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EFFECTS OF IRRADIATION ON THE MECHANICAL PROPERTIES OF 
TWO VACUUM-MELTED HEATS OF HASTELLOY N 

H. E. McCoy, Jr. 

The mechanical behavior of two vacuum-melted heats 
of Hastelloy N was evaluated at 650 and 760°C. 
material was subjected to several thermal-mechanical 
treatments and then irradiated at 650 and 760°C to a 
thermal dose of 2.3 x lo2' neutrons/cm2. 
are compared with those for unirradiated specimens that 
were given a similar thermal treatment. The various 
thennal-mechanical treatments had some relatively small 
effects on the unirradiated tensile properties, but the 
creep properties were very similar. The primary effects 
of irradiation were reductions in the creep-rupture 
life and the rupture ductility in both creep and tensi1.e 
tests. These observations are explained on the basis of 
helium production in the metal by the 1°B(n,ac) transmutation.. 

The 

The results 

INTRODUCTION 

The potential use of Hastelloy N in several reactors has developed 

considerable interest in how the properties of this material change 

with neutron irradiation. 

the high-temperature mechanical properties of this alloy deteriorate 

under neutron irradiation. This deterioration manifests itself as both 

a reduction in the creep-rupture life and in the rupture ductility. 

However, these studies involved air-melted material with B levels in the 

range of 20 to 50 ppm. 

Previous studies at 0RNL1,* have shown that 

'W. R. Martin and J. R. Weir, Nucl. Appl.. 1(2), 160-167 (1965). 

2W. R. Martin and J. R. Weir, Nucl. Appl. 3 ( 3 ) ,  167-177 (1967). 
- - 
- - 
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We have r e c e n t l y  run two series of experiments t h a t  were aimed 

p r imar i ly  a t  cha rac t e r i z ing  t h i s  a l l o y  f o r  use i n  t h e  SNAP-8 system. 

This system w i l l  u t i l i z e  thin-wal led Hastel loy N tubing f o r  f u e l  element 

cladding and w i l l  operate  over t h e  temperature range of 650 t o  760°C. 

One series of experiments involved in - r eac to r  tube-burst  t e s t s  on cladding 

material, and t h e  de t a i l s  of t h i s  study have been r e p o r t e d . 3  The second 

series of experiments involved p o s t i r r a d i a t i o n  creep rupture  and t e n s i l e  

t es t s  on s m a l l  bar samples, and these  results a r e  presented i n  t h i s  

r e p o r t .  Two vacuum-melted h e a t s  were used, and t h e  p r o p e r t i e s  were 

evaluated after t h e  material had been subjected t o  va r ious  thermal- 

mechanical t reatments .  These t reatments  were d i c t a t e d  l a r g e l y  by t h e  

s t e p s  used t o  process  t h e  f u e l  element cladding. 

EXPERImNTAL DETAILS 

Test  Materials 

The two l o t s  of material  used i n  t h i s  study were 12-in.-diam, 

10,000-lb double vacuwn-melted hea t s  obtained from Allvac Metals Company. 

The chemical a n a l y s i s  of each h e a t  i s  given i n  Table 1. Heat 5911 w a s  

obtained i n  two forms: forged t o  a bar  2 x 2 i n .  (designated 5911 AW) 

and forged and machined t o  a tube s h e l l  2- in .  OD x 1 1/2-in.  I D  

(designated 5911 TH). 

(designated 6252 AC) . 
Heat 6252 w a s  obtained i n  t h e  as-cast condi t ion 

He a t  Tre atme n t  s 

The materials were given several d i f f e r e n t  mechanical and the-mal 

t reatments  p r i o r  t o  i r r a d i a t i o n .  These t reatments  are descr ibed i n  

Table 2 and w i l l  be referred t o  by number. All anneal ing w a s  c a r r i e d  

ou t  i n  an argon environment, and t h e  specimens were cooled by p u l l i n g  

them i n t o  a water-cooled s e c t i o n  a t  t h e  end of t h e  furnace.  

3H. E .  McCoy, Jr.,  and J .  R .  Weir, I n -  and Ex-Reactor Stress-Rupture 
-- Proper-Lies of Hastel loy N Tubing, ORNL-TM-1906 (September 1957). 
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Table 1. Chemical Analysis of Test  Mater ia l s  

Content ( w t  8) 

Heat Number 5911 Heat Number 6252 
Element 

Fe 
C r  
Mo 
N i  
C 
Mn 
B 
S 
P 
S i  
cu 
co  
A1 
T i  
W 
Z r  
0 
N 

0.03 
6.14 

17.01 
ba l  

0.056 
0 .21  
0 * 0010 
0.002" 
0.002" 
0.05 

0.08 
0.15 
0.067 
0.01" 

< 0.01 
0.0014 

< 0.0005 

< 0.01" 

0.12 
7.26 
16.53 

b a l  
0.051 
0.20 
0.0003 
0.002" 
0.002" 
0.05 

0.11 
0.20 
0.13 
0.02" 

< 0.01 
0.0008 
0.0005 

< 0.01,. 

a Ladle a n a l y s i s ,  Allvac Metals Company. 
All o the r  values  obtained a t  ORNL on t h e  f i n i s h e d  
product .  

Te s t Specimen 

The small  t e n s i l e  specimen shown i n  F ig .  1 was used f o r  -in- and ex- 

r e a c t o r  t e s t s .  The small  s i z e  made it poss ib l e  t o  g e t  s e v e r a l  specimens 

i n t o  a s i n g l e  experiment. Our work with t h i s  specimen has shown t h a t  it 

y i e l d s  d a t a  t h a t  a r e  q u i t e  s i m i l a r  t o  those  obtained from l a r g e r  specimens 

Because of t h e  s t r e s s  concent ra t ion  a t  t h e  base of t h e  f i l e t ,  t h e r e  i s  

some tendency for t h e  b r i t t l e  specimens t o  f a i l  a t  t h i s  p o i n t .  

I r r a d i a t i o n  Conditions 

The specimens were i r r a d i a t e d  i n  a s i n g l e - t e s t  capsule i n  t h e  P - 4  

pools ide  p o s i t i o n  i n  t h e  ORR. The peak thermal f l u x  was 

6 X 1013 neutrons 

5 X lo1* neutrons 

see-', and t h e  peak fast  (> 2.9  Mev) f l u x  w a s  

s e c - l .  The du ra t ion  of t h e  experiment w a s  1080 hr  



Table 2 .  Descr ipt ion of Thermal-Mechanical Treatments 

Designation Thermal -Mechanical Treatment 

1 

2 

Annealed 1 h r  a t  1177°C i n  argon 

H o t  r o l l e d  50% a t  115OoC, 

Anneahd 1 h r  a t  1177°C i n  argon 

3 

3 A  

2 A  

Annealed 1 h r  a t  1.177"C i n  argon, 

Cold worked 25%, 

Annealed 1 1/2 h r  a t  1066°C 

Annealed 2 h r  a t  1.093"C i n  a r g o n ,  

Annealed 10 min ai; 1150°C i n  argon 

i n  argon, 

Annealed 1 h r  a t  1260°C i n  argon 

Hot r o l l e d  50% a t  1150"C, 

Annealed 1 h r  a t  1260°C i n  argon 

ORNL-OWG 67-3013 
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( t i m e  a t  temperature and f u l l  power), so  t h e  thermal and fast  doses were 

2 . 3  x lo2' and 1.9 x lo1' neutrons/cm2, r e spec t ive ly .  Each specimen w a s  

heated by a s m a l l  fu rnace ,  and the  temperature w a s  con t ro l l ed  by a 

proport ioning c o n t r o l l e r  which ac ted  on response t o  a Chromel-P-Alumel 

thermocouple a t tached  t o  t h e  specimen gage l eng th .  Some of t h e  specimens 

were con t ro l l ed  a t  6 5 ~ 0 ° C ~  but  most of them were he ld  a t  7 6 0 ° C .  

environment i n  t h e  capsule was flowing He-l$ 0 2 .  

specimens were given the  same thermal exposure as t h e  i n - r e a c t o r  specimens. 

Thn 

Ex-reactor  con t ro l  

Tes t ing  Techniques 

The l abora to ry  creep-ruptu-re t e s t s  were run i n  conventional creep 

machines of t he  dead load and l e v e r  arm types .  The s t r a i n  w a s  measured 

by a d i a l  i n d i c a t o r  t h a t  showed t h e  t o t a l  movement of t he  specimen and 

p a r t  of t h e  load t r a i n .  The zero s t r a i n  measurement w a s  taken immediately 

a f t e r  t h e  load w a s  appl ied .  

guaranteed accuracy of t h e  Chromel-P-Alwnel thermocouples used. 

The temperature accuracy w a s  t0.75$, t he  

The p o s t i r r a d i a t i o n  creep-rupture  tes ts  were run i n  l e v e r  arm 

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

extensometer with rods a t tached  t o  t h e  upper and lower specimen g r i p s .  

The r e l a t i v e  movement of t hese  two rods was measured by a ' l inear  d i f -  

f e r e n t i a l  t ransformer,  and t h e  t ransformer s i g n a l  w a s  recorded. The 

accuracy of s t r a i n  measurements i s  d i f f i c u l t  t o  determine. The exten-  

someter (mechanical and e l e c t r i c a l  po r t ions )  produced measurements t h a t  

could be read t o  about S.0276 s t r a i n .  

changes i n  t he  c e l l ,  mechanical v i b r a t i o n s ,  e t c . )  probably combined t o  

g ive  a n  o v e r a l l  accuracy of k O . l %  s t r a i n .  This i s  considerably b e t t e r  

t han  the  specimen-to-specimen r e p r o d u c i b i l i t y  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  ma te r i a l s .  The temperature measuring and con t ro l  

system w a s  t he  same as t h a t  used i n  t h e  l abora to ry  with one except ion.  

I n  t h e  l abora to ry ,  t h e  con t ro l  system w a s  s t a b i l i z e d  a t  the  des i red  

temperature by use of a recorder  with a n  expanded sca l e .  I n  t h e  tests 

i n  t h e  hot  c e l l s ,  t h e  con t ro l  po in t  w a s  e s t ab l i shed  by s e t t i n g  the  

c o n t r o l l e r  without t h e  a i d  of t h e  expanded-scale recorder .  This e r r o r  

and t h e  thermocouple accuracy combine t o  g ive  a temperature unce r t a in ty  

of about +l$. 

However, o the r  f a c t o r s  (temperature 
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The t e n s i l e  t e s t s  w e r e  run on I n s t r o n  Universal  Test ing Machines. 

The s t r a i n  measurements were taken from t h e  crosshead travel.  

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

na t ion  showed t h a t  t h e  depth of ox ida t ion  w a s  s m a l l  (< 0.002 i n . )  , and 

hence, we f e e l  t h a t  t h e  environment d i d  not appreciably inf luence t h e  

t e s t  r e s u l t s .  

Experimental Resul ts  

The r e su l t s  of t e n s i l e  t e s t s  run on t h e  m a t e r i a l s  i n  t h i s  study 

are summarized i n  Ta.bles 3 and 4 .  All of t h e  u n i r r a d i a t e d  specimens 

were subjected t o  a thermal aging t reatment  (1080 h r  a t  650 o r  760°C) 

equivalent  t o  t h a t  of t h e  i r r a d i a t e d  Specimens. The d a t a  i n  Table 3 

i n d i c a t e  several important f e a t u r e s  of t h e  -tens-ile p r o p e r t i e s  of t h e  

u n i r r a d i a t e d  materials. 

1. The y i e l d  s t r e s s  decreases  s l i g h t l y  with inc reas ing  tes’i 

temperature,  whereas t h e  t e n s i l e  stress decreases  by about 

a f a c t o r  of 2 over t h e  temperature range of 550 t o  760°C. 

2. There appear t o  be some s m a l l  v a r i a t i o n s  i n  t h e  yie1.d 

and t e n s i l e  s t r e n g t h s  due t o  t h e  var ious hea t  t reatments .  

For example, t he  d a t a  f o r  heat, 5911 AW-anneal 1 i n d i c a t e  

t h a t  aging a t  650°C r e s u l t s  i n  lower y i e l d  s t r e s s  and a 

higher  t e n s i l e  stress than  aging a t  760°C. The anneals 

a t  1260°C ( 3 A  and 2A) cause s l i g h t  s t r e n g t h  reduct ions.  

3. The f r a c t u r e  d u c t i l i t y  decreases  with inc reas ing  t e s t  

temperature f o r  a l l  m a t e r i a l s .  

4.  The d a t a  f o r  5911 AW-anneal 1 i n d i c a t e  t h a t  aging a t  

650°C r e s u l t s  i n  b e t t e r  d u c t i l i t y  t han  aging a t  760°C. 

5 .  A comparison of t h e  d a t a  f o r  5911 AW-anneals 1 and 3 

i n d i c a t e  tha t  t h e  d u c k i l i t y  of t h e  materials receiving 

t h e  anneal 3 i s  lower when aged and t e s t e d  a t  650°C 

and higher  at 760°C. 

6. Heat 6252 AC gene ra l ly  exh ib i t ed  lower d u c t i l i t y  t han  

hea t  5911. This i s  probably due t o  t h e  smaller  amount 

of working received by hea t  6252 AC. This i s  supported 



Table 3. Tensile Prope r t i e s  of Uni r rad ia ted  Materials" 

Test S t r e s s  (ps i )  Elongation ($) Reduction Pretest 

Aging' 
Annealb "GZ" Temperature - i n  Area 

("C) Yield Tensile Uniform Tota l  ( ss, 

1 
1 
1 
1 
1 
1 
1 

3A 
3A 

3 
3 

1 
1 

2 
2 

2 1 - 3  
2 + 3  

2A 

3113 
3114 
3109 
3115 
3117 
3 108 
3121 

3106 
2854 

2959 
2953 

3103 
3091 

2919 
2921 

2948 
2944 

3130 

550 
a0 
760 
760 
550 
650 
7 a  

650 
760 

650 
760 

650 
760 

650 
760 

650 
760 

760 

Heat 5911 AW 

32,600 87,800 
35,400 65,200 
32,200 47,700 
31,700 51,100 
31,400 96,500 
29,700 77,700 
28,930 50,900 

26,400 70,800 
31,700 46,700 

34,300 76,600 
32,200 45,800 

Heat 5911 TH 

29,200 74,300 
32 , 400 47,800 

Heat 6252 AC 

34,000 66,600 
32,000 45,000 

37,100 73,500 
33,500 44,700 

25,700 46,800 

57.1 
22.5 
8.0 

12.8 
61.7 
39.8 
12.5 

43.2 
8 .O 

29.6 
8.2 

41.1 
7.7 

15 .1  
6 . 1  

21.6 
8.7 

7.7 

58.2 
23.5 
13.4 
16.6 
64.8 
40.8 
25.9 

43.4 
13.6 

30.3 
22.9 

42.7 
16 .2  

15.4 
8.6 

21.9 
20.2 

10.6 

41.6 2 
23.2 2 
14.4 2 
13.1 2 
47.5 1 
35.3 1 
27.3 1 

36.6 1 
12.5 2 

25.7 1 
22.1 2 

33.5 1 
13.9 2 

17.4 1 
7.3 2 

19.1 1 
17.6 2 

10.1 2 

A t  a s t r a i n  r a t e  of 0.002 min-l. a 

bAnneal designat ion given i n  Table 2 .  

'1 - 1080 h r  a t  650°C; 2 - 1080 hr a t  760°C. 



a 
Table 4. Tensi le  P r o p e r t i e s  of I r r a d i a t e d  Materials 

Ternperature ("C) S t r e s s  (Fs i )  Elongation ($) Reduction 
- in Area 
I r r a d i a t i o n  T e s t  Yield Tensi le  Unif o m  To ta l  

Spe cirnen 
Number 

%) 
Heat Anneal 

Number 

5911 AW 
5911 AW 

1 
i 

2837 
2839 

7 60 
760 

7 60 
760 

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

1.0 1.0 
1.1 1.4 

3.6 
2.0 

2846 
2847 

650 
650 

650 
650 

38 , 200 50 , 600 
36,400 52,600 

7.7 8.1 
10.5 11.2 

11.2 
14.6 co 

5911 AW 
5911 AW 

1 
1 

6252 AC 
6252 AC 

2 
2 

2917 
2918 

760 
760 

760 
760 

32 , 200 32 , 200 
31, $00 31,800 

1.1 1.5 
1.2 1.5 

0.9 
0 .0 

6252 AC 
6252 AC 

2 
2 

2926 
2927 

650 
650 

650 
650 

39,100 48,500 
4@,200 4S,900 

4.6 4.8 
4.6 5.6 

5.6 
8.0 

a Thermal dose equals  2.3 X lo2' neutrons/crn2; s t r a i n  r a t e  equals  0.002 mind'. 
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by t h e  f a c t  t h a t  t h e  a d d i t i o n a l  working received i n  the  

2 + 3 t rea tment  improved the  d u c t i l i t y  over t h a t  obtained 

after j u s t  t h e  t rea tment  2.  

The t e n s i l e  p r o p e r t i e s  of some of t h e  ma te r i a l s  were obtained a t  

650 and 760°C after i r r a d i a t i o n ,  and these  r e s u l t s  a r e  given i n  Table 4 .  

A comparison of t hese  d a t a  with those f o r  t h e  un i r r ad ia t ed  specimens i n  

Table 3 leads t o  s e v e r a l  important observat ions:  

1. The y i e l d  s t r e s s  a t  650°C i s  h igher  f o r  t h e  i r r a d i a t e d  

specimens whereas t h e  y i e l d  s t r e s s  a t  760°C i s  equiva len t  

f o r  i r r a d i a t e d  and un i r r ad ia t ed  specimens. 

2.  The t e n s i l e  s t r e s s  i s  lower f o r  t h e  i r r a d i a t e d  ma te r i a l s  

a t  both 650 and 760°C. 

3. The d u c t i l i t y  a t  both temperatures  i s  reduced severe ly  

by i r r a d i a t i o n ,  t h e  reduct ion being much g r e a t e r  a t  760°C. 

The v a r i a t i o n s  i n  t h e  rupture  d u c t i l i t y  of Hastel loy N i n  the  var ious 

condi t ions  inves t iga t ed  a r e  summarized i n  F ig .  2. The spread i n  t he  rupture  

GRNL-CWG 67-7153 
......... ~ 

I I----- . . . . . . . . . . i o  __--- 

5911 AW-I-GGFl> AT 7 6 0 D C  
A 5911 AW-3A 
0 5911 A W - 3  
v 5911TH-I 
0 6252AC-- 2 

~ ~~ 

50 .~~ 

* 40 ....... 

20 ~ 

10 

...... I ...... 0 
500 550 600 650 io0 750 80C 
....... 

T E S I  IEMPERGTIJRF (‘CI 

Fig .  2. Var ia t ion  of t h e  Tens i le  F rac tu re  S t r a i n  with Temperature. 
(Unless designated otherwise,  specimens were i r r a d i a t e d  or  aged a t  the  
tes t  temperature.  1 



10 

s t r a i n  a t  a given test  temperature i s  q u i t e  l a r g e .  

t h e  u n i r r a d i a t e d  ma-terial  shows a range of about 1 5  t o  44$, and the range 

i s  f u r t h e r  extended by values  as low as 5% i n  t h e  i r r a d i a t e d  condi t ion.  

A t  650"C, f o r  example, 

The main emphasis i n  t h i s  study w a s  on t h e  creep-rupture p r o p e r t i e s ,  

s ince  t h e  p o t e n t i a l  a p p l i c a t i o n  involves s e r v i c e  under creep conditi-ons. 

The r e s u l t s  of t e s t s  on u n i r r a d i a t e d  and i r r a d i a t e d  specimens are given 

i n  Tables 5 and 6, r e spec t ive ly .  The d a t a  on un i r r ad ia t ed  materials are 

of value themselves, but  we a r e  more concerned wi th  how t h e  p r o p e r t i e s  

change as a r e s u l t  of i r r a d i a t i o n .  Figure 3 shows t h a t  t h e  rup tu re  

d u c t i l i t y  varies from about 15 t o  30% f o r  t h e  u n i r r a d i a t e d  m a t e r i a l  a t  

650°C. However, many of t h e  v a r i a t i o n s  appear t o  be random r a t h e r  t han  

due t o  the e f f e c t s  of a p a r t i c u l a r  p r e t e s t  hea t  t reatment .  The gene ra l  

t r e n d  seems t o  be f o r  decreasing d u c t i l i t y  with inc reas ing  rupture  l i f e .  

Figure 4 compares t h e  rup tu re  l i v e s  of u n i r r a d i a t e d  and i r r a d i a t e d  

specimens a t  650°C. 

our resu l . t s  f o r  s e v e r a l  air-meI.ted h e a t s .  The r e s u l t s  on t h e  p re sen t  hea t  

a t  650°C are inadequate t o  e s t a b l i s h  a s t r e s s - r u p t u r e  curve, but  t he  data 

a r e  i n  reasonable agreement with those f o r  t h e  a i r  me l t s .  The rup-Lure l i f e  

v a r i a t i o n s  appear t o  be e n t i r e l y  random with r e spec t  t o  m a t e r i a l  and 

condi t ions of annealing. The rupture  l i f e  i s  reduced by an o rde r  of 

magnitude by i r r a d i a t i o n ,  but t h e r e  i s  some i n d i m t i - o n  t h a t  t h i s  f a c t o r  

decreases  with inc reas ing  rupture  l i f e .  The minimum creep r a t e  i s  shown 

i n  F ig .  5 as a func t ion  of t h e  s t ress  a t  650°C for i r r a d i a t e d  and uni.rra- 

d i a t e d  ma te r i a l s .  The var i -a t ion due t o  hea t  and anneal i s  again random 

and i r r a d i a t i o n  does not have any appreciable  e f f e c t .  

The l i n e  f o r  t h e  i r r a d i a t e d  material  i s  based on 

The rup-ture s t r a i n  a t  760°C i s  shown i n  F i g .  6 as a f u n c t i o n  of 

rup tu re  l i f e  f o r  u n i r r a d i a t e d  m a t e r i a l .  The rup tu re  s t r a i n  varies from 

LO t o  50% .h.th most of t h e  v a r i a t i o n  appearing t o  be independent of 

h e a t  and annealing t reatment .  Most of t h e  materials e x h i b i t  a -trend 

of i nc reas ing  s t r a i n  wi th  inc reas ing  rup tu re  l i f e .  The rup tu re  I.ives 

of t h e  i r r a d i a t e d  and u n i r r a d i a t e d  m a t e r i a l s  a r e  compared i n  F i g .  7.  

Again, t h e  v a r i a t i o n s  due t o  hea t  and anneal appear t o  be random. One 

except ion may be h e a t  6252 AC, which, a f t e r  i r r a d i a t i o n ,  has a g r e a t e r  

rup tu re  l i f e .  A t  a stress l e v e l  of 20,000 p s i ,  t h e  rup tu re  l i f e  i s  

reduced about two o rde r s  of magnitude by i r r a d i a t i o n .  The curves converge 



Table 5. Creep-Rupture Properties of Unirradiated Materials 

Test Minimum Rupture Rupture Reduction 
Pre tes t  
Agingb 

Stress Creep Rate Life S t r a in  i n  Area 
Hz a t  Test 

Number Anneala Number Temperature 

( “C) ‘psl’ ($/hr) (hr) ( 70 ( $1 
5911 AW 
5911 AW 
5911 AW 
5911 AW 
5911 AW 
5911 AW 
5911 AW 
5911 AW 
5911 AW 
5911 AW 
5911 AW 
5911 AW 

5911 AW 
5911 AW 
5911 AW 
5911 AW 
5911 AW 

5911 AW 
5911 AW 
5911 AW 
5911 AW 
5911 AW 
5911 AW 
5911 AW 

5911 TH 
5911 TH 
5911 TH 
5911 TH 
5911 TH 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

3 A  
3A 
3A 
3A 
3A 

3 
3 
3 
3 
3 
3 
3 

1 
1 
1 
1 
1 

6185 
60 14 
60 13 
6012 
6186 
6059 
6126 
6187 
6023 
6039 
6024 
6188 

60 57 
6015 
6040 
6025 
6026 

6058 
60 16 
6127 
6189 
6027 
6041 
60 28 

6042 
6018 
6017 
6056 
6125 

650 
650 
650 
650 
650 
650 
760 
760 
760 
760 
760 
7 60 

650 
650 
760 
760 
760 

650 
650 
760 
760 
760 
760 
760 

650 
650 
650 
653 
760 

65,000 
55,000 
47,000 
40,000 
40,000 
32,400 
30,000 
25,000 

17 , 500 
15,000 
13,000 

47,000 
40,000 
30,000 

15,000 

47,000 
40 000 
30,000 
25,000 
20,000 
17,500 
15,000 

55,000 
47,000 
40 000 
32,400 
30,000 

20,000 

20,000 

0.590 
0.149 
0.043 
0.022 
0.018 
0.0045 
0.83 
0.36 
0.12 
0.049 
0.035 
0.017 

0.026 
0.012 
0.94 
0.14 
0.025 

0.067 
0.025 
1.18 
0.42 
0.19 
0.13 
0.048 

0.018 
0.038 
0.023 
0.0019 

9.4 
49.6 

206.5 
413.7 
598.2 

1828.1 
21.8 
53.7 

147.7 
367.7 
607.2 

1198.9 

120.8 
489.0 

15.4 
114.7 
402.8 

181.0 
761.7 
24.2 
47.0 
73.7 

153.3 
419.2 

48.9 
189.1 
706.3 

2082.1 
0.765 17.7 

26.5 
27.4 
17.3 
17.3 
22.7 
21.8 
29.8 
31.9 
35.5 
24.3 
39.8 
29.7 

27.2 
21.0 
23.6 
24.6 
13.3 

23.5 
29.5 
38.5 
34.4 
17.6 
29.3 
32.2 

27.9 
26.6 
29.2 
18.7 
19.2 

21.9 
21.2 
17.1 
16.7 
11.0 
19.8 
23.1 
13.9 
20.6 
10.6 
29.0 
16.0 

21.1 
17.3 
16.1 
16.1 
8.0 

20.7 
22.8 
33.0 
15.0 
21.7 
17.3 
16.4 

21.6 
21.9 
25.4 
13.4 
14.3 

1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 

1 
1 
2 
2 
2 

1 
1 
2 
2 
2 
2 
2 

1 
1 
1 
1 
2 



Table 5 (continued) 

M-inimum Rupture Rupture Reduction 
Pre t e s t 
Agingb 

Creep Rate Life S t r a i n  i n  Area 
S t r e s s  
(psi)  

Test  

%/hd (h r )  ( %) ( 74 
Test Temperature Heat 

( " C )  Nimbe r Anne Number 

5911 TH 1 
5911 TH 1 
5911 TH 1 
5911 TH 1 

6252 AC 2 
6252 AC 2 
6252 AC 2 
6252 AC 2 
6252 AC 2 
6252 AC 2 
6252 AC 2 
6252 AC 2 

6252 AC 2A 
6252 AC 2A 

6252 AC 2 + 3  
6252 AC 2 + 3  
6252 AC 2 + 3  
6252 AC 2 + 3  
6252 AC 2 + 3  

6190 
6029 
6043 
6030 

6022 
6019 
60 60 
6124 
6191 
6031 
6044 
6032 

6033 
6034. 

6021 
6020 
6045 
6047 
6046 

760 
7 60 
760 
760 

650 
650 
650 
760 
760 
760 
7 60 
760 

760 
760 

650 
650 
760 
760 
760 

25,000 

17,500 
15,000 

40,000 
32,400 
30,000 
25,000 

17,500 
15,000 

20,000 

47,000 

20,000 

20,000 
10,000 

47,000 
40,000 
30,000 
20,000 
15,000 

0.41 
0.13 
0.054 
0.026 

0.054 
0.026 
0.0041 
1.37 
0.51 
0.19 
0.13 
0.049 

0.13 
0.0047 

0.073 
0.024 
0.80 
0.24 
0.044 

27.7 14.1 
113.5 25.3 
161.4 11.9 
654.7 24.8 

99.3 9.4 
647.3 21.2 
1813.3 15.9 

7.3 14.1 
48.9 31.2 
119.1 39.0 
130.8 22.5 
636.5 46.7 

162.9 35.6 
3570.2 28.0 

123.6 17.5 
622.2 14.9 
10 -0 13.1 
114.3 53.1 
535.6 46.6 

10.7 
16.2 
10.0 
13.2 

12.2 
15.6 
14.7 
10.2 
14.3 
29.0 
15.7 
37.7 

21.9 
13.7 

13.9 
14.0 
12.0 
31.6 
21.6 

2 
2 
2 
2 

1 
1 
1 
2 
2 
2 

P 
N 

2 
2 

a 

bl - 1080 hr at 650°C; 2 - 1080 h r  a t  760°C 

Anneal designat ion given i n  Table 2.  



Table 6. Creep-Rupture Properties of I r rad ia ted  Materials" 

Te s t and Minimum Rupture Rupture Reduction Specif i -  

( %/hd (hr) ( 70 ( 9 Nwnbe r 

b Test I r rad ia t ion  S t ress  
Number Number Temperature (ps i )  Creep Rate Life S t r a in  i n  Area cat ion Comments He a t  

"C) 

5911 AW 
5911 AW 
5911 AW 
5911 AW 
5911 AW 

5911 AW 
5911 AW 

5911 AW 
5911 AW 
5911 AW 

5911 TH 
5911 TH 
5911 TH 

6252 AC 
6252 AC 
6252 AC 
6252 AC 
6252 AC 
6252 AC 

6252 AC 
6252 AC 

6252 AC 
6252 AC 
6252 AC 

1 
1 
1 
1 
1 

3A 
3A 

3 
3 
3 

1 
1 
1 

2 
2 
2 
2 
2 
2 

2A 
2 A  

2 + 3  
2 + 3  
2 + 3  

R -194 
R-182 
R-170 
R-177 
R-196 

R-183 
R-201 

R-1'75 
R-180 
R-223 

R-176 
R-184 
R-218 

R-19'7 
R - 1 8 1  
R-173 
R-185 
R-224 
R - 178 

R-186 
R-217 

R-187 
R-225 
R-209 

650 
6 50 
650 
760 
760 

7 60 
7 60 

760 
'760 
760 

'760 
760 
760 

650 
650 
650 
760 
760 
760 

7 60 
760 

760 
760 
7 60 

47,000 
40,000 
32,400 

8,000 

15,000 

10,000 

10,000 

20,000 
10,000 
8,000 

20,000 
15,000 
8,000 

47,000 
40,000 
32,400 
15,000 
12,500 

15,030 
10,000 

15,000 
12,500 

10,000 

10,000 

0.056 
0.015 
0.0049 
0.0086 
0.0011 

0.22 
0.0041 

0.85 
0.011 
0.0024 

0.28 
0.090 
0.0024 

0.021 
0.029 
0.0050 
0.1% 
0.039 
0.0032 

0.36 
0.0028 

0.17 
0.0067 
0.0046 

12.8 
43 .O 

144.3 
104.6 
834. ET 

2.2 
179.4 

0.5 
55.2 

825.7 

1.0 
2 . 1  

365.2 

16.8 
23.5 

220.6 
3.5 

24.1 
581.5 

0.7 
289.8 

5 .o 
284.3 
504.6 

1.68 
0.83 
0.84 
0.98 
1.77 

0.57 
1.08 

0.58 
1.34 
4.49 

0.67 
0.99 
1.45 

1.50 
0.93 
1.70 
0.95 
1.55 
2.36 

0.32 
1 . 1 2  

1.49 
3.18 
3.58 

-0.9 
8 .2  
4.0 
-0.3 
0.0 

0.8 
1.1 

-1.5 
4.5 
0 .o 
3.1 

-0.3 

-0.4 
1.1 

-0.3 
0 .o 
4.8 

-1.8 

-2.2 
-3.7 

2.5 

3.5 

2851 
2850 
2848 c 
2842 
2841 

2849 
2845 

2950 
2951 C 

2 949 

2981 
2980 
2982 

2937 
2929 
2 928 c 
2920 
2923 
2922 

2 930 c 
2932 C 

2939 
2 941 
2 940 

r w 

%ose equals 2.3 x IO2 '  neutrons/cra2. 
b Anneal designation given i n  Table 2. 

Specimen broke i n  the radius a t  the end of gage section. C 
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0. f I to 400 
RUPTURE LIFE (hr) 

(000 

F i g .  7 .  A Comparison of t h e  Creep-Rupture Properti-es 
and Unirradiated Hastel loy N a t  760°C. 

10,000 

of I r r a d i a t e d  

s l i g h t l y  as t h e  stress l e v e l  i s  reduced. The minimum creep r a t e s  of t h e  

i r r a d i a t e d  and u n i r r a d i a t e d  specimens a r e  compared i n  F i g .  8 .  A t  a s t r e s s  

level  of 20,000 p s i ,  t he  creep r a t e  of t h e  i r r a d i a t e d  m a t e r i a l  i s  h ighe r .  

A s  t h e  stress i s  decreased, t h e  curves converge t o  where t h e  d i f f e r e n c e  

i n  creep r a t e  below 10,000 ps i  i s  n e g l i g i b l e .  

The rupture  s t r a i n s  of t h e  i y r a d i a t e d  specimens a r e  compared i n  

F i g .  9 as a f u n c t i o n  of s t r a i n  ra te .  Although t h e  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 rnin-l (12$/hr) i nd ica t ed  tha t  t h e  d u c t i l i t y  w a s  

much lower a t  760°C than  a t  650"C, t h e  d u c t i l i t y  appears t o  be independent 

of temperature a t  s t r a i n  rates below about; O.l%/hr. 

d i s t i n c t  t r e n d  of i nc reas ing  f r a c t u r e  s t r a i n  with decreasing s t r a i n  r a t e .  

There i s  a l s o  a 

Although a l l  of t h e  creep curves were examined i n  d e t a i l ,  only a 

f e w  t y p i c a l  ones w i l l  be presented.  The d a t a  were taken manually, but  

were reduced and p l o t t e d  by computer. Figures  10, 11, 12,  and 13 a r e  

d i r e c t  photographs of t h e  p l o t t e d  data after t h e  curves were drawn i n  

manually. Figures  10 and 11 show t h e  r e s u l t s  of t es t s  on u n i r r a d i a t e d  

and i r r a d i a t e d  specimens, r e spec t ive ly ,  from hea t  5911AW-anneal 1 a t  

650°C and 40,000 p s i .  The primary creep s t age  i s  very s h o r t ,  and t h e  

accumulated s t r a i n  a t  t h e  beginning of secondary creep was only about 

O.l.%. A comparison of p o i n t s  on t h e  two p l o t s  i n d i c a t e s  t h a t  t h e  r e s u l t s  
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a r e  q u i t e  similar up t o  t h e  p o i n t  where t h e  i r r a d i a t e d  specimen f a i l e d .  

F igu res  12 and 13 show t h e  r e s u l t s  of t es t s  a t  '760°C and 10,000 p s i  on 

u n i r r a d i a t e d  and i r r a d i a t e d  specimens, r e spec t ive ly .  There i s  no d i s -  

t i ngu i shab le  primary creep s t age ,  and t h e  r e s u l t s  a r e  q u i t e  comparable 

up t o  f r a c t u r e  of t h e  i r r a d i a t e d  specimen. 

Since considerable  d a h  were obtained on h e a t s  5911AW and 5911. TH 

wi . th  hea t  t reatment  1, t h e  creep properti-es of t h e s e  materials were 

examined i n  d e t a i l .  Fu r the r  d e t a i l s  of t h e  creep behavior a r e  given i n  

Table '7. A t  650°C .the behavior of t h e  two l o t s  of m a t e r i a l  w a s  q u i t e  

similar. The times f o r  rup tu re  and 1% s t r a i n  f o r  u n i r r a d i a t e d  and irra- 

d i a t e d  m a t e r i a l  a t  650°C are compared i n  F ig .  14. The curve f o r  rupture  

of t h e  i r r a d i a t e d  material f a l l s  j u s t  shor-t of t h e  1% s t r a i n  curve for 

t h e  u n i r r a d i a t e d  specimens. A t  '760°C m a t e r i a l s  5911 AW and 5911 'I" have 

s l i g h t l y  d i f f e r e n t  s t r e n g t h  p r o p e r t i e s .  Figure 15 shows t h e  r e s u l t s  f o r  

h e a t  5911 AW-anneal 1. A t  8000 p s i ,  t h e  time t o  1% s t r a i n  f o r  t h e  i r r a -  

d i a t e d  specimen agrees  very w e l l  wi th  tha.t f o r  t h e  u n i r r a d i a t e d  m a t e r i a l .  

A t  10,030 p s i ,  t h e  time t o  1% s t r a i n  f o r  t h e  i r r a d i a t e d  material i s  

s l i g h t l y  l ess  than  t h a t  f o r  t h e  u n i r r a d i a t e d  specimen. The d a t a  f o r  

hea t  5911 TH-anneal 1 a r e  p l o t t e d  i n  Fig.  16. 

t h e  i r r a d i a t e d  material i s  much s h o r t e r  than t h a t  f o r  t h e  u n i r r a d i a t e d  

material a t  high s t r e s s e s ,  but  t h e  two nea r ly  converge a t  lower s t r e s s e s .  

'This behavior agrees  we l l  wi'th the minimum creep r a t e  behavior shown 

i n  F i g .  8 .  There i s  some unce r t a in ty  i n  F l g .  1 6  concerning t h e  l o c a t i o n  

of t h e  curve f o r  t h e  time t o  1% stra3.n. Since an extensometer w a s  not 

used i n  t h e  l abora to ry  tes t s ,  t h e  s c a t t e r  i n  d a t a  f o r  small s t r a i n s  i s  

understandable.  

The t i m e  t o  1% s t r a i n  f o r  

I n  an e f f o r t  t o  determine t h e  e f f e c t s  of s t r a i n  rate on t h e  rupture  

d u c t i l i t y  a t  650 and ?6O"C,  seve ra l  specimens were tested i n  t h e  unaged 

condi t ion at va r ious  s t r a i n  r a t e s .  The results of t h e s e  tes ts  are 

given i n  Table 8. 

r e s u l t s  from 'Table 5 were used t o  o b t a i n  t h e  p l o t  of d u c t i l i t y  versus  

s t r a i n  rate i n  F i g .  17. 

The t e n s i l e  r e s u l t s  from Tab1.e~ 3 and 8 and t h e  creep 

A t  650°C t h e  d u c t i l i t y  decreases with decreasing 
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Table 7. Detailed Creep Properties on 
Heats 5911 AW-1 and 5911 TH-1" 

Time (hr) t o  Ind ica t ed  S t r a i n  (%) Stress Test 

1 2 5 10 Rupture (Psi) 
Test Temperature 

( "C> 
Number 

6185 
6014 
6013 
a12 
618 6 
6059 
R-194 
R-182 
R - 170 
6126 
6187 
6023 
6039 
6024 
6188 

R - 177 
R-196 

6042 
6018 
60 17 
6056 
6125 
6190 
6029 
6043 
6030 
R-176 
R - 184 
R-218 

650 
650 
650 
650 
650 
650 
650 
650 
650 

760 
760 
760 
760 
760 
760 

760 
760 

650 
653 
650 
650 
760 
760 
760 
760 
760 
7 60 
760 
760 

Heat 5911 AW-I 

65,000 0.2 1.4 
55,000 
47 , 000 3.0 17 
40,000 31.5 80 
40,000 62 113 
32,400 195 340 

40,000 
32,400 

47,000 7.8 

30,000 1.0 2.1 
25,000 2.2 5 
20,000 9.5 17 
17,500 15 35 
15,000 30 63 
13,000 52 110 
10,000 -105 
8,000 645 

Heat 5911 TH-1 

55,000 3 8.5 

40,000 41+ 95 
32,400 260 495 

25,000 1.8 4.3 

17 , 500 7.9 27 
15,000 52 90 
20,000 

47,000 14 40 

30,000 1.0 2.4 

20,030 8.7 16 

15,000 -2 
8,000 250 

6.5 
17.5 
90 
198 
260 
774 

5 .7 
13 
41.5 
97 
152 
275 

25 
99 

2 30 
10% 

6.3 
12 
38.5 
76 
20 2 

9.4 9.4 
46 
175 
351 
445 
1322 

11 
26 
73 
18 9 
277 
525 

42 
166 
430 
1-750 
12 
23 
72 
142 
3 72 

49.6 
206.5 
413 .7 
598.2 
1828.1 

12.8 
43.0 
144.3 
21.8 
53.7 
147.7 
367.7 
607.2 
1198.9 
104.6 
834.8 

48.9 
189.1 
706.3 
2082.1 

17.7 
27.7 
113.5 
161.4 
654.7 
1.0 
2.1 

365.2 

a See Tables 5 and 6 f o r  other details. 
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Fig.  14. A Comparison of t h e  Unirradiated and I r r a d i a t e d  Creep 
Rupture Pehavior of Heats 5911 AW-1 and 5911 TH-1 at  650°C. 
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Fig .  15. A Comparison of t h e  Creep-Rupture Properties of 
Heat 5911. AW-1 at 760°C in t h e  I r r a d i a t e d  and Unirradiated Condi-tions. 
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F i g .  16. A Comparison of t h e  Creep-Rupture P r o p e r t i e s  of 
Heat 5911 TH-1 a t  760°C i n  t h e  I r r a d i a t e d  and Unirradiated Conditions.  

s t r a i n  rate. 

a t  650°C and decreases  with decreasing s t r a i n  ra te .  

a t  a s t r a i n  ra te  of about lO%/hr and an inc rease  i n  d u c t i l i t y  occurs 

as t h e  s t r a i n  rate i s  decremed f u r t h e r .  

A t  h igh s t r a i n  r a t e s ,  t h e  d u c t i l i t y  i s  lower a t  760°C than  

A minimum i s  reached 

Our metal lographic  s t u d i e s  were confl-ned t o  t h e  u n i r r a d i a t e d  t e n -  

s i l e  specimens t h a t  were aged and t e s t e d  a t  650 and 760°C a,t a s t r a i n  

rate of 0.002 min-l .  

650°C extensive i n t e r g r a n u l a r  cracking occurred, and t h e  fai .1ures were 

predominantly i n t e r g r a n u l a r  even though some areas f a i l e d  by t r a n s -  

g ranu la r  shear .  The mic ros t ruc tu re  of a specimen from hea-t 5911 AW- 

anneal  1 after aging and t e s t i n g  a t  650°C i s  shown i n  F i g .  18. The 

g r a i n  s i z e  i s  relatively coarse with s t r i n g e r s ,  probably of t h e  M6C type. 

The mic ros t ruc tu re  of heat, 5911 AW-anneal 3 i s  shown i n  F ig .  1.9. The cold 

working and r e c r y s t a l l i z a t i o n  of t h i s  material has r e s u l t e d  i n  t h e  fomna- 

t i o n  of bands of s m a l l  g r a i n s  and a "ghost" s t r u c t u r e  i n  which f i n e  

p r e c i p i t a t e s  mark t h e  boundaries of t h e  o r i g i n a l  g r a i n s  before  r e c r y s t a l -  

l i z a t i o n .  The coarse mic ros t ruc tu re  of h e a t  5911 AW-anneal 3 A  i s  shown 

i n  Fig. 20. The "feathery" growth i s  probably f i n e  carbides  t h a t  have 

r e p r e c i p i t a t e d .  These were no t  v i s i b l e  i n  t h e  specimen aged a t  650°C. 

S m a l l  amounts of t h e  same product were v is ib le  i n  t h e  o t h e r  heat 5911 AW 

specimens t h a t  were aged a t  760°C. 

anneal  1 af te r  aging and t e s t i n g  a t  650°C i s  shown i n  Fig.  21. The g r a i n  

The f a i l u r e s  were a l l  i n t e r g r a n u l a r  a t  760°C. A t  

The mic ros t ruc tu re  of h e a t  5911 TH- 



Table 8. Tens i l e  P r o p e r t i e s  of Heat 5911 AW-1 a t  Various S t r a i n  Rates 

- ___-----___- 
Te S+ S t r a l n  S t r e s s  ( p s i )  Elongation ($) Reduction 

Temperature Rate i n  Axpea Spec i f i ca t ion  
Xum5e r 

( " C )  (air;-') Yield Tensile Uniform T o t a l  ( 4'0) 

5167 
5 16% 
5169 
5 170 
5171 
5172 
5 173 

5 174 
5 175 
5174 
517'7 
5179 
5 180 
5181 

650 
650 
650 
650 
650 
650 
650 

7 60 
760 
760 
7 60 
7 60 
760 
7 60 

2 .0 
0.5 
0.2 
0.05 
0.02 
0.005 
0.002 

2.0 
0.5 
0.2 
0.05 
0.02 
0.005 
0.002 

34 , 200 
37,000 
26,500 
26,700 
26,300 
27,200 
26,900 

31,300 
25,900 
26,400 
26,400 
26,600 
26,000 
27,200 

79,500 
81,700 
80 , 300 
75 , 400 
74,000 
65,203 
61,903 

67,400 
68,300 
65,900 

62 , 500 
55,600 
49,500 

62,800 

60.1 
65.5 
55.3 
41.0 
38.9 
28.6 
26.5 

44.8 
36.5 
31.4 
26.8 
11.2 
15.6 
10.0 

68.6 
67.2 
57.9 
42.6 
40.5 
29.7 
27.6 

50.4 
38.4 
32.7 
28.2 
11.7 
21.9 
21.8 

53.4 
53.6 
40.8 
36.1 
32.4 
26.0 
23.6 

34.1 
30.6 
26.8 
20.7 
24.6 
18.6 
21.2 
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STRAIN RATE (%,&I 

Fig. 17. Inf luence of S t r a i n  Rate on the Rupture S t r a i n  of 
Heat 5911 AW-1 at 650 and 760°C. 

Fig .  18. Photomicrograph of t h e  F r a c t u r e  of a Heat 5911 AW-Anneal 1 
Specimen Tested a t  650°C a t  a Strain Rate of 0.002 min-l .  
glyceria regia. 

Etchant:  
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Fig. 13. Pinotomicrographs of a Specimen from Heat 5911 AW-flnneal 3 
Tested ai 650°C at. a Strain Rate of 0.002 m i n - l .  Etchant:  g1yceri.a regia .  
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Fig. 20. Photomicrographs of a Specimen f r o m  Heat 5911 AW-Anneal 3 
Tested at 76’3°C at a Strain R a t e  of 0.002 min-l .  E ichant :  gl.yceria regia. 
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Fig .  21. Photomicrograph of t h e  F rac tu re  of a Specimen from Heat 
5911 TH-Anneal 1 Tested a t  650°C and a t  a S t r a i n  Zate of 9.032 min-l. 
Eichant:  gLyceria r e g i a .  

s i z e  i s  q u i t e  s i m i l a r  t o  t h a t  of hea t  5911 AW-anneal 1 (Fig .  181, but t h e  

curved twin boundaries a r e  i n d i c a t i v e  of t h e  more complex and extensive 

working of t h e  tube hollow. 

Heat 6252 AC w a s  not homogenized adequately by any of t h e  hea-t 

t reatments  used. This ma te r i a l  w a s  received as a. s e c t i o n  c u t  f rom an 

a s - c a s t  12-in.-diam b i l l e t .  Figure 22 shows t h e  microstructure  a f t e r  

anneal 2 and aging and t e s t i n g  a t  650°C. 

t y p i c a l  carbide sti5ngei-s have been 'lsmesred" through the  metal. i.n a 

very i.nhomogenous manner. 

2 3- 3 improved t h e  homogenei.ty b-at not s u f f i c i e n t l y  t o  y i e l d  a typ i - ca l  

microstructvre  . Figure 24 shows t h a t  the higher temperature encountered 

i n  anneal 2 A  Increased the g r a i n  s i z e ,  but  only increased t h e  degree 

of segregat ion.  

A lamellar phase and t h e  

Figiu-e 23 shows tha-i; t h e  working of t reatments  
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Fig. 22. Photomicrographs of a Specimen from Heat 6252 AC-Anneal 2 
Tested at 650°C at a S t r a i n  Rate of 0.002 min-l. Etchant: glycer ia  regia.  
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Fig. 23.  Photoiiiicrograph of the  F rac tu re  of a Specimen from 
Hest 6252 AC-hneal  2 i- 3 T e s t e d  a t  650°C and a t  a S-tyain Rate of 
0.002 min-l. Etchant: g l y c e r i a  r e g i a .  

/ 'Y-79290 

I 

1 

Fig, 24.  Photomicrograph of t h e  F rac tu re  of a Specimen from Heat 
6252 AC-Anneal 2A Tesied :it 760°C and at a S t r a i n  Rate of 0.002 min- l .  
Etchant :  g lycer i  a r e g i a .  
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DISCUSSION OF RESULTS 

The e f f e c t s  of several  var iables  on the unirradiated propert ies  of 

Hastelloy N were investigated.  The dramatic decrease i n  t ens i l e  d u c t i l i t y  

with increasing t e s t  temperature i s  a cha rac t e r i s t i c  of t h i s  a l loy .  

However, the exact mechanism of the  d u c t i l i t y  minimum i s  not understood. 

Our r e s u l t s  showed t h a t  the d u c t i l i t y  i s  very s t r a i n  r a t e  dependent over 

ce r t a in  ranges of temperature and s t r a i n  r a t e .  For example, Fig.  17 shows 

t h a t  the rupture s t r a i n  at high s t r a i n  r a t e s  i s  greater  a t  650°C than at 

760°C, and a t  low s t r a i n  r a t e s  the converse i s  t rue .  

t e n s i l e  propert ies  as a r e s u l t  of varying the  anneal and the aging t r e a t -  

ment (650 or 760 "C) are  r e l a t ive ly  small f o r  such a complex al loy.  

Although adequate work w a s  not done t o  support t h i s  conclusion, these 

changes are  probably due t o  var ia t ions i n  grain s i ze  and the concentration 

and morphology of grain-boundary carbides. Under creep conditions, a l l  

t he  var iables  investigated seem t o  have very minor e f€ec ts  (Figs. 3 - 8 ) .  

Although the r e s u l t s  obtained on heat 6252 AC generally agreed v i t h  those 

f o r  the  other materials,  several  t e s t s  exhibited low duc t i l i t y .  The 

photomicrographs shown i n  Figs .  22-24 demonstrate the inhomogeneous nature 

of heat  6252 AC. None of thc mechanical and thermal treatments were 

adequate to  homogenize thz al loy.  Thus, the s c a t t e r  i n  t e s t  r e su l t s  i s  

as expected. 

4 

The changes i n  

The main object of these experiments was t o  determine the propert ies  

of Hastelloy N after i r rad ia t ion .  I r r ad ia t ion  changed the properties i n  

the following ways: 

1. A t  650°C the  y ie ld  s t r e s s  was increased and the t ens i l e  

s t r e s s  w a s  decreased. 

At 760°C the  yield s t r e s s  was unaffected and the t e n s i l e  

s t r e s s  w a s  reduced. 

2. 

3. The s t ress-ruptur?  l i f e  was reduced, the e f f e c t  being 

grea te r  at  760°C than a t  650°C. 

The minimum creep r a t e  was unaffected a t  650°C bat was 

increased a t  760 "C . 
4.  

'H. E .  McCoy, J r . ,  Influence of Several Metallurgical Variables on 
the  Tensile Properties of Hastelloy N, ORNL-3661 (August 1944,).  
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5.  The rup tu re  s t r a i n  w a s  lowerzd i n  ba th  t e n s i l e  and creep-  

rup tu re  t e s t s ,  wi th  t h i  minimum s t r a i n  occurr ing  a t  a 

s t r a i n  r a t e  of 1 t o  lO$/hr. 

We s h a l l  d i scuss  each of t hese  observa t ions  sepa ra t e ly ,  a f te r  we have 

d iscussed  high-temperature deformation i n  gene ra l  terms. 

A t  h igh  temperatures  t h e r e  are a t  l e a s t  two types  of i n t e r g r a n u l a r  

f a i l u r e s  t h a t  are repor ted :  

(h)  c a v i t a t i o n .  

t h e  end of a s l i d i n g  boundary i s  s u f f i c i e n t  t o  l o c a l l y  exceed t h e  f r a c t u r e  

s t r e s s .  

t h e  c r i t i c a l  shea r  s t r e s s ,  T ,  requi red  t o  form a crack under t h e s e  

conditiorls 

(a) wedge or t r i p l e  p o i n t  f r a c t u r e  and 

The wedge crack forms when t h e  s t r e s s  concent ra t ion  a t  

S t r ~ h ~ , ~  developed an a n a l y t i c a l  express ion  f o r  t h e  value of 

where 

y = t h e  e f f e c t i v e  su r face  energy 

G = t he  shea r  modulus, 

L = t h e  l e n g t h  of t h e  s l i d i n g  i n t e r f a c e  (normally taken  t a  be t h e  

g r a i n  diameter  a t  high temperatures)  . 
Cavi t a t ion  i s  a term used t o  desc r ibe  the  formation of s m a l l  i n t e r -  

g ranular  vo ids  and t h e  l i n k i n g  of t h e s e  voids  t o  form cracks .  

mechanisms have been proposed f o r  t h e  nuc lea t ion  of t h e s e  voids ,  however, 

they  a l l  r equ i r e  p l - a s t i c  deformation. Once nuc lea ted ,  t h e  c a v i t i e s  grow 

by t h e  ing res s  of vacancies .  

f o r  t h e  s t a b i l i t y  of t h e  void under an app l i ed  stress 

Numerous 

B a l l i l f f i  and Se ig le8  developed an express ion  

2y 
fJ= 

r cos 2 8 ’ 

5A. N.  S t roh ,  Proc.  Roy. SOC. 223A, 404 (1954). 

6A. N .  S t roh ,  Advan. i n  Phys. 6, - 418 (1957).  

7P. W .  Davies and J .  P. Dennison, J. I n s t .  Metals I 87, - 11.9 (1958-59). 
8R. W .  b l l u f f i  and L.  L.  Se ig l e ,  Acta Met. - 5 ,  449 (1957). 

- 
- - 

- 
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where 

o = t h e  applied s t r e s s ,  

y = the  surface tens ion ,  

r = radius of t he  void, 

0 = t he  angle between t h e  applied stress and the  normal t o  t h e  plane 

i n  which t h e  void l i e s .  

When t h e  s t r e s s  becomes l e s s  than t h a t  required t o  s a t i s f y  t h i s  equal i ty ,  

t h e  void w i l l  decrease i n  s i z e .  If the  s t r e s s  i s  g rea t e r ,  t h e  void w i l l  

grow as r ap id ly  as t h e  supply of vacancies w i l l  allow. 

Hull and Rimer’ developed an expression f o r  t he  k ine t i c s  of f a i l u r e  

by the  growth of these  voids due t o  the  stress induced d i f fus ion  of 

vacancies along the  g ra in  boundaries. Their model assumed a constant 

number of void nuc le i  t h a t  grew as spheres. The t i m e  t o  rupture,  tr, 

w a s  r e l a t e d  t o  t h e  applied s t r e s s ,  0, and o ther  f a c t o r s  

kTa3 
r 4(D 6 )(a-P) ” 

g z  

where 

k = Boltzman’s constant,  

T = t he  absolute temperature, 

a = t he  void spacing, 

g 
D = t he  atomic grain-boundary d i f fus ion  coe f f i c i en t ,  

6 = t he  width of t he  g ra in  boundary 
Z 

R = t he  atomic volume, 

P = the  ex te rna l ly  applied hydros ta t ic  pressure.  

Hull and R i m e r  found i n  t h e i r  experimental work with impure copper t h a t  

it w a s  necessary t o  allow the  void spacing, a,, t o  decrease with increasing 

stress i n  order t o  obtain reasonable agreement between Eq.  (3) and t h e i r  

experimental data.  The a c t i v a t i o n  energy w a s  found t o  be less than t h a t  

for bulk  d i f fus ion ,  so  grain-boundary d i f fus ion  w a s  assumed t o  be the  

r a t e  con t ro l l i ng  process.  

Although the  wedge and the cav i t a t ion  f r a c t u r e s  appear d i s t i n c t l y  

d i f f e r e n t  when viewed i n  t h e  o p t i c a l  microscope, we recent ly  performed 

’D. Hull and I). E.  Rimer, Phi l .  Mag. - -  4, 673 (1959) .  
I 
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some work wi th  tungsten" t h a t  makes us ques t ion  whether t hey  result from 

b a s i c a l l y  d i f f e r e n t  mechanisms. The s t r e s s e d  tungs ten  specimens were 

f r a c t u r e d  i n t e r g r a n u l a r l y  and t h e  su r faces  r e p l i c a t e d  t o  s tudy t h e  

d e t a i l s  of the deformation. All of t h e  cracks seemed t o  be nucleated by 

i n t e r g r a n u l a r  vo ids .  A t  h igh  s t r e s s e s  and r e l a t i v e l y  low temperatures ,  

t h e  voids  l i nked  toge the r  t o  form cracks t h a t  appeared wedge-shaped i n  

t h e  opt ica l -  microscope. A t  low stresses and high temperatures ,  t h e  voids  

grew t o  qui-te l a r g e  s i z e s  as voids  and l i nked  toge the r  p r imar i ly  by 

impingement. Hence, t h e  d i f f e r e n t  appearance of cracks may be inf luenced 

more s t rong ly  by t h e  local.  s tress concent ra t ions  available t o  propagate 

them than  by d i f f e rences  i n  t h e  mechanism of crack nuc lea t ion .  Thus, 

even though t h e  cracks i.n t h e  Hastel.loy N specimens appear t o  be wedge- 

shaped, we shoul-d s t i l l .  be concerned wi th  how voids  nuc lea te  and grow i n  

t h i s  a l l o y .  

L e t  us now consider  how neutron i r r a d i a t i o n  can a l t e r  the  hi~gh-  

t enpe ra tu re  deformation processes  i n  t h i s  material .  When t h e  a l l o y  i s  

i r r a d i a t e d  a t  temperatures  i n  excess  of about one-half t he  absolu te  

mel t ing p o i n t ,  t h e  atoms have high mob i l i t y  and t h e  atoms d isp laced  by 

f a s t  neutrons a,re ab le  t o  r e t u r n  t o  t h e i r  normal l a t t i c e  pos i - t ions .  

However, many experimenters have shown t h a t  s t r u c t u r a l  m a t e r i a l s  i r r a d i a t e d  

even a t  h igh  temperatures  exhi'oit reduced rupture  d u c t i l i t y  when t e s t e d  

a t  e leva ted  temperatures .  This e f f e c t  has been c o r r e l a t e d  wi th  t h e  thermal  

neu-tron exposure and more s p e c i f i c a l l y  wi th  t h e  helium t h a t  i s  formed by 

the "S(n,cr) t ransmutat ion."  

s o l u b i l i t y ,  i s  i n i t i a l l y  segregated a t  t h e  g ra in  bounda.ries . l2 
range of t h e  a - p a r t i c l e  produced by t ransmuta t ion  i s  2 11. ( re f .  13) 

The 'ooron, because of i t s  s i z e  and low 

The r e c o i l  

s o  most of the helium w i l l .  l i e  i n  t h e  proximity of t he  g r a i n  boundaries.  

The s o l u b i l i t y  of t h e  heliuia i n  t h e  m e t a l  i s  very  low and most of it 

w i l l  be p r e c i p i t a t e d  as small bubbles along t h e  graj-n boundaries .  The 

s i z e  of a s p h e r i c a l  gas bilbble must s a t i s f y  the  fol lowing e q u a l i t y  

loJ. 0. S t i e g l e r ,  K .  F a r r e l l ,  B.T.M. Lah, and H.  E .  McCoy, Jr., 

llP.C.L. Pfe i l ,  P. J .  Bar'ion, I). H. Arkel l ,  Trans.  ANS 8, - 120 (1965).  

'*D. R. Harr ies ,  J.  B r i t .  Nucl.. Energy SOC. 5, 74 (1966).  

1311. 1'. Meyers, Aktiebolaget  Atomenergi (Sweden), Report AE-53 (May 1961) .  

Trans.  ASM _ -  60, 494 (1967). 

- 
== ---I_- 
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P =  2Y 
o r y  

0 

where 

P = the  in t e rna l  gas pressure,  

r = the  radius.  

If a t e n s i l e  stress, o, i s  now applied perpendicular t o  the boundary 

0 

0 

i n  which the  bubble l i e s ,  the bubble w i l l  grow t o  a new radius,  r, and 

the  in t e rna l  gas pressure w i l l  be reduced t o  P. 

2 
r . + P = - y .  

It can be shown t h a t  the  c r i t i c a l  s t r e s s ,  o t h a t  must be applied f o r  

unlimited growth t o  occur i s  given by 
C Y  

o =  
C 

Y 0.38 Po = 0.76 r . 
0 

By comparing Eqs .  (2) and ( 6 ) ,  it i s  apparent t h a t  the applied s t r e s s  t o  

allow a bubble t o  grow without bound i s  only about one-third tha t  required 

for the  growth of an empty void of the sane s ize .  

Thus, the  presence of helium results i n  the formation of s m a l l  gas 

bubbles t h a t  can serve as void nuclei .  These nuclei  can grow by the  

s t r e s s  induced migration of vacancies and the applied s t r e s s  necessary 

f o r  t h e i r  growth i s  reduced by the presence of helium. 

have attempted t o  develop an equation s imilar  t o  t h a t  of Hull and R imer  

[Eq. ( 3 ) ]  f o r  predict ing the  time t o  rupture with the complicating fac tors  

of a gas i n  the void and l en t i cu la r  growth of the  voids. 

Russel and V e l d 4  

They obtained: 

(7 )  
0 

kTd 
t =  
r 5.4 Dp6 Q[o + (2nkTp/do) - 25qd p ]  ’ 

Z 0 

I 4 B .  Russel and P. Vela, J. Nucl. Mater. - 21, 32 (1967). - 
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where 

1: t h e  bubble width perpendicular  t o  t h e  g r a i n  boundary, 

D =z tho  d i f f u s i o n  c o e f f i c i e n t  (bulk or g r a i n  boundary), 

p = t h e  niumber of bubbles p e r  u n i t  su r f ace  a rea ,  

n -= t h e  nunber of a t o m  wi th in  each bubble. 

Although s e v e r a l  ques t ions  have been r a i s e d  about some of t h e  assumptions 

on which t h i s  equat ion  i s  based,15 t h e  f a c t o r s  being considered seem q u i t e  

reasonable  and t h e  equat ion  i s  probably v a l i d  f o r  q u a l i t a t i v e  argunents .  

The temperature dependence shows up p r imar i ly  i n  t h e  d i f f u s i o n  c o e f f i c i e n t  

t h a t  v a r i e s  exponent ia l ly  wi th  tsmlserature. A t  a given temperature ,  t h e  

f a c t o r s  t h a t  combine to determine whether a void can undergo growth a r e  

t h e  appl ied  s t r e s s ,  the gas p re s su re  i n  t h e  void,  and t h e  su r face  energy. 

These t h r e e  f a c t o r s  appear i n  order  i n  the  bracketed p a r t i o n  of t h e  

denominator of Eq. (7). 

Let us now d i scuss  -the var ious  experimental  observat ions tha- i  were 

made. The inc rease  i n  -the y i e l d  s t r e s s  a t  650°C a f t e r  i r r a d i a t i n g  a t  

650°C w 3 s  not  a n t i c i p a t e d  oil t h e  b a s i s  of previous wsrk.16 

previous  work involved aj-r-melted ma te r i a l s  i r r a d i a t e d  a t  700 "C , a.nd a. 

d i r e c t  comparison cannot b- made wi th  the  r e s u l t s  of t h e  p re sen t  s tudy .  

This i nc rease  i n  y i e ld  s t r e s s  i s  probably due t,o t h e  formation of f i n e ,  

gene ra l ly  d ispersed  p r e c i p i t a t e s  dur ing  i r r a d i a t i o n .  Since 650 "C i s  

only approximately 0.55 of t h e  absol.ute mel t ing  p o i n t  of t h e  a l l o y ,  

t h e r e  i s  a l s o  a p o s s i b i l i t y  t h a t  some displacement d e f e c t s  such as d i s -  

l o c a t i o n  loops may be p re sen t .  

The t e n s i l e  stresses at both 650 and 760°C are reduced by i r r a d i a t i o n .  

This  does not r s f l e c t  a b a s i c  d i f f e rence  i n  the shape of t h e  i n i t i a l  

p o r t i o n  of t h e  s t r e s s - s t r a i n  diagram €or  t h e  i r r a d i a t e d  and u n i r r a d i a t e d  

specimens, but  i s  due simply t o  t h e  premature f a i l u r e  of t h e  i r r a d i a t e d  

specimen before  t h e  normal t e n s i l e  stress i s  reached. 

Ihwever, t h e  

A t  760°C the  y i e l d  stress i s  unaf fec ted .  

The reduced rup tu re  l i f e  under c reep  condi t ions  i s  due to t h e  e f f e c t  

of helium on t h e  processes  r?spons ib le  f o r  forming wedge-shaped cra.cks and 

f o r  c a v i t a t i o n  t h a t  we hsve j u s t  discussed i n  d e t a i l .  The reason t h a t  t h e  

15B.  Russel  and P. V e l a ,  J .  Nucl. Mater. 22, 234 (1967). 

16W. R .  Martin and J. R .  Weir., Nucl. Appl. - 1(2), 160-1.67 (1965).  
-______ I --- 

- 
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e f f e c t  i s  greater  a t  760°C than a t  650°C i s  probably du.e t o  the greater  

atomic mobility a t  760°C. 

whether as atoms or s m a l l  bubbles, w i l l  be qui te  sens i t ive  t o  temperature. 

For example, s tudies  by Bloom and Stiegler17 on type 304 s t a in l e s s  steel  

have f a i l e d  t o  disclose any bubbles i n  material  i r rad ia ted  a t  65OoC, 

but have shown t h a t  the same mater ia l  i r rad ia ted  a t  800°C contains 

bubbles up t o  700 A i n  diameter. 

The motion of helium t o  the grain boundaries, 

The convergence of the s t ress-rupture  curves f o r  t he  i r rad ia ted  and 

unirradiated materials a t  low s t resses  can be rat ional ized from Eq. ( 2 ) .  

The lower the s t r e s s ,  the la rger  a void must be t o  be s table .  Thus, the 

number of void nuclei  of su f f i c i en t  s i ze  t o  undergo extensive growth i s  

qui te  small i n  both i r r ad ia t ed  and unirradiated materials a.nd the defor- 

mation processes i n  both approach each other a t  low s t resses .  

The reduction i n  d u c t i l i t y  under t e n s i l e  and creep conditions i s  

due bas ica l ly  t o  the accumulation of helium at the grain boundaries 

causing premature f rac ture .  A t  high s t r a i n  r a t e s ,  such as those 

encountered i n  t e n s i l e  t e s t s ,  bulk deformation accounts f o r  a large 

port ion of t he  t o t a l  s t r a in .  The bulk deformation charac te r i s t ics  do n o t  

seem t o  be affected s igni f icant ly  by i r r ad ia t ion  a t  elevated temperatures 

and the  f r ac tu re  s t r a ins  f o r  i r rad ia ted  materials are  f a i r l y  high. A s  the 

s t r a i n  r a t e  i s  decreased, the conditions become more favorable f o r  grain- 

boundary def ormation18 and the  d u c t i l i t y  of the i r rad ia ted  material  

decreases rapidly.  The m i n i m u m  f rac ture  s t r a i n  observed i n  a creep 

t e s t  with a creep r a t e  of 1 t o  10%/hr i s  l i k e l y  due t o  the worst  

combination of two fac tors :  

boundary t o  bulk deformation i s  f a i r l y  high and (2) high enough s t r e s s  t o  

cause many of the  helium bubbles t o  grow. Decreasing the stress l eve l  

fu r the r  causes the  f i r s t  f ac to r  t o  be more detrimental  and the second 

f ac to r  l e s s  detrimental; the r a t e  of change of the  second f ac to r  

apparently being l e s s  since the d u c t i l i t y  improves slowly with decreasing 

s t r e s s  l eve l .  

(I) l o w  enough s t r e s s  t h a t  the  r a t i o  of grain 

17E. E .  Bloom and J .  0. 

18F. Garofalo, p. 36 i n  
Metals, Macmillan, New York, 

S t i eg le r ,  pr ivate  commu.nicati.on. 

Fundamentals of Creep and Creep-Rupture i n  
1965. 

------ 
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The higher  minimum crzep  r a t e  of t h e  i r r a d i a t e d  material a t  7 6 0 ° C  

i s  d i f f i c u l t  t o  exp la in ,  p a r t l c u l a r l y  s ince  t h e  rates converge a t  low 

stresses.  Since t h e  f r a c t i o n  of s t r a i n  due t o  bulk deformation inc reases  

wi th  s t r e s s  and t h e  g r a i n  boundary con t r ibu t ion  decraases ,  it would appear 

t h a t  bulk deformation can occur  more e a s i l y  i n  t h e  i r r a d i a t e d  material. 

However, it woii1.d seem khat t h i s  would r e s u l t  i n  a decrease i n  the  y i e l d  

s t ress ,  which was not observed. Thus, t h i s  result  i s  not p r e s e n t l y  

explained.  

SUMMARY AND CONCLUSIONS 

We eva lua ted  the  mechanical behavior of two hea t s  of vacuum-melted 

Hastel-loy N i n  s e v e r a l  m e t a l l u r g i c a l  condi t ions  bnfore and a f t e r  irra- 

d i a t i o n .  The var ious  mechanical-the-mal t rea tments  s tud ied  had some 

small e f f e c t s  on t h e  t e n s i l e  p r o p e r t i e s ,  but t h e  creep-rupture  p r o p e r t i e s  

were very s i m i l a r .  

'The specimens were i r r ad ia t ed .  t o  a thermal  dose of 

2.3 x lo2' neutrons/cm2 a t  temperatures  of 650 and 7 6 0 ° C .  

t h a t  : 

It w a s  found 

1. A t  6 5 0 ° C  t he  y i e l d  s t ress  w a s  increased  and the  t e n s i l e  

s t r e s s  w a s  decreased.  

2 .  A t  7 6 0 ° C  the y i e l d  s t r e s s  w a s  unaf fec ted  and the  t e n s i l e  

s t ress  w a s  reduced. 

3. The creep-rupture  l i f e  was reduced, t he  e f f e c t  bei.ng 

g r e a t e r  a t  761) "C than  a t  650 "C . 
The minimurn creep rate w a s  unaf fec ted  at 650°C bu t  w a s  

increased  at 760 "C.  

4 .  

5. The rup tu re  s t r a i n  w a s  lowered i n  both t e n s i l e  and creep- 

rup tu re  t e s t s ,  with t h e  minlimurn occurr ing  a t  a s t r a i n  r a t e  

of 1 t o  lO%/hr. 

These r e s u l t s  are c o n s i s t e n t  wi th  our  understanding of how helium 

i-ntroduced by t h e  lo B(n,a) r e a c t i o n  should inf luence  t h e  p r o p e r t i e s .  
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