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FOKEWOKD 

This  r e p o r t  is t h e  t e n t h  i n  a s e r i e s  of Qua r t e r ly  Technica l  P r a g r e s s  
Keports  on '!4ALoy Development Tor Irradiat ion Performance" (ADIP), which 
i s  one element o f  t h e  Fusion Reactor Materials Program, conducted i n  
suppor t  of the Nagnet ic  Fusion Energy Program of t he  U.S. Departinent of 
Energy. Other elements  of the i l a t e r i a l s  Program are 

* Damage AnzZysis  and Funtbmentnl Studies (DAFS) 

* P lasm-?fant-e r ia l  s In t  erac t ion (PMI ) 
* Special-PuTose Uateriats  (SPM) 

The f i r s t  seven r e p o r t s  i n  t h i s  series a r e  numbered DOE/ET-0058/1 
th rough 7. This  r e p o r t  i s  t he  t h i r d  i n  a new numbering sequence t h a t  
beg ins  w i th  DOE/EK-0045/1. 

The ADIP  program element is a n a t i o n a l  e f f o r t  coinposed of  c o n t r i-  
b u t i o n s  from a number of Nat iona l  L a b o r a t o r i e s  and o t h e r  government 
l a h 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 the  i l a t e r i a l s  and Kadia t ion  E f f e c t s  Branch, Of f i ce  of Fusion Energy, 
DOE, and a Task Group on ,4110,~ Developmenl: f o r  Irradiat ion Performance, 
which o p e r a t e s  under the ausp ices  of t h a t  Branch. The purpose of t h i s  
ser ies  of r e p o r t s  is t o  provide  a working t e c h n i c a l  r eco rd  of t h a t  e f f o r t  
f o r  t he  use of t h e  program p a r t i c i p a n t s ,  f o r  t he  f u s i o n  energy program 
i n  g e n e r a l ,  and f o r  t he  Department of Energy. 

T h i s  r e p o r t  is organized  a long  t o p i c a l  l i n e s  i n  p a r a l l e l  t o  a 
Program Plan of t he  same t i t l e  so t h a t  a c t i v i t i e s  and accomplishments 
may be fol lowed r e a d i l y  r e la t ive  t o  t h a t  Prograin P l a n .  Thus, t h e  work 
of  a g iven  l a b o r a t o r y  may appear throughout  t he  r e p o r t .  Chapters  1 ,  2 ,  
8 ,  and 9 r e v i e w  a c t i v i t i e s  on a n a l y s i s  and e v a l u a t i o n ,  test methods 
development,  s t a t u s  of i r r a d i a t i o n  exper iments ,  and c o r r o s i o n  t e s t i n g  
and hydrogen permeation s t u d i e s ,  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 of the a l l o y  development pa ths .  C h a p t e r s  3 ,  4 ,  5,  6 ,  and 7 
p r e s e n t  t he  ongoing work on each a l l o y  development path.  The T a b l e  of 
Contents  i s  anno ta t ed  f o r  the convenience of t h e  r eade r .  

T h i s  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  
Chairman of t he  Task Group on A l l o ! j  Development f o r  Irradiat ion Performance. 
E. E. Bloom, Oak Ridge Nat iona l  Labora tory ,  and h i s  e f f o r t s  and those  of 
t h e  suppor t ing  s t a f f  of ORNL and the  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 r e  g r a t e f u l l y  acknowledged. T. C. Keuther,  llaterials and 
R a d i a t i o n  E f f e c t s  Branch, is  the  Department of Energy Counterpar t  t o  t he  
Task Group Chairman and has r e s p o n s i b i l i t y  f o r  t he  A D I P  Program wi th in  DOE. 

Klaus M. Zwilsky, Chief 
M a t e r i a l s  and Radia t ion  E f f e c t s  Hranch 
O f f i c e  of Fusion Energy 
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COLJTZNTS 

FOKEWOI~~............................................................ iii 
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1. I PlateriaLs Handhook for Fusion Energy Systems (:lci)oilnell 
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~Tn mid-September a meeting 7 j ~ s  held b!y tke  aus ten i t i c  
s ta in les s  s t ee l  m r k i n g  group of A D I P .  The purpose of t h i s  
meeting i ~ a s  t o  re vie.^ the prepared ohto. sheets on 20% Cw 
type 3!fi s ta in les s  s t e e l .  The consensus of th -i s  .groiip l ~ a s  
that  some minor modifications needed t o  be m d e  prior t o  
t h e i r  release. The f i r s t  of these data sheets uh:'ch covers 
the e f f e c t  of irradiat ion on the elevated temperatiire 
f a t i p < ?  strengtk of 20% cold uorked 376 s ta in les s  s t ee l  has 
been received by the Wi1FE.S and subsequently siihmitted t o  
the  .4mt,ysis md Evaluation task groiip f o r  P e V i e l J  and 
approval. 

2 .  Tb:ST !lATKlCliS ANI) TES'I' llETtiODS L),5VEI,OPIlIINT ..................... 1 

2 .  I Neutronic  Ca1cul;it i o n s  f o r  the  Conceptual  Design o f  a n  
1n-Ke:irtor S o l i d  Breeder Exper iment ,  TKIO-O1 (Oak K i d g e  
N a t i o n a l  Laboratory)  ...................................... 8 

The cross sect ions that include the delayed f i s s i o n  
gammas have been processed. 
t i ons  using these cross sect ions have been carried out t o  
determine the t r i t i u m  production and heating m t e s  rJithin 
tuo fu.q-ion breeder m t e r i a l s ,  L i z 0  and L i A l O 2 .  During the 
generation of the new cross-section s e t  ue detected an 
error i n  the  thermal 2 3 5 ~  neutron cross sect ion.  
Correcting th i s  error resulted i n  an increase i n  the 
t r i t i u m  production and heating m t e s  I J i t h i n  the t e s t  
assembly of about 830 and l o % ,  respect ively,  f o r  the L i z 0  
breeder m t e r i a l .  

,Since the temperature gradient across the t e s t  c e l l  
should be as smt l  as possible, ide have changed the 
original geometry. The original outer dimensions of the 
t e s t  c e l l  have been reduced from 17.8 t o  12.7 m cmd the 
s ta in less  s t ee l  a n  from 19.1 t o  14.0 m. The aluminum 
core piece inner m d i m  ~ r ~ s  reduced t o  14.0 m t o  f i l l  the  
void. 
geometrg changes have been carried out t o  determine the 
changes i n  the t r i t i u m  production and heating m t e s .  
ra tes  f o r  the nei,~ geometric model are similar t o  those 
obtained f o r  the original model. .?reliminar,q b u n u p  
calculat ions of the L i z 0  breeder m t e r i a l  indicate that  
one-half the 6Li will  be consumed i n  ahout 70 d reactor 
operation. 

Additional neutronic catcuta- 

Additional neutronic calculat ions using the above 

The 
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2 .2  Ueut r o n i c  Calcl l ldt  i o n s  i n  Support of t h e  OKK-:tFE-4A 
S p e c t r a l  T a i l o r i n g  Experiment (Oak Kidge : Ja t ional  
Lahordtory)  ............................................... 14 

%ree-dimens%onal neutronic calculations are 
being carried oi t t  t o  follow the i rradia t ion  environment 
of the ORR-VFE-4A eqer iment .  These calculations 
currently cover s i x  ORR reactor cqcles corresponding 
t o  46,742 Vld hrs. 
of 2.03 
4.31 X 10'' neutrons/$. 
1.09 dpn a d  3..31 a t .  {ppm He i n  t!{pe 315 s ta in le s s  s t e e l  
(not  including 2.0 a t .  p p m  2 ~ e  from 1 3 8 ) .  These data and 
previous ,mlcuZ?t-ions have been used t o  estimate the dates 
a t  uhieh the core pieces sttoiild be changed and f i r s t  
samples removed. 

t4e  appropriate s izes  of the tungsten core pieces as u e l l  
as the heat.ing m t e s  olith-in them m d  vi th-in the  e q e r i -  
mental capsules. 
Srom the use of tungsten core pieces mq require additionul 
heating of the samples t o  m i n t a i n  proper temperature. 
,CaZcuZations simiZar t o  those carried oilt f o r  the tungsten 
Gore pieces art? i n  progress f o r  kz>fn i l lm  core pieces. 

This w i l l  resu l t  i n  a thermal f luenee  
1025 neutrons/d and a t o t a l  fluenee of 

T h i s  fluenee ] J i l l  produce 

Through prel iminarq calmlrztions 758 have determined 

The reduction i n  Epzmm heating resul t ing  

2.3 Opera t ion  o €  t h e  OKK S p e c t r a l  T a i l o r i n g  Experiment ................ OKK-!IFE-4A (Oak Kidge Na t iona l  Laboratory)  20 

T h i s  eqer iment  consis ts  of tuo t e s t  regions &signed 
t o  i rradia te  type 326 s ta in le s s  s t ee l  and Path A PCA a t  
constant temperatiires of 300 and 4 O O O C .  The ORR-VFE-4A 
eweriment ms ins ta l l ed  in the Oak i l i dge  Research Reactor 
(ORRI on June 10, 2980, and m of September 30 has operated 
success fu l ly  f o r  an equivalent 99 d a t  .30 Y W  reactor pmer  
w i t h  m x i m u m  specimen temperatures in each region of 330 
and 400OC respect ively .  

2.4 HFIK-IIFE-T1, -T2, and - K B l :  Experiments t o  Eva lua te  the 
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 t e e l s  
(Oak Ridge Na t iona l  Labora to ry )  26 

s t e e l s  i n  the ,HFIR have been outl ined.  
ments are t o  operate a t  about 50°C. 
f i r s t  substantial data on the e f f e c t s  of helium and 
displacement production a several properties,  including 
fa t igue ,  t ens i l e ,  Charpy impact, crack growth, and f rac ture  
toughness. The s t e e l s  t o  be tes ted  include 12 Cr-1 bin 
(HT9 / ,  nickel-doped 1 2  Cr-1 ?lo, 9 Cr-1 Mo, nickel-doped 
9 Cr-1 Mo, 2 1 / 4  Cr-1 !lo, and 1JeLdS of some of these.  
Tes t  r e su l t s  w i l l  complement elevated-temperature 
Eqerimental Breeder Reactor (EBR-I I )  i r radia t ion  eaperi- 
ments on the  same a l loys .  
l e v e l s  have been defined, and the eqer iments  are e q e c t e d  
t o  be ready fo r  inser t ion  in l a t e  1980 or  early 1981. 

........................... 
Three eqer iments  for the i rradia t ion  of f e r r i t i c  

A l l  three eaperi- 
Theq w i l t  provide the 

Test nntrices and f luence 
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2.5 Experiments HFLK-CTK-30, -31, and -32 f o r  I r r a d i a t i o n  oE 
Transmiss ion  E lec t ron  l l icroscopy Disk Specimens (Oak Kidge 
N a t i o n a l  Lahoratory)  ...................................... 36 

Three i rradia t ion  capsules containing e m l u s i v e l y  
transmission electron microscopy (Tm) disk specimens have 
been constructed f o r  High Flux .lsotope Reactor (HFIR) 
i rradia t ion .  
irradiated,  and HFlR-CTR-31 i s  scheduled f o r  inser t ion  on 
October I ,  1980. A l l  capsules are being irradiated i n  
peripheral target posi t ions i n  the HFIR. The 1 2  groups of 
approximately 100 specimens each are arrayed along the 
capsule ax is  of each eaperiment. Each group .is designed 
t o  be isothermal a t  an elevated temperature determined by 
a helium gas gap. I rradia t ion  temperatiires of 300, 400, 
500,  and 800°C have been selected.  

Kqeriments HFIR-CTR-30 and -32 are rww being 

2.6 Measurements of t he  Fa t igue  Pre-Cracked Length of F r a c t u r e  
Toughness Specimens Using a n  E l e c t r o p o t e n t i a l  Technique 
(Hanford Engineering Development Lahora tory)  .............. 45 

FIT-9 f rac ture  toughness specimens uere fa t igue  pre- 
cracked using an s lectropotent ial  technique t o  monitor 
the  precrack length. A calibrat ion curve UCLS developed 
f rom opticat  crack measurements. Tes t  r e su l t s  produced by 
t h i s  technique are shoim t o  be as accurate as these 
obtained b,y optical methods. 
t he  hot- cel l  t o  replace the tedious opt ical  method. 

The technique w i l l  be used i n  

2 . 7  S t a t u s  of WE-5 In-Reactor Fa t igue  Crack Growth Experiment 
(Hanford Engineer ing  Development Labora tory)  .............. 50 

Fabrication of the  in-reactor fa t igue  mchine  t o  be 
used i n  VFE-5  i s  completed. The assembly has been 
delivered t o  ORNL as f i n a l  preparations are underway f o r  a 
November inser t ion .  Vod i f i ca t ion  of the prototypic fa t igue  
machine, t o  be used i n  the  thermal control t e s t  a t  H D L ,  is 
i n  progress. 

2.8 Specimen i k t r i x  f o r  the HFIK I r r a d i a t i o n  of t he  Path B 
A l loys  (Hanford Engineer ing  Development Labora tory)  ....... 54 

Specimens of the  path B a l loys ,  i n  the  form of TBvi 
diskg, Jmve been inctuded i n  the  RFIR eqer iments  desig- 
nated HFIR-CTR-30, 31, and 32. These irradiat ions d l l  
provide the f i r s t  data a the  i rradia t ion  response of the 
path B base research a l loys .  

3. PATH A ALLOY DEVELOPNENT - AUSTENITIC STAINLESS STEELS ......... 57 

3.1 High-Temperature Fa t igue  Crack P ropaga t ion  Tes t ing  of 
Type 316 S t a i n l e s s  S t e e l  i n  Vacuum (Naval Research 
Labora to ry )  ............................................... 58 

Lost i n  t rans i t .  
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3.2 l l i n i a t u r e  T e n s i l e  Tes t ing  of 316 S t a i n l e s s  S t e e l  (Hanford 
Engineer ing 1)evelopment Labora to ry)  ....................... 59 

Extensive t e n s i l e  t e s t i n g  has been performed on kdo 
conditions of 316SS t o  demonstrate the v i a b i l i t y  of t h i s  
technology. 
published valiies i n  the l i t e m t i i r e .  
specimens fabricated from 31iiSS have been irradiated a t  
RTNS-I~T md e d i b i t  evidence of i rradiat ion  hardening a t  
the peak f luence of 1.1  x 1018 n/cv?. 

' l e su l t s  from t h i s  baseline t e s t i n g  agree W i t h  
Ffiniature t e n s i l e  

3.3 The E f f e c t  o i  Annealing Temperature on tiit. Grain  S i z e  of 
t h e  Path h Prime Candidate Alloy (Oak Ridge Nat iona l  

Preserving homogeneity i n  the OCA a l loy  during 
fabr icat ion  demands solu t ion  treatment i n  the mnge 11.50 
t o  1175OC. 
ranging from ASP4 1 t o  4 .  I)f ten, hoidever, a f i n e r  p i n  
s i z e  is required. Therefore, t h i s  s t u d y  sought to decouple 
the  final iq-process annea.! from the ther,nal-mechanical 
treatments to  &ve.lop MC precip i ta te  microstructures. 
? a p i c j  t o  m l a t i v e l g  stoiJ heating m t e s  and cold-work l e v e l s  
of 30 t o  50% uere used t o  recrys ta l l i ze  tke m t e r i a l  
v i t k o u t  precip i ta t ing  appreciable YC or Losing the 
homogeneity. The grain s i z e  i&s then s7hpl,y a funct ion  of 
the  annenling temperature. A grain s i z e  control anneal of 
l l 0 O o C  WIR selected t o  produce an intemneriiate grain s i z e  
o f  4 S l V  4 t o  7.  This a l l o i ~ s  the program t o  separate grain 
s i z e  and preirradiat ion microstructure e f f e c t s  on 
propert ies .  

Labora to ry)  ............................................... 73 

"hese temperaturas resu l t  i n  grain s i z e s  

4 .  PATH I3 ALLOY UEVEI,OP:lEN'T - H I G H E K  STKENGTH Fe-Ni- Cr AI,I.OYS ..... 79  

No contributions.  

ill 5. PATH C Al.I.OY DEVI:I,OP:lEPIT - K E A C T I V E  AND KEFKACTOKY ALI.OYS ...... 
S .  1 T e n s i l e  P r o p e r t i e s  and : l i c r o s t r u c t u r e  of Helium- Injected 

and K e a c t o r- I r r a d i a t e d  V-ZO% T i  (Oak Kidge Nat iona l  
Lahora to ry)  82  ............................................... 

Sheet t e n s i l e  samples of V-20% T i  preindected wi.th 90 
and 200 a t .  p p m  He have been irradiated t o  about 20 dpa in 
t h e  Eqerimental Breeder Reactor (ERR- TI)  i n  the mnge 400 
t o  70OOC. Mechanical propert ies  m i l  microstructure of the 
irradiated specimen have been compared wi%h those of 
control specimens. Helium embrittlement of V-20% T i  
becomes appreciable above t e s t  temperatures of 575 OC. 
Neutron i rradiat ion  enhanced the embrittlement of the 
helium-injected V 4 0 %  T i .  Helium i n j e c t i o n  a lso  ass is ted  
cavi ty  formation i n  the reactor- irradiated V-20% T i .  The 
s i z e  mci concentmtion of c a v i t i e s  depended a the amount 
of in jec ted  helium. 
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5.2 F a t i g u e  Hehavior of Unirradii3ted W15X Cr-5% T i  (Oak Kid-e 
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F i ~ l l y  reversed c ! p l i c  fa t igue  t e s t s  conducted on 
V-l5% C A %  T i  ( A D I P  heat 1canf-835 8-3) i n  the  unirradiated 
condition a t  25, 550, and 650OC indicated an apparent 
endurance l i m i t  at  t o ta l  straL.2 nznge.s of ahout 0 .7  anti 
0.6% at 550 md 65O0C, respect ively .  

5.3 The Ef fec t  of iiydrogen on Flaw Growth of ' T i t : i n i ~ i l n  A l l o y  
Ti-6242s (;ici)onnell Douglas A s t r o n a u t i c s  Company) ......... 105 

I n i t i a l  f a t igue  crack growth rute t e s t s  have been 
conducted a t  room and elevated tempemtiires oith environ- 
ment hydrogen pressures from 0 t o  100 Pa (0 .75  t o r r )  on 
Ti-6242s samples containing 50 and 500 i q p m  internal  
hgdrogen. These t e s t s  indicate that  a t  room ~tenperature 
there is m iacrease i n  the crack growth rute !a:th the 
500 wppm h,qdrogen content; m e f f e c t  of environment 
hydrogen pressure m s  noted. Tests  conducted a t  elevated 
temperatures indicate n decrease i n  crack (7ro i~ t i i  n t e  i d t h  
higher temperatures. 

6. PATH D ALLOY 1113VELOP:IE:U'T - I~NNOVATIVE IIATEKIAI. COIICEPTS ........ 113 

6.1 The Ef fec t  of 4-:leV Nickel  Ion  I r r a d i a t i o n  on t h e  
l l i c r o s t r i i c t u r e  of (Fe,Ni)3V Long-Kange-Ordered A l l o y s  
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res i s tan t  t o  soe l l ing  9 m n  irradiated w i t h  44eV (0.64-pJ) 
nickel  ions to  70 dpa i n  the mnge 5 2 5  t o  680OC and 
s iml taneous lg  injected with 6 a t .  p p m  He and 28 a t .  ppm 11 
per  S7a. L%tzll t i tanium additions appear t o  inprove the 
resistance t o  .well ing,  but i t  is not certain i,)hether this 
e f f e c t  depends strict1.y on t i tanium or is related t o  tke 
removal o.f signa phase f r o m  the .nierostructura.  A l l  the 
LRO a l logs  retrzined t h e i r  order for irrudiat-ion tem- 
peratures heloij the c r i t i c a l  ordering temperature o f  about 
67OOC. .Youever: long range order i n  i t s e l f  d i d  not appear 
t o  be the dominant f a c t o r  determining swelling resistance. 

The ( re ,  N i l 3 V  LRO a l l o y s  invest igated are relnt-ively 

7.  PATH E ALLOY I)CVELOPIlF.NT - FEKKITIC STEELS ..................... 123 

7 . 1  C h a r a c t e r i z a t i o n  of F u s i o n- F e r r i t i c  S t e e l  Prograin 12 C r  
Ileat and  i l e t a l l u r g i c a l  S t u d i e s  on 12 C r - 1  I10 S t e e l  
(Genera l  Atomic Company) .................................. 124 

No contribution t h i s  quarter. 

7 .2  F r a c t u r e  Toughness T e s t i n g  of Al loy HT-9 (Naval Research 
L a b o r a t o r y )  ............................................... 125 

Lost i n  t r a n s i t .  
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7.3 Analys i s  of Laser Welds i n  HTY (Sandia Na t iona l  
L a b o r a t o r i e s )  ............................................. 126 

using a variety  of t m v e l  speed/focat length combinations 
a t  a constant h e r  power level  of 6kW. 
sharp focus  m:th weld t rave l  speeds m n g i n g  from 1.27 t o  
4 .23  m / s e c  eaAi5ited scattered por0sit.y and occasional 
centerl ine cmcking.  Defocusing the laser beam re la t ive  t o  
the  plate  resulted in welds containing severe porosity and 
centerl ine cracks. V i c r o s t r u c t u r a ~  cad microhardness 
evaluation of the welds indicated that  the region of 
highest 'mrdness occurred in the  heat-affected zone 
inmediately adjacent t o  the fusion l i ne .  
center l ine  cracking i n  t h i s  a l loy  has been proposed. 

Laser welds were rmde i n  6..35m (3.25 i n )  HT9 plate  

Velds performed a t  

A wchanism f o r  

7.4 Environmental  E f f e c t s  on P r o p e r t i e s  of F e r r i t i c  S t e e l s  
(Argonne Na t iona l  Laboratory)  ............................. 140 

Several continuous-cycle fat -igue t e s t s  have been 
condiicted with 2.5-m-diameter specimens of HT-9 a l loy  a t  
755 K in f lowing li thium. 
e f f e c t  of corrosion on the fa t igue  l i f e  of HT-9 a l loy  in a 
%iquid  t i th inm environment. 
O..!i%, the  fa t igue  l i f e  in l i th ium is a fac tor  of - 5  loder 
than that  in a liquid sodium environment. 
t e s t ed  in l i t h i u m  shoiJ intergranular cracks along the 
e n t i r e  p u g e  length. 
ra tes  cmd s t ra in  sequence are being conducted t o  es tabl i sh  
the  i , v o r t a n t  parameters, v iz . ,  s t r e s s / s t ra in  range, 
f requenc!!, l i th ium puri ty ,  e t c .  Eqosure of corrosion 
specimens of HT-9 al loy,  Type 316 s ta in le s s  s t ee l ,  and 
Inconel 625 w i t h  sol id LizO, L i A 1 0 2 ,  and Li2S iO3 breeding 
materials a t  873 K has been completed. Vetaltographic 
evaluation of the specimens is i n  progress. 
r e s u l t s  indicate that  l i th ium oxide is the most react ive of 
t he  three breeding rmterials .  

The reoults  indicate a strong 

A t  a to ta l  s t ra in  mnge of 

The specimens 

Fatigue t e s t s  a t  d i f f e r e n t  s t ra in  

Preliminary 

7.5 C a l c u l a t i o n s  of Hydrogen I so tope  Loading i n  HT9 First Wall 

Calculations of the hydrogen leve l  in f i r s t  wrll and 

S t r u c t u r e s  (Sandia  Na t iona l  L a b o r a t o r i e s )  ................. 151 

blanket s tructures have been mzde using HT9 as the rmterial 
of  construction. 
t r i t i u m  p r o f i l e s  cmd hydrogen p r o f i l e s  from (n,pl reactions 
have been calculated over a temperature mnge from 473 t o  
638K. Two boundary conditions have been assumed: zero 
surface concentration and a concentration se t  by the  
surface recombination reaction of hydrogen ions t o  form 
hydrogen rmlecutes. 
most severe conditions, peak hydrogen l eve l s  w i l l  not 
e z e e d  0.5 appm and wilt l i k e l y  be f a r  lower. 

Both d i rec t l y  injected deuterium and 

The resu l t s  indicate that  under the 
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8. STATUS OF IKRADIATION EXPtiKIttENTS AND IlATE:,KIALS INVENTORY ...... 161 

8.1 I r r a d i a t i o n  Experiment S t a t u s  and Schedule ................ 162 

The folloiJing har charts shoi~ the  schedule for a l l  
4 D I P  reactor i rradia t ion  eaperiments. 
presently under m y  i n  the Oak Ridge Researsh Reactor (ORRI 
and the High F l u x  Isotope Reactor (LIFIR), uhich are mimd 
spectrum reactors, and i n  the  Faperimental Breeder Reactor 
IEBR-I I ) ,  which i s  a f a s t  reactor. 

Faperiments are 

8.2 ETM Kesearch Naterials Inventory  (Oak Ridge Nat iona l  
Laboratory and ElcDonne11 Douglas A s t r o n a u t i c s  Company) .... 171 

The Of f i ce  of Fusion Energy has msigned program 
respons ib i l i ty  t o  ORNL for the establishment and operation 
of a cevtral  inventory of research m t e r i a l s  t o  be used i n  
the  Fusion Reactor Ya ter ia l s  research and development 
programs. 
material for the Fusion Reactor "laterials  Program. This 
w i l l  minimize unintended mter iats  variables and provide 
for economy iii procurement and for centralized record- 
keeping. I n i t i a l l y  t h i s  inventory w i l l  focus  on m t e r i a l s  
related t o  f i r s t- wal l  and structural  applications and 
related research, but various special purpose m t e r i a l s  m y  
be added i n  the fu ture .  

The object ive i s  t o  provide a common supply of 

9. HATERIALS COPlPATIl3ILITY AND HYDROGEN PERMEATION STUDIES ........ 175 

9.1 Hydrogen D i s s o l u t i o n  and Permeation S t u d i e s  of ADIP Program 
A l l o y s  (Argonne Nat iona l  Labora tory)  ...................... 176 

i ron  bnse (Path E )  a l loys  have continued. An inves t igat ion  
of a C r  14-A1 0.2 s t e e l  1405-SSI was completed and the 
measurements were compared t o  previous data f o r  three other 
Fe-Cr a l loys  having 0, 2, and 5 ut.% A l ,  respect ively .  The 
combined resul ts  indicate that  the o p t i m u m  aluminum content 
leading t o  minimum hydrogen permeability i n  a reducing 
environment is around 2 ut.%. However, the  chromium 
content of al loys  studied t o  date has only spanned the 
range from 14 t o  18 w t . % ,  and the  locat ion of an optimum a t  
2 ut.% aluminum m y  not necessarily apply t o  other types of 
Path E a l loys .  

Studies  of the hydrogen permeation character is t ics  of 

9.2 Vanadium Alloy/Lithium Pumped-Loop S t u d i e s  (Argonne 
N a t i o n a l  Labora to ry )  ...................................... 181 

operated for over 12,000 h and eqosures  of selected 
refractory a l loys  have continued. The DOE/Office of 
Fusion Energy guidance on t h i s  project  for FY-1981 has been 
t o  de fer  e f f o r t  t o  sol id breeder m t e r i a l  development 
a c t i v i t i e s .  
completed and a final reporting of resu l t s  o i l 1  be m d e  i n  
a subsequent ADIP  progress report.  

The stainless-~teel-ctad/lr-l5 C r  l i th ium loop has m 

The work present ly  i n  progress i s  being 
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9.3 Coml>at ihi l i t ) .  of S t a t i c  Lithiiiiii w i t h  Fe-:Ji-V and i'c--Cr-:Lo 

5peci.ien.s of 2 1 / 4  Cr-I  ' l o  steel, liT.9, anti the long- 
r:mge-or&?red C R O )  a l l o y  "MI . R  Vi-22.5 V-4.4 Ti l7dt % )  
were t e s ted  i n  stat, ic lith%um. Carbon *n~zl!4,7%s 01 the 
l i t h i u m  ~ F t e r  3000-h t e s t s  of 2 1 /4  Cr-1 ?lo s t e e l  shoiJed 
significant orburizntion of t h e  s t ee l  at 5/10 and 6ilOoC. 
T h e  decahir iza t -Lon IoiJered t he  worn temperit!ire t e n  
stren,qt?i 01 t he  a l loy .  Specimens of 2 1,/4 Cr-1 ?go st 

with  an '1ccortpa11~4ivg decrame i n  duct i l i t? j .  4 l so ,  the p g e  
sec t ion  of fractured t enn i le  specinen:; ront,iiner? a s ign ' f i -  
cant volume of cracks. .Sho"t-ter:v (500-hl eqiosiire:: of HTS 
t o  .st:cctiT ,500 O C  l i th ium resiiTted iq w g l i g i h l e  ideight 
changes nnd w change i n  i t s  t e n s i l e  properties .re7htive t? 
snecimeni: e q x x r d  t o  argon under otherwise similar conili- 
t i o n s .  ,Turface &posi ts  on the  corro~:ion-rssistant i,RO 
a l l o y  a f t e r  eqmsiire ta l i th ium 'zt  6.50 an(1 71il0C f o r  2000 4 
wers pure umadium or possi .5ly a i)nniiii.tn ~ i r .7mni t r ide .  

A l l o y s  (Oak !<idge ?<ationii l  Lnboratory)  .. . . , . . . . . . . . . . . . . . . 1;?2 

9.4  Llass Transfer  o f  Type 316 S t ; i i n l < x s i  Stec.1 i n  L i t h i t i i n  
T!ier,iinl-(:onvriiti on 1.0ops (Oak Kiilqe Nat ion : i1~  ILahi,ratury) . . 19 I 

The t i m e  dependence 04f mrhfr?. ?is::oliii:Lon in Jfiile 

t!4pe 376 sta<n?.o.ss s t ee l  loon eTerirnents i n  l i t h - i i i m  i s  
discus.sed. I n  p n e r a l ,  t h e  f i v e  .sets of mriz.;.itrernents uerz 
s , ~ t i s f n c t o r i l ? 4  mnrodiicihle. The predicted d i s so lu t ion  
rate  of t,gpe ,316 stnin1es.s s t ee l  at ii0i)oi' in 7,ith-l.im mder 
conditions typical of semistaqmrlt t r i t  iiim-breeding 

is 7.es.s than 7 %  pm/yiirzr IO. i; mi %,/year) .  

9 . 5  Coinpat i b i l ~ i t y  of S o l i d  Ceramic Breeder : latc.r i ; i ls  w i t  i i  MIL? 
P r u g  rain All o y s ( Argo l ine :<a t i o  na  1 LA ho  rd t o r y 1 

i n u e s t i g a t z  the i n t e r f a c i a l  compritihi y of selected s o l i d  
ceramic t r i t i u m  breeder w z t e r i q l c  m t  ?4picn 7 A D  IP Progmm 
alloy.?. Eac4 0.T the no l i?  hreedi?r m t a r i a l s  Li20, L i A L O 2 ,  
and : i 2 S i 0 3  i~as eaposed t o  37 64.7, HT-9, lncnncl 62.5, and 
Ti6242 at 873 K f o r  -1.900 h i n  o. h i g h  prity h ~ l i ~ m  
environment i rs ing  t i  reaction coirple method. 
t h e  al loy/cemmic in ter faces  b!4 .SRd, P.iiger, iind Y-rq 
diffraction analysis revealed that reaction scales  
comprised of elements from both the d l o q  and ceramic had 
formed in a l l  cases. These scales m r e  t h i c k e s t  f o r  t he  
L i20/a l toq  react -ion couples. Ternari, phases  of the type 
Li.$ 0, h a m  been i d e n t i f i e d  a t  mst of the in ter faces  for 
w h d  antrl!4ses h a w  been completed. 4nal!ytical procedures 
and improved strategies for futiire ceramic hr.  
s ion t e s t s  have been developed. 

. . . . . . . . . . . . . . 1 '2  

An i .ni t inl  scoping eqer iment  iI.ns mirried oi i t  t o  

~ m m i m t l o n  o! 
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1.1 MATERIALS HANDBOOK FOR FUSION ENERGY SYSTEMS - J. W .  Davis (McDonnell 

Douglas  A s t r o n a u t i c s  Company - S t .  Louis )  and T .  K. B i e r l e i n  (Hanford 

Engineer ing  Development Labora to ry )  

1.1.1 ADIP Task 

Task Number 1 . A . 1  - Define  material  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 rov ide  a n  a u t h o r i t a t i v e  and c o n s i s t e n t  s o u r c e  of  material p r o p e r t y  

d a t a  f o r  use  by t h e  f u s i o n  energy community i n  concept  e v a l u a t i o n  d e s i g n ,  

s a f e t y  a n a l y s i s ,  and performance/verification. 

1 . 1 . 3  Summary 

I n  mid-September a meet ing  w a s  h e l d  by 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  

working group of ADIP. 

prepared  d a t a  s h e e t s  on 20% CW type  316 s t a i n l e s s  s tee l .  

t h i s  group w a s  t h a t  some minor m o d i f i c a t i o n s  needed t o  be made p r i o r  t o  

t h e i r  release. The f i r s t  of t h e s e  d a t a  s h e e t s  which cove r s  t h e  e f f e c t  o f  

i r r a d i a t i o n  on t h e  e l e v a t e d  t empera tu re  f a t i g u e  s t r e n g t h  of  20% c o l d  

worked 316 s t a i n l e s s  s t e e l  has  been r e c e i v e d  by t h e  MHFES and subsequen t ly  

submi t ted  t o  t h e  Analys is  and Eva lua t ion  t a s k  group f o r  review and app rova l .  

The purpose  of t h i s  meet ing w a s  t o  review t h e  

The consensus  of  

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

The Materials Handbook f o r  Fus ion  Energy System i s  des igned  t o  meet 

t h e  n e a r  t e r m  and f u t u r e  d a t a  needs o f  t h e  f u s i o n  energy  community. S ince  

i t s  c r e a t i o n  l a s t  y e a r ,  t h e  handbook h a s  prompted c o n s i d e r a b l e  i n t e r e s t  i n  

t h e  d e s i g n  community w i t h  t h e  n e t  r e s u l t  t h a t  t h e r e  have been a number of  

r e q u e s t s  by i n d i v i d u a l s  t o  b e  i nc luded  i n  t h e  d i s t r i b u t i o n .  C u r r e n t l y  w e  

have d i s t r i b u t e d  over  7 0  c o p i e s  t o  30 d i f f e r e n t  o r g a n i z a t i o n s .  c o n s i s t i n g  

of n a t i o n a l  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 y .  The i n i t i a l  f ocus  of 

t h e  handbook h a s  been t o  supp ly  d a t a  s h e e t s  on t h e  f i r s t  w a l l  s t r u c t u r a l  

mater ia ls  and i n  p a r t i c u l a r  t y p e  316 s t a i n l e s s  s t ee l  i n  suppor t  of  ETF 

(now c a l l e d  FED). Because of  t h e  emphasis on s t r u c t u r a l  materials, t h e  
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handbook was made p a r t  o f  t h e  Analys is  and E v a l u a t i o n  Subtask group of 

ADIP. 

from v a r i o u s  d e s i g n  p r o j e c t s  ( e . g . ,  S t a r f i r e ,  FED, and MFTF) seek ing  

i n f o r m a t i o n  and d a t a  on a v a r i e t y  of m a t e r i a l s  o u t s i d e  t h e  f i r s t  w a l l  and 

b l a n k e t  r e g i o n .  S ince ,  i n  some c a s e s ,  t h e  d a t a  r equ i rements  f o r  FED and 

o t h e r  systems (MFTF and S t a r f i r e )  were b roader  than  t h e  e x p e r t i s e  c u r r e n t l y  

a v a i l a b l e  i n  ADIP,  a d d i t i o n a l  a s s i s t a n c e  was needed t o  p r e p a r e  d a t a  s h e e t s  

from o t h e r  Task groups and from e x p e r t s  o u t s i d e  t h e  Task group s t r u c t u r e .  

A s  a r e s u l t  i t  was decided by OFE t o  e l e v a t e  t h e  Ana lys i s  and E v a l u a t i o n  

sub-Task group t o  a Task group. 

t o  t h e  Ana lys i s  and Eva lua t ion  Task group and t h e  o t h e r  Task groups i s  

shown i n  F i g u r e  1.1.1. The members of t h e  A n a l y s i s  and E v a l u a t i o n  Task 

group a r e  J. J. Holmes (HEDL), who is t h e  Chairman, W .  Bauer (Sandia ) ,  

R .  Chianese (W-FPS), F. W .  C l i n a r d  (LASL), B .  A .  Cramer (MDAC, ETF), 

J. W. Davis (MDAC), D.  G .  Doran (HEDL), R. E .  Nygren (HEDL, ETF), N. Simon, 

(NBS), and T .  C .  Reuther  (DOE). Two a d d i t i o n a l  members, one from ANL and 

t h e  o t h e r  from G . A .  w i l l  be added a t  a l a t e r  d a t e .  The members of t h e  

Ana lys i s  and Eva lua t ion  Task group w i l l  be  r e s p o n s i b l e  f o r  e s t a b l i s h i n g  

p r i o r i t y  and s c h e u l e  f o r  t h e  p r e p a r a t i o n  of d a t a  s h e e t s ,  review d a t a  s h e e t s  

p r i o r  t o  p u b l i c a t i o n  and t o  approve t h e  handbook methods and procedures .  

The r e l a t i o n s h i p  of t h e  MHFES t o  t h e  Ana lys i s  and E v a l u a t i o n  Task group 

a long  w i t h  t h e  program f low of d a t a  s h e e t s  i s  shown i n  F i g u r e  1 . 1 . 2 .  

During t h e  c o u r s e  o f  t h e  y e a r  a number o f  r e q u e s t s  were r e c e i v e d  

The r e l a t i o n s h i p  of t h e  M a t e r i a l s  handbook 

There  a r e  e s s e n t i a l l y  t h r e e  methods t h a t  w i l l  be used t o  develop hand- 

book da ta  sheets. The f i r s t ,  which w i l l  b e  t h e  approach m o s t  f r e q u e n t l y  

used,  i s  where t h e  p r o j e c t s  such a s  FED, MFTFB, o r  DEMO communicate t h e i r  

d a t a  needs  t o  t h e  A n a l y s i s  and E v a l u a t i o n  Task group.  The A&E Task group 

w i l l  t h e n  review t h e s e  d a t a  needs,  e s t a b l i s h  p r i o r i t i e s  based on t h e  

p r o j e c t  needs  and communicate t h e  needs and schedu le  t o  t h e  MHFES. The 

MHFES w i l l  t hen  examine t h e s e  d a t a  needs and r e q u e s t  t h e  a p p r o p r i a t e  

Task t o  t a k e  l e a d  i n  p r e p a r i n g  t h e  d a t a  s h e e t s .  T h i s  approach was used 

i n  r e q u e s t 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  steel working group of ADIP t o  

p r e p a r e  d a t a  s h e e t s  on type  316 s t a i n l e s s  s t e e l  f o r  t h e  FED (ETF) p r o j e c t .  

I f  e x p e r t i s e  f o r  t h e  p r e p a r a t i o n  of t h e  d a t a  s h e e t s  does n o t  r e s i d e  

w i t h i n  t h e  Task group s t r u c t u r e  (ADIP, DAFS, PMI, o r  SPM) then  a member 

of A&E w i l l  be  asked t o  t a k e  t h e  l e a d  i n  p r e p a r i n g  t h e  d a t a  s h e e t s .  
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FIGURE 1.1.1 ORGANIZATIONAL RELATIONSHIP OF MHFES TO DOE . 1 DEPT O F  ENERGY 
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An example of  t h i s  would be t h e  need f o r  i n fo rma t ion  on superconduct ing  

magnet materials.  S ince  t h e  N a t i o n a l  Bureau of S tandards  has  a l a r g e  

volume o f  d a t a ,  i t  would b e  more e f f i c i e n t  t o  have Nancy Simons of NRS 

t a k e  t h e  l e a d  i n  p r e p a r i n g  t h e s e  d a t a  s h e e t s .  

The second method i s  e s s e n t i a l l y  t o  u s e  t h e  same approach o u t l i n e d  

i n  t h e  f i r s t  method b u t  i n  cases where t h e  p r o j e c t s  are u n c e r t a i n  of 

t h e i r  d a t a  needs because t h e  d e s i g n  is  i n  a s ta te  of  flux, t h e  A&E Task 

group w i l l  t r y  t o  a n t i c i p a t e  t h e i r  f u t u r e  d a t a  r equ i r emen t s  and have t h e  

a p p r o p r i a t e  d a t a  s h e e t s  prepared  and a v a i l a b l e  p r i o r  t o  t h e  t i m e  t h e  

p r o j e c t  would need them. 

The t h i r d  method w i l l  be  used t o  cover  emergency s i t u a t i o n s  i n  which 

t h e  d e s i g n  group r e q u i r e s  t h e  d a t a  f a s t e r  t han  t h e  handbook can respond.  

In  t h i s  case t h e  p r o j e c t  m a t e r i a l s  r e p r e s e n t a t i v e  would have t o  t a k e  t h e  

r e s p o n s i b i l i t y  f o r  p repa r ing  t h e  d a t a  s h e e t s .  T h i s  d a t a  i s  s t i l l  of 

v a l u e  t o  t h e  handbook and can  be  i nc luded  i n  t h e  MHFES provided i t  i s  

prepared  i n  a format  compat ib le  w i t h  t h e  handbook and c o n t a i n s  a l l  t h e  

a p p r o p r i a t e  suppor t ing  documentat ion.  

I n  a l l  c a s e s  t h e  prepared  d a t a  s h e e t s  w i l l  b e  submi t ted  by t h e  

MHFES handbook c o o r d i n a t o r  t o  t h e  AhE Task group f o r  f i a n l  review and 

app rova l .  I n  t h i s  c a p a c i t y  t h e  Task group w i l l  f u n c t i o n  much l i k e  t h e  

a d v i s o r y  group of t h e  NSMH. The review w i l l  b e  accomplished by b a l l o t  

and t h e  review al lowed two weeks t o  respond.  B a l l o t s  n n t  r e t u r n e d  w i l l  

b e  assumed t o  b e  a f f i r m a t i v e  n o t e s .  A l l  d i s a p p r o v a l s  w i l l  be r e s o l v e d  

f o r  g e n e r a l  d i s t r i b u t i o n  and i n c l u s i o n  i n  the handbook. 

C u r r e n t l y  t h e  pr imary focus  of t h e  handbook i s  t h e  p r e p a r a t i o n  of 

d a t a  s h e e t s  on 20% cold  worked type  316 s t a i n l e s s  s tee l  by 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  working group of  A D I P .  A meeting w a s  h e l d  i n  mid-September 

by t h i s  working group a t  ORNL t o  review t h e  d a t a  s h e e t s  p r i o r  t o  s u b m i t t a l  

t o  t h e  MHFES f o r  f i n a l  review.  The consensus of  t h e  members o f  t h e  group 

w a s  t h a t  some minor m o d i f i c a t i o n s  needed t o  be made t o  t h e  d a t a  s h e e t s  

p r i o r  t o  t h i s  r e l e a s e .  I t  w a s  t e n t a t i v e l y  agreed  t h a t  one month would be  

neces sa ry  t o  make t h e s e  changes a f t e r  which t i m e  t h e  s h e e t s  would h e  ready  

f o r  review by t h e  A&E Task group.  The f i r s t  of t h e s e  d a t a  s h e e t s ,  which 

was prepared by M .  L .  Grossbeck o f  ORNL, cove r s  t h e  e f f e c t  of i r r a d i a t i o n  
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on t h e  e l e v a t e d  t empera tu re  f a t i g u e  s t r e n g t h  o f  20% CW - 316 s t a i n l e s s  

s t ee l ,  has  been r e c e i v e d  and h a s  been submi t t ed  f o r  review. The b a l a n c e  

of t h e  d a t a  s h e e t s  shou ld  be  r e c e i v e d  i n  t h e  n e a r  f u t u r e .  



2. TEST tWTKICES AND TEST HETHOIIS IlEVELOPilEI.IT 
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2.1 N E U T R O N I C  CALCULATIONS FOR THE CONCEPTUAL DESLGN O F  Xi IIi-FSACTOK 
SOLI11 BREEUER EXPEKIMENT, TKIO-01 - T. A. G a b r i e l ,  R. A. L i l l i e ,  and 
R.  L. Ch i lds  (ORNL) 

2.1.1 ADIP Task 

A D I P  Task I . A . 2 ,  Define Test Matrices and Test Procedures.  

2.1.2 O b j e c t i v e  

The o b j e c t i v e  of t h e s e  n e u t r o n i c  c a l c u l a t i o n s  is t o  provide  t r i t i u m  

produc t ion  and hea t  g e n e r a t i o n  ra tes  f o r  t h e  i r r a d i a t i o n  of s o l i d  t r i t i u m  

breed ing  materials i n  t h e  Oak Ridge Research Reactor  (ORK). These 

c a l c u l a t i o n s  w i l l  gu ide  t h e  des ign  of the  r e a c t o r  i r r a d i a t i o n  experiment.  

2.1.3 Summary 

The c r o s s  s e c t i o n s  t h a t  i nc lude  t h e  de layed f i s s i o n  gammas have been 

p rocessed .  Add i t iona l  n e u t r o n i c  c a l c u l a t i o n s  us ing  these  cross sections 

have been c a r r i e d  out  t o  de termine  t h e  t r i t i u m  produc t ion  and h e a t i n g  

r a t e s  w i t h i n  two f u s i o n  b reede r  materials, Li20 and L i A 1 0 2 .  During t h e  

g e n e r a t i o n  of the  new c r o s s- s e c t i o n  set w e  d e t e c t e d  an  e r r o r  i n  t h e  

the rma l  2 3 5 U  neu t ron  c r o s s  s e c t i o n .  

i n c r e a s e  i n  t h e  t r i t i u m  product ion  and h e a t i n g  rates w i t h i n  t h e  t e s t  

assembly of about  30 and lo%, r e s p e c t i v e l y ,  f o r  t h e  Liz0 b reede r  material .  

S i n c e  t h e  tempera ture  g r a d i e n t  a c r o s s  the  t e s t  c e l l  s h o u l d  be as 

Cor rec t ing  t h i s  e r r u r  r e s u l t e d  i n  an 

sma l l  as p o s s i b l e ,  we have changed t h e  o r i g i n a l  geometry. The o r i g i n a l  

o u t e r  dimensions of t h e  t e s t  c e l l  have been reduced from 17.8 t o  12.7 m 

and t h e  s t a i n l e s s  s t e e l  can from 19.1 t o  14.0 nun. The aluminum c o r e  p iece  

i n n e r  r a d i u s  w a s  reduced t o  14.0 mn t o  f i l l  t h e  void.  Add i t iona l  

n e u t r o n i c  c a l c u l a t i o n s  us ing  t h e  above geometry changes have been c a r r i e d  

o u t  t o  de termine  t h e  changes i n  the  t r i t i u m  produc t ion  and h e a t i n g  r a t e s .  

The rates f o r  t h e  new geometr ic  model are s imi lar  t o  those  ob ta ined  f o r  

t h e  o r i g i n a l  model. P re l imina ry  burnup c a l c u l a t i o n s  of t h e  L i 7 0  b reede r  

mater ia l  i n d i c a t e  t h a t  one- half t h e  ‘Li w i l l  be consumed i n  about  70 d 

r e a c t o r  o p e r a t i o n .  



2.1.4 P rog res s  and S t a t u s  

The t r i t i u m  product ion  and h e a t i n g  r a t e s  f o r  bo th  p o t e n t i a l  b r eede r  

materials L i z 0  and LIAS02 i n  t he  o r i g i n a l  experiment geometry a r e  g iven ,  

r e s p e c t i v e l y ,  i n  Tables  2.1.1 and 2.1.2. We used the  r e v i s e d  c ros s-  

s e c t i o n  set t o  c a l c u l a t e  them. Between t h e  materials t h e  b a s i c  n e u t r o n i c  

r e sponse  d i f f e r e d  only  i n  t he  sma l l e r  breeding  ra te  f o r  L i A l Q .  

t r i t i u m  breeding  r a t e  is c a l c u l a t e d  i n  atoms per  second per  cubic  meter, 

and the  lower rate f o r  L i A 1 O 2  simply r e f l e c t s  t h e  lower d e n s i t y  of 6 L i  

i n  this m a t e r i a l . )  The t o t a l  h e a t i n g  rate f o r  bo th  materials is very 

similar. Even though the  neut ron  hea t ing  rate is lower f o r  the L i A l O 2  

because of less 6 L i ,  t h e  gamma h e a t i n g  i s  h ighe r  because of t he  aluminum. 

The same type  d a t a  f o r  L iA102  i n  t h e  modif ied c o r e  geometry i s  g iven  

(The 

i n  Tables  2.1.3 and 2.1.4. The d a t a  f o r  L i A l 0 2  i n  both o r i g i n a l  and 

modi f ied  c o r e  geometr ies  d i f f e r  l i t t l e .  However, s i n c e  t he  q u a n t i t y  of 

b reede r  m a t e r i a l  i n  t h e  new geometry is s m a l l e r ,  t he  i nven to ry  of t r i t i u m  

produced w i l l  he sma l l e r .  

Even though the  h e a t i n g  r a t e s  have been averaged by zone i n  a l l  t h e  

t a b l e s ,  t he  v a r i a t i o n  is only  2 t o  3% from f r o n t  t o  back. 

To compensate f o r  an ove res t ima te  expec ted  i n  t h e  r e s u l t s  ob t a ined  

from the  one-dimensional model used he re ,  t he  d a t a  i n  Tables  2.1.1 through 

2.1.4 should he reduced by about 25%. 

The resu l t s  of an approximate c a l c u l a t i o n  t o  determine t he  burnup of 

6Li  i n  t he  L i 2 0  b reede r  m a t e r i a l  is p re sen ted  i n  Fig. 2.1.1. 

c u r v e  r e p r e s e n t s  the a n t i c i p a t e d  burnup of the b reede r  material,  u s ing  t h e  

d a t a  ob t a ined  d i r e c t l y  from a series of one- dimensional c a 1 c u l a t i o n s . l  

The upper curve  a t t e m p t s  t o  account €or  t he  ove re s t ima te  of t he  burnup 

r a t e  r e s u l t i n g  from t h e  use of t he  one- dimensional model. 

b r e e d e r  f o r  t he  co re  p o s i t i o n  cons idered  i s  expected t o  be one-half burned 

o u t  i n  about  70 d r e a c t o r  ope ra t ion  time. 

The lower 

The 6 L i  i n  t h e  

2.1.5 Conclusions and Future  Work 

Phase 1 neu t ron ic  c a l c u l a t i o n s  of t he  TKIO-01 b r eede r  experiment  have 

been completed. It has been decided r e c e n t l y  t h a t  t h e  f i r s t  b r eede r  

material w i l l  he  LiAl02 and t h a t  t he  c o n c e n t r a t i o n  of 6 L i  i n  t h e  l i t h i u m  
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Table  2.1.1. T r i t i u m  Produc t ion  Rates  i n  the L iz0  and L i A l 0 2  
Breeder  !4at.?rialsa 

Tritium Production Rate, atoms/(m3 . s )  

2.82-5.82 3.89 x 1019 0.0252 x 1019 1.93 x 1019 0.0101 x 1019 
5.8 2-8.8 1 3.93 0.0254 1.95 0.0102 

8.8 1-1 1.8 4.01 0.0255 1.97 0.0103 

11. 8-14.8 4.15 0.0258 1.99 0.0104 

14.8-17.8 4.33 0.0261 2.02 0.0105 

aDensity of LiAlO2 has been taken t o  be 70% of 3.4 Mg/m3. 

bThe one-dimensional zone model of the reac tor  core region is described 

Composition 
of the l i th ium is 0.5% 6Li and 99.5% 7 L i .  

i n  d e t a i l  in T. A. Gabriel ,  R. A. L i l l i e ,  and B. L. Bishop, "Neutronic 
Calculat ions f o r  the Conceptual Design of an ' In- Pile '  Solid Breeder 
Experiment IPSB-01,"  A D I P  Quart. Prog. R e p .  Mar. 31, 1980, DOE/ER-0045/2, 
pp. 16-18. 

cAverage f u e l  loading of elements around capsule,  140 g 235U. 

Table  2.1.2. Heat ing Rates  i n  the Li02 and LiA102 Breeder  
! laterialsa and Surrounding S t r u c t u r e  b 

Heating Rate, MW/m3 

L i A 1 0 2  ZoneC 
Content ZoneC Li20 

Neutron Gamma Total Neutron Gamma Total  

2 ss 0.64 92.7 93.3 0.67 91.3 92.0 
3 Breeder 24.8 13.4 38.2 12.8 23.5 36.3 

4 ss 0.66 93.4 94.1 0.68 93.5 94.2 

5 Al 1.12 29.3 30.4 1.18 29.7 30.9 

aDensity of L i A 1 0 2  has been taken to  be 70% of 3.4 14g/m3. 

bAverage f u e l  loading of elements around capsule, 140 g .  
Gama heating rates include r e f l ec t ed  gammas. Composition of the 
l i t h ium is 0.5% 6Li and 99.5% 7Li. 

cThe one-dimensional zone model of the reac tor  core region is 
described i n  d e t a i l  i n  T. A. Gabriel,  R. A. L i l l i e ,  and 
B. L. Bishop, "Neutronic Calculat ions f o r  the Conceptual Design of 
a n  'In- Pile'  Solid Breeder Experiment IPSE- 01,"  A D I P  Quart. Prog. 
R e p .  Mar. 31, 1980, DOE/ER-0045/2, pp. 1618. 



11 

C 
.4 

VI 

Na, s 
Q J U  
d 
D m e 

0 0 . 3 -  

O h i t '  
. . . .  

m m m m  

m o r - m  
m m u m m  
m w m w  
. . . .  

m i r u r n r n  
0 0  

0 0 0 0 0  

0 0 0 0 0  

- 4 2 2 2  . . . . .  
n 
4 

2 
x 
r . r n 0 - m  
0 0 - - -  

N"" 
. . . . .  

e 
a J Y  
P .A s 
o w  
Y .d 

rl 
C 
a01 

2A.c 
ldu 
Y 

w c o  
a, 

0 x 
o m  
P-d 

W 
C 
3 
0 
!+ 
ld 
01 
u 
$ e m 
d 
m 
w 
0 



ORNL DWG 80 12146 

BREEDER MATERIAL 
Li20 

ORIGINAL GEOMETRY 

Fig .  2.1.1. 

USING 100% OF 
PREDICTED 
BURN RATE I 

2 I 
- 

40 80 120 160 200 
TIME id1 

10 2 
0 

Approximate Rurnup of the  h L i  i n  t h e  Breeder ? la ter ia l .  

w i l l  be reduced from i t s  n a t u r a l  l e v e l s  t o  0.5%. Also ,  t h e  d iameter  of 

t h e  experimenta c a p s u l e  w i l l  be reduced frorn 35.6 mm t o  about  2 5  mn. 

The l a t t e r  two d e c i s i o n s  are based on n e u t r o n i c  c o n s i d e r a t i o n s .  The 

r e d u c t i o n  of t h e  6Li  c o n c e n t r z t i o n  y i e l d s  a very  uniform energy d e p o s i t i o n  

p r o f i l e  w i t h i n  t h e  b reede r ,  whi le  a r e d u c t i o n  i n  t h e  dimensions of t h e  

b r e e d e r  s e c t i o n  d iamete r  w i l l  a l l ow a lower tempera ture  g r a d i e n t  

(AT < 50°C) a c r o s s  t h e  b r e e d e r  material. 

Now t h a t  t h e  c o r e  p o s i t i o n  A2 i n  t h e  ORK has  been t e n t a t i v e l y  speci- 

f i e d  f o r  t h e  TKIO-01 b reede r  exper iment ,  a d e t a i l e d  VENTURE c a l c u l a t i o n 2  

w i l l  be c a r r i e d  o u t  t o  o b t a i n  a r e a l i s t i c  neut ron  c u r r e n t  sou rce .  

D e f i n i t i v e  one- dimensional c a l c u l a t i o n s  can then  be ob ta ined .  In a d d i t i o n ,  

two-dimensional c a l c u l a t i o n s  w i l l  be s t a r t e d  t o  remove t h e  o v e r e s t i m a t i o n  

w i t h  t h e  one- dimensional a n a l y s i s .  The c r o s s- s e c t i o n  set w i l l  be updated 

t o  i n c l u d e  f i s s i o n  p roduc t s  t h a t  w i l l  act as a neutron poison,  and t h i s  

update  w i l l  enab le  us  t o  ana lyze  t h e  TRIO-01 experiinent b e t t e r .  
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2 .2  N E U T R O N I C  CALCULATLONS I N  SUPPORT OF THE OKK-IlFE-4A SPECTKAL 
TALL0KL: iG E X P E K M C N T  - T. A. G a b r i e l ,  K. A. L i l l i e ,  8. L. Bishop, 
and K. L. Chi lds  ( O K N L )  

2.2.1 ADIP Task 

ADIP 'Task I . A . 2 .  Define Test Mat r ices  and Test Procedures.  

2.2.2 Ob jec t ive  

The o b j e c t i v e  of t h i s  work i s  t o  provide  t h e  neu t ron ic  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  exper iments  i n  t he  Oak Ridge Kesearch Reactor  (ORR). 

S p e c t r a l  t a i l o r i n g  t o  c o n t r o l  t he  f a s t  and thermal  neu t ron  f l u x e s  is 

r e q u i r e d  t o  provide  t he  d e s i r e d  displacement  and hel ium product ion  rates 

i n  a l l o y s  c o n t a i n i n g  n i c k e l .  

2.2.3 Summary 

Three- dimensional n e u t r o n i c  c a l c u l a t i o n s 1  9 are be ing  c a r r i e d  

ou t  t o  fo l low the i r r a d i a t i o n  environment of t h e  ORR-PIFE-4A experiment .  

These c a l c u l a t i o n s  c u r r e n t l y  cover  s i x  OKR r e a c t o r  c y c l e s  cor responding  

t o  46,742 tIW h r s .  This  w i l l  r e s u l t  i n  a thermal  f l u f n c e  of 

2.03 x lo2' neutrons/m2 and a t o t a l  f l uence  of 4.31 X loz5  neutrons/m . 
This  f l uence  w i l l  produce 1.09 dpa and 3.31 a t .  ppm H e  i n  type  316 

s t a i n l e s s  s t e e l  ( no t  i n c l u d i n g  2.0 a t .  ppm He from 'OB). 

p r ev ious  c a l c u l a t i o n s  have been used t o  e s t i m a t e  t he  d a t e s  a t  which the  

c o r e  p i e c e s  should be changed and f i r s t  samples removed. 

2 

These d a t a  and 

Through p re l imina ry   calculation^^.^ w e  have de termined  the  appro-  

p r i a t e  s i z e s  of t he  t ungs t en  c o r e  p i e c e s  as well as t h e  h e a t i n g  rates 

w i t h i n  them and w i t h i n  t h e  expe r imen ta l  capsu le s .  The r e d u c t i o n  i n  gamma 

h e a t i n g  r e s u l t i n g  from t h e  use of t ungs t en  c o r e  p i e c e s  may r e q u i r e  

a d d i t i o n a l  h e a t i n g  of t h e  samples t o  ma in t a in  proper  tempera ture .  Cal- 

c u l a t i o n s  similar  t o  t hose  c a r r i e d  out f o r  t he  t ungs t en  co re  p i e c e s  a r e  

i n  p rog re s s  f o r  hafnium c o r e  p i eces .  

2.2.4 Progres s  and S t a t u s  

The real-time p r o j e c t i o n s  of t h e  hel ium p roduc t ion  and d isp lacement  

l e v e l s  based on c u r r e n t  c a l c u l a t e d  d a t a  a r e  g iven  i n  Fig. 2.2.1. The da t a  
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A C U R R E N T C A L C U L A T E D D A T A  

la c 

FIRST  CORE PIECEI Fig.  2 .2 .1 .  Curren t  and 
P r o j e c t e d  Helium-to-Displacernent 
Levels  Expected i n  t h e  
ORK-NFE-4A Experiment. 

X AUG 31, 1981 ICHANGE TO 
SOLID A1 CORE PIECE) 

X JUNE 30 

X APR 30 

X FEU 26. 1981 

20 

X OCT 31 

A A u G  26. 1980 
0 1 I I I 
0 2 4 6 8 10 12 14 

OPA 

r e f l e c t  r e f u e l i n g  times but no t  extended shutdown times. By us ing  t h e s e  

d a t a ,  w e  conclude t h a t  t h e  s o l i d  aluminum c o r e  p i ece  need not  be i n s e r t e d  

u n t i l  t h e  end of August 1981. In  a d d i t i o n ,  t h e  f i r s t  samples w i l l  be 

removed sometime around March 31, 1982, a t  approximate ly  10 dpa. After  

t h e  f i r s t  n i c k e l  tes t  w i r e  has been removed from t h e  c e n t e r  of t h e  

expe r imen ta l  c a p s u l e  and ana lyzed  f o r  hel ium con ten t  (sometime around t h e  

end of October 1980),  t h e  d a t a  i n  Fig. 2.1.1 can be r e v i s e d ,  i f  necessary .  

The hel ium d a t a  w i l l  a l l ow  m o d i f i c a t i o n  of t h e  hel ium p roduc t ion  equa t ion ,  

which was ob ta ined  from High Flux I so tope  Reactor  ( H F I K )  d a t a .  This 

e q u a t i o n  i s  c u r r e n t l y  be ing  used f o r  n i cke l- bea r ing  a l l o y s  t o  c a l c u l a t e  

t h e  helium produc t ion  l e v e l  i n  the ORR thermal neu t ron  f l uence .  

The h e a t i n g  rates c a l c u l a t e d  w i t h i n  bo th  t h e  t u n g s t e n  c o r e  p i e c e s  and 

the expe r imen ta l  capsu le s  are g iven  i n  Table 2.2.1, and t h e  geometr ic  model 

used  f o r  c a l c u l a t i o n s  i s  shown i n  Fig. 2.2.2. The approximate s i z e s  of 

the tungs t en  c o r e  p i e c e s  are g iven  i n  Table 2.2.2, and t h e  r e l a t i v e  change 

of  t h e  thermal neut ron  f l u x  r e s u l t i n g  from the use of these co re  p i e c e s  i s  

g i v e n  i n  Fig. 2.2.3. 
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Fig.  2.2.2. One-Dimensional Node1 of t h e  ORR-XFE-4A Experiment and 
Surrounding Oak Ridge Reactor  Core Region. The t u n g s t e n  c o r e  p i e c e s  are 
shaded. The o u t e r  c i r c l e  i s  a d i s t r i b u t e d  neut ron  source  r e p r e s e n t i n g  
t h e  r e a c t o r  c o r e  beyond t h e  experiment reg ion .  

Table  2.2.2. Approximate S izes  of t h e  Tungsten Cy l inde r s  
f o r  the OKR-PIFE-4A Experimenta 

Tungsten Cyl inder  b d i i ,  Cy l inde r  Thickness,  
Lw 

Surrounding mu 
IIFE-4h Cy1 i n d e r  

(mn) ( v o l  %) Inner  Outer  

1 5 26.2 27.4 1.2 

2 1 li 29.4 31.5 2.1 

3 10 33.5 35.4 1.9 

4 15 33.5 36.2 2 .1  

5 25 33.5 37.9 4.4 

aThe he ight  of a l l  c y l i n d e r s  should exceed t h e  h e i g h t  of 
t h e  a c t i v e  c o r e ,  which is  about 0.6 m ( 2 4  in . )  o r  inore. 
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F ig .  2.2.3. V a r i a t i o n  of t he  Thermal Flux as a Funct ion of t he  
Volume Percent  of Tungsten Surrounding the  OKR-HFE-4A Experiment. 

Exper imenta l  h e a t i n g  rates ob ta ined  €or s t a i n l e s s  s tee l  i n d i c a t e  our  

c a l c u l a t e d  r e s u l t s  i n  Table 2 .2 .1  t o  be about  35% t o o  high. Since a one- 

d imens iona l  model2 (F ig .  2.2.2) has  been used f o r  these c a l c u l a t i o n s ,  t h i s  

d i s c repancy  i s  not unreasonable .  For des ign  purposes t h e  d a t a  i n  

Table  2.2.1 w i l l  be renormalized t o  7 t o  8 kW/kg r e l a t i v e  t o  s t a i n l e s s  

s t e e l .  A s  can be seen  from the d a t a  i n  Table 2.2.1, a r a t h e r  l a r g e  

d e c r e a s e  i n  t h e  h e a t i n g  rate i n  s t a i n l e s s  s tee l  (and i n  t h e  NaK) r e s u l t s  

from the  use of t ungs t en  co re  p i eces .  Because of t h i s  r educ t ion ,  

a d d i t i o n a l  h e a t i n g  of t he  samples t o  ma in t a in  proper  temperature may be 

neces sa ry .  

By us ing  v a r i o u s  combinat ions of t h e  c y l i n d r i c a l  c o n c e n t r i c  t ungs t en  

c o r e  p i e c e s  ( s e e  shaded area of Fig. 2.2.2) d e s c r i b e d  i n  Table 2.2.2, t h e  

pe rcen tage  of t ungs t en  sur rounding  t h e  MFE-4A experiment  can  be v a r i e d  

from 5 t o  40%, most ly  i n  increments  of 5%. By us ing  c y l i n d e r s  1, 2, and 

5 ,  which would comprise 40% of t he  e x t e r i o r  volume, t h e  thermal  f l u x  can  

be  reduced by about  85% (see Fig. 2.2.2). Prev ious  c o n s i d e r a t i o n s  and 

c a l c u l a t i o n s  show t h a t  t h i s  r e d u c t i o n  i n  t h e  thermal  f l u x  is the  maximum 

t h a t  may be r equ i r ed .  
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A 2-mm coo lan t  water  gap has been al lowed between each  c y l i n d e r .  

T h i s  gap may o r  may not be s u f f i c i e n t  €or proper  cool ing .  When v a r i o u s  

t u n g s t e n  p i e c e s  are not i n  p l a c e ,  aluminum c y l i n d e r s  of similar s i z e s  w i l l  

be used t o  prevent  water from t h e r m a l i z i n g  the  fas t  neut rons .  

2.2.5 Fu tu re  Work 
The one- dimensional c y l i n d r i c a l  model (Fig.  2.2.2) used t o  c a l c u l a t e  

h e a t i n g  rates and f l u x  r e d u c t i o n s  f o r  t h e  t ungs t en  c o r e  p i e c e s  w i l l  be 

used  t o  g e n e r a t e  s i m i l a r  d a t a  f o r  hafnium c o r e  p i e c e s ,  once hafnium t r ans-  

p o r t  cross s e c t i o n s  have been ob ta ined .  Hafnium has  s e v e r a l  advantages  

ove r  t ungs t en .  S ince  hafnium has  a thermal  neut ron  c a p t u r e  c r o s s  s e c t i o n  

abou t  5 times l a r g e r  than  tungs t en ,  t h e  t h i c k n e s s  of t he  hafnfum c o r e  

p i e c e s  can  be made about 70% t h i n n e r .  S ince  gamma a t t e n u a t i o n  is similar 

i n  the two m a t e r i a l s ,  t h i s  r e s u l t s  i n  less r e d u c t i o n  i n  gamma h e a t i n g  

w i t h i n  t h e  s t a i n l e s s  s teel .  In a d d i t i o n ,  f a b r i c a t i o n  of t h e  hafnium c o r e  

p i e c e s  may be easier and less c o s t l y  than  f o r  t ungs t en .  However, t h e  

major  drawback i s  that t he  hafnium burnup may p o s s i b l y  r e q u i r e  p e r i o d i c  

replacement  of t h e s e  co re  p i eces .  

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  that  monitor  the 

r a d i a t i o n  environment of t he  ORR-MFE-4A experiment  w i l l  con t inue  w i t h  

each  r e a c t o r  cycle. 
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2.3 OPEKATION OF THE OKK SPECTKAI, TAII .OKING E X I ' E K I I I E I U  OKK-lIFE-4A - 
K. Y. Thoms and M. L. Grossbeck ( O S J I , )  

2 .3.1 A D I P  Task 

A D I P  Task I . A . 2 ,  Define Test Matrices and Test Procedures.  

2 . 7 . 2  Ob jec t ive  

Through neut ron  spectrui,i t a i l o r i n g ,  t h i s  experiment w i l l  i r r d 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 s  t o  ach ieve  t h e  same helium-to-displacement- 

per-atom (He/dpa) r a t i o  as p r e d i c t e d  f o r  f u s i o n  r e a c t o r  f i r s t - w a l l  

service.  The experiment i s  i r r a d i a t i n g  type  315 s t a i n l e s s  s t e e l  and 

Path  A Prime Candidate Alloy (PCA) a t  t empera tu res  near  '300 a n d  400°C. 

2.3.3 Summary 

This  experiment c o n s i s t s  of two t e s t  r eg ions  des i zned  t o  i r r d d i a t e  

t ype  310 s ta iqle9s  s t e e l  and P a t h  A PCA rlt c o n s t a n t  t e m p e r a t u r e s  o t  300 

and 400°C. The OKK-XFE-4A experiment was i n s t a l l e d  i n  t h e  Oak Ridge 

Research Keactor (OKIK) on June 10, 1980, and as of September 30 has 

ope ra t ed  s u c c e s s f u l l y  f u r  an e q u i v a l e n t  99 d a t  30 r e a c t o r  power $ i t h  

maximum specimen t empera tu res  i n  each r eg ion  of 330 and 400°C r e s p e c t i v e l y .  

2.3.4 P rogress  and S t a t u s  

The d c t a i l s  of ttie OKR s p e c t r a l  t a i l o r i n g  exper iments  have been 

d e s c r i b e d  previous ly . ' ? '  

i n  t h e  ORR on June 10, 1980, and as of September 30 has operdted  success-  

f u l l y  f o r  an e q u i v a l e n t  99 d a t  30 LIlJ r e a c t o r  power wi th  ttie maxiinurn 

speciinen temperatures i n  t h e  upper and lower tes t  r eg ions  being c o n t r o l l e d  

a t  400 and 330°C r e s p e c t i v e l y .  

The ORK-PIFE-4A i r r a d i a t i o n  c a p s u l e  was i n s t a l l e d  

A schemat ic  of the  WE-4 c a p s u l e  des ign  i s  shown i n  F ig .  2.3.1. T h i s  

f i g u r e  shows t h e  l o c a t i o n  of the  s i x  thermocouples and two c o n t r o l  gas  

a n n u l i  t h a t  are used t o  monitor  and c o n t r o l  t h e  teinperature of tlle t e s t  

speciinens i n  each region .  Ther,nocouples 1, 2 ,  and 3 and c o n t r o l  gas 

annu lus  A monitor  and c o n t r o l  t h e  400°C reg ion ,  whi le  thermocouples 4 ,  5 ,  

and 5 and c o n t r o l  gas  annulus  B perform t h e  same f u n c t i o n  f o r  t h e  300°C 

r eg ion .  
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Fig. 2.3.1. Schematic of ORR-NFE-4A Irradiation Capsule Design. 
Thermocouple locations are indicated by TE. 
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During the  des ign  of t he  capsu le ,  a one- dimensional hea t  t r a n s f e r  

a n a l y s i s  u s ing  t h e  GENGTC hea t  t r a n s f e r  code3 w a s  performed t o  s i z e  t he  

c o n t r o l  gas  gaps t o  a l l ow enough f l e x i b i l i t y  t o  c o n t r o l  t he  capsu le  

tempera ture  (wi th  helium-neon gas mix tu re s )  du r ing  the  expec ted  changes 

i n  gamma h e a t i n g  rates through the t y p i c a l  two- t o  three-week r e a c t o r  f u e l  

c y c l e s .  We chose 0.127-mm (0.005-in.) co ld  gas gaps f o r  t h e  40OoC r eg ion  

and 0.076-mm (0.003- in.) ones f o r  the 300°C reg ion .  

The experiment was i n s t a l l e d  i n  t he  r e a c t o r  on June 10, 1980, and t h e  

r e a c t o r  was s t a r t e d  up on June 12 wi th  100% He i n  both  c o n t r o l  gas  a n n u l i .  

F igu re  2.3.2 compares measured and c a l c u l a t e d  t empera tu re s  wi th  100% H e ,  

i n d i c a t i n g  f a i r l y  good agreement between them. This  was r e a s s u r i n g  and 

confirmed t h a t  our  a t t empt  t o  measure t h e  gamma h e a t  i n  t h e  f a c i l i t y  i n  

400 

350 
D 
YI 

3 2 3w 
“I * 
? 250 

200 

ORNL-DWG 80-5698 ET0 

I A I  I I I I I 
A 

A 

CALCULATED WITH 1M)% He --_ 
0 MEASURED W I T H  100% ne JUNE 12,  1980 
A MEASURED WITH 33% He-67% Ne SEPT 25. 1980 

0 MEASURED WITH 81% He-l9% Ne SEPT 25. 1980 

TE-10 TE-20 TE-30  TE-40 TE-50  TE-60 

I I I I I I I 
15 50 25 -25 -50 -75 

DISTANCE FROM TEST REGION CENTERLINE Imm) 

Fig.  2.3.2. Ca lcu l a t ed  and Measured Temperature Data i n  I r r a d i a t i o n  
Capsule ORR-MFE-4A. 
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Ju ly  1979 was s u c c e s s f u l .  The upper reg ion  of t he  c a p s u l e  (TE-1) was 

brought t o  a maximum of 400"C, but s i n c e  t he  h i g h e s t  r ead ing  thermocouple 

i n  t h e  lower reg ion  was a l r e a d y  very c l o s e  t o  3OO0C, we decided t o  keep 

100% He i n  t he  lower c o n t r o l  gas  reg ion  t o  observe  how t h e  t empera tu res  

would change dur ing  t he  r e a c t o r  f u e l  c y c l e .  A f t e r  about one week of 

o p e r a t i o n ,  t he  maximum temperature  of t he  lower reg ion  (TE-4) had 

i n c r e a s e d  t o  312°C. Since  i t  was necessa ry  t h a t  we o p e r a t e  at  a tempera- 

t u r e  wi th  a gas mixture  t h a t  would a l low f o r  c o n t r o l  through an e n t i r e  

f u e l  c y c l e  a s  w e l l  a s  f o r  s l i g h t l y  va ry ing  f u e l  Loadings, we decided t o  

o p e r a t e  t he  lower c e l l  a t  a maximum of 330°C. We have been a b l e  t o  

m a i n t a i n  c o n t r o l  of t he  capsu le ,  t h a t  i s ,  TE-1 at  400'C and TE-4 a t  330"C, 

w i t h  t5OC v a r i a t i o n  through t he  i r r a d i a t i o n  pe r iod  t o  d a t e .  

Because of t h e  r e l a t i v e l y  l a r g e  gamma h e a t i n g  r a t e  (-7 kW/kg) and 

l a r g e  t e s t  r eg ion  annulus  (12.7 mm t h i c k ) ,  t h e r e  is a s e v e r e  r a d i a l  

t empera tu re  d i f f e r e n c e  of about 80°C from the  i n n e r  t o  t he  o u t e r  s u r f a c e s  

of t he  t e s t  r eg ion .  A t  p r e s e n t ,  a two-dimensional hea t  t r a n s f e r  a n a l y s i s  

i s  under way, us ing  t he  HEATING5 computer program4 so  t h a t  a complete a x i a l  

and r a d i a l  t empera tu re  p r o f i l e  can be ob ta ined  f o r  each test region.  

During t h e  load ing  of t he  WE-4A exper iment ,  c a r e  was taken t o  record  t h e  

a c t u a l  p h y s i c a l  l o c a t i o n  of each t e s t  specimen. This in fo rmat ion ,  a long  

w i t h  t he  hea t  t r a n s f e r  a n a l y s i s ,  should a l low us  t o  r e p o r t  f a i r l y  a c c u r a t e  

i r r a d i a t i o n  t empera tu res  f o r  each specimen. The 2-D hea t  t r a n s f e r  

a n a l y s i s  should a l s o  h e l p  us determine t h e  cause  o f ,  and h o p e f u l l y  a means 

t o  c o r r e c t ,  t h e  f a i r l y  l a r g e  ax ia l  t empera tu re  g r a d i e n t  in t he  l o w e r  t e s t  

r eg ion .  

Another e f f o r t  p r e s e n t l y  under way f o r  c a p s u l e  WE-4A is developing 

t h e  technique t o  remove f l u x  monitor  wires  from the  c e n t e r  of t he  exper i-  

ment. In Fig. 2.3.1, t he  f l u x  monitor  h o l d e r  i s  shown. I n s i d e  t h i s  

h o l d e r  i s  a 3.2-mm-OD (0.125- in.) s t a i n l e s s  steel f l u x  moni tor  tube,  which 

c o n t a i n s  n i n e t e e n  0.25-mm-OD (0.010- in.) n i c k e l  wires and a l-mm-OD 

(0.040- in.) s t a i n l e s s  s t e e l  tube c o n t a i n i n g  a 0.5-mm (0.020-in.) vanadium- 

c o b a l t  wire, a 0.25-mm (0.010- in.) t i t a n i u m  wire, and a 0.25- (0.010- in.) 

i r o n  wire .  Plans  c a l l  fo r  removing one n i c k e l  wi re  and t h e  1-mm s t a i n l e s s  

s teel  tube  a f t e r  about every  120 d of i r r a d i a t i o n .  This is  t o  be done by 
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removing the  3.2-mm tube ,  which is about 7 . 6  m (25 f t )  long;  t ak ing  i t  t o  

t h e  ORK hot c e l l ;  and removing the  wires. A new 1-mm tube  with f r e s h  

vanadium- cobalt ,  t i t a n i u m ,  and i r o n  wires w i l l  be loaded i n t o  t he  f l u x  

monitor  t ube ,  which then  w i l l  be re loaded  i n t o  t h e  capsu le  f o r  ano the r  

120-d i r r a d i a t i o n .  We should po in t  out t h a t  though these  a r e  no t  t h e  

r e f e r e n c e  f l u x  moni tors ,  they w i l l  be used t o  conf i rm t h e  n e u t r o n i c s  

c a l c u l a t i o n s  being performed by T. A. Gabr i e l  and co-workers t o  de te rmine  

when co re  p i e c e s  need t o  be changed t o  change t h e  f l u x  spectrum. The 

r e f e r e n c e  moni tors  were supp l i ed  by the  Fusion Reactor  Materials Dosimetry 

a c t i v i t y  at  Argonne Na t iona l  Laboratory and were loaded i n  t h e  capsu le  

w i t h  t he  test  specimens. These monitors  w i l l  be removed a f t e r  10 dpa 

a l o n g  wi th  s e v e r a l  of t he  test  specimens. 

P re sen t  p l ans  c a l l  f o r  removing t h e  f l u x  moni tor  tube  du r ing  t h e  

next  major shutdown of t he  ORR, scheduled f o r  t h e  week of November 10 

through 14, 1980. 

2.3.5 Conclusions 

The f i r s t  ORR s p e c t r a l  t a i l o r i n g  c a p s u l e ,  ORR-MFE-4A, has ope ra t ed  

s u c c e s s f u l l y  f o r  a n  e q u i v a l e n t  99 d at  30 MW r e a c t o r  power w i th  maximum 

specimen tempera tures  i n  t he  two test  r eg ions  being c o n t r o l l e d  a t  330 and 

4 O O 0 C ,  r e s p e c t i v e l y .  A two-dimensional hea t  t r a n s f e r  a n a l y s i s  is under 

way t u  g i v e  a complete thermal  p i c t u r e  of  t he  t e s t  r eg ions .  The f i r s t  

a t t empt  a t  removal of f l u x  monitors  t o  confirm n e u t r o n i c s  c a l c u l a t i o n s  i s  

be ing  planned wi th  t he  a c t u a l  removal t o  take  p l ace  du r ing  the  second week 

o f  November 1980. 
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2.4 HFIK-:IFE-Tl, -T2, AND - 1 ~ B l :  EXPERMENTS 'rO EVAL(JATE THE EFFECTS OF 
LOW-TI.:!lPEUTUKE IKRADZATLON ON FEKKITLC STEELS - J.  L4. Vitek ,  
R. L. Klueh, M. L. Grossbeck, and .J. 1.J. Uoods (OWL) 

2.4.1 A D I P  Task 

A D I P  Task I . A . 2 ,  Define Test Matrices and T e s t  Procedures.  

2.4.2 Objec t ive  

The o b j e c t i v e  of t he se  experiments  is t o  a c q u i r e  d a t a  on t h e  e f f e c t s  

o f  low- temperature i r r a d i a t i o n  on t he  p r o p e r t i e s  of f e r r i t i c  steels.  The 

High Flux I so tope  Reactor (HFIK) i r r a d i a t i o n  w i l l  r e s u l t  i n  concurren t  

hel ium and d isp lacement  product ion.  A broad range of sample types  is t o  

be i r r a d i a t e d ,  i n c l u d i n g  some l a r g e r  specimens t h a t  cannot  be accommo- 

d a t e d  i n  o t h e r  K F I K  t a r g e t  reg ion  i r r a d i a t i o n  experiments .  

2.4 .3  Summary  

Three exper iments  f o r  t he  i r r a d i a t i o n  of f e r r i t i c  s t e e l s  i n  t he  

H F I K  have been o u t l i n e d .  411 t h r e e  exper iments  a r e  t o  o p e r a t e  a t  about  

50°C. They will provide  t he  f i r s t  s u b s t a n t i a l  d a t a  on t h e  e f f e c t s  of 

hel ium and displacement  product ion  on s e v e r a l  p r o p e r t i e s ,  i n c l u d i n g  

f a t i g u e ,  t e n s i l e ,  Charpy impact ,  c r a c k  growth, and f r a c t u r e  toughness.  

The s teels  t o  be t e s t e d  i nc lude  12 C r - 1  :lo (HT9), nickel- doped 12 Cr-1 ?lo, 

9 Cr-1 Mo, nickel-doped 9 C r - 1  Xo, 2 114 Cr-1  )lo, and welds of some of 

t h e s e .  Test r e s u l t s  w i l l  cor.iplement e leva ted- tempera ture  Experimental  

Breeder Reactor  (EBK-11) i r r a d i a t i o n  exper iments  on t h e  same a l l o y s .  Test 

matrices and f luence  l e v e l s  have been d e f i n e d ,  and t h e  exper iments  a r e  

expec ted  t o  be ready f o r  i n s e r t i o n  i n  l a t e  1980 o r  ear ly  1981. 

2.4.4 Progres s  and S t a t u s  

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

The exper iments  HFIK-EIFE-T1 and -T2 (T f o r  t a r g e t  p o s i t i o n  i n  HFIK) 
and HFIK-MFE-RB1 (RB f o r  be ry l l i um r e f l e c t o r  p o s i t i o n )  are planned t o  
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provide the first data for several properties of ferritic steels irra- 
diated in a neutron environment producing both displacements and trans- 

mutation helium. Specimens from the T1 and T2 experiments will. be the 
first to generate fatigue information under these conditions and will 

provide a basis for future elevated-temperature irradiation studies. 

The RB1 experiment is much broader in scope. In addition to 
specimens to supplement the fatigue results from experiments T1 and T2, 

many other types of samples will be irradiated. With the larger irradia- 

tion volume available in the reflector position, it will be possible to 

irradiate samples that do not fit in any other HFIR  location. Moreover, 

the large volume will allow for an extensive set of tests on several 

different alloys. Many of the same alloys and samples are being 

irradiated in the EBR-11, AD-2 experiment. This will allow comparison of 
results at different irradiation temperatures and at different helium 

levels. 

late 1980, while irradiation of the RB1 capsule should begin in early 

1981. Completion of the lower fluence irradiations is expected in mid to 

late 1981. 

Irradiation of the T1 and T2 capsules is expected to begin in 

2.4.4.2 Experimental Design 

These experiments will be conducted at the reactor coolant tempera- 
ture, 50°C. To avoid excessive corrosion of the ferritic steels in the 
reactor coolant, the samples will be enclosed in thin-wall aluminum 
tubing. Size limitations to avoid excessive specimen heating have been 
calculated. Assuming conduction of heat within the ferritic steel to be 

the controlling factor, a cross-section thickness of less than 5 m 

(0 .2  in.) will ensure a temperature difference of less than 25'C within 

the sample. 

Procedures have been developed for the encapsulation of samples in 
thin-wall aluminum tubing. 

five or six before insertion. 

will be put in any given tube, whereas rod tensile and rod fatigue samples 

will be combined in the same tube in each of the T1 and T2 experiments. 

These samples or stacks of samples stacks are inserted into tubes sealed 

at one end. The sample tubes are then evacuated and an external pressure 

Sheet samples will be stacked in sets of 

In the RB1 experiment'only similar samples 
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of approximate ly  9 llPa (1300 p s i )  i s  app l i ed .  Col lapse  of the aluminum 

t u b i n g  is  immediate. The c o l l a p s e d  tub ing  fo l lows  the sample con tou r s  

q u i t e  w e l l ,  as shown i n  Fig. 2.4.1. 

ORNL-PHOTO 5516-80 

CENTIMETERS 
0 2 4 6 8 - 

. I  I i I  i I  i I  I i I  i I  I- 
Fig.  2.4.1. T e n s i l e  and Fa t igue  Samples Encapsulated i n  Thin-Wall 

Aluminum Tubing. 

Eight  d i f f e r e n t  sample geometr ies  w i l l  be i nc luded  i n  the T1, T2, and 

RB1 experiments .  B r i e f  d e s c r i p t i o n s  of t h e s e  samples are g iven  i n  

Table  2.4.1. The sample geometr ies  are e s s e t i a l l y  i d e n t i c a l  t o  t hose  used 

i n  prev ious  i r r a d i a t i o n  experiments .  

rod  t e n s i l e  samples,  i l l u s t r a t e d  i n  an ear l ie r  r e p 0 r t . l  

ends  of t he  samples w i l l  be e l imina t ed .  D e t a i l e d  drawings of the o t h e r  

specimens [except  t h e  t r ansmis s ion  e l e c t r o n  microscopy (TEM) d i s k s ]  were 

i n  t h e  l a s t  ADIP quar te r ly . ’  

The only  a l t e r a t i o n  w i l l  be on the 

The s p u r s  at the 

2.4.4.3 HFIK-XFE-Tl and -T2 Test Matrix and I r r a d i a t i o n  Condi t ions  

The materials t o  be i r r a d i a t e d  i n  t h e s e  exper iments  w i l l  i n c l u d e  t h e  

f o l l o w i n g  a l l o y  steels:  12 Cr-1  Mo (HT3 t ype ) ,  12 C r - 1  Mo-1 N i ,  

12  Cr-1  Mo-2 N i ,  9 Cr-1 Mo, 9 Cr-1 Mo-2 N i ,  and 2 1 / 4  Cr-1 Mo. The 12 

and 9 C r  a l l o y s  are from Combustion Engineer ing  (CE) heats and have been 

d e s c r i b e d  p r e v i ~ u s l y . ~  

program heat 38649. A l l  a l l o y s  w i l l  be i r r a d i a t e d  i n  t h e  normalized and 

tempered c o n d i t i o n s .  The s p e c i f i c  h e a t  t r e a t m e n t s  are the same as those  

g i v e n  t o  f e r r i t i c  a l l o y s  i n  HFIK-CTK-30 through -33 and are summarized 

i n  Table 2.4.2. 

The 2 1 / 4  Cr -1  Ilo a l l o y  i s  from t h e  b reede r  

The two c a p s u l e s  w i l l  be i d e n t i c a l  except  f o r  g o a l  f l u e n c e  l e v e l s ,  

g i v e n  i n  Table 2.4.3. These two exper iments  each c o n t a i n  13 specimens 
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Table 2.4.2. Specimen Heat Treatments f o r  Samples i n  
HFIK-:IFE-Tl and -T2 

Tempered Normalized 
b 

Alloy Heata Temperature Temperature T i m e  
("C) (h )  ("C) 

12  Cr-1 Clo CE 3587 1050 780 2.5 

12  Cr-1 Mo-1 N i  C E  3588 1050 780 2.5 

12 Cr-1 110-2 N i  C E  3589 1050 700 5 

9 Cr-1 110 CE 3590 1040 760 1 

9 Cr-1 140-2 N i  CE 3591 1040 700 5 

2 114 Cr-1 ?lo B 38649 900 700 1 

%E = Combustion Engineer ing;  B = Breeder. 

bFor 30 min. 

Table 2.4.3. P r o j e c t e d  H F I R  I r r a d i a t i o n  
Condi t ions  a t  the  Midplane of t he  

Three Experiments 

Cyclesh Displacement Levela 
(dpa)  

Experiment 

HFLK-MFE-T1 70 32 

HFIR-MFE-T2 10 5 

HFIR-MFE-RBIC 10 
20 

14 
28 

aValues a t  capsu le  midplane. The s p e c i  
men a t  t he  end of the  c a p s u l e  w i l l  a ch ieve  
approximate ly  one-half t he  midplane va lue .  

bA H F I R  c y c l e  is  approximate ly  23 d.  

CTwo f l u e n c e  l e v e l s  a r e  planned for  t h i s  
capsu le .  
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of c y l i n d r i c a l  geometry, c o n s i s t i n g  of h o u r g l a s s  f a t i g u e  and rod t e n s i l e  

samples.  The exper iments  w i l l  be i r r a d i a t e d  i n  the outermost  HFZK t a r g e t  

p o s i t i o n s ,  a d j a c e n t  t o  p e r i p h e r a l  t a r g e t  p o s i t i o n s .  F lux  moni tors  w i l l  

be  inc luded  i n  two l o c a t i o n s  i n  each c a p s u l e :  nea r  one end and nea r  

t h e  c e n t e r .  The t e n t a t i v e  specimen load ing  m a t r i x  is p re sen ted  i n  

Table  2.4.4. 

Table 2.4.4. Specimen Loading Matrix f o r  
HFIK-tlFE-T1 and -T2 

~ 

P o s i t i o n  Alloy Sample Type 

1 12  Cr-1 MO Fat igue i n i t i a t i o n  

2 12 Cr-1 Mo Rod t e n s i l e  

Flux Monitor 

3 12  Cr-1 bb-1 N i  Rod t e n s i l e  

4 9 Cr-1  Mo Rod t e n s i l e  

5 12  Cr -1  Mo Rod t e n s i l e  

Flux Monitor 

6 12 Cr -1  Mo-1 N i  Rod t e n s i l e  

7 12 Cr-1 Mo-1 N i  Fat igue i n i t i a t i o n  

8 12  Cr-1 Mo-2 N i  Fat igue i n i t i a t i o n  

9 12 Cr-1 Mo-2 N i  Rod t e n s i l e  

10 9 Cr -1  Mo Rod t e n s i l e  

11 9 Cr-1 Ma-2 Ni Rod t e n s i l e  

12 2 114 Cr -1  Mo Rod t e n s i l e  

13 12 Cr-1 MO Fatigue i n i t i a t i o n  

2.4.4.4 Test Matrix and I r r a d i a t i o n  Condi t ions  f o r  HFIR-EIFE-RB1 

T h i s  experiment  w i l l  c o n t a i n  p r i m a r i l y  f e r r i t i c  steels. A l i s t  of 

a l l o y s  planned f o r  i n c l u s i o n  i n  HFIR-MFE-RBI i s  g iven  i n  Table 2.4.5 a long  

w i t h  the a l l o y  c o n d i t i o n s ,  when known. The CE a l l o y s  are t h e  same as 

t h o s e  i nc luded  i n  HFIR-!lFE-Tl and -T2 and have been d e s c r i b e d  i n  d e t a i l  

earlier.3 The 

f l u x  w i l l  be roughly  h a l f  t h a t  i n  HFIR-MFE-T1 and -T2 as a r e s u l t  of t h e  

c a p s u l e  be ing  l o c a t e d  i n  t he  r e f l e c t o r  p o s i t i o n  of HFIR. 

Two f l u e n c e  l e v e l s  are planned,  as shown i n  Table 2.4.3. 
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Table 2.4.5. Alloys  f o r  HFIK-:IFI',-RBI 

A l l o y  Heata Heat Trea tmentb  

1 2  Cr-1  Moc 

12 C r - 1  Moc CE 3587 1050'C, 30 min, AC + 780'C, 2.5 h, AC 

B 91354d 1038"C, 4 min, AC + 760"C, 30 min, ACE 

1 2  Cr-1  Mo weld B 91354 f 
12 Cr-1 Mo-1 N i  CE 3588 1O5O0C, 30 min, AC + 780"C, 2.5 h, AC 

12  C r - 1  Mo-2 Ni CE 3589 1050"C, 30 min, AC + 700"C, 5 h ,  AC 

9 Cr-1 Mo B 30182 1038"C, 1 h ,  AC + 760"C, 1 h, AC 

9 Cr-1 MO CE 3590 1O4O0C, 30 min, AC + 760°C, 1 h, AC 

9 C r - 1  Mo weld 8 30182 f 

2 114 Cr-1  Mo 9 
2 114 C r - 1  Mo weld 

Type 316 SS 9 

9 C r - 1  Mo-2 N i  CE 3591 1040"C, 30 min, AC + 700"C, 5 h,  AC 

9 

aB = b r e e d e r ;  CE = Combustion E n g i n e e r i n g .  

bAC = a i r  c o o l e d .  

%ome m a t e r i a l  from a th i rd  h e a t  of HT9 ( t h e  Fus ion  Program 

dHeat 91353 fo r  f a t i g u e  i n i t i a t i o n  samples .  

ernis is c o n d i t i o n  of 0.76-mm (0.030-in.) s h e e t  material o n l y .  

fNot y e t  de te rmined .  

m o t  ye t  s p e c i f i e d .  

h e a t )  may he i n c l u d e d  i f  t h e  m a t e r i a l  is a v a i l a b l e  i n  t ime .  

Heat t r e a t m e n t  for t h i c k e r  gage samples  no t  y e t  de te rmined .  

A t e n t a t i v e  ma t r ix  f o r  t he  samples t o  he i r r a d i a t e d  t o  10 dpa is 

g i v e n  i n  Table 2.4.6. The cor responding  ma t r ix  of samples t o  rrinain f o r  

20 dpa i r r a d i a t i o n  i s  p re sen ted  i n  Table 2.4.7. The Charpy, c r a c k  growth,  

and compact t e n s i o n  specimens w i l l  h e  t h e  f i r s t  f e r r i t i c  s t e e l  specimens 

o f  t h i s  t ype  i r r a d i a t e d  in HFIK and will correspond t o  similar i r r a d i a -  

t i o n s  i n  t h e  EBR-11,  AD-2 experiment .  

According t o  the experirnental  de s ign ,  some specimens w i l l  be removed 

a f t e r  10 dpa i r r a d i a t i o n ,  These w i l l  he rep laced  by a d d i t i o n a l  samples 

i n t ended  f o r  10 dpa exposure du r ing  t h e  second h a l f  of t he  experiment .  

The d i v i s i o n  of t he  m a t r i x  g iven  i n  Table 2.4.6 i n t o  t he  f i r s t  h a l f  and 
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Table 2.4.6. Loading Mat r ix  f o r  t h e  HFIK-HFE-KB1 Specimens 
t o  Be I r r a d i a t e d  t o  10 dpaa 

Number of Specimens of Each TypeC 

ST F I  CG C CT TE?L 
Alloy Hen t h 

12 Cr-1 140 

1 2  Cr -1  No 

1 2  Cr-1 Ho weld 

12 Cr-1 Xo-1 N i  

12 C r - 1  :lo-2 N i  

9 Cr-1 Mo 

9 C r - 1  Elo 

9 Cr-1 Elo weld 

9 C r - 1  110-2 N i  

2 114 C r - 1  .% 

2 114 C r - 1  :lo 
weld 

Type 316 SS 

a 91354 

CE 3587 

B 91354 

CE 3588 

CE 3589 

a 30182 

CE 3590 

8 30152 

CE 3591 

d 

d 

d 

4 4 7  7 40 

4 3 3 4  14 25 

2 4  4 

4 3 3 4  4 2 5  

4 3 3 4  4 25 

4 3 7 7 40 

4 3 3 4  4 2 5  

2 4  4 

4 3 3 4  4 25 

2 3 4  4 40 

2 4  4 

2 2 

nA f l uence  producing 10 dpa is the  goa l  exposure f o r  t h e  

hB = breeder ;  CE = Combustion Engineering.  

"ST = shee t  t e n s i l e ,  F I  = f a t i g u e  i n i t i a t i o n ,  CG = c rack  

experiment  midplane. 

growth,  C = min ia tu re  Charpy, CT = f r a c t u r e  toughness,  and 
TEM = t r a n s m i s s i o n  e lec t ron microscopy. G e o m e t r y  i n  
Table  2.4.1. 

dNot y e t  s p e c i f i e d .  

second h a l f  10-dpa i r r a d i t i o n s  i s  t o  be determined.  The f i n a l  breakdown 

w i l l  be a f f e c t e d  by the  packing e f f i c i e n c i e s  achieved .  The m a t r i x  f o r  t h e  

second h a l f  of t he  experiment may a l s o  be i n f luenced  by e a r l y  r e s u l t s  of 

t h e  HFIK-HFE-T2 experiment .  
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Table 2.4.7. Loading H a t r i x  f o r  t h e  HFIK-LIFE-RB1 Specimens 
t o  be I r r a d i a t e d  t o  20 dpaa 

Number of Specimens of Each TypeC 
Alloy Heat h 

GF F I  CG c CT 'rtc4 

12  Cr-1 Xo 

12 C r - 1  :lo 

1 2  Cr-1 ?lo weld 

12 C r - 1  ?lo-1 N i  

12 Cr-1  :40-2 N i  

9 Cr-1 >lo 

9 Cr -1  Mo 

9 Cr -1  ?.lo weld 

9 C r - 1  Mo-2 N i  

2 114 Cr-1 No 

2 114 Cr-1  No 
weld 

Type 316 S S  

B 91354d 

CE 3587 

B 91354 

CE 3588 

CE 3589 

R 30182 

CE 3590 

B 30182 

CE 3591 

e 

e 

e 

5 5 4 8  8 40 

3 3 3 4  4 25 

2 4  4 

3 3 3 4  4 25 

4 3 3 4  4 25 

5 4 4 8  8 40 ' 

3 3 4  4 25 

2 4 4 

3 3 4  4 25 

4 3 3 4  4 40 

2 4  4 

2 2 

aA f l u e n c e  producing 20 dpa is a n t i c i p a t e d  a t  t h e  expe r i-  

bB = breede r ;  CE = Combustion Engineering.  

CGF = Grodzinski  f a t i g u e ,  FI  = f a t i g u e  i n i t i a t i o n ,  CG = 
c r a c k  growth, C = m i n i a t u r e  Charpy, CT = f r a c t u r e  toughness,  
and  TEM = t r a n s m i s s i o n  e l e c t r o n  microscopy. Geometry i n  
Table  2.4.1. 

ment midplane. 

dHeat 91353 used €or  FL samples.  

eNot ye t  s p e c i f i e d .  

2.4.5 Conclusions and Fu tu re  Work 

Specimen p r e p a r a t i o n  f o r  HFIK-MFE-T1 and -T2 i s  c u r r e n t l y  under way. 

The tes t  c a p s u l e  is being c o n s t r u c t e d ,  and t h e  exper iments  should be 

ready f o r  i n s e r t i o n  i n t o  H F I R  by December 1980. P r e p a r a t i o n  of materials 

f o r  HFIR-MFE-FUl i s  c u r r e n t l y  i n  p rog re s s  and sample machining i s  expec ted  

t o  begin by November 1980. I n s e r t i o n  of t h e  capsu le  i n t o  H F I R  i s  expec ted  

i n  e a r l y  1981. 
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2 .5  EXPERIIIENTS HFLK-CTK-30, -31, AlJD -32 FOR IKKADIATION OF TKANSHISSION 
ELECTKON XICKOSCOPY ULSK SPECIHENS - t l .  L. Crossbeck, J. W. Woods, 
and G. A. P o t t e r  (OKNL) 

2.5.1 ADIP Task 

A D I P  Task I.A.2, Define T e s t  ?latrices and Test Procedures.  

2.5.2 Ob jec t ive  

This  experiment i s  designed t o  determine t he  e f f e c t  of i r r a d i a t i o n  

producing h igh  helium c o n t e n t s  wi th  concurren t  displacement  damage on t h e  

m i c r o s t r u c t u r e  and d u c t i l i t y  of s e v e r a l  a l l o y s  i n  t h e  A D I P  program. 

2.5.3 Summary 

Three i r r a d i a t i o n  capsu le s  c o n t a i n i n g  e x c l u s i v e l y  t r ansmis s ion  

e l e c t r o n  microscopy (TE>I)  d i s k  specimens have been c o n s t r u c t e d  f o r  

High Flux I so tope  Keactor ( H F I K )  i r r a d i a t i o n .  Experiments HFIK-CTK-30 

and -32 a r e  now being i r r a d i a t e d ,  and BFLK-CTK-31 i s  scheduled f o r  

i n s e r t i o n  on October 1, 1980. A l l  capsu le s  a r e  being i r r a d i a t e d  i n  

p e r i p h e r a l  t a r g e t  p o s i t i o n s  i n  t he  H F I K .  The 12 groups of approximately 

100 specimens each a r e  a r r ayed  a long  the  capsu le  a x i s  of each experiment .  

Each group is designed t o  be i so the rma l  a t  a n  e l e v a t e d  tempera ture  

determined by a helium gas gap. I r r a d i a t i o n  tempera tures  of 300, 400, 

500, and 600°C have been s e l e c t e d .  

2.5.4 Progress  and S t a t u s  

Since t he  ADIP program mus t  e v a l u a t e  and compare a l l o y s  under 

c o n d i t i o n s  of neut ron  i r r a d i a t i o n  producing both displacement  damage a n d  

t r a n s m u t a t i o n  hel ium, an experiment was designed t o  i n v e s t i g a t e  t he  

m i c r o s t r u c t u r e  and d u c t i l i t y  of cand ida t e  f u s i o n  a l l o y s .  Af t e r  i r r a d i a -  

t i o n ,  two types  of examinat ions  w i l l  be made on t he  specimens: micro- 

s t r u c t u r a l  de t e rmina t ion  and d u c t i l i t y  measurement. D u c t i l i t y  w i l l  be 

measured with a punch and d i e  appa ra tus  developed by Huang,' which f i t s  

on a s t anda rd  t e n s i l e  t e s t i n g  machine. Such t e s t s  have been shown t o  

g i v e  q u a l i t a t i v e  r e s u l t s  and t o  work w e l l  on b r i t t l e  m a t e r i a l s .  I t  i s  
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u s e f u l  t o  scope developmental  a l l o y s  when l i m i t e d  i r r a d i a t i o n  space 

d i c t a t e s  small specimens. M i c r o s t r u c t u r a l  de t e rmina t ion  w i l l  he  by TEM. 

2.5.4.1 I r r a d i a t i o n  Condi t ions  

The i r r a d i a t i o n  is being conducted i n  p e r i p h e r a l  t a r g e t  p o s i t i o n s  of 

t h e  HFIK,  which p e r n i t s  exposure t o  t he  h ighes t  f a s t  f l u x  p o s s i b l e  f o r  dll 

experiment  i n  t h e  HFIK,  1.3 X 1019 neut rons / (m2.s )  [>0.1 :lev (0.016 p J ) ] .  

Exposure times, d isp lacements  per atom (dpa ) ,  and hel ium l e v e l s  t o  he  

a t t a i n e d  at  t h e  co re  midplane a r e  g iven  i n  Table 2.5.1. 

Table  2.5.1. I r r a d i a t i o n  Parameters  €01- Type 316 
S t a i n l e s s  S t e e l  

Exposure 

( mont h s  ) 

Displacement He Level 
(dpa)  ( a t .  ppm) 

Experiment Time 

HFIK-CTK-30 16 40 2500 

HFIK-CTK-3 1 8 20 1200 

HFIK-CTK-32 4 10 S O 0  

I r r a d i a t i o n  tempera ture  was determined w i t h  t h e  H'LATINGS two- 
2 d imens iona l  hea t  t r a n s f e r  computer code used i n  prev ious  HFLK capsu le  

d e s i g n s .  The des ign  was i t e r a t e d  u n t i l  t h e  specimen tempera ture  i n  each 

specimen ho lde r  was w i th in  f 2 0 ° C  of t h e  d e s i r e d  va lue  throughout .  Typical  

tempera ture  contour  p l o t s  are shown i n  Fig. 2.5.1. S i l i c o n  c a r b i d e  d i s k s  

and Low-melting a l l o y s  were used t o  roonitor tempera ture .  The placement 

o f  t he  tempera ture  monitors  i s  shown i n  Table 2.5.2. Since S i c  has a 

much lower d e n s i t y  than the  a l l o y s ,  i t s  nuc l ea r  h e a t i n g  va lue  is s i g n i-  

f i c a n t l y  lower ,  r e s u l t i n g  i n  a drop i n  tempera ture  ad j acen t  t o  t he  

moni tors .  Th i s  drop  i s  u s u a l l y  small and can  he accounted f o r  i n  

computing the  a c t u a l  i r r a d i a t i o n  tempera tures .  
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Table 2.5.2. Placement of Temperature Noni tors  
i n  HFIK-CTR-30 

Design i l on i to r  N e l t i n g  
Specimen Monitor Temperature Holdera  Temperature 

("C) 
Al loyh  

("C) 

1 400 

2 600 

3 400 

4 600 

5 400 

6 600 

7 500 

8 300 

9 500 

10 300 

1 1  500 

12  300 

S i c  ( 2 )  
Zn-A1 382 
Zl l  420 

S i c  ( 3 )  

Zn-A1 382 
S i c  (3) 

S i c  ( 4 )  

S i c  
Zn-A1 382 
Zn 420 

S i c  

S i c  
Ni-Elg 507 
Cu-A1 548 

S i c  
Pb 327 
Pb-Pt 290 

sic ( 4 )  
Ni-Mg 507 
cu-41 548 

Pb-Pt 290 
Pb 327 
s i c  ( 4 )  

Sic  
Ni-Mg 501 
cu-A1 548 
cu-klg 485 

S i c  ( 4 )  

aPos i t i on  1 is  t o p  of t h e  experiment .  

humber  i n  pa ren theses  i n d i c a t e s  number of S i c  
d i s k s  in t h e  specimen ho lde r .  

.) 
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2.5.4.2 Capsule Design 

The e x t e r n a l  c a p s u l e  i s  the  same a s  used f o r  p rev ious  H F I K  i r r a d i a-  

t i o n ~ . ~  

tandem a long  the  c a p s u l e  a x i s .  These h o l d e r s  c o n s i s t  of a t h i n  tube  

c o n t a i n i n g  the  specimens,  wi th  hollow p i n s  r e t a i n i n g  t h e  speciinens and 

c e n t e r i n g  t h e  tube  wi th in  the  o u t e r  aluminum h o l d e r  (Fig .  2.5.2). The gas  

gap between the  specimen tube  and t h e  h o l d e r  sets the  temperature  g r a d i e n t  

t h a t  ach ieves  the  i r r a d i a t i o n  temperature .  

The i n t e r n a l  s t r u c t u r e  c o n s i s t s  of 12 specimen h o l d e r s  a r r a y e d  i n  

ORNL-DWG 80-12151 

CENTERING PINS h - -a . - -  
TOP PLUG ~ 

 SAMPLE CONTAINER 
HELIUM GAS GAP- ~~~~~ TUBE 

~ ~ ALUMINUM HOLDER 

Sic MONITOR 

~ - 0 U T E R  ALUMINUM 
HOUSING TUBE 

DISK SAMPLES 
(3.0 D lAM x 0.251 ~~ 

BOTTOM PLUG ..~ 

BOTTOM CENTERING PINS / DIMENSIONS IN  rnm 

Fig.  2.5.2. Speciinen Holder. 
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2.5.4.3 Specimen Loading 

For specimen load ing ,  t h e  capsu le  was d iv ided  i n t o  t h r e e  r eg ions  by 

n e u t r o n  f l u x .  

i n  t h e  c e n t r a l  f ou r  p o s i t i o n s .  

i n  t h e  next  f o u r  p o s i t i o n s  moving outward from the  inidplane i n  both 

d i r e c t i o n s ,  and those  w i th  a t  least  40% N i  are placed i n  t h e  end f o u r  

p o s i t i o n s .  Space c o n s i d e r a t i o n s  d i c t a t e d  some excep t ions  t o  t h i s  p lace-  

ment. The a c t u a l  a l l o y  placement is shown i n  Fig. 2.5.3,  and numbers of  

specimens of each a l l o y  a r e  shown i n  Tables  2.5.3 through 2.5.5. 

V a r i a t i o n s  i n  hea t  t rea tment  and composi t ion a r e  not d i s t i n g u i s h e d  i n  

t h i s  r e p o r t .  

however, HFIK-CTK-31 and -32 d i f f e r  on ly  s l i g h t l y  because of d v a i l a b i l i t y  

of  specimens and temperature monitors .  

The g e n e r a l  p lan  w a s  t o  p l ace  low-nickel and Path A a lLoys 

Pa th  B a l l o y s  w i t h  less than 40% N i  a r e  

Tables  2.5.3 through 2.5.5 a r e  s p e c i f i c a l l y  €o r  HFIK-CTA-30; 

POSITION TEMPERATURE 

CORE - 
MIDPLANE 

OHNL DWG 80 11153 

ALLOYS POSITIONS 

9 Cr 1 Mo 
PATH A PCA 
IOUENCHEDI 

PATH B l<40"/0 NII 
LRO ALLOYS 

PCA IOUENCHEDI 

PATH A PCA 

Fig.  2.5.3. Temperature and Alloy D i s t r i b u t i o n  i n  t h e  I r r a d i a t i o n  
Capsule.  



42 

Table 2.5.3. Number of Disks of Each Al loy  i n  t h e  
Low-Flux Regions of HFIK-CTK-30 

__ - 
Number of Disks a t  Each P o s i t i o n  and Temperature 

1, 400°C 2, 600°C 11, 500°C 1 2 ,  300°C 
A l l o y  

B 2  16 16 16 16 

8 4  16 16 16 16 

B6 1 2  12 12 12 

HT9 20 20 20 20 

9 C r - 1  Xo 20 20 20 20 

Pa th  A PCAa (quenched) 4 23 0 23 

QPrime Candidate  Alloy. 

Table 2.5 .4 .  Number of Disks of Each Al loy  in t h e  
Medium-Flux Regions of HFIK-CTK-30 

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~ ~ ~~ ~~~~~~ ~~ ~~~~ 

Number of Disks a t  Each P o s i t i o n  and Temperature 

3 ,  400°C 4,  600'C 9 ,  500°C 10, 300°C 
Alloya 

B1 

82 

83 

LRO 16 

LRO 20 

LKO 35 

LRO 37 

T i 4  A 1 4  V 

Xi-Nb 

Pa th  A PCA (quenched) 

9 Cr-1 >lo 

20 

5 

19  

4 

4 

4 

4 

6 

4 

25 

6 

20 

1 

19 

4 

4 

4 

4 

6 

3 

25 

0 

20 

5 

19 

4 

4 

4 

4 

6 

3 

25 

0 

19 

5 

19 

4 

4 

4 

4 

6 

3 

25 

0 

uLKO = long range o r d e r e d ;  PCA = Prime Candidate  Alloy.  
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Table 2.5.5. Number of Disks of Each Alloy i n  the 
High-Flux Regions of HFLK-CTK-30 

Number of Disks a t  Each Position and Temperature 

5,  400'C 6,  600OC 7 ,  500°C 8, 300°C 
-_________-__--_I-_ Alloy 

__-____ -__ __ 
Type 316 SS 12 1 2  12 12 

P a t h  A PCAU 24 24 24 24 

HT9 20 20 20 20 

9 C r - 1  No 13 18 18 18 

T i  56215 2 2 2 2 

T i  62425 2 2 2 2 

T i  78644 2 2 2 2 

T i  38644 X i  2 2 2 2 

uprime Candidate  Alloy. 

The materials are almost  e n t i r e l y  s t a n d a r d  a l l o y s  of the ADIP 

program. Chemical composi t ions  may be ob ta ined  from t h e  ADIP Materials 

Inven to ry  r e c o r d s  or from t h e  f i n a l  p r o g r e s s  r e p o r t 4  on OKK-PIFE-4. 

2.5.5 Conclusions 

Three neut ron  i r r a d i a t i o n  exper iments  encompassing specimens from a l l  

ADIP a l l o y  pa ths  have been prepared  t o  de te rmine  m i c r o s t r u c t u r e  and 

d u c t i l i t y .  The HFIK was selected t o  s tudy  t h e  e f fec t s  of both displace-  

ment damage and large q u a n t i t i e s  of t ransmutat ion- induced helium. Two 

c a p s u l e s ,  HFIR-CTR-30 and -32, are now i n  the r e a c t o r ;  HFIK-CTK-31 i s  

scheduled  f o r  i n s e r t i o n  on October  1, 1980. 
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2 .6  MEASUREMENTS OF THE FATIGUE PRE-CRACKED LENGTH OF FRACTURE TOUGHNESS 

SPECIMENS USING A!! ELECTROPOTENTIAL TECHNIQUE - F .  H .  Huang, G .  L .  idire 

(l ianford Engineer ing  Development Labora to ry ) .  

2 . 6 . 1  ADIP Task ____ 
ADIP Task 1 . B . 5 . 1  "Development Specimens and T e s t  Methods." 

2 .6 .2  Ob jec t ive  

The o b j e c t i v e  of  t h i s  work i s  t o  develop a s i n g l e  specimen method, 

u s ing  e l . e c t r o p o t e n t i a 1  t echn iques  f o r  f r a c t u r e  toughness measurements on 

m i n i a t u r e  specimens of HT-9. The t echn iques  are used t o  s tudy  t h e  f r a c t u r e  

behav io r  of f u s i o n  f i r s t  w a l l  m a t e r i a l s .  

2.6 .3  Summary 

HT-9 f r a c t u r e  toughness  specimens were f a t i g u e  precracked  us ing  an 

e l e c t r o p o t e n t i a l  t echnique  t o  moni tor  t h e  p r e c r a c k  l e n g t h .  A c a l i b r a t i o n  

curve  was developed from o p t i c a l  c r ack  measurements. Test r e s u l t s  pro-  

duced by t h i s  t echn ique  a r e  shown t o  be  as a c c u r a t e  as t h e s e  ob ta ined  by 

o p t i c a l  methods, The t echn ique  w i l l  be used i n  t h e  h o t- c e l l  t o  r e p l a c e  

t h e  t e d i o u s  o p t i c a l  method. 

2.6 .4  P r o g r e s s  and S t a t u s  .- 

E l a s t i c l p l a s t i c  f r a c t u r e  mechanics has  been used t o  s tudy  t h e  upper- 

shelf d u c t i l e  f r a c t u r e  behav io r  of f e r r i t i c  s teels .  Because of l i m i t e d  

i r r a d i a t i o n  space ,  e f f o r t s  have been made t o  develop a s i n g l e  specimen 

method f o r  f r a c t u r e  toughness t e s t i n g . '  

g l e  specimen method i s  t h e  c a p a b i l i t y  o f  measuring c r a c k  e x t e n s i o n  c o n t i n-  

uously s o  that  ~J can be determined from a s i n g l e  specimen. 

The b a s i c  requi rement  f o r  a s i n -  

C 
A l l  f r a c t u r e  toughness test  specimens were f a t i g u e  precracked  t o  

o b t a i n  a s h a r p  c r a c k  t i p .  I n  t h e  p rev ious  tes ts ,  t h e  p r e c r a c k  l e n g t h  w a s  

measured by a t r a v e l i n g  microscope.  The method i s  t e d i o u s  and t i m e  con- 

suming when used i n  h o t- c e l l s .  

I n  t h i s  work, t h e  e l e c t r o p o t e n t i a l  t e chn ique  developed f o r  f r a c t u r e  

toughness  t e s t i n g  was a p p l i e d  t o  t h e  p rec rack ing  of  t h e  f r a c t u r e  toughness  
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specimens. A schemat ic  diagram of the HT-9 specimen ( 2 . 5 4  mm t h i c k )  i s  

shown i n  F igu re  l ( a )  and t h e  p o s i t i o n  of  t h e  c u r r e n t  i n p u t  and p o t e n t i a l  

measurement l e a d s  are shown i n  F igure  l ( b ) .  Specimens were precracked  

below a stress i n t e n s i t y  f a c t o r  of  28 MPa & us ing  a s e rvo- hydrau l i c  sys-  

t e m  a t  room tempera ture .  The p o t e n t i a l  changes and t h e i r  cor responding  

c r a c k  l e n g t h s  were measured s imu l t aneous ly .  The measurements are shown i n  

F igu re  2 and F i g u r e  3 i n  t h e  formsof  V / V  v e r s u s  a la  and V / V  ve r sus  a/w 

where V i s  t h e  i n i t i a l  p o t e n t i a l  d rop  a c r o s s  t h e  i n i t i a l  c r a c k  l e n g t h  a 

and w i s  the width  of t h e  specimen r e f e r e n c e d  t o  t h e  l oad  l i n e  c e n t e r .  The 

cons i s t ency  o f  the  d a t a  i n d i c a t e s  t h a t  the p rec rack  l e n g t h  can  b e  measured 

a c c u r a t e l y  from t h e  p o t e n t i a l  drop a c r o s s  t h e  c r a c k  l e n g t h .  

s l o p e  o f  t h e  c a l i b r a t i o n  curve  i s  a f u n c t i o n  of c u r r e n t  l e a d  and p o t e n t i a l  

p robe  p o s i t i o n s ,  t h e  o v e r a l l  shapes  of t h e  c a l i b r a t i o n  curve  shown i n  

F i g u r e  2 are c o n s i s t e n t  w i th  t h o s e  c a l c u l a t e d  by f i n i t e  element  a n a l y s i s  f o r  

compact t e n s i o n  specimens. 

0 0 0 

0 0 

Although t h e  

2 

/2 .m mm DIA , \  

FIGURE l ( a )  C i r c u l a r  Compact Test  Specimens of  HT-9. 
FIGURE l ( b )  Schematic  Drawing of E l e c t r o p o t e n t i a l  Technique.  

As d i s c u s s e d  p r e v i o u s l y ,  (’) t h e  c a l i b r a t i o n  curve  of f a t i g u e  c racked  

specimens whose c r a c k  f r o n t s  are n e a r l y  s t r a i g h t  d i f f e r s  from t h a t  o b t a i n e d  

from i n t e r r u p t e d  tes t  specimens which have curved c r a c k  f r o n t s ,  excep t  i n  

the b l u n t i n g  p o r t i o n .  A s  can h e  s e e n  from F i g u r e  3,  t h e  s l o p e  of t h e  cal i-  

b r a t i o n  cu rve  f o r  specimens w i t h  curved crack f r o n t s  i s  smaller t h a n  t h a t  

f o r  f a t i g u e  precracked  specimens.  T h i s  is due t o  a l a r g e r  p o t e n t i a l  change 
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FIGURE 2.  E l e c t r o p o t e n t i a l  C a l i b r a t i o n  Curve V / V  
F a t i g u e  Prec rack ing  of HT-9 Specimen a? 25°C. 

Versus a / a  0 f o r  t h e  

I 
FATIGUE PRECRACK Y~STRA~GHT CRACK LINEI 

'f l.m 

PROPAQATION- 

1.10 

1.m 
0.40 0.46 0.60 0.65 0.m 0.86 

FIGURE 3.  E l e c t r o p o t e n t i a l  C a l i b r a t i o n  Curve V / V o  y e r s u s  a/w f o r  t h e  
F a t i g u e  P r e c r a c k i n g  and I n t e r r u p t e d  T e s t i n g  o f  HT-9 Specimens 
a t  25°C. 
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r e s u l t i n g  from a l a r g e r  c r a c k  a r e a  advanced f o r  f a t i g u e  pre- cracked spec i-  

mens. I n  t h e  b l u n t i n g  r eg ion ,  t h e  c r ack  f r o n t  i s  b e l i e v e d  t o  be s t r a i g h t  

and t h e  m a t e r i a l  f r a c t u r e s  i n  a manner s imi la r  t o  t h e  l a t e r  p o r t i o n  of 

f a t i g u e  p rec rack ing .  A s  soon as t h e  c r a c k  i n i t i a t i o n  o c c u r s ,  t h e  c r ack  

f r o n t  becomes curved and t h e  ra te  of p o t e n t i a l  change w i t h  r e s p e c t  t o  t h e  

c r a c k  e x t e n s i o n  i s  reduced.  Th i s  s i g n i f i c a n t  o b s e r v a t i o n  e x p l a i n s  t h e  two 

s l o p e  c a l i b r a t i o n  curve  observed in prev ious  work. In F i g u r e  4 ,  t h e  ca l i-  

b r a t i o n  cu rves  of V f V  

toughness  , where A i s  c r ack  ex t ens ion  a r c a .  a r e  Dlotted f o r  comparison. 

v e r s u s  A/Ao f o r  f a t i g u e  p r e c r a c k i n g  and f r a c t u r e  
0 

"*,7 m 4 1 7  lT.l,a*, 1M 

I -  

Y" " 
1 1 1  

1 8  

110 

%. 

F I G U K E  4 .  E l e c t r o p o t e n t i a l  C a l i b r a t i o n  Curve V / V o  Versus A/Ao f o r  Fa t igue  
P rec rack ing  and f r a c t u r e  toughness of  11T-9 Specimens a t  25'C. 

2 .6 .5  Conclusions -~ 
The mon i to r ing  of t h e  y rec rack  l e n g t h  of f r a c t u r e  toughncss specimens 

us ing  a n  e l e c t r o p o t e n t i a l  t e chn ique  has been proven f e a s i b l e .  

n ique  i s  p a r t i c u l a r l y  u s e f u l  f o r  i n - c e l l  t e s t i n g ,  f o r  i t  e l i m i n a t e s  t h e  

need f o r  t h e  t e d i o u s  o p t i c a l  p r e c r a c k i n g  measurements. I n  a d d i t i o n ,  bo th  

p rec rack ing  and t e s t i n g  of f r a c t u r e  toughness specimens can be  conducted 

on one h y d r a u l i c  t e s t i n g  system u s i n g  e l e c t r o p o t e n t i a l ,  t e chn iques .  

T h e  tcch-  
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2.7  STATUS OF MFE-5 IN-REACTOR FATIGUE CRACK GROWTH EXPERIMENT - 

A .  M. E r m i  (Hanford Engineering Development Labora tory)  

2 . 7 . 1  ADIP Task 

ADIP Task I . B . l ,  " Fat igue  Crack Growth i n  A u s t e n i t i c  Alloys"  

(Pa th  A ) .  

2.7 .2  Objec t ives  

An a p p a r a t u s  has  been developed t o  perform i n- r e a c t o r  f a t i g u e  

E f f e c t s  of c r a c k  p ropaga t ion  tests on t h e  Pa th  A Reference Alloy. 

dynamic i r r a d i a t i o n  on c r a c k  growth behav io r  w i l l  be  e v a l u a t e d  by 

comparing t h e  r e s u l t s  w i t h  t hose  of u n i r r a d i a t e d  and p o s t i r r a d i a t e d  

tests .  

2 . 7 . 3  Summary 
F a b r i c a t i o n  of t h e  i n- r e a c t o r  f a t i g u e  machine t o  be  used  i n  

MFE-5 i s  completed. The assembly h a s  been d e l i v e r e d  t o  O W L  as 

f i n a l  p r e p a r a t i o n s  are underway f o r  a November i n s e r t i o n .  Mod i f i ca t ion  

of  t h e  p r o t o t y p i c  f a t i g u e  machine, t o  be  used i n  t h e  t he rma l  c o n t r o l  

tes t  a t  HEDL,  i s  i n  p rog re s s .  

2.7.4 Progres s  and S t a t u s  

2 . 7 . 4 . 1  I n t r o d u c t i o n  

Fa t igue  c r a c k  p ropaga t ion  (FCP) i n  t h e  f i r s t  w a l l  of a magnet ic  

f u s i o n  r e a c t o r  may be  a l i m i t i n g  q u a n t i t y  govern ing  r e a c t o r  l i f e t i m e s .  

P rev ious  s t u d i e s  of  i r r a d i a t i o n  e f f e c t s  on FCP have a l l  been conducted 

o u t  of r e a c t o r  on materials p r e i r r a d i a t e d  i n  t h e  u n s t r e s s e d  c o n d i t i o n .  

The ORR-MFE-5 experiment  w i l l  i n v e s t i g a t e  FCP du r ing  i r r a d i a t i o n ,  

where dynamic i r r a d i a t i o n  may e f f e c t  c r a c k  growth c h a r a c t e r i s t i c s .  

2.7.4.2 In-Reactor FCP T e s t  a t  OWL 

The pneumatic  a c t u a t e d  f a t i g u e  machine des igned  t o  perform in -  

r e a c t o r  FCP tests  was d e s c r i b e d  p r e v i o u s l y .  ( l , * )  B r i e f l y ,  i t  i s  
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des igned t o  perform t e n s i o n- t e n s i o n  c y c l i n g  on a c h a i n  of up t o  e i g h t  

m i n i a t u r e  cen te r- cracked- tens ion  (CCT) specimens. The t e s t  w i l l  be  

conducted i n  sodium t o  m a i n t a i n  a t empera tu re  of 4 2 5 " C ,  and w i l l  b e  

cyc led  a t  a f requency of 1 cpm. 

A t  a p r e l i m i n a r y  review i n  J u l y ,  t h e  OWL Reactor  Experiments 

Review Committee accep ted  t h e  containment d e s i g n  f o r  MFE-5. T h e i r  

accep tance  was c o n t i n g e n t  on t h e  i s s u a n c e  of f i n a l  drawings which 

correspond t o  t h e  des ign  a n a l y s i s .  I n  September, f a b r i c a t i o n  of t h e  

test assembly was completed and t h e  hardware and drawings were de- 

l i v e r e d  t o  t h e  ORR. I n s t a l l a t i o n  of t h e  experiment s u p p o r t  equipment 

and s a f e t y  i n s t r u m e n t s  a r e  underway i n  p r e p a r a t i o n  f o r  i n s e r t i o n  

dur ing  t h e  November r e a c t o r  shutdown p e r i o d .  

2.7.4.3 Thermal Cont ro l  Test a t  HEDL 

S h o r t l y  a f t e r  t h e  i n- r e a c t o r  t e s t  i s  s tar ted at  ORNL, a the rmal  

c o n t r o l  t e s t  w i l l  be i n i t i a t e d  a t  HEDL. Th i s  test w i l l  d u p l i c a t e  t h e  

load- temperature  h i s t o r y  of t h e  i n - r e a c t o r  exper iment .  The the rmal  

c o n t r o l  t e s t  w i l l  be  conducted on t h e  p r o t o t y p i c  f a t i g u e  machine which 

was e a r l i e r  used t o  demonst ra te  t h e  v i a b i l i t y  of a pneumat ica l ly  opera ted  

t e s t e r .  ( 3 9 4 )  

The f i n a l  test m a t r i x  f o r  both t h e  i n- r e a c t o r  and thermal  c o n t r o l  

t e s t s  i s  o u t l i n e d  i n  Table  2 . 7 . 1 .  Based on t h e  i n d i v i d u a l  s t a r t i n g  

c rack  l e n g t h  v a l u e s ,  t h e  i n i t i a l  s t r e s s  i n t e n s i t y  f a c t o r  range (AKi) 

f o r  each specimen was computed by: ( 5 )  

AK = ( l - R ) ( P G  /tW) [ l -0 .025 (2a/W)* 

+ 0.06 (2a/W)4] [ s e c  (aa /W)] l /*  

where 

R = stress r a t i o  

P = maximum load  

a = h a l f- c r a c k  l e n g t h  

t = specimen t h i c k n e s s  

W = specimen wid th  
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TABLE 2 . 7 . 1  

TEST MATRIX FOR THE ORR-MFE-5 EXPERlMENT 

MATERIAL : 2 0 %  CW 316 S t a i n l e s s  S t e e l  (Pa th  A Reference Al loy)  

ENVIRONMENT : 4 2 5 ° C  i n  Sodium 

WAVEFORM : 1 cyc le lmin ,  t r i a n g u l a r  

MAX. LOAD : 335 l b s .  

STRESS KATIO : R = 0.10 

Loading 
P o s i t i o n  

In-Reactor T e s t  Thermal C o n t r o l  T e s t  
Spec. I/ - P3Ki(MPam Spec. ii A K .  ( m a  mx 

-1 

1 (tal ,)  AE- 11 
2 AE-01 
3 AE-06 
4 AE-05 
5 AE-0 3 
6 AE-07 
7 AE-02 
8 AE-04 

8.05 
9.04 
8.14 

10 .18  
9 .05  
8.26 

11.39 
13.26 

I d - 1 7  
AE-14 
AE-09 
AE-10 
AE-15 
AE-16 
AE-18 
AE-12 

8.07 
9.09 
8.38 

10 .18  
9.04 
8 . 2 5  

11.39 
13.23 

The tes t  w i l l  be r u n  u n t i l  e i t h e r :  ( a )  t h e  specimen i n  load ing  p o s i t i o n  

8 i n  one of t h e  c h a i n s  comple te ly  separates;  o r  (b )  t h e  tes t  h a s  

accumulated ' ~ 2 0 0 , 0 0 0  c y c l e s  (approximate ly  s i x  months) .  

2 .7 .5  Conclus ions  

( a )  The i n  core hardware f o r  MFE-5 has been approved by ORNL 

r eac to r  s a f e t y  committee. 

(b )  The tes t  assembly and exper iment  s u p p o r t  equipment have 

been d e l i v e r e d  t o  ORNL and a r e  undergoing i n s t a l l a t i o n  and check-out. 

( c )  The p r o t o t y p e  f a t i g u e  machine i s  be ing  modif ied  i n  prepara-  

t i o n  f o r  t h e  thermal  c o n t r o l  t e s t  a t  HEDL. 

2 . 7 . 6  F u t u r e  Work 

I n s e r t i o n  and s t a r t u p  of MFE-5 i s  scheduled  f o r  t h e  November, 1980 

r e a c t o r  shutdown pe r iod .  The thermal. c o n t r o l  t es t  w i l l  b e  s t a r t e d  two 

t o  f o u r  weeks l a t e r  a t  HEDL. 
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2 . 8  SPECIMEN MATRIX FOR THE H F I R  IRRADIATION OF THE PATH B ALLOYS - 
D .  T .  P e t e r s o n  (Hanford Engineer ing  Development Labora tory)  

2 . 8 . 1  A D I P  Task 

ADIP Task I.C.3, M i c r o s t r u c t u r e  and Swel l ing  i n  High St rength /High  

Temperature Fe-Ni-Cr Al loys  (Pa th  B). 

2 . 8 . 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  work is  t o  a s s e s s  t h e  i r r a d i a t i o n  r e sponse  of 

t h e  p a t h  B base  r e s e a r c h  a l l o y s  i n  a, h igh  hel ium environment.  

2.8 . 3  Summary 

Specimens of t h e  p a t h  B a l l o y s ,  i n  t h e  form of TEM d i s k s ,  have been 

inc luded  i n  t h e  HFIRexperiments des igna t ed  HFIR-CTR-30, 31, and 32. These 

i r r a d i a t i o n s  w i l l  p rov ide  t h e  f i r s t  d a t a  on t h e  i r r a d i a t i o n  response  o f  t h e  

pa th  B ba se  r e s e a r c h  a l l o y s .  

2.8 .4  P r o g r e s s  and S t a t u s  

2 . 8 . 4 . 1  I n t r o d u c t i o n  

The Fe-Ni-Cr s u p e r a l l o y s  were developed a s  h igh  s t r e n g t h  m a t e r i a l s  f o r  

h igh  t empera tu re  a p p l i c a t i o n s  such a s  gas  t u r b i n e  components. The p r e c i p i -  

t a t i o n  r e a c t i o n s  i n  t h e s e  a l l o y s  p rov ide  them w i t h  mechanical  p r o p e r t i e s  

s u p e r i o r  t o  t h e  a u s t e n i t i c  s t a i n l e s s  s tee ls .  In r e c e n t  y e a r s  s e v e r a l  a l l o y s  

i n  t h i s  class have been found t o  be v e r y  s w e l l i n g  r e s i s t a n t  du r ing  f a s t  

r e a c t o r  i r r a d i a t i o n s .  The i r  s u p e r i o r  mechanical  p r o p e r t i e s  and s w e l l i n g  

r e s i s t a n c e  have l e d  t o  t h e  c o n s i d e r a t i o n  of t h e s e  a l l o y s  f o r  f u s i o n  r e a c t o r  

f i r s t  w a l l  a p p l i c a t i o n s .  

The p a t h  B base r e s e a r c h  a l l o y s  ( B l ,  B 2 ,  B3, B 4 ,  and B6)  were deve l-  

oped t o  scope  several s u b c l a s s e s  of t h e  Fe-Ni-Cr s u p e r a l l o y s .  A l l o y s  B1 

and B2 are molybdenum-modified, y ' - s t r eng thened  a l l o y s ,  w i t h  B2 be ing  

s imi la r  t o  Nimonic PEl6; a l l o y  B 3  i s  a niobium-modified, y ' - s t rengthened  

a l l o y ;  a l l o y  B 4  i s  a y ' /y"-strengthened a l l o y  s imilar  t o  Incone l  7 0 6 ;  and 

a l l o y  B6 i s  a h i g h  n i c k e l ,  y ' - s t rengthened  a l l o y  s imi lar  t o  Incone l  X-750. 
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2 .8 .4 .2  Materials 

The pa th  B a l l o y s  used i n  t h i s  work are from t h e  MFE h e a t s  l i s t e d  i n  

Table  2 .8 .1 .  The materials were r e c e i v e d  from ORNL i n  t h e  form of 0 .6  mm 

t h i c k  sheet s t o c k  i n  t h e  50% c o l d  worked c o n d i t i o n .  The f a b r i c a t i o n  h i s t o r y  

of t h i s  ma te r i a l  i s  d e t a i l e d  i n  r e f e r e n c e  1. 

TABLE 2.8.1 

MFE HEAT NLJMBERS 

Alloy Heat Number 

B1 
B 2  
8 3  
B4 
B6 

5-271-1 
5-268-2 
J- 26 7- 1 
5-264-1 
J- 262-1 

S e c t i o n s  of  t h e  as- rece ived  sheets were g iven  an a n n e a l  of 1025'C/ 

5 min/AC and co ld  r o l l e d  i n  two s t a g e s  t o  0.25 mm. 

of 1 0 2 5 O C / 5  min/AC w a s  used between t h e  two r e d u c t i o n  s t e p s .  

punched from t h e  a s- r o l l e d  s h e e t .  For h e a t  t r ea tmen t  t h e  specimens were 

encapsu la t ed  w i t h  a p i e c e  of tan ta lum f o i l  i n  an evacuated  q u a r t z  ampule 

b a c k f i l l e d  w i t h  one- quar te r  a tmosphere of argon. 

An i n t e r m e d i a t e  annea l  

TEM d i s k s  were 

2 .8 .4 .3  Test Matrix 

A se t  of t h r e e  i r r a d a t i o n  a s sembl i e s ,  de s igna t ed  HFIR-CTR-30, 31, and 

32, r e c e n t l y  began i r r a d i a t i o n  i n  HFIR. These a s sembl i e s  w i l l  b e  i r r a d i a t e d  

t o  g o a l  f l u e n c e s o f l 0 ,  20, and 40 dpa, r e s p e c t i v e l y .  Each assembly c o n t a i n s  

specimens a t  i r r a d i a t i o n  t empera tu re s  of 300, 400, 500, and 600°C. 

The specimens inc luded  i n  these a s sembl i e s  are TEM d i s k s  p r e s e n t  

w i t h  a m u l t i p l i c i t y  o f  f i v e .  

i r r a d i a t e d  i n  t h r e e  thermomechanical treatments. Also  i nc luded  i n  
these i r r a d i a t i o n s  are specimens,  p rovided  by the DAFS program, of  t h e  

p a t h  B a l l o y s  i n  s o l u t i o n  t r e a t e d  and aged c o n d i t i o n s .  

Each of  t h e  five p a t h  B a l l o y  i s  b e i n g  

2 
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2 . 8 . 5  F u t u r e  Work 

The d i s c h a r g e  of HFIR-CTR-30, a t  a Fluence of  10 dpa ,  is expected t o  

occur  e a r l y  i n  1981. A t  t h a t  t ime a c r i t i c a l  assessment  of t h e  i r r a d i a t i o n  

response  of t h e  p a t h  B a l l o y s  will b e  performed t o  determine i f  they w a r r a n t  

f u r t h e r  developmental  e f f o r t .  

2 . 8 . 6  Refe rences  

1. T. K.  Roche, " S t a t u s  of P a t h  B Base Research A l l o y  Procurement and 

F a b r i c a t i o n , "  A D l P  i2xuAderl;{ P;"ogre::s R q m t ,  January-March, 1919. 

2 .  D. T .  Pe te r son  and 11. W .  Powell ,  " H F I R  I r r a d i a t i o n  of R e p r e s e n t a t i v e  

Pa th  B A l l o y s ,"  DAFS ,zuurterly ('- ' Prolrmss .Weport, Apri l- June,  1980.  
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3 . 1  HIGH-TEIIPEKATUKE FATIGUE CRACK PKOPAGATION TESTING OF TYPE 316 
ST.4LNLESS STEEL IN VACUUll - H. H. S m i t h  and D. J. Zlichel 
(Naval  Research Labora tory)  

Lost i n  t r a n s i t .  
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3.2 MINIATURE TENSILE TESTING OF 316 STAINLESS STEEL - R. J. Puigli 

and E. K. Oppennan (Hanford Engineer ing Development Laboratory)  

3 . 2 . 1  ADIP Task 

The Department of Energy (DOE), O f f i c e  of Fusion Energy (OFE) h a s  

c i t e d  t h e  need f o r  t h e s e  d a t a  under t h e  ADIP Program Task I . B . 1 3 ,  

" Tens i l e  P r o p e r t i e s  of A u s t e n i t i c  Al loys" .  

3.2.2 O b j e c t i v e  

The o b j e c t i v e  of t h i s  work i s  t o  develop a m i n i a t u r e  t e n s i l e  

specimen technology i n  suppor t  of h igh  energy neu t ron  i r r a d i a t e d  

m a t e r i a l  t e s t i n g .  T h i s  work i n c l u d e s  t h e  development of specimen 

f a b r i c a t i o n  t echn iques  and bo th  b a s e l i n e  and i r r a d i a t e d  t e n s i l e  

t e s t i n g  o f  t h e s e  specimens. 

3.2.3 Summary 

Ex tens ive  t e n s i l e  t e s t i n g  has  been performed on two c o n d i t i o n s  

of 316SS t o  demonst ra te  t h e  v i a b i l i t y  of t h i s  technology.  R e s u l t s  

from t h i s  b a s e l i n e  t e s t i n g  a g r e e  w i t h  pub l i shed  v a l u e s  i n  t h e  l i t e r a t u r e .  

Min ia tu re  t e n s i l e  specimens f a b r i c a t e d  from 316SS have been i r r a d i a t e d  

a t  RTNS-I1 and e x h i b i t  evidence  of i r r a d i a t i o n  hardening a t  t h e  peak 

f l u e n c e  of 1.1~10~' n/cm2. 

3 . 2 . 4  P r o g r e s s  and S t a t u s  

3 . 2 . 4 . 1  I n t r o d u c t i o n  

Rad ia t ion  damage of s t r u c t u r a l  m a t e r i a l s  due t o  t h e i r  exposure  t o  

h i g h  energy n e u t r o n s  i s  an impor tan t  c o n s i d e r a t i o n  i n  t h e  d e s i g n  of 

f u s i o n  power p l a n t s .  

n o t  s u f f i c i e n t  t o  e x t r a p o l a t e  t h e  broad base  of f i s s i o n  r e a c t o r  ir- 

r a d i a t e d  d a t a  t o  t h e  e f f e c t s  of high energy neu t ron  i r r a d i a t i o n s  upon 

s t r u c t u r a l  m a t e r i a l s .  There fo re ,  d a t a  i n v o l v i n g  h i g h  energy neu t ron  

i r r a d i a t i o n s  i s  r e q u i r e d .  Cur ren t ly  t h e  only  s o u r c e s  of h i g h  energy 

n e u t r o n s  f o r  m a t e r i a l s  t e s t i n g  have r e l a t i v e l y  s m a l l  i r r a d i a t i o n  

Our c u r r e n t  unders tand ing  of r a d i a t i o n  damage i s  
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__ 
N A 1  C Mn P S S i  N i  C r  Mo Nb T i  

0 . 0 0 6  3.01 3.05 1.5 0.01 0.009 0.5 13.5 16.6 2.4 0 .03  0.002 - 

volumes and l a r g e  f l u x  g r a d i e n t s  w i t h i n  t h i s  volume. To i r r a d i a t e  a 

s t a t i s t i c a l l y  meaningful  number of  specimens i n  t h i s  l i m i t e d  volume, 

m i n i a t u r i z e d  specimens become neces sa ry .  

0.08 O.O01/BAL.~ 

3.2.4.2 Experimental  Procedure 

Min ia tu re  t e n s i l e  specimens have been f a b r i c a t e d  from 0.76 mm 

d iameter  20% co ld  worked (CW) 31655, h e a t  number V87210. The chem- 

i c a l  composi t ion of t h i s  w i r e  i s  g iven  i n  Table  3.2.1.  The gage 

s e c t i o n s  were chemica l ly  m i l l e d  u s ing  an 80% F e C l  p l u s  20% H C l  s o l u-  

t i o n .  T h e  t empera tu re  of t h e  s o l u t i o n  w a s  ma in t a ined  a t  38°C .  A f t e r  

chemica l ly  m i l l i n g  t h e  gage s e c t i o n  of  a specimen t o  a d i ame te r  of  

approximately 0.28 mm each specimen was then  e l e c t r o p o l i s h e d  us ing  a 

LOX p e r c h l o r i c  (HCIOq) p l u s  90% a c e t i c  (CH3COOH) a c i d  s o l u t i o n .  

A photograph of s e v e r a l  m i n i a t u r e  t e n s i l e  specimens i s  shown i n  

F igure  3 . 2 . 1  i n  p e r s p e c t i v e  w i th  o t h e r  specimens which have been m i n -  

i a t u r i z e d  f o r  neu t ron  i r r a d i a t i o n s .  The reduced gage s e c t i o n  has a 

minimum d iame te r  of 0 .21  t o  0.30 mm and a " p l a s t i c  gage l e n g t h"  of 

2 . 0  t o  4.0 mm. A non- contac t ing  l aser  t e l c m e t r i x  system i s  used t o  

measure t h e  d i ame te r  of t h e  specimen as a f u n c t i o n  of  d i s t a n c e  along 

t h e  spec imen ' s  a x i s .  The p l a s t i c  gage l e n g t h  w a s  then  chosen t o  be  

t h e  d i s t a n c e  a long  t h e  spec imen ' s  a x i s  f o r  which t h e  spec imen ' s  

d i ame te r  i s  less than  a f a c t o r  of 1 .03  t i m e s  t h e  spec imen ' s  minimum 

diameter .  



Fig. 3 .2 .1  (a) Miniature t e n s i l e  specimens; (b) 
pressurized tube creep specimens; 
( c )  f l a t  t e n s i l e  specimens; (d) Fermi 
t e n s i l e  specimen; and (e) f l a t  t e n s i l e  
specimen. 
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The factor of 1 .03  was chosen as a result of an investigation of 

the values of yield stress and total elongation as a function of plastic 

gage length for each specimen. In particular, the average yield stress 

and total elongation values were calculated for the 20% CW specimens as 

a function of their plastic gage length which was defined as the dis- 

tance along the specimen's axis for which the specimen's diameter is 

less than a factor of 1.01, 1.02 ,  1.03, and 1.04 times the specimen's 

minimum diameter. We found the standard deviation of the average 

values for yield stress and total elongation decreased as the factor 
defining the maximum diameter in the gage length increased. Since 

there was essentially no change in the average values of the yield 

stress as the factor was increased from 1.03 to 1.04, the factor of 

1.03 was chosen for the definition of the plastic gage length. 

Micrographs of the gage sections for two conditions of 316SS are 
shown in Figure 3.2.2. A transverse view of the gage section of a -  

specimen fabricated from 20% CW 316SS is shown in Figure 3.2.2(a). The 

cross section is approximately circular and the grain size is estimated 
to be ASTM #7. A longitudinal view of the gage section of a specimen 

made from annealed (975"C/15 min/AC) 316SS is shown in Figure 3.2.2(b).  

The grain size for the annealed 31655 is also estimated to be ASTM #7. 

Microhardness measurements were performed on the gage sections of min- 

iature tensile specimens fabricated from both conditions of 31655. 

The microhardness of the 20% CW specimen was found to be 230 28 DPH 

(500gm) and the microhardness of the annealed specimen was found to be 

138 f 3  DPH (500gm). 

The tensile machine for performing specimen testing has been de- 

The data was recorded on an x-y chart recorder. scribed previous1y.l 

A total of 17 specimens in the 20% CW condition and 25 specimens in 

the annealed condition were tested to provide baseline tensile prop- 

erties data and to give an estimate of the uncertainty this miniature 

tensile technology has in the extraction of tensile properties for 

316SS. A l l  tests were performed at room temperature. 





64 

Specimens f a b r i c a t e d  from 316SS and N i  have been i r r a d i a t e d  a t  

t h e  Lawrence Livermore Laboratory  (LLL) R o t a t i n g  Targe t  Neutron Source 

RTNS-11. 

The m i n i a t u r e  tensile specimens were i r r a d i a t e d  a t  room tempera tu re  

w i t h  1 4  MeV n e u t r o n s  t o  a peak f l u e n c e  of 1 . 1 ~ 1 0 ~ ~  n/cm2. 

The d e t a i l s  of t h e  i r r a d i a t i o n  have been r e p o r t e d  elsewhere.’ 

3.2.4.3 R e s u l t s  

The r e s u l t s  of t h e  b a s e l i n e  t e s t i n g  of t h e  two c o n d i t i o n s  of 316SS 

are shown i n  Tables  3.2.2 and 3.2.3. 

31655 r e s u l t s  which are shown i n  Table  3.2.2, we found t h a t  t h e  average  

v a l u e  f o r  t h e  y i e l d  stress is i n  good agreement w i t h  pub l i shed  

v a l u e s  f o r  t h e s e  t e n s i l e  proper tie^.^ 
u l t i m a t e  t e n s i l e  s t r e n g t h  from t h e  m i n i a t u r e  t e n s i l e  specimens was 

lower t h a n  v a l u e s  found i n  t h e  l i t e r a t u r e  and t h e  average v a l u e  f o r  

t h e  t o t a l  e l o n g a t i o n  was l a r g e r  than  v a l u e s  found i n  t h e  l i t e r a t u r e .  

The u n c e r t a i n t y  i n  each of t h e  average  v a l u e s  f o r  t h e s e  t e n s i l e  pro-  

p e r t i e s  corresponds  t o  the s t a n d a r d  d e v i a t i o n  i n  t h e  average  v a l u e .  

T h i s  s t a n d a r d  d e v i a t i o n  i n  t h e  average v a l u e  r e f l e c t s  t h e  u n c e r t a i n t y  

which one cou ld  expec t  f o r  t h e  t e n s i l e  p r o p e r t y  e x t r a c t e d  from a 

s i n g l e  t e n s i l e  test .  I n  p a r t i c u l a r ,  f o r  t h e  t e n s i l e  p r o p e r t i e s  ex- 

t r a c t e d  i n  t h i s  s t u d y  we have a 2% u n c e r t a i n t y  i n  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 ,  a 3% u n c e r t a i n t y  i n  t h e  y i e l d  s t r e s s  and a 25% u n c e r t a i n t y  

i n  t h e  t o t a l  e l o n g a t i o n .  The r e l a t i v e l y  l a r g e  u n c e r t a i n t y  i n  t h e  

t o t a l  e l o n g a t i o n  a r i s e s  from t h e  p r o f i l e  v a r i a t i o n  i n  t h e  gage l e n g t h  

from specimen t o  specimen. 

s t r e n g t h  and y i e l d  stress p r i n c i p a l l y  a r i s e s  from u n c e r t a i n t i e s  i n  t h e  

d e t e r m i n a t i o n  of t h e  minimum c r o s s  s e c t i o n a l  a r e a  f o r  a specimen. 

I n  p a r t i c u l a r , f o r  t h e  20% CW 

The average  v a l u e  f o r  t h e  

The u n c e r t a i n t y  i n  t h e  u l t i m a t e  t e n s i l e  

The r e s u l t s  from t h e  m i n i a t u r e  t e n s i l e  t e s t i n g  of annealed  316SS 

are shown i n  Table  3.2.3. The measured v a l u e s  f o r  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  a r e  i n  good agreement wi th  pub l i shed  

r e s u l t s .  4 

The r e s u l t s  from t h e  t e s t i n g  of t h e  316SS specimens i r r a d i a t e d  

i n  RTNS-I1 are shown i n  F igures  3.2.2 and 3.2.4 and a r e  summarized 

i n  Tab le  3.2.4. The v a l u e s  f o r  t h e  t e n s i l e  p r o p e r t i e s  f o r  a g iven 
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Fig.  3 .2 .3  Y i e l d  stress and u l t i m a t e  t e n s i l e  s t r e n g t h  as a 
f u n c t i o n  of f l u e n c e  f o r  20% CW 316SS. 
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f l u e n c e  are based  upon a s i n g l e  t ens i le  specimen tes t  and t h e  uncer-  

t a i n t y  f o r  a s p e c i f i c  t e n s i l e  p r o p e r t y  is e s t i m a t e d  t o  be  e q u i v a l e n t  

t o  t h e  pe rcen tage  u n c e r t a i n t y  f o r  t h i s  p r o p e r t y  which i s  g iven  f o r  

z e r o  f l uence .  F igure  3.2.3 shows t h e  e f f e c t  o f  i r r a d i a t i o n  upon t h e  

y i e l d  stress and u l t i m a t e  t ens i le  s t r e n g t h  f o r  20% CW 316SS. The u l-  

t imate t e n s i l e  s t r e n g t h  increases s l i g h t l y  as a f u n c t i o n  of i n c r e a s i n g  

neu t ron  f l u e n c e  and t h e  y i e l d  stress i n c r e a s e s  by approximate ly  1 3 %  a t  

t h e  h i g h e s t  f l uence .  

e i t h e r  t h e  y i e l d  stress o r  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  i s  observed 

f o r  20% CW 316SS. The changes i n  t h e  y i e l d  stress and u l t i m a t e  t e n s i l e  

s t r e n g t h  as a f u n c t i o n  of  f l u e n c e  f o r  t h e  annea led  316SS are shown i n  

F igu re  3.2.4. The u l t i m a t e  t e n s i l e  s t r e n g t h  t e n d s  t o  i n c r e a s e  s l i g h t l y  

as a f u n c t i o n  of i n c r e a s i n g  f l u e n c e  and t h e  y i e l d  stress i n c r e a s e s  by 

approximate ly  37% a t  t h e  h i g h e s t  f l u e n c e .  Again, a t  t h e  f l u e n c e  of 

0 . 6 ~ 1 0 ~ ~  n/cm2 no change i n  t h e s e  t ens i l e  p r o p e r t i e s  i s  observed.  

The r e s u l t s  of measurements of t h e  t o t a l  e l o n g a t i o n  of t h e s e  

A l s o ,  a t  t h e  f l u e n c e  of  0 . 6 ~ 1 0 ’ ~  nlcm2 no change i n  

specimens a r e  g iven  in Table  3 . 2 . 4 .  The pe rcen tage  u n c e r t a i n t y  i n  
t h e s e  measurements i s  e s t i m a t e d  t o  be  25% f o r  t h e  c o l d  worked and 18% 

f o r  t h e  annea led  material .  Because of  t h e s e  l a r g e  u n c e r t a i n t i e s  w e  

can  on ly  s ay  t h a t  t h e  t o t a l  e l o n g a t i o n  shows a g e n e r a l  dec rease  i n  i t s  

v a l u e  as a f u n c t i o n  of i n c r e a s i n g  f l u e n c e  f o r  t h e  two c o n d i t i o n s  of 

316SS examined. 

J o n e s ,  e t  a15 have i n v e s t i g a t e d  t h e  t ens i le  p r o p e r t i e s  of annea led  

316SS i r r a d i a t e d  w i t h  n e u t r o n s  from t h e  Be(d,n) r e a c t i o n .  They observe  

no changes i n  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  up t o  t h e  peak f l u e n c e  of  

1 ~ 1 0 ~ ~  n/cm’. 

e l o n g a t i o n  decreased  by 26%. Our r e s u l t s  a r e  q u a l i t a t i v e l y  c o n s i s t e n t  

w i t h  t h e i r s ;  however,  w e  observe  a s i g n i f i c a n t l y  l a r g e r  i n c r e a s e  of  

37% i n  t h e  y i e l d  stress. 

However, t h e  y i e l d  stress i n c r e a s e d  by 16% and t h e  t o t a l  

3 .2 .5  Conclusions and F u t u r e  Work 

A f a b r i c a t i o n  t echn ique  h a s  been developed f o r  m i n i a t u r e  t e n s i l e  

specimens and a t e n s i l e  machine capab le  of t e s t i n g  t h e s e  specimens h a s  

b u i l t .  The m i n i a t u r e  t ens i l e  specimen’s  geometry r e p r e s e n t s  a s i g n i f i c a n t  
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reduction in the size of the tensile specimen currently being used in 

irradiation experiments. A comparison of baseline testing results from 

using these miniature tensile specimens with published tensile proper- 

ties data indicates that this technology may be employed to provide 

tensile property data on 316SS. In particular the uncertainties in 

our results for the yield stress and ultimate tensile strength are much 

less than either the microhardness or disc bend techniques which are 

currently being employed to obtain tensile properties data on 14 MeV 
neutron irradiated materials. 

The small specimen size has allowed for the irradiation of a 

statistically meaningful number of specimens in RTNS-11. In testing 

the miniature tensile specimens irradiated at RTNS-11, evidence for 

the irradiation hardening of the two conditions of 31655 was found 

at fluences of lxlO1* n/cm2. 

found for the lowest fluence, 0.6~10'~ n/cmz, examined. 

No change in the tensile properties was 

The fabrication technique for miniature tensile specimens has been 
extended to the fabrication of Ni, Ti alloy, and HT-9 specimens and 

baseline testing of these specimens is continuing. Reduction in area 
measurements are now being made on both the unirradiated and irradiated 

specimens. Microhardness testing is being performed to provide a 

correlation of hardness and the tensile data. Also ,  specimens have 

been fabricated from MFE heat 316 and HT-9, and these specimens are 

currently being irradiated at RTNS-I1 as part of the HEDL-5 experiment. 6 

3.2.6 References 

1. E. K. Opperman, "Miniature Tensile Testing", ADIP Q u a r t e r l y  

P r o g r e s s  R e p o r t ,  S e p t e m b e r  30, 1979, DOE/ET-0058/7, pp. 66-78. 

2. R. J. Puigh and N. F. Panayotou, Tensile Properties Data on 
316SS Irradiated at RTNS-11, DAFS Quarterly P r o g r e s s  R e p o r t ,  

J u l y  - S e p t e m b e r ,  1980, DOE/ER-0046/3, U. S .  Department of 

Energy, in press. 

Hanford Engineering Development Laboratory, Nuclear Systems 

Materials Handbook, Vol. 1, Revision 6, (June 1, 1978). 

4. G. V. Smith, "An Evaluation of the Yield, Tensile, Creep and 

3. 



Rupture S t r e n g t h s  of Wrought 304, 316, 321, and 347 S t a i n l e s s  

Stee ls  a t  Eleva ted  Temperatures" , ASTM Data Series DS 5S2 ,  

American S o c i e t y  f o r  T e s t i n g  and Materials, P h i l a d e l p h i s ,  PA (1969). 

5 .  R .  H .  J ones ,  D. L .  S t y r i s ,  E. R. Bradley ,  L. R. Greenwood, and 

R. R .  He in r i ch ,  " M i c r o s t r u c t u r e  and T e n s i l e  P r o p e r t i e s  of T (d ,  n) 

and B e  ( d ,  n)  Neutron I r r a d i a t e d  Nicke l ,  Niobrium and 316SS", 

Proceedings  of t h e  F i r s t  Top ica l  Meeting on Fusion Reac tor  

M a t e r i a l s ,  Miami Beach, FL ,  January  29-31, 1979. 

6 .  N .  F. Panyotou, "RTNS-I1 I r r a d i a t i o n  Program", DAFS Q u a r t e r l y  

P r o g r e s s  R e p o r t ,  Januury - March, 1980, DOE/ER-0046/1, U. S. 

Department of Energy. 



1 3  

3.3 THE EFFECT OF ANNEALING TEMPEKATURE ON THE G K A I N  SIZE OF THE PATH A 
PRLME CANDLDATI;, ALLOY - T. K. Roche and P. J. Maziasz (ORNL) 

3.3.1 A D I P  Tasks 

A D I P  Task I . A .  5 ,  Perform F a b r i c a t i o n  Analysis .  

3.3.2 Ob jec t ive  

The o b j e c t i v e  of t h i s  work i s  t o  vary  the g r a i n  s i z e  of t he  P r i m e  

Candida te  Alloy (PCA) over  a wide range,  independent of t he  v a r i a b l e  MC 

p r e c i p i t a t e  p a r t i c l e  d i s t r i b u t i o n  and d i s l o c a t i o n  m i c r o s t r u c t u r e  

developed d u r i n g  subsequent  thennal-mechanical  t r ea tmen t .  

3.3.3 Summary 

P r e s e r v i n g  homogeneity i n  the PCA a l l o y  du r ing  f a b r i c a t i o n  demands 

s o l u t i o n  t r e a t m e n t  i n  t he  range 1150 t o  1175OC. These tempera tures  r e s u l t  

i n  g r a i n  s i z e s  ranging  from ASTM 1 t o  4. Of ten ,  however, a f i n e r  g r a i n  

s i z e  i s  r e q u i r e d .  The re fo re ,  this s tudy  sought t o  decouple t h e  f i n a l  

in- process  annea l  froin t he  thermal-mechanical t r e a t m e n t s  Lo develop 

M C  p r e c i p i t a t e  m i c r o s t r u c t u r e s .  Rapid t o  r e l a t i v e l y  slow h e a t i n g  r a t e s  

and cold-work l e v e l s  of 30 t u  50% were used t o  r e c r y s t a l l i z e  t h e  material  

wi thout  p r e c i p i t a t i n g  a p p r e c i a b l e  EIC o r  l o s i n g  the  homogeneity. The g r a i n  

s i z e  was then s imply a f u n c t i o n  of the annea l ing  temperdture.  A g r a i n  

s i z e  c o n t r o l  annea l  of l l O O ° C  w a s  s e l e c t e d  t o  produce an i n t e r m e d i a t e  

g r a i n  s i z e  of ASTII 4 t o  7. This  a l l ows  t h e  program t o  s e p a r a t e  g r a i n  s i z e  

and 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 e  e f € e c t s  on p r o p e r t i e s .  

3.3.4 P rog res s  and S t a t u s  

A l l  thermal-mechanical t r ea tmen t s  s t u d i e d  t o  d a t e  f o r  producing 

d e s i r e d  m i c r o s t r u c t u r e s  i n  t h e  PCA use an in- process  s o l u t i o n  annea l ing  

t empera tu re  of 1175OC. This  r e su l t s  i n  g r a i n  s i z e s  ranging  from ASTE4 1 

t o  4. During the  pas t  q u a r t e r  we s t u d i e d  t he  e f f e c t  of annea l ing  tem- 

p e r a t u r e  on t he  r e c r y s t a l l i z e d  g r a i n  s i z e  of t h e  cold-worked a l l o y .  This  

s t u d y  is expected t o  i d e n t i f y  a f i n a l  in- process  annea l ing  tempera ture  
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t h a t  w i l l  r e s u l t  i n  f i n e r  g r a i n  m a t e r i a l ,  y e t  permit  t h e  g e n e r a t i o n  of t h e  

v a r i o u s  m i c r o s t r u c t u r e s .  The d e s i r e d  d i s l o c a t i o n  s u b s t r u c t u r e  and 

t i t a n i u n- r i c h  NC p r e c i p i t a t e  p a r t i c l e  d i s t r i b u t i o n  are produced by v a r i o u s  

c o l d  working and/or  ag ing  t r ea tmen t s  a f t e r  t h e  f i n a l  in- process  annea l .  

Shee t  samples were annea led  a t  1150"C, r e s u l t i n g  i n  g r a i n  s i z e s  

r ang ing  from ASTM 2 t o  4 ,  then  co ld  r o l l e d  30 and 50% t o  f i n a l  t h i c k n e s s e s  

o f  0.7 and 0.5 mn (0.028 and 0.020 in . ) ,  r e s p e c t i v e l y .  The specimens were 

t h e n  r e c r y s t a l l i z e d  i n  argon a t  25°C t empera ture  i n t e r v a l s  i n  the range 

1050 through 1175-C. Anneal t i m e s  were 15 and 30 min. The r e c r y s t a l -  

l i z a t i o n  heat t r e a t m e n t s  were c a r r i e d  ou t  i n  two fu rnaces  p rov id ing  

v a r i a b l e  h e a t i n g  rates, p a r t i c u l a r l y  through t h e  tempera ture  range 500 

t o  900°C, where c a r b i d e  p r e c i p i t a t i o n  can be f a i r l y  rap id .  Two h e a t i n g  

rates were used i n  fu rnace  A: one rate was slow (Fig. 3.3.1) from room 

t empera tu re  t o  t he  a n n e a l i n g  tempera ture ,  and t h e  second rate (Fig. 3.3.2) 

was r ap id  between 500 and 900OC. The one h e a t i n g  rate used i n  fu rnace  B 

(F ig .  3.3.3) w a s  r a p i d  from room tempera ture  t o  the a n n e a l i n g  tempera ture .  

TIME lminl 

Fig.  3.3.1. Typ ica l  Heating-Cooling Cycle f o r  R e c r y s t a l l i z a t i o n  of 
the Prime Candida te  Alloy i n  Furnace A. Slow hea tup  from room tempera- 
t u r e  t o  a n n e a l i n g  tempera ture .  
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ORNL-OWBO-47307 

TIME h i n l  

Fig. 3.3.2. Typical Heating-Cooling Cycle for Recrystallization of 
Prime Candidate Alloy in Furnace A. Fast heatup between 500 and 900°C. 

ORNL-OW 8o+n09  
1200 I I I 1 I I 

Fig. 3.3.3. Typical Heating-Cooling Cycle for Recrystallization of 
Prime Candidate Alloy in Furnace B. Fast heatup from room temperature to 
annealing temperature. 
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The r e s u l t s  of g r a i n  s i z e  measurements on the r e c r y s t a l l i z e d  samples 

f o r  tile t h r e e  h e a t i n g  rates are p resen ted  i n  Tables  3.3.1, 3.3.2, and 

3.3.3. I J i th in  the  l i m i t s  of the  exper imen ta l  c o n d i t i o n s ,  t h e r e  i s  good 

agreement i n  t h e  g r a i n  s i z e ,  which can be expected f o r  t h e s e  annea l ing  

t empera tu res .  I n  a d d i t i o n ,  f o r  the  t h r e e  h e a t i n g  r a t e s  used,  t h e  degree  

o f  c a r b i d e  p r e c i p i t a t i o n  v i s i b l e  by o p t i c a l  meta l lography does not  d i f f e r  

a p p r e c i a b l y .  M i c r o s t r u c t u r e s  of t h e  r e c r y s t a l l i z e d  a l l o y  (F ig .  3.3.4) 

a re  cons ide red  t y p i c a l .  

These r e s u l t s  l e a d  t o  the  s p e c i f i c a t i o n  of a 1100°C r e c r y s t a l l i z a t i o n  

t r e a t m e n t  as the  f i n a l  in- process  annea l  f o r  developing a f i n e r  g r a i n  s i z e  

i n  t h e  PCA. The g r a i n  s i z e  can be v a r i e d  independent of the  therNna1- 

mechanical  t r e a t m e n t s  used t o  produce v a r i a b l e  PIC m i c r o s t r u c t u r e s .  

F a b r i c a t i o n  of specimen s t o c k  i n c o r p o r a t i n g  t h i s  change i s  under way f o r  

f u t u r e  r a d i a t i o n  e f f e c t s  e v a l u a t i o n .  

Table  3.3.1. Grain  Size  of Path A P r i m e  Candidate 
Alloy R e c r y s t a l l i z e d  i n  t h e  Temperature Range 

1050 t o  1175°C a f t e r  a Slow Heating 
Katea i n  Furnace A 

R e c r y s t a l l i z e d  Grain S ize  (ASTM) 
~- Temperature 

( " C )  30% Cold LJorkedb 50X Cold Workedb 
~~ ~~~~ ~~ ~ 

1050 No tes t  

1075 7 4  

1100 66 

1125 No t e s t  

1150 3-4 

No test  

8 

5 - 7  

No t e s t  

3-4 

1175 No t e s t  No test  

aFroin room temperature  t o  annea l ing  tempera- 

b h n e a l e d  15 min a t  temperature .  

t u r e  ( s e e  Fig .  3.3.1). 
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Table 3.3.2. Grain  S ize  of Path  A Prime Candidate 
Al loy R e c r y s t a l l i z e d  i n  t h e  Temperature Range 

1050 t o  1175'C a f t e r  a Rapid Heating 
Ratea i n  Furnace A 

R e c r y s t a l l i z e d  Grain S ize  (ASTN) Temperature 

("0 30% Cold Workedb 50% Cold Workedh 

1050 No test No test 
- 

1075 7 4  7 4  

1100 5-7 5-7 

1125 No t e s t  No t e s t  

1150 2 4  2-4 

1175 No test No test 

agetween 500 and 900'C ( s e e  Fig. 3.3.2). 

b h n e a l e d  15 min a t  temperature.  

Table 3.3.3. Grain  Size  of Path  A Pr ime Candidate 
Alloy R e c r y s t a l l i z e d  i n  t h e  Temperature Range 

1050 t o  1175OC a f t e r  a Rapid Heating 
Ra tea  i n  Furnace B 

- - 
R e c r y s t a l l i z e d  Grain Size  (ASTI.1) 

Temperature 30% Cold Worked 50% Cold Worked 
( "0 - 

1050 No t e s t  No test 8 a 
15 minb 30 minh 15 minb 30 m i n b  

-__- - 

1075 7 4  ?-a 7 7 

1100 5-7 5-7 5-6 4-5 

1125 No test No test 3-4 3 

1150 No t e s t  No test 3-4 2-4 

1175 No test No test 1 4  1 4  
~ 

aFrom room tempera tu re  t o  a n n e a l i n g  tempera- 

b h n e a l i n g  t imes  a t  temperature .  

t u r e  ( s e e  Fig. 3.3.3). 
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ORN L-PHOTO 521 5-80 , 

1 

Fig. 3 . 3 . 4 .  Typical Microstructures of Prime Candidate Alloy Cold 
Worked 50% and Recrystallized for 30 min Within the Temperature Range 
1050 to 1175'C. 
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5.1 TENSILE PKOPEKTIES AND I.IICR0STKUCTUKE OF HEI,IUEI-IlLIECTEU AND * REACTOK-IRUADZATEU W20% T i  - M. P. Tanaka, E. E. Bloom, and 
J. A. Horak (OKNL) 

5.1.1 AUIP Task 

ADIP Tasks 1.9.15, Tens i l e  P r o p e r t i e s  of Ueact ive and Refrac tory  

A l loys ,  and I . C . 4 ,  M i c r o s t r u c t u r e s  and Swell ing i n  Reac t ive  and Refrac tory  

Alloys.  

5.1.2 Ob jec t ive  

The o b j e c t i v e  of t h i s  work was t o  determine t he  e f f e c t  of i n j e c t e d  

hel ium fol lowed by neut ron  i r r a d i a t i o n  on t he  mechanical  p r o p e r t i e s  and 

m i c r o s t r u c t u r e s  of V-204 T i .  These r e s u l t s  w i l l  be used t o  determine t h e  

p o t e n t i a l  use of F 2 0 %  T i  i n  f u s i o n  r e a c t o r  s e r v i c e .  

5.1.3 Summary 

Sheet t e n s i l e  samples of F 2 0 %  T i  p r e i n j e c t e d  wi th  90 and 

200 a t .  ppm He have been i r r a d i a t e d  t o  about 20 dpa i n  t he  Experimental  

Breeder  Keactor (EBK-11 )  i n  the range 400 t o  700°C. Mechanical proper-  

t i e s  and m i c r o s t r u c t u r e  of t he  i r r a d i a t e d  specimen have been compared wi th  

t h o s e  of c o n t r o l  specimens. Helium embr i t t l ement  of F 2 0 %  T i  becomes 

a p p r e c i a b l e  above t e s t  t empera tures  of 575°C. Neutron i r r d d i a t i o n  

enhanced t h e  embr i t t l ement  of t he  he l ium- injec ted  W20% T i .  Helium 

i n j e c t i o n  a l s o  a s s i s t e d  c a v i t y  format ion  i n  t h e  r e a c t o r- i r r a d i a t e d  

V-20% T i .  The s i z e  and c o n c e n t r a t i o n  of c a v i t i e s  depended on the  amount 

o f  i n j e c t e d  helium. 

5.1.4 P rog res s  and S t a t u s  

The d e t a i l s  of helium i n j e c t i o n ,  neut ron  i r r a d i a t i o n ,  and post-  

Sheet specimens of i r r a d i a t i o n  t e s t i n g  were r epo r t ed  previous ly .1 ,2  

V-20% T i  (chemical  composi t ion 19.7% T i ,  130 w t  ppm C ,  830 w t  ppm 0, and 

830 w t  ppm N ,  annea led  0.5 h i n  vacuum a t  900OC) were i n j e c t e d  t o  90 and 

200 at .  ppm He. The he l ium- injec ted  t e n s i l e  specimens were i r r a d i a t e d  i n  

* On l eave  from Japanese Atomic Energy Research I n s t i t u t e  (JAEKI) f o r  
one-year assignment t o  OKNL. 
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2 row 7 of E B R - I I  t o  a neutron f l u e n c e  of about 3 X loz6 neutronstm 

[>0.1 MeV (0.016 p J ) ] ,  corresponding t o  about 20 dpa. I r r a d i a t i o n  tem- 

p e r a t u r e s  were about 400, 575, 625, and 700OC f o r  samples con ta ined  i n  

e i t h e r  s t a t i c  sodium or helium. Af te r  neu t ron  i r r a d i a t i o n  t h e  mic ros t ruc-  

t u r e s  were c h a r a c t e r i z e d  by t r a n s m i s s i o n  e l e c t r o n  microscopy, t e n s i l e  

t e s t s  were conducted a t  t he  r e s p e c t i v e  i r r a d i a t i o n  t empera tu res ,  and 

f r a c t u r e  s u r f a c e s  were examined by scanning e l e c t r o n  microscopy. 

T e n s i l e  r e s u l t s  on c o n t r o l ,  he l ium- in jec ted ,  and n e u t r o n- i r r a d i a t e d  

specimens a r e  t a b u l a t e d  i n  Table 5.1.1. The d a t a  a r e  a l s o  shown 

g r a p h i c a l l y  i n  t he  f i r s t  n ine  f i g u r e s  of t h i s  r e p o r t .  

S t r e s s - s t r a i n  curves  f o r  t he  specimens p r e i n j e c t e d  wi th  0, 90, and 

200 a t .  ppm He and t e s t e d  a t  400 and 700°C a r e  p l o t t e d  i n  F i g s .  5.1.1 and 

5.1.2. The y i e l d  s t r e s s ,  u l t i m a t e  stress, and t o t a l  e l o n g a t i o n  of t he  

specimens b e f o r e  neu t ron  i r r a d i a t i o n  a r e  shown as a f u n c t i o n  of t e s t  

t empera tu re  i n  F i g s .  5.1.3 through 5.1.5. The i n j e c t e d  helium has  

i n c r e a s e d  t he  y i e l d  s t r e s s ,  the  u l t i m a t e  stress, and t he  t o t a l  e l o n g a t i o n  

of t he  a l l o y  f o r  t e s t  t empera tu res  of 525°C and lower. The i n c r e a s e s  i n  

s t r e n g t h  and e l o n g a t i o n  depended on the  amount of i n j e c t e d  helium. Above 

575°C the  i n j e c t e d  helium d i d  not g r e a t l y  a f f e c t  s t r e n g t h  but d i d  a f f e c t  

e l o n g a t i o n .  The reduc t ion  of t he  t o t a l  e l o n g a t i o n  depended on t he  amounts 

o f  p r e i n j e c t e d  helium. The h igher  t he  t e s t  t empera tu re ,  t he  l a r g e r  was 

t h e  r e d u c t i o n  of e longa t ion .  Elongat ion a t  700'C was 13.3 and 8.7%, 

r e s p e c t i v e l y ,  i n  t he  m a t e r i a l  i n j e c t e d  wi th  90 and 200 at.  ppm He. These 

v a l u e s  are 69 and 45% of the  e l o n g a t i o n  of t he  hel ium- free  m a t e r i a l ,  as 

shown i n  Fig. 5.1.5. The f r a c t u r e  s u r f a c e s  of specimens p r e i n j e c t e d  wi th  

0 ,  90, and 200 a t .  ppm He and t e s t e d  a t  700'C a r e  shown i n  Fig. 5.1.6. 
With no i n j e c t e d  helium t h e  f a i l u r e  mode was c l e a r l y  d u c t i l e ,  and g r a i n  

boundary f a i l u r e  was not e v i d e n t .  With i n j e c t e d  helium the  f a i l u r e s  

became mixed d u c t i l e  and g r a i n  boundary s e p a r a t i o n  modes. Gra in  boundary 

f a c e t s  a r e  v i s i b l e  on t he  f r a c t u r e  s u r f a c e  and g r a i n  boundary c r a c k s  on 

t h e  specimen s u r f a c e .  The f r a c t i o n  of t he  g r a i n  boundary f r a c t u r e  

i n c r e a s e d  a s  t he  helium con ten t  i n c r e a s e d  from 90 t o  200 at.  ppm He. 
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Table  5.1.1. Helium Contents ,  I r r a d i a t i o n  Condi t ions ,  and 
T e n s i l e  P r o p e r t i e s  of F 2 0 %  T i  

T e n s i l e  P r o p e r t i e s e  
Test  I r r a d i a t i o n  Condi t ionsb  

Pre- 
i n j e c t e d  Temper- S t r e n g t h ,  MPa 

Fluenced Elonga t ion ,  X Temper- 
a t u r e"  00.1 MeV) He l iuma Environ- a t u r e  

Ul t imate  Uniform T o t a l  ( " C )  
Yield ( a t .  ppm) ( a c )  (neu t rons lm2)  luent 

0 
0 

25 
400 

546 
387 
400 
407 

661 
588 
668 
681 
619 
499 

647 

12.0 
11.4 
13.0 
14.1 
12.3 
13.4 
11.3 
16.6 
13.0 

19.6 
13.3 
14.7 
19.0 
19.9 
19.2 

14.0 
18.2 
21.5 
18.1 
13.3 

15.1 
18.2 
17.3 
15.6 
8.7 

13.3 
3 . 1  
4.9 

7.0 
15.6 

8.2 
14.0 
5.7 

0 
0 

525 
57 5 
625 
700 

0 
0 

384 
345 

90 
90 
90 
90 
90 

200 

400 477 
443 
405 

525 
575 
625 
700 

701 
658 
597 
531 

387 
330 

10.3 
10.9 

400 515 649 12.8 
16.7 
15.1 
14.1 
8.3 

10.6 
1.8 
3.0 

200 
200 
200 

525 
57 5 
625 

468 
433 

708 
653 
644 410 

362 

376 
361 
399 

200 700 455 

2 4  x 1026 
2 4  
2 4  

2 4  
2-4 

2 4  
2 1 1  
2 4  
2-4 
2 4  
2 4  

2 4  

2 4  

0 
0 

575 
625 

575 
625 

603 
475 

0 

90 
90 
200 

7 00 

400 
57 5 

400 

700 

400 
57 5 

400 

453 

777 
581 

814 

629 
389 

4.9 
12.5 

656 6.7 
12.7 
4.9 

4.8 
11.3 
14.1 
4.9 

2.9 

2 00 
200 

575 
625 

57 5 
625 

382 
386 

567 
575 

0 400 400 677 812 
606 
468 
424 

499 

6.6 
0 
0 

700 
700 

400 
700 

439 
385 

13.3 
20.4 

90 

2 00 
700 

700 

700 

700 
354 

354 

6.0 

3.2 

aNaminal value. 

bBlank spaces i n d i c a t e  c o n t r o l  specimen. 

"Design t empera ture .  l leasurement on tempera ture  monitor  is planned. 

dEstimated value. 

e S t r a i n  r a t e  is 6.67 x 10-4/s (0.04lmin). 
Neasurement on f luence  monitor is i n  p r o g r e s s .  
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Fig.  5.1.1. Ef fec t  of I n j e c t e d  Helium on t h e  S t r e s s- S t r a i n  Eehavior 
o f  Annealed, Un i r r ad i a t ed  -20% T i  at  a T e s t  T e m p e r a t u r e  of 400°C. 
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F ig .  5.1.2. E f f ec t  of I n j e c t e d  Helium on t h e  S t r e s s- S t r a i n  Behavior 
o f  Annealed, Un i r r ad i a t ed  V-20% T i  a t  a T e s t  Temperature of 700°C. 
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0 
4 0 0  500  600 700 

T E S T  TEMPERATURE I'C) 

Fig. 5.1.3. E f f e c t  of I n j e c t e d  Helium on t he  Yie ld  and Ul t imate  
S t r e s s  of U n i r r a d i a t e d  V--20% T i  a s  a Funct ion of Temperature. 

ORNL - 0 W G  80-47450 
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NO He -.- 90 01 p p m  He -.- 200 01 ppm He 

0 
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TEST TEMPERATURE I'Cl 

Fig.  5.1.4. E f f e c t  of I n j e c t e d  Helium on t h e  T o t a l  Elongat ion of 
U n i r r a d i a t e d  V--2OX T i  as a Funct ion of Temperature. 
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Fig. 5.1.5. Pe rcen tage  Change i n  t h e  T o t a l  E longa t ion  of +ZO% T i  
Produced by ' bo  Levels  of I n j e c t e d  Helium as a Function of Test Temperature. 

S t r e s s - s t r a i n  curves  of n e u t r o n- i r r a d i a t e d  material p r e i n j e c t e d  wi th  

0, 90, and 200 at. ppm He and t e s t e d  at  400 and 70OoC are p l o t t e d ,  

r e s p e c t i v e l y ,  i n  Figs.  5.1.7 and 5.1.8. The y i e l d  stress, u l t i m a t e  

stress, and t o t a l  e l o n g a t i o n  of t h e  n e u t r o n- i r r a d i a t e d  specimens are shown 

as a f u n c t i o n  of test temperature  i n  Figs.  5.1.9 and 5.1.10. The test 

t empera tu res  were near the neu t ron  i r r a d i a t i o n  temperature .  Neutron 

i r r a d i a t i o n  at  400°C has i n c r e a s e d  the y i e l d  stress and u l t i m a t e  stress 

o f  t h e  specimen, e s p e c i a l l y  f o r  t he  one c o n t a i n i n g  no i n j e c t e d  hel ium 

(compare Figs .  5.1.3 and 5.1.9). O n  the o t h e r  hand, neu t ron  i r r a d i a t i o n  

above 575'C d i d  no t  s: a f f e c t  the y i e l d  o r  u l t i m a t e  stress. 

The l e v e l  of p r e i n j e c l  1 not  a p p r e c i a b l y  a f f e c t  t h e  material 
s t r e n g t h  fo l lowing  neu t ron  i r r a d i a t i o n .  The t o t a l  e l o n g a t i o n  of t h e  

i r r a d i a t e d  m a t e r i a l  was lower at  a l l  test t empera tu res  (excep t  t h e  h e l i u  

free material at  7OOOC).  With no p r e i n j e c t e d  hel ium t h e  e l o n g a t i o n  

i n c r e a s e d  as the  i r r a d i a t i o n  and test t empera tu re  i n c r e a s e d .  A t  700'C 

m 

n e u t r o n  i r r a d i a t i o n  seemingly d i d  no t  a f f e c t  t h e  e l o n g a t i o n  of helium f r e e  

m a t e r i a l  (compare Figs.  5.1.4 and 5.1.10). 

he l ium- conta in ing material s i g n i f i c a n t l y  dec reased  above 575'C. A t  70OoC 

The t o t a l  e l o n g a t i o n  of t h e  
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Fig. 5 .1 .6 .  Sample Edges Near Fracture (Left) and Surfaces (Right) 
of  &20% T i  Specimens Tensile Tested a t  7OOOC. The specimens were not 
neutron irradiated. (a)  and (b) No helium preinjection. ( c )  and 
(d)  90 a t .  ppm H e .  ( e )  and (f) 200 a t .  ppm He. 
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Fig. 5.1.7. Stress-Strain 
Behavior of Helium-Injected 
Samples of -220% Ti at 400°C. 
Following Neutron Irradiation 
at 4OOOC. Tests conducted in 
vacuum. 
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Fig. 5.1.8. Stress-Strain Behavior of Helium-Injected Samples of 
V-20% Ti at 7OO0C, Following Neutron Irradiation at 700°C. Tests con- 
ducted in vacuum. 
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Fig. 5.1.9. Effect of Helium Content on the Y i e l d  and Ultimate 
Tensile Strength of Neutron Irradiated +ZO% T i .  

ORNL-DWG 80-17457 - 
I 20 dpo I 
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STRESS STRESS 

-e- NO He -0- 

-A- 90 at. ppm He --A-- -.- 200 at. ppm He --0-- 
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TEST TEMPERATURE ('C) 

Fig. 5.1.10. Effect of Helium Content on the Total Elongation of 
Neutron Irradiated +20% T i .  
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the total elongations of material injected with 90 and 200 at. ppm He 

were 6.2 and 3.2%, respectively, which were 29 and 16% of the helium-free, 
neutron-irradiated material. 

Figure 5.1.11 shows the fracture SUI of the specimens pre- 

injected with 0, 90, and 200 at. ppm He, ,,,,,wing neutron irradiation 

to approximately 20 dpa and tensile testing at 700'C. 
tion the fracture remained ductile, while with preinjection grain boundary 

separation became evident. The amount of grain boundary separation 

increased with helium content and was much greater after neutron irradia- 

tion than for samples containing preinjected helium but not neutron 

irradiated (Fig. 5.1.6). The fracture surface of the specimen injected 
with 200 at. ppm He shows complete grai paration. 

With no preinjec- 

Matrix and grain boundary cavity p 

helium-preinjected -20% Ti specimens aIcrr CIDK-II srradiation are 

summarized, respectively, in Tables id 5.1.3. In the uninjected 

specimen, cavities developed only at the 4UO'C irradiation temperature, 

while in preinjected specimens they formed at all irradiation tempera- 

tures. The diameter and number density of cavities (Fig. 5.1.12) 

increased, depending on the amount of preinjected helium. 

both helium-free and 

The microstructures after neutron irradiation at 400'C (in static 

sodium) are shown in Fig. 5.1.13. Rod-shaped precipitate particles 

(30 nm long and 3 nm in diameter), dislocation lines, dislocation loops, 

and cavities are discernible. The size distribution of cavities in the 
specimen injected with 200 at. ppm He is clearly bimodal [Fig. 5.1.13Ce)l. 
Large cavities elongated in the <110> direction and attached to the rod- 

n boundary se 
arameters for 
e-... m"n I 7  2 

i 5.1.2 ai 
. .. 

shaped precipitate particles are present. The microstructures of th 
^_^^  ,-.-..- ,-.."Aa"+-A "C E 7 C O P  ,.. "+"+in ",.Ai..." "..- "I.,.. ..- 4 -  P i n  c 1 rpsL.rucrra ALLpuAa_csu  aL >,> Dcoc lLc  D v y L w  _ k c  DL.VI.. >.- .14.  

Dislocation lines and cavities are discernible. The diameter of the 
cavities on grain boundaries is larger than those in the matrix. Few rod- 

shaped precipitate particles were found. The microstructures of specimens 

preinjected with 0 and 200 at. ppm He and irradiated at 625OC in static 
.=nrli..m 1-0 chnm I n  Pi-. 5 - 1 - 1 5 .  Plate-ahand n r e ~ l n i r i r e  nartlrlea w e r e  

I 

' . " y ~ y . y  ..&_ -.." .... -.. ---- .-.- _ _  ----- ---.-r-- r____r_____  r _ _ _ _ _ _ _ _  

formed during the neutron irradiation at 625OC. The composition of these 

particles has not been fully analyzed but, judging from the diffraction 
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Fig. 5.1.11. Edges of Specimens Near Fracture (Left) and Fracture 
Surfaces (Right) of F Z O %  Ti Tensile Samples Irradiated and Tested at 
700'C. 
to approximately 20 dpa. 
(d) 90 at. ppm He. 

The samples were neutron irradiated in EBR-I1 (subassembly X-287) 
(a) and (b) No helium preinjection. (c) and 

(e) and ( f )  200 at. ppm He. 
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Table 5.1.2. Matrix Cavity Parameters for V-20% Ti Irradiated 
in EBR-I1 to Approximately 20 dpa 

Cavity Parameters for Levels of 
Preinjected Helium, at. ppm Irradiation 

Temperature Concentration, cavities1m3 Average Diameter,a nm 
("0 

0 90 200 0 90 200 

4 00 <1 x 1019 8.5 x lozo 1.6 x loz1 2.7 3.2  7.7 
(2.65.4) (1.64.1) (2.1-16.2) 

575 b 1.5 X loz1 6.1 X loz1 3.8 4.9 
( 2 . 8 - 4 . 4 )  (3. e-7.6) 

625 b C 5.3 x 1021 5.4 
(2.0-6.8) 

7 00 b 8.1 X lozo 1.7 X loz1 6.0 8.2 
(4.68.2) (3. S9.8) 

aNumbers in parentheses are range of sizes. 

bo cavities detected. 

CNo sample available. 

Table 5.1.3. Grain Boundary Cavity Diameters for 
V-20% Ti Irradiated in EBR-I1 to 

Approximately 20 dpa 

Average Diameter,a n m  for Levels Of 
Irradiation Preinjected Helium, at. ppm 
Temperature - 
("0 90 200 

400 
r;7 < 

b b 
' i l  6.n J . 7  -_"  ,I J 

(4.4-10.9) (3.8-7.6) 

6 25 C 6.4 
(3.8-7 -0) 

7 00 6.0 3.2 
(4.4-8.7) (2.7-5.4) 

-- 
QNumbers in parentheses are range of sizes. 

ho grain boundary cavities detected. 

CNo sample available. 
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V 200 at. porn He 

Fig. 5.1.12. The 
Diameter and Concentration 
of Matrix Cavities in 
Neutron-Irradiated -20% Ti 
as a Function of Irradiation 
Temperature. 

0 1019 
4cQ 5w 600 700 

IRRADIATION TEMPERATURE I'CI 

pattern, may be Ti02. 

daries in the specimen injected with 200 at. ppm He. The microstructures 

of the specimens irradiated at 700°C in static helium are shown in 

Fig. 5.1.16. No appreciable precipitates formed during neutron irra- 

diation at 700°C and cavities developed only in the helium-injected 

specimens. 

previous location of a grain boundary, which has since migrated. 

Cavities formed in the matrix and on grain boun- 

Some aligned cavities in the matrix are believed to mark the 

5.1.5 Future Work 

Scanning electron microscopy examination of the rest of the specimens 

is now in progress. The experimental results presented here will be 

discussed in more detail next quarter. 
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OWL-Photo 5260-80 

F. 
2 
I, 

Fig. 5.1.14.  Microstructure of W20% T i  Irradiated a t  575'C t o .  
20 dpa. ( c )  and (d) 90 a t .  ppm He. 
(e)  and ( f )  200 a t .  ppm H e .  
boundary c a v i t i e s  are v i s i b l e ,  but there are no rod-shaped precipitates.  

(a )  and (b) No helium preinjection. 
Dislocation l i n e s  and matrix and grain 
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Fig. 5.1.15. The Microstructure of %20% T i  I r r a d i a t e d  i n  EBR-I1 
a t  6 5 O O C  t o  20 dpa. ( a )  and (b) No helium pre in jec t ion .  ( c )  and 
(d )  200 a t .  ppm He. Plate-shaped p r e c i p i t a t e  p a r t i c l e s ,  d i s l o c a t i o n  
l i n e s  and c a v i t i e s  on g ra in  boundaries, and i n t e r f a c e  of p r e c i p i t a t e s  
are d: 
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I- 

T-  7 - ' 

0.5 um 

I 
Fig. 5.1.16. Microstructure of F Z O %  Ti Irradiated at 700°C to 

20 dpa. (a) and (b )  No helium preinjection. (c) and (d) 90 at. ppm He. 
(e) and ( f )  200 at. ppm He. No appreciable precipitation formed during 
irradiation, and cavities developed only in helium injected material. 
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5.2 FATIGUE BEHAVZOR OF UNIKRADZATED W15% cK-5% T i  - K. C. Liu (OLVL) 

5.2.1 ADIP Task 

A D I P  Task I.R.3, F a t i g u e  Crack Growth i n  Reac t ive  and R e f r a c t o r y  

Al loys .  

5.2.2 O b j e c t i v e  

The o b j e c t i v e  of t h i s  work is t o  deve lop  b a s e l i n e  f a t i g u e  and c r a c k  

growth d a t a  f o r  t h e  Path  C r e f r a c t o r y  metal scop ing  a l l o y s  i n  t h e  

u n i r r a d i a t e d  c o n d i t i o n .  

5.2.3 Summary 

F u l l y  r e v e r s e d  c y c l i c  f a t i g u e  t e s t s  conducted on F 1 5 %  Cc-5% T i  

(ADIP h e a t  CAM-835 8-3) i n  t h e  u n i r c a d i a t e d  c o n d i t i o n  a t  25, 550, and 

650'C i n d i c a t e d  an a p p a r e n t  endurance l i m i t  a t  t o t a l  s t r a i n  ranges  of 

abou t  0.7 and 0.6% at  550 and 650"C, r e s p e c t i v e l y .  

5.2.4 P r o g r e s s  and S t a t u s  

C y c l i c  f a t i g u e  t e s t s  on V-15% Cr-5% T i  were con t inued  wi th  t e n  tests  

completed t o  d a t e .  A d e t a i l e d  d e s c r i p t i o n  of specimens ,  test method, and 

tes t  c o n d i t i o n s  has been p r e s e n t e d  p r e v i o u s l y . l S 2  

The r e s u l t s  of t h e  tests  a r e  summarized i n  Table  5.2.1 and p l o t t e d  

i n  Fig.  5.2.1. A number of t h e s e  samples f a i l e d  o u t s i d e  t h e  gage s e c t i o n .  

The l o c a t i o n  of these f r a c t u r e s  are shown i n  Fig.  5.2.2. 

By making use  of t h e  l i m i t e d  d a t a  a v a i l a b l e  t o  d a t e ,  we can  

r e a s o n a b l y  c o r r e l a t e  f a t i g u e  l i f e t i m e  w i t h  c y c l i c  s t r a i n  range ,  as shown 

i n  Fig.  5.2.1. Specimens t h a t  d i d  not  f a i l  a t  the minimum c r o s s  s e c t i o n  

were i n d i c a t e d  with a r rows  p o i n t i n g  toward the r i g h t .  F a i l u r e s  of t h e s e  

specimens  o u t s i d e  t h e  test  s e c t i o n  show that  i n  h i g h  c y c l e  f a t i g u e  t h i s  

a l l o y  i s  s e n s i t i v e  t o  v a r i a t i o n s  i n  mean stress a n d / o r  t h e  p resence  of 

stress raisers. Broken l i n e s  i n d i c a t e  approximate  behav io r  s i n c e  none of 

the tests  below 1% s t r a i n  range f a i l e d  w i t h i n  the gage s e c t i o n .  

In view of t h e  i n d i c a t i o n  from the t r e n d  c u r v e s  shown i n  Fig. 5.2.2, 

w e  have r e v i s e d  the t e n t a t i v e  test  schedu le  d i s c u s s e d  i n  t h e  l a s t  r e p o r t , 2  

as  shown i n  Table 5.2.2. 
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ORNLOWGBO 12154 

I I I 

V 1 5 %  C r 5 %  TI [HEAT CAM 875 B 3 1  
TESTED IN VACUUM 

25'C 

0 2  I I I 1 
1 03 1 04 1 05 1 08 10' 

N, ,  CYCLES TO FAILURE 

F i g .  5.2.1. Cyc l i c  Fa t igue  Data f o r  V-l5% Cr--Sr% T i  ' rested a t  25, 
55U, arid 650°C i n  Vacriniil. 

T a h l e  5.2.1. F a t i g u e  L i f e t i m e  T e s t  Data f o r  &15X Cr-SX T i a  

Maximumh 

Cycles  T ime  t o  

F a i l u r e  

T o t a l  T o t a l  
s t r a i n  stress Test  

t" f a i l u r e  comments 
( h )  

Range c y c l i c  
( Z )  Range 

(NPa)  

Specimen Temperature 
("2) 

AY 53 
AV 5 1  
AV 52 

AV 510 
AV 58 
AV 511 

AV 54 
AV 56 
AV 55 
AV 57 

27 
27 
27  

550  
550  
550 

650 
650 
650 
650  

2.0 6 7 0  
1.0 600 
0.6  415 

2.0 620  
1.0 540 
0 .75 4 6 0  

2.0 6 1 4  
1.0 540 
0.6 360 
0.6 360  

4 , 3 4 5  
1 0 9 , 1 2 5  

> 2 , 0 4 7 , 0 2 0  

3 ,783  
4 3 , 5 5 5  

> 1 , 0 7 2 , 4 1 0  

1 , 8 7 4  
1 9 , 4 5 2  

> 1 7 1 , 5 3 9  
> 9 5 1 , 3 0 2  

12 .1  
151.6  
816 b 

10.5  
6 0 . 5  

573  C 

5 .2  
2 7 . 1  

1 4 3  d 
7 9 2  e 

a h n e a l e d  I h a t  1200 'C i n  vacuum. 

k p e c i m e n  d id  not f a i l ;  test  d i s c o n t i n u e d  t empora r i l y .  

C T e s t  swi tched from s t r a i n  c o n t r o l  t o  load c o n t r o l  a f t e r  2 5 3 , 0 0 0  
c y c l e s ;  specimen d id  not f a l l  In gage section but broke a t  t h e  end of the  
s h o u l d e r ,  as sho rn  i n  Fig. 5.2.2. 

dspecimen d id  not f a i l  ln gage s e c t i o n ;  crack i n i t i a t e d  a t  t h e  
s h o u l d e r  where a thermocouple was spot-welded,  as I n d i c a t e d  i n  f i g .  5.2.2. 

eTest swi tched from s t r a i n  c o n t r o l  t o  load c o n t r o l  a f t e r  500,000 
c y c l e s  a t  h igh  f requency.  Specimen d id  not f a l l  a t  gage s e c t i o n  but broke 
a t  t h e  end t h r e a d ,  as shown i n  Fig.  5.2.2.  
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ORNL-DWG 80-12150 

SPECIMEN AV-57 

SPECIMEN AV-55 

HOURGLASS SPECIMEN AV-511 
FATIGUE SPECIMEN 

F i g .  5.2.2. L o c a t i o n s  of Specimen F r a c t u r e s  O u t s i d e  Gage S e c t i o n .  

T a b l e  5.2.2. Kevised Test Schedule"  f o r  V-15% Cr-5% T i  

'2.0 1.0 0.9 0.8 0.75 0.7 0.65 0.5 

2 5  C C * * I C  
__ -- 

C * IC * 5 50 C 

6 50 C C * * * IC 
-___ 

a C  = test comple ted;  I C  = speciinen d i d  not  € a i l ,  t es t  
d i s c o n t i n u e d ;  * = s c h e d u l e d  t e s t ;  and b l a n k s  i n d i c a t e  no 
t e s t .  
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The revised t e s t  matr ix is intended to  f i l l  i n  gaps between 1.0 and 

0.6% s t r a i n  ranges, thereby p e r a i t t i n g  more e f f e c t i v e  d e f i n i t i o n  of the 

Eatigue l i f e  behavior.  To avoid f a i l u r e  of specimens ou t s ide  the t e s t  

s e c t i o n ,  procedures f o r  specimen preparat ion and i n s t a l l a t i o n  i n  the t e s t  

r i g  have been reviewed. Special  care  w i l l  be exercised t o  avoid imposing 

excessive s t r a i n  i n  the specimen shoulder and threads. 

Figure 5.2.1 shows t h a t  the f a t tgue  l i fe t ime  of W15% Cr-5% T i  

decreases as  temperature increases.  Nevertheless,  the a l l o y  e x h i b i t s  

supe r io r  f a t igue  r e s i s t a n t  p rope r t i e s  a t  650°C i n  comparison with seve ra l  

o t h e r 3  ma te r i a l s ,  as shown i n  F ig .  5.2.3. 

vanadium a l l o y  t e s t s  were conducted i n  vacuum. 

i s  only q u a l i t a t i v e . )  

(Note, however, t h a t  only the 

Thus the a l l o y  comparison 

ORNL-DWG 76-3318R -mq 

N f .  CYCLES T O  F A I L U R E  

Fig. 5.2.3. Comparison of Fatigue Behavior of Several Piater ials  and 
V-15% Cr-5% T i  'Tested a t  650°C. The vanadium a l l o y  was t e s t ed  i n  vacuum; 
a l l  o ther  t e s t s  were conducted i n  a i r .  Source of da t a :  C. R. Brinkman 
e t  a l . ,  Application of Hastelloy X in Gas-Cooled Reactor Systems, 
ORNL/TM-5405 (October 1976). 
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5.2.5 Conclus ions  

Limited d a t a  o b t a i n e d  t o  d a t e  i n d i c a t e  t h a t  annealed Wl5X Cr-5% T i  

a t  650°C has  s u p e r i o r  f a t i g u e  r e s i s t a n c e  i n  comparison w i t h  s e v e r a l  o t h e r  

s t r u c t u r a l  m a t e r i a l s  commonly used i n  f i s s i o n  r e a c t o r s .  The r e s u l t s  

f u r t h e r  sugges t  t h a t  endurance L i m i t s  may e x i s t  a t  s t r a i n  ranges  of 

approx imate ly  0.7 and 0.6% at  550 and h50°C, r e s p e c t i v e l y .  

5.2.6 Refe rences  

1. K. C. Liu ,  "Mechanical P roper ty  T e s t i n g  of U n i r r a d i a t e d  Path C A l l o y , "  

A D I P  Quart .  Prog. Rep. S e p t .  30, 1979, DOE/ET-0058/7, pp. 1 4 1 4 3 .  

2 .  K. C. Liu ,  " F a t i g u e  Behavior of U n i r r a d i a t e d  Path  C A l l o y s , "  

A D I P  Quart .  Prog. Rep .  c7une 30 ,  1980, DOE/ER-0045/3, pp. 146-52. 

3. C. R. Brinkman et  a l . ,  A p p l i c a t i o n  of Hastelloy X in Gas-Cooled 
Reactor Systems, ORNL/TI.L-5405 (October 1976). 
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5 .3  THE EFFECT OF HYDROGEN ON FLAW GROWTH OF TITANIUM ALLOY Ti-6242s - 
G. W .  Wil le  and P. S .  Pao (McDonnell Douglas Corpora t ion)  

5 .3 .1  ADIP Task 

Task l . R . 3 ,  F a t i g u e  Crack Growth i n  R e a c t i v e I R e f r a c t o r y  A l l o y s  
____ 

(Patt i  C ) .  

5 .3.2 w t i v e  ~ 

The o b j e c t i v e  o f  t h i s  s t u d y  i s  t o  deve lop  q u a n t i t a t i v e  d a t a  t o  

d e t e r m i n e  t h e  e f f e c t s  o f  h o t h  i n t e r n a l  and e x t e r n a l  hydrogen on f a t i g u e  

c r a c k  growth of  Ti-h242S a l l o y  a t  t e m p e r a t u r e s  and hydrogen p r e s s u r e s  of 

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 .  

5 . 3 . 3  Summary 

I n i t i a l  f a t i g u e  c r a c k  growth r a t e  tes ts  have heen conducted a t  room 

and e l e v a t e d  t e m p e r a t u r e s  w i t h  environment hydrogen p r e s s u r e s  from 0 t o  

100 P a  (0 .75 t o r r )  on Ti-6242s samples c o n t a i n i n g  50 and 500 wppm i n t e r -  

n a l  hydrogen. These t e s t s  i n d i c a t e  t l i a t  a t  room t e m p e r a t u r e  t h e r e  i s  an 

i n c r e a s e  i n  t h e  c r a c k  growth ra te  w i t h  t h e  500 wppm hydrogen c o n t e n t ;  no 

e f f e c t  of environment  hydrogen p r e s s u r e  was no ted .  Tes ts  conducted a t  

e l e v a t e d  t empera tu res  i n d i c a t e  a d e c r e a s e  i n  c r a c k  growth ra te  w i t l i  

h i g h e r  t empera tu res .  

5 . 3 . 4  T-cogress and S t a t u 2  

Twelve f a t i g u e  c r a c k  growth r a t e  tes ts  liave heen run w i t h  t h e  par-  

a m e t e r s  shown i n  T a b l e  5 . 3 . 1 .  F i g u r e  5.3.1 is a p l o t  of  t h e  r e s u l t s  

o f  tes ts  1 through  h .  The f i r s t  s i x  tests  i n d i c a t e  t h a t  a t  room temper- 

a t u r e  (17OC) t h e r e  i s  no s i g n i f i c a n t  e f f e c t  on t h e  c r a c k  growth r a t e  due 

t o  v a r y i n g  t h e  environment  liydrogen p r e s s u r e  from ze ro  t o  i on  Pa (0 .75  

t o r r ) .  

p r e s s u r e  f a l l  w i t h i n  t h e  bands i n d i c a t e d  i n  t h e  f i g u r e .  There  i s  a n  

i n c r e a s e  i n  c r a c k  growth r a t e  w i t h  t h e  500 wppm i n t e r n a l  hydrogen con- 

t e n t  as compared t o  50 wppm i n t e r n a l  hydrogen c o n t e n t .  It i s  i n t e r e s t -  

i n g  t o  n o t e  t h a t  f o r  s t ress  i n t e n s i t y  f a c t o r s ,  A K ,  less  t h a n  approxi-  

ma te ly  25 ma-m ' I 2  t h e r e  i s  no d i f f e r e n c e  i n  t h e  range  of  c r a c k  growth 

The v a r i a t i o n s  i n  c r a c k  growth rates due t o  environment hydrogen 
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rates f o r  t h e  50 o r  500 wppm i n t e r n a l  hydrogen c o n t e n t s .  

Tab le  5.3.1 Test  Pa ramete r s  

R = 0.1, Frequency = 5 Her tz  

Tests  7 th rough  1 2  e v a l u a t e d  t h e  e f f e c t s  o f  e l e v a t e d  t e m p e r a t u r e  on 

t h e  c r a c k  growth rate.  F i g u r e s  5.3.2 and 5.3.3 show t h e  r e s u l t s  of 

t h e s e  tests .  The c r a c k  growth r a t e  w i t h  50 wppm i n t e r n a l  hydrogen con- 

t e n t  dec reased  a t  low stress i n t e n s i t i e s  when t e s t e d  a t  t e m p e r a t u r e s  

above 80"C, however t h e r e  w s s  no e f f e c t  a t  t h e  h i g h  (80 MP-ml'') ! t r e s s  

i n t e n s i t i e s .  Tes t s  conducted a t  500 wppm i n t e r n a l  hydrogen c o n t e n t  i n-  

d i c a t e  t h a t  t h e  e l e v a t e d  t e m p e r a t u r e s  lower t h e  f a t i g u e  c r a c k  growth 

r a t e ,  even a t  t h e  h i g h e r  stress i n t e n s i t y  f a c t o r s .  A d i r e c t  comparison 

o f  tes ts  conducted a t  150"C, F i g u r e  5.3.4,  shows on ly  a s l i g h t l y  high-  

e r  c r a c k  growth r a t e  w i t h  a n  i n t e r n a l  hydrogen c o n t e n t  o f  500 wppm. 

whereas a t  room t e m p e r a t u r e  t h e  r a t e  was c o n s i d e r a b l y  h i g h e r  f o r  t h e  

m a t e r i a l  w i t h  500 wppm hydrogen ( s e e  F i g u r e  5 . 3 . 1 ) .  

A t  t h i s  p o i n t  in t i m e  no in- depth  a n a l y s i s  o f  t h e  d a t a  h a s  been 

conduc ted ,  and t h e r e f o r e  no d i s c u s s i o n  w i l l  h e  .presented.  A n a l y s i s  of 

t h e  e x i s t i n g  d a t a  and examina t ion  of  f r a c t u r e  s u r f a c e s  i s  planned d u r i n g  

t h e  n e x t  q u a r t e r .  
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Environment I1 P r e s s u r e s ,  0 ,  13. 3 ,  and 
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F i g u r e  5 . 3 . 1  E f f e c t  o f  I n t e r n a l  and Environment tlvdrogen on t h e  
Fatigue-Crack-Growth Rate o f  Ti-bAl-2Sn-4Zr-ZMo-Si 
a t  Room Temperature  
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Figure 5.1. 2 The E f f e c t  of  Tempera ru rc  on t he  F a t i g u e  C r a c k  
G r o w t h  Rate o f  Ti-6242s w i t h  50 wppm I n t r r n n l  
Hydrogen 
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F i g u r e  5 . 3 . i :  E f f r c t  of  T n t e r n a l  l lvr i rogen ( : o n c e n t r a t i o n  
[ in  t he  ~ a t i g u e - ( : r : ~ c k ~ ( : r o w t l l  Rates o f  
Ti-6242s a t  15:j'C 
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5.3.5 Conclusions 

I n i t i a l  t e s t s  i n d i c a t e  t h e  following: 

1. There i s  no e f f e c t  on f a t i g u e  crack  growth r a t e  a t  room temperature 

from environment hydrogen pressure .  

2. There i s  an inc rease  i n  c rack  growth r a t e  a t  room temperature with 

i n t e r n a l  hydrogen content  of 500 wppm vs. 50 wppm. 

3 .  A t  e levated  t e s t  temperatures t h e r e  is a decrease i n  crack growth 

r a t e  with higher  temperature. 
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6. P A T H  U ALLOY DEVELOPllENT - I N N O V A T I V E  LlATEKIAL CONCEPTS 



1 1 4  

6.1 THE EFFECT OF 4-!lev NICKEL ION I K R A D I A T I O N  ON THE MICKOSTKUCTUKE O F  
(Fe,Ni)3V LONG-RANGE-ORDEKEI) ALLOYS - D. N. Hraski  (OKNL) 

6.1.1 A D I P  Task 

A D I P  'Task I.C.5, l l i c r o s t r u c t u r e  and Swel l ing i n  S p e c i a l  and 

I n n o v a t i v e  I k t e r i a l s .  

6.1.2 O b j e c t i v e  

The o b j e c t i v e  of this  r e s e a r c h  is t o  d e f i n e  t h e  response  of a new 

c l a s s  of (Fe,Ni)3V long- range- ordered (LRO) a l l o y s  t o  both  neu t ron  and i o n  

i r r a d i a t i o n .  The o v e r a l l  g o a l  is  t o  determine t h e  p o t e n t i a l  use  of t h i s  

a l l o y  class a s  a s t r u c t u r a l  material f o r  f u s i o n  energy systems.  

6.1.3 Summary 

The (Fe,Ni)3V LKO a l l o y s  i n v e s t i g a t e d  a r e  r e l a t i v e l y  r e s i s t a n t  t o  

s w e l l i n g  when i r r a d i a t e d  w i t h  4-NeV (U.64-pJ) n i c k e l  ions t o  7 0  dpa i n  

t h e  range 525  t o  680OC and s i m u l t a n e o u s l y  i n j e c t e d  w i t h  8 a t .  ppm lie a n d  

28  a t .  ppm D p e r  dpa. S m a l l  t i t a n i u m  a d d i t i o n s  appear  t o  improve t h e  

r e s i s t a n c e  t o  s w e l l i n g ,  but i t  i s  not c e r t a i n  whether t h i s  e f f e c t  depends 

s t r i c t l y  on t i t a n i u m  or is r e l a t e d  t o  t h e  removal of sigma phase from t h e  

m i c r o s t r u c t u r e .  A l l  t h e  LRO a l l o y s  r e t a i n e d  t h e i r  o r d e r  f o r  i r r a d i a t i o n  

t e m p e r a t u r e s  below t h e  c r i t i c a l  o r d e r i n g  t empera tu re  of about 670°C. 

However, long range o r d e r  i n  i t s e l f  d i d  not appear  t o  be t h e  dominant 

f a c t o r  d e t e r m i n i n g  s w e l l i n g  r e s i s t a n c e .  

6.1.4 P r o g r e s s  and S t a t u s  

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

A new a l l o y ,  LKO-20, t h a t  does not form sigma phase has  been f a b r i -  

c a t e d  and i r r a d i a t e d  w i t h  4-IleV n i c k e l  i o n s  t o  70 dpa. We had hoped t h a t  

p r e v e n t i n g  t h e  fo rmat ion  of sigma phase (which was found i n  t h e  LRO-16 

material1)  would improve t h e  r e s i s t a n c e  of t h e  (Fe,Ni)3V a l l o y s  t o  

r a d i a t i o n  damage. A second new a l l o y ,  LKO-37, having the same composi t ion 

a s  LRO-20 but wi th  a 0.4 w t  % T i  a d d i t i o n ,  has a l s o  been f a b r i c a t e d  and 

i r r a d i a t e d .  The purpose of t e s t i n g  LKO-37 was t o  de te rmine  i f  t h e  low 

s w e l l i n g  a f f o r d e d  by a smal l  t i t a n i u m  a d d i t i o n  ( a s  i n 1  LKO-35) could be 
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repeated i n  a LUO a l l o y  not containing sigma phase. The swell ing behavior 

o f  both pa i r s  of (Fe,Ni)3V LUO a l l o y s  is compared with tha t  of 20%-cold- 

worked type 316 s t a i n l e s s  s t e e l ,  which was used as an i n t e r n a l  standard. 

6.1.4.2 Experimental Procedure 

Specimens of LRO-20 and -37 were prepared the  same a s  described i n  a 

previous repor t  The nominal compositions of these a l l o y s ,  along with 

those  fo r  LRO-16 and -35 and the type 316 s t a i n l e s s  steel s tandard,  a r e  

given i n  Table 6.1.1. The carbon contents  of most of the LUO a l l o y s  

(Table 6.1.1) var ied  from about 100 t o  200 w t  ppm. The specimens were 

i r r a d i a t e d  and prepared fo r  examination by t ransmission e l e c t r o n  

microscopy (TEN) a s  bef0re.l  

on a Zeiss p a r t i c l e  s i z e  analyzer ,  and swell ing values were ca l cu la t ed  

from these  d i s t r i b u t i o n s .  

Cavity s i z e  d i s t r i b u t i o n s  were determined 

Table 6.1.1. The Long-Range-Ordered Alloy Compositions 
Compared with Type 316 S t a i n l e s s  S t e e l  

Content, u t  % 

Fe N i  V T i  C r  No Iln C 
Alloy 

LRO-16 46.1 31.0 23.0 a 

LRO-35 45.3 31.8 22.6 0.4 a 

LUO-20 37.6 39.5 22.9 a 
LUO-37 37.6 39.5 22.4 0.4 a 

D0316SS Balance 13 0.005 18 2.0 1.9 0.05 

Warbon occurs a s  an impurity with content from 100 t o  
200 w t  ppm. 

6.1.4.3 Resul ts  

The micros t ruc tures  of LUO-20 and -37 and 20%-cold-worked type 316 

s t a i n l e s s  s t e e l  are compared before and a f t e r  i r r a d i a t i o n  a t  625°C i n  

Figs. 6.1.1, 6.1.2, and 6.1.3, respec t ive ly .  Before i r r a d i a t i o n  t h e  
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m i c r o s t r u c t u r e  of LRO-20 [Fig .  6 .1 .1(a)]  con ta ined  on ly  a few VC p a r t i -  

c l e s ,  which l i e  on i s o l a t e d  d i s l o c a t i o n  segments.  The i r r a d i a t i o n  

produced a bimodal c a v i t y  p o p u l a t i o n  and d i s l o c a t i o n  loops  and segments 

[F ig .  b . l . l ( b ) J .  Of ten t h e  c a v i t i e s  were p r e f e r e n t i a l l y  a r ranged  i n  random 

" s t r i n g s "  o r  l i n e s .  The i r r a d i a t e d  LRO-37 [Fig .  6 .1 .2(a)]  con ta ined  a 

r a t h e r  " c lean"  mat r ix  wi th  a ve ry  widely  d i s p e r s e d  second phase t h a t  

scann ing  t r a n s m i s s i o n  e l e c t r o i l  microscope ( S T E N )  energy  d i s p e r s i v e  x- ray 

a n a l y s i s  showed t o  c o n t a i n  most ly  T i  and smaller amounts of V ,  Fe, and N i .  

Complicated d i s l o c a t i o n  networks punched out from t h e  second phase wers 

d e c o r a t e d  wi th  small VC p a r t i c l e s .  I r r a d i a t i o n  wi th  4-:lev n i c k e l  i o n s  

produced c av i t i e s  [Fig .  6.1.2(b)l  as w e l l  a s  d i s l o c a t i o n  loops  and 

segments.  The matrix remained f r e e  of any VC p r e c i p i t a t e  p a r t i c l e s  o t h e r  

t h a n  t h o s e  su r round ing  t h e  i n c l u s i o n s .  The u n i r r a d i a t e d  20%-cold-worked 

t y p e  316 s t a i n l e s s  s t e e l  had a t y p i c a l  cold-worked m i c r o s t r u c t u r e ,  wi th  

d e n s e  d i s l o c a t i o n  t a n g l e s  and de format ion  bands [ F i g .  6 .1 .3 (a ) ] .  A f t e r  

i r r a d i a t i o n  at a l l  e l e v a t e d  t empera tu res  excep t  525"C, t h e  t o t a l  d i s l o c a-  

t i o n  d e n s i t y  was lower than i n  t h e  u n i r r a d i a t e d  m a t e r i a l .  A t  525°C t h e  

d i s l o c a t i o n  d e n s i t y  a c t u a l l y  i n c r e a s e d  s l i g h t l y .  F igure  6.1.3(b) shows 

t h e  type 316 s t a i n l e s s  s tee l  m i c r o s t r u c t u r e  under k i n e m a t i c a l  d i f f r a c t i o n  

c o n d i t i o n s  a f t e r  i r r a d i a t i o n  at  625°C. Under t h e s e  c o n d i t i o n s  t h e  cav i-  

t i e s  and on ly  a few d i s l o c a t i o n s  were imaged. The s h o r t  da rk  l i n e s  

o r i e n t e d  i n  t h e  same d i r e c t i o n  are d i s l o c a t i o n  loops  p e r p e n d i c u l a r  t o  t h e  

p l a n e  of t h e  specimen f o i l .  

The  swelling r e s u l t s  f o r  LRO-20 and -37 and those r e p o r t e d  ear l ier1 

f o r  LRO-16 and -35 a r e  shown i n  Fig. 6.1.4 as a f u n c t i o n  of i r r a d i a t i o n  

t empera tu re .  Data are a l s o  inc luded  €or  20%-cold-worked type  316 s t a i n l e s s  

s t e e l ,  used as an i n t e r n a l  s t a n d a r d .  The type  316 s c a t t e r  b a r s  i n c l u d e  

d a t a  f o r  t h a t  a l l o y  from two s e p a r a t e  i r r a d i a t i o n  r u n s  and i n d i c a t e  t h e  

magnitude of s c a t t e r  expec ted  f o r  t h e  d a t a  on t h e  LRO a l l o y s .  The measured 

s w e l l i n g  i n  a l l  four  of t h e  LRO a l l o y s  w a s  l e s s  than  i n  t h e  20%-cold- 

worked type  316 s t a i n l e s s  s tee l  f o r  i r r a d i a t i o n  t empera tu res  below the 

c r i t i c a l  o r d e r i n g  t empera tu re ,  T,, of about 67OOC. 

were d i s o r d e r e d  o r  perhaps c o n t a i n e d  some shor t- range  o r d e r ,  and a l l  

e x c e p t  LRO-35 swel led  c o n s i d e r a b l y  more than  t h e  type 316. The s w e l l i n g  

c u r v e s  f o r  t h e s e  a l l o y s  (LRO-16, -20, and -37) were drawn t o  show a ve ry  

Above T ,  t h e  LRO a l l o y s  
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Fig.  6.1.4. Swel l ing  of Iron-Base Long-Range-Ordered Al loys  a s  a 
Func t ion  of I r r a d i a t i o n  Temperature.  Specimens were i r r a d i a t e d  w i t h  4-!lev 
n i c k e l  i o n s  t o  70 dpa,  wi th  s imul taneous  i n j e c t i o n  of 8 a t .  ppm He and 
2 8  a t .  ppm D p e r  dpa. 

r a p i d  i n c r e a s e  beginning j u s t  below T,. 

bu t  t h e  a c t u a l  shape of t h e  s w e l l i n g  c u r v e s  i n  t h a t  t empera tu re  r e g i o n  has  

n o t  been v e r i f i e d  by exper iment .  

observed f o r  t h e s e  t h r e e  LRO a l l o y s ,  t h e  d a t a  f o r  LRO-35 at  680°C a r e  

s u s p e c t  and should  be reexamined. The e f f e c t  of t h e  t i t a n i u m  a d d i t i o n  

d e s c r i b e d  p r e v i o u s l y 1  and shown i n  Fig. 6.1.4 f o r  t h e  LRO-16 and -35 p a i r  

of  a l l o y s  w a s  not  a s  s t r i k i n g  f o r  the LRO-20 and -37 p a i r ,  t h a t  i s ,  t h e  

s w e l l i n g  behav io r  (below T,) f o r  LR0-20 and -37 was n e a r l y  i d e n t i c a l .  

N e v e r t h e l e s s ,  t h e  e f f e c t  of t i t a n i u m  i n  reduc ing  s w e l l i n g  i n  LRO a l l o y s  

d e s e r v e s  f u r t h e r  i n v e s t i g a t i o n .  The removal of sigma phase from t h e  

m i c r o s t r u c t u r e  may have produced some r e s i s t a n c e  t o  s w e l l i n g ,  a s  t h e  

LRO-20 a l l o y  swe l led  less than LRO-16 f o r  i r r a d i a t i o n  below T,. 

t h e  s w e l l i n g  of t h e  two a l l o y s  w a s  w i t h i n  t h e  l i m i t s  of s c a t t e r  f o r  one 

a n o t h e r .  A d e f i n i t e  c o n c l u s i o n  concerning t h e  e f f e c t  of sigma phase i s  

n o t  p o s s i b l e .  

Th i s  i s  a r e a s o n a b l e  assumpt ion,  

On t h e  b a s i s  of t h e  s w e l l i n g  above T, 

However, 
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6.1.5 Conclus ion and Fu tu re  Work 

The i ron- base  LRO a l l o y s  i n v e s t i g a t e d  were more r e s i s t a n t  t o  s w e l l i n g  

t h a n  20%-cold-worked type 316 s t a i n l e s s  s t e e l  when i r r a d i a t e d  w i t h  

4-?lev n i c k e l  i o n s  t o  70 dpa i n  t h e  range 525 t o  625"C, w i t h  s imul taneous  

i n j e c t i o n  of 8 a t .  ppm He and 28 a t .  ppm D per dpa. Small t i t a n i u m  

a d d i t i o n s  appear  t o  improve t h e  r e s i s t a n c e  t o  s w e l l i n g  i n  some LKO a l l o y s ,  

h u t  more work is needed t o  d e f i n e  i t s  r o l e  i n  the p r o c e s s .  The p o s s i b l e  

r o l e  of sigma phase i n  s w e l l i n g  of t h e  LRO a l l o y s  has  not  been i d e n t i E i e d .  

A l l  t h e  LKO a l l o y s  r e t a i n e d  t h e i r  o r d e r  a s  long  as the  i r r a d i a t i o n  tem- 

p e r a t u r e  w a s  kep t  below t h e  c r i t i c a l  o r d e r i n g  t empera tu re  of about  670'C. 

Above T,, t h e  s w e l l i n g  i n  t h r e e  of t h e  f o u r  LKO a l l o y s  i n c r e a s e d  

markedly t o  v a l u e s  g r e a t e r  than  t h o s e  observed f o r  t h e  type  316. 

F u t u r e  work i s  aimed a t  de te rmin ing  t h e  e f f e c t  of i o n  i r r a d i a t i o n  a s  

w e l l  as n e u t r o n  i r r a d i a t i o n  i n  both  t h e  Oak Ridge Uesearch Reactor  (OKR) 

and High Flux I s o t o p e  Reactor ( H F I K )  on t h e  m i c r o s t r u c t u r e  and mechanical  

p r o p e r t i e s  of t h e  i ron- base  LKO a l l o y s .  The e f f e c t s  of adding d i E f e r e n t  

amounts of t i t a n i u m  t o  t h e  LRO a l l o y s  and u s i n g  fer rovanadium m e l t i n g  

s t o c k  on r e s i s t a n c e  t o  s w e l l i n g  w i l l  a l s o  be i n v e s t i g a t e d .  F i n a l l y ,  w e  

w i l l  a t t e m p t  t o  measure t h e  degree  of o r d e r  q u a n t i t a t i v e l y  i n  t h e  e l e c t r o n  

microscope.  This  t echn ique  w i l l  he used t o  examine any d i s o r d e r i n g  t h a t  

might O C C U K  because  of i r r a d i a t i o n .  

6.1.6 Keference  

1. D. N. B r a s k i ,  "The E f f e c t  of 4-HeV Nickel  Ion  I r r a d i a t i o n  on t h e  

M i c r o s t r u c t u r e  of (Fe,Ni)3V Long-Range-Ordered Al loys ,"  ADIP  Quart. 

Prog. R e p .  June 30, 2 9 8 0 ,  DOE/ER-O045/3, pp. 162-73. 
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1 2 4  

7 . 1  CHAKACTEKIZATION OF FUSIOLI-FEKgITIC STEEL PROGKtVl 12  C r  HCAT A?JU 
:lETALI,UKGICAL STUDIES ON 12  C r - 1  ;lo STECL - K. I). S t evenson  
(General  Atomic Company) 

No c o n t r i b u t i o n  this  q u a r t e r .  
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7.2 FKACTUKE TOUGHNESS TESTING OF ALLOY HT-9 - J. R. Hawthorne (Naval 
Res ear ch La bo r d t or  y ) 

L o s t  in transit. 



7.3 ANALYSIS OF LASER WELDS IN HT9 

J .  C. Lippold (Sandia National Laboratories, Livermore, CA) 

7.3.1 ADIP Task 

The Department of Energy (DOE)/Office of Fusion Energy (OFE) has 

cited the need for these data under the ADIP Program Task, Ferritic 
Alloy Development (Path E). 

7.3.2 Objective 

Laser welding provides a low heat input, high energy density join- 
ing method which may be of value for welding the candidate 12Cr-lMo 

ferritic/martensitic first wall alloy in the Experimental Test Facility 

(ETF). 

variations on both the macroscopic weld quality and the microstructural 
features of HT9 laser welds. The laser welder employed is located at 

the Naval Research Laboratory, and was made available f o r  this study 

through the courtesy of D r .  Ed Metzbower and Dr. Deug Moon. 

This phase of our investigation addressed the effect of weld 

7.3.3 Summary 

Laser welds were made in 6.35mm (0.25 in) HT9 plate using a variety 

of travel speedjfocal length combinations at a constant laser power 

level of 6kW. 

ranging from 1.27 to 4.23 mm/sec exhibited scattered porosity and occa- 

sional centerline cracking. Defocusing the laser beam relative to the 

plate resulted in welds containing severe porosity and centerline cracks. 

Microstructural and microhardness evaluation of the welds indicated that 
the region of highest hardness occurred in the heat-affected zone immediate- 

ly adjacent to the fusion line. A mechanism for centerline cracking in this 
alloy has been proposed. 

Welds performed at sharp focus with weld travel speeds 

7.3.4 Progress and Status 

High energy density, low heat input welding processes are often 

employed to join materials which are susceptible t o  cracking in the heat- 

affected zone (HAZ) o r  which experience a degradation in mechanical 
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properties as a result of the weld thermal cycle. The steep thermal 

gradient which is established in the HAZ of laser welds minimizes the 

extent of the susceptible microstructure and reduces the thermally- 

induced distortion associated with other fusion welding processes. 

The formation of untempered martensite in the fusion zone and HAZ 

of HT9 weldments presents a serious fabrication problem which normally 

must be alleviated by postweld heat treatment. 

will minimize the amount of untempered martensite which forms and hope- 

fully produce a microstructure which is more amenable to postweld heat 

treatment. 

Laser welding of HT9 

7 . 3 . 4 . 1  Experimental Approach 

The HT9 base material was provided by General Atomics Company in the 

form of 12 .7  cm (5 in) O.D. pipe with a 6 . 4  mm (0.25 in) wall thickness. 

The composition of the material is listed in Table 1. Sections 5.08 cm 

(2 in) wide were removed from the pipe parallel to the longitudinal 

axis. These sections were subsequently rolled flat, austenitized for 

30 minutes at 1150°C (2100°F), and tempered for 1 hour at 750°C (1380'F). 

The resultant microstructure consisted of a mixture of tempered martensite 

and carbides and exhibited a hardness of Rc22. 

Table 1 

Chemical Composition (wt%) 

C Si Mn Cr Ni Mo W v P S 
0.22 0.38 0.52 1 1 . 3  0.50 0.85 0.50 0.27 .019 .006 
__ ~ ~ ~ __ __ ~ -_ __ - 

Autogenous, bead-on-plate laser welds were made at the Naval Research 

Laboratory using a continuous wave CO2 laser rated at 15kW maximum output. 

The experimental program investigated the effect of travel speed and 

weld heat input on weld quality when the laser beam was focused on the 

surface of the workpiece (sharp focus). In addition, the effect of 

focal distance on both weld quality and weld penetration was evaluated. 

All welds were made without preheat and subsequent evaluation was per- 

formed on samples in the as-welded condition. The weld parameters and 

resultant weld appearance are outlined in Table 2. Weld defects, 
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including both cracks and porosity, were located by x-ray radiography. 

Metallographic sections transverse to the welding direction were examined 

to determine the nature of the weld defects and to reveal the micro- 

structural details of the weld region. 

Table 2 

Laser Weld Parameters 

Weld 1 

11-1 

11-3 

1-2 

-__ 

1-3 

1-4 
11-5 

11-6 

11-7 

1-9 

1-10 

1-11 

1-12 

1-13 

1-14 

Travel Speed 
mm/sec (in/min) 

1.27 (30) 

1.69 ( 4 0 )  

2.12 (50) 

2.33 (55) 

2.96 (70) 
3.39 ( 8 0 )  

3.81 (90) 

4.23 (100) 

2.96 (70) 

Focal Distance 
Em (in) 

51.44 (20.25) 

51.69 (20.35) 

51.94 (20.45) 

52.20 (20.55) 

51.18 (20.15) 

50.93 (20.05) 

50.67 (19.95) 

leat Input 
;J/mm (kJ/in) 

0.47 (12) 

0.35 (9) 

0.28 (7.2) 

0.26 (6.55) 

0.20 (5.14) 
0.18 (4.5) 

0.16 (4) 

0.14 (3.6) 

0.20 (5.14) 

Defects 

None 

Porosity 

Porosity 
Cracking 

Porosity 
Cracking 

Porosity (severe) 
Cracking 
Porosity 

Porosity 

Porosity 

Porosity 
Cracking 

Porosity 

Porosity 

Porosity (severe) 

Porosity 

Porosity (severe) 
Cracking 

7.3.4.2 Effect of Weld Travel Speed 

The effect of weld travel speed on the penetration characteristics 

and weld bead contour is illustrated by the series of macrographs in 

Figure 1. A l l  the welds were made at a laser power-level of 6kW and 

sharp focus. Since the weld heat input is inversely proportional to 

the travel speed, the heat input decreases as the welding speed increases, 

so that increased speed results in welds with progressively less pene- 
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iount of retained ferrite is a function of both the solute segregation 

isociated with solidification and the weld cooling rate, it appears that 

le cooling rate is more influential in controlling the microstructure. 

Le small proportion of residual ferrite observed in gas-tungsten arc 

:TA) welds in the same material tends to support this observation. 1 

The microstructure along the fusion boundary in Figure 3 consists 

.most entirely of untempered martensite. 

'e observed along prior austenite grain boundaries; these islands result 

'om the solid-state transformation of austenite to ferrite at tempera- 

ires slightly below the bulk solidus temperature. 

:cursions associated with low heat input laser welds prevent the more 

:tensive transformation to ferrite which was observed in the fusion 

undary region of GTA welds. 

Occasional islands of ferrite 

The rapid thermal 

The HAZ consists of two distinct microstructural regions. The first 

:gion, immediately adjacent to the fusion line consists entirely of 

itempered martensite and extends less than 0.25 mm from the fusion line. 

lis region represents the portion of the HAZ in which the martensite 

is completely transformed to austenite and the alloy carbides have been 

!solutionized. The fine lath-like morphology of this region is shown 

i Figure 3.  

ito a mixture of untempered martensite and carbides. 

.on temperature experienced by this region prevents complete dissolution 

i the carbides and lowers the as-welded hardness relative to the fully 

ransformed HAZ. Evidence of the alloy carbides interspersed among the 

irtensite laths can also be seen in Figure 3. 

More remote from the fusion line the microstructure evolves 

The lower austeniza- 

. 3 . 4 . 5  Effect of Cooling Rate on As-Welded Hardness 

Microhardness indentations were made within both the fusion zone and 

iZ of a series of laser welds of varying heat input in order to determine 

le effect of cooling rate on the as-welded hardness. 
35s observed in each region is summarized in Table 3.  

The maximum hard- 

Hardness data from 

previous investigation of GTA welds are also included for comparison. 
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Table 3 

Hardness of Weld Regions 

Heat Input Fusion Zone HAZ 
Weld I\ (kJ/m)  (RP) (Re) 
11-1 0.47 46 48.5 

1-3 0 . 2 6  49 51 
11-7 0.14 52 53 

GTA 0.79 49 49 

The hardness of the fully transformed HAZ always slightly exceeds 
the hardness of the fusion zone, probably as a consequence of the two- 
phase mixture of untempered martensite and ferrite in the fusion zone. 

The increase in hardness with decreasing heat input indicates that the 

martensite hardness is somewhat sensitive to cooling rate. This effect 
probably results from the formation of extremely fine martensite laths 
upon rapid cooling, augmented by the suppression of autotempering since 

the structure is effectively quenched from the austenization temperature. 

7.3.4.6 Temperature Gradients in the HAZ 

The results of microhardness traverses from the fusion line into the 

HA2 can be used to calculate the approximate temperature gradient which 
is established during laser welding. The hardness of the HAZ results 

from heating into the temperature range between the lower critical 

temperature (bl) and the solidus temperature, followed by subsequent 
cooling to produce untempered martenite. Departure from base metal hardness 
therefore indicates that the region has experienced a temperature above 

the Acl. 
the local temperature gradient (C/mm) assuming that the solidus tempera- 

ture is approximately 1400'C and the Acl is 850°C. 
ture gradients estimated for laser welds of varying heat inputs and also 

in a reference GTA weld are listed in Table 4. 

Measurement of the extent of this region allows one to calculate 

The resulting tempera- 
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Table 4 
Estimated Temperature Gradients in the HAZ 

Weld # Heat Input Gradient (C/mm) 

11-1 0.47 430 

1-3 0.26 720 

11-7 0.14 1450 

GTA 0.79 270 

The steepness of the gradients generated during laser welding 
result in narrower heat-affected zones than in GTA welds which produce 

the same penetration. As a consequence the extent of the region adja- 
cent to the fusion line which exhibits full martensitic hardness will be 
drastically reduced in low heat input laser welds. Minimization of this 

region may be an important factor when considering the tempering response 

and subsequent mechanical properties of the weld region. 

7.3.4.7 Centerline Cracking Mechanism 

Cracking was frequently observed along the centerline of high aspect 

ratio welds. The rapid travel speeds employed in laser welding produce 
an elongated, teardrop-shaped weld puddle which in turn leads to 

impingement of advancing solidification fronts along a distinct line 
midway between the opposing fusion lines. This impingement is accompanied 
by localized enrichment Of: the centerline region in solute elements pushed 

ahead of the solidification front. This localized enrichment along a 

plane-transverse to the direction of maximum thermally-induced stress 
tends to lower the local solidus temperature, thereby creating a crack- 
susceptible microstructure. 

The microstructure in tht ;hown 

in Figure 4. At higher magniilL-LlvL, lL vc D z c L L  LL.-LL ,,,;k is 

associated with islands of ferrite (as denoted by the arrows) which run 

along the centerline. 

tion during solidification and its location corresponds to regions which 

were the last to solidify. 

centerline is not associated with the solidification process; instead, 

Again, this ferrite results from solute redistribu- 

It has been proposed’ that cracking along the 
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Cracking Along the Weld Centerline, a )75X;  b)  8OOX. Arrows 
denote retained ferrite associated with the fracture path. 
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cracks form in the solid state due to the lower strength of the delta 

ferrite relative to the untempered martensite. 

Sections of the weld containing the centerline crack surface were 
examined in the scanning electron microscope (SEM) in order to determine 
the failure mechanism. A fractograph of the crack surface is shown in 

Figure 5. 

cation substructure of the fusion zone and indicates that failure occurred 

during the final stages of solidification. 

through the ferrite would most likely produce a ductile dimple fracture 

morphology, it is apparent that local depression of the solidus temperature 
along the weld centerline produces the crack-susceptible microstructure 
responsible for the centerline cracks. 

The dendritic morphology of the surface reflects the solidifi- 

Since a solid-state fracture 

7.3.5 Conclusions 

1. Radiographic and metallographic examination of HT9 laser welds 

revealed the presence of both porosity and centerline hot cracks in 
the majority of the welds. 

2 .  Increasing the weld travel speed at sharp focus decreased the 
weld penetration and resulted in little deterioration of the weld quality. 

3. Defocusing the laser beam relative to the surface of the work- 

piece was the most deleterious variable affecting weld quality. 
4. The retention of metastable delta ferrite in the weld fusion 

zone results from the suppression of the diffusion-controlled ferrite-to- 
austenite transformation upon rapid cooling from the solidification range. 

The hardness of the fully transformed region of the heat-affected 

zone was found to be sensitive to the rate of cooling from the austenitiz- 

ing temperature range. 

5. 

6 .  Cracking along the weld centerline results from the localized 

depression of the solidus temDerature concurrent with the final stages 

of solid 
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i 

Figure 5. SEM fractographs of the centerline crack surface; a) 300X; 
b) 1OOOX. 
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7 . 4  ENVIRONPIEXTAL EFFECTS O N  PROPERTIES OF F E R R I T I C  STEELS - 0 .  K .  Chopra 
and D .  L .  Smith (Argonne Na t iona l  Labora to ry )  

7 . 4 . 1  h D I P  Task ~ . _ _  

A D I P  t a s k s  a r e  n o t  d e f i n e d  f o r  f e r r i t i c  s t e e l s  i n  t h e  1978 

program p lan .  

7 . 4 . 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  program is t o  i n v e s t i g a t e  the  c o m p a t i b i l i t y ,  

c o r r o s i o n ,  and i n f l u e n c e  of chemical  environment  on t h e  mechanical  prop- 

er t ies  of f e r r i t i c  s teels  under c o n d i t i o n s  of i n t e r e s t  i n  f u s i o n  r e a c t o r s .  

T e s t  environments 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 ,  w a t e r ,  and helium 

a s  w e l l  a s  c a n d i d a t e  s o l i d  b r e e d i n g  m a t e r i a l s  and n e u t r o n  m u l t i p l i e r s .  

Emphasis w i l l  be p laced  on t h e  combined e f f e c t  of stress and chemical  en-  

vironment on c o r r o s i o n  and mechanical  p r o p e r t i e s  of f e r r i t i c  s t e e l s .  

T e s t s  have been fo rmula ted  t o  de te rmine  t h e  (1) e f f e c t  of l i q u i d  l i t h i u m  

environment on f a t i g u e  and c r e e p- f a t i g u e  p r o p e r t i e s  of f e r r i t i c  s t e e l s  

and (2)  c o m p a t i b i l i t y  of s t r u c t u r a l  m a t e r i a l s  w i t h  l i q u i d  l i t h i u m  and 

c a n d i d a t e  s o l i d  t r i t i u m- b r e e d i n g  m a t e r i a l s .  I n i t i a l  t es ts  w i l l  f o c u s  on 

t h e  Sandvik Al loy HT-9 and a developmental  Fe-9Cr-IMo s t e e l .  

7 . 4 .  3 Summary 

S e v e r a l  con t inuous- cyc le  f a t i g u e  tests  have been conducted w i t h  

2.5-mm-diameter specimens of HT-9 a l l o y  a t  755 K i n  f lowing  l i t h i u m .  

The r e s u l t s  i n d i c a t e  a s t r o n g  e f f e c t  of c o r r o s i o n  on t h e  f a t i g u e  l i f e  of  

HT-9 a l l o y  i n  a l i q u i d  l i t h i u m  environment.  A t  a t o t a l  s t r a i n  range  of 

0 .5%,  t h e  f a t i g u e  l i f e  i n  l i t h i u m  i s  a f a c t o r  of  2.5 lower than t h a t  i n  a 

l i q u i d  sodium environment.  T h e  specimens t e s t e d  i n  l i t h i u m  show i n t e r -  

g r a n u l a r  c r a c k s  a l o n g  t h e  e n t i r e  gauge l e n g t h .  F a t i g u e  t e s t s  a t  d i f f e r e n t  

s t r a i n  r a t e s  and s t r a i n  sequence a r e  b e i n g  conducted t o  e s t a b l i s h  t h e  

impor tan t  pa ramete r s .  v i z . ,  s t r e s s f s t r a i n  range ,  f r equency ,  l i t h i u m  

p u r i t y ,  e t c .  Exposure of c o r r o s i o n  specimens of HT-9 a l l o y ,  Type 316 

3 s t a i n l e s s  s t e e l ,  and I n c o n e l  625 wi th  s o l i d  L i  0 ,  L i A 1 0 2 ,  and L i 2 S i 0  

b r e e d i n g  m a t e r i a l s  a t  873 K has  been completed.  M e t a l l o g r a p h i c  e v a l u a t i o n  

of t h e  specimens i s  i n  p r o g r e s s .  P r e l i m i n a r y  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  ox ide  i s  t h e  most r e a c t i v e  of t h e  t h r e e  b r e e d i n g  m a t e r i a l s .  

2 
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7 . 4 . 4  P r o g r e s s  and S t a t u s  - 

7 . 4 . 4 . 1  I n t r o d u c t i o n  _____ 
F e r r i t i c  s tee ls ,  such a s  Sandvik HT-9 and developmental  

Fe-gCr-lMo, have been proposed as c a n d i d a t e  materials f o r  t h e  f i r s t  

w a l l / b l a n k e t  of m a g n e t i c a l l y  c o n f i n e d  f u s i o n  r e a c t o r s .  The pr imary in-  

c e n t i v e  f o r  c o n s i d e r a t i o n  of f e r r i t i c  s tee ls  i s  t h e i r  lower v o i d  s w e l l i n g  

behav io r  and h i g h e r  i n- r e a c t o r  c r e e p  r e s i s t a n c e  t h a n  a u s t e n i t i c  s t a i n l e s s  

s teels .  Also ,  t h e  b e t t e r  p h y s i c a l  p r o p e r t i e s  p r o v i d e  a reduced t h e r m a l  

stress f a c t o r .  However, r e l a t i v e l y  l i t t l e  i n f o r m a t i o n  is a v a i l a b l e  on 

t h e  i n f l u e n c e  of t h e  chemical. environment on mechanical  p r o p e r t i e s  of 

f e r r i t i c  s t e e l s .  

The f i r s t  w a l l  undergoes  t h e  most s e v e r e  the rmal  c y c l i n g  

because of  i t s  exposure  t o  t h e  p-lasma. Consequent ly ,  t h e  f a t i g u e  b e h a v i o r  

o f  t h e  material  i s  an impor tan t  c o n s i d e r a t i o n  i n  t h e  d e s i g n  of t h e  f i r s t  

w a l l l b l a n k e t  r e g i o n .  The i n i t i a l  phase  of t h e  p r e s e n t  program i s  

des igned t o  p r o v i d e  d a t a  on t h e  (1) e f f e c t s  of a l i q u i d  l i t h i u m  env i ron-  

ment on t h e  f a t i g u e  p r o p e r t i e s  0:: HT-9 and Fe-9Cr-1Mo steels and ( 2 )  com- 

p a t i b i l i t y  of  c a n d i d a t e  f e r r i t i c  steels w i t h  l i q u i d  l i t h i u m  and s o l i d  

t r i t i u m- b r e e d i n g  m a t e r i a l s .  

7 . 4 . 4 . 2  F a t i g u e  Tests 
The f a c i l i t y  f o r  conduct ing f a t i g u e  tests i n  a f lowing  

l i t h i u m  environment h a s  been d e s - r i b e d  i n  an earl ier  r e p o r t . '  

c o n s i s t s  of a s e r v o c o n t r o l l e d ,  h y d r a u l i c- a c t u a t e d  MTS f a t i g u e  machine 

w i t h  a n  a s s o c i a t e d  forced- flow l i q u i d  l i t h i u m  loop .  The l i t h i u m  l o o p ,  

which is  c o n s t r u c t e d  of  s t a i n l e s s  s teel ,  c o n s i s t s  of t h r e e  tes t  v e s s e l s  

and a c o l d- t r a p  p u r i f i c a t i o n  system. The l i t h i u m  l o o p  w a s  o p e r a t e d  con- 

t i n u o u s l y  a t  c o l d- t r a p  t e m p e r a t u r e s  between 475 and 500 K and maximum 

t e m p e r a t u r e s  between 620 and 760 K. After 510.8 M s  (53000 h)  of opera-  

t i o n ,  t h e  c o l d- t r a p  p u r i f i c a t i o n  loop  showed a g r a d u a l  r e d u c t i o n  i n  

l i t h i u m  flow. E v e n t u a l l y ,  t h e  loop  w a s  s h u t  down a f t e r  515.1 M s  (4200 h) 

due t o  p lugg ing  of  t h e  c o l d- t r a p  loop .  The flowmeter and pump s e c t i o n  of 

t h e  c o l d- t r a p  loop were c u t  o u t  and r e p l a c e d  by a new p i p e .  The d e p o s i t s  

i n  t h e  plugged s e c t i o n  are b e i n g  examined m e t a l l o g r a p h i c a l l y  t o  de te rmine  

t h e  n a t u r e  and composi t ion of t h e  d e p o s i t s .  

The sys tem 
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During o p e r a t i o n ,  f i l t e r e d  l i t h i u m  d i p  samples were 

t aken  a f t e r  f i x e d  t ime i n t e r v a l s  f o r  a n a l y s i s  of n i t r o g e n  and carbon i n  

l i t h i u m .  Specimens of z i rconium,  vanadium, and y t t r i u m  were exposed t o  

l i t h i u m  t o  de te rmine  t h e  c o n c e n t r a t i o n s  of  oxygen and hydrogen i n  l i t h i u m .  

The c o n c e n t r a t i o n s  o f  n i t r o g e n  and carbon i n  l i t h i u m  o b t a i n e d  a f t e r  

d i f f e r e n t  l o o p  o p e r a t i n g  t ime a re  g iven  i n  Table  7 . 4 . 1 .  The r e s u l t s  i n d i c a t e  

t h a t  a f t e r  2.10.8 M s  of loop  o p e r a t i o n ,  t h e  c o n c e n t r a t i o n  of n i t r o g e n  i n  

l i t h i u m  w a s  > l o 0 0  ppm. 

S e v e r a l  con t inuous- cyc le  f a t i g u e  tests  have been conducted 

w i t h  2.5-mm-diameter specimens of HT-9 a l l o y  i n  f lowing  l i t h i u m  a t  755 K .  

The tests were conducted i n  t h e  a x i a l  s t r o k e- c o n t r o l  mode a t  a s t r a i n  ra te  

of 1.4 x 

s t r a i n .  T h e  d imensions  of t h e  t e s t  specimens and t h e  p rocedure  f o r  s t r a i n  

c o n t r o l  and s t r a i n  measurement were  d e s c r i b e d  e a r l i e r . 2 i 3  The f a t i g u e  

specimens were normal ized a t  1323 K f o r  1 .8  k s  and a i r  coo led  fo l lowed  

by temper ing a t  1053 K f o r  9 .0  k s  and a i r  c o o l e d .  

s-1, w i t h  a f u l l y  r e v e r s e d  t r i a n g u l a r  waveform and z e r o  mean 

The con t inuous- cyc le  f a t i g u e  d a t a  f o r  HT-9 a l l o y  t e s t e d  

a t  755 K i n  l i t h i u m  and sodium environments  are  shown i n  F i g .  7.4.1. The 

r e s u l t s  show t h a t  i n  a l i t h i u m  environment ,  t h e  p l a s t i c  s t r a i n  range  and 

f a t i g u e  l i f e  f o l l o w  a s i n g l e  power-law r e l a t i o n s h i p  up t o  %25,000 c y c l e s .  

F a t i g u e  l i f e  beyond 25,000 c y c l e s  i s  s i g n i f i c a n t l y  lower than  t h a t  pre-  

d i c t e d  by t h e  power l a w .  F a t i g u e  r e s u l t s  f o r  t h e  specimens  t e s t e d  i n  a 

sodium environment a g r e e  w e l l  w i t h  t h e  power-law r e l a t i o n s h i p .  These 

r e s u l t s  i n d i c a t e  a s t r o n g  e f f e c t  of  c o r r o s i o n  on t h e  f a t i g u e  l i f e  of HT-9 

a l l o y  i n  a l i q u i d  l i t h i u m  environment .  For example, a t  a t o t a l  s t r a i n  

range  of  0 .5%, t h e  f a t i g u e  l i f e  i n  l i t h i u m  i s  a f a c t o r  of 1.5 lower than  

t h a t  i n  a sodium environment.  

F i g u r e  7 . 4 . 1  sbows t h e  resu l t s  f o r  two tests ,  i . e . ,  a t  a 

s t r a i n  rate  of 4 x 10-4 and w i t h  a ho ld  p e r i o d  of 90 ks a t  0.3% s t r a i n  

i n  t e n s i o n  p r i o r  t o  f a t i g u e  c y c l i n g ,  which were conducted t o  de te rmine  t h e  

e f f e c t  of l i t h i u m  exposure  time on f a t i g u e  l i f e .  The r e s u l t s  show t h a t  pre-  

exposure  of  t h e  specimens a t  0.3% t e n s i l e  s t r a i n  f o r  90 k s  (cor responds  t o  

' ~ 3 5 , 0 0 0  c y c l e s  of con t inuous- cyc le  f a t i g u e  test  a t  t o t a l  s t r a in  r a n g e  of 

%0.5% and 4 x s t r a i n  r a t e )  h a s  no e f f e c t  on t h e  f a t i g u e  l i f e  of  

HT-9 a l l o y  i n  a l i t h i u m  environment.  



1 4 3  
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TABLE 7 . 4 . 1 .  C o n c e n t r a t i o n s  o f  N i t r o g e n  a n d  Carbon  i n  L i t h i u m  O b t a i n e d  
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HT- 9 A l l o y  T e s t e d  i n  L i t h i u m  a t  755  K .  

f o r  
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The f r a c t u r e  s u r f a c e  and t h e  l o n g i t u d i n a l  s e c t i o n  of  t h e  

f a t i g u e  specimens were examined m e t a l l o g r a p h i c a l l y  t o  e v a l u a t e  t h e  in-  

f l u e n c e  of test  c o n d i t i o n s  on t h e  mode of f r a c t u r e  and c o r r o s i o n .  The 

r e s u l t s  show t h a t  t h e  specimens which f o l l o w  t h e  power-law s t r a i n - l i f e  

r e l a t i o n s h i p  have a t y p i c a l  f a t i g u e  f r a c t u r e  s u r f a c e  and l i t t l e  o r  no 

i n t e r n a l  c o r r o s i v e  a t t a c k .  However, t h e  specimens wi th  a reduced f a t i g u e  

l i f e  show a p a r t i a l  i n t e r g r a n u l a r  f r a c t u r e  mode, i . e . ,  i n t e r g r a n u l a r  

f r a c t u r e  n e a r  t h e  specimen gauge s u r f a c e ,  and c o n s i d e r a b l e  i n t e r n a l  c o r r o-  

s i v e  p e n e t r a t i o n .  Micrographs of t h e  l o n g i t u d i n a l  s e c t i o n  of t h e  s p e c i -  

nens from two t e s t s  a r e  s:iown i n  F ig .  7 . 4 . 2 .  R o t 1 1  specimens show .-5-10 i lm 

c o r r o s i v e  a t t a c k  a l o n g  t h e  e n t i r e  gauge l e n g t h  and i n t e r g r a n u l a r  c o r r o s i o n  

which e x t e n d s  100-300 urn. The specimen t e s t e d  a t  t h e  lower s t r a i n  r a t e  

shows g r e a t e r  i n t e r g r a n u l a r  a t t a c k  because  of t h e  l o n g e r  d u r a t i o n  of t h e  

t e s t .  

The c o n c e n t r a t i o n  of n i t r o g e n  i n  l i t h i u m  d u r i n g  most of  

t h e  f a t i g u e  t e s t s  was between 80 and 130 ppm. llowever, f o r  t h e  f a t i g u e  

t e s t s  which show a reduced f a t i g u e  l i f e ,  n i t r o g e n  c o n c e n t r a t i o n  i n  l i t h i u m  

w a s  >lo00 ppm. I t  i s  p r o b a b l e  t h a t  t h e  r ed i i c t ion  i n  f a t i g u e  l i f e  of  t h e  

HT-9 a l l o y  is due t o  t h e  g r e a t e r  c o r r o s i v e  a t t a c k  caused by a h i g h  con- 

c e n t r a t i o n  of n i t r o g e n  i n  l i t h i u m .  F a t i g u e  t e s t s  a t  low s t r a i n  r a n g e ,  

i . e . ,  < 0 . 7 % ,  w i l l  be r e p e a t e d  i n  l i t h i u m  c o n t a i n i n g  %lo0 ppm n i t r o g e n  

t o  e v a l u a t e  t h e  i n f l u e n c e  of n i t r o g e n  on t h e  f a t i g u e  l i f e  of t h e  HT-Y 

a l l o y  i n  l i t h i u m .  

7 . 4 . 4 . 3  __ C o m p a t i b i l i t y  

The f i r s t  t e s t  t o  s t u d y  t h e  c o m p a t i b i l i t y  of s t r u c t u r a l  

m a t e r i a l s  w i t h  c a n d i d a t e  s o l i d  t r i t i u m- b r e e d i n g  m a t e r i a l s  h a s  been com- 

p l e t e d .  F l a t  specimens of HT-9 a l l o y ,  Type  316 s t a i n l e s s  s t e e l ,  and 

Incone l  625 were exposed i n  c o n t a c t  w i t h  s o l i d  L i  0,  L i A 1 0 2 ,  and L i  S i 0  

m a t e r i a l  i n  a hel ium environment f o r  1.6.84 M s  (1.1900 h) a t  873 K. Each 

specimen w a s  1.13 mm on a s i d e  w i t h  t h i c k n e s s  between 0.8 and 1 . 4  mm. 

The specimens were weighed and measured b e f o r e  and a f t e r  t h e  exposure  

t o  de te rmine  weight  change o r  m e t a l  l o s s .  

2 2 3  
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Af ter  exposure, a l l  t h e  specimens developed an adherent  

grayish-black su r face  s c a l e ,  with t h e  exception of Type 316 s t a i n l e s s  

steel specimen exposed wi th  L i  0, which had a brownish-black s c a l e .  

Scanning e l e c t r o n  micrographs of t h e  su r face  of a l l  t h e  specimens a r e  
shown i n  Fig. 7.4.3. The composition of t h e  su r face  s c a l e s ,  determined by 

energy d i s p e r s i v e  x-ray and e l e c t r o n  microprobe analyses ,  is given i n  

Table 7 . 4 . 2 .  

s t a i n l e s s  steel specimens exposed e i t h e r  with L i A l O  o r  L i  S i0  essen- 

t i a l l y  cons i s t  of i r o n  and chromium oxides,  whereas t h e  s c a l e s  on Inconel 

625 specimens exposed with L i A l O  or L i  S i 0  conta in  chromium and n i c k e l  

oxides. These specimens show n e g l i g i b l e  i n t e r a c t i o n  between t h e  ceramic 

and corros ion  s c a l e .  The opaque g lassy  patches (Fig. 7.4.3) observed on 

the  su r faces  of these  specimens a r e  p ieces  of t h e  ceramic ma te r i a l .  Occa- 

s i o n a l l y ,  a s i g n i f i c a n t  amount of carbon w a s  de tec ted  i n  t h e  opaque 

patches,  poss ib ly  present  as a carbonate.  

2 

The r e s u l t s  show t h a t  t h e  su r face  s c a l e s  on HT-9 and Type 316 

2 2 3  

2 2 3  

The t h r e e  specimens which were exposed wi th  L i  0 show 2 
a d i f f e r e n t  behavior.  These specimens show s u b s t a n t i a l  i n t e r a c t i o n  

between the  ceramic and corros ion  sca l e .  

c e n t r a t i o n s  of chromium, i ron ,  and n i c k e l  i n  t h e  s c a l e  is lower than t h a t  

observed i n  t h e  specimens exposed with L i A l O  or L i  S i0  The corros ion  

s c a l e  on these  specimens poss ib ly  conta ins  a s i g n i f i c a n t  amount of l i t h ium,  

p a r t i c u l a r l y  t h e  s c a l e  observed on Type 316 s t a i n l e s s  steel.  

f r a c t i o n  a n a l y s i s  of t h e  Type 316 stainless steel  specimens revealed t h a t  

t h e  su r face  s c a l e  pr imar i ly  c o n s i s t s  of L i  CO 

brownish color .  

i n t e r a c t i o n  with moisture and carbon dioxide i n  t h e  a i r .  Charac ter iza t ion  

of the  o t h e r  specimens i s  i n  progress  t o  i d e n t i f y  t h e  cor ros ion  products  

i n  t h e  su r face  scales. 

For these  specimens, t h e  con- 

2 2 3' 

X-ray d i f -  

thereby g iv ing  i t  t h e  2 3' 
L i  CO is be l ieved  t o  have formed a f t e r  t h e  test by 2 3  

A d e t a i l e d  examination of the  c r o s s  s e c t i o n  of t h e  speci-  

mens i s  being conducted t o  determine t h e  thickness of t h e  cor ros ion  s c a l e  

and t h e  d i s t r i b u t i o n  of cor ros ion  products i n  t h e  s c a l e .  Prel iminary 

r e s u l t s  a r e  given i n  Table 7.4.3. 

o r  L i  S i0  have an -5-pm-thick su r face  s c a l e ,  whereas t h e  th ickness  of 

t h e  cor ros ion  scale on HT-9 and Type 316 s t a i n l e s s  steel exposed wi th  

L i 2 0  i s  12 and 18 pm, r e spec t ive ly .  

The HT-9 specimens exposed wi th  LiA102  

2 3  

Furthermore, t h e  Type 316 s t a i n l e s s  
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a L g .  I . C I . J .  L)Ld,,L,I, ,& “LCCLLV,, ‘‘IL‘”6LYyL.I Y L  -..- I--- ---- - 
HT-9, Type 316 Stainless  Steel ,  and Inconel 625 
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TABLE 7 . 4 . 2 .  Composition (wt %) of Surface Scale on Corrosion Specimens 

- - ~~ ~ 

Alloy Ceramic 0 s i  s C r  Mn Fe Ni T o t a l  

HT-9 LiN02 22.5 0.7 0.1 27.9 9.6 35.5 0.2 96.5  

L i  Si03 22.9 1 .6  '- 34.0 1.1 30.0 0.2 89.8  2 
L i 2 0  24.4 0 .4  - 21.0 0.7 19.6 9.8 5f.9 

Type 316 SS LiA102 26.3 0.2 0.1 44.2 2.6 16.3 2 . 1  91.8 

L i S i 0 3  24.1 1 . 7  - 37.6 0.7 22.4 3.2 89.7 

L i p  26.3 - - 0.3 - 7.6 0 . 1  34.3 
2 

IN 625 LiA102 34.6 0 .3  9 .1  42.1 0.3 0.9 15.4 9:.7 

Li2si0 26.2 0.5 - 35 .5  0.1 1.1 23.2 8b.G 

LiZO 22.8 0 .1  - 13.5 0.1 1 .7  35.9 74.1 
3 

TABLE 7 . 4 . 3 .  Summary of Corrosion D a t a  

Corrosion Sca le  
Ceramic/Alloy Thickness,  

Ceramic Alloy I n t e r a c t i o n  urn Phasesa Remarks 

Li20 HT-9 
316 S S  
I N  625 

1 , i A l O  I F -  9 
31b SS 
1 N  615 

Li,SiO MT- 9 Weak 
316 S S  I ' . 3  

I N  625 1 

12 
18 
b 

5 
b 
b 

6 
b 
b 

- 
- 1.35 LI r e a c t i o n  zone - 

(Fe.Cr)?O,. Scale  con ta ins  %9Z Mn 
(Cr,Fe);O; Scale  c o n t a i n s  1.3% Mn 
~ i i c r ~ 0 4  

Tent.at ive i d e n t i f  i c a r i o n  based on microprobe a n a l y s i s .  n 

b h a l y s i s  in progress .  
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s t e e l  specimen had Q35-pm-thick o u t e r  l aye r  of r e a c t i o n  zone which con- 

s i s t e d  of ceramic ma te r i a l  embedded with p ieces  of corrosion products.  

It i s  poss ib l e  t h a t  the HT-9 specimen a l s o  had a similar r e a c t i o n  zone 

which broke off when the  a l l o y  and ceramic specimens were separa ted .  

The concent ra t ion  p r o f i l e s  f o r  i r o n ,  chromium, and oxygen 

near the  s u r f a c e  of these  specimens a r e  shown i n  Fig. 7 . 4 . 4 .  The HT-9 

specimens exposed with L i A l O  o r  L i  S i 0  show an enrichment of chromium 

i n  the  s c a l e  and a deple t ion  of chromium near  t h e  su r face .  The concen- 

t r a t i o n  of i r o n  decreases gradual ly  across  t h e  corrosion s c a l e .  A similar 

behavior i s  observed i n  t h e  HT-9 and Type 316 s t a i n l e s s  steel specimens 

exposed with Li20,  except t h a t  the  concent ra t ion  of i r o n  i n  the  s c a l e  i s  

s i g n i f i c a n t l y  higher .  The r e a c t i o n  zone on Type 316 s t a i n l e s s  s t e e l  

specimen conta ins  i r o n  and oxygen w i t h  no chromium. The corros ion  products 

w i l l  be i d e n t i f i e d  by x- ray d i f f r a c t i o n  a n a l y s i s .  

2 2 3  

7 . 4 . 4  Conclusions 

1. Liquid l i t h ium environment has a s t rong  e f f e c t  on t h e  

f a t i g u e  l i f e  of HT-9 a l l o y .  

0.5%, t h e  f a t i g u e  l i f e  i n  l i t h ium is a f a c t o r  of Q5 

lower than t h a t  i n  a l i q u i d  sodium environment. 

A t  a t o t a l  s t r a i n  range of 

2 .  The specimens tes ted i n  l i t h ium a t  755 K show cons iderable  

in t e rg ranu la r  cor ros ion .  

Compatibi l i ty  tests w i t h  s o l i d  L i  0, L i A 1 0 2 ,  and L i  S i 0  2 2 3  
tri t ium-breeding ma te r i a l s  i n d i c a t e  t h a t  L i 2 0  i s  t h e  most 

r e a c t i v e  of t h e  t h r e e  breeding materials. The thickness 

of t h e  cor ros ion  s c a l e  on HT-9 specimen exposed with L i 2 0  

i s  %3 times g r e a t e r  than those observed on specimens 

3 .  

exposed with e i t h e r  L i A l O  o r  L i  Si0 2 2 3'  
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7.5 CALCULATIONS OF HYUROGEN ISOTOPE LOADING I N  HT9 FIRST WALL 
STKUCTUKES 

R. E. S t o l t z ,  M. I. Baskes and G. W. Look (Sandia  N a t i o n a l  
L a b o r a t o r i e s ,  Livermore,  CA) 

7.5.1 A D I P  Task 

The Department of Energy (DOE)/Office of Fusion Energy (OFE) h a s  

c i t e d  t h e  need f o r  t h e s e  d a t a  under t h e  ADIP Program Task, F e r r i t i c  

Al loy Development ( P a t h  E ) .  

7.5.2 O b j e c t i v e  

The g o a l  of t h i s  s t u d y  i s  t o  e v a l u a t e  t h e  hydrogen c o m p a t i b i l i t y  

of a 1 2  Cr-1Mo f e r r i t i c l m a r t e n s i t i c  s t ee l  f o r  use  i n  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 .  Th i s  c o n t r i b u t i o n  f o c u s e s  on c a l c u l a t i o n s  of  

hydrogen i s o t o p e  l o a d i n g s  i n  HT9 d u r i n g  o p e r a t i o n  of a p u l s e d  

Tokamak dev ice .  

7.5.3 Summary 

C a l c u l a t i o n s  of t h e  hydogen l e v e l  i n  f i r s t  w a l l  and b lanke t  

s t r u c t u r e s  have been made u s i n g  HT9 a s  t h e  material of c o n s t r u c t i o n .  

Both d i r e c t l y  i n j e c t e d  deuter ium and t r i t i u m  p r o f i l e s  and hydrogen 

p r o f i l e s  from ( n , p )  r e a c t i o n s  have been c a l c u l a t e d  over  a temperature 

range from 473 t o  638K. Two boundary c o n d i t i o n s  have been assumed: 

ze ro  s u r f a c e  c o n c e n t r a t i o n  and a c o n c e n t r a t i o n  set by t h e  s u r f a c e  

recombinat ion r e a c t i o n  of hydrogen i o n s  t o  form hydrogen molecules .  

The r e s u l t s  i n d i c a t e  t h a t  under  t h e  most s e v e r e  c o n d i t i o n s ,  peak 

hydrogen l e v e l s  w i l l  no t  exceed 0.5 appm and w i l l  l i k e l y  be f a r  

lower.  
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7.5.4 P r o g r e s s  and S t a t u s  ___ 

7.5.4.1 Details of t h e  C a l c u l a t i o n  

C a l c u l a t i o n s  of t h e  hydrogen i s o t o p e  l o a d i n g  d u r i n g  o p e r a t i o n  of 

a p u l s e d  Tokamak r e a c t o r  were pereormed. P r o f i l e s  were determined 

bo th  f o r  deu te r ium and t r i t i u m  d i r e c t l y  i n j e c t e d  from t h e  plasma, and 

f o r  hydrogen produced through (n,p) r e a c t i o n s  i n  an a l l o y  wi th  HT9 

composit ion.  A s  a s t a r t i n g  p o i n t  f o r  t h e  c a l c u l a t i o n s ,  machine 

pa ramete r s  g iven  i n  Tab le  I were used. 

t i o n  of c o n d i t i o n s  from t h e  INTOR and ETF d e s i g n s  ( 1 ) .  

The pa ramete r s  are a combina- 

T a b l e  I 

Parameters f o r  Hydrogen P r o f i l e  C a l c u l a t i o n s  

P u l s e  Dura t ion  

Wall M a t e r i a l  

Wall Th ickness  

Plasma Edge Temp : 

D , T  F lux  

Neutron Energy Flux: 

K f o r  Recombination 
React  i o n  

Temperatures 

100 seconds  on,  35 seconds  o f f  

HT9 (composi t ion i n  T a b l e  11) 

1.0 cm 

kT = 150 eV 

3.2 x 1016 p a r t i c l e s I c m 2  - s e c  

1.5 megawattsIm2 

I 0-16 cm41 s e  c 

473, 573, 638K (200,  300, 365°C) 

The c a l c u l a t i o n s  i n v o l v e  s o l v i n g  t h e  d i f f u s i o n  e q u a t i o n  by 

numercia l  methods a s  o u t l i n e d  in ( 2 )  and a r e  s i m i l a r  t o  t h o s e  made 

f o r  a u s t e n i t i c  s t e e l s  and T i  a l l o y s  ( 3 ) .  The c a l c u l a t i o n  i s  

r e p e a t e d  f o r  s u c c e s s i v e  machine p u l s e  c y c l e s  ( a  t o t a l  d u r a t i o n  of 135 

seconds  f o r  t h i s  c a s e )  u n t i l  a s t e a d y  s t a t e  p r o f i l e  i s  reached.  The 

c a l c u l a t i o n  i s  performed a d d i t i o n a l l y  a t  t h e  end of t h e  f i r s t  100 

seconds ,  s i m u l a t i n g  a beam-on c o n d i t i o n ,  and a t  135 seconds ,  g i v i n g  

t h e  beam-off p r o f i l e .  I n  t h e  r e s u l t s  s e c t i o n ,  s t e a d y  s t a t e  beam-on 

p r o f i l e s  a r e  g iven  a s  t h e s e  r e p r e s e n t  wors t  case c o n d i t i o n s .  
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I n  o r d e r  t o  c a l c u l a t e  t h e  p r o f i l e  f o r  d i r e c t l y  i n j e c t e d  D and 

'T, a Monte-Carlo program, TRIM, u s t n g  IO5 p a r t i c l e  h i s t o r i e s  was 

used t o  de te rmine  t h e  s t a r t i n g  c o n c e n t r a t i o n  p r o f i l e s  ( 4 ) .  Fixed 

t e m p e r a t u r e s  of 473,  573 and 638K were used  a l o n g  with a 

d i f f u s i v i t y  of D = 4.2 x 

c a l c u l a t e  t h e  f i n a l  p r o f i l e s .  A s  w i l l  be shown i n  t h e  r e s u l t s  

s e c t i o n ,  t h e  f i n a l  s t e a d y  s t a t e  p r o f i l e  h a s  a maximum near  t h e  i n p u t  

s u r f a c e  (X = O), due t o  t h e  shape 3f t h e  i n i t i a l  c o n c e n t r a t i o n  

p r o f i l e  which has  maximum a t  a d e p t h  of =1-2 nm ( 4 ) .  

exp[-0.06 eV/kT], cm2/sec, t o  

Hydrogen p r o f i l e s  produced th rough  ( n , p )  r e a c t i o n s  were 

determined u s i n g  t h e  i n p u t  w a l l  energy l o a d i n g  of 1.5 megawatts/m'. 

An a l l o y  of nominal HT9 c o n c e n t r a t i o n ,  a s  g iven  i n  Tab le  11, was 

used a l o n g  w i t h  p u b l i s h e d  n e u t r o n  c r o s s  s e c t i o n s  f o r  t h e  v a r i o u s  

e lements .  A s  w i l l  be shown, t h e  f i n a l  p r o f i l e s  are peaked n e a r  t h e  

mid- thickness  of  t h e  f i r s t  w a l l  because t h e  ( n , p )  r e a c t i o n s  occur  

uniformly throughout  t h e  material. 

Table I1 

HT9 Composit ion,  WT% 

C S i  Mn Cr N i  Mo W v P S _ _ _ _ _ _ _ _  _ _ _ _ _ _ - -  
0.22 0.38 0.52 11.3 0.50 0.85 0.50 0.27 0.019 .006 

F i n a l l y ,  and most impor tan t  i n  t h e  a n a l y s i s ,  two d i f f e r e n t  

s u r f a c e  boundary c o n d i t i o n s  w e r e  employed. The f i r s t  assumes no 

s u r f a c e  b a r r i e r  t o  hydrogen d i f f u s i o n .  

hydrogen f u g a c i t y  i s  ve ry  low t h e  s u r f a c e  c o n c e n t r a t i o n  i s  set 

t o  zero .  The h e a t  t r a n s f e r  s u r f a c e  or  b a c k s i d e  c o n c e n t r a t i o n  (at  

X = 1.0 c m )  was a l s o  set t o  zero .  Though some hydrogen build- up may 

occur  a t  t h e  c o o l a n t  s i d e ,  no i n f o r m a t i o n  as t o  l e v e l s  i s  a v a i l a b l e  

and so  a z e r o  c o n c e n t r a t i o n  was assumed. 

S ince  t h e  plasma s i d e  

A second boundary c o n d i t i o n  assumed f o r  t h e  c a l c u l a t i o n  i s  

t h a t  of a s u r f a c e  recombinat ion l i m i t e d  l e v e l  of hydrogen. P r e v i o u s  

c a l c u l a t i o n s  of hydrogen l e v e l s  sugges ted  t h a t  t o t a l  amounts may be 

i n  t h e  10-3 - 10-1 appm range.  A t  t h i s  low l e v e l ,  t h e  e x i t  
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f u g a c i t y  may be determined by t h e  a v a i l a b i l i t y  of two hydrogen 

s u r f a c e  i o n s  t o  recombine f o r  t h e  fo rmat ion  of a H2 molecule.  A 

r e c e n t  t h e o r e t i c a l  t r e a t m e n t  h a s  e s t i m a t e d  t h e  r e a c t i o n  rate pa ramete r s  

f o r  t h i s  recombinat ion s t e p  ( 5 ) ,  and e x p e r i m e n t a l  d a t a  conf i rms  t h e  

c a l c u l a t e d  c a s e  f o r  b.c.c. i r o n  (6) .  In t h e  p r e s e n t  c a l c u l a t i o n s ,  a 

r e a c t i o n  c o n s t a n t  K = cm4/sec was used.  

7.5.4.2 R e s u l t s  of t h e  C a l c u l a t i o n  

The r e s u l t s  of t h e  p r o f i l e  d e t e r m i n a t i o n s  are g iven  i n  F i g u r e s  1 ,  

2 and 3. F igure  1 i s  f o r  t h e  D , T  p r o f i l e s  w i t h  a z e r o  s u r f a c e  

c o n c e n t r a t i o n ,  a t  t h r e e  d i f f e r e n t  t empera tu res .  F igure  2 i s  a 

similar p l o t  f o r  t h e  hydrogen produced by ( n , p )  r e a c t i o n s  a l s o  as a 

f u n c t i o n  of t e m p e r a t u r e  and w i t h  z e r o  s u r f a c e  c o n c e n t r a t i o n .  F igure  

3 shows p l o t s  f o r  both  D , T  and ( n , p )  p r o f i l e s  on ly  a t  638K, but  i n  

t h i s  case w i t h  a s u r f a c e  recombina t ion  l i m i t e d  boundary c o n d i t i o n .  

In o r d e r  t o  compare t h e  v a r i o u s  cases i n  d e t a i l ,  t h e  maximum 

c o n c e n t r a t i o n  and l o c a t i o n  of t h e  peak f o r  a l l  t h e  c u r v e s  i n  F i g u r e s  

1-3 are g i v e n  i n  Tab le  111. It i s  i n t e r e s t i n g  t o  n o t e  that  the 

maximum c o n c e n t r a t i o n  under  any c o n d i t i o n  i s  less than  1 a tomic  

PPm. 

7.5.4.3 D i s c u s s i o n  

A number of p o i n t s  emerge from t h e  d a t a  of F i g u r e s  1-3. 

F i r s t ,  v a r y i n g  t h e  t empera tu re  of the f i r s t  w a l l  from 473 t o  638K 

(200 t o  365OC) has l i t t l e  e f f e c t  on the c o n c e n t r a t i o n  l e v e l s  f o r  

e i t h e r  the D , T  p r o f i l e s  o r  f o r  ( n , p )  produced hydrogen. The f a c t o r  

i n f l u e n c i n g  t h i s  behav io r  i s  t h e  a c t i v a t i o n  energy f o r  d i f f u s i o n  i n  

b.c.c. iron, -0.06 eV, which i s  low compared t o  tha t  f o r  a u s t e n i t i c  

s teels  a t  -0.55 eV. The a c t u a l  v a l u e s  f o r  t h e  d i f f u s i v i t y  a t  

t e m p e r a t u r e s  of 473 t o  6 3 8 ~  range  from 10-6 t o  10-4 cm2Isec. 

These v a l u e s  are s u f f i c i e n t l y  h i g h  t h a t ,  i n  t h e  cases f o r  F i g u r e s  1 

and 2 where a z e r o  s u r f a c e  c o n c e n t r a t i o n  i s  assumed, the  o v e r a l l  

l e v e l  of hydrogen i n  ex t remely  low. 
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Table I11 

Maximum Concentrations and Peak Locations for Hydrogen 

Condition ____ 

(D,T), zero surface 
concentration: 

Concentration, appm Distance from Input 
Surface, cm - 

473K 0.79 10-3 
573K 0.62 10-3 
638K 0.55 10-3 

(n,p), zero surface 
concent ration: 

473K 
573K 
638K 

(D,T) surface recombination 
limited: 

0.13 x 10-1 

0.96 x 
0.10 x 10-1 

0.48 10-4 
0.56 10-5 
0.56 10-5 

0.46 
0.46 
0.46 

63813 0.53 0.25 10-5 

(n,p) surface recombination 
limited : 

63XK 0.12 x 10-1 0.46 

The factor of greatest importance in the calculation of 

hydrogen levels appears to be the assumed boundary conditions, as 

evidenced from a comparison of Figure 3 with the data i n  Figures 1 

and 2 at 63XK. The hold-up of hydrogen at the surface due to the 

recombination reaction allows the material to fill up to an essentially 

uniform level of hydrogen. This surface concentration is directly 

related to the K assumed for the reaction (5). While the choice of 

K = cm4/sec was in the mid range of the data f o r  iron (see 

Ref. 5 ) ,  the surface concentration varies as K-'I2 so that a ten 

fold decrease in K would increase the concentration only by a factor 

of three. 
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The most impor tan t  r e s u l t  of t h e s e  c a l c u l a t i o n s  i s  t h a t  hydrogen 

l e v e l s  i n  f e r r i t i c  s teels  due t o  both  d i r e c t  i n j e c t i o n  and n u c l e a r  

r e a c t i o n  are l e s s  t h a n  1 appm. T h i s  i s  i n  c o n t r a s t  t o  a u s t e n i t i c  

s teels  where, due t o  t h e  m i l l i o n  f o l d  d e c r e a s e  i n  d i f f u s i v i t y ,  t h e  

l e v e l s  can  reach  10-30 appm. Once can b e g i n  t o  assess t h e  e f f e c t  of  

t h i s  hydrogen l e v e l  i n  many ways. F i r s t  t h e  r e s i d u a l  hydrogen l e v e l s  

p r e s e n t  i n  most c o n s t r u c t i o n  s teels  is on t h e  o r d e r  of  1-5 appm ( 7 ) .  

Thus t h e  a d d i t i o n a l  i n c r e a s e  from the plasma i s  n e g l i g i b l e  by comparison. 

Second, t h e  long- time exposure  t o  h i g h  t e m p e r a t u r e s  i n  s e r v i c e  would 

t end  t o  d r i v e  o u t  any r e s i d u a l  hydrogen,  i n  t h e  same way t h a t  the 

i n j e c t e d  hydrogen l e v e l s  a r e  reduced by d i f f u s i o n  o u t  of  t h e  sample. 

F i n a l l y ,  p r e l i m i n a r y  measurements of t h e  d u c t i l i t y  of HT9 i n  hydrogen 

environments  (8) i n d i c a t e s  t h a t  in 1 atm hydrogen (which would g i v e  a 

e q u i l i b r i u m  c o n c e n t r a t i o n  of -2 appm) t h e  d u c t i l i t y  i s  on ly  s l i g h t l y  

reduced.  P r e s s u r e s  upwards of 3.5 MPa (5000 p s i )  c o r r e s p o n d i n g  t o  

c o n c e n t r a t i o n s  i n  t h e  20-40 appm range  are n e c e s s a r y  f o r  s e v e r e  

embr i t t l ement .  

A l l  of t h e  above c o n s i d e r a t i o n s  a r e  based on t h e  behavior  of 

u n i r r a d i a t e d  materials. A s  shown by Brinkman and Beeston ( 9 ) ,  t h e  

i n t r o d u c t i o n  of 1-5 appm hydrogen i n t o  i r r a d i a t e d  HY-80 p r e s s u r e  

v e s s e l  s t ee l  can  l e a d  t o  s e v e r e  embr i t t l ement .  T h i s  is somewhat of  

a n  o v e r t e s t ,  however, i n  t h a t  ext ra  p r e c a u t i o n s  were taken  t o  a s s u r e  

t h a t  t h e  hydrogen was p r e s e n t  d u r i n g  t h e  test. I n  a c t u a l  p r a c t i c e ,  

most of the hydrogen p r e s e n t  i n  the 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  

would d i f f u s e  o u t .  Even hydrogen t r a p p e d  a t  i r r a d i a t i o n- i n d u c e d  

d e f e c t s  would be s e n s i b l y  d e t r a p p e d  a t  t e m p e r a t u r e s  of  573K i f  one 

assumes a maximum b i n d i n g  energy t o  t r a p s  of  -1.0 eV. Experiments 

are c u r r e n t l y  underway t o  s i m u l a t e  t h e  s t r e n g t h  increases t h a t  o c c u r  

by i r r a d i a t i o n  th rough  t h e  u s e  of s p e c i a l  temper ing t r e a t m e n t s .  

Precharged hydrogen w i l l  be u s e d  i n  a t t e m p t  t o  s e p a r a t e  the e f f e c t s  

of r a d i a t i o n  h a r d e n i n g  from d e f e c t  t r a p p i n g  on the l e v e l  of  hydrogen 

s u s c e p t i b i l i t y .  
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7.5.5 Conclus ions  

1. I n c r e a s i n g  o p e r a t i n g  t empera tu res  from 473 t o  638K (200 t o  

365°C) has  l i t t l e  e f f e c t  on t h e  t o t a l  c a l c u l a t e d  hydrogen 

c o n t e n t  i n  f i r s t  w a l l  s t r u c t u r e s .  

With a z e r o  s u r f a c e  c o n c e n t r a t i o n  boundary c o n d i t i o n ,  

hydrogen l e v e l s  do n o t  exceed lo-' appm i n  HT9 t y p e  

a l l o y s .  

t h i s  low l e v e l  of hydrogen. 

2. 

The ex t remely  h i g h  d i f f u s i v i t y  i s  r e s p o n s i b l e  f o r  

3. Assuming t h a t  t h e  s u r f a c e  c o n c e n t r a t i o n  i s  set by t h e  

hydrogen recombinat ion r e a c t i o n ,  t h e  c a l c u l a t e d  l e v e l s  of 

hydrogen do n o t  exceed 0.5 appm. 
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1 6 2  

8.1 IRRADIATION EXPERIMENT STATUS AND SCHEDULE 

The fo l lowing  b a r  c h a r t s  show t h e  schedu le  f o r  a l l  A D I P  r e a c t o r  irra-  

d i a t i o n  exper iments .  Experiments are p r e s e n t l y  under way i n  t h e  Oak Ridge 

Research Reactor  (OKR) and t h e  High Flux I s o t o p e  Reactor  ( H F L R ) ,  which are 

[nixed spect rum r e a c t o r s ,  and i n  t h e  Exper imenta l  Breeder Reactor  (EBR-II), 

which i s  a f a s t  r e a c t o r .  

During t h e  r e p o r t i n g  p e r i o d  i r r a d i a t i o n  was begun f o r  two 

e x p e r i m e n t s :  HFIR-CTK-30 and -32, bo th  i n  t h e  HFIK. These exper iments  

were des igned  t o  e v a l u a t e  t h e  e f f e c t s  of i r r a d i a t i o n  on m i c r o s t r u c t u r e  and 

d u c t i l i t y .  Specimens from a l l o y s  i n  a l l  f i v e  ADIP a l l o y  p a t h s  are 

i n c l u d e d  i n  t h e s e  exper iments .  A similar t h i r d  c a p s u l e ,  HFIR-CTR-31, i s  

schedu led  f o r  i n s e r t i o n  on October 1, 1980. 
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8.2 ETM RESEARCH MATEKIALS INVENTORY - F. W. Wiffen, T. K. Roche (OWL)  
and J. W. Davis (McDonnell Douglas) 

8.2.1 ADIP Task 

ADIP Task I.D.l, Mater ia l s  S tockpi le  fo r  MFE Programs. 

8.2.2 Objective 

The Office of Fusion Energy has assigned program r e s p o n s i b i l i t y  t o  

ORNL fo r  the establ ishment  and opera t ion  of a c e n t r a l  inventory of 

research  mater ia l s  to  be used i n  the Fusion Reactor Mater ia l s  research  and 

development programs. The ob jec t ive  i s  t o  provide a common supply of 

ma te r i a l  f o r  the Fusion Reactor Mater ia l s  Program. This w i l l  minimize 

unintended ma te r i a l s  va r i ab le s  and provide f o r  economy in procurement and 

f o r  cen t r a l i zed  recordkeeping. I n i t i a l l y  t h i s  inventory w i l l  focus on 

ma te r i a l s  r e l a t ed  t o  f i r s t- w a l l  and s t r u c t u r a l  app l i ca t ions  and r e l a t e d  

research ,  but var ious  s p e c i a l  purpose ma te r i a l s  may be added i n  the  fu ture .  

The use of ma te r i a l s  from t h l s  inventory f o r  research tha t  i s  coor- 

dina ted  with o r  otherwise r e l a t e d  t echn ica l ly  t o  the Fusion Reactor 

Mate r i a l s  Program of DOE, but which is not an i n t e g r a l  o r  d i r e c t l y  funded 

p a r t  of i t ,  is encouraged. 

8.2.3 Mater ia l s  Requests and Release 

H a t e r i a l s  reques ts  s h a l l  be d i r ec t ed  t o  ETM Research Mater ia l s  

Inventory at O W L  (Attent ion:  F. W. Wiffen). Mater ia l s  w i l l  be re leased  
d i r e c t l y  if: 

(a) 'he ma te r i a l  is t o  be used f o r  programs funded by the Office of 

Fusion Energy, with goals  cons i s t en t  with the  approved Mater ia l s  Program 

Plans of t h e  Mater ia l s  and Radiation E f f e c t s  Branch. 

( b )  The requested amount of ma te r i a l  is a v a i l a b l e ,  without compro- 

mising o t h e r  intended uses. 

Mater ia l s  reques ts  t h a t  do not s a t i s f y  both (a) and (b)  w i l l  be 

d iscussed  with the s t a f f  of the  Mater ia l s  and Radiat ion Ef fec t s  Branch, 

Off ice  of Fusion Energy, f o r  agreement on ac t ion .  
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8.2.4 Records 

Composition and m a t e r i a l s  p r e p a r a t i o n  r e c o r d s  are mainta ined for  a l l  

i n v e n t o r y  m a t e r i a l .  A l l  materials s u p p l i e d  t o  program u s e r s  w i l l  be accom- 

p a n i e d  by summary c h a r a c t e r i z a t i o n  in fo rmat ion .  

8.2.5 Summary of Current  I n v e n t o r y  and Material Movement i n  Per iod  
J u l y  1 t o  Sep t .  30, 1980 

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 materials i n  

the ETM Research Materials Inven to ry  i s  g i v e n  i n  Table 8.2.1. This t a b l e  

i n d i c a t e s  t h e  nominal d iamete r  of rod or t h i c k n e s s  of s h e e t  f o r  product 

forms of each a l l o y  and a l s o  i n d i c a t e s  by weight t h e  amount of each a l l o y  

i n  l a r g 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 roduc t  forms 

a s  needed by t h e  program. Table  8.2.2 upda tes  t h e  i n v e n t o r y  of a v a i l a b l e  

t i t a n i u m  a l l o y s  i n  more d e t a i l .  There  was no s i g n i f i c a n t  movement of 

m a t e r i a l s  i n  t h i s  r e p o r t i n g  pe r iod .  

Alloy coinposi t ions  and more d e t a i l  on t h e  a l l o y s  and t h e i r  procure-  

ment and /o r  f a b r i c a t i o n  are g iven  i n  ear l ie r  D I P  q u a r t e r l y  p r o g r e s s  

r e p o r t s .  
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Table 8.2.1 Summary Sta tus  of Mater ia l  Ava i l ab i l i t y  
in the ETM Research Mater ia l s  Inventory 

Product Form 

Thin-Wall 
Tubing, I n g o t  or R o d , b  Sheet  ,c 

Thickness Wall Thickness  Diameter Alloy Bar,= 

(..) 
(mm)  (.m) MaSS 

(kg)  

PE-16 
8- 1 
B- 2 
8-3 
8-4 
8-6 

3 1 6  SS 

- Cr-Mn S t e e l e  

Ti- 64 
T i- 6 2 4 2 s  

T i- 5 6 2 1 s  
Ti- 38644  
N b l %  Z r  

N k 5 %  M w l Z  21 

V--20% Ti 

v-15% Cr-5% T i  

vanstar-7 

Pa th  A Alloys 

1 6  and 7.2 9 0 0  
490  1 2  

0 10.5 

Pa th  B Alloys 

1 4 0  ..6 and 7.1 
180 0 
1 8 0  0 
180  0 
i a o  0 
180 0 

Path C Alloys 

0 0 
0 6 3  

0 0 
0 0 
0 6 . 3  

0 6.3 

0 6 . 3  

0 6 . 3  

0 6 . 3  

1 3  and 7.9 

2.6 
13 

13 and 1.6 
0 
0 
0 
0 
0 

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  

Pa th  D Alloys - N o  M a t e r i a l  i n  Inventory 

P a t h  E A l l o y s  - 
4.5 and I8 HT9 0 0 
4 .5  and 18 HT9 + 1% N i  0 0 

HT9 + 2% N i  0 0 4.5 and 18 
HT9 + 2% N i  0 0 4.5 and 18 

T-9 modif ied 0 0 4 .5  and 18 
+ C r  a d j u s t e d  

T-9 modif ied + 2% N i  0 0 4 . 5  and ia  
T-9 modif ied + 2% N i  0 0 4.5 and 1 8  

~ ~ ~~~ 

+ C r  a d j u s t e d  
2 114 Cr-1 No 0 0 f 

0 . 2 5  
0.25 
0 

0.25 
0 
0 
0 
0 
0 

0 
0 

0 
0 
0 

0 

0 

0 

0 

0 
0 
0 
0 

0 
0 
0 

0 

a G r e a t e r  than  25 mn, minimum dimension. 

k e s s  t han  25 mn i n  d iamete r .  Some Path A and Path  B alloys are 

C L e s s  t han  15  mn t h i c k .  Some Pa th  A, Path B, and Path  C a l l o y s  are 

+rime Candidate  A l l o y .  

eRod and s h e e t  of a USSR s t a i n l e s s  steel s u p p l i e d  under t h e  U.S.-USSK 

fblaterial i s  th ick- wal l  p ipe ,  r e r o l l e d  a s  necessary t o  produce s h e e t  

a v a i l a b l e  i n  two d i f f e r e n t  d iamete r s .  

a v a i l a b l e  i n  two or t h r e e  d i f f e r e n t  t h i c k n e s s e s .  

Fusion Reactor  E l a t e r i a l s  Exchange Program. 

o r  rod. 
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9.1 HYDROGEN DISSOLUTION AND PERMEATION STUDIES OF ADIP PROGRAM ALLOYS 
-E. H. Van Deventer and V. A. Maroni (Argonne National Laboratory) 

9.1.1 ADIP Task 

I.A.4 Hydrogen Dissolution and Permeation Effects. The results 

presented in this section contribute to Subtask 1.A.4., Milestones 1.A.a 

through 1.A.d. 

9.1.2 Objectives 

The objective of the work reported in this section i s  to provide 

base-line hydrogen dissolution and permeation data for alloys currently 

under study in the ADIP Program. Information on hydrogen dissolution, 

outgassing and permeation Characteristics of these materials is vital to 

an understanding of their performance as first-wall and blanket structural 

materials for fusion devices. A further objective of t h i s  work is to 
examine methods for overcoming any ser ious  liydrogen isotope uptake and  

migration problems associated with the rather strong hydride-forming 

nature of some classes of a l . lovs .  

9.1.3 Summary 

Studies of the hydrogen permeation characteristics of iron base 

(Path E) alloys have continued. An investigation of a Cr 14-A1 0.2 

steel (405-SS) was completed and the measurements were compared to 

previous data for three other Fe-Cr alloys having 0, 2, and 5 wt.% Al, 

respectively. The combined results indicate that the optimum aluminum 

content leading to minimum hydrogen permeability in a reducing environ- 

ment is around 2 wt.%. However, the chromium content of alloys studied 

to date has only spanned the range from 14 to 18 wt.%, and the location 

of an optimum at 2 wt.% aluminum may not necessarily apply to other 

types of Path E alloys. 

9.1.4 Progress and Status 

This section contains a report of work done during the third and 

fourth quarters of FY 1980 on the hydrogen dissolution and permeation 
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characteristics of ADIP Program alloys. Also, in the same period some 

of the effort normally applied to this task was diverted to a newly 

initiated study of the corrosivity of solid ceramic breeder materials 

towards ADIP-specific alloys. The results of work on this new initiative 

are reported in Section 9.5. 

9.1.4.1 Path A Alloys 

No report for this period. 

9.1.4.2 Path B Alloys 

No report for this period. 

9.1.4.3 Path C Alloys 

No report f o r  this period 

9 . 1 . 4 . 4  Path D. Alloys 
No report for this period. 

9.1.4.5 Path E Alloys 

(Work reported in this subsection was initjated during the first 

quarter of FY 19x0, in conjunction with the start of the ADIP Program 
activity to evaluate ferritic materials for use as fusion reactor con- 

struction materials. The impetus for the study of ferritic alloys as 
fusion reactor structural materials w a s  discussed in a previous p rog re s s  

report .I) 

Guided by information derived from a survey2 of the reported hydrogen 

permeation characteristics of iron-base alloys, efforts on this task 

have continued tn elucidate the effects of aluminum and chromium on the 

permeation resistance of selected Fe-Cr-A1 alloys in a reducing (i.e., 

very low oxygen potential) environment. Since (1) only the aluminum- 

containing iron alloys have shown any pronounced tendancy towards 

reduced permeability (i.e., a >lo2 reduction in permeability relative to 

pure iron) in reducing environments2 and (2 )  the magnitude of the 

reduction does not necessarily increase with increasing aluminum content 
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of the alloy3, studies are being conducted to determine the optimum 

aluminum content (for maximum permeation resistance) and its relationship 

(if any) to the chromium content of the alloy. 

that a Cr 15-A1 5 alloy had a higher permeability than a Cr 18-A1 2 alloy. 

Pursuant to that work, an investigation has been made of the permeation 

characteristics of a Cr 14-A1 0.2 alloy ( 405 -5s )  to further refine the 

range of optimum aluminum content. 

Previous work3 showed 

The hydrogen permeability of the 405-SS was measured between 180 and 

700'C using H2 driving pressures in the range from 10-3 to 15 kPa. This 

material exhibited the same type of data scatter observed previously for 

Fecralloy3 and Armco 18-SR4. The range of permeation values recorded 

for the 405-SS is shown in Fig. 9.1.1 together with the previously 

measured ranges for Fecralloy (Cr 16-A1 5), Armco 18-SR (Cr 18-A1 2 ) ,  

and 430-5s (Cr 16-A1 0 ) .  The permeation curve for "pure" iron is also 

included for comparison purposes. Armco 18- SR (Cr 18-A1 2) shows the 
greatest reduction relative to "pure" iron, indicating that the optimum 

aluminum content may lie close to 2 wt.% for the higher chromium ferritic 

steels; however, studies of some 1 and 3 wt.% A1 alloys should be conduct- 

ed to provide a further verification of this finding. 

In other work related to Path E alloys, an HT-9 hydrogen permeation 

assembly was prepared using the gasket-sealing technique developed 

during earlier studies5 of titanium-base alloys. 

electron-beam welding methods to seal the HT-9 to stainless steel 
assembly couplings were unsuccessful, in that extremely brittle welds 

were formed which cracked during heat-up of the permeation assembly. 

The gasket-sealed HT-9 assembly will be installed and operated in the 

permeation apparatus during the first quarter of FY-1981. 

Attempts at using 

9.1.4.6 Refractories and Ceramics 

Several attempts have been made to develop a suitable method for 

measuring the hydrogen permeability of ceramic and other brittle refrac- 

tory materials (e.g, sapphire and tungsten). A technique based on 

deposition of gold bonding layers to the edges of thin circular plates 

of the refractoryjceramic material is preseccly being explored. An 
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Fig. 9.1.1 Hydrogen Permeabilities of Selected Fe-Cr-A1 

Alloys in Comparison with Pure Iron. 
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attempted application of the gasket-seal method5 to sapphire was unsuccess- 

ful. This study is being pursued to resolve discrepancies in (1) the 

pressure dependance of hydrogen permeation through ceramics and (2) the 

reported value of the hydrogen permeability of pure tungsten. 

9.1.5 Conclusions 

The optimum aluminum content of Fe-Cr-A1 alloys from the stand- 

point of minimum hydrogen permeability in a reducing environment appears 

to be around 2 wt.%. 

9.1.6 References 

1. 

2. 

3. 

4 .  

5. 

For a review, refer to Chapter 7 of AZZoy Development for 
Irr.ad.iation Performance i?uarterl:j Progress Report f o r  t h e  Period 

Ending December 31,  1979,  U.S. Department of Energy Report 

DOE/ET-0045/1, pp. 81-118 (1980). 
E .  H. Van Deventer, A. G .  Rogers, and V. A. Maroni, "Hydrogen 

Dissolution and Permeation Studies of ADIP Program Alloys," 

DevnZoprnenl for I r r d i a t i o n  Performance Quarter2y Progress Report  

fo r  the Period Ending December 31 ,  2979, U.S .  Department of 

Energy Report DOE/ET-0045/1, pp. 140-147 (1980). 
E. H. Van Deventer and V. A. Maroni, "Hydrogen Dissolution and 

Permeation Studies of ADIP Program Alloys," A l l o y  Development for 
Irradiation Performance Quarterh] Progress  Report  for t h e  Period 

Ending March 31,  2380, U.S. Department o f  Energy Report DOE/ET - 

AZZog 

0045/2, pp. 200-205 (1980). 

E. H. Van Deventer, V. A. MacLaren, and V. A. Maroni, "Hydrogen 

Permeation Characteristics of Aluminum-Coated and Aluminum- 

Modified Steels," J. NucZ. Mater. 88: 168-173 (1980). 

E. H. Van Deventer and V. A. Maroni, "Hydrogen Permeation 

Characteristics of Path A, Path B, and Path C Alloys, .4ZZoy 

DeveZopment for Irradiation Performa-cc QuarterZ!] Progress  Report  

for t h e  Period Endin? June 3U, 1978, U . S .  Department of Energy 

Report DOE/ET-0058/2, pp. 169-174 (1979). 
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9.2 VANADIUM ALLOYILITHIUM PUMPED-LOOP STUDIES-D. L. Smith, R. H. Lee, 
and R. M. Yonco (Argonne National Laboratory) 

9.2.1 ADIP Task 

I.A.3. Chemical and Metallurgical Compatibility Analysis. The 

results presented in this section contribute to Subtask I.A.3.4, Mile- 

stones I.A.3.c and I.A.3.d. 

9.2.2 Objective 

The objective of this work is to develop preliminary data on the 

compatibility of candidate Path C alloys exposed to a flowing lithium 

environment. The major effort involves investigations of nonmetallic 

element interactions in reactivelrefractory metal-lithium systems and 

the effects of lithium exposure on the mechanical properties of refrac- 

tory metal alloys. Information relating to atmospheric contamination 

of reactivelrefractory metal alloys will also be generated. Specific 

near-term experiments include measurements of the distribution of non- 

metallic elements between selected refractory metals and lithium. The 

results of this work will contribute to the data base that relates 

compatibility and corrosion phenomena to other alloy development 

activities and will provide a basis for selecting candidate Path C 

alloys for further development. 

9.2.3 Summary 

The stainless-steel-clad/V-15 Cr lithium loop has now operated 

for over 12,000 h and exposures of selected refractory alloys have 

continued. 
for FY-1981 has been to defer effort to solid breeder material 

development activities. The work presently in progress is being 

completed and a final reporting of results will be made in a subsequent 

ADIP progress report. 

The DOEIOffice of Fusion Energy guidance on this project 
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9 . 3  C0:IPATItlILITY OF STATIC LLTHIUll LJITH Fe-Ni-V AND Fe-Cr-[lo ALLOYS - 
P .  F. T o r t o r e l l i ,  J. H. DeVan, and C. T. Liu ( O W L )  

9 .3 .1  ADIP Task 

ADIP Task I.A.3, Perform Chemical and N e t a l l u r g i c a l  Compat ib i l i ty  

Analyses.  

9.3.2 O b j e c t i v e  - 
The purpose of t h i s  program is t o  de te rmine  t h e  chemical  compati-  

b i l i t y  of f u s ion  r e a c t o r  c a n d i d a t e  materials with m e t a l l i c  l i t h i u m .  

Specimens are exposed t o  s t a t i c  l i t h i u m  c o n t a i n i n g  s e l e c t e d  s o l u t e  

a d d i t i o n s  t o  i d e n t i f y  t h e  k i n e t i c s  and mechanisms that govern c o r r o s i o n  

by l i t h i u m .  S p e c i f i c  program o b j e c t i v e s  are: ( I )  t o  de te rmine  t h e  

e f f e c t s  of N ,  C, H, and 0 on apparen t  s o l u b i l i t i e s  of metals i n  l i t h i u m ;  

( 2 )  t o  determine t h e  carbon and n i t r o g e n  p a r t i t i o n i n g  c o e f f i c i e n t s  between 

a l l o y s  and l i t h i u m ;  ( 3 )  t o  de te rmine  the e f f e c t s  of s o l u b l e  ( C a ,  A l )  and 

s o l i d  (Y, Z r ,  T i )  a c t i v e  meta l  a d d i t i o n s  on c o r r o s i o n  by l i t h i u m ;  and 

( 4 )  t o  de te rmine  t h e  t e n d e n c i e s  f o r  mass t r a n s f e r  between d i s s i m i l a r  

m e t a l s  i n  l i t h i u m .  

9.3.3 Summary 

Specimens of 2 114 Cr-1 :lo s t e e l ,  HT9, and t h e  long- range- ordered 

(LRO) a l l o y  F e 3 1 . 8  Ni-22.5 W . 4  T i  ( w t  %) were t e s t e d  i n  s t a t i c  l i t h i u m .  

Carbon a n a l y s i s  of t h e  l i t h i u m  a f t e r  3000-h tests  of 2 114 Cr-1 ?lo steel  

showed s i g n i f i c a n t  d e c a r b u r i z a t i o n  of t h e  s teel  a t  500 and 600°C. The 

d e c a r b u r i z a t i o n  lowered the room tempera tu re  t ens i l e  s t r e n g t h  of the 

a l l o y .  Specimens of 2 1 / 4  Cr-1  Ilo s tee l  exposed to Li-5 w t  % Al showed 

s i g n i f i c a n t  weight g a i n s  w i t h  an  accompanying d e c r e a s e  i n  d u c t i l i t y .  

A l s o ,  t h e  gage s e c t i o n  of f r a c t u r e d  t e n s i l e  specimens c o n t a i n e d  a 

s i g n i f i c a n t  volume of c r a c k s .  Short- term (500-h) exposures  of HT9 t o  

s t a t i c  500°C l i t h i u m  r e s u l t e d  i n  n e g l i g i b l e  weight changes and no change 

i n  i ts  t ens i l e  p r o p e r t i e s  r e l a t i v e  t o  specimens exposed t o  argon under 

o t h e r w i s e  similar  c o n d i t i o n s .  S u r f a c e  d e p o s i t s  on the c o r r o s i o n- r e s i s t a n t  

LRO a l l o y  a f t e r  exposure  t o  l i t h i u m  at  650 and 710°C f o r  2000 h were pure 

vanadium o r  p o s s i b l y  a vanadium c a r b o n i t r i d e .  



183 

9.3.4 P r o g r e s s  and S t a t u s  

I n  t h e  p reced ing  q u a r t e r l y  r e p o r t  w e  p r e s e n t e d  d a t a  showing 

s i g n i € i c a n t  d e c r e a s e s  in the  y i c 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 s  of  

2 114 Cr-1 :lo s t e e l  exposed €OK 3000 h t o  l i t h i u m  a t  500 and 600°C. 

S i n c e  t h e n ,  carbon a n a l y s e s  of t h e  p o s t - t e s t  l i t h i u m  have confirmed t h a t  

the s tee ls  d e c a r b u r i z e d  d u r i n g  exposures  t o  i t .  Table  9.3.1 l i s t s  t h e  

r e l a t i v e  changes i n  s t r e n g t h  a n d  e l o n g a t i o n  of the 2 114 C r - 1  :lo s tee l  and 

t h e  cor respond ing  c o n c e n t r a t i o n s  of ca rbon  i n  t h e  p o s t - t e s t  l i t h i u m .  The 

d a t a  i n  t h i s  t a b l e  r e v e a l  a d i r e c t  c o r r e l a t i o n  between the amount of 

d e c a r b u r i z a t i o n  ( t h a t  is, carbon lost t o  t h e  l i t h i u m )  and the magnitude 

of t h e  r e l a t i ve  change i n  t e n s i l e  test pa ramete r s .  The carbon a n a l y s e s  

a l s o  i n d i c a t e  t h a t ,  a s  r e p o r t e d  e a r l i e r  f o r  t h e  500- and 1000-h tes ts , l  

Tab le  9.3.1. R e l a t i v e  Changesa i n  Yield  S t r e n g t h ,  Ultimate T e n s i l e  
S t r e n g t h ,  and E longa t ion  of 2 114 Cr-1  ilo Exposed t o  

S t a t i c  Lithium f o r  30013 h and Correspondin  Carbon 
C o n c e n t r a t i o n s  i n  Post-Test  Li th ium % 

R e l a t i v e  Change, % Carbon __ 
Temperature Rea t C o n c e n t r a t i o n  

i n  Lithiumd 
U1 t imate 
T e n s i l e  E longa t ion  
S t r e n g t h  

Treatment"  Yie ld  ( " C )  
S t r e n g t h  ( w t  ppm) 

4 00 HT 1 -8 +3 +I5 76 
H T L  +2 0 -1 7 86 

5 00 BT 1 -1 7 -8 -8 
HT2 0 0 0 

427 
273  

6 00 l lTl  -2 4 -2 1 +2 1 980 
HT2 -5 3 -3 2 +27 1410 

URela t ive  t o  2 114 Cr-1  t o  specimens exposed t o  argon under t h e  same 

hAnalyses were performed by R. M. Yonco of Argonne N a t i o n a l  Labora to ry  

c o n d i t i o n s .  

u s i n g  the a c e t y l e n e- e v o l u t i o n  method, which measures the amount O E  carbon 
p r e s e n t  as L i 2 C 2  i n  t h e  s o l i d  l i t h i u m .  
E. M. Hobart and R. G. Bjork ,  " V a l i d i t y  of Determining Carbon i n  Lithium by 
Measurement of Acetylene  Evolved on H y d r o l y s i s , "  Aml. ahern. 39: 202 
(1967) .  A c o n t r o l  l i t h i u m  sample w a s  found t o  have a c o n c e n t r a t i o n  of 
3 w t  ppm. 

This method i s  d e s c r i b e d  i n  

CHTl = annea led ;  HT2 = normal ized and tempered. 

d F i l t e r e d  l i t h i u m  samples were t aken  a t  r e s p e c t i v e  test  t empera tu res .  
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t h e  normal ized and tempered s tee l  l o s t  less ca rbon  a t  -500'C t o  t h e  l i t h i u m  

t h a n  t h e  2 114 C r - 1  :lo s t e e l  t h a t  was s imply annea led .  However, i t  i s  

a l s o  apparen t  from t h e  p r e s e n t  d a t a  t h a t  t h e  s i t u a t i o n  is  r e v e r s e d  at  

600°C a f t e r  3000 h (which was the  on ly  exposure  time used a t  t h i s  

t e m p e r a t u r e ) ,  t h a t  is, a t  t h i s  temperature t h e  normal ized and tempered 

specimens  were d e c a r b u r i z e d  t o  a g r e a t e r  e x t e n t  than  t h e  annea led  ones. 

Th i s  change i n  t h e  r e l a t i v e  r a t e s  of d e c a r b u r i z a t i o n  between 500 and 600°C 

i n d i c a t e s  d i f f e r e n c e s  i n  c a r h i d e  chemis t ry  and morphology between bo th  t h e  

two hea t  t r e a t m e n t s  and t h e  two exposure  t empera tu res .  

We r e p o r t e d  ear lie^-^.^ t h a t  t h e  a d d i t i o n  of aluminum t o  l i t h i u m  

r e s u l t e d  i n  the  for inat ion of a c o r r o s i o n- r e s i s t a n t  s u r f a c e  layer  on 

t y p e  316 s t a i n l e s s  s tee l .  A s  a f i r s t  s t e p  i n  de te rmin ing  whether we 

cou ld  induce a s i m i l a r  c o r r o s i o n  e f f e c t  i n  l i t h i u m- f e r r i t i c  s t e e l  s y s t e m s ,  

5 w t  % Al was added t o  l i t h i u m  i n  2 114 Cr-1  [.lo s t e e l  c a p s u l e s  c o n t a i n i n g  

t e n s i l e  specimens of the same c o m p o s i t i o n  and hea t  treatment as the 

capsule .  S t a t i c  t e s t s  a t  500 and 600°C f o r  1000 and 3000 ti have now been 

completed.  The r e s u l t i n g  wei$ht changes a r e  g iven  i n  Table 9.3.2. For 

compar ison,  t h e  t a b l e  a l s o  i n c l u d e s  d a t a  f o r  2 114 Cr-1 110 s tee l  i n  pure 

Li th ium and type  316 s t a i n l e s s  s t e e l  i n  Li--5 w t  % Al. So f a r  we have 

completed o n l y  a p r e l i m i n a r y  m e t a l l o g r a p h i c  examina t ion  of t h e  2 114 C r -  

1 :lo s t e e l  speciinens exposed t o  Li-S% A l .  However, we have i n d i r e c t  

ev idence  f o r  an  extended r e a c t i o n  between t h e  aluminum and t h e  s t e e l  from 

t h e  d a t a  i n  Table 9.3.2. These show t h a t  t h e  2 114 Cr-1 ! lo specimens 

exposed t o  Li-5% A 1  gained a s i g n i f i c a n t  amount of weight r e l a t i v e  

t o  those  speciinens exposed t o  pure l i t h i u m .  It is a l s o  i n t e r e s t i n g  t o  

n o t e  from Table 9.3.2 that t h e  rate of weight g a i n  of t h e  2 114 Cr-1 :lo 

s t e e l  i n  Li-5% A1 was g r e a t e r  than  t h a t  of type  316 s t a i n l e s s  steel 

exposed under s i m i l a r  c o n d i t i o n s .  

The i n t r o d u c t i o n  of aluminum i n t o  t h e  n e a r- s u r f a c e  r e g i o n s  O E  t h e  

2 114 C r - 1  110 s t e e l  may a d v e r s e l y  a f f e c t  t h e  m a t e r i a l ' s  mechanical  

p r o p e r t i e s .  The d a t a  i n  Table 9.3.3 show t h a t  2 114 Cr-1 110 s t e e l  exposed 

t o  Li-5% fU s i g n i f i c a n t l y  dec reased  i n  d u c t i l i t y  (and,  a t  6W°C, i n  

s t r e n g t h  a l s o )  r e l a t i v e  t o  t es t s  conducted s i m i l a r l y  i n  s t a t i c  argon 

and  l i t h i u m .  F igure  9.3.1 shows t h a t  t h e  2 114 C r - 1  :lo s t e e l  exposed 
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Table 9.3.2. Weight Changes of 2 114 Cr-1  140 S t e e l  Exposed t o  
L i th ium and Type 316 S t a i n l e s s  S t e e l  and 2 114 Cr-1 110 S t e e l  

Exposed t o  Li-5 w t  % Al 

T e s t  Time LJeight Change 
( h )  ( a l m 2 )  

Mat e r i a l  Environment a Temperature 
("C) 

2 114 CK-1 140 L i  
2 114 Cr-1 Xo L i  
2 114 Cr-1 ?lo Li-5 A l  
2 114 Cr-1  ;40 Li-5 Al 

2 114 CK-1 110 L i  

2 114 Cr-1 140 Li-5 Al 
Type 316 Li-5 Al 

Type 316 Li-5 Al 

2 114 Cr-1  )lo Li-5 A 1  

500 
500 
500 
500 
500 

600 
600 
600 
600 

1000 
3000 
1000 
3000 
2000 

3000 
1000 
3000 
2000 

4 . 9 ,  - 0 . 7  
-1.4, -1.4 
+4.6, +5.1 
f6.8,  -4-7.4 
+l. 1 

-2.3, -2.7 
+17.8, +21.5 
+26.3, +32.0 
+6.5 

acornposi t ions  are weight pe rcen t .  

bTwo tests were conducted for  most material samples.  

Tab le  9.3.3. Room Temperature T e n s i l e  P r o p e r t i e s  of 
2 114 C r - 1  ?lo S t e e l  Exposed t o  Argon, Li th ium,  

and Li-5 w t  % Al 

- I_-- 

U l t i m a t e  
Time T e n s i l e  E longa t ion  T e s t  

( "C)  (h )  (MPa) Strength S t r e n g t h  (%) 
Environmenta Temperature 

(MPa) _____ _ _ ~ _ _  _- - --- - 
A r  500 1000 264.8 524.0 16.5 
L i  500 1000 237.2 493.7 15.3 
L i  500 1000 234.4 501.9 16.1 
Li-5 A l  500 1000 295.1 449.5 11.3 
A r  500 3000 264.8 521.2 16.4 
L i  500 3000 226.1 493.7 15.0 
L i  500 3000 212.4 463.3 15.2 
Li-5 Al 500 3000 198.6 397.1 8.7 
A r  600 3000 212.4 452.3 19.2 
L i  600 3000 157.2 350.3 23.0 
L i  600 3000 165.5 361.3 23.4 
Li-5 Al 600 3000 129.6 311.6 8.5 

aComposit ions are weight p e r c e n t .  
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Fig. 9 .3 .1 .  Samples of 2 1 /4  Cr-1 !lo Steel Tensile Tested i n  Air at 
Room Temperature Following Exposure at 500°C for 1000 h in (a)  Pure 
Lithium and (b) Li-5 w t  % Al. 
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t o  Li-5% A l  f o r  1000 h cracked throughout  t h e  gage s e c t i o n  d u r i n g  

subsequent  room tempera tu re  t e n s i l e  t e s t i n g ,  w h i l e  t h e  s tee l  exposed t o  

pure  l i t h i u m  f a r  1000 h showed on ly  t h e  pr imary gage s e c t i o n  f r a c t u r e .  

A d d i t i o n a l l y ,  examina t ion  of t h e  t e n s i l e  specimens exposed t o  argon 

r e v e a l e d  no s i g n i f i c a n t  c rack ing .  

It is  not c l e a r  whether aluminum d i f f u s i o n  i n t o  t h e  2 114 Cr-1 110 

s tee l  ar r e a c t i o n  of l i t h i u m  w i t h  c a r b i d e s  i n  the s t ee l  reduces  d u c t i l i t y  

a f t e r  exposure  t o  Li-5% Al. If the  e f f e c t  r e s u l t s  from t h e  aluminum 

l a y e r  r e s t r i c t i n g  d e c a r b u r i z a t i o n  and t h e r e b y  promoting a t t a c k  of c a r b i d e s  

by l i t h i u m ,  exposing a l r e a d y  d e c a r b u r i z e d  specimens under such c o n d i t i o n s  

may avo id  t h e  c r a c k i n g .  F u r t h e r  exper iments  are planned t o  i n v e s t i g a t e  

t h i s  behav io r  i n  d e t a i l .  

Another f e r r i t i c  s t ee l ,  HT9, c o n t a i n i n g  11.5 w t  % C r  and 1 w t  % ?lo,  

was t e s t e d  i n  s t a t i c  l i t h i u m .  O u r  procedures  f o r  the HT9 c a p s u l e  e x p e r i-  

ments are similar t o  those  p r e v i o u s l y  d e s c r i b e d 4  f o r  t h e  2 114 Cr-1  ?lo 

tes ts :  m u l t i p l e  t e n s i l e  specimens of HT9 and e i t h e r  l i t h i u m  or argon 

were s e a l e d  i n  c a p s u l e s  of similar composi t ion and h e a t  t r e a t m e n t s  f o r  

500, 1000, and 3000 h. A s i n g l e  exposure  t empera tu re  of 500°C w a s  used. 

The 500-h tests  have now been completed and,  as expec ted ,  specimen we igh t s  

changed v e r y  l i t t l e .  The weight changes of normal ized and tempered HT9 

( three tes ts )  and,  f o r  comparison,  d a t a  r e p o r t e d  earl ier4 f o r  2 114 Cr-  

1 Mo s tee l  (two tests)  exposed t o  l i t h i u m  f o r  500 h a t  50OoC are shown 

below: 

Weight Changes 
Alloy (gIm2) 

HT9 0.0, H.2, M.5 
2 114 Cr-1 MO - 0.2 ,  - 0.5 

The weight changes are r e l a t i v e l y  small f o r  b o t h  a l l o y s ,  a l t h o u g h  the 

2 114 Cr-1 Mo s tee l  c o n s i s t e n t l y  l o s t  we igh t ,  while the HT9 specimens 

g a i n e d  i n  most cases. From t h i s  we assume t h a t  HT9, u n l i k e  2 114 Cr-1 Mo 

stee1,l w a s  no t  d e c a r b u r i z e d  by l i t h i u m ,  bu t  we  have n o t  y e t  completed t h e  

c a r b o n  a n a l y s i s  of the p o s t- t e s t  l i t h i u m .  The t e n s i l e  p r o p e r t i e s  of the 

HT9 samples exposed t o  l i t h i u m  at 500°C f o r  500 h were not s i g n i f i c a n t l y  

d i f f e r e n t  from t h o s e  of t h e  c o n t r o l  HT9 specimens h e l d  i n  a rgon  at 500'C 

f o r  t h e  same time. 
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It was shown e a r l i e r 1 s 5  t h a t  an LKO a l l o y  composed of Fe-31.8 Ni -  

22.5 W . 4  T i  (wt %) w a s  compat ib le  w i t h  s t a t i c  l i t h i u m  up t o  30OC 

above i t s  o r d e r i n g  t empera tu re :  a f t e r  2000 h exposure  a t  500, 600, 550, 

and 710"C, weight changes were n e g l i g i b l e .  This  c o n t r a s t s  wi th  o t h e r  

h i e h e r  n i c k e l  n l l o y s ,  which were a t t a c k e d  s i g n i f i c a n t l y  i n  s t a t i c  

l i t h i ~ m . ~ . ~ , ~  We have r e c e n t l y  completed a n  e l e c t r o n  microprobe a n a l y s i s  

of  t h e  LRO a l l o y  specimens exposed t o  s t a t i c  l i t h i u m  a t  650 and 710OC 

[ F i g s .  9.3.2(a) and ( b ) ] .  The nea r- sur face  reg ion  was not d e p l e t e d  of any 

e lement ,  but sma l l  d e y s i t s  m both  s u r f a c e s  were determined t o  he e i t h e r  

pure  vanadium o r ,  s i n c e  w e  cou ld  not d e t e c t  l i g h t  e l ements ,  a vanadium 

c a r b o n i t r i d e .  The r a d i c a l l y  d i f f e r e n t  m i c r o s t r u c t u r e  of t h e  specimen 

exposed a t  710°C r e s u l t s  from sigma phase formed by thermal  ag ing  d u r i n g  

t h e  c o m p a t i b i l i t y  t e s t .  We have no good e x p l a n a t i o n  f o r  t h e s e  d e p o s i t s  a t  

p r e s e n t .  Such d e p o s i t s  normal ly  r e s u l t  from p r e c i p i t a t i o n  from t h e  

l i t h i u m  d u r i n g  c o o l i n g  from t h e  test  t empera tu re  or from c o r r o s i o n -  

r e s i s t a n t  nodu les  on t h e  s u r f a c e  t h a t  are l e f t  behind as t h e  su r round ing  

a r e a s  are d i s s o l v e d .  However, t h e  former p o s s i b i l i t y  i s  d o u b t f u l  s i n c e  a 

s i g n i f i c a n t  amount of  vanadium should  not d i s s o l v e  i n  t h e  1ithi:in; i f  i: 

had and then p r e c i p i t a t e d  on to  t h e  s u r f a c e ,  a vanadium c o n c e n t r a t i o n  

g r a d i e n t  i n  t h e  n e a r- s u r f a c e  r e g i o n  should  he observed.  

c a n t  weight l o s s  o c c u r r e d ,  t h e  l a t t e r  f a c t o r  is  not p o s s i b l e  e i t h e r .  

These s u r f a c e s  w i l l  he c h a r a c t e r i z e d  f u r t h e r  t o  p o s s i b l y  c l a r i f y  t h e  

n a t u r e  u f  t h e  i n t e r a c t i o n .  

Since  no s i g n i f i -  

9.3.5 Conclus ions  _. 

1. Specimens of 2 114 Cr-1 No s tee l  i n  l i t h i u m  were s i g n i f i c a n t l y  

d e c a r b u r i z e d  a t  500 and 600°C. 

2. Specimens of L 1 /4  Cr-1 Po s t e e l  r e a c t e d  r e a d i l y  w i t h  

Li-5% Al at 500 and 6OO0C, as evidenced by s i g n i f i c a n t  weight g a i n s ,  

b u t  a l s o  e x h i b i t e d  dec reased  d u c t i l i t y .  Cracking occur red  i n  t h e  y-~sc? 

s x t i o n  of t h e s e  specimens.  

3. Shor t- term (500-h) exposure?  of  HT9 t o  s t a t i c  500°C l i t h i u m  

r e s u l t e d  i n  n e g l i g i b l e  weight changes and no change i n  i t s  room tempera-  

t u r e  t e n s i l e  p r o p e r t i e s  re la t ive  t o  specimens exposed t o  argon under 

o t h e r w i s e  s i m i l a r  c o n d i t i o n s .  
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Fig. 9.3.2. The Long-Range-Ordered Alloy F e 3 1 . 8  N i 4 . 4  T i  (wt %) 
Exposed t o  S t a t i c  Li thium f o r  2000 h a t  ( a )  65OoC and ( b )  710°C. 
of t h e  microprobe a n a l y s i s  of t h e  d e p o s i t  (above)  and m a t r i x  (below) a r e  
a l s o  shown. 
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4. Deposits of e i t h e r  vanadium or  a vanadium ca rbon i t r ide  formed on 
t h e  cor ros ion- res is tan t  LRO a l l o y  Fe31.8 Ni-22.5 W . 4  T i  (wt X )  a t  650 

and 71OoC a f te r  2000 h exposure to s t a t i c  l i thium. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 
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9.4 llASS TRANSFEK OF TYPE 316 STAINLESS STEEL I N  LITHIUM THEKMAL- 
CONVECTION LOOPS - P. F. T o r t o r e l l i  and J. H. &Van (ORNL) 

9.4.1 ADIP  Task 

ADZP Task I . A . 3 ,  Perform Chemical and P t 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 .  

9.4.2 O b j e c t i v e  

The purpose of t h i s  t a s k  is t o  e v a l u a t e  t h e  c o r r o s i o n  r e s i s t a n c e  of 

c a n d i d a t e  f i r s t - w a l l  materials t o  f lowing l i t h i u m  i n  t h e  p resence  of a 

t e m p e r a t u r e  g r a d i e n t .  Cor ros ion  rates ( i n  both  d i s s o l u t i o n  and d e p o s i t i o n )  

a re  measured as f u n c t i o n s  of t ime,  t e m p e r a t u r e ,  a d d i t i o n s  t o  t h e  l i t h i u m ,  

and flow c o n d i t i o n s .  These measurements are combined w i t h  chemical  and 

m e t a l l o g r a p h i c  examina t ions  of specimen s u r f a c e s  t o  e s t a b l i s h  t h e  

mechanisms and r a t e- c o n t r o l l i n g  p r o c e s s e s  f o r  d i s s o l u t i o n  and d e p o s i t i o n  

r e a c t i o n s .  

9.4.3 Summary 

The t i m e  dependence of meta:L d i s s o l u t i o n  i n  f i v e  type  316 s t a i n l e s s  

s t e e l  loop  exper iments  in l i t h i u m  i s  d i s c u s s e d .  I n  g e n e r a l ,  t h e  f i v e  sets 

o f  measurements were s a t i s f a c t o r i l y  r e p r o d u c i b l e .  The p r e d i c t e d  d i s s o l u-  

t i o n  rate of type 316 s t a i n l e s s  3teel a t  600°C i n  l i t h i u m  under c o n d i t i o n s  

t y p i c a l  of semis tagnan t  t r i t i u m- b r e e d i n g  b l a n k e t s  i s  less t h a n  12 p l y e a r  

(0.5 m i l l y e a r ) .  

9.4.4 P r o g r e s s  and S t a t u s  

We have con t inued  our  s t u d y  of the mass t r a n s f e r  of type  316 

s t a i n l e s s  s tee l  i n  f lowing l i t h i u m  u s i n g  p r e v i o u s l y  d e s c r i b e d l  thermal-  

c o n v e c t i o n  loops  ( T C L s )  wi th  a c c e s s i b l e  specimens.  These loops  are 

d e s i g n e d  so that  l i t h i u m  samples can  be t a k e n  and c o r r o s i o n  coupons can  be 

withdrawn and i n s e r t e d  wi thou t  a l t e r i n g  the loop  o p e r a t i n g  c o n d i t i o n s .  

Three l o o p s  have o p e r a t e d  under n e a r l y  i d e n t i c a l  t e m p e r a t u r e  c o n d i t i o n s  

t o  deve lop  d a t a  on d i s s o l u t i o n  and d e p o s i t i o n  p r o c e s s e s  as a f u n c t i o n  of 

Plugging from mass t r a n s f e r  d e p o s i t s  n e c e s s i t a t e d  replacement  of 
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t h e  c o l d  l e g s  i n  a l l  t h r e e  loops  a f t e r  5000 t o  10,000 h. Two of t h e s e  

l o o p s  have now completed more than  5000 h a d d i t i o n a l  o p e r a t i o n  s ince  new 

c o l d  l e g s  were i n s t a l l e d .  Fresh coupons were i n s e r t e d  i n t o  t h e  r e f u r-  

b i s h e d  l o o p s  and t h e i r  weight changes have been monitored as a f u n c t i o n  of 

t ime .  These d a t a  are inc luded  wi th  those  from t h e  o r i g i n a l  t h r e e  loops  i n  

F ig .  9.4.1. The d a t a  r e p r e s e n t  t h e  maximum weight l o s s e s  measured a t  any 

g i v e n  time and were o b t a i n e d  Erom the  coupun l o c a t e d  at  t h e  maximum 

tempera tu re  p o s i t i o n  (600'C) i n  each loop. Four of  t h e  d a t a  sets  a r e  

p l o t t e d  as t h e  s o l i d  c i r c l e s  and f a l l  w i t h i n  a s m a l l  s c a t t e r  band a l o n g  

t h e  c u r v e  r e p r e s e n t e d  by t h e  dashed l i n e .  Weight l o s s e s  from one loop 

exper iment ,  however, have been c o n s i s t e n t l y  l e s s  than those  from t h e  o t h e r  

t e s t s .  These a r e  shown a s  the  open c i r z l e s .  

The lower weight l o s s e s  i n  t h e  l a t t e r  loop  experiment were o b t a i n e d  

a f t e r  replacement of a co ld- leg  s e c t i o n  i n  a loop  t h a t  had p r e v i o u s l y  

o p e r a t e d  f o r  5000 h. (Data f o r  tile p rev ious  p e r i o d  f e l l  a long  the u p p e r  

cu rve . )  This  p a t t e r n  w a s  not r e p e a t e d  i n  t h e  second of t h e  loops i n  which 

/ .  
WEIGHT LOSS / 

EXWSURE TIME ( h l  

Fig.  9.4.1. Compila t ion of Weight Loss Data from Five  Lithium- 
Type 316 S t a i n l e s s  S t e e l  Thermal-Convection Loop Experiments.  S o l i d  
circles = d a t a  from f o u r  of the exper iments ;  open c i r c l e s  = d a t a  from 
f i f t h  exper iment .  
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the  cold- leg sec t ion  was replaced. The weight l o s ses  versus time i n  t h i s  

loop were about the  same before and a f t e r  replacement. Thus, the reason 

f o r  the lower weight loss data  is unclear.  We do not be l ieve  i t  is  

r e l a t e d  t o  i n i t i a l  impur i t i e s  i n  the  l i t h ium s ince  a n a l y s i s  of the  l i t h ium 

i n  t h i s  loop during the f i r s t  1000 h of the  experiment yielded oxygen and 

n i t rogen  concent ra t ions  t h a t  were about the same or j u s t  s l i g h t l y  g r e a t e r  

than  those measured fo r  the  l i th ium i n  the o the r  loops. We w i l l  conduct a 

more extensive compatative ana lys i s  when the  loop coupons have been 

exposed approximately 7500 h. This w i l l  include metallographic examina- 

t i o n  of the loop specimens as w e l l  as chemical ana lyses  of the l i thium. 

However, i t  should a l s o  be noted t h a t  the  discrepancy between the  loop data  

represented by the s o l i d  c i r c l e s  i n  Fig. 9.4.1 and those of the f i f t h  loop 

(open c i r c l e s )  is  not as  grea t  a s  i t  may seem from the  f igure.  T h i s  is 

because the major values of interest,  the d i s s o l u t i o n  r a t e s  (which are 

derived from the s lopes  of the weight loss versus  t i m e  curves) ,  d i f f e r  by 

a f a c t o r  of l e s s  than 2; the longer term d i s s o l u t i o n  r a t e  f o r  the four 

loops represented by the dashed l i n e  is 10.5 mg/(m*.h), while tha t  fo r  the 

f i f t h  loop experiment ( s o l i d  l i n e )  is  6.3 mg/(m2.h). 

While the  l i th ium ve loc i ty  i n  our TCLs is low (approximately 30 mm/s), 

i t  is about tha t  of a semistagnant fusion r eac to r  l i th ium blanket used fo r  

breeding t r i t i um.  W e  can the re fo re  predic t  from the above da ta  the 

expected corrosion r a t e  i n  such a l i th ium system. A t  600"C, f o r  pure 

l i t h ium (oxygen and ni t rogen concent ra t ions  l e s s  than 135 w t  ppm, 

r e s p e c t i v e l y ) ,  the d i s s o l u t i o n  rate should be l e s s  than 12 p l y e a r  

(0.5 mi l lyear ) .  However, the conversion of the above mass corrosion 

r a t e  (milligrams per meter squared p e r  hour) t o  u n i t s  of sur face  recess ion  

(micrometers per yea r )  r equ i re s  at l e a s t  one caveat.  A s  seen i n  Fig. 9.4.2, 

t h e  near- surface l a y e r  of type 316 s t a i n l e s s  s t e e l  at 600°C tends t o  be 

very porous a f t e r  exposure t o  c i r c u l a t i n g  l i thium. Therefore, the  sur face  

recess ion  r a t e  (as  ca l cu la t ed  from specimen weight loss )  does not r e f l e c t  

t h e  t o t a l  ex tent  of sur face  a t tack .  This su r face  l a y e r ,  which has been 

p r e f e r e n t i a l l y  depleted of n i cke l  and chromium, appears t o  reach a 

l i m i t i n g  thickness and remain constant  a f t e r  approximately 3000 h.4 

the recess ion  r a t e  ( a s  ca l cu la t ed  from the specimen weight loss as a 

funct ion  of t ime),  when added t o  the depth of the  near- surface l aye r ,  

provides a reasonable es t imate  of the ex tent  of degradat ion i n  t h e  load- 

bearing cross  sec t ion  of the s t e e l .  

Thus, 
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Fig. 9.4.2. Type 316 Stainless Steel Exposed to Lithium in a 
Thermal-Convection Loop for 9000 h at 6OOOC. 

9.4.5 Conclusion 

Weight loss data from five type 316 stainless steel TCL experiments 
indicate a low dissolution rate of this steel in slowly flowing lithium 

characteristic of semistagnant tritium-breeding blankets. 
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9.5 COMPATIBILITY OF SOLID CERAMIC BREEDER MATERIALS WITH ADIP PROGRAM 
ALLOYS-S. R. Breon and P. A. Finn" (Argonne National Laboratory) 

9.5.1 A D I P  Task 

I .A .3  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  A n a l y s i s .  The 

r e s u l t s  p resen ted  i n  t h i s  s e c t i o n  c o n t r i b u t e  t o  Subtasks I .A .3 .3  and 

I .A .3 .4  and a s s o c i a t e d  m i l e s t o n e s .  
r e l e v a n t  t o  P a t h  E a l l o y  development. 

They a l s o  c o n t r i b u t e  t o  m i l e s t o n e s  

9.5.2 O b j e c t i v e s  

b a s e l i n e  d a t a  on t h e  c o m p a t i b i l i t y  o f  c a n d i d a t e  ceramic  t r i t i u m  breeder  

m a t e r i a l s  w i t h  A D I P  Program a l l o y s .  L i m i t a t i o n s  a s s o c i a t e d  w i t h  

o p e r a t i n g  temperature ,  chemica l  i m p u r i t i e s ,  a l l o y  compos i t i on ,  and t h e  
f o r m a t i o n  o f  vapor  phase spec ies  a r e  i n v e s t i g a t e d .  The mechanisms of 

c o r r o s i v e  a t t a c k  a r e  i d e n t i f i e d  and c h a r a c t e r i z e d  and t h e  r e s u l t s  a r e  

used t o  deve lop  a b a s i s  f o r  t h e  s e l e c t i o n  o f  optimum c o n s t r u c t i o n  

m a t e r i a l s  f o r  s o l i d  breeder  b l a n k e t s .  

The o b j e c t i v e  o f  t h e  work r e p o r t e d  i n  t h i s  s e c t i o n  i s  t o  p r o v i d e  

9.5.3 Summary 

An i n i t i a l  scop ing  exper imen t  was c a r r i e d  o u t  t o  i n v e s t i g a t e  t h e  

i n t e r f a c i a l  c o m p a t i b i l i t y  o f  s e l e c t e d  s o l i d  ceramic  t r i t i u m  breeder  

m a t e r i a l s  w i t h  t y p i c a l  A D I P  Program a l l o y s .  
m a t e r i a l s  L i2D, L iA102, and L i 2 S i 0 3  was exposed t o  316-SS, HT-9, 

I n c o n e l  625, and T i6242 a t  873 K f o r  %1900 h i n  a h i g h  p u r i t y  h e l i u m  

env i ronment  u s i n g  a r e a c t i o n  coup le  method. 

ce ramic  i n t e r f a c e s  by SEM, Auger, and X- ray d i f f r a c t i o n  a n a l y s i s  r e v e a l e d  

t h a t  r e a c t i o n  s c a l e s  compr ised o f  e lements  f rom b o t h  t h e  a l l o y  and 
ceramic  had formed i n  a l l  cases.  These s c a l e s  were t h i c k e s t  f o r  t h e  

L i 2 0 / a l l o y  r e a c t i o n  coup les .  

been i d e n t i f i e d  a t  most o f  t h e  i n t e r f a c e s  f o r  wh ich ana lyses  have been 

completed.  A n a l y t i c a l  p rocedures and improved s t r a t e g i e s  f o r  f u t u r e  
ceramic  b reeder  c o r r o s i o n  t e s t s  have been developed. 

*Student  a i d e  f rom Pennsy lvan ia  S t a t e  U n i v e r s i t y .  

Each o f  t h e  s o l i d  breeder  

Examinat ion o f  t h e  a l l o y /  

T e r n a r y  phases o f  t h e  t y p e  L i  M 0 have 
X Y Z  
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9 .5 .4  Progress and S t a t u s  

T h i s  s e c t i o n  d e s c r i b e s  work done t o  d a t e  t o  e v a l u a t e  t h e  c o r r o s i v i t y  

o f  s o l i d  ceramic  breeder  m a t e r i a l s  towards A D I P- s p e c i f i c  a l l o y s  u s i n g  
t h e  r e a c t i o n  coup le  method. 

exper iment ,  t h e  r e a c t i o n s  between t h e  v a r i o u s  ceramics  and a l l o y s  a r e  

be ing  examined q u a l i t a t i v e l y  t o  determine t h e  most p r o m i s i n g  m a t e r i a l s  

combinat ions and t e c h n i c a l  approaches f o r  subsequent c o r r o s i o n  t e s t s .  

Based on t h e  d a t a  a c q u i r e d  i n  t h e  f i r s t  

9 .5 .4 .1  Exper imenta l  Procedure 

env i ronment  a t  873 K f o r  ~ 1 9 0 0  h w i t h  t h e  samples r e t a i n e d  i n  a s t a i n l e s s  

s t e e l  t e s t  apparatus  c o n f i g u r e d  as shown i n  F i g .  9 .5 .1 .  (An Incone l  

X-750 s p r i n g  p r o v i d e d  t h e  compressive f o r c e  t h a t  h e l d  t h e  samples i n  

p l a c e . )  The t e s t  samples were c h a r a c t e r i z e d  a f t e r  exposure by means o 
pho tog raph ic  and v i s u a l  examinat ion,  X- ray a n a l y s i s ,  scann ing e l e c t r o n  
microscopy,  and Auger a n a l y s i s .  

The ceramics s t u d i e d  i n  t h i s  exper imen t  were l i t h i u m  o x i d e  ( L i 2 0 )  

l i t h i u m  s i l i c a t e  ( L i 2 S i D 3 ) ,  and gamma l i t h i u m  a l u m i n a t e  ( y - L i A l D 2 ) .  

powder was purchased f rom Research D r g a n i c / I n o r g a n i c  Chemical Co. Chemical 

a n a l y s i s  showed i t  t o  be 93.3% pure.  

and s i n t e r e d  a t  1073 K, t hen  c u t  i n t o  square p e l l e t s  about  15 mm on a 

s i d e  w i t h  t h i c k n e s s  between 4 .5  and 5.5 mm. 

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

n a u t i c s  Co. (MDAC, J .  W. D a v i s ) .  The samples were a p p r o x i m a t e l y  13 mm 

on a s ide ,  3 mm t h i c k ,  and 88% o f  t h e o r e t i c a l  d e n s i t y .  LiA1D2 samples 

were p repared  by R .  M. Arons o f  t h e  M a t e r i a l s  Sc ience D i v i s i o n  o f  ANL. 

They were h e a t  t r e a t e d  a t  1383 K t o  fo rm t h e  qamma phase. The samples 

were a p p r o x i m a t e l y  12 mm on a s i d e  w i t h  a t h i c k n e s s  o f  1.5 mm and t h e  

r e p o r t e d  d e n s i t y  was 59.1% o f  t h e  t h e o r e t i c a l  d e n s i t y .  

The s o l i d  breeder  c o r r o s i o n  t e s t s  were conducted i n  a h e l i u m  

L i 2 D  

2 The powder was pressed a t  1 .2  T/cm 

The p e l l e t s  were 79% o f  

Glassy L i2S iD3  samples were o b t a i n e d  f rom McDonnell Douglas A s t r o -  

Specimen t a b s  o f  t h e  f o u r  a l l o y s  t e s t e d  i n  t h e  f i r s t  exper iment- -  

316 SS, I ncone l  625, HT-9, and Ti6242--were prepared by A. G. H ins  e t  a l .  

o f  t h e  ANL M a t e r i a l s  Science D i v i s i o n  (MSD). 

a l l o y  i s  g i v e n  i n  Tab le  9.5.1. The a l l o y s  were marked w i t h  coded notches 

The compos i t i on  o f  each 
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4 I I  

I I 
304  SS Spacer-  

L i A 1 0 2  
316  SS 

Inconel 625- 

T i 6 2 4 2 -  

- 3 0 4  S S  - 

L i 2 S i 0  3 HT-9 - 
L i 2 S i 0 3  

316 SS 
Inconel 625  

T i 6 2 4 2  

304 SS Spacers 

T i 6 2 4 2  

300 SS Space r  

1 

L 

F i g .  9 . 5 . 1 .  Expe r imen ta l  C o n f i g u r a t i o n  Showing 
the Sample S t a c k i n g  Orde r .  
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Table 9 .5 .1 .  Alloy Compositions (Nominal) ,  w/o 

AI 1 oy 
Element 316 ss Inconel 625 HT-9 

Fe 65 % 2 .5  % 85 % 

Ni 13-14 61 .O 0.5 
Cr 17-18 21.5  11.5  
C 0.04-0.06 0.05 0.22 
Mn 1 .5- 2 .0  0 .25  0.55 
P 0 .020 0.01 
S 0.010 0.008 0.006 
S i  0.750 0.25 0 .25  
Mo 2 . 0  9 .0  1 . o  
N 0.01 0.04 
A1 0.05 0 .20  50.04 
A s  0.03 50.01 

B 0.001 

co 0.050 s 0 . 0 5  
Nb 0.050 3 . 6  so .001  

Ta 0.020 
v 0.200 0.30 
Sn <O.OOl 
T i  0 . 20  10.07 

Zr 
0 50 .02  
c u  1 0 . 1 0  
W 0.50 
B i  s O . O O 1  
Pb 50.001 
Sb s o .  001 

Ti6242 

0.02 % 

0.005 

0.01 
0.01 
0.0025 

0.09 
2.0 
0 I 008 
6 . 0  

2 .0  
85 

4 . 0  
0.065 
0.005 
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and holes f o r  i d e n t i f i c a t i o n  as t o  type and o r i e n t a t i o n .  

was ~ 1 3  mm on a s ide  w i t h  th ickness between 0.8 and 1.4 mm. 

Each sample 

Photographs were taken o f  the  apparatus before d ismant l ing  (e.g., 

see Fig. 9.5.2). 

taken t o  preserve i n fo rma t ion  on the  o r i e n t a t i o n  o f  each sample. Each 

sample was g iven a ca re fu l  v i sua l  examination w i t h  p a r t i c u l a r  i n t e r e s t  

pa id  t o  changes i n  c o l o r  and sur face tex ture ;  development o f  cracks, 

f rac tu res ,  and f i n e  scratches; and any o the r  t ransformat ions which may 
have occurred. These r e s u l t s  w i l l  be discussed i n  the  nex t  sect ion.  A 
complete photographic record was kept  o f  a l l  a l l o y  samples. 

samples were weighed and measured t o  determine changes i n  density--no 

s i g n i f i c a n t  changes were found. 

I n  some cases, v i s u a l  and photographic examination was augmented 

by use o f  X-ray analys is ,  scanning e lec t ron  microscopy, and Auger 

ana lys is .  
o f  ce ramic la l l oy  p a i r s  was developed. 

Dismantl ing was done i n  an argon glovebox w i t h  care 

The ceramic 

From t h e  data, a q u a l i t a t i v e  d e s c r i p t i o n  o f  the  c o m p a t i b i l i t y  
Th i s  i s  summarized i n  Table 9.5.2. 

9.5.4.2 Resul ts  and Discussion 
The l i t h i u m  aluminates were the  l e a s t  changed i n  appearance of any 

o f  t h e  ceramics. 

on the  surfaces. 

adhered t o  the  a l l o y  and had t o  be g e n t l y  p r i e d  loose w i t h  a spatula. 

A l l  a l l o y s  except Ti6242 had gray images over the  area i n  contac t  w i t h  
t h e  LiA102; t h e  image on t h e  Ti6242 was reddish-gray. 

the  samples were unannealed t ransparent  glasses conta in ing  a few small 
cracks. A f t e r  the  t e s t ,  a l l  th ree  samples became opaque and mi lky- whi te  

The edges turned dark gray and b lack speckles appeared 

The LiA102 sample i n  con tac t  w i t h  the  HT-9 sample 

S i g n i f i c a n t  changes were observed i n  t h e  L i2Si03 samples. O r i g i n a l l y  

i n  co lo r .  

bottom faces ind ica t i .ng  t h e  poss ib le  format ion o f  c o l o r  centers due t o  

i n t e r d i f f u s i o n  o f  m e t a l l i c  elements from t h e  adjacent  a l l o y s .  

cracks increased i n  number and size, and the  samples r e a d i l y  f r a c t u r e d  

i n t o  smal ler  pieces along these cracks. 

surface images o f  the  L i2Si03 p e l l e t .  

a redd ish  t inge.  

I n  add i t i on ,  ye l l ow  reg ions  cou ld  be seen on t h e  top  and 

The 

A l l  a l l o y s  bu t  Ti6242 had gray 
The e n t i r e  Ti6242 sample took on 
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In two cases--HT-9 and  Inconel 625--the Li20 samples had a black or  
dark brown coating on the surfaces in contact with the  al loys.  
other two-cases--316 SS and Ti6242--the surfaces of the Li20 i n  contact 
with the a l loy turned off-white and were pi t ted t o  some extent. 
photographs and X-ray spectra of the Li20 surfaces in contact w i t h  a l l  
four a l loys  indicated the presence of i ron,  nickel, and chromium (e .g . ,  
Fig. 9.5.3). 
which showed those three elements dis t r ibuted evenly amongst clumps of 
titanium in the surface coating (Fig. 9.5.4),  since a l l  three elements 
are present a t  <0.02 w/o in Ti6242. 
of Fe-Ni-Cr a l loys  and Li20 a t  temperatures above 1073 K have reported 
the formation of vo la t i l e  Li5Fe04 and LiCr02. 
or  o ther  vo la t i l e  compounds may account fo r  the presence of iron and 
chrome on the Ti6242 surface. ( I t  should be noted, however, t h a t  nickel 
was n o t  reported t o  have formed any reaction products in these e a r l i e r  
s tudies ,  which i s  contrary t o  some of the resu l t s  in Table 9.5.2). 

Each Li20 pe l l e t  tended t o  extrude into  the c i rcu la r  holes and 
notches of the a l loy samples in contact with i t .  Also, a scaly layer 
was formed a t  the  metal/ceramic interface.  Auger analysis of the 316 SS 
showed a thick (>2pm) uniform coating which contained mostly lithium and 
oxygen. 
had a scale  tha t  contained lithium and oxygen, which supports the 
speculation t h a t  some vola t i l e  reaction products were formed. 
surface of the HT-9/Ti6242 interface was examined using the SEM. 
Titanium was found t o  be uniformly dis t r ibuted over the en t i r e  surface. 
The mechanism of transport i s  most probably in te r fac ia l  diffusion.  

In the 

SEM 

This was a surprising result fo r  the Li20/Ti6242 interface,  

Other of the compatibility 

Formation of these 

The Inconel surfaces a t  the Inconel 625/316 SS interfaces a l so  

The HT-9 

9.5.5 Future Work 
The Ti6242 samples and pieces of  the Li2Si03 samples have been sent 

t o  J .  W .  Davis of MDAC. A l l  other a l loys  have been turned over t o  the 
ANL/MSD fo r  deta i led metallurgical analysis.  Pending work on the 
ceramics includes SEM analysis on the remaining lithium s i l i c a t e  and 
lithium aluminate samples, a s  well as Auger analysis of a l l  ceramics. 
Also, X-ray d i f f rac t ion  analysis will be performed on the surface 
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!:ig. 9.5.4. ( a )  Scanning E l e c t r o n  M ic rog raph  o f  L i  0 
Sur face  Which Had Been i n  Con tac t  a i t h  
T i6242 f o r  -,1900 h a t  873 K. 

( b )  I r o n  X-Ray Scan o f  L i z 0  Sur face.  
( c )  T i t a n i u m  X-Ray Scan o f  L i 2 0  Sur face.  
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c o a t i n g s  o f  t h e  ceramics  

9.5.6 Conc lus ions 

Of t h e  t h r e e  ceramics,  i t  appears t h a t  L i 2 0  i s  t h e  most r e a c t i v e .  

The a lumina tes  and s i l i c a t e s  showed o n l y  moderate c o r r o s i v i t y  b u t  more 

work w i t h  these ceramics i s  war ran ted .  F u t u r e  t e s t s  shou ld  be done 

u s i n g  methods t h a t  i s o l a t e  r e a c t i o n  coup les  f rom one ano the r  t o  

e l i m i n a t e  concerns about  c r o s s  con tamina t ion .  A lso ,  r e a c t i o n  coup les  

shou ld  be ana lyzed i n  c r o s s - s e c t i o n  w i t h o u t  s e p a r a t i n g  t h e  meta l  from 

t h e  ceramic,  i.e., w i t h o u t  d i s t u r b i n g  t h e  meta l / ce ramic  i n t e r f a c e .  
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