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Tensile  fatigue  tests  were run on seven  turbine-blade  alloys at a 
temperature of 1500O F and a mean stress of 22,000  pounds  per  square inch 
with  superimposed aternating stresses  of 0, f5000, flO,ooO,  and 
*15,000 pounda  per  square  inch. These conditions  were  selected so that 
the  results  could be compared  with  the  performance of the seven a o y s  
88 turbine  blades  tested in a 353-9 turboJet engine. 

The same  three types of fracture  occurring in turbine  blades - 
stress-rupture,  stress-rupture  followed by  fatime, and  fatigue - were 
obtained in the  specimens.  The  type of fracture  obtained was found to 
be a f'unction of  the  material and the  magnitude of the aLternating  stress. 
With  increasing  alternating  stress,  the mechanism of  failure  changed from 
stress  rupture to stress  .rupture  followed by fatigue and then  to fatigue. 

INTRODUCTION 

The approximate  stress  state  at  the fallwe section of a turbine 
blade may be considered as composed of a combination of a centrifugal 
stress  due to the  rotation of the  blade and a flexu8.l stress  due  to  the 
vibration of the  blade. The centrifugal  stress  can be easily  calculated 
(reference 1). The  range of vibratory  stress on the  surface of a blade 
near  the  base of the drfoil  in a J33-9 turbojet  engine  under servlce 
conditions has been measured by high-temperature  resistance-wire strain 
gages  and found to be  in the  range f r o m  4000 to 8000 pounds per  square 
inch  (reference 2). T h i s  measurement,  however,  gives no indication  of 
the  magnitude of the  vibratory  stress at the failure zone of the  blade. 

&om the  examination  of  fractures of turbine  blades  tested to failure 
in turbojet  engines  at  the HACA Lewis laboratory,  three  types  of  mechanism of 
fracture  have been noted  (reference 3). The fractured  surface on some 
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of the blades  resembled the texture of the  fracture of specimens tested - 
i n  stress rupture i n  that the fracture uas rough, jagged, and intercrystal-  
l i ne   ( f ig .  l ( a ) ) .  The airfoil   surface  adjacent to the fracture also 
showed intercrystalline  cracking. The .blade,f'ractures  of t h i s  type were 
referred t o  as "stress-rupture"  fractures. The fractured  surface On other 
blades  resembled  the  fractures  characteristic of fa t igue   in  that the 
fracture had an area that was smooth and t ranscrystal l ine  ( f ig .   l (b)) ,  
with the airfoil   surface  adjacent to  the fracture  not showing any addl- 
t i o d  cracking. These fractures were referred t o  as "fatigue"  fractures. 
On other blades the fractures appeared t o  be a combination  of the previous 
two i n  that  the fracture  surface comprised a small area that was rough 
and intercrystal l ine followed by a smooth transcrystall ine area ( f ig .  l(c)). 
The airfoil  surface  adJacent t o  the fracture again showed some intercrystal-  
line  cracking. In this case,  fracture was believed to  start first as a 
stress-rupture  crack that acted as a stress raiser causing the m e c h a n L s m  
of the crack  propagation t o  change from stress  rupture  to fatigue. These 
fractures were referred t o  as "stress rupture  followed  by  fatigue". 
(In all cases the blade  failed.  finally in tension  because the load- 
carrying area had become too small. - Thus all blades will show a large 
mea o f r o u g h  fracture surface.) 

I 

In  an investigation at the Lewis laboratory,  the tlmes to failure 
of turbine blades of nine  alloys tested i n  a 533-9 turbojet  engine were 
compared with the times t o  failure of specimens of the al loys tested In  
stress  rupture at  a stress and temperature  equal to  the  blade  centrifugal 
stress and telnperature (reference 3). Except for one alloy, ~ o y s  
that showed fractures of the  stress-rupture  or stress rupture  followed  by 
fatlgue  types i n  the engine had approximately the same engine l i f e  as the 
specimens  of the al loys tested in  stress rupture   in  the laboratory. The 
blades of the alloys that showed fatigue  fractures had a shorter lFfe 
than the specimens  of these a l l o y s  tested in stress rupture. 

The f ac t  that the different  alloys showed different mechanism of 
failure as turbine blades and that the alloys that failed in fatigue i n  
the engine had short blade l ives  as compared w i t &  their stress-rupture 
l i f e  raises several  questions. Do vibratory stresses have the seme effect  
on l i f e  and apparent m e c h a n i s m  of fa i lure  of the different  turbine blade 
a l l o y s ?  Does a blade  fatigue  failure  definitely mean tha t  the l i f e  of 
the  blade has been appreciably  reduced by the  vibratory stress '? 

The turbine-blade-alloy  investigation  reported  herein was undertaken 
t o  obtain more information  about  the combined effects  of  centrifugal and 
vibratory  stresses on time t o  failure as compared with the  effect  of the 
centrifugal stress, alone. 

Tensile  fatigue  tests were run a t  1500' F on specimens  of seven tur- 
bine blade alloys at a mean s t ress  of 22,000 pounds per  square inch with 
superimposed al ternat ing  tensi le   s t resses  of 0, f5000, - +10,000, and 
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. f15,OOO pounds per  square  inch. One specimen was tested at  each alter- 
nating  stress for each alloy. A more d i rec t  comparison  of turbine blades 
would be the measurement of the   effect  of superimposed  bending s t r e s s  
upon a mean tensi le   s t ress   but  equipment fo r  imposing the  necessary load- 
ing was not  available a t  t h i s  laboratory. A t e s t  temperature of 1500' F 
and a mean s t ress  of 22,000 pounds per.square  inch were chosen t o  corre- 
spond t o  the  temperature +d average  centrifugal  stress at  the failure 
section of the blades tested and reported i n  reference 3. Tests were run 
at es al ternat ing  s t ress  of zero so that the  effect  of the  centrifugal stress 
alone  could be determined and conpazed w i t h  the  combined effect  of the  
db ra to ry  and centrifugal  stresses.  In order t o  determine  whether o r  not 
the  results  obtained from the round cross-sectional specimens were appli- 
cable t o  shapes  with th in  edges such as turbine  blades,  the  alloys S-816 
and N-155 were t e s t ed   i n   t he  form of both diamond end round cross  secrtions. 

The a l l o y s  investigated and the i r  compositions a r e   l i s t e d  in t ab l e  I: 
The heat  treatments  given  the al loys,  the  grain  size and the hardness 
after  heat  treatment, and the  type of specimen tes ted f o r  each alloy axe 
given i n  table  11. Specimens of S t e l l i t e  21, X-40, and 5-816 with dia- 
mond cross  sections were cast  a t  a pouring  temperature of 2700° to 27500 F 
and a mold preheat  t-emperature of 1500O F  by centr i fuga  cast ing.  The 
specimens of each material tested were from the same mold. These cast  
specimens had the dimensions shown i n  figure 2(a) except t h a t  the  shmp 
edge on the diamond was from 0.005 t o  0.010 inch i n  width. The cast 
specimen8 w e r e  vapor blasted with number 80 grit quartz at an air pres- 
sure of 120 pounds per square  inch. Round cross-sectional specimens 
(f ig .   2(b))  of S-816, IT-155, Refractalloy 26, and Inconel X were machined 
from heat-treated bar stock. A few dismond cross-sectional specimens 
of S-816 and N-155 of the shape shown i n  figure 2(b) except f o r  a 3/8-inch 
length of uniform cross section a t  the  center were also machined from 
bar  stock. The tes t . sec t ion  of the machined  specimens were polished 
with successively  finer  grades of emery paper and finished wTth grade 2/0 
i n   t h e  axial direction. 

Fatlgue  testing equipment. - The fatigue t e s t s  were conducted on 
direct  repeated-stress  testing machines which imposed an Bxial load 
(5000 l b  max.) a t  the rate of 2000 cycles  per  minute.  Figure 3 is a 
photograph  of one of the machines tha t  has been mo-fied f o r  tes t ing at 
elevated  temperatures. This =chine is so designed t h a t  two specimens 
can be tested  independently at the same time and is equipped with a load 
mintainer  that s u s t a i n s  the same specwen load  during a t e s t  by compen- 
sat ing  for  the creep of the speclmen. 
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A loading lever E, actuated by the  connecting  rod C, the adjustable 
cam B, and the drive  pulley A, applies the variable load ( f ig .  3). The 
force is transmitted by a pm8J-lelogram  system  of four  steel-plate fU- 
crums H, designed to produce  stra.ight-line motion and axial loading of 
the specimen. The upper end of the specimen &ssemblyis  connected to 
a hydraulic  operated  piston 0. 

The ends of the specimen are threaded  in% specimen adapters J and L. 
The specimen adapter assembly is then placed h s i d e  the furnace J and the 
threaded ends  of the specimen adapters screwed into  the  universal  joints 
I and M. The upper  end  of the specimen assembly i s  fastened  to the pis- 
ton 0 by nuts N and P . 

N 
u1 w 
IP 

' The  mean tensile load is applied with the cam throw at zero to   the 
specimen  by upward operation of piston 0, and i s  measured by means of 
the calibrated dial bar F i n  terms of the bending  induced in the l-ng 
lever. The cam throw i s  then adJusted so that as the cam is  slowly 
rotated by hand, the desired maximum and minFmum loads - measured by the 
dial bar - are applied.  Contact D is then  positioned above the loading 
lever to just   c lear  the top of the loading lever at its most upward p o d -  . 
t ion and contact G is  positioned below the loading lever t o  just clear 
the bottom of loading lever a t  i t s  most downward position. W i n g  oper- 
a t ion at temperature,  the e l o w t i o n  of the specimen reduces  the  deflec- 
t i o n   a t . t h e  middle of the load lever  res.ultFng i n  the lever   s t r iking 
contact G. An electric  charge i s  dissipated through the  contact which 
causes  piston 0 t o  move i n  upuard direction until the loadfng lever clears 
the bottom contact on its downward stroke.  Contact D operates  piston 0 
i n  the downward direction i f  the loading stresses become too high. 

- 

The furnace K w h i c h  i s  used to maintain the specimen at temperature 
is of the shunt-wound type t o  permit the control of the heat distribution. 

Stress  control. - The maximum and minimum of the stress  cycle were 
maintained  within *700 pounds per square  inch of the nominal naaximum and 
minimum stress. During a test, when the meximum and minimum load8 were 
applied t o  the specimen, mother stress cycle existed which consisted of 
a slow decrease of approximately 500 pounds per square  inch due t o  the 
creep  of the specimen and a quick reapa ica t ion  of t h i s  load by the load 
maintainer. The loads measured and recorded were the maximum and minimum 
loads applied t o  the specimen by S ~ O W  manual rotation of the  drive pulley. 
During operation a t  operating  frequency, the minimum load is s l igh t ly  
decreased and the maximum load slightly  increased because of i n e r t i a  
loading of the load lever  increasing the range of the  alternating load 
From 3 t o  7 percent i n  both  afrections from the me& load. The mean load c 

is not  affected by the ine r t i a  loading of the load lever. Accordingly, 
the range of the alternating loads recorded are 3 t o  7 percent  less  than 
the  actuaJ  alternating load applied t o  the specimen. . 
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Tqerature control. - The specimens were heated to 15W0 F i n  
approximately 1 hour and held at t h i s  temperature from 2 t o  4 hours pr ior  to- the s t a t -  of the   t es t .  During the  tes t ,  the temperature was W n t a i n e d  
at 1500' f5O F. 

Types of speclmen fracture.  - The specimen l i f e  and type of  specimen 
fracture  at each alternating stress for  the seven U o y s  is  tabulated  in  
table III. Specimen fractures of all three types  occurring in   turbine 
blades were obtained i n  the fatigue machine. Figure 4 is a photograph of 
the  fractured  surfaces of tes ted specimens fabricated of the  alloy 
Gtel l i te  2 1  i l l u s t r a t ing  the three  types of specimen fracture  obtained: 
stress rupture,  fatigue, and stress  rupture  followed by fatigue. The 
specimen that showed a stress-rupture-followed-?by-fatigue  type  fracture 
(fig.  4(b)) appeared t o  start as a stress-rupture  crack which acted as a 
stress raiser causing the mechanism to  change f m m  s t ress   rupture   to  
fatigue. The resemblance  between the three types of specimen fracture  
and the three types of blade fracture can be  noted by comparing these 
fractures wfth the blade  fractures shown i n   f i g u r e  1. 

Photographs showing the appearance of typical  f 'ractures  for some of 
the  other a l loy6  tested at  dif 'ferent  alternating  stresses  are shown i n  
figure 5. The stress-rupture  area i n  the 8-816 specimen which failed 
by stress rupture  followed  by  fatigue was so emall that examination of 
the fracture  at a magnification was necessary to detect the stress-rupture 
zone that initiated the fatigue zone (figs.  5(a) and 5(b)). The fractures 
of the specimens of Inconel X and Refractalloy 26 had a coarse granular 
appearance (f is. 5( c) end 5( d) ) . The areas  i n  the specimens of  Refrac- 
t-oy 26 that fa i l ed  by fatigue still had this granular appearance  except 
that many of the areas had large flat facets  approximately normal to   the 
direction of loading (f ig .  5(d ) ) .  All specimens  of Inconel X f a i l ed  by 
stress rupture; however, the roughness of the surface of the  fractures 
decreased with increasing  alternating stress (f ig .  5 ( c ) ) .  

Effect of a l ternat ing  s t ress  on mechanism of failure. - The type of 
specimen fracture  obtained m s  a function of the a l loy  and the magnitude 
of the  alternating stress. With increasing  a l terwting stress, the fail- 
ure mechanisms of the  alloys changed from stress rupture to stress  rupture 
followed by fatigue and then  to  fatigue.  

The a l l o y  that had a fatigue failure at  the lowest  alternating stress 
was cast  S-816 which fa i led  by fatigue a t  k5OaO pounds per  square  inch, 
the lowest  alternating  stress at  which the specimens were tested. The 
a l loys  that developed their f irst  fat igue  fa i lures  a t  the next  largest 
a l ternat ing  s t ress  a t  which the specimens were tes ted (~10,OOO psi) were 
cas t   S t e l l i t e  21 and wrought 5-816. The U o y s  B-155, X-40, and 
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Refractalloy 26 developed their first fatigue fai lures  at an alternating 
s t ress  of f15,000 pounds per  square  inch.  Inconel X did not show a fatigue L 

f’racture. 

The best  agreement between the mechanism of failure of the  materials 
as turbine blades i n  a jet engine and as specimens tested a t  different 
alternating stress levels is  obtained a t  the al ternat ing  s t ress   level  
of i5000 pounds per  square  inch. The types of f a i l u r e  obtained  for  the 
alloys as specimens tested at an alternating stress of t5000 pounds per 
sqyare inch and as blades are tabulated i n  table N. S i x  of the seven 
a l loys  tested had the same type of failure f o r  specimens tested at an 
alternating stress of +5OOO pounds per  square  inch and for blades. Pro- 
vided tha t  the greater-f’requency of stress cycling in   the  turbine does 
not shift the  re la t ion between the magnitude of the alternating stress 
and the failure mechanism  of the alloys, this would indicate that the 
alternating stress a t  the failure zone in  these blade t e s t s  was probably 
new the range of *5000 pounds per square inch. 

Effect of alternating stress on specimen l i f e .  - The m i a t i o n  of 
specfmen l i f e  with  the  alternating stress at  which the specimen was tested 
is shown in   f igure  6. 

Six of the seven alloys investigated  appear  to show a  general  trend *. 
toward  decrease i n  l i f e  with increasing  alternating loads as would be 
expected. The only  exception is X-40. In the  case of t h i s  alloy it- seems 
l i ke ly  that the scatter-of data is very  large as It is  not  expected that 
the lif’e+ll be  increased by 50 percent  with an a t e rna t ing   s t r e s s  
of 10,000 pounds per‘ 8QLlWe inch over  that of an  alternating stress of 
zero. If this scat ter  is indicative,  considerably more tests would be 
required to  establish  the shape of t h i s  curve clearly. 

When the  remaining s i x  alloys me considered at an  alternating stress 
of 25000 pound8 per square inch, the change in l i f e  varies frm a 22-percent- 
increase  for N-155 t o  a 37-percent  decrease f o r  &t S-816. Only N-155 
showed &II increase i n  l i fe .  A similar increase i n  l i f e  fo r  N-155 was 
found in   o ther  fatigue t e s t s  reported i n  reference 4. Frm these data 
it might be expected that superimposing a vibratory  stress of 25000 pounds 
per square  inch on a blade would r e su l t  in a decrease i n  life-of  generally 
l e s s  than 37 percent.  This va lue  appears  large u n t i l  it is  noted  that, 
based on reported rupture  datafor  these alloys, a 1000-pound-per-square- 
inch  increase in the  centrifugal stress alone would decrease  the l i f e  
about 30 percent on an  average. 

If the l i f e  of the al loy is not.influenced by  frequency of stress 
cycling, the low vibratory stress indicated by t h i s  investigation would 
have l i t t l e  e f fec t  on the l i fe  of the  blades as compared with the  effect  
of centrifugal  stress.  T h i s  was found t o  be the case for  a l loys  N-155, 
S-816, S t e l l i t e  21, Nimonic 80, and IIastelloy 3 as the average l i fe  of 
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l i f e  of 
specimens removed from untested  blades  and  tested  for stress rupture at 
a stress equal to the  centrifugal stress calculated t o  &s t  i n  the 
blade  (reference 3). The average lifeeof  blades  of  cast 5-816 and 

than specimens removed from untested blades and tested for  stress rupture. 
The specimen of cast  8-816 tested a t  an alternating stress of -f5000 pounds 
per square  inch'did show approximately the same percentage  reduction i n  
l i f e  as the  cast  S-816 blades (40 percent). The specimen of Refrac- 
t a l l o y  26 tes ted a t  an d t e r n a t i n g  stress of *SO00 pounds per  squaze  inch 
shows a reduction i n  l i f e  of 13 percent as compared with a reduction  of 
53 percent  for  the blades fabricated of Refractalloy 26. For t h i s  reason, 
the   shor te r   l i fe  of RefracWloy 26 in   the   tu rb ine  as compared with its 
s t ress-rupture   l i fe  i s  probably not due to the  effect  of the alternating 
stress i n  the turbine blade. 

. 
.TI Refractalloy 26 had appreciably  shorter llfe i n  the J33-9 turbodet engine 
c an 

Superimposing an alternating stress of *SO00 paunds per square inch 
on a preload, however, may cause a greater reduction i n  l i f e  on specimens 
which have stress raisers iu the  surface, either in the form of scratches 
or  nonhomogeneities i n  the alloy. 

- Effect of alternating stress on reductions  of mea of fractured 
specimens. - A plo t  of the reduction of =ea of the fractured  spechens 

was tested i s  shown i n  figure 7. Superimposing an alternating stress on 
a mean tensile stress resulted in lees reduction  of area a t  fracture.  
The wrought .a l loys 5-816, Inconel X, and Refractalloy 26 had 50 percent 
less reduction of area at  aa alternating stress of &15,000 pounds per 
square  inch than a t  an alternating stress of zero. 

d against the alter-nating stress at-which the specimens of wrought al loy 

Effect of specimen  shape on l i fe .  - The test results obtained on the 
specimen of N-155 and S-816 with diamond and  round cross  sectFons  are 
Gbula ted   in  table 111 and plotted in figure 8 .  

The sharp  edges on the wrought 5-816 diamond-shaped'specimen a t  an 
alternating stress of  zero w e r e  mre susceptible t o  the development of 
cracks  than the flat  surfaces on this specimen or the rounded surfaces 
on the 9-816 round-shaped  specimen a t  an al ternat ing  s t ress  of zero 
( f ig .  9 ) .  The round  specimen contains no surface  cracks  aside from those 
next to  the  fracture;  the diamond specimen contains many cracks  along  the 
sharp  edges. The same phenomenon was observed on cas t  diamond and round 
S t e l l i t e  2 1  specimens i n  stress-rupture test at 1500° F for   e f fec t  of 
specimen  shape  on stress-rupture l i f e  (reference 5 ) .  No ef fec t  of  shape 
on s t ress - rupture   Ufe  was found and it was concluded that the cracks 
tha t  developed on the  sharp edges of the diamond specimens did not  reduce 
t h e   l i f e  because of the s t a t i c  loading. However, it was suggested that 
in the case  of an d t e r n a t i n g  load the cracks on the sharp edges  of the 
diamond specimen may a c t  as stress ra i sers  and result i n  a reduction of 
l ife.  
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The drlamond-shaped  specimens  of S-816 tested-at 
square inch and  *lo, UOO pounds- per square inch still 
the stme life  as  the  round  specimens  tested  at  these 
N o  edge  cracks  were-visible on these  specimens along 

k5000 pounds  per . 
had approximately 
alternating  stresses. 
the  edge  at  which 

failure  started  (fig. 9) . Edge  cracks  were  visible on the diamoncL 
shaped  specimens on the  .opposite  edge . f r o m  w.i.ch .failure started.. . These 
cracks  probably  developed  after  failure  started snd were  caused  by  the 
higher stresses  due  to  the  reduced  cross-sectional  area  supporting  the 
applied loads. 

Failure  started  at  the sharp edge of on ly  the  diamond-shaped  speci- 
men of N-155 tested  at an alternating  stress of fE,W pounds  per  square 
inch. This  diamond-shaped  specimen  had  approximately  the  same  life  as 
the  round  specimen  tested at this  alternating  stress.  Failure on the 
other N - 1 5 5  diamond-shaped  specimens, all of  which  failed  by  stress 
rupture,  started  near  the  center  between  the  two sharp edges,  thus  sug- 
gesting  that-the  sharp  edges  were  not of prime  importance in initiating 
failure.  Failure stsrtehin the  interior of the  round-shaped N - 1 5 5  
specimens that failed by stress  rupture.  The  round  and  diamond  specimens 
of N-155  that  failed by stress  rupture  showed  necking  which  resulted 
in failure  starting in the  interior  of  the  cross  section  for  the  round 
specimens  and  at  the  center  for  the  diamond  specimens  because of the 
biaxial  stress  state  created  at  the  center of the  specimens by the  neck- 
ing  process  (reference 6). 

No significant  difference was found between.the  strengths of the 
round  and  diamond  cross-sectional  specimens  for  the al loys N-155 and 
5-816. 

The mount of surface  cracking  adjacent  to the fracture  decreased 
with  increasing  alternating l oad  on the  specimens of 9-816. The many 
edge  cracks  common on the shmp edges of specimens  tested in stress 
rupture did not  develop along the  sharp  edges  at w h i c h  failure  started 
on the S-816 specimens  tested  under an alternatlng load. 

It was found that  the  three  types of fracture  occurring  in  turbine 
blades  could  be  produced  in  specimens of an U o y  tested in tensile 
fatigue. The type of fracture  obtained at a constant  mean  stress was 
determined to be a function of the  alloy  and..the  magnitude of the  alter- 
nating load. The  failure  mechanism of.the specimens  tested  changed 
from  stress rupture,to stress  rupture  followed by fatigue  and  then  to 
fatigue  with  increasing  alternating  stress. 

Of the  alloys  investigated,  cast 8-816 was the  most  sensitive  to 
the  effect of alternating  stress on-failure mechanism. It  exhibited a 
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fatigue failure at  &zf alternating stress of f 5 0 0  pounds per square  inch. 
Inconel X was the most insensitive and did not show a fatigue failure a t  
an  alternating stress of +15,000 pounds per  square  inch. 

If i n  a particular  turbojet  engine, blades of some U o y s  f a i l ed  by 
what appears. to be fatigue, whereas blades of other alloys failed by 
stress rupture,  the  vibratory stress is not  necessarfly greater i n   t h e  
blades of some alloys than in   o thers .  The results  indicate that different  
fa i lure  mechanisms of blades of different alloys could be due t o  differ- 
ences i n   s e n s i t i v i t y  of the  alloys to  the  vibratory stress and not due 
to   d i f fe rences   in  magnitude  of vibratory stress. (The f a c t  that the 
observed  failure.mechanisms of s i x  of the  seven alloys tes ted were the 
same in   the  turbine as at  on alternating stress of +SO00 ps i  in the 
tes t ing machine indicates that even  though the observed failure mechanisms 
differed  for  the various alloys  the  actual  vibratory stress i n   t h e  blades 
of the  different   a l loys  in  a je t  engine may s t i l l  be the same.) 

Turbine-blade fdlures due t o  fatigue  indicate that the l i f e  of the 
blades  probably  has  been  reduced  by  vibratory stress. For the specimen 
that failed by a fat igue m e c h a n i s m  a t  the smallest alternating stress, 

c the average  reduction i n  l i f e  for the alloys tested is  45 percent. 

Superimposing an axial alternating stress of the re la t ive ly  l o w  
magnitude indicated by the mechanism of failure of the   a l loys  in   turbine 
blades of a turbojet  engine on a m e a n  tensile load did not  appreciably 
reduce specimen l i f e  (maximum reduction measured, 37 percent;  average 
reduction, 10 percent).  Therefore,  the  fatigue failure of the  blades 
having  an abnormaUy short l i f e  (reduction of l i f e  greater  than 40 per- 
cent) fs probably due to  a possible greater sens i t iv i ty  of cer ta in   a l loys 
t o  the high-frequency blade vibration found i n  operating  turbines, f l a w s  
i n  the material that act as stress raisers, unusual amplitudes and modes 
of  vibration,  or due to the  possible greater effect  on certain  alloys of 
superimposed alternating bending loads than alternating  tensile  loads.  

The f ac t  that a l loys   r eac t   a f f e ren t ly  t o  superimposed alternating 
loads Indicates that a better criterion  than  stress-rupture  testing  for 
evaluating the re la t ive  performance of  alloy^ as turbine  blades may be 
noting  the  effect of superimposed alternating  stresses on the l i f e  of 
the alloys.  

For the alloys a t  one mean s t r e s s  and at one temperature, the  super- 
inposed  alternating stress against specimen l i f e  curves were obtained and 
the magnitude  of the  alternating stress a t  which the failure mechanism 
changes were determined. The shape  of  these  curves  and the al ternat ing 

mean stress and t e s t  temperature. 
- s t ress  at which the failure mechanism changes  probably varies with the . 

Lewls Flight  Propulsion  Laboratory 

Cleveland, Ohio 
National  Advisory Committee for Aeronautics 
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TABLE I - CIlEMICAL COMPOSITION OF ALLOYS INVESTIGATED 
cn M 
N 
H w 

1 Chemical Composition 
(percent by weight) 

- 
C 

- 
S - 
" 

0.030 
mSX 

.04 
aax 

.01 
lB3X 

.ox 
max 

.023 

.me 
- 

- 
Cr - 

27.00 

20.00 

25.50 

15.00 

18 .OO 

21.25 

19.93 

"- 

- 
cs 

" 

cb 
" 

" 

4.00 

" 

1.00 

" 

1.11 

4.07 

- 
Ti 

- 
Fe Others 

0.27 

.31 

.50 

.08 
max 

.OB 
max 

.13 

.40 

- 

1.00 
max 

1.50 

1.00 
max 

.65 

.70 

1.88 

1.45 

- 

2.75 

20.00 

10. SO 

73.00 

37.00 

19.57 

19.80 

- 

bal. 

40 .oo 
min 

bal . 

1.00 
maX 

20.00 

19. OB 

42.02 

" 

5 . : 0  

4.00 

" 

" 

3.00 

3.68 

3.90 

- 

2 .oc, 
max 

5.00 
max 

2.00 
0ElX 

7.00 

bal, 

" 

3.35 

B, 0.007  ma^ 

"- 

"- 

cu, .20 max 

"- 

w2, .lo 

Ta, .27 
cu, .09 
"" 

" 

O.O& 
max 

.04C 
max 

" 

.04C 
max 

* 022 

. 005 
- 

" 

4.00 

7.50 

" 

" 

2.35 

3.81 

" 

" 

" 

2.50 

2.90 

" 

" 



. . . . .  -. ............ . . . . . . . . .  . . .  - ................. ........... 

- 
Alloys 

Cast S t e l U t e  21 

Cast 6-916 

Caet x-40 

Urough 6-016 1 

Wrought 
Refractalloy 26 

Wrought 
Inconel X 

H e a t  Treatment 

None 

None 

None 

1 br at 2 m O  r; 
water quehched; 

16 br 'at 1400° P; 
air cooled 

1 hr a t  Z d D  P; 

16 ?x at 1W0 F; 
vater quenched; 

air cooled 

1 hr a' 2 1 c d  F; 
air ' E ooled 

20 hr a t  W0 F; 
air cooled; 

2C hr at W o o  F; 
811- cooled 

. .  

2 hr at  ZIDOa F; 
air cooled; 

24 hr at E5Oo F; 
air cmled; 

' air cmloa: ! 

32 hr at -0 F; 

C-24 to C-27 

BL97 

E-9U 

C-26, 

"" 

r Grain Sizc 

r e d d a a n t  
A.S.T.M. 

ra in e iee  

"- 

-" 

"_ 
4-5 

6-8 

3 

3 

Average 
number 
of 5 a l o s  

In 
diamond 
cross- 
sectlon 

nmber of 
Average 

er c m ~ e -  
grain3 

Iectional 
lquare in. 

" 

075 

375 

1500 

. " 

" 

" 

" 

Type of Specimen 

. . .  

croe.8 section 
Dlawnd 

cross aection 

D i a m o n d  : 

cro86 aeCtiOn 

Round and 
M m n d  cross 

Diamond 

eecplon , 

R o w  aDb 
tliamoqd crm8 

agctioq 

I 

Round crom 
section 

I 

M 
UI 

r 

! 
, I 
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TABU I11 - EFFECT OF ALTERNM'ING STRESS ON TYPE OF PAACTURE AND 

TIME TO FAILLRE 

Material 

N-155 
Round specimen 
Diamond specimen 

Stellite 21 

X-40 

Refractalloy 26 

Cast S-816 

Wrought 5-816 
Round specimen 
Diamond  specimen 

Inconel X 

T t 

. .  . . .  . . . .. 

2534 . b 

T - 
3peclmet 
life 
(b) 
17.8 
21.5 

44.8 

200 .o 

213.7 

220.4 

252 .O 
193.5 

b03.0 

"pe of 
'racture 
(a) 

SR 
SR 

SR 

SR 

si 
SR 

SR 
EM 

SA 

Alternating  stress, PBi 

T 
Specimen Type of 
life fracture 
(hr) (a) 

21.8 

SR-F 39 .O 

t m  11.0 
Em 

240 .o 

F 139.8 

SFi -F 185.5 

SR 

164.7 

3R 310.8 

m -F 228.8 
9R -F 

Specimen 
life 
(hr) 
15.9 
18.3 

l.0.s 

305.5 

167.9 

146.7 

204.5 
156.5 

305.2 

7.5 
SR 4.9 

F 

F 94.2 F 

F 131.7 m -F 
F 153.8 SR 

F 5.5 

F 

SR 235.7 SR 

F 
F 113.7 

% stress-rupture  fracture; SR-P stresa-rupture-followed-by-fatigue fracture; F fatigue  fracture. 

1 

. .  . .  . 

'' I 
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TAKLE IV - CoMpARISOpl OF TYPES OF BLADE FAILURE WITEl TYPE OF 

Materials Tspe of blade f a i l ~ e  

N-155 5 blades by SR; 1 blade by S - F  

Inconel X 3 blades by SR 

Wrought 3-816 5 blades by SR-F 

Stel l i te  2 1  2 blades by 8R-F; 1 blade by 9R 

Cast S-816 4 blades by F 

Refractalloy 26 3 blades by SR; 1 blade by .SR-F 

x40 1 blade by P 

" 

Type of specimen 
fai lure   a t  alter- 
nating stress,of 

G m  psi  
( 8 )  

SR 

SR 

m -I? 
SR -F 

F .  

SR -F 

SR 

% stress  rupture; SR-F stress rupture followed by fatigue; F fatigue. 

I 
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(a) Stress-rupture fracture. 

c 

(b) Fatigue fracture. 

(c)  Stress rupture followed by fatigue fracture. 

Figure 1. - Types of turbine-blade frkture observed in engine t e s t s  (reference .3). 
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f 

. .. . .  ~ /z . - zoNF-~  thread - both ends 

. -  , - ." - 

Section CC 

I"-J - I . .  

VI- L2.:-- j  B-B . 

(e) Diamond cross-sectional specimen. 

3.00 ' I  
I I  

1 / 2 - 2 0 ~ ~ - 1  thread 
bath ends 

C h a m f e r  450 by 0 .OS 
both ends 

0.495 major 
0.490 dlam. 

" 

(b) Round cross-sectional specimen v 

B 

. I. - 

Figure 2. - Fatigue specimens used. 
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L 

A 
B 
0 

L 
M 
a 
0 
P 

Drive pulley 
Adjustable cam 
canneoting rod 
Contaot 
Loading lever 
Calibrated dial bar 
Contact 
Syatem of f u l c m s  
Wveraal joint 
Specimen adapter 

Specimen adapter 
Wversal joint 
Nut 
Piston 
Nut 

mznaC0 

Figure 3. - Fatigue machine modified for testing st elevated tqeratures.  
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Alternating  stress, psi 

Figure 7. - Effect of alternating  stress  on  reduction 
of area of  fractured  specimens. 
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