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In this  inves t iga t ion ,  the effect of a f requency  va r i a t ion  between 2 cpm and 6 • 104 cpm on the 
1400~ fatigue p rope r t i e s  of wrought Udimet  700 was d e t e r m i n e d  at a cons tan t  s t r e s s  range  of 
85 ksi .  It was found that  a peak exis ted  in the cycl ic  life vs  f requency  curve such that a) an in -  
c rease  in f requency  f rom 2 to 600 cpm i nc r e a se d  the fatigue life 100 t imes  and b) an i nc r ea se  
in f requency  f rom 600 to 6 • 104 cpm reduced the fatigue life sevenfold.  The peak in the cycl ic  
life vs f requency  curve is  the r e s u l t  of two compet ing p r o c e s s e s :  1) there  is  a reduc t ion  in the 
effects  of c reep  and oxidation with i nc r e a se d  f requency  that tends to i nc r ea se  the life and 2) 
there is an i nc r ea se  in the he te rogene i ty  of deformat ion  with i nc r e a se d  f requency  that tends  to 
reduce the l ife.  At low f r equenc ie s ,  c rack in i t ia t ion o c c u r r e d  at  su r f a c e - c onne c t e d  gra in  
boundar ies .  Crack  propagat ion was in i t i a l ly  i n t e r g r a n u l a r  and then proceeded n o n c r y s t a l l o -  
graphica l ly  n o r m a l  to the s t r e s s  axis (Stage II mode).  Crack  ini t ia t ion at high f r equenc i e s  oc- 
cu r red  at subsurface  br i t t l e  phases  located at gra in  bounda r i e s  or at the in t e r sec t ion  of coher -  
ent  anneal ing twin boundar ies .  Crack  propagat ion was en t i r e ly  t r a n s g r a n u l a r ,  p roceeding  
in i t ia l ly  along twin boundar ies  or s l ip bands (Stage I mode) and then changing to the Stage II 
mode.  The s t a t i s t i ca l  na tu re  of the f r ac tu r e  p roces s ,  the s ignif icance of subsur face  c rack  in-  
i t ia t ion,  and the re la t ion  of these r e s u l t s  to exis t ing  high t e mpe r a t u r e  fatigue mode ls  are d is -  
cussed.  

N I C K E L - B A S E  supera l loys  and other high t e m p e r a -  
ture  al loys used in gas turbine engines  are subjected to 
fatigue s t r e s s e s  applied over  a wide range of f r equen-  
cies  va ry ing  f rom the high v ib ra t i ona l  f r equenc ies  ex-  
per ienced  by turb ine  blades  (~ 2.5 • l0  S cpm) to low 
f requenc ies  assoc ia ted  with the per iod of engine ope ra -  
tion (1 cycle per  flight). Although a gene ra l  awa r e ne s s  
of the impor tance  of f requency  effects  in e levated  t em-  
pera tu re  fatigue has  developed in the las t  few y e a r s ,  
the magnitude of the effect and the m e c h a n i s m s  involved 
are la rge ly  unknown. 

A good review of work through 1958 on the effect  of 
f requency  on a wide range of m a t e r i a l s  was p resen ted  
by Stephenson.  1 I t  was shown that cycl ic  f requency  had 
l i t t le  effect on mos t  me ta l s  at room t e m p e r a t u r e ,  but 
that at e levated t e m p e r a t u r e s  fatigue life i nc r ea se d  with 
i n c r e a s i n g  f requency .  This  i nc r ea se  in life has been a t -  
t r ibuted  to the reduced impor tance  of the c reep  com-  
ponent in the fatigue cycle .  

More r ecen t ly ,  s eve ra l  examina t ions  of the effect  of 
f requency on fatigue behavior  of n i cke l -base  supe ra l -  
loys at e levated t e m p e r a t u r e s  have been conducted.  
Ti l ly  2 found that  for Nimonic 90 tes ted at t e m p e r a t u r e s  
above l l 1 2 ~  (600~ the fatigue life i nc r ea sed  with in -  
c r e a s i n g  f requency between 0.1 and 8000 cpm, and in-  
c r e a s i n g  f requency favored t r a n s g r a n u l a r  compared  to 
i n t e r g r a n u l a r  c rack  propagat ion.  For  Nimonic  90 at 
1292~ (700~ Northwood e t  a l .  s found fatigue life in-  
c reased  as f requency  was i nc rea sed  f rom 4400 to 8600 
cpm and that the c rack  leading to fa i lu re  in i t ia ted with- 
in the spec imen  i n t e r i o r .  

A number  of phenomenologica l  models  have been de-  
veloped that cons ider  the effect  of f requency  on fatigue 
life. Eckel  4 and more  r e c e n t l y  Coles  e t  a l .  s have used 
the equation : 
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vkt = c~ 

to evaluate  the r e l a t ive  inf luence of c reep  and fat igue,  
where v is  the f requency ,  t is the t ime and k and C1 are 
cons tan ts  that depend on the m a t e r i a l  and tes t ing con- 
d i t ions .  If k = 0, the tes t  is  t ime-dependen t ,  as in pure 
c reep ,  and if k = 1, the tes t  is cycle dependent ,  as  in 
pure fat igue.  F o r  mos t  m a t e r i a l s  tes ted at e levated  
t e m p e r a t u r e s ,  k is  between 0 and 1, in a g r e e men t  with 
obse rva t ions  that the n u m b e r  of cycles  to fa i lu re  gen-  
e ra l ly  i n c r e a s e s  with f requency .  

Coffin 6 has  developed the concept of a f r equency-  
modified life in o rde r  to extend use of the Manson-  
Coffin equat ion:  

,", s  = c~ 

to e levated  t e m p e r a t u r e s ,  where AEp is the plas t ic  
s t r a in  range ,  N( the n u m b e r  of cyc les  to fa i lu re  and C2 
a cons tant .  The f r equency-mod i f i ed  equation is :  

A ~pNfv  k -  1 = Cs 

which is in a g r e e m e n t  with some elevated t e m p e r a t u r e  
fatigue data.  More r ecen t ly  an equat ion has  been de-  
veloped that r e l a t e s  total  s t r a i n  r ange ,  f requency and 
cycl ic  life .7 

Manson e t  a l .8  have r ecen t l y  proposed a l i nea r  c r eep -  
fatigue damage rule  in which the fatigue damage is ca l -  
culated by the method of u n i v e r s a l  s lopes  ~ and the c reep  
damage is de t e rmined  by runn ing  cyclic  c r e e p - r u p t u r e  
tes ts  at va r i ous  s t r e s s  l eve l s .  The c reep  damage per  
cycle is then obtained f rom the cycl ic  work ha rden ing  
c h a r a c t e r i s t i c s  of the al loy and the r e s u l t s  of the cycl ic  
c r e e p - r u p t u r e  t e s t s .  The effect  of f requency  is  to 
change the cycl ic  work ha rden ing  or softening cha rac -  
t e r i s t i c s  and therefore  the amount  of c reep  pe r  cycle .  

The phenomenologica l  models  for high t empera tu re  
fatigue that have been developed to date do not con-  
s ide r  the actual  c rack  in i t ia t ion  and propagat ion be-  
havior  of m a t e r i a l s  and how this  behavior  is modif ied 
by t ime-  and t e m p e r a t u r e - d e p e n d e n t  p r o c e s s e s .  The 
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Fig. 1--Mierostrueture of the Udimet 700 alloy. Magnification 
160 Limes. 

Table I. Chemical Composition 

Element Nominal Composition 

C 0,07 
Mn 0.15 max, 
S 0.015 max. 
Si 0.20 Max. 
Cr 15.0 
Co 18.5 
Mo 5.0 
Ti 3.0 
A1 4.25 
B 0.030 
Ni Remainder 

purpose  of this  study is  to provide some of this infor -  
mat ion  as well  as to de te rmine  the magni tude of the 
f requency  effect .  

EXPERIMENTAL PROCEDURE 

The m a t e r i a l  invest igated was  wrought po lyc rys ta l l ine  
Udimet  700 supplied in three  heats  having compos i t ions  
which co r responded  c lose ly  with the nomina l  compos i -  
t ion of the al loy (Table I). The s tandard  fou r - s t e p  heat  
t r e a t m e n t  of 4 hr  at 2140~ 4 hr  at 1975~ 24 hr  at 
1550~ and 16 hr at 1400~ was applied.  The r e su l t i ng  
m i c r o s t r u c t u r e  cons is ted  of g ra ins  with an average 
d i a m e t e r  of 0.006 in. as well  as much s m a l l e r  g ra ins  
assoc ia ted  with s t r i ngs  of ca rb ides  lying pa ra l l e l  to the 
ro l l ing  d i rec t ion ,  Fig.  1. 

Tes t s  were conducted in a i r  at 1400~ at a mean  
s t r e s s  of 47.5 ks i  and an a l t e rna t i ng  s t r e s s  of 42.5 ks i  
over  a f requency  range va ry ing  f rom 2 to 60,000 cpm. 
Two types of spec imens  were  used:  1) a but ton-head 
axial  fatigue spec imen  for t es t s  at 60,000 cpm, Fig.  2(a) 
and 2) a f l a t - end  axial  fatigue spec imen  for tes ts  at 
f r equenc i e s  between 2 and 600 cpm, Fig .  2(b). The 
spec imens  were mechan ica l ly  polished to remove  a 
m i n i m u m  of 0.002 in. f rom the gage d i a m e t e r  and then 
e lec t ropo l i shed  to r emove  the t r aces  of mechan i ca l  
pol ishing.  

Tes t s  between 2 and 600 cpm were conducted on a 
c losed- loop  hydrau l ic  fatigue tes t ing machine  opera ted  
under  load control .  T e m p e r a t u r e  was main ta ined  by a 
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Fig. 2--Specimen design for tests at (a) 60,000 cpm and at (b) 
2 to 600 cpm. 

three zone r e s i s t a n c e  furnace  and contro l led  within •176 
over  the gage sect ion.  The 60,000 cpm spe c i mens  were 
tes ted on a h igh- f requency  e l ec t romagne t i c  osc i l l a tor  
with a s ta t ic  preload.  Dynamic  loads applied to the 
spec imen are moni to red  by a load cel l  pe rmanen t ly  
fixed in the loading column.  Before and af ter  each tes t  
the load cel l  r ead ings  were ca l ibra ted  aga ins t  the load 
read ings  of a s t r a in  gaged spec imen  that was identical  
to the one being tested.  Heat ing was done with an induc- 
tion coil and the t e m p e r a t u r e  was ma in ta ined  within 
•176 by opt ical  py rome t ry .  All spec imens  were heated 
for 1 hr p r i o r  to tes t ing to a s su re  uniform t empera tu re  
d i s t r ibu t ion  throughout the gage sect ion.  A s inuso ida l  
wave form was employed for al l  tes t s .  

EXPERIMENTAL RESULTS 

Fatigue P r o p e r t i e s  

The r e s u l t s  of  the fatigue t e s t s  for a range of f re-  
quenc ies  f rom 2 cpm to 60,000 cpm are p resen ted  in 
Table II and F igs .  3 and 4. Table II also s u m m a r i z e s  
the meta l lographic  obse rva t ions  of crack in i t ia t ion and 
propagat ion.  The fatigue life in cycles  i n c r e a s e s  with 
i n c r e a s i n g  f requency  to a peak at about 600 cpm and 
then d e c r e a s e s  as the f requency  is  i nc r e a se d  to 60,000 
cpm,  Fig.  3. The max imum fatigue life observed  at 600 
cpm was over  two mi l l ion  cycles .  As the f requency was 
dec reased  to 2 cpm, the fatigue life dec reased  100 t imes  
to 20,000 cyc les ,  and as the f requency  was i nc rea sed  to 
60,000 cpm, the fatigue life dec reased  7 t imes  to 
300,000 cycles .  The t ime to fa i lure  in i t ia l ly  i nc r ea se s  
with f requency  and then dec l ines ,  Fig.  4. The two data 
points  at 600 cpm showing ve ry  low l ives  in F igs .  3 and 
4 will  be cons idered  la te r .  

Crack  Ini t ia t ion 

Examina t ion  of the f r ac tu re  surface of each spec imen 
cycled at 2 cpm indicated that c rack  in i t ia t ion occur red  
i n t e r g r a n u l a r l y  at the ex te rna l  sur face ,  Fig.  5. This ob- 
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Table II. Effect of  Frequency on Fatigue Properties of U-700 at 1400~  

Specimen Type of 
Designation Frequency, cpm Fatigue Life, hr Fatigue Life, cycles Initiation Site Mode Of Crack Propagation 

FV1 2 167 2.20 • 104 Surface intergranular 

FV6 2 176 2.10 X 104 Surface intergranular 

FV13 6 439 1.55 • 105 Surface intergranular 

F V l l  20 622 7.47 • 105 Surface intergranular 

FV10 180 137 1.44 • 106 

FV2 600 52 1.80 X 106 

FV7 600 61 2.13 • 106 

FV8 600 68 2.40 X 10 6 

FV5 600 8 3.47 • lO s 

JJ1 600 5.2 1.88 X l0 s 

FV3 60,000 0.07 2.40 X l0  s 

FV9 60,000 0.09 3.31 X l0 s 

Interior gram 
boundar 

Interior gram 
boundar 

Interior gram 
boundar 

Interior gram 
boundary 

Interior twin 
intersection 

Interior twin 
intersection 

Interior twin 
intersection 

Secondary initiation 
site: interior grain 
boundary 

lntergranular, changing to transgranular 
Stage II at about three grain diameters 
below surface. 

Intergranular, changing to transgranular 
at one grain diameter below surface. 

Intergranular, changing to Stage II trans- 
granular at about two grain diameters 
below surface. 

Intergranular, changing to Stage II trans- 
granular at about three grain diameters 
below surface. 

Stage I near initiation site then changes to 
Stage II, mostly Stage II. 

Stage I near initiation site then changes to 
Stage I1, mostly Stage 1I. 

Stage I near initiation site then changes to 
Stage H, mostly Stage II. 

Stage I near initiation site then changes to 
Stage II, mostly Stage II. 

Stage I near initiation site then changes to 
Stage II, mostly Stage 11. 

Stage I near initiation site then changes to 
Stage II, mostly Stage II. 

Stage I near initiation site then changes to 
Stage II, mostly Stage II. 

Stage I near initiation site then changes to 
Stage II, mostly Stage II. 
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(a) 

Fig. 5--The fracture surface of a 2 cpm specimen showing 
intergranular cracking adjacent to the specimen surface 
(bottom} and transgranular Stage II cracking further away 
(top), scanning electron micrograph. Magnification 320 times. 

s e rva t ion  was  conf i rmed  by taking longi tudinal  sec t ions  
through the s p e c i m e n s  which showed i n t e r g r a n u l a r  
secondary  c r acks  ex tending  f rom the sur face  on al l  
su r f ace - connec t ed  gra in  boundar i e s ,  Fig.  6(a). Oxi- 
dation of these su r f ace - connec t ed  c r acks  r e su l t ed  in 
widening of the c rack  and deplet ion of the 7 '  p rec ip i ta te  
around the crack .  No secondary  c racks  were observed  
to ini t ia te  t r a n s g r a n u l a r l y .  No i n t e r n a l  secondary  
c racks  or cav i t ies  were observed  based on examina t ion  
of a large number  of longi tudinal  sec t ions  and e l ec t ron  
mic roscope  r ep l i ca s  p r epa red  f rom these sec t ions .  
Fa i lu re  in the s p e c i m e n s  tested at  6 and 20 cpm also 
or ig ina ted  at su r f ace - connec t ed  gra in  boundar i e s .  

The in i t ia t ion  site for fa i lu re  of the 180 cpm spec imen  
and for each of the 600 cpm spec imens  las t ing  2 mi l l ion  
cycles  was at a subsur face  g ra in  boundary .  E x a m i n a -  
tion of a 600 cpm spec imen  (FV2) by scanning  e l ec t ron  
mic roscopy  showed the in i t ia t ion  site to be at the i n t e r -  
face of a pa r t i c le  located at a g ra in  boundary ,  Fig.  7. 
The c rack  does not propagage along the gra in  boundary  
but immed ia t e ly  p roceeds  along {111} p lanes  in two 
g r a i n s  and in the Stage II mode in the third gra in  (upper 
r ight) .  The g ra in  boundary  conta in ing the in i t ia t ion  site 
was gene ra l ly  f ree  of p rec ip i ta te  in con t ras t  to mos t  
g ra in  boundar ies  in the m a t e r i a l .  F u r t h e r  inves t iga t ion  
of the Udimet  700 m i c r o s t r u c t u r e  showed that a sma l l  
n u m b e r  of g ra in  boundar i e s  did not have a cont inuous 
chain of p a r t i c l e s .  The absence  of pa r t i c l e s  s o m e t i m e s  
co r responded  to loca t ions  where a coheren t  annea l ing  
twin i n t e r sec t ed  a g ra in  boundary  as in Fig.  8, but this 
was not gene ra l ly  the case .  

The in i t ia t ion  site for  the c rack  leading to fa i lu re  for 
each sho r t - l i ved  600 cpm spec imen  (FV5, JJI) was 
found to be at the i n t e r s e c t i o n  of two coheren t  annea l ing  

(b) 
Fig. 6--Surface-cormeeted intergranular cracking at (a) 2 
cpm, showing oxide within and adjacent to the crack and at 
(b) 600 epm, where the intergranular cracks are very short. 
Magnification 1,250 times. 

twin boundar ies  within a single subsur face  g ra in .  
Examina t ion  by scanning e lec t ron  mic roscopy  of FV5 
showed that  a pa r t i c le  was near  the in i t ia t ion  s i te ,  
F ig .  9. E l ec t ron  probe ana lys i s  revea led  a high t i tanium 
content  in the pa r t i c l e .  The chemica l  ana lys i s  and the 
shape of the par t ic le  indicate i t  i s  probably  TiC. Al- 
though the p rec ip i t a t ion  of hard  br i t t le  phases  at twin 
i n t e r sec t i ons  was unusua l ,  a few addit ional  cases  were 
observed .  More f requent ly ,  chains  of pa r t i c l e s  s i m i l a r  
to those at g r a i n  boundar ies  were  found ~tong twin 
boundar i e s ,  F ig .  10, and even more  often along incoher -  
ent  twin boundar i e s .  

Secondary c rack ing  in all  spec imens  cycled at 600 
cpm was observed  at some su r face -connec ted  gra in  
boundar ies  but extended at mos t  ~ g ra in  diam below the 
sur face ,  Fig.  6(b). No other  secondary  cracking  was 
observed .  
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Fig. 8--Microstrueture ot U-700 showing a grain bounclary 
region devoid of M2~C 6 precipitate (arrows). Magnification 
800 times. 

(a) 

(b) 
Fig. 7--Fracture surface of a 600 epra specimen showing sub- 
surface fracture origins at the interface of a particle in a 
grain boundary, arrow (particle is missing). Stage I crack 
propagation occurs toward the top left and bottom right and 
Stage II toward the top right. Scanning electron mierographs. 
(a) Magnification 280 times, (b) magnification 130 times. 

Examina t ion  of the two 60,000 cpm spec imens  indi-  
cated c rack  in i t ia t ion  at a twin i n t e r s ec t i on  in one case 
and at a g ra in  boundary  in the other  case .  The in i t ia t ion  
site in spec imen  FV3 was a par t ic le  at the i n t e r s ec t i on  
of two twins,  Fig.  11. The par t ic le  was found to be high 
in molybdenum content  and is poss ib ly  Mo3B2. The 
p r i m a r y  in i t i a t ion  site for  spec imen  FV9 could not be 
de te rmined .  However ,  a secondary  in i t ia t ion  site of 
FV9 and the in i t ia t ion  site of a spec imen  cycled to a 
m a x i m u m  s t r e s s  5 pet below the specif ied s t r e s s  (not 
shown in Table II) exhibited g ra in  boundary  in i t ia t ion .  

Crack  Propaga t ion  

Crack  propagat ion at 2, 6, and 20 cpm began in an in-  
t e r g r a n u l a r  mode f rom a surface  in i t ia t ion  s i te .  The 
c rack  extended i n t e r g r a n u l a r l y  along the sur face  and to 

a depth of 1 to 3 gra in  diana below the sur face  on gra in  
boundar ies  approx imate ly  n o r m a l  to the s t r e s s  axis  be-  
fore changing to the t r a n s g r a n u l a r  Stage II mode of 
c rack  propagat ion.  Many secondary  i n t e r g r a n u l a r  
c racks  were obse rved  to have stopped or changed to the 
Stage II mode at g ra in  boundary  t r ip le  points ,  F ig .  12. 
Two reg ions  of Stage II propagat ion,  s i m i l a r  to those 
observed  by E l l i son  and Sull ivan 1~ covered  the r e -  
m a i n d e r  of the fat igue por t ion of the f r ac tu re  su r face .  
The Stage II reg ion  n e a r e s t  the in i t ia t ion  site was ve ry  
flat  whereas  the r eg ion  n e a r  the over load zone had a 
much rougher  topography.  River  l ines  were  found in 
both reg ions  and s t r i a t i ons  were obse rved  in the second 
reg ion .  At the p e r i m e t e r  of the fatigue zone s eve ra l  
highly re f lec t ive  c rys t a l log raph ic  facets  o r ien ted  ap-  
p rox imate ly  60 to 70 degrees  to the s t r e s s  axis  were  
observed  to contain wide ly - spaced  s t r i a t i ons ,  Fig.  13. 
Laue X - r a y  b a c k - r e f l e c t i o n  photographs showed these 
face ts  to be {111} p lanes .  

The f r ac tu re  su r f aces  of the spec imens  cycled at 
180, 600, and 60,000 cpm were  s i m i l a r  to one another .  
In  each case ,  c r a c k  propagat ion  began in the Stage I 
t r a n s g r a n u l a r  mode and extended a m a x i m u m  of 3 g ra in  
diana f rom the in i t ia t ion  site before changing to the 
Stage II mode,  F igs .  7, 9, and 11. There  is  gene ra l ly  a 
s l ightly l a r g e r  Stage I zone in the 60,000 cpm spec imens  
and for one 60,000 cpm tes t  run  at a s t r e s s  about 5 pct 
below the other  t e s t s ,  c r ack  propagat ion was e n t i r e l y  
Stage I. River  l ines  and f r ac tu r e  s teps assoc ia ted  with 
Stage I fatigue f r a c t u r e  11 were  observed  on some Stage 
I facets  while other  face ts  showed no m a r k i n g s .  The 
Stage II reg ion  was s i m i l a r  to that  in the two cpm spec-  
i me ns  in that i t  cons is ted  of a r e l a t ive ly  f lat  zone nea r  
the Stage I reg ion  and a rougher  zone nea r  the over load  
reg ion ,  al thoughthe boundary  of these zones  was not as 
wel l -def ined  as  for the two cpm spec imens .  Occas ion -  
a l ly ,  a sma l l  i n t e r g r a n u l a r  reg ion  was observed  within 
the Stage II r eg ion  due to a su i tably  o r ien ted  g ra in  
boundary.  Stage I face ts  were observed  at the end of the 
Stage II reg ion  n e a r  the over load  zone on some 600 and 
60,000 cpm s p e c i m e n s .  The fatigue c rack  broke through 
the surface before the onse t  of t ens i le  over load  fa i lu re  
in the 180 and 60,000 cpm s p e c i m e n s ,  but fa i lure  oc-  
cu r r ed  before the c rack  reached the surface  for each 
tes t  at 600 cpm. 
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DISCUSSION 

The r e s u l t s  have shown that both the cyclic  life and 
the t ime to fa i lu re  f i r s t  i n c r e a s e ,  reach a peak and then 
decrease  with i nc r ea sed  f requency ,  F igs .  3 and 4. Low 
f requenc ies  f avor  sur face  i n t e r g r a n u l a r  c rack  in i t ia t ion  
and i n t e r g r a n u l a r  c rack  propagat ion.  High f r equenc ie s  
favor  subsur face  in i t ia t ion  at g r a i n  boundar ies  and twin 
boundary  i n t e r s e c t i o n s ,  and t r a n s g r a n u t a r  c rack  
propagat ion.  

At low f r equenc i e s  c rack ing  s t a r t s  at each su r f ace -  
connected grain boundary, but there is no indication of 
subsurface cracking. Preferential intergranular oxida- 
tion occurs because of the presence of Cr23C8 and other 
brittle phases having poor oxidation resistance in grain 
boundaries and because of accelerated oxygen diffusion 
along the boundaries. The oxide in the boundary is 
poorly bonded to the matrix and serves as an easy site 

(a) 

for c racking .  It can be cons idered  that above a specific 
oxide th ickness ,  the oxide layer  s e r v e s  as a notch of 
depth equal to the oxide th ickness .  Thus  as the cyclic 
f requency  is i n c r e a s e d ,  i t  should r equ i re  about the same 
t ime and therefore  a g r e a t e r  number  of cycles  to in i t i -  
ate an i n t e r g r a n u l a r  c rack .  If this were the only oper -  
ative t ime-dependen t  m e c h a n i s m ,  then the t ime to fa i l -  
u re  at low f r equenc i e s  would be expected to be constant .  
However,  as Fig.  4 shows, the t ime to fa i lure  in i t ia l ly  
i n c r e a s e s  with f requency .  This  indica tes  that a second 
t ime-dependen t  f r ac tu r e  me c ha n i sm  opera tes  at the 
lowest  f r equenc ies  and then ceases  as the f requency in-  
c r e a s e s .  This  m e c h a n i s m  is bel ieved to be creep de- 
fo rma t ion ,  which i s  m o r e  extensive in the 2 cpm spec-  
imen  compared  to that cycled at 20 cpm despite the 
shor t e r  life of the f o r m e r ,  Fig.  14. No evidence for 
p e r m a n e n t  c reep  damage such as cavi ta t ion or s u b s u r -  
face c rack ing  was obse rved .  

As the f requency  is i nc rea sed  above 20 cpm, the 
amount  of c reep  deformat ion  d e c r e a s e s  and i n t e r g r a n -  
u l a r  oxidation ceases  to be of impor tance  as a d e t e r m i -  
nant  of fatigue life as evidenced by the subsur face  loca-  
tion of the c rack  in i t i a t ion  s i te .  Cor responding ly ,  the 
cyc les  to fa i lure  i n c r e a s e .  Eventua l ly  a peak is reached 
in the cycl ic  life and then the cyclic  life is  reduced with 
i n c r e a s e d  f requency .  Th i s  ra the r  unusua l  r e su l t  can be 
explained by the sl ip cha rac t e r  and c rack ing  mode of 
this c lass  of m a t e r i a l s .  

The in i t ia l  mode of  c rack  propagat ion is  Stage I for 
spec imens  tes ted on both s ides  of the peak in life. 
Stage I c rack ing  has  been descr ibed  as a sl ip plane de- 
cohesion p roces s  that  is dependent on the genera t ion  of 
p lanar  s l ip bands at the crack tip. 12'~ More recen t ly  
it  has  been found that the more  homogeneous  d i s t r i bu -  
t ion of p lanar  s l ip at 1400~ compared  to that at  room 
t empera tu re  in a s ingle c rys t a l  alloy can account for 
the improved  endurance  l imi t  at the h igher  t e m p e r a -  
ture  .,4 Likewise it  has  been shown that i nc rea sed  f r e -  
quency is s i m i l a r  to reduced t empera tu re  in favor ing 
he t e rogeneous ly -d i s t r i bu t ed  p lanar  s l ip  and Stage I 
c racking .n-15  A reduced homogenei ty  of deformat ion 
with i nc rea sed  f requency  has  also been observed in 
copper ,  1~'17 a l p h a - b r a s s ,  1~ and i ron ,  ~s and in the la t ter  
case leads to a reduced fatigue l imi t .  Based on these 
obse r va t i ons ,  it is  concluded that the reduced fatigue 

(b) 
Fig. 9--Fracture surface of a 600 cpm specimen showing sub- 
surface fracture origin at the intersection of coherent anneal- 
ing twins within a grain. A particle thought to be TiC is near 
the initiation site. Stage I crack propagation occurs until the 
grain boundary is reached. Scanning electron micrographs. 
(a) Magnification 280 times, (b) magnification 930 times. 

Fig. 10--Precipitates along coherent annealing twin boundaries. 
Magnification 790 times. 
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(a) 

(a) 

(b) 
Fig. l l - -Frac ture  surface of a 60,000 epm specimen showing 
subsurface fracture origin at a particle (arrow) located at the 
intersection of coherent annealing twins. Crack propagation is 
initially in the Stage I mode. Scanning electron micrographs. 
(a) Magnification 93 times, (b) Magnification 930 times. 

l ife with i n c r e a s e d  f r e q u e n c y  above 600 cpm can be a t -  
t r ibuted  to the i n c r e a s e d  s t r a in  within a f e w e r  number  
of slip bands.  Under  these  c i r c u m s t a n c e s  the number  
of cyc les  to c r ack  ini t ia t ion a re  reduced  and the ra te  
of Stage I c r ack  growth is  i n c r e a s e d .  At l ower  f r e q u e n -  
c i e s ,  t h e r m a l l y - a c t i v a t e d  p r o c e s s e s  such as d i s l oca -  
tion c l imb and c r o s s  s l ip  which lead to homogeneous  
de fo rma t ion  can occur  and the fat igue life is  c o r r e -  
spondingly i n c r e a s e d .  Slip band e tching techn iques  and 
thin foil  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 e  o b s e r v a -  
t ions were  not able to subs tant ia te  this concept  because ,  
with the t es t  condit ions employed ,  high f r equency  de fo r -  
mat ion is  l imi ted  and r e s t r i c t e d  to the p e r i p h e r y  of 
m i c r o s t r u c t u r a l  defec ts  and c r a c k s .  H o w e v e r ,  it has  
been shown that e l eva ted  t e m p e r a t u r e  t ens i l e  d e f o r m a -  
tion in n i c k e l - b a s e  s u p e r a l l o y s  b e c o m e s  m o r e  homo-  
geneous  as s t r a in  ra te  is  r educed .  Is 

In r e c e n t  t e s t s  conducted to d e t e r m i n e  the e f fec t  of 

(b) 
Fig. 12--Surface-cormected intergranular cracks in 20 cpm 
specimen (a) crack stopped at grain boundary triple point. 
Magnification 1075 times, (b) Stage II crack propagation ini- 
tiated at triple point. Magnification 1075 times. 

f requency  on single c r y s t a l  n i c ke l - ba se  supera l loys  at 
e levated tempera tures ,14  s i m i l a r  behavior  to that 
shown in Fig .  3 was found at 1550~ These  t e s t s  sup-  
port  the genera l  na tu re  of the m a x i m u m  in the curve of 
fatigue l ives  vs f requency ,  at l ea s t  for this  c l a s s  of 
m a t e r i a l s .  In addi t ion,  as a r e s u l t  of the s ingle  c r y s t a l  
work,  this  behavior  cannot  be a t t r ibuted  so le ly  to the 
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Fig. 13---Crystallographic fracture facet produced by Stage II 
fracture process. Magnification 245 times. 

effect  of f requency  on i n t e r g r a n u l a r  deformat ion  and 
f r ac tu r e  p r o c e s s e s .  This  study also showed that  an in -  
c r ea se  in t e m p e r a t u r e  to 1700~ shifted the N f - f r e -  
quency curve downward and to the r igh t  so that there  
was a cont inuous  i n c r e a s e  in life with f requency  over  
the f requency  range  s tudied.  Likewise ,  a reduc t ion  in 
t e m p e r a t u r e  to 1400~ shifted the curve upward and to 
the left so that there  was a cont inuous dec rease  in life 
with f requency .  

The impor tance  of s t r a i n  concen t ra t ion  in local ized 
bands on fatigue life can also be seen in the grea t ly  r e -  
duced fatigue life of the 600 cpm spec imens  for  which 
c rack  in i t ia t ion  o c c u r r e d  at twin i n t e r s e c t i o n s  within a 
single g ra in  and c rack  propagat ion  was along coherent  
annea l ing  twin boundar i e s .  Crack  in i t ia t ion  o c c u r r e d  
at a hard  br i t t l e  par t ic le  in the boundary ,  and Fig .  15 
shows that de format ion  is p r e f e r e n t i a l l y  concen t ra ted  
along a t w i n - m a t r i x  in te r face .  This  loca l iza t ion  of de-  
fo rmat ion  at the t w i n - m a t r i x  in t e r f ace ,  which may 
r e s u l t  f rom a lower  c r i t i c a l  r eso lved  shear  s t r e s s  
along the boundary  plane,19 r e s u l t s  in a reduced fatigue 
life compared  to those 600 cpm spec imens  in which 
c rack  in i t i a t ion  is  i n t e r g r a n u l a r ,  Table II. It  should be 
noted that the low life spec imens  at 600 cpm at 1400~ 
have about the s ame  l ives  as  the 60,000 cpm s p e c i m e n s  
at 1400~ and the 600 cpm s p e c i m e n s  at room t e m p e r a -  
tu re ,  Table  III. It i s  proposed that in all  three  cases ,  
s l ip d i s p e r s a l  is  m i n i m a l ,  Stage I c rack ing  o c c u r s  and 
therefore  the l ives  are  s i m i l a r .  

There  was no obse rvab le  di f ference in the f r ac tu r e  
su r f ace s  of the 600 cpm spec imens  l as t ing  3 • 105 
cycles  and those las t ing  2 x 106 cycles  except  for the 
di f ferent  in i t i a t ion  s i te .  This  sugges ts  that the number  
of cycles  spent  in propagat ion was s i m i l a r  in the two 
cases  and had to be less  than 3 • l0 s cycles .  Thus ,  
mos t  of the difference in life as a funct ion of f requency  
above 180 cpm can be a t t r ibu ted  to c rack  in i t ia t ion .  

The f r ac tu re  p r o c e s s  and the fatigue life at the h igher  
f r equenc i e s  is  s t a t i s t i ca l  in na tu re  and depends on the 
p re sence  or absence  of favorably  or ien ted  m i c r o -  
s t r u c t u r a l  defects .  F r a c t u r e  wil l  occur  f i r s t  at a pa r -  
t ic le  at the i n t e r s e c t i o n  of twins within a single gra in .  
Yet not eve ry  spec imen  may contain favorably  o r ien ted  

(a) 

(b) 
Fig. 14--Dislocation substructure found in specimens cycled 
to failure at (a) 2 cpm and (b) at 20 epm. Magnification 
30,000 times. 

twin boundar ies .  If not,  then f r ac tu r e  in i t i a tes  af ter  a 
cons ide rab ly  g r e a t e r  number  of cycles  along a favor -  
ably or iented  g ra in  boundary  which is  f ree of M23Cs 
prec ip i ta te  and con ta ins  an MC carbide  or a bor ide .  If 
the s tandard  heat  t r e a t m e n t  employed for this  m a t e r i a l  
was success fu l  in provid ing  a uniform d is t r ibu t ion  of 
Mz~Cs on all  g ra in  boundar ies ,  then a fu r the r  improve -  
men t  in fatigue life would be expected.  

The f r ac tu re  in i t i a t ion  si te  is  below the spec imen  
sur face  for all  t e s t s  run  above 180 cpm despite in i t i a -  
t ion of su r f ace -connec ted  i n t e r g r a n u l a r  c racks .  Sub- 
sur face  c rack  in i t i a t ion  has  also been observed in 
e levated  t e m p e r a t u r e  tes t s  on single c r y s t a l  n icke l -  
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Fig. 15--Concentration of plastic deformation in coherent an, 
healing twin boundary (arrows). Magnification 27,500 times. 

Table III. Fatigue Life of Polycrystalline Udimet 700 at Stress Range of 85 ksi 

Mode of Crack 
Temperature, ~ Frequency, cpm Cycles to Failure Initiation 

7021 6 X 102 2 X l0 s twin band 
1400 6 X 102 2 X 106 grain boundary 
1400 6 • 104 3 X l0 s grain boundary or 

twiza boundary 
intersection 

base supera l loys  but,  in that case ,  no su r f ace -connec ted  
secondary  c rack ing  occur red .  ~ In con t r a s t  both poly- 
c rys t a l l i ne  Udimet  700 and the s ingle  c rys t a l  n i cke l -  
base supe ra l loys  exhibi t  c rack in i t ia t ion  at  the spec imen  
surface at room temperature.12'19 Since no su r f ace -  
connected secondary  c rack ing  was  observed  for the 
single c rys t a l s  tes ted at e levated t e m p e r a t u r e s  it  was 
poss ib le  to conclude that oxidation r e t a r d s  c rack  in -  
i t ia t ion.  In  a s i m i l a r  m a n n e r ,  it i s  l ikely  in poly-  
c rys t a l l i ne  Udimet  700 that  oxidation in i t i a l ly  sup-  
p r e s s e s  c rack  in i t i a t ion  unti l  the size of the i n t e r g r a n -  
u la r  oxide zone r eaches  a c r i t i ca l  size for c rack  in i t i a -  
t ion. By that t ime large c racks  have formed in the 
spec imen  in t e r i o r  and one of these propagates  to f a i lu re .  

{111} f r a c t u r e  face ts  exhibi t ing two d is t inc t ly  d i f fe r -  
ent  types of appearance  have been observed .  The f i r s t  
type of c rys ta l log raph ic  c rack ing  occu r s  at s m a l l  c r ack  
lengths  on {111} p lanes  that have a high resolved shear  
s t r e s s .  These f r ac tu r e  facets  are  highly re f lec t ive  and 
are  e i ther  f e a t u r e l e s s  or contain f r ac tu re  s teps  and 
r i v e r  l ines ;  they do not contain s t r i a t i ons .  This  ap- 
pearance  is typical  of Stage I f r ac tu r e  produced in high-  
cycle fatigue of n i cke l -base  supe ra l loys .  1~ As the c r a c k  
length i n c r e a s e s ,  there  is  a t r a n s i t i o n  to Stage II c r a c k -  
lag on noncrys ta l log raph ic  su r faces  approximate ly  
n o r m a l  to the s t r e s s  axis .  At s t i l l  l a rge r  c rack  lengths,  
c rack ing  is  s t i l l  p redominan t ly  in the n o n c r y s t a l l o -  
graphic Stage II mode,  but c rack ing  is  observed  on a 
few {111} face ts .  These facets  contain wel l -def ined  
s t r i a t i ons  but there  are  no r i v e r  l i nes ,  Fig.  13. The 
facets  are  usua l ly  or ien ted  at 60 to 70 degrees  to the 
s t r e s s  axis  and thus have both a sma l l  shear  s t r e s s  
and a la rge  n o r m a l  s t r e s s  opera t ing .  Since the s t r e s s  
in tens i ty  factor  at the crack tip is  la rge  for l a rge  
crack lengths ,  deformat ion  can occur  both on {111} 
p lanes  pa ra l l e l  to the crack and on those making  a 

s teep angle to the c r a c k  plane .zo The ou t -o f -p lane  
shear  d i sp l a c e me n t s  give r i s e  to the s t r i a t i ons  and be-  
cause of the s t r a i n  concen t ra t ion  on p lanes  pa ra l l e l  to 
the c rack ,  f r ac tu r e  o c c u r s  on this p lane ,  r a t h e r  than 
nonc rys t a l l og raph i ca l l y .  We have then an example  of 
c rys t a l log raph ic  Stage II f r a c t u r e .  

The r e s u l t s  of this  study bear  on the a s sumpt ions  
that a re  made in phenomenologica l  models  for high-  
t e m p e r a t u r e  fatigue (e.g., Refs.  6 through 9). The in-  
c r ea se  in life with f r equency  by a fac tor  of 100 occu r s  
under  condi t ions  in which c reep  effects  are modera te .  
Where c reep  is  more  s igni f icant ,  an even l a r g e r  f r e -  
quency e f fec twi l l  occur .  14 On the other  hand,  an in-  
c r ea se  in f requency  f rom 600 to 6 • 10 ~ cpm reduces  
the fatigue life by a fac tor  of seven,  whereas  mos t  
fatigue models  a s s u m e  an i n c r e a s e  in life with f r e -  
quency.  It  is  also gene ra l ly  a s sumed ,  where s t r a i n  
aging doesn ' t  occu r ,  that  a reduct ion in fatigue life oc-  
cu r s  at e levated  t e m p e r a t u r e .  Table III shows that 
there  is  ten-fold  i n c r e a s e  in fatigue life between room 
t e m p e r a t u r e  and 1400~ that can be r e l a t ed  to the ef-  
fect  of enhanced s l ip  d i s p e r s a l  on c rack  in i t i a t ion  and 
Stage I c rack  propagat ion .  Only at ve ry  high f r equen-  
c ies  at 1400~ does the fatigue life approach that 
achieved at room t e m p e r a t u r e  where t h e r m a l l y - a c t i -  
vated p r o c e s s e s  a re  ins ign i f i can t ,  Table III. I t  has  also 
been shown that  la rge  d i f fe rences  in e levated  t e m p e r a -  
ture  fatigue life can occur  under  constant  tes t  condi-  
t ions  m e r e l y  because  of the p re sence  or absence  of 
su i tab ly  o r i en ted  m i c r o s t r u c t u r a l  defects ,  

SUMMARY 

The fatigue life of Udimet  700 at 1400~ i n c r e a s e s  
100-fold with a f requency  change f rom 2 to 600 cpm. 
At the lowest  f r e q u e n c i e s ,  c rack  in i t ia t ion  o c c u r s  at 
su r f ace -connec t ed  g ra in  boundar ies  and propagat ion  is  
in i t i a l ly  i n t e r g r a n u l a r .  With an i nc r ea se  in f requency ,  
i n t e r g r a n u l a r  notches  produced by oxidat ion and c reep  
deformat ion  become l e s s  impor t an t .  There  is then a 
t r a n s i t i o n  to subsur face  c rack  in i t ia t ion  at hard  phases  
located at g ra in  boundar i e s  or coheren t  annea l ing  twin 
boundary  i n t e r s e c t i o n s  and to Stage I c rack  propagat ion.  

With an i n c r e a s e  in  f r equency  f rom 600 to 6 • 104 cpm,  
the fatigue life i s  r educed  by a fac tor  of seven  and Stage 
I r e m a i n s  the p r e domi na n t  mode of c rack ing .  The r e -  
duct ion in life is  a t t r ibu ted  to the concen t ra t ion  of 
p las t ic  deformat ion  in fewer  and fewer p lanar  bands .  

I t  i s  l ikely that  the e levated  t e m p e r a t u r e  fatigue 
p r o p e r t i e s  of other  e n g i n e e r i n g  m a t e r i a l s  having a 
p l ana r  s l ip  c ha r a c t e r  wil l  show a s i m i l a r  f requency  
and t e mpe r a t u r e  dependence and this  behavior  should 
be i nco rpo ra t ed  in the appropr ia te  e levated  t e m p e r a t u r e  
fatigue mode ls .  
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