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AN EVALUATION OF TEEE MOLTEN-SALT REACTOR EXPERIMENT 
HASTELLOY N SURVEILLANCE SPECIMENS - THIRD GROW 

H. E. McCoy, Jr. 

ABSTRACT 

We have examined the  t h i r d  group of Hastelloy N 
surveil lance samples removed from the Molten-Salt 
Reactor E-xperiment. Standard Hastelloy N was removed 
from the  core a f t e r  exqosure t o  a thermal fluence of 
9.4 x lo2 '  neutrons/cm" over a time period of 15,289 hr  
a t  650°C and from outside the reactor  vesse l  a f t e r  
exposure t o  a thermal fluence of 2.6 x 
over a time period of 20,789 h r  a t  650°C. 
samples were exposed t o  the  f u e l  s a l t  and the l a t e r  
samples were exposed t o  nitrogen plus 2 t o  5% 02. 
material  seemed quite compatible with both environments. 
Post i r radiat ion t e s t s  showed t h a t  the  fracture  s t r a i n  
was reduced a t  25°C and above 500°C. The reduction i n  
d u c t i l i t y  a t  25°C i s  l i k e l y  due t o  carbide prec ip i ta t ion  
and the  reduction above 500°C i s  due t o  the  presence 
of helium from the 10B(N,a )7Li  transmutation. 
accumulated r e su l t s  i n  t h i s  s e r i e s  of experiments allow 
us t o  follow the changes i n  f rac ture  s t r a i n  over the  
thermal fluence range 1.3 x 

Two heats of modified Hastelloy N were removed 
from the  core a f t e r  i r r ad ia t ion  t o  a thermal fluence of 
5.3  x lo2'  neutrons/cm* over a time period of 9789 h r  
a t  650°C. The pos t i r rad ia t ion  properties of these 
al loys were b e t t e r  than those of standard Hastelloy N. 

neutrons/cm2 
The former 

The 

The 

t o  9.4 x lo2'  neutrons/cm2. 

INTRODUCTION 

The Molten-Salt Reactor Experiment (MSRE) i s  a single region reactor  

t h a t  i s  fueled by a molten f luoride s a l t  (65 LiF-29.1 BeF2-5 ZrF4-0.9 U F 4 ,  

mole $I), moderated by unclad graphite,  and contained by Hastelloy N 

(Ni-16 Mo-7 C r - 4  Fe-0.05 C,  w t  %). The d e t a i l s  of the reactor  design 

and construction can be found elsewhere.' Ne knew t h a t  the neutron 

'R. C .  Robinson, MSRE Design and Operations Report, R. 1, Descrip- 
t i o n  of Reactor Design. ORNL-TM-728 (Januarv 1965). 
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environment would produce some changes i n  the two s t ruc tu ra l  materials - 
graphite and Hastelloy N. Although we were very confident of the  com- 

p a t i b i l i t y  of these materials with the  f luoride s a l t ,  we needed t o  keep 

abreast of the possible development of corrosion problems within the  

reactor  i t s e l f .  For these reasons, we developed a surveil lance program 

t h a t  would allow us t o  follow the  property changes of graphite and 

Hastelloy N specimens as  the reactor  operated. 

The reactor  went c r i t i c a l  on June 1, 1965, and a f t e r  numerous small 

problems were solved, assumed normal operation i n  May 1966. We have 

removed three groups of surveil lance samples and the  r e s u l t s  of t e s t s  on 

the Hastelloy N specimens from the f i r s t  and second groups2j3 were 

reported previously. This report  w i l l  dea l  primarily with the  r e su l t s  

of t e s t s  on the Hastelloy N samples removed with the t h i r d  group of sur- 

veil lance samples. The t h i r d  group included two heats of standard 

Hastelloy N t h a t  had been used i n  fabr icat ing the  MSRE and two heats  

with modified chemistry tha t  had b e t t e r  mechanical propert ies  a f t e r  i r r a -  

diat ion and appear a t t r ac t ive  f o r  use i n  future  molten-salt reactors .  

The respective h i s to ry  of each l o t  was (1) standard Hastelloy N, exposed 

i n  the  MSRE c e l l  t o  an environment of N2 + 2 t o  5% 0 2  f o r  20,789 h r  a t  

650°C t o  a thermal fluence of 2.6 x 
Hastelloy N, exposed i n  the  MSRE core t o  f luoride s a l t  f o r  15,289 h r  a t  

650°C t o  a thermal fluence of 9.4 x lo2' neutrons/cm2, and (3) modified 

Hastelloy N,  exposed i n  the MSRE core t o  f luoride s a l t  f o r  9789 h r  a t  

650°C t o  a thermal fluence of 5.3  x 1 G 2 '  neutrons/cm2. 

t e s t s  on these materials w i l l  be presented i n  d e t a i l  and some comparisons 

w i l l  be made with the data from the  groups removed previously. 

neutrons/cm2, (2 )  standard 

The r e s u l t s  of 

2H. E. McCoy, An Evaluation of the  Molten-Salt Reactor Experiment 
Hastelloy N Surveillance Specimen - F i r s t  Group, OWL-TM-1997 
(November 1967). 

'H. E .  McCoy, An Evaluation of the Molten-Salt Reactor Experiment 
Hastelloy N Surveillance Specimen - Second GrouE, OWL-TM-2359 
1 February 1969). 
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EXPERIMENTAL DETAILS 

Surveillance A s  semb l i e  s 

The core surveil lance assembly was designed by W. H. Cook and 

others,  and the d e t a i l s  have been reported previously.4 

are arranged i n  three s t r ingers .  Each s t r inger  i s  about 62 in .  long and 

consis ts  of two Hastelloy N rods and a graphite section made up of va r i -  

ous pieces t h a t  are joined by pinning and tongue-and-groove jo in ts .  The 

Hastelloy N rod has periodic-reduced sections 1 1/8 i n .  long by l/8 i n .  

i n  diameter and can be cut i n to  small t e n s i l e  specimens a f t e r  it i s  

removed from the  reactor.  Three s t r ingers  a re  joined together so t h a t  

they  can be separated i n  a hot c e l l  and reassembled with one or more new 

s t r ingers  f o r  re inser t ion  in to  the reactor.  The assembled s t r ingers  f i t  

i n to  a perforated Hastelloy N basket t ha t  i s  inser ted in to  an a x i a l  posi- 

t i o n  about 3.6 in .  from the core center l i ne .  

The specimens 

A cont ro l  f a c i l i t y  i s  associated with the surveil lance program. It 

u t i l i z e s  a " fue l  s a l t "  containing depleted uranium i n  a s t a t i c  pot t h a t  

i s  heated e l ec t r i ca l ly .  The temperature i s  controlled by the MSRF: com- 

puter so t h a t  the temperature matches t h a t  of  t he  reactor .  Thus, these 

specimens are  exposed t o  conditions similar t o  those i n  the reactor  

except f o r  the s t a t i c  s a l t  and the  absence of a neutron f lux.  

There i s  another surveil lance f a c i l i t y  f o r  Hastelloy N located out- 

side the core i n  a v e r t i c a l  posi t ion about 4.5  i n .  from the  vessel .  

These specimens are  exposed t o  the c e l l  environment of N2  + 2 t o  5% 0 2 .  

Materials 

The compositions of the two heats  of standard Hastelloy N a re  given 

i n  Table 1. These heats  were a i r  melted by S t e l l i t e  Division of Union 

Carbide Corporation. 

t i o n  of the  reactor  vesse l  and heat 5065 was used f o r  forming the top  

Heat 5085 was used f o r  making the  c y l i n d r i c a l p o r -  

'W. H. Cook, MSR Program Semiann. Progr. Rept. A u g .  31, 1965, 
ORNL-3872, p. 87. 



Table 1. Chemical Analysis of Surveillance Heats 
J 

Content, w t  4 
Heat 5065 Heat 5085 Heat 67-502 Heat 67-504 

Element 

C r  
Fe 
Mo 
C 
S i  
co 
N 
Mn 
v 
P 
S 
A 1  
T i  
cu 
0 
N 
Zr 
H f  

7.2 
3.9 

16.5 
0.065 
0.60 
0.08 
0.04 
0.55 
0.22 
0.004 
0.007 
0.01 
0.01 
0.01 
0.0316 
0.011 

7.3 
3.5 
16.7 
0.052 
0.58 
0.15 
0.07 
0.67 
0.20 
0.0043 
0.004 
0.02 

< 0.01 
0.01 
0.0393 
0.ow 

< 0.002 

7.18 
0.034 

0.05 
0.015 
0.02 
2.15 
0.14 
0.06 
0.001 

< 0.002 
0.02 
0.49 
0.04 
0.0002 

< 0.0001 
< 0.01 
< 0.01 

12.0 

Analysis , ppm 

6.94 
0.05 

0.07 
0.010 
0.02 
0.03 
0.12 
0.01 
0.002 
0.003 
0.03 

< 0.02 
0.03 

< 0.0001 
0.0003 
0.01 
0.59 

12.4 

B 24,37, 38 1 
20,lO 

0.3 

4 

* 
V 

and bottom heads. 

1177°C and a f i n a l  anneal of 2 hr a t  900°C a t  ORNL a f t e r  fabr icat ion.  

These materials were given a mill anneal of 1 h r  a t  

The chemical compositions of  the  two modified al loys are  given i n  

Table 1. The modifications i n  composition were made pr inc ipa l ly  t o  

improve the a l loy ' s  res is tance t o  radiat ion damage and t o  bring about 

general  improvements i n  the fabr icabi l i ty ,  weldabili ty,  and duc t i l i t y .  

These al loys were small 100-lb heats made by S t e l l i t e  Division of Union 

Carbide Corporation by  vacuum melting. 

p la te  by working a t  870°C. 

p la tes  and swaged them t o  1/4-in. d i m .  rod. 

They were finished t o  1/2 i n .  

We cut s t r i p s  1/2 i n .  by 1/2 i n .  from the  

Two sections of rod were 

5H. E. McCoy and J. R. Weir, Materials Development f o r  Molten-Salt 
Breeder Reactors, ORNL-TM-1854 ( June 1967). 
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welded together t o  make 62-in.-long rods f o r  fabr ica t ing  the  samples. 

The rods were annealed for 1 h r  a t  1177°C i n  argon and then the  reduced 

sect ions were machined. 

Te s t Spec ime ns 

The survei l lance rods inside the  core a re  62 i n .  long and those 

outside the  ves se l  are  84 i n .  long. They both a re  1/4 i n .  i n  diameter 

with reduced sect ions 1/8 i n .  i n  diameter by 1 1/8 i n .  long. 

removal from the  reactor-, t h e  rods a re  sawed i n t o  small mechanical prop- 

e r t y  specimens having a gage sect ion l /8  in .  i n  diameter by 1 l /8  in .  

long. 

After 

The f i r s t  rods were machined as segments and then welded together, 

but we described previously an improved technique i n  which we use a 

mil l ing c u t t e r  t o  machine the  reduced sect ions i n  the  rod.3 This tech-  

nique i s  quicker, cheaper, and requires  l e s s  handling of the  r e l a t i v e l y  

f r a g i l e  rods than the  previous method of making the  rods i n t o  segments. 

I R R A D I A T I O N  CONDITIONS 

The i r r a d i a t i o n  conditions f o r  the  three  groups of surveillance 

specimens t h a t  have been removed are  summarized i n  Table 2. The environ- 

ment i n  the  core f a c i l i t y  i s  the  molten-fluoride f u e l  sa l t .  The speci- 

mens outside t h e  core (designated "vessel" specimens) a re  exposed t o  the 

c e l l  environment of N2 + 2 t o  5% 02. 

Te s t ing  Technique s 

The laboratory creep-rupture t e s t s  of unirradiated con t ro l  specimens 

were run i n  conventional creep machines of t he  dead-load and lever-arm 

types. The s t r a i n  was measured by a d i a l  ind ica tor  t h a t  showed the  

t o t a l  movement of the  specimen and pa r t  of t h e  load t r a i n .  The zero 

s t r a i n  measurement was  taken immediately a f t e r  the  load w a s  applied. 

The temperature accuracy w a s  ?0.75%, t he  guaranteed accuracy of t he  

Chrome 1 -P-A lune 1 the  rmoc ouple s us e d . 



Table 2. Summary of Exposure Conditions of Surveillance Samples“ 

Group 1 Group 2 Group 3 

Core Core Vessel Core Core Vessel 
Standard Modified Standard Standard Modified Standard 

Hastelloy N Hastelloy N Hastelloy N Hastelloy N Hastelloy N Hastelloy N 

Date inser ted  

Date removed 

Mwhr on MSBE a t  time 
of i n se r t ion  

of removal 
Mwhr on MSRE a t  t i m e  

Temperature, “C 

Time a t  temperature, h r  

Peak fluence, neutrons/cm‘ 
Thermal (< 0.876 ev) 
Epithermal (> 0.876 ev) 

(> 50 kev) 
(> 1.22 MeV) 
(> 2.02 MeV) 

9 /8 165 9/U/66 

7 128 166 5/9/67 
O.OOC6 8082 

8682 36,247 

650 + 10 650 i 10 
4800 5500 

1.3 x lo2”  4.1 x lozn 
3.8 x 1.2 x 10‘1 
1.2 x 1 0 2 0  3.7 x 1020 
3.1 x 1019 1.0 x 1 0 2 ”  
1.6 x 1019 0.5 x 

8/24,/b5 9/13/66 6 /5 /67 8/24/65 
6 /5 16‘7 4/3/68 4 /3 168 5 /7 168 
3 8682 36,247 0 

36,247 72,41+l 72,441 72,441 

650 + 10 650 10 650 C 10 650 i 10 

11,000 15,289 9789 20,789 

1.3 x 1019 

2.1 x 1013 
5.5 x 1018 

2.5 x 10’’ 

3.0 x 

9.4 x 1020 
2.8 x 10” 
8.5 x 
2.3 x l ozo  
1.1 x 10’0 

5.3 x 1020 
1.6 x 1 0 2 1  
4.8 x 1020 
1.3 x 
0.7 x lo2’ 

2.6 x 
5.0 x 
4.2 x 1019 
1.1 x 1019 
6.0 x 1018 

Peak flux, neutrons emm2 sec-’ Mw-I 
Thermal (< 0.876 ev) 4.1 x lo1‘ (b ,c )  4.1 x lo1‘ b , c )  1.0 X 1011 ( b )  4.1 x 10” (b , c )  4.1 x 10’‘ (b , c )  1.0 x lo1’ (b) 
Epithermal (> 0.876 ev) 1.2 x 10’’ ( c )  1.2 x lo1’ c) 1.9 X lo1’ ( b , c )  1.2 x lo’’ ( c )  1.2 X lo1’ ( c )  1.9 x 10” (b,c) 

(> 50 kev) 3.7 x lo1‘ ( c )  3.7 x 10” c) 1.6 X 10’l ( c )  3.7 x lo1* ( c )  3.7 x ( c )  1.6 x 10” ( c )  
(> 1.22 MeV) 1.0 x 10l2 (b , c )  1.0 x b , c )  4.2 x 10” (b)  1.0 x (b , c )  1.0 x lo1‘ (b,c) 4.2 x 10’’ (b )  
(> 2.02 MeV) 0.5 x 10’‘ (b,c) 0.5 x 10‘‘ b,c) 2.3 x 10” (b)  0.5 x lo1‘ (b ,c )  0.5 x (b ,c )  2.3 x 10” (b )  

a 

bExperimentally determined. 

Information compiled by R. C .  Steffy.  Revised fo r  full-power operation at 8 Mw. 

Calculated. C 
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The pos t i r rad ia t ion  creep-rupture t e s t s  were run i n  lever-arm 

machines t h a t  were located i n  hot c e l l s .  The s t r a i n  was measured by an 

extensometer with rods attached t o  the upper and lower specimen gr ips .  

The r e l a t ive  movement of these two rods w a s  measured by a l inear  d i f f e r -  

e n t i a l  transformer, and the transformer s igna l  was recorded. The accu- 

racy of the s t r a i n  measurement i s  d i f f i c u l t  t o  determine. The 

extensometer (mechanical and e l e c t r i c a l  portions) produced measurements 

t h a t  could be read t o  about +0.02$ s t ra in ;  however, other  fac tors  (tem- 

perature changes i n  the c e l l ,  mechanical vibrations,  e t c .  ) probably com- 

bined t o  give an ove ra l l  accuracy of +0.1$ s t r a in .  This i s  considerably 

b e t t e r  than the  specimen-to-specimen reproducibi l i ty  t h a t  one would 

expect f o r  r e l a t i v e l y  b r i t t l e  materials.  

cont ro l  system w a s  the same as  t h a t  used i n  the  laboratory with only one 

exception. I n  the laboratory, the  cont ro l  system was s tab i l ized  a t  the  

desired temperature by use of a recorder with an expanded scale.  In  the  

t e s t s  i n  the  hot c e l l s ,  the  cont ro l  point was established by se t t i ng  the 

cont ro l le r  without the  aid of the  expanded-scale recorder. This e r ro r  

and the  thermocouple accuracy combine t o  give a temperature uncertainty 

of about kl$. 

The temperature measuring and 

The t e n s i l e  t e s t s  were run on Instron Universal Testing Machines. 

The s t r a i n  measurements were taken from the crosshead t r a v e l  and gener- 

a l l y  are  accurate t o  +2$ s t ra in .  

The t e s t  environment was a i r  i n  a l l  cases. Metallographic examina- 

t i o n  showed t h a t  the  depth of oxidation was s m a l l  and we f e e l  t h a t  the 

environment did not appreciably influence the  t e s t  r e su l t s .  

EXPERImNTAL FESULTS 

Visual and Metallographic Examination 

W. H. Cook w a s  i n  charge of the  disassembly of the  core surveil lance 

f ix ture .  A s  shown i n  Fig. 1 the  assembly was i n  excellent mechanical 

condition when removed. 

clean with markings such a s  numbers and t o o l  marks c l e a r l y  v is ib le .  

The graphite and Hastelloy N surfaces were very 

The 
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Fig. 1. Molten-Salt Reactor Experiment Surveillance Specimens 
from Run 14 (Stringers RS3, RL2, and RR2). 

Hastelloy N was discolored slightly. 
outside the reactor vessel were oxidized, but the oxide was tenacious. 

surveillance rods. 
Hastelby N that were located outside the reactor vessel are shown i n  

Figs. 2 and 3. The c e l l  environment of N2 + 2 t o  5% 0 2  i s  oxidizing t o  
the alloy, bu t the re  i s  no evidence of nitriding. There i s  some inter-  

nal  oxidation t o  a depth of 1 t o  2 mils and a very thin uniform surface 
oxide. The general microstructure i s  characterized by large M~C-type 

carbides that are distributed during the primary working and by f iner  
MgC-type carbides that  formed during the long thermal anneal of 

20,789 hr  at 650°C. 

The Hastelloy N surveillance rods 

We examined polished cross sections of segments from each of the 

Typical micrographs of the rods of standard 

i 

w 
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Fig. 2. Photomic at 5085) Surveillance 
Specimens Exposed to t 
20,789 hr at 65OOC. 5 etched showi 
(b) Etched (glyceria 
ture due to reaction with c e l l  environment. 

shallow modification of microstruc - 
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. . .- .. . . . . . . . . . - -. - . .- . . . - ., . . . -_ . . . -. , , ._ . . .-. - 

Fig. 3. Photomicrographs of Hastelloy N (Heat 5065) Surveillance 
Specimens Exposed t o  the Cell Environment of N2 + 2 t o  5% 02 for 
20,789 h r  at  650°C. 500~. (a)  Unetched showing surface oxidation. 
(b) Etched (glyceria regia) showing shallow modification of microstruc- 
ture due t o  reaction with c e l l  environment. 

c 

*' 

11 
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Typical photomicrographs of the standard Hastelloy N samples 

exposed t o  the  MSRE f u e l  s a l t  f o r  15,289 h r  a t  650°C are  shown i n  

Figs. 4 and 5. There i s  a t h i n  layer  of modified s t ructure  l e s s  than 

0.5 m i l t h i c k  a t  the  surface. This modified s t ructure  w a s  noted pre- 

viously.6 A s  shown i n  Figs. 6 and 7, a similar product i s  formed on 

the  surfaces of the  control  specimens. We o r ig ina l ly  suspected tha t  

t h i s  product formed only where the Hastelloy N was i n  intimate contact 

with graphite,  but a c loser  examination shows t h a t  the modified s t ruc-  

t u re  e x i s t s  around the  complete circumference of t he  rod and not j u s t  

where it makes tangent ia l  contact with graphite. 

standpoint, the  modified layer has not changed detectably since we f i r s t  

observed the  samples removed a f t e r  4800 h r  of exposure and we f e e l  t h a t  

it w i l l  not influence the mechanical properties of the  material. 

The amount of f ine  M6C-type prec ip i ta tes  i s  not detectably d i f f e r -  

From the  p rac t i ca l  

ent  f o r  the  mater ia l  aged while being i r rad ia ted  (Figs. 4 and 5) and 

t h a t  aged i n  the  absence of i r r ad ia t ion  (Figs.  6 and 7).  There does 

seem t o  be more prec ip i ta te  present i n  heat 5065 than i n  heat 5085, an 

observation i n  keeping with the  higher carbon content of heat 50G5 

(Table 1, p. 4 ) .  Extracted prec ip i ta tes  were found t o  be of t he  M6C type 

with a l a t t i c e  parameter of 11.02 A. Some of  the mater ia l  exposed t o  the 

highest  thermal fluence of 9.4 x lo2' neutrons/cm2 was examined i n  t r ans -  

mission. 

helium bubbles are  c l ea r ly  v is ib le  along several  of t he  gra in  boundaries. 

This sample had not been s t ressed and the  rather large sizes  of these 

bubbles a t tes ts  t o  the  i n i t i a l  inhomogeneous d i s t r ibu t ion  of the  boron. 

However, the  observation of bubbles of t h i s  s ize  only serves t o  support 

the formation of gas bubbles i n  metals during i r r ad ia t ion  and r e a l l y  i s  

not informative from a mechanistic standpoint. Deformation takes place 

on an atomistic scale (few angstroms) and our a b i l i t y  t o  see d e t a i l s  i n  

the  gra in  boundaries of such specimens i s  l imited t o  about 50 A, so we 

are not yet able t o  see d e t a i l s  of t he  s ize  involved i n  deformation. 

A t y p i c a l  e lectron photomicrograph i s  shown i n  Fig. 8 where 

6H. E. McCoy, An Evaluation of the  Molten-Salt Reactor Experiment 
Hastelloy N Surveillance Specimen - Fi r s t  Group, ORNL-TM-1997 
?,November 1967) . 



Fig. 4. Photomicrographs of Hastelloy N (Heat 5085) Surveillance 
Specimens Exposed to Fuel Salt for 15,289 hr at 65OOC. 
(a) Unetched. 
shallow reaction layer near surface. 

50oX. 
(b) Etched (glyceria regia) photomicrographs showing 
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g. 5. Photomi of Hastelloy N (Heat 5065) Surveillance 
ns Exposed t o  Fuel Salt  for  15,289 hr  a t  65OOC. 500X. 

f (a)  Unetched. (b) Etched (glyceria gia) photomicrographs showtng 
shallow reaction Layer near surface 
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Fig. 6. Photomicrographs of Hastelloy N (Heat 5085) Surveillance 

(a)  Etched, 
Control Specimens Exposed t o  Static Barren Fuel Salt for  15,289 hr a t  
65OOC. 
loch<. (b) Etched, 500~. Etchant: glyceria regia. 

Note the shallow reaction layer near the surface. 
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Fig. 7. F'hotomic s te l loy N (Heat 5065) Surveillance 
c Control Specimen a t i c  Barren Fuel Salt fo  

n layer near the surfac 
(c)  Etched. 5OOX. Etchant: glyceria 
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regia. c-d 
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Fig. 8. Transmission Electron Photomicrograph of Hastelloy N 
(Heat 5085) Exposed to the MSRE' Core for 15,289 hr at 650°C. The ther- 
mal fluence was 9.4 x lo*' neutrons/cm*, 
the "B in this material to helium. 

enough to transmtite most of -. 
LiJ 



1'7 

'v 

W 

Typical photomicrographs of t he  modified Hastelloy N are  shown i n  
Figs. 9 and 10. The gra in  s ize  i n  t h i s  mater ia l  i s  ra ther  large due t o  

the  high pre i r rad ia t ion  anneal of 1 hr  a t  11'77°C and the  absence of the  

carbide s t r ingers .  There i s  a t h i n  layer on the surface, which has the  

appearance of being a deposit ra ther  than where mater ia l  has been removed 

by corrosion. X-ray studies indicate the presence of iron. Since these 

al loys contain o n l y t r a c e  quant i t ies  of i ron  compared with 4 t o  5% f o r  the  

r e s t  of the  mater ia l  i n  the  MSRE and i n  the cont ro l  f a c i l i t y ,  it i s  quite 

reasonable t h a t  i ron  should be deposited on the surfaces of the modified 

alloys.  The general  microstructure contains a f i n e l y  dispersed precipi-  

t a t e  with larger  amounts along the gra in  boundaries. 

Mechanical Property Data - Standard Hastelloy N 

Tensile Properties 

The pos t i r rad ia t ion  t e n s i l e  properties of heat 5085 a f t e r  exposure 

t o  the  c e l l  environment of N2 + 2 t o  5% 02 f o r  20,789 h r  are given i n  

Table A-1 (Appendix) and the f rac ture  s t r a i n  i s  plot ted as a function of 

t e s t  temperature i n  Fig. 11. There are  s ignif icant  reductions i n  the 

f rac ture  s t r a i n  a t  25°C and above 500°C. The f rac ture  s t r a i n  decreased 

with decreasing s t r a i n  r a t e  a t  the  elevated temperatures. One par t icu-  

l a r l y  in te res t ing  observation w a s  t h a t  the  fracture  s t r a i n  a t  room tem- 

perature could be improved by a pos t i r rad ia t ion  anneal of 8 hl' a t  870°C. 
This anneal i s  quite of ten used as  a postweld anneal and i s  suf f ic ien t  

t o  prec ip i ta te  (or redissolve) carbides and t o  re l ieve res idua l  s t resses ,  

but does not cause grain-boundary motion. 

room-temperature d u c t i l i t y  by t h i s  anneal supports the  supposition t h a t  

the reduction i n  d u c t i l i t y  a t  25°C i s  due t o  carbide precipi ta t ion.  

Thus, t he  recovery of the 

The results of t e n s i l e  t e s t s  on heat 5065 a f t e r  exposure t o  the 

MSFE c e l l  environment f o r  20,789 h r  a t  650°C are  given i n  Table A-2 
(Appendix) and the  f rac ture  s t r a i n  i s  shown as a function of t e s t  tem- 

perature i n  Fig. 12. This heat does not exhibi t  the  reduction i n  duc- 

t i l i t y  a t  25OC, but does show a subs tan t ia l  loss i n  d u c t i l i t y  above 

500°C due t o  i r rad ia t ion .  The e f f ec t  of s t r a i n  r a t e  i s  qua l i t a t ive ly  

the  same as  t h a t  shown i n  Fig. 11 for  heat 5085, but the  sca t t e r  i n  

experimental r e su l t s  does not allow a quant i ta t ive comparison. 



Fig. 9. Photomicrographs of Modified Hastelloy N Containing 2% W 
aad 0.5% T i  (Heat 67-502) After Exposure t o  the MSFE Core for  9789 hr a t  
650°C and a Thermal Fluence of 5.3 X lo2' neutrons/cm2. 
(a) A s  polished. (b) Etchant: glyceria regia. This structure i s  also 
representative of that  of a heat of material containing 0.5$ Hf (Heat 
67-504) that had a similar exposure. 

50Ox. 



Fig. 10. c r  
and 0.5% T i  (Heat 67-502 
9789 hr a t  65O0C. SOOX, Edge and (b) typical matrix. Etchant: 
glyceria regia. This st 
of material containing 0.5% Hf (heat 67-504) that had a similar exposure. 

s of Modified Hastelloy N Containing 2% W 
r Exposure -to Static Barren Fuel Salt for  

e i s  also representative of that  of a heat 
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Fig. 11. Post i r radiat ion Tensile Properties of Hastelloy N (Heat 
5085) After I r rad ia t ion  t o  a Thermal Fluence of 2.6 x 
Over 20,789 hr a t  650°C. 
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Fig. 12. Post i r radiat ion Tensile Properties of Hastelloy N (Heat 
5065)  Af'ter I r rad ia t ion  t o  a Thermal Fluence of 2.6 x lo1' neutrons/crn2 
Over 20,789 hr  a t  650°C. Y 
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Heats 5085 and 5065 were a l so  removed f romthe  core surveil lance 

and cont ro l  f a c i l i t i e s  a f t e r  15,289 h r  of exposure. 

s i l e  data on these specimens are  given i n  Tables A - 3  through A-6 

(Appendix). The var ia t ion  of the f rac ture  s t r a i n  with t e s t  temperature 

i s  shown i n  Fig. 13 f o r  heat 5085 a f t e r  exposure i n  the core surve i l -  

lance f a c i l i t y  t o  a thermal fluence of 9.4 x lo2' neutrons/cm2 and i n  

Fig. 14 f o r  heat 5085 a f t e r  exposure i n  the cont ro l  f a c i l i t y .  

diated samples (Fig.  W) showed reduced f rac ture  s t r a ins  compared with 

the  cont ro l  samples (Fig. 14) over the en t i r e  t e s t  temperature range 

studied. Similar p lo t s  of the  var ia t ion of f racture  s t r a i n  with t e s t  

temperature a re  shown fo r  heat 5065 a f t e r  removal from the core survei l -  

lance f a c i l i t y  (Fig. 15) and the  control  f a c i l i t y  (Fig.  16). There i s  a 

s l i gh t  reduction i n  the f rac ture  s t r a i n  a t  25°C due t o  i r rad ia t ion ,  but 

the reduction i s  not near ly  as great  a s  noted f o r  heat 5085 (Fig. W ) .  
The f rac ture  s t ra in  of heat 5065 i s  reduced above 500°C by i r rad ia t ion ,  

and the resu l t ing  strains are  lower than those f o r  heat 5085 (Fig.  2 3 ) .  
For example, a t  a t e s t  temperature of 650°C and a s t r a i n  r a t e  of 

0.002 min'' heat 5085 (Fig.  W )  f rac tures  a t  a s t r a i n  of 5% and heat 5065 
(Fig.  15) f rac tures  a t  3.5%. 
f a c i l i t y  show a grea te r  reduction i n  f racture  s t r a i n  f o r  heat 5085 

(Fig. 14) than f o r  heat 5065 (Fig. 16) a t  25OC, but the  f rac ture  s t r a ins  

a t  650°C are  not appreciably d i f fe ren t  f o r  the  two heats. 

The detai led ten-  

The i r r a -  

The unirradiated samples from the  cont ro l  

Heat 5085 has been car r ied  throughout our surveil lance program, so 

we now have accumulated enough data t o  see how the f rac ture  s t r a i n  i s  

varying with neutron fluence. The f rac ture  s t r a i n  i s  shown as a function 

of t e s t  temperature i n  Fig. 17 for  heat 5085. 

s t r a i n  i s  decreased with increasing fluence. A t  low fluence the  duc t i l -  

i t y  reduction a t  low t e s t  temperatures i s  r e s t r i c t ed  t o  25°C and recovers 

a t  higher t e s t  temperatures, but a t  higher fluences the  f rac ture  s t r a i n  

i s  reduced over a wider temperature range. We a t t r i b u t e  t h i s  embri t t le-  

ment t o  carbide prec ip i ta t ion  and, as shown i n  Fig. 11, the d u c t i l i t y  can 

be recovered by pos t i r rad ia t ion  annealing. The d u c t i l i t y  reduction above 

500°C i s  associated with the presence of helium and the  increased ten-  

dency f o r  intergranular f racture .  The fracture  s t r a i n  a t  a given temper- 

a ture  above 500°C general ly  decreases with increasing thermal fluence. 

Generally, the f rac ture  
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Fig. W. Post i r radiat ion Tensile Properties of Hastelloy N (Heat 
5085) After I r rad ia t ion  t o  a Thermal Fluence of 9.4 X lo2'  neutrons/cm2 
Over 15,229 hr a t  650°C. 
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Fig. 14. Tensile Properties of Hastelloy N (Heat 5085) After Aging 
for 15,289 hr a t  650°C i n  S ta t i c  Barren Fuel Sal t .  
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Fig. 15. Post i r radiat ion Tensile Properties of Hastelloy N (Heat 
5065)  After I r rad ia t ion  t o  a Thermal Fluence of 9.4 x lo2' neutrons/cm2 
Over 15,289 hr a t  650°C. 
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Fig. 16. Tensile Properties of Hastelloy N (Heat 5065) After Aging 
f o r  15,289 hr a t  650°C i n  S ta t i c  Barren Fuel Sal t .  
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Fig. 17. Post i r radiat ion Tensile Properties of MSRE Surveillance 
Samples . 

The f rac ture  s t r a ins  for heat 5085 a t  a slower s t r a i n  r a t e ,  0.002 min-l, 

are shown i n  Fig. 18. The behavior as  a function of fluence i s  similar 

t o  tha t  shown i n  Fig. 17 a t  a higher s t r a i n  ra te .  An important excep- 

t i o n  i s  the  observation t h a t  as  the  t e s t  temperature i s  increased, the  

fracture  s t r a i n  depends on fluence t o  a lesser  extent.  

One very important question t h a t  a r i s e s  i s  "How much of  the reduc- 

t i o n  i n  f racture  s t r a i n  i n  Fig. 17 can be a t t r ibu ted  t o  thermal aging?" 

Several of the t ens i l e  r e su l t s  obtained on samples from the  cont ro l  

f a c i l i t y  are  shown i n  Fig. 19. The r e s u l t s  show general ly  t h a t  the  

f rac ture  s t r a i n  i s  reduced a t  a l l  t e s t  temperatures by aging a t  650°C. 

However, the reductions i n  f rac ture  s t r a i n  due t o  aging do not account 

f o r  near ly  a l l  the reduction noted f o r  i r rad ia ted  samples. For example, 

the fracture  s t r a ins  a t  t e s t  temperatures of 25 and 650°C are  53.0 and 

33.6% f o r  as-annealed samples, 38.6 and 19.6% a f t e r  aging f o r  15,289 hr  

a t  650°C (Fig. 19), and 28.5 and 11.0% a f t e r  i r r ad ia t ion  t o  a fluence 

of 9.4 x 10'' neutrons/cm' over a period of 15,289 hr a t  650°C. 

not have as  much data on the  response of heat 5065 t o  aging, but a 

We do 

Y 
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Fig. 18. Pos t i r rad ia t ion  Tensile Properties ( S t r a i n  Rate of 
0.002 min'l) of Hastelloy N (Heat 5085) After Exposure t o  Various Neutron 
Fluence s . 
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Fig. 19. Variation of the  Tensile Properties (S t r a in  Rate of  
0.5 min-l) of Hastelloy N (Heat 5085) with Aging Time i n  Barren Fuel 
S a l t  a t  650°C. 
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comparison of Figs. 14 and 16, pp. 22 and 23, of the f rac ture  s t r a i n  f o r  

heats 5065 and 5085 a f t e r  aging f o r  15,289 h r  a t  650°C indicates  very 

similar properties of the two heats a t  650°C and higher f rac ture  s t r a i n  

f o r  heat 5065 a t  25 "C. 

The combined observations on the  change i n  the  f rac ture  s t r a i n  a t  

a t e s t  temperature of 25°C are shown i n  Fig. 20. The r e su l t s  are  plot ted 

as i f  aging time were the control l ing variable,  and the  r e su l t s  on the  

unirradiated samples (open symbols) indicate  t h a t  aging time i s  an impor- 

t a n t  factor .  However, fo r  the  cases where i r rad ia ted  and unirradiated 

samples were tes ted  a f t e r  similar thermal h i s to r i e s ,  the  i r rad ia ted  sam- 

p les  showed the  larger  reduction i n  f rac ture  s t r a in .  Thus, neutron 

fluence as  wel l  as time a t  temperature are  important fac tors  i n  the  

reduction of the f rac ture  s t r a i n  a t  low temperatures. The question of 

whether the  ro l e  of i r r ad ia t ion  i s  t o  produce defects  t h a t  enhance the  

growth rates of precipitates or to produce transmutation products that 

aid i n  s t ab i l i z ing  a prec ip i ta te  nucleus yet remains unanswered. The 

data shown fo r  heat 5065 i n  Fig. 20 indicate  t h a t  t h i s  mater ia l  i s  l e s s  

susceptible t o  t h i s  type of embrittlement than heat 5085. 

Creep-Rupture Properties 

Some of the  samples were t e s t ed  under creep conditions a t  650°C. 

The detai led r e su l t s  of these experiments are  presented i n  Tables A-7 

through A-9 (Appendix) and some correlat ions of these r e s u l t s  with those 

obtained from previous surveil lance samples7, w i l l  be presented. 

A stress-rupture p lo t  f o r  heat 5085 i s  shown i n  Fig. 21. The 

r e su l t s  obtained on the  unirradiated samples show t h a t  the  rupture l i f e  

i s  reduced s l i g h t l y  by prolonged aging a t  65OoC, the magnitude of the  

e f f ec t  decreasing with decreasing s t r e s s  level .  The rupture l i f e  i s  

decreased markedly by i r r ad ia t ion  even a t  thermal fluences as low as 

J 

7H. E. McCoy, An Evaluation of the  Molten-Salt Reactor Experiment 
Hastelloy N Surveillance Specimen - F i r s t  Groue, ORNL-TM-1997 
7[ November 1967). 

Hastelloy N Surveillance Specimen - Second Group, ORNL-TM-2359 
(February 1969). 

8H. E. McCoy, An Evaluation of the  Molten-Salt Reactor Experiment 

Y 
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Fig. 20. Variation of the  Fracture S t ra in  a t  25°C with Aging and 
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1.3 x neutrons/cm2. The rupture l i f e  i s  reduced progressively by 

increasing fluence with a large s tep  occurring between fluences of 

1.3 and 9.4 x lo2' neutrons/cm2. 

The minimum creep r a t e  i s  shown as  a function of s t r e s s  l e v e l  i n  

Fig. 22 f o r  these same samples from heat 5085. The r e s u l t s  on unirradi-  

ated samples show t h a t  the creep r a t e  i s  increased s l i g h t l y  a t  high 

s t r e s s  leve ls  by prolonged aging a t  650°C. 
t es ted  a t  high s t r e s s  levels  and the samples i r rad ia ted  t o  

9.4 x lo2'  neutrons/cm2 have a higher minimum creep r a t e .  

due t o  the t e s t s  being so short  and the f rac ture  s t r a ins  so low t h a t  the 

steady-state creep period ( the  period i n  which the  minimum creep r a t e  

usual ly  occurs) was not reached and the  r a t e  t h a t  we measured was too 

high. However, generally a t  lower s t r e s s  leve ls  i r r ad ia t ion  and aging 

seem t o  have l i t t l e  e f f ec t  on the  minimum creep r a t e .  

A few i r rad ia ted  samples 

This i s  l i k e l y  

The -fracture  s t r a i n s  are  shown as a function of minimum creep rate 

i n  Fig. 23 f o r  the  i r rad ia ted  samples of heat 5085. The scatterband 

shown i n  t h i s  f igure w a s  determined from numerous t e s t s  on samples of 

these same heats  of standard Hastelloy N t h a t  had been i r rad ia ted  i n  the  

Oak Ridge Research Reactor ( O m )  t o  thermal fluences of 2 t o  

5 x 13'' neutrons/cm2. 

s t r a i n  was decreased from about 20% f o r  unirradiated mater ia l  t o  about 

2.3% by a thermal fluence of 1.3 x 10'' neutrons/cm2. 

higher fluences reduced the f rac ture  s t r a i n  even fur ther .  The l imited 

number of data points f o r  each l o t  of mater ia l  do not give a very strong 

indicat ion of the very d i s t i n c t  d u c t i l i t y  minimum noted i n  our OF3 irra- 

diat ions.  This may be associated with the much la rger  times involved i n  

the  MSRE i r rad ia t ions  (5090 t o  20,000 h r )  compared with those i n  the 

ORR (1000 h r ) .  

In  samples removed from the  MSRF: the  f rac ture  

Progressively 

The e f f ec t s  of aging i n  the  absence of i r r ad ia t ion  on the  f rac ture  

After annealing f o r  s t r a i n  of heat 5085 at  650°C are  shown i n  Fig. 24. 
2 h r  a t  900°C the  f racture  s t r a i n  i s  30 t o  40%, almost independent of 

s t r a i n  ra te .  

now i n  the range of 20 t o  30%. 

fur ther  reduction i n  the f rac ture  s t r a i n  a t  high s t r a i n  ra tes ,  but no 

s igni f icant  change i n  the  f rac ture  s t r a i n  a t  low s t r a i n  ra tes .  Thus, the  

After aging f o r  4800 h r  a t  650°C the  f rac ture  s t r a i n s  are  

Aging f o r  15,289 h r  causes a small 

v 

Y 
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Fig. 24. Influence of Aging a t  650°C on the  Fracture S t ra in  of 
Hastelloy N (Heat 5085) When Tested a t  650°C. 

f racture  s t r a i n  i n  a sample s t ra ined a t  a r a t e  of O . l $ / h r  a t  650°C i s  

about 20% f o r  heat 5085 a f t e r  aging 15,289 h r  a t  650°C (Fig.  24) and 

only 0.5% (Fig.  23) a f t e r  a thermal fluence of 9.4 X lo2' neutrons/cm2. 

The r e s u l t s  of our stress-rupture t e s t s  on heat 5065 are  summarized 

i n  Fig. 25. 

aging seems t o  have no e f f ec t  on the creep-rupture propert ies  of 

heat 5065. 

t i o n  and the resu l t ing  l i fe t imes  a t  a given s t r e s s  a re  quite comparable 

f o r  heats  5065 and 5085. 

Contrary t o  the  behavior of heat 5085 (Fig. 21), thermal 

However, the  rupture l i f e  i s  reduced appreciably by irradia- 

The minimum creep r a t e  i s  shown as  a function of s t r e s s  l e v e l  for 

The minimum creep r a t e  i s  increased s l i g h t l y b y  heat 5065 i n  Fig, 26. 

thermal aging a t  650°C. 

i r rad ia ted  samples, but t h i s  i s  l i k e l y  associated with the  f rac ture  

s t r a i n  being so low t h a t  the minimum creep r a t e  w a s  not established. 

The creep r a t e s  seem t o  be high f o r  some of the  

The var ia t ion of f rac ture  s t r a i n  with minimum creep r a t e  f o r  the  

i r rad ia ted  samples of heat 5065 i s  shown i n  Fig. 27. 

t h i s  heat i s  about the  same as  t h a t  shown i n  Fig. 23 f o r  heat 5085, 

except f o r  the  mater ia l  i r rad ia ted  t o  a thermal fluence of 

The d u c t i l i t y  of 
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RUPTURE TIME ( h r )  

Fig. 25. Stress  Rupture Properties of MSRE Surveillance Specimens 
(Heat 5065) a t  650°C. 
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Fig. 27. Variation of Fracture S t ra in  w i t h  S t ra in  Rate f o r  
Hastelloy N (Heat 5065) Surveillance Specimens a t  650°C. 

9.4 x lo2'  neutrons/crn2 f o r  which heat 5065 has much lower f rac ture  

s t r a ins .  

O u r  observations on the var ia t ion  of f rac ture  s t r a i n  of surveil lance 

specimens with s t r a i n  r a t e  are summarized i n  Fig. 28. Data are  included 

i n  t h i s  f igure f o r  both t e n s i l e  and creep t e s t s .  

on our observations on samples i r rad ia ted  i n  the ORR i s  a l so  shown i n  

Fig. 28 ( r e f .  9) .  The f rac ture  s t r a i n  var ies  widely with fluence a t  

high s t r a i n  r a t e s  and var ies  much l e s s  a t  low s t r a i n  ra tes .  

s t r a i n  ra tes ,  the f rac ture  s t r a ins  f o r  the samples i r r ad ia t ed  t o  

1.3 x 
i r rad ia ted  t o  9.4 x lo2 '  neutrons/crn2 f a l l  below the scatterband. 

The scatterband based 

A t  low 

neutrons/cm2 f a l l  above the  scatterband and those f o r  samples 

9H. E. McCoy, "Variation of the  Mechanical Properties of I r rad ia ted  
Hastelloy N with S t ra in  Rate," J. Nucl. Mater. - 31( l), 67-85 (May 1969). - 



33 

ORNL-DWG 68-14772R 
15 c 

14 

13 

$2 

II 

10 

5 

4 

3 

2 

1 

0’ 

?AGE 
!b 

HEAT VESSEL CORE 
5065 0 l + 
5085 0 m 4 + 

THERMAL FLUENCE 
1.3~10” 2.600” 1.3~10~’ 9.4x102’ 

(n/cm21 
TIME AT 

65O’C (hr) 
4 4,000 20,800 4800 15,300 

n/cm 2 , I 

STRAIN RATE (%/hr) 

Fig. 28. Variation of Fracture Strain with Strain Rate for 
Hastelloy N Surveillance Specimens at 650°C. 



34 

Mechanical Property Data - Modified Hastelloy N 

Tensile Properties 

Two heats of modified Eastelloy N (Table 1, p. 4) were included i n  

both the core surveil lance f a c i l i t y  and the cont ro l  f a c i l i t y .  

Heat 67-502 contained a nominal 0.5% T i  and 2% W and heat 67-504 con- 

tained a nominal addition of 0.5% H f .  

s a l t  9789 h r  a t  650°C and those i n  the MSRF: received a thermal neutron 

fluence of 5.3 x lo2'  neutrons/cm2. 

t e s t s  on these materials are given i n  Tables A - 1 0  through A - I 3  (Appendix). 

These samples were exposed t o  

The detai led r e su l t s  of t e n s i l e  

The fracture  s t r a ins  a t  a s t r a i n  r a t e  of 0.05 min'l are  compared i n  

Fig. 29 f o r  the  modified al loys.  I n  the  unirradiated condition, 

heat 67-502 had higher f racture  s t r a ins  than heat 67-504 up t o  about 

600°C where the  opposite trend was noted. The shapes of these curves 

are  d i f fe ren t  fromthose shown i n  Figs. 14 and 16, pp. 22 and 23, fo r  

the  standard al loy.  The fracture  s t r a i n  of t he  standard a l l o y  decreases 

rap id ly  with increasing temperature above about 500 "C and a d u c t i l i t y  

minimum occurs a t  about 650°C. For the  modified al loys,  the  f rac ture  

s t r a i n  does not begin t o  decrease with temperature u n t i l  about 600°C 
and the s t r a i n  continues t o  decrease up t o  85OoC, the  highest tempera- 

t u re  investigated.  The fracture  s t r a ins  of the modified a l loys  a f t e r  

i r rad ia t ion ,  a lso shown i n  Fig. 29, are reduced a t  temperatures above 

about 500°C. Both al loys have about the same f rac ture  s t r a ins ,  and a 

comparison with Fig. 17, p. 24,  shows t h a t  the  modified al loys i r r a d i -  

ated t o  5.3 X lo2 '  neutrons/cm' have b e t t e r  f rac ture  s t r a ins  than those 

of the  standard a l l o y  i r rad ia ted  t o  1.3 x 
indicates  t h a t  the  f rac ture  s t r a i n  of heat 67-504 a t  25°C may be reduced 

by i r rad ia t ion .  This w i l l  have t o  be checked fur ther .  

neutrons/cm2. One t e s t  

The f rac ture  s t r a ins  observed i n  t e n s i l e  t e s t s  a t  a s t r a i n  r a t e  of 

0.002 min-l fo r  heat 67-502 and -504 are  shown i n  Fig. 30. 

dia t ion  properties of the  two heats are  about the  same and, although 

reduced considerably by i r rad ia t ion ,  they are much b e t t e r  than those 

shown i n  Fig. 18, p. 25, f o r  standard Hastelloy N. 

The pos t i r r a -  



35 

ORNL- DWG 69- 4477 

? 

3 4 0 0  200 300 400 500 600 700 800 900 
TEST TEMPERATURE (OC) 

Fig. 29. Tensile Properties (S t r a in  Rate of  0.05 min'l) of Two 
Compositions of Modified Hastel lo3 N Following I r r ad ia t ion  ( Thermal 
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Fluence of 5.3 x lo2'  neutrons/cm-) or Annealing (Control Samples) f o r  
9789 h r  a t  650°C. 
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Creep-Rupture Properties 

The r e su l t s  of creep-rupture t e s t s  on heats 67-502 and -504 are  

given i n  Tables A - 1 4  and A-I5 (Appendix). 

of heat 67-502 are  shown i n  Fig. 31. 

increased the  rupture l i f e  by about 30% and neutron i r r ad ia t ion  t o  a 

fluence of 5.3 x lo2'  neutrons/cm2 decreased the  rupture l i f e  by about 

30% compared with the as-annealed material. 

shown i n  Fig. 32, was increased by the aging treatment and the  samples 

t h a t  were aged and i r rad ia ted  simultaneously had the  same minimum creep 

r a t e s  as  the  as-annealed material. 

The stress-rupture propert ies  

Aging f o r  9789 h r  a t  650°C 

The minimum creep ra te ,  

The creep-rupture strength of heat 67-504 (Fig. 33) was not a l te red  

appreciably by aging a t  650°C. However, i r r ad ia t ion  decreased the rup- 

tu re  l i f e  of the  mater ia l  by about 50%. 
was increased by the  combined i r r ad ia t ion  and aging treatment, but w a s  

increased even more by jus t  the  aging treatment. 

The minimum creep r a t e  (Fig. 34) 

The f rac ture  s t r a ins  of heats 67-502 and -504 a t  650°C are  shown 

i n  Fig. 35 a s  a function of s t r a i n  r a t e .  

both heats  show a trend of decreasing f rac ture  s t r a i n  with decreasing 

s t r a i n  r a t e .  Aging improves the f rac ture  s t r a i n  of both heats and irra- 

d ia t ion  decreases the fracture  s t r a in .  The i r rad ia ted  mater ia l  has a 

f rac ture  s t r a i n  of about 6% under creep conditions. 

In  the unirradiated condition, 

Metallographic Examination of Mechanical Property Specimens 

Several of the t e s t ed  samples were examined metallographically. 

Photomicrographs are shown i n  Fig. 36 f o r  a sample of heat 5085 t h a t  w a s  

t e n s i l e  t e s t ed  a t  25°C a f t e r  being exposed t o  the c e l l  environment fo r  

20,789 h r  a t  650°C. The fracture  under these t e s t  conditions would 

normally be transgranular,  but the  f rac ture  shown i n  Fig. 36 i s  primarily 

intergranular.  This change i n  f rac ture  mode probably accounts for the  

f rac ture  s t r a i n  of t h i s  sample being only 33% (Fig. 11, p. 20) compared 

with about 55% for  unirradiated,  unaged material .  The photomicrographs 

shown i n  Fig. 37 were made on another sample of heat 5085 from outside 

the  vesse l  t h a t  was t es ted  a t  650°C. 

u l a r  and there  are  very few cracks near the fracture .  
The fracture  i s  la rge ly  intergran- 
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Fig. 36. Photomicrographs of a Hastelloy N (Heat 5085) Sample 
Tested at 25°C at  a Strain Rate of 0.05 min”. 
ated t o  a thermal fluence of 2.6 x lo1’ neutrons/cm while being exposed 
t o  the c e l l  environment at 650°C for 20,789 hr. (a) Fracture, 
as polished. (b) Fracture, etched. (c)  Edge of stressed portion. 
Etchant: aqua regia. 

S-le had been irradi- 

lock. 

u 



41 

Fig. 37. Photomicrographs of a h s t e l l o y  N (Heat 5085) Sample 
Tested at  650°C a t  a Strain Rate of 0.002 min’l. Saxtyle had been irra- 
diated t o  a thermal fluence of 2.6 x lo1’ neutrons/cm while being 
exposed t o  the c e l l  environment a t  650°C for  20,789 hr. 
(a) Fracture, as polished. (c) Edge of stressed 
portion, etched. Etchant: aqua regia. 

i 

loox. 
(b) Fracture, etched. 

s, 
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A sample of heat 5065 tha t  was removed from outside the vessel and 
tested a t  25°C i s  shown i n  Fig. 38. 
intergranular, b u t t h e  elongated grains indicate tha t  the sample strained 
a large amount before failing. 
had a fracture stra3n of 59.5%. 
600°C and typical photomicrographs are shown i n  Fig. 39. 
s t ra in  of t h i s  sample was only l5$ and the fracture i s  predominately 
intergranular. 

The fracture i s  s t i l l  par t ia l ly  

As shown i n  Fig. 12, p. 20, this sample 
A sample of heat 5065 was tested a t  

The fracture 

The thin oxide surface layers do not seem t o  influence the deforma- 

t ion  i n  the samples from outside the vessel. 
noted i n  Figs. 36 through 39 i s  not unusual for  Hastelloy N. 

at  650°C i n  s ta t ic  barren fuel salt and tested a t  200°C are shown i n  

Fig. 40. 
p. 22) although the fracture i s  partially intergranular. A cross section 

f r o m  the stressed portion of t h i s  sample i s  shown i n  Fig. 40(b) and shows 
that the surface structural  modification extends t o  a depth of about 

3 m i l s .  

modified structure. 
t ion  numbers and would have involved heavy cold working. 
modified structure extends t o  a greater depth under these impressions. 

The fabrication sequence was (1) rods fabricated t o  approximate diameter, 
(2) rod segments welded together, (3) annealed for  2 hr a t  900°C i n  
argon, (4) sinterless ground t o  final diameter, ( 5 )  gage portions milled,  

(6) identification numbers engraved, and (7) samples put into surveillance 

faci l i ty .  

The amount of edge cracking 

Typical photomicrographs of a sample of heat 5085 aged for  15,289 hr  

The fracture s t ra in  of th i s  s&ple was quite good (Fig. 14, 

Figure 4O(c) gives some further insight in to  the origin of the 
The surface indentations are engraved identifica- 

Note tha t  the 

, 

Thus, a l l  surfaces were cold worked; the major diameter by 

LI 

grinding and the gage diameter by milling. The resulting microstructure 

Ukely results from carbide precipitation on the dislocations introduced 
by cold working. 

' 

Figure 41 shows several photomicrographs of a sample of heat 5085 
that was irradiated i n  the MSRE core t o  a thermal fluence of 

9.4 x lo2' neutrons/cm2 and tested at  200°C. 
transgranular and intergranular. 
elongation of the irradiated sample i n  Fig. 4 l (c )  compared with tha t  of 

The fracture i s  mixed . 
The grain shapes a t t e s t  t o  the lower 

the unirradiated sample shown i n  Fig. 40(a). The as-polished V 
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Fig. 38. Photomicrog 
* 

ated t o  a thermal fluence of 2.6 x lo1’ neu t rons72  while being exposed 
t o  the c e l l  environment at  650°C for 20,789 hr. 
as polished. (b) Fracture, etched. (c )  Edge of stressed portion. 

low. (a) Fracture, 

LJ Etchant: aqua regia. 



Fig. 39. Photomicrographs of a Hastelloy N (Heat 5065) Sample 
Tested at 600°C at  a Strain Rate of 0.002 min”. S y l e  had been irra- 
diated t o  a thermal fluence of 2.6 X lo1’ neutrons/cm while being 
exposed t o  the c e l l  environment at 650°C for 20,789 hr. 
(a) Fracture, as polished. (c )  Edge of stressed 
portion, etched. Etchant: aqua regia. 

l o a .  
(b) Fracture, etched. 
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Fig. 40. Photomicrog of a Hastelloy N (Heat 5085) Sample 
Exposed t o  Stat ic  Barren Fuel Sa l t  fo r  15,289 hr  a t  650°C and Then 
Tested at  200’C. (a) Fractur loOx. (b) Edge of cross section from 
stressed portion. 50oX. 
impressions made by engraving numbers. lo&. Etchant: glyceria regia. 

(c} Edge of cross section from shoulder showing 
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Fig. 41. Photomicrographs of a Hastelloy N (Heat 5085) Sample 
Exposed t o  Fluoride Salt i n  the MSRF: for  15,289 h r  a t  650°C and Then 
Tested a t  25OC. 
ture, as polished. 100%. (b) Fracture, as polished. 500%. (c) Frac- 
ture, etched. 100%. (a) Edge of stressed portion, etched. 100%. 

Thermal Fluence was 9.4 X lo2' neutrons/crn*. (a) Frac- 

Etchant: aqua regia. 1. 

t 

* 

6.J 
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photomicrographs [Fig. 4 1 ( a )  and ( b ) ]  show t h a t  the  large carbides 

ac tua l ly  f rac ture  during tes t ing .  Some of these cracks may propagate 

and contribute t o  f racture .  

i r rad ia ted  samples when tes ted  a t  r e l a t i v e l y  low temperatures, e.g. ,  

Figs. 36, 38, and 40.) There i s  a v e r y t h i n  layer of the  modified s t ruc-  

t u re  near the surface of the  tes ted  sample [Fig. 41(d)], but the amount 

of edge cracking i s  not unusually high fo r  a sample t h a t  has s t ra ined 

36% (Fig.  l3, p. 22). 

(This f ractur ing occurs i n  unirradiated and 

The fracture  of a sample of heat 5085 t h a t  was tes ted  a t  650°C 
a f t e r  exposure t o  a s t a t i c  barren f u e l  salt  f o r  15,2;39 h r  a t  650°C i s  

shown i n  Fig. 42. 

and there  i s  considerable evidence of carbide fractur ing.  By contrast ,  

the  f rac ture  shown i n  Fig. 43 i s  primarily intergranular.  The sample i n  

Fig. 4.3 w a s  i r rad ia ted  t o  a thermal fluence of 2.4 x lo2' neutrons/cm2 

and t e s t ed  a t  650°C. 

p. 22) there  i s  l i t t l e  evidence of p l a s t i c  deformation with only a few 
fractured carbides and some separations a t  the carbide -metal interfaces  

[Fig. 43( b)  1. 

The fracture  i s  mixed transgranular and intergranular  

A t  the  low fracture  s t r a i n  of  only 5% (Fig. U, 

Samples of heat 5065 t h a t  were i r rad ia ted  t o  a thermal fluence of 

2.4 x lo2' neutrons/cm2 and the  thermal controls both had fracture  

s t r a ins  of over 40% when tes ted  a t  25°C (Figs. 15 and 16, p. 23). The 

f rac tures  of these samples appear quite similar (Figs. 44 and 45). 
f rac tures  are la rge ly  intergranular although the  grains  have deformed 

extensively. Some edge cracking occurred on both samples. 

The 

When t e s t ed  a t  650°C an unirradiated sample of heat 5065 had a 

f rac ture  with transgranular and intergranular  components (Fig. 46). 
This sample had a f rac ture  s t r a i n  of about 17% (Fig.  16, p. 23) compared 

with 3.5% (Fig. 15, p. 23) f o r  a comparable sample i r rad ia ted  t o  a 

thermal fluence of 9.4 x lo2' neutrons/cm2. 

an intergranular f rac ture  with very l imited intergranular and carbide 

cracking (Fig.  47) .  
d i f f e ren t ly  from the  remaining sample. 

with t i tanium (heat  67-502) t h a t  w a s  exposed t o  barren f u e l  s a l t  f o r  

9789 h r  a t  650°C and tes ted  a t  25°C i s  shown i n  Fig. 48. 
deformed extensively although the f rac ture  i s  l a rge ly  intergranular.  

The i r rad ia ted  sample has 

The modified layer near the  surface has not deformed 

The f rac ture  of a sample modified 

The grains  have 
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Fig. 42. Photomicrographs of a Hastelloy N (Heat 5085) Sample 
Exposed t o  Static Barren Fuel Salt for L5,289 hr at 650°C and Then 
Tested at 650°C and a Strain Rate of 0.002 min”. 
as polished. (b) Fracture, etched. Etchant: glyceria regia. 

l o a .  (a) Fracture, 

U 
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Fig. 43. Photomicrographs of a Hastelloy N (Heat 5085) S a m p l e  
Exposed t o  Fluoride Salt i n  the MSRE for  15,289 hr  a t  650°C and Then 
Tested a t  650°C and a Strain Rate of 0.002 min". Thermal fluence was 
9.4 x lo2' neutrons/cm2. (a) Fracture, as polished. lOOx. (b) Frac- 
ture, as polished. 50Ox. ( c )  Fracture, etched. low. (d) Edge of 

3. 

b stressed portion, etched. 1OOx. Etchant: aqua regia.' Reduced 14.5%. 
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Fig. 44. Photomicrographs of a HasteIloy N (Heat 5065) Sample. 
Exposed t o  Static Barren Fuel Salt  fo r  15,289 hr at 650°C and Then Tested 
a t  25°C and a Strain Rate of 0.05 min”. 
(b) Fracture, etched. (c)  Edge of stressed portion, etched. Etchant: 
glyceria regia. 

10%. (a) Fracture, as polished. 

63 
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Fig. 45. Photomicrographs of a HasteIloy N (Heat 5065) Sample 

Ekposed t o  Fluoride Salt i n  the MSRE for  15,289 hr  a t  650°C and Then 
Tested a t  25°C and a Strain Rate of 0.05 min-’. Thermal fluence was 
9.4 x lo2’ neutrons/cm2. lOOX. (a) Fracture, as polished. (b) Fracture, 
etched. (c )  Edge of stressed portion. Etchant: aqua regia. 

* 

L1 
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Fig. 46. Photomicrographs of a Hastelloy N (Heat 5065) Sample 

(a) Fracture, as 
Exposed t o  Static Barren Fuel Salt for l5,289 hr at 650°C and Then Tested 
at  650°C and a Strain Rate of 0.002 min-l. 
polished. (b) Fracture, etched. Etchant : glyceria regia. 

lOOX. 

J 

7 
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Fig. 47. Photomic a Hastelloy N (Heat 5065) Sample 

Exposed t o  Fluoride Sa 

9.4 X lo2' neutrons/cm'. low. (a)  Fracture, as polished. (b) Fracture, 
etched. (c) Edge of stressed portion, etched. Etchant: aqua regia. 

for  15,289 hr at 650°C and Then 
.b Tested a t  650°C and a Strai 0.002 min-l. Thermal fluence was 

k.i 



Fig.  48. Photomicrographs of a Hastelby N (Heat 67-502) Sample 
Exposed t o  Static Barren Fuel Salt for  9789 hr  a t  650°C and Then Tested 
a t  25°C. lOOx. (a)  Fracture, as polished. (b) Fracture, etched. 
Etchant: glyceria regia. 

. 

. 
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Further photomicrographs of the unstressed portion of t h i s  same sample 

are  shown i n  Fig. 49. There i s  a very f ine  carbide prec ip i ta te  through- 

out t h i s  sample and our other studies indicate t h a t  these are  l i k e l y  

carbides of the  M2C or MC types.” 

heavily indicat ing the  presence of heavy grain-boundary precipi ta t ion.  

The surface of the  sample has a very t h i n  layer that  i s  r i c h  i n  iron. 

This i s  l i k e l y  a deposit since t h i s  a l loy  i s  very low i n  i ron  and the 

r e s t  of the  system i s  fabricated of mater ia l  t h a t  contains 4 t o  5% Fe. 

A sample of heat 67-502 t h a t  was i r rad ia ted  and tes ted  a t  25°C i s  

The gra in  boundaries a l so  etch quite 

shown i n  Fig. 50. The f rac ture  s t r a i n  of t h i s  sample was about a s  high 

as t h a t  f o r  the unirradiated sample (Fig.  29, p. 35), but the  grains are  

not near ly  a s  elongated i n  the i r rad ia ted  sample (Fig.  50) as i n  the 

unirradiated sample (Fig. 48). 
boundary cracks i n  the  i r rad ia ted  sample than i n  the  unirradiated sample. 

There are  considerably more grain-  

The f rac ture  of a sample of heat 67-502 t h a t  was exposed t o  barren 

f u e l  salt  f o r  9789 hr and t e s t ed  a t  650°C i s  shown i n  Fig. 51. The 

f rac ture  i s  transgranular,  an observation consistent with the extremely 

high f rac ture  s t r a i n  of t h i s  sample (Fig. 29, p. 35). 
The f rac ture  a t  25°C of heat 67-504 (Fig.  52) i s  quite similar t o  

t h a t  noted f o r  heat 67-502 (Fig. 48). 
0.5% H f  and the photomicrographs i n  Fig. 53 indicate t h a t  there  may be 

more prec ip i ta te  i n  t h i s  a l l o y  than i n  heat 67-502 t h a t  w a s  modifed with 

0.5% T i  and 2% W. However, the  apparent amount of prec ip i ta t ion  i s  very 

dependent upon the  etching procedure. This heat of mater ia l  i s  also 

very low i n  i ron  and i ron  deposition w a s  noted [Fig. 53(a)] .  

Heat 67-504 i s  modified with 

The f rac ture  of an i r rad ia ted  sample of heat 67-504 t e s t ed  a t  25°C 

i s  shown i n  Fig. 54. The grains  have deformed and the  f rac ture  was 

transgranular.  A s  shown i n  Fig. 29, p. 35, the f rac ture  s t r a i n  a t  25°C 

of heat 67-504 was lower than t h a t  of 67-502. However, the  f rac tures  

(Figs ,  50 and 54)  give the  opposite impression. 

‘OR. E. Gelbach and S. W. Cook, MSR Program Semiann. Progr. Rept. 
Feb. 28, 1969, OWL-4396, pp. 240-242. 
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Fig. 49. Photomicrographs o f t h e  Unstressed Portion of a HasteIloy N 
(Heat 67-502) Sample That Was Exposed t o  Static Barren Fuel Salt for  
9789 hr at 650'C. (a)  Typical. lOOx. (b) Typical. 50oX. (c)  Edge. 
50oX. Etchant: glyceria regia. 
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Fig. 50. Photomicrographs of a Hastelloy N (Heat 67-502) Sample 
Exposed t o  Flwride Salt  i n  the MSf(E for  9789 hr a t  650°C and Then Tested 
at 25°C. lOOX. (a)  Fracture, as polished. (b) Fracture, etched. 
(c) Edge of stressed portion, etched. Etchant: aqua regia. 
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Fig. 51. Photomicrographs of the Fracture of a Hastelby N 
(Heat 67-502) Sample Exposed t o  Static Barren Fuel Salt for  9789 hr  at 
650°C and Then Tested a t  650°C and a St.rain Rake of 0.002 min”. 
(a) As polished. (b) Etched. Etchant: glyceria regia. 

1 W .  
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Fig. 52. Photomicrog of the Fracture of a k s t e l l o y  ll 
(Heat 67-504) Sample That Was Exposed t o  Barren Fuel Salt  fo r  9789 hr  at  
650°C and Tested a t  25°C. . (a) As polished. (b) Etched. Etchant: 

- glyceria regia. 
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Fig. 53. Photomicrographs of the Unstressed Portions of a Hastelby N 
(Heat 67-504) Sample Exposed t o  Barren Fuel Salt for  9789 h r  at 65OOC. 
(a) Edge, as polished. lOOch<, (b) Typical microstructure, etched. loch<. 
Etchant: glyceria regia. 

V 

U 
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Fig. 54. Photomicrogr a Hastelby N (Heat 67-5011.) Sample 
Exposed t o  Fluoride Salt  i n  the MSRE for  9789 h r  a t  650°C and Tested a t  
25OC. looX. (a) Fracture, as polished. (b) Fracture, etched. (c) Edge 
of stressed portion, etched. Etchant: aqua regia. Reduced 10%. 
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Heat 67-504 also failed by a predominately transgranular mode when 
This observation correlates quite w e l l  with tested a t  650°C (Fig. 5 5 ) .  

the high fracture s t ra in  of this sample (Fig. 29, p. 35). 

Discussion of Results 

The samples of standard Hastelloy N removed from the surveillance 
f a c i l i t i e s  inside the MSHE core and outside the reactor vessel continue 
t o  show excellent compatibilitywith the i r  respective environments of 

fue l  s a l t  and N2 + 2 t o  5& 02. We could not detect the diffusion of fis- 

sion products into the samples fromthe core. 
the c e l l  environment showed no evidence of nitriding and only superficial 
oxidation. 

The samples exposed t o  

We havv removed several g roup of samples from the MSRE (Table 2, p. 6) 
and some valuable observations have been made regarding the changes of 

mechanical properties with fluence and thermal exposure. 
flux i n  the center of the core is  40 times tha t  a t  the vessel w a l l .  
the Hastelloy Nthimbles for  the control rods have been exposed t o  the 
peak flux and have accumulated a thermal neutron fluence of about 
l x  1021 neutrons/cm2. 

the creep (Figs. 21, 23, 25, and 27, pp. 27, 29, 31, and 32) properties 
of Hastelloy N exposed t o  such a fluence are very poor; but the thimbles 
are stressed only s l i g h t l y i n  compression and the observed property 
changes are not catastrophic. 

2.6 x lo1’ neutrons/cm2, but the properties have already been altered 
markedly. 

t o  estimate the future properties of the MSRE vessel. 
constructed for  heat 5085 and shows how the fracture s t ra in  at different 

s t ra in  rates varies with thermal fluence at 650°C. The fraction of the 

The thermal 
Only 

The tensi le  (Figs. 17 and 18, pp. 24 and 25) and 

The peak vessel thermal fluence is presently (May 1968) 

The results tha t  we obtained a t  higher fluences can be used 

Figure 56 has been 

T 

Y 

v 
st rain remaining is based on the number shown i n  parenthesis which is  
the value measured i n  
anneal at 900°C. The 

the unirradiated start ing material a f t e r  a 2-hr 
corresponding curve for  the burnup of ’OB i s  also 

. 
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Fig. 55. Photomicrograph f the Fracture of a Hastelloy N 
(Heat 67-504) Sample Exposed t o  Static Barren Fuel Salt for  9789 hr at 
650°C and Tested at  650°C and a Strain rate  of 0.002 min”. l o a .  
(a) As polished. (b) Etched. tchant : glyceria regia. 
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shown f o r  comparison (based on a cross section of 1930 barns f o r  MSRE 
spectrum”). 

The s t r a i n  r a t e  of 300%/hr (0.05 min-l) i s  t h a t  normally used i n  

t e n s i l e  t e s t s  and the  vesse l  heats presently,  a f t e r  72,400 Mwhr of oper- 

a t ion,  w i l l  s t r a i n  about 20% a t  650°C before fa i lure .  

s t r a i n  decreases with decreasing s t r a i n  r a t e  t o  a minimum value of 1.5% 
a t  a s t r a i n  r a t e  of about O . l % / h r .  These property changes are  quite 

large when we consider t h a t  only 4% of the  ’OB has been converted t o  

helium (accumulated thermal fluence 2.6 x lo1’ neutrons/cm2). However, 

the  r e su l t s  from samples exposed t o  higher fluences i n  the  core indicate  

t h a t  the  property changes are  not simply proportional t o  the quant i ty  of 

‘OB transmuted t o  helium. 

MSRF, has not been established, it l i k e l y  w i l l  not exceed 362,000 Mwhr 

( f i v e  times the energy already generated). Figure 56 indicates  t h a t  the  

mechanical propert ies  should not worsen d r a s t i c a l l y  from those t h a t  pre- 

v a i l  a f t e r  72,400 Mwhr of operation. 

The f rac ture  

Although the  intended operating time f o r  the  

The main uncertainty associated with our estimate of t he  future  

propert ies  of the  MSRF: vesse l  i s  tha t  we have not taken i n t o  account the 

property changes due t o  thermal aging. 

pp. 25 and 27, the  t e n s i l e  and creep propert ies  of heat 5085 were changed 

jus t  by annealing a t  650°C. 

t o  be more r e s i s t an t  t o  aging. 

a t  lower temperatures could a l so  conceivably become a problem. 

changes a l so  vary from heat t o  heat and depend on both fluence and aging 

time. 

t o  improve on the  property estimates made on the  bas i s  of Fig. 56. 

A s  shown i n  Figs. 19 and 21, 

However, heat 5065 (Fig. 25, p. 31) seemed 

The noted changes i n  the  f rac ture  s t r a i n  

These 

Thus, the e f f e c t s  of aging cannot be taken i n t o  account adequately 

The pos t i r rad ia t ion  propert ies  of the  two modified a l loys  (hea ts  

67-502 and -504) were b e t t e r  than those of the standard a l loys  (compare 

Figs 28 and 35, pp. 33 and 39). We cannot explain the  property changes 

t h a t  occurred a s  a r e s u l t  of aging these a l loys  i n  s t a t i c  barren sal t ,  
but our current aging s tudies  should revea l  the mechanism. 

llB. E. Prince, MSR Program Semiann. Progr. Rept. A u g .  31, 1967, 
OWL-4191, p. 58. 
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Metallographic examination showed that  the  standard Hastelloy N w a s  

very compatible with the  f u e l  salt .  The samples removed from outside 

the  vesse l  were oxidized but there  w a s  no evidence of nitrogen absorption. 

The modified a l loys  were exposed t o  the  f u e l  salt  and an i ron-r ich layer 

was formed on the  surface. This t r ans fe r  occurred because the  modified 

a l loys  contain l e s s  than 0.1% Fe and the  standard Hastelloy N used i n  

the  r e s t  of the  system contains 4 t o  5% Fe. 

SUMMARY AND CONCLUSIONS 

We have examined the t h i r d  group of surveil lance samples removed 

from the  MSRE. 

exposed i n  the  MSRE c e l l  t o  an environment of N2  + 2 t o  5% 02 f o r  

20,789 hr  a t  650°C t o  a thermal fluence of 2.6 x 1019 neutrons/cm2, 

( 2 )  standard Hastelloy N exposed i n  the  MSRE core t o  f luoride salt  f o r  

15,289 h r  a t  650°C t o  a thermal fluence of 9.4 x lo2' neutrons/cm2, and 

(3)  modified Hastelloy N exposed i n  the MSRE t o  f luoride sal t  f o r  9789 hr  

a t  650°C t o  a thermal fluence of 5.3 x lo2' neutrons/cm2. 

t i o n  creep and t e n s i l e  t e s t s  were run t o  evaluate the influence of the  

respective exposures on the mechanical properties.  

of most concern i s  the  reduction i n  the f rac ture  s t r a in .  The f rac ture  

s t r a i n  a t  25°C was reduced by an amount re la ted  t o  both the  neutron f l u -  

ence and the  exposure time. 

pos t i r rad ia t ion  anneal of 8 h r  a t  870°C and we propose t h a t  the  reduction 

i n  f racture  s t r a i n  a t  25°C i s  due t o  carbide precipi ta t ion.  The f rac ture  

s t r a i n  i n  t e n s i l e  t e s t s  above 500°C and i n  creep t e s t s  a t  650°C was 

reduced by i r rad ia t ion .  This embrittlement i s  associated w i t h  the  helium 

tha t  i s  produced by the  transmutation o f  'OB i n  the  a l l o y  and cannot be 

recovered by pos t i r rad ia t ion  annealing. 

samples i r rad ia ted  t o  thermal fluences ranging from 1.3 X lo1' t o  

9.4 x lo2' neutrons/cm2 and have an approximate picture  of how the  f r ac -  

t u re  s t r a i n  var ies  w i t h  fluence. 

t h a t  t he  properties of the  unirradiated mater ia l  change some with a g i n g  

a t  650°C, and we do not have suf f ic ien t  data t o  separate the  contribu- 

t i ons  of i r r ad ia t ion  and aging t o  the  observed embrittlement. 

The materials involved were (1) standard Hastelloy N 

Post i r radia-  

The property change 

The f rac ture  s t r a i n  could be restored by  a 

We compared the  r e s u l t s  from 

This picture  i s  complicated by the  f a c t  
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W 
The modified al loys had b e t t e r  post i r radiat ion properties than were 

measured f o r  the  standard Hastelloy N. Although the properties of these 

materials were affected appreciably by i r rad ia t ion ,  the  minimum f rac ture  

s t r a i n  observed i n  pos t i r rad ia t ion  creep t e s t s  a t  650°C was 6$. 
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Table A - 1 .  Post i r radiat ion Tensile Properties of Samples of Heat 5085" 

Test S t ra in  Stress ,  p s i  Strain,  % Reduction True 
Temperature Rate i n  Area S t ra in  Specimen 

Nurriber ( "C) (min-I) Yield Ultimate Uniform Total  ( %I ( %> 

797Cb 
7982 
7975 
7974 
7972 
7970 
7968 
7966 
7964 
7962 
7960 
7973 
7989 
7969 
7967 
7965 
7963 
7961 
7981 
7988 
7987 
7986 
7985 
7984 

25 
25 
200 
400 
500 
550 
600 
650 
700 
760 
850 
400 
500 
550 
600 
650 
700 
760 
850 
500 
550 
600 
650 
700 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 
0.0005 
0.0005 
0.0005 
0.0005 
0.0005 

46 , 500 
46, 700 
38,000 
34,700 
33,500 
32,000 
31,700 
30,400 
30 , 000 
30 , 200 
33 , 000 
35,000 

33,500 
31,500 
31,300 
30,000 
28 , 600 
21,700 
34,300 
33,500 
31,800 
31,300 
30,800 

37,200 

99,100 
111,900 
94,600 
90,800 
86,700 
76,000 
68,000 
60,900 
54, 000 
43,800 
37,500 
91,500 

67,400 
58, 000 
49 , 900 
41,900 
37,000 
21,700 
68, 800 
64,100 

46,100 
41,100 

77,000 

54,100 

32.8 
48.2 
40.0 
46.8 
43.2 
29.5 
21.0 
18.8 
15.7 
8.3 
3.2 
47.3 
27.5 
19.5 
15.2 
11.1 
6.7 
4.4 
1.0 
20.4 
19.0 
13.3 
8.5 
5.0 

32.8 
48.3 
41.2 
47.2 
44.0 
30.2 
21.3 
19.7 
15.9 
8.9 
3.5 
47.8 
28.7 
20.6 
15.7 
11.6 
7.3 
5.0 
1.5 
21.1 
19.6 
13.7 
9.3 
5.2 

24.51 
34.19 
32.11 
36.46 
36.13 
30.89 
24.63 
14.82 
8.64 
12.30 
3.98 
37.20 
29.55 
18.94 
19.07 
18.61 
10.02 
8.31 
4.91 
19.33 
18.48 
16.76 
6.95 
6.45 

28.0 
42.0 
39.0 
45.0 
45.0 
37.0 
28.0 
16.0 
9.0 
l3.0 
4.0 
47.0 
35.0 
21.0 
21.0 
21.0 
11.0 
9.0 
5.0 
21.0 
20.0 
18.0 
7.0 
7.0 

Located outside the  MSRE vesse l  f o r  20,789 hr a t  650°C. Thermal fluence was a 

2.6 x 10'' neutrons/cm2. 

bGiven a post i r radiat ion anneal of 8 hr a t  870°C. 



Table A-2. Post i r radiat ion Tensile Properties of Samples of Keat 5065" 

Reduction True Specimen Test S t ra in  Stress ,  p s i  Strain,  $ 
Temperature Rate i n  Area S t ra in  

( "C> (mi.-') Yield Ultimate Uniform Total ( $1 ( $1 
Number 

7940 
7939 
7938 
7936 
7934 
7946 
7930 
7928 
7926 
7924 
7935 
7956 
7933 
7931 
7947 
7948 
7925 
7945 
7955 
7954 
7953 
7952 
7929 
7950 

25 
200 
400 
500 
550 
600 
650 
700 
760 
850 
500 
500 
550 
600 
650 
700 
760 
850 
400 
500 
550 
600 
650 
700 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 
0.0005 
0.0005 
0.0005 
0.0005 
0.0005 
0.0005 

49,000 
40,500 
36,600 
45,400 
36,000 

30,600 
31,100 
29,600 
32,700 
36,200 
38,100 
35,600 
34,600 

33,500 
33,300 
22,600 
38,200 
36,400 
37,500 
27,800 
33,700 
32,800 

33,100 

34,100 

118,800 
105,200 

94,800 
83,800 
79,800 
55,400 
57,200 
33,700 
36,800 
85,200 
86,900 
78,400 
63,400 
55,500 
49,900 
40,000 
23,100 
100,?00 
80,100 
70,200 
61,100 
52,700 
46,300 

99,600 

57.8 59.7 
55.1 57.6 
55.0 56.3 
46.6 47.2 
31.8 32.0 
33.3 33.9 
11.7 11.8 
13.5 W . 6  
2.2 3.2 
3.2 3.4 
25 .7 26.2 
29.5 30.2 
26.4 26.7 
14.9 15.1 
12.2 12.5 
8.6 8.7 
3.5 5.0 
1.0 2.0 

52.8 54.2 
28.3 28.9 
20.3 20.9 
16.7 17.0 
8.8 9.1 
4.8 6.2 

38.44 
40.54 
43.27 
40.83 
26.83 
31.33 
11.69 
16.83 
8.17 
3.99 
22.89 
24.14 
24.99 
8.49 
16.09 
8.31 
12.39 
2.86 
37.37 
25.11 
19.59 
18.74 
16.02 
5.69 

49.0 
52.0 
57.0 
52.0 
31.0 
38.0 
12.0 
18.0 
9.0 
4.0 
26.0 
28.0 
29.0 
9.0 
18.0 
9.0 

W.0 
3.0 
47.0 
29.0 
22.0 
21.0 
17.0 
6.0 

Located outside the MSRE vesse l  f o r  20,789 hr a t  650°C. Thermal fluence w a s  a 

2.6 x 1019 neutrons/cm2. 

, 



Table A-3.  Tensile Propert ies  of Samples of Heat 5.085" 

Test S t ra in  Stress ,  p s i  S t ra in ,  % Reduction True Specimen 
Number Temperature Rate i n  Area S t r a in  

( "C> (min-l) Yield Ultimate Uniform Total  ( %> ( %> 
7888 
7889 
7890 
7892 
7894 
7881 
7887 
7879 
7877 
7875 
7891 
7893 
7895 
7880 
7886 
7878 
7876 
7874 

25 
200 
400 
500 
550 
600 
650 
700 
7 60 
850 
400 
500 
550 
600 
650 
700 
760 
850 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 

52,300 
43,700 
42 , 800 
39 , 600 
38,900 

34,400 
35 , 900 
29,700 
30 , 400 
42  , 000 
41 ,  100 
44,  300 
34 , 300 

38 , 100 

35 , 000 
33 , 700 

22,200 
31,000 

95 , 000 

81,200 

92,200 
84 ,  300 

71,500 
58 , 700 
51,600 
46 , 200 
36 , 200 
31,300 
86 , 400 
68 , 000 
64 , 900 
46,900 
42 , 400 
36 , 100 
31,900 
22,200 

28.7 
36.1 
31.9 
35.0 
22.5 
11.1 
10.4 

5.8 
4.7 
1.8 

34.6 
17.0 
12.4 

6.4 
4.5 
2.1 
1.8 
1.2 

28.9 
36.7 
32.1 
35.2 
23.6 
11.8 
11.0 

6.3 
5.4 
2.2 

34.8 
18.1 
13.3 
7.1 
5.0 
2.2 
2.2 
1.2 

19.95 
30.00 
31.11 
31.33 
27.64 
18. 80 
14.16 
10.70 
11.74 

6.84 
30.11 
20.08 
16.02 
16.04 
13.14 
7.63 
4.69 
1.74 

22.0 
36.0 
37.0 
38. 0 
32.0 
21.0 
15.0 
11.0 
12.0 
7.0 

36.0 
22.0 
17.0 
17.0 
14.0 
8.0 
5.0 
2.0 

After exposure i n  the  MSRE core f o r  15,289 h r  a t  650°C. Thermal fluence w a s  a 

9.4 x lo2' neutrons/cm2 and the fas t  fluence > 1.22 MeV was 2.3 x lo2'  neutrons/cm2. 



Table A-4. Tensile Propert ies  of Control Specimens of Heat 5085" 

Test S t r a in  S t ress ,  p s i  S t ra in ,  % Reduction True Specimen 
Number Temperature Rate i n  Area S t r a in  

( "CI (min-l)  Yield Ultimate Uniform Total  ( %I ( %I 
~ 

10166 
10167 
10165 
10168 
10 16 9 
10187 
10170 
10185 
10 172 
10 164 
101g3 
10177 
10184 
10189 
10190 
10173 
10182 
10 174 
10175 

~ 

25 
200 
400 
500 
550 
600 
650 
700 
760 
850 
400 
500 
550 
600 
650 
700 
760 
850 
850 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 

53,900 
44,500 

41,200 
38,600 
41,500 
38,000 
42,300 
35,800 
30,200 
41,700 
39,200 
39,600 
42,700 
37,700 
42,400 
35,500 
31,600 
29,900 

39,600 

115,900 
109,600 
102,700 
99,500 
91,400 
86,500 
70,500 
77,700 
68,600 
50,300 

107,300 
95,200 
83,500 
73,100 
G4,700 
68,000 
53,100 
31,600 
29,900 

- 

38.4 
46.5 
49.7 
47.9 
39.3 
24.5 
18.8 
22.5 
24.8 
12.9 
48.8 
32.5 
25.6 
15.6 
17.4 
15.8 
8.6 
1.3 
1.5 

38.6 
46.8 
50.2 
49.1 
39.5 
26.0 
19.6 
24.0 
31.3 
37.6 
49.3 
33.3 
26.6 
16.1 
18.0 
16.8 
35.5 
34.1 
31.0 

29.66 
37.44 
39.08 
33.98 
33.20 
24.51 
20.89 
22.23 
22.23 
33.66 
36.46 
28.30 
19.20 
19.07 
19.74 
19.87 
32.55 
35.48 
32.88 

35.0 
47.0 
50.0 
42.0 
40.0 
28.0 
23.0 
29.0 
29.0 
51.0 
45.0 
33.0 
21.0 
21.0 
22.0 
22.0 
39.0 
44.0 
40.0 

After exposure t o  s t a t i c  f luor ide  s a l t  f o r  15,289 h r  a t  650°C. a 

. 



Table A-5. Tensile Propert ies  of  Samples of Heat 5065a 

Test S t ra in  S t ress ,  p s i  Strain,  $ Reduction True 
i n  Area S t r a in  Spe c ime n 

Number Temperature Rate 
( "C) (min'l) Yield Ultimate Uniform Total  ( %) ( %) 

7915 
7916 
7917 
7919 
7921 
7908 
7914 
7906 
7904 
7900 
7918 
7920 
7922 
7907 
79x3 
7905 
7903 
7901 

25 
200 
400 
500 
550 
600 
650 
700 
7 60 
850 
400 
500 
550 
600 
650 
700 
760 
850 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 

51,700 
62,300 
41, 700 
44,100 
43 , 100 
39,200 
38,600 

36,200 
33,800 
31+, 000 
46 , 600 
44 , 300 
42,400 
37 , 200 
40,400 
37,400 

20,500 
33 , 200 

109? 300 
102,400 
94 , 600 
90,600 
81,400 

55 , 600 
46,800 

34,000 
96,900 
76.800 
66.300 
49 , 500 
46,300 
38,200 
34,700 
20,500 

62,100 

38,100 

41.4 
38.9 
43.8 
37.0 
25.4 
11.7 
8.3 
5.4 
2.8 
1.4 
41.9 
16.3 
12.0 
5.8 
3.2 
1.7 
1.0 
1.0 

41.5 
39.6 
46.3 
38.0 
25.7 
11.9 
8.5 
5.5 
2.9 
1.5 
43.0 
16.6 
12.4 
5.9 
3.4 
1.8 
1.0 
1.0 

34.14 
35.87 
39.02 
34.63 
25.83 
W.28 
12.53 
6.75 
10.99 
5.18 
37.57 
19.46 
18.15 
12.95 
5.95 
6.10 
9.40 
4.38 

42.0 
44.0 
49.0 
43.0 
30.0 
14.0 
W.0 
7.0 
12.0 
5.0 
47.0 
22.0 
20.0 
14.0 
6.0 
6.0 
9.0 
4.0 

After exposure i n  MSRE core f o r  15,289 h r  a t  650°C. Thermal fluence was a 

9.4 x lo2' neutrons/cm* and f a s t  fluence > 1.22 MeV w a s  2.3 x l o2"  neutrons/cm'. 



Table A-6. Tensile Properties of Control Specimens of Heat 5065" 

Test S t r a in  S t ress ,  p s i  Strain,  $ Reduction True 
Temperature Rate i n  Area S t r a in  Specimen 

Number 
( "C> (rnin-l) Yield Ultimate Uniform Total  ( 8) ( 8 )  

10215 
10 2 14 
10210 
10194 
10 2 13 
10217 
10211 
10 19 1 
10195 
10196 
10208 
10199 
10200 
10212 
10216 
10202 
10198 
10192 

25 
200 
400 
500 
550 
600 
65 0 
700 
760 
850 
400 
500 
550 
600 
650 
700 
760 
850 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 

60,900 
46.800 
46,700 
41,200 
42,800 
40,700 
43,400 
39,600 
36,900 
35,300 
50,700 
46,100 
46,500 
41,200 

43,700 
41,700 
29,400 

44,200 

126,700 
114,300 
110,300 
103,700 

98,400 
88,300 
78,200 
71.400 
69,500 
46 ,  900 

118,500 
91,800 
84,100 
75,400 
73,300 
69,700 
50,400 
29,400 

46.5 
47.2 
44.4 
45.7 
41.2 
23.2 
18.4 
17.0 
20.3 

8.6 
43.4 
30.8 
18.6 
18.5 
16.0 
W . 8  
7 .5  
1.3 

47.4 
49.4 
47.4 
46.5 
41.4 
24.3 
18.8 
17.6 
29.9 
44 .1  
46.5 
31.4 
19.1 
19.0 
16.5 
21.1 
34.8 
u . 9  

39.30 
37.07 
39.30 
36. 77 
35.59 
20.86 
16.56 
19.07 
21.94 
48.82 
38.34 
22.48 
17.75 
19.20 
16.83 
18.68 
36.87 
44.56 

50.0 
46.0 
50.0 
46.0 
44.0 
23.0 
18.0 
21.0 
25.0 
67.0 
48.0 
25.0 
20.0 
21.0 
18.0 
21.0 
46.0 
59.0 

After exposure t o  s t a t i c  f luoride sa l t  f o r  15,289 hr a t  650°C. a 
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Table A-7. Post i r radiat ion Creep-Rupture Properties a t  650 "C 
of Samples of Standard Hastelloy Na 

S t  r e s  s Rupture Rupture Minimum 
Leve 1 Life S t ra in  Creep Rate Test Spec ime n 

( P s i )  ( h r )  ( %) (%/hr) Number Number 

R -7 17 
R-736 
R-725 
R-728 
R -780 

R -7 18 
R-739 
R -724 
R-729 
R-781 

7941 
7942 
7943 
7944 
7949 

7977 
7978 
7979 
7980 
7983 

Heat 5065 

52,000 3.4 

32,400 77.7 

47 , 000 11.6 
40 , 000 30.8 

27 , 000 499.2 

Heat 5085 
52,000 1.9 
47 , 000 4.1 
40 , 300 40.2 
32 , 400 264.0 
27 , 000 451.5 

2.3 
1.0 
0.97 
0.72 
2.0 

2.4 
1.9 
1.3 
1.2 
1.6 

0.525 
0.0792 
0.0283 
0.0062 
0.0012 

0.892 
0.400 
0.0209 
0.0029 
0.0021 

Located outside the MSRE Vessel f o r  20,789 hr  a t  650°C. a 

Thermal fluence was 2.6 x neutrons/cm2. 

Table A-8. Creep-Rupture Properties a t  650°C of Samples 
of Standard Hastelloy Na 

Stress  Rupture Rupture Minimum 
Leve 1 Life S t ra in  Creep Rate Test Specimen 

( P s i )  ( h r )  ( %) ( %/hd 
Number Number 

R -7 19 
R-726 
R-721 
R-730 
R -783 

R-720 
R-722 
R-723 
R-731 
R-782 

7909 
7912 
7911 
7910 
7923 

7882 
7884 
7885 
7883 
7873 

Heat 5065 
47,000 0.3 

27 , 000 5.1 
21,500 246.3 
17 , 000 1940.2 

32,400 4.7 

Heat 5085 
47 , 000 0 
32 , 400 12.6 
27 , 000 50.6 
21,500 217.8 
17, 000 2386.8 

0.12 
0.18 
0.09 
0.28 
0.83 

0.52 
0.81 
1.1 
1.29 

0.20 
0.0214 
O.Ol34 
0.0010 
0.0002 

0.0245 
0.0104 
0.0025 
0.0005 

After exposure i n  the MSRF core fo r  15,289 hr  a t  650°C. a 

Thermal fluence w a s  9.4 x lo2 '  neutrons/cm2 and the f a s t  fluence 
>1.22 Mev was 2.3 X lo2'  neutrons/cm2. 
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Table A-9. Creep-Rupture Propert ies  a t  650°C of Control 
Specimens of Standard H a s t e l b y  Ea 

S t ress  Rupture Rupture Minimum Reduction 
Level Life S t r a in  Creep Rate i n  Area Te s t Specimen 

( P s i )  ( h r )  ( %I (%/hr) ( %I Number Number . 

7240 
7239 
7238 
7237 

7236 
7235 
7355 
7233 
7416 

10205 
10206 
10193 
10209 

10178 
10 18% 
10 17 9 
10186 
10176 

55,000 
47,000 
40,000 
32,400 

55,000 
47,000 
40,000 
38,200 
32,400 

Heat 5065 

14.9 15.5 
107.5 23.3 
416.6 28.9 
1234.2 27.8 

Heat 50%5 
10.3 18.2 
65.2 19.6 
526.5 20.5 
658.3 23.2 
1670.6 23.7 

0.620 
0.145 
0.0426 
0. ow1 

0.905 
0.156 
0.025 
0.0230 
0.0083 

16.2 
20.5 
24.8 
32.9 

18.7 
18.% 
24.4 
27.5 
29.9 

%xposed t o  s t a t i c  f luor ide  salt  for 15,289 hr at  650°C. 



Table A-10. Tensile Propert ies  of Heat 67-502 Surveillance Samples" 

Specimen Test S t ra in  S t ress ,  ps i  Strain,  % Reduction True 
Temperature Rate i n  Area S t r a in  

( "a (mi.-') Yield Ultimate Uniform Tota l  ( %) ( %> Number 

5329 
5330 
5331 
5333 
5335 
5322 
5328 
5320 
5318 
5316 
5332 
5334 
5336 
5321 
5327 
5319 
5317 
5315 

25 
200 
400 
500 
550 
600 
650 
700 
760 
850 
400 
500 
550 
600 
650 
700 
7 60 
850 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 

65,400 
51,300 
47,500 

40,000 
41,100 

36,700 
33,000 
31,100 
52,300 
52,600 
51,200 
40,900 
42,200 
35,500 
35,500 
24,900 

47,800 

44,100 

119,300 
104,500 
93,800 
109,000 
104,000 
82,800 
69,600 
61,600 
58,000 
35,300 
96,800 
82,400 
66,400 
62,700 
62,900 
55,500 
42,100 
25,100 

50.3 
47.0 
47.9 
48.0 
43.5 
38.1 
22.5 
19.0 
14.9 
2.4 
48.4 
29.3 
10.5 
17.1 
15.6 
10.2 
4.4 
1.1 

51.6 
49.3 
50.2 
51.8 
44.2 
40.2 
24.1 
20.2 
16.6 
3.0 
50.0 
31.4 
13.0 
19.0 
17.1 
12.7 
8.2 
3.0 

34.81 
42.83 
45.68 
42.39 
39.02 
31.46 
27. w 
23.35 
8.67 
13.29 
35.22 
26.03 
22.56 
19.07 
15.36 
13.29 
9.59 
9.44 

43.0 
56.0 
61.0 
55.0 
49.0 
38.0 
32.0 
27.0 
9.0 
14.0 
43.0 
30.0 
26.0 
21.0 
17.0 
14.0 
10.0 
10.0 

%?osed t o  core of MSRE f o r  9789 hr a t  650°C. Thermal fluence was 
5.3 x 10 O neutrons/cm2. 



Table A - 1 1 .  Tensile Properties of Heat 67-504 Surveillance Samples a 

Test S t r a in  S t ress ,  ps i  S t ra in ,  % Reduction True Specimen 
Number Temperature Rate i n  Area S t ra in  

( "a (mi.-') Yield Ultimate Uniform Total  ( %I ( %) 

5086 
5087 
5088 
5090 
5092 
5079 
5085 
5077 
5075 
5073 
5089 
5091 
5093 
5078 
5084 
5076 
5074 
5072 

25 
200 
400 
500 
550 
600 
650 
700 
7 60 
850 
400 
500 
550 
600 
650 
700 
760 
850 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 

102,300 
46,400 
41,000 
40,100 
39,600 
39,700 
32,900 

34 , 900 
32,600 
41,700 
41,600 
38,000 
40,200 
34,700 
35,700 
37,000 
25,400 

35,000 

119,300 
105,700 

97,700 
93,000 

112,000 
101,000 
70,000 
65,900 
57,600 
40,800 
99,000 
91,200 
7%, 100 
69,600 
63,900 
56,200 
42,300 
26,000 

26.0 
43.7 
44.0 
42.8 
46.0 
35.3 
30.0 
23.2 
12.8 
4.8 

41.8 
42.2 
28.2 
23.7 
21.9 
11.9 
4.3 
2.1 

27.0 
44.4 
44.5 
43.3 
46.7 
35.7 
30.7 
24.2 
W . 8  

6 .  G 
42.9 
43.2 
29.9 
24.8 
23.1 
14.6 
6.7 
4.4 

33.46 
31.89 
37.20 
37.94 
36.46 
33.53 
31.45 
24.54 
18.02 

9.37 
36.36 
28.18 
21.18 
17.16 
16.96 
13.12 
11.92 
11.50 

41.0 
38.0 
47.0 
48.0 
45.0 
41.0 
38.0 
28.0 
20.0 
10.0 
45.0 
33.0 
24.0 
19.0 
19.0 
14.0 
l3.0 
12.0 

?Eyosed  t o  core of MSRE f o r  9789 h r  a t  650°C. Thermal fluence was 
5.3 x 10 O neutrons/cm2. 

( r 
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a Table A-12. Tensile Properties of Control Specimens of  Heat 67-502 

Test S t ra in  Stress ,  p s i  Strain,  4 Reduction True Specimen 
Number Temperature Rate i n  Area S t r a in  

( "C) (min-l)  Yield Ultimate Uniform Total  ( 8) ( 4) 
5381 
5390 
5393 
5391 
5395 
5397 
5394 
5389 
5388 
5382 
5386 
5384 
5392 
5379 
5387 
5383 
5380 

25 
200 
400 
500 
550 
600 
650 
700 
760 
850 
400 
500 
550 
600 
700 
7 60 
850 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 

56,600 
54,400 

42,900 
45,600 
44,000 
5 1,200 
41,700 
39,200 

49,300 

38,800 
52,400 
41,700 

29,000 

48,100 

35,200 

45,000 

44,800 

133,400 
111,700 
106,100 
95,600 
97,600 
93,500 
98,200 
83 600 
72,800 
47,300 
105,100 
89 700 

88,900 
75,300 
50,800 
29,400 

88,100 

53.7 
54.4 
58.0 
50.6 
52.9 
52.8 
46.5 
41.3 
24.5 
8.0 
54.8 
51.7 
50.4 
29.6 
18.8 
6.4 
2.9 

55.4 
56.2 
60.9 
52.6 
54.9 
55.1 
48.3 
43.6 
39.7 
25.0 
56.9 
55.7 
52.9 
31.2 
34.1 
27.3 
18.1 

50.04 
51.17 
52.51 
45.31 
48.16 
43.09 
35.48 
34.19 
29.44 
23.35 
4%. 90 
45.39 
35.48 
28.87 
31.56 
24.75 
19.07 

69.0 
72.0 
74.0 
60.0 
66.0 
56.0 
44.0 
42.0 
35.0 
27.0 
67.0 
61.0 
44.0 
34.0 
38.0 
28.0 
21.0 

After exposure t o  s t a t i c  f luor ide  sal t  for 9789 hr a t  650°C. a 



Table A-W. Tensile Propert ies  of Control Specimens of Heat 67-504" 

Test S t r a in  S t ress ,  p s i  S t ra in ,  % Reduction True Specimen 
Nunbe r Temperature Rate i n  Area S t r a in  

( "a (min'l) Yield Ultimate Uniform Total  ( f >  ( %) 

5058 
5046 
5057 
5061 
5045 
5055 
5065 
5067 
5066 
5060 
5064 
5041 
5053 
5044 
5042 
5048 
5047 
5056 

25 
200 
400 
500 
550 
600 
650 
700 
760 
850 
400 
500 
550 
600 
650 
700 
760 
850 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 

67,500 
59,700 
45,500 

45,300 
45,400 
43,300 
43,300 

34,900 
53,400 
61,300 
49,200 

44,900 
42,100 
42,700 
31,500 

43,100 

44,200 

45,800 

W2,800 
118,700 
105,100 
99,900 
101,500 
97,700 
94,300 
94,600 
75,400 
47,800 
122,800 
115,500 
99,700 
91,300 
80,200 

50,800 
32,400 

68,100 

50.2 
43.5 
46.2 
50.6 
47.9 
49.1 
48.8 
30.8 
20.3 
7.7 
46.2 
44.5 
47.2 
41.9 
30.0 
16.2 
6.0 
2.9 

52.3 
44.0 
47.2 
52.1 
49.4 
50.9 
50.9 
39.5 
43.5 
38.7 
47.9 
46.1 
48.5 
43.7 
41.2 
45.8 
38.9 
34.8 

43.72 
41.59 
36.41 
41.30 
36.87 
36.67 
37.37 
36.00 
38.44 
35.48 
34.19 
33.52 
39.59 
37.2'7 
38.14 
40.64 
41.78 
34.29 

57.0 
54.0 
45.0 
53.0 
46.0 
46.0 
47.0 
45.0 
49.0 
44.0 
42.0 
41.0 
50.0 
47.0 
48.0 
52.0 
54.0 
42.0 

After exposure t o  s t a t i c  f luor ide  salt  f o r  9789 hr a t  650°C. a 
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Table A-14. Creep-Rupture Propert ies  a t  650 "C of Surveillance 
Specimens of  Yodified Iiastelloy Na 

S t ress  Rupture Rupture Minimum 
Leve 1 Life S t r a in  Creep Rate Test Specimen 

( p s i )  ( h r )  ( %) ( %/hd  
Number Number 

Heat 67-502 
55,000 26.0 
47,000 126.4 
40,000 655.2 
32,400 1274.7 

Heat 67 -504 
55,000 59.6 

40,000 467.2 
32,400 1643.8 

47,000 181.7 

R-735 
R -7 16 
R-709 
R-735 

729 
711 
704 
730 

5.8 
4.3 
6.4 
5.8 

0.178 
0.0248 
0.0068 
0.0019 

728 
7 10 
703 
7 27 

0.0905 
0.0272 
0.01w 
0.0025 

R-733 
R-715 
R-708 
R-732 

7.0 
6.8 
6.9 
5.9 

, ?Exposed t o  the  core of t he  MSRE for 9789 hr a t  650°C. 
mermal fluence was 5.3 x iozo neutrons/cm2. 

Table A-15. Creep-Rupture Propert ies  a t  650°C of 
Control Specimens of Modified Ilastelloy Na 

S t ress  Rupture Rupture Minimum Reduction 
Level Life S t r a in  Creep Rate i n  Area Test Specimen 

( p s i )  ( h r )  ( %> (%Jhr) ( %) Number Number 

Heat 67 -502 
3.6 45.6 
60.1 38.3 
242.2 37.2 
1148.6 31.7 

Heat 67-504 

5.5 43.7 
108.3 41.7 
329.2 39.4 
1014.6 40.8 

7232 
7231 
7230 
7229 

5401 
5402 
5403 
5404 

70,000 
55,000 

40,000 
47,000 

4.15 
0.308 
0.0775 
0.0148 

39.5 
38.3 
34.7 
29.2 

43.9 
39.6 
43.3 
48.0 

7228 
7227 
7226 
7225 

5050 
5043 
5049 
5062 

70, 000 
55,000 
47,000 
40,000 

3.80 
0.180 
0.0485 
0.0200 

%xposed t o  s t a t i c  f luor ide  s a l t  f o r  9789 h r  a t  650°C. 
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