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RELATION OF CYCLIC LOADING PATTERN TO MICROSTRUCTURAL 
FRACTURE I N  CREEP FATIGUE 

S. S. Manson 
Case Western Reserve U n i v e r s i t y  

Cleveland, Ohio 44106 

and 

G. R. Ha l f o rd  and R. E. Oldr ieve  
Nat iona l  Aeronautics and Space Admin is t ra t ion  

Lewis Research Center 
Cleveland, Ohio 44135 

Creep-fatigue-environment i n t e r a c t i o n  i s  discussed us ing  t he  Strainrange 
P a r t i t i o n i n g  framework as a basis. The f ou r  generic SRP st ra inrange types are 
s tud ied w i t h  a  view o f  revea l ing  d i f fe rences  i n  micromechanisms o f  deformation 
and fa t igue  degradation. Each combines i n  a  d i f f e r e n t  manner t he  degradat ion 
associated w i t h  s l ip-p lane s l i d i n g ,  graia-boundary s l i d i n g ,  migrat ion, cav i ta -  
t i on ,  vo id  development and environmental i n t e rac t i on ;  hence t he  approach i s  
use fu l  i n  de l i nea t i ng  t he  r e l a t i v e  importance o f  these mechanisms i n  t he  d i f -  
f e ren t  loadings. Micromechanistic r e s u l t s  are shown f o r  a  number o f  mate- 
r i a l  s, i nc lud ing  316 SS, wrought heat r e s i s t a n t  a1 loys, several  nickel-base 
superalloys, and a tantalum-base a l loy ,  T-111. Although there  i s  a  comnon- 
a l i t y  o f  basic behavior, the  d i f fe re t i ces  are use fu l  i n  d e l i n e a t i n g  several  
important p r i n c i p l e s  o f  i n t e r p r e t a t  ion. Some q u a n t i t a t i v e  r e s u l t s  are pre- 
sented f o r  316 SS, i nvo l v i ng  crack i n i t i a t i o n  and e a r l y  crack growth, as w e l l  
as the  i n t e r a c t i o n  o f  low-cycle f a t i g u e  w i t h  high-cycle fa t igue .  

I NTRODUCTION 
/ 

I t  has long been recognized t h a t  metal fat igue, even a t  room temperature, 
i s a very complex process. Yet, s imple re l a t i onsh ips  have been developed t o  
enable technolog is ts  t o  t r e a t  many engineer ing problems w i t h  r e l a t i v e  ease and 
a h igh  degree o f  accuracy ( r e f .  1) .  The main reason f o r  t he  accomplishment o f  
good engineering approaches i s  t ha t ,  a f t e r  a  long h i s t o r y  of cont roversy re -  
garding t he  nature o f  t he  f a t i g u e  mechanism and i t s  c o n t r o l l i n g  var iab les  
( r e f .  Z ) ,  the re  has emerged the  understanding t h a t  mechanist i c a l  ly, metal 
f a t i gue  i s  p r i m a r i l y  the  r e s u l t  o f  p l a s t i c  deformat ion associated w i t h  s l i p -  
plane s l  i d i n 9  (refs.  3  and 4). Thus the  important parameter i s  t he  amount of 
reversed p l a s t i c  f i ow  developed. While numerous o ther  var iab les  can a l so  af-  
f e c t  the ul t 'mate response ( r e f .  5) -- such as environment, m e t a l l u r g i c a l  
s t a t e  and s k S i l i t y ,  s t r a i n  ra tes,  mean and maximum stress, e tc .  -- the  most 
p r o f i t a b l e  approach has been found t o  t r e a t  these var iab les  i s  secondary, and 
t o  apply su i t ab le  mod i f i ca t ions  t o  t he  analys is  which i s  based on l o c a l  
stresses and p l a s t i c  deformations ( r e f .  6). Even where some cont roversy s t i l l  
e x i s t s  as t o  whether i t  i s  more f r u i t f u l  t o  lump the  per iod  dur ing  which an 
engineering-size crack ( r e f .  6)  i s  generated, o r  whether t o  t r a c k  by t he  laws 
o f  f r a c t u r e  mechanics the  growth o f  t he  crack from a m ic ros t ruc tu ra l  dimension 
t o  the  f i n a l  " r a c t u ~ e  o f  an engineer ing component ( r e f .  7), t he  focus i s  s t i l l  



main ly  on the  generat ion and growth o f  a s i n g l e  dominant crack, and the  v a r i -  
ables c o n t r o l l i n g  t h i s  event are main ly  stresses and p l a s t i c  s t r a i ns .  

With the  i n t r oduc t i on  i n  t he  l a s t  two decades o f  techno log ica l  appl ica- 
t i o n s  i nvo l v i ng  loadings and loading reversa ls  on metals a t  h i gh  temperatures, 
new ambigui t ies  have again developed as t o  which var iab les  a re  dominant, which 
a re  secondary i n  causing f a t i g u e  damage, and which, indeed, a re  t h e  impor tant  
and secondary micromechani sms associated w i t h  such damage. A t  h i  gh tempera- 
t u res  environmental i n t e r a c t i o n  can become more pronounced bo th  because of 
ox ide  penet ra t ion  and associated me ta l l u rg i ca l  i n t * rac t i on ,  and because of 
coat ings t h a t  can form m ic ros t ruc tu ra l  i n s t a b i l i t i e s  associated with prolonged 
temperature exposure. Even w i thou t  environmental i n t e r a c t i o n  such i n s t a b i l i -  
t i e s  cdn produce b e n e f i c i a l  o r  det r imenta l  e f f ec t s ,  New modes o f  deformat ion 
i n  add i t i on  t o  s l ip-p lane s l i d i n g  can occur a t  h i gh  temperature, and t he  
nature.of  the  s t r a i n  developed may depend on t he  imposed s t r a i n  r a t e  and what 
has t ransp i red  on t he  previous h a l f  c y c l e  o f  loading. Because o f  a l t e r n a t i v e  
deformat i o n  mechanisms, new rnicromechan~ sms o f  f r a c t u r e  can develop -- common 
amony them g ra in  Doundary cracking. Rheological response associated w i t h  h i gh  
temperature can in t roduce mean and maximum stresses no t  normal ly  encountered 
a t  room temperature, and such stresses may have s i g n i f i c a n t  e f f e c t  on f a t i g u e  
l i f e .  It becomes important t o  know which are c o n t r o l l i n g  and which are sec- 
ondary. The quest ion a l so  again a r i ses  as t o  whether i t  i s  appropr ia te  t o  
t r e a t  damage as the  growth o f  a dominant crack from i t s  m i c ros t ruc tu ra l  s i z e  
t o  the  p o i n t  o t  f a i l u r e  throuyh a s i n g l e  se t  o f  crack growth lads, o r  whether 
a spec ia l  treatment i s  requ i red  f o r  the  ges ta t ion  per iod  du r i ng  which t he  
domlnhnt crack i s  generated. The mechanism o f  such crack fo rmat ion  may d i f f e r  
s u t t i c i e n t l y  from the  mechanism of ~ t s  growth t o  preclude treatment by a 
s i n y l e  law. 

The s t a t e  o f  techno l og i ca l  development t o  t r e a t  h i gh  temperature f a t i  gue 
r e t  l e c t s  great  uncer ta in ty  as t o  appropr ia te  basic framework f o r  analysis.  
There are a t  present a la rge  number o f  competing methods, each f e a t u r i n g  a 
d i f t e r e n t  pr imary mechanism, w i t h  p rov is ions  t o r  secondary e f  t ec t s .  One 
method features environment and mean s t ress  ( r e f .  51, o thers  mean and maximum 
s t ress  ( r c t .  a), crack growth and i t s  i n t e r a c t i o n  w i t h  g r a i n  boundary cav i t a -  
t i o n  ( r e f .  9), t he  a lgebra ic  a d d i t i o n  o f  i n d i v i d u a l  damages due t o  creep rup- 
t u r e  and fa t igue  ( re f .  l o ) ,  and t he  i n t e r a c t i o n  o f  s l i p  p lane and g r a i n  
Doundary s l  j d iny  ( r e f .  11). It i s  c lear ,  theretore,  t h a t  i f  v a l i d  design pro- 
cedures are t o  evolve they must be based an improved understanding of what 
r e a l  l y  does happen rnechani s t i c a l  l y  dur ing  h i gh  temperature fa t igue .  Which 
framework among those ou t l i ned ,  i f  any, i s  more l i k e l y  t o  be successful  as a 
u n i f i e d  desiyn method because i t  places t he  var iab les  i n  t h e  proper perspec- 
t i v e  and propor t ion.  O r ,  i s  i t  poss ib le  t h a t  several  frameworks are needed 
because var ious mater ia ls  perce ive t he  parameters d i f f e r e n t l y ?  

I n  t h i s  paper we pursue i n  some d e t a i l  a number.of micromechanist ic 
ooservat ions we have made us ing as our reference frame, t h e  St ra inrange 
P a r t i  t i o n i n y  (SRP) concept. Th is  method gives pr imary r m s i d e r a t i o n  t o  t h e  
i n t e r a c t i o n  o f  g r a i n  boundary and s l ip-p lane s l i d i n g .  Our q u a n t i t a t i v e  
s tud ies are on ly  i n  t h e i r  i n i t i a l  stages, and f u r t h e r  measurements a re  i n  
progress. However, we shai 1 present  i n  t h i s  r epo r t  s u f f i c i e n t  experimental 
in format ion t o  be useful  i n  exp la i n i ng  t he  r e l a t i v e  importance of some of t h e  
micromechanisms o f  i n t e res t ,  and how some anomalous r e s u l t s  t h a t  have been 
obtained i n  the  past can be explained on t he  bas is  o f  t h e  micromechanisms 



observed. Although the main focus o f  the  discussion w i l l  be on aus ten i t i c  316 
SS, wrought heat res i s tan t  a1 loys, nickel-base superal loys and a tantalum-base 
a l loy,  T-111, w i l l  a lso be used t o  i l l u s t r a t e  the concepts involved. 

MICROMECHANISMS ASSOCIATED WITH THE 
STRAINRANGE PARTITIONING (SRP) FRAMEWORK 

Although the SRP framework f o r  technological analysis does not requ i re  
t h e  designat i on  o f  any p a r t i c u l a r  mlcromechani sms o f  damage, i t s  concept ion  
was based on ce r ta in  perceived combinations o f  mic ros t ruc tura l  deformation. 
I n  p r i nc ip le ,  ce r ta in  types o f  loca l i zed damage should be asscciated w i t h  each 
o f  the  generic s t r a i n  ranges u t i l i z e d  i n  the  method. Hence, we consider here 
f i r s t  the idea l ized damage types t o  be expected, and subsequently the  possib le 
ef fect  of secondary var iables on damage generation, 

The SRP framework i s  based on the existence o f  a bimodal system o f  defor- 
mat i on  invo lv ing  both s! 'p-pl ane (SP) s l  i d i n g  and grain-boundary (GB) s l  id-  1 ing. Slip-plane s l i d i n g  cons t i tu tes  the more common fcrm o f  p l a s t i c  
deformation observed a t  a1 1 temperatures, whi le  grain-boundary s l  i d i ng2  
takes on importance i n  the creep range a t  temperatures above approximately 
h a l f  the absolute mel t ing temperature o f  the a l loy .  P l a s t i c i t y ,  therefore, i s  
i n e l a s t i c  deformation t h a t  can occur without GB s l i d ing ,  j u s t  as i t  occurs 
during the p l a s t i c  f low o f  post metals a t  room temperature. Creep, on the  
other  hand, i s  snelast ic  deformation t h a t  involves, but i s  not  l i m i t e d  to, GB 
s l i d ing .  Grain-boundary s l i d i n g  by i t s e l f  would normally introduce i n t e r n a l  
d iscont inut ies.  While such d i scon t i nu i t i es  do i n  f a c t  occur, as evidenced by 
t r i p l e  po in t  cracks, not a l l  o f  the i n te rna l  displacements are accomodated by 
cracking. The grains may a lso d i s t o r t  by SP s l id ing ,  thereby accomodating 
some o f  the GB s l i d i n g  wh i le  maint inaing s t ruc tu ra l  continuum. We w i l l  de f ine  
as creep t h a t  s t r a i n  which i s  introduced by the GB s l id ing ,  but which may a lso 
contain both induced s l  ip-plane s l i d i n g  as we1 1 as i n te rna l  s t ruc tu ra l  dicon- 
t i n u i t i e s .  Thus, although the actual con t r i bu t i on  o f  GB s l i d i n g  t o  the 
i n e l a s t i c  s t r a i n  may be qu i te  small, the induced damage may be substant ia l3.  

l 1 n  the discussion tha t  fol lows p l a s t i c  deformation w i  11 be represented as 
SP s l id ing ;  i t  i s  understood t h a t  a1 te rna t i ve  mechanisms o f  room temperature 
deformation, such as twinning, can a lso be involved i n  such s t ra in ing .  

2 ~ l t h o u ~ h  f o r  s imp l i c i t y ,  we i n i t i a l l y  considered on ly  s l i d i n g  as the 
mechanism whereby GB p a r t i c i p a t e  i n  high temperature deformation, i t  i s  c l e a r  
t h a t  there are ways other  than s l i d i n g  i n  which such p a r t i c i p a t i o n  can occur. 
One such way w i  11 be discussed l a t e r  i n  t h i s  repor t .  For b rev i ty ,  however, we 
s h a l l  i n t e r p r e t  the term GB s l i d i n g  as a generic one which includes a1 1 
mechanisms by which GBs cont r ibu te  t o  i n e l a s t i c  s t ra in .  

31t can r e a d i l y  be shown t h a t  a l l  the ru les  used i n  SRP analysis, f o r  
example the In te rac t i on  Damage Rule ( re f .  12), are equal ly  v a l i d  even when 
what i s  regarded as a creep s t r a i n  i s  not pure GB s l id ing ,  but  has associated 
w i t h  i t  any amount o f  p l a s t i c i t y ,  so long as the two remain i n  f i x e d  propor- 
t i o n  f o r  a l l  creep condit ions. 



Given, therefore, t h a t  there are two basic modes o f  deformation -- SP 
s l i d i n g  which does not  involve GB s l id ing ,  and GI3 s l i d i n g  which i s  accompanied 
by enough SP s l i d i n g  t o  maintain metal c o n t i n u i t y  (and a number o t  induced 
d i s c o n t i n u i t i e s )  -- the SRP framework attempts t o  d i s t i ngu i sh  i n  nature of 
damaye among the four permutations o f  deformation o f  closed hysteres is  loops 
i n  which t e n s i l e  s t r a i n  i s  balanced by compressive s t ra in :  PP i n  which plas- 
t i c  f low i n  tension i s  balanced by p l a s t i r  f low i n  compression, CC i n  which 
creep i n  tension i s  balanced by compressi,*s creep, CP i n  which creep i n  ten- 
s ion i s  balanced by compressive p l a s t i c i t y ,  ana PC i n  which t e n s i l e  p l a s t i c i t y  
i s  balanced by compression creep. It can be seen t h a t  because o f  t he  d i f t e r -  
ences i n  the  nature o f  s t r a i n  reversal,  t h r  p o s s i b i l i t y  i s  considered t h a t  t he  
damage mechani sms are generic, s ince they are s t r a i n  combinations uniquely 
i d e n t i f i e d  by the t e s t  cycles i n  which the damage i s  introduced. Thus t h e  
bas is  o f  the  SRP method i s  t o  requ i re  a ser ies of t e s t s  t o  be conducted i n  
which the fou r  unique combinations o f  creep and p l a s t i c i t y  are in te rac ted  by  
associat ing them w i t h  the  t e n s i l e  and compressive halves o f  the  cycle. While 
the method does not s t i p u l a t e  the  prec ise loading t o  be used t o  accomplish 
such in teract ion,  the  imp l i ca t i on  i s  t h a t  tne  t e s t s  can be conducted t o  impose 
a major component o f  the desired type o f  s t r a i n  i n  tension and compression. 
Furthermore, any cycle, f o r  example, a d iverse se t  o f  t e s t s  i nvo l v ing  stress- 
hold, strain-hold, and temperature and s t r a i n  va r ia t i ons  which are e i t h e r  i n -  
phase o r  out-of-phase w i t h  each other  can be p a r t i t i o n e d  i n t o  i t s  component 
strainranyes f o r  the purpose o f  p red i c t i ng  the cyc le  l i f e t ime .  A su i t ab le  
i n t e r a c t i o n  damaye r u l e  i s  postulated ( ref .  12) t o  i n t e r p r e t  the  r e s u l t s  when 
mixed s t ra ins  are involved. 

Tne SRP method requires on ly  t h a t  a se t  o f  l i f e  r e l a t i o n s  be constructed 
f o r  each o f  the generic types o f  strainranges. These l i t e  r e l a t i o n s  are then 
used i n  tecnnoloyical appl icat ions t o  ca lcu la te  c y c l i c  l i f e  f o r  any selected 
loading pattern. 

While the method recognizes t h a t  the  d i f fe rences i n  m~cromechanist ic 
deformation and t rac tu re  are the reasons t o r  s ing l i ng  out the generic s t r a i n s  
as the  u n i t s  o f  i n t e r e s t  i n  the creep-fatigue processes, i t  does not  r e l y  on a 
quan t i t a t i ve  analysis, o r  even descript ion, o f  these micromechanisms. How- 
ever, i n  order t o  improve the usefulness o f  the method, and t o  p o i n t  t o  f u t u r e  
extensions, i t  i s  very usefu l  t o  study some o f  these mechanisms i n  d e t a i l .  I n  
f i gu res  1 t o  4 we show these mechanisms schematically; i n  a l a t e r  sect ion we 
sha l l  i l l u s t r a t e  them f o r  a va r ie t y  o t  actual mater ials.  

CP Loading 

Figure 1 shows i n  exa~gerated d e t a i l  what happens i n  the  v i c i n i t y  of t he  
surtace o f  a specimen subjected t o  one CP loading cycle. As shown by the  hys- 
t e res i s  loop the t e n s i l e  load i s  appl ied f o r  a t ime per iod requi red t o  produce 
a desired amount o f  creep. During t h i s  per iod the  deformation i s  assumed t o  
occur p r i m a r i l y  by GB s l i d i n g  (accompanied by SP s l i d i n g  t o  maintain metal 
con t i nu i t y ) .  Voids may also develop by t r i p l e  p o i n t  wedye cracking, by g ra in  
p a r t i c l e  fragmentation due t o  shearing, and as a r e s u l t  o f  the hydros ta t ic  . 
t e n s i l e  s t ress component on boundaries normal t o  the appl ied stress. Duriny 
the compression po r t i on  of the hysteres is  loop the loading i s  imposed a t  a low 
temperature o r  i s  imposed r a p i d l y  w i t h  no t ime allowed f o r  tnermal ly  act ivated 
GB s l i d ing .  Thus only  SP s l i d i n g  i s  added dur ing the compression period. As 



seen in the sketch of figure 1, such sliding near a previousiy displaced G6 
can result in an effective notch at the surface. The next application of the 
same hysteresis loop will produce a repetitive ratcheting, with increased GU 
sliding (together with required SP sliding) during the tensile half ot tne 
loop and increased SP sliding during compression. Of considerable importance 
when creep occurs is the activity that can take place in the GB which contrib- 
utes to the inelastic strain. In our ob~ervations of a variety of materials 
these activities are of several types: (1) GB migration wherein the bounda- 
ries displace and rotate, producing more regularly arrayed netwcrk: ot bou~da- 
ries which become aligned for easier slip (for example with the 45 maximum 
shear stress direction), (2) GB cavitation resulting from the absorption of 
dislocations pi led up against them, (3) GB cavitation resulting from dragging 
or frzcturing of any GB particles, (4) GB cavitation due to the tensile 
stresses normal to the GB which enhance diffusion ot vacancies to the boundary 
where tney can agglomerate into voids and cracks, and (5) with sufficient GB 
slidiny, high strain concentrations can develop wedge shaped cracks at triple 
points where the heterogeneity of strain distribution is maximized trom grai n 
to yrain. On the basis of these phenomena it is expected that idealized CP 
straining wi 1 1  display the following characteristics: 

(1) Notchiny at surf ace grain boundaries. 

(2) Evidence of GB sliding and other GB activity such as migration, 
cavitation, etc. 

(3) Triple point wedye crackiny. 

(4 )  Evidence of SP sliding due both to the plasticity during compres- 
sion, as well as the reversed continuity-induced plasticity. 

( 5 )  Intercrystal l ine fracture, which can be common when cavitation pre- 
dominates in the yrain boundaries. Although not discussed above, it is recoy- 
nized tnat oxidation can induce intercrystalline tracture by attacking surface 
connected grain boundaries. However, intercrystalline fracture is not a re- 
qui rement sf the SRP framework. Some materials fracture transyranul arly even 
under long-time CP testing in air at high temperature, as will be discussed 
for the H-13 alloy. 

PC Loading 

In PC loading the compression is accomplished by the creep mechanism 
wnereas the tension is by plasticity. The hysteresis loop and mechanistic 
features of PC deformation are seen in figure 2. In some respects the mecha- 
nisms involved are similar to CP loading. Grain boundary particles may crack 
and shear voids may form. Also, GI3 migration may occur to a limited deyree, 
as can cavitation due to co l lections of pi led-up dislocations. However, fewer 
voids are expected to grow, over a given time, strain range, and number of 
cycles, compared to CP straining because of the healing of cavities under com- 
pressive normal stress. Thus, while intercrystalline fracture is not pre- . 
cluded (and can in fact, occur, as wi 1 1  be i 1 lustrated) the tendency for such 
fracture is lower than for CP straining. 

When an oxidizing environment is available, the PC type of loading can 
sufter more drastically than other types of loadings. The relatively long 



t ime t h a t  t he  sur tace i s  subjectsd t o  compression permi ts  format ion of an 
ox ide  l aye r  t h a t  i s  i n  e q u i l i b r i u m  w i t h  t he  substrate.  Th is  ox ide i s  then 
qu i ck l y  cracked as the  ma te r i a l  i s  subjected t o  r a p i d l y  app l ied  t e n s i l e  s t r a i n  
du r i ng  cool  ing. The dynamics o f  ox ide  penet ra t ion  are complex, bu t  as we 
s h a l l  1 a t e r  i 11 ust ra te ,  t he  combination o f  long compression t ime and sho r t  
t e n s i l e  t ime produc.5 ser ious environmental deyradat ions due t o  ox ide cracks 
t h a t  can then penetrate i n t o  t he  metal. On the  bas is  o f  f i g u r e  2 and t he  d i s -  
cussion provided above, we can expect t o  see f o r  PC loading: 

(1) Notching a t  sur face g r a i n  boundaries. 

( 2 )  Surface ledges o r  tongues due t o  s l i d i n g  o f f  a long g r a i n  boundaries. 

( 3 )  Poss ib le  GB migrat ion, s l i d i n g ,  and c a v i t a t i o n  due t o  absorpt ions of  
p i led-up d i s l oca t i ons  (bu t  less  than i n  CP loading).  

( 4 )  Some t r i p l e  p o i n t  wedge cracking, bu t  no t  as much as i n  CP loaaing. 

( 5 )  Evidence of monotonic t e n s i l e  SP s l i d i n g ,  as w e l l  as reversed SP 
p l a s t i c i t y .  

( 6 )  A f r a c t u r e  path t h a t  i s  u s u a l l y  associated w i t h  t ne  monotonic ten- 
s i l e  p l a s t i c i t y  combined w i t h  the  induced reversed p l a s t i c i t y .  Thus t he  
t r a c t u r e  surface may look l i k e  t h a t  o f  an o rd inary  PP t es t ,  and may show 
s t r i a t i o n s  developed as the  crack grows under w i t h  t he  reversed p l a s t i c i t y .  

( 7 )  Under spec ia l  c m d i t i o n s  (as w i  11 be i 1 l u s t r a t e d )  i n t e r c r y s t a l  1 i n e  
crack ing may occur, r e s u l t i n g  from GB c a v i t a t i o n  t h a t  forms trom pi led-up 
d i s l oca t i ons .  

( 8 )  Massive surface c rack ing  (as w i  11 be i l l u s t r a t e d )  When tes ted  i n  an 
o x i d i z i n g  environment, s t a r t i n g  i n  t he  sur face ox ide and penet ra t ing  t he  sub- 
s t r a t e  metal. 

(9) Some evidence o f  the  presence o t  t e n s i l e  mean s t ress.  (As seen i n  
nys te res is  loop f i g .  2 a h igher  s t r ess  i s  necessary t o  produce i n  a shor t  t ime 
t n e  t e n s i l e  s t r a i n  developed i n  a longer  t ime dur ing  compression; thus t he  
mean s t ress  o f  the  loop i s  t ens i l e . )  When the  i n e l a s t i c  s t r a i n  i s  small,  com- 
parable t o  the e l a s t i c  str3it-1, as i n  h i gh  cyc le  f a t i g u e  loading, t h e  e f t e c t  
may be s i g n i t i c a n t .  One e t f e c t  o f  such mean s t resses could be t o  produce 
h iyher  s t r i a t i o n  spacing ( f a s t e r  crack growth) dur ing  t he  cra.ck growth 
per iod. For la rge  i n e l a s t i c  s t r a i n  t he  e f f e c t  o f  mean s t ress  i s  expected t o  
be small ( r e f .  13). 

PP Loading 

Reversed p l a s t i c i t y  loading, as i l l u s t r a t e d  i n  f i g u r e  3, shows a nys te r -  
e s i s  loop s im i  1 ar t o  convent ional  f a t i g u e  a t  room temperature. The mechanism 
can be expected t o  be s i m i l a r  t o  t h a t  o f  room temperature f a t i gue .  Cracking 
i s  due predominantly t o  s l ip-p lane s l i d i n g  which agglomerates imperfect ions 
i n t o  narrow s l i p  bands. Although such s l i d i n g  occurs w i t h i n  t h e  s l i p  planes 
o f  numerous i n t e r i o r  grains,  t h e  crack almost always s t a r t s  a t  t he  sur face 
where t he  i n i t i a t i o n  i s  aided by sur face i r r e g u l a r i t i e s ,  environmental en- 
nancement, and t ne  absence o f  t he  cohesive fo rces  o f  atomic l aye rs  o f  metal  



exterior to the surface. Cracks in the surface and near-surface grains 
usually start in the slip planes (Stage I ( 3 ) ) ,  and propagate normal to the 
appl ied stress (ref. Stage I 1  (3) ). Striations mark the cycle-by-cycle crack 
advance in low cycle fatigue. 

While cracks do not commonly initiate in interior grains, the growth of 
the dominant crack is accelerated by the deterioration that has occurred by 
slip-plane weakening. On this basis we would expect to see, in PP loading, 
(1) little or no evidence of GB activity; (2) few, if any, triple-point 
cracks; and (3) cracking that starts at the surface and proceeds into the 
volume, with characteristics very similar to room-temperature fatigue: per- 
sistent slip bands, striations, etc. 

CC Loading 

The hysteresis loop and the mechanistic processes involved are shown in 
fSgure 4. When both tensile and cumpressive loadings are imposed for suffi- 
ciently long periods to allow equal creep strains in both the forward and 
reverse direction, some of the favorably oriented grain boundaries wi 1 1  be 
subjected to reverse sliding. Grain boundary migration may occur, as well as 
cavitation due to absorption of piled-up dislocations, hydrostatic tensile 
stress induced voids, and shear voids formed by the dragging of GB particles 
or particle fracture by shear. Some of the cavities formed during tension 
tend to be healed during compression; however, the heal ing of imperfections of 
all types may not be complete, because of the localized fracturing that had 
occurred during the tensile loading. Tt,us the driving tendency is for GB 
cracking to occur. When an oxiding environment is present surface oxide 
cracking may develop, particulary in the grain boundaries. The degree of sur- 
face oxide cracking is not as severe as for PC since for CC loading the oxide 
grows under alternate periods of tension and compression, developing a dynamic 
state of equilibrium consistent with this loading pattern. 

These factors considered, we can expect to see 

(1) Surface notches at the grain boundaries, rumpling of the surface, 
and preferential oxidation at these regions of discontinuity. 

(2) Evidence of GB sliding, including triple point cracking. Within the 
interior volume, limited cavitation may occur, but not as severe as for CP 
loading. 

(3) Considerable grain boundary migration leading to an orthorhombic 
grain structure, with boundaries rotating toward the direction of maximum 
shear stress, migration is most pronounced for the CC type of straining. 

(4) Evidence of PP straining resulting from induced plasticity during 
cycles when continuum conditions require the generation of crystallographic 
slip while grain boundaries are sliding. 

(5) Regions that show intercrystalline cracking, and other regions that 
show slip plane cracking, or regions that show a combination of both 
mechanisms. 



THE SRP LIFE RELATIONS AND THEIR MICROMECHANISTIC SIGNIFICANCE 

Over t he  more than a decade s ince SRP was f i r s t  proposed ( r e f .  11). t h e  
l i f e  r e l a t i o n s h i p s  f o r  2 number o f  m ~ t e r i a l s  have been s tud ied  by many inves- 
t i g a t o r s .  F igure  5 shows a summary o f  t he  r e s u l t s  f o r  some o f  these mater i -  
a ls.  The f i g u r e  shows r e s u l t s  f o r  on l y  those ma te r i a l s  which are use fu l  
here in  i n  i l l u s t r a t i n g  fundamental behavior. 

A general observat ion t h a t  can be made among a l l  t he  ma te r i a l s  i s  t h a t  
t h e  SRP 1 i f  e 1 i nes are o f  t h e  Manson-Coff i n type, be i  ng 1 i near on a log- log 
p l o t  o f  c y c l i c  l i f e  versus i n e l a s t i c  s t r a i n .  Thus t he  SRP framework i s  a 
general extension o f  t h e  room temperature behavior o f  most mater ia ls .  These 
l i f e  r e l a t i o n s  may be d i s t i n c t l y  d i f f e r e n t ,  o r  some may co inc ide.  Considera- 
t i o n  o f  t h e i r  r e l a t i v e  pos i t i on ,  together  w i t h  observat ions of associated de- 
format ioh f r a c t u r e  models i s  o f  spec ia l  value i n  i n t e r p r e t i n g  micromechanisms 
o f  f r ac tu re  and use fu l  q u a n t i t a t i v e  cons iderat ion.  

Cases Demonstrating Environmental Degradation 

F igure  5(a)  shows a cmpar i son  of the  SRP l i f e  r e l a t i o n s  a t  1000' t o  
1400" F i n  a i r  and i n  h igh  vacuum f o r  t he  iron-base a l l o y  A-286. The l i f e  
1 ines f o r  the  generic components are d i s t i n c t  and w ide ly  separated from each 
other, i n d i c a t i n g  t h a t  a bimodal deformat ion e x i s t s  f o r  t h i s  a l l oy .  I n  vacuum 
t h e  l i v e s  are about a f a c t o r  o f  10 h igher  than i n  a i r ,  suggesting t h e  impor- 
tance o f  ox i da t i on  both i n  i n i t i a t i n g  and propagat ing t he  f a t a l  crack. It has 
long been demonstrated t h a t  even a t  room temperature, a l l o y s  suscep t ib le  t o  
ox ida t i on  (e.y., aluminum) ( r e f .  14) are cons iderably  degraded i n  f a t i g u e  1 if e 
by a i r  compared t o  vacuum. F igure  5(a)  demonstrates t h a t  t he  degradat ion car-  
r i e s  over t o  h igh  temperature where ox ida t i on  i s  even more act ive,  and i n  
which t he  g r a i n  boundaries are even more l i k e l y  t o  p a r t i c i p a t e .  We have d i s -  
cussed the  reasons f o r  such degradat ion ( r e f .  15) and have suggested how t h e  
short- t ime SRP l i f e  r e l a t i o n s  can be ext rapolated t o  long-time through con- 
s i de r i ng  d u c t i l i t y  measured i n  t e n s i l e  and creep-rupture t e s t s .  

Cases i n  which the L i f e  Re la t ions  are D i s t i n c t l y  Displaced 

The A-286 r e s u l t s  o f  f i g u r e  5(a)  are t y p i c a l  o f  a number of ma te r i a l s  i n  
which there  i s  a d i s t i n c t  displacement among the  l i f e  r e l a t i o n s .  A reasonable 
i n t e r p r e t a t i o n  o f  t h i s  r e s u l t  i s  t h a t  t he  hypothesized bimodal deformat ion 
behavior i s  a c t u a l l y  present i n  such mater ia ls .  Other ma te r i a l s  we have 
s tud ied t h a t  have such behavior are the  tantalum base a l l o y  T-111 of f i g u r e  
5 (b )  and 316 SS o f  f i g u r e  5 (c ) .  We s h a l l  d iscuss 316 SS i n  de ta i  1 l a t e r ;  t he  
T-111 r e s u l t s  are o f  spec ia l  i n t e r e s t  micro mechanistic all^ because they  very  
c l e a r l y  demonstrate t he  unique r o l e  o f  GB p a r t i c i p a t i o n  i n  vacuum creep- 
fa t igue .  These r e s u l t s  were obtained by TRW, Inc. under NASA sponsorship dur-  
i n g  the  e a r l y  development o f  t he  SRP method. Since NASA had prov ided a 
f a c i l i t y  t o  t h e  TRW Corporat ion f o r  t e s t i n g  h igh  temperature f a t i g u e  i n  a 
s p x e  environment, i t  was l o g i c a l  t o  conduct t he  t e s t s  i n  t he  h i gh  vacuum 
chamber ( 1 v 8  t o r r )  o f  t h i s  f a c i l i t y .  Most o f  t he  r e s u l t s  were repor ted  i n  
re ference 16. 



Isothermal t e s t i n g  o f  the T-111 consisted o f  low frequency (0.0065 Hz) 
continuous s t r a i n  cyc l i ng  t h a t  produced i n e l a s t i c  s t ra ins  t h a t  were pr ior:-  
pa l  l y  o f  the CC type. No PP-type t e s t s  were performed. Two types o f  thermnl- 
mechanical t e s t s  were featured i n  these studies; both were per fowed a t  the 
cyc l i ng  frequency o f  0.0065 Hz used i n  the isothermal tests.  I n  one, s t ra - in  
and temperature were cycled i n  phase -- t h a t  i s ,  t e n s i l e  strai!: was f ncrceased 
as temperature was increased, and compressive s t r a i n  was appl ied u h e ~  ths tem- 
perature was decreased. Thus some o f  the appl ied t e n s i l e  s t r a i n  was absorbed 
as creep, wh i le  the compression s t r a i n  was absorbed completely as p l a s t i c i t y  
s ince the temperature was too  low t o  permit  creep. The major s t ra in ,  then, 
was o f  the CP type. I n  the other  thermal-mechanical type o f  t e s t  the  tempera- 
t u r e  and s t r a i n  were var ied out o f  phase, so t h a t  compressive s t r a i n  was ap- 
p l i e d  when the temperature was t ravers ing  the creep range; thus the s t r a i n  
induced was o f  the PC type. 

F igure 6 shows the la rge  3mount o f  GB migrat ion and c a v i t a t i o n  f o r  a l l  
the s t r a i n  types invo lv ing  creep. The wide appesring gra in  boundaries fo r  CC 
s t r a i n s  i nd i ca te  tha t  these boundarfes were nloving dur ing the  cyc l ing,  as $hey 
attempted t o  a l i g n  themselves i n  the d i r e c t i o n  o f  maximum shear s t ress (45 t o  
a x i a l  s t ress d i rec t ion ,  r e f .  17). The path swept by the boundaries i s  del ine-  
ated by c a v i t i e s  tha t  are a t t r i b u t e d  t o  the absorption o f  p i  led-up d is loca-  
t i o n s  a t  the gra in  boundaries associated w i th  the SP s l i d ing .  Thus, f i g u r e  6 
v e r i f i e s  the StlP concepts o f  how SP and GB s l i d i n g  i n te rac t .  Furthermore, t he  
f i g u r e  shows how GB gross cracking can occur under CP loading. Other CP t e s t s  
o f  T-111, not shown, displayed t r i p l e  po in t  cracking, also a consequence of 
SRP considerations. O f  major s igni f icance,  however, i s  t h a t  the f rac tu re  sur- 
faces o f  the PC and CC loadings were also in tergranular ,  even though t h e i r  
1 ives were h igh r e l a t i v e  t o  the CP loading a t  the same strainrange. Appar- 
e n t l y  the GB c a v i t i e s  eventual ly  agglomerated and produced a continuous GB 
f r a c t u r e  network during the large number o f  cycles t h a t  could be to le ra ted  by 
t h i s  a1 loy (see f i g .  5(b) ). Thus we observe t h a t  i n t e r c r y s t a l  1 i ne  f r a c t u r e  
can occur even i n  the absence o f  oxygen, and even under PC loading if condi- 
t i o n s  are prop i t ious  f o r  a l lowing s u f f i c i e n t  GB c a v i t i e s  t o  agglomerate and 
promote gross fracture. That a bimodal process o f  deformation i s  involved, 
described hy the SRP framework, i s  evidenced by the d is t inc tness  o f  the SRP 
l i f e  l ines .  

Cases i n  which the L i f e  Relat ions Coinclde 

A few materials have been observed i n  which gra in  boundary s l i d i n g  i s 
absent r e s u l t i n g  i n  essent i  a1 l y  no di f ference among the 1 i f e  re la t i ons .  Such 
mater ia ls  do not i nva l i da te  the SRP framework; on the contrary they supplement 
the  method and extend the usefulness i n  reveal ing the  micromechanisms o f  the 
creep-f at igue de te r i o ra t i on  process. For these mater ia ls  the SRP t e s t  r e s u l t s  
show t h a t  essent i  a1 l y  only  one mechanism o f  deformation i s  involved. While 
the framework i s  not rea l  l y  necessary t o  analyze creep fat igue,  conducting t h e  
SRP generic t e s t s  i s  the  very process f o r  determining the  basic f a c t  t h a t  on ly  
one def?rmat i on mechani sm prevai 1 s. The r e s u l t s  f o r  po lycrys ta l  1 i ~e M a r 4  200 
a t  1700 F, f i g u r e  5(d), i l l u s t r a t e  such a mater ia l .  Every type o f  s t r a i n  
cyc le  produces the same 1 i fet i rne. Micrographs o f  f rac tured samples are shown 
i n  f i g u r e  7. It i s  seen t h a t  f r a c t u r e  general ly  occurs along the dendr i te  
boundaries. The g ra in  boundaries o f  t h i s  mater ia l  are so h i g h l y  strengthened 
t h a t  no dB s l i d i n g  occurs, and deformation takes place on ly  w i t h i n  the 
grains. Apparently, the dendr i te  boundaries are embr i t t led  by the SP s l i d i n g  



(poss ib ly  t h e  r e s u l t  o f  d i s l o c a t i o n  p i le-ups)  and t r a c t u r e  occurs alony t h i s  
weakest path. A l l  f rac tu res ,  regard less o f  s t r a i n  type, are alony t h e  den- 
d r i t e  boundaries. Since on l y  one deformat ion mode i s  operat ive,  a l l  t o u r  
types o t  cyc les produce t he  same l i t e  r e l a t i o n .  

Cases i n  which o n l y  the  PC L i t e  L ine  i s  Low Re la t i ve  t o  the  Others 

Of  spec ia l  i n t e r e s t  are ma te r i a l s  1  i k e  the  t o o l  s t ee l  H-13 shown i n  
t i y u r e  5(e).  When tes ted  i n  a i r  a t  1100' F, there  i s  near-coincidence o t  t h e  
PP, CP, and CC l ines;  nowever t he  PC l i f e  l i n e  i s  cons iderably  lower than t he  
others. The i m p l i c a t i o n  i s  t h a t  there  i s  r e a l l y  o n l y  one deformation mode, so 
t h a t  b a s i c a l l y  a l l  t he  l i f e  r e l a t i onsh ips  would co inc?de if i t  were no t  f o r  
the  s p e c i a l l y  de le te r i ous  ox ida t i on  e f f e c t  associated w i t h  the  PC loading. As 
discussed e a r l i e r ,  t he  PC loading a l lows a  hedvy ox ide bu i ldup  dur ing  t he  com- 
press ive creep, bu t  t h i s  ox ide i s  cracked dur ing  the  rap id  subsequent tens1 l e  
p l a s t i c i t y .  Conducting t h e  SRP l i f e  t e s t s  i s  an e t f e c t i v e  way o f  l ea rn ing  
t h a t  the  detormat ion i s  monomodal, bu t  t h a t  ox i da t i on  e f t e c t s  predominate 
under PC loading condi t ions.  F i g w e  8 shows the  micromechanisms o t  t r a c t u r e  
o f  the  H-13 under t he  f o u r  types o f  imposed s t ra i ns .  It i s  c l e a r  t h a t  o n l y  
t r ansc rys ta l  1  i n e  f a i l u r e  i s  involved, b u t  t h a t  the  r e s u l t a n t  ox I Je l aye r  f o r  
t he  PC l o a ~ i n g  i s  heav ier  than f o r  t he  others.  Cracks i n  t he  ox ide serve as 
t he  nuc le i  f o r  subsurface cracks i n  t he  metal ( f i g .  8 (b ) ) .  Thus, al though t he  
bimodal aspects o f  the  SRP tramework are no t  requ i red  t o r  the  creep f a t i gue  
analysis,  t h e  SRP generic t e s t  types reveal  the  cond i t ions  under which spec ia l  
precaut ion i s  requ i red  t o  avoid ox ida t i on  deyradation. 

I t i s  i n t e r e s t i n g  t h a t  the  PC l i n e  i s  lower than the  others  f o r  t h i s  
mater ia l ,  wh i l e  t o r  t he  M a r 4  ZOO ma te r i a l  no such degrau3t ion of t he  P C  
DehavlOr occurs, as discussed i n  the  p r w i o u s  sect ion. However, i t  should be 
noted t n a t  H-13 i s  an i r o n  base a1 l o y  Subject t o  c o n s i d e r a ~ l e  ox ida t i on  a t  
1100' F wh i l e  Mar-M 200 i s  a  h i g h l y  a l loyed  n i c k e l - ~ a s e  mater ia l ,  q u i t e  r e n s -  
t a n t  t o  ox ida t i on  even a t  the  1700 F t e s t  temperature. 

Cases i n  which Creep De'ormation i s  B e n e t i c ~ a l  

An unusual case o t  ma te r i a l  behavior i s  i l l u s t r a t e d  if! t i y u r e  5;') t o r  
IN-792. Here t ne  CP and CC l i f e  r e l a t i o n s  l i e  above t he  PP and PC l i n e s  
( r e t .  18). Thus, t o r  t h i s  ma te r i a l  t e n s i l e  creep i s  a c t u a l l y  bene t i c i a l ,  con- 
t r a r y  t o  our usual experience whicn r e f l e c t s  t h a t  t e n s i l e  creep i s  t he  more 
damaging type o t  detormation. I n  order  t o  undorstand t h i s  r e s u l t  c a l c u l a t i o n s  
were made using duc t i l i t y -no rma l i zed  l i f e  r e l a t i ons .  Such r e l a t i o n s  have been 
sugyested i n  re terence 13, and r e f i n e d  i n  re ference 19. To est imate PP and PC 
l i t e  l i n e s  use i s  madp o f  the  t r u e  d u c t i l i t y  i n  t he  convent ional  t e n s i l e  t e s t ;  
t o r  es t imat ion  of tne  CP and CC l i f e  1  ines use i s  made o f  t he  d u c t i  l i t y  as 
measured i n  a  creeo-rupture t e s t  a t  t he  same temperature and approximately t n r  
same du ra t i on  as expected i n  t he  creep-f a t igue  t e s t  ( t h e  c a l c u l a t i o n  requ i res  
some t r i a l  and e r r o r  ca l cu la t i ons  t o  match t he  t e s t  t imes).  I t  so happens 
t h a t  t o r  IN-792 t he  creep rup tu re  d u c t i l i t y  used i n  t he  ca l cu la t i ons  was ac- 
t u a l l y  h igher  than the  t e n s i l e - t e s t  d u c t i l i t i e s .  Calcu la ted l i t e  r e l a t i o n s  
shown i n  f i gu re  9 are superimposed on t he  experimental l i nes .  Indeed, t h e  
ca l cu la t i ons  agree w i t h  t he  observations, and suggest t h a t  CP and CC a c t u a l l y  
should y i e l d  h igher  l i v e s  than PP and PC. Thus t h e  usetulness o t  t he  SRP 



framework 1s v e r i f i e d  by t h i s  appl icat ion.  It has not  been possib le t o  stuay 
the  micromechani sms involved because no metal lograpny was conducted f o r  these 
l i m i t e d  tests.  Such t e s t s  could prove very reveal ing. Again, the adverse 
performance o f  PC r e l a t i v e  t o  the others i s  not pronounced f o r  IN-792, prob- 
a ~ l y  because of i t s  good ox ida t ion  resistance a t  the  temperature of t es t i ng .  

Re1 a t i on  Between Deformation Mode and Fracture Mode 

The deformation mode governs t o  a  considerable extent  the type o t  f rac- 
t u r e  which resu l ts .  However, other  factors a lso contr ibute,  so there i s  no 
pure one-to-one re la t i onsh ip  between them. The governing f r a c t u r e  mode de- 
pends on ?t leas t  three important factors, described i n  the  fo l l ow ing  sections: 

Aspects r e l a t i n q  t a  type o f  s t ra in iny .  - Since the type o f  s t r a i n r ,  nye t o  
which the mater ia l  i s  subjected tends t a  govern the type o f  f r a c t u r e  t h a t  
develops, the same mater ia l  can f a i l  i n  e i t n e r  a t ransc rys ta l l i ne  o r  an i n t e r -  
c r ys ta l  l i n e  tashion dependlny on the nuances o f  loading. For A I S I  316 S S  i n  
a i r ,  f o r  example, PP loading induces t ransc rys ta l l i ne  t a i l u r e ,  CP d i s t i n c t l y  
i n t e r c r y s t a l  1  ine, CC a  combination of t ranscrys ta l  1 i ne  and i n t e r c r y s t a l  1  ine, 
and PC a  t ransc rys ta l l i ne  f a i l u r e  i n i t i a t i n g  a t  ox ida t ion  cracks. The SRP 
tramewark thus provides a  basis t o r  expectat ion and t o r  analysis o t  f a i l u r e  by  
post-mortem examination. 

Aspects re1 a t i ng  t o  basic rnicrostructural  charac ter is t i cs .  - Whi l e  some 
materials,  l iKe 316 SS, respond readi l y  i n  f rac tu re  cha rac te r i s t i cs  accordiny 
t o  loadiny, others are less responsive t o  f rac tu re  a l t e rna t i ves  because o t  
i n h e r m t  microstructura l  features. The M A R 4  200 permits no GI5 deformation, 
and as seen I n  t l g u r e  5(d), the  l i t e  re la t ionsh ips  r e t l e c t  tne monomoddl de- 
formation mechanism. The r e s u l t i n g  f rac ture  mode i s  t o t a l l y  i n t e r c r y s t a l l l n e ,  
however. Apparently the b r i t t l e  nature o f  the gra in  boundaries induces the 
t r a c t w e  along these boundaries ra ther  than w i t h i n  the urairIs. The dlscon- 
t l n u i t i e s  o f  s t r a i n  a t  these boundaries and i n te rsec t i ng  s l i p  planes produce 
s u t t i c i e n t  s t ress concentrat ion t o  i n i t i a t e  t rac tu re  because of the low t rac -  
t u r e  :ouy;iness of the boundaries. 

I n  the case o t  14792 + tif, f i gu re  5 ( f ) ,  the  CP and CC l i f e  r e l a t i o n s  l i e  
above the PP and PC; i ,n unusual behavior t h a t  r e a d i l y  call be exp la~ned  w i t h l n  
the  framework o f  SRP. based upon the f ractoyrapnic and transmission e lec t ron  
microscopy reported by Annis, e t  a l .  ( re f .  12), it i s  evident t h a t  the PP de- 
t ormat i on  occurred by c r y s t a l  lographic s l  i p  w l  t h l n  grains. However, only  so 
much SP detormation can be accomnodated a t  the in te rsec t ions  w l t h  the y r a l n  
DOundiir ie~ before tne intense concentrat ion o f  s t ress I n i t i a t e s  b r i t t l e  f rac-  
t u r e  w l th ln  the  boundaries. I n  t h i s  respect, the behavior i s  no d i t f e r e n t  
trom MAR M-2U0 discussed above. On the other hand, CP s t r a i n i n y  permits an 
add i t iona l  mechanism whereby wi th in-gra in deformation IS assisted by the 
presence o t  stacKing f a u l t s  which disperse the Imposed s t r a i n  among a l a r ye r  
number Of s l l p  planes. The r e s u l t l n y  d u c t i l i t y ,  theretore, i s  higher i n  a  
creep t e s t  than i n  a  rap id  xens i le  t es t .  Consequently, i n  a  CP type tes t ,  t he  
s t r a l n  i s  absorbed mwe w i t h i n  the yra in,  and hence those s l l p  planes tha t  do 
i n te rsec t  the y ra in  boundaries produce lower s t ress concentration, acd i n  
turn, tewer in te rgranu lar  t ractures.  The resu l tan t  la rger  number o t  cycles o t  
s t r a i n i n g  t h a t  are permitted, thereotre, eventual ly  agylomerate a  s u t t i c i e n t  
number of f ractures w i t h i n  the s l i p  planes t o  introduce some ev~dence of 



t ransgranular cracking. Thus, the f i n a l  f a i l u r e  mode f o r  CP loadiny contains 
a mixture o t  t ransgranular and In te rgranu lar  elements. 

It i s  in te res t ing ,  theretore, t h a t  t o r  t h i s  a l loy ,  the separation o t  t he  
l i f e  r e l a t i o n s  r e t l e c t s  not  a oimodal deformation behavior, but  two l eve l s  o f  
duc t i  li t y  w i t h i n  one mode o f  deformation, transyranul ar. The i n te ry ranu la r  
t r a c t u r e  i s  a re f l ec t i on ,  not  o f  deformation w i t h i n  the  g ra in  boundaries, hu t  
of the  development of a number o f  loca l i zed s t r a i n  concentrations a t  the 
i ntersec t ion  of s l  i p  planes and gra in  boundaries, r e s u l t i n g  i n  sequenti a1 
f rac tures  a t  var ious po in ts  along the grains. The transgranular f rac tures  1 n 
the s l i p  planes f o r  a t e s t  invo lv ing  t e n s i l e  creep are a r e f l e c t i o n  or the  
larger  number o f  reversals permit ted by *"he s t r a i n  d ispersal  mechanism. 

Another, very important aspect o t  f r ac tu re  re la tes  t o  the me ta l l u ry i ca l  
instabi.1 i t i e s  t h a t  can develop a t  h igh  temperl :re, p a r t i c u l a r l y  when reversed 
s t r a i n  i s  present. I n  some mater ia ls  phases may d issolve w i t h  the  matr ix  i t  
s t r a i n  redwes t h e i r  s ize s u f f i c i e n t l y ;  i n  other  mater ia ls  phases may p rec ip i  - 
t 3 t e  -- when these phases are hard and b r i t t l e  tne r e s u l t  can be b r i t t l e  f rac-  
ture,  I t  i s  no t  uncomn,  f o r  example, f o r  the  t rac tures  o f  long t ime creep 
rup ture  tes ts  t o  d isp lay  i nte rc rys ta l  1 i ne f racture.  However, comparably long 
t ime fa t i gue  t e s t s  have not  been conducted as yet.  I t  w i l l  be i n te res t i ny  t o  
observe the metalloyraphy o f  such tests.  

Aspects r e l a t i n g  t o  environment. - Host i  l e  envirmments can at tack sur-  
faces, producing yeometrtcal surface d i scon t i nu i t i es  tha t  are Aatr imenta l  t o  
fa t igue.  The r e s u l t i n g  chemical compounds t h a t  torm may ~ l s o  ,; weak, and 
induce fracture. O r  the h o s t i l e  element, such as oxygen, can penetrate the  
suosurtace, attack the gra in  boundaries, o r  induce p r e c i p i t a t i o n  o t  meta l lu r -  
g i c a l  phases t h a t  a l t e r  the fa t i gue  charac ter is t i cs .  Thus, as seen i r r  f i g u r e  
5(a), an a i r  environment i s  very detr imental  t o  f a t i gue  i n  a l l  the modes of  
deformation i n  A-286 i n  the creep range. Usual ly the e f f e c t  i s  t o  e m b r i t t l e  
the mater ia l  i n  the gra in  boundaries, so i t  i s  more cotmnon t o  observe i n t e r -  
c r y  t a l l l n e  t rac tu re  i n  an a i r  environment than i n  vacuum. However, a h o s t i l e  
environment i s  not  necessary t o r  i n t e r c r y s t a l l i n e  t a i l u r e  t o  occur; The tan- 
talum a1 loy, T-111, character ized i n  f i g u r e  5(b) t o r  t es t s  ,J+ 1150 C i n  a 
h igh vacuum, also skowed i n t e r c r y s t a l l i n e  t a i l u r ~  i n  the PC mode o t  detorma- 
t i on .  Grain ooundary s l i d i n g  and f r a c t u r e  was e' . ident i n  the m e t a l l s g i c a l  
studies. 

F ina l l y ,  i t  should be pointed out  t h a t  environment can induce a mixed- 
mode o t  t rac tu re  when changing c o n d i t i ~ n s  devel?p as the t rac tu re  progresses. 
I n  PP loadiny of 316 SS i n  a i r  a t  1200 t o  1300 F, we have ooserved, f o r  
example, t h a t  th2 i n i t i a l  f a t i gue  s i t e s  are surface in te rsec t ions  o t  g r a i n  
boundaries. Oxygen attacks these weak s i t e s  and develops p i t s  t h a t  i n i t i a t e  
the tat igue.  However, as the crack grows below a depth o f  a g ra in  o r  two, the  
st ress concentrat ion provides the d r i v i n g  fo rce  f o r  f u r the r  growth o t  the  
cracks i n  d i rec t i ons  re la ted  t o  stresses ra ther  than t o  the paths ~f y r a i n  
boundaries. Thus the t u r t h e r  growth o f  the crack i s  i n t e r c r y s t a l l i n e  although 
i t s  r a t e  o t  growth may s t i l l  be aided by tormation and f rac tu re  o t  oxides a t  
the t i p  o t  the cracks under the  c y c l i c  loading. We sha l l  i l l u s ~ r a t e  t h i s  
behavior l a t e r  i n  the repor t .  

We conclude therefore, t h a t  environment can s i g a i f  i c a n t l y  a f f e c t  both the 
tormation and growth cf cracks, usua l ly  con t r i bu t i ng  t~ i n te rgranu lar  t rac -  
ture, but t ha t  in te rgranu lar  f r a c t u r e  can a lso  occur, a t  l eas t  i n  the CP mode 



and PC mode (under c e r t a i n  cond i t ions) ,  even i n  t he  t o t a l  absence o f  h o s t i l e  
environment, Furthermore, even i f  a h o s t i l e  environment ass i s t s  the  format ion 
o f  i n t e rg ranu la r  surface s i t e s  o f  at tack, the  f u r t h e r  growth o f  t he  cracks may 
b e t t e r  r e f l e c t  t he  f r a c t u r e  c h a r a c t e r i s t i c  associated w i t h  t he  loading p a t t e r n  
than t he  i n i t i a l  types o f  f rac tu re .  Thus, PP loading, which i s  i nhe ren t l y  
t ransgranular  i n  316 SS, may show some i n te rg ranu la r  sur face f r a c t u r e  s i t e s  a t  
i n i t i a t i o n  po in ts ,  bu t  the major growth o f  t he  crack i s  t ransgranular .  

9 

NEW STUDY DIRECTED AT QUANTITATIVE OBSERVATIONS 
AND MEASUREMENTS FOR 31E SS 

I n  order  t o  augment our understznding o f  t he  micromechanisms o f  creep 
f a t i g u e  we are c u r r e n t l y  engaged i n  an extens ive t e s t  program i n  which these 
mecha,li sms are s tud ied by var ious microscopic means. Quant ' cat i ve measure- 
ments o f  crack generation and e a r l y  growth are a lso  made and compared w i t h  
~ x p e c t a t i o n s  based on several methods. These s tud ies  invo lve  examination of 
surface a t  var ious po in t s  dur ing  t he  l i v e s  o f  specimens subjected t o  each of 
the generic SRP st ra inrange cycles, pe r i od i c  i n t e r r u p t i o n  o f  such loadings t o  
sec t ion  t he  specimen i n  order  t o  study proqress o f  de fec ts  i n  t he  i n t e r i o r ,  
and examination o f  the f r a c t u r e  surface and cross-sect ioning a f t e r  f r a c t u r e  t o  
study i n t e r i o r  defects. While t he  program i s  no t  y e t  complete i t  i s  appro- 
p r i a t e  t o  present here some p re l im ina ry  r e s u l t s  which have l e d  t o  a b e t t e r  
understanding o f  the  micromechani sms o f  creep-fat igue degradations f o r  316 SS. 

The l i f e  r e l a t i o n s  f o r  an e a r l i e r  heat o f  t h i s  a l l o y  are shown i n  
f i g u r e  5 ( c ) .  That a bimodal type o f  deformation prevai  1s i s  ev ident  from t n r  
wide separat ion o f  the l i f e  l i nes .  It was, i n  fac t ,  the  extens ive study o f  
t h i s  heat o f  316 SS i n  our e a r l y  s tud ies  t h a t  l e d  t o  t he  adopt ion of the  SRP 
concepts. F igure 10 shows, f o r  example, the  r e s u l t s  o f  one o f  our f i r s t  t e s t s  
( r e f .  l l ) ,  i n  which aoproximately equal s t ra inranges o f  PC and CP type were 
appl ied t o  specimens. The PC f a i l u r e  was t ransgranular  and l i i e  was nea r l y  20 
t imes longer than the CP specimen which displayed a t o t a l l y  i n t e rg ranu la r  
f rac tu re .  The curren' ly used heat o f  316 SS d i f f e r s  s l i g h t l y  i n  compositions, 
method o f  manufacture, and heat t reatment compared t o  t he  o r i g i n a l  mater ia l ,  
Pre l iminary  t e s t s  suggest t h a t  creep f a t i g u e  i s  sopewhat less  aamaging t o  t h i s  
heat than the  e a r l  i e r  one; however, complete cha rac te r i za t i on  o f  the  cu r ren t  
mate r ia l  i s  s t i l l  i n  progress. I n  t he  f o l l o w i n g  d iscuss ion some o f  t h e  a v a i l -  
ab le  r e s u l t s  w i l l  be presented. 

Microscopy and Fractography 

Figures 11 t o  14 show the  r e s u l t s  o f  microscopy s tud ies  f o r  each type o f  
strainrange. Each f i g u r e  conta ins f o u r  views, View A i s  a schematic diagram 
of the  major features we observed from study o f  many o p t i c a l  and scanning 
e lec t ron  micrographs. Other views show the  surface o r  i n t e r i o r  sec t ion  a t  
some p o i n t  dur ing the progress o f  the  t e s t .  The f r a c t u r e  surface i s  shown f o r  
one t e s t .  

PP loading. - For z u s t e n i t i c  s t a i n l ess  s tee l s  and o the r  s i m i l a r  a l l o y s  
which permi t  easy s l  ip ,  the PP cyc le  introduces p r e d o m i n a ~ t l y  c r y s t a l  lographi  c 
s l i p  deformation ( r e f .  20). Thus i n  f i g u r e  l l ( a ) ,  t he  schematic shows c l a s s i -  
ca l  sl ip-banding and t r a w g r a n u l a r  c rack ing  o f  t he  PP cycle.  The d i r e c t  



assoc ia t ion  o f  s l i p  banding and crack-progression s t r i a t i o n s  i s  ev iden t  i n  
f i g u r e s  l l ( b )  and l i l d )  where t he  s l i p  planes, p a r t i c u l a r l y  w i t h i n  t h e  surface 
connected gra ins,  are  decorated by ca rb ide  p r e c i p i t a t i o n  and, poss ib ly ,  
ox i da t i on  ( r e f .  21). 

An i n t e r e s t i n g  observat ion o f  t he  specimen sur face dur ing  h i gh  tempera- 
ture ,  h igh  frequency load ing i n  a i r  i s  t h e  r o l e  o f  t h e  environment i n  i n i t i a t -  
i n g  i n t e r g r a n u l a r  c rack ing  ( f i g .  l l ( b ) ) .  By i n t e r r u p t i n g  t h e  t e s t  a t  20 
percent o f  l i f e ,  p o l i s h i n g  t o  remove t he  t h i n  ox ide f i l m  ( sho r t  t ime a t  tem- 
perature) ,  and e l e c t r o p o l i s h i n g  and etching, we have been ab le  t o  observe t h a t  
t h e  ox ide  a t  t h e  sur face g r a i n  boundaries serves as t h e  pr imary s i t e  o f  t h e  
crack i n i t i a t i o n .  S l i p  bands revealed by  e t ch i ng  a l so  appear t o  be associ-  
ated w i t h  i n i t i a t i o n  s i t es .  However, as the  cracks grow inward beyond one 
g r a i n  depth, they  propagate i n  a t ransgranu la r  manner w i t h  pronounced s t r i a -  
t i o n s  ( f i g .  l l ( d ) ) .  Thus, wh i l e  i n t e rg ranu l  a r  c rack ing  associated w i t h  env i -  
ronmental i n t e r a c t i o n  i s  always t h e  apparent cause o f  crack format ion,  such 
i n t e rg ranu la r  a t tack  has l i t t l e  i n f l uence  on t he  crack growth beyond a g r a i n  
o r  two below t he  surface. The mechanism o f  growth, once t he  cracks have 
s+ar ted a t  i n t e rg ranu la r  sur face s i t es ,  i s  very s i m i l a r  t o  t h a t  a t  room tem- 
pera tu re  wherein i n t e rg ranu la r  c rack ing  i s  r a r e l y  seen. Enhanced o x i d a t i o n  
may o f  course c o n t r i b u t e  t o  f as te r  crack growth, bu t  no t  by f avo r i ng  g r a i n  
boundaries. 

PC lozdinq. 
schematic o f  f i g u  
ox ide  cracks. as 

- F igure  12 shows t he  r e s u l t s  f o r  PC loading. As seen i n  t he  
r e  12(a),  surface cracks s t a r t  by cont inued pene t ra t ion  o f  
discussed e a r l i e r .  The i n t e r i o r  shows, however, occasional  

GB cracks due t o  compressive GB s l i d i n g  ( r e f .  22), and even a few t r i p l e  p o i n t  
c racks i r e f .  23). These fea tu res  c o n t r i b u t e  t o  crack growth; however, i t  i s  
the  oxide-induced crack t h a t  appears t o  i n i t i a t e  t he  c y c l i c  f r a c t u r e  process. 
Thus t he  PC l i f e  i s  lower than t h a t  f o r  PP because o f  more severe ox ide  crack- 
i n g  and i n t e r n a l  d e t e r i o r a t i ~ n  due t o  GB p a r t i c i p a t i o n  i n  t he  deformat ion 
process. 

The s e v e r i t y  a f  t h e  ox ide c rack ing  i s  demonstrated i n  f i g u r e  12(b),  which 
shows t he  sur face a t  40 percent o f  l i f e  f o r  1 percent  i n e l a s t i c  s t ra inrange.  
Extensive b i rchbark  type c rack ing  i s  seen, t h e  general d i r e c t i o n  being perpen- 
d i c u l a r  t o  the  ax i s  o f  t e n s i l e  loading. A f t e r  t he  sur face ox ide i s  removed b y  
subsequent p o l i s h i n g  ( a t  75 percent o f  l i f e )  t h e  deepest subsurface cracks 
remain i n  t he  metal ma t r i x  ( f i g .  12 (d ) )  and are f i l l e d  w i t h  oxide. A t  t h i s  
stage crack depths are, however, s i g n i f i c a n t l y  l ess  than ha l f  t h e  sur face 
crack length.  Hence, the  aspect r a t i o  (depth: l eng th )  o f  these environmental 1 y 
ass is ted  OC type t ransgranu la r  cracks i s  s i g n i f i c a n t l y  d i f f e r e n t  f rom t h e  
aspect r a t i o  (approximately 0.5) f o r  c l a s s i c a l  f a t i g u e - i n i  t i a t e d  PP t ype  
cracks. A t  a r e l a t i v e l y  lower i n e l a s t i c  s t ra in range  o f  o n l y  0.4 percent 
( f i g .  . ,c ) ) ,  t h e  PC c rack ing  i s  s i m i l a r  t o  t h a t  f o r  PP cyc l ing ,  except f o r  
some evidence o f  g r a i n  boundary and secondary s l i p  band crack ing.  Surface 
cracks r e s u l t  i n  a ~ d i t i o n a l  sur face g r a i n  boundary deformat ion a t  a l a r g e  i n -  
2 l a s t i c  s t ra in ranye  o f  4 percent  as shown i n  f i g u r e  12(e).  The bent s l i p  
l i n e s  probably r e s u l t  f rom the  carb ide p r e c i p i t a t i o n  decorat ion o f  l i n e a r  s l i p  
bands which are l a t e r  crossed by secondary s l i p  on which p r e c i p i t a t i o n  has no t  . 

occurred. O f  spec ia l  i n t e r e s t  i s  t he  sur face ledging, o r  tongue format ion,  
seen i n  f i g u r e  1 2 ( f ) ,  which v e r i f i e s  t h e  deformat ion hypothesic shown schemat- 
i c a l l y  i n  f i y u r e  2. 



I n  summary, PC c rack ing  f o r  316 SS i s  charac te r i zed  by m u l t i p l e  o x i d e  
c rack i ng  initiated i n  t h e  surface, s t r i a t i o n s  c h a r a c t e r i s t i c  o f  s l  ip -p lane 
s l i d i n g  and poss ib l y  more r a p i d  crack growth than f o r  PP because of t h e  con- 
t r i b u t i o n s  o f  i n t e r i o r  GI3 d e t e r i o r a t i o n .  

CP l oad in  . - The schematic diagram of f i g u r e  13(a) shows cons iderab le  
_Tq inte rg ranu  a r  c rack ing  bo th  on t he  sur face and i n  t he  i n t e r i o r  o f  t he  

ma te r i a l .  Severe c a v i t a t i o n  and a l a rge  number o f  t r i p l e  p o i n t  cracks a r e  
ev iden t  throughout t h e  volume. Surface ox i da t i on  occurs, p a r t i c u l a r l y  a t  
g r a i n  boundaries, and sur face c rack ing  s t a r t s  f rom these oxides, al though t h e  
o x i d a t i o n  and ox ide c rack ing  i s  no t  as severe as i n  PC loading. O f  spec ia l  
i n t e r e s t ,  however, i s  t h e  evidence o f  cons iderab le  s l i p -p lane  s l i d i n g ,  p a r t l y  
due t o  t h e  monotonic compressive p l a s t i c  f l o w  inheren t  i n  CP s t r a i n i ng ,  and 
mos t l y  due t o  reversed s l ip -p lane  s l i d i n g  induced by continuum cons idera t ion  
d u r i ~ g  GB s l i d i n g .  

Surface ox i da t i on  a t  g r a i n  boundaries i s  seen a t  m u l t i p l e  po in t s  i n  
f i g u r e  13(b) even a f t e r  o n l y  10 percent o f  l i f e .  These cracks penet ra te  t h e  
i n t e r i o r  and merge w i t h  independent ly formed GB cracks throughout t h e  volume. 
The f i n a l  f r a c t u r e  sur face i s  t o t a l l y  i n t e rg ranu la r  as a l ready shown i n  f i g u r e  
10 f o r  another heat o f  t h i s  mate r ia l .  

Evidence o f  s l i p -p lane  s l i d i n g  i s  seen i n  f i g u r e  13(c)  where these s l i p  
planes a re  decorated dur ing  e tch ing.  The f i g u r e  a lso  shows g r a i n  boundary 
c a v i t a t i o n ,  bu t  no massive decohesion. Grain boundary f r a c t u r e  o f  p rope r l y  
o r i en ted  g ra ins  does occur, however, as seen i n  f i g u r e  13(d).  

For  a u s t e n i t i c  s t a i n l e s s  s t e e l s  t he  CP loading i s  by f a r  t h e  most damag- 
ing. Displacement o f  t he  l i f e  r e l a t i o n s  r e l a t i v e  t o  each o ther  i s  c l e a r  
evidence o f  t he  bimodal deformat ion poss ib l e  i n  these mate r ia l s ,  and t h e  met- 
a l l og raph ic  evidence o f  f i g u r e  13 c l e a r l y  shows the  r o l e  o: g r a i n  boundary 
a c t i v i t y  and i t s  i n t e r a c t i o n  w i t h  s l i p -p lane  s l i d i n g  ( r e f .  24). These fac- 
t o r s ,  together  w i t h  ox ida t ion ,  cause a l i f e  reduc t ion  o f  25 r e l a t i v e  t o  pure 
f a t i g u e  loading. 

CC loadiny.  - For reversed creep load ing both i n t e r c r y s t a l i i n e  and t rans-  
c r y s t a l  1  i ne  f r ac tu re  are seen i n  t he  schematic diagram o f  f i g u r e  l 4 ( a ) .  The 
i n t e r c r y s t a l l i n e  f r a c t u r e  r e s u l t s  f rom the  reversed GB s l i d i n g ,  bu t  t h e  damage 
i c  no t  as severe as i n  CP load ing  because o f  t h e  hea l ing  e f f e c t  o f  reversed 
s l i d i n g .  Reversed SP s l i d i n g  i s  a lso  present because o f  cont inu i ty - induced 
s l i p .  Thus, c rack ing  can be due t o  f r a c t u r e  i n  t he  g r a i n  boundaries, f r a c t u r e  
i n  t he  s l i p  planes, o r  a  combination o f  t he  two. As seen i n  f i g u r e  14(a) an 
i n t e r c r y s t a l l i n e  crack sometimes merges w i t h  a  t r a n s c r y s t a l l i n e  crack, extend- 
i n g  t h e  t o t a l  crack length.  It i s  no t  su rp r i s ing ,  the re fo re ,  t h a t  sometimes 
i n t e r c r y s t a l  1  i n e  c rack ing  predominates, sometimes t r a n s c r y s t a l  1  i n e  ( r e f .  25). 
Studies on 304 SS by Majumdar and Maiya ( r e f .  26) showed reversed creep t o  
produce o n l y  t ransgranu la r  f a i l u r e .  They therefore incorporated i n  t h e i r  
Damage Rate l i f e  p r e d i c t i o n  method t he  concept t h a t  reversed i n e l a s t i c  s t r a i n  
heals a l l  grain-boundary cav i t a t i on ,  con t ra r y  t o  our observat ions o f  t h e  pres-. 
ence o f  grain-boundary crack ing.  It i s  poss ib le  t h a t  s u b t l e  d i f f e rences  can 
e x i s t  between t he  s t a i n l e s s  s t ee l  used i n  t h e i r  s tud ies  and i n  ours, suggest- 
i n g  t h a t  the nature o f  t h e  CC load ing f s  very  s e n s i t i v e  t o  these f - c t o r s .  
Surface ox i da t i on  i s  an impor tant  c o n t r i b b t o r  t o  crack i n i t i a t i o n  as seen i n  
f i g u r e  14(b).  Ox idat ion o f  both i n t e r g r a n u l a r  and t ransgranu la r  f r a c t u r e s  



a l s o  i s  present.  That CC t ransgranu la r  c rack ing  i s  i d e n t i f i e d  w i t h  SP s l i d i n g  
i s  seen i n  bo th  f i g u r e s  14(b) and 14(c).  Also seen i s  evidence of i n t e r -  
g ranu la r  CC crack i n i t i a t i o n  ( f i g .  12 (b ) )  and t r i p l e  ~ o i n t  wedge c rack ing  on 
t he  sur face ( f i g .  14(d) ) .  

Thus i t  can be concluded t h a t  f o r  CC load ing o f  a  ma te r i a l  which d i sp l ays  
bimodal deformation, both t ransgranu la r  and i n t e r g r a n u l a r  f r a c t u r e  mechanisms 
can occur. The GB mechanisms a re  no t  as severe as f o r  CP loading, because o f  
t he  tendency toward hea l ing  by t h e  reverse GB s l i p .  Genera l ly  t h e  damaging 
e f f e c t  o f  a  CC s t r a i n  i s  more severe than a PP s t r a i n  o f  t h e  same magnitude. 

Q u a n t i t a t i v e  Analys is  o f  Crack I n i t i a t i o n  and Growth 

A major o b j e c t i v e  o f  t h e  cu r ren t  i n v e s t i g a t i o n  i s  t o  p rov ide  a micro- 
mechanist ic background f o r  use i n  q u a n t i t a t i v e  anaysis. Whi le t h e  SRP method 
requ i r es  t h a t  a  se t  o f  l i f e  r e l a t i m s  be provided, and w h i l e  these l i f e  r e l a -  
t i o n s  a re  u s u a l l y  adequate f o r  making a l i f e  analysis,  c e r t a i n  quest ions can 
a r i s e  i n  which a ~ i c r o m e c h a n i s t i c  understanding can be o f  g rea t  value. For 
example, i f  t h e  same CP, PC, o r  CC s t ra in range  i s  induced by a  s t ress-ho ld  
t e s t  o r  by a s t ra in -ho ld  t e s t ,  w i l l  t h e  l i f e  be t h e  same? Or ,  i f  t h e  same 
s t ra in range  i s  induced i n  a  sho r t  t ime o r  i n  a  long t ime, w i l l  t h e  r e s u l t s  be 
t h e  same? Over t h e  decade t h a t  we have been s tud ing  SRP we have been ab le  t o  
answer some o f  these questions. For several  quest ions t h e  answers are s t i  11 
i n  doubt. Thus, t h e  s p i r i t  o f  our  cu r ren t  program i s  t o  combine a n a l y t i c a l  
techniques w i t h  micromechani s t i c  observat ions i n  order  t o  p rov ide  a base1 i n e  
o f  experience f o r  answering many cu r ren t  issues. Typ ica l  o f  t h i s  type o f  
approach i s  t h a t  o f  P r i e s t  and E l l i s o n  ( r e f .  27), who have suggested mod i f i ca -  
t i o n s  t o  SRP on t h e  bas is  o f  micromechanist ic evidence and have improved t e s t  
p r e d i c t a b i l i t y .  Our program i s  j u s t  i n  i t s  i n i t i a l  stage; however, some of 
t h e  in fo rmat ion  obtained t o  da te  may be o f  i n t e r e s t .  

Re la t i on  between i n i t i a t i o n  and f r ac tu re .  - One o f  our  f i r s t  at tempts t o  
q u a n t i f y  our measurements has been t o  check t he  v a l i d i t y  o f  a  r e l a t i o n  we have 
developed ( r e f .  28) f o r  use i n  cumulat ive f a t i gue  damage analys is .  

The term % r e f e r s  t o  i n i t i a l  s i z e  o f  a  de fec t  i n  t h e  microst ructure,  and 
can, f o r  p r a c t i c a l  purposes, be taken as zero. Thus equat ion ( 1 )  prov ides t h e  
crack depth a  i n  inches developed a f t e r  N a  cyc les  o f  a  load ing  f o r  which 
the  f r a c t u r e  l i f e  o f  a  convent ional  f a t i g u e  specimen would be Nf. We have 
appl ied t h e  equat ion i n  two ways. 

I n  f i gu re  1"s shown a nomogram based on equat ion (1). The s t r a i g h t  
l i n e  represents the  f a i l u r e  l i n e  f o r  any type  o f  t e c t .  The curved l i n e  i s  t h e  
c a l c u l a t i o n  f rom equat ion ( 1 )  based upon a crack depth o f  0.005. inch. A few 
data po in t s  are shown which are ac tua l  measurements f o r  t he  i nd i ca ted  SRP 
s t ra in range  wherein crack type depth i s  0.005 inch  ( r e f .  25). Whi le t he re  i s  
some sca t te r ,  i t  i s  seen t h a t  agreement between c a l c u l a t i o n  and measurement i s  
reasonable. The equat ion a l ready takes i n t o  account t h e  nuc lea t i on  per iod,  
and deals  e s s e n t i a l l y  w i t h  t h e  growth o f  a  dcminant crack a f t e r  i t  has reached 



some engineer ing s i z e  as es tab l i shed  by t h e  choice o f  a. Although t he  mech- 
anisms f o r  nuc lea t ion  of t h e  cracks a re  q u i t e  d i f f e r e n t  f o r  each of t h e  
strainrange types, t h e  p o i n t s  f a l l  reasonably on t he  same curve. Thus f i g u r e  
15 suggests t h a t  equat ion ( 1 )  may be use fu l  f o r  h i gh  temperature creep-fat igue 
analysis,  even though i t s  o r i g i n a l  d e r i v a t i o n  r s l a t e d  t o  ma te r i a l s  t es ted  i n  
t h e  subcreep range where o n l y  s l i p -p lane  p l a s t i c i t y  was a c t i v e  i n  i n i t i a t i n g  
and propagat ing t h e  crack. The va lue o f  Nf, however, incorporates a1 1 t h e  
spe. i a1 i z e d  micromechanisms p e r t i n e n t  t o  each t ype  o f  s t ra in range  and must be  
c'ef..!rmined independent ly f o l l ow ing  t h e  requirements o f  t h e  SRP method. 

A second use o f  equat ion ( 1 )  i s  shown i n  f i g u r e  16. Here t he  surface 
c t  ack leng th  f o r  each type  o f  s t ra in range  i s  p l o t t e d  against  l i f e  f r ac t i on .  
Th is  leng th  i s  ca l cu l a ted  from equat ion ( 1 )  us ing t h e  known f a t i g u e  l i f e  f o r  
t hk  p a r t i c u l a r  s t ra inrange.  Since f o r  t h i s  p l o t  we a re  r e l a t i n g  t h e  crack 
leng th  along t h e  sur face r a t h e r  than i t s  depth, an emp i r i ca l  conversion f a c t o r  
developed f rom o the r  s tud ies  i s  incorporated, t a k i n g  t h e  crack l eng th  as about 
t w c  t imes the  depth. Experimental p o i n t s  as measured on t he  surfaces o f  t h e  
s !~ . i imens  t es ted  a re  then p l o t t e d  i n  f i g u r e  16. Because t he  da ta  a re  q u i t e  
l i r i  i t ed ,  t he  r e s u l t s  must be considered p re l im inary .  However, i t  i s  i n t e r e s t -  
i n g  t h a t  agreement between t h e  c a l c u l a t i o n  and experiment begins t o  occur o n l y  
a f t e r  t h e  crack has grown t o  some r e l a t i v e l y  l a rge  s ize.  I n  t h e  e a r l y  growth 
t h e  measured cracks are cons iderab ly  longer than would be expected i f  based on 
equ3t ion (1) .  A poss ib le  reason f o r  t he  discrepancy i s  t h a t  t h e  e a r l y  cracks 
a re  u s u a l l y  t he  r e s u l t  o f  ox i d i zed  g r a i n  boundaries. Thus t h e  crack leng th  
becomes t h e  whole leng th  o f  t h e  cont iguous boundary t h a t  can e a s i l y  be 
attacked, and i s  unre la ted  t o  t h e  number o f  app l ied  cycles.  The s e v e r i t y  o f  
t he  d e ~ r a d a t i o n  due t o  these cracks i s  no t  as great,  however, as i t  would be 
if they were induced by t h e  normal f a t i g u e  mechanisms. Thus t h e  cracks grow 
i n  depth s low ly  a t  f i r s t ,  and o n l y  l a t e r  do they  catch up w i t h  t h e  requ i re -  
nents of equat ion ( 1  j . This  quest ion requ i res  f u r t k e r  study, p a r t i c u l a r l y  f o r  
;he PC t ype  o f  s t ra in range  which, as a l ready discussed, s u f f e r s  more from o x i -  
' a t i o n  cracks than do t he  o the r  s t ra in range  types. 

Curnulat'.e f a t i g u e  damaqe. - Equation ( 1 )  was o r i g i n a l l y  developed 
( r e r  ." 28) f o r  speci a1 use i n  cumulat ive f a t i g u e  damage analys is ,  p rov i d i ng  a 
bas is  f o r  each o f  two methods -- the  Damaoe Curve Amroach (DCA) and the  
Double L inear  Damage Rule (DLDR). The b a i i s  o f  the' ~ C A  i s  shown i n  f i g u r e  17, 
and rlas been c l a s s i c a l l y  app l ied  f o r  many years i n  cumulat ive f a t i gue  analy- 
s i s .  The curves represent  damage accumulation as a  f r a c t i o n  of c yc l e  r a t i o  
f o r  iwn  l e v e l s  o f  loading. I f  a c y c l e  r a t i o  ( n l IN1 )  i s  app l ied  a t  t h e  
f i r s t  l e ve l ,  and t.her, l oad ing  i s  s h i f t e d  t o  t h e  second l eve l ,  t h e  p rogress ion  
i s  made by mov:,.~ from p o i n t  A on t he  N 1  curve t o  p o i n t  B and t h e  N2 curve 
a t  constant damage. What i s  l e f t  t o  be used a t  t h e  N z  l e ve l ,  then, i s  t h e  
cyc l e  r a t ' f i  :,*om B t o  1.0. The m e r i t  o f  equat ion ( 1 )  i n  implementing t h e  DCA 
1s  t h a t  i~ prov ides a s imple a n a l y t i c a l  expression f o r  cons t ruc t i ng  t h e  curves 
OAF an, OBF. The DLDR i s  a  v a r i a t i o n  of t he  DCA and has t he  m e r i t  o f  s imp l i -  
f y in ,  t he  ana lys is  f o r  m u l t i p l e  load ing  leve ls ,  wh i l e  y i e l d i n g  approximately 
t h ~  same r e s u l t s .  

A recent  a p p l i c a t i o n  o f  t h e  concept has been made on 316 SS us ing  two 
sequent ia l  loaaings i n  o rder  t o  s imulate  an important cu r ren t  techno log ica l  
app l i c , i t i o r .  The problem i s  i l l u s t r a t e d  i n  t h e  i n s e r t  i n  f i g u r e  16. A number 
o f  out-oc-phase s t ra in l tempera tu re  hys te res is  loops, s imu la t i ng  thermomechan- 
i c a l  ~ ~ a d i n g  and developing p r i m a r i l y  PC s t r a i n  i s  imposed i n  t h e  ma te r i a l  



( l i f e  t o  f a i l u r e  a t  t h i s  load ing i s  about 600 cyc les ) .  Subsequently t h e  
ma te r i a l  i s  subjected t o  a l a rge  number o f  low-amp1 i tude,  high-frequency 
cyc les  ( o f  s t r a i n  amplitude such t h a t  l i f e  would be approximately 400 000 
cyc les ) .  The problem i s  t h e  determinat ion o f  t h e  i n t e r a c t i o n  o f  LCF and HCF 
app l ied  i n  sequence a t  h i gh  temperature. While we have app l ied  t h e  DCA and 
DLDR t o  many problems of t h i s  type, a l l  p r i o r  app l i ca t i ons  invo lved  mechanical 
load ings a t  lower tenperatures f o r  bo th  loadings. The quest ion here was 
whether a thermomechanical PC load ing  cou ld  be t r e a t e d  i n  t h e  same way as a 
mechanical l o ~ d i n g  of t he  same l i f e t i m e ,  and whether temperature and tempera- 
t u r e  v a r i a t i o n  e f f e c t s  were important.  

F i gu re  18 shows t h e  r e s u l t s  o f  severa l  t e s t s  conducted t o  date. A p l o t  
i s  made o f  t he  remaining HCF c y c l e  r a t i o  against  t he  imposed LCF c y c l e  r a t i o .  
The curved l i n e  represents t h e  p red i c t i ons  based on equat ion (1 ) .  The DLDR 
p r e d i c t i o n  i s  numer ica l l y  s im i l a r ,  bu t  t h e  curve i s  rep laced by two s t r a i g h t  
l i n e  segments ( no t  shown). The data p o i n t s  a re  exper imental  values o f  t h e  
combiaations o f  LCF and HCF cyc l e  r a t i o s  respons ib le  f o r  f a i l u r e .  It i s  seen 
t h a t  good agreement develops between c a l c u l  a t i ons  and exper imental  r e s u l t s .  
Of g rea t  i n t e r e s t  i s  how damaging a few LCF cyc les can be i n  reduc ing t h e  
a v a i l a b l e  HCF l i f e t i m e s .  Th is  sub jec t  requ i res  f u r t h e r  study, p a r t i c u l a r l y  o f  
t h e  micromechanisms involved, and i s  being pursued i n  our  l abo ra to r i es .  

DISCUSSION 

I n  t h i s  r e p o r t  we have examined a number o f  micromechanisms o f  f a t i g u e  i n  
t h e  creep range f o r  several  a1 l o y  systems i n c l u d i n g  a u s t e n i t i c  s t a i n l e s s  
s tee ls ,  wrought heat r e s i s t a n t  a l loys ,  nickel-base superal loys,  and a r e f r a c -  
t o r y  tantalum-base a l l o y .  Many complex mechanisms c o n t r i b u t e  t o  metal  degra- 
da t i on  i nc l ud ing  s l ip-p lane s l i d i n g ,  grain-boundary s l i d i n g  and migrat ion,  
c a v i t a t i o n ,  sur face notching, and environmental a t tack.  These mechanisms can 
i n t e r a c t ,  producing a v a r i e t y  o f  r e s u l t i n g  e f f e c t s  t h a t  govern c y c l i c  l i f e t i m e  
i n  a complex manner. 

We have proposed i dea l  i zed c y c l  i c  deformat i o n  and c rack ing  models f o r  
c reep- fa t igue-ox idat ion i n t e r a c t i o n s  t h a t  f ea tu re  t h e  micromechanisms associ-  
ated w i t h  t he  a l l o y  systems studied. These models a re  compat ib le wi th ,  and i n  
some cases even der i ved  from, t h e  St ra inrange P a r t i t i o n i n g  framework t h a t  has 
been found p a r t i c u l a r l y  use fu l  i n  t h e  fo rmu la t ion  o f  t h e  types o f  experiments 
t h a t  can most r e a d i l y  reveal  t h e  fundamental na tu re  o f  ma te r i a l  c y c l i c  defor- 
mat ion response and t h e  ca ta log ing  o f  t he  s i g n i f i c a n t  damage mechanisms. It 
i s  found, f o r  example, t h a t  when t h e  l i f e  r e l a t i o n s  f o r  t h e  gener ic  SRP com- 
ponents a l l  co inc ide,  t h e  i m p l i c a t i o n  i s  t h a t  a monomodal deformat ion mechan- 
ism predominates, bu t  when these r e l a t i o n s  d i f f e r  apprec iab ly  a mult imodal 
( i d e a l l y  bimodal) deformat ion system i s  l i k e l y  operat ive.  I f  t h r e e  o f  t h e  
f o u r  l i f e  r e l a t i o n s  coincide, bu t  one (PC) i s  apprec iab ly  lower than t h e  
others,  an impor tant  ox i da t i on  d e t e r i o r a t i o n  mechanism o r  t e n s i l e  mean s t r ess  
governs i n  the  maverick s t ra inrange.  

The SRP f r amwork  has been q u i t e  h e l p f u l  i n  t he  i n t e r p r e t a t i o n  o f  s i t ua -  ' 

t i o n s  f o r  which t he  i n t r o d u c t i o n  o f  creep a c t u a l l y  prolongs c y c l i c  l i f e .  The 
b e n e f i c i a l  e f f e c t  on l i f e  o f  t h e  a d d i t i o n  o f  t e n s i l e  creep s t r a i n  i n  t h e  a l l o y  
I N  792 was caused by a d ispersa l  o f  t h e  imposed deformat ion and thus a reduc- 
t i o n  o f  t h e  h i g h l y  l o c a l i z e d  s t r a i n s  t h a t  a re  associated w i t h  crack i n i t i a t i o n .  
Other notab le  l i f e  p r e d i c t i o n  methods such as t he  Time- and Cycle-Fract ion 



Rule, Damage Rate Approach, Continuous Damage, and Frequency Separation are a t  
odds w i t h  t he  behavior observed f o r  such an a l l oy .  

The SRP framework has a lso con t r ibu ted  t o  t he  b e t t e r  understanding o f  
environmental e f f e c t s  and t h e i r  i n t e r a c t i o n  w i t h  c y c l i c  deformat ion modes. 
While t h e  f i n e  d e t a i l s  o f  t he  i n t e r a c t i o n s  are extremely complex, we have been 
ab le  t o  i d e n t i f y  some important t rends which would have been obscured had no t  
t he  SRP methodology been apglied. As a s p e c i f i c  example, t he  poor r es i s tance  
t o  PC cyc l ing ,  when PC i s  t h e  on l y  dev iant  o f  t he  f o u r  SRP l i f e  r e l a t i ons ,  may 
be due i n  p a r t  t o  mean t e n s i l e  s t ress  e f f e c t s  f o r  very small hys te res is  loops, 
bu t  f o r  l a rge r  l o ~ p s  i s  c l e a r l y  associated w i t h  t he  format ion o f  sur face 
oxides dur ing  the  compressive creeping t imes t h a t  crack i n  a  b r i t t l e  manner 
du r i ng  t he  r a p i d  excursion i n t o  tension. These ox ide cracks penetrate i n t o  
the subst ra te  and r e s u l t  i n  e a r l y  crack i n i t i a t i o n .  The reverse cond i t i on  o f  
a  CP cyc le  does no t  r e s u l t  i n  :he b r i t t l e  c rack ing  phenomena s ince t he  ox ide 
grows du r i ng  the  t e n s i l e  p o r t i o n  o f  t he  cyc le  and undergoes r a p i d  excursions 
i n t o  compression. The b r i t t l e  sur face l aye r  i s  n a t u r a l l y  more t o l e r a n t  of 
compression than tension. I n  a  CC cycle,  the  ox ide l aye r  forms a l t e r n a t e l y  i n  
tens ion  and compression i n  such a manner t h a t  an e q u i l i b r i u m  s t a t e  o f  s t r ess  
and s t r a i n  i s  achieved w i t h i n  t he  ox ide t h a t  i s  much more r e s i s t a n t  t o  b r i t t l e  
c rack ing  by t he  a l t e r n a t e  excursions i n t o  tens ion and compression. 

Another aspect o f  environmental and deformation r e l a t e d  e f f e c t s  t h a t  has 
been made c l e a r e r  by adopting t he  SRP approach i s  the  r o l e  o f  vacuum. Not 
on ly  does t he  vacuum environment promote increases i n  c y c l i c  l i f e  f o r  each o f  
t he  four  SRP cycles, i t  a lso  permits,  as a r e s u l t  o f  the  g rea te r  number o f  
accumulated cycles,  add i t i ona l  mechanisms o f  cracking. As a spec i f i c  example, 
f o r  t he  d u c t i l e  tanta lum a l l o y  T-111, t h e  PC c y c l e  i n  vacuum r e s u l t e d  i n  an 
i n te rg ranu la r  crack ing mode t h a t  was no t  associated w i t h  an app rec iab l j  fore- 
shortened l i f e .  This r esu l t ed  because i n te rg ranu la r  crack ing was promoted, 
not  by the  more c l a s s i c a l  manner o f  vo id  growth i n  t he  g r a i n  boundaries caused 
by s l i d i n g  o r  hyd ros ta t i c  tension, bu t  l i k e l y  by a d i s l o c a t i o n  p i le-up and 
co l lapse  mechanism. The p i le-up a t  g r a i n  boundaries would occur du r i ng  ten- 
s i l e  p l a s t i c  s t r a i n i n g  and the  co l lapse  would take  p lace dur ing  t h e  compres- 
s i ve  hole ng per iods. 

I n  addi t ion,  i t  has been demonstrated t h a t  a  crack growth law t h a t  had 
been der ived on the  bas is  o f  room temperature behavior and was t he  bas is  f o r  
t h e  DLDR i s  a l so  appl icable,  a t  l e a s t  p a r t i a l l y ,  a t  e levated temperatures. 
Resul ts  presented f o r  316 s ta i n l ess  s t e e l  a t  1300" F show t h a t  t he  PP, PC, and 
C C  SRP cyc les can be descr ibed by t he  c rack ing  law which r e l i e s  on t he  c y c l i c  
advance o f  a s i ng le  dominant crack. Since c y c l i c  crack advance dur ing  CP 
load ing  could no t  be measured ( l i k e l y  because o f  the  l i n k i n g  up o f  numerous 
t i n y  i n t e r y r a n u l a r  crack s i t e s  d i s t r i b u t e d  throughout the  suscep t ib le  volume), 
i t  was no t  poss iS le  t o  compare p red ic ted  and observed c rack ing  f o r  t h i s  mode 
o f  c y c l i c  loading. Because o f  t he  a p p l i c a b i l i t y  of the crack growth law t o  PC 
and PP loading, i t  was poss ib le  t o  success fu l l y  apply  t he  DLDR t o  two-step 
loadings i n v o l v i n g  out-of-phase thermal-mechanical s t r a i n  c y c l i n g  (PC + PP) 
fo l lowed by r a p i d  c y c l i n g  (PP) t o  f a i l u r e .  Whether t he  DLDR would apply  t o  an 
in-phase thermal-mechanical s t r a i n  c y c l i n g  (CP + PP) cond i t i on  remains t o  be , 

seen. 

The goal o f  t h i s  study has been t o  prov ide a basel ine of in format ion t h a t  
can be use fu l  i n  applying creep-fat igue technolagy t o  p r a c t i c a l  problems en- 
countered i n  service. O f  spec ia l  importance I s  t he  quest ion of how t o  use 



i n fo rmat ion  f rom one k i n d  o f  t e s t  t o  p r e d i c t  behavior i n  another, e s p e c i a l l y  
where ex t r apo la t i on  i n  t imz  i s  requi red.  For t h i s  purpose i t  i s  des i r ab le  t o  
combine micromechanist ic in fo rmat ion  w i t h  engineer ing methodology i n  order  t o  
maximize t he  probabi  1 i t y  o f  successful  p r e d i c t  ion.  Whi l e  our  program i s  j u s t  
i n  i t s  i n i t i a l  phase, i t  appears t h a t  t h e  approach can c o n t r i b u t e  t o  our  goals. 

CONCLUSIONS 

The f o l l ow ing  conclusions can be drawn from our study o f  t he  c y c l i c  de- 
format ion and c rack ing  mechanisms observed i n  a v a r i e t y  o f  a l l o y s  subjected t o  
high-temperature, creep-fat  igue-ox idat ion environments. Among t he  a1 l oys  
s tud ied  i n  t h e  program were types 304 and 316 S ta in less  Steel ,  A-286, H-13 
Tool Steel ,  IN-792 + Hf, MAR M-200, and t he  Tantalum A l l o y  T-111. A i r  and 
vacuum environments were involved, and each a1 l o y  was t es ted  a t  e levated tem- 
peratures h i gh  enough t o  promote t he rma l l y  ac t i va ted  creep mechanisms. 

( 1 )  The St ra inrange P a r t i t i o n i n g  (SRP) framework i s  compat ib le w i t h  t h e  
numerous c y c l i c  deformat ion and c rack ing  mechanisms t h a t  are present  d u r i n g  
creep-fat igue-oxidat ion exposure o f  high-temperature a l l oys .  

(2) Idea l  i zed c y c l  i c  de fwmat  i o n  and crack ing models have beer! proposed 
t h a t  represent t h e  observed micromechanisms. 

( 3 )  A crack growth law, o r i g i n a l l y  der ived from room temperature f a t i g u e  
behavior,  has been shown t o  be app l i cab le  q u a n t i t a t i v e l y  t o  high-temperature, 
c reep- fa t igue loadings i n v o l v i n g  PP, PC, and CC t ype  SRP cycles.  Appl ica- 
b i l i t y  t o  CP type cyc les  cou ld  no t  be determined s ince  these cyc les  d i d  no t  
y i e l d  in fo rmat ion  s u i t a b l e  f o r  crack yrowth measurement. 

( 4 )  The double l i n e a r  damage r u l e  f o r  cumulat ,~ve f a t i g u e  damage 
analys is ,  which has i t s  bas is  i n  t he  room temperature crack growth law, was 
demonstrated t o  be app l i cab le  q u a n t i t a t i v e l y  t o  creep- fa t igue load ing  condi- 
t i o n s  i n v o l v i n g  PC and PP type load ing  cycles.  
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