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FOREWORD 

Th is  r e p o r t  i s  t h e  twenty-second i n  a s e r i e s  o f  Technica l  Progress Reports on " A l l o y  Development for 
Irmdiation Performance" (ADIP), which i s  one element o f  t h e  Fusion Reactor M a t e r i a l s  Program, conducted 
i n  suppor t  o f  t h e  Magnetic Fusion Energy Program o f  t h e  U.S. Department o f  Energy. Other elements o f  t h e  
M a t e r i a l s  Program are  

Dannge A n a l y s i s  and Fundamental Studies IDAPS) 

Plasma-Materials Intemction (PMI) 
Special-Plrpose Materials ISPM) 
High Heat F l u  Components 

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  a re  numbered DOE/ET-0058/1 through 7. Th is  r e p o r t  i s  t h e  
f i f t e e n t h  i n  a new numbering sequence t h a t  begins w i t h  OOE/ER-0045/1. 

The A D I P  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 iona l  
L a b o r a t o r i e s  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 .  It was organized 
by 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, O f f i c e  o f  Fusion Energy, DOE, and a Task Group on All03 
Development for Irmdiation Performance, which now operates under t h e  auspices of t h e  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 r o v i d e  a work ing t e c h n i c a l  record  o f  t h a t  e f f o r t  f o r  
t h e  use o f  t h e  program p a r t i c i p a n t s ,  f o r  t h e  f u s i o n  energy program i n  genera l ,  and f o r  t h e  Department o f  
Energy. 

Th is  r e p o r t  i s  o rgan ized  a long  t o p i c a l  l i n e s  w i t h  Chapters 3 th rough  8 devoted t o  t h e  va r ious  a l l o y  
c lasses  t h a t  a r e  c u r r e n t l y  under i n v e s t i g a t i o n .  Thus t h e  work of a g i ven  l a b o r a t o r y  may appear a t  severa l  
d i f f e r e n t  p laces  i n  t h e  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 envi ronmenta l  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  t o g e t h e r  i n  Chapter 9. The Table o f  Contents i s  annotated f o r  t h e  convenience o f  t h e  
reader. 

Th is  r e p o r t  has been compi led and e d i t e d  under t h e  guidance o f  t h e  Chairman o f  t h e  Task Group on Alloy 
Development for Irradiation Performance. A. F. R o w c l i f f e ,  Oak Ridge Nat iona l  Laboratory ,  and h i s  e f f o r t s  
and those  o f  t h e  s u p p o r t i n g  s t a f f  o f  ORNL and t h e  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 r a t e-  
f u l l y  acknowledged. T. C. Reuther, Reactor Technologies Branch, i s  t h e  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 h e  A D I P  Program w i t h i n  DOE. 

G. M. Haas, Chief 
Reactor Technologies Branch 
O f f i c e  o f  Fusion Energy 
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Analysis has been completed for the hafnium shield tests in the removable beryllium 
positions of the High Flux Isotope Reactor (ORNLJ. 
YO%, the epithermal flux by SO%, and the fast flux by only 5%. 
316 stainless steel, is thus reduced by a factor of 26 with little effect a displacement 
damage production. 
reported results from the RBI and RE2 rmterials irradiations in HFIR; the damage rates have 
been increased by 2@-30%. 

Maximum fast fluxes above 0.1 MeV were 2.0 x lollt n/cn?-s producing about 4.5 dpa 

The shield reduces the thermal flux by 
Yearly helium production in 

These new spectral analyses have been used to reanalyze previously 

2.2 Proposed New I r r a d i a t i o n  F a c i l i t i e s  i n  HFIR (Oak Ridge Na t iona l  Labora to ry )  . . . . . . . .  
A project is presently under m y  to improve and increase the irradiation facility capa- 

bilities in the HFIR. 
experiments in the target region of the HFIR by the fourth quarter of FY 1986. 
ally, the number of large RE positions Will be increased from four to eight, and their 
diameter will be increased from 35 to 48 m. 
completed by May 1987. 

These improvements will permit the installation of two instrumented 
Addition- 

This phase of the project is scheduled to be 
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base research alloys that Will provide a basic understanding of alloy response to the fusion 
reactor environment. 

2.5 Assembly and Opera t ion  o f  t h e  U.S./Japan Spec t ra l  T a i l o r i n g  Experiments 
(Oak Ridge Na t iona l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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As of 
have been compared. 
t h e  neutron f l uences  obtained from three-dimensional  neutronics  ca l cu la t i ons .  
September 30, 1985, t h i s  procedure y i e l d s  3.15 a t .  ppm He ( n o t  inc luding  2.0 a t .  ppm He 
f rom l o I 0  and 1.22 dpa f o r  t ype  316 s t a i n l e s s  s t e e l  in ORR-MFE-6J and 4.44 a t .  ppm He and 
1 .71  dpa i n  ORR-MFE-7J. 

Scale f a c t o r s  obtained f rom t h i s  comparison are being used t o  s ca l e  
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2.0 a t .  ppm He f rom ' O B )  and 13.19 dpa f o r  t y p e  316 s t a i n l e s s  s t e e l  i n  ORR-MFE-4A and 172.4 
a t .  ppm He and 12.64 dpa i n  ORR-MFF-4B. 

The scaled ca lcu la ted  f l u e n c e s  y i e l d  201.9 a t .  ppm H E  ( n o t  inc luding  

2.8 Operat ion o f  t h e  ORR Spec t ra l  T a i l o r i n g  Experiments ORR-MFE-4A AND -48 
(Oak Ridge Na t iona l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  47 

Both ORR-MFE-4A and -48 have been capped and are  cooling down i n  t h e  ORR pool w a i t i n g  

The specimens contained i n  t he  ORR-MFE-4B ezperiment have operated f o r  a t o t a l  of 
removal and pos t i r rad ia t i on  examination. 

996.64 d a t  30 Mw reac tor  power w i th  temperatures of 500 and 600OC. 

3. AUSTENITIC STAINLESS STEELS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  48 
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49 

peratures  of 420 ,  500 and 600OC t o  exposures ranging f rom 9-14 d p .  
behavior of Fei'r-Ni a l l o y s  i r rad ia t ed  under comparable condi t ions  t he re  i s  e s s e n t i a l l y  no 
dependence uf void swel l ing  on chromium or rmnganese con t en t ,  and there- also  appears t o  be 
no dependence on i r r a d i a t i o n  temperature. Like Fe-Cr-Ni a l l o y s ,  however, Fe-Cr-Mn and 
Fe-Mn a l l o y s  do swell  a t  -l%/dpa a f t e r  t h e  t r a n s i e n t  regime. 

l e v e l ,  microscopy shows t h a t  mdia t ion- induced  second phases t h a t  form m y  be respons ib le  
f o r  a d e n s i f i c a t i o n  of t he  rm t r i z .  

Phase S t a b i l i t y  Dur ing  Anneal ing and Aging i n  Low- Ac t i va t ion  Fe-Cr-Mn 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  (Oak Ridge Na t iona l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . .  54 

I n  contras t  t o  t h e  

While d e n s i t y  change data i n d i c a t e  an apparent weak dependence of swel l ing  on mnganese 

Th i s  d e n s i f i c a t i o n  approaches 2.2% a t  35% mnganese.  

3.2 

The f i r s t  group of laboratory heats  of low-act iva t ion ,  mnganese-s tabi l i zed  a u s t e n i t i c  
s t e e l s  were aged f o r  168 h a t  80O0C, fo l lowing  so lu t i on  annealing and co ld  working, t o  
explore  t h e i r  r e l a t i v e  p r e c i p i t a t i o n  responses.  
m n y  a l l o y s  a f t e r  so lu t i on  annealing,  was absent i n  t h e  cold-worked m t e r i a l s  a f t e r  aging. 
These aged a l l o y s  recovered and/or r e c r y s t a l l i z e d ,  and t h e  mtrix became completely aus t en i-  
t i c ,  wi th  varying amounts of 0 phase and M23C6 (T) p r e c i p i t a t e s .  
a l l o y  had f i n e l y  d i s t r i b u t e d  T carbide p a r t i c l e s  without  any evidence of o phase. 
0 and T phases contained subs tan t ia l  amounts of rmnganese, whereas i n  n i cke l- s tab i l i z ed  
s t e e l s ,  t he se  phases would r e j e c t  n i c k e l .  

(Oak Ridge Na t iona l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  61 

Delta (6 )  f e r r i t e ,  which ms present  i n  

Only t h e  15Cr-19Mn-0.4C 
Both t he  

3.3 M i c r o s t r u c t u r e  of Type 316 S tee l  I r r a d i a t e d  t o  30 dpa a t  300°C i n  H F I R  

Solution-annealed (SAJ and ZO%-cold-worked (20% C W )  t y p e  316 s t a i n l e s s  s t e e l s  were 
i r rad ia t ed  a t  300OC in HFIH t o  33.0 dpa and 2116 a t .  ppm He. 
d iameter)  bubbles were observed uniformly i n  t h e  rmtrix; t h e  bubble concentrat ion was 
-3 x 1023 bubbles/m3 w i th  average diameters of about 2.0 nm i n  both specimens. 
volume swel l ings  were about 0.3%. 
were a l s o  observed i n  both mz t e r ia l s .  
10.3 nm and 1.4 x 1022 l o o p s / d .  r e s p e c t i v e l y .  
pared t o  prev ious  data on c a v i t i e s .  

Many f i n e  1 1 . H . 5  nm i n  

Both bubble 
Dense t ang l e s  of d i s l o c a t i o n  networks and Frank loops 

S i z e  and concentrat ion of Frank loops were about 
The r e s u l t s  of t h e  present  work were com- 
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of small helium bubbles. 
radiation-induced MC precipitates in the mtrix. 
in the next report. 

The Development 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  f o r  Fast Induced- Rad ioac t i v i t y  Decay 
(Oak Ridge Nat iona l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

In addition, 20%CW J P C A  developed a high concentration of 
The comparison with U.S. PCA Will be given 

3 . 5  

Based on the microstructural observations on ten heats of Fe-Mn-Cr-C steels, five m r e  
small laboratory heats were obtained. 
transmission-electron microscopy studies and mgnetic measurements were used to assess the 
microstructural constituents present. 

After mrious heat treatments, optical and 
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The yield stress, total elongation, and hardness for V-lSCr-5Ti alloys with a range of 
0, N, and C concentration and annealing treatment are presented in this report. 
mental results suggest that these mechanical properties are not determined solely by the 0, 
N, and C concentration. 

The experi- 

5.2 The E f f e c t  o f  Cold Work on t h e  D u c t i l i t y  o f  V-15Cr-5Ti Implanted With Hel ium 
(Oak Ridge Nat.iona1 Caboratory)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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5.3 P r e p a r a t i o n  and F a b r i c a t i o n  o f  Vanadium Base A l l o y s  (Argonne Nat iona l  Labora to ry )  . . . . .  
Planning and procurement activities have been initiated to replenish the inventory of 

vanadium ternary alloy for Path C Scoping Studies. 
chromium and titanim have been acquired and a fabrication approach adopted where emphasis 
has been placed on the control of the interstitial elements 0, N, H, and C to a minimum 
level. 

Appropriate quantities of pure uanadium, 

Delivery of this alloy will begin late February FY 1986. 

6. I N N O V A T I V E  MATERIAL CONCEPTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
7. F E R R I T I C  STEELS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

7.1 The Ef fec ts  of Increased H e l i u m  Generat ion on M i c r o s t r u c t u r e  and S w e l l i n y  o f  Nickel-Doped 
9Cr-1MoVNb and 12Cr-1MoVW S t e e l s  I r r a d i a t e d  i n  H F I R  a t  300 t o  600°C 
(Oak Ridge Nat iona l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Voids formed in undoped and Ni-doped 12Cr-IMoW at 400 and 500°C in HFIR at 36 to 
39 dpa, but not at 300 or 6OOOC; results were similar for SCr-lMoVNb steels. Increased 
helium caused more void formtion in the Kr-IMoVNb steel than it did in i2Cr-IMoVW steels, 
particularly at 400OC. At 300 to SOOOC, the 9 Cr steels also experienced mre dissolution 
of as-tempered precipitates and coarsening of the lath/subboundary structures than did the 
12 Cr steeZs. In the 12 Cr steels, voids formed mostly in the coarsest subgrain regions of 
the mterial. Irradiation of SCr-IMoVNb - 2Ni at 40OOC caused compositional modification of 
fine V-rich MC and produced new precipitation of compositionally modified MZ3C6 ( T J  together 
with a fine matrix M6C ( v J  phase which was Si, Cr, and Ni-rich. 
was found in i2Cr-lMoVW - 2Ni at 4OO0C, but similar fine particles were minty Si and Cr- 
rich in the undoped 12 Cr steel. Finally, HFIX irradiation produced large, globular chi I x )  
pkase particles in all Nidoped steels at 500°C; large voids formed exclusively within these 
X-phase particles. 

Identical q precipitation 
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7.2 The E f f e c t s  o f  25,000 h Aging a t  480 t o  700°C on P r e c i p i t a t i o n  and M i c r o s t r u c t u r a l  S t a b i l i t y  
i n  Several  Heats o f  Tempered 9Cr-1MoVNb Stee l  (Oak Ridge Na t iona l  Labora to ry )  . . . . . . .  102 

Two heats of tempered 9Cr-IMoVNb, with silicon variation as their main difference, mere 
aged for up to 25,000 h at 462 to 704OC. 
remained stable after 25,000 at 5 9 3 V  and below, but then recovered and coarsened at 6 5 U T  
and above. The as-tempered precipitate structure of $M23Ccs and .MC particles remains stable 
upon aging at 650OC and below, but then coarsened somewhat after 25,000 h at 704OC. 
siderable amouet of Laves phase forms at 482 to 593oC after 25,000 h, with much more 
occurring in the higher silicon heat of steel. Neither heat had Laves after 10,000 h at 
65f1°C, and Laves forms mty in the higher silicon heat of steel after 25,000 h. An intra- 
cell precipitate of very fine VC needles was found in both heats of steel after aging at 462 
to 593OC. ?he overall precipitate composition reflects the dominance of the chromium-rich 
lY23C6 phase, but the molybdenm content also increased as the fraction of Laves phase 
increased. 
time, or particle size, except for minor sensitivities of VC to size at 53BoC, and of 
M23C6 and VC to temperature at 704OC. 

The as-tempered grain and subboundary structure 

A con- 

Compositionally, the various phases were not very sensitive to temperature, 

7.3 The Development o f  F e r r i t i c  S t e e l s  f o r  Fast Induced- Rad ioac t i v i t y  Decay 
(Oak Ridge Na t iona l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  117 

Normalizing and tempering studies were continued on eight heats of normalized chromium- 
tuygsten steel that contained variations in the composition of chromium, tungsten, uanadium, 
and tantalum. Hardness measurements, tensile tests, and optical metallographic observations 
were used to determine alloying effects on tempering resistance. 
to results f o r  analogous chromium-molybdenum steels. 

The results were compared 

7.4 M i c r o s t r u c t u r a l  Examinat ion o f  Low- Ac t i va t ion  F e r r i t i c  A l l o y s  I r r a d i a t e d  t o  45 dpa 
(Westinghouse Hanford Company) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  124 

Aging i n  Sodium (Westinghouse Hanford Company) . . . . . . . . . . . . . . . . . . . . . . .  1 2 5  
7.5 Change of Charpy Impact F r a c t u r e  Behavior  o f  Precracked F e r r i t i c  Specimens Due t o  Thermal 

A series of tests were conducted to evaluate the effect of sodium on t h e  impact frac- 
ture behavior of precracked Charpy specimens made of HT-9 weldment. 
precracked prior to sodium aging and the other set m s  precracked after aging in sodium. 
Both sets of specimens exhibited the same DBTT. 
sure, however, showed a 40% reduction in the upper shelf energy (USE) as compared to the set 
precracked after aging. The results 8ugpSt that the fracture toughness of the material m y  
be reduced if an existing crack was soaked in sodium at elevated temperature for a period of 
time. 

One set of samples m s  

Samples precracked prior to sodium expo- 

7.6 The Thermal H i s t o r y  o f  Hea t- A f fec ted  Zones i n  HT-9 Weldments (GA Technolog ies)  . . . . . . .  128 

7.7 C o r r e l a t i o n  of Hot-Microhardness w i t h  Elevated-Temperature T e n s i l e  P r o p e r t i e s  o f  Low 
A c t i v a t i o n  F e r r i t i c  Stee l  (GA Technolog ies Inc . )  . . . . . . . . . . . . . . . . . . . . . .  129 

Hot microhardness and elevated temperature tensile tests have been performed on 
9Cr-2.5W-0.3V-0.25C ( C A 3 X J  low activation ferritic steel at temperatures from 20OC to 650OC. 
The uniform elongation of the tensile test correlated well with the ductility parameter, 
P=(h, + h2)/2r, where hl and h2 are the peak heights of the plastically flowed metal adja- 
cent to the indentation and 2r is the distance between the peaks. The hot-microhardness 
test showed a sensitive response to the softening avid changes in ductility of the CA3X 
steel. The preliminary results indicate that the hot-microhardness test accompanied with 
ductility parameter measurements also can be used as a means to monitor the strain-hardening 
characteristics of metals. ?he ultimate tensile strength and 0.2% yield strength of this 
low activation ferritic steel correlated well with hot microhardness measurements at tem- 
peratures up to 400OC using Cahoon's ezpressions outs = lH/2.9iln/0.217)" and oYs = , 

(H/3)(0.1)n, respectively, wkere H is the diamond pyramid hardness and n is the stram har- 
dening ezponent. 
decrease in microhardness m6 observed and the tensile strengths were underestimated by 
these two expressions by up to 2&30%. Fractographic ezamination of the tensile tested 
specimens showed an apparent change of dimple morphology from an eguiaxed (tensile) dimple 
to an appearance of mixed equiazed (tensile)- elongated (shear) dimple at temperatures above 
400OC. ?he main reason for the underestimation of tensile strengths at such high tempera- 
tures 1,0.4 TmI is probably attributed to the involvement of creep deformation and ma3 be 
improved bg selecting il proper loading condition. 

At temperatures above 400°C, a m r e  rapid and somewhat disproportionate 

v i i i  



7.8 M i c r o s t r u c t u r e  and Mechanical P r o p e r t i e s  of U n i r r a d i a t e d  Low A c t i v a t i o n  F e r r i t i c  Steel  
(GA Technologies) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  137 

Transmission electron microscopic emmination of quenched and tempered SCr-2.5W- 
0.3V-0.15C low activation ferritic steel revealed tempered lath-type martensite with pre- 
cipitation of rod and plate-like M23C6 and MC carbides at lath and grain boundaries. 
Extraction replicas of precipitates were found to be predominantly MZ3C6 carbides analyzed 
by diffraction. 
appreciably increased after therm1 aging at 600°C for 100 hrs. 
found along prior austenite grain boundaries and martensite lath boundaries in the thermally 
aged specimens. 

The elevated-temperature tensile strengths of this rmterial were measured and ape about 
10% higher than the average tensile data of comercial heats of SCr-1Mo and modified Kr-1Mo 
steels up to a temperature of 65OoC, with equivalent uniform elongation and -50% decrease in 
total elongation. 
l O - Z O %  lower than comercial heats of modified SCr-1Mo steel, but is comparable to some 
experimental heats of SCr-LYoVNb steel. 
upper shelf energy of 1/3 size CVN precracked specimen at 2.2 Joules 137.2 J/c& normalized 
fracture energy). Fractographic examination of tensile tested specimens shows a mixed mode 
of equiaxed dimple and elongated dimple at test temperatures above SOOOC. The modification 
of the GASX alloy composition for optimization of rmterials properties is discussed. 
However, the proposed low activation ferritic steel show the promise of improved mechanical 
properties over SCr-1Mo steels. 

The areal density and mean particle size of carbide precipitates were 
More rod-like MZ3C6 were 

The fracture toughness (KIc) of this alloy is predicted to be about 

The impact test results show a DBTT at 1 5 O C  and 

8. COPPER AND I T S  ALLOYS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  149 

8.1 M i c r o s t r u c t u r e  of Commercial Copper A l l o y s  I r r a d i a t e d  i n  FFTF-MOTA a t  450°C 
(Hanford Eng ineer ing  Development Labo ra to ry )  . . . . . . . . . . . . . . . . . . . . . . . .  150 

Electron microscopy of pure copper irradiated at -450°C to 16 dpa revealed no unexpected 
behavior, showing both dislocation and void development. In  the same experiment, however, 
the dispersion-hardened alloy A125 exhibited a remarkable insensitivity to irradiation. 
precipitation-hardened alloy MZC also had no voids present but the precipitate microstructure 
was changed such that an apparent swelling of 1.0% occurred. 
treatment employed the alloy CuBeNi showed various levels of voidage, particularly in those 
areas which suffered recrystallization and alteration of the precipitate structure. 

The 

Dependent on the heat- 

9. MATERIALS COMPATIBILITY AND HYDROGEN PERMEATION STUDIES . . . . . . . . . . . . . . . . . . . . .  158 

9.1 Environmental  and Chemical E f f ec t s  on t h e  P r o p e r t i e s  of Vanadium-Base A l l o y s  
(Argonne Na t i ona l  Labo ra to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  159 

Exposures of V-lSCr-STi, V-ZOTi, and VANSTAR-7 specimens to pressuriaed flowing water 
containing 0.03, 0.19, and M wppm dissolved O2 at 2 M M O C  indicate that V-lSCr-STi has the 
best corrosion resistance at all three oxygen levels. 
impurity segregation in irradiated and 388 implanted V-15Cr-STi indicate no clear correla- 
tion with observed embrittlement. 

Scanning Auger microprobe studies of 

9.2 Environmental  E f fec ts  on 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  i n  Flowing Pb-17Li  
(Argonne Na t i ona l  Labo ra to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  167 

Corrosion data are presented for ferritic HT-9 and Fe-9Cr-IMo steel and austenitic 
Type 316 stainless steel in flowing Pb-I7Li at 465 and 48Z°C. 
on the dissolution rate of the alloys is discussed. 
flowing Pb-17Li environment are also reported. 

The influence of temperature 
Tensile properties of HT-9 alloy in a 
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Corrosion data m e  presented for ferritic and austenitic steels in flowing lithium at 
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perature on the dissolution behavior of the alloys is discussed. 

The influence of tem- 
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1.1 MfiTERIRLS HnNDBOOK FOR FUSION ENERGY SYSTEMS - J. W .  Dav is  (McDonnell Douglas A s t r o n a u t i c s  
Company - S t .  Lou i s  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 r o p e r t y  requ i rements  and make s t r u c t u r a l  l i f e  p r e d i c t i o n s .  

1.1.2 O b j e c t i v e  

To p rov ide  a 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  da ta  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 p e r f o r m a n c e / v e r i f i c a t i o n  s t u d i e s  of t h e  va r i ous  f us ion  energy 
systems. 
f i c i e n t  i n f o r m a t i o n  o r  vo ids  e x i s t .  

1.1 .3  Summary 

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  da ta  base where i n s u f -  

The J u l y  r e l e a s e  of t h e  10 th  p u b l i c a t i o n  package of t h e  M a t e r i a l s  Handbook f o r  Fus ion  Energy Systems 
t o  t h e  approx imate ly  90 handbook users  rep resen ted  t h e  achievement of a number o f  m i l es tones .  
foremost, t h e  r e l e a s e  of these 30 da ta  pages rep resen ts  t h e  f i r s t  s tep  towards reduc ing  t h e  back log o f  over  
100 data  sheets a w a i t i n g  p u b l i c a t i o n .  Second i t  rep resen ts  t h e  i n i t i a t i o n  o f  t h e  handbook i n t o  t h e  w o r l d  
of computer gene ra t i on  and subsequent suppor t  s e r v i c e s  t h a t  can be p rov ided  v i a  t h e  MFE computer network.  

1.1.4 Progress and S t a t u s  

F i r s t  and 

The p r imary  t h r u s t  ove r  t h e  p a s t  s i x  months has been d i r e c t e d  towards b reak ing  t h e  l og jam o f  da ta  pages 
t h a t  have been p i l i n g  up f o r  t h e  p a s t  severa l  months. 
and t h e  11 th  i n  December i s  t h e  f i r s t  s t e p  i n  t h a t  d i r e c t i o n .  
amb i t i ous  as o r i g i n a l l y  hoped b u t  i t  d i d  c o n t a i n  rough l y  20 da ta  pages on t h e  12Cr-1Mo f e r r i t i c  s t e e l  known 
as HT-9. The 11th  p u b l i c a t i o n  package i s  a complete revamping of t h e  G-1OCR da ta  sheets and adds t h r e e  new 
m a t e r i a l s  t o  a newly  des ignated chap te r  c a l l e d  E l e c t r i c a l  I n s u l a t o r s .  What made these p u b l i c a t i o n  packages 
unusual i s  t h a t  w i t h  t h e  excep t i on  of t h e  t e x t  pages, t h e  da ta  sheets were developed e n t i r e l y  on t h e  MFE 
computer network which,  because of i t s  e x c e l l e n t  g raph i cs  packages, a l l owed  us t o  go d i r e c t l y  t o  p r i n t i n g  
making t h e  p u b l i c a t i o n  more e f f i c i e n t .  
f l e x i b i l i t y  of t h e  handbook w i t h  rega rd  t o  i t s  a b i l i t y  t o  p r o v i d e  g r e a t e r  use r  suppor t .  T h i s  suppor t  can 
be p rov ided  i n  a v a r i e t y  of ways .  
an advanced copy of a da ta  cu rve  p r i o r  t o  i t s  p u b l i c a t i o n  i n  t h e  handbook, an advance copy can be d i r e c t e d  
v i a  t h e  MFE network t o  a t e r m i n a l  l o c a t e d  on o r  c l o s e  t o  t h e  p r o j e c t .  
demonstrated between MDAC and UCLA and i s  a v a i l a b l e  as a s e r v i c e  t o  any DOE/OFE supported p r o j e c t .  The o n l y  
l i m i t a t i o n  i s  t h a t  t h e  use r  needs t o  know t h e  s i t e  d e s i g n a t i o n  and t h e  da ta  sheets have t o  be i n  a fo rm t h a t  
t hey  can be t r a n s m i t t e d  by t h e  computer. A second c a p a b i l i t y  t h a t  i s  c u r r e n t l y  be ing  developed i s  t o  p ro-  
v i d e  m a t e r i a l  p r o p e r t y  comparison curves  t o  those handbook users  i n v o l v e d  i n  m a t e r i a l  t r a d e  s t u d i e s .  Cur-  
r e n t l y  we can p r o v i d e  up t o  s i x  d i f f e r e n t  curves  on a da ta  sheet.  
a b l e  t o  have a c o n s i s t e n t  and d i r e c t  comparison o f  m a t e r i a l s  p r o p e r t i e s  w i t h o u t  hav ing  t o  c r o s s - p l o t  t h e  
data  o r  wor ry  about  t h e  cons i s tency  of t h e  da ta  se t s .  
book on t h e  network where i t  can p r o v i d e  a d d i t i o n a l  se rv i ces .  
been tho rough l y  t hough t  o u t  i t  may be d e s i r a b l e  i n  t h e  f u t u r e  t o  a l l o w  users  d i r e c t  access t o  t h e  handbook 
computer f i l e s  where t h e y  can i n s t a n t l y  o b t a i n  t h e  l a t e s t  da ta  and then m a i n t a i n  a ha rd  copy o f  o n l y  t h e  
suppo r t i ng  documentat ion.  A t  t h a t  p o i n t  i t  m igh t  be p o s s i b l e  t o  t r e a t  t h e  handbook as a da ta  base manage- 
ment f i l e  so t h a t  t h e  use r  c o u l d  query  t h e  computer w i t h  rega rd  t o  t h e  s p e c i f i c  p rope r t y ,  tempera ture  range 
of i n t e r e s t ,  and m a t e r i a l  and t h e  computer would g i v e  t h e  use r  t h e  d e s i r e d  i n f o r m a t i o n .  

1.1.5 Conc lus ions  

The r e l e a s e  of t h e  10 th  p u b l i c a t i o n  package i n  J u l y  
The 10 th  p u b l i c a t i o n  package was n o t  as 

The use of t h e  MFE computer network a l s o  g r e a t l y  increases t h e  

Fo r  example, i f  a p r o j e c t ,  such as t h e  compact i g n i t i o n  tokamak, r e q u i r e s  

T h i s  techn ique has been s u c c e s s f u l l y  

T h i s  c a p a b i l i t y  a l l o w s  t h e  p r o j e c t  t o  be 

U l t i m a t e l y  i t  i s  hoped t o  have t h e  b u l k  o f  t h e  hand- 
Whi le  t h e  t ype  o f  a d d i t i o n a l  suppor t  has n o t  

W i th  t h e  r e l e a s e  of t h e  1 0 t h  and 1 1 t h  p u b l i c a t i o n  packages t h e  da ta  page back log i s  beg inn ing  t o  
approach a manageable l e v e l .  
sheets a r e  s t a r t i n g  t o  be submi t ted .  
a l l o y s .  
a l ong  w i t h  a 12 th  da ta  package c o n t a i n i n g  i n f o r m a t i o n  on copper a l l o y s .  

I n  a d d i t i o n ,  w i t h  t h e  handbook beg inn ing  t o  show fo rward  progress ,  new data  
The f i r s t  of these i s  i n  t h e  area o f  magnet suppor t  cases and copper 

Du r i ng  t h e  n e x t  s i x  months, a suppo r t i ng  documentat ion volume o f  t h e  handbook w i l l  be re leased  



2. TEST MATRICES, EXPERIMENT DESCRIPTIONS, AND MICROSTRUCTURAL DEVELOPMENT 

3 



4 

2.1 NEUTRON DOSIMETRY AND DAMAGE CALCULATIONS FOR ORR-6J-TEST, HFIR-RE-HAFNIUM TEST, AND THE HFIR- RE1 AND 
RE2 EXPERIMENTS 
L .  R. Greenwood (Argonne N a t i o n a l  Labo ra to ry )  

2.1.1 ADIP/DAFS T a s k s  

A D I P  Tasks  I . A . 2  - Def ine  T e s t  M a t r i c e s  and Procedures .  
DAFS - T a s k  II .A.2 - F i s s i o n  Reac tor  Dosimetry. 

2.1.2 O b j e c t i v e  

To c h a r a c t e r i z e  neu t ron  i r r a d i a t i o n  expe r imen t s  i n  terms of neu t ron  f l u e n c e ,  s p e c t r a ,  and damage pa rame te r s  
(dpa .  g a s  p roduc t i on ,  t r a n s m u t a t i o n ) .  

2 .1 .3  Summary 

R e s u l t s  a r e  r e p o r t e d  f o r  a t e s t  of t h e  65 J apanese  exper iment  i n  t h e  Oak Ridge Research  Reac tor .  
f a s t  f l u x e s  above 0.1 MeV were 2.0x1014n/cm2s producing  about  4.5 dpa p e r  yea r  i n  316 s t a i n l e s s  s t e e l .  

Ana ly s i s  has been c m p l e t e d  f o r  t h e  hafnium s h i e l d  tests i n  t h e  removable be ry l l i um p o s i t i o n s  of t h e  High 
Flux I s o t o p e s  Reac tor  ( O R N L ) .  The s h i e l d  r educes  t h e  thermal  f l u x  by 90%,  t h e  e p i t h e r m a l  f l u x  by 5 0 % ,  and 
t h e  f a s t  f l u x  by on ly  5%. Yea r ly  hel ium p roduc t i on  i n  316 s t a i n l e s s  s t e e l  is t h u s  reduced  by a f a c t o r  of 
26 w i t h  l i t t l e  e f f e c t  on d i sp l acemen t  damage p roduc t i on .  These new s p e c t r a l  a n a l y s e s  have  been used t o  
r e a n a l y z e  p r e v i o u s l y  r epop t ed  r e s u l t s  from t h e  RB1 and RB2 materials i r r a d i a t i o n s  i n  HFIR; t h e  damage r a t e s  
have been i n c r e a s e d  by 20-308. 

The s t a t u s  of a l l  dos ime t ry  expe r imen t s  is summarized i n  T a b l e  2.1.1. 

Maximum 

Tab le  2.1.1. S t a t u s  of Dosimetry Experiments 

F a c i l i t y / E x p e r i m e n t  S t a tu s /Cmmen t s  

ORR - MFE 1 Completed 12/79  
MFE 2 Completed 06/81 - MFE 4A1 C m p l e t e d  12/81 

- MFE 4A2 Completed 1 1  182 
- MFE 4 8  Completed 04/84 

- TBC 07 Completed 07/80 
- TRIO-Test C m p l e t e d  07/82 
- TRIO- 1 Completed 12/83 
- HF T e s t  Completed 03/84 
- 36 Test C m p l e t e d  07/85 
- 5 6 .  57 I w a d i a t i o n s  i n  P rog re s s  

H F I R  - CTR 32 Completed 04/82 
- CTR 31. 3 4 ,  35 Completed 04/83 
- T2, RB1 Completed 09/83 
- T1.  CTR 39 C m p l e t e d  01 /84 
- CTR 40-45 C m p l e t e d  03/84 
- CTR 30 ,  36,  4 6  C m p l e t e d  03/85 
- RB2 C m p l e t e d  06/85 
- CTR 47-56 I r r a d i a t i o n s  i n  P r o g r e s s  
- J P  1 Ana ly s i s  i n  P r o g r e s s  
- JP3  Samples r e c e i v e d  1 1  /85 
- J P  2-8 I r r a d i a t i o n s  i n  P r o g r e s s  
- Hf Test C m p l e t e d  09/85 

Completed 10/80 
- HEDLl C m p i e t e d  05/81 
- HEDL2 Samples S e n t  04/85 
- LANL 1 C m p l e t e d  08/84 

EER I1 - X287 Completed 09/81 
IPNS - S p e c t r a l  Ana ly s i s  Completed 01 /82 

- LANL 1 (Hur i ey )  Completed 06/82 
- Hurley  Completed 02/83 
- Coltman Completed 08/83 

MFE 4A3. 482 Samples r e c e i v e d  11/85 

Omega West - Spec tPa l  Ana ly s i s  
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2.1.4.1 Dosimetry Measurements for t h e  ORR- 6J  P r o t o t y p e  Experiment 

A n a l y s i s  h a s  been completed f o r  t h e  p r o t o t y p e  65 J a p a n e s e  exper iment  i n  t h e  Oak Ridge Research  Reac tor .  
The exper iment  was conducted i n  t h e  C7  p o s i t i o n  from September 6 ,  1984 t o  J a n u a r y  21,  1985 f o r  a n e t  
exposure  of 82.096 MWH. The experiment  c o n t a i n e d  specimens a t  two d i f f e r e n t  t e m p e r a t u r e s ,  60°C and 2OO0C 
and f o u r  dos imet ry  t u b e s  were l o c a t e d  i n  each t e m p e r a t u r e  r e g i o n .  These two t e m p e r a t u r e  r e g i o n s  were 
c o n c e n t r i c ,  t h e  ZOOOC being on t h e  i n s i d e  of t h e  60°C r e g i o n  and t h e  r e g i o n s  extended from about  2.4 cm 
above midplane t o  -17.9 cm below midplane. 

Each dos imet ry  t u b e  c o n t a i n e d  f o u r  wires of 0.1% CO-A1, F e ,  T i .  and N i .  Each wire was segmented i n t o  e i g h t  
1 "  p i e c e s  f o r  gamma count ing .  S e l e c t e d  v e r t i c a l  g r a d i e n t s  are shown i n  F ig .  2.1.1. A l l  of t h e  v e r t i c a l  
g r a d i e n t s  were f i t  by a s i m p l e  polynomial  f u n c t i o n :  

( 1 )  
2 F ( z )  = a ( l  + bz + cz  ) 

where a is t h e  midplane v a l u e  and z is t h e  h e i g h t  above midplane ( i n  c e n t i m e t e r s ) .  The b and c c o e f f i -  
c i e n t s  were d e k y m i n e d  by l e a s t - s q u q e s  a n a l y s i s .  
b = -8.31 x 10 and c = -8.85 x 10 . There may be a s m a l l  d i f f e r e n c e  between t h e  the rmal  and f a s t  
v e r t i c a l  f l u x  g r a d i e n t s ;  however, t h i s  e f f e c t  is a t  most o n l y  a f e w  p e r c e n t  and no s i g n i f i c a n t  s p e c t r a l  
d i f f e r e n c e  is i n d i c a t e d .  

The maximum f l u x  p o s i t i o n  was determined t o  be a t  -4.7 cm below mid-plane. The a c t i v i t y  r a t e s  a t  t h i s  
l o c a t i o n  a r e  l i s t e d  i n  T a b l e  2.1.2. These r a t e s  were t h e n  used a s  i n p u t  t o  t h e  STAY'SL computer code t o  
a d j u s t  t h e  neu t ron  f l u x  Spectrum a t  each  l o c a t i o n .  These a d j u s t e d  f l u x e s  are l i s t e d  i n  T a b l e  2.1.3. Flux 
g r a d i e n t s  can be determined u s i n g  t h e  d a t a  i n  Tab le  1-3 and Equa t ion  ( 1 ) ;  however, we s h o u l d  n o t e  t h a t  
s i n c e  t h e  maximum f l u x  p o s i t i o n  is  a t  -4.7 cm below midplane ,  t h e  "a" terms i n  Equa t ion  ( 1 )  are a c t u a l l y  2% 
less t h a n  t h e  v a l u e s  l i s t e d  i n  T a b l e s  2.1.2 o r  2.1 .3. 

The h o r i z o n t a l  f l u x  g r a d i e n t s  a r e  i n  a l l  c a s e s  less t h a n  20%. The f a s t  f l u x  g r a d i e n t s  a r e  less t h a n  1 4 % ;  
however, t h e r e  is a drop i n  the rmal  f l u x  of about  10-208 between t h e  two d i f f e r e n t  t m p e r a t u r e  r e g i o n s  
presumably due t o  a b s o r p t i o n  i n  t h e  e x t r a  m a t e r i a l .  I f  we c o n s i d e r  t h e  two t e m p e r a t u r e  r e g i o n s  s e p a r a t e l y ,  
t h e n  t h e  h o r i z o n t a l  f l u x  g r a d i e n t s  a r e  o n l y  about  10% i n  each  r e g i o n .  I n  a l l  cases t h e  f l u x  i s  h i g h e r  i n  
t h e  n o r t h  and east s i d e s  and lowest on t h e  west s ide .  

Damage and gas  p r o d u c t i o n  r a t e s  were computed u s i n g  t h e  SPECTER computer code. R e s u l t s  a r e  l i s t e d  f o r  t h e  
h i g h e s t  f l u x  p o s i t i o n  ( e a s t  3{de,  6!joC, - 4.7  cm behpw mid9lane)  i n  Table 2.1.4. 
a t o t a l  f l u e n c e  of 5.88 x 10 n/cm and 1.99 x 10 n/cm above 0.1 MeV. S i n c e  most of t h e  damage terms 
a r e  l i n e a r  w i t h  t h e  f l u e n c e .  damage rates a t  any o t h e r  l o c a t i o n  can  be de te rmined  by s c a l i n g  w i t h  t h e  f a s t  
f l u e n c e  0 . 1  MeV) i n  Table 2.1.3 fo l lowed  by t h e  u s e  of Equa t ion  ( 1 ) .  I n  any c a s e ,  t h e  r e s u l t s  would be 
w i t h i n  about  30% of t h e  v a l u e s  i n  Tab le  2.1.4. 
d u c t i o n  i n  n i c k e l  which roughly  s c a l e s  w i t h  t h e  s q u a r e  of t h e  the rmal  f l u e n c e .  

S i m i l a r  dos imet ry  exper iments  are now i n  p r o g r e s s  f o r  t h e  56 and 57 i r r a d i a t i o n s  i n  ORR. 
be ing  ana lyzed  for t h e  J P 1  i r r a d i a t i o n  i n  HFIR. 

A l l  of t h e  d a t a  is  well-described by eq. ( 1 )  u s i n g  

These v a l u e s  cor respond  t o  

The o n l y  e x c e p t i o n  t o  t h i s  is f o r  t h e  the rmal  hel ium pro- 

Samples are now 

Table  2.1.2. Maximum A c t i v a t i o n  Rate f o r  ORR-6J-Test 

Values a t  -4.7 cm below midplane normal ized  
t o  30 MW; d a t a  c o r r e o t e d  f o r  burnup; 
accuracy  :2% 

A c t i v a t i o n  Ra te  (atom/atom-s) 

Wire Loca- Temp. ,  --- # t i o n  O C  5 9 c o ( n , ~ ) b O C o  58Fe(n,Y)%'e 5 4 F e ( n , p ) > M n  % i t n , p ) 4 b ~ c  

*10-10 *lo-1 1 *lo-12 

1 E 60' 6.84 
2 N 60' 6.78 
3 W 60' 6.31 
4 S 60' 6.72 
5 w ZOO0 5.65 
6 S ZOO0 5.86 
7 E 2000 5.69 
8 N 200' 5.72 

1.98 
1.90 
1.73 
1.88 
1.63 
1.69 
1 . I 2  
1.65 

.20 1.57 

.26 1.67 

.14 1.47 

.17 1.50 

.14 1.46 

.13 1.46 

.18 1.55 

. 2 1  1.55 
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13 54Fe(n,p)54Mn 

............. 
I . .  . . . . . . .  I q...... a -. - - - . . ....... 

...... ............ - 7'- - 
........... ...... , 

r'-' 
I 

12 

11 

E 60' 

.............. E 200°"' " '  

- .- W .- 6OV--  .- 

r'- ........................... N 200" 

-18 -14 -10 -8 -2 2 

HEIGHT,crn. 

54 Fig .  2.1 . l .  Vert ica l  A c t i v i t y  Gradients Measwed for t h e  54Fe(n.p) 

Displayed.  

M n  Reaction I n d i c a t i v e  of t h e  Fast 
Neutron F l U X  0 0 . 1  M e V ) .  Gradients a t  a l l  Other Locations F a l l  wi thin  the Range of Data 

Table 2.1.3. F l u x  Values fo r  ORR-6J-Test 

Values a t  maximum, 5 cm below midplane; 
accuracy +lo% 

2 Flux,  r lO"  n/cm - s  

Locatio" Temp,oC Thermala >0.1 MeV ~ Total  

2 
3 
4 
5 
6 
7 
8 

E 
N 
W 
S 
W 
S 
E 
N 

60 2.01 1 .99 5.97 
60 1.97 2.03 5.99 
60 1.82 1 .85  5.49 
60 1.95 1.93 5.80 

200 1 .65  1 . I 9  5.14 
200 1 .71 1.80 5.26 
zoo 1.68 1.85 5.27 
ZOO 1.66 1.86 5.27 

a Thermal flux ( 0 . 5  eV for  maxwellian at  95OC. 
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Table  2.1.4. Damage Paramete r s  f o r  ORR-6J-Test 

Maximum v a l u e s  a t  east s i d e .  60°C, 4.7 Cm below midplane. 
O t h e r  l o c a t i o n s  s c a l e  wi th  f a s t  f l u x  i n  T a b l e  I;3 and 
E q .  ( 1 ) .  2 y a l u e s  cor respond  t o  a f a s t  f l u e n c e  of 
1.99 x 10  n/cm . 2 

Element 

A 1  

T i  

v 

C r  

Mn 

Fe 

co  

- 

F a s t  

N i  Thermal 

To t a l  

c u  

Nb 

MO 

316 SSa 

DPA 

2.68 

1.71 

1.90 

1.70 

1.82 

1.51 

- 

1.74 

1.59 

0.10 

1.69 

- 

1.46 

1.45 

1.07 

1.56 

He, appm, 

1.22 

0.92 

0.044 

0.30 

0.25 

0.52 

0.25 

7.34 

56.03 
63.37 

0.45 

0.097 

- 

8.63 

'316 S S :  Fe( .645) .  N i ( . 1 3 ) ,  Cr(.l8), Mn(.019), ~ o ( . 0 2 6 )  
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2.1.4.2 Hafnium S h i e l d i n g  Tests i n  HFIR-RB P o s i t i o n s  and R e a n a l y s i s  of t h e  HFIR-RBI, R B 2  Experiments  

Hafnium- shielding exper iments  have been completed i n  t h e  removable b e r y l l i u m  ( R B )  p o s i t i o n s  i n  t h e  High 
F lux  I s o t o p e s  Reac tor  (HFIR) a t  ORNL. The purpose of t h e s e  tests is  t o  v a l i d a t e  t h e  d e s i g n  of a hafnium 
c o r e  p i e c e  f o r  t h e  R B  p o s i t i o n s .  
t a i l o r i n g " )  i n  order t o  reduce  hel ium p r o d u c t i o n  i n  n icke l 'bear ing  m a t e r i a l s  ( s t a i n l e s s  s t e e l )  d u r i n g  
l e n g t h y  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 .  Without t h e  hafnium, t h e  hel ium- to- displacement  r a t i o  w i l l  s u r p a s s  
t h e  f u s i o n  f i r s t h w a l l  v a l u e  w i t h i n  a y e a r .  Thus. t h e  i d e a  is  t o  f i rst  i r r a d i a t e  wi thou t  hafnium, b u i l d i n g  
up t h e  hel ium c o n t e n t ,  and t h e n  t o  s w i t c h  t o  t h e  hafnium l i n e r  s o  t h a t  more damage can be accumulated 
wi thou t  7 x c e s s i v e  helium. 
Reac tor .  Two f u s i o n  exper iments  ( R B 1  and 1782) have a l s o  been r e p o r t e d  i n  HFIR. ' 

The exper iments  were conducted i n  s e v e r a l  d i f f e r e n t  R B  p o s i t i o n s  bo th  w i t h  and wi thou t  hafnium l i n e r s  on 
August 3 ,  1985 for l+hour  a t  a reduced  power l e v e l  of 1 1  MW. Twelve d i f f e r e n t  dos imet ry  m a t e r i a l s  were 
i r radiated a t  s i x  d i f f e r e n t  v e r t i c a l  p o s i t i o n s  i n  each exper imenta l  assembly.  These d o s i m e t e r s  were 
e n c a p s u l a t e d  i n  a n  aluminum t u b e  measuring 1/8" OD by 21 7 / 0 "  i n  l e n g t h .  
t h e  c e n t e r  of each hafnium and/or  aluminum assembly which measured 1.24" OD. The reduced  power l e v e l  
p e r m i t t e d  us t o  u s e  f i s s i o n a b l e  m o n i t o r s  and reduced t h e  gamma h e a t i n g .  
i n  p r o g r e s s  f o r  one r e a c t o r  c y c l e  (22  d a y s ) .  

Two s e p a r a t e  1-hour i r r a d i a t i o n s  were conducted.  F i r s t .  o n l y  aluminum a s s e m b l i e s  were i r r a d i a t e d  a t  
10.8 MW i n  p o s i t i o n s  RB-1 and RB-5; t h e n  a n  aluminum assembly was i r r a d i a t e d  a t  11.0 MW i n  RB5 a l o n g  w i t h  a 
hafnium assembly i n  p o s i t i o n  R B 1 .  The f i r s t  i r r a d i a t i o n  p rov ided  a normal b a s e l i n e  o p e r a t i n g  c o n d i t i o n  f o r  
H F I R .  whereas t h e  second al lowed u s  t o  measure t h e  hafnium e f f e c t  and t o  observe  any t i l t i n g  o f  t h e  f l u x  
g r a d i e n t s  due t o  t h e  p r e s e n c e  of t h e  hafnium. U n f o r t u n a t e l y  one of t h e  dos ime t ry  t u b e s  was n o t  f u l l y  
i n s e r t e d  i n t o  t h e  aluminum c a p s u l e  (RB5), and hence,  one of t h e  two b a s e l i n e  r u n s  was los t .  However, t h e r e  
does n o t  appear  t o  be any s i g n i f i c a n t  d i f f e r e n c e  between t h e  two p o s i t i o n s  ( R B 1  and RB5) so  t h a t  one 
b a s e l i n e  measurement is a d e q u a t e  f o r  t h i s  ccmparison.  

The measured a c t i v i t i e s  are l i s t e d  i n  Tab le  2.1.5. As can be seen. t h e r e  are o n l y  s m a l l  d i f f e r e n c e s  
between t h e  two aluminum c a p s u l e s  and a l l  of t h e  f a s t  ( t h r e s h o l d )  r e a c t i o n  ra tes ,  as  expec ted .  The 
presence  of t h e  hafnium d e p r e s s e s  t h e  t h e r m a l / e p i t h e r m a l  r e a c t i o n s  by f a c t o r s  of 3-10, depending on t h e  
energy  r e s p o n s e  of each  r e a c t i o n .  

The measured r e a c t i o n  rates were used t o  a d j u s t  t h e  neu t ron  f l u x  s p e c t r a  a t  each l o c a t i o n  as c a l c u l a t e d  by 
R .  L i l l i e  ( O R N L )  u s i n g  t h e  l e a s t - s q u a r e s  ad jus tment  code STAY'S L .  U n c e r t a i n t i e s  i n  t h e  r e a c t i o n  r a t e s  
ape l i s t e d  i n  T a b l e  2.1.5, t h e  neu t ron  f l u x e s  were assumed t o  have a u n c e r t a i n t y  of 20%. and c r o s s- s e c t i o n  
v a r i a n c e s  are t a k e n  from ENDF/B-V. Gauss ian  c o v a r i a n c e s  were assumed i n  a l l  c a s e s .  The a d j u s t e d  f l u x e s  
are l i s t e d  i n  T a b l e  2.1.6. I n  b o t h  cases t h e  a d j u s t e d  f l u x  s p e c t r a  a g r e e  r a t h e r  well w i t h  t h e  ca lcu-  
l a t i o n s .  Some c a u t i o n  is. however, r e q u i r e d  i n  t h e  h a f n i w s h i e l d e d  c a s e  s i n c e  t h e  c a l c u l a t e d  group 
s t r u c t u r e  was too c o a r s e  i n  t h e  resonance  r e g i o n .  For  example. t h e  197 A U  (n,Y) resonance  does n o t  
c o i n c i d e  w i t h  t h o s e  i n  hafnium and t h u s ,  t h e  resonance  s h i e l d i n g  is  n o t  very  l a r g e  f o r  t h i s  r e a c t i o n .  
Unless  f i n e r  group c a l c u l a t i o n s  a r e  performed,  very  l a r g e  e r r o r s  w i l l  occur  f o r  t h i s  r e a c t i o n .  Conse- 
q u e n t l y ,  some m o d i f i c a t i o n s  were r e q u i r e d  i n  t h e  i n p u t  c a l c u l a t e d  spectrum t o  a v o i d  t h e s e  resonance  
p i t f a l l s .  However, t h e s e  have no e f f e c t  on  t h e  f a s t  f l u x  o r  dosage. 

The b a r e  and hafnium- shielded f l u x  s p e c t r a  a r e  shown i n  F i g u r e  2.1.2. The deep v a l l e y s  c e n t e r e d  around 
1 eV and 300 eV a r e  due t o  r e s o n a n c e s  i n  hafnium. The thermal  f l u x  is  d e p r e s s e d  about  a factor  of 8 ,  w h i l e  
t h e  f a s t  f l u x  is  o n l y  d e p r e s s e d  about  5 % .  Comparison of t h e  two aluminum i r r a d i a t i o n s  ( n o  hafnium) show 
t h a t  t h e  f a s t  f l u x  a g r e e s  w i t h i n  1.5% and t h a t  t h e  t h e r m a l / e p i t h e r m a l  f l u x  d i f f e r s  by about  5%. T h i s  
d i f f e r e n c e  is presumably due t o  a s l i g h t  t i l t i n g  of t h e  f l u x  g r a d i e n t s  due t o  t h e  p resence  of hafnium. I n  
o t h e r  words, t h e  r e a c t o r  power must be s l i g h t l y  i n c r e a s e d  o v e r a l l  t o  cwnpensate  fo r  t h e  d e p r e s s i o n  n e a r  t h e  
hafnium assembly i n  order t o  m a i n t a i n  a n e t  power l e v e l  of 100 MW. V e r t i c a l  f l u x  g r a d i e n t s  were measured 
a t  a l l  t h r e e  R B  p o s i t i o n s  a t  6 d i f f e r e n t  v e r t i c a l  h e i g h t s .  S e l e c t e d  r e s u l t s  are shown i n  F i g s .  2.1.3 and 
2.1.4. I n  a l l  c a s e s  t h e  d a t a  can  be d e s c r i b e d  by a s i n g l e  polynomial as f o l l o w s :  

Hafnium is  used t o  reduce  t h e  the rmal /  e p i t h e r m a l  f l u x  (" spectrum 

S i m i l a r  exper iments  have been s u c c e s s f u l l y  conducted + n 2 t h e  Oak Ridge Research  

These t u b e s  were i n s e r t e d  i n t o  

A ful l- power (100 MW) test is now 

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

where z = h e i g h t  i n  cm, f is  t h e  v a l u e  of t h e  f l u x  or  damage r a t e  at h e i g h t  2, and _a is  t h e  mi_dplane v a l u e  
( T a b l e  2.1.6 or  2.1.7) .  
f o r  t h e  f a s t  r e a c t i o n s  and b = -1.625 x lo-' and c = -1.280 x 10 
hafnium c a s e ,  t h e  the rmal  e f f e c t  is q u i t e  s t r i k i n g  a n d  we can  s e e  i n  F ig .  2.1.3 t h a t  t h e  f l u x  rises n e a r  
t h e  end ( . 30  q) a s  we emerge from; he  hafnium s h i e l d .  
b = 3.00 x 10 
n e g l i g i b l e  between -20 cm t o  +10 cm above midplane.  

The b e s t  f i t  t o  t h  bare (no-Hf) d a t a  g i y e s  b = 1.975 x 10 and c = 1.083 x 
f o r  t h e  the rmal  r e a c t i o n s .  I n  t h e  

For t h i s  c a s e ,  t h e  f i t t i n g  p rocedure  g i v e s  
and c = -1.18 x 10 '. A l l  of t h e s e  parameter  sets a r e  s i m i l a r  and t h e  d i f f e r e n c e s  a r e  
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Table 2.1.5. Measured Reaction Rates for HFIR-RB-Hf Tests 

Values normalized to 11.0 Mw power 
level; accuracy 12% 

React ion 

Activation Rate, at/at-s 

A1-RBI HI-RB1 Al'RB5 

9.75 

3.12 

3.37 

6.19 

3.22 

1.74 

7.28 

1.63 

2.38 

3.74 

5.98 

1 .72 

2.32 

5.31 

1.04 

5.43 

7.88 

1 .14 

0.490 

0.392 

1.15 

0.390 

0.493 

2.69 

0.265 

2.25 

3.53 

5.75 

1.58 

2.16 

4.99 

0.966 

4.60 

7.65 

10.50 

3.27 

3.68 

6.61 

3.45 

1.85 

8.36 

1.73 

2.37 

3.81 

6.03 

1.73 

2.36 

5.29 

1.08 

5.75 

8.15 

* Dilute elements alloyed wltn aluminum. 
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2 
I 

Fig. 2 . 1 . 2 .  Comparlson of STAY'SL-Adjusted Bare and Hafnium-Shielded Neutron Flux Spectra Measured i n  t h e  
RE1 POSltIOn of HFIR. The Large D i p s  around 1 and 30 eV are Caused by Hafnium Resonances. 

F ig .  2 . 1 . 3 .  Vert lca l  Gradients a r e  Shown f o r  t h e  Thermal Neutron Flux Measured W i t h  and Without Hafnium i n  
Positions RBI  and RB5 of HFIK. 
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Fig .  2.1.4. Vert ica l  Fast F l u x  0 . 1  MeV) Gradients are Shown for P o s i t i o n s  RB1 and RB5 of HFIR. 
the Hafnlum Shie ld  has L l t t l e  Ef fec t  on the  Fast  Flux. 

Clearly, 

Table 2.1.6. Adjusted Neutron Fluxes f o r  HFIR-RB-HI Test 

Midplane Values Normalized t o  100 Mw 

2 Neutron Flux, x lo1' n/cm =s 

Energy RB1 RB1 (Hf)  RB5 

Total 23.4 10.2 24.5 

Thermal (2 .5  eV)a 9.44 1.10 9.90 

Intermediate 8.75 4.03 9.09 

F a s t  0 . 1  MeV) 5.27 5.02 5.35 

a Thermal maxuellian a t  12OOC.  
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A t  larger d i s t a n c e s  t h e r e  is  c l e a r l y  a s p e c t r a l  s h i f t  s i n c e  t h e  t he rma l  f l u x  f a l l s  more r a p i d l y  t h a n  t h e  
f a s t  f l u x .  
t h e  hafnium s h i e l d  t h e  t he rma l  v e r t i c a l  g r a d i e n t  is s l i g h t l y  sha l l ower  t h a n  w i thou t  t h e  s h i e l d ;  however. 
t h e  f a s t  f l u x  g r a d i e n t  is abou t  t h e  same e i t h e r  way. 

Damage and g a s  p roduc t i on  rates were c a l c u l a t e d  w i t h  t h e  SPECTER' computer code and t h e  r e s u l t s  are l i s t ed  
i n  Tab l e  2.1.7. 
f e r e n c e  i n  t h e  fast Flux of abou t  1.51. 
i r r a d i a t i o n .  The hafnium s h i e l d  r educes  t h e  hel ium p roduc t i on  i n  s t a i n l e s s  steel From 688 appm t o  
26.1 appm, a f a c t o r  of abou t  26. 
for each  c a s e  c o n s i d e r i n g  p o s s i b l e  burnout  of t h e  hafnium as well. I n  any c a s e ,  i t  is e v i d e n t  t h a t  t h e  
hafnium, i ndeed ,  r educes  t h e  t he rma l  hel ium e f f e c t  w i thou t  s a c r i f i c i n g  t h e  f a s t  damage p roduc t i on  as 
desired.  

A t  20 cm above midplane  t h e  t he rma l  t o  fast  r a t i o  is abou t  30% lower  t han  a t  midplane.  Wi th in  

Both c a l c u l a t i o n s  are f o r  p o s i t i o n  RB1 and t h e  d i f f e r e n c e s  are main ly  due  t o  t h e  d i f -  
The c a l c u l a t i o n s  i n  T a b l e  2.1.7 were done f o r  a 1 yea r  (365 FPD) 

Of cou r se .  t h i s  13 Only v a l i d  for t h e  above c o n d i t i o n s  and mmt be done 

2.1.4.3 Reana ly s i s  of t h e  HFIR-RB1, RB2 Experiments 
L. R. Greenwood (Argonne Na t iona l  Labora tory)  

The hafnium tests i n  t h e  removable be ry l l i um (RB) p o s i t i o n s  of H F I R  d e s c r i b e d  i n  s e c t i o n  5.1 a l lowed us  t o  
perform d e t a i l e d  s p e c t r a l  measurements u s ing  s h o r t - l i v e d  a c t i v i t i e s .  f i s s i o n a b l e  materials, and t he rma l  
s h i e l d s .  These t e c h n i q u e s  cannot  be used i n  l o n g  materials i r r a d i a t i o n s  and we must r e l y  on a select 
number of d o s i m e t e r s  t o  a d j u s t  a p r e v i o u s l y  de termined  neu t ron  spectrum. Fur thermore .  new c a l c u l a t i o n s  of  
t h e  n e u t r o n  f l u x  spec t rum i n  t h e  RB p o s i t i o n s  have  r e c e n t l y  been performed by D. L i l l i e  ( O R N L ) .  Upon 
c o n s i d e r a t i o n  of  a l l  of t h i s  new da t a ,  it was appa ren t  t h a t  ou r  p r ev ious  measurements f o r  t h e  R B 1 *  and RB2' 
expe r imen t s  i n  H F I R  shou ld  b e  r eana lyzed .  

Tab l e  2.1.8 l ists r e v i s e d  neu t ron  f l u e n c e s  and damage pa rame te r s  f o r  t h e  RB1 and RB2 exper iments .  
and damage g r a d i e n t s  can be de termined  by t h e  fo l l owing  p o l y n m i a l  equa t i on :  

The r e s u l t s  of t h i s  r e a n a l y s i s  a r e  g iven  below. 

The f l u x  

( 1 )  
2 f ( z )  = a ( l + b z + c z  ) 

2 4  where a - midplane  v a l u e  i n  Tab l e  2.1 .E. b = ~ 8 x 1 0 ~ ~ .  c - - 9 . 7 6 ~ 1 0  
e q u a t i o n  cannot  be used t o  d e s c r i b e  damage and he l ium p roduc t i on  i n  copper ,  n i c k e l ,  or s t a i n l e s s  s t e e l  and 
c a l c u l a t l o n s  for  t h e  l a t t e r  are g iven  i n  Table 2.1.9. 

The p r e s e n t  r e s u l t s  i n d i c a t e  a s u b s t a n t i a l  i n c r e a s e  i n  t h e  f a s t  f l u x  and damage rates f o r  b o t h  exper iments .  
The f l u x  above 0.1 MeV h a s  been i n c r e a s e d  by about  30% f o r  RB1 and 80% f o r  RB2; however. t h e  thermal  f l u x  
and f l u x  above about  1-2 MeV a r e  n o t  ve ry  d i f f e r e n t  t h a n  b e f o r e .  I n  o t h e r  words,  most of t h e  f l u x  i n c r e a s e  
h a s  occu r r ed  between about  0.1 t o  1 MeV where o u r  mon i to r s  are not ve ry  s e n s i t i v e .  
rates t h i s  s p e c t r a l  change becomes more appa ren t  s i n c e  damage f o r  316 SS has  o n l y  i n c r e a s e d  by 17% f o r  RB1 
and 33% for  RB2. 
hel ium by ( n . d  r e c t i o n s  is a c t u a l l y  less t h a n  b e f o r e .  
RB1 and 10% f o r  RE2. 
P r i m a r i l y  due  t o  d i f f e r e n c e s  i n  t h e  e p i t h e r m a l  energy  r e g i o n .  

2 .1 .5  Conclus ions  

The 56 and 57 expe i rmen t s  are now i n  p r o g r e s s  i n  ORR; samples are expec ted  s h o r t l y  from t h e  MFE 4 A  and 48 
s p e c t r a l - t a i l o r i n g  expe r imen t s  i n  ORR. Ana lys i s  is  i n  p r o g r e s s  f o r  t h e  JP1 and JP3 expe r imen t s  i n  HFIR and 
samples  have been r e c e i v e d  from t h e  f u l l  c y c l e  hafnium test i n  HFIR. 

, and z is  t h e  h e i g h t  i n  cm. T h i s  

If we compare damage 

Helium r a t e s  a c t u a l l y  show a d e c l i n e  s i n c e  t h e  ve ry  f a s t  f l u x  ( > 5  MeV) which produces 
For i r o n ,  t h e  he l ium has  been reduced  by 23% f o r  

Fo r  n i c k e l  and s t a i n l e s s  s tee l ,  t h e  t he rma l  he l ium e f f e c t  ha s  a l s o  been reduced  

2.1.6 Re fe r ences  

1 .  L. R. Greenwood and R. K .  Smi the r ,  Hafnium Core P i ece  Test i n  0%-MFE4. Damage Ana lys 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  Repo r t ,  DOE/ER-0046/17, pp. 5'10, May 1984. 

2. L. R. Greenwood. F i s s i o n  Reac to r  Dosimetry: HFIR-RB2, i b i d . ,  DOE/ER-0046/22. pp. 5-7, August 1985. 

3. L. R .  Greenwood and R .  K .  Smi the r ,  ANL/FPP/TM4197, SPECTER: Neutron Damage C a l c u l a t i o n s  f o r  
Materials I r r a d i a t i o n s ,  J a n u a r y  1985. 
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T a b l e  2.1 .I. Damage Paramete rs  for HFIR-RB-Hf Test 
Midplane v a l u e s  i n  RB1 a t  100 MW 

Damage/yeara 

Element 

~ 

BaPe Hf Covered 

A 1  

T i  

V 

C r  

Mn 

Fe 

CO 

b 

b 

N i  

c u  

N b  

MO 

19.3 

11.3 

13.1 

11.0 

12.9 

9.7 

13.5 

F a s t  11.0 
9.2 s = N i  

T o t a l  20.2 
- 

F a s t  9.8 
(0.01 - ‘IZn 

T o t a l  9.8 

9.8 

7 .7  

31 6SSc 11.3 

4.67 18.5 

4.19 10.3 

0.16 12.0 

1 . 1 1  10.3  

0 . 9 1  1 1 . 1  

2.06 9 .2  

0.91 10.3 

31 .O 10.1 
0.3 5247.0 

5278 .O 10.4 
- 

1.75 9 .2  
(0.01 - 5.31 

1.06 9 .2  

0.39 9 .4  

7.2 

688.0 9.5  

- 

4.49 

4.00 

0.15 

1 . 1 1  

0 .94 

1 .91 

0.94 

29.0 
160.0 
iSg.0 

1.69 
0.02 
1 .I1 

0.31 

- 
26.1 

a 

bThermal neu t ron  s e l f - s h i e l d i n g  may reduce  damage i n  Mn, Co. 
365 FPD assuming no burnout  of Hf. 

316SS: Fe(0 .645) .  Ni(0.13) .  Cr (0 .18) .  Mn(0.019). Mo(0.026). c 
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Tab le  2.1.8. Revised  Fluence  and Damage Parameters  f o r  HFIR-RB1 and RE2 Experiments 

Values  a t  midplane ;  u se  eqn ( 1 )  f o r  g r a d i e n t s  

Neutron F luence ,  x 10" n/crn2+? 

R E 2  - - RB1 - Energy 

T o t a l  
Thermal ( < . 5  eV)a 
I n t e r m e d i a t e  
F a s t  0 . 1  MeV) 

4.62 
2.15 

9.30 
4.19 

1 .55  3.21 
0.91 1.90 

Element - 
A 1  
T i  
V 

Crb M" 
b Fe 

co 

R E 1  RB2 

DPA - 
11.07 2.93 23.1 5.84 

6.48 2.41 13.5 4.92 
7.52 0.10 15.7 0 .20 
6 .11  
7.51 
5.52 

0.71 13.2 
0.61 15.6 
1.27 11.5 

8.37 0.61 17.1 

6.30 18. 13.1 
N i  6 .53 3705. 17.4 

T o t a l  12.83 3723. 30.5 

Nb 
Mo 
316 SSc 

5.57 
<0.01 

T o t a l  5.57 

RYt 
Zn 

1.09 11.6 
3.33 0.04 
4.42 11.6 

5 .50 0.24 11.5 
4.30 9.0 
6 .62 485. 14.3 

- 

1.42 
1.21 
2 .52 
1.20 

36. 
9868. 
9904. 

2.2 
18.6 
20.8 

0.47 
i 

1289. 

> h e m a l  maxwellian a t  6 O O C .  

c Thermal s e l f - s h i e l d i n g  may r educe  damage f o r  Mn, Co. 
316 S S  = Fe ( . 6 4 5 ) ,  N i  ( . 1 3 ) ,  Cr ( . 1 8 ) ,  Mn ( . 0 1 9 ) ,  Mo ( .026) .  

T a b l e  2.1.9. Revised  Heium and D P A  Ra t e s  fo r  316 Ss f o r  
HFIR-RB1 and RB2 Experiments 

Helium 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  
Damage i n c l u d e s  e x t r a  thermal  k i ck  (He/567) 

RE1 RB2 

D P A  He, appm Opn - Heigh t ,  cm He, appm 

0 485 6.52 1289 1 4 . 3  
3 478 6.55 1274 14.2 
6 
9 

1 2  
15  
18 
2 1  

459 6.35 i 232 13.7 
427 6.05 1161 13.1 
383 5.62 1059 12.2 
328 5.07 931 11.0 
165 4 . 4 u  776  9 .6  
i96 j . 6 5  596 1 . 9  

L4 124  2 . 7 4  399 6 . 0  
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2.2 PROPOSED NEW I R R A D I A T I O N  FACILITIES I N  H F I R  - K. R. Thorns, B. H. Montgomery. and C. D. West 
(Oak Ridge Nat iona l  Labora to ry )  

2.2.1 A D I P  Task 

ADIP  Task 1.A.2, Def ine Test  Ma t r i ces  and Test  Procedures 

2.2.2 Ob jec t i ve  

The o b j e c t i v e  of t h i s  work i s  t o  p rov i de  t h e  c a p a b i l i t y  t o  p e r f o r m  ins t rumented  i r r a d i a t i o n  experiments 
i n  t h e  t a r g e t  r eg i on  of t h e  High Flux Iso tope  Reactor (HFIR) and t o  i n c rease  t h e  s i z e  and number of i r r a -  
d i a t i o n  f a c i l i t i e s  i n  t h e  removable b e r y l l i u m  (RE) r e f l e c t o r  r eg i on  o f  t h e  HFIR. 

2.2.3 Summary 

A p r o j e c t  i s  p r e s e n t l y  under way t o  improve and i nc rease  t h e  i r r a d i a t i o n  f a c i l i t y  c a p a b i l i t i e s  i n  t h e  
HFIR. These improvements w i l l  pe rmi t  t h e  i n s t a l l a t i o n  o f  two ins t rumented  exper iments i n  t h e  t a r g e t  r eg i on  
o f  t h e  HFIR by t h e  f o u r t h  q u a r t e r  o f  FY 1986. 
inc reased  from fou r  t o  e i gh t ,  and t h e i r  d iameter  w i l l  be inc reased  from 35 t o  48 mm. 
j e c t  i s  scheduled t o  be completed by May 1987. 

A d d i t i o n a l l y ,  t h e  number o f  l a r g e  RB p o s i t i o n s  w i l l  be 
Th is  phase of t h e  p ro-  

2.2.4 Background and D e s c r i p t i o n  ORNL DW(iR5 “OBI E T 0  

A Laboratory-wide ad hoc committee was 
formed t o  cons ider  and recommend changes and 
improvements t o  t h e  Labo ra to r y ’ s  f a c i l i t i e s  
f o r  m a t e r i a l s  i r r a d i a t i o n  t e s t i n g .  The com- 
m i t t e e  determined (ORNL/TM-9709) t h a t  i n  
seeking t o  r e e s t a b l i s h  ORNL‘s p o s i t i o n  as a 
wo r l d  l eade r  i n  i r r a d i a t i o n  experiments, i t  
i s  c l e a r  t h a t  t h e  H F I R ,  a l ready  an ou t s t and ing  
f a c i l i t y  i n  many respects,  i s  a b e t t e r  s t a r t -  
i n g  p o i n t  than  t h e  ORR, which i s  surpassed i n  
a l l  respects by a number o f  o t he r  reac to rs .  

S T R A I G H T  ACCESS P E N E T R A T I O N  F O R  
TARGCT HELION INSTRUMENTATION I- 

? 

The bas i c  improvements needed a t  t h e  OUICKGACCESS HATCHJ 
H F I R  a re  c l e a r l y  ev i den t  when one examines 
t h e  e x i s t i n g  f a c i l i t i e s .  The h i ghes t  f l u x  
p o s i t i o n s  i n  t h e  t a r g e t  o r  f l u x  t r a p  r eg i on  
cannot be ins t rumented  and a re  very small .  
The RB p o s i t i o n s  a re  few and much sma l le r  
than  those  i n  most general  purpose reac to rs .  
The proposed r e a c t o r  m o d i f i c a t i o n s  address 
these  issues.  

F igure  2.2.1 i s  a diagrammatic s i de  view 
o f  t he  H F I R  fue l  elements and t a r g e t  region. 
A s t r u c t u r e  known as t h e  t a r g e t  tower extends 
upward from t h e  t a r g e t  r eg i on  almost 2.5 m 
(8 f t )  t o  t h e  quick- access hatch, a removable 
p l u g  i n  t h e  cen te r  of t h e  r e a c t o r  p ressure  
vessel l i d .  The quick-access hatch i s  
p i e r ced  i n  t h e  cen te r  t o  admit a h y d r a u l i c  
r a b b i t  tube. The committee proposed t h a t  a 
new quick-access hatch be made, p i e r ced  wi th  
t h r e e  access ho les  on an e q u i l a t e r a l  t r i a n g l e .  
Two of t he  t h r e e  pene t ra t i ons ,  t o  be prov ided  
w i t h  s u i t a b l e  f langes,  seals ,  and hold-down 
clamps, w i l l  p r ov i de  access t o  t h e  t a r g e t  
r eg i on  f o r  i n s t r umen ta t i on  ducts. 
p e n e t r a t i o n  w i l l  be f o r  t h e  e x i s t i n g  h y d r a u l i c  
tube  f a c i l i t y .  Because t h e  r a t h e r  compl i -  
ca ted  t a r g e t  tower assembly p rov ides  suppor t  
and guidance f o r  t h e  h y d r a u l i c  tube ,  i t  t o o  
must be redesigned and r e b u i l t .  

t a r g e t  capsules o f  1 6 n m  diam may be i n s t r u -  
mented. 
p o s i t i o n s ,  capsules up t o  25-mm diam cou ld  be 
accommodated (F ig.  2.2.2). If des i red ,  i t  
would a l s o  be p o s s i b l e  t o  i n co rpo ra te  a 
s h i e l d  (e.g., of tungs ten)  t o  reduce t he  

The t h i r d  

With these mod i f i ca t i ons ,  two small  

By occupying up t o  seven t a r g e t  

CORE 

‘-STRAIGHT ACCESS PENETRATION 
F O R  RB FACIL ITY  

CrTARGET 
5 

TTARGET REt i ION 
/ 

t 
GCNERAL ARRANGEMENTOF CORE, TARGET 

TOWER A N D  QUICK ACCESS HATCH 

SCALE 4 1 - 1  # n  

F ig.  2.2.1. Side view o f  H F I R  core. 
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gamma h e a t i n g  r a t e  i n  t h e  capsule and p e r m i t  
t h e  i r r a d i a t i o n  o f  l a r g e r  specimens w h i l e  
m a i n t a i n i n g  accep tab le  temperature g r a d i e n t s  
w i t h i n  t h e  samples. A l t e r n a t i v e l y ,  i t  
would be p o s s i b l e  s e l e c t i v e l y  t o  absorb 
ther inal  neut rons (by us ing,  e.g., a cadmium 
o r  hafnium s h i e l d )  t o  p r o v i d e  s p e c t r a l  
t a i l o r i n g ,  bu t  t h e  e f f e c t  o f  t h e  s h i e l d s  on 
core l i f e  and on o t h e r  uses o f  t h e  r e a c t o r  
has y e t  t o  be f u l l y  assessed. 

i r r a d i a t i o n  p o s i t i o n s  i n  t h e  RB r e g i o n  of 
t h e  r e a c t o r  [Fig. 2.2.3(a)1. The committee 
proposed t h a t  t h e  fou r  be rep laced  by e i g h t  
l a r g e r  ho les  capable of accep t ing  48-mm-diam 
capsules [Fig. 2.2.3(b)]. The change w i l l  
i nc rease  t h e  t o t a l  exper imenta l  volume 
a v a i l a b l e  w i t h i n  i r r a d i a t i o n  capsules a t  
these  p o s i t i o n s  by a f a c t o r  of 3 t o  4. The 
new p o s i t i o n s  a r e  r e f e r r e d  t o  as t h e  RB 
S t a r  (RE*) f a c i l i t i e s ,  and t h e y  can accom- 
modate most of t h e  work p r e s e n t l y  accomp- 
l i s h e d  i n  t h e  ORR core  w i t h  a t w o f o l d  t o  
t h r e e f o l d  i n c r e a s e  i n  f a s t  neu t ron  f l u x .  

t a t i o n  access t o  t h e  RB* f a c i l i t i e s ,  o t h e r  

There a re  p r e s e n t l y  four  37-mm-diam 

To p r o v i d e  s t r a i g h t l i n e  inst rumen-  

I 
HB-4 

i R B  POS1TlON 
T Y P l C A L 4 P L A C E S  

ORNL-DWG 8 5 4 6 6 2  E T 0  

PERIPHERAL TARGET 
POSITION TYPICAL 

HYDRAULIC 
T U B E 7  

SMALL 
CAPSULE 

Fig. 2.2.2. The HFIR t a r g e t  r e g i o n  w i t h  two capsules. 

DRNL "%"GI81 47?2 E T 0  

R B '  POSlTlON ~ 

TYPICAL B P L A C E S  

1 
\ HB-4 

Ibi Y 
Fig.  2.2.3. The RB and RB* p o s i t i o n s .  

components of t h e  HFIR, mounted above t h e  RB and t h e  core, must a l s o  be redesigned and r e b u i l t .  
S p e c i f i c a l l y ,  t h e  upper- t rack  assembly and t h e  shroud f l ange  (which a r e  p a r t  o f  t h e  c o n t r o l  p l a t e  l o c a t i o n  
and d r i v e  system) must be modi f ied.  It i s  a l s o  proposed t h a t  a d d i t i o n a l  p e n e t r a t i o n s  be made i n  t h e  q u i c k -  
access ha tch  t o  p r o v i d e  s t r a i g h t l i n e  access t o  t h e  RB* p o s i t i o n s  f o r  i n s t r u m e n t a t i o n .  
access w i l l  a l s o  p e r m i t  r o t a t i o n  and v e r t i c a l  r e l o c a t i o n  of capsules d u r i n g  t h e  course of an exper i inent ,  as 
w e l l  as making exper iments in terchangeable.  

2.2.5 Progress and S ta tus  

The s t r a i g h t l i n e  

Conceptual des ign work p r o v i n g  f e a s i b i l i t y  and methods o f  a c h i e v i n g  t h e  recommended m o d i f i c a t i o n s  has 
been completed. The d e t a i l  des ign  of t h e  t a r g e t  tower  and access ha tch  i s  about 70% complete. 

It i s  expected t h a t  some exper imenters  w i l l  w i sh  t o  i n c l u d e  s p e c t r a l  t a i l o r i n g  w i t h  t h e i r  RB* e x p e r i -  
ments, and i t  i s  impor tan t  t o  understand t h e  e f f e c t s  of such neu t ron  absorbers on t h e  core l i f e ,  beam tube  
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f l u x ,  and t h e  RE* f a c i l i t y  f l u x .  
though no t  very conv inc ing ,  c a l c u l a t i o n s  were 
c a r r i e d  ou t  which made i t  c l e a r  t h a t  t h e  
r e a c t o r  opera to rs  and exper imenters do no t  
p r e s e n t l y  have a v a i l a b l e  any s a t i s f a c t o r y  way 
o f  c a l c u l a t i n g  and p r e d i c t i n g  t h e  e f f e c t s  of 
l o a d i n g  new m a t e r i a l s  i n t o  t h e  v i c i n i t y  o f  
t h e  core. Consequently, an exper imenta l  
program was under taken t o  determine t h e  
e f f e c t s  o f  p l a c i n g  a 3.8-mm-thick hafn ium 
s leeve i n  t h e  p resen t  RE pos i t i ons .  A s e r i e s  
o f  low power (100 kW) runs were made t o  
determine t h e  e f f e c t s  on beam tube  f luxes .  
The r e s u l t s  o f  these  runs a re  summarized i n  
Table 2.2.1. which comDares f l u x  l e v e l s  w i t h  

P re l im ina r y ,  Table 2.2.1. E f f e c t  of hafn ium on beam tube f l u x u  

Percent  change i n  thermal  f l u x  a t  beam tubesb 

HE1 HE2 HE3 HE4 

Hafnium 
P o s i t i o n  

RElc -3 0 + I  +2 
RES +4 -13% +1 
R B W  +1 -1 4 

+4 
+2 

RE7C +1 0 +2 4 

aMeasured a t  r eac to r  Dower o f  100 kW. 

bThe base case had t h e  usual  i r i d i u m  ( i so tope  p ro -  

CThe i r i d i u m  i n  these  p o s i t i o n s  was rep laced  by t h e  

a base case.in which t h e  usual i r i d i u m  
l oad ings  were p laced  i n  a l l  RE p o s i t i o n s  
except  RE-3. As t h e  t a b l e  shows, a l l  com- 
b i n a t i o n s  o f  hafn ium p o s i t i o n  and beam tube  
use except  one (RE-3 and HE-2) a re  accep tab le  
showing a beam tube  f l u x  l o s s  of 6% o r  less.  

Fo l l ow ing  t h e  low-power beam tube runs, 
a p a i r  o f  moderate power (-11 MW) dos imet ry  runs were made t o  c h a r a c t e r i z e  t h e  spectrum and f l u x  l e v e l s  
i n s i d e  t h e  hafnium tube. The r e s u l t s  o f  these  runs, analyzed by L. R. Greenwood o f  ANL, a re  r epo r t ed  
elsewhere' i n  t h i s  r epo r t .  
L. R. Greenwood. 

o t h e r  exper iments i n  RE p o s i t i o n s  and t h e  a d d i t i o n  of o t h e r  poisons f o r  t h e  i s o t o p e  p roduc t i on  program. 
However, based on t h e  observed sho r t en i ng  o f  t h e  c y c l e  i n  which t h e  f u l l - c y c l e  dosimetry  runs were made i n  
a d d i t i o n  t o  subsequent cyc les,  i t  appears t h a t  t h e  hafn ium tube  caused a 0.9 (k0.3) day o r  about 4% reduc-  
t i o n  i n  expected core  l i f e t i m e .  

d u c t i o n )  capsules a t  a l l  RE p o s i t i o n s  except R3. 

hafn ium s leeve t o  make t h e  measurement. 

An a d d i t i o n a l ,  f u l l - c y c l e ,  f l u x  r un  was completed and dos imet ry  shipped t o  

Determin ing t h e  e f f e c t s  o f  t h e  hafn ium on core  l i f e t i m e  has been compl i ca ted  by t h e  i n s t a l l a t i o n  of two 

2.2.6 Reference 

1. L. R. Greenwood, "Neutron Dosimetry and Damage C a l c u l a t i o n s  f o r  ORR6J Test ,  HFIR-RE-Hafnium Test 
and HFIR-RE-I and RE-2 Experiments," Sect. 2.1, t h i s  r epo r t .  
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Reactor  Leve l  (dpa) 
Capsule exposurecsd 

(MWd) Presentc  Goald 

2.3 PHASE I HFIR CAPSULES - IRRADIATI0N AN0 POSTIRRAOIATION EXAMINATION - J. L. Sco t t ,  M. L. Grossbeck 
(flak Ridge Na t iona l  Laboratory) ,  and M. P. Tanaka (Japan Atomic Energy Research I n s t i t u t e ,  ass igned 
t o  ORNL) 

Reactor Level  (dpa) 
Capsule exposurec ,d 

(MWd) Present0 Goald 

2.3.1 A D I P  Task 

JP- le  33,644 33.03 30 
JP-2 51,198 50.37 50 
JP-3e 34,019 33.40 30 
JP-4 40,810 40.14 50 

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

JP-5 30,451 29.85 50 
JP-6 30,451 29.85 30 
JP-7 28,343 27.75 30 
JP-8 28,343 27.75 50 

2.3.2 O b j e c t i v e s  

The o b j e c t i v e  of t h i s  work i s  t o  c a r r y  ou t  t h e  p o s t i r r a d i a t i o n  examinat ion (PIE) o f  U.S./Japan capsules 
JP-1 t o  -8 i r r a d i a t e d  i n  t h e  High F l u x  I s o t o p e  Reactor (HFIR) f o r  t h e  purpose o f  i n v e s t i g a t i n g  t h e  i r r a d i a -  
t i o n  response of Japanese and U.S. s t r u c t u r a l  a l l o y s  t o  h i g h  l e v e l s  of a tomic  displacement and he l i um 
content .  

2.3.3 Summary 

Capsules JP-1 and -3 have been disassembled and specimen t e s t i n g  i s  under way. I r r a d i a t i o n  of capsules 
JP-2 and JP-4 t o  - 8  i s  con t inu ing .  

2.3.4 Progress and S ta tus  

damage l e v e l s  of approx imate ly  30 and 50 dpa. 
has completed i t s  i r r a d i a t i o n  campaign, were r e p o r t e d  prev ious ly .1-3 
May 28, 1985, a f t e r  an exposure of 34,019 MWd. 
Table  2.3.1. 
a r e  g iven i n  Table  2.3.2. 

The U.S./Japan Phase I HFIR t e s t i n g  program c o n s i s t s  o f  e i g h t  t a r g e t  capsules t o  be i r r a d i a t e d  t o  peak 
The t e s t  m a t r i x  and t h e  damage l e v e l s  i n  capsule JP-I, which 

The exposure l e v e l s  of t h e  specimens i n  JP-3 a r e  g i ven  i n  
Capsule JP-3 was removed f rom HFIR 

I r r a d i a t i o n  of t h e  o t h e r  s i x  capsules i s  con t inu ing .  Present damage l e v e l s  o f  JP-2 and J P - 4 4  
Resu l t s  t o  da te  of p o s t i r r a d i a t i o n  t e s t i n g  o f  JP-1 and JP-3 a r e  r e p o r t e d  below. 

Table  2.3.1. Displacements pe r  atom and he l i um con ten ts  i n  JP-3 capsule0 

D is tance  
Pos i-  from HFIR Alloy Specimen I d e n t i f i -  Displacements 
t i o n  c e n t e r - l i n e  t y p e  c a t i o n  

pe r  atom con ten t  
(dpa) (a t .  P P ~ )  (cm) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

23.20 PCA 
18.76 PCA 
14.31 PCA 
9.59 PCA 
4.58 316 
0.00 5316 
4.58 JPCA 
9.59 JPCA 

14.31 JPCA 
18.76 JPCA 
23.20 JPCA 

T e n s i l e  
T e n s i l e  
T e n s i l e  
Fa t igue  
Fa t igue  
TEM 
Fa t igue  
Fa t igue  
T e n s i l e  
T e n s i l e  
T e n s i l e  

EL30 
EL34 
EC29 
EC152 
AA8 

FE5 
FF6 ~. 
TB7 
TB8 
TB9 

16.00 
22.32 
27.28 
31.07 
32.60 
33.40 
33.30 
30.95 
27.17 
22.23 
15.95 

1020 
1559 
1981 
2298 
2019 
2142 
7447 
2258 
1950 
1541 
1019 

0MWd: 34,019. 
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2.3.4.1 P o s t i r r a d i a t i o n  Examination of Capsule JP-1 

o u t e r  conta inments were c u t  a x i a l l y  t h e  e n t i r e  l e n g t h  and removed. The appearance of t h e  specimen ho lde r s  
i s  shown i n  Fig. 2.3.1. Eve ry th i ng  was b r i g h t  and shiny,  i n d i c a t i n g  no wate r  leakage i n t o  t h e  capsule. The 
f l u x  moni tors ,  which were l o c a t e d  a t  t h e  t o p  of ho l de r s  3, 5, 6, 9, and 11, were i d e n t i f i e d  and shipped t o  
L. R. Greenwood f o r  ana l ys i s .  The specimens were removed f rom t h e i r  ho l de r s  by c u t t i n g  t h e  r e t a i n e r  r i n g s  
and p r y i n g  apa r t  t h e  h a l f  she l l s .  

F igure  2.3.2 shows t h e  f o u r  hourg lass  f a t i g u e  specimens and t h e  h o l d e r  c o n t a i n i n g  TEM d isks .  
operated a t  300'C w h i l e  a l l  t h e  f a t i g u e  specimens opera ted  a t  430'12. 
t h e  f a t i g u e  specimens due t o  sur face ox ida t ion .  
ou tgass ing  occurs d u r i n g  t h e  i n i t i a l  heatup i n  t h e  r eac to r ,  l e a d i n g  t o  s u p e r f i c i a l  o x i d a t i o n  a t  t h e  h i g h e r  
specimen temperatures. 
as i s  shown i n  Fig. 2.3.3. 
were b r i g h t  and sh iny  a f t e r  i r r a d i a t i o n .  

The upper and l owe r  ends of capsule JP-1 were c u t  o f f  w i th  an ab ras i ve  cu to f f  wheel. The i n n e r  and 

P i c t u r e s  o f  t h e  specimens a re  shown i n  Figs. 2.3.2 and 2.3.3; exposure l e v e l s  a re  g iven  i n  Table 2.3.2. 
The l a t t e r  

There was a s l i g h t  d i s c o l o r a t i o n  of 
Even though t h e  capsule i s  f i l l e d  w i t h  hel ium, some 

Somewhat g r e a t e r  o x i d a t i o n  was observed on t e n s i l e  specimens t h a t  operated a t  5OO0C, 
The two cen te r  specimens were i r r a d i a t e d  a t  500°C. The 300 and 400°C specimens 

YP001 

Fig. 2.3.1. P i c t u r e  of JP-1 specimen ho lde r s  d u r i n q  capsule disassemblv. . .  

Length measurements of t h e  t e n s i l e  specimens were made a f t e r  i r r a d i a t i o n  by use of a m 
If one assumes t h a t  t h e  d imensional  changes a re  i s o t r o p i  Resu l t s  a re  shown i n  Table 2.3.3. 

i nc reases  a re  t h r e e  t imes  t h e  l e n a t h  increases.  

i c rometer .  
c. volume 

Immersion d e n s i t i e s  of t h e  i r r a d i a t e d  t e n s i l e  specimens were measured t o g e t h e r  w i t h  s tandards and 
c o n t r o l s  on a p r e c i s i o n  a n a l y t i c a l  balance. If one compares these  
r e s u l t s  w i t h  those  i n  Table 2.3.3, one f i n d s  t h a t  s w e l l i n g  da ta  ob ta ined  from l e n g t h  changes overes t imate  
t h e  t r u e  volume increases.  

and f a t i g u e  t e s t i n g .  

Resu l ts  a re  shown i n  Table 2.3.4. 

Furthermore, t h e  amount o f  s w e l l i n g  was smal l  i n  a l l  cases. 
I n  o t h e r  ho t  c e l l  work, t h e  TEM d i s k s  have been sor ted .  and equipment i s  be ing  prepared f o r  t e n s i l e  
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YPC 

AA1 J 
TEM 300'1 

EL15 300'1: 
- 

EL21 4 0 0 ° C  
EL281 

TB2  40O 'C  
TE1 300'C 

Table 2.3.3. Length change' 
i n  HFIR 

Irr, 
Specimen A l l o y  Cond i t iona  teml number 

EL15 PCA 83 
EL21 PCA 83 
EL28 PCA 83 ! 
T B l  JPCA PS2 ! 
TB2 JPCA PS2 
TE1 JPCA PC2 

, 

I05 

Fig. 2.3.2. Hourglass f a t i g u e  specimens and 
JEM d i s k  h o l d e r  from JP-1. 'C 

C 

6 

Fig. 2.3.3. Submini t e n s i l e  specimens from 
JP-1. 

s of submini t e n s i l e  specimens 
JP-1 capsule 

a d i a t i o n  Length (mm) Increase 
pe ra tu re  
("C) I n i t i a l  F i na l  

300 39.34 39.35 0.02 
100 39.34 39.46 0.31 
500 39.34 39.47 0.33 
500 39.39 39.50 0.28 
100 39.38 39.48 0.25 
300 39.37 39.46 0.23 

a93 - SA a t  1100°C + 8 h a t  
PS2 - S A  a t  l l O O ° C .  
PC2 - PS2 .t 15% CW. 

8OO0C + 25% CW. 
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Table 2.3.4 Immersion d e n s i t i e s  of submini t e n s i l e  specimens 

Immersion A v  i AJ 
d e n s i t y  &- P f  
(g/cm3 1 (%)  

Specimen 
number 

Specimen Immersion A v  = & 
d e n s i t y  T P f  
(g/cm3 1 (%) 

number 

ELA(cont r o l  ) 8.00275 0 T81 7.96426 0.302 
EL15 8.00174 0.013 TB2 7.97893 0.117 

EL28 7.96327 0.496 TE1 7.98480 0.072 
EL21 7.997 13 0.070 TE13(cont r o l  ) 7.97907 0 

TB13(contro l  ) 7.98829 0 

2.3.4.2 P o s t i r r a d i a t i o n  Examination o f  Capsule JP-3 

Capsule JP-3 has been disassembled. The specimens had t h e  same appearance as those  i n  capsule JP-1. 
Length measurements o f  t e n s i l e  specimens a r e  shown i n  Table 2.3.5. 
a t  t h i s  t ime. 

Th is  i s  as f a r  as t e s t i n g  has proceeded 

Table 2.3.5. Length changes of submini t e n s i l e  specimens 
i n  HFIR JP-3 capsu le  

I r r a d i a t i o n  Length (mm) 
Inc rease  

( % I  Specimen A l l o y  Cond i t ion0  temperature 
( " C )  I n i t i a l  F i n a l  number 

EL30 PCA 83 300 39.34 39.39 0.14 
EL34 PCA 83 400 39.34 39.52 0.47 
EC29 PCA A3 500 39.35 39.43 0.20 
TB7 JPCA PS2 500 39.41 39.45 0.10 

TB9 JPCA PS2 300 39.40 39.43 0.08 
TB8 JPCA PS2 400 39.40 39.46 0.15 

"A3 - SA a t  l l O O ° C  t 25% Cw. 
83 - SA a t  l l O O ° C  + 8 h a t  800°C t 25% Cw. 
PS2 - SA a t  l l O O ° C .  

2.4.5 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  T e s t i n g  Program 
i n  HFIR and ORR," pp. 3 W 3  i n  ADIP Semiannu. prog. R e p .  March 31,  1 9 8 4 ,  DOE/ER-0045/12, U.S. DOE, O f f i c e  o f  
Fus ion E n e r w .  _- 

2. A. F. Rowcl i f fe, M. L. Grossbeck, M. Tanaka, and 5. Jitsukawa, "The U.S./Japan C o l l a b o r a t i v e  

J. L. S c o t t  and M. P. Tanaka. "Prepara t 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 

T e s t i n g  Program i n  HFIR and ORR: Specimen M a t r i c e s  f o r  HFIR I r r a d i a t i o n , "  pp. 61-62 i n  ADIP Semiann. prog .  
Rep. Sept. 30, 1984, DOE/ER-0045/13, U.S. DOE, O f f i ce  o f  Fus ion Energy. 

3. 
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  o f  Fusion 
Energy. 
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2.4 DESCRIPTION OF THE U.S.-JAPAN SPECTRAL-TAILORING EXPERIMENT I N  ORR - J. L. Scot t ,  L. K. Mansur, 
M. L. Grossbeck, E. H. Lee, K. F a r r e l l ,  L. L. Horton, A. F. R o w c l i f f e  (Oak Ridge Na t iona l  Labora to ry ) ,  
M. P. Tanaka (Japan Atomic Energy Research I n s t i t u t e ,  ass igned t o  ORNL), and H. Hishinuma (Japan Atomic 
Energy Research I n s t i t u t e )  

2.4.1 ADIP Task 

A D I P  Task I.A.2, Def ine Test  M a t r i c e s  and Test  Procedures. 

2.4.2 O b j e c t i v e s  

The p r imary  o b j e c t i v e  o f  t h i s  exper iment  i s  t o  s tudy t h e  response o f  U.S. and Japanese f u s i o n  s t r u c -  
t u r a l  a l l o y s  t o  h i g h  f luences w i t h  a he l i um ldpa  r a t i o  s i m i l a r  t o  t h a t  expected i n  a f u s i o n  reac to r .  I n  
a d d i t i o n ,  t h e  experiment i s  used t o  s tudy fundamental r a d i a t i o n  processes under w e l l - c o n t r o l l e d  cond i t i ons .  

2.4.3 Summary 

The f i n a l  t e s t  m a t r i x  f o r  t h e  two s p e c t r a l - t a i l o r i n g  capsules MFE-6J and -73 was es tab l i shed .  
Specimens were loaded i n t o  t h e  two  capsules and i r r a d i a t i o n  t e s t i n g  has begun. 
conven t iona l  U.S. and Japanese s t r u c t u r a l  a l l o y s  and a s e r i e s  of base research  a l l o y s  t h a t  w i l l  p r o v i d e  a 
b a s i c  understanding of a l l o y  response t o  t h e  fus ion  r e a c t o r  environment. 

The t e s t  m a t r i x  i n c l u d e s  

2.4.4 Progress and S ta tus  

A b a s i c  d e s c r i p t i o n  o f  t h e  MFE-6J and 
-75 capsules and t h e  exper imenta l  o b j e c t i v e s  
were p rov ided  i n  t h e  p rev ious  semiannual 
progress repor t .1  A l l o y  composi t ions were 
a l s o  tabu la ted .  Th is  r e p o r t  c o n t a i n s  a 
d e s c r i p t i o n  o f  t h e  specimens and t h e  t e s t  
m a t r i x  f o r  t h e  two capsules. The assembly o f  
t h e  capsules and t h e  o p e r a t i n g  exper ience  a r e  
desc r ibed  i n  Sect. 2.5 o f  t h i s  repo r t .  The 
f i n a l  t e s t  m a t r i x  g i ven  i n  Table  2.4.1 has 
been m o d i f i e d  s l i g h t l y  from t h a t  g i v e n  i n  t h e  
p r e v i o u s  progress r e p o r t .  The adjustments  
were made t o  o p t i m i z e  t h e  use o f  a v a i l a b l e  
space i n  t h e  capsules. 
and l o a d i n g  l i s t s  a r e  g i ven  i n  t h e  f o l l o w i n g  
s e c t i  ons. 

2.4.4.1 P ressur i zed  Tubes 

Specimen d e s c r i p t i o n s  

I r r a d i a t i o n  creep i s  be ing  i n v e s t i g a t e d  
th rough  t h e  use of p ressur i zed- tube  s p e c i -  
mens. Th is  technique,  which was used i n  t h e  
e a r l i e r  s p e c t r a l  - t a i  l o r i n g  capsules MFE-4A 
and -48,2 has proven successfu l  a t  ORNL,3 
HEDL,' and a t  KRZ K a r l ~ r u h e . ~  The des ign o f  
t h e  p r e s s u r i z e d  tube  i s  shown i n  Fig.  2.4.1. 
A f t e r  f a b r i c a t i o n ,  t h e  tube  i s  p laced  i n  a 
p ressure  chamber t h a t  has a g lass  window. 
The chamber i s  p r e s s u r i z e d  w i t h  he l i um and 
t h e  p i n h o l e  i n  t h e  end cap i s  l a s e r  welded 
shut.  Weld parameters a r e  chosen so as t o  
g i v e  a f u l l - p e n e t r a t i o n  weld. 
tubes i n  MFE-6J and -75 were f a b r i c a t e d  a t  
HEDL and have a d i f f e r e n t  end cap weld. 

To o b t a i n  i r r a d i a t i o n  creep data, t h e  

The Japanese 

Table  2.4.1. Test  m a t r i x  f o r  t h e  MFE-6J and 
-75 capsules 

Number o f  specimens 

60°C 200°C 3309C 400'C 
Specimen t y p e  Source 

Pressur i zed  tubes 

Tube b lanks  

SS1  t e n s i l e s  

SS3 t e n s i l e s  

Grodz insk i  
f a t i g u e  

Crack growth 

Rod t e n s i l e s  

Hourglass f a t i g u e  

D isk  packets  

ORNL 
JAERI 

ORNL 
JAERI 

ORNL 
J A E R I  

ORNL 
HEDL 

JAERI 

J A E R I  
HEDL 

JAERI 

JAERI 

ORNL 
HEDL 
J A E R I  

32 
6 

6 
3 

29 
70 

43 
35 

56 

18 
18 

0 

0 

4 
0 
5 

16 
10 

6 
3 

34 
59 

44 
35 

24 

18 
18 

0 

0 

4 
0 
7 

39 
6 

6 
3 

11 
72 

16 
30 

56 

10 
0 

4 

0 

8 
4 
6 

33 
6 

6 
3 

13 
64 

22 
30 

40 

10 
0 

0 

5 

9 
4 
6 

p r e s s u r i z e d  tubes a r e  p e r i o d i c a l l y  removed from t h e  r e a c t o r  and t h e  d iameter  p r o f i l e s  a r e  measured. The 
average d iameter  of t h e  c e n t r a l  t h r e e - f i f t h s  of  each tube  i s  used i n  t h e  creep ana lys i s .  
s w e l l i n g  i s  made based on d e n s i t y  measurements of 6.35-mm-long tube  specimens prepared w i t h  no end caps. 
Since t h e  tubes a r e  p r e s s u r i z e d  a t  a s e r i e s  of  d i f f e r e n t  pressures,  t h e  e f f e c t  o f  s t r e s s  a t  cons tan t  f l u e n c e  
can be determined f o r  each a l l o y .  The f luence dependence can be determined th rough  t h e  p e r i o d i c  examinat ion 
o f  a l l  t h e  tubes. The t e s t  m a t r i x  and hoop s t resses  f o r  each tube  a r e  presented i n  Table 2.4.2. 

A c o r r e c t i o n  f o r  
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ORNL-DWG 787704R 

1.02 

4.57 t DIA 

0.25 

Fig. 2.4.1. P ressur i zed  t u b e  design - a l l  dimensions a r e  i n  m i l l i m e t e r s .  

Table 2.4.2. Test m a t r i x  f o r  p r e s s u r i z e d  tubes i n  MFE-6J and -75 capsules 

60°C 200°C 330°C 400°C 

S t ress  I d e n t i -  S t ress  I d e n t i -  S t ress  I d e n t i -  Stress A l l o y  C o n d i t i o n  Source Identi- 

f i c a t i o n  (MPa) f i c a t i o n  (MPa) f i c a t i o n  (MPa) f i c a t i o n  (MPa)  

PCA 
PCA 
PCA 
PCA 
PCA 
P C A  
PCA 

HT-9 
HT-9 
HT-9 
HT-9 
HT-9 
HT-9 
HT-9 

18 
18 
18 
18 
1B 
18 
18 

28 
28 
28 
28 
28 
26 
28 
28 

38 
38 
38 
38 
38 
38 
38 
36 

20% cw 
20% cw 
20% cw 
2VL cw 
20% cw 
20% cw 
20% cw 

a 
a 
a 
a 
a 
a 
a 

SA 
SA 
SA 
S A  
SA 
SA 
SA 

SA 
SA 
SA 
SA 
SA 
SA 
SA 
SA 

SA 
SA 
S A  
SA 
S A  
SA 
SA 
S A  

ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 

ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 

ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 

ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 

ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 

FA- 1 
FA-51 
FA-36 
FA-53 
FA-58 
FA-24 

SA2R-1 
SA-54 
SA-49 
S A- 1 7  
SA-41 
SA-55 
SA-24 

_ _ _ _  

C A- 1  
C3-A4 
Cl-A3 
C3-A0 
C3-A5 
C3-A9 

C B - 1  
C2-88 
C2-86 
C2-85 
C2-89 
Cl-86 

C1-85  

cc- 1  
ClLC9 
C4-C2 
C3-C1 
C 2 - C 5  

_ _ _ _  

c3-BO 

0 
50 

100 
150 
200 
200 

0 
100 
200 
200 
280 
280 
300 

0 
5 

10 
30 
30 
60 

0 
5 

10 
30 
30 
50 
50 
60 

0 
50 

100 
150 
150 

_ _ _  

_ _ _  

_ _ _  

__. 
.._ _ _ _  

FA-2 
FA- 59 
FA-48 
FA-62 
__.__ _ _ _ _ _  _ _ _ _ _  
SA28-2 
SA-21 
SA-30 _ _ _ _  _ _ _ _  
- _ _ _  _ _ _ _  
.___ 

CA-2 
Cl-Ah 
C2-A6 
C4-A9 
__... _ _ _ _ _  
-.___ 

CB-2 
C3-82 
C1-83 
C3-B1 
..__ 
..__ _ _ _ _  
..__ 

cc-2 
c4-co 
c1 -CB 
C3-CO 
.____ 
____. 
____. 

FA- 1 
FA-33 
FA-19 
FA-27 
FA-34 
FA-08 
FA-28 

S A- 1  
SA-09 
SA-56 
SA-05 
SA-16 
SA-01 
SA-33 
SA-38 
CA- 1 
C1-A0 
C4-A1 
C3-A1 
C1-A9 
C4-A6 
C4-A3 

C B - 1  
c5-83 
C4-89 
c4-85 
c3-83 
c5-81 
c3-89 
c5-85 

c c - I  
C1-C5 
C2-C9 
C l - C Z  
c3-c7 
c3-CB 
r 4 - c 9  
c3-c3 

0 
50 

100 
200 
200 
300 
400 

0 
50 

100 
200 
200 
300 
300 
400 

5 
10 
20 
27 
30 
40 

0 
5 

10 
20 
20 
30 
30 

0 
10 

50 
100 
100 
150 
150 

n 

40 

20 

FA-2 
FA-01 
FA-32 
FA-10 
FA-05 
FA-12 

SA- 2  
SA-58 
SA-37 
SA-32 
SA-53 
SA-03 
SA-31 

C A- 2  
C5-A2 
C3-A6 
C4-A2 
C2-A4 
C3-A2 
C 1 - A I  

CB-2  
c4-84 
c3-84 
C4-32 
C4-BO 
C5- BO 
C4-86 

cc-2 
c1-co 
c3-c4 
C3-C6 
C2-C7 
c4-c3 

_ _ _ _ _  

..... 

_ _ _ _ _  

-..__ _ _ _ _ _  

0 
50 

100 
200 
300 
400 

0 
50 

100 
200 
300 
400 
400 

0 
5 

10 
20 
30 
40 
40 

0 
5 

_ _ _  

_ _ _  

i n  
20 
30 
30 
40 

0 
10 
20 

50 
100 

_ _ _  

50 

-._ _ _ _  
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Table 2.4.2. ( con t inued) .  

60°C 200oc 330°C 400°C 

Condition Source I d e n t i -  S t ress  I d e n t i -  S t ress  I d e n t i -  Stress I d e n t i -  S t ress  
f i c a t i o n  (MPa) f i c a t i o n  (MPa) f i c a t i o n  (MPa)  f i c a t i o n  (MPa) 

SA SA ORNL S l A 5 - 1  0 S1-A5 0 S X A X- 1  0 SXAX-2 0 
SA SA ORNL S3-A7 10 S A 5  20 S2-A3 10 81-A0 10 
SA SA ORNL Sl-A9 20 S2-A7 80 S2-A6 20 0 1  20 

0 
i A  
C b  

SA ORNL _. . 
C A  nQNl T 1 - A  

SA SA ORNL S2-A5 20 _ _ _ _  _ _ _  Sl-A6 50 S2-A4 5 
<?-A2 50 _ _ _ _  _ _ _  S3-A0 50 SZ-AO 80 

*,/ _I.I I . l l .L  I_ ..8 100 _ _ _ _  _ _ _  S l - A Z  80 81-A1 100 
SA SA ORNL _ _ _ _ _  _ _ _  _ _ _ _  _ _ _  S1-A7 100 __-- -  _ _ _  
5-316 SA J A E R I  3513-1 0 3513-2 0 3511-1 0 3511-2 0 . ~~~ 

5-316 S A  J A E R I  35-01 100 38-00 80 38-04 100 38-03 100 
5-316 SA J A E R I  35-08 180 3s-02 100 38-07 120 38-06 130 

~ ~~~ _ _ _ _ _  _ _ _  _ _ _ _ _  _ _ _  _ _ _  J A E R I  ----- -_ -  38-05 130 
5-316 SA J A E R I  ----- _ _ _  38-10 150 _ _ _  __- - -  5-316 S A  

___.- 

J-316 20% cw JAERI 3C12-1 0 3C12-2 0 3C10-1 0 3C10-2 0 
.I-316 204, cw JAERI 3C-11 100 3C-05 200 3C-03 200 3C-04 200 

~~~ ~~ ~~ . ... ~ 

5-316 208 cw JAERI 3C-08 200 3C-09 300 3C-06 350 3C-07 400 

JPCA SA JAERI PS14-1 0 PS14-2 0 P S 1 1 - 1  0 P S l l - 2  0 
JPCA SA JAERI PS-01 100 PS-00 100 PS-03 100 PS-04 100 

~~ 

J A E R I  PS-08 180 PS-02 130 PS-10 150 PS-07 150 _ _ _  _._ ___.. 
JPCA SA 

SA JAERI ----- _ _ _  PS-05 160 J P C A  
J P C A  SA J A E R I  ----- _ _ _  PS-09 180 

_ _ _ _ _  _ _ _  _..._ _ _ _  __... 

=Tempered mar tens i te .  

2.4.4.2 T e n s i l e  Specimens 

The t e n s i l e  t e s t  m a t r i x  f o r  MFE-6J and -75 c o n s i s t s  of SS-1-type specimens from ORNL and JAERI,  

The t e s t  m a t r i x  i S  g i v e n  
SS-3-type specimens from ORNL and HEOL, and a few s o- c a l l e d  submini specimens, norma l l y  used i n  HFIR, 
from JAERI .  
i n  Tables 2.4.3 th rough  2.4.6. 

The specimen dimensions are g iven  i n  Figs. 2.4.2 th rough  2.4.4. 

ORNL-OWG 78-7701R 

1206 ~ 2032 -+ 
Fig. 2.4.2. 8 8 - 1  t e n -  

s i l e  specimens. 

6.35 R 

~~~~ ~~~ 

1 2.48 

L 4 . 9 5  1.90 rnm DlAM 

W, = 1.52 rnm 

W2 = 0.025 TO 0.038 mrn 
GREATER THAN Wl 

DIMENSIONS IN MILLIMETERS 
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F ig.  2.4.3. 

W,-4.52mm 
W1- 0.025 TO 0.038 mrn 
GREATER THAN W4 

DlHENSlONS IN MILLIMETERS 

F ig .  

SS-3 t e n s i l e  specimens. 

2.4.4. H F I R  submini t e n s i l e  specimen. 

2.4.4.3. Fa t igue  Specimens 

The f a t i g u e  specimens, p rov ided  by JAERI,  a re  o f  two types  - Grodzinsk i  sheet specimens and HFIR-type 
hourg lass  specimens. The former specimens, shown i n  Fig. 2.4.5, can be used f o r  t e n s i l e - t e n s i l e  f a t i g u e  or 
bend t e s t i n g ,  and t h e  l a t t e r ,  shown i n  Fig. 2.4.6, a re  t e s t e d  i n  t h e  f u l l  tens ion- compress ion mode. The 
f a t i g u e  t e s t  m a t r i x  i s  g iven  i n  Table 2.4.1. 
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1 5 7  DlAM 
2 HOLES i 

Table 2.4.3. ORNL SS-1 t e n s i l e  t e s t  m a t r i x  i n  MFE-6J 
and -75 capsules 

I 1  

i 7 
t 

4.95 ~ ~ f: 

SDeci men I d e n t  i f i  c a t i o n  

# 

A l l o y  C o n d i t i o n  dpa 
60°C 200°C 330°C 400°C 

-4 2 03 

316 SS 
316 SS 

316 SS 
316 SS 
316 SS 
316 SS 
316 SS 
316 SS 
316 SS 
316 SS 
316 SS 
316 SS 
316 SS 

01 
02 
03 
05 
06 
07 
69 
010 
011 
012 
013 

E- 1 
E-2 
E-3 
E-4 
E-5 
E-6 
E-8 
E-9 
E-10 
E-11 
E-12 
E-13 
E-14 

SA 
SA 

20% cw 
20% cw 
20% cw 
20% cw 
20% cw 
20% cw 
20% cw 
20% cw 
20% cw 
20% cw 
20% cw 

SA 
SA 
SA 
SA 
SA 
SA 
SA 
SA 
SA 
SA 
SA 

SA 
SA 
SA 
SA 
SA 
SA 
SA 
SA 
SA 
SA 
SA 
SA 
SA 

10 
10 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 

30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 

30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 

AM-09 
AM-05 

01-16 
01-25 
07-23 
C1-5 
04-7 
AM-18 
AM-15 _ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _  
01-06 
82-08 
03-08 
05-08 
06-08 
07-08 
89-08 
810-08 
011-08 
012-08 
013-08 

E l- 08  
E2-08 
E3-08 
E4-08 
E5-08 
E6-08 
E8-08 
E9-08 
ElO-08 _ _ _ _ _  _ _ _ _ _  _ _ _ _ _  
- -_-_ 

AM-04 
AM-10 

AM-22 
AM-28 
05-5 
AB-26 
01-5 
C1-17 
07-9 
04-23 ---- _ _ _ _  _ _ _ _  
01-07 
02-07 
03-07 
05-07 
06-07 
07-07 
09-07 
810-07 
011-07 
012-07 
013-07 

El- 07 
E2-07 
E3-07 
E4-07 
E5-07 
E6-07 
E8-07 
E9-07 
E10-07 
E l l - 0 7  
E12-07 
E13-07 
E14-07 

AM-06 AM-12 
AM-07 AM-08 

AM-26 AM-25 
AM-14 AM-13 
AB-107 61-17 
01-15 C1-10 
07-15 05-12 
65-10 07-21 
04-12 07-2 
C1-23 04-10 
07-22 04-21 
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Table 2.4.4. Test m a t r i x  o f  ORNL S S - 3  t e n s i l e  specimens i n  
MFE-6J and -75 capsules 

Specimen i d e n t i f i c a t i o n  

60°C 200°C 330°C 400°C 
A l l o y  Cond i t i on  dpa 

PCA 
PCA 
PCA 
PCA 
PCA 
PCA 
PCA 
PCA 
PCA 
PCA 
PCA 
PCA 
316 
316 
316 
316 
316 
316 
316 
316 
316 
316 
316 
316 

PCA 
PCA 
PCA 
PCA 
PCA 
PCA 

PCA 
PCA 

PCA-20 
PCA-20 
PCA-20 
PCA-20 
PCA-20 
PCA-20 

PCMA-6 
PCMA-6 
PCMA-6 
PCMA-6 
PCMA-6 
PCMA-6 

zr-1 
zr-1 
Zr-1 
Zr- 81 
Zr-81 
Zr -81  

Zr-82 
Zr-82 
Zr-82 
2r-4  
Zr- 4  

Zr4-Li  3 
Zr4-Li  3 

25% CW 
25% cw 
25% cw 
25% cw 
25% CW 
25% CW 
25% CW 
25% cw 
25% cw 
25% CW 
25% CW 
25% cw 
20% cw 
20% cw 
20% cw 
20% cw 
20% cw 
20% cw 
20% cw 
20% cw 
20% cw 
20% cw 
20% cw 
20% cw 
25% cw 
25% cw 
25% CW 
25% cw 
25% cw 
25% cw 
83 
83 
25% cw 
25% cw 
25% cw 
25% CW 
25% CW 
25% cw 
20% cw 
20% cw 
20% cw 
20% cw 
20% cw 
20% cw 
Annealed 
Annealed 
Annealed 

Annealed 
Annealed 
Annealed 

Annealed 
Annealed 
Annealed 

Annealed 
Annealed 

Annealed 
Annealed 

10 
10 
10 
10 
20 
20 
20 
20 
30 
30 
30 
30 

10 
10 
10 
10 
20 
20 
20 
20 
30 
30 
30 
30 

30 
30 
30 
30 
30 30 

30 
30 

30 
30 
30 
30 
30 
30 
30 
30 
30 30 

30 
30 

10 
10 

10 
10 
10 

10 
10 
10 

10 
10 

10 
10 

i o  

_ _ _ -  
EK-18 
EK-19 
EK-20 
EK-21 
EK-22 
EK-23 
EK-25 
EK-26 
EK-27 
EK-28 
EK-31 

AE-01 
AE-02 
RE-04 
AE-05 
AE-06 
AE-07 
AE-08 
AE-12 
AE-13 
AE-14 
AE-15 
AE- 17  

EC-10 
EC- 11  
EC-12 
EC- 13 
EC-14 
EC-15 

EL-04 
EL-07 

HV-09 
H V- 1 1  
HV-12 
HV- 15  
HV-16 
HV- 17 

MH-09 
MH-10 
M H- 1 1  
MH-12 
MH- 13 
MH-16 
- _ _ _  _ _ _ _  _ _ _ _  
_ _ _ _  
- --_ _ _ _ _  
---- _ _ _ _  _ _ _ _  
_ _ _ _  _ _ _ _  
_ _ _ _  
_.._ 

EK-33 
EK-34 
EK-35 
EK-36 
EK-37 
EK-38 
EK-39 
EK-40 
EK-41 
EK-42 
EK-43 
EK-46 

AE-19 
AE-20 
AE-22 
AE-23 
AE-25 
AE-26 
AE-28 
AE-31 
AE-32 
AE-34 
AE-35 
AE-37 

EC-00 
EC-03 
EC-06 
EC-08 
EC-09 
EC-21 

EL-00 
EL-03 

HV-00 
HV-02 
“-03 
HV-04 
HV-07 
HV-08 

MH-01 
MH-02 
MH-05 
MH-06 
MH-07 
MH-08 
-___-  
____-  -___-  
-__--  
- - -_-  _ _ _ _ -  
-___-  ----- 
---_- 
___._ 
--__-  
----- - _ _ _ -  
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Table 2.4.4. (cont inued) .  

Soecimen i d e n t i f i c a t i o n  
A1 1 oy C o n d i t i o n  dpa 

60°C 200°C 330°C 400'C 

Fe-Ni - C r  

Fe-Ni -Cr-L i  2 
Fe-Ni -Cr-L i  2 
N i  -15 
N i  - 1 S i  

N i  - l T i  
N i  - l T i  
N i  - l A l  
N i  - l A l  

N i  -8Si 
N i  -8Si 

Fe-Ni - C r (  1 S i  ) 
Fe-Ni - C r ( l S i  ) 
Fe-Ni-Cr(1Ti )  
Fe-Ni-Cr(1Ti )  

Fe-Ni - C r ( l A l  ) 
Fe-Ni - C r (  1 A l )  
Fe 
Fe 
Fe-Li 2 
Fe-Li 2 
Fe-Lo8 
Fe-Lo0 

Fe-Hi8 
Fe-Hi8 

Annealed 

Annealed 
Annealed 
Annealed 
Annealed 

Annealed 
Annealed 
Annealed 
Annealed 

Annealed 
Annealed 

Annealed 
Annealed 
Annealed 
Annealed 

Annealed 
Annealed 
Annealed 
Annealed 

Annealed 
Annealed 

Annealed 
Annealed 

Annealed 
Annealed 

10 

10 
10 
10 
10 

10 
10 

10 
10 

10 
10 
10 
10 
10 
10 

10 
10 
10 
10 
10 
10 

10 
10 

10 
10 

_ _ _ _ _  871 

6901 
6902 
_ _ _ _  2701 _ _ _ _  2702 

_ _ _ _  3001 _ _ _ _  3002 
_ _ _ _  2901 _ _ _ _  2902 

_ _ _ _  2801 _ _ _ _  2802 

_ _ _ _  7101 _ _ _ _  7102 
_ _ _ _  7301 _ _ _ _  7302 

_ _ _ _  7201 _ _ _ _  7202 
_ _ _ _  75-1 _ _ _ _  75-2 
_ _ _ _  77-1 _ _ _ _  77-2 

_ _ _ _  8101 _ _ _ _  8102 

_ _ _ _  8201 _ _ _ _  8202 

_ _ _ _ _  _ _ _ _ _  

ORNL-DWG 81-4568 
k 

42.7 R 

1/4-28 UNF 

1 5'38 
~ 

7 

Fig. 2.4.6. Hourglass f a t i g u e  specimen. A l l  d imensions a re  i n  m i l l i m e t e r s .  

1/4-28 UNF 

1 5'38 
~ 

7 

Fig. 2.4.6. Hourglass f a t i g u e  specimen. A l l  d imensions a re  i n  m i l l i m e t e r s .  
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Tab le  2.4.5. Test  m a t r i x  of HEOL S S - 3  t e n s i l e  
specimens i n  MFE-6J and -75 capsules 

Specimen i d e n t i f i c a t i o n  

60°C 200°C 330°C 400°C 
A1 1 oy Condi t ionQ dpa 

VO-2262 
VO-2262 
VO-2262 

VO-2267 
VO-2267 
VO-2267 
VO-2267 

VO-2264 
VO-2264 
VO-2264 
VO-2264 

VO-2265 
VO-2265 
VO-2265 
VO-2265 
VO-2266 
VO-2266 
VO-2266 
VO-2266 
VO-2268 
VO-2268 
VO-2268 
VO-2268 

VO-2269 
VO-2269 
VO-2269 
VO-2269 

VO-2754 
VO-2754 
VO-2754 
V0-2754 

YO-2755 
VO-2755 
VO-2755 
YO-2755 

?IC-19 
uc-19 
uc-19 
uc-19 

VO-2702 
VO-2702 
VO-2702 
VO-2702 

YO-2700 
VO-2700 
YO-2700 
YO-2700 

A 
A 
A 

C 
C 
C 
C 

B 
B 
B 
B 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 

D 
0 
D 
D 

D 
0 
D 
0 

A 
A 
A 
A 

I) 

D 
D 
0 

D 
D 
D 
0 

10 
20 
30 

10 
10 
20 
30 

10 
10 
20 
30 

10 
1 0  
20 
30 
10 
10 
20 
30 
10 
10 
20 
30 

10 
10 
20 
30 

10 
20 
30 
10 

10 
10 
20 
30 

10 
20 
30 
10 

10 
10 
20 
30 

10 
10 
20 
30 

TE-15 

TE-16 

TL-15 
TL-16 
TL-17 
TL-18 

TM-15 
TM-16 
TM-17 
TM-18 

TN-15 
TN-16 
TN-17 
TN-18 
TP-15 
TP-16 
TP-17 
TP-18 
TR-09 
TR-19 
TR-20 
TR-21 

TU-07 
TU-19 
TU-09 
TU-21 

TW-11 
TW-12 
TW-13 

.___ 

_ _ _ _  
TX-11 
TX-12 
TX-13 
TX-14 

TZ-19 

TZ-21 
_ _ _ _  
_--- 
_ _ _ _  _ _ _ _  _ _ _ _  
_--- 
__ -_  _ _ _ _  _ _ _ _  __ -_  

TE-17 

TE-18 

TL-19 
TL-20 
TL-21 
TL-22 

TM-19 
TM-20 
TM- 2 1 
TM-22 

TN-19 
TN-20 
TN-21 
TN-22 
TP-19 
TP-20 
TP-21 
TP-22 
TR-10 
TR-22 
TR-23 
TR-24 

TU-10 
TU-22 
TU-23 
TU-24 

TW-14 
TW-16 
TW-17 
TW-15 

TX-15 

_ _ _ _  TE- 11 
TE-12 _ _ _ _ _  
TL- I1  

TL-12 
_.___ 

__---  

TM-11 _ _ _ _ _  _ _ _ _ _  
TM-12 

TN-11 _ _ _ _ _  _ _ _ _ _  
TN-12 
TP-11 _ _ _ _ _  
----- 
TP-12 
TR-I1 
TR-12 
TR-13 
TR-14 

TU-11 
TU-12 
TU-13 
TU-14 

__--  _ _ _ _  
_--- _ _ _ _  
_.__ _ _ _ _  _ _ _ _  _ _ _ _  
TZ-11 
TZ-13 
TZ-14 
TZ-12 

TT-11 
TT-12 
TT-13 
TT-14 

TF-11 
TF-12 
TF-13 
TF-14 

TE-13 
TE-14 _ _ _ _ _  
t1-13 

t1-14 
_.___ 

__..- 

TM-13 ___ - -  _ _ _ _ _  
TM-14 

TN-13 _ _ _ _ _  _ _ _ _ _  
TN-14 
TP-13 _ _ _ _ _  
___ - -  
TP-14 
TR-15 
TR-16 
TR-17 
TR-18 

TU-15 
TU-16 
TU-17 
TU-18 

_ _ _ _  _ _ _ _  
_--- _ _ _ _  
_... _ _ _ _  _ _ _ _  _ _ _ _  
TZ-15 
TZ-17 
TZ-18 
TZ-16 

TT-15 
TT-16 
TT-17 
TT-18 

TF-15 
TF-16 
TF-17 
TF-18 

QA = 900°C/20 h/WQ + 95O0C/2O min/WQ + 650°C/2 h/AC. 

C = 1000°C/20 h/AC + 110O"C/10 m i n / A C  + 7OO0C/2 h/AC. 
D = lOOO"C/20 h/AC + 1100"C/5 min/AC + 65O"C/2 h/AC. 

8 = 100O"C/20 h/AC + 1100"C/5 min/AC + 700"C/2 h/AC. 
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Table 2.4.6. JAERI t e n s i l e  t e s t  m a t r i x  i n  MFE-6J 
and -75 capsules 

Specimen i d e n t i f i c a t i o n  
A l l o y  C o n d i t i o n  dpa 

60°C 2oooc 330OC 400°C 

JPCA 
J P C A  
JPCA 
JPCA 
JPCA 
JPCA 

J P C A  
JPCA 
JPCA 

J P C A  
JPCA 
JPCA 

5316 
3316 
3316 
5316 
5316 
5316 

5316 
3316 
J31fi 

3316 
5316 
5316 
J P C A  
JPCA 
JPCA 
JPCA 

JPCA 
JPCA 
JPCA 

JPCA 
JPCA 
JPCA 

JPCA 
JPCA 

JPCA 
JPCA 
JPCA 

JPCA 
JPCA 
JPCA 

JPCA 
JPCA 

JPCA 
JPCA 
JPCA 
JPCA 
JPCA 
JPCA 

15% CW 
15% cw 
15% cw 
15% CW 
15% CW 
15% CW 

15% CW 
15% cw 
15% CW 

15% cw 
15% cw 
15% CW 

20% cw 
20% cw 
20% cw 
20% cw 
20% cw 
70% CW 

20% cw 
20% cw 
20% cw 
20% cw 
20% cw 
20% cw 
15% cw 

(HFIR t y p e )  
(HFIR t y p e )  
(HFIR t y p e )  

25% cw 
25% cw 
25% cw 
25% CW 
25% CW 
25% CW 

2Y1, cw 
25% cw 
Aged 
Aged 
Aged 

Aged 
Aged 
Aged 

Aged 
Aged 

SA 
SA 
SA 
SA 
SA 
SA 

i n  
10 
10 
10 
10 
10 

20 
20 
20 

30 
30 
30 
10 
10 
10 
10 
10 
10 

20 
20 
20 

30 
30 
30 
10 
10 
30 
30 

10 
10 
10 

20 
20 
20 

30 
30 
10 
10 

20 
20 
20 

30 
30 
10 
10 
10 

i n  

i n  
i n  
10 

DL-36 
DL-37 
DL-38 _ _ _ _  - _ _ _  _ _ _ _  
DL-39 
DL-40 
DL-41 

DL-42 
DL-44 

FL-31 
FL-32 
FL-33 

_ _ _ _  

_ _ _ _  
-.__ _ _ _ _  
FL-34 
FL- 35 
FL-36 

FL-37 
FL-38 _ _ _ _  
_ _ _ _  _ _ _ _  _ _ _ _  
..._ 

GL-6 
GL-7 
GL-8 

GL-9 
GL-10 
GL-11 

GL-12 
GL-13 

DLA-6 
DLA-7 
DLA-8 

DLA-10 
DLA-11 
DLA-12 

DLA-13 
DLA-14 

CL-3 
CL-4 
CL-5 
___. 
.___ 
___. 

DL-3 
DL-4 
DL-5 
DL-6 
DL-45 
DL-46 

DL-47 
DL-48 
0L-49 

DL-50 
DL-52 
DL-53 

FL-39 
FL-40 
FL-42 
FL-43 
FL-44 
FL-55 

FL-46 
FL-47 
FL-50 

FL-51 
FL-52 
FL-53 
_ _ _ _  _ _ _ _  _ _ _ _  
..__ 

_ _ _ _  _ _ _ _  
.... 

_ _ _ _  _ _ _ _  
__.. 

_ _ _ _  _ _ _ _  
..._ _ _ _ _  
..._ 

.___ 

.___ 

..__ 

__._ 
.___ 

CL-42 
CL-43 
CL-55 
CL-46 
CL-47 
CL-48 

DL-7 
DL-8 
DL-9 
DL-10 
DL-11 
DL-12 

DL-13 
DL-14 
DL-15 

DL-16 
OL-17 
DL-18 

FL-13 
FL-14 
FL-15 
FL-16 
FL-17 
FL-18 

FL-19 
FL-20 
FL-71 

FL-22 
FL-23 
FL-24 

TE-29 
TE-30 
TE-31 
TE-32 

GL-1 
GL-2 
_... 

___. 
_.__ 
___. 

GL-3 
GL-4 

LILA-1 
DLA-2 
..__ 

..__ 

..__ 

..._ 

DLA-3 
DLA-4 

CL-7 

CL-9 
CL-10 
CL-11 
CL-12 

cL-8 

d1-19 
d1-20 
d1-21 
d1-22 
d1-73 
d1-24 
d1-25 
d1-26 
d1-27 
d1-28 
d1-29 
d1-30 
f1-1 
f1-2 
f1-3 
f1-4 
f1-5 
f1-6 

f1-7 
f1-8 
f1-9 

f1-10 
f1-11 
f1-12 
___-  
.... 
__.. 
___. 

..__ 
___-  
_ _ _ -  
_ _ _ -  
_.._ 
___-  
.... 
___ -  
_._. 
___-  
.... 

..__ 
__._ 
__.. 

_ _ _ -  
..__ 

c1-19 
c1-20 
c1-21 
c1-22 
c1-23 
CL-24 
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Table 2.4.6. (cont inued) .  

Specimen i den t  i f i  c a t  i on 
Alloy C o n d i t i o n  dpa 

60°C 200°C 330°C 400°C 

JPCA SA 
JPCA SA 
JPCA SA 

JPCA SA 

20 CL-36 CL-49 
CL-50 
CL-51 

CL-13 
CL-14 
CL-15 

c1-25 
c1-26 
c1-27 

20 
20 

CL-38 
CL-39 

CL-40 
CL-41 

30 
30 
30 

CL-52 
CL-53 

CL-16 
CL-17 
cL-18 

EL- I  

c1-28 
c1-29 
c1-30 

JPCA SA 
JPCA SA CL-54 

EL-43 
EL-44 
EL-46 
EL-47 

316 S S  SA 
316 SS SA 
316 SS SA 
316 SS SA 
316 SS SA 

10 
10 
10 
i n  
i n  
10 

EL-33 
EL-34 
EL-36 _ _ _ _  _ _ _ _  _ _ _ _  

e1-14 
e1-15 
e1-16 
e1-17 
e1-1r 
e1-19 

EL-2 
EL-3 
EL-4 
EL-5 
EL-6 

EL-48 
EL-49 

EL-50 
EL-51 

316 SS SA 

316 SS SA 
316 SS SA 
316 SS SA 

20 
20 
20 

EL-37 
EL-38 

EL-7 
EL-8 
EL-9 

e1-20 
e1-21 
e1-22 EL-39 

EL-40 
EL-41 

16 

HL-6 
HL-7 

IL- 6  
IL- 7  

ML-6 

_ _ _ _  

EL-52 

316 SS SA 
316 SS SA 

30 EL-53 
EL-54 
EL-55 

EL-IO 
EL-11 
EL-12 

e1-23 
e1-24 
e1-25 

30 
30 
30 

316 SS S A  
316 SS SA 24 

HL-8 
HL-9 

I L - 8  
I L - 9  

24 

HL-1 
HL-2 

24 

h1-3 
h1-4 

11-3 
11-4 

m1-3 

5316 SAR 
5316 SAR 

10 
10 

10 
10 

10 

Dual Phase SA 
(K) SA 

A l l  M a r t e n s i t e  
Heat Tr. 

A l l  M a r t e n s i t e  
Heat Tr. 

I L - I  
I L- 2  

ML-1 ---- 

l o  ML-7 ML-2 m1-4 

5316 SA, T I G  (W.J.) 
5316 SA, TIG (W.J.) 

10 
10 

ELW-1 
ELW-2 

ELW-3 
__.. 

FLW-7 _ _ _ _  
JL-8 
JL-9 

5316 CW, TIG (W.J.) 
5316 CW, TIG (W.J.) 

i n  
10 

10 
10 

10 
10 

FLW-1 
FLW-6 

..__ _--- 
5316 SA, EB (W.J.) 
3316 SA. EB (W.J.) 

5316 SA, TIG (Depo) 
5316 SA, TIG (Oepo) 

5316 CW, TIG (Depo) 
5316 CW, TIG (Depo) 

JPCA SA. TIG fDeoo\ 

JL-6 
JL-7 

JL-1 
JL-2 

j1-3 
j1-4 

0-29 
0-30 

0-57 
D-58 

9-17 
D-19 

0-49 
D-50 

0-23 
0-24 

10 
10 

0-53 
17-54 

10 
10 
10 

CLW-13 
CLW-14 
CLW-15 

CLW-5 
CLW-6 

c1w-9 
CLW-10 JPCA SA; TIG (oeboj  

JPCA SA. TIG IDeoo) 
JPCA SA; TIG (oepo j  10 

10 
10 

CLW-16 

KL-6 
KL-7 

JPCA SA, EB (W.J.) 
JPCA SA, EB (W.J.) 

KL-8 
KL-9 

KL- I  
KL-2 

k1-3 
KL-4 
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Table 2.4.7. JAERI fa t igue  t e s t  mat r ix  i n  MFE-6J and 
-75 capsules 

Specimen i den t i f i ca t i on  
Condit ion dpa 

60°C z n n ~  330°C 400°C 

JPCA 
JPCA 
JPCA 
JPCA 
JPCA 
JPCA 
JPCA 
JPCA 
JPCA 
JPCA 
JPCA 
JPCA 
JPCA 
JPCA 
JPCA 
JPCA 
JPCA 
JPCA 
JPCA 

JPCA 
JPCA 
JPCA 
JPCA 
JPCA 
JPCA 

JPCA 
JPCA 
JPCA 
JPCA 
JPCA 
JPCA 
JPCA 
JPCA 
5316 
J316 
J316 
5316 
J316 
J316 
5316 
J316 
J316 
5316 
J316 
J316 
3316 
3316 

J316 
3316 
3316 
J316 
J316 
J316 
5316 
J316 
5316 
5316 
J31h 
5316 
5316 
J31h 

15% CW 
15% CW 
15% CW 
15% CW 
15% CW 
15% CW 

15: CW 
15% CW 
15% CW 
15% CW 

15% CW 
15% CW 
15% CW 
15% CW 

15% CW 
15; CW 
15% CW 
155 CW 
15% CW 

SA 
SA 
SA 
SA 
SA 
SA 

SA 
SA 
SA 
SA 

S A  
SA 
SA 
SA 

20% cw 

20"; cu 
20; cw 
20" cw 
20% cw 
20% CW 
20% cw 
205: cw 
20" cw 
204, cw 
20% cw 
20& cw 
SA 
SA 
SA 
SA 
SA 
SA 

SA 
SA 
SA 
SA 

SA 
SA 
S A  
SA 

20% cw 

20: cw 

10 
10 

10 
10 
10 
20 
20 
20 
20 
30 
30 
30 
30 

10 
10 
10 
30 
30 

10 

i n  

i n  
i n  

i n  
10 

10 
20 
20 
20 
20 

30 
30 
30 
30 

1n 
10 
10 
10 
10 

20 
20 

i n  

20 
20 

30 
30 
30 
30 

10 
10 

10 
10 
10 

20 
20 

30 
30 
30 
30 

i n  

2n 

20 

GFB-30 
GFB-31 
GFB-32 
GFB-33 
GFB-34 
GFB-35 
GFE-36 
GFB-37 
GFE-38 
GFB-39 
GFB-40 
GFB-41 
GFB-42 
GFB-43 
.-___ 
_.._. 
--___  
_..__ 
..___ 

GFA-30 
GFA-31 
GFA-32 
GFA-33 
GFA-34 
GFA-35 
GFA-36 
GFA-37 
GFA-38 
GFA-39 
GFA-40 
GFA-41 
GFA-42 
GFA-43 
GFD-30 
GFD-31 
GFD-32 
GFD-33 
GFD-34 
GFD-35 

GFD-36 
GFD- 37 
GFD-38 
GFD-39 
GFD-40 
GFD-41 
GFD-42 
GFD-43 
GFC-30 
GFC-31 
GFC-32 
GFC-33 
GFC-34 
GFC-35 
GFC-36 
GFC-37 
GFC-38 
GFC-39 
GFC-40 
GFD-41 
GFC-42 
GFC-43 

GFLI-44 
GFB-45 
__... 
___.. 
- - _ _ _  
- - _ _ _  
GFB-46 
GFE-47 - -___ 
- -___  
GFB-48 
GFB-49 
.____ 
- - _ _ _  
._.__ 
___.. 
- _ _ _ _  
__._. 
.____ 

GFA-44 
GFA-45 
__... 
__... 
__... 
--___  
GFA-46 
GFA-47 -____  
- _ _ _ _  
GFA-48 
GFA-49 - _ _ _ _  
__.__ 

GFD-44 
GFO-45 
.____ 
.____ 
-___. 
-__.. 

GFD-46 
GFD-48 
.____ 
_.... 

GFD-49 
GFD-50 
...__ 
.____ 

GFC-44 
GFC-45 
__... 
_..__ 
..___ 
...__ 

GFC-46 
GFC-47 
...__ 
..___ 

GFC-48 
GFC-49 
__.._ 
...__ 

GFB-1 
GFB-2 
GFB-3 
GFB-4 
GFB-5 
GFB-6 
GFB-7 
GFB-8 
GFB-9 
GFB-10 
GFB-11 
GFB-12 
GFB-13 
GFB-14 
..___ 
___.. 
.-___ 
__.__ 
.-___ 

GFA- 1 
GFA-2 
GFA-3 
GFA-4 
GFA-5 
GFA-6 

GFA-7 
GFA-8 
GFA-9 
GFA-10 
GFA-11 
GFA-12 
GFA-13 
GFA-14 
GFD-1 
GFD-2 
GFO-3 
GFD-4 

GFD-6 
GFD-7 
GFD-8 
GFD-9 
GFD-10 
GFD- 11  
GFD-12 
GFD-13 
GFD-14 
GFC-1 
GFC-2 
GFC-3 
GFC-4 
GFC-5 
GFC-6 
GFC-7 
GFC-8 
GFC-9 
GFC-10 
GFC-11 
GFC-12 
GFC-13 
GFC-14 

GFD-5 

GFB-15 
GFB-16 
GFB-17 
GFB-18 
GFB-19 
GFB-20 
GFB-21 
GFB-22 
___._ 
--___ 
GFB-23 
GFB-24 
_.___ 
--___ 
FE-9a 
FE-17a 
F E - W  
FE-19a 
FE-31a 
GFA-15 
GFA-16 
GFA-17 
GFA-18 
GFA-19 
GFA-20 

GFA-21 
GFA-22 
--__. 
__.._ 

GFA-23 
GFA-24 
__.._ 
--___ 
GFD-15 
GFD-lh 
GFD-17 
GFD-18 
GFD-19 
GFD-20 
GFD-21 
GFD-22 
__.._ 
- _ _ _ _  
GFD-23 
GFD-24 
-__.. 
__.._ 

GFC-15 
GFC-16 
GFC-17 
GFC-18 
GFC-19 
GFC-20 
GFC-21 
GFC-22 - _ _ _ _  
.____ 

GFC-23 
GFC-24 
._.__ 
.____ 

a~ourg l ass ;  a l l  o t h e r s  Grodzinski. 
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2.4.4.4 Crack-Growth Specimens 

The specimen c o n f i g -  
u r a t i o n  i s  g iven  i n  Fig. 2.4.7 and t h e  t e s t  m a t r i x  i s  shown i n  Tables 2.4.8 and 2.4.9. The specimen w i d t h  
shown i n  Fig. 2.4.7 does no t  app ly  f o r  specimens be ing  i r r a d i a t e d  a t  200°C. As a r e s u l t  o f  capsule des ign 
r e s t r a i n t s ,  t h e  w i d t h  o f  these  specimens i s  10.16 mm. A t  a l l  o t h e r  temperatures t h e  specimen w i d t h  i s  
12.70 mm as shown. 

The MFE-6J and -75 capsules c o n t a i n  crack- growth specimens from HEDL and JAERI. 

Table 2.4.8. Test m a t r i x  of HEDL c rack-  
growth specimens i n  MFE-6J capsule 

Speci inen 
i d e n t i  f i c a t i  on 

60°C 200°C 

A l l o y  C o n d i t i o n  dpa 

316 SS 
316 SS 
316 SS 
316 SS 
316 SS 
316 SS 
316 SS 
316 SS 
316 SS 

PCA 
PCA 
PCA 
PCA 
PCA 
PCA 
PCA 
PCA 
PCA 

HT-9 

20% cw 10 AH-01 
20% cw 10 AH-02 
20% cw 10 AH-03 
20% cw 20 AH-04 
20% cw 20 AH-05 
20% cw 20 AH-08 
20% cw 30 AH-09 
20% cw 30 AH-14 
20% cw 30 AH-I5 

25% CW 10 AT-01 
25% cw 10 AT-05 
25% cw 10 AT-07 
25% cw 20 AT- 15 
25% cw 20 AT-16 
25% cw 20 AT-17 
25% cw 30 AT-19 
25% cw 30 AT-20 
25% CW 30 AT-24 
Tempered 30 _ _  
M a r t e n s i t e  30 _ _  

30 _ _  

AH-17 
AH-18 

AH-19 
AH-20 

AH-24 
AH-25 

AT-27 
AT-28 
AT-31 
AT-32 
AT-33 
AT-36 
AT-38 
AT-39 

EH-01 
EH-03 
EH-09 

_ _  

- -  

_ _  

_ _  

0.559 - .rz7 

- 6.35 

12.7 - 

10.8 

i 
DIMENSIONS IN 
MILLIMETERS 

Fig. 2.4.7. Crack-growth specimen. Tabs 
a r e  welded a long  t h e  25.4-mm edge f o l l o w i n g  
i r r a d i a t i o n .  

Table 2.4.9. D e s c r i p t i o n  o f  JAERI crack- growth 
specimens i n  MFE-6J and -75 capsules 

Specimen i d e n t i f i c a t i o n  
A l l o y  C o n d i t i o n  dpa 

6OoC 200°C 330°C 40OoC 

JPCA 
JPCA 
JPCA 
JPCA 
JPCA 
JPCA 
JPCA 
JPCA 
JPCA 
JPCA 

5316 
5316 
5316 
5316 

5316 
5316 
5316 
5316 

15% CW 
15% CW 
15% CW 
15% CW 
15% CW 
15% CW 

SA 
SA 
SA 
SA 

20% cw 
20% cw 
20% cw 
20% cw 
SA 
SA 
SA 
SA 

10 
10 
10 
10 
10 
10 

10 
10 

10 

10 
10 
10 
10 

10 
10 
10 
10 

i n  

CGE-6 
CGE-7 
CGE-8 
CGB-9 
CGE-10 
CGE- 11 

CGA-8 
CGA-9 
CGA-10 
C G A- 1 1  

CGF-6 
CGF-7 
CGF-8 
CGF-9 

CGE-8 
CGE-9 
C G E- I O  
C G E - I 1  

CGD-1 
CGD-2 
CGD-3 
CGD-4 
CGD-5 
CGD-6 

C G C- 1  
CGC-2 
CGC-3 
CGC-5 

CGH-1 
CGH-2 
CGH-3 
CGH-4 

CGG- 1 
CGG-2 
CGG-4 
CGG-5 

CGE-1 
CGB-2 -_-- _ _ _ _  _ _ _ _  _ _ _ _  
CGA- 1 
CGA-2 
CGA-3 

CGF-1 
CGF-2 

_ _ _ _  

_ _ _ _  - -_-  
C G E- 1  
CGE-2 
CGE-3 _ _ _ _  

CGE-3 
CGB-4 _ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _  
CGA-4 
CGA-5 
CGA-6 

CGF-3 
CGF-4 

_ _ _ _  

_ _ _ _  _ _ _ _  
CGE-4 
CGE- 5 
CGE-6 _ _ _ _  

* 
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2.4.4.5 TEM Disks  

Transmission e l e c t r o n  microscopy (TEM) d i s k s  a re  coin- shaped specimens 3 mm i n  d iameter by 0.25-mm 
t h i c k ,  which a r e  s tacked as t i g h t l y  as p o s s i b l e  i n t o  t u b u l a r  h o l d e r s  w i t h  i n n e r  d iameters of 3.35 t o  
3.45 mm. 
MFE-7J capsules.  
ho lde rs  were of severa l  d i f f e r e n t  lengths ,  shown i n  Table 2.4.10. 
u l e d  f o r  removal a t  IO-, 20- ,  and 30-dpa l e v e l s .  
HEDL TEM t e s t  m a t r i x  i s  g i ven  i n  Tables 2.4.12 and 2.4.13. 
a l l o y s  (Table 2.4.14) and base research a l l o y s  (Table 2.4.15). 

These ho lde rs  were made o f  t ype  6061 aluminum f o r  MFE-6J and of t ype  304 s t a i n l e s s  s t e e l  f o r  t h e  
For purposes of i d e n t i f i c a t i o n  and due t o  t h e  l i m i t s  o f  space a v a i l a b i l i t y ,  TEM tube 

As i s  a l s o  shown, d i s k  packets a re  sched- 
The ORNL TEM t e s t  m a t r i x  i s  g i ven  i n  Table 2.4.11 and t h e  

The J A E R I  t e s t  m a t r i x  c o n s i s t s  o f  eng ineer ing ,  

Table 2.4.10. Test  m a t r i x  o f  TEM d i s k  packets i n  MFE-6J and 
-75 capsules 

Specimen i d e n t i f i c a t i o n  

60°C 200°C 330°C 40OOC 

Length Holder 
( i n . )  m a t e r i a l  dpa Source 

ORNL 
ORNL 
ORNL 
ORNL 

J A E R I  
JAERI 
J A E R I  
JAERI 
J A E R I  
JAERI 
JAERI 

J A E R I  
JAERI 
JAERI 
JAERI 
J A E R I  
JAERI 

ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 

ORNL 

HEDL 
HEDL 
HEDL 
HEDL 

0.65 A1 10 
0.65 A1 20 
0.65 A1 30 
0.50 A1 10  

1.00 A1 10 ~~ 

1.00 A1 10 
1.00 A1 10 
1.00 A1 10 
1.00 A1 10 
1.00 A1 30 
1.00 A1 30 

1.00 ss 10 
1.00 ss 10 

0.75 ss 10 
0.75 S S  20 
0.75 ss 30 
0.75 5s 10 

0.75 ss 10  
0.75 S S  i n  

0.50 ss 10 

_ _  
.. _ _  
.. 

_ _  _ _  _ _  
._ 
.. _ _  _ _  

JP1 
JP2 
JP3 
JP4 
JP5 
JP6 

4 
B 
C 
G 
H 
I 
J 
_. 

A 

LB 
LB1 
LE 
LF 

_ _  _ _  
.. _ _  
._ _ _  _ _  
._ _ _  
._ _ _  

JP7 
JPB 
JP9 
JPlO 
J P l l  
JP12 

D 
E 
F 
K 
L 
M 
N 

(51 ank ) 

B 

LH 
LH2 
LK 
LL 
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Table  2.4.13. HEOL TEM m a t r i x  f o r  MFE-7J CapSUle 

Specimen i d e n t i f i c a t i o n  i n  t u b e  

3 3 0 T  400'C 
A l l o y  C o n d i t i o n a  

LB LB-1 LE LF LH LH-2 LK LL 
(10 dpa) (10 dpa) (20  dpa) (30  dpa) (10 dpa)  (10 dpa) (20  dpa)  (30 dpa) 

E18 
E18 
E90 
E90 
E19 
E19 
E20 
E20 
E22 

E22 
E23 
E23 
R58 
R58 
E37 
E37 
E37 
GE29 

GE29 
R41 
E38 
GElO 
GElO 
GE5 
GE5 
R72 
GE26 

GE26 
R4B 
316 
R73 
R76 
R83 
R67 
R69 
R70 

R71 
R66 
R74 
R87 
R75 
10998 
HT-9 
10996 
VO-2263 

VO-2262 
YO-2264 
uc-19 
VO-2265 
YO-2268 
VO-2267 
YO-2269 
E38 
R41 

SA 
SA 
SA 
SA 
SA 
SA 
SA 
SA 
SA 

SA 
SA 
SA 
SA 
SA 
SA 
SA 

20% cw 
SA 

SA 
SA 
SA 
SA 
SA 
SA 
SA 
SA 
SA 

SA 
SA 
SA 
SA 
SA 
SA 
SA 
SA 
SA 

SA 
SA 
SA 
SA 
SA 
D 
B 
0 
A 
A 
B 
A 
C 
C 
C 
C 
SA 
SA 

LBT7 
LBT7 
LET9 
LET9 
LBUA 
LBUA 
LBUB 
LBUB 
LBUE 

LBUE 
LBUF 
LBUF 
LBUH 
LBUH 
LBUK 
LBUK 
LBBH 
LBUM 

LBUM 
LBUO 
LBUN 
LBBP 
LBBP 
LBBB 
LBBB 
LBFE 
LBUL 

LBUL 
LBUP 
LBNB 
LBFK 
LBUR 
LBUT 
LBE4 
LEE9 
LBFA 

LBFB 
LBE3 
LBFL 
LBUU 
LBFM 
LBPZ 
LBRF 
LBPV 
LBP4 

LBP3 
LBP6 
LBP5 
LBP7 
LBRB 
LBRA 
LBRE 
LBUN 
LBUO 

LBT7 
LBT7 
LBT9 
LBT9 
LBUA 
LBUA 
LBUB 
LBUB 
LBUE 

LBUE 
LBUF 
LBUF 
LBUH 
LBUH 
LBUK 
LBUK 
LBBH 
LBUM 

LBUM 
LBUO 
LBUN 
LBBP 
LBBP 
LBBB 
LBBB 
LBFE 
LBUL 

LBUL 
LBUP 
LBNB 
LBFK 
LBUR 
LBUT 
LBE4 
LEE9 
LBFA 

LBFB 
LBE3 
LBFL 
LBUU 
LBFM 
LBPZ 
LBRF 
LBPV 
LBP4 

LBP3 
LBP6 
LBP5 
LBP7 
LBRB 
LBRA 
LBRE 
LBUN 
LBUO 

LET7 
LET7 
LET9 
LET9 
LEUA 
LEUA 
LEUB 
LEUB 
LEUE 

LEUE 
LEUF 
LEUF 
LEUH 
LEUH 
LEUK 
LEUK 
LEBH 
LEUM 

LEUM 
LEUO 
LEUN 
LEBP 
LEBP 
LEBB 
LEBB 
LEFE 
LEUL 

LEUL 
LEUP 
LENB 
LEFK 
LEUR 
LEUT 
LEE4 
LEE9 
LEFA 

LEFB 
LEE3 
LEFL 
LEUU 
LEFM 
LEPZ 
LERF 
LEPV 
LEP4 

LEP3 
LEP6 
LEP5 
LEP7 
LERB 
LERA 
LERE 
LEUN 
LEUO 

LFT7 
LFT7 
LFT9 
LFT9 
LFUA 
LFUA 
LFUB 
LFUB 
LFUB 

LFUE 
LFUF 
LFUF 
LFUH 
LFUH 
LFUK 
LFUK 
LFBH 
LFUM 

LFUM 
LFUO 
LFUN 
LFBP 
LFBP 
LFBB 
LFBB 
LFFE 
LFUL 

LFUL 
LFUP 
LFNB 
LFFK 
LFUR 
LFUT 
LFE4 
LFE9 
LFFA 

LFFB 
LFE3 
LFFL 
LFUU 
LFFM 
LFPZ 
LFRF 
LFPV 
LFP4 

LFP3 
LFP6 
LFP5 
LFP7 
LFRB 
LFRA 
LFRE 
LFUN 
LFUO 

LHT7 
LHT7 
LHT9 
LHT9 
LHUA 
LHUA 
LHUB 
LHUB 
LHUE 

LHUE 
LHUF 
LHUF 
LHUH 
LHUH 
LHUK 
LHUK 
LHBH 
LHUM 

LHUM 
LHUO 
LHUN 
LHBP 
LHBP 
LHBB 
LHBB 
LHFF 
LHUL 

LHUL 
LHUP 
LHNB 
LHFK 
LHUR 
LHUT 
LHE4 
LHE9 
LHFA 

LHFB 
LHE3 
LHFL 
LHUU 
LHFM 
LHPZ 
LHRF 
LHPV 
LHP4 

LHP3 
LHP6 
LHPS 
LHP7 
LHRB 
LHRA 
LHRE 
LHUN 
LHUO 

LHT7 
LHT7 
LHT9 
LHT9 
LHUA 
LHUA 
LHUB 
LHUB 
LHUE 

LHUE 
LHUF 
LHUF 
LHUH 
LHUH 
LHUK 
LHUK 
LHBH 
LHUM 

LHUM 
LHUO 
LHUN 
LHBP 
LHBP 
LHBB 
LHBB 
LHFF 
LHUL 

LHUL 
LHUP 
LHNB 
LHFK 
LHUR 
LHUT 
LHE4 
LHE9 
LHFA 

LHFB 
LHE3 
LHFL 
LHUU 
LHFM 
LHPZ 
LHRF 
LHPV 
LHP4 

LHP3 
LHP6 
LHPS 
LHP7 
LHRB 
LHRA 
LHRE 
LHUN 
LHUO 

LKT7 
LKT7 
LKT7 
LKT9 
LKUA 
LKUA 
LKUB 
LKUB 
LKUE 

LKUE 
LKUF 
LKUF 
LKUH 
LKUH 
LKUK 
LKUJ 
LKBH 
LKUM 

LKUM 
LKUO 
LKUN 
LKBP 
LKBP 
LKBB 
LKBB 
LKFF 
LKUL 

LKUL 
LKUP 
LKNB 
LKFK 
LKUR 
LKUT 
LKE4 
LKE9 
LKFA 

LKFB 
LKE3 
LKFL 
LKUO 
LKFM 
LKPZ 
LKRF 
LKPV 
LKP4 

LKP3 
LKP6 
LKP5 
LKP7 
LKRB 
LKRA 
LKRE 
LKUN 
LKUO 

LLT7 
LLT7 
LLT7 
LLT9 
LLUA 
LLUA 
LLUB 
LLUB 
LLUE 

LLUE 
LLUF 
LLUF 
LLUH 
LLUH 
LLUK 
LLUK 
LLBH 
LLUM 

LLUM 
LLUO 
LLUN 
LLBP 
LLBP 
LLBB 
LLBB 
LLFF 
LLUL 

LLUL 
LLUP 
LLNB 
LLFK 
LLUR 
LLUT 
LLE4 
LLE9 
LLFA 

LLFB 
LLE3 
LLFL 
LLUO 
LLFM 
LLPZ 
LLRF 
LLPV 
LLP4 

LLP3 
LLP6 
LLP5 
LLP7 
LLRB 
LLRA 
LLRE 
LLUN 
LLUO 
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Table 2.4.13. (cont inued) .  

Specimen i d e n t i f i c a t i o n  i n  tube  

Alloy Cond i t iona  330°C 400°C 

Table 2.4.14. JAERI  eng ineer ing  a l l o y  TEM m a t r i x  i n  MFE-6J and 
-75 capsules 

A l l oy  C o n d i t i o n  Abbrevi d t e d  
name 

JPCA 
JPCA 
JPCA 
JPCA 
JPCA 
C 
L 
K 
K 
5316 
5316 
Aged JPCA 
Aged JPCA 
High Ni Alloy I 
High N i  A l l oy  I 
High N i  A l l oy  Q 
High N i  A l l oy  q 
F e r r i t i c  S tee l  
F e r r i t i c  S tee l  
HT-9 

5316 T I G  weld 
J316 T I G  weld 

S N - 1  
SN 5 
Dual phase A 
Dual phase B 
Dual phase C 
Dua l  Dhdse 0 
D u a l  ;hare E 
Dual phase K 
Dual phase G 
Oual phase I 
Dual phase J 
A l l  m a r t e n s i t e  
I ~ C O I O Y  no0 
nP 12 N i  
HP 35 Ni 
HP 50 ~i 

S A  1175°C P S 1  
SA 1100°C PSZ 
S A  1050°C PS3 
PS2 + 10% cw P C l  
P S 2  + 20% cw PC3 
S A  1100°C C S 1  
cs1 + 20% cw cc1 
SA 1050'C K S 1  
K S 1  + 20% CW K C 1  
SA 1050°C ss1 
881 + 20% cw sc1 
~ c 3  + 2 h a t  8ooDc PA1  
PC3 + 8 h a t  800°C PA2 
SA i i n o a c  1 s t  
1 s t  + 3000 h a t  700-c l a g  
SA 11OO'C Q s t  
Qst + 3000 h a t  700°C gag  
S A  105O0C + AC FD 1 
F O 1  + 1 h a t  775°C FD2 
S A  1050°C + AC + F03 

M a t r i x  sw1 
HAZ sw2 
Bond SW3 
Oeposi t  sw4 
Aa S R 1  
8" SR2 
SA 1050°C MS1 
S A  1050'C MS2 
S A  1 0 5 0 0 ~  S A 1  
SA ii150'c DP1 
SA 1050°C OP2 
S A  1050°C DP3 
SA 1050°C OP4 
SA l l 0 0 Y  OP5 
SA 1050Y DP6 
SA 1 O 5 O e C  OP7 

1 h a t  780'C 

SA + 5 h a t  i zonoc  oPn 
SA + 4 h a t  1200°C DP9 
SA + 1 h a t  1200°C D P l O  
Ca AM1 
SA a t  1120Y I N 1  
S A  a t  i2on"c n p i  
SA a t  l Z O O ° C  HP2 
S A  a t  1200°C HP3 

S A :  SA - 1080'C + 50% CW + 15 h a t  575'C + 5 h a t  
a t  650'C + 5 h a t  775'C. C:  SA - 1050°C + AC + 1 h a t  

l d e n t i  f i  Cat ion  O f  tuber Contdi  n i  ng d l  1 oys 

60°C z0o-c 330°c 400-c 

J1, 54 J6, J l l  J1, J 5  5 7 ,  J l l  
J1, 54 56, J l l  J1, J5 J 7 ,  J l l  
J1, 54 56, J l l  J l ,  J5 J 7 ,  J l l  
J1, 54  56, Jll J1, J 5  57, J l l  
J1, 34 56, J l l  J1, J5 J7, J l l  
J l ,  54 56, J l l  J1, J5 57, Jll 
J1, 54 56, Jll J l ,  J5 J7, J11 
J1, 54 56, J l l  J1, 35 J7, J11 
J l ,  34 56, J l l  J1, J5 57, J l l  
J1, 54 56, J l l  J1, 35 57, J l l  
J1, 54 J6, J l l  J1, J5  J7, J l l  
J1, 54 56, J l l  J1, J5 J7, Jll 
52, 54 57 ,  J1Z 52 ,  56 J8, 512 
52, 5 4  57, J12 52, 56 58, 512 
52 ,  54 57 ,  512 J Z ,  36 58, 512 
52 ,  J 5  57, J1Z 52 ,  56 58, J12 
52, J 5  5 7 ,  512 JZ, 56 58, 512 
5 2 ,  J 5  J 7 ,  512 52, 56 J8, 512 
J Z ,  J5 J7, 512 32, 56 58, 512 
52, J 5  57 ,  512 52, 36 58, 512 

35 58 53 J9 
J 5  38 J3 J9 
J 5  J8 53 J9 
J 5  58 53 J9 
JZ, J5 57,  512 5 2 ,  56 J8, J1Z 
52, J 5  J7, 512 J2, 36 58, 512 
53 J9 54 J10 
53 J9  54 J1D 

57, 512 52, 56 58, 512 
J Z ,  J5 57, J1Z 52 ,  56 58, 512 
33 .1R ,I1 .14 

.... 

.. "~ .~ 
53 58 53 J9 
53 58 53 J9 
53 58 J 3  J9 
J 3  
53 
3 2  
52 
53 
54 
J4 
54 
34 
54 

J9  
J9 
J9  
J9 
J9  
J9 
J 9  
J9 

53, 54 
54 
34 
54 
54 
.... 
.... 
--.. 
.--. 
...- 

J9 ,  J10 
J10 
J10 
J10 
J10 
J7, J11 
3 7 ,  J l l  
J7, J l l  
57 ,  J l l  
58. J l l  , ~~~ 

775°C. 
775'C + AC. 

8: SA - 1150'C + 50% cw + 15 h 
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Table 2.4.15. J A E R I  bas ic  research TEM t e s t  m a t r i x  i n  MFE-6J and -75 capsules 

A l l o y  composi t ion 
Abbre- 

C o n d i t i o n  v i a t e d  
name (60'C) (200°C) (33OOC) (400°C) 

I d e n t i f i c a t i o n  o f  tubes c o n t a i n i n g  a l l o y  

F 4 . 0 5 5 M .  53Si-1.88Md. 024P4.0095- 
15.27Ni-15.BOCr-2.66Mo-0.24Ti-O.0032E 
0.0039N 

Fe-2 2C r-5.5 N i  -3MN. 1 M. 0 2C 

F~-l4.5Cr-l6Ni-Z.5Mo-0.006FU).003C 

Fe-14.5Cr-16Ni-2.5Mo-0.007M.054C 

FE-14. 5Cr-16Ni-2.5MN. 076W.061C 

Fe-16Cr-l5Ni--2.5MN.OO8M.001M.1P 

F~-9Cr-lMo-0.2Zr-0.05Y 

Fe-9Cr-IMc4.2Zr-O. 2M.05Y 

F e 7  C r-1 .5MN.22  r-0.2 W . 0 5  Y 

Fe-15Cr-16Ni 

Fe-15Cr-16Ni-O. 2 5 T i  

Fe-15Cr-16Ni-O. 25Ti4.06C 

Fe-15Cr-16Ni4.06C 

Fe-15Cr-16Ni4.2Nb-IJ.06C 

F+15Cr-16Ni4.1Nb4.06C 

Fe 
N i  
cu 
Au 
A1 
Mo 
Nb 
A1-0.1 at .  % S i  
Cu-0.2Ni 
Ni4.2Cu 
A1-O.l a t .  % Mg 
~1-0.1 at .  % L i  
A1-O.l a t .  % Mn 
V 
V-O.2Ti  
Fe-31Ni-3Ti 

20% cw 

SA 1050°C + 
1 h 775'C 

SA 1050'C 

SA 1050°C 

SA 1O5O0C 

SA 1050°C 

SA 1050'C 

SA 1000°C + 
1 h 78OOC 

SA 1000°C + 
1 h 780°C 

SA 1000°C + 
1 h 780°C 

SA 1000°C t 
1 h 780°C 

SA 1000°C t 
1 h 780 "C 

SA 1050°C 

SA 1050°C 

SA 1175°C 

SA 1050°C 

SA 1050°C 

SA 1050°C 

SA 
SA 
SA 
SA 
SA 
SA 
SA 
SA 
SA 
S A  
SA 
S A  
SA 
SA 1000°C 
SA 1000°C 
SA 1000°C 

UP1 

UFI 

U I I  

U I Z  

UI3 

U14 

U15 

U Y 1  

UY2 

UY3 

UY4 

UY5 

U K 1  

UK2 

UK3 

U N 1  

UN2 

UN3 

U A 1  
UA2 
U A 3  
UA4 
UA5 
UA6 
UA7 
UB1  
UBZ 
UB3 
UB4 
UB5 
UB6 
U T I  
UT2 
uu1 

53 

53 

53 

53 

53 

53 

53 

53 

53 

53 

53 

53 

53 

53 

53 

53 

53 

53 

53 
53 
53 
53 
53 
5 3  
53 
5 3  
53 
53 
53 
53 
53 
53 
<I 3 
53 

J10 

J10 

J10 

J10 

J10 

J10 

J10 

J10 

J10 

J10 

JIO 

J10 

J10 

510 

J10 

J10 

JIO 

J10 

J10 
JIO 
J10 
J10 
JIO 
JIO 
JIO 
JIO 
JIO 
JIO 
JIO 
JIO 
J10 
J10 
JIO 
J l 0  

54  

54 

54 

54 

54 

54 

54 

54 

54 

J4 

54 

54 

34 

54 

54 

54  

54 

54 

54 
54 
54 
54 
54 
54 
54 
54 
54 
54 
54 
54 
54 
34 
54 
54  

J10 

J10 

J10 

J10 

J10 

JIO 

JIO 

JIO 

JIO 

J10 

J10 

J10 

J10 

J10 

J10 

J10 

J10 

JIO 

JIO 
J10 
J10 
J10 
J10 
J10 
J10 
J10 
JIO 
JIO 
J10 
J10 
J10 
J10 
J10 
J10 



40 

2.4.5 References 

1. J. L. Sco t t  e t  a l . ,  " D e s c r i p t i o n  o f  t h e  U.S./Japan Spec t ra l  T a i l o r i n g  Experiment i n  ORR," pp. 12-19 

2. M. L. Grossbeck and K. R. Thorns, "ORR-MFE-4: A Spec t ra l  T a i l o r i n g  Experiment t o  S imula te  t h e  
i n  ADP Semiannu. Prog. Rep. March 32,  1985, DOE/ER-0045/14, U.S. DOE, O f f i c e  o f  Fusion Energy. 

He/dpa R a t i o  of a Fusion Reactor i n  A u s t e n i t i c  S t a i n l e s s  Steel ,"  pp. 1C-23 i n  A D P  muart. Prog. Rep. 
June 30, 1980, DOE/ER-O045/3, U.S. DOE, O f f i c e  o f  Fusion Energy. 

T a i l o r i n g  Experiment," pp. 38-43 i n  A D P  Semiannu. prog. Rep. s e p t .  30, 1982, DOE/ER-0045/9, U.S. DOE, 
Of f i ce  of Fusion Energy. 

3. M. L. Grossbeck, " I r r a d i a t i o n  Creep i n  Path A A l l o y s  I r r a d i a t e d  t o  5 dpa i n  t h e  ORR-MFE-4A Spec t ra l  

4. E. R. G i l b e r t  and E. A. Chin, " In-Reactor Creep Measurements," Nucl.  Technol. 52, 273433 (1981). 
5. K. E h r l i c h ,  " I r r a d i a t i o n  Creep i n  A u s t e n i t i c  S t a i n l e s s  Steels,"  pp. 1 4 F 5 6  i n  Mechanical Behavior 

and Nuclear A p p l i c a t i o n s  of S t a i n l e s s  S t e e l  a t  E leva t ed  Temperatures ,  The Meta ls  Society,  London, 1982. 
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2.5 ASSEMBLY AND OPERATION OF THE U.S./JAPAN SPECTRAL TAILORING EXPERIMENTS - I.  I. Siman-Tov 

2.5.1 A O I P  Task 

(Oak Ridge Nat iona l  Labora to ry )  

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

2.5.2 Ob jec t i ves  

The exper iments i n  t h e  U.S./Japan c o l l a b o r a t i v e  t e s t i n g  program f o r  t h e  ORR i r r a d i a t e  a u s t e n i t i c  
s t a i n l e s s  s t e e l  cand ida te  a l l o y s  f o r  use a t  f i r s t - w a l l  and b l anke t  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  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 neutrons and w i t h  spec t r a l  t a i l o r i n g  t o  achieve he l ium-  
to- disp lacement- per- atom (Heidpa) 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  serv ice .  

2.5.3 Summary 

power th rough  September 30, 1985 i s  72.81 d a t  30 MW. 

2.5.4 Progress and S ta tus  

MFE-6J and -75 s t a r t e d  i r r a d i a t i o n  i n  t h e  ORR w i t h  c y c l e  172F on June 28, 1985. The t o t a l  accumulated 

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

OUR-MFE-7J: 

The assembly o f  t h e  o u t e r  and i n n e r  tube3 may have caused minor  de lay  i n  t h e  i n s e r t i o n  date;  however, a 

Assembly o f  t h e  capsule and t h e  f a c i l i t y  p r e p a r a t i o n  were completed one c y c l e  ahead of 
schedule. The experiment was i n s t a l l e d  i n  t h e  ORR on June 27, 1985, and s t a r t e d  i r r a d i a t i o n  on June 28. 

Th i s  capsule was i n s e r t e d  a l s o  on June 27, 1985, t h r e e  cyc l es  pas t  t h e  o r i g i n a l  scheduled 
i n s e r t i o n  c y c l e  because o f  some major  d i f f i c u l t i e s  encountered d u r i n g  assembly. 

problem w i t h  a l eak  t h a t  developed i n  t h e  very  l a s t  s tage o f  assembly i n  t h e  p r imary  bulkhead was t h e  major  
cause o f  t h e  de lay  i n  t h e  i n s e r t i o n  date. As a r e s u l t  o f  r e p a i r i n g  t h e  l eak ,  two thermocouples were l o s t :  
TE2 measuring t h e  temperature i n  t h e  midd le  of t h e  330OC reg ion  and TE6 a t  t h e  bot tom o f  t h e  400°C region.  
We were granted spec ia l  permiss ion  t o  opera te  t h e  capsule w i t h  t h e  remain ing minu te  leak  i n  t h e  p r imary  
bulkhead. However, some IEC changes had t o  be i nco rpo ra ted  i n t o  t h e  f a c i l i t y  t o  s a t i s f y  s a f e t y  requi rements 
f o r  t h e  NaK system. 

w i t h  a c o n t r o l  gas compos i t ion  of 100% helium. The t o p  r eg i on  o f  t h e  f i r s t  c y c l e  was no t  heated t o  330°C t o  
be ab le  t o  observe t h e  temperature f l u c t u a t i o n s  d u r i n g  t h e  c y c l e  due t o  c o n t r o l  r o d  movements and t h e  e f f e c t  
o f  t h e  presence o f  t h e  HSST exper iments i n  t h e  p r o d u c t i o n  suppor t  f a c i l i t y .  
average temperature of t h e  33O0C reg ion  was 329.1OC and 394.5OC i n  t h e  400'C region.  Observing t h e  tem- 
pe ra tu re  g rad ien t s  i n  t h e  330 and 40OoC reg ions ,  i t  was noted t h a t  t h e r e  i s  an ove r l ap  o f  temperatures s i nce  
i n  t h e  3 3 0 Y  reg ion  t h e r e  was p r a c t i c a l l y  no g rad ien t ,  w h i l e  i n  t h e  400OC reg ion  t h e r e  was a g rad ien t  of 
10"C/cm. It was then  decided t o  change t h e  ope ra t i ng  temperature o f  t h e  400'C reg ion  t o  an average of 400'C 
i n s t e a d  o f  a maximum of 400OC. 

The capsule now operates w i t h  a maximum temperature o f  33OoC i n  t h e  upper r eg i on  and an a v e r w e  tem- 
pe ra tu re  o f  400°C i n  t h e  lower  region.  
whichever reads t he  maximum temperature i n  t h e  r eg i on )  and TE5 i n  t h e  lower r eg i on  s i nce  i t  i s  l o c a t e d  i n  
t h e  midd le  o f  t h e  region.  

2.5.5 References 

1. J. A. Con l i n  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. 37 i n  A D I P  Semiannu. Frog. Rep. Mar. 31, 1984, DOE/ER-0045/12, U.S. DOE, O f f i c e  of Fusion 
Energy. 

2. J. A. Con l i n  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  
HFlR and ORR," pp. 6 6 4 7  i n  A D I P  Semiannu. Frog. Rep. S e p t .  30, 1984, 00E/ER-D045/13, U.S. DOE, O f f i c e  of 
Fusion Energy. 

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  HFlR and ORR," p. 6 i n  A D I P  Semiannu. Frog. Rep.  Mar. 31, 1985, DOE/ER-0045/14, 
u.S. ODE, O f f i c e  o f  Fusion Energy. 

A t  p resen t  no l eak  i s  observed i n  t h e  p r imary  region.  
A t  s t a r t u p  t h e  temperatures s t a b i l i z e d  a t  2 9 9 T  i n  t h e  33D°C reg ion  and a t  380°C i n  t h e  400°C reg ion  

I n  t h e  second c y c l e  (1726) t h e  

Th is  change was i n i t i a t e d  i n  c y c l e  1738 s t a r t i n g  on September 20, 1985. 

The c o n t r o l l i n g  thermocouples a re  TE3 i n  t h e  t o p  r eg i on  (01. TE1, 
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2.6 NEUTRONIC8 ANALYSIS I N  SUPPORT OF THE U.S. JAPAN SPECTRAL TAILORING CAPSULES - R. A. L i l l i e  
(Oak Ridge Na t iona l  Labora to ry )  

2.6.1 A D I P  Task 

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

2.6.2 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  p rov ide  t h e  n e u t r o n i c  des ign f o r  m a t e r i a l s  i r r a d i a t i o n  exper iments  i n  
t h e  Oak Ridge Research Reactor  ( O R R ) .  Spec t ra l  t a i l o r i n g  t o  c o n t r o l  t h e  f a s t  and thermal  f l u x e s  i s  r e q u i r e d  
t o  p r o v i d e  t h e  d e s i r e d  d isp lacement  and he l i um p r o d u c t i o n  r a t e s  i n  a l l o y s  c o n t a i n i n g  n i c k e l .  

2.6.3 Sunmary 

The neut ron f l uxes  c a l c u l a t e d  and measured' f o r  t h e  ORR-MFE-6J dos imetry  capsule  have been compared. 
Scale f a c t o r s  ob ta ined  from t h i s  comparison a r e  be ing  used t o  s c a l e  t h e  neu t ron  f l uences  ob ta ined  from 
three- dimensional  n e u t r o n i c s  c a l c u l a t i o n s .  As of  September 30, 1985, t h i s  procedure y i e l d s  3.15 at .  ppm He 
(no t  i n c l u d i n g  2.0 a t .  ppm He from l o g )  and 1.22 dpa f o r  t y p e  316 s t a i n l e s s  s t e e l  i n  ORR-MFE-6J and 
4.44 a t .  ppm He and 1.71 dpa i n  ORR-MFE-7J. 

2.6.4 Progress and S ta tus  

A comparison o f  t h e  measured 
and c a l c u l a t e d  data  f o r  t h e  ORR-MFE- 
65 dos imet ry  capsule  i s  presented i n  
Table 2.6.1. Th is  capsule was i n  
t h e  ORR f rom September 6, 1984, t o  
January 20, 1985, and r e c e i v e d  
82,096 MWh o f  exposure. The ca lcu-  
l a t e d  t o t a l  f l u x  i s  approx imate ly  
16% h i g h e r  t h a n  t h e  measured t o t a l  
f l u x  whereas t h e  c a l c u l a t e d  thermal  
f l u x  i s  o n l y  2% h i g h e r  t h a n  t h e  
measured thermal  f l u x .  Almost a l l  
o f  t h e  d i f f e r e n c e  i n  t o t a l  f l u x  i s  
a t t r i b u t e d  t o  t h e  d i f f e r e n c e  i n  f a s t  
f l u x  (i.e., t h e  f l u x  above 0.1 MeV). 
These d i f f e r e n c e s  i n  c a l c u l a t e d  and 
measured f l u x e s  a r e  ve ry  s i m i l a r  t o  
t h e  d i f f e r e n c e s  o b t a i n e d  i n  t h e  
ORR-MFE-4 exper imenta l  i r r a d i a t i o n s .  

l a t e d  and measured dpa l e v e l  i n  b o t h  
t h e  n i c k e l  and s t a i n l e s s  s t e e l  316 
specimens i s  e s s e n t i a l l y  i d e n t i c a l  
t o  t h e  r a t i o  of  t h e  c a l c u l a t e d  and 
measured t o t a l  f luxes.  The r a t i o  
between t h e  f a s t  neu t ron  he l i um p r o-  
d u c t i o n s  i n  n i c k e l  i s  s l i g h t l y  l ower  
t h a n  t h e  r a t i o  of f a s t  f l u x e s ,  t hus  
i n d i c a t i n q  t h e  use o f  a s l i a h t l v  

The r a t i o  between t h e  c a l c u-  

Table 2.6.1. Comparison o f  c a l c u l a t e d  and measured data  f o r  t h e  
ORR-MFE-6J dos imet ry  capsule  

C a l c u l a t e d  Exper imenta l  0 CIEb 

F lux  ( >  0.1 MeV), 

To ta l  f l u x ,  neutrons/m2/s 
Thermal f l u x ,  neutrons/m2/s 
N i c k e l ,  dpa 

Fast  
The rma 1 
To ta l  

Fas t  
Thermal 

neutrons/m2 /s  

Nickel- Hel ium,  a t .  ppm 

T o t a l  
316 s t a i n l e s s  s t e e l  

dpa 
He, at .  ppm 

To ta l  fl uence, neut rons/m2/s 
Thermal f luence, neutrons/m2/s 

2.40 + 18C 

6.93 t 18 
2.01 + 18 

1.84 
0.07 
1.91 

8.06 
40.9 
49.0 

1.82 
6.98 

6.83 + 25 
1.98 + 25 

2.03 + 18 1.18 

5.99 + 18 1.16 
1.02 1.97 + 18 

1.59 1.16 
0.10 0.70 
1.69 1.13 

7.34 1.10 
56.0 0.73 
63.4 0.77 

1.56 1.17 
8.63 0.81 

5.90 + 25 1.16 
1.94 t 25 1.02 

usee re f .  1. 

bC/E rep resen ts  t h e  c a l c u l a t e d  t o  exper imenta l  r a t i o .  

C2.40 t 18 i s  read as 2.40 x 1 O l s .  

- -  
d i f f e r e n t - h e l i u m  p r o d u c t i o n  cross s e c t i o n  by t h e  dos imet ry  e v a l u a t o r ,  L. R. Greenwood, o f  Argonne Na t iona l  
Laboratory .  The r a t h e r  d r a s t i c  d i f f e r e n c e  i n  thermal  neu t ron  he l i um p r o d u c t i o n  l e v e l s  i n  n i c k e l  (and i n  t h e  
316 s t a i n l e s s  s t e e l )  speciinens i s  unexp la ined  a t  t h e  present  t ime,  e s p e c i a l l y  i n  view of t h e  e x c e l l e n t  
agreement between t h e  c a l c u l a t e d  and measured thermal  f l uxes .  

comparison between t h e  c a l c u l a t e d  and measured data  f o r  ORR-MFE-6J dos imetry  capsule  a r e  summarized i n  
Table  2.6.2 f o r  t h e  ORR-MFE-6J and -75 experiments. Both exper imenta l  capsules went i n t o  t h e  O R R  on 
June 28, 1985, and b o t h  capsules have been exposed t o  52,420 MWh. A lso  p resen ted  f o r  comparison a r e  t h e  
unscaled f luences and t h e  he l i um p r o d u c t i o n  and dpa l e v e l s  ob ta ined  w i t h  these unscaled f luences.  
p resen t  t ime ,  t h e  dpa r a t e  based on t h e  sca led  t o t a l  f l uences  i s  6.11 and 7.40 dpa p e r  f u l l  power y e a r  f o r  
t h e  ORR-MFE-6J and -73 experiments, r e s p e c t i v e l y .  The g r e a t e r  dpa r a t e  i n  t h e  ORR-MFE-7J experiment i s  due 
t o  i t s  be ing  i n  co re  p o s i t i o n  C3, whereas t h e  ORR-MFE-6J experiment i s  i n  c o r e  p o s i t i o n  C7. 

The r e a l - t i m e  p r o j e c t i o n s  of t h e  he l ium- to- disp lacement  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  
September 30, 1985, a r e  presented i n  Figs. 2.6.1 and 2.6.2 f o r  t h e  ORR-MFE-6J and -75 experiments, respec-  
t i v e l y .  
f a c t o r  of  0.86. Real- t ime p r o j e c t i o n s  ob ta ined  w i t h  bo th  t h e  sca led  and unscaled f l uences  a r e  given. 

The o p e r a t i n g  and c u r r e n t  c a l c u l a t e d  da ta  based on t h e  f l u e n c e  s c a l i n g  f a c t o r s  ob ta ined  from t h e  

A t  t h e  

As w i t h  t h e  ORR-MFE-4A and -48 experiments, t h e  p r o j e c t e d  da tes  were o b t a i n e d  assuming an ORR du ty  
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ORNL-DWG 85-1993 
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Fig. 2.6.1. Cur ren t  and p r o j e c t e d  he l i um and d isp lacement  damage l e v e l s  i n  t h e  ORR-MFE-6J experiment.  
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Fig .  2.6.2. Current  and p r o j e c t e d  he l i um and d isp lacement  damage l e v e l s  i n  t h e  ORR-MFE-7J experiment.  
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Because t h e  ca lcu lated- to-measured t o t a l  
f luence r a t i o  i s  much g rea te r  than  t h e  
c a l  c u l  ated- to-measured thermal  f l  uence 
r a t i o ,  s c a l i n g  decreases t h e  dpa r a t e  much 
more t han  t h e  he l i um  p roduc t i on  ra te .  Thus, 
s c a l i n g  reduces t h e  t i m e  t o  i n s e r t i o n  o f  t h e  
s o l i d  aluminum core piece. 

2.6.5 Fu tu re  Work 

The three-dimensional  neut  r a n i  cs c a l  cu- 
l a t i o n s  t h a t  mon i to r  t h e  r a d i a t i o n  env i r on-  
ment o f  t h e  ORR-MFE-63 and -73 exper iments 
w i l l  con t inue  w i t h  each ORR cyc le .  The 
sca le  f ac to r s  used t o  sca l e  t h e  c a l c u l a t e d  
f luences w i l l  be updated as new exper imenta l  
da ta  become a v a i l a b l e .  I n  a d d i t i o n ,  t h e  
r a t h e r  l a r g e  d iscrepancy between t h e  he l i um  
p roduc t i on  p r e d i c t e d  due t o  t h e  c a l c u l a t e d  
and measured thermal  f l uences  w i l l  be 
resolved.  

2.6.6 Reference 

1. L. R. Greenwood, "Neutron Dosimetry  
and Damage C a l c u l a t i o n s  f o r  ORR-6J Test, 
HFIR-RB-Hafnium Test, and HFIR-RE-1  and RB-2 
Experiments," Sect. 2.1, t h i s  r epo r t .  

Table 2.6.2. Opera t ing  and c a l c u l a t e d  data f o r  t h e  
ORR-MFE-6J and -75 i xpe r imen ta l  capsules as of 

September 30, 1985 

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

I n s e r t i o n  da te  61  28/85 6/28/85 
Exposure, MWh 52,419.8 52,419.8 
Equ iva len t  f u l l  power days" 72.8 72.8 
Thermal f luence,  neutrons/m2 1.46 + 25b 1.76 + 25 

(1.48 + 25)c (1.80 + 25) 

To ta l  f l uence ,  neutrons/m2 5.03 + 25 6.08 + 25 
(5.82 + 25) (7.04 + 25) 

Helium, 
a t .  ppmd 
dpad 

3.15 (3.39) 4.44 (4.82) 
1.22 (1.41) 1.48 (1.71) 

"Fu l l  power f o r  ORR i s  30 MW. 

b1.46 + 25 i s  read as 1.48 x loz5. 
CValues i n  parentheses represen t  unscaled f luences  o r  

dHel ium and dpa values a re  f o r  t y p e  316 s t a i n l e s s  

va lues c a l c u l a t e d  us i ng  unscaled f luences. 

s t ee l .  
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2.7 NEUTRONICS CALCULATIONS I N  SUPPORT OF THE ORR-MFE-4A AND -48 SPECTRAL TAILORING EXPERIMENTS - 
R. A. L i l l i e  (Oak Ridge Nat iona l  Labora to ry )  

2.7.1 A O I P  Task 

ADIP Task 1.A.2, D e f i n e  Test M a t r i c e s  and Test Procedures. 

2.7.2 O b j e c t i v e  

t h e  Oak Ridge Research Reactor (ORR) .  
t o  p r o v i d e  t h e  d e s i r e d  d isp lacement  and he l ium p r o d u c t i o n  r a t e s  i n  a l l o y s  c o n t a i n i n g  n i c k e l .  

2.7.3 Summary 

The f i n a l  o p e r a t i n g  and c a l c u l a t e d  da ta  f o r  t h e  ORR-MFE-4A and -48 exper iments have been obta ined.  
sca led  c a l c u l a t e d  f luences y i e l d  201.9 at .  ppm He (no t  i n c l u d i n g  2.0 at .  ppm He from 'OB) and 13.19 dpa f o r  
t y p e  316 s t a i n l e s s  s t e e l  i n  ORR-MFE-4A and 172.4 at .  ppm He and 11.64 dpa i n  ORR-MFE-46. 

2.7.4 Progress and S ta tus  

Tables 2.7.1 and 2.7.2. 
f l u e n c e  s c a l i n g  f a c t o r s  g iven  prev ious ly . '  
co re  p iece  was used i n  both exper imenta l  capsules)  a r e  based on these  same s c a l i n g  f a c t o r s  f o l d e d  w i t h  
e x p e r i m e n t a l l y  measured hafnium- induced f l u e n c e  r e d u c t i o n s  a l s o  p r e v i o u s l y  reported.2 

The ORR-MFE-4A experiment was removed from t h e  ORR on January 20, 1985, and t h e  ORR-MFE-40 exper iment  
was removed on June 10, 1985. The da ta  a r e  presented f o r  each core piece. The f i n a l  e n t r y  i n  each t a b l e  
i n d i c a t e s  t h e  "c loseness"  of t h e  exper imenta l  he l ium t o  dpa r a t i o  t o  t h a t  expected i n  a f u s i o n  dev ice  f i r s t  
w a l l .  A t  t h e  t i m e  o f  t h e i r  removal f rom t h e  r e a c t o r ,  t h e  he l ium t o  dpa r a t i o s  were approx imate ly  9.6% and 
6.0% h i g h e r  i n  t h e  ORR-MFE-4A and -48 experiments, r e s p e c t i v e l y ,  t h a n  those  expected i n  a f i r s t  wa l l .  

The o b j e c t i v e  of t h i s  work i s  t o  p r o v i d e  t h e  n e u t r o n i c  des ign  f o r  m a t e r i a l s  i r r a d i a t i o n  exper iments i n  
Spec t ra l  t a i l o r i n g  t o  c o n t r o l  t h e  f a s t  and thermal  f l u x e s  i S  r e q u i r e d  

The 

The f i n a l  o p e r a t i n g  and c a l c u l a t e d  da ta  f o r  t h e  ORR-MFE-4A and -48 exper iments a re  summarized i n  

The c a l c u l a t e d  da ta  f o r  t h e  hafnium core p i e c e  ( t h e  same hafnium 
The c a l c u l a t e d  da ta  f o r  t h e  Al-H20 and s o l i d  aluminum core p ieces a re  based on t h e  

Table 2.7.1. F i n a l  o p e r a t i n g  and c a l c u l a t e d  da ta  f o r  t h e  
ORR-MFE-4A exper iment  

Core p i e c e  A1 -H20 A1 Hf T o t a l  

Exposure, MWh 337,332 277,476 160,124 774,932 

F u l l  power day@ 468.5 385.4 222.4 1076.3 

Thermal f luence, 8.39 + 25b 4.57 + 25 1.64 + 25 1.46 + 26 

To ta l  f luence, 2.21 + 26 2.20 + 26 1.04 + 26 5.45 + 26 

neutrons/mz 

neutrons/rn2 

He1 i um, 

a t .  ppmC 76.7 87.8 37.4 201.9 
dpa 5.35 5.35 2.49 13.19 

Rat iod  1.026 1.175 1.075 1.096 

a F u l l  power f o r  ORR i s  30 MW. 

b8.39 + 25 i s  read as 8.39 x 

CHe values represen t  t h e  d i f f e r e n c e  i n  h e l i u m  values a t  t h e  
end o f  t h e  c u r r e n t  co re  p i e c e  and t h e  p r e v i o u s  core p i e c e  s i n c e  
h e l i u m  p r o d u c t i o n  i s  dominated by t h e  cumu la t i ve  the rma l  f l uence  
and n o t  by t h e  thermal  f l u e n c e  seen by a p a r t i c u l a r  co re  piece. 

d R a t i o  represen ts  t h e  exper imenta l  hel ium-dpa va lue  d i v i d e d  
by t h e  c a l c u l a t e d  f u s i o n  dev ice  f i r s t  w a l l  va lue  o f  13.97. 
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Table 2.1.2. F i n a l  o p e r a t i n g  and c a l c u l a t e d  data  f o r  t h e  
ORR-MFE-4B experiment 

Core p i e c e  A1 -H,O A1 H f  T o t a l  

Exposure, MWh 305,355 324,432 87,800 717,587 

F u l l  power d a y 9  424.1 450.6 122.0 996.6 

Thermal f luence,  7.30 t 25b 5.02 t 25 9.80 + 24 1.33 + 26 
neut rons /m2 

To ta l  f luence,  1.86 t 26 2.38 + 26 5.36 + 25 4.78 + 26 
neut  rons/rn2 

He1 i urn, 
a t .  ppmc 59.7 91.4 21.3 172.4 
dpa 4.49 5.79 1.36 11.64 

R a t i o d  0.952 1.130 1.121 1.9360 

Q F u l l  power f o r  ORR i s  30 MW. 

57.30 t 25 i s  read  as 7.30 x 1025 .  
cHe va lues rep resen t  t h e  d i f f e r e n c e  i n  h e l i u m  va lues  a t  t h e  

end of  t h e  c u r r e n t  co re  p i e c e  and t h e  p r e v i o u s  co re  p i e c e  s i n c e  
he l i um p r o d u c t i o n  i s  dominated by t h e  cumu la t i ve  thermal  f luence 
and n o t  by t h e  thermal  f luence seen by a p a r t i c u l a r  c o r e  piece. 

d R a t i o  rep resen ts  t h e  exper imenta l  hel ium-dpa va lue d i v i d e d  
by t h e  c a l c u l a t e d  f u s i o n  dev ice  f i r s t  w a l l  va lue  o f  13.97. 

2.1.5 Fu tu re  Work 

Th is  completes t h e  n e u t r o n i c s  c a l c u l a t i o n s  f o r  t h e  ORR-MFE-4A and -48 experiments. 

2.1.6 References 

1. R. A. L i l l i e  and T. A. Gabr ie l ,  "Neut ron ics  C a l c u l a t i o n s  i n  Support of t h e  ORR-MFE-4 Spec t ra l  

2. R. A. L i l l i e ,  "Neutron ics  C a l c u l a t i o n s  i n  Support of  t h e  ORR-MFE-4A and -48 Spec t ra l  T a i l o r i n g  

T a i l o r i n g  Experiments," pp. 19-20 i n  A DI P  semiannu. P P O ~ .  ~ e p . ,  MW. 3 1 ,  1983 ,  DOE/ER-0045/10, U.S. DOE, 
O f f i c e  o f  Fusion Energy. 

Experiments,"  pp. 18-19 i n  A DI P  semiaim. ~ r o g .  ~ e p . ,  s e p t .  30, 1984, DOE/ER-0045/13, U.S. DOE, O f f i c e  o f  
Fusion Energy. 
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2.8 OPERATION OF THE ORR SPECTRAL TAILORING EXPERIMENTS ORR-MFE-4A AND -48 - I. I. Siman-Tov 
(Oak Ridge Nat iona l  Labora to ry )  

2.8.1 A D I P  Task 

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

2.8.2 Object ive? 

Experiments ORR-MFE-4A and -48, which i r r a d i a t e  a u s t e n i t i c  s t e e l ,  use neu t ron  s p e c t r a l  t a i l o r i n g  t o  

Experiment URR-MFE-4B con ta ins  s i m i l a r  m a t e r i a l s  a t  

achieve t h e  same hel ium- to- disp lacement- per- atom (Hefdpa) r a t i o s  as p r e d i c t e d  f o r  fus ion  r e a c t o r  f i r s t - w a l l  
se rv ice .  
(PCA) a t  i r r a d i a t i o n  temperatures o f  330 and 400°C. 
i r r a d i a t i o n  temperatures of 500 and 600°C. 

Experiment ORR-MFE-4A con ta ins  ma in ly  t y p e  316 s t a i n l e s s  s t e e l ,  and Path A Prime Candidate A l l o y  

2.8.3 

Both ORR-MFE-4A and -48 have been capped and a re  c o o l i n g  down i n  t h e  ORR pool  a w a i t i n g  removal and 

The specimens con ta ined  i n  t h e  ORR-MFE-4B experiment have operated f o r  a t o t a l  of 996.64 d a t  30 MW 
p o s t i r r a d i a t i o n  examination. 

r e a c t o r  power w i t h  temperatures o f  500 and 600°C.' 

2.8.4 Progress and S ta tus  

The d e t a i l s  o f  t h e  Oak Ridge Research Reactor (ORR) s p e c t r a l  t a i l o r i n g  exper iments have been documented 

The ORR-MFE-4B experiment s t a r t e d  o p e r a t i n g  w i t h  a hafn ium s leeve  on February 3, 1985, and w a s  removed 
prev ious ly .1-10 

from t h e  core  on June 26, 1985. The t o t a l  i r r a d i a t i o n  t i m e  was 996.34 d a t  30 MW; o f  t h i s  t ime,  i t  spent 
( a )  a t o t a l  o f  424.10 d a t  30 MW w i t h  t h e  h o l l o w  core  p iece,  (b )  a t o t a l  of 450.30 d a t  30 MW w i t h  t h e  
aluminum core p iece,  and ( c )  a t o t a l  o f  121.94 d a t  30 MW w i t h  t h e  hafnium s leeve  core piece. 
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MFE-4B," pp. IC-I2 i n  A D I P  Semiannu. Pray-. Rep.  Mar. 31, 1982, DOE/ER-0045/8, U.S. DOE, O f f i c e  o f  Fusion 
Energy. 

5. J. A. Con l in ,  I.  T. Dudley, and E. M. Lees, "Operat ion o f  t h e  ORR Spec t ra l  T a i l o r i n g  Experiments 
URR-MFE-4A and ORR-MFE-4B," pp. 17-20 i n  A D I P  S e m i ~ n n u .  Proy-. Rep.  S e p t .  30, 1982, DOE/ER-0045/9, U.S. DOE, 
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3.1 SWELLING OF Fe-Cr-Mn ALLOYS I N  FFTF AT 420 TO 6OO0C - F. A. Garner and H. R. Erager 
(Hanford Eng ineer ing  Development Labo ra to r y )  

3.1.1 A D I P  Tasks 

A D I P  Task 1.C.2. M i c r o s t r u c t u r e  and S w e l l i n g  of A u s t e n i t i c  A l l o y s .  

3.1.2 O b j e c t i v e  

The o b j e c t  of t h i s  e f f o r t  i s  t o  de te rmine  those  f a c t o r s  which c o n t r o l  t h e  s w e l l i n g  of a l l o y  systems 
which have t h e  p o t e n t i a l  f o r  reduced a c t i v a t i o n .  

3.1.3 Sumnary 

Three b i n a r y  Fe-Mn and s i x  Fe-Mn-Cr t e r n a r y  a l l o y s  have been i r r a d i a t e d  i n  FFTF a t  temperatures of 

L i k e  Fe-Cr-Ni 

420, 500 and 6OO0C t o  exposures r ang ing  f r o m  9-14 dpa. 
i r r a d i a t e d  under comparable c o n d i t i o n s  t h e r e  i s  e s s e n t i a l l y  no dependence o f  v o i d  s w e l l i n g  on chromium o r  
manganese con ten t ,  and t h e r e  a l s o  appears t o  be no dependence on i r r a d i a t i o n  temperature.  
a l l o y s ,  however, Fe-Cr-Mn and Fe-Mn a l l o y s  do s w e l l  a t  %l%/dpa a f t e r  t h e  t r a n s i e n t  regime. 

Whi le  d e n s i t y  change da ta  i n d i c a t e  an apparent  weak dependence o f  s w e l l i n g  on manganese l e v e l ,  
microscopy shows t h a t  r a d i a t i o n- i n d u c e d  second phases t h a t  f o r m  may be r e s p o n s i b l e  f o r  a d e n s i f i c a t i o n  o f  
t h e  m a t r i x .  

I n  c o n t r a s t  t o  t h e  b e h a v i o r  o f  Fe-Cr-Ni a l l o y s  

Th i s  d e n s i f i c a t i o n  approaches 2.2% a t  35% manganese. 

3.1.4 Progress and S ta tus  

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

I n  p rev i ous  r e p o r t s ( l . 2 )  i t  was shown t h a t  t h e  s w e l l i n g  o f  s imp le  Fe-Mn b i n a r y  and Fe-Mn-Cr t e r n a r y  
a l l o y s  i n  FFTF-MOTA a t  520°C and -14 dpa i s  remarkably  i n s e n s i t i v e  t o  t h e  chromium l e v e l  and o n l y  weakly  
dependent on t h e  manganese l e v e l  as shown i n  F i g u r e  l a .  
d i f f e r e n t  from t h a t  o f  Fe-Cr-Ni a l l o y s  which a r e  s t r o n g l y  s e n s i t i v e  t o  b o t h  chromium and n i c k e l  f o r  
comparable i r r a d i a t i o n  c o n d i t i o n s .  

The 
p o r t i o n  o f  t h e  d a t a  m a t r i x  t h a t  i s  now complete leads  us t o  r e v i s e  somewhat o u r  e a r l i e r  concep t ion  of t h e  
p a r a m e t r i c  dependence of s w e l l i n g  i n  t h e  Fe-Cr-Mn system. 

3.1.4.2 New Data 

F i gu re  l b  shows t h a t  t h i s  behav io r  i s  q u i t e  

A d d i t i o n a l  immersion d e n s i t y  da ta  a r e  now becoming a v a i l a b l e  f o r  t h i s  i r r a d i a t i o n  s e r i e s .  

F i g u r e  2 shows t h a t  t h e  s w e l l i n g  d a t a  of one a l l o y ,  Fe-5Cr-15Mn, does n o t  f i t  t h e  behav io r  t y p i c a l  of 
A t  6OO0C and 14 dpa e s s e n t i a l l y  t h e  t h e  o t h e r  p r e v i o u s l y  r e p o r t e d  a l l o y s  i r r a d i a t e d  a t  520°C and 

same s w e l l i n g  i s  observed f o r  t h i s  a l l o y ,  however, which leads  us t o  s p e c u l a t e  t h a t  i r r a d i a t i o n  above 5 0 0 T  
has caused some r e l a t i v e l y  temperature- independent  phase e v o l u t i o n  f o r  t h i s  a l l o y  t h a t  i s  d i f f e r e n t  from 
t h a t  o f  t h e  o the r s .  F i g u r e  3 shows t h a t ,  w i t h  t h e  e x c e p t i o n  o f  Fe-5Cr-15Mn, a l l  o t h e r  a l l o y s  e x h i b i t  a f t e r  
i r r a d i a t i o n  a t  600'C and 14 dpa e s s e n t i a l l y  t h e  same s w e l l i n g  as observed a t  520°C and 14 d p a .  The s c a t t e r  
a t  6OO0C i s  somewhat l a r g e r ,  however. Th i s  i m p l i e s  t h a t  t h e r e  i s  l i t t l e  o r  no dependence of s w e l l i n g  on 
temperature i n  t h e  range 520-6OO'C. 
extends as low as 420'C b u t  u n f o r t u n a t e l y  t h e  da ta  a t  420'C e x i s t  o n l y  a t  9 dpa. as i s  a l s o  shown i n  
F i g u r e  3. Note t h a t  a t  4 2 0 T  most a l l o y s  n o t  o n l y  d e n s i f y  b u t  t h a t  r a t h e r  l a r g e  d e n s i f i c a t i o n s  a re  e x h i -  
b i t e d  a t  t h e  h i g h e r  manganese l e v e l s .  

A t  t h i s  p o i n t  we can borrow f r o m  o u r  exper ience  on Fe-Cr-Ni a l l o y s  and remember t h a t  a t  low tempera- 
t u r e s  t h e r e  i s  u u a l  y no temperature dependence o f  s w e l l i n g  and t hus  we can o f t en  p l o t  t h e  d a t a  i g n o r i n g  

14 dpa) d a t a  f o r  each a l l o y  and t h a t  each l i n e  e x h i b i t s  a s l ope  of %l%/dpa. T h i s  apparent  w l l i n g  r a t e  
i s  i d e n t i c a l  t o  t h a t  observed f o r  a l l  o t h e r  a u s t e n i t i c  a l l o y s  i n  t h e  p o s t - t r a n s i e n t  
d e n s i f i c a t i o n  shown i n  F i gu res  3 and 4 tends  t o  i m p l y  t h a t  much of t h e  p r e v i o u s l y  observed compos i t ion  
dependence of p o s t - i r r a d i a t i o n  d e n s i t y  change i s  a r e f l e c t i o n  of a process o t h e r  t h a n  v o i d  s w e l l i n g .  
Therefore t h e  compos ' t ion  dependence o f  s w e l l i n g  i n  t h e  Fe-Cr-Mn system appears t o  be even l e s s  than  
p r e v i o u s l y  r e p o r t e d . l l )  

14 dpa. 

It i s  d e s i r e d  t o  determine whether t h e  independence of tempera tu re  

t h e  temperature.  t I  3,4 Note i n  F i g u r e  4 t h a t  we can draw l i n e s  between (420°C, 9 dpa) da ta  and (520"C, 

The 

3.1.4.3 M i c r o s t r u c t u r a l  Development 

Examina t ion  o f  these  a l l o y s  by  e l e c t r o n  microscopy i s  now i n  p rogress .  Two a l l o y s  i r r a d i a t e d  a t  
52OoC have been examined. These a r e  Fe-1OCr- n a d Fe-1OCr-2OMn. Bo th  con ta ined  l a r g e  vo i ds  (1100 nm) 
and comparable d i s l o c a t i o n  d e n s i t i e s  (13 x 107xMcm-3). There were two d i s t i n c t  d i f f e r e n c e s  i n  m i c r o s t r u c -  
t u r e ,  however. 
and sometimes e longa ted  p r e c i p i t a t e s  which a r e  as y e t  u n i d e n t i f i e d .  S i m i l a r  p r e c i p i t a t e s  e x i s t e d  a t  much 
lower  d e n s i t i e s  i n  t h e  30% manganese a l l o y .  Second, t h e  20% manganese a l l o y  c o n t a i n e d  a h i g h e r  d e n s i t y  o f  
vo ids,  s2 x 1014 cm-3 as compared t o  1 5  x 1013 cm-3 f o r  t h e  30% manganese a l l o y .  T h i s  d i f f e r e n c e  i n  
v o i d  d e n s i t y  was t h e  major  cause o f  t h e  d i f f e r e n c e  i n  l o c a l  s w e l l i n g  (8% vs. 3%) of t h e  two a l l o y s .  

F i r s t ,  t h e  20% manganese a l l o y  had a moderate d e n s i t y  (%3 x 1013 cm-3) o f  l a r g e  (200-500 nm) 
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FIGURE 1. Comparison between neutron-induced swelling in Fe-Cr-Mn and Fe-Cr-Ni allo.ys.(l) 

FIGURE 2. Comparison of  additional data on swelling of Fe-5Cr-15Mn at 14 dpa and the trend of previously 
published data for other Fe-Cr-Mn alloys at 520°C and 14 dpa.(2) 
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F I G U R E  3.  New da ta  showing s w e l l i n g  o f  Fe-Cr-Mn a l l o y s  a t  420'C and 60OOC. Some a l l o y s  dens i f y  a t  420'C. 
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F I G U R E  4. P l o t  of Fe-Cr-Mn s w e l l i n g  da ta  assuming independence o f  s w e l l i n g  on temperature  between 
temperatures o f  420 and 520°C. 
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3.1.5 D iscuss ion  

e x i s t s  between anomalous I n v a r  p r o p e r t i e s  and swel i n  res i s tance . /57  S ince t h e  Fe-Cr-Mn system a l s o  
e x h i b i t s  I n v a r  behav ior  i n  t h e  range around 35% M n l 6 - i )  i t  was thought  t h a t  t h e r e  m igh t  be some 
advantage t o  deve lop ing  low a c t i v a t i o n  a u s t e n i t i c  a l l o y s  which c o n t a i n  manganese l e v e l s  of t h i s  magnitude. 

J u s t  as r a d i a t i o n - i n d u c e d  s p i n o d a l - l i k e  decomposi t ion i s  a consequence of t h e  same m e t a s t a b i l i t y  
t h a t  produces anomalous p r o p e r t i e s  i n  t h e  Fe-Cr-Ni I n v a r  regime, i t  i s  suggested t h a t  s p i n o d a l i n g  a l s o  
occurs  i n  t h e  Fe-Cr-Mn I n v a r  regime. I n  o r d e r  t o  q u i c k l y  and almost comp le te l y  d e s t r o y  t h e  compos i t i ona l  
and temperature  dependence of s w e l l i n g ,  however, sp inoda l  decomposi t ion i n  t h e  Fe-Cr-Mn system must occur  
f a s t e r  t h a n  i t  does i n  t h e  Fe-Cr-Ni system. e s i f i c a t i o n  of 2.2% observed i n  Fe-35Mn i s  much l a r g e r  

Fe-Cr-Mn system. 
of p r e - i r r a d i a t i o n  d e n s i t y  o f  Fe-Cr-Mn a l l o y s  i s  v e r y  l a rge .  
manganese, sp inoda l  decomposi t ion c o u l d  indeed l e a d  t o  a v e r y  s u b s t a n t i a l  d e n s i f i c a t i o n  and a l a r g e  
d r i v i n q  f o r c e .  It appears, however. t h a t  t h e r e  i s  another  Dhase seoa ra t i on  Drocess o c c u r r i n a  a t  l ower  

The a l l o y s  i r r a d i a t e d  i n  t h i s  exper iment  were s e l e c t e d  t o  exp o e t h e  p o s s i b i l i t y  t h a t  a c o r r e l a t i o n  

The 
than  t h e  0.9% t h a t  occurs  i n  t h e  Fe-Ni-Cr system. 7 91 ' .  Th is  i m p l i e s  a much l a r g e r  d r i v i n g  f o r c e  i n  t h e  

F i g u r e  5 indeed shows t h a t  below 35% manganese t h e  r a t e  of change w i t h  manganese c o n t e n t  
I f  t h e  d e n s i t y  aga in  r i s e s  s t e e p l y  above 35% 

~~ ~~~~ 

manganese l e v e l s .  
s t a b i l i t y  r e l a t i o n s h i p  i n  t h i s  a l l o y  system. 

More microscopy da ta  a r e  r e q u i r e d  t o  determine t h e  n a t u r e  of t h e  s w e l l i n g l p h a s e ~  

8 

7 

ORIGINAL 
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ALLOY 7 ,  

emIcm3 

7. 

I I I I 

7.L I I I I 

Wt.% MANGANESE "Em-., 

FIGURE 5. Dependence of p r e - i r r a d i a t i o n  d e n s i t y  on compos i t ion  f o r  annealed Fe-Cr-Mn a l l o y s .  
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3.1.6 Conc lus ions 

There does n o t  appear t o  be any l a r g e  advantage t o  be ga ined a t  h i g h e r  (>20%) manganese c o n t e n t s  i n  
terms o f  t h e  i n t r i n s i c  s w e l l i n g  r e s i s t a n c e  o f  s imp le  Fe-Cr-Mn a l l o y s .  
app ly  t o  t h e  so lu te- mod i f i ed  Fe-Cr-Mn a l l o y s  which have n o t  y e t  been examined. 
p r e c i p i t a t i o n  o r  s p i n o d a l - l i k e  decomposi t ion i s  caus ing  b o t h  a l a r g e  d e n s i f i c a t i o n  and t h e  d e s t r u c t i o n  of 
t h e  s w e l l i n g  r e s i s t a n c e ,  t hen  t h e  s t u d y  o f  t h e  d i f f e r e n c e s  between Fe-Cr-Mn and Fe-Cr-Ni I n v a r  a l l o y s  may 
l e a d  t o  c l u e s  as t o  how t o  suppress t h e  s p i n o d a l - l i k e  process and ex tend t h e  i n c u b a t i o n  p e r i o d  of 
s w e l l i n g .  The re fo re  examinat ion o f  t h e  Fe-Cr-Mn I n v a r  a l l o y s  w i l l  c o n t i n u e  d e s p i t e  t h e  i n i t i a l l y  
unsuccessful  a p p l i c a t i o n  of t h e  I n v a r - s w e l l i n g  r e s i s t a n c e  c o r r e l a t i o n  t o  t h e  s i m p l e  Fe-Cr-Mn system. 
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3.1.8 F u t u r e  Work 

D e n s i t y  change and microscopy da ta  w i l l  c o n t i n u e  t o  be  accumulated on b o t h  s imp le  and so lu te- mod i f i ed  
Fe-Cr-Mn a l l o y s  a t  h i g h e r  f luence.  Microscopy on specimens i r r a d i a t e d  t o  16 dpa w i l l  a l s o  con t i nue .  
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3.2 PHASE STABILITY D U R I N G  ANNEALING AND A G I N G  I N  LOW-ACTIVATION Fe-Cr-Mn AUSTENITIC STAINLESS STEELS - 
P. J. Maziasz and R. L. Klueh (Oak Ridge Na t i ona l  Labo ra to ry )  

3.2.1 A D I P  Task 

A D I P  t asks  I.A.5, Perform F a b r i c a t i o n  Ana lys is ,  and 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 .  

3.2.2 Ob jec t i ve  

Manganese- stabi l ized a u s t e n i t i c  s t a i n l e s s  s t e e l s  a r e  be ing  developed t o  rep lace  n i c k e l - s t a b i l i z 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  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  because t h e i r  r a d i o a c t i v i t y  decays more q u i c k l y  
a f t e r  shutdown. 
temperature ag ing  as a f u n c t i o n  of a l l o y  compos i t ion  t o  f i n d  s u i t a b l e  base composi t ions from which t o  
develop more complex, r a d i a t i o n - r e s i s t a n t  a l l o y s ,  s i m i l a r  t o  t h e  a u s t e n i t i c  p r ime cand idate  a l l o y  (PCA). 

3.2.3 Summary 

The f i r s t  group o f  l a b o r a t o r y  heats  of l o w- a c t i v a t i o n ,  manganese- stab i l i zed a u s t e n i t i c  s t e e l s  were aged 
f o r  168 h a t  8OO"C, f o l l o w i n g  s o l u t i o n  annea l ing  and c o l d  working,  t o  exp lo re  t h e i r  r e l a t i v e  p r e c i p i t a t i o n  
responses. D e l t a  (6) f e r r i t e ,  which was present  i n  many a l l o y s  a f t e r  s o l u t i o n  annea l ing ,  was absent i n  t h e  
cold-worked m a t e r i a l s  a f t e r  aging. These aged a l l o y s  recovered and/or r e c r y s t a l l i z e d ,  and t h e  m a t r i x  became 
comple te ly  a u s t e n i t i c ,  w i t h  v a r y i n g  amounts of 0 phase and M Z 3 C 6  (T) p r e c i p i t a t e s .  Only t h e  15Cr-19Mn-0.4C 
a l l o y  had f i n e l y  d i s t r i b u t e d  Both t h e  o and T phases 
conta ined s u b s t a n t i a l  amounts of manganese, whereas i n  n i c k e l - s t a b i l i z e d  s t e e l s ,  these phases would r e j e c t  
n i c k e l .  

3.2.4 Progress and Sta tus  

D e t a i l s  o f  purpose, s t ra tegy ,  and p r e p a r a t i o n  o f  t h e  f i r s t  t e n  manganese- s tab i l i zed 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  have been reported. '  The emphasis i n  t h i s  work i s  on t h e  phase s t a b i l i t y  and pre-  
c i p i t a t i o n  behav io r  o f  t h e  cold-worked a l l o y s  a t  temperatures below t h e  s o l u t i o n - a n n e a l i n g  range (105C- 
1275OC). 
-9, a re  g iven i n  Tab le  3.2.1. PCMA-3 was dropped f rom t h i s  i n v e s t i g a t i o n  due t o  f a b r i c a t i o n  d i f f i c u l t i e s .  
The a l l o y s  were s o l u t i o n  annealed f o r  1 h a t  1150-C and then  c o l d  worked 30% t o  p rov ide  maximum p r e c i p i t a -  
t i o n  k i n e t i c s  and s e n s i t i v i t y  t o  i n t e r m e t a l l i c  phase fo rma t i on  p r i o r  t o  ag ing  f o r  168 h a t  800°C. 
s t r u c t u r e  and phase changes were eva lua ted  v i a  o p t i c a l  microscopy,  v i a  fe r romagnet ic  behav ior  u s i n g  a 
" Fe r r i t escope , "  and v i a  a n a l y t i c a l  e l e c t r o n  microscopy us ing  JEM l O O C X  and 2OOOFX and P h i l i p s  EM400 i n s t r u -  
ments. T e n t a t i v e  phase i d e n t i f i c a t i o n s  f o r  va r i ous  a l l o y s  a re  g iven i n  Table 3.2.2, and t h e  r e s u l t s  of  
ferromagnet ism measurements a r e  l i s t e d  i n  Table 3.2.3. 

Phase s t a b i l i t y  i s  be ing  s t u d i e d  a f t e r  s o l u t i o n  annea l ing  (1050 t o  1 2 7 5 T )  and a f t e r  lower  

ca rb ide  p a r t i c l e s  w i t h o u t  any evidence o f  c phase. 

Chromium, manganese, and carbon compos i t iona l  v a r i a t i o n s  f o r  these s t e e l s ,  l a b e l e d  PCMA-0 th rough 

M ic ro-  

Table 3.2.1. Chemical compos i t ion  o f  b u t t o n  heats  me l ted  f o r  f a s t  
i n d u c e d- r a d i o a c t i v i t y  decay (FIRD) a1 loy-development prograin 

Chemical compos i t iona ( w t  %) 

C Mn S i  N i  C r  Ma V Nb Cu N 
A l l o y  

PCMA-0 0.069 13.4 0.04 0.01 15.0 0.01 0.01 (0.01 0.03 0.001 
-1 0.014 14.2 0.02 0.01 14.8 0.01 0.01 (0.01 0.03 0.001 
- 2  0.056 17.1 0.04 0.01 15.2 0.01 (0.01 (0.01 0.03 0.001 
- 3  0.089 13.9 0.02 0.01 10.0 0.01 (0.01 (0.01 0.03 0.002 
- 4  0.093 18.9 0.02 0.01 9.9 (0.01 (0.01 (0.01 0.02 0.002 
- 5  0.18 13.9 0.02 0.01 15.3 0.01 (0.01 (0.01 0.04 0.002 
- 6  0.18 14.3 0.02 0.01 16.0 0.01 (0.01 (0.01 0.03 0.003 
-7 0.38 19.1 0.02 0.01 14.8 0.01 <0.01 (0.01 0.05 0.005 
- 8  0.13 17.7 0.02 (0.01 20.1 0.01 (0.01 (0.01 0.03 0.003 
-9 0.26 17.6 0.03 0.01 20.2 0.01 (0.01 (0.01 0.03 0.006 

QBalance i r o n .  
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Table 3.2.2. T e n t a t i v e  i d e n t i f i c a t i o n  
of m i c r o s t r u c t u r a l  c o n s t i t u e n t s  o f  

aged Fe-Mn-Cr-C s t e e l s  

Phases 

( S A P  800°C/ 166hb 
115OoC/1 h SA t 30% CW t 

PCMA-0 y t 6 Not determined 

-3 y + 6  Not determined 

- 5 y t 6 t M  Not determined 

-8 y t 6 t P  Not determined 

aY = aus ten i t e ,  6 = 6 f e r r i t e ,  M = 
mar tens i te ,  P = p r e c i p i t a t e .  Evaluated 
f rom o p t i c a l  meta l lography.  

bEvaluated f rom t r ansm iss i on  
e l e c t r o n  microscopy. 

-1 y + 6  Y t 0  
- 2  y + 6  Y 0 + b J c 6  

-4 y t M  Y b3k t 0 

-6 y t 6 t P  Y s t  b3k 
-7 Y Y b 3 h  

-9 y t 6 t P  Y ' b 3 c 6  + 0 

Table 3.2.3. F e r r i t e  numbera as a measurement 
o f  t h e  e x t e n t  o f  fer romagnet ism 

F e r r i t e  numberb 

115OoC/1 h Cold worked 8OO0C/168 h 
A1 1 oy 

PCA-0 
-1 
-2 
-3 
- 4  
-5 
-6 
-7 
-8 
-9 

30 t  
3 0 t  
3 0 t  

4.0 
0.2 
5.8 
6.3 
0 

30+ 
19.0 

30 t  
3 0 t  
30+ 
3 0 t  
11.0 
3 0 t  

5.5 
0.5 

6.0 
3 0 t  

0.5 
6.8 
0.2 

0.2 
0.5 
0.2 
0.2 
0.2 
0 

UMeasurements made w i t h  a Ferr i tescope.  

bMaximum number measured w i t h  a Fe r r i t e scope  
i s  30. 

A l l o y s  PCMA-0 th rough  -4 g e n e r a l l y  con ta ined  l e s s  carbon and chromium than  t h e  o the r  hea ts  of s t ee l .  
Upon anneal ing,  e i t h e r  sane 6 - f e r r i t e  o r  E m a r t e n s i t e  (hcp)  formed w i t h  t h e  aus ten i t e ,  as seen i n  
Fig. 3.2.1. 
t o  t h e  presence of t h e  6 - f e r r f t e  i n  t h e  annealed cond i t i on ,  and hence showed l i t t l e  a d d i t i o n a l  change wi th 
f u r t h e r  c o l d  work ing  (Table 3.2.3). However, a l l o y  PCMA-4 d i d  become more magnetic a f t e r  c o l d  working, p re-  
sumably due t o  f o rma t i on  of t h e  a * - m a r t e n s i t e  ( b c t ) .  A l l o y s  PCMA-5 th rough  -9 g e n e r a l l y  had more carbon 
and/or chromium and, a f t e r  anneal ing,  con ta ined  6 f e r r i t e  and p robab ly  some ca rb i de  p r e c i p i t a t e s  t o g e t h e r  
w i t h  aus ten i t e ,  bu t  w i t h  no ev idence o f  m a r t e n s i t e  (see Fig. 3.2.2). 
appeared t o  form a' m a r t e n s i t e  upon c o l d  working, t o  i n c rease  i t s  ferromagnetism. 
a u s t e n i t i c  a f t e r  s o l u t i o n  annea l ing  as w e l l  as a f t e r  c o l d  work ing  (see Fig. 3.2.3 and Table 3.2.3). 

Aging o f  t h e  30%-CW m a t e r i a l s  produced r e f i n e d  s u b s t r u c t u r e s  and/or p r e c i p i t a t i o n  o f  ca rb ides  and 
i n t e r m e t a l l i c s ,  w i t h  no ev idence o f  t h e  p r i o r  6 - f e r r i t e  o r  mar tens i te ,  as shown m e t a l l o g r a p h i c a l l y  i n  
Figs. 3.2.1 th rough  3.2.3. Wi th t h e  excep t ion  o f  PCMA-1, a l l  a l l o y s  showed l i t t l e  o r  no fe r romagnet i c  beha- 
v i o r .  A l l o y  PCMA-1, with o n l y  0.05 wt 46 C, may have r e t a i n e d  a smal l  amount o f  6 - f e r r i t e  i n  some regions. 
Transmiss ion e l e c t r o n  microscopy (TEM) showed t h a t  new small  r e c r y s t a l l i z e d  g r a i n s  and s t a c k i n g  f a u l t s ,  as 
w e l l  as coarse o-phase p a r t i c l e s ,  were r espons ib l e  f o r  most o f  the r e f i n e d  subs t r uc tu res  shown i n  the aged 
specimens i n  Figs. 3.1.1 th rough  3.2.3. TEM a n a l y s i s  was performed on a l l o y s  PCMA-1, -2. -4, -6. -7. and 
-9. and phase i d e n t i f i c a t i o n  f rom TEM/AEM observa t ions  i s  found i n  Table 3.2.2. 

With regard  t o  g r a i n  boundar ies and s u b s t r u c t u r e ,  a l l o y s  PCMA-1, -2, and -4 r e c r y s t a l l i z e d  comple te ly  
i n t o  a new assembly of smal l ,  d i s l o c a t i o n - f r e e  gra ins.  Th i s  can be seen m e t a l l o g r a p h i c a l l y  i n  Fig. 3.2.1 
and by TEM i n  Fig. 3.2.4. A l l o y s  PCMA-5 th rough  -9 r e t a i n  s i m i l a r  g r a i n  s i z e s  a f t e r  ag ing  compared t o  t h e i r  
a s - s o l u t i o n - t r e a t e d  cond i t i ons .  as seen meta l lOgraDh iCa l lV  i n  Fia. 3.2.1. TEM of these  samples showed l a r g e  
extended f a u l t s  w i t h i n  l a r g e  g r a i n s  and h i g h e r  ci t w o r k s  w i t h i n  t h e  subregions. 
PCMA-6 con ta ined  a m i x t u r e  o f  d i s l o c a t e d  and d i s  PCMA-7 and -9 con ta ined  a 
h i g h e r  d i s l o c a t i o n  con ten t  and f i n e r  f a u l t  s t r u c  

a u s t e n i t e  and a-phase, whereas a l l o y  PCMA-7 ( t h e  h i g h e s t  carbon con ten t  - 0.38 wt %) con ta ined  a u s t e n i t e  and 
M 3 C , j , ( ~ ) .  A l l  o t h e r  a l l o y s  con ta ined  m i x t u res  of 0-phase and M23C6; a l l o y s  PCMA-2 and -9 appeared t o  have 
t t e  h i ghes t  volume f r a c t i o n s  o f  p r e c i p i t a t e ,  j u d g i n g  f rom bo th  meta l log raphy  and TEM. 
con ten t  tended t o  promote 0-phase formation, bu t  t h e  ( I / M ~ ~ C ~  r a t i o  seemed most s e n s i t i v e  t o  carbon 
v a r i a t i o n .  M i c r o s t r u c t u r a l l y ,  a-phase p a r t i c l e s  formed a t  g r a i n  boundar ies o r  a long  f a u l t e d  bands and 
ranged i n  s i z e  from (1 t o  4 t o  5 p i n  diameter. These p a r t i c l e s  were l a r g e s t  i n  a l l o y s  PCMA-0 th rough  -2. 
A r e p r e s e n t a t i v e  0-phase p a r t i c l e  and convergent beam e l e c t r o n  d i f f r a c t i o n  (CBED) p a t t e r n  c h a r a c t e r i s t i c  o f  
t h e  (001) zone a x i s  p a t t e r n  (ZAP) a re  shown i n  Fig. 3.2.5. 
g e n e r a l l y  1 t o  2 p o r  l e s s  i n  diameter. They were spa rse l y  d i s t r i b u t e d  o r  c l u s t e r e d  i n  most a l l o y s  except 
f o r  PCMA-7 and -9, i n  which they  were d i s t r i b u t e d  more uni formly.  
t a t i o n  ( p a r t i c l e s  were -23 nm i n  d iameter) ,  as shown i n  Fig. 3.2.6 w i t h  a CBED of t h e  ( O O l ) ,  ZAP f o r  
i d e n t i f i c a t i o n .  

A l l o y s  PCMA-0 th rough  -2 showed maximum measurable fe r romagnet i c  behavior ,  which i s  a t t r i b u t e d  

O f  t h i s  l a t t e r  group, on l y  PCMA-5 
A l l o y  PCMA-7 was e n t i r e l y  

Next, c o n s i d e r i n g  p r e c i p i t a t i o n ,  a l l o y  PCMA- i  \%ne iowesc carDon concenr - 0.014 w t  I )  con ta ined  

Increased chromium 

The M,,C6 ca rb ide  p a r t i c l e s  were sma l le r .  

Only PCMA-7 had f i n e  ca rb i de  p r e c i p i -  

onkentrat; ons o f - d i s l oca t i on- ne  
l o c a t i o n - f  r ee  r e q i  ons, whereas - 
tures.  . ,LL. * ... L.. ...*.._ 
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Fig. 3.2.1. Metallography i l l u s t r a t i n g  t h e  e f f e c t s  o t  JU%-cold working (CW) and aging f o r  168 h a t  
800'C r e l a t i v e  t o  t h e  as-solution-annealed (SA) (1  h a t  1150'C) s t ruc tu re  f o r  a l l o y s  PCMA-0, -1, -2, and -4. 
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P r e c i p i t a t e  phase and a u s t e n i t e  m a t r i x  composi t ions 
were measured by i n - f o i l  XEDS f o r  aged PCMA-9, and t h e  
r e s u l t s  a re  g i ven  i n  Table 3.2.4. 
was c l o s e  t o  t h a t  measured by bu lk  methods (Table 3.2.1), 
b u t  XEDS i n d i c a t e d  s l i g h t l y  h i ghe r  manganese. S u l f u r  and 
c a l c i u m  showed up i n  t h e  ana l ys i s ;  t h e  s u l f u r  may be con- 
t a m i n a t i o n  remain ing from t h e  s u l f u r i c  a c i d  used t o  e l e c t r o -  
p o l i s h  t h e  specimens. The a-phase was r i c h  i n  chromium 
r e l a t i v e  t o  t h e  ma t r i x ,  w h i l e  manganese and i r o n  l e v e l s  
remained s i m i l a r  t o  those  found i n  t h e  aus ten i te .  The 
M23C6 was r i c h e r  i n  chromium and poorer  i n  i r o n  and manga- 
nese t han  t h e  mat r i x .  
remarkably s i m i l a r  i n  chromium and i r o n  con ten ts  t o  those  
same phases found i n  a n i c k e l - s t a b i l i z e d  a u s t e n i t i c  
s t a i n l e s s  S tee l ,  l i k e  t h e  PCA.2 
M,,Cp phases would r e j e c t  n i c k e l  r e l a t i v e  t o  t h e  a u s t e n i t i c  
m a t r i x  i n  n i c k e l - s t a b i l i z e d  s t e e l s ,  whereas manganese was 
oresent  t o  n e a r l v  t h e  m a t r i x  c o n c e n t r a t i o n  w i t h  l i t t l e  

The a u s t e n i t e  composi t ion 

The phase composi t ions i n  PCMA-9 were 

However, bo th  u and 

Table 3.2.4. Phase composi t ions measured 
v i a  XEOS i n  30%-CW and aged PCMA-9 

Composit ion (at.  %)ash 

S Ca Cr Mn Fe 
Phase 

y - m a t r i x  2.3 0.2 20.4 19.5 57.7 

s - M ~ ~ C ~  0.6 0.4 55.8 15.3 27.7 
1.2 0.4 70.9 12.4 15.1 
0.7 0.4 72.6 11.6 14.6 

o-phase 1.1 0.2 28.8 18.7 51.2 

aNormal ized compos i t ion  f o r  elements 
heav i e r  than  aluminum. ohases measured . .  

r e j e c t i o n  o r  enrichment i n  t h e  PCMA s t ee l .  
r e j e c t i o n  by a-phase may be one f a c t o r  f a v o r i n g  i t s  
suppress ion w i t h  i n c r e a s i n g  a u s t e n i t e  n i c k e l  concen t ra t ion .  
If manganese p l ays  even a n e u t r a l  r o l e  i n  a-phase format ion,  
t h a t  cou ld  p a r t i a l l y  e x p l a i n  why t h e  PCMA s t e e l s  seem more 

The n i c k e l  i n - f o i  1. 

con tamina t ion  f rom s o l u t i o n s  used f o r  
e,ectropolishing 

bAt l e a s t  s u l f u r  may come from 

prone t o  a-phase format ion,  d e s p i t e  t h e i r  h i ghe r  carbon con- 
t e n t s ,  t han  normal n i c k e l - s t a b i l i z e d  s t ee l s .  

Wi th regard  t o  guidance f o r  f u t u r e  a l l o y  development, PCMA-7 appears a t t r a c t i v e ,  due t o  i t s  f i n e  M& 
ca rb i de  p r e c i p i t a t i o n  formed d u r i n g  ag ing  a t  800°C as w e l l  as i t s  e n t i r e l y  a u s t e n i t i c  s t r u c t u r e  a f t e r  so l u-  
t i o n  anneal ing.  A second gene ra t i on  of PCMA a l l o y s ,  -10 through -14, have been me l ted  i n  t h e  compos i t iona l  
range o f  10 t o  16 a t .  % C r ,  20% Mn, and 0.1 t o  0.2% C.3 A l though we ld ing  c o n s i d e r a t i o n s  tend  t o  pu t  a l i m i t  
on carbon con ten ts ,  t h e  p resen t  ag ing  r e s u l t s  suggest t h a t  h i g h e r  carbon con ten ts  a re  b e n e f i c i a l  f o r  p ro-  
duc ing  f i n e r  ca rb i de  d i s t r i b u t i o n s  and r e t a r d i n g  a-phase format ion.  

3.2.5 References 

1. R. L. Klueh and P. J. Maziasz, "The Development o f  A u s t e n i t i c  S tee ls  f o r  Fast  I n d u c e d- R a d i o a c t i v i t y  

2. P. J. Maziasz and S. J i tsukawa, "Minor Composi t ional  Va r i a t i ons  o f  t h e  A u s t e n i t i c  PCA t o  Exp lo re  m: 
Decay," pp. 69-75 i n  ADIP Semiannu. prog. Rep. S e p t .  30, 1984, DOE/ER-0045/13, U.S. DOE, Of f i ce  of Fusion 
Energy. 

Formation and S t a b i l i t y  C h a r a c t e r i s t i c s  f o r  Improved Rad ia t i on  Resistance,"  pp. 37-48 i n  ADIP Semiannu. 
Prog .  Rep. Mar. 31 ,  1985, OOEIER-0045114. 

3. R. L. Klueh and P. J. Maziasz, Sect. 3.5, t h i s  repor t .  
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Fig. 3.3.1. C a v i t i e s  i n  SA and 20% CW 316 i r r  
( a )  SA and ( b )  20% CW. 

5-01431 $" 
. .. 

. ' .', ~ 

Fig. 3.: 
300OC t o  33.1 

. ,  . ,  
, .  '.:> _ .  , 

.ad iated a t  30OoC t o  33.0 dpa and 2116 at .  ppm He i n  HFIR. 

3.2. 
I dpa and 2116 a t .  ppm He i n  HFIR. 

Grain boundary c a v i t i e s  i n  SA 316 i r r a d i a t e d  a t  

Table 3.3.2. C a v i t y  da ta  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  HFIR 

I r r a d i a t i o n  c o n d i t i o n s  Cav i t y  da ta  

Average Number C a v i t y  
Type d iameter  d e n s i t y  v o l  ume 

Tempera- Helium 

(nm) ( cav i t i e s /m3 )  f r a c t i o n  t u r e  con ten t  ment 
damage 
(dpa l  

Specimen 

("C) (at .  ppm) ( I )  

SA 33.0 300 2116 Bubble 2.7 3.0 1023 0.29 

20% CW 33.0 300 2116 Bubble 2.5 3.5 1023 0.28 

I n  20% CW ( N- l o t )  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  a t  30OoC t o  10 dpa (375 a t .  ppm He) i n  HFIR. p rev i ous  
However. i n  20% ( N - l o t )  316 s t a i n l e s s  s t e e l  i r r a -  exper iments showed t h a t  c a v i t i e s  were no t  d e t e ~ t a b l e . ~  

d i a t e d  a t  30OoC t o  44 dpa (2613 at .  ppm He) i n  HFIR, smal l  c a v i t i e s  were found" s i m i l a r  t o  those  i n  t h i s  
work. Fur ther .  recen t  work u s i n g  t h e  2OOOFX suggests t h a t  smal l  c a v i t i e s  may be r eso l vab le  i n  N- lo t  316 
i r r a d i a t e d  a t  3 0 0 T  t o  -10 dpa i n  HFIR.S 

networks and Frank loops  (Fig. 3.3.3). 
h i g h - r e s o l u t i o n  dark f i e l d  w i t h  (111) k i nema t i ca l  s a t e l l i t e  s t r eaks  around gzo0 t y p e  m a t r i x  r e f l e c t i ons .6  
F igure  3.3.4 shows Frank f a u l t e d  loops  imaged by t h e  above r e f l e c t i o n  cond i t i on .  
measured from these  p i c t u r e s  a re  g iven  i n  Table 3.3.4. 
specimens, bu t  t h e  c o n c e n t r a t i o n  o f  loops  was s l i g h t l y  l a r g e r  i n  20% CW compared t o  t h e  SA ma te r i a l .  

The d i s l o c a t i o n  s t r u c t u r e  o f  both SA and 20% CW s t a i n l e s s  s t e e l  c o n s i s t e d  of a heavy c o n c e n t r a t i o n  o f  
Frank f a u l t e d  loops  were imaged sepa ra te l y  from t h e  network, u s i n g  

D i s l o c a t i o n  parameters 
The s i z e  of Frank f a u l t e d  loops  was s i m i l a r  i n  bo th  
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3.3.5 Conclusions Table 3.3.4. Frank f a u l t e d  l o o p  
oarameters f o r  t v o e  316 s t a i n -  --. ~ ~~~ ~~~ 

~ ~~~ ~ ~ 

C a v i t i e s  were observed i n  both  so lu t i on- annea led  and 20%-cold 
worked t y p e  316 s t a i n l e s s  s t e e l s  i r r a d i a t e d  a t  3OO0C i n  HFIR t o  
33.0 dpa and 2116 at. ppm He. A dense p o p u l a t i o n  o f  f i n e  c a v i t i e s  
(-2.5 nm i n  d iamete r )  was u n i f o r m l y  observed throughout  t h e  m a t r i x  Average Number 
(-3 x 10'' cavi t ies/m') .  C a v i t y  f r a c t i o n  s w e l l i n g  was 0.3% i n  Specimen d iameter  d e n s i t y  
b o t h  ma te r ia l s .  (nm) (1 oops/m' ) 

D i s l o c a t i o n  s t r u c t u r e s  o f  bo th  network and Frank f a u l t e d  
l oops  were found. Averaae d iameter  and number d e n s i t v  o f  Frank SA 10.3 1.3 x lo2' 

i e s s  s t e e l  i r r a d i a t e d  i n  HFIR 

loops  were -10.3 nm and -1.4 x 10'' loops/m'. 

3.3.6 Fu tu re  Work 

M i c r o s t r u c t u r e s  produced i n  t y p e  316 s t a i n l e s s  s t e e l s  
i n c l u d i n g  DO-heat and N- lo t  316 i r r a d i a t e d  a t  30OoC i n  HFIR w i l l  be observed u s i n g  h i g h - r e s o l u t i o n  e l e c t r o n  
microscopy and t h e  behav ior  o f  c a v i t i e s ,  d i s l o c a t i o n s ,  and p r e c i p i t a t e s  under l ower  temperature  i r r a d i a t i o n  
i n  HFIR w i l l  be c o r r e l a t e d  i n  t y p e  316 s t a i n l e s s  s t e e l .  
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Fig. 3.4.1. Cav i t y  m i c r o s t r u c t u r e  of 
( a )  JPCA-SA, (6) JPCA-10% CW and ( e )  JPCA 2 m  CW 
a f t e r  i r r a d i a t i o n  i n  HFIR t o  34.0 dpa a t  300°C. 
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( c )  C a w  I t y  D i a m e t e  r nrn 

Fig. 3.4.2. Cav i t y  s i z e  d i s t r i b u t i o n  of 
f n l  JPCA-SA. f b l  JPCA-10% CW. and fcl JPCA-20% CW > - - ,  ~ 

a f t e r  i r r a d i a i i i n  i n  HFIR to -34.0 dpa a t  300°C. 

F i gu re  3.4.3 shows Frank f a u l t e d  l o o p  image . sepa ra te l y  from t h e  d i s l o c a t i o n  network, us i ng  dark f i e l d  
w i t h  (111) k inema t i ca l  s a t e l l i t e  s t r eaks  around gzo0 t y p e  m a t r i x  r e f l e c t i o n s  observed i n  SA, 10- and 20% CW 
JPCA. The s i z e  d i s t r i b u t i o n  of t h e  l oop  m i c r o s t r u c t u r e  i s  shown i n  Fig. 3.4.4. 
observed among t h e  examined specimens. 
inc reases  i n  t h e  CW JPCAs compared t o  SA JPCA. 

o f  t h e  p a r t i c l e s  i s  1.0 nm, and t h e  d i r e c t i o n  o f  t h e  f r i n g e s  i s  p e r p e n d i c u l a r  t o  <ZOO> r e f l e c t i o n s  of t h e  
m a t r i x  i n d i c a t i n g  t h a t  these  p a r t i c l e s  a re  MC-type p r e c i p i t a t e s  which have a cube-on-cube r e l a t i o n s h i p  w i t h  
t h e  ma t r i x .  

No b i g  d i f f e r e n c e  can be 
However, t h e  average l o o p  s i z e  decreases and l oop  c o n c e n t r a t i o n  

F i gu re  3.4.5 shows t h e  r a d i a t i o n  produced p r e c i p i t a t i o n  i n  20%-CW JPCA. The spacing of Mo i r6  f r i nges  

It i s  no t  c e r t a i n  y e t  whether or n o t  i r r a d i a t e d  SA and 10%-CW JPCA con ta i n  MC p a r t i c l e s .  
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Fig. 3.4.5. D i s t r i b u t i o n  o f  MC p r e c i p i t a t e s  i n  JPCA-20% CW a f t e r  i r r a d i a t i o n  i n  HFIR t o  34.0 dpa a t  
3OOOC. 

bubbles HFIR neu t ron  i r r a d i a t i o n  t o  34.0 dpa a t  300°C. 
observed i n  JPCA-ZUZ CW specimens. 
g i ven  i n  t h e  nex t  semiannual r epo r t .  
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The a l l o y s  were c a s t  i n t o  an i n g o t  of r ec tangu la r  c ross  s e c t i o n  o f  12.7 by 25.4 mn by 152 mn. 
i n g o t s  were h o t  r o l l e d  a t  1O5O0C t o  a 6.4-mm th ickness ,  a f t e r  which t hey  were homogenized 5 h a t  1200°C. 
Each s t e e l  was c o l d  r o l l e d  t o  0.76- and 0.25mm sheet. 
success ive ly  reduc ing  t h e  cross s e c t i o n  50% and t hen  annea l ing  1 h a t  1150OC. 
worked. 

a f t e r  c o l d  work ing  t o  0.76 mn, a f t e r  t h e  cold-worked sheet was annealed f o r  1 h a t  115OOC and f o r  8 and 
24 h a t  1O5ODC, and a f t e r  t h e  cold-worked sheet was aged 168 h a t  800°C. 
magnet ic  measurements were made w i th  a " Fe r r i t e scope"  t o  o b t a i n  a q u a l i t a t i v e  measure of t h e  fe r romagnet i c  
p r o p e r t i e s  of each a l l o y .  Specimens were examined by t r a n s m i s s i o n- e l e c t r o n  microscopy a f t e r  annea l ing  1 h 
a t  1150'C. 
JEM 2OOOFX microscope equipped wi th  a Tracor- Nor thern  dec tec to r  and computer analyzer ,  u s i n g  a b e r y l l i u m  
soecimen h o l d e r  t o  m in im ize  t h e  x- ray background d u r i n g  x- ray  energy d i s p e r s i v e  spectroscopy (XEDS) 

The 

The reduc t i ons  f rom t h e  6.4-mm bar  were made by 
The f i n a l  sheet was 20% c o l d  

Specimens were examined by o p t i c a l  meta l log raphy  a f t e r  t h e  homogenizat ion t rea tment  (5 h a t  1200°C), 

A f t e r  each of these  t rea tments ,  

A n a l y t i c a l  e l e c t r o n  microscopy (AEM) was performed on specimens annealed 1 h a t  1150°C on a 

ana lys is .  

3.5.4.3 Resu l t s  and D iscuss ion  

A sumnary o f  t h e  m i c r o s t r u c t u r e s  observed by o p t i -  
c a l  microscopy i s  g iven  i n  Table 3.5.2. Except f o r  t h e  
r e l a t i v e  amount of a g iven  phase o r  c o n s t i t u e n t  p re-  
sent ,  t h e  m i c r o s t r u c t u r e s  a f t e r  5 h a t  1200°C and 8 and 
24 h a t  1O5O0C were gene ra l l y  s i m i l a r  t o  those  observed 
a f t e r  1 h a t  1150OC; t h e  m i c r o s t r u c t u r e  of t h e  spec i -  
mens annealed a t  115OOC w i l l  be d iscussed l a t e r .  
M i c r o s t r u c t u r e s  o f  t h e  cold-worked s t e e l s  annealed 
168 h a t  8OO0C were c o n s i d e r a b l y  d i f f e r e n t ,  p r i m a r i l y  
i n  t h e  l a r g e  amount o f  p r e c i p i t a t e  t h a t  formed a t  t h e  
lower  temperature. 
t a t e  s t r u c t u r e  of t h e  aged cold-worked s t ee l s ,  no 
phases a re  g iven  i n  Table 3.5.2. However, f o r  t h e  
o t h e r  hea t  t rea tments ,  & - f e r r i t e  ( d ) ,  a u s t e n i t e  ( y ) ,  
and m a r t e n s i t e  (M) were i d e n t i f i e d  as c o n s t i t u e n t s  
(Table 3.5.2). 
Table 3.5.2 beyond s t a t i n g  t h a t  a p r e c i p i t a t e  (P) was 
observed, meaning t h a t  a l a r g e  amount of a p r e c i p i t a t e  
ohase f o r  Dhases) was obvious. Poss i b l e  D r e c i p i t a t e  

Because o f  t h e  compl i ca ted  p r e c i p i -  

No p r e c i p i t a t e  phases a re  l i s t e d  i n  

Tab1 e 3.5.2. T e n t a t i v e  i d e n t i  f i  c a t i  ona 
o f  m i c r o s t r u c t u r a l  c o n s t i t u e n t s  

o f  Fe-Mn-Cr-C s t e e l s  

Cons t i  t u e n t s b  

1200°C/5 h 115O0C/1 h 1O5O0C/8 h 
A1 1 oy 

~~ 

PCMA- IO Y + M  Y + M  Y + M  
-11 Y + M  Y + M  Y + M  
-12 Y + P  Y Y 
-13 Y + 6  Y + &  Y + &  
-14 r + 6  r + b  Y + 6  

a l d e n t i  f i  ed by o p t i c a l  microscopy. 

by = aus ten i t e ,  6 = 6 f e r r i t e ,  M = 
m a r t e n s i t e ,  and P = p r e c i p i t a t e .  

phases ' inc iude  carb ides,  Laves phase, sigma phase, and c h i  phase. 
i n  more d e t a i l  a f t e r  TEM s tud ies  have been completed. 

The p r e c i p i t a t e  phases w i l l  be d iscussed 

The maanetic measurements a re  a u a l i t a t i v e  and meant t o  i n d i c a t e  t h e  presence o f  magnet ic  c o n s t i t u e n t s  
( 6 - f e r r i t e  or d - m a r t e n s i t e )  i n  t h e  'm ic ros t ruc tu re .  
Table 3.5.3. 
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  weld meta ls  where a u s t e n i t e  and f e r r i t e  a re  t h e  p r imary  c o n s t i t u e n t s  present .  
A " f e r r i t e  number" i s  determined. 
a u s t e n i t i c  we ld  meta l  f o r  low f e r r i t e  contents.  
severa l  o f  t h e  f i r s t  t e n  a l l o y s  had such readings.2 
(Table 3.5.3). 

Resu l ts  f rom t h e  Fe r r i t e scope  measurements a re  g iven  i n  
The F e r r i t e s c o p e  i s  r o u t i n e l y  used t o  m a n g e t i c a l l y  determine t h e  amount o f  6 - f e r r i t e  p resen t  

Th is  number i s  approx imate ly  equal t o  t h e  percen t  o f  6 - f e r r i t e  i n  t h e  

The f e r r i t e  numbers of Table 3.5.3 a re  used here  t o  i n d i c a t e  q u a l i t a t i v e l y  t h e  amount of 

A maximum F e r r i t e s c o p e  read ing  o f  30 i s  poss ib le ,  and 
No maximum read ings  were ob ta ined  f o r  PCMA-10 t o  -14 

magnet ic  c o n s t i t u e n t  present .  / 

Table 3.5.3. F e r r i t e  numbera as a measurement o f  t h e  ex ten t  
o f  fer romagnet ism o f  an a l l o y  

F e r r i t e  numberb 

Cold 1200°C/ 1150"C/ 1050°C/ 1O5O0C/ 800°C/ 
worked 5 h  l h  8 h  24 h 168 h 

QMeasurements made by a Fer r i tescope.  

bMaximum number measured w i t h  a Fer r i tescoDe i s  30. 
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There appear t o  be s i m i l a r i t i 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  two low-chromium, low- carbon a l l o y s  
A-10 and -11). 
a r i n g  c o n s t i t u e n t  [Fig. 3.5.l(a)], which was i n i t i a l l y  assumed t o  be E-martensi te.  because t h e  magnet ic 
i n g s  f o r  t h e  annealed s t e e l  were ex t remely  low. 

t h e  10% C r  s t e e l .  With o p t i c a l  microscopy i t  was n o t  p o s s i b l e  t o  determine i f  t h e  m i c r o s t r u c t u r e  con- 
ed m a r t e n s i t e  o r  a h i g h  d e n s i t y  of anneal ing t w i n s  [Fig. 3 .5 . l (b ) l ,  a l t hough  i t  was assumed t o  be mar- 
i t e  (Tab le  3.5.2). 

The s t e e l  wi th  lG% C r 4 . l %  C (PCMA-10) c o n t a i n s  cons ide rab le  amounts o f  an a c i c u l a r -  

The 12% C r 4 . 1 %  C s t e e l  (PCMA-11) has a f i n e r  s t r u c t u r e  

Fig.  3.5.1. M i c r o s t r u c t u r e  of (a) F&OMn-lOCrd.lC (PCMA-IO) and ( b )  Fe-ZOMrcl2Cr-O.lC (PCMA-11) 
'1s s o l u t i o n  annealed 1 h a t  115OOC. 

The 10- and 12%-Cr s t e e l s  wi th  0.1% C annealed 1 h a t  115OOC were examined by TEM. It appears t h a t  t h e  
1 w i t h  10% C r  con ta ins  a h i g h  d e n s i t y  o f  s t a c k i n g  f a u l t s  (Fig. 3.5.2), b u t  t h e  s t e e l  w i t h  12% C r  con- 
s E - m a r t e n s i t e  (Fig.  3.5.3). I f  t h i s  i s  t r u e ,  i t  would be c o n t r a r y  t o  p r e d i c t i o n s  ob ta ined  from t h e  
e f f l e r  diagram.3 The TEM obse rva t i ons  do i n d i c a t e  t h a t  t h e  s t e e l s  a re  b a s i c a l l y  a u s t e n i t e ,  which was 
reason f o r  choosing these  composit ions.2 It a l s o  r e i n f o r c e s  t h e  obse rva t i on  t h a t  t h e  Schae f f l e r  diagram 
d on t h e  equa t ion  f o r  t h e  n i c k e l  e q u i v a l e n t  w i t h  a m u l t i p l y i n g  f a c t o r  f o r  manganese o f  0.5 i s  not  a p p l i -  
e f o r  t hese  high-manganese s tee ls .  Based on t h e  S c h a e f f l e r  diagram, we would have expected t o  f i n d  mar- 
i t e  i n  t h e  low-chromium s t e e l  and then  d isappear  w i t h  an i nc rease  i n  chromium. 
i r e d  t o  unders tand t h e  present  observat ions.  

The 12Cr4.2%C s t e e l  (PCMA-12) s o l u t i o n  annealed 1 h a t  1150'C was e n t i r e l y  a u s t e n i t i c .  
oscopy showed t h e  s t e e l  t o  have a p r o p e n s i t y  f o r  t w i n  format ion [Fig. 3.5.4(a)]; e l e c t r o n  microscopy 
a l e d  a m a t r i x  devo id  o f  o t h e r  phases, s t a c k i n g  f a u l t s ,  o r  d i s l o c a t i o n s  [Fig. 3 .5 .4(b)I .  

The two  high-chromium s t e e l s  (PCMA-13 and -14) con ta ined  6 - f e r r i t e  (F ig ,  3.5.5). Based on t h e  O p t i c a l  
oscopy and t h e  magnet ic measurements, t h e  nomina l l y  16% Cr4 .2% C s t e e l  (PCMA-14) con ta ined  t h e  most 6- 
i t e .  
o c a t i o n  d e n s i t y  i n  t h e  6 - f e r r i t e  compared t o  t h e  aus ten i te .  These d i s l o c a t i o n s  cou ld  be e i t h e r  t h e  
It of t r a n s f o r m a t i o n  s t r e s s e s  o r  o f  d i f f e r e n t i a l  c o n t r a c t i o n s  o f  t h e  phases d u r i n g  coo l i ng .  
-worked s t e e l s  were aged 168 h a t  800°C and then  e tched  f o r  sigma phase, t h e  phase was observed, espe- 
l y  f o r  t h e  s t e e l  w i t h  16% Cr, where i t  was obv ious t h a t  t h e  sigma phase had formed i n  what had p re -  
s l y  been 6 - f e r r i t e  (Fig. 3.5.7). 

l e  3.5.4). 
i f i c a n t  p a r t i t i o n i n g  between t h e  f e r r i t e  and a u s t e n i t e  (Fig.  3.5.8), w i t h  t h e  c o n c e n t r a t i o n  g r e a t e r  i n  
& - f e r r i t e .  
r v a t i o n s  on manganese d i f f e r  f rom obse rva t i ons  f o r  n i c k e l  i n  n icke l- chromium a u s t e n i t i c  s t a i n l e s s  
ls .7  

I n  t h e  annealed con- 
on, t h e  concen t ra t i ons  o f  t h e  n i c k e l  i n  a u s t e n i t e  and f e r r i t e  were 10.2 and 4.8%, r e s p e c t i v e l y ;  t h e  
mium concen t ra t i ons  i n  a u s t e n i t e  and f e r r i t e  were 21.9 and 31.8%, r e s p e c t i v e l y .  
on ing  behav ior  o f  manganese and n i c k e l  between a u s t e n i t e  and f e r r i t e  suggests a t  l e a s t  d i f f e r e n t  s o l u b i -  
es o f  t hese  elements i n  t h e  6 - f e r r i t e .  
ess ing  t h e  eCfects  o f  manganese i n  terms of t h e  s imple  n i c k e l  and chromium e q u i v a l e n t  equat ions used i n  
u n c t i o n  w i t h  t h e  S c h a e f f l e r  diagram. 

More TEM w i l l  be 

O p t i c a l  

F igu re  3.5.6 shows a TEM micrograph of a 6 - f e r r i t e  p a r t i c l e  i n  an a u s t e n i t e  ma t r i x .  Note t h e  h i g h  

When t h e  

The compos i t ions  o f  t h e  6 - f e r r i t e  p a r t i c l e s  and t h e  a u s t e n i t e  g r a i n s  o f  PCMA-14 were ana lyzed by REM 
For t h e  i r o n ,  chromium, and manganese. t h e  p r imary  components, o n l y  t h e  chromium showed a 

The manganese and i r o n  concen t ra t i ons  were e s s e n t i a l l y  t h e  same i n  t h e  two phases. These 

For t y p e  308 s t a i n l e s s  s t e e l ,  which nomina l l y  con ta ins  20.5% Cr ,  10.5% N i ,  V i tek  and David8 found 
n i c k e l  was s t r o n g l y  p a r t i t i o n e d  t o  t h e  a u s t e n i t e ,  chromium t o  t h e  6 - f e r r i t e .  

The d i f f e r e n c e  i n  p a r -  

These r e s u l t s  may a l s o  add i n s i g h t  i n t o  t h e  d i f f i c u l t i e s  w i t h  



r 

12 

Fig. 3.5.2. Microstructure of F&OMi?-lOCr-O.lC s t e e l  showing t h e  austen i te  mat r ix  w i t h  a h igh  density  
o f  stacking f a u l t s .  

Fig. 3.5.3. Microstructure of Fe-2OM+lZCr-O.lC s tee l  so lu t ion  annealed 1 h a t  1150'C showing t h e  
austen i te  m a t r i x  w i t h  martensite  needles. 
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5-1408 

Fig. 3.5.6. M i c r o s t r u c t u r e  of F~ZOMrc16Cr-0.2C s t e e l  s o l u t i o n  annealed 1 h a t  1150°C. showing a 
6 - f e r r i t e  g r a i n  i n  t h e  a u s t e n i t e  mat r i x .  

'1-203239 _- 

Fig. 3.5.7. M i c r o s t r u c t u r e  of Fe-ZOMrc16Cr-0.2C s t e e l  c o l d  worked, t hen  aged 168 h a t  800'C. 
was e tched  w i t h  Maurakami's reagent. 
6 - f e r r i t e  i s  i d e n t i f i e d  by t h i s  e t c h i n g  techn ique  as sigma phase. 

Specimen 
The dark phase t h a t  formed i n  t h e  reg ions  t h a t  were p r e v i o u s l y  
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3.5.5 Summary 

The r e s u l t s  of t h e  m i c r o s t r u c t u r a l  observa t ions  
on 15 b u t t o n  m e l t s  of Fe-Mn-Cr-C s t e e l s  have revea led  
i n t e r e s t i n g  c h a r a c t e r i s t i c s  of these  high-manganese 
a l l o y s .  F u r t h e r  work i s  r e q u i r e d  t o  understand t h e  
e f fec t  o f  composi t ion on t h e  s t a c k i n g  f a u l t  and 
m a r t e n s i t e  f o r m a t i o n  and t h e  i n t e r p r e t a t i o n  o f  t h e  
e f fec t i veness  of manganese as an a u s t e n i t e  s t a b i -  
l i z e r .  The major  o b j e c t i v e  of t h i s  work was t h e  
d e t e r m i n a t i o n  of base composi t ions t h a t  c o u l d  be 
f u r t h e r  a l l o y e d  f o r  r a d i a t i o n  r e s i s t a n c e  and s t reng th .  
We fee l  t h a t  we have reached t h e  p o i n t  where such a 
base composi t ion can be se lected.  Dur ing  t h e  nex t  
r e p o r t i n g  pe r iod ,  base composi t ions w i l l  be se lec ted ,  
and a l l o y s  w i l l  be prepared w i t h  a l l o y i n g  elements 
added f o r  s t r e n g t h  and r a d i a t i o n  res i s tance .  
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Table  3.5.4. XEOS phase compos i t i ona l  
measurements i n  F+ZOMn-ECr-0.2C 

s t e e l  (PCMA-14), s o l u t i o n  
annealed 1 h a t  1150°C 

Composition,a a t .  %a,b 

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

y - a u s t e n i t e  m a t r i x  

0.7 1.0 0.1 0.3 17.9 21.5 58.4 0.0 0.1 
0.7 1.0 0.1 0.1 17.8 20.6 59.6 0.0 0.05 

& f e r r i t e  p a r t i c l e s  

0.0 0.0 0.0 0.0 23.2 20.0 56.4 0.0 0.1 
0.1 0.0 0.0 0.2 23.1 19.5 57.0 0.0 0.1 
0.0 0.0 0.2 0.2 23.1 19.4 56.8 0.0 0.1 

a M e t a l l i c  elements w i t h  2 g r e a t e r  t h a n  A l .  

bEach l i n e  o f  compos i t i ona l  numbers rep re-  
sen ts  one i n d i v i d u a l  measurement. 

6 - FERRITE 

AUSTENITE 

Cr Mn Fe 
E v a l u a t i o n  of Laser Welded 3 0 8 S t a i n l e s s  
Stee l , "  pp. 16%115 i n  Scanning Electron 
Microscopy/l981/I, SEM, Inc., AMF O'Hare, as determined by XEOS on t h e  Fe-20Mn-16Cr4.2C s t e e l  
Chicago, 1981. s o l u t i o n  annealed 1 h a t  1150°C. 

F ig .  3.5.8. Chemical composi t ion of chromium, 
magnesium, and i r o n  i n  6 - f e r r i t e  and a u s t e n i t e  phases 
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5.1 EFFECT Gf THERMAL-MECHANICAL TREATMENT AND I M P U R I T Y  LEVEL ON THE Y I E L D  STRENGTH AND MICRUSTKUCTUKE 
OF V-15Cr-5 l i  ALLOY - 6.  A. Loomis and 6.  J .  Keste l  (Argonne Nat iona l  Labora to ry )  

5.1.1 A D I P  Task 

A D I P  Task I . A . l .  Define Ma te 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 i c t i ons .  

5.1.2 Ob jec t i ve  

The o b j e c t i v e  of t h i s  work i s  t o  p rov i de  guidance on t he  a p p l i c a b i l i t y  o f  a l l o y s  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 .  

5.1.3 Summary 

c o n c e n t r a t i o n  and anneal ing t rea tment  a re  presented i n  t h i s  r e p o r t .  The exper imenta l  r e s u l t s  suggest 
t h a t  these  mechanical p r o p e r t i e s  a re  no t  determined s o l e l y  by t h e  0, N, and C c o n c e n t r a t i o n .  

The y i e l d  s t r e s s ,  t o t a l  e l onga t i on ,  and hardness f o r  V-15Cr-5Ti a l l o y s  w i t h  a range o f  0, N, and C 

5.1.4 Progress and Status 

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

Observat ions of t h e  m i c r o s t r u c t u r e  i n  i o n - i r r a d i a t e d  V-15Cr-5Ti specimens by t r a n s m i s s i o n  e l e c t r o n  
microscopy have shown t h a t  i r r a d i a t i o n - i n d u c e d  d imensional  change due t o  vo ids  o r  g a s - f i l l e d  c a v i t i e s  i n  
a V-15Cr-5Ti s t r u c t u r a l  m a t e r i a l  w i l l  no t  be a major  concern du r i ng  t h e  l i f e t i m e  o f  a r e a c t o r .  However, 
these  observa t ions  suggest t h a t  t h e  d u c t i l i t y  o f  t he  a l l o y  may be decreased s u b s t a n t i a l l y  by t he  presence 
of a h igh  d e n s i t y  of i r f a d i a t i o n- p r o d u c e d ,  d i s c - l i k e  p r e c i p i t a t e s  i n  t he  v i c i n i t y  o f  g r a i n  boundar ies and 
i n t r i n s i c  p r e c i p i t a t e s .  

The d u c t i l i t y  of t h e  i r r a d i a t e d  a l l oy  may be improved w i t h  a s u i t a b l e  p r e - i r r a d i a t i o n  heat t rea tment  
and a maximum c o n c e n t r a t i o n  of 0, N, and C i m p u r i t y  i n  t h e  a l l o y .  I n  t h i s  r e p o r t  t h e  y i e l d  s t r e s s ,  
d u c t i l i t y ,  and hardness a re  presented f o r  u n i r r a d i a t e d  V-15Cr-5Ti a l l o y s  w i t h  a range of 0, N, and C 
c o n c e n t r a t i o n  and heat  t r ea tmen t .  

5.1.4.2 M a t e r i a l s  and Procedure 

The V-15Cr-5Ti a l l o y s  (Table 5.1.1) were ob ta ined  from t h e  Fusion M a t e r i a l s  I nven to r y  (ORNL) and t h e  
ANL m a t e r i a l s  i n ven to r y .  Experime t a l  da ta  from an e a r l i e r  s tudy on a r e l a t i v e l y  pure V-15Cr-5Ti a l l o y  
a re  a l s o  presented f o r  comparison.' Sheet t e n s i l e  specimens w i t h  a nominal t h i c kness  o f  0.4 mn and a 
guage l e n g t h  and w id th  of 7.6 mn and 1.5 mm, r e s p e c t i v e l y ,  were machined from t h e  a s - r o l l e d  m a t e r i a l .  

Table 5.1.1 Impu r i t y  c o n c e n t r a t i o n s  i n  V-15Cr-5Ti a l l o y s  

V-  15Cr-5Ti Source* Concent ra t ion  (wppm) 

FPP CAM 834-6 
FPP CAM 835-4 
ANL AM 114 

C N 0 
320 - 10 
170 520 230 
195 16 205 
230 138 810 
130 90 100 

'The V-15Cr-5Ti a l l o y s  con ta ined  approx imate ly  15 w/o C r  and 5 w/o T i .  

The t e n s i l e  specimens (wrapped i n  tan ta lum f o i l )  were annealed i n  qua r t z  tubes c o n t a i n i n g  h i g h - p u r i t y  
argon f o r  one hour a t  e i t h e r  9 5 0 ,  1050, 1125, o r  12DO°C and quenched i n  t h e  capsules i n  water. 
annealed specimen sur faces were subsequent ly  po l i shed  t o  a D.3-w f i n i s h .  Load versus e l onga t i on  cu ve 

The 

f o r  t h e  t e n s i l e  specimens were ob ta ined  a t  ambient room temperature us i ng  a s t r a i n  r a t e  of 1.1 x 1U' 5 s -? . 
5.1.4.3 Resu l t s  

A l l o y  m i c r o s t r u c t u r e  - The m i c r o s t r u c t u r e s  f o r  t h e  annealed specimens are shown i n  F igs .  5.1.1 and 
5.1.2. 
CAM 835-4 (F ig .  5.1.lb) and ANL AM 274 (F ig .  5.1.ld) a l l o y s  which was not t he  case f o r  t he  CAM 834-6 
(F i g .  5 . l . l a )  and ANL AM 114 (F ig .  5 .1 .1~)  a l l o y s .  The TEM m i c r o s t r u c t u r e s  ( F i g .  5.1.2) showed t h a t  t h e  
g r a i n  boundar ies i n  these  a l l o y s  were r e l a t i v e l y  f r e e  of p r e c i p i t a t e s  i r r e g a r d l e s s  o f  t he  0, N, and C 
c o n c e n t r a t i o n  i n  t h e  a l l o y .  The average g r a i n  d iameters i n  t he  r e c r y s t a l l i z e d  a l l a y s  a f t e r  t h e  one-hour 

ft can be noted i n  F i g .  5.1.1 t h a t  p r e c i p i t a t e s  were un i fo rmly  d i s t r i b u t e d  i n  t h e  m a t r i x  of t h e  



fabr ica t ion  h is tory  for these a l loys  
not be d i r e c t l y  r e l a t e d  t o  the  d i f f e r e n :  
p u r i t y  mater ia ls  had the  la rges t  g ra in  

l l i z e d  V-15Cr-5Ti a l loys .  

Grain Oiameter(mn) 

- C 12oooc 
0.020 
0.007 
0.030 
0.012 

0.08 0.08 

( d )  

1125OC anneal : ( a )  CAM 834-6, (b) CAM 



Fig .  5.1.2. TEM m i c r o s t r u c t u r e  f o r  V - 1  
CAM 835-4, ( c )  ANL AM 114, ( d )  ANL AM 274. 

Y i e l d  s t r ess ,  t o t a l  e l o n g a t i o n .  and hardness 
V-15Cr-5Ti a l l o y s  a f t e r  anneals a t  950, 1050 
5.1.5, r e s p e c t i v e l y .  The y i e l d  s t r e s s  f o r  t l  
These r e s u l t s  showed t h a t  t h e  V-15Cr-5Ti a l l ,  
minimum hardness a f t e r  t h e  one-hour anneal ai 
temperature f o r  t h e  V-15Cr-5Ti a l l o y  was -11; 
hardening of t h e  a l l o y  f o r  t o t a l  0, N, and C 
t o  be a s imp le  r e l a t i o n s h i p  between t h e  y i e l l  
i n  t h e  a l l o y .  The ANL a l l o y s  e x h i b i t e d  subsi 
anneals a t  1125OC and 1200°C. I r r e g a r d l e s s  I 
f r a c t u r e  mode f o r  t h e  a l l o y s  was predominant '  

AES, XEDS, and SAM ana lyses  - The V-15Cr-5Ti 
t h e  m i c r o s t r u c t u r e  by use o f  auger e l e c t r o n  I 

80 

P 

5Cr-5Ti a l l o y s  a f t e r  t h e  1125OC anneal:  ( a )  CAM 834-6, ( b )  

- The y i e l d  s t r ess ,  t o t a l  e l o n g a t i o n ,  and hardness o f  t h e  
, 1125, and 1200°C are  shown i n  F igs .  5.1.3, 5.1.4, and 
he a l l o y s  was taken as t h e  s t r e s s  a t  t h e  upper y i e l d  p o i n t .  
oy had a minimum y i e l d  s t r ess ,  maximum t o t a l  e l onga t i on ,  and 
t 1125OC. On t h e  bas i s  o f  these  data, t h e  r e c r y s t a l l i z a t i o n  
25OC. 

t s t r e s s  and t o t a l  e l onga t i on  and t h e  i m p u r i t y  c o n c e n t r a t i o n  
t a n t i a l l y  l e s s  t o t a l  e l o n g a t i o n  t han  t h e  CAM a l l o y s  a f t e r  
If t h e  0, N, and C c o n c e n t r a t i o n  and anneal temperature,  t h e  
ly  t r a n s g r a n u l a r .  

spectroscopy (AES)  , x- ray energy d i s p e r s i v e  spectroscopy 

The anneals a t  1200°C r e s u l t e d  i n  s i g n i f i c a n t  s o l u t i o n  
There d i d  n o t  appear c o n c e n t r a t i o n s  g r e a t e r  than  -300 wppm. 

a l l o y s  have been examined f o r  c o n s t i t u e n t  d i s t r i b u t i o n  i n  
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F i g .  5.1.5. Hardness o f  V-15Cr-5Ti a l loys .  
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( X E D S ) ,  and scanning auger microprobe (SAM)  techniques.  
t ime,  bu t  some genera l  aspects  on c o n s t i t u e n t  d i s t r i b u t i o n  have emerged from these  i n i t i a l  analyses.  The 
A E S  analyses have shown s i g n i f i c a n t  c o n c e n t r a t i o n s  o f  Mg, S i ,  and S i n  t h e  near- sur face  l a y e r  (-10 nm) o f  
t h e  specimens annealed a t  1125'C. The c o n c e n t r a t i o n s  of these  i m p u r i t i e s  were no t  s t r o n g l y  dependent on 
t h e  a l l o y .  The XEDS analyses have shown a d e p l e t i o n  of C r  and T i  c o n c e n t r a t i o n  i n  t h e  v i c i n i t y  o f  g r a i n  
boundaries i n  t h e  annealed a l l o y s .  I n  t h e  case o f  i o n - i r r a d i a t e d  (50 dpa) V-15Cr-5Ti a l l o y s ,  t h e  XEUS 
analyses have shown s i g n i f i c a n t  enrichment of t h e  C r  and T i  c o n c e n t r a t i o n  i n  t h e  v i c i n i t y  o f  g r a i n  
boundaries. Also, t h e  AES analyses on i o n - i r r a d i a t e d  a l l o y s  have shown s i g n i f i c a n t  C r  enrichment i n  t h e  
near- sur face l a y e r s .  The l i n e a l  SAM analyses suggested t h a t  t h e  C r  and T i  c o n c e n t r a t i o n  i n  t h e  annealed 
a l l o y s  had a q u a s i - p e r i o d i c  (4.1 mn) v a r i a t i o n .  These v a r i a t i o n s  were more e v i d e n t  f o r  t h e  ANL a l l o y s .  

5.1.4.4 D iscuss ion  of r e s u l t s  

These analyses are incomplete a t  t h e  p resen t  

The exper imenta l  r e s u l t s  ob ta ined  i n  t h i s  s tudy  have shown t h a t  t h e  d u c t i l i t y  o f  t h e  V-l5Cr-5Ti 
a l l o y  can be inc reased  by l i m i t i n g  t h e  heat  t rea tment  temperature f o r  t h e  a l l o y  t o  -1125°C. 
unexpected r e s u l t  from t h i s  s tudy was t h e  absence of an obv ious r e l a t i o n s h i p  between t h e  i m p u r i t y  
c o n c e n t r a t i o n  and t h e  y i e l d  s t r e s s  and t o t a l  e l o n g a t i o n  f o r  t h e  a l l o y .  
d i f f e r e n c e  between t h e  t o t a l  e l o n g a t i o n  f o r  t h e  CAM a l l o y s  and t n e  ANL a l l o y s ,  t h e r e  w s t  have been an 
a d d i t i o n a l  f a c t o r  t h a t  was i m p o r t a n t  f o r  de te rmin ing  t h e  t o t a l  e l o n g a t i o n .  U i f f e r e n t  f a b r i c a t i o n  
schedules f o r  t h e  CAM a l l o y s  and t h e  ANL a l l o y s  may have c o n t r i b u t e d  t o  t h e i r  d i f f e r e n t  response t o  
t e n s i l e  deformat ion.  

5.1.4.5 Conclusions 

An 

Because o f  t h e  s u b s t a n t i a l  

1. 
2. The mechanical p r o p e r t i e s  of t h e  V-15Cr-5Ti a l l o y  were no t  determined s o l e l y  by t h e  0, N, and C 

3. The f a b r i c a t i o n  schedule f o r  t h e  V-15Cr-5Ti a l l o y  w i l l  l i k e l y  have a maior  impact on t h e  

The r e c r y s t a l l i z a t i o n  temperature f o r  t h e  r o l l e d  V-15Cr-5Ti a l l o y  was -1125OC. 

i m p u r i t y  c o n c e n t r a t i o n .  

mechanical p r o p e r t i e s  of t h i s  a l l o y .  
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5.2 THE EFFECT OF COLD WORK ON THE OUCTILITY OF V-15Cr-5Ti IMPLANTED WITH HELIUM - 
D. N. Brask i  (Oak Ridge Nat iona l  Labora to ry )  

5.2.1 A O I P  Task 

A D I P  Task 1.8.15, T e n s i l e  P r o p e r t i e s  o f  React ive and R e f r a c t o r y  A l loys .  

5.2.2 O b j e c t i v e  

The goal of t h i s  research i s  t o  i n v e s t i g a t e  t h e  e f f e c t s  of d isp lacement  damage and he l ium genera t ion  on 
t h e  p r o p e r t i e s  o f  vanadium a l l o y s .  

5.2.3 Summary 

Cold work ing t h e  V-15Cr-5Ti a l l o y  e l i m i n a t e d  embr i t t l ement ,  due t o  282 at .  ppm o f  3He, by c r e a t i n g  a 
m i c r o s t r u c t u r e  i n  which t h e  g r a i n  boundaries were broken up and t h e  h e l i u m  was d i s t r i b u t e d  r a t h e r  u n i f o r m l y  
on t h e  dense d i s l o c a t i o n  networks. 

5.2.4 Progress and S ta tus  

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

D isks  and t e n s i l e  specimens o f  V - l S C r - S T i ,  i n  both t h e  annealed and cold-worked c o n d i t i o n s ,  were 
imp lan ted  w i t h  he l ium us ing  t h e  t r i t i u m  t r i c k  technique.  The r e s u l t i n g  he l ium bubble d i s t r i b u t i o n s  and 
t h e i r  e f f e c t  on t h e  subsequent t e n s i l e  p r o p e r t i e s  o f  t h e  a l l o y  were s tudied.  

5.2.4.2 Exper imenta l  

The m a t e r i a l  used i n  t h i s  experiment was f rom t h e  Westinghouse hea t  CAM-834-3 and con ta ins ,  by we igh t  
percen t ,  14.5 C r ,  6.2 T i ,  0.032 C, 0.031 0, 0.046 N, balance V. The 3-mm-diam d i s k s  were punched f rom 
0.25-mm-thick sheet (50% c o l d  worked) and t h e  SS-3 t e n s i l e  specimens' were machined f rom 0.86-mm-thick sheet 
(50% c o l d  worked). F o l l o w i n g  f a b r i c a t i o n ,  a p o r t i o n  o f  bo th  d i s k s  and t e n s i l e  specimens were annealed f o r  
1 h a t  1200°C t o  produce t h e  annealed c o n d i t i o n .  The h e l i u m  was imp lan ted  t o  two d i f f e r e n t  l e v e l s  u s i n g  t h e  
t r i t i u m  t r i c k . 2  A 3He l e v e l  o f  90 a t .  ppm was produced by u s i n g  i n j e c t i o n  and pump-out temperatures o f  
600°C w h i l e  282 a t .  ppm was produced u s i n g  temperatures o f  400°C. 
Or. 8. M. O l i v e r  of Rockwell I n t e r n a t i o n a l  Corpora t ion ,  Canoga Park, CA. The t e n s i l e  specimens were t e s t e d  
under a vacuum o f  l e s s  than lo - "  Pa, a t  420, 520, and 6OO"C, u s i n g  a s t r a i n  r a t e  o f  1.1 x 10-3 s-1 .  
F r a c t u r e  sur faces were examined by scanning e l e c t r o n  microscopy (SEM) and m i c r o s t r u c t u r e s  by t r a n s m i s s i o n  
e l e c t r o n  microsopy (TEM). 

The he l ium analyses were performed by 

5.2.4.3 Resu l t s  and D iscuss 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  f o r  t h e  
annealed and cold-worked V-15Cr-5Ti specimens 
a r e  l i s t e d  i n  Tables 5.2.1 and 5.2.2, respec-  
t i v e l y .  Since t h e  imp lan ted  he l ium a f f e c t e d  
t h e  d u c t i l i t y  of annealed V-15Cr-5Ti q u i t e  
s i g n i f i c a n t l y ,  va lues of t o t a l  e l o n g a t i o n  a t  
t h e  t h r e e  temperatures were p l o t t e d  a s  func-  
t i o n  of h e l i u m  l e v e l  as shown i n  Fig. 5.2.1. 
The va lues f o r  t h e  cold-worked m a t e r i a l  a r e  
a l s o  shown f o r  comparison. As shown p r e -  
v ious ly ,3  a he l ium l e v e l  o f  approx imate ly  
300 a t .  ppm i n  annealed specimens w i l l  l ower  
t h e  t o t a l  e l o n g a t i o n  t o  a very low value. A 
number o f  da ta  p o i n t s  f rom t h a t  p rev ious  
exper iment  (data a t  14. 80, and 300 at .  ppm) 
have been p l o t t e d  a long  w i t h  t h e  p resen t  da ta  
and a r e  seen t o  be cons is ten t .  For t h e  
annealed m a t e r i a l ,  t h e r e  appears t o  be a 
t h r e s h o l d  between 100 and 300 at .  ppm He where 
t h e  imp lan ted  gas begins t o  markedly a f f e c t  
i t s  t e n s i l e  d u c t i l i t y .  
r e s u l t s  f o r  t h e  annealed specimens, t h e  c o l d-  
worked ones were much l e s s  s e n s i t i v e  t o  
hel ium, a t  l e a s t  w i t h i n  t h e  range o f  l e v e l s  
used i n  t h e  p resen t  experiment. The c o l d-  
worked m a t e r i a l ,  w i t h o u t  he l ium, e x h i b i t e d  t h e  
r e l a t i v e l y  low values of t o t a l  e l o n g a t i o n  t h a t  

I n  c o n t r a s t  t o  t h e  

Table 5.2.1. T e n s i l e  p r o p e r t i e s  o f  annealed L15Cr-5Ti 
w i t h  d i f f e r e n t  l e v e l s  o f  imp lan ted  he l ium 

420 0 370 504 15.2 24.3 
420 90 451 619 12.6 21.6 
420 90 438 617 13.6 22.8 
420 282 358 371 0 0 
420 282 345 352 n 0 

520 0 334 513 13.5 23.3 
520 90 416 623 13.2 20.6 
520 90 404 611 13.0 20.5 
520 282 329 343 0 0 
520 282 324 331 0 0 

600 0 317 557 12.6 20.5 
600 90 399 638 11.8 20.0 
600 90 403 635 11.2 19.0 
600 282 340 425 0 2.6 
600 282 331 390 0 1.4 
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norma l l y  accompany l a r g e  inc reases  i n  y i e l d  
s t reng th .  The d u c t i l i t i e s  were a c t u a l l y  
inc reased  by imp lan t i ng  90 a t .  ppm He. The 
improvement was p robab ly  due t o  t h e  recovery o f  
t h e  cold-worked m i c r o s t r u c t u r e  which cou ld  have 
occur red  d u r i n g  t h e  t r i t i u m  t r i c k  procedure. 
Fur ther  a d d i t i o n s  o f  imp lan ted  h e l i u m  had l i t t l e  
e f f e c t  on t h e  d u c t i l i t y  o f  cold-worked spec i-  
mens. The reason why t h e  cold-worked m i c ro-  
s t r u c t u r e  was ab le  t o  s u c c e s s f u l l y  accommodate 
t h e  he l ium w i l l  be c l e a r  a f t e r  v iew inq  t h e  
t r a n s m i s s i o n  e l e c t r o n  micrographs p r e i e n t e d  
l a t e r  i n  t h i s  r epo r t .  

A f t e r  t e s t i n g  a t  a l l  t h r e e  temperatures, 
t h e  f r a c t u r e  sur faces  o f  bo th  t h e  annealed and 
cold-worked specimens c o n t a i n i n g  90 a t .  ppm He 
were c h a r a c t e r i s t i c  o f  d u c t i l e  f a i l u r e .  A t  
282 a t .  ppm, t h e  annealed specimens t e s t e d  a t  
a l l  t h r e e  temperatures f a i l e d  i n t e r g r a n u l a r l y ,  
as i l l u s t r a t e d  by a r e p r e s e n t a t i v e  micrograph 
taken  from a specimen t e s t e d  a t  420'C 
rF iq .5 .2 .2 (~ )1 .  A l l  of t h e  cold-worked sDeci -  
men; t e s t e d  at t h e  h i g h e r  he l i um  l e v e l  f a i l e d  
by d u c t i l e  shear, as shown i n  Fig.5.2.2(6). 
Therefore.  c o l d  work ina  s u c c e s s f u l l v  chanaed 
t h e  mode i f  f a i l u r e  i n - t h e  V -15Cr - f i i  a l l o y  
f r o m  b r i t t l e  t o  d u c t i l e .  
be ing  eva lua ted  t o  determine how much he l i um  
can be accommodated i n  t h e  cold-worked a l l o y  
be fo re  i t  t o o  becomes e m b r i t t l e d .  

The m i c r o s t r u c t u r e  o f  t h e  annealed 
V-15Cr-5Ti w i t h  282 a t .  ppm He t e n s i l e  t e s t i n g ,  
i s  shown i n  Fig. 5.2.3. It was found t o  con- 
t a i n  a l a r g e  number o f  smal l ,  approx imate ly  
100-A-diam loops  i n  t h e  g r a i n  ma t r i ces  as shown 
i n  Fig. 5.2.3(a). Narrow denuded reg i ons  ad j a-  
cen t  t o  t h e  a r a i n  boundar ies were observed. 

Tests a re  c u r r e n t l y  

Table 5.2.2. Tens i l e  p r o p e r t i e s  o f  cold-worked 
W5Cr -5T i  w i th  d i f f e r e n t  l e v e l s  of 

imp1 anted he1 i um 

Test He1 i um Strenath.  MPa Elonaat ion.  X 

420 
420 

420 
420 

420 
420 

520 
520 

520 
520 

520 
520 

600 
600 

600 
600 

600 
600 

0 
0 

90 
90 

282 
282 

0 
0 

90 
90 

282 
282 

0 
0 

90 
90 

282 
282 

994 
1042 

800 
808 

852 
848 

994 
998 

800 
787 

815 
829 

1011 
1008 

779 
806 

832 
808 

1057 
1077 

881 
881 

900 
901 

1033 
1050 

888 
893 

896 
899 

1038 
1037 

900 
903 

928 
908 

1.2 
1.0 

6.0 
6.0 

6.1 
6.2 

1.0 
0.7 

4.8 
6.3 

3.8 
5.7 

0.7 
0.7 

5.2 
4.7 

3.5 
3.6 

4.3 
4.0 

10.3 
11.2 

10.2 
10.9 

3.7 
3.3 

7.8 
10.4 

6.6 
10.4 

1.7 
1.7 

6.7 
6.9 

5.6 
5.7 

Al though i t  ;as no t  p o s s i b l e  t o  r eso l ve  here, 
p r e v i  ous examinat ions o f  3He-imp1 anted 
V-15Cr-5Ti specimens have shown t h a t  e i t h e r  a he l i um  bubble o r  c l u s t e r  o f  small  bubbles r es i des  a t  t h e  
cen te r  of each loop.  The h i g h l y  p r e s s u r i z e d  m a t r i x  bubbles a p p a r e n t l y  punch ou t  t h e  loops  du r i ng  t h e  t r i -  
t i u m  t r i c k  procedure. I n  a d d i t i o n  t o  these  "assumed" m a t r i x  bubbles, a dense network of small  coalesced 
bubbles were observed i n  t h e  g r a i n  boundar ies [Fig.5.2.3(b)]. The coalescense o f  t h e  he l i um  bubbles (see 
micrograph i n s e t )  was so advanced t h a t  i t  n e a r l y  formed a cont inuous f i l m  o f  he l ium i n  t h e  g r a i n  boundaries. 
There i s  l i t t l e  doubt t h a t  t h i s  g r a i n  boundary bubble d i s t r i b u t i o n  caused t h e  b r i t t l e  i n t e r g r a n u a l a r  f a i l u r e  
o f  t h e  annealed V-15Cr-5Ti specimens a t  t h e  h i ghe r  he l i um  l e v e l .  On t h e  o t h e r  hand, t h e  cold-worked spec i -  
mens c o n t a i n i n g  t h e  same amount o f  he l ium had a r e l a t i v e l y  un i f o rm  d i s t r i b u t i o n  o f  small  bubbles t rapped on 
t h e  dense d i s l o c a t i o n  networks (Fig. 5.2.4). I n  t h i s  cold-worked m i c r o s t r u c t u r e ,  g r a i n  boundar ies from t h e  
o r i g i n a l  cas t  m a t e r i a l  were broken up and cou ld  no t  be observed by TEM. Therefore,  i t  appears t h a t  c o l d -  
work ing  i s  a use fu l  techn ique  f o r  enhancing he l i um  accommodation i n  V-1SCr-5Ti and shou ld  be s t u d i e d  
f u r t h e r .  
neu t ron  i r r a d i a t i o n ,  i r r a d i a t i o n  hardening,  creep, swe l l i ng ,  etc., must a l s o  be considered. 

Al though he l i um  accommodation p l ays  an impo r t an t  r o l e  i n  t h e  o v e r a l l  performance o f  an a l l o y  under 

5.2.5 Conclus ions 

( 1 )  

(2 )  

Annealed V-15Cr-5Ti t e n s i l e  specimens, imp lan ted  w i t h  3He v i a  t h e  t r i t i u m  t r i c k ,  were d u c t i l e  a t  a 
he l i um  l e v e l  of 90 a t .  ppm bu t  f a i l e d  i n t e r g r a n u l a r l y  a t  l e v e l  o f  282 a t .  ppm. The b r i t t l e  
f a i l u r e  was caused by a t h i n  f i l m  o f  he l ium t h a t  formed i n  t h e  g r a i n  boundaries. 
Cold-working e l i m i n a t e d  t h e  embr i t t l ement  a t  t h e  h i g h e r  he l i um  l e v e l  by b reak ing  up t h e  g r a i n  
boundar ies and by p r o v i d i n g  a dense d i s l o c a t i o n  network t o  t r a p  t h e  hel ium. 
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HELIUM LEVEL (a. ppm) 

Fig. 5.2.1. The e f fect  of implanted helium on t h e  t o t a l  e longat ion of annealed and cold-worked 
V-lSCr-STi t e n s i l e  specimens t e s t e d  a t  e levated  temperature. 

Fig. 5.2.2. Scanning e lect ron  micrographs o f  f r a c t u r e  surfaces o f  helium-implanted k l 5 C r 4 T i  tens i  
specimens i n  t h e  ( a )  annealed and (a) cold-worked condit ion.  
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Fig. 5.2.3. Transmiss ion e l e c t r o n  micrographs o f  annealed V-15Cr-5Ti specimen w i t h  282 at .  ppm o f  
imp lan ted  3He showing ( a )  smal l  m a t r i x  loops  and a denuded reg ion  ad jacen t  t o  a g r a i n  boundary ( us i ng  
d i f f r a c t i o n  c o n t r a s t ) ,  and ( b )  a network o r  " f i l m "  of he l ium bubbles i n  a t y p i c a l  g r a i n  boundary ( us i ng  
a b s o r p t i o n  c o n t r a s t ) .  I n s e t  shows area of g r a i n  boundary a t  t w i c e  t h e  magn i f i ca t ion .  

H-85530 

Fig. 5.2.4. Transmiss ion e l e c t r o n  micrograph o f  cold-worked \CISCr-!iTi specimen w i t h  282 at .  ppm o f  
imp lan ted  3He showing absence of g r a i n  boundaries and r a t h e r  un i f o rm  d i s t r i b u t i o n  o f  smal l  he l i um  bubbles 
t rapped on t h e  d i s l o c a t i o n  network. 
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5.3 PREPARATION AND FABRICATION OF VANADIUM BASE ALLOYS -- H. R. Thresh (Argonne National Laboratory) 

5.3.1 ADIP Task 

I.D.l Materials Stockpile for MFE Programs (Path C ) .  

5.3.2 Objective 

Previous efforts have established a stockpile to provide sufficient quantities of vanadium and 
niobium Path C Scoping Alloys to evaluate the potential of these materials for fusion reactor applica- 
tions. Depletion of the vanadium alloys has reached the level where additional inventory must be pro- 
duced to maintain further work in the scoping studies. The immediate objective embraces the preparation 
of 50 lbs of the ternary alloy V-15XCr-SXTi in flat stock form to rebuild refractory alloy inventory. 

5.3.3 Sunrmary 

Planning and procurement activities have been initiated to replenish the inventory of vanadium 
ternary alloy for Path C Scaping Studies. 
have been acquired and a fabrication approach adopted where emphasis has been placed on the Control of 
the interstitial elements 0 ,  N, H and C to a minimum level. 
February FI 1986. 

5.3.4 Progress and Status 

Appropriate quantities of pure vanadium, chromium and titanium 

Delivery of this alloy will begin late 

During the current period the necessary pure metals were procured for the formulation of 50 lbs of 
V-15XCr-SXTI. 
forged ingot from Teledyne Wah Chang. This material, shown in Figure 5.3.1, possesses a very good 
chemistry level with total interstitials of 0, N, H and C at the 300 ppm level. The vanadium chemistry 
is recorded in Table 5.3.1 where total impurities classify the ingot purity as 99 .9  wtX base metal. 

where mechanical properties data would be related to the level of interstitial elements contained in a 
given alloy. The goal of the current fabrication work is to contaip the interstitial content to a 
minimum level providing a chemistry reference point. Previous work has shown that control over chromium 
homogeneity can be achieved by synthesizing from the particulate form of each metal constituent. 
current work, this approach will not be used to avoid the risk of interstitial pick up if the ingot 
vanadium is machined t o  turnings OK chips. Plans call for the slicing of the appropriate amount of 
vanadium ingot into 1" thick portions prior to cold rolling to a thickness where the final starting size 
can be obtained by a shearing operation. A series of small cylindrical ingots will be formulated by an 
arc melting operation allowing the preparation of a consumable electrode by TIG welding a series of the 
primary ingots under a protective atmosphere. Consumable arc melting will provide input material for a 
hot extrusion step, prior to final reduction. At this time, vanadium ingot partitioning and cold rolling 
are underway to provide stock for arc-melting initiation. 

In particular, the question of vanadium supply was resolved by the purchase of a 275 lb 

Past evaluation efforts an the fabrication of this ternary alloy Were never matured to the point 

In the 

Table 5.3.1. Vanadium Ingot Chemistry 

Element Content (wtX) 

si 0.0465 
D 

1020 
3100 
3185 
3020 

3200 
3041 
3070 
3005 



1 

88 

F 

Fig. 5.3.1. High Purity Vanadium Ingot for Ternary Alloy Preparation. 

5.3.5 References 

1. W. C. Kramer, U. R. Burt, F. 3. Karasek, 3. E. Flinn and R. M. Mayfield, "Vanadium Alloy Screening 
Studies of V-15 w l o  Ti - 7.5 w/a Cr Tubing for Nuclear Fuel Cladding," Argonne National Laboratory 
Report ANL-7206, Aug. 1966. 
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7.1 THE EFFECTS OF INCREASED HELIUM GENERATION ON MICROSTRUCTURE AND SWELLING OF NICKEL-OOPED 9Cr-1MoVNb 
and 12Cr-1MoVW STEELS IRRADIATED I N  HFIR - P. J. Maziasz, R. L. Klueh, and J. M. V i t e k  (Oak Ridge 
Nat iona l  Labora to ry )  

7.1.1 A O I P  Task 

A D I P  Tasks 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 t e e l s  i n  t h e  1978 Program Plan. 

7.1.2 O b j e c t i v e  

F e r r i t i c  9Cr-1MoVNb and 12Cr-1MoVW s t e e l s  have been doped w i t h  up t o  2 w t .  % N i  t o  i n c r e a s e  h e l i u m  
p r o d u c t i o n  d u r i n g  HFIR i r r a d i a t i o n .  
bubbles and vo ids  i n  response t o  inc reased  he l ium concen t ra t ions ,  as w e l l  as t o  s tudy t h e  p r e c i p i t a t i o n  
behav io r  d u r i n g  i r r a d i a t i o n  v i a  a n a l y t i c a l  e l e c t r o n  microscopy (AEM). 

7.1.3 Summary 

Voids formed i n  undoped and Ni-doped 12Cr-1MoVW a t  400 and 500OC i n  H F I R  a t  36 t o  39 dpa, b u t  not  a t  
300 o r  6 0 0 T ;  r e s u l t s  were s i m i l a r  f o r  9Cr-1MoVNb s t e e l s .  Increased h e l i u m  caused more v o i d  fo rmat ion  i n  
t h e  9Cr-1MoVNb s t e e l  than  i t  d i d  i n  12Cr-1MoVW s t e e l s ,  p a r t i c u l a r l y  a t  400°C. A t  300 t o  500"C, t h e  9 C r  
s t e e l s  a l s o  exper ienced more d i s s o l u t i o n  o f  as- tempered p r e c i p i t a t e s  and coarsening o f  t h e  la th lsubboundary  
s t r u c t u r e s  than  d i d  t h e  12 Cr s t e e l s .  I n  t h e  12 C r  s t e e l s ,  v o i d s  formed m o s t l y  i n  t h e  coarses t  subgra in  
reg ions  o f  t h e  m a t e r i a l .  
V- r i ch  MC and produced new p r e c i p i t a t i o n  of c o m p o s i t i o n a l l y  mod i f ied  M23C6 (T) t o g e t h e r  w i t h  a f i n e  m a t r i x  
M6C ( n )  phase which was S i ,  C r ,  and N i - r i c h .  
400°C, bu t  s i m i l a r  f i n e  p a r t i c l e s  were ma in ly  S i  and C r - r i c h  i n  t h e  undoped 12 C r  s t e e l .  F i n a l l y ,  H F I R  
i r r a d i a t i o n  produced l a r g e ,  g l o b u l a r  c h i  ( x )  phase p a r t i c l e s  i n  a l l  Ni-doped s t e e l s  a t  500°C; l a r g e  vo ids 
formed e x c l u s i v e l y  w i t h i n  these  x-phase p a r t i c l e s .  

7.1.4 Progress and S ta tus  

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

The goa ls  o f  t h i s  work a re  t o  examine 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  of 

I r r a d i a t i o n  o f  9Cr-1MoVNb - 2Ni a t  400°C caused compos i t i ona l  m o d i f i c a t i o n  o f  f i n e  

I d e n t i c a l  ,, p r e c i p i t a t i o n  was found i n  12Cr-1MoVW - 2Ni a t  

Small amounts of n i c k e l  have been added t o  9Cr-1MoVNb and 12Cr-1MoVW f e r r i t i c  s t e e l s  as an i n n o v a t i v e  
method t o  i n c r e a s e  h e l i u m  p r o d u c t i o n  d u r i n g  mixed-spectrum r e a c t o r  i r r a d i a t i o n s  (i.e., H F I R )  f o r  fus ion-  
r e l e v a n t  m i c r o s t r u c t u r e  and mechanical p r o p e r t i e s  s tud ies.1 
i n  v a r i o u s  f a s t  breeder  r e a c t o r  (FBR) i r r a d i a t e d  f e r r i t i c  s t e e l s  f o r  f l uences  up t o  120 dpa.*+ However, 
l i t t l e  o r  no he l ium i s  generated d u r i n g  f a s t  r e a c t o r  i r r a d i a t i o n .  Even t h e  smal l  l e v e l s  of n i c k e l  present  
i n  undoped 9 C r  and 12 Cr s t e e l s  produce enough h e l i u m  t o  s t i m u l a t e  some v o i d  f o r m a t i o n  d u r i n g  H F I R  i r r a -  
d i a t i o n  a t  400°C ( r e f s .  5 7 ) .  Prev ious work has demonstrated t h a t  inc reased  h e l i u m  g e n e r a t i o n  due t o  doping 
w i t h  2% N i  f u r t h e r  inc reased  v o i d  f o r m a t i o n  f o r  9Cr-1MoVNb i r r a d i a t e d  i n  H F I R  a t  400"C, and extended t h e  
v o i d  f o r m a t i o n  regime t o  500°C a f t e r  36 t o  39 dpa.8 
t i o n s  o f  Ni- doping e f f e c t s  on 12Cr-1MoVW s t e e l s  and t o  beg in  d e t a i l e d  a n a l y s i s  o f  t h e  p r e c i p i t a t i o n  behav io r  
d u r i n g  HFIR i r r a d i a t i o n  i n  both t h e  9 C r  and 12 C r  s t e e l s .  

7.1.4.2 Exper imenta l  

a r e  g i v e n  i n  Table 7.1.1. 
Table 7.1.2. Note t h a t  t h e  undoped s t e e l s  c o n t a i n  smal l  amounts o f  N i ,  w i t h  t h e  12Cr-1MoVW hav ing  more than  
t h e  9Cr-1MoVNb (0.4 w t  % compared t o  O.l%, r e s p e c t i v e l y ) .  
pered a t  l ower  temperatures than t h e i r  r e s p e c t i v e  undoped a l l o y s ,  b u t  t h e  12Cr-1MoVW - 1 N i  was tempered t h e  
same as t h e  undoped 12 C r  s t e e l .  

A l l o y s  were i r r a d i a t e d  s i d e  by s i d e  i n  H F I R  CTRs-30 th rough  -32 i n  t h e  form 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  microscopy (TEM) d i s k s  punched from 0.254-mm-thick sheet s tock.  Th is  work examines 
o n l y  t h e  h i g h e s t  f l u e n c e  d i s k s  f rom HFIR-CTR-30. 
I r r a d i a t i o n  temperatures ranged from 300 t o  600°C and have been v e r i f i e d  by a n a l y s i s  o f  temperature 
 monitor^.^ Displacement damage and h e l i u m  genera t ion  were c a l c u l a t e d  by L. R. Greenwood based on dosimetry  
per formed f o r  t h i s  exper iment , I0  i n c l u d i n g  dpa due t o  n i c k e l  r e c o i l s .  

Specimens were t h i n n e d  remote ly  i n  an au tomat i c  Tenupol t w i n - j e t  p o l i s h i n g  u n i t  and examined on a 
JEM l 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  p o l e p i e c e  designed t o  lower  t h e  magnetic f i e l d  a t  t h e  
specimen. Standard techniques were used f o r  imaging c a v i t i e s ,  d i s l o c a t i o n s ,  and p r e c i p i t a t e s .  

f a c i l i t y .  Never the less,  specimens were h i g h l y  r a d i o a c t i v e  and d i f f i c u l t  t o  handle. Specimens were prepared 
f o r  e x t r a c t i o n  by p o l i s h i n g ,  l i g h t l y  e t c h i n g  and then  c o a t i n g  them w i t h  a carbon f i l m .  
e x t r a c t e d  f rom t h e  m a t r i x  e l e c t r o l y t i c a l l y  u s i n g  10% HCl  i n  methanol a t  a c u r r e n t  o f  50 mA a t  room tem- 
p e r a t u r e ,  and then  t h e  carbon f i l m s  were washed i n  e thano l ,  removed i n  d i s t i l l e d  water  and suspended on 
b e r y l l i u m  g r i d s .  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  microscopy (AEM), u s i n g  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  very h i g h  e l e c t r o n  i n t e n s i t y  a t  small  
probe s i z e s  and an EDAX d e t e c t o r  and computer, o r  a JEM 2OOOFX microscope w i t h  an LaB6 gun and Tracor-  
Nor thern  d e t e c t o r  and computer. 

Void s w e l l i n g  r e s i s t a n c e  has been demonstrated 

The purpose o f  t h i s  work i s  t o  c o n t i n u e  t h e  i n v e s t i g a -  

The composi t ions of heats of 9Cr-1MoVNb w i t h  0.1% and 2% Ni,  and o f  12Cr-1MoVW w i t h  0.4, 1% and 8 N i  
The var ious  n o r m a l i z a t i o n  and temper ing heat  t rea tment  c o n d i t i o n s  a re  l i s t e d  i n  

The 2% N i  doped 9 C r  and 12 C r  a l l o y s  were tem- 

I r r a d i a t i o n  c o n d i t i o n s  a re  g i v e n  i n  Table 7.1.3. 

E x t r a c t i o n  r e p l i c a s  were a l s o  produced f rom s e l e c t e d  specimens i n  a s p e c i a l  sh ie lded ,  hands-on 

P r e c i p i t a t e s  were 
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Table 7.1.1. Composit ions of 9Cr-1MoVNb and 12Cr-1MoVW heats o f  s t e e l  w i t h  and w i t h o u t  
n i c k e l  doping 

Concentrat ion,a (wt 9 )  

C r  Ma N i  Mn C S i  V Nb T i  W N 

A l l o y  Heat 
d e s i g n a t i o n  number 

9Cr-1MoVNb ( X A  3590) 8.6 1.0 0.1 0.36 0.09 0.08 0.21 0.063 0.002 0.01 0.05 

9Cr-lMoVNb ( X A  3591) 8.6 1.0 2.2 0.36 0.064 0.08 0.22 0.066 0.002 0.01 0.05 
- 2% N i  

12Cr-1MoVW (XAA 3587) 12 0.9 0.4 0.5 0.2 0.18 0.27 0.018 0.003 0.54 0.02 

12Cr-1MoVW ( X A A  3588) 12.0 1.0 1.1 0.5 0.2 0.13 0.31 0.015 0.003 0.53 0.02 
- 1% N i  

12Cr-1MoVW (XAA 3589) 11.7 1.0 2.3 0.5 0.2 0.14 0.31 0.015 0.003 0.54 0.02 
- 2% N i  

"Balance i 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  

A1 1 oy N o r m a l i z a t i o n  Tempering 

9Cr-1MoVNb 0.5 h a t  1040°C 1 h a t  760°C 

9Cr-1MoVNb 0.5 h a t  1040°C 5 h a t  700OC 
- 2% N i  

12Cr-1MoVW 0.5 h a t  1050°C 2.5 h a t  780°C 

12Cr-1MoVW 0.5 h a t  1O5OoC 2.5 h a t  780°C 

12Cr-1MoVW 0.5 h a t  1050°C 5 h a t  700OC 
' - 2% N i  

- 1% N i  

7.1.4.3 

C a v i t y  M i c r o s t r u c t u r e .  The 9Cr-1MoVNb 
s t e e l  showed v o i d  f o r m a t i o n  o n l y  a f t e r  HFIR 
i r r a d i a t i o n  a t  400°C t o  -37 dpa and -30 
a t .  ppm He [Fig. 7.1.1(a) and ( b ) ] ,  whereas 
more h e l i u m  g e n e r a t i o n  ( - 4 O M 2 0  a t .  ppm) 
caused inc reased  v o i d  f o r m a t i o n  a t  400°C and 
extended i t  t o  500°C i n  9Cr-1MoVNb - 2Ni 
[Fig. 7.1.1(c) and (a)] .  Many f i n e  bubbles 
were a l s o  found a t  a l l  temperatures i n  t h e  
9Cr-1MoVNb - 2 N i ,  bu t  vo ids  were n o t  found a t  
e i t h e r  300 o r  600°C. The 12Cr-1MoVW s t e e l  
a l s o  showed v o i d  f o r m a t i o n  a t  400°C i n  H F I R  
[Fig. 7.2. l(a)] ,  s i m i l a r  o r  s l i g h t l y  more 
than  found i n  t h e  9Cr-1MoVNb. U n l i k e  t h e  9 Cr 
s t e e l  a t  500°C, some l a r g e  ( 2 M O  nm i n  diam) 
v o i d s  formed very non- uni formly i n  t h e  undoped 
12 Cr s t e e l  a f t e r  -38 dpa [Fig. 7.1.3(")]; 
these  vo ids were nonun i fo rm ly  d i s t r i b u t e d  
s p a c i a l l y ,  be ing found o n l y  i n  t h e  l a r g e s t  
subgrains. Void f o r m a t i o n  and s w e l l i n g  
appeared t o  inc rease  w i t h  inc reased  he l ium 
genera t ion  (and inc reased  n i c k e l )  a t  500"C, 

Table 7.1.3. Damaqe Darameters f o r  9Cr-1MoVNb and 
IECr-lMoVW,-with and w i t h o u t  n i c k e l ,  

i r r a d i a t e d  i n  HFIR-CTR-30 

I r r a d i a t i o n  O i  s p l  acement He1 i um 
A'1oy temperature damagea c o n t e n t b  

("C) (@a) ( a t .  ppm He) des i  g n a t i o n  

9Cr-1MoVNb 300 
400 
500 
600 

9Cr-1MoVNb 300 
- 2Ni 400 

500 
600 

12Cr- lMoVW 300 
400 
500 
600 

12C r-  lMoVW 300 
- 1 N i  400 

500 
600 

12Cr-1MoVW 300 
- 2Ni 400 

500 
600 

36.5 
36.5 
38.5 
38.5 

37.2 
37.2 
39.2 
39.2 

36.4 
36.4 
38.2 
38.2 

36.7 
36.7 
38.5 
38.5 

37.1 
37.1 
39.0 
39.0 

30.5 
30.5 
32.2 
32.2 

402.5 
402.5 
424.0 
424.0 

85.3 
85.3 
89.6 
89.6 

212.4 
212.4 
223.0 
223.0 

429.0 
429.0 
450.0 
450.0 

aDisplacement damage c a l c u l a t e d  from dos imet ry  
measurements per formed by L. R. Greenwood ( " F i s s i o n  
Reactor Dosimetry - HFIR-CTR-30, -36, -46," pp. 22-26 
i n  A D I P  Semiannu. Prog. R e p t .  Mar. 31, 1985, 
DOE/ER-0045/14). The e f f e c t  o f  n i c k e l  r e c o i l s  i s  
inc luded .  

h e l i u m  g e n e r a t i o n  c a l c u l a t e d  f rom dos imet ry  
measurements performed by L. R. Greenwood, ( " F i s s i o n  
Reactor Dosimetry - HFIR-CTR-30, -36, -46," Sect. 2.6, 
t h i s  r e p o r t ) .  
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Fig. 7.1.1. A comparison of (a) and (a) 9Cr-1MoVNb (-30 a t .  ppm. He) and (c) and (d) 9Cr-1MoVNb - 2Ni 
(-400 at .  ppm He) i r r a d i a t e d  i n  HFIR a t  400 and 500°C, r e s p e c t i v e l y ,  t o  -37 t o  39 dpa. 
he l i um  inc reases  v o i d  format ion.  

Both cases show t h a t  

l o b u l a r  c h i  ( x )  phase p a r t i c l e s .  
Lee 7.1.2(b)l. 

A few such p a r t i c l e s  were a l s o  observed i n  t h e  Ni-dopbd stee 

I n  summary, w h i l e  t h e  9Cr-1MoVNb had s i m i l a r  o r  s l i g h t l y  l e s s  v o i d  s w e l l i n g  t han  12Cr-lMoi 
,nor- inrroaear( ha,<,,", nsnsr.+ln" i" I*^ Ll' .4..--.4 -....- ..A .- ---- 71 : - -  A -  LL. 

b u t  n o t  a t  4OO0C i n  t h e  Ni-doped 12Cr-1MoVW s t e e l s  (Figs. 7.1.2 and 7.1.3). A t  4OO0C, v o i d  s i z e  appeared 
r e f i n e d  (15-25 nm as compared t o  7-19 nm i n  diam) as v o i d  f o rma t i on  became s p a c i a l l y  more u n i f o r m  w i t h  
inc reased  h e l i u m  i n  t h e  12Cr-1MoVW - 1 N i .  whereas i n  12Cr-1MoVW - 2Ni. v o i d  f o rma t i on  appeared patchy and 
s i m i l a r  t o  t h e  undoped s tee l .  The 12Cr-1MoVW - 2Ni, however, a l s o  had a f i n e r  as- tempered l a t h- s u b g r a i n /  
p r e c i p i t a t e  s t r u c t u r e  t han  t h e  undoped s t e e l ,  due t o  a lower  temper ing  temperature, and t h e r e  seemed t o  be 
fewer vo i ds  i n  r eg i ons  w i t h  t h e  f i n e s t  la th- boundary  s t r u c t u r e  [Fig. 7.1.2(~)].  

F i ne  d i s p e r s i o n s  of bubbles were observed i n  a l l  of t h e  Ni-doped s t e e l s  a f t e r  i r r a d i a t i o n  a t  600°C i n  
HFIR. As shown i n  Fig. 7.1.4. bubbles were d i s t r i b u t e d  a long  c e l l  o r  l a t h  boundar ies o r  a long  i n t r a - c e l l  
d i s l o c a t i o n s ,  and t h e r e  was l i t t l e  d i f f e r e n c e  between 9Cr-1MoVNb - 2Ni and 12Cr-1MoVW - 2Ni. 

A t  4OO0C, most vo ids  occur red  i n  t h e  ma t r i x ,  w i t h o u t  any p a r t i c u l a r  p r e c i p i t a t e  assoc i a t i on .  
l a r g e  vo ids  (50-77 nm i n  diam) i n  t h e  Ni-doped 9 C r  o r  12 C r  s t e e l s  were found e x c l u s i v e l v  i n s i d e  la rge ,  

A t  5OO0C, 

mls a t  40OoC 

I W  a t  400 and 

g l  c: 
5 L  ", III-IcI-cy I IcI Iyl l l  y J C r 8 F s O L I Y I I  

s tee l .  
F i gu re  7.1.5 shows t h e  m a r t e n s i t e  l a t h  boundary and ca r-  

b i d e  p r e c i p i t a t e  s t r u c t u r e s  produced by temper ing f o r  2.5 h a t  780°C i n  t h e  12Cr-1MoVW s t e e l  p r i o r  t o  i r r a -  
d i a t i o n .  
c o n s i d e r a b l y  h i ghe r  t han  t h e  as-tempered concen t ra t ion ,  b u t  o n l y  s l i g h t l y  h i ghe r  a f t e r  i r r a d i a t i o n  a t  500OC. 
D i s l o c a t i o n  c o n c e n t r a t i o n  a f t e r  i r r a d i a t i o n  was s i m i l a r  i n  9 Cr and 12 C r  s t e e l s ,  and t h e r e  was l i t t l e  
e f f ec t  of N i  doping. 
l a r g e s t  c e l l s  of t h e  subgra in  s t r uc tu re .  

~.8-yyp 'cy  ,Lcc13 ,ccIIIc~ cu L.(IUJC. 118urr s w a ~ ~ ~ r ~ r ~  ~ r t  ~ r l r  9Cr-1MoVNb 
Swe l l i ng  appears t o  be i n  t h e  0.2 t o  0.4% range o r  l e s s  i n  a l l  cases a t  36 t o  39 dpa. 

Subgrain Boundary /Prec ip i ta te  M i c ros t r uc tu re .  

The i n t r a c e l l  d i s l o c a t i o n  network c o n c e n t r a t i o n  produced d u r i n g  HFIR i r r a d i a t i o n  a t  400OC was 

I n  any g iven  s t e e l ,  however, t h e  d i s l o c a t i o n  networks were more concen t ra ted  i n  t h e  
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Fig. 7.1.2. A comparison o f  12Cr-1MoVW s t e e l  i r r a d i a t e d  i n  HFIR a t  400°C t o  -36 t o  39 dpa w i t h  
(a) 0.4 w t  % N i  (85 at .  ppm He), ( a )  1.1% N i  (212 at. ppm He) and (c) 2.3% N i  (429 at .  ppm He). Void 
fo rmat ion  does no t  show a c l e a r  i n c rease  w i t h  inc reased  he l i um  con ten t ,  and s w e l l i n g  may a c t u a l l y  
decrease. 

HFIR i r r a d i a t i o n  a t  300 t o  50OoC caused cons iderab le  coarsening o f  t h e  l a t h l s u b g r a i n  s t r u c t u r e  i n  doped 
and undoped gCr-lMoVNb, c o i n c i d e n t  w i t h  some apparent d i s s o l u t i o n  o f  t h e  as-tempered ca rb i de  p r e c i p i t a t e  
s t r u c t u r e .  
produced by HFIR i r r a d i a t i o n  a t  400OC i n  9Cr-1MoVNb - 2Ni, shown i n - f o i l  and on e x t r a c t i o n  r e p l i c a s  i n  
Fig. 7.1.6. There appear t o  be l e s s  o f  t h e  as-tempered p r e c i p i t a t i o n  i n  t h e  undoped 9Cr-1MoVNb a f t e r  i r r a -  
d i a t i o n  a t  4OO0C, bu t  copious a d d i t i o n a l  M,,C6 (2) formed d u r i n g  i r r a d i a t i o n  w i t h i n  t h e  l a r g e  subgra ins and 
a long  boundar ies i n  t h e  Ni-doped s tee l .  A t  5OO0C, l a r g e  g l o b u l a r  x phase p a r t i c l e s  appeared t o  r ep l ace  t h e  
as- tempered p r e c i p i t a t i o n  a long  boundar ies i n  t h e  9Cr-1MoVNb - 2Ni [compare Fig. 7.1.1(b) and ( d ) ] .  
However, a t  600"C, bo th  undoped and Ni-doped 9 C r  s t e e l s  showed l i t t l e  o r  no e f f e c t  of i r r a d i a t i o n  on t h e  
as- tempered subgra in  and p r e c i p i t a t e  s t r uc tu re .  

By con t r as t ,  t h e  as- tempered s t r u c t u r e  of t h e  12Cr-1MoVW s tee l s ,  which con ta ined  much more M23C6 
ca rb i de  p r e c i p i t a t e  r e l a t i v e .  t o  t h e  9 Cr s tee l s ,  remained r e l a t i v e l y  s t a b l e  d u r i n g  HFIR i r r a d i a t i o n  a t  
300 t o  500OC t o  36 t o  39 dpa. An except ion,  however, was t h e  undoped 12Cr-1MoVW a t  500°C. AS shown from 
a lower  m a g n i f i c a t i o n  comparison o f  N i  doped and undoped 12 Cr s t e e l s  i r r a d i a t e d  a t  400 and 500°C i n  
Fig. 7.1.7, ca rb i de  p r e c i p i t a t e  s i z e  and s p a t i a l  d i s t r i b u t i o n s  had coarsened n o t i c e a b l y  w h i l e  subgra ins  were 
l a r g e r  and more po lygona l  i n  t h e  undoped 12 C r  s t e e l  a t  500'C. Voids were o f t en  found i n  t h e  l a r g e s t  
subgra ins  a f t e r  i r r a d i a t i o n  a t  5OOOC. 

s t e e l s  b u t  t h e  9Cr-1MoVNb; a t  500"C, M,C was found on l y  i n  t h e  12Cr-1MoVW s tee l .  
i n  Fig. 7.1.8 f o r  12Cr-1MoVW i r r a d i a t e d  at.400"C and can be i n  Fig. 7.1.6(d) seen on t h e  r e p l i c a  of 
9Cr-1MoVNb - 2Ni i r r a d i a t e d  a t  400°C.. I d e n t i f i c a t i o n  was based on t h e  compos i t iona l  a n a l y s i s  and p r e l i m i n a r y  
d i f f r a c t i o n  ana l ys i s .  
subgra in  boundar ies a t  4OO0C, bu t  were found o n l y  i n  t h e  l a r g e s t  subgra in  reg ions  ( o f t en  t o g e t h e r  w i t h  
vo i ds )  a t  500OC. F i n a l l y ,  t h e  as- tempered MC carb ides  appeared t o  coarsen i n  a l l  s t e e l s  d u r i n g  i r r a d i a t i o n  
a t  300 t o  500°C. 

The coarser  subgra in  s t r u c t u r e  can be seen by comparing t h e  as- tempered s t r u c t u r e  w i t h  t h a t  

Wi th r ega rd  t o  f i n e  p r e c i p i t a t i o n ,  HFIR i r r a d i a t i o n  a t  400OC produced f i n e  M6C (,,) p r e c i p i t a t i o n  i n  a l l  
These p a r t i c l e s  a re  shown 

The f i n e  ,,-phase p a r t i c l e s  were u n i f o r m l y  d i s t r i b u t e d  th roughout  t h e  m a t r i x  and a long  
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1 

Fig. 7.1.5. The as- 
tempered (2.5 h a t  780°C) 

c 

m i c r o s t r u c t u r e  o f  12Cr-ltiovW 
shown (a) a t  l o w  m a g n i f i c a t i o n  

s t r u c t u r e  from p r i o r  m a r t e n s i t e  
l a t h s  and (b) a t  h i g h e r  magni- 
f i c a t i o n  t o  show t h e  low i n t r a -  
c e l l  d i s l o c a t i o n  network 
c o n c e n t r a t i o n  and some o f  t h e  
ca rb i de  p r e c i p i t a t e s  produced 
d u r i n g  temper ing a long  t h e  
subgra in  s t r uc tu re .  

, t o  i l l u s t r a t e  t h e  subboundary 

Fig. 7.1.6. A comparison of p r e c i p i t a t e  and subgra in  s t r u c t u r e s  i n  9Cr-1MoVNb - 2Ni i n  (a) and (b) t h e  
as- tempered ( 5  h a t  700°C) c o n d i t i o n  and (c)  and ( d )  a f t e r  HFIR i r r a d i a t i o n  a t  400°C t o  -31 dpa, i n - f o i l  and 
on e x t r a c t i o n  r e p l i c a s ,  r espec t i ve l y .  I r r a d i a t i o n  has d e f i n i t e l y  produced a coarser  subgra in  s t r u c t u r e  w i t h  
many more M2 Cg p a r t i c l e s  w i t h i n  g r a i n s  r e l a t i v e  t o  t h e  tempered s t r uc tu re .  F ine  background p a r t i c l e s  i n  
( d )  a re  MgC ?v).  
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E-48329 621254 

Fig. 1.1.0. F i  
shown i n - f o i l  v i a  (0 
d i f f r a c t i o n  (c)  and 
MSC (d. 

vari ,,‘ygi !;at; ;’ 
r e s u l t s  a re  focused 

The f i n e  r a d i a t  
found t o  be S i - ,  C r -  
phase formed i n  t ype  
i n  Fig. 7.1.9. P r e l  
a, -1.07 nm, c o n s i s t  
p a r a l l e l  t o  ( Z Z O ) , ,  p 
suggests t h a t  t h e  f i  
(001) zone-axis p a t t  
t h e  ?-phase was i den  
s i m i l a r  f i n e  p r e c i p i  
Whi le  m r e  work i s  n 

The abundant M2 
40OOC (see Fig. 7.1. 
g i n a l  as- tempered s t  
( b ) ,  Some l a r g e r  pa 
t h e  same compos i t ion  
f e r e n t  composi t ions 
somewhat l e s s  C r  anc 
found a f t e r  HFIR i r r  
d i d  no t  show these  c 
carb ides.  

ne p r e c i p i t a t i o n  i s  produced i n  12Cr-1MoYW i r r a d i a t e s  i n  HFIR a t  400°C t o  -36 dpa. as 
I) b r i g h t - f i e l d  and ( b )  d a r k - f i e l d  e l e c t r o n  microscopy w i t h  a p p r o p r i a t e  se l ec ted  area 
as shown on an e x t r a c t i o n  r e p l i c a  i n  (d). Th i s  phase i s  t e n t a t i v e l y  i d e n t i f i e d  as 

Ise Com o s i t i o n  
Ta%-T-. ope an un oped s t e e l s  i s  be i ng  conducted u s i n g  AEM on e x t r a c t i o n  r ep l i cas .  These 
on t h e  v o i d  f o rma t i on  regime o f  400 t o  500OC. 
ion- induced  p r e c i p i t a t e  formed i n  9Cr-1MoVNb - 2Ni and 12Cr-1MoVW - ZNi  a t  4 0 0 T  was 
., and N i - r i ch ,  s i m i l a r  t o  t h e  c h a r a c t e r i s t i c  “ f i n g e r p r i n t “  compos i t ion  of t h e  MgC (,,) 
’ 316 i r r a d i a t e d  i n  HFIR a t  s i m i l a r  temperatures.11 
i m i n a r y  e l e c t r o n  d i f f r a c t i o n  r e s u l t s  i n d i c a t e d  t h a t  t h e  p r e c i p i t a t e  phase was cub i c  w i t h  
e n t  w i th  % C  (,,) phase. An o r i e n t a t i o n  r e l a t i o n s h i p  w i t h  ( 1 1 0 ) ~  p lanes  of t h e  m a t r i x  
# lanes  o f  t h e  p r e c i p i t a t e  was found. Al though t h e  i n f o r m a t i o n  presented here  s t r o n g l y  
ne phase produced i n  t h e  Ni-doped s t e e l s  i s  q phase, more work w i t h  d i f f r a c t i o n  from t h e  
e r n  (ZAP) must be done t o  prove t h e  i d e n t i t y  o f  t h e  M6C (?) phase. 
t i c a l  i n  t h e  9Cr-1MoVNb - 2Ni and t h e  12Cr-1MoVW - 2Ni [Fig. 7.1.9 (a) and ( c ) ] ,  b u t  
t a t e  p a r t i c l e s  produced i n  12Cr-1MoVW were unusua l l y  r i c h  i n  S i  and con ta ined  no N i .  
Needed, t h e  d i f f r a c t i o n  ev idence aga in  suggests t h a t  t h i s  p r e c i p i t a t e  i s  ?-phase. 
3 c 6  t h a t  r e p r e c i p i t a t e d  w i t h i n  subgra ins d u r i n g  HFIR i r r a d i a t i o n  o f  9Cr-1MoVNb - 2Ni a t  
6 )  was c o m p o s i t i o n a l l y  modif.ied r e l a t i v e  t o  t h e  M23C6 (T) p a r t i c l e s  p resen t  i n  t h e  o r i -  
ructure.12 
r t i c l e s  of MZ3C6 (7) found a long  boundar ies i n  t h e  HFIR i r r a d i a t e d  9Cr-1MoVNb - 2Ni had 
I as those  found a f t e r  tempering, thereby  sugges t ing  t h a t  t h e  new p a r t i c l e s  wi th  d i f -  
were p e c u l i a r  t o  t h e  i r r a d i a t i o n .  
I Mo and measurably more S i ,  V, and Nb. and a l i t t l e  more N i .  By con t r as t ,  M2,C6 (T) 
. ad i a t i on  a t  400°C i n  t h e  undoped 9 Cr a l l o y  and i n  t h e  doped and undoped 12 C r  a l l o y s  
:hanges, bu t  r e t a i n e d  i d e n t i c a l  m i c r o s t r u c t u r e  and phase compos i t ion  t o  t h e  as-tempered 

A sys temat ic  s tudy  o f  p r e c i p i t a t i o n  produced by HFIR i r r a d i a t i o n  i n  t h e  

Composi t ional  h is tograms a r e  shown 

The compos i t ion  of 

Composi t ional  h<stograms o f  t h e  MZ3C6 (T) a re  shown i n  Fig. 7.1.10(a) and 

The MZ3C6 (7) produced d u r i n g  i r r a d i a t i o n  had 
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Fig. 7.1.9. Composi t ional  spect ra  determined v i a  
XEDS f a r  f i n e  M6C (,,) p r e c i p i t a t e  p a r t i c l e s  analyzed on 
e x t r a c t i o n  r e p l i c a s  f rom ( a )  9Cr-1MaVNb - Z N i ,  ( b )  12Cr- 
lMoVW and ( c )  12Cr-1MoVW - Z N i ,  a l l  i r r a d i a t e d  i n  HFIR a t  
400°C t o  -37 dpa. 
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Fig.  1.1.10. Composi t ional  spect ra  determined v i a  XEDS f o r  ( a )  and ( b )  V- r i ch  MC and ( c )  and 
( d )  y,C6 (T) phase p a r t i c l e s  analyzed on e x t r a c t i o n  r e p l i c a s  f rom 9Cr-1MoVNb - 2Ni i n  bo th  t h e  as tempered 
c o n d i t i o n  ( a , c )  as w e l l  as a f t e r  HFlK i r r a d i a t i o n  a t  400'C t o  - 37 dpa ( b , d ) .  
a re  mod i f i ed  d u r i n g  i r r a d i a t i o n .  

Composit ions of both phases 
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The V- r i ch  MC carb ides  showed compos i t iona l  m o d i f i c a t i o n  t h a t  was s i m i l a r  i n  a l l  s t e e l s  (Ni-doped as 
w e l l  as  undoped) i r r a d i a t e d  a t  400 t o  500°C. Composi t ional  h is tograms o f  t h e  MC phase i n  9Cr-1MoVNb - 2Ni 
a re  shown i n  F ig.  7.1.10(c) and (d). Co inc iden t  w i t h  m i c r o s t r u c t u r a l  coarsening,  t h e  V- r i ch  MC p a r t i c l e s  
became un i f o rm l y  much r i c h e r  i n  C r  a t  t h e  expense of V, and no p a r t i c l e s  were found w i t h  t h e  compos i t ion  o f  
t h e  as-tempered VC carb ides.  
f o r  l a r g e  and small  MC p a r t i c l e s .  No NbC p a r t i c l e s ,  of t h e  t y p e  found a f t e r  tempering,"  were found a f t e r  
HFIR i r r a d i a t i o n .  
were s l i g h t l y  r i c h e r  i n  C r  than  t h e  as-tempered carb ides, l3  bu t  nowhere near t o  t h e  degree t o  which t h e  MC 
carb ides  were m o d i f i e d  d u r i n g  HFIR i r r a d i a t i o n .  
unusual e f f e c t  of t h e  i r r a d i a t i o n  r a t h e r  t han  an enhanced thermal  e f f e c t .  

7.1.4.4 D iscuss ion  

The r e s u l t s  on v o i d  f o rma t i on  a t  h i g h e r  he l i um  genera t ion  r a t e s  i n  t h e  n icke l- doped s t e e l s  a re  cons is-  
t e n t  w i t h  p rev ious  r e s u l t s  by o the r s  which suggested t h a t  t h e  i nc rease  i n  he l i um  genera t ion  i n  undoped 9 C r  
and 12 C r  s t e e l s  between ERR- I1  and HFIR i r r a d i a t i o n  inc reases  v o i d  f 0 rma t i on .5 -~  
produces more vo ids  i n  t h e  9Cr-1MoVNb s t e e l  a t  400 and 500"C, bu t  no t  n e c e s s a r i l y  i n  t h e  12Cr-1MoVW s tee l .  
D e t a i l s  o f  t h e  m i c r o s t r u c t u r a l / m i c r o c o m p o s i t i o n a l  da ta  i n d i c a t e  t h a t  t h e  r e s u l t s  i n  t h e  Ni-doped s t e e l s  a re  
normal e f f e c t s  o f  he l i um  r a t h e r  than  s t range  e f f e c t s  caused by t h e  inc reased  a l l o y  n i c k e l  content .  

( cons i s t en t  w i t h  t h e  c r i t i c a l  c a v i t y  r ad i us  approach t o  v o i d  n u c l e a t i o n ) ,  they  a l s o  suggest a very  s t r ong  
e f f e c t  o f  t h e  subgra in  boundary s t r u c t u r e ,  and p o s s i b l y  some e f f e c t s  o f  p r e c i p i t a t i o n ,  on vo i d  formation. A 
f i ne ,  s t a b l e  l a t h  and subboundary s t r u c t u r e  seems t o  be one source o f  t h e  v o i d  s w e l l i n g  r es i s t ance  o f t en  
a t t r i b u t e d  t o  t h e  f e r r i t i c  s t ee l s .  
be impor tan t  t o  a s s i s t  vo i d  format ion.  
s t a b i l i t y  o f  t h e  as-tempered p r e c i p i t a t e  s t r u c t u r e  under i r r a d i a t i o n .  
depend on t h e  f o rma t i on  o f  e i t h e r  t h e  i r r a d i a t i o n  induced f i n e  M6C (,,) o r  coarse 

G-phase i n  HT-9 (12 Cr-1MoVW s t e e l )  i r r a d i a t e d  i n  EBR-I1 a t  400"C, bu t  no t  i n  9Cr-1MoNb s t e e l .  They found 
no M6C (,,), bu t  t h e i r  da ta  d i d  show MC t h a t  was both V- r i ch  and C r - r i c h  when produced under i r r a d i a t i o n  i n  
t h e  mod i f ied  9Cr-1Mo a l l o y .  
w e l l  as phase i n  va r i ous  12 C r  s t e e l s  i r r a d i a t e d  i n  t h e  Dounreay Fast Reactor (DFR). They a l s o  found 0, 
Laves and d ,  which we d i d  no t  f i n d ;  they  found no G-phase. 
r i c h  M2X-type phase, bu t  our  work i s  s t i l l  incomplete w i t h  regard  t o  t h i s  phase. The compos i t iona l  m o d i f i -  
c a t i o n  of M23C6 (T) and t h e  p roduc t i on  o f  a S i ,  C r - r i c h  q phase under i r r a d i a t i o n  appear t o  be new r e s u l t s ,  
i n  our  work, as a re  da ta  on t h e  compos i t iona l  m o d i f i c a t i o n s  of t h e  V- r i ch  MC phase. 

7.1.5 Conclus ions 

The compos i t iona l  change was s i m i l a r  f o r  t h e  9 C r  and 12 C r  s t e e l s  and s i m i l a r  

Very f i n e  needles of VC produced d u r i n g  ag ing  o f  9Cr-1MoVNb a t  482 t o  530°C f o r  25,000 h 

These compos i t iona l  m o d i f i c a t i o n s  t h e r e f o r e  appear t o  be an 

More h e l i u m  d e f i n i t e l y  

Al though t h e  m i c r o s t r u c t u r a l  r e s u l t s  suggest t h a t  h e l i u m  bubbles a re  necessary f o r  v o i d  n u c l e a t i o n  

Indeed, i n s t a b i l i t y  and coarsening o f  t h i s  subgra in  s t r u c t u r e  appear t o  
The boundary subs t r uc tu re  s t a b i l i t y  i n  t u r n  appears r e l a t e d  t o  t h e  

A t  5OO0C, v o i d  f o rma t i on  appears t o  
phases. 

Wi th regard  t o  phase fo rmat ion  and s t a b i l i t y  under i r r a d i a t i o n ,  Ge l les  and Thomas' found manganese-rich 

S t o t e r  and L i t t l e 1 4  found M g C  (n), c o m p o s i t i o n a l l y  ve ry  s i m i l a r  t o  ours, as 

Both se t s  of researchers found rods of a C r -  

( 1 )  N icke l  doping inc reased  he l i um  genera t ion  i n  9Cr-1MoVNb and 12Cr-1MoVW s t e e l s  i r r a d i a t e d  i n  H F I R  

(2 )  Voids were no t  found i n  e i t h e r  doped o r  undoped 9 C r  and 12 C r  s t e e l s  a t  300 o r  600°C, bu t  vo ids  
and enhanced f i n e  bubble n u c l e a t i o n  a t  300 t o  600'C a f t e r  36 t o  39 dpa. 

formed t o  v a r y i n g  degrees a t  400 and 500°C. 
g e n e r a t i o n  i n  9Cr-1MoVNb - 2Ni a t  400 and 500°C and i n  12Cr-1MoVW - 1 N i  a t  500°C. However, v o i d  fo rmat ion  
and s w e l l i n g  a t  400°C d i d  no t  c l e a r l y  i n c rease  w i t h  he l ium i n  t h e  12Cr-1MoVW s tee l s .  

400 t o  500°C, bu t  t h a t  t r e n d  appeared reversed  wi th  h i g h e r  he l i um  g e n e r a t i o n  i n  t h e  Ni-doped s tee l s .  

doped and undoped s t e e l s .  
s t r u c t u r e .  
12Cr-1MoVW s t e e l s ,  except  a t  500°C i n  t h e  undoped s tee l .  
500"C, most vo ids  formed i n  t h e  coarses t  subgra ins.  

400°C i n  9Cr-1MoVNb - 2Ni and i n  doped and undoped 12Cr-1MoVW s t e e l s ,  v o i d  fo rmat ion  co i nc i ded  w i t h  f i n e  
p r e c i p i t a t i o n  of a phase t e n t a t i v e l y  i d e n t i f i e d  as M6C [,,). 
those  reg ions  c o n t a i n i n g  voids. Very l a r g e  vo ids  were found e x c l u s i v e l y  i n s i d e  l a rge ,  g l o b u l a r  c h i  ( x )  
phase p a r t i c l e s  i n  t h e  Ni-doped 9 Cr and 12 C r  s t e e l s  a t  500°C. 

from t h e  S i - ,  Cr- ,  and N i - r i c h  c h a r a c t e r i s t i c  spec t ra  i n  9Cr-1MoVNb - 2Ni and 12Cr-1MoVW - 2Ni a t  400OC. 
Morphology and d i f f r a c t i o n  suggest t h a t  t h e  S i  and C r - r i c h  phase found i n  12Cr-1MoVW was a l s o  q, but  more 
work i s  needed. 

9Cr-1MoVNb - 2Ni. 
had somewhat l e s s  Cr and Mo, bu t  measurably more S i ,  V, N i ,  and Nb. 

Void fo rmat ion  and s w e l l i n g  inc reased  w i th  i n c r e a s e d  h e l i u m  

(3 )  The 9Cr-1MoVNb showed s i m i l a r  o r  s l i g h t l y  b e t t e r  v o i d- s w e l l i n g  r es i s t ance  t han  12Cr-1MoVW s t e e l  a t  

(4)  The as-tempered subgra in  s t r u c t u r e  i n  9Cr-1MoVNb coarsened d u r i n g  i r r a d i a t i o n  a t  300 t o  5OOoC, i n  
Subgra in coarsening co i nc i des  w i t h  i n s t a b i l i t y  o f  t h e  as-tempered p r e c i p i t a t e  

By comparison, t h e  as- tempered subgra in  and p r e c i p i t a t e  s t r u c t u r e s  were more s t a b l e  i n  t h e  
P a r t i c u l a r l y  i n  the 12 C r  s t e e l s  i r r a d i a t e d  a t  

( 5 )  A t  400 and 500"C, v o i d  fo rmat ion  was o f t e n  accompanied by 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 i o n .  A t  

A t  500°C i n  12Cr-IMoVW, MsC was found on l y  i n  

( 6 )  XEDS on e x t r a c t i o n  r e p l i c a s  i d e n t i f i e d  t h e  f i n e  i r r a d i a t i o n - i n d u c e d  m a t r i x  p r e c i p i t a t e  as M6C (,,) 

( 7 )  The M,,C6 (T) and V- r ich  MC phases were c o m p o s i t i o n a l l y  m o d i f i e d  d u r i n g  i r r a d i a t i o n  a t  400°C i n  
A f t e r  i r r a d i a t i o n  t h e  MC con ta ined  s i g n i f i c a n t l y  l e s s  V and more Cr, whereas t h e  T phase 
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7.1.6 Fu tu re  Work 

Fu tu re  work w i l l  i n c l u d e  q u a n t i f i c a t i o n  o f  t h e  c a v i t y  m i c r o s t r u c t u r a l  r e s u l t s  q u a l i t a t i v e l y  presented 
here, as w e l l  as con t inued  AEM s tudy  and i d e n t i f i c a t i o n  o f  t h e  p r e c i p i t a t i o n  i n  these  s t e e l s .  
w i l l  a l s o  ex tend  m i c r o s t r u c t u r a l  and p r e c i p i t a t i o n  s t u d i e s  of samples o f  these  same Ni-doped and undoped 
9Cr-1MoVNb and 12Cr-1MoVW s t e e l s  i r r a d i a t e d  i n  FFTF a t  400°C t o  s i m i l a r  f luences. 
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7.2 THE EFFECTS OF 25,000 h A G I N G  AT 480 TO 700°C ON P R E C I P I T A T I O N  AND MICROSTRUCTURAL S T A B I L I T Y  
I N  SEVERAL HEATS OF TEMPERED 9Cr-1MoVNb STEEL - P. J. Maziasz and V. K. S ikka 
(Oak Ridge Nat iona l  Labora to ry )  

7.2.1 A O I P  Task 

A D I P  Tasks a re  no 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 Ob jec t i ves  

Th is  i n v e s t i g a t i o n  was under taken on two hea ts  of 9Cr-1MoVNb aged f o r  up t o  25,000 h. Th is  m a t e r i a l  
was made a v a i l a b l e  by t h e  Breeder Reactor S t r u c t u r a l  M a t e r i a l s  Program t o  s tudy t h e  phase fmic ros t ruc tu re  
response du r i ng  thermal aging. These da ta  w i l l  a l s o  p rov i de  a base l i n e  f o r  f u s i o n  program s tud ies  of p re-  
c i p i t a t i o n  formed i n  r e a c t o r - i r r a d i a t e d  9Cr-1MoVNb. 

7.2.3 Summary 

Two heats o f  tempered 9Cr-lMoVNb, w i t h  s i l i c o n  v a r i a t i o n  as t h e i r  main d i f f e rence ,  were aged f o r  up t o  
25,000 h a t  482 t o  704OC. The as-tempered g r a i n  and subboundary s t r u c t u r e  remained s t a b l e  a f t e r  25,000 a t  
593°C and below, bu t  t hen  recovered and coarsened a t  650°C and above. 
of M,,C6 and MC p a r t i c l e s  remains s t a b l e  upon ag ing  a t  650°C and below, bu t  then  coarsened somewhat a f t e r  
25,000 h a t  704°C. A cons iderab le  amount of Laves phase forms a t  482 t o  593°C a f t e r  25,000 h, w i t h  much 
more o c c u r r i n g  i n  t h e  h i ghe r  s i l i c o n  hea t  o f  s t ee l .  Ne i t he r  hea t  had Laves a f t e r  10,000 h a t  S O T ,  and 
Laves forms on l y  i n  t h e  h i ghe r  s i l i c o n  hea t  o f  s t e e l  a f t e r  25,000 h. An i n t r a c e l l  p r e c i p i t a t e  o f  ve ry  f i n e  
V C  needles was found i n  both hea ts  of s t e e l  a f t e r  ag ing  a t  482 t o  593°C. The o v e r a l l  p r e c i p i t a t e  com- 
p o s i t i o n  r e f l e c t s  t h e  dominance of t h e  chromium- r ich M2,C6 phase, bu t  t h e  molybdenum con ten t  a l so  inc reased  
as t h e  f r a c t i o n  of Laves phase increased.  
temperature,  t ime,  o r  p a r t i c l e  s i ze ,  except f o r  minor  s e n s i t i v i t i e s  o f  VC t o  s i z e  a t  538"C, and of M,,C6 and 
VC to temperature a t  704°C. 

7.2.4 Progress and S ta tus  

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

The as-tempered p r e c i p i t a t e  s t r u c t u r e  

Compos i t iona l l y ,  t h e  var ious  phases were no t  very s e n s i t i v e  t o  

There have been sho r t - t e rm  ( 2 . 5 6  h )  ag ing  s t u d i e s  of norma l i zed  9Cr-1MoVNb a t  400 t o  780"C,' and 
l onge r  t e rm  (-20,000 h )  ag ing  s t ud i es  o f  9Cr-1Mo a t  500 t o  55OoC,2 bu t  no long- te rm s tud i es  of t h e  n iobium-  
o r  vanadium-modif ied 9Cr-1Mo over  a wide temperature range. 
t h e  L i q u i d  Metal Fast Breeder Reactor (LMFBR) M a t e r i a l s  and S t r u c t u r e  Program of DOE t o  i n v e s t i g a t e  t h e  
e f f ec t s  o f  long- te rm ag ing  (up t o  25,000 h )  a t  480 t o  700°C on mechanical p rope r t i e s .  The 9Cr-1MoVNb s t e e l  
i s  a l s o  one o f  t h e  cand ida te  f e r r i t i c  (Path E) a l l o y  be ing  considered f o r  a p p l i c a t i o n  as t h e  f i r s t  w a l l  
of  a fus ion  reac to r .  Th is  work was t h e r e f o r e  i n i t i a t e d  t o  examine t h e  m i c r o s t r u c t u r a l  s t a b i l i t y  of t h e  
9Cr-1MoVNb a f t e r  aging. 
w i t h  t h e  mechanical p r o p e r t i e s ,  they  can p rov i de  mechan is t i c  i n s i g h t  i n t o  t h e  p r o p e r t i e s  changes. Fu r t he r -  
more, t h e  thermal  ag inq  data p rov ides  a base l i n e  aqa ins t  which t o  compare p r e c i p i t a t e  e v o l u t i o n  i n  t h e s e  

Samples had become a v a i l a b l e  f rom s tud i es  by 

These da ta  a re  impo r t an t  t o  t h e  f u s i o n  m a t e r i a l s  program because, when c o r r e l a t e d  

same S tee l s  under neutkon i r r a d i a t i o n  t o  judge whether t h e  phenomena are  enhanced thermal  o r  r a d i a t i o n -  
induced processes.3 ~4 

7.2.4.2 Exper imenta l  

s t e e l ,  whose composi t ions a re  l i s t e d  i n  Table 7.2.1. The major  d i f f e r e n c e  between t h e  two heats was t h e i r  
s i l i c o n  content .  The specimens were aged i n  t h e  normal ized and tempered ( 1  h a t  760°C) c o n d i t i o n ,  s t r e s s -  
f ree,  a t  temperatures rang ing  from 482 t o  704°C f o r  t imes  o f  10.000 and 25,000 h. 

cu t  from t h e  shoulders of t e n s i l e  specimens. From a l a r g e r  shoulder  s l i c e ,  bu lk  p r e c i  i t a t i o n  was e x t r a c t e d  
e l e c t r o l y t i c a l l y  and t h e  res idue  weighed t o  determine t h e  p r e c i p i t a t e  we igh t  f rac t ion . !  From one of t h e  
TEM d i sks ,  p r e c i p i t a t e s  were aga in  e l e c t r o l y t i c a l l y  e x t r a c t e d  on to  a carbon r e p l i c a ,  which was suspended on 
e i t h e r  a copper o r  b e r y l l i u m  gr id .6 Remaining d i s k s  were t h i nned  v i a  e l e c t r o p o l i s h i n g  f o r  TEM. Q u a n t i t a -  
t i v e  x- ray energy d i s p e r s i v e  spectroscopy (XEDS) was performed on t h e  e x t r a c t i o n  r e p l i c a s  u s i n g  JEM 2000FX 
and P h i l i p s  EM400 a n a l y t i c a l  e l e c t r o n  microscopes (AEMs); t h e  l a t t e r  was equipped w i t h  a f i e l d- em iss i on  gun, 
which p rov ided  t h e  very  f i ne ,  h i g h - b r i g h t n e s s  e l e c t r o n  probe t h a t  made a n a l y s i s  of very smal l  ( < l o  nm i n  
d iameter )  p r e c i p i t a t e  p a r t i c l e s  poss ib le .  T h i n - f o i l  microscopy was performed on a JEM l O O C  TEM equipped 
w i t h  a spec ia l  o b j e c t i v e  l ens  po le- p iece  designed t o  m in im ize  t h e  fe r romagnet i c  e f f e c t  o f  t h e  specimens on 
t h e  e l e c t r o n  beam. 

Var ious bu l k  t e n s i l e ,  creep, and Charpy- impact specimens were machined f rom two hea ts  o f  9Cr-1MoVNb 

A f t e r  aging,  severa l  t r ansm iss i on  e l e c t r o n  microscopy (TEM) d i s k s  (3-mm diam by 0.254-mm t h i c k )  were 
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Table 7.2.1. Composit ions of commercial hea ts  o f  9Cr-1MoVNb i n v e s t i g a t e d  

Heat A l l o y  compos i t iona  ( w t  X) 

t i o n  Cr Mo V Nb Mn s i  C cu  W P N 
designa-  

30176 8.6 0.9 0.21 0.072 0.37 0.11 0.081 0.04 (0.01 0.01 0.055 

30394 8.6 1.0 0.20 0.073 0.46 0.4 0.084 0.04 0.05 0.01 0.053 

aBalance Fe. 

7.2.4.3 

M i c r o s t r u c t u r e  - subboundary and d i s l o c a t i o n  s t r u c t u r e  

Specimen d e s i g n a t i o n s  and ag ing  cond i t i ons ,  as w e l l  as p r e c i p i t a t i o n  f r a c t i o n s  and phases, a re  l i s t e d  
i n  Table 7.2.2. 
9Cr-1MoVNb a r e  shown a t  lower  and h i ghe r  m a g n i f i c a t i o n s  i n  t h e  as- tempered c o n d i t i o n  and a f t e r  ag i ng  f o r  
25,000 h a t  540 t o  700'C i n  Fig. 7.2.1. 

R e l a t i v e  t o  t h e  as- tempered 
s t a r t i n g  m a t e r i a l ,  t h e  subboundary 
s t r u c t u r e  w i t h i n  t h e  p r i o r  a u s t e n i t e  
g r a i n s  remains f a i r l y  cons tan t  a f t e r  genera l  p r e c i p i t a t i o n  da ta  
ag ing  f o r  25,000 h a t  up t o  593'C. A t  
650°C. harever .  some o f  t h e  c e l l  

The TEM m i c r o s t r u c t u r e s  f rom t h i n - f o i l  specimens of t h e  low s i l i c o n  hea t  (30176) of 

Table 7.2.2. Specimen t r e a t m e n t  c o n d i t i o n s  and 

Bu lk  Phases observed s t r u c t u r e  coar iened  s l i g h t l y  as t h e  
e longa ted  fo rmer  m a r t e n s i t e  l a t h s  Specimen 
become polygonal .  A t  704OC. t h e  des i  gna- 
subgra ins were n o t i c e a b l y  l a r g e r ,  t i o n  
as seen i n  Fia. 7.2.1. A t  h i a h e r  

Aging c o n d i t i o n s  

p r e c i p i t a t e  on e x t r a c t i o n  
Time Te:$r- e x t  Pact i on r e p l i c a s  v i a  

( w t  X )  XEDP (h  ) ("C) . .  
magn i f i ca t ion ;  t h e  i n t r a c e l l  d i s l o c a -  
t i o n  d e n s i t y  a f t e r  ag ing  a t  538 and 
593°C was h i a h e r  t han  found i n  t h e  as- 

Heat 30176 (0.1 w t  X S i )  

tempered s t r i c t u r e ,  p a r t i c u l a r l y  a t  
538OC. However, a t  bo th  650 and 
704°C. recovery produced many f a i r l y  
d i s l o c a t i o n - f r e e  subgra ins.  Boundary 
and d i s l o c a t i o n  s t r u c t u r e s  showed 
l i t t l e  e f f e c t  o f  t ime,  comparing ag ing  
f o r  10,000 t o  25,000 h a t  538 and 
65OoC i n  hea t  30176, and l i t t l e  o r  no 
hea t- to- hea t  v a r i a t i o n .  

F 
1 - 
' r e c i p i t a t i o n  - m i c r o s t r u c t u r a l  
n f o rma t i on  

t 
a 
t 
F 
f 
S 

h 
II 

t o  593"C,- bu t  showed l i t t l e - c h a n g e  a t -  
650 and 704OC r e l a t i v e  t o  as-tempered 
amount of p r e c i p i t a t e  i n  t h e  s t r u c t u r e  
[Fig. 7.2.2(a)l. Maximum p r e c i p i t a -  
t i o n  occur red  a t  538OC, and t h e  weight  

The we igh t  f r a c t i o n s  o f  p r e c i p i -  
a t i o n  f o r  bo th  hea ts  o f  9Cr-1MoVNb 
r e  p l o t t e d  as a f u n c t i o n  o f  ag ing  
emperature i n  Fig. 7.2.2(a). The 
i r e c i p i t a t e  m i c r o s t r u c t u r e s  can be 
,een on carbon e x t r a c t i o n  r e p l i c a s  
'rom t h e  low s i l i c o n  hea t  (30176) o f  
ICr-1MoVNb a t  h i g h e r  and lower  magni- 
i c a t i o n s  a f t e r  ag ing  f o r  25,000 h a t  
182 t o  704'C i n  Fig. 7.2.3. 

The amount o f  p r e c i p i t a t i o n  i n  
ieat 30176 o f  9Cr-1MoVNb inc reased  
ieasurablv  a f t e r  25.000 h aoino a t  482 

T-20 As-tempered (1 h 1.713 Mz3C6 + VC + NbC 

24047 25,000 482 2.087 Mz3C6 + Laves + VC 

T-214 10,000 538 2.027 .Mz3C6 t Laves t VC 
T-344 25,000 538 2.358 M2,C6 + L a w s  t VC 

c 

a t  760°C) 

t Nbc t CP2X(?) 

+ sow fine Fe-Cr 
phase 

M,,Cc + Laves + Y 25.000 593 2.247 T-362 

7-246 
T-378 
T-394 

T-19 
23985 

T-616 

T-313 
T-584 

-: kbC 
10,000 650 1.748 MZ3C6 t VC t HbC 
25,000 650 1.810 M,,C6 + VC + NbC 
25,000 704 1.786 Mz3C6 t VC + NbC 

Heat 30394 (0.4 w t  X S i )  

As-tempered 1.833 Mz3C6 t VC t NbC 
25,000 482 3.137 MZ3C6 t Laves + U 

t NbC 
25,000 538 3.183 M23C6 t Laves t U 

t some f i n e  Fe- 
phase 

+ NbC 

10,000 650 1.R02 M23C6 t VC + NbC 
25,000 650 2.729 M,,C6 + Laves + ri 

'C 

'C 
C r  

'C 

- 
aPhase i d e n t i f i e d  f rom i n d i v i d u a l  p a r t i c l e  a n a l y s i s  and 

c h a r a c t e r i s t i c  spectra,  r e l a t i v e  phase f r a c t i o n  determined from 
broad-beam XEDS o f  many p a r t i c l e s .  Order represen ts  decreas ing  
phase f r ac t i on .  
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9Cr-1MoVNb s t e e l  ( a & )  as-tempered (1 h a t  76OOC) and 
(S,h) 650"C, and (i,~') 704°C. 

(F igure continued.) 

Low magnif icat ion shows 
a t i o n  shows t h e  i n t r a c e l l  d is locat ion  s t ructure ;  both 
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A 
J 

I' 1 -  

I 

ac t ion  rep l i cas  of heat 30176 o f  9Cr-1MoVNb. 
r 25,000 h a t  ( c , d )  482'C, ( e J )  538'C, ( g , h )  593OC, 
s overa l l  boundary p r e c i p i t a t e  st ructure  wh i le  h igher  
tu res  a re  included f o r  each sample, as indicated.  
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f ract ion  of p r e c i p i t a t e  increased wi th  time from 10,000 t o  25.000 h; consis tent ly ,  TEM of t h e  e x t r a c t i o n  
r e p l i c a s  a lso  ind icated  maximum p r e c i p i t a t i o n  a t  538°C. The as-tempered p r e c i p i t a t e  consisted mainly of 
coarser MZ3C6 with  some f i n e r  MC p a r t i c l e s  (-85-90 vol % b3& and 1 0 4 5 %  MC); most of t h e  MC phase par- 
t i c l e s  were VC, but a few NbC p a r t i c l e s  were found as wel l .  
determined from broad-beam XEDS measurements of t h e  averaged p r e c i p i t a t e  composition,7 and these r e s u l t s  are  
presented i n  Table 7.2.3. 

R e l a t i v e  phase fract ions on rep l icas  were 

Table 7.2.3. Broad-beam p r e c i p i t a t e  compositional averaging v i a  XEDS i n  e x t r a c t i o n  
r e p l i c a s  of aged 9Cr-1MoVNb s t e e l  

Heat 30176 

As-tempered H 2 3 C 6 t V C t N b C  4.0 0.5 0.1 8.3 54.5 0.2 25 0.2 3.0 4.5 W h o l e p p t C 2 1  
11.2 0.4 0.1 26.1 36.8 0.2 14.5 0.1 7.8 3.1 S m a l l p a r t i c l e s C 2 1  

482 25,000 MZ3C6 + Laves + 0.5 0.9 0.1 R.Z 54.2 0.1 24.8 0.1 4.1 7.0 W h o l e p p t t z ]  
VC + NbC + 1.1 1.1 0.1 18.3 49.3 17.0 0.2 6.8 6.2 S m a l l  p a r t i c l e s  C11 
C r 2 X ( ? )  

538 10.000 M2,C6 t Laves 2.7 2.3 0.1 7.0 48.0 1.5 27.4 0.4 1.8 9.0 Y h o l e P P t C Z ]  
+ vc 

538 25.000 MZ3Cs + Laves + 2.4 1.3 0.1 6.6 45.6 0.6 29.3 0.1 1.8 12.3 U h o l e p p t C 2 1  
VC + f i n e  4.7 2.1 0.5 46.5 24.7 12.2 0.5 3.0 6.2 Small p a r t i c l e s  [23 
Fe-Cr phase 

593 25.000 M2,C6 + Laves t 3.7 2.1 0.1 5.5 44.7 
VC + NbC 3.8 1.3 0.2 71.1 13.3 

650 10.000 MZ3C6 t VC + NbC 4.5 1.4 0.2 6.6 63.2 

650 25.000 MZ3C6 + VC + NbC 4.3 0.7 0.1 8.8 61.5 
5.7 0.6 0.2 14.7 56.5 

704 25,000 M Z 3 C s  + VC + NbC 1.5 0.1 11.0 59.2 
2.3 0.8 69.8 8.4 

Heat 30394 

As-tempered H23C6 + VC + NbC 2.8 1.3 7.5 56.4 

482 25,000 HZ3C6 + Laves + 3.8 1.2 0.1 9.4 39.6 
VC + NbC 

0.5 27.5 0.1 2.1 
1.3 8.1 

1.2 17.0 0.3 2.3 

0.4 16.1 0.2 2.9 
14.8 2.8 

1.4 16.2 0.6 5.6 
0.8 0.6 16.8 

1.3 24.5 0.1 1.3 

0.6 27.4 0.2 3.9 

13.7 
0.8 

4.4 

5.3 
4.8 

4.4 
0.4 

4.5 

13.8 

Whole pp t  C Z l  
M a t r i x  tU ppt  [ Z I  

Whole pp t  [23 

Whole pp t  C23 
% a l l  p a r t i c l e s  C21 

Whole pp t  C31 
M a t r i x  MC 121 

Whole pp t  [ Z l  

Yhole pp t  C23 

538 25,000 MZ3C6 + Laves + 5.6 2.0 0.1 4.9 39.5 0.8 30.8 1.3 15.0 m o l e  pp t  C Z l  
VC + NbC t some 
f i n e  Fe-Cr phase 

650 10.000 M z 3 C 6 + V C t N b C  1.3 1.6 0.2 8.5 59.7 1.3 17.9 0.4 3.8 5.4 m o l e p p t C 2 1  

650 25.000 MZ3C6 + Laves t 5.5 1.6 0.1 4.7 41.6 0.6 28.9 0.1 1.3 15.7 W h o l e p p t C 2 1  
VC + NbC 10.5 1.6 0.1 60.9 18.9 2.5 0.1 4.4 1.1 Small HC pp t  [l] 

aNormalized. averaged composi t ion f o r  elements heav ie r  than  aluminum (numbers i n  b racke ts  i n d i c a t e  t h e  number of spectra 

b c m e n t s  descr ibe  t h e  areas i l l u m i n a t e d  wi th  e lec t rons .  

analyzed.). 

15 ,,m i n  d iameter  o r  l a r g e r .  
diameter. 

Whole p r e c i p i t a t e  m a n s  a l l  phases w l t h i n  a c i r c u l a r  area 
S m a l l  broad-beams i n c l u d e d  small p a r t i c l e s  w i t h i n  g r a i n s  o r  l a t h  boundaries 1 t o  3 ,OI i n  
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Fig. 7.2.6. F i ne  VC p r e c i p i t a t e  p a r t i c l e s  formed i n  bo th  hea ts  of 9Cr-1MoVNb aged f o r  25,000 h a t  
5 3 8 O C .  
r e p l i c a s .  
of f i n e  needle p a r t i c l e s  formed i n  heat  30176 [arrow i n  ( E )  i n d i c a t e s  o b j e c t i v e  aper ture] .  

(a) Equiaxed p a r t i c l e s  (heat  30176) and ( 6 )  needle-shaped p a r t i c l e s  (heat 30394), bo th  on e x t r a c t i o n  
I n - f o i l  TEM shows (c)  b r i g h t  f i e l d ,  (d )  p r e c i p i t a t e  dark f i e l d .  and (e) se l ec ted  area d i f f r a c t i o n  



113 

ORNL-OWG 85~1992 
p r e c i p i t a t e  p a r t i c l e s  r e s t r a i n  boundary 
m ig ra t i on .  Increased i n t r a c e l l u l a r  
d i s l o c a t i o n  concen t ra t i ons  co i nc i de  both 
w i t h  t h e  inc reased  p r e c i p i t a t i o n  due t o  
Laves phase f o rma t i on  as w e l l  as t h e  
f i n e  VC fo rmat ion  a long  t h e  d i s l o c a -  
t i o n s .  F i n a l l y ,  compos i t iona l  changes 
of t h e  as-tempered phase on l y  occurs a t  
t h e  h i g h e s t  ag ing  temperatures, when 
m i r o s t r u c t u r a l  coarsening i s  caused by 
t h e  d i s s o l u t i o n  o f  sma l le r  p a r t i c l e s  i n  
o rde r  t o  form o r  grow l a r g e r  ones. 

p r e c i p i t a t i o n  a re  gene ra l l y  cons i s t en t  
w i t h  observa t ions  by o thers  on r e l a t e d  
s t e e l s ,  bu t  these  r e s u l t s  a re  new fo r  
long- te rm ag ing  o f  these  s p e c i f i c  
9Cr-1MoVNb a l l o y s  ( a l s o  termed mod i f ied  
9Cr-1Mo). Laves phase has been found by 
T i tchmarsh e t  al.2 i n  an unmodif ied 
9Cr-1Mo s t e e l  aged f o r  20,000 h a t  500 
t o  550°C. They a l s o  observed a s i m i l a r  
morphologica l  d i s t r i b u t i o n  o f  t h e  Laves 
phase a long  s u b s t r u c t u r e  boundaries and 
no te  cons i s t en t  phorphorus enrichment, 
no t  observed i n  o the r  phases. Our 
m i c r o s t r u c t u r a l / m i  c rocompos i t iona l  
observa t ions  i n  vanadium- and n iobium-  
r i c h  v a r i a n t s  o f  t h e  MC phase a re  
g e n e r a l l y  cons i s t en t  w i t h  those  of 
o t he r s  i n  v a r i o u s l y  mod i f ied  S 1 2  C r  
s teels . l .8  S t o t e r  and L i t t l e *  a l s o  
observed f i n e  VC needles, bu t  i n  an as- 
tempered 12Cr-Mo-V s tee l ,  no t  a f t e r  low- 
temperature aging. Our observa t ions  on 
t h e  M,,C, phase a re  a l s o  s i m i l a r  t o  
0thers; l .z.B indeed, S t o t e r  and L i t t l e  
observed coupled m i c r o s t r u c t u r a l  coar-  
sening and compos i t iona l  e v o l u t i o n  of 
t h a t  phase toward h i ghe r  chromium con- 
c e n t r a t i o n  i n  12Cr-Mo-V aged a t  600°C. 
F i n a l l y ,  o thers  have observed t h e  f o r -  
mat ion  o f  a C r  X o r  C r 2 N  phase i n  tem- 
pered 9Cr-1Mo l r e f .  2 )  o r  m o d i f i e d  12-Cr 
a l loys ;8 ,9  however, they  do no t  f i n d  
t h a t  phase forming a t  lower ag ing  tem- 
pera tu res  and do no t  f i n d  t h e  vanadium 
enrichment t h a t  we f i nd .  Our observa- 
t i o n s  o f  Laves formed below 500"C, of 
coupled m i c r o s t r u c t u r a l  / m i  c rocompos i t iona l  
e v o l u t i o n  o f  t h e  MC phase a t  704"C, and 
o f  t h e  f i n e  VC needles formed a t  482 t o  
593°C appear t o  be new da ta  f o r  aged 
9Cr-1MoVNb s t e e l .  

These r e s u l t s  on m i c r o s t r u c t u r e  and 
I ;e i i  Nb Mo Ibl $i 6 b Cr i e  Ni Nb Mo 

AS-TEMPERED 
z 

t- 

0 z 

Si P V Cr Fe Ni Nb Mo (dl Si P V Cr Fe Ni Nb Mo IC1 

FINE Cr-RICH RODS - 100 

ICr2 x ?I, 482°C 
z 

50 

YI 
0 z 

Si P V Cr Fe Ni Nb Mo le) Si P V Cr Fe Ni Nb Mo 

Fig. 7.2.7. Composi t ional  spec t ra  o f  va r i ous  phases 
found i n  tempered o r  tempered and aged 9Cr-1MoVNb v i a  XEDS 
a n a l y s i s  on e x t r a c t i o n  r ep l i cas .  
(b) Laves phase formed a t  650"C, ( e )  VC, and ( d )  NbC, both 
formed d u r i n g  temper ing,  ( e )  mixed vanadium- and n i o b i u m- r i c h  
MC, formed a t  704'C. (f) f i n e  chromium-rich phase, t e n t a -  
t i v e l y  i d e n t i f i e d  as Cr,X, formed a t  482OC, and ( 9 )  f i n e  
Fe-Cr phase found a t  538°C. 

(a) MZ3C6 formed a t  65OoC, 
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Table 7.2.4. XEOS composi t ion of t h e  M,,C6 phase e x t r a c t e d  on 
r e p l i c a s  f rom aged 9Cr-1MoVNb s t e e l  

Aging 
c o n d i t i o n s  i o n b  (at .  %) 

S i  P T i  v C r  Mn Fe N i  Nb Mo 

Heat 30176 

Large [41 0.8 1.8 62.1 0.3 29.2 0.1 0.2 5.4 
S m a l l C 1 1  0.8 0.6 0.1 0.7 62.0 0.4 29.8 0.2 5.5 As -tempered 

482 25,000 Large [2] 0.4 0.1 0.9 63.6 29.3 0.2 0.2 5.5 
Small [11 1.3 0.8 0.9 65.1 26.0 0.1 5.9 

538 10,000 L a r g e r 2 1  0.3 0.6 0.1 1.1 64.2 1.3 27.5 0.2 0.1 4.5 

538 25,000 Large [4] 0.6 0.6 1.0 63.4 0.4 28.2 0.1 0.1 5.6 
Small [41 1.7 0.7 0.1 1.3 62.2 27.7 0.1 0.1 6.1 

593 25,000 L a r g e C 2 1  1.1 0.8 0.1 1.1 67.5 0.2 23.1 0.1 5.9 

650 10,000 L a r g e r 2 1  0.8 0.8 0.1 1.2 70.5 1.7 19.3 0.1 0.3 5.2 

650 25,000 Large [6] 0.7 0.6 2.5 71.2 0.3 18.3 0.1 0.4 6.1 

704 25,000 Large [2] 0.2 1.4 71.0 1.4 20.0 0.3 0.8 4.9 

Heat 30394 
As-tempered Large 123 1.3 1.1 1.3 62.7 1.6 27.4 0.1 4.5 

538 25,000 Large [21 1.6 1.0 2.5 61.8 0.5 26.3 0.1 0.1 6.2 
w a l l  [11 1.0 1.0 68.4 0.6 23.5 0.1 5.7 

650 10,000 L a r g e C 2 1  1.3 0.9 0.1 1.2 67.4 1.7 20.6 0.1 0.4 5.2 

650 25,000 L a r q e L 2 1  1.2 0.3 0.3 0.5 71.5 0.4 20.0 0.1 5.7 

aLarge p a r t i c l e s  a re  u s u a l l y  g r e a t e r  than  200 nm i n  s i z e ;  s m a l l  ones a r e  l e s s  than  
50 nm i n  s i z e  (numbers i n  b racke ts  i n d i c a t e  t h e  number o f  i n d i v i d u a l  p a r t i c l e  s p e c t r a  
analyzed) .  

bNormalized, averaged composi t ion f o r  elements h e a v i e r  t h a n  aluminum. 

Table 7.2.5. XED8 compos i t i on  o f  t h e  Laves phase e x t r a c t e d  on 
r e p l i c a s  from aged 9Cr-1MoVNb s t e e l  

Aai na 
Composit ionb (at .  %) 

S i  P T i  V Cr Mn Fe N i  Nb Mo 

c o n d i t  i i n s  

Comment sa Tempera- Time 

(h 1 t u r e  
( " C )  

Heat 30176 

482 25,000 L a r g e r 2 1  2.4 4.6 0.1 0.1 17.8 1.0 39.0 0.3 0.2 34.5 

538 10,000 L a r g e r 3 1  7.6 5.2 0.1 0.4 12.8 1.4 43.4 0.4 0.3 28.3 

5 38 25,000 L a r g e r 3 1  7.1 2.8 0.2 0.6 13.2 0.9 43.0 0.2 0.3 31.8 

593 25,000 L a r g e r 2 1  8.2 3.4 0.2 0.1 9.6 0.6 45.1 0.2 0.3 32.3 

Heat 30394 

650 25,000 L a r g e 1 4 1  11.5 3.2 0.1 0.3 12.8 0.6 42.6 0.7 0.7 28.1 

538 25,000 Large [31 13.4 3.6 2.2 13.5 0.8 38.3 0.1 0.5 27.0 

~~ ~~ ~~ ~~ 

aLarge p a r t i c l e s  a re  u s u a l l y  g r e a t e r  than  200 nm i n  s i z e  (numbers i n  b racke ts  i n d i c a t e  

bNormalized, averaged compos i t i on  f o r  elements h e a v i e r  than  aluminum. 
t h e  number o f  i n d i v i d u a l  p a r t i c l e  spec t ra  analyzed) .  
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Table 7.2.6. XEOS composi t ions o f  MC and o t h e r  f i n e  phase p a r t i c l e s  
e x t r a c t e d  on r e p l i c a s  f rom aged 9Cr-1MoVNb s t e e l  

Aging 
c o n d i t i o n s  Phases Composit ionb (a t .  %) 

and 
Tempera- T i  me commentsa s i  P T i  V Cr Mn Fe N i  Nb Mo 

( h )  
t u r e  
("C) 

Heat 30176 

S m a l l  vc rsl 1.4 0.1 0.1 74.0 16.9 0.5 6.3 0.6 .. . . . . 
As-tempered Larger  N b i - i l ]  

Small NbC [2] 
12.2 2.2 
15.3 3.3 

0.4 84.7 0.5 
0.5 80.2 0.6 

482 25,000 9.b.c VC [31 0.5 0.8 0.1 65.8 19.3 3.6 7.1 2.7 
Larger  m a t r i x  1.2 0.6 68.2 16.1 4.6 0.1 8.7 0.7 

2.8 0.1 3.9 3.5 Very f i n e  VC [3] 5.4 1.5 0.2 59.0 23.6 
Larger  m a t r i x  5.9 16.4 3.4 0.1 0.6 0.1 72.5 0.8 

Larger  m a t r i x  3.0 0.3 51.6 12.8 1.1 0.1 26.9 4.2 

Small C r - r i c h  1.0 0.3 0.1 15.0 75.6 2.1 0.1 0.4 5.4 

vc [I1 

NbC [I] 

MC C11 
rods 
C c r 2 x ( ? ) l  C41 

538 10,000 Small VC [ S I  0.5 0.5 0.2 68.0 20.8 2.3 4.6 3.7 3.6 

538 25,000 Larger  VC C41 0.6 0.1 68.4 22.4 3.1 0.1 4.3 1.0 
Very f i n e  VC [l] 8.1 0.2 52.5 23.1 9.3 0.1 2.7 4.0 
F ine  Fe-Cr [3] 0.6 0.3 5.3 43.0 48.4 0.1 0.1 2.2 

593 25,000 Larger  VC C21 3.3 0.8 0.2 72.0 12.5 0.1 0.7 9.8 0.6 
S m a l l  vc r l l  3.6 1.0 0.2 73.8 14.1 0.1 0.5 0.1 5.8 0.8 
L a r g e r N b i f l ]  1.8 1.5 0.3 14.8 3.0 0.2 0.6 0.1 77.6 0.3 

650 10,000 Small VC [31 2.5 0.8 75.8 14.6 0.3 5.1 0.8 

650 25,000 Larger  VC [ S I  1.3 1.1 0.1 67.2 16.2 1.3 12.1 0.7 
Small VC C91 2.8 0.8 0.1 75.1 13.5 0.6 6.6 0.6 
Small NbC [2] 6.5 0.1 14.0 2.7 0.4 75.6 0.7 

704 25,000 Larger  VC [Zl 1.1 0.7 66.4 6.6 0.7 0.5 23.6 0.2 
Small vc r 4 1  0.5 0.7 70.7 12.1 0.9 0.6 14.0 0.6 

0.5 0.7 42.3 0.3 Larger  M C - [ ~ I  1.7 0.5 48.5 5.5 
S m a l l  MC [31 1.8 0.4 49.2 5.2 0.5 0.6 41.8 0.6 
Larger  NbC [l] 3.6 0.4 8.1 1.7 0.6 0.9 84.0 0.4 

Heat 30394 

As -t empered Small VC [I] 1.2 2.1 0.9 75.3 14.2 0.1 5.6 0.7 
Small NbC [l] 6.4 2.0 15.2 3.0 0.5 71.6 1.4 

538 25,000 S m a l l  VC [6] 1.0 77.6 15.3 5.5 0.3 

650 10,000 Larger  VC C23 1.4 2.8 0.1 71.2 8.9 0.4 14.4 0.9 
S m a l l  VC C21 3.1 3.4 0.1 64.2 10.0 0.7 0.1 16.5 1.9 

650 25,000 Small VC [5 ]  3.2 1.8 0.1 70.3 15.0 0.1 0.9 7.5 0.9 

aLarger  p a r t i c l e s  a re  g r e a t e r  than  -50 t o  60 nm i n  s i ze ,  s m a l l  p a r t i c l e s  a re  l e s s  than  -30 t o  
40 nm i n  s i z e ,  and very f i n e  p a r t i c l e s  a re  u s u a l l y  rods, - 5-nm-thick, 40- t o  100-nm l o n g  (numbers i n  
b racke ts  i n d i c a t e  t h e  number of i n d i v i d u a l  p a r t i c l e  spec t ra  analyzed) .  

bNormalized, averaged composi t ion f o r  elements h e a v i e r  than  aluminum. 

C9.b. = g r a i n  boundary. 
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7.2.6 Conclus ions 

1. 
593'C. bu t  does begin t o  recover  and coarsen a t  650'C and above. 
w i t h  aging a t  538 and 593"C, bu t  t hen  recovered a t  650°C and above r e l a t i v e  t o  t h e  as-tempered d i s l o c a t i o n  
s t r uc tu re .  

2. 
coarsened a t  704°C. 

3. 
tempered p r e c i p i t a t e  s t r uc tu re .  Laves phase formed i n  bo th  hea ts  o f  s t e e l  a t  482 t o  593°C and was mdximum 
a t  -538°C a f t e r  25,000 h. Much w r e  Laves formed i n  t h e  h i g h e r  s i l i c o n  hea t  o f  s t ee l .  Laves, however, on ly  
formed a f t e r  25,000 h a t  65OOC i n  t h e  h i g h e r  s i l i c o n  (30394) heat  o f  s t ee l .  

A h i g h  concen t ra t i on  of very f i n e ,  i n t r a c e l l u l a r  p r e c i p i t a t e s  occur red  a long  t h e  d i s l o c a t i o n  ne t -  
work a t  482 t o  593°C. Most o f  these  were needles of VC. bu t  a few p a r t i c l e s  o f  an u n i d e n t i f i e d  Fe-Cr phase 
were a l s o  found i n  heat 30176 a t  538°C a f t e r  25,000 h. A small  amount of s l i g h t l y  coarser  chromium-rich 
rods, be l i e ved  t o  be an M,X t y p e  phase, were a l s o  found i n  heat 30176 a f t e r  25,000 h a t  482'C. 

t h e i r  major  c h a r a c t e r i s t i c  c o n s t i t u e n t ,  except f o r  t h e  Fe-Cr and Laves phases. 
s u b s t a n t i a l  enr ichments o f  P, S i ,  and Mo; Laves phase con ta ined  more s i l i c o n  when formed i n  t he  h i ghe r  s i l i -  
con heat of s t e e l  (30394). Only M,,C6 and VC showed compos i t ion  s e n s i t i v i t y  t o  temperature;  a t  704"C, M Z 3 C 6  
became r i c h e r  i n  chromium a t  t h e  expense o f  i r o n  and VC became r i c h e r  i n  n iob ium a t  t h e  expense of chromium. 
A t  482 t o  538OC. t h e  VC phase composi t ion was s i z e  s e n s i t i v e ;  t i n y  VC needles had more chromium and l ess  
vanadium than  d i d  l a r g e r  p a r t i c l e s .  

The g r a i n  and subboundary s t r u c t u r e  o f  9Cr-1MoVNb remains s t a b l e  d u r i n g  long- te rm ag ing  a t  up t o  
D i s l o c a t i o n  d e n s i t y  w i t h i n  c e l l s  inc reased  

The as-tempered carb ide  s t r u c t u r e  (MZ3C6 + MC) remained s t a b l e  d u r i n g  ag ing  a t  650°C and below, bu t  

New p r e c i p i t a t e s  formed du r i ng  ag ing  a t  temperatures below 650°C and super- imposed upon t he  as- 

4. 

5. The var ious  phases were c o m p o s i t i o n a l l y  q u i t e  d i s t i n c t .  They gene ra l l y  con ta ined  Cr, V, o r  Nb as 
Only Laves phase con ta ined  
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7.3 THE OEVELOPMENT OF FERRITIC STEELS FOR FAST I N O U C E O- R A D I O A C T I V I T Y  DECAY - R. L. Klueh, 
(Oak Ridge Nat iona l  Labo ra to r y )  

7.3.1 A D I P  Task 

A D I P  Task I.A.5, Perform F a b r i c a t i o n  Ana lys is ,  and 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 .  

7.3.2 Ob jec t i ves  

Dur ing  t h e  ope ra t i on  o f  a fus ion  r eac to r ,  t h e  s t r u c t u r a l  m a t e r i a l  o f  t h e  f i r s t  w a l l  and b lanke t  
s t r u c t u r e  w i l l  become h i g h l y  r a d i o a c t i v e  f rom a c t i v a t i o n  by t h e  h igh-energy f u s i o n  neutrons. A d i f f i c u l t  
r a d i o a c t i v e  waste problem w i l l  be i n v o l v e d  i n  t he  d isposa l  o f  t h i s  m a t e r i a l  a f t e r  se rv ice .  One way t o  
min imize t h e  d isposa l  problem i s  t h e  use o f  s t r u c t u r a l  m a t e r i a l s  i n  which t h e  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 ow  f o r  s i m p l i f i e d  d isposa l  techniques.  We a re  e x p l o r i n g  t h e  development 
o f  f e r r i t i c  s t e e l s  t o  meet t h i s  ob j ec t i ve .  

7.3.3 

Norma l i z ing  and temper ing s t ud i es  were con t inued  on e i g h t  hea ts  o f  normal ized chromium-tungsten s t e e l  
t h a t  con ta ined  v a r i a t i o n s  i n  t h e  composi t ion of chromium, tungsten,  vanadium, and tanta lum. Hardness 
measurements, t e n s i l e  t e s t s ,  and o p t i c a l  m e t a l l o g r a p h i c  observa t ions  were used t o  determine a l l o y i n g  e f f ec t s  
on temper ing res is tance .  The r e s u l t s  were compared t o  r e s u l t s  f o r  analogous chromium-molybdenum s tee l s .  

7.3.4 Progress and S ta tus  

7.3.4.1 I n t r o d u c t i o n  
Table 7.3.1. Chemical composi t ion of f a s t  induced- 

r a d i o a c t i v i t y  decay (FIRO) f e r r i t i c  s t e e l s  

We have con t inued  t h e  s t ud i es  t o  
c h a r a c t e r i z e  e i g h t  heats o f  f e r r i t i c  Chemical composit ion,a (wt  %) 
s t e e l s  designed f o r  f a s t  induced- A1 1 oy 

s t e e l s  were pa t t e rned  on t h e  chromium- 
molybdenum s t e e l s  t h a t  a re  o f  i n t e r e s t  2 114 C r V  2.36 0.25 0.11 0.40 0.17 
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  - 2 1/4 C r - 1 W V  2.30 0.93 0.25 0.10 0.34 0.13 
namely, 2 114 Cr-lMo, gCr-lMoVNb, and 2 114 Cr-2W 2.48 1.99 0.009 0.11 0.39 0.15 
12Cr-IMoVW s tee l s .  The major  changes 2 114 Cr-2WV 2.42 1.98 0.24 0.11 0.42 0.20 
from t h e  chromium-molybdenum s t e e l s  5 Cr-2WV 5.00 2.07 0.25 0.13 0.47 0.25 
i n v o l v e  t h e  replacement o f  molybdenum 9 Cr-2WV 8.73 2.09 0.24 0.12 0.51 0.25 
w i t h  tungsten,  t h e  use o f  vanadium i n  9 Cr-2WVTa 8.72 2.09 0.23 0.075 0.10 0.43 0.23 
t h e  2 114% C r  s t e e l s ,  and t h e  rep lace-  1 2  Cr-2WV 11.49 2.12 0.23 0.10 0.46 0.24 
ment o f  n iob ium i n  t h e  9% C r  s t e e l  
w i t h  tanta lum. (Al though tan ta lum can aP = 0.014-0.016, S = 0.005-0.006, N i  < 0.01, MO < 0.01, 
be used i n  a F I R D  s t e e l ,  t h e  decay of Nb < 0.01, T i  < 0.01, CO = 0.005-0.008, CU = 0.02-0.03, 
i t s  t r ansmu ta t i on  p roduc ts  immediate ly  A1 = 0.02-0.03, B < 0.001, bal  Fe. 
a f t e r  i r r a d i a t i o n  i n  a f a s t -  o r  mixed- 
spectrum r e a c t o r  makes such a s tee l  
d i f f i c u l t  t o  study. Therefore,  few, if any, i r r a d i a t e d  s t ud i es  w i l l  be performed on s t e e l s  con ta i n i ng  
tanta lum.)  The composi t ion o f  t h e  e i g h t  s t e e l s  i s  g iven  i n  Table 7.3.1. 

t h r e e  t asks  were completed. The f i r s t  i n v o l v e d  f u r t h e r  h e a t - t r e a t i n g  s t ud i es  on t h e  o r i g i n a l  e i g h t  hea ts  
(Table 7.3.1). I n  t h e  e a r l i e r  s t ud i es ,  we found t h a t  t h e  12Cr-2WV s t e e l  was no t  100% mar tens i te ,  as  
des i red ,  bu t  con ta ined  -26% 6 - f e r r i t e . 2  To determine how a FIRO a u s t e n i t i c  s t e e l  w i t h  12% Cr might  be 
obta ined,  t h r e e  12Cr-2WV s t e e l s  were produced, t w o  w i t h  d i f f e r e n t  amounts of t h e  a u s t e n i t e - s t a b i l i z i n g  e l e -  
ment manganese, and one w i t h  a d d i t i o n a l  carbon - a l s o  an a u s t e n i t i z i n g  element. F i n a l l y ,  t e n s i l e  p r o p e r t i e s  
were determined f o r  t h e  o r i g i n a l  e i g h t  hea ts  o f  s t ee l .  

7.3.4.2 Exper imenta l  Procedure 

For t h e  hea t- t rea tment  s t ud i es ,  p ieces of p l a t e  and sheet were norma l i zed  and then  tempered a t  va r ious  
temperatures. 
cooled. I n  t h e  p resen t  s t ud i es ,  t h e  “ no rma l i za t i on  t r ea tmen t ”  cons i s t ed  of a u s t e n i t i z a t i o n  i n  a he l ium 
atmosphere furnace,  a f t e r  which t h e  s t e e l  was p u l l e d  from t h e  furnace and coo led  i n  f l ow ing  hel ium. 
Hardness measurements were made on t h e  h e a t - t r e a t e d  specimens, and p ieces of t h e  specimens were used f o r  
meta l lography.  

r eme l t i ng  some o f  t h e  12Cr-2WV s tee l s .  Add i t i ons  o f  -2.5% Mn, 5% Mn, and 0.1% C were made. The com- 
p o s i t i o n s  of t h e  t h r e e  new s t e e l s  a long  w i t h  t h e  composi t ion of t h e  12Cr-2WV s tee l  t o  which t h e  a d d i t i o n s  
were made a re  g iven  i n  Table 7.3.2. 

r a d i o a c t i v i t y  decay (FIRO).’ These C r  W V Ta C Mn s i  

We p r e v i o u s l y  r epo r t ed  on t h e  temper ing c h a r a c t e r i s t i c s  o f  t h e  Cr-W steels .2 I n  t h e  p resen t  work, 

The steelmaking d e f i n i t i o n  o f  a norma l i zed  s t e e l  i s  one t h a t  i s  a u s t e n i t i z e d  and then a i r  

To determine how t h e  6 - f e r r i t e  can be e l i m i n a t e d  from the  12-Cr s t e e l ,  t h r e e  b u t t o n  hea ts  were made by 
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a t  1000°C and t h a t  f o r  t h e  2 114 Cr-1WV occur red  a t  

a f t e r  annea l ing  a t  950 and 1000°C w i t h  a decrease 
w i t h  105OOC. t h e  The 9OO'C 2 anneal;  114 Cr-2W a s i m i l a r  s t e e l  reached hardness maximum was ob ta ined  hardness 40 

o c c u r r i n g  when annealed a t  1050°C. Such a hardness 35 

decrease c o u l d  be caused by t h e  inc reased  a u s t e n i t e  g r a i n  c 

1 :  
s i z e  t h a t  would be expected f o r  such a h igh  annea l ing  30 c temperature f o r  a s t e e l  w i t h o u t  a s t r o n g  c a r b i d e  former 
(e.g., vanadium). The 2 114 Cr-2WV s t e e l  reached t h e  

peak was reached w i t h  t h e  1000°C anneal, a l though  t h e r e  rn 
was l i t t l e  d i f f e r e n c e  between 1000 and 105OOC. 

From these  r e s u l t s  i t  appears t h a t  t h e  tungs ten  c 
p l a y s  an impor tan t  r o l e  i n  t h e  hardening as t h e  s t e e l s  
w i t h  2% W were c o n s i d e r a b l y  harder  than  t h e  s t e e l s  w i t h  
0 and 1% W. 
ma l i zed  hardness. 

The h i g h e r  chromium s t e e l s  f a l l  i n t o  two groups: 
t h e  5- Cr  and 9-Cr s t e e l s  i n  one group, t h e  1 2 - 0  s t e e l  i n  
t h e  other .  The f i r s t  group of s t e e l s  shows a maximum 

0 
0 

YI 

111 

h i g h e s t  hardness o f  t h e  2 114% C r  s tee ls .  A hardness 5 25 

20 

15 
The vanadium had a s l i g h t  e f f e c t  on t h e  n o r -  

10 

5 

T e n s i l e  t e s t s  were made on S S- 1  sDeci- Table 7.3.2. Chemical comDosit ion o f  h iah- carbon and 
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~, 2 114 CI.2W" . 11 C,-ZW" 

mens taken from 0.76-mm-thick sheet o f '  t h e  
e i g h t  heats g iven  i n  Table 7.3.1. The SS- 1  

high-manganese i2Cr-2WV steel;  

t e n s i l e  specimens have a reduced gage s e c t i o n  
20.3 mm l o n g  by 1.52 mn wide by 0.76 mm Chemical composi t iona ( w t  %) 
t h i c k .  A l l  specimens were machined w i t h  gage A l l o y  
l e n g t h s  p a r a l l e l  t o  t h e  r o l l i n g  d i r e c t i o n .  C r  W V C Mn S i  
T e n s i l e  t e s t s  were made i n  vacuum on a 
44-kN-capacity I n s t r o n  u n i v e r s a l  t e s t i n g  12Cr-2WVb 11.49 2.12 0.23 0.10 0.46 0.24 
machine a t  a crosshead speed o f  8.5 P I S ,  
which r e s u l t s  i n  a nominal s t r a i n  r a t e  of IZCr-ZWV-2.8Mn 11.23 1.79 0.21 0.08 2.76 0.23 
4.2 10-41s. 

7.3.4.3 Resu l t s  and Discuss ion 

Heat- t reatment  s t u d i e s  

For t h e  p rev ious  temper ing studies.2 a l l  
of t h e  s t e e l s  except t h e  2 114 Cr-2W were 
a u s t e n i t i z e d  0.5 h a t  1050°C; t h e  2 1 /4  Cr-ZW 
was a u s t e n i t i z e d  0.5 h a t  900°C. The h i g h e r  
temperature was chosen f o r  t h e  o t h e r  seven 

12Cr-ZWV-5.6Mn 10.86 1.97 0.21 0.08 5.57 0.20 

12Cr-ZWV-O.ZC 11.52 1.83 0.22 0.17 0.40 0.20 

"P = 0.014-0.016, S = 0 . 0 0 ~ . 0 0 6 ,  N i  < 0.01, Mo < 
0.01, Nb < 0.01, T i  < 0.01. Co = 0 . 0 0 ~ . 0 0 8 ,  Cu = 
0.024.03, B < 0.001. ba l  Fe. 

b a s e  composit ion. 

s t e e l s  because they  con ta ined  vanadium, which 
i s  expected t o  be p resen t  i n  ca rb ide  p r e c i p i t a t e s .  
b ides  were comp le te ly  d i s s o l v e d  d u r i n g  a u s t e n i t i z a t i o n .  

m a l i z e d  by annea l ing  0.5 h a t  900, 950, 1000, and 105OOC and then  c o o l i n g  i n  f l o w i n g  helium. The r e s u l t s  

The h i g h e r  temperature was used t o  ensure t h a t  t h e  ca r-  

To determine t h e  optimum a u s t e n i t i r a t i o n  temperature,  a s e r i e s  of 0.76-mm-thick specimens was n o r -  

a re  d i s p l a y e d  i n  F ig.  7.3.1. 

i nc reased  w i t h  temperature and reached s i m i l a r  maximum 
hardnesses. Maximum hardness f o r  t h e  2 114 C r V  occur red  I 

The hardnesses o f  t h e  2 1/4 C r V  and 2 114 C r - 1 W V  
D I N L . D * B  I I C . , . I S I  

45  , 
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A f t e r  t h a t  heat  t rea tment ,  t h e  2.8% Mn and 5.6% Mn s t e e l s  35 , 
conta ined  -10% and (1% 6 - f e r r i t e ,  r espec t i ve l y .  The 
s t e e l  w i t h  0.2% C conta ined -59. & - f e r r i t e  i n  i t s  m ic ro -  

12Cr-2WV s tee l .  
s t r uc tu re .  These values compared t o  t h e  26% i n  t h e  base 30 ~ 

~ 

s i d e r a t i o n s  s i t i c  12Cr-2WV t h a t  s t ee l  must i s  be poss i b l e ,  taken i n t o  t h e r e  account. a re  o the r  I f  l i t h i u m  con- > 0 .\ iq--i& ,/ - Although these r e s u l t s  i n d i c a t e  t h a t  a F IRD marten-  

2 25 ~ . 5 f u s i o n  r eac to r ,  t h e  manganese concen t ra t i on  should be " 
minimized,  s ince  manganese i s  h i g h l y  so l ub l e  i n  l i t h i u m .  

mat ion (p robab ly  about 1.5% i n  t h e  presence o f  0.2% C). 0 

sheet were norma l i zed  (0.5 h a t  1050°C) and then  tempered 

i s  t o  be used as t h e  coo lan t  f o r  t h e  f i r s t  w a l l  o f  a 

0 5 m 20  ~ 

?); 

m 
", z 

It may t he re fo re  be a p p r o p r i a t e  t o  use t h e  0.277 C p l u s  
whatever manganese i s  r equ i r ed  t o  r e t a r d  & - f e r r i t e  f o r -  

To determine t h e  hea t- t rea tment  c h a r a c t e r i s t i c s  o f  r > ( : ?  5 15 ~ 

12 c, - 2W"  

0 12 Cr  - 2WV-2.8Mn 

f o r  2 h a t  600, 650, 700, 750, and 780°C. The r e s u l t s  10 ~ A 12 Cr - 2 W V - 5 . 6 M n  

t h e  mod i f i ed  12Cr-2WV s t e e l s ,  p ieces  o f  0.76-mm-thick -. 
rn 12 cr - 2 W Y - 0 . 2 c  a re  shown i n  F ig.  7.3.2 a long  w i t h  t h e  r e s u l t s  p r e v i o u s l y  

ob ta ined  f o r  t h e  12Cr-2WV s tee l .2  The two s t e e l s  w i t h  

105 

- 
m 

i ", 

100 5 
0 
0 

. 8 5  5 a 
9 0  

manganese added r e f l e c t  t h e  e f f e c t  o f  manganese on 
5 I 

r a i s i n g  t h e  Acl temperature. The hardness minimum occurs 550 600 650 700 750  B O O  
TEMPERATURE I 'C l  when t h e  s t e e l  i s  heated above t h e  AcI temperature du r i ng  

temperinu. Under these  cond i t i ons .  a u s t e n i t e  forms. and 
when the-specimen i s  cooled from t h e  temper ing tern-. 
pera tu re ,  m a r t e n s i t e  forms. The untempered m a r t e n s i t e  i n  
t h e  m i c r o s t r u c t u r e  causes t h e  inc reased  hardness w i t h  12Cr-2WV (0.1% C, 0.4% Mn) s t e e l  and t h r e e  
inc reased  temoer ina temoerature. With 5.h% Mn. t he  AcI s t e e l s  ob ta ined  from t h i s  comoosi t ion bv 

Fig. 7.3.2. Rockwell hardness p l o t t e d  
aga ins t  temper ing temperature f o r  t h e  

I ~~~ 
~~ 

t emperature i S  between 650  and 700°C and w i t h  2.8% Mn 
i t  i s  between 750 -nd 780T (Fig. 7.3.2). Thus, t h e  S tee l  specimens were tempered 2 h a t  t h e  

a d j u s t i n g ~ t h e  manganese and carbon content .  

high-manganese s t e e l  would h a v e - t o  be tempered below 
700'C t o  avo id  a m i c r o s t r u c t u r e  t h a t  con ta ined  untempered 
mar tens i te .  

The temper ing r e s u l t s  show t h a t  t h e  s t e e l  w i t h  0.2% C has t h e  h i ghes t  hardness a t  t h e  low temper ing 
temperatures (F ig .  7.3.2). I f  t he  s t e e l s  were a l l  tempered a t  temperatures where t h e  manganese-containing 
s t e e l s  do no t  form untempered m a r t e n s i t e  when cooled, t h e  0.2% C s t e e l  would probably  show t h e  best  tem- 
p e r i n g  res is tance .  However, when t h e  0.2% C s t ee l  i s  compared t o  t h e  base composi t ion (0.1% C) f o r  t h e  
h i ghes t  temper ing temperature,  t h e r e  i s  on l y  a s l i g h t  d i f f e r e n c e  i n  hardness, i n d i c a t i n g  s i m i l a r  temper ing 
r es i s t ance  under these  cond i t i ons .  This  i n d i c a t e s  t h a t  desp i t e  t h e  presence o f  26% 6 - f e r r i t e  i n  t h e  b a s e  
compos i t ion  (cornpared t o  -5% i n  t h e  0.2% C s t e e l ) ,  s i m i l a r  s t r eng ths  might  be expected a f t e r  l ong  s e r v i c e  
t imes. 

6 - f e r r i t e  had hardness values a f t e r  l ong  temper ing t imes  o r  h i g h  temper ing temperatures s i m i l a r  t o  t h e  
values f o r  t h e  a l l - m a r t e n s i t i c  s t e e l s  w i t h  5 and 9% Cr .  Thus, i t  appears t h a t  i t  might  be p o s s i b l e  t o  con- 
s i d e r  a duplex s t e e l  f o r  a fus ion  r eac to r  f i r s t  w a l l .  Because o f  t h e i r  b e t t e r  we ld ing  c h a r a c t e r i s t i c s ,  t h e  
Japanese f u s i o n  program i s  cons i de r i ng  9Cr-2Mo duplex s t e e l s  as f i r s t - w a l l  candidates.  One problem w i t h  

i n d i c a t e d  temperatures.  

The good temper ing r es i s t ance  of t h e  12Cr-2WV s t e e l  was po in ted  ou t  prev iously .2 Th is  s t e e l  w i t h  26% 
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such s t e e l s  i s  t h a t  t h e  presence of 6 - f e r r i t e  inc reases  t h e  d u c t i l e - b r i t t l e  t r a n s i t i o n  temperature (DBTT). 
It remains t o  be seen how h igh  t h e  DBTT f o r  t h e  12Cr-2WV duplex s t e e l  i s  and how much i t  i s  subsequent ly  
r a i s e d  by i r r a d i a t i o n .  

T e n s i l e  behavior  o f  C r- W  s t e e l s  

The t e n s i l e  behavior  was determined f o r  t h e  o r i g i n a l  e i g h t  hea ts  o f  s t e e l  (Table 7.3.1). A l l  b u t  t h e  

These temper ing t rea tments  were chosen by r e f e r r i n g  t o  

2 114 Cr-2W s t e e l  were a u s t e n i t i z e d  0.5 h a t  1050°C p r i o r  t o  c o o l i n g  i n  hel ium. 
n i t i z e d  0.5 h a t  9OOOC. 
The o t h e r  f i v e  hea ts  were tempered 0.5 h a t  750°C. 
t h e  t rea tments  f o r  t h e  analogous Cr-Mo s t e e l s  t h a t  a r e  be ing  s t u d i e d  i n  t h e  f u s i o n  program. 

s t r e s s  ( Y S )  and u l t i m a t e  t e n s i l e  s t r e n g t h  (UTS) and Fig. 7.3.4 shows t h e  u n i f o r m  and t o t a l  e l o n g a t i o n  f o r  
a l l  e i g h t  heats. 
no rma l i zed  and t h e  5- and 9-Cr s t e e l s  form mar tens i te .  
mar tens i te .  

The 2 114 Cr-2W was auste-  
The 2 114 C r V ,  2 114 C r - l W V ,  and 2 114 C r - 2 W  s t e e l s  were tempered 1 h a t  700'C. 

The r e s u l t s  f o r  t h e  Cr-W s t e e l s  a r e  g iven  i n  Tables 7.3.3 and 7.3.4. F igure  7.3.3 shows t h e  y i e l d  

I n  comparing t h e  r e s u l t s ,  i t  shou ld  be r e c a l l e d  t h a t  t h e  2 114 C r  s t e e l s  form b a i n i t e  when 
The 1 2- C r  s t e e l  con ta ins  -26% 6 - f e r r i t e ,  t h e  balance 

Table 7.3.3. T e n s i l e  p r o p e r t i e s  o f  normal ized-  Table 7.3.4. T e n s i l e  p r o p e r t i e s  of normal ized-  
and-tempered low-chromium C r- W  s t e e l s  and-tempered high-chromium C r- W  s t e e l s  

Test S t reng th  (MPa) E longa t ion  (%) Test S t reng th  (MPa) E longa t ion  (%) 

("C) Y i e l d  U l t i m a t e  Uniform T o t a l  ("C) Y i e l d  U l t i m a t e  Uni form To ta l  

2 114 C r V  5Cr-2WV 

temperature temperature 

22 
200 ~~ ~ 

300 
400 
500 
600 

22 
200 
300 
400 
500 
600 

727 163 
731 195 
694 755 
660 731 
659 726 
588 620 

2 114 cr-zn 

4.4 
3.6 
3.1 
3.0 
2.6 
1.1 

4.3 
4.3 
3.3 
3.5 
2.9 
1.5 

7.6 
6.4 
6.0 
5.8 
5.6 
4.9 

6.3 
7.3 
5.8 
6.3 
5.9 
5.1 

22 594 668 6.1 9.5 
200 588 654 5.9 9.3 
300 573 6 28 5.3 8.0 
400 526 631 4.8 7.8 .~ 
500 509 635 5.5 8.6 
600 501 576 3.6 7.6 

2 114 Cr-2WV 

22 649 719 6.3 10.0 
200 625 692 5.8 9.1 
300 6 20 698 5.0 7.9 
400 583 671 4.9 8.0 
500 571 674 4.6 8.0 
600 528 588 2.8 6.4 

22 
200 
300 
400 
500 
600 

22 
200 
300 
400 
500 
600 

577 703 
551 664 
524 635 
517 611 
48 4 583 
440 497 

9Cr-2WV 

591 725 
573 699 
675 675 
540 621 
531 626 
463 530 

9Cr-2WVTa 

6.0 
4.9 
4.5 
3.8 
3.4 
2.5 

5.5 
4.4 
4.1 
3.3 
2.4 
2.1 

9.9 
8.8 
8.1 
7.0 
6.3 
7.3 

9.0 
7.8 
7.4 
6.1 
5.1 
6.0 

22 645 774 3.3 7.9 
200 611 127 3.8 6.9 
300 606 709 3.4 6.5 
400 585 682 2.9 5.9 
500 538 615 2.1 4.6 
600 489 526 1.6 5.9 

1 2 c r - z ~ ~  

22 606 757 5.8 9.0 
200 589 724 5.0 8.3 
300 557 688 4.3 7.4 
400 524 646 3.6 6.4 
500 506 601 2.6 5.1 
600 427 488 2.5 6.1 
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Fig.  7.3.3. The 0.2% y i e l d  s t r e s s  and u l t i m a t e  Fig. 7.3.4. The uni form and t o t a l  e l onga t i on  
p l o t t e d  aga ins t  t e s t  temperature f o r  e i g h t  e x p e r i -  
mental hea ts  o f  normalized-and- tempered Cr-W 

t e n s i l e  s t r e n g t h  p l o t t e d  aga ins t  t e s t  temperature-  
f o r  e i g h t  exper imenta l  hea ts  o f  normalized-and- 
tempered Cr- W s t ee l s .  s t e e l s .  

The r e s u l t s  i n d i c a t e  t h a t  t h e  temper ing temperature a f f ec t s  t h e  YS behavior ,  because w i t h  t h e  excep t ion  
o f  t h e  2 114 Cr-2W s tee l ,  t h e  s t e e l s  g iven  t h e  70OOC temper a re  t h e  s t ronges t .  
t h e  2 114 C r  s t e e l s  a re  tempered b a i n i t e  and t h e  high-chromium s t e e l s  a re  tempered mar tens i te .  
eva l ua te  t h e  e f f e c t  of temper ing temperature, t h e  r e s u l t s  have been r e p l o t t e d  i n  Figs. 7.3.5 th rough  3.3.8. 
F igures  7.3.5 and 7.3.6 show t h e  r e s u l t s  f o r  t h e  2 114 Cr s t e e l s  (Table 7.3.3) ( tempered b a i n i t e  micro-  
s t r u c t u r e s ) ;  t h e  r e s u l t s  f o r  t h e  high-chromium s t e e l s  (Table 7.3.4) (tempered ma r t ens i t e )  a re  shown i n  
Figs. 7.3.7 and 7.3.8. 
f o u r  f i g u r e s .  

bo th  vanadium and tungs ten :  
2 114 Cr-1WV s t e e l  i s  s t r onge r  than  t h e  2 1/4CrV s tee l ,  which shows t h e  e f f e c t  o f  tungsten.  
2 114 Cr-2WV s t e e l  was tempered a t  750°C, as t h e  t e s t  temperature increased,  t h e  r e l a t i v e  s t r e n g t h  o f  t h i s  
s t e e l  increased,  which may be another  i n d i c a t i o n  o f  t h e  e f f e c t  o f  tungsten. 
i n  d u c t i l i t y  f o r  any of t h e  2 1/4 C r  s t e e l s  (Fig. 7.3.6). 

t h e  h i ghes t  YS. 
9Cr-2WVTa i s  h i ghes t  a t  t h e  lowes t  t e s t  temperatures, bu t  a t  500 and 6OO0C, t h e  2 114 Cr-2WV s t e e l  has t h e  
h i ghes t  va lue.  
h i ghes t  peak hardness i n  temper ing studies.2 
r e s i s t a n c e  s i m i l a r  t o  t h e  2 114 Cr-2WV and t h e  9-Cr and 12-Cr s tee ls . *  
s t e e l ,  which con ta ined  26% 6 - f e r r i t e ,  was s l i g h t l y  b e t t e r  t han  t h e  5Cr-2WV s t e e l  a t  t h e  lowes t  t e s t  tem- 
pe ra tu res  and approached t h e  s t r e n g t h  o f  t h i s  s t e e l  a t  500 and 600'C (Fig. 7.3.7). 
ference i n  t h e  d u c t i l i t y  of any o f  these  s t e e l s  (F ig .  7.3.8). 

2 114 Cr-lMo, gCr-lMoVNb, and 12Cr-1MoVW s t e e l  specimens a re  a l s o  be ing  aged. 
norma l i zed  and tempered s i m i l a r  t o  t h e  2 114 Cr-2W s t e e l :  
The 9Cr-1MoVNb and 12Cr-1MoVW s t e e l s  were hea t  t r e a t e d  l i k e  t h e  Cr-W s t e e l s  o the r  than  2 114 Cr-ZW: 
a t  1050"C, gas c o o l ;  1 h a t  75OoC, gas cool.  
400, 500, and 600'C ( t h e  ag ing  temperatures) ,  and i n  F ig.  7.3.9 t h e  s t r eng ths  o f  t h e  9Cr-1MoVNb and 
12-Cr-1MoVW s t e e l s  a re  compared w i t h  t h e  Cr-W s t e e l s  hea t  t r e a t e d  s i m i l a r l y .  The s t r eng ths  o f  t he  two 
Cr-Mo s t e e l s  f a l l  on t h e  h i g h  s i de  of t h e  range o f  s t r eng ths  o f  t h e  Cr- W s tee l s .  
severa l  of t h e  Cr-W s t e e l s  have e leva ted- tempera tu re  YS and UTS values comparable t o  t h e  Cr-Mo s tee l s .  

When t h e  2 114 Cr-1Mo s t e e l  was compared w i t h  t h e  2 114 Cr-2W s t e e l s  w i t h  s i m i l a r  heat  t rea tments  
(F ig.  7.3.10). t h e  YS f o r  t h e  2 114 Cr-1Mo s t e e l  was s l i g h t l y  above t h a t  f o r  t h e  2 114 Cr-2W, bu t  below t h e  
s t r eng ths  f o r  t h e  s t e e l s  con ta i n i ng  vanadium. 
t h e  2 114 C r - l W V ,  which had t h e  h i ghes t  UTS o f  t h e  s t e e l s  tempered a t  700'C. 
2 114 Cr-2WV s t e e l  was tempered a t  700"C, t h e  s t r e n g t h  would exceed t h a t  o f  t h e  o t h e r  2 114 Cr s tee l s .  

Th is  desp i t e  t h e  f ac t  t h a t  
To b e t t e r  

The da ta  f o r  t h e  2 114 Cr-2WV s t e e l ,  which was tempered a t  750°C, a re  shown i n  a l l  

An examinat ion o f  t h e  s t r eng ths  o f  t h e  2 1/4-Cr s t e e l s  (F ig.  7.3.5) shows t h e  s t r e n g t h e n i n g  e f f ec t s  of 
The 2 114 Cr-2W s t e e l  i s  weakest, i n d i c a t i n g  t h e  e f f e c t  of vanadium; t h e  

Although t h e  

There were no l a r g e  d i f f e r e n c e s  

When t h e  s t r eng ths  o f  t h e  s t e e l s  tempered a t  750'C a re  compared (Fig. 7.3.7). t h e  2 1/4 Cr-2WV s t e e l  had 
The 9Cr-2WVTa s t e e l  had a comparable YS a t  t h e  lowes t  t e s t  temperatures. The UTS of t h e  

The 5- Cr  s t e e l  gene ra l l y  had t h e  lowes t  Y S  and UTS, even though t h i s  s t e e l  showed t h e  
I n  those  s t ud i es ,  t h e  5-Cr s t e e l  a l s o  had a temper ing 

The t e n s i l e  behav io r  o f  t h e  12Cr-2WV 

There was no l a r g e  d i f -  

For comparison, Tens i l e  specimens of t h e  Cr-W s t e e l s  a re  be ing  t h e r m a l l y  aged a t  400, 500, and 600°C. 
The 2 114 Cr-1Mo s t e e l  was 

0.5 h 
0.5 h a t  900°C, gas coo l ,  1 h a t  7OO0C, gas cool.  

The Cr-Mo s t e e l  c o n t r o l s  f o r  t h e  ag ing  t e s t s  were t e s t e d  a t  

The r e s u l t s  i n d i c a t e  t h a t  

However, t h e  UTS o f  t h e  2 114 Cr-1Mo f e l l  j u s t  below t h a t  f o r  
It i s  expected t h a t  if the  
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Fig. 7.3 .5 .  The 0.2% y i e l d  s t r e s s  and 
u l t i m a t e  t e n s i l e  s t r e n g t h  p l o t t e d  aga ins t  t e s t  
temperature f o r  t h e  2 1/4% C r ,  Cr-W s t ee l s .  
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Fig. 7.3.6.  The u n i f o r m  and t o t a l  e longa-  
t i o n  p l o t t e d  aga ins t  t e s t  temperature f o r  t h e  
2 1/4% C r ,  Cr- W s t ee l s .  
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Fig. 1.3 .1 .  The 0.2% y i e l d  s t r e s s  and Fig. 7.3 .0 .  The uni form and t o t a l  e longa-  
t i o n  p l o t t e d  aga ins t  t e s t  temperature f o r  t h e  
high-chromlum, Cr-W s t e e l s  and t h e  2 114 Cr-2WV 
s t e e l  g i  ven s im i  1 a r  normal i z i  ng-and- temperi ng 
t reatments.  

u l t i m a t e  t e n s i l e  s t r e n g t h  p l o t t e d  aga ins t  t e s t  
temperature f o r  t h e  high-chromium, Cr-W s t e e l s  
and t h e  2 1/4 Cr-2WV s t e e l s  g iven  s i m i l a r  
normal i z i  ng-and- tempering t reatments.  
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F i g .  7.3.9. The 0.2% y i e l d  s t r e s s  and 
u l t i m a t e  t e n s i l e  s t r e n g t h  a t  400, 500, and 
600°C f o r  t h e  high-chromium, C r- W  s t e e l s  com- 
pared  t o  t h e  s t r eng ths  f o r  9Cr-1MoVNb and 
12Cr-1MoVW s tee l s .  
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Fig. 7.3.10. The 0.2% y i e l d  s t r e s s  and u l t i m a t e  
t e n s i l e  s t r e n g t h  a t  400, 500, and 600°C f o r  t h e  Cr- W 
s t e e l s  c o n t a i n i n g  2 114% C r  compared t o  t h e  s t r e n g t h  o f  
2 114 Cr-1Mo s tee l .  
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7.4 MICROSTRUCTURAL EXAMINATION OF LOW-ACTIVATION FERRITIC ALLOYS IRRADIATED TO 45 dpa - 

No contribution. 

D. S. Gelles (Westinghouse Hanford Company) 
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7.5 CHANGE OF CHARPY IMPACT FRACTURE B E H A V I O R  OF PRECRACKED FERRITIC SPECIMENS DUE TO THERMAL A G I N G  I N  
SODIUM - W .  L. Hu (Westinghouse Hanford Company) 

7.5.1 AOIP Task 

The O f f i c e  o f  Fus ion EnergyIDepartment o f  Energy has e s t a b l i s h e d  t h e  need t o  determine t h e  f r a c t u r e  
toughness of cand ida te  f u s i o n  program f e r r i t i c  a l l o y s  (Path E) .  

7.5.2 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  e v a l u a t e  t h e  e f f e c t  o f  sodium a g i n g  on t h e  s h i f t  o f  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 (DETT] and t h e  r e d u c t i o n  o f  t h e  upper s h e l f  energy (USE) f o r  
precracked f e r r i t i c  Charpy specimens. 

7.5.3 Summary 

A s e r i e s  o f  t e s t s  were conducted t o  e v a l u a t e  t h e  e f f e c t  o f  sodium on t h e  impact  f r a c t u r e  behav io r  of 
p rec racked  Charpy specimens made of HT-9 weldment. One s e t  of samples was p rec racked  p r i o r  t o  sodium 
ag ing  and t h e  o t h e r  s e t  was precracked a f t e r  ag ing  i n  sodium. Both s e t  of specimens e x h i b i t e d  t h e  same 
OETT. Samples p rec racked  p r i o r  t o  sodium exposure, however, showed a 40% r e d u c t i o n  i n  t h e  upper  s h e l f  
energy (USE) as compared t o  t h e  s e t  precracked a f t e r  aging. The r e s u l t s  suggest t h a t  t h e  f r a c t u r e  
toughness o f  t h e  m a t e r i a l  may be reduced i f  an e x i s t i n g  c rack  was soaked i n  sodium a t  e l e v a t e d  temperature 
f o r  a p e r i o d  o f  t ime.  

7.5.4 Progress and S ta tus  

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

Charpy  impact t e s t  r e s u l t s  f o r  precracked specimens made o f  f e r r i t i c  s t a i n l e s s  s t e e l  a l l o y s  i n  
v a r i o u s  thermal  mechanical t rea tments  were p r e v i o u s l y  documented.1-3 Most o f  t h e  specimens were p r e -  
cracked p r i o r  t o  i r r a d i a t i o n .  Therefore,  some concern was r a i s e d  whether t h e  i n - r e a c t o r  sodium e n v i r o n-  
ment would a f f e c t  t e s t  r e s u l t s .  T h i s  work i s  an a t tempt  t o  e v a l u a t e  t h e  sodium e f f e c t  on t h e  Charpy 
impact f r a c t u r e  behav io r  o f  precracked Charpy specimens. 

7.5.4.2 Exper imenta l  Procedure 

Two s e t s  o f  seven specimens were prepared f o r  t h i s  exper iment .  The specimens were : -s ize Charpy 
specimens made from a weldment of HT-9 f e r r i t i c  s t a i n l e s s  s t e e l .  One s e t  of specimens was precracked t o  
an a lw  approx imate ly  equal t o  0.5.  A l l  f o u r t e e n  specimens were then  encapsuled i n  a 304 s t a i n l e s s  s t e e l  
tube  w i t h  1" OD and 0.035" w a l l .  The capsule was f i l l e d  w i t h  sodium under argon atmosphere and then  
sealed w i t h  a weld. A double j a c k e t  was made f o r  t h e  capsu le  t o  assure leak  p roo f  o p e r a t i o n  d u r i n g  t h e  
thermal  ag ing.  The specimen capsule was then  heated i n  a fu rnace  t o  400'C and k e p t  a t  t h a t  temperature 
c o n t i n u o u s l y  f o r  2200 hours. Specimens removed f rom t h e  capsule a f t e r  ag ing  were immersed i n  methy l  
a l c o h o l  t o  d i s s o l v e  a l l  t h e  sodium. The second s e t  o f  specimens was a l s o  precracked t o  an a l w  equal t o  
0.5. Both s e t s  o f  specimens were impact t e s t e d .  The specimens were gas heated o r  coo led  t o  t h e  t e s t  
temperature w h i l e  specimen temperature was moni tored by thermocouples welded on t h e  specimen. Impact 
r e s u l t s  were c o l l e c t e d  by a d i g i t a l  o s c i l l o s c o p e  and t h e  d a t a  were processed w i t h  t h e  h e l p  o f  an o n - l i n e  
computer. 

7.5.4.3 R e s u l t s  and Oiscuss ion 

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 7.5.1 and t h e  f r a c t u r e  energy was p l o t t e d  a g a i n s t  t h e  t e s t  
temperature i n  F i g .  7.5.1. A lso  i n c l u d e d  i n  F i g .  7.5.1 a r e  t h e  p r e v i o u s  r e s u l t s  o f  i r r a d i a t e d  HT-9 
weldment samples. Those specimens were i r r a d i a t e d  i n  EER-I1 i n  a sodium environment a t  390'C f o r  a p p r o x i -  
mate ly  2000 hours.  

The r e s u l t s  show no s i g n i f i c a n t  d i f f e r e n c e  i n  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  f o r  
specimens p rec racked  b e f o r e  and a f t e r  t h e  sodium aging. Samples precracked p r i o r  t o  sodium exposure, 
however, e x h i b i t e d  a 40% r e d u c t i o n  i n  t h e  upper s h e l f  energy (USE) as compared t o  t h e  s e t  of specimens 
precracked a f t e r  ag ing.  The reduced USE i s  approx imate ly  t h e  same as t h e  USE shown f o r  t h e  i r r a d i a t e d  
specimens. The maximum load  d u r i n g  t h e  impact,  an index c l o s e l y  r e l a t e d  t o  t h e  f a i l u r e  i n i t i a t i o n ,  was 
almost doubled fo r  t h e  specimens precracked a f t e r  sodium aging.  The d a t a  suggest t h a t  p r e v i o u s l y  ob ta ined  
USE da ta  on t h e  i r r a d i a t e d  f e r r i t i c  s t a i n l e s s  s t e e l ,  b e i n g  soaked i n  t h e  sodium a f t e r  t h e  p rec rack ing ,  
r e p r e s e n t  a c o n s e r v a t i v e  measurement. On t h e  o t h e r  hand, should a l i q u i d  meta l  be chosen as t h e  c o o l a n t  
f o r  t h e  f i r s t  w a l l  o f  f u s i o n  r e a c t o r s ,  t h e  e f f e c t  o f  sodium ag ing  may d r a s t i c a l l y  reduce t h e  f r a c t u r e  
toughness o f  t h e  m a t e r i a l .  

Comparing t h e  r e s u l t s  o f  specimens precracked b e f o r e  sodium a g i n g  and t h e  i r r a d i a t e d  specimens shows 
t h e  maximum l o a d  d u r i n g  t h e  impact i s  h i g h e r  i n  t h e  case o f  i r r a d i a t e d  specimens. T h i s  f a c t  accompanied 
by t h e  u p s h i f t  o f  t r a n s i t i o n  temperature i n d i c a t e s  t h a t  t h e  s t r e s s  s t a t e  ahead o f  t h e  precrack i s  s h i f t i n g  
towards a p lane  s t r a i n  case i n  go ing  f rom u n i r r a d i a t e d  specimens t o  i r r a d i a t e d  specimens. I r r a d i a t i o n  
hardening i s  t h e  dominant mechanism f o r  t h i s  change. 

Test  r e s u l t s  f o r  t h e  i r r a d i a t e d  specimens1 a r e  l i s t e d  i n  Tab le  7.5.2 f o r  comparison. 
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The m i c r o s t r u c t u r e  and t h e  m i c r o - f r a c t u r e  
mechanisms due t o  t h e  sodium ag ing  a r e  y e t  t o  be 
s tud ied .  S ince t h e  major  e f f e c t  o f  sodium a g i n g  
a p p e a r s  t o  be on t h e  f a i l u r e  i n i t i a t i o n ,  t h e  
i n v e s t i g a t i o n  should be concen t ra ted  on eva lua-  
t i o n  o f  t h e  immediate v i c i n i t y  of t h e  crack t i p .  
F u r t h e r m o r e ,  a s i m i l a r  s tudy on t h e  f r a c t u r e  
toughness o f  t h e  a l l o y  system i s  h i g h l y  recom- 
mended. 

7.5 .5  Conclus ion 

Based on t h e  observa t ions  p resen ted  i n  t h i s  

Sodium a g i n g  does n o t  a f f e c t  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 tudy,  i t  i s  conc luded t h a t :  

1. 

2.  The r e d u c t i o n  of upper she l f  energy f o r  t h e  
i r r a d i a t e d  spec imens  s t u d i e d  i n  p r e v i o u s  
r e p o r t s l . 3  was ma in l y  caused by t h e  sodium 
ag ing.  

3. I r r a d i a t i o n  h a r d e n i n o  oromotes t h e  o lane  0 rm m II 
".j)..l._ s t r a i n  s t r e s s  s t a t e  a h i a i  t h e  crack ti; and TEMPERATURE. 'C 

F i g .  7 .5 .1 .  Change o f  charpy impact  behav io r  hence inc reases  t h e  t r a n s i t i o n  temperature.  
of orecracked f e r r i t i c  soecimens due t o  thermal  
a g i n g  i n  sodium. 

Table 7.5 .1 .  Charpy impact  t e s t  r e s u l t  o f  HT-9 weld me ta l  precracked 
b e f o r e  and a f t e r  the rma l  a g i n g  in sodium 

Normal ized 
Specimen Tested a t  F r a c t u r e  Energy Maximum Load F r a c t u r e  Energy 

1.0. ('C) (Jou 1 es ) (K i lo-Newtons)  (J lcm' ) 

Precracked B e f o r e  Sodium Aging 
TI44 75 2.9529 1.2028 23.006 
TI53 60 3.3705 1.4578 26.995 
TI38 42 3.3087 1.5529 25.290 
TI26 35 3.0652 1.4045 22.755 
T I 2 5  22 1.7588 1.2977 13.444 
TI45 0 1.2122 1.2858 9.320 
TI31  -20 0.8696 0.9945 6.592 

TI36 75 5.8084 2.4311 38.800 
TI40 60 5.6963 2.5768 37.416 
TI49 42 4.6325 2.5700 30.814 
T I 6 1  34 4.6657 2.7694 31.515 
TI39 22 2.3121 2.0086 15.445 
TI51 0 1.2919 2.1094 8.638 
TI54 -20 1.2800 2.0223 8.550 

Precracked A f t e r  Sodium Ag ing  

Table 7 . 5 . 2 . l  Prev ious charpy impact  t e s t  r e s u l t  o n  i r r a d i a t e d  HT-9 weld me ta l  

Normal ized 
Specimen Tested a t  F r a c t u r e  Energy Maximum Load F r a c t u r e  Energy 

I . D .  ('C) ( J o u l e s )  (K i lo-Newtons]  ( J l c m z )  

HT-9 Weld Me ta l  I r r a d i a t e d  i n  EBR-I1 a t  390'C t o  13 dpa 
TI59 450 2.06 2.10 22.1 
TI58 250 2.11 2.13 21.3 
TI32 200 2.57 2.00 26.5 
TI30 180 2.66 2.46 27.6 
T I 2 7  132 1 .68 1 .92 17.5 
TI48 100 0 . 9 0  1 .93 9.0 
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7.5.6 Fu tu re  Work 

F r a c t o g r a p h i c  examinat ions o f  s e l e c t e d  specimens i n  t h i s  s tudy  should be conducted w i t h  t h e  emphasis 
A p a r a l l e l  exper iment  on t h e  f r a c t u r e  toughness o f  t h i s  a l l o y  on t h e  immediate v i c i n i t y  of t h e  crack t i p .  

system may be v a l u a b l e  t o  assess t h e  sodium ag ing  e f f e c t  on t h e  f a i l u r e  i n i t i a t i o n .  
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, I  

i n  A l l o y  Development f o s '  I r r - a d i a t i o n  Performance Semiannual Pyogress Report f o r  P e r i o d  Ending Septem- 
ber  30, 1985, DOE-ER-0045/13, Oak Ridge N a t i o n a l  Labora to ry ,  Oak Ridge, TN. 
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J. R. Foulds (GA Technolog ies)  

No c o n t r i b u t i o n .  
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7 . 7  C O R R E L A T I O N  OF HOT-MICROHARDNESS W I T H  E L E V A T E D- T E M P E R A T U R E  TENSILE 
PROPERTIES OF L O W  A C T I V A T I O N  FERRITIC STEEL - C h e n- Y i h  H S U  (GA T e c h-  
n o l o g i e s  I n c . )  

A D I P  T a s k  7 . 7 . '  

T h e  D e p a r t m e n t  of E n e r g y  ( D O E ) ,  O f f i c e  o f  F u s i o n  E n e r g y  ( O F E ) ,  h a s  c i t e d  
t h e  n e e d  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  u n d e r  t h e  A D I P  p r o g r a m  t a s k .  F e r r i t i c  
S t e e l  D e v e l o p m e n t  ( P a t h  E ) .  

7 . 7 . 2  O b j e c t i v e  

T h e  o b j e c t i v e  o f  t h i s  e f f o r t  i s  t o  d e t e r m i n e  t h e  v i a b i l i t y  o f  u s i n g  t h e  
V i c k e r s  m i c r o h a r d n e s s  t e c h n i q u e  t o  m o n i t o r  t h e  e l e v a t e d  t e m p e r a t u r e  h a r d e n e s s  
o f  t h e  9Cr-2.5W-0.3V-0.15C f e r r i t i c  s t e e l  a n d  t o  e s t a b l i s h  a h o t  h a r d n e s e -  
t e n s i l e  p r o p e r t i e s  c o r r e l a t i o n s h i p  f o r  p r e d i c t i n g  t h e  t e n s i l e  p r o p e r t i e s  O f  l o w  
a c t i v a t i o n  f e r ~ i t i c  s t e e l  a t  e l e v a t e d  t e m p e r a t u r e r ,  a n d  a l s o  t o  p r o v i d e  a 
b a s e l i n e  d a t a  f o r  f u t u r e  c o m p a r i s o n  w i t h  i r r a d i a t e d  s p e c i m e n s .  

7 . 7 . 3  Summary 

Ho t  m i c r o h a r d n e s s  a n d  e l e v a t e d  t e m p e r a t u r e  t e n s i l e  t e s t s  h a v e  b e e n  
p e r f o r m e d  o n  9Cr-2.5W-0.3V-0.15C (GA3X) l o w  a c t i v a t i o n  f e r r i t i c  s t e e l  a t  
t e m p e r a t u r e s  Prom 2OoC t o  65OoC. The u n i f o r m  e l o n g a t i o n  o f  t h e  t e n s i l e  t e s t  
c o r r e l a t e d  we l l  w i t h  t h e  d u c t i l i t y  p a r a m e t e r ,  P = ( h l + h 2 ) / 2 r .  w h e r e  h l  a n d  h a r e  
t h e  p e a k  h e i g h t s  o f  t h e  p l a s t i c a l l y  f l o w e d  m e t a l  a d j a c e n t  t o  t h e  i n d e n t a t 5 o n  
a n d  2 r  i s  t h e  d i s t a n c e  b e t w e e n  t h e  p e a k s .  T h e  h o t - m i c r o h a r d n e s s  t e s t  s h o w e d  a 
s e n s i t i v e  r e s p o n s e  t o  t h e  e o f t e n i n g  a n d  c h a n g e s  i n  d u c t i l i t y  o f  t h e  CA3X s t e e l .  
T h e  p r e l i m i n a r y  r e s u l t s  i n d i c a t e  t h a t  t h e  h o t - m i c r o h a r d n e s s  t e s t  a c c o m p a n i e d  
w i t h  d u c t i l i t y  p a r a m e t e r  m e a s u r e m e n t s  a l s o  c a n  b e  u s e d  a s  a m e a n s  t o  m o n i t o r  
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  m e t a l s .  T h e  u l t i m a t e  t e n s i l e  P t r e n g t h  
a n d  0.2 p e r c e n t  y i e l d  s t r e n g t h  o f  t h i s  l o w  a c t i v a t i o n  f e r r i t i c  s t e e l  c o r r e l a t e d  
we l l  w i t h  h o t  m i c r o h a r d n e s s  m e a s u r e m e n t s  a t  t e m p e r a t u r e s  u p  t o  400°C U s i n g  
C a h o o n ' s  e x p r e s s i o n s  a u t - =  ( ~ / 2 . 9 ) ( n / o . 2 1 7 ) "  a n d  a - ( H / 3 ) ( 0 . 1 ) " .  
r e s p e c t i v e l y ,  w h e r e  H i s  t h e  d i a m o n d  p y r a m i d  h a r d n e s s  '2nd n i s  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 .  A t  t e m p e r a t u r e ?  a b o v e  400°C.  a m o r e  r a p i d  a n d  s o m e w h a t  
d i s p r o p o r t i o n a t e  d e c r e a s e  i n  m i c r o h a r d n e s s  was o b s e r v e d  a n d  t h e  t e n s i l e  
s t r e n g t h s  were u n d e r e s t i m a t e d  by t h e s e  t w o  e x p r e s s i o n s  by u p  t o  2 0- 3 0 % .  
F r a c t o g r a p h i c  e x a m i n a t i o n  o f  t h e  t e n s i l e  t e s t e d  s p e c i m e n s  s h o w e d  a n  a p p a r e n t  
c h a n g e  o f  d i m p l e  m o r p h o l o g y  f r o m  a n  e q u i a x e d  ( t e n s i l e )  d i m p l e  t o  a n  a p p e a r a n c e  
o f  m i x e d  e q u i a x e d  ( t e n s i l e ) -  e l o n g a t e d  ( s h e a r )  d i m p l e  a t  t e m p e r a t u r e s  a b o v e  
400°C. The m a i n  r e a s o n  f o r  t h e  u n d e r e s t i m a t i o n  o f  t e n s i l e  s t r e n g t h s  a t  s u c h  
h i g h  t e m p e r a t u r e s  (20.4 T m )  i s  p r o b a b l y  a t t r i b u t e d  t o  t h e  i n v o l v e m e n t  O f  c r e e p  
d e f o r m a t i o n  a n d  may b e  i m p r o v e d  by s e l e c t i n g  a p r o p e r  l o a d i n g  c o n d i t i o n .  

7 . 7 . 4  P r o g r e P s  a n d  S t a t u s  

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

H a r d n e s s  i n d e n t a t i o n s  h a v e  b e e n  i n t e r p r e t e d  b y  b o t h  e l a 3 t l c i t y  a n d  
p l a s t i c i t y  m o d e l s  a n d  h a r d n e s s  v a l u e s  h a v e  b e e n  c o r r e l a t e d  e m p i r i c a l l y  w l t h  t h e  
e l a s t i c  c o n s t a n t s ,  y i e l d  z t r e s s ,  u l t i m a t e  t e n s i l e  s t r e n g t h .  a n d  w o r k  h a r d e n i n g  
in v a r i o u s  m e t a l s  a n 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  ( R e f s .  1 - 7 ) .  T h u s ,  
m i c r o h a r d n e s s  a p p e a r s  t o  b e  a n  a t t r a c t i v e  m e a n s  f o r  e s t i m a t i n g  o t h e r  m e c h a n i c a l  
p r o p e r t i e s  Of m a t e r i a l .  H o t  m i c r o h a r d n e s s  t e s t  c a n  b e  a v a l u a b l e  t o o l  i n  
e l e v a t e d - t e m p e r a t u r e  m a t e r i a l 3  r e s e a r c h  a n d  d e v e l o p m e n t .  The  c o r r e l a t i o n  O f  

h o t  h a r d n e s s  d a t a  w i t h  s h o r t  t ime  t e n s i l e  a n d  w i t h  t h e  l o n g  t ime  s t r e s s - r u p t u r e  
p r o p e r t i e s  o f  m e t a l s  a n d  a l l o y s  c a n  r e s u l t  i n  a e i g n i f i c a n t  s a v i n g  i n  b o t h  t ime  
a n d  c o s t  of g e n e r a t i n g  p r e l i m i n a r y  e l e v a t e d  t e m p e r a t u r e  e n g i n e e r i n g  d a t a .  

T h e  g e n e r a l  r e l a t i o n s h i p  b e t w e e n  t h e  d i a m o n d  p y r a m i d  h a r d n e s s  (H)  a n d  t h e  

( a u t s )  

H - C  

O f  a g i v e n  m a t e r i a l  may b e  g i v e n  a s :  

aut . .  ( 1 )  

w h e r e  C i P  c a l l e d  t h e  C o n P t r a i n t  f a c t o r  f o r  t h e  h a r d n e s s  t e s t .  The e x i s t i n g  
t h e o r y  f o r  i n d e n t a t i o n  h a r d n e s s  c o n s i d e r s  t h e  m a t e r i a l s  i n d e n t e d  t o  b e h a v e  in a 
r i g i d - p l a s t i c  m a n n e r  a n d  l e a d ?  t o  a c o n s t r a i n t  * a c t o r  v a l u e  o f  C = 2 . 5 7 .  T h i s  
m o d e l  i n g o r e s  t h e  e l a s t i c  s t r e s s  f i e l d  a s  p o i n t e d  o u t  by Shaw a n d  D e S a l v o  
(Ref?.2 a n d  3 ) .  A new a p p r o a c h  t o  plasticity h a ?  b e e n  p r e ? e n t e d  i n  w h i c h  t h e  
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m a t e r i a l  i ?  a s s u m e d  t o  b e  a p l a s t i c - e l a p t i c  m a n n e r  ( R e f . 3 ) .  The  c o n 8 t r a i n t  
f a c t o r  b a s e d  o n  t h e  p l a s t i c - e l a s t i c  model i p  r o u n d  t o  be e q u a l  t o  3 . 0 ,  w h i c h  1 9  
i n  e x c e l l e n t  a g r e e m e n t  w i t h  t h e  r e s u l t ?  o f  many e x p e r i m e n t s  w h e r e  t h e  m a t e r i a l  
d o e ?  n o t  work h a r d e n  a n d  t h e  i n d e n t o r  i s  r e l a t i v e l y  D l u n t  ( i . e .  V i c k e r ?  o r  
K n o o p ) .  

T a b o r  ( R e f . 4 )  a n d  C a h o o n  ( R e f . 5 )  p r o p o s e d  c o m p l e x  r e l a t i o n P h i p P  b e t w e e n  
t h e  t e n s i l e  s t r e n g t h ?  a n d  t h e  h a r d n e s e  i n  w h i c h  t h e  ? t r a i n  h a r d e n i n g  e x p o n e n t  
i ?  e x p l i c i t l y  c o n z i d e r e d .  I t  h a s  b e e n  d e m o n s t r a t e d  t h a t  t h e  u l t i m a t e  t e n P l l e  
s t r e n g t h  a n d  y i e l d  s t r e n g t h  ( 0 . 2 5  O f f P e t )  can h e  o b t a i n e d  Prom m i c r o h a r d n e b ?  
m e a s u r e m e n t ?  u s i n g  C a h o o n ' s  e x p r e s s i o n s  ( R e f a . 5  a n d  6 ) :  

( 2 )  n 
O u t s  = (H(2.9) ( n / 0 . 2 1 1 )  

0 = ( I t 1 3 1  ( 0 . 1 ) "  ( 3 )  
Ye 

w h e r e  n i . p  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  i n  t h e  C l a P P i c a l  s t r a i n  h a r d e n i n g  
r e l a t i o n ? h i  p: 

o = K c "  ! r r )  
w h e r e  K i s  t h e  f l o w  s t r e s s  ( 0 )  a t  a s t r a i n  ( E )  o f  u n i t y .  The  e t r a i n  h a r d e n i n g  
e x p o n e n t  c a n  b e  o b t a i n e d  d i r e c t l y  f rom a n  a n a l y s i s  o f  t h e  a t r e p a - s t r a i n  d i a g r a m  
of a u n i a x i a l  t e n s i l e  o r  compression t e s t .  The  s t r a i n  h a r d e n i n g  e x p o n e n t  i ?  
g e n e r a l l y  e q u a t e d  t o  t h e  u n i f o r m  e l o n g a t i o n  ( e U ) .    he u n i f o r m  e l o n g a t i o n  c a n  
b e  expressed a s  ( R e f . 8 ) :  

E = m / p a  ( 5 )  U 

w h e r e  m a n d  a a p e  m a t e r i a l s  c o n ~ t a n t s  a n d  P. t h e  d u c t i l i t y  p a r a m e t e r  i P  g i v e n  
b y :  

w h e r e  h l  a n d  h 2  a r e  t h e  h e i g h t ?  o f  t h e  p l a s t i c a l l y  d e f o r m e d  m e t a l  a d j a c e n t  t o  
t h e  i n d e n t a t i o n  a n d  2 r  i s  t h e  d i s t a n c e  b e t w e e n  t h e  p e a k s .  E q u a t i o n  ( 5 )  
s u g g e s t s  t h a t  t h e  u n i f o r m  e l o n g a t i o n  i n c r e a s e s  w i t h  a d e c r e a p e  i n  t h e  d u c t i l i t y  
p a r a m e t e r .  

C o r r e l a t i o n  b e t w e e n  m i c r o h a r d n e p ? ,  t e n ? i l e  p r o p e r t i e ?  a n d  C h a r p y  Y- n o t c h e d  
i m p a c t  p r o p e r t i e s  o n  i r r a d i a t e d  f e r r i t i c  ? t e e 1  h a ?  b e e n  e x a m i n e d  a t  a m b i e n t  
t e m p e r a t u p e  ( R e f . 9 ) .  H o w e v e r ,  t h e  c o r r e l a t i o n  b e t w e e n  m i c r o h a r d n e s ?  a n d  
t e n 3 i l e  p r o p e r t i e a  o f  f e r r i t i c  s t e e l  a t  e l e v a t e d  t e m p e p a t u r e ?  i s  s t i l l  l a c k i n g .  
T h e  P r e s e n t  i n v e s t i g a t i o n  w a s  i n i t i a t e d  w i t h  a n  a t t e m p t  t o  c o r r e l a t e  t h e  h o t  
m i c r o h a r d n e ? ?  m e a P u r e m e n t s  a n d  t e n s i l e  p r o p e r t i e ?  f o r  l o w  a c t i v a t i o n  f e r r i t i c  
s t e e l  a t  t e m p e r a t u r e ?  f r o m  2 o o c  t o  65OoC, w h i c h  may a i i o w  e ~ t i m a t e ~  o f  
e l e v a t e d - t e m p e r a t u r e  p t r e n g t h s  a n d  d u c t i l i t y  t o  b e  made u s i n g  o n l y  a 3 m a l l  
a m o u n t  O f  t e s t  m a t e r i a l  a n d  may a130  p r o v i d e  a h a ? e l i n e  d a t a  P O P  f u t u r e  
c 0 m p a r i . p o n  w i t h  i r r a d i a t e d  s p e c i m e n ? .  

7 . 1 . 4 . 2  E z r i m e n t a l  ~ c e d u r e a  - 
One I k g ( 1 5 1 b )  i n g o t  o f  e x p e r i m e n t a l  h e a t  h a ?  b e e n  m e l t e d  a n d  C a 3 t  i n  a 

C C A  vacuum i n d u c t i o n  m e l t i n g  f u r n a c e .  The  n o m i n a l  c o m p o s i t i o n  is p r e F e n t e d  i n  
T a b l e  7 . 7 . 1  a l o n g  w i t h  t h e  a c t u a l  c h e m i s t p i e ?  a n a l y z e d .  The  i n g o t  wa? 
h o m o g e n i z e d  a t  llOO°C f o r  24 h r ?  a n d  t h e n  h o t  r o l l e d  t o  a p l a t e  o f  
0 . 8 8 c m ( 0 . 3 5 i n )  i n  t h i c k n e r r  f o l l o w e d  by a i r  c o o l i n g .  The  0 . a a c m  t h i c k  p l a t e  
was f u r t h e r  h o t  r o l l e d  a t  700°C t o  a t h i c k n e p s  O f  0 .15cm a n d  a i r  c o o l e d .  The  
f l a t  p l a t e  W a P  h e a t  t r e a t e d  ( l O O O ° C / l h r .  q u e n c h e d  + l O O ° C / l h r .  a i r  c o o l e d )  t o  
o b t a i n  a f u l l y  m a r t e n ? i t i c  s t r u c t u r e  w i t h  a o p t i m u m  s t r e n g t h  f o r  f u r t h e r  
m e c h a n i c a l  t e s t i n g .  
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T a b l e  7 . 7 . 1 .  T h e  N o m i n a l  a n d  C h e m i c a l  C o m p o s i t i o n s  0 P  t h e  Low A c t i v a t i o n  
F e r r i t i c  S t e e l  

H e a t  I C C r  W V T i  Mn S 
1.9 0.014 - 0.002 0.005 G A 3 X  R a n g e  0.16 7.4 

I / I I 
0 . 1 7  7.6 2.0  0.016 - 

- - - N o m i n a l  0.15 9.0 2.5 0.3  

T e n s i l e  s p e c i m e n s  w e r e  f a b r i c a t e d  p a r a l l e l  t o  t h e  m a j o r  r o l l i n g  d i r e c t i o n  
w i t h  a g a g e  s e c t i o n  l.Omm x 3.18mm x 25.4mm (0 .04  i n  t h i c k  by 0 . 1 2 5  i n  w i d e  by 
1 . 0  i n  l o n g ) ,  a s  i n d i c a t e d  i n  F i g u r e  7.7.1. T h e  t h i c k n e s s  o f  t h e  t e n s i l e  
s p e c l m e n  i s  m o r e  t h a n  2 0  t imes t h e  p r i o r  a u s t e n i t i c  g r a i n  s i z e  (ASTM 8-9). T h e  
t o t a l  l e n g t h  o f  t h e  t e n s i l e  s p e c i m e n  was 68.95mm ( 2 . 7 5  i n )  a n d  t h e  w i d t h  o f  t h e  
s h o u l d e r  r e g i o n  was  14.3mm ( 0 . 5 6 3  i n ) .  T h e  f l a t  t e n s i l e  P p e c i m e n e  w e r e  t e s t e d  
i n  a n  I n : , t r O n  t e n s i l e  t e s t l n g  m a c h i n e  e q u i p p e d  w i t h  a r e s i s t a n c e  h e a t i n g  
f u r n a c e .  The s u r f a c e  o f  t e n s i l e  s p e c i m e n s  were d i p p e d  w i t h  a t o l u e n e  p r e t r e a t  
c o a t i n g  s o l u t i o n  t o  a v o i d  s i g n i f i c a n t  c o r r o s i o n  d u r i n g  t h e  t e n P i l e  t e e t .  The 
c r o s s  h e a d  s p e e d  was 0.5mm/min ( 0 . 0 2 i n / m i n )  a n d  t h e  s t r a i n  r a t e  was a b o u t  3.5 
.lo-' 3 - l .  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  was o b t a i n e d  by l o g - l o g  p l o t  of t h e  
t r u e  s t r e s s  a n d  t r u e  p l a s t i c  s t r a i n .  

T h e  s a m p l e s  f o r  h o t  m i c r o h a r d n e s s  t e s t  (0.5mm X 6 . 5 m m  X 2 0 m m )  w e r e  
p r e p a r e d  a n d  p o l i s h e d  f r o m  t h e  h e a t  t r e a t e d  s p e c i m e n .  T h e  v o l u m e  o f  m a t e r i a l  
r e q u i r e d  f o r  t h e  h o t - h a r d n e s s  s p e c i m e n  was o n l y  10 p e r c e n t  o f  t h a t  r e q u i r e d  f o r  
o n e  t e n s i l e  s p e c i m e n .  Hot h a r d n e s s  t e s t s  were c o n d u c t e d  a t  t h e  U n i v e r s i t y  o f  
C i n c i n n a t i .  T h e  g e n e r a l  t e a t  p r o c e d u r e  a n d  a d e s c r i p t i o n  o f  t h e  h o t  h a r d n e s s  
t e s t  e q u i p m e n t  a p e  d e t a i l e d  i n  r e f e r e n c e  1 0 .  T h e  h o t  m i c r o h a r d n e s s  f u r n a c e  
a t m o s p h e r e  was h i g h  p u r i t y  a r g o n  g a s .  T h e  d i a m o n d  p y r a m i d  h a r d n e s s  was 
d e t e r m i n e d  o n  a V icke r s  h a r d n e s s  t e s t e r  u s i n g  a l o a d  o f  5 0 0 8 .  T h e  a v e r a g e  
va lue : ,  were t a k e n  f r o m  t h r e e  i n d e n t a t i o n s  made a t  e a c h  t e m p e r a t u r e .  T h e  
s t a n d a r d  d e v i a t i o n  o f  t h e  m i c r o h a r d n e s s  m e a s u r e m e n t s  was w i t h i n  t 2 % .  F o r  t h e  
e v a l u a t i o n  o f  d u c t i l i t y ,  a p r o f i l o m e t e r  w i t h  a d i a m o n d  s t y l u s  was u s e d  t o  
m e a s u r e  t h e  p i l e - u p  of m e t a l  a d j a c e n t  t o  t h e  i n d e n t a t i o n .  

p 5 m m  DIA. 

Fig. 7.7.1. Geometry of flat tensile specimens 
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7.7 .4 .3  A e p u l t s  a n d  c c u s s i o n  

T h e  m e c h a n i c a l  t e s t e  w e r e  p e r f o r m e d  on q u e n c h e d  a n d  t e m p e r e d  s p e c i m e n s  
f r o m  2OoC t o  65OoC. T a b l e  7.7.2 summaries t h e  t e n s i l e  p r o p e r t i e s  Of  G A 3 X  
f e r P i t l c  s t e e l  a t  e l e v a t e d  t e m p e r a t u r e ? .  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 .  
d e t e r m i n e d  f r o m  t h e  l o g - l o g  p l o t s  o f  t r u e  s t r e s s  a n d  t r u e  p l a ~ t i c  s t r a i n .  a r e  
a s  s m a l l  as  0 . 1 0  a t  room t e m p e r a t u r e  a n d  d r o p  t o  0.06  a t  e l e v a t e d  t e m p e r a t u r e s  
a b o v e  400°C. T h e  minimum v a l u e  o f  u n i f o r m  e l o n g a t i o n  i s  a t  t e m p e r a t r u r e  O f  
600°C. A l t h o u g h  t h e  u n i f o r m  e l o n g a t i o n  i s  much s m a l l e r  t h a n  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  o b t a i n e d  f r o m  t h e  s t r e s s - a t r a i n  d i a g r a m ,  t h e  c h a n g e s  o f  
uniT0l.m e l o n g a t i o n  a n d  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  t e P t  t e m p e r a t u r e  h a v e  
t h e  s a m e  t r e n d .  T h e  t o t a l  e l o n g a t i o n  is a f u n c t i o n  o f  t e s t  t e m p e r a t u r e  a n d  t h e  
minimum v a l u e  o f  t h e  t o t a l  e l o n g a t i o n  o c c u r 8  300OC. T h e  y i e l d  s t r e n g t h  a n d  
u l t i m a t e  t e n s i l e  s t r e n g t h  d e c r e a s e  w i t h  i n c r e a J i n g  t e s t  t e m p e r a t u r e .  T h e  r a t i o  
O f  O u t s  o v e r  a i s  i n  t h e  r a n g e  o f  1.27  t o  1.09.  A n  a p p a r e n t  d r o p  of t h e  
r a t i o  O f  Q U t q / r ? '  

a s i g n i f i c a n t  s 8 F t e n i n g .  
is o b s e r v e d  a t  t e m p e r a t u r e s  a b o v e  40OoC w h i c h  c o r r e s p o n d s  t o  

T a b l e  7 . 7 . 2 .  The E l e v a t e d - T e m p e r a t u r e  T e n s i l e  P r o p e r t i e s  of  GA3X s t e e l  

T e s t  S t r a i n  E l o n g a t i o n  
Temo. H a r d e n i n a  U n i f o r m  T o t a l  

1 oooc  0 .11  5.6 1 0 . 0  
2 0 0 o c  0 . 1 0  4.5 8 .2  
300°C 0 . 1 0  4 .0  7 . 3  
40OoC 0 . 1 0  3 .9  9.1 
5 0 0 0 c  0 .07  2 . 2  1 1 . 8  
55OoC 0 . 0 8  1 . 7  1 6 . 4  
600°C 0 .06  1 . 7  21 .8 
65OoC 0 . 0 7  1 .9  29.1 - -- 

0 . 2 1  o f f s e t  
Y i e l d  S t r e n g t h  

o y s d P a  
5 9 5 -  
570  
525  
51 0 
472 
434 
391 
3 0 2  

231  

U l t i m a t e  T h e  
T e n s i l e  S t r e n g t h  R a t i o  o f  - 

o u t s ,  MPa o u t e / o y s  
75 4 1 . 2 7  
7 0 5  1 . 7 4  .~ 
6 4 5  
625 

1 . 2 3  
1 . 23  

565 1 . 2 0  
489 1 . 1 7  
427 
340  

1 .oG 
1 . 1 3  

. 2 6 7  1 . 1 5  

H a t  m l c r o h a r d n e s s  a n d  d u c t i l i t y  p a r a m e t e r  m e a s u r e m e n t s  w e r e  a l s o  p e r f o r m e d  
on q u e n c h e d  a n d  t e m p e r e d  s p e c i m e n s  a t  t e m p e r a t u r e s  f r o m  room t e m p e r a t u r e  t o  
65OoC. T h r e e  i n d e n t a t i o n s .  w i t h  h o l d i n g  t i m e  of  3 0  s a n d  u s i n g  a 500 g r a m  
l o a d ,  w e r e  made a t  e a c h  t e m p e r a t u r e  a f t e r  t h e  s p e c i m e n  s o a k e d  a t  t e ? t  
t e m p e r a t u r e  f o r  a p p r o x i m a t e l y  1 5  m l n .  F i g u r e  7 . 7 . 2  s h o w s  V i c k e r e  m i c r o h a r d n e s s  

0 
0 100 ZOO 300 400 500 600 700 

TEST TEMPERATURE l°Cl 

Fig. 7 . 7 . 2 .  Vickers  m i c r o h a r d n e s s  r e s u l t  vs tes t  temperature 
for GA3X f e r r i t i c  s teel  
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r e s u l t  o p  t h i s  f e r r i t i c  s t e e l  v e r s u s  t e s t  t e m p e r a t u r e .  T h e  s t a n d a r d  d e v i a t i o n  
o f  m i c r o h a r d n e s s  number  i s  w i t h i n  i2%. T h e  r e s u l t  s h o w s  t h a t  m i c r o h a r d n e s s  
d e c r e a s e s  as  t e s t  t e m p e r a t u r e  i n c r e a s e ?  a n d  a r a p i d  a n d  d i s p r o p o r t i o n a t e  
d e c r e a s e  i n  m i c r o h a r d n e s s  i s  o b s e r v e d  a t  t e m p e r a t u r e s  a b o v e  400°C. T h e  
h o t - m i c r o h a r d n e s s  t e s t  s h o w s  a s e n s i t i v e  r e s p o n s e  t o  a s i g n i P i c a n t  s o f t e n i n g  
o c c u r r e d  a t  t e m p e r a t u r e s  a b o v e  400°C,  c o n s i s t e n t  w i t h  t h e  t e n s i l e  t e s t  r e s u l t s .  

T h e  d u c t i l i t y  p a r a m e t e r  m e a s u r e m e n t  of h o t - h a r d n e s s  t e s t  i s  shown i n  
F i g u r e  1 . 7 . 3  a l o n g  w i t h  t h e  u n i f o r m  e l o n g a t i o n  o f  t h e  t e n s i l e  t e s t .  T h e  
d u c t i l i t y  p a r a m e t e r  i n c r e a s e s  w i t h  i n c r e a s i n g  t e m p e r a t u r e  a n d  a maximum v a l u e  
i s  o b t a i n e d  a t  6 0 0 ° C .  T h e  c h a n g e  o f  d u c t i l i t y  p a r a m e t e r  a g a i n s t  t e s t  
t e m p e r a t u r e  h a s  a n  o p p o s i t e  s y m m e t r y  t o  t h e  c h a n g e  o f  u n i f o r m  e l o n g a t i o n  v e r s u s  
t e s t  t e m p e r a t u r e .  A n  e x c e l l e n t  a g r e e m e n t  i s  o b t a i n e d  on t h e  c o r r e l a t i o n  o f  
d u c t i l i t y  p a r a m e t e r  m e a s u r e m e n t s  w i t h  u n i f o r m  e l o n g a t i o n  a c c o r d i n g  t o  e q u a t i o n  
( 5 ) .  T h e  u n i f o r m  e l o n g a t i o n  i s  a p p r o x i m a t e l y  e q u i v a l e n t  t o  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  f o r  w o r k - h a r d e n a b l e  m e t a l s .  T h e r e f o r e ,  t h e  d u c t i l i t y  
p a r a m e t e r  m e a s u r e m e n t  of t h e  h o t - h a r d n e s s  t e s t  c a n  b e  u s e d  a s  a m e a n s  t o  
m o n i t o r  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  O f  t h i s  f e r r i t i c  s t e e l  a t  
t e m v e r a t u r e s  o f  i n t e r e s t .  

10 , 1 0.060 

NOMINAL COMPOSITION 
9CR-Z.5W-O.3V-OJ5C 1 

0.050 

0.040 

0.030 

0 u 0.020 
0 100 200 300 400 500 800 700 800 

TEST TEMPERATURE, ‘C 

F i g .  7.7.3. U n i f o r m  e longa t ion  and d u c t i l i t y  parameter m e a s u r e m e n t s  
v s .  t e s t  temperature on GA3X fe r r i t i c  s teel  

M a n c u s o  e t  a l . , ( R e f . 9 )  s t u d i e d  t h e  c o r r e l a t i o n  b e t w e e n  m i c r o h a r d n e s s  a n d  
t e n s i l e  p r o p e r t i e s  o f  i r r a d i a t e d  f e r r i t i c  s t e e l  a t  a m b i e n t  t e m p e r a t u r e .  An 
e m p i r i c a l  e q u a t i o n  f o r  0 . 2 %  o f f s e t  y i e l d  s t r e n g t h  was f o r m u l a t e d  a s :  

a o - 2 %  = 3 . 6 2  (VHN) - 2 2 8  MPa ( 7 )  Y J  

w h e r e  VHN i s  t h e  V icke r s  h a r d n e s s  number  i n  t h e  u n i t  o f  Kg/mm2. By u s i n g  t h i s  
e q u a t i o n ,  a g o o d  e s t i m a t e  o f  y i e l d  s t r e n g t h  is o b t a i n e d  a t  t e m p e r a t u r e s  u p  t o  
2 O O 0 C ,  w h i l e  a p o o r  a g r e e m e n t  i s  o b s e r v e d  a t  t e s t  t e m p e r a t u r e s  a b o v e  2OO0C. 

v a l u e s  d e t e r m i n e d  a t  t h e  same t e m p e r a t u r e  is s h o w n  i n  F i g u r e  1 . 7 . 4 .  T h e  s o l i d  
a n d  d a s h e d  l i n e s  a r e  t h e  c a l c u l 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  e m p l o y i n g  
e q u a t i o n  ( 1 )  a n d  u s i n g  c o n s t a n t  c o n s t r a i n t  f a c t o r s  of 3 . 0  a n d  2 . 5 1  
r e s p e c t i v e l y .  I t  i s  a p p a r e n t  t h a t  e q u a t i o n  ( 1 )  w i t h  a c o n s t r a i n t  f a c t o r  Of  3 . 0  
( p l a s t i c - e l a s t i c  m o d e l )  w o u l d  g i v e  a n  e x c e l l e n t  a g r e e m e n t  w i t h  e x p e r i m e n t a l  
r e s u l t  a t  t e s t  t e m p e r a t u r e s  f r o m  2OoC t o  400°C. O n  t h e  o t h e r  h a n d ,  e q u a t i o n  
( 1 )  w i t h  a c o n s t r a i n t  f a c t o r  o f  2 . 5 7  ( p l a s t i c - r i g i d  m o d e l )  w o u l d  a l s o  g i v e  a n  
e x c e l l e n t  a g r e e m e n t  w i t h  e x p e r i m e n t  a t  5OO0C. b u t  w o u l d  r e s u l t  i n  t e n P i l e  
s t r e n g t h  h i g h e r  t h a n  e x p e r i m e n t a l  d a t a  a t  t e m p e r a t u r e s  f r o m  55OoC t o  65OoC. 
T h i s  o b s e r v a t i o n  f o r  f e r r i t i c  s t e e l  d i p p e r s  f r o m  t h e  p r e v i o u s  work  o n  304 
a u s t e n t i c  s t a i n l e s s  s t e e l  ( R e f . 7 ) ,  w h i c h  i n d i c a t e d  t h a t  t h e  p l a s t i c - r i g i d  m o d e l  

A p l o t  of u l t i m a t e  t e n s i l e  s t r e n g t h  a s  a f u n c t i o n  o f  h o t - m i c r o h a r d n e r s  
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Fig. 7.7.4. Comparison of the calculated (0 = H/C) and experimental tensile strength of 
GA3X ferritic steel as function of the Vikers hot microhardness for each 
test temperature 

w o u l d  g i v e  an e x c e l l e n t  a g r e e m e n t  w i t h  e x p e r i m e n t  a t  t e m p e r a t u r e . -  u p  t o  6OO0C 
w h i l e  t h e  p l a s t i c - e l a P t i c  m o d e l  w a s  i n  e x c e l l e n t  a g r e e m e n t  w i t h  e x p e r i m e n t  a t  
t e m p e r a t u r e s  i n  t h e  r a n g e  o f  800 t o  1 2 O O 0 C .  

G A 3 X  s t e e l  i P  s u m m a r i z e d  i n  T a b l e  7 . 7 . 3 .  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  
c a l c u l a t e d  f r o m  e q u a t i o n  ( 1 )  w i t h  C = 2 . 5 7  i s  h i g h e r  t h a n  e x p e r i m e n t a l  v a l u e ?  b y  
t h e  v a l u e r  of 1 6  t o  23% a t  t e m p e r a t u r e s  u p  t o  4 O O 0 C  a n d  i s  a b o u t  1 4  t o  2 7 %  
l o w e r  t h a n  e x p e r i m e n t a l  d a t a  u s i n g  ~ a m e  e q u a t i o n  w i t h  C = 3 . 0  a t  t e m p e r a t u r e ?  
a b o v e  4 O O 0 C .  By i n c l u d i n g  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  o f  ~ t e e l .  
e q u a t i o n  ( 2 )  i r  s h o w n  t o  e s t i m a t e  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  t o  w i t h i n  5 %  
a n d  e q u a t i o n  ( 3 )  i ?  ~ h o w n  t o  e s t i m a t e  y i e l d  s t r e n g t h  t o  w i t h i n  4 %  a t  
t e m p e r a t u r e s  u p  t o  4 0 0 ° C .  A t  t e s t  t e m p e r a t u r e s  a b o v e  4 0 0 ° C ,  e q u a t i o n s  ( 2 )  a n d  
( 3 )  a r e  s h o w n  t o  r e s u l t  i n  t h e  u n d e r e e t i m a t i o n  o f  t e n P i l e  s t r e n g t h ?  by u p  t o  
30%. T h e s e  p r e l i m i n a r y  r e s u l t s  s h o w  t h a t  t h e  u l t i m a t e  t e n s i l e  s t r e n g t h  a n d  
0 . 2 5  O f f s e t  y i e l d  ~ t r e n g t h  c a n  b e  c o r r e l a t e d  w e l l  w i t h  h o t - m i c r o h a r d n e P P  v a l u e ?  
u s i n g  e q u a t i o n s  ( 2 )  a n d  ( 3 )  a t  t e ? t  t e m p e r a t u r e s  u p  t o  4 0 0 ° C .  

T h e  c o m p a r i s o n  o f  t h e  c a l c u l a t e d  a n d  e x p e r i m e n t a l  t e n s i l e  s t r e n g t h ?  of 

T a b l e  7 . 7 . 3 .  T h e  C o m p a r i ~ o n  o f  C a l c u l a t e d  a n d  E x p e r i m e n t a l  T e n ~ i l e  
S t r e n g t h s  o f  G A 3 X  F e r r i t i c  S t e e l  

T e s t  V H N  0 . 2 %  Calch----------- o f f s e t  Y i e l d  S t r e n g t h  U l i i m a t e  T e n s i l e  S t r e n g t h  
Temp.  ( H )  E x p .  p e r c e n t  C a l c .  E x p .  P e r c e n t  D i r c r e p e n c y  
i ° C )  ( M P a )  ( M P a )  ( M P a )  D i p c r e p e n c y  ( M P a )  ( M P a )  C = r ( n ) b  Cz21Slc C:&gc 
1 0 0  2 1  5 7  5 5 8  5 7 0  - 2 . 1 5  6 9 2  7 0 5  - 1 . 8 5  t 1 9 . 1 5  + 2 . 0 5  

2 0  2 2 4 6  5 8 1  5 9 3  - 2 . 0 %  7 2 2  7 5 4  - 4 . 2 %  ' 1 5 . 9 %  - 1 . 0 %  

+ 2 . 8 %  6 5 1  6 4 5  tl.05 t 2 3 . 1 5  + 5 . 4 %  2 0 0  2 0 4 0  5 4 0  5 2 5  
3 0 0  1 8 7 3  498 5 1 0  - 2 . 4 %  5 9 8  6 2 5  - 4 . 3 8  + 1 6 . 6 %  -0.1% 
4 0 0  1 7 2 6  4 5 7  4 7 2  - 3 . 4 %  5 5 2  5 6 5  - 2 . 1 %  t 1 9 . 1 5  + 2 . O %  

4 8 9  - 1 7 . 6 %  t l . 0 5  - 1 3 . 8 %  5 0 0  1 2 6 5  3 5 9  4 3 4  - 1 7 . 3 5  4 0 3  
4 2 7  - 2 3 . 2 5  - 6 . 1 5  - 1 9 . 6 3  5 5 0  I 0 3 0  2 8 6  3 9 1  - 2 6 . 9 5  3 2 8  3 4 0  - 2 1 . 8 %  - 4 . 5 %  - 1 8 . 2 %  

6 0 0  834 2 4 2  3 0 2  - 2 0 . 0 %  2 6 6  
6 5 0  5 9 8  1 7 0  - 2 5 . 8 a  1 9 1  2 6 7  - 2 9 . 3 %  - 1 3 . 8 5  - 2 6 . 2 %  
a : c a l c u l a t e d  b a P e n  o n  e q u a t i o n  ( 3 ) .  
b : c a l c u l a t e d  b a P e d  o n  e q u a t i o n  ( 2 ) .  
c : c a l c u l a t e d  b a P e d  o n  e q u a t i o n  ( 1 ) .  
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The f r a c t u r e  s u r P a c e  0P t h e  t e n s i l e  t e s t e d  s p e c i m e n s  were  examined  b y  
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 .  F i g u r e  7.7.5 shows f r a c t o g r a p h s  of s p e c i m e n s  
t e s t e d  a t  t e m p e r a t u r e s  i n d i c a t e d .  A d u c t i l e  d i m p l e  r u p t u r e  c a u s e d  by a v o i d  
c o a l e s c e n c e  m e c h a n i m  was o b s e r v e d  f O P  s p e c i m e n s  t e s t e d  up t o  65OoC. A t  
t e m p e r a t u r e s  above  400°C,  t h e  t e n s i l e  t e s t e d  s p e c i m e n s  s h o v e d  a n  a p p a r e n t  
c h a n g e  OP d i m p l e  morpho logy  f rom an  e q u i a x e d  ( t e n s i l e )  d i m p l e  t o  an  a p p e a r a n c e  
of mixed e q u i a x e d  ( t e n s i l e )  a n d  e l o n g a t e d  ( s h e a r )  d i m p l e .  The e l o n g a t e d  s h e a r  
d i m p l e s  were  u s u a l l y  i n d i c a t e d  a s  d u c t i l e  t e a r i n g  (ReP .11) .  The s h e a r  d i m p l e s  
seem e l o n g a t e d  p a r a l l e l  t o  t h e  d i r e c t i o n  O f  t h e  maximum s h e a r  s t r e s s .  T h e  
e v i d e n c e  oP t h e  mixed  d i m p l e  morpho logy  s u g g e s t s  t h a t  t h e r e  m i g h t  h a v e  been  a 
s t r o n g  s h e a r  componen t s  a n d / o r  cross  s l i p  i n v o l v e d  i n  t h e  d e P o r m a t i o n  a t  s u c h  
h i g h  t e m p e r a t u r e s  b e c a u s e  t e m p e r a t u r e s  of 500-650°C (20.4 T ~ )  a r e  p r o b a b l y  i n  
t h e  t i m e- d e p e n d e n t  t e m p e r a t u r e  r e g i o n .  

The h o t- m i o r o h a r d n e s s  t e s t  i s  v e r y  s e n s i t i v e  t o  t h e  s o f t e n i n g  o f  metals. 
T h e r e  a r e  s e v e r a l  r e a s o n s  f o r  t h e  u n d e r e s t i m a t i o n  of t e n s i l e  s t r e n g t h s  by Us ing  
e q u a t i o n s  ( 2 )  a n d  ( 3 ) .  I t  i s  well known t h a t  g r a i n  s i z e  a n d  c r y s t a l l o g r a p h i c  
o r i e n t a t i o n  01 i n d i v i d u a l  g r a i n s  h a v e  a marked e f f e c t  on t h e  t e n s i l e  s t r e n g t h s  
and 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  oP metals.  One may e t c h  t h e  s p e c i m e n  
s u r f a c e  t o  d e t e r m i n e  w h e t h e r  some s e c o n d  p h a s e  o r  g r a i n  b o u n d a r y  may b e  i n  t h e  
r e g i o n  of t h e  i n d e n t a t i o n  t o  w h i c h  would  c a u s e  some oP t h e  s c a t t e r  i n  t h e  d a t a .  
S t i l l .  t h e  d e v i a t i o n  of m i c r o h a r d n e s s  number i s  o n l y  w i t h i n  f 2 1  i n  t h i s  
i n v e s t i g a t i o n .  S o ,  t h e  m e t a l l u r g i c a l  e f f e c t s  c a u s i n g  t h e  u n d e r e s t i m a t i o n  o? 
t e n s i l e  s t r e n g t h s  i s  n e g l i g i b l e .  A n o t h e r  P a c t o r  f o r  s c a t t e r  i s  t h a t  t h e  
d e i o r m a t i o n  mode h a s  changed  a t  t e m p e r a t u r e s  be tween  50O-65O0C, which  i s  
p r o b a b l y  d u e  t o  c r e e p  d e P o r m a t i o n  u n d e r  t h e  l o a d i n g  c o n d i t i o n  o f  500 g rams  a n d  
30 s .  I t  i s  known t h a t  B i c k e r s  a n d  Knoop m i c r o h a r d n e s s  v a r i e s  w i t h  l o a d  
( R e P . 1 2 ) .  T h e r e  is f i r s t  a t e n d e n c y  t o  i n c r e a s e  ( u p  t o  a Pew g r a m s ) ;  t h e n  t h e  
m i c r o h a r d n e s s  v a l u e  d e c r e a s e s s  w i t h  i n c r e a s i n g  l o a d .  T h u s ,  a h o l d  t ime of 30 s 
w i t h  500g l o a d  may be  t o o  l o n g  f o r  t h e  c h a r a c t e r i z a t i o n  of a s h o r t - t i m e  t e n s i l e  
t e s t  b e c a u s e  t i m e- d e p e n d e n t  S t r e s s - r u p t u r e  p l a s t i c  d e f o r m a t i o n  m i g h t  h a v e  been  
i n v o l v e d  u n d e r  t h i s  l o a d i n g  c o n d i t i o n .  T h e  s u g g e s t i o n  i s  t h a t  t h e  d i s c r e p a n c y  
be tween  t h e  c a l c u l a t e d  a n d  e x p e r i m e n t a l  s t r e n g t h @  of t h i s  f e r r i t i c  s t e e l  a t  
t e m p e r a t u r e s  a b o v e  0 . 4 T m  can  be p r o b a b l y  r e d u c e d  by s e l e c t i n g  a p r o p e r  l o a d i n g  
c o n d i t i o n  ( a  smaller l o a d  a n d / o r  a s h o r t e r  h o l d  t i m e ) .  The p r o p e r  s e l e c t i o n  Of  
l o a d i n g  c o n d i t i o n  s h o u l d  r e c e i v e  a c o n s i d e r a b l e  a t t e n t i o n  P O P  f u t u r e  
i n v e s t i g a t i o n  a t  t e m p e r a t u r e s  h i g h e r  t h a n  - 0.4 T m .  

7 . 7 . 5  C o n c l u s i o n s  

The h o t- m i c r o h a r d n e s s  t e s t  g i v e s  a s e n s i t i v e  i n d i c a t i o n  o f  t h e  s o f t e n i n g  
of m e t a l s ,  and t h e  d u c t i l i t y  p a r a m e t e r  m e a s u r e m e n t s  c o r r e l a t e  w e l l  w i t h  u n i f o r m  
e l o n g a t i o n .  The h a r d n e s s - t e n s i l e  p r o p e r t y  c o r r e l a t i o n s h i p  i n d i c a t e s  t h a t  t h e  
V i c k e r s  h o t - m i c r o h a r d n e s s  t e s t  and d u c t i l i t y  p a r a m e t e r  m e a s u r e m e n t s  c a n  b e  u s e d  
t o  m o n i t o r  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  of m e t a l c .  The u l t i m a t e  
t e n s i l e  s t r e n g t h  a n d  y i e l d  s t r e n g t h  of G A 3 X  P e r r i t i c  s t e e l  can  b e  c o r r e l a t e d  
w i t h  h o t - m i c r o h a r d n e s s  m e a s u r e m e n t s  a t  t e m p e r a t u r e s  up t o  400°C w i n g  C a h o o n ' s  
e x p r e s s i o n s :  (I - (H/z.~) ( n / o . ~ 1 7 ) ~  a n d  a - (H/3) ( 0 . 1 ) " .  r e s p e c t i v e l y .  
The a p p a r e n t  # f & c r e p a n c y  be tween  t h e  c a l c u l % % e d  a n d  e x p e r i m e n t a l  t e n s i l e  
s t r e n g t h s  a t  t e m p e r a t u r e s  a b o v e  400°C is m a i n l y  a t t r i b u t e d  t o  t h e  c h a n g e  o f  
d e f o r m a t i o n  mode, wh ich  may b e  a v o i d e d  by s e l e c t i n g  a p r o p e r  l o a d i n g  c o n d i t i o n .  
T h e s e  p r e l i m i n a r y  r e s u l t s  a r e  v e r y  e n c o u r a g i n g  a n d  s u g g e s t  t h a t  t h e  p r e d i c t i o n  
OI t e n s i l e  p r o p e r t i e s  oP f e r r i t i c  s t e e l  can  b e  made u s i n g  o n l y  a s m a l l  amount 
of t e s t  mate r ia l .  



136 

F i g .  7 . 7 . 5 .  Fractographs of the t e n s i l e  t e s t e d  specimens of GA3X steel t e s t e d  a t  
( a )  20°C, (b) 100°C,  ( c )  300OC.  (d) 400OC.  (e)  5OOOC and (f) 550012 
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1.8 MICROSTRUCTURE A N D  M E C H A N I C A L  PROPERTIES OF U N I R R A D I A T E D  LOW A C T I V A T I O N  
F E R R I T I C  STEEL - C h e n- Y i h  H s u  a n d  Thomas A .  L e c h t e n b e r g  ( G A  T e c h n o l o g i e s  
I n c . )  

7 . 8 . 1  A D I P  T a s k  

T h e  D e p a r t m e n t  o f  E n e r g y  ( D O E )  O f f i c e  o f  F u s i o n  E n e r g y  ( O F E ) ,  h a s  c i t e d  
t h e  n e e d  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  u n d e r  t h e  ADIP p r o g r a m  t a s k ,  F e r r i t i c  
S t e e l  D e v e l o p m e n t  ( P a t h  E ) .  

7.8.2 O b j e c t i v e  

T h e  p r i m a r y  o b j e c t i v e  o f  t h i s  work  i s  t o  d e v e l o p  l o w  a c t i v a t i o n  f e r r i t i c  
s t e e l s  t h a t  e x h i b i t  m e c h a n i c a l  a n d  p h y s i c a l  p r o p e r t i e s  a p p r o x i m a t e l y  e q u i v a l e n t  
t o  t h e  c o m m e r o i a l l y  a v a i l a b l e  h e a t  r e s i s t a n t  a l l o y s .  HT-9 a n d  m o d i f i e d  9 C r - l M 0 ,  
b u t  w h i c h  o n l y  c o n t a i n  e l e m e n t s  t h a t  w o u l d  p e r m i t  n e a r - s u r f a c e  d i s p o s a l  u n d e r  
lOCFR61 waste d i s p o s a l  c r i t e r i a  a f t e r  e x p o s u r e  t o  f u s i o n  n e u t r o n s .  

7 . 8 . 3  Summary 

T r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p i c  e x a m i n a t i o n  of q u e n c h e d  a n d  t e m p e r e d  
9Cr-2.5W-0.3V-0.15C low a c t i v a t i o n  f e r r i t i c  s t e e l  r e v e a l e d  t e m p e r e d  l a t h - t y p e  
m a r t e n s i t e  w i t h  p r e c i p i t a t i o n  o f  r o d  a n d  p l a t e - l i k e  M C 6  a n d  M C  c a r b i d e s  a t  
l a t h  a n d  g r a i n  b o u n d a r i e ? .  E x t r a c t i o n  r e p l i c a s  o f  p r z & p i t a t e P  were f o u n d  t o  
b e  p r e d o m i n a n t l y  M 23Cf) c a r b i d e s  a n a l y z e d  by d i f f r a c t i o n .  T h e  a r e a l  d e n s i t y  a n d  
mean p a r t i c l e  s i z e  o c a r b i d e  p r e c i p i t a t e s  were a p p r e c i a b l y  i n c r e a s e d  a f t e r  
t h e r m a l  a g i n g  a t  6OO0C f o r  1 0 0 h r s .  
a u s t e n i t e  g r a i n  b o u n d a r i e s  a n d  m a r t e n s i t e  l a t h  bounc?&ies i n  t h e  t h e r m a l l y  a g e d  
s p e c i m e n s .  

The e l e v a t e d - 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 s  OP t h i s  m a t e r i a l  were m e a s u r e d  
a n d  a r e  a b o u t  1 0 %  h i g h e r  t h a n  t h e  a v e r a g e  t e n s i l e  d a t a  of c o m m e r c i a l  h e a t s  o f  
9Cr-1Mo a n d  m o d i f i e d  9Cr-1Mo s t e e l s  u p  t o  a t e m p e r a t r u e  of 65OoC. w i t h  
e q u i v a l e n t  u n i f o r m  e l o n g a t i o n  a n d  - 5 0 %  d e c r e a P e  i n  t o t a l  e l o n g a t i o n .  The 
f r a c t u r e  t o u g h n e s s  ( K  ) o f  t h i s  a l l o y  i s  p r e d i c t e d  t o  b e  a b o u t  1 0- 2 0 %  l o w e r  
t h a n  c o m m e r c i a l  h e a t s I C o f  m o d i f i e d  9Cr-1Mo s t e e l .  b u t  is c o m p a r a b l e  t o  some 
e x p e r i m e n t a l  h e a t s  o f  9Cr-1MoVNb s t e e l .  T h e  i m p a c t  t e s t  r e s u l t s  show a D B T T  a t  
-25OC a n d  y p p e r  s h e l f  e n e r g y  o f  113 s i z e  C V N  p r e c r a c k e d  s p e c i m e n  a t  2 . 2  J o u l e s  
( 3 7 . 2  J / c m  n o r m a l i z e d  f r a c t u r e  e n e r g y ) .  F r a c t o g r a p h i c  e x a m i n a t i o n  o f  t e n s i l e  
t e s t e d  s p e c i m e n s  s h o w s  a m i x e d  mode o f  e q u i a x e d  d i m p l e  a n d  e l o n g a t e d  d i m p l e  a t  
t e s t  t e m p e r a t u r e s  a b o v e  50OoC. T h e  m o d i r i c a t i o n  o f  t h e  G A 3 X  a l l o y  c o m p o s i t i o n  
f o r  o p t i m i z a t i o n  o f  m a t e r i a l s  p r o p e r t i e s  i s  d i s c u s s e d .  However. t h e  p r o p o s e d  
low a c t i v a t i o n  f e r r i t i c  s t e e l  show t h e  pr-omise o f  i m p r o v e d  m e c h a n i c a l  
p r o p e r t i e s  over 9Cr-1Mo steels. 

7 . 8 . 4  P r o g r e s s  a n d  S t a t u s  

7 . 8 . 4 . 1  I n t r o d u c t i o n  

More  p o d - l i k e  M C 6  were f o u n d  a l o n g  p r i o r  

T h e  a v a i l a b l e  t e s t  d a t a  show t h a t  t h e  9 - 1 2 % C r  f e r r i t i c / m a r t e n s i t l c  s t e e l s  
a p p e a r  t o  b e  a t t r a c t i v e  m a t e r i a l s  f o r  f u s i o n  r e a c t o r  s t r u c t u r a l  c o m p o n e n t  
a p p l i c a t i o n s .  C o m m e r c i a l l y  a v a i l a b l e  a l l o y s  t o  b e  u e e d  f o r  f i r s t  w a l l l a n d  
b l a n k e t  s t r u c t u r a l  c o m p o n e n t s  w i l l  b e c o m e  a c t i v a t e d  d u r i n g  s e r v i c e  a n d  w i l l  
p o s e  a w a s t e  d i s p o s a l  p r o b l e m  a f t e r  s e r v i c e .  G u i d e l i n e s  (10CFR61)  f o r  t h e  
c l a s s i f i c a t i o n  o f  n u c l e a r  was t e s  h a v e  b e e n  i s s u e d  by t h e  U.S.  N u c l e a r  
R e g u l a t o r y  C o m m i s s i o n .  I n  1 9 8 2 ,  D O E  c o n v e n e d  a p a n e l  t o  e x a m i n e  t h e  i s s u e s  a n d  
i n c e n t i v e ?  a s s o c i a t e d  w i t h  t h e  d e v e l o p m e n t  of l o w  a c t i v a t i o n  m a t e r i a l ? .  One O f  
t h e  p a n e l  c o n c l u s i o n s  was  t h a t  i t  was j u d g e d  d e s i r a b l e  a n d  t e c h n i c a l l y  f e a s i b l e  
t o  d e v e l o p  r e a c t o r  m a t e r i a l s  Which f e l l  w i t h i n  t h e  10CFA61 w a s t e  d i s p o s a l  
c r i t e r i a  ( l o w  l e v e l  w a s t e )  a f t e r  f u s i o n  r e a c t o r  i r r a d i a t i o n .  To  a c h i e v e  
f u s i o n ' P  f u l l  p o t e n t i a l  a s  a n  e n v i r o n m e n t a l l y  a t t r a c t i v e  e n e r g y  s o u ~ c e ,  t h e  
r e s i d u a l  a c t i v a t i o n  o f  t h e  m a t e r i a l a  m u s t  b e  m i n i m i z e d .  
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T h e  p r i m a r y  o b j e c t i v e  o f  t h i ?  w o r k  i ?  t o  d e v e l o p  l o w  a c t i v a t i o n  f e r r i t i c  
s t e e l ?  w i t h  e q u i v a l e n t  p r o p e r t i e ?  a n d  p e r f o r m a n c e  i n  a f u s i o n  e n v i r o n m e n t  t o  
t h e  c o m m e r c i a l l y  d e v e l o p e d  a l l o y ? .  H T- 9  a n d / o r  9Cr-1Mo s t e e l ? .  To a c h i e v e  
t h i s ,  t h e  e l e m e n t s  Ma, N i .  Nb ,  a n d  N ,  w h i c h  a r e  a d d e d  f o r  e l e v a t e d  t e m p e r a t u r e  
s t r e n g t h ,  m u r t  b e  r e d u c e d  t o  v e r y  l o w  l e v e l s .  W a n d  V c a n  b e  u s e d  t o  
e u b ~ t i t u t e  f o r  Mo. I n  e q u a l  a t o m i c  f r a c t i o n s ,  W a n d  M O  s h o w  s i m i l a r  s o l i d  
~ o l u t i o n  h a r d e n i n g  C h a P a c t e P i P t i c e  a n d  Fe-W-C a l l o y ?  d e v e l o p  a n a l o g o u ?  
p r e c i p i t a t e s  w i t h  a s i m i l a r  p r e c i p i t a t i o n  s e q u e n c e  t o  Fe-Mo-C a l l o y ? .  So .  i t  
W B P  s u g g e s t e d  t h a t  t h e  C r- W  s t e e l s  o f f e ~  p r o m i s e  f o r  t h e  d e v e l o p m e n t  o f  a 
r e p l a c e m e n t  f o r  Cr-Mo s t e e l ? .  An e x p e r i m e n t a l  h e a t  (CA3X) o f  l o w  a c t i v a t i o n  
f e p p i t i c  ? t e e 1  was p r e p a r e d  w i t h  a n o m i n a l  c o m p o P i t i o n  of 9Cr -2 .5W-0 .3V-0 .15C 
s t e e l .  T h e  a d d i t i o n  o f  0 . 3 $  V t o  C r- W  s t e e l s  will r e s u l t  i n  a p r o n o u n c e d  
e f ' e c t  o n  t h e  p r e c i p i t a t e  f o r m a t i o n  a n d  on  e l e v a t e d  t e m p e r a t u r e  p r o p e r t i e ? .  
T h e  a d d i t i o n  o f  V ,  h o w e v e r ,  may make  t h e  ? t e e 1  l e 3 3  w e l d a b l e  d u e  t o  t h e  
f o r m a t i o n  o f  c a r b i d e s .  Fo r  t h i s  r e a e o n ,  t h e  s u g g e s t e d  c a r b o n  c o n t e n t  i s  k e p t  
b e l o w  0 . 1 5 %  i n  C r - W  s t e e l ? .  T i  i s  a l p 0  a 3 t r o n g  c a r b i d e  f o r m e r  w i t h  a n  
e v i d e n c e  of i n h i b i t i n g  g r a i n  c o a r r e n i n g  w h i l e  r e t a i n i n g  g o o d  n o t c h  t o u g h n e ? ? ,  
s o  t h e  a d d i t i o n  o f  0 . 1 %  T i  is a l p 0  d i r c u ~ e e d  a s  a m o d i f i c a t i o n  t o  G A 3 X .  T h i s  
r e p o r t  ~ u m m a r i z e s  t h e  TEM e x a m i n a t i o n  a n d  m e c h a n i c a l  p r o p e r t y  e v a l u a t i o n  of t h e  
u n i r r a d i a t e d  G A 3 X  l o w  a c t i v a t i o n  f e r r i t i c  s t e e l  c o m p a r e d  t o  t h e  c o m m e r c i a l  
h e a t ?  o f  9Cr-1Mo s t e e l ? ,  a n d  a 1 7 0  p r o v i d e s  b a s e l i n e  d a t a  f o r  a c o m p a r i s o n  w i t h  
t h e  i r r a d i a t e d  C A 3 X  a t e e l .  

7 . 8 . 4 . 2  E x p e r i m e n t a l  P r o c e d u r e ?  

T h e  m e l t i n g  a n d  f a b r i c a t i o n  p r a c t i c e  o f  t h e  G A 3 X  h e a t  o f  low a c t i v a t i o n  
f e r r i t i c  s t e e l  w e r e  d e s c r i b e d  i n  R e f .  1 .  T h e  n o m i n a l  a n d  actual C o m p O S i t l O n  O? 
t h i ?  C A 3 X  h e a t  1 7  Phown i n  T a b l e  1 . 8 . 1 .  T h e  P p e C i m e n P  d i ? c U P P e d  h e r e  W e r e  h e a t  
t r e a t e d  a t  Opt imum c o n d i t i o n  ( l O O O ° C / l h r ,  w a t e p  q u e n c h e d  + 7 0 0 ° C / l h r .  
a i r - c o o l e d ) .  

T a b l e  1 . 8 . 1 .  T h e  N o m i n a l  a n d  C h e m l c a l  C o m p o R i t i o n s  O f  t h e  Low 
A c t i v a t i o n  F e r r i t i c  S t e e l  

0 . 1 7  7 . 6  2 . 0  0 . 0 1 6  - 

N o m i n a l  0 . 1 5  9 . 0  2 . 5  0 . 3  - - - 

A t w o - s t a g e  r e p l i c a t i o n  t e c h n i q u e  was u s e d  t o  p r e p a r e  t h e  c a r b o n  f i l m  
e x t r a c t i o n  r e p l i c a s  o f  t h e  p r e c i p i t a t e s .  T h e  s p e c i m e n ?  w e r e  p o l i ? h e d  a n d  
? l i g h t l y  e t c h e d  f o r  a f e w  s e c o n d ?  u s i n g  t h e  T i t a n i u m  e t c h  ( 1 0 %  HF, 5 %  H N O  8 5 %  
H 2 0 ) .  T h e  c a l l a d i o n / a m y l  a c e t a t e  war u e e d  t o  e x t p a c t  p r e c i p i t a t e ?  o n  ?;e 
~ u r f a c e  a n d  wa? t h e n  d e p o ? i t e d  w i t h  c a r b o n  f i l m  by v a c u u m  v a p o r  d e p o s i t i o n .  
F o l l o w i n g  t h i ?  s t e p .  t h e  p l a z t i c  m a t t e r  wa? d i P e o l v e d  i n  a c e t o n e  a n d  t h e  
r e m a i n i n g  c a r b o n  f i l m  was p l a c e d  a n  a c o p p e r  s u p p o r t i n g  g r i d .  I n  t h e  
p r e p a r a t i o n  0' t h i n - r o i l  e p e c i m e n r .  t h e  ? a m p l e  w a s  t h i n n e d  m e c h a n i c a l l y  t o  
0 . 0 1 6  m m  ( 0 . 0 0 3 i n )  a n d  t h e n  p u n c h e d  i n t o  3 m m  d i a m e t e r  d i 2 k . q .  T h e  d i s k s  w e r e  
e l e c t r o p o l i ? h e d  i n  a s o l u t i o n  o f  5 0 $  e t h y l  a l c o h o l ,  4 5 %  b u t y l  c e l l o s o l v e .  a n d  
5 8  H C 1 O 3 ,  w i t h  p o l i s h i n g  c o n d i t i o n s  o f  150V a n d  15mA a t  t e m p e r a t u r e  o f  -35OF.  
C a r b o n  . i l m  e x t r a c t i o n  r e p l i c a ?  a n d  t h i n - f o i l  m i c r o ? t r u c t u r e s  were e x a m i n e d  o n  
a P h i l i p  300M t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p e  o p e r a t i n g  a t  100KV. 

T h e  t e n P i l e  t e ? t ?  were p e r f o r m e d  o n  f l a t  t e n F i l e  s p e c i m e n ?  w i t h  d i m e n s i o n s  
a9 s h o w n  i n  F i g u r e  7 . 8 . 1 .  T h e  f l a t  t e n s i l e  s p e c i m e n s  w e r e  d i p p e d  w i t h  t o l u e n e  
p r e t r e a t  c o a t i n g  s o l u t i o n  i n  O r d e r  t o  a v o i d  a n y  s i g n i f i c a n t  o x i d a t i o n  o r  
d e c a r b u r i z a t i o n  d u r i n g  t h e  t e n ? i l e  t e s t ,  a n d  w e r e  t e s t e d  i n  a n  I n s t r o n  t e n s i l e  
t e ? t i n g  m a c h i n e  e q u i p p e d  w i t h  a r e ? i s t a n c e  h e a t i n g  f u r n a c e  a t  t e m p e r a t u r e  r a n g e  
O f  2O0C - 65OoC.  
P t r a i n  r a t e  WaP a b o u t  3 . 5 ~ 1 0  3 . A f r a c t o g r a p h i c  e x a m i n a t i o n  o f  t e n ? i l e  
t e s t e d  ? p e c i m e n ?  wa? p e r f o r m e d  o n  a ? 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 .  

T h e  c r o ? ?  -Qecq s p e e d  waP O.Smm/min ( 0 . 0 2 i n / m i n )  a n d  t h e  



139 

16.35mm DIA. 

Fig. 7.8.1. Geometry of t h e  f l a t  t e n s i l e  s p e c i m e n s  

F i g .  7 .8 .2 .  Geometry of 1/3 s i z e  m i n i a t u r e  C h a r p y  impact s p e c i m e n  

The d u c t i l e  b r i t t l e  t r a n s i t i o n  t e m p e r a t u r e  ( D B T T )  a n d  i m p a c t  p r o p e r t i e s  
were  d e t e r m i n e d  Prom m i n i a t u r e  Charpy  v- n o t c h  s p e c i m e n  w i t h  d i m e n s i o n s  shown i n  
F i g u r e  7.8.2. The m i n i a t u r e  Charpy  V- notch s p e c i m e n s  were f a t i g u e  p r e c r a c k e d  
w i t h  a s t r e s s  i n t e n p i t y  f a c t o r  of no h i g h e r  t h a n  16  MPaJm. The p r e c r a c k e d  
s p e c i m e n s  were  t h e n  t e s t e d  i n  t h e  i n s t r u m e n t e d  i m p a c t  t e s t i n g  m a c h i n e  by W. L. 
Hu, a t  t h e  H a n f o r d  E n g i n e e r i n g  Deve lopment  L a b o r a t o r y .  The f r a c t u r e  e n e r g y  was 
e l e c t r o n i c a l l y  i n t e g r a t e d  f rom t h e  l o a d - l i n e   trace.^. 



1' 

7.8 .4 .3  R e s u l t s  a n d  D i s c u s s i o n  

M e t a l l o g r a p h i c  E x a m i n a t i o n  

In t h e  l a s t  s e m i a n n u a l  r e p o r t  (Re! 
e x t r a c t e d  p r e c i p i t a t e s  r e v e a l e d  n e a r l y  
p a r a m e t e r  oP 10.64A. The w e i g h t  p e r c e  
i n c r e a s e d  Prom 2.0% t o  3 .1% a l t e r  therm 
t y p e  i n t e r m e t a l l i c  compound was d e t e c t e  

A d e t a i l e d  m e t a l l o g r a p h i c  s t u d y  w i  
morpho logy  o f  p r e c i p i t a t e s  a n d  t h e  m i ,  
r e p l i c a s  oP p r e c i p i t a t e s  were examined  
F i g u r e  7.8.3 shows  TEM m i c r o g r a p h s  of t 
t h e r m a l  a g i n g  a t  600°C Por  1 0 0 h r s .  1 
p r e c i p i t a t e s  show two t y p e s  O P  c a r b i d e :  
is s imi la r  t o  r e s u l t s  r e p o r t e d  by Lecl 
P a r t i c l e s  w i t h  a s i z e  l e a s  t h a n  0 . 1 ~ 1  
p r e c i p i t a t e s  and c o a r s e r  p a r t i c l e s  Pop 
The s e l e c t e d  a r e a  d i P P r a c t i o n  p a t t e r n s  
t h e  c a r b i d e s  t o  be  M C a n d  a Pew p a r t  
T h i s  i s  c o n s i s t e n t  $?tR t h e  X- r a y  d i e  
MC-type c a r b i d e  is due  t o  v e r y  low V c ,  
s t e e l .  An a p p r e c i a b l e  amount O P  M C - t :  
t a r g e t  v a l u e  of 0 .3% V o r  T i  were  added  
was t y p i c a l l y  i n  t h e  r a n g e  o f  200A-750 
p r e c i p i t a t e s  e x t r a c t e d  p r i o r  and aP te r  
The mean p a r t i c l e  s i z e  i n c r e a s e d  f rom I 
600°C Por lOOhrs a n d  many more  r o d - l i k  
a g e d  s p e c i m e n s  t h a n  i n  t h e  a s- t e m p e r e d  

E l e c t r o n  t r a n s p a r e n t  t h i n - P o i 1  exa 
a n d  t e m p e r e d  s p e c i m e n s  a n d  t h e r m a l l y  
m i c r o g r a p h s  Show l a t h  m a r t e n s i t e  i n  t l  
shown i n  F i g u r e  7.8.5.  No s i g n i p i c a n t  
s p e c i m e n s ,  c a r b i d e s  were commonly o b s e r  
a n d  m a r t e n s i t e  l a t h  b o u n d a r i e s  a l t h o i  
m a r t e n s i t e  l a t h s .  Heavy c a r b i d e  p r e c i p  
g r a i n  b o u n d a r i e s  a n d  m a r t e n s i t e  l a t h  bc 
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r .  2). X-ray d i f f r a c t i o n  a n a l y s i s  of t h e  
100% M C c a r b i d e s  w i t h  a l a t t i c e  

n t a g e  oP2?h6, e x t r a c t e d  p r e c i p i t a t e s  was 
la1 a g i n g  a t  600°C Por  1OOhrs a n d  no Fe2W 
d. 
ir  c o n d u c t e d  t o  i n v e s t i g a t e  t h e  s i z e  a n d  
c r o s t r u c t u r e .  Carbon  f i l m  e x t r a c t i o n  
u n d e r  t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p e .  

he  e x t r a c t i o n  r e p l i c a  p r i o r  t o  a n d  a P t e r  
i t  h i g h  m a g n i P i c a t i o n ,  t h e  e x t r a c t e d  
3 ,  r o d - l i k e  and p l a t e - l i k e  s h a p e s .  T h i s  
i t e n b e r g ,  e t  a l . ,  Por  HT-9 ( R e f .  3 ) .  
0 a p p e a r e d  o n l y  a s  smal l  r o d- s h a p e d  
med as r o d - l i k e  o r  p l a t e - l i k e  s h a p e s .  

Prom t h e  i s o l a t e d  p a r t i c l e s  c o n f i r m e d  
i c l e s  seem l i k e l y  t o  be  MC-type c a r b i d e .  
T r a c t i o n  a n a l y s e s .  The s c a r c i t y  oP 
o n t e n t  ( 0 . 0 1 5 % )  a n d  no T i  a d d e d  i n  t h i s  
ype c a r b i d e  s h o u l d  be  d e t e c t e d  i f  t h e  

O A .  The s i z e  d i s t r i b u t i o n s  of c a r b i d e  
t o  t h i s  s t e e l .  The  s i z e  OP p r e c i p i t a t e s  

t h e r m a l  a g i n g  a r e  shown i n  F i g u r e  7.8.4. 
1.10um t o  0.14um a P t e r  t h e r m a l  a g i n g  a t  
e c a r b i d e s  were  Pound i n  t h e  t h e r m a l l y  
s p e c i m e n s .  
m i n a t i o n  was a l s o  c o n d u c t e d  o n  q u e n c h e d  
a g e d  s p e c i m e n s .  The t h i n - f o i l  TEM 
r e  p r i o r - a u s t e n i t e  g r a i n  b o u n d a r y ,  a s  

amount oP P e r r i t e  was s e e n .  I n  b o t h  
'ved on p r i o r  a u s t e n i t e  g r a i n  b o u n d a r i e s  
ugh smal l  amounts  o c c u r r e d  w i t h i n  
i t a t i o n  was n o t e d  a t  t h e  p r i o r - a u s t e n i t e  
, u n d a r i e s .  The a r e a l  d e n s i t y  O P  c a r b i d e  

Fig.  7.8.3. TEM micrograph of carbon f i l m  e x t r a c t i o n  r e p l i c a  of GA3X steel, 
(a)  quenched and tempered cond i t ion ,  and (b) c o n d i t i o n  ( a )  
followed by thermal aging a t  600°C/100 h r  
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. 7 .8 .5 .  ( c )  and (d) 
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p r e c i p i t a t i o n  i s  a p p r e c i a b l y  h i g h e r  i n  t h e  t h e r m a l l y  a g e d  s p e c i m e n  t h a n  i n  t h e  
a s- t e m p e r e d  s p e c i m e n  as j u d g e d  d i r e c t l y  f rom t h e  t h i n - P o i 1  m i c r o s t r u c t u r a l  
o b s e r v a t i o n .  In t h e  t h e r m a l l y  a g e d  s p e c i m e n ,  t h e  p a r t i c l e  s i z e  was i n c r e a s e d ,  
e s p e c i a l l y  f o r  p a r t i c l e s  a p p e a r i n g  on g r a i n  b o u n d a r i e s  and l a t h  b o u n d a r i e s .  
P a r t i c l e  c o a l e s c e n c e  a n d  an  i n c r e a s e  i n  t h e  a r e a l  d e n s i t y  o f  r o d - l i k e  C a r b i d e s  
w e r e  f o u n d  on a u s t e n i t e  g r a i n  b o u n d a r i e s  and m a r t e n s i t e  l a t h  b o u n d a r i e s  a P t e r  
t h e  t he rma l  a g i n g  t r e a t m e n t .  T h i s  o b s e r v a t i o n  c a n  be  a t t r i b u t e d  t o  e n h a n c e d  
d i f f u s i o n  a t  g r a i n  + l a t h  b o u n d a r i e s .  I t  is i n d i c a t e d  t h a t  t h e  c o a r s e n i n g  a n d  
p r e c i p i t a t i o n  of c a r b i d e s  was p romoted  by t h e  t h e r m a l  a g i n g  t r e a t m e n t .  

The e v i d e n c e  is t h a t  c a r b i d e  c o n t e n t  and p a r t i c l e  s i z e  w e r e  i n c r e a s e d  a n d  
p a r t i c l e  morpho logy  t e n d e d  t o  c h a n g e  b y  t h e  thermal  a g i n g  t r e a t m e n t .  The 
w e i g h t  p e r c e n t  of p r e c i p i t a t e s  was i n c r e a s e d  f rom 2 .0% i n  t h e  a s- t e m p e r e d  
c o n d i t i o n  t o  3.1% a f t e r  thermal a g i n g  a t  600°C f o r  1 0 0 h r s ,  a n d  t h e n  r e m a i n  
f a i r l y  unchanged  up t o  l O O O h r s  as r e p o r t e d  in R e f .  2 .  T h i s  i n d i c a t e s  t h a t  
c a r b i d e  p r e c i p i t a t i o n  was n o t  c o m p l e t e  a f t e r  a one- hour  t e m p e r i n g  a t  100°C. A 
d o u b l e  t e m p e r i n g  o r  an  i n c r e a s e  o f  t e m p e r i n g  t e m p e r a t u r e  (75O0C) may  i m p r o v e  
t h e  p h a s e  s t a b i l i t y  u n d e r  t h e r m a l  a g i n g  or i n  a n e u t r o n  e n v i r o n m e n t .  The 
i n P l u e n c e  of t h e s e  p r e c i p i t a t i o n  phenomena may be  an  i n i t i a l  i n c r e a s e  i n  
t e n s i l e  s t r e n g t h  f o l l o w e d  by a d e c r e a s e  when o v e r a g i n g  o c c u r s .  The 
p r e c i p i t a t i o n  p r o c e s s  a n d  morpho logy  c h a n g e  o f  p a r t i c l e s  and t h e  i n c r e a s e  of  
e l o n g a t e d  r o d - l i k e  c a r b i d e s  a l o n g  g r a i n  b o u n d a r i e s  and l a t h  b o u n d a r i e s  m a y  
i n f l u e n c e  t h e  i m p a c t  and f r a c t u r e  t o u g h n e s s  and m e c h a n i c a l  b e h a v i o r  of t h i s  
s t e e l .  

i r r e g u l a r  s u b g r a i n s  w i t h i n  t h e  m a r t e n s i t e  l a t h s .  A f t e r  t h e r m a l  a g i n g  a t  6OO0C 
f o r  l O O h r s  t h e r e  w e r e  no a p p a r e n t  c h a n g e s  in t h e  d i s l o c a t i o n  s u b - s t r u c t u r e s .  
Changes  i n  d i s l o c a t i o n  s t r u c t u r e  may become more p r o n o u n c e d  a f t e r  p r o l o n g e d  
thermal  a g i n g  a t  s e r v i c e  t e m p e r a t u r e s  o r  d u r i n g  i r r a d i a t i o n .  

I n  t h e  quenched  a n d  t e m p e r e d  c o n d i t i o n ,  d i s l o c a t i o n s  a r e  o r d e r e d  p r o d u c i n g  

M e c h a n i c a l  P r o p e r t i e s  
I----- 

The m e c h a n i c a l  t e s t s  were  p e r f o r m e d  on s p e c i m e n s  a f t e r  optimum h e a t  
t r e a t m e n t  ( l O O O ° C / l  h r ,  w a t e r  quenched  + 7OO0C/l h r ,  a i r - c o o l e d ) .  T h e  e l e v a t e d -  
tem e r a t u r e  t e n s i l e  s t r e n g t h s  o f  t h i s  f e r r i t i c  s t e e l  were  m e a s u r e d  f rom 2OoC t o  
650 C .  The u l t i m a t e  t e n s i l e  s t r e n g t h  a n d  0.2% o f f s e t  y i e l d  s t r e n g t h  of  t h i s  
f e r r i t i c  s t e e l  a r e  compared w i t h  t h e  a v e r a g e  c u r v e s  of 9Cr-1Mo a n d  m o d i f i e d  
9Cr-1Mo s t e e l s  i n  F i g u r e s  7.8.6 and 1 . 8 . 7 .  r e s p e c t i v e l y .  T e n s i l e  s t r e n g t h s  
i n c r e a s e d  a b o u t  10% a s  compared t o  t h e  a v e r a g e  v a l u e  f o r  c o m m e r c i a l  h e a t s  of 
9Cr-1Mo and m o d i p i e d  9Cr-1Mo s t e e l s .  T h i s  was t r u e  o v e r  t h e  e n t i r e  r a n g e  o f  

g 
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Fig. 7.8.6. The ultimate tensile strength of 9Cr-2.5W-0.3V-0.15C (GA3X) low activation 
ferritic steel compared to average curves of 9Cr-lMo and modified 9Cr-1Mo 
steels (band) 
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Fig. 7.8.7. The yield strength of 9Cr-Z.SW-0.3V-0.15C (GA3X) low activation ferritic 
steel compared to the average curves of 9Cr-1Mo and modified 9Cr-1Mo 
steels (band) 
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t e s t  t e m p e r a t u r e  ( R e f s .  4 , 5 ) .  T h i s  may be  improved  i f  t h e  a l l o y i n g  concen-  
t r a t i o n s  had b e e n  c l o s e r  t o  t a r g e t  i n  t h e  C A 3 X  h e a t .  The a c t u a l  C r  
c o n c e n t r a t i o n  of t h i s  s t e e l  i s  o n l y  7.55 ( t a r g e t  9 5 )  and t h e  c o n c e n t r a t i o n  of W 
i s  Only 2.0wtX ( t a r g e t  2 . 5 u t 5 ) .  The m o d i f i e d  9Cr-1Mo s t e e l  c o n t a i n s  0 . 2 l w t 5  V 
and O . O l w t 5  T i  a n d  G A 3 X  s t e e l  c o n t a i n s  o n l y  0 . o t s w t Z  V.  Hence ,  t h e  e n h a n c e d  
t e n s i l e  s t r e n g t h  o b s e r v e d  i s  l i k e l y  t o  b e  due  t o  t h e  e f f e c t  of a 0.175 c a r b o n  
c o n t e n t ,  which i s  much h i g h e r  t h a n  c a r b o n  c o n t e n t  ( 0 . 1 % )  of  b o t h  9Cr-1Mo 
s t ee l s .  

The u n i f o r m  a n d  t o t a l  e l o n g a t i o n s  of t h i s  f e r r i t i c  s t e e l  a l o n g  w i t h  t h e  
a v e r a g e  d a t a  of c o m m e r c i a l  h e a t s  of 9Cr-1Mo and m o d i f i e d  9Cr-1Mo s t e e l s  a r e  
shown i n  F i g u r e s  7.8.8 a n d  7.8.9, r e s p e c t i v e l y .  The u n i f o r m  e l o n g a t i o n  o f  t h i s  
s t e e l  i s  a b o u t  e q u i v a l e n t  t o  t h a t  of m o d i f i e d  9Cr-1Mo s t e e l  w h i l e  t h e  t o t a l  
e l o n g a t i o n  i s  - 5 0 1  l e a s  t h a n  b o t h  9Cr-1Mo s t ee l s .  I t  i s  well  known 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  of a f e r r i t i c  s t e e l  i s  a p p r o x i m a t e l y  e q u a l  t o  t h e  
u n i f o r m  e l o n g a t i o n .  S o ,  t h e  s t r a i n  h a r d e n i n g  r e s D o n s e  of t h i s  f e r r i t i c  s t e e l  
i s  s imi la r  t o  t h e  m o d i f i e d  9Cr-1Mo s t e e l s  Which i n d i c a t e  S i m i l a r  p r e c i p i t a t i o n  
e f f e c t s  on d i s l o c a t i o n  movement a n d  m u l t i p l i c a t i o n .  

u n i r r a d i a t e d  9Cr-1MoVNb s t e e l  (Ref.  6 )  i n  t h e  same f i g u r e .  In o o m p a r i s o n  w i t h  
t h e  e l e v a t e d -  t e m p e r a t u r e  t e n s i l e  p r o p e r t i e s  of 9Cr-1MoVNb s t e e l ,  t h e  C A 3 X  low 
a c t i v a t i o n  f e r r i t i c  s t e e l  shows h i g h e r  s t r e n g t h s  a n d  d u c t i l i t y  a t  t e m p e r a t u r e s  
f rom Z O O C  t o  4OO0C. a n d  becomes s l i g h t l y  weaker  a t  t e m p e r a t u r e s  a b o v e  S O O O C  b u t  
m a i n t a i n s  a h i g h e r  d u c t i l i t y .  I n  c o n t r a s t  t o  0.0152 V i n  C A 3 X  s t e e l ,  t h e  
9Cr-1MoVNb s t e e l  c o n t a i n s  0.245 V and 0.08; Nb which  c o n t r i b u t e d  s i g n i f i c a n t l y  
t o  t h e  e l e v a t e d  t e m p e r a t u r e  s t r e n g t h s .  I t  i s  i n d i c a t e d  t h a t  t h e  low a c t i v a t i o n  
f e r r i t i c  s t e e l  w i t h  a n o m i n a l  c o m D o s i t i o n  of 9Cr-2.5W-0.3V-0.15C shows a 

The t e n s i l e  t e s t  d a t a  i s  a l r o  compared w i t h  a n  e x p e r i m e n t a l  h e a t  of 

p r o m i s i n g  p o t e n t i a l  of improved  s t r e n g t h  a t  e l e v a t e d  t e m p e r a t u r e s  o v e r  t h o s e  
9Cr-lMo s t e e l s .  

Changes  i n  f r a c t u r e  t o u g h n e s s  ( K I C )  c a n  be  e s t i m a t e d  b y  t e n s i l e  b e h a v i o r  
a n d  t h e  a s s o c i a t e d  m i c r o s t r u c t u r a l  e v o l u t i o n  of t h e  s t e e l  ( R e f s .  7- 13) .  
S e v e r a l  m o d e l s  a r e  a v a i l a b l e  t o  c o r r e l a t e  t h e  t o u g h n e s s  a n d  t e n s i l e  p r o p e r t i e s  
of i r r a d i a t e d  metals.  An e x c e l l e n t  a g r e e m e n t  be tween  t e n s i l e - b a s e  p r e d i c t i o n  
and K P r a c t u r e  t o u g h n e s s  m e a s u r e m e n t s  was o b t a i n e d  on i r r a d i a t e d  s t a i n l e s s  
s t e e l ' t i y  u s i n g  t h e  m o d i f i e d  K r a e e t  c o r r e l a t i o n  ( R e f . 1 2 ) .  I n  t h e  c a s e  of l o w  
w o r k- h a r d e n i n g  c o e f f i c i e n t s ,  t h e  m o d i i i e d  K r a f f t  c o r r e l a t i o n  c a n  be  s i m p l i f i e d  
as 

( 7 . 8 . 1 )  1 12 
K I C  - ( 0  y E f )  

w h e r e  a i s  t h e  y i e l d  S t r e n g t h  a n d  E i s  t h e  t r u e  f r a c t u r e  s t r a i n .  The 
o p p o s i n ~  c h a n g e s  i n  y i e l d  s t r e n g t h  a n 6  d u c t i l i t y  t e n d  t o  c o u n t e r b a l a n c e  e a c h  
o t h e r .  The w o r k- h a r d e n i n g  C o e f P i c i e n t s  oP C A 3 X  f e r r i t i c  s t e e l  d e t e r m i n e d  f rom 
t h e  t e n s i l e  t e s t s  were  as small as 0.1 a t  l o w e r  t e m p e r a t u r e s  and were l e s s  t h a n  
0.1 a t  h i g h e r  t e m p e r a t u r e s .  I n  t h e  same c l a s s  of 9Cr  f e r r i t i c  s t e e l s .  t h e  
v a r i a t i o n  of K f a i l u r e  t o u g h n e s s  c a n  be  e s t i m a t e d  by c o m p a r i n g  t h e  
d i f f e r e n c e s  o e  E e n s i l e  p r o p e r t i e s .  Based on e q u a t i o n  ( 7 . 8 . 1 ) .  t h e  p l a n e - s t r a i n  tEC is p r e d i c t e d  t o  be  a b o u t  10- 205 lower t h a n  t h e  c o m m e r c i a l  h e a t s  of m o d i f i e d  

r-1Mo s t e e l ,  a n d  i s  t o  b e  s l i g h t l y  h i g h e r  t h a n  t h e  e x p e r i m e n t a l  h e a t  of 
9Cr-lMoVNb s t e e l  a t  t e m p e r a t u r e s  s t u d i e d .  

The t e n s i l e  t e s t e d  s p e c i m e n s  were examined  on t h e  SEM and t h e i r  
f r a c t o g r a p h s  a r e  shown i n  F i g u r e  7 .8 .10 .  A d u c t i l e  d i m p l e  r u p t u r e  c a u s e d  by a 
v o i d  c o a l e s c e n c e  mechanism was o b s e r v e d  f o r  s p e c i m e n  t e s t e d  f rom 2OoC up t o  
400°C. A t  t e m p e r a t u r e s  a b o v e  5OO0C, t h e  f r a c t u r e  mode war s t i l l  d u c t i l e  a s  
shown by t h e  d i m p l e s .  b u t  more t h a n  30% of t h e  d i m p l e s  w e r e  e l o n g a t e d ,  wh ich  
was u s u a l l y  i n d i c a t e d  t o  b e  t h e  r e s u l t  of d u c t i l e  t e a r i n g  ( R e f . 1 4 ) .  T h i s  mixed 
f r a c t u r e  mode s u g g e s t s  t h a t  t h e r e  m i g h t  h a v e  been  a s t r o n g  s h e a r  component  
a n d l o r  cross s l i p  i n v o l v e d  i n  t h e  P r a c t u r e  a t  s u c h  h i g h  t e m p e r a t u r e s .  B r a s k i  
a n d  Maziasz ( R e f . 1 5 )  s t u d i e d  t h e  e l e v a t e d - t e m p e r a t u r e  t e n s i l e  p r o p e r t i e s  of PCA 
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 n d  f o u n d  s h e a r - e l o n g a t e d  d i m p l e s  a t  t e s t  t emper-  
a t u r e s  f rom 3 O O 0 C  t o  6OO0C i n  t h e  255 co ld- worked  c o n d i t i o n .  Once t h e  
co ld- worked  s p e c i m e n  was t e m p e r e d  a t  750°C/2hrs  MC-type c a r b i d e s  p r e c i p i t a t e d  
a n d  t h e  mixed-mode v a n i s h e d .  I t  i s  s u g g e s t e d  t h a t  t h e  s h e a r  e l o n g a t e d  d i m p l e s  
may be  e l i m i n a t e d  w i t h  more MC c a r b i d e  p r e c i p i t a t i o n  as would  b e  t h e  c a s e  by 
i n c r e a s i n g  V a n d / o r  T i  c o n c e n t r a t i o n r  of C A 3 X  s t e e l .  However,  t h e  r e a s o n  f o r  
t h e  f o r m a t i o n  o f  s h e a r  d i m p l e  i s  n o t  y e t  P u l l y  u n d e r s t o o d  a n d  d e s e r v e r  f u r t h e r  
i n v e s t i g a t i o n .  

The q u e n c h e d  a n d  t e m p e r e d  1 / 3  s i z e  Charpy  s p e c i m e n r  were f a t i g u e  p r e-  
c r a c k e d  t o  a p p r o x i m a t e l y  a/w-0.5,  a n d  t h e n  were t e s t e d  i n  t h e  i n s t r u m e n t e d  
i m p a c t  t e r t i n g  m a c h i n e  a t  t e m p e r a t u r e s  f rom - 8 0 ' ~  t o  I O O O C .  The t e s t  r e a u l t s  
of t h i s  f e r r i t i c  r t e e l  a r e  t a b u l a t e d  i n  T a b l e  7.8.2 a n d  i s  shown i n  F i g u r e  
7 .8 .11.  The d u c t i l e - b r i t t l e  t r a n s i t i o n  t e m p e r a t u r e  was d e t e r m i n e d  t o  b e  -25OC 
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Fig. 7.8.9.  Total elongation vs test temperature on G A ~ X  low activation ferritic steel 
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Fig. 7.8.10 Fractographs of the tensile tested specimens of GA3X steel tested at 
(a) 2OoC, (b) lOOOC, (c) 3OO0C, (d) 4OO0C, (e) 5OO0C and (f) 55OOC 
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Fig. 7.8.11 The total fracture energy vs test temperature on the precracked 1/3 size 
miniature Charpy V-notch specimen of GA3X low activation ferritic Steel 
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w i t h  a n  u p p e r  s h e l f  e n e r g y  o f  2 . 2  J o u l e s  ( 3 7 . 2  J / c m 2  n o r m a l i z e d  f r a c t u r e  
e n e r g y ) .  T h e  D B T T  a n d  i m p a c t  e n e r g y  o f  t h i s  l o w  a c t i v a t i o n  f e r r i t i c  s t e e l  i s  
v e r y  s i m i l a r  t o  t h e  m o d i f i e d  9Cr-1Mo s t e e l s .  

T a b l e  7 . 8 . 2 .  T h e  I m p a c t  F r a c t u r e  E n e r g y  o f  t h e  P r e c r a c k e d  1 1 3  S i z e  C h a r p y  
I m p a c t  S p e c i m e n s  o f  GA3X S t e e l  

T e s t  F r a c t u r e  Max i mum N o r m a l i z e d  
E n e r g y  L o a d  F r a c t u r e  E n e r g y  
( J o u l e s )  ( K i l o - N e w t o n s )  ( J o u  1 e s / c m21 

1 0 0  2.225 37.56-- 
50 
21 

0 
- 2 5  - 1 0 

- 50 

2 , 4 9 9  
2 .264  
2 . 1 8 0  
1 . 6 5 8  
1 . 1 1 3  
0 . 4 9 8  

0 . 7 3 3  
0 . 6 9 3  
0 . 7 2 6  
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0 . 5 7 1  

3 8 . 2 9  
3 6 . 1 1  
3 4 . 1 0  
2 7 . 1 6  
1 7 . 7 3  

8 . 0 1 2  
- S O  0 . 0 5 0  0 . 5 3 6  0 . 8 5 2  

W h i l e  h e a t  G A 3 X  s h o w s  a 1 0 %  i n c r e a s e  of t e n s i l e  s t r e n g t h s  a n d  a n  e s t i m a t e d  
s l i g h t  d e c r e a s e  i n  f r a c t u r e  t o u g h n e s s  a n d  d u o t i l i t y  as c o m p a r e d  t o  t h e  
c o m m e r c i a l  h e a t s  o f  b o t h  9Cr-1Mo s t e e l s ,  t h e  GA3X s t e e l  e x h i b i t s  s t r e n g t h s  a n d  
d u c t i l i t y  v e r y  c o m p e t i t i v e  t o  t h e  e x p e r i m e n t a l  h e a t  o f  9Cr-1MoVNb s t e e l .  
Anyhow, t h e  e x p e r i m e n t a l  r e s u l t s  p r o v i d e  some c l u e s  c o n c e r n i n g  o p t i m u m  a l l o y  
c o m p o ? i t i o n .  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  s t e e l  c a n  b e  o p t i m i z e d  by 
c o n t r o l l i n g  m i c r o s t r u c t u r e  t h r o u g h  t h e  p r o c e s s i n g  a n d  j u s t i f i c a t i o n  o f  a l l o y  
c o m p o s i t i o n .  F o r  e x a m p l e ,  s i g n i f i c a n t  s t r e n g t h e n i n g  was  c o n t r i b u t e d  by t h e  
0 . 1 7 1  c a r b o n  c o n t e n t .  H i g h  c a r b o n  c o n t e n t  c a n  m a k e  t h e  s t e e l  l e s s  w e l d a b l e  a n d  
i n c r e a s e  p a r t i c l e  c o a r s e n i n g  w h i c h  may d e g r a d e  d u c t i l i t y  a n d  f r a c t u r e  t o u g h -  
n e s s .  T h e  c a r b o n  c o n t e n t  s h o u l d  b e  r e d u c e d  t o  0 . 1 5 %  o r  l o w e r .  T h e  d e c r e a s e  i n  
s t r e n g t h  d u e  t o  t h e  l o w e r i n g  o f  c a r b o n  c o n t e n t  c a n  b e  s u p p l e m e n t a l l y  i m p r o v e d  
by i n c r e a s i n g  C r ,  V ,  a n d  T i  a l l o y i n g  a d d i t i o n .  T h e  p h a s e  s t a b i l i t y  i s  a k e y  
c o n c e r n  f o r  t h e  j u s t i f i c a t i o n  o f  a l l o y  c o m p o s i t i o n .  T h e  C r  c o n t e n t  s h o u l d  b e  
m a i n t a i n e d  a t  a l e v e l  o f  9 % .  V a n d  T i  a r e  s t r o n g  c a r b i d e  fo rmer s .  T h e  
a d d i t i o n  o f  0 . 3 %  V a n d  < O . l %  T i  c o u l d  b e  made  t o  c o n t r o l  p r i o r  a u s t e n i t i c  g r a i n  
s i z e  a n d  a l o w  D B T T  a n d  t o  m a i n t a i n  h i g h  s t r e n g t h s  a t  e l e v a t e d  t e m p e r a t u r e s .  
T h e  i n c r e a s e  i n  W may r e s u l t  i n  i n t e r m e t a l l i c  p r e c i p i t a t i o n ,  s u c h  a s  Fe2w t y p e  
L a v e s  p h a s e ,  a f t e r  a p r o l o n g e d  t h e r m a l  t r e a t m e n t  o r  i r r a d i a t i o n  d u r i n g  s e r v i c e .  
T h e  f o r m a t i o n  o f  i n t e r m e t a l l i c  p r e c i p i t a t i o n  s h o u l d  d e g r a d e  d u c t i l i t y  a n d  
i n c r e a s e  t h e  D B T T .  T h e  e x t e n t  o f  t h a t  d e g r a d a t i o n  h a s  n o t  y e t  b e  d e t e r m i n e d .  
S o ,  i t  i s  a p p r o p r i a t e  t o  m a i n t a i n  a W c o n t e n t  a t  a l e v e l  of 2 . 0 %  i n  o r d e r  t o  
r e d u c e  t h e  P r e c i p i t a t i o n  P o t e n t i a l  o p  F e Z w - t y p e  L a v e s  p h a s e  d u r i n g  i r r a d i a t i o n .  
H o w e v e r .  t h e  p r e l l m i n a r y   result^ p o i n t  Out  t h a t  t h e  p r o p o s e d  l o w  a c t i v a t i o n  
f e r r i t i c  s t e e l  Shows t h e  p r o m i ~ e  oP i m p r o v e d  m e c h a n i c a l  p r o p e r t i e s  o v e r  b o t h  
9Cr-1Mo a n d  m o d i f i e d  9Cr-1Mo s t e e l s .  

7 .8 .5  F u t u r e  Work 

T h e  e v a l u a t i o n  o f  m i c r o s t r u c t u r e  a n d  m e c h a n i c a l  p r o p e r t i e s  of u n i r r a d i a t e d  
GA3X low a c t i v a t i o n  f e r r i t i c  s t e e l  w i l l  c o n t i n u e .  T h e  p o s t - 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  a n d  m e c h a n i c a l  p r o p e r t i e s  of G A 3 X  s t e e l  w i l l  b e  e v a l u a t e d  a t  
H E D L .  More  c a n d i d a t e  a l l o y s  w i l l  b e  m a n u f a c t u r e d  t o  meet t h e  o p t i m u m  a n d / o r  
n o m i n a l  c o m p o s i t i o n s  o f  9Cr-2.5W-0.3V-0.15C a n d  l lCr -2 .5W-0.3V-0 .15C 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 .  

7 . 8 . 6  A c k n o w l e d g e m e n t  

T h e  a u t h o r s  w o u l d  l i k e  t o  e x p r e s s  t h e i r  a p p r e c i a t i o n  t o  D.S. G e l l e s  a n d  
W . L .  Hu f o r  t h e i r  t e c h n i c a l  a s s i s t a n c e  o n  t h e  i m p a c t  t e s t i n g  O f  m i n i a t u r e  
C h a r p y  ? p e c i m e n s .  
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8.1 MICROSTRUCTURE OF COMMERCIAL COPPER ALLOYS IRRADIATED I N  FFTF-MOTA AT 450OC - H. R. Brager and 
F. A. Garner (Hanford Engineer ing Development Laboratory)  

8.1.1 A O I P  Task 

Not inc luded i n  c u r r e n t  A D I P  Task S t ruc tu re .  

8.1.2 A D I P  Task 

The o b j e c t  of t h i s  e f f o r t  i s  t o  determine t he  o r i g i n  o f  r ad ia t i on- induced  a l t e r a t i o n s  of t h e  p r o p e r t i e s  
o f  copper a l l o y s  a n t i c i p a t e d  f o r  use i n  f u s i o n  environments. 

8.1.3 Summary 

E lec t ron  microscopy of pure  copper i r r a d i a t e d  a t  %45OoC t o  16 dpa revea led  no unexpected behavior ,  
showing bo th  d i s l o c a t i o n  and v o i d  development. 
a l l o y  A125 e x h i b i t e d  a remarkable i n s e n s i t i v i t y  t o  i r r a d i a t i o n .  
had no voids present  b u t  t h e  p r e c i p i t a t e  m ic ros t ruc tu re  was changed such t h a t  an apparent s w e l l i n g  o f  1.03% 
occurred. 
p a r t i c u l a r l y  i n  those areas which su f fe red  r e c r y s t a l l i z a t i o n  and a l t e r a t i o n  o f  t h e  p r e c i p i t a t e  s t r u c t u r e .  

8.1.4 Progress and Status 

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

In t h e  same experiment, however, t h e  d ispers ion-hardened 
The p rec ip i t a t i on- ha rdened  a l l o y  MZC also 

Dependent on t h e  heat- t reatment  employed t h e  a l l o y  CuBeNi showed var ious  l e v e l s  o f  voidage, 

I n  an e a r l i e r  r e p o r t  t h e  neutron- induced changes i n  e l e c t r i c a l  conduc t i v i t y ,  t e n s i l e  p r o p e r t i e s  and 
d e n s i t y  were e sured f o r  h i gh  p u r i t y  copper and e i g h t  copper a l l o y s  a f t e r  i r r a d i a t i o n  a t  450'C t o  %16 dpa 
i n  FFTF-MOTA717 I n  t h i s  r e p o r t  t h e  m ic ros t ruc tu res  induced i n  pure  copper and t h r e e  of t h e  copper a l l o y s  
a re  descr ibed a f t e r  examination by t ransmiss ion  e l e c t r o n  microscopy. 
bu l k  d e n s i t y  change o f  these a l l o y s  a re  shown i n  Table 1. 

8.1.4.2 MARZ Copper 

Th i s  a l l o y  was i r r a d i a t e d  i n  t h e  annealed cond i t i on  us ing  zone- re f ined  99.999% pure MARZ copper. 
i r r a d i a t i o n  was conducted a t  4 0 ° C  which represents  a homologous temperature of 0.53. Thus one would 
expect a s i g n i f i c a n t  l e v e l  o f  vacancy m o b i l i t y  a t  t h i s  tern e ra tu re  and a r e l a t i v e l y  low v o i d  dens i ty .  

age d iameter  o f  these vo ids  was 90 nm and t h e i r  shape was t h a t  o f  t h e  usual  t r unca ted  octahedra. The l o c a l  
s w e l l i n g  i n  t h e  r e g i o n  shown i n  F i g u r e  1 i s  4% compared t o  t h e  measured change i n  bu l k  d e n s i t y  o f  6.5%. 
The d i f f e r e n c e  probab ly  r e f l e c t s  t h e  reg ion- to- reg ion  v a r i a b i l i t y  no rma l l y  e x h i b i t e d  i n  f o i l s  w i t h  low t o  
moderate v o i d  dens i t i es .  

The composit ion, hea t  t rea tment  and 

The 

F i g u r e  1 shows t h a t  o n l y  a moderate d e n s i t y  ( % l  X 1014 cnr  s ) o f  q u i t e  l a r g e  vo ids  were observed. The aver-  

TABLE I 

SWELLING OF VARIOUS COMMERCIAL COPPER ALLOYS I N  MOTA-1R 
RT d 5 O 0 C  and 2.5 x 10z2 n / c d  (E >0.1 MeV) 

A l l o y  Composition (wt.%) Cond i t ion  % S w e l l i n g  

Cu (MARZ) cu (99.999%) Annealed 6.5  

CuNiBe (112 HT)*  Cu-1 .E Ni-0.3 Re 20% C W  & Aged 1.70 
( 3  h r  a t  48OoC) 

CuNiEE (AT)* Cu-1 .E Ni-0.3 Be Annealed & Aged 
( 3  h r  a t  48OOC) 

0.29 

MZC Cu-0.9 Cr-0.1 Zr-0.05 Mg 90% CW, Aged 112 h r  1.03 

Cu-A125 Cu-0.25 A1203 20% cw 0.13 

a t  4 7 0 Y  

* 112 HT~and  AT are  i n d u s t r y  designat ions f o r  ha l f - ha rd  and tempered, and annealed and tempered, 
r e s p e c t i v e l y  . 
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The d i s l o c a t i o n  d e n s i t y  i n  t h i s  r eg ion  was a l s o  r e l a t i v e l y  low (4 X 10-9 cm-2) and r e f l e c t s  bo th  t h e  
p u r i t y  o f  t h e  copper and t h e  h i g h  homolo ous temperature a t  which t h e  i r r a d i a t i o n  was conducted. 
shown i n  F i g u r e  1 i s  a low d e n s i t y  ( ~ 1 0 1  / c d )  o f  smal l  u n i d e n t i f i e d  d e f e c t  c l u s t e r s .  
n o t  a n t i c i p a t e d  t o  have a s i g n i f i c a n t  e f f e c t  on t h e  e l e c t r i c a l  o r  mechanical p rope r t i es  when compared t o  
t he  e f f e c t  o f  t h e  o the r  m i c r o s t r u c t u r a l  components. 

8.1.4.3 Dispersion-Strengthened Copper 

copper st rengthened w i t h  ve ry  smal l  alumina p a r t i c l e s  formed b y  i n t e r n a l  o x i d a t i o n  of a smal l  amount o f  
aluminum so lu te .  
A125 conta ins  g ra i ns  and subgrains o f  micron and submicron s izes.  
i s  0.25 percent  b y  weight  and i s  d ispersed i n  p a r t i c l e s  rang ing  f rom 3 t o  20 nm i n  s i z e  a t  a d e n s i t y  o f  
~3 X 1016 cm-3. 
t i v e l y  s tab le ,  n o t  o n l y  a f t e r  aging f o r  1000 hours a t  7OO0C, b u t  a l s o  a f t e r  i r r a d i a t i o n  t o  16 dpa a t  ~450'C. 

a b l y  i n s e n s i t i v e  t o  i r r a d i a t i o n ,  w i t h  no vo ids  o r  bubbles observed and v e r y  few Frank loops, b u t  o n l y  a t  
smal l  s i zes  ( 1 0  nm). 
F i g u r e  3. 
i r r a d i a t i o n ,  t h e  b lack- wh i te  c o n t r a s t  vec to r  i s  always p a r a l l e l  t o  t h e  d i f f r a c t i o n  vec to r .  
t h a t  t h e  p r e c i p i t a t e s  have a rad ia l l y- symmet r ic  s t r a i n  f i e l d .  

8.1.4.4 Prec ip i ta t ion- St rengthened Cold-Worked A l l o y  

bo th  s o l i d  s o l u t i o n  s t reng then ing  and p r e c i p i t a t i o n  hardening. When combined w i t h  work hardening t h i s  a l l o y  
p rov ides  a good combination o f  h i g h  s t r eng th  and h i g h  c o n d u c t i v i t y .  The p r o p e r t i e s  of t h e  a l l o y  a re  some- 
what dependent on thermal-mechanical t reatment .  The recommended t rea tments  a re  d i r e c t e d  toward p roduc t ion  
o f  a h i g h  concent ra t ion  of smal l  p r e c i p i t a t e s  which a re  r i c h  i n  copper and z i rconium. The purpose of i n t r o -  
ducing these p r e c i p i t a t e s  i s  t o  s t a b i l i z e  t h e  d i s l o c a t i o n  network a t  h i g h  temperatures. 
F i gu re  5 these p r e c i p i t a t e s  were observed t o  be s t a b l e  a f t e r  ag ing  f o r  1000 hours ou t- o f- reac to r  a t  400'C. 

formed i n  t h e  i r r a d i a t e d  a l l o y .  
suspected t h a t  t h e  apparent s w e l l i n g  i s  a consequence o f  a l a t t i c e  parameter change o f  t h e  m a t r i x  a r i s i n g  
f rom p r e c i p i t a t i o n .  
s t i l l  e x i s t  a f t e r  i r r a d i a t i o n ,  t he re  i s  a second popu la t i on  of p r e c i p i t a t e s  a t  %lOfg cm-3 which have much 
l a r g e r  s i zes  ($50 nm). 
i d e n t i f y  bo th  p r e c i p i t a t e  popu la t ions .  
m a r g i n a l l y  h igher  (11011 cm-*) than  t h a t  o f  t y p i c a l  a u s t e n i t i c  s t a i n l e s s  s t e e l s  (3-6 X 1O1O cm-2) i r r a d i -  
a ted  a t  comparable homologous temperatures. 

8.1.4.5 Prec ip i ta t ion- St rengthened A l l o y  

A lso  
These c l u s t e r s  a re  

The comnercial a l l o y  A125 was i r r a d i a t e d  i n  t h e  20% cold-worked c o n d i t i o n  and i s  e s s e n t i a l l y  pure 

In c o n t r a s t  t o  t h e  pure copper which had l a r g e  g ra i ns  on t h e  o rder  of tens of microns, 
I n  t h i s  p a r t i c u l a r  a l l o y  t he  A1203 

As shown i n  F igure  2 bo th  t h e  p a r t i c l e s  and cold-worked d i s l o c a t i o n  d e n s i t y  a re  r e l a -  

A ve ry  c a r e f u l  examination o f  t h e  m ic ros t ruc tu re  a f t e r  i r r a d i a t i o n  showed t h a t  t h i s  a l l o y  was remark- 

Examples o f  t h e  vo id- f ree  m a t r i x  and p r e c i p i t a t e  m ic ros t ruc tu re  a re  shown i n  
F i g u r e  4 shows when d i f f e r e n t  d i f f r a c t i o n  vec to r s  a re  used t o  image t h e  p r e c i p i t a t e s  a f t e r  

Th i s  i n d i c a t e s  

The MZC copper-base a l l o y  con ta i ns  smal l  amounts o f  magnesium, z i rcon ium and chromium which p rov ide  

As shown i n  

A f t e r  a l e s s  d e t a i l e d  examination than t h a t  employed f o r  t h e  A125 a l l o y ,  i t  appeared t h a t  no vo ids  had 
Th is  i s  i ncons i s ten t  w i t h  t h e  repo r ted  d e n s i t y  change of -1.03%. It i s  

While F i gu re  6 shows t h a t  -5 X 1016 cm-3 p r e c i p i t a t e s  w i t h  s i  s i n  t h e  range 2-10 nm 

These were found t o  be r i c h  i n  chromium. Experiments a re  now i n  progress t o  
The d i s l o c a t i o n  d e n s i t y  a f t e r  i r r a d i a t i o n  was found t o  be 

The CuBeNi a l l o y  was i r r a d i a t e d  i n  two cond i t ions ;  t h e  h a l f - h a r d  and tempered (1 /2  HT) c o n d i t i o n  and 
t h e  annealed and tempered c o n d i t i o n  ( A T ) .  
v i t y ,  n i c k e l  i s  added t o  reduce t h e  s o l u b i l i t y  o f  b e r y l l i u m  and induce p r e c i p i t a t i o n  o f  n i c k e l - b e r y l l i u m  
p r e c i p i t a t e s .  

t a t e s  a re  q u i t e  s t a b l e  b u t  a f t e r  aging a t  7OO0C f o r  t h e  same t ime  ex tens ive  r e c r y s t a l l i z a t i o n  occurs a long  
w i t h  s t r ong  coarsening of t h e  p r e c i p i t a t e  s t r u c t u r e .  Dur ing i r r a d i a t i o n  a t  45OoC, however, r e c r y s t a l l i z a -  
t i o n  and coarsening a l so  occurs. F igures  9 and 10 show t h a t  ex tens ive  r e c r y s t a l l i z a t i o n  (*75% o f  g r a i n s )  
has occurred, w i t h  l a r g e  p r e c i p i t a t e s  and vo ids  forming i n  t h e  r e c r y s t a l l i z e d  zones. The u n r e c r y s t a l l i z e d  
g r a i n s  a re  l a r g e l y  f r e e  o f  vo ids  and con ta i n  $5 X 1016 c r 2  o f  smal l  ($5 nm) p r e c i p i t a t e s  of undetermined 
nature.  There i s  some evidence t h a t  envelopes o r  ha los  of vo ids  a re  formed around t h e  l a r  e p r e c i p i t a t e s .  
S i m i l a r  behav io r  has been observed i n  o the r  a l l o y s  con ta i n i ng  boron- r ich  p r e c i p i t a t e ~ . ( ~ * ~ T  It i s  
assumed t h a t  these are  a consequence of t h e  98e(n,2n)B8e 4He + 4He reac t i on .  The r e a c t i o n  energy i s  
known t o  be broader i n  energy range and n o t  as w e l l  def ined as t h a t  o f  t y p i c a l  (n,.) reac t ions ,  however, 
and t he  h a l o ' s  a re  t h e r e f o r e  broader and l e s s  d i s t i n c t  than t h a t  generated b y  (n, U) r eac t i ons .  

I n  t h e  a t  cond i t i on ,  no r e c r y s t a l l i z a t i o n  was observed a f t e r  i r r a d i a t i o n .  I n  a d d i t i o n  t o  t h e  h i g h  
d e n s i t y  of smal l  p r e c i p i t a t e s  t he re  were a v e r y  low d e n s i t y  ( ~ 1 0 1 2  ~ m - ~ )  of l a r g e  voids, w i t h  s i z e s  
comparable t o  t h a t  observed i n  t h e  pure copper. 

Since b e r y l l i u m  i n  s o l u t i o n  s t r o n g l y  reduces e l e c t r i c a l  conduc t i -  

F igures  7 and 8 show t h a t  a f t e r  ag ing  o f  t h e  1/2 HT c o n d i t i o n  f o r  1000 hours a t  400°C t h a t  t h e  p r e c i p i -  

8.1.5 Conclusions 

Pure copper swe l l s  r a t h e r  e a s i l y  a t  450'C b u t  s w e l l i n g  can be delayed b y  s o l u t e  add i t ions ,  p a r t i c u l a r l y  
when dense p r e c i p i t a t e  popu la t ions  are in t roduced which a re  s t a b l e  du r i ng  i r r a d i a t i o n .  When t h e  p r e c i p i t a t e  
popu la t ions  a re  uns tab le  and when r e c r y s t a l l i z a t i o n  occurs, then s w e l l i n g  can occur. 
t r u e  i n  a l l o y s  which con ta i n  b e r y l l i u m  t h a t  transmutes t o  hel ium. 
i n f o rma t i on  must be supplemented b y  microscopy observat ions t o  determine whether decreases i n  d e n s i t y  a r i s e  
f rom vo ids  and/or p r e c i p i t a t i o n  sequences. 

Th is  i s  p a r t i c u l a r l y  
It a l s o  appears t h a t  d e n s i t y  change 
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The behavior of MZC and particularly of A125 during irradiation at 450OC is most promising and 
provides additional incentive for development of high-conductivity alloys f o r  fusion service. 

8.1.6 References 

1. H. R. Brager, H. L. Heinisch and F. A. Garner, J. Nucl. Mater. 133 & 134 (1985) 675. 
2. 
3. 

D. S .  Gelles and F. A. Garner, J. Nucl. Mater., 85 & 86 (1979) 689. 
A. Kumar and F. A. Garner, Radiation Effects, 82 (1984) 61. 

8.1.7 Future Work 

Additional microscopy will be performed on specimens irradiated at 16 dpa. Density change 
measurements on specimens irradiated to higher exposures will also be performed. 
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F I G U R E  1. Large voids observed in MARZ copper after irradiation to 16 dpa at %450°C. 

F I G U R E  2. Comparison o f  microstructures of aged and irradiated A125 alloy. 
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FIGURE 3. Illustration of absence of voids in irradiated A125 during careful thru-focal series of 
microscopy. Also shown is the fineness and distribution of A1203 dispersoids. 

/ 

Figure 4. Illustration o f  the procedures used to establish the radially symetric nature of the dispersoid 
Darticles in irradiated A125. 
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FIGURE 5. Micrographs demonstrating stability of small precipitates in MZC aged 1000 

FIGURE 6 .  Bright-field and dark-field micrographs showing both large and small precir 
irradiated MZC. 



FIGURE 7. High density of small precipitates observed in CuBeNi (1/2 HT) after aging 1000 hours at 4OO0C, 
using different diffraction vectors. 

FIGURE 8. Recrystallized microstructures observed i n  CuBeNi (1/2 HT) after aging 1000 hours at 7OOOC. 
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FIGURE 9. Adjacent grains in CuBeNi (1/2 HT) after irradiation, showing both recrystallized and 
unrecrystallized grains. Large precipitates and voids are found in in recrystallized areas. 

FIGURE 10. While the recrystallized areas of CuBeNi (1/2 HT) exhibit large voids and precipitates, the 
uncrystallized areas retain their original cold-work character. 
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9.1 ENVIRONMENTAL AND CHEMICAL EFFECTS ON THE PROPERTIES OF VANADIUM-BASE ALLOYS -- 0. R. Diercks and 
D. L .  S m i t h  (Argonne National Laboratory) 

9.1.1 ADIP Task 

AOIP Task I.A.3, Perform Chemical and Metallurgical Compatibility Analyses. 

9.1.2 Objective 

The object ive  of this task i s  t o  experimentally evaluate the  corrosion behavior of se lec ted  vanadium- 
base a l loys  in aqueous, l iquid-metal ,  and gaseous environments and t o  inves t iga te  chemical e f f e c t s  on t h e  
mechanical and physical proper t ies  of the a l loys .  The r e s u l t s  of these  inves t igat ions  wi l l  be used i n  the 
se lec t ion of appropriate vanadium-base a l loys  fo r  s t ruc tu ra l  appl ica t ions  in fusion r eac to r s .  

9.1.3 Summary 

Exposures of V-lSCr-STi,  V-20Ti. and VANSTAR-7 specimens t o  pressurized flowing water containing 0.03, 
0.19, and 8 wppm dissolved O 2  a t  288°C indicate  t h a t  V-15Cr-5Ti has the  bes t  corrosion res is tance  a t  a l l  
t h ree  oxygen l eve l s .  
implanted V-15Cr-5Ti indicate  no c l e a r  co r re l a t ion  with observed embrittlement. 

9.1.4 Progress and Status 

9.1.4.1 

Scanning Auger microprobe s tud ies  of impurity segregation i n  i r r ad ia t ed  and 3He 

Aqueous Corrosion Behavior of Vanadium-base Alloys 

An i n i t i a l  s e r i e s  of experiments t o  determine the corrosion behavior of vanadium-base a l loys  in 
pressurized water a t  288°C (550°F) and 8.3 MPa (1200 ps i )  containing various l e v e l s  of dissolved oxygen i n  
a refreshed autoclave system has been completed. The three  exposed a l loys  a re  V-lSCr-STi,  V - Z O T i ,  and 
VANSTAR-7. Samples of a l l  t h ree  a l loys  were obtained from the  Fusion Power Program ( F P P )  mater ia ls  
inventory i n  the form of 0.76-m (0.030-in.)-thick shee t ,  and addit ional  samples of the  f i r s t  two a l loys  
were obtained from the Argonne National Laboratory ( A N L )  LMFBR inventory i n  the  fonn of 1.52-mm (0.060- in.)-  
thick sheet. These a l loys  were sheared in to  weight-change specimens approximately 7 .1  cm (2 .8  i n . )  long and 
1 cm (0.4 i n . )  wide. Further experimental d e t a i l s ,  as  well as  the  r e s u l t s  of the  f i r s t  and second s e r i e s  of 
exposures i n  water containing 4 and 0.03 wppm dissolved 02, respect ively ,  a re  described in previous 
repor ts  . I 4  

Dur ing  the  present reporting period,  t h i s  i n i t i a l  s e r i e s  of corrosion experiments was completed in 
which a t h i r d  s e t  of specimens was exposed t o  water with -0.19 wppn dissolved O 2  i n  the  e f f luen t .  This 
oxygen level  i s  considered t o  be representa t ive  of t h a t  present in contact  w i t h  the  specimens. 
conducted w i t h  h i g h- p u r i t y  d i s t i l l e d  feedwater (conduct iv i ty  -0.15 uS/cm) containing approximately 2 wppm 
dissolved O2 obtained by equ i l ib ra t ing  the solut ion w i t h  a N2-5% O2 blanketing gas mixture. The flow r a t e  
through the autoclave sytem was -11 cm3/min, and the  oxygen level  in the  e f f l u e n t  water was monitored on a 
more or  less continuous bas i s  w i t h  a Leeds and Northrup Model 7931 dissolved-oxygen meter. Spot checks of 
the  oxygen level in the i n l e t  water were made with the  same meter, as  well as  with Chemetrics dissolved- 
oxygen ampules. Dur ing  most of the t e s t ,  the dissolved-oxygen level  in the o u t l e t  water varied between 0.17 
and 0.21 wppm, g i v i n g  the average 0.19 wppn reported here. 
a s  low as  0.14 wppm and as  h i g h  as  0.26 wppm were experienced. 

T h i s  t h i r d  corrosion t e s t  was in ter rupted a f t e r  exposure times of 206, 508, 1003, and 2001 h t o  weigh 
the  specimens. 
p lo t ted  i n  Figs. 9.1.1 and 9.1.2. In a l l  cases,  the  specimens l o s t  weight. As may be seen in Fig. 9.1.1, 
t h e  V-20Ti and VANSTAR-7 specimens showed s imi lar  behavior, w i t h  no s i g n i f i c a n t  heat- to-heat va r i a t ions  fo r  
the V-20Ti. 
order  of 19 t o  22 mg/cm2. 
as follows: 

The t e s t  was 

However, occasional excursions t o  oxygen l e v e l s  

The weight changes fo r  the a l loys  from d i f f e r e n t  heats a re  summarized in Table 9.1.1 and 

The corrosion k ine t i c s  are  approximately l i n e a r ,  and weight lo s ses  a f t e r  2000 h a re  of the  
B e s t - f i t  equations representing the  data of Fig. 9.1.1 f o r  each of the  a l loys  a re  

V-20Ti: W = 5.737 x t1.07', 

and 

VANSTAR-7: W = 1.252 x lo-' 
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Table 9.1.1. Observed we igh t  l o s s e s  f o r  vanadium-base 
a l l o y s  from t h e  FPP m a t e r i a l s  i n v e n t o r y  
and ANL LMFBR i n v e n t o r y  exposed t o  water  
c o n t a i n i n g  0.19 ppn d i s s o l v e d  oxygen a t  
288'C and 8.3 MPa 

Weight L o s s f u n i t  Area (mg/cm21 
a f t e r  I n d i c a t e d  Exposure Time 

A1 1 oy Source 206 h 508 h 1003 h 2001 h 

V-15Cr-5Ti FPP 0.081 0.158 0.228 0.356 
FPP 0.159 0.257 0.353 0.511 
ANL 0.089 0.173 0.273 0.452 
ANL 0.120 0.211 0.308 0.496 

V-20Ti 

VANSTAR-7 

FPP 
FPP 
ANL 
ANL 

FPP 
FPP 

1.222 5.007 9.859 20.87 
1.303 4.639 10.16 20.00 
1.393 5.327 10.21 21.25 
1.338 4.937 9.627 20.72 

1 .E81 
2.059 

5.520 
5.631 

10.25 
10.62 

18.84 
21.52 

WEIGHT LOSS IN FLOWING H 2 0  
CONTAINING O.19wPPm DISSOLVED 
02 AT 288T 

FPP LMFBR 
HEAT HEAT -- 

EXPOSURE T IME ( h l  

F i g .  9.1.1. Observed we igh t  l o s s e s  f o r  V-20Ti 
and VANSTAR-7 exposed t o  water  c o n t a i n i n g  0.19 wppm 
d i s s o l v e d  oxygen a t  288'C. 

I I I I I I 1 I I I I 1  
I 

WEIGHT LOSS OF V-15Cr-5Ti  
IN FLOWING H 2 0  CONTAINING 

0 2  AT 288'C 
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F i g .  9.1.2. 
5Ti exposed t o  water  c o n t a i n i n g  0.19 w p p  d i s s o l v e d  
oxygen a t  288'C. 
water  c o n t a i n i n g  0.03 and 8 wppm oxygen i s  shown 
f o r  comparison. 

Observed we igh t  l o s s e s  f o r  V-15Cr- 

The behav io r  o f  t h i s  same a l l o y  i n  

2 where W i s  we igh t  l o s s  i n  mglcm , and t i s  t i m e  i n  hours. 
a l l o y s  a f t e r  2000 h a r e  f a c t o r s  o f  - 5 and -3 lower ,  r e s p e c t i v e l y ,  than  those t h a t  were observed f o r  t h e  same 
a l l o y s  and hea ts  a f t e r  2000 h ob ta ined  a f t e r  exposure of t h e  a l l o y s  t o  water  c o n t a i n i n g  4 w p p  d i s s o l v e d  
oxygen.2 On t h e  o t h e r  hand, t h e  va lues  a r e  a f a c t o r  of -5 g r e a t e r  compared w i t h  those  a f t e r  2000-h 

3 exposures t o  water  c o n t a i n i n g  0.03 w p p  d i s s o l v e d  02. 

The we igh t  l o s s e s  f o r  t h e  V-20Ti and VANSTAR-7 
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The co r ros i on  da ta  obta ined i n  t h i s  t h i r d  t e s t  f o r  the  V-15Cr-5Ti specimens are  p l o t t e d  i n  F ig.  9.1.2 
along w i t h  s i m i l a r  data obta ined from exposures t o  water  con ta i n i ng  4 and 0.03 wppm d i sso l ved  02.'v3 Again, 
no s i g n i f i c a n t  heat- to- heat  v a r i a t i o n s  were seen, and t he  data ob ta ined  i n  water w i t h  0.19 wppm d isso lved  
oxygen y i e l d e d  t he  r e l a t i o n s h i p  

V-15Cr-5Ti: W = 2.837 x 

As can be seen i n  F ig.  9.1.2, the  co r ros i on  r a t e s  a t  the  t h ree  oxygen l e v e l s  show much l e s s  v a r i a t i o n  f o r  
t h i s  a l l o y  than f o r  t he  V-20Ti and VANSTAR-7 specimens descr ibed above. 
r a t e  was observed a t  the  lowest  d i sso l ved  oxygen l e v e l  and the  lowest  r a t e  a t  the  i n te rmed ia te  l e v e l .  
again con t ras t s  w i t h  t he  behavior  o f  t he  o the r  two a l l o y s ,  f o r  which t h e  co r ros i on  r a t e s  increased mono- 
t o n i c a l l y  w i t h  i nc reas ing  oxygen l e v e l .  

data of Table 9.1.1 assuming uni form co r ros i on  and an approximate dens i t y  o f  6.16 g/cm3 f o r  each o f  t he  
t h ree  a l l o y s .  
the  V-20Ti and VANSTAR-7 a l l o y s .  
suggested f o r  the  f us i on  reac to r  f i r s t  wa l l .4  By way o f  comparison, t h e  repor ted  weight  l o s s  f o r  Type 304 
s t a i n l e s s  s tee l  under s i m i l a r  cond i t i ons  i s  about 0.144 mg/cm2 i n  12 months, which t r a n s l a t e s  t o  a wastage 
r a t e  of about 0.0002 mnlyr .  

The na ture  o f  t he  ox ide  f i lms  formed on the  sur faces o f  the  exposed specimens was i n  general agreement 
w i t h  t he  observed co r ros i on  behavior  and w i t h  observat ions from the  prev ious  two t es t s .  
specimens, which showed the  lowest  co r ros i on  r a t e s  and had decreasing co r ros i on  r a t e s  w i t h  t ime, were 
covered by a t h i n ,  adherent, and apparen t ly  p r o t e c t i v e  oxide. I n  c o n t r a s t ,  t he  V-20Ti and VANSTAR-7 speci-  
mens, which had s u b s t a n t i a l l y  h igher  weight  losses  and showed no tendency toward decreasing co r ros i on  r a t e  
w i t h  t ime, were covered w i t h  heav ie r  nonadherent ox ide  f l a k e s  o r  powder t h a t  appeared t o  o f f e r  l i t t l e  o r  no 
p r o t e c t i o n  t o  the  under ly ing  meta l .  

oxygen con ten t  o f  0.19 wppn than i n  so lu t i ons  w i t h  e i t h e r  h i ghe r  ( 4  wppml o r  lower  (0.03 wppm) oxygen 
con ten t  m e r i t s  f u r t h e r  comment. 
water con ta i n i ng  va r i ous  l e v e l s  o f  d i sso l ved  oxygen i n  t he  temperature range from 200 t o  300°C (392 t o  
572°F).6 
from about 0.1 t o  10 wppm. Corrosion r a t e s  a re  found t o  inc rease by more than a f a c t o r  of 10 when t h e  
oxygen concen t ra t i on  i s  va r i ed  by one order  o f  magnitude i n  e i t h e r  d i r e c t i o n  from t h i s  range. 
i s  presumably associated w i t h  the  fo rmat ion  o f  a s tab le  p r o t e c t i v e  ox ide  sur face  f i l m  f o r  oxygen l e v e l s  
w i t h i n  the  p rescr ibed  range. 
and the  p r o t e c t i o n  provided by t he  f i l m  i s  overwhelmed a t  h igher  l e v e l s .  
p lace  f o r  the  V-15Cr-5Ti a l l o y ,  a l though t he  range o f  optimum d isso lved  oxygen l e v e l s  cannot be we l l  de f i ned  
on t he  bas i s  o f  the  p resent  l i m i t e d  data. 
l owes t  c o r r o s i o n  r a t e  f o r  V-15Cr-5Ti i s  t y p i c a l  o f  t h a t  found i n  convent ional  bo i l i ng- wa te r  r e a c t o r  coo lan t  
water  as a consequence of r a d i o l y s i s  r eac t i ons  as t he  w a t e r  f lows through t h e  core.  

9.1.4.2 I m p u r i t y  Segregation i n  Vanadium-base A l l oys  

I n  add i t i on ,  t he  h i ghes t  co r ros i on  
Th i s  

Wastage r a t e s  can be c a l c u l a t e d  on a l i n e a r l y  ex t rapo la ted  bas i s  from the  observed 2000-h weight  l o s s  

These c a l c u l a t e d  wastage r a t e s  a re  about 0.003 mnlyr f o r  V-15Cr-5Ti and about 0.14 mnlyr f o r  
A maximum co r ros ion  wastage r a t e  of 0.005 t o  0.020 mmlyr has been 

5 

The V-15Cr-5Ti 

The observa t ion  t h a t  the  co r ros i on  r a t e  i s  lower f o r  V-15Cr-5Ti i n  water w i t h  an i n te rmed ia te  d i sso l ved  

A q u a l i t a t i v e l y  s i m i l a r  behav io r  i s  r epo r ted  f o r  carbon s t e e l s  exposed t o  

I n  t h i s  l a t t e r  case, minimum co r ros ion  r a t e s  a re  observed f o r  d i sso l ved  oxygen l e v e l s  i n  the range 

Th is  behavior  

The a v a i l a b l e  oxygen i s  apparen t ly  t oo  low t o  form the  f i l m  a t  lower l e v e l s ,  
A s i m i l a r  e f f e c t  appears t o  take  

However, t he  0.19 wppn d isso lved  oxygen l e v e l  found t o  g i ve  t h e  

Prev ious   report^^'^ descr ibed r e s u l t s  ob ta ined  i n  a se r i es  o f  scanning Auger microprobe (SAM) examina- 
t i o n s  o f  se lec ted  vanadium-alloy specimens f r a c t u r e d  i n  s i t u  a t  l i q u i d  n i t r ogen  temperature a f t e r  va r i ous  
thermmechanical  t reatments.  Specimens from th ree  heats of V-lSCr-STi, two heats o f  V-20Ti, and one heat  o f  
VANSTAR-7 were analyzed f o r  t he  presence o f  segregated i m p u r i t i e s  on t he  f r a c t u r e  sur faces.  S i g n i f i c a n t  S 
segregat ion was observed on the  i n t e r g r a n u l a r  f r a c t u r e  sur face  of  an u n i r r a d i a t e d  V-15Cr-5Ti a r c h i v a l  
specimen (heat  HSV-307, R1301) from the ORR-MFE-2 experiment. Less s i g n i f i c a n t  5, P, S i ,  and C1 segregat ion 
was sometimes observed on the  i n t e r g r a n u l a r  f r a c t u r e  sur faces o f  o the r  specimens examined. However, no 
c l e a r  c o r r e l a t i o n  cou ld  be made between S and o the r  i m p u r i t y  element segregat ion and such va r i ab les  as a l l o y  
composit ion, thermomechanical cond i t ion ,  d u c t i l i t y ,  and bu lk  5 content .  

Dur ing t h e  p resent  r e p o r t i n g  pe r i od ,  t h r e e  un tes ted  t e n s i l e  specimens o f  V-15Cr-5l i  were rece ived  f o r  
a n a l y s i s  from Oak Ridge Nat ional  Laboratory (ORNL) as f o l l ows :  ( 1 )  Specimen RA-143, which had been i r r a d i -  
a ted  a t  420°C t o  6 dpa i n  FFTF, (2 )  Specimen RA-50, which was n o t  i r r a d i a t e d  b u t  con ta ined 300 appm 3He 
implanted by t he  tritium t r i c k ,  and ( 3 )  an unnumbered c o n t r o l  specimen annealed a t  1200°C. The specimens 
were rece ived  i n  the  form o f  SS-3 type  m i n i a t u r e  sheet t e n s i l e  specimens w i t h  an o v e r a l l  l e n g t h  of 31.75 mm 
(1.25 i n . ) ,  a th ickness  o f  0.25 mn (0.010 i n . ) ,  and a gauge l e n g t h  o f  12.7 mn (0.5 i n .  It was con jec tu red  

be r e l a t e d  t o  i m p u r i t y  segregat ion t o  g r a i n  boundaries o r  o the r  p r e f e r r e d  f r a c t u r e  paths.  The specimens 
were f r ac tu red  i n  s i t u  i n  the  ANL "ho t"  SAM f a c i l i t y ,  and 
poss ib l e  presence o f  S ,  P, o r  o the r  segregated i m p u r i t i e s .  

t h a t  t he  b r i t t l e  behavior  o f  t h i s  a l l o y  observed by ORNL a f t e r  neutron i r r a d i a t i o n  o r  i. He imp lan ta t i on  ' m igh t  

t he  f r a c t u r e  sur faces were analyzed f o r  t he  
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Specimen RA-143 

The neu t ron- i r r ad ia ted  specimen RA-143 was found t o  be extremely b r i t t l e ,  as was expected from prev ious  
I n  f a c t ,  the  specimen was i n a d v e r t e n t l y  f r a c t u r e d  ou ts ide  t he  SAM du r i ng  l oad ing  

HOW- 
and s i m i l a r  i m p u r i t y  elements o f  i n t e r e s t  i n  t h i s  study would n o t  be expected. 

t e s t i n g  conducted a t  ORNL. 
from the  glovebox. 
glovebox, one would expect some poss ib l e  contaminat ion by N, as we l l  as by 0 and C i m p u r i t i e s  present .  
ever, contaminat ion by S, P, 

sur face  present  showed h igh  l e v e l s  o f  contaminat ion by 0 and C a t  a l l  t h ree  l o c a t i o n s  examined. T h i s  con- 
tamina t ion  apparen t ly  r e s u l t e d  from exposure o f  the  f r a c t u r e  sur face  to the  glovebox 
no S o r  P was detected.  An at tempt was made t o  c lean  the  sur face  by s p u t t e r i n g  w i t h  Ar i ons ,  and examina- 
t i o n s  were made du r i ng  and a f t e r  spu t t e r i ng .  
t ransgranu la r  cleavage f r a c t u r e  a f t e r  s p u t t e r i n g  i s  shown i n  F ig .  9.1.3. A small peak due to A r  p icked up 
frm the  s p u t t e r i n g  opera t ion  i s  seen, and subs tan t i a l  C and 0 peaks a re  a l so  present .  These peaks appear 
t o  be the  r e s u l t  o f  recontaminat ion o f  t he  f r e s h l y  spu t te red  sur face,  a commonly observed phenomenon. 
Ne i ther  C nor  A r  was observed i n  a spectrum obta ined frm a d i f f e r e n t  l o c a t i o n  analyzed wh i l e  s imul taneously 
s p u t t e r i n g  (see Fig.  9 .1 .4 ) ,  b u t  t he  spectrum was o therw ise  s i m i l a r  t o  t h a t  seen i n  F ig .  9.1.3. Again, no S 
o r  P was seen. 

Specimen RA-50 

Because the f r e s h l y  f r a c t u r e d  surface was exposed t o  the  n i t r ogen  environment o f  t he  

The f r a c t u r e d  specimen was loaded i n t o  t he  SAM and examined, and t he  t ransgranu la r  cleavage f r a c t u r e  

atmosphere. However, 

A t y p i c a l  Auger e l e c t r o n  spectrum obta ined frm a reg ion  o f  

The 3He-implanted specimen RA-50 was success fu l l y  loaded i n t o  the  SAM and f r a c t u r e d  i n  s i t u  a t  l i q u i d  
n i t r ogen  temperature. However, i n  c o n t r a s t  t o  t he  b r i t t l e  behavior  expected, t he  specimen was found t o  be 
r e l a t i v e l y  d u c t i l e .  I n  f ac t ,  t he  f i r s t  at tempt t o  f r a c t u r e  the  specimen us ing  the  pendulum arrangement i n  
t he  SAM merely ben t  it, and i t  was necessary t o  remove and notch the  specimen before i t  c o u l d  be success- 
f u l l y  f r ac tu red  on the  second t r y .  The r e s u l t i n g  f r a c t u r e  surface d isp layed predominantly t r ansg ranu la r  
cleavage and i n t e r g r a n u l a r  f r a c t u r e  reg ions ,  a long w i t h  occasional  areas o f  d u c t i l e  d imp l ing .  

Not iceab le  l e v e l s  of S and P were 
de tec ted  a t  several i n t e r g r a n u l a r  reg ions ;  the  spectrum obta ined from the  area having t he  l a r g e s t  observed 
concent ra t ions  i s  shown i n  Fig. 9.1.5. The i r r e g u l a r  f r a c t u r e  sur faces and the  l a c k  o f  s u i t a b l e  c a l i b r a t i o n  
standards make q u a n t i t a t i v e  analyses very  d i f f i c u l t  f o r  these specimens. 
and P l e v e l s  i n d i c a t e d  i n  t he  spectrum o f  F ig .  9.1.5 t o  be o f  t he  o rder  o f  1 w t  % o r  so. 
a l so  seen i n  F ig.  9.1 .5 ,  b u t  t h i s  i s  probably due t o  noma1 contaminat ion occu r r i ng  du r i ng  examination. 
S u l f u r  was detected a t  one t ransgranu la r  f r a c t u r e  reg ion  (F ig .  9.1.6)  and t races  o f  C were occas iona l l y  seen 
i n  t he  t ransgranu la r  spec t ra ,  b u t  no P was found. 

9.1.4.6 Contro l  Specimen 

The annealed c o n t r o l  specimen was notched and success fu l l y  f r a c t u r e d  i n  s i t u  a t  l i q u i d  n i t r ogen  temper- 

Both i n t e r g r a n u l a r  and t ransgranu la r  f r a c t u r e  reg ions  were analyzed. 

However, one m igh t  es t imate  t he  S 
A small C peak i s  

a tu re .  The r e s u l t i n g  f r a c t u r e  sur face  was l a r g e l y  t r ansg ranu la r  cleavage, b u t  occasional  reg ions  of i n t e r -  
g ranu la r  f r a c t u r e  were noted. Three t ransgranu la r  reg ions  were analyzed, and no S o r  P was de tec ted  a t  any 
of them. Noma1 C contaminat ion t h a t  increased w i t h  observa t ion  t ime was gene ra l l y  observed. O f  the  f o u r  
i n t e r g r a n u l a r  areas analyzed, t h ree  showed small b u t  de tec tab le  l e v e l s  o f  S and P; a t y p i c a l  s p e c t r m  i s  
shown i n  F ig .  9.1.7.  
t h e  specimen surface. 
na t i on  were a l so  gene ra l l y  seen i n  these i n t e r g r a n u l a r  reg ions .  

9 .1 .4 .7  Summaty 

may be sumnarized as f o l l ows :  

The l a r g e  peak a t  -50 eV i n  t h i s  spectrum i s  an anomaly caused by charg ing  e f f e c t s  a t  
S i g n i f i c a n t  C and 0 peaks associated w i t h  t he  bu i l dup  o f  contaminat ion du r i ng  exami- 

The s i g n i f i c a n t  r e s u l t s  and conc lus ions  r e s u l t i n g  from the  analyses o f  the  t h ree  V-15Cr-5Ti specimens 

1. The neu t ron- i r r ad ia ted  specimen RA-143 was n o t  e m b r i t t l e d  due t o  i m p u r i t y  segregat ion t o  t he  
f r a c t u r e  sur face.  
segregat ion  t o  t h i s  t ransgranu la r  sur face was detected. 

The 3He-implanted specimen RA-50 showed s i g n i f i c a n t  r eg ions  o f  i n t e r g r a n u l a r  f r a c t u r e ,  and S 
and P were detected a t  several o f  these regions.  However, the  specimen was unexpectedly 
d u c t i l e  i n  charac te r ,  and so t h i s  impu r i t y  segregat ion d i d  n o t  appear t o  produce an 
e m b r i t t l i n g  e f f e c t .  

Th is  specimen f a i l e d  almost e n t i r e l y  by t ransgranu la r  cleavage, and no 

2. 
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KINETIC ENERGY (eV) 

Fig. 9 .1 .3 .  Auger electron spectrum obtained from region of 
transgranular cleavage on fracture surface of neutron-irradiated 
specimen after sputtering. 

100 200 300 400 500 
KINETIC ENERGY (ev) 

Fig. 9 .1 .4 .  Auger electron spectrum obtained from second 
transgranular cleavage region on fracture surface of neutron- 
irradiated specimen while simultaneously sputtering. 
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F i g .  9.1.5. Auger e l e c t r o n  pectrum obta ined  from 
i n t e r g r a n u l a r  f r a c t u r e  r e g i o n  of 3 ,  He- implanted specimen 
showing prominent  5 and P peaks. 
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F i g .  9.1.6. Auger e l e c t r o n  pectrum o b t a i n e d  from t ransgranu l  a r  f r a c t u r e  r e g i o n  o f  5 .  He-imp1 anted specimen 
showing S peak. 
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Fig. 9.1.7.  Auger electron spectrum obtained from 

intergranular f racture  region of annealed control specimen. 

3.  The annealed control specimen displayed a more or l e s s  b r i t t l e  f rac tu re  with some 
intergranular regions, and S and P were found on most of the intergranular regions 
analyzed. However, the f racture  mode was predominantly transgranular cleavage, where 
impurity segregation e f f e c t s  again appeared to play no role .  

4. Overall, i t  appears t h a t  where the three specimens fractured intergranular ly ,  impurity 
segregation was usually revealed. With one exception, however, no S or P was detected on 
any of the transgranular surfaces examined. This i s  in general agreement with previous ANL 
observations on other V-15Cr-5Ti f racture  specimens. In  the case of these three  specimens, 
impurity segregation d i d  not appear to  s ignif icant ly  influence f rac tu re  behavior. 

9.1.5 Conclusions 

Exposures of V-15Cr-STi, V-20Ti, and VANSTAR-7 specimens fo r  2000 h t o  pressurized flowing water 
containing 0.19 wppn dissolved oxygen a t  288'C have been completed. 
exposures a t  three d i f fe ren t  dissolved oxygen levels .  The V-15Cr-5Ti specimens showed decreasing corrosion 
ra tes  with time and had the lowest we igh t  losses  of the a l loys  tes ted.  The V-20Ti and VANSTAR-7 specimens 
showed approximately l i n e a r  corrosion r a t e s  and had weight losses  greater  by about a factor  of 40 a f t e r  
2000 h a s  compared with the V-15Cr-5Ti specimens. The V-15Cr-5Ti specimens formed a t h i n ,  adherent corro- 
sion product, while t h a t  on the other two alloys was substant ia l ly  thicker and l e s s  adherent. 
the results obtained a t  a l l  three  dissolved oxygen l eve l s ,  i t  i s  observed t h a t  the corrosion ra tes  for  the 
V-2OTi and VANSTAR-7 specimens increase monotonically with increasing level of dissolved oxygen. On the 
other hand, the observed corrosion ra te  f o r  the V-15Cr-5Ti specimens was lower in water containing 0.19 wppm 
oxygen than i n  water containing e i the r  0.03 or 8 wppm oxygen. This behavior i s  qua l i t a t ive ly  similar to  
t h a t  observed by others fo r  carbon s t e e l s  under similar conditions,  and appears to  be associated w i t h  the  
formation of a s t ab le ,  protective surface oxide under the appropriate conditions.  

"hot" SAM f a c i l i t y ,  and t h e i r  f r ac tu re  surfaces were analyzed fo r  the possible presence of segregated 
impurit ies.  
by transgranular cleavage, and no segregation t o  this transgranular f racture  surface was seen. 
specimen, which had been implanted w i t h  300 appm 3He by the t r i t im  t r i c k ,  showed s ign i f i can t  regions of 
intergranular f racture ,  and S and P impurit ies were detected a t  several locations.  
e f f e c t  seemed to  be associated with th is  segregation. A th i rd  annealed control specimen fractured primarily 
by transgranular cleavage, where impurity segregation appeared to  play no role.  
fractured intergranular ly ,  S and P were generally detected. Overall, impurity segregation did not appear to  
s ign i f i can t ly  influence the f racture  behavior of these three  specimens. 

This completes an i n i t i a l  se r i es  of 

In evaluating 

Three untested t ens i l e  specimens of V-15Cr-5Ti received fran ORNL were fractured i n  situ i n  the ANL 

The f i r s t  specimen, which had been i r radia ted a t  420°C t o  6 dpa i n  FFTF, f a i l ed  almost en t i re ly  
The second 

However, no embrit t l ing 

Where the specimen 
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9.2 ENVIRONMENTAL EFFECTS ON PROPERTIES OF STRUCTURAL ALLOYS I N  FLOWING Pb-17Li -- 0. K. Chopra and 
0. L. Smith (Argonne Nat ional  Laboratory)  

9.2.1 A D I P  Task 

ADIP  Task l.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 

9.2.2 Ob jec t i ve  

on t he  co r ros i on  behavior  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 cond i t i ons  o f  i n t e r e s t  f o r  
f us i on  reac to rs .  
c o r r o s i v e  pene t ra t i on  of a l l o y  specimens exposed t o  f low ing  Pb-17Li f o r  va r i ous  t imes. 
r a t e s  a re  determined as a func t ion  o f  temperature. 
t o  e s t a b l i s h  t he  mechanism and r a t e - c o n t r o l l i n g  process f o r  t he  co r ros i on  reac t ions .  
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 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  the  i n f l u e n c e  of a f lowing Pb-17 a t .  % L i  environment 

Corrosion behavior  i s  evaluated by measuring t he  weight  change and depth o f  i n t e r n a l  
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 
Meta l lograph ic  examination of t he  a l l o y  surface i s  used 

9.2.3 Summary - 
Corros ion  data a re  presented f o r  f e r r i t i c  HT-9 and Fe-9Cr-1Mo s tee l  and a u s t e n i t i c  Type 316 s t a i n l e s s  

Tens i l e  p r o p e r t i e s  o f  HT-9 a l l o y  i n  a f l ow ing  Pb-17Li environment a re  a lso  reported.  
s t ee l  i n  f low ing  Pb-17Li a t  465 and 482°C. 
a l l o y s  i s  discussed. 

9.2.4 Progress and Status 

a u s t e n i t i c  and f e r r i t i c  s t e e l s  are be ing  i n ~ e s t i g a t e d . l - ~  
Pb-17 a t .  % L i  a l l o y  i n  a l oop  c o n s i s t i n g  o f  a high- temperature t e s t  vessel w i t h  a heat  exchanger sec t i on  
and a cold- temperature chamber. 
a l l o y  show t h a t  t he  concent ra t ions  of 0, H, and N a re  260, 22, and < l o  wppm, respec t i ve l y .  

s t e e l  were exposed t o  f low ing  Pb- l7Li ,  and the  co r ros i on  behavior  was evaluated by measurements o f  weight  
l o s s  and depth of i n t e r n a l  c o r r o s i v e  pene t ra t i on .  
temperatures o f  427, 454, and 482"C, r espec t i ve l y .  
temperature p o s i t i o n  as we l l  as a t  a downstream l o c a t i o n .  
25°C lower than t he  maximum temperature. 
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. 
weight  change measurements. 

Constant ex tens ion  r a t e  t e s t s  (CERT) were conducted on normal ized and tempered HT-9 specimens i n  a 
f l ow ing  Pb-17Li environment t o  i n v e s t i g a t e  the  poss ib l e  embr i t t lement  of t he  ma te r i a l .  
specimens, 2.54 nn i n  diameter and 10.2 mn i n  gau e l e n g t h  4ASTM Standard E8) 
between 270 and 450°C and s t r a i n  r a t e s  of 5 x 10- , 1 x 10- , and 1 x 

9.2.4.1 Cor ros ion  Behavior 

been repor ted  p r e v i ~ u s l y . ~  The r e s u l t s  i n d i c a t e  t h a t  the  weight  losses  f o r  HT-9 and Fe-9Cr-1Mo f e r r i t i c  
s t e e l s  inc rease l i n e a r l y  w i t h  t ime,  whereas t he  annealed o r  20% cold-worked (CW) Type 316 s t a i n l e s s  s t e e l s  
achieve a s teady- s ta te  d i s s o l u t i o n  behavior  a f t e r  an i n i t i a l  pe r i od  o f  -500 h charac te r ized  by very h i gh  
d i s s o l u t i o n  ra tes .  
f e r r i t i c  s t ee l s .  
f o tma t i on  o f  a f e r r i t i c  sur face  l a y e r  on the  a u s t e n i t i c  s t a i n l e s s  s tee l s .  

f l o w i n g  Pb-17Li a t  465 and 482'C a re  shown i n  F ig .  9.2.1. 
p rev ious l y  a t  427OC. 
Type 316 s t a i n l e s s  s tee l .  
a re  lower than f o r  HT-9 a l l o y .  
i n i t i a l  500-h exposure. 
t e s t s  a t  a lower temperature. 

s tee l  i n  f l ow ing  Pb-17Li a re  g iven i n  Table 9.2.1. 
The slashed symbols represent  the  specimens t h a t  were l oca ted  downstream from the  maximum loop  temperature 
p o s i t i o n .  The l i n e s  represent  the  b e s t  f i t  f o r  t he  d i s s o l u t i o n  r a t e s  of HT-9 a l l o y  and Type 316 s t a i n l e s s  

The in f luence o f  temperature on t he  d i s s o l u t i o n  r a t e  of t he  

The e f f e c t s  of a f lowing Pb-17Li environment on the  co r ros i on  behavior  and mechanical p r o p e r t i e s  of 
Tests a re  conducted under f o r ced  c i r c u l a t i o n  of a 

The t o t a l  volume of t he  l oop  i s  -2 L. Several analyses o f  the  e u t e c t i c  

F l a t  co r ros i on  coupons, -73 x 10 x 0.26 mn i n  s ize,  o f  HT-9 a l l o y ,  Fe-9Cr-lMo, and Type 316 s t a i n l e s s  

Three co r ros i on  t e s t  runs have been completed a t  maximum 

The temperature of t he  l a t t e r  p o > i t i o n  was 15 t o  
For each t e s t  run, specimens were exposed a t  the  maximum 

The co ld- leg  temperature was mainta ined a t  300'C and t he  Pb-17Li 
The specimens were p e r i o d i c a l l y  removed from the  l oop  f o r  

C y l i n d r i c a l  
were t es ted  a t  temperatures 

s - * .  

The co r ros i on  data f o r  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 n  f l o w i n g  Pb-17Li a t  413, 427, and 454'C have 

The weight  losses  f o r  a u s t e n i t i c  s t e e l s  a re  an order  o f  magnitude h i ghe r  than f o r  the  
The l a r g e  weight  l osses  du r i ng  t he  i n i t i a l  t r a n s i e n t  pe r i od  a re  assoc ia ted  w i th  t he  

The weight  l osses  o f  f e r r i t i c  HT-9 and Fe-9Cr-lMo s tee l  and t he  a u s t e n i t i c  Type 316 s t a i n l e s s  s tee l  i n  

The d i s s o l u t i o n  r a t e s  f o r  f e r r i t i c  s t e e l s  a re  more than a magnitude lower than f o r  
The r e s u l t s  a re  s i m i l a r  t o  those obta ined 

A t  bo th  temperatures, t he  d i s s o l u t i o n  r a t e  and weight  l o s s  f o r  Fe-9Cr-1Mo s tee l  
However, bo th  f e r r i t i c  s t e e l s  show s i g n i f i c a n t  weight  l osses  a f t e r  t h e  

Large i n i t i a l  weight  losses  were n o t  observed f o r  t he  f e r r i t i c  s t e e l s  i n  p rev ious  

The s teady- s ta te  d i s s o l u t i o n  r a t e s  f o r  HT-9, Fe-9Cr-lMo, and annealed and 20% CW Type 316 s t a i n l e s s  
The Arrhenius p l o t s  o f  t he  data are shown i n  Fig.  9.2.2. 
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F i g .  9.2.1. Weight l o s s  versus exposure t i m e  f o r  (a1 HT-9 and Fe-9Cr-1Mo f e r r i t i c  s t e e l s  and 
( b l  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  Pb-17Li a t  482 and 465°C. 

Tab le  9.2.1. D i s s o l u t i o n  r a t e s  f o r  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  f l o w i n g  Pb-17Li 

Maximum 
Run Temp. Time D i s s o l u t i o n  Rate (mg/m2,h) 

Number ("Cl ( h l  HT-9 9Cr-1Mo 316 SS 316 CW 

1849 

9.0 
5.1 
7.4 
2.6 

18.3 
3.8 

8.2 
4.9 

8.3 
1.9 

50.1 75.9 
27.4 
58.6 
31.1 

aSpecimens were l o c a t e d  downstream from t h e  maximum l o o p  
temperature p o s i t i o n .  

s t e e l  ( b o t h  annealed and 20% CWI ob ta ined  a t  t h e  maximum l o o p  temperature p o s i t i o n s .  
specimens l o c a t e d  a t  t h e  lower  temperature may be i n f l u e n c e d  by downstream e f f e c t s ;  consequent ly ,  t h e  d a t a  
f o r  these  specimens ( s l a s h e d  synbo ls l  were exc luded f rom t h e  a n a l y s i s .  
energ ies  of 17.2 and 28.6 kca l /mo le  f o r  HT-9 a l l o y  and Type 316 s t a i n l e s s  s t e e l ,  r e s p e c t i v e l y .  
a c t i v a t i o n  energy f o r  HT-9 a l l o y  i s  comparable t o  t h e  va lue  o f  16.3 kca l /mo le  ob ta ined  f o r  f e r r i t i c  s t e e l s  
i n  f l o w i n g  l i t h i u m .  
magni tude g r e a t e r  than i n  f l ow ing  l i t h i u m .  
a l s o  p l o t t e d  i n  F ig .  9.2.3 and show good agreement w i t h  t h e  r e s u l t s  from t h e  p resen t  s tudy.  

For  each t e s t  run, the  

The r e s u l t s  y i e l d  a c t i v a t i o n  
The 

However, t h e  d i s s o l u t i o n  r a t e s  f o r  t h e  Hl -9 a l l o y  i n  Pb-17Li a re  more than an o r d e r  of 
D i s s o l u t i o n  r a t e  da ta  ob ta ined  from o t h e r   investigation^^.^ a r e  
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F i g .  9.2.2. A r rhen ius  p l o t s  of d i s s o l u t i o n  F i g .  9.2.3. T e n s i l e  p r o p e r t i e s  o f  HT-9 speci -  
r a t e  da ta  f o r  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  f l o w i n g  Pb-17Li.  Pb-17Li env i ronment  a t  temperatures between 273 and 

mens frm c o n s t a n t  e x t e n s i o n  r a t e  t e s t s  i n  a f l o w i n g  

454°C. 

9.2.4.2 T e n s i l e  P r o p e r t i e s  

T e n s i l e  p r o p e r t i e s  o f  no rma l i zed  and tempered HT-9 a l l o y  a t  temperatures between 273 and 454°C and 
d i f f e r e n t  i n i t i a l  s t r a i n  r a t e s  i n  a f l o w i n g  Pb-17Li env i ronment  a re  shown i n  F ig .  9.2.3. P r i o r  t o  t e s t i n g ,  
a l l  specimens were exposed f o r  -18 h t o  f l o w i n g  Pb-17Li a t  427°C t o  achieve complete w e t t i n g  o f  t h e  specimen 
sur face.  The r e s u l t s  i n d i c a t e  t h a t  a Pb-17Li env i ronment  has no e f f e c t  on t h e  t e n s i l e  p r o p e r t i e s  of t h e  
HT-9 a l l o y  a t  s t r a i n  r a t e s  o f  >5 x 
t h e  average va lues  ob ta ined  i n  an a i r  environment. An i n c r e a s e  i n  i n i t i a l  s t r a i n  r a t e  decreases t h e  
u l t i m a t e  s t r e n g t h  a t  temperatures o f  <400'C whereas t h e  y i e l d  s t r e n g t h  and r e d u c t i o n  i n  area a r e  n o t  
s i g n i f i c a n t l y  a f f e c t e d .  A t  a l l  temperatures and s t r a i n  r a t e s ,  t h e  r e d u c t i o n s  i n  area a r e  >50%. T e n s i l e  
t e s t s  a r e  i n  p rogress  on HT-9 weldments and norma l i zed  and quenched HT-9 specimens t o  i n v e s t i g a t e  t h e  
p o s s i b l e  e m b r i t t l e m e n t  o f  weld s t r u c t u r e s  i n  a Pb-17Li environment. 

9.2.5 Conclus ions 

s- ' .  The u l t i m a t e  and y i e l d  s t r e n g t h s  i n  Pb-17Li a r e  comparable t o  

C o r r o s i o n  da ta  i n  f l o w i n g  Pb-17Li 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  f e r r i t i c  s t e e l s  a r e  an o r d e r  
of magnitude lower  than those f o r  a u s t e n i t i c  s t e e l s .  However, t h e  r a t e s  i n  Pb-17Li a r e  more than  an o r d e r  
o f  magnitude h i g h e r  than those i n  a f l o w i n g  l i t h i u m  environment. 
da ta  y i e l d  a c t i v a t i o n  energ ies  o f  17.2 and 28.6 kca l /mo le  f o r  HT-9 a l l o y  and Type 316 s t a i n l e s s  s t e e l .  Data 
a l s o  i n d i c a t e  t h a t  downstream e f f e c t s  may a l s o  i n f l u e n c e  t h e  d i s s o l u t i o n  behav io r  o f  a l l o y s  i n  a f l o w i n g  
Pb-17Li environment. 
p r o p e r t i e s  o f  no rma l i zed  and tempered Hi- 9 a l l o y .  

A r rhen ius  p l o t s  of t h e  d i s s o l u t i o n  r a t e  

T e n s i l e  da ta  show t h a t  a f l o w i n g  Pb-17Li environment has no e f f e c t  on t h e  t e n s i l e  



170 

9.2.6 References 

1. 0. K .  ChoDra and D. L. Smith. "Environmental E f f e c t s  on ProDert ies o f  S t ruc tu ra l  Al lovs."  
pp. 216-200 i n  A l l oy  Development f o r  i r r a d i a t i o n  Performance: 
September 30, 1983, DOE/ER-0045/11, Oak Ridge Nat ional  Laboratory, Oak Ridge, TN, March 1984. 

Semiannual Progress Report f o r  b e i i o d  Ending 

2. 

3. 0. K. ChODra and D. L. Smith. "Corrosion o f  S t ruc tu ra l  A l l o ~ s  i n  Flowins Pb-17Li Environment,'' 

0. K.  Chopra and D. L. Smith, "Corrosion of Ferrous A l l oys  i n  Eu tec t i c  Lead-Li th iun Environment," 
J. Nucl. Mater. 122-123, 1219-1224 (1984). 

pp. 183-189 i n  A l l oy  Development for  i r r a d i a t i o n  Performance: 
March 31, 1984, DOE/ER-0045/12, Oak Ridge Nat ional  Laboratory, Oak Ridge, TN, J u l y  1984. 

Semiannual Progreis Report for Period Ending 

4. 0. K.  Chopra and 0. L. Smith, "Environmental E f f e c t s  on Proper t ies  o f  S t ruc tu ra l  A l l oys  i n  Flowing 
Lithium," pp. 192-196 i n  A l l o y  Developnent f o r  I r r a d i a t i o n  Performance: Semiannual Progress Report f o r  
Pe r i od  Endinq March 31. 1985, DOE/ER-0045/14, Oak Ridge Nat ional  Laboratory, Oak Ridge TN, J u l y  1985. 

5. P. i. T o r t o r e l l i  and J. H. DeVan, "Corrosion-of  Type 316 S t a i n l e s s ~ S t e e l  and 12Cr-1MoVW i n  
Thermally Convective 19-17 a t .  X L i , "  pp. 205-207 i n   alloy^ bevelopnent f o r  I r r a d i a t i o n  Performance: 
Semiannual Progress Report f o r  Per iod Ending March 31, 1985, DOE/ER-0045/14, Oak Ridge Nat ional  Laboratory, 
Oak Ridqe. TN. J u l v  1985. - .  , 

6. P. Fauvet, J. Sannier, and G. San ta r i n i ,  "Corrosion o f  316L S ta in l ess  Steel i n  Flowing 17Li83Pb 

7. V. I. N i k i t i n  e t  a l . ,  "Experimental Study o f  Selected S t ruc tu ra l  Ma te r i a l s  Corrosion R e s i s t i v i t y  i n  
Al loy,"  13th Symposium on Fusion Technology, Varese, I t a l y ,  September 1984. 

Pb-Li Eutec t ic , "  USSR Con t r i bu t i on  t o  Phase I I A  o f  t he  INTOR Workshop, October 1982. 



I 

? 



f 

172 

Table 9.3.1. L i th ium loop operat ing condi t ions f o r  various corrosion t e s t s  

Loop Temperature ("12) N Content Exposure Time (h) 
Test Test Spec. Exp. Supply Cold i n  Li th ium Test Spec. Exp. 
Run Vessel Vessel a Vessel Trap ( w m )  Vessel Vessel 

1 482 482 432 212 (50 1295 5000 
2 4821427 482 407 230' -250 - 1997 

3 42 7 482 407 230 -100 1100 - 
4 482 427 410 212 <loo 5521 6501 
5 427 372 372 206 -100 5023 4955 

6 538 482 -50 3655 3330 

a L i t h i m  f low was fran t e s t  vessel to specimen exposure vessel. 
bTest vessel temperature changed from 482 t o  427°C a f t e r  1540 h. 
'No flow occurred through co ld  t rap  a f t e r  890 h due to plugging. Plugged sect ions were 

replaced and flow s ta r ted  a f t e r  an add i t iona l  480 h. 

3 I I I I I 
/ WEIGHT LOSS IN FLOWING LITHIUM 

FERRITIC STEELS 

0 I 2 3 4 5 
EXPOSURE TIME (IOOOhl 

Fig. 9.3.1. Weight loss versus exposure time f o r  HT-9 
and Fe-gCr-lMo f e r r i t i c  steel  exposed t o  f lowing l i t h i m  a t  
538°C. Run 6. 

5380~. 2271 H 4 8 2 0 ~ ~  2528 H 4820~ , 1707 H 

Fig.  9.3.2. Micrographs o f  HT-9 a l l o y  surface exposed t o  f lowing l i t h i m  a t  538 and 482"C, Run 6. 



173 

372OC (Run 5)  427OC (Run 5 )  482OC (Run 4) 

Fig. 9.3.3. Micrographs o f  HT-9 a l l o y  surface exposed t o  
f lowing l i t h i m  fo r  -5000 h a t  372, 427, and 482'C. 

the micrographs of HT-9 a l l o y  surface exposed t o  l i t h i u m  f o r  -5000 h a t  372, 427, and 482OC. 
form dur ing the i n i t i a l  2000 h o f  exposure and t h e i r  s ize  does n o t  change w i t h  add i t iona l  exposure. 
However, the s ize of the dimples decreases w i t h  a decrease i n  exposure temperature, e.g., the s ize var ies  
from 2-6 im a t  538OC to 0.5-2 pn a t  372'C. The l a r g e  weight losses observed dur ing the i n i t i a l  stages of 
exposure may be a t t r i b u t e d  to the formation o f  the dimpled surface appearance. 

p a r t i c l e s  on the surface), and the dimpled s t ruc tu re  i s  n o t  f u l l y  developed. These features were observed 
on a l l  the HT-9 and Fe-gCr-lMo specimens exposed a t  48Z0C, Run 6. 
of a dimpled s t ruc tu re  may account for  the r e l a t i v e l y  small weight losses observed f o r  these specimens. 

Formation of a dimpled s t ruc tu re  i s  associated w i th  dep le t ion of chromium from HT-9 and Fe-9Cr-1Mo 
specimens. 
from the a l l o y  surfaces. Energy d ispers ive x-ray analyses (EDAX) were performed t o  determine the d i f f e r -  
ences i n  surface composition o f  HT-9 a l l o y  specimens exposed t o  l i t h i u m  a t  d i f f e r e n t  temperatures. The 
weight l o s s  and concentrations of major elements f o r  the specimens are given i n  Table 9.3.2. The r e s u l t s  
i n d i c a t e  t h a t  the concentrat ion o f  chromium i n  the a l l o y  surface decreases from -12% to between 6 to 8%; the 
values a f t e r  exposure a t  538'C are lower than those a t  372OC. 
1295 h a t  482Y o r  1100 h a t  427"C, show a chromium content o f  -ll%, i n d i c a t i n g  t h a t  steady-state condi t ions 
are not  a t ta ined  a f te r  short- term exposure a t  these temperatures. 
dimpled structure.  
the specimen surfaces do not  show a dimpled s t ruc tu re  and the concentrat ion o f  chromiun i s  higher than t h a t  
fo r  specimens from Runs 1 o r  4. 

Several factors, 
such as downstream effects, va r ia t i ons  i n  l i t h i u m  pur i t y ,  etc.. may in f luence the d i sso lu t i on  process. 
The concentrat ion of n i t rogen i n  l i t h ium,  dur ing Run 6, was 50 wppm compared t o  -100 wppm f o r  Run 4. 
The presence of surface deposits suggests downstream ef fec ts .  The EDAX data ind ica te  t h a t  the surface 
deposi ts are  p r i m a r i l y  i ron.  Thus, the higher chromiun concentrations are n o t  due t o  the surface 
deposits. 
requ i red t o  resolve these issues. 

Such dimples 

Specimens exposed a t  48PC dur ing Run 6 (see Fig. 9.3.2) show surface deposi ts (i.e., the whi te 

The presence o f  deposi ts and the absence 

Specimens t h a t  do not  develop a dimpled s t ruc tu re  e x h i b i t  l i t t l e  o r  no dep le t ion of chromium 

Specimens exposed f o r  shor t  times, e.g., 

Also, these specimens do not  develop a 
A s i m i l a r  behavior i s  observed f o r  the specimens exposed a t  482OC dur ing Run 6, i.e., 

Such d i f fe rences i n  the d i sso lu t i on  behavior cannot be r a t i o n a l i z e d  a t  present. 

D isso lu t ion ldepos i t ion data a t  d i f f e ren t  temperatures, loop AT, l i t h i u m  p u r i t y ,  etc., are 

9.3.4.2 Corrosion Behavior o f  Austen i t ic  Steels 

The weight losses o f  annealed and 20% cold-worked (CW) Type 316 s ta in less  steel  i n  l i t h i u m  a t  538 and 
482OC (Run 6) are shown i n  Fig. 9.3.4. The r e s u l t s  i nd i ca te  some d i f fe rences from data for  other t e s t  runs 
a t  482 and 427'12. I n  e a r l i e r  tests,  the aus ten i t i c  s tee ls  showed la rge  weight losses, i.e., 15 t o  30 g/m2, 
dur ing the i n i t i a l  -1000-h exposure a t  482 o r  42loC, and a t ta ined a steady-state d i sso lu t i on  r a t e  f o r  longer 
exposure times. The i n i t i a l  weight losses for  most o f  the specimens from Run 6 are (15 g/cm2. For example, 
three of the four specimens of annealed Type 316 s ta in less steel  exposed a t  538'C show -3 glm2 weight l o s s  
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Table 9.3.2. Weight l o ss  and surface composition o f  
HT-9 a l l o y  exposed to f lowing l i t h i u m  

Yeioht . =. . - 
Surface Composition (%) Lo2 c r  t e  

Test Time Temp. 
Run (h) ("C) (g/ ) 

- - Unexposed 12.0 85.6 

6 2271 
1 1295 
1 3000 
1 5000 

2 1997 
4 5521 
6 1707 
6 2528 

3 1100 

4 5739 
4 5739 
4 6501 
5 5023 
5 4955 
5 4955 

538 2.13 
482 0.30 

1.35 

0.82 

2.93 
1.83 
0.28 

1 0.0 

427 0.22 

1.17 
1.11 
0.85 
1.37 
0.58 
0.65 

1 
372 
372 

5.8 93.3 
10.8 86.8 
6.2 91.8 

6.6 91.3 
7.1 88.5 
5.9 88.4 
8.6 89.1 
8.8 88.2 

11.0 87.0 

8.1 87.1 
8.7 84.8 
7.3 90.7 
6.5 88.4 
8.3 89.7 
8.0 87.8 

M I I I I (a) 
WEIGHT LOSS IN FLOWING LITHIUM 
TYPE 316SS 

I I I I I J 
0 I 2 3 4 5 

EXPOSURE TIME (1000h) 

30 I I I I I  I I l l  
WEIGHT LOSS IN FLOWING LITHIUM 
TYPE 316 55 
W ' C  ( b l  1 

b O P W  SIMBOLS-ANNEALED 
CLOSED SYMBOLS-20% COCD WURKED 1 

Fig. 9.3.4. Weight loss  versus exposure time f o r  annealed and 20% CW Type 316 s ta in less steel exposed 
t o  f lowing l i t h i m  a t  (a) 538 and (b) 482'C. 

a f t e r  500-h exposure (see Fig. 9.3.4a). The weight losses are larger,  i.e., 15 t o  20 g/n?, f o r  the 20% CW 
Type 316 s ta in less steel  a f ter  s im i la r  exposure times. 
the steady-state d isso lu t ion ra tes f o r  a l l  specimens are approximately the same, both a t  538 and 482OC. 

l i t h i u m  a t  5 3 8 O C  are shown i n  Fig. 9.3.5. The specimen w i th  the la rges t  weight loss  (shown as diamond 
symbols i n  Fig. 9.3.4) developed a dimpled s t ructure while the others, wi th  smaller weight losses (shorn as 
square and t r iang le  symbols), exh i b i t  a c e l l u l a r  structure. A l l  specimens contain some surface cav i t ies .  
A c e l l u l a r  s t ructure i s  unusual f o r  aus ten i t i c  s ta in less s tee ls  exposed t o  l i th ium.  Typical surface micro- 
graphs o f  annealed Type 316 s ta in less steel  exposed to l i t h i m  a t  372, 427, and 482'C f o r  -5000 h are shown 
i n  Fig. 9.3.6. A dimpled s t ructure and surface cav i t i e s  are observed a t  a l l  temperatures. However, the 
s ize of the dimples i s  smaller a t  372OC. 

HOwever, i r respec t i ve  of the i n i t i a l  weight loss, 

Micrographs o f  the surface o f  some of the specimens of annealed Type 316 stainless steel exposed to 
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Fig.  9.3.7. Micrographs o f  the surface of 20% CW Type 316 
sta in less steel  exposed t o  l i t h i m  a t  538 and 48ZoC, Run 6. 

Fig. 9.3.8. Micrographs of the surface of annealed Type 316 
s ta in less  steel  exposed to flowing l i t h i m  a t  482"C, Run 6. 

The chromim content decreases from -18% to between 8 and 10% a t  a l l  temperatures. However, specimens 
exposed a t  482OC t o  l i t h i m  conta in ing -250 wppn n i t rogen (Run 21 show greater dep le t ion o f  c h r m i m  than 
those exposed to l i t h i m  w i t h  <lo0 wppn nitrogen. I n  general, the specimens w i t h  greater dep le t ion of 
chromlm also show l a r g e r  weight l o s s  and in te rna l  penetration. The EDAX data ind icate  t h a t  the surface 
deposi ts observed on specimens exposed a t  482°C dur ing Run 6 are r i c h  i n  chromim. For these specimens, the 
concentrat ion of c h r m i m  i s  >20%. 
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Table 9.3.3. Weight l oss ,  depth o f  i n t e r n a l  penet ra t ion ,  and sur face  
composit ions o f  Type 316 s t a i n l e s s  s tee l  exposed t o  
f l ow ing  l i t h i u m  

Weight 
Tes t  Time Temp. L O S ~  Penet ra t ion  Surface Composition ( % )  
Run l h )  ( 'C )  ( g lm  ) (urn) C r  Fe N i  

Annealed Type 316 Sta in less  Steel  

- Unexposed - - 17.5 64.9 12.9 
5.9 - 9.7 83.9 2.5 

2271 13.3 - 8.7 88.4 0.4 
3185 8.9 - 9.9 85.2 2.2 
1295 482 6.7 13 12.2 81.6 1.2 

2 1997 21.0 25 6.2 90.9 1.1 

6 
6 
6 
1 

4 5521 31.8 37 9.7 84.0 0.7 
4.8 - 22.0 68.7 2.3 

- 15.4 73.4 6 .O 
6 12.7 - 20.2 74.6 0.7 

6 
6 

6 19.8 - 20.1 73.0 0.8 
3 llOOa 427 17.2 21 18.7 77.1 1.8 
4a 
4b 
5 

5739 
5739 
5023 

42.2 38 8.3 
41.5 37 8.1 
57.2 31 8.0 

88.4 0.9 
86.6 0.8 
90.6 0.6 

5a 
5b 

4955 
4955 

372 
372 

14.1 9 10.6 
12.9 13 9.7 

86.0 1.4 
87.3 1.5 

20% CW Type 316 Sta in l ess  Steel  

14.7 - 8.6 6 1701 538 
482 

88.5 0.3 
1 
2 

1295 
1997 
5521 
3330 
1100 
5739 
5739 
6501 

23.8 24 13.9 78.0 0.6 
46.5 47 5.6 88.1 0.6 
35.0 40 10.0 85.6 0.7 4 

6 
3 

20.0 - 13.7 
24.9 25 14.3 
47.9 42 8.8 

84.3 0.4 
82.6 1.3 
88.3 1.0 

427 
4a 
4b 
4 
5 
5a 
5b 

51.6 40 8.6 
52.9 46 7.3 
46.0 38 8.5 
16.3 14 - 
15.5 13 10.2 

86.8 0.9 
87.9 0.8 
89.4 0.6 5023 

4955 
4955 

372 
372 

- - 
86.5 1.4 

aLarge depos i ts  o f  chromium observed on t he  specimen. 

bAverage composi t ion o f  the  surface w i t h  depos i ts .  

The sur face  
composi t ion represents  r eg ions  away f rom the  depos i ts .  

9.3.4.3 D i s s o l u t i o n  Rates 

The s teady- s ta te  d i s s o l u t i o n  r a t e s  o f  t he  va r i ous  se ts  o f  f e r r i t i c  s t e e l s  and Type 316 s t a i n l e s s  
s tee l  exposed t o  f l ow ing  l i t h i u m  are  g iven i n  Table 9.3.4. The Arrhenius p l o t s  o f  t he  data are shown i n  
F ig .  9.3.9. The r e s u l t s  i n d i c a t e  t h a t  the  d i s s o l u t i o n  r a t e s  f o r  HT-9 and Fe-9Cr-1Mo s tee l  inc rease by a 
f ac to r  o f  -2.5 w i t h  each 55'C increase i n  temperature. The Arrhenius p l o t  f o r  t he  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  16.3 kca l lmo le .  However, the  d i s s o l u t i o n  r a t e s  f o r  Type 316 s t a i n l e s s  s tee l  are 
i n s e n s i t i v e  t o  changes i n  temperature. 
2.5 mg/m2.h; t he  values a re  h igher  a t  lower temperatures. 

The s teady- s ta te  d i s s o l u t i o n  r a t e s  range between 1.5 and 

9.3.5 Conclusions 

Cor ros ion  da ta  f o r  f e r r i t i c  HT-9 and Fe-9Cr-1Mo s tee l  i n  f l ow ing  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  pe r i od  o f  -500 h, the  weight  losses  f o r  f e r r i t i c  s t e e l s  
inc rease l i n e a r l y  w i t h  t ime and y i e l d  a cons tan t  d i s s o l u t i o n  r a t e .  The d i s s o l u t i o n  r a t e s  inc rease w i t h  a 
inc rease i n  temperature. 
16.3 kcal/mole. The d i s s o l u t i o n  behavior  o f  t he  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 he  
a l l o y  sur faces  develop a dimpled appearance. 

An Arrhenius p l o t  of t he  d i s s o l u t i o n  ra tes  y i e l d s  an a c t i v a t i o n  energy of 

A dimpled sur face  s t r u c t u r e  i s  f u l l y  developed a f t e r  -2000 h 
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Table 9.3.4. Dissolution ra tes  o f  f e r r i t i c  and austeni t ic  
s t e e l s  exposed to flowing li thium 

Fig. 9.3.9. Arrhenius plot  of d issolut ion 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 to  
flowing li thium. 

Test Temp. Maximum Dissolution Rate lmg/m2.h)  
Run Specimen Locationa 1°C) Time l h )  HT-9 9Cr-1Mo 316 55 316 CW 

10.2 

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 42 7 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 

6 Test Vessel 538 3655 0.401 0.391 2.05 1.41 
Test Vessel 538 2271 - - 1.75 - 

6 Spec. Exp. Vessel' 482 3330 - - 2.05 1.84 

1 I I I 
1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 
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o f  exposure and the  s i ze  of the  dimples does n o t  change w i t h  a d d i t i o n a l  exposure. 
dimples decreases w i t h  a decrease i n  temperature. 
d e p l e t i o n  of chromium from the  a l l o y  sur face  and leads t o  s i g n i f i c a n t  weight  l o s s  du r i ng  t he  i n i t i a l  pe r i od  
of exposure. 
a l l o y s .  
( a t  482'C) fran the  maximum loop  temperature p o s i t i o n  (538°C). 
l oss .  

-1500-h pe r i od  charac te r ized  by r a p i d  d i s s o l u t i o n .  
i n s e n s i t i v e  t o  v a r i a t i o n s  i n  temperature. 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 T pe 316 s t a i n l e s s  

l osses  a f t e r  the  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 or 538'C. The i n i t i a l  d i s s o l u t i o n  
stage i s  associated w i t h  t he  fo rmat ion  o f  a f e r r i t i c  sur face  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  and, t o  some 
ex ten t ,  chromium from the s tee l .  Th is  t r a n s i e n t  stage appears t o  p l a y  an impor tan t  r o l e  i n  c o n t r o l l i n g  t he  
na tu re  o f  the  sur face  mod i f i ca t i ons  and, consequently, i n  t he  o v e r a l l  d i s s o l u t i o n  behav io r  o f  a u s t e n i t i c  
s t ee l s .  
The sur faces of these specimens are  dep le ted  of n i cke l ,  and the  chromiun con ten t  ranges from 8 t o  10%. 
Specimens w i t h  small weight  losses,  i.e., < l o  g/m2, develop a very  f i n e  dimpled s t r u c t u r e  (e.g., a t  372'CI 
or a c e l l u l a r  s t r u c t u r e  (e.g., a t  538°C). 
concen t ra t i on  o f  chromium i s  h igher.  The i n f l uence  of m a t e r i a l  and sys ten  parameters on t he  t r a n s i e n t  and 
s teady- s ta te  d i s s o l u t i o n  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  cannot  be es tab l i shed  a t  present .  
i n d i c a t e  t h a t  an inc rease i n  n i t r o g e n  conten t  i n  l i t h i u m  f rom -100 t o  250 wppm increases t he  p o r o s i t y  i n  
t he  f e r r i t e  sca le  and dep le t i on  o f  chromium from the  a l l o y  sur faces.  
downstream e f f e c t s  on t he  d i s s o l u t i o n  behavior  o f  a u s t e n i t i c  s t ee l s .  
maximum temperature l o c a t i o n  showed l a r g e  chromium- rich depos i t s  on the  sur face.  

9.3.6 References 

However, the  s i ze  o f  
The fo rmat ion  o f  a dimpled s t r u c t u r e  i s  associated w i t h  

L im i t ed  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  
I r o n- r i c h  depos i ts  were observed on the  sur face o f  HT-9 and Fe-9Cr-1Mo specimens l o c a t e d  downstream 

These specimens showed l i t t l e  o r  no weight  

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 s t a i n l e s s  s tee l  reach a steady s t a t e  a f t e r  an i n i t i a l  
The s teady- s ta te  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  

s tee l  exposed t o  l i t h i u m  a t  temperatures between 372 and 538OC range from 1.5 t o  2.5 mg/m 1 .h. The we igh t  

Specimens wi th l a r g e  weight  l osses  develop a we l l - de f i ned  dimpled s t r u c t u r e  and deep c a v i t i e s .  

For  these specimens, t he  d e p l e t i o n  o f  n i c k e l  i s  l e s s  and the  

L i m i t e d  data 

Cor ros ion  data from Run 6 suggest 
Specimens l o c a t e d  downstream from the  

1. 0. K. Chopra and D. L. Smith, "Environmental E f f e c t s  on P rope r t i es  o f  S t r u c t u r a l  A l l o y s  i n  F lowing 
L i th ium,"  pp. 176-182 i n  A l l o y  Development f o r  I r r a d i a t i o n  Performance: Semiannual Progress Report f o r  
Per iod  Ending March 31, 1984, DOE/ER-0045/12, Oak Ridge Nat ional  Laboratory,  Oak Ridge, TN, J u l y  1984. 

2. 0. K. Choora and D. L. Smith. 'Environmental E f f e c t s  on P rooe r t i es  o f  S t ruc tu ra l  A l l o v s  i n  F lowing 
L i t h i un , "  pp. 182-i91 i n  A l l o y  D e v e l o b e n t  f o r  I r r a d i a t i o n  Performance: 
Pe r i od  Ending March 31, 1985, DOE/ER-0045/14, Oak Ridge Nat iona l  Laboratory,  Oak Ridge, TN, J u l y  1985. 

Semiannual Progress Report f o r  
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9.4 CORROSION OF LOW ACTIVATION AUSTENITIC STEELS AND ORDERED ALLOYS I N  THERMALLY CONVECTIVE LITHIUM - 
P. F. T o r t o r e l l i ,  J. H. DeVan, and C. T. L i u  (Oak Ridge N a t i o n a l  L a b o r a t o r y )  

9.4.1 A O I P  Task 

A O I P  Task I.A.3, Per form 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 purpose of t h i s  t a s k  i s  t o  de te rm ine  t h e  c o r r o s i o n  r e s i s t a n c e  o f  c a n d i d a t e  f i r s t - w a l l  m a t e r i a l s  t o  
s l o w l y  f l o w i n g  l i t h i u m  i n  t h e  presence o f  a tempera tu re  g r a d i e n t .  
measured as f u n c t i o n s  o f  t i m e ,  tempera tu re ,  a d d i t i o n s  t o  t h e  l i t h i u m ,  and f l o w  c o n d i t i o n s .  These measure- 
ments a r e  combined w i t h  chemica l  and m e t a l l o g r a p h i c  examina t ions  o f  specimen s u r f a c e s  t o  e s t a b l i s h  t h e  
mechanisms and r a t e - c o n t r o l l i n g  processes f o r  d i s s o l u t i o n  and d e p o s i t i o n  r e a c t i o n s .  

C o r r o s i o n  and d e p o s i t i o n  r a t e s  a r e  

9.4.3 

Complet ion of a second l o o p  exper imen t  w i t h  Cr-Mn s t e e l s  i n  t h e r m a l l y  c o n v e c t i v e  l i t h i u m  con f i rmed  t h e  
n a t u r e  of two compet ing r e a c t i o n s  d u r i n g  t h e  c o r r o s i o n  o f  t h e s e  s t e e l s  l e a d i n g  t o  o b s e r v a t i o n  o f  bo th  d i s -  
s o l u t i o n  and d e p o s i t i o n  r e a c t i o n s  a t  h o t  l e g  sur faces.  A n a l y s i s  of l o n g  range o rde red  a l l o y s  exposed t o  
t h e r m a l l y  c o n v e c t i v e  l i t h i u m  r e v e a l e d  t h a t  c o r r o s i o n- i n d u c e d  p o r o s i t y  was caused bo th  by p r e f e r e n t i a l  d e p l e t i ,  
and r e d e p o s i t i o n  of d i s s o l v e d  spec ies.  

9.4.4 Progress and S t a t u s  

Because o f  t h e i r  f a v o r a b l e  n e u t r o n i c  ( t h a t  i s ,  a c t i v a t i o n )  p r o p e r t i e s ,  manganese- containing 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  a r e  c u r r e n t l y  b e i n g  i n v e s t i g a t e d  as p a r t  of t h e  f u s i o n  energy m a t e r i a l s  development e f f o r t .  
To assess t h e  r e s i s t a n c e  of t h e s e  a l l o y s  t o  l i q u i d  me ta l  c o r r o s i o n ,  a q u a l i t a t i v e  s tudy  o f  t h e i r  r e a c t i o n s  
w i t h  m o l t e n  l i t h i u m  was i n i t i a t e d  u s i n g  a the rma l  c o n v e c t i o n  loop.  The l o o p  c i r c u l a t e d  l i t h i u m  between 500 
and 350°C and was c o n s t r u c t e d  of  t y p e  316 s t a i n l e s s  s t e e l  which,  because of p r i o r  o p e r a t i o n  w i t h  l i t h i u m  and 
a s s o c i a t e d  p r e f e r e n t i a l  l e a c h i n g  o f  n i c k e l  and chromium, was known t o  have a c o n s i d e r a b l y  h i g h e r  i r o n  con-  
c e n t r a t i o n  a t  h o t  l e g  s u r f a c e s  t h a n  found i n  t h e  s t a r t i n g  m a t e r i a l .  
exposed t o  l i t h i u m  i n  a r e g i o n  o f  t h e  l o o p  n e a r  t h e  t o p  o f  t h e  h o t  leg.  Because o f  t h e  non iso the rma l  n a t u r e  
o f  t h e  loop,  t h e  tempera tu res  of t h e s e  specimens v a r i e d  f rom 500°C [maximum l o o p  tempera tu re  (Tmax) ]  t o  
485°C. Coupons o f  t y p e  316 s t a i n l e s s  s t e e l  were p l a c e d  a t  t h e  o t h e r  normal ly- used specimen p o s i t i o n s  around 
t h e  remainder  of t h e  loop.  The specimens were removed from, and r e p l a c e d  i n t o .  t h e  t h e r m a l l y  c o n v e c t i v e  

The Mn- con ta in ing  a l l o y  specimens were 

l i t h i u m  s e v e r a l  t i m e s  d u r i n g  t h e  l o o p  exper iment .  
The f i r s t  l o o p  exper imen t  w i t h  Cr-Mn 

s t e e l s  used specimens p r o v i d e d  by Han fo rd  
E n g i n e e r i n g  Development L a b o r a t o r y  (HEOL). 
Weight change da ta  and scann ing  e l e c t r o n  
m i  c roscopy lenergy  d i s p e r s i v e  x- ray  a n a l y s i s  
r e s u l t s  f o r  t h e s e  a l l o y s ,  a f t e r  a t o t a l  o f  
3340 h, were r e p o r t e d  i n  p r e v i o u s  p rog ress  
repor t s . ' . *  A second exper imen t  w i t h  Mn- 
c o n t a i n i n g  a u s t e n i t i c  s t e e l s  was conducted f o r  
3096 h i n  t h e  same l o o p  and was completed 
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  p e r i o d .  The com- 
p o s i t i o n s  of t h e  l a t t e r  specimens a r e  l i s t e d  i n  
Table  9.4.1. The PCMA specimens a r e  ORNL 
developmenta l  a l l o y s ,  w h i l e  t h e  o t h e r s  were 
s u p p l i e d  by HEOL. The specimens were weighed 
t h r i c e  a f t e r  t h e  s t a r t  o f  exposure t o  l i t h i u m .  
The r e s u l t i n g  w e i g h t  changes as a f u n c t i o n  of 
exposure t i m e  a r e  shown i n  Fig. 9.4.1. Note 
t h a t  some specimens ga ined  we igh t  w h i l e  o t h e r s  
e x h i b i t e d  a ne t  we igh t  l o s s  over  t h e  3096 h 
exposure pe r iod .  However, as a l s o  seen i n  
F ig .  9.4.1, a lmos t  eve ry  specimen a c t u a l l y  
ga ined w e i g h t  d u r i n g  t h e  l a s t  2000 h o f  expo- 
sure. 

Table  9.4.1. Composi t ions o f  F & 4 r  s t e e l s  exposed 
t o  t h e r m a l l y  c o n v e c t i v e  l i t h i u m  between 500 and 

485°C i n  t h e  second l o o p  exper iment  

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

Composi t ion ( w t  %) 

Mn C r  N i  C N S i  Fe 
A1 1 oy 

Age 1%18+ 18 18 0.5 0.1 0.4 0.6 Bal  

15 15 0.5 0.1 0.1 0.4 Bal 

NIT-32 12 18 1.5 0.1 0.4 0.6 Bal 

PCMA-2 1 7  15 0.01 0.06 0.001 0.04 Bal 

PCMA-4 19 10 0.01 0.09 0.002 0.02 Bal 

PCMA-6 14 16 0.01 0.18 0.003 0.02 Bal 

PCMA-7 19 15 0.01 0.38 0.005 0.02 Bal 

R87 

~~ 

As d i s c u s s e d  p r e v i o u s l y , '  t h e  o b s e r v a t i o n  
o f  mixed we igh t  g a i n s  and l o s s e s  f o r  t h e  s t e e l s  PCMA-9 18 20 0.01 0.26 0.006 0.03 Bal 
c o n t a i n i n g  15 t o  20% Mn i n d i c a t e s  a c o m p e t i t i o n  
between d i s s o l u t i o n  and d e p o s i t i o n  r e a c t i o n s .  
These r e a c t i o n s  a r e  t h o u g h t  t o  i n c l u d e  con-  
c e n t r a t i o n  g r a d i e n t  chromium t r a n s p o r t  among t h e  specimens and l o o p  w a l l  i n  t h e  h o t  zone as w e l l  as thermal  
q r a d i e n t  mass t r a n s f e r  o f  manqanese t o  t h e  c o l d  zone. The d i f f e r i n q  n a t u r e  o f  t h e s e  two t y p e s  of mass 
i r a n s f e r  processes can p o s s i b i y  l e a d  t o  a n e t  we igh t  g a i n  i f  t h e  amount o f  m a t e r i a l  d e p o s i t e d  by con-  
c e n t r a t i o n  g r a d i e n t  mass t r a n s f e r  i s  g r e a t e r  t h a n  t h a t  l o s t  by d i s s o l u t i o n  of manganese and o t h e r  elements. 
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Such reac t i ons  a re  cons i s ten t  
wi th  observat ions o f  manganese 
dep le t i on  and chromium enrichment 
i n  sur face  l a y e r s  of corroded 
specimens exposed i n  t h e  f i r s t  
loop  experiment and from expe r i -  
ments i n  s t a t i c  l i thium., While 
sur face  analyses o f  t h e  second 
se t  o f  exposed coupons are  no t  
y e t  ava i lab le ,  examination of 
po l i shed  c ross  sec t ions  o f  these 
coupons revealed evidence of both 
d i s s o l u t i o n  and depos i t i on  (see 
Fig. 9.4.2). Each of t he  speci-  
mens c l us te red  i n  t h e  485 t o  
500'C zone of t h e  l i t h i u m  loop, 
i n c l u d i n g  those w i t h  s i g n i f i c a n t  
n e t  weight  gains, were found t o  
have co r ros i on  l a y e r s  cha rac te r i -  
s t i c  o f  t h e  t ype  caused by pre-  
f e r e n t i a l  d i s s o l u t i o n  o f  an 
a l l o y .  These l aye rs ,  con ta i n i ng  
dark- e tch ing  phases o r  pores, 
have c h a r a c t e r i s t i c a l l y  been 
observed f o r  Fe-Ni - C r  s t e e l s  

w a 
2 0  
-l 
I 
V 

ORNL-OWG 85-12912 
thermally c o n v e c t i v e  Li 

l...ow - 5OO0C 

+ 
I 
2 g -10 
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exposed t o  l i th ium.4 I n  t h e  p re-  
sent case, they  appear t o  be 
r e l a t e d  t o  t h e  s e l e c t i v e  leach ing  
o f  manganese, based on sur face  
composi t ional  ana l ys i s  o f  speci-  
mens exposed i n  t h e  f i r s t  loop  experiment. 
and t h e  unde r l y i ng  m a t r i x  i n  t h e  micrographs o f  Fig. 9.4.2 i s  cons i s ten t  with t h e  d e s t a b i l i z a t i o n  of auste-  
n i t e  and t rans fo rmat ion  t o  f e r r i t e  i n  t he  sur face  l a y e r  due t o  l oss  o f  manganese. 
c a l l y  observed f o r  Fe-Ni-Cr s tee l s  t h a t  undergo p r e f e r e n t i a l  loss of n i c k e l  i n  l i th ium.+  

t ype  316 s t a i n l e s s  s tee l  specimens i n  t h e  c o l d  leg. A l a r g e  measured weight ga in  (47.0 g/m2) fo r  t h e  coupon 
l oca ted  a t  t h e  bottom o f  t he  loop 's  c o l d  l e g  i n d i c a t e d  subs tan t i a l  mass t r a n s p o r t  had occurred du r i ng  t h e  
3096 h o f  exposure t o  l i th ium and t h a t  nwst o f  t h e  depos i t i on  was a t  t h e  co ldes t  p o i n t  o f  t he  l oop  (near 
350'C). Th is  f ind ing ,  which i s  s i m i l a r  t o  observat ions from t h e  f i r s t  loop  experiment,z was cor robora ted  by 
examination of po l i shed  cross sec t ions  of c o l d  l e g  specimens (see Fig. 9.4.3). 
temperature showed t h e  g rea tes t  amount of deposi t ion.  It i s  expected t h a t  t h e  upcoming composi t ional  analy-  
ses of these coupon surfaces w i l l  show t h e  depos i ts  t o  cons i s t  o f  ma in ly  manganese and n i cke l ,  as a l ready 
has been shown f o r  t he  e a r l i e r  l oop  experiment.2 

Re fe r r i ng  t o  Figs. 9.4.1 and 9.4.2, t h e  " d i s s o l u t i o n  zones" descr ibed above appeared t o  be t h i c k e r  and 
more un i f o rm  fo r  t h e  a l l o y s  showing net  weight  losses. Conversely. t h e  Cr-Mn s tee l  w i t h  the l a r g e s t  weight  
ga in  a f t e r  3096 h (Age 18-le+, +12.8 g/m2) showed a very t h i n  d i s s o l u t i o n  zone, and t h e  one with t he  next  
g rea tes t  inc rease i n  weight (R87, +7.4 g/mz) showed a somewhat t h i c k e r ,  but  very i r r e g u l a r  co r ros i on  layer .  
As shown i n  Fig. 9.4.2, depos i ts  were observed on t o p  o f  t h e  d i s s o l u t i o n  zone on a l l  Cr-Mn s tee ls .  
meta l lograph ic  evidence thus supports a model of a co r ros i on  process o f  competing d i s s o l u t i o n  and depos i t i on  
reac t ions .  Furthermore, g iven t he  t r e n d  o f  t he  welght  change versus exposure t ime  curves (see Fig. 9.4.1). 
i t  appears t h a t  manganese dep le t i on  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  weight change du r i ng  t h e  e a r l y  s ta-  
ges o f  exposure, wh i le ,  a f t e r  d Mn-depleted l a y e r  has been es tab l i shed,  chromium t r a n s p o r t  and depos i t i on  
becomes t h e  dominant mechanism. 

previously, l ,2  t h e  chromium reac t i ons  may be d r i v e n  by t h e  r e l a t i v e l y  h igh  n i t r ogen  concent ra t ions  o f  some 
of t h e  Cr-Mn s t e e l s  (see Table 9.4.1). 
and cou ld  l ead  t o  increased d i s s o l u t i o n  and/or r e a c t i o n  product  fo rmat ion  a t  specimen surfaces. 
Consequently, t h e  next  loop  experiment i n  t h i s  se r i es  w i l l  i n v o l v e  on ly  one composit ion of a Cr-Mn s t e e l  
w i t h  a low n i t r ogen  concent ra t ion  (a PCMA a l l o y )  and newly p u r i f i e d  l i t h i u m .  
experiment w i l l  t hen  be compared t o  t he  r e s u l t s  from t h e  f i r s t  two se r i es  of exposures t o  determine poss ib l e  
e f f e c t s  o f  n i t r ogen  on t he  observed co r ros i on  react ions.  

ana l ys i s  of such specimens exposed e a r l i e r  t o  t he rma l l y  convec t ive  l i t h i u m  was recen t l y  completed i n  order  
t o  (1) fo rma l l y  conclude our cor ros ion  s tud ies  of t h i s  a l l o y  system and (2)  ga in  more i n fo rma t i on  about some 
r a t h e r  i n t e r e s t i n g  co r ros i on  reac t i ons  between l i t h i u n  and these a l l o y s ;  i n  t h i s  way we hoped t o  inc rease 
our  general understanding about l i q u i d  metal co r ros i on  as p a r t  of our ongoing program w i t h  o the r  AOIP 
a l l oys .  

Fig. 9.4.1. Weight change versus exposure t ime  fo r  Cr-Mn Stee ls  
and t ype  316 s t a i n l e s s  s t e e l  exposed t o  t he rma l l y  convect ive l i t h i u m .  

Indeed, t h e  d i f f e r e n c e  i n  con t ras t  between t h e  co r ros i on  l a y e r  

Such behavior  i s  t y p i -  

Evidence f o r  t h e  mass t r a n s f e r  o f  manganese t o  t h e  c o l d  zone i s  based on t h e  fo rmat ion  of depos i ts  on 

The specimen a t  t h e  lowest  

The 

The exact  na tu re  o f  t h e  t r a n s p o r t  r eac t i ons  i n v o l v i n g  chromium i s  no t  known. However, as discussed 

Reactions between C r  and N and between L i ,  Cr ,  and N a re  possibles.6 

The data from t h i s  t h i r d  

Although l ong  range ordered (LRO) a l l o y s  a re  no longer  a c t i v e l y  s tud ied  i n  t h e  A D l P  program, a f u r t h e r  
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Fig. 9.4.2. Polished cross sections of al loys exposed t o  thermally convective l i th ium for  3095 h. 
( a )  Age 18-18+. 490°C. ( b )  R87, 5OOOC. (c) PCMA-2, 495OC. (a) PCMA-4, 485OC. (e) PCMA-9, 495°C. 
(f) Nitronic-32, 485OC. (9) Type 316 stainless steel ,  5 O O O C .  
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Fig. 9.4.4. Scanning e l e c t r o n  micrographs of po l i shed  cross sec t ions  of LRO-35 exposed t o  t he rma l l y  
convec t ive  l i t h i u m  a t  600°C. (a) 2512 h. ( b )  7495 h. 

Cons idera t ion  o f  t h e  observed changes i n  
morphology and composi t ion suggests t h a t  t h e  
i n n e r  l a y e r  develops by d i s s o l u t i o n  o f  n i c k e l  
and, t o  a l e s s e r  ex ten t ,  i r on ,  w h i l e  t h e  ou te r  and 7495 h 
l a y e r  forms by redepos i t i on  of d i sso l ved  i r o n  
(du r i ng  exposure o r  cool-down o r  both). We 
base t h i s  conc lus ion  on t h e  res is tance  of vana- 
dium t o  d i s s o l u t i o n  i n  l i t h i u m  compared t o  Analyzed area t i m e  
i ron .  The h i ghe r  res is tance  o f  t h e  former ( h )  Fe Ni V T i  
makes i t  improbable t h a t  i t  was p r e f e r e n t i a l l y  
depleted i n  t h e  ou te r  layer .  Indeed, as shown Outer co r ros i on  zone 2512 92 1 6 1  

i n  t h e  i n n e r  co r ros i on  l a y e r  r e l a t i v e  t o  t h e  Inner  co r ros i on  zone 2512 73 1 25 1 
uncorroded matr ix .  It thus  appears tha t ,  as Inner  co r ros i on  zone 7495 67 1 30 0.5 
observed i n  o the r  n i c k e l  - con ta i n i  ng a1 l o y s , l l  M a t r i x  2512 46 31  22 0.5 
t h e  n i c k e l  i s  p r e f e r e n t i a l l y  d i sso l ved  from t h e  M a t r i x  7495 46 31  22 0.5 
a l l o y  and then  t r anspo r ted  t o  t h e  c o l d  zone, 
w h i l e  much of t h e  i r o n  i s  s imply redeposi ted on 
t h e  h o t  l e g  sur face  t o  form t h e  very  porous 
s t r u c t u r e  noted i n  t h e  micrographs. It i s  spec t ra l  data. 
i n t e r e s t i n g  t o  no te  t h a t ,  i n  another l i t h i u m  
l oop  experiment ,9 a l o o s e l y  adherent sur face  
l a y e r  on a LRO-35 specimen was found t o  be pure i ron .  
cons is ted  o f  t h e  open ou te r  zone of t h e  duplex r e a c t i o n  layer .  

Table 9.4.3. Composit ional ana l ys i s  o f  LRO-35 
specimens exposed t o  t he rma l l y  convec t ive  

l i t h i u m  a t  6 0 0 Y  f o r  2512 

Exposure Concentrat ion ( w t  %)a 

i n  Table 9.4.3, vanadium i s  s l i g h t l y  enr iched Outer cw-rosion zone 7495 93 1 4 1  

aAveraged measurements based on standardless 
ana l ys i s  us i ng  ZAF-corrected energy d i spe rs i ve  x- ray 

I n  view o f  t h e  present  r esu l t s .  t h i s  l a y e r  m s t  have 
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Examination o f  a LRO-1 specimen exposed t o  
thermal ly convective l i t h i u m  a t  600OC for  2500 h 
revealed a d i f f e r e n t  corrosion morphology than tha t  
observed for LRO-35 (see Fig. 9.4.6). Nevertheless, 
t h i s  examination a lso y ie lded  evidence of redeposi- 
t i on ,  a l b e i t  under a d i f f e r e n t  set o f  circumstances. 
Refer r ing t o  the  micrographs o f  the pol ished cross 
sect ion o f  LRO-1 shown i n  Fig. 9.4.6, the corrosion 
process resu l ted i n  a very shallow, but open, sur- 
face layer. (Presumably, t he  par ts  tha t  appear t o  
be "detached" were ac tua l l y  connected t o  the speci- 
men somewhere below or  above the  plane o f  polishing. 
I n  t h i s  sense, the "pore" s ize was much greater than 
i n  the  case of LRO-35.) 
spectra of some o f  these areas showed enrichment i n  
i r o n  and strong deplet ion i n  vanadium r e l a t i v e  t o  
the concentrations i n  the uncorroded matrix. 
Furthermore, some protrusions on the surface had a 
d i s t i n c t  over ly ing layer  t h a t  d i f f e red  i n  secondary 
e lec t ron i n t e n s i t y  (see Fig. 9.4.7). X-ray spectra 
o f  these layers showed them t o  be s i m i l a r  i n  com- 
pos i t i on  t o  those "detached" areas described above, 
whi le  the under ly ing parts o f  the protrusions exhi-  
b i t e d  spectra l i k e  tha t  of the uncorroded matrix. 
Table 9.4.4 l i s t s  the comoositions of these various 

Energy dispersive x-ray 

11-21716 

Fig. 9.4.5. Scanning e lec t ron micrograph o f  
an area a t  the center l ine o f  a polished cross 
sect ion o f  LRO-35 exposed t o  thermal ly convective 
l i t h i u m  a t  600'C f o r  7495 h. 

par ts  o f  the micrograph shown i n  Fig. 9.4.7. 
elements tha t  compose LRO-1 (Co, Fe, and V). vana- 
dium should be the most d i sso lu t i on  resistant.  Therefore, these experfmental observations are again con- 
s is ten t  w i t h  the assumption t h a t  the  outer l aye r  i s  a r e s u l t  of redeposit ion, i n  t h i s  case o f  i r o n  and 
cobalt, since p re fe ren t ia l  d i sso lu t i on  of vanadium (which would r e s u l t  i n  a surface layer  of i r o n  and 
cobal t )  i s  not a l i k e l y  process. I n  t h i s  regard, it i s  i n t e r e s t i n g  t o  note t h a t  a redeposi t ion mechanism 
was considered, but rejected, as an explanation for  poros i ty  formation on Fe-Ni-Cr s tee ls  exposed t o  l i t h i u m  
because o f  the observation o f  d isso lu t ion- res is tant  molydenum nodules on the outer surface.1' I n  t h a t  case, 
the  presence o f  molydenum on the surface suggested lack of redeposit ion. while, for the present analysis, 
the lack of vanadium on the outer surface impl ied j u s t  the  opposite. 

Of the 

M-21693 M-21697 

Fig. 9.4.6. Scanning e lec t ron micrographs of a pol ished cross sect ion o f  LRO-1 exposed t o  thermal ly 
convective l i t h i u m  a t  600°C for 2721 h. 

In order t o  determine if the  severe corrosion o f  LRO a l l oys  i n  thermal ly convective l i t h i u m  could be 
reduced by the presence of aluminum i n  the  s t a r t i n g  a l l oy ,  specimens of LRO-1 and LRO-7 were exposed i n  
successive loop experiments. The LRO-7 a l l o y  i s  bas ica l l y  the  same composition as LRO-1 except for  the 
add i t i on  o f  0.4 w t  X A1 (see Table 9.4.2). As shown by the  weight change versus exposure t ime data i n  
Fig. 9.4.8, the presence o f  aluminum had no ef fect  on corrosion as measured by weight losses. 
as a lso shown i n  Fig. 9.4.8, a f i n a l  l i t h i u m  loop experiment w i th  the ordered i n t e r m e t a l l i c  a l l o y  N i s A l  
revealed weight loss  k ine t i cs  s i m i l a r  t o  those f o r  the LRO alloys. T h i s  observation i s  i n  contrast  t o  
resu l t s  f o r  lead exposures,'2 which showed s i g n i f i c a n t l y  less  corrosion for  Ni3A1 when compared t o  other 
n icke l- conta in ing a l l oys  (presumably due t o  the lower n i cke l  a c t i v i t y  Of the  i n t e r m e t a l l i c  a l l oy ) .  

I n  addi t ion,  
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Table 9.4.4. Compositional analysis of LRO-1 
exposed t o  thermal ly convective l i t h i u m  

for  2500 h a t  60OoC 

Type Concentration ( w t  %)b 

area co v Fe 

Overlying A 50 1 49 
Overlying B 52 1 49 
Underlying C 61 19 20 
Underlying D 61 22 17 
Matr ix  E 62 22 16 
Mat r ix  F 61 23 16 

o f  Locationa 

aLet ters  r e f e r  t o  markings on Fig. 9.4.7. 

b tandard less  analysis based on ZAF- 
corrected energy dispersive x-ray spectral  data. 
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11-21698 

Fig. 9.4.7. Scanning e lec t ron micrograph of a 
pol ished cross sect ion o f  LRO-1 exposed t o  thermal ly 
convective l i t h i u m  a t  6OO0C for 2727 h. 
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Fig. 9.4.8. Weight loss  versus exposure t ime f o r  ordered a l l oys  exposed t o  thermal ly convective 
l i t h i u m  a t  6OOOC. (maximum loop temperature). 

As stated above, the  d i ss im i la r  metal gradient between the LRO specimens and the  loop wal l  surely 
contr ibuted t o  the  sever i t y  o f  the corrosion o f  these alloys. 
cesses ( p a r t i c u l a r l y  the extent o f  n icke l  deplet ion i n  response t o  a thermal gradient v is-a-vis an 
isothermal cond i t ion)  does ind ica te  t h a t  the  Fe-Ni-V ordered a l l o y s  are not wel l  su i ted for  h igh tempera- 
t u r e  l i t h i u m  containment under nonisothermal condit ions. Furthermore, aluminum addi t ions t o  n i cke l  d i d  
not not iceably improve the  corrosion resistance o f  these a l l oys  i n  l i t h i u m  under the current exposure 
condit ions. 

However. the nature of the corrosion pro- 

9.4.5 Conclusions 

1. The exposure o f  Cr-Mn s tee ls  containing 15 t o  20 w t  X t4 t o  thermal ly convective l i t h i u m  resu l ted 
i n  both d i sso lu t i on  and deposi t ion react ions a t  500°C. 
react ions var ied w i t h  a l l o y  composition, a l l  a l l oys  suffered some dissolut ion.  
extent o f  corrosion and composition was found. 

Although the r e l a t i v e  extent of these competing 
No exact co r re la t i on  between 
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2. An ordered Fe-Ni-V a l l o y  was rap id l y  corroded i n  thermal ly convective l i t h i u m  a t  600OC. 
the  extent o f  corrosion was exacerbated by concentration gradient mass t r a n s f e r  between the  loop and the 
specimens. 

Analysis of long range ordered a l l oys  exposed t o  thermal ly convectfve l i t h i u m  revealed two d i f -  
fe ren t  types o f  corrosion-induced poros i ty :  
and the outer l aye r  w i t h  redeposi t ion of d issolved species. 
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9.5 CORROSION OF TYPE 316 STAINLESS STEEL AND 12 C r - 1  MoVW STEEL I N  THERMALLY CONVECTIVE Pb- 17 at. % L i  - 
P. F. T o r t o r e l l i  and J. H. DeVan (Oak Ridge National Laboratory) 

9.5.1 A D I P  Task 

ADIP Task I.A.3, Perform Chemical and Meta l lu rg ica l  Compat ib i l i ty  Analyses. 

9.5.2 Objective 

The purpose of t h i s  task i s  t o  determine the  corrosion resistance of candidate f i r s t - w a l l  mater ia ls  t o  
s lowly f lowing Pb-17 at. % L i  i n  the presence o f  a temperature gradient. 
are measured as functions of time, temperature, and add i t ions o f  minor elements t o  the  lead- l i th ium. These 
measurements are combined w i th  chemical and metallographic examinations o f  specimen surfaces t o  es tab l ish  
the  mechanisms and ra te- con t ro l l i ng  processes f o r  the d i sso lu t i on  and deposi t ion reactions. 

D isso lu t ion and deposi t ion rates 

9.5.3 summasy 
More extensive data from addi t iona l  experiments w i th  type 316,stainless s tee l  and 12 C r - 1  MoVW s tee l  i n  

thermal ly convective Pb-17 at .  % L i  confirmed the resu l t s  o f  e a r l i e r  5OO0C exposures. 
steel  corroded uniformly, whereas the  a u s t e n i t i c  s ta in less s tee l  suf fered severe loca l i zed  penetrat ion and 
mater ia l  loss. 

The 12 C r - 1  MoVW 

9.5.4 Progress and Status 

As discussed ear l ier .1" l i t h i u m  af fords an e f f e c t i v e  solvent f o r  removing lead- l i th ium from exposed 
s ta in less s tee l  specimens. but i t s  use leads t o  the p a r t i a l  o r  t o t a l  s t r i pp ing  o f  corrosion layers. 
Therefore. i n  corrosion exrreriments i nvo lv ing  lead- l i th ium, the specimen cleaning procedure can s i g n i f i -  
can t l y  af fect  weight loss  determina- 
t i o n s  and surface analyses of exposed 
specimens. Accordingly, we have 
revised our experimental procedures 
f o r  thermal convection loops (TCLs) 
c i r c u l a t i n g  Pb-17 a t .  X Li. The 
loops are o f  the usual design3.4 
which al lows corrosion coupons t o  be 
withdrawn and inser ted without 
i n t e r r u p t i n g  the  lead- l i th ium flow. 
However, un l i ke  loop experiments i n  
1 i t h i  urn and e a r l i e r  lead-1 i t h ium 
exposures, once a specimen i s  
removed, i t  i s  not again exposed t o  
the  lead- l i th ium. Rather, four  
specimens are c lus tered a t  500°C a t  
the s t a r t  of exposure and are selec- 
t i v e l y  removed and replaced (wi th  
fresh coupons) a t  ce r ta in  i n t e r v a l s  
t o  measure corrosion losses as a 
funct ion o f  exposure time. In t h i s  
way, the effects of specimen cleaning 
on subsequent re-exposure o f  the same 
coupon are avoided. With t h i s  selec- 
t i v e  replacement o f  loop coupons, 
corrosion data f o r  seven d i f fe rent  
exposure periods w i l l  be obtained 
dur ing the  10,000 h each loop opera- 
t e s  w i th  inser ted specimens. 

type discussed above are cu r ren t l v  
Two loop experiments of the 
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Fig. 9.5.1. Weight loss  versus exposure t ime f o r  type 316 
s ta in less  s tee l  and 12 Cr-1 MoVW steel .  

.. 
i n  progress. 
t h a t  previously had c i r cu la ted  l i t h i u m  for  over 10.000 h. 
mens and i s  made from 9 C r - 1  Mo steel .  It had not seen previous service. 
Pb-17 at .  X L i  a t  a maximum temperature of 5OOOC. but the temperature d i f f e r e n t i a l  i s  h igher i n  the case o f  
the 12 C r - 1  MoVW steel  (15OOC) than the  type 316 s ta in less s tee l  (100°C). 
the preparat ion of the lead- l i th ium used i n  both loops were given previously.5) 

much greater s u s c e p t i b i l i t y  of type 316 s ta in less s tee l  t o  corrosion by Pb-17 at. % L i  r e l a t i v e  t o  t h a t  o f  
12 C r - 1  MoVW steel. Furthermore, given the v a r i a b i l i t y  i n  the s t r i p p i n g  o f  the corrosion layer  dur ing 
cleaning,' the l a t e s t  weight losses measured f o r  type 316 s ta in less s tee l  a t  500°C, as p l o t t e d  i n  
Fig. 9.5.1. agree ra ther  wel l  w i th  previously reported4 values of 311 and 338 g/m2 for  t h i s  s tee l  when 
s i m i l a r l y  exposed for  2472 h. 

I n  one loop, type f16 s ta in less s tee l  coupons are contained i n  type 316 s ta in less s tee l  p ip ing  
A second TCL contains 12 C r - 1  MoVW s tee l  speci-  

Both loops are c i r c u l a t i n g  

(The d e t a i l s  o f  the procedure f o r  

The i n i t i a l  weight l oss  resu l t s  f o r  both al loys,  shown i n  Fig. 9.5.1, confirmed e a r l i e r  datal32 sharing 

Consideration o f  the weight loss  versus t ime curve f o r  type 316 s ta in less 
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9.5.5 Conclusions 

1. 

2. 

Comparison of weight losses and corrosion morphologies of type 316 s ta in less s tee l  and 12 C r - 1  MoVW 

I n  cont ras t  t o  the uniform d isso lu t i on  of the  12 Cr-1 MoVW steel ,  t he  type 316 s ta in less s tee l  

s tee l  s i m i l a r l y  exposed t o  Pb-17 at. % L i  a t  5OO0C for  up t o  about 3000 h revealed much greater at tack o f  
the type 316 s ta in less  steel .  

suffered severe loca l i zed  corrosion. 
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9.6 COMPATIBILITY OF VANADIUM ALLOYS I N  H I G H  TEMPERATURE WATER - 
P. F. T o r t o r e l l i  (Oak Ridge Nat ional  Laboratory)  

9.6.1 ADlP 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. 

9.6.2 Ob jec t i ve  

temperature water f o r  a p p l i c a t i o n  t o  water-cooled fus ion  reactors.  
p u r i t y  water i n  a s t a i n l e s s  s tee l  autoclave ( w i t h  and w i t hou t  a hydrogen overpressure)  t o  q u a l i t a t i v e l y  
determine (1) the  ex ten t  o f  ox i da t i on  o f  t he  a l l o y s  and (2)  t h e  tendency f o r  hydrogen uptake by these 
mater ia ls .  

9.6.3 Summary 

The purpose o f  t h i s  task i s  t o  determine t h e  c o m p a t i b i l i t y  of Path C vanadium a l l o y s  w i t h  h igh-  
Candidate a l l o y s  are exposed t o  h igh-  

I n i t i a l  r e s u l t s  from slow s t r a i n  r a t e  t e s t i n g  o f  V-15 C r - 5  Ti and V-3 T i - 1  S i  i n  300°C water revealed 
l i t t l e  in f luence of a h igh temperature aqueous environment and hydrogen on t he  d u c t i l i t y  of these a l l oys .  
t h i n  ox ide  f i l m  on exposed specimens i s  thought  t o  prevent  hydrogen uptake by these a l l oys .  

9.6.4 Progress and Status 

Previously,  we reported1 t h a t  Path C vanadium a l l o y s  - s p e c i f i c a l l y ,  i n  w t  %, V-20 T i ,  V-15 Cr-5 T i ,  
and Vanstar-7 (V-9 Cr-3 Fe-1.2 Z r )  - appeared t o  have f a i r l y  low ox ida t i on  ra tes  i n  water a t  300°C and t h a t  
t he re  was no d i s c e r n i b l e  e f f e c t  o f  a hydrogen overpressure o f  83 kPa (12 p s i )  on t h e  c o m p a t i b i l i t y  o f  t he  
a l l oys .  The in f luence of a hydrogen overpressure was t h e  p a r t i c u l a r  focus of t h i s  study s ince we wanted t o  
examine t h e  e f f e c t s  o f  oxygen suppressants, p a r t i c u l a r l y  hydrogen, on t he  ox ida t i on  r a t e  i n  water and on t he  
p o t e n t i a l  f o r  hydrogen uptake by these vanadium a l l oys .  This i n f o rma t i on  i s  very p e r t i n e n t  t o  a recent  
f us i on  reac t i on  design concept i nco rpo ra t i ng  a se l f - coo led  heavy water breeding blanket.* 

deionized water i n  a s t a i n l e s s  s tee l  autoclave f o r  100 h a t  300'C w i t h  and w i t hou t  a hydrogen overpressure. 
I n  t h i s  way, p ressur ized  water r eac to r  cond i t i ons  were p a r t i a l l y  simulated. The average steam pressure i n  
t h e  autoclave was about 9.0 MPa (1.3 k s i ) .  A f t e r  coo l i ng  from t h e  exposure temperature, t he  specimens were 
removed from the  autoclave,  d r ied ,  and then immediately weighed and t e n s i l e  t es ted  i n  a i r  a t  room tempera- 
ture.  Por t ions  o f  t he  specimens were used f o r  microhardness de termina t ion  ( w i t h i n  12 h o f  removal from t h e  
au toc lave)  and hydrogen ana lys is  ( w i t h i n  30 h). 
avo id  l oss  o f  hydrogen. Cross sect ions o f  t he  specimens were subsequently po l i shed and etched f o r  d e t a i l e d  
metal lograph i  c exami n a t i  on. 

These data are i n  con t ras t  t o  recent  r e s u l t s  from a more d e t a i l e d  study o f  those a l l o y s  i n  h igh temperature 
(288'C) water,3 where weight  losses were measured. This d i f f e r e n c e  i n  r e s u l t s  may be a t t r i b u t e d  t o  several 
d i f f e r e n t  experimental cond i t ions .  For example, wh i l e  a l l  our exposures were f o r  100 h, t he  weight  changes 
measured i n  t he  more recent  study were over a pe r i od  o f  2000 h w i t h  t h e  e a r l i e s t  weighing a t  192 h. A l l  o f  
our data are t h e r e f o r e  short- term. As discussed below, our most recent  measurements i n d i c a t e  most of t he  
weight ga in  occurs w i t h i n  t he  f i r s t  few hours. A t  much longer  t imes, o the r  processes cou ld  r e s u l t  i n  net  
weight losses. Furthermore, t he  o x i d i z i n g  cond i t i ons  i n  our s t a t i c  autoclave experiments cou ld  have been 
q u i t e  d i f f e r e n t  from those o f  t h e  o the r  study, which used a ref reshed autoclave system w i t h  c o n t r o l l e d  and 
monitored oxygen l eve l s .  

t h e  vanadium a l l o y s  as determined by postexposure chemical analyses and p r o p e r t i e s  measurements. We postu- 
l a t e d '  t h a t  t h i s  lack  o f  hydrogen uptake, desp i te  a thermodynamic tendency fo r  such, was due t o  t h i n  ox ide 
f i l m s  a c t i n g  as hydrogen permeation b a r r i e r s ,  i n  accord w i t h  a study o f  hydrogen permeation through vana- 
dium.'+ Such f i l m s  are cons is ten t  w i t h  t he  measured weight  gains, but  such a t h i n  oxide f i l m  has a l so  been 
observed i n  V- 15 Cr-5 T i  t h a t  suffered a net weight l oss  dur ing  exposure t o  h igh  temperature water.3 I n  
o rder  t o  f u r t h e r  i n v e s t i g a t e  t h i s  phenomenon, i n - s i t u  s t r a i n i n g  experiments have been i n i t i a t e d  dur ing  t he  
cu r ren t  r e p o r t i n g  period. A main purpose of t h i s  study i s  t o  avo id  some of t he  problems r e l a t e d  t o  post-  
exposure ana l ys i s  by e l i m i n a t i n g  u n c e r t a i n t i e s  about (1) t h e  d i s p o s i t i o n  of accumulated hydrogen du r i ng  t h e  
long  cool down per iods a f t e r  h igh temperature exposure and (2)  t h e  poss ib l e  c rack ing  o f  t he  t h i n  oxide f i l m  
wh i l e  under s t r a i n  ( thereby compromising i t s  e f f ec t i veness  as a permeation b a r r i e r ) .  

A h igh  temperature, h igh  pressure t e n s i l e  t e s t i n g  system c o n s i s t i n g  of a Has te l loy  C276* autoclave,  a 
slow s t r a i n  r a t e  device, and a load c e l l ,  i s  being used f o r  t he  i n - s i t u  study. A schematic drawing o f  t he  
pressure vessel p a r t  of t h e  system i s  shown i n  Fig. 9.6.1. Constant extension ra tes  of about lo-' t o  
lo-' 5-1 are obta inable.  Dur ing t he  cur ren t  r e p o r t i n g  per iod ,  pressure t e s t i n g  and c a l i b r a t i o n  o f  the  
s t r a i n i n g  system were completed. 
a t  300°C i n  argon were i n  r e l a t i v e l y  good agreement w i t h  publ ished  value^.^ We are, however, most 
i n t e r e s t e d  i n  any r e l a t i v e  d i f f e r e n c e  i n  e longat ion  (i.e., d u c t i l i t y )  when vanadium a l l o y s  are exposed t o  
300°C water i n  t h e  presence or absence o f  hydrogen. Experimental r e s u l t s  t o  date a re  s t i l l  q u i t e  l im i t ed .  

A 

The p r i o r  experiments were conducted by exposing t e n s i l e  specimens o f  t he  vanadium a l l o y s  t o  deaerated, 

These analyses were performed as q u i c k l y  as poss ib l e  t o  

Pass iva t ion  o f  t he  vanadium a l l o y s  usua l l y  occurred, s ince weight gains were measured i n  most cases. 

A more important  r e s u l t  of our e a r l i e r  study was t h a t  t he re  was no s i g n i f i c a n t  hydrogen accumulat ion i n  

Measurements o f  e longat ion  and u l t i m a t e  t e n s i l e  s t reng th  f o r  V- 15 C r - 5  T i  

*Trademark o f  Cabot Corooration. 
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Table 9.6.1. Resu l t s  o f  i n i t i a l  cons tan t  
ex tens ion  r a t e  t e s t s  w i t h  

vanadium a l l o y s  

Elonga- 

( % )  

H2 pressure tiona Temper- 

("C) 

Envi ron-  ature 
W a )  ment 

. .  

V-15 Cr-5 T i  

A r  296 0 17 ~~ ~ 

292 0 23 
295 0 17 
296 90 18 

H2 0 
H2 0 
H2 0 

V-3 T i - 1  S i  

A r  294 0 
H., 0 294 0 
H; 0 308 0 

176 
14 
16b 

" A t  s t r a i n  r a t e  of -6 x 10-5 5-1 

bAt s t r a i n  r a t e  o f  -1 x 10-5 s-1 
except as noted. 

Fig. 9.6.1. Schematic drawing o f  cons tan t  ex tens ion  
r a t e  p ressure  vessel  system. 

However, as shown i n  Table 9.6.1, based on one t e s t  i n  a water  p l u s  hydrogen environment, t h e r e  was no 
s i g n i f i c a n t  change i n  e l o n g a t i o n  o f  V-15 C r - 5  T i  r e l a t i v e  t o  exper iments conducted i n  300OC water  w i t h o u t  a 
hydrogen overpressure.  The data i n  Table 9.6.1 a l s o  show no s u s c e p t i b i l i t y  of e i t h e r  V-15 C r- 5  T i  o r  
V-3 T i - 1  S i  t o  d u c t i l i t y  l o s s  d u r i n g  s t r a i n i n g  i n  h i g h  temperature water  and t h u s  t h e r e  i s  no i n i t i a l  e v i -  
dence o f  aqueous s t r e s s  c o r r o s i o n  c r a c k i n g  o f  these  a l l o y s  under t h e  present  t e s t  c o n d i t i o n s .  While add i-  
t i o n a l  exper iments a r e  r e q u i r e d  t o  c o n f i r m  these  t e n t a t i v e  f i n d i n g s ,  t h e  p r e l i m i n a r y  da ta  on a l a c k  o f  a 
hydrogen e f f e c t  a r e  c o n s i s t e n t  w i t h  t h e  r e s u l t s  f rom our  e a r l i e r  study.' Furthermore, t h e  weight  ga ins of 
t h e  exposed specimens were comparable t o  those  r e p o r t e d  e a r l i e r  f o r  100 h exposures.' Although t h e  s p e c i -  
mens f rom t h e  i n - s i t u  s t r a i n i n g  exper iments were exposed f o r  a much s h o r t e r  t i m e  than  t h e  e a r l i e r  exposures 
(-1 versus 100 h ) ,  t h e  we igh t  ga ins were o f  t h e  same magnitude as a t  t h e  l o n g e r  t imes  and i n d i c a t e  a r a t h e r  
r a p i d  p a s s i v a t i o n  r a t e  i n  accordance w i t h  a s tudy  of vanadium i n  25°C water.6 The ox ide  f i l m  can t h u s  form 
r a p i d l y ,  and as d iscussed above, prevent  hydrogen uptake by t h e  vanadium a l l o y s .  

9.6.5 Conclus ions 

1. P r e l i m i n a r y  r e s u l t s  f rom slow s t r a i n  r a t e  t e s t i n g  o f  V-15 Cr-5 T i  and V-3 T i - 1  S i  i n  300°C water  

2. A r a p i d  p a s s i v a t i o n  r a t e  of t h e  vanadium a l l o y s  can l e a d  t o  t h e  development o f  a t h i n  ox ide  f i l m  

revea led  l i t t l e  i n f l u e n c e  o f  a h i g h  temperature aqueous environment and hydrogen on t h e  d u c t i l i t y  of these 
a1 1 oys . 
t h a t  p reven ts  hydrogen uptake. 
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10.1 FUSION PROGRAM RESEARCH MATERIALS INVENTORY - T. K. Roche, F. W. Wif fen (Oak Ridqe 
N a t i o n a l  L a b o r a t o r y ) ,  J. W. D a v i s  (McDonnel l  Doug las  A s t r o n a u t i c s  Company - St.  L o u i s  
D i v i s i o n ) ,  and T. A. Lech tenbe rg  (GA T e c h n o l o g i e s )  

10.1.1 ADIP Task 

ADIP Task 1.0.1, M a t e r i a l s  S t o c k p i l e  f o r  M a g n e t i c  F u s i o n  Energy Programs. 

10.1.2 O b j e c t i v e  

Oak Ridge N a t i o n a l  L a b o r a t o r y  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  r e s e a r c h  m a t e r i a l s  t o  p r o v i d e  a common 
s u p p l y  of m a t e r i a l s  f o r  t h e  F u s i o n  R e a c t o r  M a t e r i a l s  program. T h i s  w i l l  m i n i m i z e  u n i n t e n d e d  m a t e r i a l  
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  reco rd- keep ing .  
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  resea rch ,  b u t  
v a r i o u s  s p e c i a l - p u r p o s e  m a t e r i a l s  may be added i n  t h e  f u t u r e .  

The use of m a t e r i a l s  f rom t h i s  i n v e n t o r y  t h a t  i s  c o o r d i n a t e d  w i t h  o r  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  
t h e  Fus ion  Reac to r  M a t e r i a l s  program o f  t h e  Depar tment  o f  Energy  i s  encouraged. 

I n i t i a l l y  t h i s  i n v e n -  

10.1.3 M a t e r i a l s  Requests and Re lease  

M a t e r i a l s  r e q u e s t s  s h a l l  be d i r e c t e d  t o  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  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 r e l e a s e d  d i r e c t l y  i f  (a )  t he  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  g o a l s  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 
P lans  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  r e a u e s t e d  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  compromis ing o t h e r  i n t e n d e d  uses. 

M a t e r i a l s  r e q u e s t s  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 i s c u s s e d  w i t h  t h e  s t a f f  o f  t h e  Reac to r  
Techno log ies  Branch,  O f f i c e  of F u s i o n  Energy,  f o r . a g r e e m e n t . o n  a c t i o n .  

10.1.4 Records 

Chemis t r y  and m a t e r i a l s  p r e p a r a t i o n  r e c o r d s  a r e  m a i n t a i n e d  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  
s u p p l i e d  t o  prog ram u s e r s  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 .  

10.1.5 Summary o f  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 D u r i n g  P e r i o d  A p r i l  1, 1985, 
t h r o u g h  September 30, 1985 

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  F u s i o n  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  T a b l e  10.1.1. T h i s  t a b l e  i n d i c a t e s  t h e  nomina l  d i a m e t e r  o f  r o d  o r  t h i c k n e s s  
o f  shee t  f o r  p r o d u c t  fo rms o f  each a l l o y  and a l s o  i n d i c a t e s  by w e i g h 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  p roduce  o t h e r  p r o d u c t  fo rms 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  p e r i o d .  T a b l e  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  f r o m  t h e  
I n v e n t o r y .  

A l l o y  c o m p o s i t i o n s  and more d e t a i l  on t h e  a l l o y s  and t h e i r  p rocu remen t  and/or  f a b r i c a t i o n  a r e  g i v e n  i n  
t h i s  and e a r l i e r  A O I P  p r o g r e s s  r e p o r t s .  

No m a t e r i a l  was 

Tab le  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  f u s i o n  
p rog ram r e s e a r c h  m a t e r i a l s  i n v e n t o r y  

P roduc t  f o r m  

T h i n - w a 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  
o r  ba ra  weight d i a m e t e r  t h i c k n e s s  

A1 1 oy 

( k g )  (mm 1 (mm) (inm ) 

P a t h  A Alloys 

Type 316 S S  900 16 and 7.2 13 and 7.9 0.25 
0.25 Pa th  A PCAb 490 

USSR Cr-Mn a t e e l c  
NONMAGNE 30 18.5 10 

1.6 
1 

1 6 . 5  
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T a b l e  10.1.1. ( c o n t i n u e d ) .  

P r o d u c t  fo rm 

T h i n - w a 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  

w e i g h t  

A1 1 oy 
O r  d i a m e t e r  t h i c k n e s s  

(mm 1 (mm 1 (mm) ( k g )  

P a t h  B A l l o y s  

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

T i  -64 
T i  -6242s 
T i- 5621s  
T i  - 38644 
Nb-l%Zr 
N&S%M+l%Zr 
V-20%Ti 
\clS%Cr--S%Ti 
VANSTAR-7 

LRO-37e 

HT9 (AOD 

HT9 (AODIESR 

HT9 
HT9 + 1% N i  

f u s i o n  h e a t )  

f u s i o n  h e a t )  

HT9 + 2% N i  
HT9 + 2% N i  
+ C r  a d j u s t e d  

T-9 m o d i f i e d 9  
T- 9 m o d i f i e d  

T-9 m o d i f i e d  
+ 2% N i  

+ 2% N i  + C r  a d j u s t e d  
2 114 Cr-1Mo 

140 17 and 7.1 
180 
180 
180 
180 
180 

Pa th  C A l l o y s  

63 

6.3 
6.3 
6.3 
6.3 
6.3 

Path  D A l l o y  

Pa th  E A l l o y s  

3400 

7000 25, 50, 7 5  

1 3  and 1.6 0.25 

2.5 and 0.76 
6.3, 3.2, 0.76 
2.5 and 0.76 
0.76 and 0.25 
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 

a G r e a t e r  t h a n  25 mm, minimum d imens ion.  

@r ime  c a n d i d a t e  a l l o y .  

ORod and shee t  of a USSR s t a i n l e s s  s t e e l  s u p p l i e d  unde r  t h e  U.S./USSR 
F u s i o n  R e a c t o r  M a t e r i a l s  Exchange program. 

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 c o m p o s i t i o n  Fe-14%Mn-Z%Ni- 
2%Cr. It 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 A tom ic  Energy Research 
I n s t i t u t e .  

'LRO-37 i s  t h e  o r d e r e d  a l l o y  (Fe,Ni),(V,Ti) w i t h  c o m p o s i t i o n  Fe-39.4%Ni- 
22.4%\M.43%Ti. 

f A l l o y  12Cr-1MoVW w i t h  c o m p o s i t i o n  e q u i v a l e n t  t o  Sandv ik  a l l o y  HT9. 

BT-9 m o d i f i e d  i s  t h e  a l l o y  9Cr-1MoVNb. 

h M a t e r i a l  i s  t h i c k - w a l l  p i p e ,  r e r o l l e d  as necessa ry  t o  produce shee t  or 
rod.  
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Table 10.1.2. Fusion program research ma te r i a l s  i nven to r y  
disbursements A p r i l  1, 1985, through September 30, 1985 

A l l o y  Heat Product Dimensiona Quan t i t y  
form (mm 1 (m2 1 Sent t o  

Path C A l l oys  - Reac t i ve  and Ref rac to ry  A l l oys  

Y-lS%Cr--S%Ti CAM835A Sheet 2.54 0.013 EG&G Idaho, Inc. 

Y--20%Ti CAM833 Sheet 0.16 0.01 Rad ia t ion  Ef fects 
Group, M&C 
D i v i s i on ,  ORNL 

QCharac te r i s t i c  dimensions: Thickness f o r  p l a t e  and sheet, diameter 
f o r  r od  and tub ing .  
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10.2 I R R A D I A T I O N  EXPERIMENT STATUS AND SCHEDULE - M. L. Grossbeck (Oak Ridge Nat iona l  
Labora to ry )  

A l a r g e  number o f  planned, in- progress,  and completed r eac to r  i r r a d i a t i o n  experiments support  t h e  A O I P  
program. 
been removed from t h e  r eac to r  r ecen 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  are planned f o r  f u t u re  
i r r a d i a t i o n  are shown i n  t h e  schedule bar cha r t s  of Table 10.2.2. 

Experiments were under way du r i ng  t h e  r e p o r t i n g  pe r i od  i n  t h e  Oak Ridge Research Reactor (ORR)  and t h e  
High Flux Iso tope  Reactor (HFIR), which are mixed-spectrum reac to rs ,  and i n  t h e  Fast F lux  Test F a c i l i t y  
(FFTF), which i s  a f a s t  reac to r .  

Dur ing t h e  r e p o r t i n g  per iod ,  t h e  second HFIR capsule o f  t h e  U.S./Japan coopera t i ve  program completed 
i r r a d i a t i o n .  
exposure o f  30 dpa. 
r e s u l t i n g  from t h e  t r e n d  toward h i ghe r  damage l eve l s .  
i r r a d i a t i o n  i n  J u l y  1985. 
program. 
program has an increased emphasis on i r r a d i a t i o n  creep. 
(60, 200°C) a t t a i n e d  by ORR-MFE-6J. 

Table 10.2.1 summarizes t h e  parameters t h a t  descr ibe  completed experiments. Experiments t h a t  have 

This  capsule was very s i m i l a r  t o  JP-1, removed l a s t  r e p o r t i n g  per iod ,  and a l s o  rece ived  an 

However, t n o  major ORR i r r a d i a t i o n  veh i c l es  began 
No o ther  capsules were removed from t h e  H F I R ,  r e f l e c t i n g  a lower r a t e  o f  removal 

These two experiments were a l s o  p a r t  o f  t h e  U.S./Japan coopera t i ve  i r r a d i a t i o n  
A comprehensive s e r i e s  o f  p r o p e r t i e s  w i l l  be i n v e s t i g a t e d  by both p a r t i c i p a n t s ,  but  t h e  U.S. 

There i s  a l s o  much i n t e r e s t  i n  t h e  low temperatures 

Table 10.2.1. Desc r i p t i ve  parameters f o r  completed A O I P  program f i s s i o n  
r eac to r  i r r a d i a t i o n  experiments 

Die- 
placement Date 

Alloy Temperature Damage Helium Duration Com- 
Experiment Major Objective ('0 (dpa) (at. ppm) (months) pleted 

ORB-WE-1 

ORB-MPE-2 

ORB-MPE-5 

Subassembly 
X-264 

M - X .  Sub- 
assembly X-287 

Awl* sub- 
assembly X-217D 

AD-2,  sub- 
assembly X344B 

HPIR-CTR-3 

BFIK-CTR-4 
HPIK-CTR-5 

UPIR-CTR-6 

HPIR-CTR-7 
KPIR-CTR-8 
HPIR-CTR-9 
HPIR-CTR-10 
HPIR-CTR-11 
HPIR-CTR-12 
HPIR-CTR-13 

Experiments in ORB 

Scope the effects of composition Paths A, 8. 2 5 W O O  2 (10 4 6/78 
end microstructure on tensile. C 
fatigue, and irradiation creep 

Scope the effects of composition Paths A ,  8 .  30WOO 6 (60  15 4 / 8 0  
and miCrOSLrYctYre on tensile. c 
fatigue, and irradiation creep 

In-reactor fatigue crack growth 

Effect of preinjeeted helium on 
microstructure, tensile prop- 
erties and irradiation creep 

Effect of preinjected helium on 
micrO*tr"Ct"re. tensile prop- 
erties, and irradiation creep 

stress relaxation 
Swelling, fatigue crack 
growth, and tensile properties 

T e n s i l e .  fatigue, fracture 
roughnees, Charpy, microstruc- 
ture. and crack growth 

Swelling and tensile properties 

Swelling and tensile properties 
Swelling and tensile properries 

Swelling and tensile properties 

Swelling and tensile properties 
Swelling and tensile properties 
Swelling and tensile properties 
Swelling and tensile properties 
Swelling and tensile properties 
swelling and tensile properties 
Swelling and tensile properties 

Path A 325-460  

Experiments io EBR-I1 

3 1 6 ,  PE-16, 50C-825 
'+ZO%Ti, 
V-ISXCI-SXTI, 
N b l X Z r  

3 1 6 .  PE-16. 400- 700 
V-ZOZTi. 
W l 5 Z C r 5 Z T i .  
N t r l Z Z r  

T i  alloye 450 
T i  alloys 370-550 

Path E 3 9 0 .  450. 
500, 550 

Experiments in H P l R  

PE-16. 300- 700 
Inconel 6 0 0  
PE-16 300- 700 
PE-16. 300- 700 
Inconel 6 0 0  
PE-16. 30&700 
Inconel 6 0 0  
PE-16 300- 700 
PE-16 300- 700 
3 1 6 .  316  + Ti 28C-680 
3 1 6 .  316  + T i  2 8 M 8 0  
3 1 6 .  3 1 6  + T i  28W80  
3 1 6 .  316  + T i  280-680 
3 1 6 .  316  + Ti 280-680 

1 <IO 

8 2-200 

20 2-200 

2 
25 

14,30 

4 . 3 9  35&1800 

2 . 2 4 . 5  100- 350 
4 . 3 ' 3  350- 1800 

4 . H  350-1800 

e 1 8  1250-3000 
9-18 1250- 3000 

10- 16 400- 1000 
10- 16 40@-1000 
10- 16 400- 1000 

7-10 200-500 
7-10 200-500 

2 

4 

23 

I 
14 

1 0 , 2 4  

3 

2 
3 

3 

7 
7 
6 
6 
6 
4 
4 

2 / 8 1  

1 / 7 7  

12/78  

1 / 7 8  
9 / 7 9  

6 / 8 1 ,  
4 / 8 3  

2 / d 5  

3 / 7 7  
4 / 7 5  

4 / 7 5  

8 / 7 7  
8 /77  
5 / 7 7  
5 / 7 7  
5 / 7 7  
2 / 7 7  
2 / 7 7  
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T a b l e  10.2.1. (continued) 

Experiment 

HFIR-CTR-14 
HFIR-CTR-15 
HFIR-CTR-16 

HFIR-CTR-I7 
HFIR-CTR-18 
HEIR-CTR-19 
HFIR-CTR-20 
HEIR-CTR-21 
HEIR-CTR-22 
HFIR-CTR-23 
HFIR-CTR-24 

HFIR-CTR-26 
HFIR-CTR-27 
HFIR-CTR-28 
HFIR-CTR-29 

HFIR-CTR-30 

HFIK-CTR-3 1 

H F I  R-CTR- 32 

HFIR-CTK-33 

HFIK-CTR-34 
HEIR-CTR-35 
HFIK-CTR-36 
HFIR-CTK-39 
HFIR-CTR-40 
HFIR-CTR-4 I 
HFIR-CTR-42 
HFIK-CTK-43 
HFI K-CTK-44a 
HFIK-CTR-45 
HFIR-CTK-46 

HFIR-HFE-RBI 

HFIR-HFE-RB2 

HFIR-MFfi-TI 
HFIR-HFE-TZ 
XFIR-MFE-T3 

Dis- 
plaCeme"t Date 

Alloy Temperature Damage Hel ivm Duracion Com- 
("C)  (dpal ( a t .  ppml (months1 plered 

3 16 430 9-15 40w1000 7 12177 
316 550 6-9 2004400 4 10178 
316 ,  PE-16, 5 5  6-9 150-2700 4 8/77 

Hajor o b j e c t i v e  

Fatigue 
Fatigue 
Weld characterization, swelling, 
and t ens i l e  properties 
Weld characterization 
Swelling and tensile properties 
Weld characterization 
Fatigue 
Fatigue 
Fatigue 
Fatigue 
Temperature calibration and 
Lenbile properties 
Swelling and t ens i l e  properties 
Swelling and tensile properties 
Swelling and tensile properries 
Swelling and tensile properties 

Swelling, micmstrucLure, and 
ductility 
Swelling, microstructure, and 
ductility 
Svelliag, m i ~ r ~ s L r u ~ L u r e .  and 
ductility 

and veld characterization 
Charpy 
Charpy 
Fatigue 
Swelling and rensile properties 
Swelling and tensile properties 
Swelling and tensile properties 
Swelling, t e n s i l e  microstructure 

SwellFng, tensile 

Charpy 

Swelling, microstructure. crack 
growth, fracture toughness, 
Charpy, t e n s i l e ,  and fatigue 
Swelling, microstructure, crack 
growth, fracture toughness, 
Chacpy.  tensile, and fatigue 

Swelling, tensile properties. 

Swelling, tensile fatigue 

Impact  properties 
Swelling and t ens i l e  fatigue 

I n c o n e l  600 
316 280-620 
3 1 6 ,  PE-16 28-700 
316 280-620 
316 430 
316 550 
316 430 
PE-16 430 
316 300-620 

316 286-620 
316 286-620 
316 31-560 
316 37-560 

Experiments In HPIR 

Paths A ,  B,  30(c600 
C ,  u ,  and E 
Parhs A ,  8 ,  3u0-600 
C. D, and E 
Paths A ,  B,  300-600 
C. u .  and E 
Piths A and E 55 

Path E 3110, 400 
Path E 3 0 0 ,  400 
316 PCA 4 3 0 ,  550 
Path E 30-500 
Path E 30-500 
Path E 30W500  
Parhe A ,  D 300-600 
Similar to HFIK-CTR-42 

Path A 25-00 
Similar to HEIR-CTR-44 

Path E 3 0 W 0 0  

Path E 55 

Path E 55 

Path E 5 5  
Path E 5 5  
Path E 55 

7-13 18fH60 
17-27 160C-5600 
1-10 200-500 
6-9 2004400 
9-15 40w1000 
w 2 0 w 0 0  
6-9 3 7 w 1 0 0 0  

2 . 2  30 

30 1900 
56 3500 
30 1900 
56 3500 

40 <15,000 

20 < 7 ,500  

10 < 3 ,000  

10 < 510 

10 w 7 5  
10 0-7 5 
30 2,000 
12 IF90 
12 W 0  
12 W 0  
20 I100 

10 50U 

10 75 

10 90 

2 200 

30 (300 
9 < 75 

10 ' 8 1  

5.5 10177 
12 6 /78  

4 12 /77  
4 1 /78  
7 7 /78  
4 3 / 7 8  
3 .5  2 / 7 9  
1 12 /78  

10 4 /80  
18 1/81 
10 12 /80  
18 8 / 8 1  

14 i u n i  

8 5 / 8 1  

4 12 /81  

4 1 O i 8 0  

4 5 /82  
4 5/82 

13 5 / 8 3  
5 mia2 
5 12/82 
5 1/83 
8 6 / 8 3  

4 5 / 8 3  

4 6 / 8 3  

8 1 / 8 2  

17 7 / 8 3  

12 8 / 8 2  
3 5/81 
4 12/81 

aJoint U.S./EC/JP. 
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