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ABSTRACT 

This paper presents a summary of the life predic- 
tion methods developed under the NASA Lewis Research 
Center's Hot Section Technology (HOST) program. A 
major objective of the fatigue and fracture efforts 
under the HOST program was t o  significantly improve 
the analytic life prediction tools used by the aero- 
nautical gas turbine engine industry. This has been 
achieved in the areas of high-temperature thermal and 
mechanical fatigue of bare and coated high-temperature 
superalloys. Such technical improvements will eventu- 
ally reduce life cycle costs. 

The cyclic crack initiation and propagation 
resistance of nominally isotropic polycrystalline 
alloys and highly anisotropic single crystal alloys 
has been addressed. A sizeable data base has been 
generated for three alloys [cast PWA 1455 (8-1900 + 
H f ) ,  wrought Inconel 718. and cast single crystal PWA 
14801 in bare and coated conditions. Two coatings 
systems, diffusion aluminide (PWA 273) and plasma 
sprayed MCrAlY overlay (PWA 286) were employed. 

Life prediction modeling efforts were devoted to 
creep-fati gue interaction, oxidation, coatings i nter- 
actions, multiaxiality of stress-strain states, mean 
stress effects, cumulative damage, and thermomechani- 
cal fatigue. The fatigue crack initiation life models 
developed t o  date include the Cyclic Damage Accumula- 
tion (CDA) Model of Pratt & Whitney and the Total 
Strain Version of Strainrange Partitioning (TS-SRP) of 
NASA Lewis for nominally isotropic materials, and the 
Tensile Hysteretic Energy Model of Pratt & Whitney for 
anisotropic superalloys. The fatigue model being 
developed by the General Electric Company is based 
upon the concepts of Path-Independent Integrals (PII) 
for describing cyclic crack growth under complex non- 
linear response at the crack tip due t o  thermomechani- 
cal loading conditions. A micromechanistic oxidation 
crack extension model has been derived by researchers 
at Syracuse University. The models are described and 
discussed in the paper. Only limited verification has 
been achieved to-date as several of the technical pro- 
grams are still in progress and the verification tasks 
are scheduled, qufte naturally, near the conclusion of 
the program. 

To-date, efforts have concentrated on development 
of independent models for cyclic constitutive behav- 
ior, cyclic crack initiation, and cyclic crack propa- 
gation. The transition between crack initiation and 
crack propagation has not been thoroughly researched 
as yet, and the integration of these models into a 
unified life prediction method has not been addressed. 

INTRODUCTION 

Background 
Life cycle costs ranging from initial design 

costs t o  field replacement costs of limited durability 
component parts are the driving elements for improved 
analytic life prediction capability. Since life cycle 
costs are the highest for hot section gas turbine 
engine components, our efforts have concentrated on 
the problems in this area. Accurate calculation of 
expected service lifetimes, i s  crucial to t h e  f i n a l  
judgment t o  proceed with a particular design. Inaccu- 
rate life calculations result in overly expensive 
designs--either from an under utilization of potential 
o r  a lack of  adequate llfe. 
portion of the HOST program was initiated to reduce 
life cycle costs through improved accuracy of analytic 
life predictive models. The specific areas of primary 
concern are very high-temperature cyclic crack initia- 
tion and propagation in both isotropic and anisotropic 
superalloys used in hot sectlon turbine engine 
components. 

The fatigue and fracture 

HOST Life Prediction Program 
Table I lists the specific programs that have 

supported the fatlgue and fracture life prediction 
efforts. Each will be discussed and the most signifi- 
cant of the numerous accomplishments will be pointed 
out. 
ous methods nor of the experimental details. The 
reader is referred t o  the more thoroughly documented 
original references. 

Space does not permit elaboration of the cumer- 
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I n  a d d i t i o n  t o  the  I n d u s t r i a l  Con t rac ts  and Un i -  
v e r s i t y  Grants  supported by t h e  t h e  HOST program, some 
f u n d i n g  was s e t  as ide  t o  re juvena te  ag ing  t e s t  f a c i l i -  
t i e s  i n  the  the  area  o f  f a t i g u e  and f r a c t u r e .  The 
advanced, h igh- tempera ture  f a t i g u e  and s t r u c t u r e s  
research  l a b o r a t o r y  a t  Lewis (McGaw and B a r t o l o t t a ,  
1987) i s  now o p e r a t i o n a l ,  and i n  f a c t  has grown to  the  
p o i n t  o f  r e q u i r i n g  f u r t h e r  expansion. The f a c i l i t y  i s  
equipped w i t h  t h e  v e r y  l a t e s t  c losed- loop,  servo- 
c o n t r o l l e d  machinery,  and most i m p o r t a n t l y  boas ts  a 
un ique computer ized  nerve  cen te r  for programmed t e s t  
c o n t r o l ;  da ta  t a k i n g ,  s to rage and r e t r i e v a l ;  and da ta  
r e d u c t i o n  and p l o t t i n g .  

ISOTROPIC MATERIAL MODELING 

C y c l i c  Crack I n i t i a t i o n  
The m a j o r i t y  o f  usab le  c y c l i c  l i f e t i m e  o f  t u r b i n e  

eng ine  h o t  s e c t i o n  components i s  u s u a l l y  spent i n  what 
i s  c a l l e d  t h e  " c y c l i c  c rack  i n i t i a t i o n "  p o r t i o n  o f  t he  
f a t i g u e  l i f e .  S t r i c t l y  speaking, c rack  i n i t i a t i o n  
does indeed c o n t a i n  a cons ide rab le  amount o f  c y c l i c  
c rack  growth,  a l t hough  the  p h y s i c a l  s i z e  o f  t h e  c racks  
i s  q u i t e  sma l l .  From an eng ineer ing  p o i n t  o f  v iew, 
any c rack  growth  below a c rack  s i z e  o f  approx ima te l y  
0 .8  nun (1132 i n . )  t y p i c a l l y  i s  i n c l u d e d  i n  t h e  " i n i t i -  
a t i o n "  p o r t i o n  of  t h e  l i f e .  J u s t i f i c a t i o n  for  t h i s  
d e f i n i t i o n  i s  based upon: (a )  t h e  i n a b i l i t y  to  r e l i a -  
b l y  d e t e c t  c racks  o f  sma l le r  s i z e ,  and ( b )  t h e  i n a b i l -  
i t y  o f  c y c l i c  c rack  growth  laws t o  adequate ly  model 
c y c l i c  ex tens ion  of c racks  sma l le r  than t h i s  s i z e .  
Such a d e f i n i t i o n  of c y c l i c  c rack  i n i t i a t i o n  i s  used 
i n  t h e  development o f  the  P r a t t  & Whitney C y c l i c  Damage 
Accumula t ion  Model addressed i n  t h e  n e x t  s e c t i o n .  

P r a t t  & Whitney C y c l i c  Damaqe Accumula t ion  (CDA) w. The i n t e r a c t i o n  of c reep w i t h  f a t i g u e  a t  h i g h  
temperatures i s  be ing  s t u d i e d  i n  d e t a i l  under 
NASA/HOST C o n t r a c t  NAS3-23288, "Creep-Fat i  gue L i f e  
P r e d i c t i o n  for  Engine Hot S e c t i o n  M a t e r i a l s  ( I s o -  
t r o p i c ) "  (Moreno, 1983, Moreno e t  a l . ,  1986, and 
Nelson e t  a l . ,  1986). Th is  e f f o r t  has i n v e s t i g a t e d  
fundamental approaches t o  h i g h  tempera ture  c rack  
I n i t i a t i o n  l i f e  p r e d i c t i o n  u s i n g  a c a s t  n i cke l -base  
a l l o y ,  PWA 1455 (81900 + H f )  as t h e  base m a t e r i a l .  
Du r ing  t h e  program, over  157 specimen t e s t s  were com- 
p l e t e d  under l o a d i n g  c o n d i t i o n s  which c o n s i s t e d  o f  
monotonic t e n s i l e  and c reep t e s t s  as w e l l  as con t inu -  
o u s l y  c y c l e d  f a t i g u e  t e s t s .  
f a t i g u e  models was conducted, and d e s i r a b l e  f e a t u r e s  
o f  each o f  these were i d e n t i f i e d .  A new method o f  
h i g h  tempera ture  f a t i g u e  l i f e  p r e d i c t i o n  c a l l e d  C y c l i c  
Damage Accumula t ion  (CDA) was subsequent ly  developed 
wh ich  i n c o r p o r a t e s  many of these f e a t u r e s .  

Complex l oad ings  were i n t r o d u c e d  d u r i n g  the  l a t -  
t e r  stages o f  t he  program t o  s tudy  t h e  e f f e c t s  o f  
thermomechanical f a t i g u e ,  m u l t i a x i a l  l oad ing ,  cumula- 
t i v e  damage, environment,  mean s t r e s s ,  and coa t ings .  
An a d d i t i o n a l  160 s t r a i n - c o n t r o l l e d  f a t i g u e  t e s t s  have 
been conducted as a p a r t  of these tasks .  Three d i f -  
f e r e n t  su r face  t rea tments  were u t i l i z e d  f o r  t h e  TMF and 
coated  t e s t s :  bare  (no  c o a t i n g ) ,  o v e r l a y  N i C o C r A l Y  
coated, and d l f f u s i o n  a lum in ide  coated. Severa l  
re f i nemen ts  have been inco rpo ra ted  i n t o  t h e  CDA l i f e  
p r e d i c t i o n  model based on the  r e s u l t s  o f  these com- 

A r e v i e w  o f  e x i s t i n g  

p l e x  t e s t s .  The c u r r e n t  form o f  the  model for acc 
l a t e d  t r a n s g r a n u l a r  damage i s  g i v e n  by Eq. ( 1 ) .  

mu- 

dN 

( 1 )  

where 

N i  i n i t i a t i o n  l i f e ,  t r a n s g r a n u l a r  mode 
- 

p r i m a r y  c reep d u c t i l i t y  
=P 
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uT 
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(1983).  Moreno e t  a l .  (1984).  and Nelson (1986).  A 
goal o f  the  program to  deve lop  the  CDA model was t o  
l i m i t  t he  comp lex i t y  of t h e  exper iments  t o  determine 
t h e  m a t e r i a l  behav io r  cons tan ts .  For example, o n l y  
monotonic c reep t e s t s  and cont inuous  c y c l i n g  f a t i g u e  
exper iments a r e  r e q u i r e d  t o  eva lua te  t h e  cons tan ts  i n  
the  f irst te rm of t h e  CDA exp ress ion .  The second te rm 
r e q u i r e s  t h a t  c y c l i c  o x i d a t i o n  measurements be made 
d u r i n g  f a t i g u e  t e s t i n g .  

Non l i nea r  damage accumula t ion  c a l c u l a t i o n s  a re  
now p o s s i b l e  for  b o t h  cycle-dependent and t ime-  
dependent, cases. Modular terms which c a p t u r e  t h e  
e f f e c t s  of m u l t i a x i a l i t y ,  coa t i ngs ,  and i n t e r g r a n u l a r  
c r a c k i n g  a r e  c u r r e n t l y  under development. 
o f  t he  mode1 to  c o r r e l a t e  thermomechanical f a t i g u e  
da ta  i s  shown i n  F i g .  1 fo r  bare  and coated  m a t e r i a l ,  
r e s p e c t i v e l y .  Complete d e t a i l s  o f  t e s t  c o n d i t i o n s  
employed a r e  g i v e n  by  Nelson (1986).  Most o f  t h e  
thermomechanical f a t i g u e  (TMF) t e s t s  were per fo rmed a t  
temperatures between 538 and 871 "C a t  one CPM w i t h  
t o t a l  mechanical  s t r a i n  ranges between 0 .4  and 
0.5 pe rcen t .  The dog- leg exper iments  u t i l i z e d  54 sec 
h o l d  pe r iods  i n  e i t h e r  t e n s i o n  or compression. Work 
con t inues  on a r e f i n e d  v e r s i o n  o f  t h e  model which w i l l  
a t t empt  t o  cap tu re  a l l  t h e  impor tan t  l i f e  t r e n d s  seen 
d u r i n g  the  l a t t e r  stages o f  the  c o n t r a c t .  

The f i n a l  t a s k  under t h e  program i s  t o  pe r fo rm a 
s i m i l a r  s e r i e s  of t e s t s  on an a l t e r n a t e  a l l o y ,  wrought 
Incone l  718. A t o t a l  of  55 of these specimen t e s t s  
have now been completed, i n c l u d i n g  i so the rma l ,  t he r -  
momechanical f a t i g u e ,  and m u l t i a x i a l  s t r a i n - c o n t r o l l e d  
t e s t s .  I t  i s  expected t h a t  t he  f i n a l  f o r m  o f  t h e  CDA 
model may i n c l u d e  a d d i t i o n a l  re f i nemen ts  r e q u i r e d  t o  
p r e d i c t  p r o p e r l y  t h e  l i f e  t rends  for  f o r g e d  a l l o y s .  

Lewis Research Center T o t a l  S t r a i n  Vers ion  o f  
S t ra in range  P a r t i t i o n i n g .  The S t ra in range  P a r t i t i o n i n g  
(SRP)  method for c h a r a c t e r i z i n g  and p r e d i c t i n g  creep- 
f a t i g u e  behav io r  of a l l o y s  has l o n g  been assoc ia ted  
w i t h  u s i n g  i n e l a s t i c  s t r a i n s  t o  r e l a t e  t o  c y c l i c  l i f e .  
Recent advances by H a l f o r d  and Saltsman (1983) and 
Saltsman and Ha l fo rd  (1985) now p e r m i t  t h e  approach t o  
be expressed i n  terms of t o t a l  s t r a i n  range versus  
c y c l i c  l i f e .  These developments make t h e  SRP method 
more a t t r a c t i v e  for a p p l i c a t i o n  t o  l i f e  p r e d i c t i o n  o f  
ae ronau t i ca l  gas t u r b i n e  h o t  s e c t i o n  components. 

maximum t e n s i l e  s t r e s s  i n  c u r r e n t  c y c l e  

c y c l i c  o x i d a t i o n  r a t e  f o r  c u r r e n t  f a t i g u e  
cyc 1 e 

re fe rence f a t i g u e l c y c l  i c  o x i d a t i o n  r a t e  

The b a s i s  f o r  Eq. ( 1 )  i s  exp la ined  by Moreno 

The a b i l i t y  
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Here, m a t e r i a l s  and l o a d i n g  c o n d i t i o n s  r e s u l t  i n  
s t r a i n  l e v e l s  t h a t ,  w h i l e  they  a r e  severe and produce 
low-cyc le  f a t i g u e  c rack ing ,  i n v o l v e  o n l y  smal l  
amounts o f  i n e l a s t i c  de fo rma t ion  w i t h i n  n o m i n a l l y  
e l a s t i c  s t r a i n  f i e l d s .  The l i m i t e d  i n e l a s t i c i t y  
produced l o c a l l y  may e x e r t  a s i g n i f i c a n t  i n f l u e n c e  on 
l i f e .  The type o f  i n e l a s t i c  s t r a i n s  p resen t  ( t ime-  
dependent creep and t ime-independent p l a s t i c i t y )  and 
the  d i r e c t i o n  o f  t he  s t r a i n s  ( t e n s i o n  o r  compression) 
can be q u i t e  impor tan t  i n  gove rn ing  t h e  r e s u l t a n t  
c y c l i c  c rack  i n i t i a t i o n  l i f e .  The t o t a l  s t r a i n  based 
SRP approach (TS-SRP) has been developed t o  dea l  
e x p l i c i t l y  w i t h  the  above c o n d i t i o n s .  A b r i e f  
d e s c r i p t i o n  i s  g i ven  below to show how the  procedures 
are  emp 1 oyed . 
terms, the  e l a s t i c ,  A E ~ ~ ,  and t h e  i n e l a s t i c ,  kin, 
s t r a i n  ranges. Each s t r a i n  range i s  r e l a t e d  t o  c y c l i c  
l i f e  by a power law r e l a t i o n  as shown i n  Eq. ( 2  

The t o t a l  s t r a i n  range, A E ~ ,  i s  t he  sum o f  two 

F i g .  2 .  

A E ~  = A E ~ ~  + Acin = B(Nf) b + C ' (N f )  C 

To a p p l y  Eq. ( 2 )  a t  h i g h  temperatures r e q u i r e s  
e v a l u a t i o n  o f  the  c o e f f i c i e n t s ,  B and C ' ,  and 
exponents, b and c .  I t  i s  assumed, i n i t i a l l y  

and 

( 2 )  

he 
the  

t h a t  
b and c a r e  cons tan ts  for  a l l  c o n d i t i o n s  a t  a g i ven  
tempera ture ,  i . e . ,  t hey  a r e  t ime-  and waveshape- 
independent,  and t h a t  B and C '  a re  t ime- and c y c l e  
waveshape-dependent. 

To determine C ' ,  as many o f  the  f o u r  b a s i c  SRP 
i n e l a s t i c  s t r a i n  range versus  l i f e  r e l a t i o n s ,  PP, CC, 
PC, and CP, as a r e  r e q u i r e d  f o r  t h e  c y c l e  o f  i n t e r e s t  
must be known. How t h e  i n e l a s t i c  s t r a i n s  a re  p a r t i -  
t i o n e d  w i t h i n  t h e  c y c l e  must a l s o  be known, i . e . ,  how 
much o f  each type of PP, CC, PC, or CP s t r a i n  r 
i s  p resen t  i n  t h e  h y s t e r e s i s  loop.  Exper imental  
procedures for  e s t a b l i s h i n g  t h e  four i n e l a s t i c  SRP 
l i f e  r e l a t i o n s ,  techn iques  for  approx ima t ing  them, 
exper imenta l  p a r t i t i o n i n g  procedures a r e  g i v e n  by 
H i r schberg  and H a l f o r d  (1976),  H a l f o r d  e t  a l .  (197 
and Manson e t  a l .  (1975).  r e s p e c t i v e l y .  

de te rm ina t ion  o f  C '  c o u l d  be accompl ished a n a l y t  
I n  p r i n c i p l e ,  t he  p a r t i t i o n i n g  and thus  t h e  

tal l y  u s i n g  advanced c y c l i c  c o n s t i t u t i v e  equat ions  
such as those developed under the  NASA/HOST Program by 
L indho lm (1984) and Ramaswamy e t  a l .  (1985). Advanced 
c y c l i c  c o n s t i t u t i v e  models a r e  capable o f  comput ing 
the  exac t  d e t a i l s  o f  a s t r e s s - s t r a i n  h y s t e r e s i s  loop. 
know1 ng o n l y  the  imposed temperature,  t o t a l  mechanical  
s t r a i n s ,  and how t h e y  v a r y  w i t h  t ime for  a representa-  
t i v e  c y c l e .  D e t a i l s  o f  t h e  i n e l a s t i c  s t r a i n i n g  r a t e s  
a re  a l s o  computable, and hence creep s t r a i n s  ( t ime-  
dependent) and p l a s t i c  s t r a i n s  ( t ime- independent)  can 
be separated, i . e . ,  p a r t i t i o n e d .  I f  a c o n s t i t u t i v e  
model i s  n o t  a v a i l a b l e ,  t h e  e m p i r i c a l  approach pre-  
sented by Saltsman and H a l f o r d  (1988) can be used t o  
de termine C '  and B. The r e q u i r e d  equat ions  a r e  
summarized below. 

C 
C '  = [ xF i j (C l j ) l / c ]  (3) 

(4) 

(6 )  

where i j  = pp, cc,  pc,  or cp 

The c y c l i c  s t r a i n  harden ing  exponent, n,  i n  Eq. (4 )  i s  
ob ta ined  f rom comple te ly  reversed r a p i d  s t r a i n - c y c l i n g  
PP r e s u l t s ,  

= K (AE ) n  
el.PP PP PP 

AE 

For cyc les  i n v o l v i n g  creep, 

= K . ( A E . . )  n 
A E e l , i j  i j  i j  

( 7 )  

(8 )  

A complete nomenclature for  TS-SRP i s  g i ven  by 
Saltsman (1988).  

m iss ion  cyc les  o f  i n t e r e s t  a re  i d e n t i f i e d  and the  
c y c l i c  s t ress -s t ra in - tempera tu re - t ime  h i s t o r y  i s  
determined a t  t he  c r i t i c a l  l o c a t i o n  i n  the  s t r u c t u r a l  
component. Then, the  a p p r o p r i a t e  e l a s t i c  and i n e l a s -  
t i c  s t r a i n  range versus l i f e  r e l a t i o n s  a r e  c a l c u l a t e d  
and added toge the r  t o  o b t a i n  t h e  d e s i r e d  t o t a l  s t r a i n  
range versus c y c l i c  l i f e  diagram. E n t e r i n g  t h e  d i a -  
gram w i t h  the  known t o t a l  s t r a i n  range, t h e  c y c l i c  
l i f e  i s  determined d i r e c t l y  w i t h o u t  hav ing  t o  ca lcu-  
l a t e  the  magnitude o f  the  i n e l a s t i c  s t r a i n  range. 
Example l i f e  p r e d i c t i o n  c a l c u l a t i o n s  by t h e  TS-SRP 
approach have been r e p o r t e d  by H a l f o r d  and Sal tsman 
(1983), Moreno e t  a l .  (1985).  and Saltsman and H a l f o r d  
(1988).  The degree o f  success o f  the  method i s  shown 
i n  F i g .  3. Here, the  TS-SRP method was a p p l i e d  by 
Moreno e t  a l .  (1985) t o  a s e r i e s  o f  f i v e  d i f f e r e n t  
types o f  complex v e r i f i c a t i o n  exper iments performed on 
the  n icke l -base supera l l oy ,  81900 + H f .  A d i r e c t  com- 
pa r i son  o f  t he  TS-SRP approach w i t h  t h e  CDA model a l s o  
was made by Moreno e t  a l .  (1985).  wherein the  p r i n c i -  
pa l  f e a t u r e s  o f  each method were emphasized. The 
TS-SRP model and the  P r a t t  & Whitney CDA model were 
bo th  designed f o r  a p p l i c a t i o n  t o  s t r a i n - d r i v e n  f a t i g u e  
load ing  c o n d i t i o n s  i n  the  nomina l l y  e l a s t i c  regime. 
Both methods a re  c u r r e n t l y  be ing  adapted for  a p p l i c a -  
t i o n  t o  TMF problems. 

To app ly  the  TS-SRP approach, t he  s p e c i f i c  

C y c l i c  Crack Propagat ion  
C v c l i c  a rowth  o f  c racks  and d e f e c t s  i n  t u r b i n e  

eng ine-hot  s e c t i o n  components i s  o f  cons ide rab le  con- 
cern  because o f  the  l a c k  o f  s t r u c t u r a l  redundancy i n  
the  c o n s t r u c t i o n  o f  these components. A s  such, c rack  
growth t o  a c r i t i c a l  f r a c t u r e  s i z e  must by avo ided t o  
p reven t  c a t a s t r o p h i c  f a s t  f r a c t u r e  and subsequent l o s s  
o f  eng ine  f u n c t i o n .  T y p i c a l l y ,  concern f o r  f a s t  f r a c -  
t u r e  i s  assoc ia ted  more w i t h  r o t a t i n g  components than 
w i t h  s t a t i c  s t r u c t u r e s .  For combustor l i n e r s ,  gu ide  
vanes, s t a t i o n a r y  spacers, and o t h e r  n o n r o t a t i n g  com- 
ponents,  concern f o r  c y c l i c  c rack  growth i s  more eco- 
nomic i n  n a t u r e  than s a f e t y - r e l a t e d .  I n  t h e  HOST 
f a t i g u e  and f r a c t u r e  program, two approaches t o  c rack  
growth were taken. 
a p p l i e d  i n  an a t tempt  t o  develop d i r e c t l y  u s e f u l  
des ign  t o o l s .  and a s c i e n t i f i c  approach examined t h e  
micromechanisms o f  c rack  ex tens ion  a t  the  c r y s t a l  10- 
g raph ic  l e v e l  and the  i n t e r a c t i o n  w i t h  o x i d a t i o n  
phenomena. 

A major goa1 o f  the  c o n t r a c t  program w i t h  the  Genera? 
E l e c t r i c  Company i s  t o  develop r e l i a b l e  and accu ra te  
eng ineer ing  l i f e  p r e d i c t i o n  c a p a b i l i t i e s  t o  deal  wi th 
c y c l i c  c rack  growth a t  e leva ted  temperatures.  Several  
o f  the  Path-Independent I n t e g r a l s ,  Jx,  t h a t  have been 
proposed over  t h e  pas t  few years  have been shown to  be 

An eng ineer ing  methodology was 

General E l e c t r i c  Path-Independent I n t e g r a l  model. 
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a p p l i c a b l e  t o  f r a c t u r e  mechanics c a l c u l a t i o n s  o f  
c y c l i c  c rack  growth  under u n i f o r m  and nonun i fo rm t h e r -  
mal g r a d i e n t s  and thermomechanical l oad ings .  S p e c i f i -  
c a l l y ,  t h e  va r ious  Jx i n t e g r a l s  proposed by Tada 
e t  a l .  (1973). A inswor th  e t  a l .  (1978). B lackburn  
e t  a l .  (1977). K i sh imo to  e t  a l .  (1980). and A t l u r i  
(1982) have been found s u i t a b l e  f o r  a n a l y s i s  o f  c rack  
s t r e s s  f i e l d s  i n v o l v i n g  n o n l i n e a r  and time-dependent 
thermomechanical response ( K i m  and Orange, 1988). The 
t r a d i t i o n a l  R ice  J - i n t e g r a l  (R ice ,  1968). however, 
becomes p a t h  dependent and loses  i t s  p h y s i c a l  s i g n i f i -  
cance for  thermomechanical l oad ings .  F igu re  5 com- 
pares the  r e s u l t s  of a s e r i e s  of c a l c u l a t i o n s  a p p l i e d  
t o  an ins t rumented s i n g l e  edge no tch  specimen o f  Inco-  
ne1 718 w i t h  a l i n e a r  thermal g r a d i e n t .  The c u r r e n t  
program w i t h  t h e  General E l e c t r i c  Company w i l l  con- 
t i n u e  i n t o  1989, d u r i n g  which t ime one o f  t h e  pa th-  
independent i n t e g r a l s  w i l l  be s e l e c t e d  f o r  f u r t h e r  
v e r i f i c a t i o n  under r e a l i s t i c  thermomechanical l o a d i n g  
c o n d i t i o n s  found i n  t h e  h o t  s e c t i o n  o f  gas t u r b i n e  
eng ines .  

Syracuse U n i v e r s i t y  o x i d a t i o n  c rack  e x t e n s i o n  
m. L i u  and Oshida (1986) and Oshida and L i u  (1988) 
have taken  a mic romechan is t i c  approach t o  d e a l i n g  w i t h  
c rack  p ropaga t ion  i n  supera l l oys .  A model o f  i n t e r -  
m i t t e n t  m ic ro - rup tu re  o f  g r a i n  boundary o x i d e  has been 
proposed for  h i g h  tempera ture  f a t i g u e  c rack  ex tens ion .  
The model i s  o u t l i n e d  b r i e f l y  below for  t h e  case o f  a 
t r a p e z o i d a l  waveform. 

Oxygen a r r i v i n g  a t  a g r a i n  boundary c rack  t i p  
must d i f f u s e  i n t o  t h e  r e g i o n  ahead o f  t h e  c r a c k  i n  
o r d e r  to  form o x i d e  a long  t h e  g r a i n  boundary. 
t h e  c rack  t i p  g r a i n  boundary ox ide ,  a t  a g i v e n  s t r e s s  
l e v e l ,  reaches a c r i t i c a l  s i z e ,  &a. t h e  o x i d e  w i l l  
r u p t u r e  and t h e  c r a c k  w i l l  grow by t h e  amount, 6a. 
The c r i t i c a l  s i ze ,  6a,  depends on t h e  s t r e s s  i n t e n s i t y  
l e v e l  d u r i n g  t h e  h o l d i n g  p e r i o d .  Once t h e  c rack  t i p  
has advanced to  i t s  new p o s i t i o n ,  t h e  process o f  g r a i n  
boundary d i f f u s i o n .  g r a i n  boundary o x i d a t i o n ,  and 
m ic ro - rup tu re  o f  the  o x i d e  i s  repeated .  Th is  process 
o f  m ic ro - rup tu re  of a c r a c k  t i p  g r a i n  boundary can 
r e c u r  i n t e r m i t t e n t l y  d u r i n g  a f a t i g u e  cyc le ,  and i n  
f a c t .  many m ic ro - rup tu res  can t a k e  p lace .  A f t e r  each 
mic ro- rup ture .  t h e  p e n e t r a t i o n  of g r a i n  boundary o x i d e  
must s t a r t  a l l  ove r  aga in  from a " t ime"  zero .  The 
t ime  i n t e r v a l ,  &t, necessary t o  reach  t h e  c r i t i c a l  
s i z e ,  Sa, i s  g i v e n  by, 

When 

6 t =  (B/Dgb)(6a/I3W1 In (9)  

where 

B magnitude o f  the  d i f f u s i o n  jumping v e c t o r  o r  
i n t e r a t o m i c  spac ing  

Dgb g r a i n  boundary d i f f u s i o n  c o e f f i c i e n t  

t3.13' p r o p o r t i o n a l i t y  cons tan ts  

n p o s i t i v e  exponent ( l e s s  than u n i t y )  

The number o f  m ic ro - rup tu res  d u r i n g  the  h o l d i n g  pe- 
r i o d ,  AtH. I S .  

(10) 

m i s  l i n e a r l y  p r o p o r t i o n a l  t o  t h e  h o l d i n g  p e r i o d  and 
i s  i n v e r s e l y  p r o p o r t i o n a l  t o  the  f requency .  

Fa t i gue  c rack  growth pe r  c y c l e  i s  t h e  sum o f  t he  
mic ro- rup tures  d u r i n g  t h e  h o l d i n g  pe r iod ,  

From Eqs. (9 )  t o  ( 

da/dN = P ' A t  D 
H gb 

Note t h a t  da/dN 
quency. f .  F igu re  

da/dN = m &a 

1 )  we o b t a i n ,  

( 1 1 )  

f ) (B / t ia ) l - " / "  

(12) 

s i n v e r s e l y  p r o p o r t  onal  t o  f r e -  
5 taken from L i u  and Oshida (1986) 

i 1 l u s t r a t e s  t h e  success the  approach has had i n  co r re -  
l a t i n g  c rack  growth under h i g h  tempera ture  env i ron -  
ments. The exper imenta l  r e s u l t s  shown i n  the  f i g u r e  
were o b t a i n e d  from the  open l i t e r a t u r e .  

ANISOTROPIC MATERIAL MODELING 

P r a t t  & Whitney s i n g l e  c r y s t a l  c o n s t i t u t i v e  
m. Because o f  the  e x c e p t i o n a l l y  s t r o n g  l i n k  
between t h e  c y c l i c  de format ion  mechanisms i n  s i n g l e  
c r y s t a l  a l l o y s  and the  f a t i g u e  c rack  i n i t i a t i o n  proc- 
ess, i t  was deemed adv isab le  t o  develop bo th  t h e  
c y c l i c  c o n s t i t u t i v e  and c y c l i c  c rack  i n i t i a t i o n  l i f e  
p r e d i c t i o n  models w i t h i n  a s i n g l e  program. Fu r the r -  
more, s i n c e  s i n g l e  c r y s t a l  a l l o y s  i n v a r i a b l y  r e q u i r e  
a p r o t e c t i v e  c o a t i n g  f o r  successful  h igh- tempera ture  
a p p l i c a t i o n s ,  i t  was a l s o  necessary to develop a 
c y c l i c  c o n s t i t u t i v e  and l i f e  model f o r  t he  c o a t i n g  
systems. The c o n s t i t u t i v e  models w i l l  be d iscussed 
i n  t h e  f o l l o w i n g  s e c t i o n .  

A u n i f i e d  c o n s t i t u t i v e  model has been fo rmu la ted  
for  PWA 1480 s i n g l e  c r y s t a l  m a t e r i a l  and i s  c u r r e n t l y  
i n  t h e  f i n a l  stages o f  development. The model uses 
the  u n i f i e d  approach for  comput ing a l l  i n e l a s t i c  
s t r a i n  r a t h e r  than the  conven t iona l  approach o f  t r e a t -  
i n g  c reep and p l a s t i c i t y  separa te l y .  
assumes t h a t  a l l  i n e l a s t i c  behav io r  r e s u l t s  from shear 
s t r a i n s  on each o f  the  twe lve  oc tahedra l  and s i x  cube 
s l i p  systems and t h a t  t he  g l o b a l  i n e l a s t i c  s t r a i n s  a re  
s imp ly  t h e  sum of these s l i p  systems s t r a i n s .  
system i n e l a s t i c  shear s t r a i n  r a t e s  a r e  governed by a 
s e t  o f  v i s c o p l a s t i c  equat ions  which i n v o l v e  t h e  s l i p  
system s t resses  and two e v o l u t i o n a r y  s t a t e  v a r i a b l e s .  
The genera l  form o f  t h e  equa t ion  govern ing  i n e l a s t i c  
shear s t r a i n  on t h e  r t h  s l i p  system as g i v e n  by 
Swanson (1987) i s ,  

The model 

S l i p  

(13) 

where 

yr 

nr 

wr 

K 

i n e l a s t i c  shear s t r a i n  r a t e  on t h e  s l i p  system 

e f f e c t i v e  s t r e s s  a c t i n g  on the  s l i p  system 

back s t r e s s  a c t i n g  on the  s l i p  system 

d rag  s t r e s s  a c t i n g  on the  s l i p  system 

The model has been fo rmu la ted  t o  i n c l u d e  seve ra l  
e f f e c t s  t h a t  have been r e p o r t e d  t o  i n f l u e n c e  deforma- 
t i o n .  These i n c l u d e  c o n t r i b u t i o n s  from s l i p  system 
s t resses  o t h e r  than the  Schmid shear s t r e s s ,  l a t e n t  
harden ing  due t o  simultaneous s t r a i n i n g  on a l l  s l i p  
systems, and c r o s s - s l i p  from the  oc tahedra l  t o  the  
cube s l i p  systems. 

been ob ta ined  a t  temperatures rang ing  f rom 427 t o  
1149 "C u s i n g  u n i a x i a l  specimens o r i e n t e d  i n  the  

A l a r g e  body o f  i so the rma l  c o n s t i t u t i v e  da ta  has 
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too l> ,  <011>, < 1 1 1 > ,  <123> c r y s t a l  o r i e n t a t i o n s .  The 
c o n s t i t u t i v e  model cons tan ts  have been de termined from 
these i so the rma l  t e s t s .  F igu res  6 and 7 show the  
measured s t r e s s  s t r a i n  behav io r  and the  c a l c u l a t e d  
c o n s t i t u t i v e  model behav io r  a t  871 "C. The model i s  
c u r r e n t l y  be ing  eva lua ted  a g a i n s t  t h e  s t r e s s - s t r a i n  
response o f  thermomechanical f a t i g u e  (TMF) t e s t s  which 
were conducted f o r  l i f e  model ing.  The s i n g l e  c r y s t a l  
c o n s t i t u t i v e  model as w e l l  as t h e  c o a t i n g  c o n s t i t u t i v e  
model r e p o r t e d  below a r e  compat ib le  w i t h  a commer- 
c i a l l y  a v a i l a b l e  f i n i t e  element comDuter code. 

P r a t t  & Whitney c o a t i n g  c o n s t i t u t i v e  model. Ther- 
momechanical f a t i a u e  (TMF) c racks  i n  t u r b i n e  a i r f o i l s  
o f  PWA 1480 m a t e r i a l  g e n e r a l l y  o r i g i n a t e  from a coat -  
i n g  c rack .  Thus, f o r  a i r f o i l  l i f e  p r e d i c t i o n ,  i t  i s  
impor tan t  t o  model t h e  c o a t i n g  mechanical behav io r  as 
w e l l  as t h a t  o f  t h e  PWA 1480. I n  t h i s  program, v i sco -  
p l a s t i c  c o n s t i t u t i v e  models a r e  be ing  developed for  
two fundamenta l l y  d i f f e r e n t  c o a t i n g  types  which a r e  
commonly used i n  gas t u r b i n e s  t o  p r o v i d e  o x i d a t i o n  
p r o t e c t i o n :  ( 1 )  a plasma sprayed NiCoCrAlY o v e r l a y  
c o a t i n g ,  and (2 )  a pack-cementa t ion-app l ied  N i A l  d i f -  
f u s i o n  coa t ing .  

The i s o t r o p i c  f o r m u l a t i o n  o f  Walker (1981) was 
chosen as the  o v e r l a y  c o a t i n g  c o n s t i t u t i v e  model, 
based on i t s  a b i l i t y  t o  reproduce i so the rma l  and t h e r -  
momechanical h y s t e r e s i s  l o o p  d a t a  r e p o r t e d  by Swanson 
e t  a l .  (1987).  The p r e d i c t e d  o v e r l a y  c o a t i n g  response 
o f  an out-of-phase thermomechanical c y c l e  i s  compared 
t o  d a t a  i n  F i g .  8.  For these purposes, s o l i d  c y l i n -  
d r i c a l  specimens o f  c o a t i n g  m a t e r i a l  were c u t  from a 
b i l l e t  p repared by h o t  i s o s t a t i c  p r e s s i n g  o f  m a t e r i a l  
powder. The a lum in ide  d i f f u s i o n  c o a t i n g  c o n s t i t u t i v e  
model i s  c u r r e n t l y  under development, and w i l l  be more 
d i f f i c u l t  to  determine owing t o  the  f a c t  t h a t  i t  w i l l  
be imposs ib le  t o  make s o l i d  specimens o f  stand-alone 
c o a t i n g  m a t e r i a l .  

C y c l i c  Crack I n i t i a t i o n  
D i r e c t i o n a l l y  c a s t ,  a n i s o t r o p i c ,  n icke l -base 

supera l l oys  ( p a r t i c u l a r l y  s i n g l e  c r y s t a l s )  e x h i b i t  
g r e a t e r  c reep - fa t i gue  r e s i s t a n c e  than t h e i r  conven- 
t i o n a l l y  c a s t  p o l y c r y s t a l l i n e  coun te rpa r t s .  To take  
f u l l  advantage o f  these improved m a t e r i a l  p r o p e r t i e s ,  
however, r e q u i r e s  the  development o f  accu ra te  c y c l i c  
c o n s t i t u t i v e  and l i f e  p r e d i c t i o n  models for  these 
h i g h l y  d i r e c t i o n a l  a l l o y s .  D i r e c t  m o d i f i c a t i o n  o f  
p o l y c r y s t a l l i n e  behav io r  models i s  inadequate,  and a 
new approach t h a t  recogn izes  the  micromechanisms o f  
c r y s t a l  response i s  necessary.  U n f o r t u n a t e l y ,  t h e  
program was a b l e  t o  address o n l y  the  c rack  i n i t i a t i o n  
aspec ts  o f  s i n g l e  c r y s t a l  supera l l oys .  C y c l i c  c rack  
growth  l i f e  p r e d i c t i o n  mode l ing  must a w a i t  f u t u r e  e f -  
f o r t s .  

p r e d i c t i o n  model. Genera l l y ,  a l l  coa ted  PWA 1480 
o r i e n t a t i o n s  ( i . e . ,  cool>, <011>. < 1 1 1 > ,  and <123>) 
which were t e s t e d  i n  thermomechanical f a t i g u e  i n i t i a t -  
ed c racks  i n  the  metal  a t  s i t e s  where c o a t i n g  c rack-  
i n g  had occur red .  I so the rma l  t e s t s  o f  coa ted  <001> 
PWA 1480 a l s o  t y p i c a l l y  i n i t i a t e d  c racks  f i rst i n  t h e  
c o a t i n g  l a y e r .  However, many coated non- <001> 
i so the rma l  f a t i g u e  t e s t s  i n i t i a t e d  c racks  underneath 
the  specimen o u t e r  su r face  i n  e i t h e r  the  PWA 1480 o r  
the  coating/PWA 1480 i n t e r f a c i a l  reg ion .  I n i t i a t i o n  
occu r red  predominate y a t  p o r o s i t y  s i t e s .  

loped t o  account f o r  t h e  observed specimen c r a c k i n g  
modes, 

P r a t t  & Whitney c o a t i n g  and s i n g l e  c r y s t a l  l i f e  

The f o l l o w i n g  1 f e  p r e d i c t i o n  approach was deve- 

Nf = Nc + Nsc + Nsp 

or 

Nf = N s i  + Nsp 

whichever i s  t h e  s m a l l e s t .  

where 

(14) 

Nc 

Nsc  

cyc les  t o  i n i t i a t e  a c rack  th rough t h e  c o a t i n g  

c y c l e s  for  c o a t i n g  i n i t i a t e d  c rack  to pene t ra te  
a smal l  d i s t a n c e  i n t o  the  s u b s t r a t e  

N s i  cyc les  t o  i n i t i a t e  a subs t ra te  c rack  due t o  
macroscopic s l i p ,  o x i d a t i o n  e f f e c t s ,  or d e f e c t s  

Nsp cyc les  t o  propagate s u b s t r a t e  c rack  t o  f a i l u r e  

Nf t o t a l  cyc les  t o  f a i l  specimen or component 

The f o l l o w i n g  m o d i f i e d  t e n s i l e  h y s t e r e t i c  energy model 
was developed for  the  o v e r l a y  coa t ing ,  

where 

; v 5 1.0 1 
r ( T i )  v =  c r(To) t i  - Do 

cyc 1 e 

(15) 

(16) 

r ( T )  ro exp(-Q/T) temperature- and time-dependent 
damage r a t e  

AWt t e n s i  l e  h y s t e r e t i c  energy, N-m/m3 ( 1  n-1 b f / i  n .3)  

T i  i n d i v i d u a l  tempera ture  l e v e l s  i n  t h e  the  c y c l e ,  
K ( O R )  

t i t ime (min) a t  T i .  i n c l u d i n g  100 pe rcen t  o f  
t e n s i l e  h o l d  and 30 pe rcen t  o f  compressive h o l d  
t imes i n  the  c y c l e ,  i f  any 

To t h r e s h o l d  temperature for  temperature dependent 
damage, assumed to be 1088 K (1960 O R )  

DO " i n c u b a t i o n  damage" 

Q 

The term, v ,  i s  an ex tens ion  o f  t h e  Ostergren  (1976) 
time-dependent damage f requency  term. A s  used he re in ,  
i t  inc ludes  bo th  temperature- and time-dependent damage 
f u n c t i o n s  to model t h e r m a l l y  a c t i v a t e d  processes. 

Model cons tan ts  were determined from iso the rma l  
t e s t s  conducted a t  427, 760, 927, and 1038 O C  (800, 
1400, 1700, and 1900 O F ) .  Coat ing  h y s t e r e s i s  loops 
were p r e d i c t e d  us ing  the  PWA 286 c o n s t i t u t i v e  model 
i nco rpo ra ted  i n t o  a one-dimensional model. Th is  model 
determines the  s t r e s s - s t r a i n  o f  the  subs t ra te  and 
c o a t i n g  by imposing an e q u i v a l e n t  displacement h i s t o r y .  
D i f f e r e n c e s  i n  c o e f f i c i e n t s  o f  thermal expansion a r e  
i nc luded  i n  t h e  model. 

The model u n i f i e s  i so the rma l  and TMF p r e d i c t e d  
l i v e s  w i t h i n  a f a c t o r  o f  about 2.5, as seen i n  F i g .  9. 
Genera l l y ,  t he  worst p r e d i c t e d  t e s t  l i v e s  were 1 i m i t e d  
t o  1149 "C (2100 O F )  maximum temperature TMF t e s t s .  

e f f e c t i v e  a c t i v a t i o n  energy for  temperature- 
and time-dependent damage. 
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4. A p r e l i m i n a r y  c y c l i c  c rack  i n i t i a t i o n  l i f e  
p r e d i c t i o n  model for  coated  s i n g l e  c r y s t a l  supera l -  
l o y s  has been proposed and i s  undergo ing  con t inued  
e v a l u a t i o n .  The model u t i l i z e s  t e n s i l e  h y s t e r e t i c  
energy and f requency  as p r i m a r y  v a r i a b l e s .  

5. Two h i g h  tempera ture  c y c l i c  c rack  growth  l i f e  
p r e d i c t i o n  models have been proposed: micromechanis- 
t i c  and phenomenological  eng inee r ing  approaches have 
been taken.  The mic romechan is t i c  approach i s  based 
upon o x i d a t i o n  i n t e r a c t i o n s  w i t h  mechanical  deforma- 
t i o n  a t  t h e  c rack  t i p ,  w h i l e  the  eng ineer ing  approach 
has i t s  o r i g i n s  i n  t h e  use o f  Path-Independent I n t e -  
g r a l s  t o  desc r ibe  t h e  necessary f r a c t u r e  mechanics 
parameters.  

P r e d i c t i o n  o f  these t e s t  r e s u l t s  shou ld  improve when 
1149 "C (2100 "F )  i so thermal  t e s t s  a r e  i n c l u d e d  i n  the  
da ta  s e t  used to determine model cons tan ts .  

A d d i t i o n a l  model m o d i f i c a t i o n  w i l l  be necessary 
t o  i n c l u d e  the  e f f e c t  o f  b i a x i a l  c o a t i n g  loads  i n t r o -  
duced by t h e  thermal g rowth  mismatch between the  coat -  
i n g  and t h e  s u b s t r a t e  d u r i n g  u n i a x i a l  TMF t e s t s  and 
engine t r a n s i e n t s .  

PWA 273 a lum in ide  c o a t i n g  and PWA 1480 c rack  
i n i t i a t i o n  model development f o r  c a l c u l a t i n g  N s c ,  
Nsp, and Nsi i s  c u r r e n t l y  i n  p rocess .  A t  p resent ,  
based on i so the rma l  f a t i g u e  c o r r e l a t i o n s ,  t he  most 
p romis ing  cand ida te  models f o r  these m a t e r i a l s  a r e  
a l s o  d e r i v e d  f rom an approach based on h y s t e r e t i c  
energy.  

CONCLUDING REMARKS 

I n  conc lus ion ,  we would l i k e  t o  emphasize t h a t  
s i g n i f i c a n t  accomplishments have been achieved i n  the  
f a t i g u e  and f r a c t u r e  arena th rough t h e  atmosphere c re-  
a t e d  by t h e  HOST P r o j e c t .  We a re  now much b e t t e r  a b l e  
to  deal  w i t h  d u r a b i l i t y  enhancement i n  t h e  ae ronau t i -  
c a l  p r o p u l s i o n  i n d u s t r y  th rough t h e o r e t i c a l ,  a n a l y t i -  
c a l ,  and exper imenta l  approaches. Given the  a b i l i t y  
t o  complete t h e  tasks  we have s t a r t e d ,  we expec t  t o  
reap even g r e a t e r  rewards i n  the  near f u t u r e .  

below: 

s t r u c t u r e s  research  l a b o r a t o r y  has been implemented 
a t  t he  NASA Lewis.  

The major  accomplishments to -da te  a re  summarized 

1 .  An advanced h igh- tempera ture  f a t i g u e  and 

2.  Two new c rack  i n i t i a t i o n  l i f e  p r e d i c t i o n  meth- 
ods have been developed for  a p p l i c a t i o n  t o  complex 
c reep- fa t i gue  l o a d i n g  o f  n o m i n a l l y  i s o t r o p i c  supera l -  
l o y s  a h i g h  tempera tures .  

3. C y c l i c  c o n s t i t u t i v e  models for  o x i d a t i o n  pro- 
t e c t i v e  coa t ings  and f o r  h i g h l y  a n i s o t r o p i c  s i n g l e  
c r y s t a l  t u r b i n e  b lade a l l o y s  have been developed and 
v e r i f i e d .  
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FIGURE 1. - APPLICATION OF PRELIMINARY CDA M D E L  TO 
RF L I F E  PREDICTION FOR THE CAST NICKEL-BASE ALLOY, 
PWA 1455 (B1900 + H F ) ,  AFTER MORENO (1986). 
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FIGURE 2. - SCHERATIC REPRESENTATION OF TOTAL STRAIN- 
STRAINRANGE PART I T  ION ING (TS-SRP) . 
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FIGURE 3. - PREDICTION OF CW'LEX VERIFICATION EXPERI- 
E N T S  USING TS-SRP, AFTER M E N O  (1985). 
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FIGURE 4.  - EVALUATION OF PATH-INDEPENDENT INTEGRALS UNDER 
LlEAR TERERATURE GRADIENT I N  SINGLE EDGE NOTCH SPECIFENS 
OF INCOWEL 718, AFTER K I M  AND ORANGE (1988). 
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FIGURE 8. - OVERLAY COATING CONSTITUTIVE MODEL PRE- 
DICTION OF THERMAL ECHANICAL CYCLE AND C W A R I S O N  
WITH DATA. 
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FIGURE 9. - OVERLAY COATING L I F E  R O E L  CORRELATION OF 
OF ISOTHERML L I F E  DATA AND PREDICTION OF THERMAL 
KCHANICAL FATIGUE L I F E  DATA. 
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