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SUMMARY 

Thermomechanical Fa t i gue  (TMF) exper iments were conducted on Mar-M 200, 
8-1900, and PWA-1480 ( s i n g l e  c r y s t a l )  over  temperature ranges r e p r e s e n t a t i v e  
o f  gas t u r b i n e  a i r f o i l  environments.  The r e s u l t s  were examined f rom b o t h  a 
phenomenological bas i s  and a micromechanis t ic  bas i s .  Depending on c o n s t i t u e n t s  
p resen t  i n  t h e  supe ra l l oy  system, c e r t a i n  micromechanisms dominated t h e  c rack  
i n i t i a t i o n  process and s i g n i f i c a n t l y  i n f l u e n c e d  t h e  TMF l i v e s  as w e l l  as sens i -  
t i v i t y  o f  t h e  m a t e r i a l  t o  t h e  t y p e  o f  TMF c y c l e  imposed. For ins tance ,  h i g h  
temperature c rack i ng  around g r a i n  boundary ca rb ides  i n  Mar-M 200 r e s u l t e d  i n  
s h o r t  in-phase TMF l i v e s  compared t o  e i t h e r  out-of-phase o r  i so the rma l  l i v e s .  
I n  s i n g l e  c r y s t a l  PWA-1480, t h e  t ype  o f  c o a t i n g  a p p l i e d  was seen t o  be t h e  

2 c o n t r o l l i n g  f a c t o r  i n  de te rm in i ng  s e n s i t i v i t y  t o  t h e  t ype  o f  TMF c y c l e  imposed, 
0 
m out-of-phase l i v e s  be ing  shortened compared t o  in-phase o r  i so the rma l  l i v e s  i f  

a c o a t i n g  t h a t  i s  b r i t t l e  a t  t h e  low temperature end o f  t h e  c y c l e  were app l i ed .  
Micromechanisms o f  de fo rmat ion  were observed over  t h e  temperature range o f  
i n t e r e s t  t o  t he  TMF cyc l es ,  and p rov ided  some i n s i g h t  as t o  t h e  d i f f e r e n c e s  
between TMF damage mechanisms and i so the rma l  damage mechanisms. F i n a l l y ,  t h e  
a p p l i c a b i l i t y  o f  va r i ous  l i f e  p r e d i c t i o n  models t o  TMF r e s u l t s  was reviewed. 
It was concluded t h a t  c u r r e n t  l i f e  p r e d i c t i o n  models based on i so therma l  da ta  
must be mod i f i ed  be fo re  be ing  g e n e r a l l y  a p p l i c a b l e  t o  TMF.Doc. 

INTRODUCTION 

Background 

C u r r e n t l y  used methods o f  l i f e  p r e d i c t i o n  and m a t e r i a l  c o n s t i t u t i v e  model- 
i n g  f o r  h igh- temperature gas t u r b i n e  components u s u a l l y  a r e  based on i so the rma l  
da ta .  I n  r e a l i t y  these components a re  sub jec ted  t o  bo th  temperatures and 
mechanical  s t r a i n s  t h a t  va ry  w i t h  t ime .  Throughout c y c l i c  exposure t h e  m ic ro -  
s t r u c t u r e  o f  t h e  m a t e r i a l  may never reach an e q u i l i b r i u m  s t a t e .  Also,  t h e r e  
a r e  no ex tens ive  exper imenta l  bases f o r  e s t i m a t i n g  nonisothermal  c y c l i c  damage 
accumulat ion and m a t e r i a l  c o n s t i t u t i v e  behav io r .  Indeed, t h e  i n t e g r a t e d  
e f f e c t s  o f  damage accumulated over a temperature range a re  v i r t u a l l y  unexplored.  

Cond i t ions  under which a m a t e r i a l  specimen i s  sub jec ted  t o  bo th  tempera- 
t u r e s  and mechanical s t r a i n s  t h a t  vary  c y c l i c a l l y  c o n s t i t u t e  what i s  known as 
thermomechanical f a t i g u e  (TMF). Thermal f a t i g u e  exper imenta l  eva lua t i ons  
( r e f s .  1 and 2 )  i n c o r p o r a t e  some o f  t h e  e f f e c t s  p resen t  i n  thermomechanical 
f a t i g u e  b u t  s u f f e r  f rom t h e  drawback t h a t  t h e  thermal  c y c l e  and t h e  mechanical  
c y c l e  a r e  i n e v i t a b l y  coupled i n  such a manner t h a t  c y c l e  parameters cannot be 
c o n t r o l l e d  w i t h  any degree o f  independence. 



Developing l i f e  p r e d i c t i o n  c a p a b i l i t i e s  t h a t  a re  d i r e c t l y  a p p l i c a b l e  t o  
nonisothermal  s i t u a t i o n s  r equ i r es  a da ta  base i n  which temperature and mechan- 
i c a l  s t r a i n  a re  bo th  independent ly  c o n t r o l l e d  as a  f u n c t i o n  o f  t ime .  On t h i s  
bas is  i t  i s  poss i b l e ,  i n  p r i n c i p l e ,  e i t h e r  t o  adapt e x i s t i n g  i so therma l  l i f e  
p r e d i c t i o n  methods t o  TMF o r  t o  develop new l i f e  p r e d i c t i o n  methods. 

Review o f  TMF L i t e r a t u r e  

Some TMF s t ud ies  performed on var ious  m a t e r i a l s  a r e  c i t e d  i n  o rder  t o  
i l l u s t r a t e  genera l  exper imenta l  t rends  and approaches t o  adap t ing  i so the rma l  
l i f e  p r e d i c t i o n  concepts t o  TMF c o n d i t i o n s .  Though n o t  an exhaus t i ve  l i t e r a -  
t u r e  survey, t he  c i t e d  work p rov ides  a  pe rspec t i ve  f r om  which t o  v iew t h e  
p resen t  work. 

l a i r a  e t  a l .  ( r e f .  3) conducted TMF exper iments on 1016 carbon s t e e l  and 
A IS I  347 s t a i n l e s s  s t e e l  and compared t h e i r  r e s u l t s  w i t h  i so therma l  da ta .  They 
found good c o r r e l a t i o n  between TMF l i v e s  and i so the rma l  l i v e s  determined a t  the  
maximum and minimum temperatures assoc ia ted  w i t h  t h e  TMF c y c l e  by i n v o k i n g  a  
"spanning f ac to r i '  f o r  use i n  c o n j u n c t i o n  w i t h  a  l i n e a r  damage accumulat ion 
r u l e .  I n  e f f e c t ,  t h e  spanning f a c t o r  i s  a  p r o p o r t i o n a l i t y  cons tan t  based on 
i so the rma l  l i v e s  a t  t h e  TMF temperature extremes. The approach i s  n o t  l i k e l y  
t o  be g e n e r a l l y  v a l i d  when t h e r e  i s  s t r ong  i n t e r a c t i o n  among t h e  damage mech- 
anisms o p e r a t i n g  over t h e  temperature range o f  t h e  TMF cyc l e .  For one t h i n g ,  
t h e  method r e s t r i c t s  TMF l i v e s  t o  l i e  somewhere between t h e  i so the rma l  l i v e s  
o f  t h e  temperature extremes, a  phenomenon t h a t  i s  n o t  always observed. 

Lundberg and Sandstrom ( r e f .  4 )  have shown t h a t  s t r a i n range  p a r t i t i o n i n g  
(SRP) concepts m igh t  be used f o r  q u a l i t a t i v e  e x t r a p o l a t i o n  o f  i so the rma l  l i f e  
p r e d i c t i o n  t o  TMF s i t u a t i o n s .  I n  p a r t i c u l a r ,  thermal  f a t i g u e  r e s u l t s  f o r  Cr-Mo 
and 18Cr-1ONi s t e e l s  cou ld  be r a t i o n a l i z e d  on t h e  bas i s  o f  i so the rma l  SRP data.  
Lundberg and Sandstrom o f f e r  a  g e n e r a l l y  a p p l i c a b l e  cau t i ona ry  note,  however. 
T h e i r  observa t ions  and those o f  T a i r a  a r e  n o t  applicable t o  c y c l e  c o n d i t i o n s  
( tempera tu re  ranges and h o l d  t imes)  over  which m i c r o s t r u c t u r a l  changes t o  t h e  
a l l o y  m igh t  be expected. 

H a l f o r d  and Manson ( r e f .  5 )  have s u c c e s s f u l l y  a p p l i e d  SRP t o  TMF l i f e  pre-  
d i c t i o n  f o r  A IS I  316 s t a i n l e s s  s t e e l .  They p o i n t  o u t  t h a t  A IS I  316 s t a i n l e s s  
s t e e l  i s  a  m a t e r i a l  whose bas ic  c y c l i c  s t r a i n - l i f e  r e l a t i o n s  a re  n o t  tempera- 
t u r e  dependent. Spec ia l  procedures t h a t  have y e t  t o  be developed a r e  needed 
t o  cope w i t h  temperature-dependent m a t e r i a l s .  

Rau, Gemma, and Leverant  ( r e f .  6 )  i n v e s t i g a t e d  c rack  p ropaga t ion  under 
in-phase (maximum t e n s i l e  s t r a i n  s imulataneous w i t h  maximum temperature)  and 
out -o f -phase (maximum compressive s t r a i n  s imultaneous w i t h  maximum temperature)  
TMF c y c l i n g ,  as w e l l  as under i so the rma l  c y c l i n g  c o n d i t i o n s  f o r  some n i c k e l -  
based supe ra l l oys .  Crack p ropaga t ion  r a t e s  were observed t o  be much h i ghe r  f o r  
out -o f -phase c y c l i n g  t h a t  f o r  in -phase c y c l i n g .  A lso,  c rack p ropaga t ion  r a t e s  
under TMF c o n d i t i o n s  were h i ghe r  than under comparable ( m e c h a n i s t i c a l l y )  i s o -  
thermal  c y c l i n g  c o n d i t i o n s .  A compressive-creep-assisted crack sharpening 
mechanism was proposed, b u t  n o t  v e r i f i e d ,  t o  account f o r  r a p i d  out-of-phase 
c rack  p ropaga t ion .  



Kuwabara, N i t t a ,  and Ki tamura ( r e f .  7 )  i n v e s t i g a t e d  t h e  TMF behavior  o f  a  
broad range o f  s t e e l s  and supera l loys  used i n  t h e  power genera t ing  i n d u s t r y .  
They observed f o u r  d i s t i n c t  types o f  TMF behav io r ,  each de f ined  by t h e  p a r t i c -  
u l a r  l i f e  versus c y c l i c  s t r a i n  c h a r a c t e r i s t i c s  assoc ia ted  w i t h  in-phase and 
out-of-phase c y c l i n g .  A conc lus i on  they reached was t h a t  3  o f  t h e  4  types o f  
behav io r  cou ld  be c o n s e r v a t i v e l y  handled by p r e s e n t l y  a v a i l a b l e  c y c l i c  s t r a i n  
based r e l a t i o n s h i p s .  The "dangerous" 4 t h  t ype  o f  TMF behav ior  was t h a t  f o r  
whlch in-phase l i v e s  were s u b s t a n t i a l l y  s h o r t e r  than out-of-phase o r  i so the rma l  
l i v e s .  Kuwabara e t  a l .  a t t r i b u t e d  t h i s  f o u r t h  t ype  o f  behav ior  t o  s u b s t a n t i a l  
c reep - f a t i gue  i n t e r a c t i o n ,  and noted t h a t  i t  was observed most t y p i c a l l y  i n  
t h e  c a s t  supera l loys  they  eva luated.  

Ob jec t i ve  and Scope 

There a re  t h r e e  o b j e c t i v e s  t o  t h i s  paper: 1 )  To observe t h e  e f f e c t  t h a t  
TMF c y c l i n g  has on c rack  i n i t i a t i o n  and c rack  p ropaga t ion  l i v e s  o f  some n i c k e l  
base supe ra l l oys ;  2) t o  i d e n t i f y  t h e  impo r tan t  micromechanisms c o n t r o l l i n g  
de fo rmat ion  and damage under TMF c o n d i t i o n s ;  3 )  t o  assess t h e  a p p l i c a b i l i t y  o f  
i so the rma l  l i f e  p r e d i c t i o n  models t o  TMF. 

MATERIALS 

The nominal composi t ions o f  a l l  t h r e e  n i c k e l  based supe ra l l oys  o f  concern 
i n  t h i s  paper a r e  summarized i n  t a b l e  I .  A d e s c r i p t i o n  o f  t h e  two types o f  
coa t i ngs  a p p l i e d  t o  t h e  s i n g l e  c r y s t a l  PWA-1480 i s  i nc l uded  i n  t a b l e  1 1 .  

MAR-M 200 i s  a  c a s t  n i cke l -based  s u p e r a l l o y  o r i g i n a l l y  developed f o r  t u r -  
b i n e  b lade  a p p l i c a t i o n .  The m i c r o s t r u c t u r e  c o n s i s t s  o f  approx imate ly  60 v o l  % 
p r ima ry  y '  i n  a  y m a t r i x ,  w i t h  bo th  MZ3C6 and MC t y p e  carb ides .  The 
a l l o y  was c o n v e n t i o n a l l y  c a s t  l n t o  specimens, r e s u l t i n g  i n  a r a d i a l  g r a i n  
s t r u c t u r e  w i t h  g r a i n  s i zes  o f  approx imate ly  1  mm by 2  t o  3 mm. The specimens 
were t e s t e d  i n  t h e  as c a s t  and machined c o n d i t i o n .  

The 8-1900 + Hf re fe renced  i n  t h i s  s tudy  i s  a  t y p i c a l  i s o t r o p i c  n i c k e l  
base supe ra l l oy  used i n  gas t u r b i n e  h o t  s e c t i o n  components such as blades and 
vanes. Cast bars  f r om  which specimens were machined were g i ven  a  4 h r .  so l u -  
t i o n  t rea tment  a t  1079 O C ,  a l r  coo led,  then  p r e c i p i t a t i o n  t r e a t e d  a t  899 "C 
f o r  10 h r  and a i r  coo led.  R e s u l t i n g  g r a i n  s i z e  was 0.18 t o  0.25 mm. 

S i n g l e  c r y s t a l  PWA-1480 specimens were c a s t  f rom reme l t  s tock  by a  d i r e c -  
t i o n a l  s o l i d i f i c a t i o n  method where in  t h e  m e l t - f i l l e d  mold was withdrawn f r om a  
fu rnace  a t  a  r a t e  o f  about a  h a l f  cen t ime te r  pe r  m inu te .  Using t h i s  method, 
g rowth  d i r e c t i o n  c r y s t a l l o g r a p h i c  o r i e n t a t i o n  was u s u a l l y  w i t h i n  5" o f  cool>.  

A f t e r  cas t i ng ,  t h e  bars  were s o l u t i o n  heat  t r e a t e d  and sub jec ted  t o  v i s u a l ,  
x-ray d i f f r a c t i o n ,  and me ta l l og raph i c  i n s p e c t i o n .  Specimens were machined t o  
f i n a l  c o n f i g u r a t i o n  f rom t h e  c a s t  s i n g l e  c r y s t a l  b lanks ,  f o l l o w i n g  heat  t r e a t -  
ment and j nspec t i on .  



LFFECI OF TMF CYCLING ON C R A C K  IN I I lAT ION L I F E  

MAR-M 200 

I h e  TMF r e s u l t s  f o r  MAR-M 200 a re  summarized i n  f i g u r e  1, The i n e l a s t i c  
mechanical  s t r a i n  range i s  p l o t t e d  versus t h e  number o f  cyc les  t o  f a i l u r e .  
Resu l t s  a re  shown f o r  in-phase and out-of-phase TMF exper iments as w e l l  as 
i so the rma l  f a t i g u e  da ta  a t  1000, 927, and 650 O C .  A few observa t ions  a re  
immediate ly  notewor thy.  F i r s t ,  t h e r e  was a  marked s e n s i t i v i t y  o f  TMF l i f e  t o  
t he  t ype  o f  c y c l e  imposed. The l i f e  o f  p o l y c r y s t a l l i n e  MAR-M 200 was cons ider -  
a b l y  s h o r t e r  under in-phase c y c l i n g  c o n d i t i o n s  than  under out-of-phase c y c l i n g  
c o n d i t i o n s .  The s i g n i f i c a n c e  o f  t h e  apparent d i f f e r e n c e  i n  s lope  between t h e  
in-phase and out-of-phase l i f e  l i n e s  i s  unce r t a i n ;  a d d i t i o n a l  da ta  a r e  r e q u i r e d  
t o  s u b s t a n t i a t e  t h i s  d i f f e r e n c e .  Second, TMF l i v e s ,  e s p e c i a l l y  under in-phase 
c y c l i n g  c o n d i t i o n s ,  were cons ide rab l y  s h o r t e r  than  i so therma l  l i v e s  a t  1000 and 
927 O C .  Th i r d ,  f o r  a  g i ven  i n e l a s t i c  s t r a i n  range, t h e  i so therma l  l i f e  showed 
a  n o t a b l e  s e n s i t i v i t y  t o  temperature.  However, t h e  i so the rma l  LCF l i f e  o f  
MAR-M 200 appeared t o  be r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  t ype  o f  i so therma l  c y c l e  
imposed; i . e . ,  t h e  i n c l u s i o n  o f  h o l d  t imes d i d  n o t  r e s u l t  i n  s i g n i f i c a n t  
changes i n  c y c l i c  f a t i g u e  l i f e .  A t  927 O C  f o r  example, a  C C  t e s t  l a s t i n g  over  
1000 h r  had a  c y c l i c  l i f e t i m e  no d i f f e r e n t  f rom PP t e s t s  l a s t i n g  o n l y  0.2 h r .  
7he TMF t e s t s  had exposure t imes a t  h i g h  temperatures t h a t  were g r e a t e r  than  
those f o r  t h e  i so therma l  PP t e s t s  b u t  l e s s  than  those f o r  t h e  i so therma l  CC 
t e s t s .  Never the less,  in-phase TMF c y c l i c  l i v e s  were l e s s  than  i so therma l  
l i v e s .  Thus, t ime  a t  temperature by i t s e l f  does n o t  appear t o  be a  c r i t i c a l  
f a c t o r  from t h e  s tandpo in t  o f  govern ing c y c l i c  l i f e .  

Me ta l l og raph i c  examinat ion o f  MAR-M 200 TMF specimens, a f t e r  f a i l u r e ,  p ro -  
v ided  some i n s i g h t  r ega rd i ng  t h e  micromechanisms respons ib l e  f o r  t h e  TMF c y c l e  
phase e f f e c t s  observed. F i gu re  2  shows t h a t  c rack  i n i t i a t i o n  and e a r l y  c rack  
growth d i f f e r e n c e s  under in-phase and out-of-phase c o n d i t i o n s  a re  r e l a t e d  t o :  
1) t h e  r o l e  o f  o x i d a t i o n ;  2) c a r b i d e  and ca rb i de /ma t r i x  behav ior ;  and 3 )  t h e  
r o l e  o f  g r a i n  boundar ies.  

Some o f  t h e  impo r tan t  o x i d a t i o n  r e l a t e d  TMF e f f e c t s  may be seen i n  cornpar- 
i n g  f i g u r e  2 (a )  and ( b ) .  I t  i s  ev i den t  t h a t  in-phase c y c l i n g  ( f i g .  2 (a ) )  
r e s u l t e d  i n  r e l a t i v e l y  sharp c rack  t i p s  and t h i c k  ox i de  bu i l d -up  on t h e  c rack  
su r faces ,  suggest ing a  b r i t t l e  p ropaga t ion  mechanisms through o x i d i z e d  t i p  
m a t e r i a l ,  and some wedging a c t i o n  a t t r i b u t e d  t o  t h e  ox ide  on t h e  c rack  su r -  
faces .  I n  c o n t r a s t ,  out-of-phase c y c l i n g  ( f i g .  2 ( b ) )  r e s u l t e d  i n  b l u n t  c rack  
t i p s ,  suggest ing a  d u c t i l e  p ropaga t ion  mechanism, and r e l a t i v e l y  ox i de - f r ee  
c rack  su r faces  due t o  crack c l o s u r e  (compression) a t  e l eva ted  temperature.  

The TMF c y c l e  dependent ca rb i de  and ca rb i de /ma t r i x  behav ior  i s  shown i n  
f i g u r e s  2 ( c )  and ( d ) .  In-phase c y c l i n g  ( f i g .  2 ( c ) )  l ead  t o  m a t r i x  pu l l -away 
f r om t h e  ca rb i de  p a r t i c l e .  Subsequent l i n k - u p  o f  t h e  vo ids c rea ted  by t h e  
pu l l -away and p ropaga t ing  cracks o f t e n  occurred,  based on me ta l l og raph i c  obser-  
va t i ons ,  as shown i n  f i g u r e  3 ( a ) .  I n  c o n t r a s t ,  c r a c k i n g  through t h e  ca rb i de  
was o f t e n  seen a f t e r  out-of-phase c y c l i n g  ( f i g .  2 ( d ) ) ,  presumably due t o  t h e  
h i g h  t e n s i l e  s t resses  assoc ia ted  w i t h  t e n s i l e  de fo rmat ion  a t  low temperatures.  
Based on me ta l l og raph i c  s t ud ies  ( f i g .  3 ( b ) )  f rom f a i l e d  specimens, i t  does n o t  
appear t h a t  these cracked carb ides  i n t e r a c t e d  significantly w i t h  major  propa- 
g a t i n g  c racks .  



l i i r d l  l y ,  t t i c  r o l e  o f  g r a i n  b ~ u n d ~ i r l c s  undor IMF c y c l i n g  condition: i s  chown 
i n  t i q u r e  2 ( u )  and ( 1 ) .  Under i n  p l ~ a s e  c y c l i n g ,  c r a c k  g rowth  i s  p redu rn ina r \ t l y  
i n t e r g r d n u l a r ,  w i t h  ev idence  t h a t  i n t e r n a l  i n i t i a t i o n  o c c u r r  ( f i g .  2 ( e ) ) .  Out 
o f  phase c y c l i n g  r e s u l t r  i n  mixed i n  t e r g r a n u l d r  and t r a n s g r d r ~ u l a r  c r a c k  grc,wth, 
as may be seen i n  f i g u r e  2 ( f ) .  

On f i n e r  s c a l e ,  t r a n s m i s s i o n  e l e c t r o n  m ic roscopy  (TEM) r e v e a l s  tempera-  
t u r e  dependent  d i s l o c a t i o n  phenomena t h a t  m i g h t  i n f l u e n c e  c rack  i n i t i a t i o n  
d u r i n g  1 M F .  F i g u r e  4 ,  f r o m  t h e  work o f  M i l l i g a n  and Jayaraman ( r e f .  8 ) ,  sum- 
m a r i z e s  s t g n i f i c a n t  t e m p e r a t u r e  dependent b e h a v i o r  i n  s i n g l e  c r y s t a l  M A R - M  200 
s u b j e c t e d  t o  i s o t h e r m a l  c y c l i n g  a t  two t e m p e r a t u r e  l e v e l s .  l h e  i m p o r t a n t  
o b s e r v a t i o n 5  a r e :  1 )  s l i p  band f o r m a t i o n  on o c t a h e d r a l  s l i p  syr tems a t  760 "C; 
2)  d i f f u s e  s l i p ,  and t h e  a c t i v a t i o n  o f  c u b i c  s l i p  systems a t  870 " C .  

When a specimen i s  s u b j e c t e d  t o  TMF c y c l i n g  between two t e m p e r a t u r e  
ex t remes,  p o s s i b l e  i n t e r a c t i o n  between t h e s e  v e r y  d i f f e r e n t  d i s l o c a t i o n  d i s t r i -  
b u t i o n s  and s l i p  systems may be h y p o t h e s i z e d .  A t  e l e v a t e d  tempera tu res ,  d i s -  
l o c a t i o n s  f r o m  t h e  h i g h  d i s l o c a t i o n  d e n s i t y  s l i p  bands genera ted  d u r i n g  l o w  
t e m p e r a t u r e  d e f o r m a t i o n  can become m o b i l e  i n  a d d i t i o n  t o  t h e  g e n e r a l l y  d i s p e r s e  
s l i p  a s 5 o c i a t e d  w i t h  h i g h  t e m p e r a t u r e  d e f o r m a t i o n .  Fo r  in -phase TMF c y c l i n g ,  
t h i s  can g i v e  r i s e  t o  p l a n a r  s l i p  f e a t u r e s  and e a r l y  c r a c k  n u c l e a t i o n ,  n o r m a l l y  
a s s o c i a t e d  w i t h  l o w  t e m p e r a t u r e  d e f o r m a t i o n .  A l s o ,  t h e  development o f  c u b i c  
s l i p  a t  h i g h  t e m p e r a t u r e  w i l l  l e a d  t o  a  h i g h  d e n s i t y  o f  s e s s i l e  d i s l o c a t i o n s  a t  
t h e  l o w  t e m p e r a t u r e .  P r o p a g a t i n g  s l i p  t h r o u g h  a  dense s e s s i l e  f o r e s t  r e s u l t s  
i n  l a r g e  numbers o f  p o i n t  d e f e c t s  and d i p o l e s ,  f e a t u r e s  t h a t  m i g h t  be s i g n i -  
f i c a n t  i n  v o i d  n u c l e a t i o n  and d i f f u s i o n  a s s i s t e d  mechanisms. Thus, i n t e r a c t i o n  
o f  a l i e n  d i s l o c a t i o n  d i s t r i b u t i o n s  and systems h e l p s  t o  accoun t  f o r  t h e  g e n e r a l  
d e g r a d a t i o n  o f  f a t i g u e  l i f e  i n  M A R - M  200 under 1-MF c o n d i t i o n s  compared t o  
i s o t h e r m a l  c o n d i t i o n s .  

I h e  o u t - o f - p h a s e  TMF r e s u l t s  f o r  B 1900, summarized f r o m  t h e  work o f  
H a l f o r d  and McGaw ( r e f .  9 ) ,  w i t h  some p r e l i m i n a r y  i n - p h a s e  d a t a  ( s m a l l  number o f  
specimens,  and d i f f e r e n t  m a t e r i a l  h e a t )  a r e  shown i n  f i g u r e  5 a l o n g  w i t h  i s o -  
t h e r m a l  d a t a  f o r  compar ison.  -!he o u t -  o f - p h a s e  1 M F  r e s u l t s  and t h e  i s o t h e r m a l  
r e s u l t s  a r e  v e r y  c l o s e  t o g e t h e r ,  and t h e  p r e l i m i n a r y  i n -phase  r e s u l t s  sugges t  
a  7MF c y c l e  p h a s i n g  e f f e c t  s i r r t i l d r  t o  t h a t  seen f o r  MAR-M 200. F r a c t o g r a p h y  
g e n e r a l l y  showed a  mixed i n t e r g r a n u l a r  t r a n s g r a n u l a r  f r a c t u r e  s u r f a c e  f o r  i n -  
phase specimens, and p r e d o m i n a n t l y  t r a n s g r a n u l a r  f a i l u r e  f o r  o u t - o f - p h a s e  
specimens,  much as was observed f o r  MAR-M 200. I t  shou ld  be emphasized t h a t  
t h e  i n - p h a s e  r e s u l t s  shown i n  f i g u r e  5 a r e  t e n t a t i v e  and a r e  c l u s t e r e d  i n  t h e  
s h o r t  l i f e  reg ime,  so compar isons w i t h  l o n g e r  l i f e  t e s t s  a r e  r i s k y .  

' I t M  s t u d i e s  conducted on 8-  1900 specimens by Pe l  l o u x  and Marchand ( r e f .  1 0 )  
rhow s i g n i f i c a n t l y  d i f f e r e n t  d i s l o c a t i o n  d e n s i t i e s  and arrangements depend ing 
on t h e  p h a r i n g  o f  t h e  1 M F  c y c l i n g .  D i s l o c a t i o n  d e n s i t i e s  were observed t o  be 
h i g h e r  under i n - p h a s e  t h a n  o u t - o f  pha re  c y c l i n g ,  as may be seen by compar ing  
f i g u r e  6 ( a )  w i t h  ( b ) .  A l s o ,  i n - p h a s e  c y c l i n g  r e s u l t e d  i n  more y '  c o a r s e n i n g  
and h i g h e r  m i s f i t  d i s l o c a t i o n  d e n s i t y  t h a n  d i d  o u t - o f - p h a s e  c y c l i n g .  P e l l o u x  
and Marchrand a t t r i b u t e  t h e  i n c r e a s e d  d i s l o c a t i o n  d e n s i t y  under i n -phase  c y c l i n g  
t o  g r e a t e r  ease o f  c r o s s  s l i p  and secondary source  a c t i v a t i o n  a t  h i g h  tempera 
t u r e s ,  becaure  o f  p a r t i a l  d i s l o c a t i o n  constriction promoted by t h e  t e n 5 i l e  
s t r e s s e s  a s s o c i a t e d  w i t h  i n - p h a s e  c y c l i n g .  I h e  y' c o a r s e n i n g  was promoted 



by t he  low temperature compressive h y d r o s t a t i c  s t r e s s  s t a t e  under in-phase 
c y c l i n g ,  which tended t o  cancel  t he  t e n s i l e  an t i -phase  boundary s t resses .  I t  
i s  d i f f i c u l t  t o  see how these d i f f e r e n c e s  i n  f l o w  behav io r  and f l ow  r e l a t e d  
n ~ i c r o s t r u c t u r e  might  be r e l a t e d  t o  damage i n i t i a t i o n .  Perhaps y '  coarsening 
and r a f t i n g  promote channe l ing  o f  s l i p  and l o c a l i z e d  i n t e n s i f i c a t i o n  under 
in-phase c y c l i n g  l ead ing  t o  more r a p i d  c rack  i n i t i a t i o n .  There i s  s t i l l  a  need 
f o r  more d e f i n i t i v e  TMF i n i t i a t i o n  l i f e  da ta  f o r  8-1900 be fo re  a  conc lus i ve  
unders tanding o f  c y c l e  phas ing e f f e c t s  can be reached. 

S i n g l e  C r y s t a l  PWA-1480 

Resu l t s  f rom TMF t e s t i n g  o f  s i n g l e  c r y s t a l  PWA-1480 a r e  shown i n  f i g u r e  7 
( r e f .  11 ) .  Two p o i n t s  a r e  wor thy o f  no te  i n  regard  t o  these r e s u l t s .  F i r s t ,  
i n  a d d i t i o n  t o  cont inuous c y c l i n g  TMF t e s t i n g ,  b i - t he rma l  t e s t s  were conducted. 
Second, t h e  s i n g l e  c r y s t a l  specimens were coated, w i t h  two d i f f e r e n t  k i nds  o f  
c o a t i n g  be ing  i n v e s t i g a t e d .  

l h e  e f f e c t  o f  c y c l e  t ype  on specimen c rack  i n i t i a t i o n  l i f e  I s  s t r o n g l y  
dependent on t h e  t ype  o f  c o a t i n g  p resen t .  For out-of-phase TMF t e s t i n g ,  coa t -  
i n g  e f f e c t s  a re  e s p e c i a l l y  marked. 

The d i f f u s i o n  c o a t i n g  tended t o  generate  c i r c u m f e r e n t i a l  c racks whereas t h e  
o v e r l a y  i n i t i a t e d  a  m u l t i t u d e  o f  smal l  t h u m b n a i l - l i k e  cracks,  as may be seen i n  
f i g u r e  8 ( a )  and ( b ) .  The concen t r i c  c r a c k i n g  o f  t h e  d i f f u s i o n  c o a t i n g  i s  n o t  
unexpected s ince  i t s  f r a c t u r e  d u c t i l i t y  i s  low a t  temperatures below 649 "C 
(1200 OF). 

In-phase TMF c rack  i n i t i a t i o n  o f  coated specimens i s  l e ss  d i s t i n c t .  
Because t he  t e n s i l e  p o r t i o n  o f  t h e  t e s t  occurs a t  h i g h  temperature,  t h e  coa t -  
i n g s  tend t o  rumple which makes r e p l i c a t i o n  d i f f i c u l t .  As can bes t  be de te r -  
mined, in-phase t e s t i n g  generates many smal l  c racks e a r l y  i n  t h e  f a t i g u e  l i f e  
o f  t h e  specimen; however, these  cracks do n o t  grow n e a r l y  as r a p i d l y  as those 
o f  out-of-phase t e s t i n g .  As a  r e s u l t ,  t h e  f a t i g u e  l i v e s  o f  in-phase TMF t e s t s  
a r e  s i g n i f i c a n t l y  longer  than  those o f  out-of-phase t e s t s .  I n  f a c t ,  t h e  
in-phase l i v e s  appeared t o  be a t  l e a s t  as l ong  as i so the rma l  l i v e s  a t  1038 O C .  

The complete absence o f  g r a i n  boundar ies i n  t h e  s i n g l e  c r y s t a l  m a t e r i a l  may 
account  f o r  t h e  r e l a t i v e  i n s e n s i t i v i t y  o f  t he  m a t e r i a l  t o  in-phase t e s t i n g ,  as 
w e l l  as t o  t e n s i l e  h o l d  t imes .  Note t h e  d e l e t e r i o u s  e f f e c t  o f  h i g h  temperature 
compressive ho ld  i n  f i g u r e  7,  e s p e c i a l l y  f o r  d i f f u s i o n  ( b r i t t l e )  coated speci-. 
mens. The compressive h o l d  e f f e c t  i s  c o n s i s t e n t  w i t h  t h e  impact t h a t  ou t -o f -  
phase c y c l i n g  has on t h e  b r i t t l e  coated s i n g l e  c r y s t a l .  

DISCUSSION 

I n  t h i s  sec t i on ,  t h e  a p p l i c a b i l i t y  o f  severa l  i so the rma l  l i f e  p r e d i c t i o n  
models t o  t h e  p resen t  TMF r e s u l t s  i s  cons idered.  A lso,  t h e  spanning f a c t o r  
concept proposed by T a i r a  e t  a l .  ( r e f .  3) i s  g i ven  c o n s i d e r a t i o n .  The i s o t h e r -  
mal l i f e  p r e d i c t i o n  models t h a t  a re  assessed i n c l u d e  SRP ( r e f .  5 ) ,  t h e  
Os te rg ren  model ( r e f .  12 ) ,  t h e  C o f f i n  f requency sepa ra t i on  model ( r e f .  13 ) ,  
and A n t o l o v i c h ' s  o x i d a t i o n  model ( r e f .  1 4 ) .  P r e d i c t i o n s  f rom these models w i l l  
be compared w i t h  r e s u l t s  f r om  MAR-M 200 and 8-1900. I t  i s  n o t  c l e a r  how t o  
app l y  these models t o  t he  s i n g l e  c r y s t a l  PWA-1480 r e s u l t s  because o f  t h e  
dominant r o l e  p layed by t he  coa t i ngs .  



Consider f i r s t  the a p p l i c a t i o n  o f  t h e  spanning f a c t o r  concept t o  t h e  
r e s u l t s  ob ta ined  f o r  p o l y c r y s t a l l i n e  MAR M 200. F o l l o w i n g  literally t h e  
approach o u t l i n e d  by T a i r a  e t  a l .  ( r e f .  3 ) ,  t h e  c a l c u l a t e d  1MF l i f e  t u r n e d  o u t  
t o  be about 1000 c y c l e s  f o r  0 .1-percent  i n e l a s t i c  s t r a i n  range. The a c t u a l  TMF 
l i f e  f o r  in-phase c y c l i n g  was o n l y  58 c y c l e s ,  and t h a t  f o r  out-of-phase c y c l i n g  
was o n l y  4 2 5  c y c l e s .  I t  would seem t h a t  T a i r a  e t  a l .  made t h e  t a c i t  assumpt4sn 
t h a t  i s o t h e r m a l  l i v e s  should  be s h o r t e r  a t  h i g h  temperatures than  a t  low tem- 
p e r a t u r e s  - an assumpt ion t h a t  may be t r u e  f o r  c e r t a i n  a l l o y s ,  b u t  n o t  so f o r  
p o l y c r y s t a l l i n e  MAR-M 200 and many o t h e r  s u p e r a l l o y s .  I f  one r e d e f i n e s  some o f  
t h e  terms used by T a i r a  e t  a l . ,  so t h a t  i n  e f f e c t  i s o t h e r m a l  l i v e s  a r e  assumed 
t o  be s h o r t e r  a t  l ow temperatures than  a t  h i g h ,  t h e  p r e d i c t e d  TMF l i f e  t u r n s  
o u t  t o  be about 62 c y c l e s .  A l though t h i s  c a l c u l a t i o n  i s  i n  b e t t e r  agreement 
w i t h  t h e  in-phase exper imen ta l  r e s u l t s ,  i t  i s  i n  ve ry  poor agreement w i t h  t h e  
out-of-phase exper imen ta l  r e s u l t s .  The d i f f i c u l t i e s  w i t h  t h e  spanning f a c t o r  
approach a r e  now c l e a r l y  apparent .  F i r s t ,  t h e  p r e s e n t  f o r m u l a t i o n  o f  t h e  
spanning f a c t o r  does n o t  account  f o r  c y c l e  phas ing e f f e c t s ,  which were found t o  
be ve ry  s t r o n g  f o r  p o l y c r y s t a l l i n e  MAR-M 200. Second, i t  i s  n o t  c l e a r  a  p r i o r 1  
how t o  d e f i n e  t h e  i s o t h e r m a l  l i f e  terms. 

E s s e n t i a l l y  t h e  same d i f f i c u l t l e s  a r i s e  when t h e  spanning f a c t o r  concept  
i s  a p p l i e d  t o  8-1900 as were encountered f o r  MAR-M 200. Both  t h e  l i f e  l e v e l s  
and phas ing  e f f e c t s  c o u l d  n o t  be c o n s i s t e n t l y  p r e d i c t e d  u s i n g  t h e  spanning 
f a c t o r  concept .  

D i f f i c u l t i e s  were a l s o  encountered i n  a t t e m p t i n g  t o  q u a n t i t a t i v e l y  a p p l y  
i s o t h e r m a l  SRP d a t a  t o  t h e  TMF r e s u l t s  f o r  p o l y c r y s t a l l i n e  MAR-M 200 and t o  t h e  
p r e l i m i n a r y  r e s u l t s  f o r  8-1900 because o f  t h e  s i g n i f i c a n t  c y c l e  phase e f f e c t .  
SRP c o n s i d e r a t i o n s  o f  t h e  phase e f f e c t  would be based on two aspects  b u t  p r i n -  
c i p a l l y  on d i f f e r e n c e s  i n  t h e  f o u r  SRP l i f e  l i n e s  a t  temperatures w i t h i n  t h e  
c reep  range. S ince i s o t h e r m a l  SRP d a t a  a v a i l a b l e  f o r  p o l y c r y s t a l l i n e  MAR-M 
200 ( r e f .  15)  i n d i c a t e  t h a t  a t  h i g h  temperatures t h e  f o u r  SRP l i f e  l i n e s  a r e  
q u i t e  c l o s e  t o g e t h e r ,  t h e  observed TMF e f f e c t  would n o t  be expected. Thus, t h e  
o t h e r  aspect ,  based on t h e  v a r i a t i o n  o f  SRP l i f e  r e l a t i o n s  w i t h  tempera tu re  
(de te rm ined  e i t h e r  th rough  d i r e c t  exper iment  o r  th rough  e s t i m a t i o n  u s i n g  t h e  
d u c t i l i t y - n o r m a l i z e d  SRP r e l a t i o n s  o f  r e f .  16)  should  be examined t o  see I f  
t h e  v a r i a t i o n  i s  c o n s i s t e n t  w i t h  t h e  TMF r e s u l t s .  A l though a  r i g o r o u s  proce-  
du re  f o r  d e a l i n g  w i t h  con t inuous  temperature  v a r i a t i o n  has y e t  t o  be developed, 
a  l i f e  c a l c u l a t i o n  based on extreme o r  boundary, c o n d i t i o n s  c o u l d  be a p p l i e d .  
Such a  c a l c u l a t i o n  was used i n  r e f e r e n c e  16 t o  p r e d i c t  t h e  thermal  f a t i g u e  l i f e  
o f  a  Rene 80 gas t u r b i n e  b l a d e  sub jec ted  t o  f a c t o r y  eng ine t e s t i n g .  Rene 80, 
l i k e  MAR-M 200, e x h i b i t s  lower  f a t i g u e  r e s i s t a n c e  a t  lower  t e s t  temperatures.  
A p p l y i n g  t h e  procedures used i n  r e f e r e n c e  16 t o  t h e  TMF r e s u l t s  f o r  MAR-M 200 
r e s u l t e d  i n  l i f e  p r e d i c t i o n s  t h a t  c o n t r a d i c t e d  t h e  observed phase e f f e c t s .  
S p e c i f i c a l l y ,  out-of--phase TMF l i v e s  were c a l c u l a t e d  t o  be l e s s  than  in-phase 
TMF l i v e s ,  a  p r e d i c t i o n  t h a t  i s  o p p o s i t e  t h e  observed exper imen ta l  r e s u l t s .  

For t h e  case o f  8-.1900, t h e  i s o t h e r m a l  SRP t e n s i l e  h o l d  r e s u l t s  do suggest 
t h a t  f o r  t h e  ex t reme ly  s h o r t  l i f e  regime (10-100 c y c l e s ) ,  in-phase c y c l i n g  may 
be ve ry  damaging. More complete in-phase TMF da ta  i s  necessary b e f o r e  thorough 
assessment o f  c o r r e l a t i o n  between SUP and 1MF r e s u l t s  can be made. 

The f o r m u l a t i o n  o f  t h e  Os te rg ren  model ( r e f .  12) t h a t  i n c o r p o r a t e s  t i m e -  
dependent damage e f f e c t s  i s  expressed as 



where a7 i s  the peak t e n s i l e  s t r e s s ;  A E ~ ,  t he  i n e l a s t i c  s t r a i n  range; N f ,  
t he  number o f  cyc les  t o  f a i l u r e ;  V ,  t he  c y c l i c  f requency;  and k,B(<O), and C ,  
temperature-dependent cons tan ts .  I t  appears t h a t  t h e  Ostergren model would 
p r e d i c t  i n -phase  l i v e s  t o  be h igher  than out-of-phase l i v e s  because o f  t h e  way 
a~ i s  i n co rpo ra ted .  If t h e  frequency were p a r t i t i o n e d  i n t o  compression-going 
and tens ion-go ing  terms and these terms were somehow normal ized w i t h  r espec t  t o  
an i n t r i n s i c  m a t e r i a l  ( m i c r o s t r u c t u r a l ,  mechan is t i c )  r e l a x a t i o n  t ime  over  t h e  
TMf c y c l e  temperature span, a  work ing model f o r  TMF migh t  be developed. Such a 
development e f f o r t  would r e q u i r e  a  c l e a r  unders tanding o f  c o n t r o l l i n g  damage 
mechanisms, t he  r a t e  s e n s i t i v i t y  o f  these mechanisms t o  temperature,  and a 
prudent  cho ice  o f  i so the rma l  l i f e  da ta  t o  d e f i n e  t h e  cons tan ts  i n  t h e  p resen t  
Ostergren model. 

The frequency sepa ra t i on  model (13)  w r i t t e n  i n  t h e  form t h a t  i nc l udes  
t ens ion  go ing  and compression-going frequency terms i s  g i ven  by 

I f  i n s t e a d  o f  tens ion-go ing  and compression go ing  f requency terms ( u t  and V ,  
r e s p e c t i v e l y ) ,  t ime  a t  temperature terms were i nco rpo ra ted  and c a s t  i n  a  manner 
r e f l e c t i n g  t h e  r e l a t i v e  damage rank ing  assoc ia ted  w i t h  in-phase and o u t - o f -  
phase TMF c y c l i n g ,  a  bas is  f o r  deve lop ing  a TMF l i f e  p r e d i c t i o n  model m igh t  be 
p rov ided .  

A n t o l o v i c h ' s  o x i d a t i o n  model ( r e f .  14) descr ibes  su r f ace  i n i t i a t i o n  o f  
m ic roc racks  w i t h i n  a  growing ox i de  f i l m .  As p r e s e n t l y  fo rmu la ted ,  no f e a t u r e  
address ing in-phase o r  out-of-phase TMF phenomena i s  i nc l uded .  I f  t h e  model 
were t o  i n c o r p o r a t e  t h e  reasonable suppos i t i on  t h a t  c rack  i n i t i a t i o n  occurs  
w i t h i n  t h e  f i l m  under t h e  low- temperature t e n s i l e  p o r t i o n  o f  t h e  TMF c y c l e  
a f t e r  f i l m  growth under h igh- temperature compression, one would expect ou t -o f -  
phase c y c l i n g  t o  be more damaging than  in-phase c y c l i n g .  Th is  behav ior  i s  
i n c o n s i s t e n t  w i t h  t h e  p resen t  r e s u l t s .  Perhaps t h e  o x i d a t i o n  model can be 
re fo rmu la ted  t o  desc r i be  c y c l i c - o x i d a t i o n - a s s i s t e d  c rack  growth due t o  r a p i d  
o x i d a t i o n  o f  t h e  c rack  t i p  m a t e r i a l .  

CONCLUSIONS 

Al though TMF phenomena and mechanisms a r e  m a t e r i a l  system s p e c i f i c ,  some 
g e n e r a l i t i e s  appear t o  ho ld  t r u e .  Based on t he  s t u d i e s  examined i n  t h i s  
r e p o r t ,  t h e  f o l l o w i n g  conc lus ions  a re  reached: 

1.  For p o l y c r y s t a l l i n e  m a t e r i a l s  under very  h i g h  s t r a i n  range c y c l i n g  
c o n d i t i o n s ,  in-phase TMF c y c l i n g  appears t o  be more damaging than  out-of-phase 
due t o  concen t ra t i on  o f  damage a t  g r a i n  boundar ies;  

2 .  For t h e  s i n g l e  c r y s t a l  m a t e r i a l  examined, t h e  c o a t i n g  p layed a dominant 
r o l e  i n  c rack  i n i t i a t i o n ,  w l t h  b r i t t l e  diffusion type  c o a t i n g  showing e a r l y  
i n i t i a t i o n  d u r i n g  out -o f -phase c y c l i n g ;  



3 .  No g e n e r a l l y  a p p l i c a b l e  TMF l i f e  p r e d i c t i o n  mode l .p resen t l y  e x l s t s  
a l though  var ious  i so therma l  models cou ld  be made t o  work as phenomenological 
models f o r  s p e c i f i c  m a t e r i a l s  and cyc les ;  

4. The comp lex i t i e s  o f  TMF c y c l i n g  a re  due i n  p a r t  t o  complex i n t e r a c t i o n s  
between temperature dependent de fo rmat ion  and damage mechanisms, and i n  p a r t  
due t o  env i ronmenta l  ( o x l d a t i o n )  r e l a t e d  mechanisms. 

REFERENCES 

1 .  Bizon, P.T.; Spera, D.A.:  Comparative Thermal Fa t igue  Resistances o f  
Twenty-Six N i c k e l -  and Cobalt-Base A l l o y s .  NASA TN D-8071, 1975. 

2. Whi t tenberger ,  J.D.; and Bizon, P.T.: Comparative Thermal Fa t i gue  R e s i s t -  
ance o f  Severa l  Oxide D i spe rs i on  Strengthened A l l o y s .  I n t .  J. Fa t igue ,  
v o l .  3, no. 4, Oct.  1982, pp. 173-180. 

3. Ta i r a ,  S.; F u j i n o ,  M.;  and H a j i ,  T.: A Method f o r  L i f e  P r e d i c t i o n  o f  
Thermal Fa t igue  by I so therma l  Fa t i gue  Tes t i ng .  Mechanical Behavior o f  
M a t e r i a l s ,  The Soc ie ty  o f  M a t e r i a l s  Science, Kyoto, Japan, 1974, 
pp. 257-264. 

4. Lundberg, L. ;  and Sandstrom, R . :  A p p l i c a t i o n  o f  Low Cycle Fa t i gue  Data t o  
Thermal Fa t i gue  Cracking. Scand. J. M e t a l l . ,  v o l .  11, no. 2, 1982, pp. 
85-1 04. 

5 .  Ha l f o rd ,  G.R. ;  and Manson, S.S.: L i f e  P r e d i c t i o n  o f  Thermal-Mechanical 
Fa t i gue  Using S t ra i n range  P a r t i t i o n i n g .  Thermal Fa t igue  o f  M a t e r i a l s  and 
Components, ASTM STP-612, ASTM, 1977, pp. 239-254. 

6 .  Rau, C.A.,  J r . ;  Gemma, A.E. ;  and Leverant ,  G .R . :  Thermal-Mechanical 
Fa t i gue  Crack Propagat ion i n  N i c k e l -  and Cobalt-Base Supera l loys  Under 
Var ious St ra in-Temperature Cycles.  Fa t i gue  a t  E levated Temperatures, A.E. 
Carden, A.J. McEvi ly ,  and C.H. Wel ls ,  eds., ASTM STP-520, ASTM, 1973, pp. 
166-1 78. 

7. Kuwabara, K . ;  N i t t a ,  A . ;  and Ki tamura, T.: Thermal-Mechanical Fa t i gue  
L i f e  P r e d i c t i o n  i n  High Temperature Component M a t e r i a l s  f o r  Power P l a n t .  
Advances i n  L i f e  P r e d i c t i o n  Methods, D. A .  Woodford and J. R .  Whitehead, 
eds., ASME, 1983, pp. 131-141. 

8. M i l l i g a n ,  W.W. ;  Jayaraman, N.: H igh Temperature Low-Cycle Fa t igue  Mecha- 
nisms I n  S i n g l e  C r y s t a l s  o f  Nickel-Based Supera l loy  MAR-M 200. NASA 
CR-1747 39, 1984. 

9.  Ha l f o rd ,  G . R . ;  McGaw, M.A.;  8111, R . C . ;  F a n t i ,  P.D.: Bi-Thermal Fa t igue ,  
A L i nk  Between Iso therma l  and Thermomechanical Fa t i gue .  Proceedings o f  
Symposium on Low Cycle Fa t igue  - D i r e c t i o n s  For t h e  Future,  ASTM, October, 
1985. 

10. Marchand, N.J.: Thermal-Mechanical Fa t i gue  Behavior o f  Nickel-Base 
Supera l loys .  PhD Thesis,  Massachusetts I n s t i t u t e  o f  Technology, 1986. 



11. Swanson, G . A . ;  and B i l l ,  N . C . :  L i f e  P r e d i c t i o n  and C o n s t i t u t i v e  Models 
For Engine Hot S e c t i o n  A n i s o t r o p i c  M a t e r i a l s .  A I A A  Paper 85-1421, J u l y  
1985.  

12.  Ostergren,  W.J.: A .  Damage F u n c t i o n  and Assoc ia ted  F a i l u r e  Equat ions f o r  
P r e d i c t i n g  Hold  Time and Frequency E f f e c t s  I n  E l e v a t e d  Temperature Low 
Cyc le  F a t i g u e .  J .  T e s t .  Eva l . ,  v o l .  4, no. 5, Sept .  1976, pp. 327-339. 

13. C o f f i n ,  L.F.: The Concept o f  Frequency S e p a r a t i o n  i n  L i f e  P r e d i c t i o n  f o r  
Time-Dependent F a t i g u e .  1976 ASME-MPC Symposium on Creep-Fat igue I n t e r -  
a c t i o n ,  R.M. Curran,  ed., ASME, 1976, pp. 349-364. 

14.  A n t o l o v i c h ,  S.D.; L i u ,  S.; and Baur, R.:  Low C y c l e  F a t i g u e  Behav ior  o f  
Rene-80 a t  E l e v a t e d  Temperature. M e t a l l .  Trans.  A, v o l .  12, no. 3, 
Mar. 1981 , pp. 473-481 . 

15. Manson, S.S.; H a l f o r d ,  G.R. ;  and O l d r i e v e ,  R.E.: R e l a t i o n  o f  C y c l i c  Load- 
i n g  P a t t e r n  t o  M i c r o s t r u c t u r a l  F r a c t u r e  i n  Creep-Fat igue,  NASA TM-83473, 
1982. 

16.  H a l f o r d ,  G.R.;  Saltsman, J.F.; and H i rschberg ,  M.H.: D u c t i l i t y  
Norma l i zed -S t ra in range  P a r t i t i o n i n g  L i f e  R e l a t i o n s  f o r  Creep-Fat igue L i f e  
P r e d i c t i o n s .  Env i ronmenta l  Degrada t ion  o f  E n g i n e e r i n g  M a t e r i a l s ,  M. R .  
Louthan and R. P. M c N i t t ,  eds., V i r g i n i a  Tech. P r i n t i n g  Dept.,  V i r g i n i a  
P o l y t e c h n i c  I n s t i t u t e  and S t a t e  U n i v e r s i t y ,  1977, pp.  599-612. 



TA
BL

E 
I
.
 -
 N

O
M

IN
AL

 
C

O
M

PO
SI

TI
O

N
 O

F 
N

IC
K

E
L 

RA
SE

 S
UP

ER
AL

LO
YS

 

PW
A 

- 
14

80
 

BA
1 

5.
0 

10
.0

 
5.

0 
1.

5 
--

--
 

--
- 

4.
0 

--
 

--
- 

12
 -0

 
--

--
 

--
--

 - 
--

--
 



TABLE 11. - COATING COMPOSITIONS AND PROCESSES 

Coat ing  

PWA 286 

PWA 273 

Type 

Over1 ay 

A lumin ide 
(Outward 
d i f f u s i o n )  

Composi t ion 

NiCoCrAl Y 
+Si+Hf 

Ni  A1 

Deposi t i  on 
process 

Vacuum plasma 
Spray 

Pack cementat ion 



Figure 1. - Isothermal and thermomechanical fatigue results 
for MAR-M 200 cycled between 500 and 1000 OC. 
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(A )  IN-PHASE: NOTE CRACK 

T I P  AND CRACK SURFACE 

OXIDAT ION.  

( B )  OUT-OF-PHASE: CRACK 
T I P S  ARE BLUNT AND SURFACES 
LESS O X I D I Z E D .  

(c)  IN-PHASE: 
CARBIDE/MATRIX PULL-AWAY. 

(D) OUT-OF-PHASE: CRACKING 

W I T H I N  CARBIDES. 

( E l  IN-PHASE: INTERGRANULAR 
PROPAGATION. 

(F) OUT-OF-PHASE: 
INTERGRANULAR/TRANSGRANULAR 
PROPAGATION. 

FIGURE 2 . -  SOME EFFECTS OF 
MICROMECHANISMS OF CRACK 
MAR-M 200. 

THERMOMECHANICAL FAT IGUE CYCLE TYPE ON 
I N I T I A T I O N  AND EARLY PROPAGATION I N  
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( A )  IN-PHASE: CARBIDE/MATRIX PULL-AWAY (B) OUT-OF-PHASE: CRACKS W I T H I N  
J O I N S  W I T H  GROWING CRACK. CARBIDES REMAIN ISOLATED.  

FIGURE 3 . -  ROLE OF CARBIDES IN THERMOMECHANICAL FATIGUE CRACK PROPAGATION IN 
MAR-M 200. 
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(A) 760 O C :  SLIP RAND FORMATION ON 
OCTAHEDRAL SYSTEMS. 

( B )  870 OC: DIFFUSE SLIP AND CUBIC 
SLIP ACTIVITY, 

FIGURE 4.- TEMPERATURE DEPENDENT 
MICROSLIP MECHANISMS IN MhR-M 280 
(MILLIGAN AND JAYARAMANB  REF.^). 
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Figure 5. - Isothermal and thermomechanical fatigue 
results for B-1900+Hf cycles between 483 and 871 OC 

(Halford and McGaw, ref. 9). 



FIGURE 6. - DISLOCATION CONFIGURATIONS IN B-l900+H~ RESULTING FROM 
THERMOMECHANICAL FATIGUE CYCLING (PELLOUX AND MARCHAND, REF. 10). 



Figure 7. - Isothermal and thermomechanical fatigue results for coated single crystal PWA-1480. Maximum 
temperatures, 1038 OC (1900 OF): minimum temperatures, 427 OC 1800 OF); strain range, 0.8 percent. 
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FIGURE 8.- ROLE OF COATING TYPE IN THERMOMECHANICAL FATIGUE 
CRACK INITIAPPQN OF COATED SINGLE CRYSTAL PblA-7480. 
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