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EFFECT OF LONGTERM AGING AT 815°C ON THE TENSILE 
PROPERTIES AND MICROSTRUCTURAL STABILITY OF 

FOUR COBALT- AND NICKEL-BASE SUPERALLOYS 

EFFECT OF LONGTERM AGING AT 815°C ON THE TENSILE 
PROPERTIES AND MICROSTRUCTURAL STABILITY O F  ~~ ~-~ _ _ _ _  _ _  

FOUR COBALT- AND NICKEL-BASE SUPERALLOYS 

J. P. Hammond 

ABSTRACT 

Two h e a t s  of Haynes a l l o y  25 and one h e a t  each 
of Haynes a l l o y  188, Has te l loy  N ,  and Inconel  625 
w e r e  t e n s i l e  t e s t e d  a f t e r  ag ing  f o r  11,000 h r  a t  816°C 
(1500'F). Yield s t r e n g t h ,  u l t i m a t e  t e n s i l e  s t r e n g t h ,  
and e longat ion  w e r e  determined 24, 316, 760, and 982°C 
(75, 600, 1400, and 1800OF) and compared wi th  t y p i c a l  
p r o p e r t i e s  f o r  t h e s e  materials i n  t h e  s o l u t i o n  annealed 
condi t ion .  Toughness va lues  w e r e  determined f o r  t h e s e  
materials from t h e i r  engineer ing  s t r e s s - s t r a i n  curves.  
The long-term aging  t rea tment  degraded d u c t i l i t y  
and toughness a t  room temperature  b u t ,  cont ra ry  t o  
behavior  expected f o r  overaging, enhanced them over 
those  f o r  t h e  s o l u t i o n  annealed condi t ion  i n  tests a t  
760°C. The t e n s i l e  p r o p e r t i e s  of t h e  aged supe ra l loys  
were c o r r e l a t e d  wi th  mode of f r a c t u r e  and t h e  amounts, 
i d e n t i t y ,  and morphology of t h e  p r e c i p i t a t e s .  Aging 
s u b s t a n t i a l l y  deple ted  t h e  hardener  tungs ten  from t h e  
matrix i n  t h e  cobalt-base a l l o y s .  

INTRODUCTION 

Among several cr i ter ia  f o r  eva lua t ing  conta-nment materials f o r  
i s o t o p i c  power conversion app l i ca t ions  are good mechanical p r o p e r t i e s  
and t h e i r  r e t e n t i o n  wi th  thermal  aging. Degradation of toughness and 
d u c t i l i t y ,  promoted by m i c r o s t r u c t u r a l  i n s t a b i l i t y  and p r e c i p i t a t i o n  
of e m b r i t t l i n g  carb ides  and/or i n t e r m e t a l l i c  compounds, is  of s p e c i a l  
concern i n  cobal t -  and nickel-base supera l loys .  

of Space Nuclear Systems, U.S. Atomic Energy Commission' by t h e  Hittman 
Corporation, Maryland, f o r  space power a p p l i c a t i o n s ,  t e n s i l e  specimens 
of a number of supe ra l loys  p re sen t ly  of i n t e r e s t  f o r  power conversion 
u n i t s  f o r  earth-bound a p p l i c a t i o n s  were aged f o r  a very long per iod  
(around 11,000 h r )  a t  t h e  temperature  a t  which e m b r i t t l i n g  phases are 

I n  an earlier materials eva lua t ion  s tudy conducted f o r  t he  Div is ion  

'Succeeded by t h e  Div is ion  of Nuclear Research and Appl ica t ions  , 
Energy Research and Development Adminis t ra t ion.  
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most prone t o  p r e c i p i t a t e  (815OC). However, t h e s e  specimens were never 
t e s t e d  by Hittman and u l t i m a t e l y  were shipped t o  ORNL f o r  tests. Room- 
and elevated-temperature  t e n s i l e  tests, coupled wi th  c o r r e l a t i v e  ana ly t -  
i c a l  examinations,  w e r e  made of t h e  specimens. Since materials i n  t h e  
same h e a t s  were n o t  a v a i l a b l e  i n  t h e  s o l u t i o n  annealed cond i t ion ,  t y p i c a l  
t e n s i l e  p r o p e r t i e s  f o r  t h i s  condi t ion  obta ined  from vendors w e r e  employed 
f o r  a s ses s ing  degradat ion of p r o p e r t i e s  w i th  aging.  

MATERIALS AND METHODS 

The a l l o y s  t e s t e d  included two h e a t s  Haynes a l l o y  25 (0.36% S i  and 
0.01% S i ) ,  Haynes a l l o y  188, Has te l loy  N ,  and Inconel  625. The a l l o y s  
i n  t h e  product forms t e s t e d  [0.7 t o  1.8-mm (0.025 t o  0.070-in.) s h e e t ]  
were suppl ied  by t h e  Cabot Corporation and I n t e r n a t i o n a l  Nickel  Company 
from r e g u l a r  product ion h e a t s .  S t r i p  t e n s i l e  specimens w i t h  a gage 
s e c t i o n  25.4 mm long  by 6 .3  mmwide (1 by 0.25 i n . )  were machined from 
shee t  s tock  and subsequent ly  s o l u t i o n  annealed. These w e r e  t hen  encap- 
s u l a t e d  i n  qua r t z  tub ing  and aged i n  vacuum of 1 mPa (10’’ t o r r )  a t  
815 2 5°C. F i n a l l y ,  t h e  specimens w e r e  c leaned by t h e  DS-9 b r igh ten ing  
process .  The vendors’ chemical ana lyses  and h e a t  numbers of t h e  a l l o y s  
are given i n  Table 1. 

2Propr i e t a ry  process  of Diversey Chemical Company, D e s  P l a i n e s  , 
I l l i n o i s .  

Table 1. Chemical Analyses of Superal loys 

Content, wt %, f o r  Each Alloy (Heat) 

Haynes 25 Haynes 25 Haynes 188 Inconel 625 Hastel loy N Element 

(B18509) (186-6-1816) (8188-7-0124) (10~24A8As) (284-4-5109) 

co 
N i  

Fe 
Y 
Mo ’ 

W 
N b  + Ta 
A 1  + T i  
A 1  
T i  
cu 
Mn 
B 
C 
S i  
P 
s 
La 

C r  . 

Ba 1 
10.59 
20.18 

1.58 

14.66 

1.70 

0.078 
0.36 
0.010 
0.010 

Bal 

19.77 
9.25 . 

2.0-2 

14.42 

1.33 

0.10 
0.01 
0.020 
0.007 

Ba 1 
21.44 

1.33 
22.27 

14.49 

0.76 

0.11 
0.08 
0.012 
0.001 
0.04 

62.05 
21.66 

2.97 

8.98 

3.54 

0 . i 7  
0.29 
0.01 
0.01 

0.04 
0.25 

0.007 

0.11 

6.96 
3.67 
0.26 

16.50 
0.26 

B a l  

0.13 

0.01 
0.56 
0.008 
0.06 
0.70 
0.001 
0.008 
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Tens i l e  tests w e r e  conducted i n  d u p l i c a t e  on t h e  aged specimens a t  
24 ,  316, 760,  and 982°C on an I n s t r o n  t e s t i n g  machine a t  a s t r a i n  rate 
(crosshead) of 0.05 in. /min i n  air .  
t o  22°C. Opt ica l  m i c r o s t r u c t u r a l  examinations and electron-beam scans  
of f r a c t u r e  s u r f a c e s  were made on t h e  aged t e n s i l e  specimens a f t e r  
t e s t i n g  a t  24 and 760°C f o r  c o r r e l a t i o n  wi th  t h e  test r e s u l t s .  
p a r t i c u l a r  test temperatures  w e r e  s e l e c t e d  f o r  s tudy  because of t h e  
c o n t r a s t  i n  p r o p e r t i e s  ob ta ined  a t  them. Whereas t h e  phases t h a t  
p r e c i p i t a t e  wi th  aging a t  815°C had been i d e n t i f i e d  i n  t h e  cobal t -base 
a l l o y s ,  w e  i d e n t i f i e d  prominent phases f o r  t h e  s p e c i f i c  aging per iod  
t o  a i d  t h e  r a t i o n a l i z a t i o n  of r e s u l t s .  This w a s  accomplished by elec- 
t r o l y t i c  e x t r a c t i o n  and a n a l y s i s  of r e s idues  by x-ray d i f f r a c t i o n .  - The 
sepa ra t ions  were accomplished wi th  an e l e c t r o l y t e  of 10% concentrated 
H C 1  i n  methanol, and t h e  d i f f r a c t i o n  p a t t e r n s  of phases were developed 
on a Norelco d i f f r ac tomete r .  

The test temperature  w a s  c o n t r o l l e d  

These 

RESULTS 

Tens i l e  T e s t s  

The complete r e s u l t s  of t h e  t e n s i l e  tests conducted on aged a l l o y s  
along wi th  t y p i c a l  r e s u l t s  f o r  t h e  solut ion-annealed cond i t ion  are 
presented  i n  Table 2 .  Composite graphs comparing y i e l d  s t r e n g t h  (YS), 
u l t i m a t e  t e n s i l e  s t r e n g t h  (UTS), and t o t a l  e longat ion  (TE) of t h e  
i n d i v i d u a l  a l l o y s  (solut ion-annealed and aged) as func t ions  of tempera- 
t u r e  are given i n  F igs .  1 through 4 ,  and graphs of t h e s e  s e p a r a t e  
p r o p e r t i e s  f o r  a l l  t h e  a l l o y s  toge the r  are given i n  Figs .  5 through 7. 
To compare toughnesses d isp layed  i n  t h e  i n d i v i d u a l  t e n s i l e  tests, 
ene rg ie s  of deformation incur red  a t  t h e  po in t s  of u l t i m a t e  stress and 
f r a c t u r e  stress w e r e  e s t a b l i s h e d  by determining areas under t h e  engi- 
nee r ing  s t r e s s - s t r a i n  curves by t h e  Johnson i n t e g r a t i o n  method. The ' 

energy va lues  i n  d u p l i c a t e  f o r  t h e  va r ious  a l l o y s  and tes t  temperatures  
are recorded i n  Table 2 ,  whereas b a r  c h a r t s  of averaged va lues  are 
presented  i n  Fig. 8 t o  f a c i l i t a t e  comparisons. 

An assessment of mechanical p r o p e r t i e s  (YS, UTS, and TE) of t h e  
a l l o y s  shows t h a t  except  f o r  t h e  t e n s i l e  s t r e n g t h  of Has te l loy  N (Fig.  3 )  
and y i e l d  s t r e n g t h  of Inconel  625 (Fig.  4 ) ,  t h e  two s t r e n g t h  p r o p e r t i e s  
are no t  very s i g n i f i c a n t l y  a l t e r e d  by aging. 
e longat ion  through t h e  complete temperature  span is  d rama t i ca l ly  changed. 
A t  room temperature ,  t h e  d u c t i l i t y  w a s  reduced by amounts t h a t  ranged 
from 33% ( f o r  Inconel  625)  t o  as much as 86% (0.36% S i  Haynes a l l o y  2 5 ) .  
The y i e l d  s t r e n g t h  of Inconel  625 increased  by 27 t o  30% over t h e  
temperature  range from 24 t o  760°C (Fig.  5 ) .  
s t r e n g t h  and d u c t i l i t y  noted f o r  Inconel  625 a t  24°C sugges ts  h igh  room- 
temperature f r a c t u r e  toughness,  and, as w i l l  be  shown subsequent ly ,  i t  
proved t o  b e  t h e  h ighes t  by f a r  of a l l  a l l o y s  t e s t e d  at 24°C. 

i n  t h e  percent  e longat ion  curves f o r  each of t h e  a l l o y s  a t  around 760°C 
(see Figs .  14 o r  7 ) .  

On t h e  o t h e r  hand, t o t a l  

The combined h igh  y i e l d  

I n  t h e  solut ion-annealed condi t ion ,  pronounced minima were exh ib i t ed  

A t  approximately t h e  same genera l  temperature ,  



Table 2. Tens i l e  P rope r t i e s  of Alloys Af t e r  Long-Time Aging a t  816°C (1500OF) 
Compared w i t h  Solu t ion  Annealed Material 

Temperature Stress, MPa (ksi) Strain, % Deformation Energy, J (ft-lb) 

("C) (OF) Yield (0.2%) Ultimate Tensile Fracture Total Uniform At Ultimate At Fracture 
Aging Time 

(hr) 

0 
11,448 
11,448 

0 
11,448 
11,448 

0 
11,448 
11,448 

0 
11,448 

0 
11,448 
11,448 

0 
11,448 
11,448 

0 
11,448 
11,448 

0 
11,448 
11.448 

0 
10,998 
10,998 

0 
10,998 
10,656 

0 
10,656 
10,656 

0 
10,656 
10,656 

24 
24 
24 
316 
316 
316 
760 
760 
760 
982 
982 

24 
24 
24 
316 
316 
316 
760 
760 
760 
982 
982 
982 

24 
24 
24 
316 
316 
316 
7 60 
760 
760 
982 
982 
98 2 

75 
75 
75 
600 
600 
600 
1400 
1400 
1400 
1800 
1800 

75 
75 
75 
600 
600 
600 
1400 
1400 
1400 
1800 
1800 
1800 

75 
75 
75 
600 
600 
600 
1400 
1400 
1400 
1800 
1800 
1800 

Haynes Alloy 25 [0.36% Si, 1.52-mm (0.060-in.) Sheetla 
448 (65) 931 (135) 60 

426 (61.8) 847 (122.9) 847 (122.9) 8.8 8.8 
305 (44.3) 830 (120.4) 80 
316 (45.9) 771 (111.8) 771 (111.8) 20.0 20.0 
304 (44.1) 760 (110.2) 760 (110.2) 18.3 18.3 
242 (35.1) 583 (84.5) 28 
242 (35.1) 550 (79.8) 461 (66.9) 53.1 20.0 
254 (36.8) 560 (81.3) 465 (67.4) 53.0 18.4 
126 (18.2) 231 (33.5) 40 
152 (22.0) 182 (26.4) 114 (16.6) 48.0 6.0 

427 (61.9) 821 (119.1) 821 (119.1) 7.9 7.9 

Haynes Alloy 25 [0.01% Si, 1.65-mm (0.065-in.) Sheetla 
448 (65.0) 931 (135.0) 60 
398 (57.8) 927 (134.5) 927 (134.5) 10.2 10.2 
380 (55.1) 1022 (148.3) 1022 (148.3) 10.8 10.8 
305 (44.3) 830 (120.4) 80 
329 (47.7) 823 (119.4) 823 (119.4) 20.2 20.2 
327 (47.4) 767 (111.2) 767 (111.2) 13.8 13.8 
242 (35.1) 583 (84.5) 28 
262 (38.0) 586 (85.0) 475 (68.9) 57.7 16.7 
261 (37.8) 584 (84.7) 463 (67.2) 59.4 16.6 
126 (18.2) 231 (33.5) 40 
152 (22.0) 182 (26.4) 114 (16.6) 48.1 6.0 

Haynes Alloy 188 [0.08% Si, 1.32-mm (0.052-in.) Sheet] 
479 (69.5) 961 (139.4) 56 
452 (65.6) 952 (138.0) 952 (138.0) 14.1 14.1 
465 (67.4) 964 (139.8) 964 (139.8) 14.8 14.8 
334 (48.5) 802 (116.3) 71 
331 (48.0) 804 (116.6) 804 (116.6) 19.5 19.5 
359 (52.1) 877 (127.2) 877 (127.2) 20.1 20.1 

274 (39.7) 497 (72.1) 384 (55.7) 56.8 22.1 
281 (40.8) 512 (74.2) 511 (74.1) 63.3 13.3 
162 (23.5) 254 (36.8) 72 
90 (13.1) 105 (15.2) 25 (3.6) 54.9 6.3 

73 (10.6) 92 (13.4) 27 (3.9) 75.0 7.7 
b 

291 (42.2) 634 (92.0) 43 

232 (33.7) 291 (42.2) 90 (13.0) 57.6 7.9 

1063 (784) 
1205 (889) 

2278 (1680) 
2037 (1503) 

1686 (1243) 
1839 (1356) 

186 (137) 

1453 (1072) 
1511 (1115) 

2450 (1807) 
1670 (1231) 

1518 (1120) 
1518 (1120) 

177 (131) 

2084 (1537) 
2228 (1644) 

2335 (1722) 
2684 (1979) 

1021 (753) 
1072 (791) 

165 (121) 
351 (259) 

1063 (784) 
1205 (889) 

2278 (1680) 
2037 (1503) 

4400 (3245) 
4704 (3469) 

1248 (921) 

1453 (1072) 
1511 (1115) 

2450 (i807) 
1670 (1231) 

5029 (3709) 
5121 (3777) 

1766 (1303) 

2084 (1537) 
2228 (1644) 

2335 (1722) 
2684 (1979) 

4150 (3061) 
4654 (3432) 

1147 (846) 
2321 (1712) 

P 



T a b l e  2. (Continued) 

Aging Time Temperature S t r e s s ,  MPa ( k s i )  S t r a i n ,  X Deformation Energy, J ( f t - l b )  
~ 

("C) (OF) Yield (0.2%) U l t i m a t e  T e n s i l e  F r a c t u r e  T o t a l  Uniform A t  U l t i m a t e  A t  F r a c t u r e  ( h r )  

OC 

Od 

OC 

Od 

10,968 
10,968 

10,968 
10,656 

10,656 
10 ,656  

10,656 
10 ,656  

0 
10 ,656  
10,656 

0 
10,656 
10,656 

0 
10,656 
10 ,656  

0 
10,968 
10,968 

24 
24 
24 

316 
316 
316 
760 
760 
760 
982 
982 
98 2 

24 
24 
24 

316 
316 
316 
760 
760 
760 
982 
982 
982 

75 
75 
75 

600 
600 
600 

1400 
1400 
1400 
1800 
1800 
1800 

75 
75 
75 

600 
600 
600 

1400 
1400 
1400 
1800 
1800 
1800 

308 (44.7) 
336 (48.7) 
341 (49.5) 
248 (36.0) 
251 (36.4) 
253 (36.7) 
181 (26.2) 
210 (30.4) 
210 (30.4) 
138 (20.0) 
136 (19.7) 
133 (19.3) 

428 (62) 
530 (76.8) 
578 (83.9) 
331 (48) 
443 (64.3) 
478 (69.4) 
307 (44.5) 
388 (56.2) 
389 (56.4) 
141 (20.5) 
105 (15.2) 
104 (15.1) 

Has te l loy  N [0.66-mm (0.0026-in.) Shee t ]  

789 (114.4) 50 
631 (91.5) 631 (91.5) 13.6 
641 (93.0) 641 (93.0) 15.3 
712 (103.3) 55 
585 (84.9) 585 (84.9) 19.9 
603 (87.5) 592 (85.8) 22.6 
426 (61.8) 21 
441 (63.9) 427 (61.9) 20.5 
439 (63.7) 418 (60.6) 22.2 
140 (20.3) 28.4 
138 (20.0) 62 (9.0) 61.3 
139 (20.1) 7 4  (10.8) 62.9 

Incone l  625 [1.78-mm (0.070-in.) Shee t Ie  

934 (135.5) 5 1  
955 (138.5) 955 (138.5) 34.8 
974 (141.3) 974 (141.3) 33.5 
838 (121.5) 52 
854 (123.8) 854 (123.8) 25.0 
870 (126.2) 870 (124.4) 21.7 
620 (90) 68 
482 (69.9) 208 (30.2) 60.0 
484 (70.2) 194 (28.2) 70.0 
1 4 1  (20.5) 1 1 7  
111 (16.1) 0 (0.0) 130.0 
110 (15.9) 21 (3.0) '97.8 

13.6 
15 .3  

19.9 
22.2 

15.7 
15.9 

1 . 9  
2.5 

34.8 
33.5 

25.0 
21.5 

5 .5  
5.2 

1.9 
2.3 

1267 (934) 
1429 (1054) 

1684 (1242) 
1886 (1391) 

974 (718) 
989 (729) 

50.2 (37.0) 
62 .1  (45.8) 

4431 (3268) 
4992 (3682) 

2978 (2197) 
2823 (2082) 

5022 (371) 
481 (354) 

43.4 (32.0) 
52.5 (38.7) 

1267 (934) 
1429 (1054) 

1684 (1242) 
1915 (1412) 

1309 (965) 
1431 (1055) 

1089 (803) 
1125 (830) 

%slues f o r  unaged m a t e r i a l  a r e  t y p i c a l  v a l u e s  by Cabot f o r  s o l u t i o n  annealed 2.77-mm (0.109-in.) s h e e t .  

bValues f o r  unaged m a t e r i a l  a r e  t y p i c a l  v a l u e s  by Cabot f o r  s o l u t i o n  annealed 0.76- t o  1.65-mm (0.030-0.065-in.) 

'Typical va lues  by Cabot f o r  s o l u t i o n  annealed 1.14-mm (0.045-in.) s h e e t .  

dAverage of ORNL va lues  f o r  6.4-mm-diam (0.25-in.)  specimens of two h e a t s .  

eValues f o r  unaged m a t e r i a l  a r e  t y p i c a l  v a l u e s  by I N C O  f o r  1.57-mm (0.062-in.) s h e e t .  

s h e e t .  

4431 (3268) 
4992 (3682) 

2978 (2197) 
2823 (2082) 

4083 (3012) 
4259 (3141) 

1262 (930) 
1338 (987) 
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nea r ly  as dramat ic  m a x i m a  i n  d u c t i l i t y  w e r e  d i sp layed  f o r  several of 
t h e  a l l o y s  i n  t h e  aged condi t ion .  This w a s  unexpected and w i l l  be  
d iscussed  later. 

and t e n s i l e  s t r e n g t h  va lues  of t h e  cobalt-base a l l o y s ,  a l though f o r  
t h e  most p a r t ,  t h e s e  changes are r e l a t i v e l y  s m a l l  and some may b e  
wi th in  our experimental  e r r o r .  

u l t ima te  s t r e n g t h s  a long wi th  t o t a l  e longat ion  from t h e  toughness aspec t .  
For example, t h e  d u c t i l i t y  maxima disp layed  by t h e  aged cobal t -base 
a l l o y s  and Inconel  625 a t  76OOC are a l l  t h e  more s i g n i f i c a n t  when i t  is 
considered t h a t  a t  t h i s  temperature  both  t e n s i l e  s t r e n g t h  and y i e l d  
s t r e n g t h  are q u i t e  h igh .  Yield s t r e n g t h s  i n  t h e  s o l u t i o n  annealed 
s ta te  do no t  drop o f f  s u b s t a n t i a l l y  u n t i l  some 100°C h ighe r  f o r  t h e s e  
materials. This sugges ts  h igh  toughness f o r  t h e s e  aged a l l o y s  when 
t e s t e d  a t  t h i s  temperature ,  and, indeed, t h e  ene rg ie s  of deformation 
a t  f r a c t u r e  d isp layed  i n  t h e  b a r  c h a r t s  of Fig.  8 show t h i s .  

supe ra l loys  is  t h e  5.1 kJ  shown f o r  0.01%-Si Haynes a l l o y  25 a t  76OoC, 
t h e  temperature  of its d u c t i l i t y  maximum. On t h e  o t h e r  hand, as noted 
ear l ier ,  aged Inconel  625 showed by f a r  t h e  b e s t  energy of f r a c t u r e  of 
a l l  a l l o y s  a t  room temperature ,  and t h i s  energy a l s o  proved t o  b e  i t s  
b e s t  f o r  a l l  test temperatures .  

are v i r t u a l l y  t h e  s a m e  f o r  t h e  24 and 315OC tests i n  t h e  cases of a l l  
t h e  a l l o y s  ( see  Fig.  8 ) .  The reason f o r  t h i s  is t h a t  t h e  u l t i m a t e  
and f r a c t u r e  s t r e n g t h s  a t  t h e s e  low temperatures  usua l ly  coincided ( see  
Table 2) , a s i t u a t i o n  perhaps c h a r a c t e r i s t i c  of t h e  overaged cond i t ion  
a t  low temperatures .  Fu r the r ,  t h e  p a t t e r n s  of energy change wi th  test  
temperature  f o r  t h e  t h r e e  cobal t -base a l l o y s  are about t h e  same, 
r e f l e c t i n g  a s i m i l a r i t y  i n  t h e i r  metal lurgy.  The p a t t e r n s  f o r  t h e  two 
nickel-base a l l o y s ,  on t h e  o t h e r  hand, are q u i t e  d i f f e r e n t .  

Figures  1 and 2 show numerous examples i n  which ag ing  a l t e r e d  y i e l d  

It is  informat ive  t o  cons ider  t h e  combined e f f e c t  of t h e  y i e l d  and 

The h i g h e s t  energy of deformation exh ib i t ed  by any of t h e  aged 

I n t e r e s t i n g l y ,  t h e  energ ies  a t  u l t i m a t e  stress and f r a c t u r e  stress 

Metal lographic  and Electron-Beam Scanning Examinations 

The Haynes a l l o y s  25 and 188 are cobal t -base a l l o y s  t h a t  o b t a i n  
t h e i r  e levated-temperature  s t r e n g t h  by s o l i d  s o l u t i o n  s t r eng then ing  
(conta in  around 14% W) and age hardening.  Each has  a ca rb ide  d i s p e r s i o n  
(M23C6 f o r  Haynes 25 and M6C f o r  Haynes 188) f o r  prevent ing  excess ive  
g r a i n  growth dur ing  h e a t  t rea tment .  9 The Haynes a l l o y  25 is  repor t ed3  
t o  p r e c i p i t a t e  t h e  M 7 C 3 ,  M 2 3 C 6 y  and M6C carb ides  and t h e  Laves C02W and 
p c 0 7 w 6  phases i n  t h e  o r d e r  l i s t e d  on aging at 815°C (our aging temperature) ;  

~ 

3N. Yukawa and K. Sato,  "The Cor re l a t ion  Between Mic ros t ruc tu re  and 
Stress Rupture P r o p e r t i e s  of a Co-Cr-Ni-W (HS-25) Alloy," Trans. Japan 
Inst. Metals 9 (Supplement) : 680-86 (1968). 

"Haynes Alloy No. 188," Cobalt 54: 3-13 (March 1972). 
4R. B. Herchenroeder, R. J. Matthews, J. W. Tacke t t ,  and S.  J. Wlodek, 
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and Haynes a l l o y  188 t h e  M6C,  M 2 3 C 6  and, Laves C02W i n  t h i s  order .4  
Yukawa3 a t t r i b u t e s  age hardening i n  t h e  former a l l o y  a t  815OC t o  t h e  
M 2 3 C 6 ,  MsC, and Laves C 0 2 W  phases.  

s t rengthened  by r e f r a c t o r y  m e t a l  a d d i t i o n s ,  16.5% Mo i n  t h e  former and 
9% Mo p l u s  3.5% (Nb + Ta)  i n  t h e  la t ter .  No i n t e r m e t a l l i c  compounds 
have been i d e n t i f i e d  i n  Has te l loy  N ,  bu t  ca rb ides  p r e c i p i t a t e  and cause 
modest changes i n  p r o p e r t i e s .  'y6 
t i t an ium and aluminum as deoxidants  and g r a i n  r e f i n e r s .  Although t h i s  
a l l o y  is no t  o r d i n a r i l y  p re sc r ibed  i n  t h e  age-hardened cond i t ion ,  many 
p r e c i p i t a t e s  have been i d e n t i f i e d  i n  i t .7 
study subsequent ly ,  aging at 815OC promoted a s u b s t a n t i a l  i nc rease  i n  
y i e l d  s t r e n g t h  from 24 t o  760°C. Carbides of t h e  MC type  [Ti(N,C) and 
Nb(C,N)] are p resen t  i n  Inconel  625 as s o l u t i o n  annealed,  and M6C and 
t h e  phases y*, 6 ,  and 1-1 p r e c i p i t a t e  on aging a t  760°C. 

s t u d i e s  w e r e  d i r e c t e d  mainly a t  specimens p u l l e d  a t  24 and 760°C t o  
exp la in  c o n t r a s t i n g  behavior .  I n  gene ra l ,  t h e s e  methods of a n a l y s i s  
revea led  t h e  f r a c t u r e s  i n  t h e  a l l o y s  t e s t e d  a t  76OOC t o  b e  predominantly 
t r ansg ranu la r  and d u c t i l e .  The except ion t o  t h i s  w a s  Has te l loy  N ,  
which contained a massive, nea r ly  cont inuous,  p r e c i p i t a t e  concent ra ted  
l a r g e l y  i n  g ra in  boundaries .  A t  room temperature ,  where, w i th  t h e  
except ion of Inconel  625, a l l  t h e  a l l o y s  exh ib i t ed  comparatively low 
d u c t i l i t y ,  f a i l u r e s  w e r e  genera l ly  i n t e r g r a n u l a r  and b r i t t l e .  Inconel  625, 
which gave t h e  h i g h e s t  d u c t i l i t y  of a l l  t h e  aged a l l o y s  a t  a l l  test 
temperatures ,  exh ib i t ed  t r ansg ranu la r  and duc t i le -appear ing  f r a c t u r e s  
(see Table 2 f o r  t e n s i l e  p r o p e r t i e s ) .  

annealed and aged condi t ions  are i l l u s t r a t e d  i n  F igs .  9 and 10,  
r e spec t ive ly .  The s o l u t i o n  annealed and aged mic ros t ruc tu res  f o r  
Has te l loy  N are shown i n  Fig.  11, whi le  those  f o r  Inconel  625 are given 
i n  Fig.  12. The photographs f o r  t h e  aged cond i t ion  w e r e  taken of t h e  
specimens pu l l ed  a t  room temperature  a t  t h e i r  f r a c t u r e  s u r f a c e  t o  show 
t h e  c h a r a c t e r i s t i c s  of f r a c t u r e  a t  t h i s  temperature.  A l l  f i e l d s  of 
v i e w  are i n  t h e  p lane  of t h e  specimen, and arrows i n  t h e  app l i cab le  
photomicrographs i n d i c a t e  d i r e c t i o n  of p r i n c i p a l  s t r e s s i n g .  

mens t e s t e d  a t  24OC are predominantly i n t e r g r a n u l a r ,  a f i n d i n g  confirmed 
f o r  t h e  0.36% S i  Haynes a l l o y  25 by scanning e l e c t r o n  microscopy. This  

The nickel-base a l l o y s  Has te l loy  N and Inconel  625 a l s o  are s o l u t i o n  

Inconel  625 uses  s m a l l  add i t ions  of 

A s  w i l l  be  noted from our  

7 

As mentioned earlier,  t h e  meta l lographic  and electron-beam scanning 

The mic ros t ruc tu res  of t h e  cobalt-base a l l o y s  i n  t h e  s o l u t i o n  

Observe i n  Fig.  10 t h a t  f a i l u r e s  i n  t h e  aged cobal t -base a l l o y  spec i -  

'H. E. McCoy and R. E. Gehlbach, " Inf luence  of I r r a d i a t i o n  Temper- 
a t u r e  on t h e  Creep-Rupture P r o p e r t i e s  of Has te l loy  N,"  Nucl. Technol. 
l l ( 1 ) :  45-60 (May 1971). 

Experiment Hastelloy N Surveillance Specimens - Fourth Group, 
ORNL-TM-3063 (March 1971). 

Temperature Aging on the Mechanical Properties and Ductil i ty o f  Ni -Cr -  

6H. E. McCoy, Jr., An Evaluation of the Molten-Salt Reactor 

70. F. Kimball, W. R. T ie ren ,  and D. R. Robert ,  Effect  of Elevated- 

M0-a Alloy 625, GULF-GA-A-126831 (Oct. 1, 1973). 
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Fig. 9. Microstructures of Typical Haynes Alloys 25 (top) and 
188 (bottom) in the Solution Annealed Condition. Etchant: glyceria 
regia. 
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V ~ 1 2 C l  c c  

Fig. 10. Microstructures of Aged Cobalt-Base Alloys at  Fracture 
Surface After Pulling to Failure at  24OC. Etchant: glyceria regia. 
Arrows indicate direction of principal stress. 
(0.1% S i ) .  (b) Haynes alloy 25 (0.36% Si ) .  (c) Haynes alloy 188 
(0.08% S i ) .  

(a) Haynes alloy 25 
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Fig. 11. Microstructure of Hastelloy N. Etchant: glyceria regia. 
(a) Solution annealed. 
a t  24OC. 

(b) Aged 11,000 hr a t  815°C and pulled to  fai lure 
Arrow indicates direction of principal stress. 
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Fig. 12. Micros t ruc ture  of Inconel  625. Etchant:  g l y c e r i a  r eg ia .  
(a) Solu t ion  annealed. 
a t  24°C. A r r o w  i n d i c a t e s  d i r e c t i o n  of p r i n c i p a l  stress. 

(b) Aged 11,000 h r  a t  815°C and p u l l e d  t o  f a i l u r e  
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w a s  t r u e  al though t h e  p r e c i p i t a t e s  i n  g r a i n  boundaries  were semicontinuous.  
Moreover, a s u b s t a n t i a l  p o r t i o n  of t h e  wi th in-gra ins  p r e c i p i t a t e s  i n  t h e  
two Haynes a l l o y  25 compositions w a s  a long low-index (Widmanststten) 
p lanes  o r  twin boundaries ,  providing semicontinuous and sometimes con- 
t inuous  pa ths  ac ross  g r a i n s .  Cracking appeared t o  have i n i t i a t e d  i n  
p r e c i p i t a t e s  a t  twin boundaries and then  proceeded l a r g e l y  intergranu-  
l a r l y .  The Haynes a l l o y  188 exh ib i t ed  semicontinuous p r e c i p i t a t e s  i n  
g r a i n  boundaries  and w e l l  d i s t r i b u t e d ,  disconnected p a r t i c l e s  w i t h i n  
g ra ins  [Fig.  lO(c ) ] .  The amount of p r e c i p i t a t e s  i n  t h e  two Haynes 
a l l o y  25 compositions appeared t o  be about equal  and t h a t  i n  Haynes 
a l l o y  188 s l i g h t l y  h igher .  

F a i l u r e s  i n  t h e  Has te l loy  N specimens t e s t e d  a t  24°C w e r e  b a s i c a l l y  
i n t e r g r a n u l a r  (Fig.  ll), i n  agreement wi th  t h e  p r e c i p i t a t e  be ing  a r rayed  
i n  massive and nea r ly  continuous form i n  g r a i n  boundaries .  
i n  Inconel  625 t e s t e d  a t  24°C were j u s t  as decidedly t r ansg ranu la r  i n  
mode as t h e  former a l l o y  w a s  i n t e r g r a n u l a r  and c o r r e l a t e d  wi th  i ts  
p r e c i p i t a t e  be ing  l a r g e l y  d i s t r i b u t e d  w i t h i n  g ra ins  as a f i n e  d i s p e r s i o n  
of discont inuous p l a t e l e t s  (Flg. 12) .  The g r a i n  s t r u c t u r e  of Inconel  625 
w a s  comparatively f i n e .  

The f r a c t u r e 2  i n  t h e  specimens pu l l ed  a t  76OoC, which w e r e  t rans-  
g ranu la r  except  f o r  Has te l loy  N ,  d i sp layed  a number of i n t e r e s t i n g  
f e a t u r e s .  Figure 13 shows a t  h igh  magni f ica t ion  t h e  f r a c t u r e  s u r f a c e  
of t h e  0.01% S i  Haynes a l l o y  25 ( top)  and crack openings j u s t  ad jo in ing  
t h e  f r a c t u r e  (bottom). F igure  14 shows t h e  f r a c t u r e  s u r f a c e  of t h e  
0.36% S i  Haynes a l l o y  25 t e s t e d  a t  760"C, and Fig.  15 t h e  same f o r  
Haynes a l l o y  188. Observe t h a t  t h e  f r a c t u r e  i n  each of t h e  cobalt-base 
a l l o y s  is predominantly t r ansg ranu la r ,  an observa t ion  confirmed f o r  t h e  
0.36% S i  Haynes a l l o y  25 by scanning e l e c t r o n  microscopy. Cracks 
apparent ly  i n i t i a t e d  i n s i d e  t h e  p r e c i p i t a t e s  (Fig.  13)  and gene ra l ly  
propagated ac ross  g ra ins  normal t o  t h e  p r i n c i p a l  stress (Figs .  13 
and 15) .  

Although cracking w a s  i n t e r g r a n u l a r  and, l i k e  a t  room temperature ,  
progressed mainly along t h e  massive g r a i n  boundary c o n s t i t u e n t ,  s h o r t ,  
a r r e s t e d  cracks ais0 formed ac ross  t h e  c o n s t i t u e n t  where it w a s  a l igned  
i n  t h e  p r i n c i p a l  stress a x i s .  

F i n a l l y ,  Fig.  1 7  shows t h e  f r a c t u r e  s u r f a c e  of t h e  Inconel  625 
pu l l ed  at 760°C ( top)  and many small, we l l -d i s t r ibu ted  ho le s  t h a t  
developed i n  i t  a t  d i s t ances  as f a r  removed from t h e  f r a c t u r e  as 6 mm 
(1/4 i n . )  (bottom). 
a t u r e ,  w a s  t r ansg ranu la r  and apparent ly  o r i g i n a t e d  w i t h i n  o r  a t  t h e  ends 
of t h e  Ti(N,C) and Nb(C,N) inc lus ions*  s o  p reva len t  i n  Inconel  625 
(Fig.  17) .  
t i o n  (65% t o t a l  e longat ion  a t  760°C and 114% a t  980°C) accounts f o r  
t h e  ex tens ive  d i spe r s ion  of small ho le s  t h a t  were a b l e  t o  develop a t  t h e  

The f r a c t u r e s  

F igure  16 shows t h e  f r a c t u r e  s u r f a c e  of Has te l loy  N pu l l ed  a t  760°C. 

Cracking he re ,  l i k e  f o r  . t h i s  a l l o y  a t  room temper- 

That t h e  Inconel  625 w a s  h ighly  d u c t i l e  i n  t h e  aged condi- 

*These inc lus ions  o r i g i n a t e  wi th  founding Inconel  625 and are d i s -  
c e r n i b l e  by t h e i r  c h a r a c t e r i s t i c  yellow t o  orange [Ti(N,C)] and lavender- 
gray (Nb(C,N)] co lo r s  i n  t h e  unetched mic ros t ruc tu re ,  as repor ted  by 
Kimball et a l .  , GULF-GA-A-12683 (Oct. 1, 1973).  
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Fig. 13. F rac tu re  Surface ( top)  and Crack Openings (bottom) i n  
0.01% S i  Haynes Alloy 25 Specimen Pul led  a t  760°C. Etchant:  100 m l  HC1 
+ 12 drops H 2 0 2 .  A r r o w s  i n d i c a t e  d i r e c t i o n  of p r i n c i p a l  stress. 



Fig. 14. Frac ture  Surface of 0.36% S i  Haynes Alloy 25 Specimen 
Pul led a t  760°C. Etchant: 100 m l  H C 1 +  1 2  drops H202. Arrow ind ica t e s  
d i r e c t i o n  of p r i n c i p a l  stress. 

Fig. 15. Frac ture  Surface of Haynes Alloy 188 Specimen Pul led  a t  
76OOC. Etchant: 100 m l  H C 1  + 1 2  drops H202. A r r o w  i n d i c a t e s  d i r e c t i o n  
of p r i n c i p a l  stress. 
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Fig. 1 6 .  Frac ture  Surface of Hastelloy N Specimen Pulled a t  760°C.  
Etchant: 95 p a r t s  H C 1 -  5 par t s .  H 2 S O 4  - 3 p a r t s  HNO3. A r r o w  
ind ica t e s  d i r ec t ion  of p r i n c i p a l  stress. 

inc lus ions  before rupture.  In t e re s t ing ly ,  one of t he  specimens ruptured 
a t  980°C did  so only a f t e r  t h e  stress had returned t o  t h e  zero level, 
giving a f r a c t u r e  s t r eng th  of l i k e  magnitude (see Table 2 ) .  

ning e l ec t ron  microscopy corroberated findings obtained by o p t i c a l  
microscopy. 
from the  24 and 760°C tests i n  the  0 . 3 6 %  S i  Haynes a l l o y  25 and Inconel 625 
are i l l u s t r a t e d  i n  Figs. 1 8  and 19,  respectively.  The Haynes a l loy  25 
f rac tured  predominantly a t  gra in  boundaries a t  24OC (Fig. 1 8 ,  top) and 
apparently through gra ins  a t  760°C (Fig. 1 8 ,  bottom). The f r a c t u r e  
sur face  developed by pu l l ing  a t  760°C showed an abundance of t h e  cup- 
and-cone f ea tu re  commonly associated with d u c t i l i t y ,  whereas t h e  su r face  
developed a t  24°C displayed l i t t l e  i f  any evidence of p l a s t i c i t y .  
f l a t  regions i n  the  former micrographs ( f a i l u r e  a t  760°C)  probably 
correspond t o  precipitate-laden twin boundaries, while t h e  rough t ex tu re  
seen on some of t h e  f a c e t s  i n  t h e  l a t te r  ( f a i l u r e  a t  24"C, 3000x) pos- 
s i b l y  are fragments of t h e  gra in  boundary p rec ip i t a t e s .  

The scanning e l ec t ron  micrographs taken of t h e  f r a c t u r e  sur faces  
of Inconel 625 a t  24 and 760°C ind ica ted  transgranular f r a c t u r e  and, 
more s i g n i f i c a n t ,  highly i r r e g u l a r  and ligamented topology (Fig. 1 9 ) ,  
r e f l e c t i n g  the  high degree of d u c t i l i t y  t h i s  a l l o y  manifested i n  tests 
a t  2 4 ,  7 6 0 ,  and 980°C.  

The r e s u l t s  of t h e  examinations made of f r a c t u r e  sur faces  by scan- 

Scanning e l ec t ron  micrographs of t h e  f r ac tu res  r e s u l t i n g  

The 
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Fig. 1 7 .  Fracture Surface (top) and S m a l l  Holes (bottom) Developed 
in  Inconel 625 Specimen Pulled at 760°C. 
H20. 

Etchant: 10% oxalic acid i n  
Arrows indicate direction of principal stress .  
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Fig. 18. Scanning Electron Micrographs of Haynes Alloy 25 (0.36% S i )  
a t  Fracture Surface a f t e r  Pu l l ing  a t  Room Temperature (top) and 760'C 
(bottom). Lef t ,  300x. Right, 3000X. Reduced 14%. 
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The i d e n t i f i c a t i o n s  

Phase I d e n t i f i c a t i o n s  

by x-ray d i f f r a c t i o n  made on r e s idues  e x t r a c t e d  
by e l e c t r o l y s i s  from samples of t h e  a l l o y s  aged 11,000 h r  a t  8 1 5 O C  are 
given i n  Table 3. Since t h e  Laves C02W phase is prominent i n  t h e  pre- 
c i p i t a t e s  of t h e  Haynes a l l o y s  25 and 188, t h e  ag ing  process  w a s  ev iden t ly  
w e l l  along. Calcu la t ions  based on t h e  weight of t h e  e x t r a c t ,  i n  r e l a t i o n  
t o  t h e  amount of sample d iges t ed  i n  making t h e  sepa ra t ions ,  i nd ica t ed  
t h a t  t h e  aged 0.36% S i  Haynes a l l o y  25 contained 14.5% p r e c i p i t a t e ,  t h e  
aged 0.01% S i  Haynes a l l o y  25 14.8%, and s o  on. By approximate ca lcu la-  
t i o n s  based on t h e  assumption t h a t  t h e  p r e c i p i t a t e s  i n  t h e  Haynes a l l o y s  
cons i s t ed  wholely of Laves C02W phase,  t h e  aging would have deple ted  
t h e i r  ma t r ix  of over 50% of t h e  tungs ten  conten t .  
l a t i o n ,  aging would have deple ted  t h e  mat r ix  of Has te l loy  N of 21% of 
i ts  molybdenum content .  However, t h e s e  c a l c u l a t i o n s  assumed t h a t  t h e  
o r i g i n a l  carb ide  d i spe r s ions  contained i n  t h e s e  a l l o y s  f o r  r e t a r d i n g  
g ra in  growth d id  'not con ta in  apprec iab le  amounts of  t h e  heavy metal 
hardeners .  A subsequent check wi th  an e l e c t r o n  beam microprobe ana lyzer  
i nd ica t ed  t h a t  t h e  l a t t e r  assumption w a s  no t  j u s t i f i e d ,  and consequently 
f u r t h e r  s tudy  w a s  made of t h e  d i s t r i b u t i o n  of tungs ten  w i t h i n  t h e  aged 
0.36% S i  Haynes a l l o y  25 wi th  t h e  microprobe ana lyzer .  

By a similar calcu- 

Table 3. X-Ray D i f f r a c t i o n  Examination of Residues 

Alloy Phases ( I n t e n s i t y  ) Amount 
(wt  %) 

Haynes 25 (0.36% S i )  Laves CozW(Strong) ; 
4 l inesa (S t rong)  

14.5 

Haynes 25 (0.01% S i )  Not examined 14.8 

Haynes 188 Laves Co2W(Very St rong) ;  15.2 
2 linesa(Medium) 

Has te l loy  N M O g N i 6 C  5.0 

%id  n o t  correspond t o  any of t h e  ca rb ide  phases prev ious ly  repor ted  
f o r  t h i s  a l l o y .  

Figure 20 shows electron-beam scanning images from t h e  microprobe 
of t h e  aged Haynes a l l o y  25. 
e l e c t r o n  image and t h e  bottom p i c t u r e  is an x-ray d i sp lay  showing t h e  
d i s t r i b u t i o n  of tungsten.  S imi la r ly ,  Fig.  21 gives  t h e  same information 
on t h i s  a l l o y  i n  t h e  s o l u t i o n  annealed condi t ion .  Tungsten obviously 
concentrated heav i ly  i n  t h i s  aged a l l o y  bu t  i t  a l s o  r e s ided  r a t h e r  
heav i ly  i n  t h e  o r i g i n a l  ca rb ide  p a r t i c l e s  as w e l l .  

Using pure tungs ten  metal as a s tandard ,  s emiquan t i t a t ive  micro- 
probe ana lyses  conducted i n  sequence on t h e  annealed and aged matrices 

The top  p i c t u r e  is a backsca t t e red  
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Fig. 20. Electron-Beam Scanning Images of Overaged 0.36% Si Haynes 
Alloy 25 (11,000 hr at 815°C). 1500X. (a) Backscattered electrons. 
(b) Tungsten Ma x-ray display. Rift at top of image is a crack. 
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Fig. 21 .  Electron-Beam Scanning Images of Solution Annealed 
14.5% W Haynes Alloy 25 ( 1  hi a t  1150°C). 500X. (a) Backscattered 
e lec t rons .  (b) Tungsten Ma x-ray display. 
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i n d i c a t e d  t h a t  t h e  long-term aging deple ted  t h e  tungs ten  concent ra t ion  
i n  t h e  ma t r ix  by only about 33%. Fur the r ,  s t e p  scans  conducted of t h e  
ma t r ix  between p r e c i p i t a t e d  p a r t i c l e s  revea led  an even d i s t r i b u t i o n  of 
tungs ten  w i t h i n  t h e  l i m i t s  of d e t e c t i o n  of t h e  microprobe. Tungsten 
w a s  no t  as heav i ly  concentrated i n  t h e  o r i g i n a l  ca rb ide  p a r t i c l e s  as 
i n  t h e  aging-induced p r e c i p i t a t e s  bu t  w a s  a major c o n s t i t u e n t  element,  

DISCUSSION OF RESULTS 

A most s i g n i f i c a n t  f i n d i n g  of t h e  p re sen t  work w a s  t h e  very h igh  
t e n s i l e  d u c t i l i t i e s  and toughnesses d isp layed  by t h e  aged supe ra l loys  
a t  76OoC, a temperature  j u s t  55OC below where they had been subjec ted  
t o  prolonged aging t o  determine t h e  e f f e c t s  of e m b r i t t l i n g  phases.  The 
760°C temperature  w a s  s e l e c t e d  as one of t h e  fou r  test temperatures  
because i t  w a s  gene ra l ly  regarded as a temperature  a t  which supe ra l loys  
i n  t h e  s o l u t i o n  annealed cond i t ion  e x h i b i t  a pronounced d i p  i n  d u c t i l i t y ,  
and i t  w a s  of i n t e r e s t  i n  p a r t i c u l a r  t o  no te  p r o p e r t i e s  of  aged a l l o y s  
a t  t h i s  temperature.  

a l l o y s  should show a d u c t i l i t y  minimum a t  e l eva ted  temperature.  They 
p o s t u l a t e  t h a t  a t  low temperatures  f r a c t u r e  occurs  by t h e  usua l  t rans-  
g ranu la r  crack propagat ion mechanism and d u c t i l i t y  i s  h igh .  
a t u r e s  near  t h e  minimum, deformation occurs  by g r a i n  boundary shea r .  
The i n t e r g r a n u l a r  voids  formed a t  t r i p l e  p o i n t s  grow unhindered, causing 
i n t e r g r a n u l a r  f r a c t u r e  wi th  d r a s t i c  l o s s  i n  d u c t i l i t y .  A t  h igh  temper- 
a t u r e s ,  r e c r y s t a l l i z a t i o n  occurs  s imultaneously wi th  i n t e r g r a n u l a r  void 
formation,  cont inuously breaking  up t h e  i n t e r g r a n u l a r  f r a c t u r e  path.  
A s  a r e s u l t ,  d u c t i l i t y  i nc reases  again.  

Our earlier i l l u s t r a t e d  d u c t i l i t y  curves  (Fig.  7) which included 
d a t a  f o r  t h e  s o l u t i o n  annealed and aged cond i t ions ,  are reproduced i n  
Fig.  22 wi th  information on mode of f r a c t u r e  incorpora ted .  Information 
on cracking mode f o r  t h e  aged cond i t ion  descr ibed  earlier and t h a t  
p red ic t ed  by t h e  Rhines modelg-" ' f o r  t h e  s o l u t i o n  annealed cond i t ion  
are used. 
and, wh i l e  t h e  mode w a s  no t  examined f o r  a l l  aged a l l o y s  a t  t h i s  temper- 
a t u r e ,  i t  would be  expected t o  be predominantly t r ansg ranu la r  as long as 
t h e  test temperature does not  t oo  c l o s e l y  approach melt ing.  

Observe from t h e  graph t h e  dramatic  reversal i n  t h e  d u c t i l i t y  
response between t h e  s o l u t i o n  annealed and overaged cond i t ions ,  
as t h e  au thor  knows, t h i s  had no t  been previous ly  c i t e d .  It appears  

According t o  t h e  Rhines and Wray rnodelyg-'l a l l  d u c t i l e  metals and 

A t  temper- 

The f r a c t u r e  mode a t  98OOC of Inconel  625 w a s  t r ansg ranu la r ,  

In so fa r  

'F. N. Rhines and P. J. Wray, " Inves t iga t ion  of t h e  In te rmedia te  
Temperature D u c t i l i t y  Minimum i n  Metals," Trans. Am. Soe. Met. 54: 
117-28 (1961). 

''E. Shapiro and G. E. Dieter, "Frac ture  and D u c t i l i t y  i n  Hot Torsion 

"E. Shapiro and G. E. Dieter, "High Temperature-High S t r a i n  Rate 

of Nickel ,"  MetaZZ. Trans. 2: 1 3 8 H 1  (1971). 

F rac tu re  of Inconel  600," MetaZZ. Trans. 1: 1711-19 (1970). 
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Fig.  22. Cor re l a t ion  of D u c t i l i t y  Response w i t h  F rac tu re  Mode. 

t h a t  t h e  d u c t i l i t y  minimum of cobalt-base a l l o y s  c e n t e r s  a t  760°C (1400°F) 
and t h a t  of nickel-base material a t  around 700°C (1300'F). Arkoosh 
and Feorel* obta ined  a minimum a t  677°C (1250°F) f o r  Has te l loy  X. 

g r anu la r  f r a c t u r e  and l o w  wi th  i n t e r g r a n u l a r .  A l l  t h e  overaged super- 
a l l o y s  except  Inconel  625 showed i n t e r g r a n u l a r  f a i l u r e  and very low duc- 
t i l i t y  a t  r o o m  temperature .  A t  760°C a l l  overaged a l l o y s  d isp layed  
t r ansg ranu la r  f a i l u r e  and very high d u c t i l i t y  except  Has te l loy  N .  
t h e  aged a l l o y s  behaved as they d id  a t  room temperature  is exp la inab le  by 
t h e i r  i n d i v i d u a l  micros t ruc tures .  A l l  had moderate t o  h igh  amounts of 
e m b r i t t l i n g  phases a r rayed  semicontinuously t o  nea r ly  cont inuously i n  
t h e i r  g r a i n  boundaries  except  f o r  d u c t i l e  Inconel  625, whose g r a i n  
boundary c o n s t i t u e n t s  could b e  descr ibed  as l o w  i n  amount, f i n e ,  and 
discont inuous.  Since t h e  mic ros t ruc tu res  descr ibed  f o r  t h e  aged spec i -  
mens t e s t e d  a t  room temperature  s u r e l y  m u s t  have p reva i l ed  f o r  those  
pu l l ed  a t  760"C, t h e  underlying reasons f o r  t h e  h igh ly  d u c t i l e  responses  

'Note i n  Fig.  22 t h a t  high d u c t i l i t y  apparent ly  equates  wi th  t rans-  

That 

12M. A. Arkoosh and N.  F. Feore,  "Elevated Temperature D u c t i l i t y  
Minimum i n  Has te l loy  Alloy X," MetaZZ. Trans. 3: 2235-40 (August 1972). 
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experienced a t  760°C must b e  a sc r ibed  t o  a d d i t i o n a l  f a c t o r s .  
Inconel  625 w a s  d u c t i l e  a t  76OoC, however, w a s  no s u r p r i s e  i n  view of 
i ts  favorable  mic ros t ruc tu re  and good d u c t i l i t y  a t  room temperature .  
Aged Has te l loy  N contained a massive, almost continuous ca rb ide  precip-  
i t a t e  i n  i t s  g r a i n  boundaries ,  and t h a t  i t  continued t o  b e  r a t h e r  
b r i t t l e  ( i n t e r g r a n u l a r  f a i l u r e  mode) t o  760°C a l s o  w a s  no s u r p r i s e .  Thus, 
t h e  very high d u c t i l i t y  ob ta ined  f o r  t h e  aged cobalt-base a l l o y s  a t  
760"C, a temperature  c l e a r l y  co inc id ing  wi th  t h e  d u c t i l i t y  minimum of 
t h i s  group of a l l o y s  as s o l u t i o n  annealed (Fig.  22) remains t o  be  
explained.  

t o  t h e  minimum d u c t i l i t y  phenomenon i n  supe ra l loys  probably w a s  no t  
ope ra t ive  f o r  t h e  p re sen t  aged a l l o y s .  This is  t h e  r ap id  p r e c i p i t a t i o n  
of carb ides  a t  g r a i n  boundaries  and along deformation bands as t h e  
material is  p l a s t i c a l l y  deformed a t  t h e  minimum temperature.  Nor would 
it  be  expected f o r  t h e  p re sen t  a l l o y s  t o  have s e n s i t i z e d  (formed shal low 
continuous p r e c i p i t a t e s  a t  g r a i n  boundaries)  i n c i d e n t  t o  h e a t i n g  up t o  
t h e  760°C test  temperature.  These p a r t i c u l a r  e f f e c t s  are no t  l i k e l y  
s i n c e ,  as w a s  shown ear l ier ,  t h e  p r i o r  aging a t  815°C had approached 
completion and t h e  matrix probably had v i r t u a l l y  spen t  i t s  capac i ty  f o r  
f u r t h e r  p r e c i p i t a t i o n .  This  reasoning he lps  exp la in  t h e  absence of a 
minimum bu t  does no t  account f o r  why t h e  f a c t o r s  t h a t  had caused embrit-  
t lement a t  room temperature  d id  no t  do s o  a t  760°C. 

It would appear t h a t  t h e  tungs ten  dep le t ion  e f f e c t  observed i n  
t h e  aged cobal t -base a l l o y s  may have an important  bear ing .  Another 
f a c t o r  may be t h e  relative f r a g i l i t y  of t h e  p r e c i p i t a t e s  a t  h igh  temper- 
a t u r e  compared wi th  low; t h a t  i s ,  t h e  Laves C 0 2 W  phase may begin  t o  
show some degree of toughness a t  t h e  miminum temperature.  The means 
whereby tungs ten  dep le t ion  might c o n t r i b u t e  would be  f o r  it t o  impart  
a h ighe r  p l a s t i c i t y  t o  t h e  ma t r ix  s o  as t o  thwart  c rack  propagat ion 
once i t  i n i t i a t e s  i n  t h e  p r e c i p i t a t e s .  Since tungs ten  i n  t h e s e  a l l o y s  
is t h e  primary c o n t r i b u t o r  t o  s t r e n g t h  a t  high temperatures ,  t h e  
chromium p lus  diminished tungs ten  i n  s o l i d  s o l u t i o n  may w e l l  p rovide  
h igh  hardness  a t  room temperature  b u t  a s u b s t a n t i a l l y  more p l a s t i c  
matrix a t  760°C. 

examined by electron-probe a n a l y s i s ,  assessment by t h e  phase e x t r a c t i o n  
technique i n d i c a t e d  t h a t  dep le t ion  of molybdenum from its matrix by 
p r e c i p i t a t i o n  of MogNi6C w a s  no t  g rea t .  I n t e r e s t i n g l y ,  Has te l loy  N w a s  
t h e  only a l l o y  examined no t  t o  e x h i b i t  t h e  r e v e r s a l  e f f e c t .  The 
MOfjNi6C phase,  i n c i d e n t a l l y ,  had no t  been previous ly  r epor t ed  i n  
Has te l loy  N. 

a l l o y s  at 760°C could o f f e r  p r a c t i c a l  advantages i n  t h e i r  a p p l i c a t i o n  
as containment f o r  i s o t o p i c  power conversion u n i t s .  For toughness i n  
t h e  temperature  range from 24 t o  316"C, aged Inconel  625 would be  
favored over t h e  cobal t -base a l l o y s .  
advantages of t h e s e  materials hold  up under acce le ra t ed  cond i t ions  of 
test is worthy of determinat ion.  Tes t ing  under impact cond i t ions  such 
as t h e  Charpy test  is d e s i r a b l e .  

That aged 

It should be  recognized, f i r s t ,  t h a t  an important  e f f e c t  c o n t r i b u t i n g  

Although t h e  molybdenum d i s t r i b u t i o n  i n  aged Has te l loy  N w a s  no t  

The h igh  ene rg ie s  of f r a c t u r e  exh ib i t ed  by t h e  aged cobal t -base 

The ex ten t  t o  which t h e  toughness 
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It is important t o  recognize t h a t  t h e  t e n s i l e  p r o p e r t i e s  descr ibed  
h e r e i n  f o r  t h e s e  supe ra l loys  are f o r  t h e  condi t ion  of overaging a t  
815°C. 
l e a d  t o  s i g n i f i c a n t l y  d i f f e r e n t  r e s u l t s .  

Aging at lower temperatures o r  f o r  s h o r t e r  per iods  of t i m e  could 

SUMMARY AND CONCLUSIONS 

Tens i l e  tests were conducted a t  24, 316, 760, and 982°C (75, 600, 
1400, and 1800°F) on samples of two Haynes a l l o y  25 compositions (0.01 
and 0.36% S i ) ,  Haynes a l l o y  188, Has te l loy  N ,  and Inconel  625 t h a t  had 
been s o l u t i o n  annealed and aged 11,000 h r  a t  815°C. 
t h e s e  tests were compared wi th  t y p i c a l  t e n s i l e  p r o p e r t i e s  of t h e  same 
a l l o y s  i n  t h e  s o l u t i o n  annealed condi t ion .  
( toughnesses) were e s t a b l i s h e d  from t h e  engineer ing  s t r e s s - s t r a i n  curves .  

Long-term aging a f f e c t e d  t h e  t o t a l  e longat ion  i n  t h e s e  materials 
much more than  y i e l d  s t r e n g t h  and u l t ima te  t e n s i l e  s t r e n g t h ,  which i n  
t u r n ,  s i g n i f i c a n t l y  inf luenced  t h e i r  toughness. A t  room temperature ,  
t h e  ag ing  g r e a t l y  reduced t h e  d u c t i l i t y ,  whereas a t  760°C t h e  d u c t i l i t y  
w a s  u sua l ly  increased  over t h e  s o l u t i o n  annealed values .  The reduct ion  
i n  percent  e longat ion  of aged a l l o y s  a t  24°C ranged from 33% ( f o r  
Inconel  625) t o  as much as 86% ( f o r  0.36% S i  Haynes a l l o y  25). A t  76OoC, 
t h e  t o t a l  e longat ions  ranged from 53% ( f o r  0.36% S i  Haynes a l l o y  25) t o  
65% ( f o r  Inconel  625),  except  i n  t h e  case of Has te l loy  N ,  which exh ib i t ed  
b r i t t l e  f r a c t u r e s  of r e l a t i v e l y  low d u c t i l i t y  a t  both 760 and 24°C. A t  
760°C t h e  h igh  d u c t i l i t i e s  displayed by t h e  cobalt-base a l l o y s  and 
Inconel  625 w e r e  r e spons ib l e  f o r  very h igh  toughness va lues ,  which f o r  
t h e  cobalt-base a l l o y s  w e r e  2 t o  3 t i m e s  h ighe r  than  a t  t h e  o t h e r  test 
temperatures .  Inconel  625 exh ib i t ed  a f r a c t u r e  toughness a t  24OC over 
t w i c e  t h a t  of t h e  o t h e r  a l l o y s  a t  t h i s  temperature.  

The t e n s i l e  p r o p e r t i e s ,  e s p e c i a l l y  d u c t i l i t y  and toughness,  cor- 
r e l a t e d  wi th  the  mode of f r a c t u r e  and t h e  amount, i d e n t i t y ,  and morphology 
of t h e  p r e c i p i t a t e s .  
24 t o  760°C w a s  expla ined  by i n t e r g r a n u l a r  f r a c t u r e  inf luenced  by a 
massive, semicontinuous t o  continuous p r e c i p i t a t e  of MosNi6C ca rb ide  i n  
g r a i n  boundaries.  Semicontinuous p r e c i p i t a t e s  of b r i t t l e  phases 
( l a r g e l y  Laves Co2W) inf luenced  i n t e r g r a n u l a r  f r a c t u r e  i n  t h e  aged 
cobalt-base a l l o y s  a t  24°C. 
d u c t i l i t y  minimum f o r  t h e s e  a l l o y s  i n  t h e  s o l u t i o n  annealed condi t ion)  
t h e  f r a c t u r e  of t h e  aged cobalt-base a l l o y s  and Inconel  625 w a s  pre- 
dominantly t r ansg ranu la r .  The t r ansg ranu la r  f r a c t u r e  and high d u c t i l i t y  
of Inconel  625 at 760°C ( a l s o  a t  24 and 982°C) w e r e  explained by t h e  
d i s c o n t i n u i t y  and f ineness  of i t s  p r e c i p i t a t e s ,  p reva len t  both i n  
g r a i n  boundaries and g ra ins .  
d id  no t  s i g n i f i c a n t l y  a f f e c t  t h e  aged mic ros t ruc tu re ,  a l though a low 
s i l i c o n  conten t  appeared t o  s l i g h t l y  improve d u c t i l i t y  and toughness. 
The t r ansg ranu la r  f r a c t u r e  of t h e  cobalt-base a l l o y s  a t  760"C, whose 
mode a t  760°C w a s  d i f f e r e n t  from t h a t  a t  24°C i n  s p i t e  of o s t e n s i b l y  
t h e  same mic ros t ruc tu re ,  w a s  a t t r i b u t e d  t o  a s u b s t a n t i a l  dep le t ion  of 
tungs ten  from t h e  mat r ix ,  among o t h e r  cons idera t ions .  

The r e s u l t s  of 

Energies of f r a c t u r e  

The r e l a t i v e l y  l o w  d u c t i l i t y  of Has te l loy  N a t  

A t  760°C (genera l ly  t h e  temperature  of a 

The s i l i c o n  l e v e l  i n  t h e  Haynes a l l o y  25 
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High d u c t i l i t y  and toughness i n  a l l  t h e  alloys,  both s o l u t i o n  
annealed and overaged, were equated with t ransgranular  f r a c t u r e  and 
low with in te rgranular .  
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