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LOW CYCLE FATIGUE OF MAR-M 200 SINGLE CRYSTALS AT 760 and 870 "C*  

Walter W. M i l l l g a n  
Georgia I n s t i t u t e  c f  Technology 

Fracture and Fat igue Research Laboratory 
At lanta ,  Georgia 30332 

N. Jayaraman 
University o f  C inc i nna t i  

Department o f  M e t a l l u r g i c a l  Engineering 
C inc inna t i  , Ohio 45221 

and 
Robert C. B i l l  

Propuls ion Laboratory 
AVSCCM Research and Technology Laborator ies  

Lewis Research Center 
Cleveland, Ohio 44135 

F u l l y  reversed low cyc l e  f a t i g u e  t e s t s  were conducted on s i ng le  c r y s t a l s  
of the nickel-base superal loys M a r 4  200 a t  760 and 870 "C. The p l a s t i c  
s t ra lnrange was he ld  constant,  bu t  the o r i en ta t i ons  o f  the t e n s i l e  axes o f  the 
specimens were var ied.  The f a t i g u e  behavior was found t o  be o r i e n t a t i o n -  
dependent. 

A t  760 "C, p lanar  s l l p  (octahedra l )  lead t o  or ientat ion-dependent s t r a i n  
e hardening and c y c l i c  l i v e s .  M u l t i p l e  s l i p  c r y s t a l s  s t r a i n  hardened the most, 
d 
e r e s u l t i n g  i n  r e l a t i v e l y  h igh  s t ress ranges and low l i v e s .  S ing le  s l i p  c r y s t a l s  
N 
I s t r a i n  hardened the leas t ,  r e s u l t i n g  i n  r e l a t i v e l y  low s t ress  ranges and h igher  

W l i v e s .  A p r e f e r e n t i a l  crack i n l t l a t i o n  s i t e  which was r e l a t e d  t o  s l l p  plane 
geometry was observed i n  s i ng l e  s l l p  o r i en ta ted  c r y s t a l s .  

A t  870 "C,  t k  trends were q u i t e  d i f f e r e n t ,  and the  s l i p  character was 
much more homogeneous. As the  t e n s i l e  ax i s  o r i e n t a t i o n  dev ia ted from <001>, 
the s t ress ranges Increased and the c y c l i c  l i v e s  decreased. Two poss ib le  
mechanisms were proposed t o  exp la l n  the behavior:  one i s  based on Takeuchi 
and Kuramoto's cube c r o s s - s l i p  n~odel, and the other  i s  based on o r i e n t a t i o n -  
dependent creep ra tes  . 

INTR03UCl ION 

Mar-W 200 i s  a n icke l -base supera l loy  developed I n  the  1960's f o r  t u rb i ne  
blade app l i ca t ions .  Although o r i g i n a l l y  used i n  the  conventJonal ly cas t  form, 
i t  represents the f i r s t  generat ion o f  a l l o y s  i d e n t i f i e d  f o r  p o t e n t i a l  a p p l i -  
ca t i on  I n  the d i r e c t i o n a l l y  s o l i d i f i e d  and s i ng le  c r y s t a l  forms ( r e f s .  1 and 
2 ) .  Several mod i f i ca t ions  have s ince been made i n  modern s i n g l e  c r y s t a l  b lade 
a l l oys ,  I nc l ud ing  the e l i m i n a t i o n  o f  the g r a i n  boundary st-esgthenlng elements 
such as :arbon, boron, and zirconium ( r e f .  3 ) .  a l l  o f  which a re  present i n  
M a r 4  230. 

*The e l ec t r on  microscopy was supported by NASA Lewl s under Grant NSG-3506. 
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An i n h e r e n t  c h a r a c t e r i s t i c  o f  s i n g l e  c r y s t a l s  t h a t  r e l a t e s  d i r e c t l y  t o  
b l a d e  des ign  and performance i s  t h e  a ~ j r o t r o p y  o f  p h y s i c a l  and mechanical  prop-  
e r t i e s .  I t  has been shown t h a t  t h e  t e n s i l e  and creep behav ior  c f  Mar-M 200 
s i n g l e  c r y s t a l s  i s  a  s t r o n g  f u n c t i o n  o f  o r i e n t a t i o n  and temperature ( r e f s .  4 
t o  7 ) .  However, t h e  behav ior  o f  t h e  m a t e r i a l  under cycl:c l o a d i n g  c o n d i t i o n s  
i s  l e s s  tho rough ly  documented. Cube o r i e n t e d  c r y s t a l s  w i t h l n  5" o f  <001> have 
been s t u d i e d  under c y c l i c  l o a d i n g  a t  room temperature ( r e f .  8 j  and a t  e l e v a t e d  
temperatures ( r e f s .  9 and 10) .  Resu l t s  f rom these s tud ies  a r e  summarized 
below. 

Crack i n i t i a t i o n  occur red a t  ca rb ldes  (when carbon was p rezen t )  and a t  
mic ropores .  A t  temperatures below 760 "C,  f a t i g u e  l i v e s  were found t o  be a  
s t r o n g  f u n c t i o n  o f  c a r b i d e  s i z e .  The c rack  m o r p h ~ l o g y  was found t o  b? depend- 
e n t  on s l i p  c h a r a c t e r :  a t  low teapera tures ,  o r  I n t e r m e d i a t e  temperatures and 
h i g h  f requenc ies ,  p l a n a r  s l j p  lead t o  Stage I ( c r y s t a l l o g r a p h i c )  c rack ing ;  
w h i l e  a t  h i g h  temperatures,  o r  intermediate temperatures and low f requenc ies ,  
"wavy" s l i p  l ead  t o  Stage I 1  c r a c k i n g  p e r p e t d l c ~ l a r  t o  t h e  tens1 l e  a x i s .  I n  
some cases, Stage I propaga t i on  t o l l o w e d  Stage I 1  i n i t i a t i o n .  Under s t r e s s  
c o n t r o l l e d  c o n d i t i o n s  a t  room temperatures g r e a t e r  thdn 843 O C  t h e r e  was a  
s t r o n g  e f f e c t  o f  f requency;  low f requenc ies  r e s c l t e d  i n  e x t e n s i v e  c reep damage 
and 10% l i v e s .  

I n  these p rev ious  s tud ies  o f  t h e  f a t i g u e  behav ior ,  o n l y  t h e  <001> o r i e n -  
t a t i o n  was i n v e s t i g a t e d .  The o b j e c t i v e  o f  t h e  p resen t  s tudy was t o  deternt lne 
t h e  e f f e c t  o f  t e n s i l e  a x i s  o r i e n t a t i o n  on t h e  low c y c l e  f a t i g u e  behav io r  of 
Mar-M 200 s i n g l e  c r y s t a l s  a t  760 and 870 O C .  

MATLRlALS AND PROCEDURE 

The a l l o y  chemistry i s  documented i n  t a b l e  1. The a l l o y  and micro-  
s t r u c t u r e  have been desc r i bed  i n  d e t a i l  p i e v i o u ~ l y  ( r e f .  3 ) .  The s i n g l e  
c r y s t a l s  were s o l u t i o n  t r e a t e d  a t  1220 O C  f o r  2 h r  and aged a t  870 O C  f o r  
32 h r .  The specimens were h o l l o w  c y l i n d e r s ,  w i t h  nominal d i m e n ~ i o n s  o f  an 
8.25 mm 1.d. by an 11.5 mm 0.d.. afid a  12 mm gage l e n g t h .  

T e n s i l e  a x i s  o r i e n t a t i o n s  were determined p r i o r  t o  t e s t i n g  by t h e  Laue 
back r e f l e c t i o n  x - ray  techn ique.  These r e s u l t s  a r e  s u n a r i z e d  i n  t a b l e  11, 
and a r e  a l s o  i n d i c a t e d  on a  standard s te reog raph ic  t r i a n g l e  i n  f i g u r e  1. 
E l a s t i c  modu l i  f o r  each specimen were measured mechan ica l l y  p r i o r  t o  t e s t i n g ,  
and a r e  presented i n  t a b l e s  I 1 1  and I V .  

Low c y c l e  f a t i g u e  t e s t s  were conducted on a  c l o s e d - l o o p ,  s e r v o h y d r a u l i c  
system, i n  t h e  l o n g i t u d i n a l  s t r a i n  c o n t r o l l e d  mode. C y c l i c  f requency was 
0.1 Hz.  Specimens were heated by an RF I nduc t ' t on  u n i t ,  whlch r e s u l t e d  i n  a  
temperature g r a d i e n t  ( r a d i a l l y  and l o n g i t u d i n a l l y )  o f  +2 C .  Temperature was 
c o n t r o l l e d  manual ly ,  which r e s u l t e d  i n  a  temperature v a r i a t i o n  o f  +7 C.  

Twanty- th ree f u l l y  reversed (R = -1) t e s t s  were conducted, 14 a t  760 O C  

and 9 a t  870 "C.  The p l a s t i c  s t r a i n r a n g e  ( A c  ) was h e l d  cons tan t  a t  approx-  
i m a t e l y  0.08 percen t  f o r  t h e  major1  t y  o f  t h e  Pests .  A1 1  b u t  two specimens 
were cyc led  t o  f a i l u r e ,  as numbers 27 and 51 were i n t e r r u p t e d  a f t e r  seve ra l  
c y c l e s  f o r  TEM de fo rma t ion  s t u d i e s .  



Representat ive samples were character ized f ractorgraph!ca l ly  by both 
o p t t c a l  and SEM techniques. Defc:mat!cn mechanisms were documented by the  
TEM. F o i l s  were prepared f o r  microscopy by g r i nd i ng  a isks t o  a  th ickness o f  
0.075 nun, fo l lowed by i o n  m i l l i n g  u n t i l  pe r f o ra t i on .  The i o n  m i l l i n g  process 
was observed t o  damage the mic ros t ruc tu re ,  so the f o i l s  were then t w i n - j e t  
e lec t ropo l i shed  f o r  5 sec t o  remove the damaged surface l aye r .  E lec t ro -  
p o l i s h i n g  was performed i n  a  s o l u t i o n  o f  10 percent pe rch lo r i c  acid,  45 percent 
ace t i c  ac id ,  and 45 percent b u t y l  ce l l uso l ve  a t  0  "C and 25 V .  F o i l s  were 
s tud ied us ing 3 JEOL JEH 200 operat ing a t  200 kV. 

RESULTS 

Heat Treated Mic ros t ruc tu re  

A s  shown i n  f i g u r e  2, the m i c ros t r uc tu re  consisted o f  a  bimodal d i s t r i -  
bu t i on  of pr imary and secondary y ' ,  w i t h  a l a rge  y '  s i ze  of  approximately 
0.5 t o  1.0 pm, and a  seccndary y s i ze  o f  approximately 0.1 t o  0.3 pm. The 
mic ros t ruc tu re  a l so  contained l a rge  HC type carbides ( f i g .  2 (a ) ) ,  submlcro- 
scopic carbides, and a  network o f  i n t e r f a c i a l  d i s l oca t i ons  ( f , l g .  2 ( c ) ) .  As 
f i g u r e  2(b)  demonstrates, the  y '  s i ze  and vo111me f r a c t i o n  w i t h i n  the  dend r i t e  
core were both s i g n l f i c a n t l y  lower than in the i n t e r d e n d r i t i c  regions. There 
was a lso  a  s l i g h t  v a r i a t i o n  i n  m ic ros t ruc tu re  from specimen t o  spec!nen- 

Fat igue Behavior - 760 O C  

Mechanical t es t i ng .  - Nine t e s t s  were conducted a t  a  nomlnal A C ~  of  
0.08 percent, and f ou r  t e s t s  were conducted a t  h igher bcpls. Experimental 
parameters a re  repor tcd I n  t a b l e  111, and the low bep t e s t  parameters are 
a lso  i nd i ca ted  i n  standard stereographic t r i a n g l e s  i n  f i g u r e  3. As f i g u r e  3 
i l l u s t r a t e s ,  when the bep was he ld  constant bu t  the t e n s i l e  ax i s  o r l en ta -  
t i o n  was changed, o ther  t e s t  parameters ( t o t a l  s t ra inrange (Ac t ) ,  s t ress  
range (ha) ,  and c y c l i c  l i f e  ( N f l )  va r ied  s i g n l f i c a n t l y .  : ~ v e r a l  t rends can 
be I d e n t i f i e d .  For the same AE , c r y s t a l s  near the major poles (<001>, 
<011>, and < I l l > )  r esu l t ed  i n  r e y a t i v e l y  h i gh  s t a b i l i z e d  s t ress  ranges and low 
l i v e s .  Thls behavlor was most pronounced i n  c r y s t a l s  near the < I l l >  o r i en ta -  
t i o n ,  fo l lowed by the <001> and <011> o r i en ta t i ons .  These are r e f e r r e d  t o  as 
m u l t i p l e  s l i p  o r i en ta t i ons ,  because the resolved shear s t ress i s  the  same on 
more than one octahedral  plane, so more than one plane I s  favorab le  a l igned  
f o r  s l i p .  Crys ta ls  o r i en ta ted  away from the major poles r esu l t ed  i n  r e l a t i v e l y  
lower s t ress  ranges and higher l i v e s .  These a re  r e fe r red  t o  as s i n g l e  s l i p  
o r i en ta t i ons ,  because on ly  one octahedral  plane i s  favorab ly  a l igned  f o r  s l i p .  
The four  t es t s  t h a t  were conducted a t  h igher Acpls fo l lowed the same 
trends, bu t  the r e s u l t s  are no t  inc luded I n  f i g u r e  3. 

Tota' s t ra inrange var ied  independently o f  these trends, due t o  d i f f e rences  
i n  e l a s t i c  nloduli .  As shown I n  f i g u r e  4, there was a  f a i r l y  good c o r r e l a t i o n  
between ba and Nf. However, f o r  the same bcp l i f ,  va r ied  by a  f a c t o r  
o f  10, and A C ~  d i d  no t  c o r r e l a t e  w e l l  w i t h  Nf. 

Deformation ana lys is .  - F igure 5(a) shows t h a t  the  deformat ion micro- 
s t r u c t u r e  a f t e r  f a t i g u e  i n  a  s i ng l e  s l i p  c r y s t a l  cons is ted ? f  a p a r a l l e l  a r r ay  
o f  d i s l o c a t i o n  bands. Through d e t a i l e d  d i s l o c a t i o n  ana lys is  (as descrfbed i n  
the appendix), i t  was determined t h a t  the m a j o r i t y  of these d i s l oca t i ons  were 



i n  the  (111) [ i01]  system, which i s  the  pr imary octahedra l  s l i p  system p red ic ted  
by Schmid's law. F igure 5(b) shows t h e  deformat ion m i c r o s t r u c t u r e  a f t e r  
f a t i g u e  i n  a m u l t i p l e  s l i p  c r y s t a l  (near <001>), i n c l u d i n g  t h r e e  i n t e r s e c t i n g  
s l i p  bands. I t  was determined t h a t  these bands contained d i s l o c a t i o n s  on t h r e e  
d i f f e r e n t  octahedral  planes. F igu re  6 shows a h igher  m a g n i f i c a t i o n  s e r i e s  o f  
micrographs o f  a s l f p  band i n  t h l s  specimen, and I s  illustrative of t h e  
ana lys is  method d e l  ineated i n  the  appt n d i  x. 

The I n t e r a c t i o n  betweer the  y '  p r e c i p i t a t e s  and the  deformat ion d i s -  
locations was a l s o  examined. As shown i n  f i g u r e s  6 ( f )  and 7, the  s l l p  bands 
tended t o  c u t  through the  y '  p r e c i p i t a t e s  d u r i n g  deformat ion.  I n  some cases 
t h l s  y  shear ing was accompa l e d  by t h e  generat ion o f  {100}<011> type 
d l s l o c 3 t i o n s  i n  the  s u p e r l a t t i c e ,  even i n  near <001> c r y s t ~ l s  ( f i g .  6 ) .  How- 
ever, the  m a j o r i t y  of d i s l o c a t i o n s  observed d i d  l i e  on octahedral  p lanes.  
Since both  the  octahedral  p lane d i s l o c a t i o n s  w i t h i n  the  s l i p  bands and the  
cube plane d i s l o c a t i o n s  next  t o  the  s l i p  bands ( i n  f i g .  6) had t h e  same burgers 
vector  ( [ O l l ] ) ,  i t  appears I l k e l y  t h a t  the cube p lane d i s l o c a t i o n s  were gen- 
era ted by c r o s s - s l i p  from the octahedral  p lanes.  

Fractoqraphic  observat ionz.  - I t  was determined t h a t  t h e  mechanisms o f  
crack i n i t i a t i o n  and propagatqon were e s s e n t i a l l y  independent of  o r l e n t a t l o n  
i n  the  ranges s tcd ied.  M u l t i p l e  crack i n i t i a t i o n  was observed a t  micropores 
( f i g .  8 (b ) )  and carbides,  and propagat ion was observed t o  be i n  t h e  Stage I 1  
mode. 

One o r i e n t a t i o n  e f f e c t  was observed, however. I n  s i n q l e  s l i p  and double 
s l l p  c r y s t a l s ,  macroscop~ca l l y  v i s i b l e  s l i p  t races were generated on the 
specimen surface, as shown i n  f i g u r e  8, due t o  octahedral  shear. The crack 
t h a t  lead t o  f i n a l  f a i l u r e  always initiated a t  the  apex o f  the e l l i p s e  formed 
by these s l i p  t races .  As i l l u s t r a t e d  i n  f i g u r e  9, t h i s  i s  the  area where the  
s t ress  component which i s  normal t o  a Stage I crack i s  a t  a maximum, thus 
f a c i l i t a t i n g  e a r l y  propagat ion.  No s l l p  t races were observed on the  specimen 
sur face i n  near <001> o r  < I l l >  c r y s t a l s ,  a l though f i n e  s l i p  bands were observed 
by t h e  TEM. 

Fat igue Behavior - 870 "C 

Mechanical t e s t i n g .  - E i g h t  t e s t s  were conducted a t  a nominal A t p  o f  
0.10 percent.  Experimental parameters are  repor ted i n  t a b l e  I V ,  and a re  
i n d i c a t e d  i n  standard stereographic t r i a n g l e s  i n  f i g u r e  10. 

The f a t i g u e  behavior a t  870 " C  was a l s o  o r i e n t a t i o n  dependent, b u t  the 
t rends were q u i t e  d i f f e r e n t  f rom those observed a t  760 " C .  For the  same 
hrp, c r y s t a l s  o r i e n t e d  near <031> r e s u l t e d  i n  low s t a b i l i z e d  s t ress  ranges 
and h i g h  l i v e s ,  w h i l e  c r y s t a l s  o r i e n t a t e d  near <011> r e s u l t e d  i n  h i g h  s t r e s s  
ranges and low l i v e s ,  and c r y s t a l s  o r i e n t e d  between these two extremes ex- 
h i b i t e d  in te rmed ia te  behavior.  No specimens o r i e n t e d  near < I l l >  were a v a i l a b l e  
f o r  t e s t i n g .  

As shown i n  f i g u r e  11, the re  was a very good c o r r e l a t i o n  between ~a and 
c y c l i c  l i f e .  For the  same AC , a h i g h  ha r e s u l t e d  i n  a low l i f a ,  w h i l e  a 
low Ao r e s u l t e d  i n  a h i g h  l i P e .  Again, n e i t h e r  A r t  nor hrp cor -  
r e l a t e d  w e l l  w i t h  l i f e .  



The I n i t i a l  c o n s t i t u t i v e  behavior was a l s o  or ientat ion-dependent.  A s  
shown i n  f i g u r e  12, c r y s t a l s  near <001> exh ib l t ed  a  s t ab le  s t ress  range re -  
sponse from the  f i r s t  few cyc les,  w h l l ?  o ther  o r i en ta t i ons  c y c l i c a l l y  softened. 
S ing le  s l i p  c r y s t a l s  softened the  most, w h l l e  near <011> c r y s t a l s  sof tened t o  
a  lesser  degree. 

Deformation ana lys is .  - A t  870 "C, the  deformat ion m ic ros t ruc tu re  con- 
s l s t e d  o f  a  very homogeneous, nonplanar d i s l o c a t i o n  arrangement ( f i g s .  13 and 
1 4 ) .  i n c l ud ing  a f a i r l y  h l gh  concent ra t ion o f  d i s l oca t i ons  w i t h i n  thc  y '  
( f i g .  13(b) ) .  The most s i g s i f i c a n t  observat ion was t h a t  the deformat ion micro- 
s t r h c t u r e  appeared t o  be independent o f  o r i e n t a t i o n .  Both octahedral  and cube 
plane d i s l o c a t i o n  segments were i d e n t i f i e d  w i t h i n  the y ' ,  bu t  the m a j o r i t y  o f  
d i s l oca t i ons  present were non l inear ,  and were no t  conf ined t o  a  s i n g l e  plane. 

F r a c t o g r a ~ h i c  observat ions.  - A t  870 O C ,  a l l  cracks i n i t l a t e a  a t  surface 
connected and subsurface micropores, regardless o f  o r i e n t a t i o n  ( f i g .  15) .  
Propagation was I n  the  Stage I 1  mode, and was a l so  independent o f  o r i e n t a t i o n .  

DISCUSSION 

Heat Treated Mic ros t ruc tu re  

The mic ros t rvc tu re  o f  the specimens tested i n  the  present study was s i g -  
n i f i c a n t l y  d i f f e r e n t  from the  mic ros t ruc tu res  repor ted i n  previous s tud ies f o r  
Har-M 200 ( r e f s .  5, 6, and 9 ) .  I n  the previous s tud ies,  the  y '  was repor ted 
t o  be un i form i n  s ize,  approximately 0.3 pm on edge. I n  the present study, 
the re  was a bimodal d i s t r i b u t i o n .  The l a rge  y '  va r ied  between 0.5 t o  1.0 pm 
I n  s ize,  wh l l e  the f i n e  y '  va r ied  between 0.1 t o  0.3 pm i n  s i ze  ( f i g .  2 ( c ) ) .  
Piearcey e t  a l .  ( r e f .  2) have repor ted t h a t  a  coarse d ispers ion  o f  y '  r e s u l t s  
when the a l l o y  I s  s lowly  cooled from the s o l u t i o n i z l n g  temperature, poss ib ly  
exp la in ing  the bimodal y 1  s i ze  d i s t r i b u t i o n  i n  the  present study. 

The previous s tud ies have a l s o  repor ted a r e l a t i v e l y  d i s l o c a t i o n - f r e e  
i n l t i a l  microst ructure,  wh i l e  the  specimens i n  the present study contained a 
f a i r l y  w e l l  def ined i n t e r f a c i a l  d i s l o c a t i o n  network ( f i g .  2 ( c ) ) .  Thls i s  
probably due t o  the  coarsened s i ze  i n  the  present study. 

Fat igue Behavior - 760 O C  

A t  760 " C ,  the f a t i g u e  behavior can be explained very w e l l  by Schmld's 
law. M u l t i p l e  s l i p  c r y s t a l s  deformed by d i s l o c a t i o n  g l i d e  on i n t e r s e c t i n g  
s l i p  planes, whlch r esu l t ed  i n  a  h lgh  degree o f  s t r a i n  hardening. I n  p l a s t i c  
s t r a i n  c o n t r o l l e d  f a t i gue ,  t h i s  caused h igh  s t a b i l i z e d  s t ress  ranges, low 
d u c t i l i t i e s ,  and low l i v e s .  S ing le  s l i p  c r y s t a l s  deformed by d i s l o c a t i o n  g l i d e  
on a s i n g l e  s l i p  plane, which resu l t ed  I n  a  higher degree o f  s l i p  r e v e r s i h l l -  
i t y ,  a  lower degree o f  s t r a i n  hardenlng, and there fo re  h igher  d u c t l l i t i ~ i  and 
higher l i v e s .  The observed d i s l o c a t i o n  m ic ros t ruc tu re  ( f i g .  5) support these 
conc 1 us i ons . 

For a  constant p l a s t i c  s t ra in range  I n  s i ng l e  c r y s t a l s  o f  var ious o r i en ta -  
t i ons ,  the s t ress range i s  an impor tant  parameter f o r  two reasons. F i r s t ,  the  
s t ress range I s  the domlnant f a c t o r  i n  crack propagation, and second, the 
s t ress range can be a q u a l i t a t i v e  i n d i c a t o r  o f  the r e l a t i v e  d u c t i l i t y  when 



p l a n a r  s l i p  i s  a c t i v e .  Wr igh t  and Anderson ( r e f .  11)  have shown t n a t  t h e  
maximum t e n s i l e  ; t ress ,  r a t h e r  then t h e  p l a s t i c  s t r a i n r a n g e ,  i s  l i f e  l i m i t i n g  
i n  seve ra l  d l r e c t ! o n a l l y  s o l i d i f i e d  n l cke l -base  s u p e r a l l o y s .  

The near < I l l >  c r y s t a l  r e s u l t e d  i n  t h e  h i g h e s t  s t r e s s  range, which i s  
c o n s i s t e n t  w i t h  i t s  low oc tahedra l  Schmid f a c t o r  and i t s  h i g h  y i e l d  s t r e n g t h  
( r e f .  4) a t  t h i s  temperature.  The f a t i g u e  behav ior  o f  t h e  remain ing  c r y s t a l s  
was c o n s i s t e n t  w i t h  t h e  number o f  a c t i v e  s l i p  p lanes.  The bes t  f a t i g u e  r e s i s t -  
ance (under p l a s t i c  s t r a i n  c o n t r o l )  was observed I n  s i n g l e  s l i p  c r y s t a l s ,  
f o l l o w e d  by t h e  near <001> c r y s t a l s  (doub le  s l l p ) ,  f o l l o w e d  by t h e  near <001> 
c r y s t a l  (quadrup le  s l i p ) ,  r e s p e c t i v e l y .  The c y c l i c  l l v e s  a l s o  c o r r e l a t e d  w e l l  
w i t h  mono ton!^ t e n s i l e  d u c t i l i t y  t r ends  r e p o r t e d  by Kear and Piearcey ( r e f .  4 )  
a t  t h i s  temperature,  w i t h  t h e  excep t i on  o f  t h e  <011> o r i e n t a t i o n .  Based on 
t h e  r e l a t i v e l y  h i g h  t e n s i l e  d u c t i l i t y  t h a t  was r e p o r t e d  f o r  <011> c r y s t a l s ,  t h e  
c y c l i c  l i v e s  i n  t h e  p resen t  s tudy appear t o  be low. Th i s  d iscrepancy near 
<011> may be exp la ined  by t h e  f a c t  t h a t  t h i s  o r i e n t a t i o n  degenerates f r o m  
doub le  s l l p  t o  s i n g l e  s l i p  under monotonic t e n s i o n  due t o  l a t t i c e  r o t a t i o n ,  
b u t  should remain a  s t a b l e  doub le  s l l p  o r i e n t a t l o n  uvAc r  f u l l y  reversed f a t i g u e  
c y c l i n g .  

I t  should be noted t h a t  t h e  observed t rends  a r e  a  d i r e c t  r e s u l t  o f  t h e  
t ype  o f  f a t i g u e  t e s t  t h a t  was employed, and v a s t l y  d i f f e r e n t  t r ends  would be 
ob ta ined  under s t r e s s  c o n t r o l l e d  o r  t o t a l  s t r a i n  c o n t r o l l e d  c y c l i n g .  

Fa t i gue  Behavior  - 870 "C 

A t  870 "C f o r  t h e  same p l a s t i c  s t r a i n r a n g e ,  c r y s t a l s  near <001> r e s u l t e d  
i n  l ow  s t r e s s  ranges, c r y s t a l s  near <011> r e s u l t e d  i n  h i g h  s t r e s s  ranges, and 
c r y s t a l s  between t h e  two e x h i b i t e d  i n t e r m e d i a t e  behav io r .  C y c l i c  l i f e  c o r -  
r e l a t e d  very  w e l l  w i t h  s t r e s s  range. However, i t  I s  d i f f i c u l t  t o  r a t i o n a l i z e  
t h e  f a t i g u e  behav ior  m e c h a n i s t i c a l l y .  There a r e  t h r e e  p o s s i b l e  reasons f o r  
t h e  observed o r i en ta t i on -dependen t  s t r e s s  ranges: d i f f e r e n t  de fo rma t ion  mech- 
anisms, d i f f e r e n c e s  i n  s t r a i n  harden ing o r  s o f t e n i n g  behav ior ,  and differences 
i n  y i e l d  s t r e n g t h s .  

S ince t h e  deformat ion  m i c r c s t r u c t u r e  was independent  o f  o r i e n t a t i o n ,  i t  
i s  l i k e l y  t h a t  t h e  a c t i v e  de fo rma t ion  mechanisms were independent  o f  q r i e n t 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 e d  o f  a  wavy, homogeneous dislocation s t r u c -  
t u r e  ( f i g s .  13 and 14 ) ,  which i s  a  r e s u l t  o f  e x t e n s i v e  c l i rnb  and c ross  s l i p  
( r e f .  12) .  Th i s  t ype  o f  de fo rma t ion  m l c r o s t r u c t u r e  has been documented f o r  
M a r 4  200 t e s t e d  i n  t e n s i o n  a t  843 " C  ( r e f .  12) ,  i n  c reep a t  857 O C  ( r e f .  7 ) ,  
acd i n  low s t r e s s  f a t i g u e  a t  843 "C ( r e f .  1 0 ) .  S ince c ross  s l i p  i s  r e l a t i v e l y  
easy a t  t h i s  temperature,  every  o r i e n t a t i o n  e x h i b i t e d  m u l t i p l e  s l l p  behav io r ,  
so t h e  o r i e n t a t l o n  dependence should have been l ess  pronounced than i t  was a t  
lower temperatures.  Th i s  was t h e  case i n  t he  p resen t  s tudy.  However, some 
o r i e n t a t i o n  dependence was s t i  11 e v l d e n t .  

The rocond f a c t o r  t h a t  can i n f l u e n c e  t h e  c y c l i c  s t r e s s  range i s  t h e  d l f -  
f e rence  i n  t h e  s o f t e n l n g  behav ior .  The o r i e n t a t i o n - d e 9 e n d e n t  s o f t e n i n g  t h a t  
was observed i n  f i g u r e  12 tended t o  reduce t h e  d i f f e r e r , c e s  i n  s t r e s s  range 
between t h e  <001> and t h e  <011> c r y s t a l s  d u r i n g  t h e  f i r s t  1 0  pe rcen t  o f  t h e  
l i f e ,  b u t  i t  cannot  e x p l a i n  t h e  f i n a l ,  a b s o l u t e  d i f f e r e n c e s  i n  s t r e s s  ranges 
between t h e  d i f f e r e n t  o r i e n t a t i o n s .  



The t h l r d  f ac to r  t h a t  can in f luence  the s t ress  range I s  the  p o s s i b l l l t y  
of d i f fe rences  I n  t he  y l e l d  s t rengths ( bo th  t e n s i l e  and compresslve). Because 
o f  the  way I n  whlch the  p l a s t l c  s t r a l n  c o n t r o l l e d  f a t i g u e  t e s t  was conducted 
(by s low ly  Inc reas ing  the  t o t a l  s t r a i n  range u n t l l  the des l red p l a s t i c  s t r a l n  
range was a t ta ined) ,  I n l t l d l  y l e l d  s t rengths were no t  ava i l ab l e .  However, 
s lnce the  p l a s t i c  s t r a l n  ranges i n  the present study were small (abaut 0.1 
percent ) ,  a  reasonable f l r s t  order approximat ion o f  r e l a t i v e  s t reng th  cou ld  
be Aa/2. Thls would reprecent a  y l e l d  ~ t r e n g t h  average a t  0.05 percent o f f -  
set ,  and would incorpora te  both t e n s i l e  and compresslve s t rengths.  Uslng t h i s  
approximations, i t  can be seen t h a t  the  <011> and slnge s l l p  o r len ted  c r y s t a l s  
wrzre approxlmately 25 percent s t ronger  than the <001> c r y s t a l s  dur ing  the  f i r s t  
few cycles ( f i g .  12).  Based on Schmldls law and assumlng octahedral  p lane 
s l i p ,  the  y i e l d  s t rengths o f  the  <001> and <011> c r y s t a l s  should be I d e n t i c a l .  
Thls was no t  t he  case, bu t  I t  i s  no t  uncomnon f o r  supera l loys t o  e x h i b i t  a  
dev ia t i on  f rom Schmtt 's law, espec ia l l y  a t  e levated temperatures. 

Kear and Piearcey ( r e f .  4)  and Copley e t  d l .  ( r e f .  5) have shown t h a t  
Mar-M 200 s l n g l e  c r y s t a l s  o r i en ta ted  near < I l l >  and <011> e x h i b i t  t e n s i l e  y l e l d  
s t rengths which a re  lower than <001> o r len ted  c r y s t a l s  a t  about 760 O C .  Copley 
and Kear demonstrated the  same type o f  behavlor I n  Nl3Al y 1  s l n g l e  c r y s t a l s  
I n  the  same temperature regime ( r e f .  1 3 ) .  I n  a l l  t h ree  cases, the reason f o r  
the  suppressed y i e l d  s t rengths i n  the <011> and < I l l >  o r i en ta t i ons  was shown 
t o  be the  I n i t l a t l o n  o f  s l l p  on the pr imary cube planes i n  the supe r l a t t l ce .  
Thls mechanlsm o f  lower ing the  y i e l d  s t reng th  near <011> cannot be d i r e c t l y  
applicable t o  the  present study, because the <011> c r y s t a l s  had h igher  y i e l d  
s t rengths than the  <001> c r y s t a l s .  Obviously, o ther  mechap1 sms a re  Impor tant  
a t  870 O C  as compared t o  760 "C. 

Kear and Plearcey a l so  tes ted  Mar-M 200 s l n g l e  c r y s t a l s  i n  tens lon  a t  
982 "C ( r e f .  4). and found t h a t  <011> c r y s t a l s  had s l l g h t l y  h igher  y i e l d  
s t rengths than <001> and <123> c r ys ta l s .  The d i f f e rence  was f a l r l y  smal l  
(about 7  percent ) ,  bu t  the  d i r e c t i o n  o f  the t rend  agrees q u a l i t a t i v e l y  w i t h  
the  y l e l d  s t r eng th /o r i en ta t i on  trends I n  the  present study. Thls may i n d l c a t e  
t h a t  s l m l l a r  mechanlsms a re  a c t i v e  a t  both 870 and 982 "C.  Unfor tunate ly ,  no 
phys lca l  mechanlsms were proposed t o  exp la l n  the observed o r i e n t a t i o n  depend- 
ence o f  the y i e l d  s t reng th  a t  982 O C .  I n  a  more recent  study, Giamel ( r e f .  14) 
s tud ied the compresslve y l e l d  s t rengths of PWA 1444 A l l oy  s l ng l e  c r y s t a l s  a t  
891 O C .  Thls a l l o y  i s  chemica l ly  s i m i l a r  t o  Mar-M 200, except f o r  the  lack  o f  
Co, B, Zr, and C. He repor ted t h a t  the  compresslve y i e l d  s t rengths o f  <011> 
o r len ted  c r y s t a l s  were 17 percent higher than the  ."01> o r i en ted  c r y s t a l s .  
Not on ly  I s  t h i s  t rend  i n  the  same d i r e c t i o n  as i n  the present study, bu t  the 
r e l a t i v e  magnitudes o f  the d i f fe rences  I n  y l e l d  s t rengths a re  a l s o  s lm l  l a r .  
Once agaln, no mechanlsms were postu la ted t o  exp la i n  the  observed behavior.  

Since the deformat ion behavior o f  the  y '  phase I s  extremely impor tant  
i n  c o n t r o l l i n g  the  deformat ion o f  Mar-M 200 ( r e f .  13).  s tud ies o f  the  deforma- 
t l o n  behavlor o f  s l ng l e  phase L12 l n t e r m e t a l l l c s  can he lp  develop a poss ib le  
exp lanat ion f o r  the observed y l e l d  s t reng th  t rends, both i n  the present study 
and I n  the p rev ious ly  mentioned s tud ies ( r e f s .  4  and 14).  Takeuchi and 
Kuramoto ( r e f .  15) showed t h a t  the c r i t l c a l  reso lved shear s t ress  (CRSS) f o r  
octahedral  s l l p  i n  NlgGa depended on the RSS on the cube cross s l i p  plane, 
up t o  about 500 "C. A h igh  RSS on the cube cross s l l p  plane alded cross s l i p  
o f  the lead lng superpar t ia les ,  r e s u l t i n g  i n  d i s l u c a t l o n  p inn ing  and an I n -  
creased y l e l d  s t rength.  La11 e t  a l .  ( r e f .  16) showed t h a t  the y i e l d  s t reng th  



of <011> o r i e n t e d  s i n g l e  c r y s t a l s  o f  s i n g l e  phase N ig  (A1,Nb) was s l g n l f i -  
c a n t l y  h igher  than the y i e l d  s t reng th  of <001> o r i e n t e d  c r y s t a l s ,  up t o  about 
630 " C .  The Takeuchi-Kuramoto (T-K) theory  was ab le  t o  explaqn t h i s  behavior,  
and w i t h  s l i g h t  modifications, La11 e t  a l .  ( r e f .  16) and Ezz  2 t  a l .  ( r e f .  11) 
were ab le  t o  e x p l a i n  o the r  apparent ly  c o n t r a d i c t o r y  or ienta t ion-dependent  
behavior.  On f i r s t  glance, i t  would appear t h a t  t h e  T-K model may be d i r e c t l y  
a p p l i c a b l e  t o  the  present study, because the  y i e l d  s t reng th  increased l i n e a r l y  
w i t h  t h e  inc reas ing  RSS on t h e  cube c r o s s - s l i p  p lane ( f i g .  16 ) .  However, the re  
I s  a  problem i n  d i r e c t l y  app ly ing  the  pure i n t e r m e t a l l i c  model; the cube cross- 
s l i p  mechanism was shown t o  be impor tant  on ly  a t  temperatures below t h e  peak 
f l ow s t ress  temperature, where octahedral  s l i p  dominated the deformat ion.  
Above the peak temperature, deformat ion was c o n t r o l l e d  by pr imary cube s l i p  i n  
o r i e n t a t i o n s  away from cool>. Since Kear and Piearcey ( r e f .  4) were a b l e  t o  
show pr imary cube s l l p  and a  y l e l d  s t reng th  maximum a t  760 O C  i n  <Oil> Mar-M 
200 c r y s t a l s ,  i t  appears c e r t a i n  t h a t  the  t r a n s i t i o n  p o i n t  has a l ready beer 
reached for  Mar-H 200 and 870 O C .  Under t h i s  assumption, the T-K c r o s s - s l i p  
model would no longer be d i r e c t l y  a p p l i c a b l e .  However, t h e i r  model can be 
modi f ied s l i g h t l y  t o  account f o r  the observed y i e l d  s t r e n g t h  behavior o f  Mar-M 
200 s i n g l e  c r y s t a l s .  

The T-K model accounts f o r  two bas ic  temperature regimes i n  s i n g l e  phase 
L12 i n t e r m e t a l l i c s :  below t h e  peak f l o w  s t ress  temperature, where pr imary  
p lanar  octahedral  s l i p  dominated; and above the peak f l o w  s t ress  temperature, 
where pr imary p lanar  cube s l i p  dominated. I n  Mar-M 200, however, t h e r e  a r e  
a c t u a l l y  th ree  temperature regimes o f  i n t e r e s t :  below the peak, where pr imary 
p lanar  octahedral  s l l p  dominates; above the peak temperature b u t  below about 
843 "C ,  where pr lmary p lanar  oc tahedra l  s l i p  and pr imary p lanar  cube s l l p  both  
operate; and a t  h i g h  temperatures (above about 843 "C), where 'wavy,' non- 
p lanar ,  thermal ly  a c t i v a t e d  s l i p  dominates. The reg ion o f  i n t e r e s t  here i s  
the  t h i r d  one. I n  t h i s  temperature regime, every o r i e n t a t i o n  e x h i b i t e d  m u l t i -  
p l e  s l i p ,  i n c l u d i n g  s l i p  on t h e  octahedral  systems. Therefore, cube c r o s s - s l i p  
cou ld  a c t  as an impor tant  s t rengthen ing mechanism i n  t h i s  regime, j u s t  as i t  
does a t  lower temperatures. Th is  can e x p l a i n  the  i ~ c r e a s i n g  y i e l d  s t rengths 
of Mar-f4 200 c r y s t a l s  as t h e  o r i e n t a t i o n  dev ia ted from <001> a t  temperatures 
g rea te r  than about 843 " C .  

Another way o f  l ook ing  a t  the  theory shows t h a t  i t  i s  no t  r e a l l y  a  modl- 
f i c a t l o n  a t  a l l .  I t  cou ld  be assumed t h a t  cube c r o s s - s l i p  i s  an impor tant  
hardening mechanism wherever oc tahedra l  s l l p  operates w i t h i n  the  y o f  a  
supera l loy .  The on ly  reason t h a t  the s t rengthen ing e f f e c t  i s  no t  observed i n  
near <011> and near < I l l >  c r y s t a l s  i n  a  very l i m i t e d  temperature regime (about 
650 t o  800 O C ,  depending on o r i e n t a t i o n  and composi t ion) I s  t h a t  pr imary  cube 
s l i p  has a  l a r g e r ,  negat ive e f f e c t .  The c r o s s - s l i p  ~ e c h a n i s m  would t h e r e f o r e  
be present whenever the re  i s  s l i p  occur r ing  on octahedra l  planes, bu t  i t  may 
be obscured by o ther  phenomena, such as pr imary cube s l i p  o r  s t r a l n  hardenlng 
under some conditions. 

Since the re  i s  no d i r e c t  evidence a v a i l a b l e  a t  the  present t ime which 
would support the  above d iscuss ion  beyond a reasonable doubt, the re  I s  a  
p o s s i b i l i t y  t h a t  o ther  mechanisms may be respons ib le  f o r  the observed f a t i g u e  
behavior.  Another mechanism which may poss ib l y  e x p l a i n  the  o r i e n t a t i o n -  
dependent y i e i d  s t rengths o f  Mar-M 200 s i n g l e  c r y s t a l s  above about 843 " C  i s  
discussed below. 



Leverant e t  a l .  ( r e f .  12) have demonstrated t h a t  t he  y l e l d  s t reng th  o f  
Mar-M 200 I s  a s t rong  f unc t i on  of s t r a i n  r a t e  (up t o  100 percent/min) a t  tem- 
peratures g rea te r  than 843 O C .  The reason f o r  t h l s  s t r a l n  r a t e  dependence was 
t h a t  t ime dependent p l a s t l c  f l o w  (creep) can occur i n  t h l s  temperature regime, 
thus reducing the  o f f s e t  y l e l d  s t rength.  I t  has a l s o  been shown t h a t  the creep 
behavior o f  t h i s  a l l o y  i s  very or ientat ion-dependent a t  843 O C  ( r e f .  7) .  
a l though a l l m i t e d  number o f  o r l e n t a t l o n s  was tested.  I f  i t  could be shown 
t h a t  t he  <001> o r i e n t a t t o n  r e s u l t s  I n  a h lgher  creep r a t e  than the <011> 
o r i e n t a t i o n  a t  870 O C ,  t h l s  could he lp  exp la i n  a lower y l e l d  s t ress  (and 
necessar i l y  a lower s t ress range i n  p l a s t i c  s t r a j n  c o n t r o l l e d  f a t l gue )  f o r  
<001> c r y s t a l s  when compared t o  <011> c r y s t a l s .  Thls I s  espec la l l y  p e r t i n e n t  
t o  the present study, because the c y c l i c  frequency was slow (0.1 Yz!, r e s u l t i n g  
I n  a r e l a t i v e l y  low averaye s t r a i n  r a t e  o f  on ly  10 percent/mln. Unfor tunate ly ,  
no data a re  a v a i l a b l e  t o  support o r  r e f u t e  t h l s  p o s s l b i l l t y ,  a l though several  
r e l a t e d  s tud les may prov ide some Ins lgh ' t .  

Shah ( r e f .  18) tes ted Nl3Al y s i n g l e  c r y s t a l s  I n  compressive creep 
a t  982 O C ,  and showed t h a t  the mlnlmum creep r a t e  o f  the <001> o r i e n t a t i o n  was 
about tw lce  the mini mu^ creep r a t e  o f  the  < O l l r  and <123> o r l e n t a t l o n s .  I f  
these r e s u l t s  a re  r e l a ted  t o  Mar-M 200 deformat lon a t  870 O C ,  they would sup- 
p o r t  the above theory.  Giamei ( r e f .  14) tes ted  PWA 1444 s l n g l e  c r y s t a l s  I n  
both t e n s i l e  and compressive creep a t  891 O C  I n  both <001> and <011> o r l en ta -  
t i ons .  He found t h a t  the  rnlnlmum creep r a t e  I n  compression was twlce as h lgh  
f o r  <001> c r y s t a l s  as compared t o  <011> c r y s t a l s ,  bu t  the minimum creep r a t e  
i n  tens ion  was tw lce  as h lgh  f o r  <011> c r y s t a l s  as compared t o  <001> c r y s t a l s .  
Obviously, t he  evldence i s  mixed, so tho above creep-re la ted theory i s  s t i l l  
very specula t ive.  

General Comments 

The above d lscuss lon has shown t h a t  the o r l e n t a t l o n  dependence o f  the LCF 
behavior o f  Mar-M 200 s i n g l e  c r y s t a l s  i s  very sensitive t o  temperature. As 
I l l u s t r a t e d  by f l gu re  17, the r e l a t i v e  f a t i g u e  "resistance" o f  any o r i e n t a t i o n  
w i t h  respect t o  another changes as the temperature changes from 760 t o  87d O C .  

Thls i s  a d i r e c t  r e s u l t  of  a change I n  ba- l c  deforrnatlon behavior a t  about 
800 "C. 

I t  should a l so  be c l ea r  t h a t  the  r e l a t l v e  f a t i g u e  "damagen i s  a complex 
f unc t i on  o f  temperature, o r l en ta t l on ,  s t r a i n  l e v e l ,  s t r a l n  ra te ,  and s t ress  
l e v e l .  Without a basic understandlng o f  deformat lon mechadsms under r e l a -  
t i v e l y  slmple monotonic loading, i t  would be extremely d i f f i c u l t  t o  understand 
f a t i g u e  behavior, and almost impossible t o  p r e d i c t  I t .  Therefore, I t  we want 
t o  cont lnue t o  develop our understandlng o f  h l gh  temperature f a t i gue ,  we must 
cont inue t o  s t r i v e  t o  completely charac te r l ze  and understand fundamental 
m e t a l l u ~ g i c a l  deformat ion mechanisms i n  these a l l o y s .  

CONCLUSIONS 

A t  760 and 870 O C  I n  p l a s t i c  s t r a l n  c o n t r o l l e d  f a t i gue ,  s i n g l e  c r y s t a l s  
o f  Mar-M 200 exhi  b l  ted orientation-dependent behavior which can be s u m a r i  zed 
as fo l l ows :  



1. A t  760 "C,  octahedral  p lanar  s l i p  lead t o  or tenta t ion-dependent  s t ress  
ranges and c y c l i c  l i v e s .  M u l t i p l e  s l l p  c r y s t a l s  s t r a l n  hardened the most, 
r e s u l t i n g  i n  r e l a t i v e l y  h i g h  s t ress  ranges dnd low l i v e s .  S i n g l e  s l i p  c r y s t a l s  
s t r a i n  hardened t h e  l e a s t ,  r e s u l t i n g  i n  lower ranges and h igher  l l v e s .  Cyc l i c  
l i v e s  c o r r e l a t e d  w e l l  w i t h  s t ress  ranges and p r e v i o u s l y  repor ted t e n s i l e  
d u c t i l i t i e s .  

2. A t  870 "C, homogeneous, nonplanar s l l p  was observed. Stress ranges 
increased and l i v e s  decreased as c r y s t a l  o r i e n t a t i o n s  dev la ted f rom <001>. 
The mechanisms respons ib le  f o r  t h i s  behavlor a re  unclear a t  the  present  t ime, 
bu; two poss ib le  contributing f a c t o r s  are  cub? plane c r o s s - s l i p  w l t h l n  the  
y ' ,  and the p o s s i b i l i t y  o f  or ientat ion-dependent creep r a t e s .  

3. A t  both temperatures, f a t i g u e  l t v e s  c o r r e l a t e d  c l o s e l y  w i t h  s t ress  
range under t h e  cond i t i ons  o f  imposed i n e l a s t i c  s t r a i n .  

4. The o r i e n t a t i o n  dependence was a  s t rong f u n c t i o n  o f  temperature. 



APPENDIX A 

DISLOCATION ANALYSIS 

From d i f f r a c t i o n  theory  ( r e f .  19),  a d l s l o c a t l o n  w i l l  be l l Inv ls ib le l l  under 
the  two-beam c o n d l t i o o s  t h a t  s a t l s f y  the  e q u a t l o r  

where g i s  the  d l f f r a c t l o n  vector ,  b I s  the burger 5 vector ,  and y i s  the 
l i n e  d l r e c t l o n .  Residual c o n t r a s t  w t l l  r e s u l t  l f  

The l i n e  d i r e c t i o n  can be determined by measurlng the  angle 0 between t h e  
g vec to r  and the  apparent ( two-dlmensional)  l l n e  d l r e c t l o n .  Unless the  d l s -  
l o c a t l o n  i s  o f  a pure screw nature ,  b and 2 w l l l  l l e  on the same plane,  
de f ined  as the  s l l p  plane. 

As an example, the  two d l s l o c a t l o n s  marked I n  f l g u r e s  6(a)  t o  (d )  were 
analyzed. D i s l o c a t i o n  c o n t r a s t  r e s u l t e d  under q = [020], [?20], and [220], 
f o r  which 9 = 0°, 49'. and 41". r e s p e c t i v e l y .  The l l n e  d l r e c t l o n  was the re -  
f o r e  [ O l O ] ,  f o r  which e should have been 0°, 45'. and 45" ( I d e a l l y ) .  

The d l s l o c a t l o n s  dlsappear under g = [ 1 i 1 )  and [200] .  Therefore 

Since b z 1, the  d i s l o c a t i o n  I s  no t  o f  a pure  screw character ,  and the  
s l l p  p lane i s  de f ined  as b x 1 = (100).  The dislocations a r e  t h e r e f o r e  i n  
the  [011] (100) system. 
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TABLE I. - M a r 4  200 4LLOY COMPOSITION 

Element K t  % I 
T I  
A 1 

O.OE 

N 1 Bal . 

TABLE 11. - SPECIMEN ORIENTATIONS 

1 
Test temperature 

'611 O C  

I 

Number 

3 2 
25 
14 
4 5 
19 

30 
2 4 
14 
15 
40 

3 8 
3 4 
3 7 

5 
6 

2 1 
21 
13 
3 6 

Degrees from 

aNot cycled  t d  f a i l u r e  

32 
21 
22 
21 
50 

48 
45 
45 
36 
28 
39 
27 
25 
45 

<011> 

42 
4 0 
3 0 

2 
8 

39 
2 8 
20 
20 

<001> 

4 
5 

40 
44 
38 

24 
36 
46 
45 

7 

8 
11 
11 
40 
46 
24 
32 
46 
10 

1 38 

< I l l >  

51 
40 
14 
33 
33 
40 
38 
37 
34 

23 1 1 7  

I 
I 1 870 'C 

I 

L 

47 
43 
41 

4 
4 0 
4 9 

a21 

3 4 
4 8 
5 1 
2 1 
4 6 
2 9 
2 0 
3 9 

a52 

18 
27 
27 



TABLE 111. - EXPERIMENTAL DATA - 760 "C 

Specimen E (20  "C) , 
I L T L a -  - 

-- -- - - . - - 

E ,160 G Pa "c!,[ Acp, 1 A c t ,  [ - ~ l $ [ ~ [ ~  
percenta  pe rcen ta  MPaa HPaa 

a ~ y c l e  parameters measured a t  approx imate ly  Nf/2. 
bldf I s  d e f j n e d  as t o t a l  f a l l u r e  o r  a  10 pe rcen t  d rop I n  t e n s l l e  l oad .  

TABLE 1 V .  - EXPtRIMENTAL D A T A  - 870 O C  

aCycls parameters measured a t  approximately Nf/2.  
b~~ i s  d e f i n e d  as t o t a l  f a i l u r e  o f  a  10 pe rcen t  d r o ~  I n  t e n s i l e  l oad  
CDue t o  an exper imenta l  e r r o r ,  specimen numbers 48 and 21 were c y c l e d  

a t  a  p o s l t l v e  mean s t r a i n  o f  approx imate ly  0.10 pe rcen t .  



Figure 1. - Approximate tensile ax i s  orientations, with specin,en numbers 
in3icated. 



la1 SEM m~crograph of c nterdendritic rqion, including a large filC 
type carbide. 

cb) SEM micrograph of a dendrite core region from Ihe same s p ~ i  men. 

Fiqure 2 - l nitial microdructure. 



Icl TEM darkfield micrograph of the same specimen, using t h e  . MI> 
r e f l ~ t i o n .  

Figure2 - Concluded. 

Figure 3. - Fatigue test pdraneters for the 710'~,  lo^ A c p  tests, measured at  approximately 
N1/2. 
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101 102 lo3 

"J f 

Figure 4. - AalNf representation of the  760 OC 
data. 



(a1 (single slip orientationl. 

4b) I77 V001 r orientation, not cycled to failure). 

Figure 5. - TEM rnicrqraphr of the delormation microstructure aRer 
fatigue at 7a OC. 



u;F!tcsfilAt PF.?? :S 
OF POOR QUALITY 

Figure 6. - TEM micrographs of slip band in s p ~ i m e n  d 2 7  KW1> cycled at 760 OC) under different operating , ..Sections. The 
dishatirns marked A and B lie on the cube crors-Slip plane. while the dislocationr in the band lie on octrahedral planer. 



(al /Om> reflection. 

Ib) (111 > edge-on reflection, showing only residual contrast. 

Figure 7. - TEM rnicsqraphs d a slip 'band in specimen #27 shwi ng the 
planar nature of the bands. 



I c l  < I l l >  reflection. (The small dark particles arecarbides.) 

Figure 7. - Concluded. 



U:\,i;#, . a * 
- I 1  . * '  

OF POOR (.i1i'tL:j-f 

tar Micrograph shwing slip traces. 

CT - lmpm , - - -  
Ibl SEM lractqraph shnvi ng micropore crack initiation and slip tracer. 

Figure 8. - Specimen w43 (single slip, cycled at 760 OC). 



AREA A 

AREA B 

Figure 9. - Diagram showing why crack initiation was 
always at "Site B" in single slip crystals cycled at 
760 OC. 

(c) A D IMPa I. (dl Nf. 

Figure 10. - Fatigue test parameters for the 870 OC tests, measured at approximately Nf12. 



Figure 11. - A o / N f  representation of the 
870 OC data. 

I 

800 I - 
0 
I1 

X) 100 
CYCLE 

Figure 12. - Plot of A a  versus cycle at 870 OC. 



ORIGINAL PAS< rS 
OF POOR QUALITY 

cal Brightfield. 

Ibl F3rkfield ol u m e  area,  lightly translated. 

Figure 13. - TEM micrographs of sp~inen r48 ("001 ,cycled at 870 ' ~ 1 ,  



OAlcr:-*;r>?_ :.. -, . 
OF POOR QLAL,;-.~ 

Figure 14 - TEh1 micrograpn of rpecimen a?! ~/Ol l~cycled  at 870 "c,. 



la, hhcrograph, specimen a39. unetched. 

c bl SEM f rac tqrap h, spec1 men #29. 

Figure 15. - Crack initiafioo at micrwores at 870 'c. 



.5 
N-RATIO 

Figure 16. - Plot of Ao versus N at  870 OC. 

N . (MIIO~I (oio))I(M~iol~ (111)) I Ref. 16 ! - 

HIGH Nf 

INTERMEDIATE Nf 

#Q LOW W f  

Figure 17. - I l l u s t r a t i o ~  of the orientation dependence of fatigue 
lives for a constant plastic strainrange at 760 and 870 OC. 
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