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ENGINX PERFORMANCE OF 0VER"PERATURE HEAT-TREATED S-816 BUCKfEL'S 

By R. A. Signorelli, F. B. Garrett,  and 3. W. Weeton 

SUMMARY 

An investigation  was  conducted to study  the  effect of short-time 
overtemperature  heat  treatments  at  temperatures-between 1550° and 
2350' F on the  turbojet  engine  performance  of S-816 buckets.  Overtem- 
perature  heat-treated  and  standard  Air  Force  stock  buckets  were  run in 
a J33-9 turbojet  engine  for  cycles  comprising 15 minutes at rated  speed 
and 5 minutes  at  idle  speed.  The  results  indicated that none of the 
overtemperature  heat  treatments  adversely  affected  bucket  life.  Differ- 
ences  in  the  as-overtemperatured  microstructures  and in bucket  creep 
rate  suggested  that  stress-rupture  strength was changed by the  over- 
temperature  heat  treatment.  Bucket  life  was not reduced,  because  fac- 
tors  other  than  stress  rupture  influenced  failure. 

TmTRODUCTION 

Turbojet  engines  are  frequently  overtenqeratured, or overheated 
during  service  operation.  Overtemperaturing nray occur  under  either  of 
two  basically  different  conditions:  during  starting  (hot  starts)  or 
during  flight.  Bucket  stresses  are  low  during  hot  starts  because  engine . 
speed  is  low. Any metallurgical  change  occurring i n  a bucket  under  hot- 
start  conditions  could  therefore be largely  attributed to temperature 
effects.  However,  during  overtemperature in flight, stresses  are  high 
because of high  engine  speed;  creep  and  strain-aging  also  affect  the 
buckets. 

Severe  overtemperature  conditions  during  service  operation  of 
aircraft  cause  warpage,  cracking,  and  even  melting of buckets. I n  most 
cases,  bucket  exposure  to  overtemperature  is  not  revealed by inspection 
of  buckets  during  overhauls,  and usually is  not  recorded by pilots. 
Cracked  or  warped  nozzle  vanes  sometimes  indicate  overtemperature  oper- 
ation  of  the  engine.  Where  overtemgerature  is  suspected to have  occurre& 
it  has  been  the  practice  to  study  the  microstructure  of  representative 
buckets.  Metallographic  studies  have  been  conducted by the U. S. Air 
Force  and by bucket  manufacturers  for  some  time.  Spheroidization  and 
solution  of  carbides,  particularly  grain-boundary  carbides,  are  the  chief 
microstructural  evidences  of  overtemperature. 
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The  detection of turbine  buckets  in  danger of imminent  failure has . 
been a basic  problem.  The effects-of  overtemrature.operation make  the 
problem  more  acute,  because a few  minutes at overtemperature may dras- 
tically  reduce  bucket  life.  There  are,  however, no quantitative data 

* on  the  effect of overtemperature  operation .on bucket  life. 

This investigation is one of s-everal  being  conducted  at  the  Lewis 
laboratory  to  obta-in a better-understanatng  of  the  oveiktemperature prob- 
lem.  It w88 conducted to determine  the  effects of short-time  overtem- 
perature  heat  treatments  upon  engipe.performance of S-.Bl6 buckets. 

Buckets  taken a t  random  from  standard-  Air  Force  stock  were given a 
15-minute overtemperature  heat  treatment  at  various  temperatures  between 
1550° and 2350° F. This  temperature  range  extends  from a low over-aging 
temperature to:a eutectic  melting  temperature. A l l  buckets  used  were 
new,  and  the  effects  of  the  treatments  are  considered  the  result of t e m -  
perature  alone. 

The  buckets  were run in a J33-9 turbojet  engine  operated  over 
cycles of 15 minutes  at  rated  speed  and 5 minutes  at  Fdle  speed  with a 
bucket  temperature of E 0 O o  F. . .  - .  . 

MATERIALS 

Standard  Air  Force 
were  used.  The  nominal 

stock 533-9 buckets  of  forged 5-816 (AMS 5765A) 
chemical  composition of S-816 is a8 followe: 

t Element 
Weight, 
percent 

The Air  Force  stock  buckets  included  as a standard  for  comparison 
were  installed in the  engine  as  they  came  from  stock;  others  were  firet 
given  the  overtemperature  heat  treatment. .. . 

PROCEDURE 

Heat  Treatment 

All buckets  used  had  been given  the  .following  heat  treatment  during 
manufacture:.  solution  treatment, I hour at ZEO? F, followed by a water 
quench;  aging  treatment,. .16 hqurs  at. 1400° F, followed  by  air  cooling. . 
(See AMs 5765A. ) . The  overtemperature  heat  treatments  were  performed at 
the L e w i s  laboratory.  Seven groups of. six buckets  each,  were heat- 
treated far.15 minutes in an argon  atmosphere  at a temperature af 
1550°, 1700°, 18000, 19Wo, 20000, .2150°, or 2350° F, and  air-cooled. 

. .-  ." 
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This temperature  range  extends  from 500 above the normal  operating t e m -  
pera ture  of the   bucke t   t o  a temperature a t  which i n c i p i e n t   e u t e c t i c  m e l t -  
ing is poss ib le  for a h o y  5-816.  Overtemperatured  buckets w e r e  inspected 
f o r  sur face  defects using  post-emulsifying  Zyglo  and were found t o  be 
sound. 

Engine  Operation 

The seven  groups of overtemperatured  buckets  and a group of stand- 
ard buckets were r u n   i n  a J33-9 tu rboje t   engine .  The opera t ing   cyc les  
consis ted  of  15 minutes a t  ra ted   speed  (ll,750 rpm) and 5 minutes a t  
id le  speed.  Bucket stress and  temperature were control led  by  engine 
speed  and  exhaust-nozzle  opening,  respectively,  bucket  temperature was 
measured with the rmcoup1es" ins t a l l ed   i n  two buckets  connected t o  a 
recording device through a s l ip-r ing  system. Details of bucket stress, 
bucket  temperature,  and  engine operation are g iven   i n   r e f e rences  1 t o  3. 

The test was con t inued   un t i l  there were enough  bucket failures t o  
establish the behavior  pattern  of  each group. T t  w a s  necessa ry   t o  heat- 
treat and tes t  add i t iona l   bucke t s   i n  two of the groups because   f a i lu re  
by  damage r educed   t he   e f f ec t ive   s i ze  of the o r i g i n a l  group. In the dis- 
cussion of bucket l i fe  herein,   only time at  rated speed is considered. 

Bucket  Elongation  Measurement 

Two buckets  of each group except the group heat-treated at  2350° F 
(group 7) w e r e  sc r ibed   near  the t r a i l l n g  edge as shown i n   f i g u r e  1 and 
descr ibed in reference 4." Bucket  elongation  measurements were made a t  
f requent   in te rva ls   (a f te r   bucket   fa i lures   o r   necessary   shutdowns)   us ing  
an  opt ical   extensometer .  

Macroexamination  of  Failed  Buckets 

A bucket was  cons idered   to   be  failed and was removed from t h e  en- 
gine test  when complete   f racture   occurred or when cracks  or  severe  neck- 
ing  made it apparent that complete fracture was imminent. F a i l e d  buck- 
e ts  were eG&ined   v i sua l ly  a t  l o w  magnif ica t ions   to   de te rmine ,  as near ly  
as poss ib l e ,   t he  manner i n  which f a i lu re   occu r red .  The failures w e r e  
classified (as i n  ref. 5) i n t o  the following ca tegor ies  : 

(I) Stress   rup ture :   Bucket   fa i lures   occur red  by cracking  within 
the a i r f o i l  or by f r a c t u r i n g   i n . a n   i r r e g u l a r ,   j a g g e d ,   i n t e r c r y s t a l l i n e  
path. I n  a d d i t i o n   t o  the main f rac ture ,   o ther   s imi la r ly   formed  c racks  
sometimes  occurred  near the o r i g i n  of t h e  main f r a c t u r e .  
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( 2 )  Fatigue: Cracks p r o p e s s e d  Worn nucleat ion points, usually a t  
or near t h e  1eading .or   t ra i l ing   edges ,  i n  straight paths,  which frequent- - .  

ly were smooth, o f t e n  showed progreesioa lines or concentr ic  rings and 
appeared t o  be t r a n s c r y s t a l l i n e .  

" . ... 

(3) Stress rup tu re  plus fatigue:  Bucket failures appeared t o  be 
caused by a combination of t h e  two preceding mechanfsms.  The fracture 
su r face  of buckets i n  t h i s  group  consisted of a.sqrall area having stress- 
rup tu re   cha rac t e r i s t i c s   and  a larger-ar& having f a t i g u e   c h a r a c t e r i s t i c s .  r 
A f u r t h e r   c r i t e r i o n  was t h a t  other  cracks,  which appeared t o   b e  stress- 
rup tu re  cracks, were presen t  i n  the are8 adjacent  t o  the main crack or 
fracture edge. 

w 
0 
tr 

(4) Damage: 'Buckets with severe nicks and  dents i n  the a i r f o i l  
that obviously i n i t i a t e d   f a i l u r e  were not  cons&iergd t a . t h e  analysis of 
the failure types.  -- 

. .  
... 

In  a l l  cases where complete fracture occurred  buckets failed i n  
tension  because of the progressive  reduct ian In load-carrying &rea, so 
that all showed a . large area of rough  f rac tured   sur face .  

Metal lurgical  Studies 

Micros t ruc tura l ,   g ra in-s ize ,   and   hardness   s tud ies  w e r e  made of 
airfoil specimens  cut from unrun  buckets  given the overtemperature heat 
tr-eatment . 

Engine  Operating Results 

Engine  resul ts .  - The eng ine   r e su l t s  are presented i n  figure 2 and 
table I. Buckets  overtemperatured  in  the  range of E 5 O o  t o  2150' F 
( g r o u p  1 to 6)  r a n  about as long a s  the standard S-816 group. Buckets 
overtemperatured a t  2350' F (group 7) ran  longer  th&n t h e  standard group. 
Mean l i f e  of the standard buckets, group 8, was 188 hours. Mean I l f e  of 
overtemperatured groups I t o  6 ranged from 175 to-212 hours.  Mean l i f e  
ofavertemperatured  group 7 buckets w a s .  a t . leas t  336 hours; one bucket 
did no t  f a i l  in 527 hours. The failures, e x c l u d i n g - f a i l u r e  by damage, 
were c l a s s i f i ed   by   v i sua l   examina t lon  as follows: stress rupture, 9 
percent;  st ress  r u p t u r e  plus -fatigue, 56 percent ;   and  fa t igue,  35 
percent .  

. .. 

.. 

.\ 
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Elongation. - Elongation  measurements for groups 1 to 6 and  the - standard  group  are  shown in  figure 3. Measurements  were  taken on two 
buckets  of  each  group;  data  from  the  bucket  with  the  greater  elongation 
of  each  group  was  plotted.  Only  the  values for zone 2 are  plotted 
because  this  zone  showed  the  greatest  elongation.  The  final  values  meas- 
ured  ranged  from 8 to 11 percent, a rather  narrow  spread of values.  The 
narrow  spread  is  in part due  to  the  fact  that  the  final  measurements 
take no account of the  total  ultimate  elongations  just  prior  to  fracture. 
The  rates  of  elongation may be  used  to  determine  the  relative  stress- w 

w 
co rupture  damage  resulting  from  the  overtemperature  treatments.  The  rate 
4 of elongation  (creep)  increased  with  increasing  temperature  for  the  tem- 

peratures  ranging  fro& 15500 to 2O0O0 F (groups 1 to 5). The  blades 
overtemperatured at 2150° F (group 6) had a creep  rate  slightly  lower 
than  that  of  the 1550° F group. All overtemperature  heat-treated  groups 
shown  had  elongation  rates  appreciably  higher  than  that  of  the  standard 
group * 

Metallurgical  Studies  of  Buckets 

Microstructure. - Photomicrographs of standard  and  as-overtemperatured 
S-816  structures  are  shown  in  figures 4 to 13. These  figures  show  the 
microstructures  produced  from  the  slight  over-age  at 1550° F to  com- 
plete  solution  of  grain-boundary  precipftates  at 21500 and at 2350° F. 
There is indication of‘ slight  spheroidization of grain-boundary  precip- 
itates  with  the 1550’ F treatment.  Agglomeration  and  spheroidization of 
the  precipitates  increased  with  increasing  temperature  from 1700° to 
1900° F. At 2000° F, the  precipitates  began  to  dissolve. The 21509 and 
2350° F treatments  dissolved  all  precipitates  except  the  massive,  stable 
(Cb, Ta)C. There was evidence of eutectic  melting  in  the  specimens  heat- 
treated  at 23500 F, although  it is not shown in  the  photomicrographs. 
The  over-etched  structures sham in  figures 11 and 13 reveal  the  grain 
boundaries  and  grain  size of the  solution-treated  structures  that  were 
not  visible  when  the  same  specimens  were  etched  normally  (figs. 10 and 
12). 

Hardness  and  grain  size. - The  hardness  and  grain-size  results  are 
shown  in  table 11. The  overtemperature  heat  treatments  from 15500 to 
2000°-F produced  visible  changes in the  microstructure,  but  did  not 
change  hardness  or  grain  size.  Hardness  was  about  Rockwell C-23 to C-25, 
and  average ASTM grain  size was 6 to 7. The  heat  treatments  at 2150° 
and 2330° F reduced  hardness  to  Rockwell B-96, and  produced  grains 
larger  than Q.5” 1. 

Failure  Mechanisms 

If stress  rupture  were  the only mechanism  of  failure,  the  buckets 
should run in  the  engine for lo00 hours.  (The 1000-hr life  is  calculated 
from  centrifugal-stress  and  temperature  conditions in bucket  airfoils 
and stress-rupture  properties of the  material.) A detailed  description - 
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o f t h e  methods  of ca l cu la t ion  of expected l i f e  and  analysis  af failure 
mechanisms are presented   in   re fe rence  4 .  The mean l i f e  of a l l  groups of 
b u c k e t s   i n   t h i s   i n v e s t i g a t i o n  was .considergbly less than 1000 hours. 
This leads- t o  the  conclusion  that   something  other than c e n t r i f u g a l  stress 
ac ted   to   reduce   bucket  l i f e .  It has  been shown i n  re ference  6 that vi- 
bratory  loads  superimposed on 8 mean tens i le . . .gad .can   apprec iab ly  redu-ge 
t e s t   l i f e .   S ince   f a t igue   cha rac t e r i s t i c s   were . . abse rved .on   t he  fracture 
sur faces  of 91 percent  of  the  buckets  and  performance  of  buckets i n  this 
i nves t iga t ion  was much less than 1000 hours ,   the   reduct ion  in  l i f e  may- 
be a t  least p a r t l y   a t t r i b u t e d   t o   f a t i g u e .  

DISCUSSION . O F .  RESULTS 

Although the overtemperature  heat treatmen$Ix-studie_d covered a wide 
range of temperatures,  E 5 O o  t o  2550° F, .rime ~ f . t &  .tr.eatments affkcted 
bucket l i f e  a d v e r s e l y .   I n   f a c t ,  the performance  of  bucket8  overtempera- 
tu red  a t  23500 F (group 7)  was somewhat s u p e r i o r   t o   t h a t  of t he   o the r  

.. 

.. 

groups. 

It mus t  not  be  concluded, however, that prope r t i e s  of t he  overtem- 
pera tured  material were. .not .affected.   The-hlgher  . . . . . . .  " creep  . . . . . .  rates of . . . . . . . . .  some ; .. " 

of the  groups  of   buckets .would  indicate  that t h e  stress-rupture s t r eng th  
of  these  groups was reduced.   Invest igat ions  conducted  by  several  &n- 
ufac turers -   have  shown that overtemperaturing  specimens  can  reduce the .- 

s t ress - rupture   s t rength   o f  S-816. For example, f i g u r e  14 shows t h a t  
over tempera tur ing   for  4 hours a t  temperatures b e t y e n  180O0 and 2000' F L 

d r a s t i c a l l y   r e d u c e s  15000 F s t r e s s - rup tu re   s t r eng th  (ref.. 7 ) .  Unpub- 
l i s h e d  data obtained a t  the Lewis laboratory  corroborated some of t h i s  
work; t e s t  specimens--cut  from. buckets- o v ~ t g m p e r a t ~ r e d  . i n .  se rv ice  have . . .  

shown dec reased   s t r e s s - rup tu re   s t r eng ths .  S t i l l  fur ther   evidence of 
damage t o  stress-rupture s t r e n g t h  has been  found a t  the Engineering 
Research   Ins t i tu te ,   Univers i ty  of Michigan,  where cyc l i c   t r ea tmen t s  were 
s tudied  . . - .  .- . . ". . . . .  -. . -. . . .  - . -. . .  . - . . - . . . . . . . .  - 

. .  " . . . . . . .  - -. - - " 

- " 

- -- 

The buckets  of this inves t iga t ion .   f a i l ed   p r imar i ly   by   f a t igue   o r   by  
a combination  of  stress-rupture followed by f a t i g u e  as wgs previous ly  
descr ibed.  The overtemperature heat t reatments   given would almost cer- 
t a in ly   r educe   bucke t  l i f e  i n  an  engine that fails buckets   by strese- 
rup tu re   a lone .  

The r easonab le   a sewIq"n  has been made t h a t   f o r  alloy S-816, reduc- 
t i o n  i n  c r e e p   r e s i s t a n c e   i s - e u i d e n c e  of r educ t ion   i n   s t r e s . a - rup tu re  
s t r e n g t h  ( 6 . e ~  f ig .  3).  The higher   creep rates for  blade  groups  overtem- . . .  

peratured  between E50° apd ZOO00 F indicate & h a t  the   d-ynqe  increased 
wi th   increas ing   tempera twe.  The chatlges. i n  micros . t ructure   correlate  
w e l l  w i t h  the changes i n   c r e e p   r a t e s  j the microstructures  of figures 5 
t o  9 show increas ing   sphero id iza t ion  or agglomerat ion  of-precipi ta tes   with 

. .  

.- 

U 
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increasing  temperature.  Depletion of solute  atoms from the  matrix  by 
precipitation  and  agglomeration  of  precipitates  would  be  expected  to 
decrease  creep  resistance. 

- 

The 2150' and 2350' F treatments,  however, are solution  treatments 
rather  than  over-aging  treatments,  as  indicated  in  figures 10 to 13. 
Precipitation  of  minor  phases  during  -engine  operation  probably  strength- 
ened  the  materials so treated  and  increased  creep  resistance.  The  elon- 
gation  curve6 of-figure 3 for  the 21500 F treatment  buckets  are i n  

w 
a co agreement  with.  this..  .Unfortunately,  elongation  data  for  the 2350' F 
4 treatment  buckets  were  not  obtained. 

It may be  speculated  that  the  increased  degree of solution  treat- 
ment  occurring  at 2350° F not only increased  creep  strength  of  the 
material,  as  would  be  expected  from  reference 8, but  also  fatigue  resis- 
tance. No improvement  was  noted  in  the  performance  of  the  bucket6  given 
the 2150° F "solution"  overtemperature  treatment;  possibly  because 
strength  was  not  increased  sufficiently.  Scatter  in  lives  of  groups 
1 t o  6 obscured any differences  in  performance. 

SUMMARY OF RESCTI;TS 

This  investigation was conducted to study  the  effect of short-time 
overtemperature  heat  treatments at temperatures  between 15500 and 2350°F 
on turbojet  engine  performance  of S-816 buckets.  The  treatments  were 
intended  to  simulate  hot-6tart  conditions.  Buckets  given  the  different 
overtemperature  treatments  were  run  in a J33-9 turbojet  engine  under 
cyclic  conditions  along  with  standard  Air  Force  buckets. 

-P 

- 
The results  obtained  are  as  follows: 

1. None of the  overtemperature  heat  treatments,  which  covered  the 
temperature  range  from 1550° to 23500 F, adversely  affected  bucket  life. 
Mean  life  of  bucket groups overtemperatured  between 1550° and 2150O F 
ranged  from 175 to 212 hours;  mean  life  of  buckets  overtemperatured  at 
2350° F was above 336 hours. Air Force  buckets  selected from stock,  run 
as a standard  for  comparison, had a mean  life  of 187 hours. 

2. Drastic  differences  were  found  in  the  as-overtemperatured  micro- 
structures  and  in  bucket  creep  rate  during  the  engine  test.  These  dif- 
ferences  suggest  that  bucket  stress-rupture  properties  were  changed by 
the  overtemperature  treatmeets.  Actual  bucket  life was not  reduced, 
however,  because  factors  other  than  stress-rupture  influenced  failure. 
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CONCLUDING REMARKS 

NACA RM E55L06a 

The  significance of the  present  Investigation  lies  in  the  fact. 
that  overtemperature  without  stress  appears  to  have  reduced.etress- 
rupture  strength,  but  did  not  reduce  bucket  performance. 

The mechanism of turbine-bucket  failure in different  engine  types 
must  be  considered  before  overtemperature  studies  have  general  signifi- 
cance.  This  investigation was conducted  in a high-stress  engine,  which 
has a greater  tendency  to  fail  buckets  in  stress-rupture  than  would a 
low-stress  engine. In spite  of  this, 91 percent Qf bucket  failures 
showed  evidence  of  fatigue. 

It  appears  tha-kadditional  studies of overtemperatured  buckete 
should be  made in engines  that  have  even  greater  tendencies  toward  pro- 
ducing  fatigue  or  thermal-stress  failures  in  buckets. 

L e w i s  Flight-  Propulsion  Laboratory 
National Advisory Committee  for  Aeronautics 

Cleveland,  Ohio,  Deceniber 7, 1955 
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Dvertemperature 
heat  treatment 

following 
standard 

heat  treatment: 
15 min a t  

OF- 

1550 

1700 

1800 

1900 

2000 

- 
TABLG I. - RESULTS OF ENGINE OPERATION 

Failurf 
time, 
hr 

33.4 

99.5 

108.0 

161.9 

181.8 

186.1 

192.7 

214.6 

237.0 

254.6 

80.1 

109.2 

214.4 

217.5 

217.5 

297.5 

86.2 

100.7 
120.5 
147.5 

199.9 

251.5 

89.5 

133.6 

157.5 

217.1 
172.5 
347.6 

157.2 

187.9 

196.3 

205.2 

215.3 

Fai lure   type Height  above 
base, 

i n .  

D a m a g e  :, 1; 
Fatigue G 
Damage 1; 

stress rupture   p lus   fa t igue  4 
St re s s   rup tu re  plus f a t igue  .;6 
Stress   rup ture   p lus   fa t igue  

S t r e s s   rup tu re   p lus   f a t igue  & 
4 

- w a g e  4 
Damage 

4 Fatigue 

4 

Fatigue 4 
Stress   rup ture   p lus   fa t igue  4 

Damage 23% 
Stress   rup ture  plum fa t igue  

S t r e sa   rup tu re   p lus   f a t igue  
2; 

2; 

Damage 2; 

Gr 
2: 

2: 

2: 

Damage 2; 

Fatigue 
3 Damage 
G 

Stress   rup ture   p lus   fa t igue  

S t ress   rup ture   p lus   fa t igue  

S t ress   rup ture   p lue   fa t igue  

S t ress   rup ture  

Fatigue 

S t r e s s   rup tu re  plus f a t igue  g. 
St re s s   rup tu re  4 

Stress   rup ture   p lus   fa t igue   2  

Damage 4 
Fatigue 4 

Stress   rup ture   p lus  fatrgrie 2: 

2: 

2; 

Damage 2s 
St re s s   rup tu re  

S t ress   rup ture   p lus   fa t igue  

bcation of f a u -  
we with respec t  

t o  edges 

Leading 

Leading 

Leading 

h a i l i n g  

Leading 

Leading 

P a l  ling 

Leading 

Leading 

Tra i l i ng  

h a i l i n g  

Leading 

Leading 

Leading 

Leading 

Leading 

Leading 

Traillng 
leading 
Trailing 

Leading 

Leading 

Tra i l i ng  

Leading 

Leading 

Tra i l i ng  
Leading 
Leading 

Leading 

Leading 

Leading 

Leading 

Leadins 

181.8 

189.4 

174.9 

186.3 

u2. + 
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TABm I. - Concluded. RESULTS OF ENOINE OPERATION 

! 

6 

7 

I tandard 
Air Force 
stock for 
comparison 

following 
standard 

heat  treatment: 
15 mln a t  

OF- 

2150 I :::: 
160.3 

197.6 

197.8 
208.1 
214.6 

235.8 

262.2 

270.9 

2350 

351.9 

61 .O 

403.2 
527.2 

30.1 

49.8 

52.7 

75.1 

04.5 

85 -3 

132.8 
151.3 
162.2 
190.8 
2QB.8 

221.8 

253 .o 
258.6 

264.5 

298.6 

340.5 

.356.8 

I 

Failure type Height above 
base, 

I in 

Damage 

275 Damage 
4 

. .  
Damage 2% 

Fatigue 1: 
X t r a s  rupture  plus  fatigue 16 

Damage 

%% Damage . 
2.i Fatigue 
.: 

S t r e s s  rupture  plus  fati(ple 2 

Stress   rupture  plus ' f a t igue  

wage % 
Damage 1; 

Fatigue 4 
Fatigue 

Damage 
Not f a i l e d  

Damage 4 
Streee  rupture 

Fatigue 

Fatigue 

Fatigue 

Fatigue 

Stress   rupture   plua  fa t igue 
Stress   rupture  plus fatigue 
Stresa  rupture  plu6  fatigue 
Stress   rupture  plus fatigue 
Stress   rupture  plus fa t igue  

Damage 

Damage 

Fatigue 

Stress   rupture  plus fatigue 

Damage 

Stress   rupture   plus   fa t lgue 

Damage 

ocation of Pall .  
re with  respect 

to edges 

Leading 

Leading 

LeaCing 

Tra i l ing  

Wai l ing  

Leading 

Trail ing 
Tra i l ing  
Leading 

Leading 

Leading 

Leading 

Tra i l ing  

Tra i l ing  

Leading 

Wai l ing  

h a i l i n g  

R.ail ing 

Tra i l ing  

Leading 

Tra i l ing  

Lea- 
Leading 
Leading 
Leading 
Leadlng 

Leading 

Leading 

Rr r i l i ng  

Leadlng 

Leading 

Leading 

.Leading 

Man 
l i f e ,  
hr 

211.8 

335.0 

187.5 
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TABU 11. - AS-REAT-T€@ATED HAIilsmESS AND GRAIN SIZE 

Bucket ASTM grain s i z e  Rockwell hardnessa 
P O U P  Averagt Largest  Smallest  Converted RA 

RC RB. 

1 

7 4 8 " 23 62 3 
7 4 8 -- 23  62 2 
6 4- 8 -- 25 63 

4 . .  6 4 8 -- 25 63 

5 63 

3 >1 7 96 " 59 7 . 

4 >1 8 96 -- 59 6 
7 5 a -- 25 

Standard 63  26 -- 8 7 6 -~ . ~~~~ . 

"Hardness i s  an average af f ive  or more readings 
measured on Rockwell-A scale and  converted. 
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Leading ,+ ::r Trailing 

I 

/Ei=zzq] 
Figure 1. - Location of scribe marks on concave side of buckets 

in m e a s u r i n g  elongation. 
for u8e 
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(a) X250. 

" 4  -. 
". 

.f" 
" / 

I 

I K, 

C-40a9 

(b) XLOOO 

Figme 4. - Microstructure of S-816 after gtandard heat treabucmt. Etchart, 25 percent 
aqua regia plus 75 percent glycerol. - 

. 
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(a) x250. 
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( 8 )  X250. 

, \  c -  

b 

" .- 

Figure 6. - Microstructure of S-816 after 15 'minutes at l7CK@ F. Ekhant, 25 percent 
aqua regia plue 75 garcent glycerol. - 
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0 Q” 
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i 
x. 

I 

C-40652 

(b) XlOOO. 
Figure 7. - Mkrostmcture of 9-816 after 15 minutes :at lsO@ F. Etchant, 2.5 percent 
aqua regia plue 75 percent glyoerol. 
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(b) XlOOO. 

Figura 8. - Microstructure of S-816 after 15 minutes at 19ooO F. Etchant, 25 percent 
aqua regia plus 75 percent  glycerol. _______._ 
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(b) n o m .  

Figure 9. - EPicroetructure of 6-816 s f t e r  15 minutes at  zOOOo F. Etchant, 25 percent 
aqua regia plus 75 percent glycerol. 
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C-40655 

(b) xLocx3. 
Figure 10. - Mfcroetructure of S-816 after 15 rnimtes at a500 F. Etchant, 25 percent 

que regia plus 75 percent glycerol. . .  
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t 

. 
- 

c 

(b) XlOOO. 
$ 

Figure 11. - Microstructure (over etched to emphasize grain boundaries) of S-816 after 
15 minutes at 21500 F. Etchant, 10 percent hydrochloric  acid. 

c 
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(a) X250. 
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b 

(b) XlOOO. 

Figure 12. - ~ m e t r u c t u r e  of S-816 SFter 15 mlmtes a t  E O o .  F. Etchant, 25 percent 
aqua regia plus 75 percent glycerol. 
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I 
1800 1900 2000 2100 2iOo 

Heat - t reat  temperature % 

' F i d e  i4. - Influence OF heat-Ireat  temperature on s t ree~-rkpture  life of S-816 alloy at 25,000 
p s i  and 1500' F. Heat treatment: 1 hour a t  21500 F, water quench; 16 hours a t  1400° P air cool; @ 
4 hours at temperatures shotm. (Ref. 7) F 
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