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FOREWORD 

This repor t  descr ibes  t h e  r e s u l t s  o f  thermal f a t i gue  and 
qxidat ion t e s t i n g  o f  test Se r i e s  7 specinens on NASA cont rac t  
US3-17787. The r epo r t  covers p a r t  o f  t h e  work conducted on 
t h i s  con t rac t  during t h e  period l2 January 1975 t o  15 January 
1977. Other IIl'RI wark on f lu id i zed  bed thennal  f a t i g u e  test- 
ing has been repor ted i n  NASA CR-72738, CR-121212, CR-121212, 
and CR-134775. 

The NASA personnel who contr ibuted t o  t h e  program included: 

P e t e r  T. Bizon - Pro jec t  Manager 
John R. Danicic - Contract S p e c i a l i s t  
Horace C, Moore - Contract S p e c i a l i s t  
Edward J. Kolman - Contract S p e c i a l i s t  
Allen L, Jones - Contract S p e c i a l i s t  
John E. Di l ley  - Contract S p e c i a l i s t  

IITRI personnel assigned t o  t h i s  program included: M.A.H. 
Howes, Director ,  Metals Division; V. L. H i l l  (Project  Manager); 
V. E. Humphreys (Pro jec t  Engineer); W. C. Keeney and J. Andersen 
(Contract Spec i a l i s t s )  ; Harry Nichols, B. A.  Humphreys, M. S c r o l l ,  
and V. Johnson. 

The IITRT i n t e r n a l  des ignat ion f o r  t h i s  repor t  i s  IITRI- 
B6124-48. Thermal f a t i gue  and oxidat ion da ta  contained i n  t h i s  
repor t  a r e  recorded i n  Logbook Nos. 22474, 22652, 22660, 22926, 
2313 3. 
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SUMMARY 

Thermal f a t i g u e  and ox ida t ion  t e s t i n g  desc r ibe3  i n  t h i s  
r e p o r t  i s  p a r t  o f  s genera l  s tudv o f  thermal f a t i g u e  being 
conducted by t h e  NASA-Lewis Research Center.  E a r l i e r  work i n  
t h e  s tudy  has been r epo r t ed  i n  NASA CR-72738, CR-121211, CR- 
121212, an3  CR-134775. A l l  t e s t i n g  on t h i s  c o n t r a c t  has  been 
conducted emploving f l u i d i z e d  be3 hea t i ng  and cool ing.  Tes t -  
ing  i n  t h i s  program was over  t h e  temperature rangs 1 0 8 8 " / 3 1 6 " ~  
employing double-edge wedge specimen. 

Thermal f a t i g u e  and ox ida t ion  da ta  were obta ined on 61 
specimens, r ep r e sen t i ng  15 d i s c r e t e  a l l o y  compositions o r  
f a b r i c a t i n g  techniques and t h r e e  coa t i ng  systems. Conven- 
t i o n a l l y  f a b r i c a t e d  a l l o y s  inc luded V57, MM 002, Ren6 77, 
~ e n 6  125, MM 246, MM 509, IN-738, IN-792 + Hf, and MY 200 + Hf. 
The d i r e c t i o n a l l y  s o l i d i f i e d  a l l o y s  were MM 200, MY 200 s i n g l e  
c r y s t a l .  MM 200 b i c r y s t a l ,  c e l l u l a r  V / V '  - s ,  l a m e l l a r  .,/v' - 5  
and l a m e l l a r  ,/v' - x  (0.06C). The coa t i ngs  svstems included 
pack aluminide ( ~ o ~ o a t )  on IN-738 and IN-792 + H f .  Overlav 
coa t i ngs  evaluated  inc luded N i C r A l Y  on IN-738, IN-792 + Hf, 
MM 200 DS, MM 200 DS s i n  l e  c r y s t a l ,  and c e l l u l a r  v / v ' - F  and 
N iCrAly /~ t  on l a m e l l a r  v 7 V '  - s  and l a m e l l a r  V / V '  - 5  (0.06C). 

Specimens o f  uncoated MM 200 DS bicrgs ta l ,  MM 200 DS s i n q l e  
c r y s t a l ,  and MM 200 DS survived 15,000 cvc les  without  t r an sve r se  
cracking on t h e  smal l  r a4 ius  o f  t h e  double-edge wed e specimen. 
The l a m e l l a r  v / v ' - 6  e u t e c t i c  specimen, both N i C r A l Y  7 Pt-coated 
and uncoated, survived 4500-7500 cyc l e s  p r i o r  t o  f i r s t  crack 
i n i t i a t i o n .  C e l l u l a r  v / v ' - E  e u t e c t i c  exh ib i t ed  v a r i a b l e  t h e r -  
mal f a t i g u e  r e s i s t a n c e  of 75-7500 cyc les  t o  f i r s t  c rack i n i t i a -  
t i o n .  However, a l l  e u t e c t i c  specimens developed l ong i t ud ina l  
c racks  ~ r i o r  t o  200 cyc l e s .  A l ~ m i n i d e  coa t ings  on IN-738 and 
IN-792 exh ib i t ed  c racks  i n  150-250 cyc l e s  compared t o  250-600 
cyc l e s  f o r  t h e  uncoated a l l o y s .  The N i C r A l Y  over lay  cca t i ngs  
on IN-738, 114-792 + Hf. and FTM 200 + Hf !IS exh ib i t ed  i n i t i a l  
thermal cracks  a t  2250-4250 cyc l e s .  Uncoated a l l o y s  V57, 
MM 002, and ~ e n 6  77 cracked i n  75-150 cyc l e s ,  whereas f i r s t  
c rack i n i t i a t i o n  i n  ~ e n 6  125, MM 246, MM 509, and MX 200 + Hf 
occurred i n  150-400 cyc l e s .  

A l l  t h e  uncoated a l l o y s ,  except  MM 509, exh ib i t ed  s i g n i f i -  
can t  ox ida t ion  weight l o s s  i n  7,500-15,000 cyc l e s .  MM 509 spec i -  
mens had weight l o s s e s  on ly  s l i g h t l y  h igher  than coated  spec i -  
mens through 7500 cvc l e s .  A l l  coa ted  specimens had l o w  w e i g h t  
loss. 



INTRODUCTION -----.-- 

This report, NASA CR-135272. on Contract NAS3-17787 sum- 
marizes thermal fatigue and oxidation data for 61 specimens of 
conventionally fabricated nickel- and cobalt-base superalloys, 
directionally solidified nickel-base superalloys, and direction- 
ally solidified eutectics. Coatings on selected alloys were 
evaluated in the program. Double-edge wedge test specimens were 
cycled in a fluidized bed facility over the temperature range 
1088°/3160C (1990°/6000F) for periods up to 15,000 cycles. 
Heating and cooling times were 180 sec each for a total thermal 
cycle of 360 sec. Weight change, as well as crack initiation 
and propagation. were obtained in the program. 

Thermal fatigue data obtained previously on this contract 
have been reported in NSAS CR-134775. (1) Additional thermal 
fatigue data obtained in the IITRI fluidi bed on Contr ct 
NAS3-14311 $5. reported in NASA CR-72138 .fqf CR-121211, ( 3 7  and 
CR-121212. ( This effort comprises part of the general study 
of thermal fatigue being conducted by the NASA-Lewis Research 
Center. Furtq3f 69 

etails of the u v have been 
Spera et al., Bizon et al., 7 5 - 8 ~  and Howes . ( fWorted by 

Any material exposed to repeated rapid thermal transients 
is subject to tensile failure by thermal fatigue, also sometimes 
defined as thermal shock. The thermal fatigue degradation mech- 
anism inv~lves accumulation of damage during multiple thermal 
cycles. Thermal shock, on the other hand, generally involves 
failure in relatively few cycles. The difference generally 
lies in the tensile ductility of the material within the temper- 
ature range of the imposed thermal cycle. Ductile materials 
tend to fail by thermal fatigue, whereas brittle material.. ' . 2 c -  
ture by thermal shock. 

Material properties, other than ductility, important in 
thermal fatigue are hot tensile strength, elastic modulus, ther- 
mal conductivity, and thermal expansion. Oxidation resistance 
apparently also plays a role in thermal fatigue. The inter- 
relationship of material properties, the imposed thermal cycle, 
and component Reonetry defines the ability of a structure to 
resist thermal fatigue. However, the synergistic effects of 
these variables are quite complex and prediction of thermal 
fatigue behavior from basic properties is difficult. A majar 
objective of the current NASA program is to develop and verify 
a usable model for thermal fatigue by comparing experimental 
data with computer-derived predictions of thermal fatigue life. 

Thermal fatigue dsta in this report were generated using a 
multiple retort fluidized bed test facility consisting of one 
heat in^ hed and tt--n rnoliny, hcdr- Cl t .nnv  and co-workt,rs r t p o r  
ed t h e  l i r s t  use of fluidized b e d s  to studv thermal fatigue. ( 1f j 
Fluidized bed heating and coolinp, provides very rarid heat t r a n s -  
fey for both portions of the thermal cycle. An additional 



advantage of  f l u i d i z e d  bed t e s t i n g  is t h a t  i t  provides  a  
ready means o f  exposing a number o f  samples under  i d e n t i c a l  
test c o n d i t i o n s .  In  t h i s  program, up t o  36 t e s t  specimens 
were exposed s imul taneously .  

The o b j e c t i v e  o f  t h e  thermal  f a t i g u e  test program was 
t h r e e f o l d :  

1. Determine t h e  number o f  imposed thermal  
c y c l e s  t o  i n i t i a t i o n  o f  t h e  f i r s t  t r a n s -  
v e r s e  crack .  

2. Obtain  d a t a  on t h e  r a t e  o f  propagation o f  
t h e  t h r e e  l a r g e s t  c racks .  

3.  Generate q u a l i t a t i v e  o x i d a t i o n  d a t a  f o r  
t h e  v a r i o u s  m a t e r i a l s .  

Cycling o f  test specimens was g e n e r a l l y  continued u n t i l  
t h e  t h r e e  l a r g e s t  c racks  reached a l eng th  o f  about L O  rmn 
(0.4 i n . ) .  This  corresponds t o  t h e  approximate width o f  t h e  
t ape red  s e c t i o n  oE t h e  t e s t  specimen. I n  some c a s e s ,  expo- 
s u r e  o f  specimens was continued i n  o r d e r  t o  o b t a i n  ox ida t ion  
d a t a  f o r  s p e c i f i c  a l l ~ y s .  

During t h e  test program, some a l l o y s  e x h i b i t e d  l o n g i -  
t u d i n a l  c racks  o r i g i n a t i n g  i n  t h e  end notches used f o r  s p e c i -  
men suppor t .  Longi tudinal  c racks  were sometimes observed 
p r i o r  t o  i n i t i a t i o n  o f  t r a n s v e r s e  c racks  i n  t h e  rad iused  t e s t  
s e c t i o n .  Whenever l o n g i t u d i n a l  c rack ing  was s i g n i f i c a n t  , t h e  
c rack  l e n g t h s  were a l s o  measured a t  each i n s p e c t i o n  per iod .  
Longi tudinal  c racks  a r e  s i g n i f i c a n t  because they  a l t e r  t h e  
s t r e s s  d i s t r i b u t i o n  i n  t h e  t e s t  specimen and thereby modify 
t r a n s v e r s e  c rack ing  behavior .  

2. EXPERIMENTAL PROCEDURE 

M a t e r i a l s  

mens 
15 d i  

Thermal f a t i g u e  t e s t i n g  i n  t h i s  program involved 61 spec i -  
o f  bare  and coated  high temperature a l l o y s  c o n s i s t i n g  of  
. s t i n c t  a l l o y  compositions and /o r  f a b r i c a t i o n  procedures.  

1n a d d i t i o n ,  19 c o a t i n g - s u b s t r a t e  combinations were eva lua ted .  
A t  l e a s t  two specimens of  e a c h  a l l o y  cond i t ion  o r  coa t ing-  
s u b s t r a t e  combination were eva lua ted  i n  t h e  program. A l l  t e s *  
specimens were supp l i ed  by t h e  NASA-Lewis Research C e n t e r  

Table 1 i s  a sumnary of  t h e  compositions of t h e  I5 bas ic  
t e s t  a l l o y s  and/or  a l l o y  cond i t ions .  Compositional d a t a  were 
supp l i ed  by t h e  a l l o y  producers .  A l l  IN-792 specimens were 
hafnium modified, but only  p a r t  o f  t h e  MM 200 specimens con- 
t a i n e d  t h e  hafnium a d d i t i o n .  TFo MM 200 d i r e c t i o n a l l y  s o l i d i -  
f i e d  s i n g l e  c r y s t a l  and b i c r v s t a l  specimens were of t h e  u n -  
modified c o ~ p o s i t i o n .  



Tens i l e  p r o p e r t i e s  a t  760°C (1400°F) and c reep- rup tu re  
p r o p e r t i e s  a r  983°C (1800°F) of the  t e s t  a l l o y s  a r e  summarized 
i n  Tables 2 and 3 ,  r e spec t i ve ly .  These da t a  were genera ted  a t  
the  NASA-Lewis Research Center on t he  sane hea t s  of  t he  a l l o y s  
used t o  f a b r i c a t e  t he  thermal f a t i g u e  specinens .  S i g n i f i c a n t  
dev ia t ion  f o r  t he  t ime- to-rupture  a t  proof s t r e s s  i s  observable 
f o r  IY-738. :4?4002. Ren6 7 7 ,  and PW 2Qn + u f  ir. Table ? .  

Determination o f  t h e  e f f e c t s  of  t h r e e  coa t ing  systems on 
thermal f a t i g u e  r e s i s t a n c e  was included i n  t h e  t e s t  program. 
A pack aluminide coa t i ng  (JoCoat) ,  app l i ed  by s p e c i f i c a t i o n  
PWA 273, was evaluated  on both IN-738 and IN-792 + H f .  A 
N i C r A l Y  over lay  coa t ing ,  applied by s p e c i f i c a t i o n  PWA 267, was 
evaluated  on IN-738, IN-792 + Hf, MM 200 + Hf, and c e l l u l a r  
V / V '  - 5  e u t e c t i c  s u b s t r a t e s .  Finally, a  N ~ C ~ A ~ Y / P  t coa t ing ,  ap- 
p l i e d  by s p e c i f i c a t i o n  PWA 267 + Pt, was employed f o r  d i r e c t  ion- 
a l l y  s o l i d i f i e d  specimens o f  t h e  l ame l l a r  . , . / . , e ' - r  and .;/. ' - J  
(O.06C) e u t e c t i c  a l l o y s .  In  t h i s  r epo r t ,  t h e  N i C r A l Y  coa t ing  
i s  def ined a s  "overlay,"  whereas t h e  plat tnum-containing over-  
l a y  coa t ing  is i d e n t i f i e d  a s  t h e  N ~ C ~ A ~ Y / P ~  coa t ing .  

Tes t  Conditions 

The f l u i d i z e d  bed thermal f a t i g u e  test  f a c i l i t y  i s  shown 
i n  Figure 1. This  equipment inc ludes  one ho t  bed and two co ld ,  
o r  in termedia te ,  temperature beds. The lcwer bed temperature 
i s  maintained by a  water-cooled heat  exchanger f o r  t e s t i n g  a t  
ambient co ld  bed temperatures.  For t e s t i n g  a t  a  316OC (600°F) 
in te rmedia te  bed tempersture i n  t h i s  program, t h e  hea t  exchang- 
er  was r emved  and t h e  de s i r ed  in te rmedia te  bed temperature was 
maintained by t h e  hea t i ng  elements.  Heat t r a n s f e r  media i:: 
both hot  and co ld  beds was 28-48 mesh t a b u l a r  alumina. 

During t e s t i n g  i n  t h i s  program, up t o  36 t e s t  specimens 
were cycled simultaneously i n  two coupled holding f i x t u r e s .  A t  
any t i m e  during t e s t i n g ,  one holding f i x t u r e  was i n  t he  hot  bed 
and t h e  o t h e r  i n  e i t h e r  of t h e  two in termedia te  beds. The 
t r a n s f e r  c a r r i age ,  opera ted  by a i r  c y l i n d e r ,  can b e  programed 
f o r  any combination of  hea t ing  and cooling t i m e .  T rans fe r  t ime 
between beds was about 5 s ec ,  ..nd t he  hea t ing  and coo l ing  time 
180 s ec  each i n  t h e  cur ren t  t c s t  program. 

Thermal f a t i gue  da ta  i n  t h i s  prograz were obta ined us ing 
t h e  101 mm long double wedge simulated blade shape and the hold-  
ing  f i x t u r e  shown i n  Figure 2. T e s t  specimens were stipported 
by 6 .3  mm wide notches machined 6 .8  mm deep i n  t he  ends of  t he  
specimen. The notched specimens provide ease  of f ab r i c a t i on  
and specimen removal from the  f i x t . l r e  f o r  examination. I n  ad- 
d i t i o n ,  t h e  n ~ t e n t i a l  f o r  s u p e r i m ~ o s i t i o n  of mechanical s t r e s s e s  
due t o  t h e  f i x t u r e  is  minimized. 

The  holding f i x t 1 1 1 - c  s h o w n  i n  Fic11rc 2 .  c a p a b l e  c.f r e t a i n -  
ing  18 t e s t  specimens, was f ab r i c a t ed  from a u s t e n i t i c  s t a i n l e s s  
s t e e l s .  End p l a t e s  were 1 2 . 7  mm th ick  310 s t a i n l e s s  s t e e l  



with a radius  0.25 mm l e s s  than the  specimen notches. 
The s i d e  s u p ~ o r t s  were fabr ica ted  from 304 s t a i n l e s s  s t e e l  
channel. During t e s t i n g ,  t he  t e s t  f i x t u r e  a l s o  generated 
thermal f a t i gue  cracks and required frequent replacement. 

Thermal f a t i gue  t e s t i n g  of t h e  61 specimens was con- 
ducted i n  t ~ o  basic  rou i n g ~  of  36, cycled nominally f o r  
7500 cycles  a t  1088' $ 316 C (1990"/600°~) .  The Group 1 
samples consis ted of  36 double wetlge samples without p r i o r  
cycl ing.  Group 2 specimens cons i s ted  of 25 specimens with- 
ou t  p r i o r  cycl ing and 12 specimeris from Group 1 t h a t  d id  not 
crack i n  7500 cycles.  Group 1 specimens were a l s o  added t o  
t h e  second t e s t  sequence a s  Group 2 samples were rem~ved 
from t e s t i n g  due t o  excessive cracking. Accordingly, eleven 
o f  t h e  Group 1 samples were expcsed f o r  15,dOO and one f o r  
13,000 cycles.  These 61  t e s t  specimens comprised t e s t  Se- 
r i e s  7 of  Contract NAS3-17787. 

During t e s t i n g  a t  1088' 1316' C, specimens were removed 
a t  s e l ec t ed  i n t e r v a l s  f o r  gravimetric ana lys i s  and crack 
length  measurements. The nominal removal t i n e s  were 25, 50, 
100, 200, 300, 500, 700, and 1000 cycles ,  followed by exam- 
i n a t i o n  every 500 cyc les  f o r  exposures g r e a t e r  than l C O O  
cycles .  Lengths o f  the  t h ree  longest  cracks were determined 
by v i s u a l  measurements under a microscope a t  30X. The number 
of cycles  t o  crack i n i t i a t i o n  was taken a s  the  average of the  
n u ~ b e r  oC cycles  a r  the  l a s t  inspect ion w i t n o ~ t  cracks and the  
nunber of cycles a t  the  f i r s t  inspect ion with a crack.  How- 
eve r ,  specine:ls s e r e  ~ , e r . e r a l l y  r e t a i n e 3  i n  the  t es t  program 
a f t e r  crack i n i t i a t i o n  t o  ob ta in  oxidat ion da t a .  

Table 4 summarizes the  dimensions and i d e n t i f i c a t i o n  
of  t h e  61 t e s t  specimens evaluated i n  t h e  program. Both the  
as-received and f i n a l  dimensions a r e  shown. Data on t o t a l  
thermal cycles  imposed on each specimen a r e  included f o r  
reference.  

3. RESULTS 

3.1 Oxidat ion Behavior 

Weight change data  f o r  t he  61  t e s t  speci.mens a r e  con- 
t a ined  i n  Tables 5 through 7. Table 5 corpr i ses  weight 
change data f o r  Group 1 specimens through 7500 cycles ;  
Table 6 provides s i m i l a r  data  f o r  Group 2 samples. Oxida- 
t i o n  data  i n  Table 7 a r e  f o r  Group 1 specimens f o r  the  7,500 
t o  15,000 cycle  exposure. These data  a r e  separated from 
t h ~  Group 1 i n i t i a l  information i n  Table 5, s i nce  they were 
generated along with oxidat ion data  f o r  t he  Group 2 speci-  
mens. 



Figures 3 t o  6  a r e  p l o t s  of  t he  ox ida t i on  da ta  f o r  f ou r  
s e l e c t e d  groupings of  t h e  25 d i s c r e t e  a l l o y s  and/or  a l l o y -  
coa t ing  combinations. P l o t t e d  d a t a  a r e  f o r  t h e  average of t h e  
d u p l i c a t e  and/or  t r i p l i c a t e  specimens o f  each a l l o y  cond i t ion ,  
except  f o r  t h e  c e l l u l a r  q i / . , ' - r  e u t e c t i c  samples (N1,Ol) i n  
Figure 6 .  The p l o t  i n  Figure  6 i s  f o r  a  s i n g l e  sample o f  c e i l u -  
l a r  Y / v ' - &  e u t e c t i c  (Nl) and over lav  coa ted  c e l l u l a r  
e u t e c t i c  (01).  

Oxidat ion da ta  i n  Tables 5  t o  7 and Figures 3 t o  6  a r e  ex- 
pressed i n  percent  of  t h e  o r i g i n a l  weight s i n c e  ox ida t ion  is 
not  uniform over  t h e  t e s t  specimen. In genera l ,  t h e  major i ty  
o f  t h e  ox ida t i on  occurs on t h e  wedge a r ehs  o f  t h e  specimen. 
This  i s  because t he se  a r e a s  a r e  exposed t o  t h e  maximum tempera- 
t u r e  o f  t h e  thermal cyc le  f o r  longer  per iods  than t h e  t h i c k e r  
c e n t e r  s e c t i o n  o f  t h e  specimen. Thermocouple c a l i b r a t i o n  tests 
r epo r t ed  i n  NASA CR-121211(3) i nd i ca t ed  t h a t  f o r  double wedge 
specimens t h e  c e n t e r  s e c t i o n  o f  t h e  specimen is nominally 17- 
30°C (31-54°F) l e s s  than t h e  maxizmm temperature o f  t h e  wedge 
s e c t i o n  a t  t h e  end of  a  180 sec  hea t i ng  cyc le .  Thermocouple 
c a l i b r a t i o n  da ta  a l s o  i n d i c a t e  t h a t  t h e  wedge s e c t i o n s  o f  t h e  
specimen were w i th in  25°C of  t h e  1088°C maximum temperature 
f o r  t h e  average time o f  about 75 sec  a t  t h e  end o f  t h e  180 sec .  
Q u a l i t a t i v e l y ,  t he r e fo r e ,  t h e  cumulative exposure was equiva- 
l e n t  t o  about 23 h r  a t  1088" + 25°C (1990" + 45OF) f o r  each 
1000 cyc les  of  t e s t i n g .   his-corresponds to 150 and 300 h r  
f o r  7,500 and 15,000 cyc l e  exposures, r e s p e c t i v e l y .  Rapid 
thermal cyc l ing ,  however, a c c e l e r a t e s  ox ida t ion  s i g n i f i c a n t l y  
i n  comparison t o  i so thermal  exposure a t  1088°C (1990" F) . 

Figure 3 i n d i c a t e s  t h a t  uncoated hafnium-modified MM 200 
and MM 200 DS exh ib i t ed  b e t t e r  ox ida t ion  r e s i s t a n c e  than MM 
200 DS s i n g l e  c r y s t a l  and b i c r y s t a l  ma t e r i a l .  A t  7500 cyc les ,  
weight l o s s e s  were 2.8% and 3.8% f o r  MM 200 + Hf and MM 200 + 
Hf DS, r e spec t i ve ly .  A t  t h i s  exposure, t h e  weight l o s s e s  were 
5,8% and 6.5% f o r  MM 200 DS s i n g l e  c r y s t a l  and PIM 200 b i c r y s t a l ,  
r e spec t i ve ly .  A t  15,000 cyc l e s ,  weight l o s s e s  w e r e  7.6% f o r  
MM 200 + Hf DS compared t o  10.3% f o r  s i n g l e  c r y s t a l  MM 200 DS 
and 11.3X f o r  b i c r y s t a i  >M 230 3 s .  

Th e  N i C r A l Y  coa t ing  on s i n g l e  c r y s t a l  MM 200 i nd i ca t ed  
s l i g h t l y  smal le r  weight l o s s  (0.07%) a t  7500 cyc les  compared 
t o  t he  over lay  N ~ C ~ A ~ Y  coa t ing  (6.14-0.15%) on MM 200 + Hf and 
MM 200 + H f  DS. Weight l o s s  of t he  over lay  coa t ing  on MM 200 
+ Hf a t  15,000 cyc les  was 0.5X. Visua l ly ,  none of t he  coa t ings  
on t h e  MM 200 ma te r i a l s  ind ica ted  s i g n i f i c a n t  d e t e r i o r a t i o n  
through t he  7,500 o r  15,000 cyc l e  exposures.  

Figure 4 compares ox ida t ion  of uncoated 1:1-73$, 1::-792 + I I f ,  
,111tl  :C1 501 w i t h  t . h . 7 ~  o f  ( -?at inn. : ,  on these  c 7 1 1 n v s .  ! le izht  l o s s  a t  
7500 cyc les  \?as 5.6-5.39'-. for 111-733 and I>!-792 + ! i f .  i . e .  , s l i l r , l ~ t l y  
l e s s  ~ l l a n  s i n g l e  a n d  S i c r y s t a l l i n e  d i r e c t i o n a l l y  s o l i c ~ i f i e d  'TI 2 9 0 .  



but about twice that of MY 200 + Hf. MM 509 exhibited a weight 
loss at 7500 cycles (0.32%) similar to that of aluminide coated 
IN-792 + Hf (0.24%) and IN-738 (0.187,, 6000 cycles), as well as 
that of the overlay (NiCrAlY) coatings (0.27-0.33%) on these 
alloys. 

Oxidation data plotted in Figure 5 are for the uncoated 
superalloys V57, MM 002, MM 246, Ren6 77, and Ren6 125. For 
these alloys the highest weight loss rate was for V57 s7ecinens 
--6.6% after 2000 cycles. At this exposure, V57 samples were 
removed from the test. Ren6 77 exhibited the seconl highest 
weight loss of 7.1% at 7500 cycles, compared to 4.0 and 5.0% 
for MM 246 and Ren6 125, respectively. Low--st weight loss 
(1.4%) zfter 7500 cycles was recorded for MM 002. 

Figure 6 is a p;ot of the percent weight change for the 
Y / Y ' - 6  eutectic specimens. For the uncoated alloys, the sinble 
cellular eutectic specimen, Nl, indicated a higher weisht loss 
(5.3%) than the average of the duplicate lamellar (3.2%) and 
lac,?llar 0.06C (2.5%) eutectic specimens at 7500 cycles. The 
NiC.rAlY/Pt coating exhibited low weight loss, 0.07 to 0.14%, 
on 'both lamellar y/yl-6 and y/yl-6 (0.06C) DS specimens. 

Weight change data for the uncoated alloys at 7500 cycles 
reflected the following ranking in order of increasing ox' A d a- 
tion resistance: V57, Ren6 77, MM 200 DS bicrystai, IN-792 t Hf. 
IN-738, MM 200 DS single crystal, cellular y/yl-6 eutectic, 
lamellar y/yl-6 (0.06C) eutectic, MM 002 and MM 509. For com- 
parison, MM 509 exhibited weight loss (0.32%) about one-twentieth 
that of Ren6 77 (6.1%) and one seventeenth that of IN-738 (5.6%) 
after 7500 cycles. 

Weight change indicated little difference in oxidation 
behavior of the three coating systems through 7500 cycles. 
Weight losses for all coated specimens uere low, 0.07-0.8%. 
Generally, the NiCrAlY/Pt coating indicated the lowest weight 
loss (0 07-0.14%;, with pack aluminide intermediate (0.27%). 
and the NiCrAlY overlay having highest losses at 0.27-0.79%. 
At these relatively low losses of U.08-0.9 g (0.07-0.8%) a 
significant contribution to the weight loss may have hem d-~e 
ro spalling of metal from tht fatigue cracked areas. The high 
weight loss of DS MM 200 and the eutectics indicates that pro- 
tective coatings are required for these all~y systems. 

3.2 Thermal Fatigue Res'stance 

Accumulated thermal cycles to first crack initiation for 
Group 1 and Group 2 specimens are summarized in Tables 8 and 
9, respectively. In these tables, the alloys are ranked in 
increasing cycles to fLrst crack initiation on che 0.635 mm 



small radius. Thermal cycles t o  crack i n i t i a t i o n  on the  1.016 m 
l a r g e  radtus  are included f o r  comparison. Cenerally,  cracking 
o f  t h e  l a r g e  rad ius  is o f  l e s s e r  importance, p a r t i c u l a r l y  i f  
preceded by cracking of  t h e  small radius .  The  emergence of  
thermal cracks on t h e  small radius  i n f l u ~ n c e s  t he  s t r e s s  d i s -  
t r i b u t i o n  i n  t h e  specimen. This can increase  t h e  cyc le  time 
t o  i n i t i a t i o n  o f  cracks on t h e  l a r g e  radius .  

Cycles t o  f - ' r s t  crack i n  Tables 8 a n d  9 a r e  based on the  
mear between t h e  last  inspect ion period without a crack and the  
inspection period when a crack was f i r s t  v i s i b l e .  For example, 
i f  no cracks were observed a t  100 cycles  but hecame v i s i b l e  a t  
200 cycles,  o r i g i n a t i o n  of t h e  f i r s t  crack is considered t o  be 
150 cycles. Accordingly, thermal f a t i gue  da ta  i n  Tables 8 and 
9 have an inherent  po t en t i a l  e r r o r  varying from + 12 cycles  
t o  + 150 cycles  f o r  exposures less than 1000 cyc les .  The e r r o r  
is  T 250 cyc les  f o r  exposures above 1000 cyc les ,  based on the  
inspect ion perio& descr i  bed previously.  

Fatigue da ta  i n  Table b i n d i c a t e  t h a t  t h e  lowest f a t i gue  
l i f e  w a s  t h a t  o f  t h e  v/-.,I-: e u t e c t i c  specimens. One specimen, 
o f  c e l l u l a r  ~ / v '  -!. + overlay (01). d id  survive 7500 cycles  with- 
ou t  t ransverse  cracks. The wide s c a t t e r  f c r  t h i s  mate r ia l  might 
have resu l tedSfrom inherent  s t r u c t u r a l  de fec t s  i n  t h e  specimen. 
Eutect ic  specimens, however, d i d  develop severe  longi tud ina l  
cracks,  as w i l l  be discussed subsequently. The hi-zhest thermal 
f a t i g u e  r e s i s t ance ,  >15,000 cyc les ,  f c r  Group 1 specimens was 
obtained f o r  MM 200 DS s i n g l e  c r y s t a l ,  MM 200 DS b i c r y s t a l ,  
MM 200 + Hf + overlay,  and MM 200 + Hf DS. O n e  of  t h e  t h r e e  
specimens of MM 200 + Hf DS (C5), bowever, d id  develop a crack 
a t  11,750 cycles .  

Data i n  Table 8 i nd i ca t e  t h c t  uncoated IN-738 had higher  
f a t i g u e  r e s i s t ance  1600 cycles)  than IN-792 + Hf (250-600 cvcles)  
2nd PW 539 (259-43C cyc l e s ) .  tlluminide c o a t i n ~ s  decreased the  
f a t i g u e  r e s i s t ance  of IN-738 (150 cycles)  and IN-792 + Hf (150- 
250 cyc les ) .  Conversely, t he  N i C r A l Y  overlav coat ing increased 
t h e  cycles  t o  f i r s t  crack i n i t i a t i o n  f o r  both coated IN-738 
(2,250-3,750 cycles)  and IN-792 + H f  (2.750-4,750 cvcles)  . How- 
ever ,  MM 200 + Hf DS + overlav (2,250-4.250 cycles)  exhibited 
lower f a t i gue  r e s i s t ance  than- t ha t  of  uncoated Kf 230 + Hf DS 
(11,750->15,000 cyc les ) .  No reason f o r  the  h igher  thermal 
f a t i gue  r e s i s t ance  of one specimen (Al) compared t o  the  o t h e r  
samples (A2,A3) of  MN 200 + Hf was apparent.  

Thermal cycles  f o r  f i r s t  crack i n i t i a t i c n  f o r  Group 2 cpeci-  
mens, sumrrarized in  Table 9 ,  i nd i ca t e  l imi ted  f a t i gue  r e s i s t ance  
o f  uncoated V57, MM 002, 2one 77, Rene 125, and ?Dl 246. A l l  
specimens of these  a l l o y s  exhibi ted small r a d i t ~ s  cracks i n  75- 
250 cycles .  Data fo r  t h e  lame1 Lar e ~ l t c b c - t  i c  a1 lovs ind ica te  
g r e a t e r  r e s i s t ance  t o  t rancverse  cracking than tha t  of the  
Group 1 c e l l u l a r  a l l oys .  Some specimens of bcth coated and 



uncoated '-6 and Y / y ' - 6  (0.06C) survived 7500 cycles 
withcut smail radius cracks. The O.06C eu tec t i c  specimen 
appeared t o  be s l i g h t l y  more r e s i s t a n t  than the  unmodified 
lamellar eu tec t i c  . 

One specinen of  MM 200 DS s i n  l e  c r y s t a l  + overlay (TI) 
exhibited a small radius crack a t  f ,250 cycles whereas Che 
o the r  sample survived 7500 cycles without cracking. Group 1 
specimens of  MM 200 DS s ing le  c r y s t e l  were exposed 15,000 
cycles without small-radius cracks. Thus, t h e  behavior of 
t h i s  mater ial  cor re la ted  with datz f o r  Group L alloys M?i 200 
+ Hf DS at.d MM 200 + Hf DS + overlay. In both cas2s, over- 
l a y  specimens exhibited cracking i n  fewer cycles thac the  
uncoated material. 

Zanking the  uncoated al loys i n  terms of sna l l - radius  
f i r s t  crack i n i ~ i a t i o n  resul ted i n  the following order of in-  
c r e a s i n ~  fat igue res is tance:  !ten& 77, V57. 3 002. Pen6 125, 

246, rCi 509, IiI-792 + I I f ,  Mi 200 + Hf, and 111-732, with 
no cracking of IW 200 3s. fi! 202 + Ef 9S, and TI 200 3s s ing le  
c r y s t a l .  A s imi lar  ran lc in~ f o r  coated a l loys  was: 117-733, 
( a l u n i ~ i d e )  . 13- 792 + Iif (allminide) , IY-733 (cverlay) , Mfl 200 
T)S + Hf (overlay) . I?!-792 + l?f (overlay),  IPi 209 DS s ingle  
c r y s t a l  (overlay),  and 1M 200 + Hf (overlay). Cutectic a l loys  
cannot be included i n  rankings because of data  s c a t t e r  and 
longitudinal cracking. 

Table 10 r ,ntains  op t i ca l ly  measured crack lengths f o r  
t h e  th ree  longest cracks on each Group 1 specimen a s  a func- 
t i o n  of  accunrulated cycles. Similar data f o r  Group 2 speci-  
mens a re  contained i n  Table 11. Crtck lengths shown a r e  
measured on both top and bottom surfaces and averaged t o  ob- 
t a i n  t h e  mean crack length. Each of the  cracks is located 
from the  bottom (numbered end) of the  t c s t  specimen. Also 
iden t i f i ed  i n  these tab les  is the  t o t a l  number of observable 
cracks on both the  small (0.635 mm) and l a rge  (1.016 mm) 
radius.  

Table 1 2  s u m r i z e s  the  longitudinal crack propagation 
from the  end notches f o r  Group 2 eu tec t i c  specimens through 
7500 cycles. Longitudinal cracks became measurable on a l l  
Group 2 eutec t ic  specimens a t  200 cycles. Table 12 includes 
data f o r  both top and botton (numbered end) surfaces of the 
specimen. Each data point c o ~ s i s t s  a f  the  average of meas- 
urements on both s ides  of the  specimen. A t  7500 cycles, 
longitudinal crack lengths varied from about 13 t o  28 m. 

Figures 7 and 8 show the as-received appearance of 
typica l  conventionally fabricated superalloy and eutec t ic  
a l loys ,  respectively.  As shown i n  Figure 8, the  edges of 
Group 2 eu tec t i c  specimens were radiused a t  the  ends to  re-  
duce longitudinal cracking. ;Tone of the Group 1 L , r t e c t i c  
specinens or any cther  a l l o y ,  had s imilar  erld preparation. 



Figures 9 t o  20 show t h e  appearance o f  a l l  61 test speci-  
mens a f t e r  thermal cycling. I n  a l l  photographs, t h e  small radius  
is a t  t h e  r i gh t .  Longitudinal cracking of  t he  Group 1 e u t e c t i c  
samples is  i l l u s t r a t e d  i n  Figure 15, and t h a t  of  Group 2 
e u t e c t i c  specimens i n  Figures 1 7  and 18. 

Longitudinal cracking o f  e u t e c t i c  specimens was a p ~ a r e n t l y  
due t o  t h e  inherent  p rope r t i e s  o f  t h e  d i r e c t  i ona l ly  s o l i d i f i e d  
s t r u c t u r e .  These cracks i n i t i a t e d  a t  r e l a t i v e l y  f tw thermal 
cyc les  and, i n  most cases ,  p r i o r  t o  t r snsve r se  cracks on the  
small radius .  Contouring the  ends o f  t h e  test specimen had 
l i t t l e  inf luence on t ransverse  cracking.  The exis tence 
of longi tud ina l  cracks unques~ionably  a l t e r e d  the  s t r e s s  
d i s t r i b u t i o n  i n  the specinen r e s u l t i n g  i n  a lower s t r e s s  i n  
wedge areas during cycling.  Thus, t he  i n i t i a t i o n  of  t ransverse  
cracks i n  t h e  small rad ius  f o r  e u t e c t i c  specimens cannot be com- 
pared d i r e c t l y  wi th  t h e  o t h e r  a l l o y s  tes ted .  I n  any case,  t he  
observed longi tud ina l  cracking behavior of  t h e  e u t e c t i c s  i n  t h i s  
program ind ica t e s  a s i g n i f i c a n t  p c t e n t i a l  problem i n  app l i ca t ion  
o f  t hese  a l l oys .  

Comparison of crack i n i t i a t i o n  o f  aluminide and N i C r A l Y  
coat ings  on IN-738 and IN--92 + H f  i nd i ca t e s  a poss ib le  infusion 
o f  coa t ing  d u c t i l i t y .  The b r i t t l e  aluminide coat ing developed 
t ransverse  cracks s i g n i f i c a n t l y  e a r l i e r  than t h e  parent  metal 
and t h e  more d u c t i l e  N i C r A l Y  overlay coating.  Thus, it appears 
t h a t  t he  aluminide coating,  although providing s i m i l a r  oxidat ion 
pro tec t ion ,  d id  reduce thermal f a t i g u e  r e s i s t a n c e  during cycl ing 
over t h e  range 1088"/316"C. This,  again, may be an important 
c r i t e r i o n  i n  s e l e c t i o n  o f  coat ing systems f o r  high-temperature 
c y c l i c  operat ion.  The r e l a t i v e l y  high weight l o s se s  f o r  un- 
coated d i r e c t i o n a l l y  s o l i d i f i e d  a l l o y s  i n d i c a t e  a well-defined 
need f o r  p ro t ec t ive  coat ings .  

5. SUi.MARY OF RESULTS 

Thermal f a t i gue  and oxidaLion data  on the  61 t e s t  speci-  
mens of  test Se r i e s  7 a t  1088 ' /316"~ i n d i c a t e  the  following 
conclusions: 

The best  oxidat ion r e s i s t ance  f o r  t he  15 un- 
coated a l l o y s  was obtained f o r  MM 509, 0.32% 
weight l o s s  i n  7500 cycles .  This weight l o s s  
was comparable to  severa l  of the coated speci-  
mens. Poorest oxidation r e s i s t ance  was ob- 
t a ined  f o r  V57, 6.6% weight l o s s  i n  2000 cycles. 
The remaining 1 3  d i s c r e t e  uncoated a l l o y s ,  o r  
f ab r i ca t ion  techniques, had weight l o s se s  vary- 
i n g  f rom 1 .0  to 7.0" i n  7500 cycles .  



2. Direction3lly s o l i d i f i e d  ' -6 eu tec t i c  a l loys  

cycles. 
exhibited weight losses  -4 t o  5.39, i n  7500 

3. Uncoated MM 200 + Hf and MM 200 + Hf DS had 
weight losses  of  2.7-3.37, i n  7500 cycles, com- 
pared t o  5.5-6.3% fo r  MM 200 DS s ing le  c r y s t a l  
and b i c r y s t a l  . 

. A l l  pack aluminide, N i C r A l Y  and N ~ C ~ A L Y / P ~  
coatings survived 7500 cycles with low weight 
losses  of 0 -07 t o  0 -349, and no apparent coating 
fa i '  .res. An exception was t h e  s ing le  speci-  
men o f  N i C r A l Y  overlay coated c e l l u l a r  v / i ' - 6 ,  
whose l o s s  was 0.E0 i n  7500 cycles. Meta loss  
due t o  longi tudinal  cracking may have contrib- 
uted t o  t h e  higher weight l o s s  f o r  t h i s ,  and 
o the r  specimecs. 

5 .  Highest resistance to thema1 fatigue, 11,750 
to >15,30'3 cycles to Eirst crac!; initiation, 
was obtained for directionally solidified all~ys 
i4ki 200 i)S bicrystal, fM 200 + Kf + overlay, !Pi 
200 + iif 3S, and ZC4 200 3s sinzle crystal. 3ir- 
ectional solidification of XI 200 + !if increased 
the exposure to first visible crack from 490- 
1750 cycles to 11,750->15,330 cycles. 

6. First crack initiation on the small radius oc- 
2urred for uncoated V57, M?I 002, an6 Ben6 77 in 
75-150 cycles; in 150-400 cycles for Rent5 125, 
:*I 246, and W4 509; and 250-600 cycles for IX- 
735, '1-!-732 + Hf, and 1Ci 200 + Hf. One speci- 
men o:f :?I 2.33 + Hf survived 1759 cycles prior 
to first z:.cac!r initiation. 

7. All 3s eutectic s ~ ~ z L I . ? e n s  initiated longitudinal 
cracks originating in the iivo:_t~ting notches in 
100-200 cycles that propa2ate-.? ,;;?rlnz continued 
cyclic exposure. These cracks rea-c;: stresses 
affecting the initiation of transverse c-rsc?cs. 

8. Because initiation of transverse cracking was 
affected by early longitudinal cracking, cellular 
y/yl-6 3 s  eutectic specimens indicated widely 
variable cycles to first transverse crack for 
uncoated (75-400) and for tliCrA1Y overlay coated 
(75->7590) si3ecimens. This nay also have re- 
sulted from inherent defects in the material. 
Transverse small-radius cracks occurred in lanel- 
lar y/y1-6 and y/y'-5 (0.06C) at 4750-6250 cycles, 
for both uncoated and NiCrAlYIPt coated speci- 
mens. One specimen each of coated and uncoated 
y / y l - 5  (both O.05C modified and unmodified) sur- 
vived 7500 cycles wit:?out small-radius cracks. 

11 



9. Aluminide coatings on IN-738 and IN-792 + Hf 
decreased the  exposure t o  f i r s t  crack i n i t i a -  
t i o n  t o  150-250 cycles compared t o  250-600 
cycles f o r  the  uncoated a l loys  and 2250-4750 
cycles f o r  N i C r A l Y  overlay coated specimens. 
Overlay coating on MM 200 + Hf increased 
cycles t o  f i r s t  crack i n i t i a t i o n  from 400- 
1750 t o  >13,500 cycles.  

10. Crack i n i t i a t i o n  f o r  N ~ C ~ A ~ Y / P ~  overlay coated 
specimens indicated l i t t l e  influence on ther- 
mal fat igue res is tance  of DS eutec t ics ,  but 
the  N i C r A l Y  coating did modify cracking be- 
havior of MM 200 + Hf and MM 200 s ing le  crys- 
t a l .  Uncoated MM 200 + Hf DS survived 15.000 
cycles without cracking as  compared t o  2250- 
4250 cycles f o r  N i C r A l Y  overlay coated mate- 
r i a l .  One N i C r A l Y  overlay coated specimen of 
MM 200 DS s ing le  c r y s t a l  i n i t i a t e d  a crack i.. 
6250 cycles, whereas a l l  three  uncoated speci- 
mens survived 15,000 cycles without cracking. 
Thus, the  N i C r A l Y  overlay coating increased 
the  fat igue res is tance  of conventionally cas t  
IN-738, IN-792 + Hf, and MM 200 + Hf but de- 
creased the thermal fatigue res is tance  of NM 200 + Hf DS and MM 200 DS s ing le  c rys ta l .  

11. High weight losses  fo r  d i rec t iona l ly  s o l i d i f i e d  
MY 200, MM 200 + Hf, and the  eu tec t i c  a l loys  
demonstrated a need fo r  protect ive coating dur- 
ing cycl ic  operation a t  1088°C. A l l  coated 
s~ecimens  had low weight loss. 
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Table 2 

TENSnE PROPERTIES OF TEST MATERIALS AT 760°C (l40O0F) 

Tens i l e  propert  i e s a  
Proport ional  T , i m i t  U l t  imate Tens i l e  S t rength  ~ ~ d ~ ~ -  

% of  % of t i o n  of 
Alloy p s i  ~ / c r n ~  Nominal p s i  ~/crn* Nominal Area, % 

MM 200 + H f  121,500 84,000 100 
MM 200 + H f  DS 124,000 85,500 93 
MM 200 DS 116,000 80,000 97 

s i n g l e  c r y s t a l  

Lamellar y / y '  -ab 143,000 98,500 - 
Cellular v / y '  -ab  143,000 98,500 - 
Lamellar ~ / ~ ' - a +  0 . 0 6 ~ b  143,000 98,500 - 
a 

w Average of two t e s t s .  
V, 

b~orninal .  



Table 3 

SUMMARY OF 982OC (1800" F) CREEP-RUPTURE PROPERTIES 

S t res s  -Rupture propert iesa  
Time t o  Reduc- 

2 Rupture, "/,of Horn- t i o n  of 
Alloy p s i  ~ / c m  h r  i n a l  ~ i f e ~  Area, % 

v 57 
MM 509 15,000 10,500 132.2,150.6 141.4 22.2 
IN-792 + Hf 22,100 15,000 107.5,111.5 109.5 14.1 
IN-738 20,000 14,000 47.3, 58.7 53.0 31.5 
MM 246 28,000 19,500 68.2, 76.4 72.3 14.9 
MM 002 27,000 Lb,500 23.1, 48.2 35.7 6.3 

MM 200 + Hf 27,000 18,500 35.5, 50.3 42.9 7.2 

MM 200 + H f  DS 29,000 20,000 101.9,156.5 129.2 51.5 

MM 200 DS 30,000 20,500 41.5, 61.9 51.7 60.0 
s i n g l e  c r y s t a l  

Lamellar Y/Y' -6 40,000 27,500 - - - - 14.0 

Ce l lu la r  Y / ~ '  - b C  33,000 27,000 - - - - 14.0 

Lamellar v / v '  -6  + 0 . 0 6 ~ ~  4G,000 27,500 - - - - 14.0 

a Average of t w o  t e s t s .  

b~omina l  100 h r .  

'Nominal. 



ORIGINAL PAGE B 
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Table 4 

DIMENSIONS AND IDEHPIFICATION OF TEST SPECIMENS 

Specimen Measured I n i t i a l  Dimension, mn Tota l  Final D f m e n s  ion,  m 
Iden t i -  Radius. KUI Thick-  Tes t  Thick- 

f i c a t i o n  Small Large Length Width ness Cycles Length K i d t h  ness - - - - - - - - - - -  Alloy 

Croup 1 

rec 200 DS 
s i n g l e  c r ) s t a l  

IN-792 + Hf + A 1  coatedb 
IN-792 + Hg 
+ ove r l ay  

IN-738 

IN-738 
+ A1 coated  

IN-738 
+ over la$  

509 

e u t e c t i c  
DS ( c e l l u l a r )  

v/.,'-r e u t e c t i c  
DS ( c e l l u l a r )  
+ owrla]re 

Group 2 

v / v ' - r  e u t e c t i c  
DS ( lamel lar )  

v / v ' - ~  e u t e c t i c  
DS (lamellar ' ,  + 
NIC~AIYIP~ over layC 

,,Iv '-r eu tec t i c  (0.06C) 
DS ( l ame l l a r )  

V / ~ ' - ~ e ~ t c c t i c  (0 .060  
DS ( l ame l l a r )  + 
NiCrAlY/Pt overlayC 

W 200 DS s i n g l e  
c r y s t a l  + over laya  

v 57 

a ~ i ~ r ~ l ~  over lay  coat ings  appl ied  by speci  f i c e t  ion PWA 267 .  

b ~ a c i  aluminide coat ings  (JoCoat) appl ied  by s p e c i f i c a t i o n  FUA 273. 

C ~ i ~ r ~ l ~ / ~ t  over lay  coat ings  appl ied  hc s p e c i f i c a t i o n  PWA 267 + P t .  
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Table 7 

WEIGHT CHANGE DATA FOR GROUP 1 SPECIMENS CONTIWED EXPOSURE 

Sample 
Iaent i -  

Material - f i c a t  ion 

S tar t ing  
Weight, Weight Change a t  Given % 

8000 8500 9000 9500 10,000 10,500 11,000 11,500 

m 200 + Hi Bl 
+ overlay B2 

B5 

MM 200 DS E l  
s ing le  c rys t a l  E2 

u7  

MM 200 DS F1 
bicrys ta l  F 2 

F5 

Sonple 
Tdent i- 

Material f i ca t  ion 

S tar t ing  
Weight, 

a Weight Change a t  Given Cycles, % 
12.000 12,500 13,000 13,500 14,000 14,500 15,000 - 

MM 200 + H f  B 1 
+ overlay B 2 

35 

MM 200 DS E l  
s ing le  c rys t a l  E2 

C7 

MM 200 DS F 'I. 
bicrys ta l  F2 

F 5 

a ~ l l  weight changes a re  posi t ive  except where noted. 



Table 8 

ACCUMULATED THERMAL CYCLES TO FIRST C&CX INITIATION 
FOR GROUP 1 SPECIMENS 

Alloy 

v/V1 -6 w t e c t i c  

v/v'-tj e u t e c t i c  

INo738 

IN-792 + H f  

MM 509 

Cmdi t i on  - 
DS ( ce l l u l a r :  

Overlay coated b 

DS + over lay  b 

Ovel ".ay coated b 

DS b i c r y s t s l  

Overlay coated b 

DS s i n g l e  c r y s t a l  

Specimen 
I d e n t i -  
f i ca t io r !  

N2 
N 1  

0 2  
01 

K2 
K5 

H3 
H2 

M 1  
M2 

C12 
G3 

A2 
A3 
A 1  
32 
54 

Cycles t o  F i r s t  Crack 
Small Large 
Radius Radius 

0 . 6 3  mm 1.016 mm 
(0.025 i n . )  (0.040 ia.) 

7 5 ~2 a 
400 150 

75 - a 

--7,500 :-?,SO0 

150 >7,500 
i50 >7,500 

150 400 
250 >7,500 
250 400 
400 400 

250 850 
600 1,750 
400 4,750 
400 1,750 

1,750 2,250 

600 1.750 
600 2,250 

2,250 7,250 
3,750 r?, 500 

2,250 >7,500 
2,250 7 , 2 5 0  
4,250 4,250 
4 .  ?50 1,750 
2 , 1  3 2,250 

>15, ,do 11,750 
>14, 750 14,750 
>15,000 >15,U00 
> 1 3 , 5 C O  >13,100 
>15,000 ~ 1 5 , 0 0 0  
>15,000 >15,000 

11,750 14,750 
11.5, 000 >15,000 
715,000 ,15,300 

>IS, 000 >15,G00 
~ 1 5 , 0 0 0  s-15,000 
115,000 >15,000 

- - 

a Removed a t  100 cyc les  for WSA examination. 

b ~ i ~ r ~ l ~  overlay coat ing.  
'pack aluminide coa t ing  (JoCoat) . 



Table 9 

ACCUEIULATED THERMAL CYCLES TO FIRST CRACK INITIATION 
FOR GROUP 2 SPECIMENS 

Alloy 

Rent 77 

Condition 

DS eutec t ic  
(lamellar) + 
N i c r A l Y / ~ t  coatin$ 

DS eutec t ic  
(lamellar) 
DS eutec t ic  (0.06C) 
(lamellar) 
DS eutec t ic  (0.06C) 
(lamellar) + 
N i ~ r ~ l ~ l P t  coatinga 
DS s ingle  c rys ta l  + 
overlayb 

Specimen 
Ident i- 
f ica t ion  

Y 1  
Y2 
Y4 

Cycles t o  F i r s t  Crack - 
Small  Large 
Radius Radius 

0.635mm 1.016mm 
(0.025 in.) (0.040 in.) 

7 5 150 
75 75 
75 150 
7 5 250 

159 250 
75 150 
7 5 400 
75 150 

150 150 
150 2,250 
150 1,250 
150 1,750 
250 2,750 
150 400 
150 400 

4,750 >7,500 
>7,500 ~ 7 , 5 0 0  

% I C ~ A I Y / P ~  overlay coating. 

b ~ i ~ r ~ l ~  overlay coating. 



Vablc 10 

SlI'.%LtRY OF CWCE PXOI'ACATION b1BK CROUP 1 SI'~:CI!EAXS 

- ----- - ---------. 
Ed e Crack l.r.~i&tJ in. ------ ------ Total 

&rdfus. 1st Crack 2nd Crack 3rd Crack . -  -- - -  . Cracks 
in. 1 s  Frcrnt Back AVE Fmnt Lick Avg Front 8.ack Observed - 

Distance fnw bottom, in.: .97 (26.6 pa) 2.09 (53.1 1) 
0 . m  25 0.46 0.47 0.47 

(1.12 r) 100 0.46 0.47 0.47 0.43 . 0.42 0.43 

Dlstmre E r a  bottap, in.: 2.71 (68.3 1) 1.40 (35.6 1) 
50 No cracks 0.027 

(9.69 w) 100 0.32 0.35 0.34 0.M 0.32 O.% 

~pecimcn 02: v/vm-6 ~ u t c c t i c  + o v e r l a p  

Distance tnrr bottm. tn.: 1.75(44-5 a) 
0.023 M So ccrarb 
(3.71 m) 100 0;36 0.41 0.38 

Specimen 1(1: v/v*-6 b t e c t i e a  

Distame free botta. h.: 2.75 (69.9 a) 2.06 (52.3 -I 
100 m cracks 

0.019 200 0 0.04 0.05 0.03 0.03 0.03 
(1.24 r) 0 0-07 0.07 0.04 0.03 0.04 0.04 0.02 

0.07 0.07 0.07 0.04 0.03 0.04 
703 0.07 0.08 0.0s 0.C8 0.05 0.07 0.04 0.02 

1003 0.08 0.08 0.03 0.10 0.06 0.08 0.04 0.03 

15iM 0.08 0.08 0.08 0.10 0.C; 0.08 0.Ofe 0.03 
4000 0.10 0.10 0.10 0.10 0.07 0.09 0.N 0.03 
2500 0.12 0.10 0.11 0.10 O . O t  0.09 0.04 0.03 
3WO 0.12 0.11 0.12 0.10 0.08 0.09 0.04 0.0; 
3500 0.12 0.12 0.12 0.11 0.03 0.10 0.04 0.03 
4000 0.12 0.12 0.12 0.11 0.09 0.10 0.06 0.03 
4500 0.12 0.12 0.12 0.11 0.09 0.10 0.0.5 0.0:. moo 0.12 0.12 0.12 0.11 0.09 o:o o.arl o.wb 
55Mi 0.12 0.12 0.12 0.11 0.09 0..0 0.04 0.0; 
6000 0.12 0.12 0.1? 0.11 0.00 0.1) ' I  0.0: 
6530 0.12 0 0.11 0.11 0.09 0.Ii 0.04 0 . G :  
7005 0.12 0.12 0.11 0.11 0.00 0.16 0.04 0.0.'. 
7530 0.12 0.12 O . I ? O . l I  0 09 0.10 0.0.5 0.05 

Disttnre fmcl hot~m. i n . :  2.9& (74.7 m) 2.75(69-9 4 
300 Xo cracks 

0.027 500 0.07 0.01 O.0? 0.01 0.01 o.I>? 
(0.69 m) 760 0.0? 0.0' 0.02 0.01 0.01 0.91 0.01 0.01 

1000 0.02 O . ?  0.0' 0.01 0.01 G . 0 1  0 . 1  0.(11 
1500 0.03 0.03 0.03 c.07 0.03 0.03 o.~: :  0.0: 
2000 0.05 0.05 0.05 0.0: 0.03 0.04 0.03 (1.03 
251)~ 0.3:- 0.05 0.05 0.0: 0.03 o.~!. 0 . 3  0.07 
3000 0.(15 C . 0 5  0.05 0.0; 0.07 0.05 0.03 0.03 
3500 0.05 0.05 0 0 5  0.04 0.01 0.05 0.07 0.03 
40C0 0.05 0.37 0.0, 0.05 0.03 0.05 0.03 0.03 
4500 0.05 0.05 0.05 0.w. 0.03 o.ofb 0.03 n.01 
5M0 0.05 0.05 0.05 C.05 0.03 0.0'. 0.03 0.0; 
550'1 0.03 0.05 0.05 0.05 0.03 0.0.; 0.03 0.03 
GOOO 0.05 0.55 0.05 0.05 0.93 0.0: 6.nl 0.07 
6500 O . O i  0.05 0.05 0.0; 0.01 O.Of+ 0.03 O . C ?  
7009 0.05 0.05 0.0i 0.05 0.03 0.0: 0.03 n.0l  
7500 0.05 0.05 0.0% 0.0: 0.03 0.0:~ o . n j  0.0 L 

SJwi:#lbl K'.:---l-F- 7>q-! - !-!--f!::f 

Df~tanrc frtvno hntto:.l. i n . :  1.5 (38.1 I- I) 2.9', (7h.4 r. ) 

100 Eo cracks 
0.070 200 0.22 0.70 
(0 .71  jX& 0.25 0.?7 

0.28 0.30 
7CO 0.32 0.30 

1000 0.14 0.11 

1503 0.w 0.37 
ztrfirl 0.7 1 0. 30 
2500 0.37 e.l,t  
30Q0 0.37 0.3" 
3500 -.0.4C -.0. '.,'I 
4033 ,0.40 -0. b 7  
4 5 ~  -.0./+0 . o.hn 
5onrt  LO .~.!.9 
sr,vt ..o.t,o ..o.!~n 
6nqn -.o. G L I  . . I I . A ~  

(Rt , I  ,;.I ( 1  .i CI < r 3900 r>c 1 * ; 
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Table 10 (cont . 
Ed e 

b d f u s .  
in. Cycles 

- 
1 s t  Crack.-- 

Front-Gi -4yg 

tot h? 

Crnr> .: 
?:+ :- :' 

Spcci rn  Nl-: IW 509 

Distance fnm bo:ta, in.: 1.44 :%-6 1) 2.57 (65.3 -1 a.CG(77.7 c-) 

0.025 2r)0 
?lo cracks 

") 300 0.08 0.07 0.08 I 

!iM 0 0.09 0.09 0.15 0.12 0.13 0.05 0.07 0.01, 11 
700 0.11 0.12 0.12 0.21 0.21 0.71 0 .13 0.11 0 .12 IS 

1000 0 .13 0.12 0 .13 0 2 3  0.22 0.23 0.14 0 .12  0 .13  15 
1500 0.10 0.12 0 0.25 0.27 0 .24 0.16 0 .13  0.1: 1s 

Distance frrn b o t t a .  I-.: 1.38 (35-1 m) 2-44 (62 m) 3.0t76.2  r ) 
0-062 333 KO cracks 
(1.07 1) 0.05 0.01 0.03 0.02 0.01 0 .0? 2 

to0 0.05 0.02 0.04 0.02 0.02 0.82 0.03 0.02 0 .03 7 
1000 0.12 0.10 0.11 0.04 0 .03 0 .W 0 0.03 0 . W  9 
1500 0.15 0.14 0.15 0.07 0.05 0.06 0.06 0 .06 0.06 1G 
2(?00 0.26 0.27 0.27 0.07 0.14 0.11 0 .10 0 .1? 0.11 16 

Di--:ante fmcn h o t l t t w ,  i n . :  

Dislctv.. fnvn hottnn, i n .  : 1 . 2 5  (31.8  mi) 2-88 (73.2 n-, )  2 . 2 5  ( 5 7 . ?  : ' 
309 'lo cracks  

O.O/IZ SOJ 0.03 0.02 0.03 0.02 4-07 0.02 0.07 o .nc 0 . 0 3  ,= 
( 1 . 0 7 m )  103 O.0i 0 .02 0 .03  O.b! O.C3 0.0; 0.07 0 . 0 7  0 .0- ,  l ?  

1000 0 .04 0 .00 0 .05 0 . 0 .  G . 0 5  0.06 0 .20 0 .16  0 1 . .  
1500 0.11 0 .10  0.11 0 .05 O.Cl6 0 .  0.71 0.1".?0 1: 
20GO 0.21 0 .14 0 0 . 1  0 .08 0.12 6 .30 C . 2 6  0.7: 1 I 1  



Edp. 1 I l l  I .  . -----.-- -- -- 
b 4 l i t 1 s .  1st  Crack.. . - - - -  -. --.-- -- - . -  - 3rd Kr.,! 7nd ~ 1 - : , r ~ I ~  -- -- - . 

in. C y c l c s  & n ~  -I&> l;_ . & I  - A  k v , ;  E~nc.nt_ .!I 

nirt3irrc- fnun hot tnn, i n . :  

,mu. i n - :  
Ib Cracks 

0 . 1 0  0 . 1 0  
0 .15  0 . 1 4  
0 . 2 0  0 . 7 2  
0 . 2 3  0 . 7 5  
0 . 2 3  0 . 2 6  

loo Cracks 
0 . 0 7  0 . 0 6  
0 . 1 6  0 . 1 1  
3.16 0 . 1 3  
0 . 1 8  0 . 1 4  
0 . 2 7  0 . 2 4  

3000 0 . 2 3  0 . 7 6  
32W 0 0.ZK 
4000 0 . 7 5  0 . 1 0  
45on 0 . 2 7  0 . 3 1 1  
5000 0 . 3 1  0 . 3 4  
5500 0.3/b 0 . 3 5  
6!WO 0  3  0.50 
6500 0 . 3 6  0 . 3 6  
7005 0 . 3 6  0 . 3 6  
7530 0 . 3 8  0 . 3 6  

Pie.1 ~ I I I C C  f1-*1:1 11nt t o : i .  i n .  : 

1500 No Cracks 
0 . 6 - 1  2000 0.18 0 . 1 7  
( 1 . 3 4 m ) 7 5 9 , ?  0 . 7 2  0.7n 

1060 0 . 7 3  0 . 2 3  
3500 0.2L 0 . 2 l  
4000 0 . 3 6  0 . 3 5  

2 6 

7 . 4 5  ( h ?  6 :) 



Edgr ----- Crack lrn.::_h,.-i-n-. - -  -- - Total 
Radius. ------ 1st ~ m c k  Zn3 - C r r k  -k!l_C_~?d . . C,,C\ s 

in. C w l e s  so% -bIk A v f  fir. -Jr&- -- Front -- lhrk - A * r  r\:cS! 

Distmce  from hottom. i n . :  1.63 (41.6 m) 2.63 (66.8 aa) 1.0(25.4 m) 

360 Cracks 
C.028 500 0.20 0.23 0.22 0.05 0.0s 0.05 

700 0.21 0.24 0.23 0.05 0.06 0.06 
O 1  ' 1 0.30 0.27 0.29 0.08 0.13 0.11 

1500 0.30 0 . 2 8 ' 0 . 2 9  0.0s 0.19 0.14 
2000 0.30 0.30 0.30 0.21 0.23 0.22 0.07 0 

D; .:tn-rrc Srtm h t t a ~ ,  in.  : 1-88 (47.8 am) 2-21 (57.2 m1 

4500 No Cracks 
O.(V*l 5C:f' 0.05 0 0.05 0.06 0.04 0.04 0.07 0.05 
(1.04 55'-W 0 0.06 0.06 0.05 0 .0 ;  0.05 0.08 0.0;; 

6000 0.07 0.06 0.07 0.05 0.05 0.05 0.08 0.05 
6500 0.07 0.06 0.07 0.05 0.05 0.05 0.0s 0.06 
7000 0.11 0.09 0 0.05 0.05 0.05 0.12 0.09 
7500 0.11 0.09 0.10 0.37 0.05 0.06 0.12 0.0'1 

Srec~mn A): 200 + 11f 

D i s t n ~ l c e  fro:n bot tom.  in. : 1.00 (2.54 14 2.00 (50.8 ma) 

No Cracks 
0.02 0.01 
0.03 0.04 
0.03 0.04 
0.05 0.04 
0.08 0.06 
0.15 0.11 
0.1: 0.15 
0 9  0.16 
0.19 0.19 
0.24 0.71 
0.74 0 .71  
0.25 0.21 
0.25 0.21 
0.25 0.71 
0.30 0.18 
0.31 0.29 

.otton.  i n . :  
No Cracks 

0 . 0  0.03 
0.01 0.03 
0.08 6.0(* 
C.Oh 0.07 
0.11 0 08 
0.11 0.0'4 
0.1) 0.10 
0 .  o.10 
0.1' 0.10 
0 1  0.10 
0 . 1  0.17 
0.16 0 . 1 5  



wi u - 1  Ald! -?wz!!C 
Djstalice fw:n hotttr.9, in. : 1.43 (36.3 ma) 2.38(60.5 u r 4  ?.&3(71.1 r 

1530 Wo Cracks 
0.0?R 2kY) 0 0.03 0 . M  0.03 0.03 0.03 O.O? a.C? 0.0 )  I ,  

(0.71 m) 2>00 0.15 0.01 0.12 0 .  0.10 0.11 0.11 0 .10  0.11 6 
3WO 0.15 0.12 0.15 0.16 0.14 0.15 0.12 0.16 0.13 8 
3500 0.17 0.15 0.16 0.17 0 0 . 1  0.16 0.15 0.16 a 
4000 0.20 0.18 0.19 0.17 0.21 0.19 0.26 0.19 0.71 9 

D l s t n w r  fmm bot tom. in.: 

40 Cracks 
0.06 0.01 
0 .  0.03 
0.07 0.07 
0.07 0.07 
0.03 0.08 
0.10 0.09 
0.10 0.09 
0.12 0.10 
0.13 0.10 
0.13 0.10 
0.13 0.10 

Distance from Sottom. In.: 

5 33 Ib Cracks 
0.024 700 0.05 0.01 
(0.61 a) 1009 0.11 0.10 

1500 0.12 0.13 
20.30 0-25 0-19 

0.10 
0.14 
O.?? 
0 . 1 7  
0. ZR 
0.31 
0.3' 
0 . 7 ;  
0 .  I!. 

>0.80 
-.o . fro 
.0.r10 
-0 .  f10 
.-O.'.'.n 

0.2.' 9 
0.30 9 
0 3 ?  11 
0 1'1 
0.1' 17 

~ 0 . f . P  !- 
--.0.!.0 I ?  
O.!! l ?  
4t7.47 1? 
-0.40 1' 

Df:lancc. fr;n hot tola. in .  : 
1573 % Cracks 

0 2000 0.07 0.06 
( 1  ) 7 0.17 0.17 

30M 0.18 0.17 
3500 0.19 0 .17 
4000 0.71 0.19 
4503 0.76 0.77 
5090 O.?h 0.74 
5509 0 0 . 7 5  
6000 0.76 O . ? \  
6500 0.76 0.7'1 
7000 0.76 0.7'- 
7500 0.26 0 . ? ( ~  

535 Yn Cricks 
0.074 700 0.71 0.30 
(0.61 m) 1001-1 0.77 0.23 

I500 0.25 0.73 
2000 0.30 0.23 
2503 0 . 3 2  0 .3% 



ORIGWAL PAGE Ib 
nF P W R  (aUAI,ITY 

- ----- -- 
Ed e ----- Crack L % t b - i ~ - - -  -- - - .  ~ ~ t . 1  
bdfus. - -  1 s t  Crack 2 n d C & ~ k -  - 3rd C-rCrl;. - - CI.PC>I 

in .  Cycles Front Back Avg Front Bath A\T.. Fv!$ -k& , A s  O!v.c:\.;r:d - 

Distance fm9 bot tm.  in.: 1.31 (33.3 

2300 Ib Cracks 
0.041 2500 0.02 0.02 0 . E  0.02 0.02 

(1.04 WW 0.03 0 .02  0 .03 0.07 0 .02 
3500 0 .03 0.02 0 .03 0 .02 0 .02  
6000 0 3  0.02 0 .03 0.05 0.02 
4Ki0 0.03 0 .03 0.03 0.06 0.02 
5000 0.03 0 .03  0 .03 0.06 0.02 
5500 0.03 0.03 0.03 0.06 0.04 
6000 0.03 0 .03 0 .63  0.08 0.06 
6500 0.03 0 .03 0 .03 0 .03 0.10 
1OOO 0.03 0 .03 0.03 0.13 0.12 
7500 0 .15 0.12 0.14 0.20 0.19 

Distance froer bottom. in .  : 1-81 (66 um) 2.88 (73.2 tm) 1.06 (26.9 -1 

2000 No Cracks 
0 026 2500 0.27 0.27 0 .27 
(0.~66 3000 0.27 0 .31  0.29 

3500 0.30 0 .33 0.32 
6000 0.35 0 .35 0.35 
6500 0.35 0 .35 0 .35 

Dtstance from hottom, i n . :  2.06 (52.3 =a) 

7 000 Xo Cracks 
0.037 7500 0.12 0 .09 0.11 1 

(0.96 ss) Spccimcn 1.1: I N 2 3 3  + Overlay - 
Dist.?ncr frorn bottom, i n . :  2.56 (65 m) 1.94 (49.3 nm) 1 . 6 3 ( 4 1 . 4  mn) 

Nc Cracks 
0.21 0.22 
0 .25 0.27 
0.28 0 . 3 0  
0.33 0.31 
0 .33 0 .31 

Distance fmm bc.ttom, in . :  1 -64  (36.6 mnl 

1500 KO Cracks 
0.074 2000 0.11 0 .11  0.11 
(0.99 m) 2500 0.27 0 .76  C.27 

3000 0.29 0.31 0 .30 
3500 0.32 0 .37 0 .32 
4000 0 33 0 . 3 3  0 .33  



4500 !to Cracks 
0.029 53CC 0.18 0.70 0. I 0.7') 0.2? 0.?? 
(0.94 nu) 5500 O.?fi 0.7: 0 . 7  0.23 0.23 0.?3 

6000 0.31 8.37 0.5:' 0 0.28 0.17 
6 5  0.3? 0.37 0.37 0.77 0.28 O.?S 
7 0  0.37 0.37 0 . 7  0.77 0.78 0.2s 
750;. 0.37 0.31- 0.34 0.17 0.31 0.P9 

D1stn.1~-c. f.-t;i.- Iml L L ~ .  i n .  : 

Ik Cracks 

S~=-frc&I)-?: wI 290 + llf DS + @vcr& 
nist ancc f : - t * . ~  ~ C I L ~ F I ~ .  In. : 2.69 (65.3 a ~ )  1.56t39.t on) 

2 000 No Cracks 
0.029 7500 0.29 0.31 0.30 
( 0 . 7 4 m ) 3 0 0 6  0.30 0.32 0.31 

3509 0.31 0.34 0.33 
4000 0.32 0.35 0.34 0.71 0.26 0.24 0.16 
6500 0.37 0.37 0.37 0.35 0.77 0.26 0.22 
50(10 0.37 0.30 0.38 0.29 0.31 0.30 0.25 
5500 0.37 0.39 0.33 0.30 6.31 0.31 0.25 
6000 0.34 0.39 0.39 0.3" 0.31 0.3? 0.27 
6 5  0.3.9 0.19 0.3') 3 0.31 0 .  0.30 
7000 0.38 O.?', 0.30 0.32 0.71 0.3' 0.30 
7500 0.38 0 0.3') 0.31 0.31 Q.3? 0.30 

~p.!-i~l:ll  l>*b:.-:r!-z)e.l ! ! ~ . ! ! ~ . - + ~ ~ l & y  

' p i  - .tan< r f l - ~ n , ,  Irc*tt1.118. in. :  2.13 (55.1 m,.) 1.31 (33.3 nn~) 

2000 !lo Cracks 
0.075 7500 0 . i4  0.16 0.15 
(0.64 nllu) 3000 0.16 0.18 0.17 

3500 0.77 0.?5 0.74 
400q 0.74 0.77 0.7b 0.1' 0.15 0.14 
45f::. O.?h 0.73 0.71 0.13 0.19 0.16 
5000 0.36 0.30 0.78 0.71 0.19 0.70 
55rti1 0.30 0.37 I 0.73 o.?!, (I.?!, 
600C 0.33 G.37 0 . 3  O.II! 0.30 0.30 
6500 0.17 0 .  0 . 1 )  0.30 0 . 7  0. $0 
7i)00 0 0.37 0.77 0.71 0 . k 1  0.31 
7500 0.354 0.35 0.35 0.3'  0 .3:  0.1- 0.11 0 0~ 

l ) i + . f  :11i1 r f r , ~  !,,)I t w n ,  if:.: 1.11 (3T.7 v ,) ?.$I (i1.4 I , . , )  

7009 lo Cracks 

0 R I G B . G  PAGE b 
OF POOR QUALITY 



Table 10 (cont . ) 
- 

Edsc Crack Lc_nsl- in.  
2nd crarl?-- 

Total 
Radius, ---- 1 s t  C- 3rd 2%- Cracks 

in. 1 s  rront Back R-on1 Rack a. Front Back - A x  Observed - 
Specinen D3: W4 290 + Hf !Eq + Overlnv 

Distance f r o m  bottom, in.: 2.25 (57.2 mn) 2.56 (65 on) 1.25 (31.8 a) 

4300 No Cracks 
0.024 4500 0.12 0.14 0.13 1 
(0.61 5000 0.17 0.17 0.17 1 

5500 0.17 0.20 0.19 I 
6000 0.25 0.23 0.24 1 

Distance from bottom. in.: 1.5 (38.1 m d  2.88 (73.2 m) 
4000 No Crjc::s 

0.034 4 5 0 0 .  0.15 0.15 0.15 

Specimen F2: Ml 200 DS Bferystal 

D i s t ~ c r e  E r o m  bottom, in.: 2.25 (57.2 am) 
11.500 No Cracks 

.w 12,000 0.05 0.05 0.05 
(1.12 -1 12,500 0.05 0.06 0.06 

13,000 0.08 0.06 0.07 
13,500 0.08 0.06 0.07 
14,000 0.09 0.08 0.09 
14,530 0.09 0.08 0.09 
15,000 0.10 0.08 0.09 

Specimen C 5 :  NN 2C0 + H f  DS 

Distance Erom bottom, in.: 1.25 (31.8 am) 

11.500 No Cracks 
.031 12,000 0.01 0.01 0.01 
(0.79 am) 12,500 0.01 0.01 0.01 

13.000 0.01 0.01 0.01 
13,500 0.03 0.03 0.03 
14,000 0.03 0.03 0.03 
:4,500 0.06 0.05 0.06 
15,000 0.06 0.06 0.06 

Specimen F1: PDf 200 DS Bfcrystal 

Distance f r o m  bottom, in.: 0.94 (23.9 mn) 

.US5 ?4.500 :lo Cracks 
(1.40 nm) 15.000 0.03 0.02 0.03 1 



Table 11 

S W R Y  OF CRACK PROPAGATION FOR GROUP 2 SPECIMENS 

Ed e Crack L e n ~ t h .  in .  Total 
Radfus , 1s t  Crack 2nd Crack 3rd Crack Cracks 

In. Cycles Front Back Avg Wont Back Avg Front Back A- Observed 

Distance f r o m  bottom, in . :  2.94(76.7=) 2.5 (63.5rrm) 1-80 ( 4 7 . h )  
50 ;lo cracks 

.(I23 100 0.11 0.16 0 .14  1 
(0.71mm) 200 0.11 0.16 0.14 0 0.07 0.07 2 

300 0.12 0.16 0.14 0.10 0.09 0.10 0.10 0.14 0.12 7 
500 0.16 0.21 0.19 0.14 0.15 0.15 0.15 0.14 0.15 11 
700 0.20 0.26 0 .23 0.17 0.16 0.17 0.20 0.20 0.20 13 

Distance fron bottom. in. : 1.25(31.8mn) 1.13 (28 .7m)  1 .0  ( 2 5 . k \  
200 ila cracks 

.OX 300 0.03 0.03 0.03 0.02 0.03 0.03 0.06 0.03 0.04 5 
( 0 . 8 h )  500 0 .10 0.07 0.09 0.08 0.06 0.07 0.07 0.06 0.07 6 

700 0.14 0.11 0 .13 0.08 0.11 0.10 0.10 0.10 0.10 8 
1000 0.14 0.11 0.13 0.08 0 .11 0.10 0.10 0.10 0.10 11 
1500 0.15 0.11 0 . i 3  0.14 0.12 0.13 0.11 0.14 0.13 11 
2000 0.17 0.13 0.15 0.18 0.13 0.16 0.16 0.15 0 .16 11 

Specimen V3: V57 

Distance f r o m  bottom, in.: 2 . 0  ( 5 O . h )  1 .0  (25.4mn) 1-38 (35.1m) 
100 No cracks 

.023 200 0.13 0.06 0.10 1 
( 9 . 7 1 4  300 0.16 0.10 0.13 0.11 0 0.13 0.06 0 .04  0.06 3 

500 0.16 0.10 0.13 0.16 0.14 9.15 0.11 0.10 0.11 12 
700 0.19 0.14 0.17 0.20 0.22 0.21 0.12 0.14 0.13 12 

1000 0.21 0.14 0.18 0.22 0.22 0.22 0.14 0.14 0.14 12 

Distance from bottom, in . :  1.31 ( 3 3 . 3 d  1.06 ( 2 6 . 9 4  2.25 ( 5 7 . 2 4  
L O O  
300 
500 
700 

1000 
1500 
2000 

Specimen V5: V 57 

Distance from bottom, in .  : 1.13 (28 . '~a)  2.19 (55.6=\ 
50 NO Cc'achs 

.027 100 0.01 0.02 0.02 0.01 0.01 0.01 0.01 
(0 69 m) 200 0.07 0.04 0.06 0.06 0.02 0.04 0.04 

300 0.18 0.17 J.18 0.13 0.13 0 .13 0.12 
500 0.21 0.24 0.23 0.13 0.13 0.13 0.12 
700 0.29 0.26 0.28 0.15 0.12 0.1L 0.16 

1000 0.30 0.,6 0.28 0.17 0.13 C.15 0.16 
1500 0.30 0.26 5.28 0 .23 0.18 0.21 0.33 
2000 0 .33 0.27 0.30 0.25 0.22 0.24 0.33 

Distance from bottom, i n . :  1.25 (31.&rm) 1.9U49.3m) 

kecimen W1: ?M 002 

i)istence from bottom. i n . :  1 . 0  (25.4mn) 1 .88(47 .5m)  
59 tiL> L.'.lC,.S 

033 100 0.12 0.08 0.10 
(0  7 5  m) 200 0.15 0.17 0.16 0.14 6.08 0.11 0.16 

300 0.21 0.17 0.19 1 0.08 0 .12 0.19 
500 0.21 0.17 0.19 0.19 0 .08 0.14 0.19 
700 0.:2 0.20 0 .21 0.23 0.20 0.22 0.20 



Table 11 (cant.) 

Edg. 
Crack Length, in. 

3rd Crsck 
Total 

Rad US, 1st  Crack 2nd Crack - Crecks 
in. Cycles Front Beck Front Beck Avff a Lac& & Observed - -- 

Mstance from bottom, in.:  1.38 ij5.lmn) 2 . 7 5 ( 6 9 . h )  

Distance h o m  bottom. i n .  : 1.06 ( 2 6 . 9 ~ ~ ~ )  1.38 ( 3 5 . 1 ~ )  

6000 
6500 
7000 
7500 

Distance from bo 



Table 11 (con t . )  

Ed e Crack Leglzth, in. Total 
Radlfus, 1st Crack 2nd Crack 3rd Crack Cracks 

in. Cycles Front Back Avg Front Back 4vg Frnnt Back Avg Observed - - - - - - - - - - - - -  
Specimen W3: HH 002 

Distance from bottom, in. : 1.19(30.2&) 1.69 (42.9mn) 2.19 (55.6m) 

Distance from bottom. in. : 0.88(22.wmni 2.25(57.2mn) 1.19 ( 3 9 . 2 ~ )  

i 00 NJ Lraci:s 
.C36 200 0.04 0.07 0.06 0.08 0.03 0.06 0.02 0.03 0.03 3 
(0.91m) 300 0.04 0.07 0.06 0.09 0.07 0.08 0.04 0.07 0.06 4 

500 0.07 0.12 0.10 0.09 0.08 0.09 0.10 0.12 0.11 7 
700 0.08 0.13 0.12 0.09 0.08 0.09 0.10 0.13 0.12 7 

1000 0.10 9.13 0.12 0.09 0.08 0.09 0.12 0.13 0.13 8 

Specimen Y1:  W* 

Distance from botton, in.: 0.88 ( 2 2 . 4 ~ '  1.88 (&?.Am) 2.56 (65 mm) 

Spcci-?? .Xl: ?01 246 

Distance from bottom, in.:  1 .3  ( 2 5 . 4 ~ 1 ,  1.31 ( 2 ? . 3 m )  2 .53  (61.5mm) 
' 8  ~7 : , I  1 ,. ,,., \ 



Table I 1  (cont . ) 
--- 

Ed a Crack Lelgth, in. Total 

Radfus, l e t   rack - 2nd Crack 3rd Crack Cracks 
in. Cvclee Fmnt Btck AVR Fronfk AVR Front Back AVK Observed - 

Specimen X2: 246 

Distance from bottom, in.: 1.5 (?8.1 mm) 1.06 (26.9 mm) 2.81 (71.4 w) 

Distance from bottom, in. : 
300 NO Cr-icks 

.033 500 0.08 0.11 
(0.84 nap) 700 0.09 0.11 

1000 0.09 0.11 
1500 0.14 0.15 
2000 0.19 0.18 

Dietancs from bottom, in.:  
100 No Crack5 

- 0 2  5 200 0.05 0.02 
(0.6'- m) 209 0.07 0.07 

530 0.13 0.07 
700 0.16 O.lk 

'P90 0.17 9 . U  

4006 0.29 0.27 
4500 0.29 C.30 
5G00 0.29 0.30 
5500 0.31 0.30 
6000 0.31 0.3C 
6500 6.31 0.3? 
7000 0.31 0.33 
7530 0.31 0.35 

Distance from bottom, i n .  : 
JO'J * , I  L : r d c . ~  - 

.033 500 0.03 0.03 
( 0 . 8 4 m )  700 0.03 0.03 

1000 C.03 0.03 
1500 0.02 0.03 
2000 0.04 0.03 

(4i.R nun) 2.38 (60.5 mm; 1.25 1 3 1 . A  mmi 



Table 11 (cont . ) 
Crack Length. in. tccal 

t z f t s .  1st Crack-- 2nd Crack 3rd Crrck Cr ackr 
La. Cvcles Front Back fmnt 6ack Front Back A Observed -- -- 

Dfataace fnm b o t t a ,  fa. : 
:io Cracks 

026 1 0 . 6  0.11 
(3.6C r) 200 0 8  5.X6 

300 0.16 0.17 
500 0.18 0.17 
too 0 8  0.18 

1000 0.18 0.18 
1500 0.18 0.18 
2000 0.18 0.18 
2SOO 0.29 0.26 
3000 0.31 0.29 
3- 0.31 0.29 
4000 0.32 0.29 
4500 0.32 0.29 
SO00 0.32 0.32 
5ZdO 0.33 0.32 

Distance from bottom. in.: 1.0 ( 2 5 . 1  ED) 2-46 (62 4 2-81 (71.4 rm) 

Distance fmm bottom. fn.: 

Specimen Y2: Reni 77 

1-88 ( 4 7 . 8 m )  94 (23.9 =I) 3.06(77.7 



Table 11 ( cont . )  

Crack Lennth, in .  Total  
i s t  Crack 2nd Crack 3rd Crack Cracks 

in. Cycles Front Back Avs Front Back A Front Back Observed 

6000 3.32  0.34 
6500 0 .32  0 .35  
MOO 0 .32  0.35 
7500 0.32  0.35 

Dlstance froa bottoa .  in . :  

Mstamce h bottom. i n . :  
.7 ..o Crack; 

Distaace  f r o m  bottom, i n . :  
I I0 :,a. [-7-,,-'%c 

.035 200 0 .07  0.06 
(0 .89  m: 300 0 .12  0 .07  

Distance from bottom. i n . :  



Table 11 (cont.  ) 

Edee Crack LmHh, in.  
l o t  Crack 2nd Crack 

- r o t 8 1  
~ d i u s .  3rd Crack Cracks 

in. Cycles f m n t  llrck Front Back Avg Fmnt Back O b s e m d  - -  Avg - -  E L - .  

1533 0.19 0.19 0.19 0.11 0.16 0.13 0.16 0.20 0.18 
2000 0 . 6  0.28 0.27 0.15 0.20 0 8  0.24 0.23 0.24 
2500 0.26 0.28 0.27 0.28 0.32 0.30 0.24 0.26 0.25 
MOO 0.28 0.28 0.28 0.28 0.32 0.30 0.28 0.30 0.29 
3500 0.29 0.28 0.29 0.28 0.32 0.30 0.29 0.30 0.30 
bW0 0.29 0.30 0.30 0.28 0.32 0.30 0.10 0.31 0.31 
6500 0.31 0.30 0.31 0.28 0.32 0.30 0.32 0.31 0.32 
SO00 0.32 0.31 0.32 0.28 0.32 0.30 0.32 0.31 0.32 
5'500 0.f: 0.33 0 . W  0.32 0.32 0.32 0.32 0.33 0.33 
6000 0.35 0.33 0.34 0.32 0.32 0.32 0.32 0.33 0.33 

Diac.ace har bottoa. in.:  
Uo Cracks 

Distance f m m  bottom. in.:  
1 'JU S.) C r  1cC.5 

.327 200 0.14 0.12 
( ? . 6 9 r . n !  300 0.18 0.13 

500 0.19 0.16 
700 0.25 0.16 

1000 0.25 0.16 

Distance fmm bottom. in . :  1 .88 (47.8 ran) 0.94(23.9 ma) 2-63 (66.8 am) 

Distance from bottom. f n . :  2-68 ( 7 3 . 2  mn) 1 . U  (36.6 mu) ?.25(57.2 n u )  
1 1 3  b;,, c ~ . ~ ~ h .  

324 200 0.19 0.19 0.19 
1 

(0 61 ,.,,) 300 0.22 0.25 0.24 0.12 0.10 0.11 2 
500 0.27 0.?6 0.27 0.21 0.19 0 .20 0.11 0.09 0.10 3 
700 0.27 0.27 0.27 .22 0.22 0.22 0.12 0.13 0.13 3 

1OOO 0.28 0.27 0.28 0.23 0.22 0.23 0.12 0.13 0.13 3 



ORlGINAL PAGE Ib 
Table 11 (cont . ) O F P O O B Q U m  

- 
Crack Length. in. Total 

R%s. 1 s t  Crack 2nd Crack 3rd Crack ciaeks 
in. Front Back Front k c k  Front Rack ~ v g  Observe3 - 

Dbtence f n m  bottom. in.: 
. 1500 ilo Crac!:s 

-0% 2000 0.09 0.11 
(0.91 -1 2500 0.12 0.11 

3000 0.12 0.11 
3500 0.13 0.12 
aOOO 0 3  0.12 
4500 0.13 0.15 

S?ecimen Q1: v / ~ ' - . !  Eutectic + UiCrAlY/Pt &at 

Distance fmm bottom, i n .  : 2.19 (55-6 4 2.0 (50.8 r) 
450G Nc Lras.:s 

.022 5000 0.08 0.08 0.08 0.05 0.05 0.05 0.07 0.07 
(0.56 m) 5500 0.12 0.12 0.12 0.08 0.08 9.08 0.1? 0.12 

6000 0.13 0.12 0.13 0.09 0.08 0.08 0.12 0.12 
65C0 0.15 0.15 0.15 0.09 0.09 0.09 0.14 0.15 
7000 0.15 0.17 0.16 0.10 0.11 0.11 0.17 0.17 
7500 0.17 0.17 0.17 0.10 0 0.11 0 1 7  0.17 

Mstance from bottom. in.: 2.41, (62 m) 
6WO rk, irac;.s 

-017 6500 0.01 0.01 0.01 
(0.63 1) 7000 0.01 0.01 0.01 

7500 0.01 0.01 0.01 

Specimen R2: 0.06C v/u'-r ,  Eutectic 

Distance fmrn bottom, in.: 2.06 (52.3 P) 1.81 (46 ap) 

6000 Bio Cracks 
.017 6500 0.03 0.03 0.03 0.02 0.02 0.02 0.02 0.02 
( 0 . 4 3 4  7000 0.03 0.03 0.03 0.02 0.02 0.02 0.02 0.02 

7500 0.03 0.03 0.03 0.02 0.02 0.02 0.02 0.02 

Specimen S1: O.06C y / v 1 - 5  E u t e ~ t i c  + NICrAIY!pt Coat 

Distance from bottom, in.: 2.06 (52.3 m) 
uOCG Kd L r ~ c k s  

-018 6500 0.11 0.11 0.:1 
(0.86 ~PII) TOO0 0.14 0.14 0.14 

7500 0.14 0.14 0.14 

Specimen TI: % 200 DS Single Crvstal + NfCrAlY/pt Cosr 
Distance from bottom, in. :  2 . M  (62 mu) 2.31 (58.7 mm) 

63CO );n Cr leks 
.OZL 6500 0.06 0.05 0.06 
(9 61 rm) 7000 0.06 0.05 0.06 

7500 0.07 0.05 0.C6 0.06 0.01 0.04 

Specimen PI: ,It'- : Eutectic 

Distance from bottom. in. : 2.0 (5C.8 mn\ 2.31 (58.7 mm) 



Table 12 

SUMMARY OF LONGITUDINAL CRACK PROPAGATION FOR GROUP 2 EUTECTIC SPECIMENS 

Number 
o f  

Cycles 

200b 
1000 
1500 
2000 
2500 

Average Longitudinal Crack Length, d 
v / y 1 - 6  + 

NiCrAly/Pt Coated 
Y / Y ' - ~  (0.06C) f 

N l C r ~ l y / P t  Coated 

a ~ v e r a g e  crack length ca lcu lated  from two s c a l e  measurements. 

b ~ y c l i c  exposure with f i r s t  observable longitudinal  cracks.  







- -- - ---- -.--.-- -- -....- -4 

! ' 
i 
I 
! 

3 - MM 200 + Hf DS I 
1 

-, . 
i I 

-._ '. 

- - - L I 1  -..- --. 1 -  .----- J.-. ' - -.. 6 .... . -1 I 

2000 4000 6000 8000 10,000 12,000 14,000 16,000 

Accumulated Thermal Cycles 

Figure 3 
Percent Weight Change versus Accumulated Cycles for  Coated and Uncoated MM 200 
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Accumulated Thermal Cycles 

Figure 5 

Percent Weight Change versus Accumulated Cycles for Uncoated Superalloye 
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Figure 6 

Percent Weight Change versus Accumlated Thennal Cycles for Coated and Uncoated 
- a  DS Eutectic Alloys 






























