 dpa a t  600°C i n  CW 316 ( N- l o t )  and t o  - 44 dpa i n  PCA-A1. 
and then d isso lves,  g i v i n g  way a t  h i g h e r  f luence t o  coarse rl (M6C) i n  t h e  CW 316 ( N- l o t )  and t o  coarse n 
and/or G phase i n  t h e  PCA-A1. F a i r l y  l a r g e  vo ids  then  develop i n  a s s o c i a t i o n  w i t h  these coarse p r e c i p-  
i t a t e s .  By c o n t r a s t .  a cons ide rab le  amount of f i n e  Mc, very few Frank loops, and cons ide rab le  d i s l o c a t i o n  
recovery  develop i n  PCA-A3 a t  -22 dpa, and these then  remain unchanqed w i t h  i n c r e a s i n q  f luence. 
one s p a t i a l  correspondence between r a f t s  o f  f i n e  bubbles and c l u s t e r s  of f i n e  MC p a r t i c l e s  can be seen i n  
Fig.  3.1.5. Comparing PCA- AI  and -A3 a t  600T and -44 dpa shows t h a t  t h e  absence of voids c o r r e l a t e s  w i t h  
maximum f i n e  MC p r e c i p i t a t i o n  and minimum format ion of coarse, rad ia t i on- induced  s o l u t e  segregat ion 
(R1S)-induced o r  - modi f ied  phases. Fine, s t a b l e  Mc i s  ev iden t  a t  both 400 and 6OO0C a f t e r  -44 dpa, b u t  a t  
SOO'C bC i s  minimal and i s  mixed with cna rse r  phases assoc ia ted w i t h  voids. 
s i s t e n t  among t h e  o t h e r  PCA v a r i a n t s  cons idered o n l y  a t  low f l ~ e n c e . ~ . '  

I n  these samples, s w e l l i n g  g r e a t e r  than about 0.5 t o  1.0% appears t o  be due t o  format ion of l a r g e  voids 

An exper imental  b a s i s  f o r  d i s t i n g u i s h i n g  between vo ids  and bubbles has been 
For  example. 

Al though many f i n e  

The m i c r o s t r u c t u r e  of PCA-A3 a t  -22 dpa 

The temperature  dependence of m i c r o s t r u c t u r a l  development between 300 and 6OO0C, i s  shown i n  Fig. 3.1.4 

I n  both  of these s tee ls ,  t h e  y' forms e a r l y  

The One-to- 

These c o r r e l a t i o n s  a re  con- 

3.1.4.3 D iscuss ion  

The comprehensive m i c r o s t r u c t u r a l  data revea l  a t  l e a s t  severa l  expected and unexpected mechanisms 
It i s  expected t h a t  l a r g e  d i f f e r e n c e s  i n  p o i n t  de fec t  s i n k  s t reng ths  i n f l u e n c i n g  s w e l l i n g  res is tance.  

between a l l o y s  should i n f l u e n c e  both t h e  c r i t i c a l  r a d i u s  fo r  convers ion o f  bubbles (o r  s t a b l e  c a v i t i e s )  t o  
voids and t h e  b i f u r c a t i o n  of p o s s i b l e  c a v i t y  e v o l u t i o n  t o  h igh-  o r  l ow- swe l l i ng  paths.8,10 
i s  a l s o  expected t h a t  such l a r g e  d i f fe rences i n  c a v i t y  e v o l u t i o n  can a f fec t  p r e c i p i t a t i o n ,  l e a d i n g  t o  
enhanced thermal g r e c i p i t a t i o n  ( l i k e  MC) when RIS i s  suppressed o r  d i l u t e d  i n  a re f ined,  c a v i t y  s ink -  
dominated system. S i m i l a r  c o r r e l a t i o n s  between v o i d  fo rma t ion  and phase e v o l u t i o n  a r e  a l s o  observed i n  a 
l a r g e  body o f  data  on PCA by Imeson e t  al." It seems unexpected, a t  l e a s t  from p rev ious  neut ron i r r a -  
d i a t i o n  data, t h a t  Frank loop format ion should be so v a r i a b l e  under t h e  same i r r a d i a t i o n  c o n d i t i o n s  and So 
s t r o n g l y  c o r r e l a t e  w i t h  v o i d  development and e s p e c i a l l y  RIS- induced y' fo rmat ion a t  h i g h e r  temperatures. 
Much y e t  remains t o  be understood about t h e  e f f e c t s  o f  he l ium on o v e r a l l  m i c r o s t r u c t u r a l  and microchemical  
evo lu t i on .  

Furthermore, i t  
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F i g .  3.1.3. C a v i t y  m ic ros t ruc tures  of s t a i n l e s s  s t e e l s  i r r a d i a t e d  i n  HFIK a t  600°C t o  -44 dpa. 
(a) CW 316 (N- lo t ) .  ( b )  PCA-A1. (c) PCA-A3. 
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1 )  

Fig.  3.1.5. M i c r o s t r u c t u r a l  c o r r e l a t i o n  of (a) patches of f i n e  bubbles i n  b r i g h t  f i e l d  and ( b )  
c l u s t e r s  o f  f i n e  MC p a r t i c l e s  i n  p r e c i p i t a t e  dark f i e l d  i n  PCA-A3 i r r a d i a t e d  i n  HFIR  at600-C t o  -44 dpa. 

3.1.5. Conclusions 

1. The m i c r o s t r u c t u r a l  v a r i a t i o n s  o f  t h e  Path A Prime Candidate A l l o y  PCA-A2 (10% CW), -61 (SA p l u s  
double aged), and -C (25% CW p l u s  aged) were e l i m i n a t e d  from f u r t h e r  c o n s i d e r a t i o n  because o f  r a p i d  s w e l l i n g  
f o r  I r r a d i a t i o n  t o  -10 dpa a t  500 t o  600°C. A f t e r  i r r a d i a t i o n  t o  -44 dpa, PCA- A1 (SA)  e x h i b i t e d  t h e  h ighes t  
s w e l l i n g  between 400 and 600°C, n e a r l y  as h igh  as s w e l l i n g  i n  SA 316 (DO-heat). 

2. A t  h i g h e r  f luences i n  HFIR, t h e  v o i d  s w e l l i n g  r e s i s t a n c e  o f  PCA-A3 i s  s i m i l a r  t o  or  b e t t e r  than 
t h a t  o f  CW 316 (DO-heat) and b e t t e r  than t h a t  o f  CW 316 ( N - l o t )  between 500 and 60OOC. 
r e s i s t a n t  t o  s w e l l i n g  than  i s  CW 316 (DO-heat) below 5OOOC. 

concen t ra t i ons  of s tab le ,  f i n e  bubbles t h a t  r e s i s t  convers ion t o  voids. Other m i c r o s t r u c t u r a l  f a c t o r s  t h a t  
c o r r e l a t e  w i t h  good s w e l l i n g  r e s i s t a n c e  are: s t a b l e  MC p r e c i p i t a t e  p a r t i c l e s ,  lower concen t ra t i ons  o f  n e t -  
work d i s l o c a t i o n s ,  fewer Frank loops, and a suppression o f  R I S  e f fec ts .  

up t o  - 44 dpa. 

The PCA-A3 i s  m r e  

3. S w e l l i n g  r e s i s t a n c e  under h i g h  he l i um generat ion c o r r e l a t e s  d i r e c t l y  w i t h  t h e  format ion of h i g h  

4. S w e l l i n g  was n e g l i g i b l e  a t  300°C and low a t  4 0 0 Y  i n  a l l  s t e e l s  examined, f o r  f luences produc ing 
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3.2 MICROSTRUCTURAL DESIGN OF PCA AUSTENITIC STAINLESS STEEL FOR IMPROVED RESISTANCE TO HELIUM 
EMBRITTLEMENT UNDER HFIR IRRADIATION - P. J. Haziasz and D. N. Brask i  (Oak Ridge Nat iona l  Labora to ry )  

3.2.1 ADIP Task 

ADIP Tasks 1.6.13. Tens i l e  P rope r t i e s  o f  A u s t e n i t i c  A l loys ,  and I.C.I.  M i c r o s t r u c t u r a l  S t a b i l i t y .  

3.2.2 Ob jec t i ve  

vary  p r e i r r a d i a t i o n  g r a i n  boundary p r e c i p i t a t e  s t r u c t u r e  on g r a i n  boundary m i c r o s t r u c t u r a l  development 
d u r i n g  i r r a d i a t i o n  i n  HFIR and on p o s t - i r r a d i a t i o n  disk-bend d u c t i l i t y .  
dary c a v i t y  s t r u c t u r e s  and thus  reduce he l i um  d r i t t l e m e n t .  

The purpose of t h i s  work i s  t o  examine and eva lua te  t h e  e f f e c t  o f  thermal-mechanical p re t rea tments  t h a t  

The goal i s  t o  r e f i n e  g r a i n  boun- 

3.2.3 Sumnary 

M i c r o s t r u c t u r a l  v a r i a n t s  o f  PCA and two heats of 20%-cold-worked t y p e  316 s t a i n l e s s  s t e e l  were i r r a -  
d i a t e d  i n  HFIR and t e s t e d  f o r  embr i t t l ement  r es i s t ance  w i t h  t h e  disk-bend t e s t .  No embr i t t l ement  was 
observed f o r  i r r a d i a t i o n  t o  -44 dpa and 3000 t o  3600 at .  ppm He a t  300 and 400'C. A l l  n m t e r i a l s  were 
b r i t t l e  a f t e r  s i m i l a r  i r r a d i a t i o n  a t  600°C. 
500'C and t o  22 dpa a t  600°C was found i n  PCA v a r i a n t s  t h a t  conta ined g r a i n  boundary MC p a r t i c l e s  produced 
p r i o r  t o  i r r a d i a t i o n .  

3.2.4 Progress and S ta tus  

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

The bes t  embr i t t l ement  r es i s t ance  f o r  i r r a d i a t i o n  t o  44 dpa a t  

T i t a n i u m  and n iobium mod i f i ca t i ons  a re  known t o  improve t h e  he l ium embr i t t l ement  r es i s t ance  of aus ten i -  

Kes te rn ich  and Rothaut4 r e c e n t l y  demonstrated embr i t t l ement  r es i s t ance  r e s u l t i n g  f rom he l i um  

t i c  s t a i n l e s s  s t e e l s  under neu t ron  i ~ r a d i a t i o n . l - ~  and M a r t i n  and Weir2 con- 
j e c t u r e d  t h a t  t h e  reason f o r  such r es i s t ance  was i n t e r f a c i a l  h e l i u m  bubble t r a p p i n q  by g r a i n  boundary MC 
carb ides.  
t r a p p i n g  a t  f i n e  m a t r i x  MC p a r t i c l e s  i n  h e l i u m- p r e i n j e c t e d  and c reep- tes ted  D I N  1.4970 s t a i n l e s s  s t e e l  (a 
15 w t  B Ni-15 C r - 0 . l  C1.3 Mc- 0.3 T i  a l l o y ,  o therw ise  s i m i l a r  t o  PCA). 

Hel ium embr i t t l ement  r es i s t ance  a t  t h e  h i ghe r  he l i um  genera t ion  r a tes  expected f o r  fus ion  (12 t o  15 
at .  ppm He/dpa) i s  an impor tan t  concern f o r  f i r s t - w a l l  l i f e t i m e  a t  h i ghe r  temperatures. I n  1981, p re -  
i r r a d i a t i o n  m i c r o s t r u c t u r a l  v a r i a n t s  o f  PCA were designed and produced, w i t h  op t im ized  d i s t r i b u t i o n s  of 
g r a i n  boundary t i t a n i u m  ca rb i de  (MC). i n tended f o r  b e t t e r  he l ium embr i t t l ement  r es i s t ance  i n  fus ion  r e a c t o r  
~ e r v i c e . ~  
i r r a d i a t i ~ n . ~ . '  
t e s t i n g  of va r ious  specimens i r r a d i a t e d  i n  HFIR a t  t h e  h i gh  he l ium genera t ion  r a tes  of 20 t o  80 at .  

3.2.4.2 Exper imenta l  

The composi t ions o f  N - l o t  t y p e  316 s t a i n l e s s  s t e e l  and t h e  PCA are  g iven i n  Sect. 3.1 of t h i s  r epo r t ,  
as a re  t h e  des igna t ions  and d e s c r i p t i o n s  of t h e  PCA p re t rea tment  var iants.8 
( re f .- hea t )  o f  CW 316 (20%-cold-worked t y p e  316 s t a i n l e s s  s t e e l )  was a l s o  i nc l uded  and has t h e  compos i t ion  
12.4 Ni--17.3 Cr-Z.2 Mo-1.7 Mn- 0.7 Si-0.05 cO.03 P-bal  Fe ( a l l  i n  weight  percen t ) .  
d i s k s  were punched from 0.254-mn-thick sheet stock. Four d i s k s  o f  each o f  these  were i r r a d i a t e d  i n  HFIR a t  
300. 400, 500, and 6OOOC t o  f luences  p roduc ing  10.5 t o  -44 dpa (Sect. 3.1).8 A f t e r  i r r a d i a t i o n ,  se l ec ted  
d i s k s  were bend t e s t e d  a t  t h e  i r r a d i a t i o n  temperature. D e t a i l s  o f  t h e  d i s k  bend t e s t i n g  and c a l c u l a t i o n  of 
bend d u c t i l i t i e s  can be found elsewhere.'-1° 
microscopy were used t o  examine cracks o r  f r ac tu res  MI t e s t e d  d isks.  Transmiss ion e l e c t r o n  microscopy (TEM) 
was used t o  c h a r a c t e r i z e  g r a i n  boundary m i c ros t r uc tu res  i n  i d e n t i c a l l y  i r r a d i a t e d  bu t  un tes ted  d isks.  

3.2.4.3 Disk Bend Test  Resu l ts  

I n  1967, Rowc l i f fe  e t  al.' 

An impor tan t  f e a t u r e  was i n c o r p o r a t i o n  o f  t h e  understanding of phase s t a b i l i t y  under neutron 
The present  work i s  in tended t o  eva l ua te  r e l a t i v e  embr i t t l ement  r es i s t ance  th rough  bend 

ppmldpa. 

The f u s i o n  reference heat  

Standard 3-mn-diam 

Scanning e l e c t r o n  microscopy (SEM) and o p t i c a l  s te reo-  

Disk  bend d u c t i l i t i e s  as f u n c t i o n s  o f  i r r a d i a t i o n  temperature (equal t o  t e s t  temperature)  and f l uence  
The da ta  symbols a l s o  

F i gu re  3.2.2 shows 
I n  general,  PCA-B1 

f o r  t h e  var ious  a l l o y  and p re t rea tment  v a r i a n t s  (47 d i s k s )  a re  shown i n  Fig. 3.2.1. 
i n d i c a t e  f r a c t u r e  behav io r  (opened symbols - no cracks; f i l l e d  symbols - i n t e r g r a n u l a r  c rack ing) .  The da ta  
a r e  separated i n t o  general t r e n d  bands i n d i c a t i n g  r e l a t i v e l y  b e t t e r  o r  worse behavior.  
SEM o f  t y p i c a l  examples of t h e  f r a c t u r e  extremes f o r  specimens judged b e t t e r  o r  worse. 
and -E2 as w e l l  as CW 316 ( ref .- heat)  e x h i b i t e d  b e t t e r  behav io r  a t  h i ghe r  temperatures and f luences  than d i d  
t h e  o t h e r  nm te r i a l s .  

d i a t i o n s  of -22 and 44 dpa a t  300 and 4OOOC [Fig. 3.2.l(c,d)l. Cons is ten t  w i t h  t h i s ,  o p t i c a l  s te reo-  
microscopy i n d i c a t e d  cons iderab le  cupping o f  t h e  d i s k s  t o  conform t o  t h e  punch d u r i n g  t e s t i n g ,  and SEM 

The temperature dependence o f  t h e  6end d u c t i l i t i e s  i n d i c a t e d  v i r t u a l l y  no embr i t t l ement  due t o  i r r a -  
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Fig .  3.2.3. Gra in  boundary bubbles i n  20%-cold-worked t ype  316 s t a i n l e s s  s t e e l  (DO-heat) i r r a d i a t e d  a t  
525 t o  55OoC i n  (a) EBR-I1 t o  produce 36 dpa and 22 at. ppm He and (b) HFIR t o  produce 17.8 dpa and 1020 
a t .  ppm He. 

Fig. 3.2.4(b,d). 
p re t rea tments  i n  PCA-C (25"bcold-worked p l us  2 h a t  750'C) d i s so l ved  i n  i r r a d i a t i o n  t o  on l y  11 dpa a t  6OOOC. 
I n  con t ras t ,  n e i t h e r  PCA-A1 nor  -A3 develop any g r a i n  boundary MC under s i m i l a r  i r r a d i a t i o n s .  
boundary MC s t a b i l i t y  was a l so  f a i r l y  independent of m a t r i x  m i c r o s t r u c t u r a l  development, s i nce  a t  600°C up 
t o  22 dpa PCA-B1 develops h igh  vo id  s w e l l i n g  and r a d i a t i o n- i n d u c e d  p r e c i p i t a t i o n ,  whereas PCA-82 develops 
much l ess  s w e l l i n g  and enhanced thermal p r e c i p i t a t i o n  (MC) under i r r a d i a t i o n .  The medium-coarse Mc i n  bo th  
PCA-Bl and -BZ d i sso l ved  on i r r a d i a t i o n  t o  -44 dpa a t  600°C. bu t  t h i s  may be due t o  g r a i n  boundary m i g r a t i o n  
r e s u l t i n g  from d i f f e r e n t i a l  vo i d  s w e l l i n g  i n  adjacent  gra ins.  When t h e  g r a i n  boundary MC was s t ab l e ,  i t  
caused mrch f i n e r  g r a i n  boundary he l ium bubble d i s t r i b u t i o n s  because of t r a p p i n g  a t  t h e  i n t e rphase  boun- 
da r i es ,  p a r t i c u l a r l y  when compared w i t h  g r a i n  boundaries w i t h o u t  MC (see PCA-A1 and -82 i n  Fig. 3.2.5). 
Bubbles a re  almost unreso lvab le  a t  these  Mc p a r t i c l e s  a t  lower f luence.  

t i o n  a t  500"C, and bubble and MgC p r e c i p i t a t e  s t r u c t u r e s  t h a t  coarsened c o n s i d e r a b l y  w i t h  f luence a t  600OC. 
By con t r as t ,  g r a i n  boundar ies i n  CW 316 ( ref .- heat)  have f a i r l y  un i f o rm  and s t a b l e  d i spe rs i ons  of medium- 
coarse  MgC p a r t i c l e s 1 2  a f t e r  -10 dpa i n  HFIR a t  400 t o  5 5 O O C .  Th i s  may e x p l a i n  why t h i s  heat  o f  CW 316 
r e s i s t s  embr i t t l ement  m r e  than do t h e  o t h e r  heats o f  CW 316 (N- lo t ) .  

Th i s  s t a b i l i t y  was unique t o  t h e  coarser  MC i n  t h e  PCA because f i n e  MC developed v i a  

The g r a i n  

I n  comparison w i t h  PCA-B1 o r  -82, CW 316 ( N- l o t )  developed bubbles and l i t t l e  g r a i n  boundary p r e c i p i t a -  

3.2.4.5 Bend Tes t  - M i c r o s t r u c t u r a l  C o r r e l a t i o n  

Th i s  work emphasizes t h a t  embr i t t l ement  r es i s t ance  was p r e d i c t e d  and c o r r e l a t e s  w i t h  t h e  s t a b i l i t y  and 
b e n e f i c i a l  bubble re f inement  o f  g r a i n  boundary MC i n  t h e  PCA a l l o y s  i r r a d i a t e d  a t  500 and 600'C. D e s p i t e  
t h e i r  h i ghe r  he l i um  con ten t ,  PCA-51 and -82 a l s o  show c o n s i s t e n t l y  b e t t e r  embr i t t l ement  r es i s t ance  than  t h e  
CW 316, e s p e c i a l l y  N- lot .  The CW 316 ( ref .- heat)  may a l so  b e n e f i t  from b e t t e r  s t a b i l i t y  of g r a i n  boundary 
MgC. 
P r e c i p i t a t e - f r e e  g r a i n  boundar ies covered w i t h  many bubbles c o n s i s t e n t l y  appear q u i t e  b r i t t l e  and Drone t o  
c r a c k i n g  f o r  a l l  a l l o y s  i r r a d i a t e d  and t e s t e d  a t  500 and 600'C. 
e m b r i t t l e m e n t  res is tance ,  does no t  n a t u r a l l y  develop under i r r a d i a t i o n ,  bu t  m s t  be produced by a p p r o p r i a t e  
thermal  mechanical t rea tments  be fo re  i r r a d i a t i o n .  Because t h e  MC i n s t a b i l i t y  appears t o  c o r r e l a t e  w i t h  

A t  4 O O O C  and below, he l ium embr i t t l ement  does no t  appear t o  be a problem f o r  any o f  these  a l l o y s .  

S tab l e  g r a i n  boundary m. and hence 
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Fig .  3.2.4. A comparison of gra in  boundary MC i n  PCA-61 ( l e f t )  as fabricated and (right) a f t e r  HFIR 
i r r a d i a t i o n  t o  22 dpa a t  600' t o  demnst ra te  i t s  s t a b i l i t y  under i r r a d i a t i o n .  

Fig. 3.2.5. A comparison o f  gra in  boundary bubble s t ructures i n  (Left) PCA-A1 wi th  no K and (r ight)  
PCA-62. i r r a d i a t e d  i n  HFIR a t  600OC t o  -22 dpa (-1760 at .  ppm He) wi th  p r i o r  gra in  boundary MC. 
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w a i n  boundarv m i s r a t i o n  under i r r a d i a t i o n .  w a i n  boundarv MC s t a b i l i t v  should be imoroved w i t h  m r e  . .  
s w e l l i n g - r e s i s t a n t  gra ins.  
v o i d  s w e l l i n g  r e s i s t a n c e  of PCA-A3 (Sect. 3.1 o f  t h i s  r e p o r t )  w i t h  t h e  g r a i n  boundary Mc s t r u c t u r e s  of 
PCA-61 and -82. The PCA-B3 i s  produced by ag ing  so lu t ion- annea led  m a t e r i a l  (PCA-A1) f o r  8 h a t  800°C and 
then c o l d  work ing 25%. 

Therefore, a new-PCA m i c r o s t r u c t u r e ,  PCA-G, has been developed t o  combine t h e  

3.2.5 Conclusions 

The bend t e s t  r e s u l t s  demonstrate q u a l i t a t i v e l y  t h a t  embr i t t l ement  can be d im in ished  by s u i t a b l e  des ign 
and c o n t r o l  of t h e  m i c r o s t r u c t u r e .  These r e s u l t s  nus t  be supported by m r e  eng ineer ing- re levan t  m c h a n i c a l  
t e s t i n g  t o  v e r i f y  t h e  embr i t t l ement  r e s i s t a n c e  and t o  q u a l i f y  these a l l o y  c o n d i t i o n s  f o r  f u s i o n  r e a c t o r  
a p p l i c a t i o n s .  
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4.1 AN EVALUATION OF FATIGUE PROPERTIES OF HFIR-IRRADIATED N I M O N I C  PE-16 AT 430'C - M. L. Grossbeck and 
K. C. L i u  (Oak Ridge Nat iona l  Labora to ry )  

4.1.1 ADIP Task 

A O I P  Task I.B.6, S t r e s s I S t r a i n  C o n t r o l l e d  Fa t ique  i n  High S t reng th IH igh  Temperature Fe-Ni-Cr A l l o y s .  

4.1.2 O b j e c t i v e  

The goal o f  t h i s  experiment i s  t o  scope t h e  f a t i g u e  behav io r  o f  Nimonic PE-16 i r r a d i a t e d  i n  a hel ium-  
producing environment. 

4.1.3 Summary 

Nimonic PE-16 was i r r a d i a t e d  i n  t h e  H F I R  t o  6 t o  9 dpa and 560 t o  1000 at .  ppm He a t  430°C. Post-  
i r r a d i a t i o n  f a t i g u e  t e s t s  revea led  a r e d u c t i o n  i n  f a t i g u e  l i f e  by about a f a c t o r  o f  10 a t  430'C. I n  
c o n t r a s t  w i t h  AIS1 t y p e  316 s t a i n l e s s  s t e e l ,  no endurance l i m i t  was observed. A l l  i r r a d i a t e d  specimens 
e x h i b i t e d  some i n t e r g r a n u l a r  f r a c t u r e  w i t h  an i n c r e a s i n g  tendency toward "cleavage l i k e "  i n t r a q r a n u l a r  
f r a c t u r e  f o r  low s t r a i n  ranges. 

4.1.4 Progress and S ta tus  

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

Most conceptual designs o f  tokamak f u s i o n  r e a c t o r s  i n v o l v e  a c y c l i c  m d e  o f  operat ion,  where f a t i g u e  i n  
t h e  s t r u c t u r a l  m a t e r i a l s  i s  o f  pr ime concern. However, even if steady- s ta te  tokamak machines can be b u i l t ,  
plasma d i s r u p t i o n s  and shutdown cyc les  w i l l  s t i l l  r e s u l t  i n  f a t i g u e  of f i r s t  w a l l  and b l a n k e t  s t r u c t u r e s .  
P r i m a r i l y  because o f  t h e i r  h i g h e r  s t r e n g t h ,  h igh  n i c k e l  a l l o y s  such as Nimonic PE-16 have been considered 
f o r  f i r s t  w a l l  s t r u c t u r a l  m a t e r i a l .  

I n  a d d i t i o n  t o  atomic displacements, t h e  fus ion  environment produces hydrogen by ( n , p )  r e a c t i o n s  and 
he l ium by (?I,.) reac t ions .  The hydrogen i s  n o t  norma l l y  a concern i n  i r o n  and n i c k e l  a l l o y s ,  b u t  h e l i u m  i s  
i n s o l u b l e  and has been observed t o  segregate t o  s inks  such as g r a i n  boundaries, where i t  might  a f f e c t  mecha- 
n i c a l  behavior .  For t h i s  reason, a r a d i a t i o n  environment t h a t  produces he l ium s imu l taneous ly  w i t h  atomic 
displacements has been chosen f o r  t h i s  study. 

4.1.4.2 Exper imenta l  Procedure 

Specimen Prepara t ion  

Specimens were prepared f rom 7.11-mm rod of heat TC-1747, t h e  composi t ion of which i s  shown i n  
Table 4.1.1. The specimens a re  o f  t h e  hourg lass c o n f i g u r a t i o n  w i t h  a 3.18-mm minimum diameter,  as used 
p r e v i o u s l y  f o r  s t u d i e s  of i r r a d i a t e d  t y p e  316 
s t a i n l e s s  s t e e l  .l,z 
i r r a d i a t i o n  capsule a re  shown i n  F iq .  4.1.1. 
F o l l o w i n g  m c h i n i n q ,  t h e  specimens were heat 
t r e a t e d  i n  an argon atmosphere t o  achieve a 
p r e c i p i t a t i o n- h a r d e n e d  c o n d i t i o n .  The specimens 
were s o l u t i o n  annealed a t  1080°C f o r  4 h, then 
aged a t  900°C f o r  1 h and 750°C f o r  8 h. 

I r r a d i a t i o n  

The specimen geometry and 

Hel ium i s  produced i n  n i c k e l - c o n t a i n i n q  

Tab le  4.1.1. composi t ion of Nimonic PE-lh 
used i n  experiment (wt %) 

C 0.062 C r  16.93 MO 3.35 
S i  0.29 T i  1.12 N i  43.94 
cu 0.098 AI 1.15 S 0.001 
Mn 0.098 Co 0.42 Z r  o.On8 

Fe ba 1 
a l l o y s  through i r r a d i a t i o n  i n  a mixed-spectrum 
r e a c t o r ,  such as t h e  High F l u x  I s o t o p e  Reactor  
(HFIR). The s t r o n g  f a s t - n e u t r o n  component o f  t h e  
f l u x  causes cons iderab le  atomic displacement 
damage. Hel ium format ion r e s u l t s  from a s e r i e s  of two thermal neu t ron  a b s o r p t i o n  r e a c t i o n s  beg inn ing  w i t h  
5 a N i :  
HFIR, which was used f o r  t h e  i r r a d i a t i o n ,  bo th  t h e  f a s t  and thermal  f l u x e s  exceed 1019 neutrons/ (m2-s)  a t  
t h e  i r r a d i a t i o n  s i t e s .  

Specimens were arranqed t e n  p e r  i r r a d i a t i o n  capsule a long t h e  l o n g i t u d i n a l  a x i s  of t h e  reac to r .  The 
d e s i r e d  e leva ted  temperature was achieved through nuc lear  hea t inq ,  us inq  h e l i u m  gas gaps between each spec i-  
men and i t s  suppor t  t o  c o n t r o l  r a d i a l  heat  conduct ion (Fiq. 4.1.1). Low-mel t ing meta ls  and a l l o y s  and s i l i -  
con carb ide  were used as temperature ind ica to rs . '  
N i ,  Z d  4, A l ,  and Zn. The i r r a d i a t i o n  temperature was determined t o  be 430 i- 25°C. 

5aNi  ( n , ~ ) ~ ~ N i  and 59Ni (n,a)56Fe, which d e p o s i t  h e l i u m  homogeneously throughout  t h e  a l l o y .  I n  t h e  

The m e l t  w i r e  m a t e r i a l s  used were Cw30.7% Mg, M5&?3.5% 
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I r r a d i a t i o n  and t e s t  oarameters a r e  a iven i n  Table 4.1.2. Oamaoe 
l e v e l s  were c a l c u l a t e d  by t h e  method r e c o k e n d e d  by t h e  I A E A  work inq '  
group3 from p rev ious  dos imetry  measurements, w i t h  t h e  a d d i t i o n  of t h e  
d iso lacements oroduced bv r e c o i l i n a  i r o n  n u c l e i  i n  t h e  59Ni fn .a)56Fe 

. I .  

 reaction^.^ 
exper imenta l  data.5 

Hel ium l e v e i s  were c a f c u l a t e d  from a r e l a t i o n  based on 

F a t i q u e  t e s t i n g  

The t e s t s  were performed on a se rvo- hydrau l i c  c losed- loop-  
c o n t r o l l e d  t e s t i n g  system i n s t a l l e d  i n  a r a d i a t i o n  h o t  c e l l .  The 
system has a four-column l o a d  frame capable o f  220 kN. It i s  equipped 
w i t h  an u l t r a h i g h  vacuum system pum ed by a tu rbomo lecu la r  pump 

t e s t i n g .  Specimen h e a t i n g  i s  accomplished by i n d u c t i o n  w i t h  a l oad  
c o i l  su r round ing  t h e  specimen. S t r a i n  i s  measured by a d iamet ra l  
extensometer which f i t s  between two wind ings o f  t h e  l o a d  c o i l .  

Specimens were sub jec ted  t o  a f u l l y  reversed t r i a n g u l a r  s t r a i n  versus 
t i m e  program beg inn ing  w i t h  compression a t  a s t r a i n  r a t e  o f  4 x 
s-l .  For  low- cyc le  f a t i g u e  ( A C T  > 0.5%), t e s t s  were c o n t r o l l e d  on t h e  
bas i s  o f  a x i a l  s t r a i n  computed by a s t r a i n  computer from d iamet ra l  
s t r a i n ,  measured d i r e c t l y  a t  t h e  minimum gage sec t i on .  For  h i g h- c y c l e  
t e s t s .  t h e  same s t r a i n  c o n t r o l  was used u n t i l  a s t a b l e  h y s t e r e s i s  l oop  
was achieved, a t  which t i m e  c o n t r o l  was s h i f t e d  t o  load. A t  t h e  same 
t i m e  t h e  frequency was increased by a f a c t o r  of 10 t o  reduce t h e  t e s t  
du ra t i on .  
per form f ractography.  except i n  cases where an apparent endurance 
l i m i t  was observed. A l l  specimens. bo th  i r r a d i a t e d  and u n i r r a d i a t e d ,  
were loaded remote ly  i n  t h e  hot  c e l l  by t h e  same procedure i n  o r d e r  
t o  avo id  d i f f e r e n c e s  i n  al ignment.  Specimens aged a t  430°C fo r  t h e  
d u r a t i o n  of t h e  i r r a d i a t i o n  were n o t  tes ted.  

capable o f  pressures o f  t o  10- e Pa d u r i n g  e levated- temperature 

Tests  were performed a t  t h e  i r r a d i a t i o n  temperature of 430°C. 

Specimens were c y c l e d  t o  complete separa t ion  i n  o r d e r  t o  

4.1.4.3 pesults 

Nimonic P E- 1 6  i n i t i a l l y  e x h i b i t e d  s l i q h t  c y c l i c  hardeninq 
fo l l owed  by very  s l i g h t  s o f t e n i n g  p r i o r  t o  e s t a b l i s h i n g  a s teady- s ta te  
h y s t e r e s i s  loop. The i r r a d i a t e d  specimens were observed t o  have 
s i g n i f i c a n t l y  h i g h e r  c y c l i c  s t r e n g t h s  than  t h e  u n i r r a d i a t e d  ones above 
a s t r a i n  range o f  0.5% (Fig.  4.1.2). Th is  behav ior  was a l s o  observed 
a t  430°C i n  POX-cold-worked t y p e  316 s t a i n l e s s  s tee l . '  
Nimonic P E- 1 6  i s  a s t ronger  a l l o y  and appears t o  e x h i b i t  h i g h e r  c y c l i c  
work hardening than  does t y p e  316 s t a i n l e s s  s tee l .  

The r e s u l t s  o f  t h e  f a t i g u e  t e s t s  a r e  presented i n  Table  4.1.2 and 
appear i n  g raph ica l  form i n  F ig .  4.1.3. The curves i n  F ig .  4.1.3 were 

However, t h e  F ig .  4.1.1. F a t i g u e  spec i-  
men p o s i t i o n e d  i n  an i r r a d i a t i o n  
caDsule. 

e s t a b l i s h e d  by a least- squares f i t  t o  a power law equa t ion  commonly 
used f o r  f a t i g u e  data. For  u n i r r a d i a t e d  m a t e r i a l  t h e  f o l l o w i n q  equa t ion  was de r i ved :  

For  t h e  Nimonic P E- 1 6  i r r a d i a t e d  t o  6 t o  9 dpa c o n t a i n i n g  56fL1000 a t .  ppm He, t h e  f o l l o w i n g  equa t ion  was 
found t o  f i t t h e  data :  

A C T  = fl.015N0*12 + 0.49N-0-6u f f '  
where beT = t o t a l  s t r a i n  range, N cyc les  t o  f a i l u r e .  

t o t a l  s t r a i n  range of 0.35%. However such an apparent endurance l i m i t  was n o t  observed i n  t h e  i r r a d i a t e d  
m a t e r i a l ,  where even a t  a t o t a l  s t r a i n  o f  0.30%, f a i l u r e  was observed i n  1.5 x IO6 cyc les .  

f r a c t u r e  mechanism, and t y p i c a l  f ractographs a r e  shown i n  F ig .  4.1.4. The u n i r r a d i a t e d  specimens d i s p l a y e d  
p r i m a r i l y  i n t r a g r a n u l a r  d u c t i l e  rup tu re .  However, t h e  pr imary m d e  o f  f r a c t u r e  i n  t h e  i r r a d i a t e d  specimens 
appeared t o  be i n t e r g r a n u l a r .  I n  a d d i t i o n  t o  i n t e r g r a n u l a r  f r a c t u r e ,  some "c leavage l i ke "  i n t r a g r a n u l a r  
f r a c t u r e  was observed. Decreas ing t h e  s t r a i n  range and t h e r e f o r e  i n c r e a s i n g  t h e  l e n g t h  of t h e  t e s t  appeared 
t o  i nc rease  t h e  tendency toward "cleavage l i k e "  f rac tu re .  

Fo r  t h e  u n i r r a d i a t e d  a l l o y ,  t i e = t e s t  was d i scon t inued  a t  l o 7  cyc les ,  where no f a i l u r e  was observed a t  a 

The f r a c t u r e  sur faces were examined by scanning e l e c t r o n  microscopy (SEM) t o  a i d  i n  de te rm in ing  t h e  
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Tab le  4.1.2. I r r a d i a t i o n  and t e s t  parameters 

Maximum 

to ~ 0 1 2  a t  

Fluence T o t a l  Cycles Cycles s t r e s s  

x 1026) ( % I  Nf (&Pa) 

crack l2 t o  Speci - Temperature ("C) E > o.l MeV Hel ium s t r a i n  

(neutrons/m2 dpa (a t .  ppm) range f a  i 1 u r e  men I r r a d i a t i o n  Test 

430 0 2.0 2,294 790 
630 

PS3 
PX3 430 

0.6 316,057 303,600 550 430 0 
310 

PX2 
430 0 0.35 >10,043,048 PX4 

PX6 430 430 0.96 8.8 940 2.0 721 650 830 
PS4 430 430 0.96 9.1 io00 1.0 1,297 790 800 

550 430 430 0.96 8.8 940 0.6 22,134 
320 

PS5 
430 430 0.80 7.4 730 0.35 142,264 

216 
PS6 
P X 1  430 430 0.68 6.3 560 0.30 1,534,755 

0 1.0 45,463 43,000 

/ 
b 

0 

Fig .  4.1.2. C y c l i c  s t r e s s - s t r a i n  curves 
f o r  HF IR- i r rad ia ted  and u n i r r a d i a t e d  Nimonic 
PE-16. Each p o i n t  represents  an i n d i v i d u a l  
specimen. The s t r e s s  range was measured a t  
h a l f  t h e  wec imen l i f e .  
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F ig .  4.1.3. To ta l  s t r a i n  range as a f u n c t i o n  
o f  cyc les  t o  f a i l u r e  f o r  HF IR- i r rad ia ted  ('5-9 dpa, 
56&1000 at .  ppm He) and u n i r r a d i a t e d  Nimonic PE-16. 
Dashed curves are  f o r  s i m i l a r l y  i r r a d i a t e d  and un- 
i r r a d i a t e d  20%-cold-worked t ype  316 s t a i n l e s s  s tee l .  

4.1.4.4 D iscuss ion 

p r e c i p i t a t i o n - h a r d e n e d  Nimonic PE-16 than i n  A I S I  t y p e  316 s t a i n l e s s  s t e e l .  
PE-16 i s  a l s o  evidenced i n  t h e  f a t i g u e  l i f e  curves o f  F ig .  4.1.3. 
s l i g h t l y  l onge r  f a t i g u e  l i f e  i n  t h e  h igh- cyc le  regime but a s i m i l a r  o r  p o s s i b l y  s h o r t e r  l i f e  i n  t h e  low- 
c y c l e  regime, a c h a r a c t e r i s t i c  o f  s t ronge r  a l l o y s .  

observed, s i nce  t h e  f r a c t u r e  m d e s  were q u i t e  d i f f e r e n t .  
acco rd ing  t o  f luence and s t r a i n  range on a reverse sca le ;  thus, l e n g t h  o f  t e s t  increases t o  t h e  r i g h t .  
u n i r r a d i a t e d  specimens are  seen t o  have f r a c t u r e d  by d u c t i l e  rupture ,  but  t h e  i r r a d i a t e d  specimens e x h i b i t e d  
v a r y i n g  degrees of i n t e r g r a n u l a r  f r ac tu re .  

The c y c l i c  harden ing curves r e f l e c t  t he  phenomenon o f  i r r a d i a t i o n  hardening, which was g rea te r  i n  t h e  
The g r e a t e r  s t r e n g t h  o f  Nimonic 

Here i t  i s  seen t h a t  Nimonic PE-16 has a 

It i s  somewhat s u r p r i s i n g  t h a t  t h e  f a t i g u e  behav ior  o f  t h e  two a l l o y s  a t  430°C was as s i m i l a r  as was 
F i g u r e  4.1.4 i s  an a r r a y  o f  f r ac tog raphs  arranged 

The 

I n  A I S I  t ype  316 s t a i n l e s s  s tee l ,  no i n t e r g r a n u l a r  f r a c t u r e  was 
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observed a t  430°C. A t  lower  s t r a i n  range l e v e l s ,  f l a t  c leavage l i k e  f r a c t u r e  i s  observed i n  both m a t e r i a l s .  
Although t h e  f r a c t u r e  mechanism remains t o  be determined by f u r t h e r  study, i t  might  i n v o l v e  separa t ion  a long  
t w i n  boundaries o r  p o s s i b l y  a long  p e r s i s t e n t  s l i p  bands r e s u l t i n g  f rom t h e  c y c l i c  s t ress.  

such as Nimonic PE-16 f o l l o w i n g  i r r a d i a t i o n . 6  
appears t o  be a s i g n i f i c a n t  f a c t o r  i n  embr i t t l ement  i n  many cases.7 
f a t i g u e  i s  b e l i e v e d  t o  r e s u l t  f rom t h e  same e m b r i t t l i n g  mechanism a c t i v e  i n  t e n s i l e  t e s t i n g  o f  i r r a d i a t e d  
h i g h- n i c k e l  a l l o y s ,  which may i n v o l v e  segregat ion,  p r e c i p i t a t i o n ,  o r  h e l i ~ m . ~ - ~  

4.1.5 Conclusions 

The i n t e r g r a n u l a r  rode  of f r a c t u r e  has been observed p r e v i o u s l y  i n  t e n s i l e - t e s t e d  h i g h- n i c k e l  a l l o y s  
It i s  no t  c l e a r  t h a t  t h i s  i s  an e f f e c t  o f  hel ium, bu t  he l ium 

The i n t e r g r a n u l a r  f r a c t u r e  observed i n  

S i g n i f i c a n t  i n t e r g r a n u l a r  f r a c t u r e  was observed i n  i r r a d i a t e d  Nimonic PE-16. Nonetheless, f a t i g u e  l i f e  
was no t  severe ly  shor tened by i t s  presence. Th is  m i l d  r e d u c t i o n  i n  l i f e  was observed even though t h e  a l l o y  
con ta ined  he l ium l e v e l s  as h i g h  as 1000 at .  ppm, which might  have aggravated t h e  i n t e r g r a n u l a r  separat ion.  

Although h i g h e r  s t r e n g t h  u s u a l l y  r e s u l t s  i n  l onger  l i f e  i n  h i g h- c y c l e  fa t i gue ,  t h e  absence of an 
endurance l i m i t  i n  Nimonic PE-16 f o l l o w i n g  i r r a d i a t i o n  perhaps makes t h e  o v e r a l l  h i g h- c y c l e  performance 
worse than t h a t  of t y p e  316 s t a i n l e s s  s t e e l .  S ince t h e  low- cyc le  f a t i g u e  behavior  i s  s i m i l a r  i n  t h e  two 
a l l o y s ,  Nimonic PE-16 o f f e r s  no advantage over  t ype  316 i n  fus ion  r e a c t o r  se rv i ce .  
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7.1 SWELLING IN  SEVERAL COMMERCIAL ALLOYS IRRADIATED TO VERY HIGH NEUTRON FLUENCE - 
0. S .  Gelles and J .  5 .  Pintler (Westinghouse Hanford Company) 

7.1.1 ADIP Task 

The Department of Energy (D0E)lOffice of Fusion Energy (OFE) has cited the need to investigate ferritic 
alloys under the ADIP program task, Ferritic Steels Development (Path E). 
task number 1.C.2, Microstructures and Swelling in Austenitic Alloys and task number l.C.l, Microstructural 
Stability. 

7.1.2 Objective 

The tasks involved are akin to 

The objective of this work is to provide guidance on the applicability of martensitic stainless steels 
for fusion reactor structural components. 

7.1.3 Summary 

Swelling values have been obtained from a set of commercial alloys irradiated in EBR-I1 to a peak 

the martensitic and ferritic 
fluence of 2.5 x Ig3 nlcd (E > 0.1 MeV) or *125 dpa covering the range 400 to 650OC. The alloys 
can be ranked for swelling resistance from highest to lowest as follows: 
alloys, the niobium based alloys, the precipitation strengthened iron and nickel based alloys, the 
molybdenum alloys and the austenitic alloys. 

7.1.4 Progress and Status 

7.1.4.1 Introduction 

Irradiation induced swelling is an important materials property affecting the design of a fusion 
reactor. 
limiting design factor. 
irradiation requires long irradiation times and it is rarely possible to perform such experiments. 
of the National CladdingJDuct Materials Development Program (NCD) for Liquid Metal Fast Breeder Reactor 
development, a series of commercial alloys was included in the AA-I swelling test and irradiations were 
begun in December 1974 in the Experimental Breeder Reactor (EBR) 11, at Idaho Falls, ID. 
are no longer being studied by the NCD program, they have been made available for fusion related studies. 
Results of density change measurements on specimens examined at earlier discharges of the AA-I test have 
been reported previously.l.2 The purpose of the present effort is to provide results on s ecimens 
irradiated in the final irradiation of the AA-I test to a peak fluence of 2.53 x loz3 n/cm (all 
fluences are reported as E > 0.1 MeV) or approximately 125 dpa. 

cial alloys. 
represented. 
included carbide, yttria and copper precipitate strengthening. 
alloys, one with high silicon additions, provided results for the Fe-(20 to 35) Ni - (20 to 25) Cr 
composition range. Nine precipitation strengthened alloys in the superalloy class were included covering 
both the iron-and nickel-base range. 
included. Four nickel base solid solution strengthened alloys, most with high molybdenum contents, were 
irradiated as were two refractory alloys, one a niobium base alloy and the other a molybdenum base alloy. 
Therefore, the AAI test was able to provide results of irradiation induced swelling for a wide range of 
commercial structural alloys. 

7.1.4.2 Experimental Procedure 

Details of the AAI test design and configuration have been documented previously.1,2 
effort concerns capsule 8116 following its removal from reactor for the fourth time. Examinations o f  AAI 
specimens generally involved measurements on specimens which had not been measured at a previou 
(One exception occurred in the case of specimens irradiated at 590°C to a fluence of 1.78 x loz3 n/cm2.)- 
This procedure was possible because the original AAI test involved side-by-side irradiation o f  four iden- 
tical capsules, and only for one case was it necessary to measure specimens which had been measured pre- 
viously and then reirradiated. 
hardware (capsule and subcapsules) which were beginning to swell and thereby altering the operating temper- 
atures. 
than expected gamma heating in EBR-I1 throughout the life of the test. 
paper as in references (1) and (2) are the design temperatures. 
20°C lower for the highest temperature subcapsules and proportionately less for the remainder. 

treatment given these specimens are provided in Table 7.1.2. 
Company are in good agreement with the values in Table 7.1.1. 
would be required to measure the density change of every specimen in capsule 8116 of the AAI test and 
therefore only a limited number of specimens was selected for density change measurements. 
of major interest to the Fusion materials comnunity, namely those ferritic alloys and refractory alloys 

Swelling must be compensated for when determining desiqn tolerances and is often found to be a 
Unfortunately, generation o f  swelling information for very hiqh fluence neutron 

AS part 

As these materials 

? 
The specimens which were included in the AAI test covered a large number o f  different types of commer- 

Three iron base solid solution strengthened 

A listing of alloy compositions is provided in Table 7.1.1. 
Six ferritic and martensitic alloys covered the composition range Fe-5Cr to Fe-22Cr and 

Several alloy classes are 

Both Ni3(Al,Ti) and Ni3Nb precipitate strengtheners were 

The present 

discharqe. 

Earlier removals were required in order to replace the stainless steel 

It was also found that the actual operating temperatures were lower than anticipated due to lower 
The temperatures reported in this 

The actual temperatures are as much as 

The compositions of the specimens examined from the AAI test are listed in Table 7.1.2 and the heat 
Composition overchecks by Lukens Steel 
It was apparent that a great deal of effort 

Those specimens 
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Ferritic/Martensitic Alloys 

H11 is a corrosion resistant 5 percent chromium martensitic steel used in heat exchanger applications. 
It is found to be highly swelling resistant, with peak swelling of 0.18 percent found for the 450°C irra- 
diation condition. Values of this magnitude generally arise from precipitation rather than void develop- 
ment. 
The density change measurements show peak swelling of 0.6 percent at 400 to 425'C and densification on the 
order of -0.10 to -0.30 percent for the temperature range 480 to 540°C. These results are very similar to 
those found for lower fluencesz and indicate this alloy may be stable at high fluences. 
was not expected.4 
foundto be highly swelling resistant. 
increases of 0.1 percent are found for 400 and 425°C. 
swell at fluences on the order of 1.6 to 2.0 x 1023 n/cd or 90 dpa. 
percent chromium and is fully ferritic, was developed for corrosion resistance. 
swelling resistant and gives results very similar to those found at a lower fluence.2 
is an yttria strengthened fully ferritic alloy which provides high temperature corrosion resistance. 
found to behave like other ferriticlmartensitic alloys and is very swelling resistant. 
455 is a martensitic alloy designed to be strengthened by precipitation of copper. 
swelling resistant at low temperatures, but developed moderate swelling, 1.78% at 540OC. 
contains almost ten percent nickel which promotes austenite and as it is uncharacteristic for ferritic 
alloys to swell at 540"C, the observed high temperature response could be attributed to swelling in 
austenite which forms in-reactor. However, a magnetic susceptibility check indicates that this specimen is 
strongly magnetic and so another explanation may be required. 
class o f  commercial alloys appears to be highly swelling resistant. 
fluence, the swelling rate remains very low. 

EM-12 is a French heat exchanger material with a duplex (ferrite and martensite) microstructure. 

Such a response 
The alloy AIS1 416, a martensitic stainless steel with low molybdenum is also 

However, in comparison with lower fluence results,2 minor 
Therefore, it is possible that AlSl 416 begins to 

The alloy FeCrAlY 
It is 

Carpenter Custom 
It was found t o  be very 

As this alloy 

The alloy 430F. which contains 17 
It is found to be very 

In summary, the ferriticlmartensitic alloy 
Even when voids develop at a low 

Austenitic Alloys 

AISI 310 stainless steel in the solution treated condition was expected to show high swellinq. It 
swelled 49.8 percent at 425°C and 17.9 percent at 540°C. R.A.  330 stainless steel in the solution treated 
condition also swelled, but the swelling was not as large. It swelled 12.4 percent at 425'C and 2.04 per- 
cent at 540'C. 
and lower silicon swelled about the same as AISI 310 stainless steel, 41 percent at 425OC and 11.9 percent 
at 54OOC. 
this test. Swelling is systematically higher at the lower irradiation temperature and additions of silicon 
reduce swelling at both temperatures. 

Precipitation Strengthened Alloys 

composition range. 
31.6 percent, whereas at 54OoC, swelling was negligible at 0.51 percent. 
attributed to a change in the precipitation strengthening phase. 
in the form of large thin sheets in this condition following neutron irradiation at 425°C and low fluences 
( R .  W .  Powell of Westinghouse Hanford Company, private communication.) 
in reference 5 for the aged condition. 
but at 540"C, aged A-286 developed negligible swelling, 0.81 percent. M813 is also a gamma prime strength- 
ened alloy in the 35 percent nickel range. This alloy is found to develop moderate swelling, 1.72 percent 
at 425°C and 1.81 percent at 540°C. 0979 is similar to M813 but with a higher nickel content of 4 2  percent, 
with a high titanium to aluminum ratio and with tungsten additions of 4 percent. Its swelling response is 
quite different. 0979 densified approximately 2 percent at both irradiation temperatures. An explanation 
for the densification is not yet available. Incoloy 901 is very similar to 0979 but has an even higher 
titanium t o  aluminum ratio and no tungsten additions. 
0.15 percent at 425"C, and to densify slightly, only -0.07 percent at 540'C. Inconel 718 is a somewhat 
different allov. It contains 53 Dercent nickel and uses a 5 Dercent addition of niobium in order to oromote 

lncoloy 800, an alloy very similar to R A  330, but with minor aluminum and titanium additions 

Austenitic stainless steels are therefore found to be some of the highest swelling alloys in 

Alloy A-286 is a gamma prime Ni3(Al,Ti) precipitation strengthened alloy in the 25 percent nickel 
Following irradiation at 425"C, the solution treated condition developed high swelling, 

The hiqh swelling at 425°C can bP 
Gamma prime transformed to eta (Ni3Ti) 

A similar observation is reported 
Unfortunately, the 425°C condition for aged A-286 was not available, 

It is found to be a very low swelling alloy, 

the g a m a  doubie prime phase (Ni3Nb) for strength. 
and negligible swelling, 0.25 percent, at 540°C. 

The consequence is low swelling, 0.60 percent, at'425"C 
Inconel X-750 is a nickel base qamma prime strenqthened 

alloy. 
effect of heat treatment on swelling. 
in both the solution treated and the aged conditions, but develops 4 percent under identical conditions in 
the overaged condition. 
0.46 percent for the overaged condition and -0.05 percent for the other two. 
in COmpOSitiOn to X-750, develops swelling of similar magnitude, 1.15 percent at 425OC and 0.33 percent at 
540'C. 
prime precipitate, a lower titanium to aluminum ratio and 3 percent molybdenum additions. 
changes result in significantly more swelling, 2.96 percent at 420°C and 6.69 percent at 540°C. 
115 therefore provides an unusual case where swelling is higher at the higher irradiation temperature. 
possible explanation for the higher swelling response can be ascribed to the pre-irradiation microstructure. 
The heat treatment given this alloy provides a triplex precipitate particle size distribution with the 
largest particles being on the order of one micron in size. 
had an overaged microstructure in reactor. The final alloy in the precipitation strengthened series was 

It was irradiated in three heat treatment conditions and provides an inteFesting example o f  the 
Inconel X-750 develops a little over one percent swelling a? 425'C 

For irradiation at 540"C, the same behavior occurs but the swelling is low, 
Nimonic 80A, an alloy similar 

Nimonic 115 differs from Nimonic 80A primarily as a result of a higher volume fraction of g a m a  
However, these 

A 
Nimonic 

The alloy may therefore be behaving as if it 
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Inconel 625, a nickel base gamma double prime strengthened alloy. 
similar to that of X-750 and Nimonic 80A. 
54OOC. 
materials. 
an overaged microstructure was used and moderate swelling developed. 

Nickel Base Solid Solution Strengthened Alloys 

The swelling response of Inconel 625 was 
The swelling was 1.00 percent at 425'C and -0.06 percent at 

In sumnary, iron and nickel base precipitation strengthened superalloys are generally low swelling 
The exceptions either involved a situation where a phase change promoted high swelling or where 

Hastelloy Xis a high-temperature corrosion resistant alloy with approximately 20 percent chromium and 
20 percent iron. Hastelloy X was found to densify, -2.36 percent, following irradiation at 4 2 5 Y  and Swell 
38.0 percent at 540°C. Density change measurements on Hastelloy X showed 44.4 percent density change at 
590'C following irradiation to 2.47 x 1023 nlcn?. This corresponds to 79.9 percent Swelling. 
Therefore, solid solution hardened alloys in the 50 percent nickel range can develop very high swelling and 
the peak swelling temperature is high. In comparison, Hastelloy S, a similar alloy with negligible iron 
and higher levels of molybdenum and nickel, was highly swelling resistant. 
at 425°C and 0.06 percent at 540'C. At 425"C, 
-0.09 percent swelling was found but at 5400C, 4.79 percent swelling developed. Inconel 600, an alloy 
intermediate in composition between Hastelloy X and Hastelloy S or C-4 but without molybedenum and with 
minor additions of gamma prime forming elements, developed moderate swelling. A value of 12.7 percent 
swelling was found at 425OC and 1.60 percent for 5400C in the case of solution annealed Inconel 600. 
Inconel 600 in the 20% cold worked condition developed 7.92 percent swelling at 425OC and 0.07 percent 
swelling at 5400C. In summary, nickel based solid solution hardened alloys developed a wide range of 
Swelling responses. Low swelling, moderate swelling and high swelling alloys were found and the temp- 
erature dependence of swelling varied from peak swelling at low temperatures to peak swelling at high 
temperatures. 

Refractory Alloys 

The swelling was -0.30 percent 
Hastelloy C-4 a similar alloy gave intermediate results. 

An explanation for this wide variation in response is not yet available. 

Nb-1Zr is a commercial niobium base alloy used in the body centered cubic state for high temperature 
applications. 
the experiment, 400 to 630OC. appears to show that a larger Scatter 
in the data occurs at higher fluence and that swelling in this alloy has saturated. TZM is a commercial 
molybdenum base body centered cubic alloy used for high temperature applications. It is found to develop 
moderate swelling over the available range of irradiation temperature with peak swelling of 3.77 percent 
measured for the 590°C irradiation condition. 

percent per dpa, and indicates that the swelling of this alloy is approaching saturation. 
comparison for the 63O0C case shows that TZM is densifying at high fluence. 
variation might explain the difference but certainly initial predictions based on lower fluence response6 
cannot be justified. 
with peak swelling occurring at 590°C. 
the order of 2.0 x 1023 n/cm2 or 100 dpa. 

Discussion 

Based on this study of density change in a series of comercial alloys irradiated to fluences a s  high 
as 2.5 x l@ n/c& or 125 dpa, it is possible to draw several generalizations regarding swelling in 
commercial structural alloys at high fluence in a fast neutron environment. 
provide recommendations regarding the more swelling resistant alloy classes, a basis for understanding the 
response by comparison with the response of simple experimental alloys, and a comnentary on effects which 
arise due to overaging in precipitation strengthened alloys and minor element additions. 

The Low Swelling Alloy Classes 

than 1 percent) or moderate swelling (less than 5 percent) at high fluence. FerriticIMartensitic alloys 
are found to be the most swelling resistant as a group of alloys. 
formation is expected to have influenced behavior, swelling remains we1 
swelling alloy maintains a very low swelling rate: 0.05 percent per loJ2 n/cm2 or 0.01 percent per dpa. 
In comparison, refractory alloys are less swelling resistant but still low swelling. 
tory alloy class of commercial alloys does develop significant differences i n  swelling level from one alloy 
to another: The alloy class does appear to develop 
swelling saturation at doses on the order of 100 dpa and therefore further increases i n  swelling are not 
expected at even higher doses. 
to be low or moderate swelling except in the exceptional cases where a phase transformation or Overaging IS 
involved. However, saturation cannot be generally demonstrated in this alloy class and therefore higher 
swelling can be anticipated at still higher doses. 

It is found to be highly swelling resistant, at le st over the temperature range studied in 9 Comparison with lower fluence data 

This represents a low swelling rate, 0.07 percent increase over 7.5 x loz2 n/cm2 (Ref. 2) or .002 
A similar 

A specimen to Specimen 

In summary, refractory commercial alloys are moderately to highly swelling resistant 
Saturation is apparent in both alloys examined at fluence levels on 

This section is intended to 

The present work identifies three classes of comnercial alloys which remain either low swelling (less 

below one percent and the highest 

However, the refrac- 

Apart from the case where austenite 

0.6 percent for Nb-1Zr versus 3.6 percent for TZM. 

Precipitation strengthened iron and nickel base superalloys are also found 
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Comparison With Simple Alloys 

found in the present study on connercial alloys. 
only at irradiation temperatures below 5OO0C in fast reactors, the peak swelling temperature is 425OC, and 
the swelling rate which is obtained is low compared to simple austenitic allows.' 
good agreement with the present results except that in the present case several alloys do not appear to 
develop void swelling even at high fluence, and when they do, the swelling rates obtained are not as large 
as in simple alloys. 
comercial alloys may be overpredicted by simple alloy response. Minor element additions increase the 
incubation period prior to swelling and may reduce the steady state swelling rate. 

1022 n/cd or 1 percent per dpa are independent of chromium and/or nickel content for alloys with 
35 percent nickel or less. However, the duration of the transient regime of swelling is not. It increases 
with increasing nickel or temperature and with decreasing chromium content. Higher accumulated swelling is 
therefore found at 425OC than at 540°C. For  alloys with greater than 35 percent n i ~ k e l , ~  similar 
response is obtained except that a peak swelling rate is difficult to define due to the large duration of 
the transient regime. The results of the present test follow several of these trends. 
peak swelling rate for AIS1 310 at 425°C estimated using the present data and data at 4.3 x I O z 2  n/cm2 
(Ref. 1 )  can be shown to be 3 .1  perc nt per 1022 n/cm2 or 0.6 percent per dpa. This is probably a low 
estimate because it assumes 4.0 x los2 n/cd for the swelling incubation fluence. Therefore, the peak 
swelling rate in these comnercial alloys approaches that of ternary alloys. In most cases where moderate 
or high swelling is found in comnercial alloys, swelling is higher at 425 than at 540°C, a trend which is 
very clear in the ternary data. Nimonic 115, Hastelloy X and Hastelloy S 
each swell significantly more at 54OoC than at 425'C. An explanation for these exceptions is not yet 
available. Finally, it is possible to interpret the swelling response of those austenitic and 
precipitation strengthened alloys which develop low or moderate swelling as having swelling responses 
controlled by a very high swelling incubation fluence. Unfortunately, i n  order t o  prove that this 
interpretation is correct, fluences beyond those provided by the present experiment are needed. 

The swelling response in simple alloys can provide a basis for understanding the swelling behavior 
For example, simple ferritic alloys develop void swelling 

Such results are in 

It can therefore be concluded the swelling behavior of the ferritic/martensitic 

Austenitic alloy swelling response an also be successfully predicted by simple alloy behavior. For 
example, in Fe-Cr-Ni pure ternary alloys b .  it has been shown that swelling rates of 5 percent per 

For example, the 

Three exceptionsexist however. 

Effects of Microstructure 

As an alloy class, precipitation strengthened alloys are found to be more swelling resistant than 
austenitic or nickel base solid solution strengthened alloys. 
provide a possible explanation. 
induced microstructure so as to reduce void swelling. 
swelling results. 
transient regime of swelling. Nonetheless, fully aged precipitate structures as opposed to overaged 
structures should be employed for improved swelling resistance in precipitation strengthened alloys. 

Effects of Minor Alloying Additions 

appear possible to generalize those effects over the entire data set. 
RA-330 provide the most reasonable explanation for the reduced swelling observed in that alloy compared to 
Incoloy 800. All other differences in composition should either have made Incoloy 800 a lower swelling 
alloy or should have had no effect. 
swelling resistance.lO-13 
reverse trend is found. 
Nimonic 115, Hastelloy X and lnconel 600 in comparison with similar alloys. 
low fluence observations by Bates10 but in better agreement with intermediate fluence response.] 1 
However, the response is not universal: austenitic alloys which are high swelling contain low carbon 
contents. 
correlation is not expected to be meaningful. 
additions are complex. 
But the effects must be present based on the range of response found in this data set. 
concluded that extrapolation of simple alloy behavior to complex comnercial alloys can easily lead to 
incorrect predictions. 

The results for X-750 and Nimonic 115 
It appears that precipitates can influence the evolution of irradiation 

When the precipitate structure is overaged, higher 
It is likely that this reduced swelling behavior is only due to an increase in the 

Effects of minor alloying additions on swelling can be demonstrated in this data set but it does not 
For example, silicon additions to 

Silicon additions have been identified previously for promoting 
However, this trend is not applicable to the Hastelloy alloys where the 

Additions of carbon may be responsible for the higher swelling found in M813, 
(This is in contradiction to 

A better correlation of swelling is obtained as a function of copper content, but such a 
It is therefore concluded that effects of minor alloying 

Trends found in one composition range do not apply to other composition ranges. 
It is therefore 

7.1.5 Conclusions 

A series of 24 comnercial alloys covering a wide range of alloy types has been examined following 
The swelling resistance of irradiation in EBR-I1 to fluences as hi h as 2.53 x 1023 n/cd or 125 dpa. 

these alloy classes (from best to worst! may be rated as follows: 

FerriticIMartensitic Alloys 
Refractory Alloys 
Precipitation Strengthened Superalloys 
Nickel Base Alloys 
Austenitic Stainless Steels 
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The results tend to follow predictions based on the response of simple alloys but many exceptions are 
found which demonstrate that minor element additions and microstructure can play an important role in the 
control of swelling. 

7.1.6 Further Work 

Microstructural examinations on selected specimens will be performed in the next reporting period. 
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7.2 EVALUATION OF FERRITIC ALLOY Fe-2-1/4Cr-lMo AFTER NEUTRON IRRADIATION - 

7.2.1 ADIP Task 

IRRADIATION CREEP AND SWELLING - 0. S. Gelles and R. J. Puigh (Westinghouse Hanford Company) 

The Department of  Energy (DOE) Office of Fusion Energy (OFE) has cited the need to investigate ferritic 
alloys under the ADIP program task, Ferritic Steels Development (Path E). The tasks involved are akin tn 
task number 1.C.2, Microstructures and Swelling in Austenitic Alloys and task number l.C.l, Microstructural 
Stability. 

7.2.2 Objective 

The objective of this work is to provide guidance on the applicability of martensitic stainless steels 
for fusion reactor structural components. 

7.2.3 Summary 

Irradiation creep and swelling measurements are reported for Fe-P-lI4Cr-lMo after irradiation by fast 
neutrons over the temperature range 390 to 560°C. Diameter change measurements on thin walled pressurized 
tubes in a bainitic condition and density change measurements on rods in a nonstandard condition were made 
following irradiation in the Ex erimental Breeder Reactor 11. The irradiation creep specimens were irra- 
diated to a fluence o f  5.7 x loq2 n f c d  (E > 0.1 MeV) or 30 dpa and the swelling specimens were irradiated 
to a peak fluence of 2.4 x I O z 3  n/cd or 115 dpa. 
in-reactor creep and swelling correlations for 2-1/4Cr-lMo in a bainitic condition. 
moderate swelling and moderate irradiation enhanced creep at 390°C. 

7.2.4 Progress and Status 

7.2.4.1 Introduction 

These results have been used as a basis t o  establish 
The correlations predict 

The Electric Power Research Institute o f  Palo Alto, CA has funded a program entitled Evaluation o f  Irra- 
diation Metal Samples for Use in Fusion Components under contract RP-1597-1 with McDonnell Douglas Astro- 
nautics Company. 
entitled Evaluation of Ferritic Alloy Fe-2-1/4Cr-lMo After Neutron Irradiation - Irradiation Creep and 
Swelling. The first phase of that effort has now been completed. I n  order to disseminate the results of 
that effort to the fusion materials comnunity in the shortest possible time, a version of the summary report 
is being included in the Alloy Development for Irradiation Performance Semiannual Progress Report. 
report provides results of in-reactor creep and swelling measurements, and proposed swelling and creep MHFES 
design equations for 2-1/4Cr-IMo steel. 

7.2.4.2 Objectives and Technical Approach 

The objectives of this ferritic steel study are to develop an understanding of the response of the 
2-1/4Cr-IMo steel to neutron irradiation and to present the results of the mechanical property evaluations 
and swelling studies in a format consistent with its inclusion in the Materials Handbook for Fusion Energy 
Systems (MHFES). The results of these evaluations will be interpreted in terms of their impact on future 
studies of this alloy and its suitahility for use in fusion refictor components. 

7.2.4.3 Experimental Procedures 

Westinghouse Hanford Company has been a participant in that program under contract Y3E052R 

This 

Materials for irradiation creep and swelling experiments were obtained from different sources. The 
creep specimens were fabricated from a Mannesmann heat #38649 provided by Climax Molybdenum Company and 
swelling specimens were fabricated from a Lukens Steel Company sample, heat number C4337-145 (also iden- 
tified as alloy A-387-D). 
Mannesmann heat was received in the form of a 12.7 cm long section of 7 cm wall pipe. 
radially in 2 cm thick slices, which were subsequently rolled and machined into tubes according to the rollin@ 
schedule diagrammed in Figure 7.2.1. Tube dimensions were 0.457 cm OD x 0.417 cm ID. 
heat treated according to the schedule given in Table 7.2.2. 
were electron beam welded to tubing segments 1.981 cm in length. 
adequate wall thickness of 0.02 cm and yet optimize the use of the limited irradiation volume. 
had a capillary hole for pressurizaton. Each specimen was filled with He to the desired pressure and the 
closure weld for gas containment was made with a laser beam which passed through the glass port of the 
pressure vessel and sealed the capillary fill hole in the endcap. 
before and after irradiation using a non-contacting laser system which has an accuracy of +2.5 x 
and has repeatability in the hoop strain measurement of 0.05 percent. 
sectioned into random cross sections approximately 1 cm in diameter and heat treated according to the 
schedule given in Table 7.2.2. 
1. 
density measurements based on the Archimedian principle. 
with a typical measurement uncertainty of 50.05 percent. 

The compositions, as supplied by the vendors, are provided in Table 7.2.1. The 
The section was cut 

The specimens were 
Endcaps of HT-9, a martensitic stainless steel, 

This qeometry was chosen to ensure an 
One endcap 

Specimen diameters were measured both 
cm 

The Lukens Steel Company heat was 

The somewhat unusual heat treatment was based on information from reference 
Specimens 0.3 cm diameter by 1.3 cm long were then machined from the stock. Swelling was determined from 

Multiple measurements were made on each specimen 
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Table 7.2.1. Chemical ana l ys i s  o f  2-114Cr-1Mo heats as supp l ied  b y  
t h e  vendors ( i n  weight percent )  

Element Creep Tubesa Swe l l i ng  Rodsb 

C 
Mn 
P 
S 
S i  

0.093 0.12 
0.52 0.42 
0.01 1 
0.011 
0.17 0.21 

N i  0.40 
C r  2.15 
MO 0.95 
cu 0.16 
A1 0.003 
Fe b a l  

0.16 
2.17 
0.93 

b a l  

a Mannesmann Company heat  #38649 
Lukens Steel  Company heat  #C4337-145 

Table 7.2.2. Heat t reatments g iven creep tubes and 
s w e l l i n g  specimens p r i o r  t o  i r r a d i a t i o n  

Specimen Type Heat # Heat Treatment* 

Creep Tubes 38649 900"C/30 min./AC +7OO"C/1 hrIAC 
Swel l ing  specimens C4337-14s 101O"Cll hrIWQ + 843OCI2 hr/WQ 

*Temperature/time a t  tempera tu re lcoo l ing  procedure where 
AC = a i r  cooled, WQ = water quenched 

Specimens were i r r a d i a t e d  i n  t h e  Experimental Breeder Reactor (EBR-11) l oca ted  i n  Idaho F a l l s .  The 
i r r a d i a t i o n  v e h i c l e  f o r  t h e  creep specimens i d e n t i f i e d  as capsule 8 329 which was p a r t  o f  t h e  A A X I V  exper-  
iment was a c y l i n d r i c a l  tube 1.5 m i n  leng th  and 2.0 cm i n  diameter. 
were connected t o  t h e  Na coo lan t  f low by a c a p i l l a r y  tube w i t h  an i n l e t  a t  t h e  bot tom of t h e  capsule and an 
o u t l e t  a t  t he  t o p  o f  t h e  capsule. 
t h e  capsule and permi t  gas re lease  f rom t h e  subcapsule should a creep specimen rup ture .  
t h e  i n s u l a t i n g  gas gap between t h e  subcapsule and t h e  ou te r  capsule was designed t o  c o n t r o l  t he  heat t r ans-  
f e r r e d  f rom the  gama heated subcapsule t o  t he  reac to r  coo lan t  which was f low ing  past  t he  ou te r  capsule 
w a l l .  Ca l cu la t i ons  were performed t o  op t im i ze  t h e  Na f l o w  r a t e  through t h e  capsules so as t o  minimize t h e  
thermal g rad ien t  w i t h i n  a g iven subcapsule. 
450, and 550OC. The capsule 8329 was loaded i n t o  subassembly X359 which was i r r a d i a t e d  i n  p o s i t i o n  4C2 i n  
E B R - I 1  f o r  cyc l es  109 through 111 and 113. 
which corresponds t o  4477 hours a t  temperature and a peak f l uence  exposure 2.8 x l o z q  n/cm2 (E > 0.1 MeV). 
The r e c o n s t i t u t i o n  o f  t h e  A A X I V  experiment which conta ined t he  f e r r i t i c  creep specimens cons is ted  o f  t h ree  
separate 87 capsules. The capsules 8331, 8333 and 8334 conta ined t h e  f e r r i t i c  p ressur ized  tube  specimens 
r e c o n s t i t u t e d  f rom t h e  A A X I V  t h ree  temperature capsule (8329) and were designed f o r  t h e  i r r a d i a t i o n  tem- 
peratures o f  550, 450 and 40O0C, respec t i ve l y .  
mens were d i r c t l y  exposed t o  t h e  sodium coolant .  
i r r a d i a t e d  i n  p o s i t i o n  4C2 i n  EBR-I1 f o r  cyc l es  116 through 119. The specimens were i n  t he  reac to r  f o r  a 
pe r i od  corresponding t o  10979 MWD which corresponds t o  4603 hours a t  temperature and a peak f luence 
exposure of 2.9 x 1022 n l c d  (E > 0.1 MeV). 

TEDs were 
l oca ted  a t  t h e  t o p  and bot tom of each subcapsule and were used t o  i n d i c a t e  t h e  maximum temperature t o  which 
t h e  specimens were exposed du r i ng  i r r a d i a t i o n .  The r e s u l t s  o f  t h e  ana l ys i s  of t h e  TEO's a re  summarized i n  
Table 7.2.3. The TEO's i n d i c a t e  t h e  peak temperature t o  which t he  specimens were exposed. The TED 
temperatures repo r ted  i n  Table 7.2.3 have been cor rec ted  f o r  measured volume changes i n  t h e  c l add ing  
ma te r i a l .  The nominal i r r a d i a t i o n  temperature assumes t h a t  t he  average i r r a d i a t i o n  temperature i s  t he  
midplane coo lan t  temperature p l u s  90% o f  t h e  temperature d i f fe rence between t h e  coo lan t  and peak (TED) 
temperatures. 
coarse o f  an i r r a d i a t i o n .  

I n s i d e  were t h ree  subcapsules which 

The Na f l o w  was necessary t o  achieve t he  des i red  lowest  temperature i n  
The dimensions o f  

The nominal design temperatures f o r  each subcapsule was 400, 

The specimens were i n  t h e  r e a c t o r  f o r  a e r i o d  o f  10680 MWO 

Capsule 8334 was a weeper design and, therefore,  t h e  spec i-  
These 87 capsules werepart of subassembly X359a which was 

The i r r a d i a t i o n  temperatures were determined w i t h  thermal expansion devices (TED).* 

I n  o the r  words, t h e  y -heat ing  a t  t h e  specimen l oca t i ons  i s  assumed t o  va ry  510% du r i ng  t h e  
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F ig .  7.2.1. R o l l i n g  schedule, a l l o y  2-1/4Cr-lMo. 

Table 7.2.3. I r r a d i a t i o n  temperatures f o r  in-Reactor  creep specimens 

Design Peak I r r a d i a t o n  
Capsule Temperature ("C) Temperature ("C) 

8329+ 

8334 

8333 

B331++ 

400 

450 
550 
400 
4 50 

550 

392 

480 
560 

383 
475 + 10 

570 + 9 
- 

+Inconel  600 TED i n  same l e v e l  as specimens. 
"Average peak temperatures f o r  TEDs above and below l e v e l  

con ta i n i ng  specimens. 

The i r r a d i a t i o n  v e h i c l e  fo r  t h e  s w e l l i n g  specimens i d e n t i f i e d  as t he  A A I  t e s t  was o f  s i m i l a r  ou te r  
dimensions. I n s i d e  were e i g h t  subcapsules, each o f  which conta ined i d e n t i c a l  specimen load ings  immersed i n  
sodium. The subcapsule temperatures were obta ined b y  c o n t r o l l e d  gamma heat  losses through an i n e r t  gas gap 
between t h e  subcapsules and t h e  capsule. 
650°C. A low f luence experimental t e s t  of t h i s  design used thermal expansion devices (TEDs) t o  check oper- 
a t i n g  temperatures and t h e  temperature u n c e r t a i n t i e s  a re  est imated a t  +25OC f o r  t h e  h i ghe r  subcapsule tem- 
peratures.  The major f a c t o r  c o n t r o l l i n g  t h i s  unce r ta i n t y  was found t o  b e  v a r i a t i o n s  i n  t h e  r e a c t o r  gama 
heat ing  r a t e .  Heat t r ans fe r  c a l c u l a t i o n s  based on those gama hea t i ng  values i n d i c a t e  t h a t  t h e  ac tua l  
ope ra t i ng  temperatures were lower than t h e  design temperatures by as much as 20°C. Reactor f luences  g iven 
f o r  bo th  experiments a re  t h e  product  o f  t h e  EBR-I1 f l u x  f o r  t h e  appropr ia te  r eac to r  p o s i t i o n s  and t h e  r e s i -  
dence t ime  o f  t h e  v e h i c l e  in- reac to r .  

Design temperatures were 400, 425, 455, 480, 510, 540, 595 and 

The f luence unce r ta i n t y  i s  est imated t o  be - +lo%. 

7.2.4.4 Results 
The r e s u l t s  o f  i n- reac to r  creep measurements a re  presented i n  Table 7.2.4 and t h e  r e s u l t s  o f  s w e l l i n g  

n t s  a re  presented i n  Table 7.2.5. I n  each case, r e s u l t s  o f  a lower f l uence  d ischarge are  a l so  $%?? The creep r e s u l t s  are p l o t t e d  i n  F igures  7.2.2 through 7.2.7. F igures  7.2.2, 7.2.3 and 7.2.4 
show diameter change as a func t ion  o f  f luence f o r  each of t h e  i r r a d i a t i o n  temperatures 390, 480 and 
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Table 7.2.4. Diameter change measurements for 2-114Cr-1Mo pressurized tube SpeCiWnS 
contained in the AAXIV ex~eriment3 

Midwall Diameter 
Specimen Temperature Fluence Hoop Stress Change 
Number ("C I (x 1022 n/cm2) ( w a )  ( % I  

PJ54 392 2 .o 0 0.002 
PJ54 383 5.0 0 0.09 
PJ61 392 2 .O 50 0.038 
PJ61 383 5.0 50 0.20 
PJ64 392 2.0 75 0.033 
PJ64 383 5.0 75 0.22 
PJ67 392 2 .o 100 0.041 
PJ67 383 5.0 100 0.27 

PJ53 480 2.6 0 0.023 

PJ60 480 2.6 50 0.037 
PJ60 475 5.7 50 0.05 

PJ53 475 5.7 0 0.01 

PJ63 480 2.6 75 0.090 
PJ63 475 5.7 75 0.12 
PJ66 480 2.6 100 0.102 
PJ66 475 5.7 100 0.15 

PJ52 
PJ52 
PJ58 
PJ58 
PJ62 
PJ62 
PJ65 
PJ65 

560 
570 
560 
5 70 
560 
570 
560 
570 

2.3 
5.4 
2.3 
5.4 
2.3 
5.4 
2.3 
5.4 

0 
0 
50 
50 
75 
75 
100 
100 

-0.016 

570'C. 
specimen by subtracting the diameter change for the unstressed specimen from the stressed specimen 
diametral strain at each temperature. 
exception being at 390°C and low fluence where the variations are within the uncertainty of the measurement 
technique.) The high stress s ecimen (100 MPa) tested at 57OOC had apparently failed prior to the lower 

corrected diameter changes at 390, 480 and 570°C i s  shown i n  Figures 7.2.5, 7.2.6 and 7.2.7, 
390°C and at 480" (Figures 7.2.5 and 7.2.6) can be adequately represented by a linear fit given the data 
scatter, but the onset of tertiary creep prevents such an analysis in Figure 7.2.7. 
by comparison of Figures 7.2.2 and 7.2.3 or 7.2.5 and 7.2.6, that in-reactor creep at the higher fluence is 
greater for the 38O0C case than for the 460°C case. 

The diametral changes shown in these figures have been corrected for volumetric changes in the 

In all but one case, diameter change increases with stress (the 

fluence measurement (2.3 x lg ? n / c d )  at a diameter strain of 2.3%. The stress dependence of the 
Response at 

It can also be shown 

Such a response can occur when irradition creep is 
enhanced by swelling. 

unstressed conditions can be interpreted from equation 1 to give fractional swelling values. 
The pressurized tube data base can also provide swelling information. The diameter change for the 

If one 
assumes isotropic swelling, then 

(1) ?I s = AV/X ?I 3 AD/! 

Therefore, swelling at 390°C to 5 x loz2 n/cd can be estimated at 0.27% whereas at 48OoC and 560, 
the swelling is negligible and densification of 0.18% occurs at 570'C. 
7.2.5 are plotted in Figure 7.2.8. 
for comparison. 
as high as 2.4 x 1023 n/cn?. 
swelling peak is found at 540°C. This secondary peak is expected to arise as a result of precipitation 
rather than void swellin . 
rate of 0.08%11@2 n-crn? or 0.016%ldpa is predicted from the AAI results at 400OC. In comparison, the 
pressurized tubes produced comparable swelling values at a much lower fluence. 
to heat-to-heat, fabrication or heat treatment variations. 
occuring at 510°C, an indication that precipitation is continuing at high fluence. 

The swelling values from Table 
Figure 7.2.8 also shows the results of the unstressed pressurized tubes 

From Figure 7.2.8 it can be demonstrated that swelling is low in 2-114 Cr-1Mo to fluences 

However, the 400'C peak can be expected to be due to void swelling. A swelling 

Peak swelling occurs at the lowest temperature of 400°C but a secondary 

This may be an effect due 
It may also be noted that densification is 
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s t r e s s  l e v e l s  as h i g h  as 100 MPa. The s o l i d  curves d e f i n e  the  i n - r e a c t o r  creep c o r r e l a t i o n  p r e d i c t i o n  f o r  
the  s t r ess  i nd i ca te .  The dashed curves d e f i n e  t h e  i r r a d i a t i o n  creep c o n t r i b u t i o n  w i t hou t  s w e l l i n g  enhanced 
creep. 

0.2 

DIAMETRAL 
CREEP STRAIN 

I % )  
0.1 

0 

100 MPa 

1 

2 4 6 

FLUENCE ii@ n/cm21 

F i g .  7.2.3. Diameter change co r rec ted  f o r  swe l l i ng  as a f unc t i on  of f luence a t  480°C f o r  m idwa l l  hoop 
s t r e s s  l e v e l s  as h i g h  as 100 MPa. 
thermal  creep neglected f o r  t h e  s t r e s s  values ind ica ted .  

The curves d e f i n e  the  i n- reac to r  creep c o r r e l a t i o n  p r e d i c t i o n  w i t h  
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Note t h a t  the  100 MPa specimen f a i l e d  p r i o r  t o  

The curves d e f i n e  the  in- reac to r  creep c o r r e l a t i o n  p r e d i c t i o n  w i t h  thermal 
midwal l  hoop s t r ess  seve ls  as h igh  as 100 MPa. 
2.3 x l o z2  n/cmz. 
creep neglected. 
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Fig .  7.2.5. Diameter change a t  390°C cor rec ted  f o r  swe l l i ng  as a func t ion  o f  hoop st ress.  The 
curves de f ine  t he  i n- reac to r  creep c o r r e l a t i o n  p red ic t ions .  
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Fig. 7.2.8. Swelling results as a function of irradiation temperature. Both density change and 
unstressed pressurized tube data are shown. 
correlation prediction for the fluences corresponding to the swelling results shown. 

The smaller open and closed data points define the swelling 

Table 7.2.5. Swelling Measurements (-A01 ) for 2 114Cr-lMo Specimens 
Contained in the A A I  Testa,' po = 7.8414 

Specimen Temperature Fluence Density Swell ing 
Number ("C) ( x  1023 n/cm2) (gmlcm3) (a: 1 

94M6 400 1.40 0.12 
94M7 400 1.60 7.8204 0.28 
94L6 427 1.58 0.08 
94L7 427 2.07 7.8315 0.14 
94E6 454 1.32 0.09 
94E7 454 1.55 7.8368 0.08 
94F6 482 1.53 0.10 
94F7 482 1.98 7.8384 0.05 
94K6 510 1.72 0.09 
94K7 510 2.41 7.8422 0.01 
94G6 538 1.67 0.17 
94G7 538 2.32 7.8237 0.22 

7.2.4.5 Discussion 

The intent of this work is to develop an understanding of the in-reactor creep and swelling response 
of 2 114 Cr 1 Mo steel and to present the results in a format consistent for its inclusion in the Materials 
Handbook for Fusion Energy Systems. The latter objective requires that the results be provided in a design 
equation format. However, it is not within the scope of this project to provide a complete and defendable 
design equation. Nor is the data set sufficient by itself to provide a clear indication of the functional 
dependence required for such equations. Therefore, the approach which will be taken will be to assume the 
necessary functional dependence based on other martensitic steels and expermental ferritic alloys and then 
to establish the values of the necessary parameters in order to obtain an acceptable fit to the present 
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data sets. 
patible at high temperature with out-of-reactor thermal creep data. 
dependence of 2-114 Cr-1Mo be obtained from the literature. 

Swelling Equation 

Swelling ( S  ) is modeled using a bi-linear functional relationship with three adjustable parameters: 
swelling ra?e, R ,  a swelling incubation parameter, T .  and a transition parameter, Each of these 
Parameters can be specified as a function of temperat~re.~ Concurrently, densification ( D )  is modeled 
using a functional relationship with two adjustable parameters: 
tion paremeter, 1, and again each of these parameters can be specified as a function of temperature. 
equations are as follows. 

Of  considerable concern was the establishment of an in-reactor creep equation which was com- 
This required that the thermal creep 

The swelling equational form used is standard and consists of two functional relationships. Void 
a 

a steady state density, O* and a transi- 
The 

A V  Swelling = - (%) = S - D, VO 0 

where 

D = D*[1 - exp(-~+t)], 
where 

and T will be given by 

T = c1 exp[C2 ( T  -c3)21 

T = temperature, 'K. 

Fig. 7.2.9. 

m 5m 
0 '  

(3 )  

... 
TEMPERATURE lDCl 

"(DL m m m  I 

Average creep rate as a function of irradiation temperature using a stress exponent of 1.5 
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In-Reactor Creep Equation 

In order to emphasize the need for three terms to describe in-reactor creep in 2-1/4Cr-lMo, the average 
creep rates are plotted in Figure 7.2.9 assuming that E = B ol.5 et. 
at 480°C whereas the higher value obtained at 392'C can most easily be interpreted as swelling enhanced 
creep. Void swelling at 5 x l&' n/cd in 2-1I4Cr-lMo is established by the present results and by ref- 
erence 6. Higher values for B are also obtained at 550 and 560°C and are interpreted as thermal creep 
response. 

The in-reactor creep is therefore expected to consist of three terms, irradiation creep, swelling 
enhanced irradiation creep and thermal creep. The functional dependence h'c has been selected to describe 
the in-reactor creep of 2-1/4Cr-lMo is based largely on results for HT-9. s*td Those results recommend a 
stress exponent ( n )  of 1.5 which is somewhat different from the linear response observed in Figures 7.2.5 
and 7.2.6. Due to the data uncertainties in Figures 7.2.5 and 7.2.6, the stress exponent of 1.5 is still 
consistent with the data. Therefore effective in-reactor creep ( e )  is defined as 

A minimum value of B = 0.4 is found 

where the irradiation dominated behavior can be described by 

and the thermal behavior is defined by ET. 

The parameters of interest are 

e = effective creep strain, cm * cm-1 
0 = effective stress, MPa 
n = stress exponent 
t = time, hr 
mt = neutron fluence in units of loz2. n w K 2  f F  > 0.1 MeV) .. 

B = average creep coefficient 
D = swelling enhanced creep coefficient 
s = fractional swellinu rate. % Der 1022 n-cm-2 , ,  
T = temperature, "K 
R = gas constant, 1.987 cal*mole-l.k-l 

Evaluation of Design Equation Parameters 

Insufficient data is available from the AAI test to establish a steady state swelling rate from the 
present data set. 
strate a steady state swelling rate of 0.75%/1072 n-cm2. 
to be sensitive to irradiation temperature over the range 400 to 45O0Cf7 and therefore the temperature 
dependence of swelling found in the AAI test will be modeled by a temperature dependent incubation para- 
meter, T. 
tic alloys in the AAI test where it is found that voids form at fluences on the order of 1023 n/cm2 but 
steady state swelling is not achieved even at fluences on th The peak swelling 
temperature was selected based on Fe-Cr binary alloy data10-P2 where peak swelling for Fe-3Cr i s  found to 
be in the range 400-425"C, but it was decided to shift the peak swelling temperature slightly downward for 
2-1/4Cr-lMo to 390°C (C3 = 663'K) based on the present results for pressurized tube and AAI rod specimens 
from this study. 
C1 = 20 x 1022 n/cd and Cz = 5 x 10-5 ( 'K ) -Z .  

O* was set at 0.08% based on the AAI results at 450°C which are in agreement with the pressurized tube 
results at 480'C. 
and therefore A was arbitrarily set at 3 (1022 nIcd)-l. 
dependence for densification found at high fluence must await completion of the next phase of this study, 
microstructural examination of the AAI specimens. The above correlation for swelling in AAI specimens can 
be altered straightforwardly to describe swelling in the pressurized tubes and therefore account for heat- 
to-heat and heat treatment effects which arise in the comparison with the AAXIV test. All parameters were 
held constant except for C1 and a fit was made for the 390'C pressurized tube results. 
found with C1 = 7.5 x 1022 n/cd. 
7.2.6. Table 7.2.6 separates the correlation parameters into AAI and AAXIV values. This is intended to 
emphasize the differences in heat treatment and heat-to-heat variations between specimens in the two 
experiment. 

assumptions were made. 
this rate was an upper bound for the irradiation induced creep in this material and have set B in equation 

Instead, three data sets for Fe-Cr binary alloys have been usedlo-12 which demon- 
T h i s  steady tate swelling rate does n o t  appear 

The (I parameter has been set at 0.5 based on recent results13 on other commercial ferri- 

order of 2 x loz3 n/cm2. 

A best fit of the AAI results given the above values for R ,  o and C3 established 

This densification is expected to be due to Mo2C precipitation which develops rapidly 
Attempts at defining the complex temperature 

A best fit was 
A tabulation of the design correlation parameters is given in Table 

In determining the parameters for the in-reactor creep correlation for 2-1/4Cr-lMo the following 
At 475°C the average creep rate was 4 x 10-27%.MPa-1.5(n/cmil)-1. We assumed that 
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Table 7.2.6. Assignment of des iqn  c o r r e l a t i o n  p a r a m t e r s  
f o r  ' swe l l ing  and in-Reactor  creep i n  2-1/4CR-lm) 

AA I AAX I V 

Swel l ing :  

R = 0.25%/1022n*cm-2 

(I = 0.5 (1022n*cm-2) 

~1 = 20 x 1022n/cm2 

c2 = 5.0 x 10-5 (OK) -?  

~1 = 7.5 x 1022n/cm2 

C3 = 663°K 

D* = -0.08% 

.I = 3 (102Zn-cm-2)-1 

Creep: 

B = 0.4 x 10-6%(MPa)-1.5 

D = 2.7 x 10-5%/Mpa-1022n-crn-2 

2a equal t o  t h i s  r a t e .  
t y p i c a l  of r e s u l t s  from f i t t i n g  in- reac tor  creep i n  severa l  a u s t e n i t i c  s t a i n l e s s  s tee l s .  The s w e l l i n g  
equat ion f o r  t h i s  p a r t i c u l a r  hea t  of 2-1/4Cr-lMo has a l ready been descr ibed i n  t h i s  r epo r t .  

Eva lua t ion  o f  t h e  thermal creep c o n t r i b u t i o n  C T  has proven t o  be t o o  l a r g e  a problem f o r  t h e  scope 
o f  t h e  present  I t  has been shown t h a t  thermal creep response i s  ve ry  s e n s i t i v e  t o  t he  carbon content  
i n  2 - 1 / 4 C r - l M 0 . ~ ~ ~ ~ S e v e r a l  models have been repo r ted  i n  t h e  l i t e r a t u r e  f o r  desc r i b i ng  thermal creep i n  
2-1/4Cr-lMo. We chose f o r  i n v e s t i g a t i o n  t h e  model f o r  t e r t i a r y  creep g iven i n  Reference 16. 
ana lys is  has n o t  proven t o  be s u f f i c i e n t l y  r e l i a b l e  f o r  ex tens ive  app l i ca t i on .  The approach takeny6 was 
as fo l lows:  

The value f o r  D i n  equat ion 2a was taken from re fe rence 14. Th i s  value f o r  0 i s  

Howe er, o u r  

(4a)  
1 = -B I n  (1  - AB*) 

o r  

where E ' T  and E ' ,  are  t h e  t r u e  s t r a i n  and s t r a i n  r a t e  and where A de f ines  t h e  minimum thermal  creep r a t e  
and B i s  a constant  which de f ines  t h e  s t r a i n  a t  which t he  creep r a t e  begins t o  increase s i g n i f i c a n t l y ,  
f unc t i ona l  dependence f o r  A and B t o  bes t  f i t  the  thermal creep da ta  f o r  t h e  b a i n i t i c  a l l o y  w i t h  0.12%10 
was 

The 

-121700 14 1.56 x exp KI 0 

-33950 4 1.46 x exp -RT o 

A = maximum o f  

(4d)  
2 B = 0.206 - 1.17 x (T-273)t 6.3 x (J + 1.4 x (T-273) 

However, t h i s  r ep resen ta t i on  d i d  n o t  s a t i s f a c t o r i l y  f i t  the  A A X I V  r e s u l t s  a t  560°C, nor d i d  i t  prov ide  a 
reasonable es t imate  f o r  t h e  a c t i v a t i o n  energy which c o n t r o l s  steady s t a t e  creep, 121,7 kcal/mole. These 
r e s u l t s  a re  n o t  unexpected s i nce  t he  carbon content  f o r  our p ressur ized  tubes i s  o n l y  0.04%. 
reference 10 c l e a r l y  show t h a t  t h e  r u p t u r e  t imes  decrease and t h e  minimum creep r a t e s  increase with 

The data i n  
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decreasing carbon content in this steel. Therefore, we expect to underprediict the observed creep stains at 
565OC for our' data. 
in comparison to thermal creep at 56OOC. Equations 4a and 4b predict thermal creep of 0.1% diameter change 
at 480Y for a 100 MPa hoop stress with a value for the stress exponent of 4. However, this calculation 
represents a significant extrapolation beyond the data base used in the development of the model. 
Therefore the calculated strains for this condition have large uncertainties. For this reason it is 
difficult to assess what fraction of the creep strains observed at 480'C are due to thermal creep 
mechanisms. 
strain at 480°C can be attributed to irradiation induced creep mechanisms. 
necessarily an upper bound for this component of the in-reactor creep strain. 

It may be noted that the swelling correlation parameters a and T can be defined completely, based on 
the AAI results at 400'C. Density change values at fluences of 0, 1.4 x loz3 n/cm2 and 1.6 x loz3 nlcn? 
give values o f  a = 1.06 and 7 = 15.5 x 10z2 nlcd if R and D* are fixed as in Table 7.2.6. 
at very high fluences to a swelling prediction which is no more than 0.4 percent higher than the correla- 
tion defined in Table 7.2.6. It is recomnended that the values in Table 7.2.6 be used based on observed 
behavior in other comnercial ferritic alloys,l3 i.e., a = 0.5.  

7.2.5 Conclusions 

It can be used however, to predict the thermal creep which might be observed at 46O0C 

In the development of the in-reactor creep equation we have assumed that all the measured 
Therefore our equation is 

This corresponds 

Oiameter chanqe has been measured for a series of oressurized tubes of 2-1I4Cr-lMo steel in a bainitic 
condition following irradiation at 390, 480 and 570'C to %5.5 x 1022n/cm2 (E > 0.1 MeV). The maximum 
applied hoop stress was 100 MPa in each case. 
what hiuher at 390OC. At 570°C failure occurred within the first irradiation DeriOd under a 100 MPa hooo 

In-reactor creep was found to be lowest at 48OoC, and some- 

stress ind evidence for tertiary creep was observed in the 75 $a hoop stress specimen. 
interpreted as swelling enhanced creep at 39O0C and significant thermal creep contributions at 570°C. 

tempered-bainite condition following irradiation over the temperature range 400 to 54OOC to fluences as 
high as 2.4 x 10?3nlcd (E > 0.1 MeV). Swelling remained below 0.3 percent for all conditions examined and 
therefore this material is highly swelling resistant. 
for a fluence of 1.6 x 1022nlc& (E > 0.1 MeV) is interpreted as void swelling whereas a value of 0.22 per- 
cent at 540°C and 2.4 x 1023nIcd (E > 0.1 MeV) is believed to be due to in-reactor precipitation. 

Diameter change increases measured on unstressed pressurized tubes irradiated at 39OoC to 
5.0 x 1022 n/c& ( E  > 0.1 MeV) indicate 0.27 percent swelling. 
heat treatment or composition variations on void swelling in 2-1I4Cr-lMo steel. 

Correlations have been developed to describe the in-reactor creep and swelling of 2-114Cr-lMo steel 
based on these results. 

These results are 

Swelling has been measured for a series of 2-1/4Cr-lMo steel specimens in a non-standard bainitel 

A maximum swelling value of 0.28 percent at 400'C 

This is interpreted as an effect of other 
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7.3 ELEVATED-TEMPERATURE TENSILE PROPERTIES OF 2 114 Cr-1 MO STEEL IRRADIATED I N  THE EBR-11, AD-2 
EXPERIMENT* - R. L. Klueh and J. M. V i t e k  (Oak Ridqe N a t i o n a l  Labora to ry )  

7.3.1 A D I P  Task 

A D I P  Tasks a r e  n o t  d e f i n e d  f o r  Path E, F e r r i t i c  Stee ls ,  i n  t h e  1978 program p lan.  
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7.3.2 O b j e c t i v e  

The goal o f  t h i s  p r o j e c t  i s  t o  measure t h e  t e n s i l e  p r o p e r t i e s  o f  2 114 Cr-1 Mo s t e e l  i r r a d i a t e d  a t  e l e -  
vated temperatures i n  ERR-11. I n  t h e  f u t u r e ,  t h e  r e s u l t s  from t h i s  work w i l l  be compared w i t h  e leva ted-  
temperature i r r a d i a t i o n s  o f  t h i s  s t e e l  i n  HF IR ;  comparisons w i l l  a l s o  he made between 2 114 Cr-1 Mo s t e e l  
and t h e  9 C r - 1  MoVNb and 12 Cr-1 MoVW s t e e l s  a l s o  i r r a d i a t e d  i n  ERR-11, AD-2 experiment.  

7.3.3 Summary 

The e f f e c t  o f  i r r a d i a t i o n  on t h e  t e n s i l e  p r o p e r t i e s  of 2 114 C r - 1  MO s t e e l  was determined f o r  specimens 
i r r a d i a t e d  i n  ERR-I1 a t  390 t o  550'C. U n i r r a d i a t e d  c o n t r o l  specimens and specimens aged f o r  5000 h a t  t h e  
i r r a d i a t i o n  temperatures were a l s o  t e s t e d .  I r r a d i a t i o n  t o  approx imate ly  9 dpa a t  390°C inc reased  t h e  
s t r e n g t h  and decreased t h e  d u c t i l i t y  compared w i t h  t h e  un i  r r a d i a t e d  and aged specimens. 
i n  samples i r r a d i a t e d  and t e s t e d  a t  450, 500, and 550'C. 

S o f t e n i n g  occurred 

7.3.4 Progress and S ta tus  

The t e n s i l e  specimens desc r ibed  i n  t h i s  r e p o r t  were i r r a d i a t e d  i n  ERR-I1 as p a r t  of t h e  l a r g e  AD-2 
experiment conducted by HEDL.' 
s t e e l s ,  w i t h  specimens f o r  t h e  d e t e r m i n a t i o n  o f  t e n s i l e  p r o p e r t i e s ,  impact p r o p e r t i e s ,  f r a c t u r e  toughness, 
f a t i g u e ,  and crack qrowth. D isks  of each m a t e r i a l  were a l s o  i n c l u d e d  t o  determine m i c r o s t r u c t u r a l  e f f e c t s  
o f  i r r a d i a t i o n .  

7.3.4.1 Exper imenta l  Procedure 

was f a b r i c a t e d  from Mannesman heat 38649 ( r e f .  1). The v e n d o r - c e r t i f i e d  chemical composi t ion and overcheck 
a r e  g i ven  i n  Table 7.3.1. 
c o l d  r o l l i n g  11.2-mm-thick s e c t i o n s  of t h e  pipe. The specimens were i r r a d i a t e d  i n  t h e  normal ized-and-  
tempered c o n d i t i o n :  

l o n g  by 1.52 nm wide by 0.76 nm t h i c k  (F ig .  7.3.1). A l l  specimens were machined w i t h  t h e i r  gage l e n g t h s  
p e r p e n d i c u l a r  t o  t h e  r o l l i n g  d i r e c t i o n  o f  t h e  shee t . l  

t h r e e  specimens each were i r r a d i a t e d  a t  390 and 500"C, one each a t  450 and 550'C. I r r a d i a t i o n  was  i n  

The experiment i n c l u d e d  12 Cr-1 MoVW, 9 Cr-1 MoVNb, and 2 114 Cr-1 Mo 

The 2 114 Cr-1 Elo s t e e l  used i n  t h i s  experiment was ob ta ined  from a s e c t i o n  of t h i c k - w a l l e d  p i p e  t h a t  

T e n s i l e  specimens were oh ta ined  from 0.76-mm-thick sheet t h a t  was produced by 

0.5 h a t  9OO0C, a i r  coo led;  1 h a t  7OOoC, a i r  cooled.' 
Sheet t e n s i l e  specimens i n  t h i s  experiment were of t h e  SS-1 type,  w i t h  a reduced gage s e c t i o n  20.3 nm 

Specimens were i r r a d i a t e d  i n  capsules designed t o  m a i n t a i n  temperatures o f  390, 450, 500, and 550'C; 

Tab le  7.3.1. C h e m i c a l  c o m p o s i t i o n  o f  2 114 C r - 1  MO 
s t e e l  (heat  38649) 

C 0.093 0.083 
Mn 0.52 0.49 
P 0.011 0.011 

S i  0.17 0.19 

C r  2.15 2.17 

S n.011 0.016 

N i  0.40 

MO 0.95 0.99 
cu 0.16 
A1 0.003 
A s  0.017 
Sn 
N 
Sb 

0.0088 
n m o  
0.0024 

~~~~~ 
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*Research sponsored by E l e c t r i c  Power Research I n s t i t u t e ,  Palo A l t o ,  C a l i f o r n i a ,  under c o n t r a c t  
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Fig .  7.3.1. Geometry of t he  SS-1 t e n s i l e  specimen used i n  these experiments. 

row 4 o f  ERR-I1 t o  a peak f luence o f  2.8 x loz6 neutrons/m2 ( E  > 0.1 MeV). 
depended on t h e i r  l o c a t i o n  r e l a t i v e  t o  the  ho r i zon ta l  midplane o f  the  reactor .  The 2 1/4  Cr-1 Mo s tee l  
specimens were i n  l eve l  NO. 1 of the  capsules' and were  exposed t o  -1.9 x loz6 neutrons/m2, which produced 
a displacement damage of about 9 dpa. The unce r ta i n t y  i n  f luence has been estimated as ?IO% and t he  tem- 
pera tu re  u n c e r t a i n i t i e s  are 390 ? 10°C, 450 ? 15"C, 500 ? 2O"C, 550 f 30°C ( ref .  2). 

A f t e r  i r r a d i a t i o n ,  t e n s i l e  t e s t s  were conducted a t  the  i r r a d i a t i o n  temperature and, where specimens 
were ava i lab le ,  a t  room temperature. As-heat- treated and thermal ly  aged con t ro l  samples were a l so  t es ted  t o  
separate t he  e f f e c t  o f  i r r a d i a t i o n  from thermal-aging e f f e c t s .  Thernial aging was a t  t he  i r r a d i a t i o n  tem- 
peratures f o r  5000 h - the  approximate t ime o f  t he  i r r a d i a t i o n .  
chamber on a 44-kN-capacity I n s t r o n  un iversa l  t e s t i n g  machine a t  a crosshead speed of 8.5 pm/s, which 
r e s u l t s  i n  a nominal s t r a i n  r a t e  o f  4.2 x W 4 / s .  

The f luence on t he  specimens 

The t e n s i l e  t e s t s  were m d e  i n  a vacuum 

7.3.4.2 Results 
The m ic ros t ruc tu re  of t he  normalized-and-tempered 2 1/4 Cr-1 Mo s tee l  was tempered b a i n i t e  

[Fig. 7.3.2(a)].  The p r i o r  aus ten i t e  g ra i n  s i ze  was  est imated as being between ASTM number 8 and 9 ;  t he  
microhardness was 207 DPH (500-g load). '  Thermal aging produced l i t t l e  change i n  t he  o p t i c a l  m i c ros t ruc tu re  
[Figs. 7.3.2(b) and ( e ) ] .  The microhardness was a l so  unchanged; a f t e r  aging a t  400 and 550°C, t he  micro-  
hardness was 216 and 206 DPH (1000-g load) ,  respec t ive ly .  

The t e n s i l e  r e s u l t s  f o r  t he  as-heat- t reated,  t he rma l l y  aged, and i r r a d i a t e d  2 114 Cr-1 Mo s tee l  are 
given i n  Tables 7.3.2 through 7.3.4. I n  Figs. 7.3.3 through 7.3.5 the  t e n s i l e  p rope r t i es  f o r  these t h ree  
d i f f e r e n t  cond i t ions  are compared f o r  t e n s i l e  t e s t s  conducted a t  the  i r r a d i a t i o n  temperature. F igures 7.3.6 
and 7.3.7 compare r e s u l t s  f o r  room-temperature t e s t s  p l o t t e d  against  i r r a d i a t i o n  temperature. Fewer room- 
temperature t e s t s  were made because of the  l i m i t e d  number of specimens ava i lab le .  

t he  i r r a d i a t i o n  temperature. For t e s t s  a t  the  i r r a d i a t i o n  temperature, the  0.2% y i e l d  s t reng th  and the  
u l t i m a t e  t e n s i l e  s t r eng th  exceeded t he  as-heat- t reated ( u n i r r a d i a t e d )  values a t  400°C. then f e l l  below the  
u n i r r a d i a t e d  values a t  the  t h ree  h igher  temperatures (Figs. 7.3.3 and 7.3.4).  The d i f fe rence i n  s t r eng th  
between u n i r r a d i a t e d  and i r r a d i a t e d  values became l a r g e r  as the  temperature increased and was  g rea tes t  a t  
550°C. Between 450 and 500"C, t he  s t reng th  decreased only s l i g h t l y ,  remaining c lose  t o  t he  values f o r  t he  
thermal ly  aged s tee l ,  then dropped q u i t e  p r e c i p i t o u s l y  a t  t he  h ighest  i r r a d i a t i o n  and t e s t  temperature. 
The d u c t i l i t y  behavior r e f l e c t e d  the  s t reng th  behavior (Fig. 7.3.5). A t  400°C. where t he  s tee l  hardens, t he  
un i fo rm and t o t a l  e longat ions of t he  i r r a d i a t e d  s tee l  f e l l  below those o f  the  u n i r r a d i a t e d  s tee l .  As t he  t e s t  
temperature increased, t he  d u c t i l i t y  o f  t he  i r r a d i a t e d  s tee l  approached t h a t  o f  the  u n i r r a d i a t e d  s tee l .  

The room-temperature t e s t  r e s u l t s  showed a s i m i l a r  r e l a t i v e  behavior f o r  t he  as-heat- treated and irra- 
d i a t e d  s tee l s  (Figs. 7.3.6 and 7.3.7). Because of t he  lack of i r r a d i a t e d  specimens, a d i r e c t  comparison was 
poss ib l e  only f o r  i r r a d i a t i o n  temperatures of 400 and 500"C, w i t h  i n t e r p o l a t i o n  and ex t rapo la t i on  necessary 
a t  the  o ther  temperatures. The major d i f f e rence  between the  room-temperature t e s t s  and t he  e levated-  
temperature t e s t s  was t h a t  t he  curve f o r  i r r a d i a t e d  mater ia l  was s h i f t e d  t o  s l i g h t l y  h igher  values r e l a t i v e  
t o  t h e  un i r r ad ia ted  values. There was major hardening a t  400"C, a s l i g h t  hardening a t  450"C, r e l a t i v e l y  
l i t t l e  d i f f e rence  a t  500"C, and a l a r g e  amount o f  so f t en ing  a t  550°C (ex t rapo la ted) .  Again, t he  r e l a t i v e  
d u c t i l i t y  behavior r e f l e c t e d  t he  s t reng th  changes. 

The behavior  o f  t he  i r r a d i a t e d  2 114 Cr-1 Mo s tee l  showed both hardening and sof tening,  depending on 
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Table 7.3.4. Tens i l e  p rope r t i es  o f  2 114 C r - 1  Mo s tee l  
i r r a d i a t e d  i n  t h e  AD-2 experiment i n  EBR-11. The 

i r r a d i a t i o n  produced a displacement damage 
l e v e l  of approximately 9 dpa 

Temperature 
("C) 

E longat ion  
( % I  . .  

I r r a d i a t i o n  Test Y ie l d  U l t ima te  Uniform Tota l  

390 22 728 791 4.1 6.9 
390 400 636 716 2.3 5.4 
450 450 440 510 3.6 6.2 
500 22 506 584 7.8 12.4 
500 500 402 465 3.5 7.8 
550 550 258 289 2.1 7.5 

ORNL-DWG 83-18f 

I I I I 
2% Cr-1 MoSTEEL 

TEST TEMPERATURE = IRRADIATION TEMPERATURE 

A UNIRRADIATED 

0 IRRADIATED 
AGED 

I I I \ -  * 
300 

400 5ca 
TEMPERATURE l'Cl 

Fig. 7.3.3. The 0.2% y i e l d  s t ress  o f  
2 114 C r - 1  Mo s tee l  as a func t ion  of t e s t  tem- 
pe ra tu re  f o r  i r r a d i a t e d  specimens, u n i r r a d i a t e d  
con t ro ls ,  and thermal ly  aged cont ro ls .  The t e s t  
temperature equals t he  i r r a d i a t i o n  and aging tem- 
peratures;  specimens were aged f o r  5000 h. 

ORNL-DWG 83~18812 

I I I I 
2% Cr-1 MoSTEEL 

TEST TEMPERATURE Z IRRADIATION TEMPERATURE 
A UNIRRADIATED 

AGED 
0 IRRADIATED 

400 5w 600 
TEMPERATURE (OCI 

Fig. 7.3.4. The u l t i m a t e  t e n s i l e  s t r eng th  o f  
2 114 C r - 1  MO s tee l  as a f unc t i on  o f  t e s t  tem- 
pe ra tu re  f o r  i r r a d i a t e d  specimens, u n i r r a d i a t e d  
con t ro l s ,  and t he rma l l y  aged con t ro l s .  The t e s t  
temperature equals t he  i r r a d i a t i o n  and aging tem- 
peratures;  specimens were aged f o r  5000 h. 
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F ig .  7.3.5. The uni form and t o t a l  elon-  
ga t i on  o f  2 114 Cr-1 Mo s t e e l  as f unc t i ons  of 
t e s t  temperature f o r  i r r a d i a t e d  specimens, 
u n i r r a d i a t e d  con t ro l s ,  and t he rma l l y  aged con t ro l s .  
The t e s t  temperatures equal the  i r r a d i a t i o n  and 
ag ing  temperatures; specimens were aged 5000 h. 

Fig. 7.3.7. The un i fo rm and t o t a l  e longa t ions  o f  
2 114 Cr-1 Ma s t e e l  t e s t e d  a t  room temperature p l o t t e d  

and t he rma l l y  aged specimens. Resul ts  f o r  u n i r r a d i a t e d  
c o n t r o l  are a l so  shown. 
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Thermal a g i n g  a t  t h e  i r r a d i a t i o n  temperatures had an e f f e c t  on s t r e n g t h ,  r e f l e c t e d  i n  t e s t s  a t  b o t h  
t h e  a g i n g  tempera tu re  (F igs.  7.3.2 and 7.3.3) and room tempera tu re  (Fig.  7.3.fi). 
r e l a t i v e l y  cons tan t  loss i n  b o t h  y i e l d  and u l t i m a t e  t e n s i l e  s t r e n g t h  a t  a l l  t empera tu res  i n  t e s t s  a t  t h e  
a g i n g  ( i r r a d i a t i o n )  temperature.  
ag ing  a t  temperatures above 450°C; l i t t l e  change was observed f o r  specimens aged a t  400 and 450'C. 
fo rm and t o t a l  e l o n g a t i o n s  g e n e r a l l y  f o l l o w e d  t h e  b e h a v i o r  o f  t h e  a s- h e a t - t r e a t e d  s t e e l  (F igs.  7.3.5 
and 7.3.7). 

s t r e n g t h  o f  t h e  i r r a d i a t e d  s t e e l  was e s s e n t i a l l y  equal t o  t h a t  o f  t h e  aged s t e e l  a t  450 and 500'C. 
400°C, t h e  s t r e n g t h  o f  t h e  i r r a d i a t e d  s t e e l  was much h i g h e r  than  t h a t  o f  t h e  aged s t e e l ,  whereas a t  550°C 
t h e  s t r e n g t h  o f  t h e  i r r a d i a t e d  s t e e l  was s i g n i f i c a n t l y  below t h a t  o f  t h e  aged s t e e l  (F igs.  7.2.3 and 7.3.4). 
F o r  t h e  room- temperature t e s t s ,  where i r r a d i a t i o n  gave r i s e  t o  a r e l a t i v e l y  l a r g e r  amount of ha rden ing  ove r  
t h e  i r r a d i a t e d  c o n t r o l ,  t h e  approach of aged and i r r a d i a t e d  s t e e l s  occu r red  a t  a h i g h e r  tempera tu re  than  f o r  
t h e  e leva ted- tempera tu re  t e s t s .  

range o f  c o n d i t i o n s  examined. 
and t o t a l  e longa t ion .  However, even then t h e  u n i f o r m  e l o n g a t i o n  exceeded 2% and t h e  t o t a l  e l o n g a t i o n  
exceeded 5%. A l though no scanning e l e c t r o n  microscopy o b s e r v a t i o n s  were made, pas t  exper ience  i n d i c a t e s  
t h a t  such e l o n g a t i o n s  a r e  i n d i c a t i v e  of d u c t i l e - t r a n s g r a n u l a r  f r a c t u r e s .  The e l o n g a t i o n  va lues r e p o r t e d  
he re  a r e  c o n s i d e r a b l y  above those  observed f o r  2 114 Cr-1 Mo s t e e l  i r r a d i a t e d  i n  H F I R  a t  -5O'C and t e s t e d  a t  
room temperature and 300'C; t h e  f r a c t u r e s  were a l s o  d u c t i l e - t r a n s g r a n u l a r  i n  those  

7.3.4.3 D iscuss ion  

The e leva ted- tempera tu re  mechanical  p r o p e r t y  behav io r  o f  t h e  2 114 Cr-1 Mo s t e e l  can be e x p l a i n e d  on 
t h e  b a s i s  of t h e  knowledge of t h e  c a r b i d e  p r e c i p i t a t i o n  r e a c t i o n s  t h a t  occu r  a t  e l e v a t e d   temperature^."^ 
D i s p e r s i o n  s t r e n g t h e n i n g  by c a r b i d e  p r e c i p i t a t e s  i s  i m p o r t a n t  i n  d e t e r m i n i n q  t h e  e leva ted- tempera tu re  
s t r e n g t h  o f  t h e  s t e e l .  I n  b a i n i t e ,  which c o n s t i t u t e s  t h e  m i c r o s t r u c t u r e  o f  t h e  s t e e l  t e s t e d  i n  t h e  
normal ized-and- tempered c o n d i t i o n ,  Raker and N u t t i n g  found t h a t  M,C and Mo2C form q u i t e  e a r l y  d u r i n g  
e leva ted- tempera tu re  exposure - u s u a l l y  d u r i n g  t h e  heat  t r e a t ~ n e n t . ~  
exposure, these  c a r b i d e s  a r e  rep laced  by M7C3,  Mz3C6,  and M6C ( e t a- c a r b i d e ) .  
r e f e r r e d  t o  as MbC, a l t hough  s t u d i e s  have shown t h a t  t h e  s t o i c h i o m e t r y  o f  e t a - c a r b i d e  i n  aged 2 114 Cr-l Mo 
S t e e l  approx imates MsC. )5  

s t r e n g t h e n i n g  ef fec t .6  
tempera tu re  i n  unaged s t e e l .  
showed t h a t  t h e  e f f e c t  occurs  i n  s t e e l s  t h a t  c o n t a i n  i n  s o l u t i o n  i n t e r s t i t i a l  and s u b s t i t u t i o n a l  s o l u t e s  
t h a t  have an a f f i n i t y  f o r  each  other.'^^ 
and conc luded t h a t  it extended t h e  e f f e c t  o f  dynamic s t r a i n  ag ing  t o  temperatures of 400 t o  600'C i n  t h e  
t e r n a r y  a l l o y s .  
n i t rogen . '  
I n t e r a c t i o n  s o l i d - s o l u t i o n  ha rden ing  was conc luded t o  r e s u l t  f rom t h e  f o r m a t i o n  of Mo-C and C r - C  atom p a i r s  
o r  atom c l u s t e r s ,  which subsequent ly  fo rm d i s l o c a t i o n  atmospheres. 
much l e s s  r m b i l e  than  an atmosphere t h a t  c o n t a i n s  o n l y  i n t e r s t i t i a l  atoms, t h e  s t r e n g t h e n i n g  e f f e c t  i s  
ex tended t o  h i g h e r  temperatures.  

s t e e l  was e ~ a m i n e d . ~ ? ~  F o r  a normal ized-and- tempered s t e e l  w i t h  a tempered- ba in i te  m i c r o s t r u c t u r e ,  it was 
conc luded t h a t  I S S H  was due t o  C r - C   interaction^.^,^,^^ 
e f f e c t  on t e n s i l e  p r o p e r t i e s  between about 250 and 450°C. 

t h a t  causes I S H .  Hardening t h e n  becomes due t o  d i s p e r s i o n  s t r e n g t h e n i n g  by c a r b i d e  p r e c i p i t a t e s .  Wi th  
p ro longed  exposure a t  e l e v a t e d  temperatures,  t h e  s t r e n g t h  w i l l  decrease f u r t h e r  as t h e  f i n e r  p r e c i p i t a t e s  
formed d u r i n g  t h e  heat  t r e a t m e n t  a re  rep laced  by t h e  s t a b l e  M z 3 C 6  and M6C. Wi th  p ro longed  e l e v a t e d-  
tempera tu re  exposure, these  p r e c i p i t a t e s  w i l l  coarsen by Ostwald r i p e n i n g .  

l o s s  o f  I S S H  caused by t h e  l o s s  o f  t h e  s u p e r s a t u r a t i o n  t h a t  causes I S H .  
bo th  t h e  loss of I S S H  and changes i n  d i s p e r s i o n  s t r e n g t h e n i n g  caused by p r e c i p i t a t e  changes a r e  expected 
t o  p l a y  a r o l e  i n  t h e  s t r e n g t h  loss.  The h i g h e r  t h e  temperature,  t h e  l a r g e r  w i l l  be t h e  e f f e c t  on t h e  p r e-  
c i p i t a t e  changes t h a t  l e a d  t o  a c o a r s e r  p r e c i p i t a t e  and t h u s  t o  a l ower  s t r e n g t h .  Also, t h e  h i g h e r  t h e  tem- 
pera tu re ,  t h e  l e s s  e f f e c t  I S S H  has on s t r e n g t h .  L i t t l e  e f f e c t  o f  I S S H  i s  expected a t  550°C ( r e f .  9). The 
above c o n c l u s i o n s  a r e  conf i rmed by t h e  room- temperature t e s t s .  The specimens aged a t  400 and 450°C showed 
l i t t l e  change due t o  t h e  a g i n g  t rea tmen t .  
l a r g e  decrease a t  550°C. The n a t u r e  of t hese  s t r e n g t h  changes r e f l e c t  t h e  f a c t  t h a t  I S S H  has a minor  e f f e c t  
on s t r e n g t h  a t  room temperature,  and s t r e n g t h  i s  de te rm ined  p r i m a r i l y  by t h e  p r e c i p i t a t e  s t r u c t u r e .  

Ag ing gave r i s e  t o  a 

F o r  room- temperature t e s t s ,  t h e r e  was a gradual  l o s s  of s t r e n g t h  caused by 
The u n i -  

A comparison o f  t h e  aged and i r r a d i a t e d  s t e e l s  i n d i c a t e d  t h a t ,  f o r  t h e  e leva ted- tempera tu re  t e s t s ,  t h e  
A t  

Here t h e  s t r e n g t h s  became s i m i l a r  above 500°C. 

Only  those  specimens i r r a d i a t e d  a t  390°C showed a l a r g e  decrease i n  Uni form 
As seen i n  F igs .  7.3.5 and 7.3.7, t h e r e  was no severe l o s s  of d u c t i l i t y  due t o  i r r a d i a t i o n  f o r  t h e  

D u r i n g  f u r t h e r  e leva ted- tempera tu re  
( E t a- c a r b i d e  i s  u s u a l l y  

The M7C3 i s  uns tab le ,  and t h e  f i n a l  m i c r o s t r u c t u r e  i s  a f e r r i t e  t h a t  c o n t a i n s  

T h i s  e f f e c t  g i ves  r i s e  t o  dynamic s t r a i n - a g i n g  peaks i n  p l o t s  of f l ow  s t r e s s  a g a i n s t  
R a i r d  and Jamieson s t u d i e d  t h e  e f f e c t  i n  Fe-Mo-C and Fe-Cr-C a l l o y s  and 

They termed t h e  e f f e c t  i n t e r a c t i o n  s o l i d - s o l u t i o n  ha rden ing  (ISSH) 

T h i s  i s  w e l l  above t h e  tempera tu res  where dynamic s t r a i n  a g i n g  i s  due t o  o n l y  carbon and/or 

Because such a d i s l o c a t i o n  atmosphere i S  

M23C6 and MbC.' 
I n  a d d i t i o n  t o  p r e c i p i t a t i o n  s t r e n g t h e n i n g  i n  2 114 Cr-1 Mo s t e e l ,  t h e r e  i s  a l s o  a s o l i d - s o l u t i o n  

( T h i s  l a t t e r  e f f e c t  i s  con f ined  t o  t h e  range 100 t o  300"C, t h e  " b l u e  b r i t t l e n e s s "  range.) 

I n  w c h a n i c a l  p r o p e r t y  s t u d i e s  on 2 114 Cr-1 Mo s t e e l ,  t h e  e f f e c t  o f  I S S H  on t h i s  M r e  c o m p l i c a t e d  

I n t e r a c t i o n  s o l i d - s o l u t i o n  ha rden ing  had a dominant 

D u r i n g  the rma l  ag ing  o f  t h e  normal ized-and- tempered s t e e l ,  p r e c i p i t a t i o n  r e l i e v e s  t h e  s u p e r s a t u r a t i o n  

The l o s s  o f  s t r e n g t h  due t o  the rma l  ag ing  a t  400 and 450°C (F igs.  7.3.3 and 7.3.4) i s  a t t r i b u t e d  t o  t h e  
A t  t h e  two h i g h e s t  temperatures,  

A s l i g h t  decrease was noted a t  500'C ( i n t e r p o l a t e d )  and a 
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The above d i s c u s s i o n  he lps  r a t i o n a l i z e  t h e  observed e f f e c t s  o f  i r r a d i a t i o n .  The inc rease  i n  s t r e n g t h  
a t  t h e  lowest  i r r a d i a t i o n  temperature (390°C) i s  p r i m a r i l y  a t t r i b u t e d  t o  t h e  development o f  t h e  d i s l o c a t i o n -  
l o o p  s t r u c t u r e  t h a t  forms as a r e s u l t  of i r r a d i a t i o n  damage. A t  450 and 500°C. d i s l o c a t i o n  recovery pro-  
cesses are r a p i d  enough t o  prevent  t h e  format ion of a d i s l o c a t i o n  s t r u c t u r e  t h a t  can inc rease  s t reng th .  The 
l o s s  o f  s t reng th ,  which i s  s i m i l a r  t o  t h a t  observed f o r  t h e  aged s t e e l s ,  i s  a t t r i b u t e d  t o  t h e  l o s s  of t h e  
I S H  e f f e c t  a t  450°C and a combinat ion o f  t h e  l o s s  o f  ISSH and d i s p e r s i o n- s t r e n g t h e n i n g  a t  500°C. 
t h e  l a r g e  decrease i n  s t r e n g t h  a t  55OoC r e l a t i v e  t o  t h e  unaged and aged c o n t r o l s  i s  concluded t o  be due t o  
t h e  a c c e l e r a t i o n  of t h e  p r e c i p i t a t i o n- c o a r s e n i n g  r e a c t i o n s  d u r i n g  i r r a d i a t i o n .  That i s ,  t h e  vacancies and 
i n t e r s t i t i a l ! ,  generated d u r i n g  i r r a d i a t i o n  a c c e l e r a t e  d i f f u s i o n  and inc rease  t h e  r a t e  a t  which t h e  
e q u i l i b r i u m  p r e c i p i t a t e  s t r u c t u r e  o f  coarse MZ3C6 and M6C i s  developed. 

The hardening a t  400°C i s  s i m i l a r  t o  t h e  i r r a d i a t i o n  response noted by Ge l les  e t  al."  on f u l l y  
annealed 2 114 Cr-1 Ma s t e e l  i r r a d i a t e d  i n  EBR-11. A s t e e l  i s  annealed by s l o w l y  c o o l i n g  ( i n  a furnace) 
f rom t h e  a u s t e n i t i z i n g  temperature; 2 1/4 Cr-1 Mo s t e e l  i n  t h i s  c o n d i t i o n  has a nuch d i f f e r e n t  m i c r o s t r u c-  
t u r e  f rom t h e  tempered b a i n i t e  i r r a d i a t e d  and t e s t e d  i n  t h e  resen t  study. The annealed s t e e l  con ta ined  
p r i m a r i l y  po lygonal  f e r r i t e  w i t h  smal l  amounts of p e a r l i t e . I g  (Annealed s t e e l  a l s o  g e n e r a l l y  con ta ins  some 
ba in i te .12)  The carb ide  p r e c i p i t a t i o n  sequence i n  po lygonal  f e r r i t e  begins w i t h  t h e  format ion of a h igh  
d e n s i t y  of smal l  Mo2C p a r t i c l e s ,  which e v e n t u a l l y  t r a n s f o r m  t o  MgC ( r e f .  4). 

I n  t h e  i r r a d i a t i o n  s tudy on t h e  annealed s t e e l  one specimen t h a t  was i r r a d i a t e d  t o  6.1 x 
neutrons/m2 0 0 . 1  MeV) (compared w i t h  1.9 x neutrons/m2 i n  t h i s  s tudy)  was examined by TEM. 

Y i e l d  s t r e s s  data were presented f o r  t h i s  specimen a long  w i t h  r e s u l t s  f o r  severa l  specimens t h a t  had been 
i r r a d i a t e d  between -0.2 and 0.1 x l o z 6  neutrons/m2. A p l o t  o f  t h e  0.2% y i e l d  s t r e s s  and u l t i m a t e  t e n s i l e  
s t r e n g t h  aga ins t  f l u e n c e  i n d i c a t e d  a s a t u r a t i o n- t y p e  curve, where t h e  s t r e n g t h  values i n c r e a s i n g  w i t h  
f l uence  up t o  -1 x neutrons/m2 and then  l e v e l e d  o f f .  
neutrons/m2, t h e  y i e l d  s t r e s s  and u l t i m a t e  t e n s i l e  s t r e n g t h  were 624 and 621 MPa, r e s p e c t i v e l y ;  t h e  before-  
t e s t  values were -230 and 460 MPa, respec t i ve ly ."  
values i n  t h e  present  study o f  636 and 716 MPa a re  q u i t e  s i m i l a r  t o  those o f  t h e  annealed s t e e l ,  even though 
t h e  s t a r t i n g  s t r e n g t h s  were q u i t e  d i f f e r e n t .  

Ge l les  e t  a l .  repor ted  l a r g e  amounts of f i n e  Mo2C p r e c i p i t a t e  i n  t h e  i r r a d i a t e d  s t e e l  bu t  no t  i n  t h e  
as-annealed m i c r o s t r u c t u r e . l l  A h igh  d e n s i t y  o f  smal l  d i s l o c a t i o n  loops and -0.5% v o i d  s w e l l i n g  was a l s o  
observed. The l a r g e  inc rease  i n  s t r e n g t h  was a t t r i b u t e d  t o  t h e  fo rmat ion  of t h e  Mo2C, r a t h e r  than t h e  
i r r a d i a t i o n - g e n e r a t e d  d i s l o c a t i o n  loops, because i t  was f e l t  t h a t  p o i n t  d e f e c t  agglomerat ion would no t  
s a t u r a t e  w i t h  i n c r e a s i n g  f luence."  

The p r e c i p i t a t e  formed d u r i n g  i r r a d i a t i o n  of t h e  annealed s t e e l  p l a y s  a r o l e  i n  t h e  hardening, t h e  h i g h  
d e n s i t y  of d i s l o c a t i o n  loops a l s o  appears t o  c o n t r i b u t e  t o  t h a t  hardening. Furthermore, i r r a d i a t i o n - i n d u c e d  
d i s l o c a t i o n  loop  hardening i s  q u i t e  l i k e l y  t o  p l a y  a dominate r o l e  i n  t h e  hardening of t h e  normalized-and- 
tempered s t e e l  of t h e  present  study. Although e v a l u a t i n g  t h e  r e l a t i v e  c o n t r i b u t i o n  of p r e c i p i t a t e s  and 
d i s l o c a t i o n s  loops w i l l  r e q u i r e  f u r t h e r  TEM, severa l  observa t ions  can be made. 

The d i f f e r e n t  p r e c i p i t a t i o n  sequence i n  t h e  d i f f e r e n t  m i c r o s t r u c t u r a l  c o n s t i t u e n t s  cou ld  be impor tan t .  
The fo rmat ion  o f  a d d i t i o n a l  Mo2C i n  t h e  annealed s t e e l  i s  expected, as Mo2C i s  t h e  expected p r e c i p i t a t e  i n  
po lygonal  f e r r i t e . 4  Th is  i s  i n  
c o n t r a s t  t o  t h e  b a i n i t i c  s t e e l  of t h e  present  study, where t h e  Mo,C p r e c i p i t a t i o n  sequence i s  probably  
complete a f t e r  temper ing and before i r r a d i a t i o n .  (The Ma C has been concluded t o  be t h e  o n l y  p r e c i p i t a t e  i n  
t h i s  s t e e l  t o  g ive  s u b s t a n t i a l  d i s p e r s i o n  s t reng then ing . I3 )  O f  course, it i s  p o s s i b l e  t h a t  a new p r e c i p i t a -  
t i o n  sequence occurs d u r i n g  i r r a d i a t i o n  o f  t h e  normalized-and-tempered s t e e l .  
s a l  of t h e  sequence o f  t h e  p r e c i p i t a t i o n  processes i n  comparison w i t h  t h e  processes d u r i n g  thermal aging.) 
Di f ferences i n  p r e c i p i t a t i o n  processes between i r r a d i a t e d  and t h e r m a l l y  aged 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  
have been observed. 

I r r a d i a t i o n - i n d u c e d  hardening due t o  d i s l o c a t i o n  loops formed d u r i n g  i r r a d i a t i o n  has been observed t o  
p l a y  a major r o l e  i n  una l loyed  meta lsL4  
pera tu res  above 370"C, p r e c i p i t a t e s  and loops  both c o n t r i b u t e  t o  t h e  hardening; t h e  network d i s l o c a t i o n s  and 
t h e  vo ids t h a t  form d u r i n g  i r r a d i a t i o n  a l s o  ~ 0 n t r i b u t e . l ~  
s t r e n g t h e n i n g  gave r i s e  t o  a s a t u r a t i o n  o f  s t r e n g t h  w i t h  i n c r e a s i n g  f luence. 
and network d i s l o c a t i o n s  i s  ignored,  t h e  e f f e c t  o f  loops became m r e  pronounced and p r e c i p i t a t e s  l e s s  pro-  
nounced as t h e  i r r a d i a t i o n  temperature was 1 0 w e r e d . l ~  

We p rev ious1  i r r a d i a t e d  normalized-and-tempered and i s o t h e r m a l l y  annealed 2 1/4 Cr-1 Ma s t e e l  a t  50'C 
t o  about 1.2 x l o T 6  neutrons/m2 0 0 . 1  MeV) (-8.5 dpa) i n  HFIR and found a nuch l a r g e r  inc rease  i n  
hardening3 t h a n  t h a t  observed i n  t h e  present  study. 
fus ion  such t h a t  p r e c i p i t a t e s  can form a t  5OoC and cause t h e  l a r g e  s t r e n g t h  increases observed (almost 200% 
f o r  t h e  i s o t h e r m a l l y  annealed s t e e l ) .  
s t r e n g t h  i n c r e a s e  might  be expected a f t e r  a 509C i r r a d i a t i o n ,  b u t  a nuch l a r g e r  inc rease  would be expected a t  
400°C - o p p o s i t e  t o  t h e  observed e f f e c t .  
i r r a d i a t i o n - i n d u c e d  hardening n u s t  p l a y  a s i g n i f i c a n t  p a r t  i n  t h e  hardening agree w i t h  t h e  observa t ions  on 
s t a i n l e s s  s t e e l  t h a t  l oop  hardenin becomes a m r e  s i g n i f i c a n t  c o n t r i b u t o r  t o  t o t a l  hardening as t h e  i r r a -  

The annealed s t e e l  s t u d i e d  by Gel les e t  al." had a un i fo rm e l o n g a t i o n  o f  0.9% and t o t a l  e l o n g a t i o n  of 

F i n a l l y ,  

For  t h e  specimen i r r a d i a t e d  t o  6.1 x 

The f i n a l  y i e l d  s t r e s s  and u l t i m a t e  t e n s i l e  s t r e n g t h  

(The i r r a d i a t i o n  presumably increases t h e  p r e c i p i t a t i o n  r a t e  a t  400°C.) 

(Th is  would r e q u i r e  a rever-  

and a l 1 0 y s . l ~  I n  t y p e  316 s t a i n l e s s  s t e e l  i r r a d i a t e d  a t  tem- 

Both t h e  p r e c i p i t a t e  s t reng then ing  and loop  
I f  s t reng then ing  due t o  vo ids 

It i s  d i f f i c u l t  t o  e n v i s i o n  i r r a d i a t i o n- e n h a n c e d  d i f -  

I f  i r r a d i a t i o n- e n h a n c e d  p r e c i p i t a t i o n  were t h e  cause, a s l i g h t  

The observed s t r e n g t h  changes and t h e  conc lus ion  t h a t  

d i a t i o n  temperature i s  decreased. 1 2  

4.1% f o r  i r r a d i a t i o n  and t e s t i n g  a t  4OOOC. I n  t h e  TEM s t u d i e s  on t h e  deformed specimen, i n d i c a t i o n s  of 
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channel  deformat ion were observed. A l though t h e  po lygona l  f e r r i t e  was found t o  c o n t a i n  a h i g h  d e n s i t y  of 
d i s l o c a t i o n  loops,  Mo2C p r e c i p i t a t e s ,  and c a v i t i e s ,  t h e  smal l  amount o f  p e a r l i t e  p resen t  was c h a r a c t e r i z e d  
by a h i  h e r  d e n s i t y  of l a r g e r  vo ids,  no Ma$, and, i n s t e a d  of a d i s l o c a t i o n - l o o p  s t r u c t u r e ,  d i s l o c a t i o n  
c l imb. '?  It was conc luded t h a t  s l i p  was p robab ly  l o c a l i z e d  i n  r e g i o n s  ad jacent  t o  t h e  weaker p e a r l i t e ,  
which l e d  t o  t h e  channel deformat ion.  (Th is  r e g i o n  i s  expected t o  be weaker because of t h e  l a c k  of Mo2C and 
t h e  coarse r  d i s l o c a t i o n  s t ruc tu re ." )  
t e s t e d  i n  t h e  p resen t  s tudy  i s  no t  i n d i c a t i v e  o f  channel deformat ion,  even thouqh t h e  i r r a d i a t e d  s t r e n g t h  of 
t h i s  s t e e l  i s  t h e  same as t h a t  o f  t h e  annealed s t e e l .  I f  t h e  channel deformat ion of t h e  annealed s t e e l  i S  
due t o  t h e  l o c a l i z e d  d e f o r m a t i o n  i n  t h e  smal l  amount o f  p e a r l i t e ,  t hen  t h e  l a c k  of such de fo rmat ion  i n  t h e  
normal ized-and- tempered s t r u c t u r e  my be t h e  r e s u l t  o f  a u n i f o r m  tempered- ba in i te  m i c r o s t r u c t u r e .  

a t  55OOC does no t  imp ly  t h a t  t h e  s t e e l  should  n o t  be cons ide red  f o r  f u s i o n  r e a c t o r  a p p l i c a t i o n s .  F e r r i t i c  
s t e e l s  were i n i t i a l l y  proposed f o r  t h i s  a p p l i c a t i o n  f o r  use below 570°C.16 (The proposal  of a 520°C l i m i t  
was made f o r  t h e  17 Cr-1 MoVW s t e e l . )  The p resen t  r e s u l t s  i n d i c a t e  t h a t  normal ized-and- tempered 
2 114 Cr-1 Mo s t e e l  has good s t a h i l i t y  f o r  t h e  9 dpa i r r a d i a t i o n  t o  5OO'C. F u r t h e r  t e s t s  a r e  r e q u i r e d  t o  
determine i f  t h e  i r r a d i a t i o n- e n h a n c e d  s o f t e n i n g  observed a t  550°C becomes i m p o r t a n t  a t  l ower  temperatures.  
It was p r e v i o u s l y  p o i n t e d  o u t  t h a t  7 114 Cr-1 Mo s t e e l  can be m d i f i e d  w i t h  vanadium, n iob ium.  and t i t a n i u m  
i n  t h e  same way as t h e  9 and 12 C r  s t e e l s  have been m d i f i e d ."  T h i s  would g i v e  i nc reased  p r e c i p i t a t e  s t a -  
b i l i t y  and a l l o w  t h e  s t e e l s  t o  be used a t  s t i l l  h i g h e r  temperatures.  Such a s t e e l  has been proposed f o r  
p ressu re  vessel a p p l i c a t i o n s . 1 8  

F i n a l l y ,  it shou ld  be k e p t  i n  mind t h a t  o n l y  one specimen was t e s t e d  f o r  each t e s t  c o n d i t i o n .  A l though 
t r e n d s  a re  no ted  and reasons g i ven  f o r  observa t ions ,  t h e  e x t e n t  o f  exper imen ta l  e r r o r  has no t  been accounted 
fo r .  It would be ex t reme ly  u s e f u l  t o  have m r e  da ta  t o  v e r i f y  t h e  observa t ions .  

7.3.5 References 

The u n i f o r m  e l o n g a t i o n  o f  2.3% f o r  t h e  normal ized-and- tempered s t e e l  

The l a r g e  decrease i n  s t r e n g t h  i n  t h e  i r r a d i a t e d  2 114 Cr-1 Mo s t e e l  r e l a t i v e  t o  t h e  u n i r r a d i a t e d  s t e e l  

1. R. J. Puigh and N. F. Panayotou, "Specimen P r e p a r a t i o n  and Loading f o r  t h e  AD-2 F e r r i t i c s  

2. R. J. Puigh, HEDL, p r i v a t e  communicat ion t o  R. L. Klueh, Oct. 19, 1983. 
3. R. L. K lueh and J. M. V i t e k ,  " T e n s i l e  Behav ior  of Three Commercial F e r r i t i c  S t e e l s  A f t e r  

Low-Temperature I r r a d i a t i o n , "  t o  be p u b l i s h e d  i n  F e r r i t i c  Alloys f u r  Use in Nuclear Technologies,  by A I M E .  
4. R. 6. Baker and J. N u t t i n q ,  "The Tempering of 2 114 Cr-1 Mo S t e e l  A f t e r  Quenching and Norma l i z ing , "  

J. Iron Steel  I n s t .  London 192, 7 5 7 4 8  (1959). 
5.  J. M. L e i t n a k e r ,  R. L. Klueh, and W. R. La ing,  "The Composi t ion of Eta-Carb ide Phase i n  

2 1/4 Cr-1 Mo S tee l , "  Meta l l .  T m n s .  6A, 194%55 (1975). 
6. R .  L. Klueh, " I n t e r a t t i o n  S o l i d  S o l u t i o n  Hardening i n  2.25 Cr-1 MO S tee l , "  Mater. S e i .  Eng. 35, 

23%53 (1978).  
7. J. 0. B a i r d  and A. Jamieson, "High-Temperature T e n s i l e  P r o p e r t i e s  o f  Some Syn thes ized  I r o n  A l l o y s  

C o n t a i n i n g  Molybdenum and Chromium," J .  Iron Steel  Inst. London 210, R 4 1 4 6  (1977). 
8. J. fl. R a i r d  and A. Jamieson, "Creep S t r e n g t h  of Some Syn thes ized  I r o n  A l l o y s  C o n t a i n i n g  Manganese, 

Molybdenum, and Chromium," J .  Iron Steel  Inst. London 210, 847-56 (1977). 
9. R. L. Klueh and R. E. Oakes, Jr., " S t r a i n  Rate E f f e c t s  on t h e  E levated- Temperature T e n s i l e  Behav ior  

o f  a B a i n i t i c  2 114 Cr-1 Mo S tee l , "  J .  Enng. Mater. 99, 3 5 k 5 8  (1977). 
10. R. L. Klueh, "Heat Treatment E f f e c t s  on t h e  T e n s i l e  P r o p e r t i e s  o f  Annealed 2.25 Cr-1 Mo S tee l , "  J .  

Nucl. Mater. 68, 794-307 (1977).  
11. 0. S. Ge l l es ,  W. J. M i l l s ,  and L. A. James, " M i c r o s t r u c t u r a l  Examinat ion o f  P o s t i r r a d i a t i o n  

De fo rmat ion  i n  2 114 Cr-1 Ma," pp. 1 6 5 7 3  i n  ADIP Quart. Prog. Rep. March 31 ,  1981, DOE/ER-O045/6, U.S. 

Experiment,"  pp. 26CL93 i n  A D P  @art. Prog. Rep. June 3 0 ,  1980, DOE/ER-0045/3, U.S. DOE, O f f i c e  o f  Fus ion 
Energy. 

DOE, O f f i c e  o f  Fus ion  Energy. 

Sumitorno Kinaoku 12, 17-26 (1960). 
17. T. Kuni take,  "Cont inuous C o o l i n g  T rans fo rmat ion  S t r u c t u r e s  i n  a Low Carbon 7 1/4 Cr-1 Mo S t e e l , "  

13. K. J. I r v i n e .  J. fl. Murray, and F. B. P i c k e r i n q ,  " S t r u c t u r a l  Aspects of C reep-Res is t i nq  S t e e l , "  
pp. 2 4 6 7 5  i n  St ruc tuml  Processes >n Metals, I r o n  and S i e e l  I n s t i t u t e ,  London, 1961. 

Hardening Behav io r  of t h e  R e f r a c t o r y  BCC Meta ls  and Al loys, ' '  pp. 19P-715 i n  Defects  and Defect C lus t e r s  in 
B.C.C. Metals and h e i r  A l l oy s ,  N a t i o n a l  Bureau o f  Standards, Ga i the rsburq ,  Md., 1973. 

15. G. D. Johnson e t  al., "The M i c r o s t r u c t u r a l  I n t e r p r e t a t i o n  o f  t h e  F luence and Temperature 
Dependence o f  t h e  Mechanical  P r o p e r t i e s  o f  I r r a d i a t e d  AIS1 316," pp. 3 9 M 1 2  i n  E f f e c t s  of Radiation on 
Mater ia ls :  Tenth C a f e r e n c e ,  ASTM STP 725, American S o c i e t y  f o r  T e s t i n g  and M a t e r i a l s ,  P h i l a d e l p h i a ,  1981. 

16. 5 .  N. Rosenwasser e t  a l . ,  "The A p p l i c a t i o n  of M a r t e n s i t i c  S t a i n l e s s  S tee ls  i n  Long L i f e t i m e  Fus ion 
F i r s t  Wa l l /B lanke ts , "  J .  N u l .  Mater. 85686, 1 7 7 4 2  (1979).  

17. R. L. Klueh, "Chromium-Molybdenum S t e e l s  f o r  Fus ion Reac to r  F i r s t  Wal ls  - A  Review," Nucl. Eng. 
Design 72, 32-4 (1982). 

18. T. I s h i g u r o  e t  al., "A 2 114 Cr-1 Mo Pressure Vessel S t e e l  Wi th  Improved Creep Rupture S t reng th , "  
pp. 1 7 9 4 7  i n  Applicat ion of 2 1 / 4  Cr- I  Mo Steel  for hick-Wal l  Pressure V e s s e l s ,  ASTM STP 755, American 
S o c i e t y  f o r  T e s t i n g  and M a t e r i a l s ,  P h i l a d e l p h i a ,  1982. 

14. J. M o t e f f ,  0. J. M iche l ,  and V. K. S ikka,  "The I n f l u e n c e  o f  I r r a d i a t i o n  Temperature on t h e  



103 

7.4 SWELLING IN SIMPLE FERRITIC ALLOYS IRRADIATED TO HIGH FLUENCE - 0. S. Gelles and R .  L. Meinecke 
(Westinghouse Hanford Company) 

7.4.1 ADIP Task 

ferritic alloys under the ADIP program task, Ferritic Steels Development (Path E). The task involved is 
akin to task number 1.C.2, Microstructures and Swelling in Austenitic Alloys. 

The Department of Energy (0OE)lOffice of Fusion Energy (OFE) has cited the need to investigate 

7.4.2 Objective 

The objective of this work is to provide guidance on the applicability of martensitic stainless steels 
for fusion reactor structural components. 

7.4.3 Summary 

A series of Fe-Cr-C-Mo simple alloys has been measured for density change as a function of irradiation 
i n  EBR-I1 over the temperature ran e 400 to 650'C to fluences as high as 2.13 x loz3 n/cm2 (E > 0.1 
MeV or 105 dpa. The highest swelqing was found in a Fe-12Cr binary allay, 4.72 percent, after 1.87 x 

rate value can be used to define swelling predictions for comnercial ferritic alloys to 40 MWy/n?. 

7.4.4 Progress and Status 

7.4.4.1 Introduction 

due to their high swelling resistance.7-3 A primary objective of the ADIP program is to develop mate- 
rials capable of operating in a fusion reactor up to a time-integrated neutron exposure of 40 MWy/m2 or 
approximately 500 dpa. This corresponds to a fast reactor fluence on the order o f  1024 n/cm2 (all flu- 
ences given as E > 0.1'MeV). 
excessively long times and so procedures must be found which will allow extrapolation of materials proper- 
ties beyond the available exposure range. 
sitic alloys. The highest exposure thus far achieved is 125 dpa.I This exposure required 9 years of 
irradiation in EBR-I1 and the experiment has now been stopped. To reach goal fluence, an additional 36 
years of irradiation time would have been required. 
alloys will remain swelling resistant to a goal exposure of 40 MWy/ will not be possible for some time 
to come. 

eters are R ,  the steady state swelling rate, T. the fluence corresponding to the intersection of the 
linear extrapolation of steady state swelling with the zero swelling axis and a, a measure of the 
curvature of the swelling curve in the vicinity of 7. 
alloys is difficult because a value for steady state swelling has not been established. 

. martensitic alloys. A series o f  simple ferritic alloys based on the martensitic stainless steel base 
composition Fe-12Cr-1Mo-O.1C and including binary Fe-Cr alloys covering the range 3 to 18 Cr has been 
irradiated as part of the National Cladding/Duct (NCD) Materials Development Program for LMFBR develop- 
ment. 
MFE program. 
of irradiation in EBR-I1 to fluences as high as 2.0 x lOZ3 n/cm2. 

la 3 nlcd or 95 dpa at 425'C. which corresponds to a swelling rate of 0.06%/dpa. This peak swelling 

Ferritic and martensitic alloys a pear to be very attractive for fusion reactor structural applications 

Irradiation experiments to neutron exposures of this magnitude require 

An example can be prov'ded by swelling measurements on marten- 

Therefore, dem nstration that ferritic and martensitic 9 ,  
Extrapolation of available data must be considered. 

Swelling as a function of fluence is generally modelled by a bilinear equation. The necessary param- 

Modeling swelling in ferritic or martensitic 

The present effort is intended to establish a steady state swelling estimate for ferritic and 

These specimens are no longer of interest to the NCD program so they have been made available to the 
This report describes density change measurements on several of these specimens as a function 

7.4 A.2 Experimental Procedures 

Specimens of the "simple ferritic alloy series" were included as ballast in very limited numbers to 
f i l l  unused space in each of four capsules which were irradiated side-b Details of the 
alloy series prior to irradiation and following irradiation to 4.3 x 103: n/cm2 and 1.38 x 1023 n/cm2 have 
been reported previously.4.5 
involved a separate set of specimens. 
temperature was available and density measurements included at least three repeated determinations for each 
specimen. 
into EBR-I1 in order to provide results to still higher fluences. 

side in EBR-11. 

Each reactor discharge including the fluence obtained for the present study 
In general, only one TEM dish for each condition of fluence and 

Following density measurements, the specimens irradiated to the highest fluence were reinserted 

7.4.4.3 Results 

It has already been noted5 and must be reemphasized here, that there is now reason to believe that 
the Fe-3Cr binary alloy contained a significant amount of impurities. 
material indicates a comparison of Fe-3.27Cr-0.50Ni-0.005P-0.03Mn-0.M)05C-0.00013N-0.0147 0 with no analysis 
for silicon. 
G-phase. Fig. 7.4.1 is provided to further emphasize this point. It shows the preirradiation density 
found for the Fe-Cr binary alloys (and the value for pure iron6) as a function of chromium content. 

A chemistry overcheck on this 

Also, precipitation following irradiation to 4 . 3  x loz3 n/cd was characteristic of 
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Fig. 7.4.1. Density for Fe-Cr binary alloys as a function of chromium content. The value for pure 
iron is from reference (6). 

The Fe-3Cr specimen does not fit the trend, being 0.05 gm/cm3 too dense. 
should therefore be interpreted as an example of a more complicated alloy in the Fe-3Cr composition range. 

Table 7.4.1 is provided to summarize all results of swelling and density change measurements on the 
simple ferritic alloy series. This includes preirradiation density values, estimates for void swelling at 
low fluence based on 

table reveals that the simple ferritic alloys remain swelling resistant even at fluences on the order of 
2.0 x 1023 n/cm2. 
n/cd. Somewhat lower swelling was found for Fe-6Cr and 9Cr at 425OC for this fluence level. 
swelling temperature is in the vicinity of 425OC, and is a slight function of chromium content; higher 
chromium contents result in slightly higher peak swelling temperature. Additions of carbon and molybdenum 
(and in the case of Fe-3Cr, various impurity additions) have the effect of reducing the peak swelling tem- 
perature to 400OC or below. 
See for example, Fe-3Cr at 4OO0C, Fe-6Cr at 4OO0C, and Fe-12Cr-O.1C-ZMo at 400°C. 

The results for this material 

ransmission electron microscopy (TEM),4 results of density measurements at 
intermediate fluences 5 and the results of the present effort. Examination of the information in this 

The highest swelling observed was 4.72% for Fe-12Cr at 425°C for a fluence of 1.9 x loz3 
The peak 

Finally, examples can be found where swelling saturation may have occurred. 

Table 7.4.1. Results o f  Swelling meaPUTemnts o f  lim le ferritic alloy specimens contained 
in the AA-VI1 

1.0. Cold Temp.c: 400 400 400 425 425 450 450 450 482 510 540 650 
A.ll0" Code OenPitY F1U.C: 3.4 10.3 16.3 4.3 18.1 2.8 10.1 11.5 11.8 20.4 20.0 21.3 

Fe-3Cr 
Fe-6Cr 
Fe-9Cr 
Fe-12Cr 
Fe-12Cr-O.1C 
Fe-12Cr-O. 1cd 
Fe-12Crd.ZC 
Fe-12Cr-O.lC-0.5lk 
Fe-12Cr-lh 
Fe-12Cr-O.IC-llk 
Fe-12Cr-O.IC-2h 
Fe-12Cr-O.IC-3h 
F e- 15Cr 

65 
66 
61 
6A 
68 
6C 
6C 
6F 
6H 6J 

6K 6L 

6N 

7.8826 
7.8185 
7.1933 
7.1596 
7.7114 
7.7952 
1.7680 
7.7933 
1.7911 
7.7953 
1.8046 
7.8231 
7.1461 

..- 1.76 0.70 0.09b 1.65 o.ob 0.62 0.36 0.83 
0.55 0.11 

0.25b 1.05 1.360.63b 4.12 0.29b 2.18 2 . 2 7  1.11 -0.21 -0.08 

0.2Bb 1.91 1.43 0.63b 3.51 O.lOb 1.91 1.32 
1.82 2.220.68b 4.14 0.24b 1.79 2.11 1.29 0.42 0.03 

-0.46 1.60 
-0.01 
0.28 
1.65 
2.41 
0.75 1.08 
2.88 2.62 
1.40 1.59 
0.11 0.53 

-0.19 

0.01 0.05b -0.09 
0.54 
0.63 0.06b 0.16 

0.83 0.0 0.66 0.06 0.18 0.14 

1.12 o.iob 

0.94 O . O i b  0.10 
0.80 0.01 

Fe-18Cr 6R 7.7233 0.32 o.ob -0.23 -0.01 

aHeat treatment was 1038'Cll hourlair cooled whereas all Other conditions received 1038'Cll hourlair coo1 + 760'ClZ hoursfair cool 
bTfn measurement hereas all other valuer are by density nearwent 
cTanp. - lrradiation tewerature ("C). Flu - Irradiation fluence ( I &  n l c d ) .  
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These swelling measurements can be used to estimate a peak steady st,ite swelling rate for ferritic 
alloys. Fig. 7.4.2 shows the results for swelling in Fe-6, 9 and 12Cr spwimens at 400, 425 and 450'C. 
The 400OC points are connected by dashed lines, the 425-C points by solid lines and the 4 5 O O C  points by 
short dashed lines. The peak swelling rate o curs for the 12Cr specimen for which a rate of 0.057%/dpa is 

ling rate observed at 400 and 45OoC as can be perceived by comparison wittl the line for 0.06%/dpa inset in 
the figure. Therefore, a value of 0.06%/dpa is recommended as an estimatl? for the peak steady state swel- 
ling rate to be expected in ferritic alloys. This rate appears to apply w e r  the temperature range 400 to 
45OoC and the temperature dependency of swelling in ferritic alloys is 1il.ely a consequence of differences 
in swelling incubation response. 

found between 4.3 x loz2 n/c& and 1.87 x lo2 5 n/c&. A rate of 0.06%/dpSi appears to approximate the swel- 

Effects of swelling saturation may also play a role at lower temperatures. 

7.4.4.4 Discussion 

Comparison with other materials 

It is constructive to compare the present results with those of othev materials of high technological 

Therefore, swelling values at 125OC for simple Fe-Cr-Ni ternary 
impact, i.e., Path A. 
predictions for comnercial Path E alloys. 
austenitic a l l o ~ s , ~  comnercial austenitic alloys,l Fe-12Cr and commercial ferritic alloys1s2 are pre- 
sented in Fig. 7.4.3. 
than in the comnercial counterpart of the given alloy, that swelling in amtenitic alloys is higher than in 
ferritic alloys and that a wide-range o f  commercial ferritic alloys show cnly a small variation in swelling 
response whereas a wide range of swelling response is found for a relativthly narrow range of comnercial 
austenitic alloys. 

Such a comparison allows one to extend the present results so as to provide swelling 

From Fig. 7.4.3 it can be shown that swelling i n  simple alloys is generally higher 

Swelling equation development 

An approach to predict swelling in austenitic stainless steels has bcmen proposed by Garner based on 
results for simple Fe-Ni-Cr ternary alloys.' The ternary alloy results cin be interpreted to establish 
that the steady state swelling rate is l%/dpa and that swelling differences among alloys and conditions 
arise from differences in the onset of swelling. Swelling incubation is increased with increases in nickel 
content or temperature and with decreases in chromium content. 
comnercial austenitic alloys in various heat treatment conditions, as well.8 Fig. 7.4.3 has been 
prepared in this manner. 
state swelling rate of l%/dpa. 

This behavi r is expected to apply for 

Swelling for the comnercial austenitic alloys his been drawn to predict a steady 
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Fig. 7.4.2. Swelling in Fe-6Cr, 9Cr and 12Cr binary alloys at 400, 4!5 and 4 5 0 Y  demonstrating a peak 
swelling rate of 0.06%/dpa. 
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Swelling response in ferritic alloys may be analyzed in the same way. For example, the peak swelling 

Swelling differences from alloy to alloy can be ascribed to dif- 

Such an approach has been used in an accompanying report on 

rate could be set at O.OS%/dpa based on the present results. 
over the temperature range 400 to 450'C. 
ferences in the onset of swelling. 
dpa and this will be discussed presently.) 
2-1/4Cr-lM0.~ 
must set a value for the incubation parameter and Fig. 7.4.3 indicates that a value o f  100 dpa is probably 
conservative. A conservative estimate for swellina in comercial ferritic allovs at 500 dDa is then 

This swelling rate appears to be satisfactory 

(An exception must be made for the 400°C results at fluences above 50 

In order to predict swelling in comnercial ferritic alloys such as EM12 and A I S 1  416, one 

- 
predicted to be 24 percent. 

swelling will imnedi tely follow. 
to 1.6 x loz3 n/cd.80 However, comparison of density change results for these materials at 425°C to 
1.6 x 1023 2 and to 2.1 x 1023 (Refs. 1-9) reveals only moderate increases in swelling, 0.06 percent 
for 2-1/4Cr-lMo and 0.24 percent for EM12. 
swelling. This means either that the transition to steady state swelling for commercial ferritic alloys is 
very gradual or that steady state swelling rates for simple ferritic alloys do not apply to comnercial 
ferritic alloys. In either case, the prediction of 24 percent swelling in commercial ferritic alloys at 
500 dpa is an overestimate. 

The appearance of void swelling in ferritic alloys does not necessarily mean that steady state 
Voids were found in both 2-1/4Cr-lMo and EM12 after irradiation at 425'C 

A swelling rate of 0.06%/dpa yields a value of 1.5 percent for 

Saturation 

The results in Fig. 7.4.2 which are most difficult to explain are those for the 400'C irradiation 
temperature. 
consequence of specimen to specimen variations or experimental difficulties such as temperature control 
problems. The 3Yndi- 
tion required for saturation is that the void structure becomes the dominate sink for point defects. 
Such a situation is most likely to occur when the void density is very high (as is the case at lower tem- 
perature) and when the material is unable to maintain a high dislocation density (as is the case for soft, 
pure materials). Therefore, it is concluded that the results for the 4OO0C irradiation condition do not 
discredit the approach recomnended for swelling equation development for comnercial ferritic alloys. 

The deviation from steady state swelling which is observed for the 400°C condition might be a 

However, the most likely explanation is that swelling saturation may have occurred. 
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Fig. 7.4.3. Comparison of swelling at 425'C in a~steniticl.~ and ferritic alloys.lS2 
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7.4.5 Conclusions 

The 
peak swelling observed was 4.72 percent in an Fe-12Cr specimen irradiated at 425OC to 95 dpa. This corre- 
sponds to a swelling rate of 0.06%/dpa. 

It is shown that this peak swelling rate of 0.06XIdpa may be used as a basis for developing swelling 
design equations for comnercial ferritic alloys. Such equations, which ai'e considered conservative esti- 
mate, that swelling in commercial ferritic alloys will be less than 24 pe-cent after neutron exposures of 
40 Wy/rr?. 

7.4.6 Future Work 

Swelling is moderate in Fe-Cr-C-Mo simple alloys irradiated to fluences on the order o f  100 dpa. 

An MHFES swelling equation for HT-9 will be developed i n  the next reporting period. 
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7.5 MICROSTRUCTURE OF 9 Cr-1 MoVNb AND 12 Cr-1 MoVW F E R R I T I C  STEELS AFTER I R R A D I A T I O N  AT ELEVATE0 
TEMPERATURES I N  HFIR - J. M. V i tek and R. L. Klueh (Oak Ridge Nat ional  Laboratory)  

7.5.1 A D I P  Task 

ADIP  tasks are not  de f ined  f o r  Path E, f e r r i t i c  s t ee l s ,  i n  t he  1978 program plan. 

7.5.2 Ob jec t i ve  

The o b j e c t i v e  of t h i s  work i s  t o  evaluate t he  m ic ros t ruc tu ra l  response of two f e r r i t i c  s tee ls ,  
9 C r - 1  MoVNb and 12 Cr-1 MoVW, t o  i r r a d i a t i o n  a t  e levated temperatures. The s tee l s  were subjected t o  
simultaneous displacement damage and l i m i t e d  hel ium produc t ion  from a t ransmutat ion reac t i on  of n i cke l  
du r i ng  H F I R  i r r a d i a t i o n .  Thus, t he  e f f e c t  o f  hel ium as  we l l  as  displacement damage on t he  m ic ros t ruc tu re  
can be ascertained. 

7.5.3 

Mic ros t ruc tu res  o f  9 Cr-1 MoVNb and 12 Cr-1 MoVW were examined f o l l o w i n g  i r r a d i a t i o n  i n  H F I R  t o  36 dpa 
a t  300 t o  600°C. Maximum c a v i t y  development i n  t he  form of voids occurred a t  400°C w i t h  only small hel ium 
bubble formation a t  500 and 600'C. Swe l l ing  was  g rea ter  i n  9 Cr-1 MoVNb than i n  12 Cr-1 MoVW. The c a v i t y  
development i s  a t t r i b u t e d  i n  p a r t  t o  t he  product ion o f  hel ium dur ing  i r r a d i a t i o n .  

7.5.4 Progress and Status 

7.5.4.1 I n t r oduc t i on  

Three f e r r i t i c  s tee ls ,  2 1/4 Cr-1 Mo, 9 Cr-1 MoVNb, and 12 Cr-1 MoVW, were i r r a d i a t e d  i n  H F I R  i n  the  
form of TEM d isks i n  experiments HFIR-CTR-30, -31, and - 32 [ r e f .  1). These experiments were conducted a t  
300, 400. 500, and 600°C t o  nominal displacement damage l e v e l s  [ a t  the  reac to r  ho r i zon ta l  midplane) o f  40. 
20, and 10 dpa, respec t ive ly .  These experiments were designed t o  evaluate t he  m ic ros t ruc tu ra l  response of 
these s tee l s  t o  neutron i r r a d i a t i o n .  

Po r t i on  of t he  neutron spectrum, producing helium. Thus, hel ium i s  generated s imul taneously w i t h  t he  
displacement damage produced by t he  f a s t  p o r t i o n  of the  spectrum. 
were inc luded i n  t he  HFIR-CTR-30, -31, and -32 experiments i n  order  t o  achieve h i ghe r  he l ium concent ra t ions  
than those produced i n  t he  standard a l l oys .  This repor t  presents r e s u l t s  on t he  standard 9 Cr-1 MoVNb and 
12 Cr-I MoVW a l l o y s  i r r a d i a t e d  i n  HFIR-CTR-30 t o  a nominal dose o f  40 dpa. 

7.5.4.2 Specimen Prepara t ion  and Experimental Condi t ions 

Dur ing HFIR i r r a d i a t i o n ,  any n icke l- bear ing  a l l o y  undergoes t ransmuta t ion  reac t ions  w i t h  t he  thermal 

A ser ies  of n ickel- doped f e r r i t i c  s tee ls '  

The a l l o v s  i nves t i ua ted  were from heats produced bv Table 7.5.1. Composition of  
Combustion Engineering,-Chattanooga, Tennessee; chemicai 
composit ions are given i n  Table 7.5.1. The TEM d isks  were 
normalized and tempered as f o l l ows :  

9 Cr-1 MoVNb (Heat XA 3590) 
and 12 C r - 1  MoVW 
(Heat XAA 3587) 

9 Cr-1 MoVNb: 1040"C/0.5 h/AC + 760"C/1 h/AC 
12 Cr-1 MoVW: 1050"C/ 0.5 h/AC + 780"C/2.5 h/AC. 

These heat t reatments y i e l d e d  a tempered l a t h  mar tens i te  
m i c ros t ruc tu re  i n  both a l l oys .  Most of the  p r e c i p i t a t e s  
formed were chromium-rich M Z 3 C b .  w i t h  some add i t i ona l  vana- 
dium o r  vanadium-niobium p r e c i p i t a t e s  a lso  found. These 
s t r uc tu res  have been evaluated i n  d e t a i l  e l ~ e w h e r e . ~ , ~  The 
M23C,j carbides were p r e f e r e n t i a l l y  loca ted  a t  l a t h  bound- 
a r i es  and p r i o r  aus ten i t e  g ra i n  boundaries. However, a 
l a r g e r  percentaqe of carb ides was loca ted  a t  p r i o r  auste- 
n i t e  g ra i n  boundaries i n  the  9 Cr-1 MoVNb s tee l  than i n  t he  
12 Cr-1 MoVW s tee l .  

Eva lua t ion  o f  temperature and f l u x  monitors i s  cu r-  
r e n t l y  under way t o  con f i rm t he  i r r a d i a t i o n  condi t ions.  
Based on the  eva lua t ion  of f l u x  moni tors from s i m i l a r  
experiments i r r a d i a t e d  t o  a lower f l ~ e n c e , ' + , ~  t he  f luence 
achieved was 4.9 x l o z 6  neutrons/mz ( E  > 0.1 MeV), cor re-  
sponding t o  a damage l e v e l  of 36 dpa (nominal ly  40 dpa). 
The hel ium concent ra t ions  were 30 a t .  D m  i n  9 Cr-1 MoVNb 

Content (wt. % l a  

9 Cr-1 MoVNb 12 C r - 1  MoVW 
Element 

Cr 8.62 
Mo 0.98 
I ln  0.36 
N i  0.11 
V 0.21 
I J  0.01 

C 0.090 
N 0.050 

Nb 0.063 

11.99 
0.93 
0.50 
0.43 
0.27 
0.54 
0.018 
0.21 
0.02 

GRalance i r on .  

, .  
and 99 a t .  ppm i n  12 Cr-1 MoVW. 

The d isks  were e l ec t ropo l i shed  remotely i n  a hot  c e l l  w i t h  a t w i n - j e t  po l i she r .  A 7:1 methanol: 
s u l f u r i c  ac i d  e l e c t r o l y t e  was  used a t  -12OC w i t h  a cur ren t  of 140 mA and a vo l tage  of approximately 20 V. 
The specimens were examined w i t h i n  24 h of e l ec t ropo l i sh i ng .  A JEM l O O C  t ransmiss ion  e l e c t r o n  microscope 
equipped w i t h  a low magnetic f i e l d  o b j e c t i v e  lens polepiece was used. 
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7.5.4.3 I r r a d i a t e d  Mic ros t ruc tu res  

4 nm i n  diameter, and appeared t o  be homogeneously d i s t r i b u t e d  through t he  s t ruc tu re .  They were o f t e n  d i f -  
f i c u l t  t o  d i s t i n g u i s h  from p o l i s h i n g  a r t i f a c t s .  
Although e x t r a c t i o n  r e p l i c a s  were no t  examined, t he re  was no apparent charlge i n  t he  p r e c i p i t a t e  s t r u c t u r e  i n  
e i t h e r  a l l oy ,  according t o  examination of t h e  p r e c i p i t a t e  morphology and d i s t r i b u t i o n  i n  t h e  f o i l .  
case of 12 C r - 1  MoVW, where t h e  i n i t i a l  m i c ros t ruc tu re  was tempered t o  a ! i reater degree and thus conta ined a 
lower dens i t y  of d i s l o c a t i o n s  i n  t h e  mar tens i te  la ths ,  t h e  d i s l o c a t i o n  d e r s i t y  increased du r i ng  i r r a d i a t i o n .  
This increase was no t  evaluated q u a n t i t a t i v e l y .  

g rea tes t  degree o f  c a v i t y  formation and 
subsequent s w e l l i n g  was found. Th is  was Table 7.5.2. Cav i t y  parameters f o r  9 C r - 1  MoVNb and 
t r u e  f o r  bo th  a l loys .  Typ ica l  micro-  
s t ruc tu res  a re  shown i n  F igure  7.5.1. 
The c a v i t i e s  ranged i n  s i z e  from 4 nm t o  
over 30 nm i n  diameter. S ize  d i s t r i b u -  
t i o n s  f o r  both a l l o y s  a re  g iven i n  
F igure 7.5.2. Since t h e  c a v i t v  micro-  

Few c a v i t i e s  were found i n  e i t h e r  a l l o y  i r r a d i a t e d  a t  300’C. The c a v i t i e s  were small ,  approximately  

The s w e l l i n g  r e s u l t i n g  from these c a v i t i e s  i s  neg l i g i b l e .  

I n  t h e  

Fo l low ing  i r r a d i a t i o n  a t  400°C, t h e  

12 C r - 1  MoVW f o l l o h i n g  i r r a d i a t i o n  a t  400Y  
t o  9.9 x 1026 n e u t r o n s j d  

9 C r - 1  MoVNb 12 Cr-1 MoVW 

s t ruc tu re  was most developed b4. t h e  
i r r a d i a t i o n  a t  4OO0C, these micro-  

Volume-averaged diameter, nn’ 15 16 

s t ruc tu res  were analyzed i n  d e t a i l .  Cav i t y  concentrat ion,  m-3 11 x 1020 3 x 1020 
Volume-averaged c a v i t y  diameters, c a v i t y  
concentrat ions,  and c a v i t y  s w e l l i n g  Cav i t y  swe l l ing ,  % 0.19 0.07 
values are g iven i n  Table 7.5.2. The 
c a v i t y  s izes were comparable i n  both 
a l loys ,  bu t  t he  h igher  c a v i t y  concentra-  
t i o n  i n  9 Cr-1 MoVNb l e d  t o  a nea r l y  
th ree- fo ld  g rea ter  value of t h e  swel l ing.  
out  t he  s t ruc tu re ,  w i t h  no p r e f e r e n t i a l  formation of c a v i t i e s  a t  l a t h  boundaries, p r e c i p i t a t e  i n t e r f aces .  o r  
p r i o r  aus ten i t e  g ra i n  boundaries. 
na tu re  o f  t h e  p r e c i p i t a t i o n  was noticed. The d i s l o c a t i o n  dens i t y  increased somewhat du r i ng  i r r a d i a t i o n  o f  
t h e  12 Cr-1 MoVW a l l oy .  

The c a v i t y  mic ros t ruc tu res  i n  both a l l o y s  i r r a d i a t e d  a t  500 and 60OoC were s im i l a r .  
were found. Instead, smal le r  c a v i t i e s  were observed, and these were p r e f e r e n t i a l l y  l oca ted  a t  l a t h  bound- 
a r i es  and d is loca t ions .  
c a v i t i e s  was s i g n i f i c a n t l y  h igher  i n  t h e  12 C r - 1  MoVW a l l oy .  
diameter and a s i z e  d i s t r i b u t i o n  f o r  12 C r - 1  MoVW i s  g iven i n  F igure  7.5.4. 
r e l a t i v e l y  low d i s l o c a t i o n  dens i t ies .  
morphology was found f o r  12 C r - 1  MoVW. However, some a d d i t i o n a l  u n i d e n t i f i e d  p r e c i p i t a t i o n  was observed i n  
9 Cr-1 MoVNb i r r a d i a t e d  a t  5OO0C, as shown i n  F igure  7.5.5. 

7.5.5 Discussion 

d i f f e r e n t  a l l o y s  i r r a d i a t e d  t o  fluences UP t o  17.6 x loz6 neutrons/m2 have shown on ly  minimal s w e l l i n g  
values.6 A few i n v e s t i g a t i o n s  have been c a r r i e d  ou t  on a l l o y s  comparable t o  those examined i n  t h e  present  
study.’-1° A l l  these i r r a d i a t i o n s  were i n  fast  spectrum reac to rs ,  thus hel ium contents produced by these 
i r r a d i a t i o n s  were lower than i n  t h e  present  work. Work on 9 C r - 1  MoVNb i r r a d i a t e d  t o  a f luence o f  2.5 x 
l o z 6  neutrons/m2 revealed on l y  a small  number of voids, up t o  20 nm i n  diameter, a f t e r  i r r a d i a t i o n  a t  400T 
( ref .  7). No voids a t  a l l  were found i n  several 12-Cr s tee ls ,  i n c l u d i n g  1 2  C r - 1  MoVW, i r r a d i a t e d  t o  doses 
o f  up t o  -23 dpa a t  temperatures of 380 t o  615OC (refs.  7-10). Thus, t h e  present  study i nd i ca tes  s i g n i f i -  
c a n t l y  more c a v i t i e s  formed du r i ng  HFIR i r r a d i a t i o n s .  Although t he  fluenc! l e v e l s  were not  exac t l y  t h e  
same, i t  i s  f e l t  t h a t  t h e  g rea ter  degree o f  c a v i t y  format ion i s  due t o  a l a r g e  ex ten t  t o  t he  g rea ter  amount 
o f  hel ium produced du r i ng  HFIR i r r a d i a t i o n .  This conc lus ion  i s  supported by recent  i o n  i r r a d i a t i o n  work i n  
which c a v i t y  formation i n  12 C r - 1  MoVW was found on l y  a f t e r  i o n  i r r a d i a t i o i  w i t h  simultaneous he l ium 
i n j ec t i on . ‘ l  No c a v i t i e s  were observed when only n i cke l  i ons  were used f o r  i r r a d i a t i o n .  

9 C r - 1  MoVNb and 12 C r - 1  MoVW i r r a d i a t e d  a t  500 and 6OO0C, small  c a v i t i e s  #ere found t o  be p r e f e r e n t i a l l y  
d i s t r i b u t e d  a long l a t h  boundaries and d i s l oca t i ons .  The fac t  t h a t  on ly  m i l l  c a v i t i e s  were found a t  these 
temperatures, and t h a t  they were loca ted  a t  s t r u c t u r a l  defects, suggests t i a t  they  a re  he l ium bubbles. Th is  
i s  supported by t h e  observa t ion  t h a t  t h e  c a v i t y  (bubble) dens i t y  i s  s i g n i f i c a n t l y  g rea ter  i n  12 C r - 1  MoVW, 
where t h e  h igher  n i c k e l  content  l e d  t o  m r e  than  t h ree  t imes as much hel ium produced du r i ng  i r r a d i a t i o n .  
Furthermore, t h e  observa t ion  of c a v i t i e s  a f t e r  500 and 60OOC i r r a d i a t i o n  i; unique. A l l  prev ious neutron 
i r r a d i a t i o n  studies,&” i n  which very l i t t l e  he l ium was present, revealed c a v i t i e s  t o  a maximum temperature 
o f  only 425OC. The l a r g e  c a v i t i e s  found a t  4OOoC, homogeneously d i s t r i bu t t ?d  throughout  t h e  matr ix ,  a re  

I n  both a l l oys ,  t h e  c a v i t i e s  were un i f o rm ly  d i s t r i b u t e d  through- 

As was t h e  case f o r  t h e  300*C i r r a d i a t i o n ,  no apparent change i n  t he  

No l a r g e  c a v i t i e s  

Th is  i s  i l l u s t r a t e d  f o r  t h e  600°C i r r a d i a t i o n  i n  F igure  7.5.3. The dens i ty  of 
Cav i ty  s izes  ranged from 2.5 t o  9 nm i n  

The l a t h  networks conta ined 
Once again, no change i n  t h e  p r e c i p i t a t e  densi ty ,  d i s t r i b u t i o n  o r  

F e r r i t i c  s tee ls ,  as a c lass  of a l l oys ,  a re  known t o  be r e s i s t a n t  t o  c a v i t y  swe l l ing .  Studies on several  

Some comnents can be made on t he  na ture  of t he  c a v i t i e s  observed a f t e r  HFIR i r r a d i a t i o n .  For  bo th  
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E42654 

E39552 

Fig. 7.5.1. 
) 9 Cr-1 MoVNb and ( b )  12 Cr-1 MoVW. 

M i c r o s t r u c t u r e s  f o l l o w i n g  HFIR i r r a d i a t i o n  a t  4OOOC t o  4.9 x loz6 neutrons/m2 
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Fig.  1.5 .3 .  M i c r o s t r u c t u r e s  f o l l o w i n g  HFIR i r r a d i a t i o n  a t  600'C t o  4.9 x loz6 neutrons/mz 
i n  (a) 9 Cr-1 MoVNb and ( b )  12 Cr-1 MoVW. Arrows i n d i c a t e  he l ium bubbles. 
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A comparison of t h e  present  r e s u l t s  w i t h  comparably i r r a d i a t e d  a u s t e n i t i c  PCA i s  i nev i t ab le ,  and some 
nportant  po in t s  should be noted. Aus ten i t i c  s t a i n l e s s  s t e e l  PCA i r r a d i a t e d  i n  t h e  same HFIR experiment t o  
be same dose e x h i b i t s  a maximum s w e l l i n g  a t  600°C of -0.2 t o  0.5% ( re f .  12). 
r ea te r  than t h e  0.07 t o  0.19% found f o r  f e r r i t i c  s tee ls ,  b u t  t h e  hel ium concent ra t ion  produced du r i ng  i r r a -  
i a t i o n  o f  t h e  a u s t e n i t i c  s t a i n l e s s  s t e e l  i s  cons iderab ly  greater .  
t e e l s  a t  s i m i l a r  hel ium l e v e l s  i s  no t  Dossible. The temoeratures o f  maximum s w e l l i n q  fo r  t h e  a u s t e n i t i c  

These values a re  somewhat 

A comparison o f  t h e  two c lasses of 

nd f e r r i t i c  s t ee l s  are q u i t e  d i f fe ren t :  
# e l l i n g  i n  f e r r i t i c s  i s  found f o r  i r r a d i a t i o n  a t  4OOOC. 

Aus ten i t i c s  show maximum swe l l i ng  a t  60O0C..'whereas maxirmm 

Both t h e  LRO a l l o v s  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  show e leva ted  temoerature embr i t t lement  f o l l ow ins  
F I R  i r r a d i a t i o n .  S i g n i f i c a n t  He embr i t t lement  i s  observed 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  a t  l e v e l s  of He 
P low as 30 at. ppm. The f e r r i t i c  s t ee l s  do no t  show the  same s e n s i t i v i t y  t o  he l ium embr i t t lement  i n  ten-  
i l e  tests.13 However, t he  f a c t  t h a t  t he  hel ium bubbles accumulate a t  l a t h  boundaries and o the r  s t r u c t u r a l  
e fec ts  may s igna l  p o t e n t i a l  embr i t t lement  a t  s i g n i f i c a n t l y  g rea ter  l e v e l s  of helium. 
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7.6 EFFECTS OF HFIR I R R A D I A T I O N  AT 55OC ON THE MICROSTRUCTURE AND TOUGHNESS OF HT-9 AND 9Cr-1Mo - 
0. 5 .  Gel les,  W .  L. Hu, F.  H. Huang and G. 0. Johnson (Westinghouse Hanford Company) 

7.6.1 A D I P  Task 

The Department o f  Energy IOf f i ce  o f  Fusion Energy (DDEIDFE) has c i t e d  t h e  need t o  i n v e s t i g a t e  f e r r i t i c  
a l l o y s  under t h e  A D I P  program task F e r r i t i c  S tee ls  Development (Path E). 
Number 1.8.13, Tens i l e  P rope r t i es  of A u s t e n i t i c  Al loys,  Task Number l.C.2, M i c ros t ruc tu re  and Swe l l i ng  i n  
A u s t e n i t i c  A l l o y s  and Task Number l . C . l ,  M i c ros t ruc tu ra l  S t a b i l i t y .  

7.6.2 Ob jec t i ve  

The o b j e c t i v e  o f  t h i s  work i s  t o  determine t he  e f f e c t  of low temperature i r r a d i a t i o n  i n  HFIR on t he  
p rope r t i es  of Path E a l l o y s  i n  o rder  t o  determine t h e  a p p l i c a b i l i t y  of these a l l o y s  as f i r s t  w a l l  ma te r i a l s .  

7.6.3 Summary 

i r r a d i a t i o n  i n  HFIR a t  55OC t o  5 dpa. 
HT-9 and 90°C f o r  9Cr-1Mo w i t h  f u r t h e r  s h i f t s  of 20°C f o r  weld metal.  
by hardness increased 15 percent  f o r  HT-9 and 25 percent  f o r  9Cr-1Mo. Thr hardness i n  ease can be a t t r i -  
buted i n  p a r t  t o  defect  c l u s t e r s  1.5 t o  3.0 nm i n  diameter a t  d e n s i t i e s  arproaching loF5 cm-? and a l s o  
t o  lower r a t e s  o f  c a v i t y  nuc lea t i on  ahead of t he  propagat ing crack.  

7.6.4 Progress and Status 

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

The task  invo lved  i s  ak i n  t o  Task 

Resu l ts  are repor ted  f o r  base metal and weld metal specimens o f  HT-9 and Modi f ied 9Cr-1Mo fo l l ow ing  
The DBTT s h i f t s  i n  i r r a d i a t e d  base metal specimens were 3D°C f o r  

Corcur ren t ly ,  s t r eng th  as measured 

P o s t i r r a d i a t i o n  f r ac tu re  toughness i s  one o f  t h e  p rope r t i es  which may l i m i t  Path E a l l o y s  fo r  fus ion 
reac to r  f i r s t  w a l l  app l i ca t i ons .  Large s h i f t s  i n  d u c t i l e  b r i t t l e  t r a n s i t i o n  temperature (DBTT) occur i n  
Charpy specimens o f  Path E a l l o y s  f o l l o w i n g  f as t  neutron i r r a d i a t i o n  t o  moderate f luence.  
i n  HT-91.2 and 5D°C i n  Mod i f ied  9Cr-lMol have been measured a f t e r  i r r a d i a t i o n  t o  % l o  dpa a t  400°C. 
I n  comparison, i r r a d i a t i o n  a t  h i ghe r  temperature has l ess  ef fect .  
n o t  ve t  shown t h i s  e f f e c t ) . j  However. i n f o rma t i on  on behavior  a t  lower i w a d i a t i o n  temoeratures i s  

S h i f t s  of 120°C 

( M i n i a h r e  compact tens ion  specimens have 
~~ ~~ ~~ ~~ ~ 

l i m i t e d  because most expe;imental r e s u l t s  have been obta ined from the  Expw imen ta l  Breeder Reactor (EBR)-I1 
which has a low temperature l i m i t  o f  %370°C. 

The purpose o f  t h e  present  e f f o r t  i s  t o  i n v e s t i g a t e  t he  ef fects o f  i v r a d i a t i o n  a t  65'C t o  10 dpa on 
HT-9 and Mod i f ied  9Cr-1Mo. 
causes n i c k e l  t o  transmute r a p i d l y  and t o  produce he l i um  i n  t he  process, f ! f f ec t s  due t o  t h e  p roduc t ion  o f  
he l ium cou ld  a l s o  be i nves t i ga ted .  
a r e  repo r ted  i n  a companion r e p ~ r t . ~  
remain t o  be tes ted .  
m i c ros t ruc tu ra l  examinations based on t ransmiss ion  e l ec t ron  microscopy o f  Charpy specimens and TEM d isks  
have been performed. 
mechanical p rope r t y  r e s u l t s  and there fo re  t h i s  r e p o r t  i s  in tended as a progress repo r t .  

7.6.4.2 Experimental Procedures 

D e t a i l s  o f  t h e  cons t ruc t i on  o f  t h e  HFIR-MFE-RBI experiment have been p rev ious l y  d ~ c u m e n t e d . ~ - ~  The 
experiment was removed from t h e  reac to r  i n  J u l y  1982 a f t e r  an est imated peak f l uence  o f  10 dpa a t  55"C.a 
Compact t ens ion  specimens, Charpy specimens, f a t i g u e  crack growth specimeiis and TEM d i s k s  were rece ived  from 
ORNL i n  January 1983. 
s u l a t i n g  aluminium tubes leaked du r i ng  t h e  t e s t  thereby exposing t h e  specimens t o  t h e  water coo lan t .  

The Charpy impact specimen t e s t  max t r i x  i s  g iven i n  Table 7.6.1. Table 7.6.1 inc ludes  f l uence  est imates 
ca l cu la ted  f rom reference 9, i d e n t i f i c a t i o n  o f  r u s t e d  specimens, i d e n t i f i c a t i o n  o f  specimens se lec ted  f o r  
f r ac tog raph i c  examination by SEM and a number i d e n t i f y i n g  t h e  tube i n  whi':h each specimen was 
i r r a d i a t e d .  
approximately  a f a c t o r  of two lower than expected. 
l i s t e d  i n  Table 7.6.2. 
compact t ens ion  specimens se lec ted  f o r  f rac tograph ic  examination were o f  HT-9 i n  a standard c o n d i t i o n  
(1038DC/10 min1Ac + 76OoC/30 min1AC). 
5 5 O C .  
specimen BA07, was t e s t e d  a t  205OC and gave a JIC o f  56.7 kJIm2. 

Specimens were i r r a d i a t e d  i n  t h e  High Flux Iscitope Reactor (HFIR). As HFIR 

Tests on m in ia tu re  compact t ens ion  spwimens have been completed and 
Charpy specimen t e s t s  are almost coinplete b u t  a few specimens 

F rac tu re  surfaces o f  specimens f rom bo th  se r i es  o f  t .ests have been examined and 

However, i t  i s  n o t  y e t  poss ib l e  t o  p rov ide  a s t r a i g h t f o r w a r d  exp lanat ion  f o r  t h e  

Many o f  t h e  Charpy specimens were found t o  be r u s t e d  presumably because t h e  encap- 

Tests on m in ia tu re  compact t ens ion  specimens are  descr ibed i n  a comp,inion paper i n  t h i s  document .4 

I t  may be noted t h a t  tube # 2  does n o t  appear t o  have l eake i .  

These specimens were i r r a d i a t e d  i n  t he  same TEM d i sk  tube  (ho lder  # l ) .  

Also, f l uence  est imates a re  
Specimens se lec ted  foi- m i c ros t ruc tu ra l  examinations a re  

Two specimens4 were examined f o l l o w i n g  i r r a d i a t i o n  t o  6 dpa a t  

M in i a tu re  

The f i r s t ,  specimen BA09, was t e s t e d  a t  25°C and gave a JIC of 63.ij kJ/m2 and t h e  second, 

7.6.4.3 Results 
Charpy Impact Tests - -  The r e s u l t s  o f  Charpy impact t e s t s  a re  inc luded i n  Table 7.6.1. 

7.6.1, i t  can be shown t h a t  upper she l f  energies a re  on t he  o rder  o f  50 ts) 60 J/cm2 and t h a t  a l l  
cond i t i ons  a re  behaving i n  a s i m i l a r  manner. 
as a f u n c t i o n  o f  t e s t  temperature f o r  a l l  cond i t i ons .  

From Table 

F igu re  7.6.1 provides a p lo t  o f  f r a c t u r e  energy per  un i t  area 
From F igure  7.6.1, i t  i s  apparent t h a t  weld metal 
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Tab le  7.6.1. Charpy specimen c o n d i t i o n s  i r r a d i a t e d  i n  t h e  
HFIR-MFE-RBI exper iment  w i t h  t e s t  r e s u l t s  

Tes t  
Fluence* Temp. Pmax E t o t a l  E t o t a l  Tube 

M a t e r i a l  Specimen (dpa) ("C) ( k n t )  ( J )  (J/cn?) No. t o m e n t s  

HT-9 AAO 1 4.8 27 2.3393 1.9855 17.150 $2 SEM 
Ease Meta l  02 4.8 50 2.3374 5.0323 45.438 X1 Rusted SEM 
(HT .91353) 05 4.7 80 2.3805 6.7950 59.679 #1 Rusted SEM 

14 4.8 110 2.5996 5.4760 46.992 $3 Rusted 
18 4.8 NT #2 

NT #3 Rusted 19 4.8 

9Cr-lMo FA03 4.6 34 1.2155 0.5080 4.4616 #2 
Base Meta l  17 4.6 50 1.7193 2.1231 16.875 #1 Rusted SEM 
(HT.30176) 05 4.6 70 1.6369 1.8579 17.466 $ 1  Rusted 

09 4.7 100 7.0752 5.3470 46.646 X1 Rusted 
11 4.6 120 1.7437 5.1124 45.051 #3 Rusted 
27 4.6 85 2.6558 7.5245 58.946 $3 Rusted SEM 

HT-9 AKOO 4.7 34 1.6032 1.2509 10.433 $3 Rusted 
Weld Meta l  03 4.7 65 2.7120 4.4277 38.246 $3 Rusted SEN 

08 4.7 80 2.6165 7.0064 56.810 #2 
09 4.7 NT $2 

9Cr-lMo FJ04 4.4 65 2.2850 1.5475 12.851 $2 
Weld Meta l  05 4.4 85 1.9104 2.0404 17.321 #2 SE M 

06 4.4 140 2.2943 7.7924 60.183 #3 Rusted 
07 4.4 105 2.4524 5.7514 47.992 #3 Rusted SEM 

*Ca lcu la ted  f r o m  Reference 9. 
NT = n o t  t e s t e d .  

Tab le  7.6.2. Specimens s e l e c t e d  f o r  m i c r o s t r u c t u r a l  examinat ion 

M a t e r i a l  Specimen I D  C o n d i t i o n  

HT-9 HIJ4 40%CW+1038"C/5 min/AC + 760°C/30 min/AC 
HT 91353 

9Cr-1Mo 5854 40%CW+1038°C/5 min/AC + 7 6 0 W 6 0  min/AC 
HT 30176 

HT-9 HTJ4 Weld f u s i o n  zone + 76OoC/2 hr/AC 
HT 91353 

HT-9 AAO 1 Charpy specimen 

9Cr- 1 Mo FA17 Charpy specimen 

specimens a r e  behaving l i k e  t h e  b a s t  meta l  b u t  w i t h  a DETT 20°C h i g h e r  and t h a t  Mod i f ied  9Cr-1Mo has a 
h i g h e r  DBTT than  HT-9 b y  about 30°C. 

energy o f  80 J 1 c d . l  Therefore, i r r a d i a t i o n  of HT-9 i n  HFIR a t  55OC t o  5 dpa has l i t t l e  e f f e c t  on 
Charpy impact t e s t  response. The DETT i s  i nc reased  t o  35°C (as d e f i n e d  b y  t h e  temperature a t  which t h e  
f r a c t u r e  energy i s  one h a l f  t h e  peak v a l u e )  and t h e r e f o r e  t h e  s h i f t  i n  OETT i s  30°C. 
energy i s  unchanged. However, Mod i f ied  9Cr-1Mo response i s  a l t e r e d  c o n s i d e r a b l y  b y  HFIR i r r a d i a t i o n  a t  
55°C. The DBTT i s  s h i f t e d  t o  65'C and t h e r e f o r e  i r r a d i a t i o n  has inc reased  t h e  DBTT b y  90°C and has lowered 
t h e  upper s h e l f  energy b y  25 percent .  These r e s u l t s  i n d i c a t e  t h a t  HT-9 and M o d i f i e d  9Cr-1Mo a r e  behaving 
q u i t e  d i f f e r e n t l y  f o l l o w i n g  HFIR i r r a d i a t i o n  a t  55°C. Furthermore, i t  i s  u n l i k e l y  tha t  t h i s  i s  due t o  
h e l i u m  p r o d u c t i o n  because HT-9 c o n t a i n s  0.5% n i c k e l  and 9Cr-1Mo c o n t a i n s  0.1% n i c k e l .  

specimens Of  HT-9 and Mod i f ied  9Cr-1Mo specimens which were i r r a d i a t e d  i n  HFIR a t  55OC t o  5 dpa4 a r e  
p l o t t e d  i n  F i g u r e  7.6.2. 

I n  t e p r e i r r a d i a t i o n  c o n d i t i o n ,  i t  has been shown t h a t  HT-9 has a 
OBTT of 5 T  w i t h  an upper she l f  of 47 J/c n 2  and Mod i f ied  9Cr-1Mo has a QBTT o f  -25°C and an upper s h e l f  

The upper s h e l f  

Compact Tension Tests  - -  The r e s u l t s  o f  JIC measurements on precracked m i n i a t u r e  compact t e n s i o n  

F i g u r e  7.6.2 shows t h a t  t h e  toughness of HT-9 remains i n  t h e  range  o f  60 k J / m 2  
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ROCKWELL 

HARDNESS 
C 

20 

f o r  t e s t  temperatures f rom 25OC t o  205°C. Th is  represents a s i g n i f i c a n t  r educ t i on  i n  toughness f o r  t e s t  
temperatures near 25°C b u t  i s  ve ry  s i m i l a r  t o  values f o r  u n i r r a d i a t e d  specimen t es ted  a t  200°C. 
t h e  toughness o f  Mod i f ied  9Cr-1Mo i s  reduced by m r e  than 50 percent  f o l l o w i n g  HFIR i r r a d i a t i o n  a t  55'C. 
Th i s  behavior  i s  observed f o r  a l l  t e s t  temperatures between 100 and 45OOC. 
w i t h  regard  t o  f r a c t u r e  toughness degradat ion as measured w i th  compact t ens ion  samples i n  Mod i f ied  9Cr-1Mo 
f o l l o w i n g  i r r a d i a t i o n  i n  HFIR a t  55OC. 

r e s u l t  of s t r eng th  changes, Rockwell C hardness measurements were made on Charpy specimens o f  HT-9 base 
metal (AAO1 and AA02) and Mod i f ied  9Cr-1Mo base metal (FA17). 
R c  = 24.7 2 0.4 f o r  FA17. 
specimens i r r a d i a t e d  i n  EBR-11.11 From F igure  7.6.2, i t  can be shown t h a t  t h e  hardness values f o r  HT-9 
and Modif ied 9Cr-1Mo increase due t o  i r r a d i a t i o n  t o  5 dpa i n  HFIR a t  55"C, b u t  t h e  inc rease i n  hardness i s  
comparable t o  b u t  no h igher  than t h a t  observed a t  390°C. The increases i n  DBTT observed i n  these 
cond i t i ons  do n o t  d i r e c t l y  c o r r e l a t e  w i t h  increases i n  hardness because a t  39OoC, t h e  s h i f t  f o r  HT-9 was 
124OC and f o r  mod i f ied  9Cr-1Mo i t  was 55OC.l When t he  hardness values a re  converted t o  t e n s i l e  s t r eng th  
r e s u l t s  as  shown on t h e  r i g h t  hand scale12 i t  i s  found t h a t  fo r  HT-9 i r r a d i a t i o n  i n  HFIR a t  55°C has 
r e s u l t e d  i n  a 15 percent  increase i n  t e n s i l e  s t r eng th  whereas f o r  Mod i f ied  9Cr-1Mo t h e  increase i s  2 5  
percent .  

M i c ros t ruc tu re  

However, 

Concern i s  t he re fo re  r a i s e d  

Hardness -- I n  o rder  t o  determine i f  t h e  cause o f  t h e  DBTT response of HFIR- i r rad ia ted  specimens was  a 

The r e s u l t s  were R c , =  29.5 + 0 .5  fo r  AAO1, 
These r e s u l t s  a re  shown i n  F igure  7.6.3 i n  comparison w l t h  resuTts f o r  

HFIR 9Cr-1Mo * /  +------- 

TENSILE 

(MPal 
................................................................. \\\\\\\\\\\ \\\\\\\\l\\ STRENGTH 

HT-9 U N I RR ADIATED 
- 

M i c r o s t r u c t u r a l  examinations were undertaken i n  order  t o  account f o r  hardness increases and t o  de te r-  
mine i f  a temperature excurs ion cou ld  have occurred. 
ined  b u t  a s u i t a b l e  f o i l  o f  AAOl  has n o t  y e t  been prepared. Examinations revea led  s m a l l  defects i n  a l l  
specimen cond i t ions .  Under imaging cond i t i ons  approaching weak beam, t h e  defect images va r i ed  i n  s i z e  f rom 
1.5 t o  3.0 nm. Examples of weak beam images f o r  specimen HIJ4 and HBJ4 are shown i n  F igure  7.6.4. The 
de fec ts  ( gene ra l l y  de f ined  as b lack spot  damage) appear as wh i te  spots on a dark background and several  
d i s l oca t i ons  can a l so  be seen. 
based on a measurement o f  35 nm f o r  t he  f o i l  th ickness  i n  F igure  4h. Defect  d e n s i t i e s  of t h i s  rnaqnitude 

Specimens HIJ4, HBJ4, HTJ4 and FA17 have been exam- 

The de fec t  dens i t y  was a t  6.7 x 1 0 l 6  c K 3  f o r  specimen HBJ4. Th is  was 

\ .. 
9Cr-1Mo UNIRRADIATED 

I 

689 

10 c I I I613 
0 200 400 600 

IRRADIATION TEMPERATURE ("C) 

HEDL 8312 013 1 

Fig .  7.6.3. Resu l ts  of Rockwell  hardness measurements on i r r a d i a t e d  m in ia t  r e  charpy specimens 
est imates f o r  t e n s i l e  s t r eng th  a re  based on r e s u l t s  f o r  carbon and a l l o y  s tee l s .  Y2 
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can account for the observed 15 to 25 percent increases in yield strength. Analysis of two and a half 0 
images showed only one defect type but no attempt was made to determine if the defects were of vacancy or 
interstitial type. 

tributions of MZ3Cg carbides were normal and martensite lath structure were retained. Examples of the 
HT-9 weld metal at low magnification and Modified 9Cr-lMo base metal at moderate magnification are provided 
in Figure 7.6.5. Specimen FA17 gave similar results. Therefore, no evidence for a large temperature 
excursion has been found. 

Fractography 

in several detectable ways. The fracture modes did not appear to be affected. For example, Charpy speci- 
mens which gave fracture energies below 20 J/ n? failed by transgranular cleavage whereas Charpy specimens 

examined gave dimple rupture fracture surfaces. Examples are provided in Figures 7.6.6 through 7.6.13. 
Figures 7.6.6 and 7.6.7 show examples of fracture behavior in irradiated Charpy specimens of HT-9 
basemtal. Each fracture surface i s  shown as stereo pairs in (a) at low magnification with the fatigue 
crack at the left and in (b) at higher magnification imnediately adjacent to the fatigue crack. 
brittle cleavage facets can be seen on specimen AAOl tested at 25'C in Figure 7.6.6 whereas specimen AAO2 
which was tested at 5OoC contains onlv ductile failure features as evidenced bv larae and small dimoles as 

Apart from the small defects, no other effects of HFIR irradiation at 55'C could be identified. Ois- 

Fractographic examinations showed that irradiation in HFIR at 55OC to 5 dpa did alter fracture behavior 

which gave fracture energies of 40 to 60 Jlc & and miniature compact tension specimens in both conditions 

Typical 

Fig. 7.6.4. Weak beam dark field images of specimf 
irradiated to 5 dpa at 55'C in HFIR. 

!ns of (a) HT-9 and (b) modified 9Cr-1Mo specimens 

Fig. 7.6.5. Low magnification micrographs of HT-9 weld metal and 9Cr-1Mo base metal specimens 
irradiated to 5 dpa at 55°C in HFIR. 
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shown i n  Figure 7.6.7. However, two observations are o f  p a r t i c u l a r  note. F i r s t ,  t he  sca le  of t he  f r a c t u r e  
surface contours appears t o  be q u i t e  rough both for  cleavage facets  and dinples. Examples can be found 
where cleavage facets o r  dimples are separated from adjacent features by la rge differences i n  height. 
Secondly, no example of d e l t a  f e r r i t e  s t r i nge rs  can be i d e n t i f i e d  i n  e i t h e r  set  o f  fractographs. 
t o  demonstrate t h a t  these r e s u l t s  are unusual, t he  reader should r e f e r  t o  reference 11, Figures 7.2.4 and 
7.2.5 showing un i r rad ia ted HT-9 tes ted a t  O°C and 73OC. 
reduced magnif ications so t h a t  Figures 7.6.4 and 7.6.5 are approximately 25 percent smaller. 
S imi lar  behavior i s  found for  Modified 9Cr-1Mo basemetal as shown i n  Figures 7.6.8 and 7.6.9. Cleavage 
facets con t ro l  f rac tu re  behavior i n  specimen FA17 which was tested a t  5OoC as shown i n  Figure 7.6.8 and 
dimple rupture  w i t h  la rge amounts of t ea r ing  between dimples cont ro ls  f rac tu re  behavior i n  specimen FA27 
which was tes ted a t  85OC as shown i n  Figure 7.6.9. Again large d i f fe rences i n  f rac tu re  surface contour can 
be found f o r  the  b r i t t l e  f a i l u r e  condi t ion.  A c lue  t o  the  c o n t r o l l i n g  behavior i s  i d e n t i f i e d  i n  Figure 
7.6.9; c a v i t y  nucleat ion i s  reduced. With reduced c a v i t y  nucleation, the  f rac ture  surface tends t o  be more 
contorted unless on ly  a few c a v i t i e s  cont ro l  f r a c t u r e  (as i n  the case of specimen FA27 i n  Figure 7.6.9. 

The weld metal specimens provide s i m i l a r  resu l t s .  Figure 7.6.10 shows specimen AK03, i r r a d i a t e d  HT-9 
weld metal which was tes ted a t  65-12 and gave upper s h e l f  behavior. Several dimples are  seen b u t  they are  
often very la rge w i t h  surface s t ruc tu re  t h a t  genera l ly  ar ises from shear o r  tearing. No evidence of d e l t a  
f e r r i t e  s t r i nge rs  i s  found. Figure 7.6.11 shows specimen FJ05, i r rad ia ted  Modified 9Cr-1Mo weld metal 
which was tes ted a t  85OC and f a i l e d  by cleavage fracture.  The surface i s  q u i t e  contorted and i s  s i m i l a r  t o  
t h a t  i n  Figure 7.6.8. Therefore, c a v i t y  nucleat ion appears t o  be q u i t e  l i m i t e d  i n  weld metal specimens as 
wel l .  

base metal which were tes ted a t  25OC and 205°C are shown i n  Figures 7.6.12 and 7.6.13. I n  both cases, 
f a i l u r e  i s  by  dimple rupture  but  the dimple s i ze  i s  large, the  surface i s  contorted and e f fec ts  due t o  
d e l t a  f e r r i t e  s t r i nge rs  cannot be iden t i f i ed .  Comparison can best be made w i th  un i r rad ia ted specimens 
tes ted a t  25OC shown i n  reference 13. 

t h a t  i r r a d i a t i o n  i n  H F I R  a t  55OC t o  5 dpa has caused large changes i n  f rac tu re  behavior. 

I n  order  

(Note tha t  reproduction of the  present repor t  has 

Min ia ture  compact tension f rac tu re  surfaces provided s i m i l a r  resu l t s .  Specimens of i r r a d i a t e d  HT-9 

The f r a c t u r e  surfaces shown i n  Figures 7.6.12 and 7.6.13 are very a typ ica l  f o r  HT-9. It i s  apparent 

7.6.4.4 Discussion 

Consequences o f  HFIR I r r a d i a t i o n  a t  55OC -- I r r a d i a t i o n  a t  5 5 O C  i n  HFIR has produced changes i n  
mechanical propert ies.  DB lT  s h i f t s  o f  30°C f o r  HT-9 base metal and 90°C f o r  Modif ied 9Cr-1Mo and 
reduct ions i n  JIC o f  over 50 percent f o r  Modif ied 9Cr-lMo have been measured. This i s  i n  p a r t  due t o  
increases i n  hardness corresponding t o  y i e l d  strength increases of 15 percent f o r  HT-9 and 25 percent f o r  
Modified 9Cr-1Mo. The hardness increases are bel ieved t o  be due t o  damage by black spot defects on the  
order of 1.5 t o  3.0 nm i n  diameter. However, f ractographic examination reveals unrelated s ign i f i can t  
changes i n  f r a c t u r e  behavior. Fracture surfaces tend t o  be rougher on a f i n e  scale and evidence could n o t  
be found f o r  d e l t a  f e r r i t e  s t r i nge rs  c o n t r o l l i n g  crack propagation. 
bel ieved t o  be due t o  reduced crack nucleat ion a t  carbide o a r t i c l e s  ahead o f  the orooaoatina crack but  t h e  

The reason for  such behavior i s  
r r  

reason for  reduced crack nucleat ion has not been determined. 

s tee ls  a f ter  i r r a d i a t i o n  i n  HFIR a t  about 50°C t o  9.3 dDa. I!-% The s tee ls  included comoositions meetina 

_I 

Comparison With Previous Results -- A ser ies  o f  tens i  s t s  have been performed on several f e r r i t i c  

speci f icat ions f o r  HT-9 and Modified 9Cr-1Mo but  were not the  same heats used i n  the present study. The” 
i n t e n t  of t he  experiment was t o  determine the  e f f e c t  of n i cke l  va r ia t i ons  on p o s t i r r a d i a t i o n  proper t ies  i n  
order t o  es tab l ish  the e f f e c t  o f  helium production leve ls  re levant  t o  fus ion reactor  service. 
It was found t h a t  HFIR i r r a d i a t i o n  a t  5OoC produced large increases i n  strength and corresponding decreases 
i n  elongation. For 12 C r  s tee ls  such as HT-9 y i e l d  stengths measured a t  room temperature increased by 70 
t o  90 percent and u l t ima te  t e n s i l e  strengths increased by 30 t o  40 percent. For 9Cr s tee ls  such as Modi- 
f i e d  9Cr-1Mo the strength increases were s im i la r ,  60 t o  80 percent f o r  room temperature strengths and 30 t o  
50 percent for  u l t ima te  t e n s i l e  stengths. The study concluded t h a t  hardening resu l ted from the  displace- 
ment damage and was not affected by the transmutation helium formed dur ing i r rad ia t i on .  

experiments demonstrated t h a t  la rge increases i n  y i e l d  strength occurred fo l l ow ing  HFIR i r r a d i a t i o n  a t  50°C 
and t h a t  helium e f f e c t s  were unimportant. The major differences which can be i d e n t i f i e d  are those due t o  
t h e  magnitudes o f  the increases. The e a r l i e r  experiments gave increases tw ice as large as those found i n  
the  present experiment. Also, the e a r l i e r  experiments gave s i m i l a r  r e s u l t s  f o r  9Cr and 12Cr s tee ls  whereas 
t h e  present r e s u l t s  show la rge r  changes i n  Modified 9Cr-1Mo propert ies.  A possible explanation i s  t h a t  the 
differences are due t o  differences i n  fluence. The e a r l i e r  experiment appears t o  have a t ta ined  approxi- 
mately tw ice the  fluence o f  the present experiment. Tests on specimens i r rad ia ted  i n  the  HFIR-WE-RE2 
experiment t o  tw ice the  f luence o f  RE1 w i l l  be ava i lab le  s h o r t l y  t o  c l a r i f y  t h i s  p o s s i b i l i t y .  

a l l oys  fo r  fus ion reactor  f i r s t  walls. i t  i s  necessary t o  character ize f rac ture  toughness propert ies.  A 
key issue i s  “What i r r a d i a t i o n  condi t ion w i l l  g ive  the la rges t  property degradation?“ Once the answer t o  
t h i s  question i s  known, l i m i t s  on the  a p p l i c a b i l i t y  of f e r r i t i c  s tee ls  can be assessed. An example can be 
given using DBTT. 
i r r a d i a t i o n  tempera ure. 

and HFIR experiments EBR-11) UBR17 
of i r r a d i a t i o n  temperature i n  EBR-I1 and HFIR. 

expected. This i s  confirmed by HFIR r e s u l t s  on modified gCr-lMo, but  i s  not  demonstrated for  HT-9 by  UBR 

The r e s u l t s  of these t e s t s  are i n  reasonable agreement w i t h  the r e s u l t s  o f  t he  present work. Both 

The Issue -- As pos t i r rad ia t i on  f rac tu re  toughness i s  one o f  the  proper t ies  which may l i m i t  Path E 

Figure 7.6.14 shows measured DBTT response i n  HT-9 and Modif ied 9CR-1Mo as a funct ion of 
For HT-9, DBTT i s  shown as a funct ion of i r r a d i a t i o n  temperature i n  th ree  reactor  

nd for  Modif ied 9Cr-lMo, the  s h i f t  i n  DBTT i s  shown as a funct ion i 
The EBR-I1 r e s u l t s  i nd i ca te  t h a t  a t  temperatures below 400Y large e f fec ts  of i r r a d i a t i o n  can be 
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Fig. 7.6.14. DETT response as a function of irradiation temperature for (a) HT-9 and (b) 9Cr-1Mo. 

or HFIR experiments. 
to investigate this question. 
dation, the worst case can be expected at low temperatures. This can be seen in Figure 7.6.15 where the 
increase in properties compared to the unirradiated condition is shown as a function of irradiation tern 
perature. The trend is for the largest effect to be found at the lowest irradiation temperature. The 
present hardness results (interpreted as yield strength values) are the major exceptions and the most 
likely explanation for this exception is that higher fluences will produce larger effects. 
ior as a function of irradiation temperature has been observed in pressure vessel steels. 
Figure 7.6.16 which provides results of shift in DETT for pressure vessel steels as a function of 
irradiation temperature following irradiation to low fluence.18 The peak shift in DETT of 140OC is found 
following irradiation at 50'C. 
settled for pressure vessel steels, that the lowest irradiation temperature conditions shoud saturate most 
slowly and therefore even higher shifts in DBTT can be anticipated for higher fluence and low temperature. 

trolling toughness in martensitic stainless steels. An example has been obtained where shifts in DETT due 
t o  irradiation do not correlate with increases in strength as measured by hardness. Figure 7.6.13 shows 
that similar hardness values are obtained following irradiation in EER-I1 and HFIR. HT-9 qave values of 
RC between 29 and 32 and modified 9CR-1Mo gave values of R c  around 2 5 .  
not follow these trends. 
large shift in E B R - I 1  irradiated specimens whereas in the other case, the reverse was true. Apparently, 
another factor was controlllng. Irradiation at 
55°C in HFIR resulted in less cavity nucleation ahead of propagating cracks in comparison with the unirra- 
diated condition or after irradition in EER-I1 at 400°C. Concurrently, fracture in association with delta 
ferrite stringers was prevented following HFIR irradiation. Both observations suggest that the carbides 
which are the most likely crack nucleation sites are being altered. As the carbides are still present 
following HFIR irradiation (see Figure 7.6.51, the most likely possibility is that the carbide crystal 
structure may have been altered by a process such as recoil dissolution. A change in crystal structure of 
carbide particles with consequent changes in their fracture behavior accompanied by increased matrix 
strength may be able to account for the observed fracture toughness response. Further efforts will 
investigate this possibility along with other explanations such as specimen misidentifications or heat 
treatment errors. 

These differences may be due to fluence effects. Certainly more results are needed 
However, using strength and hardness increases for a measure of DETT degra- 

Similar behav- 
This is shown in 

It may be noted that the issue or saturation in DBTT shift has not been 

Controlling Mechanisms -- The present results provide two unexpected insights into mechanisms con- 

However, the DETT shifts did 
In one case (HT-9), a small shift was obtained in HFIR irradiated specimens and a 

The second insight came from fractographic examination. 

7.6.5 Conclusions 

Irradiation at 55OC to %5 dpa has produced significant changes in toughness properties for HT-9 and 
modified 9Cr-1Mo specimens. The DETT for is increased 30°C and 90°C for HT-9 and 9Cr-lMo, respectively, 
the strength as measured by hardness is increased by 15 and 25 percent, respectively, and the toughess o f  
modified 3Cr-1Mo is reduced by more than 50 percent. 
1.5 to 3.0 nm in diameter at number densities of about 1017 C I I - ~  but the toughness degradation may in 
fact be due to a reduction in cavity nucleation ahead of the propagating crack. 

The hardness increases are ascribed to defect clusters 
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E f f e c t  o f  i r r i d i a t i o n  on s t r eng th  (hardness) as a func t ion  o f  i r r a d i a t i o n  temperature 

7.6.6 Fu ture  Work 

Tes t i ng  o f  RE1 Charpy specimens w i l l  be completed and m i c r o s t r u c t u r a l  examinations o f  specimens 
i r r a d i a t e d  i n  RB1 w i l l  be continued. 
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7.7 FRACTOGRAPHIC E X A M I N A T I O N  OF HT-9 MINIATURE COMPACT TENSION SPECIMENS TESTED AT LOW 
TEMPERATURES - D. 5. G e l l e s  and F. H. Huang (Westinghouse Hanford Company) 

7.7.1 A D I P  Task 

The Department of Enerqy/Off ice of Fus ion Enerqv (DOE/OFE) has c i t e d  t h e  need t o  i n v e s t i a a t e  f e r r i t i c  
a l l o y s  under t h e  A D I P  program task  F e r r i t i c  S t e e l s  Development '(Path E ) .  
Task Number 1.0.13, T e n s i l e  P r o p e r t i e s  of A u s t e n i t i c  A l l o y s ,  and Task Number 1.C.2, M i c r o s t r u c t u r e  and 
S w e l l i n g  i n  A u s t e n i t i c  A l l o y s .  

The t a s k s  i n v o l v e d  a re  a k i n  t o  

7.7.2 O b j e c t i v e  

The o b j e c t i v e  o f  t h i s  e f f o r t  i s  t o  p r o v i d e  b a s e l i n e  ( p r e i r r a d i a t i o n )  f r a c t o g r a p h i c  d a t a  f o r  comparison 
W i t h  i r r a d i a t e d  specimens t o  be examined a t  a l a t e r  date. 

7.7.3 Summary - 
F r a c t o g r a p h i c  examinat ions have been performed on a s e r i e s  o f  m i n i a t u r e  compact t e n s i o n  specimens o f  

HT-9 t e s t e d  a t  room temperature and below. 
be  assoc ia ted  w i t h  t r a n s g r a n u l a r  c leavage f r a c t u r e  and a r e  a f u n c t i o n  o f  t h e  p l a s t i c  de fo rmat ion  which 
occurs p r i o r  t o  t h e  onset  o f  b r i t t l e  f r a c t u r e .  

7.7.4 Progress and S ta tus  

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

m i n i a t u r e  compact t e n s i o n  t e s t  techniques.  R e s u l t s  t o  datef -5 have i n d i c a t e d  t h a t  i r r a d i a t i o n  can s h i f t  
t h e  d u c t i l e  b r i t t l e  t r a n s i t i o n  temperature (DETT) and can lower  t h e  upper s h e l f  energy as determined f rom 
Charpy t e s t s  and can lower  t h e  f r a c t u r e  toughness as measured f r o m  JIC t e s t s .  However, i t  has been d i f -  
f i c u l t  t o  compare t h e  OETT behav io r  w i t h  t h e  J I C  behav io r  because compact t e n s i o n  specimen t e s t s  have 
never  demonstrated b r i t t l e  f a i l u r e .  The i n t e n t  of t h e  p resen t  examinat ion i s  t o  demonstrate t h e  t y p e  o f  
response which occurs when b r i t t l e  f a i l u r e  c o n t r o l s  i n  a compact t e n s i o n  t e s t .  A s e r i e s  o f  m i n i a t u r e  
t e n s i o n  specimens o f  HT-9 has been t e s t e d  a t  temperatures w e l l  below room temperature. 
f r a c t o g r a p h i c  examinat ions o f  those  specimens a r e  descr ibed  i n  o r d e r  t o  p r o v i d e  a d e s c r i p t i o n  of b r i t t l e  
behav io r  i n  m i n i a t u r e  compact t e n s i o n  specimens under b r i t t l e  c leavaqe f r a c t u r e .  

7.7.4.2 Exper imenta l  Procedure 

M i n i a t u r e  compact t e n s i o n  specimens of HT-9 which had been f a b r i c a t e d  b u t  were n o t  used f o r  i r r a -  
d i a t i o n  experiments were t e s t e d  t o  determine JIC a t  temperatures below room temperature.6 
number of specimens o f  hea t  91354 were t e s t e d  a t  a h i g h  s t r a i n  r a t e  of 3.2 x IO-? m/s, and i n  o r d e r  t o  
determine t h e  e f f e c t  o f  s t r a i n  r a t e ,  a s i m i l a r  exper iment  was performed on specimens o f  another  hea t  o f  
m a t e r i a l  b o t h  a t  3.2 x lo-* m /s  and 2.1 x 1 0 4  m/s. D e t a i l s  r e g a r d i n g  compos i t i on  and hea t  t rea tment  a re  
g i v e n  i n  Table 7.7.1. 
p e r a t u r e  and above have been p r e v i o u s l y  repor ted.8 D e t a i l s  o f  t h e  JIc f r a c t u r e  toughness t e s t s  performed 
below room temperature a r e  descr ibed  i n  another  r e p o r t  i n  t h i s  document.6 The specimens s e l e c t e d  f o r  f r a c-  
t o g r a p h i c  examinat ion a r e  l i s t e d  i n  Table 7.7.2 a long  w i t h  t e s t  c o n d i t i o n s  and JIC de te rmina t ions .  
u r e  7.7.1 shows these  r e s u l t s  a long  w i t h  r e s u l t s  o f  o t h e r  t e s t s .  
a r e  i d e n t i f i e d  b y  specimen number. 
always used t o  p r o v i d e  s t e r e o  f r a c t o g r a p h i c  p a i r s .  

Reduct ions i n  toughness found f o r  these  specimens a r e  shown t o  

P o s t i r r a d i a t i o n  f r a c t u r e  toughness p r o p e r t i e s  of Path a l l o y s  has been assessed u s i n g  b o t h  Charpy and 

The r e s u l t s  o f  

A l i m i t e d  

R e s u l t s  o f  t e s t s  on h e a t  9 354 i n  t h i s  hea t  t rea tment  c o n d i t i o n  t e s t e d  a t  room tem- 

F i g-  
The specimens s e l e c t e d  f o r  examina t ion  

Examinations f o l l o w e d  r o u t i n e  procedures. An E" specimen t i l t  was 

Tdble  7 . 7 . 1 .  ~ l l a y  compositions and h e a t  t reatment  Condi t ions 

A l l o v  C M" s i  P 5 Cr N i  MO C" CO Y T i  A I  N 

91354 0.21 0.50 0.21 0.008 0.003 12.11 0.58 1.03 0.04 0.01 0.33 0.002 0.034 0 . W  
84425 0.20 0.58 0.27 0.003 0.004 11.87 0.53 1.02 0.013 0.011 0.30 aO.01 0.002 0.0017 

( C a n t ' d )  B - Cb __ Ta - W - A I  ~ Fe Heat Treatment 

0.0007 --  0.01 0.53 4.005 bdldrce 115O'C/1 h r l h o t  worXedIAC + 750'11 hr./ACa 

~0.0010 ~0.010 4.010 0.55 4.005 balance 1040'C/5 minIAC + 160'130 min1AC 

a T h i r  c o n d i t i o n  has been descr ibed as  m i l l  annealed, b u t  t h e  m a t e v i a l  was  Cooled t o  room temperature (and t h e r e f o r e  transformed fO 
m a r t e n s i t e )  p r ior  t o  tempering.7 
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Table 7.7.2. Results of JIC cod and estimates of oy for 
the specimens selected for fractographic examination 

Test Loading Estimated6 
Specimen Heat Temperature Rate JI c SY coo 

ID Nunber ("C I (MSI (KJ/m2) (MPa) (mm) 

T411 91354 25 3.2 x 10-2 95.4 852 0.050 + 0.015 
T406 91354 -58 3.2 x 10-2 17.1 1064 0.015 TO.05 

06 84425 -42 2.1 10-5 77.4 894 0.050 70.015 
D2 84425 -74 2.1 10-5 32.1 962 0.012 T .001 
07 84425 - 74 3.2 x 10-2 27.3 1072 0.0055 .0015 
08 84425 -191 2.1 10-5 5.0 1943 4.001 +0.0015 

Fi 

JIC 

N 
E . 
2 
i 

LOADING 
SYMBOL HEAT RATE (mls )  

loo- o 84425 2 . 1 ~ 1 0 - 5  
0 84425 3 . 2 ~ 1 0 - 2  
A 91354 3 . 2 ~  10-2 

80-  

W -  

40- 

-200 -150 -100 -50 0 50 loo 
TEST TEMPERATURE ( O C I  

HEDL mi1.im.z 

g. 7.7.1. JIC measurements for miniature Compact tension specimens of HT-9 at low temperatui -es. 

Results 

contained cleavage fracture areas typical of response in Charpy specimens tested on the lower shelf. 
fracture surfaces are displayed as stereo pairs in Figures 7.7.2 through 7.7.7. In each case, a low and a 
higher magnification serieq nf mirrnaranhs is nrnvided t n  allow pxmninatinn nf hnth halves of the fracture 
region immediately adj ure 
surface folded open a1 t w o  
surfaces would match u 

Figures 7.7.2 and 7.7.3 provide comparison of heat 91354 in the mill annealed condition following 
testing at room temperature and at -58OC. Specimen T411 tested at room temperature had a fracture surface 
typical of fracture in HT-9 tested at room temperature and above. A fairly flat triangular region was 
created during the JIC test whereas the steeply inclined sheat surfaces were produced after the toughness 
test was completed and the specimen had been heat tinted. The triangular region is therefore the region of 
interest. 
on one fracture surface corresponds to a protrusion on the matching surface. Such features are therefore a 

The fracture surfaces of unirradiated miniature compact tension specimens tested at low temperatures 
The 

It contains many depressions and protrusions and it can be shown that in most cases, a depression 

-. . - - - . ... . -. - ~ . - ~  ... ~~ 

iacent to the fatigue precrack. The viewer should be able to envision the fractl 
ong a vertical centerline so that if it were folded closed along that line, the 
IP. 
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consequence o f  nonplanar crack propagat ion and n o t  due t o  gross c a v i t a t i o n .  Several examples o f  l i n e a r  
s t r u c t u r e  p a r a l l e l  t o  t h e  f a t i gue  crack can be seen. These a re  due t o  t h e  presence o f  d e l t a  f e r r i t e  
s t r i n g e r s  and t h e  o r i e n t a t i o n  defines t h e  r o l l i n g  d i r e c t i o n  f o r  t h e  ma te r i a l .  On a f i n e  scale, many 
examples of cups c rea ted  du r i ng  d imple r u p t u r e  can be i d e n t i f i e d  (whereas no example o f  cleavage f r a c t u r e  
can be found). I n  several  cases, p a r t i c l e s  1000 t o  5000 nm i n  diameter can be observed i n  t h e  cen ter  o f  
t he  l a r g e r  dimples. Therefore, f a i l u r e  du r i ng  toughness t e s t i n g  o f  specimen T411 a t  room temperature i s  
e n t i r e l y  d u c t i l e .  

surface. The t r i a n g u l a r  r eg ion  o f  i n t e r e s t  has broadened so t h a t  most o f  t h e  f r a c t u r e  surface i s  f a i r l y  
f l a t  and t he  s teep l y  i n c l i n e d  shear surfaces a re  ve ry  narrow. P ro t rus i on  and depressions again match up 
and examples of l i n e a r  s t r u c t u r e  due t o  d e l t a  f e r r i t e  s t r i n g s  can s t i l l  be i d e n t i f i e d .  
f r a c t u r e  appearance i s  ve ry  d i f f e ren t .  
HT-9. Q u i t e  f l a t  reg ions  separated by s teep l y  i n c l i n e d  sur faces can be seen bo th  a t  low and a t  h igher  
magn i f i ca t ions .  The f l a t  reg ions  con ta i n  fea tu res  t y p i c a l  o f  r i v e r  p a t t e r n  steps c rea ted  du r i ng  b r i t t l e  
f rac tu re .  
produces b r i t t l e  f a i l u r e .  However, c a r e f u l  examination of t he  reg ion  immediately adjacent  t o  t he  f a t i g u e  
crack revea l s  a s t r e t c h  zone approximately  500 nm on bo th  halves o f  t he  f r ac tu re  surface. Therefore, t h e  
JIC value of 1.71 KJ/J i s  a consequence of p l a s t i c  y i e l d i n g  a t  t h e  crack t i p  p r i o r  t o  t h e  onset of 
b r i t t l e  t ransgranu la r  f a i l u r e .  

F i gu re  7.7.4 pro-  
v ides  t h e  example o f  specimens 06 f o r  a t e s t  a t  -42-C and a slow l oad ing  r a t e  o f  2.1 x 
f r a c t u r e  surface a t  low magn i f i ca t ion  con ta ins  a f a i r l y  f l a t  t r i a n g u l a r  r eg ion  and l a r g e  shear sur faces 
t y p i c a l  o f  d u c t i l e  f a i l u r e .  
o r i e n t a t i o n  p a r a l l e l  t o  t he  d i r e c t i o n  of crack propagat ion.  
h e a v i l y  deformed p l a t e  whereas t h e  s t a r t i n g  stock f o r  heat  91354 specimens was r o d  sect ioned normal t o  t h e  
r o l l i n g  d i r e c t i o n . )  F a i l u r e  i n  t he  t r i a n g u l a r  r eg ion  i s  aqain by non-planar crack propagat ion which 
produces p ro t rus i ons  and depressions i n  corresponding l oca t i ons  on t h e  two halves o f  t h e  f r a c t u r e  surface. 
Dimple rup tu re  i s  t he  general f a i l u r e  mechanism b u t  a few reg ions  can be found which may have f a i l e d  by 
b r i t t l e  cleavage. Examples have been marked w i t h  arrows i n  F igure  7.7.4b. 
a small  percentage o f  t he  f r a c t u r e  sur face  i s  a r e s u l t  of b r i t t l e  f rac tu re .  

The specimen has a f r a c t u r e  appearance s i m i l a r  i n  many ways t o  specimen T406 (see F igure  7.7.3). 
i s  predominantly by cleavage. 
s t r e t c h  zone con f i gu ra t i on .  The d e l t a  f e r r i t e  s t r i n g e r s  i n  specimen 02 are  o r i e n t e d  i n  t he  d i r e c t i o n  o f  
crack propagat ion and appear t o  be l e s s  numerous than i n  specimen T406. 
be l a r g e r  (on t he  o rder  o f  1000 nm) and i s  b e t t e r  de f ined  i n  F igure  7.7.5b than i s  t h e  case f o r  specimen 
R406 bu t  t h i s  i s  i n  p a r t  due t o  t h e  d i f f i c u l t y  i n  i n t e r p r e t a t i o n  c rea ted  by t h e  l a r q e  depression i n  t h e  
cen ter  o f  t he  f i e l d  o f  view i n  F igure  7.7.3b. 

magnitude f a s t e r .  Comparisons w i t h  r e s u l t s  f o r  specimen 02 i n  F igure  7.7.5 revea l  t h a t  t h e  f r a c t u r e  
sur faces are ve ry  s i m i l a r .  
a l l  f a i l u r e  i s  a consequence o f  b r i t t l e  cleavage. 

i s  very  f l a t  i n  comparison w i t h  t h e  o the r  specimens examined. No evidence was found f o r  shear sur faces a t  
specimen surfaces ( t h e  edge of t he  specimen i s  shown a t  t he  t o p  of F igure  7.7.7a) and i t  i s  very  d i f f i c u l t  
t o  d i f f e r e n t i a t e  between t h e  f a t i g u e  sur face  and t he  f r a c t u r e  sur face.  Th is  t r a n s i t i o n  i s  shown i n  
F igu re  7.7.7b a t  h i gh  magn i f i ca t ion  (5 t imes h igher  than i n  t h e  o the r  f i g u r e s ) ;  no evidence f o r  p l a s t i c  
deformation ( s t r e t c h  zone format ion)  can be i d e n t i f i e d .  

ment (COD) by procedures developed prev ious ly .9  COD measurements were made and t h e  values obta ined are 
g iven  i n  Table 7.7.2 a long w i t h  est imates f o r  y i e l d  s t r eng th  ( O  ) taken f rom re fe rence 6. 
r e s u l t s  f o l l o w  t h e  t rends  expected. 
t h e  o rder  o f  0.05 m. 
0.015 mm and t he  specimen w i t h  low toughness gave a b a r e l y  measurable value o f  0.001 mm. 
ence o f  a f ac to r  o f  2 i n  C O O  was measured f o r  i d e n t i c a l  specimens D2 and 07 t es ted  a t  d i f f e r e n t  s t r a i n  
r a tes .  F igure  7.7.8 p rov ides  a comparison of toughness as a 
f u n c t i o n  o f  t e s t  temperature g i v i n g  r e s u l t s  s i m i l a r  bu t  n o t  as w e l l  behaved as those shown i n  
F igure  7.7.1. 
as de f ined  by t h e  r e l a t i o n s h i p  

Tes t i ng  a t  -58°C as shown i n  F igure  7.7.3 f o r  specimen T406 produced q u i t e  a d i f f e r e n t  f r a c t u r e  

However, t h e  
It i s  t y p i c a l  of cleavage f r a c t u r e  as found i n  Charpy specimens o f  

Therefore, t e s t s  on t h i s  m i l l  annealed cond i t i on  t es ted  a t  -56OC us ing  r a p i d  l oad ing  cond i t i ons  

F igures  7.7.4 through 7.7.7 show the  f r a c t u r e  sur faces f o r  specimens o f  hea t  84425. 
m/s. The 

L inear  f ea tu res  a l though poo r l y  de f ined  i n d i c a t e  a d e l t a  f e r r i t e  s t r i n g e r  
(The s t a r t i n g  stock f o r  these specimens was 

Therefore i t  i s  poss ib l e  t h a t  

F a i l u r e  
Specimen 02 shown i n  F igu re  7.7.5 was t es ted  a t  -74°C a t  t he  slow load ing  r a t e  o f  2.1 x 10-5 m/s .  

Observable d i f fe rences  are  associated w i t h  d e l t a  f e r r i t e  s t r i n g e r s  and 

The s t r e t c h  zone i n  02 appears t o  

Specimen 07 shown i n  F igure  7.7.6 was a lso  t es ted  a t  -74°C b u t  a t  a load ing  r a t e  t h ree  orders o f  

Small s t r e t c h  zones adjacent  t o  t he  f a t i gue  cracks can be i d e n t i f i e d  b u t  almost 

The f r a c t u r e  sur face  Specimen 08, t es ted  a t  -191°C a t  t he  slow l oad ing  r a t e  i s  shown i n  F igure  7.7.7. 

The f rac tograph se r i es  taken f o r  each specimen al lows est imates t o  be made fo r  crack opening d isp lace-  

The C O O  
Specimens d i s p l a y i n g  h i gh  foughness, 06 and T411, gave COO values on 

Also, a d i f f e r -  
Specimens with moderate toughness, D2, D7 and T406 gave values between 0.005 and 

These r e s u l t s  a re  p l o t t e d  i n  F i gu re  7.7.8. 

I t  may a l so  be noted t h a t  f rom comparison of va lues f o r  JIC, oy and COD, values o f  m 

a re  found t o  vary between 1 and 4.5. As m i s  expected t o  be on t he  o rder  of 2, i t  can be i n f e r r e d  t h a t  t he  
C O O  measurements may be i n  e r r o r  by more than t h e  unce r ta i n t y  g iven f o r  COO values. 

Discussion 

T h i s  e f f o r t  was intended t o  demonstrate t h a t  b r i t t l e  f a i l u r e  can occur i n  m in i a tu re  compact t ens ion  
specimens and toughness measurements can be obta ined under those cond i t ions .  I t  i s  apparent f rom 
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Fig. 7 .7 .8 .  COD measurements based on fractoqraphic analysis as a function of test temperature for 
miniature compact tension specimens of HT-9 tested at low temperatures. 

Figures 7.7.2 through 7.7.7 that as the test temperature is reduced, HT-9 does undergo a ductile-to-brittle 
transition in miniature compact tension specimens. Concurrently, the stress state well away from the crack 
is altered so that Dlane strain controls over a much qreater ranqe of crack Dropaqation. Therefore. it can 
be expected that a shift in DBTT due to irradiation as measured ;sing Charpy'specimens should also be 
measurable using miniature compact tension specimens. 

An increasinq tendency for brittle failure is manifested in the fracture surface as follows, based on 
the present results where failure is due to transgranular cleavage. 
only a few isolated regions with a size on the order of a prior austenitic grain fail by brittle cleavage. 
These regions are often widely separated. When cleavage failure becomes the dominant failure mode, plastic 
deformation still preceeds cleavage fracture. Crack tip blunting occurs creating a stretch zone immediately 
adjacent to the crack tip. Once cleavage begins, evidence for plastic strain is difficult to recognize even 
when delta ferrite stringers are present. The fracture appearance during cleavage consists of flat cleavaqe 
steps containing river pattern-like features joined by steeply inclined shear surfaces. However, when 
toughness is further decreased by testing at still lower temperatures, the variation in cleavage step height 
is reduced and the fracture surface becomes much flatter. 
of the propagating crack occurs closer and closer to the crack tip as specimen toughness is reduced. 

The toughness of a specimen can be estimated from a fracture surface (albeit crudely) by measurement of 
COD, and this is probably the best way to obtain such information after testing has been completed. 
ever, the present effort also suggests that the degree of roughness of the fracture surface can he used as 
a crude measure of toughness at least for HT-9. An explanation is proposed as follows. The COD is a 
measure of how extensive plastic deformation must be before crack propagation can occur. 
in HT-9 is not continuous. It takes place in a jerky manner being dependent on crack nucleation ahead of 
the propagating crack. Crack nucleation probably occurs at discrete sites in the structure (carbide par- 
ticles) after a finite amount of plastic deformation, and therefore the surface roughness is a measure of 
the extent of significant plastic deformation away from the crack tip. 
applies to COD, to stretch zone size, and to surface roughness. It is plastic zone size which provides the 
basis for correlations of fracture appearance with JIC. 

The above description for brittle crack propagation indicates that toughness will be dependent on 
microstructure. The size and distribution of crack nucleation sites, the amount of plastic strain needed 
to nucleate the crack and the stress needed for plastic strain all can be expected to play a role in the 
transition from ductile to brittle failure. 

unexpected results. 

If cleavage failure is very limited, 

Therefore, nucleation of cleavage cracks ahead 

How- 

Crack propagation 

The concept of plastic zone size 

Comparison of miniature compact tension specimen behavior with Charpy test response now provides some 
Charpy tests have shown that DBTT shifts as large as 120°C can occur in HT-9 following 
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i r r a d i a t i o n  a t  400'C. M in i a tu re  compact t ens ion  r e s u l t s  now show t h a t  a DETT f o r  u n i r r a d i a t e d  HT-9 should 
be i n  t he  range of -60 t o  -1OOC (us ing  as a d e f i n i t i o n  f o r  OETT h a l f  t h e  upper s h e l f  energy). However, a 
DETT has never been observed i n  m in i a tu re  compact t ens ion  specimens o f  HT-9 f o l l o w i n g  i r r a d i a t i o n  a t  400°C. 
The d i f fe rence i s  no t  s imply asc r i bab le  t o  load ing  r a t e  because a t h r e e  o rde r  of magnitude s h i f t  i n  r a t e  
does no t  s i g n i f i c a n t l y  change m i n i a t u r e  toughness t e s t  r e s u l t s .  
measurements o f  DETT s h i f t s  due t o  i r r a d i a t i o n  are dependent on t e s t  technique. 
"Which r e s u l t s  a re  more re l evan t  t o  f i s s i o n  r e a c t o r  des ign?"  

7.7.5 Conclusion 

Therefore, i t  must be concluded t h a t  
The ques t ion  must be asked: 

Fractographic examination of u n i r r a d i a t e d  m i n i a t u r e  compact t ens ion  specimens o f  HT-9, which were 
t es ted  a t  temperatures below room temperature and which had shown reduced toughness, a re  found t o  have 
f a i l e d  by t r ansg ranu la r  cleavage f rac tu re .  
pact  t ens ion  specimens i s  app l i cab le .  
t o  p l a s t i c  deformation p r i o r  t o  t he  onset of b r i t t l e  cleavage. 
c o n t r o l  b r i t t l e  crack propagat ion can be generated based i n  t h i s  work. 

7.7.6 Future Work 

Therefore t h e  concept o f  a DETT as measured by m i n i a t u r e  com- 
The specimen toughness measured i n  each specimen i s  shown t o  be due 

A d e s c r i p t i o n  of t he  processes which 

E f f o r t s  t o  d e f i n e  t h e  m i c r o s t r u c t u r a l  f ea tu res  which c o n t r o l  f r a c t u r e  behavior  i n  Path E a l l o y s  w i l l  
con t inue  when specimens become ava i l ab le .  
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7.8 POSTIRRADIAT ION NOTCH DUCTILITY TESTS OF ESR ALLOY HT-9 AND M3DIFIED 9Cr-1Mo ALLOY FROM 
UBR REACTOR EXPERIMENTS - J .  R. Hawthorne (Naval Research Labora to ry )  

7.8.1 A D I P  Task 

The Department o f  Energy (DOE)/Off ice o f  Fusion Energy (OFE) has s t a t e d  the  need t o  i n v e s t i g a t e  
f e r r i t i c  a l l o y s  under t h e  N I P  program task. F e r r i t i c  S tee ls  Development (Path E) 

7.8.2 O b j e c t i v e s  

A l l o y  HT-9 and A l l o y  9Cr-lMo(Mod.) are being eva lua ted  f o r  a p o t e n t i a l  a p p l i c a t i o n  as a f i r s t  w a l l  
m a t e r i a l  i n  magnetic fus ion  reac to rs .  Ob jec t i ves  o f  t h e  c u r r e n t  research task were t o  p o s t i r r a d i a t i o n  
t e s t  Charpy-V (C,) specimens from ESR p l a t e s  i r r a d i a t e d  i n  the  UBR r e a c t o r  a t  150oC and a t  3OO0C and t o  
analyze t h e  r e s u l t s  i n  terms of m e l t  process ing and p l a t e  composi t ion e f f e c t s .  

7.8.3 Sumnary 

Dur ing  t h i s  per iod ,  i r r a d i a t i o n  exposures a t  3OO0C and 150°C t o  - 8 ~ l O ' ~ n / c m ~ ,  E>O.IMeV, were 
completed f o r  t h e  A l l o y  HT-9 p l a t e  and the  mod i f ied  A l l o y  9Cr-lMo p l a t e s ,  r e s p e c t i v e l y .  P o s t i r r a d i a t i o n  
t e s t s  of Charpy-V ( C v )  specimens were completed f o r  bo th  a l l o y s ;  o t h e r  specimen types i n c l u d e d  i n  t h e  
r e a c t o r  assemblies were f a t i g u e  precracked Charpy-V (PCCv), h a l f - s i z e  Charpy-V, and i n  the  case o f  the  
mod i f ied  gCr-lMo, 2.54 mn t h i c k  compact t e n s i o n  specimens. 

7.8.4 Progress and Status 

7 3 . 4 . 1  I n t r o d u c t i o n  

The f e r r i t i c  s t a i n l e s s  s t e e l  composi t ions,  HT-9 and 9Cr-lMo(Mod.), are being assessed f o r  p o s s i b l e  
f i r s t  w a l l  a p p l i c a t i o n s  i n  magnetic f u s i o n  r e a c t o r s  by t h e  Magnetic Fusion M a t e r i a l s  Program and f o r  duct  
a p p l i c a t i o n s  i n  l i q u i d  m t a l  fas t  breeder  r e a c t o r s  by the  CladdingIDuct  A l l o y  Development Program o f  t h e  
Department of Energy. For  these proposed uses, f r a c t u r e  r e s i s t a n c e  p r o p e r t i e s  be fo re  and a f t e r  e l e v a t e d  
temperature i r r a d i a t i o n  are being i n v e s t i g a t e d .  Specimen types inc lude  Cv specimens f o r  notch d u c t i l i t y  
de te rmina t ions ,  PCCv specimens f o r  dynamic f r a c t u r e  toughness (KJ)  de te rmina t ions  and compact t e n s i o n  
(CT) specimens f o r  s t a t i c  f r a c t u r e  toughness determinat ions.  T e n s i l e  p r o p e r t y  changes w i t h  i r r a d i a t i o n  
a re  a lso  being e s t a b l i s h e d  f o r  use i n  f r a c t u r e  res is tance  assessments. 

P rev ious  s tud ies1  eva lua ted  an HT-9 p l a t e  r e p r e s e n t i n g  AOD ml t  process ing a f t e r  i r r a d i a t i o n  a t  93OC 
and 288OC. The c u r r e n t  s tudy on t h e  HT-9 composi t ion i s  e v a l u a t i n g  ESR process ing vs AOD process ing and, 
th rough  a j o i n t  program w i t h  ORNL ( J .  V i t e k ) ,  the  r e l a t i v e  e f f e c t s  o f  a low vs. a h igh  f luence  l e v e l .  
For  t h e  l a t t e r ,  a set  of h a l f  s i z e  Cv specimens from t h e  NRL p l a t e  are being i r r a d i a t e d  i n  HIFR a t  300OC. 
The 15OoC i r r a d i a t i o n  o f  the  9Cr-lMo(Mod.) a l l o y  on t h e  o t h e r  hand, was undertaken t o  i n v e s t i g a t e  the  low 
temperature s e r v i c e  c a p a b i l i t i e s  o f  the  composi t ion and t o  permi t  a t e s t  o f  the  p o s t i r r a d i a t i o n  
c o r r e l a t i o n  of dynamic vs. s t a t i c  f r a c t u r e  toughness. 

7.8.4.2 M a t e r i a l s  

The HT-9 p l a t e ,  NRL code ES9, was 15.2 mn (0.6- in.) t h i c k  and was produced from t h e  e l e c t r o s l a g  
remel ted heat no. 9607RZ2. The 9Cr-lMo(Mod.) p l a t e ,  NRL code VS, was 25.4 mn (1.0- in)  t h i c k  and was 
produced from the  e l e c t r o s l a g  r e  e t e d  heat no. 30176-1. P l a t e  composi t ions and heat t rea tments  are 

c o n t r a c t  t o  NRL; t h e  code VS p l a t e  was rece ived  from ORNL i n  t h e  f u l l y  heat t r e a t e d  c o n d i t i o n .  Note t h a t  
t h e  ES9 p l a t e  was c u t  i n t o  f o u r  sec t ions  p r i o r  t o  heat t rea tment  and t h a t  the  two sec t ions  p r o v i d i n g  
specimens f o r  t h e  r e a c t o r  i r r a d i a t i o n s  e r e  heat t r e a t e d  separa te ly .  
p l a t e s  t o  represen t  t h e  l o n g i t u d i n a l  (LT, s t rong)  t e s t  d i r e c t i o n .  

o r i e n t a t i o n )  from t h e  AOD me l ted  p l a t e  o f  HT-9. 
t h e  r e l a t i v e  r a d i a t i o n  embr i t t l ement  s e n s i t i v i t y  of ESR vs. AOD m e l t  products .  
t rea tment  of t h  

l i s t e d  i n  Tables 7.8.1 and 7.8.2 5! ,A . The code ES9 p l a t e  was heat t r e a t e d  by Armco Steel  Company under 

Cv specimens w r e  o r i e n t e d  i n  t h e  

Inc luded  i n  t h e  3OOoC i r r a d i a t i o n  assembly were a very l i m i t e d  number of Cv specimens (LT 
These specimens p e r m i t t e d  a d i r e c t  spot comparison o f  

The composi t ion and heat 
A00 p l a t e ,  NRL code 9TH, are inc luded  i n  t h e  tables1. P a r t i c u l a r s  f o r  a V I M- E S R  HT-9 rod  

s t u d i e d  e a r l i e r  E are  a l s o  inc luded  i n  t h e  t a b l e s  f o r  reference. 
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Table 7.8.1 Composition (wt-a) o f  HT-9 and 9Cr-lMo(Mod.) p l a tes  

Ma te r i a l  

ESR HT-Sa 
(Code ES) 

AOD H T - S ~  
(Code 9TH) 

9Cr-lMo(Mod. ) 
(Code VS)c 

HT-9 Rod 
(Code HT9Jd 

Mater ia l  

ESR HT-9 
(Code ES) 

AOD Hi-9 
(Code 9TH) 

9Cr-lMo( Mod. ) 
(Code VS) 

HT-9 Rod 
(Code HT9) 

C 

0.20 

- 

0.20 

0.081 

0.21 

V 

0.28 

- 

0.30 

0.33 

0.209 

S i  

0.17 

- 

0.24 

0.11 

0.21 

W 

0.45 

- 

0.57 

0.54 

(0.01 

Mn 

0.57 

- 

0.57 

0.37 

0.50 

N 

0.027 

- 

0.044 

0.004 

0.055 

P 

0.016 

- 

0.018 

0.010 

0.008 

A1 

0.006 

- 

0.009 

0.035 

0.007 

C r  - S - 

0.003 12.1 

0.007 11.64 

0.003 8.61 

0.003 12.09 

cu - T i  - 

0.001 0.07 

(0.01 0.04 

e 0.04 - 

0.004 0.04 

Mo 

1.04 

- 

1.01 

0.89 

1.02 

CbITa __ 
<0.001 

0.01 

e - 

0.072 

N i  

0.51 

- 

0.52 

0.09 

0.58 

B - 

<n.ooi 

0.001 

e - 

(0.001 

aINCO ana lys is  bAvg.  GA and CE analyses CCE ana lys is  

dNRL stock (Ref. 5, w l t  91354) eNot determined 

Table 7.8.2 Heat t reatment  of t e s t  ma te r i a l s  

Ma te r i a l  Heat Treatment 

ESR HT-9 
(Code ESR) 

AOD HT-9 1050°C - 0.5 h, a i r  cool;  780OC - 2.5 h, a i r  cool 
(Code 9TH) 

1O5O0C t 1 4 O C  - 0.5 h ,  a i r  cool ;  780% - 4 h ,  a i r  cool 

9Cr-IMo(Mod. 1 
(Code VS) 

1038OC - 1 h,  a i r  cool ;  76OOC - 1 h ,  a i r  cool 

HT-9 Rod 1O5O0C - 0.5 h ,  a i r  cool ;  78OoC - 2.5 h, a i r  cool 
(Code HT9) 
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7.8.4.3 Mater ia l  I r r a d i a t i o n  

The ma te r i a l s  w r e  i r r a d i a t e d  i n  the C2 fuel l a t t i c e  p o s i t i o n  of the  water cooled reac to r  (UBR) a t  
t h e  State U n i v e r s i t y  of New York a t  Buffalo. 
used w i t h  specimen temperatures being monitored con t inuous ly  by mans  of thermocouples welded t o  the 
specimens. 
neutron dosimeter wires placed w i t h i n  each of the specimen arrays. A neutron energy spectrum c a l c u l a t i o n  
i s  ava i l ab le  f o r  the  C2 p o s i t i o n .  
which approximates c l ose l y  the  exposure cond i t i on  o f  e a r l i e r  NRL experiments i n  the UBR fo r  the Magnetic 
Fusion Ma te r i a l s  Program. 

7.8.4.4 P r e i r r a d i a t i o n  Notch D u c t i l i t y  Proper t ies  

were developed dur ing  t h i s  r epo r t i ng  per iod  and are i l l u s t r a t e d  i n  Figures 7.8.1 and 7.8 2 As-heat 
t r e a t e d  p rope r t i es  o f  t he  ADD HT-9 p l a t e  (and o f  the  ESR HT-9 rod) were repor ted  ea r l i e r * , $ .  

Two, i n d i v i d u a l l y  temperature con t ro l l ed  assemblies were 

The neutron fluence i s  est imated a t  8 x 10'9n/cm2 > O.1MeV and w i l l  be v e r i f i e d  from i r o n  

The t o t a l  i r r a d i a t i o n  t ime  ( reac to r  hours a t  power) was 848.0 hours 

As-heat t r ea ted  Cv notch d u c t i l i t y  p rope r t i es  of the  ESR HT-9 p l a t e  and the ESR 9Cr-lMo(Mod.i p l a t e  

A comparison of the  data i n  F i  ures 7.8.1 and 7.8.2 (LT o r i e n t a t i o n )  ind ica tes  about equal 41 J (30 
f t - l b )  t r a n s i t i o n  temperatures (-40 2 C vs. -32O C )  fo r  the  two composit ions but s i g n i f i c a n t l y  d i f f e ren t  
upper shel f  energy l e v e l s  (157 vs. 229 J ) .  TL (weak) o r i e n t a t i o n  data f o r  the gCr-lMo(Mod) p l a t e  are not 
y e t  ava i l ab le  f o r  a f u l l  comparison o f  r e l a t i v e  upper s h e l f  toughness. Upper shel f  toughness i s  
governed, i n  par t ,  by p l a te  cross r o l l i n g  p rac t i ce .  F igure 7.8.2 suggests t h a t  data sca t t e r  f o r  the  
gCr-lMo(Mod) p l a t e  i s  more pronounced than t h a t  f o r  e i t h e r  the ESR HT-9 p l a t e  o r  the A00 HT-9 p l a te .  The 
noted s c a t t e r  places a degree o f  u n c e r t a i n i t y  on the  exact b r i t t l e l d u c t i l e  t r a n s i t i o n  behavior of the 
ma te r i a l .  

F ioure 7.8.3 cornnares C,, t r end  curves f o r  a l l  th ree  HI-9 mater ia ls .  The 41 J t r a n s i t i o n  
tempera t i res  ( L T ~ o r i e h t a t i o n j  range from -4OOC t o  -18%; upper shel f  values show a s i g n i f i c a n t  d i f f e rence  
due t o  m e l t  processing ( E S R  vs. AOD). TL o r i e n t a t i o n  data are ava i l ab le  f o r  both p la tes  t o  confirm the 
l a t t e r  observat ion.  The upper s h e l f  o f  the ESR p l a t e  i s  about 70 per cent h igher  than t h a t  o f  the  AOD 
p l a t e  ( e i t h e r  t e s t  o r i e n t a t i o n ) ;  thus, ESR processing c l e a r l y  i s  the super io r  rethod.  The f rac tu re  
surfaces of t he  AOD mate r i a l  showed the presence o f  d e l t a  f e r r i t e  s t r i n g e r s  which con t r i bu ted  t o  i t s  
lower, upper shel f .  The TL o r i e n t a t i o n ,  upper she l f  o f  the  AOD p l a t e  would be considered r e l a t i v e l y  low 
by many standards. The data sets, o v e r a l l ,  demonstrate the v a l i d y  o f  t e s t i n g  ma te r i a l s  i n  both the  st rong 
and weak t e s t  o r i en ta t i ons .  Cv  t r end  curves f o r  the LT and TL o r i en ta t i ons ,  however, do show a c lose 
s i m i l a r i t y  i n  the  t r a n s i t i o n  reg ion  (see Figures 7.8.1 and 7.8.2). 

7.8.4.5 P o s t i r r a d i a t i o n  Notch Duct i  1 i t y :  Modif ied 9Cr-1Mo P I  a te  

F igure  7.8.2 inc ludes data developed f o r  the  149OC i r r a d i a t e d  cond i t i on  o f  the 9Cr-lMo(Mod.) p l a te .  
The 41 J t r a n s i t i o n  temperature e l eva t i on  i s  only 83°C(1500F); the  upper she l f  energy reduc t ion  i s  
e s s e n t i a l l y  n i l .  Important t o  t h i s  c a p a b i l i t i e s  study, the b r i t t l e l d u c t i l e  t r a n s i t i o n  of the p l a t e  a f t e r  
i r r a d i a t i o n  i s  w e l l  below the  simulated i r r a d i a t i o n  serv ice  temperature o f  149OC. 
i n  f a c t ,  i s  only 52OC(125OF) and f u l l  shear f r a c t u r e  behavior develops a t  about 116°C(2400F). A 
to le rance f o r  much h igher  f luences a t  149OC, i n  terms o f  the  t r a n s i t i o n ,  i s  thus evident .  

HT-9 p l a t e  i r r a d i a t e d  a t  93°C(2000F) t o  about the same f luence.  
d i f ference,  the  9Cr-IMo(Mod.) mater ia l  would appear t o  have a lower r a d i a t i o n  s e n s i t i v i t y  than HT-9. This 
cou ld  be a f a c t o r  o f  r e l a t i v e  a l l o y i n g  l e v e l ,  impu r i t y  content  o r  general m i c ros t ruc tu re  type,  i .e . ,  
tempered lower b a i n i t e  vs. tempered mar tens i te .  

t he  9Cr-lMo(Mod.) specimens i n  the  149OC i r r a d i a t i o n  assembly. Test r e s u l t s  f o r  these specimens (see 
Figure 7.8.1) l i kew i se  i n d i c a t e  t h a t  gCr-lMo(Mod.) has b e t t e r  r a d i a t i o n  res is tance  a t  149OC than HT-9. 
Add i t i ona l  t e s t s  a t  a h igher  f luence and a t  h igher exposure temperatures are recommended t o  define f u l l y  
t he  low temperature serv ice  c a p a b i l i t i e s  o f  the 9Cr ma te r i a l .  

Dynamic f r a c t u r e  toughness (KJ) data f o r  the  u n i r r a d i a t e d  cond i t i on  are superimposed on the  Cv data 
i n  F igure 7.8.2. S i g n i f i c a n t l y  and i n  p a r a l l e l  w i t h  other  (unreported)  NRL observat ions f o r  gCr-lMo(Mod.) 
ma te r i a l s ,  the  upswing i n  toughness begins a t  a h igher  temperature than the  upswing i n  Cv energy 
absorpt ion.  As one r e s u l t ,  Cv energy values o f  120 J (80 f t - l b )  are not i n d i c a t i v e  o f  a h igh toughness 
b u t  correspond t o  a toughness l e v e l  o f  -33 maim (30 k s i  d in) .  Appl ied load vs. t ime- to- f rac tu re  t races 
of those PCC, specimens tes ted  a t  -18% and 40C depicted e l a s t i c  f r a c t u r e  behavior. 
suggests t h a t  h igh toughness can be expected f o r  the p o s t i r r a d i a t i o n  cond i t i on  above 116°C(2400F). PCC, 
t e s t s  t o  v e r i f y  t h i s  p r o j e c t i o n  are scheduled f o r  the next r epo r t i ng  period. 

The 41 J temperature, 

The 41 J temperature e l eva t i on  of 83OC i s  s i g n i f i c a n t l y  l ess  than t h a t  repor ted  e a r l i e r  f o r  the  ROD 
Ignor ing  the exposure temperature 

I n  con f i rmat ion  o f  the above comparison, a few specimens of the ESR HT-9 p l a t e  were i nse r t ed  among 

The data t rend  
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7.8.4.6 P o s t i r r a d i a t i o n  Notch D u c t i l i t y :  ESR HT-9 P l a t e  

Test r e s u l t s  fo r  the  ESR p l a t e  fo l low ing  300oC i r r a d i a t i o n  are g iven i n  F igure 7.8.4. The square and 
c i r c l e  symbols r e f e r ,  r espec t i ve l y ,  t o  p l a t e  sect ions 1 and 2 which were heat t r ea ted  i n d i v i d u a l l y .  
Exce l l en t  agreement of as-heat t r ea ted  p rope r t i es  i s  noted f o r  t he  t r a n s i t i o n  region;  a m a l 1  d i f f e rence  
(-10 J) i n  upper s h e l f  l e v e l s  i s  d iscerned bu t  may be simply data sca t te r .  

The i r r a d i a t i o n  produced a 470C e leva t i on  i n  41 J temperature and a reduc t ion  i n  upper s h e l f  t o  136 
J. A l a rge  toughness reserve against  add i t i ona l  fluence a t  3000C i s  thus demonstrated. The apparent 
r a d i a t i o n  s e n s i t i v i t y ,  however, i s  s i g n i f i c a n t l y  h igher  than t h a t  o f  A 302-8 and A 533-8 pressure vessel 
s t e e l s  t h a t  have been s p e c i a l l y  t a i l o r e d  f o r  e leva ted  temperature r a d i a t i o n  res is tance.  For example, A 
302-8 s tee l  m l t s  can be produced c o n s i s t a n t l y  i n  the  l abo ra to r y  which w i l l  show e s s e n t i a l l y  no 
t r a n s i t i o n  temperature e l e v a t i o n  a f t e r  the  same f luence a t  300OC (Ref 6) .  The data o f  F igure 7.8.4 thus 
suggests considerable room for  a l l o y  improvement. Drawing on the  pressure vessel s tee l  technology, one 
goal should be the  reduc t ion  of the phosphorus content  t o  l ess  than 0.010% [SI. Copper contents l i s t e d  
i n  Table 7.8.1, on the  o ther  hand, are below the  l e v e l  genera l l y  considered t o  be harmful t o  e leva ted  
temperature r a d i a t i o n  embr i t t lement  res is tance.  

7.8.4.7 Rad ia t ion  Embr i t t lement  Resistance o f  ESR vs. A00 M e l t  Products 

o r  149OC and 2880 o r  30D°C i r r a d i a t e d  cond i t ion .  M e l t  orocessinq does not  amear  t o  be a f ac to r  i n  
F igures 7.8.5 and 7.8.6 compare t he  notch d u c t i l i t i e s  of the  ESR HT-9 and AOD HT-9 p l a tes  i n  the 93O 

i r r a d i a t i o n  response i n  e i t h e r  f i gu re .  
t he  ESR p l a t e  w i t h  149OC i r r a d i a t i o n  agrees w e l l  w i t h  the 117OC e leva t i on  recorded f o r  the  AOD p l a t e  w i t h  
93OC i r r a d i a t i o n .  L ikewise ( F i a  7.8.6). the  47OC t r a n s i t i o n  temoerature e l eva t i on  fo r  the  ESR o l a te  w i t h  

I n  F igure 7.8.5; the  114%, t r a n s i t i o n  temperature e l e v a t i o n  of 

~~ 

300oC i r r a d i a t e d  agrees c l o s e l y - w i t h  3665 e l eva t i on  f o r  the  A00 p l a t e  a f t e r  288oC i r r a d i a t i o n .  ' A  few 
specimens of the  AOD p l a t e  here i r r a d i a t e d  a t  300oC with the  ESR p l a t e  specimens. 
support the  e a r l i e r  de te rmina t ion  f o r  the  A00 p l a t e  (288OC i r r a d i a t i o n )  and demonstrate the s i m i l a r i t y  of 
r a d i a t i o n  s e n s i t i v i t i e s  o f  the  ESR vs. AOD mater ia ls .  

The data ( F i g  7.8.5) 

Upper shel f  reduc t ions  f o r  the  ESR p l a t e  are somewhat l a r g e r  than those fo r  the AOD p l a te ;  however, 
t h i s  tendency was expected as it i s  comon among s tee l s  having h igh  VS. low p r e i r r a d i a t i o n  upper shel f  
l e v e l s .  

7.8.4.8 P o s t i r r a d i a t i o n  Evaluat ion of Half Size (M in i a tu re )  Cy Specimens 

Tests o f  the  m in ia tu re  Cv specimens from the  cu r ren t  i r r a d i a t i o n  experiments and from two previous 
NRL i r r a d i a t i o n  experiments are not  t o  be conducted a t  NRL; r a t h e r ,  the  DOE plans t o  have the  specimen 
t e s t s  made a t  ORNL where the  necessary equipment i s  a l ready i n s t a l l e d .  The subject  specimens have been 
shipped t o  ORNL and are awa i t i ng  t es t i ng .  

7.8.4.9 Plans f o r  the  Next Report ing Per iod 

Plans fo r  the next r epo r t i ng  per iod  are t o  complete the  p o s t i r r a d i a t i o n  PCCv and tens ion  t e s t s  of 
t h e  ma te r i a l s  and t o  i n i t i a t e  p o s t i r r a d i a t i o n  CT t e s t s  using the  s i ng le  specimen unloading compliance 
method f o r  R curve determinat ions.  

7.8.4.10 

C11 

121 

C 31 

C41 

C 5 I  

C61 
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Notch d u c t i l i t y  of t h e  A l l o y  HT-9 p l a t e  (ESR re fe rence  m l t )  be fo re  and a f t e r  i r r a d i a t i o n  a t  
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7.9 EFFECT OF SPECIMEN SIZE AND NICKEL CONTENT ON THE IMPACT PRDPERTIES OF 12 Cr-1 MoVW FERRITIC STEEL - 
W .  R. Corwin, R. L. Klueh, and J. M. V i t e k  (Oak Ridge N a t i o n a l  L a b o r a t o r y )  

7.9.1 A D I P  Task 

A D I P  t a s k s  a r e  no t  de f ined  f o r  Path E, f e r r i t i c  s t e e l s  i n  t h e  1978 proqram p lan.  

7.9.2 O b j e c t i v e  

The o b j e c t i v e  of t h i s  s tudy  i s  t o  p r o v i d e  b a s e l i n e  impact  p r o p e r t y  da ta  ( u n i r r a d i a t e d )  on severa l  hea ts  
o f  12 Cr-1 MoVW s t e e l  w i t h  v a r y i n q  n i c k e l  con ten ts .  These da ta  on f u l l -  and s u b s i z e  impact  specimens a r e  
des igned t o  q u a l i f y  t h e  subsequent i r r a d i a t i o n  e f f e c t s  t e s t i n g  t h a t  w i l l  be conducted w i t h  s u b s i z e  s p e c i -  
mens. 

7.9.3 Summary 

Charpy impact  p r o p e r t i e s  were developed on s i x  heats  o f  12 Cr-1 MoVW s t e e l  w i t h  f u l l -  and s u b s i z e  spe- 
cimens t o  examine e f f e c t s  o f  n i c k e l  and chromium adjustments .  These da ta  p r o v i d e  a b a s e l i n e  f o r  comparison 
of  e f f e c t s  of i r r a d i a t i o n  on t h e  impact  p r o p e r t i e s  o f  t hese  a l l o y s .  

7.9.4 Proqress and S ta tus  

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

The i r r a d i a t i o n - r e s i s t a n t  p r o p e r t i e s  of f e r r i t i c  ( m a r t e n s i t i c )  s t e e l s ,  such as t h o s e  based on 12 Cr-1 Ma 
and 9 C r - 1  Ma, have l e d  t o  c o n s i d e r a t i o n  o f  t hese  a l l o y s  f o r  use as f u s i o n  r e a c t o r  f i r s t - w a l l  and b l a n k e t  
s t r u c t u r a l  components. Under t h e  high-enerq,v (up t o  14.1 MeV) n e u t r o n  f l u x  from t h e  d e u t e r i u m - t r i t i u m  f u s i o n  
r e a c t i o n ,  n o t  o n l y  would  a l a r o e  number o f  atomic d isp lacements  occur ,  h u t  a l s o  l a r g e  amounts of h e l i u m  would 
he generated i n  t r a n s m u t a t i o n  r e a c t i o n s .  A major  concern under  t h e s e  c o n d i t i o n s  i s  r e d u c t i o n  of t h e  f r a c-  
t u r e  r e s i s t a n c e .  The r e l a t i o n s h i p  between h e l i u m  c o n c e n t r a t i o n  and d isp lacement  damage f o r  a u s t e n i t i c  and 
f e r r i t i c  s t e e l s  f o r  v a r i o u s  t e s t  r e a c t o r s  and a tokamak neu t ron  spect rum has been e s t a h l i s h e d . '  Recause no 
adequate source o f  d e u t e r i u m - t r i t i u m  f u s i o n  neut rons e x i s t s ,  an a l t e r n a t i v e  method f o r  s i m u l a t i n q  14-MeV 
n e u t r o n  i r r a d i a t i o n  e f f e c t s  nus t  be used. I n  a l l o y s  c o n t a i n i n g  n i c k e l ,  such e f f e c t s  can be s i m u l a t e d  i n  
mixed- spect rum f i s s i o n  r e a c t o r s ,  i n  which t h e  two- s tep  t r a n s m u t a t i o n  r e a c t i o n  of 5 8 N i  w i t h  the rma l  neut rons 
produces hel ium. T h i s  techn ique  has been w i d e l y  used t o  s t u d y  h e l i u m  e f f e c t s  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  
c o n t a i n i n q  h i g h  n i c k e l  c o n c e n t r a t i o n s .  However, t h e  commercial  s t e e l s  hased on 12 Cr-1 Ma g e n e r a l l y  Con ta in  
less t han  0.5% N i ,  wh ich i s  no t  adequate f o r  t h i s  h e l i u m  s i m u l a t i o n .  I f  these  a l l o y s  con ta ined  about 2% N i ,  
i r r a d i a t i o n  i n  t h e  High F l u x  I s o t o p e  Reactor  ( H F I R )  would produce about t h e  same r a t i o  of h e l i u m  t o  d i s -  
p lacements  per  atom as t h e  o r i g i n a l  a l l o y s  would develop d u r i n q  s e r v i c e  i n  a f u s i o n  r e a c t o r . '  

Impact t e s t i n g  i s  p lanned t o  assess t h e  e f f e c t s  o f  s imul taneous h e l i u m  and d i sp lacement  damage on t h e  
d e g r a d a t i o n  i n  f r a c t u r e  r e s i s t a n c e  of 12 Cr-1 M h a s e  s t e e l s .  T h i s  w i l l  be done by i r r a d i a t i n g  n i cke l- doped  
12 Cr-1 MoVW s t e e l s  i n  HFIR.Z However, because o f  i r r a d i a t i o n  volume l i m i t a t i o n s  it w i l l  he p o s s i h l e  t o  
i r r a d i a t e  o n l y  subs ize  Charpy- type impact  specimens. There fo re ,  t o  c h a r a c t e r i z e  t h e  e f f e c t s  of t h e  n i c k e l  
dop ing  on t h e  12 Cr-1 Ma s t e e l s  m r e  f u l l y  b e f o r e  i r r a d i a t i o n  and t o  e v a l u a t e  t h e  c a p a b i l i t i e s  of t h e  sub- 
s i z e  impact specimen, bo th  f u l l -  and subs ize  Charpy V-notch impact specimens were t e s t e d .  

7.9.4.2 Exper imen ta l  

Four  e l e c t r o s l a g - r e m e l t e d  (ESR) heats  o f  12 C r - 1  MoVW f e r r i t i c  s t e e l s  w i t h  v a r y i n g  n i c k e l  c o n t e n t s  were 
The compos i t i ons  of t h e  a l lo .ys  were p repared  by Combustion Eng ineer ing ,  Inc., Chattanooqa, Tennessee (C-E). 

hased on t h e  commercial  Sandvik a l l o y  HT9. T h i s  a l l o y ,  c o n t a i n i n g  about 0.2% C and i n c l u d i n g  t h e  c a r b i d e-  
f o r m i n g  elements vanadium (-0.3%) and t u n q s t e n  (-0.5%), i s  r e f e r r e d  t o  h e r e  b.y i t s  q e n e r i c  d e s i g n a t i o n ,  
12 Cr-1 M O W ;  it c o n t a i n s  n o m i n a l l y  0.5% N i .  

compos i t i on ,  b u t  w i t h  1 and 2% N i  (heats  XAA-3588 and XAA-3589, r e s p e c t i v e l y ) .  
a l l o y  w i t h  2% N i  was p repared  (heat  XAA-3592) i n  which t h e  f e r r i t e - f o r m i n g  element c o n c e n t r a t i o n s  were 
i n c r e a s e d  t o  g i v e  t h e  s t e e l  a ne t  chromium e q u i v a l e n t  s i m i l a r  t o  t h a t  o f  t h e  l o w- n i c k e l  base a l l o , ~ . ' , ~  
a d j u s t  t h e  n e t  chromium e q u i v a l e n t  t o  account f o r  t h e  n i c k e l  a d d i t i o n s ,  t h e  f e r r i t e - f o r m i n g  elements C r ,  Mo, 
and W were added b u t  were kep t  w i t h i n  t h e  Sandvik HT9 c o m p o s i t i o n  ranse s p e c i f i e d  f o r  them. 

Two a d d i t i o n a l  commercial ESR heats  were a l s o  t e s t e d  (9607-R2 and 91354). Heat 9607-RZ i s  t h e  n a t i o n a l  
f u s i o n  program heat,  and 91354 i s  a heat  f r o m  t h e  f a s t  breeder  r e a c t o r  program. 
o f  t h e  a l l o y s  t e s t e d  and t h e i r  t e n s i l e  p r o p e r t i e s  have been r e p ~ r t e d . ' . ~  

The s t e e l s  were t e s t e d  i n  t h e  normal ized-and- tempered c o n d i t i o n .  The s t e e l  p l a t e s  from which t h e  
specimens were t a k e n  were a u s t e n i t i z e d  f o r  0.5 h a t  1050°C i n  an argon atmosphere, and then  gas cooled. 
Tempering t r e a t m e n t s  were a l s o  c a r r i e d  ou t  i n  arqon, fo l l owed  by gas c o o l i n g .  
and t h e  s t e e l  w i t h  1% N i  were tempered 2.5 h a t  780"C, t h e  2% N i  a l l o y  was tempered 5 h a t  7OO0C, and t h e  
2% N i  ( a d j u s t e d )  a l l o y  was tempered 8 h a t  700'C. 
s t r u c t u r e  f o r  a l l  heats  except t h e  2% N i  ( a d j u s t e d )  heat .  
The reason f o r  t h e  d i f f e r e n t  temper ing  tempera tu res  i s  d i scussed  elsewhere.' 

I n  a d d i t i o n  t o  p r e p a r i n g  t h e  b a s i c  a l l o y  (heat  XAA-3587), s t e e l s  were a l s o  p repared  w i t h  t h e  same b a s i c  
F i n a l l y ,  a 12 C r - 1  MoVU-type 

To 

The chemica l  compos i t i ons  

The t h r e e  12 Cr-1 MoVW heats  

T h i s  r e s u l t e d  i n  a comp le te l y  tempered m a r t e n s i t i c  m ic ro -  
The a d j u s t e d  heat  con ta ined  about 25% 6 - f e r r i t e .  
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' 7 5  

Two t y p e s  of impact  specimens were t e s t e d  f o r  each heat.  F u l l - s i z e  specimens were used a c c o r d i n g  t o  
ASTM s p e c i f i c a t i o n  E 23 w i t h  dimensions o f  10 by 10 by 55 mr c o n t a i n i n g  a 2-mm-deep 45" V-notch w i t h  a 
0.25 mn r o o t  rad ius .  Subs ize specimens were 5 by 5 by 25.4 mn i n  o v e r a l l  d imensions c o n t a i n i n g  a 0.76-mm- 
deep 30" V-notch w i t h  a 0.05 t o  0.08 mn r o o t  rad ius .  

F o r  t e s t i n g  t h e  f u l l - s i z e  specimens, t h e  impact machine was c o n f i q u r e d  and c a l i b r a t e d  i n  exac t  accordance 
w i t h  ASTM E 23. To t e s t  t h e  subs ize  specimens, t h e  machine was m o d i f i e d  by r e p l a c i n q  t h e  s t a n d a r d  a n v i l s  
and tup.  The m o d i f i e d  a n v i l s  suppor ted t h e  subs ize  specimen so t h a t  i t s  r e l a t i v e  p o s i t i o n  w i t h  r e s p e c t  t o  
t h e  pendulum was t h e  same as t h a t  f o r  t h e  f u l l - s i z e  specimen; i.e., t h e  c e n t e r  o f  p e r c u s s i o n  o f  t h e  pendulum 
i s  m a i n t a i n e d  a t  t h e  p o i n t  o f  impact  w h i l e  t h e  specimen i s  kep t  j u s t  t o u c h i n g  t h e  s t r i k e r  w i t h  t h e  pendulum 
hang ing  f ree.  The 4 : l  r a t i o  o f  span- to-specimen w i d t h  was mainta ined,  and t h e  minimum d i s t a n c e  between t h e  
a n v i l  r a d i i  was 20 mn. T h i s  f o l l o w s  t h e  E 23 d e f i n i t i o n  o f  span i n  c o n t r a s t  w i t h  t h e  p r a c t i c e  o f  p r e v i o u s  
researchers .6  The t u p  t h i c k n e s s  f o r  t h e  s u b s i z e  specimen was reduced t o  4 mn t o  a l l o w  c l e a r a n c e  o f  t h e  
specimen ha lves  between t h e  a n v i l s .  Specimen tempera tu re  c o n d i t i o n i n g  f o r  b o t h  s i z e  specimens was by means 
o f  a h o t  a i r - c o l d  n i t r o g e n  gas chamber i n  c o n j u n c t i o n  w i t h  a r o t a r y  p o s i t i o n i n g  arm.' 
m a i n t a i n e d  w i t h i n  +2"C. 

t empera tu re  and u p p e r - s h e l f  energy. 

A l l  specimens were i n  t h e  L-T ~ r i e n t a t i o n . ~  
Both t ypes  o f  specimens were t e s t e d  on a s p e c i a l l y  m o d i f i e d  pendulum- type i n s t r u m e n t e d  impact  machine. 

Temperatures were 

Each i n d i v i d u a l  Charpy data s e t  was f i t t e d  t o  a h y p e r b o l i c  tangen t  f u n c t i o n  f o r  o b t a i n i n g  t r a n s i t i o n  

I I I I I I I I I I 
-e- BREEDER HEAT 194354) 

- .& CE HEATIKM-355871 

-0- FUSION MEAT 1%07-R21 

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

TO e s t a b l i s h  b a s e l i n e  impact  n o t c h  toughness f o r  12 C r - 1  MoVW, t h e  t h r e e  s t a n d a r d  HT9 h e a t s  were 
compared. The u p p e r - s h e l f  da ta  from f u l l - s i z e  specimens o f  t h e  C-E heat  f e l l  between t h e  b reeder  and 
f u s i o n  ESR heats,  and a l l  had s i m i l a r  t r a n s i t i o n  tempera tu res  F ig .  7.9.1). The r e s u l t s  from t h e  breeder  
and f u s i o n  heats  compare q u i t e  w e l l  w i t h  r e p o r t e d  in fo rmat ion . '  'The t e s t  r e s u l t s  o f  t h e  s u b s i z e  Charpy 
specimens f o r  t h e  same t h r e e  heats  (Fig.  7.9.2) agree q u a l i t a t i v e l y  w i t h  those  of f u l l - s i z e  specimens. 
The t r a n s i t i o n  tempera tu res  o f  t h e  subs ize  specimen da ta  s e t s  a r e  a l l  about equal t o  each o t h e r ,  bu t  t h e  
l ower  energy o f  t h e  upper s h e l f  of t h e  f u s i o n  ESR heat  was not  r e f l e c t e d  i n  t h e  subs ize  specimens. In an 
a b s o l u t e  Comparison, t h e  t r a n s i t i o n  tempera tu res  as measured w i t h  t h e  suhs ize  specimens were ahout 20°C 
l o w e r  t h a n  t h o s e  m a s u r e d  w i t h  t h e  f u l l - s i z e  specimens. T h i s  i s  c o n s i s t e n t  w i t h  p r e v i o u s  work on subs ize  V -  
no tched  impact  specimens whose o r i e n t a t i o n ,  p roduc t  form, heat t r e a t m e n t ,  and o t h e r  parameters  were h e l d  
c o n ~ t a n t . ~ - ~  No te  t h a t  t h e  t r a n s i t i o n  tempera tu re  r e p o r t e d  he re  i s  a r b i t r a r i l y  d e f i n e d  as t h e  tempera tu re  
co r respond ing  t o  o n e- h a l f  t h e  u p p e r- s h e l f  energy. A l though t h i s  does no t  aqree w i t h  more c o n v e n t i o n a l  d e f i -  
n i t i o n s  (e.g., a b s o l u t e  energy l e v e l s  o r  f r a c t u r e  appearance),  it i s  s e l f - c o n s i s t e n t  and i s  u s e f u l  i n  com- 
p a r i n g  d i f f e r e n t  s i z e s  of Charpy- type impact  specimens. 

t 
g loo 

7 5  
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F ig .  7.9.1. Impact energy of f u l l - s i z e  Charpy 
specimens f o r  t h r e e  heats  of 12 Cr-1 MoVW s t e e l .  
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F iq .  7.9.2. Impact energy of subs ize  Charpy 
specimens f o r  t h r e e  hea ts  o f  12 Cr-1 MoVW s t e e l .  
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The e f f e c t  of n i c k e l  a d d i t i o n s  and chromium-equivalent adjustments on t h e  f u l l - s i z e  Charpy impact prop-  
e r t i e s  (Fig. 7.9.3) of 12 Cr-1MoVW agree w e l l  w i t h  t y p i c a l  e f f e c t s  i n  lower  a l l o y  p e a r l i t i c  s tee ls .1°  
A d d i t i o n s  o f  n i c k e l  tend  t o  decrease both t h e  t r a n s i t i o n  temperature and upper- she l f  energy. 
C r ,  Ma, and W and t h e  r e s u l t a n t  two-phase m i c r o s t r u c t u r e  tended t o  r a i s e  t h e  t r a n s i t i o n  temperature. The 
r e s u l t s  f o r  t h e  subsize specimens (Fig. 7.9.4) again agree q u a l i t a t i v e l y  w i t h  those of t h e  f u l l - s i z e  
Charpys, a l though t h e i r  t r a n s i t i o n  temperatures a re  a l s o  about 15 t o  20°C lower  than  those  of t h e  
corresponding l a r g e r  specimens. 

A d d i t i o n s  o f  

mL-m.zB3-47446 
200 I I I I I I I I I I 

42cr - tww (XAA-U811  
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Fig.  7.9.3. E f f e c t  o f  n i c k e l  a d d i t i o n s  and Fig.  7.9.4. E f f e c t  o f  n i c k e l  a d d i t i o n s  and 
chromium e q u i v a l e n t  adjustment on t h e  f u l l - s i z e  chromium e q u i v a l e n t  adjustment on t h e  subsize 
Charpy specimen impact energy o f  12 Cr-1 MoVW Charpy specimen impact energy of 12 Cr-1 MoVW 
s t e e l .  s t e e l .  

To improve t h e  correspondence of t h e  f u l l - s i z e  and subsize data sets ,  t h e  data were normal ized by a 
nominal f r a c t u r e  area and f r a c t u r e  volume. 
by t h e  nominal f r a c t u r e  area R b  (EO and 21 mn2 f o r  f u l l -  and subs ize  specimens, r e s p e c t i v e l y )  o r  t h e  nomi- 
n a l  f r a c t u r e  volume (Bb)3/2, (720 and 98 mn3 f o r  f u l l -  and subsize specimens, r e s p e c t i v e l y ) ,  where B i s  t h e  
specimen w i d t h  and b i s  t h e  depth o f  t h e  l igament .  

A t  l ower  energy l e v e l s ,  a t  which f l a t  f r a c t u r e  i s  predominant, an area n o r m a l i z a t i o n  would be expected 
t o  c o r r e l a t e  t h e  data b e t t e r .  A t  h i q h e r  energy l e v e l s ,  a t  which more m a t e r i a l  i s  p l a s t i c a l l y  deformed and 
shear l i p s  develop, a volume-based n o r m a l i z a t i o n  should y i e l d  b e t t e r  r e s u l t s .  

The b e t t e r  correspondence between t h e  f u l l -  and subs ize  data sets  was f o r  upper- she l f  energ ies nor-  
m a l i z e d  t o  nominal f r a c t u r e  volume. However, agreement was s t i l l  o n l y  f a i r ,  w i t h  t h e  energy per  u n i t  
volume be ing  c o n s i s t e n t l y  g r e a t e r  f o r  t h e  subsize specimens. The undoped heat  XAA-3587, f o r  example, 
shows t h a t  t h e  volume-normalized upper- she l f  energy f o r  t h e  subsize specimens exceeds t h a t  o f  t h e  f u l l -  
s i z e  by about 10% (Fig.  7.9.5). 
specimen s izes .  
Tab le  7.9.1. 

t h e  changes o f  f r a c t u r e  r e s i s t a n c e  due t o  i r r a d i a t i o n  embr i t t l ement ;  t h e  r e s u l t s  of t h e  subsize specimen 
w i l l  be u s e f u l  as comparat ive b a s e l i n e  data. However, if d i r e c t  comparisons w i t h  f u l l - s i z e  Charpy r e s u l t s  
and t h e  use of e x i s t i n g  c o r r e l a t i o n  methods f o r  such data a re  requ i red ,  development o f  a m r e  s o p h i s i t c a t e d  
a n a l y s i s  o r  t e s t i n g  method w i l l  be necessary. 

The impact energ ies of t h e  specimens were normal ized by d i v i d i n q  

N o r m a l i z a t i o n  on an area bas is  produced no agreement between t h e  d i f f e r e n t  
The t r a n s i t i o n  temperatures and upper- shel f  energ ies f o r  a l l  s i x  heats a re  summarized i n  

The p r imary  use o f  t h e  subsize specimens i n  t h e  f u s i o n  r e a c t o r  m a t e r i a l s  research program i s  t o  measure 
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7.9.5 C o n c l u s i o n s  

S i x  h e a t s  o f  12 Cr-1 MoVW s t e e l s  were impact  
t e s t e d  t o  examine t h e  e f f e c t  o f  n i c k e l  and c h r o-  
mium e q u i v a l e n t  v a r i a t i o n s  on t h e  f r a c t u r e  
r e s i s t a n c e .  N i c k e l ,  added i n t e n t i o n a l l y  t o  m r e  
a c c u r a t e l y  s i m u l a t e  i r r a d i a t i o n  damage i n  f u t u r e  
e x p e r i m e n t s ,  l owered  b o t h  t h e  u p p e r - s h e l f  energy  
and t h e  t r a n s i t i o n  t empera tu re  o f  t h e  s t e e l s .  
A d j u s t i n q  t h e  n e t  chromium e q u i v a l e n t  o f  t h e  
n i c k e l - d o p e d  s t e e l  t o  equa l  t h a t  o f  t h e  undoped 
s t e e l  l owered  t h e  u p p e r - s h e l f  energy  and r a i s e d  
i t s  t r a n s i t i o n  t empera tu re .  

Subs i ze  impact  specimens produced d a t a  q u a l i -  
t a t i v e l y  i n  agreement w i t h  f u l l - s i z e  specimens b u t  
w i t h  l o w e r  t r a n s i t i o n  t empera tu res .  N o r m a l i z a t i o n  
o f  t h e  f r a c t u r e  energy  o f  f u l l -  and s u b s i z e  s p e c i -  
mens by nomina l  f r a c t u r e  areas produced l i t t l e  
agreement between t h e  d i f f e r e n t  s i z e  specimens. 
Use o f  t h e  nomina l  f r a c t u r e  volume improved t h e  
d a t a  c o i n c i d e n c e ,  b u t  agreement was s t i l l  w i t h i n  
o n l y  about  20%. 

203 

Y 5 425 

4 0 0  

75 

" 
-203 -450 i o 3  -50 0 50 4o3 I 5 0  203 2x) yx) 

TEMPERATURE IT1 

F i g .  7.9.5. E f f e c t s  of a rea and v o l u m e t r i c  
n o r m a l i z a t i o n  o f  t h e  impac t  eneruv  f o r  f u l l -  and 
s u b s i z e  
12 Cr-1 

specimens o f  t h e  Combust ibn E n g i n e e r i n g  
Mo s t e e l ,  hea t  XAA-3587. 

T a b l e  7.9.1. T r a n s i t i o n  t e m p e r a t u r e  and 
f u l l -  and s u b s i z e  Charpy impac t  

12 C r - 1  MoVW s t e e l  

u p p e r - s h e l f  energy  o f  
specimens a t  

Upper s h e l f  energy  
T r a n s i t i o n  

t e m p e r a t u r ea  

("C) U n a d j u s t e d  
( J )  

Volume Area 
n o r m a l i z e db  

(J/cm2) 

F u l l  Sub- 
s i z e  s i z e  

n o r m a l i z e d C  

(J /cm3)  
Heat  

F u l l  Sub- 
s i z e  s i z e  F u l l  Sub- 

s i z e  s i z e  F u l l  Sub- 
s i z e  s i z e  

.. 
91354 3.9 3 0 . 0  146 20.1 185 95 202 205 
XAA-3587 -2.5 -16.1 137 21.0 170 99 189 215 
XAA-3588 -13.0 -32.2 133 21.n 163 100 183 216 
XAA-3589 -33.8 - 49.5  106 18.0 132 85 147 184 
XAA-3592 13.2 6.5 102 16.5 127 78 141  169 

aTemperature  a t  one- ha l f  t h e  uppe r  s h e l f  energy.  

b e s t  energy  d i v i d e d  by  Bb, where B i s  t h e  specimen w i d t h  and 
b i s  t h e  l i q a m e n t  s i ze .  

O T e s t  energy  d i v i d e d  by  (Bb)3/2, where B i s  t h e  specimen w i d t h  
and b i s  t h e  l i g a m e n t  s i z e .  

7.9.6 References 

1. R. L .  Klueh, J. M. V i t e k ,  and M. L. Grossbeck, "Nicke l- Doped F e r r i t i c  ( M a r t e n s i t i c )  S t e e l s  f o r  
F u s i o n  R e a c t o r  I r r a d i a t i o n  S t u d i e s :  
pp. 64-4 i n  Ef fec ts  of Radiation on M a t e r i a l s :  
ASTM STP 782 Amer ican S o c i e t y  f o r  T e s t i n g  and M a t e r i a l s ,  P h i l a d e l p h i a ,  1982. 

Temper ing B e h a v i o r  and U n i r r a d i a t e d  and I r r a d i a t e d  T e n s i l e  P r o p e r t i e s , "  
ELeventh  Conference, eds. H. R. B r a g e r  and J .  S. P e r r i n ,  

2. J. M. V i t e k  e t  al., "HFIR-MFE-T1, -T2 and -RBl: Exoe r imen ts  t o  E v a l u a t e  t h e  E f f e c t s  of 
~~ ~ . 

Low-Temperature I r r a d i a t i o n  on F e r r i t i c  S tee l s , "  pp. 2E-35 i n  ADP a a ~ .  Proy. Rep. sept. 30, 1980, 
DOE/ER-0045/4, U.S. DOE, O f f i ce  of F u s i o n  Energy. 



147 

3. C. J. Boyle and 0. L. Newhouse, Met. Bog. 87, 61-62 (1965). 
4. 1. A. Lechtenberg, "The Procurement and Cha rac te r i za t i on  of  t he  E l e c t r o s l a g  Remelted Nat ional  

5. "Standard Test Method f o r  Plane-Stra in Frac tu re  Toughness o f  M e t a l l i c  M a t e r i a l s d E  399-83, 

6. W. L. Hu, "Min ia tu re  Charpy Impact Test Resul ts  f o r  I r r a d i a t e d  F e r r i t i c  Al loys," pp. 255-71 i n  ADIF 

7. E. 0. Fromm, M. P. Ludlow, and J. S. Per r i n ,  "Remote Charpy V-Notch impact Tes t ing  of Pressure 

Fusion Program Heat of 12 Cr-1 Mo Steel ,"  pp. 3 6 3 4 9  i n  AUIP Semiannu. Prog. Rep t .  March 31, 1982, 
DOE/ER-0045/8, U.S.DOE, O f f i c e  o f  Fusion Energy. 

pp. 518-53 i n  1983 Annu. Book ASTM Stand. Vo1. 03.01 (1983). 

Semiannu. h o g .  Rept. September 30, 1982, DOE/ER-0045/8, U.S. DOE, O f f i c e  of Fusion Energy. 

Vessel Steels,"  pp. 11-5-20 i n  TMnsact ions  of b r i c a n  Nuclear Society In ternat ional  Confexnce on World 
Energy Accomplishmants a d  Perspectives.  

Test ing,"  p. 43 i n  UAFS Quart. Prog. Report. Sept .  30,  1983, 00E/ER-0046/11, U.S. DOE, Of f ice of Fusion 
Energy. 

P rope r t i es  o f  9 Cr-1 MoVW," pp. 131-37 i n  A D I P  Semiannu. P r o g .  Re@.  March 31 ,  1983, DOE/ER-0045/10 U.S. 
DOE,  O f f i c e  o f  Fusion Energy. 

8. G. E. Lucas, J .  W. Sheckland, and G.  R. Odette, "Developments i n  Small Scale S t rength  and Impact 

9. W. R. Corwin and A. G. Hougland, " E f f ec t  o f  Specimen Size and Ma te r i a l  Cond i t ion  on Charpy Impact 

10. J .  A. Rinebo l t  and W. J. Har r i s ,  Jr., Trans. h. SOC. M e t .  43, 1175-1214 (1951). 



148 

7.10 GRAIN  BOUNDARY SEGREGATION AND EMBRITTLEMENT I N  A 12CR-1MO STEEL RESULTING FROM COOLING RATE 
VARIATIONS - J .  M. Hyzak and W. M. Garr ison,  (Sandia Na t iona l  Labora to r ies ,  Livermore, CA) 

7.10.1 ADIP  Task 

The Department o f  Energy (DOE) Of f ice o f  Fus ion Energy (OFE) has c i t e d  t h e  need f o r  these data under 
t h e  ADIP Program Task, F e r r i t i c  A l l o y  Development (Path E). 

7.10.2 O b j e c t i v e  

The goal of t h i s  work was t o  determine t h e  i n f l u e n c e  o f  c o o l i n g  r a t e  from bo th  t h e  a u s t e n i t i z a t i o n  and 
tempering temperature on g r a i n  boundary segrega t ion  and t e n s i l e  f r a c t u r e .  

7.10.3 Summary 
~ 

Segregat ion o f  e m b r i t t l i n g  elements, e s p e c i a l l y  phosphorous, t o  t h e  p r i o r  a u s t e n i t e  g r a i n  boundar ies 
i n  t h i s  12Cr-1Mo s t e e l  has been shown t o  reduce t e n s i l e  d u c t i l i t y ,  i nc rease  g r a i n  boundary f r a c t u r e ,  and 
a f f e c t  hydrogen c o m p a t i b i l i t y .  Tests  were performed t o  determine t h e  i n f l u e n c e  o f  v a r i a t i o n s  i n  c o o l i n g  
r a t e  d u r i n g  heat  t rea tment  on t h e  t e n s i l e  p r o p e r t i e s .  
and the  occurence o f  i n t e r g r a n u l a r  r u p t u r e  decreased as the  c o o l i n g  r a t e s  were increased.  
segrega t ion  a t  the  p r i o r  a u s t e n i t e  g r a i n  boundaries a l s o  decreased as t h e  c o o l i n g  r a t e s  were increased.  

7.10.4 Progress and S t a t u s  

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

The non-hydrogen exposed t e n s i l e  d u c t i l i t y  increased 
Phosphorous 

The 12% chromium m a r t e n s i t i c / f e r r i t i c  s t e e l ,  HT-9, i s  be ing  eva lua ted  as a f i r s t  w a l l  b l a n k e t  
m a t e r i a l  f o r  f u s i o n  r e a c t o r s .  I n  t h i s  a p p l i c a t i o n ,  t h e  c o m p a t i b i l i t y  o f  the  a l l o y  w i t h  hydrogen i s  o f  
importance. Prev ious research a t  Sandia, L ivermore has shown t h a t  an i n t e r n a l  c o n c e n t r a t i o n  o f  2 wppm 
hydrogen reduced t h e  t e n s i l e  d u c t i l i t y  ( r e d u c t i o n  i n  area) of quenched-and-tempered HT-9 from 54% t o  36%. 
Charg ing t o  a hydrogen c o n c e n t r a t i o n  o f  4 wppm f u r t h e r  reduced the  d u c t i l i t y  t o  10% RA and changed t h e  
f r a c t u r e  mode fran dimpled r u p t u r e  t o  b r i t t l e  i n t e r g r a n u l a r  f r a c t u r e .  

c o n d i t i o n . ' .  
fo l l owed by a 1 hour temper a t  750°C then again a i r  cooled)  f a i l e d  by a d imple r u p t u r e  f r a c t u r e  node along 
p r i o r  a u s t e n i t e  g r a i n  houndar ies.  Th is  was a t t r i b u t e d  t o  a combinat ion of a near- cont inuous network o f  
g r a i n  boundary ca rb ides  and segrega t ion  o f  e m b r i t t l  i n q  elements, e s p e c i a l l y  pt,osphorous, t o  these 
boundaries. 
specimens t o  f a i l  a long p r i o r  a u s t e n i t e  boundaries bo th  i n d i c a t e  t h a t  t h e  m a t e r i a l  t e s t e d  i s  prone t o  
hydrogen embri ttl ement. 

Therefore,  i t  was decided t o  s tudy the  i n f l u e n c e  o f  c o o l i n g  r a t e  v a r i a t i o n s  from bo th  the  
a u s t e n i t i z a t i o n  temperature (1050'C) and t h e  tempering temperature (750°C) on the  uncharged t e n s i l e  
d u c t i l i t y .  Auger a n a l y s i s  was a lso  performed t o  determine t h e  e f f e c t  o f  c o o l i n g  r a t e  on segrega t ion  
l e v e l s ,  p a r t i c u l a r l y  o f  phosphorous. 

7.10.4.2 Exper imenta l  Procedure 

It has a l s o  been shown t h a t  HT-9 i s  s u s c e p t i b l e  t o  i n t e r g r a n u l a r  e m b r i t t l e m e n t  even i n  t h e  uncharged 
T e n s i l e  specimens w i t h  t h e  commercial heat  t rea tment  (1050°C f o r  112 hour and a i r  coo led  

The r e s u l t s  of t h e  hydrogen-charged t e n s i l e  t e s t s  and t h e  tendency f o r  the  uncharged t e n s i l e  

Gra in  boundary segrega t ion  i s  known t o  be a f f e c t e d  by hea t  t rea tment  d u r i n g  a u s t e n i t i z a t i o n  and 

The 12Cr-1Mo m a t e r i a l  used was f rom t h e  e l e c t r o s l a g  reme l ted  (ESR) Nat iona l  Fus ion Heat. The stock 
was ob ta ined  from GP Technologies as 1.59 cm t h i c k  p l a t e .  
1050°C f o r  112 hour and tempered a t  750'C f o r  1 hour. A f t e r  bo th  a u s t e n i t i z i n g  and tempering, t h r e e  
c o o l i n g  methods were employed: r a p i d  quench i n  o i l  o r  i c e  b r i n e ,  s t a t i c  a i r  coo l ,  and aslow cool i n  
diatomaceous ear th .  
a f t e r  tempering. 
m a t r i x  of c o n d i t i o n s  r e s u l t e d  i n  n i n e  d i f f e r e n t  exper imenta l  hea t  t reatments;  two specimens were t e n s i l e  
t e s t e d  i n  t h e  uncharged c o n d i t i o n  f o r  each. 

T e n s i l e  d u c t i l i t y  was measured by 
reduc t ion- in- area .  

T e n s i l e  specimen b lanks were a u s t e n i t i z e d  a t  

The b lanks  were quenched i n  o i l  from t h e  a u s t e n i t i z a t i o n  temperature and i n  i c e  b r i n e  
The slow coo led  specimens took approx imate ly  one day t o  reach room temperature. T h i s  

T e n s i l e  t e s t s  were performed a t  a crosshead r a t e  of 0.05 cmlmin. 
The 0.2% y i e l d  s t r e n g t h  and t h e  u l t i m a t e  t e n s i l e  s t r e n g t h  were a lso  determined. 
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7.10.4.3 Experiment Results 

Figure 1 as  a function of cooling ra te .  The tensile d u c t i l i t y  decreased w i t h  decreasing cooling r a t e  
a f t e r  both aus teni t iz ing and tempering. The y ie ld  and ult imate s t rengths  were not af fec ted  by cooling r a t e  
a f t e r  aus ten i t i za t ion ,  but both generally increased as the cooling r a t e  a f t e r  tempering decreased. 

The tensile results are shown i n  Table 1 and the average of the two d u c t i l i t y  values are presented i n  

. 

TABLE 1 

Oil Quench From Austenitization 
Quench f ran  Temper 

Air Cool f ran  Temper 

Slow Cool from Temper 

Air Cool From Austeni t iza t ion 
Quench from Temper 

Air Cool from Temper 

Slow Cool from Temper 

Slow Cool from Austeni t iza t ion 
Quench fran Temper 

Air Cool f r an  Temper 

Slow Cool from TemDer 

Tensile Properties 

RA% 

61.2 
59.0 
60.5 
59.5 
57.9 
57.8 

58.3 
60.6 
56.8 
53.7 
52.3 
55.9 

51.4 
54.4 
52.0 
51.8 
48.0 
48.5 

- 0.2% Y .S. (MPa) 

707 

695 

7 54 

716 

7 64 

788 

696 

709 

729 

UTS ( m a )  

887 

870 

907 

912 

937 

94 1 

902 

904 

911 

Examination of the  tensile f r ac tu re  surfaces i n  the scanning e lec t ron microscope (SEM) showed a 
corresponding change i n  f r ac tu re  appearance w i t h  the changes i n  cooling rate. 
dimpled rupture f rac tu re  mode. However, the specimens w i t h  least  d u c t i l i t y  (slow cooled samples) had a 
greater  tendency to f r ac tu re  along p r io r  aus teni te  grain boundaries; f r ac tu re  by void nucleation and growth 
(dimpled rupture) along grain boundaries is termed in tergranular  rupture. 
Figure 2 f o r  a quenched specimen ( o i l  quench f ran  austenization and ice brine quenched a f t e r  tempering, 
0.Q.lI.B.Q.) and a slow cooled specimen (slow cooled from both austenization and tempering, S.C.1S.C.). 
These specimens had average t e n s i l e  d u c t i l i t i e s  of 60% and 48%. respectively.  
showed considerably more secondary cracking which is a result of the in tergranular  rupture process. 

Specimens were machined from the heat  t r ea t ed  blanks and were then charged w i t h  hydrogen p r io r  t o  f r ac tu re  
i n  vacuum i n  the  Auger chamber. 
pr ior  aus teni te  boundaries, the  area o f  primary i n t e r e s t .  
higher l eve l s  of phosphorous, chromium and molybdenum on the b r i t t l e  in tergranular  f ace t s  compared t o  the 
duc t i l e  f r ac tu re  regions. Although addit ional  t e s t ing  and analyses are  required ta determine the inter- 
action of the elements, the  data presently suggest t h a t  chromium and molybdenum cosegregate i n  d i s c r e t e  
regions along the boundary while phosphorous i s  present uniformly on the in tergranular  facet .  Since chro- 
m i u m  and molybdenum are carbide formers, their increased concentration a t  the  grain boundaries is probably 
due to the presence of the  large  carbide p rec ip i t a t e s  there.  

The phosphorous composition was profi led as a function of depth below the in tergranular  f ace t  fo r  both 
t h e  O.Q,/I.B.Q. and S.C.1S.C. samples. The specimens slow cooled from both the aus teni t iza t ion and temper- 
ing temperature had a surface phosphorus concentration on the in tergranular  f ace t  of approximately 1.5 at.% 
which i s  almost two orders of magnitude g rea te r  t h a n  the average heat  concentration of 0.028 at.%. 
phosphorous concentration decayed exponentially t o  the  bulk value a t  a depth of approximately 60 rm below 
the  surface. 
f ace t s  of apDroximately 1.0 at .%, and this concentration decayed t o  the  bulk value i n  only 25 nm. 

All specimens exhibited a 

Examples of this are  shown i n  

The slow-cooled specimens 

Auger analys is  was performed on samples f ran  these same tvm heat treatments,  0.Q.lI.B.Q. and S.C.1S.C. 

The reason for  hydrogen charging was t o  insure b r i t t l e  f r ac tu re  a t  the  
The surface measurements showed consis tent ly  

The 

The water-quenched specimen had a surface phosphorous concentration on the in tergranular  

7 

f r ac tu re ,  and cooling rate. The f a s t e r  the cooling rate, the  g rea te r  was the d u c t i l i t y  as evidenced by 
less in tergranular  rupture on the f rac tu re  surfaces.  The Auger analyses have a l so  established t h a t  t h e  
phosphorous segregation a t  the p r io r  aus teni te  grain boundaries increases w i t h  decreasing cooling r a t e s  
a f t e r  austeni  t i  zi  ng and tempering. 

measured phosphorous segregation a t  p r io r  aus ten i t e  grain boundaries during aus teni t iza t ion 
tempering. 

The e f f e c t  of heat  treatment on grain boundary segregation agrees w i t h  other s tudies  q i c h  have 
and 

In both s tudies  the synergis t ic  e f f e c t s  of chromium and molybdenum on phosphorous segregation 
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7.il AN ASSESSMENT OF THE WELOABILITY OF HT-9 USING A Y-GROOVE TEST. - J. F. Hllderbrand, J. R. Fouids and 
T. A. Lechtenberg (GA Technologies) 

7.11.1 A D J E b d S  

a l l oys  under the M I P  program task, F e r r i t i c  Steels Development (Path E). 

7.11.2 

The Department of Energy/Office of Fusion Energy has c i t e d  the need t o  invest igate fe r r i t l c /matens i t i c  

The weidabi l i ty  of martensi t ic steels, an important issue, needs t o  be assessed for proper component 
This design. 

study assesses the weldabi l i ty  of 1ZCr-lMo HT-9 w i t h  respect t o  cracking as a r e s u l t  of r es t r a i n t  and notch 
sens i t i v i t y  and also as a r e s u l t  of post-weld thermal shock. 

7.11.3 

Weld process variables, such as preheat temperature, may be adjusted t o  minimize cracking. 

A minimum preheat temperature of 200% (392OF) was found necessary for  gas tungsten-arc (GTAI welding 
Thermal shock treatnents produced no cracklng HT-9 p la te  of thickness 9.5m (3/8 in.) and l 6 m  (5/8 In.). 

I n  welded t e s t  specimens. 

7.11.4 

7.11.4.1 lntroductlon 
Several methods have been published for weidabi l i ty  testing, depending on the type of cracking t o  which 

sens i t i v i t y  i s  being assessed, e.g. hot-cracklng, hydrogen-induced cracking, underbead o r  root-cracking. 
With high strength mar tens i t ic  s tee ls  cracking i s  o f ten observed t o  I n i t i a t e  I n  the heat-affected zone (HAZ) 
and propagate i n t o  weld meta1.2 The Y-groove weldabil 19 test2. s im i la r  t o  the Tekken r e s t r a i n t  test, was 
pr imar i ly  designed t o  study crack sens i t i v i t y  of the HAZ. In  a Y-groove t e s t  both weld metal and HAZ ex i s t  
a t  the notch created as a r e s u l t  of bead deposltion. Thus, suscep t ib l l i t y  t o  cracklng i n  both weld and HAZ 
regions I s  enhanced through a stress in tens i t y  factor. 

7.11.4.2 

Plates o f  the AOD heat of HT-g4, 9.5m (3/8 in.) and 16 rmn (5/8 in.) t h i c k  were used f o r  t h i s  experi- 
ment. 
welds were multipass shielded metal arc (SI441 
using MTS-4 f i l l e r  * I r e  and no preheat tmper- 
ature. A s ing le  bead was deposlted i n  the r oo t  
of the Y-groove uslng the gas tungsten-arc (GTA) 
Drocess w i t h  helium. 2.5 mm (3/32 in.) MTS-4 

Figure 7.11.1 Is a schematic of the Y-groove b u t t  j o i n t  deslgn and t e s t  set-up. The end support 

T I  
' f i l l e r  wire, 180-196 Ampere a t  21 vo l t s  and a 
t rave l  speed of 3 in. per mlnute. The preheat 
temperatures were rmm temperature, lOOOC 
(212OF) and 200% (392OF). p rw lded  by touch 
heating and t he  temperature was measured by a 
contact pyraneter. 

i n  accordance w i th  ASME Code Section V I I I  I n  
addi t ion t o  visual examination. 

The as-welded p la tes were then radlographed 

I I  

Weldments exh ib i t i ng  radiographic 
lndlcat ions of defects were sectioned and 
metal lographical ly examined. Surv i v  1 ng 
weidments (no defects v i s l b l e )  were then 
subjected t o  thermal cyc l ing i n  a resistance 
furnace w i th  temperatures measured on the p la te  
surface near the weld. Thermal cycles used are 
described i n  Table 7.11.1. 

Y6O07 
t = THICKNESS TB2cl 

SECTION A-A' 
1 Table 7.11.1 

Thermal cycles shock tes t ing  o f  Y-groove weldments 

ALL DIMENSIONS IN MM 

Max. Heating Rate Cooling Rate 
Fig. 7.11.1 Schematic of Y-groove b u t t  

j o i n t  deslgn and t e s t  set-up 
Type Temperature (OC/Min. 1 (OC/Hin. ) 

A 760% (1400OF) 4.2 0.4 
B 760% (1400oF) 18.5 6.7 
C 815% (15OOOF) 102 25.9 
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0.2 mm , Q5mm - 
Flg. 7.11.5 In terdendr i t lc  shrinkage 

porosl ty I n  5/8" thick, 200% preheat Y-groove 
t e s t  we1 d 

Flg. 7.11.4 l n te rdendr i t i c  shrinkage 
woslty I n  3/61" thick, 200% preheat Y-groove 
t e s t  we1 d 

- , O,5mm 
Fig. 7.11.6 Lack of fuslon and gas 

porosi ty I n  3/8" thck, 2009: preheat Y-groove 
t e s t  wei d 

post-thermal cycl ing examlnatlon (radlography and metallography). The s t ructura l  In tegr i t y  of Y -g rWe  t e s t  
welds GTA prepared w i th  a 200% preheat on 3/8" and 5/8" t h l c k  p l a t e  was malntalned even wl th  severest notch 
and thermal cyc l ing  conditions. 

7.11.5 &r&k&ns 

Y-groove and thermal shock t es t s  on HT-9 p la te  Indicate t ha t  a minimum preheat temperature of 200% i s  
recamended for GTA welding of p la te  thicknesses 3/8" and 5/8" t o  el lmlnate weld crack suscept ibl l  Ity. 

7.11.6 References 
1. Weldlng Handbook, vOI. 1. Ed. C. Weisman. h e r i c a n  Welding Society. F lwlda,  pp 143-148 (1976). 
2. H. Klhara: 1968 Int. Inst. of Welding Houdranont Lecture, Welding I n  the Construct lm HalnteIP 

ance of Equlpment for the Chemical Industry, Oct. 1968. pp 2-21 
3. M. lnagakl and H. Nakamura, High Pressure, V. 3, No. 6 (1965) p. 592. 
4. T. A. Lechtenberg e t  al., ADlP March 1980. WE/ER-0045/2, pp 109-131. 
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v i s l b i e  cool ing r a t e  ef fects  can Influence the f racture behavlor of the varlous HT-9 weidment heat-affected 
reglons. This study character l res I n  deta l i  the tenperature h l s t w l e s  of the d i f f e ren t  heat-affected 
reglons under t yp lca l  weldlng condltlons. it i s  the f l r s t  I n  a ser les o f  experlments deslgned t o  precisely 
simulate heat-affected HT-9 weidment regions for the purpose of dynamlc and s t a t l c  f racture toughness evai- 
uatlons as a functlon of mlcrostructure and process parmeters. 

7.12.4.2 

A p l a t e  of the HT-9 FDO heat3. 102 x 203 x 9.5 rn (4 x 8 x 3/8 in.) was V-grooved and undergroove bored 
for thermocouples as shcun i n  Figure 7.12.2. 

Flg. 7.12.2. Experimental t e s t  set-up: V-grooved HT-9 piae w i th  undergroovebored holes 
for heat-affected zone temperature measurement during welding 

Four f l a t - b o t t m  holes, 1/8 In. i n  diameter were spaced 25.4 mn (1 in.) apart and d r i l l e d  t o  depths 
(measured fran b o t t m  surface of p la te )  of 6.4 mm (0.25 in.). 5 mn (0.20 in.), 3.8 mm (0.15 In.). 2.5 mn 
(0.10 In.) i n  t ha t  order. Chranel-Alumel thermocouples were spot-welded t o  the hole b o t t m s  and held I n  
p la te  by the holes with a thermosetting resin. 
wi re  I n  a d i rec t ion  tcward decreasing hole depth ( larger  underbead distance). Table 7.12.1 de ta i l s  the 
weldlng parameters used. 

A GTA weld was deposited i n  the V-groove using MTS-4 f i l l e r  

Table 7.12.1. Welding Parameters 

~iiier Wlre 

Base metal 
Wire feed 
Current (A) 
Voltage ( V )  
Travel speed 
Heat input r a t e  
Preheat temperature 
El ectrcde 
i ne r t  gas 

MTS 4, dia = 1.14 mn (0.045 in.) 
0.26C 0.26S1 0.5 Mn 11.6 C r  0.95Mo 0.62 NI 
0.29V 0.49W 0.011 P 0.005s 0.04 Cu 
HT-9 (AOD) 
0.18 d s e c  (0.43 In./min) 
205 
1 1  
2.2 d s e c  (5.1 in./min) 
1.33 kJ/mn (32 BTU/ln.) 
21% 
3.2 mn (l/8 In.), 2% Thorlated Tungsten 
100% A r  
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An attempt was made t o  emplr lca l ly  nodel the temperature as funct lon of t h e .  The funct lon chosen was: 

T = T~ + ( T ~  - T, ~e-k t ’ .~  ( 1 )  

where T I s  temperature I n  “C, To I s  the temperature a t  t lme t - 0 seconds T, - temperature a t  t lme l n f l n l t y  
or at r e l a t l v e l y  very long times ( t h l s  has been taken as r m  temperature, 25% here), t I s  the t lme i n  
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DATA DUE TO 
THERMOCOUPLE 
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- looo 
3.0 4.0 5.0 6.0 

DISTANCE FROM FUSION BOUNOARY IMMI 

Flg. 7.12.4. Heat-affected zone peak temperature and mlcrohardness as a funct lon of 
dlstance f r a  the fuslon boundary. 

seconds and k Is an emplrlcal constant. The f o r m  o f  equatlon ( 1 )  I s  s lm l la r  t o  Rosenthal’s heat fla q u a-  

Table 7.12.3 sumnarlzes the resu l t s  of least squares f l t s  t o  the data f ra each thermocouple 
tlons6. except the pre-exponent (To - Tm) used here was Independent of power Input and materlal thermal 
conductivity. 
uslng t he  measured To,T&’alues for boundary condltlons. 
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J 
1300°C 

HAZ  
2 

105OoC 

UNAFFECTEO 
BASE METAL 

Fig. 7.12.5. Peak temperatures a t  macroscopically v i s i b l e  Interfaces I n  the HT-9 weldment 

Flg. 7.12.6. Fe-Cr-C equ l l lb r lum phase dlagram5; K 1  5 (Fe,&)~Cg, K2 f (Fe.Cr)7Cj, K, 5 Fe3C 
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Fig. 7.12.7. Measured thermal history a t  locat ion of thermocouple bead 12 
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Fig. 7.12.8 A least-square f i t  t o  measured thermal history data a t  locat ion of thermocouple bead 12 
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Table 7.12.3 

Bead* T, (OC) T0(OC) k 

1 25 1405 0.347 

2 25 1117 0.263 

3 25 638 0.21 1 

4 25 722 0.167 

F igure  7.12.8 Is a t y p l c a l  f l t  compared w i t h  actual  data taken from bead 12 f o r  t h e  c w l l n g  cycle. The 
parameter K was found t o  be an approxlmotely i l n e a r  f unc t i on  of  t h e  peak temperature To. A l e a s t  squares 
f i t  y ie lded:  

k = (-1.0133 x t (2.5197 x 10-4) To 12) 

where k Is I n  ( s e ~ ) - O * ~ ,  and To i s  t h e  peak temperature I n  OC, t h e  regress ion  c c e f f l c l e n t  obtained was 
0.995. 

From F igure  7.12.4. peak temperatures corresponding t o  "average" mlcrosruc tures  f o r  zones 1 and 2 were 
chosen as To %I375OC, To \1175OC respect ive ly .  Thus, determlnlng k us lng  To I n  equat lon (2), f o r  zone 1 :  

T = 25 + (1375-25)e -0.336t0*4 

T = 25 + (1175-25)e -0.286t0*4 

(3 )  

and f o r  zone 2: 

( 4 )  

w l t h  T i n  OC and t I n  seconds. 

Equatlons (3 )  and (4 )  and s i m i l a r  equations der lved f o r  var ious  loca t ions  w l t h l n  each zone may be used 
t o  s imulate heat- af fected zone mic ros t ruc tures  on la rger  q u a n t l t l e s  o f  mater la l  for s t r u c t u r e  and mechanical 
property (e.g. f r a c t u r e  res l s tance )  charac ter lza t lons .  

7.12.5 

For t h e  GTA-welded HT-9 p l a t e  studles:  
1. 
2. 
3. 

Only two heat  a f f ec ted  reg lons  were d l s c e r n l b l e  through macroetching and/or mlcrohardness. 
Both regions experlenced peak temperatures above publ ished values of a u s t e n l t l z l n g  temperature. 
The zones ( reg lons)  were de f lned as r e s u i t l n g  frm heat ing  t o  an aus ten l t e  t d e l t a  f e r r i t e  ( Y + d )  

phase reg lon  (zone 1 dark grey adjacent  t o  weld metal )  and a s i n g l e  phase a u s t e n i t e  17') phase reg ion  (zone 
2 adjacent  t o  zone I ) .  

The d e f i n i t i o n  became apparent s ince peak temperatures measured and est lmated a t  t h e  f us lon  bound- 
ary (t1400°C), zone l /zone 2 i n te r f ace  (.1.1300~C) and zone Z/unaffected base metal I n te r f ace  (*.1050"C) were 
I n  f a l r  agreement w i t h  phase boufldary values pred ic ted  from t h e  phase e q u l l l b r i u m  diagram of Bungardt e t  a l .  

5. Measured thermal h l s t o r l e s  and a mathematlcal d e s c r l p t l o n  of these pe rm l t  a f a i r l y  p rec ise  
s lmu la t l on  of heat- af fected zone mic ros t ruc tures  on bu lk  mater ia l .  This w l l i  enable m lc ros t ruc tu re  and 
mechanical property c h a r a c t e r l r a t l o n s  essent ia l  f o r  determlnlng a 'weak l i n k '  m i c ros t ruc tu re  and consequent 
a1 loy development. 

7.12.6 References 

4. 

1. J. C. Llppoid, ADlP Quar te r l y  - June 1980. DOE/ER-0045/2, pp 98-108. 
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7.13 Frac tograph ic  Examination of  Cracking i n  Mu l t ipass  Welds i n  HT-9 - Sandia N a t i o n a l  L a b o r a t o r i e s )  

No c o n t r i b u t i o n .  
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7.14 TEM OBSERVATIONS OF HT-9 AS-WELDED WELDMENT MICROSTRUCTURES - J. R. Foulds and T. A. Lechtenberg 

7.14.1 A Q l L I k k  

(G. A. Technologies) 

The Department of Energy/Offlce of Fuslon Energy has c i t e d  t he  need t o  lnvest lgate fe r r l t l c /mar tens l t l c  
a l loys  under the ADlP program task, F e r r l t l c  Steels Development (Path E). 

7.14.2 

The obJectlve of t h l s  study I s  t o  characterlze the varlous weld metal, heat-affected zone and base 
metal mlcrostructures I n  an as-welded HT-9 weldment through transml$slon e lect ron mlcroscopy (TEM). 

7.14.3 SyllPMfy 

TEM studles of d l f fe ren t  lourtlons I n  an HT-9 weldment lndlcated de l ta - fe r r l te  (6) occurrence, h 3 c 6  
p rec lp l ta t lon  a t  6-martenslte Interfaces, f l ne  carblde p rec lp l ta t lon  a t  p r l o r  auster l te  gra ln  boundarles. 
and martenslte l a t h  and la th  packet slze t o  be the dlst lngulshable mlcrostructure features observed. Fur- 
thermore, retalned austenl te f l lms were observed I n  the weld metal and the HAZ adjacent t o  the weld metal 
t ha t  reached the hlghest temperature durlng Jolnlng. The mlcrostructures corre la te  wel l  w l th  the observed 
room temperature mlcrohardness except for the fuslon boundary I n  weld metal whlch exhlbl ted a hardness drop 
and an unexpected minlmum mount of del ta- ferr i te.  

7.14.4 

7.14.4.1 In+roduction 

Mlcrostructures, both weld metal and heat-affected zones, generated durlng weldlng of HT-9 play an 
Important r o l e  on weldment propertles. L i t t l e  e t  a l l  have descrlbed the e f f ec t  o f  p r l w  austenite gra ln  
slze on the duc t l l e -b r l t t l e  t r ans l t l on  temperature (DBTT). More recently2, Increased cool Ing ra tes I n  HT-9 
weld metal have resu l ted I n  a lower D a l l  and also a hlgher upper shelf  ener (USE) wl th no observable d l f -  
ferences I n  post-weld heat t reated weld metal mlcrohardness. Odette e t  sly, on the basls o f  a Rltchle- 
Knott-Rice4 cleavage f racture model. have determined the c r l t l c a l  dlstance over whlch the c r l t l c a l  f racture 
stress Is exceeded t o  be approxlmately twlce the p r i o r  austenlte gra ln  slze. These observatlons po in t  t o  
the Important r o l e  of microstructure I n  Inf luenclng f rac tu re  behavlor. The thermal h ls to r les  responslble 
for the varlous mlcrostructures In an HT-9 weldment have been described I n  another progress repor t  i n  t h l s  
volume. Thls study attempts a descr lpt lon of the microstructures as re la ted t o  these thermal hlstor les. 
Thls I s  pa r t  of an on-golng program t o  quant i fy the e f fec t  o f  weldlng on t he  use of the fe r r l t l c /mar tens l t i c  
s tee ls  I n  varlous fuslon canponents. 

7.14.4.2 &dm,&d - 
HT-9 p la te  7/16 In. (11.1 m) th l ck  was GTA-welded uslng MTS-4 f l l l e r  * I r e  and a 400% preheat temper- 

ature as descrlbed ear l  I w . ~  Flgure 7.14.1 I s  a macrovlw and schematlc showing t he  varlous beads and the 
reglon chosen for mlcrcstructure evaluation. The last-deposlted bead region was chosen t o  avold any temper- 
Ing e f f ec t s  of successlve beads. 

A 0.25" (6m) deep transverse sect lon of as-welded p l a t e  was sectioned w l t h  10 m i l  thick saw-cuts made 
para l le l  t o  A-A. The TEM blanks were punched ou t  o f  these t h i n  sections. Both, the saw cuts  and blanks 
were obtalned w l th  enough preclslon t o  ensure the TEM blanks were fran locat lons pln-polnted t o  w l th ln  0.1 
mn and t h i s  was corroborated by l i g h t l y  chemlcally etchlng t he  slabs and canparlng the colour of the varlous 
area Nstruc- ... . -. . . . . . . . . . . . . . . . . . .  ... 
tu re  
I 
I 

s w i th  known HAL'S. ihe Thin TOI IS  l a y  i n  planes perpenaicuiar TO tne transverse secrion. Micra 
va r la t lons  were studied along B-0' uslng a lOOkV Phl l  Ips EM300 transmlsslon e lect ron mlcrosc< 

pped w l th  a tilt gonlaneter and r o ta t l on  stage. The rcan temperature mlcrohardness var la t lon  alol  

I 

(2372OF) and 105OOC (1922OF). respectively. Indicate the dark grey heat-affected zone (HAZ 1 )  had exper- 
lenced a peak temperature I n  the austenlte (7)  + del ta  f e r r l t e  (6) region and the white zone (HAZ 2) a peak 
temperature I n  the s lng le  phase 7 reglon. This was deduced frcm the phase boundary temperatures published 
f o r  a 12Cf. 0.2C steel by Bungardt e t  al7. (See Flgure 7.12.6 I n  t h l s  report). 
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. 5 m m  , 

Flg. 7.14.1 Optical photomicrograph (a) and schematic (b) o f  the 
weldment used for  the TEM observations, and the de ta i l s  o f  the locat ion 
of the sDeclmens used. 

Floure 7.14.3 shows typ lca l  opt lca l  mlcrcgraphs of weld, HA? 1. and unaffected base metal. Pr ior  
austenite gra ln  slze measurement I n  weld metal and HAZones was very d l f f l c u l t .  It appears t h a t  the p r l c r  
austenite gra ln  size I n  HAZ 1 was 10-20 pm compared wl th  a base metal slze of approximately 50-70pm 
var la t lons I n  t he  p r i o r  austenite gra ln  size I n  HAZ 2 were not observed due t o  the d l f f l c u l t y  I n  d ls t ln -  
gulshlng t he  boundarles. 

The opt lca l  micrographs prcvlde I lttle lnfcrmatlon on f l n e  carblde preclpl tat lon, l a th  spaclngs and 
& f e r r i t e  morphology. Below Is descrlbed the TEM observatlons made a t  the various locat lons spec l f led I n  
f l gu re  7.14.2. 

Lntst lOn 'A';  The microstructure observed I n  t h l s  weld metal region was as-quenched l a t h  mar tens l t lc  
w i th  a s lgn l f l can t  amount of 6 - f e r r l t e  a t  p r l w  austenlte gra ln  boundaries. 6 was qua l i t a t i ve l y  estlmated 
a t  about 4-6 volume percent w i th  a globular. almost vermlcular mwpholopy. Thls has been observed ea r l i e r  
on t he  scanning e lect ron microscope although I n  t h a t  study no p rec lp l ta t lon  associated w i th  t h l s  
phase was seen. Also,  these ear l  ler SEM observatlons suggested a predcmlnance of l n te rdendr l t l c  fe r r i te ,  
whereas these TEM observations showed the phase t o  be mwe Intergranular than Interdendrl t lc.  Interden- 
d r l t l c  f e r r l t e  content, haever, was observed t o  Increase fur ther  I n t o  the weld metal away fran the fuslon 
boundary. TEM observation lndlcated blocky dlscontlnuous M23Cg p rec lp l ta t lon  a t  the dha r t ens l t e  In ter face 
(see Flgure 7.14.4). The 6 - f e r r l t e  and matr ix  I n  the carbide v l c l n i t y  experienced preferent ia l  po l lsh lng 
durlng specimen electrechemical  thlnnlng. 
durlng so1 l d l f i c a t l o n  o f  " f e r r l t l ze r s "  (Cr,Ho,SI). Thls carblde-phase was observed I n  the SEH prevlously.2 

6 i n  HT-9 weld metal has been shown2 re la ted t o  segregation 
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e 

Fig. 7.14.5 EM micrograph of the blocky, dlscontlnuous M ~ J C ~  carblde a t  the  de l ta- fe r r i t e  
boundaries. 

1 w n  - 
Flg. 7.14.6 EM rnlcgrograph of the  typical ,  

dlsiocated l a th  martensite rnatrlx. 
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than observed a t  ID'. i n  fact ,  it was est imated a t  about 2-4 volume percent. F e r r i t e  occurred a t  p r i o r  
aus ten i t e  g r a i n  boundarles w i t h  t h e  accompanying biocky i n t e r f a c i a l  M23C.5. 
c lear .  a l though i t s  morphology I s  remlnlscent  of t h e  & observed I n  t h e  reg ions  exper iencing peak tempera- 
t u r e s  a t  o r  above t h e  Y+d two-phase reg ions  ('A', '6' and 'C ' ) .  The p r i o r  aus ten i t e  g r a i n  boundary 
p r e c i p i t a t e  was no t  v i s i b l e  a t  t h i s  ioca t lon .  

a t i o n  IF': Th is  represents unaf fected base metal. No overtempering was v i s i b l e  from a hardness 
measurement. 
i n t e r i a t h  reg ions  as seen i n  F igure  7.14.13. 
t e n i t e  g r a l n  boundaries w i t h  sane occur r ing  w i t h i n  m a r t e n s i t i c  laths. F e r r i t e  was conspicuously absent, 
although it i s  noted t h a t  occasional f e r r l t e  s t r i n g e r s  were v i s i b l e  o p t i c a l l y .  

7.14.5 lhd-uhs 

The o r i g i n  of t h e  f e r r i t e  i s  n o t  

The s t r u c t u r e  was tempered l a t h  mar tens l te  w l t h  carb ide  (M23C6 predominantly) p r e c l p l t a t i o n  a t  
Biocky carb ide  p r e c l p l t a t i o n  was a l so  observed a t  p r i o r  aus- 

Only two heat- af fected zones were observed I n  t h e  as-welded HT-9 weidment. HAZ 1 represents a zone 
exper iencing a peak temperature i n  t h e  2-phase Y+d 
a vary ing  p r i o r  aus ten i t e  g r a i n  s i z e  depending on peak temperature. 
g r a l n  s ize6 were no t  d is t ingu ishab le .  Also, no overtempered reg ion  near unaf fec ted  base metal6 was 
observed. 

The v a r i a t i o n  i n  microhardness and m ic ros t ruc tu re  I n  an as-weided HT-9 weidment i s  summarlzed q u a l i t a-  
t i v e l y  I n  F igure  7.14.14. 

The microhardness decrease I n  weld metal on approaching t h e  f us ion  boundary i s  n o t  understood. The 
hardness V a r i a t i o n  i n  HAZ 1 may be due t o  an Increased f e r r i t e  content. The HAZ 2 microhardness v a r l a t i o n  
may be a t t r i b u t e d  t o  a va ry ing  p r i o r  aus ten i t e  g r a i n  5120 or the, as y e t  unexpialned, f e r r i t i c  content, 
although t h e  g r a i n  s i z e  v a r i a t i o n  i s  on l y  frm approximately 5 f l m  near base metal t o  about 10flm a t  t h e  HAZ 
2fHAZ 1 in te r face .  

i n  t h e  weld and heat- af fected zones, M2jCs p r e c i p i t a t i o n  i s  r e l a t e d  t o  t h e  & - f e r r i t e  content. Increas- 
ing w l t h  lnc reas lng  6. i n  unaf fected tempered base metal t h e  p r e c l p l t a t i o n  i s  c h a r a c t e r i s t i c  of t h e  
ma te r l a i s  tempering response. 

The f e r r i t e  observed i n  HAZ 2 having a 6 morphology was no t  expected. 

r eg lon  and HAZ 2, a zone e n t i r e l y  ' aus ten l t i zed '  having 
Wi th in  HAZ 2,  s p e c i f i c  zones based on 

WELD I H A 2 1  I HA2 2 I 

1 I I 
BASE 

I 

S-FERRITE -5% 

P R I O R  
AUSTENITE 

FINE 
AUSTENITE 

I 

Fig. 7.14.14 Schematic dep i c t i ng  t h e  phases observed i n  t h e  weid/HAZ/Base metal survey and 
t h e  r e l a t i v e  amounts i n  each area studied. 
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1.14.6 biudU3s 

Work i s  i n  progress t o :  

( 1 )  determlne reason for low & f e r r i t e  I n  weld metal a t  t h e  fus ion  boundary; 
(2) determine t h e  cause of t h e  iw  hardness a t  fus ion  l i ne ;  
(3)  l d e n t l f y  f l n e  p r i m  aus ten i t e  g r a i n  boundary p r e c i p i t a t e  (poss ib ly  of a h igh  temperature v a r i e t y ) ;  
(4)  determlne coo l i ng  r a t e  e f f e c t s  on v i s l b i e  aspects o f  HT-9 weidment mic ros t ruc ture ;  and 
(5 )  determlne o r i g i n  of f e r r i t e  format ion i n  HAZ 2 and base metal. 
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7.15 An Assessment of t h e  A p p l i c a b i l i t y  o f  C r i t i c a l - S t r e s s - C r i t i c a l - D i s t a n c e  Models of Cleavage 
F r a c t u r e  i n  M a r t e n s i t i c  S t e e l s  - GA Technologies 

No c o n t r i b u t i o n .  
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7.16 

7.16.1 A O l P  Task  

THE Jlc FRACTURE TOUGHNESS TRANSITION BEHAVIOR OF HT-9 - F. H. Huang Westlnghouse Hanford Company) 

The Department of  Energy/OffIce of Fusion Energy (DOE/OFEl has c i t e d  t h e  need t o  I n v e s t i g a t e  f e r r i t i c  
a l l o y s  under the ADlP program task F e r r i t i c  S tee l s  Development (Path El .  

7.16.2 

The obJect lve of  t h i s  work i s  t o  e v a l u a t e  t he  t r a n s l t l o n  and lower s h e l f  toughness of KT-9. The goal 
I s  t o  charac ter ize  t he  f r ac tu re  behavlor  o f  fus ion  f i r s t  w a l l  f e r r i t l c  mater ia ls .  

7.16.3 

Small compact tens ion  specimens of two heats of HT-9 were t es ted  a t  temperatures ranging from roan 
temperature t o  -192'C. 
approach. There were two load ing  ra tes  of  2.1 x IO- s and 3.2 x IO-' m/s. The d u c t i l e - b r l t t l e  r ans i -  
t i o n  temperatures of HT-9 ( # I  hea t l  t es ted  a t  2.1 x z 'm/s  and HT-9 (#2 heat)  t es ted  a t  3.2 x IO-' m/s 
were found t o  be -60 and -1OOC. r espec t i ve l y .  Resu l t s  showed the  f r a c t u r e  toughness o f  t he  former was no t  
s e n s i t i v e  t o  loading r a t e  and the  lower s h e l f  toughness decreased w i t h  temperature t o  a J1 
a t  -190'C. Furthermore, t he  va lues  o f  Jlc were Val i d  s ince t he  th ickness of  the t e s t  spec?mens was wel I 
above t h e  th ickness c r i t e r i o n .  

7.16.4 L n t r o d u c t i o n  

The d u c t i l e - b r i t t l e  t r a n s i t 1  toughness of  HT-9 was eva lua ted  using t he  J- in teg ra l  

va lue  of 5 kJ/m2 

The d u c t l l e - b r i t t l e  t r a n s i t i o n  behavior  of  f e r r l t i c  a l l o y s  h i s t o r i c a l  l y  has been s tud ied  by performing 
impact Charpy tes ts .  The primary r e s u l t s  provided by t h i s  rapld, inexpensive t e s t  technique are d u c t i l e -  
b r i t t l e  t r a n s i t i o n  temperature (DBTTI data obtained under Impact loading condi t ions.  With t h e  development 
of e i a s t l c - p l a s t l c  f r ac tu re  mechanlcs, t r a n s i t i o n  temperature data can be obtained by conducting J- in teg ra l  
f r a c t u r e  toughness t e s t s  a t  any loading r a t e  between t h a t  of Impact  t e s t s  and m n v e n t l o n a l  r a t e s  used i n  
s t a t i c  toughness tes ts .  More important ly ,  It has become poss lb le  t o  evaluate,  q u a n t i t a t i v e l y ,  f r ac tu re  
toughness i n  t h e  upper she l f ,  t r a n s i t i o n  and lower s h e l f  regions using r e l a t i v e l y  m a l  I speclmens. The 
purpose o f  t he  work described i n  t h i s  r e p o r t  was t o  determine t he  f r a c t u r e  toughness o f  KT-9 as a f unc t i on  
of temperature and t o  study t h e  e f f e c t  of loadlng r a t e  on t h e  t r a n s l t l o n  temperature behavlor  of  KT-9 i n  two 
d i f f e r e n t  thermomechanlcai treatments. 

7.16.5 and S t a t u s  

7.16.5.1 b & c h m j a  I P r o c e d u u  

C i r c u l a r  compact tens ion  speclmens (Fig. 7.16.lal were fabr ica ted  from HT-9 manufactured by Carpenter 
Technology Corporatlon. The 178 mm diameter, 81 heat, bar stock was machined down t o  a 50 mm s t r i p .  I t  was 
success ive ly  c o l d  r o l  l e d  t o  thicknesses of  10.7, 6.4 and 3.8 mm. Fol  lowing each r o l  I Ing operation, t he  
ma te r i a l  was g i ven  a heat  t reatment of 1038OC/5 mln/AC + 76OoC/30 mln/AC. 2.54 mm t h i c k  specimens were 
f ab r i ca ted  from t h e  3.8 mm sheet w i t h  a notch i n  t h e  specimen para1 l e1  t o  t h e  ro1 I Ing d l r e c t l o n  of  t he  sheet 
(Flg.  7.16.lbl. 
soaking a t  1149'C f o r  a mlnlmum of  ove r  one hour, tempered a t  75OOC f o r  one hour, f o l l owed  by an a i r  m o l .  
C i r c u l a r  compact tens lon  specimens were f ab r i ca ted  fran t h e  s i l c e s  of t h e  bar stock (Fig. 7.16.1~). 

P r i o r  t o  t he  tes t ,  a 1.3 mm long precrack was produced i n  each speclmen by tension- tension f a t i gue  
loading. 
con ro1  l ed  by a DEC POP 11  computer. The crosshead speeds f o r  t he  t e s t s  were e i t h e r  2.1 x IO m/s or  3.2 x 
lo-' m/s. Load and displacement were recorded w i t h  t h e  computer data a c q u i s l t l o n  system using a data 
I n t e r r u p t  t lme of I m i  I I isecond. 
d l r e c t l y  from load lng  t ime by co r rec t i ng  f o r  t he  l oad- t ra in  canpl lance. 

-8O'C (Fig. 7.16.2). The speclmen was immersed i n  a bath o f  e thy lene g l y c o l  contained I n  an I nsu la ted  
beaker. Low temperatures I n  t he  bath were produced by a freon- cooled c o i l  which wound around a heater, a 
sensor, a thermocouple and a s t i r r e r .  
temperature. 

R-curve method, whereas the f r a c t u r e  toughness data i n  t h e  t r a n s i t i o n  and lower s h e l f  r eg lon  were determined 
as t h e  va lues  o f  J a t  maxlmum load. D e t a i l s  o f  t h e  t e s t  procedure were g l ven  I n  References 1 and 2. During 
t he  tes t ,  t he  specimen was loaded t o  the deslred displacement l e v e l  o r  u n t i l  f a s t  f r a c t u r e  accurred. The 
specimen was unloaded and heated t o  5 0 0 T  for one hour t o  heat t i n t  t he  crack area f o r  crack extension 
measurements. 

ment curves I n  t he  form as f o l  lows: 

HT-9 (#2 h e a t l  ba r  s t o c k  had a d lameter  o f  33.3 mm. T h i s  ba r  s t o c k  was h o t  worked a f t e r  

Frac ture  toughness t e s t s  on un i r rad la ted  specimens were performed uslng an MTS hydra$ i c  system 

Because the  specimens were m a l  I, l oa f - l  ine displacements were determined 

A Flex i -Coo l ing  System from FTS System, Inc. was used fo r  t e s t i n g  over  t h e  temperature range of -6 t o  

For t e s t s  below -80°C, l i q u i d  n i t r ogen  was used t o  ob ta in  t h e  desired 

Test  r e s u l t s  I n  t he  reg ion  above the  t r a n s i t i o n  temperature were analyzed uslng t he  m u l t i p l e  specimen 

The va lues  of J t o  t he  compact tens ion  specimen were c a l c u l a t e d  from load versus load- I  ine  d isp lace-  5 
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mm diam. 
BAR STOCK 

Flg. 7.16.1. (a) Canpact tens ion  speclmen d lmns ions .  
r e s m c t  t o  t he  r o i l i n g  d l r e c t l o n  of  HT-9 ( X t  heat)  s tock ma te r i a l .  

( b )  Or len ta t i on  of f r a c t u r e  toughness spec imn 
v l t h  (c) Processing of HT-9 (#2 heat)  
specimens from a l  loy stock. 

J LOAD 
SPECIMEN CELL 
THERMOCOUPLE 

\ t /I- HEATER 

STIRRER 

COOLING 
COIL 

J TO COOLING 
' SYSTEM 

' PULL ROD 

Fig. 7.16.2. Low temperature t e s t  apparatus. 
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where A Is t he  area under load versus l oad- l i ne  dlsplacement curve, B Is t he  specimen thickness, b I s  
unbroken l igament s l z e  and a i s  t he  crack length. 

7.16.5.2 ,%id.Us 

- 1 H e a t l  

The speclmens tes ted  a t  -42T exh lb i t ed  some s t a b l e  crack extension. As t he  t e s t  temperature was 
decreased t o  -74°C and below, f a s t  f r a c t u r e  was observed. 
determined as t he  v a l u e  a t  t h e  l n t e r s e c t l o n  between J-R curve  and the  b l u n t l n g  curve. 
temperature tes ts ,  nh lch  demonstrated p l a s t l c  l ns tab l  I l t l e s ,  Equation (1) was used t o  c a l c u l a t e  t h e  va lues  
o f  Jp up t o  t h e  maxlmum load. Flg. 7.16.3 shows the  J-R curve  tes ted  a t  -42'C from nhlch t he  S t a t i c  
f r a c  ure  toughness was determlned t o  be 77.4 kJ/m2. The e f  e c t  o f  load ing  r a t e  on f r a c t u r e  toughness was 
s tud led  by t e s t l n g  one specimen a t  a h igh  r a t e  o f  3.2 x lo4 mfs. The load records and t h e  J va lues  were 
p l o t t e d  I n  Flg. 7.16.4 as a func t ion  of dlsplacement. No p l a s t i c  l n s t a b l l  l t y  was observed l n d l c a t l n g  t h a t  
t he  f r a c t u r e  toughness of t h e  ma te r l a l  Is I n s e n s i t i v e  t o  load ing  r a t e  a t  -42-12. 

L w  temperature y l e l d  s t rength  data f o r  f e r r l t l c  s t e e l s  are no t  a v a i l a b l e .  
s t rength  of HT-9, tp t e s t  temperature and loading t lme of t he  f r a c t u r e  toughness t e s t  were used I n  t h e  
f o l  l ov l ng  equation: 

The c r i t i c a l  J value, Jlc, for t h e  -42'C t e s t  was 
For t he  loner 

To es t lmate  t h e  y i e l d  

- 2.74 174000 
[ (T  t 459)log (2  x 10mt) 

0 = o  + 
Y Ys  + 75'F- t o  ( 3 )  

where 

t = loading t lme t o  maxlmum loads, 5 ;  

T = t e s t l n g  temperature, OF; 

Y YS 

t o  = t lme of load app l l ca t l on  f o r  a s t a t l c  t es t ,  50 s; 

Ls = value of 0 

u = y i e l d  s t rength  a t  room temperature s t a t l c  t es t ;  and 
adJusted f o r  t e m e r a t u r e  and s t r a i n  ra te .  

Po 

m 

m 

N 
E 

i 

. 3 1m 

im 

YI 

0 

HT-9 

I 
0.2 0.4 0.8 

CRACK EXTENSION, mm 

Fig .  7.16.3. J ve rsus  Aa f o r  HT-9 ( X I  h e a t )  speclmens t e s t e d  a t  -42OC and 2.1 x m/s. 
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Flg. 7.16.4. Load and J versus displacement f o r  HT-9 (I1 heat)  specimens tes ted  a t  -42°C and 
3.2 x 10-2 m/s. 

Both load ing  r a t e  and temperature dependence of y l e l d  s t ress  are Inc luded I n  Equation (3). 
centered-cublc ( f c c l  metals, body-centered-cublc (bcc) metals e x h l b l t  a r a t e  and temperature- sensl t lve y l e l d  
behavlor. nf luences of these two v a r l a b l e s  on t h e  y i e l d  behavior  of bcc meta ls  have been s tud led  based 

U n l I k e  face- 

The 
on r a t e  theory. 4 

As shown I n  Figs. 7.16.5 and 7.16.6, t h e  specimens had r a p l d  crack extension when tes ted  a t  -58'C and 
below. 
maxl mum I oad. 

The va lues  of J i n  these t r a n s l t i o n  and lower s h e l f  reg lons  were c a l c u l a t e d  frm Equat lon ( 1 )  a t  

m 

150 
m r 
d 
4 
3 

100 

60 

0 
0 0.1 0.2 0.3 0.4 0.6 0.6 c 

DISPLACEMENT, mrn 

Flg. 7.16.5. Load versus dlsplacement for HT-9 ( X 1  heat1 spec imns tes ted  
load ing  r a t e s  I n  t h e  t r a n s i t l o n  region. 

a t  var ious  temperatures and 
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HT-9 

120 

I LOADING RATE = 2.1 x 10-5 m l s  

I , I I 

HT-9 COMPACT TENSION SPECIMEN 

t 

-13ooc 

I I 1 I 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
I 1 I I 1 I I 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

DISPLACEMENT, rnm 

Fig. 7.16.6. Load versus  displacement for KT-9 ( # I  heat1 specimens t es ted  a t  -13O0C and -19ZT. 

The temperature dependence o f  e l a s t l c / p i a s t l c  f r a c t u r e  toughness, .Ilc, i s  presented I n  Flg. 7.16.7. 
The D B T l  was determlned t o  be -60°C, c a l c u l a t e d  as t h e  average o f  t he  upper s h e l f  toughness and t he  f r a c t u r e  
toughness a t  t he  I qu ld  n i t r ogen  t e s t  temperature of -192T. Compared t o  t h e  DBTT obta lned fran HT-9 Charpy 
V-notch specimens,' O"C, t h i s  DBTT of t he  s t a t l c  Jlc t e s t  Is lower. The d l f f e r e n c e  I n  DBTT mlght  be due t o  
t he  d l f f e r e n c e  i n  load lng  r a t e  o f  SIX orders  o f  magnltude. 

Flg. 7.16.7. The 

LOADING 
SYMBOL HEAT RATE ( 4 s  

I 1  2.1 x 10-5 
#2 3.2 x 10-2 
13 3.2 x 10-2 I 

I 
I 

I 1 ,:: 
TEMPERATURE. OC 

temperature dependence o f  Jlc f r a c t u r e  toughness. 
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Fracture toughness tes ts  o cornpact tenslon speclmens o f  KT-9 (12 heat) were performed a t  -6 t o  -191% 
wlth a loadlng r a t e  o f  3.2 x lo-’ m/s. A I  I speclmens except the one tested a t  -6OC exh lb l t  rap ld  crack 
extenslon. 
temperature tests. 
J1 value a t  t h l s  temperature was estlmated assuming the crack was l n l t l a t e d  beyond the y l e l d  po ln t  and 
bevore t h  maximum load was eached. Tests *ere a l so  conducted a t  roan temperature a t  loadlng ra tes of 
4.3 x 
found t o  be mlnlmal. The var ia t ion  of the f racture toughness versus temperature Is shown In  Flg. 7.16.7. 
As shown In  Flg. 7.16.7 the DBTT for  t h l s  heat of HT-9 tested a t  a hlgh loading r a t e  was determlned t o  be 
-10°C. 50% hlgher than t ha t  of HT-9 ( I1  heat). 

7.16.5.3 Dlsasdm 

The values o f  Jlc were ca lcu la ted from Equatlon ( 1 )  a t  maxlmum load fo r  the -36OC a- laver 

m/s and 2.1 x lo-’ m/s. The e f fec t  o f  loadlng r a t e  on the upper shel f  f racture toughness was 

As there was no sudden load drop observed for  the on l y  one speclmen tested a t  -6% the 

The y i e l d  strength of bcc mater la ls  such as f e r r l t l c  a l l o y s  Is sens l t l ve  t o t h e  loadlng r a t e  and t e s t  
temperature. A t  low temperatures, the y l e l d  stress of the mater lal  i s  r ap l d l y  ra lsed by lnaeaslng the 
loadlng r a t e  and when the ra te  exceeds a c r l t l c a l  value b r i t t l e  f racture occurs wl th  loss of energy- 
absorbing capaclty. 
notch, a lso  contr lbute to the e leva t lon  In y l e l d  stress and the correspondlng d u c t l l e - b r l t t l e  t r ans l t l on  
behavlw exhlbl ted by HT-9. 
thermmechan l ca l  condltlons. 

m/s OT a 
f a s t  r a t e  of 3.2 x lo-’ m/s as evldenced In  Flg. 7.16.5 where a s m t h  loadlng curve was shown. Flgs. 
7.16.8a and 7.16.8b I I lus t ra te  the s tab le  crack extenslons a t  two d i f f e ren t  rates. The matertal dld not 
exh lb l t  fas t  f racture u n t l l  the temperature decreased t o  -58“C and below (Flgs. 7.16.8~ and 7.16.8d). A t  
-74OC. the dl f ference In  f racture toughness a t  the low and hlgh r a t e  Is l ns lgn l f l can t  (Flgs. 7.16.5~ 
7.16.5d and 7.16.7). For HT-9 (#2 heat), however, a sudden load drop and a f as t  f racture here observed a t  
-36’C (Flg. 7.16.9). In  contrast t o  the speclmen tested a t  -6T, there i s  no l a t e ra l  contract lon near the 
crack t l p  In  the speclmen tested a t  -36OC as shown In  Flg. 7.16.10. Thls provldes evldence tha t  the 

Other factors such as l r r ad l a t l on  and p l a s t l c  m n s t r a l n t  due t o  the presence of a 

However, the extreme ra te  s e n s l t l v l t y  may vary amng d l f fe ren t  mater lals and 

A t  -42OC. HT-9 ( 1 heat) exhlbl ted s tab le  crack growth a t  e l the r  a slow ra te  of 2.1 x 

I C )  Id) 

Flg. 7.16.8. C r  ck extenslon as revealed heat t l n t l n g  for HT-9 ( 8 )  heat) speclmns tested a : 
( a )  -4Z°C, 2.1 x lo-’ m/s, (b) -4ZoC, 3.2 x lO-’m/s. (c) -58OC. 2.1 x 10- and ( d )  -74’C. 2.1 x m/s. 
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I" 

7 

DISPLACEMENT. mm 

Flg. 7.16.9. Load versus dlsplacement f o r  HT-9 (12 heat) speclmens tested a t  -6OC and -36OC. 

(a) (b) 

Flg. 7.16.10. Crack t l p  deformatlon p ro f l l e s  for HT-9 l#2 heat) tested at: (a) -6OC and (b) -36% 

materlal  exh lb l t s  I l t t l e  p l a s t l c l t y  a t  -36'C compared t o  the deformatlon near the crack t l p  at -6OC. 
unclear whether the dl f ference In  DBlT between these two heats of HT-9, 50'C. r e s u l t s  fran the dl f ference I n  
loadlng r a t e  o r  thermcmechanlcal t rea t ren t  (TMT). 
a t  -42 and -74OC displayed by HT-9 ( # I  heat) lndlcates t h a t  TMT may be m e  I n f l uen t l a l  than loadlng r a t e  I n  
a f fect lng the cleavage f racture responses of HT-9. 

The t r ans l t l on  toughness character lzat lon o f  the mater lal  Is I l l u s t r a t e d  In  Flg. 7.16.7. I n  the upper 
shel f  reglon the f racture toughness decreases wl th  decreasing temperature. 
further, the mater ial  exh ib i t s  a duct1 l e - b r l t t l e  t r ans l t l on  behavior, and a sharp drop In  toughness occurs. 
I n  the lower shel f  reglon, the f rac ure toughness contlnues t o  decrease wl th  temperature. 
value o f  J 
tance for kff-9. Results obtalned fran Charpy Impact tes ts  also shor the s lm l l a r  trend? The t r ans l t l on  
behavior of the mater lal  can a l so  be easl l y  l den t l f l ed  from the non-l lnear load-dlsplacement curve wl th  a 
sudden load drop a t  the maximum load. Curve b I n  Flg. 7.16.5 shows that, a t  -58OC. HT-9 (#I heat) exhlbl ted 
a I lm l ted  mount o f  p l a s t i c  deformatlon beyond y le ld lng  and then a rap ld  crack extension a t  a maxlmum load 
of 185 kg. Interest lngly,  the load-dlsplacement curve for t h l s  speclmen tested a t  -58T  Is s lm l l a r  t o  t h a t  
of a speclmn tested a t  -42OC (Flg. 7.16.5, curve a). The -42OC sample d l  not exh l b l t  f a s t  fracture. The 

equal t o  t ha t  for the s tab le  speclmen from crack l n l t l a t l o n  t o  the po ln t  of Ins tab l l l t y .  
the temperature Induced I n s t a b i l i t y  I s  a materlal property as discussed by Joyce and Hasson. 

It Is 

The l nsens l t l v l t y  o f  f racture toughness t o  loadlng r a t e  

As the temperature decreases 

A t  -190°C, the 
was found t o  be 5 kJ/ 3 . The trend Indicates t ha t  there Is no mlnlmum Val e of f racture resls- 

s l m l l a r l t y  In the loadlng curves Is an lnd lcat lon t ha t  the tear ing modulus d for the unstable speclmen Is 
Thds suggests t ha t  
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The t r a n s i t i o n  behav io r  o f  HT-9 (U2 heat )  i s  expected t o  be slml l a r  t o  t h a t  of Hl-9 ( I 1  hea t )  excepl 
t h a t  t he  t r a n s i t l o n  occurs a t  a h lgher  temperature. 

The f r a c t u r e  surfaces o f  t h e  t es ted  speclmens were examined uslng a scanning e l e c t r o n  mlc oscope. 
Fractographic analyses Is g l v e n  I n  a separate r e p o r t  In t h l s  ADlP semlannual progress repor t .  16 

7.16.6 c & l x h h K  

The d u c t l l e - b r i t t l e  t r a n s l t i o n  behavlor  o f  HT-9 was i nves t i ga ted  uslng Jlc t e s t s  over  t he  temperature 
reg lon  of 25 t o  -192°C. The DBTT determined fran the  J t e s t s  was lower than t h a t  determined by Charpy 
tes ts .  I n  addl t lon,  q u a n t l t a t l v e  f r a c t u r e  toughness d a k  i n  t h e  t r a n s i t i o n  and lower s h e l f  reg lons  were 
obtained. 

A t  low temperatures, t h e  y l e l d  s t r ess  o f  HT-9 Increases w h i l e  t h e  f r a c t u r e  toughness decreases, t h e  
mlnlrnum speclmen th lckness  requ l red  for v a l i d  J t e s t s  Is thus reduced, whlch was w e l l  below the  t h i c k  ess 
(2.54 mm) o f  t he  speclmens used In t h i s  work. +he low- shel f  toughness was found t o  be l ess  than 5 kJ/m a t  
-190°C, whlch Is s m a l l e r  than t h a t  est imated from Charpy Impact tests.  

The I n f l uence  of load lng  r a t e  on t h e  low temperature f r a c t u r e  toughness o f  HT-9 ( I 1  heat)  was n o t  
s l g n l f l c a n t .  However, r e s u l t s  showed t h a t  t h e  t r a n s l t i o n  f r a c t u r e  toughness of HT-9 (#2 heat )  t es ted  a t  a 
h igher load ing  r a t e  was much lower than t h a t  of HT-9 (#1 heat). 
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7.17 THE FRACTURE TOUGHNESS OF FERRI TIC ALLOYS IRRADIATED I N  HFlR - F. H. Huang 
(Westinghouse Hanford Company) 

7.17.1 A D l E J k k  

The Department o f  Engery/Of f Ice of Fuslon Energy (DOE/OFE) has c i t e d  t he  need t o  I n v e s t i g a t e  f e r r l t l c  
a l l o y s  under t h e  ADlP program task  F e r r l t l c  S tee l s  Development (Path E). 

7.17.2 Qb&&k~ 

The o b j e c t l v e  o f  t h l s  work Is t o  e v a l u a t e  t h e  f r a c t u r e  toughness of f e r r l t l c  a1 loys  l r r a d l a t e d  I n  t he  
High F l u x  Isotope Reactor (HFIR). The goal  i s  t o  c h a r a d e r l z e  t he  f r a c t u r e  behavlor  of t h e  f us i on  candidate 
m a t e r l a l s  In f luenced by both dlsplacement damage and t ransmuta t ion  produced he1 ium a t  l e v e l s  r e l e v a n t  t o  
fus ion  reac to r  l r r a d l a t  Ion  condl t ions. 

7.17.3 Umriry 

The f r a c t u r e  toughness o f  HT-9 and 9Cr-1Mo I r r a d i a t e d  I n  HFlR t o  10 dpa a t  5 0 T  was eva lua ted  using 
e l e c t r o p o t e n t i a l  s i n g l e  speclmen techniques. 
ranging from room temperature t o  45OoC. The t e s t  r e s u l t s  were analyzed uslng t he  J- in teg ra l  approach. 
Analyses showed t h a t  t he  f r a c t u r e  toughness o f  both a1 loys was reduced as a r e s u l t  o f  HFlR l r r a d l a t l o n .  
degradat ion of i r r a d l a t l o n  toughness res ls tance  was more severe f o r  9Cr-1Mo than HT-9. 
c r l t e r l o n  f o r  v a l i d  Jlc va lues  was s a t i s f i e d  by t he  th lckness  of t he  t e s t  speclmens. 

7.17.4 lntroductlon 

C i r c u l a r  compact t ens lon  speclmens were t es ted  a t  temperatures 

The 
The th lckness  

Knowledge o f  i r r a d l a t l o n  damage i n  fus lon  reac to r s  15 r e l a t l v e l y  I l m i t e d  compared t o t h a t  I n  f i s s i o n  
reactors.  The l a rge  amount of he1 i u m  produced by (n, CO t ransmuta t lons  and t h e  r a d l a t l o n  damage Induced by 
t he  h lgh energy neutrons (14.1 MeV) undoubtedly Y I I  I degrade t he  mechanical p rope r t l es  of t he  fus lon  s t ruc-  
tures.  
l r r a d l a t e d  i n  a s imu la ted  envlronment w l t h  atom dlsplacement damage and he i l um  l e v e l s  e q u i v a l e n t  t o  t h a t  I n  
f us i on  reactors.  F rac tu re  toughness specimens have been i r r a d l a t e d  i n  EBR-I1 t o  study t h e  p o s t - l r r a d l a t i o n  
tough e55 responses o f  f e r r i t l c  a1 loys, however, l r r a d l a t l o n  I n  EBR-I I produces I l t t l e  he1 ium concentra- 
tlon.r HFlR prov ides  a mlxed-spectrum i r r a d l a t i o n  envlronment w i t h  t ransmuta t ion  he1 lum from the  thermal 
spectrum and dlsplacement damage from t h e  f a s t  spectrum. 
depends upon t he  n l c k e l  content  I n  t h e  a1 ioy, HT-9 conta lns  o n l y  0.5% N I  and 9Cr-1Mo 0.1% NI. A l though 
these amounts were n o t  adequate f o r  s i m u l a t i n g  fus lon  he l l um  productlon, It 5 t l I I  i s  use fu l  t o  assess t he  
e f f e c t s  o f  t h e  h lgh  dlsplacement damage a c t l n g  s y n e r g l s t l c a l  i y  w i t h  he l i um  du r l ng  HFlR l r r a d l a t l o n  on t h e  
mechanlcai p rope r t i es  o f  these mater ia ls .  

i r r a d l a t e d  I n  HFIR. 
an e v a l u a t l o n  o f  t h e  e f f e c t  o f  HFlR l r r a d l a t l o n  on t h e  f r a c t u r e  p rope r t l es  of f e r r i t l c  a l l o y s .  

7.17.5 PLQQ?%S and S t a t u  

7.17.5.1 -a1 ProceducQ 

To develop m a t e r i a l s  for fus ion  reactors,  t he  candidate a l l o y s  such as HT-9 and Wr-lMo have been 

I t  Is known t h a t  t h e  amount o f  t he  he l l um  produced 

The purpose o f  t h i s  work was t o  determlne t he  upper s h e l f  f r a c t u r e  toughness o f  HT-9 and 9Cr-1Mo 
Comparison o f  t he  r e s u l t s  w i t h  those obta ined from the  u n l r r a d l a t e d  m a t e r i a l s  permi ts  

Compact t ens lon  specimens o f  HT-9 (heat  number 91535) and 9Cr-1Mo (heat  number 30176) produced by 
Carpenter Technology Corporat lon were f ab r l ca ted  from t h e  33.3 mm diameter bar  s tock  of HT-9 and 25 mm p l a t e  
of 9Cr-1 Mo. 
hours. 
9Cr-1Mo specimens rece l ved  a heat  t rea tment  o f  1038°C/30 min/AC p l u s  760"C/30 mln/AC. 
speclmen con f l gu ra t l ons  were shown I n  Reference 2. 
of HFlR a t  t h e  reac to r  c o o l a n t  temperature o f  50°C, t o  a dlsplacement damage l e v e l  of IO dpa. 

1Mo us lng  e l e c t r o p o t e n t l a l  s i n g l e  specimen techniques. Four copper e l ec t rodes  were welded a t  t h e  lead 
p o s i t i o n s  o f  each specimen descr ibed i n  Reference 2 for power inpu t  and p o t e n t l a l  output. P r l o r  t o  t h e  
t e s t .  a l l  speclmens were f a t l g u e  precracked t o  a predetermined c rack  l eng th  measured by t h e  e l e c t r o p o t e n t l a l  
technique. Dur ing t he  tes t ,  load and p o t e n t i a l  ou tpu t  were s lmu l taneous ly  recorded for J c a l c u l a t i o n  and 
cont inuous c rack  extension measurements. A f t e r  t h e  t e s t  was completed, t h e  t o t a l  crack extenslon was 
measured from t h e  heat  t l n t e d  area on t h e  f r a c t u r e  sur face  of t h e  t es ted  speclmen. 

7.17.5.2 

The mater i a I stock o f  HT-9 was h o t  forged and r o  I I ed a t  1038OC, and annea I ed a t  760OC f o r  2.5 
The f i n a l  heat  t reatment  for t h e  3.18 mn p l a t e  stock was 1038°C/10 mln/AC p l u s  7 6 0 W 3 0  min/AC. 

D e t a l l s  of t h e  
The specimens were i r r a d l a t e d  I n  t h e  be ry l  I i um  r e f l e c t o r  

The speclmens were t es ted  a t  temperatures o f  25, and 205°C f o r  HT-9 and 93, 205 and 450OC fo r  9Cr- 

Load and p o t e n t l a l  ou tpu t  versus dlsplacement curves  o f  HT-9 and 9Cr-1Mo tes ted  a t  2 0 5 T  are  shown i n  
Flg.  7.17.1. The load lng  curves l e v e l  o f f  beyond t he  y l e l d  l n d l c a t i n g  I i t t l e  r es i s t ance  t o  crack propagatlon 
I n  t he  ma te r i a l  a f t e r  t h e  crack was i n i t i a t e d .  As shown i n  Fig. 7.17.1 t h e r e  i s  a t rough I n  t h e  p o t e n t l a l  
curves. The i n l t i a l  increase I n  p o t e n t l a l  ou tpu t  upon load lng  due t o  t he  b l u n t i n g  of t h e  notch was o f f s e t  
by t h e  i n i t i a l  decrease In  res l s t ance  du r l ng  e l a s t i c  loadlng. After t h e  speclmen.has y i e l d e d  and t h e  crack 
has been I n l t l a t e d ,  t he  p o t e n t l a l  ou tpu t  reverses  I t s  down-trend. The c a l c u l a t e d  J va lues  a r e  p l o t t e d  
aga lns t  crack extenslon I n  Fig. 7.17.2 for both a l  loys t es ted  a t  205OC. The c r i t i c a l  f r a c t u r e  toughness, Jlc. 
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Flg. 7.17.1. P o t e n t i a l  ou tpu t  and load versus dlsplacernent for l r r a d l a t e d  HT-9 and 9Cr-1Mo tes ted  a t  
205'C. 
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Flg. 7.17.2. J versus Aa curves obtained v l a  an e l e c t r o p o t e n t l a l  c a i  l b r a t l o n  curve  f o r  i r r a d i a t e d  KT-9 
and 9Cr-1Mo tes ted  a t  205OC. 



was determined from these J versus Aa curves and t he  b l u n t l n g  I Ines.  
Jlc and t e a r l n g  modulus (T) I n  terms of t e s t  temperature. 

Tab le  7.17.1 compl ies t h e  va iues  of 
T I s  def lned In  Reference 4. 

Table 7.17.1. F rac tu re  toughness o f  f e r r l t l c  a l l o y s  I r r a d i a t e d  i n  HFlR 

J i C  
Tes t  

A i  loy Temp. ( O C )  ( kJ/m2 ) T 

HT-9 
HT-9 
HT-9 

9Cr-1Mo 
9Cr-1Mo 
9Cr-1Mo 

25 
93 

205 

63.3 
52.0 
56.7 

- 
33 
2a 

93 32.9 23 
205 35.2 16 
450 30.8 59 

The temperature dependence o f  Jlc and T for HT-9 and 9Cr-1Mo l r r a d l a t e d  i n  HFlR are shown In Figs. 
7.17.3 and 7.17.4, r e s p e c t i v e l y .  Also p l o t t e d  I n  Fig. 7.17.3 a re  t h e  p r e i r r a d l a t l o n  f r a c t u r e  toughness data 
of both a1 loys  f o r  comparisons. As can be seen I n  Fig. 7.17.3, t he  p o s t - l r r a d l a t l o n  f r a c t u r e  toughness 
decreased s l i g h t l y  w i t h  incraaslng temperature. Ev iden t l y ,  t h e  f r a c t u r e  toughness degradat ion due to HFlR 
l r r a d l a t i o n  t o  10 dpa a t  50-C 1s much more severe f o r  9Cr-1Mo than f o r  HT-9. Resu l t s  I n  Fig. 7.17.4 
i nd i ca te  t h a t  t he  t e a r i n g  modulus o f  9Cr-1Mo was lower than t h a t  of HT-9. 
i r r a d i a t i o n  hardening r e s u l t i n g  f r o m  HFlR i r r a d i a t i o n  reduced t he  m l n l m u m  th ickness  (25 Jlc/o ) 

for Val i d  J,- va lues  t o  1.0-1.6 mm, which i s  less  than t h e  th ickness  o f  (2.54 mm) o f  t h e  specrmens tes ted  i n  

The toughness degrad9t lon and 
requ i red  

I L  

t h i s  work. 

10 dpa 
IRRAD. TEMP. = 50-C 

-3 o----- &---------- 
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HT-9 0 
+ HT-9 10 -_ 9Cr-1Mo 0 
-0- 9Cr-1Mo 10 
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0 1W m YIO 4w 
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0 

Fig .  7.17.3. Temperature dependence of f r a c t u r e  toughness for l r r a d l a t e d  HT-9 and 9Cr-1Mo. 

Compared t o  t he  EBR-II HFlR l r r a d l a t l o n  has a g rea ter  nega t l ve  Impact on t h e  f r a c t u r e  
p rope r t i es  of f e r r l t l c  a l l o y s .  Th is  i s  cons s e n t  w i t h  tens11 data t h a t  showed a much m r e  severe d u c t l -  
l t y  loss su f f e red  by KT-9 l r r a d l a t e d  In  HFiR”’ than i n  EBR-I I? The major d i f f e rences  i n  t he  HFlR 
l r r a d l a t l o n  as compared t o  t h e  EBR-I I l r r a d l a t l o n  a re  t h e  h lgher  p roduc t lon  r a t e  of he1 lum and t he  lower 
l r r a d l a t l o n  temperature of 50°C. Because of- t he  low n l cke l  m n t e n t  I n  t he  mater ia ls ,  t h e  q u a n t i t y  of he1 lum 
produced i n  HFlR 1s smal I (about 20 at.ppm). However, a t  present  t h e  a v a l i a b l e  data a re  n o t  s u f f l c l e n t  
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Flg .  7.17.4 Temperature dependence of t e a r l n g  modulus f o r  l r r a d l a t e d  HT-9 and 9Cr-IMo. 

enough t o  s l n g i e  o u t  t he  In f luence of he l lum on t he  d r a s t l c  r educ t i on  i n  e l onga t i on  due t o  HFlR l r r a d l a t i o n  
f o r  f e r r l t l c  a i  loys. The unusual h igh s t r eng th  accompanied by poor f r a c t u r e  toughness e h i b l t e d  by these 
m a t e r i a l s  1s a consequence o f  f l ow  l o c a l l z a t l o n  around t h e  crack t i p  I n  t he  mater la ls .  '9' I n  a d d l t l o n  t o  
f l o w  being l o c a l l z e d  w l t h i n  very  narrow bands, t he  he l lum may p a r t l c l p a t e  I n  reducing t he  f r a c t u r e  sur face 
energy and p r o v i d l n g  weak paths f o r  crack propagation. The problems of e m b r l t t l e m n t  assoclated w l t h  the  
extremely low ductility d lsp iayed by h igh s t r eng th  m a t e r l a l s  such as p rec lp l ta t lon- harden ing  a l l o y s  o r  
l r r a d l a t e d  m a t e r l a l s  a re  more e a s l l y  understood from the  concept o f  f r a c t u r e  energy than f r a c t u r e  s t r a i n  o r  
stress, as these m a t e r l a l s  mos t l y  s t l  I I r e t a l n  s a t i s f a c t o r y  toughness. 

On t he  o the r  hand, l r r a d i a t l o n  a t  low temperatures r e s u l t s  I n  a l a rge  amount o f  hardenlng, s ince  
anneal ing cannot occur. Th i s  low I r r a d i a t i o n  temperature I n  HFlR may be respons ib l e  f o r  t he  s i g n i f i c a n t  
r educ t l on  I n  f r a c t u r e  toughness. AS l r r a d l a t l o n s  I n  EBR-11 a re  I l m l t e d  t o  a minimum o f  370'C f u r t h e r  
s tud ies  on HFlR l r r a d l a t l o n  e f f e c t s  a re  needed t o  c i a r l f y  t he  uncer ta ln ty .  

7.17.6 Conclusion 

The f l r s t  f r a c t u r e  toughness data o f  HT-9 and 9Cr-1Mo I r r a d i a t e d  I n  HFlR t o  10 dpa a t  50°C were 
obtained. Resu l t s  showed t h a t  t he  p o s t - I r r a d i a t i o n  f r a c t u r e  toughness decreased s l l g h t i y  w l t h  lnc reas lng  
temperature. The th ickness  of t he  spec lmns s a t l s t i e d  t he  th ickness  c r l t e r l o n  f o r  a v a l i d  Jl t es t .  

Tes t  r e s u l t s  a l s o  showed t h a t  t he  reduc t i on  I n  f r a c t u r e  toughness for both a l  loys  due to%FiR I r r a d i a -  
t l o n  appeared t o  be more s l g n l f i c a n t  than EBR-II l r r a d i a t l o n .  Among o ther  f a c t o r s  I n f l uenc ing  t he  f r a c t u r e  
propert ies,  t h e  e f f e c t s  of low l r r a d i a t l o n  temperature and he l i um need f u r t h e r  s tudles.  
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8.1 IRRADIATION EXPERIMENT STATUS AND SCHEDULE - M. L. Grossbeck (Oak R idge  N a t i o n a l  L a b o r a t o r y )  

A l a r g e  number o f  p lanned,  i n - p r o g r e s s ,  and comp le ted  r e a c t o r  i r r a d i a t i o n  expe r imen ts  s u p p o r t  t h e  A D I P  
program. T a b l e  8.1.1 summarizes t h e  parameters  t h a t  d e s c r i b e  comple ted exper iments .  Expe r imen ts  t h a t  have 
been removed from t h e  r e a c t o r  o n l y  r e c e n t l y ,  a r e  c u r r e n t l y  u n d e r g o i n g  i r r a d i a t i o n ,  o r  a r e  p lanned  f o r  f u t u r e  
i r r a d i a t i o n  a r e  i n c l u d e d  i n  t h e  schedu le  b a r  c h a r t s  o f  Tab le  8.1.2. 

Exper imen ts  were unde r  way d u r i n g  t h e  r e p o r t i n g  p e r i o d  i n  t h e  Oak R i d g e  Research R e a c t o r  (ORR) and t h e  
H i g h  F l u x  I s o t o p e  Reac to r  (HFIR), wh i ch  a r e  mixed- spect rum r e a c t o r s ,  and i n  t h e  Expe r imen ta l  B reede r  R e a c t o r  
(EBR-11). wh ich  i s  a f a s t  r e a c t o r .  

f rom t h e  HFIR. The f i r s t  two, HFIR-CTR-42 and -43 c o n t a i n  t h e  f i r s t  t e n s i l e  specimens of t h e  Pa th  A PCA. 
The second two, HFIR-CTR-44 and -45 a r e  c o o p e r a t i v e  expe r imen ts  w i t h  t h e  European Community and Japan on 
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 .  The l a s t  two, HFIR-CTR-46 and HFIR-MFE-RBL, c o n t a i n e d  specimens o f  f e r r i t i c  
s t e e l s .  Exper iment  AO-?, a l s o  a f e r r i t i c  s t e e l  expe r imen t ,  was removed f r o m  ERR-11. TWO i r r a d i a t i o n  cap-  
s u l e s  were l oaded  i n t o  t h e  HFIR, HFIR-CTR-47 and -48. 
H F I R  i r r a d i a t i o n  on impac t  p r o p e r t i e s  o f  f e r r i t i c  a l l o y s .  

The h i g h e r  t e m p e r a t u r e  c a p s u l e  of t h e  s p e c t r a l  t a i l o r i n g  expe r imen t ,  ORR-MFE-4B, was s u c c e s s f u l l y  
r e p a i r e d  and r e l o a d e d  i n  t h e  O R R  f o l l o w i n g  a con ta inmen t  f a i l u r e .  The p r e s s u r i z e d  tubes  were m a s u r e d  and 
found t o  y i e l d  u s e f u l  i r r a d i a t i o n  c r e e p  data .  

The i n i t i a l  s c h e d u l i n g  of a new s e r i e s  o f  expe r imen ts  f o r  t h e  HFIR, t h e  HFIR-JP s e r i e s ,  i s  shown on t h e  
f i n a l  page of T a b l e  8.1.2. The expe r imen ts  a r e  p a r t  of a j o i n t  p roqram between t h e  U n i t e d  S t a t e s  and Japan. 
They w i l l  c o n t a i n  specimens from b o t h  n a t i o n a l  proqrams, w i t h  t h e  f i r s t  e i g h t  expe r imen ts  devo ted  t o  Path  A 
a l l o y s .  I r r a d i a t i o n  w i l l  be i n  t h e  o u t e r  t a r g e t  rod  p o s i t i o n s  i n  t h e  f l u x  t r a p  r e g i o n  of HFIR. 

D u r i n g  t h e  r e p o r t i n g  p e r i o d  expe r imen ts  HFIR-CTR-4?, -43, -44, -45, -46, and HFIR-MFE-RE? were removed 

These expe r imen ts  were des igned t o  s tudy  t h e  e f f e c t  of 

T a b l e  8.1.1. D e s c r i p t i v e  parameters  f o r  comple ted A O I P  program f i s s i o n  r e a c t o r  i r r a d i a t i o n  expe r imen ts  

Temperature Displacement Helium Durat ion  Date 
damage (at .  ppm) (months) completed 

( " C )  idDa) 
Experiment Major o b j e c t i v e  Allay 

ORR-MFE-1 

ORR-MFE-2 

ORR-MFE-5 

Subassembly 
X-264 

AA-X 
Subassembly 
X-287 

Subassembly 
X-2170 

Pins 8285, 
8286. and 
8284 

HFIR-CTR-3 

HFIR-CTR-4 

Scope t h e  e f f e c t s  o f  
comoosi t ion and .~~ ~ ~ ~ 

m i c ros t ruc tu re  on 
t e n s i l e ,  fa t igue,  
and i r r a d i a t i o n  
creep 

Scope the e f f e c t s  o f  
composi t ion and 
m ic ros t ruc tu re  on 
t e n s i l e ,  fa t igue,  
and i r r a d i a t i o n  
creep 

In- reac to r  f a t i g u e  
crack growth 

Effect  of p re in jec ted  
hel ium on micro- 
s t ruc tu re ,  t e n s i l e  
p rope r t i es .  and 
i r r a d i a t i o n  creep 

E f fec t  of p re in jec ted  
he l ium on micro-  
s t ruc tu re ,  t e n s i l e  
Proper t ies ,  and 
i r r a d i a t i o n  creep 

St ress  r e l a x a t i o n  

Swel l ing.  f a t i gue  
crack growth, and 
t e n s i l e  p rope r t i es  

Swel l ing  and t e n s i l e  

Swe l l i ng  and t e n s i l e  
p rope r t i es  

p rope r t i es  

E z p h n t s  in ORR 

Paths A ,  B, C 250400 2 

Paths A. 8, C 300400  6 

Path A 325-460 1 

E z p e r h e n t s  in EBR-II 

316, PE-16. 50C-425 8 
V-20% T i ,  
V - E %  Cr-51 T i .  
N b l b  2r 

316. PE-16, 400-700 20 
V-ZO% Ti, 
V-15% Cr-51 T i ,  
N H %  2r 

T i tan ium a l l o y s  450 2 

Ti tan ium a l l o y s  370-550 25 

E z p r k n t s  in HFIR 

PE-16. 30&700 4.3-9 

PE-16 30&700 2.24.5 
lnconel 600 

<10 - 

(60 - 

(10 

2-200 

2-200 

350-1800 

100-350 

4 6/78 

15 4/80 

2 2/81 

4 1/77 

23 12/78 

1 1/78 

14 9/79 

3 2/75 

2 3/77 
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T a b l e  8.1.1. (Con t i nued )  

Temperature Displacement damage Hel ium Durat ion  Date 
(at. ppm) (months) completed 

(dpa) ("C) Experiment Major o b j e c t i v e  A l l o y  

HFIR-CTR-5 Swe l l i nu  and t e n s i l e  

HFIR-CTR-6 

HFIR-CTR-7 

HFIR-CTR-8 

HFIR-CTR-9 

HFIR-CTR-IO 

HFIR-CTR-I1 

HFIR-CTR-I2 

HFIR-CTR-13 

HFIR-CTR-14 
HFIR-CTR-15 
HFIR-CTR-16 

HFIR-CTR-17 

HFIR-CTR-I8 

HFIR-CTR-19 

HFIR-CTR-20 
HFIR-CTR-21 
HFIR-CTR-22 
HFIR-CTR-23 
HFIR-CTR-24 

HFIR-CTR-26 

HFIR-CTR-27 

HFIR-CTR-28 

HFIR-CTR-29 

HFIR-CTR-30 

HFIR-CTR-31 

HFIR-CTR-32 

HFIR-CTR-33 

HFIR-MFE-TI 

HFIR-MFE-T2 

HFIR-HFF-T3 

p r o p e r l i  es 

prope r t i es  

p rope r t i es  

p rope r t i es  

p rope r t i es  

p rope r t i es  

p rope r t i es  

D rone r t i  es 

Swe l l i ng  and t e n s i l e  

Swe l l i ng  and t e n s i l e  

Swe l l i ng  and t e n s i l e  

Swe l l i ng  and t e n s i l e  

Swe l l i ng  and t e n s i l e  

Swe l l i ng  and t e n s i l e  

Swel l ing  and t e n s i l e  

Swe l i i ng  and t e n s i l e  

Fat igue 
Fat igue 
Weld cha rac te r i -  

p rope r t i es  

za t ion .  swel l ing ,  
and t e n s i l e  
p rope r t i es  

Weld cha rac te r i -  
z a t i o n  

p rope r t i es  
Swe l l i ng  and t e n s i l e  

Weld cha rac te r i -  
z a t i o n  

Fat igue 
Fat igue 
Fat igue 
Fat igue 
Temperature 

c a l i b r a t i o n  and 
t e n s i l e  p rope r t i es  

Swe l l i ng  and t e n s i l e  
p rope r t i es  

Swel l ing  and t e n s i l e  
p rope r t i es  

Swe l l i ng  and t e n s i l e  
p rope r t i es  

Swe l l i ng  and t e n s i l e  
p rope r t i es  

Swell ing ,  micro- 
s t ruc tu re ,  and 
d u c t i  1 i t y  

Swel l ing,  micro-  
s t ruc ture ,  and 
d u c t i l i t y  

Swel l ing,  micro- 
s t ruc tu re ,  and 
d u c t i l i t y  

Swel l ing,  t e n s i l e  
proper t ies ,  weld 
cha rac te r i za t i on  

Swel l ing,  t e n s i l e  
f a t i  que 

Swell ing, t e n s i l e  
f a t i g u e  

Impact p rope r t i es  

PE-16. 

PE-16. 

PE-16 

PE-16 

316. 316 + T i  

316, 316 + T i  

316. 316 + T i  

316, 316 + T i  

316, 316 + T i  

316 
316 
316, 

lnconel  600 

Inconel  600 

PE-16, 
Inconel  600 

316 

316, 

316 

316 
316 
316 
PE-16 
316 

PE-16 

316 

316 

316 

316 

Paths A, 8, C, 

Paths A, 6 ,  C. 

D,  E 

D, E 

Paths A. 8,  C, 

Paths A and E 

Path E 

Path E 

Path E 

0, E 

300-700 

300-700 

300-700 

30&700 

280480 

28c-680 

280480 

280480 

280480 

430 
550 

55 

280420 

28h700 

280420 

430 
550 
430 
430 

300420 

284420 

284620 

370460  

37-60 

300400 

300400 

300400 

55 

55 

55 

55 

42-9 

4 . L 9  

%I8 

%I8 

10-16 

10-16 

10-16 

7-10 

7-10 

%I 5 
6 9  
6 9  

7-1 3 

17-27 

7-10 

6.5 
9-1 5 
€4 
6.5 
2.2 

30 

56 

30 

56 

40 

20 

10 

10 

30 

9 

10 

350-1800 

350-1800 

1250-3000 

125&3000 

400-1000 

40k1000 

4OC-1000 

2 O M O O  

2oc-500 

400-1000 
2oc-400 
15C-2700 

180460 

16004600 

200400 

2oc-400 
400-1000 
2 0 M 0 0  
37h1000 
30 

1900 

3500 

1900 

3500 

- <15,000 

(7500 - 

<3000 - 

(510 - 

- (300 
(75 - 

3 

3 

7 

7 

6 

6 

6 

4 

4 

7 
4 
4 

5.5 

12 

4 

4 
7 
4 
3.5 
1 

10 

18 

10 

18 

14 

8 

4 

4 

12 

3 

4 

4/75 

4/75 

8/77 

8/77 

5/77 

5/77 

5/77 

2/77 

2/77 

12/77 
10/78 
8/77 

10/77 

6/78 

12/77 

1/78 
7/78 
3/78 
2/79 
12/78 

4/80 

1/81 

12/80 

8/81 

11/8/81 

5/28/81 

12/81 

10/80 

8/10/82 

5/3/81 

12/24/81 (85 - 
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8.2 FUSION PROGRAM RESEARCH MRTERIALS INVENTORY - T. K. Roche, F. W. Wif fen (Oak R idqe  N a t i o n a l  

8.2.1 ADIP Tasks 

L a b o r a t o r y ) ,  J. W. D a v i s  (McDonnel l  Doug las  Company), and T. A. Lech tenbe rg  (GA T e c h n o l o q i e s )  

ADIP Task I .D.1, M a t e r i a l s  S t o c k p i l e  f o r  MFE Programs. 

8.2.2 D b j e c t i v e  

Oak Ridge N a t i o n a l  L a b o r a t o r y  m a i n t a i n s  a c e n t r a l  i n v e n t o r y  of r e s e a r c h  m a t e r i a l s  t o  p r o v i d e  a comnon 
s u p p l y  o f  m a t e r i a l s  f o r  t h e  F u s i o n  Reac to r  M a t e r i a l s  Program. T h i s  w i l l  m i n i m i z e  u n i n t e n d e d  m a t e r i a l  
v a r i a t i o n s  and p r o v i d e  f o r  economy i n  procurement  and f o r  c e n t r a l i z e d  r e c o r d  keep inq .  I n i t i a l l y  t h i s  i n v e n-  
t o r y  i s  t o  f o c u s  on m a t e r i a l s  r e l a t e d  t o  f i r s t - w a l l  and s t r u c t u r a l  a p p l i c a t i o n s  and r e l a t e d  resea rch ,  hut 
v a r i o u s  s p e c i a l  purpose m a t e r i a l s  may be added i n  t h e  f u t u r e .  

t e c h n i c a l l y  t o  t h e  F u s i o n  R e a c t o r  M a t e r i a l s  Program of DOE i s  encouraged. 

8.2.3 M a t e r i a l s  Requests and Release 

M a t e r i a l s  r e q u e s t s  s h a l l  be d i r e c t e d  t o  t h e  F u s i o n  Proqram Research M a t e r i a l s  I n v e n t o r y  a t  DRNL 
( A t t e n t i o n :  F. W. W i f f e n ) .  M a t e r i a l s  w i l l  be r e l e a s e d  d i r e c t l y  i f  

( a )  t h e  m a t e r i a l  i s  t o  be used f o r  programs funded by  t h e  O f f i c e  o f  Fus ion  Enerq,y, w i t h  qoa l s  con- 
s i s t e n t  w i t h  t h e  approved M a t e r i a l s  Program Plans of t h e  M a t e r i a l s  and R a d i a t i o n  E f f e c t s  Rranch. 

(b)  t h e  reques ted  amount o f  m a t e r i a l  i s  a v a i l a b l e  w i t h o u t  compromis inq o t h e r  i n t e n d e d  uses. 
M a t e r i a l s  r e q u e s t s  t h a t  do n o t  s a t i s f y  b o t h  ( a )  and (b) w i l l  be d i s c u s s e d  w i t h  t h e  s t a f f  of t h e  

The use  of m a t e r i a l s  f rom t h i s  i n v e n t o r y  f o r  r e s e a r c h  t h a t  i s  c o o r d i n a t e d  w i t h  o r  o t h e r w i s e  r e l a t e d  

R e d c t o r  Techno log ies  Branch, O f f i c e  o f  Fus ion  Energy,  f o r  agreement on a c t i o n .  

8.2.4 Records 

s u p p l i e d  t o  program u s e r s  w i l l  be accompanied by  summary c h a r a c t e r i z a t i o n  i n f o r m a t i o n .  
Chemis t r y  and m a t e r i a l s  p r e p a r d t i o n  r e c o r d s  a r e  m a i n t a i n e d  f o r  a l l  i n v e n t o r y  m a t e r i a l .  A l l  m a t e r i a l s  

8.2.5 Summary of C u r r e n t  I n v e n t o r y  and M a t e r i a l  Movement D u r i n q  P e r i o d  
A p r i l  t h r o u g h  September, 1983 

A condensed, q u a l i t a t i v e  d e s c r i p t i o n  of t h e  c o n t e n t  of m a t e r i a l s  i n  t h e  F u s i o n  P r o w a m  Research 
M a t e r i a l s  I n v e n t o r y  i s  g i v e n  i n  T a b l e  8.2.1. T h i s  t a b l e  i n d i c a t e s  t h e  nomina l  d i a m e t e r  of r o d  o r  t h i c k n e s s  
o f  sheet  f o r  p r o d u c t  forms o f  each a l l o y  and a l s o  i n d i c a t e s  hy w e i q h t  t h e  amount o f  each a l l o v  i n  l a r q e r  
s i z e s  a v a i l a b l e  f o r  f a b r i c a t i o n  t o  produce o t h e r  p r o d u c t  forms as needed hy t h e  proqram. There  was no 
m a t e r i a l  added t o  t h e  i n v e n t o r y  d u r i n g  t h i s  r e p o r t i n q  p e r i o d .  T a b l e  8.2.2 q i v e s  t h e  m a t e r i a l s  d i s t r i b u t e d  
f rom t h e  i n v e n t o r y .  

t h i s  and e a r l i e r  A D I P  p r o g r e s s  r e p o r t s .  
A l l o y  compos i t i ons  and more d e t a i l  on t h e  a l l o y s  and t h e i r  p rocurement  and/or  f a h r i c a t i o n  a r e  q i v e n  i n  

T a b l e  R.2.1 Summary s t a t u s  of m a t e r i a l s  a v a i l a b l e  i n  t h e  
f u s i o n  p rog ram r e s e a r c h  m a t e r i a l s  i n v e n t o r y  

P r o d u c t  form 

T h i n - w a l l  
t u h i n a  

w a l l  t h i c k n e s s  

Sheet I n g o t  o r  Rod 

w e i q h t  

A l l o y  
bars d i a m e t e r  t h i c k n e s s  

(mm ) (mm) (mm) (kg) 

Path A alloys 

Type 316 SS goo 16 and 7.2 13 and 7.9 n.25 
Pa th  A PCAb 490 12 13 0.25 
USSR Cr-Mn S t e e l C  10.5 2.6 
NONMAGNE 30d 18.5 i n  

Path B a l loy s  

PE-16 140 16 and 7.1 13 and 1.6 n.25 
8 -1  180 

8-3 180 
8-4 18O 

8-2 im 

8-6 180 
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Table 8.2.1 (con t inued)  

Product  form 

A l l o y  Th in- wa l l  
t u h i n q ,  Sheet I n g o t  o r  Rod 

weight  
(kg)  

d iameter  t h i c k n e s s  wall thickness 

(m) (mm) (mm) 

T i  -64 

Ti-6242s 

Ti-5621s 
Ti-38644 
Nb-1% Z r  

N M %  M w I X  2 r  

V-20% T i  

V-15% C r S %  T i  

VANSTAR-7 

LRO-37e 

HT9 (AOD f u s i o n  hea t ) f  

HT9 (AOD/ESR 

HT9 
HT9 + 1% N i  
H i 9  + 2% N i  
HT9 t 2% N i  t 

C r  ad jus ted  
1 -9  m d i f i e d i i  
T- 9 m o d i f i e d  + 3 N i  
T-9 m o d i f i e d  + 2% N i  t 

C r  ad jus ted  
2 1/4 Cr-1 Mo 

f u s i o n  h e a t )  

Path C a l l o y s  

63 

6.3 

6.3 

6.3 

6.3 

6.3 

P a t h  D a l l o y  

P a t h  E a l l o y s  

3400 

7000 25, 50, 
and 75 

2.5 and 
0.76 

6.3, 3.2, 
and 0.76 

2.5 and 0.76 
0.76 and 0.25 
2.5, 1.5, 
and 0.76 

2.5, 1.5, 
and 0.76 

2.5, 1.5, 
and 0.76 

2.5, 1.5, 
and 0.76 

2.5 ,  1.5, 
and 0.76 

3.3, 1 . 6 ,  
and 0.8 

2R.5, 15.8, 

28.5, 15.8, 

4.5 and 18 
4.5 and 18 
4.5 and I U  
4.5 and 18 

4.5 and 18 
4.5 and I U  
4.5 and 1 R  

h 

9.5, and 3.1 

9.5, and 3.1 

aGreater than 25 mn, minimum dimension. 

bPrime cand ida te  a l l o y .  

CRod and sheet of a IISSR s t a i n l e s s  s t e e l  s u p p l i e d  under t h e  I1.S.-USSR 

dNONMAGNE 30 i s  an a u s t e n i t i c  s t e e l  w i t h  base composi t ion F-147, Mn- 

Fus ion Reactor M a t e r i a l s  Exchange Program. 

2% Ni-2% C r .  
Research I n s t i t u t e .  

I t  was s u p p l i e d  t o  t h e  i n v e n t o r y  hy t h e  Japanese Atomic E n e r w  

eLRO-37 i s  t h e  ordered a l l o y  (Fe,Ni )3(V,Ti )  w i t h  composi t ion 
Fe-39.4% Ni-22.4% W . 4 3 %  T i .  

f A l l o y  12 Cr-1 MoVW, w i t h  composi t ion e q u i v a l e n t  t o  Sandvik a l l o y  HT9. 

BT-9 modi f ied i s  t h e  a l l o y  9 Cr-1 MoVNb. 

hMater ia1 i s  t h i c k - w a l l  p ipe,  r e r o l l e d  as necessary t o  produce sheet 
o r  rod. 
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Tab le  8.2.2. Fus ion  program research m a t e r i a l s  i n v e n t o r y  disbursements 
A p r i l  1, 1983 t o  September 30, 1983 

A1  1 oy Heat Sent t o  

316 SS Ref. heat  

Path A PCAb 

EP-838C 

NONMAGNE-30a 

V-20% T i  

V-15% C r 5 %  T i  

Vanstar- 7 

LRO-37-HPe 

LRO-37-CG 

Path A a l l o y s  - 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  

X-15893 Rod 13.31 1.84 

Rod 9.14 3.68 

K-280 B a r  33.35 0.61 
Rod 9.14 2.75 

Rod 4.17 9.75 

P l a t e  4.111 0.13 
Sheet 0.76 0.068 

Sheet 0.61 0.041 
Sheet 0.61 0.014 

Sheet 0.75 n.033 

Sheet 0.71 fl.fl31 

Sheet 0.25 n.n79 

P l a t e  9.40 n.nis 

Path C nlZoys ~ reac t i ve  and re frac tory  atloys 

CAM 832 Bot-3 Sheet 0.84 0.012 
CAM 833-7 Sheet 0.84 0.016 

CAM 832 Rot-4 Sheet n.m 0.114 

CAM 8358-4 Rod 6.35 1.22 

CAM 834-6 Sheet 0.84 0.019 

CAM 835A-3 Sheet 0.84 fl.005 
CAM 834-6 Sheet 0.R4 0.0117 
CAM 834-6 Sheet 0.84 0.1703 
CAM 835A-3 Sheet 0.84 0.r142 
CAM 834-3 Sheet 0.84 0.fl41 

CAM 834-2 Sheet 0.78 0.08fi 

CAM 837-7 Sheet 0.84 n.1116 

CAM 836 Bot- 3 Sheet 0.25 11.067 

Path D a l loy s  - innovat ive  m t e r i a l  concepts 

EB 11581-2-1630 Sheet 0.76 0.046 

E8 11681-2-0735 Sheet 0.76 fl.064 

R a d i a t i o n  E f fec ts  Group, 
MEC n i v i s i o n ,  0RNL 

Pe t ten ,  Nether lands,  f o r  
I E A  Annex I I  Proqram 

GA Technoloqies 
Pe t ten ,  Nether lands,  f o r  

I E A  Annex I I  Proqram 
R a d i a t i o n  E f fec ts  Group, 

MRC D i v i s i o n ,  ORNL 
HEnL 
R a d i a t i o n  E f f e c t s  Croup, 

HFflL 
Arqonne N a t i o n a l  

R a d i a t i o n  E f f e c t s  Group, 

R a d i a t i o n  F f f r c t s  Grnuo. 

R a d i a t i o n  E f fec ts  Group, 

HFDL 

PRC n i v i s i o n ,  DRNL 

La ho r a  t o r y  

M&C D i v i s i o n ,  nRNL 

NRC n i v i s i o n ,  ORNL 

MAC D i v i s i o n ,  0RhlL 

EGPIG Idaho. Inc.  

Arqonne Na t iona l  

Arqonne N a t i o n a l  

Gruman Aerospace Corp. 
Grurnman Aerospace Cow.  
FGRG Idaho, Inc.  
EG&G Idaho, Inc .  
R a d i a t i o n  E f f e c t s  Group, 

Lahora to ry  

Lah0rator.y 

M K  n i v i s i o n ,  0RNL 
R a d i a t i o n  E f fec ts  Group, 

M&C n i v i s i o n ,  ORNL 
R a d i a t i o n  F f f e c t s  Group, 

R a d i a t i o n  E f f e c t s  Group, 
MRC D i v i s i o n ,  nRNL 

MbC D i v i s i o n ,  0RNL 

A l l o v  nes iqn  Group, 

A l l o y  Desiqn Group, 
Ml lC D i v i s i o n ,  0RNL 

MhC D i v i s i o n ,  ORPL 
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Table 8.2.2. (cont inued) .  

A l l o y  
O u a n t i t y  Product  Dimensiona 

(ml (m) ( m 2 )  
form Heat Sent t o  

Path E a l l o y s  - f e r r i t i c  s t e e l s  

T-9 30176 Sheet 0.76 0.068 R a d i a t i o n  F f f e c t s  Group, 

Sheet 0.15 0.045 R a d i a t i o n  E f f e c t s  Group, 
MRC n i v i s i o n ,  0RNL 

MXC f l i v i s i o n ,  flRNL 

P l a t e  28.58 0.35 l ln iv .  of C a l i f o r n i a ,  
Santa Rarbara 

P l a t e  15.88 0.31 Sandia Pa t iana l  
Lahora to r ies ,  L i v e r m r e  

Sheet 0.76 0.17 R a d i a t i o n  Ef fects  Group, 
MEC n i v i s i o n ,  0RNL 

Sheet 0.25 0.085 R a d i a t i o n  E f f e c t s  Group, 
MRC D i v i s i o n ,  n R N L  

HT-9 AODIESR-9607R2 Tubing 4.57 0.91 HEDL 

a c h a r a c t e r i s t i c  dimension: th i ckness  f o r  p l a t e  and sheet,  d iameter  f o r  rod and tuh ing .  

bPrime cand ida te  a l l o y .  

OA USSR Cr-Mn s t a i n l e s s  s t e e l  s u p p l i e d  under t h e  U.S.4SSR Fusion Reactor M a t e r i a l s  Exchanqe 

dAn a u s t e n i t i c  s t e e l  w i t h  base composi t ion Fe-14% M r d X  N i l %  C r  supp l ied  t o  t h e  i n v e n t o r y  hy t h e  

eLRO-37 i s  t h e  ordered a l l o y  (Fe,Ni),(V,Ti) w i t h  composi t ion Fe-39.4% Ni-22.4 4. v-O.434. T i .  

Program. 

Japanese Atomic Energy Research I n s t i t u t e .  
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I I I I I I 

I I I I I I J 
3000 4wo Moo 6000 7000 0 1000 2000 

EXPOSURE TIME Ihl 

Fig. 9.1.1. Weight loss versus exposure time for  austeni t ic  a l loys  exposed t o  thermally convective 
l l th ium a t  600°C. 

Y-191333 Y.191331 

*p-*F",'-*'- I-. S'"" C I  
- ... 

. -. 

Y-191337 Y-191335 

, Mourn 
I 

Fig. 9.1.2. Polished cross sections of PCA exposed to thermally convective l i th ium for 6700 h (a) Al, 
6OOOC. ( b )  A3. 600°C. (a) Al. 57OOC. ( d )  A3. 57OOC. 
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The observation o f  molybdenum-enriched nodules on l i th ium-dissolved surfaces has also been reported 
previously f o r  type 316 s ta in less steel.5 
molybdenum t o  d i sso lu t i on  i n  l i t h i u m  such tha t  the nodules are areas of molybdenum p rec ip i ta tes  (or residual  
molybdenum since i t s  carbide i s  unstable i n  l i t h i u m )  tha t  recede more slowly than the surrounding matrix. 
This same type o f  behavior probably explains the new observation of a t i tanium-enriched feature. Titanium 
i s  used i n  PCA as a carbide former, and such t i tanium-containing nodules probably represent s i t e s  of t h i s  
carbide (which i s  s tab le  i n  l i th ium) .  

of 12 C r - 1  MoVW steel  exposed t o  l i t h i u m  between 500 and 350Y f o r  10,088 h i n  a TCL mode of the same 
al loy.  The resu l ts  showed tha t  the d isso lu t ion process was sluggish. 
every loop pos i t i on  i n  both the hot and co ld  legs. 
for  the hot tes t  and coldest specimens. Such a pat tern  o f  weight changes around the l i t h i u m  loop suggested 
a change i n  corrosion mechanism as temperatures decreased below 500°C. Since the l a s t  progress report, 
surface analysis o f  the 12 C r - 1  MoVW steel  loop coupons was completed t o  complement the weight change 
data. Metallographic examination o f  polished and etched cross sections revealed a complex microstructure 
cons is t ing o f  a dark surface layer  above a carbide- free zone. 
the loop specimens a t  the maximum and minimum temperature pos i t ions and a t  two intermediate locations. 
Note t h a t  the dark-etching surface layer  i s  nuch th i cke r  and more continuous a t  the pos i t i on  o f  minimum 
temperature. 

The d i s t r i b u t i o n s  o f  i ron,  chromium, molybdenum, and carbon across the cross-sectional areas shown i n  
Fig. 9.1.4 for  the 10,088 h exposures were determined by wavelength dispersive x-ray analysis using an 
e lec t ron microprobe. The data appeared t o  be consistent w i th  the presence o f  carbide- free zones as observed 
by op t i ca l  metallography; i n  each o f  the four cases, r e l a t i v e  chromium deplet ion t o  about 6 wt .  %was 
detected a t  approximately 10 t o  20 pm below the surface. Some concentration o f  chromium between t h i s  zone 
and the surface was noted f o r  the four  specimens, but the v a l i d i t y  o f  these resu l ts  i s  uncertain because o f  
inaccuracy i n  determining the exact electron beam pos i t i on  wi th  respect t o  the edges o f  the specimens as a 
r e s u l t  of the somewhat open nature o f  the dark layer  and the presence o f  the mounting epoxy. Furthermore, 
higher chromium concentrations i n  these areas may be an a r t i f a c t  o f  the po l i sh ing  process; chromium enrich- 
ment a t  such surfaces has sometimes occurred dur ing specimen preparation. D a t a  f o r  i r o n  re f lec ted only 
r e l a t i v e  changes i n  the chromium concentration, whi le l i t t l e  change i n  mlybdenum leve ls  was noted. 

These features are thought t o  resu l t  from the resistance o f  

In  the  preceeding progress r e p ~ r t . ~  we reported on the weight change behavior w i th  t ime f o r  specimens 

S m a l l  weight losses were measured a t  
Hcwever, the only monotonic weight losses w i th  t i m e  were 

Figure 9.1.4 compares the cross sections of 

Y.19lffiO Y-191672 

Y-191686 Y-191696 

Fig. 9.1.4. Polished and etched cross sections o f  12 C r - 1  MoVW steel  exposed t o  thermal ly convec- 
t i v e  l i t h i u m  for 10,088 h. (a) 5OO0C (maximum temperature). (a) 440OC. (c) 415°C. ( d )  35OoC (minimum 
temperature). 



201 

Energy d i spe rs i ve  x- ray data taken w i t h  t h e  e lec-  Table 9.1.2. The Ka peak r a t i o s  f o r  specimens 

convec t ive  l i t h i u m  f o r  10,088 h 
t r o n  beam normal t o  t he  l i th ium- cor roded surfaces i n  a of 12 C r - 1  Mo s t e e l  exposed t o  thermal ly  
scanning e l ec t ron  microscope revealed dep le t i on  of 
chromium from the  500°C specimen ( r e l a t i v e  t o  unexposed 
12 C r - 1  MoVW s t e e l ) .  This i s  shown q u a l i t a t i v e l y  by 
t h e  data i n  Table 9.1.2, which l i s t s  r a t i o s  of K m  t r a n -  Ka peak r a t i o s  

("C) Cr/Fe Si/Fe Ni/Fe 
s i t i o n  peak i n t e n s i t i e s  f o r  12 C r - 1  MoVW s tee l  i n  t he  
unexposed and l i thium-exposed (500, 440, 415, 350'C; 
10,088 h )  condi t ions.  Such ana lys is  o f  t he  specimens 
exposed a t  t he  lower temperatures showed sur face llnexposed 0.150 0.021 0.000 
enrichment i n  chromium and n icke l .  However, t he  500 Hot l e g  0.093 0.003 0.000 
scanning e l ec t ron  micrographs revealed t h a t  r e l a t i v e l y  440 Hot l eg  0.356 0.004 0.006 
l i t t l e  change i n  sur face s t r u c t u r e  was induced by t he  415 Cold l e g  0.362 0.004 0.009 
l i t h i u m  exposure. 350 Cold l e g  0.248 0.004 0.010 

t o  coo le r  regions was not  apparent i n  t he  weight change 
data,3*9 t he  r e s u l t s  from the  energy d i spe rs i ve  x-ray 
ana lys is  o f  se lected surfaces does suggest t h a t  a net  
t r anspo r t  of c e r t a i n  a l l o y  components d i d  r e s u l t  from the  temperature g rad ien t .  This i s  m s t  apparent from 
a cons idera t ion  of the  Cr:Fe Ka peak r a t i o s  i n  Table 9.1.2, which i n d i c a t e  t h a t  sur face chromium was depleted 
a t  500°C and enr iched a t  lower temperatures. I n  addi t ion,  t he re  i s  some evidence t h a t  t he re  was mvement o f  
n i cke l  t o  t he  l oop ' s  co lder  region s ince measurable sur face concent ra t ions  of n i cke l  were detected only on 
t he  coo le r  loop specimens. (The r e l a t i v e l y  small amount o f  n i cke l  i n  t he  s t a r t i n g  mater ia l  precludes any 
measurement of n i cke l  dep le t ion . )  Therefore, w i t h  respect t o  mass t r a n s f e r  of these two elements, t he  beha- 
v i o r  of t he  12 Cr-1 MoVW s tee l  i s  s i m i l a r  t o  t h a t  of t ype  316 s t a i n l e s s  s tee l ,  which undergoes n i c k e l ,  
and t o  a l esse r  extent ,  chromium t r a n s f e r  from h o t t e r  t o  coo le r  loop surfaces i n  molten l i t h i ~ m . ~  
t he  magnitude of such t r ans fe r  i n  t he  former system i s  obviously not  s u f f i c i e n t  t o  con t ro l  t he  o v e r a l l  
co r ros ion  process. 

The depth of t he  observed carbide- free zones (Fig. 9.1.4) c o r r e l a t e d  we l l  w i t h  t he  l oca t i ons  of reduced 
chromium concent ra t ion  noted by microprobe examination o f  po l i shed cross sections. 
these zones i s  cons is ten t  w i t h  reduced chromium concentrat ions.  Thus, t he re  i s  evidence fo r  t he  movement of 
chromium t o  the  l i th ium-exposed surfaces i n  both t he  h o t t e r  and coo le r  loop regions. However, the  energy- 
d i spe rs i ve  data i n  Table 9.1.2 suggest t h a t  t h i s  movement o f  chromium was accompanied by d i s s o l u t i o n  of 
chromium i n  t he  h o t t e s t  reg ion  and poss ib le  depos i t ion  o f  t h i s  chromium i n  t he  coo le r  areas o f  t he  loop. 
The migra t ion  o f  chromium t o  l i t h i u m- s t e e l  in te r faces  can indicat.e a tendency f o r  impu r i t y  reac t ions  a t  
these surfaces. Indeed, a LigCrNs product has been i d e n t i f i e d  and observed on exposed s ta i n l ess  I n  
add i t i on ,  a dark sur face l aye r  very s i m i l a r  i n  appearance t o  those shown i n  Fig. 9.1.4 has been observed on 
t ype  316 s ta i n l ess  s tee l  a t  500°C i n  nitrogen-contaminated l i th ium.1°  Accordingly,  a p l a u s i b l e  exp lanat ion  
f o r  the  unusual weight change p r o f i l e  (maximum loss  a t  t he  co ldes t  p o i n t )  ( refs.  3 and 9) i s  t h a t  a cor ro-  
s i on  reac t i on  i n v o l v i n g  n i t r ogen  (o r  carbon) i m p u r i t i e s  predominates a t  t he  350°C temperature p o s i t i o n ,  such 
t h a t  t he  reac t i on  products t h a t  form i n  t h i s  temperature range are m r e  so lub le  than those forming elsewhere 
i n  t he  loop ( f o r  example, t he re  i s  a d e f i n i t e  temperature range of s t a b i l i t y  o f  t he  n i t r i d e  i n  t he  chromium- 
l i t h i u m  system"). 
t i o n s  but s t i l l  not  con t r i bu te  as rmch t o  weight loss. Such impu r i t y- con t ro l l ed  Corrosion reac t ions  would 
i n d i c a t e  t h a t  i m p u r i t i e s  such as carbon and n i t r ogen  i n  t he  s tee l  and l i t h i u m  w i l l  p lay  a key r o l e  i n  t he  
cor ros ion  o f  12 C r - 1  MoVW s t e e l  a t  500°C and below. Such reac t ions  may occur desp i te  the  low impu r i t y  
l e v e l s  i n  the  l i t h i u m ;  t he  s tee l  can ac t  as a source of both carbon and n i t rogen.  (The s t a b i l i t y  o f  l i t h i u m  
oxide precludes any e f f e c t  of oxygen on t he  cor ros ion  of s t ee l . )  A t  temperatures s i g n i f i c a n t l y  g rea ter  than 
500°C, convent ional  mass t r a n s f e r  may become much more important  i n  nonisothermal 12 Cr-1 MoVW s t e e l -  
l i t h i u m  systems. A loop experiment w i t h  a maximum temperature of 600°C i s  c u r r e n t l y  under way t o  determine 
i f  t h i s  i s  t he  case. 

thermal ly  convect ive l i t h i u m  between 500 and 350°C was not  excessive a f t e r  10,088 h. The weight losses and 
cor ros ion  ra tes  were sma11,3%9 and t he  m ic ros t ruc tu re  was not a l t e r e d  by t he  cor ros ion  process t o  any great  
depth (Fig. 9.1.4). The reac t ions  were s luggish;  most loop  speciineris Idid no t  e x h i b i t  rmch change i n  weight 
o r  surface s t r uc tu re ,  p a r t i c u l a r l y  a f t e r  t he  f i r s t  few thousand hours of exposure. Severe co r ros i on  under 
such cond i t ions  should not  be expected unless t he re  i s  an abnormally h igh n i t r ogen  a c t i v i t y  i n  t he  l i t h i u m  
o r  t he  s tee l .  

Temperature 

Although mvement o f  s tee l  components ' f rom h o t t e r  

However, 

The lack o f  carbides i n  

A t  500°C. t he  expected d i s s o l u t i o n  process may be m r e  dominant than t he  impu r i t y  reac- 

Despi te t he  observed cor ros ion  processes described above, t he  co r ros i on  o f  the  12 C r - 1  FloVW s tee l  i n  

9.1.5 Conclusions 

1. The exposure o f  path A PCA a l l o y s  t o  thermal ly  convect ive l i t h i u m  f o r  6700 h a t  600 and 570'C 
resu l t ed  i n  co r ros i on  reac t ions  t h a t  were s i m i l a r  t o  what i s  observed f o r  o ther  a u s t e n i t i c  a l l o y s  exposed 
under s i m i l a r  cond i t ions :  p r e f e r e n t i a l  dep le t i on  of n i cke l  and chromium, po ros i t y  development, and surface 
nodules. However, when compared w i t h  base l ine  data of t ype  316 s t a i n l e s s  s tee l ,  PCA was corroded m r e  
r a p i d l y  because o f  i t s  h igher  concentrat ion o f  n i cke l .  
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2. The so lu t ion- annea led  PCA corroded rmre than  d i d  cold-worked PCA a t  6OO0C, bu t  both forms of t h i s  
a l l o y  showed s i m i l a r  c o r r o s i o n  r a t e s  a t  570T.  Such an observa t ion  may i n d i c a t e  an i n f l u e n c e  of g r a i n  boun- 
dary d e n s i t y  on t h e  r a t e - c o n t r o l l i n g  s tep  f o r  t h e  c o r r o s i o n  process a t  h i g h e r  temperatures. The presence of 
n i t r i d e  s t r i n g e r s  i n  t h e  cold-worked PCA d i d  no t  i n f l u e n c e  t h e  cumula t i ve  weight  l o s s  of t h i s  m a t e r i a l  a f t e r  
5000 h a t  600 and 570°C. 

3. Some mass t r a n s f e r  of chromium and n i c k e l  was de tec ted  i n  a 12 C r - 1  Mo s t e e l  - l i t h i u m  thermal 
convec t ion  system t h a t  operated between 500 and 350°C f o r  10,088 h. However, from a c o n s i d e r a t i o n  of 
t h e  weight  change data, su r face  ana lys is ,  and p r i o r  r e s u l t s  f o r  a u s t e n i t i c  a l l o y s ,  r e a c t i o n s  w i t h  carbon and 
n i t r o g e n  were deduced t o  be t h e  p r i n c i p a l  c o r r o s i o n  processes. The r e a c t i o n s  i n  t h e  temperature range of 
t h i s  experiment were r e l a t i v e l y  s l u g g i s h  and c o r r o s i o n  was  not  severe. 
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9.2 CORROSION OF TYPE 316 STAINLESS STEEL I N  FLOWING Pt- 17 at.  % L i  - 

9.2.1 A D I P  Task 

P. F. T o r t o r e l l i  and J. H. DeVan (ORNL) 

A D I P  Task l.A.3, Perform chemical and m e t a l l u r g i c a l  c o m p a t i b i l i t y  analyses. 

9.2.2 Ob jec t i ve  

The purpose o f  t h i s  task i s  t o  determine the  cor ros ion  res is tance  of candidate f i r s t - w a l l  ma te r i a l s  t o  
s low ly  f lowing Pb-17 at .  % L i  i n  t he  presence of a temperature gradient .  D i s s o l u t i o n  and depos i t ion  ra tes  
a re  measured as funct ions of time, temperature, and add i t i ons  t o  the  lead- l i th ium.  These measurements are 
combined w i t h  chemical and meta l lograph ic  examinations o f  specimen surfaces t o  e s t a b l i s h  t he  mechanisms and 
r a t e - c o n t r o l l i n g  processes f o r  the  d i s s o l u t i o n  and depos i t ion  react ions.  

9.2.3 Summary 

The cor ros ion  o f  t ype  316 s ta i n l ess  s tee l  exposed t o  thermal ly  convect ive P b - I 7  a t .  % L i  was severe. 
Plugging s t a r t e d  t o  occur a f t e r  j u s t  several hundred hours. A t  500°C, t he  weight loss  o f  t ype  316 s ta i n l ess  
s tee l  exposed t o  Pb- 17 a t .  % L i  was more than an order  of magnitude grea ter  than t h a t  of t h i s  a l l o y  exposed 
t o  thermal ly  convect ive l i t h i u m  a t  E. 
9.2.4 Progress and Status 

Resul ts  from previous experiments i n  s t a t i c  P b 1 7  at.  % L i  revealed t h a t  t h e  weight losses o f  t ype  316 
s ta i n l ess  s tee l  and 12 Cr-1 Ma s tee l  were m c h  grea ter  than t he  n e q l i g i b l e  weight changes t h a t  had been 
measured when these a l l o y s  were exposed t o  pure, s t a t i c  l i t h i u m  under s i m i l a r  cond i t ions .  Subsequently, an 
experiment was i n i t i a t e d  t o  study the  d i s s o l u t i o n  and depos i t ion  reac t ions  i n  a type  316 s ta i n l ess  s tee l  - 
P b 1 7  at.  % L i  thermal convect ion loop (TCL) w i t h  accessib le specimens. Such loops have been described pre- 
v i ous l y2  and are designed so t h a t  cor ros ion  coupons can he withdrawn and i nse r t ed  w i thou t  i n t e r r u p t i n g  the  
l e a d - l i t h i u m  flow. The TCL used f o r  the  present experiment was one o f  t ype  316 s ta i n l ess  s tee l  t h a t  had 
prev ious ly  c i r c u l a t e d  l i t h i u m  f o r  over 10,000 h. The i n t e r i o r  surface of i t s  hot  l e g  was there fo re  depleted 
i n  n i cke l .  While t he  presence o f  t he  resu l t an t  f e r r i t i c  sur face may a f fec t  d i s s o l u t i o n  of the  f resh austen- 
i t i c  loop coupons, t h i s  e f fec t  has been measured f o r  l i t h i u m ,  was found t o  be not  larqe,  and has been taken 
i n t o  account when we compared the  present d i s s o l u t i o n  data w i t h  p r i o r  r e s u l t s  f o r  type 316 s ta i n l ess  s tee l  
i n  l i t h i u m  by using only data t y p i c a l  of such loop condi t ions.  

amount o f  l i t h i u m  i n  molten form, and then ho ld ing  t he  mix tu re  a t  730°C fo r  3 t o  4 h i n  a molybdenum-lined 
pot. The l e a d - l i t h i u m  was then t r ans fe r red  i n t o  t he  cleaned TCL, and t he  specimens of t ype  316 s ta i n l ess  
s tee l  were i nse r t ed  i n t o  the  hot  and co ld  legs of t he  loop. The maximum loop temperature was 5OO"C,  and 
i n i t i a l l y  a temperature d i f fe rence o f  150°C was maintained. However, a f t e r  a few hundred hours of exposure, 
s u f f i c i e n t  mass t r a n s f e r  had occurred t o  i n i t i a t e  some p lugg ing  i n  t he  co ld  leg.  It was, therefore,  
necessary t o  r a i s e  t he  minimum temperature t o  about 430°C t o  prevent severe f low r e s t r i c t i o n s  by mass 
t r ans fe r  deposits. 

temperature molten l i t h i u m  was the  m x t  e f f e c t i v e  way t o  remove res idua l  lead.' Consequently, a f t e r  each 
exposure per iod  i n  t he  TCL, a l l  16 coupons were i nse r t ed  i n  molten l i t h i u m  ( a t  about 250'C) f o r  about 6 h. 
The specimens were then r insed i n  water t o  remove t he  l i t h i u m  and weighed. The l i t h i u m  soak procedure was 
then  repeated u n t i l  t he  weights became constant. I n  t he  present case, t h i s  requ i red  only two soaks per 
exposure per iod.  

func t ion  of t ime are shown fo r  t he  500°C specimen i n  Fiq. 9.2.1, which a lso  conta ins data f o r  t ype  316 
s ta i n l ess  s tee l  exposed t o  thermal ly  convect ive l i t h i u m  a t  6OO'C. Note tha t ,  desp i te  i t s  lower temperature, 
t h e  specimen exposed t o  t he  Pb- 17 at .  % L i  suf fered weight losses t h a t  were, a f t e r  about 1500 h, greater  
than those f o r  t h e  l i th ium-exposed coupon by more than an order  o f  magnitude. This f i n d i n g  i s  i n  q u a l i t a t i v e  
agreement w i t h  r e s u l t s  from a forced convect ion loop experiment w i t h  Pb- 17 a t .  % L i  ( r e f .  3) and i s  t o  be 
expected from a review of e a r l i e r  work w i t h  lead.' 
l o ss  curve f o r  Pt- 17 at .  % L i  ( r e l a t i v e  t o  what i s  normal ly  observed - see t he  l i t h i u m  curve and re f s .  3 
and 4 - may be r e l a t e d  t o  un in ten t i ona l  desca l ing  o f  t he  f e r r i t e  (n icke l- dep le ted)  l a y e r  dur inq  specimen 
c leaning.  Some loose magnetic ma te r i a l  has been found du r i ng  cleanup, and a s i m i l a r  observat ion was made 
du r i ng  c lean ing  o f  PCA exposed t o  Pb-17 a t .  % L i  ( re f .  3). 

of t he  weight change behavior  w i t h  t ime, and then the  specimens w i l l  be examined meta l lograph ica l l y .  
add i t i on ,  a 9 C r - 1  Ma TCL i s  p resen t l y  being constructed i n  order  t o  study the  cor ros ion  o f  Fe-Cr-Ma 
s tee l s  i n  t he rma l l y  convect ive Pb-17 at.  % L i .  

The Pb-17 a t .  % L i  was  prepared by f i r s t  purg inq t he  molten lead w i t h  hydrogen, adding t he  appropr ia te  

P r i o r  work w i t h  Pb- I7  a t .  % L i  i n  capsule t e s t s  showed t h a t  exposure o f  corroded specimens t o  low- 

The loop specimens have now accumulated 2018 h of exposure t ime, and t he  r e s u l t i n g  weight loss  data as a 

The reason f o r  the  ra the r  unusual shape o f  t he  weight 

Weight change measurements w i l l  cont inue fo r  several  thousand more hours t o  complete a cha rac te r i za t i on  
I n  
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F ig .  9.2.1. Weight l o s s  versus exposure t ime  f o r  t y p e  316 s t a i n l e s s  s t e e l  exposed t o  t h e r m a l l y  convec- 
t i v e  Pk-17 a t .  % L i  and L i  a t  500°C and 6OO"C, r e s p e c t i v e l y .  
maximum loop temperatures.  

I n  bo th  cases, these  temperatures were t h e  

9.2.5 Conclus ion 

The c o r r o s i o n  of t y p e  316 s t a i n l e s s  s t e e l  exposed t o  t h e r m a l l y  c o n v e c t i v e  Pb-17 a t .  4 L i  was severe. 
The weiqht  loss o f  t y p e  316 s t a i n l e s s  s t e e l  exposed t o  P k- 1 7  a t .  X L i  a t  5f10°C was g r e a t e r  hy rmre than  an 
o r d e r  of magnitude t h a n  t h a t  o f  t h i s  a l l o y  when exposed t o  t h e r m a l l y  c o n v e c t i v e  l i t h i u m  a t  600'C. 
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9.3 COMPATIBILITY STUDIES OF STRUCTURAL ALLOYS WITH SOLID BREEDER MRTERIALS - 0. K. Chopra and D. L. Sn i th  
(Argonne Nat iona l  Labora to ry )  

9.3.1 ADIP Task 

ADIP  Task I.A.3, Perform Chemical and Me ta l l u rg i ca l  Compa t i b i l i t y  Analyses. 

9.3.2 Ob jec t i ve  

The o b j e c t i v e  of t h i s  task i s  t o  evaluate the c o m p a t i b i l i t y  o f  s o l i d  breeder ma te r i a l s  w i t h  s t r u c t u r a l  
a l l oys .  
ature,  time, and environmental parameters (i.e., f l ow ing  hel ium environments wi th  d i f f e ren t  mo is tu re  
con ten ts ) .  Reaction ra tes  are determined by measur in ig the  weight change, depth of i n t e r n a l  penet ra t ion ,  
and th ickness o f  co r ros i on  scales. 
surfaces, are used t o  e s t a b l i s h  the  mechanisms and r a t e - c o n t r o l l i n g  processes f o r  the  co r ros i on  reac t ions .  

The i n t e r a c t i o n s  between breeder ma te r i a l s  and a l l o y s  are i nves t i ga ted  as a func t ion  o f  temper- 

These measurements, coupled wi th  meta l lograph ic  eva lua t ion  o f  the  a l l o y  

9.3.3 Sumary 

Compa t i b i l i t y  t e s t s  between L i z 0  p e l l e t s  and a u s t e n i t i c  Type 316 s t a i n l e s s  s tee l  o r  f e r r i t i c  HT-9 a l l o y  

The co r ros i on  behavior o f  Type 316 s t a i n l e s s  s tee l  i s  
The L i z 0  p e l l e t s ,  exposed both w i t h  and w i t hou t  the  a l l o y  speci-  

and Fe-gCr-lMa s tee l  i n  a f lowing-hel ium environment i n d i c a t e  t h a t  the r e a c t i o n  ra tes  i n  hel ium con ta i n i ng  
93 PPm H20 are g rea ter  than i n  hel ium with 1 ppm H20. 
s i m i l a r  t o  t h a t  o f  the  f e r r i t i c  s t ee l s .  
mens. l ose  weight i n  f low ing  helium. 

9.3.4 Progress and Status 

Type 316 s t a i n l e s s  s tee l  packed w i t h  s o l i d  t r i t i um- b reed ing  ma te r i a l  su h as L i20,  LiA102. and L i  Si0 
i n d i c a t e  t h a t  L i 2 0  i s  t he  most r e a c t i v e  of the  t h ree  breeder materials. '*2 A l l o y  specimens packeg wi?h Li2D 
developed an adherent r e a c t i o n  scale c o n s i s t i n g  o f  the  ceramic ma te r i a l  embedded with i r o n - r i c h  r e a c t i o n  
prodqcts. However, fo r  bo th  HT-9 a l l o y  and Type 316 s ta i n l ess  s tee l ,  the  th ickness  of the r e a c t i o n  scale o r  
the  depth of i n t e r n a l  pene t ra t i on  was the same a f t e r  1000 and 2000 h. 

The co r ros i ve  i n t e r a c t i o n s  between s t r u c t u r a l  a l l o y s  and L i 2 0  p e l l e t s  were a l so  i nves t i ga ted  i n  a 
f lowing hel ium environment w i t h  c o n t r o l l e d  p a r t i a l  pressures o f  oxygen and hydrogen.2 Such experiments 
s imu la te  the  cond i t i ons  p ro j ec ted  f o r  b lanke t  s t r uc tu res  dur ing  reac to r  operat ion.  Tests were conducted a t  
823 K 1550°C) fo r  500, 1000, and 2000 h i n  f low ing  hel ium w i t h  93 ppm HzO and 1 ppm H2 and f o r  1000, 2500. 
and 4000 h i n  f lowing hel ium w i t h  1 ppm each o f  H20 and H Four r eac t i on  couples c o n s i s t i n g  o f  -10 x 10 x 
0.4-mn specimens o f  HT-9 a l l o y ,  Fe-gCr-lMo s tee l ,  20% col2:worked Type 316 s t a i n l e s s  s tee l ,  and e i t h e r  pure 
n i c k e l  o r  annealed Type 316 s ta i n l ess  s tee l ,  were sandwiched between two L i 2 0  p e l l e t s  agd were inc luded i n  
each c o m p a t i b i l i t y  t e s t .  Dur ing t es t i ng ,  the  f low r a t e  o f  the  gas m ix tu re  was 4 . 4 5  cm Is, i.e., a v e l o c i t y  
o f  -1.6 mnls across the  r e a c t i o n  couples. 

presented i n  e a r l i e r  reports.',' A f t e r  exposure? a l l  a l l o y  specimens gained weight, whereas the  L i  0 
p e l l e t s  l o s t  weight. There was a n e t  l oss  i n  weight  fo r  the  t o t a l  r e a c t i o n  couple. The f e r r i t i c  s t ee l s  
exposed i n  hel ium w i t h  e i t h e r  93 o r  1 ppm H20 developed a dense i r o n - r i c h  sca le  and a porous chromium-rich 
subscale. S im i l a r  features were observed f o r  the reac t i on  scales formed on Type 316 s t a i n l e s s  s tee l  exposed 
i n  he l ium con ta i n i ng  93 ppm H20. However, the dense ou ter  scale cons is ted  o f  t h ree  d i s t i n c t  regions: a 
t h i n  manganese-rich sur face layer ,  a wide i r o n - r i c h  region,  and a n i c k e l - r i c h  i nne r  layer .  The reac t i on  
scales a l so  showed some d i f f e rences  i n  th ickness  and morphology depending on the  l o c a t i o n .  
n i c k e l - r i c h  l a y e r  was continuous near the  edge o f  the  specimen and became i r r e g u l a r  towards t he  center .  
Furthermore, the  t o t a l  scale th ickness was smal ler  towards the  specimen edge. 

con ta i n i ng  93 ppm H20 are g rea ter  than i n  hel ium w i t h  1 ppm H20.8:5 The depth of i n t e r n a l  pene t ra t i on  f o r  
specimens exposed i n  hel ium con ta i n i ng  1 ppm H20 Teaches a cons tan t  value a f t e r  -1000 h, wh i l e  the  specimens 
exposed i n  he l ium w i t h  93 ppm H 0 show a gradual increase i n  pene t ra t i on  up t o  2000 h. For both mo is tu re  
contents,  t he  th ickness  o f  the  t o t a l  r e a c t i o n  scale f o l l ows  a power law and t he  ra tes  decrease w i t h  time. 
The weight  l o s s  f o r  L i z 0  p e l l e t s  f o l l ows  a l i n e a r  law w i t h  t ime and y i e l d s  weight  l oss  values o f  12.2 and 
3 . W y r  i n  hel ium with 93 and 1 ppm HZO, respec t ive ly .  

s t ee l  specimens exposed a t  823 K i n  f l ow ing  hel ium con ta i n i ng  1 ppm each of H20 and H2. C o m p a t i b i l i t y  t e s t s  
were a l so  performed with L i  0 p e l l e t s  (w i t hou t  the  a l l o y  specimens) i n  f l ow ing  hel ium con ta i n i ng  1 ppm each 
o f  H20 and H2 t o  determine t h e  weight  l o s s  f o r  L i z 0  i n  a f lowing-gas environment. 

The average values f o r  the depth o f  i n t e r n a l  pene t ra t i on  and t o t a l  scale th ickness  on a u s t e n i t i c  and 
f e r r i t i c  s t ee l s  exposed w i t h  L i 2 0  i n  f lowing hel ium are p l o t t e d  as a f unc t i on  o f  t ime i n  F ig.  9.3.1. The 
depth o f  i n t e r n a l  pene t ra t i on  represents the actual  metal l o s s  and was obta ined frcm the  d i f ference between 
t he  i n i t i a l  specimen th ickness and t h a t  o f  the  unreacted metal a f t e r  the  t e s t .  I n  some instances, the 
r e a c t i o n  scales on the  a l l o y  specimens broke o f f  when the r e a c t i o n  couples were removed from the  holder ;  
consequently, the  t o t a l  scale th ickness was determined from measurements of the  th ickness o f  the  spa l l ed  

Compa t i b i l i t y  t e s t s  conducted a t  973 and 773 K (700 and 500'C) w i t h  sealed capsules of HT-9 a l l o y  and 

Data on the  r e a c t i o n  k i n  t ' c s  and a meta l lograph ic  eva lua t ion  o f  the  a l l o y  specimens have been 

For example, the  

The r e s u l t s  f o r  f e r r i t i c  HT-9 a l l o y  and Fe-9Cr-lMo s tee l  i n  1 a t e  t h a t  the  r e a c t i o n  ra tes  i n  hel ium 

Dur ing  the  c u r r e n t  r e p o r t i n g  period, meta l lograph ic  examinations were performed on Type 316 s t a i n l e s s  
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TIME 1100Ohl 

F ig .  9.3.1. I n t e r n a l  penet ra t ion  and t o t a l  scale th ickness f o r  
a u s t e n i t i c  and f e r r i t i c  s t ee l s  exposed w i t h  L i  0 p e l l e t s  a t  823 K i n  
f l o w i n g  hel ium conta in ing  93 o r  1 ppm H20 and ? ppm H2. 

scale and the  co r ros i on  scale remaining on the  specimens. 
of a u s t e n i t i c  and f e r r i t i c  s t ee l s  are s i m i l a r .  I n t e r n a l  penetera t ion  and t o t a l  scale th ickness under 
var ious  t e s t  cond i t i ons  are approximately the same fo r  Type 316 s ta i n l ess  s tee l  and the f e r r i t i c  s t ee l s .  

reaches a constant  value (-15 urn) a f t e r  an i n i t i a l  pe r i od  o f  1000 h. 
Conta in ing  93 ppm H20 may e x h i b i t  s i m i l a r  behavior. 
H20 was 2000 h and the  pene t ra t i on  depth increased w i t h  t ime. 
specimens exposed i n  hel ium with e i t h e r  93 o r  1 ppm H20 increases with time. 
power l a w  r e l a t i o n s h i p  w i t h  t ime.  
value a f t e r  longer  exposure times. 

hel ium conta in ing  1 ppm H20 and H2 are shown i n  F ig .  9.3.2. 
t h a t  observed fo r  the  f e r r i t i c  s tee ls ;  the  specimens show a un i fo rm and dense ou ter  scale, a porous 
subscale, and co r ros i ve  pene t ra t i on  i n  the  bulk ma te r i a l .  
scales on a u s t e n i t i c  and f e r r i t i c  s t ee l s  i n d i c a t e  t h a t  the dense ou ter  scale i s  r i c h  i n  i r o n  wh i l e  the  
subscale conta ins s i g n i f i c a n t  amounts o f  chromium, i.e., -18% f o r  f e r r i t i c  s t ee l s  and -48% f o r  Type 316 
s t a i n l e s s  Steel.  I n  add i t ion ,  the  i r o n - r i c h  ou te r  scale on Type 316 s ta i n l ess  s tee l  cons is ts  of a I 

manganese-rich sur face l a y e r  and a whi te i nne r  band t h a t  i s  r i c h  i n  n i cke l .  S im i l a r  behavior  was observed 
f o r  Type 316 s t a i n l e s s  s t e e l  specimens exposed i n  hel ium con ta i n i ng  93 ppm H20 and 1 ppm H2. 
d i f f r a c t i o n  analyses o f  the  reac t i on  scales are i n  progress t o  i d e n t i f y  the  var ious  reac t i on  products. 

The r e a c t i o n  scale on t he  edge of t he  Type 316 s ta i n l ess  s tee l  specimen exposed f o r  2500 h a t  823 K i n  
f low ing  hel ium conta in ing  1 ppm H20 and H i s  shown i n  Fig.  9.3.3. The specimen edge was no t  i n  con tac t  
w i t h  the  L i z 0  p e l l e t s  and thus was expose2 t o  the  gas environment alone. The r e a c t i o n  sca le  i s  i d e n t i c a l  t o  
t h a t  observed on the  surfaces exposed i n  con tac t  w i t h  L i  0 p e l l e t s .  These r e s u l t s  i n d i c a t e  t h a t  l i t h i u m  i s  
t r ans fe r red  v i a  the  vapor phase o r  by sur face d i f f u s i o n  $0 r e a c t  with sur faces t h a t  are n o t  i n  con tac t  with 
L i20 .  

The L i  0 p e l l e t s  from the  var ious  r e a c t i o n  couples l o s t  weight  a f t e r  exposure and t he  r a t e s  of we igh t  
l o s s  were lz.2 and 3.8%/yr i n  f lowing hel ium conta in ing  93 and 1 ppm HZO, r espec t i ve l y .  These values a re  
two t o  th ree  orders o f  magnitude grea ter  than those p red i c ted  from e q u i l i b r i u m  r e a c t i o n  k i n e t i c s .  However, 
two separate i n t e r a c t i o n s ,  viz.,  gas- and a l l o y - p e l l e t  i n t e rac t i ons ,  con t r i bu te  t o  the measured weight  l o s s  
f o r  the  L i  0 p e l l e t s .  A c o m p a t i b i l i t y  t e s t  was conducted w i t h  L i z 0  p e l l e t s ,  w i t hou t  the  a l l o y  specimens, a t  
823 K i n  f i ow ing  hel ium con ta i n i ng  1 ppm each of H20 and H2 t o  determine the weight  loss due t o  gas- pe l l e t  
i n t e r a c t i o n s .  
baked f o r  -2 h a t  823 K under dynamic vacuum before exposure t o  the f lowing-gas environment. These 
specimens show subs tan t i a l  weight  loss  (-0.5%) a f t e r  baking. However, the  weight losses o f  a l l  the  

The r e s u l t s  i n d i c a t e  t h a t  t he  co r ros i on  behaviors 

The depth of i n t e r n a l  pene t ra t i on  o f  the var ious specimens expored i n  hel ium con ta i n i ng  1 ppm H20 
The specimens exposed i n  he l ium 

However, the  longest  du ra t i on  of the  t e s t s  w i t h  93 ppm 
The th ickness o f  the  r e a c t i o n  scale f o r  the  

It i s  probable t h a t  the  t o t a l  scale th ickness a lso  reaches a s a t u r a t i o n  
The data may be expressed by a 

Micrographs o f  the  r e a c t i o n  scales on 20% cold-worked Type 316 s ta i n l ess  s tee l  exposed i n  f l ow ing  
The sca le  morphology i s  b a s i c a l l y  s i m i l a r  t o  

Energy d ispers ive  x- ray analyses of t he  r e a c t i o n  

X-ray 

The r e s u l t s  are shown i n  Fig.  9.3.4. Two specimens, shown by c i r c l e s  i n  F ig.  9.3.4, were 
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Fig. 9.3.3. Reaction scale on the edge o f  Type 316 s ta in less steel  specimen 
exposed f o r  2500 h a t  823 K i n  f lowing helium containing 1 ppm H20 and H2. 

specimens, w i th  o r  w i thout  p r i o r  baking, are comparable a f t e r  exposure to the f lowing gas environment. The 
r e s u l t s  y i e l d  a weight loss  o f  3.2%/yr f o r  L iz0 p e l l e t s  exposed t o  the flowing-gas environment. This value 
i s  s i m i l a r  t o  t h a t  observed for  LizO p e l l e t s  exposed w i th  a l l o y  specimens. 

9.3.5 Conclusions 

Data from the compat ib i l i t y  tes ts  i n  a f lowing-helium environment i nd i ca te  t h a t  the corrosion behav 
of Type 316 s ta in less steel  i s  s i m i l a r  to t h a t  o f  the f e r r i t i c  HT-9 a l l o y  o r  Fe-9Cr- lb  steel .  A l l  a l lo :  
specimens develop a dense i ron- r i ch  outer scale and a porous subscale. The dense outer scale on Type 311 
s ta in less steel consists of a t h i n  manganese-rich surface laye r  and an inner band r i c h  i n  n icke l .  For 
aus ten i t i c  and f e r r i t i c  steels, the react ion rates i n  helium containing 93 ppm H20 are greater than i n  
helium ~. w i t $  ~ 1 ppm HzO. 

~~ ~ ~~ ~~ ~ .~ .~ ~ 

i o r  
Y 
6 

The L i  0 p e l l e t s  exposed t o  f lowing helium containing 1 ppm each of H 0 and H2 show welght loss  of 
-3.2%/yr. This value i s  comparable w i th  the ra te  observed e a r l i e r  for  L i z  6 p e l l e t s  tha t  were exposed w i t h  
the a l l o y  specimens. 
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EXPOSURE T i M  (h l  

Fig. 9.3.4. Weight loss for Liz0 pellets exposed a t  823 K i n  flowing helium 
containing 1 ppn each of H20 and H2. Each symbol type represents weight loss f o r  
a s ingle  specimen a f t e r  various times. 
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9.4.4.3 Experimental Results 

The increase-in-weight values f o r  the unalloyed V. V-base al loys,  PCA S.S. and KI-9 a l l oys  t h a t  

The increas 

were determined on exposure o f  the  mater ia ls  a t  725, 825 and 925 K t o  f lowing He containing He andlor 
H20 are shown i n  Fig. 9.4.1. 

i n  weight o f  a specimen on ex osure t o  the He environments u t i l i z e d  i n  t h i s  study was described (R !? cor re la t i on  c o e f f i c i e n t  > 0.9r by the equation 

U = k(E)n. 

I n  Eq. (1). W i s  the increase i n  weight per u n i t  o f  surface area (ug/cm2); E i s  the cumulative 
exposure t i m e  

l i s t e d  i n  Table 9.4.1. 

t o  the He environments revealed, i n  general, contiguous surface and near-surface layers  (Fig. 
9.4.2). Ue sha l l  denote the outermost layer  as the "corrosion" layer  and the near-surface laye r  as 
the " in terna l  oxidat ion"  layer. The near surface, i n te rna l  ox idat ion laye r  was r e a d i l y  
d is t ingu ishable  i n  the microstructure o f  the V-5T i  and V-15Cr-5Ti specimens and general ly l ess  
apparent i n  the microstructure o f  the V and V-15Cr specimens. The thickness o f  these layers  i n  the  
specimens i s  l i s t e d  i n  Table 9.4.1. The thickness o f  the corrosion layer  on the V-15Cr, V-15Cr-5Ti 
and the PCA mater ia ls approached a l i m i t i n g  value f o r  temperatures above 725 K (Table 9.4.1). 
i n  the case o f  the V and V-5Ti  materials, the corrosion layer  thickness a t ta ined a maximum value a t  
825 K. I n  the case of the V and V-5Ti specimens, the corrosion laye r  showed a tendency t o  p a r t i a l l y  
separate from the underlying mater ia l  w i th  a maximum tendency a t  825 K. I n  contrast, the cor ros ion 
laye r  on the V-15Cr-5Ti  mater ia ls d i d  not show a tendency t o  separate for  these experimental 
condit ions. The thickness o f  the in te rna l  ox idat ion layer  i n  the V and V-base mateials increased 
subs tan t ia l l y  w i th  an increase o f  temperature. The approximately l i n e a r  r a t e  o f  weight change (400 t o  
1000 hours) f o r  the unalloyed V, V-base a l l oys  and Fe-base a l l oys  i s  presented i n  Table j.4.1. 
However. these r a t e  of weight change data may not be appl icable f o r  exposure times of 10 
hours. 

The p r o f i l e s  o f  the microhardness o f  the specimens i n  the sect ion transverse t o  the specimen 
surfaces a f t e r  exposure f o r  1000 h t o  the  He + 10 ppm H$ environment are shown i n  Fig. 9.4.3. 
presence of the T i  solute i n  the V-base a l l oys  resu l ted i n  a substant ia l  increase i n  hardness of the 
near-surface layers  of the specimens and essen t ia l l y  no increase i n  hardness of the specimen core 
(Figs. 9.4.3 b and d). 
9.4.3. c). the hardness o f  the near-surface layers was moderately increased. 
the a l l oys  containing T i  solute, the hardness of the specimen core increased espec ia l ly  a t  925 K. 

hours); k and n are constants f o r  a mater ia l  and a set o f  experimental parameters. The 
values o f  the R and n fo r  each o f  the mater ia ls and exposure condi t ions u t i l i z e d  i n  t h i s  study are 

The observation o f  the microstructure i n  cross-sections o f  the specimens a f te r  1000-hour exposure 

However 

t o  IO5 

The 

I n  the case o f  the unalloyed V (Fig. 9.4.3 a)  and the V-15Cr a l l o y  (Fig. 
However i n  cont ras t  t o  

9.4.5 Discussion o f  Results 

approximately described by w = K ( t )  
ranging up t o  1000 hours. However, t he  curves fo r  the  V-5Ti a l l o y  a t  825 K and V-base a l l oys  a t  925 K 
showed a s ign i f i can t  increase i n  weight a t  approximately 600 hours o f  exposure. These r e s u l t s  could 
not be a t t r i b u t e d  t o  a change i n  the experimental parameters. The presence of T i  so lu te  i n  the  V-base 
a l l oys  resu l ted i n  a substant ia l  increase i n  hardness o f  the near-surface layers o f  the specimens. If 
the increase i n  hardness was due t o  i n te rna l  oxidation, we may assume tha t  ingress of O2 was l i m i t e d  
t o  the near-surface layers.  I n  the case o f  the unalloyed V and V-15Cr a l loy ,  the ingress o f  02 was 

The increase i n  weight o f  the HnallOyed V. V-base al loys,  PCA S.S. and KT-9 a l l o y  was 
on exposure a t  725. 825 and 925 K t o  He environments fo r  periods 
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V V-  I5 Cr V- 5 Ti V-15Cr-5Ti 
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Fig. 9.4.2. Corrosion and in te rna l  ox idat ion layers i n  the unalloyed V and V-base a l l oys  a f te r  
1000-hour exposure a t  925 K t o  He + 10 ppn H20. 

appare t y not l i m i t e d  t o  the near-surface layers. Swel l ing studies on unalloyed V1-3 and V-base 
have shown t h a t  the add i t i on  o f  15 wlo C r  t o  V causes a substant ia l  increase o f  the  V 

~ w e l l i n g . ~  However, the resu l t s  of the present study show t h a t  C r  i s  a bene f i c ia l  so lu te  f o r  
improving the  cor ros ion resistance o f  V i n  He containing low (< 10 ppm) concentrations o f  water 
vapor. The swel l ing  studies have a lso shown tha t  the add i t i pn  of 1 wlo T i  t o  V o r  5 wlo T i  t o  a V- 
15Cr a l l o y  e f f e c t i v e l y  suppresses void formation and growth. s 4  The present study has shown t h a t  the 
add i t ion o f  5 wlo T i  t o  a V-15Cr a l l o y  does not s i g n i f i c a n t l y  a l t e r  the corrosion resistance of the V- 
1 5 C r  a l loy .  Moreover, the presence of the T i  so lu te  i n  unalloyed V or a V-15Cr a l l o y  causes t h e  
format ion o f  an i terna l  oxidat ion layer. This l aye r  may r e s u l t  i n  embritt lement o f  the mater ia l .  

o f  Nb. However, the 
most ef fect ive solutes for  suppression o f  vo id  swel l ing  i n  Nb were solutes tha t  diffuse r e l a t i v e l y  
s lowly i n  Nb. These resu l t s  suggest t h a t  s lowly d i f f u s i n g  solutes i n  V might be equal ly  e f f e c t i v e  f o r  
the suppression of void swell ing, and thus the de le ter ious in te rna l  oxidat ion e f fec ts  o f  the T i  so lu te  
might be avoided. The slowly d i f f y i n g  solutes which might be e f f e c t i v e  i n  the suppression of 
swel l ing  of V are Nb, Ta. Mo and W .  
induced radioa t i v i t y  of V-base a l l oys  i n  a fus ion reactor  suggests tha t  W should receive pre ferent ia l  

Loomis and Gerber 1 have invest igated the e f f e c t s  o f  subst i tut ional- atam solutes on the  vo id  swel l ing  
These studies revealed tha t  T i  so lu te  was e f f e c t i v e  i n  minimizing void swel l ing.  

However, considerat ion o f  the impact o f  these solutes on the  

consideration. 6 
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Table 9.4.1 Parameters fo r  t he  increase i n  weight of V-base a l l oys ,  PCA s t a i n l e s s  s tee l  and HT-9 
a l l o y  a t  725, 825, and 925 K i n  He. 

Mater ia l  Gas Temper- E q - ( l )  Layer Thickness Experimental Rate o f  Weight 

(vppm)a a tu re  Parameters a t  1000 Hours Weight Gain Changeb 

d n Corrosion Ox ida t ion  a t  400 h r  ( K )  
( i o - b )  ( 1 0 - 4 4  (ug/cm2) (pg/cm2. h r )  

HetlOH20 725 17.24 0.54 11c 180 445 0.504 

10.80 0.44 6 -10 146 0.106 
5.28 0.58 6 20 168 0.186 

130 0.131 
2of 3 0.004 

7.54 0.48 6 
0.13 0.55 3 n.v .  

13.07 0.54 13c 35 320 0.344 
V 
V-5Ti 
V-15Cr 
V-15Cr-5Tid 
V-15Cr-5Tie 
PCA 

HetlOH20 825 32.90 0.76 64 280 3250 2.917 
22.42 0.75 3Ic 75 2050 2.583 

4.94 0.83 14 -20 705 1.374 
6.65 0.81 18 28 853 1.549 
8.40 0.75 16 36 737 1.227 

31.36 0.28 8 n.v. 164 0.082 

v 
V-5Ti 
V-I5Cr 
V-15Cr-5Tid 
V-15Cr-5Tie 
PCA 

HetlOH20 925 96.90 0.67 
24.29 0.77 

V 
V - 5 T i  

18.17 0.72 
10.15 0.84 
12.92 0.75 
18.32 0.37 
11.20 0.26 

V-15Cr 
V-15Cr-5Tid 
V-15Cr-5Tie 
PCA 
HT-9 

16' 
9C 

17 
29 
18 
9 
5 

> 400 
220 
-15 
110 
128 

n.v. 
n.v. 

8.475 

52 0.024 

He+lH2+1H20 825 76.67 0.50 25c 200 1575 1.375 
66.12 0.47 27c 60 1150 0.971 
51.23 0.38 10 -15 502 0.349 

V 
V - 5 T i  
V-15Cr . 

42.20 0.42 11 60 52 7 0.397 
29.21 0.47 12 50 4 99 0.426 
24.47 0.43 11 n.v. 318 0.267 
4.65 0.68 10 n.v. 319 0.319 

V-15Cr-5Tid 
V - 1 5 C r - 5 T i e  
PCA 
HT-9 

a 
b 400 t o  1000 hours exposure. 

[dc] As-received, r o l l e d  ma te r i a l .  
(e) Annealed ma te r i a l .  
( f )  Not  v i s i b l e .  

V o l u m  pa r t s  per m i l l i o n  of H2 o r  H20 i n  He. 

Layer tends t o  spa11 . 
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9.4.6 Conclusions 

The data obta ined i n  t h i s  experimental study on the  increase i n  weight of una l loyed V, V-base 
a l l o y s  and Fe-base a l l o y s  dur ing  exposure a t  temperatures rang ing  f rom 725 t o  925 K i n  He environments 
con ta i n i ng  hydrogen ( 1  ppm) and/or water (1-10 ppm) suggest t he  f o l l o w i n g  conclus ions.  

1. 
2 .  

3. 

The presence o f  C r  i n  a V a l l o y  i s  bene f i c i a l  f o r  a minimum increase i n  weight .  
The presence o f  T i  i n  a V a l l o y  does no t  minimize the  increase i n  weight and 
unacceptable mechanical p rope r t i es  due t o  embr i t t lement .  
The r a t e  o f  increase i n  weight (400 t o  1000 hours)  f o r  t he  V-base a l l o y s  i s  s u b s t a n t i a l l y  
g rea ter  than t he  r a t e  f o r  t he  Fe-base a l l o y s  on exposure t o  He environments con ta i n i ng  10 ppm 
water. 
The r a t e  of increase i n  weight f o r  t he  V-base a l l o y s  i s  comparable t o  t he  r a t e  f o r  Fe-base 
a l l o y s  on exposure t o  He environments con ta i n i ng  1 ppm hydrogen and 1 ppm water. 
The presence of T i  so l u te  i n  V-base a l l o y s  l i m i t s  t he  ingress  of O2 t o  t h e  near- sur face 
1 ayers. 

l ess  suscept ib le  t o  p o t e n t i a l  embr i t t lement  w i thou t  impairment o f  t h e  co r ros i on  res i s t ance  on 
exposure i n  He environments con ta i n i ng  water vapor. 

may r e s u l t  i n  

4. 

5. 

6. The replacement o f  t he  T i  i n  t he  V-15Cr-5Ti a l l o y  w i t h  W may r e s u l t  i n  a ma te r i a l  t h a t  i s  
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9.5 ENVIRONMENTAL EFFECTS ON PROPERTIES OF STRUCTURAL ALLOYS - 0. K. Chopra and D. L. Smith 
(Argonne Nat iona l  Labora to ry )  

9.5.1 ADIP  Task 

ADIP  task  I.A.3, Per form Chemical and M e t a l l u r g i c a l  C o m p a t i b i l i t y  Analyses. 

9.5.2 O b j e c t i v e  

and mechanical p r o p e r t i e s  of s t r u c t u r a l  a l l o y s  under c o n d i t i o n s  o f  i n t e r e s t  f o r  f u s i o n  r e a c t o r s .  Tes t  
env i ronments t o  be i n v e s t i g a t e d  i n c l u d e  l i t h i u m ,  l e a d - l i t h i u m ,  hel ium, and water.  
on t h e  combined e f f e c t s  of s t r e s s  and chemical environment on c o r r o s i o n  and mechanical behav io r  o f  
m a t e r i a l s .  
environments on c o r r o s i o n  and mechanical p r o p e r t i e s  o f  s t r u c t u r a l  m a t e r i a l s .  

9.5.3 Summary 

700 and 755 K i n  f l o w i n g  l i t h i u m  and Pb-17Li environments. The r e s u l t s  i n d i c a t e  t h a t  d i s s o l u t i o n  r a t e s  f o r  
bo th  s t e e l s  are an o rder  of magnitude g r e a t e r  i n  Pb-Li than i n  l i t h i u m .  
316 s t a i n l e s s  s t e e l  show t h a t  a f l o w i n g  environment has no e f f e c t  on the  t e n s i l e  p r o p e r t i e s  o f  Type 316 
s t a i n l e s s  s t e e l  a t  temperatures between 473 and 773 K. 

9.5.4 Progress and S ta tus  

9.5.4.1 L i t h i u m  Environment 

The o b j e c t i v e  o f  t h i s  program i s  t o  i n v e s t i g a t e  the  i n f l u e n c e  o f  chemical environment on t h e  c o r r o s i o n  

Emphasis w i l l  be p laced  

I n i t i a l  i n v e s t i g a t i o n s  are focused on t h e  i n f l u e n c e  of f l o w i n g  l i t h i u m  and l e a d - l i t h i u m  

Cor ros ion  data a re  presented f o r  severa l  a u s t e n i t i c  and f e r r i t i c  s t e e l s  exposed a t  temperatures between 

T e n s i l e  data f o r  cold-worked Type 

The e f f e c t s  o f  a f l o w i n g  l i t h i u m  environment on the  c o r r o s i o n  behav io r  and t e n s i l e  p r o p e r t i e s  o f  

The c o l d- t r a p  temperature i s  ma in ta ined  a t  498 K 
f e r r i t i c  and a u s t e n i t i c  s t e e l s  a re  being i n v e s t i g a t e d .  
l o o p  equipped w i t h  a c o l d - t r a p  p u r i f i c a t i o n  system. 
1225OCI. 
p e n e t r a t i o n  f o r  v a r i o u s  specimens exposed f o r  d i f f e r e n t  t imes. 
s e c t i o n  and 22.23 mn i n  gauge leng th ,  a re  used f o r  the  t e n s i l e  t e s t s .  
of carbon and hydrogen i n  l i t h i u m  was -8 and 120 wppm, r e s p e c t i v e l y ,  and the  n i t r o g e n  c o n t e n t  was between 50 
and 250 wppm. 

a u s t e n i t i c  s t a i n l e s s  s t e e l s  f o l l o w  a power law r e l a t i o n s h i p  w i t h  time, whereas we igh t  losses  o f  f e r r i t i c  
s t e e l s  f o l l o w  a l i n e a r  law.' 
s t a i n l e s s  s t e e l s  i n c r e a s e  i n  t h e  f o l l o w i n g  o rder :  annealed Type 304L. annealed Type 316, 20% cold-worked 
Type 316, and 25% cold-worked PCA. 
c i r c u l a t i n g  l i t h i u m  i s  an o r d e r  of magnitude g r e a t e r  than t h a t  observed i n  t h e  thermal convec t ion  1 0 0 p . ~  
The d i s s o l u t i o n  r a t e s  o f  t h e  f e r r i t i c  HT-9 a l l o y  and Fe-9Cr-1Mc s t e e l  a re  an o rder  o f  magnitude lower .  
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  develop a porous f e r r i t e  sca le  a f t e r  exposure t o  l i t h i u m  and the  th ickness  o f  
t h e  f e r r i t e  l a y e r  inc reases  l i n e a r l y  w i t h  time. The f e r r i t i c  s t e e l s  show l i t t l e  o r  no i n t e r n a l  co r ros ion .  
The c o n c e n t r a t i o n  o f  n i t r o g e n  i n  l i t h i u m  has a s t r o n g  e f f e c t  on the  c o r r o s i o n  behavior .  
and f e r r i t i c  s t e e l s ,  t h e  d i s s o l u t i o n  r a t e s  i n  l i t h i u m  c o n t a i n i n g  -200 wppm n i t r o g e n  a re  a f a c t o r  o f  2 t o  4 
g r e a t e r  than i n  low- n i t rogen  l i . e . ,  50 wppml l i t h i u m .  

755 K I233 and 482°C). a f l o w i n g  l i t h i u m  environment has no e f f e c t  on t h e  t e n s i l e  s t r e n g t h  o r  t o t a l  
e l o n g a t i o n  of the  s t e e l .  

a u s t e n i t i c  and f e r r i t i c  s t e e l s  t o  study t h e  t ime and temperature dependence o f  c o r r o s i o n  i n  l i t h i u m .  
T e n s i l e  t e s t s  were performed on 20% cold-wo ked Type 316 s t a ' n l e s s  s t e e l  i n  f l o w i n g  l i t h i u m  a t  507 and 755 K 

t e n s i l e  p r o p e r t i e s .  

exposed a t  700 and 755 K i n  f l o w i n g  l i t h i u m  are shown i n  F igs.  9.5.1-9.5.3. 
f i g u r e s  represen ts  we igh t  l o s s  f o r  a s i n g l e  specimen a f t e r  v a r i o u s  exposure t imes. 
t h e  d i s s o l u t i o n  r a t e s  f o r  Type 316 s t a i n l e s s  s t e e l  and PCA reach a s teady- s ta te  va lue a f t e r  an i n i t i a l  
t r a n s i t i o n  p e r i o d  o f  -1500 h c h a r a c t e r i z e d  by r a p i d l y  changing ra tes .  
s teady- s ta te  d i s s o l u t i o n  r a t e s  a t  700 K a re  s i m i l a r  t o  t h a t  a t  755 K. 
Type 316 s t a i n l e s s  s t e e l  i s  g r e a t e r  than f o r  t h e  annealed s t e e l ;  however, t h e  s teady- s ta te  d i s s o l u t i o n  r a t e s  
a re  comparable f o r  t h e  annealed and cold-worked m a t e r i a l .  
PCA a re  a f a c t o r  o f  -2 g r e a t e r  than t h a t  o f  Type 316 s t a i n l e s s  s t e e l .  

s i g n i f i c a n t  weight  l o s s  a f t e r  t h e  i n i t i a l  exposure t o  l i t h i u m .  
Fe-9Cr- lFb s t e e l  a re  an o rder  of magnitude lower  than those f o r  Type 316 s t a i n l e s s  s t e e l .  
a t  700 K a re  lower  than a t  755 K. 

Tests  are conducted i n  a f o r c e d - c i r c u l a t i o n  l i t h i u m  

The c o r r o s i o n  behav io r  i s  eva lua ted  from measurements o f  weight  l o s s  and depth o f  i n t e r n a l  
F l a t  specimens, 5.59 x 1.22 mn i n  cross 

Dur ing  the  t e s t s ,  the  c o n c e n t r a t i o n  

The c o r r o s i o n  da ta  i n  f l o w i n g  l i t h i u m  a t  700 and 755 K 1427 and 482°C) i n d i c a t e  t h a t  we igh t  losses  f o r  

For  i d e n t i c a l  exposure c o n d i t i o n s ,  we igh t  losses  f o r  the  d i f f e r e n t  a u s t e n i t i c  

The c o r r o s i o n  r a t e  of Type 316 s t a i n l e s s  s t e e l  i n  co ld- t rapped  

The 

For  both a u s t e n i t i c  

T e n s i l e  data f o r  cold-worked Type 316 s t a i n l e s s  s t e e l  i n d i c a t e  t h a t  a t  temperatures between 480 and 

The t e n s i l e  p r o p e r t i e s  i n  f l ow ing  l i t h i u m  and i n  vacuum are  comparable. 
Dur ing  the  c u r r e n t  r e p o r t i n g  per iod,  c o r r o s i o n  t e s t s  were con t inued  a t  700 and 755 K w i t h  severa l  

1234 and 482°C) and s t r a i n  r a t e s  o f  4 x 10- 5. and 4 x s-' t o  determine t h e  i n f l u e n c e  o f  s t r a i n  r a t e  on 

The we igh t  losses  f o r  Type 316 s t a i n l e s s  s t e e l ,  PCA, and the  f e r r i t i c  HT-9 a l l o y  and Fe-9Cr-1Mo s t e e l  
Each symbol t ype  shown i n  t h e  

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

For  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 ,  the  
The weight  l o s s  o f  20% cold-worked 

A t  both temperatures, t h e  d i s s o l u t i o n  r a t e s  of 

A l l  specimens showed The we igh t  l o s s  f o r  t h e  f e r r i t i c  s t e e l s  increases l i n e a r l y  w i t h  exposure t ime. 
The d i s s o l u t i o n  r a t e s  o f  bo th  HT-9 a l l o y  and 

D i s s o l u t i o n  r a t e s  
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F ig .  9.5.1. Weight l o s s  versus exposure t ime f o r  annealed and 20% cold-worked Type 316 s ta i n l ess  steel 
exposed a t  ( a )  700 K and (b)  755 K t o  f l ow ing  l i t h i u m  con ta i n i ng  150-200 wppm n i t rogen.  
represents weight l oss  f o r  a s i ng le  specimen a f t e r  var ious  exposure times. 

Each symbol type 

Dup l i ca te  specimens of the  var ious  a l l o y s  were exposed t o  l i t h i u m  a t  700 K. For  a l l  exposure times, 

For example, two sets o f  PCA specimens 
the  weight  losses of bo th  specimens are comparable. 
a t  d i f f e r e n t  per iods show s i g n i f i c a n t  d i f f e rences  i n  weight  loss .  
(hea t  t reatment  A3 and 82) exposed t o  l i t h i u m  a t  755 K show a fac to r  o f  two d i f ference i n  weight loss ,  
F ig .  9.5.2(b). 
c i r c l e s .  D i f fe rences  i n  weight  l oss  are a lso  observed f o r  Type 316 s ta i n l ess  s tee l  and f e r r i t i c  s tee l  
specimens t h a t  were exposed i n  the  l i t h i u m  loop  a t  d i f f e r e n t  periods. 
r e s u l t  from v a r i a t i o n s  i n  the  impu r i t y  content  i n  l i t h i u m ,  p a r t i c u l a r l y  the concent ra t ion  o f  n i t r ogen  i n  
l i t h i u m .  Dur ing the  co r ros i on  t es t s ,  the  n i t r ogen  content  i n  l i t h i u m  va r i ed  between 200 and 50 wppm. 

The i n f l uence  of a l i t h i u m  environment on the  t e n s i l e  p r o p e r t i e s  o f  20% cold-worked Type 316 s ta i n l ess  
s tee l  was i nves t i ga ted  by conducting t e s t s  i n  low ing  l i t h i u t  anf i n  vacuum a t  temperatures between 473 and 
773 K and a t  s t r a i n  r a tes  o f  4 x 4 x 10- , and 4 x 10- s- . The t e n s i l e  s t r eng th  and t o t a l  elonga- 
t i o n  o f  the  ma te r i a l  i n  l i t h i u m  and vacuum are shown i n  Fig.  9.5.4. 
rates,  a l i t h i u m  environment has no e f f e c t  on the  t e n s i l e  p rope r t i es  of the  s tee l .  

However, a l l o y  specimens t h a t  were exposed separate ly  

The specimens shown by square symbols were exposed -500 h a f t e r  the  specimens represented by 

The d i f f e rences  i n  weight  l oss  may 

4 
The r e s u l t s  show t h a t  a t  a l l  s t r a i n  
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F ig .  9.5.3. Weight l o s s  versus exposure t ime f o r  the  HT-9 a l l o y  and Fe-gCr-lMo s tee l  exposed a t  
(a )  700 K and (b)  755 K t o  f l ow ing  l i t h i u m  conta in ing  150-200 wppm n i t rogen.  
weight  l oss  f o r  a s i n g l e  specimen a f t e r  var ious exposure times. 

Each symbol type represents 

TEMPERATURE lDCl 
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F i g .  9.5.4. Tens i le  s t reng th  and t o t a l  e longat ion  f o r  20% 
cold-worked Type 316 s t a i n l e s s  s tee l  t es ted  i n  f lowing l i t h i u m  
o r  vacuum. The curve represents the average values i n  a i r .  

9.5.4.2 Pb-17Li Environment 

The e f f e c t s  o f  a f l o w i n g  Pb-17Li environment on the  co r ros i on  behavior and mechanical p rope r t i es  o f  
a u s t e n i t i c  and f e r r i t i c  s t ee l s  are being inves t iga ted .  Tests are conducted i n  a f o r c e d- c i r c u l a t i o n  Pb-17Li 
l oop  opera t ing  a t  temperatures between 727 and 573 K (454 and 300°C). 
worked Type 316 s t a i n l e f s  s t ee l  and f e r r i t i c  HT-9 and Fe-9Cr- lM s tee l s  i n  f l ow ing  Pb-17Li a t  700 and 727 K 
were presented e a r l i e r .  
s t ee l s  i n  f l ow ing  Pb-17Li are an order  of magnitude grea ter  than i n  f l ow ing  l i t h i u m .  The o v e r a l l  co r ros i on  
behavior  of the  var ious  a l l o y s  i n  Pb-17Li i s  s i m i l a r  t o  t h a t  i n  l i t h i u m .  The weight  losses f o r  the  
a u s t e n i t i c  s t a i n l ess  s tee l s  fo l low a parabo l i c  law w i t h  time, whereas the  weight losses  f o r  f e r r i t i c  s t ee l s  

Corrosion data f o r  annealed and cold-  

The r e s u l t s  showed t h a t  the  d i s s o l u t i o n  ra tes  o f  both a u s t e n i t i c  and f e r r i t i c  



219 

are l i n e a r .  
f e r r i t i c  s t ee l s .  The weight  l o s s  f o r  cold-worked Type 316 s ta i n l ess  s tee l  i s  h igher  than of the  annealed 
s tee l .  

s t a i n l ess  s tee l  and f e r r i t i c  s t ee l s  i n  Pb-17Li a t  700 and 727 K i s  shown i n  Fig. 9.5.5. The d i s s o l u t i o n  
ra tes  f o r  Type 316 s t a i n l e s s  s tee l  reached a steady- state value (shown by the  dashed l i n e s )  a f t e r  an i n i t i a l  
pe r i od  o f  h igh  d i s s o l u t i o n  ra tes .  The weight losses  w i t h  t ime may a lso  be expressed by a parabo l i c  law; 
these p red i c t i ons  are shown by the  s o l i d  curves i n  F ig.  9.5.5a. 
s t ee l s  a re  constant  and an order  o f  magnitude lower than the  steady- state r a tes  f o r  Type 316 s t a i n l e s s  
s tee l .  For a l l  a l l oys ,  t he  weight  l oss  a t  727 K i s  about a f a c t o r  o f  two grea ter  than a t  700 K .  

f l o w i n g  Pb-17Li i s  shown i n  F ig .  9.5.6. The d i s s o l u t i o n  r a t e  f o r  Type 316 s t a i n l e s s  s tee l  a t  773 K i n  a Pb- 
17Li  thermal convect ion loop  i s  a lso  inc luded i n  the f i g u r e .  The combined data f o r  Type 316 s t a i n l e s s  s tee l  
y i e l d  an a c t i v a t i o n  energy of -38 kcal lmole.  
thermal convect ion loop a t  temperatures between 773 and 873 K .  

9.5.5 Conclusions 

the  d i s s o l u t i o n  ra tes  f o r  a u s t e n i t i c  s t a i n l e s s  s tee l s  reach a s teady- state value a f t e r  an i n i t i a l  pe r i od  o f  
h igh  ra tes .  
the  d i s s o l u t i o n  behavior  o f  both a u s t e n i t i c  and f e r r i t i c  s t ee l s  i s  s t r ong l y  a f f ec ted  by the  impu r i t y  con ten t  
of the  l i t h i u m ,  p a r t i c u l a r l y  the  concent ra t ion  o f  n i t r ogen  i n  l i t h i u m .  Va r i a t i ons  i n  the  l i t h i u m  p u r i t y  
dur ing  the t e s t s  lead  t o  s i g n i f i c a n t  v a r i a t i o n s  i n  the  values o f  weight loss.  

Tens i le  data f o r  cold-wo ked Type 31g s tp i n l ess  s tee l  a t  temperatures between 473 and 755 K and s t r a i n  
r a tes  i n  the range of 4 x 10- t o  4 x 10- s- i n d i c a t e  t h a t  a f l ow ing  l i t h i u m  environment has no e f f e c t  on 
the  t e n s i l e  s t reng th  or t o t a l  e longat ion  o f  the  s tee l .  Tens i le  t e s t s  are being conducted on the  HT-9 a l l o y  
t o  study the poss ib le  embr i t t lement  o f  the mater ia l  i n  l i t h i u m .  

Corrosion t e s t s  i n  a f low ing  Pb-17Li environment i n d i c a t e  t h a t  the  d i s s o l u t i o n  ra tes  f o r  both 
a u s t e n i t i c  and f e r r i t i c  s t ee l s  i n  Pb-17Li are an order  of magnitude grea ter  than i n  f l ow ing  l i t h i u m .  The 
i n f l uence  of time, temperature, or a l l o y  composit ion on the  co r ros i on  behavior  i n  Pb-17Li i s  s i m i l a r  t o  t h a t  
i n  l i t h i u m .  O i sso lu t i on  r a t e  data fo r  Type 316 s ta i n l ess  s tee l  exposed t o  Pb-17Li y i e l d  an a c t i v a t i o n  
energy o f  38 kcal lmole.  

The d i s s o l u t i o n  ra tes  o f  the  a u s t e n i t i c  s t ee l s  are an order  of magnitude grea ter  than f o r  the  

The weight  l oss  f o r  Type 316 The co r ros i on  t e s t s  have cont inued dur ing  the  cu r ren t  r e p o r t i n g  period. 

The d i s s o l u t i o n  ra tes  f o r  the  f e r r i t i c  

The Arrhenius p l o t  o f  the  d i s s o l u t i o n  ra tes  f o r  Type 316 s ta i n l ess  s tee l  and the  f e r r i t i c  s t ee l s  i n  

This value i s  i d  n t i c a l  t o  t h a t  obta ined i n  the  l i t h i u m  5 

The cor ros ion  data f o r  a u s t e n i t i c  and f e r r i t i c  s t ee l s  i n  f l ow ing  l i t h i u m  a t  700 and 755 K i n d i c a t e  t h a t  

The weight  losses of f e r r i t i c  s t ee l s  f o l l o w  a l i n e a r  law w i t h  time. Data a lso  i n d i c a t e  t h a t  
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Fig. 9.5.5. Weight loss versus exposure t ime f o r  ( a )  Type 316 s ta i n l ess  s tee l  
and (b )  f e r r i t i c  HT-9 and F e - 9 C r - l b  s t ee l s  i n  f l ow ing  Pb-17Li a t  700 and 727 K .  
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F i g .  9.5.6. Arrhenius plot of dissolution ra te  data 
for austeni t ic  and f e r r i t i c  steels exposed to  flowing Pb-17Li. 

9.5.6 References 

1. 0. K. Chopra and 0. L .  Smith ,  "Environmental Effects on Properties of Structural Alloys," pp .  195- 

Tortorel l i  and J .  H. Oevan, "Corrosion of Path A PCA, Type 316 Stainless  Steel ,  and Fe-12Cr- 

200 in Alloy Development for  I r radia t ion Performance: 
March 3 ,  1983 , Oak Ridge National Laboratory, OOE/ER-Ut- 

lMVW Steel i n  Flowing L i t h i u m , "  pp .  290-303 i n  Alloy Development for  Irradiation Performance: 
Progress Report for  Period E n d i n g  September 30.7vS1 , Oak Ridge National Laboratory, OOE/ER-UU45/9. 

Semiannual Progress Report for Period E n d i n g  

Semiannual 

3. P. F. Tor torel l i  and J .  H. Oevan. '"Corrosion of TVDe 316 Stainless Steel i n  Flowina Pb- 17 a t .  % _ .  - 
L i , "  this  report. 



221 

DOE/ER-0045/11 
D i s t r i b u t i o n  
Category 
uc-20, 20c 

DISTRIBUTION 

16. Argonne Na t iona l  Labora to ry ,  9700 South Cass Avenue, Argonne, I L  60439 

L. Greenwood 
V. Maroni 
R. F. Mat tas 
R. E. Nygren 
D. L. Smith 
H. Wieders ich 

723. B a t t e l l e - P a c i f i c  Northwest Labora to ry ,  P.O. Box 999, Rich land,  WA 99352 

J. L. B r i m h a l l  
0. Dingee 

9. Rrookhaven Na t iona l  Labora to ry ,  Upton, NY 11973 

C.  L. Snead, Jr. 

10. Colorado School o f  Miners ,  Golden, CO 80401 

G. R. Edwards 

11-194. Department of Energy, Technica l  In fo rmat ion  Center ,  O f f i c e  of I n f o r m a t i o n  Serv i ces ,  P.O. Box 62, 
Oak Ridge, TN 37830 

For  d i s t r i b u t i o n  as shown i n  TID-4500 D i s t r i b u t i o n  Cateqory, UC-20 (Magnetic Fus ion  Energy),  
and UC-2Oc (Reactor M a t e r i a l s )  

1 9 5 2 0 1 .  Department o f  Energy, O f f i c e  of Fus ion Enerqy, Washington, DC 20545 

M. M. Cohen 
G. M. Haas 
T. C. Reuther,  Jr. ( 5  cop ies )  

202. Department of Energy, Oak Ridge Operat ions Of f i ce ,  P.O. Box E, Oak Ridge, TN 37830 

O f f i c e  of A s s i s t a n t  Manager f o r  Energy Research and Development 

203. Energy Technology Eng ineer ing  Center,  P.0. Box 1449, Canoga Park, CA 91304 
ETEC L i b r a r y  

206205 .  GA Technologies, Inc., P.O. Box 81608, San Dieqo, CA 92138 
T. A. Lechtenherg 

D. I. Rober ts  

20&208. Lawrence L ivermore Na t iona l  Laboratory ,  P.O. BOX 808, Livermore, CA 94550 

E.N.C. Da lde r  
M. Guinan 
C. M. Logan 

209. Los Alamos Na t iona l  Laboratory ,  M a i l  Stop H809, Los Alamos, NM 87545 

M. S. Wechsler 

210. Massachusetts I n s t i t u t e  o f  Technology, 138 Albany S t r e e t ,  Cambridge, MA 02139 

0. K.  H a r l i n g  

211-212. Massachusetts I n s t i t u t e  of Technology, 77 Massachusetts Ave., Cambridge, MA 02139 

N. J .  Grant 
V. B .  Vander Sande 



222 

212-214. McDonnell Douglas As t ronaut ics  Company, East, P.0. Box 516, S t .  Louis, MO 63166 

J. W. nav is  
0. L. Kumer  

215. Mel lon I n s t i t u t e ,  Schenley Park, P i t t sburqh ,  PA 15213 

J. C. Wi l l iams 

216. Nat ional  Ma te r i a l s  Advisory Board, 2101 C o n s t i t u t i o n  Ave., Washinqton, nC 20418 

K .  M. Zwi lsky 

217-218. Naval Research Laboratory, Washington, nC 20375 

Superintendent, Ma te r i a l s  Science and Technoloqy D i v i s i o n  
J .  A. Sprague 

219-257. Oak Ridge Nat ional  Laboratory, P.O. Box X ,  Oak Ridge, TN 37830 

Centra l  Research L i b r a r y  ( 2  copies)  
Document Reference Sect ion 
Laboratory Records Department ( 2  copies)  
Laboratory Records Department, RC 
ORNL Patent Sect ion 
E. E. Rloom (IO copies)  
0. N. R r a s k i  
F. R. Cox ( 3  copies)  
J. H. DeVan 
I .  T. Dudley 
M. L. Grossbeck 
R .  L. Klueh 
R. A. L i l l i e  
C.  T. L i u  
K. C. L i u  
L. K. Mansur 
P. J. Mariasz 
C. J. McHargue 
T. K. Roche 
A. F. Rowc l i f f e  
M. J. Saltmarsh 
J. L. Sco t t  
P. F. T o r t o r e l l i  
J. M. V i tek 
F. W. Wiffen 

2W-259. Rensselaer Polytechnic I n s t i t u t e ,  Troy, NY 12181 

O. S te iner  
N. S to l o f f  

26C-261. Sandia Nat ional  Laborator ies,  Livermore D i v i s i o n  831fi, Livermore, CA 94550 

W. Rauer 
J. C. L i ppo ld  

262. Science App l i ca t ions ,  Inc., 1200 Prospect, La J o l l a ,  CA 92037 

H. Gurol 

26S264. U n i v e r s i t y  o f  Ca l i f o rn i a ,  Department o f  Chemical, Nuclear, and Thermal Engineering, 
Los Angeles, CA 90024 

M. A. Abdou 
R. W. Conn 
N. M. Ghoniem 

265. U n i v e r s i t y  o f  C a l i f o r n i a ,  Santa Barbara, CA 93106 

G. R. Odette 

266. U n i v e r s i t y  of Missour i ,  Department of Mechanical and Aerospace Engineerinq, Columbia, 65211 

M. J o l l e s  



223 

261. U n i v e r s i t y  o f  V i r q i n i a ,  Department of Ma te r i a l s  Science, C h a r l o t t e s v i l l e ,  VA 22901 

W. A. Jesser 

268. U n i v e r s i t y  o f  Wisconsin, 1500 Johnson Dr ive,  Madison, W I  53706 

W. G. Wolfer 

269. Westinghouse E l e c t r i c  Company, Advanced Energy Systems D i v i s i on ,  P.O. Box 10864, 
P i t t sburgh ,  PA 15236 

R. B a j a j  
W. A. Bo l tax  

2 7 & 2 7 7 .  Westinghouse Hanford Company, P.O. Box 1970, Richland, MA 99352 

H. R. Braaer 
D. 6. Doran 
A. M. E r m i  
F. A. Garner 
D. S. Gel les 
E. C. Opperman 
R. W. Powell 
J .  L. Straalsund 






