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AN EVALUATION OF THE MOLTEN SALT REACTOR EXPERIMENT 
HASTELLOY N SURVEILLANCE SPECIMENS - FIRST GROUP 

. 
r 

H. E. McCoy, Jr. 

ABSTRACT 

We have t e s t e d  the  f irst  group of s w e  lance spec 
from the Molten Sa l t  Reactor Experiment core. They were 

.mens 

removed a f t e r  7823 Mwhr of reactor  operation during which 
the specimens were held a t  645 L- 10°C for 4800 hr  and 
accumulated a thermal dose of 1 .3  X lo2' neutrons/cm2. 
The high-temperature d u c t i l i t y  w a s  reduced, but the  reduction 
was s i m i l a r  t o  t h a t  observed f o r  these materials when 
i r r ad ia t ed  i n  t h e  O a k  Ridge Reactor i n  a helium environment. 
The low-temperature d u c t i l i t y  w a s  reduced, and t h i s  i s  
thought t o  be due t o  the  formation of intergranular  Q C .  
The specimens showed no evidence of corrosion; however, a 
carbon-rich layer ,  1 t o  2 m i l s  i n  depth, w a s  noted where 
the  Hastelloy N and graphite were i n  contact.  The mechanical 
propert ies  of t he  Hastelloy N appear adequate f o r  t he  
continued sa t i s f ac to ry  operation of the  MSRE. 

T e s t  results are presented for the  e f f e c t s  of several  
var iables  on the  t e n s i l e  d u c t i l i t y  of i r r ad ia t ed  and 
unirradiated Hastelloy N. 
temperature, s t r a i n  r a t e ,  and prestraining.  

These var iab les  included t e s t  

INTRODUCTION 

The Molten S a l t  Reactor Ekperiment i s  a s ingle  region reactor  that 

i s  fueled by a molten f luor ide  s a l t  (65 LiF, 29.1 BeF2, 5 ZrF4, 

0.9 UF4 mole f ) ,  moderated by unclad graphite,  and contained by Hastelloy N 

(Ni-16 Mo-7 Cr-4 F e 4 . 0 5  C, w t  $). 

construction can be found elsewhere. We knew t h a t  t h e  neutron environment 

would produce some changes i n  the  two s t r u c t u r a l  mater ia ls  - graphite and 

Hastelloy N. 

The d e t a i l s  of t h e  reactor  design and 

Although we were very confident of t he  compatibil i ty of these  

'R. C .  Robertson, MSRE Design and Operations Report, P t .  1, Description 
of Reactor Design, ORNL-TM-728 (January 1965). 

I 
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materials with the  f luor ide  salt ,  we needed t o  keep abreast  of t h e  possible 

development of corrosion problems within t h e  reac tor  i t s e l f .  For these 

reasons, we developed a survei l lance program t h a t  would allow us t o  follow 

t h e  property changes of graphite and Hastelloy N specimens a s - the  reactor  

op e r  a t  e d . 
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 on k y  1966. 

present group of survei l lance specimens was i n  the reac tor  from 

The 

September 8, 1965, t o  July 28, 1966, and w a s  removed a f t e r  7823 Mwhr of 

operation (designated "first group"). 

were run on the  Hastelloy N specimens t h a t  were removed. 

This report  covers t h e  t e s t s  t h a t  

EXPIZRIMENTAL DETAILS 

Surveillance Assembly 

The core surveil lance assembly w a s  designed by W.  H. Cook and others,  

and t h e  d e t a i l s  have been reported previously.2 

p i c t o r i a l l y  and schematically i n  Fig. 1. The specimens a re  arranged i n  

three  s t r ingers .  Each s t r inge r  i s  about 62 in .  long and cons is t s  of two 

Hastelloy N rods and a graphite sect ion made up of various pieces t h a t  are 

joined by pinning and tongue-and-groove jo in t s .  

periodic reduced sect ions 1 l/$ i n .  long X 1/8 in .  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 inge r s  are 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 inge r s  f o r  r e inse r t ion  in to  

the  reactor .  The assembled s t r inge r s  f i t  i n to  a perforated Hastelloy N 

The f a c i l i t y  i s  shown 

The Hastelloy N rod has 

basket t h a t  i s  inser ted in to  an a x i a l  pos i t ion  about 3.6 in .  from the  core 

center  l i ne .  

*W. H. Cook, MSR Program Semiann. Progr. Rept. Aug. 31, 1965, 
ORNL-3872, p. 87. 
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When the  basket was removed on Ju ly  28, 1966, some of t he  specimens 

were bent and the e n t i r e  assembly had t o  be r e p l a ~ e d . ~  

i n  the  design were made, and the assembly was removed recent ly  and found 

t o  be i n  excellent condition. 

Sl ight  modifications 

A control  f a c i l i t y  i s  associated with t h e  survei l lance program. It 
u t i l i z e s  a "fuel  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  MSRE computer s o  

tha t  t h e  temperature matches t h a t  of t h e  reactor .  Thus, these specimens 

a re  exposed t o  conditions the same as  those i n  the  reactor  except f o r  t he  

s t a t i c  sal t  and t h e  absence of a neutron flux. 

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

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

specimens a re  exposed t o  the  c e l l  environment (N2 + 2-5% 0 2 ) .  

not removed during t h e  f i rs t  group. 

They were 

Materials 

Two heats of Hastelloy N were used i n  t h i s  program: heats  5081 and 

Both of these hea ts  w e r e  air-melted by S t e l l i t e  Division of Union 5085. 

Carbide Corporation, and t h e i r  chemical analyses a re  given i n  Table 1. 

Heat 5085 w a s  used fo r  making the  cy l indr ica l  port ion of t h e  core vessel ,  

and heat 5081 was used for various pa r t s  ins ide  the  reactor .  

T e s t  Specimens 

The specimens were put i n t o  the  reactor  as rods 62 in .  long by 

l / 4  in .  i n  diameter with reduced sections 1/8 i n .  i n  diameter by 

1 l/8 i n .  long. 

t o  obtain t h e  62-in.-long rod. 

was sawed in to  small specimens w i t h  a gage sect ion 1 1/8 i n .  long by 

The long rod was made i n  seven pieces and welded together 

After removal from t h e  reactor ,  the  rod 

1/8 in .  i n  diameter. Each rod i s  designated by a l e t t e r  and the  individual 

%. H. Cook, MSR Program Semiann. Progr. Rept. Aug. 31, 1966, 
ORNL-4037, p. 97. 

4W. H. Cook, "Molten Sa l t  Reactor Program," Metals and Ceramics Div. 
Ann. Progr. Rept. June 30, 1967, ORNL-4170, Chap. 34 ( i n  p re s s ) .  
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Table 1. Chemical Analysis of Surveillance Heats 

Element 
Content, w t  $ 

~~ ~ 

Heat 5085 Heat 5081 

C r  

Fe 

Mo 

C 

S i  

co 
W 

Mn 

v 
P 

S 

A 1  

T i  

cu 
B 

6.2 

3.3 

16.3 

0.054 

0.58 
0.15 

0.07 

0.67 

0.20 

0.013 
0.004 

0.02 

4.01 
0.01 

0.0038 

6 . 1  

3.4 

16.4 

0.059 

0.52 

0.10 

0.07 

0.65 

0.20 

0.012 
0.002 

0.05 

4.01 
0.01 

0.0050 

N i  bal bal 
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specimens a re  numbered beginning a t  the bottom of the  rod and increasing 

t o  27 a t  the top. 

The rods i n  the first group were bent, and it was necessary t o  examine 

each specimen w i t h  an op t i ca l  comparator t o  determine whether it w a s  

su i tab le  f o r  use. If the  t o t a l  indicated runout of the gage sect ion was 

greater than 0.002 in . ,  t h e  specimen was not used. The best specimens 

were used f o r  t he  higher temperature tes ts  where the expected s t r a i n s  were 

smallest. The r e s u l t s  from a b r i t t l e  mater ia l  a r e  a f fec ted  more ser iously 

by specimen alignment than are those from a duc t i l e  material. 

The materials were received i n  the mill annealed condition (1 hr a t  

They were given a fu r the r  anneal of 2 h r  a t  900°C p r i o r  t o  1177°C). 

inser t ion  in to  the reactor  and the  control  f a c i l i t y .  

I r r ad ia t ion  Conditions 

The specimens f r o m t h e  first group w e r e  i n  the  reac tor  from 

September 8, 1965, t o  Ju ly  28, 1966. The reactor  had operated 0.0066 Mwhr 

when the  specimens were inser ted  and 7823 Mwhr when they were removed. 

They w e r e  a t  temperature f o r  4800 h r  w i t h  the temperature range being 

645 k 10°C. 

The f l u x  w a s  measured by H. B. Piper5 using s t a i n l e s s  s t e e l  w i r e s  t ha t  

w e r e  attached t o  the surveil lance specimens. The thermal and fast f l u x  

p ro f i l e s  are shown i n  Figs. 2 and 3 along with t h e  a x i a l  loca t ion  of each 

specimen. 

w a s  1.3 X lo2' neutrons/cm2 and t h e  fast dose (>1.22 Mev), based on the  

58Ni(n,p)58Co transmutation, w a s  3 X lo1' neutrons/cm2. 

used fo r  the  59Co(n,y)60Co transmutation was 22.25 barns, and that  f o r  

the 58Ni(n,p) 58C0 transmutation was 0.1262 barns. 

However, t he  material  w a s  only exposed t o  salt  f o r  2796 hr, 

The peak thermal dose, based on the 59Co(n,y) 6oCo transmutation, 

The cross sect ion 

5H. B. Piper, p r iva te  communication. 
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Testing Te%niques 

The laboratory creep-rupture t e s t s  were run i n  conventional creep 

machines of the  dead load and lever  a r m  types. The s t r a i n  w a s  measured by 

a d i a l  indicator t h a t  showed the t o t a l  movement of the  specimen and par t  

of the  load t r a i n .  

the  load was applied. 

accuracy of the  Chromel-P-Alumel thermocouples used. 

The zero s t r a i n  measurement was taken immediately a f t e r  

The temperature accuracy was +0.75$, the  guaranteed 

The post i r radiat ion creep-rupture t e s t s  were run i n  lever  a r m  machines 

The s t r a i n  w a s  measured by an extensometer t ha t  were located i n  hot ce l l s .  

with rods attached t o  t h e  upper and lower specimen grips.  The r e l a t ive  

movement of these two rods was measured by a l inear  d i f f e r e n t i a l t r a n s -  

former, and the transformer s ignal  was recorded. The accuracy of the s t r a i n  

measurements 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 r a in ;  however, other fac tors  (temperature changes i n  the  ce l l ,  

mechanical vibrations,  e tc .  ) probably combined t o  give an overa l l  accuracy 

of +0.1$ s t r a i n .  

reproducibil i ty t h a t  one would expect fo r  r e l a t ive ly  b r i t t l e  materials. 

The temperature measuring and control  system w a s  the same as  t h a t  used i n  

the  laboratory with only one exception. 

system w a s  s tab i l ized  a t  t he  desired temperature by use of a recorder with 

an  expanded scale.  In  the  t e s t s  i n  t h e  hot ce l l s ,  the control point w a s  . 
established by s e t t i n g  the  control ler  without the  a id  of the  expanded-scale. 

recorder. 

temperature uncertainty of about +1$. 

This i s  considerably b e t t e r  than the  specimen-to-specimen 

I n  the  laboratory, t he  control 

This e r ro r  and the thermocouple accuracy combine t o  give a 

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 rave l .  

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

showed tha t  the  depth of oxidation was small (4.002 i n . ) ,  and hence we 

f e e l  t ha t  the  environment did not appreciably influence the t e s t  r e su l t s .  
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Test Results 

Since the  survei l lance assembly was bent, it w a s  necessary t o  remove 

a l l  t h e  specimens i n  t h e  f irst  group, and we had about 50 specimens of 

each heat a f t e r  the bent ones were discarded. 

t o  run the  desired t e s t s  f o r  survei l lance purposes and enough t o  look a t  

some fur ther  var iables  t h a t  a r e  of value i n  understanding the  behavior of 

i r rad ia ted  Hastelloy N. 

even though much of t h i s  information has l i t t l e  d i r ec t  bearing on t h e  safe  

operation of t he  KSRE. Since the  rupture d u c t i l i t y  i s  of primary impor- 

tance, we s h a l l  be most concerned with t h i s  property. 

Thus, we had enough specimens 

We s h a l l  present a l l  t h e  r e s u l t s  t ha t  were obtained 

The r e s u l t s  of t e n s i l e  t e s t s  on the  control  specimens of heat 5081 

are given i n  Table 2. The t o t a l  elongations a t  f rac ture  as  a function of 

temperature a re  shown i n  Fig.  4 f o r  s t r a i n  r a t e s  of 0.05 and 0.002 min-l. 

This material exhibi ts  t he  d u c t i l i t y  minimum t h a t  i s  charac te r i s t ic  of 

nickel-base al loys.  The temperature of the  minimum d u c t i l i t y  seems t o  

decrease with decreasing s t r a i n  r a t e .  

a t  various s t r a i n  r a t e s  over the  range of 2 t o  0.002 min-l. 

of these tes ts  a re  a l s o  given i n  Table 2, and the  f rac ture  elongations are 

given i n  Fig. 5 .  The f r ac tu re  elongation i s  very sens i t ive  t o  s t r a i n  r a t e  

a t  650"C, but r e l a t i v e l y  insens i t ive  a t  higher and lower temperatures. 

Several of t he  specimens were run 

The results 

The r e s u l t s  of t h e  tests on the  survei l lance specimens from heat 5081 

are  summarized i n  Table 3. The elongation a t  f rac ture  i s  p lo t ted  as a 

function of temperature i n  Fig. 6. The i r r ad ia t ed  mater ia l  i s  characterized 

by a sharp drop i n  d u c t i l i t y  with increasing temperature above about 500°C. 

The d u c t i l i t y  continues t o  decrease with increasing temperature ra ther  than 

exhibi t ing a d u c t i l i t y  minimum l i k e  t h e  unirradiated material  (Fig. 4 ) .  

The d u c t i l i t y  i s  lower a t  a s t r a i n  r a t e  of 0.002 min-l than a t  0.05 min-l, 

but t h e  difference decreases with increasing temperature. This point i s  

demonstrated qui te  w e l l  i n  Fig. 7 where t h e  dependence of the  d u c t i l i t y  on 

s t r a i n  r a t e  i s  shown f o r  several  temperatures. 

We have looked individually a t  t h e  propert ies  of t he  surveil lance and 

control  specimens of heat 5081; l e t  us now compare these properties.  The 

r a t i o s  of t he  property f o r  t he  i r r ad ia t ed  mater ia l  t o  t h a t  of t he  

unirradiated mater ia l  a r e  compared i n  Fig. 8 a s  a function of temperature. 
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Table 2. Results of Tensile Tests on lvaSRE Surveillance Control Specimens 
Heat 5081 

Specimen Test Strain Stress (psi)  Elongation ('$) Reduction True Fracture 
Number Temperature R a t  e Yield Ultimate Uniform Total i n  Area Strain 

("C) (min- ') ($1 ($) 

AC-8 25 0.05 

AC - 11 
CC-27 
CC-26 
CC-25 
AC-22 
CC - 24 
CC-23 
BC-8 

cc - 21 
CC-19 
CC-29 
CC-18 
AC-19 
CC-17 
CC-16 
AC-24 
BC-9 

AC-20 
AC - 25 

200 

400 
400 
400 
400 
400 
400 
400 

5 00 
5 00 
500 
500 
5 00 
500 
500 
500 
500 

550 
550 

0.05 

2 
0.5 
0.2 
0.05 
0.02 
0.005 
0.002 

2 
2 
0.5 
0.2 
0.05 
0.02 
0.005 
0.002 
0.002 

0.05 
0.002 

AC-18 600 0.05 
AC-29 600 0.002 

47,700 

40,200 

41,400 
34, 600 
36,300 
36,700 
37,800 
34,700 
37,100 

35,200 
36,200 

52,600 
36,800 
35,800 
34,900 
34,700 

36,200 

35,900 
37,300 

34,900 
37,400 

35,000 

I 

118, 700 

k07,lOO 

94,500 

97,900 
100,600 
99,900 
97,400 

97,000 

93,200 
92,700 
105,400 
98,800 
97,800 
97,600 
92,500 
97,700 
95,300 

93,300 
80,300 

81,200 
71,400 

55.9 

53 :3 

50.4 
53.7 
52.2 
51.0 
51.7 
55.4 
52.9 

52.0 
52.4 
45.8 
55.0 
53.6 
55.5 
54.4 
44.9 
46.2 

49.7 
22.8 

31.8 
21.3 

57.6 

54.6 

53.6 
58.2 
53.8 
52.0 
56.0 
56.3 
55.2 

56.0 
56.0 
49.4 
57.0 
56.6 
56.6 
,55.4 
45.3 
47.0 

51.1 
.23.7 

32.3 
21.7 

48.8 

42.0 

42.4 
46.6 
42.7 
48.7 
41.7 
44.0 
46.7 

48.8 ' 
42.6 
40.5 
51.1 
46.2 
46.2 
40.3 
33.6 
38.1 

40.3 
23.0 

31.0 
19.9 

67.4 

58.9 

55.7 
63.1 
56.0 
66.8 
54.4 
58.6 
63.0 

67.4 
55.8 
52.0 
72.0 
62.0 
62.5 
51.6 
41.0 
48.2 

5.i. 8 
26.2 

37.2 
22.4 

P 
0 
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Table 2 (continued) 

I I . a 

Specimen Test Strain Stress (psi) Elongation ($) Reduction True Fracture 
Number Temperature Rate Yield Ultimate Uniform Total in Area Strain 

(9) (min-l) (4) (4) 

BC-10 
CC-8 
AC-4 
AC-10 
AC-27 
AC-7 
AC- 5 
AC-17 

AC-28 
AC-16 

cc-2 
cc-9 
cc-5 
AC-12 
cc-4 
cc-3 
AC-14 

CC-15 
CC-14 

cc- 12 
AC-6 
cc-11 
cc-10 
AC-15 

650 
650 
650 
650 
650 
650 
650 
650 

700 
700 

760 
760 
760 
760 
760 
760 
760 

850 
850 

850 
850 
850 
850 
850 

2 
2 
0.5 
0.2 
0.05 
0.02 
0.005 
0.002 

0.05 
0.002 

2 
0.5 
0.2 
0.05 
0.02 
0.005 
0.002 

2 
0.5 

0.2 
0.05 
0.02 
0.005 
0.002 

36,300 
42,400 
32,900 
36,300 
32,400 
34,400 
33,900 
33,600 

39,500 
32,400 

41,600 
30,800 
32,100 
29,900 
32,400 
32,700 
32,600 

33,200 
28,900 

29,600 
28,300 
30,000 
29,200 
26,400 

88,500 
85,200 
81,500 
78,200 
68,400 
65,200 
68,400 
66,700 

68,400 
63,100 

76,600 
72,700 
71,900 
64,500 
63,800 
54,500 
47,200 

66,300 
60,600 

54,100 
43,400 
40,400 
30,600 
26,400 

51.5 
44.4 
37.1 
28.5 
23.8 
16.8 
22.6 
22.8 

18.8 
20.0 

36.8 
37.1 
33.3 
25.1 
20.0 
12.7 
9.4 

30.0 
23.2 

16.3 
11.2 
7.8 
2.0 
1.5 

52.4 
46.8 
39.0 
29.3 
24.6 
17.7 
23.1 
23.2 

19.8 
29.3 

40.8 
40.2 
38.9 
41.6 
43.8 
39.2 
39.5 

481 0 
49.2 

51.4 
53.2 
43.6 
44.4 
45.0 

36.9 
37.2 
28.8 
23.4 
23.1 
19.0 
24.4 
21.6 

25.8 
23.5 

24.4 
30.7 
21.9 
35.0 
42.4 
41.0 
42.7 

46.3 
43.9 

50.8 
49.8 
48.7 
50.9 
43.9 

46.3 
46.5 
34.0 
26.4 
26.2 
21.1 
28.0 
21.4 

14.9 
21.7 

28.0 
36.9 
24.7 
43.1 
55.3 
52.9 
56.0 

62.5 
58.2 

71.1 
69.0 
67.0 
71.6 
58.3 
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Fig. 4. Tensile Duc t i l i t i e s  of MSRE Surveillance Control Specimens, 
Heat 5081. 

. 

Fig. 5.  Influence of S t r a in  Rate on the  Duct i l i ty  of MSRE 
Surveillance Control Specimens, Heat 5081. 
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Table 3. Results of Tensile Tests on MSRE Surveil lance Specimens 
Heat 5081 

Specimen Test Strain Stress (psi)  Elongation ( 8 )  Reduction True Fracture 
Number Temmseratur e Rate Tield Ultimate Uniform Total i n  Area Strain 

D- 16 
D- 19 

D- 15 

F - 2  
F - 1  
E-15 
F-7 
D-24 
F-23 
F-10 
F-19 

F-5 

F-8 
F-20 
E-6 
D- 9 
E-25 
E-12 
F-13 
E-9 

D-25 
F-27 

E-23 
E-24 

25 
25 

200 

400 
400 
400 
400 
400 
400 
400 
400 

450 

500 
500 
500 
500 
500 
500 
500 
500 

550 
550 

600 
600 

0.05 
0.05 

0.05 

2 
0.5 
0.5 
0.2 
0.05 
0.02 
0.005 
0.002 

0.002 

2 
0.5 
0 .2  
0.05 
0.02 
0.005 
0.002 
0.002 

0.05 
0.002 

0.05 
0.002 

51,100 
54 , 100 
42 , 700 

41, 200 
43 , 700 

38,300 

37,800 
38,80G 

39 , 900 

37 , 100 

39 , 100 
38,200 

44, 000 
36 , 400 
37,300 
38,600 
36,600 
38,000 
38,800 
38,000 

35,400 
42 , 200 

35,200 
36,100 

105,500 
109 , 000 

99 , 600 

91 , 400 
88, 300 
93 , 800 
92,200 
94, 100 
91,700 
93 , 300 
92,500 

86,900 

85 , 600 
87 , 000 
86 , 500 
90,200 
83 , 600 
76 , 800 
75 , 800 
84, 800 

77 , 800 
62,700 

74,800 
62,100 

38.5 
42.6 

49.0 

49.2 
33.2 
48.3 
49.4 
49.3 
45.8 
49.9 
47.1 

37.8 

44.4 
43.1 
47.8 
50.6 
37.0 
23.3 
22.4 
31.0 

31.6 
11.8 

25.6 
15.0 

38.7 
42.6 

49.4 

51.6 
33.9 
49.1 
51.0 
50.9 
46.1 
50.4 
47.7 

38.6 

46.0 
44.1 
48.5 
51.0 
37.5 
24.1 
23.1 
32.1 

32.1 
13.8 

26.4 
15.8 

3.1.3 
25.9 

33.3 

34.4 
32.5 
33.9 
37.2 
33.3 
36.0 
37.7 
32.3 

25.8 

31.6 
36.2 
32.1 
31.9 
30.2 
24.2 
21.9 
29.8 

26.1 
3.34 

31.8 
16.7 

37.0 
30.0 

40.7 

42.0 
39.5 
41.5 
46.9 
40.7 
44.7 
47.7 
38.9 

30.1 

38.2 
45.2 
38.7 
38.7 
35.8 
27.8 
24.9 
35.4 

30.3 
6.5 

38.2 
18.3 



Table 3 (continued) 

Specimen T e s t  Strain Stress (psi)  Elongation ('$) Reduction True Fracture 
Number Temperature Rate Yield Ultimate Uniform Total i n  Area Strain 

("C> (min-l) ($1 ( 8 )  

F-18 
F-6 
F-26 
F-3 
E-3 
E-7 
E- 13 
E-19 
E-14 

E- 22 
E-2 

F-22 
D- 8 
D- 13 
E- 8 
D-10 
D-27 
E-20 

E-4 
E-27 
E-1 
F-17 
D- 14 
D-23 
E-21 

650 
650 
650 
650 
650 
650 
650 
650 
650 

700 
700 

760 
760 
760 
760 
760 
760 
760 

850 
850 
850 
850 
850 
850 
850 

2 
0.5 
0.5 
0.5 
0.2 
0.05 
0.02 
0.005 
0.002 

0.05 
0.002 

2 
0.5 
0.2 
0.05 
0.02 
0.005 
0.002 

2 
0.5. 
0.2 
0.05 
0.02 
0.005 
0.002 

36,700 
33,400 
30,500 
34,300 

34,600 
33,800 
34,600 
34,400 

31,700 
33,800 

36,100 
31,000 
31,300 
31,400 
32,000 
36,500 
32,100 

37,200 

32,700 
33,600 
30,700 
30,600 

21,800 
20,200 

61,100 
63,900 

75,600 
64,200 

53,600 

48,400 

53,900 

34,900 

57,200 

53,000 

4 , 0 0 0  

49,100 

43,200 

57,600 

49,400 

42,200 
40,600 
36,700 

39,100 
38,600 
32,400 
30,700 

21,800 
20,200 

20.8 
18.2 
2.6 
34.0 
14.9 
13.8 
11.1 
10.8 
8.2 

13.8 
4.8 

18.8 
12.0 
11.9 
6.7 
5.2 
4.0 
1.9 

4.4 
3.5 
3.0 
1.8 
1.2 
0.7 
0.7 

24.0 
18.9 
3.7 
35.3 
15.8 
14.3 
12.9 
11.3 
9.0 

14.2 
5.5 

22.0 
12.9 
12.4 
7.4 
5.7 
4.3 
3.9 

8.4 
4.6 
3.8 
2.3 
2.0 
2.0 
2.1 

21.8 
15.4 
2.9 
29.1 
22.5 . 

13.9 
17.6 
14.6 ' 

11.6 

12.9 
6.7 

14.7 
11.0 
10.2 
6.2 
4.6 
2.6 
3.5 

8.7 
5.4 
1.6 
2.3 
1.7 
0.3 
0.7 . 

24.4 
16.9 
21.5 
58.4 
25.4 
14.8 
19.1 
15.9 
12.2 

13.9 c 
6.9 

15.9 
11.5 
10.5 
6.1 
4.6 
2.6 
3.6 

9.0 
5.5 
0.8 
2.4 
0.9 
0.2 
0.3 

. I 
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F2g. 8. Comparative Tensile Propert ies  of I r r ad ia t ed  and Unirradiated 
MSRE Surveil lance Specimens, Heat 5081. 

The y i e ld  s t r e s s  i s  unaffected by i r r ad ia t ion .  The ul t imate  s t r e s s  i s  

reduced approximately 8% up t o  about 600°C where the  reduction becomes 

grea te r  w i t h  increasing temperature. 

The t o t a l  elongation a t  f r ac tu re  f o r  t he  i r r ad ia t ed  mater ia l  i s  lower 

by about 30% a t  room temperature, but recovers t o  be almost equivalent a t  

400°C. A s  t he  temperature i s  increased above 400"C, t h e  d u c t i l i t y  of t h e  

i r r a h a t e d  mater ia l  drops t o  where it i s  only about 4% of t h a t  of the  

unirradiated specimens. The s t r a i n  r a t e  versus temperature data  a r e  

t r ea t ed  i n  a s imi la r  way i n  Fig. 9. A t  400°C the  survei l lance and control  

specimens have about t he  same d u c t i l i t y  w i t h  only a s l i g h t  decrease i n  the  

r a t i o  with decreasing s t r a i n  r a t e .  

rati 'o a t  a s t r a i n  r a t e  of about 0.05 min-l. This sharp change i n  s t r a i n  

r a t e  s e n s i t i v i t y  i s  probably due t o  the  t r a n s i t i o n  fromtransgranular  t o  

intergranular  f r ac tu re .  The r a t i o  i s  a b i t  confusing a t  650°C; i t s  r i s e  

with decreasing s t r a i n  r a t e  i s  due t o  the f a c t  t h a t  t he  d u c t i l i t y  of t h e  

control  specimens decreases more rapidly with decreasing s t r a i n  r a t e  than 

t h a t  of t he  survei l lance specimens. 

qu i te  small and i t s  dependence on s t r a i n  r a t e  becomes l e s s .  

A t  500°C there  i s  a sharp drop i n  the  

A t  760 and 850°C the  r a t i o  becomes 

. 
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STRAIN RATE, MIN. -~  
IO 

as the  t e s t  temperature i s  increased. ., 
1 .  , 

Fig. 9. Comparative Duc t i l i t i e s  of MSRE Surveil lance Specimens as a 
Function of S t r a in  Rate, Heat 5081. 

The r e s u l t s  of t h e  t e n s i l e  tests on the  control  specimens of heat 5085 

a r e  given i n  Table 4. 
Fig. 10 a s - a  funct ion of t he  tes t  temperature. The charac te r i s t ic  d u c t i l i t y  

minimum i s  obtained, but t he  temperature of t h e  minimum d u c t i l i t y  does not 

appear t o  be sens i t i ve  t o  s t r a i n  r a t e .  

The t o t a l  elongation a t  f r ac tu re  i s  p lo t t ed  i n  

The r e s u l t s  of t h e  t e n s i l e  t e s t s  on t h e  survei l lance specimens from 

heat 5085 a re  given i n  Table 5 .  The f r ac tu re  elongation i s  p lo t ted  as a 

function of t es t  temperature i n  Fig. 11. The d u c t i l i t y  drops precipi tously 

above 500°C with t h e  elongation being lower a t  t h e  lower s t r a i n  rate.  

The r a t i o  of t he  i r r ad ia t ed  property t o  t h a t  of t h e  unirradiated 

property f o r  heat 5085 i s  shown i n  Fig. 12 as a function of temperature. 

The y ie ld  and ul t imate  s t r e s ses  of t h i s  heat are infl'uenced about t h e  same 

by i r r ad ia t ion  as those of heat 5081 (Fig. 8 ) .  
temperatures i s  not reduced as much by i r r ad ia t ion ,  but it does not recover 

The elongation a t  low 



Table 4. Results of Tensile Tests on MSRE Surveil lance Control Specimens 
Heat 5085 

Specimen Test S t ra in  S t r e s s  ( p s i )  Elongation (4) Reduction True Fracture  
Number Temperature R a t  e Yield U l t i m a t e  Uniform Total  i n  Area S t r a i n  ("a (min-l) (4) (8) 

DC-24 
FC-3 
DC-20 
DC-23 
DC - 19 
DC-26 
DC-18 
DC - 13 
FC-2 

DC-17 
DC-16 
DC-14 
DC-25 
DC-5 
DC-10 
DC-3 
DC-9 
DC-22 
DC- 8 

25 
25 
200 
400 
500 
500 
550 
550 
550 

600 
600 
650 
650 
700 
700 
760 
760 
850 
850. 

0.05 
0.05 
0.05 
0.05 
0.05 
0.002 
0.05 
0.002 
0.002 

0.05 
0.002 
0.05 
0.002 
0.05 
0.002 
0.05 
0.002 
0. G5 
0.002 

46,200 
45,500 

34, 800 
33,600 
33,400 
33,700 
32,500 
33,600 

39,100 

32,200 
32,100 
31,800 
31,500 
29,200 
30,900 
28,100 
28,900 
25,700 
27,900 

109,200 
111,200 
105,200 
95,800 
94,300 
91,700 
89,200 
74,000 
77,900 

78,300 
69,600 
70,100 
62,500 
64,000 
62,100 
60,800 
51,500 

28,400 
45,100 

40.0 
46.8 
48.6 
47.6 
48.8 
43.3 . 
47.0 
26.5 
30.3 

33.8 
26.5 
25.8 
22.8 
28.4 
22.3 
27.0 
11.0 
11.5 
1.4 

40.0 
46.8 
49.8 
48.8 
49.3 
44.3 
47.5 
27.5 
31.0 

34.6 
27.3 
26.8 
24.3 
29.5 
28.3 
33.0 
35.1 
38.8 
39.2 

28.61 
31.45 
36.69 
39.01 
41.48 
37 .'78 
35.19 
26.1 
33.98 

32.60 
25.55 
29.97 
27.15 
28.14 
24.04 
32.16 
36.07 
47.23 
43.76 

33.8 
39.5 , 

46.1 
49.6 
54.1 
47.7 
43.4 
30.2 
41.6 

37.8 
29.6 
35.9 
31.8 
33.2 
27.5 
38.7 
44.8 
64.1 
55.7 

P aa 

, . 
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Table 5. Results of Tensile Tests on MSRE Surveil lance Specimens 
Heat 5085 

T e s t  S t ra in  S t ress  ( p s i )  . Elongation (%) Reduction True Fracture Specimen 
Number Temperature Rate i n  Area St ra in  

("C) (rnin'') Yield Ultimate Uniform Total  (%) (%) 

C -27 25 2 62,300 101,500 25.6 28.4 17.1 19.0 

A-16 25 0.05 48,100 100,300 34.3 34.5 26.0 30.1 

A-25 25 0.5 50,200 95,600 26.7 27.3 19.7 22.0 

A- 15 200 0.05 39,500 94,100 37.8 38.6 28.2 33.3 

A-26 400 0.05 35,700 87,300 35.0 36.0 26.3 30.6 
A-9 
B-23 

B - 1  
B-5 

B-26 
B-4 

B-19 
B-6 

c-20 
c-1 
B-2 
c-21 

B-20 
C - 8  

500 
500 

550 
550 

600 
600 

650 
650 

700 
700 

760 
760 

850 
850 

0.05 
0.002 

0.05 
0.002 

0.05 
0.002 

0.05 
0.002 

0.05 
0.002 

0.05 
0.002 

0.05 
0.002 

34,900 
34,000 

42,000 
33,700 

32,500 
32,300 

32,000 
32,100 

29,900 
37,800 

28,900 
28,010 

27,900 
20,600 

87,900 
71,600 

55,100 

62,000 
52,000 

52,800 
42,900 

43,600 

41,100 
33,700 

31,400 
20,600 

74,000 

43,100 

42.2 
21.9 

19.6 
10.4 

18.2 
11.1 

12.6 
6.5 

9.3 
2.4 

8.0 
2.4 

2.5 
0.8 

42.8 
23.1 

20.0 
12.7 

19.6 
12.0 

13.7 
9.4 

12.3 
2.8 

8.5 
3.5 

3.8 
1.8 

33.9 
27.9 

18.7 
14.7 

21.7 
12.5 

13.9 
7.9 

5.6 
5.9 

10.0 
2.3 

0.65 
1 . 3  

40.0 
32.6 

20.9 
15.9 

24.5 
13.5 

15.0 
8.1 
9.4 
5.9 

10.5 
2.0 

0.20 
0.60 

w 
0 

I * e e 
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Fig. 11. Tensile Duct'ilities of MSRE Surveillance Specimens, Heat 5085. 
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Fig. 12. Comparative Tensile Properties' of Irradiated and 
Unirradiated MSRE Surveillance Specimens, Heat 5085. 
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The elongations a t  f a i l u r e  f o r  t he  two heats  of mater ia l  a r e  compared 

i n  Figs. 13 and 14. 
several  minor var ia t ions  i n  the  d u c t i l i t i e s  of t he  control  specimens. The 

main difference i s  t h a t  the  d u c t i l i t y  of heat 5085 i s  cons is ten t ly  lower 

up t o  about 500°C. 

reduction i n  d u c t i l i t y  a t  a t e s t  temperature of 25°C; however, the  

reduction i s  grea te r  f o r  heat 5085. The d u c t i l i t y  of heat 5081 recovers 

some with increasing t e s t  temperature, but heat 5085 maintains i t s  reduced 

d u c t i l i t y .  Above about 500°C t he  d u c t i l i t y  of t he  controls  drops rapidly,  

but t h e  d u c t i l i t y  of t h e  i r r ad ia t ed  survei l lance specimens decreases more 

rapidly.  Both heats  have very s i m i l a r  d u c t i l i t i e s  a t  temperatures above 

600°C. The d u c t i l i t i e s  of t h e  two heats  a t  a s t r a i n  r a t e  of 0.002 min-l 

a r e  compared i n  Fig. 14. The control  specimens of both hea ts  exhibited 

very s imi la r  d u c t i l i t i e s ,  the  cha rac t e r i s t i c  d u c t i l i t y  minimum being 

exhibited.  The i r r ad ia t ed  survei l lance specimens have much lower 

d u c t i l i t i e s ,  but t h e  values a r e  very s imi la r  f o r  t he  two heats .  

A t  a s t r a i n  r a t e  of 0.05 min-’ (Fig. 13) there  a r e  

Both heats  of t he  survei l lance specimens exhibi t  a 

, 

Fig. 13. Comparative Tensile D u c t i l i t i e s  of MSRE Surveil lance 
Specimens and Their Controls a t  a S t r a i n  Rate of 0.05 min-l. 
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Fig. 14. Comparative Tensile Duc t i l i t i e s  of MSRE Surveillance 
Specimens and Their Controls a t  a S t r a in  Rate,  of 0.002 min-l. 

We took a b r i e f  look a t  how t h e  t e n s i l e  propert ies  of the  material  

varied as  a function of heat treatment i n  t h e  unirradiated s t a t e .  The 

propert ies  of heat 5081 i n  several  metallurgical conditions are given i n  

Table 6. The anneal f o r  2 h r  a t  900°C generally decreased the s t rength 

and increased the  rupture s t r a i n  over t ha t  of t h e  as-received material .  

One exception t o  t h i s  behavior i s  an increase i n  ult imate s t r e s s  a t  650°C 

due t o  the 2 hr  anneal a t  900°C. 

f o r  4800 h r  caused a decrease i n  t h e  d u c t i l i t y  and s l i g h t  var ia t ions  i n  

the  strength.  

condition a re  'given i n  Table 7. 

s ign i f icant ly  d i f f e ren t  i n  t h e  as-received condition and a f t e r  annealing 

2 h r  a t  900°C. 

decrease of 10 t o  20% i n  t he  rupture d u c t i l i t y ,  but t h e  strength was not 

affected s igni f icant ly .  

The exposure t o  molten s a l t  a t  650°C 

The t e n s i l e  propert ies  of heat 5085 i n  t he  unirradiated 

The propert ies  of t h i s  heat a r e  not 

The exposure t o  molten s a l t  a t  650°C caused a general 

The pos t i r rad ia t ion  t e n s i l e  propert ies  of several  heats of MSRE 

material  a r e  compared i n  Table 8.  

heat 5065 show t h a t  t h e  pos t i r rad ia t ion  propert ies  were not affected by 

The f irst  two sets of data f o r  



Table 6. Tensile Propert ies  of Unirradiated Hastelloy N 
Heat 5081 

Specimen Test S t ra in  S t ress  ( p s i )  Elongation ( 5 )  Reduction 
Number . Temperature Rate e l d  Ultimate Dni rorm Total  i n  Area 

( "C> (min-l) ($4 

As-received 

5006 25 0.05 77,400 130,600 44.9 46.9 48.0 

5004 500 0.002 40,000 103,200 51.2 52.6 41.5 

5007 650 0.002 38,200 65,100 ' 14.4 15.2 15.8 

5005 500 0.05 38,200 103,300 53.3 55.3 34.0 

5008 650 0.05 39,100 73,400 18.0 19.8 19.1 

Annealed 2 hr a t  900°C 
4300 25 0.05 52,600 125,300 56.7 59.5 50.5 

4301 650 0.05 32,200 81,800 31.7 33.9 29.9 
43 02 650 0.002 32,900 74,900 29.0 29.5 31.8 

43 03 500 0.05 32,000 100,300 57.8 60.7 44.4 

Annealed 2 hr  at 900°C plus 4800 hr  i n  WRE sa l t  a t  650°C 
AC- 8 25 0.05 47,700 118,700 55.9 57.6 48.8 
AC- 19 500 0.05 35,800 97,800 53.6 56.6 46.2 
BC-9 500 0.002 36,200 95,300 46.2 47.0 38.1 
AC-27 650 0.05 32,400 68,400 23.8 24.6 23.1 
AC- 17 650 0.002 33,600 66,700 22.8 23.2 21.6 
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Table 7.. Tensile Propert ies  of Unirradiated Hastelloy N 
Heat 5085 

Specimen Test S t r a in  S t r e s s  ( p s i )  Elongation ( 4 6 )  Reduction 
Number Temperature Rate Yield Ultimate Uniform Total  i n  Area 

("C1 (rnin-l) ($1 

76 
77 

2 84 
78 
2 85 
2 83 
79 
80 
81 

4295. 
4298 
4299 
4296 

FC-3 
DC - 19 
DC-26 
DC-14 
DC - 25 

25 
427 
600 
650 
650 
650 
760 
871 
9 82 

0.05 
0.05 
0.02 
0.05 
0.02 
0.002 
0.05 
0.05 
0.05 

As-received 

52,200 
30,700 
32,200 
28,700 
31 , 900 
30,500 
32,100 
30,700 
23,100 

116 , 400 
102,900 

80,700 
65 , 000 
64,300 
61,500 
42,300 
23,100 

85 , 100 
51.3 52.5 
57.6 59.4 
46.6 47.6 
35.5 36.7 
25.8 31.8 
22.6 24.1 
24.7 27.0 
9.0 31.8 
1.8 40.2 

Annealed 2 h r  a t  900°C 
25 0.05 51 , 500 120,800 52.3 53.1 
500 0.05 32,600 94,800 51.2 54.1 
500 0.002 33,500 100,200 52.0 53.3 
650 0.05 29,600 75,800 31.7 33.7 

Annealed 2 hr a t  900°C plus 4800 h r  i n  MSRE salt  a t  650°C 
25 0.05 45,500 111 , 200 46.8 46.8 
500 0.05 33,600 94,300 48.8 49.3 
500 0.002 33,400 91,700 . 43.3 44.3 
650 0.05 31,800 70,100 25.8 26.8 
650 0.002 31,500 62,500 22.8 24.3 

56.3 
49.9 
40.4 
33.2 
27.2 
28.8 
31.9 
33.4 
43.9 

42.2 
40.9 
41.7 
34.6 

31.5 
41.5 
37.8 
30.0 
27.2 



Table 8. Pos t i r rad ia t ion  Tensile Propertiesa of Several Heats of MSRE -Hastelloy N 

Specimen Heat Irradiation Thermal Test Strain Stress (PSI) Elongation (%) Reduction 
Number Number Boron Level Temperature Ibse Temperature Rate eld Ultimate Uniform Total i n  Area . 

( PPd ("C) ( neutrons/cm2) ( "C) (min- l) (%) 

x 1020 ' 

581' 
582' 
583' 
585' 

586' 
584c 

228gb 
229g 
229b 
2283 
228% 
2287 
1857b 
185% 
1859 

1273b 
1276b 
1270b 
1271b 
1274b 

3 83b 
380b 
384b 

p 1 g d  
E- 7 
E-14d 
A-16d 
B- I$ 
B- 6 

5065 
5065 
5065 
5065 
5065 
5065 
5065 
5065 
5065 
5065 
5065 
5065 

. .  

5067 
5067 
5067 
5085 
5085 
5085 
5065 
5065 
5065. 

5065 
5065 
5065 
5065 
5065 

5065 
5065 
5065 

5081 
5081 

5085 
5085 
5085 

5081 

20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 

20 
20 
20 
38 
38 
38 
20 
20 
20 

20 
20 
20 
20 
20 

20 
20 
20 

50 
50 
50 
38 
38 
38 

43 
43 
43 
43 
43 
43 
43 
43 
43 
43 
43 
43 

500-700 
500-700 
500-700 
500-700 
500-700 
500-700 
500-700 
500-700 
500-700 

600 f 100 
600 f 100 
600 f 100 
600 ? 100 
600 f 100 

<150 
<150 
4 5 0  

650 
650 
650 
650 
650 
650 

8.5 
8.5 
8.5 
8.5 
8.5 
8.5 
8.5 
8.5 
8.5 
8.5 
8.5 
8.5 

1.4 
1.4 
1.4 
1.4 
1.4 
1.4 
1.4 
1.4 
1.4 

3.5 
3.5 
3.5 
3.5 
3.5 

5 
5 
5 

1.3 
1.3 
1.3 
1.3 
1.3 
1.3 

Experiment Om-149 
25 

200 
650 
650 
871 
871 
25 

200 
650 
650 
871 
871 

Experiment Om-155 
25 

650 
650 
25 

650 
650 
25 

650 
650 

Experiment CPR-41-31 
550 
600 
650 
650 
760 

Experiment ETR-41-30 
650 
650 
650 

Experiment bERE 
25 

650 
650 
25 

650 
650 

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

0.05 
0.05 
0.002 
0.05 
0.05 
0.002 
0.05 
0.05 
0.002 

0.002 
0.002 
0.05 
0.002 
0.002 

0.05 
0.002 
0.002 

0.05 
0.05 
0.002 
0.05 
0.05 
0.002 

102,900 l35,lOO 
82,300 119,600 

-44,600 76,900 
40,800 57,400 
33,500 36,400 
23,200 23,400 

101,500 l32,200 
78,600 118,300 
35,100 77,700 
38,100 66,200 
37,100 38,500 
25,900 25,900 

59,000 123,700 
38,400 66,800 
36,400 59,900 

30,800 6 4 , a  
30,200 51,800 
50,100 117,000 
37,400 62,100 

46,300 110,600 

34,800 49,100 

49,100 68,600 
42,200 56,300 
41,200 59,000 
42,600 51,800 
41,900 46,000 

46,700, 76,200 
37,700 53,300 
40,OOO 57,500 

51,100 105,500 
34,600 57,200 
34,400 48,400 
48,100 100,300 
32,000 52,800 
32,100 42,900 

31.5 
36.1 
26.3 
12.2 
1.7 
0.9 

30.0 
37.3 
25.3 
13.7 
1.7 
0.8 

49.4 
14.0 
9.6 

41.1 
18.0 
9.3 

54.4 
12.3 
6.4 

9.1 
8.2 
10.8 
5.9 
2.8 

21.6 
9.3 

11.4 

38.5 
U . 8  

8.2 
34.3 
12.6 
6.5 

35.5 
39.2 
27.3 
2.3.1 
1.8 
1;8 

33.6 
39.8 
25.8 
14.3 
1.9 
1.6 

51.2 
14.0 
9.6 

41.2 
21.2 
9.9 

56.1 
12.4 
6.5 

9.4 
8.5 

11.3 
6.1 
2.8 

22.2 
10.0 
11.6 

38.7 
14.3 
9.0 

34.5 
13.7 
9.4 

52.0 
54.8 
24.5 
21.9 
3.25 
6.07 

55.2 
45.9 
22.6 
17.3 
2.94 
5.26 

45.4 
20.5 
16.0 
40.3 
19.1 
15.4 
53.2 
17.2 
15.3 

14.7 
11.7 
14.7 
10.2 
5.6 

28.8 
10.1 
17.5 

31.3 
13.9 
11.6 
26.0 
13.9 
7.9 

1 '  I 

- 
aIrradiated i n  a helium environment except for apecimens from MSRE. 

b ~ s  received. 
'Annealed 8 hr a t  871OC. 
'Annealed 2 hr a t  9000~. 

a 9 
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whether t h e  mater ia l  w a s  i r r ad ia t ed  i n  t h e  as-received condition or 

whether it w a s  annealed 8 hr  a t  871°C. 

43"C, and the  d u c t i l i t i e s  a t  25°C (0.05 min-l) and 650°C (0.002 mine') were 

34 t o  36 and 13 t o  14%, respectively.  When i r r ad ia t ed  a t  an elevated 

temperature, t h i s  same heat had elongations a t  650°C (0.002 min-l) of 

6.5 and 6.1%. 

650°C (0.002 min-l) with values of 9 t o  10% being obtained f o r  i r rad ia t ions  

a t  elevated temperatures. The d u c t i l i t i e s  of t he  two surveil lance heats 

a t  650°C agree closely with those observed previously f o r  heats  5085 

and 5067. However, t he  room temperature d u c t i l i t i e s  a re  lower than those 

observed f o r  any heat of material  i r r ad ia t ed  a t  an elevated temperature. 

Heat 5081 was included i n  another experiment i n  the  O a k  Ridge Research 

Reactor, 

specimens i n  Fig. 15. These r e s u l t s  ind ica te  t h a t  t h e  propert ies  of t he  

material  a r e  unaffected by the  s a l t  environment. 

These specimens were i r r ad ia t ed  a t  

Heats 5067 and 5085 showed somewhat b e t t e r  d u c t i l i t i e s  a t  

and t h e  r e s u l t s  are  compared with those fo r  the  M3RE surveil lance 

6w. R. b r t i n  and J. R.  Weir, "Effect of Elevated Temperature 
I r rad ia t ion  on the  Strength and Duct i l i ty  of t h e  Nickel-Base Alloy, 
Hastelloy N,"  Nucl. Appl. - 1(2), 160-67 (1965). - 

ORNL-DWG 67-3531 - I O  s 
z <=0002 m i d  

0 I- THIS STUDY, +,h=! 3 x1020nb't, 

s 2 A ORNL-TM-4005. +,h=9X4020nv/ 

- 
0 ; 0 8  

W 

J 4 E 06 - 
0 
W l- 

a 2 0 4  

5 
LL 

z 3 -. 
02 

5 

s o  

0 

LL 
a 

400 5 0 0  600 700 800 900 to00 
TEST TEMPERATURE ("C) 

Fig. 15. Comparative Effects  of I r rad ia t ion  i n  MSRE and ORR on the  
Duct i l i ty  of Hastelloy N, Heat 5081. 
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We a l s o  ran several  creep-rupture t e s t s  on the  i r r ad ia t ed  materials 

t o  evaluate t h e i r  propert ies  under creep conditions. 

r e s u l t s  of several  creep-rupture t e s t s  on unirradiated heat 5081 are  given 

i n  Table 9 .  

the  survei l lance control  treatment, t he  l a t t e r  resu l ted  i n  s l i g h t l y  lower, 

rupture s t r a i n s .  The creep-rupture d a t a , a r e  p lo t t ed  i n  Fig. 16,  and the  

MSRF, survei l lance control  specimens exhibi t  a s l i g h t l y  reduced rupture 

l i f e .  

For comparison, t h e  

Of t he  two heat treatments investigated,  2 h r  a t  900°C and 

However, t he  minimum creep r a t e  i s  the  same a f t e r  t he  two heat 

treatments (Fig. 1 7 ) .  

Table 9 .  Creep-Rupture Propert ies  of Unirradiated Hastelloy N a t  650°C 
Heat 5081 

. 

Rupture Rupture Reduction Minimum Creep 
Life S t r a in  i n  Area R a t  e Test S t ress  

(hr ($1 ($1 ($/hr) 
Number ( P s i )  

Annealed 2 h r  a t  900°C 

6159 70,000 5 .1  35.0 12.8 2 .1  

6155 55,000 71.8 33.9 29.2 0.26 

6156 47, 000 76.0 12.4 27.0 0.091 

6157. 40, 000 648.3 42.5 25.2 0.032 
6158 32,400 2133.3 46.8 20 .1  0.012 

6160a 27,000 2349.0 10.2 3.7 0.0047 

Annealed 2 hr at  900°C plus 4800 h r  a t  650°C i n  MSRE sal t  

6077 55,000 40.7 24.3 21.9 0.25 

6075 47, 000 147.9 27.2 ' 21.9 0.098 

6076 40,000 321.0 31.1 26.7 0.061 

6071 32 , 400 848.0 16.5 16 .1  0.014 
~ ~~ ~~~ 

a Discontinued p r i o r  t o  f a i l u r e .  

. 

. 
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Fig. 17. Minimum Creep Rate of Hastelloy N a t  650°C, Heat 5081. 
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The creep-rupture properties of heat 5085 were investigated i n  three 

conditions - as-received, annealed 2 h r  a t  900"C, and 2 hr  a t  900°C plus 

4800 h r  i n  molten s a l t  (Table lo). 

material  i s  improved by annealing a t  900"C, but the long aging treatment 

a t  650°C brings about a slight reduction i n  the  f rac ture  duc t i l i t y .  

Figure 18 compares the rupture l i f e  a f t e r  the  various heat treatments. 

The pa t te rn  i s  the same as  tha t  f o r  t he  d u c t i l i t y  w i t h  t he  minimum strength 

being observed f o r  the as-received material  and the maximum f o r  the  material  

annealed 2 hr  a t  900°C. 

heat treatment (Fig. 19 ) .  

The rupture s t r a i n  of the  as-received 

However, the minimum creep r a t e  was unaffected by 

Table 10. Creep-Rupture Properties of Unirradiated Hastelloy N a t  650°C 
Heat 5085 

Rupture Rupture Reduction Minimum Creep 
Life S t r a in  i n  Area Rat e Test Stress  

(Ps i  (hr ($1 ( $1 ($/hd 
Nu& e r  

As-received 

3792 70,000 0.4 28.0 21.9 9.0 
3710 55 , 000 10.8 10.9 13.3 0.27 
3781 47 , 000 48.6 12.5 14.6 0.086 
3713 40, 000 179.5 10.9 5.6 0.024 
3714 40,000 215.7 14.0 5.6 0.024 
3975 30,000 672.6 6.3 6.4 0.006 
3795 30,000 1030.0 9 ;4  7 .1  0.006 

Annealed 2 hr  a t  900°C 

6153 70,000 4.1 32.6 30.7 2.1 
6149 55 , 000 49.5 22.6 30.8 0.26 
6150 47, 000 246.8 38.5 28.9 0.084 
6151 40, 000 725.1 37.6 18.4 0.029 
6152a 32,400 2386.0 37.7 19.9 0.009 
6154 27,000 2445.0 9.0 4.0 0.0035 

Annealed 2 h r  a t  900°C plus 4800 h r  a t  650°C i n  MSRE s a l t  

6074 55,000 20.5 20.8 21.9 0.30 

6072 40,000 513.3 22.3 19.7 0.029 
6070 32,400 ' 2054.6 26.7 16.7 0.0082 

6073 47, 000 124.6 31.2 22.9 0.080 

%iscontinued p r io r  t o  f a i lu re .  

. 
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Fig. 19. Minimum Creep Rate of Hastelloy N a t  650°C, Heat 5085. 
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The r e s u l t s  of t he  t e s t s  on the  survei l lance specimens a re  given 

i n  Table 11. The propert ies  ( d u c t i l i t y  and s t rength)  of heat 5081 a re  

superior t o  those of heat 5085. However, a comparison of these data  with 

those f o r  the  control  specimens i n  Table's 9 and 10 shows t h a t  i r r a d i a t i o n  

has s ign i f i can t ly  reduced t h e  rupture l i f e  and d u c t i l i t y  of both heats .  

The rupture l i v e s  a re  compared i n  Fig. 20 f o r  both heats  of mater ia l  i n  

t he  i r r ad ia t ed  and unirradiated conditions.  The e f f ec t  of i r r a d i a t i o n  i s  

grea te r  as  the  s t r e s s  l e v e l  increases.  

two heats  of mater ia l  i n  t he  i r r ad ia t ed  and unirradiated conditions a r e  

compared i n  Fig. 21. This parameter appears t o  be independent of the  

var iables  being s tudied with the  possible  exception of t h e  i r r ad ia t ed  

specimens exhibi t ing a higher s t r a i n  r a t e  a t  t he  47,000-psi s t r e s s  level .  

The minimum creep r a t e s  of the  

Table 11. Pos t i r rad ia t ion  Creep-Rugture Propert ies  of 
MSRE Surveil lance Specimens a t  650°C 

Rupture Rupture Reduction Minimum Creep 
Life S t r a i n  i n  Area Rat e Test Heat S t r e s s .  

(hr 1 (70 ( 3 )  ($/h. 1 Nuder  Number ( p s i )  

R-230 5085 47,000 0.8 1.45 10.0 0.81 

R-266 5085 40,000 24.2 1.57 9.7 0.031 

R-267 5085 32,400 148.2 1.05 6.5 0.006 

R-250 5085 27,000 25.2 1.86 2.2 0. om 

R-229 5081 47,000 8 .7  2.28 9.2 0.20 

R-231 5081 40,000 . 98.7 2.65 5.8 0.017 

R-226 5081 32,400 474.0 3.78 4.0 0.0059 

R-233 \ 5081 27,000 2137.1 4.25 0.58 0.0009 

. 

~ 

a Annealed 2 h r  a t  900°C p r i o r  t o  i r r ad ia t ion .  
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The r e s u l t s  of the  creep-rupture t e s t s  on the  survei l lance specimens 

were compared with data  which we had obtained on the  "MSRE materials" i n  

other i r r ad ia t ion  experiments i n  the  ORR. The r e s u l t s  used i n  t h i s  

comparison a re  given i n  Table 12. 
Fig. 22. The data  f o r  heat 5085 agree qui te  wel l  with those obtained 

previously i n  the  ORR f o r  t h i s  same heat and several  other MSRE heats .  

However, t h e  r e s u l t s  f o r  heat 5081 a r e  s l i g h t l y  superior.  

s t r a i n s  f o r  t he  various heats  of i r r ad ia t ed  material  a r e  compared i n  Fig. 23. 

The data  indicate  a minimum d u c t i l i t y  fo r  a rupture l i f e  of 1 t o  10 hr with 

d u c t i l i t y  increasing with increasing rupture l i f e .  A lower d u c t i l i t y  of 

heat 5085 a f t e r  i r r ad ia t ion  i n  the  MSRE i s  a l s o  indicated,  although t h e  

data s c a t t e r  w i l l  not permit t h i s  as  an unequivocal conclusion. The 

superior d u c t i l i t y  of heat 5081 and the  l e a s t  d u c t i l i t y  of heat 5065 (heat 

used f o r  t he  top and bottom heads of E R E )  a r e  c l ea r ly  i l l u s t r a t e d .  

The creep-rupture l i v e s  a r e  compared i n  

The f rac ture  

Since t r ans i en t s  may occur i n  which the  mater ia l  i s  s t ra ined  a t  some 

temperature other than the  operating temperature (650"C), we ran a s e r i e s  

of t e s t s  t o  determine what e f f ec t  such t r ans i en t s  could have on the  

f r ac tu re  s t r a i n  a t  650°C. 

The specimens were s t ra ined at other temperatures and then quickly cooled 

or heated t o  650°C and t e s t ed  t o  f a i l u r e .  

treatments car r ied  the  specimens as  f a r  as 37% of t h e  s t r a i n  t o  f a i lu re ,  

the s t r a i n  a t  6 5 0 ° C  was not decreased. 

760 and 850°C seemed t o  improve the  a b i l i t y  of t he  mater ia l  t o  s t r a i n  a t  

650 " C  . 

The r e s u l t s  of these t e s t s  a r e  given i n  Table 13. 

Even though the  pres t ra in ing  

I n  f a c t ,  t he  pres t ra in ing  a t  

Several of t he  specimens were examined metallographically a f t e r  

t e s t ing .  

heat 5081 tha t  was t e s t ed  a t  25°C. 

deformation, and the  f r ac tu re  i s  t y p i c a l  of a transgranular shear-type 

f a i l u r e .  There i s  no evidence of intergranular  cracking. In  contrast ,  

the  i r rad ia ted  specimen from the  same heat, shown i n  Fig. 25, f a i l e d  

intergranular ly  with l e s s  s t r a i n  and considerable intergranular  cracking. 

A t  650°C t h e  f a i l u r e  of t he  cont ro l  specimen was predominantly 

intergranular  (Fig. 26).  The f a i l u r e  of t he  survei l lance specimen was 

a l so  intergranular  a t  650°C with no microstructural  evidence of p l a s t i c  

deformation (Fig. 27) . 

Figure 24 shows the  microstructure of a control  specimen from 

The specimen has undergone extensive 

. 

- ,  



Table 12. Postirradiation Creep-Rupture Properties of Irradiateda Hastelloy N at 650°C 

Test Thermal Experiment Rupture. Rupture Minimum Creep 
Number Dose Number Stress Life Strain Rate 

( neutrons/cm2) (Psi) ( h r )  ($1 (4d/hr) 

R-15 
R-13 
R-35 
R- 12 
R-159 
R- 167 
R-65 
R-168 
R-215 

3 .o 
3 .O 
3 .O 
3 .O 
5.2 
5.2 
5.2 
5.2 
1.4 

R- 214 1.4 

R- 14 2.0 
R-11 2.0 
R-41 2.0 
R- 10 2.0 
R-206 1.4 

ORR- 13 8 
ORR-138 
ORR-138 
ORR-138 
ORR-148 
ORR-148 
ORR-148 
ORR-148 
ORR-155 

Heat 5065 

39,800 
32,400 
27,000 
21,500 
40,000 
40,000 

30,000 
32,400 

35,000 

Heat 5067 

Om-155 32,400 

Heat 5085 

ORR-140 39,800 
ORR-140 32,400 
ORR-140 27,000 
ORR- 140 21,500 
ORR-155 32,400 

2.8 
62.6 
765.8 
1907.8 
28.6 
13.0 
17.7 
117.0 
135.7 

361.4 

6.7 
49.3 
102.8 
2625.8 
247.6 

0.59 
2.23 
1.75 
2.28 
0.98 
0.46 
0.60 
0.66 
1.45 

2.78 

1.90 
1.61 
2.88 
3.70 
1.48 

0.086 
0.011 
0.0019 
0 * 0010 
0.028 
0.018 
0.016 
0.0049 
0.0083 

0,0056 

0.25 
0.0098 
0.0023 
0.0009 
0.0055 

w ul 

Irradiation environment: He-1 vol 4 02. All specimens in the as-received condition. a 
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Fig. 22. Comparative Stress-Rupture Propert ies  for I h t e r i a l  I r rad ia ted  
i n  the MSRE and the  ORR a t  650°C. 
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Fig. 23. Comparative Rupture S t ra ins  f o r  I r rad ia ted  Hastelloy N 
a t  650°C. 
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Table 13. Effects of Prestraining on the Tensile Properties of Hastelloy N 
Heat 5O8la 

Fraction of 
Specimen Pretreatment lj Stress (ps i )  Elongationb ( 5 )  Reduction True Rupture S t r a in  a t  
Number y ie ld  Ultimate Uniform Total i n  Area S t ra in  

(%) ($4 

E-19 None 

E-14 None 

34,600 53,000 10.8 11.3 14.6 15.9 

34,400 48,400 8.2 9.0 11.6 12.2 

F-11 Strained 5$ a t  400°C 45,900 54,700 8 .0  10.0 8.2 8.2 

F-25 Strained 5% a t  500°C 47,700 58,300 10.9 11.5 14.2 15.4 

F-24 Strained 5% a t  600°C 47,900 58,500 10.4 11.3 11.0 11.3 

D-11 Strained 2$1 a t  700°C 40,200 54,000 9.7 10.6 14.2 15.4 

F-4 Strained 1% at 760°C 35,500 56,400 11.9 12.6 15.5 16.9 

10 

20 

32 

37 

26 

F- 16 Strained 0.5% a t  850°C 35,700 59,800 15.2 15.9 13.5 14.7 24 

a 

bprestraining carr ied out k t  a s t r a in  r a t e  of 0.002 min-1. 

Ruptured a t  650°C: S t ra in  r a t e  = 0.002 min-l. 

Includes only the  s t r a in  a t  650°C. C 

w 
il 
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Fig. 24. Photomicrographs of Control Specimen AC-8 from Heat 5081 
Tested a t  25°C and a t  a S t ra in  Rate of 0.05 mine’. 
of specimen about 1/4 i n .  from fracture .  Etchant: glyceria regia.  

(a )  Fracture. (b) Edge 
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Fig. 25. Photomicrographs of Surveillance Specimen D-16 from 
Heat 5081 Tested a t  25°C and a t  a S t ra in  Rate of 0.05 mine’. 
(b) Edge of specimen about 1/4  in .  from f rac ture .  

(a) Fracture. 
Etchant: glyceria regia.  
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Fig. 26. Photomicrograph of the Fracture of Control Specimen AC-17 
from Heat 5081 Tested a t  650°C and a t  a S t r a i n  Rate of 0.002 min-l. 
Etchant: glycer ia  regia .  

. 

Fig. 27. Fracture of Surveil lance Specimen E-14 from Heat 5081 Tested 
a t  650°C and a t  a S t r a in  Rate of 0.002 min’l. Etchant: glycer ia  regia .  
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The f a i l u r e  of t h e  cont ro l  material  from heat 5085 w a s  found t o  be 

predominantly in te rgranular  (Fig. 2 8 ) .  However, t h e  elongated grains  

a t t e s t  t o  t he  la rge  amount of s t r a i n  t h a t  has occurred. The la rge  

p rec ip i t a t e s  have been iden t i f i ed  as MgC, and they normally f r ac tu re  when 

s t ra ined  a t  temperatures less than about 500°C. 

from heat 5085 t e s t e d  a t  25°C i s  shown i n  Fig. 29. 

intergranular  with numerous in te rgranular  cracks i n  t h e  microstructure. 

The edge of the  specimen (Fig. 29b) i s  qui te  c lean with no evidence of 

corrosion or material deposition. However, t h e  p a r t  of t h e  specimen t h a t  

touched t h e  graphite i n  t h e  survei l lance assembly w a s  found t o  have a 

reac t ion  product near t h e  surface varying from 1 t o  2 m i l s  i n  depth (Fig. 30). 
This product was not d i s t r ibu ted  uniformly around the  specimen and varied 

i n  form from a lamellar  t o  a rope-like in te rgranular  product. 

f a i l u r e , o f  t h e  cont ro l  specimen w a s  predominantly intergranular  (Fig. 31). 

The surface reac t ion  product observed i n  specimens from the  reac tor  where 

they were i n  contact with the  graphi te  w a s  a l s o  noted i n  t h e  cont ro l  

specimens (Fig. 3 2 ) .  Although t h e  micrographs t h a t  have been shown are 

The survei l lance specimen 

The f a i l u r e  i s  la rge ly  

A t  650°C t h e  

for heat 5085, t h e  surface reac t ion  w a s  a l s o  noted i n  heat 5081. 
microprobe examination showed t h a t  t h i s  layer  contained from 

0.3 t o  1.5 w t  ’$ C, ind ica t ing  t h a t  t he re  w a s  some t r a n s f e r  of carbon from 

t h e  graphite t o  t h e  Hastelloy N where t h e  two materials were i n  contact.  

Figure 33 shows t h e  f r ac tu re  of t h e  survei l lance specimen from heat 5085 

t h a t  was t e s t e d  a t  650°C. 

no metallographic evidence of p l a s t i c  deformation. 

Electron 

The f a i l u r e  i s  predominantly intergranular  with 

Ektraction r ep l i cas  were made on t h e  survei l lance and control  specimens. 

This technique involves depositing carbon on a polished surface of t h e  

specimen and then dissolving e l e c t r o l y t i c a l l y  t h e  matrix i n  a so lu t ion  of 

10% HC1 i n  ethanol u n t i l  t h e  carbon fa l l s  f r ee .  The p rec ip i t a t e s  a re  not 

attacked by t h e  solut ion,  and they a r e  held by t h e  carbon. After su i t ab le  

washing and drying, t he  r ep l i ca  can be examined i n  the  e lec t ron  microscope. 

Transmission e lec t ron  micrographs can be made as w e l l  as se lec ted  area 

d i f f r ac t ion  pa t t e rns  f o r  phase iden t i f i ca t ion .  An ext rac t ion  r ep l i ca  of 

a control  specimen from heat 5081 i s  shown i n  Fig. 34. 

fea ture  i s  the  r e l a t i v e l y  l a rge  p rec ip i t a t e s  t h a t  have been iden t i f i ed  

The predominant 



Fig. 28.  Photomicrographs of Control Specimen DC-24 from Heat 5085 
Tested a t  25°C and a t  a S t r a in  Rate of 0.05 min''. 
of specimen about 1/4 in .  from f rac ture .  Etchant: glycer ia  regia .  

(a)  Fracture.  (b) Edge 

I 
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Fig. 29. Photomicrographs of ,&-veillance Specimen A-16 from Heat 5085 
Tested a t  25°C and at  a S t ra in  Rate of 0.05 min'l. 
of specimen about 1/4 in .  from fracture .  Etchant: glyceria regia.  

(a) Fracture. (b) Edge 



. 

Fig. 30. Cross Section of t h e  Buttonhead of Surveil lance Specimen A-16 
from Heat 5085 Tested at  25°C. (a) 100 X. (b) 500 X. 

.. 

. 
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Fig. 31. Photomicrographs of Control Specimen DC-25 from Heat 5085 
Tes-ed a t  650°C and a t  a S t ra in  Rate of 0.002 an-'. 
(b) Edge of specimen about 1/4 in. from fracture .  

(a )  Fracture. 
Etchant: glyceria regia.  
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1'1-78265 - 

Fig. 32. Photomicrographs of t h e  Cross Section of t he  Buttonhead of 
Specimen E-25. (a) 100 X. (b) 500 X. Etchant: glyceria regia.  
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Fig. 33. Fracture of Surveillance Specimen B-6 from Heat 5085 Tested 
a t  650°C and a t  a S t r a in  Rate of 0.002 min-l. Ekchant: glycer ia  regia .  
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Fig. 34. &trac t ion  Replica from Control Specimen, Heat 5081. 
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DISCUSSION OF RESULTS 

Because of the  la rge  amount of data presented, we w i l l  b r i e f l y  

recapi tu la te  t he  most important observations. 

1. The control  specimens from both heats  of Hastelloy N exhibited 

the  charac te r i s t ic  d u c t i l i t y  minimum i n  the  temperature range of 600 t o  

700°C. 

t o  s t r a i n  r a t e  except near 650°C where the  d u c t i l i t y  decreased with 

decreasing s t r a i n  r a t e .  

The d u c t i l i t y  a t  various temperatures was reasonably insens i t ive  

2. After i r r ad ia t ion  the  t e n s i l e  d u c t i l i t y  was reduced s igni f icant ly .  

There was an unexpected reduction i n  the  room temperature d u c t i l i t y  with 

f rac ture  s t r a i n s  i n  t h e  range of 35 t o  40% being observed. 

f rac tures  were obtained a t  room temperature i n  heat 5085. The f rac ture  

s t r a i n  generally became lower as  t h e  t e s t  temperature was increased and 

the  s t r a i n  r a t e  decreased. 

Intergranular 

3. A t  elevated temperatures (4OM50"C) t he  f rac ture  s t r a i n s  were 

equivalent f o r  t he  two heats  of surveil lance specimens and were found t o  

be the  same as  those observed previously i n  other experiments where 

moiten s a l t  was not present.  

4. Creep-rupture t e s t s  run on unirradiated specimens indicated t h a t  

t h e  p re t e s t  anneal of 2 h r  a t  900°C improved t h e  rupture strength and 

d u c t i l i t y  over t h a t  of t h e  mater ia l  i n  t h e  as-received condition. Thus, 

c the  s t ress - re l iev ing  anneals a t  871°C used i n  fabr ica t ing  the MSRE 

improved the  base propert ies .  However, t h e  long exposure of t h e  control 
~ specimens a t  650°C (operating temperature of t h e  MSRE) caused s l igh t  

reductions i n  rupture s t rength and d u c t i l i t y .  

5 .  The creep-rupture l i f e  of t h e  surveil lance specimens was less 

than tha t  of t he  control  specimens, t h e  e f f ec t  being greater  a t  t he  

higher s t r e s s  leve ls .  

previously i n  other experiments ,on t h i s  same heat and other MSRE heats .  

Heat 5085 was-affected much as we had observed 

Heat 5081 exhibited a s ign i f icant  b h t  smaller e f f ec t .  ': v * ,  

6 .  The creep-rupture d u c t i l i t y  of i r rad ia ted  Hastelloy N goes 

through a minimum value f o r  a rupture l i f e  of from 1 t o  10 hr .  

f rac ture  s t r a i n  increases as  the  rupture l i f e  increases (or .the s t r e s s  

l eve l  decreases) . 

The 

Heat 5081 exhibited appreciably higher  ' f racture  s t r a ins  
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than did heat 5085. 

heads of t he  MSRE) exhibited the  lowest d u c t i l i t y  of any heat examined 

t o  date .  

Heat 5065 (mater ia l  used f o r  t he  top  and bottom 

7. A s e r i e s  of t e n s i l e  t e s t s  indicated t h a t  pres t ra in ing  a t  

temperatures over the  range of 400 t o  850°C did not appreciably lower ' 

the  f r ac tu re  s t r a i n  of t h e  mater ia l  when t e s t e d  t o  f a i l u r e  a t  650°C. 

8.  Neither the  control  nor t he  survei l lance specimens showed any 

evidence of corrosion. However, t he re  was a surface product from 

0 . 0 0 1 t o  0.002 i n .  i n  depth t h a t  formed where the  Hastelloy N and graphi te  

were i n  contact.  Microprobe s tudies  ind ica te  t h a t  t h i s  layer  i s  high i n  

carbon, and hence t h e  reac t ion  groduct i s  probably a metal carbide. 

9. Ektraction rep l icas  indicated t h a t  more intergranular  p rec ip i t a t e  

formed i n  the  survei l lance specimens than i n  t h e  controls .  

i r r ad ia t ion  must enhance the  nucleation and growth of t he  p rec ip i t a t e  

( iden t i f i ed  a s  Q C )  . 

Thus, 

The changes i n  t h e  unirradiated propert ies  of these heats  of 

Hastelloy N have been demonstrated previously. However, these changes 

a re  r e l a t ive ly  small, and t h e  proper t ies  do not appear t o  be de te r iora t ing  

enough f o r  concern. They a re  probably due t o  t h e  so lu t ion  and 

reprec i p  it at  ion of & C . 
The e f f ec t s  of i r r ad ia t ion  on Hastelloy N a r e  d ra s t i c ,  but p r e t t y  

much a s  expected. Previous work had sham a reduction i n  the  rupture 

d u c t i l i t y  i n  pos t i r rad ia t ion  t e n s i l e  and creep-rupture t e s t s  a t  elevated 

temperatures. 8 ,  These e f f ec t s  a r e  a t t r i bu ted  t o  the  helium produced by 

the  '%(n,a) transmutation. 

i n  metals have been reviewed by Harries,1° and w e  have applied these 

Many of the  d e t a i l s  of t h e  r o l e  of helium 

,. 

F 

7H. E. McCoy, Influence of Several  Metallurgical Variables on the  
Tensile Properties of Hastelloy N, ORNL-3661 (August 1964). 

8W. R. h r t i n  and J. R.  Weir, "EFfect of Elevated Temperature 
I r r ad ia t ion  on the  Strength and Duct i l i ty  of t h e  Nickel-Base A?.loy, 
Hastelloy N," Nucl. Appl. - 1(2), 160-67 (1965). - 

W. R. Martin and J. R. Weir, "Post i r radiat ion Creep and Stress-  

'OD. R. Harries, "Neutron I r r ad ia t ion  Fhbrittlement of Austenit ic 

Rupture of Hastelloy N, " Nucl. Appl. - 3 ( 3 ) ,  167 (1967). - 

Sta in less  S tee ls  and- Nickel-Base Alloys, 'I J. B r i t .  Nucl. Energy SOC. 
- 5, 74 (1966). - 

. 



ideas t o  Hastelloy N i n  two recent papers.11,12 

discuss the  mechanism whereby helium a l t e r s  t h e  proper t ies .  There a r e  

Hence, w e  s h a l l  not 

some questions concerning the  comparison of thermal f l u x  measurements 

fo r  the MSRE and ORR. However, about 30 t o  40% of t h e  w a s  transmuted 

i n  the  survei l lance specimens with a r e su l t i ng  atomic f r ac t ion  of helium 

of about 1 X lo+. 
deter iora t ion  of propert ies  sa tura tes  a t  helium l eve l s  an order of magnitude 

lower. Hence, t h e  exact helium l e v e l  i s  r a the r  academic, and the high- 

temperature propert ies  have probably s t ab i l i zed  unless continued exposure 

a t  650°C causes metal lurgical  changes t h a t  a r e  detrimental .  The drop i n  

d u c t i l i t y  a t  low temperatures i s  somewhat surpr i s ing  and bears watching. 

However, t he  d u c t i l i t y  l eve l s  a r e  s t i l l  qu i te  reasonable. 

We f e e l  t ha t ,  a t  l e a s t  a t  low s t r a i n  ra tes ,  t h e  

The mechanical propert ies  appear unaffected by the sal t .  This i s  

evidenced by the  excel lent  agreement between t h e  r e s u l t s  of t e s t s  on 

materials i r r ad ia t ed  i n  t h e  MSRE and t h e  ORR (helium environment). 

small amount of carburizat ion t h a t  occurred i n  the  Hastelloy N which was 

i n  contact with graphite w a s  not surpr i s ing  and did not extend t o  alarming 

depths. 

The 

1 3  The very low s t r e s s  l eve l s  i n  t h e  MSRE during normal operation, 

coupled with t h e  experimental observation t h a t  t h e  de te r iora t ion  of t h e  

creep-rupture proper t ies  (rupture l i f e  and d u c t i l i t y )  due t o  i r r ad ia t ion  

becomes smaller a t  l o w  s t resses ,  ind ica te  t h a t  t r ans i en t  conditions o f f e r  

t h e  grea tes t  r i s k  of ' fa i lu re .  Thus, with reasonable care i n  operation, it 

does not appear a t  t h i s  t i m e  t h a t  t h e  l i f e  of t he  MSRE w i l l  be l imited by 

rad ia t ion  damage t o  the  Hastelloy N. 

"H. E. McCoy, Jr., and J. R .  Weir, Jr., In- and &-Reactor Stress-  
Rupture Propert ies  of Hastelloy N Tubing, ORNL-TM-1906 (September 1967). 

13R. B. Briggs, p r iva te  communication. 
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We have t e s t ed  the  

SUMMARY AND CONCLUSIONS 

f i rs t  group of survei l lance specimens from the  

MSRE core. 

t he  specimens were held a t  645 f 10°C f o r  4800 h r  and accumulated a 

thermal dose of 1.3 X lo2' neutrons/cm*. Specimens were exposed t o  

molten sal t  t o  dupl icate  the  thermal h i s to ry  of t h e  survei l lance specimens. 

Two heats  of material ,  5081 and 5085, were used with both showing s imilar  

de te r iora t ion  of t e n s i l e  d u c t i l i t y  a t  elevated temperatures. However, 

heat 5085 (cy l indr ica l  core vesse l )  exhibited a greater  loss  of creep- 

rupture s t rength and d u c t i l i t y .  The property changes were qui te  similar 

t o  those t h a t  had been observed f o r  these same mater ia ls  a f t e r  i r r a d i a t i o n  

i n  t h e  ORR where the  environment was helium. 

reduction i n  the  low-temperature d u c t i l i t y ,  but f r ac tu re  s t r a i n s  of 

35 t o  40% were s t i l l  obtained. 

due t o  the  formation of intergranular  Q C .  

They were removed a f t e r  7800 Mwhr of operation during which 

* 

6 

There w a s  a s ign i f icant  

This change i n  propert ies  i s  probably 

We noted the  formation of a carbon-rich layer  on the Hastelloy N 
where it w a s  i n  contact with graphite.  This layer  w a s  only 1 t o  2 mils 

deep and probably would have l i t t l e  e f f ec t  on the  mechanical propert ies  

of th ick  sect ions.  

where the  graphite and Hastelloy N were i n  contact, so t he  noted 

carburization should present no problems i n  t h e  ERE: .  

S a c r i f i c i a l  metal shims were placed i n  the  MSRE 

The mechanical propert ies  of t he  Hastelloy N appear t o  be qui te  

adequate f o r  the  normal operating conditions of the  IGRE. 

t r ans i en t s  should be prevented tha t  expose the  mater ia l  t o  high s t r e s ses  

However, 

or  s t r a i n s .  
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