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Th i s  i s  t h e  second i n  a se r i es  of semiannual t e c h n i c a l  progress r e p o r t s  on f us i on  reac to r  m a t e r i a l s .  
Th is  r e p o r t  combines research  and development a c t i v i t i e s  which were p rev ious l y  r epo r t ed  separa te ly  i n  t h e  
f o l l ow ing  t e c h n i c a l  progress r epo r t s :  

. A l l o y  Development f o r  I r r a d i a t i o n  Performance 

- Damage Ana l ys i s  and Fundamental S tud ies  

Specia l  Purpose M a t e r i a l s  

These a c t i v i t i e s  a r e  concerned p r i n c i p a l l y  w i t h  t h e  e f f e c t s  o f  t h e  neu t ron i c  and chemical environment on 
the  p r o p e r t i e s  and performance o f  r eac to r  ma te r i a l s ;  t oge the r  they  form one element o f  the  o v e r a l l  m a t e r i a l s  
program be ing  conducted i n  support  of  the  Magnetic Fusion Energy Program of t h e  U . S .  Department of Energy. 
The o the r  major  element o f  the  program i s  concerned w i t h  t h e  i n t e r a c t i o n s  between reac to r  m a t e r i a l s  and t h e  
plasma and i s  r epo r ted  separa te ly .  

The Fusion Reactor M a t e r i a l s  Program i s  a na t i ona l  e f f o r t  i n v o l v i n g  several  na t i ona l  l abo ra to r i es ,  
u n i v e r s i t i e s ,  and i n d u s t r i e s .  The purpose o f  t h i s  se r i es  o f  r epo r t s  i s  t o  p rov ide  a working t echn i ca l  r eco rd  
f o r  t h e  use of t h e  program p a r t i c i p a n t s ,  and t o  p rov ide  a means o f  communicating t h e  e f f o r t s  o f  m a t e r i a l s  
s c i e n t i s t s  t o  t h e  r e s t  o f  t h e  f us i on  community, bo th  n a t i o n a l l y  and wor ldwide.  

Th is  r e p o r t  has been compiled and e d i t e d  under the  guidance of A. F. Rowc l i f f e ,  Oak Ridge Nat iona l  
Laboratory,  and D.  G.  Doran, B a t t e l l e - P a c i f i c  Northwest Laboratory.  The i r  e f f o r t s ,  t h e  work o f  t h e  p u b l i c a -  
t i o n s  s t a f f  i n  the  Meta ls  and Ceramics D i v i s i o n  a t  ORNL, and the  many persons who made t echn i ca l  con t r i bu-  
t i o n s  a r e  g r a t e f u l l y  acknowledged. T .  C .  Reuther, Reactor Technologies Branch, has r e s p o n s i b i l i t y  w i t h i n  DOE 
f o r  t h e  programs repo r ted  on i n  t h i s  document. 

G. M.  Haas, Chief 
Reactor Technologies Branch 
O f f i ce  of Fusion Energy 
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4.1 Ana l ys i s  of the  E f fec t  o f  I n t e r n a l  Hydrogen on the  Fat igue Crack Growth o f  HT-9 
( P a c i f i c  Northwest Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Evaluation of the frequency dependence of the hydrogen effect on fatigue crack 
growth of HT-9 showed an increasing crack growth rate with decreasing frepuency or 
increasing cyclic period. 
crack growth of HT-9 with internal hydrogen has been used to evaluate the hydrogen 
contribution t o  fatigue crack growth using the superposition of static and cyclic crack 
growth processes. 

This result coupled with the plateau observed for the fatigue 
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o f  M issour i  - Ro l la )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  57 

Data on the neutron-induced swelling of simple Fe-Ni-Cr austenitic alloys are pre- 
sented to show that there are three compositional regimes of swelling as a function of 
nickel content. The intermediate transition regime can be shifted to higher or lower 
nickel levels as B function of chromium content, various solutes, displacement r a t e ,  
temperature and helium level. Such shifts can preclude the observation of either the 
lower or upper nickel regime. 
ment studies due to factors that are atypical of the neutron environment. 

Oats are also presented to show the influence of silicon and phosphorus on the 
neutron-induced swelling of Fe-25Hi-15Cr and to demonstrate that the separate influence 
of each of these elements is more complex than previously observed. Similar complex 
trends have also been seen in ion bombardment experiments but there are additional 
distortions relative to the neutron-induced behavior that arise from the interaction of 
these elements with point defect gradients. 

A model is presented to show that the major effect of composition on swelling lies 
in its influence on void nucleation, operating primarily on the  intermediate transition 
regime. Compostional variations thus is due to the effect of each element on the 
vacancy supersstur8tiOn via their effect on either the equilibrium vacancy concentration 
or the effective vacancy diffusion coefficient. 

The lower nickel regime is also obscured in ion bombard- 

5 . 2  The Behavior o f  So lu te  Segregat ion and Void Formation i n  Fe-Cr-Ni and Fe-Cr-Mn S tee l s  
Ouring E lec t r on  I r r a d i a t i o n  (Facu l t y  of Engineer ing,  Hokkaido U n i v e r s i t y ;  Hanford 
Engineer ing Development Laboratory;  and B e i j i n g  U n i v e r s i t y  of I r o n  and S tee l  Technology) , , 81 

The relative swelling behavior of Fe-Cr-Mn and Fe-Cr-Ni alloys during electron 
irradiation is shown to be different from that observed in neutron irradiations. This 
difference appears to a consequence of the different diffusion behavior of nickel and 
manganese in response to the operation of the inverse Kirkendell effect. The vacancy 
gradients driving the diffusion in these experiments are generated not only by the foil 
surfaces and the electron-generated radial displacement gradient but also by high angle 
grain boundaries deliberately centered in t h e  middle of the electron beam. 
cedure allows tbe relative diffusional characteristics of each element to be observed by 
EOX measurements across the grain boundary. 
on swelling was also studied in these experiments and yielded no behavior atypical of 
that observed in neutron irradiation studies. 

This pro- 

The influence of helium and minor solutes 

5 . 3  The C r i t i c a l  Radius f o r  Void Nuc lea t ion  i n  Neutron I r r a d i a t e d  F e r r i t i c  A l l o y ,  HT-9 
(Ar izona S ta te  U n i v e r s i t y  and Westinghouse Hanford Company) . . . . . . . . . . . . . . . .  92 

Experimental messurements of cavity formation of HT-9 following irradiation to 
39 dpa at 300, 400, 500 and 6OO0C are used as a basis for examining the critical radius 
for void nucleation model as applied to ferritic alloys. Calculations demonstrate that 
the value for critical radius following irradiation at 4OO0C can be predicted, that 
values for critical radius at 500 and 600'C are in agreement with experiment but that 
values for critical radius at 3OO0C are below experimental values. Calculations are 
compared with those on a ferritic alloy following ion bombardment. Possible explana- 
tions are suggested. 
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5 . 4  Defect  Produc t ion  and Hardening i n  Neu t ron- I r r ad ia ted  Copper 
(Oak Ridge Nat iona l  Laboratory)  . . , . , . . . . . , . . . 

The fraction of Frenkel defects that survive in isolated or clustered form during 
room temperature irrsdiation of copper has been measured as a function of fluence by a 
combination of TEM and electrical resistivity methods. The ratio of surviving to 
created defects decreased from I2 to 4.7% as the fluence of 14-MeV neutrons increased 
from I x IO" to 2.9 x IO" aim'. 
radiation hardening studies indicates that the barrier strength of loops (8) may also 
depend on fluence, st least at low fluences. 

Computer S imula t ion  o f  I o n  Beam Mix ing  ~ P a r t  I ( U n i v e r s i t y  o f  Wisconsin) 

A comparison of the TEM and resistivity data with 

5 . 5  

Ion beam mixing, which is defined as the application of energetic heavy ion beam to 
induce materials interactions in thin-film composite sample or pre-implanted solids, has 
been received a great concern by many research groups. However, the complicated nature 
of mixing process makes it hard to predict the dynamic behavior of the materials during 
ion beam irradiation. Monte Carlo methods have been used to solve this problem and in 
this study, the accuracy of such a program was tested to calculate the ion range  before 
further modification of t h e  program. 

6. DEVELOPMENT OF STRUCTURAL ALLOYS . . . . , , 

6 . 1  F e r r i t i c  S ta i n l ess  S tee l s  

6 .1 .1  Charpy Impact Tes t  Resu l ts  of F e r r i t i c  A l l o y s  From the  HFIR-MFE-RBL Tes t  
(Westinghouse Hanford Company) . . . . , , . . . . , , . . . . , , . . 

Miniature Charpy specimens of XT-9 in base metal, weld metal and heat 
affected zone ( H M j  metal conditions, and 9Cr-IMo in base metal and weld metal 
conditions have been tested following irradiation in HFIR-MFE-RB2 at 55OC to 
=IO dpa. A I 1  specimen conditions have degraded properties (both DBTT and USE) 
in comparison with specimens irradiated to lower dose. 9Cr-Mo degraded more than 
NT-9 and weld metal performed worse than base metal which performed worse than 
H M  material. 
dose, indicating that degradation response had not saturated by IO dpa. 

Property degradation was approximately linear 8s a function of 

6.1.2 Charpy Impact Tes t  Resu l ts  f o r  Low A c t i v a t i o n  F e r r i t i c  A l l o y s  
(Westinghouse Hanford Company) . . . . . . . . . . . . . . . . . , , . . . . . . 

Six low activation ferritic alloys have been tested following irradiation at 
365°C to 10 dpa and compared with control specimens in order to assess the effect 
of irradiation on Charpy impact properties. It is found that alloys of com- 
position F'e-ZCr-I.W, Fe-IZCr-6Mn-IV and Fe-IZCr-6M~IW develop unacceptably 
large shifts in DBTT due to irradiation, Fc-9Cr-IV develops a small shift and 
Fe-9Cr-IW and Fe-7.5Cr-ZW develop negligible shifts. There is little effect on 
USE in all cases.  It appears that alloy development of low activation ferritic 
alloys should be concentrated in the Fe-7.5 to 9Cr r a n g e .  

6 . 1 . 3  Tempering Ef fec ts  on a 12 C r  Low A c t i v a t i o n  S tee l  ( U n i v e r s i t y  o f  Wisconsin) 

A martensitic steel similar to HT-9 has been designed to reduce activation 
levels  following irradiation. Hardness tests, optical metallography and trans- 
mission electron microscopy R E  being used to determine the response of the steel 
20 tempering. 

Prope r t i es  o f  Welded Low A c t i v a t i o n  F e r r i t i c  A l l o y s  (Auburn U n i v e r s i t y )  . 6 .1 .4  . . 

Sound autogeneous welds can be produced readily in thin sheets of the low 
activation ferritic alIoys patterned on 2-114 Cr-IMo, 9 Cr-IMo and 12 Cr-1Mo 
steels. The as-welded 2-If4 C r  and 9 Cr alloys show typical microstructures of 
banite and martensite respectively, while 12 Cr alloys show the duplex ferrite- 
martensite. 
in both fusion and heat-affected zones if the concentration of vanadium is 
greater than I wt$. 
of tungsten and tantalum is not significant. 
a post-weld hear treatment is recommended for both 9 C r  and 12 C r  low activation 
alloys to enhance impact properties. 

Observations indicate that there is a tendency to form delta ferrite 

In addition, the strengthening effect caused by the addition 
The mechanical resu l t s  suggest that 
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6 . 1 . 5  The Development o f  F e r r i t i c  S tee l s  f o r  Fast  Induced-Radioac t iv i ty  Decay 
(Oak Ridge Nat iona l  Laboratory)  . . . . . . . . . . . . . . . . . . . .  

Tensile studies were made on eight heats of normalized-and-tempered 
chromium-tungsten steel that contained various levels of chromium, tungsten, 
vanadium, and tantalum. 
compare favorably with the properties of analogous chromium-molybdenum steels 
that are presently being considered as candidate structural materials for fusion 
reactor applications. 

The strength and ductility of these steels were found to 

155 

6 .1 .6  P o s t i r r a d i a t i o n  Tens i l e  Behavior o f  Nickel-Doped F e r r i t i c  S tee l s  
(Oak Ridge Nat iona l  Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . . . .  166 

Tensile specimens of normalized-and- tempered gCr-IMoVNb, 9CR- IMoVNb-ZNi, 
IZCr-IMoW, 12Cr-IMoW- INi, and 12Cr-IMoW-2Ni steels were irradiated in the 
HFIR at 300, 400, and SOOOC to displacement-damage levels of up to -11 dpa. 
nickel was added to the ferritic steels to produce helium during irradiation in 
this mixed-spectrum reactor. Up to 103 appm He was produced in the steels with 
2% Ni. Irradiation at 300 and 400°C caused an increase in strength of a11 the 
steels relative to the strength in both the normalized-and-tempered condition 
end after aging the normalized-and- tempered steel for 8 time period similar to 
that in the reactor. The strength increases were accompanied by a loss of duc- 
tility. 
steels. The results at 300 and 4OO0C indicate an effect of helium on the 
strength increases; no helium effect was apparent for the specimens irradiated at 
5OO0C. 

The 

At SODOC, there was little change in the strength properties of the 

6 .2  A u s t e n i t i c  S t a i n l e s s  S tee l s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  175 

6 . 2 . 1  The Development o f  A u s t e n i t i c  S ta i n l ess  S tee l s  f o r  Fas t  Induced-Rad ioac t iv i ty  
Decay (Oak Ridge Nat iona l  Laboratory)  . . . . . . . . . . . . . . . . . . . .  177 

As part of an alloy-development program for a nickel-free stsinless steel, 
five Fe-Mn, thirteen Fe-Cr-Mn, and fifteen Fe-Cr-Mn-C alloys were examined to 
determine the austenite-stshle region in the Fe-Cr-Mn-C system. After various 
heat treatments, optical and electron microscopy studies and magnetic measure- 
ments were used to assess the microstructural constituents present. The results 
indicate that the Schaeffler diagram, which was developed to predict the phases 
present in Fe-Cr-Ni-C stainless steels, cannot be directly applied to Fe-Cr-Mn-C 
steels. Manganese has a lower austenite-stabilizing capability against &ferrite 
formation then the Schaeffler diagram predicts by simply considering it half as 
effective as nickel. However, its stabilizing capability against martensite for- 
mation is higher than predicted by the diagram on the same basis. The new 
results can be used to empirically establish the austenite-stable composition 
region that should be suitable for alloying to develop a manganese-stabilized 
stainless steel. 

6 . 2 . 2  Some E f f e c t s  o f  Thermal-Mechanical Pre-Treatment and Alloy Composit ional 
V a r i a t i o n  on Swe l l i ng  o f  A u s t e n i t i c  S ta i n l ess  S tee l s  I r r a d i a t e d  i n  H F I R  
(Oak Ridge Na t i ona l  Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . . . .  192 

A precision densitometer has recently been installed at ORNL for remote 
measurement of immersion density of irradiated transmission electron microscopy 
(TEM) disks. Some disks have been measured from the KFIR-JPI and -JP3 experi- 
ments, irradiated at 300 and 4OO0C, respectively, to 34 dpa, and nearly all the 
disks have been measured from HFIR-JP7 and -JPB, irradiated at MO'C to 34 and 
57 dpa, respectively. Very little swelling was measured in any of the disks 
irradiated at 300 and 4OOoC, but swelling was variable, end in many cases quite 
large, at 500°C. Of the 
Japanese alloys, the JPCA was the hest, particularly when irradiated in the 20% 
cold worked (CW) condition. Swelling of the USPCA in the 25% CW (83) condition 
was less than the 20% CW JPCA after 57 dpa at SOO°C. 
swelling occurred with increased dose from 34 to 57 dpa. The U.S. alloys 
included many modifications of the PCA composition, but the most swelling- 
resistant alloys contained 0.03 to 0.07 wt % P. 

Only a few alloys appear to be swelling resistant. 

An unusual decrease in 
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6.2.3 Irradiation-Produced Precipitates in Austenitic Stainless Steels Irradiated 
in HFIR to 36 dpa at 600°C (Japan Atomic Energy Research Institute, 
assigned to Oak Ridge National Laboratory) . . . . . . . . . . . . . . . . . . . . .  209 

Four solution-annealed austenitic stainless steels (JPCA, low-carbon 
stainless steel with titanium, low carbon stainless steel with titanium and 
niobium, and J3lh) were irradiated in HFIR to 36 dpa. I n  JPCA, swelling was very 
low (0.2%) and the only phase present was MC uniformly distributed in the matrix. 
On the other hand, the other three alloys indicated a large amount of swelling 
( > I % ) ,  and coarse precipitates, (mainly G, Laves, sad n-phase) were observed in 
low concentration throughout the matrix. 

Microstructural Change of JPCA Irradiated to 58 dpa at 300'C i n  HFIR 
(Japan Atomic Energy Research Institute, assigned to Oak Ridge National 

6.2.4 

Laboratory) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  217 

Characteristic microstructural features observed in JPCA irradiated at 300°C 
in HFIR are the formation of many fine bubbles and dislocation loops. 
produced MC-type precipitates were found after only 34 dpa irradiation. 
present work revealed that bubbles and dislocation loops do not show noticeable 
change during the irradiation from 34 (helium content: 
[helium content: 4260 appm). On the other hand, the number density of MC-type 
precipitates decreased during the irradiation. 
the precipitates showed that the chromium content decreased and the nickel and 
silicon were enriched during irradiation. 

Mechanical Properties and Fracture Behavior o f  20% Cold-Worked 316 Stainless 
Steel Irradiated to Very High Neutron Exposures (Hanford Engineering Development 

Radiation 
The 

2470 appm) to 58 dpa 

The microchemical examination of 

6.2.5 

Laboratory and General Electric Company) . . . . . . . . . . . . . . . . . . . . . .  221 

Stainless steels irradiated in ERR-II at temperatures in the range  380 to 

At fluences on the Order of I3 to 15 x IO" n/cm' 
500°C tend to exhibit saturation of mechanical properties at relatively low 
fluence levels. 
however, there is a rapid increase in hardness just after the onset of void 
swelling. 
but rather to an indirect effect of voids on nickel depletion in the alloy 
matrix. The strong dependence of stacking fault energy on nickel and chromium 
content and particularly on deformation temperature combine to promote extensive 
stress-induced formation of r-martensite at room temperature. This leads to a 
very brittle failure mode characterized as quasi-cleavage. 
temperatures it leads to a failure mw'e designated channel fracture. 

( E ,  0.11, 

The hardness increase is not attributed just to the voids themselves 

At higher deformation 

6.3 Vanadium Alloys . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  247 

6.3.1 Charpy Impact Properties of V-lSCr-STi (Westinghouse Hanford Company) . . . . . . . .  249 

Impact tests have been completed on unirrediated one-third size Charpy 
specimens of V-15Cr-STi. 
pectedly high, on the order of 130OC. 
lithium-filled TZM subcapsules has also been completed at 385, 420, 520, and 
600°C, with damage levels ranging from 10 to 30 dpa. 
specimens are now being planned. 

The ductile-to-brittle transition temperature was U n e X  

Irradiation of this alloy in FFTFFMVTA in 

Impact tests on these 

6.3.2 Preparation and Fabrication of Vanadium Base Alloys (Arqonne National Laboratory) . . 251 

Past reports detailed the design and startup of B fabrication process 
flowsheet. The planned fabrication methods were used to process B 13 Kg quantity 
of V-HCr-5Ti alloy. Adopting the same approach, a 2.6 Kg dual lot of V-1OCr-5Ti 
alloy was consolidated, consumable arc melted, extruded and final rolled to 
customer specified shapes and sizes during this reporting period. 
products were 0.035" and 0.020" sheet for tensile tests and 0.140" stock for 
cherpy hsr tests. Additions1 sheet and bar material has been fahricsted from 
previously cast slloys of V-ZOTi, V-7.5Cr-15Ti and V-3Ti-ISi. 

In addition, this effort provides for correlation of complementary fabrica- 
tion work on V-12Cr-5Ti and V-10Cr-1OTi alloys at Teledyne Wah Chang Albany. 

The primary 

X 



6.3.3 E f f e c t  o f  Heat Treatment and I m p u r i t y  Concentrat ion on t h e  Tens i l e  Deformation 
of Un i r r ad ia ted  and I r r a d i a t e d  Vanadium A l l o y s  (Argonne Na t i ona l  Laboratory)  . . , , 254 

The effect of heat treatment and oxygen, nitrogen, carbon, and hydrogen 
impurities on the yield strength, ultimate tensile strength, ductility, and frec- 
ture mode for the V-15Cr-5Ti, V-IZCr-5Ti, V-15Ti- 7.5Cr, V- ZOTi, snd V- 3Ti-1Si 
alloys wss determined from tensile tests at 20°C. In the case of the V-Cr-Ti 
alloys in the fully recrystallized condition, the results showed that for the 
slloys to exhibit ductile fracture on tensile deformation at ZOOC, they must be 
annealed i'n vacuum (rather than in argon-filled capsules) and contain 800-900 ppm 
oxygen. 
exhibited ductile fracture after B recrystallization anneal in vacuum as well 8s 
in argon-filled capsules. These results were interpreted as evidence that vana- 
dium alloys containing chromium solute are more susceptible to hydrogen 
embrittlement. The yield strength of vsnsdium alloys, which were similarly 
ennesled in vacuum and contained compareble oxygen concentration (800-900 ppm), 
increased with an increase of the combined titanium and chromium concentration. 
The total elongation of these alloys was not significantly altered by tho change 
in alloy composition. 
irradiated alloys, it was concluded that the V-3Ti-1Si and V-ZOTi alloys were not 
intrinsically more resistant to hardening and emhrittlement on neutron irradia- 
tion than the V-IfCr-5Ti slloy. 

The V-ZOTi snd V-Ti-ISi alloys, which contain 800-900 ppm oxygen, 

On the basis of microstructures obtained from ion- 

6 .3 .4  She Formation of T i tan ium T r i t i d e  i n  V-2OTi (Oak Ridge Nat iona l  Laboratory)  . . . . .  263 

More than expected amounts of 'He were measured in V-ZOTi because of whet 
appeared to be the formation of titanium tritide during the tritium trick proce- 
dure. Slightly more 'He wss also measured in warm-worked V-Z0Ti and other vma- 
dium alloy specimens compared to annealed one3 - probably because the diffusion 
of tritium was assisted by the presence of dislocations. 
tents caused substantial losses in ductility in annealed V-Z0Ti specimens but had 
little effect in warm-worked specimens. The formation of titanium tritide in 
high-titanium-content vanadium alloys should he investigated further. 

The high-helium con- 

6 . 4  Copper A l l o y s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  269 

No con t r i bu t i ons  rece i ved  t h i s  pe r i od  

6 . 5  Environmental E f f ec t s  on S t r u c t u r a l  A l l o y s  . . . . . . . . . . . . . . . . . . . . . . . . .  273 

6 .5 .1  Corrosion of Vanadium A l l o y s  i n  Flowing L i th ium (Argonne Nat iona l  Laboratory)  . . . .  275 

Corrosion data are presented for several vanadium alloys exposed to flowing 
Metallographic evaluation of the exposed specimens is lithium at 482 and 427OC. 

also presented. 
the corrosion behavior of vanadium alloys is discussed. 

The influence of alloy composition and exposure conditions on 

6.5.2 Thermal Convect ion Loop Studies i n  Support o f  Mass Transpor t  Modeling o f  
Lithlum/lECr-1MoVW S t e e l  Systems ( U n i v e r s i t y  o f  C a l i f a r n l a  - Los Angeles and 
Oak Ridge Na t i ona l  Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . . . .  281 

The IZCr-lMoW material was obtained from GA Technologies fusion slloy 
stockpile in January 1987. The standard ORNL thermal convection loop and speci- 
men string were substantially redesigned to minimize some of the Uncertainties 
typically sssociated with mass transfer model development in liquid metal corro- 
sion loop systems and to simplify loop febrication. The experimental systems 
snd specimens were then fabricated, installed, and tested during the current 
reporting period. Experimental operation is expected to begin in April 1987. 

6.5.3 Thermal Grad ien t  Mass Trans fer  i n  Ferrous A l l o y  Pb-17 a t .  % L i  Systems 
(Oak Ridge Nat iona l  Laboratory)  . . . . . . . . . . . . . . . . . . .  

Scanning electron microscopy and sssociated energy dispersive x-ray analysis 
of type 316 sC8inless and IZCr-IMoVW steels exposed to thermally convective Pb-I7 
at, % Li yielded quantitative information about changes in surface  morphology and 

285 
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composition as a result of mass transfer reactions. In the case of type 316 
stainless steel, substantial preferential dissolution of nickel and chromium 
occurred at 500°C and led to the formation of a deep corrosion zone of irregular 
penetration. The extent and morphology of this corrosion zone was found to be 
sensitive to the starting microstructure of the steel. 
corroded uniformly with no change in its surface concentration. Mass transfer 
deposits in the type 316 stainless steel system differed depending on their posi. 
tion in the cold l e g ,  where the temperature varied from 400 to 46OOC. Depending 
on the temperature, the majority of the deposits were principally composed of 
iron, iron-nickel, or chromium. 

The I Z C r - I M o W  steel 

7.  SOLI0 EREEOING MATERIALS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  295 

7 . 1  Model o f  T r i t i u m  Transport  i n  Ceramic Breeder M a t e r i a l s  (Argonne Nat lona l  Laboratory)  . . .  297 

A computer model of tritium transport and release is being developed. The model 
considers diffusion through the solid and desorption from the solid surface. The d e l  
is based on a differential equation that predicts heat transfer in R solid sphere at 
constant heat generation and heat radiation at the surface. The tritium release over 
tine calculated with our model was compared with the measured release for Samples of 
Li,SiO, from the LISA-I experiment. Overall agreement between the model and experiment 
Was good. Improvenents in the node1 to enable handling of samples with large dl’stribil- 
tion of grein sizes are now being considered. It is also envisaged that the diffusion- 
desorption model will be combined with programs which calculate the effective rate 
constants at different oxygen potentials. 

7.2 Adsorp t lon ,  S o l u t i o n ,  and Desorp t ion  C h a r a c t e r i s t i c s  o f  t h e  LIA1O,-HaO System 
(Argonne N a t i o n a l  Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  300 

Isotherms are reported for adsorption of H20 on LiAIO, at 50OOC and for solubility 
The kinetics of the water evolution process appears to of OH in LiAlO, also st SOO°C. 

be second order in hydroxide content. Calculations have indicated that for the solid 
phase there is a Critical oxygen activity below which tritide is the dominant tritium 
species rather than tritons which prevail above the critical oxygen activity. 
relationships have important implications for the design, performance, and interpreta- 
tion of tritium release experiments. 

These 

7.3 S o l i d  Breeder M a t e r i a l s  F a b r i c a t i o n  and Mechanical P r o p e r t i e s  
(Argonne N a t i o n a l  Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  304 

The fabrication of lithium oxide rings for the CRITIC-I experiment was completed 
and the rings transferred t o  Chalk River. Lithium zirconate, lithium aluminate and 
lithium silicate ceramic powders were sent to Kanford Engineering and Development 
Laboratory to be fabricated for FUBR-1B replacement capsules. 
pared for the American Ceramic Society Special Symposium on “Fabrication and Properties 
of Lithium Ceramics.” Initial materials have been synthesized to fabricate test speci- 
mens for the measurement of mechanical properties of lithium orthosilicate. 
describing the mechanical properties of lithium oxide was published in the Journal of 
Nuclear Materials. 

Three papers were pre- 

The paper 

8. CERAMICS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  305 

9 .  SUPERCONDUCTING MAGNET MATERIALS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  309 

9 . 1  I r r a d i a t i o n  E f fec ts  on Organic I n s u l a t o r s  (Na t iona l  Bureau o f  Standards) . . . . . . . . . .  311 

No c o n t r i b u t i o n s  r ece i ved  t h i s  p e r i o d .  

h integrated approach has been developed for rapid screening of the influence of 
component variables on the performance of electrical insulators required for supercon- 
ducting magnets in magnetic fusion energy systems. 
for specimen production in the form of 3.2-mm (0,125-in) diameter rods. 
include short-beam shear, fracture strength (GI~), and strain-controlled torsion. 
Onreinforced (neat resin) and glass-fiber reinforced specimens having three types of 
epoxy matrices and one type of bismaleimide matrix have been produced and submitted to 
ORNL for irradiation in the LTNIF facility. However, the irradiation was not performed 
during the present reporting period due to startup delays on the LTNIF facility. 
Furthermore, NBS has been informed by ORNL personnel that the required irradiation can- 
not be performed on the type € glass-reinforced specimens due to the interaction between 
the high thermal neutron flux in the reactor and the boron element in this type of 

It incorporates nn efficient method 
Test methods 

glass. 
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RTMS-I1 IRRADIATIONS AN0 OPFRATIONS - D. W. Short and D. W. Heikkinen (Lawrence Livermore National 
L i b r a t o r y )  

OWECrIvE 

The objectives of t h i s  work a re  operation of mh!S-II (a 14-NeV neutron S O L I K C ~  f a c j l i t y )  , mchine 
development, and supprt  of t h e  expri r iental  procjrm tha t  u t i l i z e s  t h i s  f a c i ~ l i t y .  
include dosimetry, handling, scheduling, coordination, and reporting. 
U.S. and J a p n  and is dedicated t o  mterials research for  the fusion power program. 
a id  in  t h e  development of models of high-energy neutron e f fec t s .  
1icoject.i.ng t o  the fusion e n v i r m n t ,  engineering data obtained in  other s i r c t ~ r a .  

GUNVARY 

I r rad ia t ions  were prformed on eiijhteen dif€erent  expri i rents  during t h i s  p?Iioc1, 

The jo in t  research e f fo r t  by U S .  and Jayanme s c i e n t i s t s  who used t h e  RITE-TI  Lo test n a t e r i a l s  for  future  
fusion reactors f o r m l l y  ended i n  1.larch 1907. l!owever, the l a s t  exlxriiix?.nts a t  the KI'NS-I1 Fac i l i ty  w i l l  
end i n  l a t e  May, a f t e r  which the Fac i l i ty  w i l l  be p r e p r e d  for placement i n  storage. 
were performed during the  five-year j o in t  agreement involving 136 d i f fe ren t  researchers in  6 d i f fe ren t  
countries . 
P m l  

Tit le:  HPNS-I1 operations (WZJ-16) 
Principal Investigator:  P. W. short  
Aff i l ia t ion:  Lawrence Liverniore National Latmratory 

REL!iTANI DAF'S PwX;RAM Pia! TASK/SUF.TASK 

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

IRRADIATION 

Experinenter services  
RllS-I1 is supwrted j o i n t l y  by the  

Its p r i m r y  use is t o  
Such m l e l s  a r e  newled i n  in terpret ing and 

Over 450 exprinlents 

During t h i s  quarter,  i r rad ia t ions  (both dedicated and add-on) were clone for  the followinq people. 

nwie I r radiated ________ or A* E x e n t e r  _ _ ~  
Y .  Shinmura (Hiroshine) P P.u ,Cu , Eig ,V,Ni  ,Al ,Si ,Ho,C. ,h%3Sn, Fe , 

R. Oshim (Osaka) PIn-Al,Fe+lo,Fe-Si displacement cascade 
Y. Kitano (Hiroshim) damage, size & s t ruc ture  analyzed 
M. Kiri tani  (Hokkaido) with TEM i r rad ia ted  a t  20°K 
8. Yoshida (Kyoto) 
B. i4atsui (Tohoku) 
H. Abe (Kyushu) 

21. Mor iym (Kyoto) 

D. Xneff (Rockwell) 
L. Greenwood (ANL) 

F. Ciinard (WJ/ 
H. Frost (LANL)/ 
M. Iwamto (Osaka) 

T. I ida  (Osaka) 

M. Sincjh/C. Wang (LLNL) 

T. Terai 

H. Abe ( K p s l i ~ ! ) / M .  Guinan (LLNL) 

A 

A 

P 

P 

I,i,Pb,Be,F,Cl,Br & I - t r i t ium 
r e c o v t q  

L i ,  0, F, N, Al93,MgJ, Si3Elg & Sic  
dosimetry & cross sections.  

S ic  F. Alp3 - Lo6s tmqent & 
d i e l e c t r i c  constant. 

FiLxx opt ics  & photomultiplier 
tubes  - neutron damge. 

Semiconductors - neutron d a n g e  

L i p ,  LiZBeFq, Li17~bg3 - Tritium 
production 

D i l u t e  Fe a l loys  - r e s i s t i v i t y  



n 

Samle Ir radia ted  Exuerimnter P or A* -__- 

K. Sunita (Osaka) P O i l  - gannw i r r ad ia t ion  

t.!. Kiritani/A. Okada (Hokkaido) P Eletals & Ceramics - microstructures 
M .  Kiritani/T. Yoshiie (Hokkaido) 'EM, t ens i l e  - room temperature 
M .  Taniwaki (fiokkaido) 

M. K i r i t a n i A  Okada (Hokkaido) cont 'd.  
K.  Abe (Tohoku) 
H. Kayano (Tohoku) 
H .  Kawanishi (Tokyo) 
M. Kiritani/H. Saka (Hokkaido/Nagoya) 
H. Yoshida (Kyoto) 
H .  Mori (Osaka) 
R.  Oshima (Osaka) 
M. Hirata (Osaka) 
Y. Shimomra (Hiroshina) 
N. Yoshida (Kyushu) 
C. Kinoshita (Kyushul 
H. Heinisch (HEWL) 

M. K i r i t a n i / A .  Ob& (Hokkaido) D 

M. 
M .  
K .  
€1. 
8.  
M . 
H. 
H. 
R.  
M.  
Y. 
N. 
C.  
H .  

Kiritani/T. Yvshiie (Hokkaido) 
Taniwki (Hokkaido) 
Abe (Totioku) 
Kayano (Tohoku) 
Kawanishi (Tokyo) 
Kiritani/H. Saka (Hvkkaido/Narjoya) 
Yoshida (Kyoto) 
Mori (Osaka) 
Oshina (Osaka) 
Hirata (Osaka) 
Shinomura (Hiroshim) 
Yoshiiia (Kyushu) 
Kinoshita (Kyishu) 
Heinisch (Hedl) 

C. Violet  (m) A 

K. Abe (Tohoku) A 

c. wan9 (LUJLI A 

E. Franc0 (AREUIR) P 

J. Kelly (Sandia) A 

J. McDonald (PNL) P 

R. Hopper (LLNL) 

* P = p r i m r y ,  A = add-on 

A 

Metals & Ceramics - microstructures 
Tm, t e n s i l e  - 150° C / 350° C 

Nd-Fe-B mqets  - mqet ic  proper t ies  

Kapton - t e n s i l e  s t rength  

Seniiconductors - response & 
s e n s i t i v i t y  

S ic  - x-ray di f f rac t ion  

care - conductivity & c a r r i e r  density 

P l a s t i c  c a l o r i m t r i c  detector - 
neutton k e r n  

Carbon foam - radiation 

mS-11 STATUS - D. W. SfDRI AND D. W. HEIKKINFN 

The m S - I 1  f a c i l i t y  was constructed by Lawrence Livermore National I d b r a t o r y  fo r  LXJE'S Office of Fusion 
Energy. 
mterials of i n t e r e s t  t o  the fusion energy program. 
accelera tors  and ro ta t ing  t a rge t s  containing titanium t r i t i d e  coatings. 
laboratory experimenters the  mst intense sources of fusion neutrons in  the  world. 

Klh'S-I1 began prcducing neutrons i n  1978 and was ready fo r  regulary scheduled i r r ad ia t ions  i n  1979. 
operation achieved a neutron source s t rength  of 1.0 E t 13 n/s, 
t he  Ministry of Education, Culture, and Science (Monbusho), joined i n  the  support and u t i l i z a t i o n  of t h e  
EThE-11 f a c i l i t y .  
i r r ad ia t ions  i n  July  1983. The operations schedule was expanded from 10 neutrvn generating s h i f t s  every 
f i v e  days t o  approxinwtely 20 s h j f t s  every f i v e  days. 

It was b u i l t  to  provide a national  center fo r  t he  study of the e f f ec t s  of 14+leV neutrons on 

These two systems provide t o  
The f a c i l i t y  contains two ident ica l  deuteron beam 

I n i t i a l  
In 1982, the government of J a p I i ,  through 

ps a re su l t  of this increased support, the second n e u t r m  source was act ivated  and began 
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Improvements t o  the accelerator and ta rge t  systems have teen mde which increased neutron p r d u c t i o n  and 
source strength. 
t o  i q r o v e  control and nwnitoring of various neutron source functions. 
buildings were added t o  mlS-11: 
n a t e r i a l s  laboratory for  p s t - i r r a d i a t i o n  s tudies  by J a p e s e  experimenters. 

The f a c i l i t y  norml ly  operates 24 hours per day, f i v e  days per week. 
t o  support the operation of the neutron sources and usually occur during the day s h i f t .  
a c t i v i t i e s  include ta rge t  assembly, vacuum system service,  experimental assenbly and disassembly, t a rge t  
c h i l l e r  service ,  t r i t ium scrubber service ,  i r rad ia ted  sample investigations,  and contamination control 
a c t i v i t i e s .  

Other improvenents have teen mde  t o  increase the  r e l i a b i l i t y  of high-risk coiipnents and 
During t h e  l a s t  t hee  years several 

an o f f i c e  complex t o  house s t a f f  and v i s i t ing  exGerimenters and a 

Maintenance a c t i v i t i e s  a r e  required 
E x w l e s  of these 

Since the S t a r t  of the RTNS-I1 Collaboration Project ,  t h e  f a c i l i t y  has produced about 8.1 E + 20 neutrons. 
Each year there  has teen an increase i n  the nwber of hours that the  f a c i l i t y  produced neutrons u n t i l  
funding was reduced in 1986 and one source was put on standby. 
un t i l  calendar year 1985 when there was a 74 p r c e n t  increase due par t ly  t o  the experience of the KINS-I1 
s t a f f  and par t ly  t o  excellent preparation by the experimenters. 
cumulative nurdxr of neutrons generated for  each year a s  s h m  i n  Figure 1. 

The number of hours increased gradually 

This is c lea r ly  sham by looking a t  the 

Figure 1. Yearly generation of neutrons a t  RTNS-11. 

Figure 2 i l l u s t r a t e s  the variation i n  average operational a v a i l a b i l i t y  for  the two neutron sources. 
operational a v a i l a b i l i t y  is t h e  percent of tine tha t  a neutron source operates when it is scheduled t o  
operate.) 
quickly, and provide ways t o  increase t h e  r e l i ab i l i t y .  Since ea r ly  1985, t h e  average a v a i l a b i l i t y  has  
consis tent ly  teen greater  than 80 percent except for  t h e  l a s t  few nnnths of 1986 when one source was 
reactivated a f t e r  several m n t h s  in  standby. 

A quant i ta t ive  measure used t o  asses how well the project  has performed is t h e  productivity fac tor ,  definecl 
as the  nurrber of neutrons generated per mchine hour per ETE assigned. This fac tor  appropriately excludes 
e x p r i m n t e r ' s  delays which a f f e c t  the t o t a l  nurdxr of neutrons produced i n  any given t i n e .  (In mny cases 
expr imenter  equipnent was redesigned and d i f i e d  t o  lessen delays and t o  mke the experiment successful.) 
Figure 3 shows the mrked improvement in  productivity during t h e  j o in t  agreement. 

(The 

It took t h e  s t a f f  several years t o  experience f a i l u r e s ,  learn about how t o  repair t h e  sy-t .) ems 
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Figure 2.  Average mchine a v a i l a h i l i t y  has remjned consjstently high. 

108:: 108J 

Figure 3. Average productivity fac tor  shows a mrked inprover~mt 

?he p r h r y  source of radiation exposure has always been act ivated m t e r i a l s  ( t a rge ts ,  hub assemblies, 
experimenter's equipnent, etc.). Since the  beginning of the U . F . / J a p  Agreement, there  has teen a 
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sicf l i i icant  increase i n  t h e  annual number of neutrons produced. 
p r c e n t  decrease i n  the  average annual radiation dose for Fac i l i ty  s t a f f  members. 
yearly average radiation doses for t h e  RTNS-I1 s t a f f .  
1984 and 22 percent lower in  1986 than in  1985. 
t h e  resu l t  is a 78 percent decrease in  dose received per neutron generated. 
Agreement, t he  dose per neutron generated has decreased by more than  a factor  of 4.5. 

During the sane period there  has ken a 49 
See Figure 4 for  the 

The average dose was 21 percent lower i n  1985 than i n  
I f  one looks a t  the r isk involved in  producing neutrons, 

Since the f i r s t  year of t he  
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FicJUre 4 .  Staff radiation doses have decreased s ignif icant ly .  
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D E S I G N  AND FABRICATION OF HFIK-MFE KR* SPECTRAL TAILORING I R R A D I A T I O N  CAPSULES - A. W. Longest (Oak Ridge 
Na t i ona l  Labora tory ) ,  J. E. Corum (Midwest Technical ,  Inc . ) ,  and K. R. Thoms (Oak Ridge Nat iona i  
Labora tory )  

O B J E C T I V E  

The o b j e c t i v e  o f  t h i s  work i s  t o  design and f a b r i c a t e  i r r a d i a t i o n  capsules f o r  ope ra t i on  i n  the  HFIK 
RB* pos i t i ons .  
-10 dpa a t  temperatures of 60. 200, 330, and 400°C i n  ORR experi inents ORR-MFE-6J and -7J. 

Japanese and U.S. speciinens a r e  t o  he t r a n s f e r r e d  t o  RR*  p o s i t i o n s  f o l l o w i n g  i r r a d i a t i o n  t o  

SUMMARY 

Design and f a b r i c a t  i on  o f  f o u r  HFIK-MFE-RR* capsules (60, 200, 330, and 400'C) t o  accommodate specimens 
p r e i r r a d i a t e d  i n  s p e c t r a l l y  t a i l o r e d  experiments i n  t h e  ORR are proceeding s a t i s f a c t o r i l y .  The capsule 
designs a r e  be ing  s tandard ized as much as p o s s i b l e  and t h e  f a b r i c a t i o n  drawings a r e  be ing  prepared on a 
computer-aided design (CAD) system t o  minimize o v e r a l l  long-ter!it costs.  P repa ra t i on  o f  f a b r i c a t i o n  drawings 
f o r  t h e  capsule containment tube p a r t s  and 330°C capsule i n t e r n a l  p a r t s  has been completed, and f a b r i c a t i o n  
of some p a r t s  has s ta r t ed .  F a b r i c a t i o n  drawings fo r  t h e  60°C capsule a r e  scheduled t o  he completed by May 
1987, and f o r  t h e  400 and 200°C capsules by August 1987. Operat ion of t h e  330 and 60OC capsules i s  sched- 
u l e d  t o  begin i n  A p r i l  1988, and t h e  o the r  two (400 and 200'C) i n  October 1989. 

A convent iona l  temperature c o n t r o l  gas gal? between the  t e s t  specimen ho lde r  and containment tube, 
a l though r e l a t i v e l y  smal l ,  was se lec ted  f o r  t h e  330°C capsule design. Development e f f o r t s  a r e  i n  progress 
t o  t e s t  a l a r g e r  p a r t i c l e - f i l l e d  gap concept f o r  poss ib l e  use f o r  temperature c o n t r o l  i n  t h e  200'C capsule. 
I n  t h i s  concept, temperature would he c o n t r o l l e d  p r i i n a r i l y  by va ry i ng  t h e  i n e r t  g d 5  pressure in an annu lar  
bed of coarse / f ine  microspheres t o  change i t s  therinal conductance. 

PROGRESS AND STATUS 

l n t r o d u c t  i on  
__I__ 

The design and f a b r i c a t i o n  o f  four  s p e c t r a l - t a i l o r e d  capsules t o  accormnodate t h e  HFIR-MFE spec t ra l  
t a i l o r i n g  specimens' t h a t  are be ing  p r e i r r a d i a t e d  i n  t h e  ORR experiments OKR-MFE-6J and -75 are i n  progress. 
The capsules are be ing  designed f o r  i n s e r t i o n  i n t o  any o f  t h e  e i g h t  large- diameter holes (46 n) of t h e  new 
removable b e r y l l i u m  (RR*)  f a c i l i t y  t h a t  i s  scheduled t o  he i n s t a l l e d  i n  t h e  HFIK i n  June 1987. 
exper iments w i l l  i r r a d i a t e  t h e  Japanese and U.S. m a t e r i a l  speciinens a t  temperatures o f  60, 200, 330, and 
400'C t o  match t h e i r  i r r d d i a t i o n  temperatures i n  t h e  O U R .  

The extended shutdown o f  the  HFIK ( w h i l e  t h e  pressure vessel i n t e g r i t y  problem i s  being reso lved)  has 
impacted t h e  HFIK-MFE RB* capsu le  i r r a d i a t i o n  program descr ibed i n  t h e  l a s t  r e p o r t 2  i n  several  ways. 
dec i s i on  t o  extend i r r a d i a t i o n  o f  t h e  t e s t  speciinens i n  t h e  OUR f rom t h e  o r i g i n a l  t a r g e t  exposure l e v e l  of 
-5 t o  -10 dpa reduced by four  t h e  number o f  i r r a d i a t i o n s  requ i r ed  i n  t h e  HFIK and chdnged the  Schedules fo r  
t h e  remaining i r r a d i a t i o n s .  In add i t i on ,  bo th  t h e  HFIR s t a r t u p  date and power l e v e l  a r e  unce r ta i n  a t  t h i s  
t ime.  Assuming t h a t  t h e  reac to r  w i l l  be ope ra t i ng  by e a r l y  1988 a t  80 Kid, t h e  330 and 60-C HFIK-MFE RB* 
capsules should beg in  an 18-month i r r a d i a t i o n  p e r i o d  i n  A p r i l  1988, and t h e  o the r  two (400 and 200'C) i n  
October 1989. A f t e r  these 18-month i r r a d i a t i o n s  t o  -20 dpa, t h e  t e s t  specimens a r e  t o  he removed, examined, 
and a p o r t i o n  reencapsulated f o r  i r r a d i a t i o n  t o  -30 dpa. 

These 

A 

F a c i l i t y  descr i -pt ion 

The HFlK RB* capsu le  i r r a d i a t i o n  f a c i l i t y  w i l l  a l l o w  spec t ra l  t a i l o r i n g  o f  the  neutron f l u x  by p lace-  
ment o f  app rop r i a te  neutron absorber sh i e l ds  around t h e  i n - co re  sec t i on  o f  t h e  capsule. Hafnium sh ie l ds  
(42.2-mm-ID, 4.2-mm-thick) w i l l  he used f o r  t h e  present  U.S./Japan c o l l a b o r a t i v e  MFE m a t e r i a l s  t e s t i r , g  
program t o  t a i l o r  t h e  neutron spectrum t o  c l o s e l y  match ( w i t h i n  220%) t h e  he l ium product ion/atom d isp lace-  
ment r a t i o  (14 ppm He/dpa) expected i n  a f u s i o n  reac to r  f i r s t  wa l l .  Other f ea tu res  o f  t h e  new RB*  capsule 
i r r a d i a t i o n  f a c i l i t y  which have been incorpora ted  i n t o  t h e  capsule designs inc lude :  (1) s t r a i g h t  access 
i n t o  any o f  t h e  e i g h t  46-mm-diam p o s i t i o n s ,  ( 2 )  peak unperturbed therinal and f a s t  neutron f l u x  l e v e l s  of 
approx imate ly  1.5 x 10'5 and 5.0 x IO'' 00.11 MeV) neutrons/cm2-s, r espec t i ve l y ,  a t  100 Mw H F I R  power, 
( 3 )  peak unperturbed gamma hea t i ng  r d t e  of approximately 18 W/g a t  100 Mw HFIR power, (4) standard capsule 
and l e a d  tuhe design, ( 5 )  containment tube design parameters o f  6.9 MPa (1000 p s i )  ex te rna l  pressure d t f -  
f e r e n t i a l  a t  93°C (200°F) ,  and ( 6 )  180" capsule r o t a t i o n  a t  t h e  end o f  each reac to r  c y c l e  t o  p rov ide  uni form 
exposure t o  a l l  specimens a t  a g iven e l eva t i on .  

-- 
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Capsule design 

The HFIK- MFE KB* capsule containment tube (38.1-mm OD) w i l l  be made o f  6061-T6 aluminum i n  t he  in- core 
reg ion  and type 304L s t a i n l e s s  s tee l  i n  t he  upper region.  
tube w i l l  be j o i n e d  by a spec ia l  a1,iminum-to-stainless s t e e l  t r a n s i t i o n  tube. An ox ide  d i spe rs ion  
strengthened aliuminum a l l o y  con ta in ing  6 t n  R w t %  A120, has been se lec ted  f o r  t he  speciinen ho lde r  i n  t he  
h ighe r  temperature capsules t o  p rov ide  adequate s t reng th  and di inensional s t a b i l i t y  under t he  planned i r r a -  
d i a t i o n  cond i t ions ;  t h i s  a l l o y  a l s o  w e t s  requirements o f  h i gh  thermal c o n d u c t i v i t y  ( c l o s e  t o  t h a t  of alumi-  
num) dnd reasonably low dens i t y  (2.74 g/cm3). With t he  except ion  o f  t he  60°C capsule, where t he  t e s t  
speciinens w i l i  be i n  d i r e c t  contac t  w i t h  the reac to r  c o o l i n g  water, t h e  speciinen teinperatures (moni tored by 
21  thermocouples) w i l l  he c o n t r o l l e d  by va ry ing  the  therinal conductance o f  a smal l  gas gap reg ion  between 
t h e  speciinen ho lde r  and t he  Containment tube. The a x i a l  temperature grad ients ,  caused by Curvature i n  t he  
galnma hea t i ng  r a t e  p r o f i l e ,  and end heat losses  w i l l  he minimized by s tepp ing t he  gas gap th ickness  and 
p l a c i n g  s t a i n l e s s  s tee l  spacers a t  the  top  and bot tom ends of t he  speciinen holder.  

The upper and lower  sec t ions  o f  the  containment 

The 200°C capsule presents a spec ia l  design problem because i t  i s  d i f f i c u l t  t o  remove t he  l a r g e  dmount 
o f  gainma heat generated i n  t h e  capsule wh i le ,  a t  t he  same time, c o n t r o l l i n g  t h e  ope ra t i ng  temperature a t  
200°C. An aluminum a l l o y  speciineti ho lde r  w i t h  a convent ional  temperature c o n t r o l  gas gap would be a r i s k y  
des ign f o r  t h i s  capsule hecause t he  requ i red  qas gap would be t o o  smal l  t o  p r e d i c t  i t s  ope ra t i ng  therlndl 
conductance w i t h  s u f f i c i e n t  accuracy. Var ious o the r  poss ib le  designs have been considered, one of which i s  
t h e  use of very low d e n s i t y  ma te r i a l  f o r  t he  speciinen ho lder ,  such as 10% dense Duocel* aluminuin, which would 
generate l ess  heat  and per in i t  use o f  a l a r g e r  gas gap. r)uocel aluminum may have ddequate thermal conduc- 
tance, hu t  i t  needs t o  he t es ted  t o  deterinine i t s  di inensional s t a b i l i t y  under t he  planned i r r a d i a t i o n  con- 
d i t i o n s .  A t e s t  p iece o f  Duocel aliiminum w i l l  be included i n  t he  330°C capsule a t  a l o c a t i o n  above t he  MFE 
speciinen ho lde r  where i t s  temperature w i l l  he i n  t he  v i c i n i t y  o f  200°C. 

A lso  under i n v e s t i g a t i o n  as a poss ib le  design concept f o r  the  200'C capsule i s  t he  use o f  a r e l a t i v e l y  
l a r g e  telnperature c o n t r o l  gas gap (-0.16 mm) f i l l e d  w i t h  a b ina ry  ( c o a r s e l f i n e )  m ix tu re  of S i c  Coated car-  
bon microspheres. I n  t h i s  concept, temperature would be c o n t r o l l e d  p r i l n a r i l y  by va ry ing  the  i n e r t  gas 
pressure (and hence t he  mean f ree  pa th  of the gas molecules) i n  the  p a r t i c l e  bed t o  change i t s  therinal con- 
ductance. An apparatus f o r  development t e s t i n g  o f  t h i s  design concept has been completed and f i r s t  base- 
l i n e  r e s u l t s  us ing  a l a r g e  lied n f  51lO-um Al,O, p a r t i c l e s  have been obtained. 

A backup design concept f o r  t he  20OoC capsule i s  t o  u t i l i z e  e l e c t r i c a l  heaters  f o r  temperature con t ro l .  
I n  t h i s  approach, gas gap th icknesses would be reduced t o  the  Ininiinum needed f o r  assembly i n  t he  h o t  c e l l  so  
t h a t  the  capsule would opera te  helow 200°C under the  c o n d i t i o n  of no heater  power. Disadvantages o f  t h i s  
design concept, i n  a d d i t i o n  t o  the  added cos t  o f  heaters,  a re  t he  a d d i t i o n a l  temperature g rad ien t s  induced 
by t he  e l e c t r i c a l  heaters  and t he  p o s s i b i l i t y  t h a t  h i gh  hedter  power may be requ i red  because O f  the  uncer- 
t a i n t i e s  i n  small-gap thermal conductances and i n  t h e  gainma hea t i ng  r a t e  i n  t h e  new faci1, i ty .  

Because t h i s  i s  t he  f i r s t  o f  a s e r i e s  o f  K B *  i r r a d i a t i o n  capsules, t he  capsule designs are  be ing  
s tandard ized as much as posFible,  and f a b r i c a t i o n  drawings are  be ing  prepared on a computer-aided design 
(CAD) system t o  minimize o v e r a l l  long- ter in cost .  

Capsule f a b r i c a t i o n  

w i l l  be used t o  j o i n  t h e  aluminum in- core  sec t i on  o f  the  capsule containment tube t o  the  s t a i n l e s s  s tee l  
An o rde r  has been placed f o r  t he  spec ia l  j luminum-to-s ta in less  s t e e l  t r a n s i t i o n  tube asseinblies which 

iupper sect ion.  
n ium sleeves, and 33OOC capsule i n t e r n a l  p a r t s  w i l l  be s t a r t e d  i n  A p r i l  1987. 

f a h r i c a t i n n  of the  reinainder o f  t he  capsule containment tube par ts ,  upper j u n c t i o n  box, haf-  

FUTURE WORK 

nes ign  and p repa ra t i on  of f a b r i c a t i o n  drawings f o r  the  f i r s t  f ou r  HFIK-MFC KE* capsules are  scheduled 
t o  he completed by August 1987. P repa ra t i on  o f  f a b r i c a t i o n  drawings f o r  l a t e r  reencapsu la t ion  of MFE spec i-  
mens w i l l  be an i n t e - s i t t e n t  e f f o r t .  
con t i nue  i n t o  1988. 

*Yanufdctured by Energy Research and Generation, Inc., Oakland, C a l i f o r n i a .  
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THE IHFIR INSTRUMENTEU (JP TYPE) TARGET TEMPERATURE TEST (TTT) CAPSULE - 1. I. Siman-Tov (Oak Ridge Nat iona l  
Labora tory )  

OBJECTIVE 

The pr imary o b j e c t i v e  of t h i s  experiment i s  t o  determine t h e  temperatures i n  t h e  JP se r i es  capsules by 
p l a c i n g  an instrumented JP mockup experiment i n  t h e  mod i f i ed  HFIR instrumented t a r g e t  f a c i l i t y .  A secondary 
o b j e c t i v e  i s  t o  determine t h e  nuc lear  hea t i ng  r a t e  i n  s t a i n l e s s  s t e e l  as a f u n c t i o n  o f  a x i a l  core  p o s i t i o n  
and t ime i n  a HFIR cycle.  

SUMMARY 

The JP-TTT capsule completed f o u r  ou t  o f  f i v e  planned HFIR i r r a d i a t i o n  cyc l es  on November 14, 1986, 
when t h e  HFIK was shut  down t o  r eso l ve  t h e  reac to r  pressure vessel i n t e g r i t y  issue. The capsule accumulated 
a t o t a l  of 82.04 f u l l  power days (FPO) a t  100 Mw r eac to r  power. 

The thermal ana l ys i s  was completed w i t h  the  conc lus ion  t h a t  t h e  heat  genera t ion  r a t e  a x i a l  p r o f i l e  
should be mod i f i ed  t o  match t h e  JP DPA curve p r o f i l e  t o  r e f l e c t  t h e  steeper g rad ien t  o t i e r v e d  ou t s i de  t h e  
300-mm centered about t h e  h o r i z o n t a l  midplane (HMP). 

PROGRESS AND STATUS 

Experiinent opera t ion  

E a r l i e r  d e t a i l s  concerning t h e  TTT experi inent have been p rev ious l y  The TTT capsule 
completed f o u r  i r r a d i a t i o n  cycles,  f o r  a t o t a l  o f  82.04 FPD a t  100 MW r e a c t o r  power, be fore  t h e  HFIR was 
shu t  down on November 14,  1986. t o  reso lve  t h e  reac to r  pressure vessel i n t e g r i t y  issue. The capsule w i l l  
complete t h e  planned i r r a d i a t i o n  when t h e  HFlR renews opera t ion .  The capsule was moved from t h e  E-3 t o  t h e  
E- 6  p o s i t i o n  f o r  c y c l e  I V  and w i l l  be re tu rned t o  p o s i t i o n  E-3 f o r  t h e  f i f t h  cycle.  

F i g u r e  1 shows t h e  specimen and thermocouple (TE) f i n a l  con f i gu ra t i on .  Table 1 presents t h e  temper- 
a t u r e  h i s t o r y  f o r  t h e  f o u r  cyc l es  a t  t h e  cen te r  o f  t h e  specimens. The temperatures i n  a l l  p o s i t i o n s  except  
f o r  G - 1  a r e  w i t h i n  15% of t h e  p red i c ted  values. 
cyc l es  111 and I V ,  r espec t i ve l y .  The t o p  gamma susceptor ( G - 1 )  con t inued t o  r u n  a t  low temperature. It 
should be noted t h a t  a l l  o f  t h e  temperatures cont inued r i s i n g  s t e a d i l y  d u r i n g  a l l  o f  t h e  t h i r d  c y c l e  and 
s t a r t e d  ou t  h i ghe r  i n  t h e  f o u r t h  cyc le ,  con t ra r y  t o  t h e  usual behavior  where t h e  temperatures vary  d i r e c t l y  
w i t h  the  f l u x  as d i c t a t e d  by t h e  c o n t r o l  p l a t e  movements (see cyc l es  I and 11). F igures  4 and 5 show t h e  
temperature of t h e  regions above and below t h e  HMP w i t h  the  minimum and maximum temperature v a r i a t i o n  f o r  
these two cycles.  It was noted t h a t  i n  general t h e  lower h a l f  had l a r g e r  temperature inc reases  than  t h e  
upper h a l f .  Since a l l  thermocouples measured va ry i ng  degrees o f  change, t h e  observed temperature v a r i a t i o n  
i s  not  expected t o  be a d r i f t  i n  t h e  thermocouple p roper t ies .  A poss ib l e  cause may be t h e  r e l a x a t i o n  of t h e  
magneformed housing tube s i nce  magneforming was performed over a l l  t h e  specimen p o s i t i o n s  and skipped over 
t h e  gamma susceptor pos i t i on .  

F igures  2 and 3 present  t h e  temperature d i s t r i b u t i o n  d u r i n g  

Therinal a n a b s i s  

The o r i g i n a l  p l a n  t o  use t h e  r a d i a l  temperature g rad ien t  i n  t h e  gamma susceptors f o r  t h e  de terminat ion  o f  
nuc lear  heat r a t e s  i n  s t a i n l e s s  s t e e l  had t o  be abandoned because t h e  measured g8.adient.s d i d  n o t  y i e l d  sen- 
s i b l e  r esu l t s .  The sur face  thermocouples ( l i k e  t h e  o the rs )  were l oca ted  i n  a thermocouple a r ray  tube (TCAT) 
and d i d  n o t  make d i r e c t  con tac t  w i t h  t h e  surface of t h e  gamma susceptor. Furtherinore, t h e  sur face  TCAT was 
l o c a t e d  i n  t h e  steep temperature- gradient  reg ion  of t h e  c o n t r o l  gas gap making i t  very s e n s i t i v e  t o  s l i g h t  
r a d i a l  p o s i t i o n  va r i a t i on .  As a r e s u l t ,  temperature g rad ien t s  were t o o  h i g h  as w e l l  as i n c o n s i s t e n t  w i t h  
t h e  a x i a l  f l u x  p r o f i l e  i n  t h e  HFIR t a r g e t  region.  On t h e  o the r  hand, t h e  c e n t e r - l i n e  TCATs were i n  a prac-  
t i c a l l y  i so thermal  reg ion  and consequent ly were used i n  a paramet r ic  study t o  determine t h e  heat genera t ion  
r a t e  i n  t h e  s t a i n l e s s  s t e e l .  

___^_ 

The thermal ana l ys i s  based on a s - b u i l t  TE a x i a l  p o s i t i o n s  and c o n t r o l  gas-gap dimensions was completed. 

Genera l l y ,  temperatures remained w i t h i n  a i15% band about t h e  requested design temperature. One major 
d iscrepancy between p red i c ted  and experi inental temperatures occurred i n  t h e  t o p  gamma susceptor. Al though 
t h e r e  i s  no symmetric measurement a t  t h e  bottom of t h e  capsule, i t  was concluded t h a t  t h i s  was a t r u e  i n d i -  
c a t i o n  of t h e  heat generat ion r a t e  i n  t h i s  p o s i t i o n ,  s i nce  bo th  independent thermocouples, TE-101 and 
TE-102, read w i t h i n  l e s s  than 3°C o f  each other .  Th is  f a c t  a l s o  i n d i c a t e s  t h a t  t he re  a r e  no s i g n i f i c a n t  



Fig.  1. Target  temperature t e s t  (TTT) experiment con f i gu ra t i on  w i t h  assoc ia ted  parameters. 

Table 1. Temperature h i s t o r y  of t h e  TTT specimens fo r  cyc l es  I through I V  

Specimen G- 1 G-3 F-4 G-5 TEM F-7 F-8 T-9 
TE No. TE-102 TE-104 TE-105 TE-107 TE-202 TE-204 TE-205 TE-207 

- 

( " C )  ( " C )  ("C) ( " C )  ( " C )  ("C) ("C) ("C) 

Desian 
Temperature 300 500 430 430 400 430 430 500 
-1 5% 255 425 366 366 340 366 16fi 4?5 ... 
+15% 345 575 495 495 460 495 495 575 

205 500 433 449 356 471 419 444 
Minimum 204 495 416 429 340 456 405 438 

456 363 417 426 450 Maximum 207 509 44 1 

358 46 7 418 440 204 483 431 44 1 
199 475 424 434 349 456 406 427 Minimum 

362 471 422 446 Maximum 206 488 436 447 

rn 
2 i z a  491 457a 450 377 49 1 430 461 

438 361 468 410 429 Minimum 209 479 
Maximum 213 500 454 386 504 443 493 

C c l e  4 & TE f a i l e d  507 TE f a i l e d  472 418 538 466 542 
464 407 523 454 517 Minimum 496 

Maximum 514 417 424 546 471 552 - 
aThermocouple f a i l e d  du r i ng  t h i s  cycle. 
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a x i a l  heat f lows a t  t h i s  l o c a t i o n  which would d i s t o r t  t h e  eva lua t i on  o f  t h e  heat  genera t ion  r a t e  there.  
Other neutron f l u x - r e l a t e d  parameters were reviewed t o  he lp  exp la i n  t h e  lower heat  genera t ion  r a t e  f o r  t h e  
t o p  pos i t i on .  The JP-3 dpa a l s o  show a dropof f  t o  48% o f  t h e i r  HMP va lues  as compared w i t h  a dropoff t o  58% 
o f  t h e  design heat genera t ion  r a t e  HMP value. A comparison between t h e  h i s t o r i c  design heat genera t ion  r a t e  
p r o f i l e  i n  s t a i n l e s s  s t e e l ,  t h e  one based on the  dpa p r o f i l e ,  and t h e  expe r imen ta l l y  ob ta ined values from 
t h e  gamma susceptors, i s  presented i n  Fig. 6. ( I t  was noted t h a t  t h e  he l ium p roduc t i on  r a t e  a l s o  showed a 
d r o p o f f  t o  48% of i t s  HMP r a t e  a l though i t i s  n o t  i n  general l i n e a r l y  p ropo r t i ona l  t o  f a s t  f l u x  o r  f luence.) 
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F ig .  6 .  Comparison of design and TTT experiment heat  genera t ion  r a t e s  w i t h  
normal ized JP-3 dpa values.  

CONCLUSIONS 

The o v e r a l l  nuc lear  hea t i ng  s tudy  based on t h e  TTT experiment and o t h e r  JP-3 r e l a t e d  parameters i n d i -  
It cates  t h a t  t h e  heat genera t ion  r a t e  p r o f i l e  c l o s e l y  matches t h e  dpa p r o f i l e  i n  t h e  HFlR t a r g e t  region.  

i s  t h e r e f o r e  recommended t h a t  t h e  f o l l ow ing  polynomial ,  w i t h  t h e  assoc ia ted  cons tan ts  f o r  s t a i n l e s s  Steel  
and aluminum, be used f o r  t h e  gamma hea t i ng  r a t e s  i n  t h e  t a r g e t  f a c i l i t y :  

q = A C0.99768 - (2.43933 x Z - (1.06640 x Z2 ]  , 

where 

q = heat  genera t ion  r a t e  i n  w/g, 
Z = d i s t ance  from t h e  HMP i n  mn, 
A = 54.6 w/g f o r  s t a i n l e s s  s t e e l ,  

= 34.4 w/g f o r  aluminum. 
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FUTURE WORK 

The TTT experiment w i l l  complete the f i f t h  HFIR i r r a d i a t i o n  cyc le  when the HFIR resumes operat ion.  It 
w i l l  be re turned t o  the  E-3 t a r g e t  p o s i t i o n  f o r  the  f i n a l  cycle.  A thorough checkout o f  the thermocouples 
a t  t h e  end of the  experiment w i l l  a i d  i n  determining whether any f luence o r  damage f l u x - r e l a t e d  changes i n  
p rope r t i es  took place. It i s  recommended t h a t  accurate P I E  dimensional measurements o f  the components 
d i r e c t l y  a f fec t i ng  the thermal res is tance he made. This may shed more l i g h t  on reasons f o r  the  temperature 
increases observed du r ing  the t h i r d  and f o u r t h  cycles. The TTT experiment repo r t  w i l l  he completed when a l l  
t h e  data from the experiment as we l l  as the P I E  measureinents w i l l  he ava i l ab le .  An i n t e r i m  repo r t  is i n  t h e  
pub1 i ca t ion  process. 
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O P E R A T I O N  OF THE U.S./JAPAN ORR SPECTRAL TAILORING E X P E K I M E N T S  - I. I .  Siman-Tov (Oak Ridge Nat iona l  
Labora tory )  

OBJECTIVE 

The experiments i n  t h e  U.S./Japan c o l l a b o r a t i v e  t e s t i n g  program i n  t h e  ORR con ta i n  a u s t e n i t i c  s t a i n l e s s  
s t e e l  a l l o y s  f o r  poss ib l e  use as f i r s t - w a l l  and b lanket  s t r u c t u r a l  m a t e r i a l s  i n  f u s i o n  reactors.  
a l l o y s  w i l l  be i r r a d i a t e d  w i t h  mixed-spectrum neutrons and w i t h  spec t ra l  t a i l o r i n g  t o  achieve the  hel ium-to-  
displacement-per-atom (He/dpa) r a t i o s  p red i c ted  fo r  f us i on  serv ices.  

These 

SUMMARY 

The ORR-MFE-6J and -75 experiments cont inued i r r a d i a t i o n  du r i ng  t h i s  r e p o r t i n g  p e r i o d  ending on 
March 31, 1987. 
power. 

The t o t a l  accumulated i r r a d i a t i o n  t ime i s  474.7 f u l l  power days (FPU) a t  30 MW reactor  

PROGRESS AND STATUS 

The d e t a i l s  o f  t h e  U.S./Japan c o l l a b o r a t i v e  i r r a d i a t i o n  program have been descr ibed prev ious ly .  -' 
MFE-6J and -75 were n o t  removed f rom t h e  O R R  i n  December o f  1986 as s t a t e d  i n  t h e  l a s t  semiannual. 

Th i s  
i t s  pressure vessel i n t e g r i t y .  

change was t h e  r e s u l t  of t h e  extended shutdown of t h e  HFIR which i s  undergoing ex tens ive  ana l ys i s  O f  

ORR-MFE-6J - The experiment cont inued r o u t i n e  opera t ion  w i t h  t y p i c a l  temperatures rang ing  between 175 
and 2 m C  i n  t h e  200°C region. 
a t  30 MW. 

The t o t a l  accumulated i r r a d i a t i o n  t ime  through March 31, 1987, i s  414.7 FPD 

ORR-MFE-7J - The experiment cont inued r o u t i n e  ope ra t i on  w i t h  a maximum temperature of 330°C i n  t h e  top  
reg ion  and an average of 400'C ( a t  TE-5) i n  t h e  bottom region.  
spectrum was hardened by rep lac i ng  t h e  ho l l ow  aluminum core  p i ece  w i t h  t h e  s o l i d  one. 
i r r a d i a t i o n  t ime  up t o  t h a t  p o i n t  was 389.5 FPO a t  30 MW r eac to r  power. 
t i m e  th rough March 31, 1987, i s  474.7 FPD a t  30 W .  

On December 6, 1986, t h e  i r r a d i a t i o n  
The t o t a l  accumulated 

The t o t a l  accumulated i r r a d i a t i o n  

FUTURE WORK 

Both experiments w i l l  con t inue t o  be i r r a d i a t e d  i n  t h e  ORR through September 1987. 
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STATUS OF U.S./JAPAN COLLABORATIVE TEST ING I N  HFIR AND ORR - J. L. Sco t t  (Oak Ridge Nat iona l  Laboratory)  
and S. Hamada (Japan Atomic Energy Research I n s t i t u t e ,  assigned t o  ORNL) 

OQJ ECTI  VE 

The o b j e c t i v e  of t h i s  program i s  t o  determine the  response o f  U.S. and Japanese a u s t e n i t i c  s t a i n l e s s  
s t e e l s  t o  the  combined e f fec ts  o f  d isplacement damage and hel ium generat ion a t  temperatures i n  the  range o f  
65  t o  6OOOC. 
a l l o y s  and model a l l o y s  are  inc luded i n  the  program. 

Since a bas ic  understanding i s  sought i n  a d d i t i o n  t o  an eng ineer ing data  base, many advanced 

SUMMARY 

A l l  e i g h t  Phase-I t a r g e t  capsules have been disassembled and specimen t e s t i n g  i s  proceeding. The 
t w o  s p e c t r a l l y  t a i l o r e d  capsules cont inue operat ion i n  the  flak Ridge Research Reactor JORR). 
t h i s  f i s c a l  year, they w i l l  he removed f o r  i n t e r i m  exaininat ion and r e i n s e r t i o n  i n t o  R B  p o s i t i o n s  i n  t h e  
High F lux  Iso tope Reactor (HFIII). 

A t  t he  end o f  

PROGRESS AND STATUS 

The program O F  U.S./Japan c o l l a b o r a t i v e  t e s t i n g  i n  H F I R  and ORR c o n s i s t s  of HFIK t a r g e t  capsules t o  be 
i r r a d i a t e d  t o  l e v e l s  of ahout 30, 50, and 100 dpa. 
i r r a d i a t e d  t o  30 dpa w i t h  incremental  removal and t e s t i n g  a t  ahout 10 and 20 dpa. Dur ing t h e  next reencap- 
s u l a t i o n  the  s p e c t r a l l y  t a i l o r e d  capsules w i l l  be t r a n s f e r r e d  from the  ORR t o  R Q *  p o s i t i o n s  i n  HFIR. 
c o l l a b o r a t i v e  t e s t  m a t r i x  and r e s u l t s  t o  date  have been presented p r e v i o u ~ l y . ~ - ’  

I n  a d d i t i o n ,  s p e c t r a l l y  t a i l o r e d  capsules are  t o  he 

The 

I HFIK I r r a d i a t i o n  Experiinents and P o s t i r r a d i a t i o n  Exaininat& 

has been placed on d i s k  d e n s i t y  measurements. 
A l l  e i g h t  Phase-I t a r g e t  capsules have been disassembled and specimen t e s t i n g  i s  proceeding. Emphasis 

The ob jec-  

Resul ts are  presented elsewhere i n  t h i s  r e p o r t . *  

The Phase- It  t a r g e t  capsules are  now being designed and specimen p r e p a r a t i o n  i s  under way. 
t i v e  of t he  Japanese s ide i s  t o  study t h e  response o f  welds under t h e  same cond i t i ons  as t h e  specimens i n  
t h e  Phase-I capsules. 
a l l o y s  and f e r r i t i c  s t e e l s  t o  the  fus ion  neutron environment. Minor mod i f i ca t i ons  t o  t h e  t e s t  m a t r i x  a re  
s t i l l  being made, and t h e  f i n a i  t e s t  m a t r i x  w i l l  be given i n  the  next  semiannual progress repor t .  

I n  con t ras t ,  t h e  U.S. s i de  now p lans t o  study t h e  response of i s o t o p i c a l l y  t a i l o r e d  

S p e c t r a l l y  Ta-Jlm&Experiment> 

The s p e c t r a l l y  t a i l o r e d  experiments are  exper ienc ing schedul ing d i f f i c u l t i e s  because of t he  unexpected 
Charpy t e s t s  of s u r v e i l l a n c e  specimens from t h e  pressure vessel and shutdown o f  HFIR on November 14, 1986. 

vessel  nozz le  m a t e r i a l s  showed unexpected embr i t t l emen t  caused by i r r a d i a t i o n  damage. 
t h a t  HFIR can r e s t a r t  now appears t o  be September 1987. As a r e s u l t  o f  t h e  HFIR problem, t h e  schedule f o r  
t h e  s p e c t r a l l y  t a i l o r e d  capsules has been changed. Present p lans c a l l  f o r  t h e  ORR-MFE-6J and -75 capsules 
t o  remain i n  ORR throughout f i s c a l  year  1987 and t h e  specimens are  expected t o  achieve damage l e v e l s  of 8 t o  
10 dpa. These capsules w i l l  then be disassembled and some o f  the  specimens w i l l  be removed f o r  t e s t i n g .  
The capsules w i l l  then be r e c o n s t i t u t e d  and i n s e r t e d  i n  t h e  H F I R  RB* p o s i t i o n s  f o r  an a d d i t i o n a l  10 dpa o f  
exposure. 

The e a r i i e s t  t ime  

CONCLUSIONS 

The U.S./Japan c o l l a b o r a t i v e  program o f  t e s t i n g  of f i r s t  w a l l  and b lanke t  s t r u c t u r a l  m a t e r i a l s  w i t h  
Some d i f f i c u l t i e s  are  being encoun- mixed-spectrum f i s s i o n  reac to rs  has been very successful  t o  date. 

t e r e d  as a r e s u l t  o f  t he  unexpected shutdown o f  HFIR; however, these d i f f i c u l t i e s  should be reso lved 
soon. 
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Product  Form 
I n g o t  Rod Thickness, mm 

(kg) Sheet t ub i ng  

o r  bara diameter 
A l l o y  we igh t  (mm) Th in- wa l l  

w a l l  

FUSION PROGRAM RESEARCH MATERIALS INVENTORY - T. K .  Roche (Oak Ridge Nat iona l  Laboratory)  and J. W. Davis 
(McDonnell Douglas As t ronau t i cs  Company ~ S t .  Lou is  D i v i s i o n )  

OBJECTIVE 

Oak Ridge Na t i ona l  Laboratory main ta ins  a c e n t r a l  i nven to r y  of research m a t e r i a l s  t o  p rov ide  a common 
supply of m a t e r i a l s  f o r  t h e  Fusion Reactor M a t e r i a l s  program. 
and prov ides  f o r  economy i n  procurement and f o r  c e n t r a l i z e d  record-keeping.  
focus on m a t e r i a l s  r e l a t e d  t o  f i r s t - w a l l  and s t r u c t u r a l  a p p l i c a t i o n s  and r e l a t e d  research,  b u t  va r i ous  
specia l-purpose m a t e r i a l s  may be added i n  the  f u t u r e .  

t h e  Fusion Reactor M a t e r i a l s  program o f  the  Department of Energy i s  encouraged. 

PROGRESS AND STATUS 

Th is  minimizes unintended ma te r i a l  v a r i a t i o n s  
I n i t i a l l y ,  t h i s  i nven to r y  i s  t o  

The use o f  m a t e r i a l s  from t h i s  i nven to r y  t h a t  i s  coord ina ted  w i t h  o r  o therw ise  r e l a t e d  t e c h n i c a l l y  t o  

M a t e r i a l s  requests s h a l l  be d i r e c t e d  t o  t h e  Fusion Program Research M a t e r i a l s  I nven to r y  a t  ORNL 
( A t t e n t i o n :  
programs funded by  t h e  O f f i ce  o f  Fusion Energy, w i t h  goa ls  cons i s ten t  w i t h  t h e  approved M a t e r i a l s  Program 
Plans of t h e  M a t e r i a l s  and Rad ia t ions  E f fec ts  Branch, and (b) t h e  requested amount o f  ma te r i a l  i s  a v a i l a b l e  
w i t hou t  compromising o t h e r  intended uses. 

Technologies Branch, O f f i ce  o f  Fusion Energy, f o r  agreement on a c t i o n .  

5 .  K .  Roche). M a t e r i a l s  w i l l  be re leased d i r e c t l y  i f  (a )  the  m a t e r i a l  i s  t o  be used f o r  

M a t e r i a l s  requests t h a t  do n o t  s a t i s f y  bo th  (a )  and (b) w i l l  be discussed w i t h  t h e  s t a f f  o f  t h e  Reactor 

Records 
Chemistry and m a t e r i a l s  p repa ra t i on  records a r e  main ta ined f o r  a l l  i n ven to r y  m a t e r i a l s .  A l l  m a t e r i a l s  

supp l ied  t o  program users w i l l  be accompanied by summary c h a r a c t e r i z a t i o n  i n f o rma t i on .  

Summarv o f  Cur ren t  Inventory  and M a t e r i a l  Movement Ourinq Per iod  October 1. 1986. throuqh March 31. 1987 

A condensed, 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  conten t  o f  m a t e r i a l s  i n  t h e  Fusion Program Research 
M a t e r i a l s  Inventory  i s  g iven  i n  Table 1. 
sheet f o r  product  forms of each a l l o y  and a l s o  i nd i ca tes  by we igh t  t h e  amount o f  each a l l o y  i n  l a r g e r  s i zes  
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  product  forms as needed by t h e  program. 
o r  d i s t r i b u t e d  from the  i nven to r y  du r i ng  t h i s  r e p o r t i n g  pe r i od .  

A l l o y  composi 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  procurement and/or f a b r i c a t i o n  a r e  g iven  i n  
t h i s  and e a r l i e r  ADIP progress r e p o r t s .  

Th is  t a b l e  i n d i c a t e s  t h e  nominal d iameter o f  r o d  o r  th ickness  o f  

No m a t e r i a l s  was added t o  

Product Form 
I n g o t  Rod Thickness, mm 

(kg)  Sheet t ub ing  

o r  bara  diameter 
A l l o y  we igh t  (mm) Th in- wa l l  

w a l l  

Table 1. Summary s t a tus  of m a t e r i a l s  a v a i l a b l e  i n  the  Fusion Program Research Ma te r i a l s  I nven to r y  

Type 316 SS 
Path A PCAb 
USSR Cr-Mn s t e e l c  
NONMAGNE 30d 

PE-16 
8- 1 
8 -2  
8- 3 
8-4 
8-6 

LRO-37e 

Path A A l l o y s  

900 16, 7.2 13, 7.9 0.25 
490 12 13 0.25 

1 0 . 5  2.6 
18.5 10 

Path  B A l l o y s  

140 16, 7 . 1  13, 1 .6  0.25 
180 
180 
180 
180 
180 

Path 0 A l l o y s  

3.3, 1.6, 
0.8 

Path C A l l o y s  

T i- 64  2 .5 ,  0 . 76  
Ti-62428 63 6 .3 ,  3.2, 

Ti-5621s 2 . 5 ,  0.76 
T i  -38644 0.76, 0 .25 
Nb-l%Zr 6.3 2.5,  1.5, 

Nb-S%Mo- 1%Zr 6 . 3  2 .5 ,  1 .5 ,  

V -  20%Ti 6 .3  2.5. . 5 ,  

0 .76 

0.76 

0.76 

0.76 
V-  15%C r- 5%Ti 6 . 3  2.5, 

0.76 
VANSTAR-7 6 . 3  2 . 5 .  

0 .76  

.5 ,  

.5, 
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Table 1 (con td . )  

A l l o y  

Product  Form 

I n g o t  o r  Rod Thickness, mm 
ba ra  weight  d iameter 

Th in- wa l l  t ub i ng  
w a l l  th ickness  

(mm) ( k g )  
Sheet 

Path E Alloys 

HT9 (AOD fus i on  heat ) f  3400 28.5, 15.8, 9.5, 3.1 
HT9 (AOD/ESR fus i on  heat)  7000 25, 50, 75 28.5, 15.8, 9.5, 3.1 
UTQ ? 1  , , , ~  
HT9 + 1% N i  
HT9 + 2% N i  
HT9 + 2% N i  + C r  ad jus ted  
T-9 modi f iedg 
T-9 mod i f i ed  + 2% N i  
T-9 mod i f i ed  + 2% N i  + Cr ad jus ted  
2.25Cr-1Mo 

i:c, 18 
4.5, 18 
4 .5 ,  18 
4 . 5 ,  18 
4 . 5 ,  18 
4 . 5 ,  18 

h 
~ ~ 

aGreater than 25 m m ,  minimum dimension 

bPrime candidate a l l o y  

CRod and sheet o f  a USSR s t a i n l e s s  s t e e l  supp l ied  under the  U.S./USSR Fusion Reactor M a t e r i a l s  Exchange 

dNONMAGNE 30 i s  an a u s t e n i t i c  s t e e l  w i t h  base composi t ion Fe-14%Mn-2%Ni-Z%Cr. 

Program. 

i nven to ry  by t h e  Japanese Atomic Energy Research I n s t i t u t e .  
I t  was supp l ied  t o  t h e  

eLRO-37 i s  t h e  ordered a l l o y  (Fe,Ni),(V,Ti) w i t h  composi t ion Fe-39.4%Ni-22.4%V-0.43%Ti.  

f A l l o y  I2Cr-IMoVW w i t h  compos i t ion  equ i va len t  t o  Sandvik a l l a y  HT9 

4T-9 mod i f i ed  i s  t h e  a l l o y  9Cr-1MoVNb 

hMater ia l  i s  t h i c k - w a l l  p ipe ,  r e r o l l e d  as necessary t o  produce sheet o r  rod .  
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NEUTRONICS ANALYSIS I N  SUPPORT OF THE U.S./JAPAN SPECTRAL TAILORING CAPSULES - R. A. L i l l i e  (Oak Ridge 
Na t i ona l  Labora tory )  

OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  p rov ide  t he  neu t ron i c  design f o r  m a t e r i a l s  i r r a d i a t i o n  experimer,ts i r  
bo th  t h e  Oak Ridge Research Reactor (ORR) and High F l u x  I so tope  Reactor (HFIR). Spect ra l  t a i l o r i n g  t o  
c o n t r o l  t h e  f a s t  and thermal  f l u x e s  i s  r equ i red  t o  p rov ide  t h e  des i red  displacement and he l ium product ion  
r a t e s  i n  a l l o y s  con ta in ing  n i c k e l .  

SUMMARY 

Scale f a c t o r s  obta ined f rom prev ious  comparisons' o f  t he  c a l c u l a t e d  and measured neutron f luences i n  
t h e  ORR-MFE-6J dos imet ry  capsule a r e  be ing  used t o  sca le  t he  neutron f luences obta ined from ongoing th ree-  
dimensional  neu t ron i cs  ca l cu la t i ons .  As o f  March 23, 1987, t h i s  procedure y i e l d s  61.6 appm He (no t  
i n c l u d i n g  2.0 appm He from '05) and 6.88 dpa f o r  t ype  316 s t a i n l e s s  s t e e l  i n  ORR-MFE-6J and 96.3 appm He and 
7.92 dpa i n  OUR-MFE-7J. 

PROGRESS AND STATUS 

The ope ra t i ng  and cu r ren t  c a l c u l a t e d  data  based on t he  s c a l i n g  f a c t o r s  a re  summarized i n  Table 1 f o r  
t h e  ORR-MFE-6J and -75 experiments. Both exper imental  capsules have been exposed t o  339,877.2 MWh as o f  
March 23, 1987. On December 8, 1986, t h e  water- cooled aluminum core  p iece  i n  t h e  ORR-MFE-7J experiment was 
rep laced w i t h  a s o l i d  aluminum core  piece.  A t  t he  t ime  o f  replacement, t h e  ORR-MFE-7J experiment had been 
exposed t o  280,639.8 MWh and had obta ined 76.0 appm He and 6.30 dpa. Before  t h e  i n s e r t i o n  o f  t he  s o l i d  a lu-  
minum core piece,  t h e  average dpa r a t e  i n  t he  ORR-MFE-7J t ype  316 s t a i n l e s s  s t e e l  specimens had been 5.91 
dpa per f u l l  power year. A f t e r  i n s e r t i o n  o f  t h e  s o l i d  aluminum core  piece,  t he  average dpa r a t e  has 
increased t o  7.16 dpa pe r  f u l l  power year. The cu r ren t  average dpa r a t e  i n  t h e  ORR-MFE-6J experiment i s  
5.32 dpa per f u l l  power year  and t h e  p ro jec ted  i n s e r t i o n  date  f o r  i t s  s o l i d  aluminum core p iece i s  s t i l l  
September 30, 1987. 

Tab le  1. Opera t ing  and Ca lcu la ted Data f o r  t h e  
ORR-MFE-6J and -75 Experimental Capsules 

as o f  March 23, 1987 

ORR-MFE-6J ORR-MFE-7J I 
I 

I n s e r t i o n  date  6-28-85 6-28-85 

Exposure, MWh 339,877.2 339,877.2 

Equ i va len t  f u l l  power 472.0 472.0 
daysa 

Thermal f luence, nfm2 7.29 x 102s 9.43 x 1025 

T o t a l  Pluence, nm2 2.44 x 2.97 x 10z6 

dpac 6.88 7.92 

Two-step helium, appmb 56.2 90.1 

D i r e c t  helium, appmb 5.39 6.17 

T o t a l  helium, appmb 61.6 96.3 

FUTURE WORK 

The three-dimensional  neu t ron i cs  ca l cu la-  
t i o n s  t h a t  moni to r  t h e  r a d i a t i o n  environment of 
t h e  ORR-MFE-6J and -75 experiments w i l l  con t inue 
w i t h  each ORR cycle.  The sca le  f a c t o r s  used t o  
sca le  t h e  c a l c u l a t e d  f luences w i l l  be updated as 
new exper imental  data become ava i l ab le .  

REFERENCE 

1. R. A. L i l l i e ,  "Neutronics Ana lys is  i n  
Suooort o f  U.S./Jaoan Soect ra l  T a i l o r i n a  Caosules." 
Fushon Reactor M a t e r i a l s  Semiannu. Prog: Rep. 
Sept. 30, 1986, DOE-ER-0313/1, U.S. DOE, O f f i c e  
of Fusion Energy. 

a F u l l  power f o r  t h e  ORR i s  30 MW. 
bHelium and dpa values are  f o r  t ype  316 s t a i n-  

l e s s  s tee l .  
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CiiOSS S E C ' l l O h l  M:<ASURI.'MEld'rd F3R I.!)bIti-i,IVED ISOTOPES, L .  5 .  Croenwood i n d  3 .  L .  Bowers (Argonne t l a t inna!  
Laboratory) 

O B J E C T  IYE 

' io  meals ' i~e 1 II MeV n.eirt.ron p ~ o d u s t . i o n  cr'oss sect ions  for r e a c t i o n s  lending t o  l o n g- l i v e d  i s o t o p e s  i n  f i i s i a n  
n a t e r i a i l s .  

SUYMA3Y 

U e i i t r o P  p ~ o d u c t . i o ~  c r o s s  sec t , i ons  ~ I A Y L .  been meas1red near 14.8 Me'd f o r  reactions leading t o  i n r g - l i v e d  
i s o t o p e s  i n  f u s i o n  r c c t o r  mati .r i i ls .  Pure elements  a n d  separa ted  i s o t o p o s  were i r r a d i a t e d  a t  t h e  i?llS I1 
t o  f l u e n c e s  u o  t o  10'' n/cn2. IJnde:;i^ed a c t i v i t i e s  were chemicil l lY s e m r a t e d  and t h e  l o n a- l i v e d  a c t i v i t i e s  

;wr)wEss AND s.rATus 

'Tie p r o d u c t i o n  oP long-',ived i so tope : j  i n  f i i s i i n  n a t e r i n l s  is Of c0nr:ern dlle t o  w te  d i s p o s a l  ~ e s t r i c t i o n ~ .  
P r e v i o u s 1  we ilave r e p o r t e d  d a t a  Tor t h e  27Alln ,2n)26A1 1720,000 y ) , '  94Vo(n, ,p '%b (20 ,300  y l ,  and 
' " ? o ( n , ~ ) ~ ~ N b  ( 700  y )  r e a c t i o n s . ?  
decay b y  electron c a p t u r e  o r  b e t a  d r o i y  u s i n g  l i q i l i d  s c i n t i 1 l i ; ; o n  c u n t i n g  and r a d i o c h e m i s t r y  t o  .?.?parate 
d n d e s i r e d  a c t i v i t i e s .  Results a r e  ,-i?ported nea r  l a . 9  i4e'! f o r  ''Fe, 83Ni. and 5 9 N i .  

Thc s a n ~ l e s  con . s i s t e f i  of t h e  piire e l m ? n t s  Fe and C ~ J ,  and  scprmt .ed  i s o t o p e s  of 56Fe, " N i ,  and 64?$i, 
o b t a i n e d  from 8Q-k ?id%.- Na t ioml  i .abora tor ly .  The s e p a m t e d  i s o t o p e s  of Fil ,  and N i ,  were po*ide,-?d meta l s  
packed i n  t h i r l  aliirniiull t u b i i g  r i a i s 8 ~ r i n g  t . 5- 2 .0  m m  0 . d .  by 10-14 mm l o n g .  The ~ a t u r a l  le a n d  Cu n r t a l  
s m p l e s  w e r e  p r i i s s e d  i n t o  d i s c s  mt?asuring 3 mm 0 . d .  by 1 m a  t h i c k n e s s .  A l l  samples were packaged f o r  
i r r a d i q t i o n  v i t h  th i r -  ( 3 . 0 2  m n l  i't? and 11'2 dOsirPt i -y f o i l s  i n  t h i n  (0.01 m m l  A 1  'wrapping. 

TP.e a c t i v i t i e s  were p r o d u c d  d u r i n g  :;,?vera1 separa te  1 0  !1?V neutron i r r a d i a t i o n s  t o  h i g h  f l u e n c e s  
7 l o 1 ' ?  ~ . / c m ' )  a t  t h c  R o t a t i n g  Targrt .  Neutron Sotirce I1 a t  Lawrence LivoPmore N a t i o n a l  L a b o r a t o r y . -  Iron and 

n.ioSi,m dos ime t ry  f o i l s  ~ e r ?  i n i l  tirlprl i t h  eac'l ~ ~ m p l e  determine t h e  a c t u i l  n e u t r o n  r l u e n c e  a t  each  
sn-nple l o c a t i o n  i l s i i g  t h e  wel l- known 54Fe(n,p)54Mn apd '"Nbln,Ln)92Nb r e a c t i o n s .  A n e u t r o n  f l u e r c e  map was 
t'ben produced  f a r  each  i - r ; % d i a t , i o n :  mrr d e t a i l e d  r esu l t s  have been p i ib l i shed  p r e v i o u s l y .  

The i n a l y s i s  of each i i m p l e  bejir!s  w i th  gamma spec t roscopy  t o  determine t h e  presence Of o t h e r  stronger 
x t i v i t i e s .  ?n:;ed or- Lhese  result,^, r ad iochemica l  s e p a r a t i o n s  a r e  p lanned  i n  o r d e r  t o  s e p a r a t e  as many 
u n d e s i r e d  activities is $ i o s 5 i b l e .  G,iinna s p e c t r o s c o p y  i s  ,Sed t o  d e t e r m i n e  t h e  d e g r e e  of s e p a r a t i o n  and t o  
e s t a b l i s h  t h e  l l e s i l u i l  ?Ct , iVi t ieS  .xh:nh   ere n o t  removed. The p u r i f i e d  sample  is  t h e n  count.ed by l i q u i d  
s c i n t i l l a t i o n  spect roscopy.  The o c i n t i l l ~ t i o n  energy spec t rum is recorded and a n a l y z e d  t o  s e p a r a t e  t h e  
d e s i r e d  a c t i v i t y  from t.he r e s i d u a l  -ontarn inants .  S t a n d a r d s  a r e  u s e d  where p o s s i b l e  t o  dz t e rmin?  t l e  
d e s i r e d  speCtPa1 ~espons? m d  to P s t a b l i s h  t h e  instr l lment,31 e f f i c i e n c y .  T h i s  t e c h n i q u e  has bee1  s u c c e s s f u l  
i n  r e s o l v i n g  many of  t h e  de:;ired l ong- l ive t i  a c t i v i t i e s .  Oetails of t h e  chemical  and s p e c t r a l  s e p a r a t i o n s  
-ire g i v e n  below for  e.icil i s o t o p e .  

S t a n d i r d  s o l t i t i o n s  of 55Fe 2nd ' j N i  'were o b t a i n e d  from Aplrrsharn I n t e r n a t i 3 n a l .  L iqu id  S c i n t i l l a t i o n  
samples  were p r e p a r e d  fo r  each r e a c t i o n  p?odUct depend ing  a n  t h e  expec ted  Count r a t e  and d i s s o l u t i o r .  
r e q u i r e d .  'liitui'al ? e ,  V i ,  o r  C u  was added t o  t h e  ~ 0 1 u t i o 1 s  t o  match t h e  ,weight of t h e  i r r a d i a t e d  w t e r i a l .  
iicncii, t h e  9;ienc"ling f a c t o r s  u e r i  id r?n . t ica l  f o r  t h e  s t a n d a r d  and unknown a c t i v i t i e s ,  as conf i rmed  by 
corrpnr ison  of t h e  ene rgy  s p e c t r a .  I n  t h e  case of 5 9 t ~ i ,  t h e  spectrum was assumed t o  be s i m i l a r  t o  t h a t  of  
'5fe s i n c e  t h e  x- r a y s  and  c o n v e r s i o n  e l g c t r o n s  o n l y  d i f f e r  i n .  ene rgy  by a b o u t  1 ke' The ' 5 ? e  Stafidar-d 
a c t i v i t y  was 12.51 uCi/g 1 $ . 3 %  and the 1 3 N i  s t a n d a r d  was 13.02 , '/g i 2 . 5 5 .  The 54ii x- rays  i e r e  c o u n t e d  
u s i n g  a t h i n ,  i n t r i n s i c  C E  d e t e c t o r  whiqh was c a l i b r a t e d  #using "Mn, 55Fe,  137Cs, and 2 4 1 & m  s t an l ?a rdS .  

Stan.dard ion- exchange c h e m i s t r y  WAS iisrd t o  ~ r n o v e  a11 of t h e  undes i -ed  a c t i v i t i e s  i n  t h e  The 
degree of se9; i ra t ion was p i ~ i d i l y  confir ined b y  gamm a n d  x - r a y  spec t romet ry .  The l i q u i d  s c i n t i l l a t i o n  
s p e c t r a  *ere then compared I V  i i r t a i l  t o  i p e c t r a  o b t a i n e d  from t h e  s i m i l a r l y  p r e p a r e d  s t a n d a r i l  s o i ' J t i o n s .  

In t h i s  s t u d y ,  'WE ha". m e a s i r e d  t.he p r o d u c t i o n  of r a d i o i s o t o p e s  'which 
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5 5 ~ e  h a s  a i l a l f l i f e  of 2.73k.03 y :ind m a y s  by e lec t ron  c a p t u r e  p roduc ing  Auger e l e c t r o n s  aird x- rays 
near 6 ne'<. 
"'??139.87%1. The p r i n c i 2 a l  'inw-in;&d ; ac t iv i t i e s  i n  t.he s i m p l e s  'were " C r ,  54!4n, 57Co,  and "Co. The f i r s t  
txo 'were produced by reactions on ? e ,  n r i p c i p a l l y  i n  t h e  n a t u r a l  F r  t a r g e t  whereas t h e  Co a c t i v i t i e s  were 
o b s c w c d  fvom to a n d  Ni i m p i l r i t i r s  i n  t h e  "'Fe s;inplns. 

' i g u r r  1 shows t h e  l i q u i d  s c i n t i l l a t i o n  Spec t ra  far "Fe bo th  from our  samples  and  t h e  s t an r?a rd  S o l ' J t i o n .  
?he  I a t a  are  a i v e n  i n  T a b l e  I .  
Y5.d have a S t a n d a r d  d c v i a t i o n  of o n l y  2 . 6 8 .  

55Fe was produced by t h e  "Fe(n,2n) reaction fPom nat.ilral Fe  R d i s o t o p i c a l l y  e p i r a t e d  

- .  

4 s  ciir he  s e e n ,  ou r  r e s u l t s  f a r  t h e  56Fe(n,2n)55Fe cross Sec t iocs  near 1 4 . 8  
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63Xi has a halflife f 100.1t2.1 y and decay by D -  emissio with an end-point energy f 66 keY (average 
energy = 17 keV). 6TNi was pPodUced by the “Ni(n.2”) and 93C n,p) rea ions. The 6gNi was enriched to 
93.57% and the opper had t e natura abundance of 69.17% for ‘ ~ C U .  The “Ni sampl ” contained undesirable 
activities of 5‘Mn, 57C0, “Co, and “Co, whereas the Cu samples contained mainly “Co. 

In both cases, no residual activities were detected by gamma SpeCtPOSCopy. Samples were prepared from the 
ion-exchange column wash and a l l  of the unwanted activities couI4 be accounted for within a few percent. 
PiguPe 2 shows the liquid scintillation spectra f o r  each case,  both before and after chemical separations, 
as well as the spectra from the standard solutions. 4s can be seen, the spectra from the separated 
materials closely match that of the standards. The neutron CPOSS section data for each sample are listed 
in Table I. Again we note that the Scatter in the data is only 1.58 f a r  both the Ni and Cu samples. 

59Ni h a s  a halflif of 7.6 xl0 y and decays y electron capture emitting about h keV Auger gdectrons and 7 
keV x-rays [41. 5gNi was produced from he h8Nl(n,2 ) reacti n using separated isotopes of Ni (99.81%). 
The principal unwanted ctivities were ’ Mn, 57Ca. 5’C0, and “Co. Unfortunately, we were not able to 
sufficiently separa~e 5%ln from 59Ni. Consequently, we decidEd to concentrate on counting the 7 keV x-rays 
from the decay of 51/Ni which ha”? an intensity of 33.1+1.7$. 
elutant by evaporating several  milligrams of Ni onto an  aluminum counting piate. 
order of 10% were applied for self-absorption and scattering. In this case 
the P-decay produces no C o  x-rays. Data are listed in Table I. Uncertainties are larger for this reaction 
due to poorer counting statistics and the large (17%) uncertainty in the halflife. 

All of the measured neutron cross se tions are summarized in Table 11, where they are a l s o  compared with 
previous data. 
previous data by W e n u s ~ h , ~  Frehap , q  M ~ l l ’ ~ ~  and Kozyr.18 The measureinent by Joensson et a1.l‘ is clearly 
much lower. 
measurements. However, most of these cross sections are measurements of the total proton production which 
includes other possible ~ e i c  ions and hencc are  expected to be larger than our measurement. The 
measurement by Molla et a l . ,  
However. their va lue  has a relati ly large ncerta’ ty (40%) ompared to our measurement (6.72). No 
previous data were found for the “Ni(n,Zn) 58 Ni or “Ni(n,2n) 65 Ni reactions. 

4 

r h  

Samples were prepared from the purified Ni 
Net corrections on the 

3Ni does not interfere since 
4 

I n  the Case of the 5gFe(n 7n)55Fe reacti n, our data are Seen to agree quite w e l l  with 

In the case of the “&u(n,p) & N1 reaction, “UP measured c ros s  section is lower than previous 

4’. 
1s direct,ly comparable to o u r s  since they measured the 5- activity from 63Ni. 

FUTURE WORK 

The measured neutron cross sections can be used to calculate the production Of these long-lived activities 
in fusion reactor materials. Such calculations are needed to estimate radioactivity l e v e l s  around fusion 
~eactors and to determine the residual activities in waste materials. These techniques of chemical 
separations and liquid scintillation spectr41 analysis, backed by gamma and x-ray spectroscopy, have proven 
to be quite successful in the measurement of weak, long-lived activities, and e plan 0 study other such h actions n the future. easu~emen s a r e  now ‘i progres f o r  the P acLionS “N(n,p)‘ C (5700 y). 
“Mo(n.2n) 4 3M0 (3500 y). 9‘Zr(n.2n) 95, Zr (1.5~10 A y), and 93Nb(n,n‘) 95 Nb (13.6 y). 
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TABLL I 

Results for 5'Fein.?ni5sFe 

Energy" Fluence At. Ratio u 
Sample MeV 1017n/crr12 10-8 nibb 

5"Fe-l 14.83 1.88 8.58 456. 
5 6 ~ ~ - 2  14.82 1.61 7.34 456. 
5uFe-3 14.85 1.31 5.86 448. 

Fe- 1 14.68 10.30 48.6 472. 
Fe-2 14.81 4.53 19.9 440. 

Results for eSC~(n ,p ) e3Ni  

Energya Fluence At.  Ratio u 
Sample M e V  ~ O ' ~ n / c m ~  10-8 XlbC 

c u - 1  14.65 1.17 6.40 54.7 
cu - 2  14.65 1.14 6.16 54.0 
c u - 3  14.82 0.462 2.45 53.0 

Results for e4Ni(n,2n)e3Ni 

Energya Fluence At. Ratio u 
Sample MeV 1017n/cniz 10-7 Irlbc 

e 4 ~ i - 1  14.85 1.96 1.90 967. 
8 4 ~ i - 2  14.83 1.65 1.57 948. 

Results for 80Ni(n,2n)s9Ni 

Energya Fluence At. Ratio I7 

Sample MeV 1 0 1 7 n / ~ ~ ~ 1 2  10-8 rnbd 

8oNi-l 14.81 1.26 1.57 124k9  
'"Ni-2 14.83 1.78 1.73 9 7 f 6  
"Ni-3 14.82 1.34 0.95 84*9 

"Mean energy; width -0.5 MeV 
bUncert.: Sta t .  I%, eff. 3%, std. 5%, T 1 p  1.196, fluence 596, net  7.8% 
'Uncert.: Sta t .  1%, eff. 3%, std.  2.5%, T1p  2.096, Hucncc 5$I, Iict 6.7% 
dUncert.: S ta t .  above, eff. 4%, T I p  17%, fluence 5%, net 19--23% 
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TABLE 11. 

Summary and Comparison of Results with Previous Data 

Present Previous 
Reaction E, a,mb E, u,mb Ref. 

"Fe(11 ,2n)~~Fe  14.8 4 5 4 f 3 5  14.0 440f90 7 

1.7 

"4Ni(n,2n)sSNi 14.8 

"Ni(11,2n)~'Ni 14.8 

54 

14.3 
14.7 
14.6 
15.1 

4 14.7 

14.0 
14.1 

9 5 8 f 6 4  

104335 

4 1 0 f 3 3  8 
440+40 9 
480zk50 10 
1 9 0 f 4 0  11 

1 2 5 f 5 0  9 

1054~9 12 
149&30 13 

none 

none 

OTotal proton yield from "Cu includes other reactions 

DS 
......... ~ T D  ..... 
_ - - - _ _ _ _ _ - - - -  

10: 

1 I , I I f 
0 3 6 9 12 

ENERGY,keV 

Fig .  1. L i q u i d  s c i n t i l l a t i o n  spec t ra  f o r  "Fe from t h e  
56Fe(n,Zn) r eac t i on :  
the  ion-exchanged s o l u t i o n  ( I X ) ;  and t h e  $;Fe 
standard (STD). 

The i n i t l a l  d i s s o l u  ion  (US); 
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12. D. L. Allm,  Vucl .  Phys. 24, 274 ( 1 9 6 1 ) .  

1 3 .  3 .  S .  Storey, Proc.  Phys. Soc. 75, 526 (1960). 
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Fig. 2. Liquid scintillation spectra for 63Ni from the 63Cu(n,p) 
and 64Ni(n,2n) reactions: 
ion-exchange products ( I  X i ;  and 63Ni standard (sTDJ. 

The initial dissolutions ( D S ) ;  
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MEASUREMENTS FOR THE J P Z ,  J P 6 ,  JP'I US/JAPANESE EXPERIMENTS I N  HFIK - L .  R .  Gveenwood (Argonne ?llat ional  
L a b o r a t o r y )  

O B J E C T I V E  

To C h a r a c t e r i z e  n e u t r o n  i r r a d i a t i o n  f a c i l i t i e s  i n  terms of n e u t r o n  f l u e n c e .  s p e c t r a ,  and damige p a r a m e t e r s .  

SUMMARY 

R e s u l t s  are r e p o r t e d  f o r  t h e  J P 2 , J P 6 ,  and .IP'l US/Japan e x p e r i m e n t s  t h a t  f o c u s  on  t h e  s w e l l i n g .  t e n s i l e ,  and 
f a t i g u e  p r o p e r t i e s  of s t a i n l e s s  s t e e l .  The J P 2  exper iment  h a s  t h e  h i g h e s t  e x p o s u r e  r e p o r t e d  f o r  HFIR 
(57 ,507  MWU) p r o d u c i n g  55.2 dpa and 3345 appm he l ium i n  316 s t a i n l e s s  s t e e l .  

PROGRESS A N D  S'IATUS 

R e s u l t s  ape r e p o r t e d  f o r  t h e  J P Z ,  J P 6 ,  and JP ' l  U .S . / Japanese  e x p e r i m e n t s  i n  H F I R  t o  s t u d y  s w e l l i n g ,  
t e n s i l e ,  and f a t i g u e  p r o p e r t i e s  of s t a i n l e s s  s t e e l  a t  300-6OO0C. 
i n  t h e  t a r g e t  p o s i t i o n ,  a s  f o l l o w s :  

ThPSe t h r e e  i r r a d i a t i o n s  were conducted  

Experiment  D a t e s  Exposure 

JP2 01/04/84 - 12/17/85  57.50'1 MWU 

JP6 09/11 /84 - 1 1  /14/85 34 ,677  MWD 

JP7 10/05/84 - 12/17/85  34,652 MWD 

R e s u l t s  fov t h e  J P 1  and J P 3  e x p e r i m e n t s  were r e p o r t e d  p r e v i o u s l y . '  

The JP2 e x p e r i m e n t  h a s  t h e  h i g h e s t  e x p o s u r e  y e t  P c p o r t e d  i n  HFIR. B u ~ n u p  c o r r e c t i o n s  ape q u i t e  severe .  
However, t h e s e  c o r r e c t i o n s  a p p e a r  t o  be i n  good agreement ( 35%)  fo r  a l l  f i v e  of t h e  JP e x p e r i m e n t s ,  a n d  we 
e s t i m a t e  t h a t  a c t i v i t i e s  a r e  a c c u r a t e  t o  33%. 

Dos imeters  were l o c a t e d  a t  s i x  v e r t i c a l  l o c a t i o n s  i n  t h e  JP2 and JP6 e x p e r i m e n t s  and a t  t h r e e  h e i g h t s  i n  
J P 7 .  One of t h e  d o s i m e t e r s  was l o s t  d u r i n g  d i s a s s e m b l y  a t  O R N L .  The r e m a i n i n g  1 4  c a p s u l e s  were gamma 
c o u n t e d  a t  Argonne. Each c a p s u l e  c o n t a i n e d  Fe, 0.1% Co-A1, and 80 .2% Mn-Cu w i r e s .  The c o r r e c t e d  
a c t i v i t i e s  a r e  l i s t e d  i n  T a b l e  I .  S i n c e  r u n s  J P 6  and JP7 have n e a r l y  i d e n t i c a l  e x p o s u r e s ,  f l u e n c e  and 
damage r a t e s  a r e  r e p o r t e d  j o i n t l y .  

The  v e r t i c a l  flux g r a d i e n t s  were f i t  t o  a polynominal  e q u a t i o n  and t h e  average r e s u l t s  a r e  g i v e n  below: 

f ( z )  = f ( 0 ) ( 1  + bz + cz2), z = h e i g h t  i n  crn ( 1) 

For t h e  t h r e s h o l d  r e a c t i o n s  t h e  p a r a m e t e r s  a r e  b = 0.361 x and c = -1.007 x i n  good agreement 
w i t h  p a r a m e t e r s  d e t  rmined f o r  t h e  PTP PO i t i o n . '  
w i t h  b = 1.24 x and  c = -0.756 x 10- j .  
d e t e r m i n e  f l u e n c e  o r  damage r a t e s  a t  any h e i g h t  i n  t h e  assembly .  

The n e u t r o n  e n e r g y  s p e c t r a  were a d j u s t e d  w i t h  t h e  STAY'SL computer code u s i n g  t h e  m i d p l a t e  a c t i v i t i e s  
d e t e r m i n e d  from t h e  g r a d i e n t  d a t a .  The r e s u l t a n t  n e u t r o n  f l u e n c e  v a l u e s  are g i v e n  i n  T a b l e  11. The 
s p e c t p a l  a d j u s t m e n t s  were Small ((10%) and t h e  s p e c t r u m  is  e s s e n t i a l l y  t h e  same as r e p o r t e d  p r e v i o u s l y  i n  
t h e  PTP p o s i t i o n . '  

Damage p a r a m e t e r s  were c a l c u l a t e d  w i t h  t h e  SPEC'CER computer code' and t h e  results a r e  l i s t e d  i n  T a b l e  111. 
Thermal e f f e c t s  fop  N i  and Cu a r e  i n c l u d e d  as d i s c u s s e d  i n  r e c e n t   publication^.^'^ Far  t h e  v e r y  h i g h  
e x p o s u r e  i n  t h e  JP2 e x p e r i m e n t ,  t h e  thermal  e f f e c t  i n  Cu produces  9 .6  t i m e s  more he l ium t h a n  t h e  f a s t  
r e a c t i o n s .  For N i ,  t h e  t h e r m a l  e f f e c t  p roduces  a b o u t  0.25 a t .  k hel ium r e s u l t i n g  i n  3345 appm i n  316 
s t a i n l e s s  s teel .  The hel ium- to- dpa r a t i a  is about  61 : l  a t  midplane  i n  JP2. S i n c e  t h e s e  e f f e c t s  a r e  not  
l i n e a r  w i t h  t h e  f l u e n c e ,  h e l i u m  a n d  damage g r a d i e n t s  f o r  316 S t a i n l e s s  S t e e l  are l i s t e d  s e p a r a t e l y  i n  
T a b l e  IV. 

FUTURE WORK 

Samples have  been gamma counted  from t h e  J P 4 ,  JP5. and J P B  e x p e r i m e n t s  and ana ly s i s  is now i n  p r o g r e s s .  

However, t h e  t h e r m a l  r e a c t i o n s  have a f l a t t e r  dependence 
Equat ion  ( 2 ) ,  w i t h  t h e  f a s t  p a r a m e t e r s  b and  c ,  can be  used t o  



58Fe(n,7) 59Fe 5 9 ~ o ( n , ~ ) 6 Q ~ o  

He ight ,  cm JP2 JP6 JP7 JPZ J P6 JP7 

( x  10-9) ( x  10-8) 

25.4 
16.5 

7.1 
2.1 

-12.1 
-21.0 

1.23 
1.79 

1.39 1.35 

1.84 

2.36 
6.25 
6.33 
5.48 
4.39 

5.80 

6.51 

54Fe (n$) 54Mn 55Mn(n,211)5~Mn 

J P2 J P6 JP7 J P2 JP6 JP7 

(X  10-9) ( x  10.8) 

25.4 2.59 2.27 . 0.782 0.708 - 
7.1 6.75 6.80 1.97 1 92 - 
2.1 6.99 7.07 6.95 2.10 2.u6 2.10 

-12.1 5.93 5.89 . 1.72 1.81 . 
-21.0 3.91 3.8s - 1.17 1.16 . 

16.5 5.21 5.21 5.40 1.51 1.35 1.53 

Table 11. 
Neutron Fluences for HFIR-JPZ, JP6. JP7 

Values are  accura te  t o  * l o %  
Fluence x 1022 n / c d  

Energy J P2 JP6, JP7 

T o t a l  24.66 14.80 

Thermal ((0.5 eV) 10.09 6.09 

0.5 eV-0.11 MeV 7.97 4.77 

> O . l l  MeV 6.59 3.95 

>1 MeV 3.35 2 .02  
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Table 111. 
Damage Parameters f o r  HFIR-JP2. 6, 7 

Values a t  midplane: f o r  grad ients ,  use Eq. (1) 

Element J P2 JP6, JP7 

He, appm DPA He, appm DPA 
~ 

A1  
T i  
V 
Cr 
Mna 
Fe 
coa 

N i  

41.9 86.4 25.2 51.8 
27.9 54.8 16.9 33.0 ~ ~~ 

1.41 61.4 0.85 36.9 
9.61 54.1 5.78 32.5 
8.48 59.6 5.10 35.8 

17.07 47.9 10.28 28.8 
8.40 60.1 5.05 36.1 

226.0 51.5 137.0 31.0 
44.8 15,015.0 26.5 
96.3 15,152.0 57.5 

%: 25,402.0 
Tota l  25,628.0 

Fast 12.4 46.7 7.4 28.1 
cu 6 5 ~ n  119.2 0.2 38.3 0.1 

Tota l  131.6 46.9 45.7 28.2 

3.12 46.3 1.88 27.8 
Mo 34.5 - 20.7 
Nb 

316SSb 3345.0 55.2 1978.0 33.1 

aThermal s e l f - s h i e l d i n g  important f o r  Mn, Co. 
b316SS: Fe (0.645), N i  (0.13). C r  (0.18), Mn (0.019), 

- 

Mo (0.026). 

Table I V .  
Damage Gradients f o r  HFIR-JP2, JP6 JP7 
DPA inc ludes thermal e f f e c t  from 59N i .  
Helium inc ludes 59Ni and f a s t  reac t ions  

JP2 JP6, JP7 

Height,  He I DPA He, OPA 
cm appm w m  

0 3345 55.2 1978 33.1 

3 3316 54.7 1957 32.8 

6 3229 53.3 1897 31.9 

9 3082 50.8 1796 30.4 

12 2873 47.3 1653 28.3 

15 2592 42.7 1464 25.5 

18 2242 37.2 1234 22.2 

21 1811 30.7 961 18.2 

24 1293 23.1 650 13.7 
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n 
5 
6 

4 

199.4 
79 .3  
7 3 . 8  
6.9 

195.8 

, .  L. e .  Greenwood, Dari ige k n a l .  and  Fur id .  S t i i d i s s  Q u a r t e r l y  Prog. R.ep. 
002/63-0346/25, p p .  3-'7 ( : l : % y  1 3 3 6 ) .  

2 .  !<. 9. ';reenwood, Ilamigr Ani? .  and F u n d .  S t i l d i e s  Q ' l a r t e r l y  P r o g .  Rep. 
l O E / E 3 - 0 0 4 5 / 4 ,  p p .  15- 20 ( F e b .  19911 .  
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Fig.  1. Comparison of Water and Hel ium Cooled Neutron 
Spectra Measured i n  Omega West Reactor. 

1.4 

1.2 - 
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Fig.  2. Ra t i o  of Water/Helium Cooled Spectra i n  t h e  
Omega West Reactor. 



3 6  

Table I .  
A c t i v i t y  Measurements for Omega West Reactor 

( A c t i v i t y  i n  atom/atom-s, *2%, 8 MW) 

Reaction 4 5 6 7 8 

58Fe(n,~)59Fe 7.12 5.43 5.54 5.67 6.46 

5 9 ~ 0  (n, 7) 6 0 ~ 0  (10-9) 2.33 1.84 1.85 1.87 2.09 

58Ni(n,p)58Co (10-12) 3.62 4.46 4.13 4.63 4.75 

. 
54Fe(n,p)54Mn 2.88 3.43 3.50 3.53 3.63 

T i  ( n , ~ ) ~ ~ S c  (10-13) 3.88 4.38 4.61 4.56 4.80 

Table 11. 
Neutron Fluxes for Omega West Reactor 

(F lux  x I O l 3  n/cm2-s, 8 MW, * l o%)  

Energy, MeV 4 5 6 7 8 

Thermal <0.5 eV 7.84 5.93 5.99 6.07 6.88 

0.5 eV - 0.1 5.03 5.33 5.30 5.28 5.69 

X.1 5.66 6.66 6.62 6.74 7.14 

> l . O  2.80 3.33 3 .31  3.40 3.55 

Tota l  18.53 17.92 17.91 18.09 19.70 

Table 111. 
Neutron Fluences f o r  Omega West Reactor 

(Fluence xi019 n/crn2# 110%) 

Energy, MeV 4 5 6 7 8 

Thermal <0.5 eV 5.63 1.69 0.513 0.151 4.85 

0.5 eV - 0.1 3.61 1.52 0.454 0.131 4.01 

> O . l  4.06 1.89 0.567 0.167 5.03 

>l.O 2.01 0.947 0.284 0.084 2.50 

To ta l  13.30 5.10 1.54 0.449 13.89 
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Table I V .  
D m g e  Parameters for Onega West Reactor 

(dpa xlO-3, He i n  appb) 

Run 4 Run 5 Run 6 Run 7 Run 8 

Element dpa He dpa HE dpa HE dpa He dpa He 

A1 52.1 17.3 24.4 7.90 7.30 2.43 2.16 0.71 64.6 21.2 

T i  31.6 15.9 14.7 7.46 4.41 2.26 1.31 0.67 39.0 19.7 

V 35.7 0.60 16.6 0.27 4.98 0.08 1.48 0.02 44.0 0.73 

Cr 32.2 4.51 15.0 2.09 4.50 0.64 1.33 0.19 39.8 5.56 

Fe 28.4 7.91 13.3 3.64 3.99 1.12 1.18 0.33 35.2 9.72 

N i  30.2 122. 14.0 56.8 4.21 17.3 1.25 5.10 37.2 151. 

CU 27.6 6.61 12.8 3.03 3.85 0.93 1.14 0.27 34.1 8.10 

Nb 27.7 1.51 13.0 0.70 3.90 0.21 1.15 0.06 34.4 1.86 
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30SIMETRY AND D A M A G E  ANALYSIS FOR HFIR-CTR-47/48 - L .  R .  Greenwood (Argonne N a t i o n a l  L a b o r a t o r y )  

O B J E C T I V E  

To c h a r a c t e r i z e  n e u t r o n  i P r a d i s t i o n  f a c i l i t i e s  i n  t e r m s  of n e u t r o n  f l u e n c e  and s p e c t r a  as w e l l  3s damage 
p a r a m e t e r s .  

SUMMARY 

g o s i m e t r y  measurements  a n d  damage c a l c u l a t i o n s  have been completed f o r  t h e  CTR47/48 experimen.ts  i n  HFIR 
( O R N L )  t o  s t u d y  impact  p r o p e r t i e s  of f e r r i t i c  a l l o y s  (HT9, T 9 ) .  
r e p o P t e d  e x p o s u r e  i n  t h e  P'rP p o s i t i o n  ( 4 6 , 1 1 3  MdD) r e s u l t i n g  i n  117.2 d p i  and 2643 appm He i n  3 1 6  S t a i n l e s s  
s t e e l .  

These  i r r a d i a t i o n s  have  t h e  ' l i g h e s t  

PROGRESS A N D  STATIJS 

DoSimetPy and damage c a l c u l a t i o n s  have been completed f o r  t h e  CTR47/48 e x p e r i m e n t s  i n  t h e  High F l u x  
i s o t o p e s  4 e a c t o P  (HFIR) i t  Oak Ridge N a t i o n a l  L a b o r a t o r y .  These e x p e r i m e n t s  were d e s i g n e d  t o  s t u d y  t h e  
impact  p r o p e r t i e s  of  m i n i a t u r e  Charpy Y--Notch spec imens  of HT-9 and o t h e r  a l l o y s  a t  300-400'C. 
were i r r a d i a t e d  i n  t h e  PTP p o s i t i o n  of H F I R  from May 28 ,  1983 t o  February  2 4 ,  1985, for a n e t  e x p o s u r e  of 
4 6 , 1 1 3  :+ID which is  t h e  h i s h e s t  e x p o s u r e  which we have  r e p o r t e d .  
i n c l i d i n g  C T R  30-46 have  been r e p o r t e d  p ~ e v i o u s l y .  

Dos imet ry  c a p s u l e s  c o n t a i n i n g  Fe ,  0.1% Co-A1, T i ,  and 
l o c a t i o n s  i n  each  assembly .  
counted  a t  Argonne, and t h e  r e s u l t i n g  a c t i v i t i e s  a r e  l i s t e d  i n  T a b l e  I .  
of t h e s e  sampl5s ,  burnu  
raw a c t i v i t i e s  f o r  t h e  g 9 C o ( n , u )  Co r e a c t i o n  a t  midplane ire a c t u a l l y  lower t h a n  i n  s h o r t e r  e x F r i m e n t s  
due t o  t h e  f a c t  t h a t  a b o u t  93% of t i le  o r i g i n a l  59C0 has been consumed, and h e n c e ,  ' C o  i s  decaying  f 8 5 t e r  
t h a n  i t  is b e i n g  produced.  Burnup c o r r e c t i o n s  were c o n s e q u e n t l y  about  50-706 f o r  t h i s  rea * i o n .  F o r  t h e  
t h r e s h o l d  r e a c t i o n s  t h e  c o r r e c t i o n s  were a b o u t  30-408. 
c ro s s  s e c t i o n  f o r  54Mn i s  u n c e r t a i n ;  however,  t h e  v a l u e  of 1 4 . 6  b which we deduced p r e v i o u s l y ,  a p p e a r s  t o  
f i t  t h e  d a t a  q u i t e  w e l l .  
e x p e r i m e n t s  i n  t h e  PT? p o s i t i o n .  C o n s e q u e n t l y ,  we are c o n f i d e n t  t h a t  t h e  c o r r e c t i o n s  a re  r e l i a b l e  and t h a t  
t h e  u n c e r t a i n t y  i n  t h e  a c t i v i t i e s  i s  o n l y  about  3% above t h e  usua l  1-1.5% from c o u n t i n g  

The a c t i v i t i e s  i n  T a b l e  I can  be used t o  d e t e r m l n e  t h e  v e r t i c a l  flux g r a d i e n t s .  Data f o r  b o t h  e x p e r i m e n t s  
is  i n  good agreement w i t h  t h e  p a r a m e t e r s  de te rmined  p r e v i o u s l y :  

f ( z )  = f ( 0 ) ( 1  + bz + cz ' ) ,  b = 5 . 0 2 ~ 1 0 - ~ ,  C = 1 . 0 0 ~ 1 0 - ~ ,  z = h e i g h t ,  cm 

The sam?leS 

Other  e x p e r i m e n t s  i n  t h i s  ser i e s  
1 

80% Mn-Cu w i r e s  were p l a c e d  a t  f i v e  v e r t i c a l  
One of t h e  t e n  c a p s u l e s  was l o s t  d u r i n g  d i s a s s e m b l y ;  t h e  o t h e r  n i n e  'were g a m a  

Due t o  t h e  e x t r e m e l y  h i g h  2xposure  
I n  p a r t i c u l a r ,  t h e  c o r r e c t k a n s  ire q u i t e  l a r g e  f o r  a l l  of t h e  measured r e a c t i o n s .  

As d i s c u s s e d  i n  p r e v i o u s  r e p o r t s , ' " t h e  burnup 

I n  o t h e r  words,  our c o r r e c t e d  a c t i v i t i e s  a g r e e  q u i t e  w e l l  w i t h  p r e v i o u s  

S t a t i s t i c s .  

1 

( 1 )  

E q u a t i o n  ( 1 )  can be used t o  d e s c r i b e  f l u x  g r a d i e n t s  f o r  a n y  of t h e  n e u t r o n  f l i i ence  or  damage p a r a m e t e r s  
l i s t e d  l a t e r  by s u b s t i t u t i n g  t h e  midplane  v a l u e  f o r  f ( 0 ) .  

The n e u t r o n  e n e r g y  s p e c t r u m  d e t e r m i n e d  p r e v i o u s l y  fop  t h e  PTP p o s i t i o n  was t h e n  a d j u s t e d  u s i n g  t h e  measured 
a c t i v i t i e s  w i t h  t h e  STAY'SL computer  code .  
The f l u e n c e s  and n e u t r o n  e n e r g y  s p e c t r u m  a r e  ' n  good agreement w i t h  p r e v i o u s  d a t a .  
'were performed w i t h  t h e  SPECTER computer  code 
l e v e l s  a r e  t h e  h i g h e s t  which we have  y e t  r e p o r t e d  f o r  H F I R .  The t e r m a l l y - g e n e r a t e d  he l ium f o r  U i  and Cu 
are i n c l u d e d  i n  t h e  t a b l e  u s i n g  p r e v i o u s l y  p u b l i s h e d  p r o c e d u r e s .  3 9 c  As can  be  seen, t h e  r e c e n t l y  
d i s c o v e r e d  e f f e c t  i n  C u  p roduces  a b o u t  7 t i m e s  more he l ium t h a n  f a s t  n e u t r o n  r e a c t i o n s :  however, t h e  e x t r a  
damage e f f e c t  is  minimal ( 0 . 14  d p a ) .  I n  t h e  N i  c a s e ,  t h e  e x t r a  damage is n e a r l y  e q u a l  t o  t h e  f a s t  n e u t r o n  
damage. .Since t h e  he l ium and e x t r a  damage i n  n i c k e l  do n o t  scale l i n e a r l y  w i t h  t h e  expo9ure .  i q .  1 c a n n o t  
be  used i n  t h i s  case .  Hence, damage g r a d i e n t s  f o r  s t a i n l e s s  s t e e l  a p e  l i s t e d  s e p a r a t e l y  i n  T a b l e  1'1. 

FUTURE WORK 

A n a l y s i s  i 3  i n  p r o g r e s s  f o r  t h e  MFE4A/48 s p e c t r a l  t a i l o r i n g  e x p e r i m e n t s  i n  HFIR.  
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Table I. 
Measured A c t i v i t i e s  f o r  HFIR-CTR47148 

Values (at/at-S) a t  100 MW; *3% accuracy 

Height,  59Co(n,7) 60Co 54Fe(n,p]54Mn 55Mn (n,2n]:4Eln 
cm (x 10-8) (x 10- 1) (x 10- ) 

47 48 47 48 47 48 

21.9 3.74 3.66 3.90 4.01 1.20 1.21 

12.7 5.69 6.66 1.94 - . - 

0.0 6.85 6.80 7.81 7.84 2.30 2.47 

-12.7 5.58 5.62 6.51 6.45 1.86 1.93 

-21.9 3.51 3.57 3.74 3.78 1.13 1.15 

Table 11. 
Neutmn FluxesIFluences for HFIR CTR 47/48 

46, 113 MWD (100 MW): *lo% 

Energy F1 ux Fluence 
(* io15 n/cm2-s) ( * lo22 n/cm2) 

To ta l  5.09 20.28 

Th (<0.5 eV) 1.99 7.93 

0.5 eV-0.11 MeV 1.69 6.72 

> O . l l  MeV 1.41 5.63 
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Table 111. 
Damage Parameters - HFIR CTR 47/48 

Values a t  midplane: f o r  g rad ien ts ,  use Eq. (1) 

Element dpa He, appm 

A1 
T i  
V 

74.3 
47.3 
52.9 

36.9 
24.6 

1.24 
C r  46.8 8-47 
Mna 
Fe 
coa 

N i  

A1 74.3 36.9 
T i  47.3 24.6 
V 52.9 1.24 
C r  46.8 8.47 
Mna 51.1 7.47 
Fe 41.4 15.1 
coa 51.1 7.40 

44.4 200.0 
35.3 20,041 .O 

To ta l  79.7 20,241.0 

Fast 40.3 10.9 
cu 6 5 ~ n  0.14 71.1 

To ta l  40.4 82.0 

Nb 40.0 2.76 
Mo 29.7 - 
316SSb 47.2 2643.0 

aThermal s e l f - s h i e l d i n g  impor tant  f o r  Mn, 
Co specimens. 

b316SS: Fe (0.645), N i  (0.13), C r  (0.18). 
Mn (0.019), Mo (0.026). 

Table I V .  
Damage Grad ien ts  f o r  316SS - CTR 47/48 
Hel ium i n c l u d e s  59Ni  and f a s t  r e a c t i o n s  

DPA inc ludes  e x t r a  thermal e f f e c t  (He/567) 

He ight ,  cm He, wpm DPA 

0 

3 

6 

9 

12 

15 

18 

21 

24 

2643 

2618 

2544 

2420 

2242 

2007 

1716 

1364 

949 

47.2 

46.8 

45.5 

43.4 

40.4 

36.5 

31.7 

26.1 

19.6 



4 1  

ACTIVATION CALCULATIONS - F. M. Mann (Westinghouse Hanford Company) 

OBJECTIVE 

The o b j e c t i v e  of t h i s  work i s  t o  c a l c u l a t e  w i t h  reasonably accuracy and completeness the  a c t i v a t i o n  
t h a t  elements i n  f u s i o n  r e a c t o r s  w i l l  experience. 

SUMMARY 

Improved eva lua t i ons  o f  t he  r e a c t i o n s  induced on 11 elements were processed i n t o  t h e  REAC2 cross  
s e c t i o n  l i b r a r y .  L i m i t a t i o n s  o f  t h e  presence o f  tungsten i n  s o f t  spectrum a re  no longer  a major concern. 

PROGRESS AND STATUS 

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

The accuracy o f  t h e  c a l c u l a t i o n  o f  t h e  t ransmuta t i on  of elements and the  p roduc t i on  of r a d i o a c t i v e  
nuc l i des  i n  l a r g e  p a r t  depends on t h e  accuracy o f  t he  nuc lear  data  used. 
s e c t i o n  l i b r a r y  i s  t o  p rov ide  accuracy commiserate w i t h  t h e  need and cos t  of the  data. There fore  i n  t h e  
f i r s t  r e lease  of t h e  REAL2 cross  s e c t i o n  l i b r a r y 1  f o r  many nuc le i ,  systemat ic and est imated cross s e c t i o n  
values were used. However, f o r  c e r t a i n  r e a c t i o n  paths  (such as W l e a d i n g  t o  I r )  improvements were needed. 

Resu l ts  

For 11 nuc l i des  (Nb93, Cs133, Nd148, Eu151, Eu153, W182, W183, W184, W186, Re185, and Re187). t h e  
ENDFIB-V2 (n,gamma) r e a c t i o n  eva lua t i ons  were processed u s i n g  t h e  NJOY Nuclear Data Processing System3 were 
processed i n t o  a 620 group s t r u c t u r e .  These cross  sec t i ons  p l u s  any o t h e r  r e a c t i o n s  f o r  those elements 
appear ing i n  ENDFIB-V  (see Table 1) were then processed i n t o  t he  d e f a u l t  63 group s t r u c t u r e  o f  REAC2.4 

Because o f  t h e i r  importance i n  determin ing the  r e a c t i o n  path,  t he  isomer ic  s t a t e  branch ing o f  
EulSl(n,gamma) and Ir lg l (n,gamma) were c a l c u l a t e d  w i t h  t h e  HAUSER*5.5 
w i t h  t h e  extremely l i m i t e d  exper imental  da ta  were then  processed i n  t h e  same manner as t h e  o t h e r  c ross  
sect ions .  

D iscuss ion 

Prev ious c a l c u l a t i o n s 6  had shown t h a t  i n  very s o f t  spectrum t h a t  tungsten cou ld  be l i m i t e d  a t  very h igh  
f luences by t h e  p roduc t i on  o f  I r192* .  
l i m i t a t i o n s  due t o  I r -192*  have disappeared. 
I r 1 9 1  (n,gamma) isomer ic  s t a t e  branch ing r a t i o ;  however, some of t h e  r e d u c t i o n  remains unexplained. 

However, tungsten i s  s t i l l  l i m i t e d  a t  around t h e  percent  l e v e l  due t o  o t h e r  nuc l i de  p roduc t i on  ( H f - 1 7 8 *  and 
Re-186*). Assuming a 6 year i r r a d i a t i o n  (approximately 20 MW year/meter*2) and a d isposa l  l i m i t  of 100 
Curies/meter*2 ( a  va lue t y p i c a l  o f  NRC r e g u l a t i o n s 7  f o r  non gama e m i t t i n g  decays), then (see Table I) t h e  
concen t ra t i on  a t  t h e  f i r s t  w a l l  p o s i t i o n  i n  STARFIRE8 ( a  water- cooled design) would be l i m i t e d  t o  about .5% 
and i n  MARS9 ( a  l i q u i d  metal  design) t o  about 0.2% 
su r face  d i sposa l  s i t e .  

The phi losophy o f  t h e  REAC2 c ross  

These c a l c u l a t i o n s  which agree w e l l  

The c a l c u l a t i o n s  were r e r u n  w i t h  t he  new cross  s e c t i o n  s e t  and the  
Much o f  the  r e d u c t i o n  i s  due t o  a b e t t e r  es t imate  o f  t h e  

i n  order  t o  be bu r i ed  as a Class C m a t e r i a l  i n  a near 

CONCLUSIONS 

The REAL2 c ross  s e c t i o n  l i b r a r y  has been improved w i t h  t h e  r e s u l t  t h a t  new c a l c u l a t i o n s  show t h a t  t h e  
l i m i t a t i o n  on W i s  no l onge r  a major concern. 
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Tab le  1 
A c t i v a t i o n  i n  Tungsten 

6 Year i r r a d i a t i o n ,  3000 day Coo l ing  

STAR FI  RE M A R S  

Product  Disposal  L i m i t s  Decay Rate R a t i o  Oecay Rate R a t i o  
(Curieslcm**3) [Curies/cm**3) (Curies/cm**3) 

-~ 

* T 1.23e-2 1.46e-2 

2.18e-2 9.48e-2 Ta 119 
Re 184* 2.75e-2 3.07e-5 
Re 186* 1.0e-4 a ]  1.10e-2 0.009 1.35e-3 0 . 0 7 4  

* s h o r t  h a l f - l i v e ,  no l i m i t  o n  Class C b u r i a l  
a )  no NRC l i m i t ,  b u t  1.0e-4 t y p i c a l  of values f o r  non gamma e m i t t i n g  
n u c l e i  

* 
1.0e-4 a ]  9.87e-3 0.010 4.94e-2 0.002 * * 
* * 

H f  i i a *  * 
* 



3 .  MATERIALS ENGINEERING AND DESIGN REQUIREMENTS 

No c o n t r i b u t i o n s  rece ived  t h i s  per iod .  
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ANALYSIS OF THE EFFECT OF INTERNAL HYDROGEN ON THE FATIGUE CRACK GROWTH OF HT-9 -- R. 
Northwest Laboratory)  

H. Jones ( P a c i f i c  

OBJECTIVE 

I n t e r n a l  hydrogen was shown i n  a prev ious r e p o r t  (1) t o  g r e a t l y  acce le ra te  the  f a t i g u e  crack growth o f  
HT-9. As p a r t  of an on-going e v a l u a t i o n  o f  environmental  e f fec ts  on the  crack growth of f us ion  r e a c t o r  
ma te r ia l s ,  f u r t h e r  a n a l y s i s  of t h e  e f f e c t  o f  hydrogen on the  f a t i g u e  crack growth o f  HT-9 has been c a r r i e d  
ou t .  
mental e f f e c t s  on s u b c r i t i c a l  c rack growth o f  f u s i o n  r e a c t o r  m a t e r i a l s .  

SUMMARY 

The o b j e c t i v e  o f  t h i s  s tudy i s  t o  develop the  mechanism and model ing c a p a b i l i t y  t o  p r e d i c t  env i ron-  

Eva lua t i on  of t he  frequency dependence of t he  hydrogen e f f e c t  on f a t i g u e  crack growth of HT-9 showed an 
inc reas ing  crack growth r a t e  w i t h  decreasing frequency o r  i nc reas ing  c y c l i c  per iod.  
w i t h  the  p la teau  observed f o r  the  f a t i g u e  crack growth o f  HT-9 w i t h  i n t e r n a l  hydrogen has been used t o  
eva luate  t h e  hydrogen c o n t r i b u t i o n  t o  f a t i g u e  crack growth us ing  the  superpos i t i on  o f  s t a t i c  and c y c l i c  
crack growth processes. 

PROGRESS AND STATUS 

Th is  r e s u l t  coupled 

Background 

S t r u c t u r a l  m a t e r i a l s  i n  fus ion  reac to rs  w i l l  be sub jec ted t o  s t a t i c  and c y c l i c  l oad ing  c o n d i t i o n s  and 
the  presence of hydrogen i n  these systems i s  unavoidable. 
r i a l s  f rom d i r e c t  i n j e c t i o n  from t h e  plasma, t r i t i u m  gas i n  t h e  breed ing b lanket ,  nuc lea r  (n,p) r e a c t i o n s  
and ca thod ic  reduc t i on  f o r  water coo led reac to rs .  Hydrogen has been shown t o  induce c rack ing  i n  a wide 
v a r i e t y  o f  m a t e r i a l s  i n c l u d i n g  f e r r i t i c  s tee l s ,  a u s t e n i t i c  s t a i n l e s s  s tee ls ,  n icke l- based a l l o y s  and a lumi-  
num a l l o y s .  
ahead o f  t he  crack t i p  i s  thought t o  be a key s tep  i n  hydrogen induced s u b c r i t i c a l  crack growth. 

Some key parameters i n  hydrogen induced crack growth i nc lude  temperature, l o a d i n g  mode and hydrogen 
a c t i v i t y .  Experiments and ana lys i s  a re  i n  progress t o  determine t h e  temperature dependence of hydrogen 
induced crack growth w h i l e  prev ious work i n  t h i s  program (1) has shown t h a t  hydro en a f fec ts  the  c y c l i c  
c rack growth behav ior  o f  HT-9. Esak lu l  and Gerber ich (2 )  and Pao, Wei and Wei (37 have shown t h a t  hydrogen 
can reduce the  fa t i gue  crack th resho ld  s t r e s s  i n t e n s i t y  and increase t h e  crack growth r a t e s  i n  the  stage I 
and I 1  crack growth regime o f  f e r r i t i c  s t e e l s .  

Hydrogen w i l l  be present  i n  fus ion r e a c t o r  mate- 

The c o l l e c t i o n  o f  hydrogen a t  p a r t i c l e - m a t r i x  i n t e r f a c e s ,  g r a i n  boundaries o r  o t h e r  defects 

I t  was a l s o  shown i n  a prev ious study ( 4 )  i n  t h i s  program t h a t  e x t e r n a l  ca thod ic  hydrogen caused sub- 

These r e s u l t s  a re  g e n e r a l l y  c o n s i s t e n t  w i t h  those p ro-  
c r i t i c a l  c rack growth i n  s t a t i c  l oad  cond i t i ons .  
-600 mV i n  I N  H,SOI, a t  25°C as shown i n  F igure 1. 
duced in gaseous hydrogen where the crack growth- st ress i n t e n s i t y  th resho ld  increases and the  c rack  g rowth  
r a t e  i n  stage I1  decreases w i t h  decreasing hydrogen a c t i v i t y .  Th is  comparison i s  made in F igu re  l a  and l b  
where the  hydrogen a c t i v i t y  a t  open c i r c u i t  c o n d i t i o n s  i s  l e s s  fhan a t  -600 mv. A th resho ld  s t r e s s  i n t e n -  
s i t y  o f  20 t o  30 M P a K a n d  a stage I 1  crack growth r a t e  o f  5x10 
F igu re  1. 
i n  stage 111. 
s u b c r i t i c a l  Srowth process. 

Tests were performed a t  t he  open c i r c u i t  p o t e n t i a l  and 

mn/s i s  i n d i c a t e d  by t h e  data g iven i n  
A f r a c t u r e  toughness o f  100 t o  110 M P a K i s  a l s o  suggested by the  i n c r e a s i n g  crack growth r a t e  

A f r a c t u r e  mode o f  about 30% i n t e r g r a n u l a r  and the  remainder quasi- cleavage accompanied t h e  

Hydrogen was shown t o  increase t h e  fa t i gue  crack growth r a t e  of HT-9 as repo r ted  p r e v i o u s l y  (1). In 
these t e s t s ,  hydrogen was in t roduced  i n t o  the  s t e e l  by ca thod ic  charg ing p r i o r  t o  f a t i g u e  crack growth t e s t -  
ing.  Tests were performed a t  0.2, 1, and 5 Hz w i t h  hydrogen caus ing an enhancement a t  each frequency. The 
f a t i g u e  crack growth data  showed some v a r i a b i l i t y  from t h e  l o s s  o f  hydrogen du r ing  t h e  low frequency t e s t s  
and perhaps from v a r i a t i o n s  in hydrogen charging. The maximum e f f e c t  observed i n  the  repo r ted  r e s u l t s  has 
been taken t o  rep resen t  t h e  hydrogen e f fec t  on f a t i g u e  crack growth. 
would produce a hydrogen enhanced crack growth r a t e  g rea te r  than t h a t  observed bu t  i n  the  absence o f  f u r t h e r  
data t h e  e x t e n t  of t h e  hydrogen enhancement was taken from t h e  a v a i l a b l e  data. 
t h e  f a t i g u e  crack growth r a t e  o f  HT-9 t e s t e d  a t  a frequency of 5 Hz and an R r a t i o  of 0.5 i s  shown i n  F igu re  
2 where i t  can be seen t h a t  hydrogen caused the  f a t i g u e  crack growth r a t e  t o  exceed t h e  a i r  t e s t  a t  A K  
values less than about 1 6 M P a 6  The hydrogen e f f e c t  had a s t r e s s  i n t e n s i t y  th resho ld  o f  about 9 M P a G w h i l e  
t h e r e  was no c l e a r  evidence o f  a th resho ld  i n  t h e  a i r  t e s t  r e s u l t s .  

Ana lys i s  

a c r i t i c a l  concen t ra t i on  o f  hydrogen ahead o f  t he  crack ( 5 ) .  
c rack  jump through t h i s  e m b r i t t l e d  reg ion .  

I t  i s  p o s s i b l e  t h a t  f u r t h e r  t e s t i n g  

The e f f e c t  o f  hydrogen on 

The k i n e t i c s  of hydrogen induced crack growth of m a t e r i a l s  i s  thought  t o  r e s u l t  from the  c o l l e c t i o n  o f  

The depth a t  which t h e  c r i t i c a l  hydrogen concen t ra t i on  must be 
Crack ex tens ion i s  thought  t o  occur by a r a p i d  
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exceeded v a r i e s  f o r  i n t e r n a l  and ex te rna l  hydrogen w i t h  es t imates  of about 100 um f o r  i n t e r n a l  hydroqen and 
500 A f o r  ex te rna l  hvdrouen. I n  bo th  cases. t he  c rack  Qrowth r a t e  i s  a f unc t i on  o f  the  hvdrocen d i f f u s i o n  
t ime.  
expressed by Equat ion 1 below: 

The d r i v i n g  f k r ce - fo r  hydrogen t o  c o i l e c t  a t  the- crack  t i p  i s  the  h y d r o s t a t i c  s t r e i s  a t  t he  t i p  as 

C ( x )  = C o  exp o ( x )  vH / 3RT ( 1 )  

khere  C 
V 
gpowth t e s t ,  t he  s t r e s s  i s  va ry ing  w i t h  t ime such t h a t  t he  amount o f  t ime  above some th resho ld  s t r e s s  
increases w i t h  decreasing t e s t  frequency. 
should increase w i t h  i nc reas ing  c y c l e  p e r i o d  o r  w i t h  decreasing frequency. 

i s  t h e  i n i t i a l  concent ra t ion ,  o ( x )  i s  the  s t r e s s  tensor  normal t o  t he  c rack  growth d i r e c t i o n  and 
i s  tRe p a r t i a l  molar  volume of hydrogen i n  t he  meta l .  I n  a c y c l i c  l o a d  t e s t  such as t he  f a t i g u e  c rack  

Therefore,  i t  i s  expected t h a t  t he  c rack  growth r a t e  per c y c l e  

An increase i n  t he  hydrogen c o n t r i b u t i o n  t o  t h e  c rack  gruwth r a t e  w i t h  decreasing t e s t  f requency was 
The va lue  f o r  A da/dN was obta ined as shown i n  F igure  2 f o r  observed f o r  t he  HT-9 as shown i r i  F igure  3. 

each of t he  t e s t  f requencies and f o r  t he  nidximum hydrogen enhancement f o r  each t e s t  c o n d i t i o n .  A s  men- 
t i o n e d  p rev ious l y ,  t he  t e s t  r e s u l t s  showed some v a r i a b i l i t y  b u t  the  maximum e f fec t  was used f o r  t h i s  ana l-  
y s i s .  A c l e a r  increase i n  t he  hydrogen enhanced crack  growth r a t e  f o r  decreasinq frequency i s  shown i n  
F igure  3 b u t  t he  e f f e c t  appears t o  be s a t u r a t i n g  a t  t e s t  f requencies l ess  than 0.2 Hz. Th is  s a t u r a t i o n  may 
be occu r r i ng  because s t a t i c  l oad  c o n d i t i o n s  d r e  approached as the  t e s t  frequency decreases o r  because the re  
was hydrogen l o s s  f rom the  c rack  t i p  r e g i o n  a t  low f requenc ies .  There was some exper imental  evidence t h a t  
hydrogen l o s s  f rom the  c rack  t i p  occur red a t  a t e s t  f requency of 0.2 Hz as t he  percentage o f  i n t e r g r a n u l a r  
f r a c t u r e  increased w i t h  decreasing A K  and crack growth r a t e  a t  t e s t  f requencies of 1 and 5 Ez b u t  decreased 
a t  0.2 Hz. 

The frequency dependence observed f o r  t he  hydrogen enhanced c y c l i c  c rack  growth r a t e  suggests t h a t  t he  
f a t i g u e  c rack  growth r a t e  curve  f o r  hydrogen charged m a t e r i a l  r e s u l t s  f rom a supe rpos i t i on  between t he  
c y c l i c  c rack  growth r a t e  and s t a t i c  hydrogen induced s u b c r i t i c a l  c rack  growth. 
model f o r  c o r r o s i o n  f a t i g u e  can be used f o r  t he  hydrogen cas t :  

The f o l l o w i n g  supe rpos i t i on  

where (da/dN) 
environmentalmeffect ,  (da/dN) 
environmental  e f f ec t  on t he  c j c l i c  l o a d  c rack  growth r a t e .  
(da/dN)L can be obta ined f rom the  f a t i q u e  c rack  urowth r a t e  i n  a i r .  FiQure 4. a t  t he  A K  o f  i n t e r e s t  w h i l e  

i s  t he  f a t i g u e  crack growth f rom p u r e l y  mechanical f r a c t u r e  process ts  i n  t he  absence of any 
i s  from the  environment induced s t a t i c  l o a d  c rack  growth and (da/dN) 

For hydrogen induced crack growth i n  HT$, 
i s  the  

. -  
(da/dN)'" can be obta ined from the  s t a t i c  l o a d  s u k r i t i c a l  crack growth ra te , .F igure  l b ,  and t he  r e l a t i o n -  
s h i p  da?dN = C ( da /d t )  / f where C i s  a c o r r e l a t i o n  c o e f f i c i e n t ,  da /d t  i s  t he  s t a t i c  l oad  c rack  growth r a t e  
and f i s  t he  c y c l i c  l o a d  t e s t  frequency. 
behav ior  of HT-9, t he  va lue  of C i s  equal t o  [(da/dN) - (da/dN) ] f / ( d a / d t ) .  A t  a AK va lue  o f  12.5 M P a K  
the  va lue  of C i s  equal t o  22 so t h a t  Equat ion  2 can be r e w r i t t h :  

Assuming t h a t  hydrogen does n o t  a f f e c t  t he  c y c l i c  crack growth 

(da/dN) = (da/dN)m + 22 (da /d t )  / f (3 )  

Equat ion  3 i s  accura te  t o  w i t h i n  a f a c t o r  o f  two f o r  hydrogen induced f a t i g u e  c rack  growth r a t e s  i n  t he  
t h resho ld  and p la teau  r e g i o n  of F igu re  2, A K  values o f  10-13 M P a G  b u t  i s  inadequate t o  descr ibe  the  e n t i r e  
hydrogen induced curve.  Th is  breakdowri i n  t h e  model r e s u l t s  from the  v a r i a b i l i t y  i n  C over t he  AK ranqe o f  
i n t e r e s t ,  22 was determined f o r  a A K  o f  12.5 M P a G  and t.he mismatch i n  t he  s t r e s s  i n t e n s i t y  Z t .  which t he  
hydrogen p la teau  occurs i n  t he  s t a t i c  and c y c l i c  l o a d  t es t s .  I n  t he  s t a t i c  t e s t s ,  F igure  1, the  p la teau  
r e g i o n  occur red a t  s t r e s s  i n t e n s i t y  values o f  30 t o  60 M P a G  w h i l e  f o r  t he  c y c l i c  l o a d  t e s t s  t he  p la teau  
occur red a t  A K  values o f  about 10 t o  14 M P a K  The s t a t i c  l oad  and c y c l i c  l o a d  values can be compared us ing  
Equat ion  4 below and assuming t he  Kmax i s  equ i va len t  t o  t he  s t a t i c  l o a d  s t ress  i n t e n s i t y :  

A K  = (l-R)Kmax ( 4 )  

where R i s  t he  l o a d  r a t i o ,  P . / P  and K i s  the  maximum s t ress  i n t e n s i t y  du r i ng  t he  c y c l i c  l oad  t e s t .  
The data  i n  F igu re  2 was obt f iRedm$f  an R !PxO.5; therefore,  t he  s t a t i c  s t r e s s  i n t e n s i t y  values should be a 
f a c t o r  of 2 g r e a t e r  than t he  A K  values.  
correspond t o  a s t a t i c  s t r e s s  i n t e n s i t y  of 20 t o  28 M P a 6 w h i c h  i s  cons ide rab l y  l e s s  than the  range de te r-  
mined i n  t he  s t a t i c  l o a d  t e s t s .  
f a t i g u e  occurs  a t  s u b s t a n t i a l l y  lower values than t he  t h resho ld  s t ress  i n t e n s i t y  i n  s t r e s s  c o r r o s i o n  ( s t a t i c  
loads) .  
s t r a i n e d  c rack  t i p  which ma in ta ins  an a c t i v e  c o r r o s i o n  reac t i on .  S t i r r i n g  a c t i o n  of t he  opening and c l o s i n q  
c rack  on t h e  c rack  t i p  s o l u t i o n  may a l s o  c o n t r i b u t e  t o  ma in ta in ing  a h i g h  c o r r o s i o n  r a t e  a t  t he  c rack  t i p .  
These processes would n o t  seem t o  be impor tant  f o r  hydrcgen induced c rack ing  frum i n t e r n a l  hydrogen, 
a l t hough  they  c o u l d  be impor tan t  f o r  ex te rna l  hydrogen. 
between s t a t i c  and c y c l i c  l o a d  c rack  growth th resho lds  f o r  i n t e r n a l  hydrogen; however, t h i s  type o f  da ta  i s  
n o t  a v a i l a b l e  p r i m a r i l y  because t he  comp l i ca t i on  o f  c rack  c l osu re  e f fec ts  have obscured t he  data on hydrogen 
e f f ec t s  on c y c l i c  c rack  growth. 

Th is  c o r r e l a t i o n  suggests t h a t  the  p la teau  i n  c y c l i c  l o a d  t e s t s  

I t  i s  w e l l  es tab l i shed  t h a t  t he  t h resho ld  s t r e s s  i n t e n s i t y  i n  c o r r o s i o n  

Th i s  s h i f t  i n  t h e  t h resho ld  s t r e s s  i n t e n s i t y  r e s u l t s  from the  c y c l i c  loads produc ing a dynamica l ly  

I n  t he  present case, t he  comparison i s  needed 
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I t  i s  conce ivab le  t h a t  hydrogen a l t e r s  t he  c y c l i c  l oad  crack  growth r a t e  which would r e s u l t  i n  t h e  
(da/dN) 
i r o n  wh@h cou ld  enhance the  a l t e r n a t i n g  s l i p  c rack  growth process d u r i n g  c y c l i c  l oad  crack  growth. E v i -  
dence f o r  a c l e a r  change i n  t he  s t r i a t i o n  spacing o r  c y c l e s  pe r  s t r i a t i o n  was n o t  obta ined f o r  HT-9 where 
t h e  s t r i a t i o n  spacing was about 0.17 urn f o r  bo th  the  hydrogen charged and uncharged m a t e r i a l s ;  however, a 
s t a t i s t i c a l l y  r e l e v a n t  a n a l y s i s  was n o t  undertaken. A non-zero (da/dN)c term cou ld  account f o r  some of t h e  
d i f f e r e n c e s  between Equat ion 3 and the  measured hydrogen induced c y c l i c  foad crack  growth r a t e  r e s u l t s ;  how- 
ever, more e v a l u a t i o n  i s  needed be fo re  such a conc lus ion can be reached. 

FUTURE WORK 

term be ing a non-zero value.  Kimura and Birnbaum ( 6 )  have proposed t h a t  hydrogen enhances s l i p  i n  

Both the  s t a t i c  and c y c l i c  hydrogen induced crack  growth measurements i n  HT-9 were made a t  25°C; how- 
ever, t he  crack  growth r a t e s  a t  f u s i o n  r e l e v a n t  temperatures a re  needed. Est imates o f  t he  crack  growth 
r a t e s  as a func t i on  o f  temperature have been made b u t  comparison t o  exper iment i s  compl ica ted by the  l a c k  of 
r e l i a b l e  e leva ted  temperature hydrogen induced crack  growth r a t e  data .  Crack growth r a t e  measurements i n  
e leva ted  temperature aqueous so lu t i o r i s  a re  i n  progress.  These t e s t s  o f f e r  t he  p o t e n t i a l  o f  e l i m i n a t i n g  the  
hydrogen l o s s  problem t h a t  occurs f o r  hydrogen charged samples. Tests i n  hydrogen gas a t  e leva ted  tempera- 
t u r e s  would a l s o  so l ve  t h i s  problem b u t  t h e  exper imental  c a p a b i l i t y  i s  n o t  r e a d i l y  a v a i l a b l e .  
t u r e  dependent hydrogen induced crack  growth data  i s  obtained, t he  data  w i l l  be used t o  assess e x i s t i n g  
models f o r  t h e  temperature dependence o f  s t a t i c  and c y c l i c  l oad  crack  growth r a t e s  i n  hydrogen. 
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H,SOI, a t  -0.6 V (SCE). 
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t es ted  a t  5 Hz R-0.5 w i t h  and w i t h o u t  hydrogen. 

AK, MPa~m’  
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F i g .  3. Hydrogen induced increase i n  t h e  f a t i gue  
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THE INFLUENCE OF 8OTH MAJOR AND MINOR ELEMENT COMPOSITION ON VOID SWELLING IN SIMPLE AUSTENITIC STEELS - 
F. A. Garner (Hanford Engineering Development Laboratory) 
Arvind S. Kumar (University of Missouri-Rolla) 

OBJECTIVE 

The object of this effort is to determine the mechanisms by which the microstructural evolution of 
irradiated austenitic alloys respond to differences in composition or radiation variables. 

SUMMARY 

Data on the neutron-induced swelling of simple Fe-Ni-Cr austenitic alloys are presented to show that there 
are three compositional regimes of swelling as a function of nickel content. 
regime can he shifted to higher or lower nickel levels as a function of chromium content, various solutes, 
displacement rate, temperature and helium level. 
lower or upper nickel regime. The lower nickel regime is also obscured in ion bombardment studies due to 
factors that are atypical of the neutron environment. 

Data are also presented to show the influence of silicon and phosphorus on the neutron-induced swelling o f  
Fe-25Ni-15Cr and to demonstrate that the separate influence of each of these elements is more complex than 
previously observed. Similar complex trends have also been seen in ion bombardment experiments but there 
are additional distortions relative to the neutron-induced behavior that arise from the interaction of 
these elements with point defect gradients. 

A model is presented to show that the major effect of composition on swelling lies in its influence on void 
nucleation, operating primarily on the intermediate transition regime. 
appear as a "temperature shift" analogous to that associated with changes in displacement rate. This shift 
is due to the effect of each element on the vacancy supersaturation via their effect on either the equil- 
ibrium vacancy concentration or the effective vacancy diffusion coefficient. 

The intermediate transition 

Such shifts can preclude the observation of either the 

Compositional variations thus 

PROGRESS AND STATUS 

Introduction 

The radiation-induced swelling of Fe-Ni-Cr austenitic alloys For both fast reactor and fusion reactor 
applications has been the subject of many investigations too numerous to list. While the majority of 
these studies have focused on steels of technological relevance, some have addressed the compositional 
dependence of relatively solute-free binary Fe-Ni and ternary Fe-Ni-Cr alloys. Others have addressed the 
influence of single solute elements for a given base composition. The majority of both types of investi- 
gations involved the use of charged particle irradiation at displacement rates which were orders of 
magnitude greater than that of typical neutron environments. 

The radiation damage community has become increasingly aware, however, that the use of charged particle 
simulation techniques often distorts the swelling behavior relative to that produced by the neutron 
environment. 
influence of displacement gradients, the inverse Kirkendall effect, stresses arising from differential 
swelling, surface influence and the action of the injected interstitial. All of these can combine to 
alter or even mask the influence of a given elemental species, many of which act synergistically. 

The full understanding of the influence of both material and environmental variables on swelling requires 
comparative irradiations using both neutrons and charged particles. 
definitive experiments involve the use of single-variable comparisons designed to isolate the individual 
contributions without the complication o f  significant synergisms. 

Therefore, the first objective o f  this paper is to provide single-variable data sets on the compositional 
dependence of neutron-induced swelling and to make comparisons with comparable charged particle irradia- 
tion data. The second objective is to propose mechanisms which account for the observed features of the 
data. 
each varied separately. 

Experimental Details 

The majority of the neutron data presented in this paper were derived from two experiments. 
the AAVII experiment' on the influence of nickel and chromium and the AAIX experiment which addressed 
nickel and chromium effects in addition to the influence of residual elements on the swelling of 
Fe-25Ni-l5Cr.* The irradiation vehicles for AAVII and AAIX were identical and were placed in Row 2 of the 
Experimental Breeder Reactor I1 (EBR-11) at displacement rates which ranged from 0.6 to 1.1 x 10-6 
d pal sec. 

This distortion arises not only from the increased displacement rate but from the combined 

It also requires that the most 

This paper concentrates on the dependence of swelling on nickel, chromium, silicon and phosphorus, 

These were 
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Tne specimens a t  each of e i g h t  nominal i r r a d i a t i o n  temperatures between 400 and 650°C were i r r a d i a t e d  i n  
s t a i n l e s s  s t e e l  subcapsules c o n t a i n i n g  s t a t i c  sodium. The temperatures d r i f t e d  somewhat d u r i n g  i r r a d i a -  
t i o n  and v a r i e d  25°C a t  400°C and 215'C a t  650°C. 
and 2. 
d iameter  by 0.25 mm t h i c k )  t h e  A A I X  specimens were i n  t h e  form o f  rods ( 3  mm diameter by 12.7 m long)  
w i t h  bo th  specimen types i n  t h e  s o l u t i o n  annealed c o n d i t i o n  (1030"C/0.5 h r / a i r  c o o l ) .  
i nvo lved  o n l y  one round o f  i r r a d i a t i o n  t o  neutron f luences  o f  12.9 x 1 0 2 2  n/cm2 (E > 0.1 MeV) w h i l e  t h e  
A A V I I  experiment i n v o l v e d  successive rounds of i r r a d i a t i o n ,  removal f rom t h e  subcapsule, measurement and 
r e i n c a p s u l a t i o n ,  proceeding t o  f luences as h i g h  as 2.2 x 1023 n/cm2 (E > 0.1 MeV). Some aspects o f  t h e  
A A V I I  da ta  have been presented in an e a r l i e r  paper.' 
approx imate ly  5 dpa f o r  each 1.0 x l o z 2  n/cm2 ( E  > 0.1 MeV). 

The rad ia t ion- induced  changes i n  d e n s i t y  i n  these s t u d i e s  range from d e n s i f i c a t i o n s  of 1 1 %  t o  %70% s w e l l i n g  
and were measured u s i n g  an automated immersion d e n s i t y  technique accurate t o  50.16% s w e l l i n g .  
r e t r i e v e d  from n o s t  b u t  no t  a l l  combinations of a l l o y ,  temperature and neutron f luence ,  a f a c t o r  which i n  
some cases can lead  t o  m is lead ing  t rends  unless t h e  d a t a  a re  viewed i n  t h e i r  e n t i r e t y .  

The composit ions of each a l l o y  a re  g iven  i n  Tables 1 
Whereas t h e  A A V I I  specimens were i n  t h e  form o f  t ransmiss ion  e l e c t r o n  microscopy d i s k s  ( 3  x r  

The A A I X  experiment 

Tne neutron spectrum i n  t h e  EBR-I1 r e a c t o r  produces 

Data were 

The r e s u l t s  o f  t h e  

Table 1 .  Cornposition* o f  t h e  s imple i ron- nickel- chromium a l l o y s  
employed i n  t h e  A A V I I  and A A I X  experiments 

N i  C r  c 0 N Des igna t ion  Fe __ 
0.005 0.016 0.0024 E18 3 a l t  12.1 15.1 

E90 
< 39 
E26 
E19 
E27 
E20 
E33 
E21 
E37 
t 22  
E38 
E25 
E23 
E24 

Hal 
3al  
U a l  
3al  
Bal 
3a l  
B a l  
B a l  
Bal 
B a l  
B a l  
Bal 
Bal 
B a l  

15.7 
20.3 
20.1 
19.4 
24.7 
21.3 
25.8 
29.6 
35.5 
34.5 
35.2 
35.1 
45.3 
7511 

15.6 
7.5 

11.8 
14.9 
10.2 
15.3 
14.8 
15.3 
7.5 

15.1 
20.0 
21.7 
15.0 
14.6 

0.013 
0.004 
0.002 
0.003 
<0.001 

0.003 
0.005 
0.004 
0.002 
0.003 
0.004 
0.004 
0.002 
0.001 

.__ 

0.016 
0.01 6 
0.018 
0.012 
0.014 
0.023 
0.017 
0.016 
0.017 
0.017 
0.015 
0.014 
0.0077 

__. 

0.0014 
0.0019 
0.0015 
0.0017 
0.0024 

0.0020 
0.0013 

0.0023 

0.0021 
O.OOl0 
0.0020 
0.0017 
0.0011 

*Weight percent  
%a1 = balance, S i  5 0.02, P 10.005 f o r  a l l  a l l o y s  

Table 2. Composition* o f  r e s i d u a l  element s e r i e s  a l l o y s  
employed i n  t h e  A A I X  experiment 

_____- 
Residual  

~- 

-nation N i  C 0 N E l  emen t C r  _____ _____ ~ 

E l 0 3  8al' 24.1 14.7 0.004 0.013 0.0019 0.013 P 
El04  Bal 25.0 15.2 0.001 0.014 0.0018 0.055 P 
F l n 5  R n l  74.7 15.3 0.002 0.016 0.0019 0.10 P .~ ~~ - .  _ _  . . .  
E87 B a l  25.0 15.3 0.009 0.014 0.0022 0.14 s i  
E 30 Bal 25.2 15.7 0.006 0.008 0.0017 0.39 S i  
E31 Bal 25.5 15 .5  0.009 0.007 0.0020 0.70 S i  
E 88 Bal 25.10 15.2 0.008 0.010 0.0025 0.90 S i  

*Weight percen t  
% a 1  = ba lance 
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A A V I I  and A A I X  experiments a re  a l s o  compared w i t h  those o f  two o t h e r  neutron i r r a d i a t i o n  experiments i n  
E B R - I 1  des ignated A A X I *  and AD- l * * .  The exper imenta l  d e t a i l s  o f  these a re  pub l i shed  elsewhere.',' 

*Kl& 

The displacement r a t e s  v a r i e d  over  a f a c t o r  of approx imate ly  two from t h e  midd le  o f  t h e  E B R - I 1  c o r e  t o  t h e  
p o s i t i o n s  of t h e  outermost subcapsules and each subcapsule was s u b j e c t  t o  unique minor thermal  V a r i a t i o n s .  

Thus s i n g l e - v a r i a b l e  comparisons o f  temperature dependence f o r  a g iven  composi t ion cannot be made w i t h o u t  
i n t r o d u c i n g  d i f fe rences  i n  displacement r a t e ,  dpa l e v e l  and capsule thermal h i s t o r y .  True s i n g l e - v a r i a b l e  
comparisons of t h e  in f luence  of n i c k e l  and chromium can o n l y  be made w i t h i n  a g iven Subcapsule a t  a SpeCi- 
f i c  neutron exposure. 
p o s s i b l e  in f luence  o f  r e l a t i v e l y  smal l  v a r i a t i o n s  i n  n i c k e l  and chromium. 
major s o l v e n t  atoms w i l l  be examined p r i o r  t o  c o n s i d e r a t i o n  o f  t h e  minor  s o l u t e  in f luence .  However, as we 
s h a l l  see l a t e r ,  t h e  impact o f  some v a r i a b l e s  such as displacement r a t e  and minor  so lven t  d i f fe rences  i s  
smal l  enough t o  ignore .  

F ig .  1 demonstrates t h a t  increases i n  n i c k e l  a t  %15% chromium l e a d  t o  a complex behavior  i n v o l v i n g  t h r e e  
separate regimes. A t  t h e  h igher  i r r a d i a t i o n  temperatures o n l y  two  regimes are seen, one i n  which n i c k e l  
a d d i t i o n s  lead  t o  a r e d u c t i o n  of s w e l l i n g  and another  h i g h e r  n i c k e l  regime where s w e l l i n g  increases w i t h  
i n c r e a s i n g  n i c k e l  l e v e l .  A t  lower  i r r a d i a t i o n  temperatures, however, another regime appears a t  lower  
n i c k e l  l e v e l s  t o  produce a p la teau  o f  composit ion- independent swe l l i ng .  As shown i n  F i g .  l b ,  t h i s  p l a t e a u  
can be over looked when t h e r e  a r e  gaps i n  t h e  d a t a  m a t r i x .  
t r a n s i t i o n  regime between t h e  low n i c k e l  and h i g h  n i c k e l  regimes s h i f t s  toward lower  n i c k e l  l e v e l s  and t h e  
p l a t e a u  e v e n t u a l l y  disappears. 

The range o f  chromium v a r i a t i o n  examined i n  t h e  A A V I I  experiment was n o t  as ex tens ive  as t h a t  of n i c k e l  
and was s t u d i e d  o n l y  a t  20,  2 5  and 35% n i c k e l .  F ig .  2 shows t h a t  a t  20% n i c k e l  t h e r e  appears t o  be a 
s i m i l a r  p l a t e a u  w i t h  chromium con ten t  a t  low temperatures. 
r a i s e d  o r  as t h e  n i c k e l  l e v e l  i s  increased t o  25%. As shown i n  F ig .  3 t h e  p l a t e a u  i s  n o t  v i s i b l e  a t  any 
temperature when t h e  n i c k e l  l e v e l  i s  increased t o  35%. 

Whereas increases i n  n i c k e l  tend t o  s t r o n g l y  decrease s w e l l i n g  f o r  i r o n - r i c h  a l l o y s ,  chromium a c t s  t o  
inc rease  s w e l l i n g .  
AD-1 i n  which f i v e  of these a l l o y s  were i r r a d i a t e d  i n  t h e  form o f  t e n s i l e  specimens.¶ F ig .  4 shows a 
comparison o f  t h e  AD- 1 and A A V I I  data. Although t h e  temperatures and f luences o f  t h e  two experiments a re  
n o t  i d e n t i c a l ,  t h e  r e s u l t s  a re  q u i t e  compatible, p a r t i c u l a r l y  when viewed i n  t h e i r  e n t i r e t y  o r  when 
p l o t t e d  v s .  neut ron  f l u e n c e  f o r  a g iven  composi t ion,  as shown i n  F ig .  5 f o r  Fe-25Ni-15Cr. The p l a t e a u  
regime i s  n o t  v i s i b l e  i n  e i t h e r  t h e  AD-1 da ta  o r  t h e  p a r t i a l  s e t  o f  A A V I I  d a t a  shown i n  F ig .  4 because 
o n l y  n i c k e l  l e v e l s  g r e a t e r  than 25% were inc luded  i n  AD-1. F ig .  5 a l s o  inc ludes  some l i m i t e d  s w e l l i n g  
da ta  f o r  Fe-25Ni-15Cr i r r a d i a t e d  i n  t h e  A A X I  experiment,> which a l s o  u t i l i z e d  d i s k  specimens. 
again t h e r e  i s  e x c e l l e n t  agreement i n  s p i t e  o f  t h e  f a c t  t h a t  t h e  neutron f luences  and i r r a d i a t i o n  
temperatures o f  A A X I  d i d  n o t  match those o f  t h e  o t h e r  experiments. 

F ig .  5 a l so  shows t h a t  a t  any g iven  f l u e n c e  l e v e l  t h e r e  must be a temperature regime over which t h e r e  i s  a 
temperature- independent p l a t e a u  i n  t h e  s w e l l i n g  o f  Fe-25Ni-15Cr s i n c e  a l l  d a t a  below 510°C f a l l s  on a 
s i n g l e  l i n e  w i t h  neutron f luence. 
most a l l o y s  i n  t h e  A A V I I  experiment.' F igs.  5 through 7 demonstrate t b ? t  t h e  p r imary  i n f l u e n c e  o f  com- 
p o s i t i o n  and temperature r e s i d e s  i n  t h e  d u r a t i o n  o f  t h e  t r a n s i e n t  regime o f  s w e l l i n g  and t h a t  t h e  pos t-  
t r a n s i e n t  s teady- s ta te  s w e l l i n g  r a t e  appears t o  be *l%/dpa, independent o f  t h e  temperature, compos i t ion  
and displacement r a t e  (over  t h e  narrow range s t u d i e d ) .  S i m i l a r  curves f o r  t h e  o t h e r  a l l o y s  i n  A A V I I  can 
be found i n  r e f e r e n c e  1 .  Since t h e r e  do n o t  appear t o  be s t r o n g  e f f e c t s  o f  displacement r a t e  on e i t h e r  
t h e  t r a n s i e n t  o r  s teady- s ta te  regimes o f  these a l l o y s ,  comparisons o f  compos i t iona l  i n f luence  can be made 
between d a t a  f rom v a r i o u s  subcapsules, a t  l e a s t  f o r  t h e  s imp le  a l l o y s  used i n  t h e  A A X l I  experiment. 
Displacement r a t e  e f f e c t s  on t h e  t r a n s i e n t  regime of s w e l l i n g  a r e  known t o  be q u i t e  s t r o n g  i n  s o l u t e -  
mod i f ied  a l l o y s ,  h ~ w e v e r ' , ~  so comparison o f  d a t a  between subcapsules was n o t  attempted f o r  t h e  A A I X  
experiment. 

Residual  Element E f f e c t s  

F i g .  8 shows t h a t  t h e  e f f e c t  o f  s i l i c o n  observed i n  A A I X  i s  a l s o  complex. 
sharp inc rease  i n  s w e l l i n g  fo l lowed by a decrease t h e r e a f t e r .  
and 649°C s i n c e  s w e l l i n g  a t  a l l  s i l i c o n  l e v e l s  i s  <0.10%, w i t h i n  t h e  u n c e r t a i n t y  o f  t h e  measurement 
technique. 
i r r a d i a t i o n .  

For  each o f  t h e  r e s i d u a l  element s e r i e s  o f  a l l o y s  one must a l s o  f a c t o r  o u t  t h e  
Therefore t h e  in f luence  of the 

As t h e  i r r a d i a t i o n  temperature increases t h e  

This  p l a t e a u  d isappears as t h e  temperature i s  

These opposing t rends  a re  confirmed b y  t h e  r e s u l t s  o f  another  experiment designated 

Once 

S i m i l a r  p la teaus  w i t h  v a r y i n g  ranges o f  temperature were observed f o r  

S i l i c o n  a d d i t i o n s  f i r s t  cause a 
No d a t a  a re  shown f o r  i r r a d i a t i o n  a t  593 

The f i r s t  sharp inc rease  i n  s w e l l i n g  w i t h  s i l i c o n  has n o t  p r e v i o u s l y  been r e p o r t e d  f o r  neutron 

*The AA s e r i e s  o f  experiments were conducted b y  t h e  U.S. Breeder Reactor Program o f  t h e  U.S. Department 
o f  Energy. 

**The AD-1 experiment was conducted b y  t h e  U.S. Fus ion M a t e r i a l s  Program o f  t h e  U.S. Department of Energy. 
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relatively low temperatures, followed by a progressive extension of the transient regime with increased 
temoerature. 

Swelling o f  various Fe-Cr-Ni alloys, showing temperature-independent reginie of  swelling at 
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Fig.  9 shows t h a t  a s i m i l a r  sharp increase i n  s w e l l i n g  o f  Fe-Z5Ni-15Cr occurs a t  r e l a t i v e l y  low tempera- 
t u r e s  when phosphorus i s  f i r s t  increased. Th is  behav ior  a l s o  has no t  been repor ted  p r e v i o u s l y  f o r  neut ron 
i r r a d i a t i o n .  
behav ior  observed w i t h  s i l i c o n  add i t i ons .  A t  h ighe r  temperatures t h e  s w e l l i n g  i s  lower as one would expect 
from re fe rence  1 and does n o t  show the  complex behav ior  seen a t  399 and 427°C. 
phosphorus l e v e l  decreases w i t h  i nc reas ing  temperature and increases w i t h  i nc reas ing  f luence as would be 
expected. 
phosphorus-bearing a l l o y s  a t  these h i g h  temperatures may no t  be due o n l y  t o  v o i d  s w e l l i n g  b u t  may be t h e  
r e s u l t  of phase i n s t a b i l i t i e s  assoc ia ted w i t h  p r e c i p i t a t i o n  of a-phase and phosphides.',' Phosphorus i s  
known t o  decrease neutron- induced s w e l l i n g  a t  h ighe r  temperatures i n  a v a r i e t y  o f  so lu te- mod i f i ed  A I S 1  316 
s t e e l s  by ex tend ing the  d u r a t i o n  o f  t he  t r a n s i e n t  regime t h a t  precedes t h e  onset o f  s teady- s ta te  
s we1 1 i ng . 6 ,  

Discussion 

Poss ib le  Synerfisms 

Whi le t h e  separate e f f e c t s  o f  n i c k e l  and chromium a re  e a s i l y  demonstrated, t h e r e  a re  minor v a r i a t i o n s  o f  
these two elements w i t h i n  each o f  t h e  s e r i e s  o f  r e s i d u a l  element ( so lu te- mod i f i ed )  a l l o y s .  To i n s u r e  t h a t  
t h e  t rends  seen i n  t h e  phosphorus o r  s i l i c o n  s e r i e s  are  no t  an a r t i f a c t  of these so l ven t  d i f fe rences,  t h e  
s w e l l i n g  behav ior  o f  two t e r n a r y  a l l o y s  spanning t h e  g r e a t e s t  compos i t iona l  gap and t h e  g r e a t e s t  p o t e n t i a l  
s w e l l i n g  d i f fe renr .e  were compared, as shown i n  F i g .  10. Note t h a t  t h i s  l a r g e s t  p o s s i b l e  d i f f e rence  i n  
s w e l l i n g  i s  inadeq;;;c t o  account f o r  any of t h e  f e a t u r e s  shown i n  F igs .  7 and 8. For ins tance,  t h e  0.2% 
d i f f e r e n c e  i n  s w e l l i n g  a t  bo th  399 and 4 2 7 T  due t o  d i f f e rences  i n  chromium and n i c k e l  i s  much sma l le r  
than t h e  2 t o  3% d i f f e rences  a t t r i b u t e d  t o  low l e v e l s  o f  phosphorus and s i l i c o n .  

Whi le t h e  sinal1 d i f f e r e n c e s  i n  n i c k e l  and chromium do no t  mask t h e  e f f e c t s  of s i l i c o n  and phosphorus we 
must conclude t h a t  smal l  unmeasured d i f f e rences  i n  s i l i c o n  and/or phosphorus cou ld  e a s i l y  obscure t h e  
u n d e r l y i n g  so l ven t  element behav ior  i n  o t h e r  experiments, p a r t i c u l a r l y  a t  low l e v e l s  o f  so lu te .  

I o n  Bombardment Resu l t s :  N icke l  and Chromium_ 

The Fe-Ni-Cr s tud ies  of Johnston and c o w o r k e r ~ ~ , ' ~  and Bates and Johnston"  u t i l i z e d  5 MeV N i t  ions  and 
were conducted a t  575, 625, 675 and 725'C w i t h  peak s w e l l i n g  a t  117 dpa a t t a i n e d  a t  675'C. 
demonstrated some of t h e  features observed i n  t h e  neut ron data, namely t h e  opposing e f f e c t s  of chromium 
and n i c k e l  a d d i t i o n s  and t h e  minimum i n  s w e l l i n g  a t  i n te rmed ia te  n i c k e l  l e v e l s .  These s tud ies  a l so  demon- 
s t r a t e d  t h a t  t h e  p r imary  e f f e c t  o f  increased n i c k e l  i n  i r o n - r i c h  a l l o y s  was t o  p ro long  the  d u r a t i o n  o f  t h e  
t r a n s i e n t  regime t h a t  precedes s teady- sta te  swe l l i ng ,  a conc lus ion a l s o  i n  agreement w i t h  t h e  r e s u l t s  o f  
t he  neut ron s t u d i e s .  

However, these and o t h e r  i o n  s tud ies  d i d  n o t  f o r e c a s t  t h e  emergence of t h e  p la teaus  w i t h  v a r i a t i o n  o f  
e i t h e r  n i c k e l ,  chromium o r  temperature t h a t  were observed i n  t h e  neut ron data.  I o n  s tud ies  a l so  d i d  n o t  
p r e d i c t  a s teady- s ta te  s w e l l i n g  r a t e  t h a t  was i n s e n s i t i v e  t o  temperature and o t h e r  va r iab les .  
c ienc ies  are  thought  t o  be p r i m a r i l y  the  consequence o f  t he  t r a d e o f f s  i nvo l ved  i n  t h e  s i m u l a t i o n  technique. 
These i n v o l v e  t h e  s t r o n g  temperature-dependent i n f l uence  of t h e  i n j e c t e d  i n t e r s t i t i a l  and t h e  specimen 
su r face . ' z - ' 6  The s teep displacement g rad ien ts  i nhe ren t  i n  b o t h  i o n  and e l e c t r o n  i r r a d i a t i o n s  a l s o  l e a d  
t o  a s i g n i f i c a n t  d e p l e t i o n  of n i c k e l  i n  t h e  r e g i o n  where t h e  peak displacement l e v e l  occurs,"-* '  caus ing 
an a d d i t i o n a l  temperature-dependent d i s t o r t i o n  o f  t h e  s w e l l i n g  behav ior  r e l a t i v e  t o  t h a t  o f  neu t ron  
i r r a d i a t i o n .  Consequently, as shown i n  F igs .  11 and 12,  t h e  ion- induced s w e l l i n g  o f  Fe-Ni-Cr a l l o y s  a t  
a l l  composi t ions s t u d i e d  was found t o  be Peaked w i t h  temoerature. and does n o t  e x h i b i t  a o l a t e a u  behav io r  

A r e d u c t i o n  i n  s w e l l i n g  ensues w i t h  i nc reas ing  phosphorus l e v e l s ,  however, s i m i l a r  t o  t h e  

The s w e l l i n g  a t  a g iven 

However, t h e  p o s s i b i l i t y  e x i s t s  t h a t  a p o r t i o n  o f  t h e  observed decrease i n  d e n s i t y  i n  t i i f  

__ 

These s tud ies  

These d e f i -  

under a'ny c o n d i t i o n s .  
t i o n s  o f  Fe-20Ni-7.5Cr and i n  Fe-12Ni-EOCr by Seth i  and Okamoto.L8 

A s i m i l a r  t ype  o f  behav ior  was observed by Gessel and Rowc l i f f e"  ' in  i o n  i r r a d i a -  

I o n  Bombardment: S o L u A  E f f e c t s  

No comparable i o n  s t u d i e s  have been conducted a t  t h e  25% n i c k e l  l e v e l  employed i n  t h e  neut ron experiments. 
However, comparable d a t a  are  a v a i l a b l e  f o r  Fe-2ONi-15Cr" and Fe-2DNi-7.5Cr2' as a f u n c t i o n  of s i l i c o n .  
L i m i t e d  da ta  on phosphorus e f f e c t s  are  a v a i l a b l e  f o r  Fe-20Ni-15Cr" and Fe-15Ni-l3.7Cr.'2 

Figs.  12 and 13 show t h a t  above G O O O C  s i l i c o n  always ac ts  t o  reduce swe l l i ng ,  b u t  a t  575OC s i l i c o n  a d d i -  
t i o n s  f i r s t  increase and then decrease swe l l i ng ,  s i m i l a r  t o  t h e  behav ior  observed a t  temperatures below 
500°C i n  t h e  neu t ron  s t u d i e s  o f  F i g .  8. F ig .  13  a l so  shows t h a t  t h e  s w e l l i n g  behav ior  o f  t h e  Fe-2ONi-15Cr 
a l l o y  a t  575OC i s  m i r r o r e d  i n  the  v o i d  d e n s i t y  behavior,  suggest ing t h a t  t he  p o s s i b l y  complex r o l e  o r  
r o l e s  p layed by s i l i c o n  a f fec t  p r i m a r i l y  t h e  v o i d  n u c l e a t i o n  process. Se th i  and Okamoto a l so  observed 
t h a t  s i l i c o n  increased the  s w e l l i n g  of Fe-12Ni-2OCr below 575°C and decreased s w e l l i n g  above 575"C, w i t h  
the  p r imary  i n f l uence  r e f l e c t e d  i n  the  vo id  d e n s i t y . ' 8  

AS shown i n  F ig .  14 t h e  s w e l l i n g  o f  Fe-EON-15Cr a t  675OC a c t u a l l y  increases w i t h  t h e  a d d i t i o n  o f  0.05 ,.it% 
phosphorus." If t h e  i o n  da ta  f o r  F e - 1 5 N i - 1 3 . 7 C r  i n  F i g .  14 are  normal ized t o  t h e  same dpa l eve l ,"  one 
would a l s o  conclude t h a t  the  a d d i t i o n  of 0.05% phosphorus prohably  increased t h e  s i ve l l i nq  sommhat. Thcse 
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F i g .  10. E f fec t  o f  r e l a t i v e l y  minor  v a r i a t i o n s  i n  n i c k e l  and chromium on t h e  s w e l l i n g  of Fe-Ni-Cr 
a l l o y s .  
element a l l o y  se r i es .  
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These two a l l o y s  (E20 and E331 were chosen t o  span t h e  maximum v a r i a t i o n  seen i n  t h e  r e s i d u a l  
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F i g .  11. E f fec t  of temperature, n i c k e l  and chromium con ten t  on ion- induced s w e l l i n g  o f  Fe-Ni-Cr 
a l l o y s  a t  117 dpa,' showing peaked s w e l l i n g  w i t h  temperature.  
w i t h  e i t h e r  compos i t ion  o r  temperature. 

There i s  an absence o f  s w e l l i n g  p l a t e a u s  
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data, though n o t  as complete as those o f  t h e  s i l i c o n  s tud ies ,  c o u l d  be c o n s i s t e n t  w i t h  t h e  t r e n d  of t h e  
neut ron da ta  shown i n  F ig .  9 i f  a s w e l l i n g  peak e x i s t e d  between 0 and 0.05% phosphorus. 
c o u l d  e a s i l y  be examined by a d d i t i o n a l  i o n  experiments conducted a t  i n te rmed ia te  phosphorus l e v e l s .  

A Nickel-Eased Model 

There a r e  two ways t o  v i s u a l i z e  t h e  r e s u l t s  of these s tud ies ,  bo th  of which are  based on t h e  same p r i n -  
c ip l es .  
conducted on a s e t  o f  Fe-Ni-Cr a l l o y s ,  some mod i f i ed  w i t h  va r i ous  so lu tes .  
s u f f i c i e n t  t o  p l a c e  a l l  a l l o y s  w e l l  above t h e  minimum incuba t i on  period,*,l',Z* one would expect  t h e  
so lu te- f ree  b i n a r y  Fe-Ni a l l o y s  a t  a g i ven  temperature and f l u e n c e  t o  e x h i b i t  t h e  t h r e e  regime behav ior  
shown i n  F ig .  15. The compos i t i on- insens i t i ve  regime a t  low n i c k e l  would be separated from t h e  h i g h  
n i c k e l  regime b y  an i n te rmed ia te  t r a n s i e n t  regime rep resen t i ng  t h e  proposed i n f l u e n c e  o f  n i c k e l  on v o i d  
n u c l e a t i o n  v i a  i t s  e f f e c t  i n  i nc reas ing  qff, t h e  e f f e c t i v e  vacancy d i f f u s i o n  c ~ e f f i c i e n t . ~ ~ , ~ ~  The 
dependence o f  bo th  s w e l l i n g  and v o i d  d e n s i t y  o f  s imple  t e r n a r y  a l l o y s  w i t h  n i c k e l  content  has been demon- 
s t r a t e d  i n  severa l  o t h e r   paper^.','^,^' 

Garner and Wol fer  have prov ided a r a t e - t h e o r y  model t h a t  e x p l a i n s  how t h e  p o s t - t r a n s i e n t  s w e l l i n g  Pate can 
be independent o f  m a t e r i a l  and environmental  va r i ab les ."  Several  r e c e n t  s t u d i e s  have shown t h a t  a f a c t o r  
o f  two increase i n  vacancy d i f f u s i v i t y  can cause an ex tens ion of t h e  t r a n s i e n t  regime of s w e l l i n g  and thus  
cause t h e  sharp drop i n  v o i d  d e n s i t y  and s w e l l i n g  assoc ia ted w i t h  an increase i n  t h e  n i c k e l  l e v e l  from 15 
t o  35%.21,26 
exponent ia l  d i f f u s i o n  c o e f f i c i e n t ,  r a t h e r  than t h a t  of t h e  a c t i v a t i o n  energ ies  f o r  vacancy fo rmat ion  o r  
~ n i g r a t i o n . ~ ~ , " - ~ ~  

On t h e  b a s i s  o f  d i f f u s i v i t y  increases alone one would except an increased d i f f i c u l t y  o f  v o i d  n u c l e a t i o n  t o  
p e r s i s t  u n t i l  %75% n i c k e l .  However, above 4 0 %  n i c k e l  t h e  a l l o y  begins t o  decompose d u r i n g  i r r a d i a t i o n  
i n t o  r e l a t i v e l y  l a r g e  micro-volumes o f  n i cke l - poo r  chromium- rich r e g i o n s  (which nuc leate  vo ids  more 
e a s i l y ) ,  separated b y  comparable volumes of n i c k e l - r i c h  chromium-poor r e g i o n ~ . ~ ' , ' ' - ~ ~  
toward decomposi t ion i s  thought t o  be t h e  consequence o f  an i nhe ren t  b u t  ex t remely  s l u g g i s h  tendency of 
Fe-Ni-Cr a l l o y s  i n  t h e  i n v a r  compos i t iona l  range t o  decompose i n  a s p i n o d a l - l i k e  manner."-'* 
decomposi t ion i s  acce lera ted p r i m a r i l y  b y  radiat ion-enhanced d i f f u s i o n  and seconda r i l y  by t h e  segregat ion  
o f  n i c k e l  a t  rad ia t ion- produced m i c r o s t r u c t u r a l  s inks .  

A t  t h e  r e l a t i v e l y  h i g h  temperatures c h a r a c t e r i s t i c  o f  t h e  i o n  i r r a d i a t i o n  s tud iesg , ' o  t h e  i n t e r a c t i o n  
o f  composit ion-dependent changes i n  d i f f u s i v i t y  and t h e  ion- induced s p i n o d a l - l i k e  d e c ~ m p o s i t i o n ~ ' , ~ ~  
l ead  t o  i s o - s w e l l i n g  contours  t h a t  a r e  remarkably s i m i l a r  t o  measured i n t e r d i f f u s i o n  c o e f f i c i e n t s  f o r  
Fe-Ni-Cr a l l o y s  as shown i n  F i g .  16. 

Another impor tant  p o i n t  t o  recogn ize  i s  t h a t  t h e  i n te rmed ia te  t r a n s i e n t  regime w i l l  s h i f t  up o r  down-scale 
i n  n i c k e l  con ten t  w i t h  any v a r i a b l e  t h a t  a f f e c t s  v o i d  nuc lea t i on .  T h i s  s h i f t  can be l a r g e  enough t o  erase 
e i t h e r  t h e  low n i c k e l  p l a teau  o r  t h e  h i g h  n i c k e l  upswing i n  swe l l i ng .  F i g .  l a ,  f o r  instance, demonstrates 
t he  complete erasure  o f  t he  p la teau  regime a t  h i ghe r  i r r a d i a t i o n  temperatures. Rotman and O im i t rov  n o t e  
t h a t  t h e  s t r o n g  i n f l u e n c e  o f  n i c k e l  t o  reduce t h e  s w e l l i n g  o f  e l e c t r o n  i r r a d i a t e d  Fe-Ni-Cr a l l o y s  d i sap-  
peared when 70 appm o f  he l i um were p r e i n j e ~ t e d , ' ~  t hus  demonstrat ing t h e  s h i f t  o f  t h e  i n te rmed ia te  regime 
t o  h ighe r  n i c k e l  l e v e l s .  Thus o n l y  t h e  p l a t e a u  regime was observed a f t e r  he l ium add i t ions ,  e r a s l n g  even 
t he  i n te rmed ia te  n i c k e l  regime i n  t h i s  experiment. 

Rotman and coworkers a l s o  no te  t h a t  t h e i r  r e s u l t s  a r e  s t r o n g l y  i n f l u e n c e d  by t h e  r a d i a l  (and a x i a l )  
r e d i s t r i b u t i o n  o f  n i c k e l  induced i n  t he  i r r a d i a t e d  volume b y  t h e  s teep displacement gradients.'O 
S i m i l a r  beam-induced d i s t o r t i o n s  i n  t h e  response o f  s w e l l i n g  o f  Fe-Ni-Cr a l l o y s  t o  n i c k e l  con ten t  have 
been observed by W a l t e r ~ ' ~  and Muroga and ~ o w o r k e r s . ' ~  
observed i n  p ro ton  and heavy i o n  i r r a d i a t i ~ n s . " , ' ~ , ' ' , ' ~ .  

Since t h e r e  a r e  e s s e n t i a l l y  no displacement g rad ien ts  i n  neut ron i r r a d i a t i o n s  t h e  b u l k  compos i t ion  i s  
unchanged, b u t  we would s t i l l  expect  t h e  i n te rmed ia te  t r a n s i e n t  regime t o  s h i f t  t o  h ighe r  n i c k e l  contents  
w i t h  increases i n  displacement r a t e  and/or he l i um l e v e l  s i n c e  b o t h  f a c i l i t a t e  v o i d  nuc1eat ion . l6  Increases 
i n  chromium l e v e l  a l s o  s h i f t  t h e  i n te rmed ia te  regime toward h ighe r  n i c k e l s  due t o  chromium's r o l e  i n  
decreasing t he  e f f e c t i v e  vacancy d i f f u s i o n  c o e f f i c i e n t . 2 5  

The Ro le  o f  So lu te  Elements i n  t h e  Nickel-Based Model 

Fo r  many common s o l u t e  elements, however, t h e  i n te rmed ia te  regime i s  s h i f t e d  toward lower n i c k e l  l e v e l s ,  
v i a  t h e i r  o f t e n  v e r y  s t r o n g  e f f ec t s  on t he  e f f e c t i v e  vacancy d i f f u s i o n  c ~ e f f i c i e n t ~ ~ , ~ ~ , ~ ~  a n d l o r  t h e  
vacancy fo rmat ion  energy.6,8. S i l i c o n  i s  thought  t o  opera te  p r i m a r i l y  b y  t h e  former mechanism and phos- 
phorus by t h e  l a t t e r .  I n  e f f e c t ,  l a r g e  increases i n  n i c k e l ,  moderate increases i n  s i l i c o n  and smal l  
increases i n  phosphorus a l l  l ead  t o  reduced v o i d  n u c l e a t i o n  r a t e s  v i a  t h e i r  e f f e c t  on reduc ing t h e  vacancy 
supersatura t ion ,  p a r t i c u l a r l y  a t  temperatures where v o i d  n u c l e a t i o n  i n  t h e  base t e r n a r y  a l l o y  i s  becoming 
i n c r e a s i n g l y  more d i f f i c u l t .  

Th i s  proposa l  

____-__ 

F i r s t ,  cons ider  t h e  f o l l o w i n g  scenar io  i n  which a s e r i e s  o f  s ide- by- s ide i r r a d i a t i o n s  are  
I f  t h e  f luence a t t a i n e d  i s  

The increased d i f f u s i v i t y  a r i s e s  f rom t h e  compos i t iona l  dependence of 08, t h e  p r e -  

T h i s  tendency 

The 

Composi t ional  r e d i s t r i b u t i o n s  have a l s o  been 
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F i g .  16. Comparison of t h e  i s o - s w e l l i n g  contours  cons t ruc ted  by Johnston and coworkerss and t h e  
i n t e r - d i f f u s i o n  c o e f f i c i e n t s  o f  Ouh and Dayananda." 

35% a t  15% chromium y i e l d s  a 28% inc rease  i n  DCrCr and 130% i n c rease  i n  DN!ii, cor respond ing t o  rough l y  a 
f a c t o r  o f  two increase i n  t h e  e f f e c t i v e  vacancy d i f f u s i o n  c o e f f i c i e n t  u t f f .  

Note t h a t  i n c r e a s i n g  t h e  n i c k e l  con ten t  from 15 t o  
Fe 
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A r a t u r e - B a s e d  Model 

We noted earlier that there were two ways to visualize the effects of composition on swelling. 
of various elements and environmental variables on swelling can be better visualized in terms of the tem- 
perature dependence of void nucleation. 
typically show one "low temperature" plateau regime in which the nucleation rate is insensitive to tem- 
perature and another "high temperature" regime in which the nucleation rate falls orders of magnitude over 
a relativeLy small range of increasing t e m p e r a t ~ r e . ~ , ~ ~ ; ~  
terms of rc, the critical radius for bubble-to-void conversion, one sees a low temperature plateau regime 
followed by a sharp increase in rt above a temperature which is dependent on a variety of factors such as 
W?,, displacement rate and helium content.'6,*' 

The swelling plateau and the subsequent decline in swelling with temperature observed in neutron irradia- 
tions o f  Fe-Ni-Cr alloys are thought to represent the consequences of these two regimes of void nucleation. 
During charged particle irradiation each of these regimes is distorted (relative to the neutron-induced 
behavior) but one sometimes sees void density profiles similar to that of Fig. 17, providing that voids 
nucleate without too much difficultv at lower temeratures and that the helium levels are sufficient to 

The effects 

As schematically shown in Fig. 17, calculations of void nucleation 

If one visualizes the nucleation behavior in 

facilitate void nucleation but not iarge enough to dominate the nucleation 
behavior. An example of such behavior is shown in Fig. 18. 

VOID 
NUCLEATION 

RATE 

TEMPERATURE-INSENSITIVE 

TEMPERATURE 
DEPENDENT 
REGIME 

INCREASES 
I N  HELIUM 

DISPLACEMEN 
1:TE 

INCREASE I N  Dv"' 
DECREASE IN Et" 

TEMPERATURE 
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DENSITY 
cm-3 

1016 

I 1 I-  
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Fig. 17. Schematic representation of the two Fig. 18. Void densities observed in 1.0 MeV 
inajor temperature regimes of void nucleation in electron irradiation of FE-25Ni-15Cr containing 
simple Fe-Cr-Ni alloys. The influence of some 6 appm preinjected helium, showing low-temperature 
important variables on the shift of the "high plateau of void density.(Unpublished data of 

R. W. Powell and F. A. Garner,Westinghouse Hanford 
Company. ) temperature" regime is also shown. 

effective vacancy diffusion coefficieit and Ef 
is the vacancy formation energy. 

Fig. 19 demonstrates the proposed relationship between the observed duration of the transient regime of 
swelling and the void nucleation rate as a function of temperature and nickel content. 
in nickel content represent a shift of the "high-temperature regime" toward lower temperatures. This is 
analogous to the "temperature shift" associated with changes in displacement rate.'? 
in nickel level produces the same effect as does an increase in temperature. This is exactly what one 
would expect if nickel additions lead to an increase in the vacancy diffusivity. 
exactly this kind of behavior was observed by Hishinuma in the void density of a series of electron 
irradiated Fe-17.1Cr-XNi alloys.*',*' 

Deff . i s  t\e 

Note that increases 

In effect an increase 

Fig. 20 shows that 
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Fe-15Cr-XNi 

I I 
TEMPERATURE 

Fig. 19. Schematic representation o f  the composition dependence of the transient regime o f  swelling 
(from ref. 1 )  and the void nucleation rate. 
temperature in that both act to decrease void nucleation s h a r p l y  in the "high temperature" reg i -nn.  

Note that increases in nickel are similar to increases in 

1015 
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Fig. 20. Effect o f  nickel on void density in Fe-17.1Cr-XNi alloys irradiated with 1.0 MeV electrons to 
30 dpa, as observed by Hishinuma." 
with increasing nickel content. 

Note shift of "high temperature" regime toward lower temperatures 

The interaction between beam-induced nickel redistribution and the influence of surfaces and higher 
displacement rates apparently tends to suppress the high nickel regime of swelling in electron irradiation. 
The studies of Kotman,20 Walters,lP H i s h i n ~ m a ' ~ , ~ ~  and Levy" do not show an increase in swelling above 
some nickel level. However, none of these studies exceeded nickel levels of 75, 60, 50 and 50% respec- 
tively. Note in Fig. 1 that the upswing in neutron-induced swelling often does not occur until well above 
50-60% nickel. I n  a study by Korenko employing nickel levels of 20, 25, 35 and 85%, an upswing was 
observed, however, as shown in F i g .  2 1 .  
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F ig .  21. E f f e c t  of n i c k e l  con ten t  on t h e  s w e l l i n g  induced b y  1.0 MeV e l e c t r o n s  i n  annealed 
Fe-15Cr-XNi a l l o y s  a t  625°C. 
Note t h a t  t h e  p r i m a r y  i n f l u e n c e  o f  n i c k e l  r e s i d e s  i n  t h e  d u r a t i o n  of t h e  t r a n s i e n t  regime v i a  i t s  e f fec t  
on v o i d  n u c l e a t i o n .  

(Unpubl ished d a t a  cour tesy  of M. K. Korenko, Westinghouse Hanford Company). 

S o l u t e  E f f e c t s  i n  t h e  Temperature-Based Model 

S i l i c o n  i s  much more e f f e c t i v e  per  atom than n i c k e l  i n  causing O g  t o  inc rease  and thereby  reduc ing  v o i d  
nuc lea t ion .25 , '9 , *0  A t  any g iven temperature v o i d  n u c l e a t i o n  i s  de layed b y  s i l i c o n  b u t  
t h e  downward s h i f t  of t h e  " h igh  temperature"  regime i s  b e s t  demonstrated b y  s t u d i e s  conducted a t  more than  
one temperature, as shown i n  F igs.  22 and 23. Note t h a t  s m a l l  increases i n  s i l i c o n  e x e r t  t h e i r  s t r o n g e s t  
in f luence  a t  h i g h  temperature as p r e d i c t e d  i n  e a r l i e r  papers,2s, 'P,*0 and t h a t  increases i n  s i l i c o n  have 
t h e  same e f f e c t  as increases i n  temperature. 
d i f f u s i v i t y .  

In b o t h  cases t h e r e  i s  a comparable inc rease  i n  vacancy 

12 1 tadpa 

lot h i  0 .14Si  W.% 

Em 5!50 6al KO ... _ _ _  ___ 
TEMPERATURE I°CJ 

t 

0.14 Si W.% 

DENSITY 

-0.49 Si- cm-3 
101' 

1.42 Si 

II/I( lo?& 
My) 700 

TEMPERATURE, OC 

F i g .  22. ( a )  E f fec t  o f  s i l i c o n  on t h e  s w e l l i n g  o f  20% cold-worked Fe-12Cr-15Ni i r r a d i a t e d  w i t h  
( b )  The "h igh- temperature"  46.5 Mev Ni '  i o n s  t o  60 dpa, as observed b y  Mazey, Har r ies  and Hudson.*' 

regime o f  v o i d  d e n s i t y  i s  s h i f t e d  toward lower  temperatures b y  s i l i c o n  a d d i t i o n s .  
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Fig .  23. E f f e c t  o f  s i l i c o n  on v o i d  d e n s i t y  i n  annealed A I S 1  316 d u r i n g  neut ron i r r a d i a t i o n  as 
observed b y  Brager and Garner.*' 

I t  should be noted t h a t  i n  neut ron i r r a d i a t i o n s  i t  i s  p o s s i b l e  w i t h  s i l i c o n  a d d i t i o n s  t o  see more than two 
regimes o f  swe l l i ng .  
and r e l a t i v e l y  h i g h  s i l i c o n  l e v e l s ,  t h e  c o - p r e c i p i t a t i o n  o f  n i c k e l  and s i l i c o n  can cause a t h i r d  regime of 
increased s w e l l i n g  a r i s i n g  f rom t h e  removal of these elements f rom s o l u t i o n .  
v e r y  h igh ,  t h e  removal of n i c k e l  can a l s o  l e a d  t o  f e r r i t e  format ion and t he  r a t e  of s w e l l i n g  w i l l  decrease. 
Thus f o u r  regimes of s w e l l i n g  are  p o s s i b l e  i n  s i l i con- doped  a l l o y s .  

An a d d i t i o n a l  cons ide ra t i on  f o r  s i m u l a t i o n  s t u d i e s  i s  t h a t  s i l i c o n  changes t he  r a t e  o f  heam-induced n i c k e l  
r e d i s t r i b u t i o n  i n  i o n  i r r a d i a t i o n  s tud ies ,"  l e a d i n g  t o  a synergism n o t  o p e r a t i n g  i n  t h e  neu t ron  i r r a d i a -  
t i o n  s tud ies .  

Whereas n i c k e l  and s i l i c o n  increase t h e  pre- exponent ia l  term D; o f  t h e  vacancy d i f f u s i o n  c o e f f i c i e n t  and 
the reby  reduce t h e  concen t ra t i on  C v  of vacancies d u r i n g  i r r a d i a t i o n ,  phosphorus i s  thought  t o  s t r o n g l y  
i nc rease  Cvo,  t h e  e q u i l i b r i u m  concen t ra t i on  o f  thermal vacancies. ' ,8 A change i n  n i c k e l  l e v e l  thus exe r t s  
r o u g h l y  t h e  same percentage increase i n  vacancy d i f f u s i v i t y  (and decrease i n  vacancy supe r- sa tu ra t i on  Cv/Cvo) 
a t  a l l  temperatures and displacement r a t e s .  S i l i c o n  behaves i n  a s i m i l a r  manner, b u t  i s  mme e f f e c t i v e  
t han  n i c k e l  on a per-atom bas is .  
opera tes  p r i m a r i l y  on t h e  thermal vacancy concent ra t ion .  Thus t h e  supe rsa tu ra t i on  of vacancies i s  reduced 
b y  phosphorus f r om t h e  "bot tom r a t h e r  than t h e  top.' ' 
energy (0.4 eU) o f  phosphorus wi th  vacancies,  as measured i n  Fe-14Ni-18Cr by p o s i t i o n  a n n i h i l a t i ~ n . * ' . ' ~  
I n  e f f e c t  t h i s  rep resen ts  a ve ry  l a r g e  decrease i n  t h e  vacancy f o rma t i on  energy. 

The i n f l uence  of phosphorus increases o n l y  u n t i l  i t s  s o l u b i l i t y  l i m i t  i s  reached,1° however, and i t s  
s o l u b i l i t y  l i m i t  i n  Fe-Ni a l l o y s  f a l l s  s t r o n g l y  as a f u n c t i o n  o f  d e c l i n i n g  temperature. '  
however, t h e  i n f l uence  of phosphorus i s  q u i t e  d i f f e r e n t  f rom t h a t  o f  s i l i c o n  and n i c k e l .  
b i l i t y  l i m i t  t h e  e f f e c t  i s  r ough l y  p r o p o r t i o n a l  t o  t h e  percentage o f  s o l u b i l i t y  and n o t  t he  t o t a l  phos- 
phorus l e v e l .  Therefore,  a g i ven  l e v e l  of phozphorus can e x e r t  d i f f e r e n t  e f f e c t s  on t h e  vacancy super-  
s a t u r a t i o n  a t  d i f f e r e n t  temperatures. The maximum e f fec t  of phosphorus a t  any temperature i s  t o  reduce 
t h e  s u p e r s a t u r a t i o n  b y  almost e x a c t l y  an o rde r  of magnitude, due t o  a corresponding increase i n  d i f f u s i -  
v i t y  measured a t  a v a r i e t y  of temperatures,  i n c l u d i n g  those o f  t h e  v o i d  temperature reg ime.50,5 '  

As shown i n  F ig .  24, Dean and Go lds te in5 '  used t h e  STEM mic roana l ys i s  technique t o  measure a t  r e l a t i v e l y  
low temperatures t h e  increased d i f f u s i v i t y  of Fe-Ni b i n a r i e s  due t o  phosphorus. As shown i n  F i g .  2 5  much 
l a r g e r  amounts of phosphorus are  necessary t o  increase t h e  d i f f u s i v i t y  a t  h i ghe r  temperature but  t h e  
maximum in f l uence  i s  s t i l l  l i m i t e d  t o  approx imate ly  one o rde r  o f  magnitude. 

Brager and Garner'$ have shown t h a t  f o r  a l l o y s  w i t h  r e l a t i v e l y  low n i c k e l  Content 

If t h e  s i l i c o n  l e v e l s  a re  

Phosphorus, however, e x e r t s  an even s t ronger  i n f l uence  per atom, h u t  

Th is  i s  t h e  consequence o f  t h e  ve ry  l a r g e  b i n d i n g  

I n  one respect ,  
Below t h e  s o l u -  
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F i g .  24. Measurements o f  t h e  i n t e r d i f f u s i o n  c o e f f i c i e n t s  o f  ( a )  Fe-Ni and ( b )  Fe-Ni-P a l l o y s  by Dean 
As shown i n  ( b )  a l l  t e r n a r y  a l l o y s  except two ( 2 5  and 30 N i )  conta ined 0.15 2 0.03 w t %  and Golds te in .50 

P. 
temperature and does n o t  exceed a f a c t o r  of ten .  

( c )  The increase i n  d i f f u s i v i t y  by phosphorus i s  r e l a t e d  t o  t h e  percentage s o l u b i l i t y  a t  a g iven 

The pr imary  i n f l u e n c e  o f  phosphorus i n  t h i s  model i s  thus  d i r e c t e d  toward i t s  r o l e  w h i l e  i n  s o l u t i o n .  
Even tua l l y  much o f  t h e  phosphorus w i l l  be removed by p r e c i p i t a t i o n  which w i l l  hasten t h e  end o f  t h e  t r a n -  
s i e n t  regime o f  swe l l i ng .  The a c t i o n  o f  phosphide p r e c i p i t a t e s  i s  considered i n  t h i s  model t o  be second- 
ary, w i t h  t he  excep t i on  t h a t  phosphorus a d d i t i o n s  have been found t o  de lay  t h e  removal o f  n i c k e l  and 
s i l i c o n  from s o l u t i o n  and i n t o  p rec ip i t a tes . '  These elements ( e s p e c i a l l y  s i l i c o n )  have a l r e a d y  been 
shown t o  have a l a r g e  e f f e c t  on v o i d  n u c l e a t i o n  w h i l e  i n  s o l u t i o n .  

In a recen t  paper I t o h  and coworkers5'  have shown i n  a v a r i e t y  o f  n e u t r o n- i r r a d i a t e d  316 s t a i n l e s s  s t e e l s  
t h a t  phosphorus e x e r t s  i t s  major i n f l uence  w h i l e  i n  s o l u t i o n  and n o t  a f t e r  p r e c i p i t a t i o n .  Phosphorus i n  
s o l u t i o n  was found b y  I t o h  t o  r e t a r d  t h e  recovery  of d i s l o c a t i o n s  i n  cold-worked s t e e l s  and t h e  develop-  
ment of I' and G-phase p r e c i p i t a t e s .  
t h e  m a t r i x .  
phase i s  i n  i t s e l f  r i c h  i n  n i c k e l  and s i l i c o n  as observed b y  I t o h  and coworkers,5' Lee and coworkers5'  and 
Yang.5* 

These p r e c i p i t a t e s  f o rm  by concen t ra t i ng  n i c k e l  and s i l i c o n  f rom 
Th is  de lay  i n  microchemical e v o l u t i o n  of t h e  m a t r i x  occurs  desp i t e  t h e  f a c t  t h a t  t h e  phosphide 

However, t h e  amount o f  phosphide formed and i t s  assoc ia ted removal o f  n i c k e l  and s i l i c o n  i s  
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F ig .  25.  The combined e f f e c t  o f  n i c k e l  and phosphorus l e v e l  on t h e  d i f f u s i v i t y  of Fe-Ni b i n a r y  
a l l o y s  a t  h i g h  temperatures, as measured b y  Heyward and Go1dstein.l '  

l i m i t e d  by  t h e  smal l  amount o f  phosphorus ava i l ab le .  
i n t e r a c t i o n  o f  phosphorus and vacancies b u t  c i t e d  t h e  model o f  Garner and Bragera as a p o s s i b l e  exp lana-  
t i o n .  

The s t u d i e s  and t h e o r i e s  of Lee, Mansur and t h e i r  coworkers2 ' ,55-56 do n o t  recogn ize  a r o l e  f o r  phosphorus 
w h i l e  i n  s o l u t i o n  b u t  a r e  d i r e c t e d  p r i m a r i l y  toward i t s  r o l e  as a p r e c i p i t a t e - f o r m e r .  
are pos tu l a ted  t o  inc rease t h e  s i n k  d e n s i t y  f o r  p o i n t  de fec t s  and serve  as n u c l e a t i o n  s i t e s  f o r  s t a b l e  
he l i um bubbles which a r e  t o o  smal l  t o  e a s i l y  grow i n t o  vo ids .  
c o n f l i c t  w i t h  t h e  model proposed i n  t h i s  paper and b o t h  k i nds  o f  mechanisms may be ope ra t i ng .  
based models would be most impor tan t  i n  s i t u a t i o n s  where l a r g e  amounts o f  he l i um a r e  produced. 
a l l  o f  t h e  a l l o y s  used i n  t h e  neut ron  and va r i ous  i o n  s tud ies  c i t e d  i n  t h i s  paper conta ined v e r y  l a r g e  
amounts of gas (02, N2). 

F i g .  26 i l l u s t r a t e s  t h e  impact o f  t h e  temperature and s o l u b i l i t y  cons ide ra t i ons  on t h e  comparison of t h e  
neut ron  and i o n  s t u d i e s  o f  phosphorus e f f e c t s .  (We must assume i n  t h i s  ana l ys i s  t h a t  t h e  s o l u b i l i t y  o f  
phosphorus i s  n o t  s t r o n g l y  af fected b.y t h e  presence o f  15% chromium, s i nce  da ta  a r e  a v a i l a b l e  o n l y  f o r  t h e  
Fe-Ni-P system'.) 
a t e d  a t  a l l  i r r a d i a t i o n  temperatures, t h e  Fe-15Cr-25Ni-0.055P a l l o y  i s  undersa tura ted  o n l y  above %500°C 
and t h e  Fe-15-25Ni-0.10P a l l o y  i s  undersatura ted o n l y  above %600"C. 
on vacancy supe rsa tu ra t i on  i s  main ta ined th roughout  much o f  t h e  exper imental  m a t r i x  of t h e  neut ron  s tudy  
as shown i n  F i g .  26b. 
r ad ia t i on- induced  seg reg ra t i on  on s o l u b i l i t y  o f  phosphrous. 

The i o n  exper iments shown i n  F i g .  14 were conducted a t  675'C and 0.055 w t . %  phosphorus. A s  shown i n  
F i g .  26a t h i s  i s  a c o n d i t i o n  which rep resen ts  o n l y  25% o f  t h e  s o l u b i l i t y  l i m i t ,  i l l u s t r a t i n g  another poss i -  
b l e  shortcoming of charged p a r t i c l e  s t u d i e s  which a r e  t r a d i t i o n a l l y  conducted a t  ve ry  h i g h  displacement 
r a t e s .  These s t u d i e s  r e q u i r e  i r r a d i a t i o n  temperatures which inust be h i ghe r  by 100-150°C t o  account f o r  t h e  
well-known " tempera tu re- sh i f t "  e f f e c t . ' '  
phosphorus i n  i o n  i r r a d i a t i o n s  w i l l  be s t r o n g l y  reduced r e l a t i v e  t o  t h a t  o f  t y p i c a l  neut ron  i r r a d i a t i o n s .  

I t o l i  and coworkers d i d  n o t  address t h e  na tu re  of t h e  

The p r e c i p i t a t e s  

These proposed r o l e s  are n o t  n e c e s s a r i l y  i n  
P r e c i p i t a t e -  

However, 

As shown i n  F i g .  26, i n  t h e  neut ron  s tudy  t h e  Fe-15Cr-25Ni-0.013P a l l o y  i s  undersatur-  

Thus t h e  maximum e f f e c t  o f  phos:horus 

A t  t h i s  p o i n t  we cannot f a c t o r  i n t o  t h e  ana l ys i s  t h e  p o s s i b l e  e f f ec t s  of 

I n  e f f e c t ,  t h e  temperature s h i f t  guarantees t h a t  t h e  r o l e  of 
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TEMPERATURE, ' C  

Fig.  26. S o l u b i l i t y - b a s e d  a n a l y s i s  o f  phosphorus e f f e c t s  on vacancy concen t ra t ions  i n  Fe-Ni-P a l l o y s .  
The s o l u b i l i t y  vs. temperature cu rve  i s  p l o t t e d  from t h e  p o i n t s  where t h e  f o u r  phase f i e l d s  meet ( v .  I + a, 
y + O. + phosphide, + phosphide) a s  descr ibed  b y  Doan and Goldstein. '  The n i c k e l  l e v e l  f o r  each f o u r -  
phase p o i n t  i s  shown, b u t  t h e  s o l u b i l i t y  o f  phosphorus i n  t h e  'I phase does n o t  change v e r y  much w i t h  
i n c r e a s i n g  n i c k e l  l e v e l .  

It i s  doubt fu l ,  however, t h a t  t h i s  i s  t h e  o n l y  shortcoming o f  such an experiment. 
phosphorus w i t h  vacancies w i l l  most l i k e l y  cause i t  t o  couple w i t h  t h e  l a r g e  g rad ien ts  i n  vacancy concen- 
t r a t i o n  associated w i t h  t h e  use o f  4.0 and 5.0 MeV N i '  i o n s  as w e l l  as t h e  a d d i t i o n a l  s t r o n g  i n f l u e n c e  o f  
t h e  sur face  a t  675OC. 
625°C and above by Bul lough and Haynes" and b y  t h e  a n a l y s i s  of denuded zone d a t a  by Garner and 
L a i d l e r ."  

There i s  a l a r g e  amount o f  evidence t h a t  shows t h a t  such c o u p l i n g  w i l l  l ead  t o  r a p i d  d e p l e t i o n  o f  elements 
which b i n d  w i t h  vacancies o r  i n t e r s t i t i a l s . s g , 6 0  
w i t h  vacancies, much o f  t h e  phosphorus i n  t h e  ion-bombarded Fe-Ni-Cr a l l o y s  may be dep le ted  i n  t h e  peak 
damage r e g i o n  before i t  can e x e r t  i t s  f u l l  i n f l u e n c e  on v o i d  nuc lea t ion .  T h i s  might  g i v e  t h e  erroneous 
impress ion t h a t  phosphorus has v e r y  l i t t l e  e f f e c t ,  even l e s s  than a n t i c i p a t e d  a t  t h e  25% s o l u b i l i t y  l e v e l .  

An Unresolved- 

When phosphorus or s i l i c o n  were added t o  a l l o y s  a l r e a d y  c o n t a i n i n g  o t h e r  so lutes,  t h e  l a r g e  inc rease  i n  
s w e l l i n g  a t  low temperatures w i t h  smal l  a d d i t i o n  o f  e i t h e r  s o l u t e  was n o t  observed i n  any e a r l i e r  s tudy.  
Thus r e l a t i v e l y  pure  a l l o y s  exper ience somewhat more d i f f i c u l t y  t h a n  s l i g h t l y  impure a l l o y s  i n  n u c l e a t i n g  
vo ids,  b u t  o n l y  a t  t h e  lower  temperature range o f  v o i d  nuc lea t ion .  T h i s  phenomenon occur red  i n  b o t h  neu- 
t r o n  and i o n  i r r a d i a t i o n  s t u d i e s  and t h e r e f o r e  i s  not an a r t i f a c t  o f  t h e  s i m u l a t i o n  technique. P r e c i p i -  
t a t i o n  a l s o  does n o t  appear t o  be i n v o l v e d  a t  these l o w  s o l u t e  l e v e l s .  Perhaps i t  may be r e l a t e d  t o  t h e  
e v o l u t i o n  o f  Frank Loops and d i s l o c a t i o n s ,  b u t  i t  cannot be  descr ibed  b y  t h e  d i f f u s i v i t y - r e l a t e d  model 
advanced i n  t h i s  paper. 
d isp lacement  l e v e l s  where t h e  f i r s t  vo ids  j u s t  beg in  t o  appear, f o l l o w e d  b y  microscopy examinat ion t o  
observe t h e  e f f e c t s  o f  s o l u t e s  on d i s l o c a t i o n  and loop  m i c r o s t r u c t u r e .  

The s t r o n g  b i n d i n g  of 

The l a t t e r  e f f e c t  has been shown a n a l y t i c a l l y  t o  be v e r y  l a r g e  a t  temperatures o f  

Due t o  t h e  p a r t i c u l a r l y  s t r o n g  b i n d i n g  o f  phosphorus 

The r e s o l u t i o n  o f  t h i s  i s s u e  w i l l  r e q u i r e  i r r a d i a t i o n s  t o  be conducted t o  

CONCLUSIONS 

Al though t h e  r e s u l t s  of charged p a r t i c l e  i r r a d i a t i o n  s t u d i e s  a re  s u b j e c t  t o  a number of f a c t o r s  t h a t  d i s -  
t o r t  t h e  compos i t iona l  and environmental dependence of v o i d  swe l l i ng ,  t h e r e  i s  agreement w i t h  some o f  t h e  
ma jo r  conc lus ions  drawn from neu t ron  i r r a d i a t i o n  s tudies,  p a r t i c u l a r l y  when these s t u d i e s  a re  conducted on 
v e r y  s imp le  a l l o y s  t h a t  min imize t h e  number o f  synergisms operat ing.  I n  genera l  t h e  t r e n d s  r e v e a l e d  b y  
neu t ron  i r r a d i a t i o n  a re  more complex, e x h i b i t i n g  a d d i t i o n a l  regimes of behav io r  n o t  seen i n  t h e  charged 
p a r t i c l e  s tud ies .  
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It was shown that the swelling behavior of Fe-Ni-Cr alloys can be characterized by three regimes involving 
different levels of difficulty in void nucleation. 
each other by both environmental factors such as helium, displacement rate, temperature and by composi- 
tional factors which primarily affect the rate of void nucleatinn. 
the influence o f  composition on the effective vacancy diffusion coefficient and the vacancy formation 
energy while the third involves the tendency o f  alloys in the intermediate nickel range to decompose in a 
spinodal-like fashion. The latter facilitates the nucleation of voids i n  microvolumes of lower nickel and 
higher chromium content. 

The effects o f  variations in solvent composition and solute additions can also be visualized in terms of a 
"temperature shift" that is directly analogous to that associated with changes in displacement rate. 

These various regimes can be shifted with respect to 

Two of these compositional factors are 

FUTURE WORK 

This effort will continue as more data are collected from various irradiation experiments conducted in 
E8R-I1 and FFTF.  
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OB JECTI VE 

The o b j e c t  o f  t h i s  e f f o r t  i s  t o  determine t h e  mechanisms by which t h e  m i c r o s t r u c t u r a l  e v o l u t i o n  o f  
i r r a d i a t e d  a u s t e n i t i c  a l l o y s  respond t o  d i f f e rences  i n  compos i t ion  o r  r a d i a t i o n  va r iab les .  

SUMMARY 

The r e l a t i v e  s w e l l i n g  behav ior  o f  Fe-Cr-Mn and Fe-Cr-Ni a l l o y s  d u r i n g  e l e c t r o n  i r r a d i a t i o n  i s  shown 
T h i s  d i f f e r e n c e  appears t o  a consequence o f  t o  be d i f f e r e n t  f rom t h a t  observed i n  neut ron i r r a d i a t i o n s .  

t h e  d i f f e r e n t  d i f f u s i o n  behav ior  o f  n i c k e l  and manganese i n  response t o  t h e  opera t i on  o f  t h e  i nve rse  
K i r k e n d a l l  e f f e c t .  
o n l y  by  t h e  f o i l  surfaces and the e lec t ron- generated r a d i a l  d isplacement g rad ien t  bu t  a l s o  by h igh  angle 
g r a i n  boundaries d e l i b e r a t e l y  centered i n  t h e  midd le  of t h e  e l e c t r o n  beam. 
r e l a t i v e  d i f f u s i o n a l  c h a r a c t e r i s t i c s  of each element t o  be observed by EDX measurements across t h e  g r a i n  
boundary. 
y i e l d e d  no behav ior  a t y p i c a l  of t h a t  observed i n  neut ron i r r a d i a t i o n  s tud ies .  

The vacancy g rad ien ts  d r i v i n g  t h e  d i f f u s i o n  i n  these exper iments are  generated n o t  

T h i s  procedure a l l ows  t h e  

The i n f l u e n c e  o f  he l i um and minor s o l u t e s  on s w e l l i n g  was a l s o  s t u d i e d  i n  these exper iments and 

PROGRESS AND STATUS 

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

Current  s tud ies  on fus ion  r e a c t o r  s t r u c t u r a l  m a t e r i a l s  a re  l a r g e l y  d i r e c t e d  toward so lu te- mod i f i ed  
316 s t a i n l e s s  s t e e l s  and f e r r i t i c  s tee l s . '  
r educ ing  t h e  l e v e l  o f  l o n g- l i v e d  r a d i o a c t i v i t y  o f  r e a c t o r  components f o r  eventua l  d i sposa l  o r  recycle. '  
One approach t o  reduc ing long  term r a d i o a c t i v i t y  i s  t o  rep lace  n i c k e l  w i t h  manganese i n  i ron-based 
s t e e l s  .I - =  

Recent a t t e n t i o n  has a l s o  been focused on a new o b j e c t i v e  o f  

Charged p a r t i c l e  i r r a d i a t i o n  o f  manganese s t a b i l i z e d  a u s t e n i t i c  s t e e l s  show t h a t  manganese s u b s t i t u -  
t i o n  i s  n o t  expected t o  prec lude e i t h e r  s w e l l i n g  o r  phase i n s t a b i l i t i e s . * - '  
s tud ies  have conf i rmed t h i s  conc lus ion  f o r  a l l o y s  w i t h  p a r t i a l  o r  t o t a l  s u b s t i t u t i o n  o f  manganese f o r  

systems t h e r e  a re  some s i g n i f i c a n t  di f ferences. '* , "  
on compos i t ion  b u t  these a l l o y s  a re  prone t o  a g r e a t e r  degree o f  phase i n s t a b i l i t y .  T h i s  l a t t e r  d i f f e r e n c e  
i s  due t o  t h e  f a c t  t h a t  i r o n  segregates t o  m i c r o s t r u c t u r a l  s i n k s  i n  Fe-Cr-Mn a l l o y s  w h i l e  n i c k e l  segregates 
i n  Fe-Cr-Ni a l l o y s .  

Other neut ron i r r a d i a t i o n  

Whi le t h e r e  are  many common features o f  i r r a d i a t i o n  behav ior  i n  t h e  Fe-Cr-Mn and Fe-Cr-Ni 
I n  t h e  Fe-Cr-Mn system s w e l l i n g  i s  l e s s  dependent 

Segregat ion o f  i r o n  o f t e n  leads t o  t h e  fo rma t ion  o f  f e r r i t e .  

E l e c t r o n  i r r a d i a t i o n  s tud ies  are  now i n  progress t o  de f i ne  t h e  compos i t iona l  response o f  m ic ros t ruc-  

Such boundaries serve as s t rong  s i n k s  
P o s t - i r r a d i a t i o n  examinat ion o f  t h e  elemental  p r o f i l e s  t h a t  develop 

t u r a l  and microchemical  e v o l u t i o n  i n  t h e  Fe-Cr-Mn-Ni system. Some r e s u l t s  have been r e p o r t e d  e a r l i e r  on 
Fe-17Cr-19Mn-XNi a l l o y s  where X = 0.03, 1.5, 4.5 and 5.9.' One f e a t u r e  o f  these s tud ies  has been t h e  
i r r a d i a t i o n  o f  reg ions  which s t r a d d l e  a h i g h  angle g r a i n  boundary. 
f o r  rad ia t i on- induced  p o i n t  defects.  
near these boundaries supp ly  i n fo rma t ion  on t h e  r o l e  of each element i n  t h e  d i f f u s i o n a l  processes which 
c o n t r o l  swe l l i ng ,  i r r a d i a t i o n  creep and phase s t a b i l i t y .  

T h i s  i r r a d i a t i o n  techn ique has now been extended t o  t h r e e  o t h e r  s tee ls .  One i s  Fe-lSCr-3DNi, another 
i s  Fe-15Cr-26"ln and the  t h i r d  i s  Fe-15Cr-lSMn w i t h  s i g n i f i c a n t  a d d i t i o n s  o f  C, N, W, V ,  S i  and P. This 
l a t t e r  a l l o y  i s  more r e p r e s e n t a t i v e  o f  a t y p i c a l  commercial a l loy.3 
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Exper imenta l  Procedures 

The composi t ions of t h e  a l l o y s  a r e  g iven  i n  Table 1. 
ness and punched t o  y i e l d  microscopy d i s k s  o f  3 mm diameter. 
u t e s  i n  evacuated s i l i c a  capsules and then  e l e c t r o p o l i s h e d  a t  room temperature us ing  a 1 t o  19 m i x t u r e  of 
HCLOq and CH3COOH. 

Sheet m a t e r i a l  was c o l d - r o l l e d  t o  0.12 mm thick- 
The d i s k s  were annealed a t  1300X f o r  30 min-  

Table 1 .  Composit ional a n a l y s i s  o f  a l l o y s  (wt%) 

A l l o y  
Des igna t ion  Fe- N i  C r  tK C 0 N W V S i  P 

E21 Fe-l5Cr-30Ni B a l  29.6 15.3 -- 0.004 0.017 0.002 - 
270 Fe-15Cr-ZOyn 65 - 15 20 - . 

988 Fe-ISCr-lSMn(W,V) B a l  0 . 5  15 15 0.30 0.30 2.0 2.0 0.4 0.05 

E l e c t r o n  i r r a d i a t i o n  a t  1 .3  MeV was performed 'n  t h e  Hokkaido U n i v e r s i t y  H-1300 HVEM u s i n g  a beam 
1.5 um i n  d iameter  w i t h  a peak i n t e n s i t y  o f  4 x 10- 3 dpalsec and an average displacement r a t e  of 
2 x 10-3 dpalsec. 
c a l c u l a t e d  t o  be 15°C o r  l ess .  
1000 nm. For  segregat ion s t u d i e s  t h e  beam w a s  centered on a h i g h  angle g r a i n  boundary w i t h  t h e  beam most 
o f t e n  p a r a l l e l  t o  t h e  <110> d i r e c t i o n  of one g r a i n .  
p l e r t r o n  beam was u s u a l l y  l e s s  than  20'. Some specimens were a l s o  s imul taneously  i r r a d i a t e d  w i t h  300 KeV 
he l ium ions  u s i n g  an a c c e l e r a t o r  arrangement descr ibed e lsewhere . ' l  

The p o s t - i r r a d i a t i o n  composi t ion analyses were performed u s i n g  a 200 KV TEM/STEM e l e c t r o n  microscope 

Using t h e  procedure o u t l i n e d  i n  re fe rence  14, t h e  beam-induced temperature r i s e  i s  
Typ ica l  th icknesses o f  t h e  f o i l  i n  t h e  i r r a d i a t e d  areas were 800 t o  

The ang le  between t h e  specimen normal and t h e  

equipped w i t h  an energy d i s p e r s i v e  X-ray spectrometer ( E D X ) .  The composi t ion a t  any p o i n t  w a s  determined 
u s i n g  t h e  r e l a t i v e  i n t e n s i t i e s  o f  t h e  Ka X-rays. 
an average composi t ion through t h e  f o i l  th i ckness  and t h e r e f o r e  do n o t  supply  i n f o r m a t i o n  on t h e  in f luence  
o f  f o i l  su r faces  on composit ion. The s w e l l i n g  was measured i n  a r e g i o n  which was about 100 t o  200 na  from 
t h e  g r a i n  boundary. 

Resu l t s  

The i n d i v i d u a l  measurements o f  composi t ion represen t  

The m i c r o s t r u c t u r a l  e v o l u t i o n  d u r i n g  i r r a d i a t i o n  v a r i e d  s t r o n g l y  w i t h  a l l o y  composi t ion and i r r a d i a -  
t i o n  temperature. F igures  1 and 2 show micrographs o f  v o i d  s w e l l i n g  behav io r  a t  two d i f f e r e n t  tempera- 
t u r e s .  Voids fo rm a f t e r  o n l y  2 dpa i n  t h e  Fe-15Cr-30Ni a l l o y  and a v o i d  depleted zone forms a long t h e  
g r a i n  boundary. Voids formed a t  a l l  f i v e  temperatures i n v e s t i g a t e d  i n  t h e  range 573 t o  773K. The v o i d  
number d e n s i t y  s a t u r a t e d  q u i c k l y  a t  each temperature, reach ing  1 x l o 2 *  r r 3  a t  623K and 5 x l o z 1  n r 3  a t  
773K. 

I n  t h e  Fe-Cr-Mn a l l o y s  vo ids formed i n  s i g n i f i c a n t  numbers o n l y  i n  t h e  range 623-7231(, and were a t  
lower  d e n s i t i e s  than  observed i n  Fe-15Cr-30Ni. The s w e l l i n g  behav io r  vs. displacement dose f o r  t h e  n i c k e l  
and manganese-stabi l ized a l l o y s  i s  shown i n  F igures  3 and 4. 
and r e d u c t i o n  of t h e  manganese l e v e l  de lays t h e  onset o f  s w e l l i n g  somewhat, b u t  t h e  d i f fe rences  a r e  n o t  
v e r y  l a r g e  and appear t o  r e f l e c t  o n l y  an ex tens ion  of t h e  i n c u b a t i o n  per iod .  

F igures  5a and 5b show t h a t  n i c k e l  indeed segregates a t  g r a i n  boundar ies i n  Fe-15Cr-30Ni and i s  

Note i n  F igure  4 t h a t  t h e  a d d i t i o n  o f  s o l u t e s  

dep le ted  i n  t h e  immediate v i c i n i t y  of t h e  boundary. 
one s u b t r a c t s  t h e  inean m a t r i x  composi t ion from t h a t  a t  t h e  g r a i n  boundary, i t  i s  seen i n  F i g u r e  6 t h a t  t h e  
amount of segrega t ion  i s  s t r o n g l y  dependent on temperature, a c h a r a c t e r i s t i c  behavior  o f  t h e  i n v e r s e  
K i r k e n d a l l  phenomenon. 

Chromium and i r o n  e x h i b i t  t h e  oppos i te  behavior .  If 

The composi t ion p r o f i l e s  f o r  Fe-15Cr-POMn are  shown i n  F i g u r e  I and c l e a r l y  show a t  t h e  lower two 
temperatures a d e p l e t i o n  of manganese a t  t h e  boundary and a subsequent enrichment of i r o n .  
a t  t h e  two h i g h e r  temperatures i s  n o t  v e r y  c l e a r  and t h e  manganese l e v e l s  appears t o  f l u c t u a t e ,  i n d i c a t i n g  
t h a t  o t h e r  Processes may be invo lved .  
i r r a d i a t i o n  temperature has a v e r y  h i g h  vapor pressure, 

15% leads t o  a s u b s t a n t i a l  r e d u c t i o n  i n  segregat ion regard less  o f  t h e  i r r a d i a t i o n  temperature. 
t i o n  i s  p robab ly  r e l a t e d  t o  t h e  presence of t h e  s o l u t e s  r a t h e r  t h a n  t h e  d i f f e r e n c e  i n  manganese con ten t  
s ince  neu t ron  i r r a d i a t i o n  s t u d i e s  show t h a t  s w e l l i n g  i s  not v e r y  s e n s i t i v e  t o  manganese content .11 

The s i t u a t i o n  

One p o s s i b i l i t y  i s  t h e  s u b l i m a t i o n  of manganese, which a t  t h e  

F igures  8 and 9 i n d i c a t e  t h a t  t h e  a d d i t i o n  o f  s o l u t e  and a r e d u c t i o n  o f  manganese con ten t  f rom 20 t o  
This  reduc-  
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E2I:Fe- 15Cr-30Ni 

3 

Dose (dpa )  

Fig. 3. Dose dependence of swelling f o r  the  Fe-15Cr-30Ni a l loy a t  various temperatures. 

urn RBB 
623K 0 
673K A A 
723K 0 
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/' 

Dose ( d p a )  

F i g .  4. Dose dependence o f  swelling f o r  the 15Cr-20Mn and Fe-15Cr-15Mn ( W , V )  alloys a t  various 
temperatures. 
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E21: Fe- 15Cr-30Ni 
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Fig. 5a. The profiles of nickel and chromium 
concentration as a function of distance from grain 
boundary (G. 6 )  for Fe-15Cr-30Ni electron-irradi ated 
to 15 dpa at 573-673 K. 
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Fig. 5b. The profiles of nickel and chromium 
concentration as a function of distance from grain 
boundary ( G . 6 )  for Fe-15Cr-30Ni electron- 
irradiated to 15 dpa at 723-773 K. 

l m p e r i t w e  ( K )  

Fig. 6. Temperature dependence of amou. t o f  segregation for Fe-15Cr-30Ni electron-irradiated to 
1 5  dDa. 
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Fig .  7. The p r o f i l e s  of chromium and manganese concen t ra t i on  as a f u n c t i o n  o f  d is tance  f rom g r a i n  
boundary (G.6) f o r  Fe-15Cr-20Mn e l e c t r o n - i r r a d i a t e d  t o  15  dpa a t  623-773 K. 
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Fig. Ea. The profiles o f  chromium and manganese 
concentration as a function o f  distance from grain 
boundary (G.8) for Fe-15Cr-15Mn ( W , V )  electron- 
irradiated to 15 dpa at 623-773 K. 
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Fig. 8b. The profiles of alloying element 
( W , V )  concentration as a function of distance 
from grain boundary ( G . 8 )  for Fe-15Cr-15Mn ( W , V )  
electron-irradiated at 623-773 K. 
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R-88: Fe- 1 SCr-l5Mn(W , V )  
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Temperature dependence o f  amount o f  segregat ion f o r  Fe-15Cr-1SMn (W,V)  e l e c t r o n - i r r a d i a t e d  

When dual  i o n  i r r a d i a t i o n  was performed a t  a r a t e  o f  about 5 appm/dpa t h e  v o i d  s w e l l i n g  a t  673K was 
0.84% a t  5.4 dpa, an increase o f  a f a c t o r  o f  about f i v e  compared t o  i r r a d i a t i o n  w i t h o u t  helium. 
b u b b l e - l i k e  c a v i t i e s  a l s o  formed on t h e  g r a i n  boundary. Helium obv ious l y  promotes t h e  format ion of both  
bubbles and c a v i t i e s  d u r i n g  e l e c t r o n  i r r a d i a t i o n  of Fe-Cr-Mn a l l o y s .  
r e s u l t s  o f  o t h e r  s t u d i e ~ . ~ , ' ~  

D iscuss ion 

The h ighe r  s w e l l i n g  o f  Fe-15Cr-30Ni compared t o  t h a t  o f  Fe-15Cr-ZOMn d u r i n g  e l e c t r o n  i r r a d i a t i o n  was 
i n i t i a l l y  somewhat s u r p r i s i n g .  
would expect t h e  oppos i te  t o  be t r u e .  However, i t  i s  impor tant  t o  recognize t h a t  t h e r e  a re  some substan- 
t i a l  d i f fe rences i n  t h e  va r ious  processes invo lved  i n  t h e  two d i f f e r e n t  k inds  of experiment. 

Small 

T h i s  i s  i n  agreement w i t h  t h e  

Based on neut ron i r r a d i a t i o n  s tud ies  o f  these two  alloy^"-^^,'^ one 

The neut ron i r r a d i a t i o n  case i s  r e p r e s e n t a t i v e  of t r u e  b u l k  behav ior  unmodif ied by  any l a r g e  s c a l e  
changes i n  composi t ion.  
substant ia1,changes i n  compos i t ion  occur red w i t h i n  t h e  r e g i o n  where t h e  s w e l l i n g  was measured. 
changes a re  much l a r g e r  than i n d i c a t e d  i n  F igu res  5 through 7. 

However, these e l e c t r o n  i r r a d i a t i o n  s t u d i e s  were conducted i n  a manner where 
These 

Superimposed on t h e  i n f l uence  of t h e  g r a i n  boundary on segregat ion i s  t h e  e q u a l l y  s t rong  in f l uence  of 
two f o i l  sur faces.  Thus i n  t h e  cen te r  o f  t h e  f o i l  t h e  n i c k e l  l e v e l  i s  much lower  than  t h a t  i n d i c a t e d  by 
t h e  EDX measurement. N icke l  n o t  o n l y  f l o w s  toward t h e  g r a i n  boundaries and f o i l  sur faces b u t  a l s o  f l ows  
down t h e  e lec t ron- generated displacement g r a d i e n t  and o u t  o f  t h e  i r r a d i a t e d  area i n  t h e  r a d i a l  d i r e c -  
t i ~ n . " - ' ~  These f lows are  a consequence of t h e  i nve rse  K i r k e n d a l l  e f f e c t  i n  which t h e  slowest d i f f u s i n g  
element m ig ra tes  by  d e f a u l t  toward t h e  bottom o f  vacancy g rad ien ts .  As descr ibed elsewhere t h i s  and a t h e r  
f a c t o r s  i nhe ren t  i n  charged p a r t i c l e  s tud ies  a c t  t o  d i s t o r t  t h e  compos i t iona l  dependence o f  s w e l l i n g  r e l a -  
t i v e  t o  t h a t  of n e u t r o n- i r r a d i a t e d  mater ia ls . '0  I n  t h i s  case t h e  ac tua l  n i c k e l  concen t ra t i on  i n  t h e  
measured area i s  ve ry  low and t h e  chromium l e v e l  i s  increased. Based on t h e  r e s u l t s  o f  neut ron s tud ies  we 
would expect s w e l l i n g  t o  be acce lera ted f o r  such changes. 

The d i f fe rences i n  d i f f u s i v i t y  of manganese, i r o n  and chromium a re  n o t  as l a r g e  as those of n i c k e l ,  
i r o n  and chromium.2' Thus t h e  r a t e  of segregat ion i s  s lower i n  Fe-Cr-Mn a l l o y s .  
t i o n a l  p r o f i l e s ,  one would expect manganese t o  s l o w l y  f l o w  i n t o  t h e  area where vo ids  are  measured. These 

Based on t h e  composi- 
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experiments were conducted t o  low enough dpa l e v e l s  t h a t  t h e  e f f e c t  of segregat ion on s w e l l i n g  of 
Fe-15Cr-ZM.ln was t h e r e f o r e  n o t  as pronounced as t h a t  of Fe-15Cr-30Ni. 
a t  h ighe r  temperatures t h e  v o l a t i l i t y  o f  manganese may a l so  be a f f e c t i n g  t h e  r e s u l t s  of t h i s  study. 

t i o n s  along a vacancy g rad ien t ,  as e a r l i e r  observed i n  neut ron studies."  This  imp l i es  t h a t  manganese, 
u n l i k e  n i c k e l ,  i s  no t  t h e  s lowest  d i f f u s i n g  element i n  t h e  a l l o y .  Oikawa has indeed shown i n  i r o n - r i c h  
a u s t e n i t e  t h a t  b o t h  manganese and chromium have s i m i l a r  d i f f u s i v i t i e s  b u t  d i f f u s e  f a s t e r  than i ron. "  
As discussed i n  references 20 and 22, w h i l e  n i c k e l  d i f f uses  slower than i ron ,  increases i n  n i c k e l  lead t o  
an increase i n  t h e  d i f f u s i v i t i e s  of a l l  elements i n  t h e  a l l o y .  
d i f f u s i o n  leads t o  s u b s t a n t i a l l y  d i f f e r e n t  l e v e l s  of segregat ion i n  response t o  t h e  i nve rse  K i r k e n d a l l  
e f f e c t  and s i g n i f i c a n t l y  d i f f e r e n t  r a t e s  o f  v o i d  n u c l e a t i o n  i n  response t o  t h e  compos i t iona l  i n f l uence  on 
vacancy supersatura t ion.20,2 '  

However, t h e r e  i s  some concern t h a t  

The e lec t ron- induced segregat ion p r o f i l e s  conf i rm t h a t  manganese and n i c k e l  f low i n  oppos i te  d i r e c -  

The d i f f e r e n t  i n f l uence  of each element on 

CONCLUSIONS 

The i r r a d i a t i o n  o f  Fe-Cr-Ni and Fe-Cr-Mn a l l o y s  w i t h  e l e c t r o n s  y i e l d s  s w e l l i n g  behav iors  t h a t  are  
These d i f f e rences  a re  l a r g e l y  t h e  r e s u l t  o f  compos i t iona l  d i f f e r e n t  f rom t h a t  produced w i t h  neutrons. 

changes r e s u l t i n g  f rom t h e  opera t i on  o f  t h e  i nve rse  K i r k e n d a l l  e f f e c t .  N icke l  and manganese a re  shown t o  
f l o w  i n  oppos i te  d i r e c t i o n s  along vacancy g rad ien ts  generated a t  g r a i n  boundaries, hence a l s o  a t  f o i l  su r-  
faces and a long t h e  r a d i a l  d isplacement g rad ien ts  i nhe ren t  i n  e l e c t r o n  i r r a d i a t i o n  s tud ies .  
o f  t h i s  and o t h e r  pub l i shed  s tud ies  show t h a t  s w e l l i n g  o f  a l l o y s  i n  t h e  Fe-Cr-Mn-Ni system i s  a l s o  sens i-  
t i v e  t o  t h e  a d d i t i o n  of s o l u t e  elements and t h e  presence o f  he l i um gas. 

The r e s u l t s  

FUTURE WORK 

T h i s  e f f o r t  w i l l  con t i nue  as more da ta  a re  c o l l e c t e d  from va r ious  i r r a d i a t i o n  experiments conducted 
i n  EBR-11, FFTF and i n  t h e  HVEM. 
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THE CRITICAL R A D I U S  FOR V O I D  NUCLEATION I N  NEUTRON I R R A D I A T E D  FERRITIC ALLOY, HT-9 - W. A .  Coghlan (Ar izona 
S ta te  U n i v e r s i t y ]  and D. S .  Gel les  (Westinghouse Hanford Company) 

OBJECTIVE 

The o b j e c t i v e  of t h i s  work i s  t o  p rov ide  guidance on t h e  a p p l i c a b i l i t y  o f  m a r t e n s i t i c  s t e e l s  f o r  
f u s i o n  r e a c t o r  s t r u c t u r a l  ma te r i a l s .  

SUMMARY 

Exper imental  measurements o f  c a v i t y  f o rma t i on  i n  HT-9 f o l l o w i n g  i r r a d i a t i o n  t o  39 dpa a t  300, 400, 500 and 
600'C a r e  used as a bas i s  f o r  examining t h e  c r i t i c a l  r a d i u s  f o r  v o i d  nuc lea t i on  model as app l i ed  t o  
f e r r i t i c  a l l o y s .  
400'C can be pred ic ted ,  t h a t  va lues  f o r  c r i t i c a l  r a d i u s  a t  500 and 600'C a r e  i n  agreement w i t h  experiment 
b u t  t h a t  va lues  f o r  c r i t i c a l  r a d i u s  a t  300'C a r e  below exper imental  values. 
those on a f e r r i t i c  a l l o y  f o l l o w i n g  i o n  bombardment. Poss ib le  exp lanat ions  a r e  suggested. 

Ca l cu la t i ons  demonstrate t h a t  t h e  va lue  f o r  c r i t i c a l  r a d i u s  f o l l o w i n g  i r r a d i a t i o n  a t  

Ca l cu la t i ons  a r e  compared w i t h  

PROGRESS AND STATUS 

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

F e r r i t i c  and m a r t e n s i t i c  a l l o y s  a r e  be ing  considered f o r  bo th  f u s i o n  and f i s s i o n  a p p l i c a t i o n s .  
a l l o y s  have shown s u r p r i s i n g  res i s tance  t o  i r r a d i a t i o n  damage. 
s w e l l i n g  and ~ r e e p ; l - ~  however, more recen t   experiment^^,^ have shown a dependence o f  s w e l l i n g  on he l ium 
genera t ion  r a t e .  a l though a t  a much lower r a t e  and a t  a h i ghe r  f l uence  than  i n  a u s t e n i t i c  a l l o ys .  Th i s  
r es i s tance  i s  thought  t o  be due t o  b o t h  d i f f i c u l t y  i n  n u c l e a t i n g  vo ids  and i n  a lower steady s t a t e  s w e l l i n g  
r a t e  a f t e r  t hey  form. The purpose o f  t h e  present  work i s  t o  exp lo re  some of t h e  reasons f o r  t h i s  r e s i s t -  
ance. We have compared ca l cu la ted  c r i t i c a l  r a d i i  f o r  v o i d  n u c l e a t i o n  w i t h  those measured a f t e r  neut ron  
i r r a d i a t i o n  t o  determine t h e  phys i ca l  parameters necessary t o  t h e  c a l c u l a t i o n .  The c r i t i c a l  r a d i u s  i s  
def ined as t h e  c a v i t y  r a d i u s  r e q u i r e d  f o r  b i a s  d r i v e n  growth. 

I n  t h e  present  experiment, samples o f  a l l o y  HT-9 were i r r a d i a t e d  i n  t h e  Hign F lux  I so tope  Reactor 

These 
The e a r l y  r e s u l t s  showed very  l i t t l e  

(HFIR) a t  t h e  Oak Ridge Na t i ona l  Laboratory.  HT-9 i s  a m a r t e n s i t i c  s t e e l  made by Sandvik t h a t  con ta ins  12% 
C r ,  1% Ma, 0.2% C, 0.5% N i ,  0.5% Mn, 0.5% W, and 0.3% V .  The presence o f  t h e  N i  produces s i g n i f i c a n t  
he l i um under HFIR i r r a d i a t i o n .  Because t h e  he l i um i s  produced by a two- step reac t i on ,  t h e  Heldpa r a t i o  
r i s e s  r a p i d l y  over t h e  f i r s t  10-20 dpa. 
3 appm He f o r  t h e  same neut ron  dose i n  t h e  Fas t  F l ux  Tes t  F a c i l i t y  (FFTF). For  comparison, more than  400 
appm he l ium i s  expected f o r  t h e  same dose i n  t h e  f i r s t  w a l l  o f  a f u s i o n  reac to r . 7  

The c r i t i c a l  r a d i u s  c a l c u l a t i o n  i s  based on t h e  model developed a t  Oak Ridge Nat iona l  L a b ~ r a t o r y . ~ . ~  
Recent ly  t h i s  work was extended t o  f e r r i t i c  Fe-10% C r  a l l o y s  f o l l o w i n g  i o n  i r r a d i a t i o n l o  and t h e  parameters 
chosen f o r  t h e  present  s tudy  were based on t h i s  work. 

The r e p o r t  beg ins  w i t h  a d e s c r i p t i o n  of t h e  unimodal and bimodal c a v i t y  d i s t r i b u t i o n s  found i n  samples 
i r r a d i a t e d  i n  HFIR. We then  present  a summary of t h e  model used t o  c a l c u l a t e  t h e  c r i t i c a l  r a d i i  and 
present  c a l c u l a t e d  r e s u l t s  based on a f i t  t o  t h e  exper imental  data.  
these a l l o y s  under f us i on  i r r a d i a t i o n  c o n d i t i o n s  based on t h e  model. 

Exper imental  measurement of bubbles and vo ids  

i r r a d i a t e d  a t  300, 400, 500, and 600°C i n  t h e  HFIR-CTR-30 experiment. The heat  t r e a t  c o n d i t i o n s  were 40% 
CW + 1038'C15 m i n l a i r  coo l  (AC) + 760'Cl0.5hrlAC.6 
> 0.1 MeVd. 
v i ous1y . l  The p r e c i p i t a t e  s t r u c t u r e s  were descr ibed prev ious ly .6  
c a v i t y  and d i s l o c a t i o n  s t r u c t u r e s  i n  t h e  present  s tudy.  

i r r a d i a t e d  a t  400'C were found t o  con ta i n  a low dens i t y ,  nonuni form d i s t r i b u t i o n  o f  f ace ted  c a v i t i e s  
t y p i c a l  of vo i ds  and a h i ghe r  d e n s i t y  o f  sma l l e r  sphe r i ca l  c a v i t i e s .  
expected t o  be he l ium bubbles, were most prominent a t  t h e  g r a i n  boundar ies b u t  were a l s o  seen throughout 
t h e  g ra ins .  These d i f f e rences  can be seen i n  t h e  h i g h  m a g n i f i c a t i o n  p i c t u r e s  shown i n  F i g .  1. The l a r g e s t  
c a v i t y  r a d i i  f o r  t h e  300. 500, and 600'C i r r a d i a t i o n s  a r e  0.8, 2, and 5nm, r e s p e c t i v e l y .  
d i s t r i b u t i o n  found f o r  t h e  sample i r r a d i a t e d  a t  400-C i s  shown i n  F i g .  2.  
assoc ia ted  w i t h  g r a i n  boundar ies appear t o  have a r a d i u s  of 1.25 nm. 
r a d i u s  f o r  v o i d  n u c l e a t i o n  a t  400'C. 

A f t e r  39 dpa, 115 appm He7 i s  produced i n  HT-9. Th i s  compares t o  

F i n a l l y  we p r e d i c t  t h e  behav ior  o f  

Specimens examined i n  t h i s  experiment were t r ansm iss ion  e l e c t r o n  microscopy d i s k s  o f  heat  91354 

The samples were i r r a d i a t e d  t o  39 dpa ( 8  x 1 0 2 6  nlm2, E 
The exper imental  procedures i n  t h e  present  s tudy  were i d e n t i c a l  t o  those descr ibed p re -  

We a r e  p r i m a r i l y  concerned w i t h  t h e  

Unimodal c a v i t y  d i s t r i b u t i o n s  t y p i c a l  o f  bubbles were seen a t  300, 500, and 600'C. The specimens 

These sma l l e r  c a v i t i e s ,  which a r e  

The bimodal 
The l a r g e s t  bubbles n o t  

T h i s  va lue  we b e l i e v e  i s  t h e  c r i t i c a l  
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The d i s l o c a t i o n  s t r u c t u r e s  a l s o  show d i f f e r e n c e s  which a r e  i l l u s t r a t e d  i n  Fig. 3. The samples 
i r r a d i a t e d  a t  300 and 400'C show a m i x t u r e  o f  network d i s l o c a t i o n s  and d i s l o c a t i o n  loops, p r i m a r i l y  of t h e  
t ype  a<100>. 
l a r g e  as 33 nm diameter.  
subgra in  boundaries w i t h  few d i s l o c a t i o n s  w i t h i n  t h e  subgrains. 
t o  be 5 x 1014 m-2 f o r  t h e  sample i r r a d i a t e d  a t  400'C. 
samDles i r r a d i a t e d  a t  t h e  h iahe r  temoerature. 

A t  300'C t h e  l a r g e s t  loops a re  13 nm i n  diameter w h i l e  a t  400'C they have increased t o  as 
For samples i r r a d i a t e d  a t  500 and 600'C t h e  d i s l o c a t i o n s  a re  found p r i m a r i l y  i n  

The d i s l o c a t i o n  d e n s i t y  i s  cons ide rab ly  lower f o r  
The t o t a l  d i s l o c a t i o n  d e n s i t y  i s  es t imated 

F ig .  3 .  
s t r u c t u r e s .  

M ic ros t ruc tu res  o f  HT-9 specimens i r r a d i a t e d  i n  HFIR t o  39 dpa showing d i s l o c a t i o n  

C a l c u l a t i o n  procedures 

C r i t i c a l  r a d i i  f o r  vo id  n u c l e a t i o n  from bubbles c o n t a i n i n g  he l ium gas (as  descr ibed by t h e  van d e r  
Uaals equat ion)  have been presented recent ly8.9 and o n l y  a summary o f  t h e  equat ions used f o r  these c a l c u l a-  
t i o n s  w i l l  be presented here. 
i n  t h e  c i t e d  re ferences.  Th is  equ iva len t  form was de r i ved  by Tr inkaus and PIansurlq and g r e a t l y  s i m p l i f i e s  
t h e i r  use. 

A much more compact form f o r  t h e  equat ions w i l l  be i v e n  here t h a n  appears 

I n  the  absence o f  r a d i a t i o n ,  a m a t e r i a l  i s  assumed t o  c o n t a i n  a thermal e q u i l i b r i u m  c o n c e n t r a t i o n  o f  
vacancies and no i n t e r s t i t i a l s .  
e q u i l i b r i u m  concent ra t ion.  

The format ion energy of t h e  l a t t e r  i s  t o o  h i g h  t o  a l l o w  an apprec iab le  
The e q u i l i b r i u m  concen t ra t i on  o f  vacancies i s  

CvO = n-1 exp (Svf /k )  exp (-Evf/kT) ( 1 )  

The terms sVf, k, and T a re  t h e  vacancy fo rma t ion  entropy, Boltzmann's constant,  and temperature,  respec-  
t i v e l y .  
which fol low. We have assumed a va lue of zero f o r  t h e  ent ropy which s i m p l i f i e s  Eq. (1) and does n o t  change 
t h e  general  r e s u l t s  ca l cu la ted .  

d i f f e r e n t  d e f e c t  s u r v i v a l  f r a c t i o n s ,  fc. 

The remain ing expressions a re  g i ven  i n  Table 1 a long w i t h  t h e  va lues used f o r  t h e  c a l c u l a t i o n s  

I t  would o n l y  a f f e c t  t h e  va lue o f  t h e  d i f f u s i o n  pre- exponent ia l .  

The genera t i on  r a t e s  o f  vacancies and i n t e r s t i t i a l s  a r e  
The model w i l l  be used t o  c a l c u l a t e  r e s u l t s  f o r  va r ious  neu t ron  i r r a d i a t i o n  spec t ra  which may show 

G, = f c G  + GT. and (2 )  

G i  = fcG (3)  

where G i s  t h e  genera t i on  r a t e  of Frenke l  p a i r s ,  GT i s  t h e  thermal p roduc t i on  o f  vacancies, and fc  i s  t h e  
f r a c t i o n  t h a t  s u r v i v e  immediate recombinat ion. 
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Table 1. Parameters used f o r  c a l c u l a t i o n s  

Vacancy mot ion energy, E,m 

Vacancy format ion energy, ~ , f  

Self  D i f f u s i o n  Energy, 4 
Vacancy pre- exponent ia l ,  Dvo 

I n t e r s t i t i a l  mot ion energy, E i m  

I n t e r s t i t i a l  p re- exponent ia l ,  D i O  

Recombination rad ius ,  ro 

Cascade e f f i c i ency ,  f, 

L a t t i c e  parameter, a. 

Atomic volume, 0 

Defect product ion,  G 

D i s l o c a t i o n  dens i t y ,  L 

0.7 

1.9 

2.6 

1 . 9 ~ 1 0 4  

0.26 

1.ox10-6 

0.344 

0.3 

0.35 

1.07~10-29 

1. ax la -6  

5x1014 

nm 

m3 

dpaf s 

m-2 

The de fec ts  t h a t  are  produced accumulate i n  t h e  sample o r  a n n i h i l a t e  by recombinat ion o r  d i f f u s e  t o  
d i s l o c a t i o n s .  The recombinat ion c o e f f i c i e n t  i s  

R = 4n ro (Dv + D i ) f n  ( 4 )  

and t h e  l o s s  r a t e  o f  defec ts  t o  d i s l o c a t i o n s  i s  

d 
Ky,i = L Dv , i  Z v s i  

where the  v , i  s u b s c r i p t  imp l i es  e i t h e r  vacancy o r  i n t e r s t i t i a l  and Zd i s  the  d i s l o c a t i o n  s ink  e f f i c i e n c y .  
A l l  o t h e r  parameters a re  def ined i n  Table 1. 

a l g e b r a i c a l l y  and a r e  g i ven  i n  Eqs. (6 )  and ( 7 ) .  
Wi th  t h e  above d e f i n i t i o n s ,  t h e  s teady- s ta te  vacancy and i n t e r s t i t i a l  concen t ra t i ons  can be found 

I f  t h e  dominant s i n k  i s  t h e  d i s l o c a t i o n  network, t h e  b u l k  o f  t h e  t h e r m a l l y  produced de fec ts  w i l l  be emi t ted  
by d i s l o c a t i o n s  and t h e  thermal vacancy p roduc t ion  w i l l  be 

d 0 
( 8 )  V 

G T  = 1, L 0, C 

Using t h e  above defect  concen t ra t i ons  t h e  minimum c r i t i c a l  r a d i u s  i s  

* 4 Y  2 1+6 
r c = j f  2 m 

where 6 = q l t 3 8 f l k T )  
f = kT I n  [( l-Z)CvfC: + Z]In 
1 = l v z i l l i z v  c d  c d  
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and t he  van der  Waals constant ,  6 ,  accord ing t o  re ference 12 i s  

B = 6.65 x 10-27[4.5 x 

I n  our  c a l c u l a t i o n s  a l l  t he  s ink  e f f i c i e n c i e s  a r e  chosen t o  be equal t o  1 except f o r  Z i d  which i s  used 

+ 5 .42/ (1890 + T ) ] .  

as an ad jus tab le  parameter. The b ias ,  which r e f l e c t s  t h e  excess vacancy f l u x  t o  a n e u t r a l  s i nk  such as a 
vo id ,  equa ls  1-1 f o r  t h e  d i s l o c a t i o n  dominated case. 

C a l c u l a t i o n  o f  t h e  c r i t i c a l  r a d i i  i n  HT-9 

F ig .  4 shows t h e  minimum o f  c r i t i c a l  r a d i u s  as a f u n c t i o n  o f  i r r a d i a t i o n  temperature c a l c u l a t e d  f o r  
severa l  values o f  sur face energy ( y ) :  0.4, 1 .2  and 2.4 J/m2. Minimum c r i t i c a l  r a d i u s  values a r e  between 
0.1 and 0.6 nm a t  300.C. 0.3 and 3.0 nm a t  400'C. 40 and 300 nm a t  500'C and 4000 and 30000 nm a t  600°C. 
S ta rs  des ignate  t he  expe r imen ta l l y  determined maximum bubble r a d i i .  
genera te  these r e s u l t s  have been chosen t o  ensure t h a t  t h e  c r i t i c a l  r a d i u s  has been exceeded a t  400'C b u t  
n o t  a t  500 o r  600'C. 
surface energy of 1.2 Jfm2 b u t  a t  3 0 0 O C  a l l  curves a r e  below t h e  deduced minimum c r i t i c a l  r ad ius .  

The a d j u s t a b l e  parameters used t o  

The curve  d e f i n i n g  minimum c r i t i c a l  r a d i u s  f i t s  t he  400'C neut ron data  bes t  f o r  a 

Fig .  4. Minimum c r i t i c a l  r a d i u s  versus temperature f o r  severa l  values o f  surface energy. The s t a r s  
a t  300, 500, and 600'C a r e  expe r imen ta l l y  determined maximum c a v i t y  r a d i i .  The s t a r  a t  400'C i s  t h e  
minimum c r i t i c a l  r a d i u s  found there .  

The e f f ec t  o f  t h e  s e l f - d i f f u s i o n  a c t i v a t i o n  energy, 4, on t h e  minimum c r i t i c a l  r a d i u s  can be  s i g n i f i -  

The values used f o r  Q va r i ed  from 2.6 eV, t h e  g e n e r a l l y  accepted 
cant ,  and increases i n  Q b r i n g  t h e  c r i t i c a l  r a d i u s  p r e d i c t i o n s  i n t o  c l o s e r  agreement w i t h  experiment. F ig.  
5 has been prepared t o  show t h i s  e f f ec t .  
va lue ,  t o  3.0 eV. 
r a d i u s  a t  300'C. 

Higher values f o r  Q appear t o  g i v e  more reasonable es t imates  f o r  t h e  minimum c r i t i c a l  
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Fig.  5. 
energy. 
s t a r  a t  400'C i s  t he  minimum c r i t i c a l  r a d i u s  found there.  

Minimum c r i t i c a l  r a d i u s  versus temperature f o r  severa l  values of s e l f - d i f f u s i o n  a c t i v a t i o n  
The s t a r s  a t  300,  500, and 600'C a r e  expe r imen ta l l y  determined average c a v i t y  r a d i i .  The 

F ig .  6 shows t h e  e f f e c t  o f  l a r g e  changes i n  t he  s i nk  e f f i c i e n c y  r a t i o ,  1 ,  on t h e  minimum c r i t i c a l  
rad ius .  
ob ta ined f o r  c r i t i c a l  r a d i u s  a t  300'C. 

va r i ed  from Z x l O l 3  t o  5x1014 m-2 and i s  expected t o  be p r i m a r i l y  due t o  t he  presence o f  d i s l o c a t i o n s ,  and 
t h e  c r i t i c a l  r a d i u s  depends l i n e a r l y  on d i s l o c a t i o n  density. ')  
w i t h  i r r a d i a t i o n  temperature13 approx imate ly  in t h e  fashion shown i n  F i g .  8.  
d i s l o c a t i o n  d e n s i t y  on minimum c r i t i c a l  r a d i u s  can be computed based on F i  . 8.  
Fig.  9 and i s  compared w i t h  a f i x e d  d i s l o c a t i o n  d e n s i t y  va lue  of 5x1014 m-9. The e f f e c t  of t h i s  v a r i a t i o n  
i s  very pronounced a l though t h e  observed c a v i t i e s  a re  s t i l l  s u b c r i t i c a l .  A t  500'C. t he  c r i t i c a l  r a d i u s  i s  
reduced by an o rde r  of magnitude which would reduce t he  requ i red  he l i um atoms by n e a r l y  t h r e e  orders  o f  
magnitude. 

1 i s  a l lowed t o  vary f rom 1.001 t o  2.0 b u t  on l y  a t  very  h i g h  values of 1 a r e  reasonable va lues  

The e f f e c t  o f  d i s l o c a t i o n  d e n s i t y  on minimum c r i t i c a l  r a d i u s  i s  shown i n  F ig .  7. The sink s t r e n g t h  i s  

The d i s l o c a t i o n  d e n s i t y  i s  known t o  vary 
The e f f e c t  of a v a r i a b l e  

T h i s  r e s u l t  i s  shown i n  

S t i l l ,  HT-9 would be very r e s i s t a n t  t o  v o i d  swe l l i ng .  

An a l t e r n a t e  way of d e s c r i b i n g  c r i t i c a l  r a d i u s  i s  i n  terms o f  t he  number o f  gas atoms pe r  c a v i t y .  
F ig .  10 p rov ides  t h i s  a l t e r n a t e  r e p r e s e n t a t i o n  o f  t he  data  i n  F ig .  9. 
c a v i t y  must con ta in  10 gas atoms t o  beg in  t o  grow as a vo id .  
and a t  500'C. 105 gas atoms a r e  requ i red .  

D iscuss ion 

Heldpa r a t i o  must be taken i n t o  account. I t  i s  very d i f f i c u l t  t o  a t t a i n  a r e a l i s t i c  He/dpa r a t i o  expe r i -  
menta l ly ,  and there fore ,  t h e o r e t i c a l  es t imates  f o r  s w e l l i n g  response are  va luab le .  
c r i t i c a l  c a v i t y  model, t he  major consequence of increases i n  He/dpa i s  expected t o  be i n  t h e  accumulat ion 
of he l i um i n  bubbles and t he  promot ion of bubbles beyond t he  c r i t i c a l  c a v i t y  r ad ius .  

F ig .  10 shows t h a t  a t  300'C. a 
A t  400'C. two hundred gas atoms a r e  needed 

I n  o rde r  t o  p r e d i c t  t he  s w e l l i n g  response o f  f e r r i t i c  a l l o y s  i n  a f u s i o n  environment, t he  e f f e c t  of 

According t o  t h e  

An increase i n  heldpa 
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should (as a f i r s t  approx imat ion)  correspond d i r e c t l y  t o  an increased accumulat ion of he l i um atoms i n  
vo ids .  
i n  HFIR t o  t h a t  i n  a f u s i o n  environment, which corresponds t o  a four f o l d  increase i n  Heldpa and the re fo re  
a f o u r  f o l d  increase i n  he l ium accumulat ion a t  bubbles. Wi th  a l l  o t h e r  t h i n g s  remain ing the  same, one can 
then conclude t h a t  c a v i t i e s  i n  HT-9 should reach c r i t i c a l  s i z e  four  t imes fas te r  i n  a f u s i o n  environment 
than i n  HFIR. 

The present  e f f o r t  i s  intended t o  p rov ide  a bas i s  f o r  e x t r a p o l a t i o n  o f  observed s w e l l i n g  behav ior  

F ig .  6. Minimum c r i t i c a l  rad ius  versus temperature f o r  severa l  values o f  t h e  s ink  e f f i c i e n c y  r a t i o ,  
Z .  The s t a r s  a t  300, 500, and 600'C a re  exper imen ta l l y  determined average c a v i t y  r a d i i .  The s t a r  a t  
400'C i s  the  minimum c r i t i c a l  rad ius  found there.  

Only two papers have addressed t h e  ques t ion  o f  c r i t i c a l  c a v i t y  behav ior  i n  f e r r i t i c  a l l o y s :  Horton and 
MansurlO and t h e  present  work. 
concept and e x t r a p o l a t i o n  o f  observed behav ior  t o  a f u s i o n  environment. 

t o  the  present  st l jdy except t h a t  t he  displacement r a t e  was 8 x 
f r a c t i o n  was 0.5 and t h e  d i s l o c a t i o n  d e n s i t y  was 1013 m-2. 
were used [sur face energy = 1 Jlm2, vacancy fo rma t ion  entropy = 1.5k, b ias  = 0.05, energy f o r  s e l f  d i f -  
fus ion = 2.6 eV and vacancy m i g r a t i o n  energy = 1 .2  eV), extremely h i g h  values were c a l c u l a t e d  f o r  minimum 
c r i t i c a l  rad ius .  I n  o rde r  t o  o b t a i n  reasonable values f o r  c r i t i c a l  r a d i u s  w h i l e  h o l d i n g  t h e  energy f o r  
s e l f  d i f f u s i o n  constant ,  t h e  b i a s  had t o  be set  a t  0.2, t he  sur face energy g rea te r  than 1 Jlm2 and the  
vacancy fo rma t ion  ent ropy equal t o  o r  l e s s  than  k .  
d i f f u s i o n  prov ided reasonable values f o r  minimum c r i t i c a l  r a d i u s  w i t h o u t  adjustment of surface energy o r  
vacancy format ion energy. 
bes t  f it f o r  values l e s s  than or equal t o  0.2. 
Sniegowski and W o l f e r l q  o f  between 0.20 and 0.28 f o r  c a v i t y  r a d i i  of 2 t o  50 nm, r e s p e c t i v e l y .  
Horton and Mansur note t h a t  t he  use of a lower  value f o r  the  d e f e c t  s u r v i v a l  f r a c t i o n ,  such as 0.2 made t h e  
c a l c u l a t i o n  of c r i t i c a l  r a d i u s  much more d i f f i c u l t  bu t  gave more reasonable es t imates f o r  vo id  growth 
behav ior .  

Therefore,  they must p rov ide  a bas i s  f o r  accessing t h e  v a l i d i t y  o f  t h e  

Horton and Mansur analyzed t h e  case o f  i o n  bombardment o f  Fe-10Cr a t  527'C, u s i n g  parameters s i m i l a r  
dpals,  t h e  p o i n t  de fec t  s u r v i v a l  

When t r a d i t i o n a l  values fo r  phys i ca l  constants  

A l t e r n a t e l y ,  h ighe r  values o f  t h e  energy f o r  s e l f  

A check of t h e  e f f e c t  of t h e  b i a s  parameter on observed c a v i t y  growth showed a 
Th is  was i n  agreement w i t h  b i a s  values suggested by 

However, 
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F ig .  7.  Minimum c r i t i c a l  rad ius  versus temperature f o r  severa l  va lues of s ink  s t reng th .  The s t a r s  a t  
300, 500, and 600'C are  exper imen ta l l y  determined average c a v i t y  r a d i i .  
minimum c r i t i c a l  r a d i u s  found there.  

The present  c a l c u l a t i o n s  i n d i c a t e  t h a t  a c r i t i c a l  c a v i t y  r a d i u s  a t  400'C can be a t t a i n e d  f o r  a neut ron 
environment us ing  reasonable values f o r  phys i ca l  parameters. Based on these values, p r e d i c t i o n s  f o r  h ighe r  
temperatures a r e  reasonable, b u t  p r e d i c t i o n s  a t  300'C do n o t  agree w i t h  experiment. One p o s s i b i l i t y  i s  
t h a t  t he  c a v i t i e s  a t  300'C have exceeded t h e  c r i t i c a l  r a d i u s  and a r e  growing as voids.  However, t h e  growth 
r a t e  a t  t h i s  temperature i s  slow. The p r e d i c t i o n s  come c l o s e r  when more reasonable values a re  used f o r  t h e  
d i s l o c a t i o n  d e n s i t y  as a func t i on  of temperature. As w i t h  t h e  Horton and Mansur c a l c u l a t i o n s ,  best  
agreement i s  obta ined when h ighe r  values o f  t h e  energy fo r  s e l f  d i f f u s i o n  a re  used. Changing t h e  b i a s  from 
0.05 t o  1.0 ( Z  f rom 1.05 t o  2 .00)  increased the  minimum c r i t i c a l  r a d i u s  a t  300'C by on ly  a f a c t o r  o f  two. 
Inc reas ing  t h e  value o f  t h e  sur face energy improved p r e d i c t i o n s  a t  300'C bu t  degraded t h e  p r e d i c t i o n  a t  
400'C. However, v a r i a t i o n s  i n  t h e  value of t h e  entha lpy  f o r  vacancy m i g r a t i o n  were found t o  make o n l y  
minor d i f f e rences  and those d i f f e rences  were s i m i l a r  a t  a l l  temperatures so t h a t  compensating changes were 
a l so  requ i red .  Therefore, v a r i a t i o n s  i n  t h e  entha lpy  f o r  vacancy m i g r a t i o n  were no t  discussed. 

The d i f f i c u l t i e s  which a r i s e  i n  p r e d i c t i n g  minimum c r i t i c a l  c a v i t y  s i z e  may be exper imental .  
general ,  bubbles form i n  a s s o c i a t i o n  w i t h  d i s l o c a t i o n s .  
bubbles on g r a i n  boundaries connected t o  g r a i n  boundary d i s l o c a t i o n s .  Bubbles probably  form on d i s l o c a-  
t i o n s  by a s o l u t e  drag mechanism, bu t  once there,  they a re  no t  exposed t o  t h e  same p o i n t  d e f e c t  concentra-  
t i o n  g r a d i e n t s  as bubbles which a re  n o t  connected t o  d i s l o c a t i o n s .  
bubble s i z e s  may have to be made f o r  bubbles no t  connected t o  d i s l o c a t i o n s .  

An a l t e r n a t e  method f o r  the  onset of b i a s  d r i v e n  c a v i t y  growth can be env is ioned based on decoupl ing 
of bubbles from d i s l o c a t i o n s .  
d i s l o c a t i o n s .  Therefore,  a c o r o l l a r y  t o  t h e  
c r i t i c a l  r a d i u s  model cou ld  r e q u i r e  decoupl ing and t h e  decoupl ing process may occur o n l y  a f t e r  t he  bubble 
has grown l a r g e r  than the  c r i t i c a l  s ize .  
decoupl ing event. 

The s t a r  a t  400'C i s  t h e  

I n  
Th is  can be c l e a r l y  seen i n  F i g .  1 which shows 

Therefore, measurements o f  c r i t i c a l  

Oecoupling would be expected i f  bubbles cou ld  n o t  keep up w i t h  moving 
Th is  would be more l i k e l y  t o  occur as bubbles grew i n  s i ze .  

Then t h e  onset of b i a s  d r i v e n  growth would be i n i t i a t e d  by a 
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F ig .  0 .  Est imated d i s l o c a t i o n  d e n s i t y  versus temperature f o r  HT-9 i r r a d i a t e d  i n  H F I R .  

CONCLUSIONS 

C a l c u l a t i o n s  have shown t h a t  t h e  c r i t i c a l  r a d i u s  model f o r  b i a s  d r i v e n  vo id  growth as a p p l i e d  t o  
f e r r i t i c  a l l o y s  can success fu l l y  p r e d i c t  behav ior  observed i n  HT-9 f o l l o w i n g  i r r a d i a t i o n  i n  HFIR t o  39 dpa 
a t  400, 500 and 600'C us ing reasonable values f o r  phys i ca l  parameters. 
observed response. 
d i f f u s i o n .  

P r e d i c t i o n s  a t  300'C underp red ic t  
Reasonable agreement can be obta ined if a h igher  va lue i s  used f o r  t h e  energy o f  s e l f  

FUTURE WORK 

Th is  e f f o r t  w i l l  be cont inued when exper imental  r e s u l t s  warrant i t .  
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F ig .  9. 
t h e  temperature dependent d i s l o c a t i o n  d e n s i t y  shown i n  F i g .  8 .  
expe r imen ta l l y  determined average c a v i t y  r a d i i .  
found there .  

Minimum c r i t i c a l  r a d i u s  versus temperature c a l c u l a t e d  f o r  cons tan t  diSlOCdtiOn d e n s i t y  and 
The s t a r s  a t  300. 500, and 600'C a r e  

The s t a r  a t  400'C i s  t he  minimum c r i t i c a l  r a d i u s  

F i g .  10 .  
9 .  

The c r i t i c a l  number o f  he l ium atoms requ i red  for  t he  minimum c r i t i c a l  r a d i i  p l o t t e d  i n  Fig.  
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DEFECT PROOUCTION AND HARDENING I N  NEUTRON-IRRADIATED COPPER - S. J. Z i n k l e  (Oak Ridge Nat iona l  Laboratory)  

OBJECTIVE 

The o b j e c t i v e  o f  t h i s  study i s  t o  determine t h e  f r a c t i o n  o f  p o i n t  defects t h a t  s u r v i v e  recombinat ion 
events du r ing  neutron i r r a d i a t i o n  of copper, and t o  eva luate  t h e i r  subsequent e f fec t  on macroscopic m a t e r i a l  
p roper t i es .  

SUMMARY 

The f ract ion o f  Frenke l  de fec ts  t h a t  s u r v i v e  i n  i s o l a t e d  o r  c l u s t e r e d  form d u r i n g  room temperature 
i r r a d i a t i o n  
r e s i s t i v i t y  methods. 
14-MeV neutrons increased from 1 x l o z o  t o  2.9 x l o z 1  n/m2. 
w i t h  r a d i a t i o n  hardening s tud ies  i n d i c a t e s  t h a t  t h e  b a r r i e r  s t reng th  o f  loops ( 6 )  may a l s o  depend on 
f luence, a t  l e a s t  a t  low fluences. 

of copper has been measured as a func t i on  o f  f luence by a combinat ion o f  TEM and e l e c t r i c a l  
The r a t i o  o f  s u r v i v i n g  t o  created defects decreased from 12 t o  4.7% as t h e  f luence o f  

A comparison of t h e  TEM and r e s i s t i v i t y  data 

PROGRESS AN0 STATUS 

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

cascade i s  of fundamental importance t o  r a d i a t i o n  e f f e c t s  s tud ies .  
sequent c o r r e l a t e d  recombinat ion of Frenkel  p a i r s  reduces t h e  number o f  p o i n t  de fec ts  t h a t  s u r v i v e  an i s o -  
l a t e d  displacement cascade t o  a f r a c t i o n  o f  t h e  number t h a t  were i n i t i a l l y  created. Studies on copper and 
go ld  i r r a d i a t e d  w i t h  neutrons a t  temperatures above recovery Stage I 1  have found t h a t  the  f r a c t i o n  o f  
de fec ts  s u r v i v i n g  c o r r e l a t e d  recombinat ion i n  i s o l a t e d  o r  c l u s t e r e d  form i s  E 2 0.15 ( re fs .  13). 
parameter E i s  independent o f  f luence s ince i t  r e f e r s  t o  n o n i n t e r a c t i n g  displacement cascades and represents  
t h e  maximum f r a c t i o n  o f  p o i n t  de fec ts  t h a t  s u r v i v e  a t  i r r a d i a t i o n  temperatures where a t  l e a s t  one of t h e  
de fec t  types i s  mobile. 

on t h e  number of surrounding s inks  and de fec t  c l u s t e r s  t h a t  are  present  d u r i n g  t h e  i r r a d i a t i o n  ( i n t e r a c t i n g  
cascade e f f e c t s ) .  
causes the  number o f  s u r v i v i n g  de fec ts  t o  increase a t  a r a t e  t h a t  i s  l e s s  than l i n e a r  w i t h  fluence.' 
coupled w i t h  app rop r ia te  r a d i a t i o n  damage models, measurements o f  E and t h e  s u r v i v i n g  defect  f r a c t i o n  n pro-  
v i d e  s i g n i f i c a n t  i n s i g h t  i n t o  t h e  bas ic  mechanisms of p o i n t  de fec t  product ion,  migra t ion,  and c l u s t e r i n g .  
The purpose o f  t h i s  paper i s  t o  determine the  value o f  n as a f u n c t i o n  o f  f luence fo r  14-MeV neutron-  
i r r a d i a t e d  copper. 

The number o f  p o i n t  de fec ts  t h a t  are  produced and r e t a i n e d  as a r e s u l t  of an energe t i c  displacement 
In-cascade recombinat ion events and sub- 

The 

On t h e  o the r  hand, t h e  number o f  Frenkel  defects  t h a t  u l t i m a t e l y  s u r v i v e  t h e  displacement event depends 

Long-range unco r re la ted  recombinat ion o f  p o i n t  defects  a t  d i s t a n t  displacement cascades 
When 

Exper imental  procedures 

Annealed pure copper f o i l s  were i r r a d i a t e d  a t  room temperature w i t h  14-MeV neutrons us ing  t h e  RTNS-I1 
f a c i l i t y  a t  t he  Lawrence Livermore Nat iona l  Laboratory.  TEM d i sks  and an e l e c t r i c a l  r e s i s t i v i t y  f o i l  were 
i r r a d i a t e d  t o  f luence l e v e l s  between 1 x l ozo  and 3 x l o z 1  nlm2. 
i n t e r r u p t i n g  t h e  i r r a d i a t i o n  and immersing t h e  sample assembly i n  l i q u i d  helium. Four f luence l e v e l s  were 
obta ined f o r  t h e  TEM d i s k s  by p l a c i n g  t h e  d i sks  a t  d i f f e r e n t  d is tances from the  neut ron source. 
hardness measurements (10-9 l o a d )  and e l e c t r o n  microscopy were performed on t h e  TEM d i s k s  f o l l o w i n g  t h e  
i r r a d i a t i o n .  Fu r the r  d e t a i l s  o f  t he  exper imental  procedure are  g iven elsewhere.4.5 

Four r e s i s t i v i t y  measurements were made by 

V ickers  

Resu l t s  

Tables 1 and 2 summarize the  exper imental  measurements on defect  c l u s t e r  d e n s i t y  and size,' microhard- 
ness change,6 and e l e c t r i c a l  r e s i s t i v i t y  changes obta ined from t h i s  i n v e s t i g a t i o n .  
y i e l d  s t reng th  data obta ined by M i t c h e l l '  f o r  copper i r r a d i a t e d  w i t h  14-MeV neutrons a t  room temperature. 
As repor ted  e l ~ e w h e r e , ~  t h e  de fec t  c l u s t e r  s i z e  was e s s e n t i a l l y  independent of f l uence  i n  i r r a d i a t e d  copper 
and copper a l l o y s  over t h e  f luence range examined i n  t h i s  study. The c l u s t e r  number d e n s i t y  and e l e c t r i c a l  
r e s i s t i v i t y  increase was l e s s  than l i n e a r  w i t h  f luence. 

The t o t a l  concen t ra t i on  of s u r v i v i n g  p o i n t  defects (No) conta ined i n  v i s i b l e  c l u s t e r s  o f  d e n s i t y  N may 
be c a l c u l a t e d  assuming t h a t  the  c l u s t e r s  are  c i r c u l a r  d i s l o c a t i o n  loops. 

The two t a b l e s  a l s o  g i v e  



Table 1. Exper imental  parameters f o r  i r r a d i a t e d  copper a t  t h e  
fou r  f luence l e v e l s  achieved by the  TEM disks.  

The y i e l d  s t r e n q t h  data are  from M i t c h e l l '  

Fluence, n/m2 1.4 x 1020 4.3 x 1020 1.07 x l o z 1  1.85 x 1021 

C l u s t e r  dens i ty ,  0.62 1.2 3.3 4.4 
1022/m3 

Mean s ize ,  nrn 3.25 2.91 2.92 2.85 

AVHN 0 1.9 12.2 21.5 

k M P a  8 18 48 68 -- - 

Table 2. Exper imental  parameters f o r  i r r a d i a t e d  copper a t  t h e  

The y i e l d  s t reng th  data are  from M i t c h e l l '  
four  f l uence  l e v e l s  achieved by t h e  r e s i s t i v i t y  f o i l .  

__ 
Fluence, n/m2 0.98 x 1020 3.03 x IOzo 9.8 x l o z o  2.93 x l o 2 '  

A P ,  10-11 n-m 0.685 1.976 4.051 8.568 

A 5  , MPa 5 10 46 87 - - 

Ng = n < d 2 >  b N/4 , (1) 

where <d2> i s  t he  mean square diameter and b = aO/ i?  i s  t he  Burgers vec to r  o f  t he  loop. 
p roduc t i on  of p o i n t  defects i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  f luence $t, 

The cumula t ive  

NQ = 2 Od 4 t  , (2 )  

where t h e  displacement cross sec t i on  f o r  14-MeV neutrons i n  copper i s  Od = 3690 barns accord ing t o  Doran 
and Graves.* The f a c t o r  of 2 i n  t h e  equat ion  i s  due t o  t h e  c r e a t i o n  of two p o i n t  defects (vacancy and i n t e r -  
s t i t i a l )  f o r  each d i sp laced  atom. 

Table 3 g ives  t h e  atomic f r a c t i o n  of s u r v i v i n g  p o i n t  defec ts  [Eq. ( 1 ) l  and t h e  r a t i o  of s u r v i v i n g  t o  
c rea ted  p o i n t  defects (11) as determined from TEM measurements. 
used i n  t h e  c a l c u l a t i o n s  are g iven i n  re f .  5. I n  order  t o  es t ima te  t h e  poss ib le  e r r o r  due t o  t he  neg lec t  
of smal l  loops t h a t  are  i n v i s i b l e  i n  TEM, t h e  v i s i b l e  s i z e  d i s t r i b u t i o n s  a t  l a r g e  s izes  were f i t t e d  t o  
exponent ia l  equat ions which were then ex t rapo la ted  down t o  smal l  s izes .5  The values f o r  t h e  p o i n t  de fec t  
concen t ra t i on  and TI us ing  t h e  exponent ia l  f i t  s i z e  d i s t r i b u t i o n s  a re  a l s o  given i n  Table 3. The observed 
and exponent ia l  fit values should represent5 t h e  lower and upper bound t o  t h e  ac tua l  value o f  TI. 

The values f o r  t he  mean square diameters 

Table 3. Concent ra t ion  of s u r v i v i n g  p o i n t  defects 
as determined f rom TEM measurements - 

P o i n t  de fec t  S u r v i v i n g  de fec t  
concen t ra t i on  f r a c t i o n  (Sa) 

Fluence (lO-s/atom) ___I_ 

(n/mZ) Observed Exponen- 
Observed Exponen- t i a l  f i t  

t i a l  f i t  

___I_ 

1.4 x 1020 1.34 1.44 12.9 13.8 

1.07 x 1021 5.26 5.42 6.7 6.9 
1.85 x l o z 1  7.64 7.72 5.6 5.6 

4.3 x 1020 2.14 2.46 6.8 7.8 

A recent  s tudy has found t h a t  t he  e l e c t r i c a l  
r e s i s t i v i t y  change ( A p )  i s  d i r e c t l y  p r o p o r t i o n a l  
t o  t he  number o f  p o i n t  defects even if t h e  p o i n t  
defects a re  conta ined i n  smal l  d i s l o c a t i o n  loops.* 
The atomic f r a c t i o n  o f  s u r v i v i n g  p o i n t  de fec ts  i n  
i s o l a t e d  o r  c l u s t e r e d  form i s  g iven by 

where p ~ 1.7 Un-m f o r  copper i r r a d i a t e d  w i t h  
neutron[ a t  room temperature. Table 4 q ives  the  
f luence-dependent concen t ra t i on  of s u r v r v i n g  p o i n t  
defects as determined from Eq. ( 3 ) .  

The r a d i a t i o n  s t reng then ing  due t o  d ispersed 
b a r r i e r s  such as d i s l o c a t i o n  loops i s  gene ra l l y  
g iven as9 



1 0 1  

' 6  

12 

B -  

Table 4. Concent ra t ion  of s u r v i v i n g  p o i n t  
defec ts  as determined from 

r e s i s t i v i t y  measurements 

2 0 1  I I I I I I I I I  I I 

TENSILE DATA FROM MITCHELL 11378) - 
-. . I - - 

- 

Po in t  S u r v i v i n g  where u i s  t he  shear modulus (46 GPa f o r  copper), b = a o / 4 y  
Fiuence de fec t  de fec t  i s  t h e  l i n e  d i s l o c a t i o n  Burgers vec tor ,  <d> i s  t he  mean loop 
(n/m2) concen t ra t i on  f r a c t i o n  diameter,  and B i s  a constant  r e l a t e d  t o  t h e  s t r e n g t h  of 

t h e  b a r r i e r .  Weak b a r r i e r s  such as vacancy c l u s t e r s  are  
sometimes modeled w i t h  a s l i g h t l y  d i f f e r e n t  equat ion9 - (lO-S/atom) ($1 

0.98 x 1020 0.81 11.1 
3.03 x l o z o  2.32 10.4 
9.8 x 1020 4.77 6.6 AT = <d> N Z / 3  , 
2.93 x 1021 10.08 4.7 B 

( 5 )  
ub 

where 5' i s  another b a r r i e r  s t reng th  constant. A p p l i c a t i o n  of t he  von Mises c r i t e r i o n  between shear s t ress  
A T  and y i e l d  s t r e n g t h  Aoy = 4 3  AT  produces a r e l a t i o n s h i p  between hardening and loop d e n s i t y  t h a t  cou ld  be 
used t o  c a l c u l a t e  s u r v i v i n g  p o i n t  defect  concentrat ions.  
r e s i s t i v i t y ,  and r a d i a t i o n  hardening data  t o  determine the  b a r r i e r  s t r e n g t h  constant  5 s ince  t h i s  parameter 
i s  no t  gene ra l l y  known w i t h  good accuracy. 

However, i t  i s  of g rea te r  i n t e r e s t  t o  use the  TEM, 

The value of B was determined a t  e i g h t  f luence l e v e l s  (4 TEM, 4 r e s i s t i v i t y )  as f o l l o w s :  Eq. ( 4 )  and 
t h e  van Mises c r i t e r i o n  were used i n  combinat ion w i t h  t h e  observed and exponent ia l  f i t  TEM data t o  d i r e c t l y  
c a l c u i a t e  5 from M i t c h e l l ' s 7  y i e l d  s t r e n g t h  data (Table 1). Second, t h e  r e s i s t i v i t y  r e s u l t s  (Table 4)  were 
used a long w i t h  Eqs. (1 )  and ( 3 )  and a mean square c l u s t e r  d iameter of <d2> = 8.7 nm2 (determined from TEM5) 
t o  produce a c a i c u l a t e d  va iue o f  6 a t  f ou r  d i f f e r e n t  f luences. The r e s u l t s  o f  these c a l c u l a t i o n s  a re  shown 
i n  Fig. 1. The c a l c u l a t e d  va lue of B decreases s t e a d i l y  from 16 t o  3 as t h e  neutron f luence increases f rom 
1 x l o z o  t o  3 x l o z 1  n/m2, which suggests t h a t  w ide ly  separated c l u s t e r s  ( low d e n s i t i e s )  are  not  very ef fec-  
t i v e  a t  s t rengthen ing t h e  metal. An even s t ronge r  f luence dependence f o r  6 was found when t h e  microhardness 
data  i n  Table 1 was s u b s t i t u t e d  f o r  t h e  y i e l d  s t reng th  data. 
fluence-dependent when Eq. ( 5 )  was used t o  model t he  r a d i a t i o n  strengthening, a l though t h e  f l uence  depen- 
dence was n o t  q u i t e  as strong. 

of f l ~ e n c e . ' - ~  
b i n a t i o n  o f  p o i n t  defec ts  a t  d i s t a n t  cascades. 
copper are  predominant ly ( 4 : l )  i n t e r s t i t i a l  f o r  neutron and o t h e r  cascade-producing i r r a d i a t i o n s .  Long- 
range m i g r a t i o n  o f  i n t e r s t i t i a l s  t o  e x i s t i n q  d i s t a n t  cascades can t h e r e f o r e  cause shr inkage and eventual  
a n n i h i l a t i o n  of vacancy c l u s t e r s  i n  these regions.  The p r o b a b i l i t y  o f  an i n t e r s t i t i a l  encounter ing a 
vacancy c l u s t e r  (as opposed t o  another i n t e r s t i t i a l )  increases as t h e  vacancy c l u s t e r  dens i t y  increases. 

The b a r r i e r  s t reng th  was a l so  found t o  be 

The f r a c t i o n  of p o i n t  defec ts  t h a t  s u r v i v e  c o r r e l a t e d  recombinat ion i n  copper i s  E = 0.15, independent 
The f i uence  dependence o f  t he  s u r v i v i n g  de fec t  f r a c t i o n ,  TI, i s  due t o  unco r re ia ted  recom- 

According t o  Simons,'o t h e  f r e e l y  m i g r a t i n g  defects i n  

4 

0 1  1 I I I I I I I I  I I 
I 2 3 4 5 6 7 8 9 1 0  20 3 0 4 0  

+ I  ( 1 P n / m ' )  

Fig. 1. B a r r i e r  s t reng th  of loops i n  neu t ron- i r rad ia ted  copper. The v e r t i c a l  l i n e s  represent  t h e  
bounds on B as determined from t h e  observed and exponent ia l  f i t  TEM data. 
r e s i s t i v i t y  measurements. 

The f i l l e d  c i r c l e s  represent  t he  



1 0 2  

This  leads t o  a steady decrease i n  n w i t h  i nc reas ing  f luence. 
s u r v i v i n g  de fec t  f r a c t i o n  from the  TEM and r e s i s t i v i t y  analyses p l o t t e d  as a f u n c t i o n  of f luence. 
analyses i n d i c a t e  t h a t  n decreases from -12 t o  4.7% as the  f luence increases from 1 x lozo t o  3 x loz1 n/m2. 
These c a l c u l a t i o n s  g i ve  a lower  bound f o r  t h e  f r a c t i o n  of p o i n t  defects t h a t  s u r v i v e  c o r r e l a t e d  recom- 
b i n a t i o n  of E > 12%, s ince t h e  maximum va lue of rl ( a t  @t = 0) i s  equal t o  E. 

F igu re  2 shows t h e  combined est imates of t h e  
Both  

I 

ORNL-DWG 87-10322 

A- RESISTIVITY 

A 

I 

Fig. 2. R a t i o  o f  s u r v i v i n g  t o  c reated defects  i n  n e u t r o n- i r r a d i a t e d  copper. 

D iscuss ion 

Previous damage e f f i c i e n c y  measurements i n  t h e  l i t e r a t u r e  have centered on t h e  athermal recombinat ion 
of c lose  pairs11.12 and on t h e  f r a c t i o n  o f  f r e e l y  m i g r a t i n g  defects.1s13* '4 These parameters a re  of g rea t  
importance f o r  t h e o r e t i c a l  model ing of r a d i a t i o n  damage i n  metals. The f r e e l y  m i g r a t i n g  d e f e c t  f r a c t i o n  ( f )  
i s  r e l a t e d  t o  t h e  f r a c t i o n  of p o i n t  defects  t h a t  su rv i ve  c o r r e l a t e d  recombinat ion ( E ) ,  t h e  d i f f e r e n c e  be ing  
t h a t  f does not i n c l u d e  p o i n t  de fec ts  t h a t  c l u s t e r  du r ing  t h e  cascade quench. The parameters E and n a r e  
impor tant  from both  a fundamental and a p r a c t i c a l  p o i n t  o f  view. They represent  t h e  f r a c t i o n  of p o i n t  
defects  t h a t  are  a v a i l a b l e  t o  produce m i c r o s t r u c t u r a l  changes i n  t h e  metal  du r ing  i r r a d i a t i o n .  The quan- 
t i t a t i v e  va lue of n der i ved  i n  t h i s  study i s  on ly  v a l i d  f o r  i r r a d i a t i o n  c o n d i t i o n s  where recombinat ion i s  
t h e  dominant s ink  term. A d i f f e r e n t  f luence-dependent r e l a t i o n s h i p  f o r  n holds f o r  o t h e r  i r r a d i a t i o n  con- 
d i t i o n s  (e.g., t h e  vo id  s w e l l i n g  regime). The parameter n prov ides a measure of t h e  amount of p o i n t  defect  
m i g r a t i o n  and long-range i n t e r a c t i o n  a t  a g iven i r r a d i a t i o n  cond i t ion.  

Most prev ious s tud ies  t h a t  have measured s u r v i v i n g  de fec t  f r a c t i o n s  have f a i l e d  t o  i n v e s t i g a t e  any 
p o s s i b l e  f luence dependence o f  n. K i r i t a n i  e t  ai." have found t h a t  n = 4.5% f o r  go ld  i r r a d i a t e d  w i t h  
14-MeV neutrons t o  a f l uence  o f  4 x loz1 n/m2, which i s  i n  good agreement w i t h  t h e  va lue f o r  copper i n  
Fig.  2. 
of B x 1020 t o  7 x loz1 n/m2. which i s  h iahe r  than t h e  Dresent r e s u l t s .  Data bv Larson16 i n d i c a t e  t h a t  n 

Brager e t  a 1 . l 5  es t imated t h a t  n > 9.7% f o r  14-MeV neut ron i r r a d i a t e d  copper over t h e  f l uence  range 

decreased s t e a d i l y  from 16 t o  9% i n  coppe; i r r a d i a t e d  a t  4 3 O C  as t h e  f i s s i o n  neut ron f l uence  increased from 
1.0 t o  10.8 x loz2 n/m2 (E > 0.6 MeV). 

The b a r r i e r  s t r e n g t h  of d i s l o c a t i o n  loops, 8. has been measuredi7 o r  c a l c u l a t e d g  t o  be -2 t o  4 
F igu re  1 i n d i c a t e s  t h a t  6 i s  not  constant  over t h e  f l uence  range of 1 x 1020 accord ing t o  var ious authors. 

t o  3 x loz1 n/m2, bu t  i ns tead  decreases w i t h  i nc reas ing  f luence. One immediate note  o f  c a u t i o n  t o  t h i s  
observat ion i s  t h a t  t h e  c l u s t e r  dens i t y  and y i e l d  s t r e n g t h  change r e s u l t s  f o r  Fig.  1 were obta ined i n  d i f -  
fe ren t  i r r a d i a t i o n  experiments us ing  copper of d i f f e r e n t  p u r i t y  l eve ls .  The copper used by M i t c h e l l 7  con- 
t a i n e d  -500 ppm o f  s u b s t i t u t i o n a l  i m p u r i t i e s  compared t o  25 ppm i n  t h e  present  case. T h i s  could, i n  p r i n -  
c i p l e ,  a f fec t  t h e  measured change i n  s t r e n g t h  due t o  short- range obstac les ,  s ince  t h e  s t r e n g t h  increment 
due t o  short- range obstac les  i s  no t  d i r e c t l y  add i t i ve .  l e  However, t h e  i m p u r i t i e s  conta ined i n  M i t c h e l l ' s  
copper produce <1 MPa of s o l i d  s o l u t i o n  s t reng then ing  accord ing t o  re fs .  19 and 20. Th is  shou ld  have a 
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n e g l i g i b l e  e f fec t  on t h e  measured r a d i a t i o n  hardening increment even a t  low f luences. 
i n t e r s t i t i a l  i m p u r i t i e s  on t h e  short- range obs tac le  s t r e n g t h  i s  no t  known s ince  they were no t  measured by 
M i t c h e l l .  
i r r a d i a t i o n . 2 1  
present  study. 
d i a t i o n  t o  1.3 x 1021 n/m2. 

The e f f e c t  of 

I m p u r i t i e s  can a l s o  i n f l u e n c e  t h e  s i z e  and d e n s i t y  o f  de fec t  c l u s t e r s  produced du r ing  neutron 
E l e c t r o n  microscopy measurements repo r ted  by M i t c h e l l 7  a re  s i m i l a r  t o  those found i n  t h e  
M i t c h e l l  found a c l u s t e r  d e n s i t y  of 3 x 1OZ2/m3 and a mean diameter o f  -3 nm f o l l o w i n g  i r r a -  

Th is  produces p 1 4  us ing  h i s  y i e l d  s t r e n g t h  data, i n  agreement w i t h  Fig. 1. 

There a re  some i n d i c a t i o n s  i n  t h e  l i t e r a t u r e  t h a t  Eq. ( 4 )  w i t h  6 = constant  does not  h o l d  over an 
extended range of loop dens i t ies .  
."<d, f o r  loops of d iameter <5 nm. 
r e l a t i o n  between s t r e n g t h  increment and obs tac le  concent ra t ion i s  much more complex than given by Eq. ( 4 ) .  
Th i s  complex behav ior  i s  observed even f o r  weak short- range obstac les  such as vacancy c l u s t e r s  and s o l u t e  
atoms. For example, t h r e e  d i s t i n c t  hardening regimes have been i d e n t i f i e d  i n  s o l u t i o n  hardening i n  which 
t h e  y i e l d  s t ress  dependence on concent ra t ion va r ies  from C 1 l 2  t o  C t o  C213, r e ~ p e c t i v e l y . ~ ~  From the  pre-  
ced ing d i scuss ion  i t  appears p l a u s i b l e  t h a t  p may not  be constant  over an extended f luence regime s ince  t h e  
concen t ra t i on  dependence o f  t he  l oop  hardening may be changing. 
v e r i f i e d  w i t h  c a r e f u l l y  performed experiments t h a t  use a combinat ion o f  TEM and y i e l d  s t r e n g t h  measurements 
on i d e n t i c a l  specimens over an extended f luence range. 
s i t i e s  of loops are  r e l a t i v e l y  i n e f f i c i e n t  a t  producing an increase i n  s t reng th ,  compared t o  Eq. (4) .  A 
constant  b a r r i e r  s t r e n g t h  over t h e  f l uence  range 1 x 1 O 2 0  t o  3 x I O z 1  nfm2 i s  obta ined by assuming Ao - N. 

Makin and coworkers17 found t h a t  bo was no t  p r o p o r t i o n a l  t o  
Studies on obs tac le- con t ro l l ed  y i e f d  s t reng thzZ  have found t h a t  t h e  

However, t h i s  p o s s i b i l i t y  needs t o  be 

The present  r e s u l t s  (Fig.  1 )  suggest t h a t  low den- 

Y 

CONCLUSIONS 

Est imates o f  t h e  s u r v i v i n g  de fec t  f r a c t i o n  (TI) f o r  a room temperature i r r a d i a t i o n  obta ined from TEM and 
e l e c t r i c a l  r e s i s t i v i t y  measurements are  i n  good agreement w i t h  each other.  
decreased from 12 t o  4.7% as t h e  neut ron f l uence  increased from 1 x l o z o  t o  2.9 x l o z 1  nfm2. 
f luence va lue o f  " prov ides a lower  bound f o r  t h e  f r a c t i o n  o f  p o i n t  de fec ts  t h a t  escape c o r r e l a t e d  recom- 
b i n a t i o n  of e > 12%. 

The va lue of il i n  copper 
The low- 

Measurements o f  t h e  b a r r i e r  s t r e n g t h  o f  loops i n  i r r a d i a t e d  copper based on t h e  d ispersed b a r r i e r  
hardening model suggest t h a t  p i s  not  constant  a t  low neutron f luences. 
hardening nmdel i s  needed t o  desc r ibe  t h e  r e s u l t s .  Th is  p o s s i b i l i t y  needs t o  be s t u d i e d  f u r t h e r  w i t h  
c a r e f u l l y  performed experiments. 

It i s  p o s s i b l e  t h a t  a d i f f e r e n t  
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COMPUTER SIMULATION OF I O N  BEAM M I X I N G  - PART I -- S. Han and G.L. K u l c i n s k i  ( U n i v e r s i t y  o f  Wisconsin) 

OBJECTIVE 

The o b j e c t i v e  of t h i s  work i s  t o  develop a computer program t h a t  can s imu la te  t h e  i o n  beam mix ing,  
which i s  a technique used f o r  surface m o d i f i c a t i o n  of m a t e r i a l s  t o  enable them t o  w i ths tand h igh  heat and 
aggress ive  environments. 

SUMMARY 

I o n  beam mix ing,  which i s  de f i ned  as t h e  a p p l i c a t i o n  o f  e n e r y e t i c  heavy i o n  beam t o  induce m a t e r i a l s  
i n t e r a c t i o n s  i n  t h i n -  1 0 p s t sample o r  pre- implanted so l i ds ,  has been rece ived a g rea t  concern by 
many research groups. f i 3 y 9 5 , ' 3 P , g , ' )  However, t h e  compl ica ted na tu re  of m ix ing  process makes i t  hard t o  
p r e d i c t  t he  dynamic behav ior  of t h e  m a t e r i a l s  du r i nq  i o n  beam i r r a d i a t i o n .  Monte Car lo  methods have been 
used t o  s o l v e t h i s  problem and i n  t h i s  study,  t he  a;curacy of such a program was t e s t e d  t o  c a l c u l a t e  t h e  i o n  
range before f u r t h e r  m o d i f i c a t i o n  o f  t he  program. 

PROGRESS AND STATUS 

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

A Monte Car lo  program has been developed t o  c a l c u l a t e  t h e  i o n  and de fec t  d i s t r i b u t i o n  from i o n  beam 
i r r a d i a t i o n  o f  mul t i layer-mul t icomponent  t a r g e t .  
use of r e c e n t l y  formulated e l e c t r o n i c  stopping cross sec t i on  g r e a t l y  enhanced t h e  accuracy o f  t h e  program 
compared w i t h  t he  e x i s t i n g  exper imental  data. 

D e s c r i p t i o n  o f  Model 

1. S c a t t e r i n g  angle e v a l u a t i o n  

The adequate assessment o f  t h e  s c a t t e r i n g  angles and t h e  

The s c a t t e r i n g  angle i n  t he  center-of-mass system between two charged p a r t i c l e s  under t h e  i n f l u e n c e  of 
screened Coulomb p o t e n t i a l  i s  expressed as 

z 
dz 0 

e = n n - 2 b  J 
A - L m ( - ) - b z  E Z  1 2 2  

where zo i s  t h e  r o o t  o f  t h e  equat ion :  

2 1  1 - - m (-) - b2z2 = 0 
E . ?  

and b i s  t h e  reduced impact parameter, E i s  t he  reduced energy, and @ i s  t h e  screening f u n c t i o n ,  
Furthermore, and b are  expressed r e s p e c t i v e l y  as 

where p i s  t he  impact parameter and a i s  t he  screening rad ius .  
g i ven  i n t e r a t o m i c  p o t e n t i a l  e.g. Thomas-Fermi, Mol iere,  o r  Un iversa l  p o t e n t i a l ,  i t  can be tabu la ted  be fo re  
t h e  ac tua l  runs of t he  program. 
i n t e r p o l a t i o n  of su h a t a b u l a r  approach was es t imated t o  be 0.1% on t h e  average and 3% a t  t h e  maximum. 

s c a t t e r i n g  angle as 

Since e i s  o n l y  a f u n c t i o n  o f  E and b f o r  a 

A t  
The r e l a t i v e  e r r o r  f o r  c a l c u l a t i n g  t h e  s c a t t e r i n g  angle us ing t h e  l i n e a r  

h igh  energy ( E  > 10 5 ) ,  t h e  s imple Coulomb p o t e n t i a l  i s  used t o  g i v e  t h e  a n a l y t i c  expression of t h e  

( 4 )  
1 

%OUl = 2 tan-' . 
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2. E l e c t r o n i c  s t o p p i n e  

sect ion,  which uses the  s c a l i n g  o f  t h e  pro ton s topp ing power w i t h  e i g h t  f i t t i n g  c o e f f i c i e n t s .  

3. E l e c t r o n i c  s t r a g g l i n g  

For  h igh energy l i g h t  ions i n  heavy medium, e l e c t r o n i c  s t r a g g l i n g  e f f e c t  has been considered, 
r e s u l t s  i n  the  spreading of t he  energy l o s s  around the  mean value. Bonderup and Hvelp lund 's  m o d e l ( y ~ i ~ ~ s e d  
on the  f r e e  e l e c t r o n  gas c a l c u l a t i o n  i s  used t o  eva luate  t h e  amount of s t r a g g l i n g ,  which i s  expressed as 

Recent semiempir ical  formula by Z i g l e r  e t  a1.(') i s  used t o  c a l c u l a t e  t h e  e l e c t r o n i c  s topp ing cross 

2 .  where n 1s Bohr stragglJng,( 'O) vF and wo ase,the Fermi v e l o c i t y  and plasma frequency of t h e  t a r g e t  
r e s p e c t f v e l y ,  and X i s  e /nkvF. Moreover, n B i s  expressed as 

2 2 4 1 - 0.56 
2 ) N U  

nB 2 = 4nZ1Z2e ( 
1 - E  

where 6 i s  t he  r e l a t i v i t y  f a c t o r  ( v / c )  and N i s  t h e  t a r g e t  atomic dens i t y .  

4. Path l e n g t h  ex tens ion 

To acce le ra te  t h e  c a l c u l a t i o n  a t  h igh  energy, t h e  path l eng th  for next c o l l i s i o n  i s  extended i n  such a 
way t h a t  small s c a t t e r i n g  angle c o l l i s i o n s  and consequently small energy t r a n s f e r s ,  are  neglected. 
t h i s ,  t h e  c a l c u l a t i o n  t ime  can be reduced by 2 orders  o f  magnitude a t  h i g h  energy f o r  l i g h t  i ons .  

Resu l ts  and Discuss ion 

With 

For t h e  low energy heavy ion, nuc lear  stopping process dominates t h e  e l e c t r o n i c  s topp ing and f o r  h i g h  
energy l i g h t  ions,  v i c e  versa. 
nuc lea r  s topp ing and h igh energy l i g h t  i o n  f o r  e l e c t r o n i c  stopping. 

e p ro jec ted  range and r e l a t i v e  s t r a g g l i n g  o f  heavy ions  i n t o  S i  i n  reduced energy 
u n i t s .  l'Y*f2*1S,9'4~15~ The model p r e d i c t i o n  from t h i s  study i s  denoted w i t h  t h r e e  l i n e s  f o r  Mo l i e re ,  Kr- C,  
and Universa l  p o t e n t i a l s .  
da ta  best  and t h e  r e  t i v e  s t r a g g l i n g  i s  almost indepen F igu re  2 shows t h e  
p ro jec ted  range o f  N18 i n t o  N i  a t  va r ious  i o n  energies.  YPef The c a l c u l a t i o n  r e s u l t s  are  about 5% lower  than 
t h e  experiment. 
i n c l u s i o n  o f  e l e c t r o n i c  s t r a g g l i n g  r e s u l t s  i n  t h e  increase o f  t h e  standard d e v i a t i o n  by 11% Figu re  4 shows 
t h e  i o n  and defect  d i s t r i b u t i o n  f o r  t h e  case o f  mul t i layer- mul t icomponent  t a r g e t ,  200 keV B*' i n t o  2000 A W 
f i l m  on s i 0  subst ra te ,  which i s  a t y p i c a l  arrangement i n  i o n  beam mixing. 
t r a t i o n  peais, one i n  t h e  W l a y e r  and t h e  o t h e r  i n  the  Si02 subst ra te .  
shows on ly  one peak i n  t h e  f i r s t  l a y e r .  

Hence, heavy i o n  range data have been chosen t o  check t h e  accuracy of 

F ' r l h  

It can be seen t h a t  t h e  use o f  Un iversa l  p o t e n t i a l  reproduces t h e  exper imental  

The 

of t h e  cho ice o f  p o t e n t i a l s .  

I n  F igu re  3, t h e  e f f e c t  o f  e l e c t r o n i c  s t r a g g l i n g  i s  checked f o r  10 MeV He i n t o  B i .  

There appear two i o n  concen- 
However, t h e  de fec t  d i s t r i b u t i o n  

CONCLUSION 

A Monte Car lo  program t o  c a l c u l a t e  t h e  i o n  and damage d i s t r i b u t i o n  from i o n  beam i r r a d i a t i o n  on s o l i d  
has been developed, which adopts t h e  newly suggested i n t e r a t o m i c  p o t e n t i a l  and e l e c t r o n i c  s topp ing c ross  
sec t i ons .  
l i g h t  ions. 
mu1 ti layer-mu1 t i  component t a r g e t .  

I n  a d d i t i o n ,  t h e  e l e c t r o n i c  s t r a g g l i n g  e f f e c t  has been a l s o  taken i n t o  account f o r  h igh  energy 
This program can p r e d i c t  t he  i o n  range w i t h i n  t h e  e r r o r  of 10% w i t h  t h e  c a p a b i l i t y  t o  deal  w i t h  

FUTURE WORK 

The program w i l l  be mod i f i ed  t o  so lve t h e  i o n  beam mix ing problem. The f i r s t  s tep i s  t h e  i n c l u s i o n  of 
Th is  s tep  

F i n a l l y ,  t h e  va r iab le ,  temperature w i l l  be added t o  i n c l u d e  

a va r iab le ,  t ime. 
w i l l  enable us t o  s imula te  t h e  c o l l i s i o n a l  mix ing process. 
d r i v i n g  f o r c e  f o r  t h e  atomic mot ion i n  s o l i d s .  

The atomic r e l o c a t i o n  o f  t h e  t a r g e t  should be p r o f i l e d  as a f u n c t i o n  o f  t ime.  
Up t o  t h i s  stage atomic c o l l i s i o n  i s  t h e  on ly  
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F i g u r e  1. P r o j e c t e d  Range and S t r a g g l i n g  o f  Heavy Ions on S i  

N14 - N i  

2 c . 
e . 

LB 

xp. (Nakata. 9) 
8 e = This Work (Universal Potential) 

0.5 
I 3 5 7 

Energy (MeV) 

Figure  2. P r o j e c t e d  Range o f  N14 i n t o  Ni 
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Figure  3. Ion  D i s t r i b u t i o n  f o r  10 MeV He4 i n t o  Bi  

200 keV E" into 2000 A W film on Si02 

Figure  4. I o n  and Defect  D i s t r i b u t i o n  

thermodynamic d r i v i n g  fo rces .  I n  t h i s  stage, t h e  defect c o n f i g u r a t i o n  i n  t h e  s o l i d s  w i l l  be incorpora ted  i n  
t h e  name o f  d i f f u s i o n a l  m ix ing  along w i t h  the  r a p i d  quenching e f f e c t  and sp ike  e f f e c t  t o  the  usual 
c o l l i s i o n a l  m ix ing  process. 
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CHARPY IMPACT TEST RESULTS OF FERRITIC ALLOYS FROM THE HFIR-MFE-RBZ TEST - W. L. Hu and D .  S. Gelles 
(Westinghouse Hanford Company) 

OBJECTIVE 

The objective of this work is to determine the effect of low temperature irradiation in HFIR on the 
properties of Path E alloys in order to determine the applicability of these alloys as first wall mate- 
rials. 

SUMMARY 

Miniature Charpy specimens of HT-9 in base metal, weld metal and heat affected zone (HAZ) metal 
conditions, and 90-1Mo in base metal and weld metal conditions have been tested following irradiation in 
HFIR-NFE-RE2 at 55'C to -10 dpa. All  specimen conditions have degraded properties (both DBTT and USE) in 
comparison with specimens irradiated to lower dose. 
formed worse than base metal which performed worse than HAZ material. 
mately linear as a function of dose, indicating that degradation response had not saturated by 10 dpa. 

9Cr-Mo degraded more than HT-9 and weld metal per- 
Property degradation was approxi- 

PROGRESS AN0 STATUS 

Introduction 

In a previous report.1 results were presented for miniature Charpy impact tests on ferritic alloy 
specimens irradiated in the HFIR-WE-RB1 test. That specimen matrix included HT-9 base metal and weld 
metal (heat 91353). and 9Cr-1Mo base metal and weld metal (heat 30176). 
second test in that series known as the HFIR-MFE-RBZ test which was irradiated to twice the dose reached in 
the RB1 test and included specimens of HT-9 base and weld metal, and 9Cr-lMo base and weld metal as well as 
HT-9 heat affected zone material. 
temperature irradiation (- 50.C). on the mechanical properties of martensitic stainless steels. 

Experimental procedures 

The present effort involves the 

The purpose of the test series was to determine the effect of low 

The HFIR-MFE-RBE test was fabricated identically to the HFIR-MFE-RBI test2s3 except that a six 
specimen matrix of HT-9 heat affected zone (HAZ) metal specimens was included and the matrix of HT-9 weld 
metal specimens was reduced to two and the matrix of 9Cr-1Mo specimens was reduced to four. The irradiation 
vehicle was irradiated for 22 cycles, double the dose of HFIR-WE-RBI and was designed to operate at 50'C. 
Flux monitors were included and the results for the monitors have been analyzed and procedures given to 
provide dose determinations.4 

estimates as calculated from Reference 4 .  
centerline in RB1, 20 appm He and in RBZ. 5 2  appm He whereas for 9Cr-1Mo in RB1. 6 appm He and in RB2. 1 2  
appm He. 

Results 

results from RB1. Table 1 also provides updated estimates for RB1 specimen doses as calculated based on 
reanalysis of available data from Reference 4 .  The results of Table 1 have been plotted in Fig. 1 which 
shows the RB1 results as solid curves and the RB2 results as dashed curves. Arrows have been included to 
show the effect of increased dose on the various specimen conditions. Figure 1 demonstrates that increased 
dose at 55'C in HFIR results in further shifts in the ductile-brittle transition temperature (DBTT) and 
decreases in the upper shelf energy (USE) for all conditions examined. Both HT-9 and 9Cr-1Mo are affected 
but the effect is somewhat greater in 9Cr-lMo. Also, weld metal is more affected than is base metal in 
both cases but HA2 material in HT-9 is less affected than weld metal or base metal. 

The irradiation temperature was 55'C.5 

The Charpy specimen test matrix is included in Table 1 along with test temperatures and fluence 
Helium production estimates are as  follow^:^ for HT-9 at core 

Charpy testing procedures were as previously described.6 

The instrumented Charpy test results on HFIR-MFE-RBP specimens are included in Table 1 along with 

The OBTT and USE results are summarized in Table 2 .  The OBTT is 50 to 8O'C for HT-9 conditions but is 
between 110 and 125'C for 9Cr-lflo conditions following irradiation at 55'C to 10 dpa. 
increasing fluence on shift in DBTT for base metal specimens is plotted in Fig. 2. 
that shift in OBTT continues to increase with increasing fluence in both HT-9 and 9Cr-1Mo in almost a 
1 inear fashion. 

Discussion 

The effect of 
Figure 2 clearly shows 

When Charpy impact test results from RB1 were first available, the higher degradation of properties in 
9Cr-1Mo specimens i n  comparison HT-9 was unexpected. 
temperatures, but also it could not have occurred as a result of a helium effect because more helium was 

Not only did it not conform with behavior at higher 
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Table 1. Charpy specimen cond i t i ons  i r r a d i a t e d  
i n  the HFIR-MFE-RBI and -REI2 exper iments a t  55-C w i t h  t e s t  r e s u l t s  

Tes t  Norinal ized 
F 1 u ence* Temp. Pmax E t o t a l  E t o t a J  

M a t e r i a l  Specimen (dpa) ('C) ( k n t )  ( J )  (J l cm ) 

H i- 9  
Base Meta l  
(H t  91353) 

HT-9 
Weld Metal  

HT-9 
H A Z  

9Cr-1Mo ~~ ~ . 
Rase Metal  
( H t  30176) 

9Cr-1Mo 
Weld Meta l  

A A O l  5 . 6  
02 5.6 
05 5 .6  
14  5 .6  
18 5 .6  
19 5 .6  

AA12 11.6 
15 11.6 
20 11.6 
06 11.6 
1 6  11.7 
13  11.7 

AKOO 5.6 
03 5 . h  ~~~ 

O i  5 . 6  
09 5 .6  

AK04 11.4 
02 11.4 

AL06 11.0 
0 1  10.5 
03 11.0 
02 11.4 
05 10.5 
04 11.4 

FA03 5 .5  
17 5 .5  
05 5 .5  
09 5 .5  
11 5 .5  
27 5 .5  

FA20 10.9 
12 9.7 
1 4  10.9 
07 9.1 

FJ04 5 .4  
05 5.4 
06 5.4 
07 5.4 

FJ09 1 0 . 4  
02 10.4 
03 9.7 
OR 9.7 

27 2.34 1.99 17.15 
5 0  2.34 5.03 45.44 
80 2.38 6.80 59.68 

110 2.60 5.48 47.99 
NT 
NT 

22 1.24 0.78 6.66 
50 1.90 1.41 11.89 
60 1.74 1.41 1 1 . 4 5  
7 5  1.85 3.94 34.25 

100 2.17 4.24 33.66 
150 2.14 4.04 32.74 

34 1.60 1.25 10.43 
6 5  2.71 4.43 38.25 
80 2.62 7.01 5 6 . 8 1  
NT 

21 1 . 0 5  0.38 3.11 
75 1.59 1.31 11.04 

22 1.85 1.06 8.66 
5 0  1.73 2.48 20.78 
75 2.06 3.69 29.87 

100 2.02 5.03 42.19 
1 5 0  1.95 4.81 39.58 
NT 

34 1.22 0 . 5 1  4.46 
50 1.72 2.12 16.88 
70 1 . 6 4  1.86 17.47 

100 2.08 5.35 46.65 
120 1.74 5.11 45.05 

85 2.66 7.52 58.95 

75 0.88 0.58 5.04 
100 1.18 1.31 11.32 
125 1.80 4.85 38.72 
150 1 . 5 7  3.65 31.12 

6 5  2.29 1.54 12 .85  
85 1.91 2.04 17.32 

140 2.29 7.29 60.18 
1 0 5  2.45 5.15 47.99 

50 0.60 0.09 0.72 
100 1.22 0.51 4.35 
150 1 .64  3.49 29.65 
175 1.25 1.38 11.59 

* Ca lcu la ted  from Reference 4 
NT = n o t  t e s t e d  
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F ig .  1. Resul ts  o f  m i n i a t u r e  charpy impact t e s t s  of HT-9 and 9Cr-1Mo specimens i r r a d i a t e d  i n  t h e  
H F I R - M F E - R S 1  and -RB2 t e s t s  showing normal ized f r a c t u r e  energy as a f u n c t i o n  o f  t e s t  temperature. 

Table 2 .  Summary o f  h a l f  s i zed  Charpy specimen DBTT behavior f o r  HT-9 and 9Cr-1Mo i n  HFIR-MFE-RB1 and RE2 

U n i r r a d i a t e d  R B 1  RB2 

A l l o y  Cond i t i on  OBTT USE DBTT USE DPA DBTT u SE DPA 

('C) (J/cm2) ('C) (J/cm2) ('C) (J/cm2) 

HT-9 BASE METAL 5 4 7  35 57 5.6 60 32 

11.4 
11.0 

9Cr-1Mo BASE METAL -25 80 65 5 2  5.5 110 38 10.3 
WELD METAL 90 60 5.4 125 27 10.0 

generated i n  HT-9 than i n  9Cr-1Mo. The behav ior  o f  specimens i r r a d i a t e d  i n  t h e  RB2 t e s t  d i r e c t l y  match 
those from t h e  R B 1  t e s t  except t h a t  t h e  e f f e c t s  a re  l a r g e r  presumably due t o  h ighe r  accumulated dose. 
Therefore, t he  observed behavior must be ascr ibed t o  e f f e c t s  o f  i r r a d i a t i o n  a t  low temperature.  

However, t h e  mechanism which i s  causing t h i s  unexpected phenomenon i s  s t i l l  no t  understood. The 
obse rva t i on  t h a t  heat  t reatment  a f f e c t s  t h e  magnitude of t h e  DBTT s h i f t  suggests t h a t  ca rb ide  p r e c i p i t a t i o n  
s t reng then ing  p lays  a r o l e  i n  t h e  degradat ion process a t  low i r r a d i a t i o n  temperatures.  
overaged c o n d i t i o n  (HAZ) p rov ides  t h e  best  p r o p e r t i e s  suggests t h a t  e i t h e r  a segregat ion phenomena i n v o l v -  
i n g  carbon s o l u t e  i n  s o l u t i o n  c o n t r o l s  o r  t h a t  crack n u c l e a t i o n  i s  encouraged a t  ca rb ide  p r e c i p i t a t e  s i t e s  
by low temperature i r r a d i a t i o n .  

A major issue addressed by t h e  HFIR mechanical p r o p e r t i e s  i r r a d i a t i o n  t e s t  program i s  t o  determine a t  
which i r r a d i a t i o n  temperature t h e  p roper t y  degradat ion i s  g r e a t e s t .  Dbserved s h i f t s  i n  DBTT f o r  9Cr-1Mo of 
g rea te r  than 1OD'C represent  t h e  h ighes t  s h i f t s  found f o r  t h e  a l l o y .  (The l a r g e s t  observed s h i f t  f o r  HT-9 
was a t  an i r r a d i a t i o n  temperature o f  390'C.) F igu re  2 i n d i c a t e s  t h a t  as a f u n c t i o n  o f  dose, t h e  s h i f t  i n  
DBTT i s  not  s a t u r a t i n g  a t  10 dpa. I r r a d i a t i o n  t o  h ighe r  f luence can be expected t o  r e s u l t  i n  s t i l l  h ighe r  
values f o r  DBTT. Therefore,  t h e  R B 2  r e s u l t s  demonstrate t h a t  h ighe r  dose exper iments a t  50'C a re  needed. 

The f a c t  t h a t  t he  
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F ig .  2.  S h i f t  i n  DBTT as a f u n c t i o n  of dose f o r  HT-9 and 9Cr-1Mo base metal  specimens i r r a d i a t e d  i n  
HFIR-MFE-RE1 and -RB2. 

CONCLUSIONS 

Instrumented Charpy impact t e s t i n g  o f  m i n i a t u r e  specimens o f  HT-9 and 9Cr-1Mo which were i r r a d i a t e d  i n  
t h e  HFIR-MFE-RB2 t e s t  shows t h a t  i r r a d i a t i o n  a t  55'C r e s u l t s  i n  degradat ion  o f  impact p r o p e r t i e s  f o r  a l l  
c o n d i t i o n s  t es ted .  Cond i t ions  i nc luded  base metal ,  weld metal  and f o r  HT-9, heat  af fected zone ma te r i a l .  
Degradat ion  of p r o p e r t i e s  i nc luded  s h i f t  i n  d u c t i l e - b r i t t l e  t r a n s i t i o n  temperature and r e d u c t i o n  i n  upper 
s h e l f  energy. The degradat ion  cou ld  on l y  be a t t r i b u t e d  t o  t he  low i r r a d i a t i o n  temperature;  an e f f e c t  o f  
he l i um p roduc t i on  cou ld  be r u l e d  out .  

Comparison of t he  RB2 r e s u l t s  w i t h  those of R E 1  i r r a d i a t e d  t o  h a l f  t h e  dose showed t h a t  t h e  degrada- 
t i o n  was approx imate ly  l i n e a r  w i t h  f luence and t h e r e f o r e  s a t u r a t i o n  had no t  y e t  been achieved. 
t e s t s  t o  h ighe r  dose a r e  recommended. 

Fu r the r  

FUTURE WORK 

F rac tog raph i c  examinat ions on se lec ted specimens w i l l  be descr ibed i n  t h e  nex t  p rogress  r e p o r t .  
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CHARPY IMPACT TEST RESULTS FOR LOW A C T I V A T I O N  F E R R I T I C  ALLOYS - N. S. Cannon, W. L. Hu and 0. S. Ge l l es  
(Westinghouse Hanford Company) 

OBJECTIVE 

(OBTT) and t h e  r e d u c t i o n  of t h e  upper s h e l f  energy (USE)  due t o  neut ron i r r a d i a t i o n  o f  low a c t i v a t i o n  
f e r r i t i c  a l l o y s .  

The o b j e c t i v e  of t h i s  work i s  t o  eva luate  the  s h i f t  of t he  d u c t i l e  t o  b r i t t l e  t r a n s i t i o n  temperature 

SUMMARY 

S i x  low a c t i v a t i o n  f e r r i t i c  a l l o y s  have been tes ted  f o l l o w i n g  i r r a d i a t i o n  a t  365'C t o  10 dpa and 
compared w i t h  c o n t r o l  specimens i n  o rde r  t o  assess the  e f f e c t  o f  i r r a d i a t i o n  on Charpy impact p r o p e r t i e s .  
I t  i s  found t h a t  a l l o y s  of compos i t ion  Fe-PCr-1.5V. Fe-12Cr-CMn-lV and Fe-12Cr-6Mn-IW develop unacceptably 
l a r g e  s h i f t s  i n  OBTT due t o  i r r a d i a t i o n ,  Fe-9Cr-1V develops a smal l  s h i f t  and Fe-9Cr-1W and Fe-7.5Cr-2W 
develop n e g l i g i b l e  s h i f t s .  I t  appears t h a t  a l l o y  development 
of low a c t i v a t i o n  f e r r i t i c  a l l o y s  should be concent ra ted i n  t h e  Fe-7.5 t o  9 C r  range. 

There i s  l i t t l e  e f f e c t  on USE i n  a l l  cases. 

PROGRESS AN0 STATUS 

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

It i s  w e l l  known t h a t  the  OBTT of many a l l o y s  s h i f t s  towards h ighe r  temperatures w i t h  i nc reas ing  
f luence. 
s e l e c t i o n  of a l l o y s  f o r  f u s i o n  r e a c t o r  a p p l i c a t i o n s .  

f o r  f us ion  r e a c t o r  environments.1 Charpy specimens f a b r i c a t e d  from most o f  these a l l o y s  were i r r a d i a t e d  i n  
t h e  Fast  F lux  Test  F a c i l i t y  (FFTF) i n  a s e r i e s  o f  M a t e r i a l s  Open Test  Assembly (MOTA) experiments. 
document r e p o r t s  t h e  r e s u l t s  of Charpy Impact t e s t s  on one t h i r d  s i z e  specimens discharged from the  MOTA- 1C 
exper iment a f t e r  i r r a d i a t i o n  t o  a nominal f l uence  of 3 x 1022 n l c d  (E > 0.1 MeV) or 10 dpa a t  365'C. 
I d e n t i c a l  specimens cont inue t o  be i r r a d i a t e d  i n  MOTA t o  p rov ide  r e s u l t s  f o l l o w i n g  i r r a d i a t i o n  t o  approx i-  
mately 30 dpa i n  order  t o  determine t h e  f l uence  dependence f o r  changes i n  impact p r o p e r t i e s .  

Vec imen p r e p a r a t i o n  

t h e  f r a c t u r e  toughness of severa l  low a c t i v a t i o n  a l l o y s .  
mm x 3.33 mm x 23.6 mm and a notch depth o f  0.51 mm and the re fo re  a r e  made t o  the  113 s i z e  C V N  standard. 
Specimens were precracked t o  an alW approximately equal t o  0.5 where a i s  the  notch depth p l u s  t h e  precrack 
l e n g t h  and W, t he  specimen he igh t ,  i s  3.33 mm. 

Accord ing ly ,  t h e  change i n  t h e  OBTT w i t h  neut ron i r r a d i a t i o n  i s  an impor tant  f ac to r  i n  the  

A s e r i e s  o f  a l l o y s  have been i d e n t i f i e d  as p o t e n t i a l  a l l o y s  f o r  low a c t i v a t i o n  s t r u c t u r a l  m a t e r i a l s  

Th is  

M i n i a t u r e  Charpy impact specimens were prepared f o r  t h e  study o f  t h e  e f f e c t  o f  neut ron i r r a d i a t i o n  on 
The specimens have an o v e r a l l  dimension of 3.33 

M a t e r i a l  s tocks used i n  t he  MOTA-1C experiment on Charpy impact t e s t i n g  inc luded:  

1. Fe-2Cr-1.5V (Heat UC-19). i d e n t i f i e d  p r e v i o u s l y  as A l l o y  Numher 3, Heat Treatment: 
t o  RT + 650'C12h/AC, i d e n t i f i e d  as t h e  L3 se r ies .  

Fe-9Cr-1V (Heat V02265). i d e n t i f i e d  p r e v i o u s l y  as A l l o y  Number 6 ,  Heat Treatment: 
t o  RT + 1100'C110m/AC t o  RT + 700'C/2h/AC, i d e n t i f i e d  as t h e  L5 se r ies .  

1050'C110mlWQ 

2. lOOO'C120hlAC 

3. Fe-12Cr-CMn-lV (Heat V02267). i d e n t i f i e d  p r e v i o u s l y  as A l l o y  Number 8, Heat Treatment: 
IOOO'CIPOhIAC t o  RT + 1100'C110m/AC t o  RT + 700'C/2hlAC, i d e n t i f i e d  as t h e  L7 s e r i e s .  

4 .  Fe-9Cr-1W (Heat V02268), i d e n t i f i e d  p r e v i o u s l y  as A l l o y  Number 7, Heat Treatment: 
t o  RT + 1 1 O O ' C l l O m l A C  t o  RT + 700'C12hlAC, i d e n t i f i e d  as t h e  La s e r i e s .  

Fe-12Cr-CMn-lW (Heat V02269), i d e n t i f i e d  p r e v i o u s l y  as A l l o y  Number 9, Heat Treatment: 
lOOO'C120hlAC t o  RT + 1100'C/10m/AC t o  RT + 700'C12hlAC, i d e n t i f i e d  as t h e  L9 se r ies .  

Fe-7.5Cr-ZW (Heat GA-3X). Heat Treatment: 
s e r i e s .  

1000'C120hlAC 

5 .  

6 .  

M a t e r i a l  f o r  t h e  L3 s e r i e s  was produced f o r  N. Ghoniem o f  UCLA by t h e  Foote M ine ra l  Company, Exton, PA 

The remaining m a t e r i a l s  were produced by Carpenter Technol- 

1000'CllhlAC t o  RT + 700'CllhlAC, i d e n t i f i e d  as the  LO 

and prov ided by Prof .  Ghoniem and the  m a t e r i a l  f o r  t h e  LO s e r i e s  was produced and prov ided by 1. A. 
Lechtenberg of G A  Technologies, San Oiego, CA.  
ogy Corporat ion,  Reading, PA. Product ion and process ing procedures have been p rev ious l y  d e s c r i b e d . 1 ~ 2  
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Specimens were manufactured by West R ich land Machine Works, W. R ich land WA,  engraved, hea t - t r ea ted  as 
def ined above and precracked us i ng  standard procedures.3 

Twelve specimens of each c o n d i t i o n  were i r r a d i a t e d  i n  t h e  below co re  c a n i s t e r s  of MOTA s t a r t i n g  i n  
S ix  specimens o f  each c o n d i t i o n  were Cycle 5 .  

removed f rom reac to r  a t  t h e  end of Cycle 6 a f t e r  an accumulated f l uence  of 3 x 1022 nlcm2 o r  approximately 
10 dpa. 
o f  Cyc le  9 a f t e r  a f u r t h e r  f l uence  of 6 x l o z 2  nlcm2 f o r  a t o t a l  dose o f  approximately 30 dpa. 

The temperature of t h e  below co re  c a n i s t e r  i s  365'C. 

The remain ing  s i x  specimens o f  each c o n d i t i o n  a r e  expected t o  be removed f rom r e a c t o r  a t  t h e  end 

Exper imental  procedures 

The t e s t s  were conducted on a drop tower i n s t a l l e d  i n  a h o t  c e l l .  The hea t i ng  and lo r  coo l i ng ,  
specimen t r a n s p o r t  and t e s t i n g  were automated t o  handle i r r a d i a t e d  specimens. Both u n i r r a d i a t e d  c o n t r o l s  
and i r r a d i a t e d  sDecimens were t es ted  i n  t h e  same f a c i l i t v .  Load t r aces  were d i g i t i z e d  and s to red  on b o t h  
magnetic tape and d i s k .  
d e t a i l s  o f  t h e  t e s t  system were descr ibed i n  Reference 4 .  

Computer so f tware  i n t eg ra ted  the  load  da ta  t o  ca l cu la ted  t h e  f r a c t u r e  energy. The 

The specimen temperature was i n d i c a t e d  by a s p r i n g  loaded thermocouple, c a l i b r a t e d  p r e v i o u s l y  versus a 
thermocouple spo t  welded on a dummy specimen. Dur ing  t h e  t e s t  per iod ,  t h e  load  c e l l  and t h e  impact 
v e l o c i t y  were checked weekly; these va lues  were found t o  be r e l a t i v e l y  steady, and minor changes were 
compensated i n  t h e  t e s t  sof tware.  The l o a d  c e l l  c a l i b r a t i o n  was conducted dynamica l ly  by comparing t h e  
maximum l o a d  ob ta ined du r i ng  a impact t e s t  of a c a l i b r a t e d  113 s i z e  CVN specimen w i t h  t h e  predetermined 
maximum l o a d  from a t h ree  p o i n t  bending t e s t .  
t i v e  6061 Aluminum a l l o y  i n  t h e  T651 heat  t r e a t e d  cond i t i on .  
t ime i n t e r v a l  ob ta ined when a f l a g  w i t h  a known gap w id th  on t h e  crosshead was passed through a s t a t i o n a r y  
i n f r a r e d  sensor d u r i n g  a f r e e  f a l l .  

r eco rd  and t h e  i n i t i a l  impact v e l o c i t y  f o l l o w i n g  Newton's second law, 

The c a l i b r a t i o n  specimens were made of l oad ing  r a t e  i nsens i -  
The impact v e l o c i t y  was c a l c u l a t e d  f rom t h e  

The t o t a l  energy absorbed i n  t h e  impact  t e s t  can be ca l cu la ted  from t h e  area under t h e  l o a d  t ime  

E = Ea (1-Ea/4Eo) 

where Ea = V o j P d t  i s  t h e  apparent  energy absorbed by t h e  s ecimen d u r i n g  t h e  impact, V o  i s  t h e  i n i t i a l  

where m i s  t h e  mass o f  t h e  crosshead. 

Resu l ts  

impact  v e l o c i t y ,  P i s  t h e  load  and t i s  t h e  t ime.  E o  = mVo 5 12  i s  t h e  t o t a l  a v a i l a b l e  energy a t  t h e  impact 

The instrumented Chdrpy t e s t  r e s u l t s  on low a c t i v a t i o n  a l l o y s  i r r a d i a t e d  i n  MOTA-IC a r e  i nc l uded  i n  
(The values f o r  c o n d i t i o n  LO c o n t r o l  

Th i s  no rma l i za t i on  f a c t o r  has been 

Table 1. Table 1 a l s o  inc ludes  r e s u l t s  f o r  u n i r r a d i a t e d  con t ro l s .  
specimens o f  A l l o y  GA-3X were p r e v i o u s l y  documented i n  Reference 5.) The normal ized energy t o t a l  (NET) and 
normal ized energy t o  maximum ( N E M )  l o a d  g iven  i n  Tab le  1 were c a l c u l a t e d  by m u l t i p l y i n g  t h e  app rop r i a te  
energy by a f a c t o r  o f  LlB(W-a)2 where E = W = 3.33 mm, and L = 4W. 
descr ibed i n  Reference 6 and i s  intended t o  compensate t h e  impact energy r e s u l t s  f o r  d i f f e r e n c e s  i n  
specimen geometry such as crack l eng th  and specimen s ize .  Al though t o t a l  energy i s  u s u a l l y  used t o  
determine 0811, some t e s t  r e s u l t s  were incomplete,  i n  which case t h e  NEM was a gene ra l l y  more c o n s i s t e n t  
de termin ing  parameter. F igs .  1 t o  6 con ta i n  p l o t s  o f  bo th  NET and NEM versus t e s t  temperature f o r  a l l  s i x  
a1 1 oys. 

Curves were f i t t e d  t o  t h e  da ta  shown i n  F igs .  1 t o  6 based on t h e  equa t i on  

NET ( o r  NEM) = A + B * tanh [(T-TO)lCO] 

where T i s  t h e  t e s t  temperature, and A ,  E, TO and CO were f i t t i n g  parameters. The f i t t i n g  parameters f o r  
each a l l o y  c o n d i t i o n  a r e  l i s t e d  i n  Tab le  2. The i n f l e c t i o n  p o i n t ,  TO. was used t o  d e f i n e  t h e  DBTT; 
USE = A + B as taken f rom the  MET values.  
noted),  USE, and changes i n  these parameters w i t h  i r r a d i a t i o n .  Al though these values a r e  presented 
p r e c i s e l y  as c a l c u l a t e d  f rom t h e  curve  f i t t i n g  process, i t  should be noted t h a t  t h e  process was s u b j e c t i v e  
and t h e  da ta  base smal l .  

Table 3 suminarizes t h e  DBTT (ob ta i ned  f rom t h e  NET except as 

F i g .  1 prov ides  a comparison o f  the  u n i r r a d i a t e d  and i r r a d i a t e d  c o n d i t i o n s  o f  Fe-2Cr-1.5V (Heat  
U C- 1 9 ) .  As a f u n c t i o n  o f  temperature, t h e  normal ized maximum energy and normal ized t o t a l  energy a r e  shown 
i n  F igs .  l a  and l b ,  r e s p e c t i v e l y .  F ig .  l a  i n d i c a t e s  t h a t  t h e  DBTT fo r  t h e  u n i r r a d i a t e d  c o n d i t i o n  i s  169'C 
whereas f o l l ow ing  i r r a d i a t i o n  a t  365'C t o  11 dpa, t h e  DETT i s  above 250'C, t h e  maximum temperature f o r  t h e  
t e s t  apparatus. F i g .  2 p rov ides  r e s u l t s  f o r  Fe-1Cr-1V and shows t h a t  t h e  D E 1 1  f o r  t h e  u n i r r a d i a t e d  
c o n d i t i o n  i s  -44'C whereas f o l l o w i n g  i r r a d i a t i o n  a t  365'C t o  12 dpa, t h e  DETT has s h i f t e d  t o  18'C. The USE 
i s  a l t e r e d  on ly  s l i g h t l y  as shown i n  F i g .  ?b, f rom 280 J/cm2 t o  240 JIcm2. 
Fe-lZCr-6Mn-lV. The u n i r r a d i a t e d  c o n d i t i o n  has a DETT of 1 O ' C  whereas f o l l o w i n g  i r r a d i a t i o n  a t  365-C t o  12 
dpa t h e  DBTT has been s h i f t e d  t o  200'C. However, t h e  r e s u l t s  i n d i c a t e  on l y  a smal l  change i n  U S E .  F i g .  4 
p rov ides  r e s u l t s  f o r  Fe-9Cr-1W. 

F i g .  3 shows r e s u l t s  f o r  

The DETT f o r  t h e  u n i r r a d i a t e d  c o n d i t i o n  i s  12'C whereas f o l l o w i n g  
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Tab le  1. Charpy specimen c o n d i t i o n s  o f  low a c t i v a t i o n  f e r r i t i c  a l l o y s  
i r r a d i a t e d  i n  t h e  MOTA-IC exper iment a t  365'C 

Normal i zed 
Tes t  Max. Energy t o  Energy t o  

Dose Temp. Load Max. Load Max. Load 
A l l o y  (dpa l  ( ' C I  ( K  n t l  ( J l  (J/cm2) 

.... 2Cr-1.5V 
L3 s e r i e s  _ _ _ _  _ _ _ _  _ _ _ _  

11.3 
11.3 
11.3 

_ _ _ _  9Cr-1V 
L5 s e r i e s  _ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _  

_... 

12.0 
12.0 
12.0 
12.0 
12.0 
12.0 

12Cr-6Mn-1V _ _ _ _  
L7 s e r i e s  _ _ _ _  _ _ _ _  _ _ _ _  

9Cr-1W 
L8 s e r i e s  

12.0 
12.0 
12.0 
12 .o 

12 .o 
12 .o 
12 .o 
12.0 

12Cr-6Mn-1W _ _ _ _  
L9 s e r i e s  ._.. _ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _  

12.0 
12.0 
12.0 

200 
150 
110 

20 

250 
200 
150 

5 0  
23 

- 10 
-40 
-80 

-112 

131 
101 
92 
65 
22 
-8 

100 
80 
65 
45 
25 

-20 

250 
210 
150 
25 

100 
60 
20 

-20 
-50 
-80 

150 
100 

50 
21 

50 
22 

-30 
- 50  
-60 
-80 

240 
200 
150 

0.686 
0.565 
0.416 
0.431 

0.641 
0.497 
0.829 

0.603 
0.634 
0.617 
0.584 
0.490 
0.503 

0.559 
1.016 
0.674 
0.664 
0.508 
0.605 

0.650 
1.197 
0.727 
0.656 
0.616 
0.591 

0.639 
0.610 
0.543 
0.336 

0.482 
0.685 
0.670 
0.611 
0.554 
0.342 

0.485 
0.651 
0.436 
0.337 

0.782 
0.885 
0.668 
0.844 
0.680 
0.656 

0.726 
0.687 
0.610 

0.305 
0.116 
0.027 
0.018 

0.049 
0.028 
0.080 

0.170 
0.136 
0.141 
0.127 
0.025 
0.044 

0.144 
0.250 
0.151 
0.141 
0.042 
0.044 

0.163 
0.606 
0.165 
0.122 
0.073 
0.047 

0.138 
0.045 
0.043 
0.013 

0.218 
0.315 
0.155 
0.077 
0.048 
0.025 

0.132 
0.177 
0.117 
0.023 

0.172 
0.223 
0.089 
0.211 
0.074 
0.036 

0.190 
0.144 
0.111 

49.0 
17.8 

4.2 
2.3 

7.1 
4.3 

12.2 

29.8 
27.8 
26.7 
22.4 

5 .O 
7.9 

26.3 
44.3 
26 .O 
25.3 

7.5 
7.9 

28.7 
95.5 
27.6 
20.1 
13.6 
8 .O 

23.9 
7.4 
7.4 
2.2 

40.5 
50.2 
26.2 
11.4 
7.5 
4.5 

23.1 
29.7 
21.8 

4.1 

31.3 
37.8 
17 .O 
40.8 
13.5 
6 .O 

32.8 
27.2 
18 .o 

F rac tu re  
Energy 

( J l  

1 .a10 
0.803 
0.651 
0.149 

0.540 
0.231 
0.515 

1.574 
1.332 
1.367 
0.963 
0.324 
0.438 

1.205 
2.404 
1.467 
1.372 
0.795 
0.528 

1 .a31 
2.510 
1.236 
0.858 
0.631 
0.415 

1.240 
0.675 
0.236 
0.042 

1.935 
2.394 
1.556 
0.837 
0.447 
0.175 

1.811 
1.418 
0.875 
0.260 

1.188 
1.219 
0.707 
0.854 
0.600 
0.140 

1.245 
0.808 
0.512 

Normal i zed 
F rac tu re  

Energ$ (J lcm ) 

29 0 
124 
100 

18.8 

77.6 
36 .O 
79 .O 

276 
272 
259 
169 
64.5 
78.4 

220 
426 
253 
246 
142 
95 .O 

182 
39 6 
207 
141 
118 
70.8 

214 
111 

40.4 
7.3 

359 
382 
262 
125 

70.4 
30.8 

318 
238 
163 

46.0 

216 
207 
135 
165 
110 

23.1 

215 
153 
83.1 



122 

Table 1. Charpy specimen c o n d i t i o n s  of low a c t i v a t i o n  f e r r i t i c  a l l o y s  
i r r a d i a t e d  i n  the  MOTA-IC experiment a t  3 6 5 ' C  (con t inued]  

I___. I_-__ __ ~ ~ ____I__________ ~ 

Norma 1 i z ed Normalized 
Tes t  Max. Energy t o  Energy t o  F rac tu re  F rac tu re  

A l l o y  (dpal  ('CI ( K  n t l  ( J )  ( J/cm2) ( J l  (Jfcm ) Energ$ 
Dose Temp. Load Max. Load Max. Load Energy 

7.5Cr-2W _ _ _ _  100 0.645 0.232 44.2 2.199 418 
LO s e r i e s  -__. 5 0  0.733 0.253 39.5 2.497 39 1 _ _ _ _  21 0.693 0 2 2 5  38.2 2.264 384 

---- 0 0.726 0.248 40.4 2.169 354 _ _ _ _  - 10 0.648 0.225 40.3 1.641 29 4 _ _ _ _  -25 0.574 0.068 11.4 11096 185 _ _ _ _  -50 0.571 0.063 10.9 0.613 106 _ _ _ _  -80 0.536 0.037 7.1 0.130 25.2 

10.5 140 0.687 0.168 28.4 1.887 319 
10.5 100 0.685 0.159 29.1 1.981 363 
i n  .5 21 0.792 0.251 38.1 1.260 19 1 
10.5 -20 0.576 0.064 10.2 1.019 161 
10.5 - 60  0.559 0.029 5 .1  0.336 58.9 

Tab le  2. Data f i t  parameters us i ng  NET ( o r  NEM) = A + B Tanh [q] 
I r r d d i a t e d  Energy 

A l l o y  Se r i es  Status* Type A B T+ C+ 

2Cr-1.5V 

9 t r -1V 

12Cr-6Mn-lV 

9Cr-lW 

12Cr-6Hn-lW 

7.5Cr-2W 

L3 C 
I 

C 
I 

L5 C 
I 

C 
I 

L7 C 
I 
C 
I 

L8 C 
I 

C 
I 

L9 C 
I 

C 
I 

C 
I 

NET 
NET 

NEM 
NEM 

NET 
NET 

NEM 
NEM 

NET 
NET 

NEH 
NEM 

NET 
NET 

NEM 
NEM 

NET 
NET 

NEM 
NEM 

NET 
NET 

NEH 
NEM 

1 6 3  
? 

30.4 
? 

165 
144 

16.7 
15.6 

108 
108 

17 .O 
17.0 

200 
180 

25.3 
17 

113 
113 

20 
20 

215 
185 

24.5 
19 

1 4 5  
? 

28.6 
? 

115 
95 

12.2 
11.1 

93 
93 

13.6 
13.6 

170 
150 

20.8 
12.5 

106 
106 

16 
16 

190 
160 

19 .I 
13.6 

145 
? 

159 
? 

- 4 4  
18 

-55 
36 

10 
200 

30 
220 

-2 
70 

12 
44 

-52 
165 

- 30 
165 

-24 
0 

-20 
5 

40 
40 ? 

40 ? 

40 

35 
30 

60 
60 

50 
50 

40 
50 

40 
20 

45 
45 

4 5  
70 

30 
40 

30 
30 

*C :  Cont ro l ,  I :  I r r a d i a t e d .  
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( b )  

F ig .  1. Charpy impact t e s t  r e s u l t s  as a f u n c t i o n  of t e s t  temperature f o r  Fe-LCr-1.W (Ser ies  L3)  
D l o t t e d  as a func t i on  o f  normal ized maximum energy ( a )  and normal ized t o t a l  energy ( b ) .  
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(a )  

F ig .  2. Charpy impact t e s t  r e s u l t s  as a func t ion  o f  t e s t  temperature f o r  Fe-9Cr-1V (Ser ies  L5) 
p l o t t e d  as a f unc t i on  o f  normal ized maximum energy [ a )  and normalized t o t a l  energy ( b ) .  
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-1.5 -1 -.5 0 .5 i 1.5 2 2.5 3 3.5 
x 10s 

TEMPERATURE IC1 

i 

-1.5 -1 -.5 0 .5 1 1.5 2 2.5 3 3.5 
x 10' 

TEMPERATURE (Cl 

( b )  

Fig. 3 .  Charpy impact t e s t  r e su l t s  as a function o f  t e s t  temperature f o r  Fe-1ECr-6Mn-1V (Series L 7 )  
plot ted as a function of normalized maximum energy (a)  and normalized t o t a l  energy ( b ) .  
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F ig .  4 .  Charpy impact t e s t  r e s u l t s  as a func t i on  o f  t e s t  temperature f o r  Fe-9Cr-1W (Ser ies  LE)  
p l o t t e d  as a f u n c t i o n  o f  normal ized maximum energy ( a )  and normal ized t o t a l  energy ( b ) .  
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F ig .  5 .  Charpy impact t e s t  r e s u l t s  as a func t ion  o f  t e s t  temperature f o r  Fe-lPCr-6Mn-lW (Ser ies  L9)  
p l o t t e d  as a f unc t i on  o f  normal ized maximum energy (a) and normalized t o t a l  energy ( b ) .  
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F ig .  6. Charpy impact t e s t  r e s u l t s  as a f unc t i on  o f  t e s t  temperature f a r  Fe-7.5Cr-ZW (Se r i es  LO) 
p l a t t e d  as a f unc t i on  o f  normal ized maximum energy (a)  and normal ized t o t a l  energy ( b ) .  
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Table 3. Summary o f  OBTT behavior i n  low a c t i v a t i o n  f e r r i t i c  a l l o y s  
f o l l o w i n g  i r r a d i a t i o n  i n  MOTA-1C 

Cont ro l  I r r a d .  S h i f t  Cont ro l  I r r a d .  Approx. S h i f t  
OBTT OBTT i n  OBTT USE USE i n  USE 

A l l o y  Ser ies ('C) ('C) ('C) (JIcm2) (J/cm2) (J lcm2) 

2Cr-1.5V L3 169* ,250 ? 308 ? ? 

9 C r - 1 V  L5 44 18 62 280 239 -40 

12Cr-6Hn-lV L7 10 200 190 201 201 0 

9Cr-1W L8 12* 44* 32 370 330 - 40 

12Cr-6Hn-lW L9 - 5 2  165 217 219 219 0 

7 .5Cr -2W LO -24 0 24  405 345 - 60 

*Because of an improper scope s e t t i n g ,  e n t i r e  energy curve was no t  captured d u r i n g  a t r a n s i t i o n  t e s t ;  
thus t h e  NEM values are  more approp r ia te  f o r  determin ing O B T T .  

i r r a d i a t i o n  a t  365'C t o  12  dpa t h e  OBTT was 44'C. 
J l cm2 .  
has a OBTT of -52 'C  whereas f o l l o w i n g  i r r a d i a t i o n  a t  365'C t o  1 2  dpa has r e s u l t e d  i n  a l a r g e  s h i f t  i n  OBTT 
t o  165'C. No change i n  USE due t o  i r r a d i a t i o n  i s  i nd i ca ted .  F i n a l l y ,  i n  F ig .  6, r e s u l t s  a re  shown f o r  
Fe-7.5Cr-ZW. The u n i r r a d i a t e d  c o n d i t i o n  i s  found t o  have a OBTT o f  -24'C whereas f o l l o w i n g  i r r a d i a t i o n  a t  
365°C t o  10.5 dpa, the  OBTT i s  s h i f t e d  t o  O'C. A smal l  drop i n  USE due t o  i r r a d i a t i o n  i s  i nd i ca ted ,  f rom 
410 J/cm2 t o  350 J/cm2. 

The USE was reduced by i r r a d i a t i o n  from 370 Jlcm2 t o  330 
The r e s u l t s  f o r  Fe-lECr-6Mn-lW are g iven i n  F ig .  5 ,  which i n d i c a t e s  t h a t  t h e  u n i r r a d i a t e d  c o n d i t i o n  

The OBTT and USE r e s u l t s  o f  t he  charpy impact t e s t  s e r i e s  on low a c t i v a t i o n  a l l o y s  were summarized i n  
Table 3. Table 3 shows t h a t  t h e  a l l o y  i n  t h e  Fe-2Cr range has a h i g h  O8TT and a low USE p r i o r  t o  i r r a d i a -  
t i o n  and t h e  OBTT s h i f t s  beyond 250 'C f o l l o w i n g  i r r a d i a t i o n .  A l l o y s  i n  t h e  Fe-12Cr range develop l a r g e  
s h i f t s  i n  OBTT on the  order  o f  200'C. The Fe-7.5 t o  Fe-9Cr a l l o y  range shows much g rea te r  promise. 
OBTT values p r i o r  t o  i r r a d i a t i o n  a re  low and s h i f t s  i n  DBTT due t o  i r r a d i a t i o n  a r e  smal l .  
t h e  bas i s  of these r e s u l t s ,  t h e  optimum composi t ion range f o r  low a c t i v a t i o n  f e r r i t i c  a l l o y  development 
appears t o  be Fe-7.5 t o  9Cr .  Tungsten a d d i t i o n s  p rov ide  somewhat h ighe r  USE behav ior  and sma l le r  s h i f t s  i n  
OBTT due t o  i r r a d i a t i o n  than do vanadium a d d i t i o n s  and t h e r e  appears t o  be no pena l t y  i n  i nc reas ing  the  
tungsten l e v e l  t o  2%.  a t  l e a s t  f o r  f l uence  l e v e l s  on the  order  o f  10  dpa. 

D iscuss ion 

The 
Therefore,  on 

I t  i s  p o s s i b l e  t o  e x p l a i n  the  observed Charpy impact response o f  low a c t i v a t i o n  f e r r i t i c  a l l o y s  due t o  
i r r a d i a t i o n  as f o l l o w s .  The general  behav ior  observed was t h a t  Fe-2Cr and Fe-12Cr a l l o y s  d id n o t  perform 
as w e l l  as Fe-7.5 t o  9Cr a l l o y s .  I t  has been shown t h a t  Fe-2Cr a l l o y s  develop l a r g e  increases i n  s t reng th ,  
both  y i e l d  and u l t i m a t e  t e n s i l e  s t rength ,  due t o  i r r a d i a t i o n  a t  420'C.1.7 T h i s  e f f e c t  of i r r a d i a t i o n  i s  
a t t r i b u t e d  t o  p r e c i p i t a t i o n ,  poss ib l y  of V4C3 o r  M7C3 t ype  phases.7 Therefore,  a l a r g e  s h i f t  i n  DBTT due 
t o  i r r a d i a t i o n  f o r  Fe-2Cr-V a l l o y s  was a n t i c i p a t e d .  Unfor tunate ly ,  t h e  OBTT found p r i o r  t o  i r r a d i a t i o n  i n  
hea t  UC-19 i s  probably due t o  the  V 4 C  which was found i n  the  as hea t  t r e a t e d  s t r u c t u r e .  

p r e c i p i t a t i o n  which occurs du r ing  i r r a d i a t i o n .  

very s i m i l a r  t o  those found f o r  t h e  Fe-12Cr-6Mn a l l o y s  tes ted  i n  t h e  present  experiment. 
con ta in ing  a l l o y  showed a 150'C s h i f t  f o l l o w i n g  i r r a d i a t i o n  a t  365'C t o  5.4 dpa and a 220'C s h i f t  f o l l o w i n g  
i r r a d i a t i o n  a t  365'C t o  11.3 dpa.8 
t a t i o n  c o n t r o l  l e d  p r i o r  a u s t e n i t e  g r a i n  boundary embr i t t l emen t  and m i c r o s t r u c t u r a l  examinat ion revea led 
p r e c i p i t a t i o n  o f  an Fe-Cr-Mn Chi phase.') 
c o n t a i n i n g  tungsten o r  vanadium. 
percent  chromium cause unexpected embr i t t lement  and should be avoided. 

Improved hea t  
t reatment  procedures should be poss ib  9 e bu t  i t  i s  u n l i k e l y  t h a t  such procedures would avo id  the  

Charpy impact t e s t i n g  t o  determine t h e  e f f e c t  of i r r a d i a t i o n  on a Fe-lPCr-6Mn-lMo a l l o y  gave r e s u l t s  

Fractograph ic  examinat ion showed a change i n  f r a c t u r e  mode t o  p r e c i p i -  

S i m i l a r  response should be expected i n  Fe-1ZCr-6Mn a l l o y s  

The molybdenum 

Therefore, a d d i t i o n s  of manganese f o r  a u s t e n i t e  s t a b i l i t y  a t  l e v e l s  of 12 

The exp lana t ion  f o r  improved p r o p e r t i e s  i n  tungsten c o n t a i n i n g  7 . 5  t o  9Cr a l l o y s  i n  comparison t o  
vanadium con ta in ing  9Cr a l l o y s  i s  no t  y e t  c l e a r .  
been i d e n t i f i e d  i n  Fe-2Cr-V a l l o y s .  However, t h e r e  i s  c o r r o b o r a t i n g  evidence f o r  good OBTT response i n  
Fe-7.5Cr-2W a l l o y  GA-3X from work i n  progress. M i c r o s t r u c t u r a l  examinat ions o f  t h i s  a l l o y  f o l l o w i n g  
i r r a d i a t i o n  a t  365, 420, 520 and 600'C t o  approximately 30 dpa shows no evidence o f  excessive p r e c i p i t a -  
t i o n .  
impact p r o p e r t i e s  i n  i r r a d i a t i o n  environments. 

I t  may be assoc ia ted w i t h  t h e  tendency f o r  V4C3 which has 

Therefore, a d d i t i o n s  o f  tungsten i n  the  two percent  l e v e l  does n o t  appear t o  lead t o  degradat ion o f  



CONCLUSIONS 

The e f fec t  o f  i r r a d i a t i o n  on Charpy impact p r o p e r t i e s  f o r  a s e r i e s  o f  low a c t i v a t i o n  f e r r i t i c  a l l o y s  has 
been determined. I r r a d i a t i o n  a t  365'C t o  10 dpa r e s u l t s  i n  s i g n i f i c a n t  s h i f t s  i n  DBTT f o r  a l l o y s  i n  t he  
compos i t ion  ranges Fe-2Cr-1.5V and Fe-lZCr-6.5Mn-lW or - l V  whereas the  s h i f t  i s  sma l l e r  i n  Fe-9Cr-1V and i s  
almost n e g l i g i b l e  i n  Fe-9Cr-1W and Fe-7.5Cr-2W. Changes i n  USE due t o  i r r a d i a t i o n  appear t o  be unimportant 
i n  a l l  a l l o y s .  
tungsten a re  p re fe r red  over those of vanadium. 

The optimum compos i t ion  f o r  development appears t o  be Fe-7.5 t o  9Cr and a d d i t i o n s  o f  

FUTURE WORK 

Fractography w i l l  be performed on se lec ted  specimens i n  t he  next  r e p o r t i n g  per iod .  
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TEMPERING EFFECTS ON A 12 CR LOW ACTIVATION STEEL - R.D. G r i f f i n ,  R.A. Dodd and G.L. K u l c i n s k i  ( U n i v e r s i t y  
o f  Wisconsin) 

OBJECTIVE 

The o b j e c t i v e  of t h i s  work i s  t o  cha rac te r i ze  tempering e f fec ts  on a low a c t i v a t i o n  12 C r  m a r t e n s i t i c  
s tee l .  

SUMMARY 

A m a r t e n s i t i c  s tee l  s i m i l a r  t o  HT-9 has been designed t o  reduce a c t i v a t i o n  l e v e l s  fo l l ow ing  
i r r a d i a t i o n .  
determine t h e  response of t he  s t e e l  t o  tempering. 

Hardness t e s t s ,  o p t i c a l  meta l lography and t ransmiss ion  e l e c t r o n  microscopy a re  be ing used t o  

PROGRESS AND STATUS 

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

The m a r t e n s i t i c  s tee l  used i n  t h i s  study was prov ided by Hanford Engineer ing Developmental Laboratory.  
It was pat terned a f t e r  HT-9 w i t h  vanadiun and tungsten s u b s t i t u t e d  f o r  molybdenum f o r  s t rengthen ing,  and 
with a low r carbon content.  
increased.' The composi t ion of t h e  s t e e l  i s  shown i n  Table 1. 

To compensate f o r  t h e  decreased carbon, The manganese l e v e l  has been 

Table 1 

C r  C V W Mn s i  N P S 

11.81 0.097 0.28 0.89 6.47 0.11 0.003 < 0.005 0.005 

This study i s  in tended t o  prov ide i n f o r m a t i o n  on t h e  e f f e c t s  o f  heat  t reatment  on m i c r o s t r u c t u r e  and t o  
p r o v i d e  i n f o r m a t i o n  f o r  comparison w i t h  i r r a d i a t i o n  r e s u l t s .  

Experimental Procedure 

The a l l o y  was r o l l e d  and then a u s t e n i t i z e d  f o r  20 hours a t  1000 C fo l lowed by an a i r  cool  t o  room 
temperature, and then a u s t e n i t i z e d  f o r  10 minutes a t  1100 C fo l lowed again by an a i r  cool  t o  room 
temperature. 
two hours and a t  500 C and 700 C f o r  twenty- four hours. 
some TEM were conducted on t h e  samples. 

Experimental Resu l ts  

The r e s u l t s  from t h e  hardness t e s t s  a re  shown i n  F igu re  1. 

Samples of t h e  s t e e l  were then  tempered a t  400 C, 500 C, 600 C, 700 C, 800 C, and 900 C f o r  
Op t i ca l  metal lography, microhardness t e s t s ,  and 

A t  t h e  h ighe r  tempering temperatures (800 C 
and 900 C), t h s  hardness begins t o  increase sharp ly .  Th is  i s  s i m i l a r  t o  r e s u l t s  obta ined by Klueh f o r  12Cr- 
2WV-Mn s tee ls .  As t h e  manganese content i s  increased, t h e  temperature a t  which aus ten i te  forms i s  lowered. 
A t  t h e  h ighe r  tempering temperatures, a u s t e n i t e  reforms and on c o o l i n g  transforms t o  untempered mar tens i te ,  
t hus  e x p l a i n i n g  t h e  hardness increase. Measurements o f  p r i o r  a u s t e n i t e  g r a i n  s i z e  Were done on a l l  t h e  
samples and t h e  average Size was 130 microns. Unexpectedly, t h e  800 C and 900 C tempers, which showed t h e  
hardness increases,  d i d  no t  d i f f e r  i n  t h e i r  a u s t e n i t e  g r a i n  s i z e  from t h e  lower  temperature heat t reatments .  
The r e s u l t s  from t h e  o p t i c a l  meta l lography are  shown i n  F igu re  2. The a s- r o l l e d  and untempered samples a r e  
i nc luded  t o  show t h a t  t h e  no rma l i z ing  t reatment  was successful .  The m i c r o s t r u c t u r e  of a l l  t h e  samples was 
m a r t e n s i t i c  and a l l  samples conta ined l a r g e  p r e c i p i t a t e s  l y i n g  along t h e  former a u s t e n i t e  g r a i n  boundaries.  
The 800 C and 900 C heat t reatments  showed reg ions which were d i f f e r e n t  from t h e  tempered mar tens i te  which 
they  bo th  also contained. 

which Form. To e l i m i n a t e  background e f f e c t s ,  e x t r a c t i o n  r e p l i c a s  a re  be ing used. I n i t i a l  work has been 
done on t h e  400 C and 500 C, two hour samples. 
found bo th  on t h e  p r i o r  a u s t e n i t e  boundaries and w i t h i n  t h e  mar tens i te  l a t h s .  
r e s u l t s  from t h e  e x t r a c t i o n  rep l i cas .  I n  F igure 3-a, l a r g e  M C carb ides a re  shown l y i n g  along a p r i o r  
a u s t e n i t e  g r a i n  boundary. 
e longated p r e c i p i t a t e s .  
ca rb ide  average s i z e  i s  0.2 un long and 3.0 nm wide. 

These reg ions conta ined s u b s t a n t i a l  concen t ra t i ons  o f  l a r g e  p r e c i p i t a t e s .  

Transmission e l e c t r o n  microscopy (TEM), i s  being conducted on t h e  samples t o  i d e n t i f y  t h e  p r e c i p i t a t e s  

The major p r e c i p i t a t e  i n  both  samples i s  MZ3C6 which i s  
F igure 3 shows t y p i c a l  

The smal ler  M C carb ides i n  FiguFz %a found i n  t h e  mar tens i te  l a t h s  a re  a l s o  
The boundary c a R i 8 e  average s i z e  i s  0.8 pm long  and 0.2 pm wide, wh i l e  t h e  l a t h  
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Figure 1. Vickers hardness number versus tempering parameters. 

I n  F igure 3-h, an example of a very l a r g e  aus ten i te  g r a i n  boundary M2,C6 ca rb ide  i s  p i c t u r e d  which 
con ta ins  many tw ins .  The t w i n s  were o f t e n  seen i n  these p r e c i p i t a t e s .  I n  F igure 3-c and 3-d a t y p i c a l  
d i f f r a c t i o n  p a t t e r n  and x- ray spectrum from these p r e c i p i t a t e s  i s  shown. 
1.06 nm. The metal composi t ion i n  t h e  carb ides i s  found t o  be c lose  t o  49% Fe, 49% Cr, 1% V, and 1% S i .  

O i  scussi  on 

The p r e c i p i t a t e  i s  fcc w i t h  a, = 

The h igh  temperature tempering o f  t h i s  a l l o y  r e s u l t s  i n  a hardness increase which i s  probably  due t o  
t h e  format ion o f  new, untempered mar tens i te .  Add i t i ona l  p r e c i p i t a t i o n  may a l so  be a f a c t o r  i n  t h i s  hardness 
increase. E l e c t r o n  microscopy revea ls  t h a t  a t  400 C and 500 C t h e  major p r e c i p i t a t e  which i s  forming i s  the  
M 3C6 carb ide.  
,?so present .  

This carb ide i s  e s s e n t i a l l y  h a l f  C r  and h a l f  Fe w i t h  small amounts of vanadium and s i l i c o n  

FUTURE WORK 

The tempering study w i l l  be concluded by i d e n t i f y i n g  a l l  p r e c i p i t a t e s  a t  each o f  t h e  tempering 
temperatures. I n  a d d i t i o n ,  p r e c i p i t a t e  number d e n s i t i e s  and d i s l o c a t i o n  d e n s i t i e s  w i l l  he measured. 
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PROPERTIES OF WELDED LOW ACTIVATION FERRITIC ALLOYS - H. T. L i n  and B. A. Chin (Auburn 
U n i v e r s i t y  ) 

ADIP TASK 

ADIP Task I .A.5, Perform F a b r i c a t i o n  Analys is ,  and I.C.1, M i c r o s t r u c t u r e  S t a b i l i t y .  

OBJECTIVE 

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

SUMMARY 

Sound autogeneous welds can be produced r e a d i l y  i n  t h i n  sheets o f  t h e  low a c t i v a t i o n  
f e r r i t i c  a l l o y s  p a t t e r n e d  on 2-1/4 Cr-lMo, 9 0.-1 Mo and 12 Cr-1Mo s t e e l s .  The as-welded 2-1/4 
C r  and 9 C r  a l l o y s  show t y p i c a l  m i c r o s t r u c t u r e s  of b a n i t e  and m a r t e n s i t e  r e s p e c t i v e l y ,  w h i l e  12 
C r  a l l o y s  show t h e  duplex f e r r i t e - m a r t e n s i t e .  Observat ions i n d i c a t e  t h a t  the re  i s  a tendency 
t o  form d e l t a  f e r r i t e  i n  bo th  fus ion and heat-af fec ted zones if t h e  concen t ra t ion  of vanadium 
i s  g r e a t e r  than 1 wt%. I n  a d d i t i o n ,  the s t reng then ing  e f f e c t  caused by t h e  a d d i t i o n  o f  
tungsten and tan ta lum i s  n o t  s i g n i f i c a n t .  The mechanical r e s u l t s  suggest t h a t  a post-weld heat 
t reatment  i s  recommended f o r  bo th  9 C r  and 12 C r  l ow  a c t i v a t i o n  a l l o y s  t o  enhance impact 
p r o p e r t i e s .  

PROGRESS AND STATUS 

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

F e r r i t i c  a l l o ys ,  composed p r i n c i p a l l y  o f  C r  and Mo, have been chosen f o r  i n v e s t i g a t i o n  as 
candidates f o r  t h e  s t r u c t u r a l  components of f u s i o n  reac to rs .  However, these a l l o y s ,  t o  be used 
f o r  the f i r s t  w a l l  and b lanket  components, w i l l  become h i g h l y  r a d i o a c t i v e  f rom a c t i v a t i o n  by 
high-energy f u s i o n  neut rons d u r i n g  serv ice.  Th is  a c t i v i t y  makes f o r  d i f f i c u l t  d isposal  o f  
these m a t e r i a l s  a f t e r  se rv ice .  The need o f  devo lp ing  low a c t i v a t i o n  m a t e r i a l s  was then 
proposed by Department o f  Energy i n  1982 [l]. This has l e d  t o  the development o f  l o w  
a c t i v a t i o n  f e r r i t i c  a l l o y s  w i t h  b a n i t i c  ( s i m i l a r  t o  2-1/4 Cr-1 Mo) and m a r t e n s i t i c  ( s i m i l a r  t o  
9-Cr-1Mo and HT-9) s t r u c t u r e s  by Hanford Engineer ing Development Laboratory  (HEDL) [2] .  

An impor tan t  step i n  the development o f  these a l l o y s  i s  the de te rm ina t ion  of w e l d a b i l i t y  
because j o i n i n g  by convent ional  welding processes i s  an impor tant  means o f  f a b r i c a t i n g  
engineer ing a l l o y s  i n t o  s t r u c t u r a l  components. The t y p i c a l l y  b a n i t i c  s t e e l s  are known to  
e x h i b i t  good w e l d a b i l i t y ,  w h i l e  m a r t e n s i t i c  s t e e l s  a r e  suspected t o  have inadequate toughness 
i n  t h e  h e a t - a f f e c t e d  zone (HAZ). A t  present,  the re  are l i t t l e  da ta  on c h a r a c t e r i z a t i o n  of 
weld s t r u c t u r e s  and m c h a n i c a l  p r o p e r t i e s  o f  low a c t i v a t i o n  f e r r i t i c  a l l o y s .  The o b j e c t i v e  o f  
t h i s  s tudy i s  t o  Charac te r i ze  t h e  m i c r o s t r u c t u r e s  and mechanical p r o p e r t i e s  of low a c t i v a t i o n  
a l l o y s  encountered i n  b o t h  f u s i o n  zone and HAZ. Th is  w i l l  p r o v i d e  base l ine  da ta  f o r  f u r t h e r  
chemical m o d i f i c a t i o n  t o  improve t h e  performance o f  l ow a c t i v a t i o n  f e r r i t i c  a l l o y s .  

Experimental  Procedures 

Eleven heats  o f  low a c t i v a t i o n  f e r r i t i c  a l l o y s  p a t t e r n e d  on 2-1/4 C r - I  Mo, 9 Cr-1Mo and 12 
C r - 1  Mo s t e e l s  were f a b r i c a t e d  by HEDL. The nominal chemical composit ion of low a c t i v a t i o n  
a l l o y s  s t u d i e d  i s  shown i n  Table 1 [2 ] .  A l l  heats were h o t - r o l l e d  w i t h  an in te rmed ia te  heat 
t rea tmen t  of 7OO0C f o r  30 minutes t o  a f i n a l  th i ckness  o f  2.54 mm. A l l  sheets were homogenized 
fo r  20 hours a t  lO0O'C fo l lowed by a i r - c o o l i n g .  The m a t e r i a l s  were then s o l u t i o n  annealed f o r  
one b u r  a t  1150°C, a i r - c o o l e d  then g iven a tempering heat t reatment  of 700% for two b u r s  
f o l l o w e d  by a i r - c o o l i n g .  

Autogeneous bead-on-plate welds were made us ing gas tungsten a rc  weld ing (GTAW) process. 
The welding was performed a t  32 VDC, 100 A a t  a t r a v e l  speed of 4.5 in/min to produce f u l l  
p e n e t r a t i o n  welds i n  t h e  2.54 nim t h i c k  m a t e r i a l .  

Me ta l l og raph ic  s e c t i o n s  t ransverse  to t h e  w l d i n g x e c t i o n  were prepared for op t i ca l  
m i c r o s t r u c t u r e  examinat ions us ing  standard technique and etched w i t h  a s o l u t i o n  o f  1 gram 
potassium b i s u l f i t e ,  2 grams ammonium b i f l u o r i d e ,  83% YO and 17% HCl .  Microhardness t raverses 
were conducted across t h e  weld reg ions  t o  assess m i c r o s t r u c t u r e - p r o p e r t y  r e l a t i o n s h i p s .  To 
f u r t h e r  scope the mechanical p r o p e r t i e s  of welds, mechanical t e s t s  i n c l u d i n g  weld bend, charpy 
impact and t e n s i l e  t e s t s  were performed a t  room temperature. 

To c h a r a c t e r i z e  the m ic ros t ruc tu res  and m c h a n i c a l  p r o p e r t i e s  of welded low a c t i v a t i o n  

~ 



136 

Table 1. Chemical composition of low activation ferritic alloys. 

Composition (w/o) 

Heat No. Cr V W C Mn Ta 

YO2262 2 - 1 / 4  0 .5  
V02263 2 - 1 / 4  1 .0  
V02264 9.0 0.5 
V02265 9.0 1 .3  
V02266 
V02268 
YO2267 
YO2269 
V02702 
YO2734 
V02735 

9 . n  ... 
9.0 
12.0 
12 .0  
12.0 
12 .0  
12 .0  

0 . 5  
0 . 3  
1 .0  
0 . 3  
0 . 3  
0 . 3  
1 .0  

1 .0  

1 .0  
1 .0  
1 .0  
0 . 3  

0 .1  
0 .1  
0 . 1  
0.2 1.0 
0 . 1  
.o. 1 
0 . 1  
0 . 1  
0 . 1  
0 . 1  
0 . 1  

2.0 
2 .5  
6.5 
6 .5  
6.5 
6 . 5  
8 .0  

0 . 1  
0 . 2 5  
0 . 2 5  

Table 2. Results of mechanical tests at room temperature for low activation 
a1 loys. 

Ultimate Yield Total Impact We1 d 
th Elongation Strength Bend Test 

( % I  ( i n - l b )  
Heat No. 

V02262 95.7  8 2 . 7  8.0 124 .5  satisfactory 
YO2263 7 9 . 4  6 4 . 0  7 .8  114 .5  satisfactory 
V02264  8 1 . 2  7 2 . 0  7 .2  58 .0  satisfactory 
YO2265 9 6 . 3  7 5 . 8  10 .3  69.0 satisfactory 
V 0 2 2 6 6  108 .1  103 .5  4 . 1  72.5 satisfactory 
V02268 111.4 105 .0  4 . 4  62 .6  satisfactory 
V02267 121.3 109 .5  5.3 34.0 failed at F. Z. 
YO2269 127.1  120.0 3.8 2 5 . 0  failed at F. Z. 
YO2702 137.8 130 .5  4 .2  20.0 failed at F. 2 .  
YO2734 133 .6  124.5 4.2 3 3 . 0  failed at F. 2 .  
YO2735 1 4 3 . 0  122.0 3 .9  29 .0  failed at F. Z. 
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Resul ts  and a n a l y s i s  

2-1/4 C r  A l l o y s  

Weld M ic ros t ruc tu re .  The GTAW welds o f  2-1/4 C r  low a c t i v a t i o n  a l l o y s  showed no s igns of 
crack ing.  O p t i c a l  micrographs of t h e  welds o f  heats  IO2262 and V02263 heats, which c o n s i s t  of 
th ree  d i s t i n c t  zones: f u s i o n  zone, the coarse-grained, f i n e - g r a i n e d  and over-tempered regions 
of HAZ and base metal  are showing i n  F igures 1 and 2. The f u s i o n  zone o f  both welds i s  
composed p r i n c i p a l l y  o f  bani te .  I n  the HAZ, t h e  s t r u c t u r e  c o n s i s t s  of a m i x t u r e  o f  b a n i t e  and 
f e r r i t e ,  t h e  amount of f e r r i t e  i n c r e a s i n g  w i t h  d i s tance  from t h e  fus ion  zone. The observat ions 
a l s o  i n d i c a t e  t h a t  the a l l o y s  w i t h  h igher  vanadium concen t ra t ions  e x h i b i t  m r e  f e r r i t e  
format ion i n  HAZ than a l l o y s  w i t h  lower vanadium concen t ra t ions .  The base ne ta l  of both 
m a t e r i a l s  i s  a t h e  tempered b a n i t i c  s t r u c t u r e .  

Mechanical P r o p e r t i e s .  F igu res  1 and 2 show t h e  microhardness t r a v e r s e s  o f  t h e  as-welded 2-1/4 
C r  a l l o y s .  The r e s u l t s  show o n l y  minor  v a r i a t i o n s  i n  hardness i n  bo th  t h e  f u s i o n  zone and 
coarse-gra ined r e g i o n  o f  t h e  HAZ. The f i n e - g r a i n e d  and over-tempered reg ions,  however, which 
e x h i b i t  the g r e a t e s t  amount o f  f e r r i t e  show a corresponding decrease i n  microhardness. The 
r e s u l t s  a lso  revea l  t h a t  m a t e r i a l s  w i t h  h igher  vanadium concen t ra t ions  have h igher  hardness 
than those o f  lower vanadium concent ra t ions.  The r e s u l t s  of mechanical t e s t s  are given i n  
Table 2. The weld tend t e s t s  showed no f a i l u r e  o f  both welds. Both t e n s i l e  specimens f a i l e d  
a t  t h e  i n t e r f a c e  o f  HAZ and base ne ta l  where a minimum i n  t h e  microhardness was found. 
Observat i ions,  as expected, show there  i s  o n l y  a l i t t l e  uniform t e n s i l e  e longa t ion  ht g r e a t  
percentage o f  reduc t ion  i n  area. Th is  i s  caused by the r e g i o n  o f  minimum microhardness being 
r e s t r i c t e d  t o  o n l y  a smal l  r e g i o n  o f  t h e  t e s t  speimens. 

9 C r  A1 1 oys 

Weld M i c r o s t r u c t u r e .  The GTAW welds of 9 C r  a l l o y s  w r e  produced w i t h  no v i s i b l e  signs o f  
c rack ing  or  o ther  de fec ts .  The m i c r o s t r u c t u r e s  of as-welded 9 C r  low a c t i v a t i o n  a l l o y s  are 
shown i n  Figures 3-6. Genera l ly ,  t h e  heats w i t h  rmnganese a d d i t i o n s  show t h e  t y p i c a l l y  
m a r t e n s i t i c  s t r u c t u r e  i n  a l a t h - l i k e  morphology. The heat w i t h  h i g h e r  carbon and vanadium 
e x h i b i t s  t h e  tendency t o  form f e r r i t e  a t  bo th  fus ion  boundary and i n  the over-tempered reg ion.  
Me ta l l og raph ic  observa t ions  a lso i n d i c a t e  t h a t  t h e  heat  w i t h  no a d d i t i o n  o f  manganese e x h i b i t s  
f e r r i t e  f o r m a t i o n  throughout t h e  w l d  reg ions.  I n  add i t i on ,  t h e  m i c r o s t r u c t u r e  i n  the fus ion  
zone o f  a l l  9 C r  heats  shows a r e l a t i v e l y  coarse l a t h  m a r t e n s i t e  m r p h o l o g y  in te rspersed  w i t h  
carb ides.  These carb ides were observed both along l a t h  boundaries and w i t h i n  t h e  i n d i v i d u a l  
l a t hs .  Genera l ly ,  the over-tempered r e g i o n  i n  t h e  HAZ of t h e  9 Cr low a c t i v a t i o n  a l l o ys  shows 
a tendency t o  form the f e r r i t e .  Th is  p o r t i o n  of the HA2 i s  hypos i thes ized  t o  be heated t o  a 
temperature j u s t  below the &. Some p r i o r - a u s t e n i t i c  g r a i n  boundaries are v i s i b l e  i n  t h e  base 
metal .  

Mechanical P r o p e r t i e s .  The microhardness t raverses  of t h e  9 C r  l ow  a c t i v a t i o n  a l l o y s  are given 
i n  F igures 3-6. The heats are s i m i l a r  i n  chemical composi t ion except f o r  t h e  a d d i t i o n  o f  
tungsten. Heats V02266 and V02268 show s i m i l a r  microhardness and h a r d e n a b i l i t y .  The fusion 
zone o f  heat V02264 e x h i b i t s  s c a t t e r  i n  t h e  microhardness measurements as a r e s u l t  o f  the 
ex is tance  o f  d e l t a  f e r r i t e .  A lso,  t h e  weld w i t h  h igher  vanadium and carbon concen t ra t ions  has 
h i g h e r  hardness than those w i t h  lower  vanadium and carbon a d d i t i o n s .  The observat lons i n d i c a t e  
t h a t  the heats w i t h  h igher  manganese content have less  s c a t t e r  i n  the hardness p r o f i l e  than 
those w i t h o u t  o r  w i t h  lower  manganese content .  I n  a d d i t i o n ,  t h e  a l l o y s  w i t h  s i m i l a r  carbon and 
vanadium c o n c e n t r a t i o n  e x h i b i t  s i m i l a r  hardness behav ior  i n  bo th  f u s i o n  zone and HAZ except i n  
t h e  over-tempered and base metal  reg ion .  Table 2 l i s t s  the r e s u l t s  o f  n rchan ica l  t e s t s  
performed on 9 C r  a l l o ys .  A l l  weld bend t e s t s  were s a t i s f a c t o r y .  The r e s u l t s  show there  i s  
on ly  minor  d e v i a t i o n  i n  charpy impact s t reng th .  Tens i le  t e s t  r e s u l t s  r e v e a l  t ha t  a l l  t e n s i l e  
specimens o f  9 C r  f a i l e d  i n  t h e  base meta l .  

12 C r  A l l o y s  

Weld M i c r o s t r u c t u r e .  No s igns  of cracks or any defects were observed on a l l  welds of t h e  12 
C r  low a c t i v a t i o n  a l l o y s .  F igu res  7-11 w e  o p t i c a l  micrographs o f  as-welded 12 C r  a l l o ys .  The 
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meta l lography i n d i c a t e s  t h a t  m i c r o s t r u c t u r e s  o f  12 C r  a l l o y s  c o n s i s t  o f  a m i x t u r e  of mar tens i te  
and d e l t a  f e r r i t e .  In the  HAZ and base metal reg ions  t h e  f e r r i t e  was observed along 
p r i o r - a u s t e n i t e  g r a i n  boundaries.  The observat ions a l so  revea l  t h a t  t h e  amount o f  f e r r i t e  
format ion increases w i t h  i n c r e a s i n g  the  vanadium concent ra t ion.  A l l oys ,  V02269, V02702 and 
V02734 ( v a r i a b l e  tan ta lum con ten t )  show t h a t  t h e  a d d i t i o n  o f  t an ta lum tends t o  reduce the  
fo rma t ion  o f  f e r r i t e .  

Mechanical R o p e r t i e s .  Microhardness r e s u l t s  for the 12 C r  a l l o y s  are a l s o  g i ven  i n  Figures 
7-11. k a t s ,  V02269, V02702 and V02734, w i t h  s i m i l a r  chemical compos i t ion  e x i h i b i t  s i m i l a r  
microhardness t r a v e r s e s  and s t reng th .  The a l l o y s  c o n t a i n i n g  h i g h e r  vanadium concen t ra t i on  show 
same s c a t t e r  i n  t h e  microhardness t rave rses  as a r e s u l t  of d e l t a  f e r r i t e .  The hardness i n  both 
fus ion zone and HRZ increases w i t h  i nc reas ing  concent ra t ions o f  tungsten. I n  add i t i on ,  the 
base m t a l s  o f  a l l  tempered 12 C r  heats show the  same hardness. The r e s u l t s  o f  mechanical 
t e s t s  a r e  shown i n  Table 2. A l l  weld bend specimens of t h e  12 C r  a l l o y s  f a i l e d  a t  t h e  fusion 
zone upon load ing .  Also, impact t e s t s  show no s i g n i f i c a n t  d i f f e r e n c e  i n  impact s t r e n g t h  o f  a l l  
12 C r  heats.  

D iscuss ion 

The r e s u l t s  of t h i s  s tudy revea l  t h a t  no s igns o f  c racks o r  any defects  were observed i n  
a l l  as-welded l o w  a c t i v a t i o n  f e r r i t i c  a l l oys .  T h i s  suggests t h a t  t h e  newly developed a l l oys  
a re  capable o f  being j o i n e d  by convent iona l  f u s i o n  processes. Genera l ly ,  t h e  welds o f  a l l  low 
a c t i v a t i o n  a l l o y s  p a t t e r n e d  on Cr-Mo s t e e l s  cons is t s  of t h r e e  d i s t i n c t  zones: f u s i o n  zone, HAZ 
and base metal. The m i c r o s t r u c t u r e  in  t h e  HRZ can be f u r t h e r  i d e n t i f i e d  i n t o  th ree  d i f f e r e n t  
reg ions:  coarse-grained, f i ne- g ra ined  and over- tempered reg ions  as a r e s u l t  o f  thermal 
g r a d i e n t s  developed d u r i n g  weld ing process. Each has i t s  own cha rac te r  and corresponding 
m ic ros t ruc tu re .  

The o n l y  d i f f e rence  between two 2-1/4 C r  a l l o y s  i s  t h e  vanadium concen t ra t i on  which serves 
as s t rengthener .  The d i f fe rence i n  chemical compos i t ion  i s  r e f e c t e d  i n  t h e  d i f f e r e n c e  i n  both 
m i c r o s t r u c t u r e  and microhardness t r a v e r s e  o f  t he  welds. The h i g h e r  the concen t ra t i on  of 
vanadium, t h e  more vanadium ca rb ide  w i l l  be produced r e s u l t i n g  i n  a h ighe r  hardness 
measurement. Me ta l l og raph ic  observat ions i n d i c a t e  t h a t  t h e  a l l o y  w i t h  h ighe r  vanadium 
concen t ra t i on  e x h i b i t s  m r e  f e r r i t e  fo rma t ion  i n  t h e  HAZ. T h i s  observed f e a t u r e  suggests t h a t  
t h e  more vanadium ca rb ide  formed, t h e  l ess  carbon w i l l  be a v a i l a b l e  t o  s t a b a l i z e  t h e  a u s t e n i t i c  
phase and m r e  f e r r i t e  w i l l  be produced d u r i n g  t rns fo rma t ion .  I n  a d d i t i o n ,  t he  v a r i a t i o n s  i n  
f e r r i t e  p resen t  i n  t h e  HAZ are  ma in l y  due t o  t h e  vanadium ca rb ide  which does n o t  completely 
d i s s o l v e  as t h e  m a t e r i a l  i s  sub jec ted t o  the weld ing thermal g rad ien t .  The lower  the amount of 
d i sso l ved  carbon t h e  m r e  f e r r i t e  format ion and hence lower  h a r d e n a b i l i t y .  Th is  i s  cons is ten t  
w i t h  t h e  obse rva t i ons  t h a t  t h e  amount of f e r r i t e  increases w i t h  d i s t a n c e  from t h e  f u s i o n  zone. 

The e f fec t  of vanadium an both m i c r o s t r u c t u r e  and microhardness of as-welded 9 C r  low 
a c t i v a t i o n  a l l o y s  i s  t h e  same as t h a t  of t h e  2-1/4 C r  a l l o y s .  The vanadium tends t o  enhance 
t h e  fo rma t ion  of f e r r i t e  i n  b o t h  fus ion zone and over-tempered reg ion.  However, t h e  add i t i on  
o f  0.8 wt% vanadium, w i t h  an increased carbon content ,  increases the hardness i n  both fus ion 
zone and HAZ b, approx imate ly  25 %. T h i s  i s  due t o  t h e  format ion o f  more vanadium carb ides i n  
bo th  zones. The a u s t e n i t e  formers such as manganese s t a b a l i z e  t h e  a u s t e n i t i c  phase, and tend 
t o  smooth t h e  microhardness t rave rses  o f  t h e  9 C r  low a c t i v a t i o n  a l l o y s .  To i n v e s t i g a t e  the  
e f f e c t  o f  tungsten on h a r d e n a b i l i t y ,  heat  V02268 was produced w i th  an a d d i t i o n  o f  1 w t %  
tungsten. Hardness measurements i n d i c a t e s  t h a t  tungsten cbes n o t  enhance t h e  h a r d e n a b i l i t y  o f  
t h e  9 C r  a l l o y s  s i g n i f i c a n t l y .  This r e f l e c t s  t h e  fact  t h a t  s o l i d  s o l u t i o n  hardening e f f e c t s  
a re  u s u a l l y  smal l  compared w i t h  those obta ined by ca rb ide  p r e c i p i t a t i o n .  I n  t h e  9 C r  a l l o y s  
s tud ied,  t h e  harden ing e f fec t  by  adding tungsten i s  n o t  s i g n i f i c a n t .  

The appearence of d e l t a  f e r r i t e  i n  a l l  12 C r  heats  i nd i ca tes  t h a t  i n s u f f i c i e n t  amount of 
a u s t e n i t e  s t a b a l i z e r s  such as manganese and carbon were p resen t  t o  form 100% aus ten i te .  
Accord ing ly ,  m r e  manganese o r  carbon needs t o  be added t o  a l l  12 C r  low a c t i v a t i o n  a l l oys .  
The k a t s  w i t h  m r e  vanadium show s c a t t e r  i n  the microhardness t rave rses  as a r e s u l t  of the 
ex i s tance  o f  f e r r i t e .  An examinat ion of t h e  microhardness o f  t he  12 C r  a l l o y s  i n d i c a t e s  t h a t  
bo th  increased amount of tungsten and tan ta lum does n o t  s t rengthen t h e  a l l o y s  s i g n i f i c a n t l y .  

Th is  s tudy  i n d i c a t e s  t h a t  t h e  a d d i t i o n  o f  vanadium has the same e f f e c t  on a l l  t h e  a l l o y s  
i n v e s t i g a t e d .  However, 
t h e  vanadium tends t o  enhance t h e  s t r e n g t h  of a l l o y s  as a r e s u l t  o f  vanadium carb ide f romat ion.  
Th is  suggests t h a t  t he  proper m o u n t  of vanadium a d d i t i o n  needs to be c o n t r o l l e d  t o  achieve 
o p t i m i z a t i o n  of both  s t r e n g t h  and s t r u c t u r a l  s t a b i l i t y .  The r e s u l t s  of impact t e s t s  i n d i c a t e  
t h a t  t h e  2-1/4 C r  welds have b e t t e r  impact s t r e n g t h  than e i t h e r  9 C r  o r  12 C r  welds. Th is  i s  

F a i l u r e  i n  t h e  base metal  was observed f o r  a l l  12 C r  t e n s i l e  specimens. 

The amount of f e r r i t e  increases w i t h  i n c r e a s i n g  a d d i t i o n s  of vanadium. 
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c o n s i s t e n t  w i t h  the behav ior  o f  t h e  as-welded n u r t e n s i t i c  s t r u c t u r e  vh ich  i s  genera l l y  b r i t t l e  
w i t h  poor impact s t r e n g t h .  Accord ing ly ,  a proper postweld heat t rea tmen t  o f  bo th  9 C r  and 12 
C r  welds needs t o  be recommended t o  msure  c rack ing  w i l l  n o t  i n i t i a t e  i n  t h e  fus ion  zone. This 
s tudy suggests t h a t  the developed low a c t i v a t i o n  f e r r i t i c  a l l o y s  show promise t o  be r e a d i l y  
welded by convent iona l  weld ing processes. 

CONCLUSIONS 

The r e s u l t s  o f  t h i s  s tudy l e a d  t o  t h e  f o l l o w i n g  conc lus ions:  
1. 

2. 

3. 

4. 

Sound autogeneous welds can be produced on t h e  low a c t i v a t i o n  f e r r i t i c  
a1 l o y s  i n v e s t i g a t e d .  
Inc reas ing  vanadium concen t ra t ion  r e s u l t s  i n  an increase i n  t h e  hardness 
of t h e  weld, b u t  promotes d e l t a  f e r r i t e  fo rmat ion  i n  t h e  welds. 
I n  t h e  a l l o y s  s t u d i e d  t h e  s t reng then ing  e f f e c t s  by t h e  a d d i t i o n  o f  
tungsten and tan ta lum are n o t  s i g n i f i c a n t .  
The welds of 12 C r  a l l o y s  e x h i b i t  poor d u c t i l i t y  and impact s t reng th .  
P rco rd ing ly ,  a proper  pos t -we ld  heat  t rea tmen t  needs t o  be developed. 
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THE DEVELOPMENT OF FERRITIC STEELS FOR FAST INDUCED-RADIOACTIVITY DECAY - R. L. Klueh 

OBJECTIVE 

Induced r a d i o a c t i v i t y  i n  t h e  f i r s t - w a l l  and b l a n k e t - s t r u c t u r e  m a t e r i a l s  w i l l  make these components 
h i g h l y  r a d i o a c t i v e  a f t e r  t h e i r  s e r v i c e  l i f e t i m e ,  l ead ing  t o  d i f f i c u l t  r a d i o a c t i v e  waste-management problems. 
One way t o  minimize t h e  d isposa l  problem i s  t o  use s t r u c t u r a l  m a t e r i a l s  i n  which r a d i o a c t i v e  iso tooes 
induced by i r r a d i a t i o n  decay q u i c k l y  t o  l e v e l s  t h a t  a l l ow  s i m p l i f i e d  d isposa l  techniques. 
t h e  f e a s i b i l i t y  o f  deve lop ing such f e r r i t i c  s tee l s .  

We a re  assessing 

SUMMARY 

T e n s i l e  s tud ies  were made on e i g h t  heats o f  normalized-and-tempered chromium-tungsten s t e e l  t h a t  con- 
t a i n e d  var ious l e v e l s  of chromium, tungsten, vanadium, and tantalum. 
s t e e l s  were found t o  compare favorab ly  w i t h  t h e  p r o p e r t i e s  o f  analogous chromium-molybdenum s t e e l s  t h a t  are  
p r e s e n t l y  be ing considered as candidate s t r u c t u r a l  m a t e r i a l s  f o r  f u s i o n  r e a c t o r  app l i ca t i ons .  

The s t r e n g t h  and d u c t i l i t y  o f  these 

PROGRESS AND STATUS 

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

We have cont inued t h e  s tud ies  t o  cha rac te r i ze  e i g h t  heats o f  f e r r i t i c  s t e e l  designed f o r  f a s t  induced- 
r a d i o a c t i v i t y  decay (FIRD). 
i n t e r e s t  f o r  f us ion- reac to r  a p p l i c a t i o n s  - namely, 2 114Cr-lM0, gCr-lMoVNb, and 12Cr-1MoVW stee ls .  
major changes f o r  t h e  chromium-molybdenum s t e e l s  i n v o l v e  t h e  repiacement o f  molybdenum w i t h  tungsten, t h e  
use of vanadium i n  a 2 114% Cr s t e e l ,  and t h e  replacement of n iobium i n  t h e  9% C r  s t e e l  w i t h  tantalum. 
(A l though tanta lum can be used i n  a FIRO s tee l ,  t h e  decay of i t s  t ransmutat ion products immediately a f t e r  
i r r a d i a t i o n  i n  a fas t -  o r  mixed-spectrum reac to r  makes such a s t e e l  d i f f i c u l t  t o  study. Therefore, few, i f  
any, i r r a d i a t e d  t ransmiss ion e l e c t r o n  microscopy s tud ies  w i l l  be performed on s t e e l s  con ta in ing  tantalum.) 
The composi t ion o f  t he  e i g h t  s t e e l s  i s  g iven i n  Table 1. 

These s t e e l s  were pat terned on t h e  chromium-molybdenum s t e e l s  t h a t  are  of 
The 

Table 1. Chemical composi t ion of f as t  i n d u c e d- r a d i o a c t i v i t y  
decay (FIRO) f e r r i t i c  s t e e l s  

Chemical composition,a (wt  %) 

A1 1 oy C r  W V Ta C Mn S i  

2 114 C r V  
2 1/4 C r - 1 W V  
2 114 Cr-2W 
2 114 Cr-2WV 
5 Cr-2WV 
9 Cr-2WV 
9 Cr-2WVTa 
12 Cr-2WV 

2.36 
2.30 
2.48 
2.42 
5.00 
8.73 
8.72 

11.49 

0.93 
1.99 
1.98 
2.07 
2.09 
2.09 
2.12 

0.25 
0.25 
0.009 
0.24 
0.25 
0.24 
0.23 
0.23 

0.075 

0.11 
0.10 
0.11 
0.11 
0.13 
0.12 
0.10 
0.10 

0.40 
0.34 
0.39 
0.42 
0.47 
0.51 
0.43 
0.46 

0.17 
0.13 
0.15 
0.20 
0.25 
0.25 
0.23 
0.24 

aP = O.OlW.016, S = O.OOW.006, N i  < 0.01, Mo < 0.01. 
Nb < 0.01, T i  < 0.01, Co = 0 . 0 0 ~ . 0 0 8 ,  Cu = 0.024.03, 
A1 = 0.02-0.03, B < 0.001. ba l  Fe. 

We p r e v i o u s l y  presented p r e l i m i -  
nary  t e n s i l e  data on these s tee ls .  
I n  t h i s  r e p o r t  these data are  pre-  
sented and analyzed i n  more d e t a i l .  

Experimental procedures 

D e t a i l s  were prov ided pre-  
v i o u s l y  on t h e  e i g h t  heats o f  mate- 
r i a l .  t h e  heat t reatment  o f  t h e  
s tee is ,  and t h e  t e n s i l e  t e s t i n g  
procedure used.',' 

Resu l t s  

The s t e e l s  were t e s t e d  i n  t h e  
normalized-and- tempered cond i t i on .  
A l l  bu t  t h e  2 1/4Cr-ZW s t e e l  were 
normal ized by anneal ing 0.5 h a t  
1050'C and c o o l i n g  i n  f l o w i n g  

helium; t h e  2 114Cr-ZW was annealed 0.5 h a t  900°C and coo led i n  t h e  f l o w i n g  helium. 
two tempered cond i t i ons :  
range from room temperature t o  6OOOC. 

pered a t  700 and 750°C are p l o t t e d  i n  Figs. 1 and 2, respec t i ve l y ,  and t h e  data  fo r  t h e  high-chromium s t e e l s  
a re  p l o t t e d  i n  Figs. 3 and 4, respec t i ve l y .  For a l l  o f  t h e  s tee ls ,  t h e  s t r e n g t h  i s  s u b s t a n t i a l l y  lower 
a f t e r  tempering a t  75OOC than a f t e r  tempering a t  700OC. I n  general, t h e  r e l a t i v e  s t rengths o f  t he  d i f f e r e n t  
s t e e l s  are  the  same a f t e r  t h e  two d i f f e r e n t  heat t reatments.  

They were t e s t e d  i n  
1 h a t  700°C and 1 h a t  75OOC. T e n s i l e  t e s t s  were made over t h e  temperature 

The t e n s i l e  data were p r e v i o u s l y  given i n  t a b u l a r  f ~ r m . ~ , ~  The data f o r  t h e  low-chromium s t e e l s  tem- 
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For t h e  low-chromium s tee l s ,  t h e  general  e f f e c t  o f  tungsten and vanadium can be es tab l i shed  (Figs. 1 
and 2). A f t e r  tempering a t  700"C, t h e  e f f e c t  o f  vanadium on t h e  0.2% y i e l d  s t r e s s  ( Y 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  (UTS) i s  q u i t e  ev iden t  [ (Figs.  l ( a )  and l ( b ) ] .  The 2 114 C r V  s t e e l  i s  s t ronge r  than t h e  2 114Cr-2W 
s t e e l  a t  a l l  bu t  t h e  h ighest  t e s t  temperature (600°C). 
t e s t  cond i t i ons :  The 2 114 Cr-2WV s t e e l  i s  s u b s t a n t i a l l y  s t ronger  than t h e  2 114 C r - 1 W V  s t e e l .  A s i m i l a r  
r e l a t i o n s h i p  app l i es  t o  these s t e e l s  a f t e r  tempering a t  750-C [Figs.  2(a) and 2 ( b ) l ,  a l though t h e  d i f fe rence 
i n  s t reng ths  of t he  2 114 C r V ,  2 114 Cr-2W, and 2 114 Cr-1WV s t e e l s  i s  much smal ler .  The 2 114 C r - 2 W V  s tee l  
s t i l l  remains s u b s t a n t i a l l y  s t ronge r  than t h e  o the r  s tee ls .  

The e f f e c t  o f  tungsten i s  a l so  ev iden t  f o r  these 

The t o t a l  e longa t i on  r e s u l t s  [Figs. l ( c )  and 2 ( c ) l  demonstrate a favo rab le  e f f e c t  of tungsten on duc- 
t i l i t y .  The 2 114 Cr-2W s t e e l ,  which i s  o f t e n  t h e  weakest, has the  h ighes t  e longat ion .  However, t he  
2 114 Cr-2WV s t e e l ,  which i s  always t h e  s t rongest ,  has a t o t a l  e longa t i on  t h a t  i s  as great  o r  g rea te r  than 
t h e  values f o r  t h e  weaker 2 114 C r V  and 2 114 Cr-1WV s tee ls .  The s t r e n g t h  behav ior  o f  t h e  high-chromium 
(5-128 C r )  s t e e l s  demonstrated a s u p e r i o r i t y  f o r  t h e  9-Cr s t e e l s  [Figs. 3(a),  3(b),  4(a) and 4 (b ) l .  The 
smal l  tan ta lum a d d i t i o n  t o  t he  9 Cr-2WV s t e e l  gave the  9Cr-2WVTa s t e e l  t h e  best  Y S  and UTS behavior;  t h e  
o n l y  except ion t o  t h i s  was f o r  t h e  s t e e l  tempered a t  750°C. where t h e  UTS o f  t he  9Cr-2WV s t e e l  was s i m i l a r  
t o  t he  9 Cr-2WVTa s t e e l  f o r  t h e  500 and 600°C tes ts .  
5Cr-2WV s tee l  would have been expected t o  be one o f  t he  s t rongest .  It turned o u t  t o  be t h e  weakest s t e e l  
f o r  most cond i t i ons  (Figs.  3 and 4). Based on the  tempering curves and the  l a r g e  amount of d e l t a - f e r r i t e  i n  
t h e  m i c r o s t r u c t u r e  o f  t he  12Cr-2WV s tee l , 4  i t  was expected t o  be one o f  t h e  weakest s tee ls .  Th is  tu rned 
o u t  t o  be t h e  case f o r  t h e  s t e e l  when tempered a t  7OOOC. It had somewhat b e t t e r  r e l a t i v e  s t reng th  when tem- 
pered a t  75O0C, al though t h e  s t r e n g t h  d e t e r i o r a t e d  s u b s t a n t i a l l y  f o r  t h e  h ighes t  t e s t  temperature [Figs. 
3 (b)  and 4 (b ) l ,  where i t  again became t h e  weakest s tee l .  
s t r e n g t h  behavior, w i t h  t he  s t ronges t  ma te r i a l  hav ing t h e  lowest  t o t a l  e longa t i on  [Figs.  3 (c )  and 4 ( c ) l .  

To compare t h e  behavior of t h e  s t ronges t  s tee l s ,  Figs. 5 and 6 show t h e  p r o p e r t i e s  of t he  2 114 C r - Z W V ,  
9Cr-2WV, and 9Cr-2WVTa s t e e l s  a f t e r  being tempered a t  700 and 750°C, respec t i ve l y .  
d i t i o n s ,  t h e  2 1/4 Cr-2WV s t e e l  no t  only has t h e  best  s t reng th  p r o p e r t i e s ,  b u t  a l s o  t h e  best  d u c t i l i t y .  The 
o n l y  except ion i n  s t r e n g t h  was t h e  UTS behavior a f t e r  t h e  750'C tempering t reatment.  I n  t h i s  case, t h e  
9 Cr-ZWVTa s t e e l  was s t ronges t  up t o  a 400'C t e s t  temperature, a f t e r  which t h e  2 114 Cr-2WV was again 
s t rongest .  
s t e e l  tempered a t  700°C and t e s t e d  a t  600°C. Here t h e  t o t a l  e longa t i on  o f  t h e  9Cr-2WV s tee l  was s l i g h t l y  
l a rge r .  

From t h e  tempering behavior observat ions, ' '  t h e  

The d u c t i l i t i e s  of these s t e e l s  r e f l e c t  t he  

Under most t e s t  con- 

The on l y  i ns tance  where t h e  d u c t i l i t y  o f  t he  2 114 Cr-2WV s t e e l  was not  t h e  g rea tes t  was f o r  t h e  

The t e n s i l e  p r o p e r t i e s  o f  t he  2 114% Cr, Cr-W s t e e l s  tempered a t  70OoC were compared w i t h  2 114 Cr-1Mo 
s t e e l  normal ized by a u s t e n i t i z i n g  0.5 h a t  9OO"C, c o o l i n g  i n  f l o w i n g  helium, and then tempering 1 h a t  700°C 
(Fig.  7). The YS [Fig. 7 (a) ]  and t o t a l  e longa t i on  [Fig. 7 ( c ) ]  o f  t h e  2 114 Cr-1Mo s t e e l  i s  s i m i l a r  t o  t h a t  
o f  t h e  2 114 Cr-2W s t e e l ,  a f t e r  which the  l a t t e r  s t e e l  was pat terned.  
somewhat g rea te r  than t h a t  f o r  t h e  2 114 Cr-2W s tee l .  
i s  s u b s t a n t i a l l y  b e t t e r  than t h e  2 114 Cr-1Mo s tee l .  

The UTS o f  t h e  2 114 Cr-1 Mo i s  
I n  a l l  cases, t h e  s t r e n g t h  o f  t h e  2 114Cr-2WV s t e e l  

A comparison of t h e  p r o p e r t i e s  of t h e  two s t ronges t  heats o f  FIR0 s t e e l s  w i t h  t h e  9 Cr-2MoVNb and 
12 Cr-1MoVW s t e e l s  t h a t  a re  p resen t l y  be ing i n v e s t i g a t e d  i n  t h e  fus ion- reac to r  m a t e r i a l s  program i s  shown i n  
F ig .  8. The comparison shows t h a t  t h e  reduced- act iva t ion  C r- W  s t e e l s  compare favo rab l y  w i t h  9 Cr-1MoVNb and 
12Cr-1MoVW stee ls .  
g r e a t e r  than those f o r  t h e  C r- W  s t e e l s ,  a t  t h e  e levated temperatures, t h e  s t reng ths  of t h e  2 114 Cr-2WV and 
t h e  9Cr-2WVTa s t e e l s  have comparable s t reng ths  w i t h  t h e  Cr-Mo s tee l s .  

t h e  two Cr-Ma s t e e l s  [Fig. 8(c)]. The 9Cr-1MoVNb s t e e l  had t h e  lowest  t o t a l  e longa t i on  a t  a l l  t e s t  tem- 
peratures .  The 12Cr-1MoVW s t e e l  had t h e  h ighest  t o t a l  e longat ion ,  a f t e r  which i t  decreased t o  values as 
low or lower than f o r  most of t h e  Cr-W s tee l s .  
a l l  temperatures b u t  room temperature. 

Al though t h e  room-temperature Y S  and UTS values f o r  t h e  Cr-Ma s t e e l s  are  s l i g h t l y  

I n  general ,  t h e  d u c t i l i t y  behavior as measured by t o t a l  e longa t i on  o f  t h e  Cr- W s t e e l s  exceeded t h a t  of 

The 2 114 Cr-2WV s t e e l  had t h e  h ighes t  t o t a l  e longa t i on  a t  

D i scuss ion  

The r e s u l t s  o f  t h e  t e s t s  t o  determine t h e  e f f e c t  of t h e  tungsten and vanadium content  i n  t h e  2 114-Cr 
s t e e l s  demonstrated t h e  e f fec t  o f  these elements. The s t e e l  w i t h  0.25% V and no tungsten had s t r e n g t h  prop- 
e r t i e s  s i m i l a r  t o  t h e  s t e e l  w i t h  2% W and no vanadium. The s t e e l  w i t h  2% W had e x c e l l e n t  d u c t i l i t y .  Wi th  
t h e  combinat ion o f  tungsten and vanadium, an a d d i t i v e  e f fec t  occurred t o  produce a s t e e l  w i t h  e x c e l l e n t  
s t r e n g t h  and d u c t i l i t y .  

When t h e  t e n s i l e  data f o r  t h e  s t e e l s  w i t h  2 114, 5, and 9% C r  c o n t a i n i n g  0.25% V and 2% W are  compared, 
The s t r e n g t h  apparent ly  goes through a minimum t h e r e  appears t o  be an e f fec t  o f  chromium on the  s t reng th :  

between 2 114% C r  and 9% C r ;  t h e  5Cr-2WV s t e e l  i s  cons iderab ly  weaker than e i t h e r  t h e  2 1/4Cr-2WV and t h e  
9Cr-2WV s tee ls .  
t han  t h a t  f o r  12Cr-2WV, which conta ined 26% d e l t a  f e r r i t e .  
r e s u l t  i n  lower s t rength .  
demonstrated t h e  e f f e c t  o f  t he  a d d i t i o n  of t h e  tanta lum t o  t he  9Cr-2WV s tee l .  
l i k e  niobium i n  t h e  9Cr-1MoVNb s tee l ,  can be used t o  improve t h e  s t reng th  of these s tee l s .  

Except f o r  t h e  YS o f  t h e  s t e e l s  tempered a t  700"C, t h e  s t r e n g t h  o f  t h e  5Cr-2WV i s  l e s s  
A l a r g e  d e l t a - f e r r i t e  content  i s  expected t o  

The r e s u l t s  o f  t h e  t e n s i l e  s tud ies  on t h e  high-chromium s t e e l s  (Figs. 3 and 4) 
It appears t h a t  tantalum, 
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The observat ion  t h a t  t h e  2 114 Cr-2WV s t e e l  gene ra l l y  has t h e  h ighes t  s t r e n g t h  o f  t h e  e i g h t  s t e e l s  
i n v e s t i g a t e d  i s  not  unexpected, i f  we accept t h e  assumption t h a t  2% W w i l l  p l a y  t h e  same r o l e  as 1% Ma i n  
t h e  Cr-Mo s tee ls .  It i s  known t h a t  t h e  on l y  e f f ec t  of chromium above 2 114% i s  t o  increase t h e  hardenabi l -  
i t y  and co r ros ion  res is tance;  a minimum i n  s t r e n g t h  near 5% Cr has a l s o  been observed f o r  Cr-Ma s t e e l s  w i t h  
chromium composi t ions between 2 114 and 9%.5 Th i s  assumes t h a t  app rop r ia te  m ic ros t ruc tu res  are  compared 
(i.e. b a i n i t e  i n  t h e  2 1/4-Cr i s  compared t o  mar tens i t e  i n  t h e  high-chromium s t e e l ;  such r e s u l t s  would n o t  
be expected i f  t h e  2 1/4-Cr s t e e l  conta ined l a r g e  amounts of f e r r i t e ) .  

The s t reng th  p r o p e r t i e s  o f  9Cr-1MoVNb and !ZCr-lMoVW s t e e l s  have o f t e n  been compared t o  t h e  s t r e n g t h  
of 2 1/4 Cr-1Mo s tee l  and found t o  be super io r .  
fo rming elements vanadium and niobium and t h e i r  e f f e c t  on s t rength .  
a d d i t i o n  o f  a s t rong  carb ide former t o  2 114 Cr-1Mo should r e s u l t  i n  comparable p rope r t i es ,  regard less  of 
t h e  chromium composition.' 
t i c  s tee l  f o r  f i r s t  w a l l s  of f u tu re  fus ion reac to rs  would have some advantages.' 

Such a comparison ignores  the  r o l e  of t he  s t rong carb ide-  
It was p r e v i o u s l y  po in ted  out  t h a t  t h e  

The use o f  a lower-chromium f e r r i -  The present  r e s u l t s  appear t o  conf i rm t h i s .  

The o b j e c t i v e  f o r  t he  al loy-development program f o r  t h e  FIRD s t e e l s  was reduced- ac t i va t i on  s t e e l s  t h a t  

Fo r  t h e  2 1/4-Cr s tee l s ,  t h i s  requ i res  t h a t  t h e  2 1/4Cr-2W s t e e l  have 
have p r o p e r t i e s  comparable t o  t he  Cr-Ma s t e e l s  p r e s e n t l y  i n  t h e  fus ion- reac to r  program; t h e  FIRD s t e e l s  were 
pa t te rned  a f t e r  these Cr-Ma steels. '  
p r o p e r t i e s  comparable t o  t he  analogous 2 114 Cr-1Mo. 
t h a t  t h e  replacement of molybdenum by tungsten can r e s u l t  i n  s t e e l s  w i t h  comparable t e n s i l e  p rope r t i es .  The 
a d d i t i o n  o f  t he  vanadium then g ives  s t e e l s  w i t h  improved p r o p e r t i e s  over  those w i thou t  vanadium. 

Fo r  t h e  2 1/4-Cr s t e e l s ,  t h e  al loy-development o b j e c t i v e  would be met i f  the  2 114Cr-2W s tee l  has prop- 

Th is  was the  case (Fig. 7) and appears t o  i n d i c a t e  

e r t i e s  comparable t o  t he  analogous 2 114 Cr-1Mo s t e e l .  
was the  case. 
a f t e r  which i t  was pa t te rned  (Fig. 8). The s t reng th  p r o p e r t i e s  of t he  12Cr-2WV s tee l  a re  n o t  equ i va len t  t o  
those of t he  12Cr-1MoVW s t e e l ,  bu t  t h i s  i s  because of t he  l a r g e  amount of d e l t a  f e r r i t e  i n  t h e  m ic ros t ruc-  
t u r e  o f  t he  l a t t e r  s tee l .  Of  course, when tempered a t  700"C, t h e  t e n s i l e  p r o p e r t i e s  o f  t h e  2 114 Cr-2WV 
s t e e l  surpass those f o r  a l l  t h r e e  o f  t he  Cr-Ma s t e e l s  p resen t l y  i n  t h e  f u s i o n  reac to r  m a t e r i a l s  program. 

According t o  t h e  comparison given i n  Fig. 7, t h i s  
Likewise,  t h e  9Cr-2WVTa s t e e l  has t e n s i l e  p r o p e r t i e s  comparable t o  those f o r  9Cr-lMoVNb, 

CONCLUSIONS 

The r e s u l t s  of t e n s i l e  t e s t s  on e i g h t  exper imental  heats o f  Cr-W s t e e l  w i t h  chromium composi t ion 
va ry ing  between 2 114 and 12% i n d i c a t e  t h a t  these s t e e l s  can have p r o p e r t i e s  s i m i l a r  t o  t h e  Cr-Mo s t e e l s  
( 2  114 Cr-lMo, 9Cr-lMoVNb. and 12Cr-1MoVW) p r e s e n t l y  being considered f o r  f us ion- reac to r  app l i ca t i ons .  
2 114 Cr-2W and 9Cr-2WVTa s t e e l s  had p r o p e r t i e s  comparable t o  those of t h e  analogous 2 114 Cr-1Mo and 
9Cr-1MoVNb s tee l s ,  respec t i ve l y .  
of t h i s  s t e e l  was l e s s  than t h a t  of t h e  12Cr-1MoVW s tee l .  The 2 114 Cr-2WV and 9Cr-2WVTa s t e e l s  had t h e  
bes t  p r o p e r t i e s  o f  t h e  s t e e l s  s tud ied,  w i t h  those f o r  t h e  2 114 Cr-2WV be ing s l i g h t l y  b e t t e r  f o r  t h e  t e s t  
c o n d i t i o n s  used. 

The 

Because t h e  12Cr-2WV s tee l  conta ined about 25% d e l t a - f e r r i t e ,  t h e  s t reng th  
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POSTIRRAOIATION TENSILE BEHAVIOR OF NICKEL-DOPED FERRITIC STEELS - R. L. Klueh (Oak Ridge Nat iona l  
Laboratory)  

OBJECTIVE 

The goal o f  t h i s  study i s  t o  eva lua te  t h e  p r o p e r t i e s  o f  i r r a d i a t e d  f e r r i t i c  s tee l s .  I r r a d i a t i o n  i n  t h e  
High F lux  Iso tope Reactor (HFIR) i s  used t o  produce both displacement damage and t ransmuta t i on  he l ium a t  
l e v e l s  r e l e v a n t  t o  f u s i o n  r e a c t o r  serv ice.  

SUMMARY 

Tens i l e  specimens o f  normalized-and-tempered 9Cr-lMoVNb, gCr-lMoVNb-ZNi, 12Cr-IMoVW, 1ECr-1MoVW-lNi, 
and 12Cr-1MoVW-2Ni s t e e l s  were i r r a d i a t e d  i n  t h e  H F I R  a t  300, 400, and 500°C t o  displacement-damage l e v e l s  
o f  up t o  -11 dpa. The n i c k e l  was added t o  t h e  f e r r i t i c  s t e e l s  t o  produce he l ium du r ing  i r r a d i a t i o n  i n  t h i s  
mixed-spectrum reactor .  I r r a d i a t i o n  a t  300 and 
400'C caused an increase i n  s t r e n g t h  o f  a l l  t h e  s t e e l s  r e l a t i v e  t o  the  s t r e n g t h  i n  both  t h e  normalized-and- 
tempered c o n d i t i o n  and a f t e r  ag ing t h e  normalized-and-tempered s t e e l  f o r  a t ime p e r i o d  s i m i l a r  t o  t h a t  i n  
t h e  reactor .  A t  5OO0C, t h e r e  was l i t t l e  
change i n  t h e  s t reng th  p r o p e r t i e s  o f  t h e  s tee ls .  The r e s u l t s  a t  300 and 400°C i n d i c a t e  an e f f e c t  of hel ium 
on t h e  s t r e n g t h  increases; no he l ium e f f e c t  was apparent fo r  t h e  specimens i r r a d i a t e d  a t  500OC. 

Up t o  103 appm He was produced i n  t h e  s t e e l s  w i t h  2% N i .  

The s t r e n g t h  increases were accompanied by a l oss  of d u c t i l i t y .  

PROGRESS AND STATUS 

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

For a l l o y s  t h a t  con ta in  n i c k e l ,  i t  i s  poss ib le  t o  s imula te  simultaneous hel ium and displacement-  
damage e f fec ts  i n  mixed-spectrum f i s s i o n  reactors .  I n  such reactors ,  t h e  f a s t  neutrons produce displacement 
damage. wh i l e  hel ium i s  produced by a two-step r e a c t i o n  of 5 8 N i  w i t h  thermal neutrons. 
been w ide ly  used t o  study hel ium e f f e c t s  i n  a u s t e n i t i c  s t a i n l e s s  s tee ls ,  which con ta in  h igh- n icke l  con- 
cen t ra t i ons .  Because t h e  9Cr-1MoVNb and 12Cr-1MoVW s t e e l s  be ing considered f o r  f us ion  a p p l i c a t i o n s  normal ly 
c o n t a i n  l e s s  than 0.5% N i ,  i r r a d i a t i o n  i n  a mixed-spectrum r e a c t o r  r e s u l t s  i n  mrch l e s s  hel ium than would be 
formed i n  a fus ion reactor .  However, if t h e  n i c k e l  content  i s  r a i s e d  t o  2%, these s t e e l s  can be i r r a d i a t e d  
i n  t h e  HFIR t o  produce approximately t h e  same r a t i o  o f  he l ium t o  displacement damage t h a t  would be a t t a i n e d  
f o r  t h e  o r i g i n a l ,  unmodif ied a l l o y s  i n  a tokamak-type f u s i o n  r e a c t o r  f i r s t  wa l l .  

Th i s  technique has 

I r rad ia t ion- damage s tud ies  are  i n  progress t o  i n v e s t i g a t e  t h e  e f f e c t  of t ransmuta t i on  he l ium and d i s -  
placement damage o f  9Cr-1MoVNb and 12Cr-1MoVW s t e e l s  by r a i s i n g  t h e  n i c k e l  con ten t  up t o  2% and i r r a d i a t i n g  
i n  HFIR. We p r e v i o u s l y  repo r ted  on t h e  t e n s i l e  p r o p e r t i e s  o f  t he  n icke l- doped s t e e l s  a f t e r  low- temperature 
i r r a d i a t i o n  i n  HF1R.l 
EBR-I1 a t  e leva ted  temperatures (390, 450, 500, and 550"C), where no s u b s t a n t i a l  he l ium generat ion 
~ c c u r r e d . ~ ~ ~  I n  t h i s  r e p o r t  we w i l l  d iscuss t h e  t e n s i l e  p r o p e r t i e s  o f  these s t e e l s  a f t e r  i r r a d i a t i o n  i n  
HFIR t o  -10 dpa a t  300, 400, and 500°C. 

The t e n s i l e  p r o p e r t i e s  o f  t h e  s t e e l s  have been repor ted  f o l l o w i n g  i r r a d i a t i o n  i n  

Exper imental  procedure 

prepared by Combustion Engineer ing, Inc., Chattanooga, Tennessee. 
w i t h  1 and 2% N i ,  designated 9Cr-lMoVNb-PNi, 12Cr-1MoVW-lNi, and 12Cr-1MoVW-PNi. Chemical composi t ions 
o f  t h e  a l l o y s  are  g iven i n  Table 1. 

E l e c t r o s l a g  remel ted heats  o f  9Cr-1MoVNb (0.1% N i )  and 12Cr-1MoVW (0.5% N i )  f e r r i t i c  s t e e l s  were 
These composi t ions were a l s o  prepared 

C y l i n d r i c a l  t e n s i l e  specimens were machined from 6.35-mm-diam rods. The rods were normalized-and- 
tempered p r i o r  t o  machining t h e  specimens. 
1040°C and f o r  t h e  12-Cr s t e e l s  0.5 h a t  1O5O0C, a f t e r  which they were cooled i n  f l ow ing  helium. 
lMoVNb was tempered 1 h a t  760OC; t h e  12Cr-1MoVW and 1ECr-1MoVW-1Ni s t e e l s  were tempered 2.5 h a t  780°C. 
The 9Cr-1MoVNb-2Ni and 1ECr-1MoVW-PNi s t e e l s  were tempered 5 h a t  700'C. 
t u r e s  were obta ined by these heat t reatments.  
pub1 ished. ,2 

t h r e e  i r r a d i a t i o n  experiments: 
arranged a long t h e  capsule a x i s  w i t h  each specimen surrounded by an aluminum holder.  
t o  ma in ta in  a gas gap around t h e  specimen gage sect ion.  The s p e c i f i e d  temperature was achieved by a d j u s t i n g  
t h e  th ickness o f  t h e  h e l i u m- f i l l e d  gap between t h e  specimen and ho lde r  i n  order  t o  p rov ide  res i s tance  t o  the  

The no rma l i z ing  t reatment  f o r  t h e  9-Cr s t e e l s  was 0.5 h a t  
The 9Cr- 

Tempered mar tens i te  m ic ros t ruc-  
D e t a i l s  on heat  t reatment  and m i c r o s t r u c t u r e  have been 

The t e n s i l e  specimens, which had a reduced s e c t i o n  of 2-mm diam by 18.3-mm long, were i r r a d i a t e d  i n  
HFIR-CTR-39, -40, and -41. For  each experiment. e leven specimens were 

Each ho lde r  was s i zed  
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Table 1. Composit ion of 9Cr-1MoVNb and 12Cr-1MoVW Heats o f  Stee l  

Concentration,a w t  % I Concentrati0n.a w t  % 

12Cr-1MoVW Element 9Cr-1MoVNb 12Cr-1MoVW 
0% N i  2% N i  0% N i  1% N i  2% N i  

9Cr-1MoVNb 
1 2% N i  Element DX N. 

C 
Mn 
P 
S 
S i  
N i  
Cr 
Mo 
V 
Nb 

0.09 
0.36 
0.008 
0.004 
0.08 
0.11 
8.62 
0.98 
0.209 
0.063 

0.064 
0.36 
0.008 
0.004 
0.08 
2.17 
8.57 
0.98 
0.222 
0.066 

0.21 
0.50 
0.011 
0.004 
0.18 
0.43 

11.99 
0.93 
0.27 
0.018 

0.20 
0.47 
0.010 
0.004 
0.13 
1.14 

11.97 
1.04 
0.31 
0.015 

0.20 
0.49 
0.011 
0.004 
0.18 
2.27 

11.71 
1.02 
0.31 
0.015 

T i  
co  
cu 
A1 
B 
W As 

Sn 
2 r  
N 
0 

0.002 
0.013 
0.03 0.04 
0.013 0.015 

(0.001 (0.00 
0.01 

(0.001 
0.003 

<0.001 
0.050 
0.007 

0.002 
0.015 

0.01 
<0.001 

0.003 
<0.001 

0.053 
0.006 

0.003 
0.017 
0.05 
0.030 

<0.001 
0.54 

<0.001 
0.002 

(0.001 
0.020 
0.005 

0.003 
0.015 
0.05 
0.017 

<0.001 
0.53 
0.002 
0.001 

(0.001 
0.016 
0.007 

0.003 
0.021 
0.05 
0.028 

<0.001 
0.54 

<0.002 
0.002 

(0.001 
0.017 
0.007 

a8alance i ron .  

r a d i a l  f l ow  o f  heat produced i n  t h e  specimen by nuc lea r  heat ing. 
0.62-m-long aluminum tube t h a t  was surrounded by a shroud t o  p rov ide  a h igh  coo lan t  v e l o c i t y .  
of t h e  design o f  t h i s  ho lde r  have been published.‘ 

The capsules were i r r a d i a t e d  i n  a HFIR p e r i p h e r a l - t a r g e t  p o s i t i o n  w i t h  a peak thermal-neutron f luence 
(<0.5 eV) o f  -2.5 x l o z 6  neutrons/m2. 
t h e  peak f luence. 
displacement damage o f  t h e  specimens va r ied  from -7.8 t o  11.4 dpa. The he l ium concen t ra t i on  va r ied  from 5 
t o  103 appm depending on the  specimen p o s i t i o n  i n  the  capsule and t h e  n i c k e l  concent ra t ion.  
temperatures were c a l c u l a t e d  t o  be approximately 300, 400, and 500°C. 

T e n s i l e  t e s t s  were conducted i n  a vacuum chamber on a 44 kN capac i t y  I n s t r o n  un ive rsa l  t e s t i n g  machine 
u s i n g  a nominal s t r a i n  r a t e  o f  4.6 x lO-’/s. 
t e s t i n g  m a t e r i a l s  i n  t h e  normalized-and-tempered c o n d i t i o n  and a f t e r  i r r a d i a t i o n ,  normalized-and-tempered 
specimens t h a t  were the rma l l y  aged f o r  -2500 h ( t h e  approximate t ime  i n  t h e  r e a c t o r )  a t  300, 400, and 500OC 
were a l s o  tested. Tests on the  i r r a d i a t e d  o r  aged specimens were a t  t h e  i r r a d i a t i o n  o r  ag ing temperatures,  
respec t i ve l y .  

The specimen ho lde rs  were conta ined i n  a 
The d e t a i l s  

Only t h e  specimens a t  t h e  cen te r  o f  t he  capsule were i r r a d i a t e d  t o  
Depending on t h e  p o s i t i o n  o f  t h e  specimen r e l a t i v e  t o  t h e  cen te r  of t he  capsule, t h e  

I r r a d i a t i o n  

Specimens were t e s t e d  i n  t h r e e  condi t ions.  I n  a d d i t i o n  t o  

Resu l ts  

The t e n s i l e  p roper t y  r e s u l t s  f o r  a l l  a l l o y s  are  g iven i n  Table 2.  Displacement-damage l e v e l s  and 
he l i um contents  f o r  each i r r a d i a t e d  specimen are a l s o  g iven i n  t h i s  tab le .  The data  f o r  t h e  y i e l d  s t ress  
( Y S )  and u l t i m a t e  t e n s i l e  s t reng th  (UTS) fo r  t he  9Cr-1MoVNb and 9Cr-1MoVNb-ZNi a re  shown i n  Fig. 1; the  u n i -  
form and t o t a l  e longa t ion  f o r  these s t e e l s  a re  g iven i n  Fig. 2. 
12Cr-1MoVW and 12Cr-1MoVW-2Ni. Data are  shown f o r  t h e  s t e e l s  i n  t h e  normalized-and-tempered (NT) cond i t i on ,  
a f t e r  thermal ag ing f o r  2500 h (A), and a f t e r  i r r a d i a t i o n  up t o  -11 dpa and -100 appm He ( I ) .  
f i g u r e  from be ing t o o  c l u t t e r e d  w i t h  data, t h e  r e s u l t s  f o r  t h e  12Cr-1MoVW-1Ni s t e e l  a re  not  shown i n  Figs. 3 
and 4. 

I n  t h e  normalized-and-tempered cond i t i on ,  t h e  s t e e l s  w i t h  2% N i  were s t ronger  than those w i t h  no n i c k e l  

F igu res  3 and 4 show s i m i l a r  data f o r  t h e  

To keep t h e  

added (Figs.  1 and 3). Al though no t  shown i n  t h e  f i gu res ,  t h e  s t r e n g t h  o f  t h e  normalized-and-tempered 
12Cr-1MoVW-1Ni s t e e l  was s i m i l a r  t o  12Cr-1MoVW s t e e l  i n  t h i s  cond i t i on .  The h ighe r  YS and UTS o f  t h e  
normalized-and- tempered s t e e l s  w i t h  2% N i  was due t o  t h e  d i f f e r e n t  tempering t reatments  used fo r  these 
s tee ls .  
h ighe r  temperatures used f o r  t h e  standard s t e e l s  and t h e  one w i t h  1% N i .  
2% N i  s t e e l s  a t  t h e  h ighe r  temperatures because those temperatures a re  above t h e  A,, temperature.2 

any of t h e  normalized-and-tempered s tee ls .  
UTS a f t e r  t h e  500°C ag ing t reatment ;  t h e  l a r g e s t  e f f e c t  was f o r  t h e  9Cr-1MoVNb-PNi s t e e l ,  bu t  t h e  o v e r a l l  
decrease was minor. 

The s t e e l s  w i t h  2% N i  were tempered a t  7OO0C, where tempering was s i g n i f i c a n t l y  s lower than a t  t h e  
It was not  p o s s i b l e  t o  temper t h e  

Thermal ag ing a t  300, 400, and 5 O O O C  f o r  2500 h had l i t t l e  e f fec t  on t h e  s t r e n g t h  o r  d u c t i l i t y  of 
The on ly  no t i ceab le  e f f e c t  was a s l i g h t  decrease i n  YS and 

Major changes occurred du r ing  i r r a d i a t i o n .  A l l  o f  t he  s t e e l s  showed an increase i n  YS and UlS when 
i r r a d i a t e d  a t  300 and 40OoC (Figs.  1 and 3). A f t e r  i r r a d i a t i o n  a t  500°C. t h e  YS and UTS o f  t h e  9Cr-1MoVNb 
w i t h  0 and 2% N i  approached the  p r o p e r t i e s  f o r  9Cr-1MoVNb i n  t h e  aged and normalized-and-tempered con- 
d i t i o n s .  
o f  t h e  9Cr-lMoVNb. and t h e  s t r e n g t h  o f  t h e  9Cr-1MoVNb-2Ni i n  t h e  i r r a d i a t e d  c o n d i t i o n  was s i g n i f i c a n t l y  

Th is  means t h a t  t h e  s t r e n g t h  o f  t h e  9Cr-1MoVNb-2Ni decreased r e l a t i v e l y  more than t h e  s t r e n g t h  
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Table 2.  Tens i le  Proper t ies  of Normalized-and-Tempered, 
Aged and I r r a d i a t e d  F e r r i t . i c  Stee ls  

I r r a d i a t i o n  Test Strength, MPa Elongat ion, % 

Y ie ld  Tens i le  Uniform Tota l  
A l l o y  Experimental Temperature 

___ Condit ionsa dpa appm ("C) 

12C r- lMoVW NT 
NT 
NT 
A 300°C 
A 400°C 
A 5OOOC 
I 300°C 
I 400°C 
I 500°C 

12Cr-1MoVW-1Ni NT 
NT ... 
NT 
A 300°C 
A 400°C 
I 300'C 
I 400°C 

12Cr-1MoVW-2Ni NT 
NT 
NT .. . 
A 300'C 
A 400°C 
A 500°C 
I 30OoC 
I 400°C 
I 5OOpC 

9Cr-1MoVNb NT 
NT 
NT 
A 30OoC 
A 400°C 
A 500°C 
I 300°C 
I 400°C 
I 500°C 

12Cr-1MoVNb-2Ni NT 
NT .. . 
NT 
A 300°C 
A 400°C 
A 500°C 
I 300'C 
I 400OC 
I 500Y 

8 11 
9.5 15 

11.4 19 

8 32 
9.5 41 

8 61 
9.6 80 

11.4 103 

7.9 5 
9.4 7 

11.2 8 

8 58 
9.6 77 

11.3 98 

300 
400 
500 
300 
400 
500 
300 
400 
500 

300 
400 
500 
300 
400 
300 
400 

300 
400 
500 
300 
400 
500 
300 
400 
500 

300 
400 
500 
300 
400 
500 
300 
400 
500 

300 
400 
500 
300 
400 
500 
300 
400 
500 

569 
569 
560 
590 
570 
531 
988 
929 
570 

614 
588 
578 
641 
593 

1124 
958 

761 
744 
742 
800 
793 
703 

1338 
1056 
667 

587 
596 
569 
583 
607 
556 

1000 
881 
570 

751 
725 
710 
729 
728 
648 

1290 
1098 
581 

754 
734 
717 
775 
743 
683 

1036 
970 
625 

788 
748 
745 
811 
752 

1193 
1000 

921 
878 
859 
952 
924 
816 

1414 
1095 
764 

687 
681 
633 
67 6 
695 
638 

1004 
913 
629 

864 
826 
795 
838 
800 
710 

1325 
1110 
642 

5.7 
5.0 
4.5 
6.3 
5.0 
3.6 
2.9 
0.8 
1.1 

4.4 
4.0 
4.0 
4.6 
4.0 
2.7 
0.9 

3.2 
2.6 
2.2 
3.3 
3.0 
2.5 
3.3 
0.8 
2.8 

3.5 
2.8 
2.1 
2.9 
3.0 
2.6 
0.4 
0.6 
2.6 

2.8 
2.4 
1.9 
2.8 
2.8 
1.9 
0.6 
0.4 
2.7 

11.3 
10.5 
10.0 
12.1 
9.7 
8.6 
7.6 
3.6 
6.0 

9.3 
8.9 
9.0 
9.6 
8.5 
5.3 
3.0 

7.5 
6.9 
5.7 
7.4 
6.2 
6.0 
5.2 
3.1 
6.5 

9.7 
9.0 
7.9 
8.9 
9.2 
8.5 
5.7 
4.9 
9.0 

8.8 
8.1 
7.5 
8.2 
8.0 
7.2 
3.3 
4.5 
9.0 

aNT i s  a normalized-and-tempered specimen. 
A i s  a t he rma l l y  aged specimen, aged a t  t h e  temperature given. 
I i s  an i r r a d i a t e d  specimen, i r r a d i a t e d  a t  the  temperature given. 
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Fig.  2. D u c t i l i t y  p rope r t i e s  of normalized-and-tempered (NT), t he rma l l y  aged ( A ) ,  and i r r a d i a t e d  ( I )  
9Cr-1MoVNb and 9Cr-1MoVNb-2Ni s t e d s ;  ( a )  un i fo rm e longat ion  and (b) t o t a l  e longat ion.  
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Fig. 3. St rength  p r o p e r t i e s  o f  normalized-and-tempered (NT), t h e r m a l l y  aged ( A ) ,  and i r r a d i a t e d  ( I )  
12Cr-1MoVW and 12Cr-1MoVW-ENi s t e e l s ;  ( a )  y i e l d  s t ress ,  and (b) u l t i m a t e  t e n s i l e  s t rength .  
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Fig. 4. D u c t i l i t y  p r o p e r t i e s  of normalized-and-tempered (NT), t he rma l l y  aged ( A ) ,  and i r r a d i a t e d  ( I )  
12Cr-1MoVW and 1ECr-lMoVW-PNi s t e e l s ;  ( a )  uni form e longa t ion  and (b)  t o t a l  e longat ion.  



below t h e  normalized-and-tempered and t h e  aged values f o r  t h i s  s t e e l  a t  5OOOC. 
and t h e  12Cr-1MoVW-2Ni s t e e l s  a f t e r  t h e  500'C i r r a d i a t i o n  approached t h e  respec t i ve  values f o r  those same 
s t e e l s  i n  t h e  aged and normalized-and-tempered cond i t i on .  
i r r a d i a t i o n  a t  5 0 0 Y  f e l l  s l i g h t l y  below t h e  values f o r  t h e  aged s tee ls .  

The Y S  of t h e  12Cr-1MoVW 

The UTS values o f  these 12-Cr s t e e l s  a f t e r  

A f t e r  i r r a d i a t i o n  a t  300 and 400OC. the d u c t i l i t y  of t h e  9Cr-1MoVNb and t h e  9Cr-1MoVNb-2Ni (Fig. 2) was 
s l i g h t l y  d i f f e r e n t  from t h a t  of t h e  12Cr-1MoVW and t h e  12Cr-1MoVW-2Ni (F ig .  4). 
9Cr-1MoVNb-2Ni s t e e l s  had q u i t e  low uni form e longat ions (as low as 0.4%). 
12Cr-1MoVW and t h e  12Cr-1MoVW-2Ni s t e e l s  were c lose  t o  3%. For t h e  t o t a l  e longat ions o f  both the  9-Cr and 
12-Cr s tee ls ,  t h e  s t e e l  w i thou t  n i c k e l  had t h e  l a r g e s t  value. The d i f f e r e n c e  was q u i t e  l a r g e  a t  300"C, bu t  
r e l a t i v e l y  minor a t  4OOOC. 
d i t i o n s  a t  30OoC than a t  4OOOC; t h i s  was a l s o  t r u e ,  b u t  t o  a much l e s s e r  degree, f o r  t h e  i r r a d i a t e d  
gCr-lMoVNb, but  not  f o r  t h e  i r r a d i a t e d  9CrlMoVNb-PNi, which had l a r g e r  e longat ions a t  400°C. 

The 9Cr-1MoVNb and t h e  
The un i fo rm e longat ions o f  t h e  

The t o t a l  e longat ions f o r  t h e  two 12-Cr s t e e l s  were l a r g e r  f o r  a l l  t h r e e  con- 

For t h e  9-Cr s tee l s ,  t he  un i fo rm and t o t a l  e longat ions were h ighe r  a f t e r  i r r a d i a t i o n  a t  50OOC than 
a f t e r  i r r a d i a t i o n  a t  t h e  two lower temperatures. Th is  was not  t h e  case fo r  the  12-Cr s t e e l s ,  where the  
values a t  500°C were s i m i l a r  t o  t h e  values a t  300°C. The un i form e longa t ion  o f  t h e  12Cr-1MoVW and the  t o t a l  
e longa t ion  o f  both  t h e  12Cr-1MoVW and t h e  12Cr-1MoVW-2Ni a f t e r  t h e  5OOOC i r r a d i a t i o n  approached t h e  u n i r r a -  
d i a t e d  values f o r  t he  lZCr-lMoVW-PNi, which i s  somewhat below t h e  values f o r  12Cr-1MoVW. Both t h e  un i form 
and t o t a l  e longa t ion  values of t h e  two 9-Cr s t e e l s  a f t e r  i r r a d i a t i o n  a t  5OOOC were somewhat above the  values 
f o r  u n i r r a d i a t e d  9Cr-1MoVNb s tee l .  

The data f o r  t h e  l2Cr-1MoVW-1Ni s t e e l  a re  not  shown i n  Figs.  3 and 4. A t  300 and 400"C, t h e  general 
behav ior  o f  t h i s  s t e e l  was s i m i l a r  t o  t h a t  o f  t h e  12Cr-1MoVW and 12Cr-1MoVW-PNi s tee ls :  The aged and t h e  
normalized-and-tempered s t e e l s  had s i m i l a r  p roper t i es ;  i r r a d i a t i o n  a t  300 and 400OC caused an increase i n  
s t r e n g t h  and a decrease i n  d u c t i l i t y .  Space was unava i l ab le  i n  t h e  i r r a d i a t i o n  capsule t o  i r r a d i a t e  t h i s  
s t e e l  a t  500°C. 

changes were determined r e l a t i v e  t o  t h e  aged specimens f o r  t h e  respec t i ve  s tee ls .  
t h e  r e l a t i v e  change f o r  both YS and UTS increases w i t h  n i c k e l  content.  A t  400°C. t h e  e f f e c t  of n i c k e l  i s  
no longer  obvious: t h e  12Cr-1MoVW-2Ni s t e e l  does not  show as l a r g e  an increase as the  12Cr-1MoVW and 
12Cr-1MoVW-1Ni s tee ls .  The r e l a t i v e  change o f  t h e  9Cr-1MoVNb-ENi s t e e l  a t  400'C i s  s t i l l  g rea te r  than t h a t  
f o r  t h e  9Cr-1MoVNb s tee l .  
s t e e l s  con ta in ing  2% N i .  

F igures 5 and 6 show t h e  change i n  YS and UTS, respec t i ve l y ,  t h a t  was caused by i r r a d i a t i o n .  These 
It i s  seen t h a t  a t  300°C 

A t  5OOoC, t h e  r e l a t i v e  change i s  q u i t e  smal l ;  nega t i ve  changes occur fo r  t he  

Discuss ion 

The observat ions on t h e  e f f e c t  o f  i r r a d i a t i o n  temperature on t h e  s t r e n g t h  o f  t h e  nickel- doped and 
undoped s t e e l s  are  genera l l y  s i m i l a r  t o  p rev ious  observat ions on these  steel^.^-^,^^^ 
were i n  HFIR a t  55°C and i n  EBR-11 a t  390, 450, 500, and 55OOC. 

Prev ious i r r a d i a t i o n s  
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Fig.  5. Change i n  y i e l d  s t r e s s  caused by i r r a d i a t i o n ;  
t h e  change i s  measured r e l a t i v e  t o  t h e  the rma l l y  aged s tee ls .  

I r r a d i a t i o n  hardening occur red f o r  a l l  
s t e e l s  i r r a d i a t e d  t o  -10 dpa a t  55"C.'s2 
For  t h e  s t e e l s  i r r a d i a t e d  a t  e levated tem- 
pera tu res  t o  -16 dpa i n  EBR-11, t h e r e  were 
some d i f fe rences between t h e  s t e e l s  w i t h  2% 
N i  and those w i t h  0 and 1% Ni .3  When i r r a -  
d i a t e d  a t  390"C, the 9Cr-lMoVNb. 12Cr-lMoVW, 
and 12Cr-1MoVW-1Ni s t e e l s  hardened r e l a t i v e  
t o  t h e  aged s tee ls .  For  t h e  9Cr-1MoVNb-PNi 
and t h e  12Cr-1MoVW-2Ni s t e e l s  i r r a d i a t e d  a t  
390"C, t h e r e  was l i t t l e  o r  no hardening 
( r e l a t i v e  t o  the rma l l y  aged specimens). 
A f t e r  i r r a d i a t i o n  a t  45OoC,  t h e  YS and UTS 
o f  t he  undoped s t e e l s  and t h e  one w i t h  1% N i  
were s i m i l a r  t o  those o f  t h e  the rma l l y  aged 
(5000 h) s tee l s .  
s t reng ths  of these t h r e e  i r r a d i a t e d  s t e e l s  
were l e s s  than t h e  aged values, i n d i c a t i n g  
t h a t  t h e r e  had been i rrad ia t ion- enhanced 
sof ten ing,  probably  caused by t h e  coarsening 
of t he  m i c r o ~ t r u c t u r e . ~  For t h e  two s t e e l s  
w i t h  2% N i  i r r a d i a t e d  a t  450, 500, and 
550°C, t h e r e  was cons iderab le  s o f t e n i n g  
r e l a t i v e  t o  t h e  aged mate r ia l s ,  and t h e  
s t reng ths  o f  t h e  s t e e l s  w i t h  2% N i  approached 

A t  500 and 55OoC, the  
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Th i s  was a cons iderab le  decrease i n  s t rength ,  
because t h e  2%- Ni  s t e e l s  were s i g n i f i c a n t l y  

i r r a d i a t i o n .  
mrm 12Cr-1MoVW-1NI s t ronge r  than t h e  o the r  s t e e l s  p r i o r  t o  
131 12Cr-1MoVW-2NI 
E2 BCr-1MoVNb 
nS OCr- lMoVNb-2NI  

600 Th is  d i f f e r e n c e  i n  t h e  r e l a t i v e  

500 
s t r e n g t h  changes f o r  t h e  s t e e l s  w i t h  2% N i  
and those w i t h  0 o r  1% N i  was a t t r i b u t e d  t o  
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Fia.  6. Chanae i n  u l t i m a t e  t e n s i l e  s t r e n a t h  o f  C ~ P P ~ C  

t h e  d i f f e rence  i n  m ic ros t ruc tu re  caused by 
t h e  d i f f e r e n c e  i n  tempering treatrnent.3 
l a r g e  increase i n  s t reng th  o f  t he  undoped 
s t e e l s  i r r a d i a t e d  a t  390°C agreed w i t h  pre-  
v ious w ~ r k . ~ , ~  St rengthen ing by i r r a d i a t i o n  
a t  390'C has been a t t r i b u t e d  t o  t h e  f o r -  
mat ion of i r r a d i a t i o n- i n d u c e d  d i s l o c a t i o n  
loops and  precipitate^.^-' The lack  o f  a 
s i g n i f i c a n t  s t r e n g t h  change f o r  t h e  s t e e l s  
w i t h  2% N i  was taken t o  mean t h a t ,  i n  these 
s t e e l s ,  s t reng then ing  caused by t h e  fo r-  
mat ion of an i r r a d i a t i o n- i n d u c e d  d i s l o c a t i o n  
s t r u c t u r e  i s  o f f s e t  by an i r r a d i a t i o n - a i d e d  
tempering t h a t  advances t h e  process s t a r t e d  
a t  700°C.3 

The 

< -  - ~ ~ ~~~ ~~~~ 

caused 6y i r r a d i a t i o n ;  t h e  change i s  measured r e l a t i v e  t o  t h e  
t h e r m a l l y  aged s tee ls .  

o f  t he  present  study are  i n  general agreement w i t h  t h e  prev ious t e s t s ,  t h e r e  are  some d i f fe rences t h a t  may 
be caused by helium. The r e l a t i v e  change i n  s t r e n g t h  a t  300°C (F igs .  5 and 6) increases w i t h  n i c k e l  -- and 
the re fo re  he l ium -- concent ra t ion .  Th i s  was t r u e  f o r  both the  9-Cr and t h e  12-Cr s tee ls .  A t  4OO0C, a l l  of 
t h e  s t e e l s  showed a r e l a t i v e  i nc rease  i n  s t rength ,  whereas a f t e r  15 t o  16 dpa i n  EBR-11, t h e  s t e e l s  w i t h  2% 
N i  showed l i t t l e  change.3 
N i  was g rea te r  than t h a t  found a f t e r  i r r a d i a t i o n  i n  EBR-11. 

EBR-I1 and those i r r a d i a t e d  a t  approximately t he  same temperature i n  HFIR i n  t h e  present  experiments, we 
must examine t h e  p o s s i b l e  r o l e  of helium. 
- -  even i n  t h e  nickel- doped s t e e l s  - -  was c l o s e  t o  t h e  amounts obta ined i n  t h e  undoped s t e e l s  i r r a d i a t e d  i n  
HFIR t o  36 t o  39 d ~ a . ~ . ~  I n  those experiments, o n l y  a very few, very smal l  voids o r  bubbles were v i s i b l e  
a f t e r  i r r a d i a t i o n  a t  300"C.10 Even when t h e  s tee l  conta ined 2% N i  and over  400 appm He, t he  bubbles were 
ex t remely  smal l  a t  30OOC. Therefore, f o r  t h e  specimens i r r a d i a t e d  a t  300°C i n  t h e  present  study, where 
i r r a d i a t i o n  was t o  o n l y  about 10 dpa, we would n o t  expect a s i g n i f i c a n t  number of voids. E s s e n t i a l l y  a l l  
t h e  he l i um generated would be expected t o  be i nco rpo ra ted  i n  extremely smal l  bubbles o r  t o  remain i n  so lu-  
t i o n .  Because t h e  amount of p r e c i p i t a t i o n  a t  300°C under t h e  c o n d i t i o n s  o f  t he  present experiments i s  
expected t o  be s l i g h t ,  t h e  increase i n  s t r e n g t h  a f t e r  i r r a d i a t i o n  i s  expected t o  be caused p r i m a r i l y  by t h e  
format ion of d i s l o c a t i o n  loops. The observat ion  t h a t  t h e r e  i s  an a d d i t i o n a l  increment of s t r e n g t h  increase 
f o r  t h e  h ighe r  he l ium- conta in ing a l l o y s  (h ighe r  n i c k e l  con ten t )  (Figs.  5 and 6)  cou ld  be exp la ined  by hard- 
en ing caused by t h e  i r rad ia t i on- p roduced  he l ium -- e i t h e r  by smal l  he l ium bubbles o r  he l ium i n  so lu t i on .  

A f t e r  i r r a d i a t i o n  i n  HFIR t o  36 t o  39 dpa a t  400 and 500°C, vo ids  were observed i n  both t h e  n i c k e l -  
doped and undoped steels.8-10 
concen t ra t i on  and displacement damage l e v e l s  i n  t h e  present  experiment, vo id  fo rmat ion was not  expected t o  
be r e a d i l y  observable by t ransmiss ion  e l e c t r o n  microscopy (TEM), and no TEM was conducted. 

d i s l o c a t i o n- l o o p  
aged m a t e r i a l s  was s i g n i f i c a n t l y  g rea te r  f o r  t h e  present HF IR- i r rad ia ted  s t e e l s  than f o r  these same s t e e l s  
i r r a d i a t e d  t o  16 dpa i n  E B R - I I . 3  Th i s  d i f fe rence i s  shown i n  Table 3. 
pronounced i n  t h e  2% N i  a l l o y ,  which produced t h e  g r e a t e s t  amount o f  helium. 
t i o n  t h a t  he l ium i n  t h e  form of f i n e  bubbles i s  caus ing a hardening e f fec t .  

considered. Al though t h e  h ighe r  f luence f o r  t h e  EBR-I1 i r r a d i a t i o n s  cou ld  r e s u l t  i n  more i r r a d i a t i o n -  
enhanced tempering f o r  t h e  12Cr-1MoVW-2Ni s tee l ,  p rev ious work gave no i n d i c a t i o n  o f  a peak i n  t h e  
s t reng then ing  of t h e  undoped stee1s. l1 However, t h e r e  were i n d i c a t i o n s  t h a t  f o r  damage l e v e l s  between 
-12 and 23 dpa, a s a t u r a t i o n  i n  s t r e n g t h  increase occurs. 
i r r a d i a t e d  s t e e l s  t hus  seems t o  be an exp lana t i on  f o r  t h e  observat ions a t  both 300 and 4OOOC. 

The prev ious high- temperature i r r a -  
d i a t i o n s  on the  nickel- doped s t e e l s  were 
conducted i n  EBR-11, where very l i t t l e  
he l i um was generated.3 Al though the  r e s u l t s  

The i nc rease  i n  s t r e n g t h  observed i n  t h e  present  t e s t s  f o r  a l l o y s  w i t h  0 and 1% 

To e x p l a i n  t h e  observat ions a t  300°C and t h e  d i f f e r e n c e s  between t h e  specimens i r r a d i a t e d  a t  400°C i n  

I n  t h e  present  experiments, t h e  maximum amount of he l ium produced 

Void format ion was h igher  a t  400OC. Again, because o f  t h e  much lower he l ium 

The p r i n c i p a l  cause of t h e  increase i n  s t r e n g t h  a t  400°C i s  a combinat ion of p r e c i p i t a t e  fo rmat ion and 
However, t h e  increase i n  s t reng th  o f  t h e  i r r a d i a t e d  s t e e l s  r e l a t i v e  t o  t h e  

The l a r g e r  s t r e n g t h  increase i s  most 
Th is  aga in  cou ld  be an i n d i c a-  

I n  comparing t h e  r e s u l t s  a t  400°C from t h e  d i f f e r e n t  reactors ,  t h e  d i f f e r e n c e  i n  f luence needs t o  be 

A s t r e n g t h  increase due t o  he l ium f o r  t he  HFIR- 
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Table 3. St rength  Change o f  I r r a d i a t e d  Stee ls  R e l a t i v e  t o  Thermal ly The fac t  t h a t  t h e  12Cr-1MoVW- 
Aged Stee ls  f o r  I r r a d i a t i o n  i n  HFIR and EBR-I1 a t  40OoC 2Ni s t e e l  d i d  no t  show a r e l a t i v e  

s t r e n g t h  increase a t  400OC as l a r g e  

a t t r i b u t e d  t o  i r r a d i a t i o n - a i d e d  
Y S  UTS YS UTS YS UTS Y S  UTS tempering,3 which advances t h e  pro-  

cess s t a r t e d  -- bu t  no t  f i n i s h e d  -- 
H F I R  359 227 365 248 263 171 274 218 i n  t h i s  s t e e l  a t  7 O O O C .  That i s ,  

p a r t  o f  t h e  s t r e n g t h  increase 
EBR-I1 249 138 215 107 38 -1 8 93 43 caused by p r e c i p i t a t i o n ,  d i s l o c a -  

t i o n  loops, and he l ium i s  o f f s e t  by 
aNo 9Cr-1MoVNb-PNi s t e e l  was i r r a d i a t e d  a t  400°C i n  EBR-11. t h e  tempering. However, t h e  

9Cr-1MoVNb-2Ni s t e e l  d i d  no t  show 
t h i s  same behavior;  i n  f a c t ,  i t  

12Cr-1MoVW 12Cr-1MoVW-1Ni lZCr-lMoVW-PNi 9Cr-1MoVNba as t h e  o t h e r  s t e e l s  cou ld  aga in  be 

showed the  h ighes t  r e l a t i v e  s t r e n g t h  increase (Figs.  5 and 6). No reason f o r  t h i s  d i f f e r e n c e  i s  immediately 
obvious, a l though t h e  9Cr-1MoVNb-PNi conta ins  niobium, and t h i s  cou ld  a f f e c t  t h e  tempering behav ior  of t h i s  
s t e e l .  

The r e l a t i v e  s t r e n g t h  changes observed i n  t h e  500°C t e s t s  were nega t i ve  i n  t h e  E B R - I 1  experiment on 
I n  t h e  prev ious t e s t s ,  t h e  these steels, '  which agrees w i t h  the  observat ions i n  t h e  present  experiment. 

9Cr-1MoVNb and 9CrlMoVNb-2Ni had s i m i l a r  YS and UTS values a f t e r  i r r a d i a t i o n  a t  500'C; t h e  same was found 
i n  the  present experiment. 
h i g h e r  s t r e n g t h  a f t e r  i r r a d i a t i o n  i n  EBR-11, as was observed i n  t h e  present  experiment. A t  5OO0C, there-  
f o r e ,  t h e r e  appears t o  be l i t t l e  e f f e c t  o f  t he  hel ium on s t rength .  
mat ion o f  l a r g e r ,  bu t  fewer, bubbles o r  voids. 

For  t h e  12Cr-1MoVW and t h e  12Cr-1MoVW-2Ni s tee l s ,  t h e  l a t t e r  s t e e l  had t h e  

Th is  cou ld  be t h e  r e s u l t  of t h e  fo r-  

CONCLUSIONS 

Tens i l e  specimens of standard 9Cr-1MoVNb and 12Cr-1MoVW s t e e l s  and these s t e e l s  doped w i t h  up t o  2% N i  
were i r r a d i a t e d  i n  HFIR t o  produce up t o  11 dpa and 103 appm He a t  300, 400, and 500°C. 
t e s t e d  a t  t h e  i r r a d i a t i o n  temperature, and t h e  r e s u l t s  were compared w i t h  as- heat- t reated (normalized-and- 
tempered) specimens and the rma l l y  aged specimens. 

t h e r m a l l y  aged s t e e l s ;  t h e  r e l a t i v e  increase was g rea te r  f o r  t he  h ighe r  n i c k e l - c o n t a i n i n g  (helium- 
con ta in ing )  s t e e l s ,  i n d i c a t i n g  t h a t  p a r t  o f  t h e  s t reng th  increase may have been caused by t h e  he l ium pro-  
duced du r ing  i r r a d i a t i o n .  
loops generated du r ing  i r r a d i a t i o n  and any p r e c i p i t a t e  t h a t  may have formed. 
no change i n  s t r e n g t h  r e l a t i v e  t o  t h e  the rma l l y  aged s t rength .  
r e f l e c t e d  t h e  s t r e n g t h  changes. 

Specimens were 

When i r r a d i a t e d  a t  300 and 400"C, a l l  of t he  s t e e l s  showed an increase i n  s t r e n g t h  r e l a t i v e  t o  t h e  

The s t reng th  increase due t o  he l ium i s  i n  a d d i t i o n  t o  t h a t  due t o  d i s l o c a t i o n  
A t  5OO0C, t h e r e  was l i t t l e  o r  

The change i n  t h e  d u c t i l i t y  o f  t h e  s t e e l s  
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THE DEVELOPMENT OF AUSTENITIC STAINLESS STEELS FOR FAST INDUCED- RADIOACTIVITY DECAY -- R. L. Klueh and 
P. J. Maziasz (Oak Ridge Nat iona l  Laboratory)  

OBJECTIVE 

Induced r a d i o a c t i v i t y  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  m a t e r i a l s  w i l l  make these components 
h i g h l y  r a d i o a c t i v e  a f t e r  t h e i r  s e r v i c e  l i f e t i m e ,  l ead ing  t o  d i f f i c u l t  r a d i o a c t i v e  waste-management problems. 
One way t o  minimize t h e  d isposa l  problem i s  t o  use s t r u c t u r a l  m a t e r i a l s  i n  which r a d i o a c t i v e  iso topes 
induced by i r r a d i a t i o n  decay q u i c k l y  t o  l e v e l s  t h a t  a l l ow  s i m p l i f i e d  d isposa l  techniques. 
t h e  f e a s i b i l i t y  of deve lop ing such a u s t e n i t i c  s t a i n l e s s  s tee ls .  

We a re  assessing 

SUMMARY 

As p a r t  o f  an al loy-development program f o r  a n i c k e l - f r e e  s t a i n l e s s  s t e e l ,  f i v e  Fe-Mn, t h i r t e e n  
Fe-Cr-Mn, and f i f t e e n  Fe-Cr-Mn-C a l l o y s  were examined t o  determine t h e  aus ten i te- s tab le  reg ion  in t h e  
Fe-Cr-Mn-C system. A f t e r  var ious heat t reatments,  o p t i c a l  and e l e c t r o n  microscopy s tud ies  and magnetic 
measurements were used t o  assess the  m i c r o s t r u c t u r a l  c o n s t i t u e n t s  present. The r e s u l t s  i n d i c a t e  t h a t  t h e  
Schae f f l e r  diagram, which was developed t o  p r e d i c t  t h e  phases present  i n  Fe-Cr-Ni-C s t a i n l e s s  s tee ls ,  cannot 
be d i r e c t l y  a p p l i e d  t o  Fe-Cr-Mn-C s tee ls .  Manganese has a lower  a u s t e n i t e - s t a b i l i z i n g  c a p a b i l i t y  aga ins t  S-  
f e r r i t e  format ion than t h e  Schaef f le r  diagram p r e d i c t s  by s imply cons ide r ing  i t  h a l f  as e f f e c t i v e  as n i c k e l .  
However, i t s  s t a b i l i z i n g  c a p a b i l i t y  aga ins t  mar tens i te  format ion i s  h ighe r  than p r e d i c t e d  by t h e  diagram on 
t h e  same basis.  
reg ion  t h a t  should be s u i t a b l e  f o r  a l l o y i n g  t o  develop a manganese-stabi l ized s t a i n l e s s  Steel .  

The new r e s u l t s  can be used t o  e m p i r i c a l l y  e s t a b l i s h  t h e  a u s t e n i t e - s t a b l e  composi t ion 

PROGRESS AND STATUS 

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

The var ious elements t h a t  make up t h e  a l l o y s  proposed fo r  t h e  f i r s t  w a l l  and b lanke t  s t r u c t u r e  of a 
fus ion  reac to r  undergo t ransmutat ion reac t i ons  caused by i r r a d i a t i o n  from high-energy neutrons created by 
t h e  fus ion  reac t i on .  
p e r l y  disposed of. 
induced r a d i o a c t i v i t y  t o  decay t o  l e v e l s  t h a t  a re  no longer  hazardous t o  people and t h e  environment. 
more r a p i d  the  decay, the  s impler  i s  t h e  d isposa l  task.  The common a l l o y i n g  elements t h a t  r e s u l t  i n  
r a d i o a c t i v e  isotopes t h a t  decay over a l ong  p e r i o d  of t ime are  n i c k e l ,  molybdenum, n i t rogen,  copper, and 
niobium. 

A f t e r  t h e  s e r v i c e  l i f e t i m e  of t he  reac to r ,  these r a d i o a c t i v e  components must be pro-  
The complexi ty o f  t h i s  waste d isposa l  procedure depends on t h e  t ime requ i red  fo r  t h e  

The 

An al loy-development program was proposed f o r  f a s t  i n d u c e d- r a d i o a c t i v i t y  decay (FIRD) vers ions o f  
present  f i r S t - W a l l  and b lanket  s t r u c t u r a l  candidate a l loys . '  The present  standard candidate a l l o y s  i n c l u d e  
Cr-Ma f e r r i t i c  s t e e l s  and Cr-Ni-Mo a u s t e n i t i c  s t a i n l e s s  s tee ls .  For  the  conceptual  FIRD a u s t e n i t i c  a l l o y s ,  
manganese was proposed as a replacement f o r  n i c k e l ,  a l though i t  was recognized t h a t  t h i s  may prove d i f -  
f i c u l t  because manganese i s  not  as s t rong  an a u s t e n i t e  s t a b i l i z e r  as n i c k e l  and because t h e i r  behavior i n  
t h e  a l l o y  may not  o therwise be e n t i r e l y  equ iva lent .  
equal amounts o f  manganese. Other a l l o y  adjustments w i l l  probably be required. It was proposed t h a t  an 
e f f o r t  be made t o  f i r s t  determine Fe-Cr-Mn-C composi t ions t h a t  produced austen i te .  
f u r t h e r  mod i f i ed  w i t h  minor element add i t i ons  t o  a t  l e a s t  o b t a i n  t h e  s t r e n g t h  and i r r a d i a t i o n  res i s tance  
found i n  c u r r e n t  cand idate  fus ion- reac to r  s t r u c t u r a l  ma te r ia l s .  

Hence, i t  i s  no t  p o s s i b l e  t o  s imply rep lace  n i c k e l  w i t h  

Th is  base cou ld  then be 

As a f i r s t  at tempt t o  determine a l l o y  composi t ions t o  use as a base composit ion, t h e  a v a i l a b l e  phase 
For t h e  Schaef f le r  diagram, t h e  n i c k e l  and diagrams and t h e  Schae f f l e r  diagram (Fig.  1) were consul ted.2 

chromium equ iva len ts  were c a l c u l a t e d  accord ing t o  t h e  f o l l o w i n g  r e l a t i o n s h i p s : '  

N i  Equiv = ( N i )  t ( t o )  t 0.5(Mn) + 0.3(Cu) + 25(N) t 30(C) 

C r  Equiv = (Cr) t 2 j S i )  t 1.5(Mo) + 5(V) t5.5(A1) t1.75(Nb) + 1 .5(T i )  + 0.75(W) 

; ( 1 )  

(2)  , 
where the  concen t ra t i on  o f  t h e  respec t i ve  elements g iven i n  parentheses i s  i n  weight percent. 

As discussed i n  a l a t e r  sect ion,  t h e r e  has been cons iderab le  d i scuss ion  on how t o  ass ign values t o  t h e  
m u l t i p l y i n g  f a c t o r  f o r  manganese f o r  t he  S c h a e f f l e r  diagram, and var ious values besides the  0.5 o f  Eq. (1) 
have been proposed.3-5 
s t a i n l e s s  s t e e l ,  t he  i n i t i a l  m i c r o s t r u c t u r a l  s tud ies  gave new and d i r e c t  i n fo rma t ion  on t h e  e f f e c t  of manga- 
nese as an a u s t e n i t e  s t a b i l i z e r .  

Al though t h e  o b j e c t i v e  of t h e  present  work i s  the  development o f  a n i c k e l - f r e e  

That p o r t i o n  of t h e  work i s  t h e  focus of t h i s  repo r t .  
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F ig .  1. The Schaef f le r  diagram. 

F i f t e e n  600-9 bu t ton  heats of Fe-Cr-Mn-C were melted and c a s t  (des ignated as PCMA-0 through PCMA-14) 
w i t h  t h e  composi t ions g iven i n  Table 1. 
o f t e n  d i f f e r e n t  from t h e  nominal composi t ions,  because manganese, and, i n  some cases, carbon were l o s t  
d u r i n g  t h e  vacuum-arc m e l t i n g  process. 
pensate f o r  these m e l t i n g  losses. 
phase o r  c o n s t i t u e n t  reg ions as w e l l  as t o  f i n d  t h e  s t a b l e  a u s t e n i t e  reg ion  o f  t he  Schaef f le r  diagram. 

For t h e  f i r s t  f i v e  heats, t h e  a c t u a l  composi t ions obta ined were 

I n  the l a t e r  a l l o y s ,  e x t r a  carbon and manganese were added t o  com- 
The nominal composi t ions were chosen t o  l o c a t e  boundaries of t h e  o the r  

Table 1. Chemical composi t ions o f  t h e  Fe-Mn-Cr-C s t e e l  b u t t o n  heats 

Chemical composition,a (wt  %) 

A l l o y  C Mn S i  N i  C r  Mo V cu N 

PCMA-0 0.069 13.4 0.04 0.01 15.0 0.01 0.01 0.03 0.001 
-1 0.014 14.2 0.02 0.01 14.8 0.01 0.01 0.03 0.001 
-2 0.056 17.1 0.04 0.01 15.2 0.01 (0.01 0.03 0.001 
-3 0.089 13.9 0.02 0.01 10.0 0.01 (0.01 0.03 0.002 
- 4  0.093 18.9 0.02 0.01 9.9 (0.01 (0.01 0.02 0.002 
-5 0.18 13.9 0.02 0.01 15.3 0.01 (0.01 0.04 0.002 
- 6  0.18 14.3 0.02 0.01 16.0 0.01 (0.01 0.03 0.003 
-7 0.38 19.1 0.02 0.01 14.8 0.01 (0.01 0.05 0.005 
-8 0.13 17.7 0.02 (0.01 20.1 0.01 (0.01 0.03 0.003 
-9 0.26 17.6 0.03 0.01 20.2 0.01 (0.01 0.03 0.006 
-10 0.061 19.9 0.04 0.01 10.0 0.01 0.01 0.02 0.005 
-11 0.084 19.9 0.03 0.01 11.9 0.01 0.01 0.02 0.009 

-13 0.088 19.2 0.04 0.01 14.0 0.01 0.01 0.04 0.013 
-14 0.17 19.9 0.05 0.01 15.9 0.01 0.01 0.02 0.001 

-12 0.18 20.0 0.02 0.01 12.0 0.01 0.01 0.02 0.008 

agalance i ron .  
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A l l o y s  were produced i n  two stages: PCMA-0 through PCMA-9 were examined be fo re  PCMA-IO through PCMA-14 
were melted and processed. 
152 mm. 
homogenization t reatments  o f  24 h a t  1275°C app l i ed  a f t e r  c o l d - r o l l i n g  reduct ion.  
were much more d i f f i c u l t  t o  c o l d  work than normal n i c k e l - s t a b i l i z e d  s t a i n l e s s  s t e e l s  because they t r a n s-  
formed t o  mar tens i te  a f t e r  r o l l i n g  and cracked badly.) 
f i r s t  t e n  a l l oys ,  t h e  l a s t  f i v e  a l l o y s  were ho t  r o l l e d  a t  1050°C t o  a 6.4-mm th ickness,  a f t e r  which they 
were homogenized 5 h a t  1200'C. 

sheet. The reduct ions from 6.4-mm were made by success ive ly  reduc ing t h e  cross s e c t i o n  50% and then 
anneal ing f o r  1 h a t  115OOC. The f i n a l  sheet was i n  t h e  20% cold-worked cond i t i on .  A l l  of t h e  heats except 
PCMA-3 were r o l l e d  t o  0.76- and 0.25-mm-thick sheet; PCMA-3 cracked e x t e n s i v e l y  when r o l l e d .  
w i t h  r o l l i n g  were a l s o  exper ienced w i t h  PCMA-5. 

A l l  of t he  a l l o y s  were c a s t  i n t o  a rec tangu la r  cross sec t i on  of 12.7 by 25.4 by 
The f i r s t  t e n  a l l o y  i n g o t s  were c o l d  r o l l e d  t o  6.4 mm i n  30 t o  50% increments o f  reduct ion,  w i t h  

(Several  o f  t h e  s t e e l s  

Because o f  t h e  d i f f i c u l t i e s  i n  c o l d  r o l l i n g  t h e  

The f i n a l  s tep i n  t h e  r o l l i n g  process cons is ted  of c o l d  r o l l i n g  from 6.4-mm p l a t e  t o  0.76- and 0.25-mm 

D i f f i c u l t i e s  

Meta l lography and magnetic measurements were conducted on pieces o f  homogenized ma te r ia l ,  p ieces of t h e  
20% cold-worked mate r ia l ,  and on pieces o f  t he  cold-worked m a t e r i a l  t h a t  were annealed f o r  1 h a t  1150°C and 
f o r  8 h a t  1050'C. Magnetic measurements were made w i t h  a "Fe r r i t escope"  t o  o b t a i n  a q u a l i t a t i v e  measure of 
t h e  ferromagnet ic p e r m e a b i l i t y  o f  each a l l o y .  A l l  specimens were examined by o p t i c a l  microscopy, and 
se lec ted  specimens were examined by t ransmiss ion e l e c t r o n  microscopy (TEM). 

I n  a d d i t i o n  t o  t h e  bu t ton  mel ts ,  we obta ined small amounts o f  0.25-mm-thick sheet from a s e r i e s  o f  
Fe-Mn and Fe-Mn-Cr s t e e l s  from t h e  Hanford Engineer ing Development Laboratory  (HEDL), Richland, Washington. 
These had been produced as small bu t ton  mel ts  w i t h  t h e  nominal composi t ions g iven i n  Table 2 ( re f .  6). Four 
o f  t he  specimens f o r  which s u f f i c i e n t  m a t e r i a l  was a v a i l a b l e  were analyzed and found t o  have composi t ions 
s u f f i c i e n t l y  near t h e  nominal Fe-Cr-Mn composi t ion ( b u t  w i t h  some amounts o f  s i l i c o n  and n i t r o g e n )  so t h a t  
t h e r e  i s  l i t t l e  d i f f e r e n c e  when t h e  nominal composi t ion i s  assumed f o r  c a l c u l a t i n g  chromium and n i c k e l  
equ iva lents .  The small p ieces o f  sheet were annealed 8 h a t  1050°C before  examination. 

Table 2. Nominal composi t ions o f  t h e  Fe-Mn and Fe-Cr-Mn A l l o y s  

F d 5 M n  F&Cr-l5Mn Fe-10C r-1OMn 
Fe-30Mn Fe-15Cr-15Mn F d O C  r 4 0 M n  
Fe-35Mn Fe-1OCr-ZOMn F d 0 C ~ 3 0 M n  
Fe4OMn Fel5Cr-ZOMn Fe-1OCr-4OMn 
FrAOMn F e 5 C r 4 0 M n  F&Cr-25Mn 

FelOCr-30Mn F e 5 C r 4 5 M n  
Fe-10Cr-15Mn 

Selec ted chemical ana lys i s  

Chemical composi t ion ( w t  %) 

A l l o y  C Mn Si N i  C r  MO V cu N 

F e -  5Cr-15Mn 0.012 14.97 0.43 0.02 4.98 0.01 <0.01 0.03 0.008 
Fe-lOCr4OMn 0.013 11.28 0.19 0.01 9.75 0.01 (0.01 0.03 0.04 
F d O C w 3 0 M n  0.007 30.12 0.09 0.01 19.59 0.01 <0.01 0.03 0.00 
Fe-1OCMOMn 0.021 39.35 0.38 0.02 9.81 0.01 (0.01 0.02 0.02 

Resul ts  

The m ic ros t ruc tu res  of t h e  Fe-Cr-Mn-C a l l o y s  were examined by o p t i c a l  microscopy a f t e r  t h e  homogeni- 
z a t i o n  t reatment  (24 h a t  1275'C) and a f t e r  t h e  so lu t ion- anneal  t reatments  o f  1 h a t  1150°C and 8 h a t  
1050°C; Based on these observat ions, t oge the r  w i t h  the  
chemical composi t ions (Tables 1 and 2), magnetic measurements (Tab le  3), phase diagrams, and t h e  Schae f f l e r  
diagram, t h e  m i c r o s t r u c t u r a l  c o n s t i t u e n t s  were i d e n t i f i e d  (Table 4). For a complete and accurate  iden-  
t i f i c a t i o n  o f  a l l  p r e c i p i t a t e  phases, more d e t a i l e d  TEM study would be requ i red  on each specimen. For now, 
t h e  more q u a l i t a t i v e  examinat ions descr ibed here w i l l  s u f f i c e  f o r  eva lua t i ons  t h a t  were concerned w i t h  
d e l i n e a t i n g  a s u i t a b l e  a u s t e n i t i c  base composit ion. 

se lec ted  specimens were a l s o  examined by TEM. 

The magnetic measurements were used t o  i n d i c a t e  t h e  presence o f  magnetic c o n s t i t u e n t s  ( 6 - f e r r i t e  o r  
a '-martensi te) i n  t h e  m i c r o s t r u c t u r e  and roughly es t imate t h e i r  amounts. 
a i d  i n  i d e n t i f y i n g  t h e  c o n s t i t u e n t s  present.  Resu l ts  from t h e  Fe r r i t escope  measurements a re  g iven i n  Table 
3. Fe r r i t escope  measurements are  r o u t i n e l y  used t o  determine t h e  amount of magnetic a - f e r r i t e  present  i n  
nonmagnetic a u s t e n i t i c  s t a i n l e s s  s t e e l  weld metals, where a u s t e n i t e  and f e r r i t e  a re  t h e  pr imary  cons t i t uen ts .  

These measurements were used as an 
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Table 3. F e r r i t e  numbera of Fe-Mn-Cr-C s t e e l s  

F e r r i t e  numberb 

Homogenizedc 115O0C/lh 105O"C/8 h A l l o y  
Worked 

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

30+ 
30+ 

30+ 
30+ 

30+ 
30+ 

30+ 
30+ 
30+ 

3.5 
2.0 

3n+ 23.0 
2.8 
0.2 

30+ 
4.0 
0.2 

~. 
30+ 
11.0 
30+ 1.5 

0.7 
0 

5.8 
6.3 

3.6 
8.5 
0 

30+ 
12.0 
0.2 

~~ 

5.5 
0.5 0 

30t 
19.0 
0.4 

30+ 
6.0 
3 

30+ 
2.4 
0 

-11 
-12 
-13 

-11 5 0 0.6 0;6 
-12 2 0 0.4 0.2 
-13 9 7.5 16 6.2 
-14 5 2 20 18 

5 
2 
9 

0 
0 
7.5 

0.6 
0.4 
16 

0;6 
0.2 
6.2 

-14 5 2 20 

aMeasurements made by a Fer r i tescope.  
bMaximum number measured w i t h  a Fe r r i t escope  i s  30. 
CPCMA-O through -9 were homogenized 24 h a t  1275°C; PCMR-10 through 

-14 were homogenized a t  12OO0C. 

Tab le  4. Phases and c o n s t i t u e n t s a  p r e d i c t e d  
by Schaef f le r  diagram and those observed 

Such measurements are  used t o  determine a " f e r r i t e  
number," which i s  approximately equal t o  t h e  per-  
cen t  o f  6 - f e r r i t e  i n  t h e  a u s t e n i t i c  weld metal f o r  
low f e r r i t e  contents.  The Fe r r i t escope  has a 
maximum read ing  o f  30, so t h a t  30+ i n  Table 3 
i n d i c a t e s  t h a t  t h e  maximum read ing was obtained. 
The f e r r i t e  numbers a re  used i n  t h i s  work t o  i n d i -  
c a t e  t h e  r e l a t i v e  amount o f  magnetic c o n s t i t u e n t  
present. 
magnetic c o n s t i t u e n t  was obta ined by me ta l l o -  
graphi  c examination. 

The observed m ic ros t ruc tu res  a long w i t h  those 
p r e d i c t e d  by t h e  S c h a e f f l e r  diagram a re  g iven i n  
Table 4. F igu res  2 through 6 show examples o f  t h e  
m i c r o s t r u c t u r e s  obta ined a f t e r  1 h a t  1150°C f o r  
t h e  f i r s t  s e r i e s  o f  s t e e l s  produced (PCMA-0 
through PCMA-9). Except f o r  t he  r e l a t i v e  amount 
of a g iven phase o r  c o n s t i t u e n t  present ,  t h e  
m ic ros t ruc tu res  a f t e r  homogenization and a f t e r  8 
a t  1050'C were genera l l y  s i m i l a r  t o  those observed 
a f t e r  1 h a t  1150°C (Table 4). The d e l t a - f e r r i t e  
( 6 ) .  a u s t e n i t e  ( y ) ,  and mar tens i te  (M) are  iden-  
t i f i e d  as c o n s t i t u e n t s  (Table 4). No p r e c i p i t a t e  
phases a re  i d e n t i f i e d  i n  Table 4 beyond s t a t i n g  
t h a t  p r e c i p i t a t e s  were observed, meaning t h a t  they 
were obvious by o p t i c a l  microscopy and d i s -  
t i n g u i s h a b l e  from y,  6 ,  o r  M. Poss ib le  p r e c i p i -  
t a t e s  cou ld  i n c l u d e  carb ides o r  Laves, sigma, and 
c h i  phases. 

B e t t e r  i d e n t i f i c a t i o n  o f  t h e  p a r t i c u l a r  

Phases and C0nst i tuentsb.c 

A l l o y  P red ic ted  Observed 

PCMA-0 
-1 
-2 
- 3 
- 4  
- 5  
- 6 
-7 
-8 
-9 
-10 
-11 
-12 
-13 
-14 

r + M  
r + M  
Y + M  
M 
u + M  
Y + M  

y + 6  

Y + M  
Y + M  

Y + M  

Y 
Y 

Y 

Y 

Y 

y + 6 + M  
y + 6 + M  
y + 6 + M  
Y + M  
Y + M  
y + 6  
Y +  6 

u + 6  
Y +  6 
Y + M  

y + 6  
y + 6  

Y 

Y 
Y 

a I d e n t i f i e d  by o p t i c a l  and t ransmiss ion  e l e c t r o n  

by = aus ten i te ,  6 = & f e r r i t e ,  and M - mar tens i te .  
C P r e c i p i t a t e  phases are  not l i s t e d  because these 

a r e  not  g iven on Schae f f l e r  diagram. P r e c i p i t a t e  
phases were observed by o p t i c a l  microscopy i n  PCMA-5, 
-6, -8, -9, and -10. 

microscopy on s t e e l s  annealed 1 h a t  1150°C. 
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F ig .  M i c r o s t r u c t u r e  of (a) Fe-lSCrl5Mn-O.ZC (PCMA-5) and (b) Fe-20Cr16Mn-0.2C (PCMA-6) s t e e l s  
s o l u t i o n  annealed 1 h a t  115OOC. 

36205 

u t i o n  annealed 1 h a t  1150°C. 

:arbon a l l o y s ,  and o p t i c a l  microscopy 
I d  6 - f e r r i t e  (Fig. 2). The on ly  d i f -  
1 be a somewhat f i n e r  6 - f e r r i t e  s t r u c-  
.on microscopy i n d i c a t e d  t h a t  PCMA-0, -1, 
:MA-2 gave a s l i g h t l y  lower  read ing i n  
suggesting t h a t  t h e  h ighe r  temperature 
'or a l l  a l l o y s  i n  t h e  cold-worked con- 
i t e  present  i n  t h e  homogenized s t r u c t u r e ,  
m i t e .  

:eels, had m i c r o s t r u c t u r e s  i n d i c a t i v e  o f  
IS  no t  p o s s i b l e  t o  separate  t h e  two 
!d t h a t  s u b s t a n t i a l  amounts o f  mar tens i te  

amount of a magnetic c o n s t i t u e n t  was 
!r c o l d  working. These observat ions 
iogenized and so lu t ion- annealed con- 
:an t rans fo rm t o  magnetic body-centered- 
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Fig.  6. M i c r o s t r u c t u r e  o f  [a) Fe-20Cr20MrO.Zc (PCMA-8) and [b) Fe-20CrZOMn-O.4C (PCMA-9) s t e e l s  
s o l u t i o n  annealed 1 h a t  1 1 5 O O C .  

The PCMA-0 through -4 s t e e l s  conta ined 0.1% C o r  less. The remaining a l l o y s  conta ined medium (4.2%) 
o r  h i g h  (4.4%) carbon contents. 
chromium a l l o y s  (PCMA-7) was 100% a u s t e n i t e  (Fig. 5). 
manganese contents. 
had a u s t e n i t i c  s t r u c t u r e s  (Fig. 4) w i t h  smal l  amounts of 6 - f e r r i t e  and p o s s i b l y  p r e c i p i t a t e s  a t  t h e  
6 - f e r r i t e f a u s t e n i t e  boundaries. 
p e r a t u r e  decreased. 
medium carbon and t h e  o ther  w i t h  h i g h  carbon. 
were observed, w i t h  i n d i c a t i o n s  t h a t  p r e c i p i t a t e s  were present  on t h e  6 - f e r r i t e J a u s t e n i t e  boundaries 
(Fig. 6); t h e  amount o f  p r e c i p i t a t e  appeared t o  increase w i t h  i n c r e a s i n g  carbon content  and decreasing 
annea l ing  temperature. 

The mst no tab le  d i f ferences between t h e  observed and p r e d i c t e d  phases i n v o l v e d  PCMA-0, -1, -5, -6, and 
-9. The major p r e d i c t e d  c o n s t i t u e n t s  should have been e i t h e r  y o r  y + M, bu t  t h e  observat ions i n d i c a t e d  
t h a t  t h e  major c o n s t i t u e n t s  were y and 6. 

The second s e r i e s  of a l l o y s  (PCMA-10 through -14) was produced a f t e r  t h e  observat ions on t h e  f i r s t  
s e r i e s  demonstrated t h a t  t h e  Schae f f l e r  diagram d i d  no t  accura te ly  p r e d i c t  t h e  m ic ros t ruc tu res  o f  t h e  
Fe-Cr-Mn-C stee ls .  These f i v e  s t e e l s  conta ined about 20% Mn and va ry ing  amounts o f  chromium and carbon. 

There appeared t o  be s i m i l a r i t i e s  i n  t h e  m ic ros t ruc tu res  o f  t h e  two low-chromium. low-carbon a l l o y s  
(PCMA-10 and -11). 
appearing c o n s t i t u e n t  [Fig. 7(a)]. which was i n i t i a l l y  assumed t o  be €-martensi te,  because t h e  magnetic 
readings f o r  t h e  annealed s t e e l  were extremely low. The 12% Cr-O.l%C s t e e l  (PCMA-11) had a f i n e r  s t r u c-  
t u r e  than t h e  10% C r  s tee l .  Wi th  o p t i c a l  microscopy it was n o t  p o s s i b l e  t o  determine i f  t h e  m ic ros t ruc-  
t u r e  conta ined mar tens i te  o r  a h igh  d e n s i t y  of anneal ing tw ins  [Fig. 7 ( c ) l ,  a l though i t  was assumed t o  be 
mar tens i te .  When these s t e e l s  were examined by TEM, it appeared t h a t  on ly  t h e  10% C r  s t e e l  conta ined mar- 
t e n s i t e  [Fig. 7(b)]. The 12% C r  s t e e l  conta ined a h i g h  d e n s i t y  of s t a c k i n g  f a u l t s  i n  a u s t e n i t e  [Fig. 7 ( d ) l .  

microscopy showed t h e  s t e e l  t o  have a p ropens i t y  f o r  t w i n  format ion [Fig. 8 ( a ) l ;  TEM revealed a m a t r i x  
devo id  o f  o ther  phases, s tack ing  f a u l t s ,  o r  d i s l o c a t i o n s  [Fig. 8(b)]. 

Based on t h e  o p t i c a l  
microscopy and t h e  magnetic measurements, t h e  nominal ly  16% Cr-0.2% C s t e e l  (PCMA-14) conta ined t h e  most 6- 
f e r r i t e .  F i g u r e  9(c) shows a TEM micrograph of a 6 - f e r r i t e  p a r t i c l e  i n  t h e  a u s t e n i t e  m a t r i x  o f  PCMA-14. 
Note t h e  h i g h  d i s l o c a t i o n  d e n s i t y  i n  t h e  f e r r i t e  compared t o  t h e  austen i te .  These d i s l o c a t i o n s  could be 
e i t h e r  t h e  r e s u l t  o f  t rans fo rmat ion  s t resses o r  of d i f f e r e n t i a l  c o n t r a c t i o n s  between t h e  phases d u r i n g  
cool ing.  

( x- ray  energy d i s p e r s i v e  spectroscopy) (Table 5). For t h e  pr imary a l l o y i n g  components -- i r o n ,  chromium, 
and manganese -- on ly  t h e  chromium showed a l a r g e  amount o f  p a r t i t i o n i n g  between t h e  f e r r i t e  and a u s t e n i t e  
(average concen t ra t ions  of 23.1 vs. 17.9%) (Fig. lo ) ,  w i t h  t h e  concen t ra t ion  be ing h igher  i n  t h e  f e r r i t e .  

Although carbon i s  an a u s t e n i t e  s t a b i l i z e r ,  on ly  one of t h e  h igher-  
This a l l o y  conta ined bo th  high-carbon and h igh-  

The PCMA-5 and -6 s t e e l s ,  which conta ined high-chromium and medium-carbon l e v e l s ,  both 

The PCMA-8 and -9 s t e e l s  were bo th  high-chromium, high-manganese a l l o y s ,  t h e  f i r s t  w i t h  
The amount o f  p r e c i p i t a t e  appeared t o  inc rease  as t h e  heat- t reatment  tem- 

Duplex m ic ros t ruc tu res  c o n t a i n i n g  a u s t e n i t e  and & f e r r i t e  

The 10% Cr-0.1% C s t e e l  (PCMA-IO) conta ined cons ide rab le  amounts of an a c i c u l a r -  

The 12% Cr-0.2% C s t e e l  (PCMA-12) s o l u t i o n  annealed 1 h a t  115OOC was e n t i r e l y  a u s t e n i t i c .  O p t i c a l  

The two high-chromium s t e e l s  (PCMA-13 and -14) conta ined & f e r r i t e  (Fig. 9). 

The composit ions o f  two & f e r r i t e  p a r t i c l e s  and t h r e e  a u s t e n i t e  g ra ins  o f  PCMA-14 were analyzed by XEDS 
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F ig .  7 .  M icros t ruc tures  of (8) Fe-1OCrZOMn-O.1C (PCMA-IO) and (6) Fe-lZCr-20Mn-O.lC (PCMA-11) s t e e l s  
so lu t ion  annealed 1 h a t  115OOC. 
contains a h igh  d e n s i t y  o f  stacking f a u l t s .  

The TEM examination i n d i c a t e d  t h a t  (a) contains mar tens i te  needles and (b) 
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F ig .  8.  Micros t ruc ture  o f  Fe-12Cr20Mn-O.2C (PCMA-12) so lu t ion  annealed 1 h a t  115OOC a s  observed by 
(a) o p t i c a l  and (b) e l e c t r o n  microscopy. 

Y-202704A Y-202703A 

5-1408 

F ig .  9 .  Opt ica l  microstructure of (a) Fe-14Cr20Mn-O.lC (PCMA-13) and (6) Fe-16Cr20Mn-0.2C (PCMA-14) 
s t e e l s  so lu t ion  annealed 1 h a t  115OOC. (c )  TEM o f  (b) t h a t  shows a 6 - f e r r i t e  g r a i n  i n  t h e  a u s t e n i t e  mat r ix .  
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F ig .  10. Chemical composi t ion o f  chromium, manganese, and i r o n  i n  6 - f e r r i t e  and a u s t e n i t e  phases as 
determined by XEDS on t h e  Fe-16Cr20Mn-0.2C s t e e l  s o l u t i o n  annealed 1 h a t  115OoC. 

Th- mnnanoca =-A i-nn m w e n t r a t i o n s  were s l i g h t l y  d i f f e r e n t  i n  t h e  two phases -- bo th  were h ighe r  i n  t h e  
c e n t r a t i o n s  f o r  t h e  manganese i n  t h e  a u s t e n i t e  and f e r r i t e  were 21.1 and 19.68, 

h a e f f l e r  diagram w i t h  t h e  composi t ions and c o n s t i t u e n t s  f o r  t h e  f i f t e e n  
n t h e  diagram, us ing  Eqs. (1) and (2) t o  c a l c u l a t e  t h e  chromium and n i c k e l  
h a t  t h e  diagram does no t  adequately desc r ibe  t h e  behavior o f  t h e  Fe-Cr-Mn-C 

. XEDS phase compos i t iona l  measurements i n  Fe-ZOMrA6Crc0.2C 
s t e e l  (PCMA-14) s o l u t i o n  annealed 1 h a t  115OOC 

Composition,a (a t .  %)a&  

P T i  V C r  Mn Fe N i  No 

y- aus ten i te  m a t r i x  

1.0 0.1 0.3 17.9 21.5 58.4 0.0 0.1 
1.0 0.1 0.1 17.8 20.6 59.6 0.0 0.05 

6 - f e r r i t e  p a r t i c l e s  

0.0 0.0 0.0 23.2 20.0 56.4 0.0 0.1 
0.0 0.0 0.2 23.1 19.5 57.0 0.0 0.1 
0.0 0.2 0.2 23.1 19.4 56.8 0.0 0.1 

~ ~~~~ 

t a l l i c  elements w i t h  Z g rea te r  than A l .  
ch l i n e  of compos i t iona l  numbers represents  one i n d i v i d u a l  
ent. 

observed 7 + 6 f i e l d  has been widened cons ide rab ly  f rom t h a t  o f  t h e  S c h a e f f l e r  

i t  were s imply  h a l f  as e f f e c t i v e  as n i cke l .  The appearance of a u s t e n i t e  and 
nese does no t  appear t o  be as s t rong  an a u s t e n i t e  s t a b i l i z e r  aga ins t  6 - f e r r i t e  

i f f e r e n t  composi t ions from those p r e d i c t e d  by t h e  S c h a e f f l e r  diagram. I n  t h i s  
o t e n t  a u s t e n i t e  s t a b i l i z e r  aga ins t  mar tens i te  than i s  accounted f o r  by t h e  s imple  
ship. 

he d i f f e r e n c e s  between t h e  S c h a e f f l e r  diagram boundaries and t h e  c o n s t i t u e n t s  i n  
ned t h e  e ighteen Fe-Mn and Fe-Cr-Mn s t e e l s  l i s t e d  i n  Table 2. Again, o p t i c a l  and 
t i o n s  were made. F igu re  12 shows t h e  Schaef f le r  diagram w i t h  t h e  c o n s t i t u e n t s  of 
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Fig.  11. The Schaef f ler  diagram w i t h  the  f i f t e e n  Fe-Cr-Mn-C a l l o y s  i nd i ca ted .  The phases observed f o r  
each a l l o y  are g iven.  
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F i g .  12. The Schae f f l e r  dlagram w i t h  t h e  e ighteen Fe-Mn and Fe-Cr-Mn a l l o y s  i nd i ca ted .  The phases 
observed f o r  each a l l o y  are g iven.  

t h e  a l l o y s  superimposed. 
diagram. The d i f ferences agree w i t h  t h e  observat ions made on t h e  Fe-Cr-Mn-C a l l oys .  

diagram i s  shown w i t h  boundaries redrawn so as t o  accommodate t h e  m i c r o s t r u c t u r a l  observations. 
observa t ions  agree w i t h  t h e  var ious  regions as drawn, a l though a few of t h e  m i c r o s t r u c t u r a l  observat ions 
near boundaries were no t  i n  agreement w i t h  t h e  redrawn c o n s t i t u e n t  f i e l d s .  

It i s  again obvious t h a t  many o f  these a l l o y s  do no t  behave as p red i c t ed  by t h e  

F i g u r e  13 shows a Schaef f ler  diagram w i t h  a l l  of the  33 a l l o y s  examined. I n  Fig. 14. a new, mod i f ied  
Most of t h e  
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F i g .  13. The Schaef f ler  diagram w i t h  t h e  3 3  experimental  a l l o y s  i n d i c a t e d .  The p h a s e s  o b s e r v e d  f o r  
each a l l o y  a r e  g iven .  
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F i g .  14. A "modi f ied  S c h a e f f l e r  diagram" w i t h  t h e  phase boundaries redrawn i n  accordance w i t h  t h e  
observat ions  f o r  t h e  high-manganese experimental  a l l o y s .  
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O i  scussion 

Over t he  years, t h e  use of manganese as a replacement f o r  n i c k e l  i n  a u s t e n i t i c  s t a i n l e s s  s t e e l s  has 
However, most of these s tee l s ,  such as the  200 s e r i e s  s t a i n l e s s  been s tud ied  by severa l   investigator^.^ 

s tee l s ,  a l so  con ta in  n i c k e l  and n i t r o g e n  t o  he lp  s t a b i l i z e  t h e  aus ten i te .  
ments should be used i n  t he  FIRD s t e e l s  being developed f o r  f us ion- reac to r  app l i ca t i ons .  

N e i t h e r  of these a l l o y i n g  e le-  

The present study shows t h a t  manganese i s  not  as s t rong  an a u s t e n i t e  s t a b i l i z e r  r e l a t i v e  t o  & f e r r i t e  
Fu r the r ,  i t  i s  a s t ronge r  s t a b i l i z e r  of t h e  a u s t e n i t e  aga ins t  t h e  as p r e d i c t e d  by t h e  Schaeff ler  diagram. 

mar tens i t e  t ransformat ion than p red i c ted  by t h e  diagram. These r e s u l t s  i n d i c a t e  t h a t  e i t h e r  t h e  Schae f f l e r-  
diagram boundaries need t o  be a l t e r e d  fo r  high-manganese a l l o y s ,  or, a l t e r n a t i v e l y ,  t h a t  t h e  m u l t i p l y i n g  
f a c t o r  f o r  manganese i n  Eq. (1) i s  no t  s imply  a constant  o f  0.5. 

Schaef f le r- type diagrams were developed f o r  t h e  h igh- n i cke l  a u s t e n i t i c  s t a i n l e s s  s t e e l s  t h a t  u s u a l l y  
conta ined on l y  small amounts of manganese.2 Olson8 has reviewed t h e  l a r g e  number o f  diagrams t h a t  have been 
developed t o  p r e d i c t  t h e  phases i n  C r - N i  a u s t e n i t i c  s t a i n l e s s  s tee l s ;  t h e  f i r s t  diagram appeared i n  1906.9 
Schae f f l e r  pub l ished h i s  f i r s t  diagram i n  1947;'O he subsequently rev i sed  t h i s  diagram several  times. 
Numerous o the r  i n v e s t i g a t o r s  have a l s o  proposed modi f ica t ions.0  

The d i f f i c u l t y  w i t h  t h e  use of such diagrams when l a r g e  amounts of manganese a re  s u b s t i t u t e d  fo r  n i c k e l  
has been d i s c u s ~ e d . ~ - ~ ~ ~  Several s tud ies  have i n d i c a t e d  t h a t  t h e  0.5 m u l t i p l i e r  f o r  manganese i n  Eq. (1) 
may be an overest imate  of manganese's a u s t e n i t e - s t a b i l i z i n g  c a p a b i l i t y  r e l a t i v e  t o  a - f e ~ i t e . ~ - ~  
study concluded t h a t  t h e  e f fec t  of manganese i s  independent o f  concent ra t ion ,  and a constant  w i t h  a va lue o f  
0.35 was proposed.3 

Both approaches have been ~ugges ted .~ -5 .8  

A recent  

The present work confirmed t h a t  t h e  0.5 m u l t i p l i e r  f o r  manganese i n  Eq. (1) i s  an overest imate  o f  t h e  
a u s t e n i t e - s t a b i l i z i n g  c a p a b i l i t y  o f  manganese r e l a t i v e  t o  t h e  format ion o f  6 - f e r r i t e .  
p a r t i t i o n i n g  of t he  elements i n  PCMA-14 between t h e  6 - f e r r i t e  and a u s t e n i t e  phases i s  i n  agreement w i t h  t h i s  
observat ion  when compared w i t h  t he  p a r t i t i o n i n g  of n i c k e l  between these same phases i n  a n i c k e l - s t a b i l i z e d  
s t a i n l e s s  s tee l .  For t h e  i r on ,  chromium, and manganese -- t h e  pr imary  components -- o n l y  t h e  chromium 
showed a s i g n i f i c a n t  p a r t i t i o n i n g  between t h e  f e r r i t e  and a u s t e n i t e  (Fig. lo), w i t h  t h e  chromium con- 
c e n t r a t i o n  being g rea te r  i n  t he  & f e r r i t e .  The manganese and i r o n  concent ra t ions  were j u s t  s l i g h t l y  h ighe r  
i n  t h e  aus ten i te  than t h e  f e r r i t e .  For t ype  308 s t a i n l e s s  s tee l ,  which nomina l ly  conta ins  20.5% C r  and 
10.5% N i ,  V i t ek  and David found t h a t  n i c k e l  p a r t i t i o n e d  s t r o n g l y  t o  t h e  aus ten i te ,  w h i l e  chromium par-  
t i t i o n e d  t o  t he  6- fe r r i t e ."  A f t e r  t h e  weld metal was annealed 1 h a t  9OO"C, t h e  concent ra t ions  o f  t h e  
n i c k e l  i n  aus ten i te  and f e r r i t e  were 10.2 and 4.8%, respec t i ve l y ;  t h e  chromium concent ra t ions  i n  a u s t e n i t e  
and f e r r i t e  were 21.9 and 31.88, respec t i ve l y .  The i r o n  was s l i g h t l y  h ighe r  i n  t h e  a u s t e n i t e  than t h e  
f e r r i t e  (67.9 versus 63.5%). 

can be accounted f o r  by a s imple  constant  va lue of t h e  m u l t i p l y i n g  f a c t o r  f o r  t h e  manganese term i n  Eq. (1). 
As t h e  present  r e s u l t s  i n d i c a t e ,  t h e  e f fec t  of manganese as a s t a b i l i z e r  aga ins t  & f e r r i t e  format ion i s  d i f -  
fe ren t  from i t s  e f f ec t  as a s t a b i l i z e r  aga ins t  martensi te.  
manganese i s  a s t ronge r  s t a b i l i z e r  aga ins t  mar tens i t e  than t h e  Schaeff ler  diagram p red i c t s ,  which would 
i n d i c a t e  t h a t  i t  i s  a s t ronger  s t a b i l i z e r  than n i c k e l  i n  t h i s  regard, s i nce  t h e  diagram was main ly  de te r-  
mined f o r  h igh- n i cke l  s tee ls .  
a u s t e n i t e  s t a b i l i t y  r e l a t i v e  t o  martensi te.  I n  severa l  of t he  emp i r i ca l  equat ions,  manganese i s  e s t a b l i s h e d  
t o  be t w i c e  as e f f e c t i v e  as n i c k e l  i n  s t a b i l i z i n g  a u s t e n i t e  r e l a t i v e  t o  mar tens i te ,  j u s t  t h e  oppos i te  of t h e  
S c h a e f f l e r  equations. 
more n i c k e l  than manganese. 

The observat ion  on 

The r e s u l t s  i n d i c a t e  t h a t  t h e  e f fec t  of manganese on a u s t e n i t e  s t a b i l i z a t i o n  i s  more compl ica ted than 

I n  fact ,  t h e  present  r e s u l t s  i n d i c a t e  t h a t  

Olson8 discussed var ious equat ions t h a t  have been proposed t o  p r e d i c t  t h e  

However, most o f  these equat ions were developed by s tudy ing  s t e e l s  t h a t  conta ined 

Se l f  e t  al.12 found t h a t  t h e  e f fec t  of manganese on mar tens i t e  fo rmat ion depended on t h e  chromium con- 
t e n t .  T h e i r  s tud ies  were a l s o  conducted on a l l o y s  w i t h  va ry ing  amounts o f  n i c k e l ,  a l though t h e  r e l a t i v e  
amounts o f  n i c k e l  and manganese covered a wide range of composit ions. S e l f  e t  a1.12 found t h a t  f o r  l e s s  
than 1% Cr, manganese was t w i c e  as e f f e c t i v e  as n i c k e l  i n  s t a b i l i z i n g  t h e  a u s t e n i t e  r e l a t i v e  t o  mar tens i te .  
A t  about 9% Cr, t h e  n i c k e l  and manganese had equ iva len t  ef fects.  
es tab l i shed  t h a t  f o r  high-chromium contents  (g rea te r  than 16%), t h e  r e l a t i v e  e f f e c t s  of n i c k e l  and manganese 
approached those p r e d i c t e d  by Schaef f le r .  

These observat ions were taken by Se l f  e t  a1.12 t o  mean t h a t  t h e  e f fec t  o f  n i c k e l  on s t a b i l i z i n g  aus- 
t e n i t e  r e l a t i v e  t o  mar tens i t e  i s  enhanced by chromium and/or t h e  e f fec t  of manganese i s  re ta rded  by chro-  
mium. The former e f fec t  was chosen,12 based on prev ious work t h a t  showed a s y n e r g i s t i c  e f f e c t  o f  chromium 
and n i c k e l  i n  s t a b i l i z i n g  aus ten i te  i n  s t a i n l e s s  steels.14 However, t h a t  conc lus ion does not  appear t o  
app ly  t o  t h e  present r e s u l t s ,  s ince t h e r e  was no n i c k e l  p resent  i n  t h e  a l l o y s  i nves t i ga ted .  Thus, a l l  t h a t  
can be s a i d  i n  t h e  present case i s  t h a t  manganese has a g rea te r  a u s t e n i t e - s t a b i l i z i n g  capac i t y  aga ins t  mar- 
t e n s i t e  fo rmat ion than n i c k e l ,  as determined by the  S c h a e f f l e r  diagram. 

Eichelmann and Hu l l 13  had p r e v i o u s l y  
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The past  s tud ies  thus i l l u s t r a t e  t he  compl icated behavior o f  s t e e l s  con ta in ing  manganese. 
search f o r  an emp i r i ca l  r e l a t i o n s h i p  o r  r e l a t i o n s h i p s  t h a t  w i l l  descr ibe t h e  behavior o f  manganese- 
s t a b i l i z e d  s t a i n l e s s  s t e e l s  of t h e  t ype  being developed f o r  f us ion- reac to r  a p p l i c a t i o n s ,  we redrew t h e  bound- 
a r i e s  f o r  a u s t e n i t e  s t a b i l i t y  w i t h  chromium and n i c k e l  equ i va len ts  c a l c u l a t e d  by Eqs (1) and (2).  These 
boundaries d e l i n e a t e  t h e  compos i t iona l  reg ion  i n  which i t  should be p o s s i b l e  t o  make aus ten i te- s tab le  
a l l oys .  Of course, these boundaries a re  very rough es t imates  t o  t h e  ac tua l  boundaries. Much m r e  data 
would be requ i red  t o  f i rmly  e s t a b l i s h  such boundaries. 
l i n e s ,  a l though the re  i s  no reason t h a t  they should not  be curved.8 

T h e i r  work, l i k e  t h a t  of Schaeff ler ,  was c a r r i e d  out  on cas t  (weld) metal. 
f o r  high-manganese a l l o y s  was d i f f e r e n t  from t h e  Schae f f l e r  diagram obta ined fo r  n i c k e l - r i c h  s tee l s .  
However, t h e  diagram they obta ined was a l so  d i f f e r e n t  from t h e  diagram obta ined i n  t he  present work 
(Fig. 14). Al though the  boundaries between the  aus ten i te  and a u s t e n i t e  p lus  mar tens i t e  f i e l d s  and the  mar- 
t e n s i t e  and a u s t e n i t e  p l u s  mar tens i t e  f i e l d s  were s i m i l a r ,  t h e r e  was cons iderab le  d i f f e r e n c e  i n  t he  boundary 
l i n e  t h a t  separates the  a u s t e n i t e  from t h e  a u s t e n i t e  p l u s  & f e r r i t e  region. The y + 6 reg ion  of t he  diagram 
of Razikov e t  a l .  was not  as wide as t h a t  i n  t h e  present work would i nd i ca te .  The reason f o r  t h i s  i s  no t  
c l ea r ,  b u t  may be due t o  t h e  more l i m i t e d  number of samples used t o  determine t h e  l a t t e r  b 0 ~ n d a r y . l ~  
Razikov e t  a l .  used a t o t a l  o f  o n l y  12 specimens t o  determine the  e n t i r e  diagram, and o n l y  one o f  them f e l l  
i n  t h e  a u s t e n i t e  p l u s  & f e r r i t e  region. Most samples had composi t ions t h a t  were i n  t h e  mar tens i t e  and mar- 
t e n s i t e  p lus  a u s t e n i t e  regions. 
t h a t  d i f f e rence  i s  expected t o  be small. 

B a s i c a l l y ,  t h e  diagram g iven i n  Fig. 14 shows tha t ,  t o  develop a manganese-stabi l ized a u s t e n i t i c  
s t a i n l e s s  s t e e l ,  i t  w i l l  be necessary t o  work w i t h  composi t ions t h a t  con ta in  a t  l e a s t  20 t o  25% Mn, 12 t o  
14% C r ,  and 0.1 t o  0.25% C. A l l o y s  i n  t h i s  composi t ion range t h a t  are  a l l o y e d  w i t h  a d d i t i o n a l  s o l i d -  
s o l u t i o n  and p r e c i p i t a t e - s t r e n g t h e n i n g  elements are  p resen t l y  be ing i n v e s t i g a t e d  as poss ib le  FIRD s t a i n l e s s  
s t e e l s  f o r  t h e  fus ion-mater ia ls  program. 

Rather than 

I n  Fig. 14, t h e  boundaries are  presented as s t r a i g h t  

Razikov e t  a1.lS developed a diagram f o r  manganese-rich s t e e l s  s i m i l a r  t o  t h e  one given i n  Fig. 14. 
They a l s o  found t h a t  t h e  diagram 

The d i f f e r e n c e  between wrought and cas t  metal may a l s o  p lay  a r o l e ,  bu t  

CONCLUSIONS 

A t o t a l  o f  33 a l l o y s  w i t h  va ry ing  composi t ions o f  i r on ,  chromium, manganese, and carbon were examined 
by o p t i c a l  and e l e c t r o n  microscopy and by magnetic masurements t o  determine t h e  c o n s t i t u e n t s  present  i n  t h e  
m ic ros t ruc tu re .  
which was developed f o r  C r - N i  s t a i n l e s s  s t e e l s  w i t h  on l y  smal l  amounts o f  manganese. 

The observat ions were compared w i t h  t h e  r e s u l t s  p r e d i c t e d  us ing  t h e  Schaef f le r  diagram, 

The r e s u l t s  i n d i c a t e d  t h a t  t h e  S c h a e f f l e r  diagram cannot be used i n  i t s  present  form t o  p r e d i c t  t he  
c o n s t i t u e n t s  expected f o r  high-manganese s tee ls .  
was found t h a t  manganese i s  not  as s t rong  an a u s t e n i t e  s t a b i l i z e r  as i s  p r e d i c t e d  by t h e  diagram. 
reg ion  of t he  Schae f f l e r  diagram where mar tens i t e  forms, i t  was found t h a t  manganese i s  a s t ronge r  a u s t e n i t e  
s t a b i l i z e r  than p r e d i c t e d  by t h e  diagram. 
s t e e l s  i s  t h e r e f o r e  moved t o  lower  chromium and r e l a t i v e l y  h igh  combinat ions of manganese and carbon. 
was concluded t h a t  t he  development o f  a manganese-stabi l ized s t a i n l e s s  s t e e l  should be poss ib le  i n  t he  com- 
p o s i t i o n  range o f  20 t o  25% Mn, 12 t o  14% Cr, and 0.1 t o  0.25% C. 

For t he  reg ion  o f  t h e  diagram where 6 - f e r r i t e  forms, i t  
I n  t h e  

The aus ten i te- s tab le  reg ion  f o r  manganese- stabi l ized s t a i n l e s s  
It 

FUTURE WORK 

I n  t h e  f u t u r e  we w i l l  seek t o  a l l o y  se lec ted  base composi t ions f o r  i r r a d i a t i o n  res i s tance  and s t rength .  
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SOME EFFECTS OF THERMAL-MECHANICAL PRETREATMENT AND ALLOY COMPOSITIONAL VARIATION ON SWELLING OF AUSTENITIC 
STAINLESS STEELS IRRADIATED I N  HFIR - P. J. Maziasz, J. L. Sco t t ,  L. J. Turner (Oak Ridge Nat iona l  
Labora tory ) ,  5. Hamada and M.  P. Tanaka (Japan Atomic Energy Research I n s t i t u t e ,  assigned t o  ORNL) 

OBJECTIVE 

The o b j e c t i v e  of U.S. experiments i s  t o  develop s w e l l i n g - r e s i s t a n t  advanced a u s t e n i t i c s  based on com- 
p o s i t i o n a l  v a r i a t i o n  o f  t h e  US.-PCA, and t o  t e s t  them i n  HFIR. One o b j e c t i v e  of t h e  Japanese experiments 
i s  t o  eva lua te  pre t rea tment  e f fec ts  on 5316 and JPCA and several  compos i t iona l  v a r i a t i o n  e f fec ts  on JPCA and 
t e s t  these i n  HFIR. A j o i n t  o b j e c t i v e  has been t o  compare U.S. and Japanese resu l t s .  

SUMMARY 

A p r e c i s i o n  densi tometer has r e c e n t l y  been i n s t a l l e d  a t  ORNL f o r  remote measurement o f  immersion den- 
s i t y  of i r r a d i a t e d  t ransmiss ion  e l e c t r o n  microscopy (TEM) disks. 
HFIR-JP1 and -JP3 experiments, i r r a d i a t e d  a t  300 and 4OO0C, respec t i ve l y ,  t o  34 dpa. and nea r l y  a l l  t h e  
d i s k s  have been measured f rom HFIR-JP7 and -JPB, i r r a d i a t e d  a t  500°C t o  34 and 57 dpa, r espec t i ve l y .  Very 
l i t t l e  s w e l l i n g  was measured i n  any of t h e  d i sks  i r r a d i a t e d  a t  300 and 400"C, b u t  s w e l l i n g  was var iab le ,  and 
i n  many cases q u i t e  l a rge ,  a t  500OC. 
a l l o y s ,  t h e  JPCA was t h e  best ,  p a r t i c u l a r l y  when i r r a d i a t e d  i n  t h e  20% c o l d  worked (CW) cond i t ion .  Swe l l i ng  
of t h e  USPCA i n  t h e  25% CW (83) c o n d i t i o n  was l e s s  than  t h e  20% CW JPCA a f t e r  57 dpa a t  500°C. 
decrease i n  s w e l l i n g  occur red  w i t h  inc reased dose from 34 t o  57 dpa. 
c a t i o n s  o f  t h e  PCA composit ion, b u t  t h e  most s w e l l i n g - r e s i s t a n t  a l l o y s  conta ined 0.03 t o  0.07 wt  % P. 

PROGRESS AND STATUS 

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

Some d i sks  have been measured f rom t h e  

Only a few a l l o y s  appear t o  be s w e l l i n g  r e s i s t a n t .  Of  t h e  Japanese 

An unusual 
The U.S. a l l o y s  i nc l uded  many mod i f i-  

The c o l l a b o r a t i v e  HFIR-JP1 through -JP8 experiments have prov ided an impo r tan t  i r r a d i a t i o n  v e h i c l e  f o r  
researchers a t  bo th  t h e  Japanese Atomic Energy Research I n s t i t u t e  (JAERI) and t h e  Oak Ridge Nat iona l  
Labora tory  (ORNL). Whi le on l y  a p o r t i o n  of t h e  o v e r a l l  c o l l a b o r a t i v e  program, these experiments p l a y  a key 
r o l e  i n  a l l o y  development e f f o r t s  f o r  bo th  
600°C; neutron f luences produce up t o  57 dpa and about 4400 appm He. 
b e t t e r  c o n t r o l  t h e  he l ium t o  dpa r a t i o  through spec t ra l  t a i l o r i n g 3 . +  o r  i s o t o p i c  t a i l o r i ng ,S  o r  both, b u t  
these w i l l  n o t  reach t h e  h i ghe r  f luences requ i r ed  t o  t e s t  s w e l l i n g - r e s i s t a n t  m a t e r i a l s  f o r  severa l  years. 
The Japanese p o r t i o n  of t h e  HFIR-JP se r i es  of experiments inc ludes  many thermal-mechanical p re t rea tment  
v a r i a t i o n s  o f  t h e  JPCA as w e l l  as 5316 and several  composi t ional  v a r i a n t s  o f  JPCA. The U.S. program exten- 
s i v e l y  i n v e s t i g a t e d  thermal-mechanical p re t rea tment  v a r i a t i o n  e f f ec t s  on t h e  s w e l l i n g  res i s tance  of t h e  
USPCA i n  a p rev ious  s e t  of experiments, HFIR-CTR-30 th rough -32, a t  up t o  44 dpa.6-8 The cu r ren t  focus f o r  
t h e  U.S. program i s  t h e  e f fec t  of composi t ional  v a r i a t i o n  on t h e  s w e l l i n g  res i s tance  of 20 t o  25% CW 
ma te r i a l .  The U.S. a l l o y s  i nc l ude  severa l  heats of t ype  316, many composi t ional  v a r i a n t s  o f  t h e  USPCA, 
developed a t  ORNL,9,1a as w e l l  as several  heats o f  t h e  09 t y p e  a l l o y  developed on t h e  U.S. Fas t  Breeder 
Reactor (FBR) M a t e r i a l s  Program." 

t ime  consuming as a q u a n t i t a t i v e  techn ique f o r  measuring c a v i t y  swe l l ing .  
course, account f o r  voids l a r g e r  than  t h e  f o i l  th ickness ;  n e i t h e r  can i t  assess changes i n  dens i t y  due t o  
p r e c i p i t a t i o n .  
occur red  i n  t h e  i r r a d i a t e d  mater ia1. l2 The focus o f  t h i s  r epo r t  i s  a survey o f  t h e  s w e l l i n g  res i s tance  o f  a 
l a r g e  number of m a t e r i a l s  r a t h e r  than  t h e  d e t a i l e d  examinat ion of m i c r o s t r u c t u r a l  behavior. 

Exper imental  

I r r a d i a t i o n  temperatures cover t h e  range 300 t o  
Other experiments a r e  i n  progress t o  

Whi le  TEM prov ides  impor tan t  i n s i g h t  i n t o  t h e  mechanisms respons ib le  f o r  v o i d  s w e l l i n g  behavior ,  i t  i s  
The TEM techn ique cannot, of 

Immersion dens i t y  i s  t h e  p re fe r red  method of measuring t h e  t o t a l  volume change t h a t  has 

The composi t ions of t h e  var ious  Japanese s t e e l s  i r r a d i a t e d  i n  t h e  HFIR-JP1 through -JP8 s e r i e s  o f  
experiments can be found i n  Table 1, w h i l e  t h e  composi t ions of t h e  U. S. s t e e l s  i nc l uded  i n  these expe r i -  
ments a r e  found i n  Table 2. S p e c i f i c a t i o n  and i d e n t i f i c a t i o n  codes f o r  d i f f e r e n t  thermomechanical t r e a t -  
ments g iven  e i t h e r  U.S. o r  Japanese a l l o y s  p r i o r  t o  i r r a d i a t i o n  a r e  l i s t e d  i n  Table 3. 

The d e s c r i p t i o n  of capsule design and t e s t  mat r ices  f o r  t h e  HFIR-JP se r i es  of experiments can be found 
e1sewhere.12.l3 
t h e  reac to r  midplane p o s i t i o n s  o f  t h e  var ious  HFIR pe r i phe ra l  t a r g e t  p o s i t i o n  (PTP) subassemblies. 
from HFIR-JP1 and -JP3 were i r r a d i a t e d  a t  temperatures o f  300 and 4OO0C, respec t i ve l y ,  and t o  neutron f l u -  
ences producing 34 dpa and up t o  2500 appm He ( f o r  USPCAIJPCA w i t h  16 w t  % N i ) ,  as v e r i f i e d  by d 0 ~ i m e t r y . l ~  
HFIR-JP7 was i r r a d i a t e d  a t  500'C t o  a s i m i l a r  f luence, w h i l e  HFIR-JP8 was i r r a d i a t e d  a t  500°C t o  a h i ghe r  
f luence es t imated t o  produce 57 dpa and up t o  4300 appm He. 

Standard TEM d i s k s  (-3 mm i n  diam, 0.254 mn t h i c k )  were i r r a d i a t e d  i n  tubes l o c a t e d  a t  
D isks  



189 

Code A1 1 oy F ina l  a l l o y  cond i t i on  

PS-1 JPCA So lu t ion  annealed (1175OC/l h) 
PS-2 JPCA So lu t ion  annealed (llOO°C/l h) 
PS-3 JPCA So lu t ion  annealed (1050°C/1 h) 
PC-1 JPCA So lu t ion  annealed ( l l O O ° C / l  h) 

PC-2 JPCA So lu t ion  annealed (l lOO°C/l h) 
t 10% co ld  worked 

t 15% co ld  worked 

Table 1. A l l oy  chemist r ies f o r  Japanese d isk  specimens i n  capsules HFIR- JP- 1 through -JP-8 

Content, w t  % 
A1 1 oy 

C S i  Mn P S N i  C r  Mo T i  Nb E N co 

Code A l l o y  F ina l  a l l o y  cond i t i on  

PC-3 JPCA So lu t i on  annealed (110OoC/1 h) 

A0 U.S. 316 So lu t ion  annealed (1O5O0C/1 h) 
A 1  U.S. PCA So lu t ion  annealed (110OoC/0.5 h) 
A3 1I.S. PCA A 1  treatment t 25% co ld  worked 
E3 U.S. PCA A 1  treatment t 8OO0C/8 h 

20% CW U.S. 316 A0 treatment t 20% c o l d  worked 

t 20% c o l d  worked 

t 25% c o l d  worked 

JPCA 
JPCA (QS) 
JPCA-C 
JPCA-K 
Type 316 
F e r r i t i c  

0.06 0.50 1.77 0.027 0.0005 
0.06 0.53 1.79 0.027 0.009 
0.02 0.51 1.56 0.017 0.007 
0.02 0.48 1.46 0.015 0.005 
0.058 0.61 1.80 0.028 0.003 
0.056 0.74 0.70 0.008 0.0059 

15.60 14.22 2.28 0.24 
16.22 14.51 2.37 0.20 
15.6 15.4 2.4 0.25 
17.56 17.99 2.6 
13.52 16.75 2.46 0.005 

1.37 8.86 2.46 

0.0031 
0.0035 

0.08 

(0.1 
0.06 

0.0039 0.002 

s tee la  

aAlso A1, 0.04; V, 0.11; Cu, 0.02; W ,  0.01. 

Table 2. A l l oy  chemist r ies f o r  U.S. d i sk  specimens i r r a d i a t e d  i n  capsules HFIR-JP-1 through -JP-8 
~~~~~~ 

C0ntent.a w t  % 
A1 l oy  

C r  N i  Mo Mn S i  T i  Nb V C N P co cu E 5 

JPCA 
PCA- 1 
PCA-3 
PCA-6 
PCA-8 
PCA-3 
PCA-10 
PCA-11 
PCA-12 
PCA-13 
PCA-16 
PCA-17 
PCA-18 
PCA-00 
PCA-19 
PCA-20 
PCA-21 
PCA-22 

EP-838 

L R  n.4 13-74 0.05 0.01 0.01 0.001 0.003 
i;i <O;oi OX3  0.12 (0.01 o i o4  oioo3 to.001 (0.01 0.02 <o.ooi 0.008 

1.9 n.4 0.73 0.01 (0.01 0.083 0.004 <o.ooi (0.01 0.02 <O.OOI 0.007 
2.0 0.4 0.13 0.11 (0.01 0.056 0.005 (0.001 (0.01 0.02 (0.001 0.007 

. . -. . -. . i:i <O;oi 0.17 0.14 <o;oi o i o ~ i  oioo7 <o.ooi <o.oi 0.02 <o.ooi 0.008 
2.0 0.4 0.25 <0.01 <0.01 0.073 0.005 0.03 <0.01 0.02 (0.001 0.007 
1.9 0.4 0.3 0.1 0.02 0.04 0.002 0.002 <0.01 0.02 (0.001 0.009 
1.9 0.4 0.3 0.1 0.5 0.04 0.002 0.002 (0.01 0.03 (0.001 0.008 
1.9 0.4 (0.01 0.47 0.01 0.044 0.004 0.002 0.01 0.02 (0.001 0.008 
1.9 0.4 0.3 0.1 0.5 0.063 0.002 0.002 (0.01 0.02 (0.001 0.009 
1.9 0.4 0.27 (0.01 0.02 0.051 0.002 0.002 (0.01 0.02 (0.001 0.009 
1.9 0.4 0.3 (0.01 0.03 0.047 0.002 0.002 <0.01 0.02 (0.001 0.009 
1.9 0.4 0.27 (0.01 0.02 0.044 0.002 0.002 (0.01 0.02 (0.001 0.009 
2.0 0.4 0.24 <O.O 0.02 0.056 0.001 0.002 0.01 0.02 <0.001 0.008 
2.1 0.44 0.28 0.1 0.5 0.076 0.002 0.030 0.01 0.01 (0.001 0.006 
2.1 0.42 0.28 0.1 0.5 0.083 0.006 0.07 0.01 0.01 0.001 0.007 
3.4 0.4 0.27 0.1 0.5 0.077 0.006 0.06 <0.01 0.05 0.001 0.007 
2.5 0.4 0.28 0.1 0.5 0.078 0.004 0.03 <0.01 0.05 0.003 0.007 

11- 4.4- 0.3- 12- 0.6 
13 4.R 0.6 14 

0.02 0.05- 0.4 
0.09 

0.0005 0.4 
. - - - -. . . 

N- l o t  316 16;5 13.5 2.5 1.6 0.5 0.05 0.006 0.013 0.0008 0.006 
Ref. 316 17.3 12.4 2.1 1.7 0.7 0.08 0.05 0.04 0.35 0.0004 0.015 
DO-316 18.0 13.0 2.6 1.9 0.8 0.05 0.05 0.05 0.01 0.004 0.0005 0.016 
09-699 14.2 15.2 1.95 2.1 0.5 0.23 0.01 0.02 0.033 0.004 0.005 0.02 0.02 <0.001 0.001 
09-697 14.4 16.2 1.5 1.9 0.5 0.25 <0.01 0.02 0.035 0.009 0.003 0.03 0.02 0.0001 0.002 
09-A7 13.7 16.3 2.5 2.0 1.42 0.18 0.01 0.023 0.045 0.011 0.075 0.06 0.03 0.0005 0.017 
D9-F 14.3 14.3 2.2 2.1 1.0 0.3 0.05 0.002 

aBalance iron. 
bThis a l l o y  a l so  conta ins approximately 1% Al .  
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D e t a i l s  o f  t h e  design and opera t i ng  procedure f o r  t h e  p r e c i s i o n  densi tometer a re  presented elsewhere. l2 
The weight c e l l  containment module i s  i n s t a l l e d  o u t s i d e  and behind a ho t  c e l l  t h a t  conta ins  t h e  i n i t i a l  
p o r t i o n  of t h e  specimen t r a n s f e r  system, Fig. 1. 
comparing wet and d r y  weights  o f  t h e  TEM disks.  
i s o l a t e d  from both  v i b r a t i o n s  and ou ts ide  a i r  cu r ren ts ,  and immersed i n  a constant  temperature bath. 
Specimen t r a n s f e r  i s  accomplished by an i n t r i c a t e l y  designed s e t  o f  valves and tubes u t i l i z i n g  pressured a i r  
or f l u i d  du r ing  va r ious  stages o f  t he  c i r c u i t  o u t  o f  and back i n t o  t h e  ho t  c e l l .  The densi tometer i s  
c o n t r o l l e d  by a Hewlet t  Packard 9828T desk- top computer, which a l s o  acqu i res  and s t o r e s  t h e  data. D isks  a re  
c leaned be fo re  and a f t e r  d e n s i t y  measurements i n  a sequence o f  e t h y l  a l coho l ,  acetone and Freon 113 baths i n  
t h e  c e l l .  A number of d i s k s  a re  re run  t o  e s t a b l i s h  t h e  p r e c i s i o n  o f  t h e i r  d e n s i t y  measurements. 
changes o f  i r r a d i a t e d  d i s k s  a re  determined by comparing w i t h  d e n s i t y  measurements o f  u n i r r a d i a t e d  cont ro ls .  
These c o n t r o l s  serve as standards t h a t  a re  i n t e r m i t t e n t l y  re run  t o  check t h e  accuracy o f  t h e  machine. 
dens i tometer  processes about 10 d i s k s  per  hour. The exper imental  p r e c i s i o n  (s tandard dev ia t ion,  *lo) de te r-  
mined from repeated measurements on a s i n g l e  u n i r r a d i a t e d  c o n t r o l  specimen i s  0.005 glcm3. 

The p r e c i s i o n  determined f o r  m u l t i p l e  u n i r r a d i a t e d  c o n t r o l  d isks ,  each w i t h  repeated d e n s i t y  measure- 
ments, v a r i e d  from 0.004 t o  0.01 gIcm3 f o r  severa l  heats o f  t ype  316 and t h e  USPCA. 
s i n g l e  i r r a d i a t e d  d i s k  v a r i e d  from 0.001 t o  0.007 g/cm3. w i t h  many d i sks  f a l l i n g  nearer  t h e  upper value a t  
500'C. The p r e c i s i o n  f o r  a g iven a l l o y  i r r a d i a t e d  a t  5OO0C, determined by measuring m u l t i p l e  disks,  ranged 
from 0.002 t o  a wors t  case o f  0.06 g/cm3, w i t h  most numbers f a l l i n g  between 0.01 and the  lower  l i m i t .  TEM 
was performed on a l a r g e  number o f  Japanese d isks ,  many o f  which were dup l i ca tes  o f  those whose d e n s i t y  was 
measured i n  t h i s  work, and these r e s u l t s  are  repo r ted  elsewhere.15.16 Some TEM observat ions o f  U.S. d isks  
whose d e n s i t i e s  had been measured beforehand are  i nc luded  i n  t h i s  repor t .  

The d e n s i t y  i s  determined from t h e  Archimedean method of 
The apparatus conta ins  an u l t r a s e n s i t i v e  balance t h a t  i s  

Dens i t y  

The 

The p r e c i s i o n  f o r  a 

ORNL- PHOTO- 1367-86 

Fig. 1. The weight  c e l l  containment module o f  t h e  p r e c i s i o n  densi tometer,  i n  p o s i t i o n  behind a ho t  
c e l l .  
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Resul ts  and Discuss ion 

I I I 
0 HFIR. 34 dpa 

2500  AT ppm He 
IMMERSION DENSITY MEASUREMENTS 

- 

1. Japanese Stee ls  

Very l i t t l e  change i n  d e n s i t y  cou ld  be detected a f t e r  i r r a d i a t i o n  a t  300 and 4OOoC t o  34 dpa (and up t o  
2500 appm He). 
and s w e l l i n g  i s  p l o t t e d  as a f u n c t i o n  o f  i r r a d i a t i o n  temperature f o r  JPCA i n  t h e  s o l u t i o n  annealed (SA) and 
20% c o l d  worked (CW) c o n d i t i o n s  i n  Fig. 2. 
0.2% regard less o f  a l l o y  composi t ion o r  pre t reatment  cond i t i on ,  w i t h  t h e  except ion o f  20% CW 5316, which 
shows 0.52% s w e l l i n g  a t  300'C. 
of volume s w e l l i n g  a t  300 t o  400'C. However, a t  5 0 0 T  f o r  most a l l oys ,  s w e l l i n g  i s  genera l l y  h ighe r  and 
becomes q u i t e  s e n s i t i v e  t o  both  a l l o y  composi t ion and pre t reatment  cond i t i on .  

Immersion dens i t y  and s w e l l i n g  data are  g iven i n  Table 4, a long w i t h  c o n t r o l  d e n s i t y  data, 

I n  t h i s  lower temperature range, s w e l l i n g  remains below about 

There i s  a l s o  f a i r l y  good agreement between TEM and dens i t y  determinat ions 

A t  5OO0C, s w e l l i n g  increases by a f ac to r  o f  about 2 f o r  20% CW JPCA, and by n e a r l y  an order  o f  magni- 
tude for  SA JPCA, r e l a t i v e  t o  400°C a f t e r  34 dpa. 
o f  SA 5316 i s  5%. The dose dependence o f  JPCA and 5316 i n  the  20% CW c o n d i t i o n  a t  500°C i s  shown i n  Fig. 3, 
and dens i t y  and s w e l l i n g  data f o r  a l l  a l l o y s  i r r a d i a t e d  t o  57 dpa a t  500°C i s  g iven i n  Table 5. Swe l l i ng  of 
t h e  20% CW JPCA a t  500°C increases a t  t h e  modest r a t e  o f  about 0.02%/dpa t o  1.26% a f t e r  51 dpa. Swe l l i ng  
increases more r a p i d l y  i n  20% CW 5316, a t  a r a t e  of O.O5%/dpa, and i s  nea r l y  2% a f t e r  57 dpa. 
t h e r e  i s  a l s o  a l a r g e r  discrepancy between dens i t y  and TEM determinat ions o f  swe l l i ng ,  as shown i n  Fig. 4 
f o r  SA, 20% CW 5316, and JPCA. 
measurements o f  c a v i t y  volume f r a c t i o n  c o n s i s t e n t l y  underest imate t h e  swel l ing .  
however, g iven t h e  t y p i c a l  c a v i t y  m i c r o s t r u c t u r e  i n  an analyzed area o f  SA JPCA, f o r  example, i r r a d i a t e d  a t  
5OOOC t o  34 dpa i n  Fig. 5. I n  t h e  t h i n  areas necessary t o  reso lve  the  very f i n e  bubble s t r u c t u r e s  present 
i n  these t i t an ium- mod i f i ed  s t e e l s ,  i t  i s  easy f o r  t he  l a r g e  voids,  which c o n t r i b u t e  most of t he  swe l l i ng ,  t o  
be etched out  by the  p o l i s h i n g ,  and missed. To view these voids, one must observe areas where the  f o i l  i s  
q u i t e  t h i c k ,  and f i n e  m i c r o s t r u c t u r a l  f ea tu res  are  d i f f i c u l t  t o  resolve. 

S w e l l i n g  o f  SA JPCA i s  about 2.8% a t  500"C, and s w e l l i n g  

A t  500°C, 

Whi le t h e  r e l a t i v e  s w e l l i n g  d i f fe rences among a l l o y s  remain s i m i l a r ,  TEM 
Th is  i s  understandable, 

Examination of t he  var ious thermomechanical pre t reatments  g iven t o  t h e  JPCA showed t h a t  t h e  20% CW con- 
d i t i o n  produces t h e  best  s w e l l i n g  res i s tance  a t  5OO0C, as i l l u s t r a t e d  i n  Fig. 6. 
m a t e r i a l s  show about t h e  same s w e l l i n g  behavior,  and 15% CW shows s l i g h t l y  more swel l ing .  
n i t e  advantage of c o l d  working r e l a t i v e  t o  s o l u t i o n  annealed m a t e r i a l  a t  500'C. 
s u r p r i s i n g  s e n s i t i v i t y  of s w e l l i n g  t o  anneal ing temperature, w i t h  s w e l l i n g  res i s tance  becoming much worse as 
t h e  anneal ing temperature increases. 
recommended f o r  t i t an ium- mod i f i ed  s tee ls ,  t o  ensure d i s s o l u t i o n  o f  Mc and homogenization.6 

The 20% CW and aged 
There i s  a d e f i -  

The SA JPCA shows a 

Th is  i s  su rp r i s ing ,  because h ighe r  anneal ing temperatures are  u s u a l l y  

I 

1.0 

0 . 0  
200  300 4 0 0  5 0 0  600 

IRRADIATION TEMPERATURE ( ' C )  

Fig. 2. 
f o r  USPCA and JPCA i r r a d i a t e d  t o  34 dpa and about 2500 appm He i n  HFIR. 

A p l o t  of immersion dens i t y  determined s w e l l i n g  as a f u n c t i o n  o f  i r r a d i a t i o n  temperature 
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5316 

JPCA 

JPCA-C 
JPCA-K 

J116 

JPCA 

JPCA-C 
JPCA-X 

00316 
PCA 

EP838 
JPCA-C 

5316 

JPCA 

JPCA 

JPCA-C 

JPCA-X 

Table  4. l m e r r i o n  d e n s i t y  w e l l i n g  lrearurenentr of a u s t e n i t i c  s t a i n l e s s  

U n i r r a d i a f e d  I r r a d i a t e d  

s t e e l  d i s k s  i r r a d i a t e d  i n  H F l R  t o  34 dvd and up to 2500 a ~ p m  ~e 

Contro l  specinenr  Specinens Swelling 
1%) 

A l l o y  Pietreatment Specimen Densi fy  Specimen O e n t i t y  
10 I 9 / i r n ~ )  I0 ( V i ' r n l )  

Japanese A l l o y s ,  H F I R - J P I ,  300eC, 34 dpa 

SA (1050°C) SSI 7.8950 r l  7.8870 
20% CY SCI 7.9100 L2 7.8700 
SA l l l O O D C l  PS2 7.9250 81 7.9140 
20% CU PC3 7.9200 F 2  7.9070 
SA ll10O'Cl CSI 7.9114 G1 7.9010 
SA lllOO°C) K S I  1.8820 Ti 7.9020 

Japanese A l l o y s .  HFIR-JV3, 400'C, 34 dpa 

SA (105ODc) SSI 7.8950 ~ 1 0  7.8810 
201 CU SC1 7.9100 LIO 7.8960 
SA lllOO°Cl PS2 7.9250 B I D  7.9050 
20% CU PC3 7.9200 110 7.8970 
20% cu + ageda PAI 7.9040 "10 7.8960 
SA (LIOO'CI C S 1  1.9114 GI0 7.9050 
SA lllOODC) KSL 1.8820 TI0 7.9020 

U.S. A l l o y s ,  HFIR-JP3, 400'C. 34 dpa 

20% cu A t 6 3  7.8392 At79 7.8590 
25% cw EC151 7.9292 EC65 7.8990 
SA + agedb EL-AVC 7.9274 EL83 7.9010 

20% cw EP99 7.6804 EP96 7.6420 
+ 25% cu (83) 

SA (L1OO°C) CSL 7.9114 G1 7.9010 

Japanere A l l o y r ,  HFIR-JP7, 50O0C, 34 dpa 

SA (1050eC) 
20% cw 
SA (1115'C) 
SA (1100'C) 
SA (1050'C) 
15% CU 
20% cu 
20% CY + agedl 
20% CY t agedb 
SA (1100'C) 
20% cu 
SA ( I l O O ' C )  

IS, 
SC1 
PS2 
PS2 
PS2 
PC3 
PCI 
PA1 
PA1 
C S I  
c s 1  
KS1 

7.8950 
7.9100 
7.9250 
1.9250 
7.9250 
7.9200 
7.9200 
7.9043 
7.9041 
7.9114 
7.9114 
7.8820 

K22 
LZZ 
A l l  
822 
GI4  
0 2 2  
F22 
H23 
N19 
622 
H1Z 
122 

U.S. A l l o y s ,  HFIR-JP7. 500°C, 34 dpa 

20% cu AC-AV3c 7.8954 MFE 
r e f .  316 
PCA SA + agedb EL-AVC 

09-F 25% CU GE-51 
09-3697 25% CW GH28 

t 251 cw (81)  

09-A7 

P C I - I  

PCA-3 

PCA-6 

PCA-8 

PCA-9 

PCA-00 

PCA-10 

PCA-11 

PCA-I2 

PCA-13 

25% cw EA29 

25% cw FC65 

25% CY FG119 

25% CU FN105 

25% cw F S l 2 6  

25% CH FY116 

25% cu "52 

25% CY FX105 

25% CU F1129 

25% cw FZ65  

25% cu HA95 

PCA-16 25% CU H099 
PCA-I7 25% CU HE96 
PCA-I8 2 5 1  CU HF109 
PCA-19 25% CU HT75 

PCA-20 25% CU HY58 

PCA-21 25% CU HW35 

PCA-22 25% CU HX57 

7.9274 

7.8772 
1.9227 

7.8250 

7.9654 

7.9518 

7.9310 

7.9648 

7.9262 

1.9236 

7.9151 

1.9159 

7.9593 

7.9375 

7.9059 
7.9190 
7.9021 
7.9182 

7.9126 

7.9042 

7.9260 

A C I I ?  

E L 1 2 i  

GF43 
GHID 
GH37 
BA24 
8A25 
FC71 
FC80 
FGl l6  
FG118 
FN106 
F N I 1 2  
FSlOl 
FS103 
FYI06 
FYI18  
"36 
"46 
FX62 
FX64 
11106 
F195 
FZ42 
F l 5 0  
HA100 
HA121 
MOM6 
HE70 
HF79 
HT54 
HT61 
HV61 
HV57 
nu54 
HU59 
HX52 
H X 5 I  

7.8181 

I ,  7844 

7.1188 
7.7126 
7.6784 
7.8048 
7.7919 
7.5534 
7.5269 
7.8292 
7.8526 
7.7957 
1.7858 
7.7316 
7.7688 
7.8747 
7.8891 
7.7517 
7.7671 
7.6706 
7.6668 
7.7238 
7.1238 
7.8210 
7.8298 
7.7839 
7.7923 
7.1054 
7.6423 
1.5446 
7.8403 
7.8791 
1.8739 
7.8651 
7.8611 
7.8551 
7.8944 

.. 7.8827 

0.10 
0.52 
0.14 
0.16 
0.13 

3 . 2 5  

0.18 
0.18 
0.25 
0.29 
0.10 
0.08 

4 . 2 5  

4 . 2 5  
0.38 
0.31 

0.50 
0.11 

5.05 
0.87 
3.07 
2.84 
3.44 
1.32 
0.70 
1.17 
1.13 

16.48 
2.82 
8.19 

0.61 

1.84 

1.27 
2.72 
3.18 
0.26 
0.43 
5.45 
5.81 
1 . 5 1  
1.26 
1.76 
1.89 
3.02 
2.52 
0.65 
0.47 
2.22 
2.01 
1.45 
3.50 
2.49 
2.49 
1.17 
1.65 
1.97 
1.86 
2.60 
3.62 
4.75 
0.99 
0.49 
0.15 
0.86 
0.55 
0.61 
0.40 
0.55 

~ _ _ . _ _ ~  
"Aged 2 h a t  800°C. 
bAged 8 h a t  8@DDC. 
'AV  means t h e  average of d e n s i t y  masurementi 00 severa l  d u p l i c a t e  

rDecimens. 
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Table 5. Immersion d e n s i t y  s w e l l i n g  measurements of  a u s t e n i t i c  s t a i n l e s s  
s t e e l  d i s k s  i r r a d i a t e d  i n  HFlR t o  57 dpa and UP t o  about 2500 appm He 

U n i  w a d i  ated I r r a d i a t e d  
Con t ro l  Specimens Specimens S w e l l i n g  

(%) 
Al loy Pret reatment  Specimen Dens i t y  Specimen Dens i t y  

ID (6!/cm3) ID rr/cm3) 

Japanese A l loys .  HFIR-JP8, 500°C. -57  dpa 

5316 SA (1050'C) 551 7.8950 K26 7.3809 6.97 
20% cw sc1 7.9100 L26 7.7499 1.98 

JPCA SA (1175°C) PS2 7.9250 A16 7.2066 9.96 
SA (1 lOOT)  PS2 7.9250 826 7.3651 7.60 
SA [1050sC) PSZ 7.9250 C15 7.5009 5.65 
15% CW PC3 7.9200 028 7.7864 1.71 
20% CW PC3 7.9200 F26 7.8212 1.26 
20% cu + aged' P A 1  7.9043 M25 7.7892 1.48 
20% CW i agedb PA7 7.9043 N22 7.7822 1.57 

20% cw cs1 7.9114 H14 7.5979 4.13 
JPCA-K SA (11OO'C) KS1  7.8820 T24 7.0915 11.15 

20% cw K S 1  7.8820 513 7.6411 3.15 

JPCA-C SA [ l lOO°C) K S 1  7.9114 624 6.4847 22.01 

U.S. A l l o y s ,  HFlR-JP8, 500DC. 57 

DO316 20% CW AL-AV3C 7.8511 AL70 
ALE2 

MFE 20% cw AC-AV3c 7.8654 A C l O l  
r e f .  316 AC104 
EP838 20% CU EP99 7.6760 EP4 

CDO,  
LI 1. 

PCA 25% CW EC151 7.9292 EC126 
SA + agedb EL-AVC 7.9274 ELl lO 
t 25% CW (83) EL126 

09-F 25% CW GE-51 7.8772 GF49 
P C K ?  ", 2, 

09.5697 25% CU GH28 7.9727 GHl7 
GH21 

09-A7 25% CW EA29 7.8250 EA14 
RA?? . .~ 

PCA-1 25% CW FC65 7.9654 FC60 
FC76 

PCA-3 25% CW F G l l 9  7.9518 FG105 
FG109 

PCA-6 25% CU FN105 7.9330 FN107 
FN113 

PCA-8 25% CW FS126 7.9648 FSlO5 
FS170 

PCA-9 25% CW FV136 7.9262 FYI10 
FV112 

PCA-00 25% CW HHSZ 7.9236 "39 
"49 

PCA-10 25% CW FX105 7.9351 FX69 
FX89 

PCA-11 25% CU FV129 7.9159 FVlOl  
FV102 

PCA-12 25% CW F265 7.9593 FZ41 
F258 

PCA-13 25% CW HA95 7.9375 HA101 
HA114 

PCA-16 25% CW H099 7.9059 H068 
HD81 

PCA-17 25% cn HE96 7.9190 HE77 
HE85 

PCA-18 25% CW HF109 7.9027 HF74 
HF80 

PCA-19 25% CW HT75 7.9182 HT55 
HT51 

PCA-20 25% CW HV58 7.9326 HV44 
HY47 

PCA-21 25% cn HY3S 7.9042 "447 
HW55 

PCA-22 25% CW HX57 7.9260 HX43 
HX53 

aAged 2 h a t  800'C. 
DAged 8 h a t  800°C. 
cAV means t h e  average o f  dens i t y  masurementr  on 

specimens. 

7.7708 1.03 
7.7663 1.09 
7.8271 0.49 
7.8003 0.83 

7.5861 5.00 
7.8267 1.60 
7.8137 1.77 
7.8150 1.51 
7.7948 1.77 
7.7243 3.24 
7.7195 3.30 
7.8594 0.85 
7.8645 0.78 
7.7321 2.89 
7.7241 2.99 
7.5197 5.51 
7.5993 4.41 
7.6368 3.75 
7.6310 3.83 
7.7584 2.61 
7.6989 3.40 
7.6989 3.10 
7.7138 2.90 
7.5714 4.42 
7.6408 3.47 
7.5873 4.44 
7.5819 4.52 
7.4662 5.85 
7.4305 6.36 
7.8377 0.62 
7.8523 0.44 
7.8657 0.64 
7.8698 0.59 
7.8411 0.67 
7.8485 0.57 
7.8803 0.61 
7.8835 0.57 

severa l  d u p l i c a t e  



1 9 4  

DOSE Idpa) 

Fig.  3. A p l o t  of immersion dens i t y  s w e l l i n g  as a func t ion  o f  dose f o r  severa l  a l l o y s  i r r a d i a t e d  i n  
HFIR a t  500°C. A TEM dete rmina t ion  of s w e l l i n g  on 25% CW USPCA i s  inc luded a t  44  dpa from ref.  7. The 
s w e l l i n g  behavior  of 20% CW USPCA i r r a d i a t e d  a t  495'C i n  EBR-I1 by Pu igh l '  i s  inc luded  as a low hel ium 
(10-35 appm He) base l i n e  f o r  comparison. 

10 

TEM MEASUREMENTS 

iMMERSlON DENSITY MEASUREMENTS - s 
0 

> 
.1 

z 

t 
~ 1.0 
- 
- 
A 
A z 
ul 

0.1 

20% cw SA (1lOO'C) 20% cw SA (1050'C) 
J316 J318 JPCA JPCA 

Fig.  4. A comparison of s w e l l i n g  measured by TEM and by immersion dens i t y  change f o r  SA and 20% Cw 
5316 and JPCA i r r a d i a t e d  a t  500°C t o  34 dpa i n  HFIR. 
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Fig. 5. 
t i o n  and p o l i s h i n g  d i s t o r t i o n  o f  l a r g e  vo ids  i n  areas t h a t  a re  t h i n  enough t o  reso lve  f i n e  he l i um bubbles 
and MC p a r t i c l e s .  

TEM of SA ( l l O O ° C )  JPCA i r r a d i a t e d  a t  500 C t o  34 dpa i n  HFIR t o  i l l u s t r a t e  t h e  intePSeC- 

O R N L  O W 0  87C-1I116 
40 

(- 2500 appm He) (- 4300 appm He) 

IMMERSION DENSITY MEASUREMENTS 
10 - s 

0 

$ a 
El z 
i 

s 

- 
1.0 

v) 

0.1 
SA- JPCA S A- J P C A  S A- J P C A  1 5 %  C W- J Q C A  2 0 %  CW.JPCA 2 0 %  C W t A G E O - J P C  

(1175'CI (110O'Cl (105O'C) (1lOO'C) (1100'C) (2h A 1  8OO*CI  I l h  AT 8 0 0 ' C l  

Fig.  6. Comparison of t h e  e f fec ts  of d i f f e r e n t  thennomechanical heat  t reatments  of t h e  s w e l l i n g  of 
t h e  JPCA i r r a d i a t e d  a t  5OO0C i n  HFIR. 
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Fig. 8. A comparison o f  void, f i n e  bubble and MC evo lu t i on  w i t h  dose i n  25% CW USPCA i r r a d i a t e d  a t  
500T i n  HFIR. (a) and (b) are lower magn i f i ca t ions  of voids, ( c )  and (d) are h igher  m a g n i f i c a t i o n s  o f  
vo ids and f i n e  bubbles i n  t h e  matr ix .  and (e) and ( f) a r e  d a r k- f i e l d  images t o  show f i n e  MC p r e c i p i t a -  
t i o n .  

m ic ros t ruc tu res .  t he re  appears t o  be a s l i g h t  increase i n  t h e  p o p u l a t i o n  o f  f i n e  s u b c r i t i c a l  bubbles i n  t h e  
m a t r i x  and a decrease i n  t h e  number o f  i n te rmed ia te  s ized  voids a t  44 dpa. The l a r g e s t  voids appear s i m i l a r  
i n  both m ic ros t ruc tu res .  bu t  only  a few o r  the  l a r g e s t  vo ids appear t o  be s t a b i l i z e d  by coarser,  a t tached 
p r e c i p i t a t e  p a r t i c l e s .  With regard t o  MC p r e c i p i t a t i o n .  there  i s  an obvious increase i n  t h e  p o p u l a t i o n  of 
f i n e  p a r t i c l e s  w i t h  i n c reas i ng  dose [Fig. 8(e,f)]. 
i n c r e a s i n g l y  cav i t y- s i nk  dominated m i c r o s t r u c t u r e  i s  developing, which could lead  t o  vo i d  shr inkage a t  s t i l l  
h i g h e r  dose. Whi le m r e  TEM work i s  needed t o  con f i rm these ideas, MC i s  w e l l  known t o  have t h i s  t ype  of 
s t r o n g  e f f e c t  on bubble and vo id  e v o l ~ t i o n . ' ~  Void shr inkage i s  t h e o r e t i c a l l y  f e a s i b l e  i f  a sudden change 
i n  m i c r o s t r u c t u r e  occurs. causing a l a r g e  increase i n  t h e  c r i t i c a l  c a v i t y  s i z e  f o r  b ias- dr i ven  v o i d  
growth.20.21 A s u f f i c i e n t l y  cav i t y - s i nk  dominated m i c r o s t r u c t u r e  cou ld  reduce t h e  net  b ias  and cause t h e  
c r i t i c a l  s i z e  t o  become very large.  
new c r i t i c a l  s ize, and begin t o  shr ink.  
v i o u s l y  i n  t h e  USPCA and i n  20% CW type  316 (DO-heat) i r r a d i a t e d  i n  HFIR.**s*3 
was found t o  c o i n c i d e  w i t h  l a r g e  changes i n  e i t h e r  t h e  loop  o r  p r e c i p i t a t e  components o f  t h e  m i c r o s t r u c t u r e  
w i t h  i n c reas i ng  dose. 

Together. these observat ions suggest t h a t  an 

Voids i n  t h e  m i c r o s t r u c t u r e  cou ld  then f i n d  themselves sma l le r  than t h e  
Several TEM observat ions of vo i d  shr inkage have been noted pre-  

I n  each case, v o i d  shr inkage 
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Most o f  t h e  U.S. data  i n  these experiments r e l a t e s  t o  e f f e c t s  o f  a l l o y  compos i t ion  on t h e  Swe l l i ng  Of 
F igu re  9 shows t h e  s w e l l i n g  behav ior  of two heats o f  t y p e  316 examined i n  t h e  U.S. 20 t o  25% CW mate r ia l .  

program, DO-heat and t h e  MFE re ference heat. 
s l i g h t l y  l e s s  than 20% CW JPCA o r  25% CW USPCA a f t e r  57 dpa. 
res is tance.  
found t o  swel l  s u b s t a n t i a l l y  i n  t h e  20% CW c o n d i t i o n  a f t e r  on l y  44 dpa i n  HFIR.' 

Both swel l  l e s s  than 20% CW 5316 and about t h e  Same o r  
Both U.S. 316s a re  noted f o r  t h e i r  Swe l l i ng  

Another U.S. heat  of s tee l ,  N- l o t  316, was no t  i nc luded  i n  these experiments, because it was 

HFIR. 500'C 
am 34 dpa, (- 2200 appm He) 

57 dpa. I- 3700 appm He) 
IMMERSION DENSITY MEASUREMENTS -" 10 t - 

ac 
0 

5 

CI z 

? 
a DUPLICATE - 
- 
J 

1.0 

3 rn 

,SA 20% cw, " 
JS16 

20% GW 
MFE-REF. 

316 

20% cw 
DO-HEAT 

316 

Fig. 9. A comparison o f  t h e  s w e l l i n g  of two U. S.  heats o f  t ype  316 w i t h  t h a t  of 5316 i r r a d i a t e d  i n  
HFIR a t  500'C. 

Composi t ional  e f f e c t s  on s w e l l i n g  f o r  t h e  USPCA were eva luated by comparing t h a t  a l l o y  t o  severa l  heats 
of t h e  D9 t y p e  a l l o y  as w e l l  as t o  a number o f  small exper imental  heats i n  which t h e  PCA compos i t ion  was 
mod i f i ed  w i t h  var ious combinat ions o f  minor a l l o y i n g  add i t ions.  Swe l l i ng  data  a f t e r  i r r a d i a t i o n  a t  500'C 
a r e  i nc luded  i n  Tables 4 and 5. and shown g r a p h i c a l l y  i n  Fig. 10. 
s i m i l a r  o r  m r e  s w e l l i n g  than  t h e  USPCA a f t e r  57 dpa. However, i t  should be noted t h a t  t h e  dose dependence 
o f  t h e  D9 a l l o y s  i s  almost n e g l i g i b l e  between 34 and 57 dpa, suggest ing t h a t  p r e c i p i t a t e  e f f e c t s  may a l s o  be 
i n f l u e n c i n g  t h e i r  s w e l l i n g  behavior. A heat o f  D9 modi f ied  w i t h  phosphorus (D9-A7) was inc luded,  and devel-  
oped on ly  about 0.5% s w e l l i n g  a f t e r  57 dpa. 
combinat ions o f  t i t an ium,  niobium and vanadium), w h i l e  va ry ing  s i l i c o n  and carbon contents  (PCA-00 and -1 
through -13) produced no improvement i n  s w e l l i n g  res i s tance  r e l a t i v e  t o  t h e  o r i g i n a l  USPCA. A survey of t h e  
r e s u l t s  i n  Fig. 10 suggests t h a t  reduc t i ons  o f  s i l i c o n  and/or carbon l e v e l s  a re  p a r t i c u l a r l y  de t r imen ta l  t o  
s w e l l i n g  res is tance,  cons is ten t  w i t h  t h e  Japanese r e s u l t s  presented above. 

Wi thout  except ion, t h e  m s t  e f f e c t i v e  a l l o y i n g  a d d i t i o n  f o r  s w e l l i n g  res i s tance  i s  phosphorus. 
PCA/D9 t y p e  a l l o y s  w i t h  0.03 wt. % P o r  m r e  have l e s s  than 1% s w e l l i n g  a f t e r  57 dpa (D9A7, PCA-9 and -19 
through -22) (see Fig. 10 and Table 2 ) .  
0.03 w t  % P and m r e  than  a t r a c e  l e v e l  o f  n iobium (4.08 w t  %). 
e v o l u t i o n  among t h e  USPCA, D9(F) and PCA-20 a f t e r  i r r a d i a t i o n  t o  34 dpa shows a l ack  o f  l a r g e r  vo ids  and an 
abundance of very f i n e  bubbles i n  t h e  l a t t e r  a l l o y  i n  c o n t r a s t  t o  t h e  former two a l l o y s  i n  Fig. 11. F igu re  
12 shows t h e  ex t remely  f i n e  d i spe rs ion  o f  MC p r e c i p i t a t e  p a r t i c l e s  t h a t  has formed among t h e  f i n e  bubbles of 
PCA-20. N e i t h e r  t h e  USPCA [Fig. 8 ( b ) l  nor  D9 has much f i n e  MC. None o f  t h e  phosphorus-modif ied s t e e l s  show 
any evidence of phosphide formation, as might  be expected from t h e  work o f  o the rs  on these and s i m i l a r  
a l l o y s  i r r a d i a t e d  e i t h e r  i n  an FER o r  w i t h  heavy i 0 n s . 2 ' + , ~ ~  I n t e r e s t i n g l y ,  s w e l l i n g  e i t h e r  remains n e a r l y  
unchanged o r  decreases s l i g h t l y  w i t h  i n c r e a s i n g  dose f o r  PCA-19 through -22 (F ig .  10). 

The two heats  o f  09 s t e e l  showed e i t h e r  

F igu re  10 shows minor a l l o y i n g  element m o d i f i c a t i o n s  ( va r ious  

The 

The MFE-reference heat o f  316 w i t h  0.5-0.88 s w e l l i n g  a l s o  has 
A comparison of c a v i t y  m i c r o s t r u c t u r a l  
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*O I HFIR. 500 'C  
16 N l l l 4  C112.5 Ma. 
MINOR COMPOSITIONAL 
VARlATlOlN OF U.S. STEELS 
125% C W I  

_. . 
PCA DB.F DS-JtlS7 OS-A7 PCA-00 PCAl  PCA3 PCAll PCAl 

0 .25T l  0.3 Ti 0.25 TI 0 . l 8 T l  0 . 2 4 T i  0.13 TI 0.13 Ti 0.23 TI 0.17 T I  
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(14 N U  11.5 Mol 0.075 P 0.12 Nb 0.11 Nb 0.14 Nb 

34 dpa (2500 appm He) 

57 dps (4300 appm He) 

, t  1.0 

n i  
PCAS 

0.25 Ti 
0.4 Si  

0.073 C 
0.03 P 

PCAlO 
0.3 Ti 
0.4 S i  
0 .04 C 
0.10 Nb 

PCAll 
0.3 Ti 
0.4 Si  
0 .04 C 
0.10 Nb 

0.5 V 

PCAlZ 
0.4 SI 
0.04 C 

0.47 Nb  

PCAlS 
0.3 Ti 
0.4 SI 

0.063 C 
0.1 Nb 
0.5 V 

PCAlB 
0.28 Ti  
0.4 S I  

0.076 C 
0.1 NQ 
0.5 V 

0.03 P 

PCAZO 
0.27 TI 
0.4 Si 

0 . 0 8 3  C 
0.1 N Q  
0.5 V 

0.07 P 

PCA22 
0.26 Ti 
0.45 S I  
0.078 C 
0.1 Nb 
0.5 V 

0.03 P 
0 . 0 0 3  E 

Fig. 10. A comparison of s w e l l i n g  f o r  USPCA, several  heats  of D9, and va r ious  minor compos i t iona l  
v a r i a n t s  o f  t h e  USPCA, a l l  i r r a d i a t e d  i n  t h e  25% CW c o n d i t i o n  i n  HFIR a t  5OO0C. 
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Fig. 12. F ine  MC p a r t i c l e s  e x h i b i t i n g  Moire'  f r i n g e s  when imaged w i t h  g200 i n  dynamical (5  = 0) 
c o n t r a s t  cond i t i ons  i n  25% CW PCA-20 i r r a d i a t e d  i n  HFIR a t  5 0 0 Y  t o  34 dpa. 

Some experimental  a l l o y s  were a l s o  inc luded  w i t h  small v a r i a t i o n s  i n  n i c k e l  and chromium r e l a t i v e  t o  

t o  be a d u p l i c a t i o n  o f  t h e  o r i g i n a l  PCA (which was a la rge ,  commercial ly mel ted heat o f  s t e e l ) ,  
t h e  base 16 Ni/14 C r  composit ion of t h e  USPCA (PCA-16 through -le), as shown i n  Fig. 13. 
in tended 
made on t h e  same l a b o r a t o r y  sca le as t h e  o ther  experimental  smal l  heats o f  s tee l .  The C r- N i  v a r i a t i o n s  
suggest t h a t  t h e  16 N i l 1 4  C r  m a t r i x  composit ion of t h e  USPCA i s  n e a r l y  optimum. 
improved by inc reas ing  e i t h e r  N i  o r  Cr. 
t i e s  l i k e  n i t r o g e n  o r  o the r  res idua l  elements are a l s o  impor tant  t o  s w e l l i n g  res is tance  (see Table 2). 

and - Z l ) ,  but had l i t t l e  e f fec t  on swel l ing.  In fact, t h e  s w e l l i n g  r e s u l t s  o f  D9-A7. PCA-9 and PCA-19 
through -22 toge ther  i n d i c a t e  t h a t  phosphorus a d d i t i o n  minimizes t h e  s e n s i t i v i t y  o f  s w e l l i n g  t o  v a r i a t i o n s  
i n  composit ion from heat t o  heat o f  s tee l .  Th is  f a c t o r  alone i s  very s i g n i f i c a n t  f o r  t h e  development of 
s w e l l i n g - r e s i s t a n t  a l l o y s  f o r  f u s i o n  reactors .  

PCA-00 was 

Swe l l i ng  res is tance  i s  no t  
Comparison o f  PCA-00 w i t h  t h e  o r i g i n a l  USPCA suggests t h a t  impur i -  

F i n a l l y ,  chromium content  was a l s o  v a r i e d  s l i g h t l y  i n  t h e  phosphorus-modified s e r i e s  o f  a l l o y s  (PCA-20 

Th is  work marks an end t o  t h e  i n i t i a l  phases of a l l o y  development o f  Path A a l l o y s  f o r  t h e  U.S. 
program. The 83 pret reatment  appears t o  be t h e  optimum p r e i r r a d i a t i o n  m i c r o s t r u c t u r a l  c o n d i t i o n  t o  impar t  
bo th  vo id  s w e l l i n g  and he l ium embr i t t l ement  res is tance  t o  t h e  o r i g i n a l  PCA a l l o y .  
w i t h  composit ion near t h e  PCA-20 composit ion, b u t  w i t h  a d d i t i o n s  o f  boron and n i t r o g e n  (0.003-0.008 and 
0.01-0.03 w t  X .  r e s p e c t i v e l y )  i s  recommended as a candidate second generat ion PCA. An a l l o y  w i t h  t h i s  com- 
p o s i t i o n  has been mel ted commercial ly and has been shown t o  have ou ts tand ing  h i g h  temperature thermal creep 
r e s i s t a n c e  a t  7OO0C on t h e  bas is  o f  t h e  f i n e  and s t a b l e  d i spers ions  o f  phosphide and MC p r e c i p i t a t e s  t h a t  
develop i n  annealed mater ia l .24 The second generat ion PCA t h e r e f o r e  c u r r e n t l y  has a s p i n o f f  a p p l i c a t i o n  as 
a candidate superheater- reheater  m a t e r i a l  fo r  advanced steam c y c l e  f o s s i l  power p lan ts ,  and i s  c u r r e n t l y  t h e  
focus of Phase 2 of t h e  Advanced Research and Technoloqy Development (AR&TD) F o s s i l  Energy M a t e r i a l s  Program 
of t h e  U.S. Oepartment o f  Energy.lo The second generat ion PCA may have t h e  p o t e n t i a l  f o r  v o i d  s w e l l i n g  
r e s i s t a n c e  i n  t h e  s o l u t i o n  annealed cond i t i on ,  whereas t h e  c u r r e n t  PCAlD9 a l l o y s  do not. 

An advanced a u s t e n i t i c  



I PCA 20 PCA 21 
16 Ni 16 Ni 
14 Cr 16 Cr 

i 0 . 3T i  0.3 Ti 
0.1 Nb 0.1 Nb 
0.5 v 0.5 V 

0.07 P 0 .06  P 
(3.4 Mn) 

n i c k e l  composit ion on t h e  s w e l l i n g  

,ad iated i n  HFIR- JPl  (3OOOC). . None o f  t h e  a l l o y s  i r r a d i a t e d  a t  
ip rec iab le  and s e n s i t i v e  t o  a l l o y  pre-  
Ice i n  t h e  20% CW c o n d i t i o n  a t  50OoC 
le JPCA had poor s w e l l i n g  res is tance.  

, rad ia ted  i n  HFIR-JP3, -JP7 and -JP8. 

n t h e  83 c o n d i t i o n  showed somewhat 
ig a t  500°C, w i t h  a s u b s t a n t i a l  
a t e n t  development of f i n e  MC p r e c i p i -  

A f t e r  57 dpa a t  500'C, 25% CU USPCA 

t found i n  5316 a t  500OC. b u t  about 

and minor a l l o y i n g  element com- 
s t  Breeder Reactor M a t e r i a l s  Program; 
IFIR. Add i t i ons  of T i ,  Nb, V and C 
ons o f  e i t h e r  S i  o r  C l e v e l s  make 
lorus d r a m a t i c a l l y  improves t h e  v o i d  
s a l s o  seem t o  reduce t h e  heat t o  heat 
i n g  r e s i s t a n c e  of PCA-20 (0.07 P) i s  
'ound a f t e r  34 dpa, whereas few f i n e  

I a u s t e n i t i c  o f  about t h e  composit ion 
o r i g i n a l  USPCA. and acqu i re  a l a r g e r  
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FUTURE WORK 

Future work w i l l  i nc lude  cont inued immersion dens i t y  and TEM i n v e s t i g a t i o n  o f  these a l l o y s  i n  t he  
remaining experiments o f  the  HFIR-JP series. 
Swel l ing res is tance of t h i s  a l l o y  and the  o ther  composit ional va r ian ts  needs t o  be tes ted  nearer t he  co r rec t  
Heldpa ra t i o ,  however, before we can be conf ident  t h a t  we can a n t i c i p a t e  s i m i l a r  swe l l i ng  behavior 
res is tance  i n  a fus ion environment. Tes t ing  should inc lude  i s o t o p i c  as we l l  as spec t ra l  t a i l o r f n g .  These 
a l l o y s  have been inc luded i n  the  sequent ia l  HFIR/FFTF experiments as wel l .  A l a r g e r  heat w i l l  be requi red 
f o r  mechanical p roper t ies  i nves t i ga t i ons  o f  the  advance aus ten i t i c .  Fur ther  a l l o y  development aimed toward 
op t im i za t i on  i n  Path A w i l l  depend on how we l l  t he  cur ren t  a l l o y s  cont inue t o  r e s i s t  swel l ing,  and probably 
must be balanced against  progress made w i t h  reduced a c t i v a t i o n  aus ten i t i c s  and the  f e r r i t i c l m a r t e n s i t i c  
s t e e l s  o f  Path E. 

Work should begin on an advanced a l t e r n a t i v e  t o  t he  USPCA. 

PATENTS 

An app l i ca t i on  f o r  a patent  encompassing a composition range t h a t  inc ludes PCA-19 through -22 has been 
f i l e d  w i t h  t he  U.S. Patent O f f i c e  by the  U.S. Department of Energy e n t i t l e d  "A l loy  E x h i b i t i n g  Improved 
Rad ia t ion  Resistance. Creep Resistance and Swel l ing Resistance." by P. J. Maziasz, 0. N. Brask i  and 
A. F. Rowc l i f f e  i n  December of 1986 (DOE case no. 543,612). 
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IRRADIATION-PRODUCED PRECIPITATES I N  AUSTENITIC STAINLESS STEELS IRRADIATE0 I N  HFlR TO 36 dpa AT 600°C - 
S. Hamada and M. Suzuki (Japan Atomic Energy Research I n s t i t u t e ,  assigned t o  ORNL) 

OBJECTIVE 

The o b j e c t i v e  of t h i s  s tudy i s  t o  eva lua te  t h e  e f f e c t  of t i t a n i u m  on t h e  phase s t a b i l i t y  and s w e l l i n g  
i n  a u s t e n i t i c  s t a i n l e s s  s t e e l s  i r r a d i a t e d  i n  HFIR t o  30 dpa a t  600'C. 

SUMMARY 

Four so lu t ion- annealed a u s t e n i t i c  s t a i n l e s s  s t e e l s  (JPCA, low-carbon s t a i n l e s s  s t e e l  w i t h  t i t an ium.  low 
carbon s t a i n l e s s  s t e e l  w i t h  t i t a n i u m  and niobium. and 5316) were i r r a d i a t e d  i n  HFIR t o  36 dpa. 
s w e l l i n g  was very low (0.2%) and t h e  on ly  phase present  was MC u n i f o r m l y  d i s t r i b u t e d  i n  t h e  matr ix.  
o t h e r  hand, t h e  o t h e r  t h r e e  a l l o y s  i n d i c a t e d  a l a r g e  amount o f  s w e l l i n g  (>l%), and coarse p r e c i p i t a t e s ,  
(main ly  G, Laves, and "-phase) were observed i n  low concen t ra t i on  throughout  t h e  matr ix.  

I n  JPCA. 
On t h e  

PROGRESS AND STATUS 

Experimental procedures 

The chemical composi t ions o f  specimens used i n  t h e  experiment a re  g iven i n  Table 1. The low-carbon 
m a t e r i a l s  ( a l l o y s  C and K)  a re  be ing developed t o  increase t h e  c o r r o s i o n  r e s i s t a n c e  i n  water- cooled f u s i o n  
reactors .  These m a t e r i a l s  c o n t a i n  t i t a n i u m  f o r  s w e l l i n g  resistance. A l l o y  C a l s o  conta ins  a smal l  amount 
o f  n iobium t o  form a complex Ti/Nb carbide. 
Damage leve ls ,  and he l ium contents  produced by nuc lea r  t ransmuta t i on  o f  n i cke l ,  a re  presented i n  Table 2. 
Specimens were examined i n  a JEM 2000FX t ransmiss ion  e l e c t r o n  microscope. 
analyzed on p a r t i c l e s  e x t r a c t e d  on carbon f i l m s  i n  o rde r  t o  avo id  extraneous y-ray s i g n a l s  from t h e  matr ix .  

Solut ion- annealed d i s k s  were i r r a d i a t e d  i n  HFIR a t  600OC. 

P r e c i p i t a t e  composi t ions were 

Table 1. Chemical composi t ions o f  a u s t e n i t i c  s t a i n l e s s  s t e e l s  

C0ntent.a w t  % 
A l l o y  

C S i  Mn P S N i  C r  Mo T i  Nb B N co 

JPCA 0.06 0.50 1.77 0.027 0.005 15.60 14.22 2.28 0.24 0.0031 0.0039 0.002 

C 0.02 0.51 1.56 0.017 0.007 15.6 15.4 2.4 0.25 0.08 0.0018 
K 0.02 0.48 1.46 0.015 0.005 17.56 17.99 2.6 0.29 0.004 

Type 316 0.058 0.61 1.80 0.028 0.003 13.52 16.75 2.46 0.005 <0.1 (0.1 

~~~ ~ 

aBalance i ron.  

Table 2. Damage l e v e l s  and he l i um contents  i n  a u s t e n i t i c  s t a i n l e s s  s t e e l s  
'C 

Hel ium Content, appm 

i r r a d i a t e d  i n  HFIR t o  -36 dpa a t  600' 

I r r a d i a t i o n  Neutron Dose. dpa 

Capsule ("C) JPCA 5316 K C JP( 
Temperature - 

JP6 600 36.7 36.1 37.2 36.7 27! 

Resu l t s  and d i scuss ion  

:A 5316 K C 

14 2355 2989 2673 

C a v i t i e s  observed i n  a u s t e n i t i c  s t a i n l e s s  s t e e l s  i r r a d i a t e d  i n  HFIR t o  -36 dpa a t  6 0 0 T  a re  shown i n  
F ig .  1. Small c a v i t i e s  a re  u n i f o r m l y  d i s t r i b u t e d  i n  h igh  concen t ra t i on  throughout  t h e  m a t r i x  i n  JPCA. 
Swe l l i ng  i s  very  low ((0.2%). 
concen t ra t i on  i n  t h e  matr ix.  I n  s t e e l s  C and K, l a r g e  voids were present  i n  very h i g h  number d e n s i t y  i n  
t h e  matr ix .  The phase s t a b i l i t y  - t h a t  i s ,  t h e  p r e c i p i t a t i o n  
behav ior  under i r r a d i a t i o n  - s t r o n g l y  i n f l uences  s w e l l i n g  behavior. F igu re  2 shows t h e  p r e c i p i t a t i o n  

I n  316, l a r g e  voids, converted from he l i um bubbles, were observed i n  low 

Data on c a v i t i e s  a re  g iven i n  Table 3. 



1 P 
206 

ORNL-Photo  4 1 0 6 - 8 7  

s t a i n l e s s  s t e e l s  i r r a d i a t e d  i n  HFIR t o  -36 dpa 
I a l l o y  K. 

v i o r  i n  these a l l o y s .  In JPCA, i n t e r s t i t i a l  loops 
uced by i r r a d i a t i o n  grow and i n t e r s e c t  t o  form l i n e  
ocat ions.  Small p r e c i p i t a t e s  w i t h  Moi re-  f r i n g e s  
ea te  and grow on these d i s l o c a t i o n  l i n e s  i n  h i g h  con- 
r a t i o n .  These p r e c i p i t a t e s  t r a p  he l ium and smal l  
t i e s  develop on t h e  i n t e r f a c e .  
t a t e s  were d i s p e r s i v e l y  observed i n  t h e  mat r ix .  
t i e s  w i t h  i n te rmed ia te  s i z e  were assoc ia ted with t h e  
r face  of p r e c i p i t a t e s  and f i n e  c a v i t i e s  were o f t e n  
rved i n s i d e  t h e  same p r e c i p i t a t e .  A l l o y  C con ta ined  
gher d e n s i t y  of coarse p r e c i p i t a t e s  than 5316. Most 
hese p r e c i p i t a t e s  were assoc ia ted w i t h  voids. A l l o y  
so conta ined l a r g e  p r e c i p i t a t e s  which a r e  s i m i l a r  t o  
e i n  316. These p r e c i p i t a t e s  were assoc ia ted w i t h  

voids. P r e c i p i t a t e s  observed i n  these a l l o y s  were 
s i t i o n s  were analyzed by EDX. F i g u r e  3 shows smal l  
were t i t an ium- enr i ched  MC type. 
l e s  were enr iched i n  N i ,  C r ,  and S i ,  and were iden- 

hown i n  Fig.  5. 
t u r e s  demonstrate t h e  presence o f  smal l  bubbles 
e p r e c i p i t a t e s  i n d i c a t e s  t races  o f  l a r g e  vo ids  
gure 5 (c )  and (d) shows dark f i e l d  images o f  t h i s  

In 316, coarse pre-  

The coarse p r e c i p i -  

i n  a l l o y  C were c l a s s i f i e d  i n  t h r e e  types. F i r s t  
Most of them were i d e n t i f i e d  as n i c k e l  and s i l i c o n -  

F igu re  5 ( a )  and (b) shows t h e  under- 
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Fig. 2. P r e c i p i t a t e s  observed i n  SA a u s t e n i t i c  s t a i n l e s s  s t e e l s  i r r a d i a t e d  i n  HFIR t o  -36 dpa a t  
6OO0C. (a )  JPCA, (b)  316, (c )  a l l o y  C, and (d) a l l o y  K. 

p r e c i p i t a t e .  These p i c t u r e s  i n d i c a t e  t h a t  t h i s  p r e c i p i t a t e  i s  composed o f  two c r y s t a l  s t r u c t u r e s  - t h a t  i s ,  
two phases o r  one phase i n  two o r i e n t a t i o n s .  
and composit ion; t h e  cen t r a l  reg ion  has a d i f f e r e n t  s t r u c t u r e  and composit ion (Fig. 6). The sandwiched 
region, as shown i n  Fig. 6, i s  h i g h l y  enr iched i n  n i c k e l  and s i l i c o n  ( p o s i t i o n s  A,C.E,F). 
i d e n t i f i e d  as G-phase (depleted i n  chromium) frm t h e  chemical composit ion and d i f f r a c t i o n  p a t t e r n  
( l a t t i c e  parameter a,, = 1.12 nm). 
o f  molybdenum and chromium formed t h e  ou te r  reg ions o f  t h e  sandwich, as shown i n  Fig. 6. 
of t h i s  phase i s  i n  progress. 
7. Th is  p a r t i c l e  i s  composed o f  severa l  reg ions l i k e  t h e  one descr ibed above. 
however, i n d i c a t e s  t h e  same chemical composit ion, u n l i k e  t h e  p r e c i p i t a t e  shown i n  Fig. 5. 
t h e  analyzed p o r t i o n s  and chemical composit ions i n  t h e  p a r t i c l e .  
en r i ched  i n  n i c k e l  and s i l i c o n .  
CW 316 aged a t  6OO0C f o r  10,000 h. 

composi t ion o f  phases. 
[ p r e c i p i t a t e  marked '13' i n  Fig. 9(b)]. 

The two w t e r  p a r t s  of t h e  sandwich are of s i m i l a r  s t r u c t u r e  

This phase was 

On t h e  o ther  hand, a phase c o n t a i n i n g  s i g n i f i c a n t l y  h igher  concen t ra t ions  
The i d e n t i f i c a t i o n  

Each reg ion of t h e  p a r t i c l e ,  
The t h i r d  p a r t i c l e  t ype  i s  t h e  i r r e g u l a r l y  shaped p r e c i p i t a t e  given i n  Fig. 

F i g u r e  8 shows 
The phase i s  considered t o  be Laves, 

Lee e t  al.2 repor ted  t h e  ex is tence  o f  sympathe t i ca l l y  nuc leated phases i n  
The MC phase was n o t  observed i n  t h i s  a l l o y ,  

The a n a l y s i s  f o r  p r e c i p i t a t e s  observed i n  a l l o y  K i s  i n  progress. F i g u r e  9 shows data o f  t h e  chemical 
Most o f  t h e  p r e c i p i t a t e s  are enr iched i n  N i ,  Cr. S i ,  and MO except on ly  one 

The p r e c i p i t a t e  marked 'D' was i d e n t i f i e d  as type MC. 
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1 
F i g .  3 .  

- 36 dpa a t  600°C and spectrum. 
TI phase i n  5316.  

Phases observed i n  SA JPCA and 316 i r r a d i a t e d  i n  HFIR t o  
(a ,c )  MC p r e c i p i t a t e  i n  JPCA; (b ,d )  

ORNL-Photo 4109-87 

F i g .  4 .  Regular ly  shaped blocky G phase in SA a l l o y  C i r r a d i a t e d  
i n  HFIR t o  -37 dpa a t  6OO0C and x- ray spectrum from ext rac ted  p a r t i c l e .  
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Fig. 5. 
Underfocus, (b) overfocus, (c )  and (d )  dark f i e l d .  

Sandwiched par+ . i c le  e x t r a c t e d  from SA a l l o y  C i r r a d i a t e d  i n  HFIR t o 3 7  dpa a t  60OOC. 
(a)  

The data obta ined i n  t h i s  experiment shows JPCA possesses s u p e r i o r  s w e l l i n g  res is tance  and phase 
s t a b i l i t y  compared w i t h  t h e  o ther  t h r e e  a l loys .  The low carbon s t a i n l e s s  s t e e l s  seem t o  i n d i c a t e  worse 
s w e l l i n g  res is tance  and phase s t a b i l i t y  than 316 s t a i n l e s s  s t e e l  i n  s p i t e  o f  t h e  a d d i t i o n  o f  -0.25 T i  t o  
i nc rease  t h e  s w e l l i n g  res is tance.  
s t a i n l e s s  s t e e l s  (C and K), respec t i ve ly .  The m i c r o s t r u c t u r e  o f  so lu t ion- annealed LSlA a f t e r  EBR-I1 
i r r a d i a t i o n  t o  -3 x l o 2 *  n/cm2 (-15 dpa) a t  593°C has been descr ibed by Thomas.3 
and t i t a n i u m  o f  0.08 and 0.15 w t  %, r e s p e c t i v e l y  - namely, t h e  atomic r a t i o  C:Ti  i s  - 0.5. 
c i p i t a t e  volume f r a c t i o n  and t h e  vo id  s w e l l i n g  reached a maximum a t  -593OC. t h e  m a j o r i t y  of vo ids o c c u r r i n g  
a t  p r e c i p i t a t e - m a t r i x   interface^.^ From t h e  r e s u l t s  on t h e  s w e l l i n g  i n  t h e  present  experiment. i t  would be 
d e s i r a b l e  fo r  t h e  C:Ti r a t i o  t o  become u n i t y  f o r  res is tance  t o  vo id  swe l l i ng .  I n  t h e  low carbon s t a i n l e s s  
s t e e l s ,  however, t h e  e f f e c t i v e n e s s  o f  a l t e r i n g  t h e  C:Ti r a t i o  t o  approach u n i t y  f o r  s w e l l i n g  r e s i s t a n c e  
remains t o  be demonstrated. 

The atomic r a t i o s  o f  C:Ti  are 1 and 0.3 i n  JPCA and t h e  two low carbon 

LSlA conta ins carbon 
Both t h e  p re-  

ONS 

n m l d  .lPCA. 316. and tun low carbon s t a i n l e s s  s t  

SUMMARY AND CONCLUSI 

1. Solut ion- an ... , _. - - e e l s  have been i r r a d i a t e d  up t o  -36 dpa 
and -2500 appm He a t  600'C i n  HFIR. S w e l l i n g  was 0.2% i n  JPCA and m r e  than 1% i n  t h e  o ther  t h r e e  a l l o y s .  

2. The JPCA conta ined smal l  MC p r e c i p i t a t e s  w i t h  Moi re-  f r i n g e s  u n i f o r m l y  d i s t r i b u t e d  i n  t h e  mat r i x ,  

3. Coarse n-phase (M6C type)  p a r t i c l e s  were observed i n  low concen t ra t ion  i n  t h e  m a t r i x  of 316. These 
p r e c i p i t a t e s  c o n t a i n  m i c r o- c a v i t i e s  i n s i d e  and smal l  c a v i t i e s  a t tached on t h e  surface. 

4. Coarse G and Laves phases were found i n  h igh  concen t ra t ion  i n  a l l o y  C. Some of t h e  p a r t i c l e s  
possessed an i r r e g u l a r  shape and were composed of severa l  smal l  p r e c i p i t a t e s .  MC p r e c i p i t a t e s  were n o t  
observed i n  t h i s  a l loy .  

which were assoc ia ted w i t h  s m a l l  c a v i t i e s .  
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Composition, w t  'L 
P o s i t i o n  
Analyzed Fe N i  C r  Mn Ti S i  P W  

A 5.13 55.21 6.02 2.57 4.81 16.33 1.51 7 
B 5.99 39.05 14.28 1.51 2.48 12.38 1.26 21 
C 4.01 57.16 5.42 4.33 5.41 14.44 1.50 6 
D 5.64 43.73 11.15 2.09 3.04 12.52 1.35 1 E  
E 4.23 55.13 6.06 3.61 4.79 13.91 1.29 S 
F 3.98 54.57 6.48 3.68 4.59 14.90 1.22 C 

F ig .  6. Chemical composi t ions and x- ray spectrum o f  sandwich p a r t i c l e  (a) an' 
(b) x- ray spectrum from p o s i t i o n  B, (c)  x- ray spectrum from p o s i t i o n  F. 

ORNL- Photo  4112-87  

F ig .  7. I r r e g u l a r l y  shaped p a r t i c l e  e x t r a c t e d  from SA a l l o y  C i r r a d i a t e d  i n  H 
6 0 O O C .  (a) B r i g h t  f i e l d ,  (b) and (c) da rk  f i e l d s ,  and (d) d i f f r a c t i o n  p a t t e r n .  
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C m o s i t i o n .  w t  % 

<GY (keV) 

Analyzed Fe N i  C r  Mn T i  s i  P no V 

A 23.63 21.79 17.05 1.23 0.30 11.23 1.16 21.47 1.33 
B 11.08 20.86 22.31 0.17 0.54 10.02 1.45 30.98 1.89 
C 20.53 22.47 17.33 3.47 0.13 11.64 1.01 21.84 1.29 
0 21.76 22.35 16.19 1.32 0.35 11.60 1.49 21.39 1.21 

Fig.  8. Chemical composit ions and x- ray spectrum of i r r e g u l a r  shaped p a r t i c l e  ex t r ac ted  from SA a l l o y  
C i r r a d i a t e d  i n  HFIR t o  -37 dpa a t  6OO0C. (a) Analyzed p o s i t i o n s  and (b )  x- ray spectrum from reg ion  A. 
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Composition. ut X 
P o s i t i o n  
Analyzed Fe N i  C r  Mn T i  s i  P Mo V 

A 9.04 31.07 30.86 0.66 1.16 9.65 1.14 14.18 1.87 . ... 
6 9.33 28.36 2938 037 0;75 9.68 1.36 17.14 Lag 
C 14.32 40.49 16.90 1.93 0.86 13.18 0.59 10.68 0.96 
0 2.23 2.25 2.13 0.00 88.96 0.59 0.07 3.78 0.00 

Fig .  9. P r e c i p i t a t e s  observed i n  SA a l l o y  K i r r a d i a t e d  i n  HFIR t o  -37 dpa a t  600T and chemical com- 
p o s i t i o n s  by EDX from e x t r a c t e d  p a r t i c l e s .  
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MICROSTRUCTURAL CHANGE OF JPCA IRRADIATE0 TO 58 dpa AT 300°C I N  HFIR - M. Suzuki, S. Hamada. and 
M. P. Tanaka (Japan Atomic Energy Research I n s t i t u t e ,  assigned t o  ORNL) 

OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  determine t h e  m i c r o s t r u c t u r a l  development and s w e l l i n g  behavior o f  
JPCA i r r a d i a t e d  i n  HFIR a t  temperatures from 300 t o  600'C. 

SUMMARY 

C h a r a c t e r i s t i c  m i c r o s t r u c t u r a l  fea tu res  observed i n  JPCA i r r a d i a t e d  a t  3OO0C i n  HFIR are t h e  format ion 
of many f i n e  bubbles and d i s l o c a t i o n  loops. 
34 dpa i r r a d i a t i o n .  
change d u r i n g  t h e  i r r a d i a t i o n  from 34 (he l ium content:  2470 appm) t o  58 dpa (he l ium content :  
On t h e  o ther  hand, t h e  number d e n s i t y  of MC-type p r e c i p i t a t e s  decreased d u r i n g  t h e  i r r a d i a t i o n .  The 
microchemical examinat ion o f  t h e  p r e c i p i t a t e s  showed t h a t  t h e  chromium con ten t  decreased and t h e  n i cke l  and 
s i l i c o n  were enr iched d u r i n g  i r r a d i a t i o n .  

Rad ia t ion  produced MC-type p r e c i p i t a t e s  were found a f t e r  on ly  
The present  work revealed t h a t  bubbles and d i s l o c a t i o n  loops do no t  show no t i ceab le  

4260 appm). 

PROGRESS AND STATUS 

Experimental  procedures 

The m a t e r i a l  used i n  t h e  present experiment was JPCA. s o l u t i o n  annealed, which was i r r a d i a t e d  t o  58 
dpa (he l ium content  est imated t o  be produced was 4260 appm) i n  HFIR. Chemical composit ions and heat 
t reatments  are shown i n  Table 1. M i c r o s t r u c t u r a l  data were obta ined f rom t h i n  f o i l s  and carbon r e p l i c a s  
u s i n g  a JEM 2OOOFX e l e c t r o n  microscope w i t h  an energy d i s p e r s i v e  x- ray ana lys is  (EOS) system.' 

Table 1. Chemical Composit ions and Heat Treatments of JPCA Used 
(Heat Treatment: S o l u t i o n  Annealed a t  llOO°C) 

~ 

Content, w t  % 
A l l o y  

C S i  Mn P S N i  C r  Ma T i  Nb 6 N co 

JPCA 0.06 0.50 1.77 0.027 0.005 15.60 14.22 2.28 0.24 0.0031 0.0039 0.002 

Resul ts  and Discuss ion 

The m i c r o s t r u c t u r e  o f  JPCA i r r a d i a t e d  t o  58 dpa a t  300°C was e n t i r e l y  covered w i t h  many f i n e  bubbles 
and d i s l o c a t i o n  loops. F igu res  1 and 2 show t h e  he l ium bubbles and d i s l o c a t i o n  loops, which were imaged 
i n  t h e  underfocused k inemat i ca l  c o n d i t i o n  and i n  t h e  dark f i e l d  image u s i n g  <ZOO> st reaks,  respec t i ve ly .  
Most bubbles were l e s s  than -3 nm i n  diameter. 
and d e n s i t y  o f  t h e  bubbles were s i m i l a r  t o  t h e  measurements made f o r  t h e  34 dpa i r r a d i a t e d  specimens. 
The s w e l l i n g  i s  c a l c u l a t e d  t o  be 0.18% a t  58 dpa and 0.22% a t  34 dpa. Thus, w i t h i n  t h e  experimental  uncer-  
t a i n t i e s  o f  t h e  TEM method. t h e r e  was no change i n  s w e l l i n g  over t h e  range 34 t o  58 dpa. 
l o c a t i o n  loops, both number d e n s i t y  and average s i z e  decreased s l i g h t l y  as compared t o  t h e  34 dpa specimen. 

On t h e  o ther  hand, t h e  MC-type p r e c i p i t a t e ,  which was t h e  on ly  p r e c i p i t a t e  produced by t h e  i r r a d i a t i o n  
a t  30OoC, e x h i b i t e d  some d i f f e r e n c e  between 34 and 58 dpa specimens, Table 3. 
specimen, no MC-type p r e c i p i t a t e s  were found. A f t e r  34 dpa i r r a d i a t i o n ,  however, many f i n e  MC-type p r e c i p i -  
t a t e s  were observed by t h e  Moire' technique.2 A f t e r  58 dpa i r r a d i a t i o n ,  t h e  number d e n s i t y  observed by t h e  
Moire' f r i n g e  was less  than i n  t h e  34 dpa i r r a d i a t e d  specimens. 

The composit ions of MC-type p r e c i p i t a t e s  were determined us ing  t h e  carbon e x t r a c t i o n  r e p l i c a  technique. 
As repor ted  prev ious ly ,s  both the rma l l y  produced and r a d i a t i o n  produced MC-type p r e c i p i t a t e s  have a s i z e  
dependence on t h e  chemical composit ions. Smaller p a r t i c l e s  have a lower t i t a n i u m  content  and a l a r g e r  chro- 
mium content. P a r t i c l e s  produced d u r i n g  i r r a d i a t i o n  have lower t i t a n i u m  contents  than p a r t i c l e s  produced 
d u r i n g  thermal ag ing  f o r  2 h a t  800Y a f t e r  20% c o l d  working. F i g u r e  3 shows the t i t a n i u m  and chromium con- 
t e n t  of t h e  p r e c i p i t a t e  as a f u n c t i o n  o f  t h e  p r e c i p i t a t e  diameter. I n  t h e  i r r a d i a t e d  s t e e l ,  reduc t ion  o f  
t i t a n i u m  content  i n  t h e  MC-type p r e c i p i t a t e  was compensated by t h e  increase o f  chromium, n i c k e l ,  and s i l i -  
con. It was found t h a t  t h e  n i c k e l  and s i l i c o n  concen t ra t ions  i n  t h e  MC p a r t i c l e s  tended t o  increase w i t h  
i n c r e a s i n g  f luence whereas t h e  chromium concen t ra t ion  tended t o  decrease, Fig. 4. 

Numerical data a r e  g iven i n  Table  2. The average s i z e  

As f o r  t h e  d i s -  

I n  t h e  10 dpa i r r a d i a t e d  
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a )  34 dpa and (b)  58 dpa. 

ORNL-PHOTO-4116-87 

a )  34 dpa and (b) 58 dpa. 

: ion o f  MC P a r t i c l e s  (m-3) 

33.6 dpa 50 dpa 

1.9 x 1022 S 

1.9 x 1022 -- 

!cted. 
2 x 102' m-3). 

size-dependence of composition i s  
t ime.  However, it should be 
.induced changes i n  compositions 
the  p a r t i c l e  s i z e  decreases. One 

:omposition changes dur ing i r r a -  
i l u t e  segregation and r e c o i l  
Ice. 
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F ig .  3 .  Concentrat ion of t i t a n i u m  and chromium con ten t  i n  MC-type p r e c i p i t a t e  as a f u n c t i o n  o f  
p r e c i p i t a t e  d iameter .  
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PRECIPITATE DIAMETER (nm) 

Concent ra t ion  o f  n i c k e l  and s i l i c o n  con ten t  i n  MC-type p r e c i p i t a t e  a s  a f u n c t i o n  o f  F i g .  4 .  
p r e c l p i t a t e  d iameter .  
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CONCLUSIONS 

Observat ion o f  JPCA i r r a d i a t e d  t o  58 dpa a t  300°C i n  HFIR revea led t h e  f o l l o w i n g  r e s u l t s :  

1. A t  t he  i r r a d i a t i o n  temperature of 300"C, c h a r a c t e r i s t i c  f ea tu res  o f  t he  m ic ros t ruc tu res  are  the  
format ion o f  m n y  f i n e  bubbles (-3 nm) and d i s l o c a t i o n  loops. 
i r r a d i a t i o n  from 34 t o  58 dpa, and hence s w e l l i n g  was almost t h e  same a t  34 and 58 dpa. 
average s i z e  decreased s l i g h t l y .  

c i p i t a t e  number dens i t y  decreased s l i g h t l y  between 34 and 58 dpa. 

Average bubble s i z e  d i d  no t  grow du r ing  t h e  
Both dens i t y  and 

2. A t i t a n i u m- r i c h  MC-type p r e c i p i t a t e  was t h e  on ly  p r e c i p i t a t e  i n  t h e  300°C i r r a d i a t i o n ;  t he  pre-  

3. T i tan ium and chromium contents  i n  a r a d i a t i o n  produced MC-type p r e c i p i t a t e  were l a r g e r  than those 
i n  a the rma l l y  produced one. 
and s i l i c o n  contents increased. 

Chromium content  decreased w i t h  i r r a d i a t i o n  from 34 t o  58 dpa, wh i l e  n i c k e l  

FUTURE WORK 

Fur the r  measurements w i l l  be made on specimens i r r a d i a t e d  a t  h ighe r  temperatures (400'C - Capsules 
JP-5; 500°C - capsule JP-8). 
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MECHANICAL PROPERTIES AN0 FRACTURE BEHAVIOR OF 213% COLD-WORKED 316 STAINLESS STEEL IRRADIATED TO VERY H I G H  
NEUTRON EXPOSURES - M. L. Hamilton, F. H. Huang, and F. A. Garner (Hanford Engineer ing Development 
Labora to ry ) ;  W. J. S. Yang (General E l e c t r i c  Company) 

OB JECTI VE 

The o b j e c t  o f  t h i s  e f f o r t  i s  t o  d e f i n e  t h e  mechanisms by which i r r a d i a t e d  a l l o y s  f a i l  d u r i n g  s e r v i c e  or 
a f t e r  removal f rom se rv i ce .  

SUMMARY 

S t a i n l e s s  s t e e l s  i r r a d i a t e d  i n  EBR-I1 a t  temperatures i n  t h e  range 380 t o  500°C tend  t o  e x h i b i t  s a t u r a t i o n  
of mechanical p r o p e r t i e s  a t  r e l a t i v e l y  low f l u e n c e  l e v e l s .  
n/cm2 (E > 0.11, however, t h e r e  i s  a r a p i d  i nc rease  i n  hardness j u s t  a f t e r  t h e  onset of v o i d  swe l l i ng .  
hardness increase i s  no t  a t t r i b u t e d  j u s t  t o  t h e  vo ids  themselves bu t  r a t h e r  t o  an i n d i r e c t  e f f e c t  o f  vo ids  
on n i c k e l  d e p l e t i o n  i n  t h e  a l l o y  ma t r i x .  The s t r o n g  dependence of s t a c k i n g  f a u l t  energy on n i c k e l  and 
chromium con ten t  and p a r t i c u l a r l y  on deformat ion temperature combine t o  promote ex tens i ve  s t ress- induced 
format ion of E-mar tens i te  a t  room temperature. 
quasi- cleavage. 

A t  f l uences  on t h e  o rde r  o f  13 t o  15 x l oz2  
The 

T h i s  leads t o  a v e r y  b r i t t l e  f a i l u r e  mode cha rac te r i zed  as 
A t  h ighe r  deformat ion temperatures i t  leads t o  a f a i l u r e  mode designated channel f r a c t u r e .  

PROGRESS AND STATUS 
<* 

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

I n  e a r l i e r  s tud ies  conducted i n  t h e  Exper imental  Breeder Reactor E B R - I 1  t o  moderate l e v e l s  of neut ron 
f luence i t  was shown t h a t  i r r a d i a t i o n- i n d u c e d  changes i n  t h e  t e n s i l e  p r o p e r t i e s  o f  A I S I  316 s t a i n l e s s  s t e e l  
and some o t h e r  a u s t e n i t i c  s t e e l s  cou ld  be r e l a t e d  t o  concurrent  changes i n  t h e  m i c r o s t r u c t u r e . ' - 5  
t h e  va r ious  m i c r o s t r u c t u r a l  components tend t o  s a t u r a t e  i n  d e n s i t y  w i t h  cont inued exposure i t  was expected 
t h a t  t h e  t e n s i l e  p r o p e r t i e s  would a l so  reach s a t u r a t i o n  l e v e l s  t h a t  would p e r s i s t  t o  r e l a t i v e l y  l a r g e  
neu t ron  f luences. Data on a r e l a t i v e l y  low s w e l l i n g  heat  of 316 s t a i n l e s s  s t e e l  confirmed t h e  v a l i d i t y  o f  
t h i s  assumption a t  neut ron f l u e n c e  l e v e l s  approaching 13 x 102* n/cm2 (E > 0.1 MeV).' Other r e l a t e d  
s tud ies  demonstrated t h a t  p r e d i c t i v e  c o r r e l a t i o n s  o f  p o s t - i r r a d i a t i o n  f r a c t u r e  toughness cou ld  be deve l-  
oped from t h e  more e a s i l y  obta ined t e n s i l e  p roper t i es ,  presumably because t h e  m i c r o s t r u c t u r a l  o r i g i n s  o f  
rad ia t i on- induced  toughness degradat ion should be i d e n t i c a l  t o  those respons ib le  f o r  changes i n  t e n s i l e  
p r o ~ e r t i e s . ' , ~  

When o t h e r  heats  o f  s t e e l  e x h i b i t i n g  an e a r l i e r  onset of s w e l l i n g  were evaluated i t  was obvious t h a t  s i g n i -  
f i c a n t  changes i n  f r a c t u r e  mode were o c c u r r i n g  a t  h i g h  neu t ron  e x p o ~ u r e . ~ , ' ~  These changes were most 
pronounced f o r  deformat ion a t  low temperatures. 
t h e  channel f r a c t u r e  t h a t  was observed e a r l i e r  bo th  i n  annealed 304, 308 and 316 s t a i n l e s s  steels1' , "  
and t o  a l i m i t e d  e x t e n t  i n  20% cold-worked 316, a l l  a t  f l uences  l e s s  than  o r  equal t o  10 x 1022 n/cm2 
( E  > 0.1 MeV)." 
deformat ion was o f ten  severa l  hundred percent  o r  h igher ,  as evidenced by t h e  e longa t ion  of vo ids  w i t h i n  
t h e  band. T h i s  f l o w  l o c a l i z a t i o n  i s  thought t o  be a consequence o f  d i s l o c a t i o n  sweeping t h a t  s i g n i f i -  
c a n t l y  reduced t h e  hardness w i t h i n  t h e  channel. 

The u n a n t i c i p a t e d  change i n  behav ior  a t  h ighe r  f l uence  was f i r s t  observed d u r i n g  disassembly and eva lua-  
t i o n  o f  a f u e l e d  exper iment designated t h e  P-53 t e s t  which had been i r r a d i a t e d  i n  EBR-11. Both t h e  f u e l  
c l a d d i n g  and duc t  assembly were cons t ruc ted  from 20% cold-worked A I S I  316 s t a i n l e s s  s t e e l .  When 1.9 cm 
d iameter  c i r c u l a r  specimens were punched f o r  d e n s i t y  measurements from t h e  duct  which housed t h e  f u e l  
assembly, seve ra l  c racks  developed between ad jacent  ho les .  Small p ieces of t h i s  duct  were a l s o  e a s i l y  
broken o f f  w h i l e  u s i n g  a manipu la tor  i n  t h e  ho t  c e l l .  I n  a d d i t i o n ,  t h e  f u e l  p ins ,  which had r u n  a t  low 
power t o  v e r y  h i g h  f l uences  (%18 x l o z 2  n/cmZ, E > 0.1 MeV), had su rv i ved  i r r a d i a t i o n  w i t h  no breaches bu t  
susta ined numerous breaches d u r i n g  hand l i ng  o f  t h e  p i n s  i n  t h e  h o t  c e l l .  

It was the re fo re  decided t o  conduct mechanical p r o p e r t y  t e s t s ,  f rac tography,  and m i c r o s t r u c t u r a l  analyses 
on t h e  duct  m a t e r i a l  over  a range o f  t e s t  temperatures. Several  3.0 mm diameter microscopy specimens of 
A I S I  316 and t h r e e  t i t an ium- mod i f i ed  316 s t a i n l e s s  s t e e l s  t h a t  were i r r a d i a t e d  i n  o t h e r  exper iments were 
a l s o  broken a t  room temperature and t h e i r  f r a c t u r e  behav ior  examined. 
t i o n s  and i n i  ti a1 thermal -mechanical cond i t i ons .  

Since 

A t  h ighe r  t e s t  temperatures t h e  f r a c t u r e  mode resembled 

The channels observed i n  these s tud ies  appeared as narrow bands i n  which t h e  l o c a l  

Table 1 con ta ins  t h e  a l l o y  composi- 
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Table 1. A l l o y  composi t ions (wt.%) 

A1 l o y  N i  C r  Mo S i  Mn T i  C P B Zr W Fe 

A I S 1  316* 13.5 17.5 2.5 0.6 1.75 -- 0.05 0.002 0.0005 -- --  B a l  

LS-1** 13.0 16.0 1.8 0.9 1.0 0.10 0.05 0.001 _ _  0.05 0.05 Bal 

_ -  _ -  Bal LS-Z** 19.5 8.7 2.3 1.0 1.9 0.27 0.04 -- _ -  

--  -_ Bal 0-18** 15.0 12.0 2.5 1.0 2.0 0.25 0.04 --  _ _  

*105OoC/5 m i d a i r  coo l  t 20% c o l d  work. 
**115OoC/15 m i n l a i r  coo l  t 25% c o l d  work. 

EXPERIMENTAL OETAILS 

Specimen Prepara t i on  

The hexagonal P53 duct was cons t ruc ted  from FFTF F i r s t  Core s t e e l  w i t h  t h e  i n d i v i d u a l  f l a t s  measuring 
3.2 cm i n  w i d t h  and 1.02 mm i n  th ickness.* 
t h e i r  long dimension p a r a l l e l  t o  t h e  a x i s  o f  t h e  duct.  The obvious embr i t t lement  of t h e  duct  made i t  
impera t i ve  t o  u t i l i z e  a specimen w i t h  t h e  l a r g e s t  p o s s i b l e  gage wid th ,  gage l e n g t h  and f i l e t  rad ius .  The 
dimensions p r e v i o u s l y  u t i l i z e d  f o r  f l a t  t e n s i l e  specimens i n  t h e  U.S. Breeder Reactor o r  Fus ion M a t e r i a l s  
programs were judged t o  be unacceptable. A d d i t i o n a l  c o n s t r a i n t s  on specimen f a b r i c a t i o n  arose from t h e  
l i m i t e d  amount of m a t e r i a l  remain ing between t h e  ho les  punched i n  t h e  duct and t h e  n e c e s s i t y  f o r  remote 
f a b r i c a t i o n .  Conforming as much as p o s s i b l e  t o  t h e  guidance p rov ided  by ASTM Procedure E8, a new t e n s i l e  
specimen was designed and i s  shown i n  F ig .  1. 

Most o f  t h e  t e n s i l e  b lanks  were obta ined f r o m  reg ions  ad jacent  t o  t h e  corners  o f  t h e  duct and thus had t h e  
p o t e n t i a l  f o r  be ing somewhat s t ronger  than t h e  c e n t r a l  reg ions  o f  t h e  duct  face. To check f o r  t h i s  p o s s i -  
b i l i t y ,  hardness measurements were made on sec t i ons  of u n i r r a d i a t e d  duct  and i t  was found t h a t  t h e  duct  
corners  were worked o n l y  s l i g h t l y  more (3-6%) than  were t h e  duct  f l a t s .  Even t h i s  sma l l  v a r i a t i o n  i n  hard-  
ness and d i s l o c a t i o n  d e n s i t y  i s  expected t o  be re laxed  d u r i n g  i r r a d i a t i o n ' ,"  and thus no s i g n i f i c a n t  
v a r i a t i o n s  i n  s t r e n g t h  are  expected t o  a r i s e  due t o  t h e  l o c a t i o n  on t h e  duct face from which t h e  specimens 
were obtained. 

Seven t e n s i l e  specimens from t h e  duct and a number of u n i r r a d i a t e d  c o n t r o l  specimens were machined remote l y  
i n  t h e  ho t  c e l l  and photographed a t  a m a g n i f i c a t i o n  o f  ~ 2 . 8 ~ .  
t h e  photographs. A smal l  amount o f  v a r i a b i l i t y  was observed between specimens bu t  was judged t o  be i n s i g -  
n i f i c a n t  w i th  respec t  t o  the  t e s t  r e s u l t s .  

Compact t e n s i o n  specimens were f a b r i c a t e d  f rom t h e  1.9 cm diameter d i s k s  punched from t h e  cen te r  o f  t h e  
duct  faces. Oens i ty  measurements were performed p r i o r  t o  f a b r i c a t i o n  o f  t h e  specimens us ing  an immersion 
technique. The c o n f i g u r a t i o n  of t h e  c i r c u l a r  compact t e n s i o n  specimen i s  shown i n  F ig .  2. Since t h e  
s t r e n g t h  o f  t h e  i r r a d i a t e d  m a t e r i a l  was ext remely  high, i t  was v e r y  d i f f i c u l t  t o  c u t  a sharp no tch  i n  t h e  
specimen and t o  induce a crack by f a t i g u e  p r i o r  t o  t e s t i n g  (p rec rack ) .  
du r ing  p rec rack ing  because of t h e  l a c k  of p r i o r  knowledge of t h e  m a t e r i a l ' s  f r a c t u r e  p r o p e r t i e s .  
f u l  p rec rack ing  r e q u i r e d  ca re fu l  o p t i c a l  examinat ion of c rack ex tens ion and c a r e f u l  mon i to r i ng  of  c y c l i c  
l oad  reduc t ion .  

Fractograph ic  and m i c r o s t r u c t u r a l  analyses were performed on t h e  broken t e n s i l e  and compact t e n s i o n  spec i-  
mens as w e l l  as on i r r a d i a t e d  microscopy d i s k s  t h a t  were f r a c t u r e d  manually. 
t h e  o r i g i n a l  t e n s i l e  and compact t e n s i o n  specimens was s u b s t a n t i a l ,  f r a c t o g r a p h i c  specimens o f  sma l le r  
volume were prepared by s l i c i n g  o f f  a t h i n  s e c t i o n  c o n t a i n i n g  t h e  f r a c t u r e  surface. The f r a c t o g r a p h i c  
a n a l y s i s  o f  microscopy d i s k s  was preceded b y  submerging them i n  pure e t h y l  a lcoho l  and b reak ing  them 
remote ly  by  bending w i t h  p l i e r s .  The f r a c t u r e  sur faces were examined i n  a JSM 35C scanning e l e c t r o n  
microscope. Microscopy f o i l s  were prepared f rom t e n s i l e  specimens by s l i c i n g  p e r p e n d i c u l a r l y  t o  t h e  
t e n s i l e  ax is .  
e l e c t r o n  microscope. 

T e n s i l e  specimens were obta ined from r e c t a n g u l a r  s t r i p s  hav ing  

The gage dimensions were determined from 

The f i r s t  few specimens f a i l e d  
Success- 

Since t h e  r a d i o a c t i v i t y  of 

M i c r o s t r u c t u r a l  s t u d i e s  were performed i n  e i t h e r  a JEM l O O C X  o r  a JEM 1200EX t ransmiss ion  

*FFTF i s  t h e  acronyn' f o r  Fas t  F lux  Test F a c i l i t y ,  l oca ted  i n  Richland, WA. 
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Fig .  3. Load versus displacement curves f o r  specimens t e s t e d  a t  e leva ted  temperatures.  
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Test  Procedures 

T e n s i l e  t e s t s  were conducted i n  a i r  a t  t h r e e  d i f f e r e n t  temperatures: room temperature, t h e  fue l  hand l ing  
temperature of 205°C and t h e  i r r a d i a t i o n  temperature, which v a r i e d  from 385 t o  488OC. 
formed a t  a s t r a i n  r a t e  o f  6.4 x 10-4 sec-1. 
t h e  Modular Test U n i t  (MTU). The MTU i s  a h y d r a u l i c a l l y  actuated t e s t  frame designed t o  remote ly  perform 
t e n s i l e ,  f a t i g u e  and compression t y p e  mechanical t e s t i n g .  T e n s i l e  specimens were c a r e f u l l y  p o s i t i o n e d  i n  
t h e  load  t r a i n .  
v e n t  undes i rab le  specimen s t r a i n i n g  d u r i n g  heat  up t o  t h e  t e s t  temperature, t h e  load  was c o n t i n u o u s l y  moni- 
t o r e d  and t h e  p o s i t i o n  o f  t h e  a c t u a t o r  was ad jus ted  t o  m a i n t a i n  loads w e l l  below t h e  l o a d  r e q u i r e d  f o r  
y i e l d i n g .  
l i n e a r  v a r i a b l e  d i f f e r e n t i a l  t rans fo rmer  extensometer a t tached  t o  t h e  load  t r a i n  ac tua to r .  
was determined b y  t h e  0.2 percen t  o f f s e t  method. 

D e t a i l s  of t h e  compact t e n s i o n  t e s t  procedure a r e  descr ibed  i n  references 13 and 15. 
t e s t s  were conducted i n  a i r  a t  32"C, 205°C and a t  t h e  i r r a d i a t i o n  temperature (395-425°C). 
was unloaded a f t e r  reach ing  t h e  maximum load, heat  t i n t e d  a t  5 0 0 T  f o r  about one hour, and broken a t  room 
temperature t o  a l l o w  o p t i c a l  measurement o f  t h e  corresponding crack extension.  The r e s u l t s  were analyzed 
b y  a J - i n t e g r a l  approach. 
i n  these specimens ranged f rom 3.4 t o  8%. 

Test  Resu l t s  

The t e n s i l e  t e s t  r e s u l t s  a re  g iven  i n  Table 3. 
temperature a long t h e  specimen ax is ,  t h e  i r r a d i a t i o n  parameters l i s t e d  were determined f o r  t h e  specimen 
midpo in t .  
i n t e r p o l a t e d  between t h e  temperature est imated f o r  t h e  bot tom of t h e  f u e l  column (370'C) and t h e  beg inn ing-  
o f - l i f e  subchannel o u t l e t  temperature ad jacen t  t o  t h e  r e l e v a n t  duc t  face. The temperatures o f  t h e  duct  
faces a t  t h e  t o p  o f  t h e  c o r e  were assumed t o  be t h e  same as t h e  subchannel o u t l e t  temperatures, which were 
c a l c u l a t e d  w i t h  t h e  COBRA computer code. COBRA i s  a s tandard therma l- hydrau l i c  code i n  wide use i n  t h e  
nuc lear  i n d u s t r y .  HIST i s  a f u e l  performance p r e d i c t i v e  code developed b y  Westinghouse Hanford Company 
and i s  a v e r s i o n  o f  t h e  S I E X  code. 

T y p i c a l  load-displacement curves o f  t h e  compact t e n s i o n  specimens a re  shown i n  F i g .  3. The m a t e r i a l  
d i sp layed  l i t t l e  p l a s t i c i t y  p r i o r  t o  reach ing  t h e  maximum load, a t  which p o i n t  a sudden load- drop was 
observed f o r  a l l  specimens. 
taken as t h e  onset p o i n t  o f  crack extension,  where t h e  c r i t i c a l  va lue  o f  J, Jlc, was c a l c u l a t e d .  

The compact t e n s i o n  t e s t  r e s u l t s  a re  g i v e n  i n  Table 4. 
Specimens f a i l e d  d u r i n g  precrack ing,  and severa l  o t h e r s  were t e s t e d  b e f o r e  a f a t i g u e  crack was produced 
w h i l e  p rec rack ing  methods f o r  these specimens were s t i l l  be ing  es tab l i shed .  

The Plane s t r a i n  f r a c t u r e  toughness Kc can be es t imated  from t h e  va lues of J lc  through t h e  f o l l o w i n g  
equat ion:  

A l l  t e s t s  were p e r -  
Specimens were t e s t e d  i n  a s h i e l d e d  t e s t i n g  f a c i l i t y  u s i n g  

A thermocouple i n  c o n t a c t  w i t h  t h e  specimen was used t o  m o n i t o r  i t s  temperature. To p re-  

Load versus d e f l e c t i o n  d a t a  were ob ta ined  u s i n g  a l o a d  c e l l  i n  s e r i e s  w i t h  t h e  load  t r a i n  and a 
Y i e l d  s t r e n g t h  

F r a c t u r e  toughness 
The specimen 

A l i s t  o f  t h e  specimens t e s t e d  i s  inc luded  i n  Table 2. Note t h a t  v o i d  s w e l l i n g  

Since t h e r e  were smal l  g r a d i e n t s  i n  neutron f l u x  and 

Fluences were based on HIST computer code c a l c u l a t i o n s ,  w h i l e  i r r a d i a t i o n  temperatures were 

Since w e l l - d e f i n e d  crack ex tens ion  was n o t  observed, t h e  maximum load  was 

Only 11 v a l i d  t e s t s  were performed. Severa l  

112 

K C  =[>I 
where Y i S  Poisson 's  r a t i o  and E i s  Young's modulus. 
Table 4. 

D iscuss ion  o f  Test  Resu l t s  

Examination of F i g s .  4 through 6 shows t h a t  t h e  p o s t - i r r a d i a t i o n  s t r e n g t h  o f  t h e  P53 F i r s t  Core duc t  was 
s i g n i f i c a n t l y  h i g h e r  than  was observed f o r  t h i s  s t e e l  a t  lower  f luences. Th is  was an unexpected r e s u l t ,  
s i n c e  t h e  s t r e n g t h  and d u c t i l i t y  o f  20% c o l d  worked 316 were bo th  be l ieved  t o  s a t u r a t e  w i t h  f l u e n c e  a t  
about 5 x As shown i n  F i g s .  7 and 8 t h e  d u c t i l i t y  o f  t h i s  s t e e l  depends n o t  
o n l y  on t h e  f luence and i r r a d i a t i o n  temperature b u t  a l s o  on t h e  t e s t  temperature, p a r t i c u l a r l y  a t  lower  
t e s t  temperatures. 
d u c t i l i t i e s  g r e a t e r  than  4.5%. 
ever, f e l l  s u b s t a n t i a l l y  under t h e  t r e n d  l i n e  e s t a b l i s h e d  a t  l ower  f luence.  

There was another  v e r y  pronounced d i f fe rence  i n  t h e  behav io r  of F i r s t  Core s t e e l  w i t h  respec t  t o  t h e  t e s t  
temperature. 
o r i e n t e d  90 degrees t o  t h e  t e n s i l e  ax is ,  suggest ing a b r i t t l e  mode o f  f a i l u r e ,  w h i l e  t h e  f r a c t u r e  sur faces 
o f  specimens t e s t e d  a t  h i g h e r  temperatures were i n c l i n e d  a t  angles o f  30-60 degrees t o  t h e  t e n s i l e  ax is ,  a 
behav io r  t y p i c a l  of p l a s t i c  deformation i n  a d u c t i l e  m a t e r i a l .  Faceted reg ions  were a l s o  e v i d e n t  on t h e  
sur face of specimens t e s t e d  a t  t h e  h i g h e r  temperatures. 

The c a l c u l a t e d  values o f  KC a r e  a l s o  l i s t e d  i n  

n/cm2 ( E  > 0.1 MeV). 

Wi th  one excep t ion  (specimen 4a t e s t e d  a t  room temperature)  t h e  P53 specimens e x h i b i t e d  
The d u c t i l i t i e s  found i n  t h e  P53 t e s t s  conducted a t  room temperature, how- 

As shown i n  F ig .  9 t h e  f r a c t u r e  su r faces  o f  t h e  specimens t e s t e d  a t  room temperature were 
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Table 2. Dens i t y  specimens used f o r  compact t e n s i o n  t e s t s  

Fluence I r r a d i a t i o n  
Specimen 1022 n/cm2, Temperature Swell i n g  
I d e n t i t y  E > 0.1 MeV O C  % A V I V  

FlC 14.0 395 4.6 

F 2C 14.2 395 4.3 

F 3C 14.9 395 4.6 

F 4C 15.5 395 4.7 

F 5c 15.3 395 N.D. 
F 6C 14.5 395 3.4 

F1D 15.3 410 5.6 

F 2D 15.4 410 5.4 

F 30 16.2 410 5.5 

F 40 16.9 410 6.0 

F 5D 16.7 410 4.9 

F 60 15.9 410 4.6 

F1E 15.9 425 6.7 

F 2E 16.0 425 7.3 

F 3E 16.8 425 7.1 

F4E 17.5 42 5 8.0 

F 5E 17.4 425 6.2 

F6E 16.4 425 5.9 

Table 3. T e n s i l e  d a t a  on P53 specimens+ 

? r r a  i a t i o n  Exposure i e  t i m a t e  ens1 e n i  orm o t a l  
Temperature Fluence Temperature S t reng th  S t reng th  E longa t ion  E longa t ion  

Specimen O C  1022n/cm2 O C  MPa MPa % % 

1.9* 1.9 

3 
2 

4 
6 

442 16.2 
385 12.8 

460 15.5 
488 12.8 

205 1350 
205 1627 

460 1127 
488 917 

1492 
1703 

1223 
1067 

6.5* 6.5 
4.6* 4.6 

4.6 
1 .a 

6.3 
5.2 

5.6 7 . 2  
5.8 7.7 

' E = 6.4 x l W 4  Sec-1 
* F a i l u r e  occur red a t  t h e  maximum load. 

It was observed a f t e r  t h e  t e n s i l e  t e s t s  were completed t h a t  a l l  seven specimens were s t r o n g l y  a t t r a c t e d  t o  
a magnet. 
p a r t i c u l a r l y  s t rong  i n  areas deformed d u r i n g  punching. 
e x h i b i t e d  some degree o f  magnet iza t ion p r i o r  t o  f a b r i c a t i o n ,  t hey  were s t r o n g l y  magnetized a long t h e i r  

Examinat ion o f  o t h e r  p ieces o f  duct  m a t e r i a l  showed a v a r i a b l e  degree o f  magnetism, which was 
I t  appears t h a t  w h i l e  t h e  duct  specimens may have 
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Table 4. F r a c t u r e  toughness of P53 duct  
l o a d i n g  r a t e  = 2.1 x 10-3 mmlsec 

~. -. ~- ~ .~ 

J K Test I r r i d i  a t  i on F 1 uence 
Temperature Temperature 1022 njcm2 I C  C 

O C  O C  E > 0.1 MeV kJ/m2 MPafm 

20 7 395 14.9 38.6 88.8 
395 395 15.5 42.9 90.2 

32 
30 

2 05 

410 
410 
410 

15.3 35.6 87.0 
16.2 39.7 91 .o 
16.9 34.0 8 3 . P  

205 410 16.7 46.5 97.5 
410 410 15.4 34.0 80.1 

32 425 
206 425 
205 425 

17.5 24.3 71.9 
16.4 37.8 87.8 
16.8 27.4 74.8 

425 425 17.4 29.6 74.4 

Fo r  t h e  11 t e s t s :  Average Kc = 84.3 MP#m 
Standard D e v i a t i o n  = 8.2 MPaJm 

Range = 71.9 t o  91.9 MPaJm 

e n t i r e  l e n g t h  d u r i n g  t e n s i l e  t e s t i n g .  T h i s  suggested t h a t  a m a r t e n s i t i c  t r ans fo rma t ion  had occu r red  
d u r i n g  deformat ion.  

F igs .  10 and 11 show t h e  temperature dependence of Jlc and f o r  va r i ous  i r r a d i a t i o n  cond i t i ons .  
Prev ious r e s u l t s ”  f o r  another duct  designated P14A and i r r a d i a t e d  t o  lower  f l u e n c e  a re  a l s o  p l o t t e d  f o r  
comparison. 
values of J l c  a re  p l o t t e d  f o r  specimens w i t h  t h e  same t e s t  and f l u e n c e  cond i t i ons .  E a r l i e r  s t u d i e s  have 
shown t h a t  t h e  f r a c t u r e  t u hness of 20% CW 316 decreases by  a f a c t o r  of 2 a f t e r  i r r a d i a t i o n  t o  a 
f l u e n c e  o f  11 x 1022 n l c a  ?E > 0.1 MeV). No f u r t h e r  degradat ion was observed i n  t h i s  s tudy w i t h  
i n c r e a s i n g  f luence up t o  17.5 x l o z 2  n/cm2. F ig .  13 shows t h e  absence of any s t r o n g  e f fec t  of f luence 
on t h e  f r a c t u r e  toughness o f  t h e  P53 duct  m a t e r i a l .  

The most s i g n i f i c a n t  change i n  f r a c t u r e  behav ior  f o l l o w i n g  h i g h  f l uence  exposure of 316 i s  t h e  d r a s t i c  
r e d u c t i o n  i n  r e s i s t a n c e  t o  c rack  propagat ion.  The t e a r i n g  modulus o f  t h e  P53 specimens t e s t e d  a t  e leva ted  
temperatures was es t imated t o  be about 2, compared w i t h  a va lue  o f  1 5  observed f o r  t h e  m a t e r i a l  i r r a d i a t e d  
t o  a f luence of 11 x 1g2 n/cd . l ’  
approached zero. 

As shown i n  F ig .  10, t e s t  temperature d i d  n o t  have a s t r o n g  e f fec t  on t h e  f r a c t u r e  toughness f o r  i r r a d i a -  
t i o n  temperatures up t o  425°C. 
i n  t h e  range o f  395-42S°C, b u t  t h e  t r e n d  f o r  h ighe r  i r r a d i a t i o n  temperatures i s  n o t  known. 

The dependence o f  f r a c t u r e  toughness on i r r a d i a t i o n  temperature i s  shown i n  F ig .  12 where t h e  

For P53 t e s t s  conducted a t  room temperature t h e  t e a r i n g  modulus 

The toughness decreased somewhat wi th  i n c r e a s i n g  i r r a d i a t i o n  temperature 

FRACTOGRAPHIC AND MICROSTRUCTURAL ANALYSES 

T e n s i l e  Specimens 

Specimens 4a and 5 f rom t h e  P53 duct,  i r r a d i a t e d  t o  16 x l o z 2  nlcm2 ( E  > 0.1 MeV), f r a c t u r e d  t r a n s g r a n u l a r l y  
a t  room temperature, e x h i b i t i n g  fea tu res  on t h e  f r a c t u r e  surface s i m i l a r  t o  chevron pa t te rns .  
mens had e longa t i ons  o f  1.9% and 6.5%, respec t i ve l y .  
one co rne r  of specimen 4a, presumably from a p r e - e x i s t i n g  f law, and propagated across the  specimen d iago-  
n a l l y .  Small r eg ions  hav ing a t y p i c a l  shear f r a c t u r e  morphology appeared on t h e  edges o f  t h e  specimen a t  
t h e  end o f  t h e  crack  path .  
r i v e r  p a t t e r n s  were v i s i b l e  a long t h e  diagonal  c rack  path.  
revea led  a h i g h  d e n s i t y  of c a v i t i e s  w i t h  a d e f i n i t e  c r y s t a l l o g r a p h i c  shape. The s i z e  and d e n s i t y  o f  these 
c a v i t i e s  correspond w e l l  w i t h  t h a t  of t h e  v o i d  s w e l l i n g  found i n  t h e  m a t r i x  d u r i n g  examinat ion of a TEY 
specimen c u t  from t h i s  t e n s i l e  specimen. 
be voids.  The c r y s t a l l o g r a p h i c  shape of t h e  vo ids  remains i n t a c t  w i t h o u t  any s i g n  of smearing, i n d i c a t i n g  
b r i t t l e  behav ior  i n  t h e  sur round ing m a t r i x .  The room temperature f r a c t u r e  mode was t h e r f o r e  designated 
“quasi -cleavage“. 

These spec i-  
As shown i n  F ig .  14, t h e  f r a c t u r e  was i n i t i a t e d  a t  

The f r a c t u r e  su r face  was f l a t  and pe rpend icu la r  t o  t h e  t e n s i l e  ax i s .  F a i n t  
High magn i f i ca t i on  p i c t u r e s  o f  l o c a l  reg ions  

The c a v i t i e s  i n  t h e  f r a c t u r e  sur face a re  t h e r e f o r e  be l i eved  t o  
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Fig. 4. Ultimate strength of First Core and N-lot A I S 1  316 steels tested at room temperature. The 
The N-lot heat does not begin to swell as soon as irradiation temperatures are shown beside each datum. 

First Core and does not exhibit an increase in ultimate strength. 
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F i g .  5. Ultimate strength of First Core steel tested at 205-232°C. Irradiation temperatures are 
shown beside each datum. 
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Fig. 7. D u c t i l i t y  of 20% c o l d  worked 316 ( F i r s t  Core) i r r a d i a t e d  t o  1.3 x l o z 3  n/cm2 ( E  > 0.1 
MeV) a t  38OOC. 

o et = 10 x 1022 nlcm2 
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Fig.  8. D u c t i l i t y  of 2oX c o l d  worked 316 ( F i r s t  Core) i r r a d i a t e d  a t  450-490'C. Neutron f l uences  a re  
g i ven  bes ide each P-53 datum. 
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i l e  specimens from P53. 
? a t  205OC (Specimen 2 ) .  c )  Channel f r a c t u r e  a t  460°C (Specimen 4) 
i n f t e s t  condi t ions  a r e  shown f o r  each specimen. 

a )  B r i t t l e  f r a c t u r e  a t  room temperature 



2 2 7  

20-  

10 

0 

60 
20% CW 316 STAINLESS STEEL 

IRRAO. 
SYMBOL TEMP.PCl - DUCT 

Jgg ?MA 
395 p6J 

- i 
410 p6J 

a 
0 
0 025 P U  

! I 

0 
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Fig. 1 1 .  Effect of test temperature on of irradiated 20% cold worked type 316 stainless steel.  
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F ig .  12. Ef fec t  of i r r a d i a t i o n  temperature on t h e  f r a c t u r e  toughness o f  i r r a d i a t e d  20% c o l d  worked 
t y p e  316 s t a i n l e s s  s t e e l .  
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Fig.  13. Effect  of neu t ron  f luence on t h e  f r a c t u r e  toughness of specimens obta ined from t h e  P53 
duct.  connected d a t a  p o i n t s  a re  obta ined from specimens i r r a d i a t e d  a t  t h e  temperature  shown ( " C )  b u t  
t e s t e d  a t  d i f f e r e n t  temperatures.  
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Fig. 14. a,b) Quasi-cleavage fracture of P53 tensile specimen 4a. c )  voids with their 
crystallographic shape intact in a high-magnification picture of a local region. 

The microstructure of the specimen prepared from the section adjacent &o the fracture surface exhibited 
little evidence of plastic deformation. There were no obvious deformation channels in this specimen. 
Occasionally, however, fine slip bands were found, as illustrated in the bright field micrograph shown in 
Fig. 15a. In dark field, however, a very high denZity of thin stacking fault plates or precipitates were 
observed throughout the specimen, as can be seen in Fig. 15b. Note that only one-fourth of these faults 
are imaged under the conditions employed to produce this micrograph. The streaks shown in the selected 
area diffraction pattern (inset, lower left) are without intensity maxima, indicating that these 
microstructural features are on the order o f  monolayers in thickness. 

tensile specimens, designate, 
nnularly by a shear mode. Smi 
ations of the facet surfaces, ._ , = _ _ _ A _  _ _ _ I  _ _ _ _  ..-:A- 2. 

numbers 2 and 4, tested a' 
red voids resulting from I 
roviding direct evidence I 
_ _ I  ._ A L -  c L z... 

Two other P53 d t 205 and 46OOC respectively, frac- 
tured transgr, ?a iislocation shearing were revealed at 
high magnific, P 3f channel fracture. Fig. 16 shows 
examples of the I ~ L B L ~  m u  ~ l ~ ~ r a r e ~  V V I W  routtu UII ~ r l r  ~ r a ~ ~ u r e  wrF.xe and also shows sheared voids found 
in deformation bands below the fracture surface. 

Burgers vector analyses were performed for the three deformed specimens shown in Fig. 9. 
systems were detected other than the ( 1 1 1 1  <110>, the ( 1 1 1 1  <112> partials and the ( 1 1 1 )  <112> twins norm- 
ally operating in fcc systems. Analysis of the various precipitates (MgC, N93Cg. 7 ' .  G-phase, etc.) were 
conducted for a variety of specimens from the high fluence P53 test and a lower fluence test designated 
P14. No dramatic changes were observed in precipitation behavior with increased fluence. Thus the large 
increase i n  hardening observed at high fluence cannot be attributed either to irradiation-induced preci- 
pitation or changes in dislocation substructure. 

No slip 



2 3 0  

Fig .  15. ( a )  Deformation bands i n  t h e  gage s e c t i o n  of P53 specimen 4A. (b )  Thin  s tack ing  f a u l t  
p l a t e s  on one s e t  o f  (111) p lanes i n  P53 specimen 4a. 
r evea l s  s t reaks  w i t hou t  maxima a r i s i n g  f rom t h e  t h i n  s tack ing  f a u l t  p l a t e s .  

The i n s e r t e d  l i m i t e d  area d i f f r a c t i o n  p a t t e r n  

Compact Tension Specimens 

Examinat ion of t h e  f r a c t u r e  surfaces of t h e  compact t ens ion  specimens f rom t h e  P53 duc t  revea led  t h a t  t h e  
precrack induced by room temperature f a t i g u e  e x h i b i t e d  c leavage- type growth. 
specimen e x h i b i t e d  quasi-cleavage f r a c t u r e  when t e s t e d  a t  room temperature and 205OC. 
a t  t h e  i r r a d i a t i o n  temperature, however, showed channel f r ac tu re .  Fractographs o f  t h e  precracked r e g i o n  
and t h e  t e s t e d  zone a re  g iven i n  Figs.  17, 18 and 19 f o r  specimens t e s t e d  a t  room temperature, 205% and 
410% respec t i ve l y .  
examinat ion of t h e  channe l ing  p a t t e r n s  on t h e  f r a c t u r e  sur face was n o t  conducted. 

Microscopy Disks 

Tab le  5 sumnarizes t h e  f a i l u r e  modes observed i n  manual ly  deformed microscopy d i s k s  f o r  a v a r i e t y  o f  
t i tan ium-mod i f ied  s t a i n l e s s  s t e e l s  i r r a d i a t e d  t o  h igh  f luence.  Since F i r s t  Core s t e e l  was used as a 
re fe rence f o r  t h e  eva lua t i on  of room temperature embr i t t lement ,  a few a d d i t i o n a l  specimens o f  F i r s t  Core 
were a l so  evaluated.  
unpol ished fragment o f  t h e  P53 duct. The two specimens rece i ved  a s i m i l a r  neut ron  f luence,  16 x 1022 n/cm2 
(E > 0.1 MeV). and both  were i r r a d i a t e d  a t  ~400°C. 
specimen and 3.9% f o r  t h e  P53 specimen. 

The po l i shed  TEM d i sk ,  46M7, was examined by microscopy and then purpose ly  cracked by impact, i.e., t h e  
f i n e  p o i n t  of a sharp p a i r  o f  tweezers was dropped on t h e  f o i l  sur face.  Cracks opened from t h e  p e r f o r a t e d  
f o i l  edge i n  a b r i t t l e  z ig- zag fashion as shown i n  F ig .  20. Each sawtooth o f  t h e  crack edge was a l i gned  
w i t h  a t w i n  p l a t e  i n  t h e  m a t r i x  as demonstrated i n  Fig.  21. Carefu l  examinat ion o f  t h e  t h i n  r e g i o n  a long 
t h e  c rack  p a t h  revea led  d i f f r a c t i o n  p a t t e r n s  corresponding t o  a bcc s t r u c t u r e .  The l a t t i c e  parameter o f  
t he  bcc s t r u c t u r e  deduced from the  d i f f r a c t i o n  p a t t e r n s  was a. = 0.29 nm, which i s  c l o s e  t o  t h e  l a t t i c e  
parameter of a - f e r r i t e  (0.286 nm). Da rk- f i e l d  p i c t u r e s  u s i n g  t h e  bcc d i f f r a c t i o n  spots  revea led  a t h i n  
l a y e r  of bcc m a t e r i a l  a long t h e  crack path, 20 t o  40 nm i n  width.  
a t h i n  bcc l a y e r  a long t h e  crack pa th  suggests t h a t  a s t ress- induced m a r t e n s i t i c  t r ans fo rma t i on  
(y+s-.a) may have occur red  a long t h e  crack path. EDX ana l ys i s  i n d i c a t e d  t h a t  t h e  m a t r i x  N i  con ten t  v a r i e d  

The f r a c t u r e  sur face  o f  t h i s  
The specimen t e s t e d  

Since t h e  f r a c t u r e  sur faces  were ox id i zed  d u r i n g  heat  t i n t i n g ,  h i g h  m a g n i f i c a t i o n  

These were an e l e c t r o p o l i s h e d  d i s k  designated 46M7 f rom t h e  AA1 experiment and an 

The measured v o i d  s w e l l i n g  was 3.5% f o r  t h e  46M7 

Examples a re  g iven i n  F ig .  22. F i n d i n g  
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Fig. 16. High M a g n i f i c a t i o n  SEM P i c t u r e s  of t h e  Channel Faceted Surface and a TEM P i c t u r e  of 
Deformation Bands Reveal ing Sheared Voids i n  P53 Specimen 4 Tested a t  46OOC. 

f r o m  9 t o  12 wt%, which i s  n o t  low enough f o r  t h e  7 m a t r i x  t o  t h e r m a l l y  t r a n s f o r m  i n t o  f e r r i t e .  
Furthermore, no bcc phase was detected i n  t h e  t h i n  f o i l  before i t  was damaged. 

The same TEM d i s k  was then  broken i n  h a l f  by bending and i t s  f r a c t u r e  su r face  examined i n  t h e  scanning 
e l e c t r o n  microscope. Th is  revea led  t h a t  f a i l u r e  i n  t h i n  reg ions  o f  t h e  f o i l ,  where t h e  m a t e r i a l  i s  essen- 
t i a l l y  a s i n g l e  c r y s t a l ,  was quasi- cleavage i n  nature. o c c u r r i n g  a long t w i n  boundaries. The f r a c t u r e  mode 
changed t o  channel f r a c t u r e  imned ia te l y  a f t e r  t h e  crack met a g r a i n  boundary on i t s  way i n t o  a t h i c k e r  
r e g i o n  o f  t h e  f o i l .  

A f ragment o f  t h e  P53 duc t  specimen was broken by  bending t o  v e r i f y  t h e  f r a c t u r e  mode observed i n  specimen 
46M7. The fragment was clamped a t  one end i n  a smal l  v i s e  t o  form a c a n t i l e v e r  and then a smal l  p i e c e  o f  
m a t e r i a l  was broken f rom t h e  f r e e  end by  push ing and s t r i k i n g  i t  w i t h  t h e  manipu la tor .  The f r a c t u r e  su r-  
f a c e  showed channel f r a c t u r e ,  c o n s i s t e n t  with t h e  r e s u l t s  ob ta ined  on specimen 46M7. Microscopy conducted 
on a t h i n  f o i l  prepared from t h i s  fragment revea led  a m a r t e n s i t i c  t rans fo rmat ion  i n  some o f  t h e  g r a i n s  as 
shown i n  Fig. 23. 
specimens t e s t e d  a t  room temperature. Deformation t w i n s  found i n  some of t h e  g r a i n s  shown i n  Fig. 24 had 
t h e  same appearance as t h e  F phase e a r l i e r  r e p o r t e d  t o  fo rm i n  t h e  absence o f  r a d i a t i o n  i n  deformed 304 
s t a i n l e s s  s tee l .$ '  

No bcc phase was found i n  t h i n  f o i l s  prepared f rom t h e  gage s e c t i o n  o f  t e n s i l e  
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F i g .  18. Cleavage f r a c t u r e  i n  f a t i g u e  precrack reg ion  and quasi- cleavage f r a c t u r e  i n  t e s t e d  zone of 
a P53 compact tens ion  specimen t e s t e d  a t  205OC. 

F i g .  19. Cleavage f r a c t u r e  i n  f a t i g u e  precrack reg ion  and channel f r a c t u r e  i n  t e s t e d  zone of a P53 
compact tens ion  specimen t e s t e d  a t  395OC. 
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Fig .  20. B r i t t l e  cracks produced a t  room temperature i n  a p re th inned F i r s t  Core TEM d i s k  designated 
46M7. 

Sumnary o f  F a i l u r e  Modes 

Whereas t h e  t e n s i l e  d a t a  seemed t o  i n d i c a t e  an abrupt  change f rom channel f a i l u r e  t o  quasi- c leavage f a i l -  
u r e  when t h e  t e s t  temperature f e l l  t o  room temperature, t h e  r e s u l t s  o f  t h e  compact t ens ion  and microscopy 
d i s k  s tud ies  show t h a t  t h e  s i t u a t i o n  i s  somewhat more complex. The F i r s t  Core s t e e l  n o t  o n l y  changes i t s  
f r a c t u r e  mode as a f u n c t i o n  o f  neut ron  f l uence  and t e s t  temperature, b u t  a l so  as a f u n c t i o n  of t h e  s t r e s s  
s t a t e  and t h e  na tu re  of t h e  c o n s t r a i n t s  imposed on t h e  deforming volume. 

Consider t h e  va r i ous  f a i l u r e  modes observed a t  room temperature. 
t h r e s h o l d  s t r e s s  i n  t h e  precracked zones and by quasi-cleavage i n  t h e  t e s t e d  zone of compact t ens ion  
specimens. 
h o l e  o f  a microscopy d i s k .  
p o i n t  encountered d i f f e r e n t  c o n s t r a i n t s  i n  c ross ing  a g r a i n  boundary. 
hand, caused o n l y  channel f r a c t u r e  t o  occur. 

Channel f r a c t u r e  a l s o  occur red  i n  t h e  t i tan ium- modi f ied  s tee l s ,  even though t h e  phase e v o l u t i o n  of these  
s t e e l s  i s  somewhat more complex than t h a t  o f  unmodi f ied s t e e l s  and s w e l l i n g  i s  delayed by  t h i s  d i f f e rence  
i n  evo lu t i on .  

F a i l u r e  occur red  by c leavage a t  l ow  

Quasi- c leavage was a l so  observed i n  t e n s i l e  t e s t s  and i n  t h e  t h i nned  r e g i o n  ad jacent  t o  t h e  
I n  t h e  l a t t e r  case t h e  f a i l u r e  mode changed t o  channel f r a c t u r e  as t h e  crack 

Bending of d isks ,  on t h e  o t h e r  
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F i g .  21. Crack t e e t h  a l igned  w i t h  twins in t h e  mat r i x  in specimen 46M7 ( a )  b r i g h t - f i e l d ,  (b )  
d a r k- f i e l d .  



F i g .  22. a- Mar tens i te  l a y e r  observed along t h e  crack pa th  i n  46117. The i n s e r t e d  d i f f r a c t i o n  
p a t t e r n s  a r e  <111> p a t t e r n s  of a bcc l a t t i c e .  
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Fig. 23. Martensitic material and its associated diffraction pattern observed in a P53 duct fragment 
deformed at room temperature. 



Fig. 24. Deformation twins observed in the P53 duct that appear 
(top) bright-field, (bottom) dark-field picture of the same area. to be e-Martensite. 
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@is. 25. Channel fracture observed on microscopy disks of various austenitic alloys irradiated in i 
EBR-It. These disks were broken manually at room temperature. 

The amount of channel fracture appears to be related to the amount of swelling. 
comparable levels of faceting on the fracture surface require higher fluences for the LS2 and D18 steels 
which swell later than the 316 and LS1 steels. 
each correlate with the nickel level of the steel. 

A Proposed Model for the Changes in Fracture Mode 

The results of these and other studies"-" show that the development of both channel fracture and 
quasi-cleavage is associated with the concurrent development of significant levels of swelling. Both 
swelling and the changes in failure mode are retarded by cold-work, increases in nickel content (304 vs 
316 stainless, 018 vs LS2) and the addition of solutes (316 vs LS1). The current study also indicates 
that a deformation-induced martensite transformation plays a large role in hardening the alloy and thus 
contributing to Its precipitous decrease in tearing resistance. 

It appears that it is possible to link these two factors in a model that will explain the results of this 
study. 
fracture to quasi-cleavage as the temperature is lowered. 

The link between martensite formation and the onset of rapid void swelling is proposed to lie in the 
radiation-induced changes in composition that occur on a microscopic scale. 

Note in Fig. 25 that 

It also appears that the amounts of swelling and faceting 

Such a model will have its most severe test in providing an explanation for the shift from channel 

This microchemical evolution 
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r e s u l t s  i n  t h e  p rogress ive  removal o f  a l a r g e  f r a c t i o n  o f  t h e  n i c k e l  and most o f  t h e  s i l i c o n  frc 
a l l o y  m a t r i x  i n t o  a v a r i e t y  of p r e c i p i t a t e s  such as I' ( N i 3 S i )  and G-phase."-" N icke l  and s i 1  
have a l a r g e  e f f e c t  on vacancy d i f f u s i v i t y  and t h e i r  removal f r o m  s o l u t i o n  increases t h e  supersa 
o f  vacancies, thus  promoting v o i d  It has been shown t h a t  i r r a d i a t i o n  of 316 st  
s t e e l  i n  a v a r i e t y  of c o n d i t i o n s  always leads t o  a r e d u c t i o n  i n  t h e  m a t r i x  n i c k e l  con ten t  t o  w94 
S i m i l a r  behav ior  has been observed i n  t i t a n i u m  and phosphorus-modif ied s tee ls ,  where t h e  onset  o 
s w e l l i n g  has a l s o  been c o r r e l a t e d  w i t h  t h e  drop i n  n i c k e l  content." ,'' 

Once formed, however, vo ids  s t r o n g l y  segregate n i c k e l  a t  t h e i r  su r face  v i a  t h e  i n v e r s e  K i rkenda l  
i n  which t h e  s lowest  d i f f u s i n g  elements segregate by  d e f a u l t  a t  t h e  bottom o f  vacancy g rad ien ts .  
Thus, as vo ids  become t h e  dominant f e a t u r e  of t h e  m ic ros t ruc tu re ,  t h e  spaces between them become 
i n c r e a s i n g l y  dep le ted  i n  n i c k e l  and enr iched i n  chromium. I n  severa l  i r r a d i a t i o n  exper iments i n  
l ow n i c k e l  l e v e l s  and l a r g e r  than average s i l i c o n  l e v e l s ,  t h e  m a t r i x  d e p l e t i o n  has been so s t r o n  
cause t h e  r e g i o n  between vo ids  t o  t ransform t o  massive f e r r i t e ,  l e a v i n g  o n l y  t h e  vo ids  coated w i  

The f a u l t  s t r u c t u r e  t h a t  occurs on (111) planes i n  f c c  a l l o y s  i s  i d e n t i c a l  t o  t h a t  of t h e  hcp E -  

i n v o l v e d  i n  t h e  y-r-ra t rans fo rmat ion  of a u s t e n i t e  t o  f e r r i t e .  A drop i n  s t a c k i n g  f a u l t  energy 
predisposes t h e  a l l o y  toward t h i s  t rans fo rmat ion .  Whi le  s i l i c o n  and o ther  so lu tes  i n f l u e n c e  son 
s t a c k i n g  f a u l t  energy (SFE) of a u s t e n i t i c  alloys," ," chromium and p a r t i c u l a r l y  n i c k e l  have a v 
1 arge i nf 1 uence . 
As s h w n  i n  Table 6, Latan ison and Ru f f"  have demonstrated t h a t  t h e  s t a c k i n g  f a u l t  energy a t  r c  
temperature  o f  F e - l k r - X N i  a l l o y s  drops 31% when X decreases from 15.9 t o  10.7%. Le r o i s e y  and 
noted t h a t  i n  s imple t e r n a r y  a l l o y s  t h e  SFE a t  room temperature f e l l  from 45 ergs/cm5 i n  Fe-14.1 
t o  24 ergslcn? i n  Fe-12.5Ni-15.9Cr. Bampton and coworkers" and Rhodes and Thompson'' conf i rm t 
i n f l u e n c e  o f  n i c k e l  and chromium on SFE, w i t h  t h e  l a t t e r  s t a t i n g  t h a t  SFE i n  mJ/m2 = 17.0 + 2.29 
-0.9 (C r )  f o r  a l l o y s  w i t h  r e l a t i v e l y  low chromium l e v e l s .  

Table 6. Stack ing f a u l t  energy (SFE) o f  Fe-Cr-Ni a l l o y s  as f u n c t i o n  o f  
temperature and composit ion'*  

T, O C  N i ,  w t  % Cr ,  w t  % SFE, mJIm2 

25 10.7 18.3 16.4 

25 15.9 18.7 23.6 
44% d i f f e r e n c e  

325 10.7 

325 15.9 

18.3 30.4 

18.7 31.8 
5% d i f f e r e n c e  

Table 6 shows one o t h e r  ve ry  impor tan t  f a c t o r  t h a t  must be taken i n t o  cons ide ra t ion .  As noted b 
Latan ison and R u f f"  as w e l l  as Lec ro isey  and Thomas," t h e  s tack ing  f a u l t  energy increases w i t h  
temperature b u t  n o t  a t  t h e  same r a t e  i n  each a l l o y .  Table 6 shows t h a t  t h e  increase i n  SFE a t  3 
o n l y  5% when t h e  n i c k e l  l e v e l  increases from 10.7 t o  15.9%, w h i l e  a t  room temperature a comparab 
inc rease  i n  n i c k e l  y i e l d s  an increase o f  44%. 

T h i s  p rov ides  a p o s s i b l e  exp lana t ion  of why t h e  format ion o f  E m i c r o p l a t e l e t s  such as shown i n  F 
i s  so much more pronounced i n  t h e  t e n s i l e  t e s t s  conducted a t  room temperature. 
s t r e n g t h  l a r g e r  a t  t h e  lower  temperature b u t  t h e  impact o f  t h e  reduced m a t r i x  n i c k e l  l e v e l s  i s  m 
a t  room temperature. 
segregat ion i s  n o t  so pronounced. Thus more l o c a l i z e d  deformat ion (channels) i s  p e r m i t t e d  b e f o r  
s i t e  format ion and i t s  assoc ia ted embr i t t l ement  occurs.  

If t h i s  model i s  c o r r e c t ,  t h e  e f f e c t  of vo ids on hardening i s  more i n d i r e c t  than d i r e c t .  The i n ,  
hardening a t t r i b u t a b l e  t o  t h e  vo ids themselves i s  overshadowed by  t h e i r  i n f l uence  on m a t r i x  comp 
and t h e  subsequent format ion of mar tens i te .  Whereas vo ids,  d i s l o c a t i o n s  and Frank loops  represei 
e x i s t i n g  hardening obstac les,  t h e  m a r t e n s i t e  b a r r i e r s  a r e  probably  formed w i t h i n  t h e  0.2% o f f s e t  
de f ine  t h e  y i e l d  s t reng th .  AS t h e  m a r t e n s i t e  b a r r i e r s  develop, t h e  l o c a l  hardening p robab ly  s h i j  

Not o n l y  i s  t h e  

A t  h i g h e r  temperatures t h e  s tack ing  f a u l t  energy i s  h i g h e r  and t h e  impact 
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deformat ion t o  o t h e r  areas. When t h e  e n t i r e  gage l e n g t h  i s  hardened, f a i l u r e  f o l l o w s  v i r t u a l l y  immedi- 
a t e l y  t h e r e a f t e r  and t h e  ex tens i ve  Y/E boundar ies p r o v i d e  low energy paths  f o r  c rack  propagat ion.  T h i s  
e x p l a i n s  how t h e  t e a r i n g  modulus can decrease so s t r o n g l y  w i t h  neut ron f luence w h i l e  t h e  f r a c t u r e  
toughness does n o t  dec l i ne .  

Conclusions 

An impor tan t  conc lus ion  o f  t h i s  s tudy  i s  t h a t  t h e  t e n s i l e  s t r e n  th ,  d u c t i l i t y  and f r a c t u r e  toughness of 
20% cold-worked AIS1 316 a t  f luences on t h e  o r d e r  of 15-18 x 1092 n/cm2 ( E  > 0.1 MeV) a re  s u f f i c i e n t  t o  
p e r m i t  t y p i c a l  i n - r e a c t o r  opera t ions.  However, ca re fu l  hand l i ng  must be employed i n  p o s t - i r r a d i a t i o n  
hand l i ng  ope ra t i ons  conducted o u t  o f  r e a c t o r  a t  much lower temperatures.  

The severe embr i t t l emen t  observed a t  low temperatures i s  thought  t o  be an i n d i r e c t  consequence of t h e  
onset of r a p i d  v o i d  swe l l i ng .  The n i c k e l  t h a t  segregates t o  v o i d  sur faces v i a  t h e  i nve rse  K i r k e n d a l l  
e f f e c t  f u r t h e r  dep le tes  a m a t r i x  a l ready  reduced by  ex tens i ve  rad ia t i on- induced  c o p r e c i p i t a t i o n  of n i c k e l  
and s i l i c o n .  
s u b s t a n t i a l  decrease i n  s tack ing  f a u l t  energy and causes ex tens i ve  format ion of E-martensi te m ic rop la te -  
l e t s .  
a t t a i n e d  a t  much lower f luence.  The Y/E boundar ies a l s o  p rov ide  a low energy pa th  f o r  c rack  propaga- 
t i o n ,  reduc ing t h e  t e a r i n g  modulus t o  near zero  and produc ing a ve ry  b r i t t l e  f a i l u r e  mode r e f e r r e d  t o  as 
quasi-cleavage. 

A t  h i g h e r  deformat ion temperatures t h e  i n f l uence  of n i c k e l  segregat ion on s t a c k i n g  f a u l t  energy i s  much 
l e s s  pronounced and l a r g e  l e v e l s  o f  f l o w  l o c a l i z a t i o n  a re  r e q u i r e d  be fo re  f a i l u r e  occurs. In t h i s  case 
f a i l u r e  occurs a long t h e  f l ow  l o c a l i z a t i o n  paths,  commonly re fe red  t o  as channels. 
as f a c e t s  on t h e  f r a c t u r e  surface. 

The l o s s  o f  n i c k e l  and t h e  i nc rease  i n  chromium i n  t h e  r e g i o n  between vo ids  leads t o  a 

These harden t h e  m a t r i x  so as t o  increase t h e  s t r e n g t h  s u b s t a n t i a l l y  above t h e  " s a t u r a t i o n  l e v e l s "  

These channels s u r v i v e  

FUTURE WORK 

T h i s  e f f o r t  w i l l  cont inue, concen t ra t i ng  nex t  on bcc a l l o y s .  
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CHARPY IMPACT PROPERTIES OF V-15Cr-5Ti - N.  S. Cannon, M. L. Hamilton and A. M. Ermi (Westinghouse Hanford 
Company) 

OBJECTIVE 

The object o f  this effort is to determine the influence of composition, heat treatment and irradiation 
conditions on the impact properties of vandium-based low activation alloys. 

SUMMARY 

Impact tests have been completed on unirradiated one-third size Charpy specimens of V-15Cr-5Ti. The 
ductile-to brittle transition temperature was unexpectedly high, on the order of 130'C. Irradiation of 
this alloy in FFTF-MOTA in lithium-filled TZM subcapsules has also been completed at 385, 4 2 0 ,  520, and 
600'C. with damage levels ranging from 10 to 30 dpa. Impact tests on these specimens are now being 
planned. 

PROGRESS AND STATUS 

Introduction 

Vanadium alloys are currently being considered for use in fusion reactors for first wall and blanket 
applications on the basis of both-low activation considerations and the increase in operating temperature 
achievable over that available with the use of ferritic steels.1 

V-15Cr-5Ti in the annealed condition (1200'C11.0 hrlair cool) was irradiated in FFTF-MOTA to doses 
ranging from 10 to 30 dpa. 
520 ,  and 600'C. 

The specimens were maintained in lithium-filled TZM subcapsules at 385, 420, 

The specimens were removed from the subcapsule, cleaned at Argonne National Laboratory, and are now 

Both TEM disks and one-third size Charpy specimens were employed. 

ready for density measurements and impact testinq in air at HEDL. 
presented elsewhere.2 

Details of the test procedure are 

Results 

The impact tests on the unirradiated specimens are complete. 
brittle transition temperature was unexpectedly high, on the order of 130'C. 
irradiation will lead to a higher transition temperature, and impact tests on these specimens must he very 
carefully conducted to prevent accidental breakage and to avoid damaging the temperature-limited drop 
tower. 

As shown in Fig. 1, the ductile-to- 
It is anticipated that 

Future Work 

Impact tests and density measurements on the irradiated material will commence shortly. 
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PREPARATION AND FABRICATION OF VANAOIUM BASE ALLOYS - A. G. Hins and H. R. Thresh (Argonne Nat iona l  
Laboratory)  

OBJECTIVE 

Two o b j e c t i v e s  are  focused upon du r ing  execut ion o f  t h e  vanadium a l l o y  m a t e r i a l s  f a b r i c a t i o n  task.  
They are :  ( i )  t o  supply f a b r i c a t e d  vanadium a l loy  sheet and bar  s tock f o r  m a t e r i a l  p r o p e r t i e s  t e s t i n g  by 
exper imenters a c t i v e  i n  o t h e r  tasks  o f  t he  development program and ( i i )  t o  eva lua te  t h e  i n f l uence  of 
process v a r i a b l e s  on t h e  mechanical p r o p e r t i e s  of se lec ted  vanadium a l l o y s .  Both o b j e c t i v e s  are  met by 
f a b r i c a t i n g  var ious a l l o y  m a t e r i a l s  w i t h  c o n t i n u a l l y  upgraded process operat ions,  which are  rev i sed  
through feedhack frc in t h e  r e s u l t s  obta ined on prev ious f a b r i c a t i o n  runs. Work on t h e  second o b j e c t i v e  i s  
augmented by an extens ive review o f  f a b r i c a t i o n  h i s t o r i e s  on p r i o r  vanadium a l l o y  p roduc t ion  done f o r  t h e  
LMFBR program. In f l uence  o f  i n t e r s t i t i a l  content  on f a b r i c a b i l i t y  o f  t h e  va r ious  a l l o y s  i s  being s tud ied  
and i s  used as a screening t o o l  i n  support o f  t h e  m a t e r i a l s  t e s t i n g  program. 
focused on t h e  V-15Cr-5Ti and V-1OCr-5Ti a l l o y s .  Work has begun on o the r  a l l o y s  of t h e  V- C r - T i ,  V- Ti  and 
V-Ti-Si a l l o y  systems. 
Teledyne Wah Chang Albany. 

E f fo r t s  t o  date  have been 

The work a l so  prov ides f o r  t h e  c o n t i n u a t i o n  of complementary a c t i v i t y  ongoing a t  

SUMMARY 

Past repo r t s  d e t a i l e d  t h e  design and s t a r t u p  o f  a f a b r i c a t i o n  process f lowsheet.  The planned 
f a h r i c a t i o n  methods were used t o  process a 13 Kg q u a n t i t y  of V-15Cr-5Ti a l l o y .  
approach, a 2.6 Kg dual  l o t  o f  V-1OCr-5Ti a l l o y  was conso l idated,  consumable arc melted, ex t ruded and 
f i n a l  r o l l e d  t o  customer s p e c i f i e d  shapes and s izes du r ing  t h i s  r e p o r t i n g  per iod.  The pr imary  products  
were 0.035" and 0.020'' sheet f o r  t e n s i l e  t e s t s  and 0.140" s tock f o r  charpy bar t e s t s ,  Add i t i ona l  sheet 
and bar  m a t e r i a l  has been f a b r i c a t e d  from p r e v i o u s l y  c a s t  a l l o y s  of V - Z O T i ,  V-7.5Cr-15Ti and V-3Ti-1Si. 

Adopting t h e  same 

I n  a d d i t i o n ,  t h i s  e f f o r t  p rov ides f o r  c o r r e l a t i o n  o f  complementary f a b r i c a t i o n  work on V-12Cr-5Ti 
and V-1OCr-1OTi a l l o y s  a t  Teledyne Wah Chang Alhany. 

PROGRESS AND STATUS 

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

The processing steps o u t l i n e d  i n  t h e  ANL rev i sed  f lowsheet( ' )  f o r  t h e  f a b r i c a t i o n  of V-15Cr-5Ti 
However, t he  e x t r u s i o n  a l l o y .  have been used t o  produce two b i l l e t s ,  dual l o t ,  o f  V-1OCr-5Ti a l l o y .  

f lowsheet was rev i sed  t o  a l l o w  p roduc t ion  o f  smal l ,  1.3 Kg, b i l l e t s  on a 350 t o n  v e r t i c a l  e x t r u s i o n  
press. I n  t h i s  case a much h ighe r  e x t r u s i o n  r a t i o ,  12: l  vs t h e  prev ious 4:1, was employed t o  e f fec t  a 
h i g h  pr imary  breakdown working operat ion.  

A1 1 oy Processing 

I n  a t tempt ing  t o  opt imize t h e  number o f  a l l o y  composi t ions synthesized w i t h  t h e  amount of m a t e r i a l  
produced i n  each a l l o y  cyc le ,  heat s i z e  i s  being reduced t o  increase t h e  breadth  o f  compos i t iona l  v a r i -  
ables t h a t  can be s tud ied.  Hence t h e  e x t r u s i o n  p a r t  of t he  process f low has been moved from t h e  1250 t o n  
Lake E r i e  Press t o  t h e  350 t o n  Lombard Press. 

A t o t a l  o f  e leven 4-1/2" l ong  c o n s o l i d a t i o n  bars were made by D.C. plasma arc me l t i ng .  A 3-melt 
The f i n i s h e d  bars were j o i n e d  by T I G  c y c l e  was used t o  op t im ize  homogeneity o f  major c o n s t i t u e n t s .  

we ld ing i n  an i n e r t  atmosphere t o  produce a 49" l ong  consumable m e l t i n g  e lec t rode .  
melted i n t o  a 2" water coo led copper mold. The r e s u l t a n t  11-1/2" i n g o t  was c u t  i n  h a l f  and t h e  p ieces 
machined t o  1.74" diameter f o r  e x t r u s i o n  stock.  Seven-inch long s t a i n l e s s  s t e e l  cans were loaded with 
t h e  b i l l e t s  and sealed by arc welding. 
e x t r u s i o n  press c o n t a i n e r  was heated t o  475OC. 
which prov ided a c a l c u l a t e d  e x t r u s i o n  r a t i o  of 11.8:l. 
d ie .  

a t  t h e  ex t ruded bar  temperature l e f t  a minimal r e s u l t .  A f t e r  coo l i ng ,  t h e  s t a i n l e s s  s t e e l  c l a d  was 
s t r i p p e d  from t h e  vanadium a l l o y  bars us ing  mechanical p e e l i n g  techniques. A "wash" p a r t i n g  compound, 
app l i ed  t o  t h e  b i l l e t  before assembly, aided t h e  s t r i p p i n g  operat ion.  

A f t e r  a vacuum anneal o f  one hour a t  850°C, f i n a l  r o l l i n g  operat ions on t h e  V-1OCr-5Ti a l l o y  were 

This was vacuum arc 

A 2-hour soak a t  1125°C preceded the  e x t r u s i o n  run and t h e  
Ex t rus ion  AM205 was made through a 1" x 1/4" bar  d ie ,  

Ex t rus ion  AM206 was made through a 5/16" x 314" 

An a t tempt  was made t o  hot  s t r a i g h t e n  t h e  bowed e x t r u s i o n  bars.  However, extreme m a t e r i a l  toughness 

conducted a t  room temperature. 
t h a t  l e d  t o  a f i n a l  product c o l d  work of 50%. 
This p a r t i c u l a r  a l l o y  d i d  not  e x h i b i t  t h e  " a l l i g a t o r "  c rack ing  problems du r ing  r o l l i n g  t h a t  were 
exper ienced w i t h  the  V-15Cr-5Ti a l l o y .  

Dur ing sheet r o l l i n g .  i n te rmed ia te  vacuum anneals were used i n  a sequence 
F in i shed  m a t e r i a l  hardness was i n  t h e  range o f  RA 60-64. 

The breakdown o f  t h e  c a s t  s t r u c t u r e  a t  t h e  ho t  working stage, 



P 

which i n h e r e n t l y  used t h e  compressive mode o f  t he  e x t r u s i o n  process, c o n t r i b u t e d  t o  t h i s  s i t u a t i o n .  
U l t r a s o n i c  examinat ions were run on a l l  product sheets and no i n t e r n a l  l am ina t ions  o r  o the r  f l aws  were 
found. 
t h i n n e r  feed bar  f o r  f i n a l  r o l l i n g ,  a conc lus ion  was made t h a t  t h e  V-1OCr-5Ti pe rm i t s  a h ighe r  l e v e l  o f  
f a h r i c a t i o n  management t o  be a t t a i n e d  when compared t o  t h e  V-15Cr-5Ti m a t e r i a l .  

Although t h i s  a l l o y  f a b r i c a t i o n  sequence invo lved  a l a r g e r  breakdown e x t r u s i o n  r a t i o  and a 

M a t e r i a l  Charac te r i za t i on  

A n a l y t i c a l  chemis t ry  work has not  been completed on t h e  V-1OCr-5Ti a l l o y  product  t o  date. However, 
such analyses a re  planned f o r  t h e  next repo r t .  

p roducts  have been c a r r i e d  out i n  t h e  l o n g i t u d i n a l  and t ransve rse  modes. 
r e c r y s t a l l i z e d  equiax s i n g l e  phase a l l o y  d ispersed w i t h  occasional  elongated g r a i n s  resembl ing a s t r i n g e r  
format ion i s  observed. It i s  known t h a t  such s t r i n g e r s  are  not  due t o  c o n s t i t u t i o n a l  inhomogeneit ies 
w i t h i n  t h e  s t r u c t u r e .  A t y p i c a l  s t r u c t u r e  o f  a l o n g i t u d i n a l  sec t i on  from e x t r u s i o n  AM206 i s  recorded i n  
F igu re  1. Although t h e  general  s t r u c t u r e  i s  s i m i l a r  t o  V - l S C r - S T i ,  t h e  V-1OCr-5Ti d i sp lays  an almost 
complete ahsence of a dark round p r e c i p i t a t e  found i n  t h e  h igh  C r  a l l o y  i n  a zoned d i s t r i b u t i o n  
pa t te rn .  Th is  
s t r u c t u r e  i s  t y p i c a l  o f  a h e a v i l y  deformed s i n g l e  phase equiax g r a i n  a l l o y .  

Me ta l l og raph ic  examinat ion o f  samples from t h e  two ex t rus ions ,  AM205 and AM206, and f i n a l  sheet 
I n  the  ex t ruded s ta te ,  a 

The m i c r o s t r u c t u r e  from 50% c o l d  worked a l l o y  from e x t r u s i o n  AM205 i s  shown i n  F igu re  2 .  

FUTURE WORK 

F u r t h e r  c h a r a c t e r i z a t i o n  work on t h e  V-1OCr-5Ti a l l o y  w i l l  be pursued e s p e c i a l l y  t o  def ine t h e  
o v e r a l l  chemis t ry  of t h i s  m a t e r i a l .  Proper ty  measurements of p r e v i o u s l y  f a b r i c a t e d  a l l o y s  w i l l  be 
reviewed t o  pe rm i t  t he  next a l l o y  cand idate  t o  be i d e n t i f i e d .  
f a b r i c a t i o n  e f f o r t s  t o  commence. 

This a l l o y  s e l e c t i o n  w i l l  a l l o w  i n i t i a l  

F igu re  1. M i c r o s t r u c t u r e  of Extruded V-1OCr-5Ti A l l o y  Bar (AM206), Magn i f i ca t i on  X100, Long i tud ina l  
Sect ion 
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Figure  2. M icrost ruc ture  of Cold Ro l led  (50% C.W.) V-1OCr-5Ti A l loy  Sheet, Magni f ica t ion  XZOO, 
Longitudinal  Section. 

REFERENCES 

1. A. 6.  Hins and H. R. Thresh, "Prepara t ion  and F a b r i c a t i o n  of Vanadium Base Al loys,"  pp. 73- 71 i n  
A l loy  Development for  I r r a d i a t i o n  Performance: Semiannua.1 Progress Report f o r  Per iod Ending March 31. - 1986, DOE/ER-0045 , Oak Ridge Nat ional  Lahoratory,  Oak Ridge, TN, Sept. 1986. 



2 5 0  

OF HEAT TREATMENT AND IMPURITY CONCENTRATION ON THE TENSILE DEFORMATION OF UNIRRADIATEO AND 
&TED VANRDIUM ALLOYS - B.A. Loomis, R. H. Lee, and D. L. Smith (Argonne Nat ional  Laboratory)  

I YE 

he o b j e c t i v e  o f  t h i s  research i s  t o  p r o v i d e  guidance on the a p p l i c a b i l i t y  o f  vanadium-base a l l o y s  f o r  
u r a l  components i n  a fus ion  r e a c t o r .  

Y 

he e f f e c t  of hea t  t rea tmen t  and oxygen, n i t rogen ,  carbon, and hydrogen i m p u r i t i e s  on t h e  y i e l d  
th, u l t i m a t e  t e n s i l e  s t rength,  d u c t i l i t y ,  and f r a c t u r e  mode fo r  t h e  V - l S C r - S T i ,  V - lPCr -ST i ,  V-15Ti- 

V-ZOTi, and V-3Ti-1Si a l l o y s  was determined from t e n s i l e  t e s t s  a t  20°C. 
i n  t h e  f u l l y  r e c r y s t a l l i z e d  c o n d i t i o n ,  t h e  r e s u l t s  showed t h a t  f o r  the a l l o y s  t o  e x h i b i t  d u c t i l e  

r e  on t e n s i l e  deformat ion a t  ZO'C, t hey  must be annealed i n  vacuum ( r a t h e r  than i n  a r g o n - f i l l e d  
es) and c o n t a i n  800-900 ppn oxygen. The V-20Ti and V-3Ti-1Si a l l o y s ,  which c o n t a i n  800-900 ppn 
, e x h i b i t e d  d u c t i l e  f r a c t u r e  a f t e r  a r e c r y s t a l l i z a t i o n  anneal i n  vacuum as w e l l  as i n  a r g o n - f i l l e d  
es. 
u s c e p t i b l e  t o  hydrogen embr i t t l ement .  The y i e l d  s t r e n g t h  o f  vanadiun a l l o y s ,  which were s i m i l a r l y  
ed i n  vacuun and conta ined comparable oxygen concen t ra t ion  1800-900 ppm), increased w i t h  an increase 
combined t i t a n i u n  and ch romim concent ra t ion.  
a l t e r e d  by t h e  change i n  a l l o y  composit ion. 

a ted a l l o y s ,  i t  was concluded t h a t  t h e  V-3Ti-1Si and V-20Ti a l l o y s  were n o t  i n t r i n s i c a l l y  more 
ant  to hardening and embr i t t l ement  on neut ron i r r a d i a t i o n  than t h e  V-15Cr-5Ti a l l o y .  

I n  t h e  case o f  t h e  V- Cr- T i  

These r e s u l t s  were i n t e r p r e t e d  as evidence t h a t  vanadiun a l l o y s  c o n t a i n i n g  chromiun s o l u t e  are 

The t o t a l  e longa t ion  of these a l l o y s  was n o t  s i g n i f i -  
On t h e  b a s i s  o f  m i c r o s t r u c t u r e s  obta ined f r a n  i on -  

SS AND STATUS 

u c t i o n  - 
he vanadiun-base a l l o y s  a r e  cons idered t o  be p o t e n t i a l l y  use fu l  m a t e r i a l s  f o r  s t r u c t u r a l  canponents i n  
e t i c  fus ion  reac to r .  However, s u b s t a n t i a l  developnent work i s  r e q u i r e d  t o  determine t h e  e f f e c t s  t h a t  
i t i o n ,  thermo-mechanical t reatment,  process ing v a r i a b l e s ,  i m p u r i t y  concen t ra t ion ,  i r r a d i a t i o n ,  and 
a1 envirorment have on the p r o p e r t i e s  o f  candidate a l l o ys .  I n  t h i s  r e p o r t ,  we present  t h e  r e s u l t s  o f  
e s t i g a t i o n  on the e f f e c t  o f  hea t  t rea tmen t  and i m p u r i t y  concen t ra t ion  on the y i e l d  s t ress,  u l t i m a t e  
? s t rength,  and d u c t i l i t y  o f  several  candidate vanadium-base a l l o y s  a t  20°C. These t e n s i l e  r e s u l t s  
? m i c r o s t r u c t u r e s  o f  t h e  i o n - i r r a d i a t e d  a l l o y s  p rov ide  i n s i g h t  i n t o  the anomalous embr i t t l emen t  o f  t h e  
-5Ti a l a y  i n  canpar ison t o  t h e  d u c t i l i t y  e x h i b i t e d  by t h e  V-20Ti and V-3Ti-1Si a l l o y s  a f t e r  neut ron 
a t i on .  1 
n l s  and procedure 

? m i l e  specimens o f  vanadiun a l l o y s  w i t h  t h e  composi t ions l i s t e d  i n  Table  1 were ob ta ined  f rom sheet 
t h a t  had undergone a 50% r e d u c t i o n  i n  th ickness.  

?nts:  

The t e n s i l e  specimens were 1/3 ASTM standard s i z e  
th i ckness  o f  0.76 mn. The a s- f a b r i c a t e d  t e n s i l e  specimens rece ived  one of t h e  f o l l o w i n g  heat  

- 1 h a t  
- 1 h a t  
- 1 h a t  
- 1 h a t  
- 1 h a t  
- 1  h a t  
- 1 h a t  
- 1 h a t  

1125'C i n  vacuun 12 x Pa); 
1125OC i n  a r g o n - f i l l e d  capsule + 10 min a t  1125OC i n  vacuum; 
1125'C i n  a r g o n - f i l l e d  capsule; 
120D°C i n  a r g o n - f i l l e d  capsule  t 10 rnin a t  1125'C i n  vacuum; 
950'C i n  a r g o n- f i l l e d  capsule + 10 min a t  1125'C i n  vacuum; 
105OOC i n  vacuum; 
l l O O ° C  i n  a r g o n - f i l l e d  capsule; 
1200°C i n  a r g o n - f i l l e d  capsule. 

i e a t  t reatment ,  t h e  sur faces o f  t h e  sheet t e n s i l e  specimens were p o l i s h e d  t o  a 0.003-om f i n i s h .  

l e  o p t i c a l  m i c r o s t r u c t u r e s  fo r  t h e  u n i r r a d i a t e d ,  annealed a l l o y s  are shown i n  F igs.  1 and 2. The 
ing temperatures and t ime shown i n  these f i g u r e s  r e s u l t e d  i n  a r e c r y s t a l l i z e d  g r a i n  s i ze  o f  
nnn. The m i c r o s t r u c t u r e s  o f  these a l l o y s  obta ined by t ransmiss ion  e l e c t r o n  microscopy (TEM) showed 
?sence of p r e c i  ' t a w  w i t h  diam e r s  anging from 0.002 t o  0.005 mn and a p r e c i p i t a t e  nunber 6 e n s i t y  
1 fran 0.4 x lopa mm-' t o  2 x 10" mm-5. The h igher  number d e n s i t y  o f  p r e c i p i t a t e s  was c h a r a c t e r i s t i c  
! a l l o y s  w i t h  800-900 ppm oxygen, whereas t h e  lower  nunber d e n s i t y  o f  p r e c i p i t a t e s  was more charac te r -  
i r t h e  o t h e r  a l l o y s  i n  Table 1. The annealed, u n i r r a d i a t e d  m a t e r i a l  had a d i s l o c a t i o n  d e n s i t y  o f  
1 .  8 
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Table 1. A l l o y  composi t ions 

A1 1 oy 
Number A1 1 oy 

Concent ra t ion  w t .  ppm) 
Source Me l t  Number 0 N c H 

EL-23 
BL-24 
BL-41 
BL-40 
BL-10 
BL-15 
EL-27 

V-15Cr-5Ti 
V-15Cr-5Ti 
V-15Cr-5Ti 
V-12Cr-5Ti ~ ~~~ 

V-15Ti-7.5Cr 
V-2OTi 
Y-3Ti-1Si 

ORNL Fusion 
ANL Inven to ry  
ANL Fusion 
Wah Chang 
ANL l n ven to rv  
ORNL-Fusion 
ORNL-PETTEN 

CAM 834-6 
ANL 101 
ANL 204 
TWC 040 
ANL 94 
CAM 832 
ORNL 10831 

310 
810 
350 
180 
936 
830 
910 

460 
13s 

95 
42 

375 
830 
260 

320 
230 
100 

70 
340 
130 
450 

- 
50 

5 - 
50 

F ig .  1. Op t i ca l  m i c ros t ruc tu res  a f t e r  1-h anneal f o r  (a )  CAM 832 Y-ZOTi, l l O O ° C ;  ( b )  ANL 101 
V-15Cr-5Ti. 1200°C; ( c )  ANL 204 V-15Cr-5Ti , 1125'C, and (d )  TWC 040 V-12Cr-STi. 1125OC. 
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Fig. 2. Optical microstructures 
a f t e r  1-h  anneal fo r  ( a )  CAM 834 V-15Cr- 
5Ti, 1125OC; (b)  ANL 94 V-15Ti-7.5Cr, 
1125'C; ( c )  ORNL 10837 V-3Ti-1Si. 1050°C. 

Tensile specimens of the vanadiun al loys were tested a t  a tensile s t r a i n  r a t e  of 0.0011 mn/mn/s fo r  a 
cross-head speed Of 0.008 mmls. 
microscopy (SEW and energy dispersive x-ray spectroscopy LEOXS) i n  a JEOL 100 CX electron microscope. 

i r r ad ia t ion  damage level of 50 atom displacements per atom (dpa).  

The fractured t ens i l e  specimens were examined by scanning electron 

Microstructure Specimens of the vanadiun al loys were i r radia ted  a t  650°C w i t h  4.0-MeV 51V2tions to an 
The 50'C i r r ad ia t ions  of the specimens 

were conducted i n  a cryogenically pumped chamber evacuated t o  1.3 x 10- i Pa. The chamber was connected by a 

The specimens were i r radia ted  a t  a displacement damage production r a t e  of 5 x 10- 5 dpa.s- 
cryogenically punped ion-beam transport tube t o  the 2-MeV Tandem accelerator a t  A gonne N 

i r r a d i a t i o n ,  the specimens were sectioned from the i r radia ted  surface t o  a depth of 1.05 
sectioned fran the Opposi te  surface to perforation i n  an 80% CH OH 20% H SO4 solution a t  5°C. 
structures of  the i r radia ted  a l loys  were observed by TEM i n  a P h l s p s  4061 electron microscope operated a t  
120 keV. 

Experimental results 

Tensile test data. The yie ld  strength,  u l  timate tensile strength,  uniform elongation, t o t a l  elongation, and 
rracture-he a l loy  t ens i l e  specimens a r e  l i s t e d  i n  Table 2 fo r  several d i f f e ren t  heat treatment 
conditions. 

The micro- 

The load-elongation curves for  the t ens i l e  specimens a r e  shown i n  Fig. 3. 
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Table 2. Tensi le  t e s t  data f o r  a l l o y  specimens 

U1 t imate 
Y ie l d  Tens i le  

Specimen A l loy  Treatment (MPal (MPa) ' D n i f o n  Tota l  Fracture No. 
Heat St rength Strength Elongat ion (%)  F igure  

BL-23L-1 V-15Cr-5Ti A 591 69Za 24.5 24.5 B r i t t l e  3a 
BL-41L-1 V-15Cr-5Ti  A 570 674 25.8 32.3 10% D u c t i l e  3c 
BL-41L-7 V - 1 5 C r - 5 T i  B 636 701a 14.9 14.9 B r i t t l e  3c 
BL-41L-8 V-15Cr-5Ti C 405b - 4.6 4.6 B r i t t l e  3c 
BL-24L-14 V-15Cr-5Ti A 514 599 20.7 29.4 D u c t i l e  3d 
BL-24L-10 V-15Cr-5Ti  B 485 594 19.7 28.4 75% D u c t i l e  3d 
BL-24L-16 V-15Cr-5Ti  C 317b - 3.7 3.7 B r i t t l e  3d 
BL-24L-18 V-15Cr-5Ti 0 545 634 23.1 32.0 D u c t i l e  3e 
EL-24L-1 V-15Cr-5Ti E 520 631 23.6 32.2 75% D u c t i l e  3e 
BL-27L-1 V-3Ti - l S i  F 337 427 23.9 33.0 D u c t i l e  3a 
BL-27L-9 V-3Ti-1Si G 446 518 - 24.9 34.7 Duc t i l e  3f 
EL-15L-1 V-2OTi H 588 692 21.9 32.1 D u c t i l e  3a 
EL-15L-16 V-20Ti I 712 759 20.2 26.2 50% D u c t i l e  3f 
BL-40L-1 V-12Cr-5Ti A 51 9 613 26.4 31.1 10% D u c t i l e  3a 
BL-1OL-1 V-15Ti-7.5Cr A 643 718 21.0 29.7 50% D u c t i l e  3b 
BL-1OL-20 V-15Ti -7.5Cr I 291b - 2.9 2.9 B r i t t l e  3b 

aSpecimen broke before undergoing a reduc t ion  i n  cross- sect ional  area. 
bSpecimen broke before the  Stress exceeded t he  e l a s t i c  s t ress  l i m i t .  

120 

110- 

100 

I 1 

- 

I h lIOO°C In 

I h I i 2 5 O C  in VACUUM - 
- 

(ORNL 10837) 
I h 1 0 5 0 ° C  in 

- 
I h 120O0C in CAPSULE 

- 

ELONGATION 1%) ELONGATION (%I 

Fig .  3. Load-elongat ion curves f o r  vanadilm-base a l l oys .  
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Flg. 3. (Contd.) 
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The r e s u l t s  presented i n  Table 2 i n d i c a t e  t h a t  t h e  method of h e a t  t rea tmen t  has a major  e f f e c t  on t h e  
t e n s i l e  p r o p e r t i e s  o f  t h e  a l l o y s ,  p a r t i c u l a r l y  t h e  V- C r- T i  a l l o y s .  
t h e  anneals i n  capsules a t  950-12OO0C r e s u l t e d  i n  b r i t t l e  f r a c t u r e  o f  t h e  t e n s i l e  specimens. An anneal o f  
t h e  V-15Cr -5T i  specimens a t  1125°C i n  vacuun f o r  10 min a f t e r  an anneal i n  an a r g o n - f i l l e d  capsule  r e s u l t e d  
i n  a s u b s t a n t i a l  increase o f  t h e  percentage o f  d u c t i l e  f r a c t u r e  (75%) f o r  t h e  EL-24 V-15Cr-5Ti a l l o y  and 
l i t t l e  s i g n i f i c a n t  increase i n  t h e  d u c t i l e  f r a c t u r e  f o r  the EL-41 Y-15Cr-5Ti a l l o y .  
anneal ing t ime to 1 h i n  vacuum r e s u l t e d  i n  100% d u c t i l e  f r a c t u r e  f o r  t h e  EL-24 V-15Cr-5Ti  a l l o y  and 10% 
d u c t i l e  f r a c t u r e  f o r  t h e  EL-41 Y-15Cr-5Ti a l l o y  specimen. 
t h e  t e n s i l e  specimens d u r i n g  an anneal i n  vacuum, i t  was observed t h a t  a s u b s t a n t i a l  e v o l u t i o n  o f  gas 
occurred a t  300-400°C. The composi t ion o f  t h e  gas has n o t  been determined, b u t  we a r e  reasonably c e r t a i n  
t h a t  the gas was hydrogen. The response o f  t h e  V-2OTi and V-3Ti-1Si a l l o y  t e n s i l e  specimens t o  t e n s i l e  
deformation a f t e r  anneal ing i n  a capsule and a f t e r  anneal ing i n  vacum showed t h a t  these a l l o y s  were much 
l e s s  s u s c e p t i b l e  t o  "gaseous (hydrogen) enbr i t t l ement , "  as evidenced by t h e  d i f f e r e n c e  between t h e  un i form 
and the t o t a l  e longa t ion  (6-10%). 

8-10% d i f f e r e n c e  between t h e  un i fo rm e longa t ion  and the t o t a l  e longat ion.  
a h i g h  percentage o f  d u c t i l e  f r a c t u r e  (Tab le  2 ) .  
f r a n  t h e  EL-24 V - l S C r - S T i ,  EL-27 V-3Ti - lS i .  EL-15 V-20Ti, and EL-10 V-15Ti-7.5Cr a l l o y s .  
t h a t  conta ined l e s s  than 350 ppm oxygen and which * r e  annealed i n  vacuum e x h i b i t e d  a 0 4 %  d i f f e r e n c e  
between the un i fo rm e longa t ion  and t o t a l  e longa t ion .  
b r i t t l e  f r a c t u r e .  
V - l S C r - S T i ,  and EL-40 V-12Cr-5Ti  a l l o y s .  

specimens t h a t  were annealed f o r  1 h a t  1125OC i n  a capsule  + 10 min a t  1125°C i n  vacuun are shown i n  
F ig .  4. 
t h e  EL-41 a l l o y  specimen (F i g .  4a) are c o n s i s t e n t  w i t h  t h e i r  l oad- e longa t ion  curves i n  F igs.  3c and 3d, 
r e s p e c t i v e l y .  

Ion i r r a d i a t i o n s .  The TEM m i c r o s t r u c t u r e s  f o r  EL-23 V - l S C r - S T i ,  EL-15 V-ZOTi ,  and EL-27 V-3Ti-1Si a l l o y s  
a f t e r  i o n  i r r a d i a t i o n  a t  650°C t o  50 dpa are shown i n  F ig.  5. A V-5Ti specimen, which was n o t  t e n s i l e  
tested,  i s  a l s o  shown. 
t o  50 dpa i s  shown i n  F ig.  6. The m i c r o s t r u c t u r e s  for  t h e  BL-23 V-15Cr-5Ti and V-5Ti a l l o y s  are remarkably 
s i m i l a r ,  b u t  they a r e  s u b s t a n t i a l l y  d i f f e r e n t  from m i c r o s t r u c t u r e s  f o r  t h e  V-2OTi and V-3Ti-1Si a l l o y s .  
However, t h e  TEM m i c r o s t r u c t u r e  f o r  t h e  i o n - i r r a d i a t e d  EL-24 V-15Cr-5Ti a l l o y  (F i g .  6)  appears very  s i m i l a r  
t o  the m i c r o s t r u c t u r e s  f o r  the i o n - i r r a d i a t e d  V-20Ti and V-3Ti-1Si a l l o y s  ( F i g s .  5c and 5a, r e s p e c t i v e l y ) .  

I n  the case 

In  t h e  case o f  t h e  V-15Cr-5Ti a l l o y s ,  

An increase o f  t h e  

I n  t h e  process o f  i n c r e a s i n g  t h e  temperature o f  

T e n s i l e  specimens t h a t  conta ined 800-900 ppm oxygen and which were annealed i n  vacuum e x h i b i t e d  an 
These specimens tended t o  e x h i b i t  

T e n s i l e  specimens e x h i b i t i n g  t h i s  behav ior  were obta ined 
Tens i le  specimens 

These specimens tended t o  e x h i b i t  a h igh  percentage o f  
T e n s i l e  specimens e x h i b i t i n g  t h i s  behav ior  were obta ined from t h e  EL-23 V - l S C r - S T i ,  EL-41 

The f r a c t u r e  su r face  and t h e  chemical a n a l y s i s  (EDXS) f o r  the EL-41L-7 and EL-24L-18 V-15Cr-5Ti t e n s i l e  

The deformat ion markings on the EL-24 a l l o y  specimen (F i g .  4b) and the absence o f  these markings on 

The TEM m i c r o s t r u c t u r e  f o r  the EL-24 V-15Cr-5Ti a l l o y  a f t e r  i o n  i r r a d i a t i o n  a t  650% 

The m i c r o s t r u c t u r e s  o f  t h e  i ir ad ia ted  V-5Ti (F i g .  56) and EL-23 V-15Cr-5Ti (F i g .  5d) a l l o y s  
conta ined a h i a h  d e n s i t v  (-5 x 10 99- m -5 o f  disc-shaoe o r e c i o i t a t e s  w i t h  a diameter o f  -6 m. 
o f  these alloy;, t h e  p r e c i p i t a t e s  w i t h  a ( loo> h a b i t ' p l h e  appeared t o  be assoc ia ted w i t h  t h e  d i s l o c a t i o n  
s t r u c t u r e .  The m i c r o s t r u c t u r e s  f o r  t h e  EL-24 V-15Cr-5Ti  (F ig .  6 ) ,  EL-27 V-3Ti-1Si (F i g .  sa),  and EL-15 
V-20Ti (F ig .  5c) a l l o y s  a l s o  conta ined a h i g h  d e n s i t y  of disc-shape p r e c i p i t a t e s  (-loz3 m - j ) ,  b u t  t h e  
diameter o f  these p r e c i p i t a t e s  was -60 mn. I n  the case o f  these a l l o y s ,  t h e  p r e c i p i t a t e s  w i t h  a I1001 h a b i t  
plane formed a " r a f t - l i k e ' '  s t r u c t u r e .  

V-15Cr-5Ti a l l o y  m i c r o s t r u c t u r e s  suggested t h a t  these p r e c i p i t a t e s  were coherent  w i t h  t h e  m a t r i x .  
f i e l d  c o n t r a s t  was c l e a r l y  absent around t h e  p r e c i p i t a t e s  i n  t h e  m i c r o s t r u c t u r e  o f  t h e  V-20Ti a l l o y .  I n  the 
case o f  t h e  V-3Ti-1Si a l l o y  and t h e  BL-24 V-15Cr-5Ti a l l o y ,  sane o f  t h e  p r e c i p i t a t e s  appeared t o  have s t r a i n  
f i e l d  c o n t r a s t ,  i .e., a p a r t i a l l y  coherent  p r e c i p i t a t e  s t r u c t u r e .  

D iscuss ion o f  r e s u l t s  

The a d d i t i o n  o f  e i t h e r  chromiun, t i t a n i u n ,  oxygen, n i t rogen ,  o r  carbon t o  pure vanadlum r s u l t s  i n  
s o l i d  s o l u t i o n  s t rengthening,  i.e., an increase i n  y i e l d  s t r e s s  and a decrease i n  d u c t i l i t y . 2 - 8  I n  t h e  
p resen t  study, t h e  vanadium a l l o y s  conta ined a h i g h  d e n s i t y  o f  p r e c i p i t a t e s  and, the re fo re ,  t h e  s t r e n g t h  o f  
t h e  a l l o y s  was due to t h e  cmb ined  e f f e c t s  of s o l i d  s o l u t i o n  s t reng then ing  and p r e c i p i t a t e  s t rengthening.  
Comparison o f  t h e  y i e l d  s t r e n g t h  f o r  t h e  EL-1OL-1 V-15Ti-7.5Cr, EL-15-1 V-20Ti, EL-24L-14 V - l S C r - S T i ,  and 
EL-27L-1 V-3Ti-1Si a l l o y s  (Table 21, which conta ined canparable amounts o f  oxygen i m p u r i t y  and were 
s i m i l a r l y  annealed i n  vacuum, shows t h a t  t h e  y i e l d  s t r e n g t h  increased w i t h  an increase o f  t h e  combined 
t i t a n i m  and c h r m n i u n  concent ra t ion.  
a l t e r e d  by t h e  change i n  a l l o y  composit ion. 

c o n c e n t r a t i o n  frm 300 ppm t o  800 ppm (e.g., compare specimen numbers EL-23L-1 and EL-24L-14 i n  Table 2) i s  
a t t r i b u t e d  t o  " s o l u t i o n  sof ten ing"  o f  t h e  a l l o y  m a t r i x ,  which r e s u l t e d  from a decrease of t h e  t i t a n i u m  and 
oxygen concen t ra t ion  i n  s o l u t i o n  on formation o f  a h igher  number d e n s i t y  of T i 0  p r e c i p i t a t e s .  The y i e l d  
s t reng th ,  t e n s i l e  s t reng th ,  and d u c t i l i t y  f o r  t h e  EL-23L-1 and EL-24L-14 a l l o y s  a r e  c o n s i s t e n t  w i t h  t h i s  
i n t e r p r e t a t i o n  o f  t h e  experimental  r e s u l t s .  A t  t h e  present  stage of our  i n v e s t i g a t i o n ,  t h e  t i t a n i u m  and 

The presence of s t r a i n  f i e l d  c o n t r a s t  i n  t h e  v i c i n i t y  o f  t h e  p r e c i p i t a t e s  i n  t h e  V-5Ti and E L 4 3  
S t r a i n  

However, t h e  t o t a l  e longa t ion  of these a l l o y s  was n o t  s i g n i f i c a n t l y  

The increase i n  the percentage o f  d u c t i l e  f r a c t u r e  f o r  the V-15Cr-5Ti a l l o y  on inc reas ing  t h e  oxygen 
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Fig. 5. TEM microstructures of four vanadim-base al loys 
a f t e r  4-MeV V ion i r radia t ion  a t  650Y to 50 dpa. 

The r e s u l t s  of t e n s i l e  tests on V-lXr-STi, V-3Ti-lSi, and V-2OTi a l loys  a f t e r  neutron i r r ad ia t ion  a t  
420, 520, and 600OC to 40 dpa have shown tha t  the V-15Cr-5Ti a l l 0  s more susceptible to i r radia t ion  
hardening and embrittlement than the V-3Ti-1Si and V-20Ti a l l o y s j * 4  In the case of the neutron- irradiated 
V-15Cr-5Ti a l loy ,  t e tensile specimens were obtained fran the CAM 834 heat of a l loy ,  which contained 
-300 ppm of oxygen.$ The r e su l t s  of t e n s i l e  tests a t  20°C on specimens prepared from the CAM 834 heat  of 
a l loy  for  the present study (Table 2) show t h a t  t h i s  heat of V-15Cr-5Ti al loy i s  i n t r i n s i c a l l y  more 
susceptible to b r i t t l e  f r ac tu re  t h a n  the Y-20Ti and V-3Ti-1Si a l loys  on t e n s i l e  deformation. However, i f  
the V-15Cr-5Ti al loy contains 800-900 ppn oxygen (BL-24, ANL 101 heat of a l loy ) ,  the tensile specimens 
exh ib i t  duc t i l e  f rac ture ;  t h i s  i s  the  case f o r  the V-2OTi and V-3Ti-1% al loys  on t e n s i l e  deformation a t  
2OoC. 
tes t ing .  

necessary for  resistance of these vanadiun a l loys  to i r radia t ion  embrittlement. Likewise, i t  I s  assmed 
t h a t  the microstructure i n  the neutron- irradiated CAM 834 V-15Cr-5Ti a l loy  does not confer acceptable 
res is tance  to neutron-induced i r radia t ion  hardening. Therefore, we suggest t h a t  the  vacuum-annealed, BL-24 
V-15Cr-5Ti a l loy  will have acceptable res is tance  to neutron-induced i r r ad ia t ion  hardening because of the 
s imi l a r i ty  of the microstructure of this  material on ion i r radia t ion  to the  microstructures i n  the V-20Ti 
and V-3Ti-1Si a l loys  on ion  i r radia t ion .  Furthermore, we suggest t h a t  the grea ter  res is tance  of the V-20Ti 
and V-3Ti-1Si al loys to i r radia t ion  hardening i n  canparison to  the CAM 834 V-15Cr-5Ti a l loy  is  due to a 
r e l a t ive ly  low concentration of oxygen (300 ppm) i n  the l a t t e r  a l loy  ra ther  than an i n t r i n s i c  difference i n  
the alloy canposition. 

This l a t t e r  r e su l t  i s  obtained only i f  the V-15Cr-5Ti a l loy  i s  annealed i n  vacum before t e n s i l e  

I t  i s  assuned t h a t  the microstructure developed i n  neutron- irradiated V-2OTi and V-3Ti-1Si a l loys  f s  
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Fig .  6. TEM m i c r  t u c t u r e  o f  t h e  BL-24 V-15Cr-  
5 T i  a l l o y  a f t e r  4-MeV %'+ i o n  i r r a d i a t i o n  a t  650°C 
t o  50 dpa. 

CONCLUSIONS 

1. Pnneals o f  t h e  V- Cr- T i  a l l o y s  f o r  t h e  purpose of r e c r y s t a l l i z a t i o n  must be conducted i n  a vacuum 
e n v i r o m e n t  r a t h e r  than i n  an a r g o n - f i l l e d  capsule environment f o r  these a l l o y s  t o  e x h i b i t  d u c t i l e  f r a c t u r e  
on t e n s i l e  deformat ion a t  20°C. 

2. The presence o f  800-900 ppm oxygen i n  a r e c r y s t a l l i z e d  V-15Cr -5T i  a l l o y  may be necessary f o r  t h i s  
a l l o y  to e x h i b i t  d u c t i l e  f r a c t u r e  on t e n s i l e  deformat ion a t  2O'C. 

3. The V- C r- T i  a l l o y s  may be more suscep t ib le  to hydrogen embr i t t l emen t  than the V-20Ti and V-3Ti-1Si 
a l l o v s .  ~< - 

4. 

5. 

The V-3Ti-1Si and V-20Ti a l l o y s  are n o t  i n t r i n s i c a l l y  more r e s i s t a n t  t o  hardening and embr i t t l emen t  

The y i e l d  s t r e n g t h  o f  vanadiun a l l o y s ,  which a r e  s i m i l a r l y  annealed i n  vacuum and c o n t a i n  
on neut ron i r r a d i a t i o n  than t h e  V-15Cr-5Ti  a l l o y .  

conparable oxygen concen t ra t ion  (800-900 ppm), increases w i t h  an increase o f  t h e  conbined t i t a n i u n  and 
chromium concent ra t ion.  
a l l o y  canposi ti on. 

The t o t a l  e longa t ion  o f  these a l l o y s  i s  n o t  s i g n i f i c a n t l y  a l t e r e d  by t h e  change i n  

FUTURE WORK 

T e n s i l e  specimens o f  t h e  V-15Cr-5Ti, V - l Z C r - S T i ,  V-15Ti-7.5Cr, V-20Ti, and V-3Ti-1Si a l l o y s  w i l l  be 
t e s t e d  a t  temperatures ranging up t o  70O0C. 
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THE FORMATION OF TITANIUM TRITIOE I N  V-20Ti - 0. N. Brask i  (Oak Ridge Nat iona l  Labora to ry )  

OBJECTIVE 

The goal o f  t h i s  work i s  t o  s imu la te  t h e  p roduc t ion  o f  he l ium i n  vanadium a l l o y s  so t h a t  they may be 
eva luated under neut ron i r r a d i a t i o n  c o n d i t i o n s  f o r  p o s s i b l e  f u t u r e  use as a f i r s t  w a l l  s t r u c t u r a l  m a t e r i a l  
f o r  a f u s i o n  reactor .  

SUMMARY 

More than expected amounts of 3He were measured i n  V-20Ti because of what appeared t o  be t h e  format ion 
S l i g h t l y  more 3He was a l s o  measured i n  warm-worked o f  t i t a n i u m  t r i t i d e  d u r i n g  t h e  t r i t i u m  t r i c k  procedure. 

V-2011 and o ther  vanadium a l l o y  specimens compared t o  annealed ones - probably  because t h e  d i f f u s i o n  of 
t r i t i u m  was ass is ted  by t h e  presence o f  d i s l o c a t i o n s .  
d u c t i l i t y  i n  annealed V-20Ti specimens bu t  had l i t t l e  e f f e c t  i n  warm-worked specimens. The format ion of 
t i t a n i u m  t r i t i d e  i n  h igh- t i tan ium- con ten t  vanadium a l l o y s  should be i n v e s t i g a t e d  f u r t h e r .  

The h igh- hel ium contents  caused s u b s t a n t i a l  losses i n  

PROGRESS AND STATUS 

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

o f  he l ium (-5 appmldpa) i n  a vanadium a l l o y  f i r s t  w a l l .  
i n  vanadium a l l o y s  i r r a d i a t e d  i n  f i s s i o n  reac to rs  t h a t  are used t o  eva lua te  candidate m a t e r i a l s ,  i t  has been 
necessary t o  dev ise o ther  ways of adding he l ium t o  t h e  m ic ros t ruc tu re .  
c e s s f u l l y  i s  t h e  p re imp lan ta t ion  of 3He us ing  t h e  " t r i t i u m  t r i c k . " '  
d i s t r i b u t i o n s  observed i n  t h e  V-20Ti a l l o y  a f t e r  a r a t h e r  l o n g  t r i t i u m  t r i c k  run  aimed a t  produc ing r e l a -  
t i v e l y  h igh  he l ium leve ls .  The e f f e c t  o f  t h e  he l ium on t h e  t e n s i l e  p r o p e r t i e s  o f  both annealed and warm- 
worked V-20Ti i s  discussed. 

The 14 MeV neutrons streaming from t h e  plasma o f  a fus ion  r e a c t o r  would produce s u b s t a n t i a l  q u a n t i t i e s  
Since these amounts of he l ium w i l l  n o t  be produced 

One method t h a t  has been used suc- 
Th is  r e p o r t  shows some unusual bubble 

Procedure 

The V-2011 used i n  t h i s  experiment was obta ined from heat CAM 833-7 o f  t h e  Fusion Program stock made by 
Westinghouse Corporat ion. 
1.52 t o  0.76 mn (50% reduc t ion )  were inves t iga ted .  
t e n s i l e  Specimens of t h e  SS-3 type.2 of each cond i t i on ,  Were wrapped i n  tanta lum f o i l  and p laced i n  t h e  
t r i t i u m  charg ing apparatus.' 
lowered t o  400°C and t h e  t r i t i u m  was valved i n  and maintained a t  a pressure of 53 kPa (400 t o r r )  f o r  792 h. 
The charg ing was terminated by r a i s i n g  t h e  temperature back t o  7OO0C and reduc ing t h e  r e t o r t  pressure t o  
approximately 10-6 Pa. 
c o n s i s t i n g  of one p a r t  HN03. one p a r t  HF, and one p a r t  H20. by volume. 

n a t i o n a l .  Canoga Park, C a l i f o r n i a .  us ing  a vacuum f u s i o n  technique. 
p o l i s h i n g  i n  a s o l u t i o n  of 1 2 b  vo l  'L H2S04 i n  methanol, a t  O'C. T e n s i l e  specimens were t e s t e d  under a 
vacuum o f  l o - %  Pa ( lo- '  t o r r )  o r  b e t t e r  w i t h  a crosshead speed o f  0.5 mm/mln ( s t r a i n  r a t e  I lo- '  s-I). 

Both annealed m a t e r i a l  ( 1  h a t  l l O O ° C )  and m a t e r i a l  warm- rol led a t  500'C from 
S m a l l  3-mm-diam by 0.25-mm-thick d i s k s  and m i n i a t u r e  

A f t e r  an i n i t i a l  bakeout a t  70OoC f o r  24 h under vacuum, t h e  temperature was 

Residual t r i t i u m  on t h e  specimen surfaces was removed u l t r a s o n i c a l l y  i n  a s o l u t i o n  

The amounts o f  3He i n  t h e  vanadium a l l o y s  Were determined by Dr. B r i a n  O l i v e r ,  o f  Rockwell I n t e r -  
TEM specimens were prepared by d u a l - j e t  

Resul ts  - 
F i g u r e  1 shows G e  he l ium charg ing curves f o r  annealed V-20Ti as w e l l  as those f o r  pure vanadium and 

severa l  o the r  annealed vanadium a l l o y s  t h a t  were inc luded  i n  t h e  same charg ing run. 
show t h e  3He l e v e l  i n  t h e  metal as a func t ion  o f  decay t ime  and r e f l e c t  t h e  s o l u b i l i t y  o f  t r i t i u m  i n  each 
a l l o y .  I n  past  experiments. t h e  curves f o r  vanadium a l l o y s  always f e l l  below those f o r  pure vanadium and i n  
t h e  case of V-3Ti-1Si. V-15Cr-STi, and VANSTAR-7, t h i s  was s t i l l  t rue.  However, t h e  amounts of he l ium found 
i n  t h e  V-20Ti g r e a t l y  exceeded those measured i n  pure vanadium. 
t a i n e d  2647 appm of 3He compared t o  about 1150 appm ( e x t r a p o l a t e d  from data f o r  a s h o r t e r  decay t i m e )  f o r  
pure vanadium. 
mechanism f o r  t r i t i u m  uptake was opera t ing  i n  t h e  V-20Ti. 

vanadium a l l o y s  t h a t  were present i n  t h e  same t r i t i u m  t r i c k  experiment. 
m a t e r i a l  was found t o  con ta in  s l i g h t l y  mare helium. 
presence of h igh  d i s l o c a t i o n  d e n s i t i e s  which enhanced t h e  d i f f u s i o n  of t r i t i u m  i n  those mate r ia l s .  

The charg ing curves 

For a decay t ime  of 792 h, t h e  V-20Ti con- 

Th is  l a r g e  increase i n  he l ium content  compared t o  t h e  pure m a t e r i a l  suggested t h a t  another  

Table 1 l i s t s  t h e  he l ium concen t ra t ions  measured i n  annealed and warm-worked specimens of a number of 
I n  every  case, t h e  warm-worked 

It was presumed t h a t  these increases were due t o  t h e  
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um and vanadium a l l o y s  
:ime a t  4OOOC. 

in examinat ion o f  t h e  W O T i  d i sks  w i t h  2647 
le u s i n g  TEM showed t h a t  t h e  m i c r o s t r u c t u r e  con- 
I a l a r g e  number o f  he l i um bubbles, both  i n  t h e  
ma t r i ces  and on g r a i n  boundaries (Figs.  2 and 
lubbles i n  t h e  ma t r i ces  were arranged i n  a d i s k -  
lorpholoqv as shown i n  Fig.  2. 
w i th  t h e i r  l o n g  dimension p a r a l l e l  t o  t h e  p lane 
' f o i l  appear c i r c u l a r  i n  shape w h i l e  those a t  
' angles take  on more l i n e a r  shapes. It i s  seen 
he d i s k s  a re  made o f  smal ler  bubbles (see Fig.  2, 
A " )  t h a t  a re  a b l e  t o  coalesce i n t o  one cant inu-  
sk ( d i s k  "6") .  
observat ions i s  t h a t  t h e  bubbles c o l l e c t e d  on a 
'e phase t h a t  formed d u r i n g  t h e  t r i t i u m  charg ing 
u r e  and l a t e r  decomposed du r ing  t h e  7 O i Y O C  vacuum 
s i n g  t reatment ,  l e a v i n g  t h e  bubbles behind. It 
e l y  t h a t  t h e  t r i t i d e  i s  a t i t a n i u m  t r i t i d e .  no t  
um t r i t i d e ,  because t h e  bubble " d i sk"  m r p h o l o g y  
t been observed i n  pure vanadium under s i m i l a r  
ions. It a l s o  appears t h a t  t h e  amount of t i t a -  
eeded t o  form t h e  t r i t i d e  i s  g rea te r  than 5% 
e t h e  d i s k s  have never been observed i n  t h e  
- 5Ti a l l o y .  However, t h e  format ion o f  t h e  
e may no t  on l y  depend on t i t a n i u m  con ten t  b u t  
Nn t h e  d i s t r i b u t i o n  o f  t i t a n i u m  i n  t h e  a l l o y  

t h e  degree o f  segregat ion o f  t h e  t i t a n i u m  i n  
l oy ) .  I n  any case, the  fo rma t ion  o f  t i t a n i u m  
e and t h e  c r e a t i o n  of excess 'He i n  V-20Ti a re  
s i r a b l e  from t h e  s tandpoin t  of s i m u l a t i n g  he l i um 
t i o n  f o r  an i r r a d i a t i o n  experiment. It may be 
l e  t o  avo id  t r i t i d e  format ion i n  W 0 T i  if 
m charg ing i s  conducted a t  h i g h e r  temperatures. 
no the r  p o i n t  o f  view, t h e  format ion o f  t r i t i d e  
h- t i t an ium- con ten t  a l l o y s  cou ld  be a very  
a n t  t r i t i u m  e f f e c t  r e l a t i n g  t o  a vanadium a l l o y  
w a l l  and i t  should be i n v e s t i g a t e d  f u r t h e r .  

Those d i sks  

A reasonable way t o  i n t e r p r e t  
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Fig. 2. D i s k - l i k e  he l ium bubbles found i n  V-20Ti a f t e r  t h e  t r i t i u m  t r i c k  procedure us ing  a decay t ime  
o f  792 h. Smal ler  bubbles i n  d i sk  "A" are  be l ieved t o  coalesce i n t o  cont inuous bubble d i sks  s i m i l a r  t o  d i s k  
,OB" 

0 
W z 
9 12 

V-20Ti 1 
- 

rH ""rnl 3H0 CONDITION 1 
Y- 

WITHOUT WI' 
3He (a rF..., 

0 0 2647 ANNEALED 

4 0 2739 WARM-WORKED 

- 
400 440 480 520 560 600 

TEST TEMPERATURE ( O C I  

Fig. 3. To ta l  e l onga t i on  o f  annealed and warm-worked V-20Ti specimens as a f unc t i on  o f  t e s t  tem- 
perature. 
2647 appm 3He. 

Open p o i n t s  denote specimens w i t hou t  he l ium wh i l e  t he  s o l i d  p o i n t s  represent  those con ta in i ng  
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The e f f e c t  of t h e  h i g h  hel ium conten t  on t h e  t e n s i l e  p rope r t i es  o f  V-20Ti i s  g iven i n  Table 2. The 
p r o p e r t i e s  o f  both annealed and 5@% warm-worked V-20Ti con ta i n i ng  2647 appm 
t h e  same respec t i ve  ma te r i a l s  be fo re  doping w i t h  helium. Hel ium i n  t h e  annealed ma te r i a l  lowered both t h e  
s t r e n g t h  and d u c t i l i t y  o f  t h e  specimens. A p l o t  o f  t o t a l  e l onga t i on  as a f u n c t i o n  of t e s t  temperature i s  
g i ven  i n  Fig. 3 which i l l u s t r a t e s  t h e  subs tan t i a l  losses i n  t o t a l  e longat ion.  These losses were probably 
due t o  t h e  l a r g e  number o f  he l ium bubbles i n  t h e  g r a i n  boundaries (see F i g  4). The warm-worked specimens 
behaved d i f f e r e n t l y .  Before doping, they  e x h i b i t e d  very h igh  y i e l d  and u l t i m a t e  t e n s i l e  s t reng ths  (due t o  
t h e i r  h i g h  d i s l o c a t i o n  d e n s i t i e s  induced by t h e  warm-working) which were accompanied by t h e  usual losses i n  
d u c t i l i t y .  A f t e r  t h e  t r i t i u m  t r i c k ,  t h e i r  s t reng ths  were reduced a t  every t e s t  temperature, but  t h e i r  un i -  
fo rm  and t o t a l  e longat ions  increased. 
recovery  a t  t h e  e leva ted  temperatures experienced du r i ng  t h e  t r i t i u m  t r i c k  procedure. 
l i t t l e  e f f e c t  on t h e  d u c t i l i t y  o f  t h e  warm-worked specimens because t h e  dense d i s l o c a t i o n  networks effec-  
t i v e l y  d i s t r i b u t e d  t h e  bubbles more uni formly.  Th is  e f fec t  was demonstrated p rev ious l y  i n  the  V-15Cr-5Ti 

can be compared d i r e c t l y  t o  

It i s  l i k e l y  t h a t  these changes i n  s t r eng th  and d u c t i l i t y  were due t o  
Hel ium probably had 

a1 1 OY. 3 

CONCLUSIONS 

1. The V-20Ti a l l o y  absorbed rmch more t r i t i u m  and subsequently conta ined m r e  3He than pure vana- 
dium o r  o the r  vanadium a l l o y s  w i t h  l ess  t i tan ium.  Th is  r e s u l t  was probably due t o  t h e  fo rmat ion  o f  t i t a n i u m  
t r i t i d e  i n  t h e  mic ros t ruc tu re .  

2. Warm-worked vanadium specimens absorbed more t r i t i u m  and conta ined more 3He than annealed specimens 
o f  t h e  same allnv h e c a t ~ e  of t h e  d i s l n c a t i n n - a i d d  d i f f w i n n  nf t r i t i u m  i n  t h e  warm-worked specimens. 

d i n t o  l a r g e  bubble disks. 
a l ed  specimens. 

y i e l d  and u l t i m a t e  s t reng ths  
e a f f e c t e d  by t h e  helium. 

i c a t i o n s  i n  t h e  development o f  

w e l f t h  I n t e r n a t i o n a l  
'ty f o r  Tes t i ng  and Mater ia ls ,  

/ER-0045/13, U.S. DOE, 

DOE/ER-0045/15, U.S. DOE, 
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Table 2. Tens i l e  p roper t i es  of W O T i  

Strength, MPa Elongat ion, I 

Specimen Condit ion Content Temperature Y i e l d  Tens i l e  Uniform To ta l  
Helium Test U1 t imate 

Number (appm) ( " C )  
~ ~~ 

WA53 Annealed 0 420 466 630 14.0 20.7 
WA32 Annealed 0 520 459 641 13.8 21.3 
WA66 Annealed 0 520 442 632 11.3 20.3 
WA14 Annealed 0 600 474 662 16.2 22.8 
WA62 Annealed 0 600 423 664 17.0 24.3 
WA37 Annealed 0 600 447 666 14.7 22.0 
WA70 Annealed 2649 420 417 526 3.8 4.3 
WA57 Annealed 2649 520 312 382 2.6 2.6 
WA33 Annealed 2649 600 412 500 2.8 2.8 

WE11 Warm-worked 0 420 932 1033 1.3 2.7 
W E9 Warm-worked 0 520 968 1007 1.3 1.7 
WE10 Warm-worked 0 600 881 1057 3.3 7.0 
WE1 Warm-worked 2649 420 605 719 6.8 8.3 
W E2 Warm-worked 2649 520 614 737 6.4 8.6 
WE3 Warm-worked 2649 600 581 721 6.1 6.5 

ORNL-PROM- 504218 

Fig. 4. 3He bubbles i n  V-2OTi g r a i n  boundary a f t e r  t r i t i um t r i c k  us ing 792 h decay time. A l l o y  
conta ins 2647 appm He. 





6 . 4  Copper Alloys 

No c o n t r i b u t i o n s  received t h i s  per iod .  





6.5 Environmental E f f e c t s  on S t r u c t u r a l  A l l o y s  
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CORROSION OF VANADIUM ALLOYS IN FLOWING LITHIUM - 0. K. Chopra and 0. L. Smith (Argonne National Laboratory) 

OBJECT I YE 

The objective of t h i s  program i s  t o  investigate the influence of a flowing lithium environment on the 

These measuraoents, coupled with metallographic evalu- 

corrosion behavior and mechanical properties of structural  alloys under conditions of i n t e r e s t  for  fusion 
reactors.  Corrosion ra tes  a re  determined by measuring the w e i g h t  change and depth of internal corrosive 
penetration as a function of time and temperature. 
a t ion of the a l loy surface, a re  used to  es tabl ish  the mechanism and rate-controll ing processes for  the 
corrosion reactions.  In i t i a l  e f f o r t  on mechanical properties i s  focused on fatigue and t ens i l e  t e s t s  i n  
flowing lithium environment of controlled purity.  

SUMMARY 

Corrosion data a re  presented for  several vanadium alloys exposed to flowing lithium a t  482 and 427°C 
The influence of alloy composition Metallographic evaluation of the exposed specimens i s  also presented. 

and exposure conditions on the corrosion behavior of  vanadium alloys i s  discussed. 

PROGRESS AN0 STATUS 

ment. A detailed description of the lithium loop and the t e s t  procedure has been presented e a r l i e r . Y , E  ;he 
corrosion d t a  for  Y-15Cr-5Ti alloy exposed t o  lithium a t  538, 482, 427, and 372°C have been reported 
previously.' The resu l t s  indicate t h a t  chemical in teract ions  between a l loy elements and nitrogen o r  carbon 
in  lithium play a dominant role  in the corrosion behavior of t h i s  a l loy.  A t  temperatures >450"C, the 
dissolution ra tes  of V-15Cr-5Ti are an order of magnitude greater  than for the f e r r i t i c  HT-9 alloy. 
these t e s t s ,  the concentration of N and C in  lithium was 50-100 and 6-12 wppm, respectively.  
of Y and Ti and carbides of Y, Ti, and Cr are expected to  be s table  under these conditions. 
the chemical in teract ions  t o  fom these compounds will have a strong e f f e c t  on the corrosion behavior of 
vanadium alloys.  
482 and 427"C, in lithium containing -20 wppm nitrogen, to  assess the influence of nitrogen on corrosion. 

The weight losses of several vanadium alloys exposed to flowing lithium a t  482 and 427°C (run 8 )  are 
shown in F i g .  1. The t e s t s  were conducted in two separate isothermal t e s t  vessels and the lithium f low was 
from the high-temperature to the low-temperature t e s t  vessel.  
t u r e s ,  the weight losses  o f  a l l  al loys increase l inea r ly  w i t h  time a f t e r  an incubation period ranging up t o  

The corrosion behavior of several vanadium alloys i s  being investigated i n  a flowing lithium en i on 

For 
The n i t r i d e s  

Consequently, 

Ouring t h i s  reporting period, corrosion t e s t s  were conducted on several vanadium al loys  a t  

The resu l t s  indicate t h a t ,  a t  both teinpera- 

I I 1 

- 2  
0 5 0 0  1000 1500 2063 

EXPOSURE TlME I h l  

5 I I I I 
FLOWlNG LITHIUM ENVIRONMENT (b )  
927.C 

- 1  
0 500 1000 I500 2000 

EXPOSURE TlME I h l  

Fig. 1. Weight loss  versus exposure time for vanadim alloys exposed to  
flowing lithium a t  ( a )  482°C and ( b )  427°C. Each synbol type represents w e i g h t  
loss  for  a single specimen a f t e r  various exposure times. 
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700 h. The i n c u b a t i o n  p e r i o d  increases w i t h  an increase i n  the T i  con ten t  o f  t h e  a l l o y .  A l l o y s  c o n t a i n i n g  
15  o r  20 w t .  % T i ,  i n  f a c t ,  show a weight  ga in  du r ing  the  i n i t i a l  700-h exposure t o  l i t h i u m .  
t i o n  a tes  f o r  t he  va r ious  a l l o y s  exposed d u r i n g  run  8 a re  g iven i n  Table 1. The r e s u l t s  from p rev ious  t e s t  
runs,li i . e . ,  runs 5 and 6, are a l so  i nc luded  i n  the  t a b l e .  Pure vanadium shows t h e  h i g h e s t  d i s s o l u t i o n  
r a t e s  and the  a l l o y s  c o n t a i n i n g  15% T i  have the  l owes t  ra tes .  A t  482'C, the  d i s s o l u t i o n  r a t e s  decrease i n  
the  f o l l o w i n g  o rde r :  Pure V, V-3Ti - lS i ,  V-5Ti- I10 t o  1 5 C r 1 ,  V- 12 t o  15 Cr- (3Fe- lZr ) ,  and V-15 t o  20Ti-  
17.5 C r l .  A s i m i l a r  t rend  i s  a l s o  seen a t  427°C; however, a l l  a l l o y s  t h a t  c o n t a i n  T i  show low d i s s o l u t i o n  
ra tes .  
a l l  vanadium a l l o y s  a re  g r e a t e r  than those f o r  the  f e r r i t i c  s t e e l s .  For e ample, d i s s o l u t i o  r a t e s  f o r  

The d i s s o l u -  

The data  a l so  i n d i c a t e  t h a t  for t he  present  l i th ium- exposure c o n d i t i o n s ,  t h e  d i s s o l u t i o n  r a t e s  o f  

f e r r i t i c  HT-9 and Fe-9Cr-1Mo s tee l  a t  482 and 427°C a re  -0.2 and 0.07 mg/m 5 .h, r e s p e c t i v e l y .  9 

Table 1. D i s s o l u t i o n  r a t e s  f o r  vanadiun a l l o y s  exposed t o  f l o w i n g  l i t h i u m  

D i s s o l u t i o n  r a t e  lmg/m2*hla 

Run 6 (-50 wppm N I b  Run 8 1-20 wppm N)b Run 5 (-100 wppm N l b  

538°C 482'C 482'C 427°C 427°C 372°C 

- - Pure V C 
V-lOCr-3Fe-lZr - - 0.86 
V - 1 5 C r  - - 1.38 
V-5Ti - - 6.34 
V-12Cr-5Ti - - 4.64 
V-15Cr-5Ti 2.66 2 .95  4.97 
V-20Ti - 0.22 0.72 
V-7.5Cr-15Ti - - 0.48 
V-3Ti-1Si - - 7.15e 

2.76 - 
0.73 . 
0.47 - - - 
0.17 - 
0.27 0.54 0.036 

a D i s s o l u t i o n  r a t e s  based on n e t  we ight  l oss .  
change due t o  nonmeta l l i c  element t r a n s f e r .  

bRepresents the  average n i t r o g e n  con ten t  i n  l i t h i u m  du r ing  t h e  d i  f e r e n t  t e s t  runs.  

500-h exposure and decrease t o  -2 mg/m5:A f o r  l onger  t imes. 
dThe specimen showed weight ga in  f o r  t imes up t o  -800 h. 
eCalcu la ted from a s i n g l e  exposure t ime. 

The va lues are  n o t  co r rec ted  f o r  we ight  

C D i s s o l u t i o n  r a t e s  change w i t h  t ime,  i. t h e  r a t e s  a r e  -13 mg/m l .h d u r i n g  the i n i t i a l  

The weight  l osses  f o r  the  V-15Cr-5Ti a l l o y  exposed t o  l i t h i u m  a t  538, 482, 427, and 372°C a r e  shown i n  
F ig .  2 .  During exposure, t h e  concen t ra t i on  o f  n i t r o g e n  i n  l i t h i u m  was -100, 50, and 20 wppn f o r  t e s t  r u n s  
5, 6, and 8, r e s p e c t i v e l y .  The r e s u l t s  i n d i c a t e  t h a t  t h e  d i s s o l u t i o n  r a t e s  f o r  V-15Cr-5li a l l o y  i nc rease  
w i t h  an increase i n  temperature; however, t h e  r a t e s  a t  482 and 538'C are  approx imate ly  the  same. A minor  
change i n  the  n i t r o g e n  con ten t  i n  l i t h i u m  does n o t  have a s i g n i f i c a n t  e f f e c t  on the  d i s s o l u t i o n  r a t e s ,  s i n c e  
t h e  metal  n i t r i d e s  are  expected t o  form a t  these concen t ra t i ons  o f  N.  

F igu re  3 shows t h e  temperature dependence of t h e  e q u i l i b r i u n  va lues o f  n i t r o g e n  and carbon concentra-  
t i o n s  i n  l i t h i u m  fo r  which metal  n i t r i d e s  and carb ides are  s tab le .  
concen t ra t i on  i n  l i t h i u n  f o r  t he  f o n a t i o n  o f  Li9CrN5 a re  a l s o  p 1 0 t t e d . ~  
exposure c o n d i t i o n s  du r ing  t e s t  runs 5, 6 ,  and 8 ,  t h e  n i t r i d e  o f  V and T i ,  t e r n a r y  n i t r i d e  o f  C r ,  and 
ca rb ides  o f  T i ,  V, and C r  a re  expected t o  be s tab le .  
ccmpounds w i l l  have a dominant r o l e  i n  t h e  c o r r o s i o n  behav ior  o f  vanadium a l l o y s  i n  l i t h i u m .  

Micrographs o f  t h e  sur faces o f  t h e  v a r i o u s  vanadiun a l l o y s  exposed t o  l i t h i u m  a t  482'C a r e  shown i n  
Figs.  4 and 5. The sur face features o f  these a l l o y s  may be c l a s s i f i e d  i n t o  t h r e e  general  c a t e g o r i e s  based 
on the  T i  con ten t  i n  the  a l l o y ,  v i z . ,  a l l o y s  c o n t a i n i n g  no T i ,  5% T i ,  and >15% T i .  The pure vanadium 
specimen has an etched appearance w i t h  h e a v i l y  corroded reg ions;  however, i t  i s  r e l a t i v e l y  f r e e  o f  r e a c t i o n  
products .  The V-1OCr-3Fe-1Zr and V-15Cr a l l o y s  a l s o  have an etched appearance, b u t  t h e  sur faces c o n t a i n  
s m e  r e a c t i o n  products.  The sur faces of t he  a l l o y s  c o n t a i n i n g  5% T i  show patches o f  r e a c t i o n  products.  The 
patches a re  d i f f u s e  and i l l - d e f i n e d  i n  the  Cr- conta in ing a l l o y s .  The a l l o y s  c o n t a i n i n g  15 o r  20% T i  develop 
a uni form sca le  o f  r e a c t i o n  products  (F ig .  5 ) .  
d i f f e r e n t  f o r  a l l o y s  w i t h  and w i t h o u t  C r .  E l e c t r o n  microprobe X-ray analyses o f  t h e  V-5Ti-(12 t o  15Cr) and 
V-15 t o  20 T i - 1 7 . 5 C r l  a l l o y  surfaces showed t h a t  n i t r o g e n  was p resen t  and t h a t  t h e  concen t ra t i ons  of C r  and 
T i  were n o t  s i g n i f i c a n t l y  d i f f e r e n t  from those i n  the  b u l k  a l l o y .  

The e q u i l i b r i u m  va lues o f  n i t r o g e n  
The r e s u l t s  i n d i c a t e  t h a t  f o r  t h e  

Consequently, t h e  chemical i n t e r a c t i o n s  t o  form these 

The appearance o f  t he  su r face  sca le  i s  no t  s i g n i f i c a n t l y  
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Fig. 2. Weight l o s s  versus exposure t ime  
f o r  V-15Cr-5Ti  a l l o y  exposed to f l o w i n g  l i t h i u n  a t  
v a r i o u s  temperatures. Each svmbol t w e  reoresents  
weight  l o s s ' f o r  a s i n g l e  spec;men a f t e r  vakious 
exposure t imes. 

I NITROGEN IN LlTHllM I 

IOOOfT 1K-I) 

Fig. 3. Temperature dependence o f  t h e  n i t r o g e n  
and carbon concen t ra t ions  i n  l i t h i m  a t  which 
se lec ted  s t r u c t u r a l  metal n i t r i d e s  and ca rb ides  a r e  
s tab le .  

Me ta l l og raph ic  examinat ion o f  c ross  s e c t i o n s  o f  t h e  va r ious  l i t h i u n- e x p o s e d  specimens revealed a 
s i m i l a r  behavior.  
The su r face  sca le  i s  w e l l  de f ined  f o r  t h e  V-2OTi a l l o y s .  Micrographs of t h e  cross sec t ions  o f  V-20Ti 
specimens exposed t o  l i t h i u n  a t  538, 482, and 427°C are shown i n  Fig. 6. The r e s u l t s  i n d i c a t e  t h a t  t h e  
V-ZOTi  specimens develop a uni form surface sca le  d u r i n g  t h e  i n i t i a l  -700 h o f  exposure and the th i ckness  o f  
t h e  sca le  increases w i t h  an increase i n  temperature, e.g., -1.5, 2.5, and 6.0 lon a t  427, 482, and 53E°C, 
r e s p e c t i v e l y .  
movement o f  t h e  a l l o y l s c a l e  i n t e r f a c e  i s  approx imate ly  t h e  same as recess ion  o f  t h e  specimen sur face.  
f o r m a t i o n  o f  t he  r e a c t i o n  sca le  accounts f o r  t h e  weight  g a i n  f o r  the V-ZOTi specimens d u r i n g  the i n i t i a l  
-700-h exposure. 

A l l o y s  c o n t a i n i n g  >15% T i  develop a un i fonn r e a c t i o n  sca le a f t e r  exposure t o  l i t h i u m .  

However, the sca le  th i ckness  does n o t  change s i g n i f i c a n t l y  w i t h  t ime, i.e., t h e  r a t e  o f  
The 

Another s i  n i f i c a n t  fea tu re  of t h e  V-20Ti a l l o y s  i s  t h e i r  e t c h i n g  behavior.  The g r a i n  boundaries and 
small reg ions  w 3 t h i n  t h e  g r a i n s  are a t tacked  p r e f e r e n t i a l l y  by t h e  etch. The e t c h i n g  behav ior  i s  d i f f e r e n t  
f o r  specimens exposed a t  d i f f e r e n t  temperatures. 
grooves, whereas t h e  Specimen exposed a t  427OC shows s t r i n g s  of c a v i t i e s  along t h e  boundaries. 
e t c h i n g  cond i t i ons ,  t h e  unexposed V-20Ti a l l o y  showed no macrost ructure.  
t u r a l  changes i n  t h e  a l l o y  a f t e r  exposure t o  l i t h i u m .  
determine t h e  changes i n  nonmeta l l i c  elements i n  t h e  a l l o y  a f t e r  exposure t o  l i t h i u m .  

s u r f a c e  l a y e r  (-2 lrm t h i c k )  appear t o  be b reak ing  o f f  from t h e  specimen. 
composi t iona l  and m i c r o s t r u c t u r a l  m o d i f i c a t i o n  of t h e  specimen surface and account f o r  t h e  1 arge He igh t  
l o s s e s  f o r  V-15Cr-5Ti a l l o y  a f t e r  exposure to l i t h i u m .  
cor roded su r face  b u t  l i t t l e  o r  no r e a c t i o n  product.  
showed l i t t l e  c o r r o s i o n  (F i g .  7).  

exposure t o  l i t h i u m .  The V-1OCr-3Fe-1Zr a l l o y ,  i n  p a r t i c u l a r ,  cracked very  e a s i l y  du r ing  handl ing.  
Micrographs o f  t h e  V-1OCr-3Fe-1Zr specimen (F i g .  7) show t h e  presence o f  an a d d i t i o n a l  phase. 

For example. t h e  specimen exposed a t  538OC shows ve ry  deep 
For t h e  same 

These r e s u l t s  i n d i c a t e  m ic ros t ruc-  
The specimens a r e  be ing analyzed chemica l l y  t o  

The cross s e c t i o n  of t h e  V-15Cr-5Ti specimen exposed a t  538OC i s  shown i n  F ig.  7. Sect ions of a t h i n  
These r e s u l t s  suggest s i g n i f i c a n t  

The pure vanadium specimen a l s o  showed a very  
The specimens of V-15Cr and V-1OCr-3Fe-1Zr a l l o y s  

A l l  t h e  Cr- con ta in ing  a l l o y s ,  w i t h  t h e  excep t ion  o f  V-7.5Cr-15Ti a l l o y ,  were very  b r i t t l e  a f t e r  
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F i g .  6. Micrographs o f  cross sect ions of  V-2OTi specimens exposed 
t o  l i t h i m  a t  d i f f e r e n t  temperatures. 

V-1OCr-3Fe-1Zr 538% 580 H 

F i g .  7. Micrographs o f  cross sect ions of V-15Cr-5Ti 
and V-1OCr-3Fe-1Zr specimens exposed t o  l i t h i m  a t  538OC. 
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The r e s u l t s  of the metallographic examination of the l i thim-exposed specimens indicate t h a t  low 
dissolution r a t e s  for  the V-20Ti and Y-7.5Cr-15Ti a l loys  are  due to  the formation of a protective n i t r i d e  
layer on the a l loy  surface. However, this  n i t r i d e  layer  is  quite br i t t le  and can spa11 when exposed to 
thennal s t resses .  The chemical 
products eas i ly  break off  from the a l loy  surfaces,  resul t ing  i n  h i g h  dissolution ra tes .  Similar behavior is  
observed for  pure V ,  i .e. ,  high dissolution rates due t o  chemical in terac t ions  between V and nonnetallic 
elements such a s  N andlor C. The addition of Cr to  vanadim seems t o  influence the chemical in terac t ions  
and reduce dissolution rates. 
embrittlement i s  most l i ke ly  due to  the pickup of hydrogen. 
l i t h i u n  was estimated t o  be -100 wppm. 

Alloys containing 5% Ti  or less do not develop a uniform n i t r ide  layer.  

However, the Cr-containing al loys embrit t le  a f t e r  exposure t o  l i t h i u m .  
During exposure, the hydrogen content in 

The 

SUMMARY 

The corrosion data f o r  several vanadiun a l loys  indicate t h a t  fo r  the present tests, the concentrations 

When exposed a t  48PC t o  
of N and/or C i n  l i t h iun  are above acceptable limits, and chemical in terac t ions  between al loy elements and N 
or  C i n  l i t h i u n  play an important ro l e  i n  the corrosion behavior of these al loys.  
l i t h i u n  containing >20 wppn N and 8 t o  1 2  wppn C ,  the dissolution r a t e s  of the various vanadiun al loys 
decrease i n  the following order: pure vanadiun, V-3Ti -13 ,  V-5Ti-(12 t o  15 Cr), V-10 t o  15Cr-L3Fe-lZr), and 
V-15 t o  20Ti-(7.5Cr). 
containing al loys embri t t le  a f t e r  exposure to  l i t h i m  containing 

The a l loys  containing 15 to  20% Ti  develop a unifonn n i t r i d e  layer. A l l  chrmium- 
100 wppm hydrogen. 

FUTURE WORK 

The lithiun-exposed specimens are being analyzed chemically t o  determine the changes i n  nonmetallic 
elenents a f t e r  exposure t o  l i t h i u m .  
depth of these compositional changes. X-ray d i f f r ac t ion  and e lec t ron microprobe analyses will be performed 
to evaluate the nature of t h e  reaction products on the a l loy  surfaces. Corrosion t e s t s  are also planned i n  
l i t h i u n  containing -1 wppm N t o  evaluate the dissolution behavior of vanadiun al loys under conditions where 
vanadiun n i t r i d e  does n o t  form. 

Microhardness measurements are a lso  being performed t o  determine t h e  
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THERMAL CONVECTION LOOP STUDIES I N  SUPPORT OF MASS TRANSPORT MODELING OF LITHIUM/12Cr-lMoVW STEEL SYSTEMS - 
G. E. B e l l  and M. A. Abdou ( U n i v e r s i t y  of C a l i f o r n i a ,  Los Angeles) and P. F. T o r t o r e l l i  (Oak Ridge Na t iona l  
Laboratory)  

OBJECTIVE 

The o b j e c t i v e  of t h i s  research i s  t o  p rov ide  exper imental  data  and i n f o r m a t i o n  f o r  development of, and 
comparison wi th ,  an a n a l y t i c a l  model o f  t h e  mass t r a n s p o r t  processes o f  12Cr-1MoVW s t e e l  over t h e  range of 
350 t o  650°C i n  t h e  presence o f  t h e r m a l l y  convect ive  l i t h i u m .  Chemical and m e t a l l u r g i c a l  changes i n  t h e  
system w i l l  be c l o s e l y  monitored throughout  t h e  t e s t  p e r i o d  w i t h  p a r t i c u l a r  emphasis p laced on t h e  i n i t i a l  
500 h t o  p rov ide  data  on t h e  t r a n s i e n t  chemical and weight  l o s s  mechanism k i n e t i c s .  The a n a l y t i c a l  model 
w i l l  i nc lude  chemical and t r a n s p o r t  mechanisms no t  p r e v i o u s l y  i n v e s t i g a t e d  f o r  l i q u i d  l i t h i u m  mass t r a n s p o r t  
i n  f e r r o u s  a l l o y  systems i n c l u d i n g  chemical and p a r t i c l e  dynamics and i n i t i a l  system t r a n s i e n t  modeling. 

SUMMARY 

The 12Cr-1MoVW m a t e r i a l  was obta ined from GA Technologies f u s i o n  a l l o y  s t o c k p i l e  i n  January 1987. The 
standard ORNL thermal convect ion l oop  and specimen s t r i n g  were s u b s t a n t i a l l y  redesigned t o  minimize some o f  
t h e  u n c e r t a i n t i e s  t y p i c a l l y  assoc ia ted w i t h  MSS t r a n s f e r  model development i n  l i q u i d  metal  c o r r o s i o n  l o o p  
systems and t o  s i m p l i f y  l oop  fab r i ca t i on .  
i n s t a l l e d ,  and t e s t e d  d u r i n g  t h e  c u r r e n t  r e p o r t i n g  per iod. Exper imental  ope ra t i on  i s  expected t o  beg in  i n  
A p r i l  1987. 

The exper imental  systems and specimens were then fab r i ca ted ,  

PROGRESS AN0 STATUS 

I n  o rde r  t o  develop an a n a l y t i c a l  model o f  t h e  MSS t r a n s p o r t  process i n  l i t h i u m  systems and t o  t e s t  
such a model u s i n g  exper imental  data, a cooperat ive  e f f o r t  between t h e  ADIP  Program a t  Oak Ridge Na t iona l  
Laboratory  and t h e  FINESSE1 P r o j e c t  a t  The U n i v e r s i t y  of C a l i f o r n i a ,  Los Angeles was i n i t i a t e d .  
of t h e  model ing e f f o r t  can be found elsewhere.1 To f a c i l i t a t e  model ing of t h e  experiments, m a t e r i a l  
homogeneity and geometr ic s i m p l i c i t y  have been s t ressed  d u r i n g  t h e  design and f a b r i c a t i o n  o f  these thermal 
convect ion l oop  (TCL) experiments..These requirements have necess i ta ted  changes i n  t h e  design and 
f a b r i c a t i o n  o f  t h e  ORNL TCL systems. 

R e l a t i v e  t o  t h e  standard ORNL TCL experiments, a d i f f e r e n t  s t y l e  o f  mass t r a n s p o r t  specimen i s  be ing  
u t i l i z e d .  The standard ORNL design uses smal l  (0.79 x 1.90 x 0.09 cm), f l a t ,  d i s c r e t e  specimens w i r e d  
t o  f l e x i b l e  t h i n  rods and these a re  i n s e r t e d  i n t o  t h e  ho t  and c o l d  l e g  tubes (1.57 cm I D )  o f  t h e  loop. The 
standard ORNL TCL has two surge tanks which p rov ide  expansion volumes and sample withdraw1 pathes f o r  t h e  
f l a t  specimens. D e t a i l s  o f  t h e  standard ORNL design and opera t i ng  procedures can be found e l s e w h e r e 2  A 
schematic o f  t h e  t h e  new TCL design i s  shown i n  Fig. 1 and a photograph o f  one o f  t h e  f a b r i c a t e d  loops i s  
shown i n  Fig. 2. The mass t r a n s p o r t  specimens 
f o r  t h e  sub jec t  i n v e s t i g a t i o n s  a re  s h o r t  t u b u l a r  p ieces (1.90 cm OD x 1.57 cm IO x -3.81 cm long)  shown i n  
Fig.  3. Each loop  w i l l  have 42 specimens (20 and 22 i n  t h e  h o t  and c o l d  legs, r e s p e c t i v e l y ) .  The specimens 
were normal ized and tempered (30 min a t  1O5O0C. 2.5 h a t  78O0C i n  argon a tmosphere )  and mechanica l ly  
p o l i s h e d  t o  600 g r i t  and 0.3 p f i n i s h e s  on t h e  o u t s i d e  and i n s i d e  surfaces, respec t i ve l y ,  t o  p rov ide  t h e  
s t a r t i n g  m i c r o s t r u c t u r e  and su r face  c h a r a c t e r i s t i c s .  The specimens a re  s tacked one-on- top-of- the- other t o  
form a cont inuous tube. The stack i s  ax i ,a l ly  supported by a specimen sheath (2.54 cm OD x 0.065 cm w a l l )  
tube which forms a c l o s e - f i t t i n g  annu la r  specimen containment. 
p e r a t u r e  g rad ien t  between t h e  h o t  and c o l d  l egs  o f  t h e  l oop  and i s  d i r e c t e d  through t h e  i n s i d e  d iameter  of 
t h e  specimens by f low reducers a t  t h e  bottom of both  t h e  ho t  and c o l d  l egs  on which t h e  specimen sheath tube 
r e s t s  a f t e r  i n s e r t i o n .  Threaded r e t r a c t i o n  rods a l l ow  i n s e r t i o n  and removal o f  t h e  specimens and sheath 
tube. T h i s  prov ides a f low r a t e  c o n t r o l  o r i f i c e  a t  t h e  t o p  o f  t h e  h o t  and c o l d  legs. The r e t r a c t i o n  rod, 
specimen stack, and specimen sheath tube  a r e  s h w n  i n  Fig. 4. The specimens themselves and t h e  specimen 
inse r t i on / remova l  system a r e  m c h  l a r g e r  and l e s s  f l e x i b l e  than  t h e  ORNL s tandard des ign which necess i ta ted  
an increase i n  loop  s i z e  ( t u b i n g  d iameter  and tank volume) and s t r i c t e r  a l ignment  to le rances  f o r  t h e  f a b r i -  
c a t i o n  o f  t h e  loops. The two h o t  and c o l d  l e g  surge tanks have been j o i n e d  t o  form a s i n g l e  surge volume 
tank. The ho t  l e g  crossover  tube has been e l i m i n a t e d  t o  p r o v i d e  g r e a t e r  mechanical s t a b i l i t y ,  s t i f f n e s s ,  
and a l ignment  f o r  t h e  system and t o  a c c o m d a t e  t h e  more r i g i d  specimen i n s e r t i o n  and removal system. 

A l l  l o o p  c o n s t r u c t i o n  m a t e r i a l  i n  i n t i m a t e  con tac t  wi th  t h e  l i t h i u m  was taken from t h e  p la te ,  b a r  and 
tube  s tock prov ided from GA Technologies. The on ly  except ion was t h e  r e t r a c t o r  r o d  ends f o r  specimen 
i n s e r t i o n  and withdrawal,  which were made f rom 9Cr-1Mo m a t e r i a l  due t o  a shortage of 12Cr-1MoVW b a r  stock. 
The surface area of t h i s  9Cr-1Mo p iece  i s  l e s s  than 0.1% of t h e  t o t a l  l o o p  and specimen su r face  area and t h e  
compos i t ion  and m i c r o s t r u c t u r e  a re  s i m i l a r  t o  t h a t  of t h e  hos t  mater ia l .  The presence o f  t h i s  modest 
chemical inhomogeneity should no t  s i g n i f i c a n t l y  a f f e c t  t h e  o v e r a l l  mass t r a n s p o r t  process because of t h e  
smal l  surface area o f  t h e  9Cr-1Mo mater ia l .  
determined by Combustion Engineering. 

The d e t a i l s  

The main body o f  t h e  l oop  i s  formed by 3.175 cm I D  tub ing.  

L i t h i u m  f l o w  i s  produced by imposing a tem- 

The composi t ion of t h e  12Cr-1MoVW p la te ,  b a r  and tube  s tock was 
The a n a l y s i s  i s  g iven i n  Table 1. 
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Fiu.  1. Schematic of new thermal convectioit 
loop design. 

F ig .  3. Mass t r a n s f e r  specimen. 

Fig. 2. Photograph of a s- b u i l t  TCL. 

Fig.  4. R e t r a c t o r l f l w  cont ro l  rod. 
Middle: Stacked mass t r a n s f e r  specimens. Bottom: 
Specimen sheath tube. 
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Table 1. 

1.5-in.-OO tube 1.0-in.-OD tube 0.75-in.-OO tube 0.38-in. p l a t e  
l oop  body sheath specimens surge tank 

Composit ion o f  m a t e r i a l s  used i n  TCL f a b r i c a t i o n  

M a t e r i a l  
d e s c r i p t i o n  

(wt  %) (wt  % I  ( w t  %) (wt  %) 

C 
Mn 
P 
S 
S i  
N i  
C r  
Mo 
V 
Nb 
T i  
co 
cu 
A1 
6 
W 
As 
Sn 
Z r  
N 
Fe 

0.20 
0.70 
0.020 
0.002 
0.14 
0.42 
11.91 
1.04 
0.24 
0.005 
0.002 
0.073 
0.09 
0.010 
<0.001 
0.39 
0.011 
0.004 
(0.001 
0.040 

Balance 

0.20 
0.73 
0.020 
0.004 
0.16 
0.42 
12.00 
1.04 
0.24 
0.009 
0.002 
0.074 
0.08 
0.008 

<0.001 
0.40 
0.015 
0.005 
(0.001 
0.043 

Balance 

0.19 
0.67 
0.017 
0.004 
0.13 
0.42 
12.00 
1.03 
0.24 
0.003 
0.001 
0.071 
0.07 
0.002 

<0.001 
0.40 
0.006 
0.002 
(0.001 
0.042 

Balance 

0.19 
0.68 
0.017 
0.007 
0.20 
0.41 
11.95 
1.04 
0.24 
0.004 
0.002 
0.071 
0.07 . 
0.001 

<0.001 
0.40 
0.007 
0.003 
(0.001 
0.045 

Balance 

Two TCLs w i l l  be operated t o  cover t h e  d e s i r e d  temperature range. Loops GEE-1 and GEB-2 w i l l  operate  
from approximately 350 t o  500°C and 500 t o  65OoC, respec t i ve l y .  The l a r g e r  t u b i n g  and t h e  removal of t h e  
crossover  tube between t h e  h o t  and c o l d  l e g  3 ide  o f  t h e  l oop  reduces t h e  f low res i s tance  and thus increases 
t h e  f l o w  r a t e  a t  a g iven temperature d i f f e r e n t i a l .  
es t imated i n  t h e  ORNL standard design. L i t h i u m  v e l o c i t i e s  between 5 and 10 cm/s have been observed i n  t h e  
new l a r g e r  system a t  temperature d i f f e r e n t i a l s  o f  l e s s  than 150OC. The abso lu te  and d i f f e r e n t i a l  tem- 
pera tu res  and f l o w  v e l o c i t y  i n  t h e  l o o p  can be ad jus ted  by (1) v a r i a t i o n  of heater  i n p u t s  on t h e  surge tank 
and t h e  ho t  and c o l d  leas. (2) adiustment of t h e  f l o w  r e s t r i c t i o n  a t  t h e  toD o f  t h e  h o t  l e q  suecimen sheath 

Flow v e l o c i t i e s  o f  2 t o  3 cm/s a t  15OoC are  normal ly  

tube, and/or (3) add i t i& / rembva l -o f  i n s u l a t i o n  around t h e  loop. 
o f  t h e  new system and standard ORNL system i s  g iven i n  Table 2. 

A comparison between the-des ign parameters 

Tab le  2. Comparison o f  standard ORNL and new TCL designs 

Standard ORNL design New TCL design 

Specimen geometry 

Surge tanks 

Main Body Tubing 

Est imated l i t h i u m  v e l o c i t y  

Flow Reynolds number 

T o t a l  volume of l i th ium 

T o t a l  su r face  area t o  

Specimen su r face  area 

l i t h i um  volume r a t i o  

t o  l i t h i u m  volume r a t i o  

Rectangular  and f l a t  

Two, ho t  and c o l d  l e g  

1.90-cm 00 x 0.165-cm w a l l  

%3 cmls a t  ST - 150Y 
5OC-700 a t  50OoC 

2.5 l i t e r s  

71.2 m-1 

1.7 m-1 

Tubular  specimens 

One 

3.81-cm OD x 0.318-cm w a l l  

5-10 cm/s a t  6T < 150'C 
1200-2300 a t  500°C 

5.3 l i t e r s  

144.7 m-1 

34.9 m-1 



t iusn cnarge 61 

Operat iona l  charge 410 25 

The specimens w i l l  be weiqhed and insoected a t  100. 300. 500. 700. 1000. 1500. 2000. 2500 and 3000 h _ ~ .  -... .... .. I ~~~~ = ~~~~ . ~~ 

of coupon exposure. 
t o  p rov ide  a chemical h i s t o r y  of t h e  l i t h i u m  environment. 

Samples o f  t h e  l i t h i u m  w i l l  be taken e a i h  t ime t h e  specimens a re  removed and analyzed 
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THERMAL GRADIENT MASS TRANSFER IN FERROUS ALLOY Pb-17 at.  % L i  SYSTEMS - P. F. T o r t o r e l l i  (Oak Ridge 
Na t iona l  Laboratory)  

OBJECTIVE 

The purpose o f  t h i s  work i s  t o  determine t h e  co r ros ion  res i s tance  of cand idate  f i r s t - w a l l  m a t e r i a l s  t o  

These 
s low ly  f l ow ing  Pb-17 at .  % L i  i n  t h e  presence of a temperature gradient.  
a re  masured  as f u n c t i o n s  of t ime, temperature, and a d d i t i o n s  o f  minor elements t o  t h e  l ead- l i t h ium.  
measurements a re  combined wi th chemical and m t a l l o g r a p h i c  examinat ions of specimen sur faces t o  e s t a b l i s h  
t h e  mchanisms and r a t e - c o n t r o l l i n g  processes f o r  t h e  d i s s o l u t i o n  and d e p o s i t i o n  react ions.  

D i s s o l u t i o n  and d e p o s i t i o n  r a t e s  

SUMMARY 

Scanning e l e c t r o n  microscopy and assoc ia ted energy d i s p e r s i v e  x- ray ana lys i s  of t y p e  316 s t a i n l e s s  and 
12Cr-1MoVW s t e e l s  exposed t o  t h e r m a l l y  convect ive  Pb-17 at. % L i  y i e l d e d  q u a n t i t a t i v e  i n fo rma t ion  about 
changes i n  su r face  morphology and compos i t ion  as a r e s u l t  o f  mass t r a n s f e r  react ions.  
t y p e  316 s t a i n l e s s  s tee l ,  s u b s t a n t i a l  p r e f e r e n t i a l  d i s s o l u t i o n  o f  n i c k e l  and chromium occur red a t  5 0 0 T  and 
l e d  t o  t h e  format ion of a deep c o r r o s i o n  zone of i r r e g u l a r  pene t ra t i on .  
c o r r o s i o n  zone was found t o  be s e n s i t i v e  t o  t h e  s t a r t i n g  m i c r o s t r u c t u r e  of t h e  s tee l .  The 12Cr-1MoVW s t e e l  
corroded u n i f o r m l y  w i t h  no change i n  i t s  sur face concent ra t ion.  
s t a i n l e s s  s t e e l  system d i f f e r e d  depending on t h e i r  p o s i t i o n  i n  t h e  c o l d  leg, where t h e  temperature v a r i e d  
from 400 t o  460°C. Depending on t h e  temperature, t h e  m j o r i t y  of t h e  depos i t s  were p r i n c i p a l l y  composed o f  
i r o n .  i r o n- n i c k e l ,  o r  chromium. 

I n  t h e  case of 

The ex ten t  and morphology of t h i s  

Mass t r a n s f e r  depos i t s  i n  t h e  t y p e  316 

PROGRESS AND STATUS 

I n  t h e  preced ing progress r e p o r t , l  we ight  change and i n i t i a l  su r face  s t r u c t u r e  and composi t ion data  
f rom long- term (10,000 h )  b a s e l i n e  thermal convect ion l oop  (TCL) exper iments w i th  a u s t e n i t i c  and f e r r i t i c  
s t e e l s  showed t h e  aggressiveness o f  t h e  Pb-17 at. % L i  environment, p a r t i c u l a r l y  w i th  respect  t o  t h e  
t y p e  316 s t a i n l e s s  s tee l .  
completed so as t o  b e t t e r  c h a r a c t e r i z e  and understand both  t h e  d i s s o l u t i o n  and depos i t i on  processes i n  t h e  
l e a d - l i t h i u m  systems. 

t y p e  316 s t a i n l e s s  and 12Cr-1MoVW s tee ls ,  respec t i ve l y ,  t o  m l t e n  Pb-17 at. X L i .  
specimens l o c a t e d  a t  t h e  maximum loop  temperature o f  500'C were exposed f o r  va ry ing  pe r iods  o f  t i m e  up t o  
about 10.000 h, w h i l e  t h e  remainder o f  t h e  coupons p o s i t i o n e d  around t h e  l o o p  accumulated approx imate ly  
10,000 h of exposure t o  t h e  c i r c u l a t i n g  l ead- l i t h ium.  
sec t i ons  o f  se lec ted  specimens exposed a t  t h e  maximum loop  temperature (5OOOC) were examined by use of 
scanning e l e c t r o n  microscopy i n  con junc t i on  w i t h  energy d i s p e r s i v e  x- ray a n a l y s i s  (EDX). Representa t ive  
micrographs of t y p e  316 s t a i n l e s s  s t e e l  specimens exposed f o r  3886 and 7007 h a re  shown i n  Fig. 1. 

Extens ive m i c r o s t r u c t u r a l  analyses of these exposed m a t e r i a l s  have now been 

As descr ibed e a r l i e r , l  t y p e  316 s t a i n l e s s  s t e e l  and 9Cr-lMo s t e e l  TCLs were used t o  expose specimens of 
I n  each loop, those 

Dur ing  t h e  c u r r e n t  r e p o r t i n g  per iod,  p o l i s h e d  cross 

OWL-PHOTO K25498 ORNL-PHOTO M-25484 

F i g .  1. Scanning e l e c t r o n  micrographs of p o l i s h e d  c ross  sec t i ons  of t y p e  316 s t a i n l e s s  s t e e l  exposed 
t o  t h e r m a l l y  convec t i ve  Pb-17 a t .  % L i  a t  5OOOC.  ( a )  3886 h. (b) 7007 h. 
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As noted previously,l*z t h e  exposure of t h i s  s t e e l  t o  molten Pb-17 at. X L i  r e s u l t s  i n  t h e  development 
of a very i r r e g u l a r ,  penet ra ted surface zone. 
t h e  s t a r t i n g  concen t ra t i ons  of these elements i n  t h e  t ype  316 s t a i n l e s s  s tee l .  
t i o n  i s  c l e a r l y  shown by t h e  t h e  EDX data obta ined from po l i shed  cross sec t i ons  (see, f o r  example, 
Fig.  2). 
I n  c o n t r a s t  t o  t h e  t ype  316 s t a i n l e s s  s tee l ,  t h e  exposed surfaces of t h e  12Cr-1MoVW s t e e l  remained p l a n a r  
d u r i n g  t h e  c o r r o s i o n  process: 
corroded uni formly.  Composi t ional  analyses revea led no p r e f e r e n t i a l  d e p l e t i o n  of any o f  t h e  c o n s t i t u e n t s  o f  
t h e  12Cr-1MoVW s t e e l  a f t e r  long- term exposure t o  t h e  l ead- l i t h ium.  These r e s u l t s  f o r  t h e  t y p e  316 s t a i n l e s s  
and 12Cr-1MoVW s t e e l s  a re  i n  agreement w i t h  p rev ious  l i m i t e d  (and l e s s  q u a n t i t a t i v e )  observat ions based on 
analyses of t h e  outermost corroded surface. 1 

Such zones are  dep le ted i n  n i c k e l  and chromium r e l a t i v e  t o  
Th is  p r e f e r e n t i a l  d i sso lu-  

The amount of d e p l e t i o n  remains approximately constant  th roughout  t h e  depth o f  t h e  a f f e c t e d  zone. 

as shown by t h e  micrographs o f  p o l i s h e d  cross sec t i ons  i n  Fig. 3, t h i s  s t e e l  

ORNL-DWG 87-1940 
-I 

10 -  

0 20 40 60 80 100 

20 

10 

0 

Depth from Outer Surface (pm) 
( a )  

ORNL-DWG 87-194 . 

0 20 40 60 80 100 1 
Depth from Outer Surface (pm) 

( C )  

ORNL-DWG 87-194 
20 -l 

0 20 40 60 80 100 
Depth from Outer Surface (pm) 

(a) 

F ig .  2. Concent ra t ions o f  chromium and 
n i c k e l  versus depth  i n  t h e  c o r r o s i o n  zones of 
t y p e  316 s t a i n l e s s  s t e e l  exposed t o  t h e r m a l l y  
convec t i ve  Pb-17 a t .  % L i  a t  5OOOC. 
(b) 3886 h. (c) 7007 h. 

( a )  and 

Fig .  3. Scannlng e l e c t r o n  d c r o g r a p h s  o f  p o l i s h e d  c ross  sec t i ons  o f  12Cr-1MoVW s t e e l  exposed t o  
t h e r m a l l y  convec t i ve  Pb-17 a t .  % L i  a t  500OC. ( a )  7027 h. (a) 10,076 h. 
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The m i c r o s t r u c t u r a l  r e s u l t s  summarized above are cons is ten t  w i t h  a su r face  d e s t a b i l i z a t i o n  model t h a t  
x p l a i n  t h e  d i f fe rences  i n  sur face recess ion behavior between t h e  a u s t e n i t i c  ( t ype  316 s t a i n l e s s  s t e e l )  
e r r i t i c  (12Cr-1MoVW s t e e l )  a l loys.2  
r, 3 a surface t h a t  undergoes p r e f e r e n t i a l  d i s s o l u t i o n  develops a very nonuniform, rugged co r ros ion  
, w h i l e  an i n i t i a l l y  p l a n a r  surface should recede u n i f o r m l y  i n  t h e  absence o f  such s e l e c t i v e  leaching. 
a t rea tmen t  f i t s  t h e  present  r e s u l t s  q u i t e  wel l .  The development o f  a very i r r e g u l a r  s o l i d - l i q u i d  
f a c e  on t h e  t y p e  316 s t a i n l e s s  s t e e l  accompanies t h e  p r e f e r e n t i a l  d i s s o l u t i o n  of n i c ke l  and chromium 
Fig. Z ) ,  w h i l e  t h e  IZCr-IMoVW s t e e l ,  whose surface composi t ion does no t  change apprec iab ly  d u r i n g  t h e  
s i o n  process, mainta ins a p l a n a r  s o l i d - l i q u i d  i n t e r f a c e  throughout t h e  extended exposure. 
t examinat ion o f  t h e  p o l i s h e d  cross sec t ions  o f  t h e  exposed t y p e  316 s t a i n l e s s  s t e e l  has revealed 
o l o g i c a l  d i f f e r e n c e s  between d i f f e r e n t  s ides  o f  a specimen coupon t h a t  nust  a l s o  be considered i n  t h e  
c a t i o n  of such a model. 
4. Note tha t ,  f o r  a l l  t h r e e  specimens. t h e  c o r r o s i o n  zone i s  t h i c k e r  on t h e  " sho r t "  s i d e  than on t h e  
r faces. 
t " s i d e  and p a r a l l e l  t o  t h e  " long"  s ides  (see Fig. 5 also).  

I n  t h i s  model, which i s  based on t h e  o r i g i n a l  work o f  Harr ison and 

However. t h e  

These d i f fe rences  can be seen i n  t h e  lower  m a g n i f i c a t i o n  micrographs of 

Furthermore, t h e  main branch pene t ra t ions  appear pe rpend icu la r  t o  t h e  o r i g i n a l  su r face  on t h e  

F ig .  4. Scanning e l e c t r o n  micrographs of 
p o l i s h e d  cross sections o f  t ype  316 stainless 
s t e e l  exposed to  t h e r m a l l y  convec t i ve  
Pb-17 a t .  % L i  a t  5OO0C. (e) and (a) 3886 h. 
(c) 7007 h. 

:e i n  c o r r o s i o n  bet 
._____.A _ _ _ _ _ _  Id s h o r t  faces o f  

L _  _ _ _ _  1 _ _ _ _  The d i f f e r e n c  
I f o r m i t y  i n  teiipurarure scrubs t h e  specimen: 
on perpend icu la r  t o  t h e  l e a d - l i t h i u m  f l o w  d i r e c t i o n  (see Fig. 5) and, i n  a d d i t i o n ,  t h e  t h i c k e r  co r ro-  
zones were observed on bo th  " s h o r t "  ends of each specimen. 
ness o f  t h e  c o r r o s i o n  zone nus t  be r e l a t e d  t o  hydrodynamic e f f e c t s  and/or m i c r o s t r u c t u r a l  in f luences.  
hange i n  f l o w  c o n d i t i o n s  created by t h e  presence o f  t h e  coupon "edges" w i l l  cause more tu rbu lence  on 
h o r t  faces and can l e a d  t o  acce le ra ted  d i s s o l u t i o n  i f  t h e  c o r r o s i o n  process depends on c o n d i t i o n s  i n  
iqu id .  However, such a v a r i a t i o n  i n  f l o w  dynamics would n o t  alone e x p l a i n  t h e  observed morphological  
'rences i n  t h e  mode o f  a t tack ;  t h e  d i f f e r e n c e  i n  p e n e t r a t i o n  m r p h l o g y  between t h e  c o r r o s i o n  zones on 
ong and s h o r t  faces s t r o n g l y  suggests t h a t  t h e  process lead ing  t o  such i r r e g u l a r  a t tack  must be sen- 
e t o  t h e  s t e e l ' s  m ic ros t ruc tu re .  Indeed, when se lec ted  specimen cross sec t ions  were etched t o  reveal  
i r a i n  s t r u c t u r e ,  d e f i n i t e  g r a i n  e longa t ion  p a r a l l e l  t o  t h e  d i r e c t i o n  of main branch p e n e t r a t i o n  was 

neen  t h e  l o n g  an a coupon cannot be exp la ined by any 
t i l e  s p e ~ ~ m r n s  wrr-e cu t  i n  h a l f  a long an isothermal  

It thus appears t h a t  t h e  v a r i a t i o n  i n  
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observed (see, f o r  example, Fig. 6). 
l i t h i u m  such t h a t  t h e  in f luence  of m i c r o s t r u c t u r e  on c o r r o s i o n  i n  t h i s  environment was revealed. 
v a t i o n  of t h i s  t ype  of dependency has impor tant  i m p l i c a t i o n s  f o r  t h e  measurement o f  c o r r o s i o n  losses 
( p a r t i c u l a r l y  i n  terms of sound m e t a l  loss and c o r r o s i o n  zone th i ckness )  and t h e  comparison of such 
measurements from d i f f e r e n t  experiments and/or from specimens prepared i n  d i f f e r e n t  ways. 
and Fauvet e t  a1.5 have p r e v i o u s l y  found t h a t  c o r r o s i o n  of c o l d  worked a u s t e n i t i c  s t a i n l e s s  s t e e l  by 
Pb-17 a t .  % Li (as measured by weight  l o s s e s 4 ~ 5  and th i ckness  of  t h e  c o r r o s i o n  zones) was g r e a t e r  than t h a t  
o f  such s t e e l s  i n  t h e  annealed condi t ion.  

The e f f e c t  o f  c o l d  work was t o  "b ias"  t h e  p e n e t r a t i o n  by t h e  lead-  
The obser- 

Chopra and Smith4 

ORNL-PHOTO YP-9195 

Lead-Lithium Flow 'w p Specimen 

\ 
Short" Exposed Side 

"Long" Exposed Side 

Fig. 5. Schematic drawing of a t y p i c a l  l oop  coupon i n d i c a t i n g  how i t  was cu t  f o r  p o l i s h i n g  and 
i l l u s t r a t i n g  t h e  d i f f e r e n t  c o r r o s i o n  zone m r p h o l o g i e s  observed on a p o l i s h e d  cross s e c t i o n  of t ype  316 
s t a i n l e s s  s t e e l  exposed t o  t h e r m a l l y  convect ive Pb-17 at.  % L i  a t  500°C fo r  3886 h. 
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ORNL-PHOTO Y-208470 

Fig. 6. O p t i c a l  micrograph of t h e  
p o l i s h e d  and etched cross s e c t i o n  of 
t y p e  316 s t a i n l e s s  s t e e l  exposed t o  
t h e r m a l l y  convect ive Pb-17 at.  X L i  a t  
500°C f o r  7007 h. 

, 200prn , 

The observed m i c r o s t r u c t u r a l  i n f l u e n c e  on t h e  a t tack  o f  t h e  t ype  316 s t a i n l e s s  s t ee l  can be accom- 
modated by t h e  surface d e s t a b i l i z a t i o n  m d e l  descr ibed above and elsewhere.2.3 The sub jec t  model requ i res  
i n i t i a l  p e r t u r b a t i o n  of t h e  s t a r t i n g  p l a n a r  su r face  t o  t r i g g e r  t h e  d e s t a b i l i z a t i o n  and subsequent growth of 
an i r r e g u l a r  i n te r face ,  and g r a i n  boundaries o r  s l i p  l i n e s  can n i c e l y  serve as such p e r t u r b a t i o n  s i tes .3  
Therefore, i n  t h e  context  o f  t h i s  model, t h e  b i a s i n g  prov ided by t h e  presence of s l i p  l i n e s  and t h e  elonga- 
t i o n  of g r a i n  boundaries i n  t h e  r o l l i n g  d i r e c t i o n  can l e a d  t o  t h e  m r p h o l o g i c a l  d i f ferences between cor ro-  
s i o n  zones t h a t  develop on l o n g  and s h o r t  faces of t h e  same coupon. Indeed. Fauvet e t  a l .  a t t r i b u t e d  t h e i r  
observa t ion  t h a t  c o l d  work ing increased t h e  a t t a c k  o f  t ype  316L s t a i n l e s s  s t e e l  by Pb-17 at.  'b L i  t o  t h e  
presence of s l i p  l i n e s  i n  t h e  worked mate r ia l .  5 Furthermore, because t h e  observed depth of c o r r o s i v e  a t t a c k  
i s  based on a two dimensional a n a l y s i s  o f  a process t h a t  occurs i n  t h r e e  dimensions, t h e  " t h i c k e r "  c o r r o s i o n  
zones on t h e  shor t  s ides  may a c t u a l l y  be due t o  a l e s s  t o r t u o u s  p e n e t r a t i o n  pa th  p rov ided  by t h e  a v a i l i b i l -  
i t y  of m r e  g r a i n  boundaries and lo r  s l i p  l i n e s  i n  t h e  d i r e c t i o n  pe rpend icu la r  t o  t h e  o r i g i n a l  surface. 
i s  thus p o s s i b l e  t h a t  t h e  ac tua l  t h r e e  dimensional p e n e t r a t i o n  d is tances are about t h e  same regard less o f  
t h e  p a r t i c u l a r  su r face  i n  con tac t  w i t h  t h e  l i q u i d  meta l .  
e x i s t s  i n  terms o f  the amount o f  sound metal  remaining. 

I n  nonisothermal l i q u i d  metal systems. t h e  depos i t i on  of d i sso lved  species i n  t h e  c o l d  zone can be as 

It 

However, t h e  an iso t ropy  i n  cor ros iveness s t i l l  

impor tan t  as t h e  a c t u a l  d i s s o l u t i o n  processes i n  t h e  h o t t e r  p a r t s  o f  t h e  c i r c u i t .  
t i v e  t o  examine t h e  depos i t s  t h a t  formed i n  t h e  c o l d  l e g  o f  t h e  Pb-17 at.  X L i  TCLs as a r e s u l t  of mass 
t rans fe r .  Weight change data presented i n  t h e  prev ious progress r e p o r t '  shared t h a t  t h e  maximum weight gain 
i n  t h e  t ype  316 s t a i n l e s s  s t e e l  TCL was no t  a t  t h e  co ldes t  coupon p o s i t i o n  i n  t h e  loop. Subsequently, bo th  
t h e  exposed sur faces and p o l i s h e d  cross sec t ions  of t h e  c o l d  l e g  coupons from t h e  t ype  316 s t a i n l e s s  s t ee l  
loop experiment were analyzed by scanning e l e c t r o n  microscopy and EDX. Se lected micrographs are shown i n  
Fig. 7. On any one p a r t i c u l a r  coupon, v a r i a t i o n s  i n  depos i t  d e n s i t y  were noted and. on some coupons, t h e r e  
were r a t h e r  l a r g e  areas f ree  o f  deposits.  One of t h e  reasons f o r  such v a r i a b i l i t y  i n  depos i t  coverage 
appeared t o  be r e l a t e d  t o  t h e  adhesion of t h e  depos i ts ,  p a r t i c u l a r l y  f o r  t h e  lower  temperature coupons [ f o r  
example see t h e  le f t- hand s i d e  of Fig. 7 ( c ) l .  Such l oss  of depos i t s  my have occurred d u r i n g  exposure t o  
t h e  l i q u i d  metal ,  d u r i n g  c o o l i n g  a f t e r  removal from t h e  l i q u i d  stream, and/or d u r i n g  t h e  s tandard specimen 
c l e a n i n g  process w i t h  l i t h i u m  t h a t  has been descr ibed i n  d e t a i l  p rev ious ly . l . 2  I n  add i t i on ,  t h e  l ack  o f  
depos i t s  on c e r t a i n  areas of a specimen may be r e l a t e d  t o  p r e f e r e n t i a l  nuc leat ion.  The observat ions o f  
smal l  depos i ts  i n  d e f i n i t e  p a t t e r n s  on some some of t h e  surfaces [such as t h e  l e f t - h a n d  s ide  o f  Fig. 7 (d ) ]  
may support  such a mechanism, p a r t i c u l a r l y  i n  view of t h e  v a r i a b i l i t y  of depos i t  coverage f rom one specimen 
p o s i t i o n  t o  another  and t h e  accompanying change i n  depos i t  composit ion (see below). The growth o f  depos i ts  
requ i res  r e g i s t r y  w i t h  t h e  u n d e r l y i n g  surface and, g iven t h a t  t h e  s t a r t i n g  composit ions o f  a l l  t h e  c o l d  l e g  
specimens were t h e  same ( t ype  316 s t a i n l e s s  s t e e l ) ,  t h e  accommodation and s t i c k i n g  of depos i ts  of d i f f e r i n g  
composi t ion may vary cons iderab ly .  
surfaces a t  t h e  two c o l d e s t  loop p o s i t i o n s  may he lp  t o  e x p l a i n  why t h e  maximin weight ga in was no t  a t  t h e  
c o l d e s t  loop pos i t i on .  

determined by EDX f rom depos i t s  observed on t h e  su r face  and i n  cross sect ion.  The measured composit ions 
f rom these two v iewpoints  were cons is ten t  w i t h  each other. Table 1 summarizes t h e  p r i n c i p a l  composit ion 
r e s u l t s ;  i t  conta ins t h e  average elemental  concen t ra t ions  determined from a number o f  depos i t s  o f  a par-  
t i c u l a r  t ype  i n  e i t h e r  t h e  normal o r  cross s e c t i o n a l  view. Note t h e  marked dependence o f  depos i t  com- 
p o s i t i o n  on loop pos i t i on .  

It i s  t h e r e f o r e  i n s t w c -  

I n  any case, t h e  appearance of s u b s t a n t i a l  d e p o s i t - f r e e  areas on t h e  

The composit ions o f  mass t r a n s f e r  depos i ts  on each t y p e  316 s t a i n l e s s  s t e e l  c o l d  l e g  specimen were 

A t  t h e  h i g h e r  temperature p o s i t i o n s  i n  t h e  depos i t i on  zone (460 and 445T) .  t h e  
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L-PHOTO 11-25253 

F 

OWL-PHOTO 11-25684 

-PHOTO 11-25212 ORNL-PHOTO 11-25688 

I 

ORNL-PHOTO 11-25210 OWL-PHOTO 11-25696 

F i g .  7 .  Scanning e l e c t r o n  micrographs showing t h e  normal and cross sect iona l  (pol ished)  views o f  
type 316 s t a i n l e s s  s t e e l  specimens exposed i n  t h e  c o l d  l e g  o f  a thermal convect ion loop t h a t  c l r c u l a t e d  
Pb-17 a t .  % L i  a t  a maximum temperature o f  500°C. ( a )  460OC. (6) 4 5 5 O C .  ( c )  4 3 0 O C .  ( d )  (nex t  
page) 4 1 5 O C .  (e )  4 0 0 O C .  



285  

ORNL-PHOTO M-25197 

OWL-PHOTO K25191  

MU(L-PHOT0 K25702 

ORNL-PWTO K25703 

Fig.  7. (cont 'd ) .  

Table 1. Compositions o f  mass t r a n s f e r  deposfts  on type  316 
s t a i n l e s s  s t e e l  coupons i n  c o l d  l e g  of Pb-17 at .  X L i  

thermal convection loop a f t e r  10,008 h of exposure 

Deposi t  concentrat ion ( w t  %)a 
Cold l e g  

temperature Normal Cross sect ion  

Fe Cr N i  S i  Mo Fe Cr Nf S i  Mo 
("C)  

460 90 7 3 0.4 0.4 91 5 3 0.4 0.1 

445 90 7 2 0.2 0.1 90 7 3 0.4 0.0 

430 51 12 36 0.3 0.1 50 12 38 0.7 0.1 
29 68 4 0.0 0.0 37 53 10 0.4 0.2 

41 5 34 64 2 0.2 0.5 27 70 2 0.3 0.0 
45 13 41 0.4 0.7 42 14 44 0.5 0.1 

400 25 70 4 0.2 0.6 27 71 1 0.4 0.1 
42 25 32 0.7 0.1 

aDetermined by energy d ispers ive  x-ray analysis .  
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MODEL OF TRITIUM TRANSPORT IN CERAMIC BKEEUER MATERIALS - J. P Kopasz and C. E. Johnson (Argonne National 
Laboratory) 

OBJECTIVE 

The objective of this work is to develop a computer model that will describe tritium behavior in ceramic 
breeder materials. The model will enable one to compare the relative contributions of diffusion in the 
solid. desorption from the solid surface, and permeation through a porous medium to the overall tritium 
inventory. 

SUMMARY 

A computer model of tritium transport and release is being developed. The model considers diffusion 
through the solid and desorption from the so1id surface. The mode: is based on a differential equation 
that predicts heat transfer in a solid sphere at constant heat generation and heat radiation at the 
surface. 
for samples of Li2Si03 from the LISA-1 experiment. 
good. Improvements in the model to enable handling of samples with large distribution of grain sizes are 
now being considered. It is also envisaged that the diffusion-desorption model will be combined with 
programs which calculate the effective rate constants at different oxygen potentials. 

PROGRESS AND STATUS 

A computep program is being developed to describe tritium behavior in ceramic breeder materials. AS 
presently constructed the program focuses on modeling diffusion in the solid and desorption from the 
surface. The program is based on the solution of the differential equation 

The tritium release over time calculated with our  model was compared with the measured releaqe 
Overall agreement between the model and experiment was 

where 

D is the diffusivity 
C is the tritium concentration 
P is the grain radius 
G is the tritium generation rate 

This equation is also applicable to heat transfer in a solid sphere with heat produced at a constant rate 
per unit time per unit voldne. 
conditions. The conditions one wishes to model determine the boundary conditions for the equation. The 
heat transfer for a solid sphere with heat generated at a constant rate, zero initial temperature, and 
Padiation into a medium at Zero temperature is considered to be analogous to tritium breeder blanket with 
constant tritium generation and tritium desorption into a purge flow gas stream at low (zero) tritium 
Concentration. The boundary conditions for these two cases are described by the equations: 

Carslaw and Jaeger have solved this equation for Several boundary 

av ac 

an 
K- + Hv = 0 and D a ~  + KdeS cs = 0 

where 

cs is the surface concentration 
Kdes is the desorption rate constant 
K is the thermal conductivity 
v is the temperature of the medium 
H is a constant - hK 

Since the surface concentration is not in the same units as the bulk (volume) concentration, a new 
parameter. Kd, is defined as the effective desorption rate constant, where Kd times the tritium 
concentration evaluated at the surface is equal to the desorption rate (KdesCs). 
related to the desorption rate constant Kdes by a factor describing the thickness of the surface. It may 
be argued that these boundary conditions do not apply to an operating breeder blanket, since the tritium 
ConcentPation in the purge gas will not necessarily be zero. However, since the tritium concentration in 
the purge gas is likely to be an order of magnitude or  more lower than that in the blanket surface, and 
that the tritium is quickly carried away by the purge gas, the assumption of zero concentration in the 
purge gas appears to be valid. 

The constant Kd is 
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The Solution provided by Carslaw and Jaeger1 to the heat transfer problem is 

Z H ~  2 A~ - sinronexp(-Kont) 2 
ih(a2-r2)+2a) - - 1 " =-  

hhii- rr  n=l  a *1a2a2 +ah(ah-l)lsinaan 

v = temperature 
= heat generation rate 

I( = thermal conductivity 
h = H/K 
H = heat transfer coefficient 
r = distance along radius 
a = radius 

Further, an represents the roots of aa cot a a = l  - ah 

t = time 

Making the following assumptions 

t o  = pcp 

c = v  
G/D = AJK 
c = D  
Rt = KdC, = dC/dt 

and allowing for a temperature change (remembering D and K d  ire dependent on temperature) leads to the 
equation for tritium releaae given below 

where 

Kd = effective first-order desorption rate constant I 
C1 
h = Kd/D 
Rt = tritium release rate 

= tritium Concentration evaluated at r = a  prior to a temperature change 

The release rate was calculated using the diffusion-desorption model and compared to the observed tritium 
release rate f o r  a sample Of Li2Si03 from the LISA-1 experiment. A typical plot is shown in Fig. 1 .  The 
model predicts the initial rise i n  release rate and the release rate after 100,000 Seconds quite w e l l  but 
does a poorer job of predicting the release rate between 10,000 and 75,000 seconds. The calculated tritium 
release profile is also in good agreement with the observed data f o r  time periods after a large temperature 
decrease (-250,000, 450,000, and 675,000 sec) or increase (-350,000 sec). One shortcoming of the current 
model is that it uses a characteristic radius of the sample to calculate the release rate. 
used in the LISA- 1 experiments have a large distribution of grain sizes. and it is difficult to assign a 
characteristic grain size to the sample. Since the tritium release is dependent on the grain size, this 
could have a substantial effect on the release profile. TO correct this shortcoming. the model is being 
altered to allow for a distribution of grain sizes as input. 

FUTURE WORK 

A model is being developed which will describe tritium behavior in ceramic breeder materials. This model 
will be used to interpret tritium release data from in-pile experiments and to evaluate the diffusion 
constants obtained assuming pure diffusional release. 
rate on the oxygen activity Of the purge gas will be investigated. 
distribution, grain boundary diffusion, surface effects, and gas phase transport will be added to the 
model. 
nonlinear systems of partial differential equations, will be used. 

The samples 

The dependence of tritium release and desorption 
Additional complexity due to grain size 

To Solve these more complex systems of equations DISPL, a Software package for solving Second order 
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F i g .  1. Calculated and Observed Tritium Release from Li2Si0 
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ADSORPTION, SOLUTION, AND DESORPTION CHARACTERISTICS OF THE LIA102-H20 SYSTEM - Albert K. Fischer and Carl 
E. Johnson (Argonne National Laboratory) 

OBJECTIVE 

The objective of this work is to provide measured thermodynamic and kinetic data related to tritium 
retention and release from ceramic tritium breeders. 
evolution are being measured for the LiA102-H20-H2 system. This information, together with similar 
information for other ceramic breeders will (1 )  enable comparison among candidate materials, and (21 enable 
blanket operating conditions to be more rigorously defined. An additional objective is to elucidate the 
principles underlying the behavior of tritium in breeders as well as other interactions of breeders 'with 
reactor components. 

SUMMARY 

Isotherms are reported for adsorption of H20 on LiA102 at 5OO0C and for solubility of OH- in LiA102 also at 
500°C. The kinetics of the water evolution process appears to be second order in hydroxide content. 
Calculations have indicated that f o r  the solid phase there is a critical oxygen activity below which 
tritide is the dominant tritium species rather than tritons which prevail above the critical oxygen 
activity. These relationships have important implications for the design, performance. and interpretation 
of tritium release experiments. 

INTRODUCTION 

Adsorption, dissolution, desorption, and H20 evolution are being measured f o r  the LiA102-H20-H2 system to 
provide thermodynamic and kinetic information for the breeder, LiA102. 
for 5OO0C, is now available. 

Frontal analysis gas chromatography (the breakthrough technique1 is being used f o r  the measurements o f  
adsorption. Post-adsorption uptake of water vapor is being measured to determine the solubility of 
hydroxide in LiA102. 
adsorption of water vapor and solubility isotherms f o r  the solubility of protons (i.e., hydroxide) as a 
Solute. The reverse  processes, desorption and evolution of water vapor, are being measured to describe the 
kinetics of the release process. Determination of the dependence of these quantities on oxygen activity is 
a l s o  included in the experimental program. 

ADSORPTION-DISSOLUTION MEASUREMENTS 

The experimental effort is directed to obtaining heats of adsorption of which three types are mentioned in 
the literature. namely, Langmuir, Tempkin, and Freundlich. These literature treatments differ in their 
assumptions about the dependence of the heat of adsorption on the degree of surface coverage. The Langmuir 
approach assumes that the heat of adsorption Is constant and independent of e, the fraction of surface 
coverage. The Tempkin approach treats the heat of adsorption as a linear function of E and requires a 
linear plot of E versus ln(p) where p is the partial pressure of water vapor. The Freundlich approach is 
based on logrithmic dependence of the heat of adsorption on e and is tested by a linear plot of ln(e1 
versus ln(p). Adsorption data at 500°C are plotted in Fig. 1 as l n ( e )  vs ln(p): linear dependence is 
observed, suggesting Freundlich behavior. Freundlich behavior is usually taken to indicate surface 
heterogeneity, i.e., the availability of more than one kind of surface site for adsorption. This is 
understandable, in part, in terms Of surface d'slocations, ledges, etc. In the present case, there are the 
additional possibilities for O-', Lit, and Al+' sites to participate in adsorption with different energies 
depending on the species and the exposed crystal plane. It is possible that different kinds of sites 
dominate in different measurements involving different ranges of coverage. For measurements in a range of 
smaller fractional surface coverages, it is more likely that a single kind of site will be reflected in the 
data. 

The second phase of an experimental run yields data on the solubility of OH- in LiA102. 
and the regression line for the series at 5OO0C are shown in Fig. 2. 
mol fraction, xOH. 
for baseline adsorbed and dissolved hydroxide. Necessarily, the measurements are differential rather than 
integral. A correction factor will be derived requiring overall thermodynamic consistency of a l l  data at 
a l l  measured temperatures. Earlier, such a procedure was applied to the data f o r  the solubility of 
hydroxide in Li20. 
fraction may be converted to solubility of tritons in parts per million by weight with the relationship, 
wppm 

Adsorption, dissolution, desorption, and H20 

The first isotherm for this system, 

Such data will yield adsorption isotherms to describe the thermodynamics of 

The data points 
Solubility is reported in units of 

These data (and the adsorption data presented above) are still subject to correction 

If tritoxide behaves as hydroxide, then the solubility of hydroxide in units of mol 

(T in LiA102) = 4 . 5 ~ 1 0 ~ ~ ~ ~ .  
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Fig .  1. Surface adsorpt ion isotherms f o r  adsorpt ion o f  H20 on LiA102 a t  
500OC (Freundl ich  isotherm) as a funct ion o f  water vapor pressure.  
l og  5 = 1.81+0.6931og(p.atm). 
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F i g .  2 .  S o l u b i l i t y  of hydroxide i n  LiA102 a t  5OO0C as funct ion of water 
vapor pressure.  logxo = -1.76+0.604109( p,atm) . 

The slope of t he  curve i n  Fig. 2 i s  of i n t e r e s t  as i t  w i l l  provide an indication of whether LiAl508 acts as 
a so lu t e  i n  LIA102 or as a separa te  phase according t o  t he  reaction:  

5LiA102 + 2$0 = 4LiOH + LiA1508 ( 1 )  

If LiA1508 forms a separa te  phase, t he  slope w i l l  be 0.5; if L i A l  08 is a so lu t e  i n  LiA102, the slope w i l l  
be 0.4.  The uncorrected value of 0 . 6  i s  reminiscent of t he  TetenEaum measurements on t he  s o l u b i l i t y  of 
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hydroxide in Li20 whePe 0.6 was a l s o  observed for the raw data. 
dissolved hydroxide and for non-ideality eventually gave a value close to 0.5. 

In order to show the relationship between surface adsorbed hydroxide ( 8 )  and dissolved hydroxide (xOH) 
Fig. 3 is presented showing the ratio of E: xOH at 5OO0C as a function of partial pressure of water vapor. 

KINETICS OF EVOLUTION OF WATER VAPOR 

After completion of the ad~o?ption-dissoIution part of a run, the Pate of evolution of water into a flowing 
helium stream is measured. Data for an earlier run were reported as showing first order or  second order 
kinetics depending on temperature. With the much larger data base that is now available, a more detailed 
examination of kinetic behavior is possible. It now appears that f o r  reproducibility of reaction order 
data a helium flow rate of approximately 45 to 65 cc/min is required. At this higher flow rate the water 
evolution process appears to be second order. 

Second order kinetics f o r  the HzO evolution process is consistent with a rate controlling bimolecular 
surface process. The bimolecularity results from surface diffusion of protons to form adjacent OH groups 
which combine to split out an H20 molecule. In a situation with a small amount of tritium and with a 
dominance of protium, such as is likely to exist in a reactor. the bimolecular process will be reflected by 
a rate equation that is pseudo-first order in tritium. 

CONCEPTUAL DEVELOPMENTS 

In this period, effort was also given to clarification of the nature of the dissolved and diffusing tritium 
species in ceramic tritium breeders. Review of experimental and theoretical work indicates a 
correspondence between the interstitial proton in oxides with the hydroxide ion. For tritium, the 
correspondence is between the triton and the tritoxide ion. Transport of protons ( o r  tritons) is thought 
to proceed by a hopping process from oxide to oxide i n  the oxygen sublattice and is assisted by vacancies 
i n  the cation sublattice. However, o w  calculations indicate that there is a critical oxygen activity at 
which the concentration of hydPoxide (protons) in the solid phase is equal to the Concentration of hydride. 
Below this critical oxygen activity, hydride (or tritide) is the dominant species. At these oxygen 
activities the oxide vacancy concentration is also greater and the tritium diffusion process is Seen as 
that of tritide diffusion through oxide vacancies. The possible occurrence of regions of low Oxygen 
activity is plausible on the bas's of observations of elemental lithium formed during neutron bombardment 
of lithium-containing materials.' 
particle proceeds from a region of low oxygen activity to a region of high oxygen activity at the surface. 
In the process, tritium changes from a tritide ion to a triton ion, and the diffusion process changes from 
tritide movement into oxide vacancies to triton hopping among oxide ions. 

This involvement of the tritide ion is a new aspect of the tritium transport process which needs to be 
consideped in the design, performance, and interpretation of tritium release experiments. For deductions 
of diffusion constants from an o v e ~ a l l  tritium release rate it is necessary to consider two diffusion 
constants, one f o r  tritide movement by diffusion through oxide vacancies, and one f o r  triton movement f o r  
diffusion by hopping among oxide ions. Also, the physical thicknesses of the two kinds of diffusion 
regions need to be determined to assign the correct boundary conditions. There may a l s o  be an intermediate 
transition zone in which the triton and tritide concentrations are nearly equal and in which the 
possibility exists f o r  formation of HT and Tz which can migrate into helium bubbles. 

CONCLUSIONS 

Measurements of adsorption of H20, dissolution of hydroxide, and evolution of H20 from LiA1O2 are providing 
important data for the thermodynamics of adsorption. for hydroxide Solubility, and f o r  the kinetics of 
watw vapor evolution. The progress in conceptual developments is providing new insights into important 
processes involved in understanding tritium behavior in ceramic tritim breeders. 

FUTURE WORK 

The present work will involve gathering sufficient additional data to construct adsorption isotherms f o r  
different temperatures, to determine solubility of hydroxide as a function of temperature and partial 
pressure of H20, and to determine activation energies of H20 evolution. 
on these quantities will be measured. 
candidate f o r  study in the same way so that ultimate programmatic comparison of the two will be possible. 
Further background will be developed regarding the consequences of H2 and O2 adsorption. 

In that case. corrections for baseline 

It follows that the diffusion of tritium from such a region in a ceramic 

The effect of H2 in the gas phase 
Subsequently, the breeder material, LiqSiOq, will be the probable 
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F i g .  4. Calculated r e l a t i o n s h i p s  among l i t h i u m  a c t i v i t y ,  t r i t i d e :  t r i t o n  
r a t i o ,  and oxygen a c t i v i t y  i n  LiA102 a t  800 K. 
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SOLID BREEDER MATERIALS FABRICATION AND MECHANICAL PROPERTIES - R. B. Poeppel IArgonne Nat iona l  Laboratory)  

OBJECTIVE 

The o b j e c t i v e s  o f  t h i s  program a re  t o  synthes ize  ceramic powders and/or f a b r i c a t e  samples o f  cand idate  
s o l i d  breeder m a t e r i a l s  f o r  va r i ous  i n t e r n a t i o n a l  cooperat ive  i r r a d i a t i o n  t e s t  programs and t o  c h a r a c t e r i z e  
t h e  mechanical p r o p e r t i e s  o f  se lec ted  l i t h i u n  ceramics. 

SUMMARY 

The f a b r i c a t i o n  o f  l i t h i u n  ox ide  r i n g s  f o r  t he  C R I T I C - I  exper iment was completed and the  r i n g s  
t rans fe r red  t o  Chalk River.  
sent  t o  Hanf r Engineer ing and Developnent Laboratory  t o  be f a b r i c a t e d  f o r  FUBR-16 replacement capsules.  
Three papersP-$ were prepared f o r  t he  American Ceramic Soc ie ty  Special  Symposim on " F a b r i c a t i o n  and 
P r o p e r t i e s  o f  L i t h i u m  Ceramics." I n i t i a l  m a t e r i a l s  have been synthes ized t o  f a b r i c a t e  t e s t  specimens f o r  
t h e  measurement o f  mechanical p r o p e r t i e s  o f  l i t h im  o r t h o s i l i c a t e .  The paper e s c r i b i n g  t h e  mechanical 

L i t h i u m  z i rconate ,  l i t h i u n  aluminate and l i t h i u m  s i l i c a t e  ceramic powders were 

p r o p e r t i e s  o f  l i t h i u n  ox ide was pub l ished i n  t he  Journa l  o f  Nuclear M a t e r i a l s .  i 

PROGRESS AND STATUS 

A 10-cm-high s tack  o f  dep le ted  l i t h i u n  ox ide  r i n g s  was f a b r i c a t e d  f o r  t he  C R I T I C - I  exper iment (Chalk 
R ive r  Instrumented T r i t i u m  I r r a d i a t i o n  Capsule). 
T h e o r e f i c a l  d e n s i t y T a n d  w i i h  a 30-60 u i i  g r a i n  s ize .  
prepared by high- temperature,  vacuum c a l c i n a t i o n  o f  mol ten l i t h i m  carbonate. 
cold-pressed, and f i r e d  i n  an oxygen atmosphere. F i n a l  dimensions were achieved by diam nd g r i n d i n g .  

The r i n g s  a r e  -4 cm OD, -3 cm I D  and -0.7 n high,7)0% of 

The product  was b a l l - m i l l e d ,  
Fine- grained, s i n t e r a b l e  l i t h i u m  ox ide  powder was 

A paper f u l l y  d e s c r i b i n g  the  f a b r i c a t i o n  and m a t e r i a l  c h a r a c t e r i s t i c s  i s  i n  p repa ra t i on .  P 
The L i  I r a 3  was synthes ized f rom hafn ium- f ree z i r c o n y l  n i t r a t e  obta ined from Teledyne Wah Chang and 

The z i r c o n y l  n i t r a t e  was f i r s t  conver ted t o  f i ne- g ra ined  dep le ted 1iGhium carbonate frm Oak Ridge Y12. 
z i r c o n i a  by p r e c i p i t a t i o n  w i t h  ammonim hydrox ide from aqueous s o l u t i o n .  
t imes w i t h  water and once w i t h  e t h y l  a lcoho l .  
A f t e r  t he  f i n a l  r i n s e  the  powder was heated i n  a l a b o r a t o r y  furnace and h e l d  a t  440°C f o r  t h r e e  days. 
The product  was then b a l l - m i l l e d  w i t h  l i t h i m  carbonate,  spray d r i e d ,  and c a l c i n e d  a t  650'C f o r  75 h.  
Two hundred f i f t y  grams o f  powder was sen t  t o  Hanford. L i t h i m  aluminate f a b r i c a t i o n  has been r e p o r t e d  
p rev ious l y .  B r i e f l y ,  f i n e  OeGussa a l m i n a  was wet b a l l - m i l l e d  w i t h  dep le ted  l i t h i u m  carbonate,  spray d r i e d ,  
and c a l c i n e d  f o r  several  days a t  650°C i n  a i r .  

The p r e c i p i t a t e  was washed t h r e e  
The powder was separated by  c e n t r i f u g e  a f t e r  each r i n s e .  

One hundred grams was sen t  t o  Hanford. 

L i t h i m  o r t h o s i l i c a t e  was made by a procedure n o t  p r e v i o u s l y  repor ted.  The powder was synthes ized frm 
Cabot Corpora t ion  Cab-0-si1 amorphous s i l i c a  and dep le ted l i t h i u n  carbonate. 
o b t a i n  accurate weights o f  reac tan ts .  Weight l o s s  a f t e r  vacuum oven hea t i ng  t o  -150°C was -1.5% w h i l e  
we ight  loss was -2% a f t e r  hea t i ng  i n  a i r  t o  650°C. 
dep le ted  l i t h i m  carbonate and Carbowax 3350 po l ye thy lene  g l y c o l  i n  i sop ropy l  a lcoho l .  The charge con ta ined  
171 g s i l i c a ,  429 g l i t h i u n  carbonate, 11 g PEG, and 4.2 L a l coho l .  When the  m i x t u r e  was spray d r i e d ,  
623 grams o f  product  was recovered. 
650°C f o r  72 h, and cooled t o  room temperature. 
mesh. Two hundred f i f t y  grams was sent  t o  Hanford. 

The s i l i c a  was f i r s t  d r i e d  t o  

The d r i e d  s i l i c a  was b a l l - m i l l e d  f o r  -3 days w i t h  

Th is  was d i v i d e d  and p laced i n t o  t h r e e  alumina c r u c i b l e s ,  heated t o  
Lumps were broken up and the  powder screened through 140 

FUTURE WORK 

A d d i t i o n a l  l i t h i u m  o r t h o s i l i c a t e  ceramic powder w i l l  be prepared. Compression t e s t  samples w i l l  be 
pressed and s in tered.  Sto ich iomet ry  w i l l  be checked by a t m i c  abso rp t i on  spectroscopy. M i c r o s t r u c t u r e  w i l l  
be  cha rac te r i zed  by SEM. The sainpbes w i l l  be es ted  i n  c m p r e s s i o n  a t  temperatures between 700 and 950°C 
w i t h  s t r a i n  r a t e s  rang ing from 10- t o  10- 4 s -1 . 
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IRRADIATION EFFECTS ON ORGANIC INSULATORS - M. E. Kasen (Nat iona l  Bureau o f  Standards) 

OBJECTIVE 

The o v e r a l l  o b j e c t i v e  o f  t h i s  work i s  t o  develop f u n c t i o n a l  organ ic-matr ix  composite i n s u l a t o r s  f o r  use 
i n  the  superconducting magnets o f  magnetic f u s i o n  energy systems. The immediate o b j e c t i v e  i s  t o  develop a 
method f o r  e f f i c i e n t  screening o f  t he  s i g n i f i c a n t  parameters i n f l u e n c i n g  degradat ion of such m a t e r i a l s  under 
neutron i r r a d i a t i o n  a t  4 K .  

SUMMARY 

An i n t e g r a t e d  approach has been developed f o r  r a p i d  screening o f  t he  i n f l uence  o f  component v a r i a b l e s  on 
the  performance o f  e l e c t r i c a l  i n s u l a t o r s  requ i red  f o r  superconducting magnets i n  magnetic f u s i o n  energy 
systems. 
diameter rods.  
s ion .  
and one t ype  o f  basmaleimide m a t r l x  have been produced and submit ted t o  ORNL f o r  i r r a d i a t i o n  i n  the  LTNIF 
f a c i l i t y .  
delays on the  LTNIF f a c i l i t y .  
d i a t i o n  cannot be performed on the  type E g l a s s - r e i n f o r c e d  specimens due t o  the  i n t e r a c t i o n  between the  h i g h  
thermal neutron f l u x  i n  the  reac to r  and the  boron element i n  t h i s  type of g lass.  

I t  inco rpo ra tes  an e f f i c i e n t  method f o r  specimen p roduc t ion  i n  the  form o f  3.2-mm (0.125- in)  
Test  methods inc lude  short-beam shear, f r a c t u r e  s t reng th  ( G I ~ ) ,  and s t r a i n - c o n t r o l l e d  t o r -  

Unre in forced (neat  r e s i n )  and g l a s s- f i b e r  r e i n f o r c e d  specimens having t h r e e  types o f  epoxy ma t r i ces  

However, t h e  i r r a d i a t i o n  was n o t  performed du r ing  the  present  r e p o r t i n g  p e r i o d  due t o  s t a r t u p  
Furthermore, NBS has been informed by ORNL personnel t h a t  t he  requ i red  i r r a -  

PROGRESS AND STATUS 

One hundred n i n e t y - s i x  specimens have been a w a i t i n g  i r r a d i a t i o n  i n  t h e  LTNIF f a c i l i t y  f o r  a p e r i o d  i n  
excess of one year .  
i nc reas ing  r a d i a t i o n  l e v e l s ,  was t o  be performed d u r i n g  March of 1987. 
Of" personnel t h a t  new c a l c u l a t i o n s  have i n d i c a t e d  t h a t  i n t e r a c t i o n  o f  t h e  h i g h  thermal neutron f l u x  i n  t h e  
reac to r  w i t h  the  boron content  of t he  type E g lass  used i n  the  composite specimens w i l l  r e s u l t  i n  a l e v e l  o f  
damage p rec lud ing  a meaningful  experiment. 
cryogenic experiments us ing gamma i r r a d i a t i o n ,  and was t h e r e f o r e  se lec ted t o  p rov ide  a comparison of gamma 
versus neutron i r r a d i a t i o n .  
in tended t o  p rov ide  b a s e l i n e  performance data  under neut ron i r r a d i a t i o n  aga ins t  which t h e  performance o f  
o t h e r  types o f  f i b e r  re in forcement  cou ld  be d i r e c t l y  compared. 

mechanical p roper t y  t e s t i n g  o f  on l y  the  un re in fo rced  r e s i n  specimens. 

The i r r a d i a t i o n  program, c o n s i s t i n g  o f  exposure o f  equal batches o f  specimens t o  th ree  
However, NES has been informed by 

The E-glass type o f  re in forcement  had been used i n  prev ious 

Since t h i s  t ype  of g lass  i s  most commonly used i n  magnet i n s u l a t i o n ,  i t  was a l s o  

Th is  un fo r tuna te  development w i l l  reduce the  present  program t o  the  i r r a d i a t i o n  and subsequent cryogenic 

FUTURE WORK 

Subsequent t o  c ryogenic  i r r a d i a t i o n ,  t he  unre in forced specimens w i l l  be warmed t o  room temperature and 
re tu rned  t o  NBS f o r  c ryogenic  mechanical t e s t i n g .  
t he  NBS p a r t i c i p a t i o n  i n  t h e  o v e r a l l  program t o  develop r a d i a t i o n - r e s i s t a n t  organ ic-matr ix  i n s u l a t o r s  f o r  
magnetlc fus ion energy systems. 

Due t o  t e r m i n a t i o n  o f  funding, t h i s  a c t i v i t y  w i l l  conclude 
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