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C a r b o n - f r e e  s ingle  c r y s t a l s  of Mar-M200 were  t e s t e d  in pu l sa t ing  tens ion,  s t r e s s - c o n -  
t r o l l e d  fa t igue at  t e m p e r a t u r e s  and f r e q u e n c i e s  rang ing  f rom 1033 to 1255~ and 0.033 to 
1058 Hz, r e s p e c t i v e l y .  The axis  of loading  was p a r a l l e l  to [001], the n a t u r a l  growth d i r e c -  
t ion for  d i r e c t i o n a l l y - s o l i d i f i e d  n i c k e l - b a s e  a l loys .  Except  for  the lowes t  f r equency  at  the 
h igher  t e m p e r a t u r e s  where  c r e e p  damage  was ex tens ive ,  c r a c k  in i t ia t ion  o c c u r r e d  at  sub -  
s u r f a c e  m i c r o p o r o s i t y .  C r a c k s  in i t i a t ed  and p ropaga t ed  in the Stage I mode ( c r y s t a l l o -  
g raph ic  c r a c k i n g  on the {111} s l ip  p lanes )  at  the lower  t e m p e r a t u r e s  and h igher  f r equen -  
c i e s ,  w h e r e a s  Stage H (pe rpend icu l a r  to the p r i n c i p a l  s t r e s s  axis)  c r a c k  in i t ia t ion  and 
p ropaga t ion  was found at  the h igher  t e m p e r a t u r e s  and lower  f r e q u e n c i e s .  Often a t r a n s i -  
t ion f r o m  Stage II to Stage I c r a c k  p ropaga t ion  was obse rved .  It was e s t a b l i s h e d  that  Stage 
I c r a c k i n g  o c c u r r e d  under  condi t ions  of he t e rogeneous ,  p l ana r  s l ip  and Stage 17 c r a c k i n g  
under  condi t ions  of homogeneous ,  wavy s l ip .  A t h e r m a l l y  ac t iva t ed  r e c o v e r y  p r o c e s s  with 
an ac t iva t ion  e n e r g y  of 368 K J / m o l e  (88 K c a l / m o l e )  d e t e r m i n e d  the ins tan taneous  s l ip  
c h a r a c t e r ,  i.e., wavy o r  p l ana r ,  at  the c r a c k  t ip.  In addi t ion,  i t  was found that  an op t imum 
f r equency  ex i s t ed  for  m a x i m i z i n g  fa t igue  l i fe .  At f r equenc i e s  be low the op t imum,  c r e e p  
damage  was d e t r i m e n t a l ,  while  at  f r equenc i e s  g r e a t e r  than the op t imum,  intense ,  p l ana r  
s l ip  was d e t r i m e n t a l .  The op t imum f r equency  i n c r e a s e d  with i n c r e a s i n g  t e m p e r a t u r e .  

PREVIOUS s tud ies  of the fa t igue f r a c t u r e  1-a and mono-  
tonic  de fo rma t ion  4,s behav io r  of c o l u m n a r - g r a i n e d  and 
s i n g l e - c r y s t a l  Mar -M200  have ind ica ted  a r e l a t i o n s h i p  
be tween  t e m p e r a t u r e ,  s t r a i n  r a t e ,  s l ip  c h a r a c t e r ,  and 
f r a c t u r e  mode.  This  pa s t  work  showed a t endency  for  
low t e m p e r a t u r e s  and high s t r a i n  r a t e s  to favor  p lana r ,  
he t e rogeneous  s l ip  and c r y s t a l l o g r a p h i c  fa t igue c r a c k -  
ing a long {111} s l ip  p l anes  (Stage I c r ack ing ) ;  w h e r e a s ,  
high t e m p e r a t u r e s  and low s t r a i n  r a t e s  led  to wavy, 
homogeneous  s l ip  and fa t igue f r a c t u r e  p e r p e n d i c u l a r  
to the p r i n c i p a l  s t r e s s  ax is  (Stage 17 c rack ing) .  

These  t r e n d s  sugges t ed  that  a s y s t e m a t i c  v a r i a t i o n  
of t e m p e r a t u r e  and cyc l i c  f r equency  ( s t r a in  r a t e )  
might  l ead  to a f u r t he r  under s t and ing  and quan t i f i ca -  
t ion of the i n t e r r e l a t i o n s h i p  among s l ip  c h a r a c t e r  and 
t r a n s g r a n u l a r  f r a c t u r e  mode,  i.e., Stage I vs  Stage II 
fa t igue  c rack ing .  With that  ob jec t ive  in mind, th is  
s tudy was under taken .  

I. MATERIAL AND EXPERIMENTAL 
PROCEDURE 

Low carbon  s ingle  c r y s t a l s  of the s u p e r a l l o y  M a r -  
M200 were  t e s t e d  in s t r e s s - c o n t r o l l e d ,  pu l sa t ing  t en -  
s ion  fa t igue in a i r  at t e m p e r a t u r e s  r ang ing  f r o m  1033 
to 1255~ (N0.6 to 0.77 TM) and f r equenc i e s  r ang ing  
f rom 0.033 to 1058 Hz. The t en s i l e  axes  of the c r y s -  
t a l s  we re  within 5 deg of the [001] d i r ec t i on .  The c o m -  
pos i t ion  of the a l loy,  i t s  m i c r o s t r u c t u r e  and heat  t r e a t -  
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ment ,  and the s p e c i m e n  conf igura t ion  have been  pub-  
l i shed  p r e v i o u s l y .  6'7 Tes t ing  at  f r e q u e n c i e s  up to 20 
Hz was p e r f o r m e d  on a c l o s e d - l o o p  MTS s e r v o - h y -  
d r a u l i c  mach ine ,  w h e r e a s  the  t e s t s  a t  h ighe r  f r equen -  
c ies  were  p e r f o r m e d  on a m a g n e t o s t r i c t i v e  fa t igue 
unit.  All  s p e c i m e n s  were  cyc led  f rom a min imum 
s t r e s s  of 34.4 MN/m 2 (5 ks i )  to a m a x i m u m  s t r e s s  
which v a r i e d  with t e m p e r a t u r e  (Table  I). 

Thin fo i l s  for  t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y  
were  p r e p a r e d  b y  e s t a b l i s h e d  p r o c e d u r e s  and e x a m -  
ined in a Ph i l l i p s  EM-200 e l e c t r o n  m i c r o s c o p e .  

H. EXPERIMENTAL RESULTS 

A. Fa t igue  Data  

The fa t igue da ta  for  the v a r i o u s  t e m p e r a t u r e s  and 
f r e q u e n c i e s  a r e  s u m m a r i z e d  in Table  I and F igs .  1 
and 2. It is  ev ident  f rom Fig.  1 that  an op t imum f r e -  
quency ex i s t s  for  m a x i m i z i n g  the cyc l e s  to f a i l u r e  as  
had been  p r e v i o u s l y  o b s e r v e d  for  a wrought ,  p o l y c r y s -  
t a l l i ne  n i c k e l - b a s e  s u p e r a l l o y .  8 The op t imum f r e -  
quency i n c r e a s e d  with i n c r e a s i n g  t e m p e r a t u r e  as  in-  
d i ca ted  by  the fac t  that  the da ta  at  1200 K (1700~ 
exhib i ted  no drop  off at  high f r e que nc i e s ,  at l e a s t  up 
to the m a x i m u m  f r e q u e n c y  t e s t ed ,  i .e . ,  600 Hz. It 
would be expec ted  that  a d rop  off would be seen  at  
h ighe r  f r e q u e n c i e s  at  th i s  t e m p e r a t u r e .  F ig .  2, which 
is  a plot  of fa t igue  l i fe  on a t ime  b a s i s  vs  f requency ,  
shows two d i s t i nc t  r e g i m e s .  At low f r e q u e n c i e s  at  
1116 and 1200 K (1550 and 1700~ the t ime  to f a i l u r e  
i s  roughly  cons tant ,  ind ica t ing  that  c r e e p  is  p lay ing  
an impor t an t  r o l e  in con t ro l l ing  the fa t igue behav io r .  
However ,  a t  a l l  f r e q u e n c i e s  at  1033 K (1400~ and 
the h igher  f r e q u e n c i e s  at  1116 K, the da ta  has  a s lope  
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Table I. Fatigue Test Data and Fractographic Observations 

Stress Range Elastic Strain Frequency Cycles to Time to 
Specimen (MN/m 2) Range (pet) (Hz) Failure Failure (H) Fractographic Observations 

1033 K (I 400~ 
A4M3R 34.4-551" 0.5 0.75 4.18 • l0 s 155 

A4M2R 34.4-551 0.5 0.75 2.69 • 10 s 99.7 
A4M2L 34.4-551 0.5 2 3.95 X l0 s 55 

A4M3L 34.4-551 0.5 2 4.57 • 10 s 63.5 
X4J1 34.4-551 0.5 10 4 • l0 s 11.1 
Z4J2L 34.4-551 0.5 1058 6 • 104 1.58 X 10 -2 
Z4J3L 34.4-620 0.57 1058 6.77 • 104 1.78 X 10 -2 

1116 K (1550~ 
A4MIR 34.4-551 0.54 0.033 6.44 X 103 54.3 
A4MIL 34.4-551 0.54 0.5 6.98 • 104 38.8 

X4W2 34.4-551 0.54 5.0 5.72 • 10 s 31.8 

Z4G2 34.4-551 0.54 20 2.59 • 10 s 3.6 

A4P2L 34.4-551 0.54 1030 1.05 • l0 s 2.83 • 10 -2 
Z4J2R 34.4-551 0.54 1030 1.03 • 10 s 2.67 • 10 -2 

1200 K (1700~ 
Z4GR 34.4-448 0.48 0.033 6.17 • 102 5.2 
X4J7 34.4-448 0.48 10 9.5 • 104 2.64 

X415 34.4-448 0.48 10 4.3 • l0 s 11.9 

X5M3 34.4-448 0.48 600 1.2 X 106 0.56 

1255 K (1800~ 
X5L1 34.4-344 0.39 10 1.63 • l0 s 4.52 

Subsurface initiation at micropore-crack initiation on two Stage I facets 
and one Stage 1I facet. 

Subsurface initiation at micropore-crack initiation on single Stage I facet. 
Subsurface initiation at micropore-crack initiation on three Stage I facets 

and one Stage II facet. 
Subsurface initiation at micropore-crack initiation on single Stage I facet. 
Subsurface initiation at micropore-crack initiation on single Stage I facet. 
Subsurface initiation at micropore-crack initiation on single Stage 1 facet. 
Subsurface initiation at micropore-crack initiation oft single Stage 1 facet. 

Surface initiation at multiple Stage 11 facets. 
Subsurface initiation at micropore-crack initiation on single, circular Stage 

II facet. Transition to Stage I before failure. 
Subsurface initiation at micropore-crack initiation on single, circular Stage 

I1 facet. Transition to Stage I before failure. 
Subsurface initiation at micropore-crack initiation on one Stage I and 

one Stage II facet. 
Subsurface initiation at micropore-crack initiation on three Stage I facets. 
Subsurface initiation at micropore-crack initiation on three Stage I facets. 

Surface initiation at multiple Stage II facets. 
Subsurface initiation at micropore-crack initiation on single, circular 

Stage II facet. Transition to Stage I before failure. 
Subsurface initiation at micropore-crack initiation on single, circular 

Stage 1I facet. Transition to Stage I before failure. 
Subsurface initiation at micropore-crack initiation on Stage I and Stage II 

facets. 

Subsurface initiation at micropore-crack initiation on single, circular 
Stage 1I facet. No transition to Stage I before failure. 

*ksi X 6.89 = MN/m 2. 

o f  n e a r l y  -- 1 ( a c t u a l l y  - 1 . 3 ) ,  i n d i c a t i n g  t h a t  f a t i g u e  in  
t h i s  r e g i m e  i s  s t r i c t l y  c y c l e  d e p e n d e n t .  

B .  F r a c t o g r a p h y  

W i t h  t h e  e x c e p t i o n  o f  t h e  t e s t s  r u n  a t  a f r e q u e n c y  
o f  0 . 0 3 3  Hz a t  1 1 1 6  a n d  1 2 0 0  K w h e r e  c r e e p  w a s  e x -  

t e n s i v e ,  a l l  f a t i g u e  i n i t i a t i o n  s i t e s  o c c u r r e d  a t  s u b -  
s u r f a c e  m i c r o p o r o s i t y  ( ~ 0 . 1  m m  in  s i z e ) .  T h e  r e a -  

s o n  f o r  t h e  s u b s u r f a c e  i n i t i a t i o n  s i t e s  a t  t h e  l o w e r  

t e m p e r a t u r e s  i s  t h e  d i f f i c u l t y  i n  i n i t i a t i n g  s u r f a c e  
c r a c k s  d u e  to  s l i p  d i s p e r s a l  c a u s e d  b y  s u r f a c e  o x i -  
d a t i o n  o f  s l i p  s t e p s  a n d  a t  t h e  h i g h e r  t e m p e r a t u r e s  
t h e  d i f f i c u l t y  i n  p r o p a g a t i n g  s u r f a c e  c r a c k s  d u e  t o  
o x i d a t i o n  o f  t h e  c r a c k  t i p  a n d  t h e  c r a c k  f a c e s .  T h e s e  

e f f e c t s  h a v e  b e e n  d i s c u s s e d  in  d e t a i l  e l s e w h e r e  1,9 
a n d  w i l l  n o t  b e  d i s c u s s e d  f u r t h e r  h e r e .  

I t  w a s  f o u n d ,  a s  s u m m a r i z e d  i n  T a b l e  I, t h a t  S t a g e  
I c r a c k  i n i t i a t i o n  w a s  f a v o r e d  a t  t h e  l o w e r  t e m p e r a -  
t u r e s  a n d  h i g h e r  f r e q u e n c i e s  a n d  S t a g e  II  c r a c k  i n i t i -  
a t i o n  a t  t h e  h i g h e r  t e m p e r a t u r e s  a n d  l o w e r  f r e q u e n -  
c i e s .  F i g s .  3 (a )  a n d  (b) s h o w  t h e  f r a c t u r e  s u r f a c e s  
d e v e l o p e d  a t  f r e q u e n c i e s  o f  5 a n d  1 0 3 0  Hz  a t  1 1 1 6  K ,  
r e s p e c t i v e l y .  A t  5 Hz ,  S t a g e  1"I c r a c k  i n i t i a t i o n  o c -  
c u r r e d  a t  t h e  l o c a t i o n  i n d i c a t e d  b y  t h e  a r r o w  a n d  
p r o p a g a t e d  r a d i a l l y  u n t i l  a t r a n s i t i o n  t o  S t a g e  I c r y s -  
t a l l o g r a p h i c  c r a c k i n g  o c c u r r e d  a t  t h e  p e r i p h e r y  o f  
t h e  c i r c u l a r  a r e a .  T h e  s y m b o l s  " A "  a r e  l o c a t e d  o n  
t h e  S t a g e  I f a c e t .  A t  1 0 3 0  Hz ,  h o w e v e r ,  c r a c k  i n i t i a -  

t i o n  ( a r r o w )  a n d  p r o p a g a t i o n  o c c u r r e d  e n t i r e l y  i n  t h e  
S t a g e  I m o d e .  ( X - r a y  a n a l y s i s  h a s  s h o w n  t h e s e  S t a g e  
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Fig.  1 - -The  i n f l uence  of cyc l ic  f r e q u e n c y  on the  c y c l e s  to 
f a i l u r e  for  M a r - M 2 0 0  s ing le  c r y s t a l s  t e s t e d  at  1033, 1116, 
and  1200 K. 

f f a c e t s  to  b e  t h e  { 1 1 1 }  s l i p  p l a n e s ,  w h i c h  i s  in  a g r e e -  
m e n t  w i t h  p r e v i o u s  o b s e r v a t i o n s  a f t e r  r o o m  t e m p e r a -  
t u r e  f a t i g u e  t e s t i n g .  1'2) A t  a g i v e n  f r e q u e n c y  o r  f r e -  
q u e n c y  r a n g e  a t  e a c h  t e m p e r a t u r e ,  T a b l e  I, b o t h  S t a g e  
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I and Stage II c racks  were found emana t ing  f rom the 
same  mic ropore .  The cycl ic  f requency  at which this  
occu r red  i nc rea sed  f rom 0.75 to 2 Hz at 1033 K to 
600 Hz at 1200 K. 

The amount  of f r ac tu re  sur face  fo rmed  by e i ther  
Stage I or  Stage H crack propagat ion is shown in Fig. 
4 as a function of t e m p e r a t u r e  and f requency.  The 
percentage  of Stage I c rack  propagat ion i nc rea sed  
with i nc r ea s ing  f requency and dec reas ing  t e m p e r a -  
tu re ,  where Stage II c rack  propagat ion occu r r ed  in 
g r ea t e r  pe rcen tages  at high t e m p e r a t u r e s  and low 
f requenc ies .  For  example,  at 1116 K the percentage  
of Stage I c rack  propagat ion i nc r ea sed  f rom zero to 
100 pct by i nc r ea s ing  the cyclic  f requency  f rom 0.033 
to 1030 Hz. Likewise,  at 10 Hz, the percentage  of 
Stage I c rack  propagat ion inc reased  f rom zero  to 100 
pct by dec reas ing  the t e m p e r a t u r e  f rom 1255 to 1033 K. 

10 4 

103 

~t\ 1033 ~ K 
102 0 4~ 

I 

~ 101 . . . . . .  --'~ k I- 1200~ 
- 

lO c 
�9 1 2 0 0 ~  __ ~ \ \  " ' ~  
�9 1116~ "~\ 

10_1 �9 1033~ " ~ X  X 

1 0  - ~  , , , , L I H I  ~ : , J , I H I  I ' ' ~ H H I "  ~ I =L~_ lJ , I  I H r H I  

10-2 10-1 10 o 101 10 2 10 3 

F R E Q U E N C Y  ~ Hz 

Fzg. 2--The influence of cyclic frequency on the time to fail- 
ure for Mar-M200 single crystals tested at 1033, 1116, and 
1200 K. 

C. Subs t ruc tura l  Observa t ions  

T r a n s m i s s i o n  mic rographs  of the d is locat ion  sub-  
s t r uc t u r e  developed at f requenc ies  of 0.033, 20, and 
1030 Hz at 1116 F a re  shown in Figs .  5(a), (b), and 
(c), r e spec t ive ly .  At the lowest f requency,  the sub-  
s t r uc t u r e  was homogeneous and the dens i ty  of d i s lo-  
cat ions was high because  of the extensive  c reep  en-  
countered.  At 20 Hz, the subs t ruc tu r e  was s t i l l  ho- 
mogeneous,  but the dis locat ion dens i ty  was cons ide r -  
ably reduced because  of the lower amount  of c reep  
s t r a in .  At the highest  f requency,  the d is locat ion  den-  
s i ty  was e x t r e me l y  low and the d is loca t ions  were d i s -  
t r ibu ted  he te rogeneous ly  in what appeared to be p lanar  
bands which had re laxed and r ecovered  upon unload-  
ing and cooling to room t e m p e r a t u r e .  

These obse rva t ions ,  together  with e a r l i e r  work, ~'s 
show that a co r r e l a t i on  exis ts  between the cracking  
modes and the deformat ion  modes .  At high f requen-  
cies and low t e m p e r a t u r e s ,  deformat ion  in he te ro -  
geneously  d i s t r ibu ted  p lanar  bands leads to Stage I 
fatigue crack in i t ia t ion and propagat ion.  On the other 
hand, Stage H crack  ini t ia t ion and propagat ion a re  en -  
hanced by homogeneously  d i s t r ibu ted  sl ip which is de-  
veloped at low f requenc ies  and high t e m p e r a t u r e s .  

HI. DISCUSSION 

A. C r i t e r i a  for the Fo rma t ion  of Stage I and 
Stage II Fat igue Cracks  at T e m p e r a t u r e s  >0.5 T M 

Since the expe r imen ta l  obse rva t ions  show that Stage 
I c rack ing  is dominant  at high f requenc ies  and low 
t e m p e r a t u r e s  and Stage H cracking  at low f requenc ies  
and high t e m p e r a t u r e s ,  one can deduce that t h e r m a l l y  
act ivated deformat ion  p r oc e s se s  must  be involved in 
de t e r mi n i ng  the fatigue f r ac tu r e  mode. It is l ikely, 
for example,  that p lanar  bands of d is loca t ions  a re  
genera ted  at the tip of s t r e s s  concen t ra t ions  such as 
m i c r o p o r e s  or exis t ing  c racks  at most  f requenc ies ,  
but the p lanar  bands a re  uns table  with r e spec t  to t h e r -  
ma l ly  act ivated r e c o v e r y  p r o c e s s e s  such as d i s loca -  
t ion c l imb or c r o s s  slip.  

The p r e sence  of p lanar  bands of d is loca t ions  is r e -  
quired to develop Stage I c racks ;  however,  the crack 

Fig. 3--Optical fractographs of specimens 
tested to failure at 1116~ at frequencies 
of (a) 5 Hz and (b) 1030 Hz. 

(a) (b) 
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u~ f requenc ies  and the absence  of a b reak  in the t ime  
to fa i lu re  vs f requency  plot, Fig.  2. 

t~ 1033 K 
10c t . . . . _ =  ~ As the f requency  inc reased ,  c reep  was suppressed ,  

~ L ~" ~ Figs .  5(a) and (b), and the fatigue l ives  i nc r e a sed  as 

~=N / 7  
~ . ~  601 1116 K / f  1 2 0 0  K 
=.~  / /  �9 
~ I / . , , / =  " =1033 K 
~ 401 / /  ==1116 K 
= z I / , /  �9 12oo K 
..=.- / /  - 1255 K 

I / /  1255 K 
0 1 1 ~ ~ I A  ~ E E t ~ / m  i r 1 , t e l  ! : r t  = I t  

10 -2 -- 10 -1 10 ~ 1~ 10 2 10 3 10 4 10 ̀~ 

F R E Q U E N C Y  ~ Hz 

Fig. 4--The percentage of Stage I fracture in the fatigue zone 
as a function of cychc frequency at temperatures of 1033, 
1116, 1200, and 1255 K. 

mus t  fo rm along the sl ip band at a ra te  which exceeds 
the ra te  of d is locat ion  r e c o v e r y  out of the bands .  Sche- 
mat ica l ly ,  this  is shown in Fig.  6 for the case where 
a Stage II c rack is jus t  about to advance for the v a r i -  (a) 
ous indicated condit ions.  At high f requenc ies  or low 
t e m p e r a t u r e s ,  the p l ana r  bands  have not d i spe r s e d  
and a Stage I c rack  can form along them. At high t e m -  
p e r a t u r e s  or low f requenc ies ,  the ra te  of d i sp e r s a l  of 
the d is loca t ions  in the p lanar  bands exceeds the ra te  
of crack fo rmat ion  along the bands and Stage H c rack -  
ing would be expected.  For  i n t e rmed ia t e  condit ions,  
e i ther  Stage I or  Stage II c racks  can form.  

The condit ions at which both Stage I and Stage IT 
c racks  ini t ia te  f rom the same mic ropore  a re  cons id-  
e red  to be those where the ra te  of d i spe r s a l  of d i s lo -  
cat ions out of the p lanar  bands is jus t  equal  to the ra te  
of format ion  of Stage I c racks .  Consequently,  the f r e -  
quency at which this occurs  should i n c r e a s e  with in -  
c r e a s i n g  t e m p e r a t u r e  accord ing  to Ar rhen ius  r a t e  k i -  
ne t ics ,  i .e . ,  ra te  ~ z X H / R T .  In fact, this  c r i t i ca l  f r e -  
quency was found to be 0.75-2,  20, and 600 Hz at 1033, 
1116, and 1200 K, r e spec t ive ly .  A plot of the logar i thm 
of this c r i t i ca l  f requency  (converted to s t r a in  rate)  vs 
the i nve r se  of the absolute  t e m p e r a t u r e  is a s t ra igh t  
l ine,  Fig.  7. The act ivat ion energy  obtained f rom the 
slope of this  l ine is 368 KJ /mole  (88 Kca l /mole ) .  This 
value is comparab le  to the va lues  obtained for c reep  
of N i -Cr  solid solut ions  1~ as well  as s ingle  phase y,,11 
where d i f fus ion-cont ro l led  c l imb should be ra te  con-  
t ro l l ing .  There fore ,  it is l ikely that d is loca t ion  c l imb 
out of p lanar  bands at the crack tip is the c r i t i ca l  
t h e r m a l l y  act ivated p roces s  d e t e r m i n i n g  whether 
Stage I or  Stage II fatigue cracking  occurs .  

B. Influence of F requency  on Fat igue Lives 

The fatigue l ives  at 1116 and 1200 K are  quite low 
at the lowest  f r equenc ies .  This is caused by extens ive  
spec imen  creep  dur ing  tes t ing  and, at 0.033 Hz, leads 
to sur face  in i t ia ted Stage II c racking .  These  a re  the 
only cases  of su r f ace - i n i t i a t ed  c rack ing  leading to 
f a i lu re  in this  study and can be a t t r ibuted  to la rge  
local  p las t ic  s t r a i n s  caused by creep .  At 1033 K for 
the f r equenc ie s  tes ted,  c reep  was never  a factor  as 
indicated by the absence  of a drop off at the lowest  

(b) 

(c) 
Fig. 5--Transmission electron micrographs of the dislocation 
substructure in crystals tested at 1116 K at frequencies of 
(a) 0.033 Hz, (b) 20 Hz, and (c) 1030 Hz. 
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Fig. 6--Schematic representation of the dislocation ar range-  
ments at the tip of Stage II fatigue cracks for various tern- 
peratures and cyclic frequencies. 
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Fig. 7--Straxn rate (cyclic frequency) at which Stage I and 
Stage II fatigue cracks are simultaneously initiated vs the 
inverse of the absolute temperature.  

has  been  o b s e r v e d  in o the r  work.~z-~4 Eventua l ly ,  the 
fa t igue l i ve s  r e a c h e d  a m a x i m u m  leve l  and then d e -  
c r e a s e d  at  both 1033 and 1116 K. The d e c r e a s e  at  
h ighes t  f r e q u e n c i e s  is  p r o b a b l y  caused  by  an i n c r e a s e  
in in t ens i ty  of the p l ana r  s l ip .  Support  for  th is  a r g u -  
men t  c o m e s  f r o m  the fac t  that  the fa t igue  l i ve s  at  the 
h ighes t  f r e q u e n c i e s  at  t h e s e  two t e m p e r a t u r e s  a r e  the  
s a m e  as  the r o o m  t e m p e r a t u r e  l i ves ,  7 and, for  cyc l ing  
at  10 Hz, at  r o o m  t e m p e r a t u r e  the concen t ra t ion  of 
d i s l oca t i ons  in the  p l a n a r  bands  is  much g r e a t e r  than 
at  1033 K, 1'2 

The op t imum l ives  o c c u r  under  condi t ions  of c o m -  
b ined  Stage II and Stage I c r a c k  in i t ia t ion ,  where  the  
d i s loca t ion  dens i t y  within the s l ip  bands  is  r e l a t i v e l y  
low and ex t ens ive  c r e e p  i s  s u p p r e s s e d .  This  should  
l ead  to an i n c r e a s e  in the f r equency  c o r r e s p o n d i n g  to 
the op t imum cyc l i c  l i fe  with i n c r e a s i n g  t e m p e r a t u r e .  
The da ta  at  1200 K suppor t  th is  hypo thes i s ,  F ig .  1. 

It is  i n t e r e s t i n g  to note  tha t  s ign i f i can t ,  r e p r o d u c i b l e  
v a r i a t i o n s  in fa t igue  l i fe  we re  o b s e r v e d  for  t e s t s  in 
which c r a c k  in i t i a t ion  and mos t  c r a c k  p ropaga t i on  o c -  
c u r r e d  at  s u b s u r f a c e  loca t ions ,  i.e., in a v i r t u a l  v a c -  
uum. Recen t  r e s u l t s  fo r  t an t a lum a l loy  A s t a r  811C, ~5 
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a c o p p e r - z i r c o n i u m  a l loy ,  16 c o b a l t - b a s e  a l loy  M a r -  
M302,17 304 s t a i n l e s s  s t e e l  and i r o n - b a s e  a l l oy  A-28618 
t e s t e d  in vacuum or  i ne r t  gas  s i m i l a r l y  show s ign i f i -  
cant  e f fec ts  of cyc l i c  f r equency  on l o w - c y c l e  fa t igue 
l i ve s  at e l eva ted  t e m p e r a t u r e .  

The above s tud ie s  conf i rm that  a change in the leve l  
o r  i n t ens i ty  of cyc l i c  p l a s t i c  d e f o r m a t i o n  by  v a r y i n g  
cyc l i c  f r equency  can,  by  i t se l f ,  affect  e l e v a t e d  t e m p e r -  
a tu re  fa t igue l i ve s .  This  is  in c o n t r a s t  to s i tua t ions  
where  f r equency  af fec ts  fa t igue l ives  through e n v i r o n -  
menta l  i n t e r a c t i ons  with the  m a t e r i a l ,  m'~~ 

C ONC LUSIONS 

1) At the lower  t e m p e r a t u r e s  and h ighe r  f r e q u e n -  
c i e s ,  c r a c k s  in i t i a t ed  and p r o p a g a t e d  in the Stage I 
mode ( c r y s t a l l o g r a p h i c  c r a c k i n g  on the {111) s l ip  
p lanes ) .  At the h igher  t e m p e r a t u r e s  and lower  f r e -  
quenc ies ,  c r a c k s  in i t i a t ed  and p r o p a g a t e d  in the Stage 
II mode ( p e r p e n d i c u l a r  to the p r i n c i p a l  s t r e s s  ax is ) .  

2) Stage I c r a c k i n g  o c c u r r e d  under  condi t ions  of 
he t e rogeneous ,  p l a n a r  s l ip  and Stage II c r a c k i n g  under  
condi t ions  of homogeneous ,  wavy s l i p .  

3) At a c r i t i c a l  f r equency  at  each  t e m p e r a t u r e ,  
Stage I and Stage l I  c r a c k s  we re  both in i t i a ted .  The 
c r i t i c a l  f r equency  was c on t ro l l e d  by  a t h e r m a l l y  a c -  
t i va ted  r e c o v e r y  p r o c e s s  with an ac t iva t ion  e n e r g y  of 
368 K J / m o l e  (88 K c a l / m o l e ) .  

4) In c o n t r a s t  to c l a s s i c a l  low t e m p e r a t u r e  fa t igue 
b e h a v i o r  of mos t  a l loys ,  where  Stage I c r a c k i n g  is f o l -  
lowed by  Stage II c r a c k  p ropaga t ion ,  Stage II c r a c k i n g  
often p r e c e d e d  Stage I c r a c k  p ropaga t i on  in the e l e -  
va ted  t e m p e r a t u r e  t e s t ing  of th is  n i c k e l - b a s e  s u p e r -  
a l loy .  

5) An op t imum f r equency  e x i s t e d  for  m a x i m i z i n g  
fa t igue  l i fe .  C r e e p  damage  was d e t r i m e n t a l  a t  f r e -  
quenc ies  be low the  op t imum and in tense ,  p l a n a r  s l ip  
at  f r e q u e n c i e s  above the op t imum.  The op t imum f r e -  
quency i n c r e a s e d  with i n c r e a s i n g  t e m p e r a t u r e .  
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