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FOREWORD 

This  i s  t he  f i f t h  i n  a ser ies  o f  semiannual technical  progress repor ts  on fus ion reactor  mater ia ls.  
This r e p o r t  combines research and development a c t i v i t i e s  which were prev ious ly  reported separately i n  t he  
fo l lowing techn ica l  progress reports:  

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

. Damage Analys is  and Fundamental Studies 

Special Purpose Mater ia ls  

These a c t i v i t i e s  are concerned p r i n c i p a l l y  w i t h  the e f fec t s  o f  t he  neutronic and chemical environment on 
the p roper t i es  and performance of reactor  mater ia ls ;  together they form one element o f  the ove ra l l  mater ia ls  
program being conducted i n  support o f  t he  Magnetic Fusion Energy Program of t he  U.S. Department o f  Energy. 
The o ther  major element o f  the program i s  concerned w i t h  the in terac t ions between reactor  mater ia ls  and the  
plasma and i s  repor ted separately. 

The Fusion Reactor Mater ia ls  Program i s  a nat iona l  e f f o r t  invo lv ing several nat iona l  laborator ies,  
u n i v e r s i t i e s ,  and i ndus t r i es .  
for t he  use of t he  program par t ic ipants ,  and t o  provide a means of communicating the e f f o r t s  o f  mater ia ls  
s c i e n t i s t s  t o  t h e  r e s t  o f  the fusion community, both na t i ona l l y  and worldwide. 

Laboratory, and D. G. Doran, Ba t te l l e- Pac i f i c  Northwest Laboratory. The i r  e f for ts ,  t he  work of the publ ica-  
t i o n s  s ta f f  i n  t h e  Metals and Ceramics D iv i s ion  a t  ORNL, and the  many persons who made technical  contr ibu-  
t i o n s  are 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 repor ted on i n  t h i s  document. 

The purpose o f  t h i s  ser ies  of repor ts  i s  t o  provide a working technical  record 

This r e p o r t  has been compiled and ed i ted  under t h e  guidance o f  A.  F. Rowcl i f fe ,  Oak Ridge National 

R .  Price,  Chief 
Reactor Technologies Branch 
Of f ice  of Fusion Energy 
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HFIR imginning wi th  the f i r s t  f u l l  power operating c y c l e .  

Se l ec t ed  p a r t s  required r e v i s i o n  or 
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in mater ia l s  i r rad ia t ed  a t  significantly lower neutron f l u e n c e s ,  and used f o r  t he  
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A constant  temperature 
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(Argonne Nat iona l  Laboratory) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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f l u e n c e s  from 1 t o  3x10'' nlcd  a t  an angle o f  75- wi th  an average neutron energg o f  
14.3 MeV. 
angle of 110' with a mean neutron energy o f  13.8 MeV and neutron f l u e n c e s  o f  
1.5 t o  Z.OXIO" ntcm'. 

2 . 3  Production of "Mo and "mNb From Mo a t  14.7 MeV (Argonne Nat iona l  Laboratory) 

rolytdenum s m p l e s  i r rad ia t ed  w i th  14.7 MeV neutrons a t  RTNS II. 
performed to determine prel iminary ac t i va t i on  cross  sections o f  &ut 580 & f o r  

The f i r s t  experiment in January, 1987, received 

The second add-on exper irent  from February to May 1987 was i r rad ia t ed  a t  an 

Helium measurements are now in progress  a t  R O C ~ W E I I  I n t e rna t iona l .  

. . . . .  
Ion-exchange chemical r eac t i ons  have heen performed t o  separate Mo and N b  i n  natural  

X-ray counting has been 
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Mo~n,2o~"Mono(3MO y )  and 0.73 mb f o r  Mo(n,x)'amNh(16.1 y ) .  Separations are now in 
I .  

progress f o r  "Moo-enriched samples. 
long- lived i so topes  in f u s i o n  reac tor  mater ia ls .  
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o f  reac tor  a t  least one year  i s  considered. The total a c t i v i t y  i n  C i J W ( t h )  o f  t h e  S t a r f i r e  
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can r e s u l t  i n  about l/2000 as much long- lived r a d i o a c t i v i t y  as i n  t h e  fission reactor .  
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of the 
an e l ec t ron i c  ma te r ia l s  h a n d h k ,  wi th  a prototype system now operational on t h e  NFE 
computer network. 

- Work i s  proceeding ahead o f  schedule in t he  development of 

- I n  June agreement was reached on the  c rea t ion  of  
an In ternat ional  Fusion Mater ia ls  B a n d b k ,  which would be  under t he  auspices o f  t h e  
IEA and have a format s im i la r  t o  the  U.S. Nater ia l s  B a n d h k .  

SVpport of - An In ternat ional  r a t e r i a l s  workshop was he ld  
i n  August a t  t h e  ITER design s i te  t o  review t h e  s t a t u s  o f  t h e  me te r ia l s  data base.  
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Mater ie l s  B a n d b k .  
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I so tope  Reactor (BFIR]. Most o f  t h e  e x i s t i n g  data on mechanical p roper t i e s  of t h i s  
and r e la t ed  s t e e l s  a re  f o r  h igher  temperatures and damage r a t e s  than those to which 
t h e  BFIR pressure ve s se l  i s  subjec ted .  Data a t  lowar temperatures and damage r a t e s  
a re ,  t he re fo re ,  necessary to  es t imate  t h e  performance o f  42128 s t e e l  a t  t he  condi t ions  
o f  s e r v i c e ,  provided t h a t  cor re la t i ons  can he  developed which a re  applicable to data 
obtained a t  d i f f e r e n t  temperatures, damage r a t e s  and neutron spec tra .  

To add t o  the  data base f o r  A2128 s t e e l  a t  lower temperatures and over a range o f  
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more than a 502 increase in  y i e l d  s t rength  a t  t he  h ighes t  exposure. 
used a s  t h e  exposure parameter, t h e  obsemed changes in  y i e l d  s t rength  o f  42128 are the 
same a s  those  produced in A3028 pressure ve s se l  s t e e l  i r rad ia t ed  beth i n  OYR and w i th  
14 MeV neutrons in  RTNS-II. 
spectrum d i f f e r e n c e s  or t o  damage r a t e s  ranging from 3 x IO-" to  5 x IO-' dpa s-'. 
Based on the s im i la r  behavior o f  42128 and A302B i n  OWR, it appears that one can 
assume t h a t  42128 i s  s i m i l a r l y  i n s e n s i t i v e  t o  d isp lacerent  r e t e  a t  l a w  temperatures f o r  
l e v e l s  above h u t  3 x IO-" dpa s-'. 

When dpa i s  

A t  9OoC, A3OZB shows l i t t l e  s e n s i t i v i t y  t o  e i t h e r  neutron 
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5 . 1  

Thle d i s so lu t i on  parameter f o r  p r e c i p i t a t e s  under i r r a d i a t i o n  is evaluated using t h e  
By using a d i f f u s i o n  l eng th  ca lcu la ted  for average r e c o i l s  cascade slowing-down theory .  

i n  a c o l l i s i o n  cascade and b y  inc luding  e l ec t ron i c  s topping in t h e  theory, t he  r e s u l t s  
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from the cascade slowing-down theory are in reasonable agreement with the results by 
Muroga, Kitajima, and Ishino. 
observation by Sekimura et el. 

Also, the results are consistent with the experimental 

5.2 E f f e c t s  o f  Pre in jec ted  Helium i n  Heavy-ion I r r a d i a t e d  N icke l  and Nickel- copper A l loys  
( U n i v e r s i t y  o f  Wisconsin and Oak Ridge Nat iona l  Laboratory) . . . . . . . . . . . . . . . .  4d 

Pure nickel and two nickel-copper alloys (Ni-10 at.% Cu and Ni-50 at.% Cu) hth 
containing 50 Eppm prsinjacted helium have been irradiated with 14 MeV nickel ions at a 
constant homologous temperature of 0.45 T,. The radiation-induced crystal defects have 
been analyzed by TEN with samples prepared in cross-section. In the helium preinjected 
region of the pure nickel specimen. E Substantfa1 density of voids with an average 
diameter of 35 nm was observed. The nickel-copper alloys were found to contain a high 
density of small helium bubbles (under 5 nm in diameter) and dislocation loops. 
density of both dislocation loops and helium bubbles increases with the increasing copper 
content, and the size decreases with increasing copper content. 
resistance of the nickel-copper alloys to void formetion regardless of the presence of 
helium bubbles, is considered to be the result of local clustering of like EtOBS. 

Radia t ion  Damage and Copper D i s t r i b u t i o n  i n  14 MeV Copper I o n  Implanted N icke l  - 
TEM and AEM Analyses i n  Cross Sect ion ( U n i v e r s i t y  o f  Wisconsin-Madison) . . . . . . . . . . .  

The 

The observed 

5.3  
55  

14 MeV Cu ions have been implanted into a pure Ni specimen at 50OOC to a dose of 
6 x IOzo ionslm'. 
effect of implanted Cu on the formation of defect clusters. 
pared with that obtained in another Ni specimen which was irradiated with 14 MeV Ni ions 
to the same damage level Et the same temperature. 
entire damage range in the Ni ion irradiated sample, they mainly appeared at the near sur- 
face region and Et the peak damage depth in the Cu ion implanted specimen. A high density 
of dislocation loops formed in the region where implanted Cu ions were detected by A E M .  
The AEM result of the implanted Cu concentration profile has been compared with a 
Monte Carlo calculation. 

5 . 4  Micro indenta t ion  Hardness Changes i n  I o n- i r r a d i a t e d  Ni-Cu A l l o y s  
( U n i v e r s i t y  o f  W i  sconsin-Madi son) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  bL 

TEM and AEM analyses were performed in cross section to investigate the 
The TEM result has been com- 

While voids formed throughout the 

The effect of radiation-induced dislocation loops on hardness in ion-irradiated Ni-Cu 
alloy~ has been studied using a Mechanical Properties Microprobe ( M P M ) .  
IO at% Cu alloy and an alloy of Ni-50 at% Cu were irradiated with 14 MeV Ni ions to doses of 20 to 
100 dpa peak damage (5  to 25 dpa at I pa) at 0.45 T, (485OC and 425°C respectively). 
load microindentation hardness Beasuremsnts and TEM analyses were dons using cross-section 
techniques. This method allows for direct hardness measurements of only the Smdl irradiation 
zone (c 3 pm deep) which have been compared to the unirradiated materials. 
induced a high density of dislocation loops with the size and density of the loops 
dependent on composition and independent of irradiation conditions. 
location loop density caused a large increase in hardness. 
was found between measured hardness changes and calculated changes based on dislocation 
loop sizes and densities. 

A w e l l  annealed Ni- 

Ultra-low 

Irradiation 

This high dis- 
A reasonable correlation 

5.5 High Temperature Phase Separation i n  Fe-Ni and Fe-Ni-Cr Invar- type A l loys  
(Massachusetts I n s t i t u t e  of Technology and P a c i f i c  Northwest Laboratory) . . . . . . . . . .  69 

We summarize and discuss critically the evidence concerning E high-temperature 
aiscibility gap in Fe-Ni and Fe-Cr-Ni Invar-type alloys. 
separation are obtained from studies on three different ClEsses of material: 
lorrexpansion Invar-type alloys; Fe-Ni meteorites; and model austenitic Fe-Ni and 
Fe-Cr-Ni alloys studied for potential nuclear applications. 
aagnetization, thermal expansion coefficient, lattice parameter, single crystal elastic 
constants, electrical resistivity, thermoelsctric potential, solution thermodynamics, and 
interdiffusion coefficient. 
and to a variety of irradiation treatments is found to be inconsistent with most accepted 
or proposed phase diagrams. 
Invar alloys are very metastable and exhibit a narrow coherent miscfiility gap with E peak 
at about 35% Ni and IIOOK. 

for several reasons. 
virtually precludes incoherent or coherent nucleation of a new phase and limits spincdal 
decomposition to very small amplitude fluctuations which are hard to observe. 
the essentially equal scattering power of Fe and Ni for x-rays, ES well RS for electrons 
end neutrons makes the usual diffraction techniques inapplicable, and the fins scale of 

Independent data regarding phase 
magnetic, 

These RIIOYS show anomalies in 

Tbe response of these alloys to long-term aging in meteorites 

A l l  results support the suggestion that Fe-Ni and Fe-Ni-Cr 

The existence of the high temperature miscibility gap has not been generally recognized 
Firstly, the narrowness of the miscihility gap at high temperatures 

Furthermore, 
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thermally-induced spinodal decomposition is not ohservable by optical or electron microscopy. 
Only under the extremely slow aging conditions found in meteorites or in the d a n c e d  diffusion 
conditions M e r e n t  in irradiation studies does phase decomposition hecome aufficiently 
advanced to ohserve using conventional microscopic observation techniques. 
SANS study of Fe-34Ni isotopically enriched in Xi has confirmed the tendency for this alloy 
to decompose during thermal annealing and to develop large wavelength fluctuations in 
composition during proton irradiation. 

A very recent 

5 . 6  Computer Simulat ion of High Energy Displacement Cascades ( P a c i f i c  Northwest Laboratory) . . .  103 

A methodology developed for mcdeling many aspects of high energy displacement 
cascades with molecular level computer simulations is reviewed. 
state is modeled in the binary collision approximation (using the MAQLOKE computer 
code), and the subsequent disposition of the defects within a cascade is modeled with 
a Monte Carlo annealing simulation (the ALSOME code). 
eters, and none are set to physically unreasonable values. 
of the simulated high energy cascades in copper, i.e., the number, size and shape 
of damage regions, compare well with observations, as do the measured n d e r s  of 
residual defects and the fractions of freely migrating defects. 
simulations is somewhat remarkable, given the relatively simple models of defects 
and their interactions tbat a m  employed. 
behavior of the defects is very strongly influenced hy their initial spatial distri- 
bution, wbich the binary collision approximation adequately models. 
system, with input from molecular dynamics and experiments, provides a framework 
for investigating tbe influence of high energy cascades on microstructure evolution. 

The initial damage 

There are few adjustable param- 
The hasic configurations 

The success of these 

The reason for tbis success is that the 

The MARLOKEIALSOME 

6 .  DEVELOPMENT OF STRUCTURAL ALLOYS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  11’3 

6 . 1  F e r r i t i c  S ta in less  S t e e l s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  120 

6 . 1 . 1  I r r a d i a t i o n  Creep Behavior o f  the  Fusion Heats o f  HT9 and Modi f ied  9Cr-lMo 
(Westinghouse Hanford Company and P a c i f i c  Northwest Laboratory) . . . . . . . . . . .  121 

In-reactor creep data on the fusion heats of UT9 and a modified 9Cr-IMo steel 
have been obtained from irradiation of pressurized tube specimens in the FFTF reactor 
These irradiations were conducted on specimens which reached -50 dpa at 4O0-54O0C 
and which utilized hoop stresses ranging from 0 to ZOO Mpa. 
these two alloys was found to be similar and to be consistent with creep data on 
related alloys irradiated in either EBR-II or FFTF. A correlation describing the 
irradation-induced creep component of deformation has been developed and compared 
to the available data. 

and swelling at temperatures <52OoC when compared to that of the AISI 316 and PCA 
austenitic alloys also irradiated in the fusion materials program. 

The creep behavior of 

These ferritic steels were also s h a m  to exhibit a superior resfstance to creep 

6 . 1 . 2  The E f f e c t  o f  Tempering and Aging on a Low A c t i v a t i o n  M a r t e n s i t i c  S tee l  
(Un ivers i ty  o f  Wisconsin and P a c i f i c  Northwest Laboratory) . . . . . .  130 

An aging and tempering study was done on a low activation martensftic steel. 
The steel was tempered at 400 C, 500 C, 600 C,  700 C,  ROO C, and 900 C for two 
hours, and at 500 C and 700 C for twenty-four hours. 
tempered at 700 C for 2 hours were subsequently aged for 1000 and 5000 hours at 
365 C, 420 C. 520 C, and 600 C .  Optical metallography, microhardness tests, and 
transmission electron microscopy were used to characterize the samples. 
indicated that the Ac, for this steel lies between 700 and 800 C. 
identification showed that M I & .  was the primary precipitate which formed. 
manganese ricb chi phase was also seen in the samples aged at 420 and 520 C. 

Also, samples which had been 

The results 
Precipitate 

A 

6 . 1 . 3  Contr ibut ions from Research on I r r a d i a t e d  F e r r i t i c / M a r t e n s i t i c  S tee ls  t o  M a t e r i a l s  
Science and Engineering ( P a c i f i c  Northwest Laboratory) . . . . . . . . . . . . . . . .  142 

A historical description of the development of ferritic/rartensitic steels 
for use in irradiation environments is presented with the intention of showing 
how this development has benefitted materials science and engineering. 
breeder reactor and fusion reactor alloy development program contributions are 
emphasized and it is demonstrated that BT-9 is now the leading candidate material 
for high radiation damage environments. The scientific basis for that selection 
is described by showing the underlying cause of the improved swelling resistance 
in martensitic steels. 
understanding, small specimen test procedure development and alloy development. 

Fast 

Examples are given demonstrating improvements in basic 

v i i i  



6.1 .4  Fluence and Helium Ef fec ts  on t h e  Tens i le  Proper t ies  o f  F e r r i t i c  S tee ls  a t  Low 
Temperatures (Oak Ridge Nat iona l  Laboratory) . . . . . . . . . . . . . . . . . . . . .  i s 1  

Tensile specimens of 9Cr-IMoVNh and IZCr-IMoVW steels with up t o  2% Ni and 
ZjCr-IMo steel were tested at room temperature after irradiation at -5OoC to 
displacement-damage levels of 25 dpa in the RFIR. 
ferritic steels to produce helium hy a two-step (n,a) reaction with thermal neutrons 
during irradiation in the mixed neutron spectrum of KFIR. 
produced in the steels with 2% Ni. 
of all the steels. 
of strensth increase, but the strength was still increasing after 20 t o  25 dpa. 
Strength increases were accompanied hy E loss of ductility, although the 
ductility appeared to  go through E minimum and WES greater at the highest fluences 
than at intermediate fluences. The results were interpreted to mean that the 
transmutation helium that was generated during irradiation caused pert of the 
strength increase. 

Nickel was added to the 

Up to 327 appm He was 
Irradiation caused an increase in the strength 

With an increase in fluence, there was a decrease in the rate 

6 . 2  A u s t e n i t i c  S ta in less  S t e e l s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  161 

6 . 2 . 1  In f luence  o f  Thermomechanical Treatment and Environmental H is tory  on Creep, 
Swel l ing and Embri t t lement  of A I S I  316 a t  4 0 0 T  and 130 dpa 
(Argonne Nat ional  Laboratory and P a c i f i c  Northwest Laboratory) . . . . . . . . . . . .  162 

A comprehensive creep experiment on AISI 316 StRinlssS steel involving irradiation 
at -4OOOC to 130 dpa has been completed. 
variables on creep and swelling of this steel E t  -400°C is shown to have many 
similarities with the hehavior exhihited in an sRr1fer experiment conducted at 
-5SO"C, hut significant differences are also apparent. These arise because the 
4OOoC experiment was clearly conducted in E regime dominated by the kinetics of 
pint defect recomhination whereas the 5 O 0 C  experiment was conducted in the 
sink-dominated regime. 
arises concurrent with -10% swelling, requiring careful handling of test specimens 
and structural assembIies a t  room temperature. 

Neutron-Induced Swel l ing  o f  Commercial A l loys  a t  Very High Exposures 

The influence of material and environmental 

At 400°C it is also shown that a severe emhrittlement 

6 . 2 . 2  
( P a c i f i c  Northwest Laboratory) . . . . . . . . . . . . . . . . . . . . . . . . . . . .  179 

Density change measurements have been completed on a wide variety of 
commercially available structural alloys irradiated to neutron fluence levels as 
large ES 2.8 x 10" n/cm2 (E>O.I MeV) or -140 dpa in EBR-II E t  eight temperatures 
hetween 399 and 650°C. While there YES essentially no swelling in some ferritic 
alloys and some austenitic superalloys, other austenitic alloys exhihited a wide 
rangs of swelling depending on composition, heat treatment and irradiation temperature. 

The swelling hehavior of the austenitic alloy system is shown t o  reflect 
primarily the influence of the overall composition and thhe irradiation temperature 
on the duration of the transient regime of void swelling, and secondarily t o  
reflect the influence of precipitation and cold work. 

The Phase S t a b i l i t y  of t h e  Austen i t ic  Commerical low A c t i v a t i o n  A l l o y  M C R  
I r r a d i a t e d  i n  FFTF-MOTA ( P a c i f i c  Northwest Laboratory) . . . . . . . . . . . . . . .  188 

6.2.3 

AMCR is one of five comercial Fe-Cr-Mn alloys with various thermal-mechanical 
treatments irradiated in the Fast Flux Test Facility Materials Open Test Assembly 
(FITF-MLTA) to a dose of 75 dpa at 42OoC and 520°C and to 60 dpa at 600°C (see 
Tahles 1 and 2 ) .  
chrome content, namely l 8 l l 8  Plus and Nitronic Alloy 32, shows no homogeneous 
precipitation of M.,Cs, less heterogeneous Me&. and SmEl1 grains of a ferrite 
in a largely austenite matrix.(I) Kowever, the chrome level in the matrix is 
depleted considerably in the aged thermal-mechanical conditions. 
some tranformations to a' and E martensite prior t o  and during irradiation. 
Karever, the amount of material transformed was much less than that which was 
transformed in the irradiated simple ternary Fe-Cr-Mn alloys of similar 
corrposition.(Z) AUCR achieves many of the goals set for thhe performance of a 
I w  activation alloy for low temperaturs fusion reactor service; that is, it 
remains primarily austenite with a small volume fraction subject to phase 
transformations to n ferrite, a' martensite, e martensite and MllCr carbide. 

AUCR, when compared t o  the other C O m m e r C i d  alloys with higher 

There were 



6 . 2 . 4  P r e c i p i t a t i o n  S e n s i t i v i t y  t o  A l l o y  Composition i n  Fe-Cr-Hn A u s t e n i t i c  S t e e l s  
Developed f o r  Reduced A c t i v a t i o n  f o r  Fusion App l ica t ion  
(Oak Ridge Nat ional  Laboratory) . . . . . . . . . . . . . . . . . . . . . . . . . . .  203 

Special austenitic steels are being designed in which alloying elements like 
Mo, Nb, and Ni are replaced with Mn, I f .  V, Ti, andlor Ta to reduce the long-term 
radioactivity induced by fusion reactor irradiation. 
need to have properties otherwise similar to commercial steels like type 316. 
Precipitation strongly affects strength and radiation-resistance in austenitic steels 
during irradiation at 400 to 6OOoC, and precipitation is also usually quite 
sensitive to alloy composition. 
base Fe-Cr-Mn-C composition that formed stable austenite after annealing and cold- 
working, and resisted recovery or excessive formation of coarse carbide and 
intermetallic phases during elevated temperature annealing. 
a Fe-12Cr-ZOMn-O.ZX base alloy. 
elements K .  Ti, V, P, and B for nore strength and radiation-resistance. 
the goals was to produce fins MC precipitation behavior similar to the Ti-modified 
Fe-Cr-Ni prfne candidate alloy [PCA). 
precipitation along network dislocations and recoverylrecrystallization resistance 
in 20% cold worked material aged at EOOOC for 166 h, whereas K .  Ti, K+Ti, or 
Ti+P+B additions did not. Addition of K+Ti+V+P+B also produced fine MC. but 
caused some a phase formation and more recrystallization as well. 
therefore, achieved several of the initial design goals. 
and recoverylrecrystallization behavior during aging is similar to that of the 
E A .  Calculations show that the new steels have over 10' times less long-term 
radioactivity than type 316. 

However. the new steels still 

The initial stage of development was to define E 

These studies produced 
The next stage was to add the minor alloying 

One of 

Additions of Ti+V+P+B produced fine MC 

These new alloys. 
Their fine MC precipitation 

6 . 2 . 5  Helium-Induced Degradation i n  t h e  W e l d a b i l i t y  of an A u s t e n i t i c  S t a i n l e s s  S tee l  
(Auburn U n i v e r s i t y ,  Oak Ridge Nat iona l  Laboratory and Sandia Nat iona l  
Laborator ies,  Livermore) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  222 

Autogenous gas tugsten arc welding was performed on helium-doped type 316 

Severe intergranular cracking occurred in 
Microstructural observations of the fusion 

stainless steel. 
trick" to levels of 27 and 105 appm. 
both fusion and heat-affected zones. 
zone indicated that the pore size, degree of porosity, and tendency to form cracks 
increased with increasing helium concentration. 
that cracking in heliun-doped materials was due to the precipitation of helium 
hubbles on grain boundaries and dendrite interfaces. 
demonstrate that the use of conventional welding techniques to repair materials 
degraded by exposure to radiation may be difficult if the irradiation results in 
the generation of even small amounts of helium. 

Helium was uniformly implanted in the material using the "tritium 

Scanning electron nicroscopy showed 

Results of the present study 

6 . 2 . 6  I n v e s t i g a t i o n  of Low-Temperature I r r a d i a t i o n  Creep 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  
i n  an ORR Spectra l  T a i l o r i n g  Experiment (Oak Ridge Nat ional  Laboratory and 
Japan Atomic Energy Research I n s t i t u t e )  . . . . . . . . . . . . . . . . . . . . . . .  231 

Irradiation creep was investigated in the alloys E A ,  JPCA, and AISI 316 
stainless steel. 
in the Oak Ridge Research Reactor [ORR) with the neutron spectrum tailored to 
achieve the fusion reactor He:dpa value of 12 appmldpa in AISI 316 stainless steel. 
Irradiation temperatures of 60, 330, and 400% were investigated, and the irra- 
diation produced B dpa and a narfium of h u t  100 appm He. 

At 330 and 400°C irradiation creep rates of 1.3 to 3.5 x lo-' were observed, sfiilar 
to those found previously in similar experiments in the ORR. 
irradiation creep was interpreted in terms of a new model for irradiation creep 
based on transient clinh-enabled glide. 

temperatures below 100°C are being considered for the operation of high flux 
conponents. 

Tubes pressurized to stress levels of 50 to 400 MPa were irradiated 

Irradiation creep rates of 2.2 to 14 x IO-' Pa-' d pa - I  were observed at 6OoC. 

The low temperature 

The results are inportant in the design of experimental fusion reactors where 

6 . 3  Vanadium Al loys  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  241 

6.3.1 Temperature Dependence o f  t h e  Frac ture  Behavior and the  OBTT f o r  Dehydrogenated 
and Hydrogenated Vanadium-Base A l l o y s  (Argonne Nat ional  Laboratory) . . . . . . . . .  242 

The temperature dependence of the fracture behavior and the D B l T  were determined 
for the V-3Ti-O,5Si, V-9Cr-3Fe-IZr, V-IOCr-5Ti, V-ZOTi, V-IXr-5T1, V-1OCr-lOTi, and 
V-15Ti-7.Xr alloys from Charpy impact tests. The D 8 l T  for these alloys was l e s s  than 

X 



30°C i f  the a l l o y  was in t h e  f u l l y  recrystallized, dehydrogenated condi t ion .  
presence o f  40LT1000 appm, hydrogen in t h e  V-9Cr-3Fe-IZr, V-IOCr-STi, V-ZOTi, 
V - IXr -ST i ,  V-IOCr-IOTi, nnd V-15Ti-7.Xr RIIOYS caused E s i g n i f i c e n t  increase  
(4LTZZSOC) o f  the DBlT f o r  t he se  a l l o y s .  
wi th  nn increase  of the hydrogen concentrat ion up t o  E t  l e a s t  I000 eppm. 
f o r  t he se  vanadium-hase a l l o y s  wes dependent on t h e  combined concentrat ion o f  
a l l oy ing  elements .  The V-3Ti-O.SS1, V-9Cr-3Fe-lZr. V-ZGTi, and V-lSTi-7.SCr a l l o y s  
have an i n t r i n s i c  res i s tnnce  t o  crack propagarion whereas t he  V-IXr-5Ti .  
V-IOCr-IOTi, and V-IOCr-STi a l l o y s  have a r d E t f V e 1 y  l o w  reSiStEnCs t o  crack 
propagation. 

6 . 3 . 2  The Swel l ing  Behavior of Vanadium Al loys  a t  Damage Levels  up t o  124 dpa 

The 

The DBlT f o r  t he  V-3Ti-O.5Si a l l o y  decreased 
The DBTT 

(Oak Ridge Nat iona l  Laboratory) . . . . . . . . . . . . . . . . . . . . . . . . . . .  256 

A f t e r  i r r a d i a t i o n  a t  420°C to 124 dpa, V-ISCr-STi and VANSTAR-7 exh ib i t ed  
n e g l i g i b l e  swe l l i ng ,  whi le  V - T i - I S i  and V-ZGTi had swel l ing  va lues  o f  0.64 and 
I.lZ%, r e s p e c t i v e l y .  
t r i c k ,  increased t h e  swell ing in  V-3Ti-ISi t o  ahout 2.5%. 
i r rad ia t ed  a t  520 and 6OO0C t o  26 and 43 dpa, r e spec t i ve l y .  also exh ib i t ed  rela-  
t i v e l y  low swe l l i ng .  Warm-working t he  a l l o y  be fo re  i r rad ia t i on  reduced w e l l i n g  
a t  SZOOC, b u t  s l i g b t l y  increased swel l ing  E t  6OO0C where recovery occurred. 

Helium, preimplanted t o  a l e v e l  o f  480 Eppm vie t h e  tritium 
V-3Ti-ISi d i s k s  

6 . 4  C o p p e r A l l o y s . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  261 

6 . 4 . 1  Mechanical Property  Changes i n  an Ion  I r r a d i a t e d  High Strength Copper A l l o y  
( U n i v e r s i t y  of Wisconsin-Madison) . . . . . . . . . . . . . . . . . . . . . . . . . .  262 

MechanicaI proper ty  chnnges i n  a high- strength copper alloy as a r e s u l t  
o f  14 MeV Cu ion frredfEt lOn have been inves t i ga t ed  using a recen t l y  developed 
Mechanical Proper t ies  Microprobe (MPM). 
i r rad ia t ed  in both  t h e  co ld  worked and aged, and t h e  so lu t i on  annealed and aged 
condi t ion ,  t o  E peak damege dose o f  40 dpa [IO dpa E t  I p) over t he  temperature 
range o f  100°C to SOO°C. Ultra- low load microindentat ion hardness changes were 
measured para l l e l  t o  t h e  ion bean and perpendicular to the  bean d i r e c t i o n ,  t h e  
l a t t e r  be ing  nade possible by cross- sec t ion  techniques.  Both thermally- induced 
and radiation-enhanced so f t en ing  was observed in  t h e  cold-worked and aged 
m R t e r f d  and t h e  amount o f  Softening increased as temperature increased.  
had ve ry  l i t t l e  e f f e c t  on t h e  solution-annealed and aged material  and on l y  a t  
500°C WES any thermally induced so f t en ing  observed. 

A Cu-I.% Ni-0.3% He a l l o y  was 

I r r a d i a t i o n  

6 . 4 . 2  ITER M a t e r i a l s  Data Base f o r  I r r a d i a t i o n  E f f e c t s  on t h e  Design Proper t ies  of 
Cu-Ni-Be and Cu-A1,0, A l l o y s  ( U n i v e r s i t y  o f  I l l i n o i s  and 
Pact f i c  Northwest Laboratory) . . . . . . . . . . . . . . . . . . . . . . . . . . . .  268 

This repor t  provides an ITER mater ia ls  data base on i r rad ia t i on  e f f e c t s  i n  
copper alloys with  regard t o  d i v s r t o r  S t r U C t U r E l  mater ia l  appl ica t ions .  
base p laces  emphasis on t w o  copper a l l o y s  o f  par t i cu l e r  promise: Cu-Ni-Be, a 
beryllium solid solution hardened alloy, and Cu-AIZO, an oxide dispersion 
strengthened a l l o y .  

The data 

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  . . . . . . . . . . . . . . . . . . . . . . . . .  280 

Inf luence o f  Carbon and N i t rogen  I m p u r i t i e s  on the  Corrosion of Ferrous A l loys  i n  a 
Flowing-Lithium Environment (Argonne Nat iona l  Laboratory) . . . . . . . . . . . . . .  281 

6 .5 .1  

The d i s so lu t i on  o f  major alloy e l enen t s ,  as well as chemicel i n t e rac t i ons  
between N and Cr or Mo, contro l  the corrosion behavior o f  f e r r o u s  a l l o y s .  Cerbon 
t rans f e r  does no t  appear t o  a f f e c t  t h e  d i s so lu t i on  behavior of f e r rous  alloys. 

6 . 5 . 2  Inf luence of Hydrogen, N i t rogen ,  and Carbon I m p u r i t i e s  on t h e  Corrosion of Vanadium 
A l l o y s  I n  a Flowing-Lithium Environment (Argonne Nattonal  Laboratory) . . . . . . . .  285 

Vanadium ~ l l o y s  p i ck  up N and C from and re l ease  X t o  Li. Alloys wi th  T i  or 

R e s u l t s  ohtained in  t h i s  
Cr develop a N-rich sur face  l a y e r .  
important r o l e  i n  the d i s s o l u t i o n  behevior of V a l l o y s .  
s tudy  i nd i ca t e  t h a t  H embrit t lement  as E r e s u l t  of a higher  concentrat ion o f  X 
i n  Li is u n l i k e l y  and t r i t i u m  pickup by V a l l o y s  i n  t h e  reec tor  s t ruc tu re  w i l l  
not be s ign i f i can t  . 

Chemical i n t e r a c t i o n s  involv ing  C p lay  an 

x i  



6 . 5 . 3  Molten Eutec t ic  Pb-17Li Environment: E f f e c t  on Corrosion and T e n s i l e  
Proper t ies  o f  F e r r i t i c  S tee ls  and Weldments (Argonne Nat iona l  Laboratory) 

The dissolution rates of the weldment specirens are cwpernhle to those of 
the bese metal. 
properties of postweld heat-treated BT-9 ueldments. 

The Pb-I7Li enviroment has no deleterious effect on the tensile 

289 

6 . 5 . 4  Corrosion i n  L iqu id  Metal Environments: E f f e c t  of  Cold Work on At tack  
o f  S ta in less  S tee l  by Lithium and Mass Transfer  o f  Standard and Reduced 
A c t i v a t i o n  S tee ls  i n  Pb-17 a t .  X L i  (Oak Ridge Nat iona l  Laboratory) . . . . . . . . .  292 

A microstructural influence on the atteck of E A  exposed to molten lithium 
wes ohserved when comparing annealed and cold rolled specimens. Weight loss 
results for reduced activation austenitic and ferritic steels in Pb-17 at. I 
Li were similar to those measured for their standard counterparts. 
exarinetion of mass transfer deposits in Iong-term austenitic and ferritic steel 
thsrmal convection I m p s  showed thet deposit composition was e function of 
temperature only in the type 316 Stainless steel system and that, in contrast 
to the type 316 stainless steel results, solubility-driven reactions appeared to 
he the most important deposition process in the Fe-12Cr-lNoW steel system. 

Further 

7. SOLID BREEDING MATERIALS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  297 

(Argonne Nat iona l  Laboratory) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  298 
7.1 Adsorption, D isso lu t ion ,  and Desorption C h a r a c t e r i s t i c s  o f  the  LiA10,-H.0 System 

Neasurements of adsorption and solubility isotherms for the LfA102-EzO(g) system 
are continuing by techniques described in previous reports. 
of experimental results is on the adsorption process up to the breakthrough point and 
on the immediate post-hreakthrough rete of uptake as a means of determining corrections 
for a second uptake process that is concurrent with the main adsorption process. 
are presented for adsorption of K,O(g)  on LUIO, at 573 and 623 K .  
together with earlier data on 673, 773, and 883 K, '  isobars and isosteres were derived. 
An overall analysis suggests thet two adsorption processes are involved: physisorption 
at 573 K and below, and chemisorption at 873 R and ahove. 
the intervening temperature range. 
data from the breakthrough technique for postbreakthrough uptake of K 2 0 [ g ) .  
on non-BET surfaces is believed to he involved in these corrections for the lower 
temperature isotherms. 

In thls report, the focus 

Isotherms 
From these data, 

Both processes function in 
Corrections were applied to the rear adsorption 

Adsorption 

7.2  Modeling 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 iona l  Laboratory) . . . . . . . . . . . . . . . .  303 

Tritium releese experiments performed on L i I O  in the NRU reactor at Chalk River 
(the CRITIC experiment) showed some unusuel results: when the tenpereture of the sarple 
was increased tritium release initially decreased then rose to a maximum and decayed 
to steady state. Previous tritium release models cannot explain this type of hehavior. 
A tritium releass d e l  hased on diffusion and desorption es the rate controlling 
mechanisms and having a desorption activation energy which is dependent on surface 
coverage was developed. 
agreenent with the ohserved tritium release from the CRITIC experiment. 

Celculations of tritium release f r w  this d e l  are in g d  

8. CERAMICS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  311 

8.1 Detuning o f  Resonant RF Windows by Neutron I r r a d i a t i o n  (Los Alamos Nat iona l  Laboratory) . . .  
We present details here on celculetions hased on a d e l  known for some tine but not 

312 

applied until very recently to radiation darege in the form of window detuning. 
incorporates the fact thet the transmissivity of a resonant rf window depends, as any 
resonant passive electromagnetic d a h ,  on the dielectric constant as well as on the slnb 
thickness -- h t h  of which can he changed by irradiation. 
applying this mcdel in the context of an alumina (rr-A1203) or beryllie 'rf' window suhject 
(during ECRU use) to swelling and dielectric changes induced hy fast neutrons 
involves unwanted and potentially daraging reflection of millimeter wave (W) p m e r  
back toward the sourge (e.g., gyrotron). 

It 

A major consequence of 

x i i  



8.2 Preparat ion and Character i za t ion  o f  Alumina Containing Enriched Oxygen Isotopes 
(Oak Ridge Nat iona l  Laboratory) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 315 

Alumina specimens enriched in " 0 have been s u c c e s s f u l l y  f abr i ca t ed  from aluminum 
i s o p r o p x i d e  and water COntEining t he  "0 i so tope .  
subjected t o  d i f f e r e n t  preparation schedules were measured us ing  E nuclear reac t ion  
ana ly s i s  technique.  Replacement of t he  " 0 i so tope  in the ceramic by atmospheric OXYEW 
NEE observed to occur r ead i l y .  Successful  fabricEtfOn o f  s u i t a b l y  enriched a l ~ ~ i n a  
specimens required a l l  processing steps t o  be  performed in vacuum or i n e r t  environments. 
The optimized f abr i ca t i on  procedure produced enriched A l 2 O 1  specimens o f  .99.5% 
theoretical d e n s i t y ,  -10 pm grain  size, and a f 1 e X u r d  s t r eng th  of 280 W E .  

The enrichment l e v e l s  of specimens 

8.3 Ion  I r r a d i a t i o n  Studies o f  Oxide Ceramics (Oak Ridge Nat iona l  Laboratory) . . . . . . . . . . 322 

Specimens o f  A1.03, MgO, and MgAl.0. have been ion i r rad ia t ed  a t  25 End 650°C t o  
p e d  damage l e v e l s  between 0.5 and 35 dpa. I n i t i d  miCroStrUcturE~ observations have 
found t b a t  d i s l o c a t i o n  l w p s  Ere formed in  a l l  t h ree  ceramics E t  moderate doses ,  wi th  
more complex extended d e f e c t s  observed a t  h igh  dmage  l e v e l s .  
g iven  ceramic was q u a l i t a t i v e l y  similar f o r  both i r r a d i a t i o n  tempsratures.  The l w p s  
observed in t h e  s imple ox ides  MgO and AltoI were smaller and of much higher d e n s i t y  
than t h e  l w p s  in  s p i n e l .  

The microstructure f o r  a 

x i i i  
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DESIGN AN0 FABRICATION OF HFIR-MFE RB* SPECTRALLY TAILORED I R R A D I A T I O N  CAPSULES - A. W. Longest (Oak 
Ridge National Laboratory), J. E. Corum (Midwest Technical, Inc.) ,  and 0. W. Heatherly (Oak Ridge 
National Laboratory) 

OBJECTIVE 

The ob jec t i ve  of t h i s  work i s  t o  dpsign and fabr icate i r r a d i a t i o n  capsules for  t e s t i n g  magnetic 
fusion energy (MFE) f i r s t - w a l l  mater ia ls  i n  t h e  High Flux Isotope Reactor (HFIR) removable he ry l l i um (RB') 
pos i t ions.  
t o  8 dpa a t  temperatures of 60, 200, 330, and 400°C i n  Oak Ridge Research Reactor (ORR) experiments 
ORR-MFE-6J and -75. 

Japanese and U.S. MFE specimens are being t rans fe r red  t o  RE* pos i t i ons  fo l lowing i r r a d i a t i o n  

SUMMARY 

Design and fab r i ca t ion  o f  fou r  HFIR-MFE RB* capsules (60, 200, 330, and 400°C) t o  accomnodate MFE 
specimens p re i r rad ia ted  i n  spec t ra 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 .  
These capsule designs incorporate prov is ions for  removal. examination. and reencapsulation of the MFE 
specimens a t  intermediate exposure leve ls  en route t o  a ta rge t  exposure l e v e l  of 30 displacements pe r  
atom (dpa). With the exception of the 60°C capsule, where the t e s t  specimens w i l l  be i n  d i r e c t  contact 
w i t h  the reactor  coo l ing water, t h e  specimen temperatures (monitored by 21 thermocouples) w i l l  be 
con t ro l l ed  by varying t h e  thermal conductance of a small gap region between the specimen holder and t h e  
containment tube. Hafnium sleeves w i l l  be used t o  t a i l o r  t h e  neutron spectrum t o  c lose ly  match the 
hel ium production- to-atom displacement r a t i o  (14 appmfdpa) expected i n  a fus ion reactor  f i r s t  wal l .  

re turns t o  f u l l  power operation. 
scheduled t o  be completed by t h e  end o f  19AR. Fabr icat ion of  par ts  and assembly o f  the 201) and 400T  
capsules are scheduled f o r  completion by mid-FY 1990: operat ion o f  these two capsules w i l l  fo l low the 
f i r s t  two (60 and 330'12). 

Assembly of t h e  60 and 330Y capsules i s  complete and i r r a d i a t i o n  of both w i l l  begin when t h e  HFIR 
Preparat ion of fab r i ca t ion  drawings for  the 200 and 400'C capsules i s  

PROGRESS AND STATUS 

In t roduct ion 

A ser ies  o f  s p e c t r a l l y  t a i l o r e d  i r r a d i a t i o n  capsules are being designed and fabr icated as p a r t  of 
the U.S./Japan co l labora t i ve  program for  t e s t i n g  MFE f i r s t - w a l l  mater ia ls  i n  mixed-spectrum f i s s i o n  reac- 
to rs .  The t e s t  specimens w i l l  be i r r a d i a t e d  i n  the new RB* f a c i l i t y 1  of the HFIR. 

The f i r s t  four  HFIR-MFE RB* capsules are designed t o  accommodate Japanese and U.S. MFE specimens 
p re i r rad ia ted  t o  8 dpa a t  temperatures o f  60. 200, 330, and 400OC i n  t h e  ORR spec t ra l l y  t a i l o r e d  exper i-  
ments ORR-MFE-6J and ORR-MFE-7J. 
matr ix ,  mechanical proper ty  specimens, and techniques of spectral  t a i l o r i n g ,  have been reported 
e l  sewhere. 2 * 3  

Deta i l s  o f  these ORR experiments, i nc lud ing  descr ip t ions of the t e s t  

Spectral t a i l o r i n g  of the neutron f l u x  t o  simulate i n  a u s t e n i t i c  s ta in less  s tee ls  the expected 
hel ium production- to-atom displacement r a t i o  of 14 appmldpa i n  the fusion reactor  f i r s t  wa l l  i s  
accomplished by varying t h e  amount of neutron moderator and thermal neutron ahsorber mater ia ls  
surrounding the capsule. 
wh i le  f a s t  neutrons are simultaneously producing atomic displacements. 
spectrum must be hardened as the i r r a d i a t i o n  progresses: t h i s  requires ongoing neutronics analysis sup- 
p o r t  as provided for  the ORR experiments.4 

(46 mn) of the HFIR RR* f a c i l i t y .  
ments t o  B dpa/year i n  the HFIR RE* f a c i l i t y  (based on 85-MW HFIR power). 

the HFIR t o  f u l l  power i n  FY 1989, these capsules w i l l  be i r r a d i a t e d  i n  p a i r s  ( f i r s t  the 60 and 330°C 
capsules, then t h e  200 and 400OC capsules) t o  a damage l e v e l  of 20 dpa. 
the t e s t  specimens w i l l  be removed, examined, and approximately one-half of them re-encapsulated for  
i r r a d i a t i o n  t o  30 dpa. 

This cont ro ls  the two-step 58Ni  thermal neutron react ion producing helium, 
I n  general, t h e  neutron energy 

The HFIR-MFE RB' capsules are designed f o r  i n s e r t i o n  i n t o  any o f  the e igh t  large-diameter holes 
Damage ra tes w i l l  increase from about 4 dpalyear i n  t h e  ORR exper i -  

Test specimen loadings f o r  t h e  f i r s t  four capsules are given i n  Table 1. Beginning w i t h  re tu rn  of 

A f t e r  these four i r r a d i a t i o n s ,  
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Table 1 .  Test specimzn loadings f o r  
t h e  HFIR MFE RR capsules 

Number of specimens i n  capsule 
Specimen type ~ O O C  2 o v c  3 3 0 ~  4 0 0 ~  

Pressurized tube 38 26 45 39 
Tube blank 9 9 9 9 
Transmission e lec t ron  
microscope tuhe 

Length, mm 

16.5 
19.1 

2 2 0 0 
0 0 4 4 

25.4 5 7 6 6 
SS- 1  t e n s i l e  90 83 76 64 
55-3 t e n s i l e  54 54 15 15 
Grodzinski fa t igue 56 24 56 40 
Crack growth 30 30 10 10 
Rod t e n s i l e  0 0 4 0 
Hourglass fa t igue 0 0 0 5 

60°C capsule. The 6 0 T  capsule, designated 
HFIR-MFE-60J-1, w i l l  be uninstrumented w i t h  t h e  
t e s t  specimens i n  contact w i t h  t he  reactor coolant 
w a t p r .  Predicted specimen temperatures are w i t h i n  
210'C o f  60°C. 

Assemhly o f  t he  60'12 capsule and d e t a i l s  of 

This capsule i s  i n  dry 
t h e  specimen loading were described i n  t he  pre-  
ceding progress r e p ~ r t . ~  
storage a t  t he  HFIR where i t  w i l l  remain u n t i l  
t he  reactor  re turns  t o  power. 

described i n  d e t a i l  previously.6 A hor izonta l  
cross sect ion through t h i s  capsule, designated 
HFIR-MFE-3304-1, i s  shown i n  Fig.  1. This cap- 
sule w i l l  be cooled w i t h  49°C reactor  coolant 
water f lowing downward over t he  containment tube 
surface. The specimen holder temperature (moni- 
tored by 21 type K thermocouples) w i l l  be 
con t ro l l ed  hy ad jus t ing the  composition of a 
f lowing mixture of helium and neon i n  t he  cont ro l  

330°C capsule. The 330°C capsule design was 

ORNL-OWG-86-17330 (Rev. 1) 

CONTROL GAS C A P -  SPRING I T Y P I  

GRODZINSKI  F A T I G U E  

GAS PASSAGES OUT 

CRACK GROWTH 

ROO T E N S I L E  

SPECIMEN HOLOER 

H E L I U M  GAS I N  

SPECIMEN HOLOER 

TEMPERATURE CONTROL CONTAINMEI4T TUBE 
GAS I N  

PRESSURIZED TUBE 
AND TUBE BLANK 

TRANSMISSION ELECTRON 
MICROSCOPY ( T E M I  

THERMOCOUPLE- 

FLUX MONITOR 

0 I O  I m m )  

Fig. 1. Horizontal  sect ion through the  HFIR-MFE-330-J1 capsule. 



gas gap between the  specimen holder sleeve and the  containment tube. 
t i o n s  i nd i ca te  t h a t  specimen temperatures w i l l  be w i t h i n  225°C of 330°C. which s a t i s f i e s  t he  temperature 
c r i t e r i o n  f o r  these experiments. 

Assembly of t he  330°C capsule has been completed, and the  capsule has been placed i n  t he  HFIR pool 
where i t  w i l l  remain u n t i l  the  reactor  returns t o  power. 
f u l l y  loaded i n t o  the  capsule i n  about two weeks. Special f i x t u res 6  developed f o r  hot c e l l  assembly and 
loading of the  rad ioac t ive  specimens were used as planned. 
i d e n t i f i c a t i o n  of the  specimens i n  each pos i t i on  are given i n  Figs. 2 and 3, respect ively.  

Calculated temperature d i s t r i b u -  

The rad ioac t ive  t e s t  specimens were success- 

Ttie specimen loading arrangement and the  

200 and 40OoC capsules. The 200 and 40OoC capsule designs w i l l  be s i m i l a r  t o  the  33OoC capsule. 
Preparation o f  f ab r i ca t i on  drawings i s  Thermal design analyses have been completed f o r  both capsules. 

scheduled t o  be completed by t he  end of 1988. 
scheduled fo r  completion by mid-FY 1990. 
and 330'C). 

As discussed i n  t he  preceding progress report,s t he  200°C capsule presented a special design 
problem because i t  i s  d i f f i c u l t  t o  remove the  l a rge  amunt of gama heat generated i n  t he  capsule wh i le  
a t  the  same t ime cont ro l  operat ing temperature as low as 200OC. 
under considerat ion a t  t ha t  time, the  two leading ones were: (1) an aluminum a l l o y  specimen holder w i t h  
a conventional temperature cont ro l  gas gap which would be only -0.029 nm t h i c k  a t  operat ing temperature, 
and (2 )  use of a r e l a t i v e l y  l a rge  temperature cont ro l  gas gap (-0.76 nm) f i l l e d  w i t h  a b inary (coarse/ 
f i ne )  mixture of m p t a l l i c  microspheres. I n  t he  l a t t e r  concept, temperature would be con t ro l l ed  p r i m a r i l y  
by varying the  i n e r t  gas pressure (and hence the  mean f r e e  path of the  gas molecules) i n  t he  p a r t i c l e  bed 
t o  change i t s  thermal conductance. 
t he  330 and 400°C capsules was also chosen f o r  t he  200°C capsule fo r  the  f o l l ow ing  two main reasons. 
F i r s t .  t h i s  concept required l i t t l e  o r  no add i t iona l  development. 
f ab r i ca t i on  of the  s i m i l a r  330'C capsule specimen holder, we be l ieve  the  t i g h t e r  tolerances required fo r  

Fabr ica t ion  o f  pa r t s  and assembly of the  capsules are 
Operation o f  these two capsules w i l l  f o l l ow  the  f i r s t  two (60 

Of  the  several d i f f e r e n t  design concepts 

The conventional temperature cont ro l  gas gap design concept used fo r  

I n  view of t he  h igh l y  successful 

9 

TOP 
I 

2 

Fig.  2. Test specimen loading arrangement i n  HFIR-MFE-330-J1 capsule. 
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Fig.  3. Test specimen i d e n t i f i c a t i o n  i n  HFIR-MFE-33DJ-1 capsule 

t h e  2OOOC capsule cont ro l  gas gap can be met w i th  only a small increase i n  fab r i ca t i on  cost. 
equipment (heater element) f a i l u r e  i n  an out-of- reactor t e s t  r i g  precluded fu r the r  considerat ion of t he  
b inary  microsphere gap concept fo r  t he  2OOoC capsule. A t  t he  t ime of t he  fa i l u re ,  su f f i c i en t  data f o r  
evaluat ion of t h i s  concept had not been obtained and a spare t e s t  r i g  was not avai lable.  There are no 
cur rent  plans t o  resume development t e s t i n g  of t h i s  concept. 

Second, an 

FUTURE WORK 

Preparation of f ab r i ca t i on  drawings fo r  t he  200 and 400°C HFIR-MFE RR* capsules i s  scheduled t o  he 
Preparation of f ab r i ca t i on  drawings f o r  reencapsulation o f  t he  MFE speci- 

Fabr icat ion of pa r t s  and assembly of t he  200 
completed by the  end of 1988. 
mens a f te r  20 dpa i s  scheduled t o  be completed i n  FY 1990. 
and 4OO0C capsules w i l l  continue i n t o  FY 1990. 
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STATUS OF U.S./JAPAN COLLABORATIVE PROGRAM PHASE I 1  HFIR TARGET CAPSULES - R. L. Senn (Oak Ridge National 
Laboratory) 

OBJECTIVE 

The ob jec t i ve  o f  t h i s  program i s  t o  determine the response o f  various U.S. and Japanese aus ten i t i c  
and f e r r i t i c  s ta in less  s tee ls  w i t h  d i f fe ren t  pretreatments and a l l o y  compositions t o  the combined ef fects  Of 
displacement damage and helium generation a t  temperatures i n  the range of 300 t o  60OoC and doses of 35, 55. 
and 100 dpa. 
m a r t e n s i t i c / f e r r i t i c  s tee ls  (HT-9). 

Many advanced a l l o y s  and model a l l o y s  are being tested i n  the program inc lud ing  nickel-doped 

SUPMARV 

The experiment mat r i x  f o r  the Phase I 1  HFIR ta rge t  capsules (JP-9 through -16) was ref ined by adding 
i n s u l a t i n g  spacers and ad jus t ing  t h e  pos i t i ons  of c e r t a i n  specimens. 
required t o  account f o r  these changes and t o  cor rect  sow discrepancies discovered i n  t h e  e a r l i e r  analyses. 
Selected pa r ts  required r e v i s i o n  o r  remaking and are cu r ren t l y  on order. 

A l l  specimen subassemblies were assembled dur ing t h i s  period, although the SS-3 and Tensi le Bar SpeCi- 
mens were disassembled t o  incorporate the redesigned holders. These w i l l  be reassembled for i n s t a l l a t i o n  
i n t o  the various capsules as the pa r ts  become avai lable. 

Addi t iona l  thermal analys is  was 

As noted i n  previous reports,  a l l  e ight  capsules w i l l  be assembled and i n s t a l l e d  i n  the HFIR 
beginning w i t h  the f i r s t  f u l l  power operat ing cycle. 

PROGRESS AND STATUS 

The program f o r  U.S./Japan co l labora t i ve  t e s t i n g  o f  the Phase I 1  HFIR ta rge t  capsules consists of e igh t  
The mutual ly agreed upon rev ised matr ix  i s  shown i n  Fig. 1. capsules, JP-9 through -16. 

U.S./Japan Phase I 1  HFIR Target Capsules 

In t roduc t ion  - A l l  specimens were obtained and t h e  specimen subassemblies were completed i n  preparat ion 
f o r  f3nal  assembly i n t o  the var ious capsules. 
spacers were not provided below t h e  bottom specimens i n  JP-10, -11, and -14. 
ad jus t ing  the length o f  the spacer r i ngs  fo r  t h e  fa t i gue  specimens i n  p o s i t i o n  10 i n  JP-10 and -11 and adding 
a spacer a t  the bottom o f  each; and by moving the spacer prev ious ly  shown between pos i t i ons  7A and 78 i n  
JP-14 and adding i t  t o  t h e  bottom. 

changes i n  elevat ion, i t  was discovered t h a t  some specimen mater ia ls  used i n  t h e  analyses were not correct,  
and fur ther  t h a t  an e r r o r  was introduced regarding HT-9 mater ia l  proper t ies .  
complete reca lcu la t ion  of the gas gaps required t o  achieve the design temperatures. 
have subsequently been ordered t o  accommodate these changes. 

During load ing o f  the capsules, i t  was noted t h a t  i n s u l a t i n g  
This was corrected by 

During recheck o f  the thermal ca lcu la t ions  t o  examine the changes t h a t  might r e s u l t  from these small 

New o r  rev ised par ts  
These discoveries prompted a 

Experiment Matr ix  

The as- bu i l t  Phase I 1  experiment matr ix  i s  shown i n  Fig. 1. As prev ious ly  reported, these experiments 
incorporate transmission-electron-microscopy (TEM), t e n s i l e  bar (TB), hourglass fa t igue (F), 55-3 sheet ten-  
s i l e  CT(2) and T(4) I .  and welded sheet (SHEET) specimens. 
and the loca t ion  of the various specimen holders are shown on the f i gu re .  The prev ious ly  used p o s i t i o n  num- 
ber ing system (from 1 a t  the top through 11 a t  the bottom) was modif ied by assigning pos i t i ons  l A ,  16, etc.  
t o  the shor ter  specimens. 

Specimen mater ia l ,  design specimen temperatures 

Thermal Analysis 

As noted above, addi t iona l  thermal analyses were completed. Deta i led r e s u l t s  from these ca lcu la t ions  
are shown i n  Tables 1 through 7 f o r  capsules JP-9 through -16. 
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Table 7. H F l R  1ARGEl CAPSULE JP-16 THERMAL A Y A L I S I S  

I UPIULE JP-16 I WS. ELEV. MEA1 SPEC. I 
TYPE ISPECIYEY CULO MOLDER SPACER I 
*** I TEMP. GAP OIW. OIAW. I 

I YO. F R c *  GEY. 

I C I  L 
I INCHES Y/o(  
I . . . . . . . . . . . . . . . . . . . . . . 
I 

I 
I 10 8.394 

I 

I 

I 1A 9.502 

I 2 7.286 

I 6.126 
I 3 5.911 
I 5.3% 
I 

I 

I 

I 

I 

I 

I 

I 

I 
1 e4 1.5% 

I 
1 5.3% 

I 4A 1.536 

I 10 3.128 

I 5A 2.128 

1 58 1.320 

I --- 6 -0.000 

I 70 1.320 

I 7A 2.128 

I 88 3.128 

I V 5.Vll 
I 6.126 

I 10 7.268 
I 

I 
I 110 8.394 

I 

I 
I 111 V.502 

11.71 

21.39 

27.26 

31.27 
33.45 
35.15 

38.13 

11.56 

13.72 

15.37 

46.30 

45.37 

13.72 

11.56 

38.13 

35.4s 
33.15 
31.27 

27.35 

21.3V 

11.74 

I ...... 1.. 
I 

1121 1 
I 

112) I 
I 

1121 I 
I 

1w I 
10 I 
BOT. I 

I 
1121 I 

I 
111) I 

I 
1 1 0  I 

I 
111) I 

E 
...... 

SOD 

m 

500 

130 

300 

LW 

LOO 

500 

IY. IN. I N .  I 
I 
I 

0.0155 0 . M  I 
I 

0.0139 0.3722 I 
I 
I 
I 

0.0141 O.lK4 I 
O.OU7 0.1190 I 
0.0122 0 .1ab I 

I 
0.0012 0.3V7b I 

I 
0.0026 0.3VLV I 

I 
0.0021 0.3952 I 

I 
0.0038 0.3V21 I 

0.0037 0.3854 

I 

I 

I 

I 

I 

I 

1EH 1---100-- 0.0078 0.155V O.oPP0 

TIL) I 500 0.0038 0.3921 

110 I LOO 0.0021 0.3952 

1111 I LOO 0.0026 0.3V4V 

7121 I 300 0.0012 0.3976 

BOT. I 0.0122 0.lW 

I 0.0111 0 . l U  

I 

I 

I 

I 

10 I 430 0.0347 0.1LW 

112) I 500 0.0037 0.3851 

112) I 600 0.013V 0.3722 

112) I 500 0.0155 0.3690 

PRESENT STATUS 

A l l  specimen subassemblies were completed i n  preparat ion f o r  load ing the capsules. Revisions of the gas 
gaps f o r  c e r t a i n  specimens required diassembly t o  accommodate new holders.  
order.  

These p a r t s  are present ly  on 

Loading l i s t s  were developed showing the specimen type and i d e n t i t y  f o r  each p o s i t i o n  w i t h i n  each cap- 
sule. These l i s t s  are shown i n  Tables 8 through 15 for  capsules JP-9 through JP-16, respect ive ly .  

FUTURE WORK 

Assembly o f  the e ight  capsules i s  planned f o r  completion as soon as the new par ts  become avai lab le ,  w i t h  
F u l l  power operat ion o f  the reactor  i s  present ly  pre- i n s t a l l a t i o n  i n  the HFIR a t  the e a r l i e s t  opportuni ty.  

d i c t e d  t o  begin i n  ea r l y  1989. 
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Table 8. Loading l i s t  for  capsule JP-9 

Specimen 
Pos i t i on  

Tvue I d e n t i t v  

1 TEM 
2 Tensi le bar TM-28 
3 Tensi le bar TL-28 
4 Tensi le bar TL-26 
5 Tensi le bar  SU-14 
6 TEM 
7 Tensi le bar SC-17 
8 Tensi le bar SS-02 
9 Tensi le bar  SCC8 

10 Tensi le bar  SCO9 
11 Tensi le  bar SU-23 

Table 10. Loading l i s t  f o r  capsule JP-11 

Specimen 
Pos i t i on  

Type I d e n t l t y  

VAJO. VGAO 
VAJ l ,  Y G A l  

1 A  T(2) 
18 T(2) 
1c TEM 
2 Fat iaue AATO 
3 T (2 ) -  PJJO, PMCO 
4 TEM 
5 Tf4) AHA8. AAJB. 

8 
9 

10 
11c 
l l B  
11A 

A A J ~ ;  AGAB. 
ANC5, AJJ4, 
AJJ5. AMC3 

PJJ1, PMCl 
A A T l  

VAJ2, YGA2 
VAJ3, VGA3 

Table 9. Loading l i s t  for  capsule JP-10 

Specimen 
Pos i t i on  

Type Ident  1 ty 

14 T(2)  AHAO, AAJl 
1B T(2) ANCB, AJJB 
1c TEM 
2 Fat i que AHTO 
3 T(2) AHAl .  AAJ2 
4 TEM 
5 T(4) AHAZ, AAJ3, 

6 TEM 
7 T(4) ANC9. AJJ9, 

R TFM 

AAJ4, AGAO 

AJKO, AMC8 
. -. . 

9 T(2) AHA3. AGAl  
10 Fat igue AHTl . 
11c TEM 
l l B  T(2) ANDO, AMC9 
1 1 A  T(2) HJKl ,  HJK2 

Table 11. Loading l i s t  for  capsule JP-12 

Specinen 
Pos i t i on  

Type I d e n t i t y  

1 Spacer 
2 Tensi le bar t0-20 
3 Tens i le  bar t1-02 
4 TEM 
5 TEM 
6 TEM 
7 TEM 
8 TEM 
9 TEM 

10 Tens i le  bar  55-10 
11 Tensi le  bar  TM-30 
12 Spacer 
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Table 12. Loading l i s t  for  capsule JP-13 Table 13. Loading l i s t  fo r  capsule JP-14 

Specimen 
Pos i t ion  

Type I d e n t i t y  

Specimen 
Posi t ion 

TVDe I d e n t i t v  

1 A  T(2) f l a t  t e n s i l e  AHA9, AGA9 
1B T ( 2 )  f l a t  t e n s i l e  AAL3, AAL4 
1c T(2) f l a t  t e n s i l e  EGAO. E G A l  
2 Fatigue AJV4 
3 T ( 2 )  f l a t  t e n s i l e  PJJ2. PMC2 
4 Fatigue ANV4 
5 T(4) f l a t  t e n s i l e  AHBO, AGBO, 

ANC3, AMC4 
F. TFM 

B 
9 

10 
11c 
11R  
1 1 A  

ii4) f l a t  t e n s i l e  

Fatigue 
T(2) f l a t  t e n s i l e  
Fatigue 
T(2) f l a t  t e n s i l e  
T(2) f l a t  t e n s i l e  
T(2) f l a t  t e n s i l e  

BHAO, BHA1, 
BGAO, BGAl 
ANN5 
PJJ3, PMC3 
AJV8 
A05, C O l O  
AJL3, AJL4 
ANC4, AMC5 

Table 14. Loading l i s t  for  capsule JP-15 

Specimen 
P o s i t  i on 

Type I d e n t i t y  

1 Spacer 
2 Tensi le bar TD-28 
3 Tensi le bar TM-21 
4 Tensi le bar SS-28 
5 Tensi le bar SV-30 
6 TEM 
7 TEM 
8 Tensi le bar SU-12 
9 Tensi le bar TL-09 

10 Tensi le bar SS-30 
11 Tensi le bar TM-09 
12 Spacer 

1 
2 
3 
4 
5A 
58 

5c 

6 
7c 

78 

7A 

8 
9 

10 
11 

Sheet 
T f 2 )  f l a t  t e n s i l e  
TEM' 
TEM 
T(2) f l a t  t e n s i l e  
T(4) f l a t  t e n s i l e  

T(4) f l a t  t e n s i l e  

TEM 
T(4) f l a t  t e n s i l e  

T(4) f l a t  t e n s i l e  

T(4) f l a t  t e n s i l e  

TEM 
TEM 
T ( 2 )  f l a t  t e n s i l e  
Sheet 

1. 5 
KJJO, KJJl 

A01, BO4 
AHB2, AAK6, 
AAK7, AGE6 
AND3, AJKB, 
AJK9, AM07 

A06, 806, 
co1, co2 
AND2, AJK6, 
AJK7, AMD6 
A07, BOB, 
CO9, C04 

A010, C05 
2, 4 

Table 15. Loading l i s t  fo r  capsule JP-16 

Specimen 
Posi t  1 on 

Type I d e n t i t y  

1A  
1B 
2 
3 
4A 
48 

5A 

58 

6 
78 

7A 

RB 

8A 
9 

10 
116 
11A 

T(2) SS-3 f l a t  t e n s i l e  
T (2 )  SS-3 f l a t  t e n s i l e  
T ( 2 )  SS-3 f l a t  t e n s i l e  
Tensi le bar 
T(2) SS-3 f l a t  t e n s i l e  
T(2) SS-3 f l a t  t e n s i l e  

T(4) SS-3 f l a t  t e n s i l e  

T(4) SS-3 f l a t  t e n s i l e  

TEM 
T(4) SS-3 f l a t  t e n s i l e  

T(4) SS-3 f l a t  t e n s i l e  

T(4) SS-3 f l a t  t e n s i l e  

T (2 )  SS-3 f l a t  t e n s i l e  
Tensi le bar 
T(2) SS-3 f l a t  t e n s i l e  
T12) SS-3 f l a t  t e n s i l e  
T(2 j  SS-3 f l a t  t e n s i l e  

AGA7, AM09 
ANCO, AJJO 
AMJO, AMJ2 
A A R l  
ANC1, AJJl 
BNAO, BNAl, 
BMAO, BHA1 
AHB1, AGB1, 
ANC2. AHC6 
BNA2, BNA3. 
BMA2, BMA3 

LJJO, LJJ1, 
HJJO, HJJl 
LJJ3, LJJ4, 
HJJ2, HJJ4 
BHA2, BHA3 
BGAZ, BGA3 
AJJ2, AMCl  
AHPO 
A04, C06 
AJJ3, AMC2 
AJLZ, M L 2  





2 .  DOSIMETRY, DAMAGE PARAMETERS, AND ACTIVATION CALCULATIONS 
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HELIUM GENERATION I N  FUSION REACTOR MATERIALS - 0. W. Kneff  and 6. M. O l i ve r  (Rockwell I n t e rna t i ona l )  

OBJECTIVE 

The ob jec t i ve  o f  t h i s  work i s  t o  measure the t o t a l  helium product ion cross sect ions of mater ia ls  fo r  
fusion-energy neutrons. 

S U W R Y  

Helium analyses and neutron f luence charac te r i za t ion  have been i n i t i a t e d  fo r  two Rotat ing Target 
Neutron Source-I1 (RTNS-11) i r r ad ia t i ons ,  w i t h  the  ob jec t i ve  o f  determining several new t o t a l  helium 
product ion cross sections. A constant temperature furnace has been r e b u i l t  and tested fo r  the measurement 
o f  helium concentrat ions i n  mater ia ls  i r r a d i a t e d  a t  s i g n i f i c a n t l y  lower neutron fluences, and used fo r  the 
measurement o f  helium generation i n  aluminum by 10-MeV neutrons. 

PROGRESS AND STATUS 

Four accelerator-based neutron i r r a d i a t i o n s  have p rev ious ly  been performed t o  measure t e t o t a l  helium 
product ion cross sect ions o f  several mater ia ls  i n  the  10- t o  15-MeV neutron energy region.(l! These 
experiments inc lude three i r r a d i a t i o n s  a t  RTNS-I1 a t  the  Lawrence Livermore National Laboratory (LLNL) 
using the T(d,n) source react ion,  and one a t  the Los Alamos National Laboratory (LANL) using the  1H(t,n) 
source react ion.  

The RTNS-I1 i r r ad ia t i ons ,  performed j o i n t l y  w i t h  Argonne National Laboratory (ANL). included one 
primary-volume i r r a d i a t i o n .  o e add-on i r r a d i a t i o n  a t  -750 r e l a t i v e  t o  the -neutron source axis. and one 
add-on i r r a d i a t i o n  a t  l lOO.(lP Helium analys is  work has now been i n i t i a t e d  f o r  the  primary-volume and 75O 
i r r ad ia t i ons .  

The RTNS-I1 primary volume i r r a d i a t i o n  was performed t o  measure t o t a l  hel ium product ion cross sect ions 

This i r r a d i a t i o n  p lus the 1100 i r r a d i a t i o n  were a lso  
a t  14.6 MeV f o r  selected mater ia ls ,  inc luding,  fo r  example, N. Mg. S, Ge, W. and the separated isotopes of 
W.  and t o  obta in add i t iona l  data f o r  other  materials. 
designed t o  prov ide energy-depe d n t  in format ion on the cross sect ions o f  selected low-2 elements over the 
energy range o f  13.6 t o  15 MeV.117 Analyses have now been i n i t i a t e d  f o r  the primary-volume i r r a d i a t i o n .  
York t o  date includes the analys is  o f  the helium accumulation dosimetry r ings,  the i n i t i a t i o n  of the  
neutron f luence mapping f o r  the i r r a d i a t i o n  volume, the pos t- i r r ad ia t i on  preparat ion o f  a la rge  number of 
platinum-encapsulated samples f o r  helium analysis, and the helium analyses o f  several selected samples. 
The dosimetry r ings,  composed o f  pure-element copper wire, prov ide de ta i l ed  information on the neutron 
f luence gradients w i t h i n  the i r r a d i a t i o n  volume. The analyzed samples inc lude Be. TiN. ZrN. Al2O3, and 
Nb2O5, where the  n i t r i d e s  and oxides w i l l  be used t o  deduce the cross sect ions fo r  n i t rogen and oxygen, 
respect ive ly .  

The mass spectrometer system's constant temperature furnace was r e b u i l t  f o r  the analys is  o f  the 
mater ia ls  i r r a d i a t e d  a t  LANL w i t h  10-MeV neutrons. 
la rge  samples (up t o  about 1 g), w i t h  helium background l eve l s  much lower than our standard graphi te 
cruc ib les.  
f l u x  i s  orders o f  magnitude lower than t h a t  from RTNS-11. 
successfu l ly  using aluminum samples i r r a d i a t e d  t o  r e l a t i v e l y  low fluences (1015 t o  1016 neutrons/cm2) a t  
750 i n  RTNS-11, and bery l l i um samples from two d i f f e r e n t  l i gh t- water  reac to r  surve i l l ance  dosimetry 
experiments. 

This furnace i s  designed f o r  helium release from very 

This provides the c a p a b i l i t y  o f  performing Reasurements i n  neutron f i e l d s  f o r  which the neutron 
This furnace was subsequently tested 

The bery l l i um samples were selected f o r  t e s t i n q  because o f  t h e i r  prev iously  characterized 
helium concentrations; and because o f  a requirement f o r  low-fluence bery l l i um kasurements i n  a po ten t i a l  
j o i n t  experiment w i t h  AWL. 

Analyses were i n i t i a t e d  f o r  mater ia ls  i r r a d i a t e d  i n  the 10-MeV 1H(t.n) LANL experiment. This 
The f i r s t  analyses performed were fo r  experiment was performed j o i n t l y  w i t h  R. C. Haight o f  LANL. 

aluminum, w i t h  measured helium concentrat ions i n  the 20 appt (atomic par ts  per t r i l l i o n ,  10-12 atom 
f r a c t i o n )  region. 
generation ra tes  f o r  monoenergetic neutrons using accelerator  neutron sources other  than T(d.n). 
neutron f luence f o r  t h i s  experiment was about 3 x 1014 neutrons/cm2. 

These measurements provide a f i r s t  demonstration o f  our a b i l i t y  t o  measure hel ium 
The t o t a l  

FUTURE WORK 

and LANL 1H(t,n) i r r ad ia t i ons .  
sect ions a t  m u l t i p l e  neutron energies f o r  several mater ia ls .  

Helium analyses and neutron f luence and spectrum charac te r i za t ion  w i l l  cont inue f o r  the RTNS-I1 T(d,n) 
The r e s u l t s  w i l l  be combined t o  deduce t o t a l  helium product ion cross 
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NEUTRON FLUENCE MEASUREMENTS FOR HELIUM PRODUCTION EXPERIMENTS AT RTNS I1 - L. R. Greenwood, C. A. Sel ls ,  
and A. In tasorn (Argonne National Laboratory) 

OBJECTIVE 

To provide dosimetry f o r  fus ion experiments a t  14 MeV neutron sourxes and t o  determine helium pmduct ion 
cross sections. 

S U W R Y  

Results are reported f o r  two experiments a t  RTNS I1  designed t o  measure hel ium product ion Cross Sections 
near 14 MeV. 
750 w i t h  an average neutron energy o f  14.3 MeV. The second add-on experiment from February t o  May 1987 was 
i r r ad ia ted  a t  an angle o f  1100 w i th  a mean neutron energy of 13.8 MeV and neutron fluences of 1.5 t o  
2.0~1016 n l c d .  Helium measurements are now i n  progress a t  Rockwell In te rna t iona l .  

PROGRESS AND STATUS 

Numerous experiments have been perfonned a t  the Rotat ing Target Neutron Source I1  a t  Lawrence LiVenImre 
National Laboratory t o  measure helium product ion near 14 MeV neutron energies. Results f o r  25 elements, 
separated isotopes, and a l l o y  s teels  have already been published1 i n  co l labora t ion  w i t h  D. Kneff (Rockwell 
In te rna t iona l ) .  

The f i r s t  experiment was a short i r r a d i a t i o n  (23.6 hours) on January 8-9, 1987. w i t h  the specimens located 
a t  -750 t o  the beam and an average neutron energy of 14.3 MeV. Dosimetry and helium samples were i r r a d i a t e d  
i n  an aluminum capsule measuring 1.75 cm O.D.x2.41 cm th ick .  Dosimetry f o i l s  were located a t  5 d i f fe ren t  
pos i t ions  in terspersed w i t h  helium samples of Fe, Cu, C r ,  A l ,  N i ,  C, Mn, V, T i ,  S i .  and Be. The c i r c u l a r  
dosimetry f o i l s  measured 1 cm O.D. by 0.025-0.25 rn th ick.  A l l  samples were gama counted i n  Order t o  
detennine ac t i va t i on  rates. 

The ac t i va t i on  measurements are l i s t e d  i n  Table 1 i n  the order according t o  t h e i r  placement i n  the assembly. 
Neutron fluences were then calcu lated by d i v i d i n g  the ac t i va t i on  r a t e  by the product ion cross section. 
Cross sect ions were taken f r o m  our prev iously  publ ished data;2 however, i t  was necessary t o  ext rapolate from 
our la rges t  angle a t  600 t o  750 using the t rend  of the  data as wel l  as trends f r o m  ENDF/8-V.3 
have an uncer ta inty  of +4%, due t o  our normalizat ion t o  the  93Nb(n,2n)92Nb reac t ion  cross sect ion of 463 mb, 
as wel l  as counting uncer ta in t ies  of 2-4%. 
fluences are p l o t t e d  i n  Fig. 1 as a func t ion  o f  distance i n t o  the assembly. As can be seen, flUenCeS 
decl ine about a factor  of three over a distance o f  2.41 cm. 

I n  order t o  determine the de ta i led  fluence d i s t r i b u t i o n  over the surface o f  a f o i l ,  three niobium f o i l s  were 
segmented i n t o  9 concentr ic pieces on diameters of 3 m (1 piece), 6.5 and 10 mn (4  pieces each). 
segment was then gama counted and the resu l t s  are l i s t e d  i n  Table 2. As can be seen, the fluence gradients 
vary up t o  17% over the 1 cm diameter discs. 

The second experiment took p lace over the extended per iod between February 23, 1987 t o  May 23, 1987 (90 
days). The purpose o f  the  experiment was t o  measure helium product ion cmss  sect ions near 14 MeV f o r  
various mater ia ls  inc lud ing  Be, C, Nb, A l ,  Cu, and Fe. 

The helium specimens and radiometr ic  dosimeters were enclosed i n  a c y l i n d r i c a l  package measuring 1.11 cm 
diameter by 0.64 cm th ick .  Dosimetry f o i l s  of Fe, Nb, and Co, each measuring 5 m i l s  th ick ,  were placed a t  
seven d i f f e r e n t  depths i n  the  capsule i n  order  t o  measure the  neutron f luence gradients. Wires and hel ium 
accumulation f luence monitors were placed a t  four d i f fe ren t  locat ions i n  the assembly. The e n t i r e  ca sule 
was i r r a d i a t e d  a t  1100 t o  the inc iden t  beam so t ha t  the  average neutron energy was 13.8 MeV ( ~ 2 0 0  keVy. 

A l l  o f  the  dosimetry f o i l s  and helium sanples were g a m  counted and saturated ac t i va t i on  ra tes  were 
calculated, as l i s t e d  i n  Table 3. A de ta i l ed  i r r a d i a t i o n  h i s t o r y  was used t o  cor rec t  f o r  decay dur ing 
i r r ad ia t i on .  The neutron fluences have an estimated absolute uncer ta inty  o f  about 6-8% due t o  counting 
uncer ta in t ies  (as l i s t e d )  and cross sect ion uncer ta in t ies  (4-6%). The a c t i v i t y  values and uncer ta in t ies  are 
reported as the t o t a l  number of ac t i ve  atoms per  atom of ta rge t  material .  Neutron fluences were then 
derived by d i v i d i n g  by the  appropriate neutron cross sect ion. C ross  sect ion values were taken from ENDFIB- 
V3 assuming a mean neutron energy of 13.8 MeV. 
cross sect ions were adjusted according t o  previous measurements a t  RTNS 11.2 

The neutron fluences range f r o m  1.5-2.0~1016 n l c d  and decl ine w i t h  increasing distance f r o m  the  neutron 
source. The footnoted values represent w i re  and helium sanples which were much smaller than the 7/16' 
diameter dosimetry f o i l s .  Wire fluences thus show some sca t te r  from the f o i l  values since the neutron 
fluences are i n  fac t  changing across the  dimensions o f  the f o i l .  

The f i r s t  experiment i n  January, 1987, received fluences from 1 t o  3x1015 n / C d  a t  an angle Of 

Several add-on experiments were performed t o  look a t  add i t iona l  materials. 

The fluences 

The net  absolute uncer ta inty  i s  thus about 6X. The derived 

Each 

I n  the  case of the 59Co react ions t o  59Fe and 58C0, the  
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Table 1. A c t i v i t i e s  and Neutron Fluences f o r  RTNS I1 7501  
(Jan. 8-9, 1987 a t  <E> = 14.3 MeV: 
r e l a t i v e  uncertainty 2-3%) 

Distance Sample-Position Isotope ol7 Fluence 
(4 (XIO-10 atomfatom) ( ~ 1 0 1 5  nfcm2) 

0.0191 

0.0267 
0.0406 
0.0597 
0.0673 
0.0698 
0.1219 

0.2235 
0.3759 
0.5778 
0.5804 
0.5842 

0.6515 
0.907 
1.099 
1.101 
1.109 

1.121 
1.243 
1.910 
1.967 
1.970 
1.974 

2.181 
2.239 
2.252 
2.264 
2.283 

2.303 
2.322 
2.341 

Fe-1 

T i - 1  
co-1 
Nb-1 
N i - 1  
Au-1 

Fe-He-3 

Cu-He-4 
Cr-He-2 

Au-2 
Fe-2 

Ni-He-1 
Mn-He-4 
Ni-3 
Au-3 
Fe-3 

N i  -2 

Nb-3 
Ti-He-2 
Ni-He-4 

N i  -4 
Au-4 

Cu-He-2 
Nb-5 
Ni-5 
Au-5 
CO-5 

11-5 
Zr-5 
Fe-5 

5:;: 

10.7 
2.89 
9.21 

23.8 
14.3 
10.8 
58.6 
10.2 
2.72 
1.25 

8.47 

8.40 
2.17 
8.50 

6.82 

6.55 
1.63 
9.11 
5.95 
5.12 
5.05 

4.74 
1.33 
0.569 

10.7 

48.3 

16.3 

39.1 

28.1 

6.10 
4.29 

9.51 
0.630 
3.79 

25.5 

19.2 
4.18 
1.12 

3.07 

3.09 

- 
2.39 
2.28 
2.41 
2.39 
2.39 
2.11 
1.92 
1.84 
1.88 
1.80 
1.97 
1.94 
1.44 
1.42 
1.33 
1.36 

1.292. 
1.32 
1.21 
1.20 
1.26 

~ 

1.24 
1.20 
1.20 
1.23 

FUTURE WORK 

Helium measurements are now i n  progress by D. Kneff (Rockwell In ternat iona l ) .  
A l l  o f  the data w i l l  be f i t  t o  a nmre de ta i l ed  f l ux  map i n  order t o  accurately p red ic t  fluences a t  the 
loca t ion  o f  each helium sample. 
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Table 2. Neutron Fluence Gradients a t  RTNS I1 (75Or 
Results from YdNb(n,2n)YonNb : counting 

incertainty 25%) 

Foil Position Segment Fluence (xlO15 n / c d )  

1 

3 

5 

RU 
0 

0 
1 
2 
3 
4 
5 
6 
7 
8 

0 
1 
2 
3 
4 
5 
6 
7 
8 

0 
1 
2 
3 
4 
5 
6 
7 
8 

3.00 
3.11 
3.17 
3.00 
3.00 
2.92 
3.13 
2.90 
3.02 

1.87 
1.75 
1.90 
1.97 
1.73 
1.94 
1.83 
1.95 
1.88 

1.19 
1.26 
1.24 
1.14 
1.20 
1.33 
1.24 
1.31 
1.18 

RTNS II 

0 

6 
Distance, cm. 

Fig. 1.  Neutron Fluence Gradient Measured a t  RTNS 11 a t  75' t o  
the Beam. Distances Refer t o  the Front o f  the Helium Assembly. 
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Table 3. A c t i v i t i e s  and Neutron Fluences f o r  RTNS I1 (1100) 
(2123187 t o  5/23/87; <E> = 13.8 MeV) 

Saw1 e-Posi ti on 

Fe-F 

Co-F 

Nb-1 
Fe-1 

Fe-Sla 

Fe-2 

Nb-Sla 
Nb-1Eb 
Nb-7Yb 
Cu-Sla 
Fe-3 

Fe-S3c 

Nb-S3c 
Nb-9Vb 

cu-s4c 
Fe-4 

Fe-SZa 

Nb-8Db 

cu-sza 

Nb-B2b 
Nb-SZb 
cu-s3c 
Fe-5 

Nb-5 
co-B 

Fe-B 

adtd 

(10-9 atom/atom) 

12.4(0.3) 
1.03( 1.7 
9.07(0.9 
7.31(1.1 I 
1.49(6 .O) 
9.30(1.2) 
7.08(0 .8) 
1.58(2.51 

7 .87 (0.9 
0.829( 1.5) 
6.78(0.8) 
1.51(3.1) 
7.0111 .2) 

8.62 (1.1 
8.39(1.3) 
0.772(1.2) 
0.763 (1.2) 
6.70(1.3) 
1.50 (4.0) 
6.52 ( 1  .O) 

7.81 (1.1 
0.755(1.9) 
6.44 0.9) 
1.41 4.3) 
7.89 I 0.7) 

0.901 11.5) 
lO.E(O.4) 

6.33 0.9)' 
1.3714.2) 

#t 

( ~ 1 0 1 6  n/cm2) 

1.91 
1.89 
1.80 
1.74 
1.95 
1.90 
1.78 
1.91 
1.66 
2.04 
1.84 
1.76 
1.86 
1.92 
1.73 
1.88 
1.77 
1.68 
1.83 
1.75 
1.89 
1.84 
1.63 
1.73 
1.74 
1.67 
1.70 
1.57 
1.89 
1.72 
1.71 
1.68 
1.57 
1.73 
1.57 
1.52 
1.65 
1.53 

aWire samples i ns ide  main assembly. 

bHelium accumulation fluence monitors. 

CWire samples outs ide of main package. 

dRelat ive counting uncer ta in t ies  (%) are l i s t e d :  absolute uncer ta in t ies  a l so  
inc lude 2% for detec tor  ef f ic iency and 4-6% f o r  cross sections. 
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PRMXICTION OF 93110 and 93Wb FRCU 110 AT 14.7 MeV - L. R. Greenwood, 0 .  L. Bowers, and A. In tasorn (Argonne 
National Laboratory) 

OBJECTIVE 

To r a s u r e  the production o f  long- l ived isotopes i n  fusion reac tor  mater ia ls  f o r  ac t i va t i on  and waste 
d i  sposal appl icat ions.  

S W Y  

Ion-exchange chemical react ions have been per fomed t o  separate 110 and Nb i n  na tura l  molybdenum sanples 
i r r a d i a t e d  w i t h  14.7 MeV neutrons a t  RTNS 11. X-ray coun i n  has been p e r f o m d  t o  d e t e r r i n  p re l im ina  
ac t i va t i on  cmss  sections o f  about 580 nb f o r  %(n,2n)9&o(i3500 y) and 0.73 d~ for  I b ( n , x ) & b ( l 6 . 1  3. 
Separations are now i n  progress fo r  %-enriched sanples. These data are needed t o  ca lcu la te  the  
production of long- l ived isotopes i n  fus ion reac tor  mater ia ls .  

PROGRESS AND STATUS 

We have been engaged i n  an ongoing program t o  r a s u r e  neutron a c t i v a t i o n  c m s s  sect ions near 14 MeV f o r  
long- l ived isotopes. Such data areneeded t o  determine the a c t i v i t y  o f  fus ion  reac tor  mater ia ls  espe i a l l y  
f o r  waste d i s w s a l  appl icat ions. We have D ~ ~ V ~ O U S ~ V  r e m r t e d  data f o r  the  m d u c t i o n  of 26A1.~55Fe. g3Ni, 
59Ni, 91Nb, and 94Nb;1,2,3 The present wo'rk s m d z e s ' o u r  measurements of.93110(3500 y)  and 93Wb( i6. i  y) 
fmm natura l  and 9%-enriched sanples o f  molybdenum. 

The 110 samples were n e t a l l l c  powders pressed i n t o  d iscs of 3 ma diameter by 1 m th ick.  These d iscs  were 
i r r a d i a t e d  a t  the Rotat ing Target Neutron Source I 1  a t  Lawrence Livennore Nat ional  Laboratory t o  a neutmn 
fluence of about 1018 n e u t m n l c d  
cross sect 1 ons fo r  the 94110 (n, p) 94Nb. 9% (n, x)94NbI 92110 (n, x) 91Nbm. 92Ilo (n, x)hNb9, and 9811o(n, a) 95Zr 
react ions i n  the ene range f r o m  14.5 t o  14.8 MeV.3 
and 93Wb. 93110 a n d W W b  both decay t o  the gmund s ta te  o f  93Nb and emit Nb x-rays a t  16.6 and 18.6 keV. 
Hence, i t  i s  necessary t o  chemically se arate 110 and Nb i n  order  t o  determine cmss  sect ions fo r  each 
isotope. Furthennore, 93Ilo decays t o  g h b ,  thus conp l ica t ing  the  analysis. 

A l l  of the  sanples were dissolved i n  a mixture of concentrated "03 and HCl. 
separations were then performed. Small a l iquots  of the d i sso lu t i on  and each f r a c t i o n  were then taken t o  
dryness f o r  x-ray analysis. Several checks were ava i lab le  t o  determine both the  degree of separat ion as 
we l l  as the absolute y i e l ds  fmm the chemical pmcedures. Since 91Nbg (-680 y)  i s  a lso  present i n  the 
samples, we used the Z r  x-rays a t  15.7 and 17.6 keV as a Nb t racer.  We were a lso  able t o  ob ta in  some 99Ilo, 
which was added t o  our samples as a Ilo t racer.  I n  both cases we were able t o  demonstrate t h a t  the  chemical 
separat ion o f  Mo and Nb was good t o  a t  l eas t  99%. F ina l l y ,  we were able t o  demonstrate t ha t  the sum of the  
x-ray a c t i v i t i e s  i n  the Nb and El0 f r ac t i ons  was equal t o  t h a t  o f  the  o r i g i n a l  d i sso lu t i on  and tha t  losses 
were less  than 5X. 

The natura l  Ilo samples have now been analyzed and work on the 94Mo-enriched samples i s  i n  pmgress. 
Prel iminary r e s u l t s  i nd i ca te  a cross sect ion of 580 nb f o r  the 94~o(n ,Zn)93~0 reac t ion  and 0.73 nb for the  
M o ( n , ~ ) ~ ~ ~ N b  react ion.  Nei ther  of these react ions have been measured previous1 . Data from the  enriched 
ta rge ts  w i l l  a l low us t o  ob ta in  separate cross sections f o r  the production of 9 h b  fmm both 94Ilo and 95Ilo. 
The r e s u l t s  w i l l  then be used t o  p red ic t  the  production of these isotopes i n  fus ion reac tor  mater ia ls .  

FUTURE WORK 

We p lan  t o  measure cross sect ions fo r  the long- l ived isotopes 93Zr ( l  5x106 ), 14C(5730 y), and 
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RMIOACTIVE WASTE OISFUSAL FOR FISSION AND FUSION REACTORS. H. L. Heinisch and D. G. Ooran. Pac i f i c  
Northwest Laboratory 

CBJECTIVE 

The ob jec t i ve  o f  t h i s  work i s  t o  provide add i t iona l  perspect ive on t he  d e s i r a b i l i t y  of developing reduced 
ac t i va t i on  mater ia ls  f o r  fus ion  reactors by comparing t he  t o t a l  rad ioac t i ve  inven tor ies  accrued dur ing 
t he  l i f e t i m e s  o f  a t y p i c a l  f i s s i o n  and fus ion  reactor. 

SUrnARY 

The ca lcu la ted  rad ioac t i ve  waste inven tor ies  of t he  Turkey Po in t  pressurized water f i s s i on  reactor  (FWRI 
and t he  S t a r f i r e  conceptual fus ion  tokamak are cmpared as a func t ion  of t ime frm i n i t i a l  s tar t- up t o  
10,000 years a f t e r  decmmissioning. Only mater ia l  ou t  o f  reactor  a t  l e a s t  one year i s  considered. The 
t o t a l  a c t i v i t y  i n  Ci/W(thl o f  t he  S t a r f i r e  tokamak i s  s l i g h t l y  greater  than t h a t  o f  the  FWR dur ing t he  
ac t i ve  l i f e t i m e s  of t he  two reactors and beyond 1000 years. 
i n  S t a r f i r e  can r e s u l t  i n  about 1/2000 as much long- l ived r a d i o a c t i v i t y  as i n  t he  f i s s i o n  reactor.  It 
i s  stressed t h a t  comparison o f  wastes on t h i s  basis  i s  no t  straightforward. since t he  radio isotopes and 
methods required f o r  t h e i r  disposal are d i f f e ren t  f o r  fus ion  and f i s s i o n  reactors. 

PROGRESS AN0 STATUS 

The development o f  reduced a c t i v a t i o n  mater ia ls  f o r  fus ion reactors i s  now a major ob jec t i ve  o f  t he  fus ion  
mater ia ls  program. 
ac t i va t i on  materials, it i s  o f  i n t e r e s t  t o  d i r e c t l y  compare fus ion  reactor  waste l e v e l s  w i t h  those frm 
Cmpet ing power generat ing technologies, espec ia l l y  w i t h  f i s s i o n  reactors t h a t  are present ly  operating. 

S ign i f i can t  amounts of rad ioac t i ve  mater ia ls  a re  produced i n  both f i s s i o n  and fusion reactors, bu t  t he  
spec i f i c  radio isotopes produced. t h e i r  concentrat ions and volumes, t h e i r  hazards t o  t he  biosphere and 
t h e  methods required f o r  t h e i r  disposal are d i f f e r e n t .  
here; the  d i f f i c u l t y  o f  making simple cmpar isons should becme evident i n  t he  fo l lowing.  
t he  t o t a l  rad ioac t i ve  inventory produced dur ing t he  30 year l i f e t i m e  o f  an e x i s t i n g  f i s s i o n  reactor  [Turkey 
Po in t  No. 3.  a n m i n a l l y  1200 M e  (3600 Mlth)  pressurized water reactor  ( F W R ) l  and a s p e c i f i c  conceptual 
fusion reactor  [S ta r f i r e .  n m i n a l l y  1200 m e  (3600 W t h )  tokamak]. 

In a f i s s i o n  reac to r  most o f  t he  rad ioac t i ve  mater ia ls  r equ i r i ng  long- term waste disposal a re  i n  t he  
spent fuel .  which conta ins ac t in ides  and f i s s i o n  products. 
legacy of t h e  f i s s i o n  process. 
fuel1. 
t h i s  h igh l e v e l  waste i s  required. 
i n s i g n i f i c a n t  by comparison. even though t he  volume of act ivated s t r uc tu ra l  mater ia l  i s  much l a rge r  than 
t h a t  of t h e  fue l ’  (see Table 1). 

The inventory of radioisotopes i n  a deuter ium- tr i t ium fusion reac to r  w i l l  r e s u l t  only frm ac t i va t i on  o f  
reac to r  mater ia ls  (exc luding t he  t r i t i u m  used as f u e l ) .  

h igh ly  ac t i va ted  f i r s t  wa l l  and b lanket  s t r uc tu ra l  material2. 
t h i s  w i l l  no t  meet cur ren t  r equ i rmen ts  f o r  shallow land bu r i a l .  

However, using reduced a c t i v a t i o n  mater ia ls  

Since pub l i c  perception o f  waste generat ion i s  a mot ivat ion f o r  developing reduced 

A canprehensive comparison was n o t  attempted 
We w i l l  cmpare 

These high l eve l  wastes are t he  inescapable 
During a 30 year l i f e t i m e  a 1200 We FWR produces about 130 2 of spent 

Reprocessing can reduce the  volume of waste mater ia l  s i gn i f i can t l y .  Deep geological b u r i a l  o f  
Total a c t i v i t y  of t he  f i s s i o n  reactor  s t r uc tu ra l  mater ia ls  i s  

Over a 30 year l i f e t i m e  a 1 00 M e  tokamak fusion 

Using conventional materials. sane o f  
reactor  w i l l  produce on t he  order o f  2000 n? of ac t i va ted  mater ia l .  w i t h  about 300 3 o f  t h a t  being t h e  

The inventory of rad ioac t i ve  isotopes f o r  t h e  fuel assemblies of t he  Turkey Po in t  Reactor were ca lcu la ted  
using t h e  ORIGEG computer code. Calculat ions were done f o r  the  f ue l  CU021, cladding (Zr-4) and other  
s t r uc tu ra l  mater ia l  (Inconel-718 and 304 s ta i n l ess  s t e e l )  of the  fue l  assemblies dur ing th ree  cyc les 
each o f  284 days up and 106 days down, f o r  a t o t a l  of 1064 days (2.9 years). The a c t i v i t i e s  i n  cur ies  
of the  f i s s i o n  products. ac t in ides  and ac t i va t i on  products were determined separately a t  elapsed t imes 
a f t e r  rmova l  o f  t he  f ue l  frm 0 t o  10.000 years. The ORIGEN r e s u l t s  were combined manually t o  construct  
t he  a c t i v i t y  as a func t ion  of t ime f o r  a l l  spent fuel t h a t  has been out  o f  reac to r  f o r  a t  l e a s t  one year, 
f o r  t he  per iod frm star t- up t o  10,000 years. 
were changed every 3 years f o r  30 years. The a c t i v i t y  i n  Ci/Wth as a func t ion  o f  t ime i s  shown i n  F igure 
1. 

The curve f o r  Turkey Po in t  i n  Fig. 1 begins a t  4 years a f t e r  s tar t- up (one year a f t e r  t he  f i r s t  fue l  
elements are removed1 and continues through t he  l i f e  o f  t he  reactor, w i t h  new spent fuel assemblies added 
t o  t h e  inventory every 3 years. Between 4 years and 3 1  years t he  curve should r e a l l y  have a saw-tooth 
shape w i t h  a per iod of 3 years. The maximum values l i e  on the  curve. and t he  r a d i o a c t i v i t y  decays by a 
factor  of 2-3 l e s s  than t he  maximum dur ing t he  3 years before t he  next spent f ue l  i s  added t o  t he  waste 
inventory. 
f ue l  assmbl  ies. 

It was assumed t h a t  a l l  fue l  assemblies i n  t he  reactor  

A f te r  3 1  years the  curve simply d isp lays t he  cmbined rad ioac t i ve  decay o f  a l l  t he  spent 



Table 1. Overview o f  Fusion and F i ss i on  Radioact ive Wastes 

L- [Ira) 
High Level 

sQ!uss- Waste > ? .  <5LlassA < < C l a + r C  

€L%XWL(FWR)(b) 

Act in ides/Fiss ion Prod. 

No Reprocessing 
With Reprocessing 

Act ivated Ha te r i a l s  

Conventional 
Reduced Ac t i va t ion  

Contaminated Mater ia ls  

W (STARFIRE) 

Act ivated Mater ia ls  

Conventional 
Reduced Ac t i va t i on  

-100 - 10 

-100 
( C )  

- 1000 
I C )  

-16,000 

-300 - 1700 
- 0  - 2000 

Contaminated Mater ia ls  ? 

(a )  Method o f  disposal n o t  y e t  c lear ;  i n  par t i cu la r ,  no t  ce r t a i n  t h a t  geologic disposal 
requi red as f o r  High Level Waste. 
land b u r i a l  under 10CFR61. 

(b )  FWR waste burden general ly L BWR waste burden. 
( c )  The po ten t i a l  e x i s t s  f o r  decreasing t he  f r ac t i on  of f i s s i on  waste exceeding Class C 

through greater contro l  o f  impu r i t i es  i n  s t r uc tu ra l  mater ia ls .  

Class C i s  most ac t i ve  waste permitted sha l lo r  

Wi th in a few hundred years, t he  a c t i v i t y  o f  t he  f i s s i o n  products decreases s i gn i f i can t l y .  
500 years near ly  a l l  t he  a c t i v i t y  i s  due t o  long- l ived act in ides.  
t o  1/3 t he  value a t  1000 years as t he  240Pu decays w i t h  a h a l f l i f e  of 6537 years. 
dmina ted  by 2 3 9 ~ ~  w i t h  a h a l f l i f e  of 24,000 years. 

The inventory o f  r a d i o a c t i v i t y  f o r  t he  S t a r f i r e  fus ion  reactor  was based on information i n  t h e  S t a r f i r e  
documentation2 
f o r  5 years of'continuous reactor  operat ion and 1-1000 years of decay. 
dmina ted  (>95%) by radioisotopes formed i n  t he  PCA (a  T i-  modif ied 316 s ta i n l ess  s tee l )  used f o r  t he  
f i r s t  w a l l  and b lanket  s t r uc tu ra l  mater ia l .  
because of t he  long- l ived a c t i v a t i o n  products of t he  Mo 
c a l c u l a t i o n s 4 ~  t he  primary long- l ived isotope of Ho i s  49Tc, which i s  n o t  included i n  t h e  aCtlVatlOn 
ca lcu la t ions  i n  t he  S t a r f i r e  documentation. 
t h e  a c t i v i t y  o f  PCA, ca lcu la ted  us ing t he  REACV codd ,  were subs t i tu ted  f o r  t he  PCA cont r ibu t ions  I n  
S t a r f i r e  Table 12-5. A c t i v i t y  due t o  the  c rea t ion  of t r i t i u m  was n o t  included. 
extended t o  10.000 years. 

The S t a r f i r e  design c a l l s  f o r  replacement of 2 of t he  24 b lanket  sectors every 6 months. a b lanket  Sector 
being designed t o  l a s t  f o r  6 years. 
modi f ied vers ion of S t a r f i r e  Table 12-5 were l i n e a r l y  ext rapolated t o  values f o r  1-6 years o f  i r r ad ia t i on .  
and they uere canbined t o  represent t he  changing o f  1/6 o f  t he  b lanket  sectors each year of a 30 year 
reactor  l i f e t i m e .  As w i t h  t he  f i s s i o n  reactor, only mater ia l  out of reactor  f o r  a t  l e a s t  one year i s  
considered p a r t  of the  waste inventory. The S t a r f i r e  curve f o r  Ci/Wth as a func t ion  of t ime i s  shorn 
i n  Fig. 1. 

The S t a r f i r e  curve begins a t  2 years, one year a f t e r  t he  f i r s t  b lanket  replacement. 
case, t he  Curve f o r  t he  f i r s t  3 1  years should be a sawtooth descr ib ing t he  decay between annual discharges 

A f te r  about 
A t  10,000 years t he  a c t i v i t y  has dropped 

The a c t i v i t y  i s  then 

where the  mater ia l ,  volume and a c t i v i t y  of each major component of t he  reactor  i s  tabulated 
The r a d i o a c t i v i t y  of S t a r f i r e  i s  

The PCA canponents w i l l  no t  qua l i f y  f o r  shallow land b u r i a l  
According t o  recent 

Thus. t o  evaluate t he  a c t i v i t y  o f  S ta r f i r e .  n w  values f o r  

which makes up 2 w t x  o f  PCA. 

The ca lcu la t ions  were 

For ca l cu la t i ng  the  reac to r  l i f e t i m e  inventory. t he  values i n  our 

As i n  t he  f i s s i o n  
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Figure  1. Inventory o f  Radioact ive Mater ia ls  f o r  F iss ion  and Fusion Reactors. 
The t o t a l  inventory of rad ioac t i ve  mater ia ls  ou t  o f  reactor  f o r  a t  
l e a s t  one year i n  Ci/W(th) as a func t ion  o f  t ime f o r  t he  Turkey Po in t  
pressurized water reactor  (TURKEY PT LWR), the  S t a r f i r e  conceptual 
tokamak fus ion reactor  (STARFIRE). t h e  S t a r f i r e  reactor  w i t h  reduced 
ac t i va t i on  s t r uc tu ra l  mater ia ls  (RA-STARFIRE), and t he  S t a r f i r e  reactor  
w i t h  maximum achievable reduced a c t i v a t i o n  w i t h i n  t he  S t a r f i r e  concept 
(MAX RA-STARFIRE). 

of mater ia l  t o  t h e  inventory. The small spike a t  shutdown i s  caused by mater ia l  from the  en i r e  reactor  
being added t o  t h e  inventory a t  once. A c t i v i t y  i s  dominated through t he  f i r s t  20 years by 58Fe. through 
t h e  e x t  200 years by 63Ni, and f o r  several hundred thousand years by 99Tc. xhtch has a h a l f l l f e  o f  2.13 
x 10 years. 

The e f f e c t s  of using reduced a c t i v a t i o n  mater ia ls  i n  t h e  tokamak were a l so  invest igated i n  t h i s  f i ss ion-  
fus ion  comparison (Fig. 1). The S t a r f i r e  waste inventory was recalculated, replac ing t he  PCA w i t h  AMCR- 
33. a reduced a c t i v a t i o n  aus ten i t i c  s t a i n l ess  s tee l  having no Mo and only  500 appm Ni. Although t he  
a c t i v i t y  of t h i s  "reduced a c t i v a t i o n  tokamak" i s  the  same as t he  o r i g i n a l  dur ing i t s  l i f e t ime .  a t  1000 
years it has two orders of magnitude l e s s  a c t i v i t y  per wat t  than t h e  FWR. Fur ther  reduct ion of long 
term a c t i v i t y  can be achieved by rep lac ing  t h e  ZrPb neutron m u l t i p l i e r  and t h e  LiAlO t r i t i u m  breeding 
mater ia l  w i t h  l e s s  ac t i va t i ng  mater ia ls .  S ign i f i can t  amounts o f  long- l ived radioiso$opes of Pb and A1 
are produced i n  these l a rge  volume components. 
no Pb o r  A l ,  has more than th ree  orders of magnitude l e s s  a c t i v i t y  than t he  FWR. 

s 

The "maximum reduced a c t i v i t y  tokamak" i n  Fig. 1, having 

Canparing f i s s i o n  and fus ion wastes on t h e  basis  of t o t a l  a c t i v i t y  neglects t h e  r e l a t i v e  b i o l og i ca l  hazards 
of t he  various radioisotopes. The U. S. Nuclear Regulatory Carmission (NRC) has addressed pathways by 
which radwaste could enter  t he  biosphere i n  es tab l i sh ing  radio isotope concentrat ion l i m i t s  f o r  shallow land 
b u r i a l  (lOCFR61). The l i m i t s  are given as the  concentrat ion of t he  isotope bur ied as waste t h a t  w i l l  
produce t h e  maximum permitted dose (0.5 ren/y) i n  an i n t r ude r  who bu i l ds  and CCcupieS a house a t  t he  
waste s i t e  a t  l e a s t  100 years a f t e r  t he  waste i s  buried. 

The shallow land b u r i a l  methodology has been used t o  compare rad ioac t i ve  wastes fran d i f f e r e n t  sources. 
Fe t te r6  defined t h e  " In t ruder  Dose" of a component disposed of by sha l la r  land b u r i a l  as t h e  t o t a l  dose 
t o  t h e  i n t r ude r  frm a l l  radioisotopes present, using pathway assumptions appropriate t o  each form Of 

waste. To inc lude waste volumes, he defined an Annualized I n t r ude r  Hazard Poten t ia l  as t he  sum Of t he  
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TABLE 2 

Radioact ive Waste Indices fo r  Reference Fusion Reactors 

Averaged Annualized 
Type St ruc tu re  Breeder Cool ant  I n t r ude r  Hazard .. 

Mater ia l  Mater ia l  Mater i  a1 Dose( a )  P o t e m  
(ran)  (R-d /y )  

Tokamak Sic L iz0  He 0.0053 0.53 

Tokamak RM(b)  Li*O He 0.039 3.2 

Tokamak V a l l o y  L iqu id  L i th ium 0.22 12 

RFPCc) RAF/Cu Lithium-Lead 34 550 

Large Scale Prototype Breeder Reactor 34,000 140,000 

(a )  Maximum permi t ted f o r  shallow land b u r i a l  i s  0.5 rem. 

(b)  Reduced a c t i v a t i o n  f e r r i t i c  a l l oy .  

(c )  Reversed-Field Pinch 
(h igh  dose i s  due t o  t he  LiPb co l l an t .  no t  the  RFP design per se) 

products o f  t he  I n t r ude r  Dose and annual waste volume of each canponent. 
these ind ices from the  r e  o r t  of t he  DOE Senior Committee on Environmental. Safety and Econcmic Aspects 

mater ia ls )  and a prototype f i s s i o n  Lxsslat reactor.  
disposed of by shallow land b u r i a l  ( I n t r ude r  Dose l e s s  than 0.5 rem). The f i s s i o n  reactor  wastes obviously 
f a i l  the  c r i t e r i a  by several orders of magnitude and requ i re  deep geologic disposal. 

D1SCUS51011 

As shown i n  F igure 1, the  t o t a l  a c t i v i t i e s  of rad ioac t i ve  wastes produced dur ing t h e  l i f e t i m e s  o f  a t y p i c a l  
f i s s i o n  and (non-reduced ac t i va t i on )  fus ion reactor  are canparable. Choosing reduced a c t i v a t i o n  mater ia ls  
f o r  fus ion  reactors can make a substant ia l  reduct ion i n  long- l ived radioisotopes. However. simply 
canparing t o t a l  rad ioac t i ve  inven tor ies  i s  misleading. since t he  r e l a t i v e  b io log ica l  hazards o f  the  
isotopes and t h e i r  pathways t o  t h e  biosphere a re  no t  accounted for.  

Quant i ta t i ve  comparison o f  f i s s i o n  and fusion wastes on the  basis  o f  I n t r ude r  Dose i n  shallow land b u r i a l  
scenarios i s  a l so  h i gh l y  questionable. 
I n  order fo r  them t o  be considered as l o w  l e v e l  wastes f o r  the  sake o f  canparison w i t h  fus ion wastes. 

Perhaps t h e  most meaningful comparison of f i s s i on  and fus ion  wastes i s  simply qua l i t a t i ve :  
wastes requ i re  deep geologic disposal. wh i le  fus ion reactors can be made so t h a t  wastes can be safely 
disposed o f  by shallow land bu r i a l .  Such a comparison. of course, s t i l l  may n o t  adequately address t he  
pub l i c  perception of the  dif ference i n  "hazard" posed by fus ion  and f i s s i o n  wastes. 

FUNRE WOW( 

No fu tu re  work i s  an t i c ipa ted  a t  t h i s  time: however, f u r t h e r  comparisons need t o  be done as p a r t  o f  the  
development of a c t i v a t i o n  guidel ines f o r  fus ion  reac to r  mater ia ls .  

Table 2 conta ins values o f  

of Magnetic Fusion Energy s f o r  several fusion reactor  concepts (general ly  invo lv ing  reduced ac t i va t i on  
A l l  bu t  one o f  t he  fus ion  reactors can be t o t a l l y  

It involves numerous assumptions about h igh l eve l  f i s s i o n  wastes 

f i s s i o n  reactor  
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MATERIALS HANDBOOK FOR FUSION ENERGY SYSTEMS - J. W. Davis (HcOonnell Douglas Astronaut ics Company - 
M i s s i l e  and Defense Elect ron ics  D iv i s ion )  

OBJECTIVE 

To prov ide a cons is tent  and a u t h o r i t a t i v e  source of  ma te r ia l  proper ty  data f o r  use by t h e  fusion 
comun i t y  i n  concept evaluat ion, design, and p e r f o m n c e / v e r i f i c a t i o n  studies o f  t h e  var ious fusion energy 
systems. A second ob jec t i ve  i s  t h e  e a r l y  i d e n t i f i c a t i o n  o f  areas i n  t h e  mater ia ls  data base where 
i n s u f f i c i e n t  in format ion o r  voids e x i s t .  

SUWARY 

The e f f o r t  dur ing t h i s  repor t i ng  per iod has focused on th ree  areas: 

Automation of t h e  Handbook - Work i s  proceeding ahead o f  schedule i n  t h e  development o f  an 
e lec t ron ic  mater ia ls  handbook. w i th  a prototype system now operat ional  on the MFE computer 
network. 

I n t e r n a t i o n a l  Mater ia ls  Handbook - I n  June agreement was reached on t h e  c rea t ion  o f  an 
I n t e r n a t i o n a l  Fusion Mater ia ls  Handbook, which would be under t h e  auspices o f  t h e  I E A  and have a 
format s i m i l a r  t o  the U.S. Mater ia ls  Handbook. 

Support o f  ITER Mater ia ls  Data Base - An In te rna t iona l  mater ia ls  workshop was held i n  August a t  
the I T E R  design s i t e  t o  review t h e  s ta tus o f  t h e  mate r ia l s  data base. Recomendations were made 
t o  create a design data book s p e c i f i c a l l y  t a i l o r e d  f o r  use on ITER. t h a t  would no t  have the same 
l e v e l  of a u t h o r i t y  as t h e  U.S. and In te rna t iona l  Mater ia ls  Handbook 

PROGRESS AN0 STATUS 

Automation o f  Handbook 

H i s t o r i c a l l y ,  t h e  weakness of  a l l  handbooks i s  assuring t h a t  the user has an up-to-date version of a 
data page each t ime  he/she uses t h e  handbook. To accomplish t h i s ,  i t  i s  incumbent upon the user t o  take 
t h e  t ime t o  incorporate t h e  l a t e s t  rev i s ions  i n t o  t h e i r  book. 
conscient ious e f f o r t  t o  do t h i s ,  many do not,  and there are instances when handbook holders do n o t  receive 
a l l  of t h e  data pages i n  t h e i r  update. To make sure t h a t  a l l  o f  the handbooks are up-to-date, a s u m r y  
l i s t i n g  o f  t h e  data pages contained i n  t h e  handbook i s  usua l l y  d i s t r i b u t e d  on an annual basis.  
forces t h e  user t o  check every page i n  t h e i r  handbook t o  make sure t h a t  they have the l a t e s t  rev i s ion .  
With an e lec t ron ic  handbook, many o f  these d i f f i c u l t i e s  are avoided. 

While many o f  t h e  users make a 

This 

The f i r s t  step i n  developing an e lec t ron ic  handbook was a c t u a l l y  taken two years ago, when a computer 
Since t h a t  code was developed t o  a s s i s t  i n  t h e  preparat ion and p u b l i c a t i o n  o f  the approved data pages. 

t ime, as more data pages were developed using t h i s  program, t h e  res ident  f i l e s  e s s e n t i a l l y  became a 
defacto e lec t ron ic  data bank. The next  l o g i c a l  step was t o  modify t h i s  data bank i n t o  a form t h a t  t h e  
user could access, i n  essence an e lec t ron ic  version of t h e  handbook. 
user a t a b u l a r  l i s t  o f  p roper t i es  because i t  i s  eas ier  t o  program and access t h e  e lec t ron ic  data f i l e s .  
However, i n  t h e  Fusion Mater ia ls  Handbook the p roper t i es  o f  t h e  var ious mater ia ls  are sumnarized i n  a 
graphica l  format along w i t h  support ing t e x t .  Therefore. t h e  dec is ion was made no t  t o  go t o  a tabu la r  
format bu t  t o  take t h e  more d i f f i c u l t  route  and develop t h e  c a p a b i l i t y  t o  create an e lec t ron ic  data page 
i n  t h e  same format t h a t  the user would see i n  t h e  paper version o f  the handbook. 

Most e lec t ron ic  data bases g ive  the 

Once t h e  dec is ion was made regarding format, i t  was then poss ib le  t o  begin t h e  actua l  development o f  
t h e  program arch i tec tu re .  
t h e  program should be. 
menus and f o r c e  t h e  user t o  se lec t  several  opt ions before the actua l  se lec t ion  o f  t h e  data page i s  
accomplished. The advantage i n  t h i s  approach i s  t h a t  t h e  user does n o t  have t o  have any knowledge o f  the 
computer o r  i t s  operat ing system. 
becomes cumbersom and takes too  long t o  run, thus defeat ing t h e  speed t h a t  the computer o f f e r s .  
designing t h e  e lec t ron ic  mate r ia l s  handbook, the dec is ion was made t o  provide menus f o r  use by t h e  f i r s t  
t ime  user who may n o t  know what mate r ia l  o r  proper ty  helshe i s  seeking. along w i th  shor t  c i r c u i t  paths t o  
avoid t h e  menus f o r  those t h a t  know the s p e c i f i c  data page t h a t  they are seeking. 
speed, a search loop was created t o  reduce t h e  search l i s t  u n t i l  i t  on ly  contains t h e  en t r i es  which are t o  

The f i r s t  s tep i n  c rea t ing  t h e  a rch i tec tu re  was t o  determine how user f r i e n d l y  
The standard approach i n  making a program user f r i e n d l y  i s  t o  provide several 

The disadvantage i s  tha t ,  if too  many menus are created, t h e  program 
I n  

To improve operat ing 

be O U t D U t .  
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When the program i s  i n i t i a l l y  s tar ted,  the  search l i s t  contains the  e n t i r e  t ab le  o f  contents f o r  the  
handbook. 
search opt ions are as fo l lows:  

During execution o f  the  program, i t  i s  on ly  changed through the  search loop opt ions. The basic 

Mater ia ls  search - 

Property search - 

BackuD opt ion - 

Outout r esu l t s  - 

E x i t  op t ion  - 
Environmental - 
e f f ec t s  code 
search 
Exoress mater ia l  - 
search opt ion 

Express DroDerty 
search oot ion 

~~ ~~ 

Exoress oaqe - 
se lec t ion  - 

Selects a mater ia l  chapter code, a mater ia l  group code, o r  a f u l l  mater ia l  code 
from a l i s t  of ava i lab le  items i n  the search l i s t .  Select ion l eve l  i s  a 
funct ion of what has been prev iously  selected. 
Same as mater ia ls  search, except t h a t  i t  works on the  components o f  the  
proper ty  code used i n  the paper version o f  the Mater ia ls  Handbook. 
Expands the  search l i s t  by undoing a mater ia l ,  property. o r  environmental 
e f f e c t  search operat ion a t  the  speci f ied leve l .  For each search mode, you w i l l  
be asked t o  se lec t  one o f  the  fo l low ing  l e v e l s :  

1 Select  a new chapter code 
2 Select  a new group code 
3 Select  a new i tem code 
4 Leave i t em  code unchanged 

1 Change 
2 Do no t  change 

For the  environmental e f f e c t  codes, the  opt ions are: 

Entering 1 f o r  the  mater ia l  search opt ion, 4 f o r  the  proper ty  opt ion, and 2 f o r  
the  environmental e f f ec t s  opt ion w i l l  cause the new search l i s t  t o  conta in a l l  
en t r ies  i n  the  e n t i r e  data base which g ive  the selected property. The actual  
op t ion  l i s t  the  user w i l l  see contains on ly  those opt ions re levan t  t o  
se lect ions which have already been made. 
Copies items from the  search l i s t  t o  the  output l i s t .  
output l i s t  occurs when the  program ex i t s .  
User i s  given the  choice o f  a normal terminat ion o r  a quick abort.  
terminat ion, the output request i s  processed. 
L im i ts  search l i s t  t o  on ly  those i t e m s  which have been prev iously  i d e n t i f i e d  
w i t h  an environmental e f f ec t s  code and w i l l  se lec t  from the  l i s t  of those codes 
ava i lab le  i n  the  current  search l i s t .  
S i m i l a r  t o  opt ion 1, except t h a t  a t  l eas t  one step i s  skipped. This al lows the  
se lec t ion  of a spec i f i c  mater ia l  o r  a l l o y  wi thout  prev iously  choosing a 
mater ia ls  chapter o r  group. 
p o i n t  i s  assumed t o  be large, the  l i s t  of ava i lab le  codes i s  not  presented. 
This opt ion i s  recomnended only  f o r  users who are f a m i l i a r  w i t h  the contents of 
the  handbook. 
Equivalent t o  opt ion 1, except t h a t  i t  works on the  proper ty  codes ra the r  than 
the  mater ia l  code. 
W i l l  prompt d i r e c t l y  f o r  an i tem code. wi thout  going through any menus. 
i tem code wi thout  an environmental e f f e c t  code appended t o  i t i s  assumed t o  be 
equivalent  t o  one ending i n  e-0 ( i .e . ,  no environmental e f f ec t ) .  

Actual processing o f  the  

Upon normal 

Since the  l i s t  o f  ava i lab le  mater ia ls  a t  t h i s  

An 

Once a search mode has been selected, a menu i s  then displayed on the  terminal  l i s t i n g  a l l  codes 
ava i l ab le  on the  current  search l i s t  along w i t h  t h e i r  d e f i n i t i o n s .  If only one i tem i s  avai lab le,  i t i s  
au tomat ica l l y  selected. A f t e r  the  mater ia l  
and proper ty  are  selected, the  user i s  asked i f  helshe would l i k e  e i t h e r  the  data page, support ing 
documentation, o r  both and if the output i s  t o  be a hardcopy o r  f o r  terminal  viewing. I n  the  case o f  a 
hardcopy, the  f i l e s  are d i rec ted  t o  the  p r i n t e r  a t  the  userls s i t e .  I n  automated terminal  viewing, the  
user i s  requested t o  i d e n t i f y  the  type of terminal  i n  use and the  baud rate.  
terminals  f o r  d isp lay ing  graphic f i l e s  v i a  the  MFE network are the Northstar  Advantage o r  the  Tektronix. 
If a terminal  emulator i s  used, the  t ime requi red t o  create the  d isp lay  i s  s i g n i f i c a n t l y  increased. 

I n te rna t i ona l  Mater ia ls  Handbook 

Otherwise, the  user i s  asked t o  enter  a code from the  menu. 

Current ly  the p re fe r red  

The concept of an I n te rna t i ona l  Mater ia ls  Data Base was i n i t i a l l y  proposed by the Amelinckx Panel, a 
Senior Advisory Panel chartered by the I E A ' s  Fusion Power Coordinat ing Comnittee (FPCC). 
Panel's r epo r t  t o  the  FPCC. dated December 1986. the  Panel recornended t h a t  "a mechanism be establ ished t o  
develop a comnon data base". Fol lowing t h e i r  recomnendation, the  I E A ' s  Executive Comnittee i n  October 
1987 a t  i t s  I sp ra  meeting "agreed t o  the  establishment o f  a Fusion Mater ia ls  Data Base f o r  Near-Term 
Design Appl icat ions.  i m p l i c i t l y  I T E R  ( I n te rna t i ona l  Thermonuclear Experimental Reactor),' as a f i r s t  step 
toward f u l f i l l i n g  the  broader recomnendation o f  the  Amelinckx Panel on a comnon data base. 

February 12-13. 1988 t o  determine the  most expedit ious approach i n  developing a mater ia ls  data base. A t  
t h i s  meeting, i t  was agreed t ha t ,  organizat ional ly ,  the  I n te rna t i ona l  Mater ia ls  Data Base would be 
pat terned a f t e r  the  U.S.  Mater ia ls  Handbook f o r  Fusion Energy Systems, i n  t h a t  there would be a Steering 

I n  the Advisory 

Subsequent t o  t h i s  meeting, members of the  Executive Comnittee held a planning meeting i n  Tokyo on 
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C a m i t t e e  t o  oversee the  handbook a c t i v i t i e s  and a coord inator  responsible f o r  t he  day-to-day management 
and operation. 
I n te rna t i ona l  Coordinator. Members i d e n t i f i e d  t o  serve on the  Steer ing Comnittee were: 

0. Smith (AWL. USA) 
J. Davis (McDonnell Douglas, USA) 
J .  Nihoul  (NET Team. EC) 
5 .  Iwata (U. Tokyo. Japan) 
H. Nakajima (JAERI. Japan) 

It was a l s o  agreed t h a t  t he  U.S. Handbook Coordinator would a l so  serve as the  

Coordination o f  t he  handbook would be handled by J. Davis. 

A t  a m e t i n g  of t he  Steer ing Comnittee dur ing the  same t ime frame, i t  was agreed t o  ho ld  a workshop 
whose ob jec t ives  would be t o  complete the  d e f i n i t i o n  and implementation procedures f o r  t he  c rea t i on  of the 
near-term data base and t o  recomnend an approach f o r  t he  creat ion  o f  a long-term data bank. This workshop 
was he ld  i n  Petten (JRC) on June 8-10. 1988. 

I n te rna t i ona l  Mater ia ls  Data Base. and determine i t s  format and d i s t r i b u t i o n .  For the  near-term. the  data 
base w i l l  take the  form o f  an engineering data base cons is t ing  of mater ia ls  data and engineering curves, 
cornparison o f  mater ia ls  data, and recomnendations as t o  the  app l i ca t i on  o f  these mater ia ls  i n  a fusion 
environment. D i s t r i b u t i o n  w i l l  be i n  both a paper and e lec t ron i c  form, using a cen t ra l  computer system. 
Authorized users w i l l  be i d e n t i f i e d  by the  I E A  Executive Comnittee. Informat ion sent t o  the  handbook w i l l  
be obtained from e i t h e r  e x i s t i n g  data banks resident i n  t he  p a r t i c i p a t i n g  countr ies o r  developed by 
s p e c i f i c  task  groups. I n  e i t h e r  instance, task groups w i l l  be responsible f o r  eva luat ing  the  data p r i o r  
t o  submit ta l  t o  the coordinator o f  t he  handbook. The coordinator w i l l  then submit t he  data pages t o  a 
separate view p r i o r  t o  pub l ica t ion .  
Cormittee. 

The primary ob jec t i ve  o f  t he  workshop was t o  recomnend an approach f o r  t he  creat ion  o f  an 

Par t ic ipants  o f  t h i s  review group w i l l  be i d e n t i f i e d  by the  Steer ing 

Organizat ional ly,  t he  handbook i s  under the  Steer ing Corni t tee;  however, the operat ion of t he  handbook 
resides w i t h  the  coordinator,  who i s  responsible f o r  t he  day-to-day operat ion of t he  handbook, i nc lud ing  
i t s  format, organizat ion,  review of t he  data pages, and pub l i ca t i on  and d i s t r i b u t i o n  o f  t he  approved data 
pages which i s  t he  same way t h a t  the U.S. Fusion Mater ia ls  Handbook funct ions.  

SuDPort o f  I T E R  Mater ia ls  Data Base 

A s p e c i a l i s t s '  meeting was he ld  a t  Garching, FRG on August 22-26. 1988 f o r  t h e  purpose o f  reviewing 
the  e x i s t i n g  mater ia ls  data base, reviewing the se lec t ion  o f  mater ia ls  f o r  ITER, and t o  formulate 
recomnendations f o r  t he  development o f  a Cornon mater ia ls  proper ty  data base f o r  use on ITER.  Roughly 
45 people pa r t i c i pa ted  i n  t h i s  meeting, represent ing 1 2  countr ies.  The U.S. Fusion Mater ia ls  Handbook 
provided approximately 40 d r a f t  data pages on copper, vanadium, tantalum, and s ta in less  s tee l  along w i t h  
recomnendations as t o  the  impact o f  using molybdenum i n  a carbon environment. 

i n t e r a c t i v e  basis and t h a t  a ITER Design Databook. modeled along the  l i n e s  of t he  U.S. Fusion Mater ia ls  
Handbook. should be developed. This book would provide a uni form set  o f  mater ia ls  proper ty  data f o r  use 
on the  I T E R  program bu t  would not  have the  same formalized review t h a t  c u r r e n t l y  ex i s t s  i n  the  U.S. 
Handbook. 

It was genera l ly  concluded t h a t  the I T E R  study needs the  assistance o f  a mater ia ls  group on an 

FUTURE WORK 

During the  next  repo r t i ng  period, work w i l l  continue on expanding the  e lec t ron i c  version o f  the U.S. 
Mater ia ls  Handbook and i n  developing a format f o r  the In te rna t i ona l  Ha te r ia l s  Handbook. 
program w i l l  continue t o  be on an as-requested basis. 

Work on the I T E R  
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TENSILE PROPERTIES OF NEUTRON IRRMIIATED A2128 PRESSURE VESSEL STEEL - M. L. Hamilton and H. L. Heinisch 
(Pac i f i c  Northwest Laboratory) 

OBJECTIVE 

The ob jec t i ve  o f  t h i s  work i s  t o  expand t he  t e n s i l e  property data base f o r  A2128 and t o  compare t he  
behavior of t r o  pressure vessel steels. A2128 and A3026. 

S W Y  

A2128 s tee l  i s  t he  primary cons t i tuen t  o f  t h e  pressure vessel of t he  High F lux  Isotope Reactor (HFIR). 
HOst o f  t he  e x i s t i n g  data on mechanical p roper t ies  of t h i s  and re la ted  s tee l s  a re  f o r  higher temperatures 
and damage ra tes  than those t o  which t he  HFIR pressure vessel i s  subjected. Data a t  l n e r  temperatures 
and damage ra tes  are, therefore, necessary t o  est imate t he  performance o f  A2126 s tee l  a t  t he  condi t ions 
o f  service. provided t h a t  co r re l a t i ons  can be developed which are app l i cab le  t o  data obtained a t  d i f f e ren t  
temperatures, damage ra tes  and neutron spectra. 

To add t o  t h e  data base f o r  A2126 s tee l  a t  l a e r  temperatures and over a range o f  damage rates. m in ia tu re  
A2126 were i r r a d i a t e d  a t  90% i n  t h e  mega West Reactor t W p ,  rece jv ing  doses o f  frm t e n s l l  specimens 

9 x 10% t o  9 x 10% t o t a l  n m-2 (0.002 t o  0.02 dpa) a t  a damage r a t e  of 5 x 10- dpa s- . Roan temperature 
t e n s i l e  t e s t s  showed more than a SOX increase i n  y i e l d  s t rength a t  t he  h ighest  exposure. When dpa i s  used 
as t he  exposure parameter, t he  observed changes i n  y i e l d  s t rength o f  A2128 are t he  same as those 
i n  A3026 pressure vessel s tee l  i r r a d i a t e d  both i n  WR and w i t h  14 MeV neutrons i n  RTNS-11. A t  90 C, A3 8 

assume a t  Az12 i s  s i m i l a r l y  i nsens i t i ve  t o  displacement r a t e  a t  In temperatures f o r  l e v e l s  above about 
3 x dpa s-?. 

roduced 

s h n s  litt e sensi i v i t y  t o  e i t h e r  neutron spectrum dif ferences o r  t o  damage ra tes  ranging frm 3 x 10- PI 
t o  5 x 10- B dpa .-I. Based on t he  s i m i l a r  behavior of A2128 and A3026 i n  WR. It appears t h a t  one can 

PROGRESS AND STATUS 

LntmuaM 
The design o f  reactor  pressure vessels requi res conslderat ton of radiat ion- induced changes i n  t h e  

st rength and toughness o f  t he  vessel mater ia ls .  It i s  essent ia l  t o  demonstrate t h a t  the  vessel i n t e g r i t y  
w i l l  be maintained dur ing normal operat ions as we l l  as dur ing postulated t ransients.  The ex t rapo la t ion  
o f  e x i s t i n g  data bases i s  used extensive ly  t o  p red i c t  t he  an t i c ipa ted  changes i n  behavior o f  t he  mater ia ls  
over t he  vessel l i f e t i m e .  Changes i n  p roper t ies  are monitored i n  surve i l l ance  programs t h a t  y i e l d  data 
on t he  i r r a d i a t i o n  environment and t he  resu l t an t  changes i n  un iax ia l  t e n s i l e  p roper t ies  and/or Charpy impact 
proper t ies.  

The body o f  reference data ava i lab le  a t  t he  t ime of t he  design of the  High F lux  Isotope Reactor (HFIR) 
i n  Oak Ridge, Tennessee predic ted l i t t l e  o r  no embri t t lement f o r  t he  low fluences expected i n  the  pressure 
vessel of HFIR. 
pressure vessel s h e l l  frm HFIR e ealed t h a t  a s i gn i f i can t  increase i n  the  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  

I n  1986. haever .  r ou t i ne  t e s t i n g  o f  Charpy V-notch ( C v )  su rve i l l ance  specimens of t he  

temperature (DBTT) had occurred. iJ 
One of t he  s i g n i f i c a n t  f ind ings o f  t he  r e s u l t i n g  reevaluat ion o f  t he  HFIR vessel i n t e g r i t y  was t h a t  

t he  degree o f  m b r i t t l m e n t  observed i n  f e r r i t i c  pressure vessel s t ee l s  was dependent n o t  only on the  t o t a l  
neutron exposure, bu t  on t h e  exposure r a t e  as well,112 a phenanenon recent ly  documented f o r  t he  f i r s t  time. 
bu t  only  i n  welded pressure vessel  steel^.^ This observat ion i s  important because t he  data bases used t o  
p red i c t  behavioral changes general ly  inc lude only i r r a d i a t i o n s  of t e s t  specimens a t  accelerated d isp lacment  
r a tes  t o  enable t he  determinat ion i n  advance of t he  degree of embri t t lement expected a t  a given t o t a l  
exposure. 

To make r e l i a b l e  p red ic t ions  o f  in- serv ice behavior. it i s  necessary t o  develop a co r re l a t i on  between 
d l f f e r e n t  neutron environments t h a t  takes i n t o  account t he  d i f ferences i n  the  neutron spectrum and f lux.  
The p rac t i ce  o f  quot ing fluences o f  neutrons having energy greater  than a threshold energy (e.g.. E > 1 
MeV) i s  an a t t m p t  t o  incorporate sane spectra l  s e n s i t i v i t y ,  and works reasonably we l l  when canparing 
spectra t h a t  a re  n o t  t oo  d iss im i la r .  Displacements per a t m  (dpa) has been shown t o  be a good c o r r e l a t i o n  
f ac to r  f o r  t h e  y i e l d  s t rength o f  a l l oys  i n  a wider range o f  neutron environments, lnco pora t ing  the  e f fec t  
o f  a neutron energy-dependent displacement cross sect ion f o r  t he  mater ia l  o f  in te res t .  4' 

i nves t iga te  t he  impact of displacement r a t e  on embri t t lement bu t  a l so  t o  inves t iga te  f u r t h e r  t h e  v a l i d i t y  
o f  dpa as a co r re l a t i on  parameter f o r  pressure vessel s t ee l s  by expanding t he  range o f  materia s and 
i r r a d i a t i o n  cond i t ions  over which t e n s i l e  data were avai lab le.  The HFIR vessel i n t e g r i t y  
characterized t he  impact and t e n s i l e  p roper t ies  of t he  f e r r i t i c  s t ee l  A212 grade 6 (herea f te r  re fe r red  

The reevaluat ion o f  t he  l n t e g r l t y  o f  t he  HFIR pressure vessel provided an oppor tuni ty  n o t  only  t o  
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to as A21281 following irradiation at about 5OoC in two reactors. HFIR and the Oak Ridge Research Reactor 
(ORR). SDecimens were located in areas imnediatelv adlacent to the HFIR Dressure vessel or lust below 
the midplane at the edge of the core n ORR. ljhe il x”l vels In the reacior positions where-the Irradia- 
tions were conducted were roughly 101 1 and 10 n m-y 5-8  (E > 1 MeV). respectively. 

For the present study. miniature tensile specimens of one of the same heats of material as the A2128 in 
the HFIR pressure vessel were irrad 
at a flux of approximately 2.7 x lois n m-$ 5-l ( E  > 1 MeV), with a total neutron flux of 10 n mm2 s-i. 
Tensile data were collected and compared to the irradiation-induced changes in yield stress observed in 
A3028 Irradiated in OWR and in RTNS-I1 with 14 MeV neutrons at much lower fluxes. 

ted a 90°C in the Omega West Reactor (WR) in Los Alamf~, New Mex co - 
Miniature tensile specimens were prepared from a full size,  unirradiated. Charpy impact Specimen obtained 

from the archive stock of the HFIR A2126 surveillance Specimens. 
the composition given in Table 1. It was in the same final TMT as the HFIR pressure vessel. viz..  having 
been given a final stress relief of 95OoF (51OoC) for 51 hours. 

Table 1. 

The specimen was from heat PO818 and had 

Chemical Composition (wt. X )  of ~ ~ 1 2 8 ’ ~  

uement d2uB blpzB uement bz128 812928 

Mn 
s i  
C 
Ni 
c u  
Cr 
A1 
S 
MO 
Sn 
co 

0.85 1.34 
0.29 0.23 
0.26 0.24 
0.20* 0.18 
0.15 0.20 
0.075 0.11 
0.07 0.04 
0.04 0.023 
0.02 0.51 
0.02 0.037 
0.015 NA 

Ti 0.01 0.015 
AS 0.007 NA 
P 0.006 0.011 
N 0.0060 NA 
V 0.005 0.001 
W <0.005 NA 
0 0.0024 NA 
Zr <0.001 NA 
Nb <0.001 NA 
B <0.0005 NA 
Fe Bal Bal 

I) Believed to be high; independent analysis at another laboratory showed 0.09.2 

The fracture surface was ground off each half of the Charpy sample, which had been tested on the lower 
Slices with a nanlnal thickness of 0.010 In (0.25 nun) were electrical discharge 

The miniature tensile spec mens shown schematically in Figure 1 
shelf at -2OOF (-29°C). 
machined from the Charpy sample halves. 
were punched from the slices according to establ ished 
burrs prior to subsequent use. 

The specimens were polished to remove 

Three types of specimens were tested: irradiated specimens. thermally aged control specimens, and 
unirradiated and unaged control specimens. 
the Omega West Reactor (CWR), operated by Los Alamos National Laboratory, using the In-Core Reactor Fur- 
nace. Eighteen specimens were Irradiated in three capsules to provide three dose accumulation levels at 
the same flux. yielding six Specimens for each combination of dose and irradiation temperature. Irradiation 
of a similar matrix at 290°C was recently completed, although tensile testing has not yet been started. 

13, 59 and 127.5 hours. The unlrradiated and unaged 

Specimens in the first category were irradiated at 90°C in 

The thermally aged control specimens were aged in argon at the irradiation tmperature for times 
corresponding to the lengths of the irradiations: 
controls were tested to provide baseline data from which to measure the strength changes induced by 
irradiation. 
were repollshed prior to testing to remove the adherent oxide which had developed. The thermally aged 
controls were polished prior to encapsulation i n  argon and aging. 
were found to be free of oxidation after Irradiation and were therefore not polished prior to testing. 

Due to the length of elapsed time between specimen fabrication and testing. these controls 

The surfaces of the irradiated specimens 

Specimen temperatures were maintained during irradiation by balancing gamma heating. coolant flow through 
the furnace. and resistance heating near the specimens. 
aluminum capsules designed to minimize tmperature gradients caused by nuclear heating. 
calibrations of a prototypic capsule indicated all specimens to be within 10°C of the target tmperature.6 
Reactor coolant water and helium gas were the coolants used to maintain the 90 and 290°C Irradiation 
temperatures. respectively. The resistance heater within the furnace allowed control of t temp ratures 
to within one degree Centigrade. Accumulated total neutron exposures ranged fran 8.7 x lo9’ n m-’ to 8.5 
x lop n m-2, +_lo,%. Corresponding dpa values, determined on the basis of total neutrons. were calculated 
using a spectral averaged displacement cross section of 222 b.4 

The specimens were contained in helium-filled 
Earlier 
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SHEET-TYPE 

0.040 in 

- 

12.7 mml 

0.100 in. 12.5 mml 

t 
0.010 in. 10.25 mml 

FIGURE 1. Min ia tu re  t e n s i l e  specimen dimensions. 

Tensi le  t e s t s  were conduc ed a t  roan temperature i n  a hor izon ta l  t e n s i l e  frame designed s p e c i f i c a l l y  fy 
minla u re  specimen tes t1ng . l  A l l  t e s t s  were performe w i  h a free-running cross-head speed o f  1.0 x 10- 
i n  s-l, producing an i n i t i a l  s t r a i n  r a t e  of 4.0 x 10-1 s- ] .  Two specimens o f  each o f  the  s i x  i r r ad ia ted  
t o  a given dose l eve l  a t  90°C have been tested. 
on untested specimens using a 500 gram load. 

FmsLUs 

Diamond pyramid hardness measurements were a l so  obtained 

The t e n s i l e  data are given i n  Table 2 and y i e l d  s t rength I s  shown as a funct ion of damage l eve l  i n  F igure 
I r r a d i a t i o n  a t  90°C t o  an exposure of -0.02 dpa produced more than a 50% increase i n  y i e l d  s t rength 

The t e n s i l e  data I n  Table 2 e x h i b i t  exce l l en t  reproducab i l i t y  
Elongation data are included i n  Table 2 f o r  complete- 

2. 
and a 20% increase i n  t he  u l t ima te  strength. 
throughout t he  range of aging and i r r a d i a t i o n  doses. 
ness, bu t  w i l l  be discussed only  b r i e f l y .  
which i s  t y p i c a l l y  expected w i t h  increased strength, they should be viewed as t rend  i nd i ca t i ons  only  due 
t o  t he  tendency of e longat ion t o  be on the  la, s ide  i n  min iature specimens. The r e l a t i v e l y  small amount 
of sca t t e r  present i n  t h e  elongation data bespeaks good t e s t i n g  technique despi te t he  d i f f i c u l t i e s  discussed 
i n  t he  next  section. 

Dlscusslon 

Data V a l i d i t y  

unaged mater ia l  i s  roughly 30% higher than the  value obtained on l a rge r  specimens of t he  same mater ia l  
which had been fabr ica ted  by e l e c t r i c a l  discharge machining.l>* 
f o r  t he  l a r g e  and small specimens are canparable, however. Both machine c a l i b r a t i o n  and s i ze  e f f e c t s  were 
e l iminated as possib le explanations f o r  t he  observed dif ferences, as was t he  use of s l i c e s  c u t  from tested 
Charpy samples. Control  t e s t s  on 304 s ta i n l ess  s tee l  v e r i f i e d  the  operat ion of the  t e s t  system. wh i le  the  
presence o f  a t  l e a s t  ten  g ra ins  across t h e  thickness of t he  specimen i s  expected t o  be s u f f i c i e n t  t o  produce 
bu lk  behavior f o r  y i e l d  s t rength  determination^.^*'-^ The y i e l d  s t rength of l a r g e r  specimens fabr ica ted  
from the  Charpy s l i c e s  was consis tent  w i t h  the  o r i g i n a l  vendor data on t he  steel ,  demonstrating t h a t  the  
gauge lengths i n  thes 
fran the  Charpy tes t .?  The apparent source of t he  discrepancy i n  y i e l d  s t ress  i s  t he  unexpected hardening 
introduced dur ing punching o f  t he  min ia tu re  specimens. 

Opt ica l  metallography revealed t h a t  the  punching operat ion introduced more deformation i n t o  these 
specimens than i s  t y p i c a l l y  observed i n  t he  f ab r i ca t i on  o f  t h i s  type of m in ia tu re  specimen. 
were present i n  the  specimens immediately adjacent and p a r a l l e l  t o  t h e  edges I n  both t he  gauge and tab  
sections. 
specimen edges ranging i n  width frm two t o  f i v e  percent of t he  gauge width. While hardness values i n  
unpunched sheet and unde fomd  areas of punched min ia tu re  specimens ranged from 155 t o  175 OPH. t he  hardness 
i n  t he  deformed areas o f  punched specimens was about 200 DPH. 

While t he  elongation data e x h i b i t  t he  reduct ion i n  d u c t i l i t y  

The y i e l d  s t rength obtained i n  t he  cur ren t  work fran the  min ia tu re  punched specimens of uni r radiated.  

The values of u l t ima te  st rength obtained 

specimens were f a r  enough fran the  Charpy f r ac tu re  surface t h a t  t he re  was no hardening 

S m a l l  cracks 

Transverse metal lographic sect ions of un i r rad ia ted  specimens revealed sheared zones a t  the  
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Table  2. A2128 T e n s i l e  Data on Specimens I r r a d i a t e d  a t  90°C 

S t r a i n  r a t e  = 4.8 x 10-4 s-1 

Time a t  Y i e l d  
Temperature F1 uence Strength o u  ~~ 

- - - 43 0 
- 43 7 - - 418 

Average: 428 

- - - 

lYxLmmu 
13 - - 420 
13 - - 411 

Average: 416 

59 - - 423 - - 423 59 

Average: 423 

- - 127.5 410 
127.5 - - 445 

Average: 428 

13 0.0019 8.7EZ2 5 0 1  
IT(RADIATED 

13 0.0019 8 .7~22 487 

Average: 494 

58 0.0086 3.9E23 615 
58 0.0086 3.9E33 611 

Average : 613 

127.5 0.0189 8.5E23 648 
127.5 0.0189 8.5E23 671 

Average: 660 

Change* 
U l t i m a t e  Uniform Tota l  i n  Y i e l d  
Strength Elongat ion Elongat ion Strength 
- w . a L - ( X ) t x ) m  

561 9.8 16.7 - 
57 1 8.8 14.4 - 
562 9.5 13.3 - 
565 9.4 14.8 - 

579 4.6 8.2 -8 
542 6.3 9.2 -17 

561 5.5 8.7 -13 

567 6.2 8.7 -5 
580 5.2 9.6 -5 

574 5.7 9.2 -5 

563 6.8 9.6 -18 
595 5.8 10.4 17 

579 6.3 10.0 0 

617 7.9 14.9 73 
602 6.1 13.2 59 

611 1.0 14.1 66 

663 4.1 8.5 187 
645 2.6 7.7 1 83 

654 3.4 8.1 185 

666 1.6 6.1 220 
690 1.6 6.3 243 

678 1.6 6.2 232 

Change" i n  
U1 t i m a t e  
Strength Hardness 
(MPa)1Petll_ 

- 155-175 

14 
-23 

-5 

2 
15 

9 

5 2  
37 

45 193 

98 
80 

89 214 

~~~ 

*Changes c a l c u l a t e d  r e l a t i v e  t o  t h e  u n i r r a d i a t e d  condi t ion .  
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Figure 2. Roan Temperature t e n s i l e  data on A2126 i r r ad ia ted  a t  90°C i n  WR. 
a t  90°C f o r  t imes corresponding t o  dpa leve ls .  

Controls were aged 

It appears t h a t  t he  punching operat ion introduced s u f f i c i e n t  hardening i n t o  t he  edges o f  t he  specimens 
t h a t  t he  aggregate y i e l d  s t rengths were canpranised on an absolute scale. The changes i n  y i e l d  s t rength 
which were observed w i t h  i r r a d i a t i o n  are considered va l id ,  however, p a r t i c u l a r l y  since t he  values o f  
u l t ima te  st rength obtained on t h e  l a rge  and small un i r rad ia ted  specimens are  canparable (557 and 565 MPa, 
respec t i ve ly )  and are s i g n i f i c a n t l y  h igher  than t he  corresponding y i e l d  s t rength values 135%). It is 
possible. however. t h a t  t h i s  argument would no t  hold i f  t he  y i e l d  s t rength continues t o  increase a t  the  
h igher  dose levels ,  since t he  increase i n  u l t ima te  st rength over y i e l d  s t rength drops from 35% i n  t he  
un i r rad ia ted  cond i t i on  t o  24, 7 and 3% w i t h  increasing damage levels .  

The v a l i d i t y  o f  t he  y i e l d  s t ress  change data was invest igated w i t h  Vickers microhardness t e s t s  on 
i r r a d i a t e d  specimens i n  t h e  i n t e r i o r  regions o f  t he  specimen end tabs. which were no t  a f fec ted  by the  
punching operat ion. 
sane intermediate l e v e l  o f  accumulated p l a s t i c  s t r a i n .  I n  t he  Vickers microhardness test .  f o r  example, 
DPH numbers are associated w i t h  flow s t ress  a t  approximately 8% p l a s t i c  strain.1° 
r e l a ted  t o  t he  y i e l d  s t ress  by t he  work hardening behavior of t he  mater ia l .  It has been argued t h a t  i f  
the  work hardening response o f  a mater ia l  does no t  change s i g n i f i c a n t  y then changes i n  t h e  microhardness 

The r e s u l t s  o f  t he  hardness t e s t s  are given i n  Table 2 and shown i n  F igure 3 .  which inc ludes both 

Standard microhardness numbers can be re la ted  t o  t he  f l o w  s t ress  o f  a mater ia l  a t  

This  f l o w  s t ress  i s  

of t h e  mater ia l  w i l l  be propor t ional  t o  changes i n  t he  y i e l d  stress. 11 

hardness and y i e l d  s t rength as a func t ion  o f  damage l eve l .  
and y i e l d  s t ress  data suggests t h a t  t he  st rength change data are va l id ;  i.e.. t h a t  the  observed st rength 
changes are no t  an a r t i f a c t  o f  a y i e l d  s t rength which has been increased through f ab r i ca t i on  and 
i r r a d i a t i o n  t o  t he  po in t  where the  mater ia l  has run out  of work hardening capab i l i t y .  

The s i m i l a r i t y  i n  t he  curvature o f  t h e  hardness 

The hardness data a l so  provide evidence t h a t  t he  damage introduced i n t o  t h e  specimens dur ing t he  punching 
operat ion was no t  removed dur ing i r r a d i a t i o n .  The hardness of the  con t ro l  spectmen which was aged for 
t he  longest  t ime was essen t i a l l y  i den t i ca l  t o  t he  hardness o f  the  unirradiated, unaged mater ia l  (Table 
2 ) .  which ind ica tes  t h a t  thermal exposure a t  90°C was no t  s u f f i c i e n t  t o  r e l ax  t he  fabricat ion- induced 
d i s l oca t i on  st ructure.  The black spot damage known t o  be introduced dur ing i r r a d i a t i o n  a t  temperatures 
as l o w  as 90°C i s  t oo  small t o  a f f e c t  t he  d i s l oca t i on  st ructure.  The data obtained on t he  changes i n  
y i e l d  s t rength induced i n  hZ1.26 dur ing f r r ad ta t t on  are therefore bel ieved t o  be va l id ,  despi te the  fac t  
t h a t  t h e  absolute values o f  t he  y i e l d  s t rength appear t o  have been canpranised. 

Caqarlson to MOB Data 

The changes i n  y i e l d  s t rength observed i n  A 2 1 Z B  i n  t h i s  experiment a r e  shown as a func t ion  o f  dpa i n  
F igure 4. Also shown i n  t h i s  f i gu re  are t e changes i n  t he  y i e l d  s t rength o f  A3026 observed fo l low ing  
i r r a d i a t i o n s  i n  WR and RTNS-I1 a t  90°C.4,9 Note t he  exce l len t  agrement  between changes observed in 
A2126 nd A3026 a f t e r  i r r a d i a t i o n  i n  WR. I r r a d i a t i o n s  i n  OWR were a t  a damage r a t e  o f  about 5 x lo-' 

ra tes  ranging fran 3 x 
up t o  th ree  orders of magnitude l e s s  than i n  CUR. 

dpa s- e , whi le  i r r a d i a t i o n s  i n  RTNS-I1 nvolve f l a rge  spa t i a l  v a r i a t i o n  o f  neutron f l u x  producing damage 
t o  3 x dpa s- (depending on the  dlstance between specimen and source). 
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FIGURE 3 .  Hardness and y i e l d  s t rength o f  A2126 specimens i r r ad ia ted  a t  90°C i n  WR. 

TWO se ts  o f  A3028 data fran the  RTNS-I1 experiment are shown i n  F igure 4, corresponding t o  two Separate 
runs. R-1 and R-2. R-2 was i r r ad ia ted  fu r ther  f an the  neut n sou ce o r  an order  o f  magnitude longer 
than R-1; fl xes I n  R-1 nged ran about 3 x 1014 t o  1 x lois n m-' 5-l. whi le  f luxes  i n  R-2 ranged fran 
about 1 x loy4 t o  3 x loff n rn-j 5-l. Thus. w i t h i n  each run t he  range of fluences was achieved through a 
range o f  f l u x  values. 
but  t he  leng th  o f  i r r a d i a t i o n  was varied. 

e f fec t  of f l u x  a t  90°C i n  t he  range fran 1014 t o  lofQ :-i-y s-l. The R-1 data have been added t o  support 
t h i s  conclusion and t o  extend s l i g h t l y  the  f l u x  range of t he  RTNS-I1 data. 
and RTNS-XI data using dpa i s  very good, showing no apparent e f f e c t  of di f ferences i n  damage r a t e  o r  
neutron spectrum f o r  ~ 3 0 2 6  a t  90Oc. 

This i s  i n  con t ras t  t o  t he  OWR, i n  which t he  f l u x  was i den t i ca l  f o r  a l l  specimens 

The A3028 data fran OWR and f r an  RTNS-I1 experime ere  used e a r l i d  t o  i n f e r  t h a t  there  i s  no 

The co r re l a t i on  between WR 

While A3028 was developed as t he  successor t o  A2128 i n  pressure vessel s t ee l  technology. t he  composition 
of A3028 (see Table 1) i s  very s i m i l a r  t o  t h a t  of A2126 w i t h  respect t o  those e lmen ts  now known t o  cause 
embri t t lement i n  un iax ia l  t e n s i l e  t e s t s  a t  temperatures a t  o r  above about 290°C. The e l m e n t s  most o f t en  
considered responsible f o r  t he  ma jo r i t y  of the  s h i f t  i n  impact behavior are nickel,  cop e r  and phosphorus. 
Nickel does n o t  appear t o  have a s i g n i f i c a n t  e f fec t  i n  concentrat ions below about 0.51.p1912 A t  290°CI 
t he  e f f e c t  o f  copper saturates a t  about 0.2X12and it i s  expected t h a t  t he  t rend  towards lower sa tu ra t ion  
l e v e l s  w i t h  decreasing i r r a d i a t i o n  temperature w i l l  cont inue t o  lower i r r a d i a t i o n  temperatures. 
appears t o  play only  a minor r o l e  i n  t e n s i l e  behavior a t  t he  l eve l s  i n  which it i s  present I n  these two 
steels. 
lead t o  s i g n i f i c a n t l y  d i f f e ren t  degrees of un iax ia l  m b r i t t l m e n t  i n  these two steels. Indeed. it has 
a lso been suggested t h a t  compositional va r i a t i ons  between numerous o lder  s t ee l s  are no t  t he  daninant f ac to r  
i n  t he  dose dependence of m b r i t t l m e n t . 2  
on e m b r i t t l m e n t  a t  temperatures below 290°C. 
compositions and t h e i r  y i e l d  s t rength change data, one could reasonably expect t h a t  the  t e n s i l e  behavior 
of A2126 w i l l  e x h i b i t  a s i m i l a r  i n s e n s i t i v i t y  t o  damage r a t e  and neutron spectrum under s i m i l a r  condit ions. 

The r e l a t i v e  f l u x  ranges of t he  various reactors used fo r  t e s t s  on pressure vessel s t ee l s  a t  l o w  i r r a d i a-  
t i o n  temperatures are shown i n  F igure 5. 
ated on A2 26 and A3026 i n  the  cur ren t  study and the  previous study of Heinisch, e t  al .  fo r  i r r a d i a t i o n  
a t  90°C.4'b The regions marked f o r  ORR and t he  HFIR pressure vessel (PV) correspond t o  data on A2128 
which were generat d fo l lowing 5OoC i r r a d i a t i o n  on HFIR surve i l l ance  specimens and on s i m i l a r  specimens 
i r r ad ia ted  i n  

Phosphorus 

Thus the  nickel.  copper and phosphorus l e v e l s  present i n  A2126 and A3028 are n o t  expected t o  

Very l i t t l e  i s  known. however, about t he  e f f e c t  o f  composition 
Based on t h e  s i m i l a r i t y  of t h e  A2128 and t h e  A3026 

The regions marked f o r  RTNS-I1 and M I R  correspond t o  data gener- 
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When correlated on the basis of dpa. A3028 specimens irradlated at the hlghest flux ( I n  OWR) exhibited 
changes in yield strength that were identical to those observed during irradlation in RTNS-I1 at fluxes 
two to four orders of magnitude l a e r .  AZ126. the HFIR pressure vessel steel. i s  expected to exhibit a 
slmllar flux independence on the basis of the considerations discussed above. However. In tests on A2128 
Irradiated in ORR and at the HFIR pressure vessel itself,2 where fluxes are u p  to two orders of magnltude 
laer than the laest flux In RTNS-11, a strong damage rate sensltivlty was found. Thus there appears to 
be a threshold dlsplacement rate bela which displacement rate influences Irradiation-Induced strength 
changes at low temperatures. At higher rates, irradiation-Induced changes can be correlated using dpa as 
an exposure parameter over a rather wide range o f  neutron energles and displacement rates. 
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FIGURE 5. Schmatlc representation of the dependence of yield strength changes on flux (E  > 1 MeV). 
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CONCLUSIONS 

A2128 and A3028 pressure vessel s tee ls  e x h i b i t  essen t ia l l y  i den t i ca l  property changes dur ing i r r a d i a t i o n  
i n  WR a t  r e l a t i v e l y  high displacanent ra tes canpared t o  those a t  reactor pressure ve els. 
of A3028 has been shown t o  be insens i t i ve  t o  displacement r a t e  over the  range 3 x t o  5 x l oJ  dpa 
s- l  a t  l o w  temperature and it i s  argued here t h a t  A2128 w i l l  behave i n  a s i m i l a r  manner. Based on a 
canparison o f  these and other published resul ts,  there appears t o  be a law threshold f l u x  b e l a  which 
t h e  displacement r a t e  i s  important. 

The r sponse 

ACKNWLEDGEMENTS 

The Charpy specimen s l i c e s  were provided by D. N. Braski of the  Oak Ridge Nat ional  Laboratory. Dosimetry 
was provided by L. R. Greenwood o f  the Argonne National Laboratory. 

REFERENCES 

1. R. 0. Cheverton, J. G. Merkle. and R. K. Nansted. 'Evaluation o f  HFIR Pressure Vessel I n t e g r i t y  
Considering Radiat ion Embrittlement." ORNL/TM-10444. t o  be published. 

2. Nanstad. R. K.. Fa r re l l .  K.. Braski. D. N. and Cornin. W. R.. "Accelerated Neutron Embri t t lanent o f  
F e r r i t i c  Steels a t  L a  Fluence: 
Mater ia l  5 .  

Flux and Spectrum Effects," t o  be published i n  the  Journal o f  Nuclear 

3 .  Priest.  R. H., Charnock. W.. and Neale, 8. K.. "Fracture Toughness o f  Accelerated I r r a d i a t e d  Submerged- 
Arc Weld Metal." Ef fec ts  o f  Radiat ion on Mater ials:  
F. A. Garner and J .  S. Perrin. Eds.. ASM, Philadelphia. 1985. pp. 1150-1162. 

Heinlsch. H. L.. " Ef fects  o f  the  Neutron Spectrum on Mechanical Property Changes i n  L a  Dose 
I r rad ia t ions."  presented a t  the  Thi rd  In ternat ional  Conference on Fusion Reactor Materials. Oct. 4-8, 
1987, Karlsruhe. Germany. t o  be published i n  the  Journal o f  Nuclear Mater ia ls  i n  volumes 154-156. 

5. Panayotou. N. F.. Atkin. S. O., Puigh. R. J. and Chin. 8.  A.. "Design and Use o f  Nonstandard Tens i le  
Specimens f o r  I r r a d i a t e d  Mater ia ls  Testing." The Use of Small-Scale Specimens f o r  Testing I r r a d i a t e d  
Material, ASTM STP 888. W. R. Cornin and G. E. Lucas. Eds.. ASTM. Philadelphia. 1986. pp. 201-219. 

Neutron I r r a d i a t e d  Metals and Al loysnW J. Nucl. Mat. 141-143 (1986) pp. 807-815. 

Igata. N.. Miyahara. K., Uda. T.. and Asada, S., "Effects o f  Specimen Thickness and Grain Size on t h e  
Mechanical Propert ies o f  Types 304 and 316 Austen i t ic  Sta in less Steel," The Use o f  h a l l - S c a l e  Specimens 
fo r  Test ing I r r a d i a t e d  Material. ASTM STP 888. W. R. Cornin and G. E. Lucas. Eds.. ASTM. Philadelphia, 

Twelf th In te rna t iona l  Symposium. ASTM STP 870, 

4. 

6. Heinisch. H. L.. Atkin. S. D.. and Martinez, C.. "Spectral E f f e c t s  i n  Low-Dose F iss ion and Fusion 

7. 

1986, pp. 161-170. 

8. Igata. N., Miyahara. K., Tada. C., Blasl .  D.. and Lucas. G.. "Phencmenological Studies o f  t h e  E f fec ts  
of M in ia tu r i za t ion  and I r r a d i a t i o n  on the  Mechanical Proper t ies  of Stainless Steels," Radiat ion Ef fects  
llll (1986) 131-146. 

9. Kohyama. A. ,  Asakura. K.. and Igata. N., Wechanical Property Changes i n  F e r r i t i c  Steels by 14 MeV 
Neutron 8anbardmentrn J .  Nucl. Mater. UkXi (1986) 921-925. 

10. Tabor, P., The Hardness of Metals. Clarendon Press. London. 1951. 

11. Lucas, G. E., Odette. G. R.. Mait i .  R. and Sheckherd. J .  W.. T e n s i l e  Propert ies o f  I r r a d i a t e d  Pressure 
Vessel Steels." In f luence o f  Radiat ion on Mater ia l  Properties: 13th In te rna t iona l  Symposium (Par t  
11). ASTM STP 956. F. A. Garner. C. H. Henager, Jr.. and N. Igata. Eds.. ASTM. Philadelphia, 1987. 
pp. 379-394. 

12. Lucas. G. E.. Odette, G. R.. Lanbrozo. P. M., and Sheckherd. J. W.. "Effects of Composition, 
Microstructure. and Temperature on I r r a d i a t i o n  Hardening o f  Pressure Vessel Steels," Effects of 
Radiat ion on Mater ials:  Twelf th In te rna t iona l  Symposium, ASTM STP 870. F. A. Garner and J .  S. Perrin. 
Eds., ASTM, Philadelphia, 1985. pp. 900-930. 

I m p r o v m n t  Program: 
Simulated Survei l lance and Through-Wall Specimen Capsules." NUREG/CR-3295 (MEA-2017). August 1983. 

13. Hawthorne. J .  R. and Menke. 8. H.. L i g h t  Water "Reactor Pressure Vessel Survei l lance Dosimetry 
Pos t i r rad ia t ion  Notch D u c t i l i t y  and Tensi le Strength Determinations f o r  PSF 





5 .  RADIATION EFFECTS: MECHANISTIC STUDIES, THEORY, AND MODELING 



44 

ON PRECIPITATE DISSOLUTION USING THE CASCADE SLOWING-DOWN THEORY - 
S. P. Chou and N. M. Ghoniem (University of California, Laa Angela) 

OBJECTIVE 

The objective of this work is to extend our cascade dowingdown theory to the evaluation of the precipitated& 
lution rate, and to illuminate the physical mechanism, which are responsible for the recent experimental observations 
of Muroga and wworkem. 

SUMMARY 
The diasolutinn parameter for precipitates under irradiation is evaluated using the cascade dowingdown theory. 

By wing a diITusion length calculated for average r e d h  in a collisim cascade and by including electronic stopping in 
the theory, the results from the cascade slowingdown theory are in reasonable agreement with the results by Muroga, 
Kitajima, and Ishino. Also, the results are consistent with the experimental observation by Sekimura, et al. 

PROGRESS AND STATUS 

1. Introduction 

The effects of irradiation dissolution on the stability of precipitates are important for the p e r f o m c e  of nuclear 
mateneb. Wilkea [l] investigated the atability of precipitates subjected to dissolution using the bubble resolution 
model developed by Hudson and othem [2,3] for the treatment of fission gases in uranium fuels. Using the Monte Carlo 
method, Chou and Ghoniem 141 demonstrated that dissolution of precipitaka by energetic wllimon cascade is poasible. 
Chou and Ghoniem [SI then developed a cascade diffusion slowing-down theory which yields theoretical dissolution 
parametera. Sekimura, et al. [6] conducted experiments by irradiating precipitates with energetic ion beams. The 
results from those experiments indicate that the dissolution parameter in cansiderably smaller than that predicted 
by the Chou-Ghoniem model. Muroga, Kitajima, and lahino (MKI) [7] incorporated the Monte Carlo ion transport 
calculation with the Gelles and Garner ion range distribution model [E] to obtain apparently smaller precipitate 
dissolution parametem than those inferred from the c d e  slowing-down theory. 

The purpose of this paper is to show that, by relaxing the asrrumptions used in the c d e  slowing-down theory, 
good agreements between the results of the MKI model and the Chou-Ghoniem cascade slowing-down theory are 
obtained. Furthermore, the reaults are slso consistent with recent experimental observations by Sekimura, et al. 161. 
A brief outline of the Chou-Ghoniem caseade slowingdown theory and the MKI model are given in the next section. 
This is fallowed by an analysis of the average recoil diaeolution rate in sect. 3. It will be shown that when the average 
rewil nuclear stopping is considered, the cascade slowing-down theory is consistent with the MKI model snd with 
experimental observations. 

2. Theoretical Bsckgound 

2.1. Caseade slowing-down theory 

The c d e  diffusion slowing-down equation solved by Chou and Ghoniem taken the form [SI: 

where * ( E )  is the recoil flux at energy E, Q is the displacement rate, D is the diffusion coefficient, ET is the totd 
interaction c r w  section, E,(Z - E) is the differential scattering a088 section from energies G to E, and S ( E )  is 
the electronic stopping. 

To develop analytical solutions of Eq. (l), a number of physically reasonable assumptions were employed. It WM 

tamuned that scattering is represented by hard-sphere wllisions, that the interaction c r w  section is independent of 
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energy, and that electronic stopping is negligible. Using these assumptions, Chou and Ghoniem utilized a Neumann's 
series expamion of the flux to produce analytical solutions for the dissolution rate. It was found that the dissolution 
parameter (dissolution rate to displacement damagerate ratio) can asymptotically be expressed as: 

b z 1 ,  L 
r p S -  , d3 

where rp is the radius ofthe precipitate and Lis a characteristic diffusion length. The diffusion length can be estimated 
form the projected range of cascade rewila. In this note, we will estimate the approximate value of L for average 
remils such that F q .  (2) and (3) can be directly compared to experiments and the MKI model. The projected range 
and the diffnsion length are related by: 

where is the average number of collisions for a recoil with energy E to be slowed down to the displacement energy, 
E.+ For like atoms with hard-sphere collisions, the average energy loss for each collision is half of the incident atom 

R'= [ L a  ~ (4) 

The relationship between the recoil projected range R and its energy E obtained by the TRIPOS calculations [4] can 
he approximated by 

where A and n are fitting constants. For iron atom in iron, A = 0.53 and n = 0.911. Also from the cascade 
slowing-down theory, the nux spectrum of cascades in an infinite medium has the form: 

R(nm) = A[E(keV)]" , (6) 

where Ea is the energy of the primary knock-on atoms or the cascades. 

2.2. The MKI m d  

The MKI model [6] describes the dissolution parameter for a recoil in a collision cascade as 

b = l ,  rp 5 0.5R , 
rp 2 0.5R , 1 2 x  - xs - - 

16 ' 
where rp is the precipitate radius, R is the recoil range, and 

R X = -  
'P 

In order to evaluate the average dissolution parameter for a complete cascade, MKI use the Monte Carlo ion 
transport method ta evaluate the range distribution for a cascade. The average dissolution parameter can then be 
obtained hy integrating the individual dissolution parameter and the recoil distribution over the whole recoil energy 
distribution range. 

3. Analysis of Average &oil Dissolution Rate 

The dissolution of a precipitate by collision cawades resnlte from the interaction with the recoils, particularly the 
higher order recoils generated in the precipitate. As such, t h m  recoil atoms with enough energy to transport through 
the precipitate are dissoluted in the matrix. Furthermore, Lindhard's theory [9,10] indicates that none, or only a small 
fraction, of the PKA energy is consumed in electronic stopping for low-energy collision cascades. Also, the amount of 
nuclear stopping energy saturates at high PKA energiea. 



46 

In thin regard, the energy a d a b l e  for cascade generation ia the nuclear stopping energy inatead of the primary 
knock-on energy. The nuclear stopping energy for a PKA with an energy Eo ia given by 

Ea 
1 + 0.13(3.4f"~"'+ 0.4P." + c) ' E =  

where the redud energy f in given 
Eo < =  - 

2Z'c'fo ' 
and the Debye screening length, a, is 

(13) 
0.8808 
p.sss 9 

a=- 

and ag is the Bohr radiua (0.053 nm), e is the electron charge, and 2 ia the atomic number of the recoils. 
The average recoil range ia obtained as 

@ ( E )  ia the recoil flux derived by Chou and Ghoniem [5] e~ given in Q. (7). Likewvise, the average number Of collkiona 
for precipitate recoils has the form: 

The value for ( is in a range of 1.30 to 1.45 for PKA energies of 1 keV to 10 MeV. Using the concept in the random 
wdk theory, the diffuaion length for an average recoil can be related to the average recoil range iy~: 

The curent applicatiw of the cascade diffueim theory to average recoils use8 barred L and R instead of the 
originally dehed  L and R 151. The average precipitate din-solution parameter has the form: 

= R/&. 

b e l  
0.48R " - ,  
'P 

The coefficient 0.48 in the above equations is for 
high energy cascades. For low energy cascade, it is 
a b u t  0.50. Generally spesking, the coefficient is not 
a sensitive function of the PKA energy. hymptoti- 
cally, the cascade sloving-down formula is very sim- 
ilar to the MKI formula for average c d e  recoils. 
However, for very large precipitates, the MKI formula 
predicts a 50% higher cascade dissolution rate. Fig. 
1 shows a comparison of the dissolution parameters 
between MKI and cascade slowing-down models. The 
caacade slowing-dawn results are smaller by law, than 
a factor of 2.0. This is attributed to the difterences in 
the coefficient of the dissolution parameter and the 
recoil spectrum. The average recoil di-lution pa- 
rameter in the present work is consistent with the 
experimental results by Sekimura, et al. [6] where 
precipitate dissolution was found not to be significant 
under their experimental conditions. 

Fig. 1. A comparison of the diesolutim parametera 
between MKI model and CG cascade slowing-dawn 
model for precipitates with sizes of 1 nm and 10 nm. 
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4. Conclusions 

This work incorporates the concepts of the nuclear damage energy and the average recoil diffusion length in the 
cascade slowing-down theory. This relaxes the aasumption of neglecting the electronic stopping in the original cascade 
slowingdown work. Also, adoption of an average recoil diffusion length decreases the characteristic diffusion length 
for a cascade. T h e  allow the cascade slowing-down theory to yield precipitate dienolution parametern which are 
more consistent with experimental ohaervations on high energy collision cascades. Also, the calculated precipitate 
dinenlution parameter is found to be within 50% of the results of Muroga, Kitajima, and Ishino. 
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FUTURE WORK 

This analytical approach has reached reasonable maturity, and we therefore are not planning to pursue further 
development along these lines. However, detailed molecular dynamics simulations may still be necessary to shed light 
on the energy and position distributions of dienluted a t o m  from precipitates 



EFFECTS OF PREINJECTED HELIUM I N  HEAVY- ION IRRADIATED NICKEL AND NICKEL-COPPER ALLOYS - L.M. Wang, R.A. 
Dodd, G.L. Ku lc insk i  (Univers i ty  o f  Wisconsin) and S.J. Z ink le  (Oak Ridge National Laboratory) 

OBJECTIVE 

The ob jec t i ve  of t h i s  study i s  t o  determine i f  pre in jected helium w i l l  promote void formation i n  Ni-Cu 
a l l oys  dur ing heavy i o n  i r r a d i a t i o n .  

SUMMARY 

Pure n i cke l  and two nickel-copper a l l oys  (Ni-10 at.% Cu and Ni-50 at.% Cu) both conta in ing 50 appm 
pre in jected helium have been i r r a d i a t e d  w i th  14 MeV n icke l  ions a t  a constant homologous temperature o f  
0.45 T,. 
section. I n  the hel ium pre in jected region o f  the pure n i cke l  specimen, a substant ia l  dens i ty  o f  voids w i th  
an average diameter of 35 nm was observed. 
small helium bubbles (under 5 nm i n  diameter) and d is loca t ion  loops. The dens i ty  o f  both d i s loca t ion  loops 
and helium bubbles increases w i th  the increasing copper content, and the s ize decreases w i th  increas ing 
copper content. 
presence of helium bubbles, i s  considered t o  be the r e s u l t  of l o c a l  c lus te r ing  o f  l i k e  atoms. 

The radiat ion- induced c r y s t a l  defects have been analyzed by TEM w i th  samples prepared i n  cross- 

The nickel-copper a l l oys  were found t o  contain a h igh dens i ty  of 

The observed resistance o f  the nickel-copper a l l oys  t o  void formation regardless o f  the 

PROGRESS AND STATUS 

In t roduc t ion  

fusion reactors.’ 
and simple a l l oys  are o f ten chosen f o r  rad ia t ion  damage studies although they are u n l i k e l y  t o  be used as 
fusion reactor  mater ials.  
neutron,2 ion3-6 and electron’  i r r a d i a t i o n s  i n  t h e  past decade. Such an observation i s  very s i g n i f i c a n t  
because the a l l o y  system f o r m  a complete s o l i d  so lu t ion  over t h e  e n t i r e  composition range and voids can 
e a s i l y  be produced i n  both pure n icke l  and copper i n  the presence of c e r t a i n  gas atoms. Helium i s  a 
t ransmutat ion product i n  fus ion reactor  mater ia ls  due t o  ( n , a )  react ions and i t  i s  a lso known as a vo id  
nuc leat ion agent. Z ink le  e t  al.8 i n j e c t e d  200 appm helium i n t o  n i cke l ,  copper and three Ni-Cu a l l o y s  a t  a 
homologous temperature o f  0.65 Tm, and found nothing anomalous concerning helium bubble growth i n  the a l l o y s  
which would exp la in  the suppression of void swell ing. Other than the above study, the e f fec t  of hel ium i n  
Ni-Cu a l l oys  has not been c a r e f u l l y  invest igated, even though some o f  the prev ious ly  i r r a d i a t e d  samples 
conta in  a c e r t a i n  amount of helium.2-’ 
helium i n  14 MeV n icke l- ion- i r rad ia ted  Ni-10 at.% Cu and Ni-50 at.% Cu. A heavy i o n  i r r a d i a t e d  pure n i cke l  
specimen w i th  helium p r e i n j e c t i o n  i s  included i n  the study f o r  the purpose o f  comparison. 

Radiat ion induced void swe l l i ng  i s  one o f  the serious mater ia l  problems t o  be solved f o r  proposed 
To b e t t e r  understand the mechanisms c o n t r o l l i n g  the void formation process. pure metals 

Ni-Cu a l l oys  have been shown t o  be very res i s tan t  t o  vo i d  swe l l i ng  under 

I n  t h i s  study, we have invest igated t h e  ef fects  of p re in jec ted  

Experimental 

which contains 75 appn oxygen. Our previous resu l t s  showed t h a t  a t  t h i s  residual oxygen leve l ,  the e f fec t  
o f  pre in jected hel ium on void formation i s  more pronounced than i n  the as-received f o i l  which contains 
180 appn ~ x y g e n . ~  This i s  because oxygen i s  also found t o  be a void s t a b i l i ~ e r . ~ - ’ ~  
Ni-1OCu (at.%) and Ni-5OCu were fabr icated from Marz grade N i  and Cu (99.999 w t . %  pure) by arc me l t i ng  
followed by a homogeneity treatment i n  f lowing argon a t  1000°C f o r  24 hours. Vacuum fus ion analyses 
performed by Los Alamos National Laboratory ind icated t h a t  t h e  oxygen content i n  the a l l oys  was about 
100 appm. The ingots  of the a l l oys  were co ld  r o l l e d  w i th  i n t e r m i t t e n t  annealing i n  f lowing argon a t  800°C 
t o  0.5 nm t h i c k  f o i l s ,  which were then mechanically pol ished w i th  0.05 um alumina abrasive. 

The pure n icke l  specimen used i n  t h i s  study came from a degassed Narz grade (99.995 w t . %  pure) sheet 

Two Ni-Cu a l l oys ,  

Helium ions w i th  energies between 200-400 keV were i n j e c t e d  i n t o  the two Ni-Cu a l l o y  samples a t  Oak 
Ridge National Laboratory and t h e  pure n icke l  specimen was in jec ted  e a r l i e r  w i th  200-700 keV hel ium using 
the Un ive rs i t y  o f  Wisconsin 700 kV Accelerator F a c i l i t y .  
ambient temperature and w i th  the dose which gave an average concentrat ion of 50 appm i n  the in jec ted  region. 

The helium i n j e c t i o n s  were a l l  performed a t  

The samples conta in ing i n j e c t e d  helium were then i r r a d i a t e d  ybth $4 M$V N i 3 +  ions a t  the Un ive rs i t y  
o f  Wisconsin Heavy Ion I r r a d i a t i o n  F a c i l i t y  w i th  a f l u x  o f  - 3x10 
temperature, TIT = 0.45, i.e. 500”C, 485°C and 425’C for  pure n icke l ,  Ni-1OCu and Ni-5OCu respect ively.  
The reason f o r  croosing t h i s  homologous temperature f o r  i r r a d i a t i o n  i s  t h a t  voids are known t o  form only 
i n  the temperature range o f  0.3-0.6 T,. 
together t o  form voids and most o f  them w i l l  recombine wi th  a mobile i n t e r s t i t i a l  atom. 
a ture i s  higher than 0.6 T,, the equ i l i b r ium vacancy concentrat ion i s  very high, which makes the vacancy 
supersaturat ion i n s u f f i c i e n t  f o r  void nucleat ion and growth. 

N i  +/m s a t  the constant homologous 

A t  lower temperatures, vacancies are not mobile enough t o  move 
When t h e  temper- 

The i r r a d i a t i o n  fluences were decided 
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Fig. 1. Displacement damage (by 14 MeV N i  ions) and i n j e c t e d  i o n  d i s t r i b u t i o n s  (14 MeV N i  ions and 
200-700 keV He ions) i n  pure N i  ca lcu la ted by using the  Monte Carlo code, TAMIX."  
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Fig. 2. Displacement damage (by 14 MeV Ni ions) and i n jec ted  ion  d i s t r i b u t i o n s  (14 MeV N i  ions and 
200-400 keV He ions) i n  Ni-5OCu ca lcu la ted by using the  Monte Carlo code, TAMIX." 

according t o  Monte Carlo ca lcu la t ions by t h e  TAMIX  code." The pure n i cke l  specimen received 3 dpa a t  t he  
depth o f  1 m, whi le  t he  Ni-Cu a l l o y  samples received 5 dpa a t  t he  same depth. 
damage (by 14 MeV n i cke l  ions) and the  i n j e c t e d  i o n  d i s t r i b u t i o n s  (14 MeV n icke l  ions and hel ium ions w i th  
t he  energy range used dur ing p re in jec t i on )  i n  pure n i cke l  and Ni-5OCu are shown i n  Fig. 1 and Fig. 2, 
respectively.. It i s  for tunate  t h a t  t he  pre in jec ted helium range i s  separated from t h e  i n j e c t e d  n icke l  i o n  
range so t h a t  t h e i r  e f fec ts  can be separated. The appm heliumldpa r a t i o  i n  t he  helium i n j e c t e d  r e  i o n  of 
t h i s  study i s  around 10 t o  15, which i s  c lose t o  t h e  r a t i o  f o r  po ten t i a l  fusion reactor mater ials.  

A f te r  i r r a d i a t i o n ,  t he  samples were prepared i n t o  cross-section TEM specimens, so  t h a t  t he  e n t i r e  i o n  

The ca lcu la ted displacement 

9 

damage range could be studied. 
w i th  a t t e n t i o n  mainly focused a t  the helium in jec ted  region. 

TEM observation was performed w i th  a JEOL TEMSCAN-ZOOCX e lec t ron microscope 
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Results 

Figures 3 ( A ) ,  (E )  and (C) are the  cross-sect ional  TEM micrographs showing the  e n t i r e  ion  damaged range 
i n  the three i r r a d i a t e d  samples. 
surface of i r r a d i a t i o n  has been e lec t rop la ted wi th  n icke l ,  so i t  becomes an i n te r face  i n  t he  micrograph. 
It should be mentioned t h a t  a surface l aye r  of up t o  0.3 pm t h i c k  was removed from the  o r i g i n a l  surface 
before e l e c t r o p l a t i n g  t o  insure  good bonding a t  the in ter face.  Therefore, t he  actual depth from the  
i r r a d i a t e d  surface i s  about 0.3 um more than the  depth marked i n  the cross-sectional micrographs. 
micrographs i n  Fig. 4 were taken a t  a higher magnif icat ion from each specimen a t  t he  actual  depth of 
0.6-1.0 vm, where the  pre in jec ted helium i s  present. 

pure n icke l ,  t he  most obvious defect c lus te rs  are voids, although some pr ismat ic  d i s loca t i on  loops are a lso  
present. Comparing the  r e s u l t  reported e a r l i e r 3  on t he  n i cke l  containing the  same amount o f  residual  oxygen 
but without helium p re in jec t i on ,  i t  appears t h a t  t he  r e l a t i v e l y  high dens i ty  o f  voids i n  t h e  f i r s t  1.5 vm o f  
t he  n icke l  specimen shown i n  Fig. 3(A) i s  due t o  t he  presence o f  pre in jec ted helium i n  t h a t  region. 

I n  the two i r r a d i a t e d  Ni-Cu a l l o y  samples, d i s loca t i on  loops cons t i t u te  the  major defect  c lus te r .  
loop dens i ty  increased dramatically- with the  copper content, wh i le  t he  loop s ize  decreased concomitantly. 
Perfect loops on I111) planes w i th  b = a/2<110> and Frank loops enclosing a stacking f a u l t  w i th  b = a/3<111> 
are both i d e n t i f i e d  i n  Ni-lOCu, but only perfect loops have been i d e n t i f i e d  i n  Ni-5OCu. The dens i ty  and 
s ize  d i s t r i b u t i o n  of t he  loops are almost t he  same as the  r e s u l t  of a previous study6 on i r r a d i a t e d  Ni-Cu 
a l l o y s  w i th  5 MeV oxygen ion  pre in jec t ion.  
s i m i l a r i t y  i n  the loop d i s t r i b u t i o n  means t h a t  t he  pre in jec ted helium d i d  not have the  power t o  a l t e r  t he  
defect  cha rac te r i s t i cs  i n  t he  a l l oys  under our experimental condit ions. However, when d i s loca t ions  are 
t i l t e d  out of contrast ,  e.g. t he  specimen i s  t i l t e d  away from the  strong d i f f r a c t i n g  o r ien ta t i on ,  s m a l l  
bubbles w i t h  diameters less  than 5 nm are observed a t  t h e  helium in jec ted  depth i n  both Ni-1OCu and Ni-5OCu 
as  shown i n  Fig. 5. The densi ty o f  t he  helium bubbles i n  Ni-5OCu i s  an order o f  magnitude higher than t h a t  
i n  Ni-lOCu, and the  bubble s i ze  i s  l a r g e r  i n  t he  l a t t e r .  When comparing the  s ize  of t h e  bubbles i n  the  
Ni-Cu a l l oys  w i th  t he  s ize  of voids i n  pure n i cke l  as shown i n  Fig. 5 ( A ) ,  please note t h a t  Figs. 5(B) and 
5(C) have a much higher magnification. 

i r r a d i a t e d  i n  t h i s  study. The volume swel l ing  i n  t he  helium pre in jec ted region of t he  n i cke l  specimen i s  
about 3 . 5 ~ 1 0 - ~ ,  whi le  t he  swe l l i ng  due t o  t he  formation o f  small bubbles i n  t h e  Ni-Cu a l l o y s  i s  estimated 
t o  be a t  l e a s t  one order o f  magnitude lower, even though the  Ni-Cu samples were i r r a d i a t e d  t o  a h igher  
displacement damage leve l .  

During preparat ion of t he  cross-section TEM specimens, the o r i g i n a l  

The 

The defect s t ruc tures i n  t he  three i r r a d i a t e d  mater ia ls  are d i s t i n c t l y  d i f fe rent .  I n  t he  i r r a d i a t e d  

The 

Since t h e  5 MeV oxygen was implanted deeper i n  t he  samples, t he  

Table 1 summarizes the  defect cha rac te r i s t i cs  i n  t he  helium i n j e c t e d  region of t he  three mater ia ls  

Discussion 

The formation of helium bubbles i n  t he  Ni-Cu a l l oys  i s  expected, because there  are theo re t i ca l  and 
experimental i nd i ca t i ons  t h a t  helium tends t o  undergo spontaneous p r e c i p i t a t i o n  when implanted i n  metals, 
i nc lud ing  the  vo id  r e s i s t a n t  Ni-Cu al loys.8 
t o  void swel l ing  of t he  Ni-Cu a l l oys  i s  maintained even i n  the presence o f  small helium bubbles dur ing 
i r r a d i a t i o n .  A simple ca l cu la t i on  based on t he  idea l  gas law and the  assumption o f  equ i l i b r i um bubble 
pressure ind icated t h a t  some vacancies must be trapped i n  t he  helium bubbles t o  achieve the  bubble volume 
observed i n  t h i s  study. Nevertheless, t he  ma jo r i t y  of the excess vacancies which survived recombination 
apparently d i d  not go t o  the bubbles t o  cause growth i n t o  l a r g e r  voids. 

The i n t e r e s t i n g  po in t  of our r e s u l t s  i s  t h a t  t he  resistance 

Instead, they form d i s l o c a t i o n  

Table 1. Defect cha rac te r i s t i cs *  i n  50 appm helium pre in jec ted N i  and 
Ni-Cu a l l oys  fo l l ow ing  14 MeV N i  i o n  i r r a d i a t i o n .  

I r r a d i a t i o n  Dis locat ion Loop Helium Bubble ( o r  Void) 
Mater ia l  dpa Temperature dens i ty  average s ize  densJty average s ize  

( " C )  (m- ) (nm) (m- 1 (4 

N i  3 500 1x1020 15.3 1 . 5 ~ 1 0 ~ ~  35 (vo id)  

Ni-1OCu 5 405 1x1021 21.5 3 . 0 ~ 1 0 ~ ~  3.5 

Ni-5OCu 5 425 7x1OZ1 6.5 3 . 0 ~ 1 0 ~ ~  2.3 

'Defect parameters i n  t he  t a b l e  are measured from the  region about 1 urn below the  i r r a d i a t e d  surface. 



51 

I I 
1 2 3 

Depth (Im) 
4 I n t e r f a c e  

Fig. 3. Cross-sectional TEM micrographs showing t h e  e n t i r e  i o n  damaged region i n  14 MeV N i  i o n  
i r r a d i a t e d  (A)  pure N i  (3 dpa a t  1 urn. 5OO0C), (B) Ni-1OCu (5 dpa a t  1 urn, 485OC) and ( C )  Ni-5OCu (5 dpa a t  
1 m, 425'C). 
temperature before N i  i o n  i r r a d i a t i o n .  

50 appm He (200-700 keV for pure N i ,  200-400 keV for  t h e  a l l o y s )  was p re in jec ted  a t  ambient 
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Fig. 4. TEM micrographs showing the  comparison o f  major defect c l us te r s  i n  14 MeV N i  i o n  i r r a d i a t e d  
(A )  pure Ni ,  (E) Ni-1OCu and (C) Ni-50Cu. a l l  w i th  50 appn He pre in jec t ion .  
t he  region o f  0.6-1 urn below the  i r r a d i a t e d  surface (g = [ZOO]). 

The micrographs were taken from 

Fig. 5. Low cont ras t  TEM micrographs showing the comparison o f  the  e f f e c t  o f  p re in jec ted  He i n  14 MeV 
N i  i o n  i r r a d i a t e d  ( A )  pure Ni ,  (8) Ni-1OCu and (C) Ni-5OCu. 
0.6-1 m below the  i r r a d i a t e d  surface. 

The micrographs were taken from the  region Of 
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Ni Cu at.% 

Fig. 6. Short range order parameter 
a for Ni-Cu a l l oys  measured by V r i j en  e t  
at..15 Aldred e t  a1.16 and Medina e t  al.1’ 
w i th  d i f f u s e  neutron sca t t e r i ng  a f t e r  
quenching from various temperatures. 

loops j u s t  as if there  i s  no he l i un  ava i lab le  t o  help void nucleation. 
can be explained by the  mechanism f i r s t  proposed,by Mazey and Menzinger3 i n  1973. namely t ha t  l oca l  c l us te r-  
i n g  o f  l i k e  atoms might provide t raps f o r  vacancies and gas atoms i n  the  Ni-Cu al loys. The mechanism has 
a l so  been discussed i n  a recent pub l i ca t ion6 and i t  i s  extended here. 

reduced number o f  un l i ke  nearest neighbors, o r  A-B pai rs ,  than t he  number i n  a random solut ion.12 The 
essent ia l  cond i t ion  f o r  t ha t  t o  happen i s  t ha t  s i m i l a r  atoms must a t t r a c t  each other more than d i s s i m i l a r  
atoms i n  order t o  lower the  f r ee  energy upon c lus te r ing ,  although t he  i n te rac t i on  i s  not s t rong enough f o r  
p rec ip i ta t ion .  
cond i t ion  can be ex ressed as €AB > 112 ( E A A + E ~ ~ ) ~ : ~ ; ~ ~  When the  above cond i t ion  i s  met, the  shor t  range 
order parameter ai1! should be greater than zero. V r i j en  and Radelaar,ls i n  1978, sys temat ica l l y  
s tudied t he  shor t  range order parameters f o r  the Ni-Cu system using d i f f u s e  neutron scat ter ing.  Thei r  
resu l ts  from the a l l oys  quenched a t  450°C. along w i t h  some of the  measurements made by Aldred e t  al .  
i n  197316 and Medina e t  a l .  i n  1977,” are p l o t t ed  i n  Fig. 6. The data ind ica ted  not only  t ha t  l oca l  
c l us te r i ng  does occur i n  the  Ni-Cu a l loys  but  a lso t h a t  the  tendency fo r  c l us te r i ng  i s  higher i n  a more 
concentrated Ni-Cu s o l i d  so lu t ion  than i n  a d i l u t e  so lut ion.  

The boundaries of f ine  c lus te rs  of l i k e  atoms i n  the  a l l o y  tend t o  t r a p  vacancies and gas atoms t o  
reduce the  r e l a t i v e l y  h igh bonding energy and s t r a i n  energy. When an abundance o f  t h i s  k ind o f  t r a p  i s  
avai lable, vacancy supersaturat ion can not be achieved f a s t  enough a t  each s i t e  f o r  vacancy c l us te r s  t o  grow 
beyond the  c r i t i c a l  s ize  o f  the  void embryo before co l laps ing  i n t o  d i s l oca t i on  loops. 
helium bubbles cannot draw enough vacancies t o  grcn i n t o  l a rge r  voids. 
f i ne  scale c lusters.  gas atoms and vacancies are d i s t r i bu ted  among more t raps  than i n  the  case of Ni-IOCu; 
therefore, a smaller s ize  and higher densi ty  o f  bubbles and d i s l oca t i on  loops resu l t .  
c l us te r i ng  a lso  increases w i th  decreasing temperature15 and dur ing i r r ad ia t i on , l e  so t h a t  the  h igher  densi ty  
o f  bubbles observed i n  t h i s  study versus the r e l a t i v e l y  low densi ty  and a l l o y  composltion independent d i s-  
t r i b u t i o n  o f  helium bubbles observed by Zink le e t  a1.,8 a f t e r  i n j e c t i n g  helium a t  0.65 Tm wi thout  fu r ther  
i r r ad ia t i on ,  can a lso be understood. 

It i s  thought t ha t  t h i s  phenomenon 

I n  a b inary s o l i d  so lu t i on  composed of elements A and 9, l o ca l  c l us te r i ng  i s  defined i n  t e r n  o f  a 

I n  terms o f  i n t e rac t i on  energies between pa i rs  o f  atoms o f  the  two atomic species, t h i s  

For t he  same reason, 

The tendency fo r  

Since Ni-5OCu contains more such 

CONCLUSIONS 

P re in j ec t i on  of 50 appm helium i n t o  Ni-1OCu and Ni-5OCu has l i t t l e  e f f ec t  on promoting void formation 
by i r r a d i a t i o n  w i th  14 MeV nickel  ions t o  5 dpa, wh i le  p re i n j ec t i on  o f  50 appn helium resu l t s  i n  copious 
voids i n  pure n i cke l  by i r r a d i a t i o n  t o  3 dpa a t  the  same homologous temperature of 0.45 Tm. 



Most excess vacancies p r e c i p i t a t e  i n t o  d i s loca t ion  loops i n  i r r a d i a t e d  Ni-Cu a l l oys  regardless of the 
The densi ty o f  both d i s loca t ion  loops and he l i un  bubbles increases w i th  

The special swel l ing  resistance o f  Ni-Cu a l l oys  i s  considered t o  be the r e s u l t  of l oca l  c lus te r ing  of 

presence of small helium bubbles. 
increasing copper content, and the  s i ze  decreases w i th  increasing copper content. 

l i k e  atoms. 
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RADIATION DAMAGE AND COPPER DISTRIBUTION I N  14 MU' COPPER ION IMPLANTED NICKEL - TEM AND AEM ANALYSES I N  
CROSS SECTION - L. M. Wang, R. A. Dodd and G. L. Ku lc insk i  (Un ivers i t y  of Wisconsin-Madison) 

OBJECTIVE 

To study the  e f fec t  o f  a small concentrat ion of imp1anted.C~ on void formation i n  Ni .  

SUMMARY 

14 HeV Cu ions have been implanted i n t o  a pure N i  specimen a t  5OOOC t o  a dose o f  6 x 10'' ions/m2. TEM 
and AEM analyses were performed i n  cross sect ion t o  i nves t i ga te  the  e f f e c t  of implanted Cu on the  formation 
of defect c lusters.  The TEM r e s u l t  has been compared w i t h  t h a t  obtained i n  another N i  specimen which was 
i r r a d i a t e d  w i t h  14 MeV N i  ions t o  the  same damage l eve l  a t  t he  same temperature. While voids formed 
throughout the  e n t i r e  damage range i n  the  N i  i o n  f r r ad ia ted  sample, they mainly appeared a t  the  near surface 
region and a t  t he  peak damage depth i n  the  Cu i o n  implanted specimen. A h igh densi ty  of d i s l oca t i on  loops 
formed i n  t he  region where implanted Cu igns were detected by AEM. 
concentrat ion p r o f i l e  has been compared w i th  a Monte Carlo ca lcu la t ion .  

The AEM r e s u l t  o f  the  implanted Cu 

PROGRESS AND STATUS 

In t roduc t ion  

Mater ia ls  i n  f u t u r e  0-T fus ion  reactors w i l l  be subject  t o  in tense displacement damage from h igh  energy 
fus ion neutrons. The excess vacancy and i n t e r s t i t i a l  concentrat ions produced by i r r a d i a t i o n  w i l l  r e s u l t  i n  
t he  formation of voids and/or d i s l oca t i on  loops t ha t  w i l l  g rea t l y  a l t e r  the  mater ia l  performance. Heavy i o n  
i r r ad ia t i on ,  which can g ive a displacement r a te  several orders h igher  than t ha t  present ly  ava i lab le  i n  
neutron i r r ad ia t i ons .  has proven t o  be a very useful t o o l  i n  t he  study o f  r ad ia t i on  induced defect c l us te r  
formation fo r  fusion reactor  mater ia l  research C l l .  

Previous studies have revealed t ha t  Ni-Cu a l l oys  are very r es i s t an t  t o  vo id formation C2-73, although 
voids do form r e a d i l y  i n  both pure N i  and pure Cu. I n  the  present study, the  e f f e c t  o f  a small concentra- 
t i o n  o f  implanted Cu on void formation has been studied by performing both transmission e lec t ron  microscopy 
(TEM) and ana l y t i ca l  e lec t ron  microscopy (AEM) on a 14 MeV Cu i o n  implanted ( i r r ad ia ted )  N i  cross sect ion 
specimen. Since both the  displacement damage and the  Cu concentrat ion resu l t i ng  from the  Cu i o n  implanta- 
t i o n  are depth dependent, TEM and AEM analyses i n  cross sect ion permit a d i r e c t  co r re l a t i on  of the  micro-  
s t ruc tu ra l  and microchemical evolut ions f o r  the  e n t i r e  damage range w i t h i n  the  same specimen. 

Experimental Procedure 

Two f o i l s  w i t h  1 x 0.5 x 0.025 cm dimensions were mechanically pal ished w i th  0.05 m alumina abrasive. They 
were f i r s t  heated a t  lO0OY i n  f lowing dry hydrogen f o r  4.3 x 10 
annealed a t  150°C i n  a vacuum o f  6.6 x Pa fo r  1.8 x l o3  s t o  remove residual hydrogen s ince It has been 
shown tha t  both oxygen and hydrogen grea t l y  promote void formation i n  N i  [E-101. 
the  Los Alamos National Laboratory ind ica ted  t h a t  the oxygen content i n  the  N i  f o i l  was reduced from t&e 
o r i g i n a l  The samples were i r r a d i a t e d  w i t h  e i t h e r  14 MeV Cu 
14 MeV NI;' ions t the  Un ivers i t y  o f  Wisconsin Heavy-Ion I r r a d i a t i o n  F a c i l i t y  a t  500'C w i t h  a dose ra te  of 
1.5 x 10 
d i f f e r e n t  ion  fluences are required t o  reach the  The sample i r r a d i -  
ated w i t h  Cu ions recejaed a to$al  dose of 6 x 10 
t o t a l  dose of 6.5 x 10 ions/m , so t h a t  the damage l eve l  a t  1 pm depth equals 25 dpa (- 75 dpa a t  peak 
damage depth) i n  both samples according t o  t he  Monte Carlo ca lcu la t ions  performed using the  TAMIX code C111. 
The depth p r o f i l e s  of isplaceyent damage and i o n  concentrat ion, ca lcu lated f o r  14 MeV Cu i o n  i r r ad ia ted  N i  
a t  the  i o n  dose of 10" ionslm , are shown i n  F igure 1. 

A f t e r  i r r a d i a t i o n ,  the  samples were e lec t rop la ted  w i t h  N i  on both sides and prepared i n  cross sect ion 
fo r  TEM and AEM analyses. 
C12.131. The cross sectioned samples were then examined i n  a JEM 2OOCX I1  TEMSCAN microscope operat ing a t  
200 keV. The rad ia t i on  induced defect  c l us te r s  i n  both samples were observed i n  TEM mode. 
concentrat ion i n  t he  Cu i o n  i r r a d i a t e d  sample was s tudied by AEM i n  STEM mode w i t h  a beam spot s ize  of < 20 
nm using a TN-2000 energy d ispers ive X-ray spectroscopy (EDXS) system. 
po in ts  l y i n g  on a l i n e  normal t o  the  in te r face  between the  p lated and the  i r r ad ia ted  N i ,  i.e. p a r a l l e l  t o  
the  d i r e c t i o n  o f  inc iden t  ions and covering the  e n t i r e  damage range, was analyzed t o  provide the  depth 
p r o f i l e  o f  the  implanted Cu concentration. 
holder, a graphi te holder was used dur ing the  AEM study; t h i s  appeared t o  be very effect ive. 

Mar2 grade (99.995 w t . X  pure) N i  f o i l  from the  Mater ia l  Research Corporat ion was used i n  t h i s  study. 

s t o  reduce the  oxygen content, and then 

Analyses performed by 

0 appm t o  75 appm a f t e r  such treatment. o r  

ionslm 9 S. Since Cu and N i  ions have s l i g h t l y  d i f f e r e n t  energy deposi t ion charac te r i s t i cs ,  
dpa Jdisplacement per atom) l eve l .  

ionslm and t ha t  i r r a d i a t e d  w i t h  N i  ions received a 

The d e t a i l s  o f  t he  sample preparat ion procedure have been reported e a r l i e r  

The implanted Cu 

During the  AEM analysis, a ser ies of 

To prevent the  in ter ference o f  Cu s igna ls  from the  brass sample 
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Fig. 1. Depth p r o f i l e s  of displacement damage and implanted i o n  concentrat ion i n  the  14 MeV Cu i o n  
i r r a d i a t e d  Ni ,  ca lculated by a Monte Carlo code, the  TAMIX (1000 h i s to r i es ) .  
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Fig. 2. TEN cross-section micrograph showing void d i s t r i b u t i o n  i n  14 MeV N i  i o n  i r r a d i a t e d  Ni. Since 
about 0.3 
t he  depth from the  i n te r face  p lus 0.3 urn. 

was removed frm the o r i g i n a l  surface, the  actual depth frm the i r r a d i a t e d  surface should be 
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RESULTS AND OISCUSSION 

TEM Observations 

While voids were the  only  s i gn i f i can t  defect c lus te rs  observf 
they formed throughout the  e n t i r e  damage range, both voids and h i !  
i n  the  Cu i o n  i r r a d i a t e d  specimen. These voids were mainlv loca t f  

i n  the  N i  i o n  i r r a d i a t e d  specimen, and 
dens i t ies  o f  d i s l oca t i on  looos were seen 
i n  a region near the  surface and i n  

another region t ha t  was about 2.75 t o  3 um from the  i r r a d i a t e d  sur ce. The TEM cross sect ion micrographs 
fo r  the  e n t i r e  damage region of the  two specimens are shown i n  Figure 2 and Figure 3, respect ive ly .  It 
should be noted t h a t  a surface l ave r  - 0.3 um t h i c k  was removed before N i  o l a t i na  i n  the  orocess of cross 
sect ion sample preparat ion t o  ass i re  good bonding a t  the interface, so t he ' ac tua i  depth from the  o r i g i na l  
i r r a d i a t e d  surface i s  - 0.3 vm deeper than the depth from the  i n te r f ace  ind icated i n  the two cross sect ion 
micrographs. 

loop densi ty  i n  the  Cu ion  i r r ad ia ted  specimen, have been p lo t t ed  against the depth from the i r r ad ia ted  sur-  
face ( the  - 0.3 vm removed layer  was added), and they are shown i n  Figure 4. To reduce t he  uncer ta in t ies  i n  
the  swe l l ing  ca lcu la t ion ,  the morphology o f  voids was studied by viewing them wi th  the  e lec t ron  beam c lose 
t o  several main zone axes. as shown i n  Figure 5. The voids i n  both samples were determined t o  be bounded by 
100 and 111 faces (cubic truncated by octahedra), w i th  t runca t ion  parameters C141 between 0.5 and 0.6. 

The void dimensions i n  the  (110, d i rec t i on  and the  appropriate volume fac to r  [141 were used i n  the  deter-  
minat ion of void volume. The average diameter reported i n  Figure 4(b) i s  the  diameter of the  sphere which 
has the equivalent volume as the  average void volume. 
ated specimen are mostly perfect loops w i th  the  Burgers vector of afZ <llO>. Figure 6 shows the  t y p i c a l  
d i s l oca t i on  loop images a t  various depths i n  the  Cu i o n  i r r a d i a t e d  sample. A t  both t he  surface and a t  the  
end of damage range. some la rge  loops (- 50 nm i n  diameter) were observed. I n  between, a high densi ty  o f  
smaller loops ( <  10 nm) was found. The analvsis o f  the  i n t e r s t i t i a l l v a c a n c v  nature o f  the d i s l oca t i on  1000s 

The dens i ty  and average diameter o f  the  voids and swe l l ing  i n  both samples, as wel l  as the  d i s l oca t i on  

The d i s l oca t i on  loops observed i n  the  Cu i o n  i r r a d i -  

has only  been performed on some of the largeir loops ( a  50 nm) using the  technique o u t l i n e  by Edington C151: 
Both i n t e r s t i t i a l  and vacancy loops have been iden t i f ied .  

Fig. 3. TEM cross-sect ion micrograph showing void and d i s l oca t i on  loop d i s t r i b u t i o n  i n  14 MeV Cu i o n  
i r r a d i a t e d  N i .  Since about 0.3 u was removed from the  o r i g i n a l  surface, the  actual depth from the  
i r r a d i a t e d  surface should be the  depth fram the i n te r f ace  plus 0.3 urn. 
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Fig. 7. The d i s t r i b u t i o n  o f  Implanted Cu i n  14 BV Cu io!) i r r a d i a t e d  N i  measured by A D I  i n  cross 
s e c t i o n  (normal ized by i o n  implanta t ion  dose - 6 x 10 
TAMIX code for  t h e  same dose, i s  d r a m  i n  dot ted  l i n e  f o r  comparison. 

ionslm ). The c a l c u l a t e d  Cu d i s t r i b u t i o n ,  uslng t h e  
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CONCLUSIONS 

fore ign i n t e r s t i t i a l s  i n  heavy i o n  i r r a d i a t e d  materials, provided t h a t  the concentrat ion of the implanted 
species i s  high enough t o  be detected. 

i o n  i r r a d i a t e d  n icke l  a t  500°C. 

The TEM/AEM cross-section analysis nethod can be an e f f e c t i v e  t o o l  f o r  studying t h e  effect of i n j e c t e d  

A small amounts o f  implanted copper promote d i s loca t ion  loop formation and suppresses void formation i n  
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The Ni-Cu system has displayed a remarkable resistance t o  vo id  formation under i rradiat lon.1-6 A 
recent study o f  two compositions of t h e  N i - C l  system has shown t h a t  d i s loca t ion  loops are t h e  dominant 
defect  r e s u l t i n g  from heavy i o n  i r r a d i a t i o n .  The formation of only t h i s  type of defect i n  an e s s e n t i a l l y  
homogeneous a l l o y  provides an excel lent  oppor tun i ty  t o  study t h e  e f f e c t  o f  loops on r a d i a t i o n  hardening. 
However, u n t i l  recen t l y  t h e  narrow damage reg ion produced by heavy i o n  i r r a d i a t i o n  (- 1 urn deep) has made 
mechanical proper ty  t e s t s  on these samples impract ica l .  A new technique has r e c e n t p  been introduced w l t h  
which d i r e c t  measurements o f  t h e  mechanical proper t ies  o f  such regions can be made. An i n v e s t i g a t i o n  has 
been made using t h i s  technique t o  study t h e  e f f e c t  o f  d i s loca t ion  loops on t h e  hardness and modulus of t w g  
Ni-Cu compositions fo l l ow ing  i o n  i r rad ia t ion .  These r e s u l t s  were compared t o  t h e  model o f  Ghoniem e t  al .  

Experimental Procedure 

and 25 dpa a t  1 um (20, 40 and 100 dpa peak) a t  0.45 T, (485OC and 423'C respect ive ly) .  
were prepared f o r  cross- sect ional analys is  using standard teghniques. 
used t o  ob ta in  data on d is loca t ion  loop sizes and dens i t ies .  

automated mechanical proper t ies  microprobe (MPM).10.11 
i s  appl ied and removed, and i s  cont inuously monitored along w i t h  displacement w i t h  a reso lu t ion  of 2.5 uN 
(250 ug) and 0.4 nm respect ively.  
MPM. 
funct ion o f  depth using H=AL/d , where d i s  a depth on t h e  load ing curve, L i s  t h e  load a t  t h a t  depth and 
A i s  a geometric f a c t o r  r e l a t i n g  depth t o  t h e  pro jected area o f  the indent. A value f o r  p l a s t i c  hardness 
can be ca lcu la ted from a load-displacement curve us ing the unloading p a r t  o f  the curve and i s  given by 
H = ALmax/d$, where 
ePast ic effects.12 

67% CH OH and 33% HN03 a t  15 V and -30 t o  -5OOC p r i o r  t o  indentat ion. 
made a? an angle of - 5.7' r e l a t i v e  t o  the i n t e r f a c e  between t h e  Ni-Cu and t h e  N i  p l a t i n g  (see Fig. 3), t o  a 
depth o f  150 nm, a t  a constant displacement r a t e  o f  l ess  than 5 nmls. 
across spaced a t  i n t e r v a l s  of 0.25 um from the in ter face.  
from t h e  i r r a d i a t e d  zone were ca lcu la ted as a funct ion o f  distance from t h e  in ter face.  

High p u r i t y  Ni-10% Cu and Ni-50% Cu specimens were i r r a d i a t e d  w i th  14 MeV N i  ions &o doses of 5, 10, 
I r r a d i a t e d  samples 

Transmission e lec t ron  microscopy was 

Ul t ra- low load microindentat ion hardness measurements were performed using a recent ly  developed, f u l l y  
A schematic o f  the MPM i s  shown i n  Fig. 1. A load 

Figure 2 represents a t y p i c a l  load-displacement curve obtained from t h e  
Hardness under load (uncyrec ted  f o r  e l a s t i c  e f fec ts )  can be ca lcu la ted from t h e  load ing curves as a 

i s  the maximum load appl ied and dp i s  t h e  maximum depth corrected for  

Cross-section specimens were mechanically pol ished t o  a 0.05 um f i n i s h  and then e lect ropol ished us ing 
A l i n e  o f  indents 5 urn apart  were 

This resu l ted  i n  indents about 1 um 
Ratios o f  hardness t o  the average hardness away 

Figures 4a and 4b are examples o f  t h e  microst ructure o f  t h e  two i r r a d i a t e d  Ni-Cu compositions shown i n  

Table 1 shows the d is loca t ion  loop dens i ty  and average diameter, and 

cross-section. 
v i r t u a l l y  defect f r e e  beyond t h a t  region. 
Ni-10% Cu and Ni-50% Cu respect ively.  
Fig. 6 shows t h e  d i s t r i b u t i o n  o f  loop sizes. 
d i s loca t ion  loops, wh i le  Ni-10% Cu has a lower dens i ty  w i th  a l a rge  range o f  loop sizes. 

Both compositions d isp lay  a high d is loca t ion  loop dens i ty  i n  t h e  i r r a d i a t e d  region and are 
Figures 5a and 5b are enlargements o f  t h e  i r r a d i a t e d  region i n  

It can be seen t h a t  Ni-50% Cu has a very h igh dens i t y  of small 
A very few  voids 
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Fig. 1. Mechanical proper t ies micropobe Fig. 2. Representative load-displacement 
(MPM) schematic. frm the  mechanical proper t ies microprobe. 

were observed i n  Ni-10% Cu. but the  volume f r a c t i o n  o f  voids was so small t h a t  they have been ignored for 
the purposes o f  t h i s  study. 

Although t he  two compositions s t a r t  out w i t h  approximately the  same hardness, these a l l oys  have very 
d i f fe ren t  r ad ia t i on  hardening charac te r i s t i cs  (Figure 7). A l l  the  Ni-50% Cu samples d isp lay  about a 55% 
increase i n  hardness i n  the  i r r a d i a t e d  region. The 5 and 10 dpa Ni-10% Cu samples have about a 25 t o  30% 
increase i n  hardness wh i le  the  25 dpa sample has only about a 20% increase. A l l  t he  hardness data has about 
a 10% standard dev ia t ion  except near the end o f  range where the  sca t te r  i s  usua l l y  larger .  

Discussion 

Void suppression i n  Ni-Cu a l l oys  has beeg a t t r i b u t e d  t o  c l us te r i ng  of l i k e  atoms, and t h i s  suppression 
leads t o  the  nucleat ion o f  d i s l oca t i on  loops. It i s  thought t ha t  c l us te r i ng  i s  on a f i n e r  scale i n  t he  
Ni-50% Cu r e l a t i v e  t o  Ni-10% Cu, thus r e s u l t i n g  i n  a h igher  densi ty  of smaller loops i n  Ni-50% Cu. The 
loop cha rac te r i s t i c s  change very l i t t l e  i n  Ni-50% Cu wi th  increasing dose and, correspondingly, there  i s  
l i t t l e  change i n  hardness..At the  highest dose, more l a rge  loops (d > 75 nm) are observed than f o r  the  lower 
doses i n  the  N i - I O %  Cu and s a  of these l a rge r  loops are seen t o  extend beyond the  end of i o n  range. 
may account f o r  t he  lower hardness i n  the  25 dpa sample r e l a t i v e  t o  the 5 and 10 dpa samples. 

This 

I n  a l l  of the  samples tested, the  hardness i s  

This 
approximately t he  same across t he  i r r a d i a t e d  zone 
despi te the  fact  t ha t  dpa varies w i t h  depth. 
t rend  has been seen i n  two other studies using t h i s  
techniaue.7.13 I n  Dart t h i s  can be accounted fo r  
by t h e ' f a c t  t ha t  the  actual s ize  of the indents 

in the area wnich 
.bus a s i ng le  indent 
, I 4  lt also appears 

(- 1 m across) i s  smaller t h a  
contr ibutes t o  the hardness. 1 
samples a wide range o f  dpa's. 
from Fig. 4a and 4b t h a t  the ( 

and dens i t ies  are the same acr 
zone. This coupled w i t h  the  h i  
t h a t  r ad ia t i on  hardening probi 
lower dpa values than studied 

Theoret ical harde i n g  du? 

Aa = d3Ar - Gb/Z./(Nd) 

can be represented by: 8 

Y o r  - 1.2Gbd(N)' 

where ay i s  the  y i e l d  s t rengt t  
stress, G the shear modulus, t 
N the 1000 densi tv  and d the 1 

l i s l o c a t i o n  loop sizes 
-05s the  i r r a d i a t e d  
irdness data ind ica tes  
i b l y  saturates a t  
here. 

! t o  d i s l oca t i on  l o o m  

small loops 

!I3 l a rge  loops 

I .  7 i s  the  shear 
) the  Burgers vector, 
! O O D  diameter. S m a l l  

loops i n te rac t  t f rough short range forces wh i le  
l a rge  loops i n te rac t  through la rge  range forces. 
The cut  o f f  f o r  small and l a rge  loops i s  r e l a t i v e l y  
a r b i t r  ry but i s  often taken t o  be less  than 
10 nm.' Hardness can be re la ted  t o  y i e l d  s t rength 
by H-Cuyy. where H i s  the  hardness and C i s  a 

Fig. 3. SEM micrographs of indentat ions 
made i n  a cross-sectioned sample. 
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Fig. 5. Enlargements of the i r rad ia ted  regions from Fig. 4 for  Ni-10% Cu (a) and Ni-50% Cu (b). 

constant (usua l ly  taken t o  be 3 for diamond pyramid hardness tests).15-17 Thus, the change i n  y i e l d  
strength can be determined from: 

o r  Y Y  

where Hi and Hu are the i r rad ia ted  and un i r rad ia ted hardnesses respectively. This r a t i o  i s  constant f o r  
varying depth o r  load, thus absolute hardness values are not needed and the actual value f o r  C does not need 
t o  be known. 

A n  / a  - AH/H - Hi/HU - 1 

Table 2 shows the comparison of the change i n  y i e l d  strength calculated from theory and from 

Table 1. I n i t i a l  Hardness and Oislocat ion Loop Character is t ics  for  I r rad ia ted  Ni-Cu 

Uni r rad ia ted Average 
Hardness D i  s locatfon Loop 

Cmposi t  i o n  W a )  ( OC (Peak) (m- ) (nm) 

Ni-10X CU 2.1 485 10 40 1x1021 19 

(300 nm) Temper Dpa Loop Dgnsity Diameter 

5 20 1x1021 29 

25 100 1x1021 25 

5 20 7x1021 6 
Ni-50% CU 2.0 425 10 40 5x1021 7 

25 100 5x1OZ1 10 

ature Dpa 
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Fig. 6. D i s t r i b u t i o n  of d i s l oca t i on  loops i n  i r r a d i a t e d  Ni-10% Cu (a-c) and Ni-50% Cu (d-f) fo r  

d i f f e r e n t  fluences. 

hardness changes. The y i e l d  st rength f o r  the  un i r rad ia ted  samples was taken t o  be - 150 MPa.18 For Ni-102 
Cu the  r e s u l t s  a re  remarkably c lose using e i t h e r  the  small o r  l a rge  loop calculat ion;  however, the  l a rge  
loop ca l cu la t i on  i s  probably a more v a l i d  model fo r  t h i s  composition. Fa i r  agreement i s  achieved i n  Ni-502 
Cu using the  two mde l s ;  however, even b e t t e r  agreement can be achieved i f  a combination of the  tw m d e l s  
i s  used (AT = AT (small)  + AT ( l a rge ) )  and it i s  assumed t h a t  about 85% of the  loops are small (-- 5 nm) 
and the  r e s t  are la rge  (-- 15 n). With such a h igh densi ty  o f  small loops, i t  i s  possib le t ha t  many loops 
under 5 m were missed. Loop dens i t ies  are probably known only t o  w i t h i n  a factor  of 2 o r  3. 

CONCLUSIONS 

The Ni-Cu system's res is tance t o  vold formation resu l t s  i n  the  nucleat ion of a h igh  densi ty  of 
d is loca t fon  loops under i r r ad ia t i on .  
change tw ice  t h a t  o f  Ni-10% Cu. 
compositions. 

The higher densi ty  o f  smaller loops i n  Ni-502 Cu causes a hardness 
Radiat ion hardening appears t o  saturate a t  or  below 5 dpa f o r  these 



67 

0 1.6 - 5 . 
1.4 

1.8 1 I 

25DPA@lpm 
IRRAD 
ZONE -- 

5 DPA @ l)un 
- IRRAD 

ZONE 

z 1.2 
a II 

. a  

0 

2 1.0 - I 1  

0.8 - 
0 2 4 6 8 10 

DEPTH (pn) 

1.8 I 10 DPA @ lpm 

I 

0 2 4 6 8 10 
DEPTH (pm) 

1.8 > 
5 DPA @ lpm 

I- 

v) 
u) w 
0 
K 

' 1.4 

0.8 - 
0 2 4 6 8 10 

DEPTH (pm) 

1.8 
10 DPA @ 1 urn 

0 2 4 6 8 1  
DEPTH (pn) 

1.0 

0.8 7 .  ' ' I ' 

-- 
' ' I ' '  ' I ' ' ' I ' ' ' 

0 2 4 6 8 10 
DEPTH (pm) 

Fig. 7. Rat io  of hardness t o  average un i r rad ia ted  hardness versus depth i n  Ni-10% Cu (a-c) and Ni-50% 
Cu (d- f )  i r r a d i a t e d  a t  0.45 Tm t o  various fluences. 

Table 2. Comparison o f  Y ie ld  Strength Changes i n  I r r ad ia ted  Ni-Cu from 
Hardness (MPM) Measurements and Theoretical Calculat ions i n  GPa. 

Large Loop Large + Small MPM Small Loop 
Composition Measurement Model Model Loop Models 

Ni-10% Cu 38+4 32 38 

Ni-50% Cu -. 83+8 52 51 73 
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The MPM appears capable of making d i r e c t  hardness measurements i n  the narrow i r r a d i a t e d  region. 
Measurement of the change i n  hardness a f t e r  i r r a d i a t i o n  compares favorably w i th  theore t i ca l  ca lcu la t ions  
made using TEM measurements of loop sizes and densit ies.  
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HIGH TEMPERATURE PHASE SEPARATION I N  Fe-Ni AND Fe-Ni-Cr INVAR-TYPE ALLOYS - K. C. Russell (Massachusets 
I n s t i t u t e  o f  Technology) and F. A. Garner (Pac i f i c  Northwest Laboratory) 

OBJECTIVE 

The object  of t h i s  e f f o r t  i s  t o  determine the  fundamental processes involved i n  the  phase s t a b i l i t y  o f  
i r r ad ia ted  a l loys .  

SUMMARY 

We summarize and discuss c r i t i c a l l y  the  evidence concerning a high-temperature m i s c i b i l i t y  gap i n  Fe-Ni 
and Fe-Cr-Ni Invar- type a l l oys .  
three d i f fe ren t  classes o f  mater ia l :  magnetic, low-expansion Invar- type a l loys ;  Fe-Ni meteori tes; and model 
aus ten i t i c  Fe-Ni and Fe-Cr-Ni a l l oys  s tudied f o r  po ten t i a l  nuclear app l i ca t ions .  These a l l oys  show 
anomalies i n  magnetization, thermal expansion coe f f i c ien t ,  l a t t i c e  parameter, s i ng le  c r y s t a l  e l a s t i c  
constants, e l e c t r i c a l  r e s i s t i v i t y ,  thermoelect r ic  po ten t i a l ,  so l u t i on  thermodynamics, and i n te rd i f f us i on  
coe f f i c ien t .  
treatments i s  found t o  be inconsis tent  w i t h  most accepted o r  proposed phase diagrams. A l l  r e s u l t s  support 
the suggestion t h a t  Fe-Ni and Fe-Ni-Cr Invar  a l l oys  are very metastable and e x h i b i t  a narrow coherent 
m i s c i b i l i t y  gap w i t h  a peak a t  about 35% N i  and 1100K. 

reasons. 
incoherent o r  coherent nucleat ion of a new phase and l i m i t s  spinodal decomposition t o  very small amplitude 
f l uc tua t i ons  which are hard t o  observe. 
for x-rays, as w e l l  as f o r  e lect rons and neutrons makes the usual d i f f r a c t i o n  techniques inappl icable,  and 
the f ine  scale of thermally- induced spinodal decomposition i s  no t  observable by o p t i c a l  o r  e lec t ron  
microscopy. Only under the extremely slow aging condi t ions found i n  meteor i tes o r  i n  the  enhanced d i f f us i on  
condi t ions inherent  i n  i r r a d i a t i o n  studies does phase decomposition become s u f f i c i e n t l y  advanced t o  observe 
using conventional microscopic observat ion techniques. A very recent SANS study o f  Fe-34Ni i s o t o p i c a l l y  
enriched i n  N i  has confirmed the tendency f o r  t h i s  a l l o y  t o  decompose dur ing thermal annealing and t o  
develop l a rge  wavelength f l uc tua t i ons  i n  composition dur ing proton i r r a d i a t i o n .  

Independent data regarding phase separat ion are obtained from studies on 

The response of these a l l oys  t o  long-term aging i n  meteori tes and t o  a va r i e t y  of i r r a d i a t i o n  

The existence o f  the h igh temperature m i s c i b i l i t y  gap has not  been genera l l y  recognized f o r  several 
F i r s t l y ,  the narrowness of the  m i s c i b i l i t y  gap a t  h igh temperatures v i r t u a l l y  precludes 

Furthermore, the  essen t i a l l y  equal sca t te r ing  power o f  Fe and N i  

PROGRESS AND STATUS 

In t roduc t ion  

(see Figs. 1 and 2); t h i s  makes them valuable i n  app l i ca t ions  which demand a high degree o f  dimensional 
s t a b i l i t y .  Invar  behavior i s  found i n  a narrow composition range o f  a va r i e t y  of Fe-X a l l oys  (F ig.  l ) ,  
where p r i m a r i l y  X=Ni ,  Mn, P t ,  o r  Pd. The most common Invar  a l l o y  i s  based on Fe-36 w/o N i .  Recently, 
Fe- Ni  and Fe-Ni-Cr a l l o y s  i n  t h i s  N i  composition range were found t o  e x h i b i t  a remarkable res is tance t o  
dimensional changes a r i s i n g  from void swe l l ing  under neutron o r  heavy ion  i r r a d i a t i o n .  I n  addi t ion,  some 
me ta l l i c  meteori tes found on the  earth's surface are o f  the  approximate composition Fe-35 7%. There are 
thus three separate pools of data ava i lab le  f o r  studying phase s t a b i l i t y  o f  t h i s  c l a s s  o f  a l l oy .  

t u re  i s  l i t t e r e d  w i t h  evidence which suggests the  presence o f  a h igh temperature m i s c i b i l i t y  gap i n  these 
a l loys .  Yet 
these r e s u l t s  general ly  have not  penetrated i n t o  the meta l lu rg ica l  phase diagram l i t e r a t u r e ,  which shows 
Fe-35% N i  a l l oys  t o  be s ing le  phase austeni te  from the  (7/a t 7 )  boundary a t  725K t o  the  (7/7tf) boundary a t  
1725K.' 

Invar  a l l oys  e x h i b i t  a near zero thermal expansion c o e f f i c i e n t  over a substant ia l  temperature range 

Although Fe-Ni Invar  a l l oys  t y p i c a l l y  are thought t o  be thermodynamically s table,  the  physics l i t e r a -  

References t o  possib le phase separat ion and phase decomposition extend back a t  l e a s t  t o  1969. 

The me ta l l u rg i s t s '  reluctance t o  accept the scattered evidence f o r  the m i s c i b i l i t y  gap may be the  
absence, u n t i l  very recent ly ,  of microscopic o r  d i f f r a c t i o n  evidence o f  decomposition. 
studies of Garner and c o - w o r k e r ~ ~ - ~  have provided c l ea r  microscopic evidence fo r  a spinodal- type phase 
separat ion i n  a number of neutron o r  heavy i o n  i r r a d i a t e d  Fe-Ni and Fe-Ni-Cr a l l oys  over a temperature range 
o f  a t  l eas t  700-925K. 

Invar- type a l loys ,  inc lud ing  studies of: 

Very recent ly ,  the  

This paper examines the evidence re levant  t o  existence o f  a high temperature m i s c i b i l i t y  gap i n  

Magnetic p roper t ies  

e Thermal expansion coe f f i c i en t  

L a t t i c e  parameter 
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Fig. 1. Schematic illustration of compositional dependence of the thermal expansion coefficient of 
various iron-base binary alloys showing a minimum in the Invar range. 

Single crystal elastic constants 

Electrical resistivity 

Thermoelectric potential 

Solution thermodynamics 

Austenite decomposition kinetics 

Interdiffusion coefficient 

The microstructures and compositional distributions of meteorites 

Neutron, electron, and heavy ion induced microstructures and their associated compositional 
distributions. 

Neutron and electron induced changes in lattice parameter. 

Review of the available literature was complicated somewhat because many of the studies were on 
samples which apparently had undergone a partial, uncontrolled and usually unrecognized phase separation. 
In addition, not all authors state whether their compositions are specified by weight percent or by atomic 
percent. Fortunately, for Fe-Ni alloys wtX and at.% are nearly the same. 

Discussion of the Evidence 

We will now consider the studies of Invar-type alloys which pertain to the high temperature structural 
stability of the solid solution. 

Maqnetic ProDerties 

Invar alloys exhibit a low thermal expansion coefficient below the Curie temperature because of the 
gradual transition from ferromagnetic to paramagnetic behavior. 
(magnetostriction) which approximately cancels out the normal volume increase due to thermal expansion, as 
shown in Fig. 2. 

tures than would be expected for a homogeneous alloy. Figure 3 compares the results of Asano" and Crangle 
and Hallam14 to calculations of Curie temperature based on a uniform alloy. 
gradual transition from ferromagnetic to paramagnetic behavior was partly due to development of microscopic 
compositional inhomogeneities in the FCC alloy. The Curie temperature of FCC Fe-Ni alloys increases with 

This transition gives a volume contraction 

Numerous studies1°-15 have found that the magnetization of Invar alloys persists to higher tempera- 

Asano13 concluded that the 
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Fig. 2. 
ferromagnetic t o  paramagnetic behavior cont racts  t h e  l a t t i c e ,  thereby cancel1 i n g  t h e  expansion caused by 
thermal v ib ra t ion .  

Schematic representat ion o f  t h e  o r i g i n  o f  the Inva r  effect. The gradual t r a n s i t i o n  from 

800 -1 CRANGLE 

AND HALLAM-J 

CALCULATIONS BASED 
ON A UNIFORM SYSTEM 

0 
0 20 40 60 80 

ATOMIC PERCENT NICKEL 

Fig.  3. Curie temperature vs. composition r e l a t i o n s h i p  observed f o r  FCC Fe-Ni a l l oys .  The behavior of 
a hypo the t i ca l l y  uniform system i s  a lso shown w i t h  a dot ted l i n e .  (After Asano”). 

n i cke l  content, so the lower n i cke l  domains would transform a t  lower temperatures than would t h e  h igher  
n i cke l  domains. Asano” found the observed magnetization behavior cons is tent  w i t h  a domain s i ze  o f  about 60 
atoms. 

Such inhomogeneities are incons is tent  w i t h  t h e  publ ished Fe-Ni phase diagrams (See, e.g. Fig.  4), 
which show only  s i n g l e  phase austen i te  t o  e x i s t  from the (7/7tf) boundary a t  1725K t o  the (7/a+7) boundary 
a t  725K. The evidence for  inhomogeneity discussed thus f a r  i nd ica tes  p a r t i a l  decomposition which, due t o  
sluggish d i f fus ion i n  Fe-Ni a l loys,  must have taken place a t  an elevated temperature. 
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Fig.  4 .  Fe-Ni phase diagram as proposed by Kubaschewski.” Other phase diagram c o l l e c t i o n s  present 
s i m i l a r  diagrams for  Fe-Ni. 

Thermal ExDansion Coef f ic ient  

I n  commercial p r a c t i c e  Fe-Ni Inva r  a l l o y s  are annealed a t  about llOOK and quenched t o  ob ta in  the 
minimum he mal expansion coef f ic ient .16 There i s  enough d i f f u s i o n  a t  llOOK (Naka awa, e t  a1.18) measured 

ex is ted some d r i v i n g  force f o r  separation. However, a t  1120K Inva r  a l l o y s  are usua l l y  presumed t o  be i n  a 
s ing le  phase reg ion f a r  f rom any phase boundary, and thus there should be no thermodynamic d r i v i n g  force t o  
g ive such decomposition. 
w i t h i n  a m i s c i b i l i t y  gap, decomposition might occur, e i t h e r  by spinodal decomposition o r  by f i n e  sca le  
coherent nuc leat ion and growth. Unfortunately,  Fe and N i  have almost t h e  same sca t te r ing  power for  
electrons. A s i m i l a r  s i t u a t i o n  holds f o r  x- rays and, i n  the absence o f  i s o t o p i c  enrichment, f o r  neutrons as 
wel l ,  so t h a t  the usual d i f f r a c t i o n  techniques cannot normal ly be used t o  study phase decomposition i n  Fe-Ni 
a l l oys .  
metallography. 

Fe-34 a t .% N i  a l l o y .  The thermal d i l a t a t i o n  o f  t h e  homogeneous sp la t ted  a l l o y  was s l i g h t l y  negat ive between 
293K and 433K, compared t o  t h e  s l i g h t l y  p o s i t i v e  value of Inva r  a l l o y s  prepared i n  the usual manner. 
Annealing o f  the s p l a t  quenched a l l o y  a t  825K o r  h igher  caused i t s  magnetization t o  p e r s i s t  t o  h igher  
temperatures than were observed i n  the as-sp la t ted mater ia l ,  cons is tent  w i t h  decomposition i n t o  h igh and low 
n icke l  regions. Mor i ta  e t  a l .  noted t h a t  s t ress r e l i e f  was complete a t  725K, so add i t i ona l  magnetization 
changes a r i s i n g  from anneals a t  82% and above were a t t r i b u t e d  t o  some other  cause, presumably f i n e  scale 
phase separation. 

D = 10- 1b m i. /s a t  1120K) t o  ob ta in  the f i n e  sca le  decomposition suggested by Asan073 i f  indeed there 

Should, however, the a l l o y  composition a t  t h i s  heat treatment temperature l i e  

The postu la ted decomposed regions are of course far  too  small t o  be observed by o p t i c a l  

Sp la t  quenching was used by Mori ta,  e t  a l . l o  t o  avoid t h e  suspected decomposition dur ing coo l ing  of a 

L a t t i c e  Parameter 

The room temperature l a t t i c e  parameter o f  Fe-Ni a l l o y s  shows a pronounced maximum between about 35 and 
40 a t  % N i  [ F i g .  5). 
dens i ty  paramagnetic and lower dens i ty  ferromagnetic regions o f  s l i g h t l y  d i f f e r e n t  compositions, and they 

Kachi and Asano” a t t r i b u t e d  t h i s  behavior t o  t h e  sample being composed of h igher  
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Fig. 5. Measured room temperature lattice parameters for Fe-Ni alloys. The lattice parameter for 
alloys between 25 and 50% Ni are taken to be the mass weighted averages of the paramagnetic and 
ferromagnetic values. (After Kachi and Asano”). 

presented line broadening measurements to support their assertion (Fig. 6). The Fe-20% Ni alloy exhibits 
the distinctive splitting of the (222) and (311) reflections expected from diffraction of Ka and K q  x-rays 
from a uniform crystal. The Fe-30% Ni alloy, however, shows broad diffraction peaks, indicative of 
decomposition into regions of differing lattice parameter. 
weighted average o f  lower Ni, higher density, paramagnetic regions and higher Ni, lower density, 
ferromagnetic regions, as indicated in Fig. 5. 

The measured lattice parameter is then some 

20% Ni 

33% Ni 

1,”’ 20% Ni 

30% Ni 

DIFFRACTION ANGLE e 
Fig. 6. X-ray broadening of diffraction peaks in Fe-Ni alloys. The 20% Ni alloy shows the expected 

(After Kachi and Asano”). 
splitting into two peaks due to reflections of the Kal and Ka2 X-rays from a uniform alloy. 
alloy shows line broadening, a behavior characteristic of a non-uniform alloy. 

The 30% Ni 
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Sinale Crvstal Elastic Constants 

Hausch and Uarlim~nt'~ measured the single crystal elastic constants of well-annealed, slowly cooled 
FCC Fe-Ni Invar alloys by an ultrasonic technique. Measurements were made on alloys containing from 30 to 
50 w/o Ni at temperatures from 77-7OOK. Specifically, measurements were made of 

CL = (C11 + c12 + c44 )/2 

C' = (C11 - c12 )/2 

c = c44 

where C11. 
Figs. 7 andC$! The martensite start (MS) and Curie (Tc) temperatures in these figures are indicated with 
arrows. 

, and C44 are the cubic elastic constants in the Voigt notation. Their results are shorn in 

a 10" Pa 
3.2 

2.0 

Temperature, K 

Fig. 7 .  Temperature dependence of single crystal elastic constants. of Fe-Ni alloys. 
decrease linearly with temperature above T , as expected. 
well above Tc (After Hausch and UarlimontlS). 

C and C' 
CL shows an anomalous increase with temperature 

Anomalous behavior of elastic constants is to be expected below the Curie temperature, T , where 
magnetic effects are important. However, CL shows anomalous behavior for temperatures up to 26OK &@.!..e 1,. 
Specifically, CL exhibits: 

1 )  

2 )  

an anomalous increase with increasing temperature as high as 200K above Tc 

a lower value when the alloy was magnetically saturated than when in the zero field condition. 
Both anomalies are strongest at -33 w/o Ni and disappear at -50 w/o Ni. 
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Fig.  8. E l a s t i c  constant C of Fe-Ni a l l o y s  i n  demagnetized and magnet ical ly saturated states. Above 
Tc, CL i s  less i n  t h e  magnet ical ty saturated s t a t e  for  N i  contents below 50%. ( A f t e r  Ref. 19). 

Hausch and Warlimont concluded t h a t  the observed behavior was incons is tent  wi th  s t r u c t u r a l l y  
homogeneous a l l oys ,  and proposed t h a t  the a l l o y  contained very small coherent p r e c i p i t a t e s  o f  ordered Fe N i  
( o r  poss ib ly  FeNi o r  FeNi?). They proposed t h a t  coo l ing a l l o y s  i n  the Inva r  compositional regime t o  jus?  
below 1070K would r e s u l t  i n  decomposition i n t o  a N i - r i c h  FCC mat r i x  w i t h  small, ordered p r e c i p i t a t e s  which 
they assumed t o  be Fe3Ni. Hausch and Warlimont presented an e lec t ron  d i f f r a c t i o n  p a t t e r n  o f  we l l  annealed, 
s lowly  cooled Fe-31.5 w t %  N i  showing t o l l >  streaks around the main spots, which they a t t r i b u t e d  t o  e l a s t i c  
d i s t o r t i o n s  around s m a l l ,  coherent Fe3Ni p a r t i c l e s .  
r e f l e c t i o n s  developed from these streaks a f t e r  heat ing o f  t h e  t h i n  f o i l s  f o r  15 minutes a t  873K. They a lso  
observed images i n  dark f i e l d  of small p r e c i p i t a t e s  when us ing the super la t t i ce  re f lec t ion .  
noted t h a t  wh i le  t h i s  i s  a r e l a t i v e l y  low temperature, beam heat ing and surface p rox im i t y  may be i n f l u e n t i a l  
i n  prov id ing add i t i ona l  di f fusion. 
t h a t  quenching Fe-Ni Invar  sup es ed the anomalous dependence of CL on magnetic f i e l d .  
enough i n  Fe-Ni a l l o y s  = 
d i f f u s i o n - c o n t r o l l e d  decomposition. 
f o i l s  o f  Fe-25 a t  X N i  annealed i n  vacuo. 
from formation of an e p i t a x i a l  p r e c i p i t a t e  of n i cke l  f e r r i t e  sp ine l  (NiFe204). which forms i n  the microscope 
a t  very low oxygen p a r t i a l  pressures. 

I n  a l a t e r  paperZn they showed t h a t  s u p e r l a t t i c e  

The authors 

Hausch and Warlimont19 quoted t h e  work o f  Khomenko, e t  al.zl who found 
D i f fus ion  iss low 

m3/s a t  1120K) t h a t  a r a p i d  quench would suppress almost a l l  volume 
Jago and Ross i terz2 a lso observed e x t r a  d i f f r a c t i o n  spots i n  t h e i r  

They concluded, however, t h a t  t h e  s u p e r l a t t i c e  r e f l e c t i o n s  arose 

E l e c t r i c a l  R e s i s t i v i t y  

Fe-Ni a l l o y s  i n  the Invar  range show an anomalously h igh res idua l  r e s i s t i v i t y  a t  4.2K,23 (see Fig. 9) 
which i s  thought t o  be caused by some k i n d  of f i ne  sca le  heterogeneities.” 
from Mossbauer spectra measurements t h a t  a t  4.2K t h i s  a l l o y  i s  composed about equal ly  o f  ferromagnetic and 
ant i - fer romagnet ic  domains. The high res idual  r e s i s t i v i t y  was a t t r i b u t e d  t o  e lec t ron  sca t te r ing  a t  the 
in ter face between these domains. The existence of t h e  domains was a t t r i b u t e d  t o  concentrat ion f l u c t u a t i o n s  
o f  the type and sca le  discussed e a r l i e r .  

temperatures from 78K t o  1120K. 
between 40 and 50 a/o N i  which suggested t o  them the onset of a m i s c i b i l i t y  gap. 

Kachi and Asanol’ determined 

Shirakawazl made an exhaustive study of e l e c t r i c a l  r e s i s t i v i t y  i n  Fe-Ni a l l o y s  from 0-100% N i  a t  
Tanj i ,  e t  a1.z5 noted t h a t  these r e s i s t i v i t y  data showed an anomaly 
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Fig.  9. Residual e l e c t r i c a l  r e s i s t i v i t y  i n  Fe-Ni a l l oys .  A110 s i n  t h e  30-5oX N i  range have an 
anomalously h igh res idual  r e s i s t i v i t y .  (A f te r  Kondorsky and Sedov,' r ). 
Thermoelectric Po ten t ia l  

a1.25 caused them t o  suggest t h a t  t h e  a l l o y s  had separated i n t o  two FCC phases. 
of t h e i r  study. 
reg ion where other  p roper t i es  e x h i b i t  anomalies. 
t i o n  f l uc tua t ions  invo lv ing  l a r g e  numbers o f  very small n i c k e l - r i c h  and i r o n - r i c h  c lus te rs .  
Fig.  10 the anomaly p e r s i s t s  t o  a t  l e a s t  1073K and i s  c l e a r l y  absent a t  1273K. 

Measurements o f  t h e  high-temperature thermoelect r ic  p o t e n t i a l  of paramagnetic Fe-Ni a l l o y s  by Tanj i ,  e t  
Figure 10 shows t h e  r e s u l t s  

The thermoelect r ic  power shows a pronounced low temperature hump i n  t h e  same composition 
Tanj i ,  e t  a1.25s2b a t t r i b u t e d  t h i s  anomaly t o  concentra- 

As shown i n  

ATOMIC PERCENT NICKEL 

Fig.  10. Thermoelectric power of Fe-Ni a l loys.  The bump i n  t h e  Inva r  composition reg ion ind ica tes  
p a r t l y  decomposed a l l o y s  a t  temperatures of llOOK and below. ( A f t e r  Tanj i ,  e t  a1.26). 
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Solu t ion  Thermodvnamics 

Mixing enthalp ies f o r  s o l i d  Fe-Ni a l l oys  are negative, which ind ica tes  a tendency toward order ing 
ra ther  than phase ~ e p a r a t i o n . ~ ~  
separat ion i n  these a l l oys .  Figure 11 shows the comparison Kubaschewski, e t  a l .27 made o f  enthalpy o f  
mixing measurements by themselves and other invest igators.  
about 25 a/o N i ;  Kubaschewski, e t  a l .  s tated t ha t  the  i r r e g u l a r i t y  'I. .. seems t o  be genuine." Such an 
i r r e g u l a r i t y  would tend t o  g ive  a corresponding hump i n  the f r e e  energy o f  mixing, leading, a t  s u f f i c i e n t l y  
low temperatures, t o  a m i s c i b i l i t y  gap and phase separation. 

Yet, thermodynamic measurements prov ide st rong evidence f o r  phase 

The data show a pronounced enthalpy hump a t  
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Fig. 11. Mixing enthalp ies o f  s o l i d  and l i q u i d  Fe-Ni a l l oys  as determined i n  a number o f  studies. 
The mixing enthalpy o f  the  s o l i d  a l l oys  shows a pronounced hump a t  about 25% N i .  (A f t e r  Kubaschewski, e t  
a1.27). 

Tan j i ,  e t  a l . 2b  made isothermal EMF measurements o f  Fe-Ni a l loys .  The EMF of t h e i r  c e l l  was 
propor t ional  t o  the p a r t i a l  molar f r ee  energy o f  Fe i n  t h e i r  a l l oys .  
the free energy of mixing vs. composition curves and the  schematic phase diagram seen i n  (Fig. 12) 

about 30 a/o N i .  Tanj i ,  e t  a l . l b  included the closed c i r c l e s  along the high-Ni s ide o f  the gap t o  
ind icatethe thermoelect r ic  power anomaly observed by t h e i r  group25 and the open c i r c l e s  t o  ind ica te  the 
e l e c t r i c a l  r e s i s t i v i t y  anomaly seen i n  the data o f  S h i r a k a ~ a . * ~  

From t h i s  quant i t y  they constructed 

The AG vs. C curves c lear1 i nd i ca te  a chemical m i s c i b i l i t y  gap w i t h  a maximum a t  about 1300K and 

DecomDosition K ine t i c s  

A l loys  ins ide  a chemical m i s c i b i l i t y  gap of the type shown i n  Fig. 12 are metastable w i t h  respect t o  
Nucleat ion of a phase e i t  e r  decomposition i n t o  two incoherent o r  semicoherent s t r a i n - f r ee  FCC phases. 

in ter face.  
cause nucleat ion. 
shown schematical ly i n  Fig. 13 as the  distance from the  extended tangent t o  G a t  the mat r i x  composition t o  G 
a t  the composition o f  the nucleus. 

Numerous measure- 
ments of the  i n te rd i f f us i on  c o e f f i c i e n t  [I have been made i n  Fe-Ni a l l oys  but  most were conducted a t  tem- 
peratures f a r  above the  range o f  i n t e res t  o f  t h i s  study o r  under condi t ions where shor t  c i r c u i t  d i f fus ion  
i n  g ra i n  boundaries ma have a f fec ted  the  r e s u l t s  a t  lower temperatures. I n  t h i s  paper we w i l l  use the  data 
of Dean and Goldstein,YB who devised a technique a l low ing  low temperature (883-978 K) measurements i n  Fe-XNi 
a l l oys  (X=15,i0,$5,30) wi thout  shor t  c i r c u i t  d i f f us i on .  
t o  be 1 x 10- m /sec we obta in an ac t i va t i on  energy fo r  d i f f u s i o n  o f  298 kJ/mol. 
t e r s  are used throughout t h i s  paper t o  est imate C! a t  low temperatures. 

incoherent o r  semicoherent w i t h  the matr ix ,  however, requi res formation o f  a h igh energy(ca. 0.5 J/m 9 ) 
A h igh thermodynamic d r i v i n g  force i s  needed t o  overcome such a h igh surface energy b a r r i e r  and 

The thermodynamic d r i v i n g  force AG hem fo r  nucleat ion from a mat r i x  o f  composition C '  i s  

The k i n e t i c s  of decomposition are determined p r i m a r i l y  by the  r a t e  o f  d i f f u s i o n .  

I f  we use t h e i r  measured values o f  0 and assume Do 
These d i f f u s i o n  parame- 
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Fig. 12. Free energy of mixing and miscibility gap proposed by Tanji and coworkers25 for solid Fe-Ni 
alloys. 
circles from the anomaly observed in thermoelectric power. 

The open circles are derived from the anomaly observed in electrical resistivity and the closed 
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Fig. 13. Schematic plot of free energy vs.  composition in a miscibility gap system. The construction 
to obtain aGchem for nuclear from an alloy o f  composition C' is shown. 

Diffusion is very sluggish in FCC Fe-Ni alloys so that below about 800K where D 

This is a very small driving force and would proiuce incoherent or semicoherent 

3 x m2/s 
At higher temperatures, where diffusion is more rapid, Fig. 11 shows nucleation would be extremely slow. 

that AG has only a very slight hump near the Invar composition so that AG hem Is the order of (minus) a few 
hundred J/mol, at most. 
nucleation only in the presence of a very potent catalyst - -  which we have no reason to believe exists. 

The alloy may also decompose by coherent spinodal decompositionz9 or by coherent nucleation and 
I n  either case, part of the thermodynamic driving force for decomposition acts to overcome the 
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s t r a i n  energy a r i s i n g  from l a t t i c e  coherency s t ra ins .  
po in ts  f o r  which: 

The coherent spinodal i s  def ined by the locus of 

2 a2G 
d c 2  1 - u  

where: 

1 da 11 = -- 
a dC 

a = l a t t i c e  parameter, 

E = Young's modulus, 

u - Poisson's r a t i o ,  and 

C - composition, i n  atomic f r a c t i o n  

The f i r s t  term i n  Eq. (1)  i s  t h e  chemical d r i v i n g  force f o r  spinodal decomposition and the second i s  the 
s t r a i n  energy ac t ing  t o  r e t a r d  decomposition. 

m i s c i b i l i t y  gap where J G / d c z  i s  a maximum 
CahnZ9 estimated t a t  a m i s f i t  o f  1) - 0.025 would depress a spinodal by about 40K a t  the center o f  the 

G r  a t e r  depressions would occur on e i t h e r  s ide o f  the center o f  
the m i s c i b i l i t y  gap due t o  the f a c t  t h a t  $G/& $ i s  smal ler.  

The ac t ion  o f  s t r a i n  energy depresses the coherent m i s c i b i l i t y  gap below the incoherent m i s c i b i l i t y  

Coherent nuc leat ion i s  fu r the r  hindered by the low thermodynamic 

gap by a s i m i l a r  amount. 
s i g n i f i c a n t  s t r a i n  energy t o  develop, so  t h a t  both spinodal decomposition and coherent nuc leat ion w i l l  be 
d i f f i c u l t ,  as noted by Tanj i ,  e t  a1.31 
d r i v i n g  forces which a l so  make incoherent nuc leat ion d i f f i c u l t . 2 9  

system bu t  made an e r r o r  i n  u n i t s .  Tanj i ,  e t  a1.3' 

The l a t t i c e  parameter i n  Fe-Ni a l l o y s  does vary w i t h  composition, causing 

Guimaraes, e t  al.32 ca lcu la ted t h e  s t r a i n  energy associated w i t h  spinodal decomposition i n  t h e  Fe-Ni 
a t e r  corrected the s t r a i n  energy ca lcu la t ions  and tw ice  

d i f f e r e n t i a t e d  the f r e e  energy o f  mixing t o  ob ta in  a A G / d C z .  

The ca lcu la t ions  showed t h a t  d 2 G / d c 2  i s  very small near e i t h e r  s ide o f  t h e  m i s c i b i l i t y  gap so t h a t  the 
influence o f  s t r a i n  energy i s  t o  g i v e  a very narrow composition range over which spinodal decomposition may 
occur. 
incoherent gap and narrowed s i g n i f i c a n t l y .  These changes are shown schematical ly i n  Fig. 14, which i s  based 
roughly on the ca lcu la t ions  o f  Tanj i ,  e t  a1.31 and an estimated peak o f  the coherent m i s c i b i l i t y  gap a t  
1100K. 

I n  a d d i t i o n  t h e  t o p  o f  t h e  coherent m i s c i b i l i t y  gap i s  depressed we l l  below the t o p  o f  the 
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Fig. 14. Coherent m i s c i b i l i t y  gap and coherent spinodal proposed by the authors for  Fe-Ni a l l oys .  
The s t r a i n  energy depresses and compresses both t h e  m i s c i b i l i t y  gap and the sponodal r e l a t i v e  t o  t h e  
incoherent m i s c i b i l i t y  gap proposed by Tan j i  and coworkers. 
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There are significant uncertainties in the values calculated as input for both terms in Eq. (1 ) .  He 
believe that most measurements of lattice parameter and elastic modulus were made on partly d comp sed 
alloys. Uniform alloys must be used for proper values. Even more important, the values of $ 9  G/dc come 
from twice differentiating the free energy of mixing, which itself contains substantial uncertainty which is 
then magnified by differentiation. Nonetheless it is clear that: 

Both the coherent miscibility gap and the coherent spinodal region span narrow composition 
ranges. 

The coherent miscibility gap and spinodal are depressed well below the chemical miscibility gap. 

Therefore, at high temperatures the early stages of spinodal decomposition will give only small 
concentration fluctuations, and the decomposition will occur only at temperatures well below 1300K. 
Furthermore, the narrowness of the coherent miscibility gap leads to small driving forces which in turn 
make coherent nucleation very difficult. 
difficult at temperatures near the top of the miscibility gap where diffusion is reasonably fast. 
However, we will see shortly that either irradiation-enhanced diffusion or the extremely long aging times 
experienced in slowly cooling meteorites may give sufficient amounts of diffusion at lower temperatures 
where the thermodynamics of decomposition are favorable. 

Interdiffusion Coefficient 

The interdiffusion coefficient, [I, is ne ative beneath a coherent spinodal, giving rise to uphill 
diffusion and thereby spinodal d e c o m p o ~ i t i o n . ~ ~  Interdiffusion measurements should therefore show anomalies 
when performed either beneath or just outside a coherent spinodal. 

temperatures from 1123K to 1373K. Figure 15 shows some of their results; the arrows at the top  of figure 
show the composition ranges of the diffusion couples employed. Figure 15 shows that at 1123K, certain of 
the experiments involving small compositional increments gave a deep minimum in L! in the lnvar region. The 
1123K temperature is near the top of the proposed coherent miscibility gap (see Fig. 14),  where [I should be 
small or negative. The authors stated that small increment couples gave more reliable values for [I. 
fact Fig. 15 shows that at 1253K and 1373K [I values obtained from large increment couples do not approach 0' 
as Wi-0, as they should. 
involving small increments of composition. It is these results which clearly indicate the existence of a 
miscibility gap. 

Thus, decomposition of metastable Invar-type alloys is very 

Nakagawa, et a1 measured interdiffusion coefficients for Fe-Ni alloys containing from 0-100% Ni at 

In 

It is therefore reasonable to rely more on the results from diffusion couples 

Meteorite Microstructures 

Meteorites are known to have reached very high average temperatures, becoming molten during their 
aggregation phase and then to cool at very slow rates, the order of 1K per million years.3S The Santa 
Catharina Meteorite* fits this description and contains 35 wt% Ni and at most 2.5% of minor elements (CO, 0, 
S, P) in unweathered regions and as such is close to the Invar corn osition. Some portions of this meteorite 
have suffered extensive weathering and oxidation but Danon et al.3P and Scorzelli and DanonS5 found 
unweathered portions of the meteorite to be decomposed into regions of 26-31% Ni and of 51.3-48.6 Ni on 
about a 10 pn scale as seen in Fig. 16. They also noted that the oxygen levels were much higher at cracks 
and veins where weathering had occurred in their specimens. The microstructure contained 35-42 volX of the 
Ni-rich phase which is ordered with L10 structure and 63-56 vol% of the Fe-rich 7-phase. The remainder of 
the microstructure was made up of nonmetallic phases. Jag0 et a1.36 also noted that this meteorite was 
composed of iron-rich y' and ordered FeNi. However, ClarkeS7 was unable to observe the ordered FeNi phase 
in the portions of the meteorite that he studied. 

The lattice parameter of the metallic portion of the meteorite was found to vary normally with 
temperature (Fig. 17) as is to be expected of a mixture of paramagnetic 25% Ni material and ferromagnetic 
50% Ni material (see Fig. 5) .  Annealing a portion of the meteorite in the laboratory at 1073K for 24 hr 
restored the Invar qualities35 (see Fig. 17). The anneal has clearly substantially homogenized the alloy. 
However, an 1103K anneal is used to produce fine compositional fluctuations in commercial Invar alloys. 
Therefore, at 35% Ni the coherent spinodal must be very near 1173K: 
anneal could not cause homogenization in a decomposed alloy and also give fine oscillations in a uniform 
alloy. 
point fluctuations which would give decomposition on the fine scale inferred from magnetic measurements. 

parent body.35 
1 Kbar, or l o 8  Pa. 

Otherwise what is effectively the same 

We note that ageing a uniform alloy just above the top of the miscibility gap would produce critical 

The meteorite is thought to have cooled as part of the core of an approximately 1000 km diameter 
Goldstein and O g i l ~ i e ~ ~  calculated the pressure at the center of the body to be the order of 

B u c h ~ a l d ~ ~  estimates a similar pressure. A 1% volume change** on transformation of 

** Buchwald (33) gives the history of the meteorite and summarizes the results of studies thereon. 
As we shall show later, the phase separation appears to involve a net decrease in lattice parameter of 
-0.35% and a measured density increase of -1%. 
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I n t e r d i f f u s i o n  coef f ic ients measured i n  the  Fe-Ni system. A t  1123K d i f f u s i o n  couples Fig. 15. 
spanning small composition increments y i e l d s  values of 0 which go through a pronounced minimum a t  30% N i ,  
i nd i ca t i ng  the  p rox imi ty  of a coherent spinodal. (A f t e r  Nakagawa, e t  a l .  l e ) .  

Fe-35% N i  i n t o  25% and 50% N i  regions would g i v e  a PAV con t r i bu t i on  t o  t he  f r e e  energy o f  on ly  about 
10 J/mol. 
lower volume phase was very near ly  s tab le  a t  atmospheric pressure. The ac t i va t i on  volume f o r  d i f f u s i o n  i s  
an order o f  maunitude o r  more la raer .  Even so. the  100-1000 J/mol f r ee  enerav chanae would have l i t t l e  

Phase e q u i l i b r i a  would be s h i f t e d  from those normally observed on ly  i n  r a r e  cases where the  

effect on the  d i f fus ion  coef f ic ient .  
descr ib ing the  behavior o f  the  parent body. 

It i s  thus appropriate t o  use propertie; measired a t  1 atm pressure i n  

The scale o f  t he  microstructure, t he  estimated coo l ing  rate,  and the  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  may be 
used t o  help determine how the  mic ros t ruc tu re  developed. The mic ros t ruc tu re  has a scale o f  about 
10 un: the  coo l ina  r a t e  i s  estimated t o  have been a few dearees Der m i l l i o n  years. The mic ros t ruc tu re  
might have formed-di rect ly  a t  the  observed 10 p scale o r  might have resu l teh  from coarsening o f  a f i n e r  
scale s.tructure. We consider the  former p o s s i b i l i t y  f i r s t .  

The minimum temperature which would p i ve  g iven d i f f u s  on over a 10 jm $Sal$ may be ca lcu la ted  from 
10 p - m, t o  y i e l d  780K. based on t=10 s (about 3 x 10 6 yr) and 0 - 10- 

u n l i k e l y  i n  t h i s  system (even i n  10 8 yr) due t o  the  low chemical d r i v i n g  force. Homogeneous nucleat ion may 

m /s.  Wavelengths observed i n  
t y p i c a l  t e r r e s t r i a l  examples o f  spinodal decomposition are usua l l y  t he  order o f  nm. 
able t h a t  spinodal decomposition occurred w i t h  an i n i t i a l  wavelength o f  10 p. 

It i s  hard ly  conceiv- 

It i s  a l so  u n l i k e l y  t h a t  nucle t i o n  occurred on a 10 jm scale. Homogeneous nucleat ion i s  most 

o f  course occur r e a d i l y  j u s t  above the  coherent spinodal, bu t  under those condi t ions i t  i s  hard ly  d i s t i n -  
guishable from spinodal decomposition. Although d i s l oca t i on  l i n e s  and g ra i n  boundaries are po ten t i a l  s i t e s  
f o r  heterogeneous nucleat ion, the  i nc red ib l y  slow coo l ing  r a t e  o f  the  a l l o y  produced gra ins  o f  about 3 cm 
diameterss and, o f  necessity,  very low d i s l oca t i on  densi t ies.  
g ra i n  diameter and the  d i s l oca t i on  spacing were orders o f  magnitude g rea te r  than the  10 p scale o f  the  
microstructure. 
and growth on the  10 p scale. 

Thus, dur ing  a l l o y  decomposition both the  

It there fo re  appears t h a t  the a l l o y  could not  have decomposed by heterogeneous nuc lea t ion  
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Fig. 16. Back-scatter electron image from electron microprobe analysis of a polished surface of the 
Santa Catharina meteorite. 
the FeNi ordered phase whereas the light areas correspond to the Fe-rich paramagnetic phase. 
Scorzelli and Danon et a1.35). 

From point analysis determination it i s  found that the dark areas correspond to 
(After 

METEORm AFTER 
3.60 - ANNEALING AT 1073 K 

FOR 24 HRS 

3.57 u 
300 400 600 600 700 

TEMPERATURE, K 

Fig. 17. Temperature-dependent lattice parameter o f  the Santa Catharina meteorite before and after 
annealing at 1073K for 24 hours. The appearance of Invar propoerties shows that annealing has 
substantially homogenized the alloy. (After Scorzelli and Dan~n)~). 
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Furthermore, no accepted Fe-Ni phase diagram predicts that FCC Fe-35% Ni would decompose into -25% 
The phase diagram of Kubaschewski, et al. ( F i y .  4) .  for and -50% Ni regions at a temperature near 780K. 

example, predicts that at 780K Fe-35% Ni is in the stable austenite region. Chamberod, et al. propose the 
existence of Fe3Ni and FeNi ordered phases, but the latter appears to be stable only below about 600K. 

Chuang, et al.&O predict that the composition dependence of the magnetic free energy would induce a FCC 
miscibility gap and an associated spinodal at much lower temperatures, as shown in Fig. 18. 
decomposition of a 35 wt% alloy within this gap would occur only below about 600K and owing to low diffu- 
sion rates could not possibly produce the 10 ~rm scale microstructure observed in the meteorite. 

Spinodal 
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Fig. 18. Calculated Fe-Ni phase diagram showing a low temperature miscibility gap and spinodal 
induced by magnetic contributions to the free energy. (After Chuang, et a1.40). 

Suppose, instead, that the alloy initially underwent spinodal decomposition on a fine scale, then 
coarsened to the observed 10 ~rm scale. 
controlled coarsening predicts that the mean particle size, r, varies as: 

The Wagner-Lifshitz-Slyzov" theory of volume diffusion- 

8yVk DCt 
9RT 

i.3 - ,3 
0 

where: D = diffusion coefficient 

C - concentration 
y = interfacial energy 

V, - molar volume of material in the particle 
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RT = gas constant times absolute temperature 

t = time 

Fo = initial mean particle size 

laking reasonable values for 7, V 
a diffusion coefficient correspon%ng to a coarsening temperature of about 1000K. 
high nickel and low nickel regions would adjust to the compositions defined by the miscibility gap until the 
temperature fell below -780K. 

C and T and choosing r = 10 p, t=1014s ,  and assuming Po y f, we obtain 
The compositions of the 

Below 780K diffusion on a 10 p scale is no longer possible. 

Thus, fine scale, high temperature spinodal decomposition followed by coarsening at about lOOOK is 
entirely consistent with the observed meteorite microstructure and composition as well as the proposed high 
temperature miscibility gap. Coarsening at temperatures much below l O O O K  could not have given the 10 ~rm 
scale microstructure observed in the meteorite. Once this microstructure was established the meteorite 
would continue to cool and eventually fall below 575K (See Fig. 19a) where the Fe-SO%Ni re ions would begin 
to order. Such order was observed by Scorzelli and D a n ~ n ~ ~  Danon et al .34 and Jago et a1 .96 The latter 
group noted that annealing of the Santa Catharina meteorite at temperatures of 473 to 673K was sufficient to 
cause some shift in the proportions of phases, indicating that at these low temperatures some additional 
small scale phase separation can occur. 

Cooling a low-Ni meteorite below the ( y / a  t 7) solvus produces low-Ni kamacite (ferrite) plates which 
grow by rejecting Ni into the taenite (austenite) matrix. 
taenite:kamacite boundary follows the 7 / a  t 7 solvus, which increases in Ni content with decreasing 
temperature (Fig. 4). The result is a coarse Widmanstatten structure in which the nickel profile of the 
taenite plates has a characteristic "M" shape, ranging from -50% at the edges to -25% in the center of the 
plate. The high nickel region at the boundaries of the taenite plates is known as clear taenite; adjacent 
to these regions are slightly lower nickel regions designated as cloudy taenite. 
meteorites thus produces high-Ni regions which may also be studied for evidence of alloy decomposition. 

Reuter et a1.42 used analytical electron microscope techniques in a study of several meteorites. 
cloudy taenite region was found to be composed of a globular ordered FeNi phase containing 50.9 t 1.4 wtX Ni 
and a honeycombed martenite phase containing 11 .7  k 0.5 wt% Ni. 
650 nm in the high nickel regions to 15 nm in the low nickel regions of the cloudy taenite plates. 

Reuter et a1.42 concluded that the cloudy taenite region formed by spinodal decomposition of 
28-46 wt% Ni FCC material at about 623K. The compositional amplitude increased as the temperature 
decreased but no further long range diffusion occurred below 623K. 
ordered to FeNi and the low nickel region transformed to martensite. 

The nickel concentration in taenite at the 

Cooling of low-Ni 

The 

The ordered FeNi domain sizes ranged from 

Ultimately the high nickel region 

In a later paper, Reuter et a1.43 concluded that at 473K the limits of the miscibility gap were at 
about 11 .7  and 50.9 wt% Ni, the measured compositions of the ordered FeNi and martenite in the cloudy 
taenite. 
miscibility gap. 
magnetically induced miscibility gap and spinodal predicted by Chuang et al.cQ 
consistent, however, with the higher temperature miscibility gap and spinodal advanced in this paper. 

meteorite.33 
ultra-fine scale duplex microstructure. 
10 nm and amvlitude fluctuations from 50 at % Ni to aovroximatelv 10 at % Ni. Both the comoositions and the 

They thus concluded that at low temperatures the spinodal region is much narrower than the 
Reuter et al.42*b3 interpreted their results in terms of the low temperature, 

Their results are equally 

Miller and Russell" made an atom probe study of the 27% Ni region in a taenite plate in the Cape York 

Composition modulations were found with a periodicity of less than 
The atom probe investigation revealed that the 27% Ni region had phase separated to form an 

scale of the' fluctuations are totally consistent with'the observkions of Reuter et a1 . b 2  ok the decomposed 
structure in low nickel cloudy taenite. 

It is also likely that the high and low Ni regions in the Santa Catharina meteorite show fine scale 
spinodal decomposition. 
high and low Ni regions to adjust to the changing limits set by the miscibility gap, so with decreasing 
temperature both the high and low Ni regions would tend to recross the spinodal and undergo fine scale 
decomposition. 

a t m o ~ p h e r e . ~ ~  Meteorite surfaces ablate so rapidly that only a thin layer is heated. 
meteorite is at all times well below room temperature and thus the observed microstructures cannot be 
ascribed to abnormal heating or quenching experienced during descent to earth.33 

Diffusion at temperatures below about 780K is too slow for the compositions of the 

We note that interiors of meteorites are not heated appreciably during passage through the earth's 
The inside of the 
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and therefore a lso independent of atomic displacement rate.45 
very sens ' t i ve  t o  the magnitude of the d i f f u s i o n  coef f ic ient .  

decomposition should depend s i g n i f i c a n t l y  on temperature but no t  displacement ra te .  

The observed wavelength i n  sp inodal ly  decomposed systems frequently-goes no t  correspond t o  
t h a t  o f  a coarsened s t ructure.  Coarsening theory (Eq. 2) p red ic ts  t h a t  r var ies w i t h  D t .  
p o i n t  defects i s  p r i m a r i l y  t o  f ixed s inks ra the r  than t o  mutual recombination, each defect  produces a 
c e r t a i n  average amount of atomic mixing before being annih i la ted.  
displacement l e v e l  i s  independent o f  t h e  displacement ra te ,  prov id ing t h a t  a l l  comparisons are made i n  t h e  
sink-dominated regime and t h a t  t h e  s ink  dens i ty  does no t  change. 

I n  f a c t ,  however, radiat ion-produced s ink dens i t i es  tend t o  increase w i t h  increasing displacement r a t e  
and decreasing temperature, decreasing the mean free path f o r  a n n i h i l a t i o n  and t h e  t o t a l  amount o f  mixing. 
A t en fo ld  change i n  e i t h e r  temperature o r  displacement r a t e  w i l l  y i e l d  on ly  a f a c t o r  o f  about two change i n  
the scale of the coarsened s t ruc tu re .  
displacement l e v e l ,  depend on ly  weakly on changes i n  temperature and displacement ra te .  

decomposition k i n e t i c s  and the const ruct ion of the equ i l i b r ium phase diagram. 
separate i n t o  two d i s t i n c t  groups: 
i r r a d i a t i o n s  and h igh fluence, h igh temperature, neutron and heavy i o n  i r r a d i a t i o n s  conducted a t  h igh  
i r r a d i a t i o n  f luxes. 

The r a t e  a t  which A,,,ax develops i s  of course 
The dominant wavelength i s  sharply dependent 

on d2G/dc 3 (Eq. 1) which i n  t u r n  i s  a strong funct ion of temperature. Thus t h e  i n i t i a l  stages o f  spinodal 

When 

The amount o f  mixing produced a t  a given 

Thus the scale of a coarsened microst ructure should, a t  a given 

Published i r r a d i a t i o n  studies on Fe-Ni-Cr a l l o y s  provide valuable i n s i g h t  i n t o  both a l l o y  
The i r r a d i a t i o n  s tud ies 

low temperature (T .s 72510, low f luence neutron and e lec t ron  

High temperature i r r a d i a t i o n  r e s u l t s  may be in te rp re ted  i n  terms o f  the proposed h igh temperature 
m i s c i b i l i t y  gap. 
magnetically- induced m i s c i b i l i t y  gap pred ic ted by Chuang e t  al.'O 
associated spinodals represent metastable react ions a t  low temperatures where t h e  equ i l i b r ium reac t ion  i s  
y - a t 7' (FeNi3). 

Pauleve, e t  a1.46 used r e l a t i v e l y  low l e v e l s  of neutron i r r a d i a t i o n  t o  accelerate the formation o f  the 
ordered FeNi and FeNi3 phases i n  Fe-Ni a l loys.  Figure 19a shows t h a t  below 50% N i  on ly  ordered FeNi forms, 
and on ly  a t  i r r a d i a t i o n  temperatures below 600K. 
according t o  t h e  h igh temperature o r  low temperature m i s c i b i l i t y  gap. A t  h igher  neutron fluences, however, 
radiat ion- induced segregation of n i cke l  on Frank i n t e r s t i t i a l  loops (a l so  produced by i r r a d i a t i o n )  has been 
observed t o  con t r ibu te  t o  formation o f  p la tes  of t h e  FeNi3 phase, as shown i n  Fig. 19b.&' 
FeNi j  forms outs ide of the m i s c i b i l i t y  gap defined i n  Fig.  19b. 
concentrat ion a t  t h e  loop exceeding t h a t  necessary f o r  formation o f  FeNii. 
these p la tes  are expected t o  eventua l ly  d i sso lve  upon aging a t  the i r r a d l a t i o n  temperature. 

on the l a t t i c e  parameter and magnetic p roper t i es  of Fe-Ni Invar  a l l o y s  w i t h  25-50 a t  % Ni .  
were conducted a t  temperatures between 350K and 675K, t o  f luences between 4 x 1023 e-/m2 and 3.4 x 10 
e-/m2, thus producing very low l e v e l s  o f  displacement. 
The s ta ted purpose of t h i s  anneal was t o  remove the res idual  ef fects o f  i r r a d i a t i o n ,  presumably p o i n t  
defects and small defect aggregates. 

Figures 20 and 21 show t h e  r e s u l t  o f  two separate studies on t h e  effect o f  i r r a d i a t i o n  on the l a t t i c e  
parameter of t h e  a l l oys .  E lect ron i r r a d i a t i o n  re laxes t h e  l a t t i c e  parameter toward a value c h a r a c t e r i s t i c  
of an a l l o y  which has decomposed i n t o  N i - r i c h  and Ni-poor phases. 
apparent ly s t i l l  i n  progress, espec ia l l y  a t  the h igher  i r r a d i a t i o n  temperatures. 
l a t t i c e  parameter i s  about 0.36% which corresponds t o  a d e n s i f i c a t i o n  o r  volume change o f  approximately 1%. 

Figure 21 shows t h a t  t h e  l a t t i c e  parameter of i r r a d i a t e d  Fe-35% N i  va r ies  w i t h  temperature t h e  same as 
t h a t  of the meteor i te  (Fig. 17), which was composed of regions o f  -25% N i  and -50% N i .  
e lec t ron  i r r a d i a t i o n  causes decomposition o f  t h e  a l l o y  i n t o  regions wide ly  separated i n  composition. 

Low temperature decomposition, however, may a lso be influenced by the low temperature 
Both m i s c i b i l i t y  gaps and t h e i r  

It i s  n o t  c l e a r  whether decomposition i s  occurr ing 

I n  t h i s  case, 

I n  the absence o f  rad ia t ion ,  
Th is  occurs as a r e s u l t  o f  t h e  l o c a l  n i cke l  

Chamberod, e t  a1.39 and Mori ta,  e t  a1.4a studied the e f f e c t s  o f  low f luence 2 MV e lec t ron  i r r a d i a t i o n  
I r r a d i a t i  s 59 

The samples were then annealed f o r  1 h r .  a t  1000K. 

I n  some i r r a d i a t i o n s  t h e  decomposition i s  
The maximum change i n  

It thus appears t h a t  

I t  i s  remarkable t h a t  these 1 w e lec t ron  fluences produced an{ decomposition a t  a l l ,  as I O z 4  e-/m2 
w i l l  produce on ly  t h e  order of 10- 5 '  displacements per  atom (dpa).' 

theory, i . e .  x = m. Displacement t o  10- Y dpa, followed by f i f f u3 ion  of the Frenkel defects t o  s inks the 

Appreciable i r rad ia t ion- induced  
composition changes usua l l y  on ly  occur a t  displacement l e v e l s  of 1 dpa and above.45 

We may ca lcu la te  the scale o f  any deco p o s i t i o n  from t h e  displacement l e v e l  using simple d i f f u s i o n  

order of 10-7 m apart  ( fo r  a t y p i c a l  d i s l o c a t i o n  dens i t y  o f  10 
10 nm. 
coarse scale comparable t o  t h a t  o f  the meteori te.  
scale spinodal decomposition, if i t  i s  thermodynamically possible.  The l a t t i c e  parameter changes i n d i c a t e  
decomposition w i t h  Ni-enriched and Ni-depleted regions, showing t h a t  the a l l o y s  were i r r a d i a t e d  fns ide the 
spinodal and t h a t  spinodal decomposition indeed occurred. 

m- ) corresponds t o  &f m, o r  about 
The i r rad ia t ion- induced  defects  are thus c l e a r l y  incapable o f  producing phase decomposition on a 

The i r r a d i a t i o n  i s ,  however, capable o f  producing f i n e  

The small change i n  l a t t i c e  parameter i n  some of 
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Fig. 20. Lattice parameter of Fe-Ni alloys after 2 MV electron irradiation to various levels. The 
decrease in lattice parameter indicates decompositon of the solid solution into Ni-rich and Ni-poor 
regions. (After Morita, et al."). 
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Fig. 21. Lattice parameter of Fe-Ni alloys before and after irradiation at 80°C with 4 x 1019 cm-2 3 

Irradiation has the same effect on the lattice parameter as does slow cooling in the meteorite 
MeV electrons. 
properties. 
(Fig. 17) (After Scorzelli and Danod5). 

Decomposition of the solid solution during irradiation leads to the loss of Invar 



the h igher  temperature cases ind ica tes  t h a t  the a l l o y s  are s t i l l  i n  t h e  very  e a r l y  stages o f  spinodal 
decomposition. We suspect t h a t  there i s  more than one type o f  phase separat ion process ac t ing  here, 
i nc lud ing  both our proposed m i s c i b i l i t y  gap and poss ib ly  the magnet ical ly induced decomposition pred ic ted by 
Chuang e t  ai.bQ 

condi t ions needed f o r  small t o  moderate l e v e l s  o f  decomposition. 
i r r a d i a t i o n s  o f  Inva r  a l l o y s  below 673K may cause decomposition on ly  on a very f i ne  scale, recent studies by 
Garner and co-workers2-q have shown t h a t  decomposition can occur on a scale comparable t o  t h a t  observed i n  
the Santa Catharina meteor i te  when t h e  i r r a d i a t i o n  temperature i s  much higher and when the displacement 
l eve l  i s  r e l a t i v e l y  l a r g e  (10-50 dpa). 

The e lec t ron  i r r a d i a t i o n  experiments are p a r t i c u l a r l y  en l ighten ing because they e s t a b l i s h  t h e  
While low f luence e lec t ron  and neutron 

The f i r s t  h i n t  o f  l a rge  scale decomposition arose from the observat ion dur ing i r r a d i a t i o n  in l i qu id  
metal cooled f a s t  reactors  t h a t  Fe-Ni-Cr te rnary  a l l o y s  i n  the Invar  regime often dens i f i ed  as much as 1%. 
as shown i n  Fig.  22. 
temp ratures t o  cause dens i f i ca t ion .  

induced by e lec t ron  i r r a d i a t i o n ,  the decomposition dur ing h igh temperature neutron i r r a d i a t i o n  occurred on a 

Note t h a t  r e l a t i v e l y  l a rge  displacement l e v e l s  were requi red a t  these h igher  
These neutron i r r a d i a t i o n s  were conducted a t  673-923K and 

-10- % dpa/sec t o  exposures o f  210 d ~ a . 2 , ~  While t h e  maximum dens i f i ca t ion  was on the same scale as t h a t  
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Fig.  22. Swel l ing and/or dens i f i ca t ion  observed i n  two Fe-Ni-Cr a l l o y s  a f t e r  i r r a d i a t i  i n  t e 
EBR-I1 f a s t  reac to r  a t  e i g h t  d i f f e r e n t  temperatures. I n  EBR-I1 a neutron f luence o f  1.0 x loB n/cm9 
( E  > 0.1 MeV) produces approximately 5 dpa i n  these a l l oys .  
h igh dens i t i es  of small c a v i t i e s  induced by rad ia t ion .  

The swe l l i ng  a t  h igher  dose l e v e l s  a r i ses  from 
(Af ter  Ref. 3.) 



89 

scale of large fractions of microns, with the period of compositional oscillation increasing from -0.2 pm at 
800K to -1.0 pn at 900K. No phase boundaries or ordered phases were observed to develop but fluctuations in 
composition appeared to bounded by the stoichiometric limits of Fe3Ni and FeNi, with chromium substituting 
for iron. 
fluctuatins between 25 and 50%, similar to the behavior observed in the meteorite. 
between the oscillations and currentlv existing microstructural coqmonentscould be found at the higher 
irradiation temperatures. As shown in Fig. 23 and 24 the large scale of these oscillations at 600'C and the 
absence of phase boundaries requires tedious multiple measurements of composition in order to '"image" the 
oscillations. These measurements are performed in an electron microscope using EDX (energy dispersive 
X-ray) analysis. 
directions, as would be expected for spinodal decomposition in Fe-Ni-Cr austenitic alloys. 

The iron and chromium profiles were found to be mirror images of the nickel profile, with nickel 
No correlation 

It was found that the characteristic period of oscillation appeared to be along <loo> 

m 
TRACE 12 

Fig. 23a. Compositional traces in a region -15 nm thick along a <loo> direction in Fe-35.5Ni-7.5 Cr, 
(After Ref. 3.) 

Fig. 23b. Trace similar to that of Fig. 23a in a region -100 nm thick. (After Ref. 3.) 

irradiated at 870K to 38 dpa in EBR-11. 

At temperatures below 775K the period of oscillation is comparable to or smaller than the thickness of 

However, even at this temperature the oscillations can 
the thin foil and the effective diameter of the volume sampled by the electron beam. Thus, only the average 
composition o f  the alloy can be measured at -725K. 
be sensed as a result of the spinodal-like hardening that occurs at smaller  wavelength^.^ Inpost-irradiation 
tensile tests it was possible to distinguish between irradiation-induced hardening contributions associated 
with discrete microstructural components (voids, Frank loops and dislocations) and that associated with the 
decomposition.'' 
grew progressively larger for the Fe-15Cr-35Ni and Fe-15Cr-45Ni. 
hardening component was larger than that associated with discrete microstructural features. At 35% Ni, the 
hardening was studied at 7.5 and 22% Cr as well as at the 15% level. 
pendent of chromium level. In general, throughout the various studies described here, the level or even 
the absence of chromium was not found to affect any aspect of the decomposition process. 

At intermediate temperatures (-800K) an alternate method of imaging the compositional oscillations was 
developed which involved adjustment of the polishing conditions so as to favor selective removal o f  the low 
nickel micro~olumes.~ On the surface of relatively thick foils this leads to an uneven and periodically 
undulating topography. 

As shown in Fig. 25 the spinodal-like component was essentially zero in Fe-15Cr-25Ni but 

The hardening was found to be inde- 

In the latter alloy the spinodal-like 

Thinner foils develop small tunnel-like perforations designated as '"worm-holes," a 
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Fig.  24. Above: two-dimensional composit ional map o f  Fe-35.5Ni-7.5Cr i r r a d i a t e d  a t  870K t o  38 dpa i n  
EBR 11. 
der ived from the  d e t a i l e d  map shown above. ( A f t e r  Ref. 3 . )  

Measurements are along <loo> d i r e c t i o n s  using a 200 nm sampling i n t e r v a l .  Below: major features 
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Fig .  25. Comparison o f  measured y i e l d  s t rength  changes and microst ructura l ly-based p red ic t i ons  i n  
f i v e  Fe-Ni-Cr a l l o y s  a f te r  i r r a d i a t i o n  a t  725K t o  12.5 dpa i n  EBR-11. ( A f t e r  Ref. 4.) 

phenomenon which i s  p a r t i c u l a r l y  pronounced i n  b inary  Fe-Ni a l l oys .  
accelerate e lec t ropo l  i sh ing  and thereby t o  accentuate the  worm-hol i n g  process. 
region o f  an Fe-35Ni f o i l  i r r a d i a t e d  i n  t h e  Fast Flux Test F a c i l i t y  (FFTF) a t  -3 x 
BOOK. 
pe r fo ra t i ons  i s  q u i t e  obvious, p a r t i c u l a r l y  when comparing three adjacent grains.  
per fora t ions was on t he  order of 200-250 nm. 
d i rec t ions,  a consequence of tunnel ing between low-nickel  microvolumes when t h e  major o s c i l l a t i o n  pe r iod  
l i e s  along <loo> d i rec t i ons .  
reactor  a t  comparable temperatures and s l i g h t l y  lower displacement ra tes  (1 x 10- 

The absence of chromium appears t o  
Figure 26 shows a near-edge 

dpa/sec t o  14 dpa a t  

The mean spacing o f  these 
When viewed a t  lower magnif icat ion (Fig.  27) t he  c rys ta l l og raph ic  and pe r iod i c  nature of t h e  

The square ar ray  o f  pe r fo ra t i ons  e x i s t s  along <110> 

Reference (3) presents o ther  po l i sh ing  a r t i f a c t s  de eloped i n  t h e  EBR-I1 # dpa/sec). 
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Fig. 26. Preferential attack of low nickel microvolumes in Fe-35 Ni (14 dpa at 800K in FFTF) after 
electropolishing at room temperature. The electrolyte has tunneled through the foil in many places, leaving 
features designated as “worm-holes.” The linear feature on the left is a nickel-rich zone containing and 
generated by a grain boundary. (After Ref. 3.) 

The neutron irradiation of these alloys was part of a test program designed to understand the 
compositional dependence of the often very large volume changes that arise due to radiation-induced void 
f~rmation.~,’ As a result of these studies it was postulated that the unusual dependence of swelling on 
nickel content arose from the competition of two processes, one of which is the tendency of Fe-Cr-Ni alloys 
in the Invar regime to decompose on a rather large scale at higher irradiation temperatures. In an effort 
to validate this hypothesis another series of EDX measurements were conducted on Fe-Ni and Fe-Ni-Cr alloys 
that had been lrradiated wit 5 MeV Nit ions at temperatures of 898, 948 and 998K at the very high 

nickel content and were found to have developed compositional oscillations at all three irradiation 
 temperature^.**^ Once again the period of oscillation increased with temperature and appeared to be 
unrelated to the level or presence of chromium. 
Fe-35% Ni to 117 dpa at 898K. 
appears that the four order of magnitude increase in displacement rate associated with ion bombardment had 
very little influence on the magnitude of the oscillation period. 
influence will be discussed presently. 

irregular structure in the compositional profiles superimposed on the somewhat regular major oscillations. 
While this irregularity was observed in foils of other compositions, a fortuitous circumstance arose which 
in Fe-35Ni allowed a visualization of the reason for the irregularity. 
irregular martensite regions have formed in a cellular fashion upon cessation ofthe irradiation and cooling 
to room temperature. 

displacement rate of 2 x 10- 9 dpa/sec. These alloys exhibited the same dependence of void swelling on 

Figure 28 shows the results of Nit ion irradiation of 
When these results are compared with those of the neutron irradiations, it 

The significance of this lack of 

Figure 29 shows some examples of Nit ion-irradiation induced oscillations. There appears to be 

Figure 30 shows that relatively 

There is a large amount of internal strain in these regions, showing extensive 
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Fig. 21. Lower magnif icat ion micrograph of the specimen shown i n  Fig. 25. Three g ra ins  are v i s i b l e ,  
separated by g ra i n  boundaries which are enriched i n  n i cke l  and thus r e s i s t  e lec t ropo l i sh ing .  
tendency toward a c r ys ta l l og rah i c  o r i en ta t i on  o f  the  etched out  microvolumes, which l i e  along <110> 
d i rec t ions .  (A f t e r  Ref. 3.) 

Note t he  

twinning when the  martensi te  i s  i n  the  s t rong ly  d i f f r ac t i ng  cond i t ion  and d i s l oca t i on  tangles when the  
martensite i s  no t  so s t rong ly  d i f f r ac t i ng  (lower l e f t  g ra i n  i n  Fig. 30). 

Examination of a l a r g e  number of mar tens i t i c  regions showed t h a t  martensi te  formed i n  regions where 
the  composition was i n  the  range of 25-29% n icke l .  The s izes of these regions range from 100-250 nm and 
the  f o i l  thickness ranges from 100-150 nm. 
composition on the  mar tens i t i c  transformation. The g ra i n  boundary t h a t  traverses t h i s  micrograph has been 
subjected t o  considerable radiat ion- induced segregation o f  n icke l .  This leads t o  a zone on each s ide  of the  
boundary which i s  free of martensite. 
low-Ni regions which are s tab le  a t  t he  i r r a d i a t i o n  temperature but  transform t o  martensi te  on coo l ing  t o  
room temperature. 

a/o N i  samples i n  which decomposition could be studied by small angle neutron scat ter ing.  
were proton i r r a d i a t e d  t o  0.5 dpa a t  898K were found t o  have much greater  sca t te r ing  i n t e n s i t y  than d i d  
non- i r radiated samples quenched from 1273K. The excess i n t e n s i t y  was due i n  equal pa r t s  t o  nuclear  and 
magnetic contr ibut ions.  
and magnetization f l uc tua t i ons  greater  than 220 nm i n  extension. The f l u c t u a t i o n  maxima reached over 36.5 i 
1.5 a/o N i  and the  minima reached 28.5 f 1.5 a/o N i .  

Figure 30 a lso  demonstrates i n  another way the  e f f e c t  of 

Figure 31 shows t h a t  decomposition o f  the  Fe-35% N i  a l l o y  produces 

Very recen t l y  Wiedenmann, Wagner and W ~ l l e n b e r g e r * ~  used i so top i c  enrichment of N i @  t o  produce Fe-34 
Samples which 

The dependence o f  scat tered i n t e n s i t y  on sca t te r ing  vector  ind ica ted  concentrat ion 
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Fig. 28. Variation of composition with position in a foil of Fe-35% Ni irradiation to 117 dpa at 898K 
with 5 MeV Ni+ ions (After Ref. 9). 

These results clearly show decomposition of the alloy, apparently by spinodal decomposition. The 
transformation is in a fairly early stage as the composition extrema are much less pronounced then those 
observed in samples which were irradiated with neutrons or Nit ions to much higher displacement levels.* 
Curiously, the wavelengths are comparable. 

for 480 hr. The amount of decomposition was far less than in the irradiated alloys. The excess scattering 
intensity increased only slightly, which indicates that the thermally-induced decomposition reaction was in 
an even earlier stage. The fluctuation wavelength was about 50 nm, however, which is large for the initial 
stages of spinodal decomposition. We calculate that & 3 40 nm at 898K, which is very close to the 
decomposition wavelength. Thus, 480 hr was adequate only for the initial stages of decomposition to occur. 

steel with silicon levels ranging from 0.14 to 1.42 wt%. At the higher silicon levels the alloy tended to 
decompose into a and 7 phases, with the latter often exhibiting compositional oscillations where N i  and Si 
behaved as one species and Fe and Cr behaved as another. The wavelength of the oscillation increased from 
-0.1 p at 743K to 0.8 ~mn at 923K. At higher temperatures the oscillations could not be associated with 
currently existing microstructural sinks for point defects. No decomposition was observed in thermally aged 
specimens at any silicon level. Williams et a1.50 concluded that there was a radiation-induced process that 
tended to produce oscillations and that this process was considerably enhanced by the presence of silicon. 
The absence of such oscillations in comnercial austenitic steels was attributed possibl to the presence o f  
molybdenum which was postulated to retard the segregation mechanism. Brager and Garner!' had earlier 
investigated Fe-17Cr-12Ni-2.3Mo steels with 0.01 to 1.96 wt% silicon and had not found such oscillations. 

produced by similar or different mechanisms. The nickel levels of the two groups of alloys are quite 
different and silicon obviously plays a strong role in Williams' alloys. Given the limited resolution of 
standard EDX techniques, we are not certain that Williams et al. can confidently state that decomposition 
did not occur thermally in his alloys, however. 

Decomposition was also observed in Fe-34Ni by Wiedenmann et al. after purely thermal anneals at 898K 

Williams et a1.50 studied the response at 673-918K to fast reactor irradiation of Fe-1ZCr-15Ni (wt%) 

It is not clear whether the oscillations observed in the Invar alloys and those of Williams et al. are 

* Protons and electrons are, however, known to produce a hi her fraction of atomic displacements which 
survive recombination than do neutrons and self In fact, 0.5 dpa by protons and 5 dpa by 
fast reactor neutrons would produce about the same number of the freely migrating defects which cause 
enhanced diffusion. 
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Fig. 30. Micrograph showing formation of cellular martensite in Fe-35 Ni after irradiation at 
The mar Note denuding of martensite along a grain boundary where nickel segregates to levels >45%. 

is out of focus in the lower left grain. (After Ref. 9.) 

Other Possible Irradiation Effects 

We have thus far interpreted 1 lloy decomposition solely in terms 
enhanced diffusion coefficient. 
decomposition in other nays. It is important to recall that we deduce alloy decomposition to occur 
primarily by spinodal decomposition or homogeneous nucleation and growth and that either process OCI 
as to maintain lattice coherency. Volume changes, while significant, are not large - at most a few 
percent. 

Maydet and RussellS5 considered the effect of irradiation-induced defects on formation of incol 
precipitates having a large volumetric mismatch with the matrix. Their treatment is clearly irrelet 
the present case. 

Martin,56 Cauvin and Martin57,58 found that a bias in point defect recombination at a coherent 
particlematrix interface could induce homogeneous nucleation or spinodal decomposition during irrac 

Ue WI CYWNW LW p u s a t v ~  I I L J  that irradiation may affect alloy 

Further, we are dealing with concentrated solid solutions. 



through 29. Martensite formed in Ni-poor regions generatea at tne irraalation temperature wnicn ouring 
cooling fall below M,. 

of otherwise thermally stable alloys. This theory was formulated mostly for dilute solutions. However, 
Abromeit and Martin59 predicted that a similar mechanism may operate in concentrated alloys. The predicted 
high sensitivity of the enhancement of decomposition to temperature, atomic displacement rate, and alloy 
composition are inconsistent with the results we have presented in this paper. 

Abromeit, Naundorf and Wollenberge+o considered the possibility that the disrupting effects of 
displacement cascades could cause precipitate particles to disappear. As in earlier ana1ys.e~'~ extremely 
high displacement rates are needed to obtain an observable effect, which would be to hinder decomposition 
rather than to enhance it. However, heavy ion irradiation results at high displacement rates by Garner and 
coworkers8 are consistent with the neutron results at lower displacement rates. 
irradiation, which produces single displacements and not displacement cascades also leads to decomposition. 
Thus, cascade effects appear not to be a major factor in decomposition of irradiated Invar-type alloys. 

composition. The decomposition observed by Garner and coworkers thus occurs in spite of any cascade 
disruption, rather than as a result of it. 

decomposition. These papers were largely concerned with the direct recombination regime, where very few 
point defects are lost to dislocations, grain boundaries and other fixed sinks. 
sink-related recombination Krishan and Abromeit found significant effects of irradiation on alloy 
decomposition, especially at short wavelengths. 
involve significant sink strengths, the Krishan and Abromeit calculations are not thought to be applicable. 

Abromeit and Martin64 recently extended the Krishan and Abromeit analysis to the fixed sink regime and 
found that compositional instabilities might form as a result of composition-dependent formation and 
migration energies. 
at present be made because of a lack of knowledge of these dependencies on composition. However, the 
relative insensitivity of alloy decomposition to displacement rate (at constant displacement level) 
indicates that destabilization by this mechanism is probably not operative. 

MurphP5 considered the effect on decomposition kinetics of preferential interstitial exchange with one 
alloy component. Both her analytical results for the zero sink limit, and her numerical calculations for 
the more general case of defect migration to sinks showed that irradiation could in some cases produce alloy 

In addition, electron 

In any event, displacement cascades would tend to destroy small wavelength fluctuations in 

Krishan and Abromeit published a series of papers6'-65 on the effects of irradiation on alloy 

In the absence of 

Since all the irradiation experiments we have reported 

Comparison of these predictions with experimental results on irradiated alloys cannot 
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decomposition in otherwise thermodynamically stable alloys. 
were predicted only for the case of conditions just outside the spinodal and when the interstitial was about 
ten times more likely to exchange with one alloy component than the other. It is possible that Murphy’s 
postulated mechanism might be invoked to either initiate decomposition just outside the spinodal or assist 
decomposition just inside the spinodal. 

During irradiation there is one mechanism which could easily lead to separation of nickel from 
chromium and iron and thus might play a role in producing phase decomposition. This is the inverse 
Kirkendall effect in which the slower diffusing elements segregate by default at the bottom of the often 
very steep vacancy gradients that develop in the vicinity of naturally occurrin or radiation-produced 
sinks for point  defect^.^^,^^ Free surfaces68 and stationary grain boundaries6? (see Figs. 26, 27 and 30) 
are particularly effective at segregating nickel at the expense o f  chromium and iron and to a lesser extent 
so are radiation-produced voids and Frank interstitial l 0 0 p s . ~ ~ ~ ~ ’  It has been proposed that interstitial 
binding with the slightly undersize nickel atoms would lead to ~ e g r e g a t i o n , ~ ~ , ~ ~  but Marwick and coworkers 
have shown that all facets of observed segregation in Fe-Cr-Ni ternary alloys can be explained in terms of 
the inverse-Kirkendall effect.69 
of nickel is less than that of iron which in turn is less than that of chromium. 

Significant effects in thermally stable alloys 

Reference (7) contains a compilation of data showing that the diffusivity 

Irradiation induced Ni segregation to closely spaced defect sinks may well play a significant role in 
initiating the transformation. 
existing microstructural components in neutron-irradiated specimens,2,3,8 however, shows clearly that 
radiation-produced sinks themselves are n o t  necessary for the continued maintenance of high nickel 
microvolumes. 
until they unfault, transform into prismatic dislocations and glide away. Under these conditions the 
remaining high nickel volumes would quickly disperse. Obviously, the presence of such sinks mustclearly 
that radiation-produced sinks themselves are not necessary for the continued maintenance o f  high affect the 
kinetics at which the segregation proceeds. The contribution of irradiation-induced segregation to help 
initiate the decomposition will be strongest at lower temperatures ( c  825K) where radiation-induced loop 
densities are the highest. 

relatively random distribution of voids and Frank loops produced by radiation. 
decomposition observed in the ion bombardment experiments in the range 900-1000K is also not reflected in 
the scale of the radiation-produced microstructure. 

and Fe-Ni-Cr Invar-type alloys is through an enhanced diffusion coefficient. 
of secondary importance, at most, with radiation-induced segregation of nickel at microstructural sinks 
playing the most plausible secondary role. 
i n  this overview demonstrate that decomposition occurs in Invar alloys even in the absence of radiation. 

v a c a n c i e ~ . ~ ~ - ~ ~  
studied by Williams et a1.50 may well be the result of one of the processes proposed by Murphy.65 
order processes involving radiation-induced segregation t o  sinks may also be involved. 

Proposed Fe-Ni Phase Diaaraq 

in Fig. 32. We have accepted a 35% Ni, llOOK 
peak for the coherent miscibility gap and have taken composition limits of 25% Ni and 50% Ni at 825K. These 
limits are indicated by large amounts of thermal and irradiation data. The phase diagram then shows a (71 + 

a t 7 ) monotectoid reaction at about 825K and 25% Ni and a (72 - u t 7‘) eutectoid reaction at about 55% Ni 
and d O K ,  although there is a considerably uncertainty in the specification of these temperatures and 
compositions. The magnetically-induced phase separation proposed by Chuang et a1 .39 then becomes only a 
metastable reaction. 
region. 

considerably more confident concerning the former observations. 
more complex and involve metastable phenomena not incorporated in our treatment. 
boundaries in the Fe-Ni system are best determined from careful studies of meteorite microstructures, such 
as those of Reuter, et al.12*13 and Miller and Russell.44 

Summarv and Conclusions 

miscibility gap exists in the Fe-Ni system centered at about 3 5  a/o Ni and 1100K. 
results and consider alternative interpretations. 

The lack of correlation of the compositional fluctuations with currently 

While voids and Frank loops are both sessile, the latter are known to concentrate nickel 

However, the obvious crystalline regularity of the neutron-induced sub-lattice does not mirror the 
The large scale of the 

We are thus convinced that the primary effect of irradiation on the decomposition of solute-free Fe-Ni 
Other irradiation effects are 

However, results from a large number of studies cited previously 

Silicon is known to bind strongly to self interstitials and to change the jump frequency of adjacent 

Second 
Accordingly, compositional oscillations found in the high silicon, low nickel alloys 

Based on the foregoing we propose that the Fe-Ni equilibrium diagram should be reconstructed as shown 
The phase diagram is based on that o f  Kubaschewski (Fig. 4). 

The proposed ordering reactions, 7 - Fe3Ni and 7 - FeNi are buried deep in the a t 7‘ 
While the authors have considered evidence for both higher and low temperature decomposition, they are 

The situation below -700K is obviously much 
Low temperature phase 

Many experimental results under a wide variety of conditions indicate that a high temperature coherent 
We now summarize these 
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Fig.  32. Proposed Fe-Ni phase diagram produced by incorporat ing a h igh temperature 1 - 71 + 72 
coherent m i s c i b i l i t y  gap i n t o  the phase diagram o f  Kubaschewski shown i n  Fig.  4. 

The heat treatment o f  commercial Fe-35% N i  Invar  a l l o y  a t  llOOK t o  get  a minimum thermal expansion 
The Cur ie  temperature i n  c o e f f i c i e n t  i s  i n te rp re ted  by us as g i v i n g  f i ne  scale spinodal decomposition. 

Invar  a l l oys  i s  s t ress dependent and the llOOK heat treatment would a lso have r e l i e v e d  in te rna l  stresses. 
However, slow coo l ing  from llOOK removed t h e  effect of t h e  heat treatment, wh i le  c e r t a i n l y  n o t  inducing new 
stresses. 

due t o  very  f i ne  sca le  decomposition o f  t h e  a l l o y  i n t o  regions of h igh and low n icke l  contents. 
magnetic measurements ind ica ted  heterogeneit ies i n  20% N i  a l l oys .  
higher temperature phase separat ion occurred on ly  a t  S5% N i .  
known. The maximum i n  l a t t i c e  parameter a t  room temperature found a t  about 35-40 a/o N i  and t h e  broadening 
o f  X-ray peaks were a lso in te rp re ted  as due t o  decomposition i n t o  high and low n icke l  regions. 
res idual  r e s i s t i v i t y  of Fe-30% N i  a t  4 . 8  was in te rp re ted  as being due t o  e lec t ron  sca t te r ing  a t  in ter faces 
between domains o f  d i f f e r i n g  composition. 
could also have caused t h e  h igh res idual  r e s i s t i v i t y .  
a lso ind ica ted  the existence o f  a m i s c i b i l i t y  gap. 

increases w i t h  increasing temperature, even above Tc and i s  smal ler when the a l l o y  i s  magnet ical ly 
saturated than i n  t h e  zero f i e l d  condi t ion.  
coherent ordered p r e c i p i t a t e s .  

temperatures below 1273K was in te rp re ted  as being due t o  p a r t i a l  decomposition o f  the a l l o y .  

The decomposition argument thus seems correct .  

The anomalous dependence of magnetization o f  Inva r  on temperature was in te rp re ted  by others as being 
However, 

Most o ther  experiments ind icated t h a t  

The h igh 

It was noted by several authors t h a t  magnetic inhomogeneities 
R e s i s t i v i t y  measurements a t  elevated temperatures 

The reason f o r  t h i s  inconsistency i s  no t  

The s ing le  c r y s t a l  e l a s t i c  constant CL = (C11tC12+C44)/2 e x h i b i t s  anomalous behavior above Tc. It 

This  behavior was a t t r i b u t e d  t o  t h e  presence o f  small, 

An anomalous hump i n  the p l o t  o f  thermoelect r ic  power vs. composition i n  the Invar  range a t  
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Several measurements of the enthalpy and free energy of mixing of Fe-Ni alloys gave clear evidence of 
anomalies which would lead to a high temperature miscibility gap. 
miscibility gap less strongly. 

involving small compositional increments; these show a pronounced minimum in II at 1123K and about 30% Ni, 
which indicates that Fe-30Ni at this temperature is just above a coherent spinodal. 

meteorite are entirely consistent with fine scale spinodal decomposition followed by coarsening at about 
1000K. 
spinodal decomposition at some temperature between 780K and 1000K. However, the virtual absence of 
dislocations and grain boundaries in the slowly cooling parent body preclude heterogeneous nucleation on the 
observed scale, and low thermodynamic driving forces serve to eliminate homogeneous nucleation as a 
possibility. Furthermore, the compositions 
of the several phases observed in the meteorite microstructure are not consistent with standard phase 
diagrams. 

consistent with low temperature spinodal decomposition. 
350-675K and high fluence, high flux neutron and heavy ion irradiation at 725-IOOOK all led to one form or 
another of decomposition of the Invar alloy, consistent with the high temperature miscibility gap proposed 
in this paper. At low temperatures magnetic contributions to the free energy proposed by Chuang et al. may 
also have played a role. It is also possible that the various kinds of decomposition observed were 
irradiation-induced and would not have occurred thermally, although the results of many thermal studies 
indicate otherwise. However, a careful examination of the various mechanisms proposed for irradiation- 
induced phase transformations leads us to the conclusion that irradiation affects decomposition of Fe-Ni and 
Fe-Ni-Cr Invar alloys mainly through an enhanced diffusion coefficient. 
considered to be secondary in importance and may only affect the rate of decomposition arising from the 
spinodal. 

Other measurements supported a 
Kubaschewski et a1.27 considered the enthalpy anomaly to be genuine. 

The more reliable of the measurements of the interdiffusion coefficient in Fe-Ni alloys are those 

The compositional variations and scale of the microstructure observed in the Fe-35% Ni Santa Catharina 

It is conceivable that the 10 rn scale microstructure occurred directly by nucleation and growth or 

Spinodal decomposition would not occur with a 10 pm wavelength. 

The fine-scale compositional oscillations observed in cloudy taenite in several meteorites are 
Low fluence electron or neutron irradiation at 

Other effects of irradiation are 

The totality of the evidence leads in a straightforward way to the following conclusions: 

There is a coherent miscibility gap in the Fe-Ni system with the peak in the vicinity of llOOK and 35% 
The presence of the gap is indicated by anomalies in enthalpy and free energy of mixing and 

This gap is narrow at high temperatures, which prevents nucleation of a second phase and limits 

Spinodal decomposition to various desrees causes Fe-Ni Invar-twe allovs to have anomalies in 

Ni. 
interdiffusion coefficient. 

spinodal decomposition to low amplitude compositional fluctuations. 

magnetization, lattice parameter, thermal-expansion coefficient, &;dual and high temperature resistivity, 
single crystal elastic constants and thermoelectric potential. 

The microstructure of the Fe-35% Ni Santa Catharina meteorite i s  the result of high temperature 
spinodal decomposition followed by coarsening at about 1000K. Additional substructure imposed on that 
produced by the high temperature spinodal develops as the result of low temperature processes. 

The fine-scale microstructure in the cloudy taenite plates in several meteorites is consistent with 
low temperature spinodal decomposition. 

Irradiation with electrons, protons, heavy ions and neutrons over a wide range of temperatures, 
compositions, displacement rates, and displacement levels induces decomposition in Fe-Ni and Fe-Ni-Cr Invar 
alloys primarily through irradiation-enhanced diffusion. 
neutron and heavy-ion irradiated Invar alloys at temperatures above 675K are due to spinodal decomposition 
foll owed by substant i a1 coarsening. 

The large compositional wavelengths found in 
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COHWTER SIMULATION OF HIGH ENERGY DISPLACEMENT CASCADES - H. L. Heinisch (Pacific Northwest Laboratory) 

CBJECTIVE 

This report i s  a review of a computer simulation methodology for addressing displacement cascade effects 
in fusion-fission correlations. 

SUMHLRY 

A methodology developed for modeling many aspects of high energy displacement cascades with molecular level 
canputer simulations is reviewed. 
approximation (using the MARLCWE canputer code). and the subsequent disposition of the defects within a 
cascade i s  modeled with a Monte Carlo annealing simulation (the ALSOME codel. There are few adjustable 
parameters. and none are set to physically unreasonable values. 
high energy cascades in copper, i.e.. the number. size and shape of damage regions. canpare well with 
observations. as do the measured numbers of residual defects and the fractions of freely migrating defects. 
The success of these simulations is somewhat remarkable. given the relatively simple models of defects 
and their interactions that are employed. The reason for this success is that the behavior of the defects 
i s  very strongly influenced by their initial spatial distribution. which the binary collision approximation 
adequately models. The MARLOWE/ALS(X(E system, with input fran molecular dynamics and experiments. provides 
a framework for investigating the influence of high energy cascades on microstructure evolution. 

The initial damage state is modeled in the binary collision 

The basic configurations of the simulated 

PROGRESS AND STAllJS 

Introduction 

One of the greatest challenges in developing materials to withstand the neutron radiation In deuterium- 
tritium fuslon reactors i s  having to proceed in the absence of a relevant fusion neutron environment. 
This has created a need for developing correlations so materials can be tested in other irradiation test 
facilities, primarily fisslon reactors. The basis of the correlation process lies in understanding the 
fundamental aspects of radiation effects. especially the energy dependence of radiation damage events. 
Because primary damage information is not easily accessible experimentally. quantitative results from 
primary damage modeling are valuable in developing the correlations, especially in the role of providing 
source terms for models of microstructure evolution. 

Molecular level canputer simulations of radiation damage events can give quantitative information on the 
initial damage state. e.g., the energy dependence of the numbers of total defects. freely migrating 
defects, and clusters. More importantly. these simulations provide the most complete description of the 
initial spatial distribution of defects formed in cascades. which has a very strong impact on hcn the 
defects interact. 

For about 25 years molecular dynamics has been used for modeling primary damage. but until recently, only 
very lo* energy events have been modeled. 
its usefulness in simulating displacement cascades: the lack of real istic interatcmic potentials and the 
need for great canputer size and speed to model displacement cascades of sufficiently high energy to 
observe typical cascade effects. Nw approaches in which local electron densities are accounted for in 
a semi-anpirical pair potential formulation1 appear to be a major breakthrough in realistic treatment of 
atomic interactions at a level of realism and canputational complexity c m n s u r a t e  with molecular dynamics 
modeling of displacement cascades. The existence of large, fast vector computing machines should soon 
allow us to model displacement cascades that have sufficiently high energy to exhibit sane of the cascade 
effects relevant to fission-fusion correlations. 

The operational definition of "high energy" in computer simulations of displacement cascades is that energy 
above which the prob em saturates the largest available canputer. about 5 keV in the most recent molecular 

atan (PKA) energy above which most of the damage is produced in 14 MeV neutron irradiations. In typical 
structural alloys 90% of point defects fran 14 MeV neutrons are produced in cascades of 100 keV or greater. 
With respect to the physical processes being modeled. "high energy" might be defined as the PKA energy 
above which more than one distinct damage region is produced, about 20-50 keV. The break-up of high energy 
cascades into subcascades is well-established both theoretically3 and experimentally4. The last definition 
of high energy will be used here. 

The average energy of W A S  resulting fran 14 MeV neutrons is about 200 keV in structural metals. 
modeling a 200 keV cascade with molecular dynamics is well beyond the capabilities of present or even 
planned supercomputers, it is very probable that at least individual subcascades of high energy cascades 
can eventually be modeled with molecular dynamics. However. there are aspects of high energy cascades that 
can never be studied with molecular dynamics. such as the spatial distribution of subcascades and the long- 
term development of the defect interactions i n  the cascade. Binary collision models. which ignore many 
of the low energy details of atanic interactions, are excellently suited for describing the gross 

This method has suffered fran two major shortcomings preventing 

dynamics simulations 1 . With respect to damage correlation, "high energy" refers to the primary knock-on 

While 
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s t ruc tu ra l  features o f  high energy cascades, and they w i l l  continue t o  be useful i n  t h e  overa l l  modeling 
schme. 

I n  t h i s  paper a methodology f o r  modeling high energy cascades w i t h  the  binary c o l l i s i o n  code MARLWE and 
the Monte Car lo annealing code ALSOME w i l l  be reviewed. L im i ta t i ons  o f  the  models w i l l  be discussed, as 
wel l  as the  successes i n  s imulat ing experimentally observed phenanena. Future d i rec t i ons  f o r  s imulat ion 
o f  high energy cascades w i l l  be discussed. 

Oevel 

Several stages of developnent can be 1 e n t i f i e d  dur ing the  production o f  a displacement cascade. 
i s  the  c o l l i s i o n a l  stage of about sec, ending approximately when no atom has enough energy t o  
d i s  ace another a t m  fran i t s  l a t t i c e  s i te .  

equ i l ib r ium w i t h  I t s  surroundings whi le  the defects athermally rearrange thmselves. 
quenching are  assumed t o  be independent of t he  c rys ta l  temperature. 
molecular dynamics s imulat ions t h a t  a molten condi t ion e x i s t s  i n i t i a l l y  i n  the  core o f  a cascads, and 
t h a t  it may lead t o  spontaneous formation o f  vacancy loops dur ing quenching. F ina l ly .  dur ing the short-  
term annealing stage. l a s t i n g  another 10+ sec o r  longer, t h e  defects w i t h i n  the  cascade i n t e r a c t  among 
themselves through thermally ac t iva ted processes determined by the  loca l  c r y s t a l  temperature. 
t r a n s i t i o n s  fran one stage t o  t h e  next are  obviously not  d i s t i n c t ;  however, w i th in  the  s imula t ion scheme. 
c r i t e r i a  are  a r b i t r a r i l y  chosen t o  def ine the  end of each stage, since d i f fe rent  models are used t o  
describe each stage. 

F i r s t  

During the next 
sec, t he  region of the  c rys ta l  t h a t  has been v i o l e n t l y  disturbed by the  cascade approaches thermal 

The cascade quenching stage then occurs. 

The e f f e c t s  o f  
There i s  evidence from recent 

The - 
A c m p r  hensive study o f  h igh energy cascades i n  copper was do e u t i l i z i n g  the  binary c o l l i s i o n  code 

cascades i n  copper was developed and l a i d  o u t  i n  a ser ies  of reports. 

of defects i n  MARLWE-generated cascades were canpared 
inc lud ing thermal displacements in MARLWE were stu$;f td.  Cascade conf igurat ions -- shape, S i z e  and 
subcascade s t ruc tu re  -- were s y s t m a t i c a l l y  studied . The fas t  Monte Car lo annealing 1 u l a t i o n  code 
ALSOME was developed and used t o  model quenching and short- term annealing o f  the  casca s g18.  More than 
a thousand cascades. ranging i n  energy f ran  200 eV t o  500 keV were simulated i n  coppe8' using MARLCUE 
w i th  thermal displacements representat ive o f  300 K and parameter se t t i ngs  as described i n  Table 1. 
F ina l l y .  functions a funct lon of 
pka energy were devised and used t o  generate neutron cross sect ions f o r  defect  productionf2. Throughout 
t h i s  work care was taken t o  match t h e  model wherever possible t o  experimental measurements wi thout  
introducing addi t ional .  a r t i f i c i a l  parameters. 

MARLWE 8 and the  Monte Car lo annealing s imulat ion code ALSOME.g The methodology f o r  modeling high energy 
F i r  t the  l i n k  between molecular 

t h  measured values a t  4K . The e f f e c t s  of 
dynamics and the  binary c o l l i s i o n  approach was establ ished a t  lo* energies ? and hJgh energies8. Numbers 

descr ib ing production of t o t a l  defects and f ree ly  migrat ing defects a 

TP8LE 1 

MARLWE PNUHETER SETTINGS 
FOR CASCADES GENERATU) I N  COPPER AT 300 K 

Code Version: 

In te ra tan ic  Potent ia l  : 

I n e l a s t i c  Losses: 

L a t t i c e  Parameter: 

Maximum Impact Parameter: 

Debye Temperature: 

Energy C r i t e r i a  f o r  
Displaced Atans: 

11 

Mol lere  approximation t o  Thanas-Fermi, w i th  screening length  of 7.38 pn 

Local (F i rsov)  

ALAT = 0.3615 MI 

W3 = 0.62 l a t t i c e  parmeters  

TDEBYE = 314 K 

EDISP 5.0 eV 

EBND = 0.2 eV 
EWIT = 4.8 eV 
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I n  using t h e  b inary c o l l i s i o n  approximation t h e  a b i l i t y  t o  deal exact ly  w i th  t he  many-body aspects of low 
energy c o l l i s i o n s  i s  sacr i f i ced  fo r  t he  f a c i l i t y  of deal ing w i t h  h igh  energy cascades. The cascade i s  
generated i n  a ser ies  of two-body c o l l i s i o n s  between atans t h a t  o r i g i n a l l y  occupy l a t t i c e  s i t e s  i n  t he  
c r ys ta l .  Target atans are added t o  the  cascade i f  they receive a minimum k i n e t i c  energy i n  a c o l l i s i o n .  
A l l  d isplaced atans are requi red t o  surmount a b inding energy. and they a re  fol lowed u n t i l  t h e i r  energies 
f a l l  below a cu t- o f f  energy. 
displacement on each t a r g e t  atan fran a Gaussian d i s t r i b u t i o n  o f  uncorrelated displacements i n  t he  Debye 
model. The r e s u l t s  are sens i t i ve  t o  whether o r  n o t  thermal displacements a re  included. bu t  they are no t  
very Sens i t i ve  t o  t he  value of t he  temperature.6 
modeling by subtract ing t he  appropriate energy a t  each c o l l i s i o n  i n  the  Fi rsov model. 
measures of t he  damage energy re fe r red  t o  i n  t h i s  paper are the  average damage energies determined i n  
the  MARLOWE code. i t h i n  a fen percent of t he  damage energies 
calcu lated from Robinson's formula f o r  t h e  Lindhard t h e o r y l l .  

Although the  b inary c o l l i s i o n  approximation i s  v a l i d  only f o r  h igh energy co l l i s ions ,  t he  MARLOWE code 
contains parametric representat ion o f  sane kinematic phenanerra t h a t  can be se t  t o  produce appropriate 
r e s u l t s  a t  l w  energies. Robinson? invest igated t he  l o w  energy behavior of MARLOWE and determined 
parameter se t t i ngs  t h a t  gave a reasonable fit t o  t he  replacement sequence lengths i n  copper determined 
fran molecular dynamics. 
I n  MARLOWE t o  g i ve  co r rec t  low energy behavior. The values of t h e  MARLOWE parameter se t t ings  f o r  cor rec t  
kinematic behavior i n  low energy events i n  copper are given i n  Table 1. 

MARLOWE models only  t he  c o l l i s i o n a l  stage o f  the  cascade and cannot model re laxa t ion  about defects o r  t he  
d i ss i pa t i on  of energy t o  t h e  r e s t  of t he  c rys ta l .  Thus. a "MARLOWE cascade" cons is ts  o f  a l i s t  o f  
pos i t ions  o f  vacant l a t t i c e  s i t e s  (vacancies) and energet ic  displaced atoms ( i n t e r s t i t i a l s )  " frozen" a t  
t h e  t u rn i ng  po in ts  of t h e i r  l a s t  co l l i s i ons .  The approaches used t o  model t he  quenching and short- term 
annealing stages u t i l i z e  t he  MSOME code. and w i l l  be discussed l a t e r .  

A l a t t i c e  temperature i s  accounted f o r  by imposing a randan thermal 

E lec t ron ic  energy losses were accounted fo r  i n  our 
Quant i ta t i ve  

The MARLOWE values of damage energy are 

Robinson a lso  concluded t h a t  it i s  necessary t o  inc lude thermal displacements 

- 
Our ob jec t i ve  i n  modeling displacement cascades was t o  determine t he  numbers o f  defects produced and t h e i r  
spa t i a l  d i s t r i b u t i o n  as a funct ion o f  cascade energy. along w i t h  t he  evo lu t ion  and i n t e r a c t i o n  o f  t he  
defect d i s t r i b u t i o n s  as a funct ion o f  t ime and temperature 
defect  con f igura t ion  produced dur ing t he  c o l l i s i o n a l  phase6. 

The con f igura t ions  of MARLOWE-generated cascades i n  copper were analyzed graphical l$*lo. Indispensable 
q u a l i t a t i v e  information was obtained from three-dimensional p l o t s  of t he  pos i t ions  of vacancies and 
i n t e r s t i t i a l s  t h a t  were ro ta ted  i n  th ree  dimensions i n  rea l  t ime on a screen. 
Copy p l o t s  and numerical analys is  o f  defect d i s t r i b u t i o n s  were a lso  done t o  obta in quan t i t a t i ve  resu l ts .  
F igure 1 shows 3-0 p l o t s  o f  cascades w i t h  energies ranging fran 1 keV t o  100 keV. 

The evo lu t ion  i s  s t rong ly  dependent on t he  

Graphical analys is  o f  hard- 
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Figure 1. Three-dimensional views of cascades i n  copper a t  300 K generated w i th  MARLWE. 
represent vacancies and the pluses represent i n t e r s t i t i a l s .  
l oca t ion  and d i r e c t i o n  of t h e  PKA. 
2 l a t t i c e  parameters. y i e l d i n g  
Kinchin and Pease expression. 

The Small cubes 
A small a r r w  ind icates the  

The cascades were subjected t o  a recombination radius of 
numbers o f  defects equal t o  t h a t  calculated by the  modif ied 
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D i s t i n c t  subcascades (damage regions separated by r e l a t i v e l y  undamaged mater ia l )  are produced regu la r l y  
a t  50 keV and above. A t  lower energies and w i t h i n  ind iv idua l  subcascades the re  are  separate. d i s t i n c t  
regions o f  h igh defect density. o f ten  i n  c lose proximity (F igure 1). 
sub-region. the  "lobe," was defined as the basic u n i t  o f  cascade conf igurat ions.  
d i s t r i bu t ion .  fo r  example. would be considered t o  have two lobes.) A special category o f  subcascade was 
a lso defined: widely-separated subcascdes, f o r  which the edge-to-edge separation is a t  l e a s t  as l a rge  
as t h e  subcascade dimensions. 

The energy dependence of lobe production is i l l u s t r a t e d  i n  Figure 1. A t  PKA energies up t o  a few keV the 
cascades have no f u l l y  developed lobes, but  cons is t  of a fen scattered defects w i th  the  vacancies general ly 
i n  the  center. As t h e  energy increases ( t o  about 10 keV i n  copper), s ing le  lobes become f u l l y  developed. 
w i th  the charac te r i s t i c  vacancy-rich depleted zone surrounded by a cloud of i n t e r s t i t i a l s .  
keV t h e  tendency t o  form more than one depleted zone or  lobe i s  observed. 
subcascades. each having i t s  own lobe structure,  occur regu lar ly .  

Sizes of our simulated cascades and the  numbers, s i z e  and spacing o f  lobes were determined as a funct ion 
of PKA energy and damage energylo ' l l .  
was defined such t h a t  a l l  20 keV cascades have a t  l e a s t  one lobe. Based on the  present sample o f  cascades. 
e x t r m e l y  separated damage regions (w i th  subcascade separations exceeding 2 o r  3 t imes the  average maximum 
extent f o r  cascades of t h a t  energy) occur I n  l e s s  than 20% o f  cascades o f  200 keV o r  less. and Only r a r e l y  
below 50 keV. Thus, for  most of the PKAs produced i n  copper by 14 MeV neutrons, subcascades f r a  the  same 
PKA should be c l e a r l y  associated w i t h  each other. 

I n  br ie f .  a high energy cascade i n  copper was found t o  be a ser ies  o f  mostly-connected 5 t o  30 keV lobes 
separated by an average center- to-center spacing o f  14 nm ( i nc lud ing  distances between widely-separated 
subcascades). 
lobes and d i s t i n c t  subcascades as a funct ion of PKA damage energy are shown i n  Figure 2. 

Thus, a separate category of cascade 
(An "L" shaped 

By about 20 
And by 100 keV. widely-spaced 

For the  purpose o f  quan t i t a t i ve  analysis. t he  minimum sized lobe 

On average there i s  approximately one lobe per 13 keV of damage energy. The numbers o f  

PKA DAMAGE ENERGY, keV I..DP2c. I 

Figure 2. Average number of lobes and widely-spaced subcascades as a funct ion o f  PKA damage energy, To, 
i n  keV. 
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I n  recent transmis on e lec t ron  microscopy (TEMI i nves t iga t ions  o f  pure metals i r r a d i a t e d  by 14 M e V  
neutrons. K i r i t a n i H a  was able t o  resolve ind iv idua l  sub-regions o f  s i ng le  cascades. The numbers o f  sub- 
regions and t h e i r  spacings are consis tent  w i t h  t he  lobe s t ruc tu res  o f  our simulated cascades. 
repor ts  an in ter- lobe spacing o f  12 nm fo r  copper, i n  good agrement w i t h  our simulations. 

The technique o f  imaging disordered regions caused by cascades i n  ordered al loys15 can g ive  quan t i t a t i ve  
information on cascade shapes and s izes even when t he  res idual  defects cannot be imaged. The transverse 
dimensions of disordered r fg ions produced by 10-200 keV Cu+ ions normally inc iden t  on ordered Cu3Au were 
analyzed by Jenkins e t  a l .  
d i s t r i b u t i o n s  were determined. and t h e  average maximum transverse dimensions were determined as a func t ion  
o f  energy. 

A s imulat ion o f  t h i s  experiment was performed using t4ARLOWE.l' 
d i s t r i b u t i o n s  were ca l fb ra ted  t o  the  measured s ize d i s t r i b u t i o n s  o f  dfsordered zones a t  10 keV and 30 
keV. 
t he  f o i l  thickness used i n  t he  experiment, t he  simulated cascade damage res id ing  i n  only  t he  f i r s t  20 nm 
of t he  f o i l  was analyzed. The agrement  between t he  s imulat ion f o r  t he  t h i n  f o i l  and t he  experinmnt was 
q u i t e  good over t he  e n t i r e  energy range. 

K i r i t a n i  

Closely spaced m u l t i p l e  damage regions were observed. Maximum zone S12B 

The s izes o f  t he  simulated p o i n t  defect 

To account f o r  A comparison o f  t he  simulated and experimental cascade dimensions i s  i n  F igure 3. 

I 

60 1W 160 m 
J I O 0 1 c A 1  ION ENERCV. k.V 

Figure 3. The measured maximum transverse dimension o f  disordered zones i n  ordered Cu3Au i r r a d i a t e d  w i t h  
Cu+ ions (po in ts ) .  
t h i n  (t = 20.6 nm) f o i l s .  The dashed l i n e  i s  t he  r e s u l t  o f  an ana l y t i ca l  theory. 

The s o l i d  curves are r e s u l t s  o f  WLOWE simulat ions f o r  t h i c k  (t = - I  and - 
Because h igh  energy cascades are so i r r e g u l a r  i n  shape. it i s  very d i f f i c u l t  t o  make meaningful 
quan t i t a t i ve  descr ip t ions o f  t h e i r  s izes or, especial ly.  t he  density of defects. How one defines t he  
densi ty  o r  volume depends 1 gely on t he  use t o  be made o f  t he  Information. 
of cascade volume. Robinson" m u l t i p l i e s  t he  atomic volume by t he  number o f  moving atans i n  a MARLOWE 
cascade. The defect  densi ty  r m a i n s  constant w i t h  damage energy by t h a t  d e f i n i t i o n  o f  volume. 
other  ex rme.  we have measured t he  volume ins ide  a rectangular para l le lepiped j u s t  enclosing t he  
cascadelf. Using t h a t  d e f i n i t i o n  o f  volume, defect dens i t ies  decrease w i t h  increasing energy by several 
orders of magnitude from 1-200 keV. 
para l le lep iped  as a func t ion  of PKA energy. The data d isp lay a d i f f e r e n t  energy dependence above about 
20 keV, i nd i ca t i ng  the  t r a n s i t i o n  t o  m u l t i p l e  lobe production. 

I n  t he  narrowest d e f i n i t i o n  

A t  the  

F igure 4 i s  a p l o t  of t h e  average defect  density w i t h i n  t he  
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Figure 4. 

Volume determinat ions de r i v i ng  fran s t a t i s t i c s  o f  t h e  defect  d i s t r i b u t i o n  have been developed. 
best su i t ed  t o  s i ng le  lobed cascades. 
cascades up t o  30 keV i n  tungsten. Die$fkx20 appl ied component analys is  t o  ind iv idua l  subcascades i n  h igh 
energy cascades i n  alpha-iron. Benedek 
defect d i s t r i bu t i on .  
F igure 4. 

I n  F igure  5 t he  average defect density i n  a small region about each defect  i s  p l o t t e d  as a funct ion of FKA 
energy f o r  vacancies and i n t e r s t i t i a l s .  Above about 10 keV. t he  defects see the  same average environment, 
independent o f  energy. The subsequent behavior o f  t h e  defects w i l l  i n i t i a l l y  be most inf luenced by t h e i r  
inmediate surroundings. thus, one can expect t o  l ea rn  much about h igh energy cascades by studying t he  
evo lu t ion  o f  ind iv idua l  lobes. 

The average densi ty  o f  defects w i t h i n  t he  enclosing rectangular  paral lelepiped, or iented 
along t he  c r y s t a l  axes, as a func t ion  o f  PKA energy. 

They are 
The component ana lys is  o f  e l l i p s o i d s  was appl ied by H o d 9  t o  MARLOWE 

analyzed cascades i n  copper using t he  radius o f  gy ra t ion  of t h e  
The dens i t ies  are propor t ional  t o  t he  enclosing para l le lep iped  dens i t ies  shown i n  

F igure 5a 
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Figure 5. Average loca l  densi ty of a.) i n t e r s t i t i a l s  and b.) vacancies as a funct ion o f  FUA energy. 
defined as the  average number o f  neighboring defects w i t h i n  5 l a t t i c e  parameters ( 4 5  1.p.) 
f o r  i n t e r s t i t i a l s  o r  3 nearest neighbors (L3nn) .  1.2 l a t t i c e  parameters. f o r  vacancies. 
The average number of nearest neighbor defects i s  a lso s h a n  (1 nn) f o r  each defect  type. - 

The production of subcascades is,  I n  general, a manifestation of the  increase i n  the  mean f r e e  path between 
energet ic c o l l i s i o n s  w i t h  increasing energy of the p r o j e c t i l e  atom. 
influence on t h e  conf igurat ions of cascades i s  i n t e r p l a n e  channeling. It occurs when an energetic primary 
o r  secondary knock-on atan i s  given a t r a j e c t o r y  between two a tan ic  planes such t h a t  r e l a t i v e l y  la energy 
c o l l i s i o n s  tend t o  confine the  t r a j e c t o r y  t o  t h a t  plane over a f a i r l y  la rge distance w i th  Only a m a l l  
l o s s  of p r o j e c t i l e  energy. 
f ran  the  r e s t  of t he  cascade. 

Canputer s lmu la t i ons l l  i nd i ca te  t h a t  channeling occurs i n  copper, though rarely,  i n  cascades o f  30 keV or  
less. 
of channeling. usual ly only a single, compact damage region i s  produced. 
of energy, subcascades are produced i n  locat ions t h a t  may o r  may n o t  be the  r e s u l t  o f  channeling. 
cascades of 200 and 500 keV i n  copper were analyzed graph ica l ly  t o  determine the  con t r i bu t ion  of channeling 
t o  the cascade conf igurat ion.  
debr is along t h e  t r a j e c t o r y  (an occasional Frenkel p a i r )  o r  i n fe r red  fran r e l a t i v e  shapes and pos i t ions 
of damage regions. Figure 6a. o f  a planar channeling 
d i rec t ion.  
Thus. It seems t h a t  channeling events occur frequently i n  high energy cascades i n  copper, but  they are  n o t  
the  exclusive mechanism by which widely separated damage regions are  produced. 

The in f luence o f  channeling events on the  conf igurat ions of h igh energy cascades was a lso invest igated by 
comparing simulated cascades produced i n  c r y s t a l l i n e  and "amorphous" copper. MARLCUE models an amorphous 
mater ia l  by performing a random r o t a t i o n  of the  l a t t i c e  a f ter  each co l l i s i on .  While t h i s  procedure does 
not  r igorous ly  represent t h e  amorphous condit ion, nevertheless. the  symmetry t h a t  permits channel i n g  i s  
destroyed. A Comparison o f  the  vacancy d i s t r i b u t i o n s  o f  200 keV cascades i n  c r y s t a l l i n e  and amorphous 
copper showed t h a t  the cascades i n  c r y s t a l l i n e  mater ia l  were only s l i g h t l y  l a rge r  i n  ex tent  and aspect 
r a t i o .  The amorphous cascades. Figure 6b. are generally ind is t ingu ishable  f ran the c r y s t a l l i n e  cascades, 
but on the  average, they tend t o  have fewer widely-separated damage regions. 
OppOrtUnitY fo r  channeling i s  suppressed. the subsequent i n te rac t ions  of the  defects may be affected. 
Addi t ional ly.  condi t ions t h a t  suppress channeling would probably a lso suppress replacement c o l l i s i o n  
sequences, which would have an even greater impact on subsequent defect in teract ions.  

Another phenmnon t h a t  may have an 

Upon de-channeling. the  p r o j e c t i l e  can produce a damage region widely separated 

I n  these l a e r  energy cascades t h e  appearance of channeling i s  q u i t e  dramatic. s ince i n  t h e  absence 
In cascades w i t h  hundreds of keV 

MARLCUE 

The t r a j e c t o r y  d i rec t i ons  f o r  14 events i n  40 cascades were determined from 

Of t he  events measured, 68% have d i rec t i ons  w i t h i n  2 
If di rec t ions  were randomly chosen, about 4l% of a l l  d i rec t i ons  would be i n  t h i s  Category. 

I n  real  s i t ua t ions  if the  
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Figure 6a F igure  6b 

a.) Vacancy d i s t r i b u t i o n  fo r  a 200 keV cascade i n  copper The cube edge i s  170 l a t t i c e  parameters 
(62 nm). The v e r t i c a l  t r a i l  o f  s i ng le  vacancies ind ica tes  the t r a j e c t o r y  of t he  energet ic  r e c o i l  
t h a t  produced the  upper subcascade. 
copper. 

6. 

b.) Vacancy d i s t r i b u t i o n  f o r  a 200 keV cascade i n  "amorphous" 
The cube edge i s  192 l a t t i c e  parameters (70 nm). 

Shor t  - term hw&j&g 

The quenching stage o f  a h igh  energy cascade can only be proper ly  simulated by a f u l l y  dynamical d e l r  
a f e a t  t h a t  has y e t  t o  be achieved above 5 keV i n  copper. 
modeling t h e  many body aspects o f  t he  quenching stage. 
developed dur ing t he  c o l l i s i o n a l  stage. it does not  leave the  defects o r  t he  surrounding c r y s t a l  i n  the  
co r rec t  d isposi t ion.  However, it may be possib le t h a t  a simple parametric model of cascade quenching. 
appl ied t o  MARLOWE cascades. can br idge the  gap i n  a phys i ca l l y  reasonable way between the  c o l l i s i o n a l  
stage and t h e  beginning o f  t h e  short- term annealing stage. 
s i g n i f i c a n t  recanbination, c l us te r i ng  and. i n  sane cases, d i r e c t  formation o f  vacancy loops. As quenching 
i s  independent of c r y s t a l  temperature. t h e  number of  defects r m a i n i n g  inmediately a f t e r  quenching a t  any 
temperature i s  assumed equal t o  t h a t  measured i n  i r r a d i a t i o n s  a t  l i q u i d  helium temperature (approx. 4 K )  
where defects are i m b i l e .  ana lyse^^^-^^ of experimental in format ion show the  r e c o i l  energy dependence 
of defect production. It i s  general ly  accepted t h a t  t he  lower ef f ic iency of defect production i n  cascades 
i s  a r e s u l t  of recanbination dur ing quenching. 

The s implest  approach t o  representing t he  r e s u l t  of quenching i n  MARLOWE cascades i s  t o  ignore t he  k i n e t i c  
and po ten t i a l  energy o f  t he  defects a t  t he  te rmina t ion  of t h e  c o l l i s i o n a l  stage and t o  s t a t i c a l l y  recanbine 
the c loses t  defect pairs, leav ing  t he  residual  defects in t h e  pos i t ions  determined by MARLWE. In the 
e a r l i e s t  workg, a single, energy-independent recanbination d is tance was found t o  g i ve  defect  p a i r  y i e l d s  
f o r  cascades fran 10 keV t o  500 keV i n  copper equal t o  t h e  measured number o f  defect pa i r s  extractedZ2 
fran r e s i s t i v i t y  measu rmn ts  on copper i r r a d i a t e d  w i th  charged p a r t i c l e s  and neutrons a t  4 K. The post- 
quenching number o f  defects was correct .  bu t  t he  spa t i a l  d i s t r i b u t i o n  o f  t he  residual  defects was q u i t e  
incorrect .  About 25% o f  vacancies and 50% o f  i n t e r s t i t i a l s  became f ree l y  migra t ing  defects dur ing 
subsequent short- term annealing s imulat ions o f  t he  recombined cascades. 
i n  Ref 25) i nd ica tes  t h a t  only a few percent o f  t h e  defects t h a t  e x i s t  i n  t h e  post-quenching primary 
damage s t a t e  escape t h e i r  cascades and become f r e e l y  migra t ing  defects. 

As a f i r s t  step toward a more r e a l i s t i c  quenching model, a semi-empirical k i n e t  c quenching model was 
devised w i t h i n  t h e  framework of t he  s h o r t - t e n  annealing s imu la t ion  code ALSOME . 
cascades o f  1-100 keV i n  copper, both t he  observed numbers of t o t a l  defects and the  f rac t ions  o f  f r e e l y  
migra t ing  defects (those t h a t  escape i n te rac t i ons  w i t h i n  t h e i r  own cascade) were wel l-mdeled throughout 
the  energy range. - 
The Monte Car lo  annealing s imulat ion code ALSOHE6 conta ins a number a s imp l i f y i ng  assumptions about t h e  
physical processes t h a t  make it very f as t  even f o r  t he  l a r g e s t  cascades. 
ava i l ab le  f o r  d i s t r i bu t i on . )  Defect c l us te rs  a re  spherical and centered on l a t t i c e  s i tes .  Mobi le defects 
a re  jumped i n  randan sequence, weighted by t h e i r  r e l a t i v e  jump p robab i l i t i es .  When two defects cane 
w i t h i n  a c r i t i c a l  reac t ion  distance. they are  coalesced i n t o  a s i ng le  defect.  The only adjustable 
parameters i n  ALSOME are t he  r e l a t i v e  jump p r o b a b i l i t i e s  of mobi le defects and the  c r i t i c a l  reac t ion  
distances between various defect  species. 
the  concept o f  temperature enters when the  sequence o f  events i s  in terrupted.  

The b inary c o l l i s i o n  approach i s  inadequate f o r  
Although it can model we l l  t h e  gross features 

The major physical e f f e c t s  o f  quenching are  

Experimental evidence (reviewed 

b When appl ied t o  MARLOWE 

(ALSOME i s  no t  present ly  

I n  pract ice. t ime i s  measured i n  terms o f  defect  jumps and 
For example. if the 
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simulat ion i s  terminated when few mobi le i n t e r s t i t i a l s  remain. bu t  before vacancies have s ta r t ed  moving. 
t he  r e s u l t  represents the  short- term annealing a t  a temperature where i n t e r s t i t i a l s  are r e l a t i v e l y  mobi le 
and vacancies are r e l a t i v e l y  i m b i l e .  
frequencies: t he  simulated rea l  elapsed t ime i s  t he  inverse o f  the  sum o f  t he  jump frequencies o f  t he  
jumping defects f o r  t he  temperature being simulated. 
s t a t i s t i c a l l y  ind is t inguishable9 from simulat ions done w i t h  a more phys ica l l y  r igorous approachz6. 

For i so l a ted  cascades i n  copper, t he  sequence of simulated annealing events i s  f a i r l y  i nsens i t i ve  t o  the  
r e l a t i v e  jump frequencies. Indeed, i n  an extreme test ,  l i t t l e  d i f fe rence  was found when VaCancieS were 
a l l a e d  t o  move before i n t e r s t i t i a l s .  
defect conf igurat ion on subsequent behavior. 

The k i n e t i c  quenching model cons is ts  of annealing cascades w i t h  ALSCME f o r  a very shor t  t me w i t h  
exaggerated parameter values. The quenching l a s t s  fo 100 i n t e r s t i t i a l  jumps, about 10- sec. which i s  
consis tent  w i t h  arguments based on thermal conductionz7. Cascades are faken from MARLOWE t o  ALSOME wi th  
no p r i o r  recanbination. 
annealed w i t h  t he  conventional parameter sett ings. 

E Freelv  Mlaratina Defects 

The numbers of defects remaining i m d i a t e l y  a f t e r  t h e  quench compare very we l l  w i t h  t he  defect  y i e l d s  
ext racted fran r e s i s t i v i t y  measurements a t  4 K, F igure 7. 
approximately 00 K, t he  f rac t ions  of f ree defe 

remain simply as imnobi le c lus te rs .  The quenching model does n o t  inc lude p rov is ion  f o r  l w p  formation. 
Hwever, dur ing quenching, vacancy c l us te r s  were given r a d i i  representat ive of loops ra ther  than spherical 
c lusters,  making l a rge  c l us te r s  more e f f e c t i v e  as sinks. 

The rea l  t ime a t  temperature i s  r e f l ec ted  i n  t h e  absolute jump 

The r e s u l t s  w i t h  ALSCME were found t o  be 

This i s  a fu r ther  manifestat ion of the  st rong e f f e c t  o f  t he  i n i t i a l  

11 

They are quenched w i t h  quenching values o f  ALSOME parameters. then short- term 

Then, a f t e r  short- term annealing a t  
s compare we l l  w i th  measured values. 14% o f  t he  remaining 

i n t e r s t i t i a l s z 2  and 3.5% of remaining vacancies 2 . The defects t h a t  do no t  escape t he  cascade region 

---- 
FREE VACANCIES U.MI I 

1110W04.10 PKA DAMAGE ENERGV I teVI 

F igure 7. The number of defect  pa i r s  remaining a f t e r  quenching and short- term annealing o f  i so l a ted  
cascades i n  copper as a funct ion o f  PKA damage energy. 
t he  defects t h a t  do no t  recombine o r  c l u s t e r  w i t h i n  t he  cascade dur ing annealing. 

Free vacancies and i n t e r s t i t i a l s  are 

The f r ac t i ons  o f  f ree  defects a re  sens i t i ve  t o  the  c r i t i c a l  reac t ion  distances used, bu t  t h e i r  spa t i a l  
d i s t r i b u t i o n  places bounds on t h e i r  behavior. Regardless o f  t he  parameter sett ings. a minimum o f  16% of 
t he  i n t e r s t i t i a l s  escape, because they a re  a t  t he  periphery of t he  cascade. 
vacancies can escape because o f  t h e i r  concentrat ion i n  t he  center  o f  t he  cascade. 

The energy dependence of f r e e  defect  product ion a t  l o w  energies i s  mo e s p e c i f i c a l l y  i l l u s t r a t e d  i n  F igure 
8. The e f f i c i ency  of t o t a l  s tab le  defect product ion measured a t  4 Kzr, r e l a t i v e  t o  t h e  displacements 
ca lcu la ted  fran the  modif ied Kinchin and Pease 
8a. The f r ac t i ons  of t o t a l  s tab le  defects t h a t  becane f r e e l y  migra t ing  defects a f t e r  short- term annealing 
a t  300 K a re  p l o t t ed  i n  F igure 8b. 

A maximum of 1OX of t he  

i s  p l o t t ed  as a func t ion  o f  PKA energy I n  F i g  
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F igure 8b 

Figure 8. a.) PKA p a i r  product ion e f f i c iency  fo r  copper. E f f i c i ency  I s  t h e  r a t i o  o f  t h e  res idual  defect 
pa i r s  a t  4 K, extracted fran r e s i s t i v i t y  measursnents (Simons). t o  t he  d isp lacments  ca lcu la ted  
w i t h  t he  modified Kinchin and Pease expression INRT). b.) The f r ac t i ons  of res idual  defects 
a t  4 K t h a t  becane f ree ly  migra t ing  vacancies and i n t e r s t i t i a l s  a f t e r  short-term annealing 
a t  300 K. 

The h igher  e f f i c i e n c i e s  o f  t o t a l  and f ree  defect  product ion a t  l o v e r  r e c o i l  energies a re  a mani festat ion 
o f  t he  energy dependence o f  lobe production, b u t  i n  d i f f e ren t  ways. 
e f f i c i ency  o f  t o t a l  defect  product ion i s  re la ted  t o  t h e  density o f  defects i n  a cascade. Below about 1 
keV t he re  a re  feu defect  p a i r s  created i n  c lose proximity. and t he  energy density of the cascade region 
1s n o t  g rea t  enough t o  cause recanbinat ion by quenching. With increasing energy, t he  densi ty  o f  defects 
and energy i n  t he  cascade volume increases. and recanbinat ion and c l u s t e r i n g  occur dur ing quenching. 
The c r i t i c a l  dens t y  f o r  maximum quenching recombination (perhaps t h e  c r i t i c a l  energy densi ty  f o r  formation 
of a molten phas J ) i s  achieved by about 5 keV. As t h e  energy increases fu r ther ,  t he  damage regions 
becane larger ,  b u t  the  defect dens i t ies  rsna in  constant, as i l l u s t r a t e d  i n  t he  behavior o f  t he  average 
l W a l  dens i t ies  o f  defects i n  F igure 5. The product ion of lobes and subcascades guarantees constant 
e f f i c iency  w i t h  f u r t h e r  increase i n  energy. 
The f r ac t i ons  of f r e e l y  mig ra t ing  defects a re  inf luenced by t he  surface areas of t he  vacancy core and t he  
i n t e r s t i t i a l  c loud making up t he  cascade. 
fract ions. which depend on t h e  surface-to-volume rat ios,  decrease u n t i l  t he  maximum lobe s i z e  i s  achieved. 
a f t e r  which they r m a i n  constant as t he  increasing energy simply r e s u l t s  i n  more lobes. 
greatest  f o r  t he  i n t e r s t i t i a l s .  which l i e  a t  t h e  outer  edge of t he  cascade region. 

The energy dependence o f  the  

. 

As t he  cascades increase i n  s i z e  w i t h  energy. t he  f ree defect 

The e f fec t  i s  
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Corre lat ions o f  property changes t h a t  depend on t o t a l  defect product ion by neutrons fran f i s s i o n  and 
fusion reactors should no t  be affected much by t he  r e c o i l  energy dependence of t o t a l  defect product ion 
e f f i c iency .  In most f i s s i o n  reactors t he  vast  ma jo r i t y  of displacements r e s u l t  f r an  r e c o i l s  above 1 
keV. However. property changes t h a t  depend on f r e e l y  migra t ing  defects a t  roan temperature may shfy 
s i g n i f i c a n t  neutron spectra l  e f fects .  
have been folded i n t o  PKA spectra f o r  14 MeV neutrons and the  Fast F lux  Test F a c i l i t y  (FFTF) a t  Hanford. 
Washington. The ca lcu la t ions  p red i c t  that .  compared t o  14 MeV neutrons, FFTF produces tw ice  as many 
f r e e  i n t e r s t i t i a l s  and th ree  times as many f ree  vacancies per DPA (displacements per atan), wh i le  producing 
t he  same number o f  t o t a l  residual defects per OPA. 

Recent experimentsz5 measuring rad ia t i on  induced segregation i n  i o n  banbarded N i - S i  and Cu-Au a l l oys  a t  
temperatures of 650-900 K. where c l us te r s  are unstable, show weighted r e c o i l  energy dependence of f ree 
defect  product ion very s i m i l a r  t o  t he  modeling resu l t s  i n  F igure ab. This  i s  evidence t h a t  even a t  h igh 
tmpera tu res  the  i n i t i a l  cascade con f igura t ion  a lso st rongly  inf luences the  behavior o f  defects i n  
cascades. The basic cascade con f igura t ion  j u s t  a f t e r  t he  c o l l i s i o n a l  phase, 1.e. vacancies surrounded 
by a cloud o f  i n t e r s t i t i a l s .  i s  essen t i a l l y  independent of temperature. Evidently, t h i s  con f igura t ion  
r e s u l t s  i n  subsequent intense recombination w i t h i n  each cascade a t  h igh c r y s t a l  temperatures. As a t  
lower temperatures. t he  f r a c t i o n  of f ree ly  mig ra t ing  defects i s  con t ro l l ed  by the  decreasing surface-tc- 
volume r a t i o  as cascade energy and s ize increase, l eve l i ng  o f f  as m u l t i p l e  lobe product ion begins a t  
about 20-30 keV. 
of cascades a t  h igh temperatures. The behavior impl ied by these experiments may lead t o  a considerable 
e f fec t  o f  the  neutron spectrum on swe l l ing  and i r r a d i a t i o n  creep. - 

Functions f i t t e d  t o  t h e  s imulat ion r e s u l t s  f o r  f r e e  defects 

This i n t e rp re ta t i on  should be invest igated by doing a short- term annealing s imulat ion 

The simulat ions discussed so f a r  have been f o r  single, i so la ted  cascades. 
experiments, take place w i t h  a t  l e a  t the  p o s s i b i l i t y  of cascade in teract ions.  

s t a t e  i s  a dominating influence. The free l n t e r s t i t i a l s  i n t e r a c t  almost exc lus ive ly  w i t h  other  
i n t e r s t i t i a l s ,  c l us te r i ng  e i t h e r  w i t h  t he  f ree  i n t e r s t i t i a l s  from other cascades o r  w i t h  i n t e r s t i t i a l  
c l us te r s  a t  the  periphery of another cascade. 
d i s t r i b u t i o n s  f o r  i so l a ted  and i n te rac t i ng  30 keV MM(LCWE cascades i n  copper a f t e r  annealing a t  50 K 
(Stage I recovery) w i t h  ALSOME. 
l a rge r  i n t e r s t i t i a l  c lusters,  wh i le  t he  vacancy c l us te r i ng  i s  t h e  same. Stage I recovery of 18% Was 
experienced by both t he  i n te rac t i ng  an 

l e a s t  i n  part. t o  using 30 keV cascades exc lus ive ly .  
be done using a d i s t r i b u t i o n  of cascade energies representat ive of t he  r e c o i l  spectrum being simulated. 

Phenanena o f  IntereSt. and most 
ALSOME simulat ions o f  

cascade i n te rac t i ons  have been done d , and t h e  r e s u l t s  imply t h a t  the  con f igura t ion  o f  t he  i n i t i a l  damage 

Figure 9 shars i n t e r s t i t i a l  and vacancy c l us te r  s i ze  

For cascades allowed t o  i n t e r a c t  dur ing annealing there  are more and 

iso la ted  cascades, compared t o  80% f o r  e lec t ron  i r r a d i a t i o ~ l  
and 35% fo r  d-Be neutron I r r a d i a t i o n s  32 . The m a l l  amount of recovery i n  t h e  s imulat ion must be due, a t  

Simulat ions of spec i f i c  annealing experiments should 

CLUSTERS IN ISOLATED AND INTERACTING 30 keV 
CASCADES AFTER SHORT-TERM ANNEALING 

ISOUTED IWTEnACTlNO 
YdEm YdEm 

CLUIRRSICASCADE 7 6  (D 7.1 11 

h .mI 
L Figure 9. 

C lus te r  s i ze  d i s t r i b u t i o n s  
of i so l a ted  and i n t e r a c t i n g  
30 keV cascades i n  copper 
a f t e r  short- term annealing 
a t  300 K. 

0 

t 
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DASaKLm 

E a r l  i e r  s imulat ions of high energy cascades by Ooran and 
s imulat ions and the  determination of de c t  production functions. They used cascades generated i n  t he  

of MARLWE. 
The cu t- o f f  energy EWIT used i n  MARLOWE was 25 eV. and no prov is ion  was made f o r  recombination o r  
c l u s t e r i n g  due t o  quenching. With t he  higher value of EWIT, long replacement sequences were no t  allowed, 
and t h e  average p a i r  separat ion was t o o  m a l l ;  hence. more recombination would be expected dur ing short-  
term annealing. However. since the  e f f e c t s  o f  quenching were no t  taken i n t o  e f fec t .  t he  i n i t i a l  number 
o f  defects was t o o  l a r g e  i n  t h e  annealing simulat ion. These fac to rs  apparently o f f s e t  each other. because 
t h e  residual  de fec t  production was very s i m i l a r  t o  t h a t  i n  F igure 7. While t he  t o t a l  number of defects 
was f o r t u i t o u s l y  correct,  t he  defects were no t  i n  t he  co r rec t  i n i t i a l  conf igurat ion:  
f r ac t i ons  o f  mobile defects were much t o o  large.  

Muroga and I s h i n d 6  
w i t h  short- term annealing simulations. 
quenching, t h e i r  r e s u l t s  a re  s i m i l a r  t o  those o f  Ooran e t  a l .  Tota l  res idual  defect  production i s  c o r r  
bu t  t h e  f r ee  defect f r ac t i ons  are  very l a rge  compared t o  measured values ( i n  fcc metals). Muroga e t  a1 
have determined t h e  r e c o i l  energy dependence of f r e e  defect  f rac t ions  i n  simulated cascades from 30 eV t o  
30 keV. While these f r a c t i o n s  are s t i l l  very high canpared t o  measured values. t he  ove ra l l  energy 
dependence i s  s i m i l a r  t o  t h a t  obtained i n  our s imulat ions f o r  copper, F igure 8. 

D ie rckgO has generated cascades f o r  PKAs fran 500 eV t o  2 MeV i n  alpha- iron w i t h  MARLWE. using a f a i r l y  
h igh value o f  EWIT (25 eV). The general conf igurat ions of the  cascades should be independent o f  t he  value 
of EWIT used i n  var ious simulations. 
i d e n t i f i c a t i o n  algorithm. then each subcascade i d e n t i f i e d  was t rea ted  by e l l i p s o i d  canponent analysis. 
The c l u s t e r  a lgor i thm cannot i n t e r p r e t  t he  lobe s t ruc tu re  of subcascades, so Oierckx's conclusions about 
t he  energy dependence o f  cascade conf igurat ions are  sanewhat d i f f e ren t  from ours. The subcascades are  
reported t o  becme l a r g e r  and l e s s  dense w i th  increasing damage energy throughout t he  energy range. 

included short- term anneal Ing  

pioneering s imu la t ion  studies of Beele IJf . Later  cascades were generated i n  copper w i t h  an ea r l y  vers ion 
They annealed the  cascades using a model sanewhat more phys ica l l y  r e a l i s t i c  than i n  ALSOME. 

t h e  post-annealing 

have done binary c o l l i s i o n  s imulat ions o f  h igh energy cascades i n  a lpha- inn .  along 
With a h igh  value of EWIT (40 eV) and apparently no prov is ion  fo r  

y 

The cascade conf igurat ions were analyzed using a c l u s t e r  

CoElcLusIoNs 

The major conclusion t o  be drawn frm these s imulat ions of h igh energy displacement cascades i s  t h a t  t he  
i n i t i a l  defect conf igurat ion s t rong ly  inf luences t h e  subsequent behavior o f  t h e  defects. The e n t i r e  
s imulat ion scheme frm cascade production through short- term annealing i s  accomplished w i t h  very simple 
models. based on fundamental act ions o f  i n te rac t i ng  pa r t i c l es .  There are  few adjustable parameters, and 
no unphysical parameter values are needed t o  produce good agreanent w i t h  experimental resu l ts .  So st rong 
i s  t h e  inf luence of t he  spa t i a l  d i s t r i b u t i o n  of defects. t h a t  sane aspects o f  t h e  annealing s imu la t ion  are 
nearly i nsens i t i ve  t o  sane parameter values. However. it should be noted t h a t  the  conclusions stated here 
fo r  copper may n o t  a l l  apply i n  o ther  systems. For example. i n  mater ia ls  having more d i f f use  cascades, 
t h e  inf luence of t he  i n i t i a l  conf igurat ion on the  f i n a l  d i spos i t i on  o f  t he  defects may n o t  be as strong. 

As w i t h  a l l  modeling, one must keep the  r e s u l t s  i n  proper perspective. The de ta i led  cha rac te r i s t i c s  o f  
i nd i v i dua l  defects and t h e i r  i n te rac t i ons  can never be modeled c o r r e c t l y  w i t h  MARLOWE and ALSOHE. bu t  many 
ef fects governed by large-scale spa t i a l  r e l a t i onsh ips  can be modeled w i th  s u f f i c i e n t  accuracy t o  provide 
important and unique ins ights.  

Computer codes such as MARLWE and ALSOME should be used as a framework f o r  i nves t i ga t i ng  t h e  in f luence 
o f  h igh  energy cascades on mic ros t ruc tu re  evolut ion.  The consequences o f  t he  de ta i led  i n te rac t i ons  can 
be determined w i t h  s u f f i c i e n t  r i g o r  elsewhere. nmst l i k e l y  by molecular dynamics o r  d i r e c t  experimental 
observation. and represented by simple models w i t h i n  a MARLWE/ALSOHE framework. Molecular dynamics 
s imulat ions o f  c r i t i c a l  sized lobes and loop formation i n  cascades are  c r u c i a l  t o  s t a r t i n g  w i t h  t he  most 
r e a l i s t i c  defect d i s t r i bu t i ons .  Careful, innovat ive experimental inves t iga t ions  o f  t he  primary damage 
s t a t e  must continue t o  be done. 
ALSOME can provide a r e a l i s t i c  representat ion of many aspects o f  m ic ros t ruc tu re  evo lu t ion  because it 
incorporates t h e  e x p l i c i t  spa t i a l  dependence necessary t o  study cascade ef fects.  

Properly ca l i b ra ted  and parameterized f o r  t he  problem under inves t iga t ion ,  

FUTURE WORK 

The models and methodology w i l l  cont inue t o  be developed. 
the  subcascade conf igurat ions i n  many d i f f e r e n t  metals and make comparisons w i th  observed defect 
format i  ons. 

Immediate emphasis i s  on using MARLWE t o  model 
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IRRADIATION CREEP BEHAVIOR OF THE FUSION HEATS OF HT9 AN0 MODIFIED 9Cr-IMo 
R .  J. Puigh (Westinghouse Hanford Company) and F .  A. Garner, (Pac i f i c  Northwest Laboratory) 

OBJECTIVE 

i n  the construct ion o f  fus ion  reactors.  
The object  o f  t h i s  e f f o r t  i s  t o  determine the creep behavior o f  f e r r i t i c  s tee ls  t ha t  might be employed 

SUMMARY 

i r r a d i a t i o n  of pressurized tube specimens i n  the  FFTF reactor .  These i r r a d i a t i o n s  were conducted on 
specimens which reached -50 dpa a t  400-540'C and which u t i l i z e d  hoop stresses ranging from 0 t o  200 Mpa. 
The creep behavior o f  these two a l l oys  was found t o  be s i m i l a r  and t o  be consis tent  w i t h  creep data on 
re l a ted  a l l oys  i r r a d i a t e d  i n  e i t h e r  E B R - I 1  o r  FFTF. 
component o f  deformation has been developed and compared t o  the  ava i lab le  data. 

These f e r r i t i c  s t ee l s  were a lso shown t o  e x h i b i t  a super ior  res is tance t o  creep and swe l l ing  a t  
temperatures t520'C when compared t o  t ha t  of the AIS1 316 and PCA aus ten i t i c  a l l oys  a lso i r r a d i a t e d  i n  the  
fus ion mater ia ls  program. 

In t roduc t ion  

a s t r uc tu ra l  mater ia l  f o r  e i t h e r  f i s s i on  o r  fus ion energy devices. 
commercial f e r r i t i c  a l l oys  have shown an exce l len t  res is tance t o  neutron-induced swe l l ing  t o  very h igh  
displacement levels . ' -5  Moreover, the eventual swe l l ing  r a t e  i n  simple f e r r i t i c  a l l oys  has been shown t o  
be s i g n i f i c a n t l y  less6 than t h a t  observed i n  the aus ten i t i c  a l l o y  class'. M ic ros t ruc tu ra l  examinations o f  
these a l loys ,  however, have shown tha t  secondary phases are formed dur ing neutron irradiat ion' , '  and these 
phases may a f fec t  the  mechanical proper tie^'^^. 

small. 
t o  500'C and hoop 

In - reac to r  creep data on the  fusion heats o f  HT9 and a modified 9Cr-1Mo s tee l  have been obtained from 

A co r re l a t i on  descr ib ing the  i r rad ia t ion- induced creep 

The f e r r i t i c  a l l o y  c lass has been shown t o  e x h i b i t  a number o f  desi rable p roper t ies  when considered as 
Foremost o f  these p roper t ies  i s  t ha t  

Recent r e s u l t s  from in- reac to r  creep experiments have ind icated t h a t  creep s t r a i ns  are a lso  r e l a t i v e l y  
Studies of selected f e r r i t i c  a l l oys  t o  a peak fluence o f  37 dpa fo r  i r r a d i a t i o n  temperatures o f  400 

resse of 205 and 290 MPa have shown small creep s t r a i n s l o .  Data on HT9 t o  a peak 
fluence o f  10 x IO3! n/cm3 (E  > 0.1 MeV) o r  a 50 dpa i n  EBR-I1 have shown a l i n e a r  f luence 

in- reac to r  creep data on several comnercial 
0.1 MeV] o r  approximately 28 dpa i n  FFTF have 

dependence and a non- l inear  s t ress dependence 
f e r r i t i c  a l l oys  t o  a peak fluence of 5.7 x 
shown s i m i l a r  dependencies on f luence and 

This r epo r t  addresses the  r e s u l t s  o f  a f e r r i t i c  creep experiment conducted i n  the  Mater ia ls  Open Test 
Assembly (MOTA) i n  FFTF. 
heats o f  the  f e r r i t i c  a l l oys  HT9 and 9Cr-IMo cu r ren t l y  employed i n  the U.S. Fusion Mater ia ls  Program. 
data are compared t o  data on s i m i l a r  f e r r i t i c  s t ee l s  as we l l  as aus ten i t i c  s tee ls  used i n  e i t h e r  the  U.S. 
L iqu id  Metal Reactor o r  Fusion Mater ia ls  programs. 

ExDerimental Drocedure 

techniques described elsewhere". The composition and thennomechanical treatment f o r  these and other  
a l l oys  described i n  t h i s  r epo r t  are given i n  Table 1. 
and was d r i l l e d  t o  produce tubing w i t h  dimensions 4.78 mm 00 x 4.17 mm I O .  
i n  the f o r m  of cladding measuring 4.55 mol 00 x 4.22 mm IO. 
and were e lec t ron  beam welded t o  tubing segments which were 19.81 rmn i n  length. 
a c a p i l l a r y  hole fo r  pressur izat ion of the  specimen. 
HT9 specimen a t  600'C) were f i l l e d  w i t h  helium t o  the  desired pressure. The 9Cr-IMo specimens f o r  
i r r a d i a t i o n  a t  600'C were f i l l e d  w i t h  i s o t o p i c a l l y  enriched Kr/Xe tag gas t o  prov ide i n - reac to r  s t ress  
rupture data'4. 
glass po r t  of the  pressure vessel and sealed the  hole i n  the endcap. A l l  specimens were checked f o r  helium 
leaks p r i o r  t o  i r r a d i a t i o n .  
pressurized tubes are given elsewhere15. 

The specimen diameters were measured using a non-contact ing l ase r  system which as an accuracy of f2.5 x 
10-4 mm. Measurements were performed a t  f i v e  equ id is tan t  pos i t ions  (0.267 cm apart) which were synmetric 
about the  ax ia l  midplane of the  specimen. 
diameter f o r  the  tube. The hoop s t r a i n  f o r  a given specimen was determined from measurement of i t s  diameter 
before and a f t e r  i r r a d i a t i o n .  The r e p e a t a b i l i t y  i n  the  hoop s t r a i n  measurement i s  f 0.05% fo r  t h i s  s ize  
tube. 

This experiment was undertaken t o  determine the  in- reac to r  creep behavior o f  those 
These 

Pressurized tubes were fabr ica ted  from the fus ion heats of the f e r r i t i c  a l l oys  HT9 and 9Cr-1Mo using 

The HT9 a l l o y  was received i n  the  form o f  bar stock 
The 9Cr-1Mo a l l o y  was received 

Endcaps fo r  each a l l o y  were fabr ica ted  from HT9 
One endcap on each tube had 

Specimens fo r  i r r a d i a t i o n  a t  420 and 520'C (and the  

The closure weld fo r  gas containment was made w i t h  a l ase r  beam which passed through the  

Def in i t ions  o f  the  parameters descr ib ing the mechanical s t a te  of the  

The middle three measurements were averaged t o  y i e l d  an average 
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The t e s t  mat r i x  f o r  t h i s  experiment contained s i x  HT9 and f i v e  9Cr-1Mo pressurized tube specimens f o r  
each i r r a d i a t i o n  temperature (420, 520 and 600.C). The hoop stresses f o r  each a l l o y / i r r a d i a t i o n  
temperature combination range from 0 t o  a maximum of 240 MPa a t  420'C, 200 MPa a t  520'C and 140 MPa a t  
600°C. This t e s t  mat r i x  was placed i n  the (MOTA) i r r a d i a t i o n  veh ic le  fo r  i r r a d i a t i o n  i n  the  Fast F lux Test 
F a c i l i t y  (FFTF) located i n  Richland, Washington. 
found i n  reference 14. 
reactor  coolant temperature. The specimens fo r  i r r a d i a t i o n  a t  520 and 600'C were i n  gas-gapped canis ters.  

4 i r r a d i a t i o n ,  one of the 9Cr-1Mo creep specimens ruptured i n  the  600'C canister .  The can is te r  apparently 
f a i l e d  t o  vent i n  a t ime l y  fashion; therefore, the tubes were blanketed w i t h  gas and the temperature rose t o  
a peak temperature o f  820'C w i t h i n  several minutes. 
ruptures causing the loss  of a ma jo r i t y  of the  creep specimens a t  t h i s  i r r a d i a t i o n  temperature. The 
can is te r  temperature recovered a f t e r  approximately f i v e  minutes of operat ion above i t s  operat ing temperature 
range (595405°C) but  i t  was decided t o  d iscard the  remaining specimens i n  the  600'C canister .  

During FFTF cyc le 4, the specimens a t  420 and 520°C accumulated a peak f luence of 3 x loz2 n/cm2 (E  > 
0.1 MeV) o r  approximately 15 dpa. 
performed on the specimens i r r ad ia ted  a t  420 and 520'C, and these specimens were recons t i tu ted  i n t o  new MOTA 
hardware f o r  continued i r r a d i a t i o n .  
second i n t e r i m  examination was conducted. The peak t o t a l  f luence of cycles 4-6 was 10.6 x 1051 n/c& (E > 
0.1 MeV) o r  approximately 53 dpa. 

De ta i l s  o f  the MOTA con f igura t ion  and i t s  operat ion can be 
I r r a d i a t i o n  a t  420'C was conducted i n  a weeper can is te r  which operates a t  the  

The i r r a d i a t i o n  began i n  January, 1984 w i t h  the  beginning o f  FFTF cyc le 4 operat ion. During the cyc le 

This elevated temperature l e d  t o  add i t iona l  specimen 

The specimens were discharged from the  MOTA, diameter measurements 

These specimens were i r r a d i a t e d  i n  FFTF cycles 5 and 6 b ore t e 

Results 
The st ress dependence of in- reac to r  creep f the  usion heat o f  HT9 and the  modified 9Cr-1Mo i s  shown 

i n  Fig. 1 f o r  a fluence of approximately 10 x loss  n/cml (E  > 0.1 MeV) and fo r  i r r a d i a t i o n  temperatures o f  
420 and 520'C, respect ive ly .  The t o t a l  diametral s t r a i ns  fo r  the  specimens w i t h  zero st ress are n e g l i g i b l e  
and do not  ind ica te  any evidence of i r rad ia t ion- induced dimensional change. 
420'C are s l i g h t l y  l ess  than the in- reac to r  s t r a i ns  observed a t  520'C. 
data suggest a non- l inear  dependence on st ress s i m i l a r  t o  t h a t  observed i n  o ther  f e r r i t i c  a l loys11*12 .  

fusion heats of HT9 and gCr-lMo, respec t i ve ly .  The e f fec t i ve  creep s t r a i n  fo r  t h i s  s i ze  specimen i s  g iven 

The in- reac to r  creep s t r a i ns  a t  
F i na l l y ,  a t  both temperatures the  

Shown i n  Fig. 2 and 3 are the e f f ec t i ve  creep s t r a i n  data as a func t ion  o f  neutron f luence f o r  the  

by 

E = 1 .27  [ (  La ) - $9 I 
Do t o t a l  0 P O  

where E i s  the e f f e c t i v e  creep s t r a i n ,  (&) i s  .the measured diametral s t r a i n  and (@) i s  the  
Do t o t a l  Do P O  

specimen w i t h  zero st ress a t  the same i r r a d i a t i o n  temperature and f luence. Also shown i n  Figures 2 and 3 
are data on several L iqu id  Metal Reactor (LMR) heats o f  HT9 and 9CR-1Mo which were a lso i r r a d i a t e d  i n  the  
same MOTA can i s t e r s .  The compositions and f i na l  thermomechanical treatments f o r  these heats a r e  given i n  
Table 1. 

l i n e a r  dependence on fluence i n  several f e r r i t i c  a l l oys  [10,121. 
creep s t r a i n  a t  100 MPa when compared t o  the  LMR heats a t  approximately 410'C. For gCr-IMo, the  heats 
i r r ad ia ted  i n  the  fus ion  and LMR programs e x h i b i t  comparable s t r a i ns  a t  approximately 415'C. 
LMR data a t  490.C w i t h  the  fusion data a t  520'C, the  data f o r  both a l l oys  are consis tent  w i t h  a l i n e a r  
f luence dependence. Also, the LMR and fusion heats o f  both a l l oys  e x h i b i t  comparable s t ra ins .  

the LMR 316 aus ten i t i c  a l loys ,  whose compositions and thermomechanical treatments are a lso  given i n  Table 1. 
A t  approximately 420'C, both aus ten i t i c  a l l oys  e x h i b i t  l a r g e r  creep s t r a i ns  than are observed i n  the  fus ion  
f e r r i t i c  heats. Comparing the  LMR aus ten i t i c  data a t  490'C w i t h  the  f e r r i t i c  a l l o y  data a t  520'C, the  creep 
s t r a i ns  o f  the fus ion  f e r r i t i c  heats and the  PCA a l l o y  are s i m i l a r  wh i le  the 316 SS a l l o y  exh ib i t s  
s i g n i f i c a n t l y  l a r g e r  s t r a i ns .  

Discussion 

assumed: 

The creep data f o r  both f us ion  al loys a t  approximately 420'C are consis tent  w i t h  a p rev ious ly  observed 

Comparing the  

For HT9, the fus ion  heat exh ib i t s  l ess  

Figure 4 shows the creep behavior of the fusion f e r r i t i c  heats compared t o  t h a t  of the fusion PCA and 

To inves t iga te  the temperature dependence of creep i n  the f e r r i t i c  a l l oys  the fo l low ing  model was 

i - B et o n  
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Fig. 1. Total diametral strains versus hoop stress, showing comparisons of the HT9 and 9Cr-1Mo fusion 
heats for the average irradiation temperatures of 420'C (top) and 52O'C (bottom). 

where E is the effective creep strain (%), et is the E>0.1 Mev fluence in units of (10Z2 n/cm2), 6 is the 
effective stress (MPa), and n is a stress exponent. 
temperature dependence. 

2, with n = 1.3 providing the best fit to the data. 
average creep coefficient for a given combination of fluence and irradiation temperature for each alloy. A 
plot of B as a function of irradiation temperature is shown in Fig. 5 for HT9 and 9Cr-1Mo. The standard 
deviation in these average values is indicated by error bars whenever they are larger than the symbol size. 
For irradiation temperatures less than 520'C, the values for B for each ferritic alloy increase only 
slightly. 
alloys is relatively insensitive to temperatures in the range 380-52O'C. 
largest values of 8. 

The average creep coefficient, 8, contains the 

The data from this experiment and that of reference 12 are consistent with a stress exponent of 1 5 n < 
These two sets of data were used to calculate the 

One interpretation of these results is that the average in-reactor creep coefficient for ferritic 
For HT9, the LMR heats exhibit the 

For temperatures of approximately 420.C. the fusion heat shows a smaller average 
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Fig.  3. In - reac to r  creep o f  var ious heats o f  9Cr-1Mo a t  hoop stresses o f  approximately 60 and 100 MPa 
for  average i r r a d i a t i o n  temperatures o f  306-429'C ( top)  and 490-52O'C (bottom). 

where B i s  t h e  i r r a d i a t i o n - i n d u c  d creep c o e f f i c i e n t  (poss ib ly  dependent on temperature), D i s  t h e  swel l ing-  

e f f e c t i v e  creep s t r a i n  (%). 
i r r a d i a t i o n  creep o f  f e r r i t i c  a l l o y  gtCr-!Mo". 
9Cr-1Mo. The value f o r  D ig .1  x $0- MPa I )  i s  taken from the best f i t  t o  the ZtCr-IMo data". For 
f luences less  than 10 x 10 n/cm (E  > 0.1 MeV), however, the maximum c t r i b u  i o n  from the second term 
would be less  than a f r a c t i o n a l  s t r a i n  o f  6 x ( a t  420°C and 10 x l osy  n/cmj) based upon t h e  present 
data. Therefore, the second term i n  Eq. (3)  was no t  included i n  the f i t t i n g  process. The i r r a d i a t i o n -  
induced creep c o e f f i c i e n t  B was modeled as a polynomial i n  temperature and a l i n e a r  regression analys is  was 
used t o  determine t h e  best f i t s  t o  the HT9 and 9Cr-1Mo data. Only the data from the MOTA i r r a d i a t i o n s  were 
used t o  determine t h e  coe f f i c ien ts  o f  B. 
i r r a d i a t i o n  temperatures t520.C. 

enhanced creep c o e f f i c i e n t  (MPa- 7 ), So i s  the l i n e a l  swe l l i ng  (%), and .ZT i s  the thermal component o f  the 
This model was developed f o r  a u s t e n i t i c  steels16 and has been appl ied t o  

The value f o r  n was assumed t o  be 1.3 f o r  both HT9 and 

The con t r ibu t ions  thermal creep were assumed t o  be small f o r  
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Fig. 4. Comparison of creep o f  the  fusion heats o f  HT9 and 9Cr-lMo and the  316 and PCA aus ten i t i c  
a l l oys  a t  average i r r a d i a t i o n  temperatures of 396-429'C ( top)  and 490-52O'C (bottom). 

Therefore, B an B are equivalent over t h i s  temperature range. The coe f f i c ien ts  developed f o r  both HT9 
and 9Cr-1Mo are summarized i n  Table 2. 
curves i n  Fig. 5. 

This model i s  v a l i d  only  over the  temperature range of 400-54O'C and should not  be ext rapolated t o  
lower temperatures. 
o f  creep becomes important fo r  reactor- re levant  stresses ( d 5 0  MPa) and should be included. A 
phenomenological model fo r  thermal creep of HT9 has been developed f o r  the l i m i t e d  temperature range of 500 
t o  600'C'8 and could be u t i l i z e d  t o  describe the  t o t a l  i n - reac to r  creep behavior o f  HT9 over the  
temperature range o f  400-6OO'C. 
lMo19 has been developed and could be u t i l i z e d  t o  p red i c t  the thermal component of the i n - reac to r  creep 
s t ra in .  

Predic t ions based on these coef f ic ients are ind icated by the  s o l i d  
The values o f  B fo r  9Cr-1Mo are s l i g h t l y  smal ler  than those f o r  HT9. 

For temperatures greater  than 540'C, e a r l i e r  s tudies have shown the  thermal component 

S i m i l a r l y ,  an empir ica l  model f o r  the  minimum thermal creep r a t e s  of 9Cr- 
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Fig. 5. Temperature dependence for the average creep coefficient B for different heats of HT9 (top) 
and 9C4-1Mo (bottom). 
represent data from irradiations in ERR-11. 

The open symbols represent data from irradiations in FFTF, and the solid symbols 

Conclusions 

Ir diati n creep data for the fusion heats of HT9 and 9Cr-1Mo have been obtained to a peak fluence of 
10 x IO@ n/cms (E > 0.1 MeV) approximately 50 dpa. No evidence of swelling was observed. The in-reactor 
creep strains for both alloys were similar and consistent with in-reactor creep data on similar alloys 
irradiated in either ERR- I1  or FFTF. 
continue to exhibit superior creep resistance when compared t o  316 stainless steel and the fusion PCA alloy. 

For irradiation temperatures less than 520'C the ferritic heats 
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Table 2. Model Coef f ic ients  f o r  I r r a d i a t i o n  Induced Creep 
o f  F e r r i t i c  Steels 

Coe f f i c ien t  (u n i t s )  A 9Cr-lMo 

B [ I O - ~ ~ X   pa-'.^ (n/cm2)-'1 

D[IO-~  pa-'] 6.1 6.1 

n 1.3 1.3 

-2.9 t 9.5 x ~ o - ~ T  -2.9 t 9.0 x ~ o - ~ T  

T - temperature ('C). 

FUTURE WORK 

Data are now avai lab le  t o  much higher f luence leve ls .  These w i l l  be analyzed i n  the next 
repor t ing  period. 
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THE EFFECT OF TEMPERING AND AGING ON A LOW ACTIVATION MARTENSITIC STEEL - R.D. G r i f f i n ,  R.A. Oodd, G.L. 
Ku lc insk i  (Univers i ty  of Wisconsin) and D.S. Gelles ( B a t t e l l e  P a c i f i c  Northwest Laboratory) 

OBJECTIVE 

The ob jec t i ve  of t h i s  work i s  t o  character ize tempering and aging e f f e c t s  on a low a c t i v a t i o n  12 C r  
mar tens i t i c  steel .  

SUMMARY 

An aging and tempering study was done on a low a c t i v a t i o n  mar tens i t i c  s tee l .  The s tee l  was tempered a t  
400 C, 500 C, 600 C, 700 C, 800 C, and 900 C f o r  two hours, and a t  500 C and 700 C f o r  twenty- four hours. 
Also, samples which had been tempered a t  700 C f o r  2 hours were subsequently aged for  1000 and 5000 hours a t  
365 C, 420 C, 520 C, and 600 C. Opt ical  metallography, microhardness tests,  and transmission e lec t ron  
microscopy were used t o  character ize the samples. The r e s u l t s  ind icated t h a t  the Acl  f o r  t h i s  s tee l  l i e s  
between 700 .and 800 C. P rec ip i ta te  i d e n t i f i c a t i o n  showed t h a t  MZ3C6 was the primary p r e c i p i t a t e  which 
formed. A manganese r i c h  ch i  phase was a lso seen i n  the samples aged a t  420 and 520 C. 

PROGRESS AND STATUS 

In t roduc t ion  

F e r r i t i c  and mar tens i t i c  s tee ls  are being considered as candidate mater ia ls  f o r  the f i r s t  wa l l  of 
fusion reactors because o f  t h e i r  swel l ing resistance and t h e i r  po ten t ia l  mechanical propert ies. A more 
recent requirement f o r  these s tee ls  i s  t h a t  they decay t o  r e l a t i v e l y  low l e v e l s  o f  r a d i o a c t i v i t y  w i t h i n  one 
hundred t o  f i v e  hundred years. To reach t h i s  goal, a l l o y i n g  changes i n  the current  s tee ls  must be made. 
The s t e e l  o f  t h i s  study. L9, was provided by B a t t e l l e  Pac i f i c  Northwest Laboratories, and was pat terned 
a f t e r  HT-9 w i th  the exception o f  a lower carbon content. 
Table 1. The 
tungsten content o f  L9 was increased t o  replace the molybdenum, which i s  needed f o r  h igh temperature 
strength. The tungsten l e v e l  was he ld  a t  1% t o  avoid formation o f  i n te rmeta l l i cs .  Nickel  and carbon are 
austen i te  s t a b i l i z e r s ,  and t h e i r  loss was compensated f o r  by increasing the manganese content. 
neutron i r r a d i a t i o n  r e s u l t s  on L9 have been the re  has not been a study t o  show the response 
of t h i s  s tee l  t o  heat treatment. I n  t h i s  work, t h i s  omission i s  addressed. 

The compositions of HT-9 and L9 are shown i n  
To achieve t h e  des i red decay i n  a c t i v a t i o n  t h e  n i cke l  and molybdenum were eliminated. 

Although 

Table 1. The Composition o f  HT-9 and L9 i n  Weight Percent 

C r  C V W Mn Ni Mo S s i  N P 

HT-9 12 0.20 0.3 0.5 0.6 0.5 1.0 5 0.02 0.4 --- - < 0.03 

L9 11.81 0.097 0.28 0.89 6.41 __-  __- 0.005 0.11 0.003 50.005 

Experimental Procedure 

The a l l o y  was received i n  the r o l l e d  cond i t i on  and was f i r s t  austen i t ized a t  1000 C f o r  twenty hours 
followed by an a i r  cool t o  roan temperature, and then reheated t o  1100 C f o r  ten  minutes and allowed again 
t o  a i r  cool t o  room temperature. To determine the tempering response of the s tee l  i t  was held f o r  two hours 
a t  400, 500, 600, 700, 800, and 900 C, and for  twenty- four hours a t  500 and 700 C. Steels whfch were aged 
f i r s t  received a two hour temper a t  700 C, and then were aged f o r  one thousand and f i v e  thousand hours a t  
365, 420, 520, and 600 C. Opt ical  metallography, microhardness and transmission e lec t ron  microscopy (TEN) 
were used t o  character ize t h e  heat t rea ted  steel .  

Results 

r o l l e d ,  austen i t ized only, and tempered s tee l  (Fig. 1). I n  many o f  the images p r i o r  austen i te  g r a i n  
boundaries are v i s ib le .  

The s tee l  formed a f u l l y  mar tens i t i c  s t ruc tu re  when a i r  cooled as shown i n  t h e  o p t i c a l  images o f  t h e  

The average s i ze  o f  these gra ins was 120 urn. 
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Figure 1. Opt ica l  images o f  the  ro l led ,  austeni t ized only, and tempered L9. 

Figure 2 shows the  Vickers microhardness resu l t s  fo r  the  austeni t ized and tempered steel.  The hardness 
dropped sharply when the  s tee l  was tempered between 500 and 700 C and then increased f o r  tempering 
temperatures greater  than 700 C. This increase ind icated austeni te  formation w i t h  subsequent t r a n s f o n a t i o n  
t o  martensi te  on coo l ing  t o  room temperature. 

I n  Fig. 3, TEM Images of the  p rec ip i t a tes  ext racted from the  tempered s tee l  are shown. The p rec ip i -  
t a tes  which formed a t  400 and 500 C fo r  two hours w i t h i n  the  martensi te  l a ths  were elongated mu l t ig ra ins  and 
were t e n t a t i v e l y  i d e n t i f i e d  as M C. Figure 4 shows an EDS spectrum frm one o f  these p rec ip i ta tes .  The 
metal composition o f  t h i s  phase ?n weight percent was approximately 65% Fe, 30% C r  and 5% Mn. 

The 3 Y  
t a tes  i n  the sample tempered fo r  twenty- four hours a t  500 C were a mixture o f  M C and M&. 
tended t o  be somewhat rounder and s ing le  grain, although t h e i r  shape varied. A? 600 C and higher, iZ3 
the only p r e c i p i t a t e  which was seen. A t  these h igher  temperatures i t  tended t o  form a t  the  boundaries 
between the martensite la ths.  
were dot ted w i t h  p rec ip i ta tes .  A t  a l l  t he  tempering temperatures the  g ra in  boundary p rec ip i t a tes  were 
i d e n t i f i e d  as M23C6. Ffgure 5a shows an image from M c6 and Fig. 5b i s -an  EOS spec t rm  from M2 C6. 
metal composition of ~ 2 3 ~ 6  was approximately 58% Cr ,  89% Fe, 10% W, 3% Mn and 2% V. F igure 5c sitows two 
micro- di f f ract ion pat terns used t o  i d e n t i f y  the phase. 

and 7 are resu l t s  from these inclusions. 
spectrum and Figs. 6d and 6e are i t s  e lect ron mic ro- d i f f rac t ion  patterns. The HnS p a r t i c l e s  were l a rge  
round p a r t i c l e s  which were general ly seen i n  groups. 
s t ee l  when i t was tempered a t  greater than 500 C. The image shows the  t y p i c a l  rectangular shape o f  the  
phase. Figure 7b shows i t s  t yp i ca l  EOS spectrum, r i c h  i n  manganese and chromium. The small amounts o f  
t i t an i um and alumfnum i n  the  oxide must have o r ig ina ted  dur ing the  s tee l ' s  fabr icat ion.  
are two cha rac te r i s t i c  convergent beam e lec t ron  d i f f r a c t i o n  pat terns frm spinel.  

The p rec ip i -  

was 

Most of the  images i n  Fig. 3 conta in p r i o r  austenf te g ra in  boundaries which 

The 

I n  the  course o f  examination, two fnc lus ions were found scattered throughout the  samples. Figures 6 
Figure 6c i s  a MnS EDS Figure 6a and 6b are TEM images of MnS. 

Figure 7a i s  an image of spinel,  an oxide seen i n  t he  

Figure l c  and 7d 







I 2 . 1  ,.W 4 . I  I,I 6.W T I  

F igure 5. (a) A TEM Image of extracted M23C6. Figure 6. (a) and (b) TEM images o f  MnS. 
c)  EDS spec t rm  from MnS. I d) and (e) m ic ro- d i f f r ac t i on  pat terns from MnS. 

(b) A t y p i c a l  EOS spectrun from M 3c6. 
(c) and (d) M ic ro- d i f f r ac t i on  pa t fe rn  from Mz3C6. 

d i f f r a c t i o n  pat terns show a cube-on-cube o r i en ta t i on  re la t i onsh ip  between ch i  and the  f e r r i t e .  
hour aged samples, the  p r e c i p i t a t e  i d e n t i f i c a t i o n  showed an increase i n  the  amount o f  ch i  and i n  the  temper- 
atures a t  which i t  formed. A t  420 C, no ch i  was seen i n  the  extracted prec ip i ta tes ,  but i n  t he  s tee l  
i t s e l f ,  ch i  was present i n  l i m i t e d  amounts. I n  t he  5000 hour, 520 C steel,  ch i  was seen i n  both the  s tee l  
and i n  the  extracted prec ip i ta tes .  The percentage o f  ch i  i n  the  p rec ip i t a tes  tested was 15% o f  the  t o t a l .  
The ch i  which.was seen i n  the  aged samples was not associated w i th  p r i o r  austeni te g ra in  boundaries. Chi 
was not  seen a t  a l l  i n  the  samples aged a t  600 or 365 C f o r  e i t h e r  1000 or 5000 hours. 

I n  the  5000 

Discussion 

The tempering study indicated t h a t  the  Ac temperature fo r  t h i s  steel  l i e s  between 700 and 800 C. The 
hardness increase occurred because the  aus ten i ie  transformed t o  new untempered martensite. There was no 
i n d i c a t i o n  tha t  the  tempered samples formed new austeni te a t  700 C. 
annealed mar tens i t i c  s teel ,  where some o f  the  tet ragonal  martensi te had transformed t o  f e r r i t e  and t h e  
p r e c i p i t a t e  populat ion had coarsened. 

The microstructure was tha t  o f  a wel l  

Samples which were aged f o r  1000 and 5000 hours a t  365 and 420 C maintained a hardness close t o  t h a t  of 
However, as the aging temperature increased, the  hardness began t o  drop off. the  samples tempered a t  700 C. 

This was due t o  a combination of recovery of the  d i s l oca t i on  population, and coarsening of the  p r e c i p i t a t e  
st ructure.  Also con t r i bu t i ng  t o  t h i s  hardness decrease was the .occasional r e c r y s t a l l i z a t i o n  o f  t he  s tee l  
aged a t  h igh temperatures. 
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I ENEROY krV 
F igure  7. (a )  TEM image o f  spinel .  (b) A t y p i c a l  EDS 

spectrum from s p i n e l .  
gent beam d i f f r a c t i o n  pat te rns  of spinel .  

( c )  and (d)  C h a r a c t e r i s t i c  conver- 

Figurl  
untempered 

e 8. TEM images o f  
and tempered L9. 

t h e  
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l65C 1000 br 

Figure  11. TEM images from L9 aged for 1000 hours. 
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F igure  12. TEM images of L9 aged for 5000 hours. 
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F igure  14. TEN r e s u l t s  for  chi  phase. ( a )  Chi embedded i n  a f e r r i t e  mat r ix .  (b)  EDS spectrun from 
c h i .  ( c )  T i l t  sequence from c h i  showing the  cube-on-cube o r i e n t a t i o n  r e l a t i o n s h i p  between c h i  and f e r r i t e .  
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Mz3C6 was t h e  major p r e c i p i t a t e  which formed i n  L9 dur ing heat treatments. Tempering a t  400 and 500 C 
l e d  t o  another p rec ip i t a te ,  t e n t a t i v e l y  i d e n t i f i e d  as M3C, t o  form w i t h i n  t he  martensi te la ths ;  bu t  t h i s  
phase i s  probably metastable because tempering a t  500 C fo r  twenty-four hours caused a mix ture  of M3C and 
MZ3C6 t o  develop, and a t  t he  higher temperatures on ly  M 3C6 formed. 
Mz3C6 was the  p r e c i p i t a t e  which formed a t  p r i o r  austeni fe g ra in  boundaries. Chi formed i n  the  s tee l  when i t  
was aged for  1000 hours a t  520 C and for  5000 hours a t  420 and 520 C. 
embritt lement when i t  formed i n  s i m i l a r  manganese s t a b i l i z e d  s tee l s  a t  p r i o r  austen i te  g ra in  boundaries t h a t  
were i r r a d i a t e d  a t  365 C t o  5.4 dpa.6 This study has a lso  shown t h a t  ch i  can form i n  high manganese s tee ls  
i n  t he  absence of i r r a d i a t i o n  ef fects although i t s  formation was sluggish. 
it was not shown t o  form a t  600 C. 

A t  a l l  t he  tempering temperatures, 

This phase was shown t o  cause 

The phase may be metastable as 

CONCLUSIONS 

Tempering and aging of L9 has shown resu l t s  s i m i l a r  t o  those for  other 12% C r  mar tens i t i c  steels.? The 
p r e c i p i t a t e  and matr ix  s t ruc tu re  which developed was not  unexpected. 
manganese r i c h  ch i  phase i n  t he  samples aged a t  420 and 520 C. 
mechanical proper t ies  of t he  steel .  

The exception was the  formation of a 
This phase may be detr imental  t o  t h e  

FUTURE WORK 

Samples aged for  10,000 hours w i l l  be character ized again using TEM, op t i ca l  metallography, and 
microhardness t e s t s  t o  complete the aging study. 
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CONTRIBUTIONS FROM RESEARM ON IRRADIATED F RRITIC/MARTENSITIC STEELS t o  mater ia ls  science and engineering - 
D. S. Gel les (Pac i f i c  Northwest Laboratory F 

OBJECTIVE 

The ob jec t i ve  of t h i s  work i s  t o  determine t h e  a p p l i c a b i l i t y  o f  f e r r i t i c l m a r t e n s i t i c  a l l o y s  as fus ion  
reactor  s t ruc tu ra l  mater ia ls.  

SUMMARY 

This  repo r t  i s  intended t o  disseminate t h a t  work t o  a broader audience. 

A h i s t o r i c a l  descr ip t ion  of t h e  development of f e r r i t i c / m a r t e n s i t i c  s tee l s  f o r  use i n  i r r a d i a t i o n  
environments i s  presented w i t h  t h e  i n t e n t i o n  o f  showing how t h i s  development has bene f i t t ed  mater ia ls  
science and engineering. 
a re  emphasized and it i s  demonstrated t h a t  HT-9 i s  now t h e  leading candidate mater ia l  f o r  h igh  rad ia t i on  
damage environments. 
Of t he  improved swel l ing  resistance i n  mar tens i t i c  steels.  
i n  basic understanding, small specimen t e s t  procedure development and a l l o y  development. 

PROGRESS AND STATUS 

Intrpductlon 

Fast  breeder reactor  and fusion reactor  a l l o y  development program con t r i bu t i ons  

The s c i e n t i f i c  bas is  f o r  t h a t  se lec t i on  i s  described by showing t h e  under ly ing cause 
Examples are given dmons t ra t i ng  improvements 

Over t he  l a s t  f i f t e e n  years. there  has evolved a major change i n  t h e  spec i f i ca t i on  of s tee l s  f o r  
i r r a d i a t i o n  environments. 
(LMR) s t ruc tu ra l  components was A I S I  316, an a u s t e n i t i c  S ta in less  s tee l  i n  t h e  17% C r  range w i t h  13% N i  
and 2% Mo ( a l l  canposi t ions given as weight percent). 
propert ies. exce l l en t  corrosion resistance and ease of f ab r i ca t i on  and welding. That choice was f i r s t  
challenged f o l l n i n g  t he  observation t h a t  AISI 316 developed c a v i t i e s  dur ing  neutron i r r a d i a t i o n  i n d i c a t i n g  
a volumetr ic  expansion o f  t h e  mater ia l  n n  c a l l e d  swelling1. Swelling, and i t s  associated phenomenon 
i r r a d i a t i o n  creep. proved t o  be t h e  l i f e  l i m i t i n g  fac tors  i n  t h e  app l i ca t i on  of A I S I  316 f o r  LMR f u e l  
cladding. 
allowed i n t e r i m  use of A I S I  316. 

A l loy  Development Program and l a t e r  changed t o  t he  Nat ional  Cladding/Duct Mater ia ls  Development Program, 
was s i m i l a r  t o  B r i t i s h ,  French, Japanese and Russian e f f o r t s .  The program was i n i t i a l l y  funded by t h e  
AEC (Atomic Energy Conmission). l a t e r  by ERDA (Energy Research and Development Administ rat ion) and DOE 
(Department o f  Energy). 

P r i o r  t o  1974, t he  undisputed mater ia ls  choice f o r  l iquid-metal- cooled reac tor  

The choice was based on good h igh  temperature 

The discovery t h a t  co ld  working t o  t h e  l e v e l  of about 204: delayed t h e  development o f  swel l ing2 
I n  about 1974 a concerted e f f  r t  was begun t o  f i n d  a replacement a l loy,  

i n  order t o  permit  op t imiza t ion  o f  f as t  breeder reactor  systems 9 . That program. f n i t i a l l y  c a l l e d  t he  

The A l l oy  Development Program took as i t s  mission t h e  t e s t i n g  of a l t e rna te  a l l o y s  f o r  f a s t  breeder 
reac tor  s t ruc tu ra l  appl icat ions.  The major goal was t o  reduce the  tendency f o r  i r r a d i a t i o n  induced 
swell ing. but, a t  t he  same time. o ther  mater ia ls  p roper t ies  such as creep. rup ture  strength, and 
p o s t i r r a d i a t i o n  t e n s i l e  s t rength  were measured. 
aus ten i t i c ,  f e r r i t i c  and mar tens i t i c  steels, nickel-based superalloys, and molybdenum- and niobium-based 
a l loys .  
superal loys. 
of swe l l ing  i n h i b i t i o n  i n  t h e  f e r r i t e  phase of a f e r r i t i c l a u s t e n i t i c  dual phase steel4. 
became apparent t h a t  t i t an ium s t a b i l i z a t i o n  on ly  delayed t h e  onset of ~ w e l l i n g ~ - ~  and p r e c i p i t a t i o n  
strengthening l e d  t o  severe p o s t i r r a d i a t i o n  embrittlement8-9r t he  s u i t a b i l i t y  of f e r r i t i c / m a r t e n s i t i c  
a l l o y s  became more apparent. 

A wide range of a l l oys  was inves t iga ted inc lud ing  

The primary candidates were t i t an ium s t a b i l i z e d  aus ten i t i c  s t e e l s  and precip i tat ion- strengthened 
Mar tens i t i c  s tee l s  were included i n i t i a l l y  as a low p r i o r i t y  op t ion  based on observations 

However, as it 

s of f e r r i t l c l m a r t e n s i t i c  a l w  

F e r r i t i c / m a r t e n s i t i c  a l l oys  are  now f i nd ing  expanded app l i ca t i on  i n  nuclear reac tor  systems as 
subs t i t u tes  f o r  aus ten i t i c  s tee ls .  Two mar tens i t i c  a l l o y s  are  of greatest  i n te res t .  Sandvik HT-9 i s  a 
12% Cr,  1% Mo, 0.2% C a l l o y  conta in ing  i n ten t i ona l  add i t ions  of W and V. 
modif ied 9% C r  a l l o y  w i t h  1% Mo, 0.1% C, 0.25% V, 0.1% Nb, 0.05% N. 
i s  g iven i n  Table 1. Both a l l o y s  were developed f o r  h igh  temperature app l ica t ions  where t he  Corrosion 
resistance inherent  i n  a u s t e n i t i c  s ta in less  s tee l s  was no t  required. The high temperature mechanical 
p roper t ies  of these a l l o y s  are s imi la r ,  w i t h  t h e  higher carbon and chromium add i t ions  o f  HT-9 balanced by 
carefu l  cont ro l  of vanadium, niobium and carbon add i t ions  i n  T91. However. T91 has inherent ly  b e t t e r  
resistance t o  l o w  temperature embrittlement, whereas HT-9 has b e t t e r  corrosion and swel l ing  resistance. 

ASTM designation T91 i s  a 
More complete compositional informat ion 

The most s i g n i f i c a n t  consequence of t h e  A l loy  Development Program has been t h e  app l i ca t i on  o f  HT-9 t o  
most of t h e  i n te rna l  caponents  i n  t h e  DOE experimental l i q u i d  metal-cooled t e s t  reactor  FFTF (Fast  F lux  
Test F a c i l i t y )  loca ted i n  Richland, Wa12. 
fuel have been manufactured fran HT-9 by co ld  tube drawing operations. 
hexagonal c ross  section, manufacture required development of hexagonal drawing operat ions f o r  a mar tens i t i c  

Both fuel c ladding and duct work which contains t h e  cladded 
As the  duct  geometry requ i res  a 
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Table 1. Chemical analysis of martensitic steels used for nuclear systems. 

Carbon 
Chranium 
Molybdenum 
Manganese 
Si1 icon 
Nickel 
Tungsten 
Vanadium 
Niobium 
Phosphorus 
Sulfur 
A1 umi num 
Nitrogen 

0.20 0.08-0.12 
11.5 8.00-9.50 
1.0 0.85-1.05 
0.6 0.30-0.60 

0.20-0.50 0.4 
0.5 0.40 max 
0.5 not spec. 
0.3 0.18-0.25 
not spec. 0.06-0.10 
0.030 max 0.020 max 
0.020 max 0.010 mar 
not spec. 0.04 max 
not spec. 0.030-0.070 

steel with a OBTT (ductile brittle transition temperature) at about roan temperature. 
from austenitic to martensitic stainless steel has dictated reduced operating temperatures in FFTF and 
consequential downgrading of the reactor from 400 to 300 M1 in return for more efficient fuel Cycle 
performance. 

SAFR (Sodium Advanced Fast Reactor) systems have also recarmended the use of HT-9 for In-COre StrUCtUral 
 component^^^-^^. 

The transition 

More recently, independent design efforts for the PRISM (Power Reactor Inherently Safe Module) and 

In both cases, HT-9 was chosen for in-core structural applications to mprove fuel cycle 
econany. Fuel recycling is pated only every 4 years to doses as high as 3.4 x lod n/Cd or 160 
dpa for PRISM and 3.5 x loB or 175 dpa for SAFR. Austenitic steels are not expected to remain 
serviceable to such high doses. 

Concurrent with the Alloy Development Program for Fast Breeder Reactors, an effort has evolved to develop 
materials for fusion reactor applications. 
for the first wall, the structural component nearest the plasma, hence experiencing the highest neutron 
fluxes. There are similarities between the Irradiation environnents of a fusion first wall and fast reactor 
in-core components. As a result. development of fusion first wall materials has closely parallelled the 
Alloy Development Program effort. 
sponsorship of DOE. with similar efforts in Europe and Japan. 
concentrated on four classes of materials: austenit c alloys, higher strength Fe-Ni-Cr alloys. 

being obtained by the fast reactor effort. a fifth class of ferritic steels was added by late 1979 

Over the last ten years. the attractiveness of ferritic steels for first wall applications has steadily 
increased. 
structure. was alleviated when it was realized that a ferromagnetic material would behave paramagnetically 
in an extremely strong electranagnetic field17-18. 
fusion applications can best be judged based on the recannendations of fusion design studies. 
most recent design studies all seriously consider HT-919-23, ranking it second in comparison either with 
an austenitic steel or with a vanad um alloy for water-cooled Tokamak design. and. in the case of Tandem 
Mirror designs. ranking HT-9 firstzi or on an equal par with a vanadium alloyz2. These design studies are 
particularly notable because, for the water cooled designs (a very inefficient concept). martensitic steels 
must be operated at temperatures where very little data is available and where the material is not expected 
to behave well. whereas. higher temperature designs will be more efficient and operate in a regime where 
martensitic steels can be expected to out-perform austenitic steels. 

Therefore. martensitic steels have becane or are becaning the materials of choice for high neutron 
damage irradiation environments. 
propery5data bases. including irradiation responses. This has been done both for ~ ~ i 1 5 2 4  and for fusion 
systems appl ications. 

The remainder of this paper will describe sane of the contributions obtained fran these research programs 
to materials science and engineering. 

2. B a s l c e  of f e r r i p  

Ferritic/martensitic steels exhibit much higher resistance than austenitic steels. 
Figure 1 provides a comparison of swelling response for bina$g ferritic alloys, ternary austenitic alloys, 
austenitic canmercial alloys, and commercial ferritic alloys . Figure l a  shws swelling measurements 
for simple Fe-Cr binary ferritic alloys as a function of temperature and dose, dmnstrating that ferritic 
alloys do swell but at a low rate. After 100 dpa, maximum swelling was 5%. Fran Figure lb. it can be 

Of major concern in that effort is the development of materials 

The Fusion Reactor Materials program was initiated in 1978 under the 
As originally defined. materials development 

18 
refractory/reactive alloys and innovative concepts 14 . However. in part based on the encouraging re ults 

. 

A major concern. the effect of extremely high electranagnetic fields on a ferranagnetic 

A measure of the status of martensitic steels for 
The five 

In order to reach this status. it has been necessary to canpile materials 
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t h a t  forms dur ing i r r a d i a t i o n  sessile, so t h a t  d i s loca t ion  g l i d e  i s  n o t  allowed. 
network would have reduced d is loca t ion  m o b i l i t y  and therefore p re fe ren t ia l  absorption o f  i n t e r s t i t i a l s  
would be reduced. The argument of Bullough e t  a1 would only exp la in  t h e  r e s u l t s  shown i n  Fig. 1 f o r  t he  
non-swelling cannercia1 f e r r i t i c  al loys. b u t  n o t  t h e  r e s u l t s  f o r  simple f e r r i t i c  al loys. The argument by 
Gel les i s  very d i f f i c u l t  t o  quant i fy  and therefore t h e  magnitude o f  i t s  con t r ibu t ion  i s  n o t  y e t  determined. 

3. Horton and MansuG2 and Coghlan and G e l l d 3  have considered t h e  swel l ing response i n  f e r r i t i c  
a l l o y s  f r a n  the  perspect ive o f  the  c r i t i c a l  c a v i t y  rad ius f o r  vo id  swel l ing nucleation. Horton and Mansur 
based t h e i r  analysis on i o n  i r r a d i a t i o n  experimental r e s u l t s  and Coghlan and Gel les on f a s t  neutron 
i r r a d i a t i o n  response. Both studies assumed a b ias o f  0.2 o r  less. i n  agrement w i t h  Sniegowski and 
Wolfe99. Horton and Hansur were able t o  obta in  a reasonable f i t  t o  swel l ing data, g i v i n g  c r i t i c a l  radius 
estimates i n  t h e  range o f  3 t o  4 nm, whereas the  Coghlan and Gelles ca lcu la t ions a r r i ved  a t  a sanawhat 
lower c r i t i c a l  radius of 0.2 t o  2nm. depending on temperature. Also. Horton and Mansur noted t h a t  t h e i r  
ca lcu la t ions provided reasonable estimates a lso f o r  void growth. 
Sniegowski and Wolfer appear t o  be confirmed by c r i t i c a l  radius calculat ions. 

It has been shown conclusively t h a t  
segregation as a r e s u l t  o f  p o i n t  defect/solute i n t e r a c t i o n J 4 .  Both i n t e r s t i t i a l s  and vacancies can play 
a role. e i t h e r  by p o i n t  defect  drag t o  sinks o r  by a reverse-Kirkendall mechanism. 
behavior has been extensively demonstrated i n  experiments using aus ten i t i c  specimens. but  r e l a t i v e l y  few 
d e f i n i t i v e  experiments have been performed t o  demonstrate t h e  behavior i n  f e r r i t i c  ma 
However. those faw experiments (see f o r  example the  work of Japanese experimentersg5-% do c l e a r l y  
demonstrate SolUte segregation i n  BCC as wel l  as FCC c r y s t a l  structures. The nmber  of such experiments 
i s  m a l 1  I n  p a r t  because segregation plays a l e s s  important r o l e  i n  c o n t r o l l i n g  proper t ies  than i s  t h e  
case i n  aus ten i t i c  al loys. Most f e r r i t i d m a r t e n s i t i c  a l l o y s  have canposit ions based on Fe-Cr binary a l l oys  
and it has been found t h a t  C r  tends t o  move away p a n  p o i n t  defect sinks such as dis locat ions, voids and 
g ra in  boundaries. Therefore, major consequences o f  i r r a d i a t i o n  induced so lu te  segregation a r i s e  only due 
t o  minor element addi t ions t o  f e r r i t i c / m a r t e n s i t i c  al loys. 

al loys. 
w i t h  1111) faces. However. i n  a ser ies  o f  a l l oys  based on Fe-10% C r  n which so lu te  had been added t o  
l e v e l s  of 1 X. both d is loca t ion  evo lu t ion and vo id  shape were a l tered j8 .  Solute addi t ions caused t h e  
voids t o  become e i t h e r  cuboidal w i t h  (100) faces. o r  dodecahedral ( twelve sided) w i t h  (110) faces. 
are shown i n  Fig. 2 which Compares vo id  shape i n  a ser ies  o f  F6-CrH a l loys  where M was e i t h e r  S i .  V. Mn. 
W S  Ta o r  Zr. It i s  believed t h a t  vo id  shape has been a l te red  as a r e s u l t  o f  so lu te  segregation t o  vo id  
Surfaces, changing e i t h e r  t h e  r e l a t i v e  surface energies of the  d i f f e r e n t  planes o r  a l t e r i n g  t h e  vo id  growth 
behavior. Void shape i n  aus ten i t i c  a l l oys  shows l e s s  var ia t ion:  only octahedral and cuboidal vo id  shapes 
have been reported. 

strengthening which i s  r e l a t i v e l y  insens i t i ve  t o  coarsening a t  h igh temperatures. 
i s  predaninantly due t o  C r  r i c h  MBC~. but  T91 employs both Mac, and MC ( V  
f@&N as well. Laves phase has been reported fo l lowing tempering and fof lowing long term aging n HT- 

I r r a d i a t i o n  Is found t o  s i g n i f i c a n t l y  a l t e r  p r e c i p i t a t e  development i n  these steels. and. furthermore. 
the  i r r a d i a t i o n  environment can a l t e r  t h e  d i s t r i b u t i o n  o f  phases t h a t  form. 

A sess i le  d i s loca t ion  

Therefore. t h e  values o f  bias deduced by 

r r a d i a t i o n  damage can r e s u l t  i n  so lu te  

Solute segregation 

n s i t i c  experiments. 

An example of so lu te  segregation worth not ing i s  the  e f fec t  o f  so lu te  addi t ions on vo id  shape i n  f e r r i t i c  
It has been found t h a t  t h e  conwon vo id  shape i n  pure i r o n  and Fe-Cr binary a l l oys  i s  octahedra1 

Examples 

P - a t  Martens i t ic  s ta in less  s tee ls  der ive high temperature strength fran p r e c i p i t a t i o n  
Strengthening i n  HT-9 

strengthening w i t h  evidence 

, and evidence f o r  c h i  phase formation (Fe-CrMo i n t e r m e t a l l i c )  has a lso recent ly  been found 41 . 
Fol lowing i r r a d i a t i o n  i n  

f a s t  reactors. ' ( C r  r i c h  B E ) .  G phase (a n icke l  
Furthermore, Maziasz has reported that. fo l lowing 
tempered M C, p a r t i c l e s  a re  replaced by irradiation-produced . Therefore, i r r a d i a t i o n  does a l t e r  

have been i d e ~ l t i f i e d ~ ~ - ~ ~ .  
a mixed spectrum reactor. as 

p r e c i p i t a t a n  sequences s ign i f i can t l y .  lead ing t o  i n  properties. - 
It was qu ick ly  recognized t h a t  l i m i t e d  i r r a d i a t i o n  t e s t  volumes behooved 

t h e  development of m a l l  specimen t e s t i n g  procedures i n  order t o  maximize data accumulation i n  i r r a d i a t  n 
t e s t  programs. As a consequence, m in ia tu r i za t ion  has been accunplished for  several specimen geanetr ie AS . 
m e  development of small specimen techniques f o r  Charpy impact energy and f r a c t u r e  toughness measurements 
i s  espec ia l ly  re levent  t o  f e r r i t i c / m a r t e n s i t i c  al loys. Specimen g e m t r i e s  fo r  measurments are shown i n  
Fig. 3. 
Charpy specimens. 
(USE) and 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 (OBTT), but  t h e  s h i f t  i n  t r a n s i t i o n  temperature due t o  
i r r a d i a t i o n  
i s  independent o f  specimen size. Recen ly .  a successful c o r r e l a t i o n  o f  USE and DBTT f o r  HT-9 as a funct ion 

Impact energy measurement procedures have been evaluated for  both hal f- sized and th i rd- s ized 
It has been d m n s t r a t e d  t h a t  reduct ion o f  specimen s i z e  a f f e c t s  upper s h e l f  energy 

o f  specimen s i z e  has been demonstrated 4 t  . 
Fracture toughness min ia ture specimen development has considered several geometries. both c i r c u l a r  and 

rectangular. b u t  i n  a l l  cases canpact tension geometries were used. Examples of the  c i r c u l a r  g e m t r y  
are shown i n  Fig. 3b. Specimen thickness i s  of ten d ic ta ted by function, so t h a t  optimum thickness i s  
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Figure 3. 
measur-nt. 

Examples o f  m a l 1  specimen geanetries for Charpy impact test ing and fracture toughness 
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equal to canponent thickness47. I n i t i a l l y ,  m u l t i p l e  specimens were required t o  generate a J/R curve. but  
more rece ly .  s i n g l e  specimen techniques were developed using resistance measurements t o  determine crack 
extenSlOn@. Although min ia ture specimen development was or ig inated for  t e s t i n g  i r r a d i a t e d  specimens. it 
i s  a150 appl icab le  t o  t e s t i n g  o f  non-standard geanetries such as thin-wal led pipe. 

Pllw dev e l  0- Opportuni t ies f o r  modern a l l o y  research and development are r a r e  due t o  t h e  high 
expense of doing such work. 
f e r r i t i c l m a r t e n s i t i c  s tee ls  for  nuclear reactor appl icat ions. 
i n  o ther  service environments. 

Haever, three examples w i l l  be described of successful e f f o r t s  t o  develop 
The a l loys  created are ava i lab le  f o r  use 

The major a l l o y  development success s to ry  concerns t h e  a l l o y  T91 mantioned e a r l i e r  (see Table 1). T91 
i s  a modif ied 9 C r l M o  a l l o y  containing ca re fu l l y  con t ro l l ed  r a t i o s  of addi t ions of carbon. vanadium, niobium 
and nitrogen. The a l l o y  development work was i n i t i a t e d  by Combustion Engineering. Inc. of Chattanooga. 
d9. b u t  was assimi lated i n t o  a DOE program fo r  t h e  development of an advanced a l l o y  f o r  Out-Of-Core 
f a s t  reactor  s t ruc tu ra l  appl icat ions. Programmatic r e s p o n s i b i l i t y  resided a t  Oak Ridge National 
Laboratoryl l .  The program not  only provided a proper t ies  data base f o r  ~ 9 1 ,  b u t  a lso arranged fo r  
f a b r i c a t i o n  o f  several b i g  heats of t h e  al loy.  a t  both U.S. and Japanese s tee l  production f a c i l i t i e s .  
The end product o f  t h a t  e f f o r t  i s  a code q u a l i f i e d  s tee l  which provides h igh temperature proper t ies  
comparable t o  HT-9 and on ly  s l i g h f l y  be lnr  those of a u s t e n i t i c  s ta in less  steel. b u t  which i s  much l e s s  
c o s t l y  to produce than are aus ten i t i c  steels.  
r a t i o s  o f  carbon, vanadium, niobium and nitroge+'. 

has been noted t h a t  an inherent t p t a g e  of fusion over f i s s i o n  i s  t h a t  the  nuclear react ion invOlVeS no 
long- l ived rad ioact ive isotopes, Therefore, w i t h i n  a few years a f t e r  a machine has reached t h e  end Of 
i t s  useful  l i fe t ime.  the only r a d i o a c t i v i t y  remaining canes from the  s t ruc tu ra l  mater ia ls  from which the  
fusion reactor i s  made. 
term r a d i o a c t i v i t y  o f  the  s t ruc tu ra l  components. 
molybdenum, f p k e l ,  nitrogen, aluminum and copper fran t h e  steel. 
compositions 
l i n e  o f  research and development i s  expected t o  provide new alloys, w i t h  proper t ies  as good as present ly 
ava i lab le  high temperature mar tens i t ic  s ta in less  steels, f o r  other nuclear appl icat ions. 

fo r  i r r a d i a t i o n  environments, has developed a novel a l loy .  
al loy.  dispersion strengthened w i t h  y t t r i a  c c m w r c i a l l y  ava i lab le  from t h e  In te rna t iona l  Nickel  CanpanY 
( I N K ) ) .  

A s i m i l a r  s tee l  has been developed i n  Japan using t h e  same 

A second example of f e r r i t i c / m a r t e n s i t i c  a l l o y  research and development i s  i n  support o f  fusion. 'It 

. 
Five years ago, t h e  fusion mater ia ls  program began an e f f o r t  to minimize t h e  long 

The mast d i r e c t  approach i s  t o  exclude niobium. 
The Inves t iga t io  o f  a number o f  possible 

has shown t h a t  the  opt ion of such a *!low act ivat ion"  a l l o y  i s  v iabl&.  Therefore. t h i s  

F ina l ly .  an example i s  provided where p r i v a t e  industry. i n  supporting research on mater ia ls  d e v e l o p n t  
A l loy  MA957 i s  a mechanically-alloyed f e r r i t i c  

It was developed s p e c i f i c a l l y  for  as t  reactor fuel  c ladding appl icat ions a t  a t ime when INCO 
was a s s i s t i n g  t h e  Al loy  Development Programfd. An a l l o y  w i th  good 

consolidated using powder metal lurgy procedures. 
Fe-14Cr-lTi-0.25Mo. t o  which has been add 0.25Y 
mater ial .  The cos t  of MA957 i s  s i g n i f i c a n t l y  h ?2 g e r  than mater ia l  processed by more standard techniques 
and component fab r i ca t ion  procedures are much more complicated and expensive. 
from MA957 can be expected t o  have unsurpassed capab i l i t y ;  f a s t  breeder reactor  fue l  c ladding made from 
MA957 i s  expected t o  pro ide a t  l e a s t  a f i v e  year fuel l i f e t i m e  w i th  improved high tmpera tu re  performance 
i n  comparison w i t h  HT-9s8. Appl icat ion of MA957 ( f o r  fas t  t o  Lm's) fo l lows t h e  trend o f  using metal- 
mat r i x  canposites t o  solve extremely d i f f i c u l t  meta l lurg ica l  problems. 

coNcLus1oNs 

have been described w i t h  regard t o  l i q u i d  metal reactor and fusion reactor appllCatlOnS, and SUM 
con t r ibu t ions  of those e f f o r t s  t o  mater ia ls  science and engineering have been enumerated. 
claimad t h a t  mar tens i t i c  s tee ls  have becane the  mater ia ls  of choice fo r  h igh neutron dose environments. 
To a la rge  extent, t h i s  i s  due t o  t h e  h igh swel l ing resistance compared t o  aus ten i t i c  steels. imparted by 
the  d i f fe rence  i n  c r y s t a l  structure. Studies of i r r a d i a t e d  f e r r i t i c / m a r t e n s i t i c  s tee ls  have dmonstrated 
so lu te  segregation and p r e c i p i t a t i o n  phenomena s i m i l a r  t o  t h a t  found i n  aus ten i t i c  steels. but  p lay ing a 
lesser  r o l e  i n  determining pos t- i r rad ia t ion  performance. Contr ibut ions t o  mater ia ls  engineering include 
t h e  development of small specimen t e s t  procedures and new al loys. 

FUTURE Wow( 

Mater ia ls  Science and Engineering t o  be published I n  Metalluralcal Transactions. 

strength and high 
r a d i a t i o n  resistance was needed. The mechanical a l l o y i n g  process 
produce powders w i t h  d i s s i m i l a r  ingred ients  dispersed on a very f i ne  scal 

For MA957, the  r e s u l t  i s  an a l l o y  o f  base can position^ 
as 5nm p a r t i c l e s  uniformly dispersed through the  

However. a component made 

Research and development e f f o r t s  on f e r r i t i c / m a r t e n s i t i c  a l l o y s  fo r  use i n  i r r a d i a t i o n  e n v f r O ~ n t S  

It can nor be 

This  r e p o r t  i s  intended fo r  i nc lus ion  i n  t h e  proceedings of t h e  Symposium on Irradiation-Enhanced 
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FLUENCE AND HELIUM EFFECTS ON THE TENSILE PROPERTIES OF FERRITIC STEELS AT LOW TEMPERATURES - R. L. Klueh 
(Oak Ridge National Laboratory) 

OBJECTIVE 

The goal of t h i s  study i s  t o  evaluate the proper t ies  of i r r a d i a t e d  f e r r i t i c  steels.  I r r a d i a t i o n  i n  t h e  
High Flux Isotope Reactor (HFIR) i s  used t o  produce both displacement damage and transmutat ion hel ium a t  
l e v e l s  re levant  t o  fus ion reactor service. 

SUMMARY 

Tensi le specimens o f  9Cr-1MoVNb and 12Cr-1MoVW stee ls  w i t h  up t o  2% N i  and 21/qCr-lMo s tee l  were tes ted  
a t  room temperature a f t e r  i r r a d i a t i o n  a t  -5O'C t o  displacement-damage leve ls  of 25 dpa i n  the HFIR. Nickel  
was added t o  the f e r r i t i c  s tee ls  t o  produce helium by a two-step (n,a) react ion w i t h  thermal neutrons dur ing 
i r r a d i a t i o n  i n  t h e  mixed neutron spectrum o f  HFIR. Up t o  327 appm He was produced i n  t h e  s tee ls  w i th  2% N i .  
I r r a d i a t i o n  caused an increase i n  t h e  strength of a l l  t h e  s tee ls .  With an increase i n  f luence, there was a 
decrease in t h e  r a t e  o f  strength increase, but the strength was s t i l l  increasing a f t e r  20 t o  25 dpa. 
Strength increases were accompanied by a loss of d u c t i l i t y ,  although t h e  d u c t i l i t y  appeared t o  go through a 
minimum and was greater a t  the highest fluences than a t  intermediate fluences. The resu l t s  were in te rp re ted  
t o  mean t h a t  the transmutat ion hel ium t h a t  was generated dur ing i r r a d i a t i o n  caused p a r t  o f  the s t rength 
increase. 

PROGRESS AND STATUS 

In t roduct ion 

F e r r i t i c  (mar tens i t i c )  s tee ls  are being considered f o r  use as f i r s t - w a l l  and b lanket- st ructure mater i-  
a l s  for  fusion- reactor appl icat ions. The f e r r i t i c  s tee ls  o f  primary i n t e r e s t  are 9Cr-lMoVNb, 12Cr-lMoVW, 
and 21/qCr-lMo. roper t i es  o f  t h e  
s tee ls ,  specimens are i r r a d i a t e d  i n  f i s s i o n  reactors, a f t e r  which tensile,'-3 
are obtained. 

t rons with atoms of the a l loy .  Atoms are displaced from t h e i r  normal l a t t i c e  p o s i t i o n  i n t o  i n t e r s t i t i a l  
pos i t ions,  leav ing behind a vacancy. It i s  the d i spos i t i on  o f  the i n t e r s t i t i a l s  and vacancies t h a t  deter-  
mines the ef fec t  of the i r r a d i a t i o n  on propert ies. Another i r r a d i a t i o n  effect t h a t  w i l l  be important i n  a 

To simulate the e f fec t  o f  fusion- reactor i r r a d i a t i o n  on t h e  mechanical 
and fa t i gue 6 data 

I r r a d i a t i o n  by neutrons resu l t s  i n  displacement damage t h a t  i s  caused by c o l l i s i o n s  o f  high-energy neu- 

fus ion reactor i s  the high helium concentrations t h a t  w i l l  be generated i n  the s t ruc tu ra l  mater ia ls  by 
transmutat ion reactions. 

One way t o  study both displacement-damage and hel ium effects i n  the f e r r i t i c  s tee ls  i s  t o  i r r a d i a t e  
nickel-doDed versions o f  the s tee ls  i n  a mixed-spectrum reactor. such as the HFIR. Displacement damaQe i s  
produced by the f a s t  neutrons i n  the spectrum, and helium i s  produced by a two-step (n,h) react ion of-SBNi 
w i t h  the thermal neutrons i n  the  spectrum. 

When t h e  s tee ls  are i r r a d i a t e d  a t  t h e  HFIR coolant temperature (-5OOC). displacement damage causes an 
increase i n  ~ t r e n 9 t h . l ~ ~  
l e v e l s  of (10 dpa ( re fs .  1-3). 
was detected.'-2 
and 12Cr-1MoVW stee ls  i r r a d i a t e d  a t  the HFIR coolant temperature up t o  -25 dpa. 
Zl/&r-lMo s tee l  i r r a d i a t e d  up t o  18 dpa. 

Previous studies have examined t h e  effect of i r r a d i a t i o n  a f t e r  displacement-damage 
Under the t e s t  condi t ions used f o r  the previous studies, no helium e f f e c t  

This report  extends t h e  previous t e n s i l e  resu l t s  on undoped and nickel-doped 9Cr-1MoVNb 
Data are a lso presented on 

Experimental procedure 

Electroslag- remelted heats of standard 9Cr-1MoVNb (0.1% N i )  and 12Cr-lMoVW (0.5% N i )  s tee ls  were pre-  
pared by Combustion Engineering, Inc., Chattanooga, Tennessee. These compositions with 1 and 2% N i .  desig- 
nated 9Cr-lMoVNb-ZNi. 12Cr-1MoVW-1Ni. and 12Cr-lMoVW-2Ni. were also prepared. In add i t i on  t o  the 
experimental heats, a l i m i t e d  number of specimens obtained f rom comnercial-size heats o f  9Cr-lMoVNb (heat 
30176) and 12Cr-1MoVW (heat 91354) s tee ls  were a l so  i r r a d i a t e d  and tested, along with specimens from a com- 
mercial  tub ing heat of 21/qCr-lMo s tee l  (heat 72768). and a Zl/qCr-lMo s tee l  specimen from heat 56447, a large 
vacuum-arc remelted heat. Chemical compositions o f  a l l  t h e  s tee ls  are given i n  Table 1. 

from 6.35-mn-diam rods; the specimens had a reduced sect ion o f  2-mn diam by 18.3-mn long. 
Two types o f  t e n s i l e  specimens were obtained from these heats. Cy l ind r i ca l  specimens were machined 

Sheet t e n s i l e  
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Sn 0.002 0.003 0.003 0.01 0.002 0.001 0.002 
Z r  <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
N 0.055 0.050 0.053 0.020 0.016 0.017 0.016 
0 0.010 0.007 0.006 0.005 0.007 0.007 0.007 

aBalance Fe. 

specimens were machined from 0.76-mn-thick co ld- ro l l ed  sheet. These specimens had gage lengths p a r a l l e l  t o  
t h e  r o l l i n g  d i r e c t i o n  w i t h  a reduced sect ion 20.3-mn long by 1.52-mn wide by 0.76-mn th i ck .  

For t h e  rod specimens, heat 
treatment was ca r r ied  out on the rods p r i o r  t o  machining; the sheet t e n s i l e  specimens were heat t rea ted  
a f t e r  machining. Heat treatments were ca r r ied  out i n  a hel ium atmosphere. The normal iz ing treatment for  
a l l  o f  the 9Cr s tee ls  was 0.5 h a t  104OOC and f o r  the 12Cr s tee ls  0.5 h a t  1O5O0C. Af ter  normalizing, the 
s tee ls  were pu l led  i n t o  t h e  co ld  zone of the tube furnace and cooled i n  f lowing helium. A l l  of the 
9Cr-1MoVNb stee ls  were tempered 1 h a t  76OOC. A l l  o f  the 12Cr-1MoVW and 12Cr-1MoVW-1Ni s tee ls  were tempered 
2.5 h a t  780°C. The 9Cr-1MoVNb-2Ni and 12Cr-1MoVW-PNi s tee ls  were tempered 5 h a t  700OC. Tempered 
martensi te microstructures were obtained f o r  the 9Cr and 12Cr s tee ls  by such heat treatments. The 
2lj4Cr-lMo s tee l  specimens were normalized by annealing 0.5 h a t  900°C and cool ing i n  f lowing helium; they 
were tempered 1 h a t  700°C. The microst ructure a f t e r  t h i s  heat treatment was 100% tempered ba in i te .  
D e t a i l s  on heat treatment and microst ructure have been p ~ b l i s h e d . ’ - ~ ~ ’  

specimens p r i o r  t o  i r r a d i a t i o n  i n  HFIR a t  the reactor  coolant temperature o f  -5O’C. 
specimens capsules conta in ing rod- tens i le  specimens were i r r a d i a t e d  i n  the per iphera l  ta rge t  pos i t i ons  Of  the 
reactor  and were designated as HFIR-CTR-TI and HFIR-CTR-T2. 
be ry l l i um- re f lec to r  region o f  the reactor  i n  capsules designated HFIR-CTR-RE1 and HFIR-CTR-REP. 
c y l i n d r i c a l  specimens were al igned along the length o f  the capsule, wh i le  sheet specimens were stacked i n  
sets  o f  f i v e  along the length before encapsulation. These sealed tubes were i r r a d i a t e d  i n  d i r e c t  contact 
w i t h  the coolant. 

The specimens were i r r a d i a t e d  i n  the normalized-and-tempered condit ion. 

Specimens were encapsulated i n  th in- wa l l  aluminum tubes t h a t  were h y d r o s t a t i c a l l y  col lapsed onto the 
For i r r a d i a t i o n ,  the 

Sheet specimens were a lso i r r a d i a t e d  i n  t h e  
Ind iv idua l  

I r r a d i a t i o n  f luence and displacement-damage leve l  f o r  each specimen depended on the p o s i t i o n  of the 
specimen i n  the capsule. Fluence was a maximum a t  the reactor cen te r l i ne  and decreased as the distance from 
t h e  cen te r l i ne  increased. The c y l i n d r i c a l  specimens were i r r a d i a t e d  as fo l lows:  HFIR-CTR-T1 was i r r a d i a t e d  
t o  a f a s t  f luence o f  2.0 t o  3.2 x l o z 6  neutrons/m2 ( E  > 0.1 MeV), corresponding t o  displacement-damage lev-  
e l s  o f  15 t o  24 dpa. I r r a d i a t i o n  of HFIR-CTR-T2 was t o  a fluence of 4.4 t o  6.9 x l oz5  neutrons/m2 ( E  > 0.1 
MeV), corresponding t o  3.2 t o  5.1 dpa. 
received a fluence of 8.6 t o  9.0 x loz5 neutrons/mz w i th  damage leve ls  o f  5.2 t o  5.5 dpa; HFIR-CTR-RE2 
received a f luence o f  0.8 t o  1.7 x l o z6  neutrons/m2 w i th  damage leve ls  of 5.0 and 10.3 dpa. 
t r a t i o n  a lso depended on t h e  p o s i t i o n  of the specimen i n  the capsule and the amount of n icke l  i n  the 
mater ia l .  Calculated displacement-damage leve l  and helium concentrations for  each specimen are given i n  
Table 2. 

The sheet specimens were i r r a d i a t e d  as follows: HFIR-CTR-RBI 

Helium concen- 
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Table 2. Room-Temperature Tensi le Propert ies f o r  I r r a d i a t e d  and Uni r rad ia ted 
9Cr-lMoVNb and 12Cr-1MoVW Steels With and Without Nickel 

Displacement Strength (MPA) Elongat ion (%) 

( d w )  (appm) YS UTS Uniform Total  
Experiment Damage He1 i urn 

9Cr-1MoVNb Steel, Heat XA-3590 
RB.33 con t ro l  0 0 
Tl,T2 cont ro l  0 0 
T2 4.3 3 
T2 4.7 4 
RE2 
33 

7;i 7 
9.3 11 

T1 20.2 20 
T1 22.3 22 

RE1 5.3 5 
9Cr-1MoVNb Steel, Heat 30176 

9Cr-1MoVNb-2Ni Steel, Heat XA-3591 
R8.33 con t ro l  0 0 
T1,T2 cont ro l  0 0 
T2 4.5 37 
RB2 5.0 80 
33 9.3 80 
T 1  21.1 289 

12Cr-1MoVW Steel,  Heat XAA-3587 
R8,33 cont ro l  0 0 
T1,TZ con t ro l  0 0 
TZ 3.2 8 
T2 4.7 11 
33 9.3 22 
RB2 10.3 44 
T1 15.1 56 
T1 22.4 83 

R8.33 cont ro l  0 0 
12Cr-1MoVW Steel, Heat 91354 

RBl 
33 

5.5 19 
9.3 26 

12Cr-1MoVW-1Ni Steel, Heat XAA-3588 
RB.33 cont ro l  0 0 
T1,TZ cont ro l  0 0 
T2 4.2 17 
T2 5.1 36 ~~ 

RBZ 9.0 73 
33 9.3 45 
T1 18.4 129 
T1 23.7 167 

12Cr-1MoVW-2Ni Steel ,  Heat XAA-3589 
RB,33 cont ro l  0 0 
T1,TZ cont ro l  0 0 
T2 5.1 42 
33 9.1 74 
RE2 9.3 145 
T 1  24.1 327 

Zl,qCr-lMo Steel, Heat 72768 
R8.33 con t ro l  0 0 
T1,TZ cont ro l  0 0 
T2 4.0 3 
33 6.4 8 
T1 18.4 18 

RB cont ro l  0 0 
R E 1  5.2 5 

21/qCr-lMo Steel, Heat 56447 

541 
528 
907 
932 
990 
878 

1009 
1010 

879 

734 
750 

1230 
1255 
1289 
1357 

553 
569 
950 
976 
980 

1027 
1041 
1049 

549 
986 
983 

576 
583 

1064 
1033 
978 

1115 
1152 
1147 

719 
754 

1220 
1227 
1264 
1338 

581 
535 
948 

1027 
1016 

645 
973 

656 
659 
921 
935 
990 
878 

1022 
1014 

881 

851 
856 

1264 
1258 
1297 
1383 

759 
759 
978 

1004 
992 

1047 
1060 
1082 

716 
998 
987 

800 
791 

1098 
1087 
1001 
1134 
1194 
1180 

899 
920 

1277 
1249 
1298 
1400 

663 
632 
953 

1027 
1016 

a34 
995 

5.1 
5.2 
0.6 
0.3 
0.3 
0.2 
0.4 
0.4 

0.3 

3.7 
2.7 
0.6 
0.3 
0.4 
0.4 

8.1 
5.1 
0.8 
0.8 
0.4 
0.6 
0.6 
0.6 

6.6 
0.4 
0.3 

7.1 
7.8 
0.9 
1.0 
0.6 
0.6 
0.6 
0.6 

4.6 
3.9 
0.9 
0.5 
0.8 
1.0 

8.4 
5.8 
0.4 
0.1 
0.3 

6.3 
0.5 

9.6 
12.9 
4.0 
2.8 
2.4 
3.2 
5.4 
5.5 

2.0 

7.5 
8.4 
2.8 
1.5 
1.6 
6.3 

11.2 
13.0 
4.9 
5.1 
2.9 
6.5 
6.4 
6.5 

9.9 
2.0 
2.1 

10.6 
10.5 
3.5 
2.8 
2.6 
3.0 
5.0 
5.1 

7.8 
9.0 
2.9 
2.2 
2.5 
6.1 

12.8 
12.7 
2.9 
1.7 
5.6 

9.6 
3.1 
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The 2Y4Cr-lMo s tee l  has received less a t ten t ion  as a candidate for  fusion- reactor appl icat ions than 
9Cr-1MoVNb and 12Cr-1MoVW. For t h a t  reason, fewer specimens of t h a t  s tee l  were i n  t h e  i r r a d i a t i o n  capsules 
being reported on i n  t h i s  report .  Results for the 244Cr-lMo s tee l  specimens are given i n  Table 2. Io Fig. 
5(a)  the YS and UTS are shown as a funct ion of displacement damage, and i n  Fig. 5(b), the uniform and t o t a l  
elongat ion are shown. 

The trends i n  s t rength and d u c t i l i t y  observed for  t h e  9Cr-1MoVNb and 12Cr-1MoVW stee ls  were a lso 
observed for  the 2114Cr-lMo steel .  
However, beyond 5 dpa t h e  s t rength increased very l i t t l e  [Fig. 5(a) l .  The trends for  t h e  uniform and t o t a l  
elongat ions [Fig. 5 ( b ) l  were a lso s i m i l a r  t o  those of t h e  9Cr-1MoVNb and 12Cr-1MoVW steels.  
was an i n d i c a t i o n  of a minimum i n  the t o t a l  elongat ion w i th  increas ing fluence, whereas t h e  uniform elonga- 
t i o n  remained below 0.5% f o r  damage leve ls  greater than 4 dpa. 

There was a la rge  increase i n  s t rength with f luence up t o  -5 dpa. 

Again, there 

- 
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Fig. 5. The (a) y i e l d  s t ress and u l t ima te  t e n s i l e  s t rength and (b)  uniform and t o t a l  elongat ion of 
21/qCr-lMo s tee l  as a funct ion of fluence. 

Discussion 

(vacancies and i n t e r s t i t i a l s )  are expected t o  have l i m i t e d  mob i l i t y ,  and t h e  primary mode of defect annih i-  
l a t i o n  w i l l  be the recombination of vacancies and  interstitial^.^,^ 
lower temperatures than vacancies. 
increases, r e s u l t i n g  i n  a void and d is loca t ion  s t ructure;  the voids and d is locat ions become t h e  primary 
s inks for  the vacancies and i n t e r s t i t i a l s ,  respect ively.8 

l n t e r s t i t i a l s  are t h e  mobile defects a t  the low temperature of the present tes ts .  Those t h a t  are not 
ann ih i l a ted  by recombination w i t h  vacancies form d is loca t ion  loops, which cause an increase i n  f low s t ress 
and a decrease i n  d u c t i l i t y . 8  The excess vacancies are essen t ia l l y  frozen i n  t h e  l a t t i c e  and can a lso  con- 
t r i b u t e  t o  hardeninq. The number of loops -- and thus t h e  s t rength -- saturates, although the loops w i l l  
cont inue t o  grow.9* Under a given set of i r r a d i a t i o n  and temperature condit ions, a steady-state defect 

A t  low temperatures (4.35 Tm, where Tm i s  the absolute m l t i n g  po in t ) ,  t h e  i r rad ia t ion- induced defects 

I n t e r s t i t i a l s  remain mobile t o  w c h  
For temperatures of 0.35 T, < T < 0.6 T,,,, t h e  m o b i l i t y  of the defects 
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concentrat ion i s  expected, where t h e  number o f  defects created by i r r a d i a t i o n  equals the number ann ih i l a ted  
p lus  those incorporated i n   sink^.^^^ 
s i l e  behavior a t  low temperatures t o  confirm t h i s  pred ic ted behavior. 

There have been few studies on the e f f e c t  o f  neutron fluence on ten-  

The Present resu l t s  for the 9Cr and 12Cr s tee ls  ind icated t h a t  i r r a d i a t i o n  i n  the low-temperature 
regime (T < 0.35 7,) caused the r a t e  of increase i n  s t rength t o  decrease s i g n i f i c a n t l y  w i th  increasing 
fluence between about 5 and 10 dpa (Figs. 1 and 3). Although the data are l im i ted ,  we in te rp re ted  the 
r e s u l t s  for  the s tee ls  w i th  2% N i  t o  i nd ica te  t h a t  a f t e r  the ra ther  rap id  decrease i n  hardening r a t e  beyond 
-5 dpa, saturat ion had not y e t  occurred, and there was s t i l l  an upward slope t o  the strength-displacement- 
damage curves. The l i m i t e d  data f o r  the Zl/qCr-lMo steel  gives an i n d i c a t i o n  t h a t  a saturat ion l e v e l  may have 
been achieved (Fig. 5).  Likewise, the slopes o f  the strength- f luence curves f o r  t h e  standard 9Cr and 12Cr 
s tee ls  are not as la rge  as the slopes o f  the curves f o r  the s tee ls  w i t h  2% N i  (Figs. 1 and 3). 

s tee ls  both contained a l a r g e r  range of helium than was present i n  previous experiments." 
i n  the Results section, t h e  absolute increase i n  s t rength caused by the i r r a d i a t i o n  o f  the nickel-doped 
s tee ls  was subs tan t ia l l y  greater than t h a t  for  the undoped s tee ls .  
doped s tee ls  and the undoped s tee ls  was the transmutat ion helium produced by t h e  presence of n icke l .  
Previous studies1Z ind icated t h a t  n i cke l  does not a f f e c t  the microst ructure of t h e  9Cr and 12Cr s tee ls  i n  
t h e  un i r rad ia ted  condit ion. 
which no n i cke l  was added i s  caused by the d i f ference i n  tempering and i t s  r e l a t i v e  e f f e c t  on t h e  
microstructure, not new microst ructura l  ef fects induced by t h e  n icke l  addition.' Likewise, i t  was found 
t h a t  n i cke l  addi t ions d i d  not i n  general have a s i g n i f i c a n t  e f f e c t  on p r e c i p i t a t i o n  when i r r a d i a t e d  i n  HFIR 
t o  37 t o  39 dpa a t  300, 400, 500, and 600°C. except i n  the 9Cr-1MoVNb-2Ni s tee l  a t  400 and 500"C.12 
minimal d i f f u s i o n  o f  solutes i s  expected f o r  the low-temperature i r r a d i a t i o n s  i n  t h e  present invest igat ion,  
n i cke l  would be expected t o  cause l i t t l e  change i n  p rec ip i ta tes .  

There was one important di f ference between the present experiment and previous work: t h e  9Cr and 12Cr 
As pointed out 

The main d i f fe rence  between the n i c k e l -  

The difference i n  un i r rad ia ted  strengths i n  the s tee ls  with 2% N i  and those t o  

Because 

To demonstrate a helium e f f e c t  on the present resu l ts ,  i t  i s  necessary t o  examine the strength-dpa 
curves. For t h i s  discussion, we w i l l  concentrate on the YS behavior o f  the 12Cr-1MoVW and 12Cr-1MoVW-1Ni 
s tee ls  CFig. 3(a)]. 
steels.  Although the sparse amount of data a t  low fluences d i d  not al low an accurate determinat ion of t h e  
damage l e v e l  a t  which t h e  s t rength of the 12Cr-1MoVW-1Ni s tee l  became greater than t h a t  of the 12Cr-1MoVW 
stee l ,  i t  was higher a t  5 dpa, which corresponds t o  about 35 and 15 appm He for  the 1PCr-1MoVW-1Ni and 
12Cr-lMoVW, respect ively.  Therefore, the data suggest t h a t  the d i f ference between the IZCr-1MoVW and 
12Cr-lMoVW-1Ni s tee ls  a f t e r  i r r a d i a t i o n  i s  caused by the l a r g e r  amounts o f  t ransmutat ion hel ium i n  the 
12Cr-1MoVW-1Ni s tee l .  The di f ferences i n  YS between t h e  1ZCr-1MoVW-1Ni and the 12Cr-1MoVW-2Ni and between 
t h e  9Cr-1MoVNb and the 9Cr-lMoYNb-2Ni g ive s i m i l a r  i nd ica t ions  when t h e  p r e i r r a d i a t i o n  s t rength di f ferences 
are taken i n t o  account. Based on the ava i lab le  data (few data are ava i lab le  below 5 dpa). the r a t e  o f  
increase i n  s t rength w i t h  dpa decreased abrupt ly  somewhere around 5 dpa. 
decrease i n  slope occurred depended on the helium concentrat ion: t h e  higher the helium concentration, the 
h igher  the strength. By around 10 dpa, t h e  slope o f  the strength-displacement-damage curves was much less 
than i t  was below 5 dpa. The UTS behavior was s i m i l a r  t o  t h a t  of the YS (Figs. 1 and 3). 

The observation t h a t  the s t rength a t  which the r a t e  of hardening increases depends on t h e  hel ium 
( n i c k e l )  concentrat ion o f  the a l l o y  would seem t o  ind ica te  t h a t  helium has a s i g n i f i c a n t  e f fec t  a t  t h e  low- 
e s t  hel ium concentrations. With the sca t te r  inherent i n  the data along w i t h  t h e  l i m i t e d  number of data 
points,  i t  i s  not poss ib le  t o  est imate a slope f o r  t h e  strength-displacement-damage curve o r  f o r  a strength- 
hel ium concentrat ion curve i n  the region above -5 dpa. As the strength-displacement-damage curves i n  Figs. 
1 and 3 are now drawn, the slopes are q u i t e  f l a t ,  espec ia l l y  for  the standard steels,  i n d i c a t i n g  t h a t  the 
increase i n  s t rength w i th  fluence i s  small compared w i th  the hardening t h a t  has already occurred. Whether 
t h e  slope remains constant o r  decreases beyond 20 dpa can on ly  be determined by i r r a d i a t i o n s  t o  h igher  dpa 
and hel ium concentrations. 

For I r r a d i a t i o n s  up t o  about 5 dpa. t h e  increase i n  s t rength i s  assumed t o  be caused by a combination 

I n  the un i r rad ia ted  condit ion, there was l i t t l e  d i f fe rence  i n  the YS of these two 

The s t rength a t  which t h i s  

of the e f fec ts  of the displacement damage and helium. The exact propor t ion of the increase caused by hel ium 
depends on the hel ium concentration. 
d i s l o c a t i o n  loops developed by the displacement damage begins t o  saturate. poss ib ly  corresponding t o  a t ran-  
s i t i o n  from loop nuc leat ion t o  growth. 
generated, and although the r a t e  o f  s t rength increase becomes lower, the s t rength continues t o  increase due 
t o  the continued helium bui ldup. 
i c a n t  amounts of hel ium occurs by the same processes tha t  occur dur ing displacement damage alone. However, 
t h e  presence of helium extends t h e  hardening t o  higher fluences. 

peratures where there are few experimental data. When helium i s  i n  an i n t e r s t i t i a l  pos i t i on ,  i t  can r e a d i l y  
d i f f u s e  through an alloy."  
vacancy i n t o  a subs t i tu t i ona l  pos i t ion.  A t  temperatures below about 100°C detrapping can occur p r i m a r i l y  
by i r r a d i a t i o n  ( e i t h e r  d i r e c t l y  by a neutron o r  by the knock-on process).'$ 
c ies  could we l l  i n t e r f e r e  w i t h  natura l  hel ium- free bulk recombination o f  vacancies and i n t e r s t i t i a l s .  lead- 
i n g  t o  more free s e l f - i n t e r s t i t i a l s  i n  the presence of helium. A t  somewhat higher temperatures, detrapping 

One i n t e r p r e t a t i o n  i s  t h a t  around 5 dpa, the strengthening due t o  the 

However, by t h i s  t ime s i g n i f i c a n t  amounts of hel ium are being 

An a l t e r n a t i v e  i n t e r p r e t a t i o n  i s  t h a t  hardening i n  the presence o f  s i g n i f -  

The mechanism by which hel ium a f fec ts  the s t rength can only be speculated upon, espec ia l ly  a t  low tem- 

However, the i n t e r s t i t i a l  helium can become imnobi l ized when trapped by a 

A l te rna t i ve ly ,  hel ium i n  vacan- 
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can invo lve replacement by s e l f - i n t e r s t i t i a l s .  
vacancies are mobile." 
t h a t  hel ium ref ines the scale of loop nucleat ion and prolongs loop s t a b i l i t y  t o  high f 1 ~ e n c e s . l ~  These 
resu l t s ,  however, have general ly been obtained a t  higher temperatures than those of t h e  present experiments. 

It i s  expected t h a t  helium i n  i n t e r s t i t i a l  pos i t i ons  could cause an increase i n  strength, as would be 
t h e  case if helium were trapped i n  vacancies, where the r e s u l t i n g  increase i n  t h e  s e l f - i n t e r s t i t i a l  concen- 
t r a t i o n  could lead t o  an increase i n  strength. Likewise, the refinement of the scale of loop nuc leat ion 
would cause a s t rength increase. If the hel ium effect i s  p r i m a r i l y  associated w i th  the loop s t ruc tu re  and 
the promotion of a higher loop saturat ion concentration, then a strength saturat ion should occur a t  higher 
displacement-damage leve ls .  The effect of i n t e r s t i t i a l  helium would perhaps continue w i t h  increas ing 
fluence and be m r e  pers is tent .  However, saturat ion should again occur, because helium-vacancy c lus te rs  
w i l l  form as more hel ium forms. A t  some po in t ,  no new c lus te rs  w i l l  form, and t h e  newly generated hel ium 
w i l l  be incorporated i n  e x i s t i n g  c lus te rs  and cause them t o  grow. 

s t ructures of the steel .  Before i r r a d i a t i o n ,  t h e  tempered martensi te and b a i n i t e  conta in  a high d is loca t ion  
density. 
s t ructure,  making i t  essen t ia l l y  impossible t o  de l ineate the i rradiat ion-produced s t ructure.  

are s i m i l a r  t o  previous Such extremely low uniform elongat ion values are of concern t o  reactor  
designers. The low values i n  these s tee ls  were prev ious ly  a t t r i b u t e d  t o  channel d e f ~ r m a t i o n . ~  On a micro- 
scopic scale, channel deformation occurs by d is locat ions sweeping out defect- free channels,16 a f t e r  which 
d is loca t ion  motion becomes easy and i s  then confined t o  these channels (i.e., the small loops are swept up 
i n  the present case). Deformation i s  then r e s t r i c t e d  t o  a very narrow region o f  the specimen. An i n s t a b i l -  
i t y  occurs i n  t h i s  region, lead ing t o  a neck and a small uni form elongation. The uniform elongat ion 
decreased t o  a low value a f te r  about 5 dpa and remained low, wh i le  t h e  t o t a l  elongat ion went through a 
minimum. This minimum may be a r e f l e c t i o n  o f  the change t h a t  takes place i n  the d is loca t ion  s t ruc tu re  w i t h  
i r r a d i a t i o n .  
a channel. If t h i s  occurs, t h e  uniform elongat ion should then eventual ly begin t o  increase a t  some higher 
fluence. 

t u r e  of a fusion reactor rmst take i n t o  account the large amounts of helium t o  be generated i n  reactor  com- 
ponents dur ing operation. Previous resu l t s  have ind icated t h a t  t h e  t e n s i l e  behavior i s  affected by helium 
a t  300 and 400DC,17 and t h a t  t h e  impact5 and fat igue6 behavior may a lso be affected. The d e t a i l s  o f  these 
e f f e c t s  w i l l  be important t o  reactor designers. 

Larger helium-vacancy c lus te rs  can form when t h e  helium and 
I n  a de ta i l ed  review of the l i t e r a t u r e ,  Maziasz c i t e d  references t h a t  i nd ica ted  

Ver i f i ca t ion  by e lect ron microscopy of the processes t h a t  occur dur ing i r r a d i a t i o n  i s  hindered by t h e  

I r r a d i a t i o n  a t  low temperatures then superimposes a high dens i ty  of d i s loca t ion  loops on t h i s  

The observations on the loss o f  d u c t i l i t y  due t o  the low-temperature i r r a d i a t i o n  [Figs. 2, 4, and 5(b) ]  

As the loops grow i n  size, they should become more d i f f i c u l t  t o  sweep up o r  a n n i h i l a t e  t o  form 

Results from t h i s  study ind ica te  t h a t  fu ture studies of mater ia ls  for  the f i r s t  wa l l  and blanket s t ruc-  

SUMMARY AND CONCLUSIONS 

Tensi le  specimens o f  21/qCr-lMo steel ,  standard 9Cr-1MoVNb and 12Cr-1MoVU steels,  and these l a t t e r  two 
s tee ls  w i t h  up t o  2% N i  were i r r a d i a t e d  i n  HFIR a t  55°C -- the HFIR coolant temperature. I r r a d i a t i o n s  were 
conducted over a range o f  fluences t h a t  gave displacement-damage l e v e l s  of up t o  25 dpa. 
n i cke l  present i n  t h e  s tee ls ,  i r r a d i a t i o n  i n  the mixed neutron spectrum of HFIR produced up t o  327 appm He. 
Specimens were tested a t  room temperature. The observations and conclusions can be sumnarized as fo l lows:  

1. 
steels.  
beyond damage leve ls  of approximately 5 dpa. 

hardened more than the one w i th  1% N i .  

Because o f  t h e  

I r r a d i a t i o n  caused a la rge  increase i n  the y i e l d  s t rength and u l t ima te  t e n s i l e  s t rength o f  a l l  
The s t rength increased w i th  increas ing fluence, but t h e  r a t e  of increase w i th  f luence decreased 

2. The s tee ls  w i t h  n icke l  addi t ions hardened more than t h e  standard steels,  and the s tee l  w i t h  2% N i  

3. The r e s u l t s  ind icated t h a t  hel ium caused p a r t  of t h e  observed s t rength increase; t h i s  was i n  addi- 
t i o n  t o  t h e  strengthening caused by d i s loca t ion  loops formed from the i n t e r s t i t i a l s  and vacancies created by 
t h e  displacement damage i n  t h e  helium- free mater ia l .  

4. The increase i n  s t rength was accompanied by a decrease i n  uniform and t o t a l  elongation. Unl ike t h e  
strength, which continued t o  increase w i t h  fluence, t h e  t o t a l  elongat ion appeared t o  go through a minimum, 
w i t h  the d u c t i l i t y  a f t e r  20 t o  25 dpa greater than af ter  i r r a d i a t i o n  t o  intermediate l eve ls  o f  -10 dpa. 
Uniform elongat ion remained low a t  the highest damage leve ls .  

The r e s u l t s  i nd ica te  the importance of determining t h e  effect of helium on mchan ica l  proper t ies  o f  
mater ia ls  for  fusion- reactor appl icat ions. 

5. 
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INFLUENCE OF THERMOMECHANICAL TREATMENT AND ENVIRONMENTAL HISTORY ON CREEP, SWELLING AND EMBRITTLEMENT OF 
A I S I  316 AT 400'C AND 130 DPA - D .  L. Porter,  E. L. Wood (Argonne National Laboratory, E B R - I 1  Pro ject ) ,  and 
F .  A. Garner (Pac i f i c  Northwest Laboratory) 

OBJECTIVE 

The object  o f  t h i s  e f f o r t  i s  t o  determine the  mechanisms involved i n  radiat ion- induced deformation and 
embritt lement of s t r uc tu ra l  mater ia ls  and t o  apply these i ns i gh t s  f o r  ex t rapo la t ion  o f  ava i lab le  f a s t  
reactor  data t o  fus ion- re levant  condi t ions.  

SUMMARY 

A comprehensive creep experiment on A I S I  316 s ta in less  steel  i nvo l v i ng  i r r a d i a t i o n  a t  -4OO'C t o  130 dpa 
has been completed. The inf luence of mater ia l  and environmental var iab les on creep and swe l l ing  o f  t h i s  
s tee l  a t  -4OO'C i s  shown t o  have many s i m i l a r i t i e s  w i t h  the  behavior exh ib i ted  i n  an e a r l i e r  experiment 
conducted a t  -55O'C, but  s i gn i f i can t  differences are a lso apparent. These a r i se  because the  400'C exper i -  
ment was c l e a r l y  conducted i n  a regime dominated by the  k i n e t i c s  o f  po in t  defect  recombination whereas the  
55O'C experiment was conducted i n  the  sink-dominated regime. A t  400'C i t  i s  a lso shown t h a t  a severe 
embri t t lement ar ises concurrent w i t h  -10% swell ing, r equ i r i ng  care fu l  hand1 ing  o f  t e s t  specimens and 
s t r uc tu ra l  assemblies a t  room temperature. 

PROGRESS AN0 STATUS 

In t roduc t ion  

I n  several e a r l i e r  papers the  neutron-induced i r r a d i a t i o n  creep i n  the EBR-I1 f a s t  reac to r  o f  A I S 1  316 
s ta in less  s tee l  a t  550'C was discussed, concentrat ing on the tendency o f  i r r a d i a t i o n  creep t o  dec l ine  i n  
r a t e  and even disappear a t  exposures approaching 80 displacements per atom (dpa).'.' This phenomenon was 
shown t o  be re l a ted  t o  the  presence o f  s i g n i f i c a n t  l e v e l s  (5 t o  10%) o f  vo id swel l ing, which i n  t u r n  i s  
determined by the  s t a r t i n g  thermomechanical cond i t ion  o f  the a l l o y  and the  accumulated neutron exposure. 
Swell ing of t h i s  a l l o y  i s  a lso  known t o  be sens i t i ve  t o  the  i r r a d i a t i o n  t e m p e r a t ~ r e , ~ , ~  another va r i ab le  
which can be used t o  study the  phenomenon o f  creep disappearance. 

The 55O'C i r r a d i a t i o n  creep ser ies was accompanied by another ser ies  a t  -4OO'C. a temperature where 
vo id  swe l l ing  i n  t h i s  a l l o y  takes longer  t o  d e ~ e l o p . ~  
exposures (-130 dpa), however, so t h a t  swe l l ing  l eve l s  on the  order  of 5 t o  10% were a lso achieved. While 
some subsets o f  the  creep data a t  h igh  exposures were publ ished i n  e a r l i e r  i t  became obvious as 
the examination proceeded f u r t h e r  t h a t  the  behavior o f  A I S I  316 a t  -4OO'C was qu i t e  d i f f e r e n t  from tha t  a t  
-55O'C i n  two s i g n i f i c a n t  respects. 
Second, the  a l l o y  becomes severely embr i t t led  a t  swe l l ing  l e v e l s  on the  order o f  210%. This embri t t lement 
was not  observed i n  the  55O'C ser ies.  

The 400'C ser ies  was i r r a d i a t e d  t o  much l a r g e r  

F i r s t ,  the creep r a t e  d i d  not  dec l ine  a t  comparable swe l l ing  l eve l s .  

This paper no t  only  presents a l l  o f  the  creep data but  a lso explores the  development of severe 
embri t t lement i n  316 s ta in less  s tee l .  

Exoerimental d e t a i l s  

a reference heat i n  the  U. S. l i q u i d  m e t a l  reac to r  program. I t s  composition i n  weight percent was 
Fe-13.57Ni-16.36Cr-2.88Mo-1.42Mn-0.47Si-0.07C-0.02P-0.01S w i t h  l ess  than 0.005 weight percent boron. Four 
co ld  work l e v e l s  (0, 5, 10 and 20%) as wel l  as two separate aging condi t ions were used. These l a t t e r  were 
20% co ld  worked fo l lowed by aging a t  482'C fo r  24 hours (heat treatment C) and heat treatment C followed by 
another aging a t  704'C f o r  216 hours (heat treatment D).  

It i s  important t o  note t h a t  the s t a r t i n g  mater ia l  f o r  a l l  condi t ions i n  t h i s  ser ies  was the 20% co ld  
worked cond i t ion .  
quenching (heat treatment A) and the  5% co ld  work cond i t ion  was produced from the  annealed condi t ion.  
the ob jec t i ves  o f  t h i s  current  study were somewhat l im i t ed ,  not  a l l  o f  the condi t ions were examined i n  the  
same depth. 

helium. 
subjected t o  abrupt changes i n  s t ress  l eve l  and/or temperature. 
i r r a d i a t i o n  and were continued a t  zero stress. 

f i t t i n g  s ta in less  s tee l  rod designed t o  reduce the  pressure pulse t h a t  could r e s u l t  from a sudden f a i l u r e .  

The tub ing  employed i n  both the 400 and 55O'C experiments was the  N - l o t  heat V87210, p rev ious ly  used as 

The 0% co ld  work cond i t ion  was produced by annealing a t  1020'C f o r  20 min. and water- 
Since 

Hoop st ress l e v e l s  o f  0, 206, 276 and 343 MPa (0, 30, 40, and 50 k s i )  were a t ta ined  w i t h  pressurized 
Most creep capsules were i r r a d i a t e d  a t  constant s t ress  and temperature but  some were de l i be ra te l y  

Other capsules l o s t  pressure dur ing 

The pressurized sect ion of the capsules was 0.98 m i n  length but  the bottom 0.71 m contained a loose ly  
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The outer diameter of the  capsule was 0.584 cm w i t h  a wa l l  thickness o f  0.038 cm. 
i n  r o w  7 of EBR-I1 i n  two 37-pin subassemb es de ignated X l O l  and X133. Approximately 5 dpa (?lo%) are 
produced i n  t h i s  reac to r  fo r  each 1.0 x loJi n/cm3 (E  > 0.1 MeV) depending on the  pos i t i on  i n  reactor .  The 
dpa l eve l s  c i t e d  fo r  each datum i n  t h i s  paper incorporate the  pos i t i on  dependence of t h i s  parameter. 

the capsule center was used i n  the  analysis. A t  the  end of each i r r a d i a t i o n  period, a contact p ro f i lometer  
was used t o  measure the  capsule diameter on a s p i r a l  t race  along the  e n t i r e  leng th  o f  the capsule. The 
ma jo r i t y  of capsules were measured as many as 22 times dur ing the  i r r ad ia t i on ,  averaging between examina- 
t i ons  approximately 6 dpa a t  capsule center.  As shown i n  Fig. 1, the  temperature over the  region o f  
i n t e res t  rose from 385 t o  400'C a t  capsule center.  

I r r a d i a t i o n  was conducted 

To minimize the  effect of swel l ing- induced a x i a l  growth on the experiment, on ly  the sect ion a t  o r  below 

200 w 600 Boo 

DISTANCE FROM CAPSULE BOTTOM, mm 

Fig. 1. Temperature p r o f i l e  along creep capsule. 

When the experiment was terminated, selected capsules were sectioned i n t o  2 .5  cm increments and dens i ty  
changes were measured i n  order t o  separate the  swe l l ing  and creep s t ra ins .  The ef fects  o f  displacement r a t e  
on creep and swe l l ing  were determined by comparing the  s t r a i n  a t  d i f f e r e n t  pos i t ions  along the  capsule. 

experiment and i t s  subsequent analysis. 
condi t ions and the heat treatment D condi t ion.  

Results o f  creep and swe l l inq  studies 

Figure 2 shows a comparison of the  cen te r l ine  diameter changes observed a t  400'C and a hoop s t ress  o f  
276 MPa (40 k s i )  fo r  f i v e  of the  s i x  thermomechanical s t a r t i n g  condi t ions.  The 5% co ld  work cond i t ion  was 
not  examined. 
s t r a i n  behavior wh i le  the  double aging treatment of heat treatment D had a very pronounced effect on 
increasing the  onset of swe l l ing  and creep deformation. 
l eve l  increased, a behavior usua l l y  observed i n  t h i s  steel.'.' 

capsules. 
nominal ly i den t i ca l  capsules. The small differences probably r e f l e c t  minor d i f fe rences  i n  i r r a d i a t i o n  
condi t ions a t  various pos i t ions  across the subassembly. Note t h a t  i n  none of these tubes d i d  the  s t r a i n  
r a t e  approach the 0.33%/dpa upper l i m i t  observed i n  the  550'C series. 
disappearance o f  i r r a d i a t i o n  creep.) 
l o s t  a t  some po in t ,  probably r e s u l t i n g  from a p inhole f a i l u r e  of a weld dur ing one of the  many rounds o f  
removal, measurement and re i nse r t i on  i n t o  the  reactor .  From tha t  po in t  on, the  diameter increases were on ly  

previously. '  Regardless of the displacement l eve l  a t  which the pressure was l o s t ,  the swe l l ing  r a t e  remained 
r e l a t i v e l y  constant thereaf ter  a t  values ranging from 0.04 t o  O.OI)%/dpa, subs tan t i a l l y  below the 1%/dpa 
l eve l  cha rac te r i s t i c  of aus ten i t i c  a l l oys  i n  general a t  h igher  temperatures' and t h i s  s tee l  a t  550'C. -3 

Not a l l  meta l lu rg ica l  condi t ions received the  same l eve l  of a t ten t ion ,  both i n  the  design o f  t h e  
Most a t t en t i on  was d i rec ted  toward the  10 and 20% co ld  worked 

Note t ha t  both shor t  term aging and various l eve l s  of co ld  work had very l i t t l e  e f f e c t  on the  

The s t r a i n  r a t e  decreased somewhat as the  co ld  work 

The curves shown i n  Fig. 2 are composite t rend  curves representing the  average behavior o f  a number o f  
Fig. 3 through 5 show tha t  there are not  very l a rge  va r i a t i ons  i n  deformation behavior between 

(This l i m i t  s igna l led  the  complete 
Each of F ig.  3 through 5 show one case where the  gas pressure was 

?due t o  vo id swel l ing, assumed t o  be i so t rop ic ,  where AD/D = A'i/3'i, an assumption v e r i f i e d  many times 
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Fig.  2. Composite t rend  curves o f  t o t a l  diametral  deformation a t  -4OO'C and core center f o r  var ious 
s t a r t i n g  thermomechanical condi t ions o f  A I S 1  316. 

Also i n  con t ras t  t o  t h e  behavior o f  the highest swe l l i ng  capsules a t  550'C, the t o t a l  diametral  s t r a i n  
r a t e  a t  400'C increased cont inuously w i t h  increasing s t ress as shown i n  Fig.  6 f o r  t h e  20% c o l d  worked 
condi t ion.  Creep does no t  appear t o  be decreasing o r  disappearing a t  t h i s  temperature. Using a procedure 
described i n  d e t a i l  elsewhere,6 the instantaneous creep c o e f f i c i e n t  can be ca lcu la ted from diameter 
measurements o f  both stressed and unstressed capsules, assuming t h a t  swe l l i ng  a t  400'C i s  no t  very  sens i t i ve  
t o  stress. Based on r e s u l t s  o f  o ther  studies, t h i s  assumption i s  known t o  be reasonable a t  400'C although 
i t does no t  apply a t  550'C and h igher   temperature^.^.^ 
c o e f f i c i e n t  o f  20% c o l d  worked s tee l  i s  independent o f  s t ress l e v e l  w i t h  two o f  t h e  three curves appearing 
t o  saturate  i n  magnitude a t  h igher  exposure leve ls .  Figure 7b shows t h a t  c a l c u l a t i o n  o f  t h e  creep c o e f f i -  
c i e n t  f o r  the 10% co ld  worked cond i t i on  y i e l d s  a remarkably s i m i l a r  set  o f  curves w i t h  a l l  three appearing 
t o  saturate. Thus, t h e  creep c o e f f i c i e n t  i s  no t  sens i t i ve  t o  t h e  co ld  work l e v e l  i n  t h i s  range. The u n i t s  
o f  the creep c o e f f i c i e n t  are those t y p i c a l  o f  t h a t  used i n  t h e  U. S. l i q u i d  m t a l  r ac to r  program agd can,be 
con e r ted  t o  SI u n i t s  and displacements per  atom us ing the conversion 1 x "Pa-? dpa- l  - 4 x 10 / (ps i  n 

the absence o f  swel l ing. 

The dependence o f  swe l l i ng  on s t ress can be checked by comparing the dens i t y  changes o f  each of these 
capsules. Figure 8 shows t h a t  i n  the three pressurized capsules, there was no observable effect of s t ress 
a t  any p o s i t i o n  along the capsule. Whereas t h e  data i n  Fig. 7 were taken a l l  a t  one p o s i t i o n  and 
displacement ra te ,  the data i n  Fig.  8 were der ived a t  d i f f e r e n t  a x i a l  l oca t ions  and incorporate r e l a t i v e l y  
small d i f ferences i n  temperature. 
does conta in  the l a s t  f o u r  measurements o f  swe l l i ng  deduced from diameter change a t  capsule center. These 
data a lso conf i rm t h e  i n s e n s i t i v i t y  o f  swe l l i ng  t o  s t ress a t  400'C. 

s l i g h t l y  h igher  temperature) had swelled i n t o  contact w i t h  the capsule wa l l  a t  -80 dpa, b ind ing w i t h  and 
d i s t o r t i n g  i t. 
capsule w a l l .  

der ived over a considerable range o f  displacement ra te .  The e f f e c t  of the f l u x  and temperature v a r i a t i o n s  
on t o t a l  deformation can be observed i n  Fig.  9. One can deduce from Fig.  9 t h a t  t h e  swe l l i ng  r a t e  der ived 

Figure 7a shows t h a t  t h e  instantaneous creep 

cm- ! ). This value o f  the c o e f f i c i e n t  a lso represents the y - a x i s  i n t e r c e p t  and therefore t h e  creep r a t e  i n  

Figure 8 does no t  conta in  any dens i t y  data f o r  the unstressed capsule bu t  

No dens i t y  data were ava i lab le  f o r  the s t ress- f ree  capsule because the f i l l e r  rod  (which e x i s t s  a t  a 

Normally t h i s  does no t  occur a t  lower f luences o r  when gas-dr iven creep i s  operat ing on the 

The swe l l i ng  r a t e  S impl ied by t h e  data i n  Fig. 8 i s  on t h e  order o f  0.05 t o  0.07%/dpa, and was 
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Fig. 3. Diameter changes observed in 10% cold worked steel for a) six nominally identical capsules at 
276 MPa (40 ksi) and b) four nominally identical capsules at 343 MPa (50 ksi). 
at -60 dpa and swelled without stress thereafter. 

Note that one capsule failed 

from Fig. 8 might be an underestimate. The average stress-free swelling rate under isoflux conditions can 
be derived from Fig. 6 and is indeed somewhat larger at S = O.ll%/dpa over the range 70 to 130 dpa. 

increased. 
made in these.variabler. 

One would expect the strain rate to increase if the stress level and/or the temperature were to be 
Figures 10a and 10b show that this indeed occurs in experiments where deliberate increases were 

Note in Fig. 10b that the combination of higher stress and an increase to 550'C 
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Fig. 4. Diameter changes observed in 20% cold worked steel for a) six nominally identical creep 
capsules at 276 MPa (40 ksi) and b) five nominally identical capsules at 343 MPa (50 ksi). 
capsule failed at 20 dpa and swelled without stress thereafter. 

Note that one 

yielded a total deformation rate that approaches the AD/D = 0.33%/dpa value observed as an upper limit of 
similar capsules irradiated isothermally at 550.C.' f 3  During isothermal irradiation at 400'C, the total 
strain rate of 20% cold worked 316 at 343 MPa (50 ksi) reached only AD/D = 0.14%/dpa at 125 dpa. 

variables as demonstrated by looking at other conditions in this experiment. 
condition the total strain rate AD/D at 400'C reached 0.22%/dpa at 276 MPa (40 ksi), but when the tempera- 
ture was changed from 400 to 550'C at 32 dpa, the total creep rate of heat treatment D at 276 MPa immedi- 
ately went to the 0.33%/dpa limit. 

(The experimental details of these two irradiations were described in refs. 1 and 3 ) .  
these capsules were subjected to an abrupt decrease in temperature to 400'C. 
capsules were just beginning to exhibit accelerated swelling and creep rates but these quickly subsided from 
the increasing rates observed in the three capsules maintained at 550'C. 
unstressed capsule was found to be S - O.lO%/dpa. 
400'C the swelling rate is dominated by the kinetics of point defect recombination, a situation where the 
swelling rate is not influenced very strongly by the details of the microstructure. 

The strain rates of AIS1 316 are somewhat sensitive to material condition as well as environmental 
In the heat treatment D 

Figure 11 shows the diameter changes of five nominally similar capsules initially irradiated at 550'C. 
At -30 dpa two of 

Prior to the changes these 

The swelling rate of the 
This reduction in swelling rate tends to confirm that at 
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Fig. 6. Irradiation creep and swelling-induced strain at 400'C of the 20% cold worked condition in 
unstressed and stressed capsules. The stress levels were 206, 276, and 343 MPa (30, 40 and 50 ksi). 
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Fig. 7 .  (a )  Instantaneous creep c o e f f i c i e n t s  a t  400'C o f  20% co ld  worked A I S 1  316 der ived from data 
i n  Figure 6 and (b) s i m i l a r  ca lcu la t ions  f o r  t h e  10% c o l d  worked condi t ion.  

Figures 12 and 13 show t h e  creep behavior of heat treatment 0 a t  400°C. The instantaneous creep 
c o e f f i c i e n t  a t  276 MPa i s  r e l a t i v e l y  Aarg j  a t  f i r s t  and increases s t e a d i l y  w i t h  exposure, poss ib l y  sa tu ra t -  
ino comewhere between 20 and 30 x 103 cm /n.psi. Th is  i s  a h igher  l e v e l  than observed i n  the c o l d  worked . . .=  ... ~~ 

s tee ls ,  which saturated a t  -15 x 1030 cmcm/n.pSi 
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Fig. 8. Swell ing measured along the  leng th  o f  the  th ree  pressurized creep capsules shown i n  Figure 6. 
Also shown are the swe l l ing  values i n f e r r e d  from time-dependent diameter change measurements a t  the  center  
o f  the  unstressed capsule. 
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Fig. 9.  In f luence of displacement r a t e  and temperature va r i a t i ons  on t o t a l  s t r a i n  observed i n  a 20% 
co ld  worked capsule w i t h  a hoop st ress of 216 MPa (40 ks i ) .  

Results o f  e mbr i t t l enent  studv 

i r r a d i a t i o n ,  i t  became obvious t ha t  they would have t o  be handled w i t h  care. 
was found t o  be f rac tu red  i n t o  a number o f  pieces, which apparently occurred dur ing disassembly of the 
subassembly. The breakup was very severe i n  nature, r e s u l t i n g  i n  a number o f  long shards, each of which 
exh ib i ted  a b r i t t l e  appearance. Another capsule, designated EA-07, broke i n t o  three pieces wh i le  being 
clamped i n t o  a v i se  fo r  c u t t i n g  o f  dens i ty  sections, as shown i n  Fig. 14. 

When the  400'C capsules were removed fo r  the  l a s t  t ime from the  hexagonal duct t ha t  encases them dur ing  
One capsule designated EA-35 
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Fig.  10. In f luence o f  r a d i a t i o n  h i s t o r y  on s t r a i n  behavior o f  20% c o l d  worked s tee l  a t  400'C. 
Increasing the s t ress l e v e l  accelerates the deformation r a t e  bu t  increas ing both t h e  s t ress and t h e  
temperature causes a more pronounced increase i n  deformation ra te .  

Both of these capsules were fab r i ca ted  from the heat treatment 0 condit ion, reaching c e n t e r l i n e  
deformation l e v e l s  o f  19 t o  20% a t  exposures o f  112 t o  120 dpa a t  a hoop s t ress o f  276 MPa (40 ks i ) .  
each case i t  appeared t h a t  the f r a c t u r e  i n i t i a t e d  near the reg ion o f  peak swel l ing, which f o r  EA-07 was 
measured a t  -14%. 
t h i s  experiment. 

While t h e  broken pieces o f  EA-07 were discarded, the broken sect ions of EA-35 were subjected t o  a 
v a r i e t y  of examinations. Several small pieces were taken from the broken end f o r  metal lographic analysis.  
The f i r s t  was mounted t o  present a l o n g i t u d i n a l  and transverse view o f  the f rac ture,  and showed t h a t  the 
f r a c t u r e  fo l lowed both g r a i n  boundaries and p lanar  paths through the gra ins.  
t ransverse ly  from the same reg ion and mechanically pol ished. 

contained fewer and somewhat smal ler cracks, cons is t ing  most ly o f  notches a t  g r a i n  boundaries. 

then mounted on a stub o f  a scanning e lec t ron  microscope (SEM) w i t h  s i l v e r  pa in t .  
apparent t h a t  the ins ide  surface o f  the element had become d isco lored and was b lack i n  appearance. 
b r i t t l e  nature o f  t h e  f r a c t u r e  i s  evident i n  the overa l l  appearance o f  the broken piece as shown i n  
Fig.  15a. A jagged f r a c t u r e  w i t h  a sawtooth o u t l i n e  forms one edge o f  the specimen w i t h  a somewhat 
smoother break along the other  edge. 

In 

Thus both these capsules represented the highest l e v e l  o f  swe l l i ng  and creep a t ta ined  i n  

A second specimen was saw-cut 
It sh wed t h a t  the ins ide  surface o f  the tube 

was covered w i t h  small cracks, some as deep as 0.0005 i n  (1.3 x 10- s cm). The outer  surface o f  the tube 

Another piece measuring -1 i n  (2.5 cm) i n  length was c u t  from the end o f  a s i x  inch long fragment and 
A t  t h i s  p o i n t  i t  was 

The 

Examination o f  the ins ide  surface revealed numerous in te rg ranu la r  
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Fig. 11. Diameter changes of a) two 20% cold worked capsules at 0 and 206 MPa (30 ksi) subjected to an 
abrupt decrease in temperature and b) three others irradiated only at 550°C at 0, 103 and 306 MPa (0, 15, 
and 30 ksi). 

cracks in the surface (Fig. 15c and 15d). 
greater extent with almost every grain boundary showing some degree of cracking (Fig. 16). Many areas of 
the fracture surface exhibited extensive amounts of corrosion products (Figure 17) thought to have been 
formed in the subassembly after failure of the capsule but prior to final cleaning for examination. Some 
areas of the failure surface exhibited flat surfaces typical of cleavage. 

The outside surface was cracked in this specimen to an even 

Another piece was broken to produce a fresh fracture surface and was found to be free of corrosion 
This piece was products. 

taken from a position approximately 4 in (10 cm) above the core centerline and was measured to have swelled 
9.1%. 

Discussion 

It also displayed many areas of cleavage-type failure as shown in Figure 18. 

Although comparable levels of swelling were obtained at lower dpa levels in the 550'C creep capsule 

A similar situation was observed by Hamilton and coworkers1° i n  a series of tests conducted on 
series in both heat treatment D and other conditions, embrittlement of the type observed at 400°C did not 
occur. 
various austenitic stainless steels. In each case, severe embrittlement occurred when the swelling reached 
levels on the order of -10% and when fracture was initiated at room temperature or at relatively low 
temperatures with respect to the irradiation temperature, but only for irradiation temperatures of s450'C. 
At higher irradiation temperatures, no embrittlement was observed. The origin of this phenomenon was 
determined to arise from a compound mechanism involving large levels of voids. 
arises not only from the voids themselves but also due to an indirect effect of the large surface area 
associated with the high density of voids at -4OO'C, whereby nickel segregates to void surfaces and is 

An increase in hardness 
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Fig. 12. Irradiation creep and swelling-induced strain at 400'C for the heat treatment D condition in 
the unstressed and stressed capsules. 
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Fig. 13. Instantaneous creep coefficient of heat treatment D at 400'C derived from data in Figure 12. 

depleted in the matrix of the alloy. 
stacking fault energy on nickel and chromium content, and particularly on deformation temperature combine to 
promote extensive stress-induced formation of epsilon martensite at room temperature. This leads to a very 
brittle failure more aptly characterized as quasi-cleavage. At higher deformation temperatures it leads to 
a less brittle failure mode designated channel fracture. 

Chromium is depleted at void surfaces. The strong dependence of 
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Fig. 14. Failure during mounting of severely embrittled AIS1 316 capsule EA-07 in the heat treatment D 
condition after irradiation to 120 dpa at 400'C and a hoop stress of 276 MPa (40 ksi). 

Hamilton and coworkers, however, did not observe the extensive surface cracking seen in this study. 
This is easily rationalized because in the various kinds of specimens employed in Hamilton's studies there 
were no applied stresses during irradiation and no creep deformation, which is known to induce such cracks 
at high strain levels. The outer surface of the capsule was also in contact with flowing sodium which can 
lead to etching of grain boundaries. On the inner surface, however, there i s  only helium gas. It is not 
clear from this study whether the cracks on the inner surface occurred before or during the fracture 
process. 

swelling at levels on the order of 10%. The fact that only heat treatment D capsules failed is probably 
related to the higher creep and swelling of heat treatment 0, but it may also reflect the greater care taken 
in removal of capsules once their brittleness was evident. 

The reasons for the discoloration of the inside of the broken capsule have not been resolved, but may 
possibly reflect the injection of very large levels of recoiling helium following collisions with fast 
neutrons. The levels of injected helium can be exceptionally high and have been shown to contribute 
somewhat to the embrittlement phenomenon." Sputtering of the surface by the injected helium gas may also 
be involved. 

cannot be attributed solely to the attainment of -10% swelling but this does not rule out the possibility 
that it is somehow linked to the attainment of steady-state swelling at -l%/dpa. This latter rate was never 
approached in the various types of capsules and conditions used in the 400'C study. This in turn suggests 
that at 400'C one will never develop the characteristic steady-state swelling rate (even at higher fluence) 
and that at this temperature the kinetics of void growth are dominated by point defect recombination rather 
than by sink-dominated considerations. 
such that the mean free path for point defects is smaller than the distances between sinks. 
sidered particularly relevant that when the temperature was raised from 400 to 550'C the creep and swelling 
rates returned to values characteristic of isothermal irradiation at 550'C. 

It is clear, however, that failure in this experiment is associated with or at least coincident with 

The creep portion of this study demonstrates that the creep disappearance phenomenon observed at 55O'C 

Recombination will be dominant when the temperature is low enough 
It is con- 
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Fig. 16. Outside surface o f  capsule EA-35 showing in te rg ranu la r  cracks a t  almost every g r a i n  boundary. 

The 
MPa-F dp a' fo r  a wide range of aus ten i t i c  s t  e l s  t 2 - t 6  The swelling-enhanced creep coef f ic ient  D i s  

reep ompliance Bo has been shown t o  be dependent on temperature and approximately equal t o  1 x 

l i kewise  thought t o  be r e l a t i v e l y  constant a t  -IO-$ I4PA-l over a wide range of s t ee l s  and temperatures.~z 

Using the  i n s i g h t  gained i n  an e a r l i e r  study6 of stress- independent swe l l ing  a t  400'C t o  analyze the  
data i n  Fig. 6, the  values of Bo and Do can be calculated. 
coe f f i c ien t  (Bo t DoS) i s  independent o f  s t ress l eve l  as p red ic ted  and appears o sa t  r a t e  t higher  
exposures. A t  zero dpa and therefore zero swe l l ing  rate,  Bo i s  indeed -1 x lo-& MPa-Y dpa-?. Assuming a 
swe l i n g  a te  of -0.04%/dpa and using the  276 MPa (40 k s i )  curve a t  130 dpa, Do i s  ca lcu la ted  t o  be -0.6 x 
10- j  MPa-F. The estimates of both Bo and 0, thus appear t o  be i n  good agreement w i t h  the  an t i c ipa ted  
values . 

Note i n  Fig. 7 t h a t  the  instantaneous creep 

CONCLUSIONS 

Neutron i r r a d i a t i o n  o f  A I S 1  316 s ta i n l ess  s tee l  a t  400'C y i e l d s  a very low swe l l ing  r a t e  (a.I%/dpa) 
compared t o  t h a t  a t  550'C, which pe rs i s t s  t o  very h igh displacement l e v e l s  and does no t  appear t o  be 
sens i t i ve  t o  s t ress  o r  p r i o r  environmental h i s t o r y .  
a lso  much lower than t h a t  a t  550'C and re ta i ns  a l i n e a r  dependence on both s t ress  and swe l l ing  ra te .  The 
aggregate deformation r a t e  never approaches the  upper l i m i t  of 0.33%/dpa observed a t  550.C. p r i m a r i l y  
because of t he  lower swe l l ing  rate.  Creep a t  400'C a lso  exh ib i t s  the  expected behavior associated w i t h  
e i t h e r  increases o r  decreases i n  both s t ress o r  i r r a d i a t i o n  temperature. When the  swe l l ing  l e v e l  approaches 
-lo%, however, the  po ten t i a l  e x i s t s  fo r  severe embri t t lement dur ing handl ing a t  room temperature. This 
embri t t lement has been observed i n  other  i r r a d i a t i o n s  of t h i s  s teel .  

The concurrent r a t e  o f  i r r a d i a t i o n  creep i s  therefore 
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Fig. 18. Fresh f rac tu re  surface o f  EA-35, showing cleavage- l ike f a i l u r e .  

FUTURE WORK 

This f i r s t  stage e f f o r t  i s  complete. Analysis of several other creep data f i e l d s  w i l l  proceed i n  the 
next repor t ing  period. 
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NEUTRON-INDUCED SWELLING OF COMMERCIAL ALLOYS AT VERY HIGH EXPOSURES - F. A. Garner and 0. S. Gelles, 
P a c i f i c  Northwest Laboratory 

OBJECTIVE 

The ob jec t i ve  o f  t h i s  e f f o r t  i s  t o  determine the f ac to r s  which in f luence  the  swe l l ing  res is tance o f  
i r r ad ia ted  a l loys .  

SUMMARY 

a l l oys  i r r a d i a t e d  t o  neutron f luence l eve l s  as l a rge  as 2.8 x l o f 5  n/cm$ (E>0.1 MeV) o r  -140 dpa i n  EBR-I1 
a t  e i gh t  temperatures between 399 and 650'C. While there was essen t i a l l y  no swe l l ing  i n  some f e r r i t i c  
a l l oys  and some aus ten i t i c  superalloys, other  aus ten i t i c  a l l oys  exh ib i ted  a wide range of swe l l ing  depending 
on composition, heat treatment and i r r a d i a t i o n  temperature. 

The swe l l ing  behavior o f  the  aus ten i t i c  a l l o y  system i s  shown t o  r e f l e c t  p r i m a r i l y  the  in f luence  of the  
overa l l  composition and the  i r r a d i a t i o n  temperature on the  dura t ion  o f  the  t r ans ien t  regime of vo id  
swel l ing, and secondari ly t o  r e f l e c t  the in f luence  o f  p r e c i p i t a t i o n  and co ld  work. 

Density change measurements have been completed on a wide v i e t y  f commercially ava i lab le  s t r uc tu ra l  

PROGRESS AND STATUS 

In t roduc t ion  

l i f e t i m e  o f  s t r uc tu ra l  components both i n  f a s t  reactors and i n  fusion reactors. Since t h a t  t ime there  have 
been many hundreds o f  s c i e n t i f i c  papers publ ished which examined the  separate and synerg is t i c  in f luence  of 
the  many var iab les  now known t o  in f luence  swel l ing.  
used t o  examine many facets o f  the  swe l l ing  phenomenon, i t  was recognized t ha t  the  most re levan t  data must 
be generated i n  a neutron environment. 

I n  the  U.S. l i q u i d  Metal Reactor program a number of extensive i r r a d i a t i o n  studies were conducted i n  
EBR- I1  t o  i d e n t i f y  candidate a l l oys  f o r  use i n  s t r uc tu ra l  components. One o f  the  e a r l i e s t  o f  these was the  
AA-1 experiment. I t  d i d  no t  focus on a s i ng le  a l l o y  o r  narrow range o f  a l l oys  bu t  involved i r r a d i a t i o n  o f  a 
very wide range o f  commercially ava i lab le  a l loys .  AA-1 was designed t o  proceed i n  stages t o  very h igh  
exposure levels ,  using i n t e r i m  examinations a t  intermediate exposure l e v e l s  t o  narrow the  number o f  a l l oys  
selected f o r  inc lus ion  i n  subsequent experiments. These fo l low-on experiments were d i rec ted  toward 
op t im iza t ion  o f  a l l oys  and a l l o y  classes observed i n  AA-1 t o  e x h i b i t  res is tance t o  vo id  swel l ing.  

puBJished n previous reports.'a2 The experiment was terminated a f t e r  reaching a peak f luence o f  -2.4 x 
10 
This paper repor ts  the  e n t i r e  c o l l e c t i o n  of data derived from the l a s t  discharge o f  AA-1 and some o f  the  
lower f luence data where i t  i s  needed t o  demonstrate the major conclusions of the  study. 

Also presented i n  t h i s  paper are the  r e s u l t s  o f  a h igher  fluence experiment wherein two a l loys,  
A I S I  316 and HT-9, were removed from the l a s t  phase o f  the  A A - I  i r r a d i a t i o n  ser ies and continued t o  h igher  
f luence i n  the  AA-7 experiment. 

m e r i m e n t a l  d e t a i l s  

stock t h a t  had already been given the  appropriate thermomechanical treatment. The compositions o f  the  
various a l l oys  and the  thermomechanical treatments employed are l i s t e d  i n  Tables 1 and 2 respect ive ly .  

Idaho F a l l s ,  Idaho. The i r r a d i a t i o n  vehic le was o f  the  8-7 type i n  which both the  outer  capsule and the 
subcapsules were constructed o f  20% c o l d  worked A I S I  316 s ta i n l ess  s tee l .  The t a rge t  temperatures were 
obtained by the  use of gama heating and by p rov id ing  a gas gap between the subcapsules and the  8-7 outer  
capsule. A l l  data a t  any one temperature were obtained from one pos i t i on  i n  the  core, and were there fo re  
developed a t  the  same neutron f l u x  and displacement ra te .  

w i th  estimated uncer ta in t ies  of f 25'C o r  less, the  uncer ta in ty  depending on the design temperature. A 
subsequent run-by-run reanalys is  o f  the  subcapsule temperatures showed t h a t  fo r  t he  ma jo r i t y  of t he  

Neutron-Induced vo id  swe l l ing  was recognized ea r l y  i n  the 1970s as a process which could l i m i t  the  

While charged p a r t i c l e  s imulat ion studies have been 

A l i m i t e d  amount of the  ea r l y  data from the  f i r s t  several discharges o f  the  AA-1 experiment has been 

n cnr4 (E>0.1 MeV). Some of the data from the l a s t  discharge have a lso  been publ ished elsewhere.3 

The specimens were s o l i d  rods approximately 1.3 cm long  by 0.3 cm i n  diameter, machined from s o l i d  

The a l l oys  were i r r a d i a t e d  i n  sod ium- f i l l ed  subcapsules i n  Row 2 of the E B R - I 1  f a s t  reac to r  located i n  

The nominal subcapsule temperatures were designed t o  be 399, 427, 454, 482, 510, 538, 593 and 650'C 
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Table 1. Compositions o f  the a l l o y s  as suppl ied by t h e  vendors (weight percent)  

1- A l l O Y  Fe w i  C I  C NO N" Nb A I  T i  s i  Ofher 

F e r r i t i c  H11 
EN-12 
A I S 1  416 
430 F 
F e C r A l I  

UT-9 
ca rpn te r  C L a t r n  455 

H1.9 P.N.b 

AuOtenitic A I S 1  310 
RA-330  

A I S 1  316 
im01w 8mc 

P r e s i p i t a t i m  A 2 8 5  
S t m r e t h e c d  w813 

097p 
lrr0loy P O l C  
Yilnmic PElSC 
I w m l  718' 
l w m l  m c  
lmml x-75oc 
Y l m n i C  11015 
Nimnic  115' 
Imml 625' 

Nickel 8- Hestellw Xc 
Hsotellw sc 

lmml Mac 

rm 

Hsotellw C-4' 

Refractory Y b l Z r  

bal. 
bal. 
bal. 
bel. 
bal. 
bal. 
bal. 
tel. 

tal. 
bat. 
bl. 
bl. 

bal. 
bl. 
bal. 
bal. 
bal. 

bal. 
7.81 
0.17 
0.48 
4.36 

18.5 

18.8 
0.73 
0.45 
8.03 

rO. W5 
0.003 

0.12 

0.27 
.. 

.. 

.. 
8.4 
0.47 
0.64 

19.7 
36.05 
33.7 
13.7 

24.6 
34.1 
44.8 
42.2 
43.4 
bal. 
41.5 
bal. 
bl. 
bl. 
bal. 

bal. 
bal. 
bal. 
bal. 

a . w 2  
0.w1 

4.97 
9.12 

13.34 
17.6c 
22.5 
11.7 
12.0 
12.3 

24.7 
19.1 
20.5 
17.3 

14.2 
18.35 
14.9 
13.7 
16.5 
18.6 
16.1 
15.4 
19.5 
14.5 
21.9 

21.2 
16.6 
15.3 
15.8 

.. 

.. 

0.42 
0.09 
0.11 
0.W 
0.049 
0.008 
0.020 
0.020 

0.06 
0.05 
0.07 
0.05 

0.05 
0.34 
0.W 
0.04 
0.08 
0.04 
0.03 
0 .0s  
0.07 
0.16 
0.02 

0.11 
0.026 
0.002 
0.08 

0.003 
0.13 

1.31 
2.02 
0.26 
0.04 
.. 
.. 

1.03 
0.86 

0.30 
.. 
.. 

2.26 

1.21 
4.26 
4.15 
5.50 
3.15 
2.83 
.. 
.. 
.. 

3.23 
9.17 

8.84 
15.3 
14.3 .. 
0.002 
bl. 

0.37 
1.00 
0.42 
0.40 

0.10 
0.50 
0.64 

.. 

1.52 
1.58 
0.91 
1.64 

1.22 

0.10 
0.10 
0.01 
0.10 
0.10 
0.w 
0.03 
0.03 
0.w 

0.46 
0.21 

0.24 

<O.W2 

.. 

.. 

.. 

.. 
0.40 .. 
.. 
.. 

0.24' .. 
.. 

.. 

.. 

.. 

.. 

.. 

.. 

.. 

.. 

.. 
5.2p 
2 . H  
1.06' .. 
.. 

3.35 

.. 

.. 

.. 

.. 
bal. 
.. 

.. 

.. 

.. 

.. 
5.W 
.. 
.. 
.. 

.. 

.. 
0.38 
.. 

0.17 
1.59 
1.16 
0.26 
1.20 
0.50 
0.27 
0.68 
1.42 
4.94 
0.29 

.. 
0.21 

0.18 
.. 

.. 

.. 

.. 

.. 

.. 

.. 

.. 
1.2 
.. 
.. 

.. 

.. 
0.44 .. 

2.20 
2.38 
3.07 
2.85 
1.27 
0.92 
1 .t4 
2.45 
2.57 
3.78 
0.28 

.. 

.. 
0.42 
0.25 

<o.ocl 
0.45 

0.88 
0.28 
0.48 
0.50 

0.08 
0.41 
0.3 

.. 

0.56 
1.27 
0.45 
0.56 

0.54 

1.10 
0.10 
0.01 
0.23 
0.10 
0.07 
0.14 
0.20 
0.15 

0.45 
0.05 
0.04 
0.21 

4.005 
0.om 

.. 

W0.49 
V=0.27 .. 
1=0.68 
W . 1 4  
-0.5. V4.32 
WO.44. V=O.29. 
u=o.m 

ud1.33 
Cu4.25 
w v . 5 4  

v=o.Zs 
CO;O.OM. Zr4.12 
*A.M. ZFo.04 
WO.16 
8=0. M32 

u=o.m Max 

2rv .W.  CW0.W 

w0.5, c-I.% 
Y;0.07. C d . 1 1  

ud1.32 

zr4.96. la=O.W5 
2 F o . w  

~~~~~~~ 

%Clu(es la. 
+.M. A l l o y  fabricated b, hot isos ta t ic  preooilx1 of pader. 
c l m o l o ~  ar( lmml are Pegisrered t r l l das r kn  of the I n t e m a t i m a l  Nickel  cnpany. Yimnis  i s  a registered t r a h r k  of Henry Yiggin & Co., U.K.. 

d Haotelloy i s  LI registered t r d - r k  of the Cabat Co~p3Pat lm. 

subcapsules these temperatures were w i t h i n  15-20°C of the design temperature, usua l l y  bu t  n o t  always on the 
low side.' 
f luence leve ls ,  but i t  never f e l l  below 600°C. 

1022 n 
each 
accurate t o  ? 0.16%. The dens i t y  of most of the a l l o y s  i n  the l a s t  discharge o f  t h i s  experiment were 
measured a t  a l l  e igh t  i r r a d i a t i o n  temperatures wh i le  others were i r r a d i a t e d  on ly  a t  427 and 538'C. 
ments of dens i ty  change inc lude t h e  separate bu t  of ten synerg is t i c  con t r ibu t ions  of both swe l l i ng  and 
phase-related dens i ty  changes. 
l a rge  as several percent i n  magnitude. 
separated. 

included f o r  f u r t h e r  i r r a d i a t i o n  i n  the B112e capsule o f  the AA-7 experiment, which was a lso  loca ted  i n  

Results and discussion 

a l l o y s  i r r a d i a t e d  i n  t h e  l a s t  o f  t h e  AA-1 i r r a d i a t i o n  ser ies, r e f l e c t i n g  t h e  very wide and d iverse c o l l e c -  
t i o n  o f  a l l oys .  
swel l ing t o  mate r ia l  and environmental parameters. 

F i r s t ,  swe l l i ng  i s  obviously sens i t i ve  n o t  on ly  t o  a l l o y  class, elemental composition and thermomechan- 
i c a l  condi t ion bu t  a lso t o  i r r a d i a t i o n  temperature. 
swel l ing, w i t h  on ly  TZM exceeding 1% swel l ing.  The f e r r i t i c  a l l o y s  i n  general exh ib i ted  the l e a s t  change i n  
densi ty,  of ten increas ing i n  dens i t y  r a t h e r  than decreasing i n  response t o  vo id  swel l ing.  
exception of HT-9, the d e t a i l s  of the swe l l i ng  response o f  f e r r i t i c  a l l o y s  i n  AA-1 were covered i n  Refer- 
ence 3. 
shows a graphic example of t h e  swel l ing res is tance o f  HT-9 a f te r  i r r a d i a t i o n  i n  AA-1 compared t o  t h a t  o f  
A I S 1  316 which swel ls r e l a t i v e l y  e a s i l y .  

The 650'C subcapsule showed the greatest  dev ia t ion,  f a l l i n g  s lowly  i n  steps a t  the highest 

Exami a t i o n  o f  the specimens was conducted a t  peak f luences of 5.7, 9.6, 14.0, 17.2 and 24.5 x - g  (E>0.1 MeV). The neutron spectra across t h i s  i r r a d i a t i o n  veh ic le  produce 5.0 dpa (?  5%) for  
n/cm2 (E>0.1 MeV). The dens i t y  o f  t h e  specimens was determined by an immersion dens i t y  technique 

Measure- 

The l a t t e r  can be e i t h e r  p o s i t i v e  o r  negat ive i n  s ign  and can o f t e n  be as 
With dens i t y  measurements alone, these two con t r ibu t ions  cannot be 

A f te r  completion of the AA-1 experiment, two a l l o y s  which were of p a r t i c u l a r  i n t e r e s t  a t  t h e  t ime were 

ROW z o f  EBR-11.5 

AS shown i n  Tables 3 and 4 there were substant ia l  va r ia t i ons  i n  swe l l i ng  l e v e l s  a t ta ined  by t h e  var ious 

One can draw from these data some very general conclusions concerning the response o f  vo id  

The re f rac to ry  a l l o y s  exh ib i ted  r e l a t i v e l y  low 

With t h e  

Tables 5 and 6 conta in  the swe l l i ng  data f o r  HT-9 and AIS1 316 a f t e r  i r r a d i a t i o n  i n  AA-7. Fig. 1 
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Table 2. Thermomechanical s t a r t i n g  condi t ions of a l l oys  

A1 1 oy Heat treatmenta 

H11 
EM12 
A I S I  416 
HT-9 
HT-9 (PM) 

430 F 
FeCrAlY 
C.C. 455 
A I S I  310 
A I S I  316 
RA-330 
INC. 800 
A-286 (ST) 
A-286 (STA) 
U813 
0979 
PE16 (A) 
PE16 (OA) 
PE16 (ST) 
PE16 (STA) 
I N C .  901 
INC.  706 (ST) 
INC.  706 (STA) 

INC. 718 
INC. X-750 (ST) 
INC. X-750 (STOA) 
INC. X-750 (STA) 
NIM. 80A 
NIMlI5 
INC. 625 
HAST X 
HAST S 
HAST C-4 
INC. 600 (ST) 
INC.  600 (CW) 
Nb-1Zr 
TZU 

lOlO/l/W.Q.t570/2/W.Q. 
1050/0. 5/A. C. t750/1.5/A.C. 
870/F.C. AT 13.C Per Hour t o  590/A.C. 
Wrought Bar 1050/0. 5/A. C. t780/2.5/A.C. 
Hot I s o s t a t i c  Pressing o f  Powder, Heat Treatment 
Same as Wrought Bar 
1070/1/W. Q. 
consol idated a t  115O'C 

1070/1/W.Q. 
20% CW by Drawing 
1070/1/W.Q. 
1070/1/W.Q. 
1070/1/W.Q. 
980/1/O.Q. t 720/16/A.C. 
1080/4/A.C. t 900/l/A.C. t 750/8/A.C. 
1020/2/W.Q. t 840/6/A.C. t 705/16/A.C. 
1080/4/A.C. t 705/16/A.C. 
1080/4/A .C. t 840/24/A.C. 
1080/4/A.C. 
1080/4/A.C. t 89O/l/A.C. t 750/8/A.C. 
1100/3/W.Q. t 790/4/A.C. t 720/24/A.C. 
1070/1/W. Q. 
950/l/W.Q. t 840/3/A.C. t 720/8/F.C. t o  620/18 
to ta l /A .  C. 

1070/i/w.a. t ~ I O / ~ / A . C .  

- -  
750/1/W.Q. t 720/8/F.C. t o  620/18 t o t a l  A. C. 
1150/2/A. C. 
1150/2/A.C. t 840/24/A.C. t 700/20/A.C. 
1150/2/A.C. t 840/Q. 5/A.C. 
1080/8/A. C . t 705/16/A. C . 
1190/1.5/A. C. t 1100/6/A. C . 
1150/1/w.a. 
1190/1/W.Q. 
1070/1/A.C. 
1070jl'. 5/W. 9. 
11 20/1.5/A. C. 
20% co ld  worked 
1200/1/v.c. 
1300/2.5/V. C. 

%eat Treatment Code: temperature ( T ) / t i m e  (hour)/W.Q. - water 
quench, A.C. - a i r  cooled, F.C. - furnace cool,  O.Q. = o i l  quench, 
V.C. - cool under vacuum. 

Micr  s t r uc tu ra l  observations have been repor ted f o r  the  HT-9 specimen i r r a d i a t e d  a t  427'C t o  1.2 x 
l oz3  n/cm8, i nd i ca t i ng  no con t r i bu t i on  o f  vo id  swe l l ing  even though a 0.1% dens i ty  decrease was measured.6 
This conclusion i s  i n  disagreement w i t h  observations on s i m i l a r  specimens i r r a d i a t e d  i n  both HFIR agd FFTF. 
I n  both cases, i r r a d i a t i o n  induced vo id  swe l l ing  was observed a f t e r  f luences on the order o f  6 x 10 
n / c n ~ . ~ . ~  The swe l l ing  observed i n  specimens i r r a d i a t e d  i n  HFIR might be explained as a consequence o f  the  
higher l eve l s  o f  hel ium generation, but  swe l l ing  observed a f t e r  i r r a d i a t i o n  i n  FFTF ra ises  the p o s s i b i l i t y  
t ha t  the  swe l l ing  behavior o f  HT-9 may be sens i t i ve  t o  heat t o  heat va r i a t i ons  o r  d i f fe rences  i n  d isp lace-  
ment r a te .  

a l loys  having n i cke l  l eve l s  i n  the 40 t o  60% range exh ib i ted  the lowest l e v e l s  o f  swel l ing. 
a lso found i n  neu t ron- i r rad ia ted  so lu te- f ree  Fe-Cr-Ni  alloy^.^ 
content appears t o  be r e l a t i v e l y  independent o f  the d i f f e r e n t  p r e c i p i t a t e  microst ructures known t o  evolve i n  
the various a l loys .  Some high n i cke l  a l l oys  such as lnconel 706 appear t o  be p a r t i c u l a r l y  r e s i s t a n t  t o  vo id  
swel l ing.  
temperatures probed i n  t h i s  experiment but  very prone t o  h igh ra tes  o f  swe l l ing  a t  higher temperatures. 

steady-state swe l l ing  r a t e  o f  -1%/dpa over a very wide range o f  composition, displacement r a t e  and 

The l a rges t  va r i a t i ons  i n  swe l l ing  were observed i n  the  aus ten i t i c  a l l o y  system. I n  general those 
This t rend  was 

The strong dependence o f  swe l l ing  on n i cke l  

Others i n  the  Hasta l loy ser ies appear t o  be very r es i s t an t  t o  swe l l ing  over the lower range o f  

As discussed i n  an e a r l i e r  paper i t  appears t ha t  aus ten i t i c  a l l oys  i n  general attempt t o  reach a 
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Table 3. Swelling of commercial alloys at eight irradiation temperatures in the AA-1 experiment 

Swellina lAV/V,. %) 

A1 1 oy 399'C 427'C 454'C 483'C 510°C 538'C 593'C 650'C 
1. 60a 2.07 1.55 1.98 2.41 2.32 2.53 2.50 

HI1 
EM12 
AISI 416 
430 F 
HT-9 
HT-9 PM 

ME13 
0979 
INC. 901 
INC. 718 

INC. 
HAST 
HAST 
HAST 
INC. 
INC. 

625 
X 
S 
c-4 
600 
600 

0.16 
0.57 
0.35 
0.23 
0.32 
0.14 

0.14 
0.56 
0.25 
0.20 
0.25 
0.03 

0.18 
-0.02 
0.08 
0.09 
0.21 
0.05 

-0.11 
-0.28 
0.08 
0.17 
0.11 
0.08 

-0.05 
-0.38 
0.20 
0.24 
0.19 
0.07 

0.04 
-0.29 
0.05 
0.05 

-0.01 
-0.05 

_ _  
.. 
.. _ _  

0.23 
0.10 

.. 

0.08 
0.21 
0.11 

0.14 
_ _  

1.87 1.75 1.67 2.36 4.26 1.84 0.65 -0.20 
-2.30 -1.91 -2.56 -0.06 -2.63 -2.45 -2.75 -2.77 
0.03 0.15 0.13 0.13 0.04 -0.07 -0.08 -0.06 
0.36 0.60 0.21 0.21 0.07 0.25 0.03 -0.05 

0.36 
-3.11 
-0.36 
-0.23 
4.34 
2.90 

1.01 
-2.30 
-0.30 
-0.09 
12.7 
7.92 

-0.08 
-2.97 
-0.20 
-0.03 
2.00 
2.90 

-0.01 
0.86 

-0.10 
0.35 
3.14 
0.99 

0.90 

0.19 
2.48 
4.58 
1.06 

15.9 
-0.06 
38.0 
0.06 
4.79 
1.60 
0.07 

-0.24 
79.9 
.. 

11.6 
1.72 
0.05 

-0.17 

2.46 

1.04 
0.15 

.- 

18.4 

Nb-lZr 
TZM 

0.43 0.53 0.25 0.16 0.43 0.31 0.39 0.56 
0.35 0.03 0.03 0.02 0.36 0.05 3.77 2.86 

aNeutron Fluence (E > 0.1 MeV) in units of loz3, c N 2 .  

temperat~re.~ 
shown that the sensitivity of swelling to irradiation temperature and composition was found to reside 
primarily in the duration of the transient regime of swelling. 
regime is most easily demonstrated in Fig. 2 where the full AA-1 data base for 20% cold worked AISI 316 is 
plotted,2jnclud'ng that derived from subsequent reirradiation in the AA-7 experiment to a peak exposure of 
2.8 x 10 
irradiation temperature with only the data at -4OO'C (and perhaps 650°C) suggesting a lower swelling rate. 
In another experiment where 130 dpa was reached, the swelling rate of AIS1 316 at -4OO'C was clearly shown 
to be much lower than l%/dpa with a number of measurements in the range 0.04 to O.l%/dpa.lO~l' 

stainless steel irradiated in the annealed condition with 140 KeV protons.l2 
20% cold worked condition also holds the record for the largest level of neutron-induced wellin 

(E>0.1 MeV) after being irradiated in both the AA-1 and AA-7 experiments. 
considered by itself, however, Hastalloy X e ibited the largest level of swelling, 79.9% vs. 49.6% measured 
for 20% cold worked 316 at 593°C and 2 5 . 3 ~ 1 0 ~ ~  n If Hastalloy X had also been included in the AA-7 
experiment, it is expected that it would have outswelled AISI 316 at this temperature. Note in Table 3 that 
Hastalloy X does not swell very much at lower temperatures and densifies considerably (2-3%). signalling a 
large microstructural alteration, probably involving precipitation due to the very large amount of molyb- 
denum in this alloy. Such instabilities may alter the matrix composition sufficiently at high temperatures 
to account for the high swelling of this alloy. 

alloys is known to be sensitive to the nickel, chromium and solute   on tent.^ 
is obeyed in more complex alloys. AISI 330 with 20% Ni and 25% Cr swells sooner than does A286 with 25% Ni 
and 14% Cr. Raising of the nickel and lowering of the chromium content are both known to extend the 
duration of the transient regime of ~ w e l l i n g . ~  
latter has a much larger level of silicon, an element known to have a strong but temporary suppressant 
effect on void nucleation.5~'3 Inconel 600 and RA 330 exhibit comparable swelling even though the former 

This was found to be particularly true for simple Fe-Cr-Ni ternary  alloy^.^^^ It was also 

The temperature dependence of the transient 

n/cm (E>0.1 MeV). The swelling rate is indeed on the order of l%/dpa over a wide range of 

The largest level of irradiation-induced swelling ever reported was 212% and was found in AISI 316 
This alloy irradiated in the 

ever 

When the AA-1 experiment is 
reported. As shown in Fig. 2 a value of -88% swelling was observed at 510'C and 2 6 . 8 ~ 1 0 ~ ~  n cm- 4 

In addition to temperature, the duration of the incubation period of swelling in relatively simple 
Fig. 3 shows that this trend 

Inconel 800 and RA 330 have similar compositions but the 
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Table 4. Swelling of c o m r c i a l  alloys at 
twa irradiation temperatures 

in the A4-I experiment 

FeCrAlY 
C.C. 455 

AIS1 310 
A-286 (ST) 
A-286 (STA) 
INC. X-750 (STA) 
INC. X-750 (ST) 
INC. X-750 (STA') 
INC. 706 (ST) 
INC. 706 (STA) 

PE16 A 
P i %  OA 
PE16 ST 
PE16 STA 

NIM. 8OA 
NIM.115 

Swelling (AV/V,, X )  

42S'C 538'C 
2.07 x 1023 2.32 x 1023 

0.12 
-0.36 

49.8 
31.6 

1.06 
4.18 
1.47 

-0.29 
0.23' 

0.15 
0.81 
0.24 
0.43a 

1.16 
2.05 

-0.18 
1.18 

17.9 
0.51 
0.81 

-0.06 
0.46 

-0.05 

-0.11 
-0.04 

3.8ga 
5.20 
3.80 
4.45a 

0.33 
7.17 

aThese values also included in Table 3. 

Table 5. Swelling o f  HT-9 at high neutron exposure 

AA-1 Data (Bll 6c) AA-7 Data B112e 
Nominal Neutron Swelling Additional Total Swelling 

Temperature F1 uence Neutron F1 uence 
Fluence 

'C loz2 n cm-2(E>0.1) x. n cm-Z(E>O.l) loz2 n cnr2(E>0.1) x 
399 16.0 0.32 2.2 18.2 0.10 
427 
454 
482 
510 
538 
593 

20.7 
15.5 
19.8 
24.1 
23.2 

0.25 
0.21 
0.11 
0.19 

-0.01 

2.8 
2.1 
2.6 
3.3 
3.2 

25.3 0.23 -- 

has more than twice the nickel content of the latter, reflecting the minimum in swelling that occurs at 
intermediate nickel levels in solute-free Fe-Cr-Ni alloys.5 Fig. 3 also shows that, in agreement with the 
behavior of solute-free Fe-Cr-Ni  alloy^,^ the incubation period for commercial alloys with relatively hlgh 
nickel levels is further extended at higher temperatures, although one exception (the apparently unstable 
Hastalloy X )  has already been noted. For solute-bearing alloys with high nickel levels the full temperature 
dependence of swelling can be relatively complex compared to that o f  solute-free alloys. Examples are shown 
in figs. 4 and 5. 

increasing rates, approaching the I%/dpa rate characteristic of solute-free austenitic alloys. At higher 
irradiation temperatures in AA-I the maximum swelling rates had not yet reached l%/dpa, although higher 
rates have been observed in their solute-free counterparts at these temperatures. Note in Fig. 5b that cold 
work further, but temporarily, suppresses the swelling of Inconel 600. This trend has been observed in many 
austenitic a1 1 oys . 

When the swelling resistance is eventually overcome, however, austenitic alloys tend to swell at ever 
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!2 

NEUTRON FLUENCE. n cm-2 IE > 0.1 MOV) 

Fig. 2. Swel l ing observed i n  20% co ld  worked A I S 1  316 s ta in less  s tee l .  The l a s t  data p o i n t  on each 
curve was der ived from i r r a d i a t i o n  i n  t h e  AA-7 experiment a f t e r  removal from t h e  f i n a l  discharge o f  the AA-1 
experiment. 

DISPLACEMENTS PER ATOM 

Fig. 3 .  Swell ing observed i n  var ious annealed commercial a l l o y s  i r r a d i a t e d  i n  t h e  AA-1 experiment. 
The dot ted l i n e  shows the swel l ing behavior of so lu te- f ree Fe-Cr-Ni a l l o y s  i n  the low n icke l  regime where 
ne i the r  composition o r  i r r a d i a t i o n  temperature a f fects  swel l ing.  
temperature l e v e l s  above which the t rans ien t  regime i s  extended. 

Breakaway r e f e r s  t o  the n i cke l  and/or 
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CONCLUSIONS 

The neutron-induced swelling behavior of austenitic alloys exhibits a much larger variation than that 
The trends observed 

In some cases, however, it appears that precipitate formation can lead to a pronounced 

observed in the ferritic alloy class, members of which are uniformly low in swelling. 
in simple Fe-Cr-Ni alloys with temperature, composition and cold-work are mirrored in the more complex 
commercial alloys. 
shortening or lengthening of the transient regime of swelling. 

FUTURE WORK 

This effort is complete. 
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THE PHASE STABILITY OF THE AUSTENITIC COMMERCIAL LOW ACTIVATION ALLOY AMCR IRRADIATED IN FFTF-MOTA 
J. M. McCarthy, (Pacific Northwest Laboratory) 

OBJECTIVE 

The objective of this work is to assess the suitability pf-Ey-Cr-Mn alloys for fusion reactor service. 
This is the continuation of previous work on Fe-Cr-Mn alloys. 

SUMMARY 

AMCR is one of five commercial Fe-Cr-Mn alloys with various thermal-mechanical treatments irradiated in 

AMCR, when compared to the other commercial alloys with higher 
the Fast Flux Test Facility Materials Open Test Assembly (FFTF-MOTA) to a dose of 75 dpa at 420'C and 520'C 
and to 60 dpa at 600'C (see Tables 1 and 2 ) .  
chrome content, namely 18/18 Plus and Nitronic Alloy 32, shows no homogeneous pr 
heterogeneous M23C6 and small grains of tl ferrite in a largely austenite matrix.PEj However, the cfrome 
level in the matrix is depleted considerably in the aged thermal-mechanical conditions. There were some 
transformations to a' and E martensite prior to and during irradiation. However, the amount of material 
transformed was much 1 
of similar composition 733 . AMCR achieves many of the goals set  for the performance of a low activation 
alloy for low temperature fusion reactor service; that is, it remains primarily austenite with a small volume 
fraction subject to phase transformations to a ferrite, a' martensite, E martensite and M23C6 carbide. 

Table 1. Composition of Commercial Fe-Cr-Mn Austenitic Alloys 
Oesionation Vendor ComDosition wt% 

pitation of M23C , less 

than that which was transformed in the irradiated simple ternary Fe-Cr-Mn alloys 

Nitronic Alloy 32 ARMCO 18Cr-12Mn-1.5Ni-0.6Si-O.2Cu-0.2Mo-O.4N-0.lC-O.02P 
18/18 Plus CARTECH 18Cr-18Mn-0.5Ni-0.6Si-1.OCu-I. lMo-0.4N-O.lC-0.02P 
AMCR CREUSOT-MARREL 10Cr-18Mn-0.7Ni-0.6Si-0.06N-0.2C 
NMF3 CREUSOT-MARREL 4Cr-19Mn-0.2Ni-0.7Si-0.09N-O.02P-0.6C 
NONMAG 30 KOBE 2Cr-14Mn-2.ONi-0.3Si-O.02N-0.02P-O.6C 

Table 2. Thermal-Mechanical Starting Conditions 
Descri oti on Conditions 
Nitronic Alloy 32 CW 
18/18 Plus CW, CWA 
AMCR 0033 CW, CWA, SAA 
NMF3 cw 
NONMAG 30 CW, CWA, SAA 

Note:CW = 
cool. SAA = 1030'C/1 h/air cool + 760'C/2 h/air cool. 

1030"C/0.5 h/air cool t 20% cold-work. CUA = cold-worked condition + 650'C/h/air 

PROGRESS AND STATUS 

lntroduction 

AMCR contains moderate amounts of chrome and manganese when compared to the other commercial alloys 
(see Table 1). The moderate chrome content inhibits diffusion-driven transformations to M23C6 and inter- 
metallit]: 3 ;;! ?)phases as was shown in the earlier work on simple ternaries and the other commercial 
alloys. The moderate manganese content prevents transformations to a' martenslte and L 
martensite that occurs in low manganese 1 t%) alloys and prevents the spinodal-like decomposition that 

volume fractions of a martensite, E martensite, a ferrite and M23C6 carbide. 
occurs in high manganese (35wtX) alloys( 13 . Therefore, the bulk of the alloy remains austenite with small 
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AMCR Phase S t a b i l i t v  Results bv Thermal -Mechanical Treatment 

Cold Worked ICU 

The CW a l loy ,  p r i o r  t o  i r r ad ia t i on ,  i s  p r i m a r i l y  austeni te  w i t h  some a' martensite, E martensite, 
heterogeneous M23C carbide, twins and d is loca t ions  (see Figures 1, 2, 3 and 4). The CW cond i t ion  i s  the  
r e s u l t  of 0.5 h r  a! 1030'C, w i t h  an a i r  quench, followed by 20% co ld  work. 

E martensi te  transformed t o  austeni te  regions conta in ing a' martensi te  as i s  shown i n  Figure 5. A second 
morphology o f  a' martensi te  was a lso  v i s i b l e  as shown i n  Figure 6. The Q' martensi te  o r i en ta t i on  r e l a t i v e  
t o  the  austeni te  was till> 

i n  
length (see Figure 7) .  Heavy M23C6 p r e c i p i t a t i o n  has occurred w i t h i n  these a' martensi te  p la tes  and a t  the  
austeni te lu '  g ra i n  boundaries (see Figure 8). There was no evidence of E martensi te  i n  the  selected area 
d i f f r ac t i on  pa t te rns  a t  t h i s  temperature. 

When t h i s  same a l l o y  was i r r a d i a t e d  a t  600'C there  was no evidence o f  Q' o r  E martensite. The a l l o y  
was austeni te  w i t h  chrome-rich M $6 carbide a t  g ra i n  boundaries (see Figure 9). Tetragonal u d i d  no t  occur 
i n  the  AMCR as i t  d i d  i n  18/18 P?us and N i t r o n i c  A l l o y  32 a t  600'C, nor was the  M23C6 p r e c i p i t a t i o n  as heavy 
a t  600'C as i n  these other  comnercial a l l oys  w i t h  18 wtX chrome. 

Fol lowing i r r a d i a t i o n  a t  420'C t o  a dose o f  75 dpa some regions of austeni te  conta in ing twins and 

1 1  <110> 7 f o r  both morphologies. 

The CW AHCR i r r a d i a t e d  a t  520'C t o  75 dpa had l a r g e  Q' martensi te  plates, some as l a rge  as 30 

Solut ion Annealed and Aged (SAAL 

The SAA AMCR cond i t ion  i s  the  r e s u l t  of 1 hr. a t  1030'C w i t h  an a i r  quench, followed by 2 h r .  a t  760'C 
w i t h  an a i r  quench. The SAA AMCR f o l l ow ing  i r r a d i a t i o n  a t  420'C t o  a dose o f  75 dpa exh ib i ted  chrome-rich 
M23C6 i n  an austeni te  matr ix .  The morphologies are rods, p l a t e l e t s  o r  spheres (see Figure 10). 

number dens i ty  of roughly rectangular  prisms o r  cubes o f  r e c r y s t a l l i z e d  mater ia l  
proved t o  be Q f e r r i t e  (see Figure 11). 

Fol lowing i r r a d i a t i o n  a t  600'C t o  60 dpa the  SPA AMCR exh ib i ted  l a rge  0.5 t o  1 m H23Cg i n  an 
austeni te  mat r i x  w i t h  s tack ing fau l ts  and some l a rge  voids (see Figures 12 and 13). As a r e s u l t  o f  t he  
p r e c i p i t a t i o n  and growth o f  the  l a rge  M 3C 
a l l o y  i s  9.9 wtX. The chrome content o f  tfi; M23C , as measured i n  the  mat r i x  a t  t he  edge o f  t he  f o i l ,  i s  
40.6 wt%, the  actual  content being higher. The cfirome content i n  the  adjacent mat r i x  i s  on ly  3.6 wtX. 
There were a lso r e c r y s t a l l i z e d  g ra ins  present w i t h  a composition i n  wtX of 94.7 Fe-3.3 Cr-0.7 S i  which 
proved t o  be a f e r r i t e  when e lec t ron  d i f f r ac t i on  pa t te rns  were measured. 

The SAA AMCR i r r a d i a t e d  a t  520'C t o  75 dpa, i n  contrast ,  d i d  not  have the  M C but  d i d  have a h igh  
eo 200 nm i n  leng th  t h a t  

the  mat r i x  i s  depleted i n  C r .  The chrome content o f  the  bu l k  

W d  Work ed and Aaed [ CUAl 

This cond i t ion  consisted o f  0.5 h r  a t  1030'C. an a i r  quench, fo l lowed by 2OX cold work, 1 h r  a t  650'C 
and f i n a l l y  a second a i r  quench. 
20 nm i n  diameter (see Figure 14). There i s  a general heterogeneous p r e c i p i t a t i o n  o f  M23C6 on g ra i n  
boundaries and regions near the  g ra i n  boundaries o f  decomposition o f  the  austeni te  t o  M2 c6 and a f e r r i t e .  
The decorated g ra i n  boundaries and regions o f  decomposition pol ished p r e f e r e n t i a l l y  due t o  the  dep le t ion  o f  
chrome from the adjacent mat r i x  by the  carbides as i s  shown by Figure 15. 

CWA AMCR i r r a d i a t e d  a t  520'C t o  75 dpa has a l a r g e l y  austeni te  mat r i x  w i t h  heterogeneous M23C 
carbides w i t h i n  the  g ra ins  and a h igh number dens i ty  of voids 50 t o  100 nm i n  diameter (see Figure 96). 

The CWA AHCR i r r a d i a t e d  a t  600'C t o  60 dpa was a lso  p r i m a r i l y  austeni te  w i t h  heterogeneous 
p r e c i p i t a t i o n  o f  M23C6 carbide on stacking f a u l t s  ranging from 10 t o  100 nm i n  leng th  (see Figure 17). 
There were a lso l a r g e r  M2 C carbides w i t h i n  the  austeni te  matr ix.  The austeni te  a lso contained some 
E martensite (see Figure 187. 

CWA AMCR i r r a d i a t e d  a t  420'C i s  p r i m a r i l y  austeni te  w i t h  vo ids 6 nm t o  

A moderate manganese content i n  Fe-Cr-Mn a l l oys  i s  20 wtX, considering t h a t  heavy mar tens i t i c  
transformations occur i n  simple te rnar ies  a t  bu l k  manganese contents o f  13 t o  15 wtX and sp inoda l - l i ke  
decomposition occurs near 35 wtX. AMCR w i t h  18 wtX manganese i s  i n  the range where mar tens i t i c  
transformations do not  occur on arge scale, manganese being an austeni te  former and sp inoda l - l i ke  
decomposition i s  a lso prevented. a21 
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Chrome content i s  another important va r iab le  i n  c o n t r o l l i n g  transformations t o  b r i t t l e  phases. 
phases may e m b r i t t l e  the a l l o y  on the whole i f  a la rge  enough volume f r a c t i o n  i s  transformed o r  if g r a i n  
boundaries are coated. High 
chrome and carbon contents lead t o  the nucleat ion, growth and coar n ing of t h i s  carbide as was shown by the 
i r r a d i a t i o n  o f  18/18 Plus, a commercial a l l o y  w i t h  18 w t %  chrome.(2! High chrome content a lso leads t o  the 
p r e c i p i t a t i o n  o f  x and a phases. AMCR w i t h  a C r  content of 10 w t %  seeks t o  prov ide corros ion res is tance bu t  
not encourage excessive M23C.5 carbide p r e c i p i t a t i o n .  Aging p r i o r  t o  i r r a d i a t i o n  leads t o  more p r e c i p i t a t i o n  
o f  chrome-rich M23C6 carbide, dep le t ing  the mat r i x  o f  chrome which reduces the corros ion res is tance of t h e  
a l l o y .  d no t  drop much below 10.5 w t %  t o  maintain corros ion res is tance i n  
aus ten i f i c  s ta in less  s tee ls  i n  general.PyI The so lu t ion  annealed and aged AMCR i r r a d i a t e d  a t  600'C t o  
60 dpa had a mat r i x  C r  content of 3.6% i n  some regions. 
causing heavy in te rg ranu la r  and in t rag ranu la r  M23C6 p r e c i p i t a t i o n  which can prematurely e m b r i t t l e  the a l l o y .  

Aging p r i o r  t o  i r r a d i a t i o n  a lso leads t o  the p r e c i p i t a t i o n  of a f e r r i t e ,  another e m b r i t t l i n g  phase, as 
i s  demonstrated i n  the SAA AMCR i r r a d i a t e d  a t  520'C and i n  t h e  CWA AMCR i r r a d i a t e d  a t  420°C. This i nd ica tes  
t h a t  aging may e m b r i t t l e  an a l l o y  prematurely. 

These 

A b r i t t l e  phase t h a t  requi res chrome i s  the face centered cubic M23C6 carbide. 

Chrome content i n  t h e  mat r i x  sh 

Aging can a lso degrade mechanical p roper t i es  by 

Conclusions 

The composition o f  AMCR i n h i b i t s  t h e  transformation of the austen i te  mat r i x  t o  b r i t t l e  phases such as 
a' martensi te,  a f e r r i t e ,  E martensi te,  M23C6 carbide, x and a. 

The p r e c i p i t a t i o n  o f  a and x phases does no t  appear t o  be a problem i n  AMCR when i r r a d i a t e d  a t  420, 
520 and 600'C. 

M23C6 p r e c i p i t a t i o n  can deplete the mat r i x  o f  AMCR of chrome, thereby reducing i t s  cor ros ion 
resistance. 

Future Work 

matr ix  can be transformed t o  a and/or E martensi te,  i n t e r  and in t ra- g ranu la r  M23C6 carbide and s t i l l  
preserve acceptable mechanical proper t ies .  

C r  dep le t ion o f  the mat r i x  near chrome-rich carbides w i t h i n  gra ins and a t  g r a i n  boundaries. 

Therefore, aging p r i o r  t o  serv ice i s  no t  recommended f o r  AMCR. 

Bulk mechanical proper ty  measurements need t o  be performed t o  determine what volume f r a c t i o n  of the 

Corrosion s tud ies a lso need t o  be done on t h e  i r r a d i a t e d  AMCR t o  determine t h e  e f f e c t  of the observed 

Glossarv o f  Phases 

7 - Austenite-face centered cubic a=0.358nm 

a' - Alpha martensite-body centered cubic a=0.287nm w i t h  a composition t h a t  i s  t h e  same as t h e  parent 

E - Epsi lon martensite-hexagonal c lose packed composition same as parent austen i te  a-.2532 nm c/a=1.625 

a - Alpha fe r r i t e -body  centered cubic a=0.287nm w i t h  a composition 95-100wtX i r o n  

x - Chi-phase-body centered cubic a=0.889 nm 

M23C6 - Carbide face centered cubic-Cr, Mn, Fe and C; chrome-rich compared t o  the mat r i x  a=1.06 nm 

austen i te  
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* I. -I 

F i g .  1. B r i g h t  f i e l d  t ransmission e l e c t r o n  (TEM) image showing 
a u s t e n i t e  m a t r i x  w i t h  tw ins  and E martens i te  p l a t e s  i n  
u n i r r a d i a t e d  CW AMCR 

F i g .  2 .  Dark f i e l d  TEM image of t h e  same area  showing E martens i te  
p l a t e s  
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Fig. 3. Selected Area electron diffraction pattern from this area showing 
<lIO> ) I  <12i0> ~ 

Fig. 4. Bright field image of a lenticular a' martensite plate in the austenite 
matrix o f  the unirradiated CW AMCR with some heterogeneous M23C6 carbides 
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F i g .  5 .  TEM b r i g h t  f i e l d  image of reg ion  of a u s t e n i t e  i n  CW AMCR w i t h  twins and 
l e n t i c u l a r  a' martens i te  g r a i n s  fo l lowing  i r r a d i a t i o n  a t  420°C t o  75 dpa 

F i g .  6. TEM b r i g h t  f i e l d  image o f  a second morphology o f  a' martens i te  i n  the  same 
specimen as i n  f i g u r e  5 w i t h  <111> I I t110> -, a l s o  
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Fig. 7a. Scanning e l e c t r o n  (SEM) image o f  t h e  surface 
of the  specimen showing a' martens i te  p l a t e s  
i n  CW AMCR i r r a d i a t e d  a t  520'C t o  75 dpa 

F i g .  7b. TEM b r i g h t  f i e l d  image of two of t h e  a' martens i te  p l a t e s  i n  t h e  
a u s t e n i t e  m a t r i x  w i t h  voids 



196 

Fig.  8. B r i g h t  f i e l d  TEM image a t  higher magni f ica t ion o f  one o f  t he  
a' mar tens i te  p la tes  i n  f i gu re  7b showing M 3C 
a ' /austeni te g r a i n  boundary and w i t h i n  t he  i i s T o c a t i o n  f r e e  
a' mar tens i te  

carbides a t  t h e  

I 

.. 19. 9. B r i g h t  f i e l d  TEM image of M 3C 
w i t h i n  t h e  austen i te  o f  CW i M C R  i r r a d i a t e d  a t  600'C 

carbides a t  a g r a i n  boundary and 
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F i g .  10. B r i g h t  f i e l d  TEM image of M C carbides i n  t h e  a u s t e n i t e  
o f  SAA AHCR i r r a d i a t e d  a t  4 3 8 4  t o  a dose o f  75 dpa 

F i g .  l l a .  B r i g h t  f i e l d  TEM image o f  a - f e r r i t e  i n  a u s t e n i t e  w i t h  voids 
i n  SAA AMCR i r r a d i a t e d  a t  520'C t o  75 dpa 
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Fig. llb. Electron micro-diffraction pattern produced by a ferrite grain 
in lla at a <loo> zone axis 

Fig. 12. Bright field TEM image of SAA AMCR irradiated at 600'C to 60 dpa 
showing stacking faults, dislocations, voids and M2& carbides 
in an austenite matrix 
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Fig. 13. Bright field TEM image of large M2 cg carbides in SAA AMCR 
irradiated at 600°C at foil edge stowing holes left by etched 
cuboidal precipitates and remaining small cuboidal precipitates 
within the carbides. Inset micro-diffraction pattern <013>M cg 
shows faint extra spots possibly from small precipitates witi?n 
the carbide 

Fig. 14. Bright field TEM image of CWA AMCR irradiated at 420°C to 75 dpa 
shows voids in an austenite matrix 
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Fig. 15. SEM image o f  f o i l  surface o f  CWA AMCR 
i r r a d i a t e d  a t  420'C showing p re fe ren t ia l  
e lec t ropo l i sh ing  a t  g r a i n  boundaries and 
regions of decomposition t o  a - f e r r i t e  
and M23C6 due t o  C r  dep le t ion o f  the 
ma t r i x  by M23c6 p r e c i p i t a t i o n  

Fig.  16. B r i g h t  f i e l d  TEM image of CWA AMCR i r r a d i a t e d  a t  520'C t o  75 dpa 
showing a high number dens i ty  o f  voids and heterogeneous 
p r e c i p i t a t i o n  o f  M23C6 
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Fig. 17a. Bright field TEM image of CWA AMCR irradiated at 600'C to 60 dpa 
showing a region of austenite with stacking faults and M23C6 
carbides 

;ig. 17b. Dark field TEM micrograph of same area using a reflection from 
the M& carbide 
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Fig. 18a. B r i gh t  f i e l d  TEM image from the  same specimen as i n  f i g u r e  17 second austeni te  
region w i t h  E martensite and M23C carbide as i s  shown by the  selected 
area d i f f r ac t i on  pa t te rn  tlIO>-, 17 t l I O >  MZ3C6 1 1  tlZ1O>C 

Fig. 18b. Dark f i e l d  TEM image of E martensite p l a t e  and a M $6 carbide 
i n  area l e f t  of center of the austeni te  region i n  f i gu re  18a 
( a t  h igher  magnif icat ion) 
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PRECIPITATION SENSITIVITY TO ALLOY COMPOSITION I N  Fe-Cr-Mn AUSTENITlC STEELS DEVELOPED FOR REDUCED 
ACTIVATION FOR FUSION APPLICATION - P. J .  Maziasz and R. L. Klueh (Oak Ridge National Laboratory) 

OBJECTIVE 

The ob jec t ive  o f  t h i s  work i s  t o  develop a reduced-activat ion Fe-Cr-Mn aus ten i t i c  s tee l  w i t h  s i m i l a r  or  
b e t t e r  p roper t ies  r e l a t i v e  t o  Fe-Cr-Ni-No aus ten i t i c  s ta in less  s tee l s  l i k e  AIS1 316 or, PCA. Minor so lu te  
add i t ions  have been made t o  a base a l l o y  composition of Fe-12Cr-2OMn-O.25C f o r  improved st rength and fo r  
swe l l ing  resistance. The purpose of t h i s  work i s  t o  report  on the  e f fec ts  of these so lu te  modif icat ions on 
the  p r e c i p i t a t i o n  behavior o f  these new Fe-Cr-Mn s tee ls  dur ing high-temperature aging. 

SUMMARY 

Special aus ten i t i c  s tee ls  are being designed i n  which a l l oy ing  elements l i k e  Mo. Nb. and N i  are 
replaced w i t h  Mn. W. V. T i .  and/or Ta t o  reduce the  long-term r a d i o a c t i v i t y  induced by fusion reactor  i r r a -  
d ia t ion .  However. t he  new steels s t i l l  need t o  have propert ies otherwise s i m i l a r  t o  comnercial s teels l i k e  
type 316. P rec ip i t a t i on  s t rong ly  a f f ec t s  st rength and radiat ion- resis tance i n  aus ten i t i c  s tee l s  dur ing  
i r r a d i a t i o n  a t  400 t o  600°C. and p r e c i p i t a t i o n  i s  a lso usua l ly  q u i t e  sens i t i ve  t o  a l l o y  composition. The 
i n i t i a l  stage of development was t o  define a base Fe-Cr-Mn-C composition tha t  formed s tab le  austeni te a f t e r  
annealing and cold-working, and res is ted  recovery or  excessive formation of coarse carbide and i n t e n n e t a l l i c  
phases dur ing elevated temperature annealing. These studies produced a Fe-12Cr-20Mn-0.25C base al loy.  The 
next stage was t o  add the  minor a l l oy ing  elements W, T i ,  V, P, and B f o r  more st rength and rad ia t ion-  
resistance. One o f  the  goals was t o  produce f i n e  K: p r e c i p i t a t i o n  behavior s i m i l a r  t o  the  Ti-modif ied 
Fe-Cr-Ni prime candidate a l l o y  (PCA). Addit ions of Ti+V+P+B produced f ine  MC p r e c i p i t a t i o n  along network 
d is loca t ions  and recoverylrecrystallization res is tance i n  20% cold worked mater ia l  aged a t  800'C for 166 h. 
whereas W, T i ,  WtT i ,  o r  T i tP tB addi t ions d i d  not. Addi t ion o f  W t T i t V t P t B  a lso  produced f ine  MC. but caused 
some a phase formation and m r e  r e c r y s t a l l i z a t i o n  as well .  These new al loys. therefore, achieved several of 
the  i n i t i a l  design goals. Their  f i n e  MC p r e c i p i t a t i o n  and recovery/recrystallization behavior dur ing aging 
i s  s i m i l a r  t o  t ha t  of the  PCA. Calculat ions show tha t  the  new steels have over l o 3  times less long-term 
r a d i o a c t i v i t y  than type 316. 

PROGRESS AND STATUS 

In t roduc t ion  

Aus ten i t i c  Fe-Cr-Ni s ta in less  steels are a t t r a c t i v e  as candidates for f i r s t - w a l l  and s t ruc tu ra l  
mater ia ls  fo r  magnetic fusion reactor  (MFR) appl icat ions,  p a r t i c u l a r l y  near-term devices l i k e  t he  
In te rna t iona l  Thermonuclear Experimental Reactor (ITER). Steels such as A I S I  316 have good f a b r i c a b i l i t y .  
strength, and d u c t i l i t y  together w i t h  a la rge  proper t ies  data base derived from c o m r c i a l  experience. 
Special Ti-modif ied aus ten i t i c  s ta in less  steels, l i k e  the  p r i m  candidate a l l o y  (PCA) for the  U.S. Fusion 
Mater ia ls  Program, are the  end product of years of alloy development ef for ts  fo r  radiat ion- resistance 
( res is tance t o  void swe l l ing  and/or helium embrit t lementi . '  However, since the  U S .  Department of Energy 
sponsored the  Panel on Low Act iva t ion  Mater ia ls  i n  1983, 
r a d i o a c t i v i t y  issue fo r  MFR s t ruc tu ra l  components has increased. 

Calculated r a d i o a c t i v i t y  decay curves f o r  various pure elements a f t e r  exposure t o  a MFR neutron 
spectrum are shown i n  Fig. 1.3 This rad ioac t ive  decay behavior def ines several categories f o r  c l ass i f y fng  
po ten t i a l  MFR s t ruc tu ra l  mater ia ls .  The term low- act iva t ion  i d e a l l y  describes mater ia ls  t ha t  would a l low 
hands-on maintenance, and only mater ia ls  l i k e  pure V o r  S I C  can be classed as such. The term f a s t  induced- 
r a d i o a c t i v i t y  decay (FIRD) best describes engineering mater ia ls  such as steels t ha t  would not  a l low hands-on 
maintenance, but could be disposed of by shallow land b u r i a l  a f t e r  reactor  dec~mn iss ion ing .~  A general 
s t rategy fo r  t he  development o f  FIRD aus ten i t i c  s ta in less  s tee ls  was l a i d  out by Klueh and Bloom i n  1984.' 
Replacement o f  elements l i k e  Mo, Nb, and N i  i n  Fe-Cr-Ni-Mo steels such as type 316 or  the  Ti-modified PCA 
w i t h  elements l i k e  Mn, W. T i ,  V, Ta, S i  and C would procluce an acceptable FIRD a l loy .  E f fo r t s  by others i n  
t h i s  d i rec t i on  have included i nves t i ga t i ng  the i r r a d i a t i o n  behavior o f  e i t he r  comnercial ly ava i lab le  manga- 
nese s t a b i l i z e d  s tee l s  (i.e., A I S I  200 ser ies s tee l s  or those produced by ARMCO or CREUSOT-MARREL),S*6 or  a 
wide range o f  pure o r  solute m d i f i e d  Fe-Cr-Mn alloys.' By contrast,  the  approach of the  Fusion Mater ia ls  
Program a t  the  Oak Ridge National Laboratory (ORNL) has been t o  attempt t o  produce a new FIRD manganese sta-  
b i l i z e d  s tee l  w i t h  propert ies equivalent t o  the  PCA.' 

The ORNL program for  developing manganese s t a b i l i z e d  FIR0 s tee ls  has been d iv ided i n t o  several stages. 
The f i r s t  stage involved se lec t ion  o f  an appropriate Fe-Cr-Mn-C base a l l o y  composition tha t  would produce 
s tab le  austeni te i n  the  range o f  10 t o  20 w t  X Cr,  13 t o  19 % Hn. and 0.07 t o  0.4 X C.8-'o 
a base composition o f  Fe-1ZCr-20th-0.25C was selected f o r  fu r ther  a l l o y i n g  w i t h  minor element add i t ions  fo r  

awareness of the  need t o  address the  induced 

From these al loys,  



stance.'" The 
o the  development 

( o r i g i n a l l y  
o r  p red i c t i ng  t he  

a l l oys  a f t e r  
nvolved addi t ions 
nat ions of W, T i ,  
b l e  MC p r e c i p i t -  
e n i t e  s t a b i l i t y  
t s  propert ies.  
es and reactor  
nd stage a1 1 oys . A t h i r d  stage 
n the  com- 
oy ( i-e.,  m r e  
i s  needed). 
ns, and extend 
at ions. par- 
n these a l l oys  

i s  t o  examine the  
s t r u c t u r a l  evolu- 

t i o n  or stage I ana stage 11 a l l oys  dur ing h igh 
temperature aging i n  the  cold worked condi t ion.  
Data from stage I a l l oys  was used i n  designing 

Fig. 1. A p l o t  o f  the  ca lcu la ted  r a d i o a c t i v i t y  the  stage 11 compositions. While thermal aging 
does not d i r e c t l y  simulate i r r a d i a t i o n  exposure, 

reactor  i r r a d i a t i o n ,  p a r t i c u l a r l y  i n  high He/dpa 

t i onsh ip  t o  t h e i r  behavior dur ing thermal aging 
a t  higher temperatures. * l2 9 ' 
sta in less  steels,  r e c r y s t a l l i z a t i o n  res is tance of 
a heav i l y  (2045%) cold worked d i s l oca t i on  s t ruc-  

TIME AFTER S W W W  I W S l  

( i n  Curies/cn3) induced i n  various pure elements by 
f r r a d i a t i o n  i n  a WFR neutron spectrum and i t s  decay the  behavior of rad ia t ion- res is tan t  s tee ls  dur ing 
as a funct ion of t ime a f t e r  reactor  shutdown (taken 
from Wiffen and Santoro. Proc. o f  Topical Conference r a t i o  i r r a d i a t i o n  environments, has some r e l a -  
on F e r r i t i c  Al loys f o r  Use i n  Nuclear Energy 
Technologies, TMS-AIME. 1984, p. 195). 

t u r e  dur ing high-temperature aging i s  re la ted  t o  (1) the s t a b i l i t y  o f  the  d is loca t ions  against recovery, 
(2) the  formation and s t a b i l i t y  cha rac te r i s t i c s  o f  f i n e  p rec ip i t a tes  l i k e  HC tha t  nucleate along d is loca-  
t i o n s  and (3) the  res is tance of the a l l o y  t o  the  formation o f  coarse carbide and i n t e r m e t a l l i c  phases.2 
Radiat ion- resis tant  aus ten i t i c  s teels,  l i k e  25% CW PCA. experience enhanced-thermal mic ros t ruc tura l  evolu- 
t i o n  dur ing reactor  exposure because i r rad ia t ion- induced processes (which cause unusual and often unde- 
s i r a b l e  mic ros t ruc tura l  evo lu t ion  tha t  i s  usua l l y  very d i f f e ren t  from thermal aging) are s ~ p p r e s s e d . * ~ ~ ~ - ' ~  
MC p r e c i p i t a t e  formation and s t a b i l i t y  are c ruc ia l  f o r  causing the  po in t  defect mechanisms which produce 
void swe l l i n  res is tance t o  operate, p a r t i c u l a r l y  a t  the  higher He/dpa r a t i o s  expected i n  an MFR f i r s t -  
t 1 a l l . ~ ~ * ' ~ 9 ' ~  This approach of c o n t r o l l i n g  p r e c i p i t a t i o n  behavior was f i r s t  used t o  design new PCA 
(14Cr-16Ni) s tee ls  modif ied w i t h  minor solutes. These new Fe-Cr-Ni s tee ls  are nmre void swe l l ing  res i s tan t  
dur ing HFIR i r r a d i a t i o n  a t  500'C than the  o r i g i n a l  PCA. due t o  be t te r  W formation and s t a b i l i t y . l g  
Improved MC behavior a lso gives these same s tee ls  outstanding thermal creep res is tance a t  700°C.17 The 
focus, therefore, dur ing stage I1  o f  the  FIR0 a l l o y  development e f f o r t  was what inf luence minor elenent 
addi t ions have on MC formation and r e c r y s t a l l i z a t i o n  of these new Fe-Cr-Mn a l l oys  dur ing aging a t  800OC. 

I n  aus ten i t  i c 

EXPERIMENTAL 

I n  stage I. f i f t een  500-9 heats of Fe-Mn-Cr-C a l l oys  (PCMA-0 through -14) were cast  a t  ORNL t o  deter-  
mine a stable aus ten i t i c  base composition, and then seven more a l l oys  (PCMA-15 through -21). w i t h  various 
combinations of minor a l l o y i n g  element addi t ions made t o  a Fe-ZOMn-12Cr-0.25C base composition, were cast i n  
Stage 11. More d e t a i l s  m production 
and fab r i ca t i on  of these a l l oys  can be found e l s e ~ h e r e . ~ , ~ , ~ ~  

30% reduct ion i n  area. Samples were then e i t h e r  aged fo r  166 h a t  800'C or homogenized f o r  24 h a t  1275-C 
and reannealed f o r  1 h a t  115OOC or 8 h a t  1O5O0C. 
t o  a 50% reduction i n  area and then homgenized f o r  5 h a t  1200°C. F ina l  0.76-mn sheet was produced by 
several cold r o l l i n g  steps of up t o  50% w i th  intermediate anneals of 1 h a t  1150OC; the f i n a l  sheet was i n  
t he  20% cold-worked (CW) condit ion. 
reannealed f o r  1 t o  2 h a t  115OOC or 8 h a t  1050'C. 

and. f o r  magnetic phase content, using a FERRITE-SCOPE t o  detect magnetic eddy currents. Transmission 
e lec t ron  microscopy (TEM) was performed using JEW lOOC, lOOCX, and 2OOOFX and PHILIPS EM430 and CW-12 

The compositions of these various a l l oys  are given i n  Tables 1 and 2. 

The PCMA-0 through -9 a l l oys  were annealed f o r  1 h a t  1150°C a f t e r  cast ing and then cold r o l l e d  t o  a 

The PCMA-10 through -21 a l l oys  were hot r o l l e d  a t  1050'C 

Samples o f  t h i s  mater ia l  were then e i t he r  aged f o r  168 h a t  8OO0C o r  

Most of the  specimens were examined using metallography or  ana l y t i ca l  e lec t ron  microscopy techniques 



Table 1. Chemical Compositions o f  
Phase I Al loys 

Composition, w t  %a 
A l l oy  

Designation Mn C r  C N 

PCMA-0 13.4 15.0 0.07 0.001 
PCMA-1 14.2 14.8 0.01 0.001 
PCMA-2 17.1 15.2 0.056 0.001 
PCMA-3 13.9 10.0 0.09 0.002 
PCMA-4 18.9 9.9 0.093 0.002 
PCMA-5 13.9 15.3 0.18 0.002 
PCMA-6 14.3 16.0 0.18 0.003 
PCMA-7 19.1 14.8 0.38 0.005 
PCMA-8 17.7 20.1 0.13 0.003 
PCMA-9 17.6 20.2 0.26 0.006 
PCMA-10 19.9 10.0 0.081 0.005 
PCMA-11 20.0 11.9 0.084 0.009 
PCMA-12 20.0 11.95 0.18 0.008 
PCMA-13 19.1 14.0 0.088 0.013 
PCMA-14 19.9 15.9 0.17 0.0012 

Walance i ron.  

RESULTS 

Phase Formation i n  Annealed Stage 1 Al loys 

A f te r  annealing fo r  1 t o  2 h a t  1150°C, 
m s t  of the  stage I al l oys  contained other  
phases i n  add i t ion  t o  the  austeni te  mat r i x  
except fo r  PCMA-7 and PCMA-12 a l loys,  which 
were completely aus ten i t i c .  The phases iden- 
t i f i e d  i n  each a l l o y  a f t e r  annealing are 
l i s t e d  i n  Table 3. Metallography o f  the  
microst ructure o f  PCMA-7 i s  shown i n  Fig. 
2(c) and TEM of PCMA-12 I s  shown i n  Fig. 3. 
A l loys PMCA-0 through -2 contained la rge  
amunts o f  6 - f e r r i t e  due t o  t h e i r  low C and 
h igh C r  contents (Table 1) and were h l gh l y  
magnetic.8 A t y p i c a l  microst ructure for 
t h i s  group o f  a l l oys  i s  shown f o r  PCMA-2 i n  
Fig. 2(a). The PCMA-4 a l l o y  w i t h  low C r  and 
h igh Mn contents had a s i g n i f i c a n t  amount o f  
martensl te  i n  the  as-annealed microstruc-  
ture. This phase appeared t o  be e-martensite 
(hexagonal close packed, hcp) because t h i s  
sample was not h i gh l y  magnetic.B A f t e r  30% 
co ld  working, however, PCMA-4 became very 
magnetic, presumably due t o  the  formation o f  
strain- induced a'-martensite (body centered 
tet ragonal ,  bCt ) . lB  The PCMA-10 through -14 
a l loys,  a l l  with about 20 w t  % Mn. tend t o  
conf i rm these effects of a l l o y  composition 
on e-martensite and 6 - f e r r i t e  formation. 
A l loys  10 and 11 wi th  lower C r  contents form 
emar tens i te ,  wh i le  a l l o y s  13 and 14 w i t h  
more C r  form 6- fe r r i te .  I n  general, the  
a l l oys  w i t h  about 20 wt % Mn had m r e  austen- 
i t e  and less  o f  the  other  phases than a l l oys  
w i t h  less  Mn. 

had higher C and C r  contents and formed p r i -  
mar i l y  austeni te  w i t h  s i m i l a r  amunts of 

The PCMA-5 through -9 a l l oys  general ly 
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Table 2. Chemical Compositions of Phase I1 Al loys 

Ccinposition. w t  %a 
A1 1 oy 

Desi gnation Mn C r  C W T i  V 

MnCrC (PCMA-15) 20.6 11.8 0.24 tO.O1 tO.O1 0.01 
MnCrCTi'(PCMA-16) 20.5 11.7 0.25 0.09 0.11 0.01 
MnCrCW (PCMA-17) 20.5 11.8 0.23 0.83 tO.01 0.01 
MnCrCTiW (PCMA-18 21.1 11.7 0.25 0.77 0.12 0.01 
MnCrCTiBP (PCMA-19) 20.5 11.9 0.24 (0.01 0.10 0.01b 
MnCrCTiVBP (PCMA-20) 20.8 11.8 0.22 t0.01 0.10 0.10b 
MnCrCTiWVBP (PCMA-21) 20.4 11.7 0.25 1.08 0.10 O.lOb 

aBalance iron. 
bWith B and P. 

instruments; ma t r i x  and p r e c i p i t a t e  phases were i d e n t i f i e d  
by using selected-area and convergent-beam e lec t ron  
d i f f r a c t i o n  techniques (SAD and CBED, respec t i ve ly )  as we l l  
as X-ray energy d ispers ive spectroscopy (XEDS) fo r  quan- 
t i t a t i v e  compositional analysis (JEM 2OOOFX w i t h  TN 5500 
Series I1 Analyzer o r  PHILIPS EM400T/FEG wi th  EDAX 9100 
Analyzer). 

Table 3. Oua l i t a t i ve  mic ros t ruc tu ra l  phase i d e n t i f i c a t i o n  
i n  annealed o r  cold-worked and aged Fe-Mn-Cr-C a l l oys  

Phases I d e n t i f i e d  

Al loy SA 20 t o  30% Cold-Worked 
(1 t o  2 h a t  1150'C) and Aged 

(166 h a t  800°C) 

PCMA-0 
PCNA-1 
PCMA-2 
PCMA-3 
PCMA-4 
PCMA-5 
PCMA-6 
PCMA-7 
PCMA-8 
PCMA-9 
PCMA-10 
PCMA-11 
PCMA-12 
PCMA-13 
PCMA-14 

MnCrC 
MnCrCTi 
MnCrCW 

MnCrCTiW 
MnCrCTiBP 
MnCrCTiVBP 
MnCrCTi WVBP 

Stage I Alloysa 

y + 6  
y + 6  
~ + 6  
~ + 6  
Y + M  
y t 6 t M  
y + 6 t carbides 
Y 
Y t 6 + carbides 
Y + 6 t carbldes 
r + M  
Y + M  
Y 
- i t 6  
y + 6  

Stage 11 Alloysb 

n.d. 
Y + a  

n.d. 

n.d. 

n.d. 

n.d. 
n.d. 
n.d. 
n.d. 
n.d. 

Y + a M23C6 

Y b 3 C 6  t Q 

Y a M23C6 
b 3 C 6  

Y M23C6 t 0 

a l d e n t i f i e d  with e i t h e r  metallography o r  TEM/AEM tech-  
niques. y - austenite, 6 - f e r r i t e ,  M - martensite, a - 
sigma phase. 

h d e n t i f i e d  w i t h  both metallography and TEM/AEM tech- 
niques. 



I" 
7 

206 

,- . .  
,'., . =- 
I,, 

.. . 

M(NL PHOTO lOOOlgS 

Fig. 2. Metallography showing the  microstructUre 
developed a f t e r  annealing 3oX co ld  worked mater ia l  
for 1 h a t  115OOC i n  a l l oys  (a) PCMA-2, (b) PCMA-6, 
(c) PCMA-7, and (d) PCMA-9. 

6- fe r r f t e  a t  g ra in  boundary t r i p l e  po in t  junc t ions  and 
varying amounts of carbide phase (presumably M2&) 
w i t h i n  the  6 - f e r r i t e  pa r t i c l es .  The microstructures o f  
PCMA-6, -7 and -9 are shown i n  Fig. 2. PCMA-7 w i t h  the  
most C and C r  (0.36 and 19 wt %, respec t ive ly )  was 
completely austeni t ic .  PMCA-6 contained I + 6 phases 
w i t h  only a few carbides, whereas PCMA-9 contained 
copious carbide p r e c i p i t a t i o n  w i t h i n  the  6- fe r r i t e  phase 
[see Figs. 2(b) and 2(d)]. These resu l ts ,  together  w i t h  
t he  behavior of the  PCMA-10 through -14 a l loys ,  show the  
need t o  balance Nn, C r  and C add i t ions  t o  produce a 
s tab le  aus ten i t i c  a l loy.  The Mn and C contents must 
both be ra ised t o  keep the  austeni te free o f  martensite, 
but  above about 15 t o  16 wt % Cr ,  i t  i s  d i f f i c u l t  t o  
keep the microstructure free of 6 - f e r r i t e  and carbides. 
The TEM microstructure and AEM composition o f  a 6- 
f e r r i t e  p a r t i c l e  analyzed i n  annealed PCMA-14 i s  shown 
i n  Fig. 4 (a lso see Table 4). The d- f e r r i t e  phase has 
more C r  than the  r -aus ten i te  matr ix. Since Cr- r ich  car-  
bides form w i t h i n  the  6 - f e r r i t e  p a r t i c l e s  i n  PCMAs -6 
and -9. C appears t o  be l ess  soluble i n  the  6 - f e r r i t e  
than i n  the  austenite. 

Fig. 3. TEM of the  f u l l y  aus ten i t i c  micro- 
s t ruc ture  developed i n  PCMA-12 a f t e r  annealing 
2a cold-worked mater ia l  f o r  1 h a t  1150°C. 
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Fig. 4. TEM of a 6- fe r r i t e  p a r t i c l e  formed i n  
PCMA-14 dur ing annealing fo r  1 h a t  1150OC. The 
histogram shows the composition of the p rec ip i t a te  
p a r t i c l e  and the adjacent mat r i x  as determined by 
quan t i t a t i ve  XEDS analysis. 

Phase Formation i n  Cold-Worked and Aged Stage I Al loys 

Metal lographic and TEM inves t iga t ions  o f  PCMA-0 through -9 a l l oys  t ha t  had been 30% co ld  worked and 
those aged fo r  168 h a t  800°C showed varying amounts of recovery andlor r e c r y s t a l l i z a t i o n  together w i t h  t he  
p r e c i p i t a t i o n  of carbide and/or i n t e rme ta l l i c  (u) phases (see Table 3 fo r  phases). 
6 - f e r r i t e  o r  m r t e n s i t e  i n  the  aged mater ia ls  and l i t t l e  o r  no detectable ferromagnetic behavior. Only the  
PCMA-1 a l l o y  w i t h  the  lowest C content (0.01 w t  X) showed any detectable ferromagnetism. 
cate a s m a l l  amount of 6 - f e r r i t e  present w i t h  the abundance o f  a-phase p a r t i c l e s  found i n  t h i s  sample. 
Metallography of PMCA-2. -6. -7, and -9 a f t e r  aging i s  shown i n  Fig. 5 (compare w i t h  annealed a l l oys  i n  Fig. 
2). The PCMA-1, -2 and -4 a l l oys  rec r ys ta l l i zed  completely i n t o  a new assembly o f  small grains [see PCMA-2 
i n  Fig. 5 (a ) l ,  whereas the  PCMA-5 through -9 a l l oys  reta ined the  austeni te  g ra in  s t ruc tu re  establ ished by 
annealing p r i o r  t o  co ld  working [Figs. 5(b) and 5(d)]. 
more recoverylrecrystal l izat ion r es i s t an t  than the  other  a l l oys  [Fig. 5 (c ) l .  

f r e e  grains w i t h  a high densi ty  of extended stacking fau l ts .  Examples o f  t h i s  type o f  microst ructure are 
shown i n  Fig. 6(a) and 6(b) fo r  a l l oys  PCMA-2 and -4, respect ively. 
h igher  uni form d i s l oca t i on  contents o r  nonuniform mixtures o f  regions w i t h  higher d i s l oca t i on  network con- 
centrat ions and d is loca t ion- f ree  regions. Both PMCA-7 and -9 had f i ne r  s t ructures o f  stacking f au l t s  and a 
uniformly higher densi ty  of network dislocat ions. as shown i n  Figs. 6(c) and 6(d). 

TEM observations a lso revealed considerable p r e c i p i t a t i o n  of coarse a and M23C6 (T) phases a f t e r  aging 

There was no evidence o f  

This could i n d i -  

During aging, the e n t i r e l y  aus ten i t i c  PCMA-7 was 

The TEM examination' showed t h a t  r e c r y s t a l l i z a t i o n  o f  the PCMA-1 through -4 a l l oys  produced d is loca t lon-  

The PCMA-5 through -9 a l l oys  had e i t h e r  

(see Table 3).  
ta ined  mainly MZ1C6 phase. 

The PCMA-1 a l l o y  (lowest C) formed mainly u phase, whereas the PCMA-7 a l l o y  (highest C) con- 
The other a l l oys  had mixtures o f  coarse (0.5 t o  5.m i n  diam) a and M u C 6  phases 
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Table 4. Quan t i t a t i ve  XEDS compositional analyses o f  i n - f o i l  
p r e c i p i t a t e  phase p a r t i c l e s  i n  Fe-Cr-Mn-C a l l oys  

Composition,a a t .  % 
Phase 

S i  T i  Q C r  Mn Fe W 

6 - f e r r i t e  (3)b 

T-'21C6 (3 )  
Fe- r ich phase (2) 
Cr- r lch  phase (2) 

o-phase T-M23C6 12' 2) 

PCMA-14, SA 1 h a t  115OOC 

0.2 23.1 19.6 56.7 

PCMA-9. 30% CW + Aged 168 h at  8OO'C 

73.0 12.0 14.9 
28.8 18.7 51.2 

MnCrC, 20% CW + Aged 168 h a t  800OC 

0.3 0.1 0.1 66.5 14.8 18.0 

MnCrCTi, 20% CW + Aged 168 h a t  800°C 

0.1 0.1 67.4 14.6 17.5 0.3 
77.6 0.2 3.6 4.9 9.5 4.2 

MnCrCW, 20% CW + Aged 168 h a t  800OC 

0.1 0.1 65.0 14.7 17.5 2.7 
0.1 0.1 36.3 17.8 44.4 1.5 
0.1 0.1 46.5 16.8 34.7 1.8 

MnCrCTiW, 20% CW + Aged 168 h a t  800OC 

0.1 0.3 67.5 13.4 16.2 2.1 
67.4 3.3 5.1 13.1 11 .o 

MnCrCTiVBP, 20% CW + Aged 168 h a t  800OC 

0.2 0.7 63.4 15.8 19.8 0 

MnCrCTiBP, 20% CW + Aged 168 h a t  800'C 

0.1 66.6 14.8 18.5 

MnCrCTiWVBP, 20% CW + Aged 168 h a t  800'C 

0.2 0.8 63.9 14.0 17.9 3.0 
0.2 22.0 21.0 54.3 2.5 

acornposition o f  me ta l  atoms heavier than aluminum. bNumber o f  p a r t i c l e s  analyzed. 

i n  the  T m a t r i x ,  w i t h  PCMA-2 and -9 appearing t o  have the  most abundant p rec ip i ta t ion .18  
t y p i c a l  o-phase p a r t i c l e  w i t h  a low order CBED zone-axis pa t te rn  (ZAP) t ha t  c l e a r l y  i d e n t i f i e s  the  phase. 
Only the  PCMA-7 a l l o y  t ha t  r es i s ted  recoveryjrecrystallization contained a uni form dispers ion of  f i ne  M23C6 
pa r t i c l es ,  as shown i n  Fig. 8, along w i th  a (001) CBED-ZAP. 

XEDS i n - f o i l  analyses, and data are given i n  Table 4. 
phase was r i c h  i n  Fe and Cr. 
those observed fo r  the  same phases formed i n  aged type 316 s ta in less  s tee l  (Fe-Cr-Ni-Mo),14 but these phases 
found i n  the  Mn-stabi l ized steels conta in s i g n i f i c a n t  amounts of  Mn (see Table 4), whi le both phases formed 
i n  aged type 316 are low i n  Mn and N i .  

The PCMA-10 through -14 a l l oys  were a lso  aged f o r  166 h a t  8OO0C i n  the  20% cold worked condit ion. but 
were on ly  examined by metallography and w i th  regard t o  magnetic behavior. 
detectable a f t e r  aging, although small amounts of  e i t h e r  a'-martensite or  6 - f e r r i t e  were detected i n  the  
co ld  worked mater ia l  p r i o r  t o  aging.9 

Figure 7 shows a 

The compositions of several coarse u and M23C6 p a r t i c l e s  i n  PCMA-9 were determined v ia  quan t i t a t i ve  
The MZ3C6 phase was mainly Cr- r ich,  whereas the  u- 

The phase compositions i n  t h i s  Fe-Cr-Mn-C steel  were general ly s i m i l a r  t o  

No ferromagnetic phases were 
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F lg .  5. Metallography of the microstructures 
developed after aging 30% cold-worked materlal 
for  166 h at 800T in alloys (a) PCMA-2, (b) PCMA-6, 
(c) PCMA-7, and (d) PCMA-9. 
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F i g .  6 .  TEM o f  t h e  microstructures developed a f t e r  aging 30% c o l d  worked 
m a t e r i a l  for  166 h a t  80OOC i n  a l l o y s  ( a )  PCMS-2, (b)  PCMA-D, (c )  PCMA-7, and 
(d) PCMA-9. 



Fig .  7. (a )  TEM of a u-phase p a r t i c l e  formed I n  
30% c o l d  worked PCMA-6 during aging f o r  166 h a t  800OC 
and (b) CBED o f  t h e  ( 0 0 1 ) ~  ZAP f o r  I d e n t i f l c a t l o n .  

ORNL PHOTO 10005-88 

. 

F i g -  8. TEM of f i n e  b 3 C g  (T) p a r t i c l e s  formed i n  30% cold  worked PCMA-7 dur ing  aging f o r  166 h a t  
800°C, imaged i n  ( a )  b r i g h t - f i e l d  and (h)  d a r k- f i e l d  using a T r e f l e c t i o n ,  w i t h  ( c )  CRED of t h e  ( 0 0 1 ) ~  ZAP 
f o r  i d e n t i f i c a t i o n .  
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t i o n  of Fe-lZCr-2OMn-0.25C (MnCrC or  PCMA-15) was 
r t e  addi t ions were made t o  t h i s  base composition t o  
designate the  a l l oys  ind ica tes  the  so lu te  add i t ions  
gnated MnCrCTi). 
the  aTloys were f u l l y  aus ten i t i c  a f t e r  annealing, 

carbides. 
a l l oys  i s  shown i n  Fig. 9. 

o f  inc lus ions  a f t e r  annealing and l i t t l e  o r  no pre- 
i, MnCrCW, and MnCrCTiW a l l oys  had s i m i l a r  g ra in  
I d i f f e r e n t  amounts o f  p rec ip i t a t i on .  
while the  other two a l l oys  had uniform dispersions of 
r ec ip i t a tes  throughout the  grains [Figs. 9(a) and (c)]: 
es. By contrast,  the  MnCrCTiBP, MnCrCTiVBP, and 

more in t ragranu lar  p r e c i p i t a t i o n  than the  MnCrCTiBP 

The stage I 1  a l l oys  were cold 

The phases found i n  these a l l oys  are 

The MnCrCW 

gra in  boundaries, as shown i n  Fig. 9(d)-(f). The 

w coarse or  f i ne  p rec ip i t a tes  along the  g ra in  bound- 
was used t o  i d e n t i f y  t he  phases (Table 3). A l l  of 
g grain boundaries or  w i t h i n  the  grains, consistent  
iona l  d e t a i l s  were revealed by the  h igher magnifica- 
The MnCrC base a l l o y  had very f i n e  M2& p a r t i c l e s  
t no p r e c i p i t a t i o n  was detected w i t h i n  the  grains. 
t h  some coarse p a r t i c l e s  i n  the  mat r ix  [Fig. 10(b) l .  
a r ies  [Fig. lO(c)]. whereas MnCrCTiU s tee l  had a mix- 
l l y  no p r e c i p i t a t i o n  along the  boundaries [Fig. 10(d)l .  
ontain s i m i l a r  d i s t r i b u t i o n s  of coarse, blocky car-  

itVtW+B+P a l l o y  formed a mixture of MC and Mz&. 

oherent g ra in  boundaries changed s i g n i f i c a n t l y  w i t h  
ear ly  a l l  of the  g ra in  boundaries i n  t he  a l l oys  
h t ,  s i m i l a r  t o  the  boundary shown f o r  PCMA-12 i n  
i c h  contained t race  add i t ions  of B and P (PCMA-19 
nodes occurr ing a t  the  p r e c i p i t a t e  p a r t i c l e s  [Fig. 

and some w i t h i n  t he  grains. The a l l oys  w i t h  T i t B t P  

The stage I1 a l l oys  were cold worked 20% and then aged fo r  168 h a t  800OC. Specimens were exanfned 
using TEM and AEM and d i f f r a c t i o n  and cha rac te r i s t i c  XEDS techniques were used f o r  phase i d e n t i f i c a t i o n .  
Lower magni f icat ion TEM showed recoverylrecrystallization behavior i n  several a l l oys  (Fig. 11). The base 
MnCrC a l l o y  showed some r e c r y s t a l l i z a t i o n  a f t e r  aging, and recovery occurred i n  t he  regions tha t  d i d  not  
completely r e c r y s t a l l i z e  [Fig. l l ( a ) l .  Aging a lso  produced coarse MZ3C6 p a r t i c l e s  (Tables 3 and 4) .  

I n  comparison t o  the  base a l loy ,  t he  a l l oys  w i t h  so lu te  add i t ions  o f  T i ,  U, and T i t W  were m r e  prone 
t o  recovery and/or rec rys ta l l i za t i on .  The representat ive microstructure o f  the  MnCrCTi a l l o y  i s  shown i n  
Fig. l l ( b )  t o  be almost f u l l y  r ec rys ta l l i zed ,  w i t h  only small, i so la ted  patches of deformed mater ia l  
remaining. The other  two a l l oys  showed m r e  recovery but  fewer large, d is loca t ion- f ree  grains. A l l  of 
these a l l oys  had s i g n i f i c a n t  amounts of coarse p r e c i p i t a t i o n  p r i m a r i l y  i n  t he  r e c r y s t a l l i z e d  regions. The 
MnCrCTi and MnCrCTiW a l loys ,  both of which contained T i ,  had mixtures of coarse Mz3C6 and MC Par t i c les ,  
wh i le  the  MnCrCW a l l o y  f o m d  coarse Mz3C6 and p a r t i c l e s  o f  another phase tha t  were r i c h  i n  C r  and Fe, but  
d i d  not  appear t o  be e i t h e r  (I o r  x phases (Tables 3 and 4). 

t o  r e c r y s t a l l i z a t i o n  and recovery. The MnCrCTiVBP a l l o y  showed the  leas t  r e c r y s t a l l i z a t i o n  [Fig. l l ( c ) l ,  
whi le  MnCrCTiBP had the  l eas t  amount of coarse r e c i p i t a t i o n ;  most o f  the  coarse phase p a r t i c l e s  i n  these 
two a l l oys  were MZ3C6 (Table 4 ) .  The MnCrCTiWViP a l l o y  had somewhat m r e  r e c r y s t a l l i z a t i o n  than the  other  
two a l l oys  i n  t h i s  l a s t  group. but i t  also had the  m s t  coarse p rec ip i t a t i on .  These coarse p a r t i c l e s  i n  
MnCrCTfWVBP were a mixture of MZ3C6 and u phases, and the  r e c r y s t a l l i z e d  regions were e i t h e r  associated w i t h  
very coarse p rec ip i t a tes  i n  the  mat r ix  or  heav i l y  p rec ip i t a ted  gra in  boundaries, or  both [Fig. l l ( d ) ] .  

f i n e  p r e c i p i t a t i o n  i n  the  un rec rys ta l l i zed  regions i n  these aged al loys,  as shown i n  Fig. 12. Fine p r e c i p i -  
t a t i o n  was not detected i n  the  base MnCrC a l l o y  or  i n  the  a l l o y  w i t h  only U added [Fig. 12(b) l .  Only sparse 

By contrast ,  t he  a l l oys  m d i f i e d  w i t h  the solutes TftBtP. T i t V t B t P .  and T i t W t V t B t P  were q u i t e  res i s tan t  

Higher magni f icat ion TEM provided a c loser  look a t  recovery of the  d i s l oca t i on  s t ruc tu re  and revealed 



213 

Ftg. 9 .  Metal loaraohv o f  the m i c r a c t . r w t a w m c  , _ ~  
developed a f t e r  anneai ing 20% c o l d  worked m a t e r i a l  
for 2 h a t  1150OC i n  a l l o y s  (a)MnCrCti, (b) MnCrCw, 
(c) MnCrCtiW, (e )  MnCrCTiVBP, and ( f )  MnCrCTiWVBP. 
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F i g .  11. Lower magni f ica t ion  TEM of t h e  microstructures developed a f t e r  aging 
2Ll% cold-worked mater ia l  for 168 h a t  800DC i n  a l l o y s  (a )  MnCrC, (b) MnCrCTi, 
(c)  MnCrCTi-VEP, and (d) MnCrCTiWVEP. 
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amounts o f  very f i n e  (2 t o  6 nm i n  diam) p r e c i p i t a t i o n  were detected i n  t he  a l l oys  m d i f i e d  w i t h  only  T i  o r  
with T i tB tP  [Fig. 12(a) and 12(d) l .  The p a r t i c l e s  were too  small and t oo  few fo r  su f f i c ien t  e lec t ron  d i f -  
f r ac t i on ,  but t h e i r  presence i n  t he  a l l oys  w i t h  T i  addi t ions suggests t ha t  they could be MC phase. I n  t he  
MnCrCTi a l loy ,  there were only  a few recovered regions, whereas i n  the  MnCrCW and MnCrCTiBP a l l oys  which 
were rmch Rare res i s t an t  t o  recoverylrecrystallization ( p a r t i c u l a r l y  the l a t t e r ) ,  there were h igher  concen- 
t r a t i o n s  o f  large, i n t e r sec t i ng  fau l ts .  Roth of these l a t t e r  a l l oys  a lso  appeared t o  have many d is loca t ions  
which had d issociated i n t o  p a r t i a l s  so t h a t  f a u l t  f r inges were v i s i b l e .  Both features can be seen i n  Fig. 
12(b) and 12(d). but they are espec ia l l y  prominent i n  Fig. 12(b) fo r  PCMA-17. Although de ta i l ed  Burgers 
vector analys is  was not performed, these dif ferences were q u i t e  not iceable when comparing one a l l o y  w i t h  
another. 
lowered the  stacking f a u l t  energy r e l a t i v e  t o  the  base a l loy .  

unrecrys ta l l i zed  mat r i x  regions, as shmrn i n  Fig. 12(c), 12(e) and 12(f). respect ively. The MC phase was 
e a s i l y  i d e n t i f i e d  by d i f f r ac t i on  analysis w i t h  i t s  cha rac te r i s t i c  cube-on-cube c rys ta l lograph ic  hab i t  r e l a-  
t i v e  t o  t he  y- austeni te  matr ix.  The a l l oys  m d i f i e d  w i t h  T i tVtBtP and TitWtVtBtP showed m r e  resistance t o  
recovery than the  a l l o y  w i t h  only  TitP. which despi te only  a mdes t  amount of r e c r y s t a l l i z a t i o n  d i d  show 
la rge  recovered regions, w i t h  loose tangles of d i s l oca t i on  network and a coarser s t r uc tu re  of the  i n t r a -  
granular faulted-bands c o m n  t o  many of these steels  [i.e., Fig. l l ( c )  and (d)]. Figure 12(c) shows t ha t  
many of the  f ine  MC p a r t i c l e s  i n  the  MnCrCTiW s tee l  are not d i r e c t l y  associated w i t h  the  v i s i b l e  network 
d is locat ions,  whereas there i s  a h igh degree o f  associat ion between d i s l oca t i on  segments and f i ne  Hc par-  
t i c l e s  i n  the  MnCrCTiVBP and MnCrCTiWVBP s tee ls  shown i n  Fig. 12(e) and (f), respect ively. Many o f  the  d i s-  
loca t ions  a lso  showed f a u l t  contrast  images i n  the  a l l oys  m d i f i e d  w i t h  T i tVtBtP and TitWtVtBtP. suggestive 
of d issoc ia t ion  and lower s tack ing f au l t  energy, whereas the  d is loca t ions  i n  t h e  T i *  a l l o y  d i d  not. These 
observations suggest t ha t  the  MC-dislocation associat ion and t he  s p l i t t i n g  of d is loca t ions  i n t o  p a r t i a l s  are 
i n  fact  re lated.  Dissociated d is loca t ions  would be less mobile and m r e  eas i l y  pinned by f ine  p rec ip i t a te  
pa r t i c l es .  
resistance exh ib i ted  by the  MnCrCTiVBP and MnCrCTiWVBP a l l oys  dur ing aging a t  temperatures as h igh as 800'C. 

Widely separated p a r t i a l  d is loca t ions  would suggest that some o f  the  a l l o y i n g  add i t ions  had 

The PCMR-18, -20 and -21 a l l oys  a l l  had abundant dispersions of f i n e  MC d i s t r i b u t e d  throughout the  

These de ta i l ed  observations are indeed consis tent  with t he  good recoverylrecrystallization 

Calculat ions of Radioactive Decay Behavior w i t h  Time fo r  the  Stage I1  Al loys 

An important goal i n  t he  development o f  FIRD a l l oys  i s  t ha t  they show less  long- term res idual  radioac- 
t i v i t y  than conventional s tee ls  such as type 316 s ta in less  steel ,  and t ha t  they meet the  10 CFR 61 Class C 
requirements f o r  waste disposal by shallow land burial ."  The rad ioac t i ve  decay behavior as a funct ion of 
t ime a f t e r  exposure t o  MFR i r r a d i a t i o n  f o r  a t y p i c a l  heat of type 316 and fo r  the  actual  composition of one 
o f  the  solute-modified Fe-12Cr-2OMn steels  (PCMA-21, Table 2) was calcu lated by F. M. Mannl9 of the  
Westinghouse Hanford Company (Fig. 13). While normal chemical analysis showed l ess  than 0.01 wt % Nb i n  t he  
MnCrCTiWVBP (PCMA-21) s teel ,  the  normal d e t e c t a b i l i t y  l i m i t  fo r  such techniques, residual element analysis 
using spark-source mass spectrometry, was not perforned on these Mn-stabi l ized steels ,  and they were assumed 
t o  have 0.0001 w t  % Nb. Normal chemistry methods show tha t  some heats of type 316 have up t o  about 0.1 w t  X 
Nb (ref.16). wh i le  t r ace  element analys is  methods show Nb l eve l s  i n  other  heats as low as 0.0005 wt % ( re f .  
20). Niobium i s  not an i n ten t i ona l  a l l o y i n g  add i t i on  t o  type  316. F igure 13 shows t h a t  long- term i r r a -  
d i a t i o n  exposure (10 years o r  36 MWylm2) i n  a comnercial conceptual MFR l i k e  STARFIRE produces roughly s imi-  
l a r  l eve l s  o f  r a d i o a c t i v i t y  i n  type 316 and the  new FIRD Fe-Cr-Mn steels  i m e d i a t e l y  a f t e r  shutdown. 
However a f t e r  a per iod  of about 50 t o  100 years, t he  res idual  r a d i o a c t i v i t y  o f  a FIRD a l l o y  l i k e  PMCA-21 i s  

together w i th  type 316 and PCMA-21 steels  i s  made i n  Fig. 14, by expressing the  r a t i o  of ca lcu lated radioac- 
t i v i t y  t o  t h a t  allowed by 10 CFR 61 Class C standard. Numbers greater than 1 ind i ca te  t ha t  the  mater ia ls  do 
not q u a l i f y  as Class C waste, whereas numbers of 1 o r  less  mean t ha t  they do qual i fy .  
q u a l i f y  fo r  c lass C disposal a f t e r  i r r a d i a t i o n  t o  STARFIRE-type condit ions, although " low-activat ion' '  a l l oys  
come m c h  c loser  than conventional mater ia ls  l i k e  type 316 o r  9Cr-1MoVNb steels. S i m i l a r  ca lcu la t ions  and 
comparisons f o r  much lower i r r a d i a t i o n  exposures (1.4 years o r  5 MWylmz) i n  a STARFIRE-type machine i nd i ca te  
t h a t  FIR0 steels  l i k e  PCMA-21 can then q u a l i f y  as Class C waste, whereas type 316 cannot. 

over 10 3 times less  than t ha t  found i n  conventional type 316. Comparison of several other classes of a l l oys  

None of the  a l l oys  

DISCUSSION 

The systematic a l l o y  development approach pursued a t  ORNL f o r  FIR0 Fe-Cr-Mn s tee l s  has been successful 
i n  terms o f  the  goals i n i t i a l l y  set.".* The stage I al l oys  revealed Fe-Cr-Mn-C composition! i n  which auste- 
n i t e  was stable, wi thout  6 - f e r r i t e  formation dur ing h igh- ten erature annealing, o r  E-  and a -martensi te  for-  

enough new information t o  modify the  normal Schaeff ler t ha t  describes Fe-Cr-Ni a l l oys  t o  adequately describe 
Fe-Cr-Mn-C a l l oys  as well." The new diagram was used t o  def ine the  base Fe-12Cr-ZOMn-0.25C a l l o y  com- 
p o s i t i o n  fo r  t he  stage I1 so lu te  m d i f i e d  a l loys.  The mic ros t ruc tu ra l  r esu l t s  of the stage I al l oys  made i t 
c lea r  t ha t  w i t h  m r e  than 15 t o  16 w t  % Cr ,  i t  was d i f f i c u l t  t o  keep the  austeni te  free of 6 - f e r r i t e  and 
carbides a t  m s t  l eve l s  o f  Mn and C. A t  lower Cr contents, i t  was important t o  have a t  l eas t  enough C t o  
prevent martensi te  from forming. 

mation a f t e r  coo l ing  t o  room tenperature or c o l d  working.lO. e These same experimental data a lso  produced 
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Fig. 13. A p l o t  of the calcu lated r a d i o a c t f v l t y  
( I n  Curies/cm') induced I n  type 316 sta in less steel  
and I n  a new ORNL FIR0 s tee l  (PCWA-21) by i r r a d i a t i o n  
I n  a MFR neutron spectrum and i t s  decay as a funct lon 
o f  t lme a f t e r  reactor  shutdown (courtesy of F. W. Mann, 
1988 [19]). 

Fig. 14. HIstograms o f  the  r a t l o  o f  ca lcu lated 
r a d i a c t i v i t y  decay behavior w I t h  t ime a f t e r  shutdown 
t o  t h a t  allowed by the  10 CFR-61 Class C standard fo r  
varlous conventfonal and reduced ac t i va t i on  f I r s t  
w a l l  mater ia ls  being considered by the U.S. Fusion 
Mater ia ls  Program exposed t o  i r r a d i a t i o n  I n  a STARFIRE 
fus lon reactor  spectrum fo r  (a) 10 y or 36 My/mz and 
(b) 1.4 y or 5 MWy/m* (courtesy o f  F. M. Mann, 
1988 [19]). 

I 
I I I I I '  
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The resu l t s  fo r  cold-worked stage I al l oys  aged a t  800°C showed t h a t  the  c- and 0‘-martensite and 6 -  
f e r r i t e  phases of concern i n  the  annealed mater ia l  are replaced by concerns about the  formation of coarse a 
and M ~ ~ C ~  phases dur ing aging. One very important aging r e s u l t  from the  PCMA-0 through -9 a l l oys  was t h a t  
t he  m s t  s tab le  aus ten i t i c  a l l o y  (PCMA-7) was the  m s t  r es i s t an t  t o  the  formation o f  coarse MZ3C6 and a 
phases dur ing aging. Carbon has been found t o  be very important fo r  res is tance t o  i n t e r m e t a l l i c  phase for-  
mation dur ing the  development of Fe-Cr-Ni s tee ls  optimized f o r  i r r a d i a t i o n  resistance.2 Consistently, the  
lack o f  C i n  pure Fe-Cr-Mn a l l oys  studied by Garner and co-workers appears t o  be pa r t  of the  reason fo r  
excessive formation o f  a phase i n  those a l l oys  dur ing  FER i r r a d i a t i o n  o r  dur ing h igh  tenperature agin .21-23 

p rec ip i t a tes  i n  t he  a l l o y  w i t h  the  highest C content. These f i n e l y  dispersed p rec ip i t a tes  are obviously 
re la ted  t o  the  recovery/recystallization resistance of t ha t  a l l o y  (PCMA-7). which i n  t u r n  may also r e l a t e  t o  
a phase resistance. The formation of a phase often occurs I n  conjunct ion w i t h  r e c r y s t a l l i z a t i o n  i n  both the  
stage I and I1 a l l oys  invest igated i n  t h i s  work, and Garner e t  a1.22 recent ly  presented m r e  de ta i l ed  data 
and mechanisms f o r  a phase formation i n  the  rec r ys ta l l i zed  grains o f  Fe-Cr-Mn te rnary  a l loys.  The formation 
Of  f i ne  MZ3C6 p r e c i p i t a t i o n  i n  PCMA-7 probably r e f l e c t s  the  f a c t  t ha t  as the  k i n e t i c s  of carbide p rec ip i t a-  
t i o n  increase w i t h  increasfng C supersaturation, p r e c i p i t a t i o n  becomes rap id  enough t o  occur before recrys-  
t a l l i z a t i o n .  P rec ip i t a te  nucleat ion along the  d is loca t ions  i n  the  cold-worked s t ruc tu re  would n a t u r a l l y  be 
much easier  and f i n e r  than nucleat ion i n  the  rec r ys ta l l i zed  grains. 

The annealing studies o f  the  stage I 1  so lu te  m d i f i e d  a l l oys  produced several important resul ts .  Most 
of the  minor a l l o y i n g  elements added t o  the  base a l l o y  were f e r r i t i z i n g  elements. but a l l  of the  a l l oys  were 
s t i l l  f u l l y  aus ten i t i c  a f t e r  annealing. The base a l l o y  d i d  not conta in excessive carbide p r e c i p i t a t i o n  
a f t e r  annealing. which would i nd i ca te  t he  s o l u b i l i t y  l i m i t  f o r  carbon had not been exceeded. 
the  minor solutes varied, but the  a l l oys  t ha t  had p r e c i p i t a t i o n  of carbides along the  g ra in  boundaries d i d  
not  conta in excessive carbide p r e c i p i t a t i o n  w i t h i n  t he  grains. 
several o ther  s tudies have C contents t ha t  range from 0.02 t o  0.6 wt %, and our a l l oys  f a l l  w i t h i n  t ha t  
range. Most o f  the  comerc i a l  a l l oys  a lso  conta in N contents t ha t  range frm 0.02 t o  0.6% as wel l ,  and 
current  F I R D  guidel ines l i m i t  N t o  w c h  lower  level^.^" Some comerc i a l  high-Mn steels ,  l i k e  the  Russian 
EP-838 steel ,  conta in N i  and A1 addit ions, and m s t  contain up t o  0.02 wt % P, but  none appear t o  conta in 
the  W, Ti ,  V, and B add i t ions  explored i n  the  s tee l s  being developed a t  ORNL. 
MnCrC and various so lu te  m d i f i e d  s tee ls  requi red annealing a t  about 1150°C or  m r e .  because annealing a t  
1O5O0C general ly  produced m r e  p r e c i p i t a t i o n  than 115OOC. The effect o f  the  minor a l l o y i n g  elements on 
gra in  boundary morphology and p r e c i p i t a t i o n  behavior are probably important t o  the  processing behavior, 
because the  MnCrCTiBP and MnCrCTiWVBP a l l oys  w i t h  zig-zag gra in  boundary shape and coarser MC + M23& 
p rec ip i t a tes  d i d  not e x h i b i t  excessive g ra in  growth a t  115OOC [Fig. lO(e) and lO ( f ) l .  These gra in  boundary 
p r e c i p i t a t e  e f f e c t s  could a lso  be important fo r  s t rength a t  temperatures of 600 t o  800°C (ref.  2). 

The r e c r y s t a l l i z a t i o n  resistance o f  the  PCMA-19 through -21 a l l oys  and t he  fine, s table MC observed i n  
t he  MnCrCTiVBP and MnCrCTiWVBP s tee ls  are important r esu l t s  from the  studies of cold-worked and aged stage 
I 1  a l loys.  While these i n i t i a l  solute-modified a l l oys  are not y e t  optimized, t h e i r  r e c r y s t a l l i z a t i o n  
resistance and f ine  MC microst ructures are s i m i l a r  t o  the  o r i  i n a l  PCR a l l o y  and newer so lu temod i f ied  ver-  
sions o f  the  PCA given the  same cold-work plus aging test .2*22 This s i m i l a r i t y  was one of the  goals set t o  
measure a l l o y  development progress for these a l loys ,  p a r t i c u l a r l y  w i t h  regard t o  achieving rad ia t ion-  
resistance. Several recent studies o f  swe l l ing  resistance i n  t he  Fe-14Cr-16Ni PCA or  JPCA (a c lose ly  
re la ted  Japanese heat of T i -mod i f ied  s t e e l )  i r r a d i a t e d  i n  HFIR have shown t h a t  the  swe l l ing  resistance of 
these s tee ls  depends on the  formation and s t a b i l i t y  of f ine  MC p r e c i p i t a t i o n  dur ing i r r a d i a t i o n  a t  h igh He 
generat ion r a t e ~ . 2 ’ ~ ~ . * ~  Therefore, we be l ieve  t h a t  t he  MC-formation cha rac te r i s t i c s  of the  MnCrCTiVBP and 
MnCrCTiWV-BP a l l oys  represent s i gn i f i can t  progress toward our goals fo r  stage I 1  of our alloy-development 
program. I n  recent work, a wide range of b inary and te rnary  Fe-Cr-Mn a l l oys  i r r a d i a t e d  i n  FFTF a t  400 t o  
600°C showed s i g n i f i c a n t  swel l ing. 
Fe-Cr-Ni  alloy^.'^^^ 
Fe-Mn and te rnary  Fe-Cr-Mn al loys.  and t ha t  various c o m e r i a l  high-Mn s tee ls  can have b e t t e r  swe l l ing  
resistance i n  the  cold-worked cond i t ion  a f t e r  i r r a d i a t i o n  t o  about 80 dpa, p a r t i c u l a r l y  a t  420°C (refs. 
22.23). 
f i r s t  wa l l  and inc lude a l l oys  t ha t  do not  meet the  FIRD compositional requirements, they nonetheless support 
our approach t o  a l l o y  development. 
p rec ip i t a tes  and s tab le  cold-worked d i s l oca t i on  structures. 
syne rg i s t i ca l l y  w i t h  other elements, on subt le  phenomena l i k e  s tack ing- fau l t  energy, d i s l oca t i on  disso-  
c i a t i on ,  and d i s l oca t i on  p inning by f i n e  p rec ip i t a tes  are p re l im inary  resu l t s  t ha t  w i l l  requi re careful 
study t o  conf i rm and understand. 
m ic ros t ruc tu ra l  design and con t ro l  fo r  rad i  a t ion- res i  stance. 

The other important r e s u l t  from aging studies o f  the  f i r s t  a l l o y  ser ies was the  formation of f ine  M23 z 6 

The effect of 

Comnercial Fe-Cr-Mn s tee ls  considered i n  

The h igher  C content of t h e  

However, swe l l ing  was s i m i l a r  t o  o r  i n  some cases less  than comparable 
S i m i l a r  i r r a d i a t i o n  studies i n  FFTF show tha t  co ld  work reduces swe l l ing  i n  the  b inary 

Although these i r r a d f t i o n  resu l t s  do not inc lude t he  He/dpa generation r a t i o  expected f o r -an  MFR 

This approach includes producing a l l oys  w i t h  s tab le  dispersions of f i n e  
The effects of minor solutes, e i t h e r  alone or  

However, they are important t o  our expectations fo r  the  effectiveness of 

A l l  of the  stage I 1  a l l oys  are cu r ren t l y  being i r r a d i a t e d  i n  experiments i n  t he  Fast F lux  Test F a c i l l t y  - Mater ia ls  Open Test Assembly (FFTF-MOTA) t o  determine swe l l ing  resistance i n  solution-annealed and 20% 
co ld  worked mater ia l  a t  400 t o  6OO0C ( i r r a d i a t i o n s  began w i t h  reactor  cyc le 9). 

a c t i v i t y  i n  these Fe-Cr-Mn FIRD al loys,  and the  resu l t s  o f  Fig. 14(b) f o r  lower dose i r r a d i a t i o n  prov ide 
encouragement f o r  considering these s tee ls  i n  design studies o f  near-term fusion devices l i k e  ITER. New 
FIRD s tee ls  l i k e  the  MnCrCTiWVBP steel  can meet the  10 CFR-61 Class C requirements fo r  shallow land b u r i a l  

The ca lcu la t ions  shown i n  Figs. 13 and 14 i nd i ca te  the  progress made i n  reducing long- term rad io-  
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i l i k e  type 316 cannot. 
a l l oys  over a wider range of Cr-Mn l eve l s  wh i le  con- 

io r  element so lu te  add i t ions  and t o  expand the  proper t ies  
bther p roper t ies  of I n te res t .  

i the  ef fect  t ha t  so lu te  m d l f i c a t l o n s  have on producing 
l l l z a t i o n  res is tance dur ing aging a t  8DO°C. the  FIRD 
)ns requl r i n g  high-temperature st rength andlor creep 
mrk hardening cha rac te r i s t i c s  r e l a t i v e  t o  type 316 (ref. 
i of f i ne  p rec ip i t a tes  fo r  s t rength w i t h  s i m i l a r  solute 
s tee ls2 have resu l ted  i n  s tee ls  w i t h  exce l len t  creep- . than type 316 (ref .  28)l. Since these new FIRD s tee l s  
' s t ra teg i c  mater ia ls  l i k e  C r  and Mo, they are probably 
ion-Kokan and the  Japan Atomic Energy Research I n s t i t u t e  
).25C steel  m d i f i e d  w i t h  0.2 w t  X Ti. They f ind  good 
is ion  res is tance i n  water should be b e t t e r  than Fe-Cr-Mi 
:eels w i t h  less r i g i d  compositional r es t r i c t i ons ,  may a lso  

We are therefore beginning 

)r 1 t o  2 h a t  1150°C. demonstrated t h a t  a s tab le  aus ten i t-  
!-12Cr-20Mn w i th  0.2-0.25 wt X C. 
i d  often forned .'-martensite dur lng  subsequent co ld  
I 6- fer r i te .  

worked and then aged fo r  168 h a t  800°C showed t h a t  a l l oys  
#ere a lso  prone t o  excessive formation o f  coarse M& and 
)very. The aus ten i t i c  PCMA-7 (Fe-15Cr-19th) w i t h  0.4 w t  X 
i d  contained f i n e l y  dispersed M2& Par t i c les .  

combinations of T i ,  W. V, P, and 8 were made t o  a base 
?re e n t i r e l y  aus ten i t i c  a f t e r  annealing f o r  2 h a t  1150'C. 
z6 and/or MC) along very s t r a i g h t  g ra in  boundaries o r  i n  
i t i o n s  o f  TitBtP. T I t V t B t P ,  and T i t W t V t B t P  a l l  had pecu- 
!d carbides. 

h a t  800°C. t he  a l l oys  m d i f i e d  w i t h  so lu te  add i t ions  of 
i s tan t  t o  r e c r y s t a l l i z a t i o n  and recovery. with the  
the  a l l oys  m d i f i e d  w i t h  both T i  and W (PCMA-18, -20 and 

Ion along the  d i s l oca t i on  network. 
)y w i t h  a l l  the  solutes (PCMA-21) had some o-phase. 

Al loys w i t h  h igh  Mn 

The T i t V t B t P  a l l o y  had 

5. The f i ne  IC p r e c i p i t a t e  microstructures and r e c r y s t a l l i z a t i o n  and recovery behavior a t  800OC of 
PCMA-20 and -21 are s i m i l a r  t o  the  behavior of the Ti-modif ied Fe-Cr-Ni PCA steel .  These resu l t s  represent 
s i g n l f i c a n t  progress toward one of the  goals of the  ORNL development program for  Fe-Cr-Mn FIRD steels. 

6. Calculat ions o f  the  decay o f  fusion- induced r a d i o a c t i v i t y  w l t h  t i m e  i nd i ca te  about a l o 3  reduct ion 
of 50 t o  100 years a f t e r  shutdown fo r  PCMA-21 r e l a t i v e  t o  type 316, and the  po ten t i a l  t o  meet Class C b u r i a l  
requirements. 
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HELIUM-INDUCED DEGRADATION I N  THE WELDABILITY OF AN AUSTENITIC STAINLESS STEEL -- H. T. L i n  and B. A. Chin 
(Auburn Univers i ty) ,  H. L. Grossbeck (Oak Ridge National Laboratory), and 5 .  H. Goods (Sandia National 
Laboratories. Livernmre) 

OBJECTIVE 

The object  o f  t h i s  study i s  t o  inves t iga te  the  e f f ec t s  of helium on the  subsequent we ldab i l i t y  of type 
316 s ta in less  s tee l  and t o  simulate repa i r  o f  i r r a d i a t e d  s t r uc tu ra l  components. 

S W R Y  

Autogenous gas tungsten arc welding was performed on helium-doped type 316 s ta in less  steel .  Helium was 
uni formly implanted i n  the  mater ia l  using the  " t r i t i u m  t r i c k "  t o  l eve l s  o f  21 and 105 appm. 
granular cracking occurred i n  both fus ion and heat-affected zones. M ic ros t ruc tu ra l  observations of the  
fus ion zone ind ica ted  t ha t  t he  pore size. degree o f  poros i ty ,  and tendency t o  form cracks increased w i t h  
increasing helium concentration. 
mater ia ls  was due t o  the  p rec ip i t a t f on  o f  helium bubbles on gra in  boundaries and dendr i te  interfaces. 
Results of the  present study demonstrate t h a t  the  use of conventional welding techniques t o  r epa i r  mater ia ls  
degraded by exposure t o  r ad ia t i on  may be d i f f i c u l t  if the i r r a d i a t i o n  resu l t s  i n  the  generation of even 
small aniuunts of helium. 

Severe i n t e r -  

Scanning e lec t ron  microscopy showed tha t  cracking i n  helium-doped 

PROGRESS AND STATUS 

In t roduc t ion  

The exposure of m e t a l l i c  materials, such as s t r uc tu ra l  components o f  the  f i r s t  w a l l  and blanket of 
fus ion  reactors, t o  high-energy (14 MeV) neutron i r r a d i a t i o n  w i l l  induce changes i n  both the  mater ia l  com- 
pos i t i on  as w e l l  as i t s  microstructure. Along w i t h  these changes may come a corresponding de te r i o ra t i on  i n  
corros ion res is tance and mechanical propert ies. 
r e p a i r  and replacement o f  degraded reactor  components w i l l  be necessary. 
j o i n i n g  o f  i r r a d i a t e d  mater ia ls  through the  use o f  conventional welding techniques. 

i s  the  f a c t  t ha t  the  exposure of a mater ia l  t o  neutron i r r a d i a t i o n  w i l l  r e s u l t  i n  the  product ion of 
entrapped helium. This helium i s  generated as the  r e s u l t  of (n,a) react ions w i t h  the  a l l o y  constituents.'s2 
The very low s o l u b i l i t y  o f  hel ium i n   metal^^.^ resu l t s  i n  i t s  tendency t o  p r e c i p i t a t e  out as bubbles. 
Preferred nucleat ion s i t e s  fo r  the  helium bubbles are inhomogeneities such as p r e c i p i t a t e  interfaces, d i s l o -  
cat ions, and m s t  important ly.  g ra in  boundaries. 
under the  in f luence o f  e i t h e r  i n t e rna l  o r  external (creep) stresses, weakening the  g ra in  boundaries. As 
these bubbles coalesce along the  boundaries, in te rg ranu la r  f r ac tu re  occurs. Since welding processes produce 
i n t e r n a l  stresses (and elevated temperatures). the  entrapped helium may severely a f f e c t  the  w e l d a b i l i t y  and 
post-weld p roper t ies  o f  the  i r r a d i a t e d  mater ia l .  
s t ress  and temperature which may enhance the  growth ra te  of helium bubbles, f u r t h e r  degrading the  mater ia l  
properties.5 

atomic pa r t s  per m i l l i o n  (appm) hel ium by gas tungsten arc (GTA) welding have proven t o  be d i f f i cu l t . 6  
Recent examination o f  these welds has revealed the  existence of g ra in  boundary cracking i n  the  heat-affected 
zone (HAZ) of the welds.' Because of the  obviously h o s t i l e  environment, de ta i led  analys is  o f  these welding- 
induced defects has proven t o  be extremely d i f f i c u l t .  Developing a quan t i t a t i ve  understanding of the  re l a-  
t i onsh ip  between helium and weld cracking i s  v i r t u a l l y  impossible due t o  d i f f i c u l t y  i n  performing i n  s i t u  
welding and subsequent analysis. 
l i m i t  t he  scope of such studies and ensures t ha t  they w i l l  be extremely cost ly .  

The present study was ca r r i ed  out t o  prov ide a quan t i t a t i ve  background fo r  understanding t he  ef fects  of 
hel ium on the  subsequent we ldab i l i t y  o f  materials. To avoid hot c e l l  i nves t iga t ions  which are both lengthy 
and expensive, welding performed on helium-doped mater ia l  was chosen t o  simulate the  p r i n c i p a l  e f fects  which 
occur dur ing the  j o i n i n g  o f  i r r a d i a t e d  material .  
" t r i t i u m  t r i ck . "  Type 316 s ta in less  s tee l  was chosen f o r  the  study because of the extensive data base, fo r  
both un i r rad ia ted  and i r r a d i a t e d  materials, d e t a i l i n g  i t s  microst ructure and propert ies. 

It i s  not unreasonable, therefore, t o  expect t ha t  the  
Such repa i rs  may requi re t he  

One o f  the  niust important considerat ions i n  determining the  pos t i r r ad ia t i on  we ldab i l i t y  of a mater ia l  

A t  elevated temperatures, these bubbles w i l l  grow rap id l y  

Furthermore. welding produces severe gradients i n  both 

I n  fact ,  attempts t o  r epa i r  s t ress corros ion cracks i n  an i r r a d i a t e d  reactor  tank conta in ing several 

The rad io log ica l  hazards associated w i t h  the  handl ing of these mater ia ls  

Helium was implanted i n t o  t he  t e s t  mater ia l  v i a  t he  
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Experimental procedures 

The mater ta l  s tudied i n  t h i s  program was type 316 s ta in less  s tee l  (reference heat 8092297) of the  U.S. 
Fast Breeder Reactor Program.8 The chemical composition i s  l i s t e d  i n  Table 1. The i n i t i a l  co l d  r o l l e d  
1.52-mn p l a t e  stock was annealed a t  1O5O0C for 1 h i n  i n e r t  gas. 
followed by a f i n a l  anneal a t  1050°C which resu l ted  i n  a f u l l y  r ec r ys ta l l i zed  microstucture w i t h  a g ra in  
s ize  o f  70 m. 
rad ioac t i ve  hazards a f t e r  inp lantat ion.  t he  " t r i t ium t r i c k "  techni  ue9 was employed wherein hel ium i s  
enerated w i t h i n  a metal through the rad ioac t i ve  decay of t r i t i u m  ? t r i t i u m  undergoes the  decay reac t ion  

!He + 6- t 3He. and has a 12.3 year h a l f - l i f e ) .  I n  order t o  dope t he  low-helium-content specimens, the  
s ta in less  s tee l  sheet stock was exposed t o  t r i t i u m  gas a t  a pressure of 38 MPa fo r  30 days a t  3OOOC. Since 
the  d i f f u s i v i t y  o f  t r i t i u m  i n  s ta in less  s tee l  i s  rap id  a t  300°C.10 t h i s  charging per iod ensured t ha t  a uni-  
form concentrat ion of t r i t i u m  (and therefore a uniform d i s t r i b u t i o n  of helium) was establ ished through the  
thickness of the  s t a r t i n g  material .  A t  the  end o f  t h i s  period, the  exposed mater ia l  was removed frm the  
high-pressure charging vessel and outgassed a t  400°C a t  
helium and t o  remove res idual  t r i t i u m .  I n  order t o  achieve the  higher helium content, the  same procedure 
was followed except t ha t  a t r i t i u m  charging pressure of 125 MPa was used. The concentrat ions of helium were 
then measured quant i ta t i ve ly .  using a vacuum fusion mass spectrographic technique," and were found t o  be 27 
and 105 appm, respect ive ly .  

Figure 1 shows the welding s ta t i on  t h a t  
was located i n  a h igh- ve loc i ty  a i r  hood w i t h  an a i r  ve l oc i t y  o f  1.5 mfs. The semiautomatic motion of the  
welding to rch  was dr iven and con t ro l l ed  by a Un is l ide  8201H stepping m t o r  con t ro l le r .  Welding was per-  
formed a t  10 V-dc, 24 A a t  a t r ave l  speed of 3.6 mnls under a p ro tec t i ve  argon atmosphere. Fu l l ,  penetra- 
t i o n  welds were produced i n  the  0.76-mn-thick plate. The p la tes  were l a t e r a l l y  constrained dur ing welding. 

It was then co ld- ro l led  t o  0.76 mn 

To produce the  desired concentrat ions of helium i n  a r e l a t i v e l y  shor t  per iod and nfn imize 

Pa i n  order t o  stop f u r t he r  generation of 

Autogenous bead-on-plate welds were made using GTA welding. 

I Table 1. Chemical composition 
fo r  Reference Heat (8092297) of 

type 316 s ta in less  s tee l  

Element Content, w t  X I 
C 0.057 
Mn 1.86 
P 0.024 
S 0.019 
s i  0.58 
N i  13.48 

Pb 
Sn 

0.034 
0.004 

I Metal lographic sect ions transverse t o  
the  welding d i r e c t i o n  were prepared i n  
order t o  study the  weld microst ruc-  
ture. The specimen cross sect ions 
were e l e c t r o l y t i c a l l y  etched i n  a 
so lu t ion  of 40% HNO&O% H20. 

I 
Fig. 1. Experimental welding s ta t ion .  

To study mechanical proper t ies of the  welds, t e n s i l e  t e s t s  were performed on an Ins t ron  mechanical 
t e s t i n g  machine a t  an i n i t i a l  s t r a i n  r a t e  of 5 x lo-"  s- l .  Tests were conducted a t  temperatures between 25 
and 700OC i n  a vacuum o f  4 x 
was conducted using a JEOL JSM-35CF scanning e lec t ron  microscope. 

Results 

1. Weld Response 

105 appm, respect ively. I n  the  low-helium-content mater ia l ,  continuous through-thickness cracking i n  the  

Pa. Fractographic analysis of f ractured t e n s i l e  specimens and weld cracks 

Figures 2 and 3 show the  morphological features of the as-welded mater ia ls  w i t h  helium l eve l s  of 27 and 
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Fig. 4. Opt ica l  micrographs of welds taken 
transverse t o  the  welding d i r ec t i on :  
mater ia l .  (b) 27 appm; (c)  105 appm. Fa i l u re  
occurred i n  the  HAZ. Larger pore s ize  and 
greater densi ty  of helium bubbles occurred i n  
the  fusion zone near the  fusion l i ne .  

(a)  contro l  

spherical pores decorat ing t he  s o l i d i f i c a t i o n  dendr i te  
boundaries. It i s  c l ea r  by comparing Fig. 4(b) and 
(c )  t ha t  the  degree and s ize  of the  poros i ty  were 
greater  i n  the  mater ia l  conta in ing 105 appm He than i n  
t he  lower helium concentrat ion plates. The s i ze  of 
v i s i b l e  pores ranged from 0.5 t o  70 vm. The l a rge r  pores 
were p re fe ren t i a l l y  located i n  the  fusion zone close t o  
t he  fusion boundary. The tendency t o  form bigger  bubbles 
adjacent t o  the  weld i n te r f ace  suggests t ha t  convective 
f l o w  pat terns i n  the  weld pool act  t o  sweep the  hel ium 
toward t ha t  region. and the  stagnant f low i n  the  weld 
in te r face  enhances bubble coalescence. 

The degree to vhich the  pores decorated t h e  den- 
d r i t i c  in ter faces i s  more c l e a r l y  shown i n  Fig. 5 where 
once again i t  i s  seen t ha t  t he  s ize  and extent of poros- 
i t y  increased w i t h  increasing helium content. As no 
such poros i ty  occurred i n  hel ium- free s ta in less  s tee l  
welded under i d e n t i c a l  condit ions, i t  i s  reasonable t o  
conclude t ha t  the  spherical pores observed i n  the  fusion 
zone are helium bubbles. 

As shown i n  Fig. 4. the  metal lographic analys is  
revealed t ha t  the  in te rg ranu la r  cracking occurred i n  the  
HAZ close t o  the  weld interface. Within t h i s  narrow zone, 
secondary cracking away from the  main f rac tu re  was 
observed along w i t h  poros i ty  on t he  g ra i n  boundaries. 
Therefore, f rac tu re  appeared t o  occur due t o  the  growth 
and coalescence o f  helium bubbles along gra in boundaries. 
This i s  obviously the  region of s o l i d  mater ia l  which 
experiences the combination o f  the  highest temperatures 
and the highest shrinkage stresses required t o  induce t he  
cracking phenomenon. 

2. Mechanical p roper t ies  

Results o f  t e n s i l e  t e s t s  on welded con t ro l  and 
helium-doped specimens as a func t ion  of t e s t  temperature 
are shown i n  Figs. 6 through 8. For comparison pur-  
poses, t e n s i l e  resu l ts  of unwelded contro l  (parent 
metal) and helium-doped specimens are a lso  shown. 
Tensi le  specimens o f  welded mater ia ls  were prepared 
using a punch and d ie  i n  an o r i en ta t i on  transverse t o  
the  welding d i rec t ion ,  The po r t i on  i n  the  center o f  the  
gage sect ion contained both fusion and HAZ regions i n  
approximately 50% of the  gage length (12.7 nm). 

The t e n s i l e  r esu l t s  ind icated t ha t  y i e l d  s t rength 
decreased l i n e a r l y  w i t h  increasing temperature fo r  a l l  
cases (Fig. 6). The helium-doped mater ia ls  have 
aowoximatelv the  same v i e l d  s t renath as the  undooed 
materials, i nd i ca t i ng  6 s ign i  f i c a i t  s t reng th i  ng ef fect  

was incurred by the  presence o f  helium. 
welded mater ia ls  r e l a t i v e  t o  unwelded parent specimens. 

In a l l  cases. the  u l t ima te  t e n s i l e  s t rength (UTS) decreased with increasing t e s t  temperatures (Fig. 7). 
For unwelded materials, the resu l t s  reveal t ha t  the UTS was i nsens i t i ve  t o  the  presence o f  helium a t  these 
concentrations. The st rength of the welded contro l  (no helium) was the same as t ha t  of the  unwelded con t ro l  
a t  room temperature. However, i t  was somewhat less  a t  the  elevated t e s t  temperatures. The UTS o f  the helium- 
bearing specimens subsequent t o  welding was severely degraded r e l a t i v e  t o  welded contro l ,  unwelded con t ro l ,  
and unwelded helium-doped materials. I n  fact, the  UTS o f  the welded helium-doped specimens was v i r t u a l l y  
i d e n t i c a l  t o  t h e i r  y i e l d  strengths (Table 2). i nd i ca t i ng  t ha t  the  specimens f a i l ed  imnediately upon 
y i e l d i ng .  

up t o  6 O O O C  (Fig. 8). A t  700'C the t o t a l  elongation o f  unwelded, helium-doped specimens decreased w i t h  
increasing helium content but never f e l l  below 10%. The d u c t i l i t y  of a l l  welded specimens was found t o  be 
lower than t ha t  o f  unwelded specimens. This i s  due t o  the  fact t ha t  the deformation and f rac tu re  are 
r e s t r i c t e d  t o  t he  fus ion  zone. The welded, helium-doped specimens showed the  lowest d u c t i l i t i e s ,  general ly  

There was a s i gn i f i can t  increase i n  the  y i e l d  s t rength o f  the  

P r i o r  t o  welding, the helium-doped specimens had t he  same d u c t i l i t y  as the unwelded con t ro l  specimens 



P 
226 

ww56 less than 2% and as low as 0.2%. A l l  welded, helium-doped specimens 
f a i l ed  a t  the  fusion boundary. A t y p i c a l  f rac tu re  surface of a 
welded specimen conta in ing 27 appm He tested a t  room temperature i s  
shown i n  Fig. 9. 
and a t  h igh magnif icat ion the gra in boundary facets exh ib i ted  a 
dimple s t ruc tu re  t ha t  was qu i t e  s i m i l a r  t o  the  weld crack surface i n  
the  HAZ. 
much nmre sharply def ined as the resu l t  o f  room temperature fracture. 

The f rac tu re  surface was near ly  100% intergranular ,  

The main d i f fe rence  was t ha t  the  dimple shear wa l l s  were 

DISCUSSION 

i 1. Weld response, HA2 

The scanning e lect ron micrographs o f  the welded mater ia l  
revealed t ha t  the b r i t t l e  in te rg ranu la r  f r ac tu re  observed i n  the  HA2 
was caused by the growth of helium bubbles a t  gra in boundaries. The 
bubbles grew, reducing the  load-bearing area o f  the  gra in boundaries 
u n t i l  f a i l u r e  occurred. The growth k i ne t i c s  o f  bubbles o f  inso lub le  
gas are inf luenced by both temperature and stress. The bubble growth 
processes i n  the HAZ may be separated i n t o  th ree  sequential regimes. 
Regime one i s  the  heatup per iod before the  fus ion occurs. Regime two 
occurs when molten meta l  i s  present i n  the  fus ion zone r e s u l t i n g  i n  a 
s t ress- free state.  Regime three occurs a f t e r  the  nmlten metal has 
begun t o  r e- so l i d i f y  and i n te rna l  shrinkage stresses are generated i n  
the  constrained p lates.  It should be recognized t h a t  t he  p rec ip i t a-  
t i o n  o f  mobile, i n t e r s t i t i a l  helium i s  not a v iab le  process for 
bubble formation o r  growth. This i s  because the  helium introduced 
i n t o  the  mater ia l  dur ing t r i t i u m  exposure has c lustered i n t o  small 
bubbles as a r e s u l t  o f  the  4 0 0 Y  off-gassing treatment (helium bubble 
formation has been shown t o  occur i n  aus ten i t i c  s ta in less  s tee ls  upon 
annealing a t  350°C).12 Helium trapped i n  even small c l us te r s  i s  very 
s t rong ly  bound (binding energies o f  3.5 t o  4.0 eVI3) and i s  not free t o  
migrate a t  any temperature appreciably below the mel t ing point.  

I n  the  f i r s t  regime, the bubble w i l l  grow as a r e s u l t  of the  
generation o f  thermal vacancies dur ing the heatup period. However, 
the  presence o f  compressive stresses w i l l  tend t o  delay bubble growth 
on gra in boundaries normal t o  compressive stresses. Nevertheless, 
t h i s  heatup per iod w i l l  nucleate bubbles i f  the  degassing treatment 
d i d  not do so. 
the  migrat ion o f  helium  bubble^.^"-'^ Since the  s o l u b i l i t  o f  hel ium 
i n  metals i s  neg l i g i b l e  coarsening v i a  Ostwald r ipeningI7pT8 pro-  

known t o  occur from g ra in  boundary m ig ra t i on Ig  o r  from r e c r y s t a l l i z a -  

l i t t l e  d r i v i n g  force i s  ava i lab le  fo r  such processes. 
may occur through the p r e c i p i t a t i o n  o f  vacancies i n t o  bubbles. 

I n  t he  second re  ime, bubble coarsening may occur by 

Fig. 5. SEM micrographs o f  
the  fusion zone. ( a )  Control cesses i s  not l i k e l y  t o  be of importance. Bubble growth i s  a lso  
mater ia l ;  (b) 27 appm; (c )  105 
w m .  t i on .  However, the  p r i o r  annealing treatments a t  1050'C ensure t ha t  

Bubble growth 
Such 

a process i s  p a r t i c u l a r l y  favored a t  temperatures close t o  the  mel t ing point ,  since the  vacancy concentrat ion 
i s  q u i t e  high. The d r i v i n g  fo rce  f o r  bubble growth i s  provided by the  i n t e r i o r  helium gas pressure, 2 Y l r .  
where Y i s  the  surface energy and r i s  the bubble radius. Since the i n i t i a l  small bubbles are l i k e l y  t o  be 
nonequilibrium. and h igh ly  overpressurized. t h i s  i s  a v iab le  growth mechanism. 

Once the  mater ia l  i n  the weld pool s t a r t s  t o  s o l i d i f y  (regime 3 ) ,  the  k i n e t i c s  of helium bubble growth 
w i l l  be con t ro l l ed  by the  shrinkage stresses developed dur ing cool ing. Models of s t ress- dr iven bubble growth 
have been extensive ly  reviewed by Reidel.20 I n  general, cav i ty  growth i s  a t t r i b u t e d  t o  s t ress- dr iven d i f fus ion  
of vacancies along g ra i n  boundaries t o  the  bubble-grain boundary junct ion.  The vacancy f l ux  along the  g ra in  
boundary i s  coupled t o  the  f l u x  along t he  i n te rna l  cav i t y  (bubble) surface so t ha t  an equ i l ib r ium cav i ty  pro- 
f i l e  i s  maintained. 

Formulating a r igorous model o f  bubble growth dur ing a welding procedure i s  beyond the  scope of t he  cur-  
However. the  c r i t i c a l  s t ress necessary t o  achieve unstable bubble growth can be estimated. ren t  work. 

c r i t i c a l  s t ress i s  given by a = 0.76 y j r  (ref. 21). For stresses greater than t h i s ,  growth w i l l  cont inue inde- 
f i n i t e l y  causing coalescence w i t h  r e s u l t i n g  in te rg ranu la r  f a i l u r e .  Murr e t  a1 .22 reported a surface energy for 
s ta in less  s tee l  o f  2.74 J/m2 a t  700OC. Bubbles 40 nm i n  diameter have been observed i n  316L s ta in less  steel  
conta in ing 33 appm He subsequent t o  an 850°C 
be approximately 50 MPa. This i s  considerably below the measured y i e l d  s t rength o f  the  welded, helium-doped 
mater ia l  a t  the  highest temperatures examined. 

This 

From these values, a c r i t i c a l  s t ress i s  ca lcu lated t o  

Thus, i t  i s  not unreasonable t o  suggest t ha t  the  t e n s i l e  
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Table 2. Tensi le  t e s t  data of type 316 s ta in less  steel  VP 5193 
Strength, MPa 

Temperature 
Mater ia l  ("C) Ul t imate Elongation 

Tensi le  Yie ld ( X )  

Control 

27 appm 

105 appm 

Cont r o l a  

27 appmb 

105 appmb 

Unwelded mater ia l  

20 584.5 231.5 
20 580.1 223.5 
500 466.4 123.2 
500 487.5 124.8 
600 458.3 103.7 
600 447.0 104.6 
700 357.0 98.5 
700 340.3 99.1 

20 549.7 190.1 
500 481.2 141.0 
600 458.3 117.4 
700 372.7 123.0 

20 583.0 244.5 
500 494.0 149.0 
600 456.1 121.0 
700 328.4 126.4 

Welded mater ia l  

20 560.2 351.2 
20 569.1 347.8 
500 387.5 244;Z 
500 408-9 232.5 
600 369.7 222.3 ~~~ . 
600 357.3 211.0 
700 325.0 197.5 
700 291.0 175.0 

20 386.0 386.0 
500 296.4 266.8 
600 262.8 227.6 
700 200.0 191.0 

20 404.0 373.0 
500 261.9 253.9 
600 253.1 244.1 
700 199.6 191.5 

44.1 
45.2 
26.0 
25.2 
26.8 
27.2 
23.7 
21.0 

37.8 
25.0 
25.1 
15.9 

39.8 
27.1 
26.1 
11.3 

17.8 
18.5 
7.2 
10.3 
6.0 
8.1 
7.7 
9.1 

0.2 
0.6 
1.2 
0.3 

1.5 
1.4 
0.6 
1.2 

Fig. 9. Scanning e lec t ron  micrographs 
of welded 27 appm mater ia l  tested a t  25T. 
(a) ln te rgranu lar  f racture;  ( b )  feature 
showing uniform d i s t r i b u t i o n  of dimples. 

aSpecimens f a i l e d  i n  t he  fus ion zone. 
bSpecimens f a i l e d  a t  the  fusion boundary. 

CONCLUSIONS 

The fo l l ow ing  conclusions were drawn from the  present study: 

* Severe in te rgranu lar  cracking occurred dur ing GTA welding of type 316 s ta in less  s tee l  p la tes  
conta in ing hel ium concentrat ionr -- ..- - ~ 1  

* B r i t t l e  f rac tu re  i n  both fus ion  
helium bubbles a t  dendr i te  i n te r  
g ra in  boundaries. 

duced by the  p r e c i p i t a t i o n  o f  
alescence of helium bubbles a t  

The s ize  and densi ty  of pores i n  the  fusion zone increased w i t h  increasing helium concentration. The 
l a rges t  pores and highest densi ty  of resolvable pores were found i n  the  fus ion  zone near the  fus ion  
l ine .  - A f t e r  welding, helium-doped mater ia ls  exh ib i ted  poor t e n s i l e  propert ies w i t h  d u c t i l i t i e s  close t o  
zero. Fracture i n  these specimens was in te rgranu lar  due t o  the  p l a s t i c  growth o f  g ra in  boundary 
hel ium bubbles. 



The hel ium bubble morphology i n  t he  HAZ of welds w i t h  27 and 105 appm He w i l l  be examined. GTA welds 
of type 316 s ta in less  s tee l  conta in ing 0.18, 2.5 and 256 appm He w i l l  be conducted. 
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INVESTIGATION OF LOU-TEMPERATURE IRRAOIATION CREEP OF AUSTENITIC STAINLESS STEELS I N  AN ORR SPECTRAL 
TAILORING EXPERIMENT - M. L. Grossbeck and L. K. k n s u r  (Oak Ridge National Laboratory) and M. P. Tanaka 
(Japan Atomic Energy Research I n s t i t u t e )  

OBJECTIVE 

This research was d i rec ted  a t  evaluat ing i r r a d i a t i o n  creep i n  fusion reactor  candidate s t ruc tu ra l  
a l l oys  a t  temperatures between 60 and 400°C i n  an environment t ha t  produces the  same r a t i o  o f  helium t o  d is-  
placement damage as a fus ion reactor. 

SUMMARY 

I r r a d i a t i o n  creep was invest igated i n  the  a l l oys  PCA, JPCA. and A I S I  316 s ta in less  steel.  Tubes 
pressurized t o  st ress l eve l s  of 50 t o  400 R a  were i r r a d i a t e d  i n  the  Oak Ridge Research Reactor (ORR) w i t h  
the  neutron spectrum t a i l o r e d  t o  achieve the  fus ion reactor  He:dpa value o f  12 appm/dpa i n  A I S I  316 s ta in-  
less  steel.  
8 dpa and a maximum of about 100 appm He. 

d i a t i o n  creep rates o f  1.3 t o  3.5 x lo-' were observed, s i m i l a r  t o  those found previously i n  s i m i l a r  experi-  
ments i n  the  WIR. The low temperature i r r a d i a t i o n  creep was in te rpre ted  i n  terms o f  a new model f o r  
i r r a d i a t i o n  creep based on t rans ien t  climb-enabled gl ide. 

are being considered f o r  the  operat ion o f  h igh f l u x  components. 

I r r a d i a t i o n  temperatures of 60, 330, and 400% were invest igated,  and the  i r r a d i a t i o n  produced 

MPa-' dpa-' were observed a t  60°C. A t  330 and 400°C i r r a -  I r r a d i a t i o n  creep rates of 2.2 t o  14 x 

The resu l t s  are important i n  t he  design of experimental fusion reactors where temperatures below l0O'C 

PROGRESS AN0 STATUS 

In t roduc t ion  

I r r a d i a t i o n  creep i s  an important deformation mechanism i n  mater ia ls  exposed t o  a h igh neutron f l u x  
cha rac te r i s t i c  o f  f a s t  breeder reactors and fus ion reactors. Unl ike thermal creep, i r r a d i a t i o n  creep has a 
weak temperature dependence throughout the  range of c o m n  reactor  experience. 300 t o  600°C.1-3 I n  recent 
designs of fus ion reactors, some components i n  a h igh neutron f lux  are expected t o  operate a t  rmch lower 
temperatures, perhaps 100°C. 
temperature range of i n te res t  i n  such experimental fusion reactors, the  present l r r a d i a t i o n  experiment was 
designed t o  examine i r r a d i a t i o n  creep behavior i n  the  range of 60 t o  400OC. 

was t a i l o r e d  t o  achieve a helium t o  displacement r a t i o  (He:dpa) i n  s ta in less  s tee l  of about 12 agpm/dpa. 
This value i s  cha rac te r i s t i c  o f  a fus ion reactor  with a s ta in less  steel .  l i th ium- cooled blanket. This was 
achieved by changing the  core pieces surrounding the  i r r a d i a t i o n  capsules as the  i r r a d i a t i o n  progressed. 
I r r a d i a t i o n  began w i t h  water surrounding the  capsules, i n  order for the  r e s u l t i n g  sof t  spectrum t o  generate 
S9Ni .  As i r r a d i a t i o n  proceeded, the  water was replaced w i th  an aluminum core piece t o  harden the  spectrum. 

S m  water-cooled components might operate as l o w  as 50Y.4 To address the  

I n  order t o  make the  i r r a d i a t i o n  condi t ions re levant  t o  the  fus ion environment, the  neutron spectrum 

Experimental Procedure 

I r r a d i a t i o n  creep was studied using pressurized tubes 25.4 tnn i n  length and 4.57 tnn i n  diameter w i t h  a 
0.254 mn w a l l  thickness. Depending upon the  a l l o y  and temperature, the  tubes were pressurized w i th  helium 
w l t h  appropriate l eve l s  t o  achieve hoop stresses of 50 t o  400 MPa. Three aus ten i t i c  s tee ls  were 
invest igated:  t he  U S .  Magnetic Fusion Energy Program prime candidate a l l o y  (PCA), a s i m i l a r  a l l o y  i n  the  
Japanese Fusion Energy Program (JPCA), and A I S I  316 s ta in less  steel .  
The A I S I  type 316 s ta in less  s tee l  was studied i n  so lu t i on  annealed and 20% cold-worked condi t ions;  the  PCA 
and JPCA were studied i n  25% cold worked and so lu t ion  annealed condit ions, respectively. The specimens were 
prepared from drawn tub ing  w i th  machined end caps e lec t ron  beam-welded i n t o  place. 
pressurized by l ase r  welding the  f i n a l  o r i f i c e  i ns ide  a pressure chamber w i t h  sapphire windows. 

exposed t o  t he  reactor  coolant water. As expected, the  aus ten i t i c  a l l oys  were not degraded by the  water 
environment. A t  330 and 4OO"C, the  specimens were imnersed i n  NaK i n  order t o  achieve temperature 
uni formi ty .  Temperature contro l  was achieved by adjust ing the  composition of the  gas i n  the  gap surrounding 
the  specimen chamber through a range of mixtures from pure helium t o  pure argon. Temperature was monitored 
w i t h  a ser ies of thermocouples i n  the  specimen chamber.6-8 

Compositions are given i n  Table 1. 

The tubes were 

The specimens were i r r a d i a t e d  i n  the  Oak Ridge Research Reactor (ORR). Those i r r a d i a t e d  a t  6OoC were 
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DRNL-DMG 882-11284 Discussion 

L inear dependence of s t ress 
on s t r a i n  i s  the  conronly 
observed behavior. espec ia l l y  a t  
low stresses.1J~14 It i s  con- 
s i s ten t  w i t h  the  stress- induced 
pre feren t ia l  absorpt ion (SIPA) 

creep.15-17 An increasing 
st ress exponent has a lso  been 
observed a t  higher stresses. **-20 
I n  p a r t i c u l a r  i t  has been 
observed i n  type  316 SS and WA 
i n  a previous spectra l  t a i l o r i n g  

dev ia t ion  frm l i n e a r i t y  i s  seen 
only a t  the  highest s t ress lev-  
e l s  examined, the  present data 
are not inconsistent  w i t h  t h i s  
resu l t .  There were s i w l y  not 

errCTMlRlEIULH BRcnvf 8TnEas uh s t ress  levels.  and the  s t ress  
l eve l s  invest igated were not 
s u f f i c i e n t l y  high t o  proper ly  
study t h i s  effect. Deviat ion 
from l i n e a r  behavior a t  h igh 
stresses i s  expected on the  
basis o f  a t r a n s i t i o n  from the  
SIPA mechanism t o  the  cl imb- 

t.4 
ORR SPECTRM 
TALORHOEXPERkOM 

...0...330 c . O.= A*.V. 
--,-400 c * mechanism of i r r a d i a t i o n  

P.CMwamQ0 
.O experiment i n  the  ORR. Since ':Fj 

0 100 2 0 0 5 0 0 4 0 0  m J 0 . 0 0  1 0 0 1 0 0 5 w u m  so0 enough data a t  the  highest 

Fig. 2. Ef fect fve S t ra in  as a funct ion of e f f e c t i v e  st ress f o r  
PCA, Japanese PCA, and a Japanese heat o f  AIS1 Type 316 Sta in less Steel. 
The data are from pressurized tubes i r r a d i a t e d  i n  the  Oak Ridge Research 
Reactor. 

Table 2. Creep rates fo r  type 316 and PCA a l l oys  enabled-glide ~ n e c h a n i s m . ~ . ~ ~ * ~ ~  which pred ic ts  a 
quadrat ic  s t  ress dependence. 21 ( i n  terms of e f fec t i ve  st ress and s t r a i n  - 

ma- '  dpa-' x 
What i s  i n t e r e s t i n g  about t he  resu l t s  observed i s  

Temperature the  magnitude o f  i r r a d i a t i o n  creep a t  6O0C. Low- 
A l l oy  ("C) 60 330 400 temperature i r r a d i a t i o n  creep was observed previously 

i n  a low fluence neutron i r r a d i a t i o n  experiment by 
USPCA 9.2-14 2.5 1.8 Hesketh.22 He invest igated i r r a d t a t i o n  creep i n  pure 

n i cke l  and the  aus ten i t i c  s ta in less  s tee l  EN586 as 
JPCA 5.1 1.7 3.5 wel l  as other  mater ia ls  a t  38°C and i n  some cases a t  

-195'C using h e l i c a l  springs. He observed creep rates 
J316SA 2.2 1.4 1.4 about an order o f  magnitude lower than those i n  t he  

present experiment. However, h i s  e n t i r e  rod specimen 
5316 20% CW 2.2 1.3 1.3 d id  not experience the  maxfmum f lux .  This might account 

f o r  a lower creep ra te  but probably not an order of 
magnitude. 

There are two resu l t s  from Hesketh's experiment considered re levant  t o  the  present work: he observed 
i r r a d i a t i o n  creep a t  temperatures fa r  below 3OO0C, and he found the  creep ra te  t o  increase w i th  decreasing 
temperature. Hesketh a t t r i b u t e d  the  i r r a d i a t i o n  creep t o  col lapse of displacement cascades i n t o  vacancy 
loops. Since an external s t ress can bias the  d i r e c t i o n  of col lapse so as t o  form more loops perpendicular 
t o  the ax is  o f  a compressive stress, a st ress dependent deformation w i l l  occur. 
deformation t o  be l i n e a r  i n  st ress and fluence and o f  the same order as he observed. Other inves t iga tors  
have proposed s i m i l a r  mchanisms f o r  i r r a d i a t i o n  

decrease i n  creep ra te  w i t h  increasing temperature.2" He pointed out the  s i m i l a r i t y  w i t h  low temperature 
swe l l ing  i n  mlybdenum due t o  accumulation o f  s i ng le  vacancies and vacancy c lusters.  S imi la r  behavior has 
been observed i n  S i c  where the  phenomenon i s  exp lo i ted  i n  the  use of S i c  as a temperature Here 
again the  deformation has an inverse temperature dependence but i s  not volume conserving. 

I n  searching fo r  an explanation f o r  the  high creep ra te  a t  low temperatures, a l o g i c a l  s t a r t i n g  place 
might be the  temperature dependence of the po in t  defect concentrations, which d r i v e  i r radiat ion- induced 
processes. We w i l l  staPt w i t h  the  ra te  equations f o r  defect populations. 

Hesketh predicted the  

G i l be r t  assembled low-temperature i r r a d i a t i o n  creep data from three reactors and demonstrated a 

dCv/dt - RCvCi  - KvCv ; 

dCi/dt - G I  - RCvCi  - K i C i  . (1) 



The quan t i t i es  Cv and C i  are the  concentrat ions o f  vacancies and i n t e r s t i t i a l s .  Gv and G i  ( G I  - 6, = G) are 
the  production rates of vacancies and i n t e r s t i t i a l s  from atomic displacements. R i s  the recombination coef- 
f i c i e n t  f o r  vacancies and i n t e r s t i t i a l s .  Kv and K i  are react ion ra te  constants t h a t  describe the  loss  of 
defects t o  sinks. 
found t h a t  

I n  steady state, Eqs. (1) can be solved f o r  steady s ta te  values of C:s and C f S .  It i s  

and 

(3) 
5s 1 c i  = -  {C(KvKi)2 + 4RG KvKiJk - K v K i /  . 

2KiR 

Usfng MansurZ6 as a guide, 

and 

R = 4nro(Di t 0,) , (4 )  

= SJ D 
i.v 1.v (5) 

f o r  vacancies and i n t e r s t i t i a l s  and the  j t h  type of sink (e.g.. d is locat ions,  cav i t ies ,  o r  p rec ip i ta tes) .  
Then, us ing the  same reference. 

sv,i = 4 - r A . i  . (6) 

f o r  small loops and 

s v * i  - ZV*iL (7) 

f o r  edge d is loca t ions  of densi ty  L, rQ i s  the  radius o f  the  equivalent sphere when the  st ress f i e l d  i n te rac-  
t i o n  i s  excluded, and the  2's are capture e f f i c ienc ies .  For large loops, Eq. (7) i s  a good approximation. 
where L i s  re- in te rpre ted  as the  t o t a l  loop circumference per u n f t  volume. 

A t  t h i s  point ,  m ic ros t ruc tura l  data are required. For 60"C, data are ava l lab le  f o r  aus ten i t i c  s ta in-  
less  s tee ls  from M a ~ i a s z , * ~  and fo r  h igher temperatures. data are ava i lab le  from Brager and StraalsundZ8 and 
from a review by S t ~ l l e r . ~ ~  
the  equations: 

The loop diameter, 08 i n  nm, and loop density, CQ i n  are found t o  obey 

OQ = (0.017 T - 30.5) C1  - exp(- T/350)1 + 13 . (8) 

and 
1500 

CQ = 7 x 10l6 exp (-T/2.6 x 107)T2 t 4.05 x 1022 exp (- 0.037 T -7) , (9) 

where T i s  the  temperature i n  'C. 
i n g  re la t i on :  

The network d i s l oca t i on  density, L i n  i s  found t o  obey the  fol low- 

L = 5 x lo6 exp (0.0126/T) . (10) 

Using W ~ l f e r , ~ ~  values fo r  Zv and Z i  are calculated as a funct ion o f  temperature, pe rm i t t i ng  t he  defect con- 
cent ra t ions  t o  be p l o t t e d  as a funct ion of temperature i n  Figs. 3 and 4. Values of parameters used are 
l i s t e d  i n  Table 3. 

range o f  330 t o  600'C and suggest the  source o f  the  temperature I n s e n s i t i v i t y  o f  i r r a d i a t i o n  creep observed 
i n  t h i s  range i n  the  present experiment and i n  the  previous s i m i l a r  experiment,' although i r r a d i a t i o n  creep 
i s  a lso  dependent on mic ros t ruc tura l  parameters, as w i l l  be discussed. However, the  very rap id  decrease i n  
i n t e r s t i t i a l  concentrat ion a t  low temperatures gives a r e s u l t  qu i t e  the  opposite of what was observed. 
we use the  stress- induced pre feren t ia l  absorpt ion (S IPA)  model as a guide i n  wr th ink ing ,  the  t r u e  tem- 
perature dependence of S IPA creep cap be shown by subs t i t u t i ng  the  above-derived quan t i t i es  i n t o  the  
expression fo r  the  SIPA creep rate,  Ji , j ,  derived by Wolfer and Ashkinls 

The curves i n  Fig. 3 i nd i ca te  a weak dependence o f  po in t  defect  concentrat ion on temperature i n  t he  

If 
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Flg .  3. Steady s t a t e  i n t e r s t l t l a l  concentrat lon as a 
functlon of temperature for  condl t ions  o f  t h e  present  
I r r a d l a t l o n  exper laent .  
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Fig .  4. Steady s t a t e  vacancy concentrat ion as a funct ion  
of temperature for  condl t ions  o f  t h e  present  I r r a d i a t i o n  
experlment. 
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Table 3. Values o f  parameters used i n  ca lcu la t ions  
( l a rge l y  a f t e r  Uo l fe r  and Ashkin. ref. 15) 

Parameter Synbol Value 

Vacancy migrat fon energy 

I n t e r s t  i ti a1 m i  gra t  i on energy 

Defect generation ra te  

Burgers vector 

Atomic vo l um 
Relaxation volume 

I n t e r s t i t i a l  

Vacancy 

Bulk Polar izabi  1 i ty 

l n t e r s t i  t l a l  

Vacancy 

Shear Pol a r i  r a b i  1 i t y  

I n t e r s t i t i a l  

Vacancy 

Inner Cutoff radius fo r  
d is loca t ion :  

I n t e r s t i t i a l  

E: 

ET 
G 

b 

n 

v i  
VV 

a: 

ak 
V 

a'? 
1 

aG 
V 

D i  i 

1.2, 1.4 eV 

0.15 eV 

1.3 x 10l6 5 - l  

2.5 x 10-10 m 

1.6 x m3 

1.4 n 

-0.2 n 

100 eV 

-150 eV 

-150 eV 

-15 eV 

10 b 

Vacancy 0," 4 b 

where 

G e i v p  u) (5 - 4v) 
Y '  (12) 

1440 1 [kT a (1 - v) I n  (R'/a)I2 

where n i s  the  atomic vo lum, K i s  Boltzmann's 
constant, u1.j i s  the  st ress tensor. a: i s  the  
shear po la r  r a b i l i t y  fo r  i n t e r s t i t i a l s .  V i  i s  t he  
re laxa t ion  volume f o r  i n t e r s t i t i a l s .  Y i s  Poisson's 
ra t i o ,  and R' and a are t he  range of the  s t ress  
f i e l d  and the  core radius o f  a d is locat ion.  
Since vacancies have essen t i a l l y  no st ress-  
induced p re fe ren t i a l  absorption, the  ef fect  of 
vacancies has been n e g 1 e ~ t e d . l ~  

Using Eq. (11). the  creep ra te  was calcu-  
l a t e d  as a func t ion  of temperature and shcun i n  
Fig. 5. Ac t i va t i on  energies f o r  t he  d l f fus ion  
o f  vacancies o f  1.2 and 1.4 eV were used i n  the  
calculat ions.  The temperature dependence 
suspected on the  basis o f  i n t e r s t i t i a l  con- 
cent ra t ion  i s  c o n f i m d .  

The curves I n  Fig. 5 seem t o  negate an 
explanation o f  the  low-temperature creep behav- 
i o r  by the  SIPA or  a s i m i l a r  mechanism, but t he  
previous discussion considered only steady-state 
defect concentrations. It i s  proposed t h a t  the  
s i g n i f i c a n t  creep observed a t  low temperature 
may be explained by a new mechanism of i r r a -  
d i a t i o n  creep based on the  t r ans ien t  i n  t he  
bui ldup o f  po in t  defect concentration. I n  t he  
present report ,  a semiquant i ta t ive evaluat ion of 
the  mchanism i s  appl ied t o  the  data. 
de ta i l ed  descr ip t ion  and evaluat ion o f  the model 
are given i n  re f .  31. The expected behavior of 
po in t  defect  populat ions i s  shown schematical ly 
i n  F ig  6. I n i t i a l l y ,  the  defect populat ion r i ses  

a t  the  production ra te  G. the  atomic displacement rate. A t  some t ime 71 = 1 / K i .  the  i n t e r s t i t i a l s  reach the  
s inks and the rea f te r  rap id l y  reach a quasi-steady s ta te  leve l ,  G / K i .  A t  a l a t e r  t ime, TR , the vacancies 
reach a s u f f i c i e n t l y  h igh densi ty  t ha t  the  i n t e r s t i t i a l  populat ion now suf fers some recamdination w i t h  them, 
r e s u l t i n g  i n  a dec l in ing  populat ion and a decrease i n  the  r a t e  of increase o f  the  vacancy populat ion, since 
they too,nw have a loss mechanism. A t  a s t i l l  l a t e r  time, TR , the recombination ra te  w i l l  have reached a 
po in t  where recombination i s  the  major loss  mechanism f o r  i n t e p s t i t i a l s  as wel l  as vacancies. The vacancy 
concentrat ion w i l l  continue t o  increase the rea f te r  but  a t  a s t i l l  lower rate,  and the  i n t e r s t i t i a l  con- 
cent ra t ion  w i l l  decl ine more s lowly since i t s  loss  r a t e  i s  becoming constant and balancing t he  production 
rate.  
now-unchanging loss  r a t e  i s  equal t o  the  production rate. This i s  the steady s ta te  discussed previously. 

A m r e  

F ina l l y ,  a t  a t ime T~ = l /Kv ,  the  vacancies d i f fuse  t o  sinks and the  populat ions adjust  u n t i l  t he  

The values f o r  the  t r a n s i t i o n  times may now be estlmated. A t  T i ,  one can w r i t e  f o r  the  i n t e r s t i t i a l s ,  

dCi/dt = G - K i C i  . (13) 

Then so lv ing  t h i s  equatlon 7 t  i s  seen tha t  C i  changes exponent ia l ly  w i t h  a t i m e  constant l / K i ,  which i s  the  
reason f o r  us ing t h i s  value fo r  T i .  A t  TR we w i l l  a r b i t r a r i l y  say t h a t  the  recombination r a t e  i s  1% of the  
production rate. the  po in t  where recombinahon i s  beginning t o  become s ign i f i can t .  Then we have 

R C i C V l G  = 61 3 0.01 . (14) 

dCi/dt G - K i C i  0 , (15) 

A t  T R ~  as w e l l  as between T i  and T R ~ ,  we have 
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Fig. 5. I r r a d i a t i o n  creep r a t e  per unit s t ress  
predicted by the  SIPA mechanism as a funct ion of 
temperature. 
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C i  = G/K i  , 

and 

Cv = G T R ~  . (17) 

Then subs t i t u t i ng  i n t o  Eq. (14) .  we have 

61Ki 0.01 K i  
T R 1 = - = -  . 

RG RG 

S imi la r ly .  T R ~  can be defined as the  t i m e  
where recombination i s  the  dominant loss  rate, 
l e t  us say 99% o f  the  production rate. Then 

The t ime iV i s  a r r i ved  a t  i n  a s i m i l a r  manner 
t o  T i ;  thus 

'rV = l / K v  . (20) 

These t i m e  i n t e r v a l s  and estimates o f  po in t  
defect concentrat ions may ncu be used t o  make 
estimates of the t o t a l  number of i n t e r s t i t i a l s  
d i f fus ing  t o  d is loca t ions  and producing c l inb .  
For time, t < TR i n t e r s t i t i a l s  are l o s t  only 
by capture by d id loca t ions  so t ha t  the  number 
captured, N1. i s  the  number produced minus the  
concentrat ion i n  t he  l a t t i c e  or  

Ni = GTR, - G / K i  . (21) 

where G/Ki  i s  e n t i r e l y  neg l i g i b l e  w i t h  respect 
t o  the  f i r s t  term f o r  sink dens i t ies  of 
i n t e r e s t  here. For t he  i n t e r v a l  7~ < t < 
TR , the number captured by d i s l ocahons  i s  
t h8  number produced i n  t h a t  I n t e r v a l  less  t he  

Z 
0 

t I I 

5 
K 

CI I I 
I 

'CI 'Cni xn2 x v  

number recombined less  the  concentrat ion 
remaining i n  the  l a t t i c e  a t  TR , C i ( q 2 ) .  
Since a t  t he  beginning of the  fn te rva l .  m c m -  
b ina t i on  i s  near ly  zero and i t  i s  essen t i a l l y  
the  e n t i r e  production r a t e  a t  the  end o f  the  
i n te rva l .  the  f r ac t i on  captured by d is loca-  
t ions,  f, w i l l  be considered t o  be 50%. a 
rough average. Then we have 

Nz fG(TR2 - TR1) - Ci(TR2)  E 0.5 G ( T R ~  - TR1)  

Fig. 6. A schematic representat ion o f  po in t  - C i ( T R z )  (22) 
defect  concentrat ion as a funct ion of t ime f o r  t he  case 
o f  a s t rong sink density; Cv and C i  are concentrat ions 
of vacancies and i n t e r s t i t i a l s .  respect ive ly.  

In  the  

vacancies i s  decreasing frm C i ( q 2 )  t o  t he  steady s ta te  value of C i  a t  L,. Cjss, given by Eq. (3). Since 
the  value of C i ( q 2 )  i s  not calculated exactly, C i s  
t h i s  e n t i r e  i n te rva l .  This w i l l  ce r ta i n l y  underestfmate the  f lux  of i n t e r s t i t i a l s  t o  d is loca t ions  and g ive 
a lower l i m i t  t o  the  creep predicted by t h i s  new mode!. A refinement t o  t h i s  est imate i s  given i n  ref. 31. 
Then the  number of i n t e r s t f t i a l s  captured by d is locat ions,  N3. i s  given by 

where C i ( 7 R  ) may be neglected since recom- 
b ina t ion  hag caused the  concentrat ion o f  
i n t e r s t i t i a l s  t o  drop s ign i f i can t l y .  
i n t e r v a l  T R ~  < T < T ~ ,  the  concentrat ion of 

w i l l  be used for the  i n t e r s t i t i a l  concentrat ion over 
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g l i d e  mechanism using steady s ta te  values 
i s  a lso p l o t t e d  fo r  comparison.21 

underestimated i n  the  l a s t  t r ans ien t  
i n t e r va l ,  low-temperature creep i s  l i k e l y  
t o  be even higher. However, microst ruc-  
t u r a l  parameters f o r  the p a r t i c u l a r  speci-  

Since 
the  con t r ibu t ion  t o  t r ans ien t  creep was 

where S i  i s  the  sink s t rength fo r  i n t e r s t i t i a l s  a t  d is locat ions.  The t r ans ien t  ends a t  'I.,; beyond t h i s  
po in t  steady s ta te  creep applies. 

The volume swept out by a c l imbing d i s l oca t i on  may be expressed as 

V = bLvAT , (24) 

where b i s  the  Burgers vector, L i s  the  d i s l oca t i on  l i n e  length. and v i s  the  average cl imb ve loc i t y  over 
t i m e  i n t e r v a l  AT. Then since the  t o t a l  volume of i n t e r s t i t i a l s  di f fused t o  the  d is loca t ions  i s  

n(N1 + N2 + N3) bLvAT , (25) 

and 

For the  mechanism of climb-enabled g l i d e  i r r a d i a t i o n  creep, the  expression f o r  the  creep r a t e  i s  given i n  
te rns  of the  c l i n b  ve loc i t y  as follows.21 

a 

E 
Lcg = - (nL)% v . 

where a i s  the  st ress and E i s  the e l a s t i c  mdulus. Then subs t i t u t i ng  Eq. (26) i n t o  (27) and m i t i p l y i n g  by 
AT, the t o t a l  cl imb enabled-glide creep dur ing the  t rans ien t  may be calculated. For t h i s  p a r t i c u l a r  
experiment, which had 35 t r ans ien t  periods dur ing reactor  startups, the creep s t r a i n  i s  p l o t t e d  as a func- 
t i o n  of tenperature i n  Fig. 7. A phenomenon which reduces the  effect o f  the t rans ien ts  i s  t ha t  the  vacan- 
c ies  do not have su f f i c i en t  t i m e  t o  completely re lax  t o  t h e i r  equ i l ib r ium concentrat ion dur ing the  shutdown. 
Since a major par t  of the  creep occurs i n  the  i n t e r v a l  7Rz < 'I < 'I,,, t h i s  e f f e c t  was not accounted fo r  i n  
t h i s  analysis. 
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W dent over a very wi2e temperature range. 
The climb-enabled g l i d e  mechanism appears 
t o  overpredict the experimental data i n  
the  region above 300'C and the  t r ans ien t  
creep a t  60°C underpredicts the data. but 
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i n  l i g h t  of the approximations used, some 
discrepancy i s  expected. 
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t i o n  of temperature fo r  the  ORR-MFE-6J and ORR-MFE-7J experiments observed a t  60°C than a t  330 and 40OoC 
The steady s ta te  c l imb- g l ide  curve was generated from Eq. (11) 
using ref. 21 t o  r e l a t e  SIPA and climb-enabled g l i d e  creep. 
The sum of the  t r ans ien t  and steady s ta te  curves i s  a lso shown. 

Fig. 7. Total creep deformation per u n i t  s t ress as a func- Higher l eve l s  of i r r a d i a t i o n  creep were 

a f t e r  neutron i r r a d i a t i o n  t o  a displacement 
damage l eve l  o f  8 dpa. An analys is  was 
made only t o  suggest a new mechanism f o r  
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i r r a d i a t i o n  creep a t  l o v  temperatures. The descr ip t ion  of the  model presented here i s  not intended t o  be 
used t o  p red ic t  i r r a d i a t i o n  creep; the reader i s  referred t o  ref. 31 fo r  a more careful analysis. Continued 
i r r a d i a t i o n  o f  the  same speciwens and short  term i r r a d i a t i o n s  are expected t o  confirm the  t r ans ien t  creep 
hypothesis. 

r esu l t s  of t h i s  study are o f  d i r e c t  relevance t o  the  design of such machines. I r r a d i a t i o n  creep might 
re l i eve  the  stresses a t  crack t i p s  causing the  cracks t o  be sel f- arrest ing.  Hcuever. i r r a d i a t i o n  creep 
might a lso  produce undesirable deformations from primary loads. 
cant i r r a d i a t i o n  creep at  low temperatures nust be accounted fo r  i n  the  design. 

FUTURE WORK 

Since recent conceptual designs of fusion devices have high f lux components operat ing below 100°C. t he  

I n  e i t h e r  case, these f indings of s i g n i f i -  

Two major tasks remain on th is  pro ject .  One i s  t o  examine the  pressurized tubes i r r a d i a t e d  a t  200OC. 
This capsule has not y e t  been disassembled, but creep measurement and analys is  w i l l  be done as soon as the  
specimens are avai lable. The second task i s  t o  complete analys is  of the  f e r r i t i c  s tee l s  i n  t h i s  ser ies of 
I r r a d i a t i o n  experiments. This i s  expected dur ing the  next repor t ing  period. 
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6.3 Vanadium Alloys 



T FCN DEHYDROGENATED AND HYDROGENATED 
wards. and 0. L. Smith (Argonne National 

on the appl icabi l i ty  of vanadiun-base al loys fo r  

d the DBTT were determined for  the V-3Ti-O.5Si. 
and V-15Ti-7.5Cr al loys fran Charpy impact 
al loy mas i n  the fu l ly  recrystal l ized,  dehy- 

en i n  the V-9Cr-3Fe-lZr. V-1OCr-5Ti. V-2OTi. 
i gn i f i can t  increase (40-225'C) of the 08TT f o r  

w i t h  an increase of the hydrogen concentration 
al loys mas dependent on the canbined concen- 

Zr, V-20Ti. and V-15Ti-7.5Cr al loys have an 
r-5Ti, V-1OCr-1OTi , and V-1OCr-5Ti al loys have a 

ence alloy f o r  the evaluation o f  vanadlun-base 
on the generally a t t r ac t ive  mechanical, corro- 

However. recent data obtained fran Charpy 
i r radia t ion  (10-90 dpa) suggest tha t  the OBTT may 
n t  the r e su l t s  of an investigation on the OBTT 
T i  alloy and several other vanadiumbase al loys 
candidate vanadiun al loys for  evaluation. 

V-15Cr-5Ti. V-2oTi. V-1CCr-lOTi , V-lOCr-5Ti. 
re obtained i n  the forn of sheet with 50% 
kness of  3.8 mn. The alloy canpositions are 

I oy canposi tions 

Naninal Heat Concentration ( w t  I )  
Composition No. t r  T i  si Fe zr 0 N C 

V-lXr-STi ANL 101 13.5 5.2 0.04 
V-15Cr-5Ti ANL 204 14.5 5.0 0.04 

V-1OCr-1OTi Twc 2729 9.9 9.2 0.03 
V-1OCr-511 ANL 206 9.2 4.9 0.03 
V-15Ti-7.5Cr ANL 94 7.2 14.5 0.04 

V-9Cr-3Fe-12 CPM 837 9.0 - - 

v-2oTi CAM 832 - 17.7 0.05 

V-3Ti-O.SSI WI 8505 - 3.1 0.54 

(Vanstar-7) 

0.05 
0.02 
0.04 
0.04 
0.02 
0.09 
0.02 
3.2 

- 0.12 
- 0.03 
- 0.08 
- 0.03 
- 0.02 
- 0.11 
- 0.06 

1.2 0.04 

0.04 0.05 
0.01 0.01 
0.02 0.04 
0.01 0.02 
0.01 0.03 
0.03 0.04 
0.02 0.01 
0.06 0.07 

Hiniature Charpy impact specimens were prepared for a determination o f  the tmperature dependence of  

Specimens were prepared w i t h  the 
the f rac ture  behavior for  the dehydrogenated and hydrogenated alloys. The Charpy specimens had overall 
dimensions of 3.30 nn x 3.30 mn x 25.4 mn and a notch depth of 0.61 m. 
n o t c h  orientation either parallel or  perpendicular to the rolling direction t h a t  mas maintained during 
thickness reduction. Dehydrogenated Charpy test specimens i n  the f u l l y  recrystal l ized conditlon were 
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pre ared from the 50% cold-worked a l loys  by annealing for  one hour i n  a vacum of 2 x 
V-lECr-STi, V-1OCr-lOTi, V-10Cr-5TiI V-15Ti-7.5Cr. and V-gCr-3Fe-lZr a l l oys  were annealed a t  1125'C. The 
annealing temperatures f o r  the V-2OTi and V-3Ti-0.5Si a l l oys  were l l 0 O o C  and 105OoC, respect ively.  Hydrogen 
was introduced i n t o  Charpy specimens of the a l loys  by annealing the cold-worked specimens a t  the previously 
mentioned temperatures i n  a rgon- f i l l ed  q a r t r  tubes f o r  1 h and subsequently quenching the tubes and t h e i r  
contents wi thout  rupture i n  water. These annealing condit lons for  the cold-worked a l loys  resu l ted i n  average 
r e c r y s t a l l i z e d  gra in  diameters i n  the range o f  0.02-0.04 m. The V-15Cr-5Ti a l l o y  specimens frm Heat No. 
ANL 101 and the V-gCr-3Fe-lZr a l l o y  specimens had the smaller g ra in  diameters. Dehydrogenated Charpy t e s t  
specimens w i th  50% cold work were also prepared by heating the Ularpy specimens a t  420°C f o r  2 h i n  vacuum. 

hydrogen t h a t  was evolved on heating a specimen a t  the r a t e  o f  lq"C/min from 25OC to lWO°C. The procedure 
f o r  these hydrogen analyses i s  discussed i n  more de ta i l  i n  Ref. 3. I n  the case o f  the Charpy specimens t h a t  
were annealed i n  vacuun (dehydrogenated) , the hydrogen concentrat ion was determined to be 30 fz appn. m e  
hydrogen concentration in  the specinens that were annealed i n  quartz tubes ranged from 400 t o  1200 appn. 
The hydrogen concentrat ion i n  the s p e c i m p  was i n t e n t i o n a l l y  a l te red  i n  some instances by surface f i n i s h i n g  
p r i o r  to the anneal i n  the quartz tubes. 

The impact v e l o c i t y  and load fo r  these tes ts  we re  2.56 m/sec and 14.995 kg. respect ively.  The energy 
absorpt ion dur ing an impact t e s t  was determined from applied load- time data t h a t  were acquired dur ing the 
impact. These data were analyzed and p l o t t e d  using the GRC Model 730-1 data acquisition and analys is  
system. The temperature o f  a specimen a t  the i n s t a n t  of impact was determined from a thermocouple t h a t  was 
spot welded i n  close prox imi ty  to the notch. The Charpy tests  were l i m i t e d  to specimen tmperatures i n  the 
range o f  - 1 W C  to 250OC. 

equation 

Pa. The 

The hydrogen concentration i n  the Charpy specimens was determined frm the t o t a l  p a r t i a l  pressure of 

The Charpy impact t e s t s  were performed using an instrunented Dynatup Drop Weight Impact Test machine. 

The energy absorbed ( E )  during the impact tes ts  versus t e s t  temperature ( T I  curves were f i t ted w i th  the 

E = A + B Tanh C(T - To) / &I (1) 

where A, E, To, and Co were curve f i t t i n g  paraneters. 
t o  def ine the d u c t i l e - b r i t t l e  t r a n s i t i o n  temperature (DBTT).  

The microstructures o f  the annealed Charpy specimens are show i n  Fig. 1. These microstructures were 
obtained by e lect ropol ish ing a t  24 v o l t s  open c i r c u i t  potent ia l  i n  a so lu t ion  o f  20 par ts  IF, 20 par ts  HW3, 
and 60 par ts  glycer ine a t  25'C together w i th  i m e r s i o n  i n  a so lu t ion  of 20 par ts  HF. 20 par ts  HW3, and 60 
par ts  l a c t i c  acid a t  25°C. 

2 x 10 
7.5Cr. and V-ZOTi  a l l o y  microstructures. 

The surfaces o f  f ractured Charpy specimens were exanined for t h e i r  f rac tu re  behavior, i.e., d u c t i l e  
tearing. transgranular fracture, and in tergranular  f racture, by observation w i t h  a JEOL J91-50A scanning 
microscope (SEM). m e  f racture surfaces Were also r o u t i n e l y  exanined f o r  s i g n l f i c a n t  segregation of the 
major a l l oy ing  and impur i ty  atans by use o f  e lect ron microprobe x-ray analyses. However. the analyses 
showed t h a t  the concentrations of these a l loy ing  and impur i ty  atoms i n  the f rac tu re  surface were i n  a l l  
instances not s l g n i f i c a n t l y  d i f f e r e n t  frm the concentrations t h a t  were present i n  the bulk o f  the specimen. 

Experimental r e s u l t s  

Fracture e n e r y d  OBTT. The dependence on temperature o f  the energy absorbed by the dehydrogenated 
and hyarogenatea Y- Cr-511, Y-1OCr-1OTi. V-1OCr-5Ti. V-15Ti-7.5Cr, V-3Ti-0.5%. V-ZOTi , and V-gCr-3Fe-lZr 
a l l o y  specimens dur ing the Charpy Impact t e s t s  i s  shown i n  f i gs .  2-8. respect ively.  m e  formulations o f  
Eq. (1) for the data i n  Figs. 2-8 are a l n ,  shown i n  these figures. The DBTT for the  dehydrogenated and 
hydrogenated a l loys  t h a t  were der ived from these formulations o f  Eq. (1 )  are l i s t e d  i n  Table 2. 

There were tu, reg'rmes i n  Figs. 2-8 with s i g n i f i c a n t  departure o f  the energy absorption-temperature 
data frm the formulations o f  Eq. (1). viz., (a) Charpy impact t e s t s  a t  increasing temperatures on the upper 
energy shelf (Figs. 2,3.4. 6.and El  and (b) t e s t s  a t  ten eratures in  the range of 0-50OC above the OBTT 
l i s t e d  i n  Table 2 (Figs. 6 and 8 ) .  I n  the case o f  the (a! regime, the decrease o f  the energy absorpt ion w i th  
increase of t e s t  temperature i s  a t r i bu ted  to the substant ial  decrease i n  strength o f  the a l loys  i n  the 
temperature range o f  25 t o  250°C.i I n  the case o f  the (b)  regime, i t  W r l l  be shown i n  a subsequent sect ion 
t h a t  the departure o f  the data i s  a t t r i b u t a b l e  to s i g n i f i c a n t  resistance o f  the a l l o y  to crack propagation. 
A l l  Charpy impact t e s t s  that  were conducted on the dehydrogenated and the hydrogenated specimens a t  tempera- 
tu res  cor respnding to the upper s h e l f  o f  energy absorption resu l ted i n  specimens t h a t  were bent to an angle 
of 85' w i t h  no visual evidence for crack i n i t i a t i o n .  

The inflection po in t  for a cuwe, viz., To, was used 

The microstructures o f  the a l loys  showed the presence o f  p r e c i p i t a t f d  wi t9  
s r a  ging from 0.002 to 0.005 m and a p r e c i p i t a t e  nunber densi ty ranging frm 0.4 x 10 m- to ,,,,,-! . Bands o f  p rec ip i ta tes  were prevalent i n  the V-15Cr-5T1, V-1CCr-571, V-lOCr-lOTi, V-15Ti- 
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(9) V-STI-0.681 ( W I  8 6 0 6 )  ( h ) V - O C r - 3 F e - l L r  (CAM 837) 

Fig. 1. Microstructures of annealed vanadim-base alloys. 

The energy absorption-temperature curves i n  Figs. 2-8 suggest t h a t  the behavior of vanadimbase  al loys 
on impact loading can, i n  general, be c lass i f i ed  i n t o  three types, viz.,  (1) the transition from duc t i l e  to 
b r i t t l e  behavior occurs abruptly over a re la t ive ly  mall temperature range (25-5OOC) w i t h  ccmplete f rac ture  
of the specimens, which vas exemplified by the V-15Cr-5Ti (Fig. 2). V-1OCr-1OTi (Fig. 3). and V-1OCr-5Ti 
(Fig. 4) alloys; (2)  the transition f r m  duc t i l e  to b r i t t l e  behavior occurs over a re la t ively wide tempera- 
tu re  range (100-150°C) w l t h  incmplete fracture  o f  the specimens, which was exemplified by the V-15Ti-7.5Cr 
(Fig. 5) .  and V-20Ti (Fig. 7) alloys; and (3) the  energy absorption-temperature cuwe for the al loy exhibi ts  
s ignif icant  departure from the f o n u l i m  of Eq.(l) fo r  test temperatures of O-5O0C above the MITT. which was 
exemplified by the V-3Ti-0.5Si (Fig. 6) and V-9Cr-3Fe-lZr (Fig. 8) alloys. 
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Fig. 9. Dcpndence o f  the CBTl on concentrat ion o f  a l l o y i n g  elements. 

SEN observations of f racture surfaces. The f rac tu re  surfaces fra SEM observations of f ractured Charpy 
spcimens o f  the V -1Xr-5T1, v-1Ocr-511, V-lOCr-lOTi, V-15Ti-7.W. V-20Tis V-3Ti-D.5Si. and V-9Cr-3Fe-lZr 
a l l o ys  are shom i n  Fias. 10-14. resoect ively.  Thc SEM observations were l i m i t e d  to socimens t h a t  under- 
w e n t i n p a c t  t es t s  a t  &peratures corresponding to the DBTT and the lower energy shelf; s ince specimens 
tested a t  temperatures on the upper energy shelf were bent to an angle o f  85O wi thout  v i s i b l e  crack I n i t i -  
at ion.  With the except ion o f  the V-3Ti-0.5Si a l l oy ,  f rac tu re  on the lnrer energy s h e l f  for  the V-15Cr-5TI. 
V-lOCr-5TI. V-1OCr-1OTi. V-15Ti-7.5Cr. V-2OTi , and V-9Cr-3Fe-lb a l loys  ~ l s  dmina ted  by transgranular 
cleavage. m e  c o n t r i b u t i o n  o f  In te rg ranu la r  cleavage to the f rac tu re  o f  these a l loys  appeared to be 
r e l a t i v e l y  minor. The general appearance o f  the f rac tu re  surfaces f o r  these a l loys  was rot a l te red  by the  
In t roduc t ion  o f  hydrogen. 1.e.. f r a c t u r e  was daninated by transgranular cleavage. 

Bands of p rec ip i ta tes  were observed I n  the  op t i ca l  microst ructures f o r  the V-15Cr-GTl. V-1DCr-1OTi. 
V-lOCr-5Ti. V-15T1-7.5Cr. and V-2NI a l l o y  specimens (Fig.  1). m e  SEN observat ions o f  these f rac tu red  
a l l o y  specimens d i d  not show unmbiguous evidence f o r  a c o r r e l a t i o n  between bands o f  p r e c i p i t a t e s  and crack 
in i t ia t ion- propagat ion.  Homver. the microst ructures ( o p t i c a l )  o f  these f ractured a l l o y  specimens showed 
occasional cracks t h a t  were s i t ed  i n  the p r e c i p i t a t e  bands and noma1 tn the fracture surface. 

Observations by SEW have not been perfonned, thus far. on the f rac tu re  surfaces for the V-15Ti-7.5Cr 
and V-ZOTI a l l o y  specimens t h a t  were tested a t  temperatures near to the DBTT to expla in  the  broad t r a n s i t i o n  
temperature range for these al loys. m e  Charpy specimens o f  these a l loys  were on ly  p a r t i a l l y  f rac tu red  i n  
t h i s  tenperature range. 

7he f r a c t u r e  surfaces for the dehydrogenated and the hydmgenated V-3T1-0.5Si a l l o y  specimens were 
exceptional i n  t h a t  f racture was t o t a l l y  dm ina ted  by d u c t i l e  tear ing for t e s t  temperatures dom to 
- 1 W C .  D u c t i l e  tea r ing  also dmina ted  the f rar+l l r *  fir +he V-gCr-3Fe-lZr a l l o y  specimens f o r  t e s t  
temperatures In the range between the DBTT corresponding to the upper energy she l f  
(F ig .  14c). 

i n  greater  measure to an increase of the DBTT for the al loys. However. the f racture behavior of these a l l o ys  
suggested t h a t  the C r  so lu te  cont r ibuted i n  greater measure to the s u s c e p t i b i l i t y  o f  the a l l o y  to trans- 
granul ar f r a c t u r e  . 

The energy absorption-trmperature data suggestea tnat the Ti  so lu te  i n  the V-Cr-Ti  a l l oys  con t r ibu ted  
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( c )  -8OoC, 30 ppm H 

Cr-5Ti 
ANL-204) 

(b)  5OoC, 880 ppm H 
ANL- 10 1)  

(d) 25OC, 590 ppm H 
Fig. 10. Fracture surfaces fo r  V-15Cr-5Ti Charpy specimens. 

Discussion 

t h a t  the DBTT f o r  the V-3Ti-0.551, V-9Cr-3Fe-lZr. V- lOCr -ST i ,  V-2OTi. V-lSCr-5Ti. V-1OCr-lOTi, and V-15Ti- 
7.5Cr a l l oys  i s  l e s s  than 30°C if the a l l o y  i s  i n  the f u l l y  r ec r ys ta l l i zed .  dehydrogenated ((30 appn) 
condi t ion.  The DBTT fo r  t he  dehydrogenated a l l oys  i s  dependent on t he  canbined concentrat ion of a l l o y i n g  
elements and increases from -125°C f o r  the V-3Ti-0.59 a l l o y  to - 1 P C  f o r  the V-15Cr-5Ti a l l o y  and to 2 5 O C  
for the V-15Ti-7.5Cr a l loy.  With the  exception of the V-3Ti-0.59 a l loy ,  the presence o f  400-1000 appn 
hydrogen i n  these a l l oys  causes a s i g n i f i c a n t  increase (40-225"C) of the OBTT f o r  an a l loy .  The V-3Ti-0.5Si 

The r e s u l t s  of t h i s  experimental study on vanadim-base a l l oys  u t i l i z i n g  impact loading (2.5 ds) show 
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V- 10Cr-5Ti 

(a) -160°C, 30 ppm H (b) O°C, 670 ppm H 

V- 1 OCr- 1 OTi 

( C )  -160°C, 30 ppm H (d )  50°C,  1180 ppm H 
Fig. 11. Fracture surfaces for  V-1OCr-5Ti and V-1OCr-1OTi Charpy specimens. 

a l l o y  i s  exceptional i n  t h a t  the DBTT f o r  t h i s  a l l o y  decreases f o r  hydrogen concentrat ions up to a t  l e a s t  
1000 appn. The OBTT f o r  the hydrogenated a l loys  i s  a lso dependent on the combined concentrat ion o f  a l l o y i n g  
elements and increases from -17OoC for the V-3Ti-O.5Si a l l o y  to 13OoC f o r  the V-15Cr-5Ti a l l o y  and to 225'C 
f o r  the 'J-15Ti-7.5Cr a l loy .  Furthermore, the re  i s  a l i n e a r  c o r r e l a t i o n  (not shown) b e t p e n  the CBTT f o r  the 
dehydrogenated and hydrogenated a l l o ys  and the t ens i l e  strength o f  the a l l o ys  a t  2 5 Y .  

V-15Cr-5Ti, V-1OCr-1OTi  , and V-1OCr-5Ti a l l o ys  ( w i t h  the thennanechanlcal treaiment and impur i ty  content for 
t h i s  study) are in te rp re ted  to show t h a t  these a l loys  have a low i n t r i n s i c  resistance to crack propagat ion- 
A s im i l a r  conclusion regarding the resistance to c r  k propagation on Charpy impact t es t i ng  o f  the V-15Cr- 

The energy absorpt ion data together d t h  the SEM observations o f  f racture surfaces obtained f o r  the 

5Ti a l l o y  was prev ious ly  reported by Cannon, e t  a l .  F 
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V- 15Ti-7.5Cr 

(a) -16OoC, 30 ppm H (b) 25OC. 410 ppm H 

V-20Ti 

(c) -167OC, 30 ppm H (d) O°C, 580 ppm H 
Fig. 12. Fracture surfaces fo r  V-15Ti-7.5Cr and V-2OTi Charpy specimens. 

The data and obsewations for  the  V-3Ti-O.5Si. V-9Cr-3Fe-lZr. V-2011, and V-15Ti-7.5Cr al loys are 
interpreted to show t h a t  these al loys have an inherent resistance to crack propagation. Results have been 
reported on tensile tests for  the  V-3Ti-JS&, V-9Cr-3Fe-fZr, and V-20Ti alloys a f t e r  neutron i r rad ia t ion  a t  
40O-60O0C to danage l e v e l s  of 10-90 dpa. 3 

V-20Ti a l loys,  i n  canparison to the V-15Cr-5Ti a l loy,  have s ignif icant ly  g rea te r  d u c t i l i t y ,  i .e.. resis tance 
These results also show t h a t  the VJTi-1S1, V-9Cr-3Fe-lZr. and 

t o  crack propagation. 
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V-3Ti-O.5Si 

i 

t 

(a) -190°C, 30 ppm H (b) -40°C, 30 ppm H 

( c )  -16OOC. 520 ppm H (d) -160°C, 970 ppm H 
Fig. 13. Fracture surfaces f o r  V-3Ti-0.5Si Charpy specimens. 

The energy absorpt ion-tmperature data suggest t h a t  the T i  so lu te  i n  the V-Cr-Ti a l l o ys  cont r ibutes i n  
greater  measure to an increase of the C8TT. However, the f racture behavior o f  these a l loys  on impact load ing 
suggests t h a t  the C r  so lu te  cont r ibutes i n  greater  measure to the s u s c e p t i b i l i t y  of the a l l o y  to transgran- 
ul a r  f rac tu re .  

Resistance to crack propagation i n  a s t ruc tu ra l  mater ia l  i s  a mechanical property of paramount Impor-  
tance for  a fus ion reactor.  
crack propagation might be a t t r i b u t e d  to banding o f  prec ip i ta tes,  i n t e r s t i t i a l  impur i t y  concentrat ion, o r  

The low r e s i s t a w e  o f  the V-15Cr-5TI. V-1OCr-1011, and the V-1OCr-511 a l l o ys  t o  
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(a)  -190°C. 30 ppm H (b) -5OoC,  500 ppm H (c) 5OoC, 500 ppm H 

Fig. 14. Fracture surfaces f o r  VdCr-3Fe-1Zr (Vanstar-7) charpy specimens. 

segregation o f  impu r i t i es  to g ra in  boundaries. In the present study, d i f fe ren t  o r i en ta t i ons  o f  t he  notch i n  
the  Charpy specimens and subs tan t i a l l y  d i f f e r e n t  oxygen impur i t y  concentrat ions i n  the a l l oys  d i d  n o t  
s i g n i f i c a n t l y  change the energy absorption-temperature curves. 
can t  in te rg ranu la r  fracture in  these a l loys .  Therefore, we a re  not encouraged to be l i eve  t h a t  the res is tance 
t o  crack propagation i n  the V-15Cr-5Ti, V - 1 O C r - l O T i ,  and V-1OCr-5Ti a l l oys  can be subs tan t i a l l y  improved by 
minor canposi t i ona l  and thenmechan ica l  modi f icat ions.  

CONCLUSIONS 

1. 

Moreover. there was an abseme of s i g n i f i -  

The OBTT f o r  the V-3Ti-0.5Si. VdCr-3Fe-1Zr. V-1OCr-5Ti , V-2OTi , V-lSCr-5T1, V-1OCr-1OTi , and 
V-15Ti-7.5Cr a l l oys  I s  l e s s  than 30°C on impact loading if the a l l o y  I s  i n  the f u l l y  r ec r ys ta l l i zed ,  
dehydrogenated condi t ion.  

2. 
V-1OCr-1OTi. and V-15Ti-7.5Cr a l l oys  causes a s i g n i f i c a n t  increase (40-225OC) o f  the OBTT on impact loading 
o f  the  a l l oy .  

The presence of 400-1000 appn hydrogen i n  the V-9Cr-3Fe-lZr. V-1OCr-5Ti , V-2OTi , V-1SCr-5Ti , 

3. 

4. 

5. 

6. 

The OBTT f o r  the V-3Ti-O.5SI a l l o y  on impact loading decreases w i t h  an increase of the hydrogen 

The OBTT f o r  vanadiun-base a l l oys  on impact loading i s  dependent on the canblned concentrat ion of 

The V-15Cr-5Ti. V-1OCr-lOTi. and V-1CCr-5Ti a l l oys  on impact loading have a low I n t r i n s i c  

The V-3Ti-0.5SI. V-9Cr-3Fe-lZr, V-20Ti. and V-15Ti-7.5Cr a l l oys  have an inherent  res is tance to 

concentratfon up t o  a t  l eas t  loo0 appn. 

a l l oy i ng  elenents. 

res is tance to crack propagation. 

crack propagation. 

FUTURE EFFORl 

Charpy impact and t e n s i l e  specimens of the  vanadiun-base a l l oys  considered i n  t h i s  r e p o r t  w i l l  be 
tested a f t e r  r e t r i e v a l  frm the FFTF-MOTA. 
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THE SWELLING BEHAVIOR OF VANADIUM ALLOYS AT DAMAGE LEVELS UP TO 124 dpa - 0. N. Braski (Oak Ridge National 
Laboratory) 

OBJECTIVE 

The goal o f  t h i s  research i s  t o  i nves t iga te  the e f fec ts  of neutron i r r a d i a t i o n  and helium generation on 
t h e  microst ructure o f  vanadium a l loys.  

SUMMARY 

After i r r a d i a t i o n  a t  420°C t o  124 dpa, V-15Cr-5Ti and VANSTAR-7 exhib i ted n e g l i g i b l e  swel l ing, whi le  
V-3Ti-1Si and V-20Ti had swe l l i ng  values o f  0.64 and 1.12%. respect ively.  Helium, preimplanted t o  a l eve l  
of  480 appm v i a  the t r i t i u m  t r i c k ,  increased the swe l l i ng  i n  V-3Ti-1Si t o  about 2.5%. 
i r r a d i a t e d  a t  520 and 600°C t o  26 and 43 dpa, respect ively,  also exh ib i ted r e l a t i v e l y  low swel l ing. Warm- 
working the a l l o y  before i r r a d i a t i o n  reduced swel l ing a t  520°C, but s l i g h t l y  increased swe l l i ng  a t  600T  
where recovery occurred. 

V-3Ti-1Si d isks 

PROGRESS AND STATUS 

Experimental 

The source, chemical composition, and f i n a l  heat treatment f o r  each vanadium a l l o y  are l i s t e d  in 
Table 1. Note t h a t  two d i f f e r e n t  heats of V-3Ti-1Si have been invest igated. Disks ( 3  m-diam) for  
t ransmission e lec t ron  microscopy (TEM) were punched from 0.25-mn-thick sheets of each a l l oy .  
d i sks  were doped w i th  3He us ing a m d i f i e d  version of  the " t r i t i um  t r i c k "  technique where t h e  s ecimens are 
he ld  a t  400°C dur ing the decay of 3H t o  3He.1 One V-15Cr-5Ti d isk  was implanted w i t h  100 appm He a t  420°C 
us ing the 102 MeV accelerator a t  the KFK Karlsruhe, West Germany. 

Some of t h e  

e 

Table 1. Vanadium a l l o v  data 

Composition, w t  % 
F ina l  Heat 

Cr T i  Fe Z r  S i  C 0 N Treatment A l loy  Heat 
~~ 

V-15Cr-5Tia CAM-834-3 14.5 6.2 0.032 0.031 0.046 1 h a t  1200°C 
VANSTAR-7a CAM-837-7 9.1 3.4 1.3 0.064 0.028 0.052 1 h a t  1350°C 
V-3Ti-lSib 11153 3.4 0.04 1.28 0.045 0.091 0.026 1 h a t  1O5O0C 
V-20Ti CAM-832 20.3 0.020 0.039 0.044 1 h a t  1100'C 
V-3Ti-1SiC 10837 3.2 1.0 0.015 1 h a t  1050'C 

Source :  
bSource: 
CSource: ORNL. 

Westi nghouse E l e c t r i c  Corporat 1 on. 
KFK, Karlsruhe, West Germany (Or. 0. Kalet ta) .  

The d isks were encapsulated i n  TZM tubes containing 'Li. Oupl icate d isks were s i m i l a r l y  encapsulated 
and thermal ly  aged a t  t h e  i r r a d i a t i o n  temperatures t o  provide cont ro l  specimens for  t h e  experiment. 
However, the cont ro l  specimens have not y e t  been examined and w i l l ,  therefore, not be reported a t  t h i s  time. 
The capsules were i r r a d i a t e d  i n  t h e  FFTF, Mater ia ls  Open Test Assembly (MOTA) a t  temperatures of 420, 520, 
and 600°C. and damage l e v e l s  up t o  124 dpa. Both the encapsulations and the i r r a d i a t i o n s  were provided by 
t h e  Westinghouse Hanford Corporation, Richland, Washington. 

nia. The d isks were f u r t h e r  cleaned i n  successive baths of: (1) e thy l  alcohol and water ( l : l ,  by volume), 
(2)  water, and (3)  pure e thy l  alcohol. The disks were pol ished fo r  examination by TEM by employing a dual 
j e t  apparatus w i th  a so lu t ion  of conc. H~SOL, and methanol (1:7, by volume) a t  30°C.  

Cavity swel l ing was determined by measuring and count ing c a v i t i e s  t h a t  were observed i n  the TEM 

Fol lowing the i r r a d i a t i o n ,  the capsules were cut  open and the l i t h i u m  dissolved away using l i q u i d  amno- 

micrographs, w i t h  a Zeiss p a r t i c l e- s i z e  analyzer. 
value for  cav i t y  swel l ing was ca lcu la ted using the expression: 

F o i l  th ickness was measured using stereo techniques. A 

AVfV, = AV/(Vf - AV), 
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where AV i s  the t o t a l  cav i t y  volume, Vg i s  the o r i g i n a l  m t a l  volume, and V f  i s  the f i n a l  volume Of the 
f o i l .  

Results 

Swel l ing r e s u l t s  from two separate MOTA experiments are presented i n  Table 2. The f i r s t  experiment, 
V-I5Cr- using capsule V403, i s  a cont inuat ion of the o r i g i n a l  screening study which includes the a l l oys :  

5Ti. VANSTAR-7, and V-3Ti-1Si. A few TEM disks o f  V-20Ti were a lso included, but always without implanted 
helium. This capsule was i r r a d i a t e d  a t  42OoC t o  a damage leve l  of 124 dpa. The two capsules a t  520 and 
600OC were removed from the reactor before t h i s  damage leve l  was reached because of over-temperature excur- 
sions. 
TEM disks)  i n  annealed and 50% warm-worked condit ions. 
preimplanted w i t h  %e (using t h e  t r i t i u m  t r i c k )  t o  l eve ls  t h a t  would g ive an approximate r a t i o  of 5 appm He 
t o  1 dpa a t  t h e  t ime o f  removal from FFTF. 
(V631); a l l  o f  t h e  specimens from t h e  42OOC capsule were, for some s t i l l  undetermined reason, unable t o  be 
successful ly polished. 

The second experiment concentrated on an ORNL heat of V-3Ti-ISi, w i t h  specimens (5s-3 t e n s i l e  and 

Table 2 shows the swe l l i ng  r e s u l t s  for  520'C (V524) and 600OC 

Some specimens of each condi t ion were a lso 

Table 2. Swel l ing r e s u l t s  

Capsule l r r a d i  a t  i on Damage Disk He1 i urna Swell i n g  
No. Temperature Level A1 1 oy No. Level (%) 

("C) (dpa) ( w m )  

V403 
V403 
V403 
V403 
V403 
V403 
V403 
V403 
V403 
V403 
V403 
V403 
V403 
V403 

420 
420 
420 
420 
420 
420 
420 
420 
420 
420 
420 
420 
420 
420 

v524 520 
v524 520 
v524 520 
v524 520 

V631 600 
V631 600 
V631 600 
V631 600 

124 V-15Cr-5Ti RA41 
124 V-15Cr-5Ti RA73 

0 
14 

CO.01 
<0.01 

124 V-15Cr-5Ti RA37 80 <0.01 
124 V-15Cr-5Ti RA13 300 0.01 
124 V-15Cr-5Ti A16 100 (*He) tO.01 
124 VANSTAR-7 Q A l l  0 
124 VANSTAR-7 QA38 8 
124 VANSTAR-7 QA39 42 
124 VANSTAR-7 QAl8 150 
124 ~ - 3 ~ i  - ~ b  85 0 
124 V-3Ti - l S i  b 70 23 
124 V-3Ti-lSib 78 135 -~ 
124 v - j i i  - i s i  b 23 480 
124 V-20Ti UA l l  0 

26 V-3Ti-lSiC R27 
26 V-3Ti-ISiC R12 
26 V-3Ti-ISic R22 
26 V-20Ti WE23 

43 V-3Ti-lSib R39 
43 V-3Ti-1Si R44 
43 v43 
43 V-20Ti WE55 

n 
232 
232 

O 

n 
232 
232 

0 

(0.01 
0.02 

to.01 
0.01 ~~~~ 

0.64 
1.46 
2.39 ~ ~~ 

2.54 
1.12 

0.09 
1.06 
0.22 

a .01  

0.06 
0.02 
0.25 

tO.O1 

Va lues  not corrected for  'He "burnup." 
h e a t  11153. 
CHeat 10837. 

Capsule V403 

Looking a t  the swe l l i ng  resu l t s  i n  Table 2, i t  i s  seen t h a t  t h e  V-15Cr-5Ti and VANSTAR-7 a l l o y s  exhib- 
i t e d  n e g l i g i b l e  swel l ing, even a f t e r  124 dpa. and w i t h  helium leve ls  as high as 300 and 150 appm, respec- 
t i v e l y .  However, t h e  reader i s  reminded t h a t  less  than one- third o f  the %e i s  a c t u a l l y  l e f t  i n  t h e  
specimen a t  t h i s  damage l e v e l  due t o  i t s  conversion back t o  3H by the react ion, %e(n:p)SH ( re f .  2 ) .  Never- 
theless, t h e  resistance t o  swe l l i ng  demonstrated by these two a l l o y s  i s  q u i t e  impressive compared t o  near ly  
any other  s t r u c t u r a l  a l l oy .  This outstanding performance a t  420T  m s t  be tempered w i t h  the knowledge t h a t  
a t  l eas t  one o f  t h e  a l loys,  namely VANSTAR-7, showed s i g n l f i c a n t  swe l l i ng  a t  520-C a f t e r  only 40 d ~ a . ~  The 
good swe l l i ng  resistance of V-15Cr-5Ti was seen e a r l i e r  by Loomis* i n  i o n  bombardment experiments a t  725OC. 

The swe l l i ng  resu l t s  for  V-3Ti-ISi (Table 2), a f t e r  124 dpa. show good c o n t i n u i t y  w i t h  those for the 
same a l l o y  reported e a r l i e r  for  82 d ~ a . ~  Swel l ing i s  p l o t t e d  graphica l ly  as a funct ion o f  helium l e v e l  i n  
Fig. 1, along with t h e  number dens i t i es  and s izes of the cav i t i es .  The broken curves from t h e  e a r l i e r  
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Fig. 2. Comparison of microst ructure i n  
(a) V-15Cr-5T1, (b) VANSTAR-7, (c)  V-3Ti-lSi, and 
(d) V-ZOTi, a f t e r  i r r a d i a t i o n  i n  FFTF a t  420°C t o  
124 dpa. Specimens do not contain preimplanted 
helium. 





6 . 4  Copper Alloys 
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MECHANICAL PROPERTY CHANGES I N  AN ION IRRADIATED HIGH STRENGTH COPPER ALLOY - D. H. Plantz,  R. A. Oodd and 
G. L. Kulc insk i  (Univers i ty  o f  Wisconsin-Madison) 

OBJECTIVE 

The ob jec t i ve  o f  t h i s  study i s  t o  i nves t iga te  the e f f e c t  o f  heavy-ion i r r a d i a t i o n  and thermomechanical 
treatment on the mechanical proper t ies  o f  Cu-1.5% Ni-0.3% Be vi'a microindentat ion techniques. 

SUMMARY 

Mechanical property changes i n  a high- strength copper a l l o y  as a r e s u l t  of 14 MeV Cu i o n  i r r a d i a t i o n  
have been invest igated using a recent ly  developed Mechanical Propert ies Microprobe (MPM). A Cu-1.5% Ni-0.3% 
Be a l l o y  was i r r a d i a t e d  i n  both the cold worked and aged, and the so lu t ion  annealed and aged condi t ion,  t o  
a peak damage dose of 40 dpa (10 dpa a t  1 urn) over the temperature range o f  100°C t o  500°C. Ul t ra- low 
load microindentat ion hardness changes were measured p a r a l l e l  t o  the i o n  beam and perpendicular t o  the 
beam d i rec t ion ,  the l a t t e r  being made poss ib le  by cross- sect ion techniques. 
radiation-enhanced softening was observed i n  t h e  cold-worked and aged mater ia l  and the amount of softening 
increased as temperature increased. I r r a d i a t i o n  had very l i t t l e  e f f e c t  on the solution-annealed and aged 
mate r ia l  and on ly  a t  50OOC was any thermal ly induced sof ten ing observed. 

PROGRESS AND STATUS 

Both thermally- induced and 

In t roduc t ion  

High damage ra tes associated w i  h heavy ion i r r a d i a t i o n  have allowed s c i e n t i s t s  t o  study the ef fec t  of 
high damage l e v e l s  i n  capper 
the inves t iga t ion  o f  rad ia t ion  effects on mechanical proper t ies  i n  these al loys. - The l i m i t e d  damage 
region of heavy i o n  i r r a d i a t i o n  ( t y p i c a l l y  -. 1 pm deep) l i m i t s  the usefulness o f  conventional mechanical 
proper ty  tes ts .  A new technique has recent ly  bee developed which allows f o r  d i r e c t  measurements of 
mechanical proper t ies  i n  t h i s  narrow damage zone.8 This technique has been used t o  inves t iga te  thermal and 
heavy i o n  i r r a d i a t i o n  e f f e c t s  on the hardness and e l a s t i c  modulus of a Cu-Ni-Be a l loy .  

Experimental 

However, u n t i l  recent ly  only neutron i r g a q i a t i o n  has been used i n  

High p u r i t y  Cu-1.5% Ni-0.3% Be was received i n  the 20% cold-worked and aged condition.' Some of the 
a l l o y  was so lu t ion  annealed a t  950'C and then aged f o r  three hours a t  482°C. 
5 x 10 mn, were mechanically pol ished t o  an 0.05 um f i n i s h  and t t g n  e lect rapol ished i n  a s o l u t i o n  of 67% 
CH30H and 33% "03 a t  5 V and -4OY. 
accelerator  f a c i l i t y  a t  the Un ive rs i t y  of Wisconsin-Madison. 
perature range of 100-5OO0C t o  10 dpa a t  1 um (40 dpa a t  peak) t o  a maximum depth of about 3 The 
samples were masked such t h a t  only a 3 mn diameter area was ' r radiated. I r r a d i a t e d  samples for  cross- 
sect iona l  analysis were prepared using standard techniques.ld These cross-sect ion samples were subsequently 
mechanically pol ished t o  a 0.05 um f i n i s h  and then e lect ropol ished a t  -30 t o  -40°C for  2 t o  3 seconds. 

The mechanical proper t ies  microprobe (MPM) used f o r  the hardness and modulus measurements cons is ts  o f  a 
f u l l y  automated, u l t ra- low load microindentat ion hardness tester.11,12 Figure 1 i s  a schematic of the 
MPN. Loading i s  appl ied v i a  a cur rent  source. and displacement i s  measured by the vol tage across a 
capacitor.  Load and displacement are monitored cont inuously w i th  a reso lu t ion  o f  2.5 VN (250 ug) and 0.4 nm 
respect ive ly .  Indents are made using a Eerkovi tch t r i a n g u l a r  pyramid which has an indent depth t o  pro jected 
area r e l a t i o n  the same as a Vickers pyramid. A t y p i c a l  load versus displacemen curve i s  shown i n  Fig. 2. 
Hardness under load (i.e. uncorrected f o r  e l a s t i c  e f f e c t s )  i s  def ined as H=AL/d', where d i s  a depth on the 
load ing curve, L i s  t h e  load a t  t h a t  depth and A i s  a geometric f a c t o r  r e l a t i n g  depth t o  pro jected area of 
t h e  indent. 
unloading curve and i s  def ined 
corrected f o r  e l a s t i c  effects." Eyast ic  modulus values were obtained from the unloading cerve using 
techniques d e t a i l e d  elsewhere.13,14 

Indentat ions were made both normal t o  the i r r a d i a t e d  surface (on as- i r rad ia ted specimens) and p a r a l l e l  
t o  i t  (on cross-sect ion specimens). The normal indents were made i n  both i r r a d i a t e d  and un i r rad ia ted  areas 
t o  depths o f  500 and 1500 nm before unloading a t  a constant displacement ra te  o f  5 nmls. 
culated o f  these hardness values t o  those from the p re- i r rad ia ted  states. 
indented t o  a depth of 150 nm, which produced an indent of - 1 pm across, a t  a constant displacement r a t e  of 
< 5 nmls. 
d ia ted specimen and the copper p la t i ng ,  r e s u l t i n g  i n  indents spaced about every 0.25 pm r e l a t i v e  t o  the 
in ter face.  Ratios were ca lcu la ted of hard- 
ness values t o  the average value obtained away from the i r r a d i a t e d  zone as a funct ion o f  distance from the 
interface. 

Samples, o f  dimension 

I r r a d i a t i o n  wi th  14 Me3 Cu was done using the tandem Van de Graaf 
The i r r a d i a t i o n s  were done over t e tem- 

A hardness value corrected for  e l a s t i c  e f f e c t s  ( p l a s t i c  hardness) can be determined from the 
i s  the depth s H =ALVax/d$. where Lmax i s  the maximum load appl ied and d 

Rat ios were ca l -  
Cross-section specimens were 

A row o f  indents 5 um apart  were made a t  an angle o f  - 2.9' t o  the in ter face between the i r r a -  

Figure 3 shows two examples o r  indents made i n  cross-section. 
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Fig. 1. Mechanical proper t ies  microprobe Fig. 2. Representative load- displ  acement 
(MPM) schematic. 

Results 

The y i e l d  s t rength was measured p r i o r  
t o  rece iv ing the al loy.4 'The modulus measurements represent a comparison o f  values found i n  the  l i t e r a t u r e  
using conventional tes ts15 and those measured on t h e  MPM, which have about a 10% standard deviat ion. 
nanohardness measurements were made on the MPM and represent loads of about 10 9. 
microindentat ion hardness values have comparable standard dev ia t ions of less  than 5%. 

Cu-Ni-Be a l l o y  experiences sof ten ing i n  both condit ions. 
cold-worked and aged condi t ion and i s  more pronounced i n  the i r r a d i a t e d  region w i th  hardness losses o f  up t o  
25%. For the solution-annealed and aged condit ion, only t h e  500°C sample experiences softening, w i t h  l i t t l e  
d i f ference between the i r r a d i a t e d  and un i r rad ia ted regions. The hardness ra t i os ,  ca lcu la ted from the 
loading data, f o r  a l l  i r r a d i a t e d  samples were r e l a t i v e l y  constant from a depth o f  about 300 nm t o  1.5 urn and 
were i d e n t i c a l  t o  those ca lcu la ted a t  500 nm and 1.5 w from t h e  unloading data. 
a dramatic drop i n  t h e i r  r a t i o s  f o r  depths less than 300 nm. 

Ratios of i r r a d i a t e d  t o  un i r rad ia ted bulk hardnesses made i n  cross-section are shown i n  Figs. 5 and 6 
for  t h e  solution-annealed and aged and the cold-worked and aged condit ions respect ively.  I n  t h e  so lu t ion-  
annealed and aged condi t ion the r a t i o s  show about a 5% decrease i n  hardness i n  the i r r a d i a t e d  region w i t h  
about a 5% standard deviat ion. 
i r r a d i a t e d  region, but the sca t te r  o f  data i s  l a rge  w i th  standard dev ia t ions of about 10% for many points.  

A t  500T the cold-worked and aged sample shows 
about a 15% decrease i n  i r r a d i a t e d  hardness and a 
f a i r  amount of s c a t t e r  i n  t h e  data. 

samples d i d  not show any change i n  i r r a d i a t e d  
modulus r e l a t i v e  t o  unirradiated. However, t h e  
spread i n  the data prevented any changes less than 
1540% from being d iscern ib le .  Small drops i n  
modulus (510%)  were seen i n  the 400OC cold-worked 
and aged sample and the 500°C solution-annealed and 
aged sample w i t h  indentat ions made normal t o  t h e  
surface. However, the 500°C cold-worked and aged 
sample showed a d i s t i n c t  30% drop i n  modulus i n  the 
i r r a d i a t e d  region. 

curve from the mechanical proper t ies  microprobe. 

Table 1 shows the n i t i a l  mechanical proper t ies  o f  t h e  samples. 

The 
The Vickers and MPM 

Hardness r a t i o s  for  indentat ions made normal t o  the i r r a d i a t e d  surface are presented i n  Fig. 4. The 
The softening appears t o  begin a t  30OoC f o r  the 

Both 500°C samples showed 

The 4 0 0 O C  cold-worked and aged sample shows almost no sof ten ing i n  the 

Modulus measurements made on cross- sect ion 

Discussion 

Fig. 3. Opt ical  micrographs o f  indentat ions 
made i n  cross-sectioned samples of cold-worked and 
aged ( l e f t )  and solution-annealed and aged ( r i g h t )  
Cu-Ni-Be i r r a d i a t e d  a t  5OOOC. Copper p l a t i n g  i s  
t o  the r i g h t  and the Cu-Ni-Be t o  the l e f t  of the 
i n t e r f a c e  i n  each micrograph. 

The hardnesses shown i n  Table 1 ind ica te  t h a t  
t h e  solution-annealed and aged condi t ion i s  
stronger than the cold-worked and aged condit ion. 
Usually i t  i s  t h e  other  way around. 
d i f f e r e n t  s o l u t i o n i z i n g  treatments were employed 
for  each condit ion. 
samples were so lu t ion- a nealed a t  900°C p r i o r  t o  
cold-working and aging.g The solution-annealed and 
aged samples were annealed a t  950'C p r i o r  t o  aging 
i n  order t o  insure complete so lu t ion  o f  the 

However, 

The cold-worked and aged 
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Table 1. I n i t i a l  Mechanical Proper t ies  o f  Cu-Ni-Be i n  GPa 

Thermomechani ca l  Y ie ld  Voungs Modulus VHN Nanohardness 
Treatment Strength Standard15 MPM (2009) (1500 nm) 

Cold-worked 0.78’ 140 160 2.20 3.10 
& Aged 

Sol u t i  on-anneal ed 140 160 2.35 3.45 
& Aged 

solutes. Solution-annealing a t  temperatures near 950’C p r i o r  t o  fgld-working and aging has been shown t o  
s i g n i f i c a n t l y  increase the s t rength of t h i s  a l l o y  ( a  - 900 MPa). Therefore, i t  i s  not su rp r i s ing  t h a t  
using a much higher solut ion-anneal ing temperature yTelds a solution-annealed and aged sample hardness 
h igher  than t h e  cold-worked and aged sample hardness us ing a conventional solut ion-anneal ing temperature. 

1.1 

8 1.0 

f 0.9 

K 

z 
U 
n 
2 0.8 

0.7 

1.1 

0 p 1.0 

s 

2 2 0.8 

f 0.9 
2 

0.7 

The fact t h a t  the a l l o y  i n  both condi t ions e x h i b i t s  sof ten ing a t  500-C i s  reasonable consider ing t h a t  
t h i s  temperature i s  above t h e  aging temperature (482°C) f o r  t h i s  a l loy .  The cold-worked and aged Sample i s  
obviously more sens i t i ve  t o  i r r a d i a t i o n  and/or temperature than t h e  other thermomechanical treatment. 
appears t h a t  t h e  cold-worked and aged condi t ion overages very e a s i l y  a t  temperatures over 300°C. 
s i z e  p r e c i p i t a t e s  were observed on t h e  e lect ropol ished surface of the cold-worked and aged specimens a t  400 
and 500OC and none were observed i n  any o f  the solution-annealed and aged samples (see Figure 3).  Recovery 
and r e c r y s t a l l i z a t i o n  i s  a lso expected t o  af fect the cold-worked samples. 

It 
Micron 

Tensi le t e s t s  on the two t r e a t  
ments o f  t h i s  a l l o y  aged a t  400OC f o r  1000 hours 
and neutron i rgadia ted t o  16 dpa a t  45O0C show a 
s i m i l a r  trend. 
i r r a d i a  ed specimens and o f  i o n  i r r a d i a t e d  
samoles shows t h a t  recovery and r e c r y s t a l l  i z a t i o ?  

Micj-gscopy of t h e  neutron 

5 

W IRRADIATED 
A UNIRRADIATED 

0 100 200 300 400 500 600 
TEMP (OC) 

H IRRADIATED 
A UNIRRADIATED 

I . , . , , , . , . ,I 1 INDENT DEPTH OF 500nm 
PARALLEL TO ION BEAM 

0 100 200 300 400 500 600 
TEMP (OC) 

Fig. 4. Ratios of i r r a d i a t e d  and un i r rad ia ted  
hardness t o  o r i g i n a l  hardness a a func t ion  of i r r a -  
d i a t i o n  temperature for  cold-worked and aged (a)  
and solution-annealed and aged (b)  Cu-Ni-Be. 

;; Cieii as s i g n i f i c a n t  p r e c j p i t a t e  co i rsening 
occurs i n  t h e  cold-worked and aged treatment. 
Further op t i ca l  and e lec t ron  microscopy w i l l  have 
t o  be performed on the specimens i n  t h i s  study t o  
confirm these processes. 

Hardness can be re la ted  t o  y i e l d  s t rength by 
H - Ca (where C i s  usy’)l]q taken t o  be 3 f o r  
V i c k e r l  indentat ions).  The change i n  y i e l d  
s t rength can be re la ted  t o  the change i n  hardness 
by baylay - bH/H or Aayl!y - ay(Hf/Hi - 11, 
Hf/Hi i s  the hardness r a t l o  o f  l r r a d l a t e d  and/or 
aged samples t o  samples w i th  only the i n i t i a l  
treatments. The hardness r a t i o  i s  constant over 
varying depth o r  load so t h i s  r e l a t i o n s h i p  i s  v a l i d  
f o r  t h e  nanohardness measurements. 
re la t ionsh ip  i t  was found t h a t  the s o l u t i o n-  
annealed and aged sample a t  500°C had a drop i n  
y i e l d  s t rength o f  140 MPa i n  the aged and t h e  
i r r a d i a t e d  zones. 
sample hardness dropped 80 MPa i n  both areas, wh i le  
t h e  500°C sample l o s t  120 MPa i n  t h e  aged area and 
200 MPa i n  the i r r a d i a t e d  zone. The trends r e  
s i m i l a r  t o  those found i n  the neutron study.$ The 
y i e l d  s t rength dropped far  more i n  the neutron 
study than i n  t h i s  study; however, the times spen 
a t  temperature are vas t l y  d i f f e r e n t  (- 1000 hours 
versus < 10 hours respect ively.)  

where 

Using t h i s  

The 400’C cold-worked and aged 

I 

Various fac to rs  probably a f f e c t  the hardness 
values measured i n  t h i s  study. Hardness measure- 
ments inc lude con t r ibu t ions  from the sayale a t  
depths up t o  10 times the indent depth. However, 
the major f r a c t i o n  o f  t h e  hardness comes from much 
shallower depths (3  t o  4 times the indent depth). 
Thus normal indents t o  500 nm should represent the 
hardness of the i r r a d i a t e d  zone (- 3000 nm deep). 



265 

made d i r e c t l y  on a p rec ip i t a te ,  o f  which a number 
were made i n  t he  cold-worked and aged samples. I f  a 

Also the  actual  area t h a t  contr ibutes t o  the  hardness i s  l a r g e r  than the  indent areaz0 (- 1 urn2 fo r  a 150 nm 
deep indent) .  The f a c t  
t h a t  t h e  hardness r a t i o  fo r  normal indents i s  constant from 500 t o  1500 nm and the  cross-section r a t i o s  are 
constant i n  the  i r r a d i a t i o n  zone i s  somewhat su rp r i s i ng  considering t he  variationg;$ldpa through the  i r r a -  
d i a t i o n  zone. 
r a t i o s  of both methods being constant through the  i r r a d i a t i o n  zone. i t  would i nd i ca te  t h a t  t he  i r r a d i a t i o n  
induced mic s t r u c t u  a1 factors t h a t  cont r ibu te  t o  hardness are independent of dpa l eve l  a t  the  i on  f luence 

Therefore, indents made i n  cross-sect ion are  sampling a wide range o f  dpa values. 

Two other studies using t h i s  technique have found s i m i l a r  resul ts .  With the  hardness 

of - 3 x 10'' ionslm 5 . 
Indents were made normal t o  t h e  i r r a d i a t e d  

surface and Deroendicular t o  i t  i n  cross-section i n  1.1 1 I 
order t o  compare the  two methods. Table 2 shows 
hardness measurements f o r  both treatments are i n  
c lose agreement. The standard dev ia t ion  f o r  the  
cold-worked and aged cond i t ion  i s  much l a rge r  than 
f o r  the  solution-annealed and aged condi t ion,  
p a r t i c u l a r l y  i n  cross-section. Problems were 
encountered indent ing the  former because o f  the  
micron s i ze  p rec ip i t a tes  which are about the  same 
s i ze  as the  cross-section indents. This can be seen 
i n  Fig. 3. The hardness values and t h e i r  associ- 
ated standard deviat ions do not  inc lude indents 
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Fig. 5. Rat io o f  hardness t o  average un i r ra-  
d ia ted  hardness versus deoth from the  i r r a d i a t e d  
i n te r face  for solution-annealed and aged Cu-Ni-Be 
i r r a d i a t e d  a t  300°C (a), 400OC (b)  and 500°C (c). 
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Fig. 6. Ratio o f  hardness t o  average un i r ra-  
d ia ted  hardness versus depth from the  i r r a d i a t e d  
i n te r face  for cold-worked' and aged Cu-Ni-Be i r r a -  
d ia ted  a t  40OoC (a )  and 500°C (b). 
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Table 2. Rat ios of Hardnesses i n  the I r rad ia ted  Zone 
t o  Hardnesses i n  t h e  Uni r rad ia ted Zone 

Thermomechani ca l  
Treatment Temperature ("C) Normal Cross-section 

Cold-worked 300 0.97t0.03 0.95t0.04 
8 Aged 400 0.98 0.95 

500 0.97 0.94 

Sol u t i  on-anneal ed 400 
8 Aged 500 

0.95t0.05 0.98t0.10 
0.87 0.85ta.07 

d i f f e r e n t  and i t s  standard dev ia t ion would be much larger .  
not as severely af fected by t h e  coarsened prec ip i ta tes.  

For  modulus measurements t h e  sca t te r  i n  data f o r  the cross-section indentat ions made any conclusive 
trends impossible t o  detect. For the normal indents a s i g n i f i c a n t  change i n  modulus was observed only i n  
t h e  i r r a d i a t e d  zone o f  the 500OC cold-worked and aged specimen where the modulus was observed t o  drog - 30%. 
This was seen i n  one other study using t h i s  technique where recovery and recrystgJ lJgat ion occurred. 
Modulus drops have been reported i n  s ta in less  s tee ls  and a t t r i b u t e d  t o  swel l ing. 
implantat ion t h i s  a l l o y  i s  not expected t o  show any s i g n i f i c a n t  void formation under i o n  i r r a d i a t f o n .  
reason for  such a la rge  drop i n  modulus i s  not f u l l y  understood a t  t h i s  time. 

Normal indents o f  500 nm o r  greater depth are 

9 Without gas co- 
The 

CONCLUSIONS 

A moderately high d is loca t ion  dens i ty  (20% cold-work) appears t o  accelerate sof ten ing i n  a Cu-Ni-Be 
a l l o y  when i t  i s  exposed t o  temperatures o f  300OC o r  more. 
i r r a d i a t i o n  i s  included f o r  t h e  cold-worked condit ion. 
annealing, ne i the r  temperature nor  i r r a d i a t i o n  a f f e c t  the hardness, unless t h e  a l l o y  i s  exposed t o  
temperatures higher than the aging temperature o f  482°C and then only thermal e f fec ts  are observed. I n  
e i t h e r  case, even short  term exposure t o  temperatures on ly  s l i g h t l y  above the aging temperature r e s u l t s  i n  
rap id  overaging and should be avoided. This study, coupled w i th  the neutron resu l t s ,  i nd ica tes  t h a t  t h e  
solution-annealed and aged condi t ion has a f a r  b e t t e r  res is tance t o  i r r a d i a t i o n  a t  elevated temperatures 
than i t s  cold-worked and aged counterpart. 

t o  t h e  surface i n  cross-section. This i s  poss ib le  as long as t h e  hardness does not vary with dpa through 
t h e  i r r a d i a t e d  zone f o r  a given i o n  fluence and the i r r a d i a t e d  zone i s  deeper than 2 t o  4 t imes t h e  normal 
indent depth and 2 t o  3 t imes t h e  width of the cross sect ion indent. Consistent r e s u l t s  for  indentat ions 
become d i f f i c u l t  when features about t h e  same s ize as t h e  indent are present. 
and aged sample resu l ted i n  p rec ip i ta tes  the same s i ze  as t h e  indents made i n  cross- sect ion which made data 
analys is  more d i f f i c u l t  due t o  the la rge  sca t te r  i n  data. 

Overaging i s  fur ther  accelerated when 
When the a l l o y  i s  on ly  aged fo l l ow ing  so lu t ion-  

Indentat ions made normal t o  the i r r a d i a t e d  surface y i e l d  r e s u l t s  s i m i l a r  t o  indentat ions made p a r a l l e l  

Coarsening i n  the cold-worked 
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ITER MATERIALS DATA BASE FOR IRRADIATION EFFECTS ON M E  DESIGN PROPERTIES OF Cu-Ni-Be AND CU-Al24 ALLOYS - 
K. R. Anderson (Un ivers i t y  o f  I l l i n o i s )  and 0. 5 .  Gel les ( P a c i f i c  Northwest Laboratory) 

OeJECTIVE 

The ob jec t i ve  of t h i s  e f f o r t  i s  t o  prov ide t he  ITER design team w i t h  an i r r a d i a t i o n  ef fects  data base 
f o r  copper a l l o y s  t o  be used as d i ve r t o r  s t r uc tu ra l  materials. 

SUmARY 

This r epo r t  provides an ITER mater ia ls  data base on i r r a d i a t i o n  e f fec ts  i n  copper a l l o y s  w i t h  regard 
t o  d i ve r t o r  s t r uc tu ra l  mater ia l  appl icat ions.  
p a r t i c u l a r  promise: Cu-Ni-Be, a bery l l i um s o l l d  so lu t i on  hardened a l loy .  and Cu-A12O. an ox ide  d ispers ion 
strengthened a1 1 oy . 
PROGRESS AND STATUS 

Introduction 

Data Base he ld  August 22-26, 1988, i n  Garching, West Germany, an i r r a d i a t i o n  e f fec ts  data base f o r  copper 
a l l oys  Cu-Ni-Be and Cu-A120 was cmp i l ed .  
t o  t he  US Fusion Reactor Mater ia ls  Program. 

Engineering Developnent Laboratory (HEDL) and Pac i f i c  Northwest Laboratory (PNL), Los A l m s  National 
Laboratory (LANL), and t h e  Nuclear Reactor Laboratory a t  Massachusetts I n s t i t u t e  of Technology (HIT). 
The design property in format ion was co l lec ted  from these ind iv idua l  research e f f o r t s  b u t  i s  supplemented 
w i t h  add l t iona l  European resu l ts .  

The data base places emphasis on two copper a l l oys  of 

As i npu t  t o  t h e  ITER ( In te rna t iona l  Thermonuclear Experimental Reactor) Spec ia l i s t t s  Meeting on Mater ia ls  

The purpose of t h i s  r epo r t  i s  t o  make t h a t  information ava i lab le  

Three U.S.A. labora to r ies  have studied neutron i r r a d i a t i o n  e f f ec t s  on one or  both a l loys:  Hanford 

A Cu-l.BN1-.3Be a l loy.  a Cu-ZBe a l l o y  and an a l l o y  o f  Cu-.25Al (as A1 ) were each g iven two separate 
thermal-mfhanical treatments and i r r a d i a t e d  i n  t h e  FFTF/WJTA a t  - 4 5 0 4  4 o damage l eve l s  o f  16. 47. 63 
and 98 dpa . 
1. 2 and 3. 

The swe l l ing  data f o r  these a l l o y s  a re  given i n  Table 1 and shown graph ica l l y  I n  Figures 
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Fig. 1. Swell ing observed i n  a va r i e t y  of copper 
a l l o y s  a t  45OoC i n  FFTF-MOTA. 

Fig. 2. Swell ing of MZC and CuBe a l l o y s  observed 
i n  FFTF-MOTA a t  45OoC. 

The e l e c t r i c a l  conduc t i v i t y  of both Cu-A125 and t he  Cu-Be a l l o y  were determined up t o  damage l e v e l s  Of 
63 dpa2. 
a l l o y  was determined fo r  a damage l e v e l  o f  16 dpa. 

This  data i s  shown graph ica l l y  i n  Figures 4 and 5. The e l e c t r i c a l  conduc t i v i t y  of the  Cu-Be-Ni 
This i s  shoxn i n  Table 2. 
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Table 1. Swell ing o f  various commercial copper a l l oys  i r r a d i a t e d  i n  FFTF/MOTA a t  approximately 450%. 
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Fig. 3.  Swell ing o f  Cu-A125 i n  FFTF-MOTA a t  
45OOC. e l e c t r i c a l  conduct iv i t y  o f  Cu-AL25 

The y i e l d  st rengths and uniform elongations o f  m i n i a t  r e  t e n s i l e  specimens were determined fo r  a damage 

Fig. 4. The e f f e c t  o f  neutron i r r a d i a t i o n  on the  

d ispers ion strengthened a l loy .  

l e v e l  of 16 dpa f o r  t h e  CuBe, CuBeNi and Cu-A125 a l l oys  4 . These t e n s i l e  p roper t ies  a re  presented i n  
Table 2 and are  shwn  graph ica l l y  i n  Figures 6, 7 and 8. 
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Fig. 5. The e f fec t  o f  neutron i r r a d i a t i o n  on t h e  e l e c t r i c a l  ondu i v i t y  of Cu-Be a l loy .  Conduct iv i ty  

appears t o  be unaffected by exposure above 2.7 x loz5 n/a? (16 dpa) and by p re - i r rad ia t ion  
thermal mechanical treatment. 

Table 2. E l e c t r i c a l  conduct iv i ty ,  y i e l d  s t rength and uniform elongat ion f o r  unl r radiated.  aged or 
i r r a d i a t e d  cond i t ions  o f  various copper a l loys.  

E l e c t r i c a l  conduct i v  1 t y  Y ie l d  s t rength Uniform elongat ion 

U D )  Uni r radiated Aaed") I r rad ia tedb)  Uni r radiated A& I r r ad ia ted b)  
A )  (Wa)  (X) 

Zone-Reffned 

Copper (99.9%) 101 86 58 58 43 28 26 14 

Sol u t i o n  
Strengthened 

CuAg 97 77 254 78 57 2.2 34 11 
CuAgP 96 80 408 115 109 2.1 24 9.8 

Dispersion 
Strengthened 

CuAlZS 84 13 483 476 396 1.8 5.5 5.9 

P r e c i p i t a t e  
Strengthened 

MZC(HT) e3 77 450 401 267 2.5 6.2 8.7 
CuBeNi ( L HT) 74 84 563 308 211 3.2 8.9 12 
CuBeNi(AT1 61 71 561 566 451 3.4 1.3 0.9 
CuBe( 4 HT) 18 29 647 403 351 2.7 15 11 

a) Aged 1000 h a t  4OO0C 
b)  I r r a d i a t e d  a t  - 4 5 0 0 ~  t o  - 16 dpa ~2.5x1022 n / c d  ( E > o . ~  HeV)I i n  t h e  MOTA o f  t he  FFTF 

A separate. very low damage, neutron i r r a d i a t i o n  study u t i l i z i n g  min ia tu re  t e n s i l e  specimens of Cu-A125 
and Cu-1.8Ni-.3Be i n  two thermal-nechanical treatments was undertaken a t  RTNS-I1 (LLNL) and t h e  (hega 
West Reactor (LANL)I. CU-Be-Ni and CU-A 25 were 
exposed t o  fluences of up t o  2.5 x loz2 nh? i n  RTNS-I1 and from 5.2 x loz2 n / d  to 1.3 x loza n / d  i n  
WR. 
f o r  R l N S - I 1  and Figures 13, 14 and 15 f o r  WR. 

Both i r r a d i a t i o n s  were performed a t  90°C and 290°C. 

The changes i n  y i e l d  s t ress  f o r  these mater ia ls  are shown graph ica l l y  i n  Figures 9. 10. 11 and 12 
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Fig. 6. Effects of aging o r  neutron i r r a d i a t i o n  on t h e  y i e l d  s t rength  o f  copper a l loys.  
denote as-prepared condit ion. h a l f - f i l l e d  symbols t h e  aged cond i t ion  (4OO0C fo r  1000 h )  and 
s o l i d  symbols r e f e r  t o  t h e  i r r a d i a t e d  cond i t ion  (16 dpa at*450°C). 

Open symbols 

m I I I I I 

16WB45X- 

- 

100 - CuA125 - 

I 0 

I I I I I 
0: n % n Irn 1 n  

S h i f t  i n  s t rength  and e l e c t r i c a l  
conduct iv i ty  o f  copper a l l o y s  due t o  
i r r a d i a t i o n  t o  %16 dpa at%450°C. The 
t rend l i n e s  shown i n  t h i s  f i g u r e  do no t  
imply an i den t i ca l  s h i f t  f o r  each a l l oy .  

STWIN % 

C L I L I I I C I L  CO*O"CTI"IT" I, l l C L l  

Fig. 7. Fig. 8. S t ress- st ra in  curve f o r  Cu-A125 a f t e r  
i r r a d i a t i o n  t o  16 dpa a t  45OoC i n  FFTF. 

A second generation copper a l l o y  experiment has been designed. b u i l t  and inser ted  i n t o  FFTF/MOTA f o r  
i r r a d i a t i o n  t o  30, 60, 120 and 240 dpa a t  450+. 
toward oxide dispers ion strengthened (00s) copper based a l loys .  There a re  16 d i f f e r e n t  Cu a l l o y s  under 
i r r ad ia t i on .  a l l  o f  which have been selected p r i m a r i l y  f o r  po ten t i a l  fusion d i v e r t o r  appl icat ions.  
Several weldable ODS a l l o y s  have been included i n  t h i s  t e s t  matrix. The f i r s t  specimens, which have 
been i r r a d i a t e d  t o  30 dpa. have been removed frm FFTF/MOTA and are  awai t ing evaluation. 

Th is  t e s t  matrix, shown i n  Table 3 ,  i s  heav i ly  biased 

LAW 

o f  3 and 15 dpa6. 
work performed a t  HEOL which used A1-25 instead o f  t h e  A1-20 used i n  t h i s  experiment. 

Glidcop A1-20 was i r r a d i a t e d  i n  t he  Experimental Breeder Reactor (EBR-11) a t  385°C t o  damage l e v e l s  
The Swel l ing data 1s Shown i n  Table 4. Th is  Work i s  i n  general agrement w i t h  t h e  
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90°C i n  RTNS-I1 and WR. 
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Table 3. Copper a l l oys  specimens i r r a d i a t e d  i n  FFTF/K)TA. 

Spccimen Neutron Fluencc 
E npravi ng 

Alloy Condt t ion Code 30 OPA ( E l ) .  60 DPA ( I V )  120 DPA (E91 240 DPA (17)  

Cu-SNI-2.511 L A W  
A 1 1 5 * B  LAWL 
CuCr 111 1 ... 
C U H l  M I 1  
CvCrlr J P C  
00s-1 T R A A  
001-1 TRAA 
001-2 TRAE 

SA 
CUI 
C U M  

nrn 
CUI 
HTL 
HT8 
S T 1  
HT 
HT 
HT 
HT 
nr 
HT 
HT 
CY 
C U M  
tu 

PO 
R4 
R I  3N 

R3 
UX 
U6 
u7 
U9 
VB V I  

VL 
YO 
3A 
38 
It 
3F 

3X 
3n 

Temi l c  TFM 
1 - 4 -  

I 4 
1 4 

4 
1 4 
1 4 

4 
4 

1 4 
1 4 

4 
4 
4 

1 4 
1 4 

I 4 
1 4 

4 

1 

l e n r i l e  T r R  
L T  

I 4 
1 4 

4 
1 4 
1 4 

4 
4 

1 4 
1 4 

4 
4 
4 

1 4 
1 4 

4 
1 4 
1 1 

4 

i rn  
T 

1 4 
1 4 

4 
I 4 
1 4 

4 
4 

I 4 
1 4 

4 
4 
4 

1 4 
1 4 

4 
1 4 
1 4 

4 

1cnl)lr TEM 
7 

1 I 
1 4 

4 
I 4 
1 4 

4 
4 

1 4 
I 4 

4 
4 
4 

1 4 
1 4 

4 
1 4 
1 4 

4 
~~ . 

001-3 T R A C  CY 3L 4 4 1 4 1 4 
00s-4 T R I O  Cy 3M I 4 1 4 1 4 I 4 

~ 8 T T 8 T b i - 6 4 - 1 ? ~  - 
*Locrt!on codes engraved on Specimens are shan  i n  parentheses. 

Tens i le  t e s t s  were then performed on I r r ad ia ted  min ia tu re  t e n s i l e  specimens t o  determine y i e l d  strength. 
This  data i s  presented e longat ion and reduct ion o f  area which was measured fran the  f rac tu red  specimens7. 

i n  Table 5 and Figures 16 and 17. 

i r r a d i a t e d  specimens i s  shown i n  F igure 18. A measure o f  t he  resistance t o  thermal s t ress  can be ca lcu la ted  
by mu l t i p l y i ng  t h e  y i e l d  s t ress  and t he  conduc t i v i t y  o f  the  i r r ad ia ted  specimens. 
19. 

The e l e c t r i c a l  r e s i s t i v i t y  of t he  specimens was a l so  measured7. The e l e c t r i c a l  conduc t i v i t y  of t he  

This i s  shown i n  F igure 
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Table 4. 
a l loys.  

Swell ing o f  neutron i r r a d i a t e d  copper 

CONTROL LOW DOSE HIGH DOSE 
0 Vol ume I increase 

a f t e r  i r r a d i a t i o n  

Low dose') Hiqh doseb) 

100 

&! 80 
U 

Copper u 7 0  
W - g r a d e  199.999%) 1.8 6.8 60 

6*6 5 5 0  

Oisparslon-strengthenedc) 4 0  

0' 30 
20 

Oxygen-free (99.95%) 2.1 

AI-20 0.8 0.9 
AI-60 1.1 0.6 

8 70 AMZIRC N i l  3.6 
M C  N i l  N i l  0 

Precipitate-strengthened 

MARZ Cu OF Cu A I - 2 0  AI-60 AMZIRC MZC 

a)  LW dose exposure was 0 . 4 ~ 1 0 ~  n/n2 (E,>o.~ MeV) ALLOYS 
a t  385OC g i v i n g  - 3 dpa i n  co 

b ,  High dose exposure was 2.0x10qseh? (En>O.l  
MeV) a t  385OC g i v i ng  - 15 dpa i n  copper. 

c, Dens i t ies  measured a f t e r  ranoval o f  oxygen-free i r r ad ia ted  copper-base mater ia ls .  
copper clad. Typical standard deviat ion - 0.3% 
f o r  each condit ion. 

Fig. 17. Reduction of areas measured on broken 
t e n s i l e  specimens o f  con t ro l  and 

Table 5. Tens i le  o rooer t ies  o f  neutron i r r a d i a t e d  comer  a l lovs .  

0.2% Offset U l t ima te  
A l l o y  f Condit ion Y ie ld  Stren t h  Tensi le  Wren t h  Elon a t i o n  

Marz Cu: Control 31 t 6 152 I 7 23.6 1.4 
Low dose 33 I 9 155 i 15 24.5 L 3.1 

+4* 

High dose 41 * 1 149 t 13 11.0 1.0 

OFHC Cu: Control  26 t 3 196 i 1 21.4 0.1 
Low dose 51 9 200 t 2 29.5 0.5 
High dose 49 4 1 185 t 13 24.4 I 0.5 

A1-20: Control 337 8 395 t 10 13.5 I 1.0 
Low dose 353 I 13 411 t 10 13.7 I 2.8 
High dose 343 * 12 395 i 18 20.4 * 2.6 

A1-60: Control  391 I 24 466 t 3 12.1 * 1.9 _. i& dose 402 * 20 468 1 9.5 f 1.1 
High dose 379 18 449 L 15 11.3 0.9 

Amirc: Control  271 I 2 334 9 9.3 0.1 
Low dose 214 t 6 311 t 6 9.3 2.6 
High dose 11 I 5 226 .; 7 34.3 I 1.1 

MZC: Control  431 12 458 I 7 10.1 4 0.8 
Low dose 319 10 437 t 12 12.8 0.8 
High dose 284 10 354 * 10 16.6 I 0.4 

u 
A Cu-.38Be-1.67Ni a l l o y  suppl ied by INESM) i n  an op t ima l l y  processed cond i t i on  and four  Cu-A124 a l l oys  

were i r r a d i a t e d  a t  400W t o  a damage l e v e l  of 13.5 dpa i n  EBR-II*. 
subs tan t i a l l y  m r e  A1 
t h i s  study were in t h&om of 3 mn TEM dlscs. The amount o f  swe l l ing  f o r  these a l l oys  i s  given i n  Figure 
20. 

min iatur ized d isc  bend technique f o r  spec i f i c  specimens8. 
t he  Cu-Alzq a l l oys  are given i n  Figures 22 and 23, respect ive ly .  

The Cu-A124 a l l oys  con ta in  
than does Glidcop A1-20 as shown i n  Table 6. A l l  t he  specimens i r r ad ia ted  I n  

The e l e c t r i c a l  conduc t i v i t y  of these a l l oys  i s  g iven i n  F igure 21. 

The t e n s i l e  p roper t ies  of y i e l d  s t r ess  and percent elongation were determined by t he  use o f  a 
The y i e l d  s t rength and percent e longat ion of 
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D u c t i l i t y  estimated fram min ia tu re  d isk  
bend t e s t s  a t  0 and 13.5 dpa fo r  tes ted  
a l l oys  w i t h  e longat ion < 5%. 
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The degree o f  neutron i r radiat ion- induced vo id  formation i s  p a r t i a l l y  a func t ion  of temperature and 
dose rate. 
determined. There have been several French researchers who have studied t he  importance of 
and dose r a t e  on pure Cu as we l l  as Cu a l l oys  i n  which the  stack ing f a u l t  energy was var ied  

s sh n i n  work was performed a t  la damage l e v e l s  o f  -0.7 dpa. A graph of swe l l ing  vs tmpe ra tu r f  1 
F igure 26 w i t h  a maximum occurr ing a t  approximately 0.45 T,,, (-337OC) f o r  a f l u x  o f  3x10 n/Cm *SeC. A 
reduct ion I n  f lux,  a t  constant dose. displaces the  maximum t o  lower temperatures. As t h e  stack ing f a u l t  
energy of Cu was decreased by a l loy ing.  t h e  amount o f  swe l l ing  was a l so  found t o  decrease. 
i n  Table 7. 

For Cu-Be-Ni and Cu-A124, t he  r e l a t i v e  importance of these dependencies has y e t  t o  be 

r€c!Pl"t;h';s 
9" 

This i s  shown 

Table 7. Stacking f a u l t  energy (SFE) dependence on swe l l ing  i n  copper showing t h a t  as SFE decreases. 
swe l l ing  decreases. 

cu 55 
Cu - Ge l% 50 .~ 
Cu - Ee 3% -45 
cu - s i  l% -45 
CU - A1 l% -45 
CU - A1 3% -30 
CU - A1 5% -5 

0.16 2.2 1014 27.5 
0.10 2.5 x 10 l2  48.0 
-0 few c a v i t i e s  60.0 
-0 few c a v i t i e s  60.0 
-0 fen c a v i t i e s  - 
0 0 
n n - - 

ORNL researchers ve i r r a d i a t e d  pure copper t o  a damage l eve l  o f  approximately 1.3 dpa w i t h  neutrons 
as shown i n  Table afs. The resu l t s  i nd i ca te  a broad swe l l ing  maximum i n  pure Cu a t  0.42 T (-3OOOC). 
This  determinat ion o f  a swe l l ing  maximum may have been hindered samewhat due t o  t he  lack  07 swe l l ing  
data above 350%. 

Table 8. Void swe l l ing  parameters f o r  i r r a d i a t e d  pure copper specimens. 

Void Mean Void Damage 
Diameter AV/V Level 

(OPA) (%I - - 
Temperature 

( 0 0  

182 0 1.3 
220 146 19 0.06 1.3 
250 155 28 0.23 1.5 
275 66 46 0.38 1.4 
300 65 45 0.37 1.3 
350 38 49 0.35 1.3 

Therefore. t he re  i s  reasonable agrement  i n  t h e  tmpe ra tu re  of t he  swe l l ing  maximum fo r  Cu. Several 
researchers have shown a broa maximum i n  swe l l ing  tmpe ra tu re  t o  occur a t  -350% (.46Tm) as s h a n  by 

A t  t he  present time, neutron i r r a d i a t i o n  e f f ec t s  on t h e  design p roper t ies  of f rac tu re  toughness. creep 

Table 9 and Figures 27 and 28 PO . 
and f a t i g u e  are undetermined f o r  Cu-SBe-2Ni and Glidcop A1-20. 

WNCLUSIONS 

A data base on i r r a d i a t i o n  e f f e c t s  f o r  copper a l l o y s  Cu-Ni-Be and CuAL2O has been assembled and provlded 
t o  t h e  ITER design team. 

FUTURE WORK 

This work w i l l  be continued when r e s u l t s  became avai lab le.  
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INFLUENCE OF CARBON AN0 NITROGEN IMPURIT IES ON THE CORROSION OF FERROUS ALLOYS I N  A FLOWING-LITHIUM 
ENVIRONMENT - 0. K. Chopra and A. 8. Hul l  (Argonne National Laboratory) 

OBJECTIVE 

The ob jec t i ve  of t h i s  research i s  t o  provide experimental data f o r  the developnent o f  an ana ly t i ca l  
model t ha t  w i l l  p red ic t  the e f fec t  of n o n e t a l l i c  e lmen ts  on the corros ion behavior o f  ferrous a l l oys  i n  
lithium. Measurements o f  chemical and meta l lu rg ica l  changes are used to es tab l i sh  the mechanisms and 
k i n e t i c s  o f  r a te- con t ro l l i ng  processes. 

S W A R Y  

con t ro l  the corros ion behavior of ferrous a l loys .  
behavior o f  ferrous a l loys .  

PROGRESS AN0 STATUS 

a l loys .  
L i  are reviewed and the e f f e c t s  o f  n o n e t a l l i c  elements on corros ion are discussed. 

p u r i f i c a t i o n  c a p a b i l i t i e s  t o  con t ro l  the concentrat ion of n o n e  l l i c  elements. Deta i led descr ip t ions  o f  
the  loop and the t e s t  procedure have been presented previously.? The exposure temperature and time, L i  loop 
operat ing condi t ions,  and the N content  o f  the L i  are given i n  Table 1. For a l l  tests .  L i  was c i r cu la ted  a t  
-1 t h i n  i n  the primary loop, and the concentrat ions o f  C and H i n  the L i  were -10 and 120 wppn, 
respect ive ly .  

The d i sso lu t i on  of major a l l o y  elements, as w e l l  as chemical i n t e rac t i ons  between N and C r  o r  W ,  
Carbon t rans fe r  does not  appear to a f f e c t  the  d i sso lu t i on  

This paper presents data on the surface morphology and canposit ional changes o f  Li-exposed ferrous 
Data on the corros ion behavior of several f e r r i t i c  and aus ten i t i c  s t r uc tu ra l  mater ia ls  i n  f lowing 

Corrosion tes ts  were conducted i n  a fo rced- c i rcu la t ion  L i  loop equipped w i t h  cold-  and hot- trapping 

Table 1. L i t h i u n  loop operat ing condi t ions f o r  various corros ion t es t s  

Loop Temperature ('C) N Content Exposure Time (h )  
Test l e s t  EXP .= supply Cold O f  the L i  Test ExP. 
Run Vessel Vessel Vessel Trap (wppm) Vessel Vessel 

1 482 482 432 212 6 0  1295 5000 
2 48Zb 482 407 23OC -250 _ _  1997 
3 427 402 407 230 -100 1100 -_ 
4 482 427 410 212 (100 5521 6501 
5 427 372 372 206 -100 5023 4955 
6 538 482 410 208 -50 3655 3330 
8 402 427 426 213 -2 0 2158 2062 

aL i t h i un  f low was from the t e s t  vessel to the specimen exposure vessel. 

'No flow occurred through the co ld  t r ap  a f t e r  890 h due to plugging. 
Plugged sections were replaced and f low s ta r ted  a f t e r  an addi t ional  480 h.  

vessel temperature changed f r on  482 t o  427OC a f t e r  1540 h. 

Af ter  exposure to L i ,  the specimens were cleaned i n  alcohol and water. Several specimens were analyzed 
c h m i c a l l y  t o  d e t e n i n e  the  changes i n  the  concentrat ion o f  n o n e t a l l i c  e lments ;  the surface reac t ion  
products were analyzed by x-ray d i f f r a c t i o n .  

reported elsewhere, 

Nitrogen can reac t  w i th  a l o y  elements and L i  to form stable ternary n i t r i d e s  and thus accelerate the  
cor ros ion  of ferrous a1 0 s . ~ ' '  The equ i l ib r ium concentrat ions o f  N and C i n  L i  for which metal n i t r i d e s  
and carbides are stab1eb-l are shown i n  Fig. 1. The ternary n i t r i d e s  are soluble i n  alcohol o r  water and. 
therefore, are n o t  observed on cleaned specimens. The presence o f  the ternary n i t r i d e  LigCrN5 on HT-9 and 
Type 316 SS specimens e posed during Run 6 was detected by chemical analysis o f  the  methanol used f o r  
cleaning the specimens.f The concentrat ions o f  the major elements (expressed as wppm i n  L i )  t h a t  were 
dissolved i n  the methanol are given i n  Table 2. The high concentrat ion o f  C r  i n  the so lu t ions  ind ica tes  the 

The data for w f l j h t  losses and steady-state d i sso lu t i on  ra tes  of HT-9, Fe-9Cr-lMo. and Type 316 SS, 
show tha t ,  for a l l  a l loys,  an increase 'n the N content o f  the L i  from 20 t o  100 wppn 

increases the weight l o s s  during the i n i t i a l  t r ans ien t  period. 1 
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Fig. 1. Equil ibriun values of nitrogen 
and carbon concentration i n  l i t h i u n  fo r  which 
metal n i t r i d e s  and carbides  are s t ab le .  

Table 2 .  Concentrations (wppm) of a l loy  cons t i tuen t s  
in l i t h i m a  fran spectrochemical analys is  of 
methanol used f o r  cleaning corrosion specimens 
exposed to the  l i t h i u n  a t  538 and 482'C 

538'C 
A1 1 oy 2r Fe N i  Mo Cr Fe Ni MO 

T-9 19 67 <15 10 42 33 <15 12 
Type 316 SS 46 68 13 135 207 31 14 60 
L i  t h i  mb <5 17 13 <10 <5 18 <15 <lo 

a L i t h i u n  film which adheres to the  sDecimen when i t  i s  
removed from the loop. 

bConcentration of al loying element in the loop l i th ium.  

formation of the  ternary n i t r i d e  of Cr on the a l loy  surfaces  exposed to L i .  The Cr content  of  the methanol 
solution a f t e r  cleaning Type 316 SS specimens was s ign i f i can t ly  g rea te r  than the Cr content  of the  methanol 
a f t e r  cleaning HT-9 specimens. The r e l a t i v e l y  
high concentrations of bb in the  solut ions  a f t e r  cleaning Type 316 SS specimens a lso  indicate  the presence 
of ternary n i t r i d e s  involving m. These r e s u l t s  indica te  t h a t  chemical in t e rac t ions  between a l loy elements 
and N play a daninant ro le  i n  the  corrosion behavior of aus ten i t i c  s t e e l s  in L i .  
i n t e rac t ions  on the corrosion behavior will be l a rge r  a t  lower temperatures, e.g., a t  482 or  427'C. because 
the driving force for n i t r i d e  formation increases as  temperature decreases. 

obtained fran a s ingle  specimen exposed fo r  various times, pa r t i cu la r ly  for Type 316 S S .  
ternary n i t r i d e s  during each exposure period and the subsequent l o s s  during the cleaning procedure r e s u l t  in 

igh t  lo s s  and corrosion r a t e .  The r e l a t i v e l y  constant  d issolut ion r a t e s  obtained fo r  Type 316 S S  
(-2 mg/ h )  a t  temperatures between 372 and 538'C may be a t t r ibu ted  to chemical in t e rac t ions  involving N 
and the experimental procedure. Separate specimens should be exposed to L i  fo r  d i f f e r e n t  times to 
accurately e s t ab l i sh  the d issolut ion r a t e s  of Type 316 SS. Figure 1 ind ica te s  t h a t  the N content  of the  Li 
should be below -1 wppn to avoid formation of ternary n i t r i d e s  and t h e i r  e f f e c t s  on corrosion.  

example see Fig. 2). 
specimens exposed a t  427 or 482'C. 
c l e s  whereas the  specimens exposed a t  the  maximun loop temperature contain f ine  surface  deposits .  
f i c a n t l y  fewer deposi ts  a r e  seen on HT-9 and Fe-9Cr-1Mo specimens than on Type 316 SS specimens. 
analyses indicate  t h a t  these  deposi ts  are  carbides and t h a t  the  nature of the  carbides changes w i t h  exposure 
time. 
482OC) whereas both MZ3C6 and M7C3 a re  observed a f t e r  longer exposure times (>2500 h ) .  
content o f  the specimens, howver,  did not increase s ign i f i can t ly  with an increase in time from 1000 t o  
5000 h.  

Surface deposi ts  have a l so  been observed on pure Cr specimens exposed to Li a t  482 and 427'C.3 The 
deposits  were iden t i f i ed  as  Cr23C6 for the  specimen exposed a t  482'C (maximun loop temperature) and a s  
Cr23C6 and Cr7C3 f o r  the specimen exposed a t  427°C (downstream locat ion) .  

This was par t i cu la r ly  true f o r  specimens exposed a t  482°C. 

The e f f e c t  of  these  

An implication of such chemical in t e rac t ions  i s  t h a t  the  corrosion behavior cannot be accurately 
The formation of 

The corrosion data from the various t e s t  runs indicate  l a r g e  deposi ts  on specimen ( f o r  
A deta i led  examination of the Li-exposed specimens reveals surface deposi ts  on a l l  

Signi- 
X-ray 

Specimens exposed a t  the downstream locat ion contain very l a rge  par t i-  

For exmple ,  b3C6 carbides a r e  observed a f t e r  r e l a t i v e l y  shor t  exposure times (-1000 h a t  427 or 
The  to ta l  carbon 
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Fig. 2. 
and Type 316 SS. 

Exwples  of surface deposits on HT-9 

482%' 2928 H 

The f e r r i t i c  and aus ten i t i c  s teels  exposed to L i  dur ing Runs 4, 5, and 6 were analyzed chemical ly t o  
The r e s u l t s  are p l o t t ed  i n  Fig. 3. Sane specimens were mechanically detennine the changes i n  C content. 

pol ished to renove the surface deposits o r  the f e r r i t e  l aye r  on Type 316 SS before the bu lk  C concentrat ion 
was measured. 
a t  482 and 427OC; l i t t l e  or no change was observed a t  372'C. 
s i g n i f i c a n t  only  f o r  the specimens exposed a t  the downstrean loca t ion ,  viz., the bulk C content o f  these 
specimens i s  -22% lower than t ha t  of the unpolished specimen. 
downstrean specimens i s  most l i k e l y  due to the deposi t ion of C r  f ran  L i .  The decarburization/carburization 
behavior o f  Type 316 SS does no t  seem to be af fected by the surface deposits. Specimens exposed a t  the 
maximun loop temperature o f  482°C have l i t t l e  or no deposits b u t  conta in higher C concentrat ions (737 wppml 
than the darnstrean specimens (652 wppnl exposed a t  the same temperature, which have surface deposits. The 
formation o f  ternary n i t r i d e s  may, however, in f luence the C t rans fe r .  The l ack  of C t ransfer  even a f t e r  an 
-5000-h exposure to L i  a t  372OC may be a t t r i b u t e d  to k i n e t i c  l i m i t a t i o n s  and possib ly  t o  the presence o f  
ternary n i t r i d e s  on the specimen surface. 

The r e s u l t s  fo r  KI-9 and Fe-9Cr-lMo, Fig. 3b, ind ica te  no C t rans fe r  a f te r  long exposure a t  
tenperatures between 372 and 538OC. 
appears t o  be associated w i th  the surface deposits. 

These r e s u l t s  i nd i ca te  t ha t  chemical i n t e rac t i ons  invo lv ing  C are no t  l i k e l y  t o  in f luence  the ove ra l l  
corros ion behavior o f  ferrous a l l oys  s i gn i f i can t l y .  
adherent. 
influence the weight change measurements. For exanple, a 300 wppn increase i n  bu k C content i n  the f o i l  
Specimens used i n  t h i s  i nves t i ga t i on  rau ld  correspond to an increase o f  -0.35 g 1 3  i n  T i g h t .  Such weight 
changes w i l l  be i n s i gn i f i can t  for the aus ten i t i c  Type 316 SS which shows 10- t o  30-g/m weight loss  a f t e r  
the i n i t i a l  t r a n s i e n t  weight l o s s  period. The f e r r i t i c  s tee ls  show no change i n  the b u l k  C content. 

CONCLUSIONS 

The resu l t s  f o r  Type 316 SS i nd ica te  t h a t  the mater ia l  decarburizes a t  538OC and carburizes 
The in f luence  o f  sur face deposits i s  

The presence of l a r g e  surface deposits on the 

The s l i g h t l y  higher C content of specimens exposed a t  482 and 427'C 

The carbides t ha t  fonn on the a l l o y  surfaces are 
The t rans fe r  of C t o  and from the a l loys,  and the carb ide deposits on the surface, may, however, 

( a l  The d i sso lu t i on  o f  major a l l o y  elements, as w e l l  as chemical i n t e rac t i ons  between N and C r  o r  b, 
cont ro l  the  corros ion behavior o f  ferrous a l loys .  The con t r i bu t i on  o f  chm ica l  i n t e rac t i ons  i s  
s i gn i f i can t  fo r  aus ten i t i c  Type 316 SS. 
should be (1 wppn to avoid chenical in te rac t ions .  

The weight l o s s  data f o r  Type 316 SS obtained from a s ing le  specimen exposed f o r  various times do 
not  accurately represent the corros ion rates. The r e l a t i v e l y  constant d i sso lu t i on  r a t e s  repor ted 
f o r  Type 316 SS a t  temperatures between 372 and 538OC are most l i k e l y  due to the experimental 
procedure and con t r ibu t ions  o f  chemical in te rac t ions .  

When exposed to L i  conta in ing -10 wppn C, the aus ten i t i c  Type 316 SS decarburizes a t  538'C and 
carburizes s l i g h t l y  a t  482 and 427OC. 
decarburization/carburization and show l i t t l e  or no C t rans fe r .  

Carbon deposits are observed on the f e r r i t i c  and aus ten i t i c  steel surfaces, p a r t i c u l a r l y  on 
specimens located a t  the downstrean pos i t ion .  
d i sso lu t i on  behavior o f  fer rous a l loys.  

Thermodynamic data ind ica te  t ha t  the N content i n  L i  

( b \  

( c l  
The f e r r i t i c  HT-9 and Fe-9Cr-1b s tee ls  are r e s i s t a n t  t o  

( d l  
Carbon t r ans fe r  does no t  appear to af fect  the 

FUTURE WORK 

Over the next s i x  months, the r o l e  o f  chemical a c t i v i t y  i n  the decarburizationlcarburization react ions 
w i l l  be e x p l i c i t l y  invest igated. 
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Fig. 3. E f f e c t  of l i t h i u m  exposure on carbon concentrat ion i n  (a)  and (b) f e r r i t i c  steels. 
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INFLUENCE OF HYDROGEN, NITROGEN, AND CARBON IMPURITIES ON THE CORROSION OF VANADIUM ALLOYS I N  A FLOWING- 
L ITHIM ENVIRONMENT - A. B. HULL, 0. K. CHOPRA, 8. LOOMIS, and D. L. SMITH (Argonne National Laboratory) 

OBJECTIVE 

m e  ob jec t i ve  of t h i s  research i s  t o  provide experimental data f o r  the dwelopnent  of an ana ly t i ca l  
model t ha t  w i l l  p red i c t  the e f fec t  of normeta l l ic  elements on the s t a b i l i t y  o f  V a l l oys  i n  L i .  

SUMMARY 

Vanadiun a l loys  p ick up N and C from and release H t o  L i .  A l loys w i t h  T i  o r  C r  develop a N- rich 
Surface layer. 
a l l oys .  
of H i n  L i  i s  u n l i k e l y  and tritium pickup by V a l l oys  i n  the reactor  s t ruc tu re  w i l l  no t  be s i g n i f i c a n t .  

PROGRESS AND STATUS 

Chemical in te rac t ions  invo lv ing  C p lay an important r o l e  i n  the  d i sso lu t i on  behavior of V 
Results obtained i n  t h i s  study i nd i ca te  t ha t  H embri t t lement as a r e s u l t  o f  a higher concentrat ion 

m e  H d i s t r i b u t i o n  and corros ion t es t s  were conducted i n  a fo rced- c i rcu la t ion  L i  loop t h a t  i s  
constructed of Type 304 s ta in less  steel and consis ts  of a primary loop equipped w i t h  three t e s t  vessels and 
a secondary co l f - t r ap  p u r i f i c a t i o n  system. Hydrogen p a r t i a l  pressure (PH ) was monitored d a i l y  w i th  a H 
a c t i v i t y  meter. 
o f  the  loop and the procedure for L i  sampling has been presented previously. 9 

d i f f e ren t  temperatures. Fol lowing exposure, the  specimens were cleaned i n  methanol t o  avoid the i troduc- 
n o f  H. Specimens were chemical ly analyzed to determine the changes i n  the concentrat ion o f  H, I  N, and El' The surface reac t ion  products were analyzed by x-ray d i f f r ac t i on .  

Hydrogen i n  l i t h i u n  

given by the fo l lowing equation from Ref. 6: 

F i l t e r e d  (5 P metal f r i t s )  L i  samples were analyzed fop N n n j  C. A de ta i l ed  descr ip t ion  

Various V a l l oys  were immersed i n  the f lowing L i  i n  two separate isothermal t e s t  vessels maintained a t  

The temperature dependence o f  the terminal s o l u b i l i t y ,  SH. expressed i n  weight f r a c t i o n  (F ig .  l), i s  

I n  sH = 1.578 - 5314/T, ( 1 )  

where T i s  the absolute temperature. The re l a t i onsh ip  between the concentrat ion o f  H i n  so lu t i on  
and P H ~  can be represented by Siever ts '  constant, K5,  as fol lows: 

c = K s  (PH2) (2) 

where PH 
the Sievgrts '  constant, K,, i s  expressed as 

i s  expressed i n  t o r r  and C i s  the weight f rac t ion  of H i n  the L i .  The temperature dependence o f  

I n  K, = A + B/T,(3) 

where A and B are constants whose values for H i n  L i  and various re f rac to ry  metals have been d e t e n n i ~ ~ e d . ~  
To a f i r s t  approximation, the H content i n  L i ,  i.e., the value of C i n  Eq. (21, i s  establ ished by the cald- 
t rap  tenperature, and can be determined f ran  Eq. (1). 
pressure based on Siever ts '  equation, can be calcu lated from Eq. (2) by subs t i t u t i ng  f o r  C the value o f  SH 
obtained fran Eq. (1) wi th  the  absolute temperature of the co ld  trap, and f o r  Ks the value obtained from 
Eq. ( 3 )  wi th  the absolute temperature o f  the supply vessel. 
taken over a per iod of -3 y r  were p l o t t ed  against the  calcu lated p a r t i a l  pressure, PH -T. correspondi?g 
the  same cold- t rap and supply vessel temperatures. 
used t o  der ive the fo l low ing  c a l i b r a t i o n  equation for the normalized H p a r t i a l  pressure, P H ~ - N :  

Subsequently, PH~-T ,  the temperature-dependent 

Data from 232 pressure gauge readings, P au e, 

A l i n e a r  l e a s t  squares f i t  to thege 232 data po in ts  was 

P H ~ - N  = -0.16583 + 0.10566 Pgauge (4 )  

Subsequently, by subs t i t u t i ng  PH N i n t o  Eq. (Z), and using Eq. (3)  to determine K , we could der ive the 
d issolved concentrat ion o f  H i n  ?:, CN, from the normalized p a r t i a l  pressure and %he temperatures o f  the 
co ld  t r ap  and the L i  supply vessel i n  which the pressure sensor was imnersed. In Fig. 2, such r e s u l t s  
(c losed diamonds) are canpared w i th  SH determined by Eq. (1). 
for the p a r t i a l  pressure, h2-~. are canpared w i t h  the gauge-derived values, P H ~ - N  (c losed c i r c l e s ) ,  as 
obtained i n  Eq. ( 4 ) .  

on both the  measured and ca lcu la ted  values of H i n  Li .  
l oop  age o f  t h i s  batch o f  L i  a t  the time of the gauge reading) where the cold- t rap temperature drops 16OC 
and H concentrat ions plumnet. 

S i m i l a r l y ,  the t heo re t i ca l l y  derived values 

The temperature of the supply vessel and co ld  t rap  a t  the top o f  Fig. 2 can be seen to have an ef fect  
A case i n  p o i n t  i s  t h a t  of t = 5.07 x l o 4  h ( t h e  
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Fig. 1. S o l u b i l i t y  o f  hydrogen i n  l i q u i d  l i t h i m  

t -c measured I 

Fig. 2. Time-dependent concentrat ion of hydrogen 
i n  l i t h i m  i n  the FFTL-3 f o r ced -c i i zu l a t i on  loop. 

P a r t i  t i on i ng  of hydrogen 

Hydrogen w i l l  f ract ionate between L i  and various re f r ac to r y  metals as a func t ion  of temperature. 
d i s t r i b u t i o n  coef f ic ient ,  Kw, can be def ined as the r a t i o  of the H concentrat ion i n  the V a l l o y  to t h a t  i n  
the l i q u i d  L i :  

A 

= CV/CLi, ( 5 )  

where C 
temperafure-dependent d i s t r i b u t i  n o f  H between L i  and several r e f r ac to r y  metals takes the same fon i  as 

Yttrium samples were immersed i n  the L i  loop  a t  temperatures ranging from 408 t o  538'C. 
o f  H i n  the Y specimens, determined by vacuun fusion analys is  (Table 1). was used i n  conjunct ion w i t h  
ca lcu la ted  d i s t r i b u t i o n  coe f f i c i en t s  t o  determine the H concentrat ion i n  L i .  These H concentrat ions, 
p l o t t ed  as a funct ion of co ld- t rap temperature (F ig.  1 ) .  show good agrement w i t h  the s o l u b i l i t y  curve. On 
the  basis  of canparison o f  the H concentrat ions obtained from e q u i l i b r a t i o n  o f  Y f o i l s  w i t h  those obtained 
fran P au e readings, i t  was concluded t ha t  the a c t i v i t y  meter gave an acceptable c o r r e l a t i o n  between the H 
conten! o f  the L i  and the measured p a r t i a l  pressure. 

and CLi are concentrat ions ( w t  %) of H i n  the V a l l oy  and L i ,  respect ive ly ,  a t  constant PH . The 

Eq. (3).  Using tabulated values 8 for A and B, the p a r t i t i o n i n g  o f  H i s  shown graph ica l l y  i n  Fig. 3. 
The concentrat ion 

Table 1. Ca l i b ra t i on  of hydrogen i n  loop v i a  hydrogen content 
i n  yttrium specimens exposed t o  l i t h i m  

Spec. Exposure Cold-Trap H (w t  %) H (wppm) 
No. Temp. ('C) Temp. ("C) i n  Yttrim K: i n  L i t h i m  

Y8 408 221 1.00 f 0.27 78.94 127 
Y9 422 230 0.98 f 0.24 69.03 142 

Y15 482 210 0.48 f 0.01 41.08 117 
Y 11 482 220 0.38 f 0.06 41.08 92 

Y 16 482 210 0.41 41.08 100 
Y60 538 215 0.21 27.13 17 
Y61 538 215 0.32 27.13 118 

~ ~~ ~ 

aCalcul ated from d i s t r i b u t i o n  c o e f f i c i e n t  e q ~ a t i o n s . ~  
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Fig .  3. Temperature dependence o f  equ i l ib r ium 
d i s t r i b u t i o n  c o e f f i c i e n t s  for hydrogen between selected 
re f rac to ry  metals and l i t h i un .  

Carbon and n i t rogen i n  vanadiun a l l oys  

538'C are given i n  Table 2. 
2640 wpw, respect ively;  t h a t  o f  C i s  487, 366, and 265 wpp,  r e ~ p e c t i v e l y . ~  
measured N content i s  s l i g h t l y  below the s o l u b i l i t y  leve l  and the C content represent 
l eve l .  V2N i s  n o t  s tab le  a t  482'C i n  L i  conta in ing  20 wppn N (cond i t ions  f o r  Run 8 ) .  
N between pure V and L i  can be obtained fran the e q u i l i b r i u n  d i s t r i b u t i o n  coe f f i c i en t ,  b, 
Eq. ( 5 )  w i t h  a temperature dependence of 

The concentrat ions of N and C i n  pure V and some a l l oys  exposed to L i  a t  temperatures between 427 and 

For pure V specimens, the  
A t  538, 482, and 427'C. the s o l u b i l i t y  o f  N i n  pure V i s  4670, 3570, and 

the sa tura t ion  
Th5,Bart i t ioning o f  

given by 

\ = exp (6.52 - 1394/T). ( 6 )  

For 20 wppn N i n  L i ,  the e q u i l i b r i u n  N content  i n  V should be 2140 and 1840 wppn a t  482 and 427'C. 
respect ive ly .  
concentration. The equ i l i b r i um value i s  no t  achieved a f t e r  -1400 h a t  427°C owing to k i n e t i c  l i m i t a t i o n s .  

V2C i s  s tab le  under the present exposure cond i t ions  o f  10 wppn C i n  L i .  X-ray analyses of the pure V 
specimens, however, d i d  not show any carbides or n i t r i d e s  on the  specimen surfaces. I t  i s  l i k e l y  t h a t  the 
V2C t h a t  forms on pure V specimens i s  no t  adherent and spa l l s  dur ing L i  exposure. 
con t r i bu t i on  ta the weight l oss  o f  V a l loys .  

The measured N concentrat ion i n  pure V exposed a t  482'C i s  c lose to the e q u i l i b r i m  

This may be the daninant 

The V a l l oys  show an increase i n  N and C content. The gain i n  N increases w i th  t ime and temperature. 
Analyses of the specimens w i th  o r  wi thout  the surface scale ind ica te  a s i g n i f i c a n t  increase i n  the N content 
o f  the bulk mater ia l ,  a f i nd ing  t h a t  i s  confirmed by P rdness  measuranents t h a t  showed an increase i n  
microhardness of the  surface reg ion  o f  the specimens. 
t ha t ,  being qu i te  hard and b r i t t l e ,  can break o f f  under thermal stresses, r e s u l t i n g  i n  higher weight 
losses. Spa l l ing  of the  surface scale was, however, r a re .  

CONCLUSIONS 

It i s  h igh l y  probable t h a t  a N- rich scale forms 

To a f i r s t  approximation, the  co ld- t rap  temperature had a s i g n i f i c a n t  e f f e c t  on c o n t r o l l i n g  the upper 
l i m i t  of H i n  the sys tm,  which i s  well under t h a t  necessary to a f f e c t  the i n t e g r i t y  o f  V a l loys.  The 
cor ros ion  mechanisms fo r  V a l l o y s  are most l i k e l y  d i sso lu t i on  o f  a l l o y  elements and chemical i n te rac t i ons  
invo lv ing  C. Chmical  in te rac t ions  w i th  N have a secondary e f f e c t ,  bu t  may be more important f o r  the 
ef fects on mechanical propert ies.  

FUTURE WORK 

Experiments are  planned to b e t t e r  de f ine  temperature-dependent d i s t r i b u t i o n  coe f f i c i en ts  between H and 
V a l l o y s  as a f unc t i on  o f  subs t i t u t i ona l  a l l oy ing  elanents. 
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Table 2. Carbon and n i t rogen contents i n  vanadiun a l l oys  exposed to l i t h i u n  

Test Exposure Condit ion Impurt ty  Contenta (vppn) 
A1 1 oy Run -Temp. ('C) Time Ih )  tarbon Nitrogen 

pure V Unexposed 360 161 f 41 
8 482 484 340 (330) 681 f 65 
8 482 1508 270 3404 f 187 (3410 f 129) 
8 427 1405 320 656 f 71 

V-1OCr-3Fe-Zr Unexposed 
6 538 
a 482 
6 4 82 

Y-15Cr-5Tib Unexposed 
6 482 
8 482 
8 427 

V - I S C ~ - ~ T ~ ~  Unexposed 
6 538 
6 538 
6 482 

6 538 
V-20Ti Unexposed 

6 4 82 
6 482 

590 

619 
1992 
1405 

7 94 
1384 
1618 

1384 
619 

1618 

890 
1190 
1070 
990 

390 
530 
570 
500 

390 _-- 
(670) 
700 

271 f 66 
12418 f 621 (6258 f 227) --- 
4570 f 250 

527 f 109 

607 f 84 

299 f 68 
(4895 f 179) 
11935 f 434 (10022 f 505) 
2808 f 177 

--- 
2361 f 114 (1955 f 78) 

566 f 168 
8862 f 328 (5735 f 2951 

604 f 124 
(2595 f 110) 

~~ 

'Values w i t h i n  parentheses represent concentrat ions f o r  specimens which were 

bORNL heat. 
'ANL heat. 

mechanically pol ished t o  remove the surface reac t ion  products. 
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MOLTEN EUTECTIC Pb-17Li ENVIROHMENT: EFFECT ON CORROSION AND TENSILE PROPERTIES (x FERRITIC STEELS AND 
WELDMENTS - 0. K. Chopra, D. L. Smith, and A. B. Hul l  (Argonne National Laboratory) 

OBJECTIVE 

The ob jec t i ve  of t h i s  research i s  t o  inves t iga te  the in f luence  of a f lowing Pb-17 at.  % L i  env i roment  
on the  corros ion behavior and mechanical proper t ies o f  s t r uc tu ra l  a l l oys  under condi t ions o f  i n t e r e s t  f o r  
fus ion  reactors. 

SUIMARY 

env i roment  has no de le te r ious  e f f e c t  on the t e n s i l e  p roper t ies  of postweld heat- treated HT-9 weldnents. 

PROGRESS AN0 STATUS 

Tests were conducted i n  a forced-c i rcu lat ion loop  cons is t ing  of a high-temperature t e s t  vessel 
constructed f r a n  p l a i n  carbon steel ,  and a co ld  l e g  constructed fran Type 3f42stainless steel.  Deta i led 
descr ip t ions  o f  the 1 oop and t e s t  procedure have been presented previously. 3 

tes ts  were conducted on a postweld heat-geated KI-9 weldnent in  flowing Pb-17Li to i nves t i ga te  environ- 
mental e f fec ts  on the t e n s i l e  propert ies. 
f lowing Pb-17Li a t  425'C to achieve complete wet t ing of the specimen surface. 

which had received postweld heat treatment to f lowing Pb-17Li a t  425'C f o r  -900 h. 
simulated heat-affected-zone (HAZ) s t ruc tu re  (produced by blank GTA weld passes) !#as a lso  included i n  the 
tes t .  
simulated HAZ s t ruc tu re  exh ib i ted  weight losses o f  7.17. 3.19, and 3.73 gem-'. respect ive ly .  The average 
d i sso lu t i on  rates for the weldnents are shown i n  Fig. 1 along w i t h  the  resu l t s  f o r  the  base metal. 
dot ted l i n e  represents a theore t i ca l  316 SS curve; the s o l i d  l i n e  represents HT-9. 

o f  the  weldments i s  s i m i l a r  to t h a t  o f  the  base metal. The surface o f  the exposed specimens showed mnuni-  
fonn corrosion, i .e.. p re fe ren t i a l  a t tack  along g r a i n  boundaries and mar tens i t i c  l a t h e  boundaries. Micro- 
graphs of the surface o f  the HT-9 and T-9 weldments exposed to f lowing l i t h i u n  are shown i n  Fig. 2. 

S imi la r  cor ros ion  behavior has been observed w f t h  normalized and tempered KI-9 alloy.* Micrographs of 
the  surface of HT-9 specimens exposed t o  flowing Pb-17Li a t  371, 427, and 482OC are  shown i n  Fig. 3. 
p re fe ren t i a l  a t tack increases w i t h  an increase i n  temperature. 
l i t t l e  o r  no cor ros ive  attack, whereas the specimen exposed a t  482°C shows p re fe ren t i a l  a t tack along gra in  
boundaries and mar tens i t i c  l a t h e  boundaries. 

HT-9 and T-9 weldnents. 
corrosion, c h r m i u n  deplet ion. and deve lopen t  of an -20-urn-thick cor ros ion  x a l e  (Fig. 4). 

450°C are shown i n  Fig.5. Whereas the u l t imate  and y i e l d  strengths are higher than those of the HT-9 base 
metal, the  reduct ion i n  area i s  lower. 
proper t ies.  For a l l  the weldment specimens, f r ac tu re  occurred i n  the base metal, near the shoulder of the 
specimen (Fig. 6).  
elongation. 

m e  gauge surfaces i n  contact  w i t h  Pb-17Li d i d  no t  show signs of cor ros ive  at tack o r  surface cracks. 
However, surface cracks o r ien ted  45' to the t e n s i l e  axis were observed i n  the necked region of the speci- 
men. 
gauge surface (Fig. 7b) very c lose ly  resembles the surface of a normalized and tempered specimen a f t e r  
exposure to canparable condi t ions.  

CONCLUSIONS 

The d i sso lu t l on  ra tes  of the weldnent specimens are comparable to those o f  the  base metal. The Pb-17Li 

Constant-extension- rate 

P r i o r  to test ing,  a l l  specimens were exposed f o r  -18 h t o  

The corros ion behavior was evaluated by exposing HT-9 and standard Fe-9Cr-1Mo (T-9) weldment specimens 
An HT-9 specimen w i t h  a 

After exposure to flowing Pb-17Li. the HT-9 and T-9 weldnent specimen and the specimen w i t h  a 

The 

Metal lographic examination o f  the  exposed HT-9 and T-91 weldnents ind ica tes  t h a t  the  cor ros ion  behavior 

The 
The specimen exposed a t  371OC e x h i b i t s  

The surface of the specimen w i t h  a simulated HAZ s t ruc tu re  ws qu i t e  d i f f e r e n t  from the surfaces o f  the 
The edge o f  the specimen, which represents the simulated HAZ, showed extensive 

The t e n s i l e  p roper t ies  of the HT-9 a l l o y  and wel&nent detemined i n  f lowing Pb-17Li between 270 and 

The Pb-17Li env i roment  has no detr imental e f f e c t  on the t e n s i l e  

The gauge leng th  of the specimen, cons is t ing  o f  weld metal and HAZ, showed minimal 

Micrographs of the f racture surface and gauge surface o f  the necked region are shown i n  Fig. 7. The 

Corrosion data obtained from HT-9 and T-9 weldments i n  f lowing Pb-17Li a t  425OC i nd i ca te  t h a t  the 
cor ros ion  behavior of weldnents t h a t  received postweld heat treatment i s  s im i l a r  to t h a t  o f  the  base 
metal. For both steels, the d i sso lu t i on  ra tes  of the weldment specimens are  canparable to those of the base 
metal. The exposed specimens show nonuniform corrosion, i .e., p re fe ren t ia l  a t tack along g ra i n  boundaries 
and mar tens i t i c  l a t he  boundaries. 
corrosion. 

However, the untempered HT-9 weld s t r uc tu re  exh ib i ted  extensive 
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Fig. 1. 
data for f e r r i t i c  s tee ls  and weldnents i n  flowing 
Pb-1x1. Dashed l i n e  p r  aus ten i t j c  316 SS. 
References: 4NL. USA; pNL. UfA; CEA. France; 
MOL. Belgiun; KCK. FRG; USSR. 

Rrhen ius  p l o t  of cor ros ion r a t e  Fig. 2. Surface of (a) HT-9 and (b) 9Cr-1Mo 
weldnents exposed to f lowing Pb-17Li a t  425OC 
for 900 h. 

Fig. 3. Surface of HT-9 a l l o y  exposed to 
flowing Pb-17Li a t  (a )  371. (b )  427. and ( c )  482OC. 

I 

. weld q, 
A weld 

Y 
HT-9 (Iu 

o HT-9 9. 

Fig. 4. Simulated HAZ s t ruc tu re  exposed to Fig. 5. (a) Tens i le  strength and (b) reduct ion 
Pb-17Li a t  425T f o r  9M) h; (b)  HAZ; and (c)  base 
metal regions. 

i n  area for HT-9 base metal and welchent specimens 
tested i n  flowing Pb-17Li environnent. 
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Fig. 6 .  Location of fracture i n  an HT-9 
weldnent specimen. 

Fig.  7. (a)  The fracture surface and (b)  gauge 
surface of the necked region of a weldnent specimen 
tested i n  flowing Pb-17Li a t  325-C. 

Tensile data obtained i n  flowing Pb-17Li indicate t h a t  the properties of pastweld heat- treated HT-9 
weldnents are  similar to those of the HT-9 base metal. me Pb-17Li envirornent has no deleterious e f f ec t  on 
tensi le  properties of HT-9 weldnents. 

FUTURE WORK 
Comparative testing of U.S. and EC f e r r i t i c  s t e e l s  (1.4914) wil l  be corrosion tested i n  Pb-17Li as 

part  of a U.S./KFK collaboration. 
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COEROSIO11 III LIQWID =TAL mIROtMMTS: 
BUSS TMNSFBR OF STANDARD AND BEDUCED ACTIVATTIOU Sl'BBLS 111 Pb-17 at. X Li - P. 9. Tortorelli (Oak nidge 
Aatiolul Lnboratory) 

BPFECT OF WLD w)FX (11 ATTACK OF STAINLESS STEEL BY LIlUIGM AND 

0E.lBcrIVB 

Tka purpoaa of this w r k  is to characteriza the wrroaion of candidate or wdel fusion 1terial4 
m h l y  flowing lithium and Pb-17 at. X Li in the presence of a temperature gradient. 
mition rates are rasured u a function of alloy compoaition. expoaure ti-, temperature, and additlow to 
the liquid mtals. These measurements are combined with dcrostructural analyses of the specirn aurfaces 
to establish achanisma and rate-controlling processes for the corrosion and mass tranafer reactions, deter- 
line the suitability of particular materials for service in specific liquid Eta1 environments, and provide 
input into fusion materials development. 

Dissolution and dew 

Smplblll 

A microstructural influence OIL the attack of PIX expoaed to mlten lithiun van observed uhen comparing 
annealed and cold rolled specimens. 
ateels in Pb-17 at. X Li were aimilsr to those manured for their standard counterparts. 
tioo of P e s  transfer depoaita in long-tam auatenitic and ferritic steel thermal convection loopa ahowed 
that depoait wmpoaition was a function of temperature only in the type 316 stainless ateel syatem and that. 
in contrast to the type 316 stainless ateel results, aolubility-driven reactiona appeared to be the m s t  
important depoaition procesa in the Pe-1ZCr-1NoW steel syatem. 

Wight loan reaults for reduced activation austenitic M d  ferritic 
Further d n a -  

PROGBESS AND STAlQS 

Sffect of w l d  work on attack of auatenitic ateel by molten lithium 

It hu previoualy been suggeated that the effect of cold work vas to bias the penetration process of 
austenitic stainless steel in molten lead-lithium and that such an influence can be accommodated within a 
surface destabilization mdel.lr2 Recent rasurernts of the depth of attack of annealed and w l d  worked 
PCA exposed to thermally convective lithium at 600 and 570'C revealed s similar effect. An shown i n  Fig. 1, 
the ratio of the corrosion depth on the long face of a speci=n t o  that 00 the short face decreaaes aignifi- 
cantly u the amunt of cold work (grain elongation parallel to the long face) is increased. 
is conaiatent with Observations reported earlier for type 316 stainless steel exposed to lead-lithiuml.z and 
can be ascribed t o  a biasing of the penetration process induced by the presence of slip lines and the 
elongation of grain boundaries in the rolling direction. Such an influence on microstructure is consisteut 
with a surface destabilization mdel and the present observations suggest that this mechanism may trigger 
the irregular corrosion process of austenitic stainless steel undergoing preferential dissolution by lithium 
in a manner sillilar t o  what has been proposed for lead-lithium.1s2 
progress report, 3 the aforementioned model cannot alone adequately describe the penetration kinetics for 
type 316 stainlean steel exposed to mlten lithium because of complications caused by surface product 
reactions. 

Beduced activation steels 

This behavior 

However, 8s concluded in the preceding 

During the current reporting period, the expoaure of representetive reduced activation austenitic and 
ferritic steela to thermally convective Pb-17 at. Z LA (in separate loops) wes completed. 
sented the final phase of the evaluation of the corrosion of such steels in both lithium and lead-lithium. 
The corrosion of austenitic steels by lithium was examined in the first stage of the planned experiments. 
vhich. by design. wes the most comprehensive. The resulta from that work. previously reported,"s5 showed 
that these Efo steels were not particularly corrosion resistant to molten lithium. It was. therefore, not 
expected that such alloys would be resistent in lead-lithium, which is an even more aggressive environment. 
Consequently, only selected steels were exposed i n  order to check the predicted behavior. 
austenitic steels, the lead-lithium work with ferritic steels was performed for confirmatory infomation 
relative to the lithium results with these materials (which showed little difference between standard and 
reduced activation ferritic ateela).' The Pb-17 at. X Li results shoved that the 500'C corrosion losses Of 
the reduced activation eustenitic (PW-2, -6) and ferritic (V-64, steel 13) steels (see Table 1) were simi- 
lar to those of standard steels exposed under similar couditlons (see Fig. 2). There was certainly no indi- 
cation that these reduced activation materials would perform better i n  lithium or lead-lithium than their 
standard counterparts. Indeed, there is some evidence from Fig. 2 and previous work with lithium".5 that 
the austenitic Mu steels may corrode at higher rates than Ni-based stainless steels. 

This work repre- 

An with the 
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Mass transfer in steel Pb-17 at. X Li systems 

The net flux, $1, of a given element cut of a specimen exposed to the molten lead-lithium can be 
expressed as 

Ji - ki(Cio-Ci) (1) 

where ki is the overall (net) rate constant for dissolution or deposition of element i, Cio is the solubi- 
lity of that element in the liquid metal at a particular temperature, and Ci is the actual concentration of 
i in the liquid. 
variation of the aoluhility with temperature determines whether dissolution (Cio>Ci, Ji>O) or deposition 
(Cio<Ci, Ji<O) occurs. The positioning of coupons around the loops therefore allows measurement of mass 
transfer profiles for a given exposure time (see Pig. 3). as well as examination of the types of deposits 
that form in the cold zone. As reported previously,l the exposed surfaces and polished cross sections of 
the cold leg coupons from the type 316 stainless steel loop experiment were analyzed by scanning electron 
microscopy and associated energy dispersive a-ray analysis (EDX). It was found that, on any one particular 
specimen, variations in deposit density were noted and, on some coupons, there were rather large areas free 
of deposits (possibly removed during handling andlor cleaning). The compositions of mass transfer deposits 
on each type 316 stainless steel cold leg specimen were determined by EDX and a marked dependence of deposit 
composition on loop temperature and position was n0ted.l 
leg (460 and 445'C). the deposits were principally iron, while at lower temperatures. they were either iron- 
nickel or chromium-rich. At 430°C, most of the deposits were iron-nickel, while chromiuarrich deposits 
dominated at 415OC. At the coldest loop coupon position (4OO0C), most deposits were chromium-rich, with a 
few being a mixture of these two compositions. 
these deposits showed only the presence of bcc and fcc structures consistent with metallic deposits and the 
underlying austenitic Stainless steel. 
compositions of the deposits in the ferritic steel loop did not vary with position in the cold leg. 
analysis showed almost all deposits to consist of Fe + 8-9 wt X Cr. 

For the present purposes, Ci can be considered constant around the loop so that the 

At the higher temperature positions in the cold 

Recent x-ray diffraction data for the surfaces containing 

In contrast to the results for the type 316 stainless steel TCL, the 
EDX 

, 2Wum , 

0.77 

0.88 

0.79 

Fig. 1. Polished and etched cross sections of F'CA exposed to thermally convective lithium. Numbers 
represent ratio of average depth of corrosion layer on long face (show) to that on short face. 
(a) Annealed, bOO'C, 6696 h. (b) Cold rolled, bOO'C, 6691 h. (c) Cold rolled, 600°C, 6691 h. (d) Cold 
rolled, 57O0C, 6696 h. 



Table 1. Starting compositions of reduced activation steels exposed to 
thermally convective Pb-17 at. X Lia 

composition (wt %)a 

cr Iln V W si N S C 
Steel 

PQU-2 15 17 - - 0.04 0.001 - 0.06 

PQU-6 16 14 - - 0.02 0.003 - 0.18 

V-64b 9.1 0.02 0.52 0.01 0.09 0.003 0.003 0.001 

Steel 13C 9.2 0.7 0.25 2.9 0.42 - - 0.17 

.Balance is Fc. 
heat V02264. provided by D. S. Gelles of Pacific Northwest Laboratories. 
%eat 90s. provided bJ G. J. Butterworth of Culham Laboratory. 
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Fig. 2. Weight loss versus exposure time for Dlstance From Bottom Of Hot Leg lml 
various austenitic and ferritic steels exposed to 
thermally convective Pb-17 at. X U at 5OOOC. Fig. 3. Weight change versus loop position in 

thermally convective Pb-17 at. X U at a maximum loop 
temperature of 500'C for type 316 stainless steel 
exposed for 10,008 h and Fe-12Cr-1MoVW steel exposed 
for 10.076 h. 

The weight change profiles of Fig. 3 indicate substantial mass was transported from the hot to cold 
zones during the >10,000 h exposure periods and that, despite much greater weight losses for the type 316 
stainless steel, approximately the same weight gains were measured in both loop systems. 
indicate that arch of the deposition in the austenitic stainless steel TCL must be occurring in portions of 
the loop not sampled by che location of specimens or on che loop walls. 
discussed by Tas et al.,6 a relatively high solubility of a particular element (Ni, for lead-lithium) may 
result in appreciable deposition only at a temperature below that of the minimum for the loop or. at least, 
in an inaccessible w l d  part of the loop. However, in the present case, the observation of nickel-enriched 
deposits at intermediate temperatures in the cooled zone is inconsistent with such a solubility-driven 
process. Alternatively, or additionally, the lack of greater weight gains on the w l d  leg coupons in the 
type 316 stainless steel loop may be due to poor adhesion or low nucleation of deposits. Aa noted above, 
variations in deposit density were found for the w l d  leg specimens in the type 316 stainless steel loop. 
Aa discussed previously, one of the reasons for such variability in deposit coverage appeared to be related 
to the adhesion of deposits, particularly for the lower temperature coupons.l.2 Decohesion of deposits oay 
have occurred during exposure to the liquid metal, during cooling after removal from the liquid stream, 
and/or during the standard specimen cleaning process with lithium. 
never have formed on certain areas of a specimen because of nucleation constraints. 
small deposits in definite patterns on some of the surfaces may support such a hypothesis, particularly in 
view of the variability of deposlt coverage from one specimen position to another and the accompanying 
change in deposit wmposition.L*2 The growth of deposits requires registry with the underlying surface and, 
given that the starting wmpositions of all the w l d  leg specimens were the same (type 316 stainless steel), 
the accommodation and sticking of deposits of differing composition may vary considerably. 

Such data may 

In view of Eq. (I) ,  and as 

However, in some cases. deposits may 
The observatious of 
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The variation in overall deposit composition as a function of temperature in the type 316 stainless 
steel system can be attributed to one or more factors: elemental solubilities, differing elemental deposi- 
tion kinetics andlor- sticking coefficients, various chemical reactions in the liquid or at the interface, 
and hydrodynamics. While the present data is not sufficient to definitively rank these factors in order of 
importance, it is apparent that, as discussed above, the variation of deposit composition cannot strictly be 
explained on the baaia of solubilities [Eq. (1)); the transition from iron to iron-nickel to chromium-rich 
deposits as the temperature decreases is not conaistent with the elemental solubilities of these elements in 
lead-lithium. Furthermore, the lack of any evidence for nonmetallic deposits in the cold leg specimens 
would seem to indicate that chemical reactions with carbon are not playing an important role in this tem- 
perature regime. The relative consistency of the depoait composition throughout the cold leg of the 
Fe-12Cr-1MoVW steel loop is in sharp contrast to the results for the type 316 stainless steels TCL and, with 
increasing weight gains with decreasing temperature, would tend to indicate that solubility-driven 
depoaition is the most important factor for the ferritic steel system in the present cnse. 

CONCLUSIONS 

1. A microstructural influence on the attack of PCA exposed to molten lithium was observed when com- 
paring annealed and cold rolled specimens. 
type 316 stainless steel in Pb-17 at. Z Li and may indicate a contribution of preferential dissolution- 
induced surface destabilization to the corrosion process. 

This effect was similar to what had previously been reported for 

2. Weight loss results for reduced activation austenitic and ferritic steels in Pb-17 at. X ti were 
similar to those measured for their standard counterparts. 

3. Deposit composition was a function of temperature only in the type 316 stainless steel system. The 
density of deposits in the austenitic stainless steel loop varied from one specimen position to another and, 
in conjunction with net weight gains, appeared to be related to the effectiveness of nucleation andlor 
adhesion rather than to elemental solubilities. 
reactions appeared to be the most important process in deposition. 

In the Pe-12Cr-1MoVW steel loop, solubility-driven 

FUTURE WORK 

Small experimental heats of Pe-Mn-Cr steels have been made and will be used to qualitatively assess the 
effects of manganese and chromium on the sensitization and stress corrosion cracking susceptibility of this 
type of material. Liquid metal loop experiments will focus on effective methods of corrosion inhibition in 
lead-lithium. 
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ADSORPTION, DISSOLUTION. AN0 DESORPTION CHARACTERISTICS OF THE LIA102-H20 SYSTEN - A. K. Fischer and 
C. E. Johnson (Argonne National Laboratory) 

OBJECTIVE 

Adsorption o f  HZO(g), d i sso lu t i on  o f  OH-, and ra tes  o f  evo lu t ion  o f  H2O(g) are  being measured fo r  the  
LiA102-H20(g) system. The themdynamic and k i n e t i c  data f o r  these processes r e l a t e  t o  the  issues of 
t r i t i u m  re ten t ion  and release and, hence, t o  concerns about t r i t i u m  inventory i n  ceramic t r i t i u m  breeder 
materials. The experimental data w i l l  enable (1) comparlson o f  candldate breeder mater ia ls ,  (2) ca l cu la t i on  
o f  operat ing conditions, and (3) e luc ida t ion  o f  the p r i n c i p l e s  under ly ing the behavior o f  t r i t i u m  i n  ceramic 
breeder materials. 

SUmARY 

Measurements of adsorpt ion and s o l u b i l i t y  isotherms f o r  the  LiA102-H20(g) system are cont inuing by 
techniques described i n  previous reports. 
adsorpt ion process up t o  the  breakthrough po in t  and on the  irrmediate post-breakthrough r a t e  o f  uptake as a 
means of determining correct ions fo r  a second uptake process t h a t  i s  concurrent w i t h  the  main adsorpt ion 
process. Fron these data, 
together w i t h  e a r l l e r  data f o r  673, 773, and 883 K,1 fsobars and isosteres were derived. An ove ra l l  
analysis suggests t ha t  two adsorpt ion processes are involved: physisorpt ion a t  573 K and below, and 
chemisorption a t  873 K and above. Both processes funct ion I n  the  intervening tenperature range. Correct ions 
were appl ied t o  the raw adsorpt ion data fmn the breakthrough technique fo r  postbreakthrough uptake of 
H20(g). Adsorption on non-BET surfaces i s  bel ieved t o  be involved i n  these correct ions f o r  the  lower 
tel lperature isotherms. 

PROGRESS AND STATUS 

Experimental Results and In te rp re ta t i on  

New isotherms f o r  H20(g) adsorpt ion on LiA102 are reported f o r  573 and 623 K. E a r l i e r  reports o f  
adsorp t ion- so lub i l i t y  dea l t  w i t h  temperatures of 673, 773, and 873 K. Equ i l l b ra t l on  t l nes  for d l sso lu t i on  
under the  experimental condi t ions were estimated on the  basis o f  the  p a r t i c l e  s ize  and the range o f  reported 
d i f f u s i o n  coe f f i c i en t s  f o r  proton dif fusion.2 For 673 K, there  was border l ine  agreement (discussed below) 
between experimental e q u i l i b r a t i o n  t i nes  (approximately 1200-1400 min) and calculated ones. Therefore, fo r  
neasurements a t  tenperatures lower than 673 K, i t  was regarded t h a t  d i sso lu t i on  was slowed s u f f i c i e n t l y  so 
tha t  d i sso lu t i on  equ i l ib r ium was not  l i k e l y  t o  be reached. However, i t  was a lso  observed t h a t  the curves 
recording H O(g) uptake a f t e r  the  breakthrough p o i n t  d i d  not  correspond t o  a step function condit ion. as 
they would ge expected t o  if no uptake a t  a l l  were occurr ing a f t e r  breakthrough. Ear l ie r ,  i t  had been 
recognized, f o r  the higher temperatures, tha t  though the  d i sso lu t i on  r a t e  i s  considerably lower than the  
adsorpt ion rate,  nevertheless, d i sso lu t i on  makes some con t r i bu t i on  t o  the  overa l l  observed uptake before the 
breakthrough po in t .  Consequently, the e a r l i e r  quan t i t i es  o f  'adsorption' ( f o r  the higher temperatures) had 
t o  be corrected f o r  some degree o f  simultaneous d isso lu t ion .  
the  remaining post-breakthrough uptake, presumably not  s i g n i f i c a n t l y  a f fec ted  by d isso lu t ion ,  can be 
regarded as another adsorpt ion process tha t  involves surfaces t h a t  are not  accessible t o  the r e l a t i v e l y  
large krypton atoms i n  the Brunauer -met -Te l le r  (BET) surface area measurement. Such non-BET surfaces 
could be on gra ins forming a crevice t h a t  i s  too narrow t o  admit krypton bu t  t h a t  al lows the  very small 
protons t o  d i f f u s e  i n  by surface d i f fus ion  ( in ter- oxide hopping) from OH- a t  the mouth o f  the crevice. 
Pores w i th  narrow openings could cont r ibu te  add i t iona l  surface t h a t  i s  inaccessib le t o  krypton. 
a1.3 have recent ly  reported a study on H 0 adsorpt ion on LiA102, a lso  using the  breakthrough technique and 
have l abe l l ed  phenomna In  the post-breaithrough region as 'Sorption-11," and the pre-breakthrough 
adsorpt ion as "Sorption-I: They d i d  not  attempt correct ions. 

Figure 1 presents the f i ve  isotherms measured t o  t h i s  time. 
(100 t o  1 Pa) derived f r o m  the isotherm data. A t  h igh water vapor pressures, the  isobar i s  essen t i a l l y  
decreasing monotonically w i t h  r i s i n g  temperature whi le a t  low water vapor pressures, a maximum appears in 
the isobar. Greater adsorpt ion was found a t  773 K than a t  673 K. Such increasing adsorpt ion a t  h igher 
temperature i s ,  however, a f a i r l y  c o m n  phenomenon i n v o l v i n  

The slopes of the 573-773 K Isothenns decrease monotonical ly f r o m  a value o f  1.220.2 a t  573 K. A slope o f  1 
i s  expected fo r  uninmlecular physisorpt ion o f  H20: the low temperature process i s  taken t o  be physisorpt ion. 
A decl ine i n  slope would be consistent w i t h  increasing con t r i bu t i on  from the second process. A t  873 K, the 
slope i s  0.5920.16 and i s  consistent w i t h  d issoc ia t i ve  chemisorption being the  dominant process a t  t h i s  
temperature (formation of two OH- groups). A decl ine i n  slope f r o m  0.5 would occur as temperature decl ines 
and the low temperature process becomes operat ive. 
temperature range i s  expected and was observed. Adsorption o f  H20(g) on LiA102 i s  viewed as invo lv ing  two 
kinds o f  adsorpt ion i n  the temperature and range o f  the measurements: physisorpt ion and chemisorption. The 
fac t  t ha t  the adsorption i s  described by Freundl ich isotherms w i t h i n  each regime i s  consistent w i t h  surface 
heterogeneity.4 

I n  t h i s  report ,  t he  focus o f  experimental r esu l t s  i s  on the 

Isothenns are presented f o r  adsorpt ion o f  H O(g) on LiA102 a t  573 and 623 K. 

For the current  ser ies a t  lower tewerature,  

Tanaka e t  

Figure 2 shows isobars f o r  10-3 t o  10-5 atm 

two processes w i t h  d i f f e r e n t  ac t i va t i on  
energies: the d e t a i l s  were explained i n  the previous report .  9 

Therefore, a minimum i n  slope i n  the intervening 
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Fig. 1. Adsorption Isotherms fo r  the LiAlO2-H20(g) System. 

A system-wide atomic basis f o r  heterogeneity o f  adsorpt ion s i t e s  could be tha t  one k ind of adsorpt ion s i t e  
involves l i t h i u m  ions and adjacent oxides, and another k ind  involves aluminum ions and adjacent oxides. 
Fur ther  evidence consistent w i t h  surface processes i nvo l v i ng  d i f f e r e n t  kinds of s i t e s  was found f o r  the  
reverse Drocess r e l a t i v e  t o  adsorotion. the evo lu t ion  of water vaDor from LiAlO?. and was reoorted ear l ie r .5  
During heatup a f t e r  a run, the  water ei'olution curve showed a double peak t h a t  ;as i n te rpre ted  as showing 
tha t  d i f f e r e n t  kinds of s i t e s  were involved. 

For designers and planners needing estimates o f  degrees o f  adsorpt ion f o r  various combinations o f  
temperature and pressure, the isosteres (curves fo r  constant coverage) derived from the isotherms and 
p l o t t e d  fo r  8 = 0.1 t o  0.001 i n  Fig. 3 are useful. 

Oata on adsorpt lon o f  H20(g) on LiA102 from Tanaka e t  a13 cover a somewhat h igher temperature regime 
(673-973 K )  and a higher range o f  pressure (1.7~10-4 t o  1.7~10-3 atm, 17 t o  170 Pa) than the present work. 
Only a few po in ts  i n  the present study f e l l  i n  t h e i r  pressure range. The Tanaka study d i d  not  get i n t o  the 
lower pressure and lower coverage regions tha t  reveal the  physisorpt ion process t h a t  emerged i n  the present 
work. Post-breakthrough correct ions f o r  t h e i r  data would be needed. For example, t h e i r  973 K curve i s  
reported t o  have a slope o f  0.36, which, i f  f o r  a chemisorption process w i th  an expected slope o f  0.5, would 
suggest the presence of a systematic e r ro r  leading t o  too h igh values of adsorption. 
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Fig. 2. Adsorption Isobars for  the LiA102-H20(g) System. 

The 673. 773, and 873 K isotherms i n  the  present work were corrected fo r  post breakthrough uptake by a 
s l i g h t l y  d i f f e r e n t  technique than the  573 and 623 K isothenns. bu t  are no t  expected t o  change subs tan t i a l l y  
when they are t rea ted  by the same method. Post-breakthrough correct ions were addressed as follows. F i r s t ,  
raw values fo r  the r a t e  o f  uptake a f t e r  the  breakthrough p o i n t  were corrected fo r  the  response curve o f  the 
water analyzer t h a t  measured the  concentrat ion of H20(g) i n  the  gas stream leaving the sanple. This 
correct ion,  der ived f r o m  separate c a l i b r a t i o n  runs, takes i n t o  account the  l ag  i n  response o f  the analyzer 
t o  a step change i n  the It$ content of the  gas stream. Next, the corrected r a t e  of uptake of H20(g) was 
calculated and p l o t t e d  as the  l o g  o f  the  r a t e  vs. t i m e  a f t e r  i n j ec t i on .  Over a per iod  l a s t i n g  about 1 hour 
and s t a r t i n g  soon a f t e r  breakthrough, t h i s  curve was l i n e a r  and was used t o  evaluate A and k I n  the 
equation, r, = Aexp(-kti), where ru i s  the  r a t e  o f  uptake, A and k are constants, and t i  i s  the t i m e  a f t e r  
i n j ec t i on .  Evaluation o f  J &  rUd t  where the  l i m i t s  are o f o r  the  t ime of i n j e c t i o n  and t b  f o r  the 
breakthrough t ime gave the amount of uptake due t o  the  second, slower process dur ing the  per iod  up t o  the 
breakthrough time. This was subtracted from the gross amount of uptake up t o  the breakthrough po in t  t o  g ive  
the corrected amount of adsorpt ion on the  BET surface of the  sample. 

Cor re la t ion  o f  Measured S o l u b i l i t i e s  w i t h  TRIO Results 

There i s  i n t e r e s t  i n  comparing the s o l u b i l i t y  of OH- i n  LiA102 as reported i n  the l a s t  repor t  w i t h  the 
amount of OT- found i n  LiA102 a t  the end o f  the  T R I O  experiment6. 
concentrat ion of t r i t i u m  i n  the LIA102 was 0.047 wppm, which i s  1.03~10'6 mole f r a c t i o n  OT-. 
es tab l i sh ing  these terminal condit ions, there was a plateau i n  the release r a t e  a t  923 K of 3.4 /rCi/min HTO 
i n t o  a 100 cclmin purge stream. I f  the  pressure a t  the sarnple were 1 atm, t h i s  release ra te  corresponds t o  

I n  t ha t  experiment. the terminal  
I n  the run 
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F i g .  3. Adsorption Isosteres fo r  the LiA102-H20(g) System. 

8.8~10-8 atm HTO. 
s o l u b i l i t y  o f  OH- i n  LiA102 ( s o l u b i l i t y  was no t  measured a t  higher temperature) p red i c t s  a concentrat ion o f  
2.1~10-6 mole f r a c t i o n  OH-, or .  i f  HTO i s  the gas, then 1 . 0 5 ~ 1 0 - ~  mule f r ac t i on  01-; a somewhat lower value 
would be expected a t  the h igher  temperature of the  T R I O  case. Nevertheless, the close correspondence i s  
in te res t ing .  

Di f fus ion Coef f i c ien ts  and D isso lu t ion  Equ i l i b ra t i on  Times 

Because o f  the  very small d i f f u s i o n  coe f f i c i en t s  f o r  " t r i t i u m"  d i f fus ion  i n  LiA102 t ha t  some inves t iga to rs  
have reported, the quest ion may a r i se  whether adequate time was allowed f o r  the achievement of s o l u b i l i t y  
equ i l ib r ium a t  673 K i n  the s o l u b i l i t y  measurements t ha t  were presented i n  previous reports. An assessment 
o f  the  mat ter  was made by using scanning e lec t ron  micrographs of the LiA102 pa r t i c l es ,  bulk  density, and the 
BET surface area data t o  estimate average p a r t i c l e  dimensions. I f  spherical geometry i s  assumed, a p a r t i c l e  
radius o f  14.4 pm i s  obtained. 
distance t o  the center o f  the p a r t i c l e .  
nature. An edge view o f  such a g ra i n  suggests a thickness of 25 pm, or  a d i f fus iona l  distance o f  
approximately 12.5 pm. 
distance r wi th  a d i f f u s i o n  coe f f i c i en t ,  D. 

For t h i s  p a r t i a l  pressure o f  H20, the  873 K isotherm i n  the l a s t  quar te r l y  repor t  f o r  

However, f l a t t e n i n g  from a spherical shape w i l l  decrease the d i f f u s i o n a l  
The SEM photographs show the  gra ins t o  have a somewhat tabu la r  

The expression, r = r2/rD, was used t o  estimate the  d i f f us i on  time through a 
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The value o f  the d i f f u s i o n  coe f f i c i en t  i s  not  wel l  defined: data i n  the  l i t e r a t u r e  sca t te r  over orders o f  
magnitude. Claims f o r  very small values calculated f r o m  t r i t i u m  release data are i n  s m  cases c o r p m i s e d  
by misconceptions o f  the d i f f u s i n g  distance, and even by growing doubt t h a t  the data r e f e r  t o  a d i f f u s i o n  
process. However, from a recent paper by Okuno and Kudo2, the d i f f u s i o n  coe f f i c i en t  f o r  tritium i n  LiAlO2 
a t  673 K i s  taken t o  be 2x10-12 cd /sec .  On the  basis of thickness based on tubu la r  g e m t r y ,  a r value of 
approximately 0.9 day emrges. 
range covered by a l l  the  reported values. Coef f ic ients f r o m  the low end o f  the  range mould p red i c t  r values 
t h a t  are orders o f  magnitude longer. Experimental equ i l i b ra t i on  times o f  about 1 day, sometimes extended 
over a weekend, were found t o  y i e l d  hor izonta l  plateaus f o r  H20(g) uptake. This i s  the operat ional  
c r i t e r i o n  f o r  achievement o f  equ i l ib r ium I n  the present studies and appears t o  be i n  reasonable accord w i th  
expectations based on the Okuno and Kudo d i f f u s i o n  coef f ic ients.  Of course, i f  the reports o f  lower 
d i f f u s i o n  coe f f i c i en t s  were correct ,  the  imp l ica t ion  would be t h a t  the plateaus do no t  correspond t o  
s o l u b i l i t y  equ i l ib r ium because up t o  several years would be required t o  reach equi l ibr ium. However, f o r  the 
present t i m e  and u n t i l  r e l i a b l e  d i f f us ion  coe f f i c i en t s  a l low a c lea r  comnentary on the  question, a t  l eas t  
the  h igh temperature equ i l i b ra t i ons  w i l l  continue t o  be regarded as s o l u b i l i t y  neasurements. Addi t ional  
i n s i g h t  w i l l  accumulate as the  lower temperature I s o t h e n s  are examined fo r  t h e i r  i n p l i c a t i o n s  on t h i s  
question. 

FUTURE WORK 

1. 
surface o f  the  sample. Since, i n  der iv ing  the  correct ion,  ra tes  o f  uptake corrected f o r  the  analyzer 
response were determined, these rates will be the basis of a k i n e t i c  analys is  of the  uptake process. 

2. 
w i l l  become important f o r  s o l u b i l i t y  measurements t o  der ive  a treatment fo r  the  post-breakthrough uptake 
data t o  separate the  d i sso lu t i on  process f r o m  the non-BET adsorpt ion process. 

3. 
t o  i d e n t i f y  the m l e c u l a r i t y  and ac t i va t i on  energies o f  the  processes. 

4. 
i n  the gas stream t o  enhance t r i t i u m  release. Coadsorption of the  two gases must be addressed w i t h  
measurements of adsorpt ion isotherms under condi t ions o f  representat ive l eve l s  o f  H2 i n  the  gas. 
connection, i t  i s  i n t e r e s t i n g  tha t  the adsorption o f  H2 on alumina reported by Gruber7 shows, l i k e  the 
present resu l t s  f o r  H20 on LiA102, a minimum i n  adsorpt ion a t  about 573 K. However, the  degree of 
adsorpt ion on LiA102 i s  l i k e l y  t o  be lower f o r  H2 than fo r  H20 because even fo r  the  r e l a t i v e l y  h igh H2 
p a r t i a l  pressure o f  0.25 atm (2.5~104 Pa) the adsorption on alumina anwunted t o  o n l y  about 8=0.001. 
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MODELING OF TRIT IUM TRANSPORT I N  CERAMIC BREEDER MATERIALS - J. P. Kopasz, S. W. Tam, and C. E. Johnson 
(Argonne National Laboratory) 

OBJECTIVE 

The ob jec t i ve  o f  t h i s  work i s  t o  develop a comprehensive m d e l  t h a t  w i l l  describe t r i t i u m  behavior i n  
ceramic breeder mater ia ls .  
wel l  as the  inventory a t  steady state. 

SUmARY 

Tritium release experiments perfonned on L i z0  i n  the  NRU reac to r  a t  Chalk River (the C R I T I C  experiment) 
showed some unusual r esu l t s :  when the  temperature of the sample was increased t r i t i u m  release i n i t i a l l y  
decreased then rose t o  a maximum and decayed t o  steady state.  Previous t r i t i u m  release m d e l s  cannot 
expla in t h i s  type o f  behavior. A t r i t i um re lease m d e l  based on d i f f us i on  and desorpt ion as the r a t e  
c o n t r o l l i n g  mechanisms and having a desorpt ion ac t i va t i on  energy which i s  dependent on surface coverage was 
developed. Calculat ions o f  t r i t i u m  release from t h i s  model are i n  good agreement w i t h  the observed t r i t i u m  
release f r o m  the  C R I T I C  experiment. 

PROGRESS AND STATUS 

D i f f us i on  of t r i t i u m  through the  g ra i n  and desorpt ion o f  t r i t i u m  f r o m  the surface has been considered the 
important processes c o n t r o l l i n g  t r i t i u m  release f rom neutron i r r a d i a t e d  l i t h i u m  ceramics. Modeling studies 
have focused on these two processes as the r a t e  c o n t r o l l i n g  steps i n  t r i t i u m  release f r o m  l i t h i u m  
ceramics.1-4 Experimental r e s u l t s  f r o m  in- reac to r  on-1 i ne  e ~ p e r i m e n t s 5 - ~  and out- reactor  pos t i r r ad ia t i on  
anneal experimentsZv9810 have been compared t o  theore t i ca l  p red ic t ions  based on d i f f us i on  and/or desorpt ion 
con t ro l l ed  release t o  determine the  a c t i v a t i o n  energy and preexponential i n  the ra te  constant o f  the form 
K=bexp(-EactlRT). Eased on previous work performed on l i t h i u m  oxide2.10 t r i t i u m  release from the C R I T I C  
experiment was expected t o  be dominated by desorpt ion due t o  the small g ra in  s ize  o f  the l i t h i u m  oxide 
ceramic and the  temperature range being invest igated.  
some unusual behavior l l .12 which can not  be explained by a desorpt ion nmdel using a s i ng le  ac t i va t i on  
energy, a d i f f u s i o n  m d e l ,  o r  a combination of a desorpt ion m d e l  and d i f f u s i o n  m d e l  using s ing le  
ac t i va t i on  energies f o r  d i f f u s i o n  and desorpt ion. 
increases of 50O-1OO0C and a purge gas conta in ing 0.1% hydrogen the t r i t i u m  release i n i t i a l l y  decreased, 
then increased t o  a maximum fol lowed by a decrease back t o  steady state. S imi la r  temperature changes a t  
h igher  temperatures w i t h  the  same purge gas composition showed noma1 t r i t i u m  release behavior. 

We have developed a di f fusion- desorpt ion t r i t i u m  release model which u t i l i z e s  a surface coverage dependent 
ac t i va t i on  energy o f  desorpt ion t o  account f o r  the  unusual t r i t i u m  release phenomena observed i n  the C R I T I C  
experiment. Desorption and adsorpt ion ac t i va t i on  energies which are dependent on the anmunt of surface 
coverage have been reported. 
t r i t i u m  release observed i n  C R I T I C  and p red ic ts  o ther  regions where the  surface coverage dependent release 
behavior may be observed. 
necessary t o  know the  d e t a i l s  of the surface phenomena i n  order t o  accurately p red ic t  the t r i t i u m  inventory 
and changes i n  inventory which occur w i t h  changes i n  t he  sample environment. 

Theory 

The nmdel described i n  t h i s  paper considers d i f f us i on  and desorpt ion as the r a t e  c o n t r o l l i n g  mechanisms f o r  
t r i t i u m  release from a ceramic breeder. A t  the temperatures o f  i n t e res t ,  perco la t ion  i n  the  gas phase and 
g ra i n  boundary d i f f u s i o n  should be orders o f  magnitude m r e  rap id  than d i f f us i on  i n  the  gra in.  Desorption 
i s  inc luded as a r a t e  l i m i t i n g  mechanism based on 1) the  observations o f  desorpt ion con t ro l l ed  k i n e t i c s  i n  
some release experiments 2 ~ ~ ~ 8 ~ 6  and 2) the resu l t s  o f  experiments i n  which the importance o f  surface 
reacttons was i d e n t i f i e d  by changing the composition o f  the pu e as 17~18.19 D i f fus ion  i s  included based 
on the  observat ion of d i f f us i on- l im i t ed  release i n  other  cases%vgOvil 

I n  the  cur ren t  model the  desorpt ion ac t i va t i on  energy i s  not  constant, but  i s  dependent on the hydrogen 
surface coverage. Desorption ac t i va t i on  energies which are dependent on the  amount o f  surface coverage have 
been reported. Measurements of desorpt ion o f  HzO from ZnO i d e n t i f i e d  desorpt ion occurr ing w i t h  s i x  
d i f f e r e n t  a c t i v a t i o n  energies.22 the p a r t i c u l a r  ac t i va t i on  energy o f  desorpt ion under the condi t ions present 
a t  any one t ime depending on the anmunt of surface coverage a t  t ha t  time. Desorption o f  hydrogen f r o m  A1203 
was determined t o  occur w i t h  two d i f f e r e n t  ac t i va t i on  energies.23~24 
desorpt ion ac t i va t i on  energies i n  mater ia ls  o f  i n t e r e s t  i n  the  ceramic breeder area. A recent i nves t i ga t i on  
of the desorpt ion o f  H20 from LiAlO2 suggest t ha t  there are two types of desorpt ion s i t e s  (i.e., a c t i v a t i o n  
energies)25 and t r i t i u m  release f r om LiqSi04 has been fit t o  a m d e l  using two desorpt ion si tes.26 

To understand how the surface coverage would a f f e c t  the desorpt ion ac t i va t i on  energy i t  i s  bene f i c i a l  t o  
look m r e  c l ose l y  a t  the desorpt ion process. 
desorpt ion step i s  r e a l l y  comprised o f  two processes; 1) a surface react ion between t r i t i u m ,  which has 
d i f f used  t o  the  surface as T', and chemisorbed hydrogen, t o  form surface bound HTO or HT, and 2) desorpt ion 
o f  the  surface bound HTO o r  HT. 

The m d e l  should be able to. p red i c t  the  t rans ien t  t r i t i u m  release behavior as 

However, measurements f r o m  the C R I T I C  experiment show 

I n  these C R I T I C  t es t s  a t  -5OOOC and f o r  tenperature 

The cur ren t  m d e l  i s  capable of reproducing both the  unusual and t he  normal 

Results from the  C R I T I C  experiment and our ca lcu la t ions  imply t ha t  i t  i s  

Evidence a lso  ex i s t s  f o r  m u l t i p l e  

In  t r i t i u m  release experiments, what i s  regarded as t he  
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l a )  TtS t OH-s HTOS Ib) T+s + H-s HTs 

2a) HTOs * HTOg 2b) HTS HTg 

The a c t i v a t i o n  energy of e i t h e r  the  surface react ions ( l a  o r  l b )  o r  the actual desorpt ion of the surface 
bound molecule (2a o r  2b) may be dependent on the  surface coverage. If there are tm o r  more adsorpt ion 
s i t e s  f o r  hydrogen on l i t h i u m  oxide (ex. Ht bound t o  an 0 on a normal oxygen s i t e ,  H+ bound t o  an 0 adjacent 
t o  a l i t h i u m  vacancy) then a t  h igh  surface coverage both the  low energy and the  h igh  energy s i t e s  w i l l  be 
occupied. Reaction of T+ a t  the  surface w i l l  occur w i t h  the  hydrogen l eas t  t i g h t l y  bound t o  the  surface, 
i.e., the  hydrogen i n  the  h ighest  energy s i tes.  A t  low surface coverage the hydrogen w i l l  occupy the  lowest 
energy s i t e s  on the surface and the  h igh energy s i t e s  w i l l  be unoccupied. The Tt must now react  w i t h  a 
hydrogen which i s  a t  a lower energy so the ac t i va t i on  energy fo r  the surface reac t ion  w i l l  be l a r g e r  than 
f o r  the h igh surface coverage case. A l te rna t ive ly ,  i t  i s  not  necessary t o  have d i f f e r e n t  s i t e s  o f  adsorpt ion 
f o r  there  t o  be a dependence of the desorpt ion ac t i va t i on  energy on surface coverage. The surface coverage 
dependence o f  the  a c t i v a t i o n  energy may be due t o  in te rac t ions  between the adsorbed molecules on the  
surface. 
o f  these species increases. 
of the  hydrogen t o  the  surface and therefore, have an af fect  on the ac t i va t i on  energy f o r  reac t ion  o f  the  
hydrogen w i t h  Tt a t  the surface. 
HT w i l l  increase as the  surface concentratton of hydrogen increases. leading t o  a possib le surface coverage 
dependence of the ac t i va t i on  energy fo r  reactions 2a and 2b above. 

The dependence of the  ac t i va t i on  energy of desorpt ion on surface coverage would be expected t o  be 
represented as shown i n  a p l o t  o f  the na tura l  l og  o f  the  desorpt ion ra te  constant vs. surface coverage 
(Fig 1). 
propor t iona l  t o  inverse temperature f o r  a constant pressure). This type o f  dependence would be expected for  
the case where the  dependence i s  due t o  d i f fe ren t  adsorpt ion s i t e s  and f o r  the  case where the  dependence I S  
due t o  i n te rac t i ons  between adsorbed species. 
reac t ion  of T+ occurs w i t h  hydrogen f r om the  highest energy s i t e s  (those w i t h  the  lowest ac t l va t i on  energy). 
As the  coverage decreases i t  approaches the  po in t  where react ions o f  Tt begin t o  occur w i t h  hydrogen f r o m  
the  lower energy s i t e s  and the  ac t i va t i on  energy o f  reac t ion  changes (region 11). As the coverage decreases 
fur ther ,  on ly  the low energy s i t e s  are occupied so the  Tt reacts w i t h  the hydrogen I n  these s i t e s  and the  
a c t i v a t i o n  energy observed i s  t h a t  f o r  reac t ion  of T+ w i t h  hydrogen i n  the  low energy s i tes .  A l t e rna t i ve l y ,  
i n  the  h igh  coverage region, i n te rac t i ons  between the  surface species lower the ac t i va t i on  energy fo r  
surface reac t ion  o r  desorpt ion o f  the  surface species i n t o  the gas phase. As the  coverage decreases these 
i n te rac t i ons  decrease and the ac t l va t i on  energy begins t o  change (region 11). As coverage decreases s t i l l  
f u r t he r  the  surface concentrat ion gets t o  the  po in t  where the in te rac t ions  between surface species are no 
longer important and the  ac t l va t i on  energy becomes constant (region 111). One may expect t ha t  the  
ac t i va t i on  energy would change smoothly i n  region I1 f o r  the case where the dependence on surface coverage 
i s  due t o  i n te rac t i ons  between the adsorbed species whi le i t  m y  change abrupt ly  if the dependence was due 
t o  the  existence of d i f f e r e n t  adsorpt ion s i t es .  Since the exact nature o f  the change i n  desorpt ion 
ac t i va t i on  energy w i t h  coverage i s  no t  known over t h i s  region we have represented t h i s  po r t i on  o f  the  curve 
as a dashed l i n e  showing a smooth change i n  the  desorpt ion r a t e  constant. 

To ca l cu la te  the t r i t i u m  release f rom a g ra in  w i t h  a desorpt ion ac t i va t i on  energy which var ies w i t h  
temperature, the  fo l low ing  p a r t l a l  d i f f e r e n t i a l  equation was solved with the boundary condi t ions indicated.  

I n te rac t i ons  between adsorbed hydrogen (as OH- or H-) w i l l  increase as the surface concentrat ion 
The in te rac t ions  between the  adsorbed hydrogen w i l l  a f f ec t  the  b inding energy 

I n  addi t ion,  in te rac t ions  of adsorbed hydrogen w i t h  surface bound HTO o r  

The slope of the  p l o t  i s  proport ional  t o  the  desorpt ion ac t i va t i on  energy (surface coverage i s  

I n  region I .  which corresponds t o  h igh  surface coverage. 

E = o a t  r=o B r  

J = K*CSurf a t  r- a  

D = d i f f u s l v i t Y  
K = d e s o r p t i o n r a t e  constant 
J = f l u x  
C = concentrat ion 
r = r a d i a l  d is tance 
G = generat ion r a t e  
t = t i m e  

The a c t l v a t l o n  energy o f  desorptton was changed as a func t ion  o f  saaple teaperature. This should r e l a t e  
i n d i r e c t l y  t o  the surface coverage, due t o  the  dependence o f  surface coverage on temperature. For a 
constant hydrogen p a r t i a l  pressure the hydrogen surface coverage should decrease w i th  increasing 
temperature. Desorpt ion ac t i va t i on  energies f o r  the  desorpt ion o f  HTO from L i z0  of 24 kcalfm1.27 28.4 
kcalJmol.2 28.7 kcal lm1,28 and 35 kcal/mol16 have been observed experimentally. I n  our ca lcu la t ions  the  
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Fig. 1. Dependence o f  Desorption Rate Constant on Surface Coverage. 

desorpt ion a c t i v a t i o n  energies used were between 24 and 35 k c a l l m l ,  i n  agreement w i t h  those observed 
experimentally. 
The ca lcu la t ions  were performed f o r  changes i n  temperature o f  the form shown below. 
obtained by f l t t l n g  the  lneasured temperature dur ing the  temperature increase t o  t h i s  equation. 

T(t)=Tj+(Tf-Ti)x(l-exp(-at2)) 

T i  = i n i t i a l  temperature 
= f i n a l  temperature if = time since s t a r t  o f  temperature change (sec) 

a = t ime l a g  constant 

Results and Discussion 

T r i t i um  release f r o m  samples i n  the  C R I T I C  experilnent f o r  t w e r a t u r e  increases o f  50-1OOOC (a t  450-550%) 
wi th  a 0.1% hydrogen concentrat ion i n  the  purge gas exh ib i ted  unusual behavior. The t r i t i u m  release 
underwent a sharp decrease i n  release followed by an increase t o  a maximum then a decl ine t o  steady s ta te  
release when the sample temperature was increased. An example of t h i s  type of release curve i s  i l l u s t r a t e d  
i n  Fig. 2. Increases i n  sample temperature which began a t  temperatures o f  550oC o r  greater  w i t h  the same 
purge gas composition exh ib i ted  normal t r i t i u m  release behavior ( t r i t i u m  release increases then decays t o  
steady s ta te  a f t e r  an increase i n  sample temperature). Normal t r i t i u m  release was a lso  observed f o r  
temperature increases i n  t he  45Oo-55O0C range when the  purge gas contained 1.0% hydrogen instead of 0.1% 
hydrogen. The anomalous t r i t i u m  release behavior can not  be explained by a simple d i f f us i on  model, a one 
step desorpt ion model (i.e., desorpt ion w i t h  one energy of ac t i va t ion)  or a combination of these two models. 
A l l  these m d e l s  p r e d i c t  an increase i n  t r i t i u m  release fol lowed by a decay t o  steady s ta te  f o r  an increase 
i n  -le temperature. 

The d i f f u s i o n  parameters used i n  the ca lcu la t ions  were those obtained by Guggi e t  a1.10 
The value o f  alpha was 
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Fig. 2 .  Observed T r i t i um Release from Li20 f o r  a Temperature Increase. 

The decrease i n  t r i t i u m  re lease observed upon an increase i n  tenperature suggested t o  us t h a t  the  a c t i v a t i o n  
energy of desorpt ion had changed. This seemed reasonable since f o r  many ceramic mater ia ls  there are  several 
modes of desorption.22~23,24 To t e s t  t h i s  hypothesis we developed a cMnputer program t o  ca lcu la te  the  
t r i t i u m  release from a spher ical  g r a i n  w i t h  d i f f us ion  and desorpt ion as the r a t e  l i m i t i n g  processes and w i t h  
a desorpt ion a c t i v a t i o n  energy which var ied w i t h  the  temperature. Since the  hydrogen surface coverage i s  
dependent on temperature, t h i s  model re la tes  t o  a surface coverage dependent desorpt ion ac t i va t i on  energy. 
Using t h i s  model t r i t i u m  release curves were predicted f o r  various t w e r a t u r e  t ransients.  

The model p red ic ted  th ree  types o f  t r i t i u m  release behavior associated w i t h  a tenperature change, the  type 
of behavior being dependent on the  magnitude o f  the  change i n  the  desorpt ion ac t i va t i on  energy. Uhen the  
change i n  the  a c t i v a t i o n  energy was r e l a t i v e l y  small an increase i n  sample tenperature resu l ted  i n  a normal 
t r i t i u m  release response, an increase i n  the  tritium release fol lowed by decay t o  steady state. Uhen the  
change i n  the  desorpt ion a c t i v a t i o n  energy was r e l a t i v e l y  la rge  an increase i n  sanple temperature resu l ted  
i n  a decrease i n  t r i t i u m  release fo l lowed by a slow r i s e  t o  steady s ta te  release. 
observed i n  ea r l y  t es t s  i n  CRIT IC .11  The t h i r d  type of behavior was observed f o r  a small range o f  changes 
i n  the desorpt ion a c t i v a t i o n  energy. I n  t h i s  range the behavior was s i m i l a r  t o  the unusual behavior 
observed i n  the C R I T I C  experiment, i.e., an increase i n  sample temperature resu l ted  i n  sudden decrease i n  
t r i t i u m  release followed by an increase t o  a maximum then decay t o  steady s ta te  release. However, f o r  
changes i n  temperature a t  the  same r a t e  as t h a t  observed experimentally the maximum i n  t r i t i u m  release was 
reached i n  a short  time r e l a t i v e  t o  t h a t  observed. A model i n  which the temperature i n  the bulk changed a t  
a slower r a t e  than tha t  observed a t  the surface resu l ted  i n  a b e t t e r  fit t o  the  observed data. This has a 
basis i n  the  physics of the problem. The temperature i n  the bulk should change more s lowly  than the 
measured temperature a t  the surface due t o  the thermal d i f f u s i v i t y  of the so l id .  
able t o  successfu l ly  reproduce the unusual t r i t i u m  release curves observed i n  the C R I T I C  experiment. 
cha rac te r i s t i c  example i s  i l l u s t r a t e d  i n  Fig. 3 which compares the t r i t i u m  release ca lcu la ted  from our model 
w i t h  t h a t  observed i n  the C R I T I C  experiment f o r  a temperature increase f r o m  4350 t o  615OC. 

This type o f  behavior was 

With t h i s  model we were 
A 
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Fig. 3. Observed and Calculated T r i t i um Release f o r  a Temperature Increase 

from 435 t o  615OC. 

The model a t t r i b u t e s  the  anomalous t r i t i u m  release behavior observed i n  the C R I T I C  experiment t o  a 
desorpt ion a c t i v a t i o n  energy which changes over a spec i f i c  c r i t i c a l  range o f  hydrogen surface coverage. The 
hydrogen surface coverage i s  a lso  dependent on the  hydrogen p a r t i a l  pressure i n  the  purge gas. increasing 
w i t h  inc reas ing  pressure. To maintain a constant coverage when the pressure i s  increased the  temperature 
m is t  be increased. These e f fec ts  are i l l u s t r a t e d  i n  Fig. 4 i n  which surface coverage i s  p l o t t e d  against 
temperature f o r  two d i f f e ren t  pressures. Region 11, the c r i t i c a l  region i n  surface coverage where the 
a c t i v a t i o n  energy o f  desorpt ion changes, i s  indicated i n  the  f igure.  When the  hydrogen pressure i s  
increased the  temperature range which corresponds t o  t h i s  region o f  coverage w i l l  be s h i f t e d  t o  h igher 
temperature. 
range fo r  purge gas compositions of 1.0% hydrogen d i d  not  show the unusual t r i t ium release behavior t h a t  
t e s t s  w i t h  0.1% hydrogen showed. The dependence o f  the  surface coverage on the hydrogen pressure a lso  
suggests t h a t  the  unusual behavior may be seen fo r  purge gas conta in ing greater  than 0.1% hydrogen a t  
temperatures above 55OoC and may be observed fo r  purge gases w i t h  hydrogen concentrat ions l ess  than 0.1% a t  
temperatures below 450%. A temperature decrease experiment w i t h  a purge gas conta in ing 1.0% hydrogen 
supports t h i s  model. 
rose t o  steady s t a t e  when the sample tenperature was decreased f r o m  approximately 7400C t o  6100C. 
Temperature increase experiments over t h i s  temperature range w i th  1.0% hydrogen i n  the purge gas are 
scheduled t o  t e s t  our hypothesis fu r ther .  

This expla ins why the t r i t i u m  release curves obtained f o r  tenperature changes i n  the  450-550% 

The t r i t i u m  release f o r  t h i s  t e s t  i n i t i a l l y  increased then decreased t o  a minimum and 

The r e s u l t s  f r om  the  C R I T I C  experiment and calculat ions using the d i f fus ion-desorpt ion node1 w i th  a surface 
coverage dependent desorpt ion ac t i va t i on  energy imply t ha t  I n  order t o  accurately ca l cu la te  the  t r i t i u m  
inventory the  d e t a i l s  of t he  surface phenomena must be known. Without knowledge of the d e t a i l s  regarding 
the  dependence of the  desorpt ion ac t i va t i on  energy on surface coverage one would erroneously p r e d i c t  t ha t  
the  tri ium inventory wmld  decrease fo r  any temperature increase. Results from the  C R I T I C  experiment show 

model a t t r i b u t e s  t h i s  t o  a change i n  the desorpt ion mechanism (change i n  desorpt ion a c t i v a t i o n  energy) w i t h  
changing surface coverage. This type of phenomenon should not  be l i m i t e d  t o  L i s  and i t  i s  l i k e l y  t h a t  the  
o ther  s o l i d  breeder candidates have desorption ac t i va t i on  energies which are surface coverage dependent. 
Evidence o f  t h i s  has already been observed f o r  LiA102.25 and fo r  ~ i 4 s i 0 4 . 2 6  

t h a t  t h  ! s i s  n o t  the  case. I n  some tes ts  the inventory increased when the  temperature was increased.11 Our 



308 

w 
t- 

SURFACE COVERAGE 
Fig. 4. Relationship Between Surface Coverage and Temperature for 

lwo Partial Pressures of H2, Pressure P2>P1. 

FUTURE WORK 

Additional CRITIC experinents are planned for a series of tests at temperatures and hydrogen concentrations 
where we expect the surface coverage dependence of the desorption activation energy to be evident to test 
our model. We will apply our nodel to this data to try to determine how the desorption activation energy 
behaves in this region and to try to more accurately locate the region of tenperature and pressure where the 
changes in desorption activation energy occur. 
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DETVNING OF RESONANT RF WINDOWS BY NEUTRON IRBADIATION 
H. IC. Frost (Los Alamos National Laboratory) 

OBJECTIVE 

To develop and apply an analytical approach for assessing the impact of fast-neutron irradia- 
tion damage on reflectivity of rf vindovs made from ceramics intended for magnetic fusion 
energy (WE) applications entailing electron cyclotron resonance heating (ECRH) of fusion 
plasnas . 

SWnAe.Y 

We present details here on calculations based on a model known for some time but not applied 
until very recently to radiation damage in the form of vindov detuning. It incorporates the 
fact that the transmissivity of a resonant rf vindov depends, as any resonant passive electro- 
magnetic slab, on the dielectric constant as well as on the slab thickness _ -  both of which 
can be changed by irradiation. 
an alumina (o-AlrOs) or beryllia 'rf' vindov subject (during ECRH use) to swelling and 
dielectric changes induced by fast neutrons involves unvanted and potentially damaging rsflec- 
tion of uillimetsr wave (W) pover back tovard the source (e.g., gyrotron). 

A major consequence of applying this model in the context of 

PBOGBESS ANLl STATUS - 
The detuning model vas developed in response to observed changes in specimen dimensions and 
dielectric constants resulting from irradiation of alumina and beryllia ceramics in the fore 
of the EBB-I1 reactqf at21paho Falls for about a year, at a temperature of about 385'C and a 
fluence of about 10 n/m . 
xhuds.l 

It is vel1 known that the power reflectgon coefficient. F&,, for a uniform slab of dielectric 
constant k and thickness L is given by: 

Eq. (1) 

r - [(l-n)/(l+n)J', vith n - h, Eq. (2) 

A - 4 d / A o ,  Eq.(3) 

1 2  R - 2rS(l-cosA)/[l+r (r  -2cosA)], where 
1 

and A 0  is the vavelength in free-space vacuum. Assumptions in Eq.(l) include nonnal incidence 
for the W ' s  on a m  slab (same medium on both sides). 
zero is obtained by choosing L to equal an integral number of half-wavelengths in the specimen 
material. i.e., I,pAo/(2n). With this choice, the numerator in Eq.(l) vanishes, 

To estimate the a in reflectivity of an Kf vindov, it is convenient to start with the 
initial unirradiated condition of zero reflectivity. i.e., Ro-F&,-0 obtained by the assumption 
L-L,,. Also. use is made of the 'irradiated' length and refractive index being given by 
L-L,,+AL and n-no+An, vith tha latter related to dielectric constant (to first order) via 
An/no-(1/2)Ak/ko. Substituting these expressions into Eq.(3) gives to first order: 

An initial reflectivity of 

cos% - cos~2nn[(AL/Lo)+(1/2)(Akk/ko)]l. Eq. (4) 

vith the 'zero' subscript denoting unirradiated values. For changes in L and k of the order 
of ten percent or less, retention as indicated of only the linear terms in the expansion 
yields reasonable accuracy. 

Substitution of cos& into Eq.(l) permits calculation of the irradiated reflectivity in terms 
of measured fractional changes in length and in dielectric constant. 
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k u l t s  d discussion 

It was recently reported that both a 9 9 . 5 %  Coors alumina and also a beryllia-based ceramic 
experienced a doubling (100% increase) in the dielectric loss factor at room temperature apd 
90-100 GHz as e result of the intense fast neutron exposure mentioned in the Introduction. 
However, the changes in L and k were much smaller: For the alumina, they were +1.0% and 
-1.8%. respectively, and for the beryllia, +3.1% and -138, respectively. From Eq.(4), it can 
be seen that the phase shift is nearly zero for the alumina but not so for the beryllia. 

Substitution of the material property changes into Eq.(l) for windows that are initially 3/2 
material wavelengths thick (m-3) gives the following results: Rs-0.081 (8.1%) for beryllia and 
Ra-0.00013 (0.013%) for alumina. For a double window configuration often chosen in designs 
far efficient cooling, these values are roughly doubled assuming that the channel spacing 
between slabs is (also) an integral number of half-wavelengths of the MMW's in the cooling 
fluid. 

The -3 condition corresponds to unirradiated slab thicknesses at 100 GHz of 1.43 m for 
alumina and 1.80 mm for beryllia. 

To realistically estimate the relative change in R, between the unirradiated and irradiated 
cases, it is necessary to calculate what the unirradiated value of R, actually is when low 
loss is present. That is, a tiny amount of power is reflected when low loss is present in an 
otherwise resonant-thickness window. 
baseline needed for making comparisons on the logarithmic scale of 'reflection loss' RL. def- 
ined by -1Olog(R,)>o. This is done by transforming k in Eq.(2) to k*-k(l+jtanS), the complex 
dielectric constant, with tan6 the lass tangent. (The dielectric loss factor is ktan6.) The 
result from Eq.(l) after some manipulation is: 

The resulting small value of % then semes as the 

R, - Imtan6/(~~'-~)1'. Eq. ( 5 )  

correct to second order in mtan6, with the definition of p-r'*r' where r' is now the complex 
version 04 r in Eq.(Z) and the superscripted symbol * denotes the complex conjugate. For low 
loss, p-r . Calculated results are shown in Table 1, with 'VSWR' being the voltage standing 
wave ratio. 

Table 1. Window detuning effects at 95 GHz 

Material Condition R3 (units of RL (a) VSWR 

Alumina Unirradiated 0.0067 52  1.0 

( 9 9 . 5 % )  Irradiated 0.13 39 1.0 

________._ _______.__.__ .---..._._-..-____ ..____._ _.._ 

The values in this table differ from those in the progress report cited in Ref.1, partly 
because of calculational errors. For example, the earlier values of k and tan6 were reported 
prior to development of the more accurate datf-reduction algorithm for these properties used 
here and included in a prior progress report. 

By definition, the trends in R,, RL, and VSWR go as follows: 
(subject to P.&1), the closer to zero the value of RL (subject to R k O )  and the greater the 
departure of VSWR from unity (subject to VSwrCrl). and accordingly the greater the microwave 
power reflected from the window back to the source. 

These results are interpreted as follows. 
window, about ten times more power would be reflected back to the source compared with the 
unirradiated case but with thhe consequence that the ideal VSWR value of 1.0 would still be 
retained. 
the irradiated beryllia ceramic tested: The reflected power increases by about 10 fold over 
that from thhe unirradiated beryllia, causing the VSWR to change deleteriously from 1.0 to 1.8 

The larger the value of R, 

If an irradiated alumina disk were used as a MMW 

No source performance degradation would result. However, the case is different for 



314 

for a single window - -  and to an estimated 2.3 for a double window. 
This is a matter of concern for performance of gyKOtKOnS, and &lZiQEi ,  less robust micro- 
wave sources. as these VWSR values may exceed those allowed in manufacturers' specifications 
for their products. Other consequences include increased likelihood of electrical breakdown 
in the feed waveguides and decrease in the amount of rf heating of the fusion plasma. 

A sense of perspective on the reflection-power significance of the %values tabulated in 
Table 1 is provided by realizing that a 1% linear swelling of a 3X/2 wtndow of lossless alu- 
m i p  at 95 GHz, without any change in k .  changes Rs from ZeKO to a value of 0.02 that is about 
10 times larger than the Rs for the irradiated alumina covered here. 

The observed changes in k reported here are negative, thus at least partially compensating for 
the swelling effects. The detuning effect would be exacerbated, though, if Ak were positive 
such as observed by Pells.5et al. at f MHz in 99.9% alumina for thelr much lower fluences of 
fast neutrons (10- to 10- of ours). 

CONCLUSIONS 

Radiation-induced detuning of rf windows at millimeter-wave frequencies is a new known type of 
radiation damage. It can be avoided if the window's linear swelling from, say, neutrons, 1s 
one half of, and opposite in sign to, the change in dielectric constant, i.e., 
6L/L--(1/2)6k/k. This condition was very nearly met by the Coors 99.5% alumina reported on 
here, but not for the beryllia-based Ceramic. The possibility of Sk/k changing sign as the 
accumulated radiation fluence changes from weak to intense values, as suggested by the combi- 
nation of our work and that of Pells, et al., indicates detuning may be a complex phenomenon, 
depending on material type. 

NTVRE WORK 

In future screening of candidate ceramics for fusion ECRH applications. we plan to include an 
examination of possible window detuning effects. 
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PREPARATlON AND CHARACTERIZATION OF ALUMINA CONTAINING ENRICHED OXYGEN ISOTOPES - S. J. Zinkle, H. E. K i m ,  
and W. R. A l l en  (Oak Ridge National Laboratory) 

OEJ ECT I VE 

The ob jec t i ve  o f  t h i s  study i s  t o  determine the appr0priat.e condi t ions f o r  f a b r i c a t i o n  o f  h igh- qual i ty  
f ine-grained 170-enriched alumina specimens. 

SUMMARY 

Alumina specimens enriched i n  170 have been successfully fabr icated from aluminum isopropoxide and 
water conta in ing the ''0 isotope. 
schedules were measured using a nuclear react ion analysis technique. 
ceramic by atmospheric oxygen was observed t o  occur readi ly .  Successful fab r i ca t ion  of su i tab ly  enriched 
alumina specimens required a l l  processing steps t o  be performed i n  vacuum o r  i n e r t  environments. 
mized fab r i ca t ion  procedure produced enriched A1203 specimens of >99.5% theore t i ca l  densi ty,  -10 um gra in  
size, and a f l e x u r a l  s t rength o f  280 MPa. 

The enrichment l eve ls  of specimens subjected t o  d i f fe ren t  preparat ion 
Replacement o f  the 170 isotope i n  the 

The o p t i -  

fNTRODUCTION 

A number of studies have been performed using f i s s i o n  reactors t o  determine the r e l a t i v e  resistance of 
var ious ceramics t o  radiat ion- induced degradation i n  a fus ion environment.'-3 However, t h i s  s imulat ion su f-  
f e r s  the disadvantage t h a t  the neutron energy spectrum i s  lower than t h a t  o f  the DT fusion react ion. I n  
p a r t i c u l a r ,  ca lcu la t ions  ind ica te  t h a t  the hel ium generat ion r a t e  i n  a t y p i c a l  ceramic such as A1203 i n  a 
f i s s i o n  spectrum i s  an order of magnitude less than the corresponding helium generation r a t e  i n  a fusion 
reactor.' 
swe l l i ng  can be dramat ica l ly  a l te red  when helium i s  present i n  s u f f i c i e n t  quant i t ies .  
be used t o  inves t iga te  hel ium effects i n  oxide ceramics i s  t o  take advantage o f  the thermal neutron reac t ion  
170(n,a)14C as a means t o  produce con t ro l l ed  amounts of helium dur ing i r r a d i a t i o n  i n  a mixed spectrum 
f i s s i o n  reactor.  According t o  ca lcu la t ions  presented elsewhere,' an i s o t o p i c  enrichment of 17.9% 170 i n  
alumina w i l l  produce a hel ium generation r a t e  per u n i t  displacement damage i n  the High Flux Isotope Reactor 
(HFIR) t h a t  i s  i d e n t i c a l  t o  t h a t  expected f o r  alumina o f  normal enrichment a t  t h e  f i r s t  w a l l  of a fusion 
reactor.  

This repor t  describes a technique for  producing 170-enriched alpha-alumina from water t h a t  contains t h e  
170 isotope. 
vat ions were made on the d i f f u s i o n  and exchange of oxygen isotopes w i t h  atmospheric oxygen i n  alumina and 
i t s  precursor hydroxide. The mater ia l  was evaluated for  i s o t o p i c  enrichment using a nuclear react ion analy- 
s i s  technique and was f u r t h e r  character ized by transmission e lec t ron  microscopy and four- poin t  bending 
f l exu ra l  s t rength measurements. 

Radiat ion damage studies i n  m t a l s  have shown t h a t  mater ia l  property changes such as void 
One method t h a t  may 

I n  the course of preparing su i tab ly  enriched A1203 specimens, a number o f  i n t e r e s t i n g  obser- 

EXPERIMENTAL PROCEDURES 

The s t a r t i n g  mater ia ls  for  the preparat ion of i s o t o p i c a l l y  t a i l o r e d  alumina were aluminum isopropoxide, 
A1 (OC3H7)3, and water conta in ing enriched concentrat ions of t h e  I7O isotope. These s t a r t i n g  mater ia ls  were 
chosen because of the a v a i l a b i l i t y  o f  170 i n  aqueous form, and because o f  t h e  high p u r i t y  o f  commercial 
aluminum isopropoxide. 
F a c i l i t y )  i n  Miamisburg, Ohio. 
contain the fo l lowing atomic percentages: 

The basic procedure for  preparing the i so top ic  t a i l o r e d  alumina consisted o f  mixing aluminum isoprop- 
oxide wi th  a s to i ch iomet r i c  amount of the 170-enriched water t o  produce aluminum hydroxide (boehmite). 
boehmite powder was then calcined, and the resu l tan t  alumina powder was mixed w i t h  0.1 t o  0.5 w t  % MgO and 
sintered. A ser ies o f  scoping experiments were performed t o  determine t h e  e f f e c t s  of d i f f e r e n t  processing 
temperatures and atmospheres on t h e  f i n a l  enrichment of the alumina. Specimens were prepared i n  a i r ,  argon, 
and vacuum environments. Two ca lc ina t ion  temperatures were invest igated along w i th  several f i n a l  s i n t e r i n g  
temperatures. The optimum ca lc ina t ion  temperature was obtained from inspect ion of computerized DTAlTGA and 
high-temperature X-ray di f f ractometer measurements, which provided information on the thermal evo lu t ion and 
phase transformation, respect ive ly .  The e f f i c iency  of the oxygen isotope re ten t ion  was found t o  be s t rong ly  
dependent on t h e  preparat ion atmosphere. 

t i o n  and s i n t e r i n g  schedules were examined. I n  the f i r s t  case, the c a l c i n a t i o n  of the boehmite was performed 

The enriched water was obtained from the Monsanto Research Corporation (Mound 
An i so top ic  analysis o f  the water found the oxygen isotope enrichment t o  

11.5% l60, 64.0% 170, and 23.7% l*O. 

The 

The microstructures and f lexura l  strengths o f  alumina specimens prepared under two d i f f e r e n t  ca lc ina-  
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a t  6OO0C for  1 h and the  s i n t e r i n g  condi t ions were 1600°C fo r  2 h. I n  t he  second case. t he  ca l c i na t i on  con- 
d i t i o n s  were 13OO0C for 3 h and the  s i n t e r i n g  was performed a t  1700'C f o r  3 h. 
bar specimens were cu t  from bulk samples, and the  microscopy disks were mechanically dimpled. 
were then thinned i n  an i on  m i l l  u n t i l  per fo ra t ion  occurred so t ha t  su i t ab le  areas f o r  transmission e lec t ron  
microscope observation were obtained. 
were obtained under four-point bending condit ions. Specimens o f  cross-sectional dimensions of 1.25 m by 
2.5 mn were mechanically pol ished along the  t e n s i l e  surface using 1 um d iamnd  paste f o r  an abrasive. The 
two edges along the  t e n s i l e  surface were beveled t o  avoid st ress concentrators. The specimens were then 
f ractured a t  room temperature under pure four-point bending condi t ions,  using an inner  span o f  6.35 mn and 
an outer span of 19.05 mn. 

s i s  and Rutherford backscat ter ing ener 
450 o r  750 keV protons t o  promote t he  80(p,a)14N and 180(p.a)15N nuclear reactions. The scat tered ions 
were co l lec ted  by a surface b a r r i e r  detector  a t  a sca t te r ing  angle of 145 deg and detected events were 
energy analyzed. The reac t ion  energy for the  170 reac t ion  i s  Q = 1.2 MeV, whereas 9 = 3.98 MeV for t he  l 8 0  
reaction. The r e l a t i v e l y  low 9-value fo r  t he  170 reac t ion  produces alpha p a r t i c l e s  t h a t  have energies com- 
parable t o  those of e l a s t i c a l l y  scat tered protons. 
o f  170 due t o  t he  overlap of i t s  cha rac te r i s t i c  alpha p a r t i c l e  energy w i t h  the  background sca t te r i ng  energy 
spectrum of the  e las t ic- scat te red protons. 
reac t ion  are m c h  mare energet ic  than the  e las t ic- scat te red protons and appear f r e e  o f  background i n  t he  
sca t te r i ng  energy spectrum. 
enriched oxygen isotopes by l 6 0  replacement events. 
enriched isotopes by atmospheric oxygen was independent of isotope mass (i.e., i t  was assumed t h a t  the  
r a t i o  o f  170 t o  l 8 0  remained a t  t he  r a t i o  measured fo r  the  enriched water - 2.70). Each acquired sca t te r i ng  
energy spectrum was in terpre ted t o  y i e l d  a depth p r o f i l e  o f  the  l 8 0  concentration.s The use of 750 keV pro- 
tons allowed the  l 8 0  concentration t o  be d i r e c t l y  determined from the  alpha count rate,  since the  cross sec- 
t i o n  fo r  t h i s  reac t ion  i s  known t o  be l i n e a r  for proton beam energies between 650 and 750 keV ( re f .  6). The 
l80 depth d i s t r i b u t i o n  was normalized t o  t he  aluminum concentration deduced from the  e l a s t i c  proton scat-  
t e r i n g  y i e l d  (w i t h  the  assumption of proper aluminum t o  oxygen sto ichiometry) .  This normal izat ion accounted 
fo r  s l i q h t  inconsistencies i n  t he  accumulation i n t e r v a l  fo r  successive sca t te r i ng  energy spectra. These 

Microscopy disks and bend 
These disks 

Strength measurements fo r  the  same two c a l c i n a t i o n l s i n t e r i n g  schedules 

The degree of i so top i c  enrichment i n  the  alumina specimens was determined from nuclear reac t ion  analy- 
measurements. Targets of the  alumina specimens were bombarded w i t h  

This makes it d i f f i c u l t  t o  d i s t i ngu i sh  the  concentration 

On the  other hand, the  alpha p a r t i c l e s  emit ted from the  l S O  

For t h i s  reason, the  "'0 reac t ion  was used t o  monitor the  deplet ion of the  
It was assumed t h a t  the  replacement ra te  of the  

were attributed t o  the  e l e c t r i c a l  i n s u l a t i n g  nature o f  the  specimens and var ia t ions  in~secondary  e lec t ron  
emission dur ing i o n  bombardment. 

RESULTS 

After  the  hydro lys is  reac t ion  and the  removal of isopropyl  alcohol, boehmite (y-Al00H) enriched wi th  

The surface area of t h i s  powder measured by the  BES tech- 
170 was obtained. 
amorphous o r  i n  a very f i ne  c r y s t a l l i n e  state.  
nique was 800 m2/g. 
dehydration of the  boehmite t o  y-Al203 occurs a t  2BO0C, and tha t  fu r ther  phase transformation occurs a t  
500°C and %O0C t o &- a n d  O-AlzOs, respect ively,  and f i n a l l y  t o  a-Al203 a t  1200°C. The changes i n  the  X-ray 
d i f f r a c t i o n  pat te rns  of these phases w i t h  increasing temperature are shown i n  Fig. l(b)-(d). These phase 
t ransformat ions are very detr imental  t o  t he  dens i f i ca t i on  dur ing s i n t e r i n g  because they can cause the  devel-  
opment of microcracks. Some authors have employed an a-Al2O3 seeding technique t o  circumvent t h i s  p rob lem7 
I n  t he  present work, t he  ca l c i na t i on  was done a t  13OODC, which i s  h igher than the  0 t o  a-Al2O3 transforma- 
t i o n  temperature, t o  a l low the  transformation t o  occur f i r s t .  The powder was subsequently m i l l e d  i n  isopro-  
p y l  alcohol t o  break down the  p a r t i a l l y  s in tered pa r t i c l es .  The p a r t i c l e  s i ze  d i s t r i b u t i o n  of the  a-Al203 
a f t e r  m i l l i n g  i s  shown i n  Fig. 3. 
s i t y ,  which i s  h igher than the  requirement fo r  t he  i r r a d i a t i o n  experiments. 

Based on t he  OTAITGA and X-ray measurements, t he  optimum procedure f o r  t he  preparat ion of i so top i c -  
t a i l o r e d  alumina was determined t o  be the  fo l lowing:  F i r s t ,  pure isopropyl  alcohol, C S H ~ O H ,  was heated i n  a 
vacuum evaporator as shown i n  the  schematic i n  Fig. 4. A f t e r  t he  alcohol temperature reached 60°C, aluminum 
isopropoxide was added t o  t he  f lask and the  mixture was s t i r r e d  u n t i l  the  Al(OC3H7)3 had dissolved i n  t he  
alcohol. 
vigorously. During the  hydro lys is  react ion,  the  temperature was kept a t  60°C and f lowing argon gas was used 
t o  keep environmental moisture out o f  the  reac t ion  f lask.  
was increased t o  82OC and the  vacuum evaporator was turned on t o  remove the  isopropyl alcohol from the  
s l u r r y .  
formed a t  13OOOC for  3 h i n  an argon environment. A f t e r  the  heat treatment, 0.5 w t  % MgO was added t o  the  
powder as a s i n t e r i n g  aid. 
then vacuum s in tered a t  1700°C fo r  3 h. 

The X-ray d i f f r a c t i o n  patterns, as shown i n  Fig.  l ( a ) ,  i nd i ca te  t ha t  the  boehmite i s  e i t h e r  

Figure 2 shows the DTA and TGA curves of t h i s  powder. This f igure  shows tha t  t he  

The s in tered A1203 had cons is ten t ly  h igher than 99.5% theo re t i ca l  den- 

A s to ich iomet r ic  amount o f  170-enriched water was then added t o  the  so lu t i on  wh i le  s t i r r i n g  

When the  reac t ion  was completed, the  temperature 

The ca l c i na t i on  of the  170-enriched boehmite (Y-ALOOH) powder t o  produce alpha-alumina was per- 

This powder was mi l led.  i n  isopropyl  alcohol for mixing and s i ze  reduct ion and 
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Fig. 1 .  X-ray d i f f r a c t i o n  pat terns taken from boehmite powder: (a) before ca lc ina t ion ,  (b)  calc ined 
a t  5OO0C, (c )  ca lc ined a t  lOOO"C,  and (d)  calc ined a t  1300°C. 

Isotope Enrichment Measurements 

Oxygen isotope concentrations were measured i n  boehmite o r  alumina specimens f o r  a t o t a l  o f  10 d i f -  
ferent  processing condi t ions.  As shown i n  Table 1, the  residual  concentrations o f  the  enriched oxygen i so-  
topes showed a sens i t i ve  dependence on processing environment. I n  a l l  cases, the  concentrations of t he  
enriched oxygen isotopes were reduced as a r e s u l t  o f  the  processing. I n  pa r t i cu la r ,  the  preparat ion of 
boehmite a t  60'C i n  a f lask exposed t o  a i r  caused %70% of t he  enriched oxygen isotopes i n  the  water t o  be 
replaced by atmospheric oxygen (sample 1). Only %25% of t he  enriched isotopes were replaced by l60 when the  
hydro lys is  was performed i n  an i n e r t  environment (sample 5). Calc ina t ion  and s i n t e r i n g  caused a f u r the r  
reduct ion i n  t he  enriched isotope concentration, p a r t i c u l a r l y  when these processes were ca r r i ed  out i n  a i r  
(samples 6-9). As expected, ca l c i na t i on  a t  13OO0C caused a l a rge r  decrease i n  the  enriched isotope con- 
cen t ra t i on  than ca l c i na t i on  a t  600Y (samples 2.7.9).  Sin te r i ng  a t  1550 t o  17OOOC always produced a fu r ther  
decrease i n  t he  enrichment leve l ,  w i t h  t he  most pronounced effect occurr ing fo r  t he  case o f  exposure t o  a i r .  
Rutherford backscat ter ing energy masurements performed on s in tered specimens ind ica ted t h a t  the  alumina 
contained s to ich iomet r ic  amounts o f  aluminum and oxygen. 

The nuclear reac t ion  measurements a lso detected a sizeable impur i ty  concentration t ha t  was t e n t a t i v e l y  
i d e n t i f i e d  as argon. An impur i ty  concentration of 0.9 a t .  % was observed i n  specimen 9 (which was ca lc ined 
and s in te red  i n  argon) and a concentration o f  0.5% was observed i n  specimen 10 (which was calc ined i n  argon 
and s in tered i n  vacuum). 
alumina. 

It i s  possib le t h a t  argon has been trapped i n  s i n t e r i n g  pores present i n  t he  
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Fig. 2. D i f f e r e n t i a l  thermal analysis and TGA curves for  boehmite powder. 

Table 1. Ef f i c iency  of 170 and l80 Isotope Retention Mechanical Strength and Micros t ruc ture  
f o r  a number o f  d i f f e r e n t  processing schedules 

Processing Environment Retained It i s  apparent from the  OTAITGA and 

Sample Enriched the  boehmite should be performed a t  tem- 
Frac t ion  o f  

Hydrolys is Calc inat ion S in ter ing  Isotopes peratures above 1200°C t o  avoid the  dele-  
t e r i ous  e f fec ts  o f  the  t r a n s i t i o n  alumina 
phases (y.6,O). This expectation was 

1 A i r ,  60°C _ _  _-  30 confirmed i n  a study o f  the  mater ia l  prop- 
2 A i r ,  60°C A r ,  600"C, 1 h _ _  27 e r t i e s  o f  alumina specimens tha t  were 
3 A i r ,  60°C A r ,  6OO0C, 1 h Vac. 16OO0C, 2 h 14 subjected t o  two d i f f e r e n t  ca l c i na t i on  
4 A i r ,  60°C A i r ,  600'C. 1 h A i r ,  16OO0C, 2 h 0 temperatures, 600 and 130OOC. Table 2 
5 A r .  60°C -_ _ _  74 sunmarires the  resu l t s  o f  t h i s  study. It 
6 A r ,  60°C A i r ,  600"C, 1 h A i r ,  155OoC, 2 h -8 can be seen t h a t  the  green densi ty of 
7 A r ,  60°C A r ,  6OO0C,  1 h Vac. 16OO0C, 2 h 52 boehmite t h a t  was calc ined a t  600'C I s  
8 A r ,  60°C A i r ,  13OO0C, 3 h Vac, 1650DC, 3 h cO.1 very low (27% theo re t i ca l  dens i ty ) .  This 
9 Ar,  60°C A r ,  1300°C. 3 h A r ,  16OO0C, 2 h 43 resu l t s  i n  a f i n a l  s in tered densi ty t h a t  

10 A r ,  60°C Ar,  1300'C. 3 h Vac. 17OO0C, 3 h 15 i s  lower than desired. On the  other hand, 
ca l c i na t i on  a t  1300°C produced a re la-  
t i v e l y  h igh green densi ty  (49% t h e o r e t i -  
ca l  dens i ty )  which l ed  t o  a s in tered 

densi ty o f  the  alumina t h a t  was near t he  t heo re t i ca l  l l m i t .  
a t  600°C was only about one- thi rd the  value of t he  13OOOC samples. This suggests t ha t  volume changes asso- 
c ia ted  w i t h  transformations between the  t r a n s i t i o n  alumina phases may have introduced microcracks dur ing  
s i n t e r i n g  o f  the  600°C sample. 

X-ray measurements t h a t  ca l c i na t i on  of 

(%) 

The f l exu ra l  s t rength of t he  samples calc ined 
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Fig. 3. P a r t i c l e  s i ze  d i s t r i b u t i o n  o f  
alumina a f t e r  b a l l  m i l l i n g .  

Table 2. Mater ia ls  PropePties f o r  Alumina 
Samples Prepared under Two D i f fe ren t  

Processing Schedules 

Sample 7 Sample 10 

Calc inat ion 60OOC. 1 h 13OO0C. 1 h 
S in te r  1600°6, 2 h 17OOOC; 3 h 
S in te r i nq  a i d  0.1 wt % Ma0 0.5 wt X Ma0 
~. 
Green 27% 49% 
Sintered 96.9% 99.8% 

Grain s ize  6 m  8 um 
Modulus of 105 MPa 280 MPa 

rupture 

Transmission e lec t ron  microscopy was used 
t o  inves t iga te  the  microst ructures of speci-  
mens subjected t o  t he  two d i f f e ren t  ca lc ina-  
t i o n  temperatures. The general microst ructure 
consisted o f  defect- free g ra ins  w i t h  a g ra i n  
s i ze  near 10 um i n  both cases. Fiaure 5 shaws <- ~ ~ ~ 

~~ ~~ 

t he  t y p i c a l  microst ructure observed i n  t he  
sample calc ined a t  1300°C (sample 10). A low 
dens i ty  of s i n t e r i n g  pores was observed i n  
the  i n t e r i o r  of the  grains. From nuclear 

possib le t h a t  t he  pores may conta in argon. 
which was trapped between p a r t i c l e s  during t he  

along gra in boundaries was observed i n  the  
specimen t ha t  was calc ined a t  600'C (Fig. 6). 
The existence o f  these cracks (which were not 
observed i n  the  1300'C specimen) expla ins the  
low f lexura l  s t rength of the  sample calc ined 
a t  6OO0C (Table 2). This observat ion supports 
t he  h y p o t h l i s  t ha t  volume changes associated 
w i t h  phase transformations dur ing s i n t e r i n g  of 
alumina calc ined a t  low temperatures can cause 
m i  crocrack formation. 

O P N L - ~ 8 1 - ~ 7 0 5 0  reac t ion  resu l t s  presented e a r l i e r ,  i t  seems 

Therm om u pl e ca l c i na t i on  and s i n t e r i n g  process. Cracking 

Heating mantle 

Fig. 4. Schematic view of the experimental setup. 
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. .. 

Fig .  6. Grain boundary cracking observed i n  an alumina specimen ca lc ined  a t  600'C and s i n t e r e d  a t  160OoC. 
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ION IRRADIATION STUDIES OF OXIDE CERAMICS - S. J .  ZINKLE (Oak Ridge National Laboratory) 

OBJECTIVE 

The ob jec t ive  o f  t h i s  study i s  t o  examine the  i r r a d i a t i o n  microstructures of th ree  d i f f e r e n t  oxide 
ceramics i n  order t o  gain an understanding o f  t h e i r  response t o  i r r a d i a t i o n .  

Specfmns Of A1203. MgO. and MgAl204 have been ion i r r a d i a t e d  at 25 and 650°C to peak damage l eve l s  
between 0.5 and 35 dpa. 
i n  a l l  th ree  ceramics a t  moderate doses, w i t h  more conplex extended defects observed a t  h igh damage levels.  
The microstructure fo r  a given ceramic was q u a l i t a t i v e l y  s i m i l a r  f o r  both i r r a d i a t i o n  temperatures. The 
loops observed i n  t he  simple oxides MgO and A1203 were smaller and of much higher densi ty  than the  loops i n  
spinel.  

I n i t i a l  m ic ros t ruc tura l  observations have found tha t  d i s l oca t i on  loops are formed 

PROGRESS AN0 STATUS 

In t roduc t ion  

mechanical propert ies of ceramic materials. Depending on the  i np lan ta t i on  condit ions, the  mar- sur face 
region may become hardened or  softened (amrphized) r e l a t i v e  t o  the  substrate. l  This may i n  t u r n  exer t  a 
st rong in f luence on the  f r ac tu re  toughness, strength, and wear resistance. It i s  now establ ished tha t  many 
ceramics can be made amorphous if the l a t t i c e  damage exceeds some c r i t i c a l  which i s  -5 keV/atm 
f o r  a mom temperature implantat ion of oxide ceramics such as MgO and A1203. 

The fundamental processes responsible f o r  amorphiration are not we l l  understood due t o  t he  c a p l e x  
i n t e r a c t i o n  between chemical ( inplanted i on )  ef fects and rad ia t i on  damage effects. One approach t h a t  may be 
used t o  separate these e f f e c t s  involves the  use o f  high-energy ions. I n  t h i s  case, the  microstructure pro- 
duced near the  peak i n  t he  implanted i o n  d i s t r i b u t i o n  may be d i s t i n c t l y  separated from the  microstructure a t  
shallower depths where only displacement damage e f f e c t s  have occurred. This report  presents the  i n i t i a l  
r e s u l t s  o f  an i nves t i ga t i on  o f  the  depth-dependent microstructures of th ree  oxide ceramics fo l low ing  i o n  
implantat ion t o  mde ra te  doses. The implantat ions were performed using ion  species t ha t  occur as cat ions i n  
t he  t a rge t  mater ia l ;  for example, Mgt ions were used fo r  the  MgO and HgA120' ( sp ine l )  i r r ad ia t i ons .  This 
minimized chemical e f fec ts  associated w i th  the Implantat ion and allowed a more d i r e c t  evaluation t o  be made 
of the  e f fec ts  o f  imolanted ions on the microstructure.  

Ion implantat ion i s  a useful t o o l  fo r  studying I r r a d i a t i o n  effects and for  modifying the  near-surface 

2. EXPERIMENTAL PROCEDURE 

The s t a r t i n g  mater ia ls  fo r  t he  implantat ion study consisted o f  p o l y c r y s t a l l i n e  MgA1204 [g ra in  s i z e  
230 m ) .  two types of p o l y c r y s t a l l i n e  a-Al2O3 (g ra in  sizes o f  0.8 and 30 um), and s ing le  c r ys ta l  MgO. The 5 
by 10 by 2 nm mechanically pol ished MgO specimens were implanted a t  an o r i en ta t i on  - lo  frm (100) i n  order 
t o  minimize ion  channeling e f fec ts .  
ished transmission e lec t ron  microscope specimens (3  mn diam by 0.5 nm thickness) i n  a 9-specimen array. The 
i r r a d i a t i o n s  were performed a t  room temperature and 650°C using the  Van de Graaff f a c i l i t y  a t  Oak Ridge 
National Laboratory.' Table 1 sum- 
marizes the implantat ion condit ions. 
The alumina implantat ions were per- Table 1. Ion implantat ion parameters 
formed w i th  simultaneous beams of Al+, 
O', and Het ( the  0.2 t o  0.4 MeV Het I r r a d i a t i o n  
beam produced n e g l i g i b l e  displacement Mater ia l  Implanted Fluence Peak Damage Temperature 

0' beams were chosen so tha t  the  calcu- 
l a t e d  mean range of both ions i n  a lu-  MgA120s 2.4 MeV Mgt 1.4 x 1021/m2 3.5 25. 650 
mina was 1.2 m. The spinel  and MgO 

25, 650 i r r a d i a t i o n s  were performed using 2.4 2.0 M e V  A l t  6.9 x 1020/m2 3.1 
MeV Mgt ions. which have a calculated A1203 1.44 MeV O* 8.3 x 1020/m2 
mean i o n  range o f  1.6 em i n  both m t e -  
r i a l s .  I n  the  f o l l ow ing  sections. the  MgO 2.4  lev w+ 4.1 x 1019/m2 0.10 25 
term 'damage peak" re fe rs  t o  t he  calcu- MgO 2.4 MeV Mgt 2.1 x 1019/m2 0.05 650 
l a t e d  peak i n  t he  displacement damage MgO 2.4 MeV Mg+ 8.1 x 1020/m2 2.0 650 

The MgAlzOk and A1203 specimens were i r r a d i a t e d  as lnechanically po l-  

damage). The energies of the Al '  and Ion (keV/atom) ("C) 



323 

pro f i l e .  
t he  mean i o n  ranges given above. 

Transmission e lec t ron  microscopy (TEM) was performed on cross-sectioned Specimens t h a t  were prepared by 
standard techniques.s The depth-dependent hardness and e l a s t i c  modulus of the implanted MgA12O4 and 
A1203 specimens were measured a t  Mom temperature w i t h  a specia l ized micro indentat ion ("nano- indenter") 
hardness tester.6 The indenter  load and displacement were continuously measured dur ing the  Indentat ion pro-  
cess so tha t  depth-dependent hardness measurements could be o6tained on as- i r rad ia ted   specimen^.^,^ Nine t o  
f i f t e e n  indentat ion measurements were performed i n  the  contro l  and i r r a d i a t e d  regions of  each specimen. The 
maximum load f o r  each indent was -0.12 N (12 9). 

I n  the  present experiment, t h i s  peak occurs a t  a depth t ha t  i s  -0.1 Irm c loser  t o  the  surface than 

3. RESULTS 

3.1 Splnel 

Ion i r r a d i a t i o n  o f  spinel  a t  25 and 650'C produced fau l ted  i n t e r s t i t i a l  d i s l oca t i on  loops a t  intermediate 
depths (-1 wn) along the  i o n  range. 
s i s ted  o f  a h igh densi ty  o f  d i s l oca t i on  tangles f o r  both temperatures. A l l  regions o f  the  i r r a d i a t e d  speci-  
mens remained c r y s t a l l i n e  fo l lowing both room temperature and 650Y implantat ion. A de ta i l ed  descr ip t ion  of 
the  i r r a d i a t e d  microstructure observed i n  these specimens i s  given e l ~ e w h e r e . ~  

The cross-section microstructure o f  spinel  fo l low ing  i r r a d i a t i o n  a t  650'C i s  shown i n  F ig .  1. The near- 
surface region was devoid of any observable defects fo r  depths up t o  -0.9 um. The damage microstructure a t  
intermediate depths of the  65O0C specimen i s  shown i n  more d e t a i l  i n  Fig. 2. The loops e x h i b i t  f a u l t  con- 
t r a s t  for g = 1220> and no f a u l t  contrast  fo r  g = ~440,. An analysis o f  the  nature o f  the  loops' revealed a 
mixture of i n t e r s t i t l a l  loops of the  type a/4<110>{110} and a /41110>( l l l }  which, as explained by C l inard  e t  
al.' are faul ted on the  ca t ion  sub la t t i ce .  

observed fo r  the  65O0C case7 except t ha t  i n t e r s t i t i a l  loop formation was also observed i n  the  near-surface 
region of the  specimen implanted a t  25%. The microstructures a t  in termediate depths and near the  peak dam- 
age region of the  25'C specimen are compared i n  Flg. 3. 
mediate depths whereas the  peak damage region i s  a complex mixture of d is loca t ions  w i t h  no observable loops. 
R fu r ther  inspect ion o f  the  peak damage region reveals the  presence o f  d i s l oca t i on  tangles along w i th  other  
un iden t i f i ed  defects t ha t  exh ib i t  contrast  s i m i l a r  t o  antiphase boundaries (APES) i n  ordered c rys ta l s  
(Fig. 4). 

change (<5%) i n  t he  e l a s t i c  modulus. The hardness a t  an indent depth o f  0.5 um increased from 8.2 GPa 
(unimplanted) t o  -8.6 GPa (implanted) f o r  both i r r a d i a t i o n  temperatures as a r e s u l t  o f  the  i r r a d i a t i ~ n . ~  
The hardness change (implanted VS. unimplanted) o f  the  650'C specimen showed a gradual increase w i th  
increasing indentat ion depth tha t  could be a t t r i b u t e d  t o  the  loop-denuded region near the  surface and the 
h igh defect densi ty  a t  deeper subsurface regions.' The hardness increase o f  the  25OC specimen was essen- 
t i a l l y  independent o f  depth f o r  indent depths between 100 and 600 nm (ref. 7). 

The microstructure near the  implanted i o n  region and damage peak con- 

The depth-dependent microstructure of spinel  fo l lowing i r r a d i a t i o n  a t  25'C was very s i m i l a r  t o  t h a t  

Iso la ted  d i s l oca t i on  loops are v i s i b l e  a t  i n t e r -  

Nanoindenter measurements made on specimens i r r a d i a t e d  a t  the  two temperatures showed no s i g n i f i c a n t  

The d c r o s t r u c t u r e  of  i r r a d i a t e d  alumina consisted of dense arrays of d i s l oca t i on  loops and network 
d is loca t ions ,  with no evidence of amorphization a t  e i t h e r  i r r a d i a t i o n  temperature. The loops were observed 
on (0001) and ( l O l O }  hab i t  planes. There were no obvious mic ros t ruc tura l  d i f ferences between the  f ine-  
grained and coarse-grained alumina specimens. Some prel iminary observations of the microstructure of i r r a -  
diated alumina are described below. 

As shown i n  Fig. 5. the  dominant mic ros t ruc tura l  feature i n  t he  midrange region of alumina i r r a d i a t e d  
a t  650°C i s  a network o f  d is locat ions.  A low densi ty  o f  d i s l oca t i on  loops w i th  hab i t  planes near { O l T O }  
were a lso  observed under d i f f e ren t  d i f f r a c t i n g  condit ions. An example o f  the  loop microstructure observed 
near the  peak damage region o f  a 650°C specimen i s  shown i n  Fig. 6. Edge-on loops l y i n g  on the  basal plane 
and on the  (OlTO) plane are v i s i b l e  i n  Fig. 6. w i t h  a loop diameter of -20 nm. The midrange microstructure 
of the  650Y specimen suggests t ha t  the  loop densi ty  i s  s i g n i f i c a n t l y  less than t h a t  found near t he  damage 
peak (implanted ion  region). The network d is loca t ions  observed a t  intermediate depths have y e t  t o  be 
observed i n  the  peak damage region, which suggests t ha t  e i t he r  dose or  implanted ion  effects m y  be s i g n i f i -  
cant  a t  t h i s  temperature. 

t he  t y p i c a l  midrange loop microstructure for alumina i r r a d i a t e d  a t  25OC. Loops w i th  diameters -10 nm were 
observed on (0001) and { lOTO}  planes. An example o f  a loop on the  basal plane i s  arrowed i n  Fig. 7. 
D is loca t ions  were observed i n  both the  midrange and peak damage regions along w i t h  the loops. An example of 
the  d i s l oca t i on  microstructure observed near the  peak displacement region of a 25'C specimen i s  shown i n  
Fig. 8. A Burgers vector analys is  of  d is loca t ions  suggests t ha t  b = 1/3<01I1>. A second set o f  a l igned 

The midrange microstructure of A1203 i r r a d i a t e d  a t  25OC was s i m i l a r  t o  t he  65OoC case. F igure 7 shows 
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Fig. 3. Typical i r r a d i a t e d  microstructures of sp inel  implanted a t  25'C. The l e f t  photograph shows the  
weak beam (9,391 microst ructure for damage depths of 1.0 t o  1.5 urn. The r i g h t  photograph shows the  weak 
beam (9,49) microst ructure for damage depths of 1.4 t o  1.9 um. The o r i g i n a l  i r r a d i a t e d  surface l i e s  t o  the  
l e f t  of both photographs. 

Fig. 4. Weak beam (9.49) microst ructure of spinel implanted a t  25°C a t  damage depths of 1.3 t o  1.8 vm. 
The l r r a d i a t e d  in te r face  l i e s  t o  the l e f t  o f  the micrograph. 
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d is loca t ions  were observed w i th  t h e i r  l i n e  vectors near ly  perpendicular t o  [OOOll, but t h e i r  Burgers vector 
has not y e t  been determined. Contrast s i m i l a r  t o  t ha t  associated w i t h  APES was observed under su i t ab le  d i f -  
f r a c t i o n  condi t ions (Fig. 9). 

grained (d - 0.8 um) alumina specimens. As shown i n  Fig. 10, the e l a s t i c  modulus of A1203 (determined from 
nanoindenter measurements) was unaffected by ion  i r r a d i a t i o n  f o r  indent depths up t o  250 nm. The 
nanoindenter measurements a lso  ind ica ted  tha t  there was no signi ' f icant (<5%) change i n  t he  depth-dependent 
hardness of A1203 fo l lowing i o n  i r r a d i a t i o n  a t  25'C (Fig. 11). The measurements suggested tha t  the  near- 
surface hardness of alumina fo l low ing  i r r a d i a t i o n  a t  650OC ( r e l a t i v e  t o  t he  nonir radiated value) was 
increased by 10 t o  20%. For the  65OoC specimen, the  unimplanted hardness was about 10% less than the  25OC 
unimplanted hardness; the i r r a d i a t e d  hardness f o r  the  25 and 650OC specimens was essen t i a l l y  equal. 
comparative purposes, Knoop indentat ion measurements were made a t  a load o f  0.25 N and the  hardness was ca l -  
culated from the  long diagonal o f  the residual  indentat ion.  The indentat ion depth was -0.5 m. The Knoop 
hardness measurements were i n  reasonable agreement w i t h  the  nanoindenter resu l ts .  

Nanoindenter and hardness measurements were performed a t  room temperature on the  i r r a d i a t e d  f i n e -  

For 

3.3 Magnesia 

High dens i t ies  of small d i s l oca t i on  loops were formed i n  MgO dur ing i r r a d i a t i o n  a t  a va r i e t y  of experi-  
mental condit ions. I r r a d i a t i o n  a t  650°C t o  a f luence o f  2.1 x 10'9 Mg+/m2 produced small (-10 nm diam) 
loops near the  peak damage region. The loop densi ty  was lower and the  mean loop s ize  was l a rge r  i n  the  
near-surface region compared t o  the  peak dama e region. The damage microstructure f o l l ow ing  i r r a d i a t i o n  a t  

dose i r r a d i a t i o n .  The loop densi ty  was lower i n  t he  near-surface region and the  mean loop diameter changed 
from -40 nm a t  a depth o f  0.5 urn to. - lO nm a t  the  peak damage region (1.6 um depth). 
loops tha t  were present a t  a depth of -1 m from the  i r r a d i a t e d  surface. 

There was not a la rge  depth-dependence t o  t he  i r r a d i a t e d  microstructure f o r  the  25'C implantat ion. 
Figure 13 shows a cross-section view of MgO fo l low ing  i r r a d i a t i o n  a t  25°C t o  a f luence of 4.1 x 1019 Mg+/mZ 
(-0.7 dpa peak damage). 
appearance o f  heterogeneous "patches" of sma l l  voids (Fig. 14). Small loops w i th  diameters -10 nm were a lso 
resolvable i n  the  microstructure.  
25OC case, and s l i g h t  hardness increases f o r  the two 650OC cases. Complete d e t a i l s  of the  i r r a d i a t i o n  
microstructure and hardness measurements ( i nc lud ing  hardness anisotropy measurements) are given e l ~ e w h e r e . ~  

65OoC t o  a higher fluence o f  8.1 x l ozo  Mg+/m 4 was q u a l i t a t i v e l y  s i m i l a r  t o  t ha t  observed fo l l ow ing  the  low 

Figure 12 shows some 

An i n t e r e s t i n g  fea ture  observed fo r  t h i s  moderate i r r a d i a t i o n  cond i t ion  was the  

Knoop hardness measurements showed a large increase i n  hardness f o r  the  

OWL-PHOTO-5723-88 

Fig. 9. Weak beam (g,29) microstructure of alumina i r r a d i a t e d  a t  25OC. 
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Fig. 12. D is loca t ion  loops 
observed i n  MgO at  a damage depth o f  
-1 vm fo l lowing i r r a d i a t i o n  a t  650°C. 

4. DISCUSSION 

4.1 General M i c r o h r u c t u r a l  Features 

h r p h l z a t i o n  was not  detected i n  an: 
damage leve l  required t o  amorphlze spinel  
imize chemical e f f e c t s  i s  greater than 3.: 
with ce r ta in  i o n  species such as z i rcon iu l  
t h a t  chemical ef fects can be important. 

The f rac t i on  of defects reta ined fror 
lower i n  spinel  cMnpared t o  MgO and Alz03 
sp ine l  a t  an i r r a d i a t i o n  depth o f  1 um re! 
i l a r  observationsa.lo and have a t t r i b u t e d  
compl ex i  ty of formi ng s t o i  chiomet r i c c l  us1 
t h a t  higher implantat ion doses may be nee1 
MgO or AlpO3. 

4.2 Depth Dependence 

The peak I n  the  displacement damage I 
implanted ions. It i s  therefore d i f f i c u l t  
t o  implanted i o n  effects unless addi t ional  
hand, if the observed mic ros t ruc tura l  feat 
t ha t  implanted ion  and displacement dose I 

The microstructure of implanted spin1 
tu res  (Figs. 1-4). Some of the  depth depc 
with increasing dose, the  densi ty  of loop! 
t ha t  could lead t o  the  formation of a .d is l  
c e r t a i n  since the  loops i n  spinel  conta in 
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Fig. 14. Heterogeneous 
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I 

- 

formation of small voids (arrowed) a t  a depth o f  -1 um i n  MgO i r r a d i a t e d  a t  25°C. 

of alumina d i d  not show a st rong depth dependence fo r  specimens implanted a t  room temperature (Figs. 7, E). 
Alumina specimens i r r a d i a t e d  a t  650°C showed a s l i g h t  mic ros t ruc tura l  depth dependence, changing from p r i -  
mar i l y  al igned d is loca t ions  i n  the  midrange region t o  a l igned d is loca t ions  and an array of d i s l oca t i on  loops 
on (0001) and ( I O I O ]  planes i n  t he  peak damage region (Figs. 5, 6). The MgO specimens showed a weak depen- 
dence on i r r a d i a t l o n  depth. 
specimens implanted a t  65OOC. A s i m i l a r  depth dependence o f  loop s ize  has been reported for  ion- implanted 
A1203 (ref .  11). 

The main observation was a decrease i n  loop s i ze  w i t h  increasing depth fo r  

4.3 Temperature Effects 

I r r a d i a t i o n  a t  650'C produced microstructures tha t  were q u a l i t a t i v e l y  s i m i l a r  t o  the  rom temperature 
i r r ad ia t i ons .  A general observation i s  t ha t  h igh implantat ion temperatures appeared t o  enhance the  depth 
depehdence o f  mic ros t ruc tura l  features. For example, spinel  showed a loop-denuded zone w i t h i n  -0.9 t m  of 
the  implanted surface f o l l ow ing  i r r a d i a t i o n  a t  650'C whereas the  25OC specimen contained loops i n  the  near- 
surface and midrange regions. 
whereas the  loops were nearly evenly d iv ided between (1101 and { I l l }  for the  25°C i ~ l a n t a t i o n . ~  Aligned 
d is loca t ions  were observed i n  the  midrange region o f  A1203 fo l lowing implantat ion st both 25 and 650OC. 
However. a t  65OoC there was a greater densi ty  of arrays o f  loops on (0001) and {IOIO) i n  the  peak damage 
region compared t o  the  25°C case. 
cemDared t o  the  25°C i r r a d i a t i o n .  

Most of the  loops (-70%) i n  spinel  had [ l l O }  hab i t  planes f o r  the  6 5 0 T  case, 

The loop densi ty  i n  MgO was lower f o r  the  h i g h - t q e r a t u r e  i r r a d i a t i o n s  

5. SUMMARY AND CONCLUSIONS 

I n i t i a l  m ic ros t ruc tura l  observations have been made on three ion-imp!anted oxide ceramics. The main 
mic ros t ruc tura l  features associated w i th  the  implantat ions are d i s l oca t l on  loops and network d is locat ions.  
The e f fec t  on t he  resu l tan t  microstructure o f  implantat ion w i th  ions tha t  minimize chemical ef fects i s  
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uncertain, but the ef fect  does not appear t o  be la rge  fo r  room temperature i r r ad ia t i ons .  Implantat ions a t  
65O0C produced microst ructura l  changes tha t  were i n  general q u a l i t a t i v e l y  s i m i l a r  t o  the 25°C implantat ion 
case. 
although the  ef fect  was often s l i g h t .  

The high-temperature implantat ions appeared t o  enhance the depth dependence o f  the  microstructure, 
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