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BASTS FQR AsrtoY Dm-, 
In recent studiss(lm2 1 s i g n i f i c e  progress ' effecOs of irradiation on materids m a y  limit 

has been ntade i n  developing concepts for comtaercial r component lifetimae to  t h e  ertant that the 
I 

fusion powr reactors that would be ecC,nadcslly associated inarease i n  Mst.may g r e w  the 
ccaagetitive. Dze of the most c r i t i c a l  aed generic practicaS amlieation of m i o n  eaeFw. 
prob1em areas i s  that of struc%waS materials for 

Wig i. - unmege ~mduction I C ~ ~ M  in mian B m o r  
use in regions of high neutron flux (i .e., the  first sna F w  ~arcmt IKB-a) sp*ctr~. 
vsll aad b W S t  region). Excepting p m b l w  woo- pupion rarw at r W m 2  m-rr. 86v 2 

dwf  agp W S  w 8 E e / 9 '  
ciated x i th  the interaction of the  f i r s t  w a l J  pLnd lo-? 1w7 lo-' 

the plersnra, materials perfornu~oce i s  generally &n 3.6 47 10.0 8.1 - - . - . - - -  - - - - - - - - - - - - - " . * l  
economic rather than a feasibili ty question. The 3-6 15 1.2 0.4 
pripertiss of the stmctur8.l material must a v w  a . 

conservative design wUch w i l l  acachieve Ceqperatures, Recant -rimntB;L ~ i a r k ~ 4 , ~ )  in  which fusion! 

paweF densities, and ~ ~ e n t  r e U b i l i t y  wd reactor irradi&l%ica effect9 a??* & t t &  by 

lifetjmes that  p e d t  aconcmuical3.y competitive , mixed s p e t n g ~ ,  fission reactor i r M a t i o b ~  
power production. (discuss& i n  TechnfceL Apgroath Section) supports, 

The fusion reector seutron spectrum i a  con- the general conclusions thrrt eoan i n  the fusion 
siderably more "damaging" i n  terns of displacement reactor environment the properties of en alloy 
diswgp a& ~cmmmbaCion products prodrzcad gm q~f&an 0'- be &3qm~m& by kgha rmstktf,v&r@,& 

neutron than i s  for w l e  the fas t  f i s s i m  variables of composition and s tmctwe .  For 
reactor neutron spectrum. Table 1 compares damage example, Fig. 1-shova one Intgo2.tast propern, 

production rates i n  two alloys, stainless s teel  and irradiation induced swelling, as a function of 
vanadium, i n  the two different spectra. The irrsdiation tanpemtvre i n  austenitic &ainless 

m i o n  reactor spectnan produces much larger steels. The irraaiiations were conducted i n  a 

quantities of helium tbraB the fas t  reactor spec*rwn.. mixed spectrum r w t o r  resulting i n  helium con- 

I f  cmpsrisons are made on a dpa o r  fluence basis, centrations and dpa levels equi-ent t6 about 

the higher heliunt production rates in a fusion 25 and 5 -/m2, respectively. In  annealed 316, 
spectnm result  i n  mere irradiation induued s m u g  is probabu unacceptably high (&I011 a t  
swelling and Zasger rcldwtions i n  ductility pro- all teatperatares aad increases s b r p l y  above 600°c. 
perties. ~arklas(~) suggests that, the delaterious Controlling the s t n r c t w  by coaA worlsipp~ markedly - - - - - - - - - - - - - - - - - - - - - - -  - - - - - - - - . -  - .  - - .  
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reduces the swelling at temperatures below 60O0c, GOALS AND ALLOY PERFORMANCE REQUIFEMEWS 

I I I I 
IRRADIATED IN HFlR 
( 3 0 0 0  - 4 0 0 0  oppm He. 

- 40-60 dpo) - 
I 
il* - 

ANNEALED - 

2 0 %  COLD 

I 

At higher temperatures the cold work is unstable An alloy for use in fusion power reactors must 

and recovery and.recrystallization occurs.wlth con-. have lifetime, power density and temperature cap- : 
commitant increase in swelling. Changing the com- . abilities which allow econo&cally competitive gen- 

position .by the. addition of a small amount of eration of electricity. At this stage of fusion 

titanium (0.2+3.3%) reduces the swelling of power reactor development the reactor designs are 

annealed material for temperatures up to about : conceptual and evolutionary. It is not possible to 

650°C. Composition and structure also influence be quantitative on lifetime and temperature 

mechanical properties, ( 9 ) differences stemming . requirements and thus one cannot place quantitative 

from changes in the accommodation of transmutation : requirements on those mechanical and. physical pro-. 

produced helium in the alloys. Although these perties which impact lifetime and temperature - .  
results are for the .austenitic stainless steels one capabilities. The required temperature cap- 

would also expect to find beneficial effects of. ability depends on the heat conversion system being 

composition and structure in other alloy systems. utilized and on details of the reactor design. 

There is thus a firm basis for beginning an alloy At minimum,. any alloy should have temperature 

development program. The goals, strategy, and . capability which allows reactors.to be designed 

experimental approach of this program are outlined with a conventional liquid metal -H20 steam 

in this paper. : generator. similar to those used.in breeder reactor 

systems. If a turbine-generator similar to those 
. - . .: 

0 and 900°C ,' respectively). 

300 600 700 ' '0° Economic modeling of fus.ion reactor systems 
' .TEMPERATURE (OC) . shows that the required first wall lifetime is a 

25 

2 0  

I function of plant thermal efficiency, wall loading,; 

employed in light water reactors were used the 

fusion outlet coolant temperature (assuming a 

: liquid metal coolant ) would be about 475'~, metal 

: temperatures -in ..the-f irst-waU and-blanket region- : 

1 would probably be in the range 325-525OC. However,. 

1 by using available design options such as over- . 

FIGURE 1. At dpa and Helium Levels Equal to About : changeout time, additional costs due to materials 
5 and 25 b!Xy-r/m2, respectively, Fusion Reactor 
vposure Control of Microstructure and ccrmpositio~ requirements in other components, etc. The gcal 

cen be Utilized to Xeduce Swelling. of the alloy development program is a material 

0 I S  
5. ! cooling, temperatures in the region of high neutron! 
% j flux could be reduced significantly. ( 6  9 ') The goal: 
W " 

$ to : of higher operating temperatures to improve thermal 

efficiency and potentially reduce power costs is 

also reasonable. Alloys are included in the pro- . 

5 mam rrhich ~RVF! t a ~ ~ e ~ f i t . i u - e  c a ~ a b i l i t ~  TP!: use in 

a system having He-H2Q' steam generators and direct 

helium turbines (metal temperature of about 730 

I 

having a lifetime capability of 40 ,MW~/~'. It is 

realized that this lifetime may not be required 



'for fusion power to be competitive and that the 

required lifetime will be different for- each 

material because of temperature and wall loading .. 

.capability, cost, etc. . . 
Temperature and lifetime requirements, pro- . 

posed breeding and heat transport fluids, fusion 

reactor parer cycles, plant construction, and 

maintenance, combine to impose requirements on the ' 

alloy in several broad areas: availability, fab- 

ricability, corrosion and mass transfer, mechanical 

and physical properties, and degradation of these . 
properties by neutron irradiation. Present 

industrial capacity would allow use of austenitic 

or ferritic steels, nickel base alloys, titanium 

alloys, or alunium alloys. For other alloy systems 

capacity w'ould have to be developed or expanded. 

Although design specific, it is clear that fusion : 
reactor first wall and blanket structures will , 

require complex shapes and welded structures. 

Thus, the alloy must be readily fabricable and . 
weldable. A number of reactor breeding and cooling. 

fluids (lithium, molten salts ,. helium, water, and 
' 

Li-?b-compounds )-have ,been proposed- irr various- - 
design studies. Any structural material must have 

acceptably low corrosion rates and be resistant to 

degradation of properties due to mass transfer 
' 

with other materials in the reactor system through : 
the cooling'and breeding fluids. The presence of ' 
tritium in the system requires that the alloy be ' 

resistant to hydrogen embrittlement at anticipated 

operating and shutdown .conditions. Mechanical and 

physical ~rg~er%les must be sufficient to allow a ; 
conservative design at the operating temperature 

and for the loading conditions required. Degrad- 

ation of these properties below acceptable levels 

by neutron irradiation will define end of life. 

Nearly all common mechanical and physical pro- 

perties directly affect design and thus alloy 

selection: thermal expansion, thermal conductivity, 

elastic modulus, tensile and creep strength and 

ductility, fatigue, fatigue-crack (flaw)-growth, 

fracture toughness. Additionally, the phenomena 

of irradiation induced swelling;- phase in~tab~lity-,< 

- - 

and creep which are functions or' the irradiation 

environment are important. .The relative impor;;- 

--tance of a given property is, however, design 

specific (e.g. ; the impact of fatigue and crack 

growth properties on alloy selection is strongly 
' 

dependent on wall loading, burn time and metal 

temperature). 

DMELOPMENT SEQUENCE 

Uloy development must proceed through 

sequential steps.. First, one must determine the 

potential of a given alloy system for fusion . 

reactor application. This can only be accom- 

plished by examining alloy performance require- ' 

ments and critical properties of the alloy system 

being evaluated. Scoping alloys are chosen to 

represent the different alloy types within a 

system. (s.g., a, a + 0 and' 0 txtanium alloys from 

the tltanium alloy system). The most important ' 

mechanical and physical. properties as well as 

general effects of the fusion reactor environ- 

ment (corrosion, mass transfer, irradiation 

offects) will be assessed using these scoping - - - - - - - - - - - - - -  - - -  
alloys. Information obtained on the ~coping 

alloys will provide input to an analysis and 

evaluation effort hakng an objective of 

determining the potential of a given alloy system 

for fusion reactor applications. If a decision 

is made to proceed with an alloy system, a set of 

base research alloys representing those alloy . 
types judged to have the greatest potential will 

be chosen. The main thrust of the effort on base 

research alloys Kil l  be t o  identify the com- . 
positional and microstructural variables which 

control critical properties and the response the 

alloy to the fusion environment. One or more 

 rime candidate alloys are then selected which 

represent the alloy type within an alloy system 

having the most potential for meeting the fusion 

reactor needs. Final optimization is accomplished 

by control of microstructure and minor alloying 

element chemistry. The last step in the 

development sequence is determination of 
- - - - - -- .- - - - - - -. - .- - - -. 



'engineering propert ies .  Extensive d a t a  w i l l  be - Path A - Austeni t ic  Alloys 

required t o  develop c o n s t i t u t i v e  equations which These a l loys  represent  our most es tab l i shed  

describe mate r ia l  behavior a s  a function of tem-. technology. Production, fabr ica t ion ,  and welding 

perature,  f lux ,  s t ress , .  s t r e s s  s t a t e ,  etc.. ,  f o r  axe s tate-of- the-ar t .  There. is  extensive 
! 

reactor .  design purposes. i n f o m t 5 o n  on p h a s e - s t a b i l i t y ,  e f f e c t s  of com- 

PARALLEL.PATH APPROACH 

The d i v e r s i t y  i n  requirements f o r  a fusion 
, 

reac tor  f i r s t  w a l l  and blanket s t r u c t u r a l  mater ial  

coupled with a l imi ted  amount o f  relevant  da ta  on 

which t o  base judgements fo rces  t h e  a l l o y  develop-. ' 

ment program t o  be broad i n  t h e  range of mater ials  . 
considered. Premature s e l e c t i o n  o r  r e j e c t i o n  of an.: 

a l l o y  could severely l i m i t  design options a t  a 

l a t e r  time. The development s t ra tegy  thus cons i s t s  

of t h r e e  paths (A: a u s t e n i t i c  a l l o y s ,  B. high 

s t reng th  Fe-Ni-Cr a l l o y s ,  and C.. r eac t ive  and 

re f rac tory  a l l o y s )  which represent  thoge a l l o y  

systems judged t o  have t h e  most inherent  po ten t ia l .  : 
f o r  fusion reac tor  appl icat ions and a four th  path ! 

(D. innovative mate r ia l  concepts) which w i l l  pro- . 
vide f o r  development of new mater ials  and concepts. 

Table 2 presents  an evaluat ion of the. c r i t i c a l  

propert i7s  2 T P a t h  .iS, 5, ad-C Klloys -for- th%ir-USF 

pos i t ion  on phase s t a b i l i t y ,  and a more advanced 

understanding of i r r a d i a t i o n  e f f e c t s  than f o r  any 

other  system. The estimated upper temperature 

l i m i t  of 550°C i s  based on i r r a d i a t i o n  induced : 

swelling and embrittlement observed i n  mixed 

spectrum reac tor  i r r a d i a t i o n s  t o  helium contents 

equivalent t o  about 25 ~ / I u ' ( ~ ) .  The fa t igue  

and crack growth groper t i es ,  coupled with thermal 

expansion, conduct ivi ty ,  and modulus nay l i m i t  

f i r s t  w a l l  loadings t o  2--3 MW/m2(8) p a r t i c u l a r l y  . 

for. c y c l i c  reac tors  such a s  Tokamaks.. For t h e  

temperatures considered, these a l loys  have 

s u f f i c i e n t l y  low corrosion r a t e s  i n  l i thium, could 

be used with a helium coolant ,  and axe compatible 

with o ther  a l loys  which'vould probably be used i n  

the  l i q u i d  metal - H20 heat  t ranspor t  system. The 

a l loys  do not appear t o  be suscept ible  t o  hydrogen 

-embritt.lement.. --The extensive background-of - - - 
i n  fusion pbwer reac tors .  information, including ~xperience g a i ~ e d  from t h e  

TABLE 2. Evaluation of  Alloy Systems f o r  f i s s i o n  Reactor Applications 

. .  . . . 
PATH A: PATH B PATH C ALLOYS 

, ALLOYS: ALLOYS: n v . N ~ .  

PRODUCTION AND FABRICATION (WELDING. ETC.) 0' 0. 0% 0 s  

PHYSICAL PROPERTIES (EXPANSION, CONDUC- 
TIVITY)  

P R O E A ~ L E  UPPER I'EMIJ~HAI UHC ~ l i V l l r ( C I  

MECHANICAL PROPERTIES AT  TEMPERATURES OF 
INTEREST (UNIRRADIATEDI 

TENSILE. 
FATIGUE 
CRACK GROWTH 
CREEP-RUPTURE 

IRRADIATION INDUCED PROPERTY CHANGES- 
SWELLING AND CREEP 
MECHANICALPROPERTY DEGRADATION 

CORROSION. MASS TRANSPORT (Li SYSTEM). 

HYDROGEN SOLUBILITY (INVENTORY) 
' (EMBRITTLEMENTI 

RADIOACTIVITY 

0 ACCEPTABLE. STATEOF.ART: DEFINITE ADVANTAGE 
.- - .- .- - 0 MARGINALLY ACCEPTABLE OR POTENTIAL PROBLEM AREA. TESTING AND DEVELOPMLNT REQUIRED - - -- - - - - - 

PROBABLY NOT ALZEPTABLE. SIGNIFICANT DEVELOPMENT EFFORT RSnUIRED. DEFINITE DISADVANTAGE 

7 UNKNOWN 



-"- 
f a s t t t b i d ~ e a c t o r ~ G - i T e a &  t o  ident  i- s t a i n l e s s  s t e e l s .  I r rad ia t ions  i n  mixed spectrum. 

f i c a t i o n  of a prime.candidate a l l o y  having the  corn-- reac tors  i n  which t h e  helium generation is  much 

pos i t ion  given i n  Table 3. Optimization by cont ro l  higher than i n  a f a s t  reac tor  have shown swelling 

of microstructure and by minor a l loy inge lement  l e v e l s  comparable t o  s t a i n l e s s  s t e e l s ( 9 )  indicat-  

addi t ions w i l l  focus on improving mechanical pro- ing t h a t  improVements w i l l  be required. I r r a d i -  

p e r t i e s  which a r e  degraded by transmutation-pro-. a t i o n  embrittlement i s  a s i g n i f i c e n t  prob1.m with 

duced helium ( t e n s i l e  d u c t i l i t y ,  creep-rupture : t h i s  a l l o y  system. Fabricat ion and welding 

d u c t i l i t y  and l i f e ,  fa t igue  l i f e ,  and crack growth) . problems r e l a t e d  t o  the. high s t reng th ,  complex 

end cont ro l  of i r r a d i a t i o n  induced swelling. heat t reatments ,  required cooling r a t e s ,  e t c . ,  

TABLE 3. Alloys Present ly Under Invest igat ion i n  

the  Fusion Reactor Alloy Development Program. 

Path. A: Reference Alloy 

20% OJ 316 

' Prime Candidate W o y  

Fe-16 ~ i - 1 4  Cr-2 MO-(Mn,. T i ,  S i ,  C )  

?ath B: Base Research Alloys 

Fe-40. Ni-12 Cr-3 Mo 

Fe-30 Ni-12 Cr-2 Nb 

Pe-40 Ni-12 Cr-3 Nb 
Mn, 3, Z r  

Fe-75 Ni-15 C r - 1  Nb 

have been encountered f o r  some p r e c i p i t a t i o n  

hardened Fe-Ni-Cr a l loys .  In  a l i th ium system 

corrosion of high n icke l  a l loys  w i l l  probably be 

unacceptable a t  650°C. These a l loys  do, hok-ever, 

have good compatibi l i ty  with helium and molten 

s a l t s .  There is  evidence of reduced d u c t i l i t y  

and f r a c t u r e  toughness when exposed t o  high 

hydrogen pressures .  Alloys of t h i s  system a e  i n  

commercial production, and t h e r e  is  s u f f i c i e n t  

information on production; fabr ica t ion ,  s t reng th  

propert ies  and compatibi l i ty  t o  demonstrate the  

p o t e n t i a l  appl icat ion.  A s e r i e s  of base research 

a l loys   a able 3)  has thus been selected.  These 
Path C:  S c o ~ i n  Allo s 
,., - - - - I- g- - 5 ,- - - - - - - - - . - a l l o y s - U ,  be u s e d  to. assess  the-effects  o f  the- 

Ti-6 A.1-4 V 
. fusion reac tor  environment on key proper t i es  and 

Ti-6 Al-2 Sn-4 Zr-2 Mo-0.25 S i  ' t o  i d e n t i f y  those metal lurgical  var iab les  which, 
Ti :  Ti-5 ~ 1 - 6  Sn-2 Z r - 1  Mo-0.25 S i  

can be used t o  con t ro l  behavior. The a l l o y s  were 
Ti-3 Al-8 V-6 Cr-4 Mo-4 Z r  , se lec ted  t o  represent  t h e  basic  strengthening 
V-20 Ti 

mechanisms which can be used: strengthened by 
V:  V-15 Cr-5 Ti 

y' with either..molybdenum o r  niobium a s  t h e  

vanstar-' Cr-3.3 Fe-1'3 Zr-0.054C aus ten i te  s o l i d  so lu t ion  s t rengthener ,  s t rength-  
Nb: Nb-1 Z r  ened by y'  and y" and a high n icke l  y' strength-  

a - 5  Mo-1 Z r  . ened a l loy .  
Path D: S c o ~ i n g  Alloys 

2 mo Auovs 
Path C - Reactive and Refractory Alloys 

- -- 

The reac t ive  and re f rac tory  metal a l loys  a r e  

Path 3 - Righ Strength Fe-Ni-Cr W o y s  markedly d i f f e r e n t  i n  character  but a r e  'included 
The y '  (coherent face centered cubic phase) together  i n  Path C because t h e i r  development 

and y" (body centered te t ragona l  phase) strength-. . schedules a r e  judged t o  be s imi la r .  

ened a l loys  o f f e r  higher s t reng th  and temperature . Titanium a l l o y s ,  based on un i r rad ia ted  

capabi l i ty  than t h e  b a s i c a l l y  s o l i d  solut ion strength-to-weight r a t i o ,  fa t igue .  and creep- 

strengthened a u s t e n i t i c  a l loys .  Fast  reac tor  rupture p roper t i es ,  appear t o  be equal o r  

i r r a d i a t i o n s ,  i n  which t h e  3e:dpa r a t i o  is  a f a c t o r  superior  t o  s t a i n l e s s  s t e e l s  f o r  temperatures up 

of 40 below t h a t  i n  a fusion reactor.,  have resu l ted  t o  about 500°C. Limited data  suggest t h a t  the 

in  - s i g n i f  icantly-lower void- swelling than- f n .-, - - a l l o y s  a r e  .compatible with'-lithium, The- -' " - 



solubility of hydrogen in titanium alloys is ceramics, unique material processes, ordered 

relatively high and decreases with temperature. alloys, and other imaginative ideas that offer 

Thus, questions of tritium inventory in the. the possibility of reduction to engineering 

structure qnd hydrogen embrittlement must be con-. . practice. It also will include ultra-low 

sidered in the alloy development program. The most. activation concepts. The development schedule 

critical deficiency for the titanium aUoy system will follow the. steps in Path C after an initial , 

is'the lack of data. on the response of these alloys evaluation of the concepts is completed. 

to neutron irradiation. Four alloys have been 
MAJOR MILESTONES 

selected for scoping studies. The alloys represent A schedule of major (~evel 1) milestones is 
a broad range. of compositions and microstructures given in Fig. 2. It allows an optimized alloy to 
and include (a + 61, a, and 6 a u y s  when chssified b; desimed for each path by early in the 21st 

according to the relative amounts of the a (HCP) and . century. (OPT41 indicates the initial optimized 
S (BCC) phases which .they contain. alloy on Path A; the schedule allows two sequences 

Refractory metal a f i u y s  ~utry be Lhe uuat 
of optimiiation on Path A and one on each of the 

promising candidates for achieving the long range 
others.) This is not to imply that aU paths 

goal of economic fusion power. Very limited 
be followed to completion; as results become 

results from fast reactor irradiation suggest that , 

available 1es.s promising approaches will be 
these alloys may be more resistant to irradiation 

eliminated. This ?rogram presents the strategy 
swelling and embrittlement . Relatively good : for reaching an optimized alloy on each of the 
thermal conductivity and low thermal expansion will individual paths. 
reduce thermal stress levels relative to Path A and 

B alloys. Industrial production capacity fab- ~ Z R ~ A L  .APPROACH 

ricati.on; welding, .sensitivity to mterstiti.al - 1 - - The goaL 04 this-program .is the -development- 
of materials for use in the first wall and 

pickup and hydrogen embrittlement are- major problem 
blanket structure of fusion reactors. There are 

areas.or questions which must be addressed. There .. 
I numerous properties,. environmental variables and is essentially no information on fatigue or crack ,. 

growth properties. Three vanadium and two niobium i 
synergisms.that must be examined before the alloy . 
which is finally developed is qualified for alloys are presently included in the-scoping phase , . 

of the program. The ,ranadium alloys have reactor design- Early in the program there are, 

application to about 650 or 700°C and the niobium however, too many alloys to investigate all 

ternary alloy to about 80O0C. properties and variables in detail. Thus, in 

each alloy system of interest the program must 
Path U - lnnoVAPatlv8 MarerlaLs md Concepts , : (1) identify the.properties most critical to the 

Path D will address innovative material 
successful use of: that system; (2) determine if 

options. This aath is included in the program in 
these properties are degraded by the fusion 

recognition that the conventional concepts of . ,reactor chemical and/or irradiation environment; 
metallurgic& development that are implicit in 

and (3) determine if those properties which are. 
Paths A' B7 and may not provide Optimum 

' 

inadequate or degraded to unacceptable levels can .. 
for fusion reactor application. These alternative-. 

be improved by the metallurgicsl variables of 
' 

concepts will be examined to overcome the per- 
composition and/or structure. It is thus 

formance limits imposed by more conventional 
important that the testing program give results 

materials engineering. This path might include which can be used to estimate or predict proper- 
novel concepts such as composites, structural - - - - - - -  - - . - - - - -  ties under expected reactor operating conditions'. . 



YEAR PATH A 

1978 SELECT PATH A PRIMECANOI- 
OATE ALLOYSII-I1 

PATH 8 PATH C PATH 0 ' 

SELECT PATH B BASE RESEARCH SELECT PATH CALLOYS FOR ISSUE REQUEST FOR PRO: 
ALLOYS I 1 4 1  SCOPING STUDIES 11-101 POSALS FOR IOENTIFICATION 

OF PROMISING PATH 0 
MATERIALS 11-151 

. . SELECT PROMISING PATH 0' 
CONCEPTS FOR XOPING. 
STUDIES (1-161. 

. SELECT PATH C BASE. 
RESEARCH ALLOYS 11-Il l 

SELECT PATH 8 PRIME CANOI- 
OATE ALLOYS 11-71 

SELECT PATH CPRIME- 
CANOIDATE ALLOYS (1-121 

SELECT PATH 0 BASE 
RESEARCH MATERIALS 
11-111 

SELECT PATH 0 PRIME. 
CANDIOATE MATERIALS 

1991 ESTABLISH ENGINEERING OATA IOENTIFY 0PT.B 11-41 
BASE A N 0  PERFORMANCE LIMITS 

IOENTIFY 0PT.C (1-131:. 

IDENTIFY 0PT.D 11-191'. 

. FOR OPT-A1 (1-31- 
1982 IDENTIFY OPT-A2 1141  

1893' 

1 9 9 1  

1985. 

1996; 

1897' 

1998' . . 
199% ESTABLISH ENGINEERING OATA. 

BASE A N 0  PERFORMANCE LIMITS . . 
FOR OPT.A2 11-51 

2WJ .' E5TAULlSH f N t i l N ~ ~ H l N t i  UAI'A; 
BASE AN0 PERFORMANCE 
LIMITS FOR 08T.B:Il-91. 

.- - -- - - 
: ESTABLISH ENGINEERING. 

DATA @AGE AND PGflPOnM- . 
ANCE LIMITS FOR 0PT.C 
11-141. 

rn 
2000"' ESTABLISH ENGINEERING 

OATA BASE A N 0  PERFORM- 
ANCE LIMITS FOR OPT- 0 
11-20). . 

FIGURE 2. Comp&ison of Level 1 Milestones on Different Alloy Development Paths 

Measurements of properties which are sensitive to 

the chemical environment must be done in the 

environment of interest. For example, fatigue 

and crack growth properties of stainless steels 

are about a factor of 10 lower in air than in a . 

low oxygen partial pressure. ( l O )  Use of results . 
obtained from tests conducted in air to predict 

behavior of this alloy in a fusion environment ' . 
I 

will lead to a signific'ant under-prediction of :' 
the true capability of the alloy. Testing in an ' 

appropriate chemical environment will be even more 

important for the refractory alloys based on 

vanadium and niobium. 

The effects of irradiation on physical and 

mechanical properties will form one of the primary 

bases for alloy selection and optimization. The 

lack of a large volume irradiation test facility, 

with a neutron spectnim and flux characteristic of' 

a fusion reactor, forces the program to rely on a 

variety of approaches which approximate the fusion: 

reactor irradiation effects. The accuracy of the . 
approximation will depend on (1) primary damage. 

' 

.distribution, (2) damage energy deposition rates, 

and ( 3 )  transmutation product production rates. 

As reviewed by Wiffen and ~tiegler( l l )  it has 

been established that the qualitative nature of 



the  displacement damage .produced by 14 MeV neutrons . l i n e a r l y  with ( $ f t ) .  Hence, t h e  time when the  

is i d e n t i c a l  t o  t h a t  produced by f i s s i o n  reac tor  ' He/dpa i n  a f i s s i o n  reac tor  exceeds t h a t  i n  an MFR. 

neutron spectra .  In low temperature-low fluence is a function of t h e  r a t i o  of thermal-to-fast 

' i r rad ia t ions  of  pure metals small d i s loca t ion  loops neutron f lux.  To u t i l i z e  f i s s i o n  reac tors  f o r  MFR 

a r e  produced i n  both spectra .  In  some experiments f i r s t - &  development of  mater ials  t h a t  contain : 

de ta i led  agreement i n - c l u s t e r  si.ze d i s t r i b u t i o n  and, n icke l  t h e  He/dpa during t h e  i r r a d i a t i o n  must 

to$a l  defect  content has bee; obtained(12* 9 1 4 )  
' c lose ly  match t h a t  an t ic ipa ted  i n  an MFR. This can 

while i n  o ther  experiments small differences i n  be.achieved by t a i l o r i n g  t h e  spectrum through 

s i z e  and d i s t r i b u t i o n  of c l u s t e r s  have been adjustments i n  the  amount of f u e l  and. moderator 

observed. ( l 5, l 6  17) ' Comparisons of t h e  response of around t h e  e q e r i m e n t .  In  t h e  example shown i n  

a number of mater ial  propert ies  t o  i r r a d i a t i o n  show. Fig. 3 (b) ,  extr.emely simple spectrum t a i l o r i n g  of  

t h a t  any given property var ies  s imi la r ly  with an experiment i n  t h e  O a k  R i Q e  Research Reactor was 

f luencr  ia t h e  d i f f e r e n t  ncutron ~ p e c t r a .  The . ~lsed. No attempt was sade t o  optimize the  

e f f e c t  of t h e  neutron spectrum i s  t o . t r a n s l a t e  the  t a i l o r i n g  of the  spectrum t o  produce a He/dpa 

property change along t h e  fluence axis. Thus, a t .  . c loser  t o  t b e  MFR value. How c lose  t h e  He/dpa must: 

t h i s  time, it appears t h a t  a f i s s i o n  reac tor  soec.- : b e . c o n t r o l l e d  t o  simulate the  e f f e c t s  of t h e  MFR 

t r a  w i l l  adequately approximate the  fusion reac tor  , environment is  not yet  known. Thus f o r  Tath A and 

displacement damage. Benchmark experiments 3 a l loys  t h e  a l l o y  development program.wil1 u t i l i z e  

cor re la t ing  t h e  fusion and f i s s i o n  reac tor  spec t ra  , mixed-spectrum f i s s i o n  reac tors  with s p e c t r a l  

t o  e s t a b l i s h  t h e  s h i f t  in. fluence a x i s - w i l l  be t a i l o r i n g  t o  approximate t h e  helium and dpa.pro- 

required. The primary problem with use of f i s s i o n  . duction of a fusion reac tor .  The experimental 

reac tors  is  t h e  i n a b i l i t y  t o  match t h e  t rans-  . ' volume ava i lab le  is  s u f f i c i e n t  t o  ca r ry  out t h e  : 

mutation-product-p~oduction rates.-The production-. extensive tesking. required i n  the  a l l o y  development; 

of helium froni (n ,a )  react ions i s  of  ' pa r t i cu la r  ' progran. Fast reactoi's (EBR-I1 and w i l l  I+? 

importance because of t h e  e f f e c t s  on swelling ; used t o  examine response a t  high dpa l e v e l s  (with . 

kine t ics  and mechanical propert ies .  P o r t u a t e l y  : He/dpa much l e s s  than i n  a fusion r e a c t o r )  and h igh  

i n  mixed spectrum f i s s i o n  reac tors ,  where b o t h . t h e -  : f l u x  mixed spectrum reac tors ,  such a s  t h e  mIR, w i l l  . . 
f a s t  and thermal f luxes exceed 3 x lo i8  n/m2s, both be used t o  .achieve helium l e v e l s  equivalent t o  

helium and dpa production r a t e s  equivalent t o  those severa l  years  fusion reac tor  exposure (with He/dpa 

of a r i s i o n  reac tor  a t  1 MW/m2 can be achieved i n  . l eve l s  much greater: than a fusion r e a c t o r ) .  The 

n l  1 nys r.nnt,ainina nickel .  isp placements are- p o s s i b i l i t y  e x i s t s  t o  do sequent ial  i r r a d i a t i o n s  ini 

produced by t h e  f a s t  neutrons and helium is pro- reac tors  such a s  KFlR and PTTF t o  a t t a i n  goa l  dpa I .  

duced by t h e  two s t e p  reac t ion  and helium l e v e l s  i n  a stepwise manner. 

I n i t i a l .  r eac tor  i r r a d i a t i o n s  w i l l  emphasize 5 8 ~ i  + n. 5 9 ~ i  
( t h )  pos t i r rad ia t ion  t e s t i n g  and examination. The b .  

5 9 ~ i  + n a. 5 6 ~ e  + a . 
( t h )  : capabi l i ty  f o r  performing in-reactor  experiments in: I .  

, <!! 
However, a s  shorn i n  Fig. 3 ( a ) ,  i r r a d i a t i o n  i n  a' which temperature, s t r e s s ,  and 3 t r a i n . a r e  measured . 

mixed-spectrum reac tor  where t h e  thermal-to-fast ' a n d  varied i n  a con t ro l led  way w i l l  be developed 
.. . 

neutron r a t i o  is  approximately constant during .the a s  rap id ly  a s  possible .  Because of t h e  l a r g e  num- . . 

. . 
e n t i r e  i r r a d i a t i o n ,  t h e  same Hejdpa a s  t h a t  i n  an ber of mater ials  and conditions t o  be considered a 

?IFR f i r s t  wal l  i s  achieved a t  only. one time during major e a r l y  e f f o r t  w i l l  be devoted t o  miniatur- 

i r r a d i a t i o n .  The helium concentration increases i z a t i o n  of t e s t  specimens. Attent ion . d i l l  be 

approximately..as-. (4, t ) : 5 .  and the-dpa increases- concent ra ted  on. mechanical propert ies  measureaent s .- 
r.b 
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Microstructural  observations w i l l  be used a s  an : i n j e c t i n g  helium.. and hydrogen i n t o  t h e  specimens 

i n t e r p r e t i v e  t o o l  r a t h e r  than a primary experimen- p r i o r  t o  neutron i r r a d i a t i o n  o r  by doping t h e  
* 

tal. object ive.  specimens with isotopes t h a t  have acceptable c ross  

600  . . sect ions f o r  ( n , p )  and. ( n , a )  reac t ions .  This ap- , 

I . , proach wil l -probably not be usefu l  f o r  generating. 

500 .an engineering d a t a  base, but it w i l l  provide t h e  . 
, . 

' . guidance f o r  early a l l o y  development decis ions.  If 

400  such a l loys  a r e  i d e n t i f i e d  f o r  commercial fusion - 
E ' reac tors ,  a large:volume, high f l u x  fusion t e s t  - 
: 

3 0 0  . . f a c i l i t y  w i l l  b e  required. Alloy development on . 
I these  paths. w i l l  a l s o  be aided by ion bombardment 

LOO 
: . s t u d i e s - i n  which heavy ions produce displacements 

, while l i g h t  ions. (H and He) a r e  simultaneously 

I 0 0  
in jec ted  a t  appropriate  r a t e s .  Because of our 

' r e l a t i v e l y  meager knowledge of t h e - p r o p e r t i e s  of 
i ; 
' these mate r ia l s  i n  t h e  absence of  i r r a d i a t i o n ,  much 

0 
5 10. 15 20 25 30- 35 

. _ . _ _ _ _ - .__ _ . opA. - . -.- -. . . . . . .. -. ': of t h e  guidance.. i n  t h e  development of a l loys,  w i l l  
( a )  come from. s tudies .  of the. physical  and mechanical 

500  
metallurgy of f r r a d i a t e d  mater ials .  This w i l l  

. ,  g r e a t l y  reduce. the number of mate r ia l s  t o  be sub- 
' 

400  jected t o  . i r r a d i a t i o n  tes t ing .  

The Fusion Mater ials  I r r a d i a t i o n  Test Facilit-fi 
-. - 300 ; - (-FMIT) -and-thc Damage .Analysts and-Fundamental '- - 
- I ' Studies  Programs a r e  important par t s -of  t h e  overall' 
; 

z m  a l l o y  development s t ra tegy .  In  t h e  FMIT t h e  

. experimental volume v i t h  a high neutron f l u x  

too ( > l o x 8  n/m2s) is  small ('LO. 5 l i t e r ) .  Alloy devel- 

i . opment musf thus r e l y  on f i s s i o n  reac tors  because 
. . . 

o of t h e i r  l a r g e  experimental volume. Zxperiments in! 
0 I 0  13 20 25- 30 35i .  

. - OPar - - , FMIT w i l l  provide. t h e  l i n k  between the  f i s s i o n  
( b )  reac tor  d a t a  and t h e  e f f e c t s  of t h e  fusion reac tor  

.FIGURE 3. ' H e l i h  Concentration a s  a Function of : neutron spectrum. 
Displacements 'per  Atom i n  m e  316 S ta in less  S t e e l  
for-  an MFR ~ i r s t  Wall and I'o; I r r s d i a t i o n  i n  ( a )  . SUMMARY 
Two HFIR and Two ORFf Posi t ions,  (b) T.m Posi t ions 
of ORFf with Spectrum Tailoring; Percentage values.  The ob jec t ive  of the  Alloy Development f o r  

a r e  f o r  t h e  increases i n  the  thermal neutron f l u x  I r r a d i a t i o n  Performance Program is  t h e  development 
produced by varying t h e  moderation between t h e  . . 
reac tor  f u e l  and t h e  t e s t  samples. . of s t r u c t u r a l  mate r ia l s  f o r  use i n  t h e  f i r s t  w a l l  

and blanket region of fusion reac tors .  The goal of! 
The s i t u a t i o n  f o r  a l loys  on Paths C and D is  

. t h e  program is  a mater ial  t h a t  w i l l  s w i v e  an 
l e s s  s a t i s f a c t o r y .  Fission reac tors  again w i l l  

exposure of 40 bIwyr/rn2 a t  a temperature which w i l l  
grovide t h e  main t e s t  veh ic le ,  but because of t h e i r  allow use of a l i a u i d  metal-H7O heat t ransuort  - 
s p e c t r a l  characteristics.transmutation r a t e s  w i l l  

system. Although t h e  ul t imate aim of t h e  program 
be much below those of a fusion reac tor  sqectrum. 

is  development of  mate r ia l s  f o r  commercial reactors!  
T h i s . l i n i t a t i o n - w i U  be-overcome-to-some-extent by-- - - - - - - - .-- - - - - - - - - - - - 
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by the end of this century, activities are 

organized to provide materials data for the re- 

latively low performance interim machines.that will 

precede. commercial reactors. ! 

Nost, if' not all, materials properties which 

are critical in fusion reactor design are sensitive 

to the alloy composition and/or microstructure even, 

in the fusion reactor environment. This means that 

in any alloy system improvements in perforssnce are 

possible through control of these quantities. The 

first step is to identify the:most promising alloy ' 

systems and then to optimize or tailor their per- 

formance for. fusion reactor applications. 

The range of problems, irradiation conditions 

and possible solutions in terms of composition and 

microstructure is so vast that a trial and error or' 

Edisonian approach'to alloy development is un-. 

likely to succeed. A disciplined approach in 

which the effects of important material and 

irradiation variables are understood, at least in 

qualitative terms, and applied to the design of 

alloys is essential to meeting the goalsof this : 
pro gram..- - - - -- .- - - - - - - - - - '  

Initial s.tuclieu. suggest that the austenitic . : 

alloys, 'higher strength Fe-Ni-Cr alloys and the 

refractory or reactive metal alloys all offer 

attractive properties for fusion reactor appli- 

cations. The Alloy Development Program will follow - 

a parallel path approach including; austenitic 

alloys, higher strength Fe-Ni-Cr alloys, refractory/: 

reactive alloys, and innovative:concepts.. The 

latter path is included in the program in recog- 

nition of the possibility that the conventional 
: 

concepts of alloy development may not be adequate 

for all fusion reactor applications. This path 

will include novel approaches that offer. the 

possibility of reduction to engineering practice , 

and improved performance of the fusion reactor 

system. 

Although this plan describes the steps for pro- 

ducing an optimized alloy on each of four parallel 

paths, this is not intended to imply that all paths 

e l l  be- followed-:to- completiorr. -Asthe program - . 

develops, the less promising approaches will be ' 

eliminated, and attention will be concentrated . 

along the most productive lines. During.the first 

five or six years the program is designed to fill 

two needs : first, an optimized. austenitic alloy 

will be developed and a data base suitable for 

designof interim machines will be produced; and 

second, scoping work will be completed to identify 

-promising alloy development approaches on the- 

other paths. At that tine the reactor design 

concepts should become. better'defined as a result . 

of plasma physics experiments now under con-. 

struction, and.the alloy development effort can , 

then be focused to meet those needs. 

The exposure goal of 40 MWyr/m2 makes 

irradiation effects the dominant element in the 

program. There is no way to estimate the pro-. . 

perties of materials irradiated to such high 

levels from the properties of unirradiated 

materials. Final decisions on alloy choices will 

be based on extensive measurement of irradiated 

materials including the evaluation of properties 
' 

-during-irradfatfonr The-prdgrain will-not' lie - - 
directed exclusively at irradiation perfonnanoe, 

' 

however, and much of the early identification of 

promising alloy systems will. be based on measlire- 

ment of properties outside the irradiation 

environment. 

The ideal test environment has a fusion 

neutron spectrum, a flux high enough.to allow 

accelerated testing and an experimental voluqe on 

the order of several liters. Such a source is 

not currently available or authorized, but the 

plan assumes that one will become available 

around 1990. During the intervening time the 

program must- rely on less-than-ideal sources 

(principally fission reactors 1, simulation 
techniques,,and, of necessity, a strong under- 

standing of the physical processes that occur 

during irradiation. The Damage Analysis and 

Fundamental Studies Task Group and the Fusion 

Materials Irradiation Test Facility are essential 

el-aentrof-this part of the strategy; for.they- -' 

will allow us to relate fission reactor behavior 

to the fusion reactor environm_en$:- ---------, - -... -- 
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