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Accurate p r e d i c t i o n  o f  s t r u c t u r a l  response i n  the  h igh  temperature 

environment i s  a p re requ is i t e  f o r  r e l i a b l e  l i f e  p r e d i c t i o n  o f  ho t  sec t ion  
components o f  gas tu rb ine  engines. I n  many s i t ua t i ons ,  t h i s  invo lves the  use 

o f  general purpose f i n i t e  element code capable o f  modeling non l inear  mater ia l  
behavior. The c o n s t i t u t i v e  models o f  mater ia l  behavior may be e i t h e r  

c lass i ca l ,  1.e. separat ion o f  creep and p l a s t i c  deformation, o r  u n i f i e d ,  
wherein i n e l a s t i c  deformation as a whole i s  considered. While there  i s  

considerable i n t e r e s t  i n  the  u n i f i e d  theor ies,  these models requ i re  f u r t h e r  
development o f  c a p a b i l i t i e s  and experimental v e r i f i c a t i o n  under r e a l i s t i c  

loading cond i t ions .  A t  present, the  implementation o f  u n i f i e d  theor ies  i n  
numerical ana lys is  i s  no t  widespread. The c l a s s i c a l  theor ies,  on the  o ther  
hand, are r e l a t i v e l y  w e l l  estab l ished and ava i l ab le  i n  many F i n i t e  element 

codes. 
using a c l a s s i c a l  model ra the r  than a u n i f i e d  theory.  

study was t o  examine the  accuracy o f  a c l a s s i c a l  c o n s t i t u t i v e  model when 

appl ied t o  thermomechanical f a t i g u e  (TMF) o f  Rene’ 80. Using isothermal creep 
and c y c l i c  s t ress -s t ra in  data, two approaches were used t o  p r e d i c t  t he  h a l f  
l i f e  thermal mechanical hys teres is  loops. An e l a s t i c - p l a s t i c  analys is  using 

appropr ia te s t ress -s t ra in - ra te  data was fo l lowed by an e las t i c -p las t i c -c reep 

analys is .  Th is  l a t t e r  approach used, h igh  s t r a i n  r a t e  data f o r  t he  

e l a s t l c - p l a s t i c  ana lys is  and r e l i e d  on the  e x p l i c i t  I nc lus ion  o f  creep t o  
develop the  appropr ia te  t i m e  dependent behavior. 

approaches provides an i n d i c a t i o n  o f  t he  importance o f  e x p l i c i t l y  modeling the  

r a t e  e f f e c t s  i n  the  thermal mechanical cycles o f  Rene’ 80. 

Therefore, t he  p r e d i c t i o n  o f  c y c l i c  deformation I n  t h i s  study was made 
The ob jec t i ve  o f  the  

Comparison o f  the  two 
’ 
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MATERIAL 

The m a t e r i a l  se lec ted  f o r  t h i s  s tudy i s  t h e  c o n v e n t i o n a l l y  c a s t  s u p e r a l l o y  
Rene' 80. The composi t ion (ut. p c t . )  i s :  3.0 p c t .  A l ,  5.0 p c t .  T i ,  14.0 p c t .  

C r ,  3.9 p c t .  W, 4.0 p c t .  Mo, 9.8 p c t .  Co, 0.17 p c t .  C,  and t h e  balance N i .  

Th is  n icke l -base m a t e r i a l  i s  a t y p i c a l  h i g h  temperature a l l o y  and i s  q u i t e  
w i d e l y  used f o r  t u r b i n e  blades and nozz le vanes. 
a l l o y  has been descr ibed by An to lov i ch  and Domas [1,2], b u t  it c o n s i s t s  o f  

l a r g e  (ASTM 2 t o  3) ,  i r r e g u l a r  g r a i n s  w i t h  a d i s t r i b u t i o n  o f  g r a i n  boundary 
ca rb ides  and bor ides There a r e  severa l  s t reng then ing  mechanisms b u t  t h e  
major  one i s  u n i f o r m  y d i s t r i b u t e d  cuboidal  gamma pr ime p r e c i p i t a t e s .  These 
p r e c i p i t a t e s  tend t o  coarsen w i t h  i n c r e a s i n g  temperature and s t r a i n  r a t e  and 

a r e  a t  l e a s t  p a r t i a l  y respons ib le  f o r  t h e  temperature dependence o f  c y c l i c  
deformat ion.  A t  t h e  lowest  t e s t  temperature, t h e  deformat ion i s  l a r g e l y  
w i t h i n  t h e  m a t r i x  l e a d i n g  t o  m a t r i x  f a i l u r e  when a c r i t i c a l  d i s l o c a t i o n  
d e n s i t y  i s  achieved. A t  t h e  h i g h e r  temperatures, t h e  l a r g e  p r e c i p i t a t e s  tend 
t o  d i spe rse  t h e  s l i p ,  y i e l d i n g  more homogeneous deformat ion.  The damage 
accumulates a t  g r a i n  boundaries, l ead ing  t o  t h e  fo rma t ion  o f  o x i d e  sp ikes [l]; 
hence, n o t  o n l y  t h e  deformat ion b u t  a l s o  t h e  f a i l u r e  mechanisms a r e  

temperature dependent. 

The m i c r o s t r u c t u r e  o f  t h i s  

MECHANICAL TESTING 

S o l i d  c y l i n d r i c a l  specimens were c a s t  t o  s i z e  and f i n a l  machined u s i n g  low 

s t r e s s  procedures. 

l eng th .  
The specimens had a d iameter  o f  6.35mm and were 92.lmm i n  

The specimen ends were threaded f o r  at tachment purposes. 

A broad sequence o f  thermomechanical and i so the rma l  t e s t s  were c a r r i e d  o u t  

t o  develop and eva lua te  a TMF model. I so the rma l  c y c l i c  s t r e s s - s t r a i n  (CSS), 

low c y c l e  f a t i g u e  (LCF), creep, and r e l a x a t i o n  t e s t s  were conducted a t  t h r e e  

temperatures under a v a r i e t y  o f  t e s t  c o n d i t i o n s .  The CSS behav io r  was 

examined as a f u n c t i o n  o f  s t r a i n  r a t e ,  as was t h e  LCF l i f e .  Creep and 

r e l a x a t i o n  were examined i n  t e n s i o n  and compression; mean s t r e s s  e f f e c t s  and 
c r e e p - p l a s t i c i t y  i n t e r a c t i o n s  were i n v e s t i g a t e d .  A l l  these r e s u l t s  w i l l  n o t  
be repo r ted  here; t h i s  paper w i l l  concentrate on t h e  t i m e  dependent behav io r  

o f  Rene' 80. 

396 



A1 1 t e s t i n g  was c a r r i e d  ou t  I n  convent ional  servohydraul ic f a t i gue  
machines w i t h  extensometry. For the  displacement c o n t r o l l e d  tes ts ,  t o t a l  
l ong i tud ina l  s t r a i n  was con t ro l l ed .  The same t e s t  setup was used f o r  t he  
creep t e s t s  so t h a t  t he  creep curve was obtained. 

temperatures, 760, 871, and 982OC; the  m a j o r i t y  o f  t he  t e s t i n g  was done a t  
the  h ighest  temperature. Cyc l i c  t e s t i n g  was done a t  s t r a i n  ra tes  o f  10, 2, 
and 1 percent/minute, w i t h  a few t e s t s  a t  0.2 percent/minute. 
t e s t i n g  had establ ished s t ress -s t ra in  behavior a t  h igh  s t r a i n  ra tes,  

40-50WmIn. 12.31. 
s t r a i n  r a t i o s  (RE. = Emin / emax ) employed. 

Data were obtained a t  th ree  

Previous 

Tr iangu lar  waveforms were used i n  these t e s t s  w i t h  several  

The c y c l i c  s t ress -s t ra in  data was obtained i n  two ways. A t  a s t r a i n  r a t e  
o f  one percent/minute, f u l l y  reversed c y c l i c  t e s t s  w i t h  open hys teres is  loops 

were conducted. 
behavior was observed. 

By record ing the  loops, t he  m a t e r i a l ' s  approach t o  s tab le  
A loop a t  the  estimated h a l f  l i f e  was se lected as 

I 
I r epresenta t ive  o f  t he  c y c l i c  amplitude curve. 

obtained from the  LCF tes ts ;  t he  s t ress -s t ra ln  values a t  0.5 Nf were taken 
as po in ts  on the  c y c l i c  curve. 

temperatures and f o u r  s t r a i n  ra tes  i s  shown I n  Flgure 1. The data shows a 
complex p a t t e r n  o f  temperature dependent behavior. A t  760C, t he re  i s  very 
l i t t l e  e f f e c t  o f  s t r a i n  ra te .  
increase w i t h  ra te ,  w h i l e  the  982C s t ress-s t ra in  curve increases on ly  a t  the 
very h igh  ra te .  
mechanism o f  Rene' 80. 

Other s t r a i n  r a t e  data was 

I 
A summary o f  t he  c y c l i c  behavior a t  the  three 

A t  871C, the  s t rength  shows a s i g n i f i c a n t  

This behavior r e f l e c t s  the  temperature dependent deformation 

Since the  TMF cyc les had a per iod  o f  less  than th ree  mlnutes, t h e  creep 
The s t ress  l eve l s  t e s t s  concentrated on the  e a r l y  p a r t . o f  t he  creep curve. 

employed were t y p l c a l  o f  t he  TMF loads and the  i n i t i a l  load was app l ied  a t  

approximately t h e  r a t e  o f  the  TMF tes ts .  
cases bu t  most o f  t he  i n i t i a l  loading was e l a s t i c .  The m a j o r i t y  o f  t he  creep 

t e s t s  l as ted  two t o  th ree  hours, a l though a few were taken t o  f a i l u r e .  

There was s l i g h t  p l a s t i c i t y  i n  a few 

The creep data was analyzed us ing  a non l inear  regress ion r o u t i n e  and 
f i t t e d  w i th  the  creep curve 

E' = K amtn + Q a r t  , 
where K, m, n, Q, and r a re  constants determlned by t h e  regression. 
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80th t h e  t e n s i l e  and compressive creep da ta  were analyzed us ing  t h i s  

expression. 
p r e d i c t e d  by t h e  t e n s i l e  da ta  and v i c e  versa. I n  a d d i t i o n ,  when t h e  creep 

r a t e s  were examined, a t  982C ( t h e  o n l y  temperature examined a t  p resen t ) ,  t h e  

same creep r a t e s  were o c c u r r i n g  a t  t h e  same creep s t r a i n  rega rd less  o f  t h e  

s i g n  o f  t h e  load.  F i g u r e  2 shows t h e  t e n s i l e  creep data and t h e  r e s u l t i n g  

curve f i t s  a t  982 and 871C. 
i n  creep assoc ia ted  w i t h  t h e  s i g n  o f  t h e  load, t h i s  same f i t  was used t o  

desc r ibe  bo th  t h e  t e n s i l e  and compressive creep i n  t h e  modeling. 

It was found t h a t  t h e  compression curves cou ld  be reasonably 

Since t h e r e  does n o t  appear t o  be any v a r i a t i o n  

The Rene' 80 TMF specimens were subjected t o  t h e  t h r e e  temperature and 

s t r a i n  waveforms shown i n  F i g u r e  3 .  The genera l  t e s t i n g  procedure has been 
descr ibed by Embley and Russe l l  [ 4 ]  and c o n s i s t s  o f  two c o n t r o l  loops, one f o r  

s t r a i n  and one f o r  temperature.  I n d u c t i o n  h e a t i n g  was employed and c o n t r o l l e d  
by c a l i b r a t e d  thermocouples mounted on t h e  specimen shoulders.  The TMF c y c l e  

was l i m i t e d  by t h e  s o l i d  specimens; f o rced  a i r  c o o l i n g  would induce 
undes i rab le  temperature g r a d i e n t s  and was n o t  employed. A s t r a i n  r a t e  of one 

pe rcen t  p e r  minute was used i n  t h e  TMF experiments; t h i s  r e s u l t e d  i n  a p e r i o d  
o f  1.6 t o  2.6 minutes.  Th is  c o n s i d e r a t i o n  r e s t r i c t e d  t h e  temperature c y c l e  t o  

100-150°C. 
cyc le ,  b u t  i t  does s i m u l a t e  p a r t s  o f  t h e  c y c l e ,  f o r  example, a t h r u s t  r e v e r s a l  

Th i s  c y c l e  i s ,  o f  course, n o t  r e p r e s e n t a t i v e  o f  an e n t i r e  f l i g h t  

[51.  

Load-displacement h y s t e r e s i s  loops were recorded p e r i o d i c a l l y  throughout  

t h e  TMF and LCF t e s t s .  

c h a r t s  and used t o  determine cyc les  t o  crack i n i t i a t i o n ,  Ni, and f a i l u r e ,  

N f .  The Rene' 80 sof tened a t  a cons tan t  r a t e  f o r  much o f  t h e  f a t i g u e  t e s t ;  

an a c c e l e r a t i o n  i n  t h e  s o f t e n i n g  r a t e  was used t o  d e f i n e  crack i n i t i a t i o n .  

Cycles t o  f a i l u r e  was d e f i n e d  as 50 pe rcen t  l o a d  drop. The h y s t e r e s i s  l oop  

neares t  Nf/2 was used as t h e  d e f i n i t i o n  of c y c l i c  values. 
s t r a i n  ranges were ob ta ined  f rom t h i s  loop.  

was def ined as t h e  maximum w i d t h  0' t h e  s t r e s s - s t r a i n  h y s t e r e s i s  loop. 

Load and s t r a i n  da ta  were recorded on c a l i b r a t e d  s t r i p  

S t ress  values and 
The measured p l a s t i c  s t r a i n  range 
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THERMAL MECHANICAL ANALYSIS 

Analyses of t h e  thermal  mechanical h y s t e r e s i s  loops were made us ing  t h e  

f o u r  cons tan t  s t r a i n  t r i a n g l e  model shown i n  F i g u r e  4. 

program developed by McKnight [ 6 ]  was used throughout  t h e  study. 

approaches were taken t o  account f o r  t h e  i n e l a s t i c  deformat ion a t  h i g h  

temperatures.  

was considered. 

Instead,  t h e  s t r e s s - s t r a i n  curves a t  t h e  s t r a i n  r a t e  used i n  t h e  TMF t e s t s  

were i n p u t  t o  t h e  a n a l y s i s .  
i n c l u d e d  i n  t h i s  case s i n c e  t h e  creep e f f e c t s  a r e  r e f l e c t e d  i n  t h e  

rate-dependent s t r e s s - s t r a i n  curves. 

The f i n i t e  element 

Two 

I n  t h e  f i r s t  approach, o n l y  t h e  e l a s t i c  and p l a s t i c  deformat ion 
The creep was n o t  e x p l i c i t l y  i nc luded  i n  t h e  a n a l y s i s .  

It may be assumed t h a t  t h e  creep was i m p l i c i t l y  

I n  t h e  second approach, t h e  creep deformat ion was e x p l i c i t l y  i nc luded .  

The s t r e s s - s t r a i n  curves a t  h i g h  s t r a i n  r a t e s ,  SO%/min, a long w i t h  creep 

constants ,  were i n p u t  t o  t h e  a n a l y s i s .  It was assumed t h a t  t h e  creep 
deformat ion i s  n e g l i g i b l e  a t  t h e  h i g h  s t r a i n  r a t e .  

curves used as i n p u t  i n  t h e  a n a l y s i s  a re  h a l f - l i f e  curves, as a r e  t h e  

h y s t e r e s i s  loops be ing  c a l c u l a t e d  i n  t h i s  paper. From t h e  s tandpo in t  o f  l i f e  

p r e d i c t i o n ,  u s i n g  h a l f  l i f e  da ta  i s  more p r a c t i c a l  t han  r e l y i n g  on t h e  da ta  

based on cont inuous changes o f  c y c l i c  response, which i s  d i f f i c u l t  t o  p r e d i c t  

f o r  t h e  c l a s s i c a l  c o n s t i t u t i v e  models. 

A l l  t h e  s t r e s s - s t r a i n  

The thermal  mechanical cyc les  analyzed i n  t h i s  s tudy a r e  ( F i g u r e  3 ) :  

760 - 87loC, R E  = -1, A s  l X ,  E = lX/min; LIP, CWD, LOP 

871 - 982 C, R E  = -1, A ~ =  1%, 6 = 1Wmin; LIP, CWD, LOP 0 
( 1 )  
(ii) 

For  comparison purposes, i so the rma l  cyc les  a r e  a l s o  presented: 

R = -1, A€:= I .o%, i = ~ m i n  
E 

(iii) 87loC, 
( i v )  982OC, = -1, AS= 1.3%, = 2Wmin and 10%/min 
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For the  e l a s t i c - p l a s t i c  analys is ,  t h e  s i x  cyc les i n  (I) and (11) were 
analyzed. For e las t i c -p las t i c -c reep analys is ,  condi t ions ( i i ) ,  (111) and ( i v )  
were considered. The 760-871OC cyc les were no t  considered i n  the  l a t t e r  
approach because the  creep t e s t s  were completed on ly  f o r  871OF and 9 8 2 O C  

a t  t h i s  time. 

For completeness o f  presentat ion,  t he  c o n s t i t u t i v e  model used here in  i s  
ou t l i ned  i n  the  fo l low ing :  

(I) Time-Independent Deformation 

The s t r a i n  component can be w r i t t e n  as the  sum o f  t he  e l a s t i c ,  p l a s t i c  and 

thermal par ts :  

The e l a s t i c  and thermal s t r a i n s  a re  given by: 

E .e. = 1+ v V 1 J  - u.. - - E 1J E &ij 'kk , 

= a6 .AT 
i j  i J  

E Y 

(3 )  

( 4 )  

where E i s  t he  Young's modulus, v i s  the  Poisson r a t i o ,  a i s  the  thermal 
expansion c o e f f i c i e n t ,  6ij 1s the  Kronecker d e l t a  and AT 1s the  r e l a t i v e  
temperature. For the  p l a s t i c  deformation, t he  c l a s s i c a l  incremental 

p l a s t i c i t y  theory which u t i l i z e s  the Prandtl-Reuss f l ow  ru le ,  Von Mises y i e l d  
c r i t e r i a  and the  kinematic hardening r u l e  i n  the  s t r a i n  space, has been used 
i n  t h i s  study. The Bessel ing 's  subvolume method [ 7 ]  i s  used w i t h i n  t h i s  
c o n s t i t u t i v e  framework. I n  the subvolume method a strain-hardening ma te r ia l  
i s  considered as a composition o f  several  subvolumes, each o f  which i s  an 
e l a s t i c - i d e a l  l y  p l a s t i c  ma te r ia l .  The subvolumes have i d e n t i c a l  e l a s t i c  
constants bu t  d i f f e r e n t  y i e l d  stresses. The y i e l d  func t ion  f o r  t he  k - th  

subvolume i s  g iven by 
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I 
i j  

where e 
f o r  t h e  k - t h  subvolume and Pk i s  t h e  r a d i u s  o f  t h e  k - t h  subvolume y i e l d  

su r face  (P, < P2 < ...). 

i s  assumed t o  be i s o c h o r i c ,  i . e . ,  Eiik=O , which i m p l i e s  eijk=eijk 'P  'P . The 

p l a s t i c  s t r a i n  r a t e  o f  t h e  k - t h  subvolume i s  g i ven  by 

i s  t h e  s t r a i n  d e v i a t o r ,  ep. i s  t h e  p l a s t i c  component o f  e 
I i j  1 J k  

N o t i c e  t h a t  t h e  k inemat ic  hardening r u l e  i n  t h e  
I s t r a i n  space i s  used i n  Eq. ( 5 ) .  The p l a s t i c  deformat ion f o r  each subvolume 

'k' 

I i f  

I f k  = 0 and (eij - e y j k )  kij > 0 

' P  = , otherwise.  
e i j k  

The t o t a l  p l a s t i c  s t r a i n  can be w r i t t e n  as t h e  weighted sum o f  t h e  p l a s t i c  

s t r a i n s  o f  t h e  subvolumes s a t i s f y i n g  E q .  (6a ) :  

' p  = ep eij k 'k i j k  
( 7 )  

The d e t e r m i n a t i o n  o f  , 'k, and a l s o  Pk i n  E q .  ( 5 ) .  can be done by cons ide r ing  

t h e  u n i a x i a l  s t r e s s - s t r a i n  curves. For  d e t a i l s ,  t h e  reader  i s  r e f e r r e d  t o  
Besse l i ng  [ 7 ] .  

The e l a s t i c  p r o p e r t i e s  and t h e  s t r e s s - s t r a i n  curves a r e  i n p u t  a t  severa l  
temperatures.  I n  a t ime-va ry ing  temperature f i e l d ,  f o r  example, t h e  

thermomechanical process under cons ide ra t i on ,  t h e  m a t e r i a l  data,E,v,aYPk and 
Y' !' a r e  l i n e a r l y  i n t e r p o l a t e d  u s i n g  t h e  i n p u t  da ta  a t  nea res t  temperatures.  k '  
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(11) Time-Dependent Deformation 

The t o t a l  s t r a i n  i n  the  presence o f  creep i s  given by 

8 
i j  E i j  i j  i j  9 

= Ee + EP -+ E;j + E 

C 
where c i j  

creep s t r a i n  components a re  g iven by 

i s  t he  creep s t r a i n  and others are as g iven i n  equat ion ( 2 ) .  The 

- c  = x sij 
E i j  

where S i s  t h e  s t ress  dev ia to r ,  x i s  a func t i on  o f  t h e  h i s t o r y  of creep 
deformation. Def in ing  such t h a t  

1.j . c  

- E * c  =/- 

( 9 )  

i t  can be shown t h a t  

where 
- 
u =I ;  sij sij 
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The constancy o f  t h e  volume i n  creep deformat ion lik = 0 
assumed here. The e f f e c t i v e  creep s t r a i n ,  E , I s  determined by the  pr imary 

creep term of t h e  Bai ley-Norton type and a steady s t a t e  creep term;  

, i s  again 
-C 

I 

L 

L - m  n = K u  t + Q a r t  B 

where the  constants a re  those from (1)  and , 

I D i f f e r e n t i a t i n g  (13) w i t h  respect  t o  t ime and us ing equations ( 9 ) ,  (11) and 
(12), one can show t h a t  

- -  - m-ltn-1 S..Kno * c  - 
i j  2 1.J 

E 

f o r  small t imes where the  pr imary creep dominates. 

creep s t r a i n ,  equat ion (15)  can be w r i t t e n  as 

I n  terms o f  accumulated 

1 1 -- - 1 m  --I 
3 n = - S .  .Knno (F ') * C  

'i j 2 1 J  

Equation ( 1 5 )  i s  c a l l e d  " the  time-hardening formulat ion'1 and equat ion (16) i s  
c a l l e d  the  "s t ra in-hardening fo rmula t ion"  i n  the  contex t  o f  t he  creep ana lys is  

under t ime-vary ing s t ress  f i e l d .  I n . t h i s  study, t h e  s t ra in-hardening 

fo rmula t ion  was used simply because i t  i s  somewhat favored over the  

time-hardening r e l a t i o n  from the  s tandpoint  o f  c o r r e l a t i n g  t e s t  data. 
case where t h e  steady s t a t e  creep i s  no t  n e g l i g i b l e ,  t h e  creep t ime f o r  a 

g iven creep s t r a i n  must be determined numer ica l ly .  Then, t h e  creep s t r a i n  

r a t e  i s  determined from Eq. (15) w i t h  an a d d i t i o n a l  term f o r  t he  steady s t a t e  

creep. I n  t h i s  study, t h e  secondary creep was inc luded even though t h e  

pr imary creep was dominant. 

I n  the  
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The s t r e s s  r e v e r s a l  was assumed t o  occur  i f  

* 
where E i s  t h e  

1.j 
s t r e s s  r e v e r s a l .  

a l g o r i t h m  of app 

[ e l .  

s t r a i n  o r i g i n  which i s  updated, i f  

F u r t h e r  exp lana t ion  of t h e  s t r e s s  

i c a t i o n  o f  t h e  s t ra in -ha rden ing  r u  

necessary, a f t e r  each 
r e v e r s a l  and a l s o  t h e  

e can be found i n  Kraus 

I n  t h e  f i n i t e  element a n a l y s i s ,  t h e  creep constants  K, m, n, Q, and r a r e  

i n p u t  a t  a number o f  temperatures.  

temperature a r e  l i n e a r l y  i n t e r p o l a t e d  us ing  t h e  da ta  a t  nea res t  temperatures.  
The creep constants  a t  an i n t e r m e d i a t e  

DISCUSSION OF RESULTS 

(I) E l a s t i c - P l a s t i c  Ana lys i s  

The s t r e s s - s t r a i n  curves a t  t h e  lX/min s t r a i n  r a t e  which were i n p u t  t o  t h e  
a n a l y s i s  a r e  shown i n  F i g u r e  1. Note i n  t h e  f i g u r e  t h a t  t h e  s t r a i n  r a t e  

e f f e c t s  below t h e  r a t e  o f  10Wmin a r e  r a t h e r  smal l  a t  982OC, b u t  t hey  were 

cons ide rab ly  l a r g e r  a t  871OC. 

F igures 5 and 6 f o r  760-871°C in-phase and 871-982'C 90' out-of-phase 

cyc les ,  r e s p e c t i v e l y .  The p o i n t  rPl '  on t h e  curves des ignates t h e  p o i n t  where 

p l a s t i c i t y  develops. Fo r  f u r t h e r  d e t a i l s  o f  t h e  r e s u l t s ,  t h e  reader  i s  

r e f e r r e d  t o  Cook, e t  a l .  [ 9 ] .  I n  general ,  t h e  agreement between t h e  computed 

and t h e  exper imenta l  h y s t e r e s i s  loops was ve ry  good. I n  p a r t i c u l a r ,  e x c e l l e n t  

c o r r e l a t i o n  between a n a l y s i s  and t e s t  r e s u l t s  was found f o r  871-982'C c y c l e s  

f o r  a l l  t h r e e  phases. 

good as t h e  871-982'C r e s u l t s .  

deformat ion mechanisms ove r  t h e  760-871°C temperature range as d iscussed by 

An to lov i ch ,  e t  a l .  [ l , l O ] .  It should be p o s s i b l e  t o  improve t h e  c o r r e l a t i o n  

by i n c o r p o r a t i n g  more s t r e s s - s t r a i n  curves between t h e  two temperatures.  

Un fo r tuna te l y ,  such da ta  a r e  u n a v a i l a b l e  a t  t h i s  t ime.  

The a n a l y s i s  r e s u l t s  ob ta ined  a r e  shown i n  

The 760-871'C r e s u l t s  were s a t i s f a c t o r y  b u t  n o t  as 

This  cou ld  r e f l e c t  t h e  changing i n e l a s t i c  
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(11) Elast ic-Plast ic-Creep Analysis 

The ma te r ia l  data base f o r  t h i s  model, the  h igh  s t r a i n  r a t e  CSS curves and 
the  creep curves, a re  those i n  Figures 1 and 2. Using these data, t he  
e las t i c -p las t i c - c reep  analys is  modeled the  cyc le  using l i n e a r  s t r a i n  ramps; 
the  cyc le  was d i v ided  i n t o  38 i d e n t i c a l  t ime steps. For each step, the  
e l a s t i c - p l a s t i c  s t ress  analys is  was done f o r  the  s t r a i n  increment; then the  

s t ress  was re laxed i n  the  s t r a i n  ho ld  over the  t ime increment. The average 
values o f  t he  s t ress  i n  the  s t r a i n  ho ld were used i n  the  hys teres is  loop 
p l o t s .  The maximum s t ress  re laxa t i on  i n  a step was approximately 70 MPa. 
The temperature i n  the  s t r a i n  ho ld  was se t  equal t o  the  temperature a t  t he  
midpoint  o f  t he  t ime step. 

F i r s t ,  t he  isothermal temperature hysteres is  loops were obtained a t  2Wmin 

and 10Wmin s t r a i n  ra tes.  
a re  shown i n  Figures 1 and 8. 
observat ion i s  exce l l en t  f o r  both temperatures. 

The 2Wmin hysteres is  loops a t  871°C and 982OC 
The c o r r e l a t i o n  between p r e d i c t i o n  and 

The 871-982'C thermal mechanical cycles were reanalyzed f o r  t h e  th ree  
phases. The hys teres is  loops are  presented i n  Figures 9, 10 and 11 and are  
compared t o  the  experimental curves and the  e l a s t i c - p l a s t i c  r e s u l t s .  The 
shapes o f  t he  hys teres is  loops agree very we l l ;  i n  p a r t i c u l a r  note the  
f l a t t e n i n g  o f  t h e  loops i n  the  reg ion o f  t he  maximum temperature. 
features o f  t he  CWD loop are  accura te ly  reproduced b u t  note t h a t  t he  loop 
bears more resemblance t o  the  in-phase than the  out-of-phase cyc le.  This 
q u a l i t a t i v e  observat ion i s  supported by the  TMF l i f e  p r e d i c t i o n  model work o f  
Reference 9. That i n v e s t i g a t i o n  showed tha t ,  i n  terms o f  l i f e  modeling, t h e  
CWD cyc le  was s i m i l a r  t o  the  LIP cyc le  and the  same stress/ temperature 
parameters could be used i n  both. 

The general 

A comparison o f  t h e  th ree  871 -982C cycles pred ic ted  by the  e l a s t i c - p l a s t i c  
and e las t i c -p las t i c - c reep  models shows t h a t  there  i s  n o t  much d i f f e rence  I n  
t h e  r e s u l t s  o f  t he  two models. 'The e l a s t i c - p l a s t i c  model i s  marg ina l l y  b e t t e r  
a t  p r e d i c t i n g  t h e  hys teres is  loop o f  t he  CWD cyc le  bu t  t he  r e s u l t s  a r e  q u i t e  
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s i m i l a r  f o r  t h e  o t h e r  two cyc les .  
e x c e l l e n t ;  t h e  t i m e  dependence o f  t h e  load shows some v a r i a t i o n  among t h e  two 

models and t h e  exper imenta l  r e s u l t s .  The d iscrepancies i n  h y s t e r e s i s  l oop  

p r e d i c t i o n  seem t o  be assoc ia ted  w i t h  temperature i n c r e a s i n g  f rom 871 t o  982C 
and i n d i c a t e  t o o  h i g h  a s t r e n g t h  l e v e l  i n  t h i s  regime. It has n o t  been 

determined whether t h i s  i s  due t o  t h e  m a t e r i a l  da ta  o r  t h e  c o n s t i t u t i v e  model 

i t s e l f .  It must be p o i n t e d  o u t  t h a t  t h e  p r e d i c t e d  versus observed loops were 

n o t  as good f o r  t h e  lower  temperature cyc le ,  76O-87l0C, i n  Reference 9. 

genera t i on  o f  creep da ta  a t  760C i s  p r e s e n t l y  underway and i t  w i l l  be ve ry  
i n t e r e s t i n g  t o  see whether t h e  i n c l u s i o n  o f  e x p l i c i t  t ime dependence improves 

t h e  p r e d i c t i o n .  
use o f  h i g h  s t r a i n  r a t e  and creep da ta  can produce h y s t e r e t i c  behav io r  t h a t  i s  

n e a r l y  as good as an a n a l y s i s  based on t h e  c o r r e c t  s t r a i n  r a t e .  

The p l a s t i c  s t r a i n  range agreement i s  

The 

The r e s u l t s  f o r  t h i s  one temperature c y c l e  suggest t h a t  t h e  

CONCLUSIONS 

This  paper examines t h e  a p p l i c a b i l i t y  o f  a c l a s s i c a l  c o n s t i t u t i v e  model 

f o r  s t r e s s - s t r a i n  a n a l y s i s  o f  a n icke l -base supera l l oy ,  Rene' 80, i n  t h e  gas 
t u r b i n e  TMF environment. 
m a t e r i a l  da ta  and t o  i n v e s t i g a t e  t h e  m a t e r i a l  response under c y c l i c  

thermomechanical l oad ing .  Isothermal  s t r e s s - s t r a i n  da ta  were acqu i red  a t  a 

v a r i e t y  o f  s t r a i n  r a t e s  over  t h e  TMF temperature range. Creep curves were 
a l s o  generated over  t h e  same temperature regime. 

examined a t  two temperature ranges, 871-982C and 760-87113. Only t h e  former 

temperature c y c l e  was modeled i n  t h i s  paper as some o f  t h e  760C creep da ta  had 

t o  be regenerated. 

A v a r i e t y  o f  t e s t s  were conducted t o  generate bas i c  

Three TMF c y c l e s  were 

Two approaches were taken t o  a n a l y t i c a l l y  p r e d i c t  t h e  h y s t e r e s i s  loops. 
I n  t h e  f i r s t  approach, t h e  e l a s t i c - p l a s t i c  deformat ion was considered w i t h  
rate-dependent s t r e s s - s t r a i n  curves. I n  t h e  second approach, t h e  creep 

deformat ion was e x p l i c i t l y  i nc luded  and t h e  s t r e s s - s t r a i n  curves a t  h i g h  

s t r a i n  r a t e s  were i n p u t  t o  t h e  a n a l y s i s .  The r e s u l t s  i n d i c a t e  t h a t  bo th  

approaches p r o v i d e  accu ra te  h y s t e r e t i c  behav io r  o f  Rene' 80 under t h e  TMF 

loading.  

e x c e l l e n t  over  871-982OC f o r  a l l  t h r e e  cyc les  u s i n g  b o t h  approaches. 

The c o r r e l a t i o n  o f  t h e  p r e d i c t e d  and observed h y s t e r e s i s  loops was 

The 
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e l a s t i c - p l a s t i c  model p red ic t i ons  d i d  no t  compare w i t h  experiment as w e l l  f o r  

t h e  temperature range 760-871°C [9] .  As soon as the  appropr ia te  data i s  
ava i l ab le ,  t h i s  cyc le  w i l l  be examined w i t h  the  e l a s t i c - p l a s t i c  creep model. 

For the  cyc les examined, e i t h e r  model approach can be employed depending on 

the  ma te r ia l  data ava i l ab le .  

The r e s u l t s  o f  t h i s  paper prov ide optimism on the  a b i l i t y  o f  t he  c l a s s i c a l  
c o n s t i t u t i v e  model f o r  h igh  temperature app l i ca t ions ,  a t  l e a s t  f o r  the  
ma te r ia l  under considerat ion.  Fur ther  e f f o r t s  w i t h  wider  range o f  temperature 

cyc les and more general loading, i nc lud ing  the  e f f e c t s  o f  ho ld  time, mean 

s t ress  and s t r a i n ,  would be worthwhi le.  
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Figure 4. - Finite Element Model Used in TMF Modeling 
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