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FOREWORO 

Th is  r e p o r t  i s  t h e  t w e n t y- t h i r d  i n  a s e r i e s  of Technical  Progress Reports on Alloy Development for 
Irradiation Performance (AOIP), wh ich i s one element o f  t he  Fusion Reactor M a t e r i a l s  Program, conducted 
i n  support  of t he  Magnetic Fusion Energy Program o f  the  U.S. Department of Energy. 
M a t e r i a l s  Program a re  

Other elements of t h e  

' 

, Pl8SmR-MatRriRls Interaction (PMI) 
. Specia~-Purpose Materials (SPM) 
. High Heat Flux Components 

Damage Analysis and Fundamental Studies (DmFS) 

The f i r s t  seven r e p o r t s  i n  t h i s  s e r i e s  are  numbered DOE/ET-0058/1 through 7 .  Th i s  r e p o r t  i s  t he  
s i x t e e n t h  i n  a new numbering sequence t h a t  beg ins  w i t h  DOE/ER-0045/1. 

The ADIP program element i s  a n a t i o n a l  e f f o r t  composed o f  c o n t r i b u t i o n s  f rom a number o f  Na t i ona l  
Labo ra to r i es  and o t h e r  government l a b o r a t o r i e s ,  u n i v e r s i t i e s ,  and i n d u s t r i a l  l a b o r a t o r i e s .  I t  was organ ized 
by the  M a t e r i a l s  and Rad ia t i on  E f f e c t s  Branch, O f f i c e  o f  Fusion Energy, DOE, and a Task Group on Alloy 
Development for Irradiation Performance, which now operates under t h e  auspices o f  t he  Reactor Technologies 
Branch. The purpose o f  t h i s  s e r i e s  o f  r e p o r t s  i s  t o  p rov ide  a working t e c h n i c a l  reco rd  o f  t h a t  e f f o r t  f o r  
t he  use o f  t he  program p a r t i c i p a n t s ,  f o r  t he  fus ion energy program i n  genera l ,  and f o r  t he  Department of 
Energy. 

T h i s  r e p o r t  i s  organized a long t o p i c a l  l i n e s  w i t h  Chapters 3 through 8 devoted t o  t h e  va r i ous  a l l o y  
c lasses t h a t  a re  c u r r e n t l y  under i n v e s t i g a t i o n .  
d i f f e r e n t  p laces i n  t he  r e p o r t .  The m a t e r i a l s  c o m p a t i b i l i t y  and environmental  e f f e c t s  work on a l l  a l l o y  
c lasses i s  c o l l e c t e d  toge the r  i n  Chapter 9 .  
reader .  

Thus the  work o f  a g i ven  l a b o r a t o r y  may appear a t  several  

The Table o f  Contents i s  annotated f o r  t he  convenience of t he  

Th i s  r e p o r t  has been compi led and e d i t e d  under the  guidance o f  t he  Chairman o f  t he  Task Group on AIloy 
Development for Irradiation Performance. A. F .  Rowc l i f f e ,  Oak Ridge Na t i ona l  Laboratory,  and h i s  e f f o r t s  
and those o f  t h e  suppor t ing  s t a f f  of ORNL and the  many persons who made t e c h n i c a l  c o n t r i b u t i o n s  a re  g ra te-  
f u l l y  acknowledged. 1. C .  Reuther, Reactor Technologies Branch, i s  t he  Department of Energy Counterpar t  t o  
t h e  Task Group Chairman and has r e s p o n s i b i l i t y  f o r  t he  A D I P  Program w i t h i n  DOE. 

G.  M .  Haas, Ch ie f  
Reactor Technologies Branch 
O f f i c e  of Fusion Energy 
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FOREWORD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1. ANALYSIS AND EVALUATION STUDIES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

1.1 M a t e r i a l s  Handbook for  Fusion Energy Systems 
(McDonnell Douglas Astronaut ics Company - S t .  Louis D iv is ion)  . . . . . . .  

Work i s  progressing smoothly on the  handbook and the  backlog o f  data s h e e t s ,  which 
nunhers approximately ZOO, i s  s t e a d i l y  decreasing.  
on magnet CESB mater ia l s  and high heat  f l u x  m a t e r i d s  (copper a l l oy s )  have been rece ived  and 

Work i n  progress inc ludes  V-ISCr-5Ti, Ceramic insu- 
lators, and a spec ia l  appendix t o  t h e  handbook on Damage Corre la t ions  which i s  being pre-  
pared b y  t h e  DFAS working group. 

I n  addi t ion  a number o f  new con t r ibu t ions  

out  for  review p r i o r  t o  r e l ease .  

2 .  TEST MATRICES,  EXPERIMENT DESCRIPTIONS, AND MICROSTRUCTURAL DEVELOPMENT . . . . .  

2 . 1  S ta tus  o f  U.S./Japan Co l lobora t ive  Tes t ing  i n  HFIR AND ORR 
(Japan Atomic Energy Research I n s t i t u t e ) .  . . . . . . . . . . . . . . . . .  

Examination i s  almost completed on capsules  JPI and JP3. I r rad ia t i on  was  completed 
I r rad ia t i on  o f  samples 

Resu l t s  t o  da t e  on U.S. and Japanese PCA ~ 1 1 0 ~ s  have shown 
f o r  c a p ~ u l e s  JP6, JP7, and JPZ and specimen t e s t i n g  i s  underway. 
JP4, JP5, and JPM cont inues .  
low swel l ing  when i r rad ia t ed  to about 30 dpa and about 2000 ppm He. 

Operat ion o f  the  U.S./Japan ORR Spectra l  T a i l o r i n g  Experiments 2 . 2  
(Oak Ridge Nat iona l  Laboratory) . . . . . . . . . . . . . . .  

The ORR MFE-63 and -73 experiments continued i r rad ia t i on  during t h i s  repor t ing  period 
ending on March 31,  1986. 
30 MW. 

The t o t a l  accumulated time i s  200.2 Ful l  Power DRYS (FPD) a t  

2.3 Design o f  t h e  H F I R  (JP Type) Instrumented Target  Temperature Test  (TTT) Capsule 
(Oak Ridge Nat iona l  Laboratory) . . . . . . . . . . . . . . . . . . . . . . . .  

The JP-7TT experiment i s  scheduled t o  he  i n se r t ed  8s soon a s  t h e  HFIR Instrumented 
Target f a c i l i t y  i s  completed. 
t he  JP-TIT capsule i s  i n  progress,  and some components are on order.  

Neutronics Analysis  i n  Support o f  the  U.S.-Japan Spectra l  T a i l o r i n g  Capsules 
(Oak Ridge Nat iona l  Laboratory) . . . . . . . . . . . . . . . . . . . . . .  

The conceptual design i s  complete. The mechanical design o f  

2 . 4  

Scale  factors obtained p rev ious l y  are being used to scale t he  neutron f l u e n c e s  
obtained from three-dimensional neutronics  ca l cu la t i ons .  A s  o f  March 31,  1986, t h i s  proce- 
dure y i e l d s  17.81 a t .  ppm He (no t  inc luding  2.0 a t .  ppm He from E- IO)  and 3.57 dps f o r  type  
316 s t a i n l e s s  s t e e l  i n  ORR-WE-63 and 31.23 a t .  ppm He and 3.71 dpa i n  ORR-MFE-73. 
ca lcu la ted  and measured f l u x e s  i n  t h e  HFIR RE MFE Hafnium Dosimetry Experiment have been 
compared. 
f o r  spec tra l  t a i l o r i n g  when t h e  WE-63 and -73 experiments are moved t o  HFIR RE pos i t i ons .  

The 

Th i s  comparison allowed the  ca l cu la t i on  of  Rf and Cd sh i e ld  th icknesses  required 

2 . 5  Neutron Dosimetry and Damage C a l c u l a t i o n s  (Argonne Nat iona l  Laboratory) 

A one-cycle (22 day) t e s t  o f  t h e  Hf l iner was conducted in  t h e  RE pos i t ion  of  HFIR E t  
The H f  reduces t h e  termal f l u x  about an order of  magnitude. Estimated damage and 100 Mw. 

gas production r a t e s  are inc luded .  
Resu l t s  are reported f o r  t h e  JPI ,  JP3 U.S./Japanese experiments i n  HFIR. 

ments had an iden t i ca l  exposure h i s t o r y  w i th  a f a s t  f l uence  ( > O . l  MeV) o f  about 
3 . 9 ~ 1 0 z 2 n f c m 2  producing about 32 dpa and 2147 appm helium i n  316 s t a i n l e s s  s t e e l s .  

designed f o r  comparison wi th  s im i lar  14 MeV i r rad ia t i ons  a t  RTNS 11 (LLNL) . 
f l u e n c e s  ranged from 5-5454x101'n/cm/'. 

a l l o y s ,  i n su la to r s ,  and breeder ma te r ia l s .  
more damage i n  t he  compound than would he  expected from a l i n e a r  combination of t he  elemen- 
t a l  ca l cu la t i ons  i n  SPECTER. 

Both experi-  

Resu l t s  are reported for  several  shor t  experiments i n  t h e  Omega West Reactor (LANL) 
The measured 

A new computer code, SPECOMP, has  been developed t o  ca l cu la t e  displacement damage f o r  
Examples are given  for  LiAIO, where we f i n d  2 r 4 0 4  

Other compounds are now being s tud i ed .  
The s t a t u s  o f  a l l  dosimetry experiments  i s  summarized i n  Table 2 . 5 . 1 .  
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3. AUSTENIIC STAINLESS STEELS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  25 

3 . 1  M i c r o s t r u c u t r a l  Oevelopment i n  t h e  PCAs I r r a d i a t e d  t o  34 dpa i n  HFIR a t  300 and 400'C 
(Oak Ridge Nat iona l  Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Microstructural observation on both U.S. and Japan PCAs indicated that a l l  specimens 

Mutual stability of the MC particles and associated fine butbles contrib- 
developed a high concentration of fine bubbles and MC precipitates, as well a5 Frank 
faulted loops. 
uted to the extension of the transient regime of swelling to higher fluence. The irra- 
diation response of JPCA and U.S.-PCA were similar in this HFIR irradiation condition, 
despite of the minor compositional difference (P,B) between the two materials. These 
data suggest useful fusion application of solution-annealed (SA)-PCA as well 8S cold- 
worked (CW)-PCA in the 300 to 40OoC temperature range. 

3 . 2  The Tens i l e  P rope r t i es  o f  Solut ion-Annealed (SA) JPCA I r r a d i a t e d  i n  HFIR 
(Oak Ridge Nat iona l  Labora tory )  . . . . . . . . . . . . . . . . . . . .  

The tensile properties of HFIR irradiated SA-JPCA were determined from 300 to 500°C. 
Comparison with microstructural observations shows that the major source of hardening at 300 
and 400°C is a high concentration of cavities; MC-precipitate which formed during HFIR irra- 
diation will be the additional source for hardening at 4OOOC. 
remains above 6% in a l l  test-temperature ranges. 

300 to 5OO0C at 16 to 28 dpa damage levels. 

Total elongation of the JPCA 

This data shows the useful application of solution-annealed JPCA in the temperature range 

3.3 Microchemical  Composit ions o f  P r e c i p i t a t e s  i n  JPCA I r r a d i a t e d  t o  34 dpa i n  H F I R  
(Oak Ridge Nat iona l  Labora tory )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Control specimens (SA, CW, and aged) contain only MC-type precipitates. The com- 

After HFIR irradiation at 4OO0C to 34 dpe, the 
positions of MC particles have a strong size dependence. 
titanium and nore chromium and molybdenum. 
specimens contain small amounts of M,,C. end M6C precipitates as well as MC precipitates. 
The s i z e  dependence becomes more appreciable compared to that found in control specimens. 

SmalIer MC particles contain less 

3.4  M o d i f i c a t i o n  o f  t h e  G r a i n  Boundary M ic ros t ruc tu re  o f  t h e  A u s t e n i t i c  PCA S ta i n l ess  S tee l  t o  
Improve Helium Embr i t t lement  Resistance (Oak Ridge Nat iona l  Laboratory)  . . . . . . . . . . .  

Grain boundary MC precipitation was produced by a modified thermal mechanical pretreat- 
ment in 25% cold worked (CW) austenitic prime candidate alloy (PCA) stainless steel prior 
to HFIR irradiation. 
modified material (83) resisted helium embrittlement better than either solution annealed 
(SA) or 25% CY PCA irradiated at 500 to 6OOoC to -21 dpa and 1370 at. ppm He. 
embrittled at 300 to 400OC. G r a i n  boundary MC survives in PCA-83 during HFIR irradiation 
at SOOOC but dissolves at 600°C; it does not form in either SA or 2S% CW PCA during similar 
irradiation. 
resistance of PCA-83. 

Mic ros t ruc tu res  of Type 316 S t a i n l e s s  S tee l  I r r a d i a t e d  t o  30 dpa a t  300 and 40OoC i n  HFIR 
(Oak Ridge Nat iona l  Labora tory )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Postirradiation tensile results and fracture analysis showed that the 

PCA was not 

The g r a i n  boundary MC appears to play an important ro le  in the embrittlement 

3.5  

Type 316 stainless steel solution annealed (SA) and 20% cold-worked (2OZ CW] specimens 
were irradiated in HFIR at 300 and 40OoC to fluences of -33 dpa and 22SO at. ppm He. The 
swelling by bubbles was 0.3% at 300OC and 0.5Z at 400"C, and was similar in SA and 20% CW 
material, respectively. 
in the trains and alonn train boundaries, but no I' precipitates were observed. 

A few fine and large precipitates with Moire fringes were observed 

4 .  HIGHER STRENGTH Fe-Ni-Cr ALLOYS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

5 .  REACTIVE AND REFRACTORY ALLOYS 

5 . 1  The Tens i l e  P rope r t i es  and Swe l l i ng  o f  Several  Vanadium A l l o y s  a f t e r  I r r a d i a t i o n  t o  40 dpa 
i n  FFTF (Oak Ridge Na t i ona l  Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . .  

The V-Ti-lSi alloy exhibited better resistance to irradiation hardening and helium 
embrittlement than V-l5Cr-STi or VANSTAR-7 after irradiation in the Fast Flux Test Facility 
(FFTF) to 40 dpa at 420, 520, and 600°C. 
VANSTAR-7 which showed high swelling at 52OOC. 
enhanced swelling. 
should be investigated end developed further. 

AI1 three alloys were l o w  swelling except 
I n  all cases, the preimplanted helium 

The V-Ti-ISi alloy clearly outperformed the other two alloys and 
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5.2  M i c r o s t r u c t u r a l  Evo lu t ton  and Computed Y i e l d  St ress  Increase f o r  I o n- I r r a d i a t e d  V-1%-STi  
A l l o y  (Argonne Na t i ona l  Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The effect of 4-MeV "Nz* ion irradiation on the microstructure of the V-lSCr-5Ti 

65 

alloy was determined f o r  irradiation temperatures ranging from 55O0C to 750-C dnd for 
damage levels of 50 to 260 dpa. 
voids was negligible ( @ . I % ) .  
formation of disc-shape precipitates in the alloy microstructure. 
yield stress for the slloy resulting from the irradiations was evaluated from the 
irradiation-produced dislocation density and the number density end size of irradiation- 
produced precipitates. 
alloy on irradiation has a maximum value at -50 dpa, and the increase of yield stress 
decreases for irradiation temperatures above 6OO0C. 

The swelling of the alloy that could be attributed to 
The principle effect of the irradiation was to induce the 

The increase of the 

These evaluations showed that the increase of yield stress for the 

5 . 3  Environmental and Chemical E f f e c t s  on the  P rope r t i es  o f  Vanadium-Base A l l o y s  
(Argonne Nat iona l  Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The susceptibility of V-15Cr-STi to stress corrosion cracking in high-purity water at 
288% is being evaluated by means of constant extension rate tensile (CERT) tests. 
stress corrosion cracking was observed in tests conducted at a strain rate of I x 10' s-' 
and dissolved oxygen levels in the range UJ.005 to 7.7 wppm. 

Prepara t i on  and F a b r i c a t i o n  o f  Vanadium Base A l l o y s  (Argonne Na t i ona l  Labora tory)  

No 

5.4 

Fabrication of V-ISCr-5Ti alloy has begun to replenish the inventory of vanadium ter- 
A process flowsheet has been devised to generate 

Process operations are designed to minimize the 

Pure vanadium, chromium and titanium feedstock materials have been prepared for alloy 

Alloy sheet deliv- 

nary alloy for Path C Scoping Studies. 
alloy material baving optimum properties. 
pickup of interstitial elements 0, N, X and C for R&D requirements. 

consolidation melting. 
Two flat stock rollin8 experiments were conducted on as-cast material. 
ery is planned to begin early in the third quarter. 

Premary and secondary plasma arc melting of 350 g ingots has begun. 

6 .  INNOVATIVE MATERIAL CONCEPTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
6 . 1  The E f f e c t  of S t r a i n  Rate and Long-Term Aging on t he  P r o p e r t i e s  o f  Iron-Base LRO A l l o y s  

(Auburn U n i v e r s i t y )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
TensiIe tests covering strain rates from IO-' to 1 0 Q / s  were performed on the ordered 

alloys at room temperature. 
of strein rate on the tensile strength and ductility. 
600°C does not cause any significant change in tensile properties. 
fracture characteristics along with controlling mechanisms change as a function of strein 
rate and aging time. 

The results indicate that there is little or no effect 
The long-term thermal exposure at 

The deformation and 

7 .  FERRITIC STEELS 

7 . 1  Helium E f fec t s  on Void  Formation i n  9Cr-1MoVNb and 12 Cr-1MoVW I r r a d i a t e d  i n  HFIR 
(Oak Rldge Na t i ona l  Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . .  

Up to 2 wt % Ni was added to 9Cr-IMoWb and 12Cr-IMoW ferritic steels to increase 
helium production by transmutation during HFIR irradiation. 
diated to -39 dpa. 
at 4OO0C. 
6OOOC. 
steels. 
even with up to 440 appm X. 
M13C. precipitates and coarsening of the lathlsubgrain structure in the 9-Cr steels, 
whereas the microstructure generally remained stable in the 12-Cr steels. Irradiation in 
this temperature range also caused compositional changes in the as-tempered MC phase in a l l  
the steels, and produced combinations of fine M,C, G, and M2X precipitates in various 
steels. 
formation. 
period fo r  void formation. 
however, remain unknown. 

The various steels were irra- 
Voids were found in a l l  the undoped and nickel-doped steels irradiated 

Voids developed in most of the steels at 500"C, but not in any of them at 300 or 
Bubble formation, however, nas increased at all temperatures in the nickel-doped 
Maximum void formation nas found at 4OO0C, but swelling remained less than 0.5% 

Irradiation at 300 to 500°C caused dissolution of as-tempered 

The subgrain boundaries appear to be strong sinks that enhance resistance to void 
Nigher helium production during irradiation appears to shorten the incubation 

The effects of helium on steady state void swelling behavior, 
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7.2 On the  Sa tu ra t i on  o f  t h e  OBTT S h i f t  o f  I r r a d i a t e d  12Cr-IMoVW w i t h  I nc reas ing  Fluence 
(Oak Ridge Na t i ona l  Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . . .  

Identical subsize Charpy specimen of I Z C r - I M o W  steel were irradiated at 300°C to a 
fluence of 0.86 y IOzu n/mp ( E  > 0.1 MeV) and at 300 to 4OOoC to a fluence of -1 x 10" n/m2 
(E  > 0 . 1  MeV). Impact testing indicated the D 6 T r  was increased by irradiation at 300° by 36 
and 164OC, respectively, for the low and high fluences. 
increase in the D 6 T r  of 217'C. 
properties. The major portion of the irradiation emhrittlement at 30OoC occurs for fluences 
beyond I x IO'* nfm'. 

Irradiation at 400OC led to an 
Aging alone has an insignificant effect on the impact 

7.3 The Development o f  F e r r i t i c  S tee l s  f o r  Fast  Induced- Radioact iv i ty  Decay 
(Oak Ridge Nat iona l  Laboratory) . . . . . . . . . . . . . . . . . . . .  

102 

109 

Tensile studies were continued on eight heats of normelized-end-tempered chromium- 
tungsten steel that contained variations in the composition of chromium, tungsten, vana- 
dium, and tantalum. 
steels. 

Fat igue Behavior o f  I r r a d i a t e d  Helium-Containing F e r r i t i c  S tee l s  f o r  Fusion Reactor 
A p p l i c a t i o n s  (Oak Ridge Na t i ona l  Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . .  114 

The results were compared to results for analogous chromium-molybdenum 

7 . 4  

The martensitic alloys IZCr-IMoW and 9Cr-IMoVNb have been irradiated in the High Flux 
Isotope Reactor (HFIR) and subsequently tested in fatigue. In order to achieve helium 
levels characteristic of fusion reactors, the 12Cr-lMoW was doped with I and 2% Ni, 
resulting in helium levels of 210 and 410  at. ppm at damage levels of 25 dpa. 
9Cr-IMoVNh was irradiated to a damage level of 3 dpa and contained <5 at. ppm He. 
Irradiations were carried out at 55OC and testing at ZZOC. 
found in 9Cr-IMoVNb upon irradiation at this damage level, hut possible effects of helium 
were found in IZCr-IMoW. Alloys with 210 and 410 at. ppm He showed cyclic strengthening 
of 29 and 34% over unirradiated, helium-free nickel-doped materials, respectively. This 
cyclic hardening, which may be caused by helium, resulted in a degradation of the cyclic 
life. However, the fatigue life remained comparable to or better than that of unirrediated 
20%-cold-worked 316 stainless steel 

The 

No significant changes were 

7 . 5  E f fec t s  o f  I r r a d i a t i o n  on F e r r i t i c  A l l o y s  and I m p l i c a t i o n s  f o r  Fusion Reactor A p p l i c a t i o n s  
(Westinghouse Hanford Company) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  123 

The ADIP irradiation effects data base on ferritic (martensitic) alloys is reviewed in 
order to provide reactor design teams with an understanding of how such alloys will behave 
for fusion reactor first wall applications. 
strength and toughness. 
swelling. Swelling as high as 25% may occur in some ferritic alloys at 500 dpa. 

Irradiation at low temperatures leads to hardening whereas at higher temperetures and high 
exposures, precipitate coarsening can result in softening. 
affected by irradiation. 
diation induced hardening causes hrittle failure at higher temperatures. 
temperatures, toughness is reduced due to reduced failure initiation stresses. 

fusion reactor hut the temperature regime over which they are used must he limited. 

Irradiation affects dimensional stability, 
Dimensional stability is altered by precipitation and void 

Irradiation elters strength both during irradiation and following irradiation. 

Toughness can also he adversely 

Even at high test 
Failure can occur in fsrritics in a brittle manner and irra- 

Ferritic alloys should provide an attractive material for structural applications in a 

7 . 6  Ef fec ts  o f  I r r a d i a t i o n  on Low A c t i v a t i o n  F e r r i t i c  A l l o y s  t o  45 dpa 
(Westinghouse Hanford Company) . . . . . . . . . . . . . . . . .  131 

Nine low activation ferritic alloys covering the range 2 to l2Cr with alloying additions 
of tungsten andfor vanadium have been irradiated to intermediate fluences of 30 to 45 dpa 
and tensile tested or examined by transmission electron microscopy in order to determine 
the effect of increasing neutron dose on properties and microstructure. Changes in proper- 
ties and microstructure are for the most part completed within 10 dpa hut swelling and 
dislocation evolution continue with increasing dose 8t 420°C and subgrain coarsening occurs 
at 600'C. 

v i i i  



7.7  Charpy Impact Behavior o f  Manganese S t a b i l i z e d  M a r t e n s i t i c  S t e e l s  
(Westinghouse Hanford Company) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  140 

Tests were conducted to evaluate the irradiation-induced shift in ductile-to-brittle 
transition behavior of two manganese stabilized martensitic steels. 
mens were fabricated from two heats of steel similar in composition to HT-9 but with 0.1% C 
end Mn contents ranging from 3 . 3  to 6.6%. 
perature similar to that of HT-9 in both the unirradiated condition and in specimens irra- 
diated to 11.3  dpa. 
after irradiation than the steel Containing 3.3% Mn.  
irradiation for the manganese stabilized alloys was much higher than for HT-9. 

Miniature Charpy speci- 

The 3.3% Mn steel showed a transition tem- 

The steel containing 6.6% Mn exhibited a higher transition temperature 
The upper shelf energy (USE) after 

7 . 8  Frac ture  Toughness o f  F e r r i t i c  A l loys  I r r a d i a t e d  i n  FFTF (Westinghouse Hanford Company) . . .  145 

Ferritic compact tension specimens loaded in the Material Open Test Assembly (MOTA) for 
irradiation during FFTF Cycle 4 were tested at temperatures ranging from room temperature to 
4ZB°C. 
toughness of the specimen. 
9Cr-IMo decreases with increasing test temperature and that the toughness of HT-9 was about 
30% higher than that of 9Cr-1Mo. 
in En increase in tearing modulus for both alloys. 

The electric potential single specimen method was used to measure the fracture 
Results showed that the fracture toughness of both HT-9 and 

In addition, increasing irradiation temperature resulted 

7.9 Microst ruc tura l  Examination o f  12%Cr M a r t e n s i t i c  S t a i n l e s s  S tee l  A f t e r  I r r a d i a t i o n  a t  
Elevated Temperatures i n  FFTF (Westinghouse Hanford Company) . . . . . . . . . . . . . . . .  150 

A remelted IZ%Cr martensitic stainless steel (HT-9) has been examined before and after 
irradiation in the Materials Open Test Assembly (MGTA) of the Fast Flux Test Facility 
(FFTF), using a scanning transmission electron microscope. 
were 365OC, 420°C, 520°C, and 60OOC with the fluences ES high as 7 . 3  x I O z 2  n/cm2 
fE,O.1 MeV) or 34 dpa. The extracted precipitates from each specimen were identified using 
X-ray microanalysis and selected area diffraction. 
condition were primarily M2,C. carbidss which formed at martensite lath and prior austenite 
grain boundaries. 
formed which were tentatively identified as the chromium rich a', the nickel-silicon 
rich G-phase and the intermetallic Chi phase. 
in specimens irradiated at 42O0C to a dose of 34 dpa; no voids were found for specimens 
irradiated Et 365°C ( - 1 1  dpa), 52OoC ( -34 dpa), and 600OC (-34 dpa). 
in agreement with previous experiments in that voids have not been reported in this alloy 
at relatively high fluence level (-67 dps) following irradiation in other fast-spectrum 
reactor (EBR-II) but this is the first observation following FFTF irradiations. The pre- 
sent results indicate that cavities can form in HT-9 at modest fluence levels even without 
significant generations of helium bubbles. 
ferritic alloys is not simply due to helium generation but rather E more complex mechanism. 

The irradiation temperatures 

The precipitates in the unirrsdieted 

During irradiation at elevated temperatures small amounts of other phases 

Irradiation-induced voids were observed only 

These results are not 

Hence, the cavity formation in this class of 

8. COPPER AND ITS ALLOYS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  162 

8 . 1  Hydrogen Embritt lement i n  GLIDCOP A1-20 Copper A l l o y  (Oak Ridge Nat iona l  Laboratory) . . . .  163 

The MFE heat of the AI-20 dispersion-strengthened copper alloy becomes embrittled when 
annealed in vacuum at temperatures greater than 4OO0C. A chemical analysis of this heat 
has found that the alloy contains E significant amount of hydrogen. The hydrogen WES 
apparently introduced by the manufacturer during an attempt to deoxidize the alloy. The 
MFE heat of AI-20 is therefore subject to swelling and hydrogen embrittlement effects at 
elevated temperatures even when tested in a hydrogen-free environment. 
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Experiments with Fe-Cr-Mo and austenitic Fe-Cr-Mn alloys exposed to nonisothsrmal 
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Fe-Cr-(IT20 wt %)Mn alloys, preferential depletion and mass transport of manganese were 
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For the 
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1.1 MATERIALS HANDBOOK FOR FUSION ENERGY SYSTEMS - J. W .  Davis (McDonnell Douglas As t ronau t i cs  
Company - S t .  Lou is  D i v i s i o n )  

1.1.1 A D I P  Task 

Task Number I . A . l ,  De f i ne  m a t e r i a l  p roper t y  requirements and make s t r u c t u r a l  l i f e  p r e d i c t i o n s .  

1.1.2 O b j e c t i v e  

To p rov ide  a c o n s i s t e n t  and a u t h o r i t a t i v e  source of m a t e r i a l  p r o p e r t y  data  f o r  use by t h e  f u s i o n  
community i n  concept eva lua t i on ,  design, and performance/verification s tud ies  of t h e  va r ious  f u s i o n  energy 
systems. 
f i c i e n t  i n fo rma t ion  o r  vo ids  e x i s t .  

1.1.3 Sumnary 

m t e l y  200 i s  s t e a d i l y  decreasing. 
h igh  heat  f l u x  m a t e r i a l s  (copper a l l o y s )  have been rece ived  and a r e  o u t  f o r  rev iew p r i o r  t o  re lease.  
i n  progress i nc ludes  V-15 Cr-5Ti ,  ceramic i n s u l a t o r s ,  and a spec ia l  appendix t o  t h e  handbook on Damage 
C o r r e l a t i o n s  which i s  be ing prepared by t h e  DFAS working group. 
mentat ion volume i s  be ing prepared f o r  re lease  i n  t h e  near fu tu re .  
references, and assumptions used i n  deve lop ing s p e c i f i c  data  pages. 

1.1.4 Progress and S ta tus  

ho lders .  
s e c t i o n  as w e l l  as t h e  i n t r o d u c t i o n  o f  a new s e c t i o n  on f i b e r g l a s s  po ly imide.  These m a t e r i a l s  a re  f o r  use 
i n  superconduct ing magnetics and t h e  cryogenic  m a t e r i a l s  p r o p e r t i e s  r e f l e c t  t h i s  a p p l i c a t i o n .  
these data  sheets i t  became c l e a r  t h a t  t h e  o r i g i n a l  o u t l i n e  f o r  t h e  handbook needed t o  be revamped t o  m r e  
c l o s e l y  r e f l e c t  t h e  o r a a n i z a t i o n  o f  t h e  handbook and t h e  data  Daaes t h a t  a r e  i n  work o r  Dlanned f o r  i n c l u -  

A second o b j e c t i v e  i s  t h e  e a r l y  i d e n t i f i c a t i o n  of areas i n  t h e  m a t e r i a l s  data base where i n s u f -  

Work i s  progress ing smoothly on t h e  handbook and t h e  back log of data  sheets, which numbers approx i -  
I n  a d d i t i o n  a number of new c o n t r i b u t i o n s  on magnet case m a t e r i a l s  and 

Work 

I n  a d d i t i o n  a Volume 2, Suppor t ing Oocu- 
T h i s  volume w i l l  i n c l u d e  t h e  r a t i o n a l e ,  

The e leven th  p u b l i c a t i o n  package f o r  t h e  m a t e r i a l s  handbook has been d i s t r i b u t e d  t o  q u a l i f i e d  handbook 
T h i s  p u b l i c a t i o n  package con ta ins  a complete r e w r i t e  of t h e  f i b e r g l a s s  epoxy i n s u l a t o r  (G-10) 

In deve lop ing 

s i o n  in t h e  f u t u r e .  
d i s t r i b u t e d  i n  t h e  e leven th  p u b l i c a t i o n  package. 

A; a r e s u l t ,  a new handbook o u t l i n e  and cbr tesponding tab  d i v i d e r s  were developed and 

I n  a d d i t i o n  t o  data  sheets on magnet i n s u l a t o r s ,  new data  sheets on t h e  i r r a d i a t i o n  induced s w e l l i n g  o f  
t h e  f e r r i t i c  a l l o y  HT-9 were a l s o  d i s t r i b u t e d .  T h i s  data  sheet i s  t h e  f i r s t  o f  a s e r i e s  o f  r a d i a t i o n  
e f fec ts  data  pages on t h e  f e r r i t i c  s t e e l s  and a u s t e n i t i c  s t e e l s  based on f i s s i o n  r e a c t o r  c o r r e l a t i o n s  which 
have been e x t r a p o l a t e d  t o  ope ra t i ng  environments o u t s i d e  of t h e  data set .  The n e x t  group w i l l  be t h e  
i r r a d i a t i o n  induced s t r e s s  f r e e  s w e l l i n g  o f  20% c o l d  worked t y p e  316 s t a i n l e s s  s t e e l .  
c o r r e l a t i o n s  f o r  t h e  i r r a d i a t i o n  creep of HT-9 and 20% c o l d  worked 316. 

a d d i t i o n a l  i n fo rma t ion  i s  needed p a r t i c u l a r l y  w i t h  rega rd  t o  damage c o r r e l a t i o n s .  To a s s i s t  handbook users  
i n  t h i s  area a spec ia l  appendix t o  t h e  handbook e n t i t l e d  "Damage C o r r e l a t i o n "  has been c rea ted  and t h e  DAFS 
task group was requested t o  prepare t h e  c o n t r i b u t i o n  f o r  t h i s  sec t i on .  I n  a d d i t i o n  t o  t h i s  e f f o r t ,  work i s  
i n  progress t o  prepare data  sheets on t h e  Vanadium a l l o y ,  V-15Cr-5Ti and on copper a l l o y s .  C o n t r i b u t i o n s  
have been rece ived  f rom Nancy Simon o f  NBS on magnet case s t e e l s  and on copper a l l o y s  f rom B i l l  W i f f en  o f  
ORNL. 
handbook. 

I n  p r e p a r a t i o n  a r e  

Wi th  t h e  i n c l u s i o n  o f  t h i s  i r r a d i a t i o n  i n f o r m a t i o n  i n t o  t h e  handbook, i t  i s  becoming apparent t h a t  

These data  pages have been submi t ted t o  t h e  adv i so ry  group f o r  rev iew  p r i o r  t o  i n c o r p o r a t i o n  i n t o  t h e  

To complement t h e  handbook a second volume i s  i n  p repara t i on .  T h i s  volume i s  e n t i t l e d  "Suppor t ing 
Documentation" and w i l l  i n c l u d e  t h e  r a t i o n a l e ,  assumptions, and data  base used t o  develop t h e  data  pages 
inc luded  i n  Volume 1, "Design Data." Volume 2 shou ld  be re leased  t o  t h e  handbook ho lde rs  l a t e r  t h i s  year .  
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2.1 STATUS OF U.S./JAPAN COLLOBORATIVE TESTING I N  HFIR AND ORR 
Labora tory )  and M. P. Tanaka (Japan Atomic Energy Research I n s t i t u t e . )  

~ J. L. S c o t t  (Oak Ridge Nat iona l  

2.1.1 ADIP Task 

ADIP t a s k  I .A.2,  Def ine  Tes t  Mat r ices  and Tes t  Program 

2.1.2 Ob jec t i ves  

The o b j e c t i v e s  of t h i s  program a r e  t o  determine t h e  response o f  U . S .  and Japanese a u s t e n i t i c  s t a i n l e s s  
s t e e l s  t o  t h e  combined e f f e c t s  of d isplacement damage and he l ium genera t ion  a t  temperatures i n  t h e  range o f  
65 t o  6OO0C. 
a l l o y s  and model a l l o y s  a r e  inc luded i n  t h e  program. 

2.1.3 Summarv 

Since a bas i c  understanding i s  sought i n  a d d i t i o n  t o  an eng inee r i ng  da ta  base, many advanced 

Examination i s  a lmost completed on capsules JP1 and JP3. 
JP7, and JP2 and specimen t e s t i n g  i s  underway. 
Resu l ts  t o  da te  on U.S. and Japanese PCA a l l o y s  have shown low s w e l l i n g  when i r r a d i a t e d  t o  about 30 dpa and 
about 2000 ppm He. 

I r r a d i a t i o n  was completed f o r  capsules JP6, 
I r r a d i a t i o n  o f  capsules JP4, JP5, and JP8 cont inues .  

2.1.4 Proqress and S ta tus  

The program o f  U.S./Japan c o l l a b o r a t i v e  t e s t i n g  i n  HFIR and ORR c o n s i s t s  of e i g h t  Phase 1 HFIR t a r g e t  
capsules i r r a d i a t e d  t o  peak damage l e v e l s  of about 30 and 50 dpa and two ORR s p e c t r a l l y  t a i l o r e d  capsules t o  
be i r r a d i a t e d  t o  30 dpa w i t h  incremental  removal and t e s t i n g  a t  5 ,  10, and 20 dpa. The t e s t  m a t r i x  and i n i -  
t i a l  r e s u l t s  have been descr ibed prev ious ly . ' - '  
su les  i s  shown i n  Table 2.1.1.  
temperature range and have achieved 200 f u l l  power days a t  30 MW. 
capsules JP6, JP7, and JP2 completed i r r a d i a t i o n .  

The present  i r r a d i a t i o n  s t a t u s  o f  t h e  Phase 1 HFIR cap- 
The two ORR s p e c t r a l l y  t a i l o r e d  capsules a r e  o p e r a t i n g  w i t h i n  t h e  design 

F i n a l  damage l e v e l s  a r e  g i ven  i n  Tables 2.1.2-2.1.4. 
D u r i n g  t h e  c u r r e n t  r e p o r t i n g  per iod ,  H F I R  

2.1.4.1 Lenqth and Dens i tv  Chanqes i n  I r r a d i a t e d  H F I R  
Tens i l e  Specimens 

Length and immersion d e n s i t y  measurements were made 
o f  t h e  t e n s i l e  specimens i n  capsule JP3 a f t e r  i r r a d i a t i o n .  
The l e n g t h  change measurement i s  n o t  cons idered t o  be o f  
h i g h  p r e c i s i o n  and has an accuracy o f  about 0.5%. 
Resu l ts  a r e  g i ven  i n  Table 2.1.5. Length changes were 
w i t h i n  exper imental  e r r o r .  

Dens i t y  measurements were made on t h e  t e n s i l e  speci-  
mens us ing  Avogadro's p r i n c i p l e .  
balance modi f ied  f o r  r a d i a t i o n  res i s tance  was used w i t h  a 
f lourocarbon,  FC43*, as t h e  working f l u i d .  A c i r c u l a t i n g  
b a t h  w i t h  temperature c o n t r o l  i s  used t o  ma in ta i n  a 
cons tan t  temperature i n  t h e  working f l u i d .  Because o f  t h e  
d i f f i c u l t i e s  of working i n  t h e  h o t  c e l l s ,  somewhat lower 
accuracy i s  expected than would be t h e  case on u n i r r a d i a t e d  
specimens. To improve accuracy a c o n t r o l  specimen from t h e  
same l o t  i s  measured a f t e r  a ba t ch  o f  t h r e e  i r r a d i t e d  
specimens a r e  measured. Volume changes a r e  c a l c u l a t e d  from 
the  d i f f e rences  i n  measured d e n s i t i e s  between an i r r a d i a t e d  
specimen and t h e  c o n t r o l  specimen. Accuracy i s  be l i eved  t o  
be about 2 0.27.  

c a l c u l a t e d  from l eng th  changes assuming i s o t r o p i c  
behav io r .  There i s  r e l a t i v e l y  good agreement between t h e  
two s e t s  o f  da ta  even though t h e  immersion d e n s i t y  da ta  
a r e  cons ide rab l y  more accura te .  

2 .1 .4 .2  T e n s i l e  P rope r t i es  o f  I r r a d i a t e d  HFIR Specimens 

A p r e c i s i o n  a n a l y t i c a l  

The measured volume changes a r e  compared w i t h  those 

Table 2.1.1. S ta tus  o f  U.S.-Japan H igh  
F lux  I so tope  Reactor (HF IR)  capsules8 

Reactor Leve l ,  dpa 
Capsule exposureb 

fMWd) PresentC Goald 

JP le  
JP2e 
JP3e 
JP4 
JP5 
JP6* 
JP7e 
JP8 

33,644 
57,507 
34,019 

45,376 
36,677 
34,652 
43.268 

55,735 

33.03 
56.74 
33.40 
54.81 
44.64 
34.06 
34.03 
42.56 

~~ ~ 

30 
50 
30 
50 
50 
30 
30 
50 

8Date: March 25, 1986. 

h e a c t o r  Power: 100 MW. 
=Peak displacements-per-atom (dpa) 

l e v e l  i n  t ype  316 s t a i n l e s s  s t e e l  
(13.5 w t  % N i ) .  

dAverage, 

* I r r a d i a t i o n  completed. 

T e n s i l e  t e s t s  were run on t h e  submini t e n s i l e  specimens from capsules JP3 and JP6. Resu l ts  w i l l  be 
repo r ted  when t h e  t e s t  m a t r i x  i s  completed. 

*Trade mark 3M Company. 
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Tab le  2 .1 .2 .  Displacements pe r  atom and he l ium contents  
i n  H igh F lux  I so tope  Reactor (HFIR) JP6 Capsulee 

Specimen 
Displacemenrs Hel ium con ten t  D is tance from 

Specimen per atom 
( a t .  ppm) (dpa) 

Type Temp A l l o y  number P o s i t i o n  H F I R  c e n t e r l i n e  
(cm) (OC) 

, I  

1 23.20 T e n s i l e  600 PCA EL24 16.33 1057 
2 18.76 TEMb d i s k s  500 PCAC 22.76 1606 

14/31 T e n s i l e  500 316 AA42 27.15 
9.59 Fat iaue 430 PCA EC156 31.69 

1646 
2353 

5 4.58 Fat igue 430 PCA EC161 34.10 2551 
6 0.00 TEM d i s k s  600 J31W 34.06 2188 
7 4.58 Fat igue 430 JPCA FE12 33.96 2499 
8 9 .59  Fat igue 430 JPCA FE13 31.56 2307 
9 14.31 T e n s i l e  500 JPCA TElO 27.71 1995 

10 18.76 Tens i l e  400 JPCA T E l l  22.67 1578 
11 23.20 T e n s i l e  300 JPCA TE12 16.27 1046 

WWd: 34,677. 
*Transmission e l e c t r o n  microscopy. 
=This ho lde r  c o n t a i n e d  severa l  a l l o y s .  

Table 2.1.3. Displacements pe r  atom and he l ium contents  
i n  H igh F lux  I so tope  Reactor (HFIR) JP7 Capsules 

Specimen 
Displacements Hel ium con ten t  D is tance from Specimen per atom 

( a t .  ppm) (dpa) 
HFIR c e n t e r l i n e  Type Temp A l l o y  number 

(cm) I O C )  

P o s i t i o n  . ~I 

1 23.20 T e n s i l e  600 PCA EC36 16.32 1056 
2 18.76 T e n s i l e  500 PCA EL29 22.74 1604 
3 14.31 T e n s i l e  500 PCA EL31 27.80 2034 
4 9.59 Fat igue 550 316 AA54 30.88 1905 
5 4.58 Fat  i que 550 PCA EF5 34.07 2554 
6 0.00 TEM6 d i s k s  500 J31W 34.03 2186 
7 4.58 T e n s i l e  600 JPCA TE16 33.93 2497 
8 9.59 T e n s i l e  600 JPCA TE17 31.54 2305 

10 18.76 T e n s i l e  400 JPCA TE19 22.66 1577 
9 14.31 T e n s i l e  500 JPCA TE18 27.69 1993 

11 23.20 T e n s i l e  300 JPCA TE20 16.26 1045 

BMWd: 34,652. 
*Transmission e l e c t r o n  microscopy 

CThis ho lde r  conta ined several  allOYS. 
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Table 2.1.4. Displacements p e r  atom and he l ium contents  
i n  High F lux  Iso tope Reactor (HFIR) JP2 Capsulea 

Specimen 
Displacements Hel ium con ten t  Distance from 

Specimen per atom 
( a t .  ppm) (dpa) 

Type Temp A l l o y  number P o s i t i o n  HFIR c e n t e r l i n e  

(4 f0CI  

1 23.20 T e n s i l e  300 PCA EL36 27.56 2031 
2 18.76 Tens i l e  400 PCA EL37 38.15 2884 
3 14.31 Tens i l e  500 PCA EL39 46.43 3533 
4 9.59 Fat igue 430 PCA EC157 52.73 4005 
5 4.58 Fat igue 430 316 ,443 55 .21  3471 
6 0.00 TEf@ d i s k s  300 J31W 56.74 3667 
7 4.50 Fat igue 430 JPCA FE3 56.42 4180 
8 9.59 Fat igue 430 JPCA FE4 52.51 3904 
9 14.31 T e n s i l e  500 JPCA TB4 46.24 3446 

10 18.76 T e n s i l e  400 JPCA TB5 37.99 2817 

11 23.20 Tens i l e  300 JPCA TB6 27.45 1973 

BMWd: 57,507. 

*Transmission e l e c t r o n  microscopy. 

=This ho lde r  conta ined severa l  a l l o y s .  

Table 2.1.5. Length and Dens i ty  Changes o f  Submini T e n s i l e  Specimens i n  
H igh F lux  I so tope  Reactor (HFIR), JP3 Capsule 

Length (mm) Dens i ty  Change (%) 
Specimen I r r a d i a t i o n  

number A l l o y  Condi t ions  temperature I n i t i a l  F ina l  Increase 3AL/Lo - AV 
( "C )  (%) V O  

EC29 PCA A3 

39.40 39.43 0.08 
39.40 39.46 0.45 
39.41 39.45 0.10 
39.34 39.45 0.14 
39.34 39.52 0.47 
39.35 39.43 0.20 

0.24 
0.45 
0.30 
0.42 
1.41 
0.60 

0.32 
0.38 
0.79 
0.30 
0.53 
0.36 

aA3 - SA a t  l l O O ° C  + 25% CW. 
83 - SA a t  l l O O D C  + 8 h a t  800OC + 25% CW. 
PS2 - SA a t  1100°C. 

PC2 - PS2 + 15% CW. 



2.1.4.3 Fa t i sue  T e s t i n q  

Fat igue t e s t s  have s t a r t e d  f o r  specimens from capsules JP1 and JP3. Resu l ts  w i l l  be repo r ted  when t h e  
t e s t  m a t r i x  i s  completed. 

2.1.4.4 M i c r o s t r u c t u a l  Ana lys i s  

Present r e s u l t s  from m i c r o s t r u c t u r a l  a n a l y s i s  a re  presented i n  sec t i ons  3 . 2  and 3 . 3  o f  t h i s  r e p o r t .  

2.1.5 r ; ture Resu l ts  

Tcs t i ng  i s  n e a r l y  completed f o r  capsules JP1 and JP3. 
o f  f r a c t u r e s  remain t o  be done on specimens from JP6, JP7, and JP2. 
JP4, JPS, and JP8 w i l l  be completed i n  t he  nex t  r e p o r t i n g  pe r i od .  

2.1.6 References 

Dens i ty ,  t e n s i l e  and f a t i g u e  t e s t i n g  and SEM 
P o s t i r r a d i a t i o n  t e s t i n g  on capsules 

1. A. F. Rowcl i f fe,  M.  L. Grossbeck, and 5 .  Jitsukawa,,,"The U.S./Japan Co l l abo ra t i ve  Tes t i ng  Program 
i n  HFIR and ORR: I r r a d i a t i o n  Ma t r i ces  f o r  HFIR I r r a d i a t i o n ,  pp. 38-43 i n  ADIP Semiann. Prog. Rep. ,  
Mer. 31, 1984, DOE/ER-0045/12, U.S. DOE, O f f i c e  of Fusion Energy. 

2.  A. F. Rowc l i f f e ,  M. L. Grossbeck, M. Tanaka and S .  J i tsukawa,  "The U.S./Japan C o l l a b o r a t i v e  Tes t i ng  
Program i n  HFIR and OUR: 
Sept .  30, 1984, DOE/ER-0045/13, U . S .  DOE, Of f ice  of Fusion Energy. 

3. J. L. S c o t t  and M. P .  Tanaka, " Preparat ion  f o r  P o s t i r r a d i a t i o n  Examination o f  U.S./Japan HFIR 
Capsules," pp. 10-11 i n  ADIP Semiannu. PrOg. Rep. ,  March 31, 1985, DOE/ER-0045/14, U.S. DOE, O f f i c e  of 
Fusion Energy. 

4 .  J. L.  Sco t t ,  M. L .  Grossbeck, and M. P .  Tanaka, "Phase I HFIR Capsules - I r r a d i a t i o n  and 
P o s t i r r a d i a t i o n  Examination," pp. 18-21 I n  ADIP Semiannu. Prog. Rep. ,  Sept .  30, 1985, 00E/ER-0045/15, 
U.S. DOE, O f f i c e  o f  Fusion Energy. 

Specimen Ma t r i ces  f o r  HFIR I r r a d i a t i o n , "  pp. 61-62, i n  ADIP Semiannu. Prog. R e p . ,  

5.  J. L. S c o t t  e t  a l . ,  " Desc r ip t i on  of t he  U.S./Japan S p e c t r a l - T a i l o r i n g  Experiment i n  ORR," 
pp. 22-40 i n  ADIP SemiannU. Prog. Rep. ,  Sept .  30, 1985, DOE/ER-0045/15, U.S. DOE, O f f i c e  o f  Fusion Energy. 



2.2  OPERATION OF THE U.S./JAPAN ORR SPECTRAL TAILORING EXPERIMENTS - I. I .  Siman-Tov (Oak Ridge Nat iona l  
Laboratory) 

2.2.1 A D I P  Task 

A D I P  Task I .A .2 ,  Def ine  Test  Mat r ices  and Test  Procedures 

2 .2 .2  Ob jec t i ves  

The exper iments i n  t he  U.S./Japan c o l l a b o r a t i v e  t e s t i n g  program i n  t h e  ORR c o n t a i n  a u s t e n i t i c  
s t a i n l e s s  s t e e l  a l l o y s  f o r  poss ib le  use as f i r s t - w a l l  and b lanke t  s t r u c t u r a l  m a t e r i a l s  i n  fus ion reac to rs .  
These a l l o y s  w i l l  be i r r a d i a t e d  w i t h  mixed-spectrum neut rons and w i t h  spec t ra l  t a i l o r i n g  t o  achieve the  
helium- to-displacement-per-atom (He/dpa) r a t i o s  p r e d i c t e d  f o r  f u s i o n  r e a c t o r  s e r v i c e .  

2.2.3 Summarv 

The ORR MFE-6J and -75 experiments cont inued i r r a d i a t i o n  du r i ng  t h i s  r e p o r t i n g  p e r i o d  ending on March 
31, 1986. The t o t a l  accumulated t ime i s  200.2 F u l l  Power Days (FPD) a t  30 MW. 

2 .2 .4  P r o w e s s  and Sta tus  

The d e t a i l s  o f  t he  U.S./Japan c o l l a b o r a t i v e  i r r a d i a t i o n  program have been descr ibed 
ORR-MFE-6J: 

ORR-MFE-7J: 

The experiment cont inued r o u t i n e  ope ra t i on  w i t h  t y p i c a l  temperatures rang ing between 173 

The experiment cont inued ope ra t i on  w i t h  a maximum temperature o f  330°C i n  t he  top  reg ion 
and ZOO'C i n  t he  200°C reg ion.  

and an average temperature of 40OOC ( a t  thermocouple number TE5) i n  t he  bottom reg ion .  
l a t e d  i r r a d i a t i o n  t i m e  I s  200.2 FPD ( a t  30 MW). 

was plugged. 
24 MW f o r  a few minutes and no t i ng  the  change i n  t h e  NaK cover gas pressure .  

The t o t a l  accumulated i r r a d i a t i o n  t ime i s  200.2 FPD ( a t  30 MW). 

The t o t a l  accumu- 

On January 7 ,  1986, du r i ng  s ta r tup ,  i t  was d iscovered t h a t  one o f  t h e  ven t  tubes over t he  NaK reg ion  
A s  a r e s u l t ,  we now check t he  l i n k  t o  t he  NaK reg ion  once a week by opera t i ng  the  reac to r  a t  

2.2.5 References 

1. J.  A .  
HFIR and ORR." 
Energy. 

2. J .  A. 
HFIR and ORR," 
Fusion Energy. 

C o n l i n  and J .  W .  Woods, " I r r a d i a t i o n  Experiments f o r  t he  U.S./Japan C o l l a b o r a t i v e  Tes t i ng  i n  
p .  37 i n  ADIP Semiannu. Prog. R e p . ,  Mar. 31, 1984, DOE/ER-0045/12, U . S .  DOE, O f f i ce  o f  Fusion 

Con l i n  and J. W .  Woods, " I r r a d i a t i o n  Experiments f o r  t he  U.S./Japan C o l l a b o r a t i v e  Tes t i ng  i n  
pp. 66-67 i n  ADIP Semiannu. Prog.  R e p . ,  S e p t .  30, 1984,  DOE/ER-0045/13, U .S .  DOE, O f f i c e  o f  

3. I. I .  Siman-Tov, J. A. Conl in ,  and J. W. Woods, " I r r a d i a t i o n  Experiments f o r  t h e  U.S./Japan 
C o l l a b o r a t i v e  Tes t i ng  i n  HFIR and ORR," p. 6 i n  ADIP Semiannu. P r o g .  R e p . ,  Mar. 31, 1985, DOE/ER-0045/14, U.S 
DOE, O f f i c e  of Fusion Energy. 

4 .  I .  I .  Siman-Tov, " I r r a d i a t i o n  Experiments f o r  t h e  U.S./Japan Co l l abo ra t i ve  Tes t i ng  i n  HFIR and 
ORR," p.  41 i n  ADIP Semiannu. Prog. R e p .  S e p t .  30, 1985, DOE/ER-0045/15, U.S. DOE, O f f i ce  o f  Fus ion Energy 
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2.3 
Ridge Nat iona l  Laboratory)  

2.3.1 A O I P  Task 

DESIGN OF THE HFIR (JP TYPE) INSTRUMENTED TARGET TEMPERATURE TEST (TTT) CAPSULE - I .  I. Siman-Tov (Oak 

AOIP  Task I .A.2, De f ine  Test  Mat r i ces  and Test  Procedures. 

2.3.2 Ob jec t i ves  

The p r imary  o b j e c t i v e  of t h i s  experiment i s  t o  determine t h e  temperatures i n  t h e  JP se r i es  capsules'-* 

A secondary o b j e c t i v e  i s  t o  determine t h e  nuc l ea r  hea t ing  r a t e  i n  s t a i n l e s s  s t e e l  as a f unc t i on  of the  
by p l a c i n g  an inst rumented JP mockup experiment i n  t h e  mod i f i ed  HFIR Inst rumented Targe t  f a c i l i t y .  

a x i a l  core p o s i t i o n  and the  t ime i n  a HFIR cyc le .  

2.3.3 Surnmarv 

The JP-TTT experiment i s  scheduled t o  be i n s e r t e d  as soon as t h e  HFIR Inst rumented Targe t  f a c i l i t y  i s  
The mechanical design o f  the  JP-TTT capsule i s  i n  progress, completed. 

and some components a re  on o rder .  

2.3.4 P rowess  and S ta tus  

CONCEPTUAL DESIGN - The f o l l ow ing  dec is ions  have been made 

The conceptual design i s  complete. 

1. Mock up t h e  temperature d i s t r i b u t i o n  i n  t h e  JP-3 and JP-5 capsules; the  h i ghe r  temperatures i n  the  

Replace p o s i t i o n s  1, 3, and 5 by the  nuc lear  hea t i ng  t e s t  w h i l e  ma in ta i n i ng  t h e  same temperature 
designed f o r  t h e  rep laced  specimens. 
s t a i n l e s s  s t e e l  and i t s  dependence on the  a x i a l  p o s i t i o n  r e l a t i v e  t o  t h e  core Ho r i zon ta l  Midplane (HMP). 
The v a r i a t i o n  of t h e  temperature w i t h  t ime w i l l  a l s o  y i e l d  in fo rmat ion  on the  t ime dependence o f  the  nuc lear  
hea t ing .  

3 .  

TEM reg ion  should produce a more accurate r e s u l t .  

2. 
Th is  d i s t r i b u t i o n  should y i e l d  i n f o rma t i on  on t h e  nuc l ea r  hea t ing  i n  

A t o t a l  o f  t h r e e  Thermocouple A r ray  Tubes (TCATs) w i l l  be used (see c o n f i g u r a t i o n  i n  F ig .  2.3.1). 
Each TCAT con ta i ns  7 Thermocouples. The two t o p  TCATs are 0.046 i n .  i n  ou t s i de  d iameter  (OD), and the  t h i r d  
has a 0.041- in. OD. Since t h e  t o p  r eg i on  c o n s i s t s  mos t l y  of heav ie r  sec t i ons  o f  s t a i n l e s s  s t ee l ,  the  l a r g e r  
d iameter  o f  t h e  TCATs w i l l  n o t  upset  t h e  bas i c  m a t e r i a l  con f i gu ra t i on  of the  measured reg ions .  A c a l c u l a -  
t i o n  i n d i c a t e d  t h a t  t h e  change i n  t h e  TCAT conductance when compared w i t h  t h e  s t a i n l e s s  s t e e l  i t  rep laces  i s  
n e g l i g i b l e  s ince  t h e  e f f e c t  of t h e  d i f fe rence  i n  t h e  heat  genera t ion  r a t e  i n  MgO and t h a t  o f  the  d i f fe rence  
i n  thermal c o n d u c t i v i t y  cancel each o the r  o u t .  

ma te r i a l  would be h igher ,  so t h e  TCAT 00 w i l l  be kep t  t o  the  abso lu te  minimum f o r  seven j u n c t i o n s  
(0.041 i n . ) .  

I n  t h e  lower r eg i on  where a l l  p o s i t i o n s  a re  occupied by mockup specimens, t h e  percentage of rep laced  

MECHANICAL DESIGN - 
The mechanical design was completed f o r  rev iew.  A design rev iew meeting was h e l d  on March 19, 1986, t o  

assure compliance w i t h  HFIR Q u a l i t y  Assurrance (PA) and safety  s p e c i f i c a t i o n s  as w e l l  as t o  ensure t h a t  t h e  
design i s  compat ib le w i t h  the  new HFIR Inst rumented Target  f a c i l i t y  t h a t  i s  be ing  completed. 
of t h e  JP capsules a re  be ing  r e v i s e d  acco rd i ng l y  and prepared t o  be issued.  
be ing  prepared. 

FABRICATION - 

The drawings 
An assembly procedure i s  a l s o  

Some i tems a r e  on hand from prev ious  capsules,  
A l l  components a re  expected t o  be d e l i v e r e d  by May 16, 1986. 

The mockup specimens, ho lders ,  and some o f  the  o the r  
components a re  on o rder .  

TESTING - 
Several t e s t s  a re  planned t o  ensure smooth assembly and accuracy i n  t h e  temperature measurements: 

1. Check t h e  e f f ec t  of magneforming o n l y  sec t ions  of t h e  housing tube on the  c learance between t h e  
A c learance o f  between 1.5 and 3 m i l s  i s  needed w i t h o u t  nuc lear  hea t i ng  specimens and t h e  housing tube.  

p u t t i n g  t h e  specimens i n  spec ia l  ho lders .  
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TUBING FOR T C A T T O  GO 
THROUGH 

L J  
F i g .  2.3.1. JP-TTT capsule con f i gu ra t i on  of t e s t  reg ions.  

2. Develop a b raz ing  procedure e i t h e r  by i n d u c t i o n  or furnace b raz ing  t o  ensure proper  p r imary  con- 
ta inment  and t h e  i n t e g r i t y  o f  t h e  thermocouples. 

3. P r a c t i c e  t h e  specimen l oad ing  procedure t o  ensure proper  t o le rance  f i t s  betweer. t h e  TCAT's OD, t he  
specimen ho les ,  and t h e  combined l oad ing  i n t o  t he  housing tube i n  o rde r  t o  prevent  p o s s i b l e  i n t e r f e r e n c e  and 
misal ignment.  

Design, f a b r i c a t i o n ,  and t e s t i n g  should be completed by May 15. B a r r i n g  any problems d u r i n g  t e s t i n g ,  
t h e  assembly should be completed by June 16, 1986. 

2.3.5 References 

1. A. F. Rowcl i f fe ,  M. L. Grossbeck, and S. J i tsukawa,  "The U.S./Japan C o l l a b o r a t i v e  Tes t i ng  Program 
i n  H F l R  and ORR,"  pp. 38-43 i n  ADIP Semiannu. Prog. R e p . ,  March 31, 1984, DOE/ER-Q045/12, U . S .  DOE, O f f i c e  of 
Fusion Energy. 
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2.  A .  F. Rowcl i f fe  e t  a l , ,  "The U.S./Japan C o l l a b o r a t i v e  Tes t i ng  Program i n  HFIR and ORR:  Specimen 
Ma t r i ces  f o r  HFIR I r r a d i a t i o n , "  pp. 61-62 i n  ADIP Semiannu. Prog. Rep. ,  S e p t .  30,  1984, DOE/ER-0045/13, U .S .  
DOE, O f f i c e  o f  Fusion Energy. 

3. 
Capsules," pp. 10-11 i n  ADIP Semiannu. Prog. Rep. ,  Mar, 31,  1985, DOE/ER-0045/14, U.S.  DOE, O f f i c e  o f  Fusion 
Energy. 

4. 

J. L.  S c o t t  and M.  P .  Tanaka, "Preparat ion  f o r  P o s t i r r a d i a t i o n  Examination o f  U.S./Japan HFIR 

J. L. Scot t ,  M. L. Grossbeck, and M. Tanaka, "Phase I HFIR Capsules - I r r a d i a t i o n  and 
P o s t i r r a d a t i o n  Examination," pp. 18-21 i n  ADIP Semiannu. Prog. Rep. ,  S s p t .  30 ,  1985, DOE/ER-0045/15, U . S .  
DOE, O f f i c e  o f  Fusion Energy. 
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2.4 NEUTRONICS ANALYSIS I N  SUPPORT OF THE U.S.-JAPAN SPECTRAL TAILORING CAPSULES - R .  A .  L i l l i e  (Oak Ridge 
Na t i ona l  Labora tory)  

2 .4 .1  A D I P  Task 

A D I P  Task 1.A.2, De f i ne  Test  Ma t r i ces  and Test  Procedures. 

2.4.2 Ob iec t i ve  

The o b j e c t i v e  o f  t h i s  work i s  t o  p rov ide  t h e  neu t ron i c  design f o r  m a t e r i a l s  i r r a d i a t i o n  exper iments i n  
b o t h  t h e  Oak Ridge Research Reactor (ORR) and High F lux  I so tope  Reactor (HFIR). 
c o n t r o l  t he  f a s t  and thermal f l uxes  i s  r e q u i r e d  t o  prov ide t h e  d e s i r e d  displacement and he l ium p roduc t i on  
r a t e s  i n  a l l o y s  con ta in ing  n i c k e l .  

2.4.3 rummary 

Spect ra l  t a i l o r i n g  t o  

Scale f a c t o r s  obta ined p r e v i o u s l y '  a re  be ing  used t o  sca le  t he  neutron f luences obta ined f r o m  three-  
dimensional  neut ron ics  c a l c u l a t i o n s .  As o f  March 31, 1986, t h i s  procedure y i e l d s  17.81 a t .  ppm He ( n o t  
i n c l u d i n g  2 .0  a t .  ppm He from E-10) and 3.57 dpa f o r  type 316 s t a i n l e s s  s t e e l  i n  ORR-MFE-6J and 
31.23 a t .  ppm He and 3.71 dpa i n  ORR-MFE-7J. The c a l c u l a t e d  and measured' f l u x e s  i n  t he  HFIR RB MFE Hafnium 
Dosimetry Experiment have been compared. 
th icknesses requ i red  f o r  spec t ra l  t a i l o r i n g  when the  MFE-6J and -75 experiments are  moved t o  HFIR RB 
p o s i t i o n s .  

2.4.4 Proqress and Sta tus  

T h i s  comparison a l lowed the  c a l c u l a t i o n  o f  H f  and Cd s h i e l d  

The ope ra t i ng  and c u r r e n t  c a l c u l a t e d  data  based on the  f luence s c a l i n g  f a c t o r s  obta ined p r e v i o u s l y  a re  
summarized i n  Table 2 .4 .1  f o r  t h e  ORR-MFE-6J and -75 experiments. Both exper imental  capsules went i n t o  t h e  
DRR on June 28, 1985, and bo th  capsules have been exposed t o  143,793 MWhs as o f  March 31, 1986. A t  t he  pre-  
sent t ime,  t he  dpa Pate based on t h e  sca led t o t a l  f luences i s  6.53 and 6.79 dpa pe r  f u l l  power yea r  f o r  t h e  
ORR-MFE-6J and -75 exper iments,  r e s p e c t i v e l y .  Because the  ORR-MFE-7J exper iment i s  s i m i l a r  t o  t h e  
OUR-MFE-4A and -48 experiments, i . e . ,  f t  con ta ins  more water i n  i t s  aluminum corepiece, t he  thermal f l uence  
i n  t h e  ORR-MFE-7J exper iment i s  approx imate ly  15% g rea te r  than t h e  thermal f l uence  i n  t h e  ORR-JFE-6J 
exper iment.  

The rea l- t ime  p r o j e c t i o n s  of t h e  helium- to-displacement r a t i o s  based on c u r r e n t  c a l c u l a t e d  data  as o f  
March 31, 1986 are  presented i n  F igs .  2.4.1 and 2.4.2 f o r  t h e  ORR-MFE-6J and -7J experiments, r e s p e c t i v e l y .  
As w i t h  t h e  ORR-MFE-4A and -48 exper iments,  t h e  p r o j e c t e d  da tes  were ob ta ined  assuming an ORR du ty  f a c t o r  
of 0.86. Because of t he  increased thermal f luence i n  t he  ORR-MFE-7J exper iment,  t h e  s o l i d  aluminum core- 
p iece  should be i n s e r t e d  on o r  b e f o r e  Auqust 31, 1986. 

Table 2.4.1. Operat ing  and c a l c u l a t e d  da ta  f o r  t h e  
ORR-MFE-6J and -75 exper imental  capsules 

as o f  March 31, 1986 

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

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

Exposure (MWh) 143,793.4 143,793.4 

Equ iva lent  f u l l  power days8 199.7 199.7 

Thermal f luence (n/mz) 3 .63 + 256 5.10 + 25 

T o t a l  f luence (n/m') 1.24 + 26 1.42 + 26 

He ( a t .  ppm)C 1 7 . 8 1  31.23 

dpaC 3.57 3.71 
~ ~ 

B F u l l  power f o r  ORR i s  30 MW. 
63 .63  + 25 i s  read as 3 .63 x IO2'. 
CHelium and dpa values a re  f o r  type 316 s t a i n l e s s  

s t e e l .  
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F i g .  2 . 4 . 2 .  Current  and pro jec ted  hel ium and displacement damage l e v e l s  i n  t h e  ORR-MFE-7J experiment.  



14 

The ORR-MFE-6J and -73 experiments w i l l  be moved from t h e  ORR t o  t he  HFIR. 
w i l l  r e q u i r e  t he  use of s u b s t a n t i a l  thermal neutron s h i e l d i n g  t o  o b t a i n  t he  same He t o  dpa r a t i o  i n  type 316 
s t a i n l e s s  s t e e l s  as t h a t  expected i n  a fus ion dev ice  f i r s t  w a l l  because o f  t he  increased thermal f l u x  i n  t he  
HFIR. 
f l u x  reduc t i on  have been completed. These c a l c u l a t i o n s  were performed assuming t h a t  bo th  t h e  OUR-MFE-6J and 
-75 capsules are  removed from the  ORR a t  t he  5 dpa l e v e l .  However, s m a l l  d e v i a t i o n s  f rom t h i s  l e v e l ,  e . g . ,  
l ess  than 1 dpa, should n o t  apprec iab ly  a l t e r  t he  r e s u l t s  f rom these c a l c u l a t i o n s .  

The c a l c u l a t i o n s  t o  determine the  requ i red  s h i e l d i n g  th icknesses i n  t he  HFIR were c a r r i e d  o u t  us ing the  
d i s c r e t e  o rd ina tes  r a d i a t i o n  t r a n s p o r t  code ANISN3 employing a one-dimensional geometric model. However, 
before performing these c a l c u l a t i o n s ,  t he  f luxes i n  t he  HFIR RB MFE Hafnium Dosimetry Experiment were CalCU- 
l a t e d  and compared w i t h  t he  measured f luxes i n  t h i s  exper iment.  Th i s  comparisori was needed t o  ob ta in  a c re-  
d i b l e  es t imate  of t he  neut ron source d i s t r i b u t i o n  f o r  t he  one-dimensional c a l c u l a t i o n s .  The r e s u l t s  o f  t h i s  
comparison are  presented i n  Table 2.4.2.  
( i . e , ,  w i t h  aluminum r e p l a c i n g  t h e  H f ) .  To perform t h e  c a l c u l a t i o n  f o r  t h i s  case, a neut ron source spectrum 
a t  t he  h o r i z o n t a l  midplane o f  a t y p i c a l  HFIR RB p o s i t i o n  obta ined from the  HFIR CASDAR data  base' was 
modif ied t o  p rov ide  agreement between the  c a l c u l a t e d  and measured f l uxes .  
used as a boundary c o n d i t i o n  i n  a l l  succeeding c a l c u l a t i o n s .  
t i o n  underest imates t h e  amount o f  f l u x  reduc t i on  over t h e  e n t i r e  energy range. 
underest imate i n  f l u x  r e d u c t i o n ,  i . e . ,  t he  c a l c u l a t i o n  p r e d i c t s  almost no reduc t i on ,  i s  most l i k e l y  t o  do 
inadequate t r a n s p o r t  c ross  sect ions  f o r  H f .  Below 0 .1  MeV, t he  underest imates are  probab ly  due t o  t h e  use 
o f  a one-dimensional model coupled w i t h  t he  inadequate c ross  sec t i ons  above 0 . 1  MeV. 

The c a l c u l a t e d  r e l a t i v e  thermal and t o t a l  f l u x  reduc t i ons  obta ined as a f u n c t i o n  o f  Hf  and Cd s h i e l d  
th icknesses when e i t h e r  t he  ORR-MFE-6J o r  -73 capsules a re  p laced i n  a HFIR RB p o s i t i o n  are  g iven i n  
f i g s .  2.4.3 and 2.4.4. The underest imates obta ined i n  t h e  above comparison were used t o  sca le  t he  c a l -  
c u l a t e d  reduc t i ons  obta ined f o r  t he  th ree  energy ranges l i s t e d  i n  Table 2.4.2 i n  a l l  o f  t h e  s h i e l d i n g  
c a l c u l a t i o n s .  I n  F igs .  2.4.3 and 2.4.4, b o t h  t h e  f l u x  reduc t i ons  obta ined w i t h  no burnup and the  f l u x  
reduc t i ons  w i t h  burnup averaged over  150 d o f  f u l l  power ope ra t i on  are  presented. 
ope ra t i on ,  i . e . ,  150 d, represents  approx imate ly  seven cyc les  of HFIR ope ra t i on .  With H f  t he  d i f f e r e n c e  i n  
r e l a t i v e  f l u x  w i t h  and w i thou t  burnup i s  n o t  very  l a rge ,  whereas w i t h  Cd the  d i f f e r e n c e  i s  s i g n i f i c a n t  
because o f  t he  l a rge  Cd thermal abso rp t i on  c ross  sect ion .  

I n  Table 2.4.3, t he  H f  and Cd th icknesses requ i red  i n  a HFIR RB p o s i t i o n  t o  main ta in  a He-to-dpa r a t i o  
equal t o  0 .9  of t he  expected fus ion dev i ce  f i r s t  r a t i o  a re  presented. Between 5 and 10 dpa a reduc t i on  o f  
73% i n  thermal f l u x  i s  needed r e s u l t i n g  i n  r e q u i r e d  s h i e l d i n g  th icknesses o f  3.0 and 1 .0  mm f o r  H f  and Cd, 
r e s p e c t i v e l y .  Above 10 dpa, H f  and Cd s h i e l d i n g  th icknesses o f  4.2 and 1.25 mm a re  requ i red  t o  o b t a i n  t h e  
needed thermal f l u x  reduc t i on  o f  86%. O f  t h e  two s h i e l d i n g  m a t e r i a l s ,  Cd appears t o  be the  b e t t e r  cho ice  
because i t  o n l y  lowers the  dpa r a t e  3% whereas Hf  lowers i t  12%. A d i f f e r e n t  approach t o  s h i e l d i n g  the  
exper iments would be t o  use a Cd s h i e l d  which remains b lack ,  i . e . ,  one which y i e l d s  a thermal f l u x  r e d u c t i o n  
of g r e a t e r  than 99.9% over  150 d o f  f u l l  power opera t ion .  A Cd th ickness o f  1.5 mm, which i s  o n l y  0 .25  mm 
l a r g e r  than t h e  th ickness requ i red  above 10 dpa, would s a t i s f y  t h i s  requirement.  
t h e  necessary thermal f l u x  reduc t i ons  cou ld  be obta ined by d r i l l i n g  ho les  through the  Cd s h i e l d .  
5 and 10 dDa, t he  ho les  would need t o  reDresent 27% o f  t he  s h i e l d  area. Above 10 doa t h e  holes would need 

Moving these exper iments 

Ca lcu la t i ons  t o  determine the  th ickness of hafnium and cadmium which w i l l  y i e l d  t he  d e s i r e d  thermal 

I n  the  t a b l e ,  bare represents  t he  dosimetry capsu le  w i t h o u t  H f ,  

Th i s  mod i f i ed  spectrum was then 
When the  A1 was rep laced w i t h  H f ,  t he  ca l cu ia -  

Above 0 . 1  MeV, t he  

The t ime o f  f u l l  power 

With t h i s  type o f  s h i e l d ,  
Between 

t o  represent  14% o f  t he  s h i e l d  area. 
constant  f l u x  reduc t i on  over t h e  l i f e  of t he  s h i e l d .  

Th i s  t ype  o f  s h i e l d  would a l s o  have the  advantage o f  ma in ta in ing  a 

Table 2.4.2.  Comparison o f  c a l c u l a t e d  and measured da ta  f o r  t he  
MFE Hafnium Dosimetry Experiment i n  a HFIR RB P o s i t i o n  

Bare Wi th  3.9 mm H f  

Ca l cu la ted  Measured 

F lux  (n/m'/s) 

4 . 5  eV 11.07 + 188 11.07 + 18 

0 . 5  eV - 0 .1  MeV 8.54 + 18 8.53 + 18 

> 0 .1  MeV 5.17 + 18 5 .17 + 18 

To ta l  24.78 + 18 24.77 + 18 

d p a h  12 .5  11.3 

He/y ( a t .  ppm) 854.0 854.0 

Ca lcu la ted  Measured 

1.28 + 18 1.14 + 18 

5.34 + 18 3.78 + 18 

5.14 + 18 4.75 + 18 

11.77 + 18 9.67 + 14 

10.6 8.9 

27.2 26.5 

811.07 + 18 read as 11.07 x I O L 8  
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Table 2 .4 .3 .  Hafnium and cadmium s h i e l d  
th icknesses r e q u i r e d  when t h e  ORR-MFE-6J 

and -75 capsules are  i r r a d i a t e d  
i n  HFIR RE p o s i t i o n s  

dpa Level 5.0-10.0 10.0-30.0 

Required thermal 73 86 
f l u x  reduc t i on  (%) 

Hafnium th i ckness  (mm) 3 . 0  4 .2  

dpa Reduction w i t h  7 12 

Cadmium th ickness (mm) 1.0 1.25 

dpa Reduction w i t h  2 3 

hafnium (%) 

cadmium (%) 

As a f i n a l  no te ,  t h e  l a r g e  discrepancy repo r ted  i n  t he  l a s t  progress r e p o r t '  between t h e  He p roduc t i on  
p r e d i c t e d  by t h e  c a l c u l a t e d  and measured thermal f l u x e s  i n  t he  ORR-MFE-6J dos imet ry  capsule was found t o  be 
due t o  two causes. F i r s t ,  t h e  exper imenter used a N i  atom percent  o f  13% whereas t h e  a c t u a l  N i  atom percent  
Is 11.35% i n  t h e  s t a i n l e s s  s t e e l  specimens. Second, t he  exper imenter c a l c u l a t e d  a new s e t  of He p roduc t i on  
c ross  s e c t i o n s  f o r  t h e  equat ions desc r i b ing  the  thermal neut ron two-step He p roduc t i on  i n  N i  us ing  t h e  
measured neut ron spectrum. 
reduces the  d iscrepancy i n  t h e  two-step He p roduc t i on  t o  l e s s  than 5%. 

Using these new cross  sec t i ons  and account ing f o r  t h e  d i f f e r e n t  N i  a tom percents  

2.4.5 Future  Work 

The three- dimensional  neu t ron i cs  c a l c u l a t i o n s  t h a t  mon i to r  t he  r a d i a t i o n  environment of t h e  ORR-MFE-6J 
and -75 exper iments w i l l  con t i nue  w i t h  each ORR c y c l e .  
f luences w i l l  be updated as new exper imental  da ta  become a v a i l a b l e .  
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DOE/ER-0045/15 (February 1986). 
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2.5 Neutron Dosimetry and Damage Calculations 
L. R .  Greenwood (Argonne National Laboratory) 

2.5.1 ADIP/DAFS Tasks 

ADIP Task I.A.2 - Define test Matrices and Procedures. 
DAFS Task II.A.2 - Fission Reactor Dosimetry. 
2.5.2 Objective 

To characterize neutron irradiation experiments in terms of neutron fluence. spectra, and damage parameters 
(dpa, gas production). 

2.5.3 SummaPy 

A one-cycle (22 day) test of the Hf liner was conducted in the RB position of HFIR at 100 MW. 
reduces the thermal flux about an order of magnitude. 
included. 

Results are reported f o r  the JP1. JP3 U.S./Japanese experiments n HFIR. 
exposure history with a fast fluence 0 0 . 1  MeV) of about 3.9~10 
helium in 316 stainless steel. 

Results are reported f o r  several short experiments in the Omega West Reactor (LANL) designed fo 
with similar 14 MeV irradiations at RTNS I1 (LLNL). The measured fluences ranged from 5-54x10 n/cm . 
A new computer code, SPECOMP, has been developed to calculate displacement damage for alloys, insulators, 
and breeder materials. 
would be expected from a linear combination of the elemental calculations in SPECTER. 
now being studied. 

The status of all dosimetry experiments is summarized in Table 2.5.1. 

2.5.4.1 Full-Power Hafnium Tests in HFIR-RB Position 

Results were reported previously 
position of HFIR. 
measurements employing our full range of dosimetry materials including short-lived products. fissile 
materials. and thermal shields. 
reactor cycle (22 days) f o r  2083 MWD from August 10 to September 3, 1985 in order to validate our previous 
results in the normal range of HFIR operations. 

Two dosimetry tubes were irradiated, one in the hafnium sleeve in the RB-1 position and one in aluminum in 
the RB-3 position. Each tube measured 3.2 mm O.D. x 55.6 cm in length and each was located in the center of 
the RB assemblies. Smaller dosimetry tubes were also  located on the outside Of the assemblies in order to 
measure the Padial f l u x  gradients in the RB positions. The main dosimetry tubes contained Fe, Ni. Ti, Cu, 
Nb, Al, Co, Mn. Zn, Cr, Mo, and V dosimeters and helium gas monitors (Rockwell International). After 
irradiation a l l  of the samples w e ~ e  gamma counted at APgonne and selected samples were Sent to Rockwell fo r  

The H f  
Estimated yearly damage and gas production rates are 

Both experiments had an identical 
producing about 32 dpa and 2147 appm 21 2 n/cm 

COm arison 1E 3 

Examples are given for LiA102 where we find 20-408 more damage in the compound than 
Other canpounds are 

1 fo r  tests of a hafnium shield to reduce the thermal neutron flux in the RB 
These low-power ( "11 MW) experiments for one hour allowed us to make spectral 

The present measurements were performed at Full power (100 MW) f o r  one 

helium analysis. 

The measured activation rates are listed in Table 2.5.2. The midplane values were determined by fitting the 
data at eight different vertical heights to our equation: 

2 f ( z )  = a ( 1  + bz + cz 1 

where a = midplane value, b = 1.80 x c = -1.20 x and z = height in cm. The radial activities 
show an interesting pattern. 
rapidly ( 4 4 % )  from the inner to the outer surface, a distance of about 3 cm. 
clearly produce a significant gradient in the damage production radially across material samples. 

The midplane activities were used to adjust the neutron flux spectrum determined previously 
measurements. The results of this STAY'SL analysis are listed in Table 2.5.3. Canparison to our previous 
low-power runs indicates a small spectral shift. 
power; however, the thermal flux is about 11% higher in the bare case and only 4% higher in the hafnium 
case. 
s~ectral differences may be due to the presence of the hafnium. 

The thermal flux is nearly constant while the fast neutron flux is falling 
This radial gradient will 

1 in our spectral 

The full-power fast flux is about 6% lower than at low 

On balance, the total flux is about the same in the 1 1  MW and 100 MW irradiations and the small 
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HFIR 

Tab le  2 .5 .1 .  S t a t u s  of Dosimetry  Exper iments  

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

O R R  - MFE 1 C m p l e t e d  12/79 
- MFE 2 C m p l e t e d  06/81 
- MFE 4 A 1  Completed 12/81 
- MFE 4A2 Completed 11/82 
- MFE 4 8  Completed 04/84 
- MFE 4A3, 482 Samples r e c e i v e d  1 1  /85 
- TBC 07 Completed 0 7 / 8 0  
- TRIO-Test Completed 07/82 
- TRIO- 1 Completed 12/83 
- HF T e s t  C m p l e t e d  03/84 
- 56 T e s t  1:ompleted 07/85 
- 36, 57 I r r a d i a t i o n s  i n  P r o g r e s s  
- CTR 32 Completed 04/82 
- CTR 31, 3 4 ,  35 Completed 04/83 
- T2, RB1 Completed 09/83 
- T 1 ,  CTR 39 C m p l e t e d  01/84 
- CTR 40-45 Completed 09/84 
- CTR 30,  36. 46  Completed 03/85 
- RB2 Completed 06/85 
- CTR 47-56 
- J P 1 ,  JP3 Completed 12/85 
- J P  2-8 
- Hf S p e c t r a l  A n a l y s i s  Completed 09/85 
- H f  T e s t  Completed 12/85 

Omega West - S p e c t r a l  A n a l y s i s  Completed 10/8O 
- HEDLl Completed 05/01 
- HEDL2 Completed 01 /86 
- HEDL3 C m p l e t e d  04/86 
- LANL 1 C m p l e t e d  08/04 

BSR - S p e c t r a l  A n a l y s i s  Planned f a r  05/86 
EBR I1 - X287 Completed 09/81 
IPNS - S p e c t r a l  Ana lys i s  Completed 01 /82 

- LANL 1 ( H u r l e y )  Completed 06/82 
- Hurley C m p l e t e d  02/83 
- Coltman C m p l e t e d  08/83 

I r r a d i a t i o n s  i n  P r o g r e s s  

I r r a d i a t i o n s  i n  P r o g r e s s  

T a b l e  2 .5 .2 .  A c t i v a t i o n  R a t e s  f o r  Hf T e s t  in HFIR-RB 
Midplane values a t  f u l l  power (100 MW) 

A c t i v a t i o n  R a t e ,  a t /a t -s  

React  i o n  H f  - Bare - 
58Fe(n,Y)  59Fe(x 10-l '  1 . 1 4  10.71 

' ' C O ( ~ , Y )  6 0 ~ o ( x  10-8) 0.452 3.25 

5 4 F e ( n , p )  54Mn(x 1 .34  1.51 

4 6 T i ( n , p )  46Sc(x 1 .88  2 .09 

6 3 ~ u ( n , ~ )  6 o ~ ~ ( ~  10-14) 9.19 10.00 

55Mn(n.2n) 54Mn(x 4.28 4.61 
R a d i a l  A c t i v i t y  G r a d i e n t s  

Values are l i s t e d  a t  t h r e e  v e r t i c a l  h e i g h t s  on t h e  o u t e r  s u r f a c e s  of t h e  hafnium t u b e .  

R e a c t i o n  -15.0 cm 0 . 2  cm t15 .5  cm 

I n n e r  - Oute r  - I n n e r  - Oute r  - I n n e r  - Oute r  

58Fe(n,Y)  59Fe(x lo-'') 6.77 7.16 11.32 10.58 6.28 6.63 
5 9 ~ o ( n , y )  'Oco(x 10-8) 2.32 2 .35 3.73 3.56 2.49 2.56 

5 4 F e ( n , p )  54Mn(x 1 0 - l ' )  1.23 0.714 1.92 1 .02 1 .20  0.671 
- 4 6 T i ( n , p )  46Sc(x  1.84 1.04 2.73 1 .53  1 .10 
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Table 2.5.3. Neutron Fluxes for HFIR-RB-Hf Test 
Midplane values at full power (100 MW) 

Neutron Flux, x 1014 n/cm2-s 
Energy, MeV Hf - Bare - 

Total 9.67 24.77 
Thermal ((0.5 eV) 1.14 11.07 
0.5 eV - 0.1 MeV 3.78 8.53 
N . 1  MeV 4.75 5.17 

In any case, these adjusted spectra produce a small shift in the damage parameters calculated with SPECTER, 
as listed in Table 2.5.4. For a 1-year irradiation (365 FPD), we estimate damage rates of 11.3 (bare) to 
8.9 (Hf) dpa in 316 SS with a helium production of 854 (bare) to 26.5 (Hf) appm. In other words, the 
hafnium reduces the yearly helium production by a factor of 32 while the damage rate only falls by 20%. 
Whether or  not this Peduction is sufficient fop planned materials experiments is now being evaluated at Oak 
Ridge National Laboratory. 

2.5.4.2 Results of the JP1 and JP3 Experiments in HFIR 

The JP1 and JP3 experiments are part of a U.S./Japanese collaboration described in previous reports.’ Both 
experiments were irradiated f o r  very nearly the same exposure in the target position of HFIR. JP1 was 
irradiated for 33.634 MWd between January 4 ,  1984 and February 1 ,  1984. while JP3 was irradiated for 34,009 
MWd between May 1. 1984 and May 28, 1985. 

Dosimetry capsules were placed at six different vertical heights in each experiment. Each capsule measured 
about 0.05-111. O.D. x 0.25-111. length and contained Fe, Co. Mn, and Ti wires. The uppermost dosimeters 
could not be retrieved and the Ti wires were not usable due to severe oxidation. The remaining samples 
were gamma counted and the resultant activation rates are listed in Table 2.5.5. As can be seen, there is 
virtually no difference between the two experiments. Consequently, the results were averaged for 
subsequent flux adjustments and damage calculations. 

The vertical activity gradients are well-described by our equation determined in the nearby PTP position. 
as follows: 

(1) 2 f(z) = a (1 + bz + cz ) 

where a = midplane value, b = 5.02 x low4, c = -1.00 x and z = vertical height (cm). Comparison of 
these results to those reported previously3 in the nearby PTP position indicates a slight spectral shift. 
In the present case, the thermal flux is about 9% higher while the fast flux is about 5% lower than in the 
PTP positions. This shift is expected since we are about 1-2 cm further into the central target region; 
however, differences in the capsule designs may also have an influence. 

Neutron f l u x .  fluence. and damage rates were calculated using the STAY’SL and SPECTER cmputeP codes and 
the results are listed in Tables 2.5.6 and 2.5.7. These values represent the conditions at midplane and 
values at other vertical heights can be determined using Eq. 1 above. Helium production and displacement 
damage in nickel and stainless steel is listed separately in Table 2.5.8. Thermal damage effects are a130 
listed for copper in Table 2.5.6. In th copper case the helium production is increased by a factor of 7.5 
due to the three-stage reaction through g57.n. 

2.5.4.3 Fusion-Fission Correlations in the Omega West Reactor 

Dosimetry measurements have been completed for an ongoing series of experiments by Howard Heinisch/ HEDL in 
the Omega West Reactor at Los Alamos National Lab~ratory.~” 
experiments is to compare materials damage in the OWR with that in the 14-MeV flux at the Rotating Target 
Neutron Source I1 at Lawrence Livermore National Laboratory. These fission-fusion correlations can then be 
used to relate damage measured in fission reactors to future fusion reactors. 

The three present experiments were conducted fPMn August 16-September 12, 1985 f o r  671.2 MWH: October 15- 
18, 1985 for 173.6 MWH; and on October 21-22, 1985 for 64.0 MWH. All three experiments were operated at 
the full reactor power of 8 MW at an average temperature of 9OoC. 

Dosimetry packages containing Fe, Ni, Ti, and 0.1% Co-A1 wires were inserted in each irradiation capsule. 
Following the irradiation. these wires were analyzed at ANL by gamma spectroscopy and the measured 
activation rates are listed in Table 2.5.9. 

The purpose of these elevated temperature 
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Tab le  2 .5 .4 .  Es t ima ted  Yea r ly  F luence  and Damage Pa rame te r s  f o r  HFIR-RE P o s i t i o n  
Midplane v a l u e s  for  365 FPD a t  100 MW 

F luence  >0.1 MeV 

Element 

A 1  

T i  

V 

C r  

Mna 

Fe 

coa  

F a s t  

N i  5 9 N i  

T o t a l  

Fast 

c u  65zn 

T o t a l  

Nb 

MO 

316 SSb 

Hf - 
1.50 x i o z2  

DPA He, appm 

17.2 4.21 

9.6 3.68 

11 .3  0.14 

9 .6  1.03 

10.4  0.87 

8.5 1.84 

9 .6  0.57 

9 . 5  26.5 

0 . 3  166.7 

9 . 8  193.2 

8.5  1.26 

0.02 

8 .5  1.28 

- 

- - 

- - 

8 .8  0 .34  

6 .8  

8.9 26.5 

- 

Bare 

1.63 x 10” n/cm2 

DPA He, appm 

19.1 4.52 

1 1 . 2  4.07 

13.0 0.15 

- 

10.9 i . 13  

12.8 0.94 

9.6 1.99 

13.7 0.94 

10.9 29.0 

- 11.5 6528.0 

22 .4  6557.0 
- 

9.7 1.36 

7.21 0.01 

9.71 8.57 
- - 

9.6 0 .38  

7 .5  - 

1 1 . 3  854.0  

a Thermal n e u t r o n  s e l f - s h i e l d i n g  may r educe  damage i n  Mn, Co. 

316 SS: Fe (0 .645 ) ,  N i ( 0 . 1 3 ) ,  c r (o . l e ) ,  m ( a . a 1 9 ) ,  ~o(0.026). 

Tab le  2 .5 .5 .  A c t i v a t i o n  Ra t e s  f o r  HFIR-JP1 ,  JP3 
Values nromalized to 100 Mw 

A c t i v a t i o n  R a t e ,  a t / a t - s  

5 8 F e ( n , ~ )  5 5 9 ~ o ( n , p )  % 5 4 F e ( n , T )  % 
Heigh t ,  cm 10-9) (x  10-8) ( x  10-11) 

- JP3 J P  1 - J P l  Jp3 JP1 - Jp3 - 
16 .5  1 .73 1 .72 5.47 5.60 4.97 5 .02  

7.1 2.14 2 .15  6.27 7.02 6.52 6.57 

2.1 2.29 2.28 6.49 7.36 6.44 6.85 

- 12.1 1.96 1.96 5 .70  6.36 5.61 5 .68  

-21 .a 1 .41 1.37  4.57 4.60 3.79 3.74 

Tab l e  2.5.6.  Neutron Flux  and F luences  fop  HFIR-JP1, JP3 
Exposure about 340 FPD at 100 MW 

55Mn(n,2n) % 
( x  10-12) 

JP3 - J P  1 

1 .47 1.51 

1 .96 2.00 

2.07 2.01 

1.70 1.66 

1.13 1.15 

- 

Energy,  MeV Flux  ( x  1015 n/cmZ-s) Fluence  ( x  10“ n/cm2) 

T o t a l  5 .18  15.2 

Thermal ( (0 .5  eV)  2.24 6.57 

0 . 5  eV - 0.1 MeV 1.62 4.76 

Fast  0 0 . 1  MeV) 1.32 3.88 
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Tab le  2.5.7. Damage Pa rame te r s  f o r  HFIR-JP1, JP3, 

Element 

A 1  

T i  

V 

C r  

M"a 

c o a  

Fe 

N i  

c u  

Nb 

Mo 

316 SS 

Midplane values a t  3LO FPD (100 MW: 

DPA He, appm - 
49.6 24.0 

31.6 15.9 

35.4 0.81 

31.1 5.50 

34.5 4.86 

27.5 9.76 

35.4 4.81 

F a s t  29.7 128.0 

5 9 N i  - 28.8 16331.0 

T o t a l  58.5 16459.0 

F a s t  26.9 7.1 

0.1 45.8 65Zn 

T o t a l  27.0 52 .9  
- 

26.6 1 .78  

19.8 - 

32.1 2147.0 

a Thermal n e u t r o n  s e l f - s h i e l d i n g  may r educe  
damage i n  Mn, Co. 

316 SS: Fe(O.645),  N i (0 .13 ) ,  C r ( 0 . 1 8 ) ,  
Mn(0.019). Mo(0.026). 

r a b l e  2.5.8.  Helium and DPA f o r  316 SS i n  HFIR JP1,  JP3 

H e  i n c l u d e s  5 9 N i  and f a s t  r e a c t i o n s  
DPA i n c l u d e s  e x t r a  k i c k  from t h e r m a l s  ( H d 5 6 7 )  

He igh t ,  cm 
0 

3 

6 

9 

12  

15  

18 

21 

24 

He, appm 

2147. 

2125. 

2062. 

1954. 

1802. 

1603. 

1357. 

1063. 

727. 

DPA 

32.1 

31.8 

31 .O 
29.5 

27 .5  

24.8 

21 .6 

17.7 

13.3 

- 
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T a b l e  2 .5 .9 .  A c t i v a t i o n  Rates f o r  Omega West Reactor  
Va lues  a r e  normal i zed  t o  8 MW: 
u n c e r t a i n t y  i2% 

a c t i v i t y  ( a t o m s l a t m - s e c )  
React  i o n  F P H ~  = 83.9 21.6 8.0 

59Co(n,y)60Co ( l o p 9 )  2.26 2.30 2 .22 

5 4 F e ( n ,  p)54Mn ( 1  0-1 2 ,  2.80 2.86 2.81 

58Fe(n.u)59Fe 6 .73 7.31 7.00 

5 8 N i  ( n ,  P ) ~ ' C O  ( 3.56 3.73 3.67 

4 6 T i ( n , p ) 4 6 S c  3.67 3 .95 3.82 

a F u l l  power h o u r s  a t  8 MW power l e v e l .  

The a c t i v i t i  s in T a b l e  2.5.9 were used t o  a d j u s t  t h e  n e u t r o n  spec t rum measured p r e v i o u s l y  i n  t h e  Omega 
West u s i n g  t h e  STAY'SL computer code. The p r e s e n t  P e s u l t s  are i n  good agreement w i t h  p r e v i o u s  
measurements.  T h e  thermal flux is  abou t  58 h i g h e r  and t h e  f a S t  f l u x  abou t  3 8  l ower  t h a n  i n  our  p r e v l o m  
measurement.  The a d j u s t e d  fluences are l i s t e d  i n  T a b l e  2.5.10. 

Damage r a t e s  f o r  t h i s  p o s i t i o n  have been r e p o r t e d  p r e v i o u s l ~ ~ ' ~  and damage f o r  t h e  c u r r e n t  runs can be 
e a s i l y  s c a l e d  a c c o r d i n g  t o  t h e  n e u t r o n  f l u e n c e s .  

F u r t h e r  measurements are i n  p r o g r e s s  i n  t h e  OWR and we expec t  t o  r e c e i v e  d o s i m e t e r s  s h o r t l y .  

T a b l e  2 .5 .10 Neutron F l u e n c e s  f o r  Omega West Reac to r  
Estimated U n c e r t a i n t y  * l o %  

Energy 

T o t a l  

Thermalb 

0.5 eV-0.1 MeV 

>0.1 MeV 

Neutron F l u e n c e ,  x 1018n/cm2 
F P H ~  = 83.9 21.6 8 .0  

54.2 

22.9 

14.7 

16.6 

1 4 . 4 1  5.18 

6.06 2.16 

3.92 1 .41 

4.43 1 .60 

a F u l l  power hours  (8 MW). 

bThermal f l u x  below 0 . 5  eV. 

2 .5 .4 .4  Development of t h e  SPECOMP Computer Code 

A new c mputer code SPECOMP is  be ing  developed t o  c a l c u l a t e  r a d i a t i o n  damage f o r  compound materials. Our 
SPECTER code r o u t i n e l y  c a l c u l a t e s  damage f o r  38 p u r e  e l ement s :  however,  i t  does  no t  hand le  compounds and 
t h e r e  a r e  no o t h e r  e x i s t i n g  codes  which f i l l  t h i s  need. Consequen t ly ,  we have developed SPECOMP. 

F o r t u n a t e l y ,  SPECOMP c a n  make u s e  of t h e  r e c o i l  atom energy d i s t r i b u t i o n s  i n  SPECTER. Hence, i t  is  n o t  
n e c e s s a r y  t o  return t o  t h e  b a s i c  n e u t r o n  c r o s s  s e c t i o n s  i n  ENDF/B-V and r e c a l c u l a t e  t h e s e  data.  T h i s  
g r e a t l y  r e d u c e s  t h e  s i z e  and scope  of t h e  code as w e l l  as t h e  e f f o r t  needed t o  deve lop  t h e  code and  t h e  c o s t  
t o  run i t .  

SPECTER a l r e a d y  c o n t a i n s  r e c o i l  atom energy  d i s t r i b u t i o n s  f o r  each e lement  a t  100 n e u t r o n  e n e r g i e s  on a 100- 
p o i n t  r e c o i l  ene rgy  g r i d .  SPECOMP o n l y  needs  t o  a c c e s s  t h e s e  d i s t r i b u t i o n s ,  combine them a c c o r d i n g  t o  t h e  

g 
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a l l o y  o r  compound of i n t e r e s t ,  and t o  i n t e g r a t e  ove r  t h e  a p p r o p r i a t e  secondary  damage f u n c t i o n  f o r  each 
combina t ion  of r e c o i l  atom and m a t r i x  atom. The secondary  d i s p l a c e m e n t  model u s e s  t h e  same p r e s c r i p t i o n  as 
SPECTER, r e l y i n g  on t h e  Lindhard p a r t i t i o n  of t h e  s t o p p i n g  ene rgy  and t h e  Robinson model.7 Hence. t h e  
SPECOMP code is r e l a t i v e l y  small c o n s i s t i n g  of s u b r o u t i n e s  which a c c e s s  t h e  SPECTER da t a  f i l e s ,  c a l c u l a t e  
t h e  a p p r o p r i a t e  secondary  d i s p l a c e m e n t s ,  and i n t e g r a t e  o v e r  t h e  r e c o i l  s p e c t r a  a t  each  n e u t r o n  energy.  

Although t h e  code is s t i l l  undergo ing  t e s t i n g ,  sample  c a l c u l a t i o n s  are shown f o r  a f u s i o n  b r e e d e r  material 
L i A 1 G 2  i n  F ig .  2.5.1. A t  h i g h e r  
e n e r g i e s  t h e  d i sp lacement  damage p r e d i c t e d  by SPECOMP is 20-408 h i g h e r  t h a n  would be p r e d i c t e d  by t a k i n g  a 
s i m p l e  a v e r a g e  of t h e  r e s u l t s  from SPECTER.  
f i r s t  w 11 o r  f a s t  r e a c t o r  s p e c t r a  and 7% h i g h e r  i n  a mixed- spectrum reactor l i k e  H F I R  due  t o  t h e  dominance 
of t h e  L i  damage. 

Although we have n o t  had t ime  t o  s t u d y  SPECOMP p r e d i c t i o n s  i n  d e t a i l ,  i t  is c l e a r  from e a r l y  r u n s  t h a t  t h e  
p r e d i c t i o n  of P a r k i n  and C o u l t e r  
SPECOMP w i l l  d i f f e r  o n l y  s l i g h t l y  from a l i n e a r  sum of t h e  e l ement s  i n  SPECTER. 
masses i n v o l v e d  a r e  q u i t e  d i f f e r e n t ,  t h e n  t h e  c a l c u l a t e d  d i s p l a c e m e n t s ,  from SPECOMP may d i f f e r  
s u b s t a n t i a l l y  from SPECTER. 
5% of t h e  l i n e a r  sum from SPECTER whereas L i20 ,  LiA102, and TaO d i s a g r e e  by 20-40s over  t h e  ene rgy  r a n g e  
from 0.1 t o  20 MeV. 

2.5.5 Conc lus ion  

A n a l y s i s  is  i n  p r o g r e s s  f o r  t h e  MFE4A and 48 exper imen t s  i n  ORR. 
H F I R  and OWR. We a r e  p l a n n i n g  t o  c h a r a c t e r i z e  t h e  new low t e m p e r a t u r e  ( 4 ' K )  f a c i l i t y  i n  t h e  Bulk S h i e l d i n g  
Reac to r  a t  ORNL. 
SPECTER computer code package f o r  r o u t i n e  use .  

2.5.6 Refe rence  

1 .  L. R.  Greenwood, Al loy  Development f o r  I r r a d i a t i o n  Performance,  Semiannual P r o g r e s s  R e p o r t ,  

6 .  A s  can be s e e n  a t  low e n e r g i e s ,  damage is due  t o  t h e  L l ( n . a ) t  r e a c t i o n .  

I n t e g r a l  dpa P a t e s  for  LiA102 a r e  26-28% h i g h e r  f o r  a f u s i o n  

8 

8 h o l d s  up, namely. t h a t  i n  cases where t h e  mass d i f f e r e n c e s  a r e  small 
On t h e  o t h e r  hand, when t h e  

I n  t h e  p r e s e n t  case we f i n d  t h a t  c a l c u l a t i o n s  f o r  S i 0 2  and A l 2 O 3  a g r e e  w i t h i n  

F u r t h e r  exper imen t s  are i n  p r o g r e s s  i n  

We p l a n t  t o  c o n s t r u c t  a l i b r a r y  of damage c r o s s  s e c t i o n s  f o r  compounds and add i t  t o  our 

DOE/ER-0045/15, pp. 4-15, 1985. 

2.  J. L. S c o t t  and M.  P .  Tanaka, Al loy Development f o r  I r r a d i a t i o n  Performance,  Semiannual P r o g r e s s  
R e p o r t ,  DOe/ER-0045/14, pp. 10-19, J u l y  1985. 

3. L. R. Greenwood, i b i d . ,  pp. 22-26, J u l y  1985. 

4. L.  R. Greenwood. Damage A n a l y s i s  and Fundamental S t u d i e s  Q u a r t e r l y  Progress Repor t ,  
DOE/ER-0046/4. p. 15  ( 1 9 8 1 ) .  

5 .  L. R .  Greenwood, Damage A n a l y s i s  and Fundamental S t u d i e s  Q u a r t e r l y  P r o g r e s s  Repor t ,  
DOE/ER-0046/6, p. 1 1  ( 1 9 8 1 ) .  

6 .  L.  R .  Greenwood and  R .  K.  Smi ther ,  SPECTER: Neutron D a m a ~ e  C a l c u l a t i o n a  for Materiala I r r a d i a t i o n s  
ANL/FPP-TM-191, 1985. 

7. 

8. 

G. R .  O d e t t e  and D .  R.  Dor ian ,  Nucl. Technol .  2. 346 ( 1 9 7 6 ) .  

D. M. P a r k i n  and C.  A .  C o u l t e r .  J. Nucl.  Mater. 3, 1315-1318 (1981)  

2.5.1 P u b l i c a t i o n s  

The f o l l o w i n g  p a p e r s  have been s u b m i t t e d  t o  t h e  I n t e r n a t i o n a l  Confe rence  on Fus ion  Reac to r  M a t e r i a l s  
(ICFRM-2) i n  Chicago,  A p r i l  13-11, 1986: 

1 .  L. R. Greenwood, New I d e a s  i n  Dosimetry  and Damage C a l c u l a t i o n s  f o r  F u s i o n  M a t e r i a l s  I r r a d i a t i o n s .  

2. D. W .  Kneff,  L. R. Greenwood, 8. M .  O l i v e r ,  and R. P .  S k o u r a n s k i ,  Helium P r o d u c t i o n  i n  HFIR- Irradia ted 
Pure  Elements .  

3. W .  A .  Coghlan, F. W.  C l i n a r d ,  J r . ,  N .  I t a h ,  and  L .  R .  Greenwood, S w e l l i n g  of S p i n e l  a f t e r  
Low-Dose Neutron I r r a d i a t i o n .  

Two p a p e r s  have a l s o  been s u b m i t t e d  t o  t h e  Symposium on t h e  E f f e c t s  of R a d i a t i o n  on Materials, S e a t t l e ,  
June 23-25. 1986: 

4 .  L. R. Greenwood, Recent Research i n  Neutron Dosimetry and Damage A n a l y s i s  f o r  M a t e r i a l s  I r r a d i a t i o n s .  

5.  D .  R. Davidson,  R. C .  Reedy, L. R.  Greenwood, W. F. Sommer, and M .  S .  Wechs le r ,  A d d i t i o n a l  Measure- 
ments  of t h e  R a d i a t i o n  Environment a t  t h e  Los Alamos S p a l l a t i o n  R a d i a t i o n  E f f e c t s  F a c i l i t y  a t  LAMPF. 
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Fig.  2 .5 .1 .  Displacement  Damage Cross S e c t i o n s  a r e  Compared f o r  L i A 1 0 2  
u s ing  SPECOMP and a L'near  Combination of t h e  SPECTER. 
Damage i s  due t o  t h e  ' L i ( n , a . t )  Reac t ion  a t  Low E n e r g i e s .  
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3.1 MICROSTRUCUTRAL DEVELOPMENT I N  THE PCAs IRRADIATED TO 34 dpa I N  HFIR AT 300 and 4OO0C - M.  P .  Tanaka 
and 5 .  Hamada (Japan Atomic Energy Research I n s t i t u t e ,  assigned t o  ORNL) and P .  J. Maziasz (Oak Ridge 
Na t i ona l  Labora tory)  

3.1.1 ADIP Task 

ADIP Task I . C . 1 ,  M i c r o s t r u c t u r a l  S t a b i l i t y  

3 .1 .2  O b j e c t i v e  

The o b j e c t i v e  of t h i s  work i s  t o  determine t h e  m i c r o s t r u c t u r a l  development o f  JPCA i r r a d i a t e d  t o  
34.0 dpa a t  300 and 400°C i n  t he  High F lux  I so tope  Reactor ( H F I R ) ,  and t o  compare t h e  r e s u l t s  w i t h  those 
obta ined on U.S. PCA. 

3.1.3 Summarv 

M i c r o s t r u c t u r a l  observat ion  on bo th  U.S. and Japan PCAs i n d i c a t e d  t h a t  a l l  specimens developed a h igh  
concen t ra t i on  o f  f i n e  bubbles and MC p r e c i p i t a t e s ,  as w e l l  as Frank f a u l t e d  loops.  Mutual s t a b i l i t y  o f  t he  
MC p a r t i c l e s  and assoc ia ted f i n e  bubbles c o n t r i b u t e d  t o  t he  ex tens ion o f  t he  t r a n s i e n t  regime o f  s w e l l i n g  t o  
h ighe r  f luence. 
d i t i o n ,  d e s p i t e  o f  t he  minor compos i t iona l  d i f f e rence  (P,B) between t h e  two m a t e r i a l s .  These data  suggest 
use fu l  f u s i o n  a p p l i c a t i o n  o f  so lu t ion- annealed (SA)-PCA as w e l l  as cold-worked (CW)-PCA i n  t he  300 t o  40OoC 
temperature range. 

3.1.4 P r o w e s s  and Sta tus  

The i r r a d i a t i o n  response o f  JPCA and U.S.-PCA were s i m i l a r  i n  t h i s  HFIR i r r a d i a t i o n  con- 

Th is  work i s  a p a r t  o f  t he  U.S./Japan c o l l a b o r a t i v e  program t o  i n v e s t i g a t e  and compare t h e  i r r a d i a t i o n  
response o f  s t r u c t u r a l  a l l o y s  from bo th  c o u n t r i e s  i n  o rde r  t o  eva luate  t h e i r  usefu lness f o r  f i r s t  w a l l  and 
b lanke t  s t r u c t u r a l  a p p l i c a t i o n s  i n  f u t u r e  fus ion  reac to rs .  Th i s  r e p o r t  desc r i bes  t h e  m i c r o s t r u c t u r a l  de- 
velopment i n  JPCA and US-PCA d u r i n g  i r r a d i a t i o n  a t  3OO0C and 400’C t o  a neut ron f l uence  producing 34.0 dpa 
and 2501 a t .  ppm He. 

Table 3.1.1.  A l l o y  Composit ions ( w t  %) 3.1.4.1 Exper imental  Procedure 

The chemical composi t ion of t h e  m a t e r i a l s  used 
i n  t h i s  s tudy appears i n  Table 3.1.1. 
a l l o y i n g  element composi t ion does n o t  vary  between 
the  two PCAs. However, t h e r e  a re  n o t i c e a b l e  d i f -  
erences between t h e  a l l o y s  i n  t h e  con ten t  o f  
minor  elements l i k e  Dhosohorus and boron. The 

The major A l l o y s  

JPCA( 1) JPCA(2) U.S. -PCA 
Element 

Fe B a l  Ea 1 Ea1 
d e s i g n a t i o n  and d e s c r i p t i o n s  o f  t h e  PCA p r e t r e a t -  N i  16.22 15.60 16.2 

C r  14.51 14.22 14.0 ments a re  g i ven  i n  Table 3.1.2. Standard 
3-mm-diam d i s k s  were punched from the  p r e t r e a t e d  
0.254-mm-thick sheet m a t e r i a l s .  The d i s k s  were T i  0.20 0.24 0.24 

C 0.06 0.06 0.05 i r r a d i a t e d  i n  t a r g e t  p o s i t i o n s  of HFIR a t  300 and 
40OoC t o  produce -10 and -34 dpa and he l i um con- 
t e n t s  of -550 and -2500 a t  ppm. The d i s k s  o f  Q S l ,  Mo 2.37 2.28 2.3 

Mn 1.79 1.77 1.8 however, were c u t  f rom the  shoulder of f r a c t u r e d  
t e n s i l e  specimens which were i r r a d i a t e d  t o  -10 dpa 
a t  340 and 400OC i n  HFIR. D isks  f o r  t r ansmiss ion  S i  0.53 0.50 0 .4  

P 0.027 0.027 0.01 e l e c t r o n  microscopy (TEM) were th inned  w i t h  an 
automat ic  d u a l - j e t  Tenupol t h i n n i n g  u n i t  i n  a h o t  
c e l l  and examined v i a  standard methods us ing  JEM S 0,009 0.005 0.003 

B 0.0035 0.0031 a 
I O O C X  and 2OOOFX e l e c t r o n  microscopes. 
Microcompos i t iona l  data  were obta ined f rom carbon 

a n a l y s i s  (EDS) w i t h  a TN5500 system a t tached  t o  
t h e  JEM ZOOOFX e l e c t r o n  microscope. 

3 .1 .4 .2  M i c r o s t r u c t u r a l  Development 

e x t r a c t i o n  r e p l i c a s ,  us ing energy d i s p e r s i v e  x- ray N 0.003 0,0039 0 . 0 1  

8 N o t  analyzed, b u t  assumed t o  be near 
0.001 W t  %. 

Q u a n t i t a t i v e  data  on d i s l o c a t i o n  loops,  on c a v i t i e s ,  and on s w e l l i n g  o f  t h e  PCAs i n v e s t i g a t e d  i n  t h i s  
s tudy a re  l i s t e d  i n  Table 3.1.3.  
c a v i t i e s  (1 t o  3 nm i n  d iameter )  a s  w e l l  as h igh  concent ra t ions  (>IOz2 
15 nm i n  d iameter ) .  

A l l  o f  t h e  specimens conta ined h igh  concen t ra t i ons  (>IOz’ m-’) o f  f i n e  
o f  d i s l o c a t i o n  loops (IO t o  
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3.1.4.3 Swel l i na  and Cavitv E v o l u t i o n  

pera tu res  o f  300 and 4OO0C. 
a t  4OO0C t o  around 10 dpa are shown i n  F ig.  3.1.1. 
observed i n  b o t h  PCAs. 
t i o n  produced he l ium i s  conta ined i n  those c a v i t i e s  (Table 3.1.3). 
most l i k e l y  he l ium bubbles. 

10 dpa, they do n o t  apprec iab ly  coarsen or conver t  t o  vo ids w i t h  increased f l uence  t o  34 dpa i n  HFIR a t  
e i t h e r  temperature (Table  3.1.3). 
which were i r r a d i a t e d  i n  HFIR t o  34 dpa a t  4OO0C. 
h igh  concen t ra t ions  (-3.2 x lo2' m-a) i n  b o t h  SA and CW PCAs. 
the c a v i t y  m i c r o s t r u c t u r e .  

A prominent fea tu re  o f  these data are t h e  low values o f  s w e l l i n g  a t  lower  f l uences  i n  HFIR f o r  tem- 
Examples o f  t h e  c a v i t y  m i c r o s t r u c t u r e  i n  JPCA and U.S.-PCA i r r a d i a t e d  i n  HFIR 

The values of he l ium con ten t  show t h a t  a t  4OO0C, 60 t o  90% of t h e  t o t a l  transmuta- 
The c a v i t i e s  (1.8 nm i n  d iameter )  can c l e a r l y  be 

T h i s  suggests t h a t  these c a v i t i e s  a r e  

A l though h i g h  concen t ra t ions  of f i n e  c a v i t i e s  are formed a t  300 and 4 O O O C  f o r  lower  f luences o f  around 

F igure  3.1.2 shows t h e  c a v i t y  m ic ros t ruc tu res  of t h e  JPCA and U.S.-PCA 
F ine bubbles (-3 nm i n  diameter)  a r e  s t i l l  observed i n  

F igu re  3.1.3 shows t h e  s i z e  d i s t r i b u t i o n s  Of 

Table 3.1.2. Thermomechanical Pret reatments  

Des ignat ion A l l o y s  Treatment 

JPCA( 1) SA f o r  90 min Q 1090OC PSI 
PS2 JPCA92) SA f o r  60 min Q llOO°C 
PS3 JPCA92) SA + 20% CW 

PCA-ED U.S.-PCA SA fo r  15 min Q 1175OC 
PCA-ED U.S.-PCA SA f o r  30 min Q llOO°C 

+ 25% cw 

Table 3.1.3. D i s l o c a t i o n  loop  and c a v i t y  m i c r o s t r u c t u r a l  da ta  f o r  PCAs i r r a d i a t e d  i n  HFIR 

I r r a d i a t i o n  Conditions Loop Oat. C lv l ty  Data 
D ~ ~ I ~ ~ ~ -  AllDy neat I m r r l o n  

t i o n  treatment temper- damage hc l lun  concen- c0"Cc"- Oenrlty 
ature (dpa) Content diameter t r a t l o n  diameter t r a t l o n  Helium rWell ln$ (X) 
(OC)  f a t .  aom) lnm)  l m - ' )  lnm)  (m*') Friction. (%) 

2" a"" .".- DD" .".= - _ _ .  " .." _.I " I" 

SA 340 10.2 550 10.4 9.0 x 10" 1.2 1.9 I 10.' 0.15 
SA 300 33.6 2471 11.5 4.7 x 10'. 2.9 1.9 I 10" 0.53 

10.6 9.8 x 10" 2.6 2.3 x 10'' 0.48 
IO0 33.7 2527 10.8 4.7 x 10'' 2.7 2.3 I 10" 0.53 

;;;y 
4 2 )  
A(2) 2oX N 300 33.6 2471 
.-PCA 25% CY I 

PCA-ED d U.S ""* .. *"" ." = 1 n 9 , " ( " l a  n I, 0.01 ----- 
as1 
PS2 JPC 
PC3 JPC 
PCA-EC U.8 

JPC 0.01 ----- 
0.23 0.1) 
0.21 0.16 
0.24 ---- 

PCA-ED U.8 
PS I  JPC 
PS2 JPC 
PC3 JPC 
m - c r  I I  % 

0.07 ---- . . ~  
0.08 ---- 
0.25 0.40 0.25 0.29 
0.29 0.32 . .. . _ _  . . . 

.Ratlo of helium content contrlned Inside the c a v l t l e s  t o  t h a t  produced I n  the specimen f m m  t n n m u t a t l o n ,  isrmlng cqul l ibr lun  bubbler. 

bSuel l lnp calculated from cav l ty  volume fraction. 
whlch W C P ~  calculated from a modlfled Van der Waal ' l  e w a t l o n .  
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Fig.  3.1.1. C a v i t y  microst ruc ture  of  Japan and U.S .  SA-PCA i r r a d i a t e d  i n  HFIR a t  4OOOC t o  10 dpa 
( a )  JPCA(1) QSl; (6) U.S.-PCA ED. 

F i g .  3.1.2. C a v i t y  microst ruc ture  of Japan and U.S.-PCA i r r a d i a t e d  I n  HFIR a t  40OoC t o  30 dpa 
(a) JPCA(2) SA; (6) JPCA(2) 20% CW; ( c )  U.S.-PCA 25% CW. 
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Table 3.1.4. P r e c i p i t a t e  m i c r o s t r u c t u r a l  data f o r  PCAs i r r a d i a t e d  i n  HFIR 

I r r a d i a t i o n  Condi t ions P r e c i o i t a t i o n  Data 

PCA-ED U.S.-PCA SA 300 10.5 580 no p r e c i p i t a t e  
us JPCAI 1) SA 340 10.2 550 no a r e d a f t a t e  r - - . r .  ---- ~ . .  ~~ 

PSZ JPCA(2j SA 300 33.6 2471 3 .1  1.9 x l oz '  
PC3 JPCA(2) 20% CW 300 33.6 2471 3.1 2.4 x IOzz 
PCA-EC U . S . :PCA 25% CW 300 33.7 2527 4.9 2.1 x 102' 

PCA-ED U.S.-PCA SA 400 10.5 580 3.5 1.9 x 1022 
PSI  JPCA( 1) SA 400 10.0 530 3.5 1.4 x lozz 
PS2 JPCA(2) SA 400 34.0 2501 4.7 1.4 x l o z z  
PC3 JPCA(2) 20% CW 400 34.0 2501 5.6 1.5 x l o z z  
PCA-EC U.S.-PCA 25% CW 400 34.1 2558 6.7 1.7 x loz' 

I- 

Fig .  3.1.5. P r e c i p i t a t e  m i c r o s t r u c t u r e  of Japan and U.S.-PCA i r r a d i a t e d  i n  HFIR a t  4OO0C t o  34 dpa. 
(a) JPCA(2) SA; (b) JPCA(2) 20% CW; (c) U.S.-PCA 25% CW. 

The composi t iona l  a n a l y s i s  o f  t h e  p r e c i p i t a t e s  i s  s t i l l  i n  progress, b u t  p r e l i m i n a r y  a n a l y s i s  o f  t h e  

(40-31)Ti-( 16-29)Cr(23-14)Mo-(6.5-7.9)Fe-(2-9 Ni)-( 2.3-1.8 Mn)-( 1 .@4.3)Si-(O.5-1.4)P- 
p r e c i p i t a t e s ,  which were e x t r a c t e d  on carbon f i l m s ,  shows t h e  average composit ion of t h e  p r e c i p i t a t e  was 

( i n  w t  X): 
(0.3-1.3)V-(O.O.O2)Al [ t h e  f i r s t  number and t h e  second number i n  t h e  parantheses correspond t o  300 and 
400°C i r r a d i a t i o n ,  r e s p e c t i v e l y ] .  These composi t iona l  r e s u l t s  i n d i c a t e  a t i t a n i u m- r i c h  MC phase, b u t  w i t h  
apprec iab le  enr ichment o f  chromium and molybdenum as w e l l .  
and t h e  contents  o f  T i ,  P, and Mo are lower than those o f  t h e r m a l l y  produced MC p r e c i p i t a t e s  w i t h o u t  i r r a -  
d i a t i o n ,  which was: 50Ti-9.4Cr34Mo-0.7Fe-O.02Ni-0.3Mn-3.5Si-2.8P0.09V-0.OOAl. 

The contents  of N i ,  C r ,  Mn, Fe, and V a r e  h igher  

3.1.5 Discussion 

The data presented on t h e  m i c r o s t r u c t u r a l  e v o l u t i o n  o f  d i s l o c a t i o n  s t r u c t u r e ,  c a v i t y ,  and enhanced 
thermal p r e c i p i t a t i o n  show t h a t  t h e  JPCA and U.S.-PCA respond s i m i l a r l y  t o  HFIR i r r a d i a t i o n ,  d e s p i t e  d i f -  
ferences i n  minor  element composi t ion (P,B) between t h e  two s tee ls .  These data a r e  i n  good agreement w i t h  
prev ious data on U.S.-PCA.' The bas ic  d i f fe rence  between t h i s  and prev ious work i s  t h e  observa t ion  o f  t h e  
h i g h  concen t ra t ion  o f  f i n e  he l ium bubbles ( c a v i t i e s  whose growth i s  gas d r i v e n )  i n  b o t h  PCAs a t  damage 
l e v e l s  as low as 10 dpa and temperatures of 300 and 4OOOC. 
bubbles form even a t  e a r l y  stages of HFIR i r r a d i a t i o n  a t  b o t h  300 and 4OOOC. 
bubbles cou ld  become dominant s inks  and reduce vacancy supersaturat ions,  because t h e  s i n k  s t r e n g t h  o f  t h e  
bubbles i n  t h e  m a t e r i a l s  i s  c a l c u l a t e d  t o  be much h i g h e r  than t h a t  of t h e  d i s l o c a t i o n  s t r u c t u r e .  

It has now been shown t h a t  very  f i n e  he l ium 
The h i g h  concen t ra t ion  of 

A c t u a l l y ,  
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s w e l l i n g  i s  low and vo ids  ( c a v i t i e s  whose growth i s  b i a s  d r i v e n )  d i d  n o t  form, even a f t e r  34 dpa HFIR i r r a -  
d i a t i o n .  
bubble nuc leat lon,  s u f f i c i e n t  t o  make them t h e  dominant s i n k s  i n  t h e  m a t r i x ,  would suppress the  conversion 
o f  bubbles t o  vo ids .  

defects  and so lu te  atoms t o  more s i t e s .  
reduc t ion  o r  absence o f  R I S S  should then favor the  format ion o f  thermal r a t h e r  than rad ia t i on- induced  pre-  
c i p i t a t e  
HFIR i r r a d i a t i o n .  Thermal d i f f u s i o n  may no t  be s u f f i c i e n t l y  enhanced a t  3OO0C t o  form p r e c i p i t a t i o n  a t  10 
dpa damage l e v e l s ,  b u t  by 34 dpa concen t ra t i on  bu i l dups  a re  s u f f i c i e n t  t o  a l l o w  the  format ion o f  h igh  
concent ra t ions o f  f i n e  MC. The MC phase p a r t i c l e s ,  which p robab ly  uuc leated on a f i n e  sca le  on the  d i s l o -  
c a t i o n  s t r u c t u r e  ( i . e . ,  cold-worked d i s l o c a t i o n  l i n e  and/or d i s l o c a t i o n  loops)  du r ing  HFIR i r r a d i a t i o n ,  a re  
a l s o  s inks f o r  p o i n t  defects ,  i n  a d d i t i o n  t o  the  bubbles.  Moreover, t h e  data  show t h a t  t h e  MC phase remains 
s tab le  and does no t  grow o r  coarsen apprec iab ly  f o r  up t o  34 dpa i r r a d i a t i o n  a t  e i t h e r  300 o r  4OOOC. 
A s  a r e s u l t ,  MC p a r t i c l e s ,  and t h e  several  f i n e  bubbles assoc ia ted w i t h  each p a r t i c l e s ,  bo th  remain s m a l l .  
The converslon from a s u b c r i t l c a l  he l ium bubble t o  a r a p i d l y  growing v o l d  i s  then a l s o  delayed because t h e  
p r e c i p i t a t e- m a t r i x  i n t e r f a c e  does n o t  e x e r t  a s t rong  p o l n t  d e f e c t  c o l l e c t o r  e f f e c t  and because bubbles and 
p r e c i p i t a t e s  a c t i n g  toge the r  as t h e  domlnant s inks  make t h e  c r i t i c a l  bubble s i z e  very  l a rge . "  
cesses extend the  t r a n s i e n t  s w e l l i n g  reglme t o  h ighe r  f luence.  
HFIR- i r rad ia ted SA-PCAs compared t o  SA 316 cou ld  a l s o  be exp la ined  by s i m i l a r  mechanlsms. 
c i p i t a t i o n  o f  t h e r m a l l y  s t a b l e  MC i s  a key f a c t o r  f o r  t h e  ex tens ion o f  t h e  t r a n s i e n t  regime ( o r  t i m e  d u r i n g  
which bubbles conver t  t o  v o i d s ) .  
however, remains the  sub jec t  o f  f u t u r e  experiments. 

Other phases which cou ld  c o n t a i n  t i t a n i u m ,  such as G-phase o r  Fe,P, d i d  n o t  develop a t  300 t o  400'C. 
The composi t ional  i n f o r m a t i o n  on t h e  MC phase produced d u r i n g  HFIR i r r a d i a t i o n  shows t h a t  i t  con ta ins  more 
chromium as the  i r r a d i a t i o n  temperature and/or damage l e v e l  becomes h igher ,  r e l a t i v e  t o  the  composi t ion o f  
t he  thermal MC phase. 
Therefore,  t h i s  composi t ion e v o l u t i o n  of t h e  MC does no t  appear t o  be a consequence o f  RISS. 
suggests t h a t  t he  MC w i l l  be s t a b l e  o r  no t  c a t a s t r o p h i c a l l y  d i s s o l v e  d u r i n g  i r r a d i a t i o n  u n t i l  RISS begins t o  
develop a t  t h i s  temperature.  

3.1.6 Summarv 

These data  c o n f i r m  t h e  theo ry  o f  S t o l l e r  and 0 d e t t e . l  which i n d i c a t e s  t h a t  t h e  increased e a r l y  

The h igh  concen t ra t i on  o f  he l i um bubbles a l s o  reduces long- range d i f f u s i o n  by p a r t i t i o n i n g  p o i n t  
Th is  should reduce rad ia t i on- induced  so lu te  segregat ion ( R I S S ) .  The 

Therefore,  t h e  enhanced p r e c i p i t a t i o n  o f  MC i s  reasonable du r ing  t h e  e a r l y  stages of 

These pro-  

The enhanced pre-  
The lower  s w e l l i n g  behav ior  of 

The s t a b i l i t y  o f  MC phase a t  h ighe r  f luences a t  these temperatures,  

Chromium desegregates v i a  the  va r ious  R I S S  processes du r ing  i r r a d i a t i o n . ' , '  
Th i s  a t  l e a s t  

M i c r o s t r u c t u r a l  developments were determined on so lu t ion- annealed and cold-worked JPCA and U.S. -PCA 
i r r a d i a t e d  i n  HFIR a t  temperatures o f  aprox imate ly  300, 340, and 4OO0C. I r r a d i a t i o n  produced damage l e v e l s  
o f  about 10 and 34 dpa and he l ium concen t ra t i ons  of around 580 and 2500 a t .  ppm, r e s p e c t i v e l y .  
f o l l o w i n g  summarizes t h e  r e s u l t s  and conc lus ions:  

p o s i t i o n a l  d i f f e r e n c e s  between t h e  two m a t e r i a l s .  

concent ra t ions o f  f i n e  he l ium bubbles do develop and appear t o  serve as dominant s inks t o  reduce vacancy 
supersatura t ions d u r i n g  the  i r r a d i a t i o n .  
e i t h e r  i r r a d i a t i o n  temperature.  

mal MC phase d u r i n g  HFIR i r r a d i a t i o n  i n  bo th  t h e  PCAs. 

t e s  t o  t h e  delayed conversion o f  he l ium bubbles t o  vo ids .  
h i g h e r  f l  uence. 

The 

(1) The i r r a d i a t i o n  responses o f  JPCA and U.S.-PCA were s i m i l a r  i n  the  HFIR, desp i te  minor com- 

(2 )  Both m a t e r i a l s  showed smal l  amounts o f  s w e l l i n g  a t  300 and 40OoC a t  damage l e v e l s  o f  10 dpa. 

Swe l l i ng  remained low and vo ids  d i d  n o t  develop a t  34 dpa a t  

High 

( 3 )  

(4) 

High concen t ra t i on  o f  he l ium bubbles appear t o  d i l u t e  RISS t o  a l l o w  enhanced format ion o f  t he  t h e r -  

Mutual S t a b i l i t y  o f  t h e  MC p a r t i c l e s  and assoc ia ted f i n e  bubbles d u r i n g  HFIR i r r a d i a t i o n  c o n t r i b u-  
T h i s  extends t h e  t r a n s i e n t  regime o f  s w e l l i n g  t o  

(5) The s t a b i l i t y  of t h e  MC phase I s  c o n s i s t e n t  w i t h  compos i t iona l  changes t h a t  show no i n f l u e n c e  o f  
R I S S ,  and i s  expected t o  p e r s i s t  w i t h  f l uence  as l ong  as RISS does n o t  develop. 

These data  suggest use fu l  f u s i o n  a p p l i c a t i o n  o f  so lu t lon-annealed PCA as w e l l  as cold-worked PCA a t  300 
No ca tas t roph ic  change i n  t h e  f i n e  MC and bubble m i c r o s t r u c t u r e s  i s  a n t i c i p a t e d  a t  somewhat t o  400OC. 

h i g h e r  l e v e l s  of i r r a d i a t i o n  damage f o r  f u s i o n  a p p l i c a t i o n .  However, f u r t h e r  r e s u l t s  on bubble suppression 
o f  v o l d  format ion and d i l u t i o n  o f  R I S S  i n  bo th  PCAs a t  lower  He:dpa r a t i o s  a re  s t i l l  necessary t o  prove t h e  
l ong  l i f e t i m e  a p p l l c a t i o n  o f  these PCAs i n  t h i s  temperature range. 
ORR s p e c t r a l l y  t a i l o r e d  exper iments now i n  progress.  
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3.2 THE TENSILE PROPERTIES OF SOLUTION-ANNEALED (SA)  JPCA IRRADIATED I N  HFIR - M. P. Tanaka and S .  Hamada 
(Japan Atomic Research I n s t i t u t e ,  assigned t o  ORNL), and P. J. Maziasz and M. L. Grossbeck (Oak Ridge 
Na t i ona l  Labora tory)  

3.2.1 ADIP Task 

A D I P  Task I .B.13, Tens i l e  P rope r t i es  o f  A u s t e n i t i c  A l l o y s  

3.2.2 Ob jec t i ve  

temperature range 300 t o  5OOOC and t o  compare them w i t h  t h e  p r o p e r t i e s  o f  s i m i l a r l y  i r r a d i a t e d  SA-U.S.JPCA 
as a p a r t  o f  t h e  U.S.-Japan c o l l a b o r a t i v e  program.' 

3.2.3 

The o b j e c t  o f  t h i s  research i s  t o  determine t h e  t e n s i l e  p r o p e r t i e s  of HF IR- i r rad ia ted  SA-JPCA i n  the  

The t e n s i l e  p r o p e r t i e s  of HFIR i r r a d i a t e d  SA-JPCA were determined from 300 t o  500°C. Comparison w i t h  
m i c r o s t r u c t u r a l  observat ions shows t h a t  t h e  major  source o f  hardening a t  300 and 400OC i s  a h i g h  con- 
c e n t r a t i o n  of c a v i t i e s ;  MC- prec ip i ta te  which formed d u r i n g  HFIR i r r a d i a t i o n  i s  an a d d i t i o n a l  source f o r  
hardening a t  4OOOC. To ta l  e longa t i on  of t he  JPCA remains above 6% i n  a l l  tes t- temperature  ranges. 

a t  16 t o  28 dpa damage l e v e l s .  

3.2.4 Progress and Sta tus  

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

T h i s  data  shows the  use fu l  a p p l i c a t i o n  o f  so lu t ion- annealed JPCA i n  t h e  temperature range 300 t o  5OO0C 

Tens i l e  t e s t s  i n  t h e  temperature range 300 t o  5OO0C have been run on the  so lu t ion- annealed (SA)- JPCA 
M ic ros t ruc tu res ,  repo r ted  i n  another  sec t ion ,  a re  a l l o y s  a f t e r  HFIR i r r a d i a t i o n  i n  JP-1 and -3 capsules.  

compared w i t h  t h e  t e n s i l e  data.  

3.2.6 Exoer imental  Procedure 

The compos i t ion  o f  JPCA i s  ( w t  %): C ,  0.06; 
S i ,  0.50; Mn, 1.77; P ,  0.027; S ,  0.005; N i ,  15.60; 
C r ,  14.22; No, 2.28; T i ,  0.24; 6,  0.0031; N, 0,0039; 
Fe balance. Sheets o f  7 .5  mm-thick m a t e r i a l  were 
annealed a t  l l O O ° C  i n  a i r  f o r  1 h. A f t e r  a sur face 
l a y e r  (1 mm) was ground o f f  each surface, t h e  sheets 
were reduced t o  t h e  app rop r ia te  th i ckness  by a l t e r -  
nate  c o l d  r o l l i n g  and vacuum anneal ing .  
f i n a l  s o l u t i o n  anneal o f  1 h a t  l l O O ° C  t o  o b t a i n  a 
g r a i n  s i z e  of ASTM No. 5 .5 ,  submin i- tens i l e  speci-  
mens were machined f r o m  t h e  shee ts .  Dimensions o f  
t h e  submin i- tens i l e  specimen a re  shown i n  F ig .  3.2.1. 
The gage s e c t i o n  i s  18.3 mm long w i t h  a c ross  sec- 
t i o n  o f  about 3.23 mm.l The specimens were t e s t e d  
i n  vacuum a t  t h e  nominal i r r a d i a t i o n  temperatures i n  
an I n s t r o n  t e n s i l e  t e s t i n g  machine f i t t e d  w i t h  a 
wire-wound r e s i s t a n c e  furnace. The crosshead speed 
was 0 . 5  m m h i n  ( s t r a i n  r a t e  = 4.2 x lO-'/s). 

capsules f o r  16 c y c l e s  t o  about 34,000 MWd. 
Table 3 .2 .1  shows t h e  f luence d i s t r i b u t i o n  a t  each 
specimen. lOOeU1 

A f t e r  a 

The specimens were i r r a d i a t e d  i n  JP-1 and -3 
o w 0  ~ DIMENSIONS IN mm 
loow, -mMEN*IaNSIN INUFS 

A f t e r  t h e  t e n s i l e  t e s t i n g ,  t h e  f r a c t u r e  sur- 
F i g .  3.2.1. HFIR submin i- tens i l e  specimen. faces were examined by scanning e l e c t r o n  microscopy 

(SEM) t o  c h a r a c t e r i z e  t h e  f r a c t u r e  mode. 

3.2.7 Resu l t s  and Discussions 

The r e s u l t s  o f  t e n s i l e  t e s t  a re  l i s t e d  i n  Table 3.2.1, and shown g r a p h i c a l l y  i n  F ig .  3.2.2. The 
u l t i m a t e  and y i e l d  s t reng th  (0.2% o f f s e t )  a re  shown i n  t h e  upper p o r t i o n  o f  t h e  f i gu re ,  w h i l e  t h e  un i fo rm 
and t o t a l  e longa t i on  are  shown i n  t h e  lower  p o r t i o n .  
w i l l  be l i s t e d  i n  a separate pape r . l  
same as those repo r ted  f o r  SA-USPCA.I 

The i r r a d i a t i o n  a t  300 and 400°C produced cons iderab le  hardening, whereas t h e r e  was l e s s  hardening 
a t  5OO0C. I r r a d i a t i o n  a l s o  caused cons iderab le  l o s s  of d u c t i l i t y  i n  a l l  o f  t h e  specimens i n  t h i s  tem- 
p e r a t u r e  range. 

The t e n s i l e  p r o p e r t i e s  of t h e  c o n t r o l  specimen 
The s t reng th  and d u c t i l i t y  values o f  c o n t r o l  m a t e r i a l  a re  n e a r l y  t he  

The t o t a l  e longat ion ,  however, remains above 6% i n  a l l  specimens a t  t h i s  i r r a d i a t i o n  l e v e l .  
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Table 3.2.1. Tens i l e  Data f o r  SA-JPCA from JP1 and JP3 HFIR Capsule 

Damage Condi t ions  
I r r a d i a t i o n  St rengths  (MPa) E longat ion  (%) 
temperature Displacement Hel ium 

("C) damage l e v e l  Y i e l d  U l t i m a t e  Uni form T o t a l  
Specimen c o n d i t i o n  

( d w )  ( a t .  ppm) 

16.0 1019 887 887 0.38 7.9 

26.9 1925 650 732 4.7 8 .2  
500 27.2 1950 636 721 6.9 8 .9  

TB-9 SA 300 
TB-2 SA 400 
TB-8 SA 400 
TB-1 SA 500 
TB-7 SA 

21.0 1520 878 888 0.38 6 .4  
22.2 1541 898 913 0.43 6.0 

sSpecimens were t e s t e d  a t  t h e  i r r a d i a t i o n  temperature.  
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Fig .  3.2.2. T e n s i l e  P r o p e r t i e s  of SA-JPCA as a Funct ion  o f  Temperature. 
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F igure  3 . 2 . 3  shows the  r e s u l t s  of fractography f o r  the  specimens t e s t e d  a t  300, 400, and 500OC. 
Each micrograph shows t h a t  the  f a i l u r e  mode i s  duct i le- dimple type a t  t h i s  damage l e v e l  i n  t h i s  temperature 
range. 
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7 7 MTCROCHFMICAL COMPOSITIONS OF PRECIPITATES IN JPCA IRRADIATED TO 34 dpa IN HFIR - M. P. Tanaka, 
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A l l o y  average 

Table 3.3.2. Phase composi t ion i n  JPCA a f t e r  HFIR I r r a d i a t i o n  a t  400'C t o  34 dpa 

Composit ion, w t  % 

(4 
PS2 MC 134 

MC 3 . 1  
M,,Cs 85 

3.5 7.44 2.94 17.30 0.00 16.20 43.62 3.94 2.45 2.00 4.05 
7.67 0.97 1.63 0.11 0.14 37.57 2.28 23.8 25.0 0.88 I MC 

M.C 52 

S i  P Mo A1 T i  C r  Mn Fe N i  V 

1.12 1.30 14.94 0.00 57.81 12.83 6.62 3.54 1.20 0.63 
4.01 2.38 15.74 0.08 13.23 40.89 16.22 3.52 1.02 2.91 
2.96 0.37 2.45 0.00 2 .41  50.80 6.88 29.36 4.13 1.24 

PA1 MC 200 0.13 0.27 7.90 0.00 88.22 1.23 0.03 1.38 0.45 0.38 
MC 28 7.81 1.27 16.70 0.00 46.21 15.47 2.32 4.87 4.00 1 . 3 6  
MC 1.27 1.10 16.82 0.00 35.27 30.82 1.53 6.87 4.27 1.88 
M,C 5;" 1 7.22 2.02 12.33 0.45 6.87 28.65 1.88 25.54 13.96 1.25 
M,,C. 54 0.90 0.78 7.40 0.00 1.60 59.91 2.75 21.96 3.12 1.58 
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3 .4  MODIFICATION OF THE G R A I N  BOUNDARY MICROSTRUCTURE OF THE AUSTENITIC PCA STAINLESS STEEL TO IMPROVE 
HELIUM EMBRITTLEMENT RESISTANCE - P .  J .  Maziasz and 0 .  N. B rask i  (Oak Ridge Nat iona l  Laboratory)  

3 . 4 . 1  A O I P  Task 

I.B.13 - Tens i l e  P r o p e r t i e s  o f  A u s t e n i t i c  A l l o y s ;  I . C . l  - M i c r o s t r u c t u r a l  S t a b i l i t y ;  and I .C .2  
M i c r o s t r u c t u r e  and Swe l l i ng  o f  A u s t e n i t i c  A l l o y s .  

3 .4 .2  Ob jec t i ves  

The o b j e c t i v e  i s  t o  determine t h e  e f f e c t  o f  d i f f e r e n t  i n i t i a l  m a t r i x  and g r a i n  boundary m ic ros t ruc-  
t u r a l  c o n d i t i o n s  on the  e f f e c t  o f  neut ron i r r a d i a t i o n  and high- hel ium generat ion  on t e n s i l e  p r o p e r t i e s  o f  
t h e  PCA over  the  temperature range 300 t o  6 O O 0 C .  

3 .4 .3  Summary 

G r a i n  boundary MC p r e c i p i t a t i o n  was produced by a mod i f i ed  thermal mechanical p re t reatment  i n  25% c o l d  
worked ( C W )  a u s t e n i t i c  prime cand idate  a l l o y  (PCA)  s t a i n l e s s  s tee l  p r i o r  t o  HFIR i r r a d i a t i o n .  
P o s t i r r a d i a t i o n  t e n s i l e  r e s u l t s  and f r a c t u r e  ana l ys i s  showed t h a t  t he  m o d i f i e d  m a t e r i a l  (83) r e s i s t e d  he l ium 
embr i t t l emen t  b e t t e r  than e i t h e r  s o l u t i o n  annealed (SA)  o r  25% CW PCA i r r a d i a t e d  a t  500 t o  600°C t o  -21 dpa 
and 1370 a t .  ppm He. PCA was n o t  e m b r i t t l e d  a t  300 t o  4OOOC. Gra in  boundary MC surv ives  i n  PCA-B3 d u r i n g  
HFIR i r r a d i a t i o n  a t  5 0 0 T  b u t  d i s s o l v e s  a t  600°C; i t  does n o t  form i n  e i t h e r  SA o r  25% CW PCA du r i ng  s i m i -  
l a r  i r r a d i a t i o n .  
o f  PCA-83. 

3.4.4 P r o w e s s  and Sta tus  

3 . 4 . 4 . 1  I n t r o d u c t i o n  

The g r a i n  boundary MC appears t o  p l a y  an impor tan t  r o l e  i n  t h e  embr i t t lement  res i s tance  

Recent a r t i c l e s  d iscuss c u r r e n t  work and prov ide perspect ive  on t h e  genera l  problem of he l ium 
embr i t t l emen t  i n  a u s t e n i t i c  s t a i n l e s s  s t e e l s . ‘ - 3  The problem i s  expected t o  be q u i t e  severe above 550 t o  
600°C a t  t h e  h igh  he l ium generat ion  r a t e s  t o  be found i n  a f u s i o n  r e a c t o r  f i r s t  w a l l .  However, a t  t e m-  
pe ra tu res  i n  t he  400 t o  600°C range, h igh  s w e l l i n g  i s  t he  most severe r a d i a t i o n  problem l i m i t i n g  l i f e t i m e .  
Hel ium embr i t t lement  imposes l i f e t i m e  l i m i t s  o n l y  when the  s tee l  i s  a l ready  r e s i s t a n t  t o  v o i d  swe l l i ng . ‘  

The PCA i s  a 14Cr-16Ni-2.5Mo-0.25Ti-0.4Si-0.05C ( a l l  i n  we ight  pe rcen t )  a u s t e n i t i c  s t a i n l e s s  s t e e l  
whose compos i t ion  was developed f o r  v o i d  s w e l l i n g  r e s i s t a n c e . l  
he l ium genera t i on  r a t e s ,  n e i t h e r  s w e l l i n g  no r  embr i t t lement  res i s tance  a re  indigenous p r o p e r t i e s  o f  an 
a l l o y .  I ns tead ,  b o t h  p r o p e r t i e s  depend on p r e - i r r a d i a t i o n  m i c r o s t r u c t u r a l  c o n d i t i o n .  A v a r i e t y  of p r e i r r a -  
d i a t i o n  m i c r o s t r u c t u r e s  o f  PCA have been eva luated a f t e r  H F I R  i r r a d i a t i ~ n . ” ~ ”  Swe l l i ng  res i s tance  was 
found t o  be optimum i n  h e a v i l y  (20-25%) c o l d  worked ma te r i a l . ’  M a t r i x  MC, e i t h e r  coarse o r  f i n e ,  i n t roduced  
v i a  thermal pre t reatments  d i sso l ves  a t  500 t o  60OOC. By c o n t r a s t ,  p reag ing t o  produce moderately coarse 
g r a i n  boundary MC was t h e  o n l y  method t o  improve embr i t t lement  res i s tance  i n  HF IR- i r rad ia ted  PCA.’ The for-  
m a t i o n  and s t a b i l i t y  o f  MC a re  v i t a l  t o  i r r a d i a t i o n  res i s tance  i n  s tee l s .  
general  understanding o f  phase s t a b i l i t y  i n  i r r a d i a t e d  s t e e l s  t h a t  has developed r e c e n t l y . “ ”  

optimum pre t reatments  f o r  s w e l l i n g  and embr i t t l emen t  res i s tance  toge the r .  
work i s  t o  eva luate  the  s w e l l i n g  and embr i t t l emen t  res i s tance  o f  a new, op t im ized  m i c r o s t r u c t u r a l  v a r i a n t  O f  

PCA, des ignated 83. 
800°C t o  produce medium-coarse g r a i n  boundary MC p r i o r  t o  25% c o l d  working ( C W ) .  Mechanical p r o p e r t i e s  were 
eva luated q u a n t i t a t i v e l y  by p o s t i r r a d i a t i o n  t e n s i l e  t e s t i n g  o f  l a r g e r ,  bar- type specimens. 

3.4.4.2 Exper imental  

However. f o r  f u s i o n  a p p l i c a t i o n  w i t h  h i a h  

MC behav ior  f i t s  i n t o  t h e  more 

Previous work showed embr i t t l emen t  res i s tance  q u a l i t a t i v e l y  v i a  disk- bend t e s t i n g ,  b u t  d i d  n o t  combine 
Therefore, t h e  o b j e c t i v e  of t h i s  

The 83 m i c r o s t r u c t u r e  was produced by aging s o l u t i o n  annealed (SA) m a t e r i a l  f o r  8 h a t  

The PCA was fab r i ca ted  i n t o  5-mm-diam r o d  s tock  i n  e i t h e r  t he  25% CW (A3), t he  83, o r  t he  50% CW con- 
d i t i o n .  
Standard HFIR “sub-mini“ but tonhead t e n s i l e  specimens (gage lengths  - 18.3 mm, gage diam - 2 mm) were 
machined from t h e  r o d  s tock .  
( A I )  m i c r o s t r u c t u r e .  

Specimens were i r r a d i a t e d  i n  exper iments HFIR-CTR-42 and -43. 
gas gaps t h a t  kept  i r r a d i a t i o n  temperatures un i fo rm over t h e  shoulder and gage reg ions of t he  specimens. 

I r r a d i a t i o n  temperatures o f  300, 400, 500, and 600°C were ca l cu la ted ,  based on recent  temperature 
measurements from s i m i l a r  gas-gap exper iments. ’  
t o  16.6 dpa and 1060 t o  1371 a t .  ppm He, based on dosimetry and c a l c u l a t i o n s  by Greenwood.“ 

The i r r a d i a t e d  specimens were t e n s i l e  t e s t e d  on an i n - c e l l  i n s t r o n  u n i v e r s a l  t e s t i n g  machine a t  t h e  
i r r a d i a t i o n  temperature us ing  a s t r a i n  r a t e  o f  0 . 5 1  mm/min. 
500, and 600°C, w h i l e  aged PCA-A3 and 83 specimens (5000 h a t  6OOOC) were a l s o  t e s t e d  a t  600OC. 

Transmission e l e c t r o n  microscopy (TEM) d i s k s  were s l i c e d  f rom t h e  shoulders o f  several  t e s t e d  HFIR spe- 
cimens and th inned  v i a  a remote TENUPOL u n i t  and examined us ing  a JEM ZOOOFX a n a l y t i c a l  e l e c t r o n  microscope 
(AEM) .  

The 83 m a t e r i a l  was s o l u t i o n  annealed f o r  30 min a t  l l O O ° C  p r i o r  t o  ag ing and then 25% CW. 

The 50% CW specimens were then annealed f o r  30 min a t  l l O O ° C  t o  produce t h e  SA 

E levated temperatures were achieved v i a  

Specimens were i r r a d i a t e d  t o  neutron f luences produc ing 10 .8  

U n i r r a d i a t e d  c o n t r o l s  were a l so  t e s t e d  a t  300, 

Fractography was performed on a remote, mod i f i ed  AMRAY 12008 scanning e l e c t r o n  microscope (SEM).  
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3.4.4.3 Results 

Tens i l e  p r o p e r t i e s  

H F I R  i r r a d i a t i o n  a t  300 and 4OO0C produced cons iderab le  hardening, whereas t h e r e  was l e s s  hardening a t  
5OO0C, and l i t t l e  o r  none a t  600°C. 
Table 3 .4 .1  and shown w i t h  u n i r r a d i a t e d  c o n t r o l  da ta  i n  F ig .  3.4.1.  
l i s t e d  
d u r i n g  i r r a d i a t i o n ,  
PCA-A3 was s l i g h t l y  s t ronge r  than the  o thers .  
600°C. 
t e n s i l e  s t reng th  ( Y S  and UTS, r e s p e c t i v e l y )  a t  300 and 4OOOC. 
PCA-A3 and -83 a t  500 and 600°C, b u t  they remained n e a r l y  equal f o r  PCA-AI. 

Tens i l e  p r o p e r t i e s  f o r  HF IR- i r rad ia ted  specimens are  l i s t e d  i n  
P r o p e r t i e s  on c o n t r o l  specimens are  

U n i r r a d i a t e d  PCA-B3 was the  s t ronges t  m a t e r i a l  a t  500 and 

The PCA- AI  was s o f t e s t  p r i o r  t o  i r r a d i a t i o n  and exper ienced the  most s t reng then ing  
The PCA-AI, -A3, and -83 a l l  approached s i m i l a r  s t r e n g t h  l e v e l s  du r i ng  i r r a d i a t i o n ,  b u t  

I r r a d i a t i o n  caused PCA-A1 and -A3 t o  have equal and h igh  (300-1000 MPa) values o f  y i e l d  and u l t i m a t e  
The YS and UTS became measurably d i f f e r e n t  i n  

Table 3.4.1. P o s t i r r a d i a t i o n  t e n s i l e  data  f o r  PCA I r r a d i a t e d  i n  HFIR 

Condi t ionsa S t r e n g t p  MPa E longat ion ,  % 
M a t e r i a l  I r r a d i a t i o n  
c o n d i t i o n  temperature Fluence Displacement Hel ium 

( x  l o z 6  n h ' )  damage l e v e l  Y i e l d  U l t i m a t e  Uni form To ta l  
( E  > 0 . 1  MeV) (dpa) ( a t .  ppm) 

( "C)  

- 
PCA-83 
PCA-A3 
PCA-A3 
PCA-A1 

PCA-B3 
PCA-A3 
PCA-A3 
PCA- A1 

PCA-A3 
PCA-A3 
PCA-A3 
PCA-A1 

PCA-A3 
PCA-A1 

~ 

600 
600 
600 
600 

500 
500 
500 
500 

400 
400 
400 
400 

300 
300 

2.46 
2.40 
2.40 
2.46 

2.40 
2.25 
2.25 
2.40 

1.97 
2.25 
1.97 
2.25 

1.97 
1.97 

20.8 
20.3 
20.3 
20.8 

20.3 
19.0 
19.0 
20.3 

16.6 
19.0 
16.6 
19.0 

1 6 . 6  
1 6 . 6  

1370 508 579 
1335 539 570 
1335 513 548 
1370 468 473 

1335 659 745 
1234 692 771 
1234 767 842 
i335 765 793 

1060 950 951 .~~~ 
1234 935 938 
1060 976 980 
1234 89 6 897 

1060 973 973 
1060 851 851 

3.2 3.8 
1.0  1.1 
1.2 1.7 
0.3 0 . 6  

5 . 3  8.6 
3 .4  6.2 
2 .0  3.9 
1 .4  3 . 3  

0 .2  4.4 
0 . 3  4 .1  
0 . 3  4.1 
0 . 1  5 . 5  

0 .2  5 . 3  
0 . 3  7.3 

BDisplacement damage and he l ium w e r e  c a l c u l a t e d  from dos imet ry  measurements made by Greenwood." 
bpec imens  were t e s t e d  a t  t h e  i r r a d i a t i o n  t e m p e r a t u r e .  

I r r a d i a t i o n  caused s i g n i f i c a n t  d u c t i l i t y  l o s s  i n  a l l  specimens except PCA-83, which a c t u a l l y  had b e t t e r  
d u c t i l i t y  a f t e r  i r r a d i a t i o n  a t  500T than u n i r r a d i a t e d  m a t e r i a l  (F ig .  3.4.1).  The PCA-A1, which had t h e  
h ighes t  d u c t i l i t y  among t h e  pre t reatment  v a r i a n t s  p r i o r  t o  i r r a d i a t i o n ,  had t h e  l o w e s t  d u c t i l i t y  a f t e r  i r r a -  
d i a t i o n .  
caused by i r r a d i a t i o n ,  f o r  comparison o f  PCA-A1 and -A3. 
and 600°C d e s p i t e  decreases i n  s t reng th  suggested embr i t t l emen t  i n  bo th  o f  these m a t e r i a l s .  
t i o n  (TE)  decreased monoton ica l ly  w i t h  temperature f o r  PCA-AI, from -7% a t  30OoC t o  0.6% a t  600°C. 
e longa t i on  (UE), however, was very  low (0.1-0.3%) a t  300 and 40OoC, and reached a maximum (1.4%) a t  500°C 
and then became low (0.3%) again a t  600'C. 
pe ra tu re ,  b u t  PCA-A1 was l e s s  d u c t i l e .  Decreased s t r e n g t h  and d u c t i l i t y  go ing f rom 500 t o  600°C i n d i c a t e d  
t h a t  bo th  PCA-A1 and -A3 were becoming b r i t t l e .  

I n  c o n t r a s t  t o  PCA-A1 o r  -A3, PCA-83 appeared t o  r e s i s t  embr i t t l emen t  a l t o g e t h e r  a t  5OOOC and t o  r e s i s t  
i t  somewhat b e t t e r  than t h e  o the rs  a t  60OOC. A t  5OO0C, UE was low p r i o r  t o  i r r a d i a t i o n ,  making i t s  increase 
du r ing  i r r a d i a t i o n  q u i t e  s i g n i f i c a n t .  A t  600°C, UTS decreased w h i l e  UE aga in  increased d u r i n g  i r r a d i a t i o n .  
Aging a t  600°C decreased the  UE o f  u n i r r a d i a t e d  PCA-A3, whereas aging increased i t  f o r  PCA-83. 
PCA-83 was a l s o  becoming b r i t t l e  a t  600°C, embr i t t lement  w a s  n o t  as severe as i n  PCA-A1 o r  -A3. 

SEM - f r a c t u r e  a n a l v s i s  

D u c t i l i t y  l o s s  a t  300 and 4OODC c o r r e l a t e d  reasonably w e l l  w i t h  t h e  general  increase i n  s t reng th  

To ta l  elonga- 
But  p r o g r e s s i v e l y  g r e a t e r  d u c t i l i t y  losses a t  500 

Uni form 

PCA-A1 and -A3 had p a r a l l e l  behav ior  o f  d u c t i l i t y  w i t h  tem- 

Although 

U n i r r a d i a t e d  c o n t r o l  specimens genera l l y  f r a c t u r e d  v i a  a d u c t i l e  d imple- type f a i l u r e  mode up t o  600°C, 
However, a f t e r  HFIR i r r a d i a t i o n  a t  600°C, f r a c t u r e  became i n t e r g r a n u l a r  t o  va ry ing  as conf i rmed f o r  PCA-A3. 



44 

I I 1 

t - i  

T E S T  AND/OR IRRAOI&TION T E M P E R & T U R E I T I  

F i g .  3.4.1. P l o t s  of y i e l d  and u l t i m a t e  t e n s i l e  s t r e s s  and un i fo rm and t o t a l  e longa t i on ,  respec- 
t i v e l y ,  f o r  PCA- AI  ( a d ) ,  PCA-A3 (6,e) and PCA-83 (c,f) as func t i ons  o f  t e s t  temperatures.  
specimens were t e s t e d  a t  t h e i r  i r r a d i a t i o n  temperatures.  
mens aged f o r  5000 h a t  6OOOC are  i nc luded  f o r  comparison from r e f .  12. 

degrees, depending upon a l l o y  pre t reatment .  
face a f t e r  i r r a d i a t i o n  a t  600°C, whereas PCA-83 showed a m i x t u r e  of d u c t i l e  t ransg ranu la r  and i n t e r g r a n u l a r  
f a i l u r e  modes. 
sec t i on  f o r  a l l  samples, b u t  v a r i e d  near t h e  ou te r  edge. As shown i n  F ig .  3.4.2, PCA-63 f a i l e d  i n  a d u c t i l e  
mode a t  t he  specimen edge, whereas i n  PCA-AI, f a i l u r e  was i n t e r g r a n u l a r  near t he  specimen surface. Desp i te  
low d u c t i l i t i e s  a f t e r  i r r a d i a t i o n  a t  4OODC, specimens were n o t  b r i t t l e  and f a i l e d  v i a  a d u c t i l e - d i m p l e  mode, 
s i m i l a r  t o  u n i r r a d i a t e d  m a t e r i a l .  

3 .4 .4 .4  TEM - M i c r o s t r u c t u r a l  Ana lys i s  

HFIR i r r a d i a t e d  
Data on u n i r r a d i a t e d  c o n t r o l  specimens and speci-  

PCA-A3 f a i l e d  i n t e r g r a n u l a r l y  across t h e  e n t i r e  f r a c t u r e  sur-  

A f t e r  i r r a d i a t i o n  a t  5OO0C, the  f a i l u r e  mode was d u c t i l e  shear i n  t he  middle o f  t h e  c ross  

The m ic ros t ruc tu re  was examined from t h e  shoulders o f  PCA-A1 and -83 t e n s i l e  specimens i r r a d i a t e d  a t  
500 and 600°C. Previous work showed t h a t  HFIR i r r a d i a t i o n  a t  300 and 40OOC t o  44 dpa produced s i m i l a r  
m ic ros t ruc tu res  o f  many Frank loops and f i n e  bubbles i n  PCA-AI, -A3, and o t h e r  pre t reatments .  However, 
m i c r o s t r u c t u r a l  e v o l u t i o n  v a r i e d  cons ide rab l y  w i t h  pre t reatment  a t  h i ghe r  temperatures.3" 

I n t r a g r a n u l a r l y .  PCA-83 had many f i n e  bubbles a t  500 and 600°C a f t e r  -20 dpa, w i t h  p o s s i b l y  a few vo ids  
a t  500OC. 
decreased. By comparison t o  PCA-83, A 1  had many coarse vo ids  toge the r  w i t h  fewer and coarser  bubbles a t  500 
and 600°C. The A 1  m a t e r i a l  a l s o  had more l a r g e  loops and l e s s  MC w i t h  t h e  a d d i t i o n a l  fo rmat ion o f  G and Y '  
phases. The PCA-83 m i c r o s t r u c t u r e s  were s i m i l a r  t o  those found p r e v i o u s l y  i n  HFIR i r r a d i a t i o n s  o f  PCA-A3 a t  
500 and 600°C t o  22 d ~ a . ~  

I n t e r g r a n u l a r l y ,  PCA-03 conta ined medium-coarse MC p r e c i p i t a t i o n  a f t e r  i r r a d i a t i o n  a t  5OOOC t o  -20 dpa, 
whereas PCA-A1 d i d  n o t  (F igs .  3 .4 .3  and 3.4.6).  
d i a t i o n  surv ived w e l l  a t  5OO0C,  b u t  n o t  a t  6OOOC. Some coarse g r a i n  boundary M6C(n) [and/or e i t h e r  
M,,C, ( T )  o r  GI p r e c i p i t a t e d  s p o r a d i c a l l y  a t  5 O O O C  i n  PCA-83, b u t  more f requen t l y  a t  600°C. 
p a r t i c l e s  were more abundant i n  PCA- AI  a t  500°C [see F ig .  3.4.3(a) and (b)]. Bubbles were l a r g e r  and more 
concent ra ted a t  t he  p r e c i p i t a t e- b a r e  g r a i n  boundaries i n  PCA-A1 than i n  PCA-83, p a r t i c u l a r l y  a t  5 0 0 Y  [see 
F i g .  3.4.4(c) and ( d ) ] .  Many o f  t h e  f i n e r  bubbles i n  PCA-83 were a t tached  t o  MC p a r t i c l e s  i n  t h e  boundary. 
A t  600°C, however, g r a i n  boundary reg ions  i n  PCA-83 t h a t  exper ienced MC d i s s o l u t i o n  were s i m i l a r  t o  those i n  
PCA-A1 . 
a r i e s  may have migra ted t o  sweep up he l ium bubbles and leave t r a i l s  o f  e longated p r e c i p i t a t e s  and vo ids  
behind. 

The amount o f  f i n e  MC increased w i t h  temperature, whereas d i s l o c a t i o n  and loop concen t ra t i ons  

The g r a i n  boundary MC produced i n  PCA-83 p r i o r  t o  i r r a -  

S i m i l a r  coarse 

F i n a l l y ,  we note t h a t  g r a i n  boundary reg ions were p o o r l y  def ined i n  PCA-A1 a t  500°C. The g r a i n  bound- 

Gra in  boundary reg ions  a re  b e t t e r  de f i ned  and apparen t l y  more s tab le  i n  PCA-83. 
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3.4.5 Discussion 

W i t h i n  t h i s  da ta  set ,  m i c r o s t r u c t u r e s  and p r o p e r t i e s  c o r r e l a t e  q u i t e  w e l l .  Loops appear t o  be t h e  
major source o f  m a t r i x  hardening, because temperature and p re t rea tmen t  e f f e c t s  on s t reng th  c o r r e l a t e d  w i th  
t h e i r  e f f e c t s  on Frank loop  fo rma t ion  and s t a b i l i t y .  A t  60O0C it appears t h a t  f i n e  MC p a r t i c l e s  and 
p o s s i b l y  bubbles p i n  t h e  network d i s l o c a t i o n s  t o  s t rengthen PCA-A3 and -83 r e l a t i v e  t o  - A I .  A t  g r a i n  bound- 
a r i e s ,  coarser  he l ium bubbles and l a c k  o f  p r e c i p i t a t i o n  c o n t r i b u t e  t o  embr i t t lement  a t  500 and 6OO0C of 
PCA-A1 and -A3. Conversely, MC and bubble  ref inement a t  g r a i n  boundaries c o n t r i b u t e  t o  embr i t t l emen t  
res i s tance  o f  PCA-B3. 

25% CW PCA was 100 t o  200 MPa h i g h e r  than f o r  20% CW 316 o r  316+Ti s t a i n l e s s  s tee ls ,  w h i l e  SA PCA was 200 t o  
300 MPa s t ronger  than t h e  same SA s t e e l s .  
tween 500 and 60OOC. 

The embr i t t lement  r e s i s t a n c e  o f  PCA-B3 a t  500 and 600°C was c o n s i s t e n t  wi th  q u a l i t a t i v e  disk-bend 
t e s t i n g  on two pre t reatment  v a r i a n t s  o f  PCA w i t h  s i m i l a r  g r a i n  boundary MC p r e c i p i t a t i o n . '  
r e s u l t s  were a l s o  q u a l i t a t i v e l y  c o n s i s t e n t  w i t h  t h e  present  r e s u l t s  on t h e  embr i t t lement  behav ior  o f  PCA-AI 
and -A3 a t  400 t o  60OOC. 

e f f e c t  o f  MC p a r t i c l e s  t r a p p i n g  he l i um and r e f i n i n g  t h e  bubble d i s t r i b u t i o n  a t  t h e i r  i n te r faces ,  (b) t h e  
e f f e c t s  o f  t he  MC p r e c i p i t a t i o n  on grain-boundary behavior,  and (c )  t h e  s t a b i l i t y  o f  t h e  MC p a r t i c l e s .  
t h e  f i r s t  aspect, if embr i t t l emen t  i s  r e l a t e d  t o  c r i t i c a l  bubble s i z e  a t  t h e  g r a i n  boundaries, ' l  then t h e  
b e n e f i t s  o f  MC t o  r e f i n e  and p i n  bubbles t o  h inde r  t h e i r  growth on coalescence a re  obvious. 
t h i r d  aspects a re  r e l a t e d .  The ove rs i zed  MC p a r t i c l e s  themselves may a l t e r  t he  s i n k  na tu re  of t h e  g r a i n  
boundary f o r  he l ium as w e l l  as preven t  boundary m ig ra t i on  and sweeping. 
t h e  MC becomes unstab le  due t o  segregat ion processes i n  t h e  m a t r i ~ . ~  
i d e n t i f y  MC s t a b i l i t y  d u r i n g  neut ron i r r a d i a t i o n  as a key i ssue ,  whereas our r e s u l t s  p rov ide  some i n f o r -  
mat ion on the  l i m i t s  o f  t h a t  s t a b i l i t y .  

t r a p p i n g  o f  f i n e  m a t r i x  MC p a r t i c l e s ,  based on he l ium i n j e c t i o n  and thermal creep data. 
because we asc r ibe  t h e  embr i t t l emen t  r e s i s t a n c e  t o  MC p a r t i c l e s  w i t h i n  g r a i n  boundaries. 
s ions o f  f i n e  m a t r i x  MC and bubbles form i n  PCA-A3 and -83 i n  HFIR, b u t  b e t t e r  embr i t t lement  res i s tance  
c o r r e l a t e s  with t h e  g r a i n  boundary MC p resen t  i n  PCA-B3. 
a r e  needed t o  t r u l y  eva luate  them a t  i n- r e a c t o r  creep c o n d i t i o n s  r e l e v a n t  t o  fusion. 

Comparison w i t h  p rev ious  HFIR d a t a  a t  l e s s  than 20 dpa'3-'s shows t h a t  a t  400 t o  6 0 0 T  t h e  YS of t h e  

However, SA and 25% CW PCA were l e s s  d u c t i l e ,  p a r t i c u l a r l y  be- 

Bend t e s t  

Gra in  boundary MC a f f e c t s  embr i t t l emen t  res i s tance  d u r i n g  neut ron i r r a d i a t i o n  i n  several  ways: (a) t h e  

For 

The second and 

However, a l l  b e n e f i t s  d isappear  i f  
Schroeder e t  a l . '  and Kestern ichZ 

F i n a l l y ,  Schroeder e t  a1 .' and Kes te rn i chZ  suggest t h a t  embr i t t l emen t  res i s tance  stems from t h e  he l ium 
Our work d i f f e r s  

S i m i l a r  d i spe r-  

Both mechanisms a re  v a l i d ,  and f u r t h e r  exper iments 

3.4.6 Conclusions 

PCA-AI and -A3 become very  s t rong  and l o s e  d u c t i l i t y  a f t e r  HFIR i r r a d i a t i o n  a t  300 and 400OC t o  -19 dpa 
and 1230 a t .  ppm He, b u t  do n o t  become b r i t t l e .  They do, however, become p r o g r e s s i v e l y  more e m b r i t t l e d  wi th  
i n c r e a s i n g  temperature a t  500 and 60OOC. 

PCA-B3 i s  more r e s i s t a n t  t o  embr i t t l emen t  than e i t h e r  PCA-A1 or -A3 a f t e r  HFIR i r r a d i a t i o n  a t  500 and 
6OO0C. A t  5OOoC, i r r a d i a t l o n  a c t u a l l y  improves t h e  d u c t i l i t y .  The embr i t t l emen t  r e s i s t a n c e  appears d i r e c t l y  
r e l a t e d  t o  t h e  e f f e c t s  and s t a b i l i t y  o f  g r a i n  boundary MC produced v i a  ag ing p r i o r  t o  i r r a d i a t i o n .  

3.4.7 P u b l i c a t i o n  

13-17, 1986, and w i l l  appear i n  t h e  Proceedings; t o  be pub l i shed  i n  t h e  Journal of Nuclear Materials. 

3.4.8 References 

T h i s  paper was presented as a c o n t r i b u t i o n  t o  t h e  ICFRM-2 meeting, h e l d  i n  Chicago, I l l i n o i s ,  A p r i l  

1. H. Schroeder, W. Kestern ich,  and H. Ullma... , ...."-. ~ , . ~  _... ,.d Deslgn/Fusion 2, (1985) 65-95. 

2. W. Kes te rn i ch ,  J .  Nucucl. Mater. 127, (1985) 153-60. 

3. P. J. Maziasz and 0. N. Brask i ,  J .  Nucl. Meter. 122 and 1: 

4.  P. J. Maziasz, J .  Nucl. Mater. 133 and 134, (1985) 134-40 

c " 1 Y __.___ r ..... , " .-.- ."" --A ."J ,rno.\ "-,l(_OL 

23, (1984) 305-10. 

Maziasz and T. K. R :he, J .  Nucl. Mater. 103 and 101 

a. r .  V .  ,1a',a>L) J .  ""El. "ace=. ILL *IIY &La, (L,O*) * I C  0 0 .  

6. P. J. lo< t, (1981) 797-802. 

7. P. J. Maziasz and 0. N. Brask i ,  J .  Nucl .  Mater. 122 and 123, (1984) 311-16. 

8. E. H. Lee, P. J. Maziasz, and A. F. Rowcl i f fe,  pp. 191-278 i n  Conf. Proc. Phase Stability Under 
Neutron Irradiation, TMS-AIME, 1981. 



48 

9. M. L Grossbeck, J. W. Woods, and G. A. Po t te r ,  pp.36-44 i n  ADIP Quart. Prog. Rept., WE/ER-0045/4 
(1980) O f - i c e  of Fusion Energy, U.S. Department o f  Energy. 

10. L. R. Greenwood, pp. 13-17 i n  ADIP Semiannu. Prog. Rept., WE/ER-0045/13 (1984) O f f i c e  o f  Fusion 
Energy, U. S. Department o f  Energy. 

11. 

12. 
o f  Fusion Energy, U.S. Department o f  Energy. 

13. 
Fusion Energy, U . S .  Department o f  Energy. 

14. 

15. R. L. Klueh and M. L. Grossbeck, pp. 768-782 i n  Effects of Radiation on Materials, melfth Inter. 
Symp.,  ASTM-STP-870, h e r .  SOC. f o r  Tes t i ng  and Mat ls . ,  Ph i l ade lph ia ,  PA, 1985. 

16. G. R. Odette,  1. Nucl. Mater. 122 and 123 (1984) 435-441. 

D. N. B rask i  and P. J. Maziasz, J. Nucl. Mater. 122 and 123 (1984) 338-342. 

0. N. B rask i  and P. J. Maziasz, pp. 61-63 i n  ADIP Semiannu. Prog. Rept., DOE/ER-0045/12 (1984) Of f ice  

M. L. Grossbeck and P. J. Maziasz, pp. 32-49 i n  ADIP Quart. Prog. Rept., 00E/ER-O058/3 (1978) O f f i c e  of 

M. L. Grossbeck and P. J. Maziasz, J .  Nucl. Mater. 103 and 104 (1981) 827-832. 





50 

25 

20 

I S  

10 

ORNLdJWG 861947 

* 

F i g .  3 .5 .1 .  C a v i t y  microst ruc ture  observed i n  (e) SA and (b) 20% CW type 316 s t a i n l e s s  s t e e l  a f t e r  
HFIR i r r a d i a t i o n  a t  300°C t o  about 10 dpa. The c a v i t y  s i z e  d i s t r i b u t i o n  i s  g iven on t h e  r i g h t  s ide .  
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Table  3.5.2. C a v i t y  da ta  for t y p e  316 s t a i n l e s s  s t e e l  i r r a d i a t e d  i n  HFIR 

I r r a d i a t i o n  Condi t ions Cav i t y  Data 

Disp lace-  Temper- Hel ium Average Number C a v i t y  
Specimen n e n t  a t u r e  Content Type Diameter Dens i t y  Vol une 

Damage ("C) ( a t .  ppm) (nm) ( cav i t i es /m3)  F r a c t i o n  
(dw)  (%) 

SA 33.6 300 2250 Bubble 2.7 3.0 x 1023 0.29 
20% CW 33.6 300 2250 Bubble 2.5 3.5 x lO*J 0.28 

SA 33.4 400 2250 Bubble (and 3.0 3.2 x 10" 0.46 

20% cw 33.4 400 2250 Bubble (and 2.7 4.6 x IO2' 0.48 
vo id )  

v o i d )  

F i g .  3.5.3. 
HFIR t o  about 30 dpa t o  about 2200 a t .  ppm He a t  i r r a d i a t i o n  temperature o f  300°C ( a )  and (b), 
and 4OO0C (c) and (d). 

Frank f a u l t e d  loops observed i n  SA and E% CW t ype  316 s t a i n l e s s  s t e e l  i r r a d i a t e d  i n  

r e s u l t s  f o r  t h e  d i s l o c a t i o n  loops a r e  g iven i n  Table 3.5.3. 
d e n s i t y  o f  Frank loops were l a r g e r  a t  400OC than a t  3OOOC. 
CW m a t e r i a l  a t  4OO0C, whereas t h e r e  was no d i f f e r e n c e  a t  300°C. 

observat ions o f  f r i n g e s  t h a t  suggest p r e c i p i t a t e s  i n  SA (F igs .  3.5.4 and 3.5.5) and 20% CW (F ig .  3.5.6) 
specimens i r r a d i a t e d  a t  40OOC w i t h i n  t h e  g r a i n s  o f  b o t h  m a t e r i a l s .  
a long t h e  g r a i n  boundaries.  
t h e  g vec to r ,  and t h e i r  i n t e r v a l  spacing would be c o n s i s t e n t  w i t h  t a u  (M2,Ce). 
w i l l  he lp  t o  analyze t h e  chemical compos i t ions o f  these p r e c i p i t a t e s  i n  t h e  f u t u r e .  
t a t e s  appear assoc ia ted w i t h  c a v i t i e s .  
t h e  soecimens i r r a d i a t e d  under these c o n d i t i o n s .  

I n  general ,  t h e  average d iameter  and t h e  number 
The loops were l a r g e r  i n  t h e  SA compared t o  20% 

Very few p r e c i p i t a t e s  were observed i n  specimens i r r a d i a t e d  a t  300°C. F igures 3.5.4 through 3.5.6 show 

Some p r e c i p i t a t e s  were a l s o  observed 
The Moi re  f r i n g e s  o f  these p r e c i p i t a t e s  are  pe rpend icu la r  t o  t h e  d i r e c t i o n  of 

Carbon e x t r a c t e d  r e p l i c a s  

Gamma pr ime (Ni ,S i  type) p r e c i p i t a t e s  were n o t  observed i n  any o f  
None o f  these p r e c i p i -  
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Table 3 . 5 . 3 .  
f o r  type 316 s t a i n l e s s  s t e e l  i r r a d i a t e d  i n  

HFIR t o  -33 dpa and 2250 a t .  ppm He 

Frank f a u l t e d  loop parameters 

Average Number 
Specimen Temperature diameter Densi ty  

("C)  (nm) (loops/m3) 

SA 300 10 .3  1.3  x 10" 
20% CW 300 10.4 1.5 x lozz 

SA 400 16.0 2 . 5  x IOD* 
20% CW 400 11.6 4 . 5  x lozz 
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Fig. 3.5.5. Large p r e c i p i t a t e s  k 
i r r a d i a t e d  i n  HFIR t o  about 30 dpa a t  
i n  t h e  p r e c i p i t a t e .  

t h  Moi re  f r i n g e s  observed i n  t h e  g r a i n  i n  SA t ype  316 s t a i n l e s s  s t e e l  
30OC. Note small f r i n g e s  observed (e) B r i g h t  f i e l d ;  (b) dark  f i e l d .  

1 1-c- 

1 
I id 

~ 

F ig .  3.5.6. P r e c i p i t a t e s  w i t h  MoirC f r i nges  observed i n  20% CW t y p e  316 s t a i n l e s s  s t e e l  i r r a d i a t e d  i n  
HFIR t o  about 30 dpa a t  400°C i n  t h e  g r a i n  (e) and (b), and a long t h e  g r a i n  boundary (c). 



Fig. 3.5.7. Cavity and dlslocation loop microstructure observed i n  the 20% CW (DO-heat) 316 irradiated 
in HFIR at 300 and 400°C to -33 dpa and -2250 at. ppm He. 

52928 

Fig. 3.5.8.  Fine precipitates observed in the 20% CW (DO-heat) 316 irradiated i n  HFIR at 300 and 
to -33 dpa and -2250 at. ppm He.  

40OoC 
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E. O u a l i t a t i v e  Comparison o f  20% CW 5316 and U.S. (DO-Heat) 316 Stee l  

A comparison o f  t h e  U.S. 20% CW (DO-heat) 316 s t e e l  w i t h  t h e  20% CW Japanese heat  o f  316 s t a i n l e s s  
s t e e l  i n d i c a t e s  q u a l i t a t i v e l y  s i m i l a r  c a v i t y  and d i s l o c a t i o n  e v o l u t i o n s  i n  HFIR a t  300 and 4OO0C t o  -33 t o  
34 dpa and -2250 a t .  ppm He. C a v i t y  and l oop  m i c r o s t r u c t u r e s  a t  300 and 40OoC can be seen f o r  t h e  2oX, CW 
( W h e a t )  316 i n  F ig .  3.5.7 [ c f .  F igs .  3.5. l (b) ,  3.5.2(b), F ig .  3.5.3(b) and 3.5.3(d)]. The micrographs 
suggest t h a t  a s l i g h t l y  h ighe r  concen t ra t i on  of f i n e  c a v i t i e s  e x i s t s  i n  t h e  Japanese 316 a t  4OO0C, b u t  t h e  
U.S. Loop s i zes  appear s i m i l a r  between U.S. and Japanese 316s a t  bo th  
temperatures, b u t  aga in  i t  appears t h a t  t h e r e  a re  l e s s  l oops  i n  t h e  U.S. s t e e l  a t  4OOOC. 

abundant f i n e  p r e c i p i t a t i o n  was observed v i a  d a r k - f i e l d  imaging i n  t h e  20% CW (DO-heat) 316 a t  b o t h  tem- 
peratures ,  as shown i n  F ig .  3.5.8. P r e l i m i n a r y  d i f f r a c t i o n  d a t a  do n o t  suggest M21CL, b u t  c o u l d  be con- 
s i s t e n t  w i t h  p o s s i b l y  G-phase, M6C,  o r  a vanadium- rich MC (HFIR i r r a d i a t i o n  produces vanadium v i a  
t ransmutat ions i n  a l l  o f  these s tee l s ) .  
t a t i o n  r e l a t i o n s h i p  between m a t r i x  and p r e c i p i t a t e  planes, wh ich would be c o n s i s t e n t  w i t h  ve ry  few d isp lace-  
ment or r o t a t i o n a l  Moi re  f r i n g e s  observed i n  t h e  b r i g h t  f i e l d .  Such p r e c i p i t a t i o n  has n o t  y e t  been observed 
i n  t h e  Japanese s t e e l ,  b u t  f u r t h e r  work i s  needed. 

r e s u l t s  remain t o  be quan t i f i ed .  

L i k e  t h e  Japanese s t e e l ,  t h e  (DO-heat) 316 shows no evidence o f  I' a t  e i t h e r  300 or 400'C. However, 

D i f f r a c t i o n  r e s u l t s  do n o t  i n d i c a t e  any s imple or standard o r i en-  

C. D iscuss ion 

From t h e  s tandpo in t  o f  t h e o r e t i c a l  work on c a v i t y  evolution," ' i t  appears t h a t  most o f  t h e  samples 
observed here have cavi ty- sink- dominated m ic ros t ruc tu res ,  wh ich makes t h e  c r i t i c a l  c a v i t y  s i z e  l a r g e  and 
conversion o f  bubbles t o  vo ids  d i f f i c u l t .  
be ing  s u p e r c r i t i c a l  i n  s i ze .  
c a v i t y  s i z e  i n  HFIR a t  6OO0C a f t e r  -10 dpa t h a t  i s  c o n s i s t e n t  w i t h  t h a t  observed here a t  400'C. 

i n  HFIR a t  425 t o  45OOC a f t e r  9 t o  14 dpa, b u t  n o t  a t  lower   temperature^.^"^ 
316 da ta  i n d i c a t e s  t h a t  1' i s  n o t  observed a t  f luences l e s s  than -30 dpa or a t  temperatures below 400°C. 
Gamma pr ime i s  n o t  observed i n  20% CW ( N- l o t )  316 even a f t e r  44 dpa a t  4OO0C i n  HFIR. 
absence of 1' fo rmat ion i s  t h e r e f o r e  c o n s i s t e n t  w i t h  t h e  d a t a  i n  the l i t e r a t u r e .  However, t h e  format ion of 
f i n e  p r e c i p i t a t i o n  a t  300 and 4OO0C appears unusual compared t o  repo r ted  r e s u l t s  f o r  t y p e  316 s t a i n l e s s  
s t e e l  i r r a d i a t e d  i n  e i t h e r  EBR-I1 o r  HFIR. 

3.5.5 Conclusions 

Only a t  400OC do t h e  c a v i t y  m ic ros t ruc tu res  h i n t  a t  some c a v i t i e s  
Data on 20% CW (N- lo t )  316 r e p o r t e d  by Maziasz and Brask i '  i n d i c a t e  a c r i t i c a l  

Wi th  regard  t o  p r e c i p i t a t i o n ,  I' has been observed i n  b o t h  SA and 20% CW (DO-heat) specimens i r r a d i a t e d  
A rev iew  by  Maziasz' of SA 

Our da ta  on t he  

1. Solut ion- annealed and 20% CW t y p e  316 s t a i n l e s s  s t e e l s  have been i r r a d i a t e d  up t o  30 dpa and 2250 

I n  t h e  40OoC i r r a d i a t i o n ' ,  t h e  c a v i t i e s  showed i n c i p i e n t  s p l i t t i n g  
a t .  ppm He a t  300 and 4 0 0 V  i n  HFIR. 
regard less  of p r e i r r a d i a t i o n  t reatment .  
of s izes  i n t o  a bimodal  d i s t r i b u t i o n .  

Swe l l i ng  was about 0.3% a t  3 0 0 T  and l e s s  than 0.5% a t  4OO0C 

2. A t  3OO0C, t h e r e  was n o t  much d i f f e rence  i n  t h e  average diameter and number d e n s i t y  o f  Frank f a u l t e d  
loops i n  SA and 20% CW 5316. 
were s i m i l a r  f o r  t h e  two c o n d i t i o n s  f o l l o w i n g  i r r a d i a t i o n  a t  3OOOC. 

a long t h e  g r a i n  boundary. 
dpa. 

and 4OOOC i n  HFIR. 
or M,,C., b u t  cou ld  p o s s i b l y  be G, M,C, or a vanadium- rich MC phase. 

A t  4OO0C, t h e  loops were s l i g h t l y  l a r g e r  i n  SA 316, whereas t h e  l o o p  s i zes  

3. A low concen t ra t i on  of f i n e  and l a r g e  p r e c i p i t a t e s  w i t h  Moi re  f r i n g e s  was observed i n  t h e  g r a i n  and 
No 1. p r e c i p i t a t i o n  was observed a f t e r  HFIR i r r a d i a t i o n  a t  300 and 400OC up t o  30 

4. Cav i t y  and l oop  e v o l u t i o n  of t h e  U.S. 20% CW (00-heat) 316 appears s i m i l a r  t o  20% CW 5316 a t  300 
Many f i n e  p r e c i p i t a t e s  were a l s o  found i n  t h e  DO-heat 316. They do n o t  appear t o  be 1' 
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5 . 1  THE TENSILE PROPERTIES AND SWELLING OF SEVERAL VANADIUM ALLOYS AFTER IRRADIATION TO 40 dpa I N  FFTF - 
0.  N .  B rask i  (Oak Ridge Na t i ona l  Laboratory)  

5 .1 .1  A O I P  Task 

A D I P  Task 1.6.15,  T e n s i l e  P r o p e r t i e s  o f  React ive and Re f rac to ry  A l l o y s .  

5 . 1 . 2  Ob jec t i ve  

The goal  o f  t h i s  research i s  t o  i n v e s t i g a t e  the  e f f e c t s  o f  displacement damage and he l ium generat ion  on 
t h e  p r o p e r t i e s  o f  vanadium a l l o y s .  

5.1.3 &@wy 

The V-3Ti-1Si a l l o y  e x h i b i t e d  b e t t e r  res i s tance  t o  i r r a d i a t i o n  hardening and he l ium embr i t t l emen t  than 
V-15Cr -5T i  or VANSTAR-7 a f t e r  i r r a d i a t i o n  i n  t he  Fast F lux  Test  F a c i l i t y  (FFTF) t o  40 dpa a t  420, 520, and 
600°C. 
cases, t he  pre implanted he l ium enhanced swe l l i ng .  The V-3Ti-1Si a l l o y  c l e a r l y  outperformed t h e  o t h e r  two 
a l l o y s  and should be i n v e s t i g a t e d  and developed f u r t h e r .  

5 .1 .4  Proqress and S ta tus  

5 .1 .4 .1  I n t r o d u c t i o n  

A l l  t h r e e  a l l o y s  were low s w e l l i n g  except VANSTAR-7 which showed h i g h  s w e l l i n g  a t  520'C. I n  a l l  

Specimens o f  V - I S C r - S T i ,  VANSTAR-7, and V-3Ti- ISi  were sealed i n  ' L i - f i l l e d  TZM capsules and i r r a d i a t e d  
The e f f e c t s  o f  t he  i r r a d i a t i o n  and pre implanted he l ium on the  a t  420, 520, and 600°C i n  t h e  FFTF t o  40 dpa. 

t e n s i l e  p r o p e r t i e s  and m i c r o s t r u c t u r e  o f  t he  a l l o y s  were evaluated. 

5 .1 .4 .2  Exper imental  

The source, heat  number, chemis t ry ,  and f i n a l  annea l ing  t reatment  f o r  each o f  t h e  vanadium a l l o y s  a re  
D isks  (3-mm i n  diameter)  and m i n i a t u r e  t e n s i l e  specimens (5s-3 type)  were sealed i n  g i ven  i n  Table 5 .1 .1 .  

' L i - f i l l e d  TZM capsules and i r r a d i a t e d  a t  420, 520, and 600OC i n  FFTF t o  40 dpa. Some o f  t h e  specimens were 

Tab le  5.1.1.  Vanadium a l l o y  data 

Composit ion, w t  % 3He 
F i n a l  Heat Content= 

A1 1 oy Heat C r  T i  Fe Z r  S i  C 0 N Treatment ( a m )  

V-15Cr5Ti8 CAM-834-3 14.5 6 .2  0.032 0.031 0.046 1 h Q 1200°C 74 

VANSTAR-78 CAM-837-7 9.7 3 . 4  1 .3  0.064 0.028 0.052 1 h Q 1350'C 70 

V-3Ti-ISib 11153 3 .4  0.04 1.28 0.045 0.091 0.026 1 h Q 1O5O0C 82 

aSource: Westinghouse E l e c t r i c  Corpora t ion  

bSource: 

CAnalyses performed by O r .  E. M .  O l i v e r ,  Rockwell I n t e r n a t i o n a l  Corpora t ion ,  Canoga Park, C A .  

KFK, Kar ls ruhe,  West Germany ( O r .  0 .  K a l e t t a )  

pre implanted w i t h  -80 appm 'He us ing  the  " t r i t i u m  t r i c k "  technique. '  
each a l l o y  i s  g i ven  i n  Tab le  5.1.1. 
l a r  f ash ion  and t h e r m a l l y  aged a t  t he  respec t i ve  i r r a d i a t i o n  temperatures f o r  257 days; these specimens 
served as c o n t r o l  specimens. Both i r r a d i a t e d  and c o n t r o l  t e n s i l e  specimens were t e s t e d  under vacuum 
(<IO-' Pa) a t  t he  i r r a d i a t i o n / a g i n g  temperature i n  a t e n s i l e  machine l o c a t e d  i n  a h o t  c e l l .  
t h e  f r a c t u r e  surfaces were examined us ing a scanning e l e c t r o n  microscope (SEM) which was a l s o  l o c a t e d  i n  a 
h o t  cell 
were j e t - p o l i s h e d  a t  -3OOC i n  a s o l u t i o n  o f  12+ vo l  % conc. HISO, i n  methanol. 

The ac tua l  amount of 'He measured i n  
An equal number of vanadium a l l o y  specimens were encapsulated i n  s im i-  

A f t e r  t e s t i n g ,  

M i c r o s t r u c t u r a l  d e t a i l s  were s tud ied  by t ransmiss ion  e l e c t r o n  microscopy (TEM) u s i n g  d i s k s  t h a t  

5.1.4.3 Resu l ts  and Discuss ion 

The r e s u l t s  o f  t h e  t e n s i l e  t e s t s  of vanadium a l l o y  s t a r t i n g  m a t e r i a l ,  c o n t r o l s ,  and i r r a d i a t e d  speci-  
mens are  l i s t e d  i n  Tables 5 .1 .2 ,  5.1.3, and 5.1.4,  r e s p e c t i v e l y .  
aged c o n t r o l  specimens e x h i b i t e d  t e n s i l e  behav ior  s i m i l a r  t o  t he  s t a r t i n g  m a t e r i a l .  

W i th  o n l y  one except ion ,  t h e  the rma l l y-  
Th is  r e s u l t  e s t a b l i s h e s  
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Tab le  5.1.2. Resu l ts  o f  t e n s i l e  t e s t s  o f  vanadium a l l o y s  i n  t h e  
as-annealed c o n d i t i o n  ( s t a r t i n g  m a t e r i a l )  

S t rength ,  MPa 
1-h anneal Test  E longat ion ,  % 
Temperature Temperature U 1 ti mate 

("C)  ( "C )  T e n s i l e  Uni form T o t a l  
A l l o y  

~ 

V-15Cr5Ti 1200 420 392 517 17.1 28.2 
V-15Cr5Ti 1200 420 370 504 15.2 24.3 
V-15Cr5Ti 1200 520 334 513 13.5 23.3 
V-15CrSTi 1200 520 353 514 14.3 25.9 
V- lSCrSTi 1200 600 323 521 13.6 22.0 
V-15Cr5Ti 1200 600 317 557 12.6 20.5 

VANSTAR-7 1350 420 278 443 15.0 23.7 
VANSTAR-7 1350 520 276 442 13.3 24.7 
VANSTAR-7 1350 600 277 521 14.5 22.3 

V-3Ti-1Si 1050 420 335 470 14.0 21.0 
V-3Ti-1Si 1050 520 290 527 15.0 21.0 
V-3Ti - I S  i 1050 600 320 504 15.5 23.6 

Table 5.1.3. Resu l t s  o f  t e n s i l e  t e s t s  o f  vanadium c o n t r o l  specimens 
aged 257 days i n  'L i  

Strength,  MPa 
Hel ium Aging/Test E longat ion ,  % 
Level Temperature U l t i m a t e  ~ 

Y i e l d  Tens i l e  Uniform T o t a l  
Specimen Alloy 

Number ( w m )  ("0 
R040 
RD66 
RA187 
RD38 
RA73 
RA170 
ROO3 
FA129 
RA176 

QA7 1 
QA73 
QAl lO 
QA08 
Q A l l 8  
PA119 
QA69 
QA80 
QAl02 

RC54 
RC08 
RC42 
RC30 
RC33 
RC44 
RC55 
RC23 
RC57 

V - l S C r S T i  
V-15Cr5Ti 
V-15Cr5Ti 
V-15Cr5Ti 
V-15Cr5Ti 
V- I5Cr5Ti  
V-15Cr5Ti 
V - l S C r S T i  
V-15Cr5T1 

VANSTAR-7 
VANSTAR-7 
VANSTAR-7 
VANSTAR-7 
VANSTAR-7 
VANSTAR-7 
VANSTAR-7 
VANSTAR-7 
VANSTAR-7 

V-3Ti-1Si 
V-3Ti-1Si 
V-3Ti-1Si 
V-3Ti-1Si 
V-3Ti-1Si 
V-3Ti-1Si 
V-3T i - 15 i 
V-3Ti-1Si 
V-3Ti-IS1 

0 
74 
74 
0 

74 
74 

0 
74 
74 

0 
70 
70 
0 

70 
70 
0 

70 
70 

0 
82 
82 
0 

82 
82 
0 

82 
82 

420 
420 
420 
520 
520 
520 
600 
600 
600 

420 
420 
420 
520 
520 
520 
600 
600 
600 

420 
420 
420 
520 
520 
520 
600 
6LlO 
600 

399 
381 
369 
387 
352 
381 
390 
390 
377 

256 
312 
302 
282 
283 
297 
298 
274 
261 

378 
444 
430 
454 
452 
446 
315 
300 
290 

545 
540 
539 
539 
511 
578 
555 
573 
574 

398 
451 
448 
469 
469 
480 
490 
482 
473 

473 
550 
542 
595 
587 
570 
467 
495 
498 

15.0 
14.3 
14.0 
15.3 
12.7 
13.0 
12.3 
11.3 
10.3 

16.0 
14.7 
12.7 
15.7 
13.0 
11.7 
12.3 
13.0 
14.0 

14.0 
10.7 
12.3 
11.0 
10.0 
14.0 
8.0 

13.3 
14.0 

26.0 
23.7 
21.3 
24.3 
20.7 
20.7 
21.7 
19.0 
17.7 

26.3 
23.7 
22.3 
23.7 
20.7 
20.7 
20.0 
20.3 
22.0 

21.0 
17.3 
19.0 
20.0 
14.3 
20.0 
12.3 
20.0 
20.3 
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Table 5.1.4. Resu l t s  of t e n s i l e  t e s t s  and v o i d  s w e l l i n g  measurements f o r  
vanadium a l l o y s  i r r a d i a t e d  t o  40 dpa i n  FFTF (MOTA) 

I r r a d i a t i o n /  St rength ,  MPa 
~ Helium Test  E longat ion ,  % 

Level  Temperature U l t i m a t e  ~ D i sk  bV/V 
(appm) ( " C )  Tens i l e  Un i form T o t a l  Number (%) A1 1 oy 

Specimen 
Number 

RD14 
RD64 
RA34 
R037 
RA20 
RA108 
RD30 
RA68 
PA139 

QA19 
QA40 
QA71 
01\29 
QA87 
QA9 1 
QA53 
QA83 
QA90 

RC34 
RC35 
RC53 
RC17 
R C l l  
RC29 
RC27 
RC41 
RC43 

V-15Cr5Ti 
V-15CrSTi 
V - I S C r S T i  
V-15Cr5Ti 
V - I S C r S T i  
V - 1 5 C r 5 T i  
V-15Cr5Ti 
V-15Cr5Ti 
V-15CrSTi 

VANSTAR-7 
VANSTAR-7 
VANSTAR-7 
VANSTAR-7 
VANSTAR-7 
VANSTAR-7 
VANSTAR-7 
VANSTAR-7 
VANSTAR-7 

V-3Ti-lSi 
V-3Ti-lSi 
V-3Ti-1Si 
V-3Ti-1Si 
V-3Ti-ISi 
V-3Ti-1 S i  
V-3T i - 1 S i  
V-3Ti-1Si 
V-3Ti-ISi 

0 
74 
74 
0 

74 
74 
0 

74 
74 

0 
70 
70 

0 
70 
70 

0 
70 
70 

0 
82 
82 

0 
82 
82 
0 

82 
82 

420 
420 
420 
520 
520 
520 
600 
600 
600 

420 
420 
420 
520 
520 
520 
600 
600 
600 

420 
420 
420 
520 
520 
520 
600 
600 
600 

825 913 0.8 0 . 8  -- 793 0 0 ~.~ 
692 834 0.8 
879 989 3 . 0  
882 1003 1.8 
868 956 1 .5  
674 797 4.5 

Broke d u r i n g  l oad ing  
Broke d u r i n g  l o a d i n g  

0 .7  ~~~ 

0 .9  
0.6 
1.5 
1.3 

i n  shoulder 

0.8 
9 .5  
1.8 
1 .7  

11.9 _ _  _ _  
6 .8  
6.0 
5.7 
4 .0  
1.3 

360 429 2 .8  5 . 5  
651 755 3.2 4.5 
722 790 3 .5  5.2 

692 780 3.4 4.8 
795 884 3.8  6.0 
717 880 6.3 11.8 
541 682 8.2 13.3 
632 758 6 .3  10.3  
565 688 6 .0  10.9 
378 564 8 . 1  12.1 
276 480 7 .8  11.3 
369 583 8.8 12.3 

RD18 0.003 
RD52 0.005 

RD65 0.031 
RD38 0.046 

R021 0.024 
RD16 0.283 

9655 0.001 
9638 0.004 

QE60 0.958 
QS39 5.940 

9857 0.014 
0840 0.065 

RC40 0.079 
RC18 0.090 

Disk  l o s t  
RC15 0.002 

R12 0 
R C l l  0.052 

the  technique o f  i r r a d i a t i n g  the  vanadium a l l o y s  i n  l i t h i u m  as a v i a b l e  one, i . e . ,  t h e  exposure t o  l i t h i u m  
d id n o t  a f f ec t  t h e  t e n s i l e  p r o p e r t i e s .  
6OO0C (Table 5.1.3).  
same temperature had s u b s t a n t i a l l y  h ighe r  e longat ions.  

o f  d i s l o c a t i o n s  and harden the  m a t e r i a l .  Such hardening i s  e v i d e n t  i n  e l e c t r o n  micrographs o f  t h e  i r r a -  
d i a t e d  m i c r o s t r u c t u r e  and i n  t h e  increases i n  y i e l d  s t r e n g t h  and accompanying d u c t i l i t y  losses a f t e r  i r r a -  
d i a t i o n  ( c f .  Tables 5 . 1 . 2  and 5.1.3 w i t h  5.1.4 f o r  respec t i ve  a l l o y s ) ,  The VANSTAR-7 a l l o y  was t h e  most 
suscep t i b le  t o  i r r a d i a t i o n  hardening fo l lowed by V-15Cr-STi and V-3Ti-151 ( f o r  more d e t a i l s ,  See r e f .  3). 
I r r a d i a t i o n  hardening was g e n e r a l l y  g rea te r  a t  42OoC f o r  a l l  t h r e e  a l l o y s ,  and decreased w i t h  i n c r e a s i n g  
temperature.  A t  420°C, t h e  hardening caused a V-15Cr-5Ti specimen t o  f a i l  i n  a b r i t t l e  c leavage mode a t  1 0 W  
e longa t i on ,  as shown i n  F ig .  5.1.1. 

I n  a f us ion  r e a c t o r ,  he l i um w i l l  be produced by t h e  ene rge t i c  neutrons;  t h i s  he l ium p roduc t i on  i s  S i m U -  
l a t e d  f o r  experiments us ing  a f i s s i o n  r e a c t o r  by p re imp lan t i ng  hel ium. 
bubbles i n  t he  g r a i n  boundar ies thereby weakening them and e m b r i t t l i n g  the  m a t e r i a l .  
a f f ec ted  t h e  V - I S C r - L i T i ,  i n  p a r t i c u l a r ,  b u t  had l i t t l e  o r  no e f f e c t  on t h e  o the r  two a l l o y s .  The e m b r i t t l e -  
ment i s  revea led by t h e  d r a s t i c  reduc t i ons  i n  e longa t i on  from t h e  unimplanted t o  t he  hel ium- implanted SpeCi- 
mens, e s p e c i a l l y  a t  t h e  h ighe r  temperatures, as shown i n  Table 5.1.4 f o r  V - 1 5 C r - 5 T i .  
c h a r a c t e r i s t i c  of t h i s  t ype  o f  embr i t t lement  i s  i n t e r g r a n u l a r  separa t ion ,  as shown i n  F i g .  5 .1 .2  f o r  
V-15Cr-STi con ta in ing  74 appm He. 

and the  r e l a t l v e  c o n t r i b u t i o n  f rom each may be es t imated by  examinat ion o f  t he  f r a c t u r e  sur face.  
5.1.3 shows the  f rac tograph f o r  a V-15Cr-STi specimen c o n t a i n i n g  74 appm He t h a t  was i r r a d i a t e d  and t e s t e d  
a t  420°C. The e f fec t s  of b o t h  mechanisms i s  seen - cleavage due t o  i r r a d i a t i o n  hardening and i n t e r g r a n u l a r  
separa t ion  caused by he l ium embr i t t l emen t .  The author  b e l i e v e s  t h a t  he l ium embr i t t lement  i s  i n f l u e n c e d  by 
i r r a d i a t i o n  hardening i n  a manner s i m i l a r  t o  t h a t  suggested f o r  i r r a d i a t e d  h igh- st rength  Fe-Ni-Cr a l l o y s . '  
The o v e r a l l  d u c t i l i t y  of t he  specimen depends on the  combined s t reng ths  o f  t he  g r a i n  mat r ices  and t h e  g r a i n  
boundaries. 
e f f e c t s  of any weaknesses i n  t h e  boundar ies and promote i n t e r g r a n u l a r  separa t ion .  

The o n l y  except ion was one aged V-3Ti-1Si specimen (0-He) t e s t e d  a t  
Th i s  was obv ious l y  a bad specimen because the  two specimens w i t h  82 appm t e s t e d  a t  t he  

Neutron i r r a d i a t i o n  c rea ted  defec ts  i n  t he  m i c r o s t r u c t u r e  o f  t he  vanadium a l l o y s  t h a t  impede the  mot ion 

The hel ium, i n  t u r n ,  can form 
Hel ium embr i t t l emen t  

The f r a c t u r e  mode 

I r r a d i a t i o n  hardening and he l i um embr i t t l emen t  may a c t  t oge the r  i n  reduc ing the  d u c t l l i t y  of a specimen 
F igu re  

However, hardening o r  s t reng then ing  of t he  ma t r i ces  due t o  i r r a d i a t i o n  w i l l  accentuate t h e  
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5.2 MICROSTRUCTURAL EVOLUTION AN0 COMPUTED YIELD STRESS INCREASE FOR ION-IRRADIATED V-15Cr-5Ti ALLOY - 
6 .  A. Locinis and f l .  J. Keste l  (Argonne Nat iona l  Labora to ry )  

5.2.1 ADIP Task 

ADIP Task I.A.l. De f ine  M a t e r i a l  P roper ty  Requirements and Make S t r u c t u r a l  L i f e  P red ic t i ons .  

5.2.2 O b j e c t i v e  

s t r u c t u r a l  components i n  a f u s i o n  r e a c t o r .  

5.2.3 Sumnary 

The ef fect  of 4-MeV 58Ni++ i o n  i r r a d i a t i o n  on t h e  m i c r o s t r u c t u r e  o f  t h e  V-15Cr-5Ti a l l o y  was 
determined f o r  i r r a d i a t i o n  temperatures rang ing  fran 55OoC t o  75OoC and f o r  damage l e v e l s  o f  50 t o  260 
dpa. The p r i n c i p l e  
e f f e c t  o f  t h e  i r r a d i a t i o n  was t o  induce t h e  format ion of disc- shape p r e c i p i t a t e s  i n  t h e  a l l o y  m ic ros t ruc-  
t u r e .  
t h e  i r r a d i a t i o n- p r o d u c e d  d i s l o c a t i o n  d e n s i t y  and t h e  number d e n s i t y  and s i z e  of i r r a d i a t i o n- p r o d u c e d  
p r e c i p i t a t e s .  
has a maximum value a t  -50 dpa, and t h e  increase o f  y i e l d  s t r e s s  decreases f o r  i r r a d i a t i o n  temperatures 
above 60OOC. 

5.2.4 Progress and Status 

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

The V-15Cr-5Ti a l l o y  i s  cons idered t o  be a candidate a l l o y  f o r  s t r u c t u r a l  components i n  a magnetic 
f u s i o n  r e a c t o r  (MFR). The p roduc t ion  of displacement damage i n  t h e  a l l o y  d u r i n g  t h e  r e a c t o r  l i f e t i m e  
w i l l  have a s i g n i f i c a n t  i n f l u e n c e  on t h e  a l l o y  m i c r o s t r u c t u r e  and, the re fo re ,  on t h e  mechanical proper-  
t i e s  o f  t h e  s t r u c t u r a l  components. Observat ions o f  t h e  m i c r o s t r u c t u r e  i n  t h e  V-15Cr-5Ti a l l o y  a f t e r  
neu t ron  o r  i o n  i r r a d i a t i o n  f o r  damage l e v e l s  up t o  3 0 dpa have shown a remarkable absence o f  vo ids and 
t h e  presence of i r r a d i a t i o n- p r o d u c e d  precipi tates. ' - '  I n  h i  repor t ,  we show t h e  e v o l u t i o n  o f  t h e  
m i c r o s t r u c t u r e  i n  t h e  V-15Cr-5Ti a l l o y  f o l l o w i n g  4.0-MeV 5'Ni'+ i o n  i r r a d i a t i o n  a t  temperatures rang ing  
from 55OoC t o  75OoC and f o r  damage l e v e l s  o f  50 t o  260 dpa. 

An increase i n  y i e l d  s t r e s s  f o r  t h e  i r r a d i a t e d  a l l o y  can be expected due t o  t h e  i n t e r a c t i o n  o f  
g l i d i n g  d i s l o c a t i o n s  w i t h  (1) small d i s l o c a t i o n  loops and b lack  spot  c l u s t e r s d  (2) l a r g e  d i s l o c a t i o n  
loops and networks, (3) voids, (4) g a s - f i l l e d  c a v i t i e s ,  and (5) p r e c i p i t a t e s .  
present t h e  r e s u l t s  o f  eva lua t ions  on t h e  increase o f  y i e l d  s t r e s s  f o r  t h e  a l l o y  on i o n  i r r a d i a t i o n .  
These eva lua t ions  are der i ved  from determinat ions o f  t h e  rad ia t ion- produced  d i s l o c a t i o n  d e n s i t y  and 
p r e c i p i t a t e  s i z e  and number d e n s i t y  i n  t h e  i o n - i r r a d i a t e d  V-15Cr-5Ti a l l o y .  

5.2.4.2 Mater i  a1 s and Procedure 

Research M a t e r i a l s  I n v e n t o r y  (melt  number 834-6) a t  Oak Ridge Nat iona l  Laboratory.  The chemical a n a l y s i s  
f o r  t h i s  m t e r i a l  i s  presented i n  Table 5.2.1. The as- received sheet yas reduced i n  th i ckness  t o  0.25 mn 
and annealed a t  1125OC f o r  one hour i n  a system evacuated t o  6.7 x 10- Pa. 

Specimens of t h e  a l l o y ,  each wit$ a diameter of 3.05 mn, were . p u n t e d  i n  a tungs ten  h o l d e r  f o r  
s i n g l e - i o n  i r r a d i a t i o n  w i t h  4.0-MeV 
rang ing  from 55OoC t o  75OoC were conducted i n  a c r y o g e n i c a l l y  pumped chamber evacuated t o  1.3 x 10- Pa. 
The chamber was connected by a c r y o g e n i c a l l y  pumped, ion-beam t r a n s p o r t  tube t o  t h e  2-MeV Tandem 
a c c e l e r a t o r  a t  Argonne Nat iona l  Laboratory .  F o l l o w i n g  i r r a d i a t i o n ,  t h e  specimens were sect ioned from t h e  
i r r a d i a t e d  su r face  t o  a depth o f  1050 nm, then th inned  f rom t h e  backside t o  p e r f o r a t i o n  i n  an 80% CH30H- 
20% H2S04 s o l u t i o n  a t  -5OC. 

The o b j e c t i v e  of t h i s  work i s  t o  p rov ide  guidance on t h e  a p p l i c a b i l i t y  o f  vanadium-base a l l o y s  f o r  

The s w e l l i n g  o f  t h e  a l l o y  t h a t  cou ld  be a t t r i b u t e d  t o  vo ids was n e g l i g i b l e  (< 0.1%). 

The increase of t h e  y i e l d  s t r e s s  fo r  t h e  a l l o y  r e s u l t i n g  from t h e  i r r a d i a t i o n s  was eva luated from 

These eva lua t ions  showed t h a t  t h e  increase o f  y i e l d  s t r e s s  f o r  t h e  a l l o y  on i r r a d i a t i o n  

I n  t h i s  repor t ,  we a l s o  

The V-15Cr-5Ti a l l o y  was supp l ied  i n  t h e  form of 0.81-mn t h i c k  sheet from t h e  Fusion Program 

N i *  ions. The i r r a d i a t i o n s  of t h e  specimens a t  temperatures6 

Deposi ted energy d e n s i t i e s  as a f u n c t i o n  of i o n  range i n  t h e  a l l o y  from a 

Table 5.2.1. Chemfcal Ana lys is  o f  t h e  V-15Cr-5Ti A l l o y  

Element 

C r  

Concent ra t ion (a/o) 

14.1 
6.6 
0.14 
0.10 
0.18 

T i  
C 
0 
N 
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computerized TRIM code were converted t o  di 
f o r  peak i r r ad i a t i on  damage during 4.0-MeV "Nit+ ion i r r ad i a t i on  was computed t o  be 1150 nm. The3 
specimens were i r r ad i a t ed  t o  displacement damage l eve l s  of 50-260 dpa a t  a damage r a t e  of -5 x 10- 
dpals.  

microscopy (TEM) i n  a Ph i l i p s  EM 400T e lec t ron  microscope operated a t  120 keV. 
specimen for  TEM was t yp i ca l l y  80 m. 

5.2.4.3 Experimental Results 

TEM for the a l loy  

t u r e  was character i fgd gy the presence of p r ec ip i t a t e s  w i t h  diameters ranging frm 2 t o  6 m and a number 
densi ty  of 3.f3x 10 Im . The annealed, unirradiated material had an average grain diameter of 40 um and 
contained -10 

i r r ad i a t i on  for a damage level of -200 dpa is shown i n  Fig. 5.2.2. The dependence of the microstructural  
evolut ion i n  the a l loy  on the level  of i r r ad i a t i on  damage f o r  an i r r ad i a t i on  temperature of -715OC is 
shown i n  Fig. 5.2.3. The d i s loca t ion  dens i ty ,  p r e c i p i t a t e  number densi ty  and p r e c i p i t a t e  average 
diameter i n  t h e  i r r ad i a t ed  a l l oy  a re  l i s t e d  i n  Table 5.2.2. The d i s loca t ion  densi ty was determined from 
the  equation 

lacements per a t m  (dpa). The depth i n  the  V-15Cr-5Ti a l l oy  

The microstructure of the  unirradiated and i r r ad i a t ed  a l loy  were observed by transmission e lec t ron  
The thickness  of t h e  

The microstructure f o r  t h e  un i r rad ia ted  V-15Cr-5Ti al loy is shown i n  Fig. 5.2.1. This microstruc-  

d i  s l  oca t i  onslm2. 
The dependence of the microstructural  evolution in the i r r ad i a t ed  a l loy  on the temperature of 

pdis = 2NMFILt (1 1 
where N is the  number of d i s loca t ions  i n t e r s ec t i ng  a line of length L ,  M i s  the  magnification, F is a 
factor  which allows f o r  those d i s loca t ions  o u t  of con t r a s t ,  and t i s  the d i s loca t ion  l aye r  thickness. 
The d i s loca t ion  dens i ty ,  !adi5, i n  the  a l l oy  decreased s i g n i f i c a n t l y  f o r  i r r ad i a t i on  temperatures above 
600°C and for  damage l eve l s  i n  excess of 50 dpa. 
increased on increasing the i r r a d i a t i o n  temperature above 625OC w i t h  a corresb%ding decrease i n  t h e  
p rec ip i t a t e  number densi ty,  N p p t .  

The p r ec ip i t a t e  diameter, d , i n  t h e  i r r ad i a t ed  a l l oy  

Fig. 5.2.1 . Microstructure of un i r rad ia ted  V-15Cr-5Ti a l loy  (marker = 1.6 

Increase of y i e ld  stress 

The increase i n  y i e ld  stress f o r  the  ion- i r rad ia ted  V-15Cr-5Ti a l loy  was evaluated by use of the  equation 
i 

AT t o t a l  = 'g P u b m p  u b q p  .6 

In  Eq. (2) ,  a and a r e  t h e ' i n t e r a c t i o n  parameters between g l id ing  d i s loca t ions  and f o r e s t  d i s loga t ions  
and p r ec ip i t a t e s ,  r b p e c t i v e l y .  For the purpose of this paper we sha l l  use a = 0.5 and B = 0.2. 
A l 4 0 ,  i n  Eq. (2 )  u i s  the  shear mplus and b is the  Burgers-vector for vanadfum w i t h  v a l u k  of 4.67 x 
10 MPa and 0.26 nm, respect ively.  Contributions t o  the increase i n  y i e ld  s t r e s s  from loops, voids, and 
c a v i t i e s  a r e  not included i n  Eq. (2 )  s ince  these defect c l u s t e r s  were not v i s i b l e  i n  the microstructures. 
The results of computations of the  increase i n  y i e l d  stress f o r  the i r r ad i a t ed  V-15Cr-5Ti a l l oy  using Eq. 
(2)  and t h e  data i n  Table 5.2.2 a r e  shown i n  F i g s .  5.2.4 and 5.2.5 and a r e  a l so  tabula ted  in Table 
5.2.2. These computations show t h a t  the increase of y i e ld  s t r e s s  f o r  the V-15Cr-5Ti a l l oy  on i r r a d i a t i o n  
h a s  a maximum value a t  -50 dpa, and the increase of y i e ld  s t r e s s  decreases f o r  i r r ad i a t i on  temperatures 
above 60OOC. 
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F i g .  5.2.2. M icrost ruc tures  of  t h e  V-15Cr-5Ti a l l o y  a f t e r  i r r a d i a t i o n  to :  
a t  600°C (b) ,  203 dpa a t  714OC ( c ) ,  and 200 dpa a t  75OoC ( d )  (marker = 200 nm). 

203 dpa a t  55OoC ( a ) ,  194 dpa 
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( C )  ( d )  

F ig .  5.2.3. 
a t  714OC (b), 203 dpa a t  714OC (c),  and 260 dpa a t  725% (marker = 200 nm). 

M i c r o s t r u c t u r e s  of t h e  V-15Cr-5Ti a l l o y  a f t e r  i r r a d i a t i o n  t o :  50 dpa a t  725OC (a), 125 dpa 

Table  5.2.2. 
increment f o r  i o n - i r r a d i a t e d  V-15Cr-5Ti a l l o y .  

D i s l o c a t i o n  dens i ty ,  p r e c i p i t a t e  diameter and dens i ty ,  and y i e l d  s t r e s s  

Temperature Damage Pdis dPPt NPPt "di s ATPPt ATTotal  
(MPa) (OC) (dpa) ) (nm) (m-3 (MPa) (MPa) 

550 
600 
625 
650 
714 
7sn . .. 
725 
714 
714 
725 

203 
194 
200 
195 
203 
200 ~ 

50 
125 
203 
260 

2 
2 
2 

12 
25 
79 
3 

23 
25 
35 

-1023 

9 x 1021 
2 x 1021 

7 x 1022 
5 x 1021 
2 x 1021 
2 x 1021 

8 x l o z 2  
8 x loz2 

8 x lozo 

139 
145 

86 
72 
72 
72 

137 
98 
72 
77 

31  170 
31  176 
31  117 
26 98 

89 17 
19 91  
31 174 
27 125 
17 89 
21 98 
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g. 5.2.4. Temperature dependence o f  the  y i e l d  s t r e s s  increase f o r  t h e  V-15Cr-5Ti a l l o y  on 4.0-MeV EANi++ i on  . i r r a d i a t i o n  t o  195-205 dpa. 

F i g .  5.2.5. Oependence of he i e l d  s t r e s s  increase on damage l e v e l  for t h e  V-15Cr-5Ti a l l o y  i r r a d i a t e d  
a t  710-725OC w i t h  4.0-MeV 5h4i+Y ions.  
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5.2.5. Oiscussion 

Swe l l i ng  o f  t he  V-15Cr-5Ti on 4.0-MeV 58Ni+f i o n  i r r a d i a t i o n  a t  temperatures rang ing from 55OoC t o  
Thus, t h e  e r e s u l t s  toge the r  75f1°C and t o  damage l e v e l s  rang ing f r a n  50 dpa t o  260 dpa was n e g l i g i b l e .  

w i t h  prev ious r e s u l t s  on t h e  simultaneous i o n  i r r a d i a t i o n  and i m p l a n t a t i o n  o f  he l ium suggest t h a t  
s w e l l i n g  of t h e  V-15Cr-5Ti a l l o y  should not  be a concern i n  a MFR. However, t h e  format ion of t h e  
i r r a d i a t i o n- p r o d u c e d  p r e c i p i t a t e s  and d i s l o c a t i o n  network m y  r e s u l t  i n  a n b r i t t l e m e n t  o f  t h e  a l l o y .  

Grossbeck and Horak have repo r ted  t h a t  t h e  y i e l d  s t r e s s  o f  t h e  V-15Cr-5Ti a l l o y  ingreased 
approx imate ly  350 MPa on i r r a d i a t i o n  a t  625 and 7OO0C t o  -30 dpa i n  the  E B R - I 1  r e a c t o r .  
repo r ted  t h a t  t h e  y i e l d  s t r e s s  of t h e  a l l o y  increased 492 !jlPa on i r r a d i a t i o n  a t  52OoC t o  40 dpa and 284 
MPa on i r r a d i a t i o n  a t  600°C t o  40 dpa i n  t h e  FFTF reac to r .  Thg d u c t i l i t y  of t h e  a l l o y  a f t e r  
i r r a d i a t i o n  i n  E B R - I 1  was very l i m i t e d  (<  1% uniform e longa t lon )  , whereas t h e  a l l o y  a f t e r  i r r a d i a t i o n  
i n  t h e  FFTF showed 3-5% uni form e longa t ion  i n  t e n s i l e  t e s t s .  I n  t h e  present  study, t h e  computed 
increase i n  the  y i e l d  s t r e s s  of t h e  a l l o y  on i o n  i r r a d i a t i o n  a t  -725OC t o  50 dpa was -175 MPa. However, 
i t  i s  expected t h a t  t h e  computed value f o r  the  increase o f  y i e l d  s t r e s s  w i l l  increase w i t h  t h e  use of 
more accurate parameters f o r  F i n  Eq. ( 1 )  and up and E i n  Eq. (2 ) .  
r e s u l t s  obta ined i n  t h i s  study suggest t h a t  t h e  po ten t?a l  f o r  embr i t t lement  o f  t h e  V-15Cr-5Ti a l l o y  w i l l  
be h ighes t  f o r  damage l e v e l s  of -50 dpa and i r r a d i a t i o n  temperatures of l e s s  than  65OOC. 

5 

Brask i  has 

Nevertheless,  t he  exper imental  

5.2.6. Conclusions 

1. 

2. The p r i n c i p l e  e f fec t  of i o n  i r r a d i a t i o n  i s  t o  induce t h e  fo rma t ion  of disc-shape p r e c i p i t a t e s .  
3 .  The format ion of p r e c i p i t a t e s  and d i s l o c a t i o n  networks r e s u l t s  i n  an increase o f  t h e  y i e l d  

4. The inc rease  o f  y i e l d  s t r e s s  f o r  t h e  a l l o y  on i r r a d i a t i o n  has a maximum va lue a t  -50 dpa. 
5. The increase of y i e l d  s t r e s s  decreases f o r  i r r a d i a t i o n  temperature above 60OOC. 

Swe l l i ng  of t he  V-15Cr-5Ti a l l o y  on 4-MeV 58Ni++ i o n  i r r a d i a t i o n  a t  temperatures rang ing from 
55OoC t o  75OoC and damage l e v e l s  o f  up t o  260 dpa i s  n e g l i g i b l e .  

s t r e s s  f o r  t h e  i r r a d i a t e d  a l l o y .  
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5.3 ENVIRONMENTAL AN0 CHEMICAL EFFECTS ON THE PROPERTIES OF VANADIUM-BASE ALLOYS -- 0. R. Oiercks and 
D. L. Smith (Argonne Nat iona l  Laboratory)  

5.3.1 A D I P  Task 

A D I P  Task I.A.3, Perform Chemical and M e t a l l u r g i c a l  C o m p a t i b i l i t y  Analyses. 

5.3.2 Ob jec t i ve  

The o b j e c t i v e  o f  t h i s  task  i s  t o  exper imen ta l l y  eva lua te  the  c o r r o s i o n  behav ior  o f  se lec ted  vanadium- 
base a l l o y s  i n  aqueous, l i q u i d- m e t a l ,  and gaseous environments and t o  i n v e s t i g a t e  chemical e f f e c t s  on t h e  
mechanical and phys i ca l  p r o p e r t i e s  o f  t h e  a l l o y s .  The r e s u l t s  o f  these i n v e s t i g a t i o n s  w i l l  be used i n  the  
s e l e c t i o n  o f  app rop r ia te  vanadium-base a l l o y s  f o r  s t r u c t u r a l  a p p l i c a t i o n s  i n  f u s i o n  r e a c t o r s .  

5.3.3 Summary - 
The s u s c e p t i b i l i t y  o f  V-15Cr-5Ti t o  s t r e s s  c o r r o s i o n  c r a c k i n g  i n  h i g h- p u r i t y  water a t  288°C i s  be ing  

eva luated by means of cons tan t  ex tens ion r a t e  t e n s i l e  CERT) t e s t s .  No s t r e s s  c o r r o s i o n  c rack ing  was 
observed i n  t e s t s  conducted a t  a s t r a i n  r a t e  of 1 x 10' s - l  and d i sso l ved  oxygen l e v e l s  i n  the  range <0.005 
t o  7.7 wppm. 

5.3.4 Progress and Sta tus  

The r e s u l t s  o f  a s e r i e s  o f  exper iments t o  determine t h e  c o r r o s i o n  behav ior  o f  se lec ted  vanadium-base 
a l l o y s  i n  p ressu r i zed  water a t  288OC (550°F) and 8.3 MPa (1200 p s i )  c o n t a i n i n g  v a r i o u s  l e v e l s  o f  d i s s o l v e d  
oxygen i n  a re f reshed autoc lave system have been repor ted  
per iod,  a r e l a t e d  s e r i e s  of exper iments has been i n i t i a t e d  t o  determine t h e  s u s c e p t i b i l i t y  o f  t he  V-15Cr-5Ti 
a l l o y  t o  s t r e s s  c o r r o s i o n  c r a c k i n g  i n  oxygenated water. 
U. S. Bureau o f  Mines determined t h a t  una l l oyed  vanadium was g e n e r a l l y  r e s i s t a n t  t o  s t r e s s  c o r r o s i o n  
c r a c k i n g  i n  a v a r i e t y  o f  organ ic  and i n o r g a n i c  a c i d  s o l u t i o n s  and ino rgan ic  s a l t  s o l u t i o n s  a t  near ambient 
t e m ~ e r a t u r e . ~  
6-N - H C l  and 18-!H2O4 s o l u t i o n s .  

by means of CERT t e s t s  i n  288'C water c o n t a i n i n g  v a r i o u s  concen t ra t i ons  of d i s s o l v e d  oxygen. 
performed us ing  a l o a d i n g  system c o n s i s t i n g  of a wunn gear Jac tua to r ,  gear reducer, and var iab le- speed 
motor. 
d i sso l ved  oxygen l e v e l  i n  the  autoc lave water was c o n t r o l l e d  by bubb l i ng  the  approp r ia te  ni t rogen-oxygen gas 
m i x t u r e  through deoxygenatedldeionized feedwater ( c o n d u c t i v i t y  50.2 uSlcm) i n  a 120-L s t a i n l e s s  s tee l  
tank. A f l o w  r a t e  o f  -10 mL/s was main ta ined i n  t h e  autoc lave.  An ex te rna l  s i l v e r  c h l o r i d e  (0.1M KC1)  
re ference e lec t rode  and a thermocouple were l o c a t e d  a t  t he  o u t l e t  of t he  autoc lave,  along w i t h  p l a t i n u m  and 
V-15Cr-5Ti e lec t rodes  t o  e s t a b l i s h  t h e  redox and o p e n- c i r c u i t  c o r r o s i o n  p o t e n t i a l s ,  r e s p e c t i v e l y .  Commer- 
c i a l  ins t ruments  were used t o  mon i to r  the  pH, c o n d u c t i v i t y ,  and d i s s o l v e d  oxygen concen t ra t i ons  a t  t h e  
i n f l u e n t  and e f f l u e n t  l i n e s  o f  t he  autoc lave.  
c o l o r i m e t r i c  ( CHEMetrics ampules) method. 

from t h e  Fus ion Program M a t e r i a l s  Inven to ry  (Heat No. CAM 835 0-2).  
as- fab r i ca ted  r o d  i n d i c a t e d  the  f o l l o w i n g  compos i t ion  ( i n  w t  %) :  
0.052% N. C y l i n d r i c a l  t e n s i l e  specimens w i t h  0.41-cm (0.161- in.) d iameters and 1.91-cm (0.75- in.) gage 
l e n g t h s  were machined from t h e  r o d  m a t e r i a l .  The m a t e r i a l  was t e s t e d  i n  t h e  as- received, cold-worked 
c o n d i t i o n  w i t h o u t  p r i o r  anneal ing. The gage sec t i ons  of t h e  specimens were wet abraded w i t h  6 0 0 - g r i t  
me ta l l og raph ic  paper i n  t h e  c i r c u m f e r e n t i a l  d i r e c t i o n  immediately b e f o r e  i n s e r t i o n  i n t o  the  autoc lave.  
The specimens were exposed t o  t h e  oxygenated water environment a t  288°C be fo re  s t r a i n i n g .  

Resu l t s  o f  t h e  CERT t e s t s  and e lec t rochemica l  p o t e n t i a l  measurements completed t o  date  a re  summarized 
i n  Table 5.3.1. A l l  of these t e s t s  were conducted a t  a s t r a i n  r a t e  o f  1 x 
concen t ra t i ons  v a r i e d  from c0.005 t o  7.7 wppm. No s i g n i f i c a n t  e f f e c t  o f  oxygen concen t ra t i on  on d u c t i l i t y  
was observed, and f o r  a l l  f o u r  t e s t s  the  f r a c t u r e  mode was found t o  be 100% d u c t i l e .  These r e s u l t s  i n d i c a t e  
t h a t  t h e  a l l o y  V-15Cr-5Ti i s  n o t  suscep t ib le  t o  s t r e s s  c o r r o s i o n  c r a c k i n g  over t h e  wide ran  e o f  d i sso l ved  

ob ta ined  s i m i l a r  r e s u l t s  f o r  t h i s  a l l o y  a t  300'C and a s t r a i n  r a t e  o f  6 x 
s t r a i n  r a t e s  of 6 x and 1 x 
hydrogen overpressure o f  90 kPa appeared t o  have no e f f e c t  on the  d u c t i l i t y  of V-15Cr-5Ti when t e s t e d  under 
t h e  c o n d i t i o n s  descr ibed. 

Dur ing  the  p resen t  r e p o r t i n g  

Prev ious work conducted by i n v e s t i g a t o r s  a t  t he  

However, U-bend specimens showed evidence of t ransg ranu la r  s t r e s s  c o r r o s i o n  c r a c k i n g  i n  

I n  the  present  experiments, t h e  s t r e s s  c o r r o s i o n  c r a c k i n g  s u s c e p t i b i l i t y  o f  V-15Cr-5Ti was determined 
The t e s t s  were 

The t e s t  specimen was enclosed i n  a smal l- diameter autoc lave and once- through water system. The 

The d i s s o l v e d  oxygen concen t ra t i on  was v e r i f i e d  by t h e  

The CERT t e s t  specimens were f a b r i c a t e d  from 0.635-cm (0.25- in.) d ia.  V-15Cr-5Ti r o d  m a t e r i a l  obta ined 
A chemical a n a l y s i s  supp l i ed  w i t h  t h e  

15.3% C r ,  5% T i ,  0.017% C, 0.023% 0, and 

s-', and d i sso l ved  oxygen 

oyxgen concen t ra t i ons  and values o f  o p e n- c i r c u i t  c o r r o s i o n  p o t e n t i a l  evaluated. T o r t o r e l l i  2 r e c e n t l y  

s - l  and f o r  V-3Ti-1Si a t  
s - l  i n  a s t a t i c  autoc lave system. T o r t o r e l l i  a l so  found t h a t  a 
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Table 5.3.1. Resu l t s  obta ined from CERT t e s t s  conducted a t  a s t r a i n  r a t e  o f  1 x on V-15Cr-5Ti i n  
p ressu r i zed  water c o n t a i n i n g  va r ious  concen t ra t i ons  o f  d i sso l ved  oxygen a t  288°C 

D i  ssol  ved F a i l u r e  Maximum Tota l  Reduction 
Oxygen C o n d u c t i v i t y  Time St ress E longa t ion  i n  Area F r a c t u r e  P o t e n t i a l s  CmV(SHE)l 
(wppm) ( W c m )  ( h )  (MPa) (%)  (%)  Mode V-15Cr-5Ti P t  T ype 304 ST 

(0.005 0.07 32.0 846 12 4e d u c t i l e  -422 -398 -419 _ _  ... ~~ 

0.025 0.08 32.5 847 12 49 d u c t i l e  -428 -410 -427 
0.20 0.20 32.9 833 12 50 d u c t i l e  -351 83 -39 
7.7 0.09 31.7 834 11 48 duc ti 1 e 23 150 80 

A d d i t i o n a l  CERT t e s t s  w i l l  be conducted on V-15Cr-5Ti a t  s lower s t r a i n  r a t e s  and p o s s i b l y  w i t h  
d i sso l ved  SO4= a d d i t i o n s  t o  t h e  water t o  v e r i f y  t h a t  t h i s  a l l o y  r e t a i n s  i t s  r e s i s t a n c e  t o  s t r e s s  c o r r o s i o n  
c r a c k i n g  under these more aggress ive c o n d i t i o n s .  

5.3.5 Conclusions 

Resu l t s  from CERT t e s t s  conducted a t  1 x s - l  on V-15Cr-5Ti a t  288°C i n  p ressu r i zed  water 
c o n t a i n i n g  d i sso l ved  oxygen concen t ra t i ons  rang ing f rom <0.005 t o  7.1 wppm i n d i c a t e  t h a t  t h i s  a l l o y  i s  n o t  
suscep t ib le  t o  s t r e s s  c o r r o s i o n  c r a c k i n g  under the  c o n d i t i o n s  eva luated.  
r a t e s  and poss ib l y  w i t h  SO4= a d d i t i o n s  t o  t h e  water are  planned. 

5.3.6 References 

Fu r the r  t e s t s  a t  s lower s t r a i n  

1. D. R. O iercks and D. L. Smith, "Environmental  E f f e c t s  on the  P r o p e r t i e s  o f  Vanadium-base Al loys,"  
pp. 15-79 i n  Alloy Development fo r  I r r a d i a t i o n  Performance: 
March 31, 1984, DOEIER-0045112. Oak Ridge Na t iona l  Laboratory ,  Oak Ridge, TN, July 1984. 

pp. 209-213 i n  A l loy  Developnent f o r  I r r a d i a t i o n  Performance: 
September 30, 1984, DOEIER-0045113, Oak Ridge Nat iona l  Laboratory,  Oak Ridge, TN, March 1985. 

Semiannual Progress Report f o r  Pe r iod  Ending 

2. 0. R. D ie rcks  and D. L. Smith, "Environmental Ef fec ts  on t h e  P r o p e r t i e s  o f  Vanadium-base A l l oys , "  
Semiannual Progress Report  f o r  Pe r iod  Ending 

3. D. R. D ie rcks  and D. L. Smith. "Environmental E f f e c t s  on t h e  P r o o e r t i e s  o f  Vanadium-base Al lovs."  _ .  
pp. 177-181 i n  A l l o y  Developnent f o r  I r r a d i a t i o n  Performance: 
March 31, 1985, DOE/ER-0045/14, Oak Ridge Na t iona l  Laboratory ,  Oak Ridge, TN, J u l y  1985. 

base A l loys ,"  pp. 159-166 i n  A l l o y  Oevelopment f o r  I r r a d i a t i o n  Performance: 
P e r i o d  Ending September 30, 1985, DOE/ER-0045/15, Oak Ridge Nat iona l  Laboratory ,  Oak Ridge, TN, 
February 1985. . 
and a Titanium-Vanadium Al loy,"  U. 5. Bureau of Mines Report  o f  I n v e s t i g a t i o n  6680 (1966). 

A l l o y  Development f o r  I r r a d i a t i o n  Performance: 
- 1985, DOE/ER-0045/15, Oak Ridge Nat iona l  Laboratory ,  Oak Ridge, TN, February 1986. 

Semiannual Progress Report  f o r  Pe r iod  Ending 

4. 0. R. D ie rcks  and D. L. Smith, "Environmental  and Chemical E f f e c t s  on the  P r o p e r t i e s  o f  Vanadium- 
Semiannual Progress Report  f o r  

5. J.  P. Car ter ,  C. 8. Kenahan, and 0. Sch la in ,  " St ress Corros ion Crack ing of Vanadium, Fblybdenum, 

6. P. F. T o r t o r e l l i ,  " C o m p a t i b i l i t y  of Vanadim A l l o y s  i n  High Temperature Water," pp. 193-194 i n  
Semiannual Progress Report  fo r  Per iod Ending September 30, 



73 

5.4 PREPARATION AND FABRICATION OF VANADIUM BASE ALLOYS -- A. G. Hins and H. R. Thresh (Argonne National 
Laboratory) 

5.4.1 ADIP Task 

I.D.1 materials Stockpile for MFE Programs (Path C). 

5.4.2 Objective 

Previous fabrication efforts established a stockpile quantity of Path C Scoping Study vanadium and 
niobium alloys. 
applications. 
produced to support further work in the scoping studies. 
V-15Cr-5Ti ternary alloy in 0.020" and 0,050" flat stock form to replenish the refractory alloy inventory. 

These materials were used to evaluate the potential of the alloys for fusion reactor 
The vanadium alloy supply has been depleted to the point where additional stock must be 

A current objective is to produce 50 pounds of the 

5.4.3 Sunooary 

Fabrication of V-15Cr-5Ti alloy has begun to replenish the inventory of vanadium ternary alloy for Path 
C Scoping Studies. 
properties. 
for R&D requirements. 

melting. 
experiments were conducted on as-cast material. 
quarter. 

5.4.4 Progress and Status 

5.4.4.1 Introduction 

A process flowsheet has been devised to generate alloy material having optimum 
Process operations are designed to minimize the pickup of interstitial elements 0, N, H and C 

Pure vanadium, chromium and titanium feedstock materials have been prepared for alloy consolidation 
Primary and secondary plasma arc melting of 350 g ingots has begun. Two flat stock rolling 

Alloy sheet delivery is planned to begin early i n  the third 

An extensive review was made of unpublished fabrication file records from the 5-lot V-15Cr-5Ti alloy 
production campaign conducted at ANL in 1967. 
 KC melting, breakdown extrusion and finish rolling were studied to determine which operations required 
modification to meet the current ternary alloy production objectives. 
allay material with essentially no interstitial impurities pickup. 
be generally reproducible, cost effective and should have a better materials recovery percentage than the 
45% obtained during the earlier work. 

particulate metal compacting and melting operation. 
cost. 
melts --were deemed to provide adequate alloy homogeneity. 
stock were used to prepare the stock for final metalworking operations. Current plans are to produce r e -  
tangular flat stock in one extrusion step for final rolling of the sheet material. 
of 1125'C, rolling temperatures of 900°C-500DC-R.T., and a stress relief temperature of 900°C will be used 
as developed before. A higher, l Z O O ' C ,  processing temperature will be avoided because of this alloy's 
tendency for grain coarsening and precipitate formation at grain boundaries at the higher temperatures. 
basic alloy processing operations are shown in Table 5.4.1. 

5.4.4.2 Process Development 

Details of the basic steps of alloy consolidation, consumable 

The current interest is to generate 
The fabrication process  is required to 

A decision was made to substitute button arc melting of bulk feedstocks far the formerly used 
This is done to reduce impuritfes pickup and processing 

In  the Current case four melting steps -- two copper mold arc melts and 2 consumable electrode arc 
Formerly, two breakdown extrusions of round 

An extrusion temperature 

The 

Two hot rolling experiments were run to evaluate the breakdown characteristics of as-cast V-lSCr-STi 
The first experiment was conducted directly an a 1" x 0.7" x 4-1/2" material by rolling mill techniques. 

arc-cast bar. 
picture frame assembly. 
mill entry. 
a reduction of approximately 50% was reached. 
can and was found to exhibit significant edge cracking. 

This ternary alloy piece was also clad in a GTAW welded stainless steel picture frame assembly. 
prerolling heat treatment was performed. 
Here the temperature was decreased to 900°C and the compact was rolled until a total reduction of 50% was 
reached. 
reduction. 
test sample. 

compressive approach such as hot extrusion to generate the maximum yield. 

After the bar was vacuum heat treated at 1050°C for 2 h ,  it was canned into a stainless steel 

Hot rolling was begun at 1050°C and the rolling temperature was gradually lowered to 900°C where 
The compact was hot pressed at 1050°C (10% reduction) to enable subsequent rolling 

The ternary alloy piece was removed from the stainless steel 

The second hot rolling experiment was conducted on a rectangular casting of 3" x 4-112'' x 318" size. 
No 

Initially the compact was rolled at 1050'C to a 20% reduction. 

The compact was further cooled to 500°C and warm rolling continued for an additional 50% 
Upon decanning the alloy piece was found to have edge cracking similar to that found in the first 

A conclusion was drawn that the hot breakdown of this alloy in the cast state should employ a 
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Secondary Plasma, 
Arc Melt 

1" dia Rods 

Table 5.4.1. V-15Cr-5Ti Sheet Fab f o r  Fusion Power. 

Vanadium TI (Iodide) Crystal 

Consumable 
Arc Melt. 

1" to 2.3" Round 

I Consumable I 
Arc Melt. I 2.3" to 3.8" Round 

Primary Breakdown 
Extrusion. 112S'C 

Hot Roll at 
900"C, 

SO% Reduction 2 hr at 90O'C 

Warm Roll 1 400-500°C 1 50% Reduction I 

Cold Roll, 
5O-60% Reduction ZIEC 2-3 cycles 

Stress Relieve, 
1 hr at 900°C 

0.050" Sheet 
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5.4.4.3 Current Status 

Preparations were made for the processing of V-15Cr-5Ti alloy in three 31 pound lots. 

Vanadium metal feedstock was prepared by cutting 1" slices from Wah Chang heat 820305 forged bar. 

Each lot is 
identified as the alloy material in one extrusion billet. 

slices were cold rolled to 0.100" and 0.020" thick sheet for melt charge cutting. 
stock, lot 463996, was fractured to provide multisized pieces for melt charge makeup. 
from lot 507391 were prepared in a similar manner. 
the fallowing tolerances: 
loaded into a copper 2-114" x 2-114" x 518'' plate mold far primary plasma arc melting. 
evacuated and backfilled to 2 psig with a 70-30 mixture of helium and argon gas. 
a tungsten tipped nonconsumable electrode. 
of 20-30 volts. 
allowed the use of feedstock melt charges without weight compensation for Cr or Ti losses. 
charge and the resultant alloy plate are shown in Figure 5.4.1. 

was loaded in 2 layers into a copper 1.0" x 0.7" x 4-1/2" bar mold as shown in Figure 5.4.1. 
the Secondary charge was melted, the furnace electrode was used remotely to position the second layer of 
feedstock in the mold cavity. 
in the figure. 

Each electrode contains up to 9 bars and is joined to a vanadium adaptor at the top end. 
alloy electrode is fixed in the melting furnace by use of the 11" stainless steel extension rod that is also 
shown in the figure. 

mixture of helium and argon at 6.5 psia provides the cover gas. 
and V-15Cr-5Ti arc starter turnings are used to maintain ingot alloy purity. 
applying 1400-1500 amps to the electrode at 39 volts. 
ingots have been produced for the first lot of ternary alloy. 

The 
Chromium (Iodide) crystal 

Forty-two melt charges of 350 g material were weighed to 
Each charge was 

Sponge titanium pieces 

V - 280.0 f. 0 . 3  g, Cr - 52.50 2 0.05 8 ,  and Ti - 17.50 t 0.02 g. 
The furnace was 

The charge was melted using 
Melting currents ranged from 200-1000 amps with a voltage range 

This Weight losses during melting were controlled to generally less than 0.25 g of alloy. 
A primary melt 

The primary alloyed plates were sheared into strips on an industrial shear. Each secondary melt charge 
After half of 

A typical arc melted alloy bar is shown Another arc melting cycle followed. 
Weight losses during secondary melting were controlled to less than 0.20 g. 

Finished alloy bars are joined by GTAW welding in an argon atmosphere glovehox as shown in Figure 5.4.2. 
The V-15Cr-5Ti 

The 1'' welded electrode is consumable arc melted into a 2.3'' diameter water cooled copper mold. A 70-30 
A vanadium, or V-Cr-Ti alloy, starter block 

Melting is accomplished by 
To date two of the necessary 5 consumable arc melt 

5.4.4.4 Future Plans 

Processing of the first lot of V-15Cr-5Ti ternary alloy will continue through completion of the steps given 
in the flowsheet. 
material. 
1986. 

At the same time, work will begin on the initial processing steps of the second lot of 
Ternary alloy sheet stock of 0.020'' and 0.050" thickness will be delivered in the third quarter of 

5.4.5 References 

1. H. R. Thresh, "Preparation and Fabrication of Vanadium Base Alloys," Fig. 5.3.1, p .  88 in Alloy 
Development for Irradiation Performance: 
1985, DOEIER-0045/15, Oak Ridge National Laboratory, Oak Ridge, Tennessee, February 1986. 

Semiannual Progress Report for Period Ending September 30, 
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6. INNOVATIVE MATERIAL CONCEPTS 
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6.1 THE EFFECTS OF STRAIN RATE A N D  LONG-TERM A G I N G  ON THE 
P R O P E R T I E S  OF I R O N - B A S E  LRO ALLOYS - H. T. L i n  and  E. A 
C h i n  ( A u b u r n  U n i v e r s i t y )  

6.1.1 A D I P  Task 

ADIP Task I . B .  16, t e n s i l e  p r o p e r t i e s  o f  s p e c i a l  a n d  
i n n o v a t i v e  m a t e r i a l s .  

6 .1 .2  O b j e c t i v e  

T h i s  s t u d y  was u n d e r t a k e n  t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  s t r a i n  
r a t e  and  l o n g - t e r m  t h e r m a l  e x p o s u r e  on t h e  m e c h a n i c a l  p r o p e r t i e s  
o f  t h e  ( F e , N i I 3 V  LRO a l l o y s .  

6.1.3 Summary 

T e n s i l e  t e s t s  c o v e r i n g  s t r a i n  r a t e s  f r o m  t o  10' p e r  
s e c  w e r e  p e r f o r m e d  on t h e  o r d e r e d  a l l o y s  a t  room t e m p e r a t u r e .  
The r e s u l t s  i n d i c a t e  t h a t  t h e r e  i s  l i t t l e  o r  n o  e f f e c t  o f  s t r a i n  
r a t e  on t h e  t e n s i l e  s t r e n g t h  a n d  d u c t i l i t y .  The l o n g - t e r m  
t h e r m a l  e x p o s u r e  a t  600°C does  n o t  c a u s e  a n y  s i g n i f i c a n t  c h a n g e  
i n  t e n s i l e  p r o p e r t i e s .  The d e f o r m a t i o n  a n d  f r a c t u r e  
c h a r a c t e r i s t i c s  a l o n g  w i t h  c o n t r o l l i n g  mechan isms c h a n g e  a s  a 
f u n c t i o n  o f  s t r a i n  r a t e  and  a g i n g  t i m e .  

6.1.4 P r o g r e s s  and  S t a t u s  

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

L o n g - r a n g e - o r d e r e d  a l l o y s  o f f e r  p o t e n t i a l  a d v a n t a g e s  o v e r  
c o n v e n t i o n a l  a l l o y s  f o r  h i g h - t e m p e r a t u r e  s t r u c t u r a l  a p p l i c a t i o n s  
[l-41. A t o m i c  o r d e r i n g  p r o d u c e s  a p r o n o u n c e d  i n c r e a s e  i n  t h e  
r a t e  o f  w o r k  h a r d e n i n g  [4-8] a n d  i m p r o v e s  t h e  f a t i g u e  r e s i s t a n c e  
[ 9 1 .  As a r e s u l t  o f  s t r o n g e r  b i n d i n g  a n d  c l o s e r  p a c k i n g  o f  
a t o m s ,  m o s t  k i n e t i c  p r o c e s s e s  s u c h  a s  c r e e p  and  g r a i n  g r o w t h ,  a r e  
s l o w e r  i n  t h e  o r d e r e d  s t r u c t u r e  [lo]. A l s o ,  t h e  u n i q u e  
d i s l o c a t i o n  d y n a m i c s  a s s o c i a t e d  w i t h  t h e  o r d e r e d  l a t t i c e s  g i v e  
t h e  L R O  a l l o y s  e x c e l l e n t  h i g h - t e m p e r a t u r e  s t r e n g t h  and  f a t i g u e  
r e s i s t a n c e  C 1 1 1 .  The m a i n  d i s a d v a n t a a e  o f  t h e  LRO a l l o v s  i s  

~~ 

t h e i r  t e n d e n c y  t o  be b r i t t l e  i n  t h e  o r d e r e d  s t a t e .  

f V , T i Y  show an e l o n g a t i o n  i n  e x c e s s  o f  30% f1?,13f. 
b e e n  a c h i e v e d  b y  c o n t r o l l i n g  t h e  o r d e r e d  l a t t i c e  s t r u c t u r e  
t h r o u g h  u s e  o f  t h e  e / a  r a t i o  o r  a v e r a a e  e l e c t r o n  d e n s i t v  D e r  a t o m  

T h e - n e w i y  
e v e 1  p e d  LRO a1 o y s  b q s e d . o n  t h e  g e n e r a l  c m o s i  i o n  ( F e , N i )  

T h i s  h a s 3  

- - .  
o u t s i d e  t h e  i n e r t  gas  s h e l l .  

The e x c e l l e n t  m e c h a n i c a l  p r o p e r t i e s  e x h i b i t e d  b y  t h e s e  
o r d e r e d  a l l o y s  h a v e  l e d  them t o  be c o n s i d e r e d  a s  s t r u c t u r a l  
m a t e r i a l s  i n  f u s i o n  r e a c t o r s  and  s t e a m  t u r b i n e  s y s t e m s .  B e f o r e  
t h e s e  a l l o y s  c a n  be u s e d  w i d e l y  f o r  h i g h - t e m p e r a t u r e  
a p p l i c a t i o n s ,  t h e  m a j o r  c h a l l e n g e  i s  t o  i m p r o v e  and  m a i n t a i n  t h e  
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d u c t i l i t y  o f  LRO a l l o y s  i n  t h e  o r d e r e d  s t a t e .  I n  a n  e f f o r t  t o  
c l a r i f y  t h e  d e f o r m a t i o n  and  f a i l u r e  mechan isms,  and  t o  o p t i m i z e  
t h e  d u c t i l i t y  o f  t h e  i r o n - b a s e  LRO a l l o y s ,  t h i s  s t u d y  
i n v e s t i g a t e s  t h e  e f f e c t s  o f  s t r a i n  r a t e  and  l o n g - t e r m  t h e r m a l  
a g i n g  on t h e  t e n s i l e  p r o p e r t i e s ,  s t r u c t u r a l  s t a b i l i t y  a n d  
f r a c t u r e  mechan ism o f  t h e  LRO a l l o y s .  

6 . 1 . 4 . 2  E x p e r i m e n t a l  

Two s e r i e s  o f  t e n s i l e  s p e c i m e n s ,  LRO-37 and  LRO-42, o f  
i r o n - b a s e  LRO a l l o y s  w e r e  r e c e i v e d  f r o m  Oak R i d g e  N a t i o n a l  
L a b o r a t o r y .  The c h e m i c a l  c o m p o s i t i o n  a n a l y s i s  o f  i n g o t s  i s  g i v e n  
i n  r e f e r e n c e  [ 1 5 1 .  The s p e c i m e n s  w e r e  s o l u t i o n - t r e a t e d  f o r  20 
m i n u t e s  a t  1100  C, f o l l o w e d  b y  an o r d e r i n g  t r e a t m e n t  i n v o l v i n g  
s t e p  c o o l i n g  f r o m  600 C t o  500 C .  The o r d e r e d  s p e c i m e n s  w e r e  
aged  a t  600 C f o r  t h r e e  m o n t h s  and  s i x  m o n t h s  r e s p e c t i v e l y .  A l l  
s p e c i m e n s  w e r e  e l e c t r o - p o l i s h e d  i n  a s o l u t i o n  o f  40% w a t e r ,  40% 
n i t r i c  a c i d  a n d  20% h y d r o f l u o r i c  a c i d .  The s p e c i m e n s  w e r e  
p o l i s h e d  b e t w e e n  15 and  30 s e c o n d s ,  w i t h  v o l t a g e  and  c u r r e n t  
s e t t i n g s  a t  0.7 v o l t s  a n d  0.3  amperes  r e s p e c t i v i t y .  

Room t e m p e r a t u r e  t e n s i l e  t e s t s  w e r e  p e r f o r m d  w i t h  a n  MTS 
h d r a u l i c  t e s t i n g  m a c h i n e  a t  s t r a i n  r a t e s  o f  2.8 x t o  2 , 8  x 
18 p e r  s e c .  To i n v e s t i g a t e  d e f o r m a t i o n  a n d  f r a c t u r e  mechanisms, 
s e l e c t e d  s p e c i m e n s  w e r e  e x a m i n e d  i n  d e t a i l  w i t h  an I S I - S S  40 
s c a n n i n g  e l e c t r o n  m i c r o s c o p e  o p e r a t e d  a t  20 K V .  A d d i t i o n a l l y ,  
t h e  m i c r o s t r u c t u r e  o f  t h e  LRO a l l o y s  b e f o r e  a n d  a f t e r  l o n g - t e r m  
t h e r m a l  a g i n g  was e x a m i n e d  u s i n g  a Z e i s s  p h o t o m i c r o s c o p e .  

6 .1 .4 .3  R e s u l t s  

O p t i c a l  M i c r o s c o p y  

t h e i r  o r d e r e d  s t a t e  b e f o r e  a n d  a f t e r  d i f f e r e n t  a g i n g  t r e a t m e n t s .  
A n n e a l i n g  t w i n s  a r e  v i s i b l e  t o g e t h e r  w i t h  some i n c l u s i o n s  w h i c h  
w e r e  a n a l y z e d  t o  be V C  p a r t i c l e s .  These  t w o  LRO a l l o y s ,  LRO-37 
and  LRO-42, w e r e  g i v e n  i d e n t i c a l  h e a t  t r e a t m e n t  p r o c e s s e s ,  b u t  
t h e  s i g n i f i c a n t l y  d i f f e r e n t  g r a i n  s i z e s  w e r e  o b t a i n e d  a s  a r e s u l t  
o f  m i n o r  d i f f e r e n c e  i n  c h e m i c a l  c o m p o s i t i o n .  The r e s u l t s  show 
t h a t  t h e  g r a i n  s i z e  o f  t h e  LRO-42 i s  a p p r o x i m a t e l y  h a l f  o f  t h e  
LRO-37 a l l o y s .  A l s o ,  i t  r e v e a l s  t h a t  t h e  m i c r o s t r u c t u r e  o f  LRO 
a l l o y s  i s  n o t  a f f e c t e d  b y  t h e  l o n g - t e r m  t h e r m a l  e x p o s u r e  a t  
600°C.  

T e n s i o n  T e s t  

F i g u r e s  2 a n d  3 show t h e  c h a r a c t e r i s t i c  s t r e s s  v e r s u s  s t r a i n  
c u r v e s  f o r  t h e  LRO a l l o y s  i n  t h e  a g e d  a n d  unaged  c o n d i t i o n s  
r e s p e c t i v e l y .  A l l  t h e  LRO-42 s i x  m o n t h s  a g e d  s p e c i m e n s  e x h i b i t e d  
a s h a r p  y i e l d  p o i n t ,  c h a r a c t e r i z e d  b y  t h e  c l a s s i c a l  u p p e r  a n d  
l o w e r  y i e l d  p o i n t ,  w h i l e  none  o f  t h e  c o n t r o l  g r o u p  s p e c i m e n s  
showed t h e  s h a r p  y i e l d  p o i n t  phenomenon. F o r  t h e  LRO-37 a l l O Y S ,  
t h e  s h a r p  y i e l d  p o i n t  b e h a v i o r  i s  n o t  d i s c e r n i b l e  i n  e i t h e r  t h e  
t h r e e  m o n t h s  aged  o r  t h e  c o n t r o l  s p e c i m e n s .  

F i g u r e  1 shows o p t i c a l  m i c r o g r a p h s  o f  t h e  LRO a l l o y s  i n  
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F i g u r e  4 shows t h e  e f f e c t  o f  s t r a i n  r a t e  o n  t h e  u l t i m a t e  
t e n s i l e  s t r e n g t h  f o r  b o t h  t h e  L R O  a l l o y s .  From t h e  f i g u r e ,  t h e r e  
i s  a t r e n d  t o w a r d  i n c r e a s i n g  t e n s i l e  s t r e n g t h  w i t h  i n c r e a s i n g  
s t r a i n  r a t e  f o r  t h e  LRO-37 a l l o y s ,  w h i l e  t h e  LRO-42 c o n t r o l  g r o u p  
b e h a v e s  i n  t h e  o p p o s i t e  way. The t e n s i l e  s t r e n g t h  o f  t h e  LRO-42 
s i x  m o n t h s  aged  g r o u p  i s  i n s e n s i t i v e  t o  s t r a i n  r a t e  u p  t o  2 . 8  x 
10-1  s e c - l .  
aged  g r o u p  d i s p l a y s  a h i g h e r  UTS t h a n  i t s  c o n t r o l  g r o u p ,  and  
t h e r e  i s  a s m a l l  d i f f e r e n c e  b e t w e e n  t h e  a g e d  and  c o n t r o l  
s p e c i m e n s  o f  LRO-37 a l l o y s .  The r e s u l t s  show t h a t  t h e  s t r a i n  
r a t e  and  l o n g - t e r m  a g i n g  have  l i t t l e  e f f e c t  on  t h e  room 
t e m p e r a t u r e  t e n s i l e  s t r e n g t h .  

The y i e l d  s t r e n g t h  a s  a f u n c t i o n  of  s t r a i n  r a t e  i s  shown i n  
F i g u r e  4 .  T h e r e  i s  no  a p p a r e n t  e f f e c t  o f  s t r a i n  r a t e  o n  t h e  
y i e l d  s t r e n g t h .  The y i e l d  s t r e n g t h s  o f  t h e  LRO-42 s i x  m o n t h s  
aged  g r o u p  d i f f e r  f r o m  t h o s e  o f  i t s  c o n t r o l  g r o u p  b y  10% t o  20%. 
F o r  LRO-37 a l l o y s ,  no  s i g n i f i c a n t  d i f f e r e n c e  i n  y i e l d  s t r e n g t h  
was f o u n d  b e t w e e n  t h e  aged and c o n t r o l  g r o u p .  A d d i t i o n a l l y ,  
t h e r e  i s  n o  d e t e c t a b l e  e f f e c t  o f  l o n g - t e r m  a g i n g  on  t h e  y i e l d  
s t r e n g t h .  

s t r a i n  r a t e  and  aged  c o n d i t i o n ,  a s  shown i n  F i g u r e  4. A s m a l l  
amount  o f  n e c k i n g  was o b s e r v e d  i n  s a m p l e s  p r i o r  t o  f i n a l  f a i l u r e .  
A s  a r e s u l t  o f  h i g h  s t r a i n  h a r d e n i n g  e x p o n e n t ,  a m i n o r  
d e f o r m a t i o n  o f  t h e  h o l e s  on  t h e  g r i p  s e c t i o n  w e r e  o b s e r v e d .  

The s t r a i n - h a r d e n i n g  e x p o n e n t  v e r s u s  s t r a i n  r a t e  i s  p l o t t e d  
i n  F i g u r e  4 .  The f i g u r e s  show t h a t  t h e  s t r a i n  h a r d e n i n g  e x p o n e n t  

0 o f  t h e s e  L R O  a l l  i n  en  i t i v e  t o  s r a i n  r a t e  up  t o  2 . 8  x 10 
sec  The resu?!: i f s o  f n d y c a t e  t h a t  f o n g - t e r m  t h e r m a l  a g i n g  
h a s  a l i t t l e  e f f e c t  on  t h e  s t r a i n  h a r d e n i n g  c h a r a c t e r i s t i c s  o f  
t h e  m a t e r i a l .  

S c a n n i n g  E l e c t r o n  M i c r o s c o p y  

The r e s u l t s  a l s o  i n d i c a t e  t h a t  t h e  LRO-42 s i x  m o n t h s  

Gage s e c t i o n  e l o n g a t i o n  was f o u n d  t o  be  i n s e n s i t i v e  t o  b o t h  

. 

M a c r o s c o p i c a l l y ,  t h e  f r a c t u r e  s u r f a c e s  o f  a l l  r oom 

i t y  i n  

t e m p e r a t u r e  t e s t e d  s p e c i m e n s  a r e  n e a r l y  i d e n t i c a l .  The f r a c t u r e  
p r o p a g a t e d  a t  an a n g l e  o f  a b o u t  90 d e g r e e s  w l t h  r e s p e c t  t o  t h e  tensile axis , r> -____  c\ ... _ _ a _ _  _ I  & L _  _I_>.__ 

m a c r o s c o p i c  i d e n t i  f i ab1 e 
d i f f e r e n c e s  
mechan isms .  

, r , g u r r  a , .  L n  s p l L e  U T  L n r  5111111ar 

f r a c t u r e  s u r f a c e  f e a t u r e s ,  t h e r e  w e r e  
i n  t h e  m i c r o s c o p i c  d e f o r m a t i o n  and  fri 

These  d i f f e r e n c e s  w e r e  d i s c e r n i b l e  u !  
r o s c o p y .  . . .  . .  

i c t u r e  
s i n g  s c a n n i n g  

e l e c t r o n  m i c  

s p e c i m e n s  i n  t h e  d i f f e r e n t  aged  and  
p h o t o m i c r o g r a p h s  i n d i c a t e  t h a t  t h e  t 
d e n s i t y  i s  seen t o  be b o t h  a f u n c t l o  
c o n d i t i o n .  The unaged  s p e c i m e n s  hav  
d e n s i t y  t h a n  e i t h e r  o f  t h e  aged  spec  
aged  s p e c i m e n s ,  t e s t e d  a t  h i g h  s t r a i  
s l i p  b a n d  d e n s i t y  t h a n  t h o s e  t e s t e d  
phenomena s u g g e s t  t h a t  t h e  d e f o r m a t i  
i n c r e a s e s  w i t h  i n c r e a s i n g  s t r a i n  r a t e  and  d e c r e a s e s  w l t h  
i n c r e a s i n g  e x p o s u r e  t i m e  a t  600°C. 

F i g u r e  6 compares  t h e  d e f o r m a t i o n  mechan ism o f  s i x  s e l e c t e d  ~~ ~ ~~ ~~ ~ ~~ ~~~~~~~~ 

s t r a i n  r a t e  c o n d i t i o n s .  The 
r a n s g r a n u l a r  s l i p  b a n d  
n o f  s t r a i n  r a t e  a n d  aged  
e a much h i g h e r  s l i p  band  
i m e n s .  A l s o ,  t h e  unaged  and  
n r a t e ,  have  a much h i g h e r  
a t  l o w e r  s t r a i n  r a t e .  These  
on  w i t h i n  t h e  g r a i n s  

~~ .~ 
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Figure 4. S t r a i n  Rate Dependence o f  T e n s i l e  Proper t ies  of  LRO Alloys. 
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6.1.5. C o n c l u s i o n s  

T h e  f o l l o w i n g  c o n c l u s i o n s  w e r e  d r a w n  f r o m  t h e  e x p e r i m e n t  and 
a n a l y s i s :  

1. The m e c h a n i c a l  p r o p e r t i e s  o f  t h e  L R O  a l l o y s  a r e  
i n s e n s i t i v e  t o  s t r a i n  r a t e  o v e r  s i x  o r d e r  o f  magnitude. 

2. 
c h a n g e  in t h e  t e n s i l e  p r o p e r t i e s  w h i c h  d e m o n s t r a t e s  t h e  s t r u c t u r e  
s t a b i l i t y  o f  t h e  L R O  alloys. 

i n d i c a t e s  t h a t  s l i p  band d e n s i t y  i n c r e a s e s  w i t h  s t r a i n  r a t e  and 
d e c r e a s e s  w i t h  a g i n g  time. C o r r e s p o n d i n g l y ,  t h e  d u c t i l e  g r a i n  
b o u n d a r y  f r a c t u r e  i n c r e a s e s  w i t h  a d e c r e a s e  in s t r a i n  r a t e  and 
i n c r e a s e  o f  a g i n g  time. 

6.1.6 R e f e r e n c e s  

L o n g- t e r m  a g i n g  a t  600°C d o e s  not c a u s e  a n y  s i g n i f i c a n t  

3. T h e  s c a n n i n g  e l e c t r o n  m i c r o s c o p y  i n v e s t i g a t i o n  

1. N. S. S t o l o f f  a n d  R. G. David. "The M e c h a n i c a l  
P r o p e r t i e s  o f  O r d e r e d  Alloys," P r o g r e s s  in M a t e r i a l s  S c i e n c e ,  1 3  
(l), ( 1 9 6 6 )  p. 1. 

W e s t b r o o k ,  Eds., O r d e r e d  A l l o y s  S t r u c t u r e  and P h y s i c a l  
M e t a l l u r g y ,  Proc. 3rd., B o l t o n  L a n d i n g  Conf., Lake G e o r g e ,  N .  Y., 
C l a i t e r ' s  Pub. Div. (1970). 

2. B.  H. Kear, C. F. Sims, N. S. S t o l o f f  and J. H. 

3. M. A. K r i v o g l a z  a n d  A. A. S m i r i n o v ,  T h e  T h e o r y  o f  
O r d e r- D i s o r d e r  in A l l o y s ,  A m e r i c a n  E l s e v i e r  Pub. Co., N e w  Y o r k  
(1964). 

b .  F. M u t o  and Y. T a k a g i ,  T h e  T h e o r y  of O r d e r - D i s o r d e r  
T r a n s f o r m a t i o n s  in A l l o y s ,  A c a d e m i c  Press, N e w  Y o r k  (1956). 

5. L. E. P o p o v  and N. A. Koneva, O r d e r  D i s o r d e r  
T r a n s f o r m a t i o n  in A l l o y s ,  J. W a r l i m a n t ,  Ed.. Springer- Verlag. N e w  
Y o r k  (19741, p. 404. 

6. M. J. M a r c i n k o w s k i ,  O r d e r  D i s o r d e r  T r a n s f o r m a t i o n ,  J. 
W a r l i m a n t ,  Ed., Springer- Verlag. N e w  Y o r k  (19741, p. 364. 

7. A. E .  Vidoz, D .  P. L a z a r e n i o  a n d  R. W. Chan, A c t a  Met, 
Vol. 11 (19631, p. 17. 

8. B. H. K e a r  and H. W i l s d o r f ,  T r a n s  AIME, Vol. 2 2 4  (1962), 
p .  382. 

E, Vo1.236 (1966). p. t31. 

R e d u c i n g  I r r a d i a t i o n  Creep: A n  Hypothesis,"  Journal o f  N u c l e a r  
M a t e r i a l s ,  66 (1977). p. 322. 

S e m i n a r  Series, Am. S o c i e t y  o f  M e t a l s ,  C l e v e l a n d ,  O h i o  (1954). 

A l l o y s  D e v e l o p m e n t  f o r  I r r a d i a t i o n  P e r f o r m a n c e ,  P r o c e e d i n g s  of 
P r o g r a m  R e v i e w  Meeting, Sep. 30-Otc. 1, 1980, p. 354. 

?!d79!, D. 1g15. 

9. R. C. Boetler, N. S .  S t o l o f f  and R. G. Davis, Trans 
10. E .  M. Schuison, O r d e r  S t r e n g t h e n i n g  a s  a M e t h o d  for 

11. A. H. Cottrell, in R e l a t i o n  o f  P r o p e r t i e s  t o  S t r u c t u r e ,  

12. C. T. Liu, " D e v e l o p m e n t  o f  L o n g  R a n g e  O r d e r e d  Alloys," 

13. C. 1. Liu, a n d  H .  Inouye, 'I Control o f  O r d e r e d  S t r u c t u r e  
D c t i l i t  o f  ( F ~ , C O , N ~ ) ~ V  Alloys," Met. T r a n s  A, Vol. 1 0  

~. 

14. E.  0. Hall, Yield P o i n t  P h e n o m e n a  in Metals, P l e n u m  

15. C. T. Liu, " D e v e l o p m e n t  o f  F e - B a s e  Long R a n g e  O r d e r e d  
P u b l i s h i n g  C o m p a n y ,  N e w  York, (1970). 

( L R O )  A l l o y s  f o r  F u s i o n  R e a c t o r  First Wall and B l a n k e t  
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7.1 HELIUM EFFECTS ON VOID FORMATION IN 9Cr-1MoVNb AND 12Cr-1MoVW IRRADIATED IN HFIR - P. J. Maziasz, 
R .  L .  Klueh, and J. M. Vitek (Oak Ridge National Laboratory) 

7.1.1 ADIP Task 

ADIP Tasks are not defined for Path E, ferritic steels i n  the 1978 Program Plan. 

7.1.2 Objective 

Ferritic 9Cr-1MoVNb and 12Cr-1MoVW steels have been doped with up to 2 wt % Ni to increase helium pro- 
duction during HFIR irradiation. 
bubbles and voids i n  response to increased helium concentrations, as well as to study the precipitation 
behavior during irradiation via analytlcal electron microscopy (AEM). 

7.1.3 Summarv 

The goals of this work are to examine the microstructural evolution of 

Up to 2 wt % Ni was added to 9Cr-1MoVNb and 12Cr-1MoVW ferritic steels to increase helium production by 
transmutation during HFIR irradiation. 
all the undoped and nickel-doped steels irradiated at 400'C. 
but not in any of them at 300 or 60OOC. 
nlckel-doped steels. 
with up to 440 appm He.  
and coarsening of the lath/subgrain structure i n  the 9-Cr steels, whereas the microstructure generally 
remained stable i n  the 12-Cr steels. 
changes i n  the as-tempered MC phase i n  all the steels, and produced combinations of fine M.C, G, and M,X 
precipitates i n  various steels. 
to void formation. 
void formation. The effects of helium on steady state void swelling behavior, however, remain unknown. 

7.1.4 P r o w e s s  and Status 

7.1.4.1 Introduction 

The various steels were irradiated to -39 dpa. Voids were found in 
Voids developed i n  most of the steels at 5OO0C, 

Maximum void formation was found at 400"C, but swelling remained less than 0.5% even 
Bubble formation, however, was increased at all temperatures i n  the 

Irradiation at 300 to 500°C caused dissolution of as-tempered M,,C, precipitates 

Irradiation i n  this temperature range also caused compositional 

The subgrain boundaries appear to be strong sinks that enhance resistance 
Higher helium production during irradiation appears to shorten the incubation period for 

In 1971, Harkness et al.' observed that the void swelling resistance of bcc ferrite was better than fcc 
austenite in a duplex steel. Based on this and several later investigations of void formation in ferritic 

various national fast breeder reactor (FER) alloy development programs' began studying ferritic 
steels for fuel cladding in 1976. The U.S. magnetic fusion reactor (MFR) materials program included these 
steels as structural candidates i n  1979.' Void swelling resistance has been demonstrated more recently for 
various ferritic steels irradiated i n  FBRs to doses as high as 120 to 150 dpa (refs. 8-12). 
generation in ferritic steels is very low (-0.1 appm He/dpa) i n  FBRs such as EBR-11, as seen i n  Fig. 7.1.1. 

However, helium 

0111 0 w 0 . 1 5  ,o,.. 

HELIUM GENERATION IN  SCr-1MOVNb FCRRITIC 
STEEL IN  VARIOUS REACTOR ENVIRONMENTS 

Fig. 7.1.1. Helium generation platted versus displacement 
damage level for undoped and 2 wt % Ni-doped 9Cr-1MoVNb 
irradiated i n  FFTF, HFIR, and a fusion first wall. 

The effect of higher helium generation on void swelling reslstance is therefore a major question when con- 
sidering ferritic steels for use i n  an MFR where helium generation rates will be 8 to 13 
appm He/dpa. 
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Recent work by V i t e k  and Klueh'"" and by G e l l e s l B  has demonstrated t h a t ,  when he l ium genera t ion  was 
increased,  v o i d  fo rmat ion  a l s o  increased i n  9- and 12-Cr f e r r i t i c  s t e e l s  a t  400°C a f t e r  -39 dpa. 
he l ium genera t ion  was ob ta ined  by i r r a d i a t i n g  9Cr-1MoVNb and 12Cr-IMoVW s t e e l s  i n  HFIR i n s t e a d  o f  E B R - I 1  
( F i g .  7 .1 .1 ) .  HFIR has more thermal neutrons t h a t  produce he l ium f r o m  a two-step t ransmuta t ion  r e a c t i o n  
w i t h  n i c k e l .  
amounts o f  he l ium can e i t h e r  inc rease  o r  decrease v o i d  f o r m a t i ~ n . ' ~ ' ~ ~  Hor ton and Ben t ley "  have shown t h a t  
he l ium c o- i n j e c t e d  d u r i n g  heavy- ion i r r a d i a t i o n  o f  h i g h- p u r i t y  Fe-1OCr inc reased  b o t h  t h e  c o n c e n t r a t i o n  o f  
c a v i t i e s  and t h e i r  spreading i n t o  a bimodal s i z e  d i s t r i b u t i o n ,  i n d i c a t i v e  o f  s u b c r i t i c a l  c a v i t i e s  c o n v e r t i n g  
i n t o  b i a s- d r i v e n  c a v i t i e s  o r  vo ids .  
12Cr-1MoVW by A y r a u l t "  have shown t h a t  t h e  presence o f  he l ium was necessary f o r  v o i d  format ion.  

The purpose o f  t h i s  work i s  t o  f u r t h e r  examine t h e  e f f e c t s  o f  increased he l ium genera t ion  on v o i d  
format ion and m i c r o s t r u c t u r a l  e v o l u t i o n  i n  t h e  9- and 12-Cr f e r r i t i c  s t e e l s  d u r i n g  neu t ron  i r r a d i a t i o n .  
Greater  he l ium g e n e r a t i o n  d u r i n g  HFIR i r r a d i a t i o n  was achieved by doping t h e  s t e e l s  w i t h  up t o  2 w t  % N i  
( r e f .  23), as shown f o r  9Cr-1MoVNb-2Ni i n  F i g .  7.1.1. 

7 .1.4.2 Exper imenta l  

The h i g h e r  

Neutron i r r a d i a t i o n  s t u d i e s  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  have demonstrated t h a t  l a r g e  

Moreover, s i n g l e  and dual-beam heavy- ion i r r a d i a t i o n  s t u d i e s  i n  

The composi t ions of t h e  n ickel- doped and undoped heats o f  9Cr-1MoVNb and 12Cr-IMoVW s t e e l s  a r e  g iven  i n  
Table 7.1.1.  
The 2% Ni-doped s t e e l s  were tempered longer"  a t  lower  temperatures than t h e  undoped a l l o y s  because p rev ious  
s t u d i e s  showed t h a t  n i c k e l  lowered t h e  AC ( l o w e s t  c r i t i c a l  aus ten i te- fo rming)  temperature.  However, t h e  
I2Cr-1MoVW-INi had t h e  same tempering t rea tment  as t h e  undoped 12-Cr s t e e l .  

The v a r i o u s  n o r m a l i z a t i o n  and temper ing h e a t  t rea tment  c o n d i t i o n s  a r e  l i s t e d  i n  Table 7.1.2. 

Table 7.1.1. Composit ions of 9Cr-1MoVNb and I2Cr-IMoVW hea ts  of s t e e l  w i t h  and w i t h o u t  n i c k e l  doping 

Concen t ra t ion*  ( w t  %) 
A l l o y  Heat 

C r  Mo N i  Mn C s i  V Nb T i  W N d e s i g n a t i o n  number 

9Cr-1MoVNb (XA 3590) 8.6 1.0 0 . 1  0.36 0.09 0.08 0.21 0.063 0.002 0 . 0 1  0.05 

9Cr-1MoVNb-2Ni (XA 3591) 8.6 1.0 2.2 0.36 0.064 0.08 0.22 0.066 0.002 0.01 0.05 

12Cr-1MoVW (XAA 3587) 12.0 0 .9  0.4 0.5 0.2 0.18 0.27 0.018 0.003 0.54 0.02 

12Cr-1MoVW-1Ni (XAA 3588) 12.0 1 . 0  1.1 0.5 0 . 2  0.13 0 . 3 1  0.015 0.003 0.53 0.02 

1PCr-1MoVW-2Ni (XAA 3589) 11.7 1.0 2.3 0.5 0.2 0.14 0.31 0.015 0.003 0.54 0.02 

BBalance i r o n .  

A l l o y s  were i r r a d i a t e d  s i d e  by s ide  i n  HFIR CTR-30 
i n  t h e  f o r m  o f  s tandard  3-mm-diam t r a n s m i s s i o n  e l e c t r o n  Table 7.1.2.  Norma l i z ing  and temper ing 

c o n d i t i o n s  f o r  v a r i o u s  s t e e l s  microscopy (TEM) d i s k s  punched from 0.254-mm-thick sheet  
s tock .  
600OC and have been v e r i f i e d  by a n a l y s i s  o f  temperature 
m o n i t o r s . 2 u  Displacement damage ( i n c l u d i n g  dpa due t o  A1 l p y  N o r m a l i z a t i o n  Tempering 
n i c k e l  r e c o i l s )  and he l ium genera t ion  l e v e l s  were ca lcu-  
l a t e d  by L. R .  Greenwood based on dos imet ry  performed 
f o r  t h i s  e ~ p e r i m e n t . ~ ~  
36 t o  39 dpa and he l ium l e v e l s  o f  -33 appm i n  
9Cr-1MoVNb. -410 a m m  i n  9Cr-1MoVNb-2Ni. -87 aDDm i n  

I r r a d i a t i o n  temperatures ranged f rom 300 t o  

d e s i g n a t i o n  

9Cr-1MoVNb 0.5 h @ 104OoC 1 h @ 760OC 

9Cr-1MoVNb-ZNi 0.5 h @ 1040°C 5 h @ 700°C 

HFIR neutron f luences  produced 

~~ ~ ~ 

12Cr-1MoVW; -217 appm i n  12Cr-lMoVW-INi; and -440 appm 
i n  I2Cr-IMoVW-ZNi. A specimen o f  9Cr-1MoVNb-2Ni i r r a -  12Cr-IMoVW 0 . 5  h @ 1050°C 2.5 h @ 78OOC 
d i a t e d  i n  FFTF a t  407'C t o  a f luence p roduc ing  47 dpa 
and -5 appm He was i n c l u d e d  i n  t h i s  work t o  separate t h e  12Cr-IMoVW-1Ni 0.5 h @ 1050OC 2.5 h @ 780°C 
e f f e c t s  of n i c k e l  doping from those o f  he l ium on 
m i c r o s t r u c t u r a l  e v o l u t i o n  under i r r a d i a t i o n .  12Cr-1MoVW-ZNi 0.5 h @ 1050OC 5 h @ 700OC 

TEM d i s k s  were examined on a JEM I O O C  TEM equipped 
w i t h  a s p e c i a l  o b j e c t i v e  l e n s  po lep iece  designed t o  
lower  t h e  magnetic f i e l d  a t  t h e  specimen. 
m a t e r i a l  and from s e l e c t e d  i r r a d i a t e d  specimens prepared i n  a spec ia l ,  sh ie lded ,  hands-on f a c i l i t y  because 
o f  t h e  h i g h l y  r a d i o a c t i v e  HFIR specimens.2o 
microscopy (AEM), us ing  e i t h e r  a P h i l i p s  EM400 microscope equipped w i t h  a f i e l d  emiss ion gun (FEG) f o r  ve ry  
h igh  e l e c t r o n  i n t e n s i t y  a t  small  probe s izes  o r  a JEM 2OOOFX microscope w i t h  an LaB, f i l a m e n t .  

Carbon f i l m  e x t r a c t i o n  r e p l i c a s  were produced f rom as-tempered 

P r e c i p i t a t e s  were s t u d i e d  by means o f  a n a l y t i c a l  e l e c t r o n  
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7.1.4.3 Results 

7.1.4.3.1 Cavi tv Microstructure 

A. 9Cr-1MoVNb and 9Cr-lMoVNb-2Ni steels.  HFIR and FFTF 

A few f i n e  (2-5 nm i n  diameter) bubbles were found a t  4OO0C i n  the matr ix,  and a t  60OOC along subgrain 

Conversely, voids are c a v i t i e s  l a rge r  than t h e i r  c r i t i c a l  s ize whose growth i s  

boundaries i n  9Cr-1MoVNb i r rad ia ted  i n  HFIR t o  -38 dpa and -32 appm He. 
diameter) were found only a t  4OO0C [Fig. 7.1.2(8,6)]. 
whose growth i s  gas-driven. 
bias-driven. Some experimental guidel ines f o r  determining whether c a v i t i e s  are bubbles or voids have been 
suggested.l' Voids formed i n  patches t h a t  were several microns i n  size, whi le  s i m i l a r  adjacent patches were 
void- free. 

By cont ras t ,  HFIR i r r a d i a t i o n  o f  9Cr-1MoVNb-ZNi t o  -38 dpa and -410 appm He produced s ign i f i can t l y  more 
f i n e  bubbles a t  300 t o  60OoC r e l a t i v e  t o  9Cr-lMoVNb. and a lso produced voids a t  both 400 and 5OO0C 
[Figs. 7.1.2(c,d) and 7.1.31. A t  4OO0C, vo id  formation was s p a t i a l l y  more uniform throughout the matr ix 
and up t o  several times greater i n  9Cr-1MoVNb-ZNi than i n  the gCr-lMoVNb, but  vo id  sizes were s imi lar .  Void 
swel l ing appeared t o  be 0.3 t o  0.4% i n  the 9Cr-1MoVNb-ZNi. 
9Cr-1MoVNb-ZNi were found only i ns ide  very coarse, i r radiat ion-produced p r e c i p i t a t e  p a r t i c l e s  
[Fig. 7.1.2(d)] t en ta t i ve l y  i d e n t i f i e d  as x phase. 
9Cr-1MoVNb-2Ni a t  5OOOC. whereas no vo id  swel l ing  was found i n  9Cr-1MoVNb. 

Larger mat r ix  voids (9-18 nm i n  
Bubbles are c a v i t i e s  smaller than t h e i r  c r i t i c a l  s ize 

Cavi ty swel l ing was about 0.2%. No bubbles were observed a t  e i t h e r  300 or 500OC. 

A t  5OODC, large (20-70 nm diam) voids i n  

Swell ing appeared t o  be 0.1 t o  0.3% i n  

Fig. 7.1.2. plIcIvlbIuc.uIs~ v q  II-IV.I.Y ,-dc -,,,,,,, ,L,y, JCr-1MoVNb-2Ni (410 appm He) 
i r r a d i a t e d  i n  HFIR a t  400 and 5OO0C t o  -37 t o  39 dpa. 
(d), b u t  almost none i n  (a). 

High magnif icat ion insets  show bubbles i n  (c)  and 
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E48174 -E48184 i" 

Fig .  7 .1 .3 .  Microst ructura l  comparison of the  subgrain s t ructure  of 9Cr-1MoVNb-ZNi (e) as-tempered 
and a f t e r  HFIR i r r a d i a t i o n  t o  -37 t o  39 appm and 410 appn He a t  (b) 300°C, and ( c )  6OOOC. 
t i o n  i n s e t s  show bubbles i n  (b) and ( c ) .  

High magnifica- 
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There i s  an obvious difference i n  p r e c i p i t a t i o n  behavior o f  the nickel-doped 9-Cr s tee l  as compared t o  
the undoped s tee l  a f t e r  HFIR i r r a d i a t i o n  a t  4OO0C [ c f  Fig. 7.1.2(a) and ( c ) ] .  
whether or not  increased helium generation alone causes increased vo id  formation. 
the same 9Cr-1MoVNb-ZNi a l l o y  i n  FFTF a t  407OC t o  47 dpa and -5 appm He produced near ly the same prec ip i ta-  
t i o n  as found dur ing HFIR i r r a d i a t i o n  but  w i t h  no matr ix  bubbles or voids [ c f  Fig. 7.1.2(c) and Fig. 7.1.43. 
This comparison suggests t h a t  the increased helium generation i n  HFIR i s  p r i m a r i l y  responsible f o r  the 
increased bubble and vo id  formation, independent o f  the p rec ip i ta t i on  produced i n  9Cr-1MoVNb-2Ni by i r r a -  
d i a t i o n  a t  about 4OOOC. 

It ra ises the question o f  
However, i r r a d i a t i o n  o f  

E48125 

Fig. 7.1.4. Microstructures of 9Cr-1MoVNb-2Ni i r r a d i a t e d  i n  ( a )  FFTF a t  407'C t o  47 dpa and 5 appm He 
and (a) HFIR a t  40OoC t o  -37 dpa and 410 appm He. 
same f o r  both samples, but  vo id  formation increases w i t h  helium content. 

P rec ip i ta te  and d i s loca t ion  microstructures about the 

'c .  Void swel l ing was about u . l %  a t  4uu'c ana 
,t 300°C. 

bubble formation was greater a t  a l l  temperat 
..1.. ._ a*,, --A cnnor  .& cnnor  ,_.._^ ..^/A_ 

6. 12Cr-1MoVW. 12Cr-1MoVW-IN1 and 12Cr-1MoVW-2Ni steels. HFIR 

Some f i ne  (2-5 nm i n  diameter) bubbles were found i n  the grain boundaries o f  12Cr-1MoVW i r r a d i a t e d  i n  
HFIR a t  400 t o  60OOC t o  -37 dpa and -87 appm He. 
(10-25 nm and 20-40 nm i n  diameter, respect ively) .  
50OoC and usua l l y  occurred i n  the coarsest regions of the subgrain structure (Figs. 7.1.5 and 7.1.6). 
more voids were found a t  400T than a t  500°- 
500'C. No voids o r  bubbles were observed a 

As w i t h  the 9-Cr steels,  abundant f i n e  
doped 12-Cr steels,  b u t  voids s t i l l  formed only ax. w u  mu JUU-L.. 

'diameter) w i t h i n  the coarse x phase p a r t i c l e s  o f  the 12Cr-1MoVW-1Ni instead of i n  the matr ix  ( the 
1ZCr-1MoVW-2Ni has not y e t  been examined). 
doped 12-Cr steels,  b u t  swel l ing  appeared t o  be s i m i l a r  o r  less than i n  the undoped s tee l  (Fig. 7.1.5). 
mat r ix  vo id  s ize was ref ined i n  12Cr-1MoVW-1Ni (7-19 nm i n  diameter) r e l a t i v e  t o  lZCr-lMoVW, but  vo id  s ize 
and d i s t r i b u t i o n  i n  12Cr-1MoVW-2Ni were s i m i l a r  t o  the undoped s tee l .  
the 12Cr-1MoVW-2Ni was f i ne r  than the other 12-Cr s tee ls  and a t  400°C the smallest subgrains had fewer and 
smaller voids than the la rges t  subgrains. 
a l l  the 12-Cr s tee ls  suggests tha t  subgrain boundaries mav be strona sinks which hinder vo id  formation. 

Larger matr ix voids were found a t  both 400 and 500OC 
Void f o r m a t i o n  was s p a t i a l l y  nonuniform a t  both 400 and 

Many 
' l ess  than 0.1% a t  

~. .. ~ - .__-_ 

ures i n  the n icke l-  
PSL J U V ~ C ,  ~ a r - y r  V Y I Y D  (20-80 nm i n  

A t  4OO0C, matr ix  void formation was more uniform i n  the n icke l-  
The 

The as-tempered subgrain s t ruc ture  of 

The general co r re la t i on  of void formation w i t h  subgrain s ize for 

7 a 
A. AS remoerea 

The 9Cr-1MoVNb s tee l  contained polygonized, f a i r l y  d is locat ion- free f e r r i t e  subgrains a f t e r  normalizing 
and then tempering fo r  1 h a t  76OOC. 
boundaries and along some of the subgrain boundaries. 
a r ies  and w i t h i n  subgrains. AEM analysis of r e l a t i v e  phase f r a c t i o n s  revealed -85% MzIC. and 15% MC. 
9Cr-1MoVNbPNi showed less recovery a f t e r  tempering f o r  5 h a t  7OO0C, w i t h  l e n t i c u l a r  subgrains and more 
d is locat ions.  

Coarse M,,C, p a r t i c l e s  were d i s t r i b u t e d  along p r i o r  austeni te gra in  
Finer MC p a r t i c l e s  were found along subgrain bound- 

The 

There were no differences i n  p r e c i p i t a t i o n  r e l a t i v e  t o  9Cr-1MoVNb. 

.1.4.3.2 Subarain St ruc ture  and Prei 
. . .  

- 
p i t a t e  Microstructure.  9- and 12-Cr Steels 



7 r' 

E48596 E48291 

Fig. 7.1.5. Microstructures of (a) 12Cr-lMoW (87 appm He), (a) 12Cr-lMoVW-lNi (217 a p v  He), and 
( c )  12Cr-1MoVW-ZNi (440 appm He) i r r a d i a t e d  i n  H F I R  a t  407OC t o  36 t o  39 dpa. 

The 12Cr-1MoVW stee l  tempered fo r  2.5 h a t  780T  had dis locat ion- free subgrain s t ruc ture  s i m i l a r  t o  the  
9Cr-lMoVNb although the subgrains were f i n e r .  
9Cr-1MoVNb steel ,  it contained more carbide p rec ip i ta t i on  [3.5 as compared t o  1.4 w t  % ( re fs .  16,17)], which 
was analyzed t o  be 99% MtrCr  and 1% MC. 
12Cr-IMoVW-1Ni. 
s t ruc ture  w i t h  more d is locat ions and some refinement o f  the M z s C r  p rec ip i ta t i on .  
not  a f f e c t  the p rec ip i ta te  phases produced i n  the 12-Cr steels dur ing tempering. 

Because the 12Cr-1MoVW stee l  had more carbon than the 

This same tempering treatment produced a s im i la r  s t ruc tu re  i n  the 

Again, nickel-doping d i d  
However, i n  the 12Cr-1MoVW-2Ni steel ,  a 5-h temper a t  70OoC produced a f i n e r  subgrain 

B. HFIR i r r a d i a t e d  

HFIR i r r a d i a t i o n  of 9Cr-1MoVNb and -2Ni a t  300 t o  500% produced a dense d i s loca t ion  s t ruc ture ,  con- 
siderable coarsening of the subgrain structure,  and apparently some d isso lu t i on  o f  the as-tempered p rec ip i-  
t a t e  s t ruc ture .  These e f fec ts  were more pronounced a t  the lower temperature (Fig.  7.1.3). By contrast ,  a t  
6OO0C, both doped and undoped 9-Cr s tee ls  had subgrain and p rec ip i ta te  structures tha t  were s i m i l a r  t o  or 
f i n e r  than the as-tempered s t ruc ture  (F ig .  7.1.3). 
t o  d isso lve a t  300 t o  5OO0C, wh i le  many coarser ones were found a f t e r  i r r a d i a t i o n  i n  both doped and undoped 

Mos t  of the smallest as-tempered MC p a r t i c l e s  appeared 
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By contrast ,  the as-tempered MIJCe carbide and subgrain structures of the doped and undoped 12-Cr 
s tee ls  remained stable dur ing i r r a d i a t i o n  a t  various temperatures, w i th  the exception o f  I2Cr-IMoVW a t  
500OC. But a t  50OoC, 
there was considerable coarsening o f  the subgrain and p rec ip i ta te  s t ruc ture  o f  the I2Cr-IMoVW dur ing i r r a -  
d ia t ion,  as wel l  a s  replacement o f  the coarse, as-tempered Me& w i t h  irradiation-produced M,C. 
evolved and coarsened dur ing i r r a d i a t i o n  a t  300 t o  50OOC f o r  a l l  o f  the 12-Cr steels, and copious amounts of 
f i n e  M.C was produced a t  400 and 500OC. 
mation of a few coarse x phase p a r t i c l e s  (w i th  i n te rna l  voids) a t  4OO0C, but many more a t  50OOC. 
rods and occasional, f i n e  G-phase p a r t i c l e s  have thus f a r  been found on ly  i n  1ZCr-1MoVNb i r r a d i a t e d  a t  5OO0C 
(Fig.  7.1.8). 

I r r a d i a t i o n  produced d i s loca t ion  loops and/or networks a t  300 t o  500OC i n  a l l  steels.  

Fine MC 

S i m i l a r  t o  the 9-Cr steels, n i cke l  doping caused add i t iona l  fo r-  
Fine M,X 

I"" .  

Fig. 7.1.8. Micrographs of p r e c i p i t a t e  ex t rac t i on  rep l icas from (a) 9Cr-1MoVNb-ZNi i r rad ia ted  i n  HFIR 
a t  40OOC t o  37 dpa and 410 appm He, and (6) I2Cr-IMoVW i r rad ia ted  i n  HFIR a t  500OC t o  38 dpa and 87 appm He. 
Histograms show phase compositions determined f r o m  quant i ta t ive  XEOS f o r  f i n e  ( c )  M.C (n) p a r t i c l e s  
from (a), and ( d )  G-phase, and (e) M,X rods f r o m  (b). 

7.1.3.3 Prec ip i  t a t e  Composi t i o n a l  Analvsi s 

A. As-tempered 

The as-tempered M.,C. phase was mainly r i c h  i n  C r ,  w i t h  smaller concentrations of Fe, V, and Mo 

The as-tempered MC phase consisted mostly o f  coarse and f i n e  vanadium-rich MC (VC) pa r t i c les ,  w i t h  a 

(Fig. 7.1.9). 
doping. 

lesser amount of coarse, mixed V/Nb-rich MC p a r t i c l e s  [see Fig. 7.1.7(a)]. The VC phase was very r i c h  i n  V 
(-75 a t .  %), w i t h  smaller amounts o f  Nb and C r .  
and small amounts of C r  and S i .  
r i c h  MC was found on ly  i n  the 9-Cr steels.  

The composition o f  the MI& d i d  not vary from 9- t o  12-Cr steels or change w i t h  n i cke l  

The (Nb,V)C had, on average, >50 a t .  % Nb, a l i t t l e  less  V, 
The VC carbide was present i n  a l l  the 9- and 12-Cr steels,  b u t  the niobium- 

Nei ther phase was a f fec ted by n icke l  doping. 

6. HFIR i r r a d i a t e d  

The M,,C. phase showed no change i n  composition dur ing i r r a d i a t i o n  a t  300 t o  500'C i n  any of the 
steels, except f o r  9Cr-1MoVNb-ZNi i r rad ia ted  a t  4OO0C. 
amined. 
s l i g h t l y  more Fe, Nb, N i ,  V, and S i  than the as-tempered carbide (Fig.  7.1.9). 

Samples i r rad ia ted  a t  600°C have not y e t  been ex- 
I n  t h i s  case, the copius addi t ional  MI& produced dur ing i r r a d i a t i o n  contained less  C r  and Mo, and 
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AS-TEMPERED I I 

Si V Cr Fe Ni Nb Mo b 

ORNL-OWG 86-19 

HFIR. 400°C 

si V Cr Fe Ni Nb Mo 

F ig .  7.1.9. Comparison of M,,C. phase composi t ions f o r  p a r t i c l e s  analyzed v i a  q u a n t i t a t i v e  XEDS on 
e x t r a c t i o n  r e p l i c a s  from 9Cr-1MoVNb-2Ni ( a )  as-tempered and (6) a f t e r  i r r a d i a t i o n  a t  4 0 0 O C  t o  37 dpa and 
400 appm He. 

Both t h e  V-  and Nb- r i ch  MC phases showed compos i t i ona l  changes d u r i n g  HFIR i r r a d i a t i o n  a t  300 t o  500'C 
which were s i m i l a r  i n  a l l  t h e  9- and 12-Cr s t e e l s ,  n icke l- doped and undoped. 
a f t e r  i r r a d i a t i o n  and con ta ined  much l e s s  V and s l i g h t l y  l e s s  Nb w h i l e  hav ing much more Cr and t r a c e s  o f  S i ,  
N i ,  Fe, and Mo r e l a t i v e  t o  t h e  as-tempered phase ( F i g .  7.1.7).  
more abundant a f t e r  i r r a d i a t i o n ,  a l s o  was much r i c h e r  i n  C r  and poore r  i n  V w h i l e  p i c k i n g  up t r a c e s  o f  Mo, 
Fe, and S i ,  r e l a t i v e  t o  t h e  as-tempered phase. 

A l though i d e n t i f i c a t i o n  by d i f f r a c t i o n  a n a l y s i s  i s  incomplete,  t h e  composi t ion o f  t h i s  phase was s i m i l a r  t o  
t h a t  found i n  p r e c i p i t a t e s  i n  t y p e  316 s t a i n l e s s  s t e e l  i r r a d i a t e d  i n  HFIR a t  425 t o  450OC which were p o s i -  
t i v e l y  i d e n t i f i e d  as n phase." The 0 phase was p r i m a r i l y  r i c h  i n  C r ,  N i ,  and S i ,  as shown i n  F i g .  7.1.8, 
w h i l e  c o n t a i n i n g  some Fe and t r a c e s  o f  Mo, P, and V .  The phase compos i t i on  was i d e n t i c a l  i n  n ickel- doped 9- 
and 12-Cr s t e e l s ,  b u t  a p p a r e n t l y  was enr i ched  o n l y  i n  S i  and Cr i n  t h e  12Cr-1MoVW s t e e l  i r r a d i a t e d  a t  40OOC. 
Only ve ry  coarse TI was found i n  12Cr-1MoVW s t e e l  i r r a d i a t e d  a t  500°C, b u t  i t  had t h e  same compos i t i on  as t h e  
f i n e  C r / N i / S i - r i c h  n phase shown i n  F ig .  7.1.8. 

N i ,  and Mn ( F i g .  7 .1.8) .  
500°C con ta ined  m a i n l y  C r  and some V ,  w i t h  t r a c e s  of Mo, S i ,  and Fe (F ig .  7.1.8).  

12-Cr s t e e l s  were n o t  found on t h e  e x t r a c t i o n  r e p l i c a s  f o r  a n a l y s i s .  

7 .1.4.4 D iscuss ion  

sequence o f  t h e  inc reased  h e l i u m  genera t ion  r a t h e r  than  an a r t i f a c t  caused by t h e  a d d i t i o n  o f  n i c k e l  t o  t h e  
a l l o y s .  
tempered c o n d i t i o n ,  i t  does seem t o  i n f l u e n c e  t h e  phase e v o l u t i o n  i n  t h e  9Cr-1MoVNb s t e e l  d u r i n g  i r r a d i a t i o n  
a t  400 and 5OO0C. I n  p a r t i c u l a r  a t  4OO0C i n  HFIR, t h e  9Cr-1MoVNb-PNi s t e e l  had abundant i r r a d i a t i o n -  
produced M2,C. and MIC p r e c i p i t a t i o n  whereas t h e  9Cr-1MoVNb s t e e l  d i d  no t .  However, t h e  comparison o f  HFIR- 
and FFTF- i r rad ia ted  9Cr-1MoVNb-2Ni s t e e l s  showed no d i f f e r e n c e  i n  rad ia t ion- produced  Mz3C. and M.C 
p r e c i p i t a t i o n ,  suggest ing t h a t  t h e  d i f f e r e n c e  i n  v o i d  e v o l u t i o n  c l e a r l y  c o r r e l a t e s  w i t h  t h e  inc reased  he l ium 
genera t ion  i n  HFIR. 
s t e e l s  w i t h  a s t a b l e  as-tempered s t r u c t u r e  suggests t h a t  t h e  i n s t a b i l i t y  of t h e  as- tempered s t r u c t u r e  i n  t h e  
9-Cr s t e e l  p l a y s  some r o l e  i n  subsequent phase e v o l u t i o n  d u r i n g  i r r a d i a t i o n .  

s tep  i n  n u c l e a t i n g  v o i d s  ( b i a s- d r i v e n  c a v i t i e s ) ,  c o n s i s t e n t  w i t h  a c r i t i c a l - c a v i t y - s i z e  t h e o r e t i c a l  approach 
t o  v o i d  fo rmat ion .Ps  F u r t h e r ,  o u r  da ta  suggest a balance o f  d i s l o c a t i o n  and c a v i t y  s i n k  s t r e n g t h  f o r  m a t r i x  
v o i d  format ion o n l y  a t  40OOC. 
or d i s l o c a t i o n  l o o p  
enhanced v o i d  fo rmat ion .  
s w e l l i n g  
i s  o c c u r r i n g .  
t o  t h e  i d e a  t h a t  such f i n e  p r e c i p i t a t e s  may c o n t r i b u t e  t o  s w e l l i n g  res is tance ."  

subgra in boundar ies a r e  s t r o n g  p o i n t - d e f e c t  s i n k s  i n  t h e  f e r r i t i c  s t e e l s  and t h a t  they  c o n t r i b u t e  t o  v o i d  
format ion r e s i s t a n c e  when subgra ins a r e  smal l  and s t a b l e .  However, our  r e a c t o r  d a t a  a t  low damage r a t e s  and 
long  t imes i n d i c a t e  f a r  more subgra in i n s t a b i l i t y  than he observed d u r i n g  i o n  i r r a d i a t i o n .  
t h e  need f o r  c a u t i o n  when l o o k i n g  a t  i o n  d a t a  t o  p r e d i c t  v o i d- s w e l l i n g  r e s i s t a n c e  d u r i n g  neutron i r r a d i a t i o n  

The V- r i c h  MC was dominant 

The mixed V/Nb-rich MC phase, which was 

Dur ing  i r r a d i a t i o n  a t  400 and 5OO0C, t h e  M.C (n) was t h e  dominant f i n e  p r e c i p i t a t e  phase produced. 

Traces o f  f i n e  G-phase were found i n  12Cr-1MoVW i r r a d i a t e d  a t  500OC. T h i s  phase was enr i ched  i n  S i ,  
The f i n e  M 2 X  rods  found i n  9Cr-1MoVNb-ZNi a t  400 and 50OOC and I2Cr-1MoVW a t  

The l a r g e ,  v o i d- c o n t a i n i n g  x phase p a r t i c l e s  observed i n  t h e  t h i n  f o i l s  o f  t h e  n ickel- doped 9- and 

Increased v o i d  and bubble n u c l e a t i o n  i n  t h e  i r r a d i a t e d  n ickel- doped s t e e l s  appears t o  be a d i r e c t  con- 

A l though  n i c k e l  doping had no d e t e c t a b l e  e f f e c t  on t h e  phase na tu re  and composi t ion i n  t h e  as- 

The f a c t  t h a t  n i cke l- dop ing  does n o t  a f f e c t  p r e c i p i t a t i o n  s i g n i f i c a n t l y  i n  t h e  12-Cr 

Our d a t a  suggest t h a t  he l ium bubble (gas- dr iven c a v i t i e s )  fo rmat ion  i s  a c r u c i a l ,  b u t  n o t  s u f f i c i e n t ,  

Ideas t o  e x p l a i n  v o i d  r e s i s t a n c e  o f  t h e  f e r r i t i c s  based on s o l u t e  t rapp ing '  
r e d u c t i o n s  i n  vacancy supersa tu ra t ion  do n o t  seem t o  e x p l a i n  hel ium-  

Our d a t a  does n o t  e n t i r e l y  suppor t  t h e  i n t r i n s i c a l l y  low s teady- s ta te  v o i d  
r a t e s  and low b i a s e s  c la imed f o r  t h e  f e r r i t i c  s tee ls , ' 6 ' ' 0  because i t  appears t h a t  v o i d  n u c l e a t i o n  

F i n a l l y ,  we see abundant v o i d s  t o g e t h e r  w i t h  copious f i n e  p r e c i p i t a t i o n ,  which seem c o n t r a r y  

Our d a t a  a re  c o n s i s t e n t  w i t h  t h e  idea  suggested by A y r a u l t "  f o r  i o n - i r r a d i a t e d  9Cr-1MoVNb - t h a t  

T h i s  may s i g n a l  
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F i n a l l y ,  o u r  da ta  i n d i c a t e  t h a t  i r r a d i a t i o n  has s t r o n g  e f f e c t s  on phase fo rmat ion  and s t a b i l i t y  co in-  
c i d e n t  w i t h  v o i d  f o r m a t i o n  and/or subgra in i n s t a b i l i t y  and coarsening.  
niobium, s i l i c o n ,  n i c k e l ,  and e s p e c i a l l y  chromium, a re  segrega t ing  toward p r e c i p i t a t e s .  By c o n t r a s t ,  chro-  
mium p r i m a r i l y  d i f f u s e s  away f rom p r e c i p i t a t e s  i n  i r r a d i a t e d  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 . 2 0  
o f  M,C, x ,  and M,X rods  produced d u r i n g  i r r a d i a t i o n  a re  c o n s i s t e n t  w i t h  t h e  f i n d i n g s  of o t h e r s . 2 ' 3 '  
However, our  o b s e r v a t i o n  o f  M.C as t h e  pr imary f i n e  p r e c i p i t a t e  w i t h  o n l y  t r a c e s  o f  G-phase found a t  400 t o  
5OO0C d i f f e r s  w i t h  G e l l e s  and Thomas,'' who found p r i m a r i l y  G-phase and no M.C. 
i r r a d i a t i o n - i n d u c e d  composi t ion m o d i f i c a t i o n  o f  Mt,C. and MC phases as w e l l  as t h e  fo rmat ion  o f  a 
s i l i con /chromium- r i ch  q phase appear t o  be new f i n d i n g s .  

f o r m a t i o n  from p r o j e c t e d  doses o f  150 dpa based on FBR d a t a ."  W i t h  h i g h e r  he l ium l e v e l s ,  i t  i s  a l s o  
p o s s i b l e  t h a t  even more v o i d s  may form d u r i n g  t h e  i n c u b a t i o n  p e r i o d .  
s t a t e  v o i d  s w e l l i n g  behav io r  a r e  n o t  known from these exper iments,  which a re  s t i l l  i n  t h e  l o w- s w e l l i n g  t r a n-  
s i e n t  regime, and must be assessed by h i g h e r  f l uence  i r r a d i a t i o n s .  

7 .1 .5  Conclusions 

The da ta  f u r t h e r  suggest t h a t  

Our o b s e r v a t i o n  

Our observa t ions  o f  

For f u s i o n  a p p l i c a t i o n s ,  our  r e s u l t s  suggest t h a t  he l ium c o u l d  shor ten  t h e  i n c u b a t i o n  p e r i o d  f o r  v o i d  

The e f f e c t s  o f  he l ium on t h e  steady- 

1. Increased he l ium (up  t o  450 appm) enhanced bubble (gas- dr i ven  c a v i t y )  fo rmat ion  a t  300 t o  600'C i n  
n ickel- doped 9- and 12-Cr s t e e l s  i r r a d i a t e d  i n  HFIR t o  -38 dpa, b u t  v o i d s  ( b i a s- d r i v e n  c a v i t i e s )  formed o n l y  
a t  400 and 5OO0C. 

2 .  Void fo rmat ion  was maximum a t  40OoC and g r e a t e r  i n  9Cr-1MoVNb-2Ni than  t h e  o t h e r  9- and 12-Cr 
s t e e l s .  However, v o i d  s w e l l i n g  was s t i l l  below 0.5% a t  -38 dpa. 

-5 appm He i n d i c a t e s  t h a t  t h e  v o i d  fo rmat ion  of t h e  same s t e e l  w i t h  a s i m i l a r  m i c r o s t r u c t u r e  i n  HFIR a t  
40OoC was due t o  inc reased  he l ium genera t ion .  

3. The absence o f  bubbles or v o i d s  i n  9Cr-1MoVNb-2Ni i r r a d i a t e d  i n  FFTF a t  407OC t o  -47 dpa and 

4 .  As-tempered M,,C. d i s s o l v e d  and the  subgrain s t r u c t u r e s  coarsened i n  t h e  9-Cr s t e e l s  i r r a d i a t e d  a t  

I r r a d i a t i o n  produced a composi t ional  e v o l u t i o n  o f  t h e  MC phase a t  300 t o  5OO0C and produced f i n e  

300 t o  5OO0C, whereas t h e  m i c r o s t r u c t u r e  g e n e r a l l y  remained s t a b l e  i n  t h e  12-Cr s t e e l s .  

5 .  
p r e c i p i t a t i o n  o f  p r i m a r i l y  M.C w i t h  t r a c e s  of M,X and G-phases a t  400 and 500°C i n  t h e  9- and 12-Cr s t e e l s .  

7.1.6 P u b l i c a t i o n  

T h i s  paper was p resen ted  as an i n v i t e d  c o n t r i b u t i o n  t o  t h e  ICFRM-2 meeting, h e l d  i n  Chicago, I l l i n o i s ,  
A p r i l  13-17, 1986, and w i l l  appear i n  t h e  Proceedings, t o  be p u b l i s h e d  i n  t h e  Journal of Nuclear Materials. 
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7 .2  ON THE SATURATION OF THE DBTT SHIFT OF IRRADIATED I2CrlMoVW WITH INCREASING FLUENCE - J .  M.  V i t e k ,  
W .  R .  Corwin and R .  L .  Klueh (Oak Ridge Nat iona l  Laboratory) ,  and J. R .  Hawthorne ( M a t e r i a l s  
Engineer ing Assoc ia tes )  

7 . 2 . 1  A D I P  Task 

ADIP t a s k s  a re  n o t  d e f i n e d  f o r  Path E ,  F e r r i t i c  S tee ls ,  i n  t h e  1978 Program Plan.  

7 .2.2 O b j e c t i v e  

The o b j e c t i v e  o f  t h i s  work i s  t o  determine whether o r  n o t  t h e  amount of i r r a d i a t i o n  damage i n  
12Cr-1MoVW s t e e l ,  as measured by t h e  s h i f t  i n  t h e  d u c t i l e  t o  b r i t t l e  t r a n s i t i o n  temperature, s a t u r a t e s  w i t h  
i n c r e a s i n g  f luence ,  and i f  so a t  what f l u e n c e .  

7 .2 .3  Summarv 

I d e n t i c a l  subsize Charpy specimens of I2Cr-1MoVW s t e e l  were i r r a d i a t e d  a t  3 0 0 T  t o  a f l u e n c e  of 0.86 x 
10" n/m' ( E  > 0 . 1  MeV) and a t  300 and 40OoC t o  a f luence of -1 x IO2' n/m2 ( E  > 0 . 1  MeV). Impact t e s t i n g  
i n d i c a t e d  the  DBTT was inc reased  by i r r a d i a t i o n  a t  300°C by 36 and 164'C, r e s p e c t i v e l y ,  f o r  t h e  low and h i g h  
f luences .  Aging a lone has an i n s i g n i f i c a n t  
e f f e c t  on t h e  impact p r o p e r t i e s .  
f l uences  beyond 1 x 10" n/m2. 

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

I r r a d i a t i o n  a t  400OC l e d  t o  an inc rease  i n  t h e  DBTT o f  217OC. 
The ma jo r  p o r t i o n  o f  t h e  i r r a d i a t i o n  embr i t t l ement  a t  3OO0C occurs f o r  

F e r r i t i d m a r t e n s i t i c  s t e e l s  a r e  cons idered  one o f  t h e  pr ime cand ida te  m a t e r i a l s  f o r  s t r u c t u r a l  a p p l i c a-  
t i o n s  i n  f u s i o n  r e a c t o r s . '  
r e s i s t a n c e  and h i g h  thermal c o n d u c t i v i t y .  A rev iew of c u r r e n t  r e s u l t s  on t h e  s u i t a b i l i t y  o f  
f e r r i t i c / m a r t e n s i t i c  s t e e l s  r e v e a l s  t h e i r  c o r r o s i o n  behav io r  and p o s t i r r a d i a t i o n  p r o p e r t i e s  a r e ,  i n  genera l ,  
q u i t e  promis ing. '  However, a major  concern i s  t h e  ex is tence  i n  these  s t e e l s  of a d u c t i l e - t o - b r i t t l e  t r a n-  
s i t i o n  temperature (DBTT), below which t h e  s t e e l  has l i m i t e d  d u c t i l i t y  and f a i l s  i n  a b r i t t l e  mode. 
A l though  t h e  DBTT, as measured i n  a Charpy impact  t e s t ,  may be below room temperature i n  t h e  u n i r r a d i a t e d  
c o n d i t i o n ,  i r r a d i a t i o n  can inc rease  t h e  DBTT s i g n i f i c a n t l y  and t h e  inc rease  depends on t h e  i r r a d i a t i o n  
t e m p e r a t ~ r e . ~ - ~  
400OC and below. 

The p o t e n t i a l  a p p l i c a t i o n s  f o r  f e r r i t i c  s t e e l s  i n  a f u s i o n  r e a c t o r  would i n v o l v e  ve ry  h i g h  i r r a d i a t i o n  
f luences.  Therefore, i t  i s  necessary t o  know how t h e  p o s t i r r a d i a t i o n  p r o p e r t i e s  v a r y  as a f u n c t i o n  o f  
f luence and, i n  p a r t i c u l a r ,  how t h e  degrada t ion  o f  impact  p r o p e r t i e s  behaves w i t h  i n c r e a s i n g  f luence .  
E a r l i e r  work on l o w- a l l o y  p ressure  vesse l  s t e e l s  has shown r a p i d  e m b r i t t l e m e n t  w i t h  i n c r e a s i n g  f luence  a t  
low f luences,  b u t  a marked decrease i n  t h e  r a t e  of embr i t t l ement  (as measured b y  t h e  upward s h i f t  i n  DBTT) 
beyond f luences of approx imate ly  2 x 10" n/m' ( E  > 0.1 MeV).' Such r e s u l t s  suggest t h e  s h i f t  i n  DBTT may 
s a t u r a t e  a t  some low f luence,  w i t h  o n l y  minor  changes f o r  h i g h e r  f luences.  I t  i s  necessary t o  determine i f  
such a s a t u r a t i o n  o f  t h e  DBTT s h i f t  occurs  i n  t h e  Cr-Mo f e r r i t i c  s t e e l s  o f  i n t e r e s t .  
necessary t o  eva lua te  t h e  s h i f t  i n  DBTT a t  c o n s i d e r a b l y  g r e a t e r  f l uences  s ince  even a smal l  r a t e  of 
e m b r i t t l e m e n t  above IOzJ n/m2 would r e s u l t  i n  a l a r g e  a d d i t i o n a l  s h i f t  o f  t h e  DBTT when e x t r a p o l a t e d  severa l  
o rders  of magnitude t o  f u s i o n- r e l e v a n t  f l u e n c e s  o f  IO2' n/m2 and g r e a t e r .  Un fo r tuna te ly ,  t h e  da ta  a v a i l a b l e  
i n  t h e  l i t e r a t u r e  do n o t  a l l o w  f o r  such an assessment of impact p r o p e r t i e s  as a f u n c t i o n  o f  f l uence .  

The change i n  DBTT f o l l o w i n g  i r r a d i a t i o n  i s  expected t o  be a f u n c t i o n  o f  severa l  v a r i a b l e s ,  i n c l u d i n g  
t h e  f o l l o w i n g :  a l l o y ,  hea t  chemis t ry ,  hea t  t rea tment ,  specimen geometry and o r i e n t a t i o n ,  i r r a d i a t i o n  f l u x  
and spectrum, temperature, f luence, h e l i u m  p r o d u c t i o n  r a t e  d u r i n g  i r r a d i a t i o n ,  and exper imenta l  method of 
e v a l u a t i o n .  
v a r i e d  from experiment t o  exper iment .  The p resen t  experiment was undertaken t o  address more d i r e c t l y  t h e  
ques t ion  of a s a t u r a t i o n  of r a d i a t i o n- i n d u c e d  e m b r i t t l e m e n t  w i t h  i n c r e a s i n g  f l u e n c e .  Samples o f  t h e  same 
a l l o y ,  h e a t  number, heat  t rea tment ,  specimen geometry and o r i e n t a t i o n  were t e s t e d  under i d e n t i c a l  c o n d i t i o n s  
f o l l o w i n g  i r r a d i a t i o n  i n  two d i f f e r e n t  r e a c t o r s .  
ces, i t  was hoped an assessment of t h e  f luence dependence o f  Charpy impact p r o p e r t i e s  c o u l d  be made. 

7 .2 .5  Exper imenta l  Procedures 

T h i s  c l a s s  of s t e e l s  p rov ides  many advantages i n c l u d i n g  e x c e l l e n t  s w e l l i n g  

Increases i n  t h e  DBTT of g r e a t e r  than 100°C have been measured f o l l o w i n g  i r r a d i a t i o n  a t  

Furthermore, i t  i s  

To da te ,  t h e  da ta  a v a i l a b l e  a r e  d i f f i c u l t  t o  compare because a l l  o f  these parameters have 

By examining specimens i r r a d i a t e d  t o  two d i f f e r e n t  f l u e n -  

The I2Cr-1MoVW s t e e l  was h o t - r o l l e d  p l a t e  from an e l e c t r o s l a g- r e m e l t e d  hea t  ( N a t i o n a l  Fusion heat  
9607-RZ). The a l l o y  composi t ion i s  g i v e n  i n  Table 7.2.1. 
105OoC/0.5 h / a i r  cool  + 780°C/4 h / a i r  c o o l .  
h e a t- t r e a t e d  p l a t e  i n  t h e  l o n g i t u d i n a l  (LT) o r i e n t a t i o n .  
dimensions. 
e f f e c t s  s i m i l a r  t o  those found i n  f u l l - s i z e d  C v  specimens.' 

MeV) ( r e f .  5 )  was performed i n  t h e  l i g h t  water  coo led  and moderated t e s t  r e a c t o r  a t  t h e  S t a t e  U n i v e r s i t y  o f  
New York a t  Bu f fa lo  (UBR). 
(HFIR) a t  Oak Ridge Nat iona l  Labora to ry  and reached 0.5 t o  1.2 x IOz6 n/m2 ( E  > 0.11 MeV) ( r e f .  9 ) .  

The a l l o y  was norma l i zed  and tempered a s  f o l l o w s :  
M i n i a t u r e  Charpy V-notch (C,) specimens were machined from t h e  

F igure  7.2.1 shows t h e  specimen geometry and 
Such m i n i a t u r e  specimens, used because o f  space l i m i t a t i o n s  i n  t h e  r e a c t o r ,  show i r r a d i a t i o n  

Samples were i r r a d i a t e d  i n  two r e a c t o r s .  The i r r a d i a t i o n  t o  a low f l u e n c e  o f  0.86 x IO2' n/m2 ( E  > 0 . 1  

The h i g h e r  f l uence  i r r a d i a t i o n  was conducted i n  t h e  High F lux  I s o t o p e  Reactor 
The 
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Tab le  7.2.1. Composit ion ( w t  %) o f  
12Cr-1MoVW A l l o y  I n v e s t i g a t e d  

(HT 9607-R2) 

Weight Weight 
Element Percent  I Element Percent  

C r  1 2 . 1  

Mo 1.04 

N i  0.51 

Mn 0.57 

V 0 .28 

W 0.45 

C 0 .20  

s i  0.17 

P 0.016 

S 0.003 

N 0.027 

T i  0 .001 

A1 0.006 

cu 0.07 

O R N L- D W G  66-9936 

SIZE CVN 0.016) 
SPANWIDTH = 4 

O.M)3-0.M)9 R 

2.54 

F i g .  7 .2 .1 .  Specimen geometry and dimensions used f o r  m i n i a t u r e  
Charpy V-notch samples. Dimensions g i v e n  i n  cm. 

exac t  f l u e n c e  depended on t h e  p o s i t i o n  o f  t h e  sample w i t h i n  t h e  exper imenta l  assembly. 
approx imate ly  40 t imes  g r e a t e r  than t h a t  i n  UBR. 
(UBR) and 4 t o  9 dpa (HFIR). Specimens were i r r a d i a t e d  a t  30OOC i n  t h e  UBR, and a t  b o t h  300 and 400'C i n  
HFIR ( i n  a s i n g l e  experiment).  I n  o rder  t o  assess t h e  e f f e c t  o f  exposure a t  e l e v a t e d  temperatures a lone,  
c o n t r o l  specimens were aged a t  300 and 400°C f o r  t imes  e q u i v a l e n t  t o  t h e  i r r a d i a t i o n  p e r i o d  i n  HFIR 
(2500 h). Dur ing  i r r a d i a t i o n  i n  HFIR, cont inuous h e l i u m  p r o d u c t i o n  r e s u l t e d  f rom a t r a n s m u t a t i o n  r e a c t i o n  
between n i c k e l  and t h e  thermal neutrons.  For t h e  f l u e n c e s  achieved,  a maximum he l ium c o n c e n t r a t i o n  o f  
-25 a t .  ppm He was p r ~ d u c e d . ~  

Samples were t e s t e d  i n  a pendulum-type impact  machine s p e c i a l l y  m o d i f i e d  t o  accommodate t h e  m i n i a t u r e  
specimens. 
curves were generated b y  f i t t i n g  a h y p e r b o l i c  tangen t  f u n c t i o n  t o  t h e  da ta .  
specimens a v a i l a b l e ,  t h e  upper- she l f  energy (USE) c o u l d  n o t  always be determined a c c u r a t e l y .  The DBTT was 
chosen a t  a f i x e d  energy l e v e l  of 9.2 J, corresponding t o  t h e  f r e q u e n t l y  used c r i t e r i o n  o f  68 J i n  a f u l l -  
s i z e  specimen. 

The f l u x  i n  HFIR was 
Corresponding d isp lacement  damage l e v e l s  a r e  <0.1 dpa 

The d e t a i l s  o f  t h e  t e s t  equipment a r e  g i v e n  e lsewhere."  Impact energy versus t e s t  temperature 
Due t o  t h e  l i m i t e d  number of 
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50 I " ' I ~ ' ~ 1 ~ ' " ' ' '  
12Cr- 1 MoVW 
Heat 9607-R2 - 

UNIRRADIATED 4 5  - *-  
AGED, 400°C12500h L T  ORIENTATION 

0 -  - - 0 IRRAD.. 400°C. 1.1x1026n/m2 
40 - 

Table 7.2.2. Charpy Impact Proper t iesa  o f  Un i r r ad ia ted ,  
Aged, and I r r a d i a t e d  12Cr-1MoVW 

ADBTT 
OBTTb ( I r r a d )  USE 
("C) ( "C)  (J) 

24 hi r r a d i  a ted  -19 

25 Aged 30O0C/25O0 h -17 

I r r a d i a t e d  30OOC t o  0.86 x 10" n/m' 17 36 21 

I r r a d i a t e d  30OoC t o  0.5-1.0 x loz6 n/m* 145 164 16 

25 Aged 40O0C/25O0 h -19 

I r r a d i a t e d  400'C t o  1.0-1.2 x loz6 n/m2 198 217 12 

_ _  
_ _  

-- 

aMin ia tu re-s ize  specimens. 
b A t  9 . 2  J .  

- 30 
CI 

35 i ,-. 1 

-200 -I00 0 I00 200 300 

TEMPERRTURE ( O C )  

F ig .  7.2.3. Charpy impact p rope r t i es  o f  con t ro l s  and samples aged 
or i r r a d i a t e d  a t  400'C. 

value o f  2 x lozs n/m2 found f o r  pressure vessel s t ee l s .  
does e x i s t ,  t he  sa tu ra t i on  l e v e l  may be a f unc t i on  of t he  displacement damage r a t e  and hel ium concent ra t ion  
(see l a t e r  d iscussion) .  Therefore, t he  s a t u r a t i o n  l e v e l  may be d i f f e r e n t  f o r  t he  i r r a d i a t i o n  cond i t i ons  i n  
t h e  two reac to rs .  
t he  major  p o i n t  t h a t  t he  f luence d i f f e rence  between t he  HFIR and UBR i r r a d i a t i o n  leads t o  s i g n i f i c a n t l y  d i f -  
f e r e n t  degrees of embr i t t lement .  Furthermore, the  HFIR i r r a d i a t i o n  cond i t i ons  a re  more re l evan t  t o  expected 
fus ion  r e a c t o r  i r r a d i a t i o n  cond i t i ons  w i t h  regard t o  bo th  f luence and displacement damage r a t e s .  

-1 x I O Z r  n/m2. 
12Cr-IMoVW i r r a d i a t e d  i n  t he  EBR-I1 r e a c t o r  a t  390°C t o  f luences o f  3 and 6 x IOz6 n/mz have been repor ted  

pa r i son  o f  t he  s h i f t  i n  DBTT w i t h  inc reas ing  f luence i s  i n f o rma t i ve .  
144OC. was found upon inc reas ing  t he  f luence from 3 t o  6 x 10'' n/m2. 

Furthermore, if a sa tu ra t i on  i n  the  DBTT s h i f t  

More work i s  needed t o  separate these e f f e c t s .  Such d e t a i l s  are,  however, secondary t o  

The nex t  cons idera t ion  i s  whether an a d d i t i o n a l  s h i f t  i n  DBTT occurs beyond a f luence of 
Data a t  h igher  f luences  are  no t  ava i l ab le  on heat  9607-R2. Resul ts  on another heat  of 

Although impact t e s t s  on these samples invo lved  d i f f e r e n t  experimental parameters, a com- 

However, t h i s  d i f fe rence i s  very  
An a d d i t i o n a l  s h i f t  o f  20' from 124 t o  
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l i k e l y  t o  be w i t h i n  t h e  exper imenta l  e r r o r  s ince  o n l y  f o u r  specimens were t e s t e d  a t  each f luence .  
conc lus ion  i s  suppor ted by t h e  f a c t  t h a t  a decrease i n  t h e  DBTT s h i f t  w i t h  inc reased  f luence  ( f rom 3 t o  6 x 
l o z 6  n/m') was found a f t e r  i r r a d i a t i o n  a t  550°C.u 
does n o t  change s i g n i f i c a n t l y  w i t h  i n c r e a s i n g  f luence f rom 3 t o  6 x IOz6 n/m'. I t  i s  assumed t h a t  l i t t l e ,  
if any, a d d i t i o n a l  s h i f t  i n  DBTT occurs between -1 x 10" n/m2 (examined i n  t h i s  s tudy)  and 3 x l o z 6  n/m2. 

The change i n  Charpy impact p r o p e r t i e s  can a l s o  be examined as a f u n c t i o n  of i r r a d i a t i o n  temperature.  
The r e s u l t s  o f  severa l  i n v e s t i g a t o r s  a r e  combined i n  F i g .  7.2.4. Only q u a l i t a t i v e  comparisons can be made 

T h i s  

I t  may be concluded, the re fo re ,  t h a t  t h e  s h i f t  i n  DBTT 

- 
m .  -0 

m .  t OA 

A 

ORNL-DWG 86-9217 

1 2 C r  - l M o V W  STEEL 

- 
U 
0 
v 

F 
LL 

I 
F ig .  7 . 2 . 4 .  Composite o f  Charpy H 

i r r a d i a t i o n  temperature,  taken from ffl 
impact p r o p e r t i e s  of 12CrlMoVW versus 

p resen t  r e s u l t s  and r e f s .  3-6, 11-13. 
F 
c 
m 
a 

OPEN SYMBOLS INDICATE 
LOW FLUENCE 

s ince  t h e  r e s u l t s  shown i n  F i g .  7.2.4 represen t  d i f f e r e n t  exper imenta l  c o n d i t i o n s .  
g r e a t e r  than  -0.5 x IO2' n/m' ( t o  a maximum of -6 x loz6 n/m2) a r e  considered f i r s t .  As noted above, i t  i s  
reasonable t o  assume t h a t  f o r  these f luences t h e  dependence of t h e  s h i f t  i n  DBTT (ADBTT) on f luence  i s  
smal l .  The r e s u l t s  from t h e  p resen t  s tudy  as w e l l  as from t h e  l i t e r a t u r e " " 6 " ' " '  on 12Cr-IMoVW i n d i c a t e  
t h a t  ADBTT i n c r e a s e s  w i t h  i n c r e a s i n g  temperature f o r  i r r a d i a t i o n  temperatures f rom room temperature t o  
-4OOOC. Above 40OoC, t h e  s h i f t  i n  DBTT decreases w i t h  i n c r e a s i n g  temperature.  T h i s  behav io r  i s  represented 
by t h e  broad shaded band i n  F ig .  7 .2 .4 .  However, t h i s  t r e n d  seemingly c o n t r a d i c t s  t h e  d a t a  o f  Hawthorne e t  
a l . , '  wh ich  showed a l a r g e r  s h i f t  i n  DBTT a t  i r r a d i a t i o n  temperatures f rom UBR of 93 and 149OC than a t  288 
and 300OC. 
balance between damage p r o d u c t i o n  and recovery .  A t  h i g h e r  temperatures, t h e  recovery  r a t e  w i l l  be g r e a t e r ,  
and f o r  a g i v e n  f luence and f i x e d  f l u x ,  t h e  n e t  damage should be s m a l l e r .  There fo re ,  f o r  t h e  da ta  f r o m  UBR 
i r r a d i a t i o n s  a t  93 t o  300°C, where t h e  f l u x  and t o t a l  f luence a re  e s s e n t i a l l y  cons tan t ,  l e s s  ne t  damage a t  
t h e  h i g h e r  temperature i s  expected and t h i s  corresponds t o  t h e  sma l le r  ADBTT observed. 
n a t i o n  does n o t  e x p l a i n  t h e  decrease i n  DBTT s h i f t  w i t h  decreasing i r r a d i a t i o n  temperature below -4OOOC 
found f o r  t h e  h i g h  f luence da ta .  
s t r u c t u r a l  examinat ion by e l e c t r o n  microscopy. 

The s h i f t  i n  DBTT f o r  H F I R  i r r a d i a t i o n  a t  400°C i s  s u b s t a n t i a l l y  h i g h e r  than t h e  s h i f t  measured a f t e r  
i r r a d i a t i o n  o f  specimens w i t h  the  same geometry and o r i e n t a t i o n  a t  390OC i n  EBR-11' (ADBTT o f  217 versus 
166OC). T h i s  may be due t o  heat- to- heat  v a r i a t i o n s ,  a l though  u n i r r a d i a t e d  c o n t r o l  specimens showed s i m i l a r  
behav io r  f o r  t h e  d i f f e r e n t  hea ts .  D i f fe rences  i n  hea t  t rea tment  may a l s o  be r e s p o n s i b l e ,  b u t  p rev ious  
r e s u l t s ' '  have i n d i c a t e d  t h e  12Cr-1MoVW impact p r o p e r t i e s  a r e  n o t  s e n s i t i v e  t o  hea t  t rea tment  f o r  t h e  range 
o f  thermal t rea tments  employed. 
produced d u r i n g  i r r a d i a t i o n .  
he l ium and perhaps t h e  r e l a t i v e l y  low l e v e l s  p resen t  a re  s u f f i c i e n t  t o  have an e f f e c t  on t h e  impact proper-  
t i e s .  
t h e  a d d i t i o n a l  51'C s h i f t  i n  DBTT f o l l o w i n g  H F I R  i r r a d i a t i o n  seems t o  be beyond t h e  exper imenta l  uncer- 
t a i n t y .  It i s  p o s s i b l e  t h a t  t h e  he l ium may r e s u l t  i n  a hardening o f  t h e  m a t r i x ,  e i t h e r  d i r e c t l y  o r  through 
an i n t e r a c t i o n  w i t h  t h e  d i s l o c a t i o n  s t r u c t u r e ,  and thereby  r a i s e  t h e  DBTT. However, e v a l u a t i o n  of t e n s i l e  
p r o p e r t i e s  o f  12Cr-IMoVW a l l o y s  a f t e r  low- temperature i r r a d i a t i o n  has n o t  shown any hardening e f f e c t  a t t r i -  
b u t a b l e  t o  he l ium.15  Should t h e  he l ium c o n c e n t r a t i o n  be impor tan t ,  t h e  s a t u r a t i o n  behav io r  o f  impact pro-  
p e r t i e s  f o l l o w i n g  HFIR i r r a d i a t i o n  may be n o t i c e a b l y  d i f f e r e n t  as he l ium i s  c o n t i n u a l l y  produced w i t h  
i n c r e a s i n g  exposures. 

The d a t a  f o r  f luences 

I t  i s  p o s s i b l e  t o  r e c o n c i l e  these  f i n d i n g s  by r e a l i z i n g  t h a t  t h e  s h i f t  i n  DBTT r e s u l t s  from a 

Such a simple exp la-  

Some o t h e r  mechanism must be i n v o l v e d  and p robab ly  w i l l  r e q u i r e  ex tens ive  

An a l t e r n a t i v e  e x p l a n a t i o n  may be t h e  d i f f e r e n c e  i n  he l ium concen t ra t ions  
A s  noted e a r l i e r ,  t h e  HFIR- i r rad ia ted  samples c o n t a i n  more i r r a d i a t i o n - i n d u c e d  

A l though  t h e  low-hel ium concen t ra t ions  produced (-25 a t .  ppm He) were n o t  expected t o  be s i g n i f i c a n t ,  
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F i n a l l y ,  p o s s i b l e  long- term e f f e c t s  should be considered.  Whether t r u e  s a t u r a t i o n  ever  occurs i s  
ques t ionab le  because o f  changes t h a t  occur  d u r i n g  long- term i r r a d i a t i o n .  
t i o n  c h a r a c t e r  may change, and evidence f o r  such m i c r o s t r u c t u r a l  i n s t a b i l i t i e s  i s  becoming a v a i l a b l e  
f o l l o w i n g  d e t a i l e d  e v a l u a t i o n  o f  long- term i r r a d i a t e d  I n  a d d i t i o n ,  even if he l ium has l i t t l e  
i n f l u e n c e  on t h e  p r o p e r t i e s  a t  t h e  l e v e l s  examined i n  t h e  c u r r e n t  work, a hardening e f f e c t  m i g h t  be expected 
as t h e  h e l i u m  c o n c e n t r a t i o n  increases d u r i n g  l o n g e r  HFIR i r r a d i a t i o n  exposures, r e s u l t i n g  i n  a f u r t h e r  s h i f t  
of t h e  DBTT. A l though  l i t t l e  change i n  impact  p r o p e r t i e s  a t  temperatures above 40OOC has been found t o  da te  
( i n  t h e  absence of he l ium),  t h e  e f f e c t  o f  l a r g e r  c o n c e n t r a t i o n s  o f  he l ium may be g r e a t e s t  a t  h igher  tem- 
p e r a t u r e s  where c a v i t y  fo rmat ion  a t  boundar ies has been shown t o  occur  a f t e r  h i g h e r  f luence i r r a d i a t i o n s  i n  
HFIR." 
i n t e r g r a n u l a r  f a i l u r e ,  and thereby l e a d  t o  e m b r i t t l e m e n t .  Thus, even i f  t h e  degrada t ion  r a t e  i s  low beyond 
some damage l e v e l ,  h i g h e r  f l u e n c e  and h i g h e r  temperature i r r a d i a t i o n s  must be c a r r i e d  o u t  t o  i n s u r e  t h a t  
o t h e r  e f f e c t s  do n o t  beg in  t o  p l a y  a r o l e .  

7 . 2 . 8  Summary and Conclusions 

The m i c r o s t r u c t u r e  and p r e c i p i t a -  

An accumulat ion o f  he l ium a t  t h e  boundar ies may r e s u l t  i n  a change i n  t h e  f r a c t u r e  mode t o  one of 

The Charpy impact  p r o p e r t i e s  o f  a 12CrlMoVW a l l o y  were measured a f t e r  i r r a d i a t i o n  i n  t h e  UBR and HFIR 
I d e n t i c a l  specimens were i r r a -  

A d d i t i o n a l  samples were i r r a d i a t e d  a t  400'C 
t o  determine t h e  e f f e c t  of f luence on t h e  degrada t ion  of impact  p r o p e r t i e s .  
d i a t e d  a t  3OO0C t o  f luences of 0.86 x l o z 4  and -1 x l o 2 '  n/m2. 
t o  a f l u e n c e  o f  -1 x l o z s  n/m2. 
da ta  on p o s t - i r r a d i a t i o n  Charpy impact p r o p e r t i e s ,  t h e  f o l l o w i n g  conc lus ions  can be  reached: 

1. 

2. 

3. 

U n i r r a d i a t e d  aged specimens were a l s o  evaluated.  I n  combinat ion w i t h  o t h e r  

The major  s h i f t  i n  DBTT produced by i r r a d i a t i o n  a t  300OC occurs a t  f luences beyond 10'' n /m2.  

Aging a t  300 o r  4OO0C f o r  2500 h has e s s e n t i a l l y  no e f f e c t  on t h e  impact  p r o p e r t i e s  o f  12CrlMoVW. 

The s h i f t  i n  DBTT f o l l o w i n g  i r r a d i a t i o n  a t  400°C i s  l a r g e r  a f t e r  HFIR i r r a d i a t i o n s  than  a f t e r  EBR-I1 
i r r a d i a t i o n s  and may i n d i c a t e  an i n f l u e n c e  o f  he l ium a t  c o n c e n t r a t i o n s  as low as 25 a t .  ppm. 

The decrease i n  DBTT s h i f t  w i t h  decreasing temperature found f o r  i r r a d i a t i o n  temperatures below 40OOC 
does n o t  f o l l o w  conven t iona l  s a t u r a t i o n  behav io r  and f u r t h e r  work i s  r e q u i r e d  t o  e x p l a i n  these r e s u l t s .  

4. 
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7.3 THE DEVELOPMENT OF FERRITIC STEELS FOR FAST INDUCED-RADIOACTIVITY DECAY - R .  L. Klueh (Oak Ridge 
Nat iona l  Laboratory) 

7.3.1 A D I P  Task 

ADIP Task I . A . 5 ,  Perform Fabr ica t ion  Ana l ys i s ,  and I . C . 1 ,  M i c ros t ruc tu ra l  S t a b i l i t y  

7.3.2 Ob jec t i ves  

Dur ing t he  opera t ion  o f  a fus ion reac to r .  t he  s t r u c t u r a l  ma te r i a l  o f  the  f i r s t  w a l l  and b lanke t  
s t r uc tu re  w i l l  become h i g h l y  r ad ioac t i ve  from a c t i v a t i o n  by t he  high-energy f us i on  neutrons.  
r a d i o a c t i v e  waste problem w i l l  be invo lved  i n  t he  d isposa l  of t h i s  ma te r i a l  a f t e r  serv ice .  One way t o  
minimize t he  d isposa l  problem i s  t o  use s t r u c t u r a l  ma te r i a l s  i n  which the  induced r a d i o a c t i v i t y  decays 
r a t h e r  q u i c k l y  t o  l e v e l s  t h a t  a l l o w  f o r  s i m p l i f i e d  d isposa l  techniques. 
o f  f e r r i t i c  s t ee l s  t o  meet t h i s  ob jec t i ve .  

A d i f f i c u l t  

We are exp lo r i ng  t he  development 

7.3.3 Summarv 

Tens i l e  s tud ies  were cont inued on e i g h t  heats o f  normalized-and-tempered chromium-tungsten s tee l  t h a t  
conta ined v a r i a t i o n s  i n  t he  composit ion of chromium, tungsten,  vanadium, and tanta lum. 
compared t o  r e s u l t s  f o r  analogous chromium-molybdenum s tee l s .  

7.3.4 Prosress and Status 

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

The r e s u l t s  were 

We have cont inued the studies t o  cha rac te r i ze  e i g h t  heats o f  f e r r i t i c  s t ee l s  designed f o r  f a s t  induced- 
r a d i o a c t i v i t y  decay (FIRD).' 
i n t e r e s t  f o r  fus ion- reactor  app l i ca t i ons  - namely, 2.25Cr-lM0, 9Cr-IMoVNb, and 12Cr-IMoVW s tee l s .  
major changes from the  chromium-molybdenum s t e e l s  i nvo l ve  t he  replacement of molybdenum w i t h  tungsten, the  
use of vanadium i n  t he  2.25% Cr s tee l s ,  and t he  replacement o f  niobium w i t h  tan ta lum i n  t he  9% C r  s t ee l .  
(Although tanta lum can be used i n  a FIRD s t e e l ,  t he  decay o f  i t s  t ransmuta t ion  products immediately a f t e r  
i r r a d i a t i o n  i n  a f as t -  o r  mixed-spectrum reac to r  makes such a s tee l  d i f f i c u l t  t o  study. 
any, i r r a d i a t e d  s tud ies  w i l l  be performed on s tee l s  con ta i n l ng  tantalum.) 
s t e e l s  i s  g iven i n  Table 7.3.1. 

We p rev ious l y  repor ted  on t he  
tempering c h a r a c t e r i s t i c s  o f  these 
s tee l s  and on t h e i r  t e n s i l e  behavior  

These s tee l s  were pa t te rned on the  chromium-molybdenum s tee l s  t h a t  are o f  
The 

Therefore, few, if 
The composit ion o f  the e i g h t  

a f t e r  one normalizing-and- tempering 
heat  t reatment . '  I n  the  p resent  Table 7.3.1. Chemical composi t ion o f  f a s t  induced- 
r e p o r t ,  t e n s i l e  r e s u l t s  on specimens 
g iven  a d i f f e r e n t  heat t reatment  a re  
presented. Chemical composit ion,a ( w t  %) 

r a d i o a c t i v i t y  decay (FIRD) f e r r i t i c  s t ee l s  

7.3.4.2 ExDer lmen ta l  Procedure 

specimens taken from 0.76-mm-thick 
sheet o f  t he  e i g h t  heats g iven i n  
Table 7.3.1. The SS-I t e n s i l e  speci -  

Tens i l e  t e s t s  were made on SS-1 2 1/4 C r V  
2 1/4 C r - I W V  
2 1/4 Cr-ZW 
2 1/4 Cr-2WV 
r. rr-7wv 

~ 

Cr w v  
7.36 0.25 

~~ 

2.30 0.93 0.25 
2.48 1.99 0.009 
2.42 1.98 0.24 
r. nn 7 07 n 75 

Ta C 
0.11 
0.10 
0.11 
0.11 

Mn s i  
0.40 0.17 
0.34 0.13 
0.39 0.15 
0.42 0.20 
0.47 0.25 -. .. . -~ - I. _". - . -- - . - . - . -- 

mens have a reduced gage sec t ion  9 Cr-2WV 8.73 2.09 0.24 0.12 0.51 0.25 
20.3 mm long  by 1.52 mm wide by 9 Cr-ZWVTa 8.72 2.09 0.23 0.075 0.10 0.43 0.23 

11.49 2.12 0.23 0.10 0.46 0.24 0.76 mm t h i c k .  A l l  specimens were 
machined w i t h  saae lenq ths  o a r a l l e l  t o  

12 Cr-2WV 

the  r o l l i n g  dire;t ion.- Tens i le  t e s t s  eP = 0.014-0.016. S = 0.005-0.006. N i  S 0.01. MO S 0.01. . ~ . .. 
were made i n  vacuum on a 
44-kN-capacity l n s t r o n  un i ve rsa l  
t e s t i n g  machine a t  a crosshead speed 

Nb < 0.01, T i  < 0.01,'Co = 0.005-0.008; Cu = 0.02'0.03, 
A1 = 0.02-0.03, B < 0.001, ba l  Fe. 

o f  8.5 pm/s, which r e s u l t s  i n  a 
nominal s t r a i n  r a t e  o f  4.2 x lO-'/s. 

7.3.4.3 Resul ts  and Discussion 

We p rev ious l y  repor ted  on t he  t e n s i l e  behavior  of the  e i g h t  heats i n  Table 7.3.1 a f t e r  a u s t e n i t i z i n g  

To b e t t e r  compare t he  r e s u l t s  of the  e f f ec t  of tem- 

a l l  b u t  t he  2.25Cr-2W s tee l  f o r  0.5 h a t  1O5O0C p r i o r  t o  coo l i ng  i n  he l ium.2  
0.5 h a t  900°C. Tempering t reatments were chosen by r e f e r r i n g  t o  t he  t reatments f o r  the analogous Cr-Mo 
s t e e l s  t h a t  are being s tud ied  i n  t he  fus ion  program. 
pe r i ng  on t he  t e n s i l e  behavior, t he  s t e e l s  were g iven t he  same normal iz ing  t reatment  as before' and then 
tempered a t  700 o r  750°C, depending on t he  tempering t reatment  they  had p rev ious l y  received. 

The 2.25Cr-2W was aus ten i t i zed  

That i s .  t he  
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2.25CrV, 2.25Cr-lWV, and 2.25Cr-2W s t e e l s ,  which were tempered f o r  1 h a t  7 0 0 Y  be fo re , *  were tempered 1 h 
a t  750°C, and the  o ther  f i v e  s t e e l s ,  which were tempered 1 h a t  750°C be fo re ,>  were tempered 1 h a t  7OO0C. 

Tens i l e  t e s t s  were conducted over  the  temperature range from room temperature t o  600°C, and the  r e s u l t s  
a re  g iven  i n  Tables 7.3.2 and 7.3.3. 
i n  F i gs .  7 .3 .1  t o  7.3.4. F igures  7 . 3 . 1  and 7.3.2 show t h e  data f o r  a l l  e i g h t  heats a f t e r  the 70OoC tem- 
p e r i n g  t rea tment ,  and F i g s .  7 . 3 . 3  
ment. 
and t h e  5- and 12-Cr s tee l s  form mar tens i t e .  The 12-Cr s tee l  con ta ins  about 26% d e l t a - f e r r i t e ,  w i t h  t h e  
balance mar tens i te . '  

Data from these t e s t s  and from t h e  p rev ious  t es t s '  have been combined 

and 7.3.4 show t h e  da ta  f o r  these heats a f t e r  the  750°C tempering t r e a t -  
I n  comparing the  r e s u l t s ,  i t  should be r e c a l l e d  t h a t  the  2.25Cr s t e e l s  form b a i n i t e  when normal ized 

Table 7.3.2. Tens i l e  p r o p e r t i e s  o f  normalized-  
and-tempered low-chromium F I R D  stee1sa.b 

Test  S t reng th  (MPa) 

( " C )  Y i e l d  U l t ima te  
temperature 

_____ 

2 1/4 C r V  

22 557 640 
200 500 571 
300 496 582 
400 471 553 
500 472 552 
600 394 413 

2 1/4 Cr-lW 

22 579 653 
200 - - 
300 527 608 
400 540 624 
500 504 589 
600 401 421 

2 1/4 C r Z W  

22 554 618 
200 542 581 
300 531 570 
400 474 555 
500 430 609 ~~~ 

600 372 484 

2 1/4 Cr-2WV 

22 904 964 
200 860 925 
300 848 911 ... ~~ 

400 803 882 
500 789 871 
600 708 760 

E longat ion  (%) 

Uni form To ta l  
~ ~ 

5 .9  
4.3 
5.1 
4.0 
3.0 
1.1 

6 .6  

4.8 
4.3 
3.3 
1.3 

- 

9 .6  
8 . 1  
7 . 1  
6 .9  
7 . 4  
4.6 

5 .3  
5 .0  
4.1 
3.4 
3.5 
1.9 

~ 

9.4 
7.3 
8.1 
5.9 
6.4 
6.0 

8.8 

7 . 9  
6 .9  
6.4 
5.0 

- 

13.5 
12.0 
10.0 
9 .9  

10 .4  
9 . 1  

8 . 5  
8 . 0  
7 . 0  
6.6 
6.4 
5.6 

8 A l l  bu t  the  2.25Cr-2W s t e e l  were 
a u s t e n i t i z e d  0.5h a t  1O5O0C; the  2.25Cr-2W 
was aus ten i t i zed  1 h a t  900OC. 

tempered 1 h a t  750OC; t h e  2.25Cr-2 WV was 
tempered 0.5h a t  700OC. 

b A l l  b u t  t h e  2.25Cr-2WV s t e e l  were 

Table 7.3.3.  Tens i l e  p r o p e r t i e s  o f  normalized-  
and-tempered high-chromium FIRD s tee ls*  

Test  S t r eng th  (MPa) E longat ion  (%) 

( "C)  Y i e l d  U l t i m a t e  Uniform To ta l  
temperature 

5Cr-2YV 

22 715 811 
200 695 784 
300 673 756 
400 676 753 
500 629 706 
600 538 565 

9 c r m  

22 790 910 
200 760 865 
300 710 825 
400 
500 
600 

711 797 
660 734 
599 644 

9 C r - m T a  

22 823 942 
200 
300 782 873 
400 761 840 
500 707 779 
600 651 696 

12Cr-2WV 

22 708 859 
200 668 804 
300 649 777 
400 650 703 
500 601 698 
600 500 528 

- - 

4.5 
3.6 
3.3 
2.8 
2.0 
1 . 2  

4 .4  
3 . 4  
3.3 
2.6 
1.9 
1.6 

3 .8  

2 . 8  
2.3 
1 . 6  
1.4 

- 

5.4 
4.5 
4.4 
3 .4  
2 .5  
2.3 

8 . 0  
6 . 8  
6 .6  
5.5 
4.6 
5.6 

7.5 
6 .5  
6 . 1  
5.4 
4.3 
6.3 

6 .6  

5 .0  
5 . 0  
4 . 1  
4 . 8  

- 

8.4 
7.5 
7 . 4  
6 . 1  
5 .0  
6 .6  

a A l l  specimens were heat  t r e a t e d  as 
f o l l o w s :  0 .5  h a t  1 O 5 O 0 C ,  a i r  coo l ;  1 h a t  
70OoC, a i r  c o o l .  

The p rev ious  r e s u l t s  i n d i c a t e d  the  e f f e c t  o f  tungsten, and vanadium on t h e  t e n s i l e  p rope r t i e s ; '  they  
a l s o  showed t h a t  the  chromium con ten t  d i d  no t  con t r i bu te  s i g n i f i c a n t l y  t o  the  s t r eng th  o f  t h e  s t e e l s  w i t h  
vanadium and tungsten.  

The recen t  r e s u l t s  a l l o w  f o r  more d e t a i l e d  comparisons. A t  70OoC, the  2.25Cr-2WV s t e e l  has the  
h ighes t  s t r eng th  over the  e n t i r e  temperature range. 
9-Cr s t e e l  w i t hou t  tanta lum. For t e s t s  up t o  500°C, the  5- Cr s t e e l  i s  t h e  nex t  s t ronges t ,  a l though t h e r e  
i s  l i t t l e  d i f fe rence  between t h e  s t r eng th  o f  t h i s  s t ee l ,  the  12 Cr-2WV s t e e l ,  and t h e  2.25Cr-1WV s t e e l .  

The 9-Cr s t e e l  w i t h  tanta lum i s  next ,  fo l lowed by the  
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Up t o  500°C, t h e  2.25Cr-2W s t e e l  i s  t h e  weakest s t e e l ,  w h i l e  t h e  2.25Cr-2V s t e e l  f a l l s  between t h e  
weakest s t e e l  and t h e  remainder o f  t h e  s t e e l s .  A t  600°C, t h e  12-Cr s t e e l  w i t h  t h e  26% d e l t a - f e r i t e  becomes 
t h e  weakest.  
s t e e l s .  

a t  7OO0C, w i t h  t h e  excep t ion  t h a t  2.25Cr-2WV d i d  n o t  have t h e  h i g h e s t  UTS a t  temperatures below 50OOC. 
There was l e s s  d i f f e r e n c e  i n  t h e  9Cr, 12Cr, and t h e  2.25Cr-ZWV s t e e l s  a t  temperatures up t o  5OO0C than 
a f t e r  t h e  70O0C temper. 
w i t h  t h e  9-Cr s t e e l s  nex t ,  fo l l owed by t h e  5- and 12-Cr s t e e l s .  
t h e  one w i t h o u t  vanadium were, i n  genera l ,  t h e  weakest. 

p o s i t i o n .  
e longa t ions .  
2.25Cr-2WV s t e e l  was g e n e r a l l y  t h e  s t r o n g e s t ,  i t  g e n e r a l l y  had t h e  h i g h e s t  d u c t i l i t y  o f  t h e  s t e e l s  con- 
t a i n i n g  vanadium. 
tempered a t  7 O O 0 C ,  a l though  t h e  d i f f e r e n c e  was q u i t e  smal l ,  c o n s i d e r i n g  t h e  d i f f e r e n c e  i n  s t r e n g t h .  

f o r  chrominum composi t ions beyond about  2.25% i f  s i m i l a r l y  tempered m a t e r i a l s  a r e  compared. 
a tempered b a i n i t e  m i c r o s t r u c t u r e  of 2.25Cr-1 Mo s t e e l  i s  compared w i t h  a tempered m a r t e n s i t e  s t r u c t u r e  o f  
9Cr-1 Mo s t e e l  ( t h e  h igher  h a r d e n a b i l i t y  of t h e  l a t t e r  s t e e l  r e s u l t s  i n  m a r t e n s i t e  when t y p i c a l  s e c t i o n  
s i zes  a r e  normal ized,  w h i l e  i t  i s  ve ry  d i f f i c u l t  t o  o b t a i n  m a r t e n s i t e  i n  t h e  2.25Cr-1 Mo s t e e l ) ,  t h e  
e levated- temperature s t r e n g h t s  a r e  s i m i l a r . '  
f o rm ing  elements, such as vanadium o r  n iob ium. 
s t e e l s  under d iscuss ion ,  t h e  chromium can a f f e c t  t h e  s t r e n g t h  o f  t h e  s t e e l s ,  a t  l e a s t  when they  a l l  c o n t a i n  
t h e  same amount of vanadium. Furthermore, t h e  e f f e c t  appears t o  go th rough  a l o c a l  minimum, s ince  t h e  
s t r e n g t h  o f  t h e  5- Cr s t e e l  i s  l e s s  than t h a t  of e i t h e r  t h e  2.25 o r  9-Cr s t e e l s .  
t h a t  t h e  2.25-Cr s t e e l  w i t h  vanadium and tungs ten  had t h e  h i g h e r  s t r e n g t h  even though i t  had a b a i n i t i c  
m i c r o s t r u c t u r e ,  compared t o  t h e  m a r t e n s i t i c  m i c r o s t r u c t u r e s  i n  t h e  h i g h  chromium s t e e l s .  

The 5- Cr  s t e e l  i s  one of t h e  weakest s t e e l s  a t  600°C, a long  w i t h  t h e  2.25CrV and 2.25Cr-2W 
The 2.25Cr-1WV m a i n t a i n s  a r e l a t i v e l y  good s t r e n g t h  a t  t h i s  temperature.  

A f t e r  t h e  s t e e l s  were tempered a t  75OoC, t h e  r e l a t i v e  s t r e n g t h s  were s i m i l a r  t o  those a f t e r  temper ing 

A t  t h e  600°C t e s t  temperatures,  t h e  2.25Cr-2WV s t e e l  had t h e  h i g h e s t  s t r e n g t h ,  
The low-chromium s t e e l s  w i t h  0 and 1% W and 

The d u c t i l i t i e s  o f  t h e  d i f f e r e n t  s t e e l s  were n o t  s u b s t a n t i a l l y  d i f f e r e n t ,  regard less  of t h e  com- 
The 2.25Cr-2W s t e e l ,  which was g e n e r a l l y  t h e  weakest, always had t h e  h i g h e s t  un i fo rm and t o t a l  

The 9Cr-2 WVTa s t e e l  n e a r l y  always had t h e  lowes t  u n i f o r m  and t o t a l  e l o n g a t i o n .  A l though t h e  

The d u c t i l i t i e s  of t h e  s t e e l s  g i v e n  t h e  7 5 O O C  temper had h i g h e r  d u c t i l i t i e s  than those 

Prev ious  work' has shown t h a t  t h e  chromium composi t ion does n o t  a f f e c t  t h e  s t r e n g t h  o f  Cr-Mo s t e e l s  
That  i s ,  if 

Note t h a t  n e i t h e r  o f  these s t e e l s  con ta ins  any s t rong  carb ide-  
The r e s u l t s  o f  t h e  p r e s e n t  work i n d i c a t e  t h a t  f o r  t h e  C r - W  

I t  should a l s o  be noted 

7.3.5 Fu tu re  Work 

The s t e e l s  w i l l  be examined by e l e c t r o n  microscopy t o  determine i f  d i f f e r e n c e s  i n  t h e  m i c r o s t r u c t u r e s  
o f  t h e  d i f f e r e n t  s t e e l s  can be d e t e c t e d  t o  determine t h e  source o f  t h e  d i f f e r e n c e s  i n  t h e  s t r e n g t h s  f o r  t h e  
d i f f e r e n t  s t e e l s .  
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7.4 FATIGUE BEHAVIOR OF IRRADIATED HELIUM-CONTAINING FERRITIC STEELS FOR FUSION REACTOR APPLICATIONS - 
M. L. Grossbeck, J. M. V i t e k ,  and K .  C .  L i u  (Oak Ridge N a t i o n a l  Laboratory)  

7 .4 .1  A D I P  Task 

ADIP t a s k  f o r  f e r r i t i c  a l l o y s  n o t  de f ined .  

7.4.2 O b j e c t i v e  

T h i s  research eva lua tes  t h e  e f f e c t  of f a t i g u e  on i r r a d i a t e d  f e r r i t i c  s t e e l s  c o n t a i n i n g  he l ium 

7 .4 .3  

The m a r t e n s i t i c  a l l o y s  12Cr-IMoVW and 9Cr-1MoVNb have been i r r a d i a t e d  i n  t h e  High F lux  I s o t o p e  Reactor 
(HFIR) and subsequently t e s t e d  i n  f a t i g u e .  I n  o rder  t o  achieve he l ium l e v e l s  c h a r a c t e r i s t i c  o f  f u s i o n  reac-  
t o r s ,  t h e  I2Cr-1MoVW was doped w i t h  1 and 2% N i ,  r e s u l t i n g  i n  he l ium l e v e l s  o f  210 and 410 a t .  ppm a t  damage 
l e v e l s  of 25  dpa. The 9Cr-1MoVNb was i r r a d i a t e d  t o  a damage l e v e l  o f  3 dpa and conta ined <5 a t .  ppm He.  
I r r a d i a t i o n s  were c a r r i e d  o u t  a t  55°C and t e s t i n g  a t  2 2 O C .  
upon i r r a d i a t i o n  a t  t h i s  damage l e v e l ,  b u t  p o s s i b l e  e f f e c t s  o f  he l ium were found i n  12Cr-IMoVW. A l l o y s  w i t h  
210 and 410 a t .  ppm He showed c y c l i c  s t reng then ing  of 29 and 34% over  u n i r r a d i a t e d ,  he l ium- f ree  n ickel- doped 
m a t e r i a l s ,  r e s p e c t i v e l y .  T h i s  c y c l i c  hardening, which may be caused by hel ium, r e s u l t e d  i n  a degrada t ion  o f  
t h e  c y c l i c  l i f e .  However, t h e  f a t i g u e  l i f e  remained comparable t o  o r  b e t t e r  than t h a t  o f  u n i r r a d i a t e d  
20%-cold-worked 316 s t a i n l e s s  s t e e l .  

7.4.4 Proqress and S t a t u s  

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

No s i g n i f i c a n t  changes were found i n  9Cr-1MoVNb 

F e r r i t i c ,  o r  m a r t e n s i t i c ,  s t e e l s  have a t t r a c t e d  a t t e n t i o n  f a r  f u s i o n  reac tov  a p p l i c a t i o n s  due t o  t h e i r  
r a d i a t i o n  r e s i s t a n t  p r o p e r t i e s .  V a r i a t i o n s  of a l l o y s  based on 12Cr-1Mo and 9Cr-1Mo composi t ions have been 
shown t o  e x h i b i t  low s w e l l i n g  and low i r r a d i a t i o n  creep r a t e s . ’  
r e a c t o r  f i r s t  w a l l  and b l a n k e t  s t r u c t u r e s  because they  have h i g h e r  thermal  c o n d u c t i v i t y  and lower  thermal  
expansion c o e f f i c i e n t s  than  a u s t e n i t i c  s t a i n l e s s  s t e e l s .  The consequence i s  reduced thermal s t r e s s  and 
inc reased  thermal f a t i g u e  l i f e ,  p r o v i d e d  t h e  u n i r r a d i a t e d  f a t i g u e  p r o p e r t i e s  remain unchanged by i r r a -  
d i a t i o n .  
t h i s  r e p o r t .  

p o s i t i o n .  
g i ven  i n  F i g .  7.4.1 based on c a l c u l a t i o n s  b y  G a b r i e l  e t  a l . ?  
c e n t r a t i o n s  generated i n  f e r r i t i c  and a u s t e n i t i c  a l l o y s  as a f u n c t i o n  o f  dpa f o r  severa l  exper imenta l  reac-  
t o r s :  
Reactor (EBR-11) .  
f o l l owed by ”N i ( n ,a ) ,  b o t h  of which occur  w i t h  thermal  neutrons.  
t i o n  r a t e  can be chosen by a d j u s t i n g  t h e  n i c k e l  c o n t e n t .  
where t h e  n i c k e l  c o n c e n t r a t i o n  of two f e r r i t i c  s t e e l s  was v a r i e d  f rom 0 .5  t o  2%. 
F i g .  7.4.1, an a l l o y  w i t h  2% w t  N i  r e s u l t s  i n  a He:dpa r a t i o  a f t e r  HFIR i r r a d i a t i o n  comparable t o  t h a t  of a 
f u s i o n  r e a c t o r .  

7 .4 .4 .2  Exper imenta l  Procedure 

These a l l o y s  have f u r t h e r  appeal f o r  f u s i o n  

Transmutat ion- induced h e l i u m  c o u l d  a l t e r  f a t i g u e  l i f e ,  and i t  i s  t h i s  p o i n t  t h a t  i s  addressed i n  

A range o f  expected he l ium l e v e l s  f o r  a s t a i n l e s s  s t e e l  w a l l  and a l i t h i u m- c o o l e d  b l a n k e t  I S  
The he l ium p r o d u c t i o n  r a t e  i n  a fus ion  r e a c t o r  i s  dependent on r e a c t o r  des ign  as w e l l  as a l l o y  com- 

F igure  7.4.1 a l s o  shows t h e  he l ium con- 

t h e  Oak Ridge Research Reactor (ORR) ,  H igh  F lux  I s o t o p e  Reactor (HFIR), and Exper imenta l  Breeder 
The he l ium formed i n  these r e a c t o r s  r e s u l t s  p r i m a r i l y  from t h e  r e a c t i o n  “N i (n , r )  

I n  a g iven  r e a c t o r ,  t h e  he l ium produc- 
T h i s  approach was used i n  t h e  p resen t  research,  

As can be seen i n  

I n  t h i s  i n v e s t i g a t i o n  HFIR i r r a d i a t i o n  of f a t i g u e  specimens was fo l lowed by low c y c l e  f a t i g u e  t e s t i n g  

Two fus ion  r e a c t o r  cand ida te  a l l o y s  were s t u d i e d :  
t o  eva lua te  t h e  e f f e c t  of neu t ron  i r r a d i a t i o n  and he l ium on t h e  f a t i g u e  l i f e  of t h e  a l l o y s .  

which c o n t a i n s  nomina l l y  0.5% N i ,  and 9Cr-1MoVNb. 
one ESR hea t  of 9Cr-1MoVNb were prepared by Combustion Engineer ing,  I n c .  
Table 7 .4 .1 .  
remain ing two were doped w i t h  1 and 2% N i .  
was a l s o  i r r a d i a t e d ;  t h i s  hea t  has been t e s t e d  e x t e n s i v e l y  i n  t h e  U n i t e d  S ta tes  breeder  r e a c t o r  program. 
One hea t  of gCr-IMoVNb, n o t  doped w i t h  n i c k e l ,  was s t u d i e d .  

t h e  Sandvik a l l o y  HT-9, o f t e n  des igna ted  12Cr-IMoVW, 
Three e l e c t r o s l a g- r e m e l t e d  (ESR) hea ts  of 12Cr-1MoVW and 

The 
The composi t ions appear i n  

One 12Cr-IMoVW a l l o y  (HT-3587) was prepared t o  match t h e  composi t ion o f  commercial HT-9. 
A f o u r t h  ESR hea t  (91353) prepared by Carpenter  Technology Corp. 

The soecimens were normal ized and temDered u s i n q  t h e  hea t  t rea tments  shown i n  Table 7.4.2.  The r e s u l t  - - - ~  ~ ~ ~ ~ 

was a tempered m a r t e n s i t e  s t r u c t u r e  descr ibed  by K l u i h  e t  a i . ” ‘  

mens. The sealed tubes were i r r a d i a t e d  i n  t h e  HFIR w i t h  r e a c t o r  c o o l a n t  i n  d i r e c t  c o n t a c t  w i t h  t h e  
c o l l a p s e d  tubes .  
HFIR-MFE-T1 which was i r r a d i a t e d  i n  t h e  p e r i p h e r a l  t a r g e t  p o s i t i o n  o f  t h e  HFIR t o  a f l u e n c e  of 1 . 4  t o  3.4 x 
IOz6 neutrons/m2 ( E  > 0 . 1  MeV) corresponding t o  a damage l e v e l  of 10 t o  25 dpa. 
d i a t e d  i n  HFIR-MFE-RBI which was i r r a d i a t e d  i n  t h e  b e r y l l i u m  r e f l e c t o r  o f  t h e  HFIR t o  a f l u e n c e  of 0.38 t o  
0.51 x loz6 neutrons/m2 ( E  > 0 . 1  MeV), corresponding t o  a damage l e v e l  of 2 . 5  t o  3.3 dpa. 
damage and he l ium l e v e l s  a r e  p rov ided  i n  Table 7 .4 .3 .  

The specimens were encapsulated i n  aluminum tubes t h a t  were h y d r o s t a t i c a l l y  c o l l a p s e d  on to  t h e  speci-  

The 12Cr - IMoVW type  a l l o y s  were i r r a d i a t e d  i n  an i r r a d i a t i o n  v e h i c l e  des igna ted  

The 9Cr-1MoVNb was i r r a -  

The d isp lacement  



115 

too0 

800 

200 

I -1 
TYPE 318 SS 

IN HFlR 

F ig .  7 .4 .1 .  He l ium as  a func t ion  o f  displacement  damage f o r  a l l o y s  
w i t h  va ry ing  l e v e l s  of n i c k e l  i r r a d i a t e d  i n  exper imenta l  r e a c t o r s .  The 
cross- hatched p o r t i o n  shows l e v e l s  expected i n  a tokamak fus ion  r e a c t o r .  
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Table 7.4.1. Composit ions o f  m a r t e n s i t i c  s t e e l s  i n v e s t i g a t e d  

A l l o y  Content,  w t  % 

Element I2Cr-1MoVW 12Cr-1MoVW 12Cr-IMoVW 12Cr-IMoVW 9Cr-1MoVNb 
(91353) (3587) + 1 N i  + 2 N i  

C 0 .21 0.21 0.20 0.20 0.09 
Mn 0.50 0.50 0.47 0.49 0.36 
P 0.007 0.011 0.010 0.011 0.008 
s 0.003 0.004 0.004 0.004 0.004 
S i  0.22 0.18 0.13 0.14 0.08 
N i  0.58 0.43 1.14 2.27 0.11 
C r  11.80 11.99 11.97 11.71 8.62 
Mo 1.02 0.93 1.04 1.02 0.98 
V 0.32 0.27 0.31 0 .31  0.209 
Nb 0.018 0.015 0.015 0.063 
T i  0.003 0.003 0.003 0.003 0.002 
co 0.02 0.017 0.015 0.021 0.013 
cu 0.04 0.05 0 .05 0 .05 0.03 
A1 0.028 0.030 0.017 0.028 0.013 
B <0.001 <0.001 <0.001 <0.001 <0.001 
W 0.50 0.54 0.53 0.54 0.01 
As <0.001 <0.001 0.002 <o. 002 <0.001 
Sn 0.01 0.002 0.001 0.002 0.003 
Z r  <0.001 <0.001 <0.061 '0.001 
N 0.020 0.016 0.017 0.050 
0 <0.006 0.005 0.007 0.007 0.007 

(3588) (3589) (3590) 

Table 7.4.2.  Heat t rea tment  o f  a l l o y s  

A l l o y  Heat Heat t rea tment  

12Cr-1MoVW 91353 1038OC - 10 min AC 
76O0C - 30 m i n  AC 

I2Cr-IMoVW 3587 1O5O0C - 0.5 h 
78OoC - 2.5  h AC 

I2Cr-1MoVW + 1 N i  3588 105OoC - 0.5 h 
780°C - 2.5 h AC 

12Cr-IMoVW + 2Ni 3589 1 O 5 O 0 C  ~ 0 .5 h 
7 0 0 T  - 5 h AC 

9Cr-1MoVNb 3590 1040°C - 0 . 5  h 
760'C - 1 h AC 
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Tab le  7.4.3.  I r r a d i a t i o n  parameters and f a t i g u e  d a t a  

Damage S t r a i n  S t r e s s  Range Cycles t o  
Specimen A l l o y  Heat Level  Hel ium Range Aa a t  N /2 Fa i  1 u r e  

(dpa) ( a t .  ppm) (%) W a f  (Nf) 

SBOl 12Cr-1MoVW 3587 0 2.0 1338 1.807 
~I~~ ~~~~ ~~~ 

S B l l  i2Cr-iMoVW 3587 0 i . 0  1104 22,814 
5812 12Cr-1MoVW 3587 0 0.5 924 644,665 
5803 12Cr-1MoVW 3587 10 34 1.0 1268 30.908 
SBlO 12Cr-1MoVW 3587 15 53 0.5 993 227 ;652 

SJOZ 12Cr-1MoVW 91353 0 2.0 1324 4.029 
SJOl 12Cr-1MoVW 91353 0 
SJ07 12Cr-1MoVW 91353 0 

1 . 0  1117 45;762 
0 . 5  972 719,759 

sco2 12Cr-1MoVW-1Ni 3588 0 1.0 1172 26,362 
SC04 12Cr-1MoVW-1Ni 3588 24 210 1.0 1517 15,581 

so02 12Cr-1MoVW-2Ni 3589 0 1.0 1393 22,010 
SO01 12Cr-1MoVW-2Ni 3589 25 410 1.0 1862 10,539 

TA17 
TAl4 
TA19 
TA20 
T A Q ~  
T A l l  

9Cr-1MoVNb 
9Cr-1MoVNb 
9Cr-1MoVNb 
9Cr-1MoVNb 
9Cr-1MoVNb 
9Cr-1MoVNb 

3590 
3590 
3590 
3590 
3590 
3590 

0 
0 
0 
3.3 
2.5 
3.3 

4 
2 
4 

2.0 
0.5 
0.3 
1.0 
0 . 5  
0.3 

1186 ~~ 

883 
641 

1089 
938 
703 

1.315 
204:235 

4,983,360 
13.225 

247 ;907 
17,859,711 

The f a t i g u e  specimens were o f  t h e  m i n i a t u r e  hourg lass  t ype  w i t h  a minimum d iamete r  o f  3 mm and 45.2 mm 
i n  l e n g t h .  The specimens i n c o r p o r a t e d  threaded ends w i t h  c o n i c a l  gu ides t o  a i d  i n  a l ignment .  F u r t h e r  
d e t a i l s  a r e  p r o v i d e d  by L i u  and Grossbeck. l  The specimens were t e s t e d  on a f u l l y  remote se rvo- hydrau l i c  
f a t i g u e  t e s t i n g  system i n s t a l l e d  i n  a r a d i a t i o n  h o t  c e l l .  S t r a i n  was measured by a d i a m e t r a l  extensometer. 
The t e s t s  were performed a t  room temperature i n  a i r .  A t r i a n g u l a r  s t r a i n  versus t i m e  f u n c t i o n  beg inn ing  
w i t h  compression a t  a s t r a i n  r a t e  o f  4 x 5 - l  was used. For low- cycle f a t i g u e  ( t o t a l  s t r a i n  range L 
0.5%), t e s t s  were c o n t r o l l e d  on t h e  b a s i s  o f  a x i a l  s t r a i n  c a l c u l a t e d  by a s t r a i n  computer from d iamet ra l  
s t r a i n ,  wh ich  was measured d i r e c t l y  a t  t h e  minimum gage s e c t i o n .  
c o n t r o l  was used u n t i l  a s t a b l e  h y s t e r e s i s  l o o p  was achieved, a t  which t ime,  c o n t r o l  was swi tched t o  load ,  
and t h e  frequency was inc reased  by a f a c t o r  o f  10 t o  reduce t e s t  d u r a t i o n .  
d i a t e d  specimens were loaded remote ly  u s i n g  t h e  same procedure i n  o r d e r  t o  a v o i d  d i f f e r e n c e s  i n  a l ignment .  

7.4.4.3 Results 

For h igh- cyc le  t e s t s ,  t h e  same s t r a i n  

Bo th  t h e  i r r a d i a t e d  and u n i r r a -  

R e s u l t s  f o r  t h e  12Cr-1MoVW t y p e  a l l o y s  appear i n  Table 7.4.3 and F i g s .  7 .4.2 and 7.4.3.  F igure  7.4.2 
i s  a p l o t  of c y c l i c  s t r e s s  as a f u n c t i o n  of t o t a l  s t r a i n  range. S t r e s s  range was measured a t  h a l f  t h e  
c y c l i c  l i f e  where a s t a b l e  h y s t e r e s i s  loop had been achieved.  
separate specimen. 
s e p a r a t e l y  i d e n t i f i e d  s ince  t h e  r e s u l t s  a r e  i n d i s t i n g u i s h a b l e .  
above t h e  u n i r r a d i a t e d  curve  as a r e s u l t  o f  t h e  expected r a d i a t i o n  hardening a t  low temperatures.  A l though 
o n l y  one specimen f o r  each n ickel- doped a l l o y  was i r r a d i a t e d ,  t h e  r e s u l t s  were c o n s i s t e n t  and were, the re-  
fo re ,  p l o t t e d  i n  F i g .  7.4.2 a long  w i t h  corresponding u n i r r a d i a t e d  specimens. The most impor tan t  comparison 
t o  be made i s  t h a t  between t h e  i r r a d i a t e d  specimens and t h e i r  corresponding u n i r r a d i a t e d  c o u n t e r p a r t s .  The 
s t r e n g t h  of t h e  undoped 12Cr-1MoVW inc reased  14% upon i r r a d i a t i o n ,  b u t  t h e  1% Ni-doped m a t e r i a l  i nc reased  
29% i n  s t r e n g t h  upon i r r a d i a t i o n  and t h e  2% Ni-doped m a t e r i a l  i nc reased  34% i n  s t r e n g t h .  

A l though 
d a t a  a r e  sparse, where p o s s i b l e  t h e  d a t a  were f i t  t o  an equa t ion  o f  t h e  form ( u s i n g  t h e  method o f  l e a s t  
squares),  

Each p o i n t  on t h e  curves represen ts  a 
For  u n i r r a d i a t e d  12Cr-1MoVW (0.5% N i ) ,  b o t h  heats were p l o t t e d  on t h e  same curve and n o t  

The curve f o r  t h e  i r r a d i a t e d  12Cr-1MoVW l i e s  

The curves  of t o t a l  s t r a i n  range as a f u n c t i o n  o f  c y c l i c  l i f e  a r e  p l o t t e d  i n  F i g .  7.4.3. 

- 0 . 1 1  
AfT = ANf + BNYb , 

where 

AET = t o t a l  s t r a i n  range, 

Nf  = c y c l e s  t o  f a i l u r e ,  

A,B,b = cons tan ts .  
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A i2Cr-1MoVW + i N i  24 dpa 
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- 
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Ni-DOPED 12 Cr-1 MoVW 
IRRADIATED IN HFlR  
TIRRAD = 55°C 
TTEST = 22°C 

0 mt = 0. 0.5 % Ni 
0 10-15 dpa, 0.5 % Ni 
A mt = 0, 1 % Ni 
A 24 dpa, 1 % Ni 
v mt =0,2%Ni 

5 

TOTALSTRAIN RANGE 1%) 

Fig. 7 . 4 . 2 .  Cyclic stress-strain curve for I2Cr-IMoVW type alloys 
tested at room temperature showing effects of irradiation and helium. 
Each point represents an individual specimen. 

Ni-DOPED 12Cr-iMoVW 
HFlR - IRRADIATED 

G 
P 1 

CYCLES TO FAILURE 

Cyclic life of I2Cr-IMoVW type alloys tested at room tem- Fig. 7.4.3. 
perature showing effects of irradiation and helium. A curve for 
20%-cold-worked type 316 stainless steel is shown for comparison. 
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The r e s u l t s  appear i n  Table 7.4.4. 

Table 7.4.4. Re la t ions  f o r  room temperature f a t i g u e  l i f e  

- 

F i g .  7 . 4 . 4 .  C y c l i c  s t r e s s- s t r a i n  curve f o r  
9Cr-1MoVNb t e s t e d  a t  room temperature showing 
e f f e c t s  o f  i r r a d i a t i o n .  
i n d i v i d u a l  specimen. 

Each datum represen ts  an c-:- 9 - C r - I M o V N b  

- 

- 

IRRADIATED I N  H F l R  

T I R R A D  = 55'C 
TTEST = 22°C - 

0 m t = o  
2 - 4 dpa 

1 1 1 1 

A1 1 oy Cond i t ion  Equat ion 

ACT = 0.9 N;"" + 15.7 N-"'' f 12Cr-1MoVW U n i r r a d i a t e d  

9Cr-1MoVNb U n i r r a d i a t e d  AET = 1.82 Nf"''  59.6 N T " "  

9Cr-1MoVNb I r r a d i a t e d  ACT = 2.11 NT"" + 91.7 N;o.6 

A E T  = 2.25 N;'.'' + 134 N-O.'' f AIS1 316 U n i r r a d i a t e d  

The curves f o r  12Cr-IMoVW, which appear i n  F ig .  7 .4.3,  show hea t  91353 t o  have a s l i g h t l y  longer  f a -  
t i g u e  l i f e  than hea t  3587 i n  t h e  u n i r r a d i a t e d  c o n d i t i o n .  The i r r a d i a t e d  I2Cr-1MoVW shows e s s e n t i a l l y  t h e  
same c y c l i c  l i f e  as t h e  u n i r r a d i a t e d  m a t e r i a l .  The curves f o r  n icke l- doped a l l o y s ,  a l though  based on one 
specimen each, show f a t i g u e  l i v e s  s i m i l a r  t o  undoped m a t e r i a l  i n  t h e  u n i r r a d i a t e d  c o n d i t i o n .  The i r r a d i a t e d  
n ickel- doped a l l o y s  e x h i b i t e d  s h o r t e r  f a t i g u e  l i v e s  than t h e i r  u n i r r a d i a t e d  c o u n t e r p a r t s ,  b u t  t h e  d i f f e r -  
ences a re  s m a l l .  

It should be noted t h a t ,  d e s p i t e  t h e  observed e f f e c t s ,  t h e  f a t i g u e  l i f e  o f  a l l  o f  t h e  v a r i a n t s  of 
12Cr-1MoVW remained as good o r  b e t t e r  than t h a t  of u n i r r a d i a t e d  20%-cold-worked t y p e  316 s t a i n l e s s  s t e e l  
(20% C.W. 316).  
p a r i s o n  purposes. 

Again,  r a d i a t i o n  s t reng then ing  i s  e v i -  
den t ,  b u t  t h e  e f f e c t  i s  s l i g h t  because of t h e  low damage l e v e l  o f  o n l y  2 t o  4 dpa. 
i s  s i g n i f i c a n t  s ince  these damage l e v e l s  a r e  two o r  t h r e e  o rders  o f  magnitude g r e a t e r  than t h e  e m b r i t t l i n g  
damage l e v e l  f o r  pressure vessel  s t e e l s .  
of i r r a d i a t i o n .  
of Eq. (1). 
20% C . W .  316 b u t  s l i g h t l y  worse than I2Cr-1MoVW. 

C y c l i c  l i f e  o f  20% C . W .  316 a t  room temperature i s  a l s o  p l o t t e d  i n  F i g .  7.4.3 f o r  com- 

The c y c l i c  s t r e s s  curves f o r  9Cr-1MoVNb appear i n  F i g .  7.4.4. 
Nonetheless, t h i s  r e s u l t  

The c y c l i c  l i f e  curves i n  F i g .  7 . 4 . 5  a l s o  show o n l y  a smal l  e f f e c t  
The da ta  f o r  f a t i g u e  l i f e  of t h i s  a l l o y  were aga in  f it t o  a power law equa t ion  o f  t h e  form 

The r e s u l t s  a l s o  appear i n  Table 7.4.4. T h i s  a l l o y  behaves s i m i l a r l y  t o  u n i r r a d i a t e d  

ORNL-OW6 86,828 

2ooo I 
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Keeping i n  mind t h a t  the  u n i r r a d i a t e d  m ic ros t ruc tu res  a re  s i m i l a r  b u t  n o t  t he  same, the  e f f e c t s  of 
i r r a d i a t i o n  w i l l  now be addressed. I n  undoped I2Cr-lMoVW, i r r a d i a t i o n  s t reng then ing  i s  apparent. The 
e f f e c t  o f  i r r ad ia t i on- induced  defects on hardening a t  low temperatures i s  w e l l  known, and the  increase i n  
c y c l i c  s t r eng th  i s  expected. The increase i n  c y c l i c  s t reng th  a t  1% t o t a l  s t r a i n  i s  14% upon i r r a d i a t i o n .  
To eva lua te  t he  e f f e c t  of i r r a d i a t i o n  and hel ium, the  r a t i o  o f  the  c y c l i c  s t r eng th  f o r  i r r a d i a t e d  mater ia l  
t o  t h a t  f o r  u n i r r a d i a t e d  ma te r i a l  w i l l  be examined. For 1% Ni-doped m a t e r i a l  t he  r a t i o  i s  1.29 and f o r  2% 
Ni-doped ma te r i a l  i t  i s  1.34. If we can assume 
t h a t  t he  e f f ec t s  o f  i r r a d i a t i o n  f o r  t he  t h ree  a l l o y s  are s i m i l a r  and t h a t  s t reng then ing  by displacement 
damage i s  t he  same, then the  a d d i t i o n a l  s t reng then ing  observed i n  the  n ickel- doped a l l o y s  i s  a t t r i b u t a b l e  t o  
hel ium, 210 and 410 a t .  ppm f o r  1% and 2% N i ,  r espec t i ve l y .  C l e a r l y  t he re  a re  i n s u f f i c i e n t  data t o  draw 
s t rong conclus ions,  b u t  t he  a d d i t i o n a l  s t reng then ing  observed i n  t he  nickel- doped a l l o y s  i s  s i g n i f i c a n t ,  and 
t he  s t a r t i n g  mic ros t ruc tu res  of the  doped and undoped a l l o y s  appear s im i la r . ” ‘  
m i c ros t ruc tu re ,  evidenced by t he  d i f f e rences  i n  u n i r r a d i a t e d  c y c l i c  s t reng th ,  a re  expected t o  become even 
l e s s  s i g n i f i c a n t  upon i r r a d i a t i o n .  
then t he  increment i n  s t reng th  should increase as C’i, where C i s  the  concent ra t ion  o f  hel ium.’ 
i s  much hardening a l ready present  from d i s l o c a t i o n  loops and p o i n t  de fec t s  as w e l l  as d i s l o c a t i o n  networks 
from f a t i g u e ,  a q u a n t i t a t i v e  approach has l i m i t e d  phys ica l  meaning. However, i f  an equat ion o f  the  form, 

These are  t o  be compared w i t h  1.14 f o r  t he  undoped a l l o y .  

The d i f f e rences  i n  

I f  t he  increments i n  c y c l i c  s t r eng th  a re  due t o  hardening by helium, 
Since t he re  

An = A(N + C)’ , 

where 

Aa = increment i n  c y c l i c  s t r ess  i n  MPa, 

C = hel ium concentrat ion i n  a t .  ppm, 

N,A = constants,  

i s  used then t he  data may be used t o  determine N and A .  The r e s u l t  i s  

Au = 23( 18 + C)’ 

Th is  emp i r i ca l  equat ion f i t s  t he  data remarkably w e l l ,  l end ing  support t o  t he  hypothesis t h a t  t he  hardening 
i s  caused by p o i n t  de fec ts  such as an i n t e r s t i t i a l  so lu te ,  i n  p a r t i c u l a r  hel ium. The constant  N represents 
an a r t i f i c i a l  de fec t  concent ra t ion  producing s t reng then ing  equ iva len t  t o  t he  st rengthening r e s u l t i n g  from 
a l l  o t he r  sources besides hel ium. 
de fec t  c o n t r i b u t i o n  t o  st rengthening i s  n o t  s t r o n g l y  i n f l uenced  by t he  d i f f e rences  i n  t he  i n i t i a l  
m ic ros t ruc tu res .  

The curves f o r  the  two heats o f  I2Cr-IMoVW show a heat- to- heat  v a r i a t i o n  t h a t  cannot be a t t r i b u t e d  t o  
s t reng th  s ince c y c l i c  s t reng ths  were s i m i l a r .  
cau t ion  i n  eva lua t i ng  t he  s i gn i f i cance  of small changes i n  c y c l i c  l i f e .  
observed f o r  t he  n ickel- doped a l l o y s  a re  indeed small and comparable t o  the  heat- to-heat v a r i a t i o n .  
Nonetheless t he  decrease i s  cons is ten t  w i t h  t he  observed c y c l i c  hardening, the  st ronger a l l o y ,  Conta in ing 
more hel ium, has t h e  sho r te r  l i f e .  It i s ,  
therefore,  l i k e l y  t h a t  t he  l o s s  of fa t igue  l i f e  i s  a consequence o f  hardening from hel ium. 
noteworthy t h a t  t he  s t reng then ing  r e s u l t i n g  from incomplete tempering i n  t he  nickel- doped a l l o y  d i d  n o t  
adversely a f f e c t  f a t i gue  l i f e .  

small change, i n s u f f i c i e n t  t o  produce a measurable e f f e c t  on c y c l i c  l i f e .  

By us ing  t he  same value o f  N f o r  a l l  a l l o y s ,  i t  i s  assumed t h a t  the  p o i n t  

The c y c l i c  s t r eng th  observat ions may now be used t o  i n t e r p r e t  t he  c y c l i c  l i f e  curves o f  F i g .  7.4.3. 

Th i s  v a r i a t i o n  should be used as a guide and serve as a 
The decreases i n  f a t i g u e  l i f e  

Strengthening i s  p red i c ted  t o  reduce low-cycle f a t i g u e  l i f e . ‘  
I t  i s  a l so  

The 9Cr-1MoVNb a l so  shows c y c l i c  hardening due t o  i r r a d i a t i o n .  However, t he  low f luence produces a 

7 . 4 . 4 . 5  Conclusions 

1. The low-cycle fa t igue  behavior  o f  I2Cr-IMoVW s t e e l  I s  s i m i l a r  t o  o r  b e t t e r  than t h a t  o f  20% C . W .  
I r r a d i a t i o n  t o  10 t o  25 dpa does n o t  degrade fa t igue  l i f e  below t h a t  of un i r r a-  316 a t  room temperature. 

d i a t e d  20% C.W. A I S 1  316 s t a i n l e s s  s t e e l .  

2 .  Helium concent ra t ions  up t o  410 a t .  ppm produce s t rengthen ing  i n  12Cr-1MoVW s tee l  a t  room tem- 

The f a t i g u e  l i f e  o f  9Cr-1MoVNb s tee l  i s  no t  s i g n i f i c a n t l y  a l t e r e d  by i r r a d i a t i o n  t o  2 t o  4 dpa, 

perature;  a poss ib l e  reduc t ion  i n  fa t igue  l i f e  was a l s o  observed. 

a l though t he  c y c l i c  l i f e  i s  s l i g h t l y  lower than t h a t  o f  1ZCr-1MoVW s tee l .  
3 .  

The r e s u l t s  i n d i c a t e  t h a t  n i cke l  doping may be used t o  produce fus ion  reac to r  l e v e l s  o f  hel ium i n  mar- 

Nonetheless, s ince a poss ib l e  hel ium 

t e n s i t i c  s t ee l s .  
be separated. 
l e v e l s  o f  25 dpa w i t hou t  appreciable degradation o f  the  f a t i gue  l i f e .  
e f f e c t  was observed, i t  i s  prudent  t o  perform a s i m i l a r  i n v e s t i g a t i o n  a t  e levated temperatures. 

The e f f e c t s  of the  n i cke l  are reasonably w e l l  understood so t h a t  t he  e f f e c t s  of hel ium may 
The r e s u l t s  i n d i c a t e  t h a t  the  m a r t e n s i t i c  s t ee l s  may be used a t  low temperatures t o  damage 
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7.5 EFFECTS OF IRRADIATION ON FERRITIC ALLOYS AND IMPLICATIONS FOR FUSION REACTOR APPLICATIONS - 0. 5 .  
Gelles (Westinghouse Hanford Company) 

7.5.1 ADIP Task 

The United States Department of Energy (DOE) Office of Fusion Energy (DFE) has cited the need to 
investigate ferritic alloys under the ADIP Program task, Ferritic Steels Development [Path E). 

7.5.2 Objective 

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

7.5.3 Summary 

The ADIP irradiation effects data base on ferritic [martensitic) alloys is reviewed in order to 
provide reactor design teams with an understanding of how such alloys will behave for fusion reactor 
first wall applications. Irradiation affects dimensional stability, strength and toughness. Dimensional 
stability is altered by precipitation and void swelling. Swelling as high as 25% may occur in some 
ferritic alloys at 500 dpa. 

Irradiation alters strength both during irradiation and following irradiation. Irradiation at low 
temperatures lead to hardening whereas at higher temperatures and high exposures, precipitate coarsening 
can result in softening. Toughness can also be adversely affected by irradiation. Failure can occur in 
ferritics in a brittle manner and irradiation induced hardening causes brittle failure at higher tempera- 
tures. Even at high test temperatures, toughness is reduced due to reduced failure initiation stresses. 

Ferritic alloys should provide an attractive material for structural applications in a fusion 
reactor but the temperature regime over which they are used must be limited. 

7.5.4 Progress and Status 

7.5.4.1 Introduction 

The Alloy Development for Irradiation Performance [ADIP) element of the DOE Office of Fusion Energy 
has been assessing the applicability of ferritic (martensitic) alloys [Path E) for fusion reactors since 
October 1979. The candidate alloy for study in that program is HT-9, a 12% chromium martensitic stain- 
less steel containing 0.2% C, 0.5% Ni, 0.5% W .  0.6% Mn, 0.3% V and 0.2% Si. The applicability of such a 
steel can now be assessed and the ADIP program is moving in new directions. The intent of this paper is 
therefore to review the irradiation effects data base on ferritic alloys generated by ADIP to inform 
reactor design teams how such alloys behave in a fusion reactor, with particular emphasis on first wall 
applications. Several other ADIP efforts are not included in this review such as weld procedure develop- 
ment, liquid metal corrosion and hydrogen charging effects which are described elsewhere in this pro- 
ceedings or in previous conference proceedings.1 

ADIP objectives are to develop structural materials to withstand the hostile environment of a fusion 
first wa11.2 The expected irradiation requirements were survival to 40 MW-ylm2 at a temperature of at 
least 6OO'C. Note that for ferritic alloys, 40 MW-ylm2 corresponds to -480 displacements per atom [dpa). 
Generation of materials data and the formulation of property design equations for lower performance 
intermediate fusion systems was also required. When it became apparent that ferritic alloys could 
possibly satisfy these goals, Path E or a ferritic alloy development effort was initiated. However, 
budgetary constraints required that the OOE liquid metal reactor (LMR) data base should be applied 
whenever possible. The ADIP effort therefore concentrated on developing a data base for weld metal since 
base metal properties were well characterized by the LWR Program. Fast neutron irradiation testing were 
used as opposed to ion or electron simulation studies. The irradiation facilities available were the 
Experimental Breeder Reactor-I1 [EBR-11) in Idaho Falls, ID, the Oak Ridge Reactor [ORR) and the High 
Flux Irradiation Reactor (HFIR) in Oak Ridge, TN, and the Fast Flux Test Facility [FFTF) in Richland, WR. 
The temperatures and fluences obtained to date in these facilities for Path E experiments are diagramed 
in Figure 7.5.1. Figure 7.5.1 emphasizes the fact that fast neutron experiments are considerably short 
of goal fluence objectives. Therefore, any attempts to predict materials properties at goal fluence 
require considerable extrapolation. The materials properties considered to be performance limiting and 
therefore requiring irradiation testing were swelling, irradiation creep, high cycle fatigue, postirra- 
diation tensile, Charpy impact and fracture toughness (JI~). Composition effects such as chromium 
variation, phase [microstructural) stability and helium generation were also investigated. The major 
tool relied on for studying helium effects was the nickel two step reaction for which special alloys with 
intentional nickel additions were prepared for irradiation in the mixed spectrum HFIR facility. 

7.5.4.2 Results - 
AOIP experiments confirm that swelling is low in ferritic and martensitic alloys. A 

allovs coverina the ranae Fe-5Cr to Fe-22.5Cr irradiated in EBR-I1 showed a maximum 
of 0.6% swelling as measu;ed by denQity change following irradiation to fluences as high as 125 dpa over 
the temperature range 400 to 650'C.3 Void swelling and dislocation evolution were identified in several 
alloys but only below 500'C and the peak swelling temperature was generally in the range 400 to 425'C.4,5 
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Fig. 7.5 .1 .  The fluence and temperature limits o f  t h e  A D I P  neutron irradiation data base for Path E 
in comparison with program goals. 
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Fig. 7 .5 .2 .  The temperature dependence for t h e  average creep coefficient, B, for HT-9 as taken from 
Reference 17. 
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S i m i l a r  r e s u l t s  were ob ta ined  f o r  2tCr-1Mo.6 However, one o f  t h e  most s w e l l i n g  r e s i s t a n t  a l l o y s  was 
HT-97 i n  which no r a d i a t i o n  induced v o i d s  were found. T h i s  s w e l l i n g  r e s i s t a n c e  does n o t  appear t o  be 
ma in ta ined  i n  a h e l i u m  g e n e r a t i n g  environment.8.9 Void f o r m a t i o n  was found a f t e r  35 dpa when he l ium 
g e n e r a t i o n  l e v e l s  reached -100 appm i n  HFIR. Therefore,  i t  i s  l i k e l y  t h a t  i n  a f u s i o n  environment, HT-9 
w i l l  s w e l l  a t  goa l  f l u e n c e  as w i l l  mst f e r r i t i c  o r  m a r t e n s i t i c  a l l o y s .  

S w e l l i n g  i n  HT-9 a t  goal  f l u e n c e  i n  a f u s i o n  r e a c t o r  can be es t imated  based on s w e l l i n g  response i n  
s imp le  a l loys .10  S w e l l i n g  measurements on b i n a r y  Fe-Cr a l l o y s  i r r a d i a t e d  i n  E B R - I 1  t o  f luences as h i g h  
as 105 dpa showed t h e  temperature dependence o f  s w e l l i n g  t o  be s i m i l a r  t o  t h a t  o f  commercial a l l o y s  and 
showed peak s w e l l i n g  of 4.7% a t  425 'C  and 95 dpa i n  Fe-12Cr. The r e s u l t s  can be i n t e r p r e t e d  t o  show t h a t  
un less  s a t u r a t i o n  occurred,  a s teady s t a t e  s w e l l i n g  r a t e  on t h e  o r d e r  o f  0.06%/dpa a p p l i e d  f o r  tempera- 
t u r e s  between 400 and 450'C and f o r  a l l o y s  r a n g i n g  from Fe-6Cr t o  Fe-12Cr. Such a va lue  i s  i n  reasonable 
agreement  w i t h  most o t h e r  da ta  on f e r r i t i c  a l l o y s l l - 1 4  w i t h  one e x c e p t i o n  which i s  a f a c t o r  o f  2 
higher .15 Based on t h e  approach recommended by Garner f o r  a u s t e n i t i c  a l l o y s 1 6  t h i s  va lue  f o r  steady 
s t a t e  s w e l l i n g  w i t h  an ap r o p r i a t e  s w e l l i n g  i n c u b a t i o n  parameter can be a p p l i e d  t o  HT-9 t o  p r e d i c t  
s w e l l i n g  a t  goal  f luence.18 A maximum o f  24% s w e l l i n g  a t  500 dpa i s  obta ined .  A more accura te  p r e d i c -  
t i o n  r e q u i r e s  h i g h  f l u e n c e  d a t a  u s i n g  t h e  c o r r e c t  Hefdpa r a t i o .  

I r r a d i a t i o n  Cree . Pressur i zed  tube  specimens o f  HT-9 9Cr-1Mo and 2 iCr- lMo have been i r r a d i a t e d  i n  
E B R - I 1  and FFTF t o  f fuences as h i g h  as 5 1  dpa.17.18 Diameter change measurements show t h a t  i r r a d i a t i o n  
creep f o r  HT-9 i s  r e l a t i v e l y  i n s e n s i t i v e  t o  temperature f o r  i r r a d i a t i o n  temperatures below 500'C whereas 
above 500'C creep inc reases  n o n - l i n e a r l y  w i t h  i n c r e a s i n g  temperature.  Fluence inc reases  f rom 1 4  t o  2 3  
dpa i n  E B R - I 1  do n o t  s i g n i f i c a n t l y  a l t e r  creep r a t e s  below 500'C and decrease c reep  r a t e s  s l i g h t l y  above 
500'C. The behav io r  i s  b e s t  demonstrated by comparison o f  t h e  average creep c o e f f i c i e n t  (E) behav io r  
where B i s  d e f i n e d  by 

E = B m t  on [ I 1  
E i s  t h e  e f f e c t i v e  creep s t r a i n ,  e t  i s  t h e  f a s t  f l uence ,  ~1 i s  t h e  e f f e c t i v e  s t r e s s ,  and n i s  t h e  s t r e s s  
exponent where 1 5 n < 2 .  

Using an average va lue  f o r  n of 1 .5 ,  t h e  HT-9 r e s u l t s  f rom E B R - I 1  f o r  t h e  average creep c o e f f i c i e n t  
B as a f u n c t i o n  o f  temperature a r e  shown i n  F i g u r e  2 .  The average Cree? c o e f f i c i e n t  i s  8-9 x 10-29 
MPa-1.5 cm2/n f o r  temperatures below 500'C whereas i t  inc reases  t o  =20 10' 9 a t  580'C and t o  40 x 10-29 
f o r  temperatures below 500'C whereas i t  inc reases  t o  =20 x 10-29 MPa-1.5 cmzfn a t  580'C and above 40 
x 10-29 MPa-l.5 cmZ/n a t  660'C. The behav io r  above 500'C corresponds t o  thermal  behav io r .  Therefore,  
i r r a d i a t i o n  a l t e r s  creep behav io r  o n l y  below 500'C i n  a f a s t  r e a c t o r  environment. Behavior  f o r  9Cr-1Mo 
and ZiCr- lMo i s  s i m i l a r  except  t h a t  thermal  creep i s  more r a p i d  f o r  2tCr- lMo above 500'C. I r r a d i a t i o n  
creep i n  f e r r i t i c  a l l o y s  i s  i n  f a c t  lower  than  t h a t  f o r  A I S 1  316 d e s p i t e  more r a p i d  d i f f u s i o n  response. 

High c y c l e  f a t i g u e  c rack  growth r a t e  measurements i n  h e l i u m  have been made on m i n i a t u r e  
c e n t e a e d  HT-9 t e n s i o n  specimens f o l l o w i n g  i r r a d i a t i o n  i n  E B R - I 1  t o  26 dpa a t  390 and 550°C.19 
Resu l t s  shown i n  F i g u r e  7.5.3 i n d i c a t e  t h a t  no e f f e c t  o f  i r r a d i a t i o n  can be determined w i t h i n  t h e  s c a t t e r  
o f  t h e  data.  These r e s u l t s  a r e  i n  agreement w i t h  r e s u l t s  on o t h e r  f e r r i t i c  and m a r t e n s i t i c  a l l o y s . 2 0  
Therefore,  based on p r e s e n t l y  a v a i l a b l e  r e s u l t s ,  i r r a d i a t i o n  i s  n o t  expected t o  s i g n i f i c a n t l y  a l t e r  
f a t i g u e  crack p ropaga t ion  i n  HT-9. 

P o s t i r r a d i a t i o n  t e n s i l e  behav io r .  E f f e c t s  o f  i r r a d i a t i o n  on t e n s i l e  s t r e n g t h  have been ob ta ined  
f rom f o u r  r e l a t e d  A D I P  experiments, two u s i n g  E B R - I 1  and two u s i n g  HFIR.21-24 They a r e  p a r t  o f  an 
ongoing e f f o r t  i n tended  t o  determine t h e  e f f e c t  of Heldpa r a t i o  on mechanical p r o p e r t i e s .  Fluences 
achieved were i n  t h e  range 10 t o  20 dpa. The r e s u l t s  may be g e n e r a l i z e d  as f o l l o w s .  F o l l o w i n g  i r r a d i a -  
t i o n  a t  390'C o r  below, i r r a d i a t i o n  hardening occurs w i t h i n  -10 dpa which r e s u l t s  i n  a s t r e n g t h  inc rease  
o f  20 t o  30% and a co r respond ing  decrease i n  d u c t i l i t y .  F o l l o w i n g  i r r a d i a t i o n  between 450 and 500'C, 
n e g l i g i b l e  change was found and f o l l o w i n g  i r r a d i a t i o n  a t  550'C, s l i g h t  s o f t e n i n g  was found. However, i n  
a l l  cases where Hefdpa e f f e c t s  c o u l d  be assessed, v a r i a t i o n s  i n  h e l i u m  g e n e r a t i o n  d i d  n o t  a l t e r  t e n s i l e  
p r o p e r t i e s .  These r e s u l t s  a r e  shown i n  F i g u r e  7.5.4 which p r o v i d e s  va lues  f o r  t h e  r a t i o  o f  i r r a d i a t e d  t o  
u n i r r a d i a t e d  u l t i m a t e  t e n s i l e  s t r e n g t h  as a f u n c t i o n  o f  i r r a d i a t i o n  temperature.  A sharp inc rease  i n  
s t r e n g t h  can be noted between t h e  450-55O'C da ta  and t h e  390'C d a t a  w i t h  t h e  55 'C s t r e n g t h  va lues even 
h i g h e r .  O f  p a r t i c u l a r  concern i s  t h e  f a c t  t h a t  t h e  temperature of maximum i n c r e a s e  i n  s t r e n g t h  has n o t  
y e t  been determined. 

ood agreement w i t h  t h e  LMR d a t a  base f o r  HT-9.25 That da ta  base t o  a peak 

low temperatures (390 t o  425'C) w i t h  s t r e n g t h  inc reases  on t h e  o r d e r  of 25%. Above 500'C, HT-9 i s  found 
f i r s t  t o  so f ten  and then  t o  harden so t h a t  f o l l o w i n g  i r r a d i a t i o n  t o  50 dpa, hardening has occur red  a t  a l l  
temperatures below 600'C. 

Charpy impact behav io r .  As w i t h -  a l l  body cen te red  c u b i c  meta ls ,  m a r t e n s i t i c  s t e e l s  undergo a 
t r a n s i t i o n  t o  b r i t t l e  f r a c t u r e  a t  low temperatures.  Fas t  neu t ron  i r r a d i a t i o n  degrades performance i n  two 
ways: t h e  d u c t i l e  t o  b r i t t l e  t r a n s i t i o n  temperature (DBTT) i s  i nc reased  and t h e  upper s h e l f  energy (USE) 
o r  t h e  energy r e q u i r e d  f o r  d u c t i l e  f r a c t u r e  i s  reduced. T y p i c a l  response i s  shown i n  F i g u r e  7 .5 .5  which 
compares Charpy impact f r a c t u r e  energy f o r  t h i r d - s i z e d  specimens o f  HT-9 as a f u n c t i o n  o f  t e s t  tempera- 
t u r e  f o l l o w i n g  i r r a d i a t i o n  i n  E B R - I 1  t o  t w o  f l u e n c e  l e v e l s . 2 6  Other  exper iments c o n f i r m  t h i s  

I r r a d i a t i o n  t e s t s  i n  HFIR a t  200 and 300'C a r e  i n  progress.  
These r e s u l t s  a r e  i n  

f luence of 1.1 x 1023 nfcm 2 o r  53 dpa has shown t h a t  s i g n i f i c a n t  hardening occurs r a p i d l y  i n - r e a c t o r  a t  
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Fig. 7 . 5 . 3 .  High cycle fatigue crack growth rates for HT-9 irradiated to 26 dpa in EBR-I1 in 
comparison with unirradiated values: (a) irradiated and tested at 390-C, and (b) irradiated and tested 
at 550'C. 
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Fig. 7 . 5 . 4 .  Effect of irradiation temperature on strength for HT-9 in the fluence range 10 to 20 
The connected points compare testing at room temperature with testing at the irradiation tempera- dpa. 

ture. The behavior trend is unclear between 50 and 350 'C .  
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behav io r .25~27-29  I n  a l l  cases, t h e  DBTT i s  increased and t h e  USE i s  reduced. The g r e a t e s t  e f f e c t  
occurs f o l l o w i n g  i r r a d i a t i o n  t o  13 dpa; i r r a d i a t i o n  a t  390'C r e s u l t s  i n  -120'C s h i f t  i n  DBTT, over t w i c e  
t h a t  f o r  h i o h e r  i r r a d i a t i o n  t e m e r a t u r e s .  F u r t h e r  i r r a d i a t i o n  t o  h i o h e r  f l u e n c e  tends t o  c o l l a m e  t h e  
h i g h e r  temperature response, b;inging t h e  USE f o r  h i g h e r  i r r a d i a t i o n  temperatures down t o  t h e  390'C 
l e v e l .  S i m i l a r  t e s t s  on 9Cr-1Mo q i v e  S i g n i f i c a n t l y  sma l le r  OBTT s h i f t s  a t  390'C and n e q l i q i b l e  chanqes 
a t  h i g h e r  temperatures.  Therefore, compos i t i on  can a l t e r  changes i n  impact  p r o p e r t i e s - d u e  t o  i r r a d i a -  
t i o n .  S a t u r a t i o n  o f  t h e  s h i f t  i n  DBTT can occur  r a p i d l y  w i t h  f l u e n c e  as shown i n  F i g u r e  7.5.6. Tests  
f o l l o w i n g  i r r a d i a t i o n  a t  -420'12 t o  5.3 dpa28 gave s i m i l a r  s h i f t s  t o  those found a t  h i g h e r  f l uence .  
S a t u r a t i o n  occurs more s l o w l y  bo th  a t  h igher  temperatures and a t  lower  temperatures.  I n  f a c t ,  i r r a d i a -  
t i o n s  done i n  HFIR a t  5 5 ' C  gave steady increases i n  DBTT w i t h  f l u e n c e  t o  10 dpa w i t h  no evidence f o r  
s a t u r a t i o n  [29]. Also, as shown i n  F i g u r e  7.5.6, t h e  9Cr-1Mo a l l o y  gave s i g n i f i c a n t l y  h i g h e r  s h i f t s  i n  
DBTT f o l l o w i n g  i r r a d i a t i o n  a t  55'C than d i d  HT-9, a r e v e r s e  o f  response compared t o  h i g h e r  i r r a d i a t i o n  
temperature behavior .29 

I n  comparison, weld meta l  and heat  a f f e c t e d  zone H A Z )  me ta l  specimens which had been tempered 
f o l l o w i n g  we ld ing  were found t o  g i v e  very s i m i l a r  r e s u l t s . \ o  Therefore,  f r a c t u r e  under impact  l o a d i n g  i s  
no t  c o n t r o l l e d  by t h e  coarseness o f  t h e  compos i t i ona l  segrega t ion  i n h e r e n t  i n  weldments. Welded f u s i o n  
r e a c t o r  components o f  HT-9 can be expected t o  serve as e f f e c t i v e l y  as base meta l  p a r t s  p rov ided  t h a t  they 
a r e  tempered f o l l o w i n g  welding. 

F r a c t u r e  toughness. Charpy impact  t e s t  r e s u l t s  a re  n o t  r e a d i l y  use fu l  f o r  eng ineer ing  des ign.  Most 
u s e f u l  a r e  f r a c t u r e  toughness measurements such as K l c  o r  J l C  which p r o v i d e  m a t e r i a l s  p r o p e r t i e s .  The 
A D I P  program has inc luded  an e f f o r t  t o  determine e f f e c t s  o f  i r r a d i a t i o n  on J I ~  f o r  HT-9 and 9Cr-1Mo by 
u s i n g  s i n g l e  specimen e l e c t r o p o t e n t i a l  methods on m i n i a t u r e  compact t e n s i o n  specimens. Both J l c  and 
t e a r i n g  modulus i n f o r m a t i o n  can be obta ined.  The r e s u l t s  t o  a maximum f l u e n c e  o f  26 dpa i n d i c a t e  t h a t  
f r a c t u r e  toughness degrada t ion  due t o  i r r a d i a t i o n  i s  n o t  l a r g e  enough t o  cause c o n ~ e r n . ~ 5 , 3 ~ - 3 ~  J i c  
r e s u l t s  f o r  HT-9 base meta l  specimens as a f u n c t i o n  o f  t e s t  temperature a r e  shown i n  F i g u r e  7.5.7. Each 
da ta  p o i n t  f o r  i r r a d i a t e d  specimens has been i d e n t i f i e d  by i r r a d i a t i o n  temperature and f luence.  As t h e  
s t r a i n  r a t e  i s  cons iderab ly  below impact r a t e s ,  an apparent  DBTT i s  found a t  -65 'C  f o r  u n i r r a d i a t e d  
specimens.33 However, measurements 
o f  J l C  f o r  i r r a d i a t e d  H i - 9  a l l  remain above t h e  300'C u n i r r a d i a t e d  va lues.  T h i s  i n c l u d e s  b o t h  base meta l  
and weld meta l  c o n d i t i o n s .  The l a r g e s t  e f f e c t  on t h e  f r a c t u r e  toughness o f  HT-9 was t h e  r e d u c t i o n  i n  
t e a r i n g  modulus, 80% i n  base meta l  i r r a d i a t i o n  a t  5 5 O C  t o  5 dpa f o r  s tandard m a t e r i a l  and 75% due t o  
i r r a d i a t i o n  a t  390'C f o r  l a r o e  o r a i n  s i z e  m a t e r i a l  fASTM 3-41 when t e s t e d  a t  205'C. Weld meta l  behaved 

Low J l c  va lues f o r  u n i r r a d i a t e d  specimens a r e  a l s o  found a t  300'C. 

s i m i l a r l y  t o  t h e  l a r g e  g r a i n i d  m a t e r i a l .  
I r r a d i a t i o n  a t  low temperatures i n  H F I R  gave f r a c t u r e  toughness r e d u c t i o n  i n  specimens o f  9Cr-1Mo 

which were l a r g e r  than decreases i n  HT-9. J l c  f o r  9Cr-1Mo f o l l o w i n g  i r r a d i a t i o n  t o  5 dpa a t  55 'C was 
between 31 and 35 kJIm2 f o r  t e s t  temperatures between 90 and 450'C. Tear ing  modulus va lues  were a l s o  
below t h e  va lues f o r  HT-9. Therefore,  f r a c t u r e  toughness r e s u l t s  r e f l e c t  t h e  Charpy impact r e s u l t s ,  t h e  
major  d i f fe rence  being t h e  low values found f o r  u n i r r a d i a t e d  HT-9 i n  t h e  300'C range. Th is  d i f f e r e n c e  
cou ld  be a consequence o f  s t r a i n  r a t e .  However, t e s t s  t o  d a t e  have not been ab le  t o  con f i rm a Suzuki 
e f fec t  due t o  i m p u r i t y  atmospheres on d i s l o c a t i o n  drag i n  t h i s  s t r a i n  r a t e  and temperature regime. 

M i c r o s t r u c t u r a l  b a s i s  f o r  observed behavior .  M i c r o s t r u c t u r a l  and f r a c t o g r a p h i c  examinat ions can 
p r o v i d e  a b a s i s  f o r  understanding t h e  i r r a d i a t i o n  e f f e c t s  behavior .  R a d i a t i o n  induced d i s l o c a t i o n  loops 
and vo ids  were o n l v  found f o l l o w i n a  neu t ron  i r r a d i a t i o n  a t  500'C and below.7.12 Therefore.  resDonse 
above 500'C should be s i m i l a r  t o  t h e h a 1  behav io r  p rov ided  t h e  dose r a t e  i s  on t h e  o rder  o f  i o  dpa per 
year .  Below 500.C. t h e  d e n s i t y  of vo ids,  p e r f e c t  d i s l o c a t i o n  loops, d i s l o c a t i o n  t a n g l e s  and p r e c i p i t a t e  
p a r t i c l e s  o n l y  inc reased  s i g n i f i c a n t l y  f o r  i r r a d i a t i o n  temperatures of 425'C and below. P r e c i p i t a t i o n  
c o n s i s t e d  of many phases (ca rb ides ,  sigma, a', G-phase and c h i ,  depending on t h e  a l l o y  composit ion)7,34,3 
and t h e  d i s l o c a t i o n  s t r u c t u r e  inc luded  e v o l u t i o n  o f  bo th  a < l o o >  and a12 <111> Burgers vec to rs ,  o f t e n  
s i m u l t a n e ~ u s l y . ~  Therefore, a major  consequence of i r r a d i a t i o n  i s  t h e  e f f e c t  o f  vo id,  d i s l o c a t i o n  and 
p r e c i p i t a t e  s t r u c t u r e s  on p o s t i r r a d i a t i o n  mechanical p r o p e r t i e s  and f r a c t u r e  toughness. The cause o f  
reduced s w e l l i n g  i n  f e r r i t i c  a l l o y s  may i n  p a r t  be due t o  t h e  m a r t e n s i t e  l a t h  boundary spacing [7,35], or 
t h e  complex d i s l o c a t i o n  e v o l u t i o n  bu t  t h e  major  f a c t o r  appears t o  be due t o  t h e  body centered cub ic  
c r y s t a l  s t r u c t u r e  which p r o v i d e s  low r e l a x a t i o n  volumes f o r  i n t e r s t i t i a l s  and leads t o  reduced n e t  b i a s  
i n  comparison w i t h  a u s t e n i t i c  a l loys.12.36 

I m p l i c a t i o n s  f o r  f u s i o n  r e a c t o r  a p p l i c a t i o n s .  HT-9 p r o v i d e s  severa l  advantages over  an a u s t e n i t i c  
PCA m a t e r i a l  f o r  f i r s t  w a l l  a p p l i c a t i o n s .  I n  p a r t i c u l a r  s w e l l i n g  and t h e r m a l l y  induced f a t i g u e  crack 
growth a r e  s i g n i f i c a n t l y  lower. (Also, t h e  o p p o r t u n i t i e s  f o r  development o f  low a c t i v a t i o n  a l l o y  
c o u n t e r p a r t s  appears t o  be bet ter .37-38)  However, des igners  should be aware o f  h i g h  temperature s t r e n g t h  
l i m i t a t i o n s  and s i g n i f i c a n t  degrada t ion  i n  mechanical p r o p e r t i e s  f o l l o w i n g  i r r a d i a t i o n  a t  temperatures 
below 400'C. A l though mechanical p r o p e r t i e s  remain a t t r a c t i v e  based on t h e  p r e s e n t l y  a v a i l a b l e  da ta  
base, i t  must be emphasized t h a t  t h e  most severe degrada t ion  i s  expected t o  occur  f o r  i r r a d i a t i o n  
temperatures i n  t h e  range 100 t o  300'C and r e s u l t s  a re  now t o o  l i m i t e d  t o  p r e d i c t  behav io r  i n  t h a t  
temperature range. I t  i s  t h e r e f o r e  recommended t h a t  u n t i l  t h e  d a t a  base i s  expanded, r e a c t o r  des igners  
avo id  t h e  use o f  HT-9 and s i m i l a r  a l l o v s  i n  i r r a d i a t i o n  environments below -35OOC. 

Desiqn equa t ion  development. A p a r t  o f  t h e  A O I P  e f f o r t  has been t h e  c o m p i l a t i o n  of t h e  M a t e r i a l s  
Handbook f o r  Fus ion  Enerqy Systems, DOE/TIC-l0122.39 The Handbook i n c l u d e s  peer rev iew o f  submi t ted 
DroDertv des ian eauat ions.  I t  i s  in tended t o  o rov ide  m a t e r i a l s  oroDertv  in fo rmat ion  f o r  f u s i o n  r e a c t o r  
system; des ign  and i n c l u d e s  Sec t ion  AA, F e r r i t i c  S tee ls ,  b a s e d ' p r i m a r > l y  on t h e  HT-9 da ta  base. A 
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TEST TEMPERATURE I"CI 
"TO, *ol~om 6 

F i g .  7.5.5.  Cha rpy  i m p a c t  c u r v e s  f o r  i r r a d i a t e d  HT-9 base  m e t a l  m i n i a t u r e  samples :  [ a )  t o  1 3  dpa, 
and ( b )  t o  26 dpa.  
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F i g .  7.5.6.  S h i f t  i n  DBTT as a f u n c t i o n  o f  f l u e n c e  f o r  HT-9 and 9Cr-1Mo. The 390-427'C i r r a d i a t e d  
sDecimens show s a t u r a t i o n  a t  t h e  l o w e s t  f l u e n c e .  
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t e n t a t i v e  s w e l l i n g  equa t ion  should be a v a i l a b l e  by t h e  t i m e  of t h i s  conference and f u t u r e  equat ions a r e  
under rev iew f o r  i r r a d i a t i o n  creep and planned f o r  f a t i g u e ,  f r a c t u r e  toughness and t e n s i l e  s t reng th .  
Reactor des igners a r e  t h e r e f o r e  encouraged t o  make use o f  t h i s  i n f o r m a t i o n  source. 

I 

~ 

--m -100 0 100 200 300 400 500 
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F i g .  7.5.7, F r a c t u r e  toughness (J I~ )  as a f u n c t i o n  o f  t e s t  temperature comparing u n i r r a d i a t e d  
specimen r e s u l t s  w i t h  i r r a d i a t e d  specimen c o n d i t i o n s  (as marked). 

7.5.5 Conclus ions 

F e r r i t i c  a l l o y s  should p r o v i d e  an a t t r a c t i v e  m a t e r i a l  f o r  s t r u c t u r a l  a p p l i c a t i o n s  i n  a f u s i o n  
r e a c t o r  b u t  t h e  temperature regime over  which t h e y  a r e  used must be l i m i t e d .  

7.5.6 F u t u r e  Work 

T h i s  work w i l l  be con t inued  as more da ta  becomes a v a i l a b l e .  
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7.6 EFFECTS OF IRRADIATION ON LOW ACTIVATION FERRITIC ALLOYS TO 45 dpa - D. S. Gelles and M. L. Hamilton 

7.6.1 ADIP Task 

The U. S .  Department of Energy (DOE) Office of Fusion Energy (OFE) has cited the need to investigate 
ferritic alloys under the ADIP Program task, Ferritic Steels Development (Path E ) .  The tasks involved 
are akin to task numbers 1.8.13, Tensile Properties of Austenitic Alloys, l.C.l, Microstructural 
Stability and 1.C.2, Microstructures and Swelling in Austenitic Alloys. 

7.6.2 Objective 

martensitic steels for fusion reactor structural components. 

7.6.3 Summary 

Nine low activation ferritic alloys covering the range 2 to 12Cr with alloying additions of tungsten 
andlor vanadium have been irradiated to intermediate fluences of 30 to 45 dpa and tensile tested o r  
examined by transmission electron microscopy in order to determine the effect of increasing neutron dose 
on properties and microstructure. Changes in properties and microstructure are for the most part 
completed within 10 dpa but swelling and dislocation evolution continue with increasing dose at 420'C and 
subgrain coarsening occurs at 600'C. 

7.6.4 Progress and Status 

7.6.4.1 Introduction 

(Westinghouse Hanford Company) 

The objective of the work is to provide guidance on the applicability of low activation bainitic and 

In a previous report,l results of postirradiation tensile tests and microstructural examinations 
were described for a series of low activation ferritic alloys following irradiation in the FFTF MOTA 18 
test to 15 dpa. The alloy series consisted of three Fe-2Cr-O.1C bainitic alloys with varying additions 
of vanadium, four Fe-9Cr-O.1C martensitic alloys with tungsten andlor vanadium additions for strengthen- 
ing and either carbon or manganese added for austenite stabilization and two Fe-12Cr-O.1C martensitic 
alloys with tungsten andlor vanadium additions for strengthening and manganese added for austenite 
stabilization. The present effort is intended to provide preliminary results for the same specimen 
conditions following irradiation in the MOTA 1C test to 45  dpa. Tensile tests on specimens irradiated at 
420 and 585'C and microstructural examinations on specimens irradiated at 420 and 600'C have now been 
performed and are reported herein. Specimens irradiated at 520'C remain to be examined and miniature 
Charpy specimens irradiated at 365'C remain to be tested. Duplicate specimens continue to be irradiated 
in MOTA 1D and lE, and are to be removed at approximately 100 dpa. The reader should refer to 
reference 1 for details concerning alloy design, fabrication, testing and lower fluence results. 

7.6.4.2 Experimental Procedure 

SS-3 type tensile specimens were irradiated at 426'C in MOTA 1C basket 2 C  and received a peak 
fluence as high as 1.0 x 1023 n/cmZ (E > 0.1 MeV) or 46.3 dpa. I n  MOTA 18, they had been at 407-C, and 
therefore the average temperature was 417'C. Other s ecimens were irradiated at 585'C in MOTA 1C basket 
1E and received a peak fluence as high as 8.7 x In MOTA lB, the 
specimens had been at 580'C and therefore, the average temperature was 583'C. TEM specimens were either 
irradiated in packet FF from basket 2C4 of MOTA IC which ran at 426'C and accumulated a fluence of 
9.5 x loz2 nlcm2 (E > 0.1 MeV) or 43.3 dpa (in MOTA 18, the temperature had been 407'C giving an average 
of 417'C or were irradiated at 600'C in packet FEOl from basket 283 and accumulated a fluence o f  

dpa and the values given above include that revision. Fluence and temperature estimates are from 
reference 2. Specimen handling was identical to that previously described1 except that identification o f  
engraving codes on specimens from packet FF proved to be difficult. Examinations followed routine 
procedures.1 

7.6.4.3 Results 

Tensile Properties 

Sixteen SS-3 tensile specimens irradiated in MOTA 1 C  were tested at room temperature. The test 
results are included in Table 7.6.1 along with previous results. The results show that increasing the 
dose from approximately 10 dpa to approximately 40 dpa changes tensile properties very little. This is 
demonstrated in Figure 7.6.1 which shows yield strength and total elongation as a function o f  dose for 
eight of the nine low activation alloys (alloy 8 ,  Fe-12Cr-6.5Mn-lW-0.3V-O.lC was not included in the test 
matrix). Each class o f  alloys 
(2Cr. 9Cr or 12Cr) shows a minimal decrease in strength with increasing dose from 10 to 40 dpa and only 
minor variations in strength within a given class. In all but one case, total elongation increased 
moderately with increasing dose, the exception being alloy 2. The results from alloy 3 ,  specimen 7202, 

nlcm2 ( E  > 0.1 MeV) or 3 9 . 3  dpa. 

1.4 x 10 r, 2 nIcm2 o r  33.8  dpa. The MOTA 1B dose estimates for packet FF have been revised from 7.7 to 9.8 

- 

Figures 7.6.la and 7.6.lb show results for specimens irradiated at 420'C. 
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T a b l e  7.6.1.  R e s u l t s  of Low A c t i v a t i o n  A l l o y  T e n s i l e  T e s t s  a t  Room Tempera tu re  
w i t h  Compar ison  o f  R e s u l t s  for  Commerc ia l  A l l o y s  

6 = 4 x 10-41sec 

Nom ina l  Y i e l d  U l t i m a t e  U n i f o r m  T o t a l  
Specimen Dose I r r a d .  S t r e n g t h  S t r e n g t h  E l o n g a t i o n  E l o n g a t i o n  

A l l o y  ID ( d p a l  Temp. ( 'C) (MPal  (MPa) ( % I  ( % I  

2 i C r - l M o "  
2:Cr-lMo* 
2:Cr-lMo* 

1 

2 

3 

9Cr-1Mo 

4 

5 

6 

7 

HT-9 

9 

_ _ _  

TE 07 
08  
0 1  
0 2  
05 

TH 07 
08  
03 
02  
04 
05 

TZ 08 
01 
0 2  
04  
05 

.__ 

TM 07 
08  
0 1  
0 2  
0 4  
05 

TP 07 
08  
0 1  
02  
04  
05 

TN 07 
08 
0 1  
02 
04 
05 

TR 07 
0 1  
02  
05 

_ _ _  
TU 08 

0 1  
0 2  
04  
05 

_ _ _  
12  
12  

__. 
... 

8.4 
43.7 
39 .3  

_ _ _  _ _ _  
11.5 
42.6 
1 4 . 1  
39 .3  

_ _ _  
8.4 

43.7 
14 .3  
37.2 

_ _ _  
_ _ _  _ _ _  

11.5 
46.3 
14.3 
37.2 

_ _ _  _ _ _  
9 .8  

43.3 
13.7 
34.7 

.__ _ _ _  
11.5 
43.3 
13.7 
34.7 

_ _ _  
9.8 

43.3 
39 .3  

_ _ _  
_ _ _  
8 .4  

43.7 
1 4 . 3  
37.2 

_ _ _  
400 
550 

_ _ _  
... 

420 
420 
585 

_ _ _  _ _ _  
420 
420 
58 5 
585 

_ _ _  
420 
420 
58 5 
58 5 

_ _ _  
_ _ _  _ _ _  
420 
420 
58 5 
585 

_ _ _  _ _ _  
420 
420 
58 5 
58 5 

_ _ _  _ _ _  
420 
420 
585 
585 

_ _ _  
420 
420 
585 

_ _ _  
_.. 

420 
420 
585 
585 

778 900 5 .3  13.9 
792 902 6 .1  

1248 1279 0.8 
992 1014 1.1 

13.9 
8.3 
7.6 

204 319 21.6 >32.5 

288 566 16.6 28.5 
335 544 13.4 

1055 1086 1.0 
1110 1 1 2 1  23.9 ~~ ~ 

146 
204 

35 1 23.9 
319 21.6 

24.9 
8 . 1  
8.0 

38.9 
>32.5 

297 47 7 12.3 24.4 
706 755 1.7 6 . 1  

180  36 7 16.9 25.7 
F a i l e d  a t  179 MPa and 0.0017 S t r a i n  

199 3 4 6  10 .4  16.4 

575 690 

565  666 4.6 16.6 
567 664 4.0 14.9 
6 6 0  698 2.2 12 .0  
550 626 5.7 16 .1  
310 460 12.8 22.7 
348 491  16.6 23.9 

- 10  _ _ _  

565 673 5 . 1  
600 677 6.5 
599 670 5.9 
544 652 8.9 
343 419 17.8 
348 542 20.9 

553 712  6.4 
578 7 3 1  6.8 
622 730 5.5 
581  718 9 .2  
36 7 562 18 .3  
36 2 597 16.4 

587 716 5.6 
608 714 5.8 
564 693 10.0 
46 3 626 1 5 . 1  

610 760 _ _ _  
822 1002 2.3 
848 942 6 .0  
684 853 9.3 
531  749 9 .3  
449 744 18.0 

14 .8  
16.9 
15.8 
18.6 
33.5 
32 .2  

>10.5 
17.6 
15.9 
18.6 
30 .2  
28.9 

15.8 
15.8 
19.1 
25.9 

- 1 2  

10 .1  
14.7 
16 .1  
19.4 
21.2 

* T e s t e d  a t  205'C. 
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are no t  inc luded i n  these f igures;  t h e  r e s u l t s  suggest premature f a i l u r e  and may there fore  be f a l l ac ious ,  
bu t  i t  i s  q u i t e  poss ib le  t h a t  severe embr i t t l enen t  has occurred i n  t h i s  cond i t ion .  V isua l  examination a t  
1 O X  showed a b r i t t l e  f r a c t u r e  w i t h  t h e  f r a c t u r e  sur face normal t o  t h e  s t ress  ax is .  F igures  7 . 6 . 1 ~  and 
7.6.ld show r e s u l t s  f o r  specimens i r r a d i a t e d  a t  585'C. Again, t h e  r e s u l t s  can be grouped according t o  
a l l ow  c lass  and o n l y  minimal changes i n  y i e l d  s t reng th  occur wi th  increases i n  dose. O f  considerable 
no te  i s  t he  data p o i n t  f o r  a l l o y  7 which provides s t reng th  values very s i m i l a r  t o  a l l o y  9. Th is  repre-  
sents t h e  f i r s t  comparison of 9 vs. 12Cr a l l o y s  con ta in i ng  1% W f o l l o w i n g  i r r a d i a t i o n  s ince  a l l o y  7 was 
no t  t es ted  f o l l o w i n g  i r r a d i a t i o n  t o  14 dpa a t  585'C. Therefore, t h e  band d e f i n i n g  9Cr a l l o y  behavior may 
be misleading, and previous conclusions t h a t  12Cr a l l o y s  were super io r  t o  9Cr s t e e l s  are now i n  doubt. 
Also o f  no te  i s  t h e  reduc t i on  i n  t o t a l  e longat ion  wi th  increas ing  dose found f o r  a l l o y  3 shown i n  F igure  
7.6.ld. Apparently, embr i t t lement i s  occur r ing  i n  t h i s  a l l o y  f o l l o w i n g  i r r a d i a t i o n  a t  585'C which 
suggests t h a t  t h e  data obtained from 420.12 t e s t  sDecimen TI02 which had f a i l e d  prematurely a re  i n  f a c t  

'. - %- 

(IP 

.c. - 

.P 'i - CI --. --. -I --. - 1 1 1  

(a )  (b )  (Cl  (d )  

Low a c t i v a t i o n  a l l o y  t e n s i l e  p rope r t i es  as a f unc t i on  of dose. Fig.  7.6.1. Y i e l d  s t reng th  (a) and 
t o t a l  e longat ion  (b )  f o l l ow ing  i r r a d i a t i o n  a t  420'C and y i e l d  s t reng th  (c)  and t o t a l  e longat ion  (d) 
f o l l o w i n g  i r r a d i a t i o n  a t  585'C. 

N i c ros t ruc tu res  

N i c r o s t r u c t u r a l  examinat ions were performed us ing  t ransmiss ion  e l e c t r o n  microscopy on a l l  low 
a c t i v a t i o n  a l l o y s  i r r a d i a t e d  a t  420 and 600'C and i n  general showed mic ros t ruc tures  s i m i l a r  t o  those 
observed a t  lower fluence. The major d i f ferences which could be i d e n t i f i e d  were: (1) increased v o i d  
s w e l l i n g  due t o  cont inued i r r a d i a t i o n  a t  420.C. ( 2 )  coarsening of p r e c i p i t a t e s  and subgrain s t r u c t u r e  
f o l l o w i n g  i r r a d i a t i o n  a t  600.C. and (3) development of f a u l t  s t r uc tu res  i n  a l l o y s  con ta in i ng  h igh  
manganese f o l l o w i n g  i r r a d i a t i o n  a t  600'C. 

m ic ros t ruc tu ra l  features found f o l l o w i n g  i r r a d i a t i o n  t o  9.8 
n A 3  3 Ani Uns.aawor s m i . 4  snrl AirlnrsCinn a w - 7 , n + < a n  ...e- - -..-- 420'C i r r a d i a t i o n s .  The dpa were 

re ta ined  fo l l ow ing  i r r a d i a t i o n  t, _..I.u I IVnr.CI ,  l v l y  ully u I a I v c y b l v I I  S . U I U L I Y r I  1 5 r 5  advanced. 
I n  t h e  2Cr a l l oys ,  a l l o y s  con ta in i ng  0.5 and 1.OV were found t o  be v o i d  f ree and p r e c i p i t a t e  and d is loca-  
t i o n  s t ruc tu res  q u a l i t a t i v e l y  appeared t o  be more complex. An example i s  g iven i n  F igure  7.6.2 which 
a l lows comparison of t h e  d i s l o c a t i o n  s t ruc tu res  of a l l o y  1 w i t h  0.5V a t  9.8 and 43.3 dpa. Loop s t ruc-  
tu res  have approximately doubled i n  s ize,  b u t  t h e  dens i t y  o f  t he  d i s l o c a t i o n  s t ruc tu res  and t h e  conse- 
quences o f  t he  p r e c i p i t a t e  s t ruc tu res  make q u a n t i t a t i v e  eva lua t ions  very d i f f i c u l t .  The 1.5V a l l o y  
d i f fe red  i n  t h a t  voids were un i fo rmly  d i s t r i b u t e d  through t h e  specimen and had grown as l a r g e  as 30 nm 
a f t e r  43.3 dpa. An example i s  g iven i n  F igure  7.6.3 which shows a l l o y  3 w i t h  1.5V a t  9.8 and 43.3 dpa 
under s i m i l a r  imaging cond i t i ons  [g-= 110 near (OOl)]. A t  9.8 dpa (F igure  7.6.3a). loop s izes  are non- 
uniform and vo ids  a re  nonuniformly d i s t r i b u t e d  whereas a t  43.3 dpa (Figure 7.6.3b). both vo ids  and loops 
are un i f o rm ly  d i s t r i b u t e d  and a re  l a r g e r  i n  s ize.  Void s w e l l i n g  measurements f o r  a l l o y  3 a t  43.3 dpa 
i n d i c a t e  0.072% swel l ing ,  w i t h  a vo id  dens i t y  o f  3.8 x 1014 voidsIcm3 and a mean vo id  s i z e  of 17 nm. 

I n  t h e  9Cr a l l oys ,  a l l  a l l o y s  contained vo id  swel l ing.  The vo ids  were nonuniformly d i s t r i b u t e d  
w i t h i n  mar tens i te  l a t h s  w i t h  s i z e  d i s t r i b u t i o n s  i n c l u d i n g  very small  sizes. a l l  i n d i c a t i v e  o f  ma te r i a l  i n  
t h e  incubat ion  stage o f  vo id  development. Examples o f  t he  vo id  s t ruc tu res  i n  a l l o y s  5 and 6 (0.5V wi th 
2.5Nn and 1.5V w i t h  0.2C and l.OMn) a re  shown i n  F igure  7.6.4. The voids appear as sharply de f ined wh i te  
fea tures  w i t h  f ace t t ed  sides, whereas t he  poo r l y  de f i ned  l i g h t  fea tures  a re  su r face  p i t s  p r o b a b l y  
associated w i t h  voids t h a t  were at tacked du r i ng  e lec t ropo l i sh ing .  It may be noted t h a t  t h e  l a r g e r  voids 
i n  a l l o y  6 a l l  d i f f e r  i n  shape. Although t h i s  i s  u s u a l l y  t he  r e s u l t  of v o i d - p r e c i p i t a t e  assoc ia t i on  
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Fig. 7.6.5. Void swelling in 12Cr low activation alloy 8 following irradiation 
420.C. (a) in martensite laths and (b) in ferrite. 

Fig. 7.6.6. Subgrain structure in low activation alloys following irradiation to 33. 
(a) 2Cr alloy 2, (b) 9Cr alloy 5, (c) 9Cr alloy 7, and ( d )  12Cr alloy 9. 
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:ation d i d  not reveal the presence o f  any p rec ip i ta t i on .  Only a l l oys  6 and 8 
jpect ive ly )  displayed t h i s  behavior and therefore  i t  may be associated w i t h  
ons. The d i s loca t ion  s t ruc tu re  consisted of d i s loca t ion  tangles between 
i specimens and p r e c i p i t a t i o n  appeared t o  be l i m i t e d  t o  blocky carbides a t  
Therefore, the major effects of increased dose from 9.8 t o  43.3 dpa i n  the 

:ion o f  vo id  and d i s loca t ion  structures.  

I s i m i l a r l y  t o  the 9Cr a l l oys  except t h a t  vo id  evo lu t ion w i t h i n  martensi te 
jo r  r e s u l t s  o f  i r r a d i a t i o n  on microstructure a t  lower dose were retained: 

p rec ip i ta t i on .  The d i s loca t ion  s t ruc tu re  had evolved t o  a combination o f  
i t i o n  tangles, but the a '  p r e c i p i t a t i o n  appeared t o  be s tab le  w i th  l i t t l e  
size. Examples are given i n  Figure 7.6.5 which show martensi te and f e r r i t e  
r.6.5a shows a reg ion o f  martensi te l a t h s  containing a s ing le  void i n  g = 110 
hows a f e r r i t e  region i n  g = 200 contrast. In both f igures,  the a' prec ip i -  
equiaxed pa r t i c les ,  q u i t e  non-uniformly d ia t r i bu ted  w i t h i n  the la ths .  Of 
>cat ion d i s t r i b u t i o n  i n  the f e r r i t e .  In g = 200 contrast, on ly  one set  of 
.e v i s i b l e  and they appear almost edge on whereas a l l  a12 [lll] loops are  
, teeply incl ined. Figure 7.6.5b therefore  shows tha t  both a [ O O l ]  and a12 
?sent i n  the f e r r i t e  but a12 [lll] are i n  the major i ty .  Swell ing i n  a l l o y  9 
In)  was s i m i l a r  t o  t h a t  i n  a l l o y  8 except t h a t  voids were genera l ly  smaller 
ibat ion i n  a l l o y  9 i s  longer than i n  a l l o y  8. 

I a l l o y  microstructures were a l tered considerably due t o  i r r a d i a t i o n  a t  600'C 
f f e c t  was rearrangement o f  martensite l a t h  boundaries i n t o  more equiaxed 
:urrent subgrain coarsening. Carbide coarsening was a l so  found. Several 
1 are given i n  Figure 7.6.6. 4s shown i n  Figure 7.6.6, the subgrain coarsen- 
2Cr a l l oys  than i n  the 9Cr a l loys .  This coarsening i s  responsible for  the 
Following i r r a d i a t i o n  a t  600'C. 

i n g  high manganese had developed stacking f a u l t  s t ruc tures o f ten  i n  regions 
se s t ruc tures appeared t o  be more prevalent i n  a l l o y  9 than i n  a l l o y  8. 
hown i n  Figure 7.6.7. Unfortunately, no d i f f r a c t i o n  spots were obtained t o  

were associated w i th  prec ip i ta tes ;  the f a u l t s  could only be imaged using 
t t h a t  these f a u l t s  were found only i n  h igh manganese a l l o y s  suggests t h a t  
ganese add i t ions and are probably p rec ip i fau l t s .  Further work needs t o  be 
is. 

(b)  

f a u l t  features i n  12Cr  low a c t i v a t i o n  a l l o y  9 i n  (a) b r i g h t  f i e l d  and (b) 

? prepared from a l l  TEM specimen condi t ions i r rad ia ted  a t  420 and 600'C. The 
e x-ray analysis (EDX) on p a r t i c l e s  i n  those rep l i cas  a r e  given i n  Table 
,umnarized as follows. Phase s t a b i l i t y  i s  more complex a t  420 than a t  600'C. 
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T a b l e  7.6.2. Me ta l  c o m p o s i t i o n s  i n  w e i g h t  p e r c e n t  o f  
e x t r a c t e d  p r e c i p i t a t e  p a r t i c l e s  

Me ta l  I r r a d i a t i o n  
A l l o v  Comoos i t i on  C o n d i t i o n s  Fe C r  Mn V W O the r  I I .D 

1 2Cr-0.5V 

2 2Cr-1.OV 

3 2Cr-1.5V-0.3Mn 

4 9Cr-0.5V 

5 9Cr-1.3V-lMn 

6 9Cr-0.5V-2Mn 

625-C.43.3 dDa .7-4.1 0-18 
4-21 42- 62 

39-51 45-61 
6-16 34-50 

600'C,33.8 dpa 0- 3  0-9 
.3-.5 . 5 - 1  

425OC.43.3 doa 2- 5  3-23 
0-20 30-55 

2 4 

600'C,33.8 dpa 3-18 0-9 

425'C,43.3 dpa 1-6 0-20 

23-67 0-10 

7-19 40-60 
9 

600'C,33.8 dpa 2- 6  .3-4 

625'C,43.3 dpa 0-9 8-28 0-.8 
0- 25  33-51 0-2 
0-5 3-5 22-24 

.7-2.6 76-96 --- _ _ _  
4-5 _ _ _  _ _ _  _ _ _  0- 6  24- 50 --- 

0- 1 
.5 46-60 --- 
0- 2  78-98 --- 

_ _ _  

.5-1.5 .5- 1.5 --- Si:94-96 
( T i :  0 - 1  

0- 1 71-95 --- 
0-5 32-62 --- 

4 S i :90  _ _ _  _ _ _  
72-97 --- _ _ _  

0-46 --- Si :15-23 .__ 

0-2 72-98 --- 
0-7 2 2- 5 0  ---  
37 19 S i :35 

0-.7 91-97 - - -  S i : O - 1  

600-C.33.8 dpa 22-27 71-78 --- 
425'C,43.3 dpa 18-26 62-74 --- 
600'C,33.8 dpa 22-27 66-72 --- 

2- 6 .5  3-5 0- 1  

425'C,43.3 dpa 18-33 61-74 1-9 

600'C,33.8 dpa 20-34 65-73 3-5 

7 9Cr-0.3V-IW-2.5Mn 425.C.43.3 dpa 28-62 48-57 2-7 
43-64 28-43 3 

600-C.33.8 dpa 17-28 45-64 1- 3 
0-4 18-40 37-48 

8 12Cr-1V-6.5Mn 425.C.43.3 dpa 17-28 51-68 5-24 

600'C,33.8 dpa 14-21 69-83 .5-5 

9 12Cr-0.3V-lW-6.4Mn 625OC.43.3 d p a d l  16-24 55-60 5-14 
W2 25-38 55-67 0- 2 

9 3-7 7- 11 

600.C.33.8 dpa 12-21 61-68 2-4 

67-87 ---  Si:O-16 
30-59 --- 

0 - 1  _ _ _  Si:55-59 
T i : 2 - 7  
A1:7-10 

2-3 _ _ _  
8-16 --- 
3-12 ---  

89-93 - --  
0-8 _ _ _  
1-2 - _ -  

0-1 7-13 
0-1.5 5-9 

1- 2 10-20 
4- 6 0- 2 A1:4-8 

T i :7 -13  

.~ 
0-1 4-ii Ni:0-2 

0 38-46 Ni:31-38 

0- 2 9-19 

10 
4 
7 

16 
1 

7 
10 
1 

15 

10 
11 
1 

11 
6 
3 

14 
4 

14 
2 

18 
6 

14 
2 

""9 
M7G3 

v4c3 5102 

v47c3 

5102 

v4c3 

"49 

v4;3 

MnS 

v4c3 

5102 

M23C6 

M23C6 

M23C6 
v4c3 

M23C6 

k 3 C 6  

M23C6 
x o r  Laves 

" 2 3 h  
E? 

M23C6 

M23C6 

M23C6 
M2$c6 

M23C6 
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I n  the 2Cr alloy range, 0.5V leads to phase instability whereas alloys with 1.0 and 1.5V are stable. In 
the 9Cr composition range, 1.3V promotes some V4C3 but V4C3 appears to be absent for lower levels. For 
alloys containing I W ,  precipitates with approximate composition 30%Fe, 60%Cr and 1O%W were found follow- 
ing irradiation at 420'C. Tungsten based Chi phase is expected to have composition of 45% Fe, 45% Cr and 
10% W3 but diffraction information is not yet available to confirm this identification. Manganese levels 
appear to be higher in M23C.5 following irradiation at 420'C. Table 7.6.2 includes results from two 
replicas taken from alloy 9 following irradiation at 420'C. The results are somewhat different and are 
included to provide a measure of the uncertainties of the technique. The most probable cause of the 
discrepancies was differences in etching technique which extracted different particle compositions. For 
example, different voltage settings may give different amounts of matrix material coating each particle. 
Also, extracted particles can in fact consist of two or more different precipitates and measurements 
would average the different compositions. Therefore, the results of Table 7.6.2 have been compiled to 
show ranges of particle composition measurements, with the actual precipitate composition expected to 
within those ranges. 

7.6.4.4 Discussion 

This effort raises several topics for discussion. Swelling can apparently occur in low activation 
ferritic alloys. Phase instabilities are found and a brief review of the results as they apply to alloy 
design is pertinent. Finally, an explanation can be envisioned to account for severe embrittlement in 
irradiated ferritic alloys which may explain the behavior of specimen TZOZ. 

Void Swelling 

It has been shown that commercial ferritic alloys can develop void swelling following irradiation 
below 500'C.4-6 Therefore, observation of swelling is not unexpected in low activation ferritic alloys. 
A more important concern is whether swelling rates will be higher in low activation alloys than in simple 
Fe-Cr binary alloys.7 The microstructures found in the present effort are similar to those of binary 
alloys. For example, both a [OOl] and a12 [111] Burgers vectors are present and void distributions are 
normal for the given irradiation temperatures. Therefore, it is anticipated that steady state swelling 
rates will not exceed 0.06% per dpa7 and swelling at 500 dpa will not exceed 28% in any of the low 
activation alloys. 

Low Activation Alloy Design 

Sufficient results are now available to allow criticism of alloy design criteria. This section will 
address that issue. The carbide phase stability diagram for Fe-Cr-V alloys at 700'C given in reference 1 
applies quite well for low activation alloy design, at least at high temperatures. The major exceptions 
found involved alloys 1 and 5 .  In alloy 1, evidence for M7C3 was found in extraction replicas of 
specimens irradiated at 420'C. Therefore, the two-phase field for V4C3 and M7C3 is somewhat larger at 
420'C due to expansion of the M7C3 region, a phenomenon which is perhaps unrelated to the irradiation 
environment. I n  alloy 5, V4C3 was found after irradiation at KOO'C which indicates that the two phase 
field is slightly larger than shown. This may be due to the lower temperature or to the manganese 
present in the alloy. However, following irradiation at 420'C, extraction replicas provide evidence for 
precipitates of approximate composition 45% Cr, 45% V and 10% Fe. The phase is as yet unidentified; it 
may be of an intermetallic o r  carbide type compound. However, diffraction evidence supports an identifi- 
cation of (Cr,V)4C3 which i s  difficult to comprehend. 

Concern was raised regarding formation of tungsten based chi phase.1 Precipitates similar in 
composition to chi or Laves phase have been found on extraction replicas, hut tensile properties of the 
irradiated specimens indicate that tungsten additions on the order of 1% do not degrade properties and 
microstructural examinations do not reveal excessive precipitation. 

It was expected 
that the manganese would be inert with regard to precipitation. The present results indicate that this 
may not be the case. Stacking fault structures were found only in alloys containing high manganese 
levels following irradiation at KOO'C. Their origin is probably due to manganese containing precipites. 
Such a hypothesis is compatible with recent Charpy impact test results on manganese stabilized marten- 
sitic steels irradiated at 365'C.B There it was found that an Fe-12Cr-1Mo-O.1C alloy with 3% M n  gave 
DBTT behavior similar to that for HT-9 whereas a similar alloy with 6.5% Mn produced shifts in DBTT which 
were considerably higher than those for HT-9. Therefore, it is anticipated that manganese additions may 
be detrimental to in-reactor alloy phase stability. 

Embrittlement 

Manganese additions were made to low activation alloys for austenite stabilization. 

It has been shown that ferritic alloys may be susceptible to channel fracture induced by void 
swelling.') It is possible that the test results on tensile specimen TZ02 alloy 3 are related to void 
induced embrittlement. Alloy 3 was found to contain the highest amount of void swelling of the low 
activation alloys examined. Although the fracture appearance was not compatible with channel fracture, 
it is apparent that the possibility of void induced embrittlement in ferritic alloys must be examined 
with care. 
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7.6.5 Conclusions 

Effects of irradiation on the mechanical properties of low activation alloys saturate rapidly with 
dose in the temperature range 420 to 585'C. Both 9 and 12Cr alloys containing 1% W have similar high 
strength properties following irradiation at 585'C to 40 dpa whereas 9Cr alloys with only V additions are 
weaker and and 2 Cr alloys are weaker still. Microstructural examinations reveal void swelling in most 
alloys irradiated at 420'C but the swelling remains low after 40 dpa. Based on these results, the most 
promising alloy class appears to be 9 to 12Cr alloys containing tungsten. 

7.6.6 Future Work 

This work will be continued and expanded to include postirradiation Charpy impact testing 
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7.7 CHARPY IMPACT B E H A V I O R  OF MANGANESE STABILIZED MARTENSITIC STEELS - W. L.  Hu and D. S. G e l l e s  
(West inghouse Hanford Company) 

7.7.1 A D I P  Task 

The O f f i c e  o f  Fus ion  EnergyfDepar tment  o f  Energy has e s t a b l i s h e d  t h e  need t o  de te rm ine  t h e  f r a c t u r e  
toughness o f  f e r r i t i c  a l l o y s  (Pa th  E ) .  

7.7.2 O b j e c t i v e  

b e h a v i o r  o f  manganese s t a b i l i z e d  m a r t e n s i t i c  s t e e l s  as a f u n c t i o n  o f  n e u t r o n  exposure. 

7.7.3 

The o b j e c t i v e  o f  t h i s  work i s  t o  e v a l u a t e  t h e  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  tempera tu re  (DETT) 

T e s t s  w e r e  conducted t o  e v a l u a t e  t h e  i r r a d i a t i o n - i n d u c e d  s h i f t  i n  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  
behav io r  o f  two manganese s t a b i l i z e d  m a r t e n s i t i c  s t e e l s .  M i n i a t u r e  Charpy specimens were f a b r i c a t e d  from 
two hea ts  o f  s t e e l  s i m i l a r  i n  c o m p o s i t i o n  t o  HT-9 b u t  w i t h  0.1% C and Mn c o n t e n t s  r a n g i n g  from 3.3 t o  
6.6%. The 3.3% Mn s t e e l  showed a t r a n s i t i o n  tempera tu re  s i m i l a r  t o  t h a t  o f  HT-9 i n  b o t h  t h e  u n i r r a d i a t e d  
c o n d i t i o n  and i n  specimens i r r a d i a t e d  t o  11.3 dpa. The s t e e l  c o n t a i n i n g  6.6% Mn e x h i b i t e d  a h i g h e r  
t r a n s i t i o n  tempera tu re  a f t e r  i r r a d i a t i o n  t h a n  t h e  s t e e l  c o n t a i n i n g  3.3% Mn. The upper s h e l f  energy (USE) 
a f t e r  i r r a d i a t i o n  f o r  t h e  manganese s t a b i l i z e d  a l l o y s  was much h i g h e r  t h a n  f o r  HT-9. 

7.7.4 P rog ress  and S t a t u s  

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

Cons ide rab le  p r o g r e s s  has been made i n  r e c e n t  yea rs  i n  t h e  development o f  h e a t  r e s i s t a n t  m a r t e n s i t i c  
s t a i n l e s s  s t e e l s  by c a r e f u l l y  c o n t r o l l i n g  t h e  vanadium. n i o b i u m  and carbon c o n t e n t s ,  as f o r  example T91 
( m o d i f i e d  9Cr - lMo ] . ( * )  The c o m p o s i t i o n  range ove r  which t h i s  c o u l d  be a p p l i e d ,  however, had been l i m i t e d  
t o  a l l o y s  w i t h  chromium c o n t e n t s  on t h e  o r d e r  o f  9 p e r c e n t  and i t  was o f  i n t e r e s t  t o  a p p l y  t h e  concepts  
t o  s t e e l s  c o n t a i n i n g  12 p e r c e n t  chromium. The carbon l e v e l  i n  HT-9 was e s t a b l i s h e d  as 0.2 p e r c e n t  i n  
o r d e r  t o  m a i n t a i n  a f u l l y  m a r t e n s i t i c  m i c r o s t r u c t u r e .  S ince  ca rbon  c o n t e n t s  on t h e  o r d e r  o f  0.2 p e r c e n t  
were n o t  r e q u i r e d  t o  m a i n t a i n  h i g h  tempera tu re  s t r e n g t h ,  a s imu l taneous  o b j e c t i v e  was t o  improve t h e  DBTT 
response by r e d u c i n g  t h e  ca rbon  c o n t e n t .  A d d i t i o n s  of o t h e r  a u s t e n i t e  s t a b i l i z e r s  were r e  u i r e d  t o  
compensate f o r  reduced ca rbon  l e v e l s .  N i c k e l  
a d d i t i o n s  were shown t o  promote p r e c i p i t a t i o n  i n  i r r a d i a t e d  12-Cr s t e e l s , ( 3 )  whereas manganese a d d i t i o n s  
a r e  r e l a t i v e l y  s t a b l e  and remained i n  s o l u t i o n .  A s e r i e s  o f  a l l o y s  were manufactured t o  de te rm ine  t h e  
i d e a l  manganese c o n t e n t  f o r  a 12-Cr base a l l o y .  M e t a l l o g r a p h i c  examina t ion  o f  t h e  a l l o y s  f o l l o w i n g  a 
t r e a t m e n t  o f  1100'C/0.5hlAC + 700'C/ lhlAC showed t h a t  a l l  a l l o y s  c o n t a i n e d  l e s s  t h a n  15 p e r c e n t  d e l t a  
f e r r i t e  and t h a t  a l l o y s  F2 w i t h  3.3% Mn and F 4  w i t h  6.6% Mn shou ld  p r o v i d e  an adequate t e s t  o f  t h e  e f f e c t  
o f  manganese on mechanica l  p r o p e r t i e s .  

7.7.4.2 Specimen P r e p a r a t i o n  and I r r a d i a t i o n  H i s t o r y  

desc r ibed . (4?  
comparison. 
we igh t  pe rcen t .  

N i c k e l  and manganese were t h e  most l i k e l y  cand ida tes .  (2? 

The man a n e s e  s t a b i l i z e d  a l l o y s  were manufactured by Carpen te r  Technology, I n c .  as p r e v i o u s l y  
The compos i t i ons  a r e  l i s t e d  i n  Table  7.7.1 t o g e t h e r  w i t h  t h e  c o m p o s i t i o n  o f  HT-9 f o r  

The ma jo r  c o m p o s i t i o n  d i f f e r e n c e  i s  i n  t h e  manganese con ten t ,  which v a r i e d  f r o m  1.94 t o  6.57 

Tab le  7.7.1. Chemical c o m p o s i t i o n  o f  manganese s t a b i l i z e d  as s u p p l i e d  by t h e  vendor 

A l l o v  HT-9 F1  F2 F3 F4 F5 
Heat Heat Heat Heat Heat Heat 

Elements 9607R2 10995 10996 10997 10998 10999 

C 0.20 0.12 0.10 0.11 0.11 0.15 
Mn 0.57 1.94 3.33 4.73 6.57 3.46 
S i  0.17 0.12 0.12 0.10 0.10 0.11 
P 0.016 0.007 0.007 0.007 0.007 0.008 
S 0.003 0.005 0.005 0.005 0.006 0.005 
C r  12 .1  11.95 11.8 11.79 12.0 11.90 
N i  0.51 <0.01 0.01 <0.01 <0.01 <0.01 
Mo 1.04 0.98 0.96 0.96 0.96 0.97 
W 0.45 <O.Ol <0.01 <0.01 <0.05 0.23 
V 0.28 0.25 0.21 0.25 0.20 0.26 
N 0.027 0.003 0.003 0.002 0.003 0.003 
Nb <0.001 0.15 0.16 0.16 0.15 0.15 
cu  0.07 0.01 0.01 0.01 0.012 0.013 
Fe B a l .  Ba l  . Ea1 . Ea1 . Ea1 . B a l .  
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H a l f - s i z e  Charpy impact specimens were f a b r i c a t e d  f rom 2 . 5"  x 0.5" forged p l a t e  s tock  w i t h  t h e  
specimen o r i e n t e d  i n  t h e  T-L d i r e c t i o n .  P o s t - f a b r i c a t i o n  hea t  t rea tment  c o n s i s t e d  o f  lOOO'C116hlAC + 

llOO'C10.5hIAC + 700'C12h/AC. Specimens were precracked p r i o r  t o  i r r a d i a t i o n .  
Specimens o f  F2 and F4 were i r r a d i a t e d  a t  FFTF i n  t h e  below core  c a n i s t e r  of t h e  MOTA assembly. 

They were d ischarged a t  t h e  comp le t ion  o f  MOTA 16 h a v i n g  r e c e i v e d  a neu t ron  exposure o f  5 . 4  dpa. S i x  new 
u n i r r a d i a t e d  specimens o f  each o f  t h e  F2 and F4 a l l o y s  were then  i n s e r t e d  i n  t h e  below core  c a n i s t e r  of 
t h e  MOTA 1 C  exper iment  and were removed a t  t h e  end o f  c y c l e  s i x  hav ing  rece ived  a neu t ron  exposure o f  
11.3 dpa. The i r r a d i a t i o n  temperature f o r  bo th  batches o f  specimens was 365'C.(4) Charpy impact t e s t s  
were conducted w i t h  an automated drop tower.  The d e t a i l s  o f  t h e  t e s t  system and procedures a r e  r e p o r t e d  
elsewhere. (5)  

7.7.4.3 Resu l t s  and D iscuss ions  

The t e s t  r e s u l t s  a r e  t a b u l a t e d  i n  Table 7.7.2. The f r a c t u r e  energ ies,  normal ized by t h e  f r a c t u r e  
area, a r e  p l o t t e d  as a f u n c t i o n  of t e s t  temperature i n  F i g u r e  7.7.1. The OETTs f o r  each a l l o y  a t  va r ious  
i r r a d i a t i o n  c o n d i t i o n s  a r e  shown i n  t h e  f i g u r e  by t h e  numbers enc losed i n  symbols which correspond t o  t h e  
d a t a  p l o t t i n g  symbols. The r e s u l t s  show t h a t  bo th  o f  t h e  u n i r r a d i a t e d  manganese s t a b l i z e d  a l l o y s ,  F2 and 
F4, have a DBTT o f  - 1 7 ' C .  s l i g h t l y  above t h e  va lue  f o r  u n i r r a d i a t e d  HT-9, which has a OETT of 5'C. A f t e r  
i r r a d i a t i o n  a t  365'C t o  a f luence o f  5.4 dpa, t h e  DBTTs inc rease  t o  115 'C  f o r  a l l o y  F2 and t o  150'C for 
a l l o y  F4. The USE, on t h e  o t h e r  hand, shows an unexpected i n c r e a s e  o f  approx imate ly  30% f o r  bo th  a l l o y s .  
F u r t h e r  i r r a d i a t i o n  a t  t h e  same temperature t o  11.3 dpa s h i f t e d  t h e  DETT and USE s t i l l  h i g h e r ,  t o  130'C 
and 60 JIcm2 f o r  a l l o y  F2 and 225'C and 73 Jlcm2 f o r  a l l o y  F4. As a comparison, HT-9 f a b r i c a t e d  from 
wrought bar  s tock  and i r r a d i a t e d  a t  390'C t o  13 dpa e x h i b i t s  a DETT of 129'C and a USE of o n l y  26 J lcm2.  
A l l o y  F2 shows a s i m i l a r  t r a n s i t i o n  temperature bu t  a much improved USE. A l though t h e  USE of a l l o y  F 4  i s  
s t i l l  h i g h e r ,  t h e  h i g h  DBTT suggests a l e s s  d e s i r a b l e  t r a n s i t i o n  behav io r .  F i g u r e s  7.7.2 and 7.7.3 show 
t h e  DBTTs and USES o f  a l l o y s  F2 and F 4  as a f u n c t i o n  o f  neu t ron  exposure. 

The d r a s t i c  i n c r e a s e  i n  USE i n  bo th  a l l o y s  a f t e r  i r r a d i a t i o n  i n d i c a t e s  a p o s s i b l y  h i g h  f r a c t u r e  
toughness. A p rev ious  s tudy(6 )  showed t h a t  t h e  r e d u c t i o n  o f  USE i n  i r r a d i a t e d  HT-9 i s  caused ma in ly  by 
thermal  ag ing  i n  sodium. The a d d i t i o n  o f  manganese t o  t h e  a l l o y  appears t o  suppress t h i s  the rma l  ag ing  
e f f e c t .  

7.7.5 Conclusions 

Charpy impact t e s t s  were performed on two hea ts  o f  manganese s t a b i l i z e d  m a r t e n s i t i c  s t a i n l e s s  s t e e l s  
i n  t h r e e  c o n d i t i o n s :  u n i r r a d i a t e d ,  i r r a d i a t e d  a t  365'C t o  5 . 4  dpa, and i r r a d i a t e d  a t  365'C t o  11.3 dpa. 
The a l l o y  c o n t a i n i n g  3.3% Mn gave DBTT r e s u l t s  s i m i l a r  t o  those  o f  HT-9, w h i l e  t h e  a l l o y  c o n t a i n i n g  6.6% 
Mn showed a l a r g e r  s h i f t  i n  DBTT due t o  i r r a d i a t i o n .  Both a l l o y s ,  however, developed s i g n i f i c a n t l y  
h i g h e r  upper s h e l f  energ ies  than  HT-9 f o l l o w i n g  i r r a d i a t i o n .  Therefore manganese a d d i t i o n s  t o  marten-  
s i t i c  s t e e l s  have been shown t o  r e s u l t  i n  degrada t ion  o f  t h e  DETT b u t  improvement i n  t h e  upper s h e l f  
response f o l l o w i n g  i r r a d i a t i o n .  

7.7.6 Fu tu re  Work 

F r a c t o g r a p h i c  and m i c r o s t r u c t u r a l  examinat ions o f  se lec ted  specimens from t h i s  s tudy  w i l l  be p e r -  
formed t o  i d e n t i f y  t h e  p o s s i b l e  m i c r o s t r u c t u r a l  changes t h a t  l e a d  t o  t h e  high upper s h e l f  f r a c t u r e  
energ ies.  
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Table 7.7.2. Charpy impact test results on manganese stabilized alloys 

Total Normalized 
Test Fracture Fracture 

Energ$ ( J l c m  ) I. 0. ['C) ( J l c m  ) 
Energj Specimen Temperature 

UNIRRADIATED 
F213 

F218 
F217 

F416 
F418 
F427 
F426 

-20 
0 
22 
42 
60 
7s 

-20 
0 
22 
42 
60 
70 

IRRADIATED TO 5.4 DPA 
F201 24 
F204 80 
F203 110 
F202 150 
F206 200 

F401 
F406 
F402 
F403 
F404 
F405 

22 
100 
130 
150 
170 
220 

IRRADIATED TO 11.3 DPA 
F219 50 
F220 100 
F224 125 
F223 125 
F221 150 
F222 200 

F419 
F420 
F421 
F422 
F423 
F424 

so 

1.179 

4.633 
4.909 

0.356 
1.013 
3.496 
7.665 
7.538 

0.147 
0.748 
1.627 
2.869 
4.349 
6.016 

0.345 
1.349 
1.740 
2.395 

4.79 
14.56 

39.49 

8.05 
15.21 
33.43 
32.65 
31.22 
33.03 

2.49 
7.11 
23.73 
52.67 
52.43 

40.87 

2.30 
9.23 
12.27 
16.53 
47.36 
59.03 

0.99 
1.77 

73.04 
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Fig. 7.7.2.  Comparison o f  DBTT's a s  a function o f  neutron exposure f o r  HT-9, F2, and F4 
alloys. 
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Fig. 7 . 7 . 3 .  Comparison of U S E ' S  as a function o f  neutron exposure for HT-9, F 2 ,  and F 4  alloys 
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7.8 FRACTURE T O U G H N E S S  OF FERRITIC ALLOYS IRRADIATED I N  FFTF - F. H. Huang (Westinghouse Hanford 

7.8.1 A O I P  Task 

f e r r i t i c  a l l o y s  under t h e  A D I P  program t a s k  F e r r i t i c  S t e e l s  Development (Path E ) .  

7.8.2 O b j e c t i v e  

behavior  of HT-9 and 9Cr-lMo, which a r e  cand ida te  m a t e r i a l s  f o r  f u s i o n  f i r s t  w a l l  a p p l i c a t i o n s .  

Company) 

The D e p a r t m e n t  o f  E n e r g y l O f f i c e  o f  Fus ion Energy (DOEIOFE) has c i t e d  t h e  need t o  i n v e s t i g a t e  

The o b j e c t i v e  of t h i s  work i s  t o  eva lua te  t h e  e f f e c t s s  o f  neu t ron  i r r a d i a t i o n  on t h e  f r a c t u r e  

7.8.3 Summary 

F e r r i t i c  compact t e n s i o n  specimens loaded i n  t h e  M a t e r i a l  Open Tes t  Assembly (MOTA) f o r  i r r a d i a t i o n  
d u r i n g  FFTF Cycle 4 were t e s t e d  a t  temperatures r a n g i n g  f rom room temperature t o  428'C. The e l e c t r i c  
p o t e n t i a l  s i n g l e  specimen method was used t o  measure t h e  f r a c t u r e  toughness o f  t h e  specimen. Resu l t s  
showed t h a t  t h e  f r a c t u r e  toughness o f  b o t h  HT-9 and 9Cr-1Mo decreases w i t h  i n c r e a s i n g  t e s t  temperature 
and t h a t  t h e  toughness of HT-9 was about 30% h i g h e r  than  t h a t  o f  9Cr-1Mo. I n  a d d i t i o n ,  i n c r e a s i n g  
i r r a d i a t i o n  temperature r e s u l t e d  i n  an inc rease  i n  t e a r i n g  modulus f o r  b o t h  a l l o y s .  

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

I r r a d i a t i o n s  of f e r r i t i c  a l l o y s  i n  suppor t  o f  t h e  A D I P  program have been c a r r i e d  o u t  i n  t h e  E x p e r i -  
mental Breeder Reactor (EBR)  I1  and t h e  Fast  F l u x  Test  F a c i l i t y  (FFTF). Dur ing  i r r a d i a t i o n  i n  FFTF, t h e  
specimen were p laced i n  t h e  M a t e r i a l s  Open Test  Assembly ( M O T A ]  which was capable o f  m o n i t o r i n g  and 
c o n t r o l l i n g  t h e  temperatures o f  t h e  c a n i s t e r s  c o n t a i n i n g  t h e  specimens. I r r a d i a t i o n  e f f e c t s  da ta  on 
f u s i o n  r e a c t o r  a l l o y s  must be ob ta ined  f rom experiments conducted i n  t h e  e x i s t i n g  i r r a d i a t i o n  f a c i l i t i e s  
Since t h e  f u s i o n  r e a c t o r  environment i s  s t i l l  l a c k i n g .  

Small specimens were used t o  economize on t h e  a v a i l a b l e  i r r a d i a t i o n  space. The s i n g l e  specimens 
e l e c t r i c  p o t e n t i a l  techn ique  was used f o r  t h e  same reason. Specimens were f a b r i c a t e d  f rom HT-9 and 
9Cr-1Mo. Prev ious  f r a c t u r e  toughness r e s u l t s  f rom c o n t r o l  t e s t s  on these  a l l o y s  have been repor ted . l .2  
T h i s  r e p o r t  compares t h e  b a s e l i n e  da ta  w i t h  t h e  p o s t i r r a d i a t i o n  r e s u l t s  t o  d e s c r i b e  t h e  e f f e c t  o f  
i r r a d i a t i o n  on t h e  f r a c t u r e  behav io r  o f  t h e  m a t e r i a l s .  I n  a d d i t i o n ,  comparisons a r e  made between t h e  
f r a c t u r e  responses o f  HT-9 and 9Cr-1Mo. 

7.8.5 Progress and S ta tus  

7.8.5.1 Exper imenta l  Procedures 

Compact t e n s i o n  specimens were f a b r i c a t e d  f rom 3.175 mm t h i c k  p l a t e .  HT-9 specimens were g i v e n  a 
p r e f a b r i c a t i o n  hea t  t rea tment  of 1050'Cl0.5hrlAC + 760'C12.5hrlAC, w h i l e  9Cr-1Mo specimens were g i v e n  a 
p r e f a b r i c a t i o n  hea t  t rea tment  o f  1038'C/0.5hrlAC + 760'C10.5hrlAC. Reference 2 prov ides  t h e  c o n f i g u r a-  
t i o n  o f  t h e  2 .54  mm t h i c k  disk-shaped compact t e n s i o n  specimens and t h e  t e s t  procedures f o r  f r a c t u r e  
toughness t e s t s  u s i n g  t h e  e l e c t r i c  p o t e n t i a l  techn ique  t o  mon i to r  t h e  p rec rack  leng th .  A f t e r  each t e s t  
was completed, t h e  specimen was heat  t i n t e d  t o  r e v e a l  t h e  c rack  ex tens ion .  An e m p i r i c a l  c a l i b r a t i o n  
curve was e s t a b l i s h e d  by r e l a t i n g  t h e  c rack  e x t e n s i o n  and t h e  e l e c t r i c  p o t e n t i a l  o u t p u t .  Continuous 
c rack  ex tens ions  and J versus a curves were ob ta ined  f rom t h i s  c a l i b r a t i o n  curve. S ince t h e  specimen 
was sma l l ,  t h e  r e s u l t s  were analyzed u s i n g  t h e  J - i n t e g r a l  approach. The procedure g i v e n  i n  ASTM Standard 
E813 was f o l l o w e d  t o  measure t h e  f r a c t u r e  toughness o f  t h e  i r r a d i a t e d  m a t e r i a l ,  w i t h  some p r e c a u t i o n s  
taken w i t h  r e s p e c t  t o  t h e  s i z e  of t h e  da ta  e x c l u s i o n  zone. 

7.8.5 .2  R e s u l t s  and D iscuss ion  

F i g u r e s  7.8.1 and 7 . 8 . 2  show t y p i c a l  l oad  and p o t e n t i a l  o u t p u t  versus d isp lacement  r e c o r d s  f o r  HT-9 
and 9Cr-lMo. r e s p e c t i v e l y .  These records  were used t o  c a l c u l a t e  t h e  J values and con t inuous  c rack  
ex tens ions  u s i n g  t h e  e l e c t r i c  p o t e n t i a l  c a l i b r a t i o n  curve.  F i g u r e  7.8.3 shows t h e  con t inuous  J versus A a  
curves f o r  b o t h  f e r r i t i c  a l l o y s .  The i n i t i a l  p o r t i o n  o f  J& was f i t t e d  t o  t h e  b l u n t i n g  l i n e  t o  d e t e r -  
mine t h e  va lue  o f  J lc .  F r a c t u r e  toughness r e s u l t s  a r e  compi led i n  Table 7.8.1, where t h e  t e a r i n g  modulus 
( T I ,  t e s t  and i r r a d i a t i o n  c o n d i t i o n s  a r e  a l s o  l i s t e d .  

F i g u r e s  7.8.4 and 7.8.5 show t h e  range of toughness da ta  a v a i l a b l e  f o r  HT-9 and 9Cr-1Mo. Since 
t h e r e  a r e  o n l y  two specimens p e r  i r r a d i a t i o n  c o n d i t i o n ,  t h e  temperature dependence of t h e  f r a c t u r e  
p r o p e r t i e s  cannot be e s t a b l i s h e d  i n  d e t a i l .  F i g u r e  7.8.4 shows t h a t  i n c r e a s i n g  t e s t  temperature r e s u l t s  
i n  a decrease i n  toughness f o r  bo th  i r r a d i a t e d  HT-9 and 9Cr-1Mo. I t  a l s o  shows t h a t  t h e  f r a c t u r e  
toughness o f  HT-9 i s  -30% h i g h e r  than  t h a t  of 9Cr-1Ho. The temperature dependence o f  t h e  t e a r i n g  modulus 
i s  shown i n  F i g .  7.8.5. I n  genera l ,  t h e  t e a r i n g  modulus o f  HT-9 decreases w h i l e  t h a t  o f  9Cr-1Mo 
inc reases  as t h e  t e s t  temperature i s  increased.  
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Table 7.8.1. F r a c t u r e  toughness o f  f e r r i t i c  a l l o y s  i r r a d i a t e d  i n  FFTF 

A l l o y  
I r r a d i a t i o n  Fluence Tes t  J l C  Tear ing  
Temperature ( 'C )  (1022 nIcm2) Temperature ('C) (kJlm2) Modulus 

HT-9 420 
420 
5 2 0  

95.4 66.5 
61.6 48.9 

107.4 131.8 

9Cr-1Mo 420 1.8 4 1  57.2 65.5 

5 2 0  3.1 202 76.5 81.2 
420 1.8 427 43.4 8 2 . 7  

5 2 0  3.1 316 49.2 86 .2  

As shown i n  F ig .  7.8.3, t h e  t e s t s  were stopped b e f o r e  A a  reached 0.55 mm. Crack growth would be 
under a m i x t u r e  of p lane  s t r e s s  and p lane  s t r a i n  c o n d i t i o n s  if A a  were t o o  long .  The 1 .5  mm da ta  
e x c l u s i o n  zone s i z e  recommended i n  ASTM E813 i s  f o r  specimens one i n c h  or l a r g e r  i n  th i ckness ,  a l though  
i t  i s  n o t  s p e c i f i e d  i n  t h e  s tandard.  F o r  smal l  specimens, t h e  maximum& must be s m a l l e r  than  1.5 mm t o  
e n s u r e  t h a t  J - c o n t r o l l e d  c o n d i t i o n s  a r e  s a t i s f i e d . 3  Both t h e  t h i c k n e s s  c r i t e r i o n  and J - c o n t r o l l e d  
c o n d i t i o n s  were s a t i s f i e d  and t h e  Jlc values ob ta ined  were t h e r e f o r e  v a l i d .  

I n  genera l ,  t h e  f r a c t u r e  toughness o f  HT-9 i s  n o t  s i g n i f i c a n t l y  degraded a f t e r  i r r a d i a t i o n .  Resu l t s  
showed t h a t  t h e  va lue  o f  J l c  a t  205'C i n  f a c t  increased as t h e  f l u e n c e  was increased from zero  t o  
3 x 1022 nlcm2. 4ccord ing  t o  t h e  f r a c t u r e  toughness g u i d e l i n e  g i v e n  i n  Ref. 4, t h e  f r a c t u r e  toughness of 
HT-9 i r r a d i a t e d  t o  3 x l o z 2  nIcm2 i s  w e l l  above t h e  minimum toughness o f  about 15  $16 r e q u i r e d  f o r  a 
s t r u c t u r e  o f  t h i c k n e s s  3 mm and a c rack  dep th  o f  1 . 5  mm w i t h  a s u f f i c i e n t  margin of safety .  

7.8.6 Conclus ions 

The major  conc lus ions  a re :  

1. The f r a c t u r e  toughness o f  bo th  HT-9 and 9Cr-1Mo decreases w i t h  i n c r e a s i n g  t e s t  temperature and 

2 .  The t e a r i n g  modulus o f  HT-9 decreased b u t  t h a t  o f  9Cr-1Mo increased as a f u n c t i o n  o f  t e s t  

3.  I n c r e a s i n g  i r r a d i a t i o n  temperature r e s u l t e d  i n  an i n c r e a s e  i n  f r a c t u r e  toughness f o r  bo th  

4. 

t h e  toughness o f  HT-9 was h i g h e r  t h a n  t h a t  of 9Cr-1Mo. 

temperature.  

a l l o y s .  
HT-9 showed adequate upper she l f  f r a c t u r e  p r o p e r t i e s  a f t e r  i r r a d i a t i o n .  
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7.9. MiCPOStruCtUPal Examinat ion O f  128Cr M a r t e n s i t i c  S t a i n l e s s  s t e e l  A f t e r  I r r a d i a t i o n  a t  E l e v a t e d  
Temperatures  i n  FFTF - Chen-Yih HSU and T. A. Lechtenberg ( G A  Techno log ies ,  I n c . )  and D. S. G e l l e s  
(West inghouse Hanford Company) 

7.9.1.  A D I P  T a s k  

The Department of Energy ( D O E )  O f f i c e  of Fus ion  Energy (OFE) h a s  c i t e d  t h e  need t o  i n v e s t i g a t e  
f e r r i t i c  a l l o y s  under t h e  A D I P  program t a s k ,  F e r r i t i c  S t e e l  Development ( P a t h  E ) .  

7.9.2. O b j e c t i v e  

Th i s  is a Part of an exper iment  i n  t h e  Al loy  Development fo r  I r r a d i a t i o n  Performance Pa th  E program 
t o  he used as a c o n t r o l  and comparison i n  FFTF i r r a d i a t i o n s  w i t h  developmental  low a c t i v a t i o n  f e r r i t i c  
s t e e l s .  
development of t h i s  c l a s s  Of f e r r i t i c  a l l o y s  t o  FFTF n e u t r o n  i r r a d i a t i o n  a t  e l e v a t e d  t e m p e r a t u r e s .  

These exper imen t s  were des igned  t o  e v a l u a t e  t h e  m i c r o s t r u c t u r a l  r e s p o n s e  and  p r e c i p i t a t i o n  

7.9.3. Summary 

A r e m e l t e d  12SCr m a r t e n s i t i c  s t a i n l e s s  s t e e l  (HT-9) h a s  been examined b e f o r e  and a f t e r  i r r a d i a t i o n  
i n  t h e  M a t e r i a l s  Open T e s t  Assembly (MOTA) of t h e  Fast  F lux  T e s t  F a c i l i t y  (FFTF), u s i n g  a s c a n n i n g  
t r a n s m i s s i o n  e l e c t r o n  microscope.22 The ' r a d i a t i o n  t e m p e r a t u r e s  were 365OC, 42OoC, 520°C, and 60OoC w i t h  
t h e  f l u e n c e s  as h igh  as 7.3 x 10 n/cm (E>0.1 M e V )  o r  34 dpa.  The e x t r a c t e d  p r e c i p i t a t e s  from each  
specimen were  i d e n t i f i e d  u s i n g  a X-ray m i c r o a n a l y s i s  and s e l e c t e d  a r e a  d i f f r a c t i o n .  The p r e c i p i t a t e s  i n  
t h e  u n i r r a d i a t e d  c o n d i t i o n  Were p r i m a r i l y  M C c a r b i d e 3  which formed a t  m a r t e n s i t e  l a t h  and p r i o r  
a u s t e n i t e  g r a i n  boundar i e s .  During irradiat?i;at  e l e v a t e d  t e m p e r a t u r e s  s m a l l  amounts of o t h e r  phases  
formed which were  t e n t a t i v e l y  i d e n t i f i e d  as t h e  chromium r i c h  a ' , t h e  n i c k e l - s i l i c o n  r i c h  G-phase and t h e  
i n t e r m e t a l l i c  Chi phase .  

and 6OO0C ( -34dpa) .  These r e s u l t s  are n o t  i n  agreement w i t h  p r e v i o u s  exper imen t s  i n  t h a t  vo ids  have n o t  
heen r e p o r t e d  i n  t h i s  a l l o y  a t  r e l a t i v e l y  h i g h  f l u e n c e  l e v e l  (-67 d p a )  f o l l o w i n g  i r r a d i a t i o n  i n  o t h e r  
f a s t - s p e c t r u m  r e a c t o r  (EBR-11) bu t  t h i s  is t h e  f i r s t  o b s e r v a t i o n  f o l l o w i n g  FFTF i r r a d i a t i o n s .  The p r e s e n t  
r e s u l t s  i n d i c a t e  t h a t  c a v i t i e s  can form i n  HT-9 a t  modest f l u e n c e  l e v e l s  even wi thou t  s i g n i f i c a n t  
g e n e r a t i o n  of hel ium bubb les .  Hence, t h e  c a v i t y  f o r m a t i o n  i n  t h i s  class of f e r r i t i c  a l l o y s  is  n o t  s imply  
d u e  t o  hel ium g e n e r a t i o n  hut  r a t h e r  a more complex mechanism. 

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

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

Y 

I r r a d i a t i o n - i n d u c e d  v o i d s  were obse rved  o n l y  i n  specimens i w a d i a t e d  a t  4 2 0  0 c 
to a dose of 34 dpa;  no V o i d s  were found for specimens  i r r a d i a t e d  a t  365'C ( - 1 1  d p a ) .  52OoC ( - 3 4  d p a ) ,  

The f e r r i t i c  a l l o y s  a r e  known t o  he r e s i s t a n t  t o  c a v i t y  s w e l l i n g .  S t u d i e s  on s e v e r a l  i f f e  e n t  
commercial f e r r i t i c  s t e e l s  i r r a d i a t e d  i n  a f a y t  r e a c t o r  ( E B R - 1 1 )  t o  f l u e n c e s  up t o  17.6 x n/m 5 or 84 
dpa have shown o n l y  minimal s w e l l i n g  v a l u e s  
s t e e l  (HT-9) i r r a d i a t e d  i n  E pJ:$j t o  67 dpa 
t e m p e r a t u r e s  of 380' t o  615OC 
r e g a r d i n g  t h e  e f f e c t  of hel ium on t h e i r  s w e l l i n g  r e s i s t a n c e .  However, r a d i a t i o n  induced v ' d  w e l l i n g  
was found i n  12Cr-1MoVW s t e e l  i r r a d i a t e d  i n  t h e  HFIR t o  a dose  of 36 dpa a t  300 a n d  UOO°CPb'73. 
s w e l l i n g  was a s c r i b e d  t o  t h e  p resence  of hel ium because a n  o r d e r  of magni tude more he l ium is  g e n e r a t e d  i n  
HFIR than  i n  E B R - 1 1 .  No work h a s  been r e p o r t e d  on t h e s e  s t e e l s  i r r a d i a t e d  i n  FFTF t o  comparable  f l u e n c e  
l e v e l  of 36 dpa.  

c ~ ,  I t  was r e p o r t e d  t h a t  no vo ids  were found  i n  a 12Cr-1MoVW 
a n d  i r r a d i a t e d  i n  HFIR t o  d o s e s  up t o  -23 d p a  a t  . I n  t h e  A D I P  f e r r i t i c  s t e e l  development program, c o n c e r n s  were raised 

The 

A r e m e l t e d  12BCr m a r t e n s i t i c  s t a i n l e s s  s t e e l  (HT-9) was i r r a d i a t e d  i n  t h e  form of 3 mm d i s k s  i n  t h e  
MOTA-1C exper imen t s  of t h e  FFTF.  The i r r a d i a t i o n  exper imen t s  were conducted a t  t e m p e r a t u r e s  of 
365°-6000C t o  damage l e v e l s  as h i g h  as 34 dpa. These e x p e r i m e n t s  were des igned  t o  e v a l u a t e  t h e  
m i c r o s t r u c t u r a l  r e s p o n s e  and  p r e c i p i t a t i o n  development of t h i s  c l a s s  of f e r r i t i c  a l l o y s  t o  FFTF n e u t r o n  
i r r a d i a t i o n  a t  e l e v a t e d  t e m p e r a t u r e s .  The comparison of m i c r o s t r u c t u r e s  and phases  p r e c i p i t a t i n g  b e f o r e  
and d u r i n g  i r r a d i a t i o n  is p r e s e n t e d  i n  t h i s  paper .  

7.9.4.2 Specimen P r e p a r a t i o n  and Exper imen ta l  P r o c e d u r e s  

The a l l o y  i n v e s t i g a t e d  was r e m e l t e d  from a commercial grade HT-9 s t e e l  i n  a vacuum i n d u c t i o n  f u r n a c e  
a t  G A  Techno log ies  I n c .  as a p a r t  Of a n o t h e r  exper iment  i n  t h e  P a t h  E of t h e  Al loy  Development f a r  
I r r a d i a t i o n  Performance program t o  be used as  a c o n t r o l  i n  i r r a d i a t i o n s  w i t h  o t h e r  developmental  a l l o y s .  
The commercial w a d e  HT-9 s t e e l  was purchased from C a r p e n t e r  Technology I n c .  Chemical c o r n p s i t i o n  of 
t h i s  r e m e l t e d  a l l o y  is  g i v e n  i n  Tab le  7.9.1. f a l l i n g  w e l l  w i t h i n  t h e  commercial w a d e  of HT-9 s t e e l  
e x c e p t  t h e  ca rbon  c o n t e n t  which i s  nomina l ly  0.20%. The remelted h e a t  was ho t  r o l l e d  t o  0 .25 mm t h i c k  
s h e e t  and a i r  c o o l e d .  
a t  700°C f o r  one hour .  
tempered l a t h  m a r t e n s i t e  was o b t a i n e d  a f t e r  t h i s  h e a t  t r e a t m e n t .  

0 
The r o l l e d  s h e e t  was h e a t  t r e a t e d  one  hour a t  1000 C ,  wa te r  quenched a n d  tempered 

D i s k  specimens 3 mm i n  d i amete r  were  punched from t h e  t h i n  s h e e t .  A f u l l y  
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Table 7.9.1. Chemical composition of Fe-12ICr s t e e l  inves t igated  - 
C r  MO C Mn si N i  W V S P 

11.92 0.90 0.15 0.50 0.33 0.47 0.44 0.30 0.033 0.012 

3 mm d isks  were engraved and loaded i n  the  MOTA-1C fo r  I r r a d i a t i o n  $9 FFTF:, I r r ad ia t ions  were 
n/cm (E>O. I  Mev). The conducted a t  temperatures of 365OC - 6OO0C with f luences up t o  7.32 x I O  

i r r a d i a t i o n  condit ions are l i s t e d  i n  Table 7.9.2. 

Table 7.9.2. The i r r a d i a t l o n  condit ions of the  s t e e l  inves t igated  
Specimen I r r a d i a t i o n  Neutron Disolacement 
I D  I Temperature Fluen$$ .* Damage Level 

Kx09 365°C 3.03 x 10;; n/cm; 11.3 dpa 
K109 420% 7.27 x lo-- n/cm- 33.5 doa 

LL L K409 52OoC 7.32 x n/cm2 %.E dim 
K609 6OO0C 7.32 x 10 n/cm 33.8 dpa 

Both TEM f o i l s  and carbon ext rac t ion r ep l i cas  were prepared f o r  each specimen. The carblde 
ext rac t ion technique involved e l e c t r o l y t i c  etching i n  10% HC1-90% methanol ( for  1 sec a t  ZV), followed by 
carbon coating and e l e c t r o l y t i c  s t r i p p i n g  of the  carbon fi lm. Thin f o i l s  were prepared remotely i n  a hot 
c e l l  using a twin- je t  e lec t ropol isher  with a e l e c t r o l y t e  of 5% perchlor ic  ac id  and 95% butylalcohol 
Operating a t  9OV, 250-300 mA and moderate pump speed. 
scanning transmission e l ec t ron  microscope equipped with standard and ultrathln-window KEVEX X-ray 
microanalysis detec tors  operating a t  12OKv. For quant i ta t ive  energy dispers ive  X-ray (EDX) 
microanalysis, t h e  in tegra ted  counts i n  one X-ray peak  fo r  each element t o  be analyzed a r e  multiplied by 
t h e  experimentally determined correc t ion r a t i o s  (K-factors) and were a l s o  normalized t o  weight percent 
concentration. A d i g i t a l  f i l t e r  method provided the  peak in t eg ra t ion  above background, and correc t ion 
was made for  overlapping Ka and K X-ray peaks fo r  elements having adjacent atomic numbers. 
t h e  elements A I ,  S i ,  T i ,  V ,  C r ,  MI?, Fe, N i ,  Mo, and W are rou t ine ly  analyzed. 

7.9.4.3 

The specimens were examined using a JEM 1200EX 

In t h i s  way 

Pre i r r ad ia t ion  microstructure 

Figure 7.9.1 shows TEM micrographs of the Ye-12% C r  mar t ens i t i c  s teel  prlor t o  i r r a d i a t i o n .  The 
StPUCtWe was essent ia l ly  a l l  tempered l a t h  mar tens i te  with l e s s  than 2% d e l t a  f e r r i t e .  The tempered 
martensite network was decorated with plate- like and rod- like carbide p rec ip i t a t e s  along t h e  p r i o r  
aus t en i t e  gra in  boundaries and mar tens i t ic  l a t h  boundaries indicat ing t h a t  re ta ined austenite was present 
POllOwing the  water quench. The weight percent of p rec ip i t a t e s  i n  t h e  tempered condit ion was not 
measured, but based on comparisons t o  previous work by t h e  authors,  was estimated t o  be about 3.2%. The 
Prec ip i t a t e s  were i d e n t i f i e d  i n  the  STEM using se l ec ted  a rea  d i f f r a c t i o n  and X-ray microanalysis. The 
EDX r e s u l t s  and the  dark f i e l d  d i f f r a c t i o n  image of Figure 7.9.lb ind ica te  t h a t  the  carbide precipitates 
a re  i n  t h e  form of chromium-rich M C carbides.  The part icle  s i z e s  range from 50 nm t o  400 nm and t h e  
average p a r t i c l e  s ize is about l lBn6, .  
i r r egu la r  subgrains within the  martensite l a t h s .  The standard heat  treatment f o r  HT-9 recommends a 
higher tempering temperature (760OC) but because t h i s  s t e e l  was incorporated as a comparison Por o ther  
a l loys  i n  t h e  MOTA experiment and therefore  was given a lower temperature temper, a higher d i s loca t ion  
densi ty  r e su l t ed .  The dislocation density would decrease somewhat a t  higher tempering temperatures and 
produce more r egu la r  subgrains. 

The diSlocationS are ordered i n  such a way as t o  produce 

I r  - ' r adia ted  Microstructure; s 
TEM micrographs of the  s t ructure a f t e r  i r r a d i a t i o n  a t  365°C to  a dose of 1 1  dpa (Kx09) are shown i n  

Figure 7.9.2. Dislocation loops were observed within t h e  mar tens i te  l a t h s  and small p rec ip i t a t e s  were 
evident.  By t i l t i n g  t h e  Pol l  and imaging with one oP the p r e c i p i t a t e  d i f f r a c t i o n  spo t s ,  t h e  phase could 
be se l ec t ive ly  i l luminated as seen i n  Figure 7.9.2b. This may be t h e  Ni-Si r i ch  G-phase which was 
reported e a r l i e r  based ort2t'$e, d i f f r a c t i o n  c h a r a c t e r i s t i c s  and morphology of G-phase observed i n  
i r r a d i a t e d  commercial HT-9 ' . No evidence of vold swell ing was observed i n  t h i s  specimen. 

Following i r r a d i a t i o n  at 42OoC t o  a dose of 34 dpa (K109). a few small cavities were found as  no 
i n  Figure 7.9.3 ( see  arrows). These small c a v i t i e s  were non-uniformly d i s t r ibu ted  within tempered 
martensite l a t h s .  The c a v i t i e s  a re  approximately 5 t o  20 nm i n  diameter and the  accumulated swel l ing  
not  measured but estimated t o  be much l e s s  than 0.01 5 .  No preference of c a v i t i e s  fo r  l a t h  boundarit 
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precipi ta tes  (10-15 nm) were observed and a d i f f r a c t i o n  ana lys i s  Suggests the presence of both 
chromium-rich a' and G-phase. I r r ad ia t ion  Induced d i s loca t ion  loops and  tangles  were a l so  observed In  
t h e  specimen. 
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The r e s u l t i n g  microstructure of tempered mar tens i te  a f t e r  i r r a d i a t i o n  at 52OoC with 34 dpa (K409) is 
shown i n  Figure 7.9.4 a t  a pr ior  aus ten i t e /de l t a  f e r r i t e  grain boundary node. The recovered d i s loca t ions  
and subgrain St ructure  were seen within martensite l a t h s  and a not iceable  p a r t i c l e  coarsening along l a t h  
and gra in  boundaries was observed. No evidence of c a v i t i e s  was found ei ther  i n  mar tens i te  or d e l t a  
f e r r i t e .  The f e r r i t e  region contained a heavy d i s t r i b u t i o n  of blocky p rec ip i t a t e  p a r t i c l e s  and a lower 
d is locat ion densi ty  than  t h e  martensite. The gra in  boundary separa t ing these  region is decorated with 
p rec ip i t a t ion  and the re  i s  zone denuded of the  p rec ip i t a t ion  adjacent i n  the  f e r r i t e .  These blocky 
p rec ip i t a t e s  were formed during i r r a d i a t i o n  at temperature of 52OoC. The SAD ana lys i s  of these  bloc@ 
prec ip i t a t e s ,  based on t h e  previous inves t igat ion,  is Iden t i f i ed  as in t e rme ta l l i c  Chi phase and is 
confirmed by EDX. 

Figure 7.9.5 shows the  microstructure following i r r a d i a t i o n  a t  600°C t o  34 dpa. The microstructure 
is a f u l l y  tempered mar tens i te  and no c a v i t i e s  were evident. The dis locat ion densi ty  within t h e  
martensite l a t h s  was lower and subgrain structures were well formed, and elongate$ rod- like and 
pla te- l ike  p rec ip i t a t e s  were observed, similar t o  those found a f t e r  i r r a d i a t i o n  a t  520 C. The mar tens i te  
l a t h s  have coarsened due t o  t h e  high i r r a d i a t i o n  temperature, but pinning by p rec ip i t a t e s  has slowed the  
r e c r y s t a l l i z a t i o n  process as is seen i n  Figure 7.9.5(b) (arrow). 

Figure 7.9.6 shows TEM micrographs of the ex t rac t ion  r ep l i cas  for each i r r a d i a t i o n  condition. Most 
of these  p rec ip i t a t e s  have rod- like and pla te- l ike  shapes, and small precipitates appear equiaxed. The 
particle dens i t i e s  and p a r t i c l e  s i z e s  increase with increasing I r r a d i a t i o n  temperature indicat ing Oswald 
r ipening has occurred and t h a t  other phases have p rec ig i t a t ed  durJng i r r a d i a t i o n .  
sizes fo r  i r r a d i a t i o n  temperatures of 365OC. 420°C, 520 C.  and 600 C a r e  150 nm, 160 nm. 115 nm, and 190 
nm, respect ively .  The p a r t i c l e  s i z e  Increases with increasing i r r a d i a t i o n  temperature. The ex t rac ted  
precipitates were analyzed using energy-dispersive X-ray microanalysis i n  STEM mode and t h e  r e s u l t s  are 
l i s t e d  i n  Table 7.9.3 along with the  number of particles se l ec ted  for  ana lys i s  i n  each specimen. The 
phase i d e n t i f i c a t i o n  for  these  p rec ip i t a t e s  a r e  only qua l i t a t ive .  

The mean p a r t i c l e  

Table 7.9.3. x- ray Microanalysis Results of P rec ip i t a t e s  Extracted from the  I r r ad ia t ed  Fe-12% C r  
Martens i t ic  S t a i n l e s s  S t e e l  

Sample Weight Percentage (wtb) Nominal 

I D  I Fe C r  MO W Y  S i  N i  Mn Composition 
Control 
Specimen 25-29 57-62 6-11 0-4 0-2 0-2 - - C201a M23c6 
~. 

KxUY 

K109 25-27 57-68 6-8 0-13 0-1 0-1.5 0-5 - [ l o  
(420OC) 20-24 55-56 6-7 - 0-1 3-5 11-12 - [*I1 G+M C 

(52OOC) 38-44 44-45 9-12 0-2 0-1 0-1 0-2 - r23 Chigd C6 

- C151 M23C6 K609 17-23 64-16 8 - 1 1  0-5 0-1 0-2 

(365OC) 28-31 60-12 0-9 0-5 0-1 - - - [ l o l a  M23C6 

0-1 99-100 - - - - - - [31 2 p  
K409 29-32 56-63 0-1.0 0-6 - 0-1. - 0-1 C3 

59-65 24-28 6-11 3-8 - - 0-1 - C131 C i ?  

(60O0C) 22-34 48-56 12-18 6-8 0-1 - - - [31 Chi+M,,C, 

M23C6 

'6 

- 

... 
39-50 16-33 11-23 9-14 0-1 - 0-1 - f 6 i  Chi 

Numbers i n  brackets ind ica te  the  number of pa r t i c l e s  analyzed. a 

M C carbides were commonly observed for each specimen. The other  second-phases formed during 
i r radi$?ign were t e n t a t i v e l y  iden t i f i ed  as chromium-rich a', Fe-Cr-Mo-W in te rme ta l l i c  Chi phase and tbe 
nickel4s i l icon r i c h  G-phase. The in t e rme ta l l i c  Chi phase was obsecved i n  specimens i r r a d i a t e d  a t  520 C 
and then mostly i n  d e l t a  f e r r i t e  region. but was a l s o  found a t  600 C i n  t h e  martensite. The Chi phase 
which formed i n  t h e  mar tens i te  contained higher Mo and W concentrations than t h a t  formed i n  t h e  f e r r i t e  
region. 
an uniform d i s t r i b u t i o n  of a f i n e  p rec ip i t a t e  (-10 nm) was observed i n  t h e  carbon fi lm. These f i n e  
p rec ip i t a t e s  were too small t o  be i d e n t i f i e d  using X-ray microanalysis and they a r e  l i k e l y  t o  be a' 
phase. 

I. 9.4.4 Discussion 

The observation of Chi phase i n  t h i s  inves t igat ion is i n  agreeme%t with t h e  observat&y of Gelles 
and Thomas who reported Chi phase i n  HT-9 a f t e r  i r r a d i a t i o n  ato455 , 480'. and 54OoC 
p rec ip i t a t ion  of G-phase was found i n  speclmegs i r r a g i a t e d  a t  3605 & y)d 420°C, consis tent  with PreViOuS 
r e s u l t s  on HT-9 following i r r a d i a t i o n  at 300 C ,  400 C .  and 425 C ' . No evidence of G-phase w a s  
observed a f t e r  I r r ad ia t ion  a t  highe; temperatures. 
lower i r r a d i a t i o n  temperatures(t450 C ) .  

In terms of p a r t i c l e  s i z e ,  Chi phase is l a rge r  than a' and G phases. In specimen K109 a t  420°C, 

. The 

This indicates  t h a t  G-phase is l i k e l y  t o  form only  a t  
The chromium-rich a' phase precipi ta ted  i n  specimens i r r a d i a t e d  
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~ --l___.x _ _ _  ..m - - -. 
g = 110 NEAR 111 

Figure 7.9.4. TEM micrographs of 12% Cr martensitic s t e e l  irradiated a t  52OoC t o  34 dpa, ( a )  a t  node 
of martensite and del ta  f e r r i t e ,  (b) dis locat ion contrast a t  g-110 near 111, and 
( c )  g-110 i n  delta  f e r r i t e .  
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g = 110 IN DELTA FERRITE 

( C )  

Figure 7 . 9 . 4  (Continued) ( c )  g = 110 in .  del ta  f e r r i t e  
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~ ~~~~~~~~~~~~~~ 

OISLOCATION CONTRAST AT g = 110 NEAR 001 (b ) 

Figure 7.9.5. TEM micrographs of 12% C r  martensitic s t e e l  irradiated a t  600°C t o  34 dpa, ( a )  bright 
f i e l d  image, and (b) with dislocation contrast a t  g-110 near 001 (arrow shows "pinned" 
subgrain). 
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1 . 

Figure 7.9.6. TEM micrographs of extraction replicas of irradiated 12% Cr martensitic steel, (a) at 
365OC to 1 1  dpa,  (b) at 420°C to 34 dpa, (c) at 52OoC to 34 dpa, (d) at 600°C to 34 dpa,  
and (e) high magnification of fine precipitates in the carbon film Of ( b ) .  
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a t  t e m p e r a t u r e s  of 42O0C-6OO0C, c o n s i s t e n t  w i t h  p r e v i o u s  r e s u l t s C 7 ' .  The p r e c i p i t a t i o n  of G 2 h a s e  was 
observed i n  t h i n  f o i l s  but  no t  i n  t h e  e x t r a c t i o n  r e p l i c a  of Kx09 specimen i r r a d i a t e d  a t  365 C and 
phase  was s e e n  i n  t h e  t h i n  f o i l  but  n o t  i n  t h e  e x t r a c t i o n  r e p l i c a  of K409 specimen i r r a d i a t e d  a t  52OOC. 
T h i s  d i s c r e p a n c y  can be a t t r i b u t e d  t o  t h e  d l f f i c u l t y  o f  e l e c t r o l y t i c  e x t r a c t i o n  of f i n e  p r e c i p i t a t e s  and 
due  t o  a r e a- t o- a r e a  v a r i a t i o n .  Based on t h e  TEM mic rograph ic  o b s e r v a t i o n s ,  SAD c h a r a c t e r i s t i c s  and X-ray 
m i c r o a n a l y a i s ,  t h e  phases  obse rved  as a f u n c t i o n  of t h e  i r r a d i a t i o n  t e m p e r a t u r e  can be p l o t t e d  on a 
q u a l i t a t i v e  basis i n  F i g u r e  7.9.7. The a t of Chi phase  appea red  t o  be h i g h e r  i n  t h i s  s t e e l  t h a n  In 
commercial HT-9 f o l l o w i n g  HFIR i r r ad ia t ionw.  T h i s  is p r o b a b l y  because  t h a t  0.15% c a r b o n  i n  t h i s  s t e e l  
is n o t  s u f f i c i e n t  t o  bind t h e  C r  and MO as c a r b i d e s  l e a v i n g  them f r e e  t o  p r e c i p i t a t e  as i n t e r m e t a l l i c  C h i  
phase .  The amount of t h e  Chi phase  would have been s u b s t a n t i a l l y  lower  i f  t h e  ca rbon  c o n t e n t  of t h i s  
s t e e l  was 0.2% as i n  commercial HT-9. T h i s  i s  impor tan t  t o  n o t e  because t h e  i r r a d i a t i o n - i n d u c e d  
p r e c i p i t a t i o n  of a', G, ae$,Chi phases  may be the  C u l p r i t s  i n  i n c r e a s i n g  s t r e n g t h s  a n d  i n  degrad ing  
f r a c t u r e  toughness i n  HT-9 . 
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F i g u r e  7 .9 .7 .  
Phases  obse rved  a s  a f u n c t i o n  of i r r a d i a t i o n  
t e m p e r a t u r e  fo r  1 2 %  m a r t e n s i t i c  s t e e l .  
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I r r a d i a t i o n  induced d i s l o c a t i o n  loops were  s e e n  i n  spec imens  i r r a d i a t e d  a t  365-420°c. A t  
t e m p e r a t u r e s  above 5OO0C, d i s l o c a t i o n  and s u b g r a i n  s t r u c t u r e s  w i t h i n  t h e  m a r t e n s l t e  l a t h s  had PeCOVePed 
i n t o  a c e l l  s t r u c t u r e  c h a r a c t e r i s t i c  of ove r  tempered m a r t e n s i t e .  The p r e s e n t  r e s u l t s  ( a l s o  s e e  F i g u r e  
7 .9 .7 )  s u g g e s t  t h a t  lower  i r r a d i a t i o n  t e m p e r a t u r e s  f a v o r  t h e  f o r m a t l o n  of f i n e r  p r e c i p i t a t e s  (G-phase) 
and d i s l o c a t i o n  loops. 

r e a c t o r  have been r e p o r t e d  p r e v i o u s l y .  G e l l e s  and Thomas '''''e r e p o r t e d  t h a t  no ev idence  of i r r a d i a t i o n  
induced c a v i t i e s  was found i n  i r r a d i a t e d  12Cr-lMoVW s t e e l  a t  40Oo-55O0C t o  a f l u e n c e  of 67 d p  ( E >  0 .1  
MeV). A t  84 d p a ,  c a v i t i e 3  Were found o n l y  i n  spec imens  O f  1 2  0 s t e e l  i w a d i a t e d  a t  425 C and no 
vo ids  were found a t  h i g h e r  t e m p e r a t u r e s .  
Cr-1Mo s t e e l  f o l l o w i n g  i r r a d i a t i o n  t o  -23 dpa a t  380°-6150C. 
i n c r e a s e d  amount of hel ium produced d u r i n g  HFIR i r r a d i a t i o n s  enhanced t h e  f o r m a t i o n  o f  c a v i t i e s  i 
i n  t h e  t e m p e r a t u r e  r a n g e  of 300 -600 C and a maximum c a v i t y  d e n s i t y  was n o t e d  a t  400°C. G e l l e s  
corn a r e d  m i c r o s t r u c t u r e s  of HT-9 i r r a d i a t e d  I n  HFIR t o  39 dpa a t  300'-600°C and i n  E R R- I 1  t o  29 dpa a t  
390 and 500'C and r e p o r t e d  t h a t  i r r a d i a t i o n  i n  HFIR promoted hel ium bubb le  f o r m a t i o n  a t  a l l  
t e m p e r a t u r e s ,  and some c a v i t y  f o r m a t i o n  a t  4OO0C, whereas no c a v i t i e s  were found i n  specimens i r r a d i a t e d  
i n  E R R- 1 1 .  The s t u d i e s  u s e d  t h e  same h e a t  of HT-9, S O  t h e  s w e l l i n g  d i f f e r e n c e  was a t t r i b u t e d  t o  hel ium 
g e n e r a t i o n  and h e a t- t o- h e a t  v a r i a t i o n s  cou ld  be r u l e d  o u t .  The c o n c l u s i o n s  of p r e v i o u s  i n v e s t i g a t i o n s  on 
12 Cr-1MoVW s t e e l s  can be summarized a s :  ( 1 )  t h e  o n s e t  Of c a v i t y  f o r m a t i o n  i s  promoted by i n c r e a s e d  
hel ium g e n e r a t i o n ;  ( 2 )  c a v i t i e s  can be formed i n  a f a s t- s p e c t r u m  r e a c t o r  a t  h igh  enough f l u e n c e  l e v e l  

S e v e r a l  s t u d i e s  on 12 Cr-1Mo s t e e l s  i r r a d i a t e d  i n  - - ec t rum r e a c t o r s  and a mixed- spectrum 

L i t t l e  and coworkers  '';'' d i d  n o t  f i n  n y  c a v i t i e s  i n  t h e  12 
V i t e k  and KluehP6' r e p o r t e d  t h a t  t h e  

w - 9  0 0  

8 
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(-84 d p a )  whereas i n  HFIR i r r a d i a t i o n s  v o i d s  can form a t  lower damage levels (-35 d p a )  i n  s t e e l  Which do 
no t  swell; and ( 3 )  peak v o i d  s w e l l i n g  is i n  t h e  t e m p e r a t u r e  r a n g e  of 400°-4250C. I n  a l l  c a s e s  t h e  c a v i t y  
development was t y p i c a l  of t h e  s w e l l i n g  i n c u b a t i o n  regime and no s i g n i f i c a n t  amount of vo id  s w e l l i n g  h a s  
been measured. 

f o l l o w i n g  FFTF i r r a d i a t i o n  a t  42doC w i t h  a dose  o f  34 dpa .  
specimens i r r a d i a t e d  a t  365OC ( - l l d p a ) ,  5Zflf4j34 d p a ) ,  and 6OO0C (34  d p a ) .  
g e n e r a l l y  i n  agreement w i t h  p r e v i o u s  da t a  , and have n o t  been r e p o r t e d  For FFTF i r r a d i a t i o n s .  The 
p r e s e n t  r e s u l t s  Show t h a t  C a v i t i e s  are formed a t  modest f l u e n c e  l e v e l s  ( -34 d p a )  w i t h o u t  the  p roduc t ion  
of s i g n i f i c a n t  amounts of hel ium as compared t o  H F I R .  The p o s s i b i l i t y  of c a v i t y  f o r m a t i o n  i n  Specimen 
Kx09 a t  t h e  lower t e m p e r a t u r e  of  365OC w i t h  a f l u e n c e  much h i g h e r  t h a n  1 1  dpa can no t  be r u l e d  o u t  and 
d e s e r v e s  f u r t h e r  i n v e s t i g a t i o n .  As p r e v i o u s l y  r e p o r t e d ,  d e l t a  f e r r i t e  i s  more s u s c e p t i b l e  t o  t h e  c a v i t y  
f o r m a t i o n ,  bu t  i n  t h i a  i n v e s t i g a t i o n  no C a v i t i e s  were found a t  52OoC i n  t h e  small amount of f e r r i t e  i n  
t h i s  a l l o y .  A t  t e m p e r a t u r e s  above 5OO0C, t h e  o n s e t  of c a v i t y  f o r m a t i o n  is  l i k e l y  t o  be i 
the rmal  mechanisms. a l t h o u g h  hel ium g e n e r a t i o n  was found t o  have promoted bubb le  f o r m a t i o n  

0 absence of v o i d s  a t  t e m p e r a t u r e s  above 500 C may a l s o  be due t o  low hel ium produc t ion .  

I n  the  p r e s e n t  i n v e s t i g a t i o n  i r r a d i a t i o n - i n d u c e d  C a v i t i e s  were ObSePVed o n l y  fa r  K1C9 specimens 
No ev idence  of c a v i t i e s  was found f o r  

The e x p e r i m e n t a l  r e s u l t s  a r e  

t e d  by 

F e r r i t i c  a l l o y s  are  known t o  e x h i b i t  r emarkab le  r e s i s t a n c e  t o  s w e l l i n g  p r o b a b l y  due t o  t h e  i n h e r e n t  
r e s i s t a n c e  l en t  by t h e  body- centered c u b i c  s t r u c t u r e  as well as d i s l o c a t i o n  and p r e c i p i t a t i o n  e f f e c t s .  
I t  was proposed t h a t  ty w e l l i n g  r e s i s t a n c e  of HT-9 r e l a t i v e  t o  f e r r i t i c s  a r i s e s  from G-phase 
p r e c i p i t a t i o n  i n - r e a c t o r  '? I n  t h e  p r e s e n t  d a t a ,  t h e  K109 specimens c o n t a i n  G-phase and  c a v i t i e s ;  
t h e r e f o r e  t h e  s w e l l i n g  r e s i s t a n c e  does  no t  s imply  a r i s e  from t h e  p resence  of G-phase bu t  may be 
i n f l u e n c e d  by Othe r  p r e c i p l t a t e s ,  d i s l o c a t i o n  i n t e r a c t i o n  and d i s l o c a t i o n  d e n s i t y  r emnen t s  from t h e  
m a r t e n s i t e  t r a n s f o r m a t i o n .  he o n s e t  of c a v i t y  f o r m a t i o n  is  enhanced by 
hel ium g e n e r a t i o n  ( h e l i u m- a s s i s t e d  c a v i t y  f o r m a t i o n )  The p r e s e n t  r e s u l t s  i n d i c a t e  t h a t  c a v i t i e s  
can be formed wi thou t  t h e  p r o d u c t i o n  of s i g n i f i c a n t  amounts of he l ium,  s u g g e s t i n g  t h a t  t h e  o n s e t  of 
c a v i t y  f o r m a t i o n  i s  not  s imply  d u e  t o  hel ium g e n e r a t i o n  bu t  rather t o  a more complex f q p n i s m .  I n  a 
f u s i o n  r e a c t o r  spec t rum t h e  hel ium c o n t e n t  would be on t h e  o r d e r  of 150 ppm a t  1 1  dpa . T h e r e f o r e ,  
vo id  s w e l l i n g  i n  a f u s i o n  r e a c t o r  may be n o t i c e a b l y  i n c r e a s e d  Over f i s s i o n  spec t rum d a t a .  

I t  has  been s u g g e s t e d  tBt 
'7'. 

7.9.5 Conc lus ions  

The m i c r o s t r u c t u r e  Of r e m e l t e d  128Cr m a r t e n s l t i c  s t e e l  f o l l o w i n g  FFTF i r r a d i a t i o n  has  been 
c h a r a c t e r i z e d .  S e v e r a l  c o n c l u s i o n s  can be drawn from t h e  p r e s e n t  i n v e s t i g a t i o n .  

( 1 )  Fol lowing i r r a d i a t i o n  i n  FFTF, i r r a d i a t i o n- i n d u c e d  v o i d s  were e v i d e n t  o n l y  a t  420°C a t  a dose  
of 34  d p a ,  c o n s i s t e n t  w i t h  t h e  p r e v i o u s  o b s e r v a t i o n s .  The p r e s e n t  r e s u l t s  i n d i c a t e  t h a t  c a v i t i e s  
can form a t  a modest f l u e n c e  l e v e l  even w i t h o u t  hel ium p r o d u c t i o n .  

( 2 )  The o t h e r  phases  formed d u r i n g  i r r a d i a t i o n  e x p e r i m e n t s  were  t e n t a t i v e l y  i d e n t i f i e d  as 
chromium- rich a,, G-phase. and t h e  i n t e r m e t a l l i c  Fe-Cr-Ma Chi phase  and t h e i r  phase  s t a b i l i t y  
is  mainly  a f u n c t i o n  of t e m p e r a t u r e .  

(3 )  The p r e s e n t  r e s u l t s  s u g g e s t  t h a t  lower  i r r a d i a t i o n  t e m p e r a t u r e s  f a v o r  t h e  f o r m a t i o n  of f i n e r  
p r e c i p i t a t e s  (G-phase) and d i s l o c a t i o n  l o o p s .  
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8 .1  

8.1.1 ADIP Task 

HYDROGEN EMBRITTLEMENT IN GLIDCOP A l - 2 0  COPPER ALLOY - S .  J .  Z i n k l e  (Oak R idge  N a t i o n a l  L a b o r a t o r y )  

N o t  i n c l u d e d  i n  c u r r e n t  ADIP t a s k  s t r u c t u r e  

8.1.2 O b j e c t i v e  

The o b j e c t i v e  o f  t h i s  s t u d y  i s  t o  d e t e r m i n e  t h e  cause o f  s u r f a c e  b l i s t e r i n g  t h a t  has been obse rved  i n  
t h e  Magne t i c  F u s i o n  Energy  (MFE) h e a t  o f  t h e  A1-20 a l l o y  f o l l o w i n g  h i g h- t e m p e r a t u r e  a n n e a l i n g .  

8.1.3 SummarV 

The MFE h e a t  o f  t h e  A1-20 d i s p e r s i o n - s t r e n g t h e n e d  copper  a l l o y  becomes e m b r i t t l e d  when annea led i n  

The MFE h e a t  o f  A l -20  i s  t h e r e f o r e  s u b j e c t  t o  s w e l l i n g  and hydrogen 

vacuum a t  t e m p e r a t u r e s  g r e a t e r  t h a n  4OO0C. 
t a i n s  a s i g n i f i c a n t  amount o f  hyd rogen .  
an a t t e m p t  t o  d e o x i d i z e  t h e  a l l o y .  
e m b r i t t l e m e n t  e f f e c t s  a t  e l e v a t e d  t e m p e r a t u r e s  even when t e s t e d  i n  a h y d r o g e n- f r e e  env i ronmen t .  

8.1.4  Proq ress  and S t a t u s  

A chemica l  a n a l y s i s  o f  t h i s  h e a t  has found  t h a t  t h e  a l l o y  con-  
The hydrogen was a p p a r e n t l y  i n t r o d u c e d  by t h e  manu fac tu re r  d u r i n g  

8 .1 .4 .1  I n t r o d u c t i o n  

Recent  n e u t r o n  and i o n  i r r a d i a t i o n  s t u d i e s  have shown t h a t  a s e r i e s  o f  d i s p e r s i o n - s t r e n g t h e n e d  coppe r  
T h i s  f a m i l y  o f  a l l o y s  produced b y  SCM M e t a l  P r o d u c t s  e x h i b i t  f a v o r a b l e  r a d i a t i o n - r e s i s t a n t  p r o p e r t i e s . ' - 3  

a l l o y s  a c h i e v e s  a good c o m b i n a t i o n  o f  h i g h  s t r e n g t h  ( a  
(ue > 80% IACS) b y  c r e a t i n g  a f i n e  d i s p e r s i o n  o f  r-A128, p a r t i c l e s  i n  t h e  coppe r  m a t r i x .  I n  o r d e r  t o  
e s t a b l i s h  a common a l l o y  l o t  f o r  f u s i o n  m a t e r i a l s  r e s e a r c h ,  H. R .  B r a g e r  (HEDL) r e c e n t l y  pu rchased  a 5 0 - l b  
h e a t  o f  t h e  GLIDCOP A1-20 a l l o y  (0 .20  w t  % A1 i n  t h e  form o f  *-Al to,  p a r t i c l e s ) .  T h i s  m a t e r i a l  (SCM M e t a l s ,  
l o t  No. 04506803, f r o m  p r o d u c t  No. C3571) was t e n t a t i v e l y  adopted as  t h e  MFE r e f e r e n c e  h e a t  by t h e  a t t e n d e e s  
o f  an ADIP workshop on r a d i a t i o n  e f f e c t s  i n  coppe r  a l l o y s  h e l d  a t  ORNL on O c t o b e r  3 ,  1985. 
f r o m  t h i s  h e a t  a r e  c u r r e n t l y  b e i n g  i r r a d i a t e d  i n  t h e  FFTF r e a c t o r ,  bu t  no r e s u l t s  a r e  a v a i l a b l e  a t  t h i s  
t i m e .  

A sma l l  p o r t i o n  o f  t h e  A1-20 MFE h e a t  was t r a n s f e r r e d  t o  ORNL i n  Oc tobe r  1985 f o r  c h a r a c t e r i z a t i o n  and 
Ton i r r a d i a t i o n  s t u d i e s .  
b l i s t e r s  t h a t  were s e v e r a l  m i l l i m e t e r s  l o n g  were obse rved  i n  t h i s  m a t e r i a l  f o l l o w i n g  a s t r e s s - r e l i e f  annea l  
i n  vacuum a t  850OC f o r  0 .5 h .  T h i s  e f f e c t  i s  commonly obse rved  d u r i n g  a n n e a l i n g  o f  m e t a l s  w h i c h  c o n t a i n  
w a t e r  vapo r  ( " hyd rogen  i l l n e s s " )  and i s  o b v i o u s l y  u n d e s i r a b l e .  
s i g n i f i c a n t  c o n c e n t r a t i o n  o f  hydrogen was p r e s e n t  i n  t h e  a l l o y ,  and a l s o  t o  d e t e r m i n e  t h e  e f f e c t s  o f  t h e  
r e s i d u a l  hydrogen on t h e  a l l o y ' s  mechan ica l  p r o p e r t i e s .  

8 . 1 . 4 . 2  Resu'its 

> 500 MPa) and h i g h  e l e c t r i c a l  c o n d u c t i v i t y  

Some specimens 

The m a t e r i a l  was i n  shee t  f o r m  w i t h  a t h i c k n e s s  o f  92 m i l s  ( 2 . 3  mm).  Sur face 

A s t u d y  was i n i t i a t e d  t o  d e t e r m i n e  if a 

D e t a i l e d  chemica l  a n a l y s e s  were per formed on s e v e r a l  o f  t h e  A1-20 f o i l s  ( T a b l e  8.1.1).  The specimens 
w e r e  f i r s t  m e c h a n i c a l l y  g r o u n d  and then  p o l i s h e d  t o  a m i r r o r  f i n i s h  w i t h  a f i n a l  f o i l  t h i c k n e s s  o f  78 m i l s  
(-2 mm).  
chromography) .  
f o r  t h e  copper  m a t r i x  (1083OC) and be low  t h e  m e l t i n g  
t e m p e r a t u r e  o f  A1,0, ( 2 0 1 5 O C )  so t h a t  o n l y  t h e  m a t r i x  

The m a t r i x  oxygen and hydrogen c o n c e n t r a t i o n s  were de te rm ined  u s i n g  h i g h  vacuum f u s i o n  (gas  
The t e m p e r a t u r e  f o r  t h e  vacuum f u s i o n  measurements (1800°C) was w e l l  above t h e  m e l t i n g  p o i n t  

gas c o n c e n t r a t i o n s  were measured. A second A1-20 
specimen was d i s s o l v e d  i n  a -6 normal s o l u t i o n  o f  
n i t r i c  a c i d  and t h e  d i s s o l v e d  coppe r  was removed f r o m  
t h e  s o l u t i o n  and weighed u s i n g  e l e c t r o c h e m i c a l  g r a v i -  
m e t r y .  The r e m a i n i n g  s o l u t i o n  was f i l t e r e d  t o  remove 
t h e  i n s o l u b l e  r e s i d u e  and t h e n  a n a l y z e d  u s i n g  i n d u c-  
t i v e l y  c o u p l e d  plasma s p e c t r o s c o p y  ( I C P ) .  The i n s o -  
l u b l e  r e s i d u e  from f i l t e r i n g  was weighed and a n a l y z e d  
u s i n g  energy  d i s p e r s i v e  x- ray  spec t roscopy  ( E O S ) .  It 
was de te rm ined  t o  b e  A1,0, w i t h  t r a c e  amounts o f  
coppe r .  

I t  i s  l i k e l y  t h a t  p a r t i a l  d i s s o l u t i o n  o f  t h e  
7-A1203 p a r t i c l e s  o c c u r r e d  i n  t h e  6 N n i t r i c  a c i d  
s o l u t i o n ,  as e v i d e n c e d  by t h e  h i g h  A1 c o n c e n t r a t i o n  
i n  t h e  I C P  measurements.  If a l l  o f  t h e  A1 d e t e c t e d  
i n  t h e  I C P  measurements i s  due t o  d i s s o l v e d  Y - A l A ,  
t h e n  t h e  t o t a l  i n i t i a l  A1,0, c o n c e n t r a t i o n  i n  t h e  MFE 
A1-20 hea t  w o u l d  be 0.316% ( r e s i d u e )  + 0.162% 
( d i s s o l v e d )  = 0.478% A1,0,. 
a luminum c o n c e n t r a t i o n  o f  0.253% A l ,  w h i c h  i s  
somewhat l a r g e r  t h a n  expec ted  f o r  A1-20. 

T h i s  co r responds  t o  an 

T a b l e  8.1.1. Measured chemica l  c o m p o s i t i o n  o f  

w e i g h t  p a r t s  p e r  m i l l i o n  excep t  where n o t e d  
GLIDCOP A1-20 coppe r  a l l o y  (MFE h e a t )  i n  

H ( m a t r i x )  6 Cu-grav. 99.44% 
0 ( m a t r i x )  404 I n s o l u b l e  r e s i d u e  0.332% 

(0.316% A1,0, + 160 ppm Cu) 

Ag <1.9 Cu 63 P 32 
A1 860 Fe 100 Pb (7 .6  
As <3.8 Ga i l l  Sb (7.6 
B 23 H f  <1.5 Se < J . 6  
Ea 9.1  L i  <7.6 S i  6 1  
Be <0.08 Mg 3.0  S r  < O .  19 
Ca 79 Mn 0.83 T i  1.2 
Cd 7 .4  Mo <1.5 V (0.38 
co CO.38 Na 34 Zn 6 . 5  
Cr 1.9 N i  <2.3 Z r  9 .1  

T o t a l  ( ICP  o f  f i l t e r e d  s o l u t i o n )  <I344 



)y fo l lowing an 
o f  t h e  a l l o y  

lows an example 
" o l l i n g  direc-  
)scope. 

However, 

F i g .  8.1.1. Cross-section view of a surface b l i s t e r  t h a t  formed i n  t h e  A1-20 
copper a l l o y  fol lowing a vacuum anneal a t  85OoC f o r  0 . 5  h. 

Y205106 

F ig .  8.1.2.  I n t e r i o r  c a v i t i e s  observed i n  t h e  A1-20 copper a l l o y  fo l lowing a 
vacuum anneal a t  8 5 0 T  for  0.5 h. 
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Table 8.1.2. Post-anneal t e n s i  
_c .-,rn*nn . , _ " A  I C . . _ , _ _  L._.\ 

Numerous l a r g e  holes (21 urn) were o p t i c a l l y  v i s i b l e  i n  t h e  f o i l  f o l l o w i n g  t he  e l e c t r o t h i n n i n g  t reatment .  It 
i s  be l ieved t h a t  these holes may have been c a v i t i e s  which were enlarged by e l e c t r o l y t i c  e t ch ing  du r i ng  t he  
f i n a l  stages of t h i nn ing .  

Pa r t  of t he  as- received A1-20 stock was c o l d  r o l l e d  t o  a th ickness  o f  21 m i l s  (0.53 mm) and machined t o  
produce sheet t e n s i l e  specimens w i t h  a geometry s i m i l a r  t o  t h e  SS-1 conf igurat ion. '  The specimens were then 
p laced i n  an elevated- temperature t e n s i l e  machine and annealed i n  vacuum f o r  1 h p r i o r  t o  be ing  tes ted .  
F igure 8.1.3 shows t h e  y i e l d  and u l t i m a t e  s t r ess  and t o t a l  e longat ion  t o  f a i l u r e  (2-cm gage leng th)  o f  the  
A1-20 a l l o y  as a f u n c t i o n  of t e s t  temperature. As expected, t he  s t r eng th  o f  the  a l l o y  decreased monotoni- 
c a l l y  as t he  t e s t  temperature was increased. 
pera tu re  up t o  4OO0C, and then decreased r a p i d l y  f o r  t e s t  temperatures above 4OOOC. Add i t i ona l  specimens 
were annealed a t  7OOOC f o r  up t o  100 h and then t e s t e d  a t  7OOOC. 
these long-term anneals were s l i g h t l y  improved compared t o  t he  1 h r e s u l t  (Table 8.1.2). 

The f r ac tu re  surfaces of t he  t e n s i l e  specimens 
t es ted  a t  400 and 70OoC f o l l o w i n g  a 1 h anneal were 
examined i n  a scanning e l e c t r o n  microscope. The 
fractographs are  shown i n  Figs.  8.1.4 and 8.1.5, 
r espec t i ve l y .  There i s  no obvious change i n  t he  
f r ac tu re  mode of t he  a l l o y  between 400 and 700°C 
desp i t e  t he  r a t h e r  l a r g e  change i n  d u c t i l i t y  
(9  versus 2%). 

8.1.5 Discussion 

Only a l i m i t e d  number of small  c a v i t i e s  ( 4 0 0  nm) were observed i n  t he  ma t r i x .  

The e l onga t i on  t o  f a i l u r e  increased w i t h  i nc reas ing  tem- 

The mechanical p rope r t i es  measured a f t e r  

l e  p rope r t i es  
U I  ULLYLW ~ I - L U  Iruslvn near] f o r  an anneal 

and t e s t  temperature o f  700OC 

A I  Stress, MPa To ta l  Elongat ion 
1 i n  2 cm 

1 91 111 1.9 
24 128 145 2.5 

1 nn 1 ?n 167 2.3 

( i e l d  U l t i m a t e  (%I - 
Hydrogen embr i t t lement  occurs i n  copper con- 

t a i n i n g  >10 ppm 0 ( i n  t he  form of Cu,O) when i t  i s  
annealed i n  a reducing atmosphere and then heated 

t i o n  responsib le f o r  "hydrogen i l l n e s s "  i s  Cu,O + 
2 H + 2 Cu + HzO.  
expansion of water vapor a t  e leva ted  temperatures which crL-rr2 , , , ~ , ,  1111=1 

i s  shown i n  Figs. 8.1.1 and 8.1.2. 
8.1.1) and i s  there fo re  suscept ib le  t o  hydrogen i l l n e s s .  
i n  F ig .  8.1.3 i s  t y p i c a l  of t h a t  expected f o r  hydrogen i l l n e s s .  

copper a l l o y s  cons i s t s  of b lend ing  Cu,O w i t h  a powder m ix tu re  of a d i l u t e  Cu-A1 a l loy ." '  The b lend i s  
heated f o r  1 h a t  870OC i n  o rder  t o  ox i d i ze  the  aluminum a t  t he  expense o f  Cu,O. The Cu-A1,0, powder i s  

a t  temperaturess"  above 375 t o  4OOOC. The reac- - 
Embri t t lement  i s  due t o  the  

=.I=2aF2 -rsd c rack ing  such as 

The high- temperature embr i t t lement  behavior  shown 
The MFE heat  of A1-20 has a m a t r i x  oxygen l e v e l  o f  400 ppm 0 (Table 

The bas ic  manufacturing process employed by SCM Metal  Products t o  produce t h e i r  d ispers ion- strengthened 

ORNL-DWG 86.10365 

ELEVATED TEMPERATURE TENSILE PROPERTIES OF GLIDCOP AL-20 

I I I I I I I I 
^^^ 

t 
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F ig .  8.1.3. Elevated- temperature t e n s i l e  p rope r t i es  of t he  A1-20 copper a l l o y .  
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Fig.  8.1.4. Frac tu re  sur face  of an A1-20 F ig .  8.1.5. Frac tu re  surface of an A1-20 
t e n s i l e  specimen t h a t  was annealed f o r  1 h p r i o r  
t o  t e s t i n g  a t  4OOOC. 

t e n s i l e  specimen t h a t  was annealed f o r  1 h p r i o r  
t o  t e s t i n g  a t  7OOOC. 

then f a b r i c a t e d  i n t o  t he  shape des i r ed  f o r  i t s  p a r t i c u l a r  a p p l i c a t i o n .  
gene ra l l y  mixed w i t h  t he  Cu-A1 powder t o  ensure t h a t  a l l  of t h e  aluminum becomes ox id ized .  
appreciable amount o f  Cu,O e x i s t s  i n  t h e  f i n a l  product .  
t h i s  excess Cu,O does n o t  have any e f f e c t  on t he  e l e c t r i c a l  or mechanical p rope r t i es  of t h e  a l l o y .  
Metal  Products a l s o  produces a deoxid ized vers ion  o f  t h e i r  d ispers ion- strengthened copper a l l o y s .  
heat  of GLIOCOP A1-20 was supposedly o f  t h i s  type.  

The manufacturer has repo r ted  two techniques t h a t  they  use t o  decrease t he  Cu,O (ma t r i x  oxygen) con- 
c e n t r a t i o n  i n  t h e i r  d ispers ion- strengthened copper a l l o y s .  
heated i n  hydrogen i n  o rde r  t o  reduce t he  copper oxide.’  
of t he  powder, but molecular  hydrogen w i l l  a l so  d i s s o c i a t e  and d i f f use  i n t o  t he  powder p a r t i c l e s  where i t  
can reduce t he  i n t e r n a l  Cu,O phase and produce water  vapor which cannot d i f f use  o u t  of t h e  metal .  
r e s u l t  i s  t h a t  t h i s  deox ida t i on  t reatment  e m b r i t t l e s  t he  a l l o y  and l i m i t s  i t s  high- temperature usefulness 
even i n  hydrogen- free environments. 
ammonia atmosphere.”’ 
du r i ng  t he  reduc t i on  process which cou ld  subsequently lead  t o  hydrogen embr i t t lement  o f  t he  a l l o y .  

The m a t r i x  hydrogen concent ra t ion  de tec ted  i n  t he  chemical ana l ys i s  of t he  A1-20 a l l o y  (Table 8.1.1) i s  
presumably i n  t he  form of water vapor. It i s  l i k e l y  t h a t  t h i s  hydrogen was in t roduced i n t o  the  a l l o y  du r i ng  
t h e  manufacturer ’s  at tempt t o  produce a deox id ized  heat. The purpose o f  deox id i z i ng  t h i s  a l l o y  i s  t o  c rea te  
a m a t e r i a l  t h a t  i s  n o t  sub jec t  t o  embr i t t lement  when exposed t o  a hydrogen environment. 
appear t h a t  t he  manufacturer has succeeded i n  c r e a t i n g  t he  very s i t u a t i o n  t h a t  they  wished t o  avoid. If the  
6 ppm H (Table 8.1.1) i s  i n  t he  form of water vapor, then the  H20 concent ra t ion  i s  54 ppm by weight .  Th is  
COrreSDondS t o  a H,O/CU r a t i o  o f  1.9 x lo-‘. For comoarison. t he  He/Cu r a t i o  f o l l ow ina  a 10 doa i r r a d i a t i o n  

An excess amount of Cu,O i s  
Therefore, an 

For most a p p l i c a t i o n s  (hydrogen- free environments), 
SCM 

The MFE 

I n  t he  f i r s t  method, t he  Cu-Al,O,-Cu,O powder i s  
T h i s  t reatment  w i l l  reduce t h e  Cu,O on t h e  surface 

The n e t  

An a l t e r n a t i v e  deox ida t ion  method exposes t he  powder t o  a d i ssoc ia ted  
An ana l ys i s  o f  t he  Cu,O-NH,OH r e a c t i o n  i n d i c a t e s  t h a t  hydrogen i s  a l s o  produced 

It would there fo re  

i n  FFTF* i s  o n l y  7‘x lo-’ (0.7 a t .  ppm He/Cu). 

a rea te r  b l i s t e r i n a  e f f e c t s  than those reoor ted  here.” Laroe b l i s t e r s  were formed throuohout  t he  f o i l  w i t h  
An anneal ing study on the  MFE heat  of t he  A1-20 a l l o y  a t  the  U n i v e r s i t y  o f  Wisconsin has found even 

t o t a l  s w e l l i n g  i e v e l  of about 40% fo l l ow ing  a 1 h anneal i t  9 5 0 T  i n  e i t h e r  vacuum o r  s a l t  ba th  envi ron-  
ment. 
copper i r r a d i a t i o n  program2 d id n o t  produce any sur face b l i s t e r s  or swelling.‘O 

On t he  o the r  hand, a 1 h vacuum anneal a t  950OC on a heat  o f  t he  A1-20 a l l o y  used i n  t he  Los Alamos 
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There a re  no repor ted  observat ions of hydrogen embr i t t lement  e f f e c t s  (e.g.,  sur face b l i s t e r s  f o l l o w i n g  

I t  w i l l  be i n t e r e s t i n g  t o  determine i f  the  hydroge- 
annealing) i n  t he  t h ree  heats of GLIDCOP dispers ion- strengthened a l l o y s  t h a t  have been i r r a d i a t e d  t o  date:  
A1-20 ( r e f s .  l , Z ) ,  A1-25 ( r e f .  31, and A1-60 ( r e f .  2 ) .  
nated MFE heat  o f  A1-20 e x h i b i t s  any d i f f e r e n t  i r r a d i a t e d  behavior  compared t o  p rev ious  s tud ies  on GLIDCOP 
d ispers ion- strengthened copper a l l o y s .  
dose i r r a d i a t i o n s  a t  temperatures above 400°C. 

8.1.6 Conclusions 

It i s  poss ib le  t h a t  increased swe l l i ng  l e v e l s  may occur f o r  h igh  

An a l l o y  t h a t  i s  suscept ib le  t o  hydrogen embr i t t lement  i s  obv ious ly  n o t  des i r ab le  f o r  f us i on  reac to r  
app l i ca t i ons  due t o  t he  h igh  hydrogen concentrat ion t h a t  w i l l  be generated. 
manufacturing techniques should be pursued f o r  the  d ispers ion- strengthened copper a l l o y s .  
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9.1 CORROSION OF Fe-Cr-Mn AND Fe-Cr-Mo ALLOYS I N  THERMALLY CONVECTIVE LITHIUM - P. F. T o r t o r e l l i  and 

9.1.1 ADIP  Task 

J .  H .  DeVan (Oak Ridge Nat iona l  Laboratory) 

A D I P  Task I .A .3 ,  Perform Chemical and Me ta l l u rg i ca l  Compa t i b i l i t y  Analyses 

9.1.2 Ob jec t i ve  

The purpose of t h i s  t ask  i s  t o  determine the  cor ros ion  res i s t ance  of candidate f i r s t - w a l l  ma te r i a l s  t o  
s low ly  f lowing l i t h i u m  i n  t he  presence o f  a temperature g rad ien t .  
measured as f unc t i ons  o f  t ime,  temperature, add i t i ons  t o  the  l i t h i u m ,  and f l ow  cond i t i ons .  These measure- 
ments a re  combined w i t h  chemical and meta l lograph ic  examinations o f  specimen surfaces t o  e s t a b l i s h  the  
mechanisms and r a t e - c o n t r o l l i n g  processes f o r  d i s s o l u t i o n  and depos i t i on  reac t i ons .  

9.1.3 a 

Corrosion and depos i t i on  r a t e s  a re  

Experiments w i t h  Fe-Cr-Ma and a u s t e n i t i c  Fe-Cr-Mn a l l o y s  exposed t o  nonisothermal l i t h i u m  environments 
revea led  the  importance o f  chromium reac t i ons  i n  the  cor ros ion  processes. 
n i f i c a n t l y  a f f e c t  the  temperature dependence of the  cor ros ion  of t he  12Cr-1MoVW s tee l  by t he rma l l y  convec- 
t i v e  l i t h i u m .  For t he  Fe-Cr-(12-20 w t  %)Mn a l l o y s ,  p r e f e r e n t i a l  dep le t i on  and mass t r a n s p o r t  o f  manganese 
were a l so  important  cor ros ion  reac t i ons .  

9.1.4 Status and Prowess  

Such reac t i ons  were found t o  s ig-  

A u s t e n i t i c  Fe-Cr-Mn a l l o y s  a re  o f  p a r t i c u l a r  i n t e r e s t  t o  f us i on  technology because of t h e i r  substan- 
t i a l l y  lower r es i dua l  r a d i o a c t i v i t y  compared t o  t h a t  f o r  t he  standard n i cke l - con ta i n i ng  a u s t e n i t i c  s t a i n l e s s  
s tee l s .  As p a r t  o f  the  fus ion  energy ma te r i a l s  e f f o r t ,  a q u a l i t a t i v e  study of t he  reac t i ons  o f  these Mn- 
con ta i n i ng  s tee l s  w i t h  molten l i t h i u m  was conducted usinq a thermal convect ion loop.  The loop  c i r c u l a t e d  
l i t h i u m  between 500 and 350°C and was cons t ruc ted  of t ype  316 s ta i n l ess  s tee l  which, because o f  p r i o r  opera- 
t i o n  w i t h  l i t h i u m  and associated p r e f e r e n t i a l  leach ing  o f  n i cke l  and chromium, was known t o  have a con- 
s ide rab l y  h igher  i r o n  concent ra t ion  a t  ho t  l e g  sur faces than found i n  the s t a r t i n g  ma te r i a l .  
Mn-containing a l l o y  specimens were exposed t o  l i t h i u m  i n  a reg ion  o f  the  loop  near the  t op  o f  the  ho t  l e g .  
Because o f  t he  nonisothermal na tu re  of t he  loop,  t he  temperatures o f  these specimens va r i ed  from 500 
[maximum loop temperature (Tmax)]  t o  485OC. Coupons o f  t ype  316 s ta i n l ess  s tee l  were p laced a t  the  o ther  
normally-used specimen p o s i t i o n s  aroung t he  remainder o f  the  loop. 
completed. I n  each, the  specimen se t  was removed from, and replaced i n t o ,  t he  molteen l i t h i u m  t h r i c e  du r i ng  
about 3100 t o  3300 h o f  t o t a l  coupon exposure. The composit ions o f  the a l l o y s  exposed i n  the  upper ho t  zone 
o f  the  loop du r i ng  these two experiments are l i s t e d  i n  Table 9.1.1. 

The weight  change data from both  loop  experiments and some r e s u l t s  from sur face analyses have been pre-  
sented and discussed i n  p rev ious  progress repo r t s . ' - 3  Dur ing the  present r e p o r t i n g  per iod ,  much more exten- 
s ive  surface analyses o f  the  Mn-containlng a u s t e n i t i c  s t ee l s  exposed i n  t he  second experiment were 
completed. Resul ts  from scanning e l ec t ron  microscopy are  shown i n  F ig .  9.1.1. The corroded surfaces of the  
12 t o  20 w t  % Mn a l l o y s  tended t o  be covered w i t h  "nodules" t h a t  were p r i n c i p a l l y  composed of chromium, as 
determined by energy d i spe rs i ve  x-ray (EDX) ana l ys i s .  On a few o f  these specimens, a n  under ly ing ,  porous 
surface cou ld  be observed i n  gaps between nodule aggregates, wh i l e  the  nodules complete ly  covered the  sur- 
faces of o the r  coupons. As shown i n  F ig .  9.1.1, examination o f  po l i shed cross sec t ions  showed t h a t  p o r o s i t y  
developed on every specimen and t h a t  the  depth o f  the  porous l a y e r  va r i ed  among t he  specimens w i thou t  any 
d i r e c t  r e l a t i o n s h i p  t o  t he  dens i t y  o f  the  o v e r l y i n g  nodules. F igure 9.1.2 shows extremes i n  the  development 
of these porous l aye rs ;  i t  inc ludes  microprobe elemental x- ray maps i n d i c a t i n g  manganese dep le t i on  
throughout t he  porous co r ros i on  l aye rs  and chromium- rich phases both on t he  sur face and w i t h i n  these a l t e r e d  
zones. 
se lec ted  specimens obta ined w i t h  the  e l e c t r o n  microprobe; a t y p i c a l  depth p r o f i l e  i s  shown i n  F ig .  9.1.3. 
Composit ional da ta  obta ined from EDX analyses o f  the  normal and cross sec t iona l  sur faces i n  the  scanning 
e l ec t ron  microscope were cons i s ten t  w i t h  the  e l e c t r o n  microprobe r e s u l t s .  

The l o c a t i o n  of t ype  316 s ta i n l ess  s tee l  specimens i n  t he  c o l d  l eg  du r i ng  t he  loop experiments a l lowed 
t he  c o l d  zone depos i t i on  reac t i ons  t o  a l so  be charac te r ized  by weight  changes and m i c r o s t r u c t u r a l  analyses. 
As descr ibed previously, '  the  co ldes t  loop  coupon (35O0C) gained considerable we igh t  du r i ng  t he  experiment 
i n  which t he  30 w t  % Mn s tee l s  were exposed i n  t h e  h o t  zone. Numerous l a r g e  depos i t s  formed a t  the  co ldes t  
loop  coupon p o s i t i o n s .  Previous' and present  EDX analyses showed t h a t ,  i n  bo th  l oop  experiments, such de- 
p o s i t s  were p r i n c i p a l l y  composed o f  n i c k e l  ( d i sso l ved  from the  loop) and manganese. 

The p r e v i o u s l y  repor ted ]  observat ion of mixed weight  gains and losses f o r  t h e  s t e e l s  con ta in ing  12 t o  
20% Mn i n d i c a t e d  a compet i t ion  between d i s s o l u t i o n  and weight  ga in  reac t ions .  
from experiments i n  s t a t i c  l i t h i u m , *  t he  p resent  EDX analyses, microprobe imaging, and depth p r o f i l e  data 
(F igs.  9.1.2 and 9.1.3)  i n d i c a t e  t h a t  the  reac t i ons  inc lude  concentrat ion g rad ien t  chromium t ranspo r t  
among t he  specimens and loop w a l l  i n  the  h o t  zone, a small  amount o f  n i c k e l  r e d i s t r i b u t i o n  t o  the  Fe-Cr-Mn 
specimens, and p r e f e r e n t i a l  d i s s o l u t i o n  o f  manganese. 
ga in  if t h e  a d d i t i o n  of reacted ma te r i a l  due t o  d i s s i m i l a r  metal mass t r a n s f e r  i s  g rea te r  than t h a t  l o s t  by 
d i s s o l u t i o n  of manganese and o ther  elements. 
t h i s  p r e f e r e n t i a l  d i s s o l u t i o n  obv ious ly  dominated the  co r ros i on  processes and r e s u l t e d  i n  l a r g e  weight  

The 

Two such loop  experiments were 

These observat ions were confirmed by wavelength d i spe rs i ve  x- ray p r o f i l e s  of the  cross sect ions o f  

I n  agreement w i t h  r e s u l t s  

Such competing reac t i ons  can l ead  t o  a ne t  weight 

I n  t he  case o f  t he  30 w t  % Mn a l l o y s  (X75,  R77, and RBO),' 
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Table 9.1.1.  Composit ions of a l l o y s  exposed t o  t h e r m a l l y  
convec t i ve  l i t h i u m  between 500 and 48O0Ca 

A1 1 oy 

x75 

R77 

R80 

18-18+ 

Age 18-18+ 

AMCR 

R88 

R87 

NIT-32 

PCMA-2 

PCMA-4 

PCMA-6 

PCMA-7 

PCMA-9 

CN13 

316 SS 

Mn C r  

30 2 

30 2 

30 10 

18 18 

18C 18 

17 10 

15 15 

15 15 

12 18 

17 15 

19 10 

14 16 

19 15 

18 20 

1 .7  17 

2 17 

Composit ion ~ ( w t  % ) b  

N i  

0 . 5  

0 . 5  

0.5 

0 . 5  

0.5 

0 .7  

0 . 5  

0.5 

1 . 5  

0 . 0 1  

0 . 0 1  

0.01 

0 . 0 1  

0 . 0 1  

14.0 

~- 

C .N  S i  Fe 

0.1 

0 .6  

0.50 

0 .1  

0 . 1  

0.2 

0 .3  

0.1 

0 . 1  

0.06 

0.09 

0.18 

0.38 

0.26 

0 .05  

0 .05 

0.15 

0.15 

0.10 

0.4 

0 .4  

0.06 

0.30 

0 . 1  
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8PCMA a l l o y s  developed a t  Oak Ridge N a t i o n a l  Labora to ry ;  
o t h e r  a l l o y s  s u p p l i e d  by Hanford Engineer ing Development 
Labora to ry .  

*Analyses p r o v i d e d  w i t h  a l l o y  m a t e r i a l .  

C E l e c t r o n  beam techniques revea led  Mn c o n c e n t r a t i o n  o f  
12 w t  %. 
a l s o .  

T h i s  c o r r e c t i o n  p robab ly  a p p l i e s  t o  t h e  18-18+ a l l o y  

losses o f  these  s t e e l s  and t h e  presence o f  Mn d e p o s i t s  i n  t h e  c o l d  zone. 
mens, t h e  porous l a y e r  was g e n e r a l l y  deeper and more uni form f o r  t h e  a l l o y s  showing n e t  we igh t  losses.  
Conversely ,  t h e  Fe-Cr-Mn s t e e l  w i t h  t h e  l a r g e s t  we igh t  g a i n  a f t e r  3096 h (Age 18-18+) showed a ve ry  t h i n  
d i s s o l u t i o n  zone, and t h e  one w i t h  t h e  nex t  g r e a t e s t  i nc rease  i n  weight  (R87) showed a somewhat t h i c k e r ,  b u t  
ve ry  i r r e g u l a r  c o r r o s i o n  l a y e r .  
monotonic inc reases  i n  weight '  and t h e  observa t ion  of many chromium- rich r e a c t i o n  p roduc ts  on t o p  of t h e  
d i s s o l u t i o n  zones ( F i g s .  9.1.1- 9.1.3) i n d i c a t e  t h a t ,  i n  many cases, manganese d e p l e t i o n  makes t h e  p r i n -  
c i p a l  c o n t r i b u t i o n  t o  t h e  we igh t  change of t h e  Fe-Cr-(12-20 w t  %) Mn a l l o y s  d u r i n g  t h e  e a r l y  stages o f  expo- 
sure.  Subsequently,  chromium t r a n s p o r t  and r e a c t i o n  become dominant and lead  t o  we igh t  ga ins .  The presence 
o f  m a t e r i a l s  o f  d i f f e r e n t  composi t ions i n  t h e  h o t  zone probably  exacerbated t h e  l a t t e r  r e a c t i o n s .  

The exac t  n a t u r e  o f  t h e  r e a c t i o n ( s )  i n v o l v i n g  chromium i s  n o t  known. The s t a r t i n g  concen t ra t ions  of 
chromium, n i t r o g e n ,  and carbon ( o r  t h e  c o n c e n t r a t i o n  r a t i o s  of Cr/N and C r / C )  d i d  n o t  c o r r e l a t e  w i t h  t h e  
we igh t  change d a t a  o r  m i c r o s t r u c t u r a l  r e s u l t s .  Never the less,  t h e  chromium r e a c t i o n s  may be d r i v e n  by t h e  
r e l a t i v e l y  h i g h  n i t r o g e n  concen t ra t ions  o f  some o f  t h e  Fe-Cr-Mn a l l o y s  (Tab le  9 .1 .1 ) .  React ions between 
C r  and N and between L i ,  C r ,  and N a r e  p o s s i b l e s - '  and c o u l d  l e a d  t o  increased d i s s o l u t i o n  and/or r e a c t i o n  
p roduc t  fo rmat ion  a t  specimen sur faces .  
these a l l o y s  i n  s t a t i c  l i t h i u m ' ~ s ~ ~ ~ 3  was r e l a t e d  t o  t h e  presence o f  such r e a c t i o n  products  a t  g r a i n  bound- 
a r i e s .  
experiments e v e n  though severa l  o f  t h e  composi t ions were common t o  b o t h  s t u d i e s .  

For t h e  12 t o  20 w t  % Mn speci-  

Both t h e  t r e n d  o f  i n i t i a l  we igh t  losses o r  smal l  we igh t  ga ins  fo l l owed by 

The s i g n i f i c a n t  i n t e r g r a n u l a r  p e n e t r a t i o n  observed f o r  some of 

I n  c o n t r a s t ,  t h e r e  was no evidence f o r  i n t e r g r a n u l a r  a t t a c k  of t h e  a l l o y s  exposed i n  t h e  p r e s e n t  
The reason f o r  such a 
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Fig. 9.1.1. Scanning electron micrographs showing representative normal and cross sectional views o f  
r-Mn alloys exposed to thermally convective lithium for 3096 h. 
PCMA- 2, 4 9 5 ° C .  ( d )  P C M A- 9 ,  4 9 5 O C .  ( e )  Age 18-18+, 4 9 0 ° C .  (f) PCMA- 7,  4 9 0 ° C .  ( 8 )  NIT- 32, 4 8 5 O C .  
PCMA- 4,  4 8 5 O C .  (Figure contlnued.) 

( a )  R87, 5 0 0 O C .  ( b )  PCMA- 6, 5 0 0 O C .  
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F l g .  9.1 .1 .  (continued) 1 O r m  
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Fig. 9.1 .2 .  Backscattered electron images (BSI) and elemental x-ray maps o f  Fe-Cr-Mn alloys exposed to 
thermally convective lithium for 3096 h. ( a )  NIT- 32, 485OC. (6) Age 18-18+, 490OC. (Figure continued). 
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Fe-19Mn-IOCr, t he rma l l y  convect ive Ll, 3096 h, 485'C 
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Fig .  9.1.3. Wavelength d i spe rs i ve  x- ray depth p r o f i l e  f o r  PCMA-4 exposed t o  t he rma l l y  convec t ive  
I i t h i w n  f o r  3096 h a t  485OC. 

d iscrepancy may poss ib l y  be a t t r i b u t e d  t o  g rea te r  d i s s o l u t i o n  and p r e f e r e n t i a l  leaching under t h e  non i -  
sothermal loop  cond i t i ons .  A l t e r n a t i v e l y ,  d i f ferences i n  l o c a l  s o l u t i o n  chemistry  and/or i n t e r s t i t i a l  con- 
c e n t r a t i o n  g rad ien ts  between iso thermal  and t he rma l l y  convect ive cond i t i ons  may exp la i n  t he  absence of g r a i n  
boundary a t t a c k  i n  t he  p resent  study. 

The necess i ty  o f  exposinq a ranqe o f  specimen composit ions i n  a loop  o f  y e t  another composi t ion pre-  
c ludes  an unambiguous i n t e r p r e t a t i o n - o f  thermal g rad ien t  mass t r a n s f e r  e f f e c t s  because o f  t he  i n t r o d u c t i o n  
of concent ra t ion  ( d i s s i m i l a r  meta l )  g rad ien ts .  However, some impor tan t  in fo rmat ion  about t he  co r ros i on  of 
Fe-Cr-Mn a l l o y s  by t he rma l l y  convec t ive  l i t h i u m  and t he  importance o f  chromium reac t i ons  i n  t h i s  system was 
never the less  gained from these experiments. 
e f f e c t s  of nonisothermal l i t h i u m  exposure as do n i cke l- con ta i n i ng  a u s t e n i t i c  a l l o y s  ( p r e f e r e n t i a l  d i sso lu-  
t i o n ,  p o r o s i t y  formation, and ex tens ive  mass t r anspo r t  of so lub le  species t o  c o l d  zone). Indeed, t h e  
measured weight  losses  of t h e  s t e e l s  con ta i n i ng  30 w t  % Mn a f t e r  3340 h a t  490 t o  500'C (217-391 g/m2) were 
much g rea te r  than t h a t  measured f o r  a Fe-Cr-30 w t  % N i  a l l o y  exposed f o r  2832 h a t  500'C (28 g/m*)," 
desp i t e  t he  competing weight  ga in  r e a c t i o n  w i t h  chromium. 
use i n  l i th ium systems a t  e leva ted  temperature, 
f i c a n t  degradat ion desp i t e  t he  low n e t  weight  changes and are  n o t  expected t o  be p a r t i c u l a r l y  co r ros i on  
r e s i s t a n t  i n  t he rma l l y  convec t ive  l i t h i u m .  

l i t h i u m  c i r c u l a t i n g  between 600 and 450OC i n  a 12Cr-1MoVW s tee l  loop  was presented and compared t o  e a r l i e r  
da ta  ob ta ined  from the  same l i t h i u m  l oop  opera t ing  between 500 and 35OOC." While a t y p i c a l  mass t r a n s f e r  
weight  change p r o f i l e  was n o t  observed i n  t h e  lower temperature l oop  experiment, the  weight  changes from t h e  
loop  exposure a t  Tmax = 6OO0C seemed t o  be more cons i s ten t  w i t h  what i s  expected i n  the  case o f  thermal gra-  
d i e n t  mass t r anspo r t :  t he re  were weight  l o s se s  a t  t he  h o t t e s t  p a r t  o f  the  loop  and weight  gains elsewhere. 
However, t o  t ru l y  determine t h e  ex ten t  of thermal g rad ien t  mass t r a n s f e r  i n  t he  h i ghe r  temperature exper i-  
ment, v is- a- v is  o the r  reac t ions ,  scanning e l e c t r o n  microscopy and associated EDX ana l ys i s  were r e c e n t l y  used 
t o  examine surfaces of se lected specimens from bo th  t he  h o t  and c o l d  legs  o f  t he  loop.  
F ig.  9.1.4, marked d i f fe rences  i n  surface morphology were observed. The sur face  o f  t he  coupon exposed a t  
Tmax (6OO'C. H3) was n o t  severely  roughened d u r i n g  i t s  6962 h of exposure t o  l i t h i u m ,  b u t  i t  was dep le ted  i n  
chromium r e l a t i v e  t o  i t s  i n i t i a l  concent ra t ion .  I n  con t ras t ,  t he  sur face o f  t h e  H5 (-560OC) specimen was 
ex tens i ve l y  mod i f ied  by exposure and was covered w i th  "nodules" o f  d i f f e r e n t  s izes.  
s t a r t i n g  composi t ion of 12Cr-1MoVW s tee l ,  EOX ana l ys i s  showed t he  smal ler  ones t o  be s l i g h t l y  r i c h  i n  i r o n  
and t he  l a r g e  nodules t o  be h i g h l y  enr iched i n  chromium (Fig.  9.1.5). The unde r l y i ng  m a t r i x  was found t o  
have a s i m i l a r  composit ion t o  t h a t  of t he  s t a r t i n g  1ZCr-1MoVW s tee l .  Large and small  nodules a l so  covered 
t he  e n t i r e  sur face  o f  t he  C4 specimen (530°C, see Fig.  9.1.4) such t h a t  none o f  t he  unde r l y i ng  ma t r i x  cou ld  
be observed. 
w t  %, o f  -88Fe. 10Cr. I N i ,  and 1Mo) and t he  l a r g e  ones were h i g h l y  enr iched i n  chromium (-12Fe, 84Cr. 2Ni, 
and 1Mo). 
formly w i t h  smal l  nodules t h a t  were somewhat i r o n-  and n i c k e l - r i c h .  

I t  i s  apparent t h a t  t he  Fe-Cr-Mn s tee l s  s u f f e r  from t h e  same 

Such Fe-Cr-Mn a l l o y s  a re  c l e a r l y  n o t  s u i t a b l e  f o r  
Furthermore, t he  12 t o  20 w t  % Mn a l l o y s  experienced s i g n i -  

I n  a p rev ious  progress repor t , '  we igh t  change data f o r  12Cr-1MoVW s tee l  exposed t o  t he rma l l y  convec t ive  

As shown i n  

R e l a t i v e  t o  t h e  

As w i t h  the  H5 coupon, t he  small nodules were s l i g h t l y  i r o n - r i c h  (average composit ion, i n  

F i n a l l y ,  t he  specimen pos i t i oned  a t  t he  co ldes t  p o i n t  i n  the  loop  (C8, 45OoC) was covered nonuni- 



177 

M23414 

Fig. 9 . 1 . 4 .  Scanning electron micrographs o f  12Cr-1MoVW steel specimens exposed f o r  6962 h to thermally 
mnuar+iws lirhium cii-culatino between 600 and 45OoC. 
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The observed corros ion- induced morphological and composi t ional  changes i n d i c a t e  t he  complex na ture  o f  
As shown by t he  c o r r e l a t i o n  o f  weight  change t h e  reac t i ons  t h a t  occurred i n  t h i s  l i t h i u m  loop  experiment. 

and o v e r a l l  surface composi t ion da ta  i n  Table 9.1.2, n e t  d i s s o l u t i o n  occurred a t  6OO0C wi th a r e s u l t i n g  
decrease i n  t he  chromium surface concent ra t ion  of t he  H3 specimen. The subs tan t ia l  chromium enrichment 
observed a t  p o s i t i o n s  bo th  upstream (H5, 
-560OC) and downstream (C4, -530°C) of 
t h i s  coupon was due t o  t he  fo rmat ion  of 
t he  l a r g e  nodules and l e d  t o  t he  s i g -  
n i f i c a n t  measured we igh t  ga ins  o f  these 
specimens. A t  t he  C8 (450OC) p o s i t i o n ,  
a smal ler  weight  ga in  was measured and 
an enrichment i n  n i c k e l  was detected. 
It the re fo re  appeared t h a t  p r e f e r e n t i a l  Weight Surface composi t ion ( w t  X) 
d i s s o l u t i o n  o f  chromium around Tmax l e d  Loop p o s i t i o n  change 
t o  t he  t r a n s f e r  o f  chromium t o  o the r  (g/m') Fe C r  M i  Mo 
p a r t s  o f  t he  loop, where i t  reac ted  t o  
form t h e  r a t h e r  l a r g e  nodules shown i n  H3 600 -23.6 90.2 9 .1  0.4 0.3 
Figs.  9.1.4 and 9.1.5. Al though t he  
s t a r t i n g  concent ra t ion  o f  n i c k e l  i n  t he  H5 560 +13.3 50.3 45.6 1.9 2.1 
1ZCr-1MoVW s tee l  was q u i t e  low, t h i s  
element was apparen t ly  t r anspo r ted  from c4 530 +18.7 60.7 36.7 1.3 1.2 
t h e  h o t  zone t o  t he  co ldes t  p a r t  o f  t h e  
loop. Such a mass t r a n s f e r  r e a c t i o n  f o r  C8 450 +9.7 92.1 5.6 1.9 0.6 
n i c k e l  i s  commonly observed i n  l i t h i u m  
thermal convect ion loops con ta i n i ng  
Fe-Ni-Cr a l l oys ' 2  and some evidence f o r  
such n i c k e l  t r a n s f e r  was a l so  observed i n  t he  e a r l i e r  12Cr-1MoVW s tee l  l oop  experiment a t  lower temperatures 
(Tmax = 5OO0C)." Furthermore, t he  p resent  observat ion of s i g n i f i c a n t  n i c k e l  accumulat ion a t  a lower tem- 
pe ra tu re  than t h a t  f o r  maximum chromium depos i t i on  i s  cons i s ten t  w i t h  p rev ious  f i n d i n g s  i n  t he  
l i thium-Fe-Ni-Cr system.'z 

It i s  i n t e r e s t i n g  t o  note t h a t  p re fe ren t i a l  dep le t i on  of chromium from 12Cr-IMoVW s t e e l  has a l s o  been 
obsel-ved i n  l i t h i u m  loops operated a t  lower temperatures'J and was found t o  be associated w i t h  t h e  format ion 
of "dimples" t h a t  were somewhat s i m i l a r  i n  appearance t o  t he  small nodules observed on t he  H5 and C4 speci-  
mens. Apparent ly ,  i n  t he  present  experiment, bo th  chromium dep le t i on  and depos i t i on / reac t i on  a re  occur r ing  
on the  same specimen surfaces i n  t he  in te rmed ia te  temperature zone such t h a t  t he  r e l a t i v e  magnitudes o f  
these processes determine t he  ex ten t  of weight  change. I n  view o f  t h i s ,  i t  i s  q u i t e  poss ib l e  t h a t ,  f o r  
Fe-Cr-Mo s tee l s  a t  lower loop  opera t ing  temperatures, chromium d i s s o l u t i o n  a t  Tmax w i l l  n o t  be s u f f i c i e n t  t o  
cause t he  s i g n i f i c a n t  weight  losses normal ly  expected under t he rma l l y  g rad ien t  mass t r a n s f e r  cond i t i ons .  
Such a change i n  o v e r a l l  co r ros i on  e f fec ts  as a f u n c t i o n  o f  temperature would be cons i s ten t  w i t h  t he  above 
descr ibed d i f fe rences  i n  observat ions between t he  12Cr-1MoVW s tee l  loop experiments conducted a t  Tmax = 600 
and 5OO0C, respec t i ve l y .  

w i t h  Fe-Cr-Mn and w i t h  Fe-Cr-Mb a l l oys .  
reac t ion(s )  may i n v o l v e  n i t r ogen  i n  t he  l i t h i u m  and/or a l l o y .  Such r e s u l t s  from these two d i f f e r e n t  a l l o y  
systems serve as a d d i t i o n a l  evidence of the  importance o f  chromium reac t i ons  i n  l i t h i u m  systems and o f  t he  
i n t e r p l a y  between t y p i c a l  mass t r ans fe r  (d isso lu t ion /depos i t ion )  processes and chemical r e a c t i o n s  i n  de te r-  
mining t he  o v e r a l l  co r ros i on  e f f ec t s  and t h e i r  temperature dependence i n  nonisothermal l i t h i u m  
environments. 

Table 9.1.2. Weight changes and sur face composit ions 
of 12Cr-1MoVW s t e e l  exposed t o  t he rma l l y  

convec t ive  l i t h i u m  f o r  6962 h 

It i s  i n t e r e s t i n g  t o  note t h a t  chromium-rich nodules were observed i n  bo th  the  l i t h i u m  loop  experiments 
As discussed above f o r  t he  Fe-Cr-Mn experiments, t he  chromium 

9.1.5 Conclusions 

1. Resu l ts  from l i t h i u m  thermal convect ion loop  experiments w i t h  Fe-Cr-Mn and Fe-Cr-Mo a l l o y s  revealed 

Surface analyses of Fe-Cr-(12-20 w t  %)Mn a l l o y s  exposed t o  thermal ly  convect ive l i t h i u m  a t  485 t o  

t he  importance o f  chromium reac t i ons  i n  i n f l u e n c i n g  o v e r a l l  co r ros i on  behavior .  

50OoC fo r  3096 h confirmed t h e  exis tence of competing mechanisms o f  weight  l oss  r e s u l t i n g  from manganese 
t r a n s p o r t  and weight  ga in  due t o  chromium reac t i ons .  
t i o n  dominated i n i t i a l l y ,  b u t  t h a t  i t  was then o f f se t  bv chromiun reac t i ons  t h a t  were exacerbated bv 

2. 

For these a l l o y s ,  i t  appeared t h a t  manganese deple- 

d i s s i m i l a r  metal g rad ien t s  i n  t h e  h o t  l eg .  
such Fe-Cr-Mn a l l o y s  by l i t h i u m  appears problemat ic .  

Despi te t h e i r  lower long- term r a d i o - a c t i v i t y ,  t h e  co r ros i on  o f  

3. I n  a thermal convect ion l oop  c i r c u l a t i n g  l i t h i u m  between 600 and 450°C f o r  6962 h, chromium deple-  
t i o n  from 12Cr-1MoVW s t e e l  was s i g n i f i c a n t ,  p a r t i c u l a r l y  a t  6OO0C, b u t  chromium sur face products formed a t  
in te rmed ia te  temperatures. 
i n  one conducted a t  lower loop  temperatures (5O0-35O0C). 

Thermal g rad ien t  mass t r ans fe r  was more important  i n  t h i s  experiment than i t  was 
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where w i s  weight  loss ,  ke i s  an e f f e c t i v e  r a t e  constant ,  and t i s  exposure t ime, wh i le ,  i n  t he  case of t h e  
s i ng le  specimen data, 

where k l  i s  t h e  l i n e a r  r a t e  constant .  Presumably, t h e  c lean ing  procedure removed t he  sur face l a y e r  and 
exposed some f resh ,  nicke l -conta in ing .sur face  each t ime  t he  specimen was p u t  i n  t he  l oop  so t h a t  t h e  i n i t i a l  
h igh  co r ros i on  r a t e  noted i n  t h e  m u l t i p l e  specimen case (and i n  o the r  a u s t e n i t i c  s t a i n l e s s  s t e e l - l i q u i d  
metal systems)' was maintained. 
were used f o r  each da ta  p o i n t  i n  order  t o  generate t he  mass l o s s  versus t ime r e s u l t s  shown i n  F ig .  9.2.2.  

Therefore, i n  o rder  t o  avo id  any such d i f f i c u l t i e s ,  d i f f e r e n t  specimens 

Y-2047R7 

Fig. 9.2.1. Pol ished cross 
sec t ion  o f  type  316 stainless s tee l  
exposed t o  t he rma l l y  convect ive Pb-17 
a t .  % L i  a t  50OOC f o r  6348 h. 

Al though t h e  specimen c l ean ing  procedure does n o t  s t r i p  any co r ros i on  l a y e r  from the  12Cr-1 MOW s t e e l  
specimens, t he  same coupon exposure methodology was used f o r  these specimens t o  generate t h e  mass l o s s  k i -  
n e t i c s  da ta  i n  a cons i s ten t  manner. 

t o  c o r r o s i v e  a t t a c k  by Pb-17 a t .  % L i  than  t he  12Cr-1MoVW s tee l .  The poorer  co r ros i on  res i s t ance  o f  t h e  
a u s t e n i t i c  s t a i n l e s s  s t e e l  v is- a- v is  t he  Fe-Cr-Mo a l l o y  was apparent n o t  on l y  i n  t h e  much g rea te r  mass 
losses,  b u t  a l so  by the  appearance of t he  s tee l  surfaces. 
Fe-12Cr-1 MoVW s tee l  was i n  sharp c o n t r a s t  t o  t he  deep, i r r e g u l a r  a t t a c k  of t he  type  316 s t a i n l e s s  s tee l .  
The we igh t  l o s s  behavior  w i th  t i m e  a l s o  d i f f e r s  f o r  t he  two a l l o y s ;  as shown i n  F ig .  9.2 .2 ,  t he  we igh t  
losses  of t he  type  316 s t a i n l e s s  s t e e l  f o l l ow  a power curve r e l a t i o n s h i p  w i t h  exposure t ime  [Eq. (l)], 
w h i l e  those o f  t he  I2Cr-1MoVW s t e e l  a re  approximately l i n e a r l y  dependent on t ime  such t h a t  

The da ta  presented above c l e a r l y  i n d i c a t e  t h a t  t he  a u s t e n i t i c  s t a i n l e s s  s tee l  i s  much more suscept ib le  

The r e l a t i v e l y  uniform d i s s o l u t i o n  of t h e  

w = k i t  , (3) 

where w and t are  as de f ined  above and k i  i s  the  l i n e a r  r a t e  constant .  
morphologies and weight  l o s s  k i n e t i c s  f o r  t he  two types o f  a l l o y s  a re  s i m i l a r  t o  those noted from o t h e r  
Pb-17 a t .  % L i  s tud ies  w i th  these s tee ls '  and a l so  r e f l e c t  what i s  t y p i c a l l y  observed i n  mol ten l i t h i u m  
environments (see, f o r  example, r e f .  6). 

As descr ibed elsewhere f o r  t ype  316 s t a i n l e s s  s tee l  i n  l i th ium, '  a r e l a t i o n s h i p  of t he  form o f  Eq. (1) 
can be i n t e r p r e t e d  as be ing  i n d i c a t i v e  of a mixed c o n t r o l  process c o n s i s t i n g  o f  pa rabo l i c  and l i n e a r  terms: 

The d i f f e r i n g  co r ros i on  

w = kptl/' + k i t  , (4) 
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Table 9.2.1. Wavelength d i s p e r s i v e  a n a l y s i s  o f  t h e  
p o l i s h e d  cross s e c t i o n  of t y p e  316 s t a i n l e s s  

s t e e l  exposed t o  Pb-17 a t .  % L i  
f o r  6348 h a t  500OC 

Concen t ra t ion  ( w t  %) 

N i  Fe C r  Mo 
Loca t ion  

Outer  edge o f  c o r r o s i o n  3.8 86 7 . 4  2.5 

M i d d l e  o f  c o r r o s i o n  zone 3.7 85 8 .3  2 . 4  

M i d d l e  o f  c o r r o s i o n  zone 3.5 83 8 . 9  2 . 4  

Near edge o f  i n t e r n a l  3.3 86 7 .5  2 . 6  

zone 

v o i d  

Near edge o f  i n t e r n a l  3.8 85 7 . 9  2.2 

I n  c o r r o s i o n  zone n e x t  t o  3.0 84 7 . 7  2 . 5  

v o i d  

i n t e r f a c e  w i t h  m a t r i x  

I n  m a t r i x  nex t  t o  13 65 17 2.2 
i n t e r f a c e  w i t h  
c o r r o s i o n  zone 

Deeper i n t o  uncorroded 13 65 18 2.4 
m a t r i x  

where t h e  f i r s t  term dominates a t  e a r l y  expo- 
sures, when n i c k e l  i s  be ing  d i s s o l v e d  a t  a r e l a -  
t i v e l y  h i g h  r a t e ,  and t h e  second te rm becomes 
more i m p o r t a n t  a t  l o n g e r  t imes ,  when t h e  c o n s t i t -  
uents of t h e  s t e e l  a r e  re leased  i n t o  t h e  l i q u i d  
metal i n  p r o p o r t i o n  t o  t h e i r  s t a r t i n g  
c o n c e n t r a t i o n , ’  A weight  l o s s  ( o r  d i s s o l u t i o n )  
r a t e  can then be ob ta ined  from long- term da ta  by 
d e t e r m i n a t i o n  o f  t h e  slope o f  t h e  we igh t  l o s s  
versus t i m e  curve ( k j ) .  Such a procedure i s  com- 
monly used f o r  l i q u i d  meta l  c o r r o s i o n  when l i n e a r  
k i n e t i c s  have been e s t a b l i s h e d  and was used i n  t h e  
p resen t  case f o r  t > 3000 h t o  g e t  an approximate 
r a t e  cons tan t  ( d i s s o l u t i o n  r a t e )  o f  76 mg/mz.h 
f o r  t ype  316 s t a i n l e s s  s t e e l  exposed t o  t h e r m a l l y  
convec t i ve  Pb-17 a t .  % L i  a t  5OOOC. T h i s  va lue  
can then be compared t o  t h a t  determined from t h e  
we igh t  l o s s  da ta  f o r  t h e  1ZCr-IMoVW s t e e l  [ E l ,  
see Eq. (3)]: 2 1  mg/m2.h. However, because of 
t h e  b a s i c  d i f f e r e n c e  i n  c o r r o s i o n  morphologies,  
such a comparison between t h e  a u s t e n i t i c  
s t a i n l e s s  s t e e l  and the  12Cr-IMoVW a l l o y  i s  n o t  a 
d e f i n i t i v e  one, and a comparison between t h e  
decrease i n  sound metal t h i c k n e s s  o f  each s t e e l  
i s  more appropr ia te .  A t  a g i v e n  exposure, t h e  
d i f f e r e n c e  i n  su r face  recess ion  r a t e  of t y p e  316 
s t a i n l e s s  s t e e l  and 12Cr-1MoVW s t e e l  i s  r e l a -  
t i v e l y  g r e a t e r  than t h e  we igh t  losses  because 
s imple mass change does n o t  account  f o r  t h e  l a c k  
of i n t e g r i t y  of t h e  porous l a y e r  on t h e  aus ten i-  
t i c  a l l o y .  
l osses  by t h i c k n e s s  changes t h e r e f o r e  inc rease  
t h e  d i f f e r e n c e  i n  s u s c e p t i b i l i t y  between t y p e  316 
s t a i n l e s s  s t e e l  and I2Cr-1MoVW s t e e l  r e l a t i v e  t o  
t h a t  ob ta ined  from t h e  we iqh t  l o s s  measurements. 

Such de te rmina t ions  of c o r r o s i o n  

Any mechan is t i c  e x p l a n a t i o n  f o r  t h e  type of c o r r o s i o n  l a y e r  t h a t  forms on t h e  exposed type  316 
s t a i n l e s s  s t e e l  must a l s o  be c o n s i s t e n t  w i t h  t h e  observa t ion  t h a t  t h e  Fe-12Cr-1MoVW s t e e l  corrodes q u i t e  
d i f f e r e n t l y .  
l u t i o n  of n i c k e l  account f o r  t h e  nonuniform n a t u r e  of t h e  c o r r o s i o n  of t y p e  316 s t a i n l e s s  s t e e l .  Such a 
model can be based on t h e  work o f  H a r r i s o n  and Wagner,O who showed t h a t  p r e f e r e n t i a l  l each ing  of one com- 
ponent of a s o l i d  a l l o y  i n t o  a l i q u i d  meta l  can d e s t a b i l i z e  the  s o l i d - l i q u i d  i n t e r f a c e  t o  produce a h i g h l y  

T h i s  leads t o  c o n s i d e r a t i o n  o f  a model i n  which t h e  h i g h e r  s o l u b i l i t y  and p r e f e r e n t i a l  d i sso-  
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ORNL-DWG 86-8641R 
thrrrnnllv convective Pb - 17 0 t . X  LI. 500°C 

A P E  316 SS 

i r r e g u l a r ,  porous sur face t h a t  i s  
v e r y  s i m i l a r  t o  what i s  observed 
i n  t h e  p resen t  case f o r  t ype  316 
s t a i n l e s s  steel. I f  one elemen- 
t a l  component i s  d i s s o l v i n g  
r a p i d l y ,  a s l i g h t  phys ica l  o r  
chemical p e r t u r b a t i o n  of t h e  
i n t e r f a c e  between t h e  s o l i d  and 
l i q u i d  can develop i n t o  l a r g e  
sca le  n o n u n i f o r m i t y  o f  t h i s  sur-  
face. On t h e  o t h e r  hand, 
Har r i son  and Wagner* a l s o  showed 
t h a t  when t h e  s o l u b i l i t i e s  o f  
a l l o y  components i n  t h e  l i q u i d  
metal do n o t  d i f f e r  g r e a t l y  from 
one another  (as  i n  t h e  p r e s e n t  
case o f  t h e  Fe-Cr s t e e l ) ,  t h e  

F i g .  9.2.2. Weight l o s s  
versus exposure t ime f o r  
t ype  316 s t a i n l e s s  s t e e l  and 
12Cr-1MoVW s t e e l  exposed t o  
t h e r m a l l y  convec t i ve  Pb-17 a t .  
% L i  a t  5 0 0 T .  
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ORNL-DWG 86-8642 
olly c o n v e c t i v e  Pb - 17 ot.X Li, 500OC 
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F ig .  9.2.3. Weight l oss  
versus exposure t ime f o r  type 316 
s ta i n l ess  s tee l  exposed t o  
thermal ly  convect ive Pb-17 a t .  % 
L i  a t  500OC. C i r c l e s  represent  
data f r o m  i n d i v i d u a l  specimens 
exposed on l y  once. Squares are 
data f o r  specimen t h a t  was 
repeatedly cleaned and reexposed. 

0 1000 2000 3000 4000 5000 6000 
EXPOSURE T I M E  (h l  

s o l i d  a l l o y - l i q u i d  metal i n t e r f a c e  should remain macroscopical ly  p lane i n  accordance w i t h  our  observat ions 
f o r  the  I2Cr-IMoVW s tee l  exposed t o  Pb-17 a t .  % L i .  

1000DC, where copper was p r e f e r e n t i a l l y  depleted.  
under such cond i t ions ,  c a l c u l a t i o n s  show t h a t ,  i n  t he  present  case o f  p re fe ren t i a l  leach ing  o f  n i c k e l  a t  
5OO0C,  the  i n f l uence  of such d i f f u s i o n  i s  n e g l i g i b l e  even a t  the  extended exposure t imes o f  t h i s  s tudy.  
Nevertheless, f o r  t he  case where many t h i n  l i q u i d  zones i n f i l t r a t e  t he  s o l i d  a l l o y  ( i n  a somewhat s i m i l a r ,  
though i dea l i zed ,  manner t o  what i s  observed i n  the  present  experiments), the  concent ra t ion  of n i c k e l  i n  
these l i q u i d  reg ions  can be considered a func t ion  of t ime and d is tance  from the  o r i g i n a l  sur face such t h a t  
l i q u i d  phase d i f f u s i o n  i s  t he  impor tan t  f a c t o r  i n  growth of t he  zones. 
zones are f a i r l y  c l ose  toge ther ,  Har r i son  and Wagner' de r i ved  an expression r e l a t i n g  t he  depth of penetra-  
t i o n  o f  the  l i q u i d  metal ,  x ,  t o  exposure t ime:  

Much o f  t he  experimental work o f  Har r i son  and Wagner' invo lved  copper-nickel a l l o y s  i n  mol ten s i l v e r  a t  
Although s o l i d  s t a t e  d i f f u s i o n  can p l ay  an impor tan t  r o l e  

For t h i s  case, where t he  l i q u i d  

where K i s  the  d i s t r i b u t i o n  c o e f f i c i e n t  o f  N i  between the  l i q u i d  and s o l i d ,  N N i ( ' )  i s  the  i n i t i a l  mole f rac-  
t i o n  of N i  i n  t he  a l l o y ,  and D l j j  i s  the  d i f f u s i o n  c o e f f i c i e n t  o f  n i cke l  i n  the  l i q u i d  phase. 
recogn iz ing  t h a t  measurements of x f r o m  present  observat ions are somewhat inaccurate due t o  poss ib l e  removal 
o f  some o f  t he  co r ros i on  l a y e r  du r i ng  specimen c lean ing  (see above), it i s  i n t e r e s t i n g  t o  note t h a t ,  when x 
i s  measured from micrographs of t he  cross sect ions of the  appropr ia te  s ta i n l ess  s tee l  specimens, such data 
f o l l o w  a s i m i l a r  t ime dependence t o  t h a t  p red i c ted  by Eq. ( 5 ) :  

While 

x = A t 0 . 6  . (6) 

Such r e l a t i v e l y  good agreement can serve as a d d i t i o n a l  support f o r  t he  v a l i d i t y  o f  t h i s  model i n  desc r i b i ng  
t he  observed co r ros i on  process. 

breeding f l u i d  - l i t h i u m .  Under s i m i l a r  cond i t i ons ,  t he  general c h a r a c t e r i s t i c s  o f  t he  co r ros i on  processes 
are the  same f o r  t he  two l i q u i d  metals .  
surface l a y e r  and e x h i b i t  a power curve dependence of weight  l oss  on 
uni formly and show l i n e a r  weight  l o s s  k i n e t i c s . $  
occur i n  bo th  systems, Pb-17 a t .  % L i  i s  much more aggressive than pure l i t h i u m .  Weight losses,  depths o f  
the  f e r r i t i c  l aye rs  on type  316 s t a i n l e s s  s t e e l ,  and d i s s o l u t i o n  ra tes  a re  a l l  s u b s t a n t i a l l y  g rea ter  i n  
l ead- l i t h i um.  Furthermore, wh i l e  porous f e r r i t i c  l aye rs  form on type  316 s t a i n l e s s  s tee l  i n  bo th  
Pb-17 a t .  % L i  and l i t h i u m ,  t he re  are d i f fe rences  i n  t h e i r  morphologies. Those induced by l ead- l i t h i um 
appeared t o  have g rea te r  and more extended voidage. 
ferrous a l l o y s  i s  cons i s ten t  w i t h  the  gene ra l l y  more r a p i d  cor ros ion  k i n e t i c s  observed i n  pure lead  envi ron-  
ments (see f o r  example, r e f .  9 ) .  

I t  i s  in fo rmat ive  t o  compare t he  corros iveness o f  Pb-17 a t .  % L i  t o  t h a t  o f  another poss ib l e  t r i t i u m  

I n  bo th  environments, a u s t e n i t i c  s t a i n l e s s  s tee l s  form a spongy 
w h i l e  Cr-Mo s tee l s  corrode 

However, a l though o v e r a l l  s i m i l a r  co r ros i on  processes may 

The grea ter  aggressiveness o f  l e a d - l i t h i u m  toward 
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I n  bo th  l e a d- l i t h i u m  and l i t h i u m  environments, t h e  g rea te r  co r ros i on  s u s c e p t i b i l i t y  o f  the  type 316 
s t a i n l e s s  s t e e l  r e l a t i v e  t o  the  Fe-12Cr-1MoVW a l l o y  can be a t t r i b u t e d  t o  t h e  presence o f  n i c k e l  i n  the  
former s t e e l .  Other  s t ud i es  w i t h  pure lead*  and pure l i t h i u m"  have shown t h a t  co r ros i on  o f  Fe-Cr-Ni a l l o y s  
increased w i t h  i nc reas i ng  concent ra t ion  o f  n i c k e l ,  which has r e l a t i v e l y  h i gh  s o l u b i l i t i e s  i n  mol ten l ead  and 
l i t h i u m  r e l a t i v e  t o  chromium and i r o n .  Furthermore, as d iscussed above, t h e  p r e f e r e n t i a l  l each ing  o f  n i c k e l  
can lead  t o  t h e  severe type  of co r ros i ve  a t t a c k  observed f o r  t ype  316 s t a i n l e s s  s t e e l .  

9.2.5 Conclusions 

1. Resu l ts  from 5 O O O C  exposures of t ype  316 s t a i n l e s s  s t ee l  and 12Cr-IMoVW s t e e l  t o  t he rma l l y  convec- 
t i v e  Pb-17 a t .  % L i  f o r  g rea te r  than 6000 h revea led  severe, nonuniform a t t a c k  of t h e  type  316 s t a i n l e s s  
s t ee l  t h a t  r e s u l t e d  i n  t h e  fo rmat ion  o f  ex tens ive  f e r r i t i c  co r ros i on  l aye r s  and un i fo rm co r ros i on  o f  the  
12Cr-1MoVW s t e e l .  The presence o f  the  f e r r i t i c  l a y e r  on t h e  type  316 s t a i n l e s s  s t e e l  and the  e f f e c t s  o f  
specimen c l ean ing  on i t s  i n t e g r i t y  were shown t o  be impor tan t  cons idera t ions  i n  eva lua t i ng  t h e  data f o r  t h i s  
s t ee l  and i n  comparing co r ros i on  losses  f o r  the  two types  o f  a l l o y s .  The type 316 s t a i n l e s s  s t e e l  was more 
suscep t ib le  than t h e  Fe-Cr-Mo a l l o y  t o  co r ros i on  by Pb-17 a t .  % L i .  In add i t i on ,  b o t h  a l l o y s  were corroded 
t o  a g rea te r  ex ten t  i n  Pb-17 a t .  % L i  than i n  l i t h i u m  under s i m i l a r  exposure cond i t i ons .  

A model from t h e  l i t e r a t u r e  was suggested as an app rop r i a t e  exp lana t ion  f o r  the  deep ly  pene t ra t i ng ,  
i r r e g u l a r  cor ros ion  of t h e  type  316 s t a i n l e s s  s t ee l  by Pb-17 a t .  % L i .  
d i s s o l u t i o n  of n i c k e l  and t h e  i n s t a b i l i t y  of a s l i g h t l y  i r r e g u l a r  sur face  under such cond i t i ons .  
model exp la ins  no t  o n l y  t h e  fo rmat ion  of such a l a y e r  and i t s  growth k i n e t i c s ,  b u t  a l so  t h e  c o n t r a s t i n g  un i -  
form co r ros i on  f o r  12Cr-IMoVW s t e e l .  
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9.3 CORROSION OF AUSTENIT IC  AND FERRITIC STEELS I N  FLOUING LITHIUM ENVIRONMENT -- 0. K. Chopra and 
0. L. Smith (Argonne Nat iona l  Labora to ry )  

9.3.1 A D I P  Task 

A D I P  Task I.A.3, Perform Chemical and M e t a l l u r g i c a l  C o m p a t i b i l i t y  Analyses. 

9.3.2 O b j e c t i v e  

The o b j e c t i v e  of t h i s  program i s  t o  i n v e s t i g a t e  t h e  i n f l u e n c e  of a f l o w i n g  l i t h i u m  envi ronment  on t h e  
c o r r o s i o n  behav io r  and mechanical p r o p e r t i e s  o f  s t r u c t u r a l  a l l o y s  under c o n d i t i o n s  o f  i n t e r e s t  f o r  f u s i o n  
r e a c t o r s .  
p e n e t r a t i o n  as a f u n c t i o n  of t ime  and temperature. These measurements, coupled w i t h  m e t a l l o g r a p h i c  evalu-  
a t i o n  o f  t h e  a l l o y  su r face ,  a r e  used t o  e s t a b l i s h  t h e  mechanism and r a t e - c o n t r o l l i n g  process f o r  t h e  
c o r r o s i o n  r e a c t i o n s .  I n i t i a l  e f f o r t  on mechanical p r o p e r t i e s  i s  focused on f a t i g u e  and t e n s i l e  t e s t s  i n  a 
f l o w i n g  l i t h i u m  envi ronment  of c o n t r o l l e d  p u r i t y .  

9.3.3 Sumnary 

Cor ros ion  r a t e s  a r e  determined by measuring t h e  we igh t  change and depth o f  i n t e r n a l  c o r r o s i v e  

Cor ros ion  data a r e  presented f o r  f e r r i t i c  HT-9 and Fe-9Cr-1Mo s t e e l s  and a u s t e n n i t i c  Type 316 s t a i n l e s s  
M e t a l l i c  elements d e t e c t e d  on s t e e l  i n  a f l o w i n g  l i t h i u m  environment a t  temperatures between 372 and 538'C. 

t h e  c o r r o s i o n  specimens i n d i c a t e  t h e  presence of c o r r o s i o n  p roduc ts  on t h e  a l l o y  su r faces .  
a re  t e r n a r y  n i t r i d e s  o f  l i t h i u m  and ma jo r  a l l o y  c o n s t i t u e n t s .  

9.3.4 Progress and S ta tus  

l i t h i u m  environment. 
t h r e e  t e s t  vesse ls  and a secondary c o l d - t r a  A d e t a i l e d  d e s c r i p t i o n  o f  t h e  l o o p  and t h e  
t e s t  procedure have been presented earl ier. ' - '  The temperature and t i m e  o f  exposure and t h e  l o o p  o p e r a t i n g  
c o n d i t i o n s  f o r  t h e  v a r i o u s  c o r r o s i o n  t e s t s  a r e  g i v e n  i n  Table 9.3.1. L i t h i u m  was c i r c u l a t e d  a t  -1 L l m i n  i n  
t h e  p r imary  loop ,  and t h e  c o n c e n t r a t i o n s  of C and H i n  l i t h i u m  were -10 and 120 wppm, r e s p e c t i v e l y .  

Type 316 s t a i n l e s s  s t e e l  exposed t o  f l o w i n g  l i t h i u m  a t  538, 482, 427, and 372'C have been r e p o r t e d  e a r l i e r . 4  
C o r r o s i o n  da ta  f o r  f e r r i t i c  HT-9 and Fe-9Cr-1Mo s t e e l  i n  f l o w i n g  l i t h i u m  a t  temperatures between 372 and 
538°C i n d i c a t e  t h a t  a f t e r  an i n i t i a l  t r a n s i e n t  p e r i o d  o f  -500 h, t h e  we igh t  l o s s e s  f o r  f e r r i t i c  s t e e l s  
i n c r e a s e  l i n e a r l y  w i t h  t i m e  and y i e l d  a c o n s t a n t  d i s s o l u t i o n  r a t e .  
i n c r e a s e  i n  temperature. 
16.3 k c a l l m o l e .  
a l l o y  su r faces  develop a d impled appearance. 
o f  exposure and t h e  s i z e  of t h e  d imples does n o t  change w i t h  a d d i t i o n a l  exposure. 
d imples decreases w i t h  a decrease i n  temperature.  
d e p l e t i o n  of chromium from t h e  a l l o y  s u r f a c e  and l e a d s  t o  s i g n i f i c a n t  we igh t  l o s s  d u r i n g  t h e  i n i t i a l  p e r i o d  
of exposure. 
a l l o y s .  I r o n - r i c h  d e p o s i t s  were observed on t h e  sur faces  o f  HT-9 and Fe-9Cr-1Mo specimens l o c a t e d  
downstream ( a t  482'C) from t h e  maximum l o o p  temperature p o s i t i o n  (538'Cl. 

c h a r a c t e r i z e d  by r a p i d  d i s s o l u t i o n .  
v a r i a t i o n s  i n  temperature. 
l i t h i u m  a t  temperatures between 312 and 5 3 8 O C  range f rom 1.5 t o  2.5 mg/m2.h. 
i n i t i a l  t r a n s i e n t  s tage ( i .e . ,  500- t o  1000-h exposure) range between 15 and 30 g/m2 a f t e r  exposure a t  427 
o r  482'C and between 3 and 15 g/m2 a f t e r  exposure a t  372 o r  538'C. The i n i t i a l  d i s s o l u t i o n  s tage i s  
a s s o c i a t e d  w i t h  t h e  fo rmat ion  of a f e r r i t i c  s u r f a c e  l a y e r  due t o  d e p l e t i o n  o f  n i c k e l  f rom t h e  s t e e l .  T h i s  
t r a n s i e n t  s tage appears t o  p l a y  an i m p o r t a n t  r o l e  i n  c o n t r o l l i n g  t h e  n a t u r e  o f  t h e  s u r f a c e  m o d i f i c a t i o n s  
and, consequent ly ,  i n  t h e  o v e r a l l  d i s s o l u t i o n  behav io r  of a u s t e n i t i c  s t e e l  5 .  
l o s s e s  develop a w e l l - d e f i n e d  d impled s t r u c t u r e  and deep c a v i t i e s .  
d e p l e t e d  o f  n i c k e l ,  and t h e  chromium c o n t e n t  ranges from 8 t o  10%. 
i .e.,  < l o  g/m , develop a v e r y  f i n e  d impled s t r u c t u r e  (e.g., a t  372'C) o r  a c e l l u l a r  s t r u c t u r e  (e.g.,  a t  

These p roduc ts  

The c o r r o s i o n  behav io r  o f  severa l  f e r r i t i c  and a u s t e n i t i c  s t e e l s  i s  be ing  i n v e s t i g a t e d  i n  a f l o w i n g  
The c o r r o s i o n  t e s t s  a r e  conducted i n  a f o r c e d- c i r c u l a t i o n  l i t h i u m  l o o p  c o n s i s t i n g  of 

u r i f i c a t i o n  loop .  

The c o r r o s i o n  da ta  and m e t a l l o g r a p h i c  e v a l u a t i o n  o f  f e r r i t i c  HT-9 and Fe-9Cr-1Mo s t e e l  and a u s t e n i t i c  

The d i s s o l u t i o n  r a t e s  i n c r e a s e  w i t h  an 
An Ar rhen ius  p l o t  o f  t h e  d i s s o l u t i o n  r a t e s  y i e l d s  an a c t i v a t i o n  energy o f  

The d i s s o l u t i o n  behav io r  of t h e  two s t e e l s  i s  i d e n t i c a l .  A f t e r  exposure t o  l i t h i u m ,  t h e  
A d impled sur face s t r u c t u r e  i s  f u l l y  developed a f t e r  -1000 h 

The fo rmat ion  o f  a d impled s t r u c t u r e  i s  a s s o c i a t e d  w i t h  
However, t h e  s i z e  of 

L i m i t e d  da ta  ( i . e . ,  Run 6 )  i n d i c a t e  some downstream e f f e c t s  on t h e  d i s s o l u t i o n  behav io r  O f  

The d i s s o l u t i o n  r a t e s  f o r  a u s t e n i t i c  Type 316 SS reach a steady s t a t e  a f t e r  an i n i t i a l  -1500-h p e r i o d  
The s t e a d y- s t a t e  d i s s o l u t i o n  r a t e s  a re  r e l a t i v e l y  i n s e n s i t i v e  t o  

The d i s s o l u t i o n  r a t e s  f o r  annealed o r  20% CW Type 316 s t a i n l e s s  s t e e l  exposed t o  
The we igh t  l o s s e s  a f t e r  t h e  

Specimens w i t h  l a r g e  we igh t  
The sur faces o f  these specimens a r e  
Specimens w i t h  smal l  we igh t  losses ,  

2 

538'C). 
The s teady- s ta te  d i s s o l u t i o n  r a t e s  of t h e  v a r i o u s  s e t s  of f e r r i t i c  s t e e l s  and Type 316 SS exposed t o  

f l ow ing  l i t h i u m  are  g iven  i n  Table 9.3.2. 
r e s u l t s  i n d i c a t e  t h a t  t h e  d i s s o l u t i o n  r a t e s  f o r  HT-9 and Fe-9Cr-lMo s t e e l  i nc rease  by a f a c t o r  of -10 when 
t h e  temoerature inc reases  from 400 t o  550°C. 

The Arrhenius p l o t s  o f  t h e  da ta  a re  shown i n  F ig .  9.3.1. The 

The Arrhenius p l o t  f o r  t h e  d i s s o l u t i o n  r a t e s  y i e l d s  an 
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Table 9.3.1. Lithium loop operating condit ions fo r  various corrosion t e s t s  

Loop Temperature ( " C )  N Content Exposure Time ( h )  
Test Test Spec. Exp. Supply Cold i n  Lithium Test Spec. E x p .  
Run Vessel Vessela Vessel Trap (wppm) Vessel Vessel 

1 482 482 432 212 <50 1295 5000 

2 482/427b 482 407 230' -250 - 1997 
3 427 482 407 230 -100 1100 - 
4 482 427 410 212 <loo 5521 6501 
5 427 372 372 206 -100 5023 4955 
6 538 482 410 208 -50 3655 3330 

aLithium flow was f r m  t e s t  vessel t o  specimen exposure vessel .  
bTest vessel temperature changed from 482 t o  42TC a f t e r  1540 h. 
'No flow occurred t h r o u g h  cold t r ap  a f t e r  890 h due t o  plugging. Plugged sect ions  were 

replaced and flow s t a r t e d  a f t e r  an addit ional  480 h .  

Table 9.3.2. Dissolution r a t e s  of f e r r i t i c  and a u s t e n i t i c  
s t e e l s  exposed t o  flowing 1 i t h i  um 

~~~~~~ 

Test Temp. Maximum Dissolution Rate (mg/m2 h )  
Run Specimen Locationa ( " C )  Time ( h )  HT-9 9Cr-1Mo 316 SS 316 CW 

4 Test Vessel 482 5521 0.173 0.144 1.61 1.58 

4 Spec. Exp.  Vessel 427 5739 0.064 0.066 2.21 2.18 
Spec. Exp.  Vessel 427 6501 0.070 0.070 - - 

5 Test  Vesselb 427 5023 0.077 .0.062 9.17 6.34 

5 Spec. Exp. Vessel 372 4955 0.029 0.030 2.11 2.48 

3655 0.401 0.391 2.05 1.41 - - 1.75 
6 Test Vessel 538 

Test Vessel 538 2271 - 
6 Spec. Exp. Vessel' 482 3330 - - 2.05 1.84 

~~ ~ 

aCorrosion soecimens were exoosed in the  t e s t  and specimen exposure Vessels. 
Lithium flow was from t e s t  vessel t o  specimen exposure vessel. 

no weight l o s s .  

ac t iva t ion  energy of 16.3 kcallmole. 
changes in temperature. 
higher a t  lower temperatures. 

energy Q = 16.3 kcallmole) i s  lower than t h a t  observed in flowing Pb-17Li ( i . e . ,  Q = 22.1 kcalelmole) and 
comparable t o  t h a t  observed in flowing sodium ( i . e . ,  Q = 17.5 k ~ a l l m o l e ) . ~  In flowing sodium, the  
d issolut ion r a t e s  of f e r r i t i c  s t e e l s  are  very sens i t ive  t o  the  oxygen content in sodium. Limited data in 
flowing l i thium indicate  t h a t  an increase i n  nitrogen in l i thium increases t h e  d issolut ion r a t e s .4  
i n  Fig. 9.3.1 were obtained in l i t h i u m  containing 1 0 0  wppm nitrogen. 
d i s so lu t ion  behavior of f e r r i t i c  s t e e l s  needs t o  be es tabl ished quant i ta t ive ly .  

i n sens i t ive  t o  a change in temperature in the range of 372 and 538OC. 
l o s s  show s ign i f i can t  var ia t ion .  The large  weight losses  fo r  aus ten i t i c  s t e e l s  a r i s e  primarily from the  
depletion o f  nickel from the s t ee l  and the a l loy  surfaces  develop a porous f e r r i t e  sca le .  
specimens, the surface nickel content i s  ~ 1 %  i r re spec t ive  of the temperature of exposure or  to ta l  weight 

bDissolution r a t e s  f o r  HT-9 and 9Cr-1Mo were obtained from combined data of Runs 4 and 5 .  
'Large deposits  were observed on specimen surfaces.  F e r r i t i c  s t e e l s  showed l i t t l e  o r  

However, the  d issolut ion r a t e s  fo r  Type 316 SS a re  insens i t ive  t o  
The s teady- sta te  d issolut ion r a t e s  range betwen 1.5 and 2.5 mg/m2 h ;  the  values a re  

For the  f e r r i t i c  s t e e l s ,  the  temperature dependence of d issolut ion r a t e s  in l i t h i u m  ( i  .e., ac t iva t ion  

The data 
The influence of nitrogen on the 

The dissolut ion r a t e s  of aus ten i t i c  Type 316 SS show an anomalous behavior, i . e . ,  the r a t e s  a re  
However, the data fo r  to t a l  weight 

For most 
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Fig. 9.3.1. Arrhenius plot  of dissolution r a t e  data for 
f e r r i t i c  and aus ten i t i c  s t e e l s  exposed t o  flowing li thium. 

l o s s  of the specimens. However, the depletion of chromium i s  greater fo r  specimens t h a t  show large weight 
loss  and porosity,  e.g., specimens exposed in high-nitrogen li thium ( r u n  2 ) .  
elements and lithium to  form s tab le  ternary n i t r i d e s ,  such as LigCrN5 and Li3FeN2, and t h u s  accelerate the 
dissolution process of ferrous 

corrosion specimens. 
alcohol used for  cleaning HT-9 or Type 316 SS specimens exposed for  -500 h in lithium a t  538'C and 482°C 
(downstream locat ion) .  
elements expressed as wppm of lithium dissolved in the methanol solutions a re  given in Table 9.3.3. The 
solutions used fo r  cleaning the corrosion specimens contain s ign i f i can t  amounts of Cr, Fe, and Mo. The Ni 
content in these solutions i s  the same a s  t h a t  in l i t h i u m  solutions.  The residues collected from the 
solutions contained primarily Cr and Fe. 
t h a t  the chromium i s  present i n  the 6+ oxidation s t a t e .  
present on the alloy surfaces. 
d issocia te  d u r i n g  the cleaning process. 

Nitrogen can react  w i t h  a l loy 

The ternary n i t r i d e s  are  soluble i n  alcohol or water and, therefore ,  are  not observed on clean 
The presence of the ternary n i t r ides  was investigated by chemical analysis of the 

The solutions were f i l t e r e d  before the analysis.  The concentrations of major 

U1 t r av io le t- v i s ib le  absorption spectroscopy of the solutions show 
These r e s u l t s  indicate  t h a t  corrosion products are  

These products are  probably ternary n i t r i d e s  of Cr and Fe and they 

9.3.5 Conclusions 

The corrosion data indicate  t h a t  dissolution o f  major alloy elements as well as chemical reactions,  
e.g., between nitrogen and chromium or i ron,  influence the corrosion behavior of ferrous alloys in flowing 
lithium. The formation of reaction products on the alloy surfaces may influence the dissolution behavior, 
par t icular ly  the dissolution of nickel f r m  aus ten i t i c  s t ee l s .  Additional information on the  e f fec t s  of 
system parameters, such a s  lithium puri ty ,  system AT, locat ion,  e t c . ,  on the corrosion processes i s  needed 
t o  quant i ta t ively  es tabl ish  the dissolution ra tes  of ferrous alloys in l i thium. 
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Table 9.3.3. Spectrochemical ana l ys i s  of methanol used f o r  
c lean ing  co r ros i on  specimens exposed t o  l i t h i u m  
a t  538 and 482'C 

Major Elements (wppm) 
538'C 482'C 

A l l o y  Cr Fe N i  Mo C r  Fe N i  MO 

HT-9 19 67 (15 10 42 33 <15 12 

316 SS 46 68 13 135 207 31 14 60 

L i t h i u m  <5 17  13 < l o  <5 18 <15 <10 
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9.4 ENVIRONMENTAL EFFECTS ON PROPERTIES OF STRUCTURAL ALLOYS I N  FLOWING Pb-17Li -- 0. K. Chopra and 
0. L. Smith (Argonne Nat iona l  Labora to ry )  

9.4.1 A O I P  Task 

A O I P  Task I.A.3, Perform Chemical and M e t a l l u r g i c a l  C o m p a t i b i l i t y  Analyses. 

9.4.2 O b j e c t i v e  

The o b j e c t i v e  o f  t h i s  program i s  t o  i n v e s t i g a t e  t h e  i n f l u e n c e  o f  a f l o w i n g  Pb-17 a t .  % L i  env i ronment  
on t h e  c o r r o s i o n  behav io r  and mechanical p r o p e r t i e s  of s t r u c t u r a l  a l l o y s  under c o n d i t i o n s  of i n t e r e s t  f o r  
fus ion  r e a c t o r s .  Cor ros ion  behav io r  i s  eva lua ted  by measuring t h e  we igh t  change and depth o f  i n t e r n a l  
c o r r o s i v e  p e n e t r a t i o n  of a l l o y  specimens exposed t o  f l o w i n g  Pb-17Li f o r  v a r i o u s  t imes.  
r a t e s  a r e  determined as a f u n c t i o n  o f  temperature. 
t o  e s t a b l i s h  t h e  mechanism and r a t e - c o n t r o l l i n g  process f o r  t h e  c o r r o s i o n  r e a c t i o n s .  
mechanical p r o p e r t i e s  i s  focused on t e n s i l e  t e s t s  i n  a f l ow ing  Pb-17Li environment. 

The d i s s o l u t i o n  

I n i t i a l  e f f o r t  on 
M e t a l l o g r a p h i c  examinat ion of t h e  a l l o y  sur face i s  used 

9.4.3 Sumnary - 
Corros ion  data have been o b t a i n e d  on f e r r i t i c  HT-9 and Fe-9Cr-1Mo s t e e l  and a u s t e n i t i c  Type 316 

s t a i n l e s s  s t e e l  i n  a f l o w i n g  Pb-17 a t .  % L i  env i ronment  a t  temperatures between 371 and 482°C. 
c o r r o s i o n  behav io r  i s  eva lua ted  by measurements of we igh t  l o s s  and depth o f  i n t e r n a l  c o r r o s i o n  as a f u n c t i o n  
of t ime  and temperature. 

9.4.4 Progress and S ta tus  

The e f f e c t s  o f  a f l ow ing  Pb-17Li env i ronment  on t h e  c o r r o s i o n  behav io r  and mechanical p r o p e r t i e s  o f  
f e r r i t i c  and a u s t e n i t i c  s t e e l s  a re  be ing  i n ~ e s t i g a t e d . ' - ~  

Tes ts  a r e  conducted i n  a f o r c e d- c i r c u l a t i o n  l o o p  c o n s i s t i n g  o f  a h igh- temperature t e s t  vessel ,  a h e a t  
exchanger s e c t i o n ,  and a co ld- tempera tu re  chamber. The t o t a l  volume o f  t h e  l o o p  was -2 l i t e r s .  
d e s c r i p t i o n  o f  t h e  l o o p  has been presented e a r l i e r . 2  F l a t  c o r r o s i o n  coupons, -73 x 10 x 0.26 nm i n  s i z e ,  o f  
HT-9 a l l o y ,  Fe-9Cr-lMo. and Type 316 s t a i n l e s s  s t e e l  were exposed t o  f l ow ing  Pb-17Li. and t h e  c o r r o s i o n  
behav io r  was eva lua ted  by measurements o f  we igh t  l o s s  and t h e  depth o f  i n t e r n a l  c o r r o s i v e  p e n e t r a t i o n .  Four 
c o r r o s i o n  t e s t  runs  of 2000 t o  4000 h each were conducted a t  maximum temperatures o f  371, 427, 454, and 
482"C, r e s p e c t i v e l y .  
as a t  a downstream l o c a t i o n .  
l ower  than t h e  maximum temperature, whereas t h e  temperature a t  b o t h  l o c a t i o n s  was 371°C d u r i n g  r u n  4. 
specimens were p e r i o d i c a l l y  removed from t h e  l o o p  f o r  we igh t  change measurements. 
t h e  c o l d - l e g  temperature was m a i n t a i n e d  a t  300°C and t h e  Pb-17Li a l l o y  was c i r c u l a t e d  a t  a r a t e  o f  
-350 cm3/min. Several analyses o f  t h e  e u t e c t i c  a l l o y  showed t h a t  t h e  c o n c e n t r a t i o n s  o f  0, H, and N were 
260, 22, and < l o  wppm, r e s p e c t i v e l y .  

9.4.4.1 F e r r i t i c  S t e e l s  

The 

A d e t a i l e d  

For  each t e s t  run, specimens were exposed a t  t h e  maximum temperature p o s i t i o n  as w e l l  
Dur ing  r u n s  1 t o  3, t h e  temperature a t  t h e  downstream p o s i t i o n  was 15 t o  25'C 

The 
For a l l  c o r r o s i o n  t e s t s ,  

The c o r r o s i o n  behav io r  was eva lua ted  by measuring t h e  change i n  we igh t  o f  t h e  specimens exposed t o  
f l ow ing  Pb-17Li f o r  d i f f e r e n t  t imes.  
temperature l o c a t i o n  a t  482, 454, 427, and 371'C a r e  shown i n  F i g .  9.4.la. The r e s u l t s  i n d i c a t e  t h a t  t h e  
we igh t  l o s s e s  f o r  b o t h  s t e e l s  i n c r e a s e  l i n e a r l y  w i t h  t ime  and y i e l d  a c o n s t a n t  d i s s o l u t i o n  r a t e .  
exposed a t  482°C show s i g n i f i c a n t  we igh t  l o s s  a f t e r  t h e  i n i t i a l  500-h exposure t o  Pb-17Li. 
l o s s e s  and d i s s o l u t i o n  r a t e s  f o r  Fe-9Cr-1Mo s t e e l  r e l a t i v e  t o  those f o r  HT-9 a l l o y  a re  comparable a t  371'C 
and s l i g h t l y  lower  a t  t h e  h i g h e r  temperatures.  
i n c r e a s e  i n  temperature. 

l o c a t i o n ,  i s  shown i n  F ig .  9.4.lb. 
and y i e l d  a c o n s t a n t  d i s s o l u t i o n  r a t e .  
we igh t  l o s s  and d i s s o l u t i o n  r a t e  a re  lower  than  those observed f o r  specimens exposed a t  t h e  maximum 
temperature l o c a t i o n .  
and Fe-gCr-lMo s t e e l  exposed a t  t h e  downstream l o c a t i o n  showed l i t t l e  o r  no we igh t  l o s s .  

M e t a l l o g r a p h i c  examinat ion o f  HT-9 and Fe-9Cr-1Mo specimens f r o m  t h e  v a r i o u s  c o r r o s i o n  t e s t s  showed 
uni form d i s s o l u t i o n  as w e l l  as p r e f e r e n t i a l  a t t a c k  a long  g r a i n  boundar ies and m a r t e n s i t i c  l a t h e  
boundar ies.  
shown i n  F ig .  9.4.2. The p r e f e r e n t i a l  a t t a c k  i s  q u i t e  pronounced a t  482OC and t h e  specimen s u r f a c e  
developed an etched appearance. 
a t t r i b u t e d  t o  such sur face m o d i f i c a t i o n s .  

The we igh t  l o s s e s  f o r  HT-9 and Fe-9Cr-lMo s t e e l  exposed a t  t h e  maximum 

Specimens 
The we igh t  

The d i s s o l u t i o n  r a t e s  f o r  b o t h  s t e e l s  i n c r e a s e  w i t h  an 

The c o r r o s i o n  behav io r  of t h e  specimens, which were exposed downstream from t h e  maximum temperature 

However, f o r  a g i v e n  t i m e  and temperature o f  exposure, t h e  t o t a l  
The we igh t  l o s s e s  f o r  these specimens a l s o  i n c r e a s e  l i n e a r l y  w i t h  t i m e  

Downstream e f f e c t s  were q u i t e  obv ious d u r i n g  run  4. For  example, specimens o f  HT-9 

Micrographs of t h e  surface of HT-9 specimens exposed t o  f l o w i n g  Pb-17Li a t  427 and 482°C a r e  

The l a r g e  we igh t  l o s s  a f t e r  t h e  i n i t i a l  500-h exposure a t  482°C may be 
The specimens exposed a t  482°C a l s o  show s i g n i f i c a n t  i n t e r n a l  
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Pb-17 at.% Li 

CLOSED SYMBOLS : 40 

EXPOSURE TIME (1000 h l  

DOWNSTREAM 

EXPOSURE TIME IlWO h) 

Fig. 9.4.1. Weight loss versus exposure time for f e r r i t i c  steel specimens exposed 
to flowing Pb-17Li a t  ( a )  the maximum loop temperature and ( b )  downstream location. 

427%. 3808 H 482OC. 1720  H 

Fig .  9.4.2. Micrographs of the surface of HT-9 alloy .~ __ . ~ .̂ .̂ exposed t o  f lowtng Pb-17Ll a t  [at  427-c ana ID) 482-c. 

corrosion, Fig. 9.4.3. The gray stringers observed a t  the surface are rich In chromium and correspond t o  
the preferential attack along martensitic lathe boundaries. The specimens, which were located downstream a t  
465OC from the specimens exposed a t  482T ( r u n  3 ) ,  showed l i t t l e  or no internal corrosion. 
f e r r i t i c  steel specimens fran tests  a t  lower temperatures, i.e.. runs 1. 2. and 4, revealed l i t t l e  or no 
internal corrosion. 

9.4.4.2 Austenltic Stainless Steels 

The corrosion behavior of annealed and 20% cold-worked Type 316 stainless steel exposed to flowing 
Pb-17Li a t  maximum loop  temperatures of 482, 454, 427. and 37l0C I s  shown in Fig.  9.4.4. The weight losses 
for austenitic steels are an order of magnitude greater than those for the f e r r i t i c  steels. Steady-state 
dissolution behavior achieved af ter  an in i t ia l  period of -500 h i s  characterized by very high dissolution 
rates. The large weight losses d u r i n g  the in i t ia l  transient period represent the formation of a f e r r i t i c  

Examination o f  
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I I 
FLOWING Pb-17 ol.% Li 
TYPE 316 SS 

700 

6oot I 1 5ooc / OPENSYMBOLS: 
ANNEALED 

EXPOSURE TIME (1000 hl 

Fig. 9.4.4. Weight l o s s  versus exposure t ime 
for  Type 316 s ta in less s tee l  specimens exposed t o  
f lowing Pb-17Li a t  the maximum loop temperature 
pos i t ion.  

id, t o  a lesser  extent. chromium from the steel .  The 

I t  1400 h t o  47 pm a f t e r  3700 h. 
i us ten i t i c  s ta in less  steel  specimens. For a given t ime 
Ind d i sso lu t i on  r a t e  f o r  the downstream specimens were 
lximum temperature locat ion.  The thickness of the 
mstream specimens. 
I h a t  the maximum loop temperatures o f  482. 454. and 
iickness o f  the f e r r i t e  l aye r  for  specimens exposed 
lwever, the composition o f  the f e r r i t e  l a y e r  was s i m i l a r  
Its, i.e., N i ,  Cr ,  and Fe, across the f e r r i t e  l a y e r  on 
I a t  465OC i s  shown i n  Fig. 9.4.5. The compositional 
7Li are d i f f e r e n t  f ran  those observed i n  a u s t e n i t i c  
'pe 316 s ta in less  steel  exposed t o  l i t h i u m  shows a s l i g h t  

f e r r i t e  layer,  i.e., the d i s t r i b u t i o n  o f  chromium 
Pb-17Li show a s i g n i f i c a n t  l o s s  of chromium over the 

i and n i cke l  decrease r a p i d l y  across the scalelmetal 

The thickness o f  the f e r r i t e  l a y e r  increases w i th  time, 

For example, the average values f o r  

9.4.4.3 Disso lu t ion Rates 

The steady-state d i sso lu t i on  ra tes  f o r  HT-9, Fe-gCr-lMo, and annealed and 20% cold-worked Type 316 
s ta in less  steel  i n  f lowing Pb-17Li are given i n  Table 9.4.1. 
present i nves t iga t ion  and data from other studies are shown i n  Fig. 9.4.6. 
from other investigators7-' are also p l o t t e d  i n  Ffg. 9.4.6 and show good agreement w i th  the r e s u l t s  fran the 

The Arrhenius p l o t s  o f  the r e s u l t s  f r a n  the 
Disso lu t ion r a t e  data obtained 
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TEMPERATURE PCI 
, o ~ 5 5 0  500 450 4M) 

I I I 
FLOWING Pb-I? 01. K U ENVIRONMENT 

F O  

Cr 

NI 

IOOOlT I K )  

Fig. 9.4.5. Concentration p r o f i l e s  f o r  Fig. 9.4.6. Arrhenius plots of d i s so lu t ion  
major elements across the f e r r i t i c  layer  of data for f e r r i t i c  and a u s t e n i t i c  steels exposed t o  
Type 316 stainless steel exposed t o  Pb-17Li f o r  flowing Pb-17Li. ANL: Argonne National Laboratory; 
1729 H a t  46VC. ORNL: Oak Ridge National Laboratory; CEN: Centre 

D'Etudes Nuclearies. France: USSR: Soviet  Union 
contr ibut ion to INTOR. 

Table 9.4.1. Dissolution r a t e s  fo r  f e r r i t i c  and a u s t e n i t i c  

aSpecimens were located downstream fran  the maximum loop 
temperature posit ion.  
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10. STATUS OF I R R A D I A T I O N  EXPERIMENTS AND MATERIALS INVENTORY 
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10.1 FUSION PROGRAM RESEARCH MATERIALS INVENTORY - T .  K .  Roche (Oak Ridge N a t i o n a l  Labora to ry ) .  
J .  W .  Dav is  (McOonnell Douglas A s t r o n a u t i c s  Company - S t .  Louis  D i v i s i o n ) ,  and T. A. Lechtenberg 
(GA Technologies) 

10.1.1 A D I P  Task 

A D I P  Task I.D.l, M a t e r i a l s  S t o c k p i l e  f o r  Magnetic Fusion Energy Programs. 

10.1.2 O b j e c t i v e  

Oak Ridge Nat iona l  Laboratory  m a i n t a i n s  a c e n t r a l  i n v e n t o r y  o f  research m a t e r i a l s  t o  p r o v i d e  a common 
supply  o f  m a t e r i a l s  f o r  t h e  Fusion Reactor M a t e r i a l s  program. 
v a r i a t i o n s  and p r o v i d e  f o r  economy i n  procurement and f o r  c e n t r a l i z e d  record- keeping.  
t o r y  i s  t o  focus on m a t e r i a l s  r e l a t e d  t o  f i r s t - w a l l  and s t r u c t u r a l  a p p l i c a t i o n s  and r e l a t e d  research,  b u t  
v a r i o u s  specia l- purpose m a t e r i a l s  may be added i n  t h e  f u t u r e .  

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

10.1.3 M a t e r i a l s  Requests and Release 

Th is  w i l l  m in im ize  unintended m a t e r i a l  
I n i t i a l l y  t h i s  inven-  

The use o f  m a t e r i a l s  from t h i s  i n v e n t o r y  t h a t  i s  coord ina ted  w i t h  or  o t h e r w i s e  r e l a t e d  t e c h n i c a l l y  t o  

M a t e r i a l s  requests  s h a l l  be d i r e c t e d  t o  t h e  Fusion Program Research M a t e r i a l s  I n v e n t o r y  a t  ORNL 
( A t t e n t i o n :  T .  K .  Roche). M a t e r i a l s  w i l l  be re leased  d i r e c t l y  i f  ( a )  t h e  m a t e r i a l  i s  t o  be used f o r  
programs funded by t h e  O f f i c e  of Fus ion Energy, w i t h  goals  c o n s i s t e n t  w i t h  t h e  approved M a t e r i a l s  Program 
Plans o f  t h e  M a t e r i a l s  and R a d i a t i o n  E f f e c t s  Branch and ( b )  t h e  requested amount o f  m a t e r i a l  i s  a v a i l a b l e  
w i t h o u t  compromising o t h e r  in tended  uses. 

M a t e r i a l s  reques ts  t h a t  do n o t  s a t i s f y  b o t h  ( a )  and (b) w i l l  be d iscussed w i t h  t h e  s t a f f  of t h e  Reactor 
Technologies Branch, Of f i ce  o f  Fusion Energy, f o r  agreement on a c t i o n .  

10.1.4 Records 

supp l ied  t o  program users w i l l  be accompanied by summary c h a r a c t e r i z a t i o n  i n f o r m a t i o n .  
Chemistry and m a t e r i a l s  p r e p a r a t i o n  records  a re  mainta ined f o r  a l l  i n v e n t o r y  m a t e r i a l s .  A l l  m a t e r i a l s  

10.1.5 Summarv of C u r r e n t  I n v e n t o r y  and M a t e r i a l  Movement Dur inq  P e r i o d  October 1. 1985 th rouqh  
March 31. 1986 

A condensed, q u a l i t a t i v e  d e s c r i p t i o n  of t h e  c o n t e n t  of m a t e r i a l s  i n  t h e  Fusion Program Research 
M a t e r i a l s  I n v e n t o r y  i s  g i v e n  i n  Tab le  10.1.1. 
o f  sheet  f o r  p roduc t  forms of each a l l o y  and a l s o  i n d i c a t e s  by we igh t  t h e  amount o f  each a l l o y  i n  l a r g e r  
s i z e s  a v a i l a b l e  f o r  f a b r i c a t i o n  t o  produce o t h e r  p roduc t  forms as needed by t h e  program. 
added t o  t h e  i n v e n t o r y  d u r i n g  t h i s  r e p o r t i n g  per iod .  
I n v e n t o r y .  

t h i s  and e a r l i e r  ADIP p rogress  r e p o r t s .  

T h i s  t a b l e  i n d i c a t e s  t h e  nominal d iameter  o f  r o d  o r  t h i c k n e s s  

No m a t e r i a l  was 
Table 10 .1 .2  g i v e s  t h e  m a t e r i a l s  d i s t r i b u t e d  from t h e  

A l l o y  composi t ions and more d e t a i l  on t h e  a l l o y s  and t h e i r  procurement and/or f a b r i c a t i o n  a r e  g i v e n  i n  

Table 10.1.1. Summary s t a t u s  o f  m a t e r i a l s  a v a i l a b l e  i n  t h e  fus ion  
program research  m a t e r i a l s  i n v e n t o r y  

Product  form 

Th in- wa l l  
t u b i n g  w a l l  

t h i c k n e s s  

Rod Sheet I n g o t  

we igh t  

A l l o y  
Or bars d iamete r  t h i c k n e s s  

(mm) (mm) (mm) (kg)  

Pa th  A A l l o y s  

Type 316 SS 900 16 and 7.2 13 and 7.9 0.25 
Path A PCAb 490 12 13 0.25 
USSR Cr-Mn steel '  10 .5  2 . 6  
NONMAGNE 30d 18.5 10 
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Table 10.1.1 (con t inued)  

Produc t  form 

Th in- wa l l  
t u b i n g  w a l l  

th i ckness  
(mm) 

Rad Sheet A l l o y  I n g o t s  

weight  Or bar d iameter  t h i c k n e s s  
(mm) (mm) (kg)  

PE-16 
E- 1 

8-6 

Ti-64 
Ti-62428 
Ti-5621s 
Ti-38644 
N b-l%Z r 
Nb-S%Mo-I%Zr 
V-20%Ti 
V-IS%Cr-S%Ti 
VANSTAR-7 

LRO-37e 

HT9 (AOD 
f u s i o n  heat) f  

HT9 (AOWESR 
f u s i o n  hea t )  

HT9 
HT9 + 1% N i  
HT9 + 2% N i  
HT9 + 2% N i  

T-9 modi f i edg 
+ Cr a d j u s t e d  

T-9 moGLLied 

T-9 modified 

2 114 Cr-1Mo 

+ 2% Ni 

+ 2% Ni + Cr adjusted 

Path  B A l l a y s  

140 16 and 7 . 1  
180 
180 
180 
180 
180 

Path C A l l a y s  

63 

6.3 
6.3 
6.3 
6.3 
6.3 

Path D A l l a y  

Path E A l l a y s  

3400 

7000 25, 50, 75 

13 and 1 .6  0.25 

2.5 and 0.76 
6.3.  3 .2 .  0.76 
2.5'and 6.76 
0.76 and 0 . 2 5  
2.5 ,  1 . 5 ,  0.76 
2 .5 ,  1.5, 0.76 
2 .5 ,  1.5, 0.76 
2 .5 .  1.5. 0.76 
2.5;  1.5; 0.76 

3.3,  1.6, 0.8 

28.5, 15.8, 9.5,  
3 . 1  
28.5 ,  15.8, 9 . 5 ,  
3.1 
4 . 5  and 18 
4.5 and 18 
4 .5  and 18 
4.5 and 18 

4.5 and 18 
4.5 and 18 

4.5 and 18 

h 

eGreater  than  25 mm, minimum dimension. 
bPrime cand ida te  a l l o y .  

=Rod and sheet o f  a USSR s t a i n l e s s  s t e e l  s u p p l i e d  under t h e  U.S./USSR 

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

Fusion Reactor M a t e r i a l s  Exchange program. 

ZCr. 
I n s t i t u t e .  

22.4%V-0.43%Ti. 

I t  was s u p p l i e d  t o  t h e  i n v e n t o r y  by t h e  Japanese Atomic Energy Research 

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

f A l l o y  12Cr-1MoVW w i t h  composi t ion e q u i v a l e n t  t o  Sandvik a l l o y  HT9. 

gT-9 m o d i f i e d  is t h e  a l l o y  9Cr-1MoVNb. 

hMate r ia1  i s  t h i c k - w a l l  p i p e ,  r e r o l l e d  as necessary t o  produce sheet o r  
rod .  
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Table 10.1.2. Fusion program research m a t e r i a l s  i n v e n t o r y  
disbursements October 1, 1985 through March 31, 1986 

Sent t o  Product  Dimensiona Q u a n t i t y  
form (mm) (m' )  

A l l o y  Heat 

Pa th  A A l l o y s  - A u s t e n i t i c  S t a i n l e s s  S t e e l s  

Type 316SSb X-15893 Sheet 0.76 0.076 R a d i a t i o n  E f fec ts  
Group, M&C 
D i v i s i o n ,  ORNL 

Pa th  C A l l o y s  - Reac t i ve  and R e f r a c t o r y  A l l o y s  

V - I S C r - S % T i  CAM 834 Sheet 0.86 0.058 R a d i a t i o n  E f f e c t s  
Group, M&C 
D i v i s i o n ,  ORNL 

V-20% T i  CAM 833 Sheet 0.91 0.012 Grumman Aerospace 
Corp. 

Vanstar-7 CAM 836 Sheet 0.76 0.010 Grurnman Aerospace 
Corp. 

B C h a r a c t e r i s t i c  d imensions:  th i ckness  f o r  p l a t e  and sheet,  d iameter  f o r  

bprograrn re fe rence  m a t e r i a l .  

r o d  and t u b i n g .  
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10.2 

A l a r g e  number o f  planned, in- progress ,  and completed r e a c t o r  exper iments suppor t  t h e  A D I P  program. 
Tab le  10.2.1 summarizes t h e  parameters t h a t  desc r ibe  completed exper iments.  
removed from t h e  r e a c t o r  r e c e n t l y ,  t h a t  a re  now undergoing i r r a d i a t i o n ,  o r  t h a t  a re  planned f o r  f u t u r e  i r r a -  
d i a t i o n  a r e  shown i n  t h e  schedule b a r  c h a r t s  o f  Table 10.2.2. 

H igh  F lux  I s o t o p e  Reactor ( H F I R ) ,  which a r e  mixed-spectrum r e a c t o r s ,  and i n  t h e  Fast  F lux  T e s t  F a c i l i t y  
(FFTF), which i s  a f a c t  r e a c t o r .  

U.S./Japan coopera t i ve  i r r a d i a t i o n  program. 
thp  t r e n d  t o  l o n a e r  i r r a d i a t i o n  t imes  and fewer capsules as w e l l  as t h e  p e r i o d  of p lann ing  advanced i r r a -  

IRRADIATION EXPERIMENT STATUS AND SCHEDULE - M. L .  Grossbeck (Oak Ridge N a t i o n a l  Labora to ry )  

Experiments t h a t  have been 

Experiments were under way d u r i n g  t h e  r e p o r t i n g  p e r i o d  i n  t h e  Oak Ridge Research Reactor (ORR) and t h e  

Dur ing  t h e  r e p o r t i n g  p e r i o d ,  fou r  i r r a d i a t i o n  v e h i c l e s  were removed f rom t h e  HFIR. A l l  were p a r t  of t h e  
No new capsule i r r a d i a t i o n s  were i n i t i a t e d  i n  HFIR, r e f l e c t i n g  

_ . . . _  
~ 

d i a t i o n  techniques such as those u s i n g  i s o t o p i c  t a i l o r i n g .  

program. 
d ischarge  i n  J u l y  1986 w i t h  new speclmens be ing  added and i r r a d i a t i o n  con t inued .  

S p e c t r a l  t a i l o r i n g  exper iments con t inue  i r r a d i a t i o n  i n  t h e  ORR a l s o  as p a r t  o f  t h e  j o i n t  U.S./Japan 
In a d d i t i o n ,  a l a r g e  i r r a d i a t i o n  experiment con t inues  i n  t h e  FFTF. Specimens a re  scheduled f o r  

T a b l e  10.2.1. D e s c r i p t i v e  parameters for completed AOIP program f i s s i o n  
r e a c t o r  i r r a d i a t i o n  exper iments  
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