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CREEP AND CREEP-RUPTURE BEHAVIOR OF ERNiCr-3 WELD METAL* 

R. L. Klueh and J. F. King 
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ABSTRACT 

Creep and creep-rupture tests were made on AWS A5.14 Class 
ERNiCr-3 weld metal, commonly known as Inconel 82. Tests were 
made over the range 454-732OC on specimens taken from welds made 
by the gas tungsten-arc process. The results fell into two 
categories: those for tests at 454, 510, and 566°C displayed 
different characteristics than those at 621, 677, and 732°C. 
At the lower temperatures the creep curves were characterized 
by a rapid transient, a long steady-state stage, and little 
tertiary creep. At the elevated temperatures the transient 
stage was not as rapid, the steady-state creep stage was shorter, 
and the tertiary stage was longer. The low-temperature 
creep-rupture curves and stress-minimum creep rate curves were 
also much flatter than those at the elevated temperatures. For 
certain tests at 454, 510, and 566°C the creep curves exhibited 
an "instantaneous elongation" or "strain burst" phenomenon, in 
which the creep curves contained strain jumps. At these same 
temperatures, several specimens failed prematurely. 

the formation of dislocation pileups in the matrix. When a 
localized pileup breaks through a barrier, a dislocation 
avalanche results and triggers neighboring pileups. This 
process continues into neighboring grains and gives rise to 
the propagation of a deformation band along the gage length in 
a Luder's-type deformation. It was proposed that the premature 
failures were related to the strain burst phenomenon and some 
scattered "voids" or llcrackslI that were observed in the 
as-welded microstructure. 

It was postulated that the strain bursts are related to 

INTRODUCTION 

The nickel-base alloy with the American Welding Society designation: 

AWS A5.14 Class ERNiCr-3 is a commonly used filler metal for joining 

several nickel-containing alloys using a variety of welding processes. 
Its nominal composition is as follows: 67% Ni, 20% Cry 3% Mn, 2.5% Nb, 

*Work performed under DOE/RRT 189a OH103, Piping and Fittings 
Development. 
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and lesser amounts of several o t h e r  e lements .  This  a l l o y ,  a l s o  known as 

Inconel  8 2 ,  t h e  t r a d e  name of Huntington Alloys,  has  found wide a p p l i c a t i o n  

as a f i l l e r  m e t a l  f o r  d i ss imi la r -meta l  j o i n i n g .  Its widespread use f o r  

d i ss imi la r -meta l  j o i n t s  between a u s t e n i t i c  s t a i n l e s s  steel  and f e r r i t i c  

steels makes i t  a prime candida te  f o r  u se  i n  t h e  Clinch River Breeder 

Reactor (CRBR), where t h e  in t e rmed ia t e  loop p ip ing  t o  be  cons t ruc t ed  

of type 316 s t a i n l e s s  steel  and t h e  steam gene ra to r s  of 2 1 / 4  C r - 1  Mo s tee l .  

Since welded t r a n s i t i o n  j o i n t s  between t h e  a u s t e n i t i c  and f e r r i t i c  materials 

1 

w i l l  be  r equ i r ed ,  ERNiCr-3 has  been chosen as t h e  f i l l e r  m e t a l .  Previous 

service experience wi th  such j o i n t s  i n  f o s s i l - f i r e d  p l a n t s  has  caused 

s u f f i c i e n t  concern t h a t  a program w a s  i n i t i a t e d  t o  improve t h e  j o i n t  

l i f e  expectancy. 

Since t h e  l a r g e  thermal c o e f f i c i e n t  of expansion d i f f e r e n c e  between 

2 1 / 4  C r - 1  Mo steel  and type 316 s t a i n l e s s  steel  can l e a d  t o  l a r g e  thermal 

stresses near  t h e  weld dur ing  thermal cyc l ing ,  a t r a n s i t i o n  p i e c e  i s  

being considered t o  reduce t h e s e  d i f f e r e n c e s .  I n  t h e  proposed j o i n t ,  

Alloy 800H w i l l  be  used as a spool  p i ece ,  t h a t  i s ,  2 1 / 4  C r - 1  Mo steel  

w i l l  be  welded t o  Alloy 800H, which w i l l  be  welded t o  type  316 s t a i n l e s s  

s teel .  I f  such a t r a n s i t i o n  p i e c e  i s  used, ERNiCr-3  f i l l e r  m e t a l  

would be used t o  j o i n  t h e  Alloy 800H t o  t h e  2 1 / 4  C r - 1  Mo steel .  The 

weld j o i n t  between type  316 s t a i n l e s s  steel  and Alloy 800H would 

probably be  made wi th  16-8-2 f i l l e r  m e t a l .  

are a v a i l a b l e  f o r  16-8-2 weld m e t a l ,  ou r  f i r s t  mechanical p r o p e r t i e s  

s t u d i e s  d e a l t  wi th  ERNiCr-3. 

Since cons ide rab le  d a t a  

We previous ly  publ ished d a t a  on t h e  t e n s i l e  p r o p e r t i e s  of ERNiCr-3 

weld m e t a l . 2  Payne3 

g ives  100, 1000, and 10000-hr r u p t u r e  stresses a t  540,  650, 760, 870, 

and 98OoC, b u t  g ives  no actual  experimental  r e s u l t s .  

known creep d a t a  are unpublished p r o p r i e t a r y  creep-rupture  d a t a  of 

Huntington A l l o y s Y 4  d a t a  t o  which w e  have had access. 

Alloys d a t a  are usua l ly  i n  t h e  form of two t o  t h r e e  d a t a  p o i n t s  - enough 

t o  e s t a b l i s h  a r u p t u r e  curve and estimate stresses f o r  r u p t u r e  i n  

10,000 h r  - a t  538, 649, 760, and 871°C. No d a t a  are a v a i l a b l e  a t  t h e  

temperatures  a p p l i c a b l e  t o  t h e  ope ra t ion  of t h e  t r a n s i t i o n  j o i n t  - 

near  51OOC. 

Few creep d a t a  are a v a i l a b l e  i n  t h e  l i t e r a t u r e :  

The only o t h e r  

The Huntington 
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EXPERIMENTAL PROCEDURE 

Two types of welds were made. The first was mabz between two 

13-mm-thick (0.50-in.) plates - one plate of 2 1/4 Cr-1 Mo steel and 

the other of Alloy 800H. 

used, requiring a root pass and seven fill passes. 

specimens could be obtained from such a small weld, a larger weld 

geometry was designed. 

steel were welded with a 30°-included-angle V-groove joint geometry with 

a 32-mm (1.25-in.) root opening and a backing strip. To fill this joint, 

40 weld passes were required. 
by the automatic gas tungsten-arc process with cold-wire filler additions. 
The nominal welding parameters were: 

of about 0.9 m/s. 

a small weld are given, as well as the American Welding Society (AWS) 

and American Society for Testing and Materials (ASTM) specification for 

ERNiCr-3. Because of base metal dilution, the small weld contained more 

than the allowable iron concentration. 

A 90°-included-angle V-groove geometry was 

Since very few 

Plates of 19-mm-thick (0.75-in.) 2 1/4 Cr-1 Mo 

In both cases the welding was performed 

150 A and 10 V with a travel speed 
In Table 1 the chemical composition of a large and 

Table 1. Chemical Composition of 
ERNiCr-3 Filler Metal 

Chemical Composition, wt % 

ASTM B.304 Element Small Large 
Weldment Weldment AWS A5.14 

Ni 
cu 
Mn 
Fe 
Si 
C 
S 
Ti 
Nb 
Cr 

Balance 

2.7 
10 

0.03 

0.3 
1.8 
18.0 

Balance 
0.3 
2.0 
2.8 
0.2 
0.02 

0.41 
1.8 
19.5 

67.0 min 
0.5 max 
2.5-3.5 
3.0 max 
0.5 max 
0.1 max 
0.015 max 
0.75 max 
2.0-3.0 
18-22 
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All welds were radiographed,  and no d e f e c t s  were d e t e c t e d .  Because 

of several premature c reep  f a i l u r e s  e a r l y  i n  t h e  program, a l l  subsequent 

specimens w e r e  radiographed be fo re  t e s t i n g .  

found t o  con ta in  d e f e c t s ,  none of which w e r e  l a r g e  enough t o  warran t  

r e j e c t i n g  t h e  weld. Specimens t h a t  contained d e f e c t s  w e r e  n o t  t e s t e d .  

Only a few specimens were 

The creep-rupture  test  specimens w e r e  a buttonhead type  w i t h  a 

3.18-mm-diam (0.125-in.) and 28.6-rum-long (1.125-in.) gage s e c t i o n .  

The specimens t e s t e d  w e r e  l o n g i t u d i n a l  all-weld-metal specimens. Before 

test, a l l  specimens were given a 1-hr postweld h e a t  t rea tment  a t  732°C. 

Creep-rupture tests w e r e  made a t  454, 510, 566, 621, 677, and 732°C 

i n  a i r  i n  constant- load lever-arm creep frames. During test  t h e  specimens 

w e r e  hea ted  i n  a r e s i s t a n c e  tube furnace ,  and t h e  temperature  w a s  monitored 

and c o n t r o l l e d  by t h r e e  Chromel-PAlumel thermocouples a t t ached  t o  t h e  

specimen gage l eng th .  Temperature w a s  c o n t r o l l e d  t o  + 1 " C ,  t h e  temperature  

a long t h e  gage l eng th  vary ing  less than +2"C.  Elongat ions w e r e  determined 

wi th  mechanical extensometers a t t ached  t o  t h e  specimen g r i p s ,  and t h e  

specimen e longat ion  w a s  read p e r i o d i c a l l y  on a d i a l  gage. 

RESULTS 

Creep-rupture tests w e r e  made a t  454, 510, 566, 621, 677, and 732°C. 

The f i r s t  tests w e r e  made a t  510 and 566°C on specimens taken from t h e  

s m a l l e r  weldments (seven-pass welds made on 13-rum-thick p l a t e s ) .  Because 

only a few specimens could be  obtained from t h e  smaller weldments, 

l a t e r  tes ts  w e r e  made on specimens taken from t h e  l a r g e  weldments 

( for ty-pass  welds on 19-rum-thick p l a t e s ) .  The e f f e c t  of t h e  weldnent 

s i z e  on t h e  t e n s i l e  p r o p e r t i e s  w a s  p rev ious ly  i n v e s t i g a t e d ;  * t h e  e f f e c t s  

t h a t  t h i s  could have on t h e  creep-rupture  p r o p e r t i e s  w i l l  b e  d iscussed  

below. 

Although t h e  r e s u l t s  of t hese  tests are given i n  Table 2,  they are no t  

included i n  t h e  g raph ica l  p r e s e n t a t i o n s  of t h e  d a t a .  

Severa l  specimens t e s t e d  a t  454, 510, and 566°C f a i l e d  prematurely.  

The c reep  and r u p t u r e  behavior  were q u i t e  temperature-dependent. 

For t h a t  reason t h e  r e s u l t s  are presented  i n  two t a b l e s :  Tables  2 and 

3,  r e s p e c t i v e l y ,  show t h e  d a t a  f o r  tests a t  and below 566°C. Logarithmic 

p l o t s  of stress a g a i n s t  rup tu re  l i f e  (Fig.  1) and stress a g a i n s t  minimum 
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Table 2. Creep-Rupture P r o p e r t i e s  of ERNiCr-3 Weld Metal a t  
454, 510, and 566°C 

S t r e s s  Rupture To ta l  Reduction Minimum Loading 
L i f e  Elongat ion  of Area Creep Rate S t r a i n  

( m a )  ( k s i )  (h r  1 (%> (a (%/h r )  (a 

414 
434 
455 
4 83 
483 
483 
489 
496 
496 
510 
517 

379 
396 
414 
434 
448 
455 
455 
465 
483 

328 
345 
345 
365 
379 
396 
396 
396 
4 14 
434 

Tests a t  454'C (850'F) on Welds i n  19-mm (3/4-in.) P l a t e  

60.0 a 0.0000140 8.4 
63.0 a 0.0000318 1 1 . 7  
66 .O a 0.000090 13.5 
70.0 b 0.000273 13.9 
70.0 68.1' 37 .O 54.2 0.00769 23.7 
70 .O 75.1' 33.4 50.5 0.0187 22.4 
71.0 1075.4 33.2 55.2 0.00063 19.8 
72.0 1012.6' 36.0 38.5 0.000938 24.3 
72.0 715 .1  40.1 41.7 0.00207 27.0 
74.0 142.3 40.2 52.5 0.0130 29.5 
75 .O 3.2 33.7 53.0 0.125 26.3 

Tests a t  510'C (950'F) on Welds i n  1 3 - m  (1/2-in.) P l a t e  

55.0 6770.4 15 .7  15.2 0.0000187 10.4 
57.5 3255.0 11.5 15.6 0.0000440 6.7 
60.0 1645.4 23.6 19.7 0.000463 17.3 
63.0 1205.1 33.7 29.3 0.000536 24.9 
65.0 357.1' 39.1 35.9 0.00459 29.4 
66 .O 4.0 40.4 39.0 0.150 31.3 
66 .O 39 .4e 38.7 42.9 0.138 26.5 
67.5 37.1 48.4 51.8 0.209 33.9 
70.0 10.9 48.4 53.7 0.395 33.6 

Tests a t  566°C (1050'F) on Welds i n  1 3 - m  ( 1 / 2 4 n . )  P l a t e  

47.5 a 0.0000149 5 .8  
5O.Od 778.8' 14.5 15.6 0.000324 8.5 
50.0 6003.3 8.3 6.4 0.0000330 5.0 
53.0 1087.5 17.2 1 8 . 2  0.000611 11.6 
55.0 841.1 18.9 18.9 0.00105 12.0 
57.5d 448.2e 21.4 19.6 0.00280 14.2 
57.5d 124.6' 21.9 25.6 0.0652 8 .5  
57.5 63.8 22.2 30.9 0.133 9.6 
60.0 112.8 29.7 27.4 0.0331 18.7 
63.0 29.5 ' 37.6 36.8 0.231 24.5 

a 

'Temperature overshot  and test f a i l e d  a f t e r  2430 h r .  

T e s t  d i scont inued  b e f o r e  rup tu re .  

e 

%.ests made on 19-mm (3/4-in.) p l a t e .  

Premature f a i l u r e .  



6 

ORNL D W G  77 -8441  

I 1 1 I I I l l 1  I I 1 1 1 1 1 1 ~  I I111111~ I 1 1 1 1 1 1 1 ~  I I I 1  
- 600 - 

I - - rn Y - - 
- 
- 

- - 
\* 

- 

400 - 
c 
0 

CL 
I - 

\* 
'* 

\ 3 200 - 
\ 0454oc-20 

0 510 "C 
A566 OC 

- 0621 OC 
'677 O C  

732 oC-lo 

100 - 

80 - 

6 0 ~  I I I I 'ill' 

\ '* 
\m 

U 
I- cn 

.\ m\ 

- 
I I I I I I I I I  I I I I I l l l l l  I I I111l11 I I I I I I I I ~  

Table 3. Creep-Rupture P r o p e r t i e s  of ERNiCr-3 Weld Metal a t  
621, 677, and 732"Ca 

I I p o  
80 

60 

40 2 
1 
1 

cn cn 
W 
U 
I- 

Rupture To ta l  Reduction Minimum Loading 
L i f e  Elongation of Area Creep R a t e  S t r a i n  

Stress 

( m a )  ( k s i )  (hr  1 (2) (%I (%/h r )  e> 

241 
276 
293 
310 
379 

138 
172 
207 
241 
276 

83 
10 3 
138 
172 

35 .O 
40.0 
42.5 
45.0 
55.0 

20.0 
25 .O 
30 .O 
35 .O 
40.0 

12  .o 
15 .O 
20.0 
25.0 

Tests ' a t  621°C (1150°F) 

3109.4 5.3 5.4 
1195.9 6.7 14 .8  

653.1 10.8 16 .8  
295.1 14 .1  39.7 

21.2 25.4 33.7 

Tests a t  677°C (1250'F) 

3590.0 8.6 9.2 
778.5 15.0 27.9 
215.0 17.7 30.8 
89 .O 25.2 39.7 
26.0 33.4 49.1 

Tests a t  732°C (1350°F) 

2792.8 13.5 24.0 
634.4 23.2 23.2 
103.6 26.8 50.0 

30.7 41.8 40.6 

0.000843 
0.00321 
0.00973 
0.0251 
0.660 

0.000312 
0.00436 
0.0220 
0.080 
0.326 

0.000352 
0.00380 
0.0603 
0.342 

0.11 
0.28 
0.61 
0.63 
3.63 

0.23 
0.23 
0.28 
0.41 
0.41 

0.13 
0.21 
0.42 
0.46 

a A l l  specimens w e r e  t aken  from welds made i n  19-uh-thick p l a t e .  
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creep rate (Fig.  2) i n d i c a t e  a d i s t i n c t  d i f f e r e n c e  i n  behavior  f o r  t h e  

two temperature  regimes. A t  t h e  h ighe r  stresses and a t  454, 510, and 

566OC, t h e  curves  (F igs .  1 and 2) are q u i t e  f l a t .  

t h e r e  appeared t o  be changes i n  s lope  ( i t  b reaks  downward) as t h e  stress 

w a s  lowered. A t  t h e s e  temperatures  t h e  curves  f o r  r u p t u r e  l i f e  (Fig.  1) 

and minimum creep  rate (Fig.  2)  both show such breaks.  

however, only t h e  minimum creep  rate curve breaks downward; t h a t  is ,  

s u f f i c i e n t  r u p t u r e - l i f e  d a t a  were no t  ob ta ined  t o  determine t h e  break.  

A t  510 and 566OC, 

A t  454"C, 

I I I I Ill-r 'OO 
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,. 60 
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c 
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The r u p t u r e - l i f e  d a t a  a t  the h igh  temperatures  - 621, 677 ,  and 

732°C - h a v e  a d i f f e r e n t  cha rac t e r .  

l i n e  appears  t o  f i t  t h e  da t a .  Although more d a t a  are r equ i r ed  t o  

confirm t h e  i n t e r p r e t a t i o n ,  a t  621°C t h e  curves appear t o  break  

downward. The minimum creep  rate d a t a  (Fig.  2) show t h i s  more c l e a r l y  

than the  r u p t u r e  l i f e  da t a  (Fig.  1) do. However, t h e  h igh - s t r e s s  end 

A t  677 and 732OC a s i n g l e  s t r a i g h t  

of t h e  621°C curves w a s  no t  as f l a t  are t h e  low-temperature curves .  

Creep rate d a t a  (Fig.  2) are gene ra l ly  f i t  by a power l a w  equat ion  

of t h e  type  

n ; = A 5  , 
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where o is  t h e  stress, i t h e  minimum creep rate, and A and n are cons t an t s .  

To c h a r a c t e r i z e  t h e  d a t a  b e t t e r ,  w e  es t imated  n f o r  t h e  d a t a  i n  'Fig. 2 

(Table 4 ) .  

on t h e  v i s u a l  f i t  of t h e  da t a .  

It should be  noted t h a t  t hese  are b u t  rough estimates based 

The es t imated  n va lues  aga in  reveal t h e  d i f f e r e n c e  i n  behavior  a t  

low and h igh  temperatures .  A t  621, 677, and 732OC, t h e  high-temperature 

regime, n i s  between 8 and 10. For t h e  d a t a  a t  62loC, which w e r e  judged 

t o  have a break  i n  t h e  curve,  t h i s  va lue  a p p l i e d  a t  low stresses. The 

low-stress  and low-temperature d a t a  curves  a l l  had n va lues  between 24 

and 28. A t  t h e  h igh  stresses, very  l a r g e  n va lues  w e r e  c a l c u l a t e d .  

Table 4.  Estimated S t r e s s  Exponents f o r  t h e  
Creep of ERNiCr-3 

E s  t i m a  t ed 

S t r e s s  ,a 
( m a )  

S t r e s s  Exponent, n 

High S t r e s s  Low S t r e s s  

Temperature T r a n s i t i o n  
("C) 

454 480 66 24 
510 430 70 28 
566 380 45 28  
621 270 18 9.6 
677 7 . 8  
732 8 .6  

a T r a n s i t i o n  between h igh - s t r e s s  and low-stress  
regimes. 

Another i n d i c a t i o n  of t h e  d i f f e r e n c e  i n  behavior  a t  t h e  h igh  and 

l o w  temperatures  i s  seen  by comparing t h e  c reep  curves a t  t h e  va r ious  

temperatures  (F igs ,  3 and 4 ) .  A t  t h e  low temperatures  (Fig.  3 ) ,  and 

e s p e c i a l l y  a t  low stresses, t h e  curves are cha rac t e r i zed  by a h igh  

i n i t i a l  c reep  rate followed by a r ap id  t r a n s i e n t  dur ing  which t h e  creep 

rate decreases  t o  a "steady state." A s  d i scussed  i n  t h e  fo l lowing  

s e c t i o n ,  t h e  low-stress  tests - e s p e c i a l l y  a t  454OC -may fo l low a 

loga r i thmic  c reep  l a w ,  which impl i e s  a cont inuously decreas ing  creep 

rate.  Once t h e  s t eady  state is  reached,  i t  cont inues  almost  t o  f a i l u r e .  

That i s ,  these  tests showed e s s e n t i a l l y  no t e r t i a r y  c reep .  A t  t h e  

h i g h e s t  stresses t h e  t r a n s i t i o n  from t h e  primary t o  t h e  secondary s t a g e  

w a s  less ab rup t .  
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Fig .  3. Example of Creep-Curve Shape a t  (a)  454°C and 413 ma; 
(b) 510°C and 327 MPa; (c )  566°C and 327 MPa. Only the  e a r l y  po r t ion  
of each curve i s  shown. 
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ORNL-DWG 7 7 - 7 7 5 3  
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Fig. 4.  Example of Creep-Curve Shape a t  (a) 621°C and 2 4 1  MPa; 
(b) 677OC and 138 MPa; (c)  732OC and 103 MPa. Only t h e  e a r l y  p o r t i o n  
of each curve is shown. 



11 

A t  t h e  two h i g h e s t  temperatures ,  677 and 732"C, t h e  creep curves 

are cha rac t e r i zed  by very  l i t t l e  primary c reep  [Fig.  4(b)  and ( c ) ] .  

The test  quick ly  reached the  s t eady- s t a t e  s t a g e ,  which w a s  a l s o  s h o r t e r  

than  i t  w a s  a t  t h e  lower temperatures .  These curves have wel l -def ined 

t e r t i a r y  s t a g e s .  F i n a l l y ,  t h e  curve shapes a t  621°C [Fig .  4 ( a ) ]  appear 

t o  f a l l  between those  a t  t h e  low temperatures  (Fig.  3) and those  a t  

677 and 732OC [Figs .  4(b)  and (c)] .  The t r a n s i t i o n  t o  t h e  s teady  s ta te  

occurred over  a longer  pe r iod  of t i m e  and wi th  more s t r a i n  than had 

occurred a t  677 and 732°C. Furthermore, t h e  i n i t i a l  creep ra te  w a s  

lower and t h e  t r a n s i t i o n  t o  t h e  s t eady- s t a t e  creep rate w a s  more gradual  

than  i n  t h e  low-temperature tests. 

The c h a r a c t e r i s t i c  shapes of t h e  creep curves are f u r t h e r  demonstrated 

by comparing t h e  t e r t i a r y  c reep  behavior  a t  t h e  d i f f e r e n t  temperatures  

(Table 5 ) .  For numerous a l l o y s  t h e  t i m e  t o  t e r t i a r y  c reep ,  t 2 ,  i s  

r e l a t e d  t o  t h e  r u p t u r e  l i f e ,  tR, according t o  

where A and a are constants;"7 a is  very  o f t e n  equal  t o  un i ty ,  making 

t h e  r a t i o  t 2 / t  a cons tan t .  Values f o r  t h i s  r a t i o  f o r  ERNiCr-3 weld 

m e t a l  w e r e  determined (Tables 4 and 5 ) .  
R 

A s  s t a t e d  above, t h e  tests a t  t h e  low temperatures showed e s s e n t i a l l y  

no t e r t i a r y  c reep .  

and 566°C (Table 5 ) :  t h e  r a t i o  i s  always g r e a t e r  than 0.92, and wi th  a 

few except ions ,  always g r e a t e r  than  o r  equal  t o  0.97. The except ions 

occurred  f o r  short- t ime tests, i n  which a l a c k  of d a t a  made i t  d i f f i c u l t  

t o  estimate t 2 .  Although s t r a i n s  t o  t e r t i a r y  creep f o r  t h e s e  tests 

w e r e  q u i t e  s c a t t e r e d ,  they tended t o  decrease  with decreas ing  stress 

( inc reas ing  r u p t u r e  l i f e ) .  

This  i s  r e f l e c t e d  i n  t h e  r a t i o  t 2 / t R  a t  454, 510, 

A t  t h e  two h ighes t  temperatures ,  677 and 732OC, t h e  t e r t i a r y  c reep  

behavior  d i f f e r e d  cons iderably  from t h a t  a t  t h e  lower temperatures:  h e r e  

tJtR w a s  much smaller. 

i t  approached 0.15 a t  677 and 732°C. 

cons iderably  less, b u t  they a l s o  decreased wi th  decreas ing  stress. The 

r e s u l t s  a t  621OC f e l l  between those  a t  t h e  lower and h ighe r  temperatures ,  

While i t  approached 0.99 a t  t h e  lower temperatures ,  

S t r a i n s  to  t e r t i a r y  creep were 
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Table 5. Time and Strain to Tertiary Creep of 
of ERNiCr-3 Filler Metal 

S t r e s s  Time, h r  S t r a i n  t o  ~~~i~ 
T e r t i a r y  t P l t R  

( m a )  ( k s i )  To Rupture To T e r t i a r y  ( x )  

. 

414 
4 34 
455 
483 
483 
483 
489 
496 
510 
517 

379 
396 
464 
434 
448 
455 
455 
465 
483 

328 
34 5 
345 
365 
379 
396 
396 
396 
'414' 
434 

241 
276 
293 
310 
379 

138 
172 
207 
241 
276 

83 
103 
138 
172 

60.0 
63.0 
66.0 
70.0 
70.0 
70.0 
71.0 
72.0 
74.0 
75.0 

55.0 
57.5 
60.0 
63.0 
65.0 
66.0 
66.0 
67.5 
70.0 

47.5 
50.0 
50.0 
53.0 
55 .O 
57.5 
57. 5' 
57. 5' 
60.0 
63.0 

35.0 
40.0 
42.5 
45.0 
55.0 

20.0 
25.0 
30.0 
35.0 
40.0 

12.0 
15.0 
20.0 
25.0 

T e s t s  a t  454OC (850°F) 

a 
a 
a 
b 

68.1 67 
75.1 74 

1075.4 1070 
1012.6 1000 
142.3 141 

3.2 3 
Tests a t  51OoC (950°F) 

6770.4 6750 
3255.0 3250 
1645.4 1635 
1205.1 1200 
357.1 350 

39.4 37 
37.1 36 
10.9 10 

4.0 

T e s t s  a t  566'C (1050'F) 

a 
778.8 770 
6003.3 5995 
1087.5 1070 
841.1 835 
448.2 445 
124.6 121 
63.8 63 
112.8 110 
29.5 28 

Tests  a t  621OC (1150'F) 

3109.4 ' 2825 
1195.9 1170 
653.1 735 
295.1 288 
21.2 8 

Tests a t  677'C (1250'F) 

3590.0 1150 
778.5 100 
215.0 33 
89.0 15 
26.0 3.3 

T e s t s  a t  732'C (1350'F) 

634.4 105 
103.6 15 
30.7 3.5 

8.8 
2.7 
9.7 
8.9 
2.8 
2 

2.8 
3.9 
6.6 
7.2 
4.3 

6.0 
12.9 
13.9 

4.7 
2.2 
4.6 
5.9 
6.4 
12.0 
11.9 
9.8 
11.5 

3.3 
5.3 
8.9 
11.8 
6.2 

0.7 
0.8 
1.0 
1.5 
1.4 

0.9 
1.3 
1.5 

0.98 
0.99 
0.99 
0.99 
0.99 
0.94 

>0.99 
> O .  99 
0.99 
>0.99 
0.98 

0.94 
0.97 
0.92 

0.99 
0.99 
0.98 
0.99 
0.99 
0.97 
0.99 
0.98 
0.95 

0.91 
0.98 
0.97 
0.98 
0.38 

0.32 
0.13 
0.15 
0.17 
0.13 

0.17 
0.14 
0.11 

a 

bTemperature o v e r s h o t  and tes t  f a i l e d  a f t e r  2430 h r .  

' T e s t  made on 19-mm (314 i n . )  p l a t e .  

Test d i s c o n t i n u e d  b e f o r e  r u p t u r e .  
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bu t  most resembled t h e  r e s u l t s  a t  t h e  lower temperatures:  f o r  most tests, 

t2/tR exceeded 0.9;  t h e  s t r a i n s  t o  t e r t i a r y  creep w e r e  l a r g e r  than they 

were a t  677 and 732"C, and decreased wi th  decreas ing  stress. 

I n  genera l  t h e  t o t a l  e longat ions  and r educ t ions  of area w e r e  

c o n s i s t e n t  a t  a l l  temperatures  (F igs .  5 and 6 ) .  Except a t  454"C, both 

decreased wi th  decreas ing  stress ( inc reas ing  r u p t u r e  l i f e ) .  A t  454°C 

d u c t i l i t y  changed very  l i t t l e  over  t h e  range of stresses t e s t e d .  

I n t e r e s t i n g l y ,  of t h e  high-temperature tests (Fig.  6 ) ,  those  a t  621°C 

showed t h e  least e longat ion .  

A s  s t a t e d  above several specimens ruptured  prematurely a t  454, 510, 

and 566°C. We a l s o  noted another  p e c u l i a r i t y  a t  these  temperatures:  i t  

' O R N L - D W G - 7 7 - 0 4 6 3  

I I I111111 ' I  I I111111 I I 1 1 1 1 1 1 1  I I I I I I I q  

- 

- 

- 

- 

- 

I I l l i l l l l  I I I111111 I I I111111 I I I l i l l l l  

can b e  descr ibed  as an " instantaneous elongat ion,"  a " s t r a i n  b u r s t , "  

50 

z 40 - 
z 

E 30 
- 

- 
c) z 
0 
ii 20 - 

? 10 - 
-I 

I- 
a 

100 10' IO* I os 1 0 4  

T o t a l  Elongat ion and Reduction of Area as Funct ions of 
RUPTURE LIFE ( h r l  

Fig .  5 .  
Rupture L i f e  f o r  ERNiCr-3 ( Inconel  82) Weld Metal a t  454, 510, and 566°C. 
Data p o i n t s  were connected t o  i n d i c a t e  t h e  t r ends .  



1 4  

60 

5 0  

- 
4 0  

U W 

U 
U 

30 
z 
I- 

u 3 
P 

fi 20 
(r 

10 

0 

O R N L - D W G  7 7 - 0 4 6 4  

I I I I I1111 I I I 1 1 1 1 1 ~  I I l l l l  

0 621 "C 

A 677'C 

0 732OC 

I I I I I I l l 1  I I I I I I I I I  I I I I I I I  
5 0  I I I11111~ I I I 1 1 1 1 1 ~  I I I I l l l l  ;::I I- 0 0 20 

U I- 
O 

10 I 
0 I I I 1 1 1 1 1 1  I I I111111 I I I I I I I I J  

10' 2 5 1 0 2  2 5 103 2 5 104 

Fig. 6 .  Tota l  Elongat ion and Reduction i n  A r e a  as Funct ions of 

RUPTURE LlFE(hr) 

Rupture L i f e  f o r  ERNiCr-3 ( Inconel  82) Weld Metal a t  621, 677, and 
7 3 2 O C .  Data p o i n t s  w e r e  j o i n e d  t o  i n d i c a t e  t h e  t rends .  

o r  a "spontaneous deformation." The phenomenon exh ib i t ed  i t s e l f  i n  

t h e  form of a jump i n  t h e  c reep  curves ,  examples of which are shown i n  

Figs .  7-9. These " s t r a i n  bu r s t s "  appeared a t  d i f f e r e n t  t i m e s  i n  t h e  

c reep  process :  s h o r t l y  a f t e r  loading  dur ing  primary c reep  (Fig.  7) 

and during secondary creep (Fig.  8 ) .  S ing le  (Fig.  8) and m u l t i p l e  

(F ig .  9)  b u r s t s  were observed. When a b u r s t  occurred e a r l y  i n  t h e  

creep t e s t  (Fig.  7 ) ,  i t  w a s  d i f f i c u l t  t o  determine whether t h e r e  w a s  

a s i n g l e  o r  m u l t i p l e  b u r s t .  

The phenomenon w a s  q u i t e  gene ra l  a t  454 and 51OoC, where e s s e n t i a l l y  

a l l  tes ts  d isp layed  one o r  more s t r a i n  b u r s t s .  Only a few tests d isp layed  
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Fig. 8. Example of  a "S t r a in  Burst"  During Secondary Creep Stage of 
ERNiCr-3 Weld Metal Tested a t  454°C and 496 MPa. 
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Fig.  9. Example of Mul t ip l e  "S t r a in  Bursts"  i n  ERNiCr-3  Weld Metal 
Tested a t  454OC and 489 ma. 

t h e  phenomenon a t  566OC, and no s t r a i n  b u r s t s  w e r e  seen  a t  621, 677 ,  

and 732°C. 

S t r a i n  b u r s t  magnitudes ranged from s t r a i n s  of about 0.1% t o  g r e a t e r  

than  6%. When t h e  s t r a i n  b u r s t  occurred dur ing  t h e  s t eady- s t a t e  s t a g e ,  

t h e  c reep  rate a f t e r  t h e  b u r s t  w a s  u sua l ly  l i t t l e  d i f f e r e n t  than  b e f o r e  

i t  (Fig.  9 ) .  

The es t imated  s t r a i n s  pe r  b u r s t  are given i n  Table  6.  

N o  d i r e c t  evidence e x i s t s  t o  l i n k  t h e  s t r a i n  b u r s t  phenomenon wi th  

t h e  observa t ions  of premature f a i l u r e .  However, t h e  f a c t  t h a t  bo th  

phenomena occurred only i n  t h e  low-temperature tests could s i g n i f y  a 

r e l a t i o n s h i p .  

b u r s t  l a r g e r  t han  t h e  d u c t i l i t y  of t h e  a l l o y  could absorb.  

i n  r e l a t i n g  s t r a i n  b u r s t s  t o  premature f a i l u r e s  w a s  ev iden t  when t h e  

t h r e e  tests made a t  454°C and 428 MPa (70 k s i )  w e r e  examined (Table 2) .  

It i s  as i f  a premature f a i l u r e  occurred dur ing  a s t r a i n  

The d i f f i c u l t y  
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Table 6. S t r a i n  Burs t  Observations on ERNiCr-3 
a t  454, 510, and 566°C 

S t r e s s  Number of Approximate Magnitude, % 
(MPa) Burs t s  (Creep Stage la  

4 14 
4 34 
455 
483 

483 
483 
489 
496 

510 
517 

379 
396 
414 
4 34 
448 
455 
455 
465 
483 

328 
345 
345 
365 
37 9 
396 
396 
396 
4 14 
434 

1 
1 
3 
4 

0 l; 

4 
7 

0 
0 

1 
1 
2 
1 

;b 

3 
0 

2 ( ? p  
2b 
1 
0 
0 

Ob 
0 Ob 

0 
l ( ? ) c  

454°C 

2.7(P) 
3.1(P) 
3.2(P),  0 .6(S) ,  0.2(S) 

6.6(S) 
6 .5  

3.7 (P) , 0.2(S) , O.l(S) Y 0.2(S) Y 

510°C 

0.8(P) 
2.3(P) 
0.5(P) , l . l ( P )  
3.3(P) 
l.O(P) 
6.3(S) 

566°C 

0.5(P) , l.O(P) 
O.l(P) , 0.2(P) 
O.l(P) 

~~~ ~ 

a P = primary s t a g e ;  S = secondary ( s teady  s t a t e )  

Specimens f a i l e d  prematurely.  

S t r a i n  b u r s t s  are d i f f i c u l t  t o  d e l i n i a t e ;  

s t a g e .  
b 
e 

t h e r e  are  r eg ions  where t h e  in s t an taneous  c reep  r a t e  
increases i n s t e a d  of dec reases  i n  t h e  primary s t a g e .  
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Two of t h e  tests f a i l e d  i n  less than  80 h r ,  whi le  t h e  o t h e r  test ruptured  

during a temperature  excurs ion  a t  2450 h r  ( rup tu re  would be  p red ic t ed  

from Fig.  1 t o  occur  i n  about  5000 h r ) .  One of t h e  tests t h a t  f a i l e d  

prematurely contained a b u r s t  of about 6% be fo re  f a i l u r e .  Both t h e  

premature f a i l u r e s  had loading  s t r a i n s  g r e a t e r  than  22%, whereas t h e  

2450-hr test s t r a i n e d  only 14% on loading  (Table 2 ) .  The la t te r  test  

contained a s t r a i n  b u r s t  e a r l y  i n  t h e  test  (dur ing  primary c reep)  of 

about 4% and t h r e e  s h o r t  b u r s t s  of less than  0.5%. Tests t h a t  contained 

a t  least  one s t r a i n  b u r s t  may w e l l  have had premature f a i l u r e s  compared 

wi th  those found i n  tests wi thout  any b u r s t s .  Our r e s u l t s  do not  permit  

us  t o  conclude t h a t  such r u p t u r e  l i v e s  were n o t  premature f a i l u r e s .  

Visual  examination of t h e  f r a c t u r e d  specimens revea led  s e v e r a l  

f r a c t u r e  modes as w e l l  as two types of a n i s o t r o p i c  deformation. I n  

many cases the  s u r f a c e s  appeared "fibrous1'  o r  *'rumpled'' w i th  " s t r e t c h e r  

marks'' p a r a l l e l  t o  t h e  specimen axis. 

"knobby," as i f  one o r  more p o i n t s  on the  specimen gage s e c t i o n  w e r e  i n  

t h e  process  of forming a neck. This  'heckingl '  w a s  i n  a d d i t i o n  t o  t h e  

po in t  where t h e  specimen necked t o  f a i l u r e .  Another i n d i c a t i o n  of 

a n i s o t r o p i c  behavior  w a s  t h e  observa t ion  t h a t  specimens o f t e n  drew t o  

an  e l l i p t i c a l  c r o s s  s e c t i o n  i n s t e a d  of t o  a c i r c u l a r  one. 

Some specimens a l s o  appeared 

The tests a t  454°C formed s l i g h t  necks and i n  a l l  cases exh ib i t ed  

the  a n i s o t r o p i c  behavior  descr ibed  above. Only a t  t h i s  temperature  w a s  

t he re  a pronounced tendency t o  deform t o  a n  e l l i p t i c a l  c r o s s  s e c t i o n .  

Although a t  51OoC t h e  "knobby" deformation s t i l l  occurred ,  a c t u a l l y  

very  l i t t l e  neck formation took p l ace  a t  t h e  f r a c t u r e .  Note i n  Table 2 

t h a t  t he  r educ t ion  of area va lues  o f t e n  nea r ly  equaled those  f o r  t o t a l  

e longat ion ,  i n d i c a t i n g  l i t t l e  neck formation. I n  most cases t h e  f r ac -  

t u r e s  a t  454 and 51OOC appeared t o  occur by shea r ing ,  t h e  f r a c t u r e  sur -  

f a c e  making about  a 45-degree ang le  wi th  t h e  specimen axis. A t  t h e  

lowest  stresses a t  51OoC, however, t h e  f r a c t u r e  s u r f a c e  made about a 

90-degree ang le  wi th  t h e  specimen a x i s .  The f r a c t u r e  s u r f a c e  contained 

s t r i a t i o n s "  i n  the  d i r e c t i o n  of t h e  shea r .  11 

The obse rva t ions  a t  566OC resembled those  a t  510°C. We observed 

unusual behavior  on ly  i n  t h e  345-MPa (50-ksi) test  t h a t  f a i l e d  prema- 

t u r e l y .  I n  t h i s  test f r a c t u r e  occurred a f t e r  778.8 h r ,  whereas a 
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r epea t  t es t  f a i l e d  a f t e r  6003.3 h r .  When t h e  f r a c t u r e  s u r f a c e  w a s  

examined by stereomicroscopy, t h e r e  appeared t o  b e  a h o l e  on t h e  su r face .  

P ro t rus ions  v i s i b l e  i n s i d e  t h e  h o l e  may have been d e n d r i t e  t i p s ,  suggest-  

ing  a d e f e c t  formed dur ing  welding. While t h e  weld i t s e l f  had been 

radiographed be fo re  test ,  t h i s  specimen had no t .  

A t  621"C, a l l  b u t  one of t h e  specimens had q u i t e  f l a t  f r a c t u r e s  wi th  

v i r t u a l l y  no necking, The test  a t  379 MPa (55 k s i ) ,  t h e  h ighes t  stress 

used a t  62loC, formed a s l i g h t  neck and exhib i ted  more a n i s o t r o p i c  

deformation than  t h e  o t h e r  specimens d id .  Anisotropic  deformation - both  

"knob" and s t r e t c h e r  mark" formation - decreased wi th  decreas ing  stress 

and w a s  absent  from t h e  lowest  stress tests. Tests a t  677 and 732°C 

showed t h e  same behavior  as a t  62lQC, t h a t  is ,  only  a t  t h e  h ighes t  

stresses were necks and a n i s o t r o p i c  deformation observed. The f r a c t u r e  

s u r f a c e s  of tests a t  621, 677, and 732'C w e r e  " s t r i a t e d "  l i k e  those  a t  

t h e  lower temperatures ,  b u t  they a l l  made a 90-degree ang le  wi th  the  

specimen a x i s ,  r a t h e r  than the  45-degree ang le  observed f o r  most of 

t h e  tests a t  t h e  t h r e e  lowest  t e s t  temperatures .  

Radiography w a s  used t o  determine whether s t r a i n  b u r s t s  w e r e  

accompanied by crack  formation.  Severa l  specimens wi th  s t r a i n  b u r s t s  

of up t o  5% were examined. This  technique can d e t e c t  c r acks  o r  vo ids  

of 0 . 0 8 4 . 1 3  mm (0.003-0.005 i n . ) ,  b u t  w e  observed none. 

Se lec ted  specimens w e r e  examined meta l lographica l ly .  A t  a l l  

temperatures ,  c racks  w e r e  de t ec t ed  i n  g r a i n  boundaries back from t h e  

f r a c t u r e  s u r f a c e  (F igs .  10-13). For a l l  stresses a t  454°C and f o r  t h e  

h ighes t  stresses a t  510 and 566"C, only a few grain-boundary c racks  

w e r e  de t ec t ed ,  and they  w e r e  widely s c a t t e r e d  on t h e  specimen gage 

s e c t i o n  (Fig.  1 0 ) .  The number of grain-boundary c racks  increased  wi th  

a decrease  i n  t h e  c reep  stress a t  510 and 566°C. For t h e  lower-s t ress  

tests a t  510 and 566OC, w e  observed f l a t  f r a c t u r e s  wi th  e s s e n t i a l l y  no 

necking and l i t t l e  deformation near  t h e  f r a c t u r e  s u r f a c e  (F igs .  11 and 12) .  

The f r a c t u r e s  of both these  specimens appeared t o  be  i n t e r g r a n u l a r .  P a r t  

of t h e  f r a c t u r e  s u r f a c e  on t h e  345-MPa-test specimen a t  566'C appeared 

oxid ized ,  sugges t ing  t h a t  i t  f r a c t u r e d  earlier i n  the  test. 

Frac tured  specimens a t  621, 677, and 732OC a l l  showed apparent  

t r ansg ranu la r  f a i l u r e s  a t  t h e  h ighes t  stresses. A s  t he  stress w a s  
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. 

. .  

F i g .  10. Sca t t e red  Grain Boundary Cracks on Specimen Tested a t  
396 MPa a t  566OC. (a )  Unetched 50x. (b) Etched wi th  5 : l  HC1:HNOs. 1 O O X .  

, 
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Fig. 11. Grain Boundary Cracks on Specimen Tested a t  413 MPa a t  
5 1 O o C .  (a) Unetched. (b) Etched w i t h  5 : l  HCl:HN03. 50x. 



Fig. 12. Grain Boundary Cracks on Specimen Tested at 345 MPa at 566°C. (a) Unetched. (b) Etched 
with 5 : l  HCl:HN03. 
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lowered and t h e  temperature  r a i s e d ;  t h e  f a i l u r e s  became more i n t e r g r a n u l a r  

and g r a i n  boundary cracking i n  the  specimen gage l eng th  (back from t h e  

f r a c t u r e  su r face )  increased  (Fig.  1 3 ) .  

DISCUSSION 

The only a v a i l a b l e  creep-rupture  d a t a  f o r  comparison are those  obta ined  

by Huntington Alloys4 a t  538, 649, 760, 871, and 982OC. 

c o n s i s t  of only two o r  t h r e e  tes ts  a t  each temperature ,  enough d a t a  t o  

determine r u p t u r e  and minimum-creep-rate curves .  

on t h e  l i n e  given by Huntington Alloys a t  538°C. 

our  d a t a  bracke t  t h e  Huntington Alloys d a t a :  

on e i t h e r  s i d e  of t h e  649°C da ta ,  and the  732°C da ta  f a l l  as expected 

relative t o  t h e  76OOC da ta .  

These d a t a  

Our d a t a  a t  566OC f a l l  

A t  t h e  h igher  temperatures ,  

our  621 and 677°C d a t a  f a l l  

When w e  compared our  t e n s i l e  da t a  wi th  Huntington Alloys d a t a Y 2  we  

found the  Huntington Alloys material somewhat s t r o n g e r  a t  a l l  t e s t  

temperatures .  W e  concluded t h a t  t h i s  d i f f e r e n c e  a r o s e  from the  f a c t  t h a t  

t he  material t e s t e d  by Huntington Alloys w a s  i n  an  as-welded condi t ion ,  

whereas our  material had been tempered 1 h r  a t  732°C a f t e r  welding. I f  

t he  postweld t reatment  c rea t ed  the  t e n s i l e  proper ty  d i f f e r e n c e s ,  i t  did 

not  appear t o  a f f e c t  t h e  creep p r o p e r t i e s .  This assumes, however, t h a t  

Huntington Alloys used t h e  same weld metal f o r  both t h e  t e n s i l e  and the  

c reep  tests,  an  assumption we  were unable t o  v e r i f y .  

The specimens t e s t e d  a t  510 and 566OC w e r e  taken from welds made 

wi th  about 7 weld passes  on 13-mm-thick p l a t e s ,  wh i l e  specimens t e s t e d  

a t  454, 621, 677, and 732°C w e r e  from welds made wi th  more than 40 weld 

passes  on 19-mu-thick p l a t e s .  

t h a t  whi le  weldment s i z e  a f f e c t s  y i e l d  s t r e n g t h  s l i g h t l y  a t  e leva ted  

From t h e  t e n s i l e  s t u d i e s 2  w e  concluded 

temperatures ,  i t  a f f e c t s  u l t i m a t e  t e n s i l e  s t r e n g t h  even less. W e  f u r t h e r  

conclude t h a t  t h e  only expected d i f f e r e n c e  i n  t h e  two weldments should b e  

due t o  t h e  d i l u t i o n  of t h e  weld metal by t h e  base  m e t a l .  I r o n  from t h e  

: 2 1 /4  C r - 1  Mo s teel  p l a t e s  w a s  found t o  be t h e  only major d i l u t e n t . 2  

d i l u t i o n  of t h e  l a r g e  weldment w a s  confined c l o s e  t o  t h e  i n t e r f a c e  

between t h e  weld metal and t h e  base  m e t a l ,  whi le  t h e  s m a l l  weldment 

contained approximately 10% i r o n  throughout.  The t e n s i l e  s t u d i e s  thus  

The 
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ind ica t ed  no l a r g e  d i l u t i o n  e f f e c t .  

i r o n  should i n c r e a s e  t h e  s t r e n g t h ,  b u t  our  r e s u l t s  d i d  no t  i n d i c a t e  

s t rengthening .  

Payne3 ind ica t ed  t h a t  d i l u t i o n  by 

Although most of t h e  tests a t  566OC w e r e  made on specimens taken from 

t h e  13-mm-thick p l a t e s ,  several were a l s o  made on specimens from t h e  

l a r g e r  weldment. Again, no conclus ive  d i f f e r e n c e  w a s  noted,  though t h e  

number of tests involved w a s  s m a l l  (Table 2 ) .  For comparison two 

specimens from t h e  l a r g e  weld t e s t e d  a t  396 MPa f a i l e d  much sooner 

than  d id  one from t h e  smaller weldment. Both were judged t o  f a i l  

prematurely.  

t h e  l a r g e  weldment and t e s t e d  a t  345 MPa f e l l  on t h e  creep-rupture  and 

minimum-creep-rate curves  (Figs .  1 and 2) p l o t t e d  from test  d a t a  from 

specimens taken from t h e  s m a l l  weldments. 

from t h e  s m a l l  weldment f a i l e d  prematurely a t  345 MPa. 

tests suggest  no d i l u t i o n  e f f e c t s  o r  o t h e r  d i f f e r e n c e s  t h a t  could be  

a t t r i b u t e d  t o  d i f f e r e n c e  i n  t h e  s i z e  of t h e  weldments from which t h e  

specimens w e r e  taken.  

On t h e  o t h e r  hand, test  d a t a  from a specimen taken from 

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

Thus, t h e s e  few 

The creep-curve shapes a t  t h e  low temperatures  i n d i c a t e  logar i thmic  

c reep  behavior  wi th  a s t r a in - t ime  r e l a t i o n  of t h e  type  

& = a l o g t + e ,  (3) 

where & is t h e  c reep  s t r a i n ,  t is t h e  t i m e ,  and a and e are cons tan t s  

t h a t  are independent of t i m e .  

t o  several m e t a l s  and a l l o y s  a t  low homologous temperatures ,  t h a t  is ,  a t  

low T / T m ,  where T i s  t h e  test  temperature  and Tm t h e  mel t ing  temperature  

i n  K. Garofalo' s t a t e d  t h a t  Eq.  (3) app l i ed  f o r  T/Tm of 0.05-0.3. For 

ERNiCr-3, Tm i s  about  1700 K-and T/Tm is  0.27, 0.30, and 0.33 f o r  454, 

510, and 566"C, r e s p e c t i v e l y ,  nea r  t h e  upper l i m i t  of t h e  r eg ion  where 

Garofalo ind ica t ed  Eq. (3) a p p l i e s .  

Such a r e l a t i o n  has been found' t o  apply 

Logarithmic creep impl ies  a c reep  curve wi th  a cons t an t ly  decreas ing  

c reep  rate. Obviously, t h a t  w a s  n o t  s t r i c t l y  t r u e  f o r  t h e  tests i n  t h i s  

s tudy ,  s i n c e  a l l  t h e  tests were judged t o  reach a s t eady  state.  However, 

t h e  d i f f i c u l t y  i n  determining a s teady  s ta te  f o r  a c reep  test t h a t  has  

n o t  gone i n t o  t e r t i a r y  c reep  i s  w e l l  known.g Severa l  of t h e  low-stress  
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tests a t  454OC f a l l  i n t o  t h i s  category. 

a t  510 and 566OC, l i m i t e d  t e r t i a r y  c reep  makes t h e  minimum creep  rate 

unce r t a in .  

S i m i l a r l y ,  a t  t h e  low stresses 

To determine whether Eq. (3) app l i ed ,  we  p l o t t e d  t h e  s t r a i n  a g a i n s t  

l o g  t f o r  t h e  e a r l y  p o r t i o n  of t h e  low-s t ress  tests a t  454, 510, and 

566°C (Figs .  14  and 1 5 ) .  The two low-stress tests (413 and 434 MPa) 

a t  454'C i n d i c a t e d  loga r i thmic  c reep  (Fig.  1 4 ) .  

test appeared l i n e a r  t o  2500 h r ,  whi le  t h e  curve f o r  t h e  434-MPa test  w a s  

l i n e a r  t o  about 2000 h r ,  then showed an  upward cu rva tu re .  

cu rva tu re  w a s  obvious a t  455 MPa a t  454'C (Fig. 15 ) .  P l o t s  of t h e  

low-s t ress  tests a t  510 and 566OC d i sp layed  downward cu rva tu re  (Fig.  1 5 ) .  

The curve  f o r  t h e  413-MPa 

Such upward 

ORNL-DWG 77-11583R 
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TIME ( h r )  

Fig .  1 4 .  Semi-Logarithmic P l o t  of Creep Data f o r  ERNiCr-3 Weld 
Metal Tested a t  413 and 434 MPa a t  454'C. 
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Fig. 15.  Semi-Logarithmic P l o t  of Creep D a t a  f o r  ERNiCr-3 Weld 
Metal Tested a t  455 MPa a t  454"C, 345 and 379 MPa a t  510"C, and 327 MPa 
a t  566°C. 

While loga r i thmic  c reep  i s  confined t o  a low homologous temperature 

range,  i t  i s  a l s o  confined t o  low s t r a i n s .  

occurs  t o  s t r a i n s  of about 2 X lo+. 
two tests a t  454°C w e r e  cons iderably  l a r g e r .  However, e a r l y  i n  both 

t h e s e  tests a s t r a i n  b u r s t  of about 3% took p lace .  The s t r a i n s  used i n  

Fig.  14 w e r e  c r eep  s t r a i n s  measured after t h e  s t r a i n  b u r s t s  had occurred.  

When t h e  s t r a i n s  caused by t h e  s t r a i n  b u r s t s  were ignored,  s t r a i n s  of 

up t o  about  5 X 

According t o  Garofa loY8 i t  

The t o t a l  "creep" s t r a i n s  f o r  t h e  

were found f o r  t h e  two low-stress  tests a t  454OC. 

Logarithmic c reep ,  t h e r e f o r e ,  apparent ly  occurs  a t  low stresses a t  

454OC. 

t h i s  behavior  and determine t h e  e f f e c t  of stress on t h e  cons t an t s  i n  

Eq. ( 3 ) .  Because t h e  tests a t  510 and 566°C as w e l l  as those  a t  t h e  

Obviously, more tests a t  lower stresses are requ i r ed  t o  v e r i f y  
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higher  stresses a t  454OC do no t  fo l low Eq. (31, some o t h e r  creep l a w  

must apply.  

of t h e  type  

The test a t  455 MPa a t  454OC s e e m s  t o  f i t  a p a r a b o l i c  l a w  

= fitrn + ist , ( 4 )  

. 
where fi and m are cons t an t s  and E 

However, t h i s  equat ion  d id  no t  f i t  t h e  low-stress  tests a t  510 and 566OC. 

is  t h e  s t eady- s t a t e  c reep  rate. 
S 

Numerous o t h e r  empi r i ca l  c r eep  l a w s  have been used t o  f i t  s t r a in - t ime  

d a t a  a t  e l eva ted  temperatures  and f o r  l a r g e  deformations.  To determine 

such a l a w  f o r  ERNiCr-3 w a s  beyond t h e  scope of t h e  p re sen t  s tudy .  

s u b j e c t  w i l l  be  addressed i n  later work. I n  a d d i t i o n  t o  t h e  d i f f e r e n t  

types  of behavior  noted a t  t h e  d i f f e r e n t  test  temperatures ,  t h e  development 

of a c reep  l a w  w i l l  be f u r t h e r  complicated by t h e  s t r a i n  b u r s t  phenomenon. 

That 

W e  cannot r e a d i l y  exp la in  t h e  s t r a i n  b u r s t  phenomenon. Some obvious 

p o s s i b i l i t i e s  inc lude :  test  technique,  neck formation,  and void  o r  c r ack  

formation. Another p o s s i b i l i t y  i s  g ross  change i n  mic ros t ruc tu re  

(e .g . ,  r e c r y s t a l l i z a t i o n ) ,  bu t  no such changes w e r e  de t ec t ed .  

I f  t h e  test  technique were t h e  cause,  we would expect  t h e  b u r s t s  t o  

occur a t  temperatures  o t h e r  t han  454, 510, and 566°C. A s  we  s t a t e d  

ear l ie r ,  no s t r a i n  b u s t s  occurred a t  621, 677, and 732OC. The test  

procedures  used i n  t h i s  s tudy have been used a t  t h e s e  temperatures  i n  

o t h e r  test  programs and f o r  a l a r g e  number of materials, b u t  no s t r a i n  

b u r s t s  r e s u l t e d .  Grip s l i ppage  is  t h e  most obvious test  procedure 

malfunct ion t h a t  could produce s t r a i n  b u r s t s .  However, t h i s  would be  

obvious when t h e  t o t a l  e longat ion  determined from measurements on a 

f r a c t u r e d  specimen is  compared t o  t h a t  measured dur ing  t h e  c reep  test .  

It i s  d i f f i c u l t  t o  v i s u a l i z e  how neck formation and void  o r  c rack  

formation could ever l e a d  t o  an  ins tan taneous  e longat ion  of g r e a t e r  

than  5% wi thout  f r a c t u r e .  That is ,  such a l a r g e  decrease  i n  c ross -sec t iona l  

area should immediately l ead  t o  a l a r g e  i n c r e a s e  i n  stress and in s t an -  

taneous f r a c t u r e .  (La ter  i n  t h i s  s e c t i o n  w e  w i l l  d i s c u s s  how t h e  

premature f a i l u r e s  a t  454, 510, and 566OC may be r e l a t e d  t o  i n s t a b i l i t y . )  

Inspec t ion  of unf rac tured  specimens a f t e r  a l a r g e  s t r a i n  b u r s t  revea led  

no necking. S imi l a r ly  radiography of f r a c t u r e d  and un f rac tu red  specimens 

af ter  a s t r a i n  b u r s t  de t ec t ed  no c racks  o r  vo ids .  
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Once w e  e l i m i n a t e  t h e  p o s s i b l e  causes  w e  c i t e d  above f o r  t h e  s t r a i n  

b u r s t s  our  observa t ions  suggest  t h a t  deformation i s  somehow prevented 

u n t i l  stress b u i l d s  up t o  a c r i t i c a l  level.  Then t h e  bui l t -up  stress 

is  unlocked, and t h e  specimen suddenly s t r a i n s .  On an  atomic level we  

v i s u a l i z e  d i s l o c a t i o n  p i l eups  a t  some b a r r i e r  w i t h i n  a given g ra in .  

These piled-up d i s l o c a t i o n s  would b e  i n  a d d i t i o n  t o  a d i s t r i b u t i o n  of 

mobile d i s l o c a t i o n s  t h a t  a l lows f o r  "normal creep." 

Eventual ly ,  t h e  stress bui ldup on an  i s o l a t e d  p i l eup  f o r c e s  the  l ead  

d i s l o c a t i o n  through t h e  b a r r i e r .  Once t h e  l ead  d i s l o c a t i o n  breaks through 

the  b a r r i e r ,  t h e  d i s l o c a t i o n s  behind i t  are re l eased  i n  a " d i s l o c a t i o n  

avalanche." The avalanche then t r i g g e r s  t he  release of p i l eups  i n  t h e  

same g r a i n  and i n  neighboring g ra ins .  The n e t  r e s u l t  is  a "deformation 

band" t h a t  moves up and down t h e  gage s e c t i o n  i n  a manner s i m i l a r  t o  t h e  

movement of a Luders band along a gage s e c t i o n .  

occur i f  c e r t a i n  locked d i s l o c a t i o n  sources  are t r i g g e r e d ,  and, i n  t u r n  

t r i g g e r  neighboring sources  i n  t h e  same g r a i n  and neighboring g ra ins .  

A s imi la r  r e s u l t  may 

I n  our  t e n s i l e  s t u d i e s  on ERNiCr-3, we  observed pronounced peaks i n  

t h e  flow stress f o r  tests made a t  slow s t r a i n  rates ( 3  X lOV6/s), b u t  

no t  f o r  tests a t  a h igher  s t r a i n  rate ( 3  X 10-4/s). 

rate t h e  y i e l d  s t r e n g t h  peak occurred over t h e  temperature  range 454-700°C, 

whi le  t h e  u l t i m a t e  t e n s i l e  s t r e n g t h  peak occurred between 400 and 600°C. 

A y i e l d  s t r e n g t h  maximum occurred around 55OoC, whi le  t h e  u l t i m a t e  t e n s i l e  

s t r e n g t h  had a l o c a l  maximum near  500OC. 

were caused by short-range order .*  

maximum i n  the temperature  regime i n  which t h e  s t r a i n  b u r s t s  w e r e  observed.)  

W e  p rev ious ly  reviewed2 t h e  evidence f o r  short-range o r d e r  - of t e n  

For t h e  low s t r a i n  

W e  concluded t h a t  t h e s e  e f f e c t s  

( I n t e r e s t i n g l y ,  t h i s  e f f e c t  w a s  a 

r e f e r r e d  t o  as t h e  "K-state" - i n  nickel-chromium a l l o y s '  and more 

complicated a l l o y s  wi th  a nickel-chromium base ,  i nc lud ing  Inconel  600, 

which i s  somewhat similar i n  chemical composition t o  ERNiCr-3. 

t h e s e  s t u d i e s  involved measurements of e lectr ical  r e s i s t i v i t y  as a 

func t ion  of temperature.  

temperature  as expected,  r e s i s t i v i t y  only inc reases  t o  450-500°C then  

goes through a l o c a l  minimum between 500-700°C. W i l l i a m s '  observed 

similar behavior  i n  ERNiCr-3 weld metal. 

1 3  

Most of 

Ins t ead  of i nc reas ing  cont inuously w i t h  
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Fisher’’  f i r s t  showed t h a t  t h e  s t r e n g t h  of a n  a l l o y  w i t h  short-range 

o rde r  must be g r e a t e r  than  one without  such order .  When a d i s l o c a t i o n  

moves through a n  ordered r eg ion ,  i t  des t roys  o rde r .  Because more energy 

i s  requi red  t o  break  t h e  o rde r  bonds, i t  is more d i f f i c u l t  t o  move a d i s l o -  

c a t i o n  through t h e  ordered l a t t i c e .  However, once t h e  f i r s t  d i s l o c a t i o n  

des t roys  the  o rde r ,  subsequent d i s l o c a t i o n s  can move ac ross  t h a t  d i sorder -  

ed s l i p  p lane  a t  a reduced stress. 

When t h e  amount of o r d e r  i n  a given a l l o y  i n c r e a s e s  - f o r  example, 

by prolonged annea l ing  below T t h e  c r i t i c a l  temperature  t o  form 

long-range o rde r  - t h e  energy r equ i r ed  t o  form t h e  d isordered  s l i p  p lane  

by moving a d i s l o c a t i o n  through t h e  ordered r eg ion  inc reases .  Eventual ly  

a s i n g l e  d i s l o c a t i o n  cannot move through t h e  ordered zone. Deformation 

then proceeds by t h e  movement of supe rd i s loca t ions  t h a t  c o n s i s t  of p a i r e d  

d i s l o c a t i o n s  connected by a segment of ant i -phase boundary. The second 

d i s l o c a t i o n  r e s t o r e s  t h e  o rde r  bonds broken by t h e  passage of t h e  l e a d  

d i s l o c a t i o n  a c r o s s  t h e  s l i p  p lane .  When t h e  supe r -d i s loca t ion  passes  

through the  ordered zone, t h e  o r d e r  bonds remain i n t a c t .  

e’ 

Using t h e  F i she r  mechanism’ ’ w e  explained2 our  t e n s i l e  observa t ions  

i n  terms of short-range o rde r .  For t h e  h igh  s t r a i n - r a t e  tests t h e  f i r s t  

d i s l o c a t i o n  t h a t  moves through a short-range order  zone des t roys  o rde r  

bonds on t h a t  s l i p  plane,  and consequent ly ,  la ter  d i s l o c a t i o n s  r e q u i r e  

less energy t o  move ac ross  the  same s l i p  plane.  A t  t h e  low s t r a i n  rates 

a t  which t h e  peak i n  flow stress is  observed, d i s l o c a t i o n  v e l o c i t y  is  

much reduced. I n  t h i s  case t h e  o r d e r  destroyed by t h e  i n i t i a l  d i s l o c a t i o n  

can b e  r e s t o r e d  by d i f f u s i o n  be fo re  another  d i s l o c a t i o n  can move a c r o s s  

t h a t  s l i p  p lane .  Hence, as i t  passes  through, each d i s l o c a t i o n  must break  

t h e  same o r d e r  bonds broken by d i s l o c a t i o n s  t h a t  passed through t h e  r eg ion  

ear l ier .  

Because t h e  temperature  range i n  which t h e  s t r a i n  b u r s t s  appeared 

w a s  s i m i l a r  t o  t h a t  i n  which t h e  increased  flow stress w a s  noted f o r  t h e  

low strain-rate tens i le  tests2 and t h e  range where t h e  anomalous resisti- 

v i t y  behavior  w a s  observed,14 w e  can specu la t e  t h a t  t h e  s t r a i n  b u r s t s  

are r e l a t e d  t o  short-range order .  

short-range o rde r  formed when t h e  material w a s  cooled a f t e r  t h e  postweld 

temper a t  732°C and when t h e  specimen w a s  hea ted  t o  t h e  c reep - t e s t  temp- 

e r a t u r e .  I f  w e  assume t h a t  d i s l o c a t i o n s  are moved through t h e s e  o rde r  

W e  can env i s ion  a n  a l l o y  w i t h  
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zones wi th  g r e a t  d i f f i c u l t y  ( i . e .  , t h e  F i she r  mechanism) ,' 
t h e  formation of d i s l o c a t i o n  p i l eups  a t  r eg ions  of short-range o rde r .  

a p i l e u p  b u i l d s ,  t h e  stress on t h e  l e a d  d i s l o c a t i o n  inc reases  and i t  

moves through t h e  ordered zone. The p i l eup  of d i s l o c a t i o n s  t h a t  fo l low 

i n  i t s  wake w i l l  move more e a s i l y  as t h e  number of o rde r  bonds on t h e  

s l i p  bands are reduced by t h e  i n i t i a l  d i s l o c a t i o n .  Once t h e  l e a d  

d i s l o c a t i o n  breaks through the  o rde r  zone, t he  o t h e r  d i s l o c a t i o n s  i n  

the  p i l eup  immediately fol low.  This avalanche of moving d i s l o c a t i o n s  

then  t r i g g e r s  t h e  release of p i l eups  i n  t h e  same g r a i n  and i n  neighboring 

g r a i n s .  A s  more and more g r a i n s  are t r i g g e r e d ,  an  inhomogeneous deforma- 

t i o n  wave moves up and down t h e  specimen gage l eng th  i n  a Luder 's  band 

type  of deformation mode. I n  o t h e r  words, a s t r a i n  b u r s t .  

Based on t h e  e lectr ical  r e s i s t a n c e  measurements' 

w e  can v i s u a l i z e  

A s  

and the  tens i le  

s t u d i e s 2  t h a t  d e f i n i t e l y  i n d i c a t e  o r d e r  formation,  t h e  proposed mechanism 

appears  reasonable .  However, t h e  p o s s i b i l i t y  exists t h a t  t h e  behavior  is 

p e c u l i a r  t o  c a s t  s t r u c t u r e s ,  as d i s t ingu i shed  from wrought s t r u c t u r e s .  

This p o s s i b i l i t y  w a s  r a i s e d  by some s t u d i e s  by Sikka17 on type  316 s t a i n l e s s  

s teel .  

cast material, Sikka noted s t r a i n  b u r s t s  i n  several tests b u t  h a s  never 

seen  s i m i l a r  behavior  i n  much more ex tens ive  s t u d i e s  on wrought type  

316 s t a i n l e s s  steel .  

Although only a l i m i t e d  amount of d a t a  have been obta ined  on t h e  

The mic ros t ruc tu res  of t h e  cast and wrought ERNiCr-3 show s i g n i f i c a n t  

d i f f e rences  (Fig.  1 6 ) .  The f i n e  d e n d r i t i c  s o l i d i f i c a t i o n  s t r u c t u r e  wi th  

i t s  accompanying chemical inhomogeneities w i t h i n  a given g r a i n  could w e l l  

g ive  rise t o  d i f f e r e n c e s  i n  mechanical proper ty  behavidr  . 
proposed mechanism would s t i l l  apply - t h a t  is ,  t h a t  d i s l o c a t i o n  p i l e u p s  are 

t r i g g e r e d  and g ive  rise t o  d i s l o c a t i o n  avalanches and a Luders-type 

deformation - t h e  p i l e u p s  could r e s u l t  from t h e  f i n e  d e n d r i t i c  s t r u c t u r e  

w i t h i n  t h e  g ra ins .  W e  could a l s o  hypothesize t h a t  t h e  cast s t r u c t u r e  i n  

conjunct ion wi th  short-range o rde r  formation g i v e s  rise t o  t h e  much more 

extensive a c t i v i t y  observed i n  ERNiCr-3 weld metal. 

Although t h e  

With only a few except ions a l l  specimens t h a t  d i sp layed  t h e  s t r a in  

b u r s t  phenomenon had b u r s t s  dur ing  the  primary c reep  s t a g e  (Table 61, 
whi le  t h e  ones t h a t  d id  no t  f a i l e d  prematurely.  

a l l  loading  s t r a i n s  exceeded 5% and most exceeded 10% (Table 2 ) .  

A t  454, 510, and 566OC, 

These 
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Fig. 16. The Microstructures of (a) Weld Metal (Cast) and (b) Wrought 
ERNiCr-3. 1OOX. 
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r e s u l t s  i n d i c a t e  t h a t  d i s l o c a t i o n  p i l eups  could form dur ing  loading ,  and 

t h a t  a s t r a i n  b u r s t  dur ing  the  primary creep s t a g e  subsequent ly  r e l i e v e d  

such p i l eups .  The t h r e e  specimens t h a t  d id  n o t  have s t r a i n  b u r s t s  i n  

t h e  primary s t a g e  had s i g n i f i c a n t l y  g r e a t e r  loading  s t r a i n s  than those 

t h a t  d id ,  i n d i c a t i n g  t h a t  s t r a i n  b u r s t s  probably occurred dur ing  loading  

i n  t h i s  case.  

V i r t u a l l y  a l l  tests a t  454°C showed extens ive  s t r a i n  b u r s t  a c t i v i t y .  

Although s t r a i n  b u r s t s  e a r l y  i n  t h e  primary s t a g e  presumably r e l i e v e d  

t h e  p i l eups  t h a t  occurred dur ing  loading ,  a d d i t i o n a l  p i l eups  had t o  form, 

l ead ing  t o  s t r a i n  b u r s t s  during t h e  secondary s t a g e .  I n  most cases these  

s t r a i n  b u r s t s  i n  t h e  s t eady- s t a t e  s t a g e  were much smaller than  those  i n  

t h e  primary s t a g e  (Table 6 ) .  

The magnitude of t h e  s t r a i n  b u r s t s  dur ing  t h e  primary s t a g e  f o r  t h e  

fou r  lowest  stress tests (414, 434, 455, and 483 MPa) a t  454OC decreased 

s l i g h t l y  wi th  decreas ing  stress. I n t u i t i v e l y ,  w e  expect  t h i s ,  s i n c e  t h e  

lower t h e  stress is ,  t h e  less is t h e  e x t e n t  of p i l eup  formation expected 

during t h e  loading  process .  

b u r s t s  dur ing  t h e  s t eady- s t a t e  s t a g e ,  whereas those  a t  414 and 434 MPa 

d i d  not .  However, t h e  l a t te r  two tests were d iscont inued  be fo re  rupture .  

Thus al though t h e  p i l eups  formed dur ing  loading  are r e l eased  by t h e  

s t r a i n  b u r s t  dur ing  t h e  primary creep s t a g e ,  p i l eups  aga in  form. 

h ighe r  t h e  creep stress, t h e  more quickly p i l eups  form and are re l eased  

by a s t r a i n  b u r s t .  

434 MPa had been continued, s t r a i n  b u r s t s  would have occurred,  s i n c e  a t  

t h e  lower stress the  d i s l o c a t i o n  a t  t h e  head of t h e  p i l eup  simply takes  

longe r  t o  f o r c e  i t s e l f  through t h e  b a r r i e r  than  a t  h igher  stresses. Only 

more long-term low-stress  tests w i l l  v e r i f y  t h i s .  

The tests a t  455 and 483 MPa a l s o  had s t r a i n  

The 

From t h i s  we  might expect  t h a t  i f  t h e  tests a t  414 and 

A t  510 and 566°C a l l  b u t  one of t h e  specimens t h a t  d i sp layed  s t r a i n  

b u r s t s  had t h e  b u r s t s  during primary creep;  t h e  except ion  w a s  a premature 

f a i l u r e  d iscussed  above. The tests wi th  s t r a i n  b u r s t s  were t h e  low-stress  

tests. These r e s u l t s  seem t o  i n d i c a t e  t h a t  a t  t h e  h ighes t  stresses i t  

i s  p o s s i b l e  t o  f o r c e  d i s l o c a t i o n s  cont inuously through t h e  b a r r i e r  - a n  

ordered reg ion  o r  r eg ions  a s s o c i a t e d  wi th  the  d e n d r i t i c  cast s t r u c t u r e .  

A s  t h e  stress is  lowered, a stress is  reached where t h e  d i s l o c a t i o n s  

cannot be  cont inuously forced  through t h e  b a r r i e r  and they p i l e  up, 

followed even tua l ly  by a s t r a i n  b u r s t .  
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The f a c t  t h a t  t h e  s t r a i n  b u r s t  a c t i v i t y  decreases  wi th  inc reas ing  

temperature may be  a t t r i b u t e d  t o  one of  two processes ,  depending on 

t h e  cause of t h e  d i s l o c a t i o n  p i l eups :  (1) The amount of o r d e r  formed 

decreases  with inc reas ing  temperature  because of thermal f l u c t u a t i o n s ,  

(2) The inhomogeneities of t h e  cast s t r u c t u r e  have less e f f e c t  on t h e  

material because a t  e leva ted  temperatures ,  d i f f u s i o n  produces a 

l e v e l i n g  of those  inhomogeneities.  

From t h e  above d i scuss ion ,  w e  should be  a b l e  t o  q u a l i t a t i v e l y  

p r e d i c t  t h e  s t r a i n  b u r s t  behavior  a t  stresses lower than  those  used i n  

t h i s  s tudy.  A s  t h e  stress is  lowered, t h e  magnitude of t h e  s t r a i n  b u r s t  

i n  t h e  primary s t a g e  should cont inue t o  decrease ;  t h a t  i s ,  as t h e  loading  

s t r a i n  decreases ,  t h e  e x t e n t  of t h e  i n i t i a l  p i l e u p s  should decrease .  

Eventual ly ,  a stress should be  reached a t  which s t r a i n  b u r s t s  no longer  

occur dur ing  t h e  primary s t age .  However, s t r a i n  b u r s t s  should cont inue  

t o  occur during t h e  s t eady- s t a t e  s t a g e .  This fo l lows  because t h e  stress 

w i l l  b e  too s m a l l  t o  move d i s l o c a t i o n s  cont inuously through t h e  b a r r i e r s .  

The two pos tu l a t ed  d i s l o c a t i o n  b a r r i e r s  g ive  rise t o  d i f f e r e n t  

p r e d i c t i o n s  concerning continued s t r a i n  b u r s t  a c t i v i t y  f o r  low-stress  

long-time tests.  I n  such tests, t h e  specimens would b e  sub jec t ed  t o  

t h e  test  temperatures  f o r  a long per iod .  I f  o rde r  formation i s  assumed 

t o  be completed over  a long t i m e ,  then t h e  continued o r d e r  formation 

dur ing  test could l e a d  t o  more ordered  r eg ions ,  which would r e s u l t  i n  

continued ( o r  perhaps increased)  s t r a i n  b u r s t  a c t i v i t y .  On t h e  o t h e r  

hand, i f  t h e  cast s t r u c t u r e  i s  r e spons ib l e  f o r  prevent ing  d i s l o c a t i o n  

movement, t h e  prolonged exposure a t  temperature  could l e a d  t o  homogenization, 

which would, i n  tu rn ,  l e a d  t o  a decrease  i n  s t r a i n  b u r s t  a c t i v i t y .  Hence, 

long-time low-stress  tes ts  o r  tests a f t e r  ag ing  should r e s u l t  i n  reduced 

s t r a i n  b u r s t  a c t i v i t y  i f  t h e  cast s t r u c t u r e  f a c i l i t a t e s  s t r a i n  b u r s t s  

b u t  i n  heightened a c t i v i t y  i f  an  ordered s t r u c t u r e  induces t h e  s t r a i n  

b u r s t s .  Tests a t  t h e  h i g h e s t  temperature ,  566OC, should a l low us t o  

d i s t i n g u i s h  such behavior .  A t  t h e  lower temperatures ,  454 and 51OoC, 
s t r a i n  b u r s t  a c t i v i t y  w i l l  probably cont inue longer ,  because i f  t h e  cast  

s t r u c t u r e  i s  r e spons ib l e  f o r  t he  s t r a i n  b u r s t s ,  a t  t h e s e  temperatures  

d i f f u s i o n  w i l l  on ly  slowly e l i m i n a t e  t h e  inhomogeneous s t r u c t u r e .  
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I n  t h e  f u t u r e  w e  in tend  t o  

material t o  t h a t  of weld m e t a l .  

e l e c t r o n  microscopy s t u d i e s  and 

compare t h e  c reep  behavior  of wrought 

This  s tudy,  a long wi th  t ransmiss ion  

low-stress  tests on weld m e t a l ,  should 

h e l p  t o  determine t h e  cause of t h e  s t r a i n  b u r s t s .  The e f f e c t  of thermal 

aging w i l l  a l s o  b e  inves t iga t ed .  

454-566"CY then t h e  s t r e n g t h  of t h e  weld m e t a l  would be  expected t o  

inc rease ,  as observed i n  t h e  t e n s i l e  s t u d i e s .  

I f  an  ordered s t r u c t u r e  forms a t  

2 

Although no ex tens ive  l i t e r a t u r e  search  w a s  undertaken, two r e p o r t s  

of r e l a t e d  observa t ions  of ins tan taneous  e longa t ion  - "pe r iod ic  s t r a i n " ' *  

o r  " s t r a i n  b u r s t s " l g  - were found. 

a l l o y  wi th  approximately 0.25 w t  % Cu, 0.6 w t  % S i ,  1.0 w t  % Mg, and 

0.25 w t  % C r  - " t e s t e d  i n  creep a t  room temperature  s e v e r a l  months a f t e r  

commercial aging exh ib i t ed  smooth s t r a in - t ime  curves." 

t e s t e d  ' I . . .  w i t h i n  a few hours  a f t e r  t h e  commercial ag ing  t reatment  [ i t ]  

exh ib i t ed  sudden p e r i o d i c  ex tens ions  superimposed on a smooth s t r a in - t ime  

curve." Lubahn's "pe r iod ic  extensions" w e r e  much smaller - less than 

0.1% - than those  observed i n  ERNiCr-3. Lubahn recorded more than t e n  

jumps i n  a ten-hour test ,  i n s t e a d  of t h e  few l a r g e  jumps noted f o r  

ERNiCr-3. 

Lubahn noted t h a t  61ST - an  aluminum 

However, when 

Lubahn poin ted  o u t  t h a t  Andrade2' noted a similar phenomenon f o r  

copper t e s t e d  a t  room temperature.  

"A p e c u l i a r i t y  of copper w i r e  w a s  t h a t  i t  showed sudden s l i p s  a t  

i r r e g u l a r  i n t e r v a l s ,  which perhaps may be  c a l l e d  'copper quakes' as 

being analogous t o  t h e  geo log ica l  s l i p p i n g  supposed t o  r e s u l t  i n  

ear thquakes .I1 

Andrade's d e s c r i p t i o n  i s  i n t e r e s t i n g :  

Again these  "copper quakes" w e r e  s m a l l .  

Lubahn" discovered a second e f f e c t  i n  61ST t h a t  "is aging  r a p i d l y  

during deformation." 

occurred upon a p p l i c a t i o n  of t h e  load ,  a f t e r  which t h e  material d i d  no t  

e longate  f u r t h e r .  Furthermore, success ive  add i t ions  of s m a l l  load  

increments never caused gradual  s t r a i n i n g .  

e i t h e r  sudden p l a s t i c  ex tens ion  occurred o r  t h e  specimen remained elastic." 

Lubahn a t t r i b u t e d  both t h e  "per iodic  extension" and t h e  ''sudden p l a s t i c  

extensions" t o  t h e  f a c t  t h a t  t h e  "metal is  aging whi le  i t  is  be ing  

p l a s t i c a l l y  deformed." 

H e  found I' ... t h a t  a l a r g e  p l a s t i c  ex tens ion  

Af te r  each load  increment,  



Chalco' observed a behavior  similar t o  Lubahn's ''sudden p l a s t i c  

extensions,"  t h e  second e f f e c t  c i t e d  earlier.  I n  two low-carbon 

2 1 /4  C r - 1  Mo s tee ls ,  Chalco found t h a t  ' I . .  . very o f t e n  a n  increment of 

stress w a s  accompanied by a s t r a i n  b u r s t . . .  . The increment of  stress 

requi red  w a s  about 14 MPa ( 2  k s i )  i n  a test  o f t e n  a l r eady  loaded t o  

345 MPa (50 k s i ) .  Chalco noted ex tens ions  of up t o  1%. H e  l abe led  h i s  

observa t ion  a " s t r a i n  b u r s t , "  a l though he  d id  no t  e x p l a i n  i t .  

t h i s  d e s c r i p t i o n  al though t h e  s t r a i n  b u r s t s  exh ib i t ed  by E R N i C r - 3  d i f f e r  

from both the  second type  found by Lubahn and those  found by Chalco. 

They more nea r ly  resemble Lubahn's "per iodic  extension" and Andrade's 

I 1  

W e  adopted 

copper quakes." W e  t r i e d  t o  produce a s t r a i n  b u r s t  by adding small I I  

increments of l oad  t o  a specimen creeping  i n  t h e  s t eady- s t a t e  s t a g e  a t  

51OoC, b u t  no s t r a i n  b u r s t  occurred.  

Lubahn's obse rva t ion  t h a t  t he  "sudden p e r i o d i c  ex tens ions  occurred 

when t h e  a l l o y  i s  aging r a p i d l y  du r ing  deformation," a p p l i e s  t o  t h e  one 

explana t ion  advanced f o r  t h e  behavior  of ERNiCr-3 weld m e t a l .  During 

tes t  a t  t h e  temperatures  a t  which s t r a i n  b u r s t s  occurred,  short-range 

order  w a s  forming. 

Since t h e  premature f a i l u r e s  occurred a t  454, 510, and 566'C - t h e  

same temperatures  as t h e  s t r a i n  b u r s t s  - a connect ion w a s  n a t u r a l l y  

sought.  A premature f a i l u r e  may be  considered a ' ' s t r a i n  b u r s t  t o  

i n f i n i t y "  - s t r a i n  b u r s t s  t h a t  cont inue beyond a l i m i t e d  s t r a i n  jump. 

The mic ros t ruc tu re  of t h e  welds may u l t i m a t e l y  h e l p  exp la in  t h e  connect ion 

between s t r a i n  b u r s t s  and premature f a i l u r e s .  

The as-welded ERNiCr-3 w a s  p rev ious ly  shown t o  con ta in  very  s m a l l  

d e f e c t s  s c a t t e r e d  through t h e  m i c r o s t r u c t u r e Y 2  d e f e c t s  of a s i z e  t h a t  

radiography could no t  d e t e c t .  These d e f e c t s  w e r e  always found i n  g r a i n  

boundaries  and o f t e n  appeared t o  be g r a i n  boundary c racks  (Fig.  1 7 ) .  

The t e n s i l e  f a i l u r e s  occurred t r a n s g r a n u l a r l y ,  However, w e  found no 

d i r e c t  evidence t o  relate t h e  c racks  t o  t h e  g r a i n  boundary d e f e c t s  

observed on t h e  as-welded material, a l though we suspected t h a t  they were 

connected. 

A s  t h e  temperature  w a s  increased  and t h e  c reep  stress decreased,  g ra in  

boundary s e p a r a t i o n  became more important t o  the  f r a c t u r e  process .  On 

t h e  o t h e r  hand, a t  a l l  stresses a t  454'C and a t  a l l  b u t  t h e  lower stresses 
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Fig. 17. Example of Scattered Cracks or Voids That Were Observed 
in As-Welded ERNiCr-3. Etched with 5:l HC1:HN03. 200x. 

at 510 and 566OC, the failures were transgranular. Nevertheless, as 

was true for the tensile tests, there were again scattered instances of 

grain boundary separation. And again, we must logically suspect a 

connection between these grain boundary cracks and those seen in the 

as-welded microstructure. 

The "knobby" deformation was previously related to the microstructure 

of the weld. Similarly, in creep specimens metallographically examined 

(Fig. 18), knobs often appeared on the surface near the position where 
several grain boundaries met [Fig. 18(a)]. In other cases the knob 
resulted from grain boundary cracks in material adjacent to the external 

surf ace. 
The connection between strain bursts and premature failures may 

well lie in the origin of the knobby deformations. If during a large 
strain burst, an instability - a  knob, which is really the start of a 

neck - develops, it could lead to failure. This is especially true if 
that instability results from a grain boundary crack such as that shown 

in Fig. 18(b). Neck formation is favored by high strain rates and low 

temperatures and the strain rates during a strain burst would appear to 

be quite large. Hence, if a cavity is present in conjunction with the 



(b. 

Fig. 18 .  Photomicrographs That Demonstrate the Cause of “Knobby” Deformation During Creep. 
(a) Adjacent t o  pos i t ion  where several grains meet. 1OOX.  (b) Adjacent to  grain boundary cracks. 5 0 X .  
(c) Enlarged v i e w  of crack i n  (b). 1 O O X .  (a) and (c) were etched with 5 : l  HCl:HNO3.  
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neck (knob), deformation can then proceed to failure, turning the creep 
test into a tensile test. At 621, 677, and 732"C, there were knobby 

deformations only for a few of the higher stresses and no premature 

failures. 
SUMMARY AND CONCLUSIONS 

Creep-rupture tests were made on ERNiCr-3 (Inconel 82) weld metal over 

the range 454-732°C. 

weldments made with the automatic gas tungsten-arc process with cold-wire 

filler additions. 

Tests were made on weld metal specimens taken from 

The following summarizes the results and conclusions: 

1. Metallography revealed scattered grain boundary "cracks" or 
"voids," which radiography coud not detect. 

2. Creep behavior fell into two temperature regimes, which respec- 

tively consisted of tests at 454, 510, and 566°C and tests at 621, 677, 

and 732°C. 
at 677 and 732OC, their characteristics often fell between those of the 

low- and high-temperature regimes. 

Although the 621°C-test results generally resembled those 

3. The creep-rupture curves in the low-temperature regime were 

quite flat - especially at high stresses - and were characterized by 

a change in slope. Similar behavior was noted for logarithmic plots 

of stress against minimum creep rate. Stress exponents from the latter 
plots were on the order of 25-30 for the low-stress tests for the 

low-temperature regime, as opposed to values of 8-10 for the 

high-temperature tests. 

4. Creep curve shapes differed for the two temperature regimes. 
At the low temperatures, creep curves were characterized by a high 

initial creep rate followed by a rapid transient to the steady state, 
and essentially no tertiary creep. Creep curves for tests in the 

high-temperature regime displayed a lower initial creep rate, less 
steady-state creep, and a longer period of tertiary creep. 

5. For certain tests at 454, 510, and 566OC, the creep curves 

exhibited strain "jumps" termed "instantaneous elongation'' or "strain 

bursts." Such strain bursts were observed during primary creep and/or 

during the steady-state stage. The percentage of tests that displayed 

such strain bursts increased with decreasing temperature: that is, 40% 

of tests at 566OC, 67% at 51OoC, and 73% at 454°C exhibited them. No 

strain bursts were observed above 566°C. 
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6.  Severa l  tests a t  454, 510, and 566OC ruptured  prematurely,  t h a t  

is, t h e  tests d i d  n o t  obey t h e  r u p t u r e  curves  e s t a b l i s h e d  by t h e  ma jo r i ty  

of tests. Evidence suggested t h a t  t h e  premature f a i l u r e s  w e r e  r e l a t e d  

t o  both t h e  s t r a i n  b u r s t  phenomenon and t h e  s c a t t e r e d  h o l e s  t h a t  w e r e  

observed by o p t i c a l  microscopy i n  t h e  as-welded a l l o y .  

7. W e  p o s t u l a t e  t h a t  t h e  s t r a i n  b u r s t  phenomenon is  connected 

wi th  the  formation of d i s l o c a t i o n  p i l eups  w i t h i n  t h e  mat r ix .  The 

l o c a l i z e d  release of a p i l eup  t r i g g e r s  neighboring p i l e u p s  and g ives  rise 

t o  t h e  propagat ion of a Luder 's  deformation band along t h e  gage l eng th .  

The p i l eups  may e i t h e r  r e s u l t  from t h e  formation of short-range o rde r  

i n  t h e  a l l o y  o r  be  p e c u l i a r  t o  t h e  ERNiCr-3 cast s t r u c t u r e ,  as opposed 

t o  a wrought s t r u c t u r e .  A combination of t hese  two f a c t o r s  may a l s o  

h e l p  create p i l eups  and s t r a i n  b u r s t s .  
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