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* ,  INTRODUCTION 

Current design rules1 for elevated-temperature nuclear sLstems. 

require consideration of the time to the onset of tertiary creep as 

one factor in the determination of design allowable stress intensity 

limits; Reasons for this. criterion include the preventi~n of 

metallurgical or geometric instabilities that might lead to failure 

or to excessive'strain during service. Unfortunately, the 

manifestations of tertiary creep can vary widely from material to 

material, and the actual physical meaning of this criterion is 

somewhat unclear. 

In recent ..investigations2-l2 creep data for a' number of common 

elevated-temperature structural materials have been examined in order 

-- to describe-the manifestations of tertiary creep in various systems. 

Materials examined include types 304 and 316 austenitic stainless . .  

steels, f erritic 2 1/4 C r l  Mo steel, nickel base alloy '718, Hastelloy 

alloy X, class ERN~'c~--3 weld metal., and the high nickel austenitic 

'alloy 800H. Features studied,include the strain incurred before the 

onset of tertiary creep and its relationship to the total creep strain 

to.rupture and the time to tertiary creep and its relation to the time 

to rupture. This paper seeks to summarize and interpret the results 
. - 

of those investigations. 

In addition, creep tests for alloy 715 have been discontinued at 

various points from about 20% of the rupture life to the actual rupture 

point. Phenomenological examination,of experimental data and metallographic 

examination of specimens from the discontinued tests have been used to 

relate the occurrence of tertiary creep to micorstructural changes in the 



m a t e r i a l .  It i s  shown t h a t  t h e  observed o n s e t  of t e r t i a r y  c r eep  i n  

terms of i n c r e a s i n g  c reep  r a t e s  does not  n e c e s s a r i l y  imply. i n s t a b i l i t y  

o r  impending f a i l u r e .  

DATA USED 

Data examined f o r  t ype  304 s t a i n l e s s  s t e e l  were de r ived  p r i m a r i l y  . 

from t e s t s '  conducted a t  Oak Ridge Nat iona l  Laboratory (ORNL) on 20 h e a t s  

of annealed m a t e r i a l .  References 4 and 1 3  d e s c r i b e  t h e  behavior  of 

t h o s e  h e a t s .  Data f o r  t y p e  316 s t a i n l e s s  s t e e l ' w e r e  taken  p r i m a r i l y  

from two hea ts14 '15  w i t h  a d d i t i o n a l  r e c e n t  d a t a  having been 'genera ted  

a t  ORNL. Data f o r  s e v e r a l  h e a t s  of a l l o y  8.0OH were t aken  from a 

v a r i e t y  of sources ,  a s  desc r ibed  elsewhere.  5~ Informat ion  f o r  . 

2 114 Cr-1  Mo s t e e l  inc luded  annealed and i so thermal ly . -annea led  

m a t e r i a l  w i t h  o r  wi thout  subsequent  s imula ted  postweld h e a t  t r ea tmen t s .  

Air-melted, e l e c t r o s l a g  remel ted  (ESR), and vacuum a r c  remel ted  (VAR) 

m a t e r i a l s  were, cons idered .  Data were taken  from Refs .. .l6--19 .and were 

analyzed i n  d e t a i l  p r ev ious ly .  7 y  Data f o r  a l l o y  718 were ob ta ined  

from r e c e n t  ORNL t e s t  programs9 f o r  t h r e e  d i f f e r e n t  h e a t s  of m a t e r i a l .  

Data f o r  ~ a s t e l l o ~  a l l o y  X were taken  from Ref. 20 and a r e  analyzed i n  

Ref. 11. Reference 12  p r e s e n t s  d e t a i l e d  a n a l y s i s  of da t a21 ,22  f o r  

c l a s s  ERNiCr-3 weld meta l  (commonly known a s  Inconel  82) .  

DEFINING THE ONSET OF TERTIARY CREEP 

One f a c t o r  t h a t  compl ica tes  a n a l y s i s  f o r '  d a t a  d e s c r i b i n g  t h e  o n s e t  

of  t e r t i a r y  c r eep  i s  t h e  problem of d e f i n i n g  t h e  onse t  p o i n t  f o r  

i n d i v i d u a l  c r eep  s t r a i n - t i m e  curves .  For a c l a s s i c a l  cu rve  a s  shown 

i n  Fig.  1, t h e  t imes  t2 and t,, a r e  both commonly used measures of t h e  



I time to the onset of tertiary creep, with e2 and ess being the 

corresponding creep strains The definition problem becomes much 

more complicated as the creep curve shape becomes less classical. 

The creep strain-time behavior of 2 1'14 C r l  Mo steel can be cquite 

complicated. This material strongly tends toward~nonclassical creep 
- 

behavior (Fig. 2). This behavior is discussed in,more detail by 

who points out that the increase in creep rates at the end 

of' the first steady-stage does not represent the onset of tertiary creep 

. (as one might wrongly be led to believe)'. Rather, it probably represents 
. . 

.. b . . 
. a metallurgical instability within the material. The..creep rate is 

, '  

controlled by different mechanisms in the two steady-state stages. 

I The existence of two separate steady-state stages appears to be a 

dominant feature of the behavior of this material and should be 
. . 

. . 
. .  . . . accounted for by any predictive model. For the nonclassical curve 

. . . . .  : . . . (Fig. 2) we have called7, the first primary and steady-state portions 

"Type I" creep and .the second linear portion "Type IItt creep. The 

stress-temperature conditions which produce classical or nonclassical 

creep vary with heat and.heat treatment. 

If the ,transition from Type I to Type I1 creep is wrdngly assumed 

to be the onset of tertiary creep, then 2 114 Cy1-Mo steel appears 

to display early onset of tertiary creep. .However, for the classical 

curves available, the time,to the onset of tertiary creep is always 

about half the rupture life, t,. For the nonclassical curves the end 

of the second linear stage is also about half the rupture life. For 



t h i s  r ea son  i t  i s  thought  t h a t  t h e  t r u e  o n s e t  of t e r t i a r y  c r eep  begins  

a t  t h e  end of t h i s  second l i n e a r ' s t a g e .  The end of t h e  f i r s t  l i n e a r  

s t a g e  r e p r e s e n t s  merely a mechanism change. Onset of t e r t i a r y  c r eep  

was d i f f e r e n t i a t e d  from t h e  end of Type I c reep  through t h e  c l a s s i f i c a t i o n  

procedure descr ibed .  e lsewhere.  7' 

Has te l loy  a l l o y  X o f t e n  d i s p l a y s  n o n c l a s s i c a l  c r eep  curves  s i m i l a r  

t o  t h o s e  noted f o r  2 1 / 4  C r l  Mo s t e e l .  A t  p r e s e n t  no m e t a l l u r g i c a l  

exp lana t ion  has  been developed f o r  t h i s  behavior .  However, it was 

concluded ll. t h a t  the: end of t h e  second l i n e a r  . s t a g e  was a p p r o p r i a t e l y  

c a l l e d  t h e  o n s e t  of t e r t i a r y  c r eep  f o r  t h i s  m a t e r i a l  a s  w e l l .  

Both a l l o y s  800H and 718 show t endenc ie s  toward unusual ly  e a r l y  

onse t  of t e r t i a r y  c reep .  A s  shown i n  F ig .  3 t h e  c r eep  curves  f o r  such 

t e s t s  o f t e n  do n o t  d i s p l a y  a c l e a r  r e g i o n  of l i n e a r  c r eep  a t  all ' ,  making 

measurement of t h e  t ime t o  t e r t i a r y  c r eep  p a r t i c u l a r l y  d i f f i c u l t .  . In  

t h e  c u r r e n t  a n a l y s i s  t 2  and tss f o r  a l l o y  800H were determined a s  shown 

i n  Fig.  1. For a l l o y  718 only  tss was determined s i n c e  we f e l t  t h a t  tss 

could be more c o n s i s t e n t l y  determined than  t2 f r o m . t h e  curves  f o r  t h a t  

m a t e r i a l .  Types 304 and 316 s t a i n l e s s  steel u s u a l l y  d i s p l a y  f a i r l y  

c l a s s i c a l  behavior ,  a l t hough  unusual  phenomena do occur  (Fig.  4 ) .  The 

behavior  of ERNiCr3 weld meta l  v a r i e s  w i t h  temperature,  a s  w i l l  be 

desc r ibed  below. 

'Not ing  t h e  above d i f f e r e n c e s  i n  behavior  from m a t e r i a l  t o  m a t e r i a l ,  

v a l u e s  f o r  tss, ' t2, ess, and e2 were determined from a v a i l a b l e  c r eep  

curves .  These va lues  were next  examined t o  i d e n t i f y  t r e n d s  i n  behavior  

f o r  t h e  v a r i o u s  methods. 



PHENOMENOLOGY OF TERTIARY CREEP 

TIME TO TERTIARY CREEP 

Probably t h e  most widely used2, 0 ,  5 ,  23-25 method. f o r  a n a l y s i s  of 

t e r t i a r y  c r eep  d a t a  i s  t h e  examination of r e l a t i o n s h i p s  between t h e  t ime 

I t o ' t e r t i a r y  c r eep  and t h e  corresponding t ime t o  r u p t u r e ,  t,. A l l  of t h e  

above m a t e r i a l s  have been shown5, 6,  ' 9  0 ,  3 ,  t o  obey a r e l a t i o n s h i p  of 

t h e  form , 
\ 

. .  . . . . 

where t3 ,  m y  be  tss o r  t2 .  .and where A and 6 a r e  f u n c t i o n s  of m a t e r i a l  . 

only ,  except  f o r ' a l l o y  800H where A i s  a  f u n c t i o n  of tempera ture  a s  w e l l  

and ERNiCr--3 where bo th  A .and 6 vary  w i t h , t e m p e r a t u r e .  

For ERNiCr3 i n  t h e  tempera ture  range  from 454 t o  5660C:' 

t h e r e . w a s  e s s e n t i a l l y  no t e r t i a r y . c r e e p  p o r t i o n ,  w i t h  r u p t u r e  occu r r ing  

.very  qu ick ly  a f t e r  d e v i a t i o n  f.rom l i n e a r  c r eep .  I n  t h i s  regime t2 and 

tss a r e  e s s e n t i a l l y  e q u a l , . a n d . e i t h e r  can be desc r ibed  by 

Data f o r  tss i n  t h e  range  677-732°C showed c u r v a t u r e  when p l o t t e d  

log-log . aga ins t  t, (Fig.  5 ) .  Th i s  phenomenon can  be a t t r i b u t e d  t o  t h e  

shapes  of  t h e  c r eep  curves  i n  t h i s  range.  A s  t imes  become longer  t h e  

c r eep  s t r a i n  t o  t e r t i a r y  c r eep  becomes s m a l l e r ,  and t h e  c o n s t a n t  0.2% 

o f f  s e t  'becomes r e l a t i v e l y  l a r g e r .  A s  a  r e s u l t  ' ts, becomes a  l a r g e r  and 

l a r g e r  f r a c t i o n  of t,. .When viewed i n  t e r m s  of t 2 ,  t h e s e  p l o t s  a r e  

a g a i n  e s s e n t i a l l y  l i n e a r ,  w i th  t h e  behavior  be ing  desc r ibed  by 



a s  shown i n  F ig .  6. This  equa t ion  w i l l  e v e n t u a l l y  y i e l d  t 2  > t, a t  

ve ry  long  t imes.  For t h e  l o n g e s t  term a v a i l a b l e  d a t a  t2 % 0.2tp. Thus 

we ( a r b i t r a r i l y )  recommend p r e d i c t i n 5  t 2  by Eq. (3)  o r  by t2 = 0.6tr .  

-% ,$.* 
.w%ichever i s  s m a l l e r ,  s i n c e  0.615~ f a l l s  midway between 0.2tr and try t h e  

range  i n  which t 2  must l i e .  The beh3vior seen  i n  Fig.  5  i n d i c a t e s  t h a t  

perhaps a  . va r i ab l e  o f f s e t  would be more a p p r o p r i a t e  ' than t h e  f i x e d  

( a r b i t r a r y )  v a l u e  o f - 0 . 2 % .  A t  621°C t 2  was g iven  by approximately 0.85tr,  

showing behavior  i n t e r m d e i a t e t o  t h e  above two tempera ture  regimes. 

F igu res  7 and 8 i l l u s t r a t e  t h e  a p p l i c a b i l i t y  of Eq'. (1) t o  o t h e r  m a t e r i a l s ,  

wh i l e  Table  1 summarizes t h e  v a l u e s  of A and B .  ' 

It should be noted t h a t  t h e  t ime to-  t e r t i a r y  c reep  can  be t r e a t e d  

d i r e c t l y  a s  a func t ion .  of .. s t r e s s - . and .  temperature.  4 9 5 9  9 3  Such, 

a n a l y s i s  c a n  be performed us ing  techniques  s i m i l a r  t o  t h o s e  commonly 

used f o r  s t r e s s - r u p t u r e  d a t a .  26,  27 

STRAIN TO TERTIARY CREEP 

Techniques used by t h e  a u t h o r s  f o r  e s t i m a t i o n  of t h e  s t r a i n  i ncu r red  
. . 

b e f o r e  t h e  o n s e t  .of t e r t i a r y  c r eep  a r e  desc r ibed  i n  d e t a i l  e lsewhere.  2.y 3 9  28' 

The method i s  e s s e n t i a l l y  t h a t  proposed by and expanded by 

601dhof f  f o r  s t r a i n  t o  r u p t u r e . .  Using ess a s  a n  example ( t h e  

t r ea tmen t  o f Z e 2 - i s  ana logous) ,  t h e  average  c reep  r a t e  t o  t e r t i a r y  c r eep  

kss i s  ' de f ined  by 

kss = ess/tss . ( 4  

Although t h e  s c a t t e r  i n  ess and e2  i s  o f t e n  too  g r e a t  t o  permi t  a  

. . .  
meaningful d i r e c t  a n a l y s i s ,  t h e  q u a n t i t i e s  kss and 22 u s u a l l y  e x h i b i t .  

f a r  l e s s  s c a t t e r .  They can then  be t r e a t e d  d i r e c t l y  by pa rame t r i c ,  

r e g r e s s i o n ,  o r  o t h e r  techniques .  W e  have g e n e r a l l y  ob ta ined  optimum 

, r e s u l t s  w i t h  t h e  r e l a t i o n s h i p s  



a ' '  r i 
. 8  

&3 = BB; (5) 

or h3 =' ~t/ , (6) 

where k 3  is Bss or e2 and where B S " ~ ,  D, and y are material constants; 

Figures 9 and 10 illustrate tha applicability of E q .  (5) , whLle 

Table 2 suynarizes the results for various materials. 

In some cases' parameter D in E q .  (6) was found to be a definite 

I function of' temperature.- Table 3 summarizes the correlations obtained 

Lo>.. . 
for some of the materials by use of an equation o.f,,&e form 

.- . -. ':" -.:. . . .. 

where DO, yo, and Q .are temperature-independent material constants, R 
, . .. - - . . . .  . . . .... 

is the gas ;onstint (8.31 Jlmole), and T is the temperature in K. As ' , 

illustrated in Fig. 11 the fits are again quite good. 
.. . 

Data for kg can also be .examined directly as a function of'stress 

and temperature. Such direct analyses for alloy 800H (for B2 and t2) . . .  :. 

yields -a final equation for ei as 

where 

T = temperature (K) and 

u = stress (MPa). 

Whatever methods are used, estimation of t3 and k3 then yields e3'as 

I as the product of the two. Figures 12 and 13 compare typical predictions 



I STRAIN TO RUPTURE 

The c reep  s t r a i n  t o  r u p t u r e ,  ep, can  be  t r e a t e d  by methods analogous '  

t o  t hose  used above f o r  e3. I n  many c a s e s  t h e  only  a v a i l a b l e  measure 

I of r u p t u r e  d u c t i l i t y  i s  i n  terms of t o t a l  s t r a i n  (c reep  p l u s  

I i n s t an t aneous  p l a s t i c  s t r a i n  on l o a d i n g ) ,  et. Fo r tuna te ly ,  t h e  two 

q u a n t i t i e s ,  e r .and  e t ,  can be t r e a t e d . s i m i l a r l y .  Good r e s u l t s  have 

I g e n e r a l l y  been obta ined  by r e l a t i n g  t h e  average  s t r a i n  r a t e s  

&, = +Itr and Bt = et/ tr  by 

-6 
2, = Et, 

I where t h e  m a t e r i a l  cons t an t s '  E, 6, G,. and E may a l l  be f u n c t i o n s  of temperature.  

I This  temperature dependence can sometimes be  d e s e r i b e d ' i n  t h e  form 

. . 

whbre R i s  t h e  gas  cons t an t ;  E o , ' Q , . a n d  6 0  a r e  t h e  m a t e r i a l  c o n s t a n t s ,  and 

T i s  t h e  a b s o l u t e  temperature.  On t h e  o t h e r  hand, f o r .  2 114 C r l  Mo 

s t e e l  t h e  tempera ture  dependence i s  n e g l i g i b l e .  The q u a n t i t y  hr can 

a l s o  be  d i r e c t l y  t r e a t e d  a s  a f u n c t i o n  of s t r e s s  and tempera ture  ( a s  

can  k 3 ) .  Figures  14 and 1 5  i l l u s t r a t e  t h e  r e l a t i o n s h i p  between average  

s t r a i n  r a t e  t o  r u p t u r e  and r u p t u r e  l i f e ,  wh i l e  F ig .  1 6  compares t y p i c a l  

p r e d i c t i o n s  w i t h  d a t a  f o r  s t r a i n  t o  r u p t u r e .  Optimum r e s u l t s  f o r  t h e  

c u r r e n t  m a t e r i a l s  were obta ined  from t h e  fo l lowing  equat ions :  



304 Stainless 

316 Stainless 

8, = 1.061 x 106e -79,?76/RT -1.029 
tr 

Alloy 718 

-72,210/RT -1.0 
&,,..=. 136,700e *r 

.. . 

Alloy 800H 

. . ~ a s t e i l o ~  Alloy X 

9 , 14010ga' (64!3-760°C)' logkt = 24.02 - 39,080IT - 2.6661oga + - 
T 

ERNiCr--3 Weld Metal 

&, = 38tp4. 0 

B, = 0.0042e 71,02O/RT -1.3 
tr 



DISCUSS I O N  

TRENDS I N  BEHAVIOR 

Table 4  summarizes p r e d i c t e d  t r e n d s  i n  e3, t3, e, (o r  e t ) ,  and 

e3/ep a s  f u n c t i o n s  of r u p t u r e  l i f e  a t  d i f f e r e n t  tempera tures .  A s  

d i s cussed  elsewhere,  2' t r e n d s  i n  cre2p d u c t i l i t y  d a t a  are o f t e n  more 

c l e a r l y  d i s c e r n a b l e  i n  terms of s t r e s s  than  t ime,  bu t  t ime i s  a 

convenient  index  from which t o  draw i n f e r e n c e s  .about the. . importance of 

v a r i o u s  t r e n d s  f o r  des ign  a p p l i c a t i o a s .  

Trends c l e a r l y  va ry  from m a t e r i a l  t o  m a t e r i a l .  The r a t i o  t3/tr 

may be c o n s t a n t ,  may i n c r e a s e  o r  d e c r e a s e  w i t h  t ime,  and may dec rease  

w i t h  temperature.  The p r e d i c t e d  q u a n t i t y  e 3  always d e c r e a s e s  w i t h  t ime 

except  f o r  2 11.4 Cr--1 Mo s t e e l ,  where i t  remains cons t an t  w i t h i n  t h e  

d a t a  'used  here .  For 304 'and .316 s t a i n l e s s  s t e e l s  e j  i n c r e a s e s  w i t h  

tempera ture ,  wh i l e  f o r  2 1 / 4  C?lMo s t e e l ,  a l l o y  718, a l l o y  800H, and 
I 

Has te l loy  a l l o y  X, e3 shows no tempera ture  dependence w i t h i n  t h e  range  

s t u d i e d  (Table 11). Trends i n  e 3  (and e t )  f o r  ERNiCr3 weld meta l  w i t h  

tempera ture  are complex..  The s t r a i n  t o  r u p t u r e  (e, o r  e t )  dec reases  

w i t h  t ime except  f o r  2 1 / 4  C r l  Mo s t e e l  and a l l o y  718 (and ERNiCr--3 a t  

4 5 4 O ~ )  . Ris ing  tempera ture  may. y i e l d  i n c r e a s i n g  va lues  f o r  e, o r  e t  

(304' o r  316 s t a i n l e s s ,  a l l o y  718, a l l o y  800H, ERNiCr3 a t  some tempera tures) ,  

dec reas ing  va lues  f o r  e, o r  e t  (Has t e l loy  a l l o y  X, ERNiCr--3 a t  some 

tempera tures) ,  o r  c o n s t a n t  v a l u e s  (2 1 / 4  Cr-1  M o ' s t e e l ) .  The r a t i o  of 

e3/e, ( o r  e3 /e t )  can go up o r  down w i t h  t ime o< temperature.  

Examination of Table 4  g i v e s  a  good i d e a  of expected t y p i c a l  t r e n d s  

f o r  t h e  m a t e r i a l s  inc luded  i n  t h i s  s tudy ,  and those  t r e n d s  w i l l  n o t - b e  .. . . .- -. . . ._ . . _  . 



r e i t e r a t e d  i n  t h e  t e x t .  However, of p a r t i c u l a r  i n t e r e s t  a r e  t h e  

extremely low va lues  of ej/e, f o r  some of t h e  m a t e r i a l s ,  i n d i c a t i n g  a 

s u b s t a n t i a l  c a p a c i t y  f o r  s t r a i n i n g  even beyond t h e  o n s e t  of t e r t i a r y  

c reep .  

It should be noted t h a t  t h e  va l . l e s  i n  Table 4 a r e  in tended  t o  show 

t y p i c a l  t r e n d s  i n  behavior .  Creep d u c t i l i t y  d a t a  show cons ide rab le  

s c a t t e r ,  so  a c t u a l  v a l u e s  may va ry  somewhat from t h o s e  g iven  i n  t h e  

t a b l e .  E f f e c t s  such a s  heat- to-heat  v a r i a t i o n s  i n  behavior  can  a l s o  be 
I 

impor tan t ,  b u t  t h e  va lues '  i n  t h e  t a b l e  g i v e  a good i d e a  of t y p i c a l  

I p r o p e r t i e s  based on a v a i l a b l e  d a t a .  

TERTIARY CREEP AS A DESIGN CRITERION 

C u r r e n t  e l eva t ed  tempera ture  des ign  r u l e s  l r e q u i r e  c o n s i d e r a t  i on  
. . 

< 

of t h e  s t r e s s  t o  cause  (wi th in  t h e  des ign  l i f e )  r u p t u r e ,  o n s e t  of 

I ' 
t e r t i a r y  c r eep ,  o r  1% t o t a l  through-thickness  s t r a i n .  I 

The a c t u a l  occurrence  of c r eep  r u p t u r e  i s  a n  obvious des ign  c r i t e r i o n  : 

i n  t h a t  i t  i s  d i r e c t l y  r e l a t e d  t o  f a i l u r e .  I n  some c a s e s  t h e  onse t  of 

t e r t i a r y . c r e e p  can  a l s o  be r e l a t e d  t o  f a i l u r e .  Penny and ~ a r i o t t ~ l  
. . 

expres s  t h e  view t h a t  c r eep  r u p t u r e  'as a n  i n s t a b i l i t y  i s  more r e l a t e d  
I 

t o . t h e  c o n d i t i o n s  preceding and caus ing  t h e  o n s e t  of t h e  i n s t a b i l i t y  

than  t o  t h e  c o n d i t i o n s  a f t e r  t h e  i n s t a b i l i t y  occurs .  Therefore ,  t h e  

o n s e t  of t e r t i a r y  c r eep ,  i f  v iewed.as  t h e  beginning of f a i l u r e ,  can  

have fundamental s i g n i f i c a n c e .  Grant e t  a1.  3 2 ~  3 3 .  suppor t  t h i s  view, 

f i n d i n g  t h a t  t h e  onse t  of t e r t i a r y  c reep  ( e s p e c i a l l y  i n  terms of 

d u c t i l i t y )  can be uo re  fundamental than  r u p t u r e  i t s e l f .  
. . 



Presumably, o n s e t . o f  t e r t i a r y  c r eep  as a des ign  c r i t e r i o n  i s  
. . 

meant t o  prevent  exces s ive  i n t e r n a l  c racking  and voidage and t o  prevent  

g r o s s  p l a s t i c  i n s t a b i l i t y .  ~ a r o f a l o ~ ~  i n d i c a t e d  t h a t  t h e  o n s e t  of J 

t e r t i a r y  c r eep  can  be r e l a t e d  t o  s e v e r a l  f a c t o r s ,  t h e  most commonly 

mentioned of which inc lude :  

1.. i n c r e a s i n g  s t r e s s  under cons t an t  l oad  ( r e s u l t  of dec rease  i n  

cro.ss-sect ion a r e a  caused by uniform deformat ion) ,  

2. i n c r e a s i n g  stress due t o  necking ( p l a s t i c  i n s t a b i l i t y ) ,  

3. void format ion  and c rack ing ,  

4. recovery ,  

5. r e c r y s t a l l i z a t i o n ,  and 
/ 

6 .  p r e c i p i t a t i o n  o r  r e s o l u t i o n  of one o r  more phases.  
' 

I n  a g iven  s i t u a t i o n  one o r  s e v e r a l  f a c t o r s  could be r e s p o n s i b l e  

f o r  t e r t i a r y  c reep .  The exac t  mechanism and meaning of t e r t i a r y  c r eep  

appear  t o  be  complex and probably va ry  from m a t e r i a l  t o  m a t e r i a l .  It i s  

n o t . c l e a r  t h a t  t h e  o n s e t  of t e r t i a r y  c r eep  can  be  d i r e c t l y  r e l a t e d  t o  

c r ack ing  o r  p l a s t i c  i n s t a b i l i t y ,  e s p e c i a l l y  when some ,unce r t a in ty  e x i s t s  

concerning t h e  ve ry  d e f i n i t i o n  of t h e  o n s e t  of t e r t i a r y  c r eep  even f o r  

a g iven  c reep  t e s t .  . . 
. . .  

Using t h e  p l a s t i c  i n s t a b i l i t y  c r i t e r i o n  proposed by   art^^ and 

Burke and ~ i x ~ ~  showed t h a t  p l a s t i c  i n s t a b i l i t y  can be  expected t o  begin  

i n  t h e  primary s t a g e  of c reep .  I n t e r e s t i n g l y ,  they  a l s o  f o u n d . t h a t  

c o n s t a n t  l oad  c reep  t e s t s  (wi th  t h e i r  s t e a d i l y a  i n c r e a s i n g  s t r e s s e s )  a r e  

n o t  i n h e r e n t l y  more u n s t a b l e  t han  c o n s t a n t  stress tests. . N O  d i r e c t  

r e l a t i o n s h i p  was noted between o n s e t  of t e r t i a r y  c r eep  a n d . g r o s s  p l a s t i c  . 

i n s t a b i l i t y  . 



~ 6 d e r b e r ~ ~ ~  s t u d i e d  t h e  t e r t i a r y  c r eep  behavior  of a  20 Cr--30 N i  

s t e e l ,  f i n d i n g  t h a t  t h e  i n c r e a s i n g  c reep  r a t e s  i n  cons t an t  l oad  c reep  

t e s t s  f o r  t h a t  m a t e r i a l  could o f t e n  be accounted f o r  merely by 

cons ide r ing  t h e  i n c r e a s i n g  s t r e s s  due t o  dec reas ing  specimen cross-  

s e c t i o n  w i t h  s t r a i n i n g .  On t h e  o t h e r  hand some g r a i n  boundary c racks  

developed dur ing  t e r t i a r y  c reep  a t  low stresses, and. bo th  soderbqrg 

and Burke and ~ i x ~ ~  observed t e r t i a r y  c reep  even i n  c o n s t a n t  s t r e s s  t e s t s .  

One s tudy38 f o r  type  316 s t a i n l e s s  s t e e l  d i d  r e v e a l  a ' c o r r e l a t i o n  

b e t w e e n . f a i l u r e  of b i a x i a l  tube  specimens and o n s e t  of t e r t i a r y  c r eep  .. 

i n  u n i a x i a l  specimens. F a i l u r e  i n  t h e  tubes  was de f ined  by l o s s  i n  

p r e s s u r e  due t o  .c rack  propagat ion  through t h e  w a l l .  However, t h e  t ube  

w a l l s  were q u i t e  t h i n ,  'being l e s s  t h a n . f o u r  g r a b - s  i n  average  th i ckness .  

For t h e  d a t a  used h e r e  2  114 Cr-1  Mo s t e e l  g e n e r a l l y  does n o t  show 

g r a i n  boundary c racks  even a t  r u p t u r e .  39 The f a i l u r e  i s  t y p i c a l l y  pure  

t r a n s g r a n u l a r  i n  n a t u r e ,  which may account  f o r  t h e  r e l a t i v e  t i m e  and , 

t empera ture  independence of t h e  s t r a i n  t o  t e r t i a r y  c r eep  and t o  r u p t u r e .  

At l onge r  t imes t h e  f a i l u r e  may become i n t e r g r a n u l a r ,  however. 
. . , . . . .- . , -- , . . .  

From Table. 4  i t  can  be seen  t h a t  a l l o y s  718 and 800H.can bo th  

d i s p l a y  very  low s t r a i n s  t o  t e r t i a r y  c r eep .  Both of t h e s e  m a t e r i a l s  

t y p i c a l l y  d i s p l a y  i n t e r g r a n u l a r  c r eep  r u p t u r e ,  which could be r e l a t e d  

t o  t h e  low va lues  f o r  e3  i f  c r ack ing  i s  indeed r e l a t e d  d i r e c t l y  t o  t h e  

o n s e t  of t e r t i a r y  c r eep . .  To i n v e s t i g a t e  t h i s  p o s s i b i l i t y  we s t u d i e d  

t h e  c reep  behavior  of a l l o y  718 i n  more d e t a i l .  A series of t e s t s  w a s  

conducted a t  620 MPa (90 k s i )  and 6 4 9 " ~  (1200°F). One t e s t  ruptured.  i n  

869 h r .  Other t e s t s  were loaded then  d i scon t inued  and unloaded a f t e r  

+out 0%, 20%, 40%, 60%, and 80% of t h e  l i f e  from t h e  r u p t u r e  test .  

These p o i n t s  a r e  r e l a t e d  t o  t h e  c r eep  curve  a t  t h i s  tempera ture  i n  



boundary cracking. None of the other tests showed significant amounts 

of such cracking, even though the creep rate increases steadily with time 
. . .- . 

beyond about 20% of the life. These increasing rates are not expected. 

. . to be due to changes in specimen cross-section, since total strains are 

quite small, at least in the initial portion of the increasing creep 

rates. No obvious microstructural changes that might be related to these 

increasing rates were observed through optical or scanning electron 

microscopy techniques. However, there is evidence that the creep 

strength of this material is 'strongly dependent on a finely dispersed 

y ' phase in the matrix. Transmission electron microscopy studies that 

might reveal any changes in the size and distribution of y' particles 

have not been performed. However, y' hardening can often be related to 

hardness values. 41 Room-temperature micro-hardness measurements 

(Table 5) revealed no discernible relationship between hardness decreases 

and increasing creep rates. 

Phenomenologically there is additional evidence from available 

stress-relaxation data for alloy 718 that the increasing creep rates 

at least in early tertiary creep are not a manifestation of instability 

. . or impending failure. When a single'specimen is loaded, allowed to 

relax, unloaded, reloaded, relaxed again, and so on, the material displays 

gradual net softening or increasing relaxatibn rates from cycle to cycle.42 

As shown in Fig. 19 this softening can be well-simulated by use of a 

creep equation9 that includes increasing creep rates in conjunction with 

the hypothesis of strain hardening.43 This agreement suggests that the 



increasing creep rates merely indicate a state (for whatever reason) 

of decreasing strain hardening, not a state of impending failure. 

In short there is little direct evidence for the materials 

considered here that the onset of.tertiary creep is a direct 

manifestation of excessive internal cracking or gross plastic instability. 

A second reason for the use of. ter.tiary creep as a design criterion is 

purely analytical. Many of the currently used creep laws4-8,12 for ' 

design analysis are valid only in the primary and secondary stages of - 
creep. There is also some question concerning possible numerical 

difficulties that might be encountered by implementing increasing creep 

rates in standard f inite-element computer programs. Limited results44 

from the CREEP-PLAST~~Y'~~ computer code indicated that these increasing 

rates could 'increase the' analysis cost but appeared to present no 

insurmountable difficulties. Moreover, recently developed creep lawsgy 

. for alloy 718 and for Hastelloy alloy X include regions .of increasing 

creep rate in their formulation. 

SUMMARY 

1The.,:time to the onset of tertiary creep is currently considered 

as one criterion for setting allowable stresses for elevated' 

temperature nuclear service. Ostensibly this criterion is meant to : . .  

provide assurance,against excessive cracking and void formation and to 

prevent gross plastic instability. 1t.also serves to prevent possible 

analytical difficulties with the treatment-of increasing creep rates 

in standard finite element analysis codes. ~xaminatio~ of data for 



s e v e r a l  common e l e v a t e d  tempera ture  s t r u c t u r a l  m a t e r i a l s  shows t h a t  

t h e  phenomenological m a n i f e s t a t i o n s  of t e r t i a r y  c r eep  can  va ry  

s i g n i f i c a n t l y  from m a t e r i a l  t o  mater i&l o r  w i t h  s t r e s s  and tempera ture  

f o r  a g iven  m a t e r i a l .  Indeed, v a r i a t i o n s  i n  c r eep  curve  shape can 

make i t  very  d i f f i c u l t  t o  e s t a b l i s h  3 c o n s i s t e n t  d e f i n i t i 0 . n  of o n s e t  of 

t e r t i a r y  c r eep  even f o r  i n d i v i d u a l  c r eep  curves .  Moreover, we have 

found l i t t l e  evidence of a d i r e c t  r e l a t i o n s h i p  between o n s e t  of 

t e r t i a r y  c reep  and cracking  o r  p l a s t i c  i n s t a b i l i t y ,  and c u r r e n t  des ign  

computer codes now appear  capable  of adequate ly  handl ing  i n c r e a s i n g  

c r e e p  r a t e s .  On t h e  o t h e r  hand, r u p t u r e  a s  a des ign  c r i t e r i o n  does n o t  

p reven t  t h e  u n s t a b l e  c o n d i t i o n s  l e a d i n g  t o  r u p t u r e .  The exac t  meaning 

of t h e  t e r t i a r y  c reep  c r i t e r i o n  i s  n o t  c l e a r  i n  l i g h t  of t h e s e  f i n d i n g s .  

However, t h e  c r i t e r i o n  i s  probably conse rva t ive .  While i n s t a b i l i t i e s  

I may not  occur  u n t i l  w e l l  a f t e r  t h e  o n s e t  of . i n c r e a s i n g  c reep  r a t e s ,  
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Table 1. Relationship between time to tertiary creep 'and rupture 
life' for various materials 

\ 

Number Temp era tur e 
Material Criterion o f A .I3 range of 

data data ("C) 

304 stainless 

304 stainless 

31'6 stainless 

2 114 C r l  Mo 

alloy 718 

alloy 800H 

alloy 800H 

Hastelloy X 

ERNiCr-3 

ERNiCr3 

b~bove T = 866K, A = 0.00135e~'~~''~; 
for T k 866K, A = 0.759 



Table 2. R e l a t i o n s h i p  between ave rage  c r eep  r a t e  t o  t e r r i a r y  c r eep  
and minimum c reep  r a t e  f o r  v a r i o u s  m a t e r i a l s  

~p 

Number Temp e r a  t u r  e 
M a t e r i a l  of B a r ange  of 

d a t a  d a t a  (OC) 

304 s t a i n l e s s  138  . 1 .110  0.974 482-816 

316 s t a i n l e s s a  120 1.602 0.995 593--816 

316 s t a i n l e s s  38 . 1.092  0.991 538-760 

- - . . , . ...- - . . .- . 
33 ) 60 . Has te l l oy  xd 1 .‘2 

. . 
' 649-760 

. . 
. ERNiCr-3 - 30 .. 0.84 . 0.75 : .  454-566 

. .: z3' ERNi,Cr--3 1 . 5  1 . 0  621-732 
-- _. . / - --. . . . . . . . . . 

a Data r ep re sen t ed  average  t o t a l  s t r a i n  ( c r eep  + . . . p l a s t i c  .+ . 
e l a s t i c )  r a t e  t o  t e r t i a r y  c r eep .  . . . .. . . . . 

b ~ r o m  c l a s s i c a l  c r eep  cu rves  

C ~ i o m  n o n c l a s s i c a l  c r eep  cu rves  . ' 

. . 

d&g was r e l a t e d  t o  tp r a t h e r  t h a n  t o  km . [Eq.  ( 4 ) ]  



Table 3. ~ e l a t i o n s h i ~  among average  c r eep  r a t e  t o .  t e r t i a r y  
c r eep ,  r u p t u r e  l i f e ,  and tempera turea  

Number Temperature 
M a t e r i a l  of DO Q Y 0 r ange  of 

d a t a  d a t a  ("C) 

304 s t a i n l e s s  139 41,725 58,809 1.088 482-816 

I 304 s t a i n l e s s  b 120 132 .7 . .  10 ,063  1.072 5 9 3 8 1 6  

I 316 S t a i n l e s s  3 8 205,447 70,358 1.064 5 3.8-7 6 0 

a l l o y  718 53  2.95 ,oC , 1.18  538-760 

60 Oc Has t e l l oy  X 33 1 . 2  649-760 

aAverage c r e e p  r a t e  t o  t e r t i a r y  c r e e p ,  & 3 , , h a s  been expressed  a s  
a f u n c t i o n  of  r u p t u r e  l i f e  ( h r ) ,  t,, and tempera ture  ( K ) ,  T, by . 
$3- . ; - -Di2- '~ /~~t  - Y O ,  where R i s  t h e  gas  c o n s t a n t ,  8 .31 J r n o ~ e - l ~ - l .  

r 

b ~ a t a  r e p r e s e n t e d  ave rage  t o t a l  s t r a i n  (c reep  + p l a s t i c  + e l a s t i c )  
. . rate t o  t e r t i a r y  c r eep .  
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Tab1.e 4 .  Sunuoary of p r e d i c t e d  b e h a v i o r  f o ~ r  v a r i o u s  
r u p t u r e  1 i v e s . a n d  t e m p e r a t u r e s  , , . 

I ~ Time t o  t e r t i a r y  
c reep  S t r a i n  t o  t e r t i a r y  c reep  S t r a i n  t o  rup ture  Rat io of s t r a i n  t o  t e r t i a r y  c reep  t o  

(%I ( 2 )  (hr  
s t r a i n  t o  r u p t u r e  

Tempera t u r e  
. ' ("C) ' 

Rupture l i f :  (h r )  

304 S t a i n l e s s  St& 

538 7.1" 640 58,000 3.9" 2.4 1.4 10.3b 7.1 4.9 0.38 0.34 0.28 
64 9 7 .1  640 58,000 11.3 6 .8  4.1 25.5 17.6 1 2 . 1  0.44 0.38 0.34 
7 60 7.1 640 58,000 25 .7  15.4 9.2 51.8 35.7 24.6 0.50 0.43 0.37 

I 

316 S t a i n l e s s  S t e e l  

578 5.3c 540 55,000 2. 8C 2.1 1 .6  6 . j b  4.2 '2.8 0.44 0.50 0.57 
6 4 9  . 5.3 540 55,000 ' 9 . 7  7.3 5.6 26.2 17.6 11.8 0.37 0.41 - 0.47 
7 60 5.3 540 55,000 25.9 19.7 14.9 80 .1  53.9 36.3 0.32 0.36 0.41 

2 114 C r l  Mo S t e e l  

454 5.4" 540 54,000 2 5 - 1 0  2.5-10.6 2.5--10.0 ~7~ 27 2 7 0.092-0.3: 0.092-0.37 0.092-0.37 
510 5.4 540 54,000 2.5-10.0 2.5-10.0 2.5-10.0 27 2 7 27 0.092-0.37 ,0.092-0.37 0 .0924 .37  
566 . 5.4 540 54,000 2.5-l0.C 2.5-10.0 2.5-1010 - 27 27 ' 27 0.092-0.37 0.092-0.37 0.092-0.37 

Alloy 718 

0.43 3.  ob 
0.43. 11 .0  
0.43 30.4 

Alloy 800H 

0.32 : 18.1d 
0.30 36.9 
0.31 63.6 

Has te l loy  Alloy X 

2.4 e 
2.4 e 
2.4 75.4 - 

ERNiCr3 Weld Eletal 

454 9.aC 980 98,000 7.3= 3.3 1 .5  38d 38 38 0.19 0.067 0.039 
510 9.8 980- 98,000 7.3 3.3 1 . 5  116 29.0 7.3 0.063 0.11 G.20 
566 9.8 980 98,000 7.3 3.3 1 . 5  55.9 14 .0  3.5 0.13 0.24 0.43 
621 .  . 8.5 850 85,000 20.0 5.6 0.08 32.2 . 8 . 1  2.0 0.63 . 0.72 0.50 
677 0 .5  140 35.000 1 .7  0.56 0.35 48.0 12.0 3.0 0.040 0.063 ' 0.18 
732 0 . 5  140 35.000 1.2 0.30 0.05 67.9 17 .1  4 . 3  0.021 0.029 0.058 

"Values a r e  t,, and ess 

b ~ a l u e s  a r e  ep . 

C ~ a l u e s  a r e  t2  and e2  

d ~ a l u e s  a r e  et 
e p r e d i c t i o n s  no t  v a l i d  i n  t h i s '  range 



Table 5. Microhardness values from discontinued 
creep tests for aiioy 718 

Exposure Fraction of ~iamond~ ': 
time pyramid 
(hr 

rupture life 
hardness 

869 1.0 439 

aValues represent the average of six 
measurements made within the specimen 
gage section. Due to microstructural 
inhomogeneities within the material, 
values typically ranged about 10 points 
above and below the stated average. 



Ti M.E 
- .. --i ---.. -. . -  - --- - - . . .  ... . . _ _ _ _  _ _  -- ---- .. . -- . - . . . . - - 

1. Schemat.ic D e f i n i t i o n  of t h e  Onset of T e r t i a r y  Creep f o r  a  C l a s s i c a l  . ' .  
Creep Curve. 
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2. Illustration of Classical (A) .and.Nonclassical (B) Creep Behavior 
. . , . 

. in 2 1/4 Cr-1 Mo Steel. 
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. 3. A Typical Creep Curve for Alloy 718. 
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I I I I I I- 

I 

TYPE 316 STAINLESS STEEL 
- 241 MPa ( 3 5  ksi) - 

538" C (1000" F) 

7 
- 

- - 

- - 

- - 

- 

0.6 0.8 

TIME (lo4 hr) 

4. Illustration qf Nonclassical Creep Behavior in Type 316 Stainless 
Steel. . . 
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t, , RUPTURE LIFE ( hr 1 . 

. . 

5. R e l a t i o n s h i p  ~ e t w e e n  0.2% O f f s e t  Time t o  T e r t i a r y  Creep and  R u p t u r e  
L i f e  f o r  ERNiCr--3 Weld Metal (677-732OC). 



lo2 103 

t, , RUPTURE LIFE (hr )  

6 .  Relationship Between End of Linear Second Stage Creep and Rupture 
Life for ERNiCr3 Weld Metal (677-732OC). 
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ORNL-DWG 77- 17069 
I 

RLLOY 7 1 8 

. .  

8. R e l a t i o n s h i p  Between Time t o  ~ e r t i a r ~  Creep. and Rupture  L i f e  f o r  
Al loy  718. 
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9. Relationship Between Average Creep Rate to Tertiary Creep and 
Minimum Creep Rate for Alloy 800H. 
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LOG CALCULATED AVG CREEP RATE TO TERTIRRY CREEP 

11. Comparison of Exper imenta l  Values  for Average Creep Rate  t o  
T e r t i a r y  Creep w i t h  Values  P r e d i c t e d  from h3 = ~ ~ e - Q / H T t ~ - y o  
f o r  Type 316 S t a i n l e s s  S t e e l .  



- 

12.  Comparison o f  P r e d i c t e d  and E x p e r i m e n t a l  Creep S t r a i n  t o  T e r t i a r y  . 
Creep f o r  Type 304 S t a i n l e s s  S t e e l .  



STRESS (MPa) 

13.  .Comparison of ,  P r e d i c t e d  and Exper imenta l  Creep S t r a i n  t o  T e r t i a r y  
Creep f o r  Al loy  800H. 

.- 
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TYPE '316 STAINLESS STEEL -HEAT 332990 

LOG CRLCULQTED RVG CREEP RRTE TO RUPTURE 

14. Comparison of  Exper imenta l  Values  f o r  Average Creep Rate  t o  Rupture  
w i t h  Values  P r e d i c t e d  from kP = ~~e-Q/RTt~-yo f o r  Type 316 
S t a i n l e s s  S t e e l .  

I 



, t , ,  RUPTURE LIFE ( h r )  

15. Relationshib Between Average Creep Rate to Rupture and Rupture Life 
for Alloy 718. 
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1-6. Comparison of Predicted and Experimental Values for Strain to Rupture 
for Alloy 800H. 
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ALLOY 718 
HEAT 9497  

6 2 0  MPa (90 ksi) 
6 4 9 "  C (1200" F) 

LINE REPRESENTS CREEP CURVE FOR / 

RUPTURED TEST (t, = 8 6 9  hr) 

POINTS REPRESENT STRAIN-TIME 
COORDINATES WHERE TESTS WERE 
DISCONTINUED 

- - 

- 

, -  
(B 
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- -.. .. 

Creep 

3 0 0  400 500 . 600 

TIME (hr) 

. . . . . . - -. . . . 

Curves from Discontinued Creep Tests for Alloy 718. 
.. . 
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1 6 '  coo - :;.. toi 
TIME (hr) 

LINES- EXPERIMENTAL DATA 

HED LINES- PREDICTED FROM 
MASTER CREEP EQUATION AND 
STRAIN-TIME FRACTION HARDENING 

19. Comparison of  Exper imenta l  l l u l t i p l e  Load R e l a x a t i o n  Data f o r  
A l loy  7 1 8  With Behavior  P r e d i c t e d  from a Creep Equat ion  and 
S t r a i n  Hardeni3g. 




