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PREFACE 

This  f i r s t  Annual Report covers  t he  i n i t i a l  e f f o r t  on t h e  NASA HOST (Hot 
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f o r  Engine Hot Sec t ion  Anisotropic  Mater ia ls"  conducted under Contract  
tJAS3-23939. The NASA Program Manager f o r  t h i s  p r o j e c t  i s  Dr. Robert C.  B i l l .  
The P r a t t  2 Whitney Program Manager i s  Mr. Gustav A. Swanson. Contr ibutors  
include Messrs. Indr ik  Lindsk ,  David M. Nissley, Paul P. Norr is ,  and Thomas G. 
Meyer a t  P r a t t  & Whitney and Dr. Kevin P. Walker, Consultant.  
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SECTION 1.0 

INTROWCTION 

One of the more important recent developments i n  gas turbine blade materials 
has been the introduction of directional ly solidified and single crystal 
casti  ngs. T h i s  casting process has matured to  the level where i t  is now 
routinely used i n  the production of commercial and military a i r c ra f t  j e t  
engine turbine blades. Among the advantages of these materials are the 
following: 

o By eliminating grain boundaries, the h igh  temperature creep strength 
is  substanti a1 ly i ncreased. 

o The e las t ic  modulus i n  the direction of solidification i s  lowered, 
reducing thermal 1y i nduced stresses and, thereby, i ncreasi ng 1 ow 
cycle fatigue l i f e .  

o Corrosion and oxidation resistance are enhanced by the absence of 
grai n boundaries. I 

o E l  imi nati ng grai n boundary strentheni ng elements rai ses the me1 t i  ng 
temperature and permits greater heat treatment f lexibi l i ty .  

Unfortunately, these metal 1 urgical and processi ng advances have not been 
matched by corresponding advancements i n  the knowledge and understanding of 
the mechanics of these materials, the i r  failure mechanisms, and methods for  
l i f e  predictions. In order to  realize the full  potential of these materials, 
i t  is necessary to  have a complete knowledge of the full  envelope of l i f e  
1 imi ti ng parameters. Ani  sotropy i ntroduces many 1 i fe  prediction questions 
especially for stresses which are not parallel to  the direction of 
solidification. Oxidation resis tant  coating adds another layer of complexity 
to  these questions. All of these issues are addressed i n  this HOST program. 

The program is  divided into a base program which covers a duration of 
forty-two months and two optional programs which are to  be exercised a t  the 
discretion of NASA. In the base program a primary and a1 ternative coated 
single crystal .material, operating a t  relevant turbine a i r fo i l  temperatures, 
are being investigated. In Option 1 the same two single crystal materials , i n  
an uncoated condition and operating a t  root attachment temperatures and 
notched conditions, will be studied. In Option 2 a directionally solidified or 
recrystal 1 ized material, i n  a coated and uncoated condition, will be studied 
a t  temperatures occurring a t  the a i r fo i l  and root attachment, respectively. 

In the base and opti ona1 programs, candidate constitutive and 1 i f e  prediction 
models are being developed concurrent w i t h  laboratory specimens which will be 
tested under a variety of mechanical and thermal load histories to  provide 
data for  the final model selections. The models will be incorporated into a 
computer code which will be checked for operability on a representative 
turbi ne blade section. 



The f i r s t  year e f for t  of the contract has involved material selection, 
specimen preparation, basic material tes t s ,  1 i terature searches of appropriate 
constitutive and l i f e  prediction models, i n i t i a l  formul ation of constitutive 
models, and i n i  t i  al constitutive and fatigue tes t s .  The sped f i c  
accomplishments are 1 isted i n  Section 5.0 and are expanded upon throughout 
this  report. 

D u ~ i  ng the second year, the Task 111, Level I ,  experiments wil l be completed 
on the primary single crystal alloy and the two coatings. Metallurgical 
eval uati on of the resul t s ,  together w i t h  constitutive and 1 i fe prediction 
modeling, will continue i n  para1 le l  w i t h  these tests.  



SECTION 2.0 

TASK I - MATERIAL/COATING SELECTION AND ACQUISITION 

2.1 Material Selection 

A survey was conducted of the single crystal  materials and surface protection 
coating systems currently i n  use or i n  an advanced s t a t e  of development fo r  
use i n  turbine blade applications. Two single crystal  materials and two 
coating systems have been selected fo r  this program. 

2.1.1 Single Crystal Airfoil Material 

The trend toward improved engi ne efficiency and improved durabil i ty has placed 
i ncreasing demands on materials fo r  turbine a i r f o i l s  t ha t  operate i n  the hot 
section of the gas turbine engine. To meet these demands, nickel-base 
superalloys have been designed specif ical ly  fo r  use i n  s ingle  crystal  form, 
which offers  greater  creep fat igue resistance a t  elevated temperatures and 
reduced suscepti bi 1 i t y  t o  corrosi on or  oxi dati  on than conventionally ca s t  
alloys. Table 2-1 l i s t s  some of the single crystal  al loys t ha t  have been 
developed fo r  gas turbine engines. These al loys do not contain grain boundary 
strengthening elements such as carbon, boron, and zirconium; therefore, the  
i nci pi en t  'me1 t i  ng temperatures are  higher than those of conventionally c a s t  
alloys. T h i s  allows for  a higher temperature solution heat treatment, which ,  
i n  turn, fur ther  improves al loy strength by providing a high volume fraction 
(approximately 65 percent) of f i  ne, cuboidal , homogeneously distr ibuted gamna 
prime precipitate.  

Table 2-1 

Si ngl e Crystal Superall oys Used i n Gas Turbi ne Industry 

Alloy Composition (Weight Percent) 

PWA1480 12 4 -- I Q  5 1.5 -- 5 -- -- -- -- Bal* 

Rene N4 4 6 1.5 9.2 3 . 7 4 . 2  0.5 7.5 -- -- - - - -  Bal* 

CM SX-2 6 8 0.6 8 5.6 1 -- 4.6 -- ..- -- ..- Bal* 

CM SX-3 6 8 0.6 8 5.6 1 -.. 4.6 0.1 -- -- -- Bal* 

*Bal ance 



PWA 1480 was selected as the pr imary s ing le  c r y s t a l  superal l oy .  I t was the 
f i r s t  superal loy designed s p e c i f i c a l l y  f o r  use i n  s ing le  c r y s t a l  form and was 
developed w i t h  the  goal o f  achieving an optimum balance o f  creep strength, 
thermal f a t i gue  strength, and ox ida t i on  and h o t  cor ros ion  resistance. PWA 1480 
i s  the most widely  used s ing le  c r y s t a l  a1 l o y  i n  gas tu rb ine  engines today and 
the most advanced tu rb ine  a i r f o i l  mater ia l  u t i l i z e d  i n  P r a t t  & Whitney 
product ion engines. PWA 1480 was c e r t i f i e d  f o r  commercial use i n  the 
JT9B7R4D/E engine i n  l a t e  1981 and has s ince been c e r t i f i e d  f o r  use i n  the 
JT9D-7R4GIH and PW2037 engines. 

Two heats o f  PWA 1480 have been procured f o r  t h i s  program from the Howmet 
Turbine Components Corporation, A l l o y  D iv is ion ,  Dover, New Jersey. The primary 
heat, i d e n t i f i e d  by Howmet as 200A14824, has been designated P9866. The 
secondary heat, i d e n t i f i e d  by Howmet as 20081 4773, has been designated P9867. 
The chemical compositions f o r  the heats are compared t o  the  nominal 
spec i f i ca t i ons  i n Table 2-11. The t y p i c a l  s o l u t i o n  heat  t rea ted  mic ros t ruc ture  
i s  i l l u s t r a t e d  i n  F igure 2-l(A). 

Table 2-11 

S ing le  Crysta l  Superalloys t o  be Studied i n  Contract  

A l l o y  Composition (Weight Percent) 

Heat Elements 
A1 1 oy Code - Ni C r  - - - - Co T i  - A1 - W Ta - Mo - C - 
PWA 1480 Nominal Bal* 10.0 5.0 1.5 5.0 12.0 4.0 -- - - 

P9866 Bal* 10.35 5.5 1.44 4.95 12.2 3.9 -- 0.01 
(Heat A) 

P9867 Bal* 10.3 5.3 1.44 4.9 10.3 4.0 -- 0.004 
(Heat B) 

A l l o y 1 8 5  Nominal Bal* -- -- -- 6.8 -- 6.0 14.0 0.04 

*Bal ance 



F i g u r e  2-1 Typ i ca l  Sol u t i o n  Heat Treated M i c r o s t r u c t u r e  I1 l u s t r a t i  ng 
Gamma/Gamma Prime E u t e c t i c  I s l a n d s  i n  Gamma M a t r i x  Wi th  F ine  
Unresolved Gamma Prime P r e c i p i t a t e s  o f :  A) PWA 1480, and B) 
A l l o y  185. (500X Mag., Etchant :  Mixed Ac ids)  



A l l o y  185 was se lec ted  as the  secondary s i n g l e  c r y s t a l  a l l o y  w i t h  the i n t e n t  
o f  t e s t i n g  the range o f  a p p l i c a b i l i t y  o f  the 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 developed i n  t h i s  program, A l l o y  185 has a  h igher  volume f r a c t i o n  
(approximately 70 percent)  o f  gamma prime compared t o  PWA 1480 due t o  a  h igher  
aluminum content.  I n  add i t ion ,  the h igh  molybdenum content  and h igh  volume 
f r a c t i o n  o f  gamma prime produce a m~rpho logy  t h a t  i s  semi-eonti nusus r a t h e r  
than cuboidal . As a  r e s u l t ,  A l l o y  185 e x h i b i t s  g rea te r  creep anisotropy than 
PWA 1480. 

A s i n g l e  heat  o f  A l l o y  785 has been procured f o r  t h i s  program from the Howmet 
Turbi  ne Components Corporat ion, A1 l oy Div is ion ,  Dover, New Jersey. This  heat, 
i d e n t i f i e d  by Howmet as 242A15847, has been designated P9921. The chemical 
composit ion f o r  t h i s  heat  i s  compared t o  the nominal s p e c i f i c a t i o n s  i n  Table 
2-11. The t y p i c a l  so l  u t i  on heat  t r e a t e d  m ic ros t ruc tu re  i s  i 11 u s t r a t e d  i n 
F igure  2-1 (B). Tens i l e  and creep p rope r t i es  f o r  t h i s  a l l o y  are  g iven i n  
Figures 2-2 and 2-3. 

21 "C 
(70°F) 

(250) - 
1379 

z (Zoo) 17" i n 

Cool> (011, (112, <Ill> <all> all> <llZ> aor> <Oil> <112> CIiI' 

CRYSTALLOGRAPHIC ORIENTATION 

CRYSTALLOGRAPHIC ORIENTATION 

Figure  2-2 Tens i le  Proper t ies  o f  Cast  S ing le  Crys ta l  A l l o y  185 



TEMPERATURE - 'C ('F) 

Figure 2-3 500-Hour Rupture L i f e  o f  Cast Single Crystal A1 loy  185 

2.1.2 Coatings 

For gas t u rb i  ne appl ica t ions of high temperature a1 loys, the use o f  pro tect ive  
coatings i s  required t o  achieve p rac t i ca l  l i v e s  f o r  components which are 
desi gnated t o  operate i n ox id i z i  ng envi ronments a t  elevated temperatures. One 
overlay and one d i f fus ion  coating were selected for  t h i s  program t o  be 
representative o f  those employed i n actual gas t u r b i  ne engi nes. 

PWA 286 was selected as the overlay coating. It o f fe rs  enhanced oxidat ion and 
corrosion resistance f o r  t u rb i  ne blades and vanes. The composition and 
deposit ion process are provided 1 n Tab1 e 2-1 11. The typ ica l  microstructure for  
t h i s  coating i s  i l l u s t r a t e d  i n  Figure 2-4(A). 



Table 2-111 

Coating Composi Lions and Processes 

Oeposi ti on 
Coati ng Type Composi ti on Process 

PWA 286 Over1 ay N i  CoCrA1 Y+Si + H f  Vacuum Plasma Spray 

PWA 273 A1 umi n i  de N i  A1 
(Outward 
D i f f us ion )  

Pack Cementation 

PWA 273 was selected as the d i f f u s i o n  coating. It i s  an outward d i f f u s i o n  
a1 umi n i  de coa t i  ng f o r  n ickel  -base tu rb ine  blades and vanes. The composition 
and deposi t ion process are given i n  Table 2-111. The t y p i c a l  microstructure 
f o r  t h i s  coat ing i s  i l l u s t r a t e d  i n  F igure 2-4(B). 

2.2 Specimen Preparat ion 

2.2.1 Casting 

The superal l oys  employed f o r  t h i s  program have been cas t  using the d i rec t i ona l  
s o l i d i f i c a t i o n  process which i s  schematically ill ust ra ted i n  Figure 2-5. The 
molten metal, i n i t i a l l y  f reezing on the c h i l l  plate, has a very f i n e  
p o l y c r y s t a l l  i ne st ructure.  As the  sol i d i f i c a t i o n  f r o n t  moves v e r t i c a l l y ,  
elongated gra ins (o r  columns) are formed. The dynamics o f  s o l i d i f i c a t i o n  are 
such t h a t  g r a i  ns w i t h  a COO1 1 c r y s t a l  o r i e n t a t i o n  p a r a l l e l  t o  the d i r e c t i o n  o f  
heat f l  ux grow p re fe ren t ia l  l y  compared t o  g r a i  ns w i t h  other  or ientat ions.  To 
produce a s ing le  c rys ta l  cast ing, a h e l i x  i s  used t o  a c t  as a f i l t e r  
c o n s t r i c t i n g  the growth o f  the many columnar gra ins t h a t  grow from the water 
cooled c h i l l  p late.  The h e l i x  permits a s ing le  <001> or ien ted g ra in  t o  pass 
through. For o r ien ta t i ons  other  than <001> ( i  .e., <Ill>, <110>, and <123>), a 
seed c r y s t a l  o f  the desired o r i e n t a t i o n  i s  employed i n  the  mold t o  ~ v e r r i d e  
the  natura l  tendency fo r  growth i n  the <001> d i rec t ion .  When molten a1 l o y  i s  
poured i n t o  the  mold, the seed c r y s t a l  acts as a s t a r t i n g  block for  
sol i d i  f i c a t i o n .  D i rec t iona l  sol i d i f i c a t i o n  proceeds w i t h  the  c r y s t a l  1 ographic 
growth d i r e c t i o n  d i c ta ted  by the o r i e n t a t i o n  o f  the  seed c r y s t a l  producing a 
s ing le  c r y s t a l  cas t ing  o f  the desi red or ien ta t ion .  

C y l i n d r i c a l  s ing le  c rys ta l  bars w i t h  nominal 15.2 cm (6.0 i n )  lengths and 2.54 
cm (1.0 i n )  and 1.59 cm (0.625 i n )  diameters have been cast. The standard 
<loo> c r y s t a l  1 ographic d i r e c t i o n  a1 ong w i t h  the  <Ill>, <1 lo>, and <123> 
d i rec t i ons  have been chosen as the primary o r ien ta t i ons  f o r  s ing le  c r y s t a l  
cast ing. 
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Figure  2-4 Typical' Micrographs o f :  A) PWA 286 Overlay Coating, and B) PWA 
273 D i f f u s i o n  Coati ng 11 l u s t r a t i  ng the M ic ros t ruc tu ra l  
Di f ferences Between the  Coatings. Note the  small i n t e r d i  f f u s i o n  
zone associated w i t h  the  over1 ay coat ing  compared t o  t h a t  o f  the  
d i f f us ion  coating. The substrate i s  PWA 1480. (500X Mag., 
Etchant: Mixed Acids) 
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Figure 2-5 Schematic Representation o f  Single Crys ta l  Casting Process 

A f t e r  cast ing,  the  bars were s o l u t i o n  heat t rea ted  employing a  
step-temperature cyc le  w i t h  a  t h i  rty-mi nute hol  d  a t  the 1293°C (2360°F) 
maximum temperature, f o l l  owed by a  forced gas cool t o  ob ta in  the  desi red 
micros t ruc ture  o f  f i n e  gamma prime p r e c i p i t a t e  homogeneously d i s t r i b u t e d  i n 
the gamma m a t r i x  w i thout  the onset o f  i n c i p i e n t  me1 ti ng. The fo l l ow ing  
inspec t ion  procedure was employed t o  ensure t h e  qua1 i t y  o f  t he  cast ings p r i o r  
t o  specimen fab r i ca t i on :  

1 )  Gra in  e tch  - v isua l  i nspec t ion  f o r  sur face defects. 

2 )  Laue back r e f l e c t i o n  x-ray d i f f r a c t i o n  t o  determine the dev ia t i on  
from the primary c r y s t a l  l ographic o r i e n t a t i o n  and the presence o f  any 
low angle g r a i n  boundaries. 

3 )  Metal l ographi c  exami na t ion  o f  the  heat t rea ted  micros t ruc ture  t o  
ensure complete gamma prime sol  u t i o n i  ng w i thou t  i nci  p i e n t  me1 ti ng o r  
excessi we porosi  ty . 

Table 2-IV l i s t s  the  ma t r i x  f o r  the  number o f  acceptable bars cas t  t o  date. 



Table 2-IV 

Matrix for  the Number of Acceptable Cast Bars Based on 
Crystallographic Orientation and Bar Diameter 

Number of 2.54 cm (1.0 i n )  Number of 1.59 cm (0.625 in)  
Diameter Bars Diameter Bars 

PWA 1480 82 28 7 3 69 53 42 3 7 31 
(P9866 ) 

PWA 1480 28 3 3 - - - - 8 -- -- 
( P9867 ) 

Alloy 185 15 -- - - - - 15 -- - - -- 

2.2.2 Specimen Fabrication 

Specimen geometries were chosen to  allow conditions comparable to  those found 
in actual turbine blades to  be produced duri'ng testing. PWA 1480 specimens 
(and, i n  the future, Alloy 185 specimens) were machined from 2.54 cm (1.0 i n )  
and 1.59 cm (0.625 in)  diameter bars. For coated property testing, the 
specimens were coated using the standard methods as l i s ted  in Table 2-111. 
Specimens for  determi ni ng coati ng materi a1 properties of the over1 ay coati ng 
were fabricated from ingots of hot isostatical  ly  pressed (HIP) powder. 
Di f fusi on a1 umi ni de coati ng specimens were prepared by applyi ng the coati ng to  
special ly designed specimens of PWA 1480. Additional detail s on the specimens 
are as follows: 

o Physical Property Specimens - The determination of the thermal 
conductivity , thermal expansion, and specific heat for the material s 
chosen for th i s  project has been contracted to  the Southern Research 
Inst i tute ,  Birmingham, Alabama. Figure 2-6 i l lus t ra tes  the specimen 
geometries required for two of the physical property tests. The 
specification for  the specific heat specimen i s  that  a minimum volume 
of 16.4 cubic cm (1.0 cubic in)  of material be supplied. Six 
specimens (two for each property) of each material are to  be tested. 

o Single Crystal A1 1 oy and Si ngl e Crystal A1 1 oy/Casti ng Mechanical 
Property Specimens - Figure 2-7(A) and 2-7(B) i l l u s t r a t e  the specimen 
geometries employed for coated and uncoated tensile and creep 
testing, and uncoated cyclic constitutive testing. Figure 2-7(C) i s  a 
diagram of the current standard strain-controlled thermomechanical 
fatigue (TMF) specimen used a t  Pratt  & Whitney. The specimen was 
empl oyed to  determine the feasi b i  1 i ty  of using external extensometry 
(which would el iminate the need for internal ridges in the specimen) 
instead of the standard internal extensometry by performing direct 
comparison TMF testing t r i a l s .  Table 2-V l i s t s  the number of 
specimens prepared to date. 



A )  THERMAL CONDUCT1 V I T Y  SPECIMEN 

0.17 cm DIA .  
(0.067 i n )  

B) THERMAL EXPANSION SPECIMEN 

L 0.635 cm DIA. 
(0,25 i n )  

Figure 2-6 Specimen Designs f o r  Determining Physical Properties 



A) TENSILE AN0 CREEP TEST SPECIMEN 

10.65 cm 
(4.192 i n )  -I 

L 1.27 cm 
(0 .50  i n )  

L 0.64 cm 
(0.252 i n )  

B) CYCLIC CONSTITUTIVE TEST SPECIMEN 

(0 .40  i n )  

C) IN IT IAL THERMOMECHANICAL FATIGUE SPECIMEN 

Figure 2-7 Specimen Designs f o r  Single Crystal  A l loy  and Single Crystal 
A1 1 oy/Coati ng Mechanical Property Tests 



Table 2-V 

Number o f  PWA 1480 Mechanical Property Test 
Specimens Fabricated t o  Date 

Number o f  Specimens 

Type o f  Specimen Coating <loo> <Ill> <110> <123> 

Tensile and Creep 
Test Specimens 

Cycl i c Cons ti t u t i  ve 
Test Specimens 

Thermomechani ca l  Fatigue 
Test Specimens 

Uncoated 14 12 14 14 

PWA 286 10 9 -- - - 
PWA 273 10 9 -- -- 
Uncoated 11 11 11 11 

PWA 286 12 -- - -. -- 
PWA 273 12 -- - - - - 

o Coated Material Mechanical Property Specimens- Figure 2-8 i l l u s t r a t e s  
the specimen geometries empl oyed f o r  t e s t i  ng the mechanical 
propert ies o f  bulk PWA 286 overlay coating material.  The specimen 
diagrammed i n  Figure 2-8(A) was machined from PWA 286 ingots o f  hot  
i s o s t a t i c a l l y  pressed (HIP powder. F i  gure 2-8( 8)  i 11 ustrates 
specimens fabr icated from th ick  sheets o f  plasma sprayed PWA 286. The 
th ick  sheets were produced of plasma spraying th ick  layers o f  PWA 286 
onto substrates. The substrates were subsequently removed by 
macki n i  ng. 

Figure 2-9 ill ustrates the specimens employed f o r  determi n i  ng coating 
material propert ies when appl i e d  t o  PWA 1480 substrates. F i  gure 
2-9(A) diagrams the substrate f o r  the PWA 273 coated specimen f o r  
tens i le  and creep test ing. Two coating thicknesses w i l l  be used. The 
reasons f o r  t h i s  par t i cu la r  conf igurat ion select ion i s  discussed i n  
Section 4.1. Figure 2-9(B) i l l u s t r a t e s  the substrate f o r  the 
four-poi n t  bend coated fat igue specimens. Both coat i  ng materials w i l l  
be employed f o r  test ing. Table 2-VI 1 i s t s  the number o f  specimens 
fabr icated t o  date. 



A) TENSILE, RELAXATION, AND STRESS-RUPTURE SPECIMEN FABRICATED FROM HOT 
I SOSTATICALLY PRESSED POWDER 

L 0 . 9 1 c m  h. 0.45 cm 
(0.375 i n )  (0.357 in) (0.178 i n )  

B) TENSILE, RELAXATION, AND STRESS-RUPTURE SPECIMEN FABRICATED FROM PLASMA 
SPRAYED SHEETS 

GAGE LENGTHW DIA. 

0.10 cm 
(0.04 i n )  

Figure 2-8 Specimen Designs f o r  Bulk PWA 286 Coating Material  Mechanical 
Property Tests 



A) TENSILE AND CREEP DIFFERENCE METHOD TEST SPECIMEN 

I 

(0.115 i n )  
(1.00 i n )  

OR 0 . 0 0 5  i n )  7 

B )  FOUR-POINT BEND FATIGUE TEST SPECIMEN 

1-27 cm 
(0.50 i n )  

0.25 cm 
(0.10 i n )  
t 

( 
I f  

0.43 mm R 
(0.017 i n )  

F igure 2-9 Specimen Designs o f  the Substrates f o r  Coating Mater ia l  
Mechanical Property Tests 



Table 2-VI 

Type of Specimen 

Number of Coati ng Material Mechanical 
Property Test Specimens Fabricated t o  Date 

Cyl i ndrical Tensi 1 e,  
Re1 axati on and Stress- 
Rupture Specimen 

Flat  Tensile, Relaxation 
and Stress-Rupture 
Specimen 

Tensile and Creep 
Di fference Method 
Specimen 

Four-Poi n t  Fatigue 
Specimen 

Material Number Comments 

B u l k  PWA 286 29 Fabricated from 
HIPed powder 

Bulk PWA 286 16 Fabricated from 
pl asma sprayed 
sheets 

Bulk PWA 273 21 0.25 mm (0.010 
in)  substrate 
thickness 

B u l k  PWA 273 17 0.13 mm (0.085 
in )  substrate 
thickness 

Bulk PWA 273 15 --- 

2.3 Physical , Thermal and Monotonic Mechanical Properties 

2.3.1 PWA 1480 Physical and Thermal Properties 

Physical and thermal property tes t s  of PWA 1480 have been r u n  a t  Southern 
Research Insti tute.  Data on thermal conductivity, thermal expansion, specific 
heat and density have been obtained and the results are being reviewed. 

2.3.2 Tensile Properties 

2.3.2.1 PWA 1480 Single Crystal 

A total  of forty monotonic tensile tes t s  were conducted on PWA 1480 single 
crystal specimens w i t h  orientations of <loo>, <110>, (11 1>, and <123>. All 
tes t s  were r u n  a t  the ASTM (American Society for Testing Materials) standard 
s t ra in  rate  of 0.005 min'l. Additional tes t s  are planned a t  other s t rain 
rates. Tests i ncl uded uncoated and a1 umi n i  de di ffusion and N i  CoCrAl Y over1 ay 
coated <loo> and <Il l> oriented specimens. A summary of a l l  t e s t  conditions 
and observed material properties i s  presented in  Table 2-VII. 



Table 2-VII  

Sumary o f  PYA 1480 Tensile Testing 

!cmp. spec. 
I 0  C("FI  - 

427(800) JA-16 
KA-2 
LA-36 
MA-! 

649( 1200) JA-33 
KA-3 
LA-51 
MA-3 

76011400) JA-34 
JA-22 
JA- 11 
KA-4 
LA-52 
LA-25 
LA-13 
MA-4 

871( 1600) JA-36 
JA-24 
JA-12 
KA-6 
LA-53 
LA-26 
LA-14 
MA-5 

982( 1800) JA-37 
JA-25 
JA-13 
KA-8 
LA-54 
LA-28 
LA- 16 
MA-6 

1093(2000) JA-38 
JA-26 
JA-14 
KA-9 
LA-55 
LA-29 
LA-18 
MA-9 

Or ien t  
Coat 
& 

~ ~ l o - 3  
MPa(KSI) 

l i3.8(16.5) 
221.3(32.1) 
239.3t34.7) 
198.6(28.8) 

POROSI 
176.5(25.6) 
253.7(36.8) 
193.7(28.1) 

101.4(14.7) 
103.4(15.0) 
96.5113.7) 

f74.4(25.3) 
200.0(29.0) 
220.6(32.0) 
171.7(24.9) 
180.0(26.1) 

.2% Y i e l d  U l t .  El ong 
t4Pa(KSI t.lPa(KS1) - X 

989.4(143.5) 1118.4(162.2) 5.7 
921.9(133.7) 957.0(138.8) 14.3 
897.0(130.1) 1393.5(202.1) 11.7 
837.7(121.5) 1218.3(176.7) 19.1 

[TY FAILURE 
929.4(134.8) 1081.1(156.8) 4.7 
849.5(123.2) 1245.2(180.6) 23.7 
824.0(119.5) 1082.5(157.0) 22.7 

1177.0(170.7) 1324.5(192.1) 14.1 
1159.7(168.2) 1293.5(187.6) 4.8 
1163.2(168.7) 1290.1(187.1) 8.0 
948.1(137,5) 1108.7(160.8) 10.5 
879.8(127.6) 1093.5(158.6) 22.1 
928.5(133,5) 1830.1(149.4) 16.8 
908.1(131,7) 1106.6(160,5) 21.4 
891.5(129.3) 985.3(142.9) 17.8 

715.0(103.7) 1021.1(148.1) 13.7 
756.4(109.7) 991.5(143.8) 18.7 
755.7(109.6) 961.9(139.5) 21.7 
786.0(114,0) 910.1(132.0) 13.1 
696.4(101.0) 819.8(118.9) 19.0 
682.6(99.0) 812.2(117.8) 20,3 
671.6(97.4) 812.2(117.8) 22.1 
626.1(90.8) 764.7(110.9) 18.0 

452.3(65.6) 695.0(100.8) 23.0 
437.1t63.4) 659.9(95.7) 24.0 
428.9(62.2) 642.6(93.2) ' 22.9 
519.9(95.4) 628.8(91.2) 16.7 
427.5(62.0) 557.8(80.9) 22.2 
448.2(65.0) 575.7(83.5) 18.3 
455.1(66.0) 557.1(80.8) 23.7 
431.6(62.6) 539.9476.3) 25,9 

275.1(39.9) 371.6(53.9) 30.0 
272.4(39.5) 368.2153.4) 31.3 
269.6(39.1) 353.7(51.3) 43.0 
315.8(45.8) 385.4(55.9) 18.7 
259.9(37.7) 328.9(47.7) 41.7 
253.0(36.7) 315.1(45.7) 28.0 
262.7(38.1) 321.3(46.6) 29.2 
273.0(39.6) 319.2(46.3) 24.9 

1 X-sect ional area used t o  c a l c u l a t e  s t ress  excludes c o a t i n g  area 
2 Aluminide d i f f u s i o n  
3 NiCoGrAlY ove r lay  



Some of the trends can be understood by examining the fracture surfaces of 
some of these specimens shown in Figure 2-10, Mote that  the faceting i s  quite 
pronounced a t  760°C (1400"F),  b u t  as the temperature i s  i ncreased to  9093°C 
(200O0F), the number of facets" ng planes increases dramatical ly and the 
fracture surface appears more normal to  the tens i le  load. Also note that  
necking and the duct i l i ty  o f  the specimens increase with temperature. All of 
these trends can be explained by the increase in  the number of active s l i p  
systems with temperature. 
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Figure 2-90 Fracture Surfaces of <OOl> PWA 9480 Tensile Specimens. Note the 
pronounced Paceti ng a t  760°C (1 400°F) i s  reduced with increased 
temperature. 



Pest specimen JA-33, with orientation <186>, exhibited extremely low 
el ongati on, Upon metal l urgical evaluation, the sp@cimen was found to  contai n 
large porosity s i t e s  along the fracture surface. Such porosity i s  considered 
noncharacleri s t i  c of PWA 7 480 materi a1 . For actual turbi ne hardware, the 
standard part  i nspection practices would detect t h i s  type of defect prior to  
instal  l a t i  on i nto an engine. 

2.3.3 Creep Properties 

2.3.3.1 PWA 1480 Single Crystal 

To date, eleven of forty planned monotonic creep t e s t s  have been completed. A 
summary of t e s t  conditions and observed material properties i s  presented in  
Table 2-VIII .  

Table 2-VIII 

Summary of PWA 1480 Creep Testing 

Secondary 
Temp. Spec. Coat S t ress  % Of L i f e  Creep Rate Elong RA " (OF) I D  O r i e n t  TJJR- MPa (KSI)  .2% Y i e l d  (Hrs.   in-l) % % - - 
871(1600) JA-40 100 --- 413.7(60) 57.8 462.9 8.84 E-07 12.0 20.1 

JA-41 --- 517.1(75) 72.3 79.0 8.28 E-06 15.3 28.9 

LA-57 111 --- 482.6(70) 69.3 67.1 2.90 E-05 14.9 22.8 

1 Transmission E lec t ron  Microscopy 

2 X-sect iona l  area used t o  c a l c u l a t e  s t resses excludes c o a t i n g  area 

3 Aluminide d i f f u s i o n  

4 NiCoCrAlY ove r lay  



Transmission electron microscopy (TEN) was conducted on a specimen tested a t  
982"C/220 MPa ( 1 800°F/32 ksi ) t o  exami ne the di sl  ocati on patterns devel oped a t  
the end of primary creep, A t  t h i s  stage, the d i s l o c a t i o n  density i s  low and 
i nhomogeous in  dis t r ibut ion,  Figure 2-11 ( 8 ) .  Dislocation pairs ,  one i s  shown 
by the arrow i n  Figure 2-1 9 ( B )  , are observed surrounding the Y\ Using the 
g*b=O i nvi s i  bil i t y  cr i ter ion,  the Burger's vector of the dislocation pairs 
;eye found to  be of <011> type. Therefore, i t  i s  believed "ea t  shear of the Y '  
precipi t a l e s  by pairs of a/2 (1 10> di sl ocati ons control 1 ed the primary creep 
deformation in  th i s  specimen, 

A )  FOIL IS CUT PERPENDICULAR TO STRESS AXIS ( I .  E . ,  PARALLEL TO <001>) 

B )  FOIL IS CUT PARALLEL 1 0  < I l l >  SLIP PLAME 

Figure 2-11 Dislocation Structure After Being Creep Tested a t  98Z°C/220 MPa 
(1800°F/32 ksi ) for 5.4 Hours (Mi thi  n Primary Creep Stage) 

2-1 9 



The <123> oriented creep speciinen tested a t  38Z°C/248 l4Pa (l80O0F/36 k s i )  
axhihitee v i r t u a l l y  no pr iniary creep as colllpared t o  the < T O O >  oriented 
s,~ecitnen (Figure 2-12). Exanlination of the  f r a c tu r e  surface a l so  indicated 
mare of a cleavage f rac tu re  ( i . e . ,  stage 1 cracking) than i s  usually observed 
a t  962°C (1300°F). 

A conlparison of the percent elongation observed in uncoated <loo> oriented 
specilr~ens during mo~~otonic t e n s i l e  and creep t e s t i ng  i s  presented in Figure 
2-13. As shown, t he  two  elongations are  v i r t ua l l y  equivalent. 

1 0  2 0  30 

TIME (HRS.) 

Figure 2-12 Uncoated PWA 1480 Creep 982OC/220 MPa (1800°F/36 k s i )  



0 CREEP 

0 TENSILE, E - 0.005 MIN" 

Figure 2- 13 Elongation Observed in Uncoated <loo> PbJA 1480 Tensile and Creep 
Tests 

2.3.3.2 PWA 286 NiCoCrAlY Overlay Coating 

A surtnnary of the test conditions and observed material properties is presented 
in Table 2-IX. 140 previous creep experience was available with this material. 
The creep test conditions were set based on the limited stress relaxation 
tests conducted for the constitutive modeling effort. As a result, most tests 
required uploading or were discontinued before rupture. Due to the poor 
success in running these tests and the limited number of bulk hot 
isostatically pressed PWA 286 speci~nens remaining for constitutive model 
development, the balance of the planned creep tests iiave been postponed unti 1 
the results of coated PYA 1480 fatigue tests can be used to define new -test 
conditions for PWA 286. 



Table 2-IX 

Temp. Spec. 

- I D  'C("F) - 
649( 1200) 9-T 

Summary o f  B u l k  Hot I s o s t a t i c a l l y  Pressed 
PWA 286 Creep Test ing 

Stress 

MPa(KSI 1 
68.9(10) 

Secondary 

Creep Rate 

 in-') 
2.99 E-07 

El ong 

% - 
N /A 

BA 

% Comnents - 
N/A Discontinued 

A t  1700 h r s .  

N/A Dfscontinued 

A t  1130 h r s .  

87.1 

23.7 Uploaded from 

20.7 MPa/3 k s i  

t o  55.2 MPa/8 

k s i  a t  48 hrs .  
84.9 Uploaded f r o m  

6.9 MPa/l k s i  

t o  13.8 MPa/2 

k s i  a t  160 h r s .  
86.7 
66.1 F a i l e d  on 

l o a d i n g  

N/A = Not a v a i l a b l e  



TASK I1 - SELECT1014 OF CANDIDATE LIFE PREDICTION AND CONSTITUTIVE MODELS 

Basic to any life prediction rnodel is a good constitutive model. This is 
particularly true when predicting lives within the hot section of a gas 
turbine engine. As a gas turbine part is cycled through a wide range of 
stresses, strains, and temperatures, deformation and damage accumulate by a 
variety of mechanisms, all of which could play an iinportant role in the part's 
ultimate failure. It is the goal of constitutive modeling to predict this 
stress-strain history and cycle shape, and possibly, -the clamage history, so 
that the cotlditions at fatigue initiation are accurately known. For coated 
airfoils, fatigue often originates in the coating and, under certain 
conditions, the coating reduces the fatigue life of the part. Due to this 
intiinate irtteract ion between the coating and substrate in fatigue, both 
itlaterials inust be understood in terins of constitutive and life models. A 
literature search of numerous such models is reported in this section together 
with the selection of the inost pro~nising candidates, 

3.1 Coating Constitutive Models 

Unlike tire single crystal substrate inaterials selected for this program, the 
two coatiilgs. are poljlcrystalline, and, to a first approximation, isotropic. 
So~ile anisotropy (Figure 2-4) docs exist due to the application process and/or 
intcrdiffusion between the coating and the substrate. However, f ~ r  this 
proyraril ani sotropy wi 11 be ignored for the fol lowing reasons: 

1 ) Coatilly properties are very difficult to measure and many of the 
planned test specimens are machined from billets which are inherently 
isotropic. 

2 )  The properties para1 lel to the surface are believed to be inost 
important, while errors in those normal to the surface are 
inconsequential . 

Over this range of colnplexity five prolnisiny models have been selected for 
evaluation in this program. These are: 

1) Classical model, 
2) I,lalkerts model, 
3) Siinplified l.lalkerts model, 
4) Siinpl if ied unified approacti, and 
5) Stowel 1 equation. 

Each model will be evaluated based on the desirabls features which are 
categorized below: 

1) Simplicity 

a) nu~nber of model teaperature dependent constants 
b )  simp1 icity of test quantity of baseline data required to obtain 

model constants 
c )  ease of iiliplemerltation into a finite element code 



2 )  Predictive capability 

a)  accurate representation of baseline data 
b) prediction of both isothermal and nonisothermal thermomechanical 

fatigue verification tests 

Priority in ranking the modal% is de2icted graphic all^ in Figure 3-1 together 
with a qualitative preliminary evaluation of each model. Simple models which 
exhibit high predictive capability are considered most desirable and are 
represented by Region I on the figure. Region IV represents the least 
desirable class of models. Emphasis is placed on prediction capability. Thus, 
models which are more ~or~~plex, such as Walker ' s unified approach, compare 
favorably to sirnpler inodels since the additional complexity should improve 
predictive capability. Quantification of the tradeoffs will become possible as 
test data are generated in Tasks 111 aiid V. 

REOlON Ill 

RCGION IV REGION I1 

(rl CLASSICAL 
B WALKER 
I3 SIMPLIFIED WALKER 
m SIMPLIFIED UNIFIED APPROACH 
lsl STOWELL EQUATION 

PREDICTIVE CAPABILITY ------.t 

Figure 3-1 Cornparison of Constitutive t4odel Features 

To facilitate quantitative assessment, inodels are regressed and evaluated 
utilizing a consistent set of isothermal baseline data manipulated by a 
computer auton~ated regression/prediction system. For regressions, the system 
calculates a standard deviation for each model constant which is interpreted 
as a measure of the model's ability to reproduce the baseline data behavioral 
characteristics, 



3.1.1 Classical  Model 

The c lass i ca l  approach (Reference 1 )  was one o f  the  f i r s t  attempts a t  
developing a nonl inear model which recognizes the  observed d i ss im i l  a r i  ty 
between monotonic t e n s i l e  and creep i n e l a s t i c  mater ia l  responses. Time 
independent p l a s t i c i t y  ( t e n s i l e )  and t ime dependent i n e l a s t i c i t y  (creep) are 
considered as uncoupled components o f  the  t o t a l  i n e l a s t i c  s t ra in .  

E E i n e l a s t i c  = p l a s t i c  + 'creep (3-1 

Thus, t h e  t o t a l  s t r a i n  funct ion,  neglect ing thermal s t ra in ,  i s  w r i t t en :  

E ' t o ta l  = e l a s t i c  + 'p las t ic  + 'creep ( 3-2 

where: u = stress, 
t = time, and 
E = e l a s t i c  modulus. 

Both p l a s t i c  and creep s t r a i n  funct ions Cf(u), g (o , t ) l  are chosen t o  provide 
adequate dup l i ca t i on  o f  t he  mater ia l  behavior. From Task I t e s t s  o f  PWA 286, 
i t  has been determined t h a t  both funct ions can be described by simple power 
law re la t ionsh ips :  

A4 
E creep = (j ) 

where: A1, A2, A3, and A4 are constants. 

These forms w i l l  be used i n  the f i r s t  curve f i t  o f  c o n s t i t u t i v e  data and w i l l  
be modi f ied as necessary as more data become avai lable.  



3.1.2 Walker Model 

The Walker model (Reference 2) i s  among a new generation o f  c o n s t i t u t i v e  
models based on a u n i f i e d  v i scop las t i c  approach which considers a l l  nonl inear 
behavior as t ime dependent i n e l a s t i c i t y .  No d i s t i n c t i o n  i s  made between 
p l a s t i c  and creep i n e l a s t i c  ac t i on  as i n  the c lass i ca l  model. Walker, from h i s  
e a r l i e r  work on Haste l loy X ,  has chosen t o  express i n e l a s t i c  behavior by a 
power law re la t i onsh ip  which can be w r i t t e n  one-dimensionally as: 

where n i s  a constant and Q ,  back stress, and K, drag stress, are s t r a i n  
h i s t o r y  dependent i n t e r n a l  s t a t e  var iables which describe kinematic and 
i s o t r o p i c  c y c l i c  hardening, respect ive ly .  

The back s t ress  term, ~2, i s  a dev ia to r i c  quant i ty  which phys ica l l y  corresponds 
t~ the  asymptotic s t ress s ta te  under re laxa t ion  condit ions. Qua1 i t a t i v e l y  , the 
evolut ionary expression f o r  back st ress i s  a sum o f  opposing nonl inear 
hardening and thermal and dynamic recovery components which can be 
character ized as: 

Hardening Recovery 

where: g i n  = instantaneous i n e l a s t i c  s t ra in ,  

ifn = instantaneous i n e l a s t i c  s t r a i n  rate,  

T = temperature, and 

t = time. 

Drag st ress i s  a scalar  quant i ty  which represents a res is tance t o  i n e l a s t i c  
f low, and i s  considered a func t i on  o f  t he  e f f e c t i v e  i n e l a s t i c  s t ra in ,  R, 

One-dimensional l y  : K = K1 - K2 exp(- n7!) (3-8) 

where: K = instantaneous drag stress, 

Ka = f u11y hardened/softened drag stress, 

K 1  - K2 = i n i t i a l  drag stress, 

n7 = constant, and 

n 
R = Z I ; = i n e l a s t i c  s t r a i n  increment. 
,w i = l  i - 



Thus, the drag stress function i s  a monotonically increasing relationship 
describing isotropic hardening (K2 > 0) or softening (K2 < 0 ) .  

The entire set of equations for the Walker model considered i n  this research 
effort are provided i n  Table 3-1. References 2 and 3 provide a detailed 
di scussion of Val ker' s and other unified approaches. 

Tab1 e 3-1 

A Summary of Walker's Model 

Material Constants: A, II, h, n ,  m, n l ,  n2, ng, n4,  n5, ng, n7, 
n8, ng, n10, n i l ,  K i ,  K2, and Kg depend on 
temperature. 



3.1.3 Simp1 i f i e d  Walker Model 

Pre l iminary Task I1  r e s u l t s  suggest t h a t  the  Walker model can be simp1 i f i e d  
because some terms descr ib ing the evo lu t ionary  response o f  back s t ress  are  
unnecessary f o r  PWA 286 coat ing mater ia l .  The s i m p l i f i e d  Walker model i s  an 
extension o f  t h i s  s i m p l i f i c a t i o n  process t o  the  extreme case where a l l  back 
s t ress  terms a re  e l  iminated. This  seems j u s t i f i e d ,  a t  1 east qua1 i t a t i v e l y ,  
based on the  r a p i d  re laxat ion/ low stcength proper t ies  o f  coat ing  ma te r ia l s  a t  
moderate temperature 1 eve1 s, T > 871 C ( 1600 F)  . Thus, any exposure a t  h igh  
temperature can erase the  back y t r e s s  component (F igure 3-2). The i n e l a s t i c  
s t r a i n  r a t e  formulat ion, equation (3-6), i s  then reduced to :  

From a s i m p l i c i t y  standpoint t h i s  model i s  very a t t r a c t i v e .  

TEMPERATUKE 'C ( O F )  

~CKCULATED BY WALKB MODEL SIMULATIO~ OF A MONOTONIC 
TENSILE TEST: E =  2%; ;= 0.005 mine 

Figure  3-2 Saturated Back Stress Levels f o r  Unexposed PWA 286 Overlay 
Coating 



3.1.4 S i m p l i f i e d  U n i f i e d  Approach 

Recently, Moreno (Reference 4 )  has had success i n  p red ic t i ng  the c o n s t i t u t i v e  
response o f  Haste l loy X using a hybr id  model derived from both c lass i ca l  and 
u n i f i e d  approaches. Basical ly ,  the  model assumes t h a t  t he  therms-elastic 
response i s  known from previous ana lys is  from which incremental values o f  
s t ra in ,  temperature, and t ime are used t o  ca l cu la te  the  actual (nonl inear)  
s t ress h i  story. 

S t r a i n  increments are considered as e i t h e r  t ime independent p l a s t i c  o r  
thermo-elast ic creep. 

= A h e l a s t i c  "creep 

Expressed i n  terms o f  s t ress increments: 

' Auplas t ic  

due las t ic  + creep 

The c lass i ca l  y i e l d  surface c r i t e r i a  (F igure 3-3) are used t o  determine the  
onset o f  p l a s t i c  act ion. Isothermal y i e l d  po in ts  are ca lcu la ted from a 
t r i - l i n e a r  representat ion o f  t e n s i l e  s t ress /s t ra in  in format ion (Figure 3-4), 
and are  assumed t o  be equal i n  tension and compression (i.e., the  mater ia l  i s  
p e r f e c t l y  i so t rop ic ) .  No c y c l i c  hardening i s  considered. J u s t i f i c a t i o n  f o r  
t h i s  d e f i n i t i o n  o f  y i e l d i n g  was based on observations o f  Haste l loy X c y c l i c  
response: 1 )  a t  elevated temperatures, 1 i ttl e cyc l  i c  hardening/softeni ng 
occurs, and 2 )  during thermomechanical cyc l  ing, exposure t o  the higher 
temperatures s i g n i f i c a n t l y  reduces the  amount o f  c y c l i c  hardening developed a t  
the 1 ower temperatures. 

The st ress increment associated w i t h  t ime independent p l a s t i c  ac t ion  (equation 
3 - l l A )  i s  then ca lcu la ted as: 

of+1 - ui = 80 = u - u 
p l a s t i c  yt+l yi 

f o r  



f o r  

and the  s t ress  increment associated w i t h  t ime dependent creep behavior 
(equat ion 3 - l i B )  i s  ca l cu la ted  as: 

ui+l - ui = ArJ e l a s t i c  + creep = ( A &  - A E  creep ) 

wnere : Aae las t i  t creep = t o t a l  thermo-el a s t i c  creep s t ress  increment, 

Aap las t i c  = t o t a l  t ime independent p l a s t i c  s t ress  increment, 

a,, = y i e l d  stress, 

A &  = t o t a l  s t r a i n  increment, 

AEcreep = t o t a l  creep s t r a i n  increment, 

E = e l a s t i c  modulus, 

Ep = s t r a i n  hardening slope o f  aonotonic U/E curve, 

T = temperature, 

t = t ime increment, 

subscripts:  i = beginning o f  increment, and 

i+l = end o f  increment. 

Y t l i  s rilodeli has been successful w i t h  Haste1 l oy X, which e x h i b i t s  some 
behavioral  s i m i l a r i t i e s  w i t h  over1 ay coat ing PMA 286. However-, the  higher 
l eve l  isothermal c y c l i c  hardening c h a r a c t e r i s t i c  o f  PWA 285 may be more 
d i f f i c u l t  t o  simulate w i t h  t h i s  s i m p l i f i e d  model. 



TEMPERATURE 

Figure 3-3 Classical Temperature Dependent Yield Surface f o r  Simp1 i f i e d  
Uni f ied  Approach 
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Figure 3-4 Construction o f  Tri-Linear Stress Stra in  Curve 



3.1.5 Stowel 1 Model 

The Stowel l  model (References 5 through 7 )  i s  another form o f  a u n i f i e d  
v i scop las t i c  approach. I t  considers i n e l a s t i c  ac t i on  as a d i f f u s i o n  mechanism 
based upon an apparent a c t i v a t i o n  energy l eve l .  

E i n e l a s t i c  ' - 29 T exp (G) s inh  (k) 
where: AH = apparent a c t i v a t i o n  energy, 

u = app l ied  stress, 
T = absolute temperature ( O K  o r  OR), 
R = gas constant, and 
S, a0 = constants. 

Since creep deformation i s  general ly  thought t o  be c o n t r o l l e d  by d i f f u s i o n  
processes, t h i s  model should perform we l l  a t  elevated temperatures and/or slow 
s t r a i n  rates. 

3.2 Sing1 e Crys ta l  A i r f o i l  Mater ia l  Cons t i t u t i ve  Model 

I n  Task 11, a 1 i t e r a t u r e  survey (Appendix B) was conducted t o  i d e n t i f y  
c o n s t i t u t i v e  model s and model i n g  approaches t h a t  a re  appl i c a b l  e t o  sing1 e 
c r y s t a l  and t ransversely  i s o t r o p i c  mater ia ls .  Two d i s t i n c t  modeling approaches 
can be i d e n t i f i e d .  The f i r s t  attempts t o  model the an iso t rop ic  behavior by 
us ing the  micromechanical processes which occur dur ing  deformation as a bas is  
f o r  the  mathematical formul a t ion .  The second approach ignores the  
micromechanical processes and attempts t o  describe the  bu lk  behavior through 
macroscopic q u a n t i t i e s  which are  made t o  be funct ions o f  mater ia l  o r i en ta t i on .  
While some o f  t he  e a r l i e r  macroscopic models can be considered " f u l l y  
developed", no complete micromechanical mode1 s can be considered f u l  l y  
devel oped. 

Three candidate models have been i d e n t i f i e d  f o r  f u r t h e r  evaluat ion. Two o f  
these models use the macroscopic continuum approaches. They a re  the c l a s s i c a l  
H i l l  model which i s  cu r ren t l y  coded i n  general purpose f i n i t e  element codes 
(such as MARC and ABAQUS) , and a u n i f i e d  v i scop las t i c  formulat ion o f  a model 
presented by Lee and Zaverl, e t  a l .  The t h i r d  model uses a micromechanical 
approach which i s  c u r r e n t l y  under development. Each o f  these models are 
discussed i n  the  f o l l  owing sections. 

I n  i n t e r p r e t i n g  the  t e s t  r e s u l t s  extensive use i s  made o f  the  stereographic 
p r o j e c t i o n  t o  d i  splay the  angul a r  re1 a t i  onships between c r y s t a l  1 ographic 
d i rec t i ons .  A l l  the planes i n  a c r y s t a l  can be represented by a s e t  o f  plane 
normals r a d i a t i n g  from a s ing le  p o i n t  o f  o r i g i n  w i t h i n  the u n i t  c e l l  o f  t he  
c r y s t a l .  I f  a reference sphere i s  described about t h i s  p o i n t  o f  o r i g i n ,  t he  
plane normals can be described as the  po in t s  where the  normals i n t e r s e c t  the  
surface o f  the sphere. This process i s  i l l u s t r a t e d  i n  F igure 3-5 f o r  j u s t  the  
{loo) planes o f  the cubic u n i t  c e l l .  



la, 

Figure  3-5 . The (100) Poles f o r  the Cubic System 

The stereographic p ro jec t i on  i s  i l l u s t r a t e d  i n  F igure 3-6 which shows a small 
cube o f  face centered mater ia l  located a t  the  center  o f  a sphere. The axes CC 
i s  a l igned i n  the Z o r  COO11 d i rec t ion ,  wh i l e  the  axes BB and AA are  a l igned 
i n  the y o r  [OlO] d i r e c t i o n  and i n  the x o r  ClOO] d i rec t i on ,  respect ive ly .  
F igure 3-7 shows the  o r i en ta t i on  ON which i s  def ined by the Euler  angles e and 
$ w i t h  respect  t o  t h e  cubic c rys ta l l og raph ic  axes x, y, z. I f  t h i s  d i r e c t i o n  
ON i s  p ro jec ted  onto the sphere i n  F igure  3-6, i t  in te rsec ts  the  spherical  
surface a t  p o i n t  T. The i n t e r s e c t i o n  o f  the  l i n e  CT w i t h  the diametral  c i r c l e  
ABAB occurs a t  p o i n t  E, the c i r c l e  ABAB being the stereographic p r o j e c t i o n  
w i t h  the  [OOl] axes represented as the 1 i n e  OC. The d i r e c t i o n  OL where e = 45" 
and $ = 0" i n  F igure 3-6 i n te rsec ts  the sphere a t  p o i n t  P and the  1 i n e  CP, 
which goes through p o i n t  L on the  corner o f  the  cube, i n te rsec ts  the  
stereographic p r o j e c t i o n  a t  p!int R. Th is  i s  the [Oll] d i rec t i on .  S im i l a r l y ,  
the  d i r e c t i o n  OM where e = 45 and $ =  35.26" i n te rsec ts  the  sphere a t  p o i n t  Q 
and the l i n e  CQ i n te rsec ts  the stereographic p r o j e c t  a t  p o i n t  S. This  i s  the  
0 1 1 1  d i rec t i on .  The stereographic t r i a n g l e  ORS thus represents a1 1 angular 
o r i en ta t i ons  w i t h  respect t o  the c r y s t a l  1 ographic cubic axes. From the  
symmetry o f  t h e  cube any other  d i r e c t i o n  outs ide o f  the  foregoing l i m i t s  i s  
equivalent  t o  a corresponding d i r e c t i o n  i n s i d e  the l i m i t s  o f  the  stereographic 
t r i a n g l e  ORS. 



Figure 3-6 A S ing le  Bar Oriented Along the  D i r e c t i o n  ON With Respect t o  the  
Cubic Crysta l  Axes AA, BB, and CC can be Located i n  the 
Stereographic Tr iang le  ORS a t  Po in t  E.  The c i r c u l a r  area ABAB i s  
t he  stereographic p ro jec t ion .  

POINT E IN  THE 
STEREOGRAPHIC TRIANGLE ORS 
REmESENTS THE DIRECTION 
'ON' IN  THE CUB16 LATTICE 
SHOWN ABOVE ICI. FIGURE 3.3. 11 

Figure  3-7 A S ing le  Crysta l  Bar Oriented Along ON a t  Angles e and $ With 
Respect t o  the Crysta l  Axes X, Y, Z i s  Located a t  Po in t  E i n  the  
Stereographi c Tr iang le  ORS. 



3.2.1 Classical  H i l l  Model 

I n  1948, Hi1 9 (Reference 8) proposed a  genera l i za t ion  of the  von f4ises y i e l d  
func t ion  f o r  mater ia l  s  having three mutual l y  orthogonal p l  anes o f  symmetry, 
This y i e l d  funct ion and an associated f l ow  r u l e  are t he  most widely used 
formulat ion f o r  an iso t rop ic  ma te r i a l s  and has been coded i n t o  general purpose 
nonl inear  f i n i t e  element codes such as MARC and ABAQUS. I n  t h i s  sense, i t  
represents "standard p rac t i ce "  f o r  analyzing s t ruc tures  w i t h  an iso t rop ic  
mater ia l .  For t h i s  reason, i t  was selected f o r  f u r t h e r  eva lua t ion  i n  t h i s  
contract .  

The H i l l  y i e l d  func t i on  i s  most commonly w r i t t e n  i n  the form: 

where Z i s  the e f f e c t i v e  s t ress  and OX, ay, az, e tc .  a re  the  stresses 
re fe r red  t o  the  mater ia l  coord inate system. F, G, H, L, M, and N are constants 
which i n  e f f e c t  permi t  y i e l d i n g  t o  occur a t  d i f f e r e n t  stresses i n  the 
d i f f e r e n t  mater ia l  d i rec t i ons .  For  s ing le  c r y s t a l  s, the mater ia l  can be 
assumed t o  behave i d e n t i c a l l y  along the  three c r y s t a l  axes, 11001, [0101, 
[OOl ] ,  so t h a t  symmetry arguments can be used t o  show tha t :  

The e f f e c t i v e  s t ress  can then be w r i t t e n  as: 

where A = L/F. 



For the case of a simple uniaxial specimen oriented arb i t ra r i ly  i n  the 
crystal ,  the stresses referred to  the crystal axes are: 

2 2 
a = cos $ cos e S 2 

X 
7 - c o s  $ c o s e s i n e S  

XY - 

2 2 
u = cos $ cos e S 
Y 

2 
T = cos $ sin $ sin e S 
YZ , 

2 
a = cos $ S 

Z 
= cos $ sin $ cos e S 

where e and + are the Eulerian angles shown in Figure 3-7 and S i s  the 
uniaxial s t ress  i n  the specimen. 

Substituting, the effective s t ress  equation becomes: 

where 

4 4 4 4 f (# ,  e )  = cos $ ( C O S  e + sin e )  + sin $ 

(3-21) 
4 2 2 2 2 and g($, e )  = cos $ cos e sin e + cos JI sin $ 

Equation (3-20) defines the orientation dependence of the yield s t ress  
permitted by the Hill model. For a uniaxial specimen oriented i n  the [ O O l ]  
direction ( $  = e = O ) ,  equation (3-20) gives the effective s t ress  a t  yield: 

For a specimen oriented i n  the cube diagonal direction C1111 ( e  = 45', I,+= 

35.26'1, the effective s t ress  a t  yield i s :  



Substi Lu t i ng  equat ion (3-24) i n t o  (3-20) and manipulat ing gives an expression 
fo r  t he  y i e l d  s t rength  i n  any d i r e c t i o n  S as a func t ion  o f  the  y i e l d  s t ress  i n  
the  [ O O l l  and [I111 d i rec t i ons .  

F igure  3-8 shows the  permi t ted v a r i a t i o n  i n  y i e l d  s t ress  f o r  the  hypothet ica l  
case where the  cube diagonal y i e l d  s t ress  i s  twice the  cube axes y i e l d  s t ress.  
This  f i g u r e  shows t h a t  t he  permi t ted v a r i a t i o n  i n  y i e l d  s t rength  changes 
monotonical ly from the  [ O O l l  t o  the C l l l l  d i r e c t i o n  which i s  no t  i n  agreement 
w i t h  repor ted sing1 e c r y s t a l  data. Th is  represents a severe r e s t r i c t i o n  i n  
t h i s  c l a s s i c a l  model . 
Fur ther  l i m i t a t i o n s  o f  the H i l l  fo rmula t ion  have a l so  been i d e n t i f i e d .  The 
y i e l d  f u n c t i o n  i s  i n s e n s i t i v e  t o  the  s ign  o f  the  s t ress  s t a t e  so t h a t  i t  
cannot p roper ly  account f o r  observed d i f fe rences i n  tension and compression 
data (Reference 9). I n  addi t ion,  the  s t a t e  o f  anisotropy does no t  change w i t h  
deformation. I n  s p i t e  o f  these obvious 1 im i ta t ions ,  the c lass i ca l  H i l l  model 
w i l l  cont inue t o  be evaluated against  t he  body o f  data being obtained because 
o f  t he  model ' s  widespread use. 

gure 3-8 The H i l l  Y ie ld  Funct ion Permits Only a Monotonical ly Changing 
Y i e l d  Strength i n  the  Stereographic Tr iang le  



3.2.2 Elacroscopic V iscop las t ic  Formulat ion 

The second modeling approach selected f o r  eva lua t ion  and development i s  a 
general i z a t i o n  o f  the  rate-independent y i e l  d  f unc t i on  proposed by Lee and 
Zaverl, e t  a1 (Reference 10). For app l i ca t i on  t o  s t r u c t u r a l  analys is  o f  
t u rb ine  a i r f o i l s ,  a  rate-independent formulat ion i s  n o t  as desi rable as a 
u n i f i e d  v iscopl  a s t i c  formulat ion. Therefore, t h i s  second model w i l l  imbed the  
an iso t rop ic  matr ices D i  j and M i  j o f  Lee and Zaverl  i n  a u n i f i e d  
v i  scopl a s t i c  framework. 

I s o t r o p i c  u n i f i e d  theor ies  were reviewed i n  a pre-HOST program i n  Reference 
11; these theor ies  a re  r e a d i l y  mod i f ied  t o  inc lude anisotropy. For  example, 
t he  u n i f i e d  theor ies  may be modi f ied so t h a t  the  expression f o r  the i n e l a s t i c  
s t r a i n  ra te ,  c i  j, has the  form: 

where 521 j and K a r e  the  equ i l  ib r ium (back o r  r e s t )  s t ress  and the  drag 
stress, respect ive ly .  The power law expression i n  equat ion (3-26) may be 
rep1 aced by an exponential , hyperbol i c  sine, o r  any su i  tab1 e func t iona l  
r e l a t i o n  according t o  the p a r t i c u l a r  theory under considerat ion.  The ma t r i x  
form M i j  o f  t h e  f o u r t h  rank tensor M i j k l  has two independent components 
f o r  s i  ngl e c r y s t a l  mater ia l  s  and th ree  independent components i n  the  case o f  
d i  rec t i ona l  l y  so l  i d i f i e d  mater ia l  s. 

The growth law governing the  evo lu t i on  o f  the  equ i l  i b r i um stress, B i  j, may 
be assumed t o  have the  form: 

aij = a1 cij - (aij - dij - a2 c..) 1J G, (3-27) 

where 
= the  i n i t i a l  value o f  the  back s t ress  

The drag st ress,  K, may be assumed t o  evolve according t o  the equation: 

w i t h  A defined i n  equation (3-29). 
3-16 



Calculat ions may be made w i t h  t h i s  an iso t rop ic  u n i f i e d  theory t o  cons t ruc t  a  
theo re t i ca l  y i e l d  surface. For  a  given p o i n t  i n  s t ress  space, a  surface 
surrounding t h i s  p o i n t  may be constructed such t h a t  i n  going from the given 
p o i n t  t o  each p o i n t  on the  surface, the cumulative i n e l a s t i c  s t r a i n  increment 
i s  the same f o r  each p o i n t  on the  surface. I f  t h i s  t h e o r e t i c a l  cons t ruc t  i s  
c a l l e d  the  y i e l d  surface, then the  model al lows the y i e l d  surface t o  t r a n s l a t e  
i n  s t ress  space by v i r t u e  o f  the  presence o f  the e q u i l i b r i u m  st ress ( s i m i l a r  
t o  kinematic hardening i n  the i s o t r o p i c  version) and t o  expand i n  s t ress  space 
due t o  the  presence o f  the  drag s t ress  ( s i m i l a r  t o  i s o t r o p i c  hardening i n  the  
i s o t r o p i c  version).  I n  add i t ion ,  t he  y i e l d  surface can d i s t o r t  i t s  shape and 
r o t a t e  i n  s t ress  space due t o  the presence o f  the  f o u r t h  rank anisotropy 
tensor M i j k l  which might  be assumed i n  the form: 

00 
where M i  j k l  denotes the  1  i m i t i n g  saturated,value o f  the tensor  M i  j k l  as 
R d -  under cumulative deformation, w i t h  1 4 i  - k l  = M i j k l  being the  ~ n i t i a l  
value o f  M i j k l .  A thermal recovery t e r n  may de added t o  equat ion (3-31) a t  
h igh  temperatures t o  a1 low recovery o f  the mater ia l  t o  i t s  o r i g i n a l  
an iso t rop ic  s tate,  v i z .  fii jkl. 

The u n i f i e d  formulat ions are completed by the s p e c i f i c a t i o n  o f  the  r e l a t i o n :  

where D i  j k l  i s  the  f o u r t h  rank an iso t rop ic  e l a s t i c i t y  tensor.  

3.2.3 Micromechanical V iscop las t ic  Formulation 

The t h i r d  c o n s t i t u t i v e  model selected f o r  f u r t h e r  development i s  a  
micromechanical model based on s l i p  system stresses and s t r a i n s  and imbedded 
i n  a  u n i f i e d  v i scop las t i c  formulat ion.  Development o f  a  s l i p  system based 
c o n s t i t u t i v e  model began a t  P r a t t  & Whitney i n  1982 and cont inues t o  be p a r t  
o f  a  l a r g e  company e f f o r t  t o  develop c o n s t i t u t i v e  models. The s l i p  system 
model development has continued since 1982 through the  combined e f f o r t s  o f  
P r a t t  & Whitney's personnel and consul tants under the  company program and i n  a  
colnpleinentary NASA grant  HAG-512. 

The v i scop las t i c  c o n s i t u t i v e  formulat ion based on c r y s t a l  lographic s l  i p  theory 
can be w r i t t e n  i n  the form (Reference 12) : 



where 1, d, and are  the  u n i t  vectors i n  the Cartesian coordinate system 
having axes p a r a l l e l  t o  the th ree  coordinate axes. 

r u ' n  - "  a ' m  = n  n = m  ' "nn ,r a ' n  , mn ,r , ,r ' "mm ' ,r - ,r , r 
(3-34 

r = m  a ' Z  r = n  " a ' %  , 
v z Z = Z r 0 :  ' fr s T m Z  r . r '  "nz -r , r 

7 l  = n  + a  + a  n p  + a  
r r r 

r rnn m "mm nn nn zz "zz + "mz + '"nz "nz 



For Cube S l i p  

The remaining equations are  the same as f o r  the  octahedral s l f p  except t h a t  
t he  summations i n v o l v i n g  the  i nd i ces  r and 1 range from 1 t o  6 instead o f  from 
1 t o  12. 

A pre l im inary  evaluat ion of t h i s  model, has been made using the  9 8 2 ' ~  (1800 '~ )  
data obtained t o  date. F igure  3-9 stows the  e f f e c t  o f  o r i e n t a t i o n  on Young's 
modulus f o r  PWA 1480 a t  982°C (1800 F)  . The modulus increases from a minimum 
value o f  78.6 x 103 MPa (11.4 x 106 p s i )  a t  the  [0011 corner of the 
stereographic t r i a n g l e  and reaches a maximum value o f  219.3 x l o 3  MPa (31.8 
x l o 6  p s i )  a t  the [llll corner o f  the  t r i a n g l e .  The e l a s t i c i t y  ma t r i x  f o r  a 
mater ia l  which e x h i b i t s  cubic symmetry can be w r i t t e n  i n  t he  form: 

0 0 



where D l 1  = 206.8 x MPa (30 x 106 p s i ) ,  

D l *  = 151.7 x 103 MPa (22  x 106 p s i ) ,  and 

Dqq = 85.5 x 103 MPa (12.4 x l o 6  p s i )  

f o r  PWA 1480 a t  982°C ( 1 8 0 0 ~ ~ ) .  

6 ,  degrees 

Figure 3-9 Stereographic Contour P l o t  o f  Young's Modulus fo r  PWA 1480 a t  
9 8 2 " ~  ( 1 8 0 0 ~ ~ )  

To determi ne the  materi  a1 constants f o r  octahedral s l  ip ,  t h e  COPES/CONMIN 
(Control  Program f o r  Engineering Synthesis/Constrained Minimizat ion)  code 
(Reference 13) was used. The ob jec t ive  func t ion  t o  be minimized i n  the  
COPES/CONMIN code was chosen t o  be the  main square o f  t he  d i f fe rence between 
the experimental and theor t i c a l  y predic ed c y c l i c  hys teres is  loops c a r r i e d  4 4 o u t  a t  s t r a i n  ra tes  o f  10- , 10- and 10-& per  second i n  the  C l l l l  
d i rec t i on .  According t o  the COPESICONMIN code, the  minimum mean square 
dev ia t ion  between the  experimental and predicted hys teres is  loops occurs f o r  
the  fo l l ow ing  values o f  the  mater ia l  constants: 



Kfl  = 28317 for r=l to 12, 

q = 1 (no latent hardening assumed for the present), 

h = arbitrary (since P = 0), 

D44 = 12.4 x lo6, and 

Figures 3-10 and 3-11 show the experimental and predicted hysteresis loops i n  
the [llll direction for strain rates of 10-3, 10-4 and 10-5 per second. 
For octahedral sl i p ,  the variation of the constitutive response with respect 
t o  direction in the stereographic triangle i s now fixed by the preceding 
values of the material constants. Figures 3-12 and 3-13 show the comparison 
between the experimental and theoretical cycle hys eresis loops in the C0011, 
[ O l l l  and Ell11 directions a t  a strain rate of lodf per second. The 
variation of peak stress response with direction i s  reasonable, b u t  the 
theoretical hysteresis loop i n  the [ O O l l  i s  "fatter" (i.e., displays a more 
inelastic response) t h a n  the corresponding experimental 1 oop. A t  thi s strain 
range, viz.  +0.3 percent, the experimental COO11 loop i s  almost behaving 
el astical 1y.-At higher strain ranges, the response exhi bits an inelastic 
behavior and the loop becomes "fatter". 
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gure 3-10 Experimental Hysteresis Loops i n  the [lll] Direct ion  f o r  PWA 
1480 a t  982'~ (1800"~) 

45000 

Strain, percent 

gure 3-11 Preci ted Hysteresis Loops i n  the [Ill] Direct ion  f o r  PWA 1480 a t  
982"~ ( 1800~~) 
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Figure  3-12 Experimental Hysteres is  Loops f o r  PWA 1480 a t  9 8 2 ' ~  ( 1 8 0 0 " ~ )  a t  
sec- l  S t r a i n  Rate 

Strain, percent 

Figure  3-13 Octahedral S l i p  Pred ic t ions  o f  Hysteresis Loops f o r  PWA 1480 a t  
9 8 2 ' ~  ( 1 8 0 0 " ~ )  



Figure 3-14 shows the  corresponding pred ic ted  loops a t  a  10d3 per  second 
s t r a i n  r a t e  i n  the  [0011, [ O l l l  and [lll] di rec t i ons  us ing the  cube s l i p  
formula. The same constants were used here f o r  t he  cube s l i p  response as were 
used f o r  the octahedral response, simply t o  see t h e  v a r i a t i o n  o f  cube s l i p  
c o n s t i t u t i v e  response w i t h  d i rec t i on .  The mater ia l  constants are c l e a r l y  
inap r o p r i a t e  b u t  s u f f i c e  t o  show t h a t  no i n e l a s t i c  response i s  p red ic ted  i n  
the  I! 0011 d i rec t i on .  Even f o r  l a r g e  s t r a i n  ranges, no i n e l a s t i c  response i s  
p red ic ted  i n  t he  60011 d i r e c t i o n  due t o  the Pact t h a t  t he  resolved shear 
s t ress  rmn i s  zero i n  each o f  t he  s i x  s l i p  d i r e c t i o n s  when the  bar  specimen 
i s  p u l l e d  i n  t he  [001] d i rec t i on .  C lea r l y  a  mix ture  o f  octahedral and cube 
s l i p  w i l l  improve the  c o r r e l a t i o n  between the  theo re t i ca l  mode1 and the  
experimental r e s u l t s  shown i n  Figures 3-12 and 3-13. 

Strain, percent 

Figure  3-14 Cube S l i p  Pred ic t ions  o f  Hysteres is  Loops f o r  PWA 1480 a t  9 8 2 " ~  
( 1 8 0 0 " ~ )  

The octahedral s l i p  formulat ion was used t o  r e d i c t  the  response dur ing a  
t e n s i l e  t e s t  a t  9 8 2 ' ~  ( 1 8 0 0 " ~ )  and sec-P s t r a i n  ra te .  The r e s u l t s  a re  
presented i n  Figures 3-15 through 3-17. 



Theta, degrees 

gure 3-15 Stereographic Contours of Two-Tenths Yield Stress for PWA 1480 
at  982 C (1800"~)  

Theta, degrees 

gure 3-16 Stereographic Stress Contours a t  Two Percent Inelastic Strain 



Theta, degrees 

Figure 3-17 Stereographic Contours of Inelastic Strain a t  50 ksi Stress 

The stereographic contours of the two-tenths offset  s t rain are shown i n  Figure 
3-15, while Figure 3-16 depicts the s t ress  contours a t  the large offset  s t rain 
value of two percent. The two percent offset  s t ress  contours have an 
appearance which i s  similar to  the variation of the octahedral Schmid s t ress  
over the 68011, [ O l f ]  and 61119 stereographic triangle. When the inelast ic  
s t rain contours corresponding to  a load of 50,000 psi.on the uniaxial bar 
specimen are plotted out i n  Figure 3-17, i t  i s  evident that they follow the 
Schmid s t ress  variation exactly. This i s  t o  be expected since an octahedral 
s l ip  theory i s  being used. However, a t  low values of the offset  s t rain the 
contours do not follow the Schmid pattern since the s t a t e  variables or and 
K r  are i n  a growth phase. In Figure 3-18, the s t ress  contours corresponding 
to a two-tenths offset  s t rain are plotted for  the cube s l ip  model where i t  i s  
evident that the s t ress  values decrease from the [ O O l l  vertex, where the 
"yield" s t ress  i s  inf ini te ,  towards the [ill] vertex. 



Fur ther  work w i l  l address the  c o n s t i t u t i v e  model i n g  o f  the 4 2 7 " ~ ,  760°C and 
8 7 1 " ~  (800°F, 1 4 0 0 ~ ~  and 1600°F) data using a mixture o f  octahedral and cube 
s l i p .  Work i s  progressing under NASA grant  NAG-512 t o  determine i f  the  
mater ia l  constants can be obtained w i thout  the use o f  the  COPES/CONMIN code. A 
symbolic computer a1 gebra program c a l l e d  MUMATH, which operates on the  I B M  
PC-X and Apple personal computers, i s  being employed f o r  t h i s  work. I f  the  
mater ia l  constants can be determi ned by t h i s  approach, the  COPES/CONMIN code 
can be used t o  " f ine- tune" these mater ia l  constants. A t  present, t h e  constants 
a re  simply guessed and fed  t o  the  COPES/CONMIN opt imiza t ion  code, which 
operates on the I3M PC-XT computer. I f  the guesses are  n o t  c lose t o  the  
optimum values, the  op t im iza t ion  code w i l l  use a l a rge  amount o f  computer t ime 
i n  determining the mater ia l  constants. 

Theta, deyrees 

Figure 3-18 Stereographic Contours o f  Cube S l i p  Stress Corresponding t o  
?do-Tenths O f f se t  S t r a i n  
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F igu re  4-2 Typ ica l  C y c l i c  Relaxat ion S t ress  S t r a i n  Responses o f  PWA 286 



Figure 4-3 Short Time Creep Behavior s f  PWA 286 a t  871'~ (1800"~) 



Test 
Number 

Summary o f  Basel ine Stress Relaxat ion Tests f o r  PWA 286 
NiCoCrAlY+Si+tif Over1 ay Coating 

Exposed EE 100 hours a t  1 0 9 3 2  (20000~)  

V i r g i n  ( V )  
o r  Exposed (E) 

v1  
v 1 
E 
v1 
E 
v 1 
E 
v 
E 
v1 

T e ~ p e r a  t u r e  
.C ( O F )  HIP PWA 286 

lused f o r  c o n s t i t u t i v e  model eval uat ions 
2 ~ a c h  "Xi' represents a s ing le  t e s t  specimen 

Summary o f  Basel ine Cons t i t u t i ve  Tests f o r  PWA 273 
Aluminide D i f f u s i o n  Coating 

Exposed = 100 hours a t  1 0 9 3 ~ ~  (1900:~) 

Low Plasma 
Spray PWA 286 

Test 
N umber 

V i r g i n  (V) 
o r  Exposed (E) 

Temperature 
u~ (:F) 

lused f o r  c o n s t i t u t i v e  model evaluat ions 
The t e s t s  w i  11 cons i s t  o f  e i t h e r  monotonic o r  c y c l i c  waveforms. Specimen 
design i s  shown i n  F igure  2-9(A). 



Model constants were determined f o r  the  unexposed PWA 286 over lay coat ing  from 
stress re laxa t ion  t e s t s  run a t  535, 760, 871, 982, and 1093:~ (1000, 1400, 
1000,~1800, and ~ 0 0 0 ~ ~ )  (see Appendix A). For  the  model discussions, 5 3 8 : ~  
( i000 F) and 982 C (1800 .F) data are presented as being representat ive s f  the  
low and nigh temperature mater ia l  response. PWA 273 d i f f u s i o n  coat ing basel i n e  
c o n s t i t u t i v e  t e s t s  are pendi ny. 

4.1.1 Classical  14odel 

where: ~t = t o t a l  s t r a i n  

Ee = e l a s t i c  s t r a i n  

cp = p l a s t i c  ( t ime independent i n e l a s t i c )  s t r a i n  

EC = creep ( t ime dependent i n e l a s t i c )  s t r a i n  

a = s t ress  

6 = e l a s t i c  modulus 

t = t ime 

A a ,  A2, A3, and A4 are constants. 

Baseline data regressions fo r  unexposed PWA 286 u t i l i z i n g  the  c lass i ca l  model 
given above are  presented i n  F igure 4-4. As expected, t ime independent 
p l a s t i c i t y  dominates the i n e l a s t i c  r@sponse a t  1 ower temperatures, wh i le  creep 
dominates a t  higher temperatures. F igure  4-4 a1 so ind ica tes  t h a t  some h i s t o r y  
dependence i s requi  red  t o  accurately represent the observed isothermal cyc l  i c  
hardening. 





4.1.2 Wal ker tvlodel 

The one-dimensional Porn used t o  regress the baseline data was: 

K = K l  - K 2  exp (-n7R)  

where: € in  = inelastic strain 

iin = inelastic strain rate 

52 = back stress 

K = drag stress 

R = effective inelastic strain 

= effective inelastic strain rate 

n ,  n l ,  n7, ng, n10, n i l ,  K1, K2, and mo are constants. 

The two back stress terms (Sll and Sl2) of the Walker model (Table 3-11 are 
mathematically similar; therefore, i t  was fel t  that one of the terms could be 
eliminated. A study was conducted t o  determine the regression capability using 
JZ1 and !22 together and separately. The results, presented in Figures 4-5 
through 4-7, indicate that no regression capability i s  lost i f  either one of 
the back stress terms were dropped. This i s  also indicated by the standard 
deviations of the regressions which are provided in the lower right-hand 
corner of each figure. Since the Ql term contains more constants t h a n  the 
02 term, t h a t  term was eliminated. 



Strain, i d i n  

- - Data 
Regression F i t  

982°C (1800°F) 

Strain, i n / i n  

F i g u r e  4-5 Walker Model Regression F i t  o f  Unexposed PWA 286 Stress 
Re laxa t ion  Data Using !dl and !d2 Back S t ress  Terms 



Strain, in/in . . . . Data - Regression Fit 

Strain, in/in 

Figure 4-6 Walker Model Regression F i t  o f  Unexposed PWA 286 Stress 
Relaxation Data Using S11 Back Stress Terms Only 



Strain, in/in 

. . . - Data - Regression Fit 
982°C ( 1800°F) 

Strain, in/in 

Figure 4-7 Walker Model Regression F i t  o f  Unexposed PWA 286 Stress 
Relaxation Data Using 0 2  Back Stress Terms Only 



4 . 1 . 3  Simp1 i f i ed Wal k e ~  Model 

K = K1 - K2 exp ( -n7R)  

The above term descriptions are the same as for the walker model (see Section 
4.1.2) .  

Figure 4-8 presents the regressions using the Simplified Walker model. 
Clearly, no gross reduction of regression capabi l i ty i s  produced by ignoring 
back stress. 



Strain, in/in 

. - . Data - Regression Fit 

Strain, in/in 

Figure 4-8 Simplified Walker Model Regression F i t  of Unexposed PWA 286 
Stress  Re1 axati on Data 



4.1.4 S i m p l i f i e d  U n i f i e d  Approach 

where : 

For a < uYi 

For  ai = ayi , 

E + E 
* O p l  a s t i c  = q, b r t  ; f o r  T ~ + ~  < T~ 

AU,,~ astic = t ime independent p l a s t i c  s t ress  increment 

UY = y i e l d  st ress 

Ep = s t r a i n  hardening slope o f  monotonic U/E curve 

A E ~  = t o t a l  s t r a i n  increment 

A, B are constants 

subscripts: i = beginning o f  increment 

i + 1 = end o f  increment 

The Simp1 i f i e d  U n i f i e d  Approach model has no t  y e t  been regressed because i t i s  
f e l t  t h a t  t h e  model cannot adequately represent the  basel ine isothermal tests.  
Un l ike  Haste1 1 oy X, s i g n i f i c a n t  isothermal c y c l i c  hardening/softening was 
observed i n  PWA 286. Regression o f  t h i s  model i s  pending evaluat ion o f  
nonisothermal tes ts .  I f  those t e s t s  i nd i ca te  t h a t  the n e t  c y c l i c  
hardeni ng j so f ten i  ng i s i n s i  gni f i c a n t  , the model w i  11 be re-eval uated. 

4.1.5 Stowel 1 Model 

-AH = 2sT exp (T) s i n t ~  i n  
0 



where: A H  = apparent activation energy 

T = absolute temperature ( O K  or U R )  

R = gas constant (2 e a l / r n ~ l e . ~ ~  or 1545 ft.lb/lbm-rno1e.r~) 

S ,  uo are constants 

The base1 ine regression data f i t s  u s i t g  the Stowell model are presented i n  
Figure 4-9. Note that ,  a t  5 3 8 ' ~  (1000 F ) ,  the model i s  unable to  duplicate the 
observed yielding during loading. This suggests that yielding a t  low 
temperature i s  a nondiffusion process which the Stowel 1 model i s  not well 
formulated to  correlate. 

Strain, i d i n  . . . . Data - 
982OC ( 1800°F) 

Regression F i t  

Strain, in/in 

Figure 4-9 Stowell Model Regression F i t  of Unexposed PWA 286 Stress 
Re1 axation Data 



4.1.6 Summary 

Each model considered was regressed on a consistent  basis u t i l i z i n g  a computer 
automated regression system. The standard dev ia t ion  between the  regressed 
model and the  data i s  used t o  quan t i f y  the  regression c a p a b i l i t y  o f  the  model. 
A c o n s t i t u t i v e  model summary f o r  unexposed PWA 286 i s  presented i n  Table 
4-111. The r e s u l t s  i nd i ca te  t h a t  t he  various models e s s e n t i a l l y  compare as 
presented i n  F igu re  3-1. 

Table 4-11 I 

Summary o f  Unexposed PWA 286 Coating Cons t i t u t i ve  Models 

Finite Element code1 Standard Deviation of Baseline Data ~egressions~ 
Similar to Temperature O C  (OF) 

Node 1 - Speed Availabilit~ Substrate 538 (1000) 760 (1400) 871 (1600) 982 (1800) 1093 (2000) 

Classical X 3147.0 1866.0 748.5 310.0 128.0 

Walker X X 1999.0 1815.0 633.4 152.8 100.7 

SImpPffied 
Ma lker X X X 2041 .O 1717.0 876.1 220.4 118.5 

Simplified 
Unif ied 
Approach X 

1 Anticipated finite element code qualities 
2 lo; expressed in psi 

4.1.7 Future Work 

In t h e  remaining per iod o f  t h i s  task, add i t iona l  tes t ing ,  both isothermal and 
noni sothermal , w i l l  be conducted t o  acquire in format ion fo r :  

1. v e r i f i c a t i o n  o f  PWA 286 coat ing  c o n s t i t u t i v e  models, and 

2. regression and v e r i f i c a t i o n  o f  PWA 273 coat ing  c o n s t i t u t i v e  models. 
and 



4.2 Sing1 e Crys ta l  A i r f o i l  Mater ia l  Cons t i t u t i ve  Tests 

Cyc l i c  c o n s t i t u t i v e  t e s t s  are being conducted on uncoated pr imary s ing le  
c r y s t a l  mater ia l  (PWA 1480) t o  develop appropriate c o n s t i t u t i v e  model s  f o r  
t u rb ine  a i r f o i l  appl icat ions.  Specimens have been or ien ted  i n  f ou r  
c r y s t a l  1  ographic d i rec t ions :  <loo>, <110>, <123>, and <Ill>. The specimen 
shown i n  F igure  2-7(B) has been used f o r  a l l  c y c l i c  tes ts .  To date a l l  c y c l i c  
t e s t s  have been isothermal push-pull type, completely reversed s t r a i n  cycles. 
Each t e s t  cond i t i on  uses a c o n t r o l l e d  constant s t r a i n  rate.  

Three basic  types o f  c o n s t i t u t i v e  data are  being obtained: 

1 ) s tab i  1 i zed hysteres is  1 oops obtained f o r  several d i f f e r e n t  s t r a i n  
ranges; 

2 )  s t r a i n  r a t e  s e n s i t i v i t y  data; and 

3 )  creep and re laxa t i on  behavior obtained dur ing  ho ld  per iods a t  var ious 
po in t s  on a given hysteres is  loop. 

A t y p i c a l  s t r a i n  r a t e  s e n s i t i v i t y  t e s t  i s  i l l u s t r a t e d  i n  F igure  4-10. F igures 
4-11 and 4-12 show r e s u l t s  o f  a t y p i c a l  t e s t  i n  which creep and re laxa t i on  
data are  obtained. F igure  4-11 shows the  loca t ions  on the  hys teres is  loop a t  
which ho ld  per iods are  imposed. F igure  4-12 shows the  decay i n  the  load o r  
s t r a i n  dur ing  each o f  the  ho ld  periods. The "negative" s t ress  re laxat ion,  
shown i n  the  curves A and E, was comnonly observed i n  t e s t s  t o  date. This 
occurs when t h e  s t ress  l e v e l  i s  lower than the  back stress. A f t e r  each ho ld  
period, t he  c y c l i n g  i s  continued u n t i l  the hys teres is  loop again s tab i l i zes .  
I n  a l l  t e s t s  t o  date, t he  loop s tab l i zed  t o  i t s  p r i o r  shape a f t e r  on ly  a few 
cycles. a - 

Figures 4-10 through 4-12 are  the  analog t races taken dur ing tes t ing .  The data 
are  a l so  being recorded d i g i t a l l y  throughout the  t e s t i n g  so t h a t  v i r t u a l l y  
every loop and h o l d  per iod  i s  r e t r i e v a b l e  f o r  analysis.  Appendix E shows a 
sample o f  the  d i g i t a l  data f o r  a t y p i c a l  t e s t .  

A t o t a l  o f  15 c y c l i c  c o n s t i t u t i v e  t e s t s  have now been completed. The specimen 
numbers o f  t e s t s  a t  each temperature and o r i e n t a t i o n  are summarized i n  Table 
4-IV. 

Table 4-IV 

Tests Completed as o f  December 31, 1984 

Temperature - O C  ( OF) 

Or ien ta t i on  427 (800) 760 (1400) 871 (1600) 982 ( 1800) 



F i g u r e  4-10 Typ ica l  S t r a i n  Rate S e n s i t i v i t y  Tes t  

F i gu re  4-11 Typ ica l  Locat ions on a Hys te res is  Loop a t  Which Re laxa t ion  and 
Creep Data a r e  Obtained 



Figure  4-12 Typical  Relaxat ion and Creep Data a t  Various Po in ts  on a  
Hysteres is  Loop 

Appendix D presents a  de ta i l ed  l i s t  o f  the loading h i s t o r y  f o r  each specimen. 
The t e s t  cond i t ions  a re  presented i n  the order i n  which they occurred. 

The c y c l i c  s t ress  s t r a i n  data are  being reviewed t o  prov ide a  general 
charac ter iza t ion  o f  t he  mater ia l  behavior which can serve as a  guide t o  model 
development and the  remaining tes ts .  The general t rends observed t o  date are  
d i  scussed be1 ow. 

F igures 4-13 and 4-14 show t y p i c a l  hysteres is  loops f o r  a l l  f ou r  c r y s t a l  
o r i en ta t i ons  a t  9 8 2 ' ~  and 427 .C ( 1 8 0 0 ~ ~  and 8 0 0 ~ ~ )  respect ive ly .  The s t r a i n  
r a t e  shown here i s  in / in /sec.  A strong o r i e n t a t i o n  dependence i s  
obvious a t  both temperatures. I n  general, the amount o f  i n e l a s t i c i t y  i s  seen 
t o  increaseofor  o r i en ta t i ons  f u r t h e r  away from the c r y s t a l  axes, <loo>. A t  
982 C (1800 .F) the  <110> and <123> specimens have near ly  i d e n t i c a l  hys teres is  
loop shapes. These two o r i en ta t i ons  a l so  have the same apparent modulus ( i  .e., 
1/S'33 where S'33 i s  the  component o f  the  compliance ma t r i x  r e l a t i n g  the  
s t ress  and s t r a i n  i n  the t e n s i l e  d i r e c t i o n )  ; therefore, the i n e l a s t i c  po r t i ons  
o f  t h e i r  response should be near ly  i d e n t i c a l .  Construct ion o f  a  
s t ress - i ne las t i c  s t r a i n  curve f o r  the  9 8 2 q ~  (1800°F) tes t ,  F igure  4-15, shows 



t h i s  t o  be t rue .  F igure  4-15 was obtained from a  c lass i ca l  c y c l i c  
s t ress -s t ra in  curve which j o i n s  the t i p s  o f  the s t a b i l i z e d  hys teres is  loop? 
f o r  var ious s t r a i n  amplitudes. The c y c l i c  s t ress  s t r a i n  curves f o r  the  982 C 
( 1 8 0 0 ~ ~ )  t e s t s  are shown i n  F igure  4-16. The apparent modulus values used were 
taken from t h e  e l a s t i c  reg ion40f  t h e o f i r s t  loading p o r t i o n  o f  each t e s t .  
F igure  4-14 shows t h a t  a t  427.C (800.F), the  d 1 0 >  and <122> orien!ations do 
n o t  d i sp lay  such a  c lose s i m i l a r i t y  as was observed a t  982 C (1800 F ) .  Th is  i s  
shown more dramat ica l l y  i n  the s t ress - i ne las t i c  s t r a i n  p l o t  o f  F igure  4-17. 

PWA 1480 STABILIZED LOOPS 

1800°F. 10.- IN1INISEC 

STRESS, KSI 

F igu re  4-13 Or ien ta t i on  Dependence a t  9 8 2 0 ~  (1800:~) 



PWA 1480 

Figure 4-14 Orientation Dependence a t  4 2 7 0 ~  ( 8 0 0 ~ ~ )  

PWA 1480 18W°F Cyclic Data 
(P9866 ) 

(From Tensile Tips o f  RE = -1 Hysteresis Loops a t  c-3 in/in/sec) 

0 
10-5 10-4 10-3 10-2 

Inelastfc Straln ap, in/in 

Figure 4-15 9 8 2 : ~  (1800:~)  Stress Versus Inelastic Strain from Cyclic 
Stress-Strain Curve 
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Figure 4-16 Cyclic Stress-Strai n Curve at 9 8 ~ ~ ~  (1800~~) Constructed of Tips 
of R,: -1 Hysteresis Loops at 10-3 in/in/sec 



PWA 1480 800°F Cyclic Data 
(P9866 

(From Tensile Tips of R, .= -1 Hysteresis Loops at c-3 in/in/see) 

10-5 10-4 10-3 10-2 
Inelastic Strain cp, idin 

Figure 4-17 Stress Versus I n e l a s t i c  S t r a i n  Curve from Cyc l i c  Stress-Stra in 
Curve 

I n  general i t  was observed t h a t  the  o r i e n t a t i o n  dependence diminishes a t  
h igher  temperature. This  i s  cons is ten t  w i t h  the  no t ion  t h a t  
noncrys ta l l  ographic, thermal ly  ac t i va ted  processes dominate a t  elevated 
temperatures. Another mani festat ion o f  t he  decreased s e n s i t i v i t y  t o  
o r i e n t a t i o n  a t  elevated temperatures was the  behavior o f  th: specimen? on 
i n i t i a l  load ing  compared t o  the  s t a b i l i z e d  behavior. A t  427.C and 760.C (800°F 
and 1 4 0 0 ~ ~ )  s l i p  burs ts  were observed dur ing the i n i t i a l  cyc les o f  load ing  as 
i l l u s t r a t e d  i n  F igure  4-18. This e f f e c t  was no t  observed a t  982"~ (1800°F). 
The e f f e c t  was most apparent i n  the <110> and <123> specimens. These 
o r i en ta t i ons  have fewer h igh l y  loaded s l i p  systems than do the <loo> and <Ill> 
specimens so t h a t  s l i p  i s  more 1 i k e l y  t o  be concentrated. 
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Figure  4-18 Cycl i c Hardening Response 

The s l i p  bu rs t s  a re  observed a t  both t e n s i l e  and compressive ends o f  t he  loop. 
(Th is  behavior i s  n o t  u n l i k e  the Portevin-LeChatel ier e f f e c t  f requent ly  
observed i n  superal loys. Upon 1 oadi ng i n  e i t h e r  tension o r  compression, a 
c r i t i c a l  s t ress  i s  reached a t  which the  mater ia l  s l i p s  very rap id l y .  When the  
mater ia l  s l i p  b u r s t  s t r a i n  r a t e  i s  f a s t e r  than the  c o n t r o l l e d  s t r a i n  r a t e  a t  
which the  t e s t  i s  being conducted, t he  app l ied  load i s  reduced u n t i l  t he  
c o n t r o l l e d  s t r a i n  r a t e  i s  again achieved. This  r e s u l t s  i n  the  small bumps o r  
ser ra t ions  i n  the  loop as shown i n  F igure  4-18. I n  general, the  s t ress  a t  
which these s l i p  burs ts  occur increases w i t h  each subsequent cyc le  so t h a t  a 
"hardened" , s t a b i  1 i zed hysteres i  s 1 oop i s achieved a f t e r  several cyc les . The 
"hardening" i s  manifested as both an increased st ress range and a decreased 
i n e l a s t i c  s t r a i n  range ( loop width a t  zero s t ress) .  Specimens showing t h i s  
behavior a l so  show e a s i l y  observable macroscopic s l i p  bands on the gage 
s e c t i  on. 



The t e s t s  conducted t o  date included an evaluat ion o f  s t r a i n  r a t e  s e n s i t i v i t y  
w i t h  ernphasds placed on the  h igher  temperature tes ts .  F igure 4-19 shows the  
982°C (1800 F )  s t r a i n  r a t e  s e n s i t i v i t y  as measured by the  s t ress  ampl i t u d e  f o r  
a given s t r a i n  range. The data have been normalized t o  the s t ress  amplitude 
observed a t  in / in /sec.  It i s  c l e a r  t h a t  t he  r a t e  dependence i s  a 
func t i on  o f  o r i e n t a t i o n  and s t r a i  n  ampl i tudes, w i t h  the  e f f e c t  being more 
pronounced f o r  h igher  s t r a i n  amplitudes and dev ia t i on  o f  the <I002 
or ien ta t ions .  S i m i l a r l y ,  t he  tension-compression assymetry a t  982 C (1800°F) 
was found t o  be r a t e  dependent and a lso  a func t i on  o f  o r i e n t a t i o n  and s t r a i n  
amplitude as shown i n  F igure  4-20. I n  the  l i m i t s  o f  e l a s t i c  loading there  
should be no o r i e n t a t i o n  o r  s t r a i n  amplitude dependence. I t  should be noted 
t h a t  i n  a l l  t he  t e s t s  t o  date, t he  i n i t i a l  load ing  was compressive. Future 
t e s t s  w i l l  i nc lude load cyc les which produce t e n s i l e  y i e l d i n g  f i r s t .  

PWA 1480 P9866 1880°F RE = -1 

Strain Rate, sec- 

0.90 

<loo> to.008 7 

0.651 

Figure  4-19 Stress Range Dependence on S t r a i n  Rate 



PWA 1480 P9866 1800°F R, = -1 

F igure  4-20 Tension-Compression Assymmetry , S t r a i n  Rate S e n s i t i v i t y  

4.3 S ing le  Crysta l  Fat igue Tests 

4.3.1 Test F a c i l i t y  

The t e s t  f a c i l i t y  used f o r  isothermal and thermo-mechanical f a t i gue  (TMF) 
t e s t s  cons is ts  o f  a servo-control  led, closed loop hydraul i c t e s t i n g  machine 
w i t h  MTS con t ro l  1 ers, a 1 ow frequency (10 kHz) 20 kW TOCCO induct ion  heater, 
and an Irconomodel 700G radia!ion pyromgter, c a l i b r a t e d  over a temperature 
range o f  260 .C t o  1371 . C  (500 .F t o  2500 .F), f o r  temperature measurement. 
Induc t ion  heat ing was selected t o  accommodate MTS ex terna l  extensometry and 
specimen inspect ion  and t o  prov ide adequate nonisothermal t e s t  heat ing rates.  
The quartz rods o f  t he  MTS extensometer, which de f ine  a 2.54 cm (1.0 i n )  gage 
section, a re  spr ing  loaded against  the  specimen and d i d  n o t  show any signs o f  
sl ippage dur ing  tes t i ng .  A t y p i c a l  t e s t  setup i s  i l l u s t r a t e d  i n  F igure  4-21. 
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F igu re  4-21 Thermo-Mechanical Fa t igue Test  R i g  

4.3.2 S t r a i n  Measurement 

For  t h i s  research e f f o r t ,  there  a r e  two u n i a x i a l  d e f l e c t i o n  measurement 
devices (F igu re  4-22) a v a i l a b l e  f o r  e leva ted temperature f a t i g u e  t e s t i n g  o f  
h o l l  ow specimens: 1) an i n t e r n a l  extensometer developed a t  P r a t t  & Whi tney i n  
t he  1960s, and 2) a  r e c e n t l y  developed MTS ex terna l  extensometer. As 
i l l u s t r a t e d  i n  the  f i gu re ,  t h e  i n t e r n a l  extensometer requ i res  machined 
i n t e r n a l  r i dges  l oca ted  a t  t he  e x t r e m i t i e s  o f  the  gage sec t ion .  

Experience w i t h  coated specimens c o n t r o l l e d  v i a  the  i n t e r n a l  extensometer 
i n d i c a t e s  t h a t  thermo-mechanical f a t i g u e  (TMF) crack i n i t i a t i o n  i s  i n s e n s i t i v e  
t o  specimen i n t e r n a l  geometry s ince c rack ing  predominantly o r i g i n a t e s  on the  
coated sur face ( t h e  O.D.).  However, there  i s  a  concern t h a t  c rack ing  may 
o r i g i n a t e  from the  i n t e r n a l  r i dges  o f  uncoated specimens, and t h a t  t he  
associated crack i n i t i a t i o n  1 i f e  o f  such t e s t s  would be indeterminate. Thus, 
i t  i s  advantageous t o  remove the  i n t e r n a l  r i dges  and r e l y  on ex terna l  
extensometry f o r  d e f l e c t i o n  measurement. 
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F i g u r e  4-22 Extensometry 

To s u b s t a n t i a t e  t h e  measurement accuracy o f  t h e  ex te rna l  extensometer, a  
comparison s tudy  i s  be ing  performed between i t  and t h e  i n t e r n a l  extensometer. 
D e f l e c t i o n s  f rom each dev ice a r e  recorded f rom t h e  same specimen by u s i n g  t h e  
"piggy-back" setup o f  F i g u r e  4-22. Prev ious exper ience f rom a  s i n g l e  PWA 1455 
(B1900+Hf) TMF t e s t  i n d i c a t e d  t h a t  s i g n i f i c a n t  d i f f e r e n c e s  between t h e  two 
extensometers occur red  o n l y  when l a r g e  c racks  were present .  Du r i ng  t h a t  s tage 
o f  f a t i g u e  1  i f e ,  t h e  ex te rna l  extensometer recorded h ighe r  d e f l e c t i o n  ranges 
than  t h e  i n t e r n a l .  Th i s  was i n t e r p r e t e d  as a  l i m i t a t i o n  o f  t h e  ex te rna l  
extensometer because i t  measures a  s t r a i n  which can be i n f l u e n c e d  by t h e  
c i r c u m f e r e n t i a l  l o c a t i o n  o f  t h e  dominant c rack .  The i n t e r n a l  extensometer i s  
cons idered t o  be i n s e n s i t i v e  t o  c rack  I s c a t i o n .  F o r  t h e  p resen t  study, an 
i n i t i a l  s e t  o f  s i x  coa ted  PWA 1480, <%00> o r i e n t a t i o n ,  s i n g l e  c r y s t a l  
specimens were r u n  a t  t he  c o n d i t i o n s  shown i n  F i g u r e  4-23. A t  each t e s t  
cond i t i on ,  specimens coated w i t h  each c o a t i n g  t ype  were tes ted .  Observed 
d e f l e c t i o n  r e s u l t s  o f  these t e s t s  (Tab le  4-Vj  i n d i c a t e  t h a t  t h e  ex te rna l  
extensometer c o n s i s t e n t l y  measures l e s s  mechanical s t r a i f l  than t h e  i n t e r n a l .  
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Figure 4-23 In i t i a l  Thermo-Mechanical Fatigue Test Conditions 



Table 4-V 

Comparison Summary o f  S t ra ins  Obtained from I n t e r n a l  and 
External Extensometry During Thermo-Mechanical Fat igue Cycl i ng 

S t r a i n  Ranges (Percent) 
f e s t  

Spec C y d i  ti on Coat Thermal Tota l  Mechanical 
ID C ( " f )  Type E - I n t  - E x t  - I n t  - Ext  - I n t  

J B- 9 427-1038 286 External Extensometer Quartz  Rods 
(800- 1900 ) Improperly Located On Specimen 

Out-Of-Phase 

JB-19 427-1038 273 0.96 0.94 0.13 0.105 0.83 0.84 
(800- 1900 ) 

Out-Of-Phase 

JB-10 427-1038 286 0.97 0.96 0.47 0.42 0.50 0.54 
(800- 1900) 

Out-Of-Phase 

JB-22 427-1038 273 0.95 0.93 0.43 0.36 0.52 0.57 
( 800- 1900 ) 

Out-Of-Phase 

JB-11 427-1038 286 0.97 0.96 1.76 1.76 0.79 0.80 
(800- 1900 ) 
I n-P hase 

Po b e t t e r  understand the  observed de f l ec t i on  d i f ferences,  parametric t e s t s  
were conducted on uncoated, s t r a i n  gaged PWA 1480 <loo> and PWA 1455 
(B1900tHf) specimens a t  room temperature. The s t r a i n  gage l oca t i ons  are  shown 
i n  F igure  4-24. For  these tests,  i t  was assumed t h a t  the  average s t r a i n  gage 
measurement was representa t ive  o f  the t r u e  O.D. surface s t r a i n  and cou ld  be 
used as a reference w i t h  which t o  compare the two extensometers. 

The r e s u l t s  summarized i n  Tab1 e 4-VI i nd i ca te  t h a t  t he  external  extensometer 
measured s t r a i n s  more cons is ten t  w i t h  those o f  the s t r a i n  gages. 
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F igure  4-24 S t r a i n  Gage Locat ions on PWA 1480 and PWA 1455 Specimens 

Table 4-VI 

Comparison Summary o f  S t ra ins  Obtained from I n t e r n a l  and External  
Extensometry and S t r a i n  Gages During Room Temperature Cycl i ng 

S t r a i n  Ranges (Percent) 
External 

Spec Extensometer Average o f  
Mater ia l  Location* In te rna l  External  S t r a i n  Gages 

PWA 1480 2 0.324 (0.309)"" 0.300 0.298 

PWA 1480 1 

PWA 1480 1 

PWA 1455 4 

PWA 1455 3 

PWA 1455 3 0.188 (0.177) 0.178 0.178 

* Refer t o  F igure 4-24 
** Corrected f o r  ca lcu la ted  d i s t o r t i o n  



From an el as t ic  two-dimensional f i n i t e  el ement analysis of the specimen 
geometry shown in Figure 2-7(C) ,  i t  was concluded that both extensometers 
accurately measure deflections a t  their  respective 1 ocations. Further, i t  was 
concluded that  the observed differences i n  s t ra in ( a t  least  a t  room 
temperature) are  caused by internal ridge rolling due to  the Poisson ef fec t  
and the specimen thickness increase away from the gage section. When the 
internal extensometer strain i s  adjusted to  account for these effects  ( r e fe r  
to the numbers i n  parentheses i n  Table 4-VI), the difference i s  less  than one 
percent for trie PWA 1455 specimen. Since the Poisson rat io  of PWA 1480 <loo> 
i s  greater than PWA 1455, greater ridge deflection will result .  Thus, the 
larger differences of the PWA 1480 specimen can also be explained. Additional 
f i n i  t e  element analysis using PdA 1480 anisotropic properties w i  11 be 
perforiaed t o  verify t h i  s concl usi on. 

In l igh t  of these findings, there i s  currently no technical reason why the 
external extensometer cannot be relied upon t o  measure hollow specimen 
strains;  however, the decision to  remove the internal ridges from future 
specimens and rely solely on the external extensometer i s  pending the resul ts  
of additional testing and analysis a t  elevated temperature conditions. 

4.3.3 Single Crystal Fatigue Tests 

Isothermal and thermo-mechanical fatigue (TMF) t e s t s  are being conducted t o  
define the crack ini t ia t ion l i f e  of coated PWA 1480 single crystal material 
and to  provide base1 ine data for 1 i fe prediction model evaluations. To 
preclude specimen geometry effects ,  a1 1 fatigue tes t s  (isothermal and TMF) 
will be conducted on hollow specimens, Figure 2-7(C). In i t ia l  testing will be 
limited t o  key variables considered relevant t o  the creep-fatigue l i f e  
prediction problem. The variables include crystal lographic orientation, s t ra in  
range, s t ra in  ra t io  (R,), strain rate,  s t rain dwell periods, and 
temperature. Both coated and uncoated specimen t e s t s  are planned t o  determine 
whether uncoated testing i s  useful for evaluating coated crack in i t ia t ion  
l i f e .  The applied coatings are of two generic types which are currently used 
for a i r fo i l  oxidations protection: 1) an aluminide diffusion coating (PWA 
273), and 2 )  a NiCoCrAlY overlay coating (PWA 286). In an ef for t  to  
characterize the material deformation mechani sms which are active during 
fatigue, several specimens will be selected for transmission electron 
microscopy (TEM) examination. 

To date, fully-reversed (R, = -1) Ti4F t e s t s  of coated PWA 1480 <loo> have 
been conducted a t  the conditions shown i n  Figure 4-23. These data are  
summarized i n  Table 4-VII. Cracking information was obtained by acetate 
rep1 icat i  on of the specimen gage section a t  various cycl i c  interval s. Whenever 
possible, the crack wnich ultimately led to  specimen fracture was identified 
and traced to  i t s  ini t ia t ion s i t e .  



I t  I I  A &  I 8  I *  I I  

58 5% sg 5% 4% 8% 
- k q g  g 3 g g g 
mt- 

0 0 a q # s 3 k k  
U t  

& $ A "  

v v v v  

E 8 Z Z 0 '  v3 r r 2  3 - - , 3 3 3  C)  
2 



For the out-of-phase TMF t es t s ,  the two coatings were observed to  in i t i a t e  
cracks differently. The diffusion coating tended to generate circumferential 
crdcks, whereas the overlay ini t ia ted a multitude of small thumb-nail l ike 
cracks. Representative fracture surfaces of these specimens are presented i n  
Figures 4-25 and 4-26. The concentric cracking of the diffusion coating i s  not 
unexp~cted since i t s  fracture duct i l i ty  i s  low a t  temperatures below 649:~ 
(1200 F j  . From the repl ica information (Figure 4-27) i t  i s  apparent that lower 
t e s t  strain ranges are required to obtain relevant cracking data for  th is  
coati ng type. 

In-phase T!4F crack ini t ia t ion of coated specimens i s  less  distinct.  The 
tensi le  portion of the t e s t  occurs a t  h i g h  temperature; therefore, the 
coatings tend to  rumple which makes repl ication diff isul  t. As can best be 
determined, in-phase testing generates many small cracks early i n  the fatigue 
l i f e  of the specimen; however, these cracks do not grow as rapidly as  those of 
out-of-phase testing (Figure 4-28). As a result ,  the fatigue l ives of in-phase 
TMF tes t s  are significantly longer than those of out-of-phase tests .  

A l i f e  correlation of the fatigue t e s t s  i s  presented in Figure 4-29. For 
out-of-phase t e s t s ,  the fatigue l i f e  of the diffusion coated specimens i s  
shown t o  be more sensitive to  total strain range than that  of the overlay 
coated specimens. Thus, a t  s t rain ranges below about 0.5 percent, the 
diffusion coated specimen l ives  are expected to  be higher than those of 
over1 ay specimens. 

A general matrix of PWA 1480 fatigue t e s t  conditions planned for t h i s  task i s  
provided i n Tab1 e 4-VI 11. 
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F i g u r e  4-25 PWA 273 Coated PWA 1480 < loo> ;  Speciinen J5-22; A f t e r  B e i y g  
Thermo-Mechanical ly F a t i g u e  Tested a t  427OC - 982°C (800 F - 
i 9 0 0 ~ ~ j  A E ~  = - t0.275 Percent ,  1 CPM, Out-Of-Phase f o r  3772 
Cyc les  
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Figure 4-26 PWA 286 Coated PWA 1480 <100>; Specirnen JB-9;  After Being 
Thermo-Mechanically Fatigue Tested a t  4 2 7 " ~  - 9 8 ~ ~ ~  (800 F - 
1900°F) A E ~  = - c0.4 Percent, 1 CPP,l, Out-Of-Phase fo r  1878 Cycles 
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= 0s81 Circurflferential Cracks 

@ PWA 286 NiCoCrAlY Overlay 

PWA 273 Aluain ide D i f f u s i o n  
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L i f e  F r a c t i o n  

F i g u r e  4-27 Coated PWA 1480 <loo> Out-Of-Phase Thermo-Mechanical F a t i g u e  
Rep1 i c a  Data 

F i g u r e  4-28 PWB 273 Coated PWA 1480 < loo> ;  Specimen JB-29; A f t e r  Be ing  
Theri,~o-:liechanical l y  F a t i g u e  Tested a t  4 2 7 * ~  - 9 8 2 O ~  ( 8 0 0 ~ ~  - 
1 9 0 0 ~ ~ )  A E ~  = '0.4 Percent,  1 CPi4, In-Phase f o r  10340 Cycles.  
Coa t i  ny rump1 iKg and many smal l  c racks  a re  t h e  dominant 0 .D. 
su r f ace  f ea tu res .  
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F igu re  4-29 Ther~oo-Mechanical Fa t igue  L i f e  Versus S t r a i n  Range f o r  Coated 
PWA 1480, 4 ~ 7 ~ ~  - 1038 .C ( 8 0 0 ' ~  - 1900:~) 



Table 4-VIII 

Summary o f  Planned Task I 1 1  PWA 1480 Fatigue Tests 

Notes: 1: 1 = <100>; 2 = <110>; 3 = <Ill>; 4 - <123> 
2: - = uncoated* C1 PYA 286 NiCoCrAlY overlay; Q - PYA 273 r l u i n l d e  diffusion 
3: EIphrsis w i l l  be on conducting the coated s p e c f m  tests 
4: Specfal Cycle 



SECTION 5.0 

SUMMARY OF RESULTS 

Ouring the f i r s t  year of effor t ,  the following tasks were accomplished and 
prel i m i  nary resul t s  obtained. 

The materials selected for the program are as follows: single crystal 
alloys, PWA 1480 and model A1 loy 185, an over1 ay coating, PWA 286, 
and aluminide coating, PWA 273. All b u t  the Alloy 185 were selected 
because they are typical of the most advanced materials being used i n  
gas turbine blades. Alloy 185 was selected because i t s  properties 
d i f fe r  greatly from those of PWA 1480 and will be used to  t e s t  the 
range of appl icabi 1 i t y  of the constitutive and 1 i f e  prediction models 
developed i n  this program. 

Single crystal specimen orientations were chosen to  be <loo>, <110>, 
<Ill> and <123> to  represent the full  range of s l ip  systems and s l i p  
system interaction. 

Physical and thernial property t e s t s  on PWA 1480 were completed a t  
Southern Research Insti tute.  

Specimen preparation i s  well underway. Casting of a l l  PWA 1480 
speciaens i s  complete, and casting of Alloy 185 i s  underway. 
Machining of these specimens is i n  process. Coating specimen 
fabrication is  being paced by the success or fai lure  of exploratory 
t e s t  procedures. 

Literature searches were completed on related constitutive and l i f e  
prediction model s ,  and are i ncl uded i n the appendices. 

The Walker unified viscoplastic constitutive model has been extended ' 

to  a1 1 the s l ip  systems of a face centered cubic crystal material. 
The in i t i a l  mathematical development has been completed and 
programmed and i s  being used t o  correlate in i t i a l  laboratory data. 

Walker' s isotropic constitutive model has been successfully used t o  
correlate limited data obtained for overlay coating, PWA 286. Model 
constants derived cornpare reasonably w i t h  those from other h i g h  
temperature a1 1 oys . 
Thermal property tes t s  were completed for  PWA 1480. Properties 
incl uded conductivity, coefficient of thermal expansion and specific 
heat, 

fiionotonic tensile and creep data were obtained for PWA 1480 and 
overlay coating PWA 286. 



o PWA 1480 c o n s t i t u t i v e  data were obtained on f i f t e e n  o f  f o r t y  
specimens. The c o n s t i t u t i v e  models and t h e i r  constants are being 
evaluated w i t h  these data. From t h i s  study the  t e s t  cond i t ions  f o r  
the next round o f  c o n s t i t u t i v e  t e s t s  w i l l  be determined: 

o A modern ex terna l  MTS extensometer has been evaluated r e l a t i v e  t o  the  
o lde r  and we l l -es tab l ished P r a t t  &Whitney i n t e r n a l  extensometer and 
was found t o  func t i on  accurate ly  and r e l i a b l y  i n  thermo-mechanical 
f a t i g u e  (TMF) tes t i ng .  Use o f  t he  external  extensometer i n  t h i s  
program w i l l  e l  im i  nate the  requirement f o r  i n t e r n a l  r idges  on the 
t e s t  specimens. 

o Isothermal and TMF t e s t i n g  o f  coated and uncoated PWA 1480 has 
star ted.  I n i t i a l  out-of-phase cyc le  TMF t e s t s  i n d i c a t e  t h a t  a t  s t r a i n  
ranges greater  than 0.5 percent, t he  over lay coated specimens have 
longer l i v e s  than do those coated w i t h  an aluminide. The reverse i s  
t r u e  below the  0.5 percent s t r a i n  range. 



SECTION 6.Q 

FUTURE WORK 

During the  second year o f  the base program, the f ~ l l o w i n g  work w i l l  be 
accompl i shed: 

o  Specimen preparat ion w i l l  be completed, i nc lud ing  the  machining o f  
PWA 1480 specimens, cas t i ng  and machining o f  t he  A1 l o y  185 specimen, 
and complete f a b r i c a t i o n  o f  a l l  coa t ing  specimens. 

o  Physical proper ty  t e s t s  w i l l  be run  on the  two coa t i ng  mater ia ls ,  PWA 
286 and PWA 273. 

o  Level I PWA 1480 experiments w i l l  be completed i n c l u d i n g  f o r t y  
c o n s t i t u t i v e  t e s t s  and f o r t y  f a t i gue  tes ts .  

o  Development o f  t he  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 w i l l  
cont inue i n  para1 l e l  w i t h  the above tes ts .  Two models o f  each w i l l  be 
selected f o r  f u r t h e r  evaluat ion i n  Task V .  



APPENDIX A 

EXPERIMENTAL DATA GENERATED FOR 
COATING CONSTITUTIVE MODEL EVALUATIONS 
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APPENDIX B 

LITERATURE SURVEY - SINGLE CRYSTAL AIRFOIL MATERIALS CONSTITUTIVE MODELS 

Thi s  appendix conta ins a review o f  c o n s t i t u t i v e  model s  o r  model i n g  approaches 
which may be appl icable t o  s i n g l e  c r y s t a l  and t ransversely  i s o t r o p i c  
mater ia ls .  The discussion inc ludes work which has been repor ted i n  open 
1 i te ra tu re  and l i k e l y  extensions o f  t h i s  work. 

Macroscopic Continuum Theory Formulat ions 

I n  1948, H i l l  (Reference 1 )  proposed a genera l i za t ion  o f  the  von Mises y i e l d  
func t i on  f o r  s ta tes  o f  ani  sotropy possessing three mutual ly  orthogonal planes 
o f  symmetry. H i l l  ' s  theory remains the most widely used fo rmula t ion  and i s  
c u r r e n t l y  coded i n t o  general purpose nonl inear  f i n i t e  element programs such as 
MARC and ABAQUS. 

Various mod i f i ca t ions  t o  Hi1 1 ' s  o r i g i n a l  theory were pub1 ished i n  the  
l i t e r a t u r e  between 1948 and 1977. Theories presented by Edelman and Drucker 
(Reference 2),  Yoshimura (Reference 3 ) ,  W i l l  iams and Svensson (Reference 4), 
and Bal t o v  and Sawczuk (Reference 5 )  a re  bas i ca l l y  mod i f i ca t ions  t o  Hi1 1 ' s  
theory t o  account f o r  Bauschinger e f f e c t s  associated w i t h  kinematic hardening. 
Fur ther  work on an iso t rop ic  p l a s t i c i t y  may be found i n  References 6 through 
11. H i l l  ' s  o r i g i n a l  theory al lowed the  an iso t rop ic  y i e l d  surface only  t o  
expand, whereas the  l a t e r  mod i f i ca t ions  a1 1 owed the  an i  so t rop ic  y i e l  d  surface 
t o  both expand, t rans la te ,  and change shape i n  s t ress  space. However, the  
mod i f i ca t ions  t o  H i l l  ' s  theory employ kinematic s h i f t  tensors, a i  j, which 
depend on p l a s t i c  s t ra in .  The var ious s h i f t  tensors there fore  vanish i n  the  
i n i t i a l  s t a t e  o f  the mater ia l  i n  which the  p l a s t i c  s t r a i n  i s  zero and do no t  
r e f l e c t  a d i f f e rence  between t e n s i l e  and compressive load ing  as observed i n  
experiments w i t h  n icke l  -base s i n g l e  c r y s t a l  mater ia ls .  I n  e f f e c t  the  i n i t i a l  
s t a t e  i s  governed by H i l l ' s  theory. 

The y i e l d  surface employed by Edelman and Drucker may be w r i t t e n  i n  the  form: 

where ' s i j  i s  the dev ia to r i c  s t ress  tensor, 

C i j  i s  the p l a s t i c  s t r a i n  tensor, 

k2 denotes the s ize  o f  the y i e l d  surface, and 

M i  j k l  i s  a f o u r t h  order anisotropy tensor. 



If f < 0, the  mater ia l  i s  e l a s t i c .  I f  f = 0, the y i e l d  cond i t i on  i s  reached 
and the stresses are on the y i e l d  surface. I n  t h i s  theory, the  kinematic s h i f t  
tensor, a i  . , has the form a i  = mci and vanishes i n  the i n i t i a l  v i r g i n  
s t a t e  o f  t t e  mater ia l .  This  {ensor b a n s l a t e s  the y i e l d  surface i n  s t ress  
space and there fore  introduces kinematic hardening t o  account f o r  the 
Bauschinger e f f e c t .  

Yoshimura employed the y i e l d  funct ion:  

i n  which the  y i e l d  surface t rans la tes  through the  term B s i j c i . ,  which a l so  
van1 shes i n  t he  i n i  ti a1 v i r g i n  s t a t e  o f  t he  mater ia l ,  w h i l e  t h a t  o f  W i  11 iams 
and Svensson has the  form: 

The y i e l d  func t i on  employed by Wi l l iams and Svensson was general ized i n  1977 
by Lee and Zaverl  (References 12 and 13) whose y i e l d  surface may be w r i t t e n  i n  
the form: 

This form o f  t he  y i e l d  surface w i l l  now be considered i n  more d e t a i l  s ince 
t h i s  type o f  fo rmula t ion  i s  r e a d i l y  adapted f o r  use w i t h  the  u n i f i e d  
v i  scopl a s t i c  model s whose employment w i l l  be requ i red  i n  the  desc r ip t i on  o f  
the time-dependent an iso t rop ic  mater ia l  behavior o f  s i ng le  c r y s t a l s  and 
d i  rec t i ona l  l y  sol i d i  f i e d  mater ia l  s a t  e l  evated temperature, Several aspects o f  
a t ime- i  ndependent formulat ion w i l l  be discussed, i nc lud ing  
tension/compression asymmetry, f l ow  and hardening ru les,  t he  formulat ion o f  
the e l a s t o p l a s t i c  s t i f f n e s s  matr ix ,  and f i n a l l y ,  the  no t i on  o f  
i ncompressibil i ty. Before proceeding, i t  w i  11 be convenient t o  adopt a Vo ig t  
r o t a t i o n  f o r  t he  tensor ind ices  so t h a t  t he  f o u r t h  rank tensor M i j k l  c?n be 
w r i t t e n  i n  ma t r i x  form. To t h i s  end, we int roduce the  contracted no ta t l on  f o r  
the s t ress  components: 

and the  p l a s t i c  s t r a i n  components are: 

Any component o f  the tensor M i j k l  may then be w r i t t e n  as a two index m a t r i x  
component. For  example, M12 32 = M45 and M i 1  22 = M12, e t c .  

.-,--- -.?=--9c. 
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Lee and Zaver l ' s  y i e l d  surface may now be w r i t t e n  i n  Vo ig t  index no ta t i on  as: 

f = M.. u  - a u - a.) - kL. 
1 J j J 

I f  the  mater ia l  has th ree  orthogonal planes o f  symmetry (such as the  th ree  
c r y s t a l  lographic faces i n  a face centered cubic n i cke l  -base superal l  oy) and 
the p r i n c i p a l  axes o f  anisotropy co inc ide  w i t h  the  Cartesian reference axes, 
the mat r ix  M i j  can be w r i t t e n  from symmetry arguments i n  the form: 

O 01 

Equation (9-1) may a1 so be w r i t t e n  i n  the  more convenient form: 

where 

Ki = 2Mijaj and J = K~ - Mi jaiaj. 

Again, by symmetry, t he  vector  L i  may be w r i t t e n  i n  component form as: 

A physical  i n t e r p r e t a t i o n  o f  M i  j, L i  and J may be made i n  the fo l l ow ing  
manner. L e t  Y+1, Y+2, Y+3 denote the t e n s i l e  y i e l d  stresses i n  the x i ,  
x2, x3 d i r e c t i o n s  and l e t  the absolute values o f  the  compressive y i e l d  
stresses i n  these d i rec t i ons  be denoted by Y-1, Y-2, Y-3, respect ive ly .  
From equation (B-3), w i t h  f=O, we may w r i t e  f o r  simple un iax ia l  tension and 
compression t e s t s  i n  the  x l  d i rec t i on :  

2 Mll Y+l - L1 Y+l = J i n  tension, (9-6) 

and 

2 
M1l Y-l 

* L1 Y-l = J i n  compression. (B-7) 



Equations (B-6) and (B-7) show tha t :  

We are a t  1 i b e r t y  t o  choose J=1 i n  equat ion (B-3) s ince t h i s  merely scales the 
values associated w i t h  M i j  and L i .  Hence, 

and the components o f  M i j  are determined from measurements o f  the t e n s i l e  
and compressive y i e l d  stresses along the  three c r y s t a l 1  ographic direc.t;ions. I n  
pure shear equat ion (8-3) may a l so  be shown t o  give: 

where Yq, Yg and Yg are  the to rs iona l  y i e l d  s t ress  associated w i t h  the 
s t ress  components a12, a23 and 013, respect ive ly .  By s u b s t i t u t i n g  
equation (B-9) i n t o  equations (B-6) and (B-71, we f i n d  tha t :  

which determines the values o f  t he  L i  vector  i n  terms o f  t he  measured y i e l d  
values i n  tension and com ressor. Thus, i n i t i a l  t e n s i l e  and compressive y i e l d  P stresses along the c rys ta  lographic axes, i n  a d d i t i o n  t o  t o r s i o n  t e s t s  i n  the  
12, 23 and 3 1  d i rec t ions ,  determine the  i n i t i a l  values o f  t he  ma t r i x  M i  j and 
the  vector  L i .  

To complete the  rate-independent fo rmula t ion  i t  i s  necessary t o  speci fy  a 
su i tab le  f l o w  r u l e  and t o  choose su i tab le  hardening r u l e s  whi h determine the  E subsequent hardening evo lu t i on  o f  the  var iab les  M i  a- and k i n  the  
s p e c i f i c a t i o n  o f  t he  y i e l d  surface i n  equat ion B -  . t h e  equ iva len t  stress, 
k, i s  def ined by the  y i e l d  cond i t i on  i n  equation (8-3), v i z :  

and the equ iva len t  p l a s t i c  s t r a i n ,  increment, dR, may be def ined through the  
work re1 a t i on :  



I f  the yield function and the plast ic  potential are assumed to  be identical, 
the flow rule i s  obtained by the usual relationship: 

a f d s i  = " * 
aoi 

( B - 1 4 )  

The non-negative function h i s  obtained from the usual consistency relation 
such that  when the s t ress  s ta te  i s  on the yield surface, 

The constitutive relation may be written i n  the form: 

where the elastoplastic matrix D ? j  i s  given by: 

a k  K a f af af aMi af aai 
d = 2 k 3 ~ t r  - a r D i j r -  (B -18 )  

j 
q . j T - T q  X I - '  

a 'm 

I n  th is  relation for d ,  i t  i s  assumed that Mij, a and k are functions of 
the cumulative plastic s t rain,  R, and the matrix A i j  in equation (8-17) i s  
the anisotropic el as t ic i ty  matrix: 

0 

when referred to the crystallographic symmetry axes. 



We now examine the consequences o f  assuming t h a t  the p l a s t i c  s t r a i n  i s  
incompressible. S e t t i n g  d c l  + dc2 + dc3 = 0 i n  equat ion (B-14) y i e l d s  
the  r e l a t i o n s :  

I n  a  face centered cubic mater ia l ,  such as a  nickel-base superal loy s ing le  
c r y s t a l ,  t he  p rope r t i es  a1 ong each o f  the  c r y s t a l  1  ographic axes are i d e n t i c a l  , 
so tha t ,  M i 1  = Me2 = M33 and Mi2 = M23 = M13. 

From the  preceding discussion, i t  i s  ev ident  t h a t  the  anisotropy matr ix,  when 
spec ia l i zed  t o  the cubic symmetry appropr iate f o r  s ing le  c rys ta l s ,  may be 
w r i t t e n  as: - 1 

whi le  the e l a s t i c i t y  ma t r i x  has the  form: 

D l 1  D l2  Dl2 0 0 0 

Dl2 D l 1  012 0 0 0 

D44 



I n  order t o  more c l e a r l y  i nves t i ga te  the  a b i l i t y  o f  t h i s  type o f  theory t o  
reproduce the  o r i e n t a t i o n  dependence o f  the  i n i t i a l  y i e l d  stress, we w i l l  
assume t h a t  the ma te r ia l  behaves as an an iso t rop ic  e l a s t i c - p e r f e c t l y  p l a s t i c  
mater ia l .  Consequently, we may s e t  a i  = 0  f o r  the present discussion, since 
the  kinematic s h i f t  vector  a i  changes only  w i t h  p l a s t i c  deformation and we 
are  concerned on ly  w i t h  the  p r e d i c t i o n  o f  the t e n s i l e  y i e l d  stress. Also, 
since we are i n te res ted  only  i n  the  i n i t i a l  y i e l d  s t ress  and n o t  on the 
subsequent t e n s i l  e  hardening o f  the s t ress -s t ra i  n  curve, we may set: 

M i j  = constant; k = constant; and a i  = 0. 

Consider a  un iax ia l  t e n s i l e  bar  specimen o f  t he  s i n g l e  c r y s t a l  mater ia l  
o r ien ted  along the  d i r e c t i o n  ON i n  F igure  B-1. When reduced t o  one-dimensional 
form, t h e  e l a s t i c - p e r f e c t l y  p l a s t i c  c o n s t i t u t i v e  r e l a t i o n  o f  Lee and Zaverl 
appropr iate t o  t e n s i l e  1 oading reduces t o  the  f o l l  owing re1 at ions:  

a = E(e,$) f o r  e < Y+(e,$)/E(e,$) , (B-26) 

a =  Yt(e,$) f o r  E - > Y+(e,$)/E(e,#) . (B-27) 

I n  these expressions E(e,$) i s  the  value o f  Young's modulus i n  the d i r e c t i o n  
ON given by the  expression: 

w i t h  

nx = - s i n  3; ny = s ine cos#; nZ = cose cos# . (B-29) 

The t e n s i l e  y i e l d  value i n  the  d i r e c t i o n  ON i s  given by the  r e l a t i o n :  

w i t h  



The constant A measures the  dev ia t ion  from i so t ropy  and A =  0 i n  the  case o f  
an i s o t r o p i c  mater ia l ,  wh i l e  the  constants Y+ and Y, are the  t e n s i l e  and 
compressive y i e l  d stresses along any o f  the  th ree  c r y s t a l  lograph ic  axes, the  
proper t ies  along each a x i s  being assumed t o  be equivalent.  

El111 
( 0 -  45'. $ = 35.26O) 

Point E i n  the Stereographfc 
Triangle ORS Represents the 
Direction 'ON' i n  the Cubic 
Latt ice Shown Above 

Figure  B - 1  A S ing le  Crysta l  Bar Oriented Along ON a t  Angles e and # With 
Respect t o  the Crys ta l  Axes X, Y, Z i s  Located a t  Po in t  E i n  the  
Stereographic Tr iang le  ORS. 

Figures B-2 and B-3 show actual and pred ic ted  v a r i a t i o n  o f  the  t e n s i l e  y i e l d  
stress, Y+(e,#), as a func t i on  o f  the  gr ien ta tdon angles e and # f o r  the  
case o f  s i n g l e  c r y s t a l  PUA 1480 a t  593 C (1100 F) . It i s  ev ident  from F igure  
8-2 t h a t  t he  theo re t i ca l  p red i c t i on  o f  the  y i e l d  s t ress  v a r i a t i o n  w i t h  e f o r  
the case where #=oO, i .e., a1 ong the  [0011-[Ol l l  boundary o f  the stereographic 
t r i a n g l e  i n  F igure  B-3, shows a y i e l d  s t ress  which decreases c o n t i i u a l l y  from 
a maximum a t  e=0 (a long the [0011 d i r e c t i o n )  t o  a minimum a t  e=45 (along the  
[ O l l ]  d i r e c t i o n ) .  A f u r t h e r  decrease i n  the  t e n s i l e  y i e l d  s t ress  occurs as $J 

increases towards the [0011- [ l l l ]  boundary o f  the stereographic t r i ang le .  An 
absolute minimum i n  theo theo re t i ca l  p r e d i c t i o n  occurs i n  the [I111 d i  r e c t i o n  
where e=45 and #=35.26 . I n  the  experimental data shown i n  F igure  8-3, t he  
v a r i a t i o n  o f  y i e l d  s t ress along the [0011-[Ol l l  boundary o f  t he  stereographic 
t r i a n g l e  shows a minimum value around e=35". 



Figure 8-2 593°C (1  100°F) Tensi le  I s o  - Y i e l d  Contours f o r  PWA 1480 Based 
on Lee and Zaverl ' s  Theory; MPa (ks i  ) 

Figure B-3 Experimental Tensi le  Iso  - Y i e l d  Contours f o r  PWA 1480 



The experimental data a re  more cons is ten t  w i t h  the  no t i on  t h a t  the mater ia l  
y i e l d s  when the  resolved shear s t ress  reaches a c r i t i c a l  value i n  one o f  the 
s l i p  d i r e c t i o n s  on one o f  the c rys ta l l og raph ic  s l i p  planes. For  s l i p  which 
occurs i n  the  (1111 octahedral planes i n  the (110, type s l i p  d i rec t ions ,  the 
v a r i a t i o n  o f  y i e l d  s t ress  w i t h  angle e along the  [0011-K0111 boundary o f  the  
stereographic t r i a n g l e  i s  given by the r e l a t i o n ,  

This  expression i s  p l o t t e d  i n  F igure  B-4 and e x h i b i t s  a "U" shaped curve i n  
which the minimum y i e l d  s t ress  occurs a t  e = 22.5'. The experimental data are 
a1 so p l o t t e d  i n  t h i s  f i g u r e  f o r  comparison purposes. More w i l l  be sa id  
concerning the  micromechanics o f  c r y s t a l l i n e  s l i p  i n  the  nex t  section. The 
p o i n t  t o  be made here i s  t h a t  a minimum i s  observed i n  the experimental data 
which i s  more cons is ten t  w i t h  a c r y s t a l l i n e  s l i p  theory than w i t h  a continuum 
formulat ion. 

Tension 
I Compression - Schmid's Law <I 10> Type Slip 

On I111) Octahedral Plane 
551.6 
(80) 

I I I I t I I I I 
0 5 10 15 20 25 30 35 40 45 

[OOll 0 ,  degrees [olll 

Figure  8-4 The Experimental 5 9 3 ' ~  (1100 '~)  Y i e l d  Strength o f  PWA 1480 Vs. 
Or ien ta t i on  Along the  [ O O l ]  - [ O l l l  Boundary o f  the  
Stereographic Tr iang le  



I n  general, the  as-cast s ing le  c r y s t a l  does n o t  e x h i b i t  complete symmetry 
a1 ong the  three c r y s t a l  lographic axes. For example, Kear and Piercey 
(Reference 14) show t h a t  creep rupture l i v e s  along the  90013, [ I001 and [ O l O ]  
c r y s t a l  lographic axes f o r  s ing le  c r y s t a l s  o f  Mar-M200 are 325, 71 and 82 hours 
respect ive ly  a t  a s t ress  l e v e l  of 670 MPa (100 k s i ) .  Af!er heat treatment f o r  
one hour a t  1 2 3 ~ ~ ~  ( 2 2 5 0 ~ ~ )  and 32 hours a t  8 7 1 ' ~  (1600 F),  the creep rupture 
1 i ves  were 459, 365, and 443 hours, respect ive ly .  The heat treatment produces 
equa l i t y  o f  behavior along the c r y s t a l  1  ographic axes. I n  the  as-cast mater ia l  
p r i o r  t o  heat treatment, the i n e q u a l i t y  o f  mater ia l  behavior along the 
c r y s t a l  1  ographic axes i s  a t t r i b u t e d  t o  dendr i te  morphol ogy. I n i t i a l l y ,  
mater ia l  bars c u t  p a r a l l e l  t o  the continuous dendr i te  arms along the COO11  
growth axes exh ib i t ed  a longer creep rup ture  l i f e  than mater ia l  tes ted  
p a r a l l e l  t o  the  discont inuous s ide arms o f  the  dendr i tes along the [ l O O l  and 
[ O l O l  d i rec t ions .  The s igni f icance o f  t h i s  observat ion i s  t h a t  b e t t e r  
c o r r e l a t i o n  w i t h  the  experimental r e s u l t s  may be obtained i f  the cubic 
symmetry r e s t r i c t i o n  i s  re laxed and the  ma t r i x  M i j  i s  assumed t o  have the  
general form depicted i n  equation (B-2). 

D i rec t i ona l  l y  s o l i d i f i e d  mater ia ls  cons i s t i ng  o f  columnar gra ins o f  s i ng le  
c r y s t a l s  o r ien ted  a t  random about the g r a i n  growth d i r e c t i o n  may be modeled as 
t ransversely  i s o t r o p i c  mater ia l  i f  a s u f f i c i e n t  number o f  gra ins are sampled 
i n  the  transverse plane. I n  modeling s ing le  c r y s t a l s  w i t h  cubic symmetry on ly  
two independent constants are needed i n  the mat r ix  M i j  and three i n  the 
e l a s t i c i t y  ma t r i x  D i  .. The incompress ib i l i t y  o f  p l a s t ~ c  f l ow  reduces the  
number o f  independen$ constants i n  M i  . from three t o  two. F i ve  constants are 
requ i red  i n  t he  matr ices D i  j and M . j  #or  d i r e c t i o n a l l y  s o l i d i f i e d  
mater ia l  s  which e x h i b i t  t ransversely i s o t r o p i c  behavior. However, the 
i ncompress ib i l i t y  cond i t i on  f o r  the p l a s t i c  s t r a i n  reduces the number o f  
independent constants i n  M i j  from f i v e  t o  three. These t ransversely  
i s o t r o p i c  matr ices have the form: 



and 

i n  which x3 i s  the  columnar growth d i r e c t i o n  o f  t he  s ing le  c r y s t a l  grains. 
The i ncompress ib i l i t y  assumption gives: 

1 
M12 = - 7 (2Mll - M33) and M13 = - : M33 9 

which reduces the  number o f  independent constants i n  M i j  from f i v e  t o  three. 

The requirement o f  t ransverse i so t ropy  can be met i n  p r a c t i c e  i f  the  number o f  
gra ins i s  l a r g e  w i t h  respect t o  the  reference sec t ion  ( o r  equ iva len t ly  the  
g ra in  s i ze  i s  very small ) , such as the  wa l l  thickness o f  an a i r f o i l  . It i s  
a1 so necessary t h a t  the growth axes o f  the  columnar c r y s t a l s  co inc ide w i t h  the  
growth axes o f  the  composite d i r e c t i o n a l  l y  s o l i d i f i e d  ma te r ia l  and t h a t  the 
secondary c r  s t a l  o r i en ta t i ons  about the  growth axes are  d i s t r i b u t e d  a t  T random. Usua ly,  l i m i t a t i o n s  imposed by both the  s o l i d i f i c a t i o n  process and 
the  specimen s i z e  make i t  extremely d i f f i c u l t  t o  meet the  preceding 
theo re t i ca l  requirements and s i g n i f i c a n t  sca t te r  must be expected. Due t o  t h i s  
scat ter ,  i t  may again be necessary t o  r e v e r t  t o  the  more general matr ices 
given i n  equations (8-2) and (B-19) t o  f it the  actual  mater ia l  behavior. 

A c o n s t i t u t i v e  equat ion f o r  modeling secondary creep i n  d i r e c t i o n a l l y  
sol  i d i  f i ed e u t e c t i  c  a1 1  oys, based on a  general i z a t i  on o f  the  Bai 1  ey-Norton 
creep 1  aw t o  t ransversely  i s o t r o p i c  mater ia l  s, was proposed by Johnson 
(Reference 16) i n  1977. The theo re t i ca l  model was developed by assuming t h a t  
the  c o n s t i t u t i v e  equat ion i s :  

where 4 i s  a  func t i on  o f  the th ree  j nva r ian ts  o f  the dev ia to r i c  s t ress  tensor 
S i j  i n  e d d i t i o n  t o  the i n v a r i a n t s  I i j s j i  and s ~ ~ I ~ ~ s ~ ~ ,  
where Iij = d i d j  w i t h  d l  denoting a  u m t  vector  along the  growth 
d i r e c t i o n  o f  the  t ransversely  i s o t r o p i c  mater ia l .  A s i m i l a r  theory, i n  which 
the  B a i l  ey-Norton creep 1  aw i s  rep1 aced w i t h  Robinson' s  c o n s t i t u t i v e  model, 
was proposed by Robinson i n  Reference 17. The ma t r i x  M i j  which re la tes  the 
i n e l a s t i c  s t r a i n  r a t e  t o  the s t ress  components ( u i j  - S"i j o r  u i  .) i s  o f  
the same form i n  the  model s  o f  Robinson, Johnson and Lee and ~ a a e r l  , and 
contains th ree  independent constants f o r  the case o f  transverse mater ia l  
i so t ropy  and two i n  the  case o f  cubic symmetry. 



Stou f fe r  and Bodner (Reference 18) have extended the Prandt l  -Reuss f l  ow r u l  e 
t o  a l low f o r  anisotropy i n  which the  i n e l a s t i c  s t r a i n  r a t e  i s  r e l a t e d  t o  the 
dev ia to r i  c s t ress through the re1 at ionship:  

where the  ma t r i x  A i j  i s  a func t ion  o f  s t ress  and de'formation h i s t o r y  and i s  
constrained t o  s a t i s f y  the i ncompress ib i l i t y  condi t ion.  Fur ther  work on t h i s  
model i s  being pursued by S tou f fe r .  

Micromechanical S l  i p  Theory Formulations 

An analys is  o f  s i ng le  c r y s t a l  superal l  oys undergoing steady s t a t e  creep 
deformation was presented by Paslay, Wells and Leverant (Reference 19) i n  1970 
using a theo re t i ca l  formulat ion based on c r y s t a l  1 ographic s l i p  theory o f  face 
centered cubic mater ia ls .  I n  1971, the theory was app l ied  by Paslay, Wells, 
Leverant and Burck (Reference 20) t o  describe the creep behavior o f  s i ng le  
c r y s t a l  nickel-base superal l o y  tubes under b i a x i a l  tension loading condi t ions.  
Steady s t a t e  creep formulat ions su i  tab1 e f o r  the ana lys is  o f  s i ng le  c r y s t a l s  
were used by Brown (Reference 21) i n  1970 and by Hutchinson (Reference 22) i n  
1976 t o  p r e d i c t  the  behavior o f  po l yc rys ta l  1 i ne materi  a1 s whose aggregate 
cons is ts  o f  randomly or ien ted  s ing le  c r y s t a l  grains. Recently, Weng (Reference 
23) has developed a s ing le  c r y s t a l  creep formulat ion which accounts f o r  
t r a n s i e n t  (pr imary)  as we l l  as steady s t a t e  (secondary) creep. However, i n  
order t o  describe the  combined p l a s t i c  and creep behavior o f  po lycrys ta l  1 i ne 
mater ia ls ,  Weng combines the  rate-independent and rate-dependent components o f  
c r y s t a l  behavior i n  such a way t h a t  each component i s  governed by a separate 
c o n s t i t u t i v e  r e l a t i o n ,  i .e., p l a s t i c i t y  and creep are assumed t o  be uncoupled 
phenomena. 

A special  issue o f  the ASME Journal o f  Engineering Ma te r ia l s  and Technology 
publ ished i n  October, 1984, i s  devoted e n t i r e l y  t o  the micro and macro aspects 
o f  c o n s t i t u t i v e  equations. This e d i t i o n  contains the l a t e s t  vers ion o f  a 
physical theory o f  p l a s t i c i t y  and creep proposed by L i n  (Reference 24) which 
averages a s ing le  c r y s t a l  model t o  ob ta in  a s t ress -s t ra in  re la t i onsh ip  f o r  an 
i s o t r o p i c  p o l y c r y s t a l l  i n e  aggregate. Krempl and Lu ( Reference 25) a1 so discuss 
the l a t e n t  hardening e f f e c t s  observed i n  f u l l y  annealed A I S I  type 304 
s ta in less  s tee l  under b i a x i a l  in-phase and out-of-phase s t r a i n  c y c l i n g  a t  room 
temperature. 

I n  the decade o f  the seventies, the creep and p l a s t i c  responses o f  mater ia ls  
were combined i n t o  u n i f i e d  v i  scopl a s t i c  formulat ions (Reference 15). These 
formulat ions d i f f e r  from steady s t a t e  creep theor ies by in t roduc ing  h i  s to ry  
dependent s t a t e  var iab les  t o  account f o r  pr imary creep and p l a s t i c i t y .  Most o f  
these u n i f i e d  theor ies  e x h i b i t  an e l  a s t i c  response under instantaneous 
deformation and can be in tegra ted  e a s i l y  us ing an e x p l i c i t  forward d i f f e rence  
method. An an iso t rop ic  s l  i p  theory formulat ion su i tab le  f o r  represent ing 
v i  scopl a s t i c  mater ia l  behavior o f  sing1 e c r y s t a l  mater ia l  s a t  elevated 



temperature can there fore  be obtained by rep lac ing  the  secondary creep model 
i n  Paslay, Well s, Leverant and Burck's formulat ions w i t h  a s u i t a b l e  u n i f i e d  
v i  scop las t ic  formulat ion. The s ing le  c r y s t a l  s l i p  model has been embedded i n  a 
sel f -consi  s t e n t  formulat ion t o  model the behavior o f  t ransversely  i s o t r o p i c  
d i r e c t i o n a l l y  s o l i f i e d  mater ia ls .  This  work i s  proceeding under a g rant  t o  the 
Un ive rs i t y  o f  Connecticut (Reference 26) sponsored by the NASA-bewi s  Research 
Center. S i m i l a r  work i s  being undertaken by Stouf fep a t  the  U n i v e r s i t y  o f  
C i n c i n a t t i  a1 so under sponsorship from the  NASA-Lewis Research Center. 

The c o n s t i t u t i v e  fo rmula t ion  represented i n  Reference 6 has t rea ted  the  s ing le  
c r y s t a l  as i f  i t  were a homogeneous sing1 e c r y s t a l  mater ia l  . I n  fac t ,  
nickel-base superal loys such as PWA 1480 are  composed o f  face centered cubic 
y '  p a r t i c l e s  o f  cuboidal shape embedded i n  a face centered cubic y s o l i d  
s o l u t i o n  mat r ix .  Shah and Duhl (Reference 27) have studied the  behavior o f  PWA 
1480 i n  d e t a i l  and have concluded t h a t  the  deformation i s  s t rong ly  in f luenced 
by the  y -y '  s t ructure.  Cons t i t u t i ve  equations f o r  t he  composite y -Y '  m ix tu re  
could be se t  up i n  the manner employed by Nemat-Nasser and h i s  colleagues i n  
References 28 through 30. The work repor ted i n  Reference 30 was sponsored by 
the  NASA-Lewis Research Center and can e a s i l y  be adapted t o  the  modeling o f  
y-y ' mixtures o f  s ing le  c r y s t a l  mater ia l  s. Fur ther  references p e r t i n e n t  t o  the  
development o f  v i scop las t i c  s l i p  c o n s t i t u t i v e  models can be found i n  Reference 
26. 



References 

1. H i l l ,  R., "A Theory o f  The Y ie ld ing  and P l a s t i c  Flow o f  Anisotropic  
Metals," Proc. Royal Society o f  London, Ser. A, Vol. 193, pp. 281-297, 
1948. 

2. Edelman, F. and D. C. Drucker, "Some Extensiogs o f  Elementary P l a s t i c i t y  
Theory," J. F r a n k l i n  I n s t i t u t e ,  Vol . 251, pp. 581-605, 1951. 

3. Yoshimura, Y., "Hypothetical Theory o f  Anisotropy and the Bauschinger 
E f f e c t  Due t o  P l a s t i c  S t r a i n  History," Report No. 349, Aeronautical  
Research I n s t i t u t e ,  Un ive rs i t y  o f  Tokyo, pp. 221-247, 1959. 

4.  Will iams, J. F. and N. L. Svensson, "A Ra t i ona l l y  Based Y i e l d  C r i t e r i o n  
fo r  Work Hardening Materials,"  Meccanica, Vol . 6, pp. 104-114, 1971. 

Bal tov, A. and A. Sawczuk, "A Rule o f  Anisotropic  Hardening," Acta 
l.lechanica, Vol. 1, pp. 81-92, 1965. 

Fisher,  J.  C., "Anisotropic  P l a s t i c  Flow,'QSME Journal o f  Appl i e d  
Mechanics, Vol. 71, No. 4, pp. 349-356, 1949. 

Hu, L. W .  and J. Marin, "Anisotropic  Loading Funct ions f o r  Combined 
Loading i n  the P l a s t i c  Range," ASME Journal o f  Appl ied Mechanics, Vol . 
22, pp. 77-85, 1955. 

Bogue, D. C., "The Y ie ld  Stress and P l a s t i c  S t r a i n  Theory f o r  Anisotropic  
Mater ia l  s," Report No. ORNL-TM-1869, Oak Ridge National Laboratory, Oak 
Ridge, TN, 1967. 

Shahibi, S. N. and A. She1 ton, "The Anisotropic,  Yield, Flow and Creep 
Behavior o f  P r e s t r a i  ned EN-24 Steel," Journal o f  Mechanical Engineering 
Science, Vol. 17, No. 2, pp. 93-104, 1975. 

Lee, D, and W .  A. Backofen, "An Experimental Determinat ion o f  the Y ie l  d 
Locus f o r  Ti tanium and Titanium-Al loy Sheet," Trans. AIME, Vol . 236, pp. 
1077, 1966. 

Eisenberg, M. A, and C.  F. Yen, "A Theory o f  M u l t i a x i a l  Anisotropic  
V i  s cop las t i c i  ty," ASME Journal o f  Appl i e d  Mechanics, Vol . 48, pp. 
276-284, 1981. 

Lee, D., F. Zaverl, Jr., C. F. Shih and M. D. German, " P l a s t i c i t y  
Theories and S t ruc tu ra l  Analysi  s o f  Ani so t rop ic  Metal s , " Report Mo. 
77CRD285, General E l e c t r i c  Corporate Research and Development Center, 
Schenedtady , NY, 1977. 

Lee, D., "Anisotropic  Y i e l  d ing Behavior o f  a Fiber-Reinforce 
D i r e c t i o n a l l y  S o l i d i f i e d  Eutec t ic  Alloy," Me ta l l u rg i ca l  Transactions A ,  
Vol. 9A, pp. 1477-1481, 1978. 



Kear, 0 .  H. and 0 .  J. Piercey, "Tensi le  and Creep Proper t ies  o f  Sing1 e 
Crysta l  s o f  the Nickel  -Base Superal l  oy Mar-M200, " Trans. o f  AIME, Vol . 
239, pp. 1209-1215, 1967. 

Wal ker, K.  P., "Research and Development Program f o r  Nonl inear  S t ruc tura l  
Modeling w i t h  Advanced Time-Temperature Dependence C o n s t i t u t i v e  
Re1 a t i  onshi ps," NASA CR-165533, November 1981. 

Johnson, A. F., "Creep Character izat ion o f  ~ r a n s v e r s e l y  I s o t r o p i c  
M e t a l l i c  Mater ials,"  J.  Mech. Phys. Sol ids, Vol. 25, pp. 117-126, 1977. 

Robinson, D. N. , "Cons t i t u t i ve  Relat ionships f o r  An iso t rop ic  
H i  gh-Temperature A1 1 oys, " NASA Technical Memorandum 83437, 1983. 

Stouf fer ,  D. C. and S. R. Bodner, "A C o n s t i t u t i v e  Model f o r  the  
Deformation Induced Anisotropic  Flow o f  Metals," I n t .  J . Engineering 
Science, Vol . 17, pp. 757-764, 1979. 

Paslay, P. R., C. H. Wells and G. R. Leverant, "An Analys is  o f  Primary 
Creep of Nickel  -Base Superal l  oy S ing le  Crys ta l  s, " ASME Journal o f  Appl i e d  
Mechanics, Vol. 37, pg. 759-764, 1978. 

Paslay, P. R., C. H. Wells, G. R. Leverant and L. H. Burck, "Creep o f  
S ing le  Crys ta l  Nickel  -Base Superalloy Tubes under B i a x i a l  Tension," ASME 
Journal o f  Appl ied Mechanics, Vol . 38, pp. 623-626, 1971. 

Brown, G. M., "A Sel f-Consistent Po lyc rys ta l l  i n e  Model f o r  Creep Under 
Combined Stress States," J .  Mech. Phys. Sol ids, Vol . 18, pp. 367-381, 
1970. 

Hutchi nson, J . W . ,  "Bounds and Sel f -Consistent  Estimates f o r  Creep o f  
~ o l ~ c r ~ s t a l l  i n e  ~ a t e r i a l s , "  Proc. Royal Society o f   ond don, Vol . ~ 3 4 8 ,  pp. 
101-127, 1976. 

Weng , G. J . , "The I n f  1 uence o f  Fat igue Stress on the Creep Behavior o f  
Metal s, " Acta Metal 1 u rg i ca l  , Vol . 31, pp. 207-212, 1983. 

L in,  T. H., "A Physical Theory o f  P l a s t i c i t y  and Creep," ASME Journal o f  
Engineering Ma te r ia l s  and Technology, Vol . 106, pp. 290-294, 1984. 

Krempl , E. and H. Lu, "The Hardening and Rate-Dependent Behavior o f  F u l l y  
Annealed AISI  Type 304 Sta in less Steel Under B i a x i a l  In-Phase and 
Out-of-Phase S t r a i n  Cycl i n g  a t  Room Temperature," ASME Journal o f  
Engineering Mater ia l  s and Techno1 ogy , Vol . 106, pp. 376-382. 

Walker, K .  P. and E. Jordan, "First-Annual Report on NASA Grant NAG-512," 
1985. 

Shah, D. M. and D. N. Duhl, "The E f f e c t  o f  Or ientat ion,  Temperature and 
Gamma Prime Size on the  Y i e l d  Strength o f  a S ing le  Crys ta l  Nickel Base 
Superal loy,"  Superal l oys  1984, Ed. by M. Gel1 e t .  a1 . , Met. Soc. AIME, 
1984. 



28. Nemat-Nasser, S. and M. Taya, "On E f f e c t i v e  'lodul f o f  an E l a s t i c  Body 
Conta in ing P e r i o d i c a l l y  D i s t r i b u t e d  Voids," Quat. Appl . Math, pp. 43-59, 
1981. 

29. Nemat-Nasser, S. and T. Iwakuna, " F i n i t e  E l a s t i c - P l a s t i c  Deformat ion o f  
Composites," Proceedings o f  IVTAM Symposium on Mechanics o f  Composite 
Ma te r i a l s ,  Blacksburg, VA, August 16-19, 1982. 

30. Iwakuna, T. and S. Nemat-Nasser, llComposites w i t h  Pe r i od i c  
Microst ructure, "  Computers and St ructures,  Vol . 16, pp. 13-19, 1983. 



APPENDIX C 

LiTEZATUKE SURVEY - SINGLE CRYSTAL LIFE PREDICTION 

C .  1 Introduction 

A1 1 of the 1 i f e  prediction models pub1 ished i n  1 i terature  have been developed 
for conve~ltional mu1 tigrained material s which are  considered isotropic for 
analysis purposes. I t  i s  generally accepted that structural fa i lures  resul t  
from subjecting materials t o  inelastic s t rains .  Applications to  anisotropic 
single crystal material are docuniented only for  a few of these models. The 
role of coatings on cracking i s  not modeled although coated specimen data are 
used by some investigators. 

Tne published l i f e  prediction models relate  time to  fai lure  ( l i f e )  t o  the 
i nel as t i  c strain or i t s  time dependent (creep) and time independent ( pl  as t ic  ) 
strain components. Three different approaches are used: 

1) 1 i f e  re1 ated to  macroscopic inelast ic  s t rain and cycle parameters 
( phenomenal ogical mode1 s )  ; 

2 )  1 i f e  related to  darnage explicit ly caused by creep and plast ic i ty  
( cuinul a t i  ve darnage model s ) ; and 

3 )  l i f e  related to  local inelastic s t rain a t  a void and/or crack t i p  
( crack growth model s )  . 

A number of the existing models which are surveyed in Sections C.2 through 
C.4.2 of t n i s  appendix nave potential for extension to  hot section anisotropic 
materials under tne current base program. However, methods must be developed 
to  account for  the important effects of the base alloy anisotropy and the 
coatings. In essence, coatings are t h i n  layers of isotropic materials on the 
surface of the base alloy. A review of published metallographic work on single 
crystal crack ini t ia t ion and the role of coatings on crack ini t ia t ion i s  
included i n  Section C.5. 

C - 2  P henomeno1 ogi cal Model s 

The Coffin-Manson model (References 1 and 2 )  has been used as the s tar t ing 
point by many investigators interested in predicting cracking l i f e  of 
structures subjected to  cyclic loadings. Originally defined for low and 
intermediate temperature application, t h i s  model assumed a logarithmic 
relationship between plastic strain range and low cycle fatigue l i f e .  

where = plast ic  s t ra in  range, 
N f  = number of cycles to crack, and 
8, C = material constants. 



A t  h i g h  temperature conditions, damage due to  b o t h  plast ic  and creep s t rains  
can occur. To account for  the creep effects,  the Coffin-Manson equation has 
been modified by substituting inelastic s t rain range (heinel)  for A E  
(Reference 3 ) .  Tnis allows tile effects of creep to  be imp1 i c i t l y  incyuded i n  
the rnodel, b u t  only for tnose load conditions used i n  material property t e s t s  
for model developiiient. Using A€ine1 as the singl e correlation variable does 
not a1 1 ow extencli ng th i s  model to  other 1 odd conditions, i .e., cycle shapes, 
hoi d times, s t rain rates,  rnean stresses,  and temperature cycles which cause 
different amounts of creep. 

The Frequency i4odified Life model of Coffin extends the Coffin-Manson model a t  
elevated temperatures by introducing a frequency correction (References 4 and 
5 ) .  Ttli s rnodel i s described by the foll  owing equation: 

A E i nel 

where v = cycle frequency, and 

k ,  p , C2 = material constants. 

Frequency correction i s  important a t  high temperatures because of s t ra in  rate ,  
dwell time a t  a given s t ress ,  and possibl e environmental interaction effects  
on 1 ow-cycl e f a t i  yue (Reference 5). Haterial property data obtained by 
speciinen testing a t  elevated temperatures inherently ref1 ec t  1 oad cycle 
frequencies used i n  conducting the tests .  The frequency modification provides 
a single correction to  extend data to  other frequencies than those used i n  
testing. However, corrections for  load and temperature cycle shape variations 
are not possible by tnis method. 

I t  i s  impbrtant to  note that  the frequency correction used i n  th i s  model 
distinctly depends on temperature. As stated above, a correction i s  important 
a t  high temperatures whi 1 e no correction appears necessary a t  1 ow temperatures 
where creep cannot occur. This implies that  the frequency correction depends 
on the temperature 1 eve1 , analogous to  creep rate,  and a singl e 1 ow-cycl e 
fatigue correlation does not apply a t  a1 1 "high" temperatures (Reference 5 ) .  
However, sat i  sf actory correl a t i  ons can be achieved for  individual i sothermal 
conditions (References 5, 7 and 8) .  

The Frequency Separation method (References 9 and 10) further improves the two 
previous models by accounting for  the unbalanced tensi le  and compressive 
portions of the load cycle and recognizing that  compressive and tensi le  creep 
damages are  different. Tai s model can be described by an equation very similar 
to  tha t  of the Frequency Modified inodel, except the absolute frequency i s  
replaced by the tension going frequency term and a frequency unbalance 
correction strain range i s  used: 



VT = t e n s i l e  going frequency ( l / t i ~ a e  f o r  &inel > 31, 

vc = compression going frequency ( l / t i m e  f o r  'gi riel < 0 )  , and 

k, k l ,  0, C2 = n a t e r i a l  canstants. 

This  fo r i~ iu l  a t i o n  i s  based on the concept t h a t  1 ow cyc le  f a t i g u e  damage i s  
s i n l i l a r  t o  crack growth process where darnaye occurs rnainly when the  crack i s  
opening as in tense l o c a l  t e n s i l e  s t r a i n s  are formed and. the  crack t i p  advances 
by l o c a l  f rac ture .  

A d i f f e r e n t  frequency separat ion approach i s  described i n  Reference 11, using 
a n ~ o d i f i e d  equat ion o f  t he  fo l l ow ing  form: 

Both unbalance cor rec t ions  account f o r  the r e l a t i v e  t i n e s  i n  compression and 
tension b u t  again do not  consider s t ress  l e v e l s  f o r  each. For  t h i s  reason, 
t h i s  model i s  sometimes i n te rp re ted  t o  be more appropr iate f o r  environmental 
damage than creep e f f e c t s  on low cyc le f a t i g u e  (Reference 11). 

The Tensi 1 e Hys te re t i c  Energy model was developed by Osteryren (Reference 12) 
t o  account f o r  the  observed infl 'uence o f  s t r a i n  cyc le  shapes on low cyc le  
cracking 1 i f e .  The model r e l a t e s  cracking l i f e  t o  i n e l a s t i c  t e n s i l e  s t r a i n  
energy and i n  t h i s  manner includes the combined e f f e c t s  o f  both unbalanced 
time and unbalar~ced loading. This  r e s u l t  i s  y e t  another fo rmula t ion  very 
s i m i l a r  t o  t h a t  o f  Frequency Modi f ied L i f e ,  b u t  inc ludes the  e f f e c t s  o f  time, 
temperatures and 1 oads. 

where A W ~  = t e n s i l e  hys te re t i c  energy, 

1 
T~+TT-TC f o r T T > T c  

v - - 
1 

f o r  TT < TC - 

70 = t ime per  cyc le  f o r  continuous cyc l ing ,  

7T = tension ho ld  time, and 

7~ = compression ho ld  time. 



The bas is  f o r  t h i s  model a lso  i s  t h a t  low cyc le  f a t i g u e  i s  considered t o  be 
e s s e n t i a l l y  a problem of crack propagation from inherent  defects o r  
microcracks which i n i t i a t e  i n  a very small number o f  cycles. Consequently, i t  
i s  assumed t h a t  the deformation which con t r i bu tes  t o  damage by propagating the  
crack occurs dur ing  the  p o r t i o n  o f  l o a d  cyc le  when the  crack i s  open. Next, i t  
i s  recognized t h a t  both t e n s i l e  and compressive ho ld  t imes increase t ime 
dependent i n e l  a s t i c  s t ra ins .  But t e n s i l e  ho ld  leads t o  compressive mean s t ress  
wh i l e  compressive ho ld  leads t o  t e n s i l e  mean s t ress  ,and a 1 arger t e n s i l e  
p o r t i o n  f o r  t h e  hys teres is  loop. Not ing t h a t  the  compressive h o l d  t imes were 
found t o  be more damaging than t e n s i l e  ho ld  t imes i n  h igh  temperature 
mater ia ls ,  i t  fo l lowed t h a t  t he  n e t  t e n s i l e  h y s t e r e t i c  energy i s  used as the  
measure o f  damage. 

For computation convenience, i t  may be assumed i n  most cases tha t :  

= a ' UT A E  i nel  

where a = shape f a c t o r  f o r  t e n s i l e  hys teres is  loop, and 

- A u 
a-r = a + 2  = maximum t e n s i l e  stress. 

Consequently, t he  model fo rmula t ion  may be changed to :  

. k-l1O 
('T ' ne l  * ( N ~  v 

= C I 1  

The frequency mod i f i ca t i on  term d e f i n i t i o n  used i n  t h i s  model i s  e m p i r i c a l l y  
selected. blodi f i e d  d e f i n i t i o n s  have been used when environmental ins tead o f  
t ime dependent s t r a i n  e f f e c t s  a re  modeled (Reference 11). I n  a l l  cases, t he  
frequency mod i f i ca t i on  may depend on temperature, however. 

The t e n s i l e  h y s t e r e t i c  energy model was recen t l y  inves t iga ted  f o r  a p p l i c a t i o n  
t o  B-1900+Hf mater ia l  under h igh  temperature f a t i g u e  loads (Reference 3 ) .  The 
r e s u l t s  showed cons is ten t  under p r e d i c t i o n  f o r  some data sets, i n d i c a t i n g  t h a t  
the  t o t a l  t e n s i l e  hys teres is  area i s  n o t  equa l l y  damaging and/or the  damaging 
p o r t i o n  o f  hys teres is  area was n o t  accurate ly  s ized because e f f e c t s  o f  back 
s t ress  were n o t  included. A second d i f f i c u l t y  was t h a t  o f  accurate ly  
determining the area when i n e l  a s t i c  s t r a i n s  are small, an important cond i t i on  
f o r  most long l i f e  tu rb ine  blades. Both of these r e s u l t s  a re  r e l a t e d  t o  
modeling the c o n s t i t u t i v e  behavior o f  the  mater ia l  and r e f l e c t  the  cu r ren t  
s t a t e  o f  understanding o f  such behavior. 



The Tens i le  Hys tere t ic  Energy model was recen t l y  a l so  app l ied  t o  1 i m i t  
c o r r e l a t i o n  o f  isothermal 1 ow cyc le  fa t i gue  (LCF) and thermomechanical f a t i gue  
(TMF) data o f  PWA 1480 s ing le  c r y s t a l  mater ia l  (References 13 and 14). I n  
order t o  account f o r  the  c r y s t a l  geometry and load ing  a x i s  o r ien ta t ions ,  the  
hys te re t i c  energy term was normalized by the resolved octahedral normal s t ress  
and the modulus i n  the  loading d i rec t i on .  Exce l len t  consol i d a t i o n  o f  the  LCF 
data was obtained f o r  [ O O l l  and [1!11 spe5imens i n  $he uncgated co!dition and 
i nc lud ing  t e s t  temperatures o f  427 C, 760 C and 980 C (800 F, 1400 F and 
1800 '~) .  

The Ti4F t e s t i n g  invo lved a very l i m i t e d  t e s t  o f  PWA 273 coated specimens o f  
CU011 and i l l11 or ien ta t ions .  The data were obtained us ing s t r a i n  c o n t r o l l e d  
loading i n  combination w i t h  an out-of-phase temperature cycle, f o r  which t h e  
maximum compressive load occurs a t  the maximum temperature and maximum t e n s i l e  
load a t  the minimum temperature (Cycle I TMF). A1 though both the app l ied  
s t r a i n  l oad  and temperature had a balanced cyc le  w i t h  respect t o  time, an 
unbalanced hys teres is  1 oop resu l ted  because the mater ia l  p roper t ies  change 
w i t h  temperature. Since the  Young's idodul us changes w i t h  temperature, t h a t  
p o r t i o n  o f  t o t a l  s t r a i n  ranye which i s  i n e l a s t i c  was d i f f i c u l t  t o  determine 
accurately.  A1 though the  f i n a l  c o r r e l a t i o n  f o r  the  t e s t s  used i n e l a s t i c  s t r a i n  
estimated from isothermal data a t  cyc le  mean temperature (Reference 141, the  
appl i c a b i  1 i t y  o f  t h i  s t o  more general and unbalanced cyc les needs t o  be 
evaluated. The i n e l a s t i c  s t r a i n s  could a lso be determined by analysis,  
provided accurate c o n s t i t u t i v e  models can be developed. 

The Stress-Strain-Time (SST) model i s  i d e n t i c a l  i n  content t o  the  Hys tere t ic  
Energy model except t he  load ing  terms are normalized t o  mater ia l  s t rength  
capabi 1 i t i e s  (Reference 15).  

where A &  = s t r a i n  range, 

~f = t r u e  s t r a i n  a t  f rac ture ,  

UT = peak t e n s i l e  stress, 

uy = y i e l d  stress, 

70 + TT + T~ f o r  TT > TC 
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= f 70 f o r  TT < TC 

T 0 = t i m e p e r c y c l e s p e n t i n c y c l i n g ,  

TT = t ime per  cyc le  spent i n  tension hold, and 

TC = t ime per  cyc le  spent i n  compression hold. 



The SST model was intended to  provide a general framework into which the 
behavior of many different material s and load conditions could be 
incorporated. This i s  accomplished by a1 lowing a choice of inelast ic ,  el as t ic  
or total  strain ranges for the correlating load parameter, depending on which 
s t rain provides the best correlation for the material and condition evaluated. 
Additionally, the s t ress  term i s  used only when mean stresses are present, and 
frequency separation methods are permitted, although not recommended, under 
some conditions. 

C .3 Cumulative Damage Model s 

The cumulative damage approaches assume that  the plast ic  and creep components 
of inelast ic  s t rain cause damage which can be expl ici t ly  predicted and which 
define the s t a t e  of the material. Damage i s  considered to  be zero i n  the 
i n i t i a l  undamaged s t a t e  and fa i lure  occurs when a c r i t i ca l  level or 1 imit i s  
reached due to  plastic,  cyclic creep or monotonic creep deformations. A number 
of different definitions of damage and approaches for counting damage are 
used. Nearly a l l  of these require use of a constitutive model to  determine the 
portion of damage caused by a particular load condition. Life prediction 
models which use th is  approach are: Linear Time and Cycle Fraction, Ductility 
Exhaustion, Continuous Damage, Strain Range Partitioning, and Cyclic Damage 
Accumulation. 

C.3.1 Linear Time and Cycle Fraction Method 

One of the most widely used and highly developed cumulative damage 1 i f e  
prediction schemes i s  the l inear time, cycle fraction damage sumnation 
(Reference 16). A number of versions of th i s  method have been employed. One of 
the most popular i s  that  of code case 1592 of the ASME Boiler and Pressure 
Vessel Code (Reference 17). The basic equations for th i s  method are shown 
be1 ow. 

where n = number of applied cycles a t  loading condition, 

Nd = l i f e i n c y c l e s a t l o a d i n g c o n d i t i o n ,  

t = hold time a t  load and temperature, 

t d  = stress-rupture l i f e  a t  load and temperature, and 

D = a1 1 owabl e damage before failure.  



I n  some versions o f  t he  l i n e a r  t ime and cyc le  f r a c t i o n  method, i t  was assumed 
t h a t  f a i l u r e  occurs when damage equals 1.0. I n  the ASME Pressure Vessel and 
B o i l e r  Code, t h i s  assumption i s  dropped and the  damage a t  f a i l u r e  i s  a  
nonl inear  func t ion  o f  creep/ fat igue 1  i f e  f rac t i ons .  

I n  order  t o  use t h i s  method, co r re la t i ons  f o r  p r e d i c t i n g  both Nd and t d  
must be ava i l ab le  f o r  l oad  ranges o f  i n te res t .  These usua l l y  a re  st ress- t ime 
t o  rup ture  and s t r a i  n-1 i f e  r e l a t i o n s  simi 1  a r  t o  the Coffin-Manson model 
described above. Both a re  usual l y  temperature dependent. 

For thermomechanical f a t i gue  (TMF), the  temperature i s  n o t  constant and the 
p r e d i c t i o n  o f  Nd and t d  i s  complicated. An e f f e c t i v e  method i s  n o t  y e t  
avai 1  able f o r  p r e d i c t i n g  Nd f o r  thermomechanical condit ions, and, therefore, 
data f o r  the  temperature which y i e l d s  a  minimum l i f e  a t  a  given s t r a i n  usua l ly  
a re  chosen when TMF data are  unavai lable. For  t he  creep component o f  damage, 
however, the  va r iab le  temperature can be d e a l t  w i t h  us ing an i n t e g r a l  equation 
(References 16 and 18) shown below. 

where t r (  I S /  ,T) = s t ress-rupture 1  i f e  a t  absolute s t ress  l e v e l  and 
temperature. 

Using these two methods o f  deal i n g  w i t h  va r iab le  temperature, several 
d i f f e ren t  thermomechanical f a t i g u e  resu l  t s  have been successful l y  pred ic ted  
(References 19 and 20). Isothermal r e s u l t s  i n v o l v i n g  ho ld  t imes a l so  have been 
pred ic ted  (References 21 and 22). 

I n  s p i t e  o f  these successes, there  i s  considerable evidence t o  suggest t h a t  
t h e  l i n e a r  t ime and c y c l e  f r a c t i o n  method i s  n o t  s a t i s f a c t o r y  (References 10, 
22 and 23). Manson discussed some reasons f o r  t h i s  a t  a  1978 AGARD conference 
(Reference 23). These p e r t a i n  t o  descr ib ing the  e f f e c t s  o f  complex damage 
h i s t o r i e s  and assessing damage due t o  compressive creep. The basic  assumption 
f o r  the  l i n e a r  model i s  t h a t  c y c l i c  f a t i g u e  and creep damage components are  
mutual l y  independent and can be ca lcu la ted  separately (Reference 24). This  
appears a  consequence t o  the  e a r l y  observat ion t h a t  f a t i g u e  f a i l u r e s  usua l l y  
r e s u l t  i n  t ransgranular  crack ing wh i l e  s t ress  rup ture  cracks occur i n  g ra in  
boundaries i n  mul t ig ra ined mater ia ls ,  and genera l l y  i s  n o t  an accurate 
assessment o f  h igh  temperature damage processes. 

F i n a l l y ,  s ince the  l i n e a r  model does no t  account f o r  the d i f f e r e n t  types o f  
unbalanced creep, model i n g  e f f e c t s  o f  the observed tension/compression 
asymmetry i n  sing1 e  c r y s t a l s  would c l e a r l y  make the  use o f  t h i s  model even 
more d i f f i c u l t .  I n  p r i nc ip le ,  the  d i r e c t i o n a l  i t y  o f  f a t i gue  and t e n s i l e  
p roper t ies  could be accounted f o r  i n  t h i s  method. But use o f  t h i s  model when 
the p r i n c i p a l  f a t i g u e  s t ress  d i r e c t i o n s  are n o t  co inc ident  w i t h  the creep 
d i r e c t i o n s  i s  beyond demonstrated experience. 



C.3.2 Ductility Exhaustion 

Ductil i ty Exhaustion theory assumes that ducti 1 i ty i s  a material property and 
that fatigue and creep use u p  duct i l i ty  to  produce failure.  In a given cycle, 
the duct i l i ty  i s  debited a certain amount for the fatigue damage and a certain 
amount for the creep damage. The individual damage components are calculated 
using conventional fatigue l i f e  and creep curves and incrementally cumulated 
cycle by cycle. Fai 1 ure results when the ductil i ty has been exhausted. One 
version of th i s  method used by Prat t  & Whitney (Reference 24) i s  described as 
follows. 

The fatigue 1 i f e  i s  defined as a logarithmic relationship between total  s t rain 
range and l i f e :  

where AET = total  s t rain range, 

~f = 1/4 cycle intercept or fracture ducti 1 i ty ,  and 

a = material constant. 

The decrease i n  available duct i l i ty  produced a f t e r  n fatigue cycles is  then 
written as: 

A decrease i n  available duct i l i ty  due to  creep i s  equal to  the amount of creep. 

Ductility decrements from such cycling and creep can then be accumulated by 
stepwise progression along a creep-time curve to  the point where the i n i t i a l l y  
available duct i l i ty  i s  exhausted. The creep curve i s  selected to  be 
representative of the material behavior. The form of the equation for several 
current materials can be approximated by a power law. 

where t = time, and 

A, B = material constants a t  s t ress  and temperature. 



I n  t h i s  method i t  i s  assumed the fa t i gue  damage and creep damage are 
con t r i bu to rs  t o  f a i l u r e .  As o r i g i n a l l y  developed and c u r r e n t l y  implemented a t  
P r a t t  & Whitney, thermal mechanical f a t i gue  data are  u t i l i z e d  t o  determine the 
f a t i g u e  d u c t i l i t y  equation. Since a " f a i t h f u l "  t e s t  cyc le  coul d be used f o r  
ob ta in ing  these data, t he  c y c l i c  creep s t r a i n s  a re  d i r e c t l y  inc luded i n  the 
f a t i g u e  data and the d u c t i l i t y  exhaustion c a l c u l a t i o n  accounts only  f o r  the 
e f f e c t s  o f  monotonic creep dur ing hold. This  method has been found q u i t e  
s a t i s f a c t o r y  f o r  c e r t a i n  cycles, espec ia l l y  those associated w i t h  tu rb ine  
blades. The creep and f a t i g u e  damage i n t e r a c t i o n  i s' nonl i near and depends on 
the f r a c t u r e  d u c t i l i t y  and the  creep curve shape (Reference 24). 

I n  a recent  i n v e s t i g a t i o n  (Reference 3),  the f a t i g u e  data were generated us ing 
r a p i d  s t r a i n  c y c l i n g  r e s u l t i n g  i n  p r a c t i c a l l y  no c y c l i c  creep damage. For  
subsequent s l  ower cyc les  and cyc les i n c l  udi  ng ho ld  times, c y c l i c  creep e f f e c t s  
were added by the  d u c t i l i t y  exhaustion ca l cu la t i ons  and resu l ted  i n  
under-predic t ing 1 i f e  f o r  these t e s t  condi t ions.  L i f e  t rends observed i n  
add i t i ona l  t e s t s  a t  vary ing  R- ra t ios  were found t o  be no t  predicted. These 
d i f f i c u l t i e s  t o  account f o r  the  cyc le  shapes are  n o t  completely unexpected 
since: 1)  the model has the same l i m i t a t i o n  t o  p r e d i c t i n g  compressive creep 
e f f e c t s  as the  l i n e a r  f r a c t i o n  method, and 2) no phenomenological co r rec t i on  
i s  provided f o r  maximum and mean s t ress  e f fec ts .  

C.3.3 Continuous Damage 

The Continuous Damage p r e d i c t i o n  model (References 27 through 30) i s  a s t ress  
based model which assumes t h a t  t he  low c y c l e  f a t i g u e  process can be described 
by a l a t e n t  i n t e r n a l  damage parameter (D) which def ines the  progressive 
d e t e r i o r a t i o n  process tak ing  place between the i n i t i a l  undamaged s t a t e  and 
f i n a l  f a i l u r e .  The d e t e r i o r a t i o n  model i s  t h a t  o f  t he  growth o f  assumed 
microdefects which are d i s t r i b u t e d  throughout the  mater ia l  volume so t h a t  
mater ia l  s t rength  can s t i l l  be considered t o  be homogeneous on a macroscopic 
1 eve1 . These microdefects may a c t u a l l y  inc lude e f f e c t s  o f  a number o f  
metal 1 u r g i c a l  phenomena, i nc lud ing  s l  ip ,  ascent o f  d is loca t ions ,  and i n t e r -  o r  
in t ragranu l  a r  microcracks (Reference 28). The f a i l u r e  i s  considered t o  be the 
i n i t i a t i o n  o f  l a r g e r  cracks which a f f e c t  the  l o c a l  s t ress  d i s t r i b u t i o n s .  

A c h a r a c t e r i s t i c  fea ture  o f  the Continuous Damage model i s  the  d e f i n i t i o n  o f  
damage growth i n  d i f f e r e n t i a l  form f o r  bo th  the  creep and f a t i g u e  damage 
components. 

dD = f (a, D, T )  d t  + g (an, 7, D, T) dN (C-13) 

where D = damage parameter, 

f = creep damage rate,  

g = cyc l  i c damage ra te ,  



u = instantaneous s t ress ,  

U,V~ = maxirnuln s t ress  for load cycle, 
- 
0 = average s t ress  for load cycle, 

t = time for creep, and 

N = fatigue cycles. 

When the two damage rate terms, selected to  define fai lure  behavior of a 
particular material, and the loads are sirnply formulated, t h i s  expression can 
be integrated between suitable bounds and an analytical .solution obtained. 
However, numsrical solution techniques w i  11 be required when simple 
forrt~ulations are  not possible. A nonlinear creep and fatigue l i f e  relationship 
results due t o  the presence of D i n  both parts of the differential  equation. 

In tne pub1 ished work (References 27 through 301, the creep damage i s  modeled 
for  constant or slowly varying loads u s i n g  an equation based on those o f  
2eferences 25 and 26, r11odi fied to  provide a more general nonlinear form 
dictated by the material s studied. Tensile and compressive anisotropy , i f  any, 
could be treated by th is  form (Reference 30). 

where Oc = creep damage, 

A+ - = material constants for  tensi le  or compressive creep, and 

r ,  & ( a )  = material constants. 

Simil arly,  cycl i c  damage i s defined ( Reference 28). 

where a 
= material constants. 



These equations can be directly integrated between suitable bounds i n  order 
obtain l i f e  relationships for s t ress  load conditions (References 25 through 
27) .  Applications to  s t rain 1 oad conditions require use of constitutive models 
re1 a t i  ng stresses and strains.  Solutions for several special case 1 oad 
conditions are presented i n  Reference 30. The l i f e  relationships for s t rain 
controlled plastic low cycle fatigue and a saw tooth creep s t rain loads are 
identical t o  those previously described for phenomenological model s i n  
equations ( C - 1 )  and (C-2).  

For the general case of interacting creep and fatigue damage, differential  
equations (C-14) and (C-15) are substituted into equation (C-13) and solved by 
numerical methods. When creep and fatigue act  simultaneously during each cycle 
(e.g., cyclic s t rain loads a t  high temperature or cyclic loads w i t h  s t ra in  
controlled hold periods) the differentia1 equation which must be solved can be 
rearranged as fol lows (Reference 31). 

where Nc = cycles t o  fa i lure  under pure creep process, and 

N f  = cycles to  fai lure  due to  pure fatigue. 

More recent work on Continuous Damage (References 31 and 32) discusses a 
general differential  damage equation to  replace equation (C-13). Use i s  made 
of two levels of damage, Da and D l  t o  describe the condition of the 
material . Da a1 1 ows consideration of fatigue damage "incubation" periods 
during which creep and fatigue damages are accrued separately, followed by a 
period of interaction. 

where H ( 1 - D a )  = 0 i f  Da < 1, 

The Continuous Damage method was successfully applied to  IN 100, several 
stainless s teels ,  and OHFC copper. Using material data determined by pure 
creep and pure fatigue tes t s ,  highly nonlinear interaction effects  could be 
predicted for  symmetrical 1 oad and s t rain control 1 ed conditions. An  
encouraging resul t  was the abi l i ty  to predict 1 i f e  trends when loading 



sequence was chdiiyed. However, low frequency t e s t  results were consistently 
under-predicted i n  subsequent applications of th i s  method to  B1900+Hf and 
Haste1 loy X (References 3 and 3 3 ) ,  indicating further development may be 
necessary. Since the determination of material constants for  th is  model is  
sensitive to  the assumed constitutive behavior, constitutive model ing i s one 
area where improvement appears necessary. 

Transient loads and temperatures, such as those which may occur during turbine 
engi ne accel erat i  on and deceleration, have received only nominal consideration 
~i t h  very 1 imi ted success i n pub1 i shed 1 i terature. For such 1 oad condi tions, 
damage definition is  complicated because tile differential  damage expression i s 
expected to  require an extended form as follows: 

Equation (C-131, applicable t o  coilstant loads, includes -only the time rate 
(sD/at) portion of creep damage and a correspoiidiny term for cyclic damage. 
Reference 35 recognizes t h i  s and proposes a modification to  the differential  
creep damages i n  equations (C-13) and (C-14) by including a s t ress  ra te  term. 
This approach nas not been sufficiently evaluated, however. 

Jse of continuous daaage analysis for model ing thermomechanical fatigue (TMF) 
1 i f e  under slow cycles, i .e., negl igi bl e temperature ra te  ( a D / a T )  effects,  has 
been attempted by some investigators (References 33 and 34). To account for  
varying tet~iperaiure effects  i n  model equations , an effective tenlperature i s 
determined by considering the TMF cycle on an ultimate strength based 
nondirdensional s t ress  basis. The effective temperature is  then used for  l i f e  
prediction. I t  was found that  th i s  method d i d  not correctly predict Hastelloy 
X t e s t  results,  although tne same method had been successfully applied t o  IN 
103. The prediction difference was attributed t o  the relative s t rain ra te  
sensi t ivi t ies  of the mdterial s a t  their  respective t e s t  conditions. 

C . 3 .4  Strain Range Partitioning (SRP) 

Strain Range Partitioning (References 23, and 36 through 39) i s  an extensively 
developed cumulative damage model which uses a s t rain range weighted 1 inear 
damage cumulation method and results i n  a nonlinear l i f e  relationship that  
recognizes the differences between plast ic  and creep deformations, and between 
tension and compression loading. I t  had been previously noted that  creep 
reduces cyclic l i f e  a t  elevated temperatures; however, considerable amounts of 
apparently conflicting evidence concerning the amount of l i f e  reduction were 
noted. This resulted i n  the conclusion that l i f e  reducing effects of creep 
largely depend on where in the cycle creep occurs, consistent w i t h  
metal 1 ograpnic findings that  tensi le  and compressive cycle creep causes 
different types of fai lure ,  and evolved i n  developing SRP (Reference 36). 



It i s  assumed t h a t  i n e l a s t i c  s t r a i n  e f f e c t s  on 1 i f e  can be described by 
Coffin-Manson type re la t i onsh ips  o f  the form described by equation ( C - 1 )  , 
provided the hys teres is  loop conforms t o  a s p e c i f i c  fonn. Four c h a r a c t e r i s t i c  
fonns are recognized and assumed t o  represent f o u r  basic  components o f  damage. 
i i f e  re la t i onsh ips  f o r  each are  d i f f e r e n t  and can be described using 
subscr ipts  "p" and "c" t o  i d e n t i f y  terms app l icab le  t o  p l a s t i c  and creep 
s t r a i  t i  components respec t i ve l .~ ,  as f o l l  ows. 

where pp = loop f o r  h igh  frequency c y c l i n g  (creep = O), 
CP = 1 oop f o r  t e n s i l e  hold, 
PC = loop f o r  compressive hold, 
cc = loop f o r  compressive and t e n s i l e  holds, and 
C and M = mater ia l  constants. 

Loading cyc les o f  most h igh  temperature s t ruc tures  do n o t  exac t ly  conform t o  
one o f  these fou r  c h a r a c t e r i s t i c  cycles. Fat igue l i f e  f o r  these more complex 
cyc les i s  ca lcu la ted  by p a r t i t i o n i n g  the i n e l a s t i c  s t r a i n  range i n t o  i t s  f o u r  
basic  components. Tne p a r t i t i o n i n g  method i s  def ined f o r  isothermal closed 
hysteres is  1 oops f o r  which the  tens i  1 e and compressive i n e l a s t i c  s t r a i n s  are  
equal. I n  general, actual  load ing  cyc les w i l l  c o n s i s t  o f  three components, so 
t h a t  the sutn o f  the components equals the i n e l a s t i c  s t r a i n  range. Damage f o r  
each component i s  then added according t o  the i n t e r a c t i o n  damage r u l e .  

where f = x. 
PI' A E i nel  

f = A €cp 
C P  A e i nel 



S t r a i n  range p a r t i t i o n i n g  (SRP) has been s ~ c c e s s f u l  i n  c o r r e l a t i n g  a l a r g e  
amount o f  I sothermal f a t i gue  data i nvol v i  ng unsymmetrical cyc l  es and ho ld  
t imes f o r  d i f f e r e n t  mater ia ls ,  ranging from s tee l s  t o  var ious generations o f  
n i cke l  a l l o y  (References 23, and 36 through 39). A1 though mater ia l  and 
temperature independence f o r  l i f e  re la t i onsh ips  i s  n o t  a requirement f o r  the  
use o f  SKP, a method f o r  co l l aps ing  data f o r  var ious ma te r ia l s  and 
terilperatures i s presented i n Reference (40). Tni s procedure provides the  
obvious advantages o f  min imiz ing t o t a l  requirements, f o r  f a t i  gue data. 

Fur ther  refinements t o  SRP have been presented i n  two r e l a t i v e l y  recent  
documents (References 41 and 42). The SRP method as presented does n o t  
e x p l i c i t l y  account f o r  mean s t ress  e f f e c t s  on 1 i f e ,  and several i nves t i ga to rs  
found d i f f i c u l t y  i n  applying SRP t o  strong mater ia ls  i n  the  presence o f  mean 
s t ress  (References 43 and 44). I n  some cases, i t  was necessary t o  use negat ive 
damage which resu l ted  i n  mathematical d i f f i c u l t y .  Reference 41 provides a 
method o f  e x p l i c i t l y  co r rec t i ng  f o r  e f f e c t s  o f  such mean stresses which can 
develop w i t h  unsymmetrical 1 oad cyc l  es o r  mater i  a1 cha rac te r i s t i cs .  

A t o t a l  s t r a i n  range vers ion o f  SRP i s  presented i n  Reference 42 i n  order  t o  
extend p r e d i c t i v e  capabi 1 i t y  t o  very 1 ow i n e l  a s t i c  s t ra ins ,  p reva len t  i n  many 
p r a c t i c a l  f a t i g u e  problems where l ong  l i v e s  are  a requirement (e.g., t u rb ine  
b l  ades) . Ef fect iveness o f  t n i  s vers ion i s  s t rong ly  dependent on c o n s t i t u t i v e  
modeling accuracy. 

Use o f  SRP f o r  therinornecilanical f a t i g u e  (TMF) cyc l  i n g  rnay present 
d i  f f i c u l  t i e s ,  f i r s t ,  because o f  the  temperature dependence o f  f a t i g u e  1 i f e  f o r  
some materi  a1 s (References 29 and 45) and, second, because the  s t r a i n  range 
p a r t i  t i o r l i  ng process i s  n o t  p r e c i s e l y  def ined f o r  a1 1 TMF cyc le  hys teres is  
1 oops. The p a r t i t i o n i n g  process requ i res  t h a t  the t e n s i l e  and compressive 
going i n e l a s t i c  s t r a i n s  are  equal (Reference 3 6 ) .  This requirement i s  v i o l a t e d  
fo r  i i ys te res is  loops which are  no t  closed because o f  monotonic creep s t ra ins ,  
such as those i n  a t i lermal ly  cyc led  r o t a t i n g  tu rb ine  olade. Another case i s  
the constant  s t r a i n  amp1 i tude TMF cycle. 

App l ica t ions  o f  SRP t o  TMF c y c l i n g  where the basic  s t r a i n / l  i f e  r e l a t i o n s  are  
temperature independent have been presented f o r  several ma te r i a l s  i n  
deferences 33, 33, and 46 through 48. I n  some cases (Reference 3 3 ) ,  t he  
unequaled compressive going i n e l  a s t i c  ( p l a s t i c )  s t r a i n  was assumed p a r t  o f  

i n  soiile others, t he  p a r t i t i o n i n g  d e t a i l  s a re  n o t  explained. General ly, 
resul  t s  of these appl i c a t i o n s  were 1 ess than s a t i  s factory.  

C.3.5 Cycle Damage Accumulation (CDA) 

Cycle damage accumulation i s  the newest cyc l  i c  1 i f e  p r e d i c t i o n  method and 
c u r r e n t l y  s t i l l  under development f o r  uncoated B1900+Hf n i cke l  base a1 1 oy 
(Reference 3 ) .  Cycle damage accumul a t i o n  presents a new p red i c t i on  approach 
which evolved as a r e s u l t  o f  eva lua t ing  var ious previous l i f e  p r e d i c t i o n  
models f o r  cse on a t y p i c a l  h igh  s t rength  i s o t r o p i c  mater ia l  f o r  engine h o t  
sect ion contponents and i s  intended t o  prov ide improved c reep - fa t i  gue 
pred ic tab i  1 i ty .  



Fundamentally, CDA fo l l ows  concepts o f  both the  d u c t i l i t y  exhaustion 
(Reference 24) and continuous damage (References 27 through 30) model s. 
However, the  ava i l ab le  d u c t i l i t y  i s  redef ined as primary creep i n  a mater ia l  
instead o f  the quar ter  cyc le  i n te rcep t .  Th is  evolved from metal lographic 
observations t h a t  d i s loca t i ons  which u l t i m a t e l y  proceed t o  f a i l u r e  are created 
e a r l y  i n  the  load cyc le  and t h a t  the crack i n i t i a t i o n  process remains 
p r i m a r i l y  transgranul ar, even though f i n a l  rup ture  f a i l  u re  may be 
in te rgranu lar .  The primary creep s t r a i n  i s  consider.ed i n d i c a t i v e  o f  g r a i n  
deformation dur ing  i n i t i a l  creep stage. 

The s o l u t i o n  technique in tegra tes  a damage r a t e  over the loading h i s t o r y  
s i m i l a r  t o  t h a t  o f  the  continuous damage method; however, a s i m p l i f i e d  damage 
r a t e  d e f i n i t i o n  i s  used. The approach i s  t o  determine damage a t  actual  load 
cond i t ions  by apply ing damage r a t i o s  t o  p rev ious ly  tes ted  reference 
condi t ions.  This  r e s u l t s  i n  the  f o l l  owing i n t e g r a l  equation. 

where Fp = primary creep s t r a i n  ( d u c t i l i t y )  , 

dD = reference c y c l i c  damage ra te ,  
~ N R  

QT = maximum t e n s i l e  stress, 

A U  = s t ress  range, 

t = time, 

N = number o f  cycles, 

A ,  B, B '  , C' = mater ia l  constants, and 

subscr ip t  R = reference cond i t ion .  

The i n i t i a l  development o f  t h i s  model was conducted us ing isothermal 
cond i t ions  a t  var ious frequencies, ho ld  times and mean stresses. Th i s  resu l ted  
i n  a l i n e a r  damage r e l a t i o n s h i p  as the  damage r a t e  i s  assumed constant through 
the cyc le  loading and the damage r a t i o s  are l i n e a r l y  added. I t  i s  n o t  y e t  
determined whether t h i s  r e l a t i o n s h i p  i s  a c h a r a c t e r i s t i c  o f  the  mater ia l  
tested, unl  i ke most o ther  mater ia l  s  which requ i red  nonl i nea r  damage add i t i on  
(References 24, and 27 through 30), o r  simply the  s ta tus  o f  c u r r e n t l y  
incompl e te  model development. S i m i  1  a r l y  no t  determined i s  how the base metal 



primary creep can be used t o  p r e d i c t  cracks i n  coated surfaces where the  crack 
s t a r t s  i n  t he  coat ing. Add i t iona l  i nves t i ga t i ons  t o  resolve these questions 
are c u r r e n t l y  i n  progress us ing  va r iab le  temperature and TMF cycles and coated 
specimens. 

A1 though many model d e t a i l s  and the general appl i c a b i l  i t y  o f  t h i s  model 
approach a re  s t i  11 being determined, t he  use o f  t he  damage r a t i o  concept 
provides the  advantage o f  n o t  having t o  evaluate ab,solute damage increments 
per cyc le.  I n  cyc les  t h a t  inc lude s i g n i f i c a n t  amounts o f  t ime dependent 
damage, t h i s  i s  considered important  due t o  t h e  uncer ta in ty  associated w i t h  
r e l a t i n g  monotonic creep t o  the  c y c l i c  f a t i g u e  process (Reference 23). 

C.4 Crack Growth Models 

C.4.1 Damage Rate Model 

The Damage Rate Model (DRM) assumes, t h a t  undamaged mater ia l  s conta in two types 
o f  microdefects, microcracks and cav i t i es ,  and t h a t  f a t i g u e  can be modeled by 
crack propagation and c a v i t y  growth (Reference 49) . The model i s  formulated so 
t h a t  both r e v e r s i b l e  and i r r e v e r s i b l e  damage can be predic ted:  microcracks 
propagate under both t e n s i l e  and compressive stresses b u t  a t  d i f f e r e n t  rates, 
wh i l e  c a v i t i e s  w i l l  en1 arge under t e n s i l e  loads and shr ink under compressive 
1 oads. The o r i g i n a l l y  def ined model was concerned w i t h  r e a l  t ransgranul a r  and 
i n te rg ranu la r  cracks, and g r a i n  boundary cav i t i es ,  b u t  actual  appl i c a t i o n s  
could work w i t h  corresponding e f f e c t i v e  defects, s i m i l a r  t o  the  continuous 
damage approach (References 27 through 30). Th i s  fo rmula t ion  can account f o r  
t ens i  1 e and compressive damage d i  f f erences . 
The growth laws are  def ined as fol lows: 

k 

- 

a * B ~ *  1 ' ine l  lm I ' i ne l l  f o r  t e n s i l e  stresses 
da 

-dt- m k (C-22) 

a * B ~ *  / ' ine i  I I ' i n e l l  f o r  compressive stresses 

- I C * G *  liinel/m * 1; i nel Ikc f o r  t e n s i l e  stresses 

dc 
dt- m kc (C-23) 

- C * G  ( ' inel  I * i n  1 f o r  compresrlve stresses 

where a = microcrack length, 

c = c a v i t y  length, 

Einel  = i n e l a s t i c  s t ra in ,  

iinel = i n e l a s t i c  s t r a i n  rate,  and 

B, G ,  m, K, Kc = mater ia l  constants. 



L i f e  p r e d i c t i o n  equations r e s u l t  from i n t e g r a t i n g  these r a t e  equations over 
the  specimen l i f e  from the i n i t i a l  microdefect s izes t o  the c r i t i c a l  de fec t  
s izes when a macrocrack i s  formed, and using a microcrack and c a v i t y  growth 
i n t e r a c t i o n  equation. Equation (C-24) def ines c y c l  i c  1 i f e  f o r  an idea l  cyc le  
(Reference 11) under continuous c y c l i n g  a t  constant frequency o r  s t r a i n  ra te .  

Bc + B~ where A = ,- / l n  ( af/ao) , 

a. = i n i t i a l  microcrack size, and 

af = c r i t i c a l  microcrack s ize.  

The i dea l  cyc le  has been def ined as having: 

peak t e n s i l e  s t ress  = peak compressive s t ress  

peak t e n s i l e  i n e l  a s t i c  s t r a i n  = peak compressive i n e l  a s t i c  s t ra in ,  and 

When ho ld  t imes are present, a 1 inear  damage cumulation method i s  used. 

where Nf' = c y c l e  l i f e  w i t h  ho ld  times, and 

D , D , D , Dc = t e n s i l e  and compressive creep damage terms f o r  
a~ ac 'T c cracks and c a v i t i e s  (Reference 11) . 

DRM was app l ied  t o  two n i cke l  base superalloys, Rene' 95 (Reference 11) and 
B1900+Hf (Reference 3 ) ,  a t  isothermal cond i t ions  b u t  d i d  n o t  r e s u l t  i n  
s a t i s f a c t o r y  sol u t ions .  Appl i c a t i o n s  t o  coat ings o r  coated surfaces under TMF 
load cond i t ions  are  n o t  discussed i n  the surveyed l i t e r a t u r e .  

C .4.2 Frac ture  Mechanics 

Frac ture  mechanics ana lys is  i s  genera l l y  considered t o  be an approach t o  
describe l i f e  remaining i n  a p a r t  when a macroscopic crack o r  de fec t  i s  
present (Reference 50). The p r e d i c t i o n  method usua l l y  p rac t i ced  i s  t h a t  o f  
L inear  E l a s t i c  Frac ture  Mechanics (LEFM) which invo lves  descr ib ing l o c a l  loads 
a t  the crack t i p  us ing s t ress  o r  s t r a i n  i n t e n s i t y  determined from load 
d i s t r i b u t i o n s  on the uncracked p a r t  and the crack s i z e  and geometry. Also 
requ i red  i s  the crack propagation law descr ib ing crack growth r e l a t i v e  t o  the  
s t ress  o r  s t r a i n  i n t e n s i t y ,  as fo l lows:  



- da - ~ ( A K )  
dN 

- (C-26) 

where AK = s t ress  o r  s t r a i n  i n t e n s i t y .  

For  most mater i  a1 s, the propagation 1 aw inc ludes a l o g a r i  thmic 1 i near re1 a t i o n  
f o r  in termediate l e v e l s  o f  AK, which can be r e a d i l y  i n teg ra ted  between the 
i n i t i a l  crack s ize  and f a i l u r e .  However, f o r  t u rb ine  blade ma te r ia l s  and very 
long l i v e s ,  t he  propagation law must be extended t o  low AK values, where the 
r e l a t i o n  i s  nonl inear  and numerical i n t e g r a t i o n  i s  required. Cook and Rau 
(Reference 51) reviewed the use o f  an iso t rop ic  f r a c t u r e  mechanics and a r r i v e d  
a t  a number o f  conclusions concerning the  development o f  a l i f e  p r e d i c t i o n  
method f o r  an iso t rop ic  mater ia ls .  They suggested t h a t  a reasonable l i f e  
p r e d i c t i o n  model could be developed by u t i l i z i n g  the i s o t r o p i c  s t ress  
i n t e n s i t y  f a c t o r (  s) and emp i r i ca l l y  lumping a1 1 o f  the  an i so t rop i c  e f f e c t s  
i n t o  the m a t e r i a l ' s  response over the  range o f  g ra in  o r i en ta t i ons .  

The success o f  us ing f r a c t u r e  mechanics f o r  l i f e  p red i c t i ons  a t  e levated 
temperatures i s  d i r e c t l y  r e l a t e d  t o  knowing the crack growth laws f o r  
appropr iate l o a d  condi t ions.  L im i ted  growth proper ty  t e s t s  have been repor ted 
f o r  vane and blade mater ia ls  f o r  var ious temperatures and l oad  cyc les  
(References 52 through 54) . 
Rau, Gemma and Leverant (Reference 52) found t h a t  crack propagation ra tes  f o r  
n i cke l  and c o b a l t  base superal loys depend on mean stress, l oad  cyc le  shape and 
temperature l e v e l .  I n  another paper, Gemma, Langer and Leverant (Reference 53) 
i nves t i ga ted  the  e f f e c t  o f  o r i e n t a t i o n  on the crack propagation r a t e  f o r  the  
d i r e c t i o n a l  l y - s o l  i d i f i e d  n i cke l  -base superal l  oy MAR M 200 subjected t o  thermal 
mechanical fa t igue.  They found t h a t  the  crack propagation r a t e  was s t rong ly  
dependent upon the angle between the a x i s  o f  load ing  and t h e  g r a i n  growth 
d i rec t i on .  I n  addi t ion,  they showed t h a t  the  o r i e n t a t i o n  dependence on crack 
growth r a t e  cou ld  be co r re la ted  us ing a normalized r a t i o  o f  e l a s t i c  moduli. 

The e f f e c t s  o f  s t ress  dwel ls  and vary ing mean s t r a i n  on crack growth ra tes  
dur ing thermal mechanical f a t i gue  a1 so have been inves t iga ted  by Gemma, 
Ashland and Masci (Reference 54) f o r  a convent ional ly  c a s t  and 
d i r e c t i o n a l  l y - s o l  i d i f i e d  nickel-base superal loy, MAR M 200. They showed t h a t  
base1 i ne primary creep ra tes  c o r r e l  a ted we1 1 w i t h  cumulat ive creep ra tes .  They 
found no c o r r e l a t i o n  o f  cumulative creep ra tes  w i t h  secondary creep ra tes .  I n  
a NASA study, Bizon, D resh f i e ld  and Ca l fo  inves t iga ted  the  thermal f a t i g u e  
res is tance o f  a coated and uncoated d i r e c t i o n a l l y - s o l i d i f i e d  MAR M 247 
superal loy us ing  a MACH 1 burner f a c i l i t y  which permi t ted the  leadingoedge o f  
the sgecimen t o  be thermal ly  cyc led between room temperature and 1070 C 
(1926 F) , Reference 55. They a lso  found t h a t  the  thermal f a t i g u e  res is tance 
was s t rong ly  dependent on the  g r a i n  o r i en ta t i on ,  w i t h  specimens having h igher  
e l  a s t i c  modulus i n  the 1 oad d i r e c t i o n  showing correspondingly 1 ower thermal 
f a t i gue  res is tance.  The i r  data were i n  agreement w i t h  t h a t  obtained by Gemma 
e t  a1 (Reference 53) on MAR M 200 using crack growth ra tes  under TMF 
cond i t ions  . 



A t  l e a s t  th ree  app l ica t ions  o f  LEFM t o  coated tu rb ine  mater ia ls  have been 
considered. The f i  r s t  o f  these involves d i r e c t i o n a l l y - s o l  i d i f i e d  tu rb ine  blade 
cracks which develop i n  the coat ing  e a r l y  dur ing engine operat ion and the  l i f e  
i s  p r a c t i c a l  l y  a1 1  propagation t ime (Reference 56) . Measured crack depths were 
co r re l  a ted w i t h  p red ic t ions .  The second appl i c a t i o n  considers actual  defects 
i n  coat ings on labora tory  specimens (Reference 57).  The defects which were 
character ized a f t e r  specimen f a i l u r e  are  t rea ted  as cracks which propagate 
i n i t i a l l y  i n  the coat ing  and proceed i n t o  base metal. Local s t r a i n  loads were 
ca lcu la ted  i n  the  coat ing  and used i n  the  i n i t i a l  propagation phase. 

The t h i r d  app l i ca t i on  a lso i s  f o r  specimen analys is .  F i f t y  percent load drop 
l i f e  i s  p red ic ted  i n  TMF specimens, assuming t h a t  coat ing  cracks s t a r t  e a r l y  
(Reference 58). Time f o r  crack propagation i n  the base metal i s  then 
co r re la ted  w i t h  specimen 1  i f e ,  us ing s t r a i n  i n t e n s i t y  c a l c u l a t i o n  f o r  observed 
crack shapes. A very s i g n i f i c a n t  r e s u l t  o f  t h i s  study was the  c o r r e l a t i o n  o f  
l i v e s  f o r  s ing le  c r y s t a l  mater ia ls  us ing an approach based on s l i p  behavior o f  
face centered cubic c rys ta ls .  I t  was assumed t h a t  s l i p  was equa l ly  d i s t r i b u t e d  
among the  ava i l ab le  s l  i p  d i rec t ions .  

When s i g n i f i c a n t  macroscopic i n e l a s t i c  s t r a i n s  are present, LEFM i s  n o t  
app l icab le  and the  J - i n teg ra l ,  C* o r  o ther  nonl inear  parameters must be used 
i n  place o f  AK (References 59 and 60) . Th is  has n o t  been found necessary f o r  
t u rb ine  blade ma te r ia l s  i n  which macroscopic i n e l a s t i c  s t r a i n s  do not  occur 
under normal condi t ions,  bu t  i s  a  requirement f o r  weaker mater ia ls  such as 
those used i n  combustor 1 iners.  Meyers (Reference 61) inves t iga ted  several 
f r a c t u r e  mechanics analys is  methods f o r  p r e d i c t i n g  crack propagation l i f e  f o r  
Haste l loy X subjected t o  i n e l a s t i c  s t ra ins .  The parameter which showed the 
most e f fec t iveness  i n  c o r r e l a t i n g  h igh  temperature and va r iab le  temperature 
crack growth data was Crack Opening Displacement ca l cu la ted  from the 
J - i n teg ra l  . 



C.  5 Metal 1 ographic Investigations 

ib'lany metal 1 ographic studies have been publ ished which shed 1 i g h t  on the 
mechanisms of fatigue. Some studies concentrate on the ' 1 arger scale' data, 
such as crack ini t ia t ion locations, crack orientations, and modes of crack 
ini t ia t ion and propagation; while other studies probe the ' f iner  scale' data 
of d i  sl ocati on motion, the devel opment of crystal 1 ographic sl  i p bands and the 
subsequent nucleation of cracks. 

C.5.1 Crack Init iation Sites 

iqany investigators have observed that crack ini t ia t ion d u r i n g  fatigue i s  
related to  the movement of dislocations, and models have been proposed to  
explain this dislocation behavior and different types for sl i p  i n  pure metal s 
(Reference b2). Several i nvesti gators recently nave studied re1 a t i  onshi p s  
between s l i p  and crack nucleation i n  model superalloys a t  room temperature 
(References 63 and 64). Crack nucleation and s l i p  were observed a t  the surface 
of a smooth wall t e s t  specimen i n  one experiment (Reference 63). 
Crystal 1 oyraphi c s1 i p bands devel oped on the surf ace early during 1 oadi ng. 
Shallow rilicrocracks were found i n  the s l ip  bands even a f t e r  a few cycles. 
After subsequent cycling, the s l i p  l ine  cracks became deeper and grew due to 
both extension and linking. A second type of microcrack also developed a t  an 
angle to the s l i p  atid normal to  the applied s t ress  1 oad. This crack grew along 
a zigzag path due to  extension only. 

Fatigue crack ini t ia t ion in hot section anistropic superal loys (both sing1 e 
crystal and columnar grain) has been almost always associated w i t h  defects i n  
the microstructure. These may be b r i t t l e  phases, internal porosity, surface 
defects or environmental attack s i t e s  (References 13, and 65 through 72). The 
cracks in i t i a t e  a t  the defects and propagate to fai lure  under continued 
loadi ny. Increased defect sizes cause shorter l ives (References 65, 67 and 
68), b u t  determining which particular defect i n i t i a t e s  the crack depends on 
the material and on loading conditions. 

These results made use of uncoated specimen tes t s ,  similar to  those used to  
obtain data for  1 i f e  prediction correl a t i  ons. When t e s t s  were conducted on 
coated specimens, the cracking origin generally moved to the coating 
(References 13, 63, 66, 67 and 73). The 1 imi ted publ ished data on actual hot 
section cracking (References 13 and 56) and Prat t  & Whitney experience also 
i ndicate that ,  i n  components u s i n g  advanced anisotropic material s, cracks 
in i t i a t e  i n  the coating. However, coated conventional mu1 ti grained ( isotropic) 
materials may i n i t i a t e  cracks ei ther  i n  the coating or i n  tne grain boundaries 
underneath the coating (Reference 68). 

The following table presents an overview of the ini t ia t ion s i t e s  for the 
various materials wt~icn were included i n  th i s  survey. 



Crack Ini t ia t ion Site S u m r y  

Ini t ia t ion Site 
Grat n 

idlateri a1 Carbides Porosity Oxidation Coating Ooundary Reference 

I31 9c)O+iif X X x 3 

Coated 
B190i)+H f X X 

Coated 
r4ar-M-200 DS X X 

Low C 
Mar-M-200 DS 

PWA 1480 S2 X 

Coated PMA 
1480 SC 

Rene ' 80 

Rene' 120, 
150 DS 

Coated Rene' 
id4 SC 

DS = Oi rect i  onal l y  Sol i di fied 
SC = Single Crystal 



C .  5.2 Ini t ia ted Crack Orielitations 

30th crystal 1 ographie and noncrystall oyraphic transgranular cracks occur due 
to fatigue i 11 anisotropic superall oys (References 65 and 68). The 
crystal lographic cracks ( sometiroes termed stage I cracks) tend to  form a t  low 
temperatures and h i g h  strain rates and are directly related to  both material 
orientation and 1 oad orientation. The noncrystall ographic cracks (termed stage 
IT cracks) are usually associated w i t h  h i g h  temperatures and low strain rates. 
Stage 11 crack direction i s  perpendicular to  the applied s t ress  direction b u t  
independent of material orientation. 

Planar bands of di sl ocations are generated a t  discontinuities (defects or 
previously in i t ia ted  cracks) a t  a1 1 temperatures and s t rain rates (References 
(25, 68 and 69). A t  the h i g h  temperatures/low strain rates,  these dislocation 
bands disperse before stage I cracks can form, and subsequently stage 11 
cracks are nucleated i n  a homogeneous dislocation array. The ini t ia ted stage 
I1 cracks propagate and subsequently transit ion to stage I cracking, depending 
on loading conditions (Reference 69 1. However, a t  1 ow temperaturedhigh s t ra in  
rates,  stage I cracks in i t i a t e  w i t h i n  the sl i p bands before dislocations can 
disperse. 

I n  room temperature tes t s  of s i  ngl e crystal Mar-M-200, crack ini t ia t ion s i t e s  
rlearly always were b1C type carbides oriented normal to  the s t ress  axis. These 
cracks formed when a tensile s t ress  was applied. As the s t ress  was increased, 
local ized crystallographic s l i p  occurred i n  tile metal a t  both ends of the 
carbides and was followed by cracking a f t e r  repeated loading. Similar s l i p  and 
craciing Here also o~served a t  a limited number of micropores present, b u t  the 
cracking from micropores tended to be less  severe (Reference 65). A t  higher 
temperatures, craci ini t ia t ion generally continued a t  both carbides and 
micropores; however, there was a greater tendency for  cracking a t  the 
micropores (Reference 68). A t  the higher temperatures, sl  i p became more 
homogeneous (References 68 and 74) and the ini  t iated cracks were perpendicul a r  
to the load axis,  particularly a t  slow strain rates. The cracks that  led to  
failure continued to  in i t i a t e  internally a t  carbides and micropores in 
directional l y  sol i di fied Mar-M-200 even when tested with an a1 uminide coating 
(References 65 and 6d) ,  a1 though extensive cracking ini t ia ted in the coating 
and propagated a short distance into the base alloy. The coating cracks 
ini t ia ted and propagated normal to the s t ress  axis again. 

In uncoated advanced single crystal superall oys, such as PWA 1480 and Rene' 
144, fatigue cracks also in i t i a t e  a t  defects (References 13, 71, 72, and 75). 
However, while the crack ini t ia t ion i n  PWA 1480 occurred a t  subsurface or  
near-surface microporosity, the ini t ia ted cracks involved some amount of stage 
I I type cracking adjacent to the microporosi ty a t  a1 1 temperatures (Reference 
13). The ini t ia ted cracks were perpendicular to the load direction independent 
of the material orientation for the <loo> and <I l l>  orientations tested. B u t  
the number of cycles to crack strongly depended on the material orientation. 
Similar resul ts  were reported for Rene' N4 (References 71 and 72)  and an 
advanced model superal loy (Reference 76 1. A t  both 140OeF and 1800°F t e s t  
temperatures, a l l  six tested orientations of Rene' N4 involved a small region 
of stage I1 cracking associated with the crack origin, except the < I l l>  
orientation a t  1400 F ,  which showed an area of stage I planar cracking or cube 
s l ip  planes. Also, Rene' N4 crack in i t ia t ion  a t  high temperatures occurred a t  
tile surface and was environmentally driven. 



Cracks i n  both PdA 14dU dnd Rene' N4 i n i t i a t e d  i n  the coat ing  and were 
perpe~id icu l  a r  t o  t i le  appl i e d  1 oad d i r e c t i o n  (References 13, 71 , 72, and 77) 
when these a l l o y s  were tes ted  i n  the coated condi t ion.  

These resul  t s  were prev iously  observed i n  d i rec t i o r l a l  l y  sol  i d i f i e d  Mar-M-247 
mater ia l  tes ted  us ing wedge shaped t e s t  specimens i n  a burner r i g  (Reference 
55). Both coated and uncoated specimens cracked perpendicular t o  the  specimen 
edge independent o f  the  mater ia l  o r i e n t a t i o n  i n  the .specimen, which ranged 
from O t o  30 degrees. However, the  number o f  cyc les t o  crack depended on the  
base a l l o y  o r i en ta t i on ;  i'.e., cyc les t o  crack decreased as the angle between 
the specimen axi  s and the <001> d i r e c t i o n  increased. 

Environmental e f f e c t s  on fa t i gue  cracking o f  superal l  oys are  important i n 
superal l  oys, f o r  n o t  only does surface ox ida t i on  present detr imental  e f fec t s ,  
b u t  i t  can a lso prov ide advantageous e f f e c t s  on l i f e  (References 64, 67 and 
0 8 ) .  Experiments a t  moderate temperatures have shown t h a t  surface s l i p  i s  more 
uniform and surface shear displacements smal ler because o f  a t n i n  oxide f i l m  
formation on surface s l i p  o f f s e t s  which leads t o  greater  surface work 
hardening. A t  tne h igher  temperatures, o f  course, the t h i n  oxide bene f i t s  a re  
overcome by l o c a l  penetrat ion o f  ox ida t ion  p i t t i n g  which can a c t  as crack 
i n i t i a t i o n  s i t e s  (References 08, 77 and 78). 

C.5.3 Coating E f f e c t s  on Cracking 

Uxi da t ion  re ta rdan t  coat ings are used on h o t  sec t ion  components mainly t o  
provide p ro tec t i on  against  ox ida t ion  o r  cor ros ion  dur ing  h igh  temperature 
operation. However, the coat ings a1 so s i g n i f i c a n t l y  i n f l  uence the formation o f  
cracks i n  the coated base a l l o y  system and usua l ly  change the crack i n i t i a t i o n  
s i t e  from the  base a l l o y  t o  the coat ing  (References 68 and 79). 

The presence o f  the  coat ing  causes a b i m e t a l l i c  s t ruc tu re  on the coated 
component surface which changes the surface deformation charac ter is t i cs .  The 
stresses developed i n  the coat ing can d i f f e r  from those i n  the  base a l l o y  
because o f  both c o n s t i t u t i v e  behavior d i f fe rences and thermal expansion 
proper ty  d i f fe rences (References 5b, 57, 79 and 8U). 

Several i nvest i  gators have considered the mechanical aspects o f  coa t i  ngs . 
Reference 57 repor ted propagation o f  cracks i n  the  coat ing  and i n t o  the base 
a1 loy, r e s u l t i n g  from tiiermalmechanical loads mainly due t o  coat ing  and base 
a l l o y  proper ty  d i f ferences.  The cracks had i n i t i a t e d  a t  coat ing  defects 
be1 ieved inherent  t o  the coat ing appl i c a t i o n  method used. An experimental and 
ana ly t i ca l  study (Reference 80) evaluated stresses i n  several coat ings on an 
Armco i r o n  bar under t e n s i l e  load. The stresses caused coat ing f a i l u r e  along 
the coat ing g r a i n  boundaries. I n  another study (Reference 79), e f f e c t s  o f  
s t r a i n  r e s u l t i n g  from coat ing app l i ca t i on  and subsequent serv ice loads were 
considered. 

Other e f f e c t s  o f  a coat ing, prev iously  mentioned, are e l im ina t i ng  environment 
r e l a t e d  surface p i t t i n g  from which cracks can i n i t i a t e  and crack i n i t i a t i o n  
becomi ng cont ro l  1 ed by coa t i  ng instead o f  base metal f a t i gue  proper t ies  
( Reference 58 ) . 



Two di s t i  nct coating cracking itlodes have been observed, which indicate that  
t ~ o  fai lure  mechanisms lilay be important (References 13 and 71 ). Both modes 
resul t  in cracks normal to  tne appl ied stress.  The f i r s t  mode i s  characterized 
by long cracks, comgl etely or par t ia l ly  around the cyl indrical t e s t  specimen 
circumference, whicn were found to  i n i t i a t e  i n  a1 umin i  de coatings i n  
i sotherrnal f a t i  yue a t  1 ow temperatures and i n-phase thermalmechanical f a t i  gue 
a t  low te~nperature. These cracks are similar i n  appearance to  1 imited 
duc-li 1 i t y  fractures and exilibi ted 1 i t t l  e eviderice of inel a s t i c  deformation i n  
the coating. A t  higher temperatures, a second mode is  observed where both the 
a1 umi nide and over1 ay coatings in i t ia ted  small cracks 1 ocal ly.  These cracks 
are thumonail-shaped and are preceded by coating deformation. 

C.5.4 Crack Ini t ia t ion Criteria 

A wide range of cracking 1 i f e  c r i t e r i a  have been used i n  past investigations 
depending on material tested, t e s t  purpose and conditions. Specimen data, used 
i n  previous cracking 1 i f e  correlations, nearly always represented time t o  
fai lure  or  impending fai lure  indicated by a load drop. T h i s  circumstance was 
dictated a t  l eas t  i n  part by the internally ini t ia ted cracking which caused 
specin~en fai  l ure b u t  unich coul d not be detected without destructive 
inspections. Experience shows, however, that  a substantial amount of time is  
expended between crack in i t ia t ion  and final failure,  control1 ed by crack 
propagation (References 13, 68, 71 and 75). Since including the propagation 
time vritn irii t i a t ion  1 i f e  can lead to  s i  ynificant error ,  several investigators 
used periodic t e s t  interruption and replication to  document surface conditions 
of specimens. Wnen fai lure  occurs from an externally in i t ia ted  crack, 
ini t ia t ion time for the c r i t ica l  crack can then be determined from the 
rep1 icas (References 3 ,  13 and 77) .  
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APPENDIX D 

TEST SEQUENCE DF CYCLIC CONSTITUTIVE TESTS 

The sequence o f  load f o r  each t e s t  i s  l i s t e d  i n  t h i s  appendix. The o r i e n t a t i o n  
o f  each specimen i s  a l s o  given i n  terms o f  dev ia t ion  from the  nominal c r y s t a l  
o r i e n t a t i o n  and i n  terms o f  t h e i r  Eu ler ian  angles e, and J, which are def ined i n  
F igure  3-7. 

Specimen Number = JA61 

Nsmi nal Or ien ta t i on  = < 100> 

Dev ia t ion  from Nominal Or ien ta t i on  = 6.7" 

Actual Or ien ta t i on  e = 6.50°, J, = 0.68' 

f e s t  Temperature = 4 2 7 " ~  ( 8 0 0 " ~ )  

Test  Condit ions 

Order o f  S t r a i n  Rate Nominal S t r a i n  L i m i t s  Number o f  Creep and 
Test  ( in / in /sec)  ( i d i n )  Re1 axat isn  Test  Condit ions 

1 10-3 - + ,006 

2 10-3 - + .008 

3 10-3 - + .009 

4 10-3 - + .OIO 



Specimen Number = KA27 

Nominal Orientation = <110> 

Deviation from Nominal Orientation = 1.5' 

Actual Orientation e = 43.60'~ JI = 0 . 5 0 ~  

Test Temperature = 4 2 7 ' ~  (800'~)  

Test Conditions 

Order of Strain Rate Nominal Strain Limits Number of Creep and 
Test ( in/in/sec) (in/in) Re1 axation Test Conditions 

1 10-3 - + .003 



Specimen biumber = LA66 

Nominal Or ientat ion = <I l l>  

Deviat ion from Nominal Or ienta t ion = 2.8" 

Actual Or ienta t ion e = 42.56', $ = 33.28" 

Test Temperature = 4 2 7 ' ~  (800 '~ )  

Test Conditions 

Order o f  
Test 

S t r a i n  Rate 
( in/ in/sec) 

Nominal S t ra in  L im i t s  Number o f  Creep and 
( i n / i n )  Re1 axation Test Conditions 

+ ,003 - 
+ .0035 - 
+ .004 - 
+ .0045 - 
9 .005 - 
+ .0053 - 
+ .€I056 - 
+ ,6061 - 
+ .0070 - 
+ .004 - 
9 .007 - 
+ .005 - 
t .007 

+ .006 - 
+ .005 - 
+ .0035 - 



Specimen Number = MA27 

Nominal Or ien ta t i on  = <123> 

Dev ia t ion  from Nominal Or ien ta t i on  = 1,2" 

Actual Or ien ta t i on  8 = 34.93", #J = 15.40~ 

Test  Temperature = 4 2 7 " ~  ( 8 0 0 ~ ~ )  

Pest  Condit ions 

Order o f  S t r a i n  Rate Nominal S t r a i n  L i m i t s  Number o f  Creep and 
Test  ( in / in /sec)  ( i n / i n )  Re1 axat ion  Test  Condit ions 

1 $0-3 - + .003 

2  10-3 2 .OQ4 

3 10-3 - 9 .0045 

4  10-3 - + .005 

5 10-3 - 9 .0053 



Specimen Number = JA44 

Nominal Or ien ta t i on  = < loo> 

Dev ia t ion  from Nominal O r i e n t a t i o n  = 5.7" 

Actual Or ien ta t i on  e = 4.89', $ =  2.59' 

Tes t  Temperature = 7 6 0 ' ~  (1400 '~)  

Tes t  Condit ions 

Order o f  
Tes t  

1 

2 

3  

4  

5 

6 

7 

8  

S t r a i n  Rate 
( in / in /sec)  

10-3 

10-3 

10-3 

10-3 

10-3 

10-3 

5x10-5 

10-3 

bJomi nal S t r a i n  L i m i t s  
( i n / i n )  

Number o f  Creep and 
Re1 axa t ion  Tes t  Condit ions 



Specimen Number = KA26 

Nominal Or ienta t ion = < 110> 

Deviat ion from N~mina l  Or ienta t ion = 2.1" 

Actual Or ienta t ion e = 43,20°, $ = 1.83" 

Test Temperature = 7 6 0 ' ~  (1480"~)  

Test Conditions 

Order o f  S t r a i n  Rate Nominal S t ra in  L im i t s  Number o f  Creep and 
Test ( in/ in/sec) ( i n / i n )  Re1 axation Test Conditions 

1 10-3 - + .003 

2  1 ~ - 3  - + .003 

3  10-3 - + .OQ4 

4 10-3 + .€I05 - 
5 10-3 - + .006 



Specimen Number = LA63 

Nominal Or ientat ion = < I l l >  

Deviat ion from Nominal Or ienta t ion  = 5.0' 

Actual Or ientat ion e = 41.36', 11 = 31.31" 

T e s t  Temperature = 7 6 0 ~ ~  ( 1 4 0 0 ' ~ )  

Test  Conditions 

Order o f  S t r a i n  Rate 
Test  ( in/ in/sec) 

Nominal S t r a i n  bimi t s  Number o f  Creep and 
( i n / i n )  Re1 axat ion Test  Conditions 



Specimen Number = LA67 

Nominal Orientat ion = <Ill> 

Deviat ion from Nominal Or ienta t ion  = 3,2" 

Actual Or ienta t ion  e = 42.21°, $ =  33.000 

Test  Temperature = 7 6 0 ' ~  ( 1 4 0 0 ' ~ )  

Test  Conditions 

Order o f  S t ra in  Rate Nominal S t ra in  L imi ts  Number o f  Creep and 
Test  ( in / in /sec)  ( i n / i n )  Relaxation Test  Conditions 

1 10-3 - + .004 Buckled on Loading 



Specimen Number = MA25 

Nominal Or ien ta t i on  = < 123> 

Deviat ion from Nominal Or ien ta t i on  = 2.0" 

Actual Or ien ta t i on  e = 35.75°, $ =  15.36" 

Test  Temperature = 7 6 0 " ~  ( 1 4 0 0 ~ ~ )  

Test  Condit ions 

Order o f  S t r a i n  Rate Nominal S t r a i n  L i m i t s  Number o f  Creep and 
Test  ( in / in /sec)  ( i d i n )  Re1 axat ion T  e s t  Condit ions 

1 10-3 - + .004 

2 10-3 - + .005 

3  10-3 - + .006 11 



Specimen Number = JA66 

Nomi nal a r ien ta t ion  = < 100> 

Deviat ion from Nominal Or ienta t ion = 5.3" 

Actual Or ientat ion e = 3 . 9 0 ~ ~  # = 2.793 

Test Temperature = 982O~ ( 1 8 0 0 ~ ~ )  

Test Conditions 

Order o f  
Test 

1 

2 

3 

4 

5 

6 

7 

8 

9 

110 

11 

S t ra i n  Rate 
( i n/in/sec) 

10-3 

10-3 

10-2 

10-4 

10-5 

18-3 

10-3 

10-3 

10-2 

10-4 

5x10-5 

Nominal Straf  n L im i t s  Number o f  Creep and 
( i n / i n )  Relaxation Test Conditions 

+ .003 - 
+ .004 - 10 

+ .004 - 
9 .004 - 
9 .004 - 
+ .004 - 
9 .Q06 - 
+ .008 - 
9 .008 - 
+ .O08 - 
+ .008 - 



Specimen Number = KA22 

Nominal Or ientat ion = <110> 

Deviat ion from Nominal Or ienta t ion  = 5.4' 

Actual Or ientat ion e = 41.55', $ =  4.15' 

Test  Temperature = 9 8 2 " ~  ( 1 8 0 0 ' ~ )  

Test  Conditions 

Order o f  
Test  

S t r a i n  Rate 
( i n / i  n/sec) 

Nominal S t r a i n  L imi ts  Number o f  Creep and 
( i n / i n )  Rel axation Test  Conditions 

+ .003 - 
+ .004 - 12 

+ .004 - 
+ -004 - 
+ .005 - 
+ .OQ6 - 
+ .006 - 



Specimen Number = LA68 

Nominal Orientation = < I l l >  

Deviation from Nominal Orientation = 1.4" 

Actual Orientation e = 43.97", $ = 34.19" 

Test Temperature = 87l0c (1600'~) 

Test Conditions 

Order of Strain Rate Nominal Strain Limi ts Number of Creep and 
Test ( in/in/sec) (in/in) Re1 axation Test Conditions 



Specimen Number = LA69 

Nomi nal Orientation = <I l l>  

Deviation from Nominal Orientation = 2 .oe 

Actual Orientation e = 43.11°, $ = 34.02" 

Test Temperature = 982O~ ( 1 8 0 0 ~ ~ )  

Test Conditions 

Order of 
Test 

Strain Rate Nominal Strain Limits 
( in/in/sec) ( in/ in)  

Number of Creep and 
Re1 axation Test Conditions 

7 

6 

7 

12 

9 



Specimen Number = LA64 

Nominal Or ientat ion = <Ill> 

Deviat ion from Nominal Or ienta t ion  = 3.4" 

Actual Or ienta t ion  e = 41.86O, # = 33.07" 

Test  Temperature = 982O~ (1800'~) 

Test  Conditions 

Order o f  S t r a i n  Rate Nominal S t r a i n  L imi ts  Number o f  Creep and 
T e s t  ( in/ in/sec) ( i n / i n )  Re1 axat ion Test  Conditions 



Specimen Number = MA23 

Nomi nal O r ien ta t i on  = < 123> 

Dev ia t ion  from Nominal Or ien ta t i on  = 5.1' 

Actual Or ien ta t i on  8 = 35.60°, $ =  10.76' 

Tes t  Temperature = 9 8 2 ' ~  ( 1 8 0 0 ~ ~ )  

Test  Condit ions 

Order o f  
Tes t  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

S t r a i n  Rate 
( i n/in/sec) 

10-3 

10-3 

10-4 

10-2 

10-4 

10-3 

10-3 

10-5 

10-3 

19-2 

10-3 

10-3 

10-3 

5 x 1 0 - ~  

Nominal S t r a i n  L i m i t s  Number o f  Creep and 
( i n / i  n) Relaxat ion Tes t  Condit ions 

+ .002 - 
+ .003 - 8 

+ .003 - 
+ .003 - 
+ .003 - 
+ .004 - 
+ .005 - 
+ .005 - 
+ .OO5 - 
+ .005 - 
+ .0055 - 
+ .004 - 
+ .003 - 
+ .003 - 



APPENDIX E 

SAMPLE DIGITAL FORMAT OF CYCLIC CONSTITUTIVE DATA 

Data from the  c y c l i c  c o n s t i t u t i v e  t e s t s  are being recorded d i g i t a l l y  as the  
t e s t i n g  proceeds so t h a t  v i r t u a l l y  every cyc le  and ho ld  per iod  are preserved. 
The f o l l o w i n g  i s  a  sample o f  the format i n  which these data are being s to red 
and w i l l  be reported. The data used i n  t h i s  example are  taken from tbe  
s t a b i l i z e d  response o f  specimen LA68, a  <Ill> specimen tes ted  a t  871 C 
( 1 6 0 0 ~ ~ )  . 
The format cons is ts  o f  two major " f i l e s " ,  a  HEADER f i l e  and a  TRAILER f i l e .  
The HEADER f i l e  g ives  a  general descr ip t ion  o f  the  mater ia l  and specimen 
geometry as we l l  as the  sequence o f  loading cond i t ions  imposed on the  
specimen. The TRAILER f i l e  gives the  actual specimen response as 
s t ress-s t ra in - t ime t r i p l e t s  f o r  each "cyc le"  o f  each block o f  loading. The 
format has been designed so t h a t  keywords (e.g., MATL and SPECID) s ignal  the  
type o f  data t o  fo l low.  This  format i s  more f l e x i b l e  and easier  t o  read than 
s t r i c t  ca rd  column formats. A more de ta i l ed  desc r ip t i on  o f  the  keywords 
f o l  1  ows. 

Keyword, 

HEADER 
TITLE 
AN I SO 
THETA 

GAMMA 
COMMENT 
MATL 
CODE 
IiCODE 
HTSPEC 
GEOMETRY 
CONF I G  
GEOMUNIT 
OD 
GAGELN 
3 0B 
JOBID 
SPEC I D  
DATE 
BLOCi 

Descr ip t ion  

Signals t h e  beginning o f  the HEADER f i l e  
General desc r ip t i on  o f  t e s t  
Signals t h a t  an iso t rop ic  mater ia l  desc r ip t i on  f o l l  ows 

Eul e r i a n  angles descr ib ing the  specimen o r i e n t a t i o n  

Descr ip t i ve  coment  
Signal s  t h a t  general mater ia l  data f o l l  ows 
Mater ia l  s p e c i f i c a t i o n  
Heat code 
Heat treatment s p e c i f i c a t i o n  
Signal s  t h a t  specimen geometry f o l  1  ows 
Specimen p a r t  number 
U n i t s  used t o  describe the  specimen dimensions 
Outer diameter 
Gage leng th  
Signals t h a t  p r o j e c t  i d e n t i f i c a t i o n  f o l l  ows 
P r o j e c t  i d e n t i f i c a t i o n  
Specimen i d e n t i f i c a t i o n  ( s e r i a l  o r  specimen number) 
Date o f  t e s t  
Signals t h a t  loading cond i t ions  f o r  t he  i t h  block o f  load ing  
w i l l  f o l  low. A new BLOCi ( sequent ia l l y  numbered) i s  used each 
t ime the imposed 1  oadi ng cond i t ions  are  changed. 



Keyword 

NCYC 

TESTTYP 
UNITS 

STRNlUNIT 
STRSlUNIT 
TUNIT 
TIMUNIT 
CONVERT 

STRSlCON STRNICoN 1 
TCON 
TIMCON 
TRAILER 
CYCLE 

BEGTIME 
STRESS 1 * * 
STRAIN 1 * * 
TIME * * 

The generic "cyc le"  number a t  which t h i s  load ing  cond i t i on  
begins. The "cyc le"  number corresponds t o  CYCLE i n  the  TRAILER 
f i l e  descr ib ing the  response under BLOCi 1 oading condi t ions.  
Note t h a t  l oad  o r  s t r a i n  ho ld  per iods are  a lso  considered t o  
be generic "cyc les"  i n  t h i s  format. 
Signals t h a t  the  t e s t  was i sotherma] and i s  fo l lowed by the  
t e s t  temperature 
Signals t h a t  the  t e s t  i s  a c o n s t i t u t i v e  t e s t  
Signals t h a t  the  u n i t s  f o r  repo r t i ng  the  data fo l low.  These 
u n i t s  remain i n  e f f e c t  f o r  a l l  t e s t s  and are  spec i f i ed  on ly  i n  
the BLOCi descr ip t ion .  
S t r a i n  u n i t s  
Stress u n i t s  
Temperature u n i t s  
Time u n i t s  

These data are  inc luded t o  f a c i l i t a t e  subsequent conversion o f  
the data t o  o ther  un i ts .  These conversion f a c t o r s  are spec i f i ed  
~ n l y  i n  the  BLOC1 descr ip t ion .  

Signals the  beginning o f  the  TRAILER f i l e  
The generic cyc le  number f o r  t he  s t ress-s t ra in - t ime t r i p l e t s  
t h a t  f o l l o w  
The actual  t e s t  t ime a t  the  beginning o f  t he  c y c l e  
Signals t h a t  s t ress  values w i l l  f o l l o w  i n  f r e e  f i e l d  format 
Signals t h a t  s t r a i n  values w i l l  f o l l o w  i n  f r e e  f i e l d  format 
Signals t h a t  t ime values w i l l  f o l l o w  i n  f r e e  f i e l d  format 



THETA = 4X.97 
PS I  = 34.19 

G A . Y ' ! A . O -  
COflHENT 2 FROH < 111 > UNCOATED 
HATL 

CODE = PWA1480 
,. -H.CDDL - Z"P236-4- - - - - -- - , , - - - - - - - - 

HTSPEC = 1975F/4HR+l600F/32HR 
GEOHETRY 

CONFIG = LED 41784 
. G E O W T = I . ~ C . S  ... - 

OD = .3 
GAGELN 1 

JOB 
- - _zlOfiID- -= =-iA---a-,.T-~4z-4- NAS3-23929 - - - - - - I - - - - - - 

SPECID 
OAT E = 06/30/84 

BLOC1 
NCY C = 1 .- -.- 
ISOTEHP = 1600 
TESTYP = C 

COtRlEtIT HINSTRAIN = -5.00000E-03 HAXSTRAIN= 5.00000E-03 
COmENl STRAIN R A T E = J . $ ~ O ~ ~ E ~ 5 _  - - - - - - - - - -.- - - ...- - 
UNITS 

STRNIUNIT = I N / I N  
STRSlWXT = P S I  
T W I T  = F -...--.-...-- - 
TItNNIT  = SEC 

CONVERT 
STRNlCON = 1.0 
sTRS!C_ON-=-1,! - - - - -- - - - - - - - - - - - - - - -.- 
TCON : 1.0 
TIncON = 1.0 

BLOC2 
= 2 NC*C-.--.. -. - 

ISoTEnP = 1600 
TESTYP = C 

COtlTlENT HINSTRAIN = -5.00000E-03 HAXSTRAIN= 5.00000E-03 
. . COflHEttT STRAIN R A T ~ = - l , . ~ 0 ~ 0 E ~ 4 , -  -- - - - - - - - - - -_. - TLOOdd3 -" - "".. - 

HCY C I 3 
ISOTEHP = 1600 
TESTYP C 

-'mCI'rnfhmA"ik = -5. m ' 6 m K A K S I m m i m - 0  3 
-."- 

COMlEHT STRAIN RATE = 1.00000E-03 
BLOC4 

NCYC = 4 - - Is'dfEFiP -=-lbbo- - - - - - - -" - - - "" - - - - " 
TESTYP = C 

ConnENT STRAIN HOLD AT 3 .90816~ -03  



NCYC = 5 
.. .. .. ........ .. , .-PSOTE!?P -_=- 1600- - -. - - - - ... - - - - 

TESTYP = 6 
COHHEIIT LOAD HOLD AT 15722.9 
COM1EtU 

.... SICLEL L - . . . .  BEtLT!E.L204?,.9 .-.- 
TRAILER 

-...- 

-35592.4 -38184.1 -40084.7 -42330.8 -44058.6 
S T R A I N  1 * * 



ORIGINAL M G C  I3 
OF POOR QURLnY 

-.!862,66.1863.~13.~1883.:6L~.?o4.~.B1.B2.~,56- ., 
1945.03 1965.5 1985.98 2006.45 2026.93 

CYCLE = 2 BEGTIHE : 409.2 
STRESS 1 * 
. -2.!44! - 5 3 9 9  :55980:,5 - 5 8 0 5 3 ~ 6  -5978114 ..- - - - - - - - - - 
-61682 -63409.8 -64964.8 -66692.6 -68247.6 

STRAIN 1 * * -....-.- - ...,.--....--._...-...- -." ...-.... . . "  .....--... " " . _  ......-.... . "  
7.32780E-05 -1.27015E-04 -3.32193E-04 -5.42257E-04 -7.37665E-04 

-9.42843E-04 -1.14802E-03 -1.35320E-03 -1.55838E-03 -1.75379E-03 



CYCLE = 3 BEGTIHE = 60  
- s r ~ e s s ~  r*-- - ...- - .- - - - - - - - - - - - - - - - . 
-52351.9 -55980.3 -59608.6 -63064.2 -66174.2 
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49587.5 49414.7 49587.5 49241,9 49414.7 
. k 9 4 M . L  424.1.4.L 4%4!.4*.Z._ 99414.7.. 9.941.4.L.. - -I - - - - ,.,.- - - 

49414.7 49414.7 49414.7 49414.7 49241.9 
49069.2 49241.9 49414.7 49241.9 49414.7 
49069.2 49069.2 49069.2 49069.2 49069.2 
490Q.z 49009.2 49069Q 49241.9 49069.2 . - ............ ...- ........ .- ......... .-- ............... - .......................... . - - _  *..-- 
48896.4 49069.2 49069.2 48896.4 48896.4 
48896.4 49069.2 48896.4 48896.4 49069.2 
48896.4 48896.4 48896.4 48896.4 48896.4 

-.48223.,1.& -49Q6?,:.3 4 8 9 4 6 A  .,.98606.,.5 -%9Pb9.,.2 , - -. - -- - - - - ., 
48896.4 48896.4 48896.4 48896.4 48896.4 
48723.6 48723.6 48896.4 48723.6 48723.6 
48896.4 49069.2 48723.6 48723.6 48723.6 

..... ...... -4.42222.6 38550.t.8 4-62 .?.;i..-. ..L.4.b.Z2.3.~.hhf!.SZ22~.6.~ . _ _ - . . , . , -  
48550.8 48550.8 48550.8 48550.8 48550.8 
48550.8 48550.8 48550.8 48378 48550.8 
48550.8 48550.8 48550.8 48550.8 48550.8 

. 48550.8- 1187.23-6- 4837.8 -48328--.48174x*L ..- - ..- - -- - - -... - 
48378 48550.8 48378 48550.8 48378 
48550.8 48378 48378 48378 48398 
48378 48378 48378 48550.8 48205.3 
48378 48378 48205.3 48205.3 48205.3 ............ .......................... ............................................ - .-..--,.--,.- ............-..... 
48378 48378 48205.3 48205.3 48378 
48378 48205.3 48205.3 48378 48378 
48358 48205.3 48378 48205.3 48205.3 

... 8 . ? ! ! 5 2 5  ...482,!.515 3 8  205,:.3 -58_265.:3 2 8 2 0 5 2 3  - - - - - - - ..- 
48205.3 48378 48032.5 48205.3 48032.5 
48205.3 48032.5 48032.5 48205.3 48032.5 
48205.3 48032.5 47859.7 48032.5 

S T R A I N  .. 1 * * .... ..... ..... .... - ....-.........-. ......-........ - .......-.....-.-......- *.--...--- - -...--.. -.... 
3.90816E-03 3.91304E-03 3.91304E-03 3.91793E-03 3.91793E-03 
3.91304E-03 3.91793E-03 3.91304E-03 3.91304E-03 3.91793E-03 
3.92281E-03 3.92281E-03 3.91304E-03 3.92281E-03 3.91793E-03 

..... . L9.L30tE-.0_3 -.5~913~4E-0?.-3:917_93.fi.::OZZZ 3:9!?816E-.!.3 1 . 2 1 1 9 3 E ~ 0 3  - .-- 
3.91304E-03 3.91793E-03 3.91793E-03 3.91304E-03 3.91793E-03 
3.91793E-03 3.91304E-03 3.91793E-03 3.91304E-03 3.90816E-03 
3,91304E-03 3.91793E-03 3.91793E-03 3.92281E-03 3.91793E-03 
3.91304E-03 .. . 3.91793E-03 ........ ..... 3.91304E-03 ...... ...... 3.91304E-03 .... ........ ..... 3.91304E-03 ...... ...... - ..........-. .......-. .,...- - -- .....-.......-. ....-- .- ..-.- -.-.-.~ - ...- .....-......-.. 
3.91304E-03 3.91304E-03 3.91304E-03 3.91304E-03 3.91793E-03 
3.91793E-03 3.91793E-03 3.91304E-03 3.91304E-03 3.91793E-03 
3.90816E-03 3.91304E-03 3.91793E-03 3.91304E-03 3.91304E-03 

-3 . ~ , ! ~ Z E . ~ P  3 . 9 1 7 9 3 5 : o ~  3 . : . 9 ~ 0 4 r - 0 =  3 . 9 1 7 9 3 ~ 2 3 - . 3 ~ 1 3 0 4 ~ - 0 = . . _  -.. - 
3 . 9 1 3 0 4 ~ - 0 3 3 , ~ 1 3 0 4 ~ - 0 3  3.91304E-03 -. '922Bi'~-03 $.91304f=03 
3.91304E-03 3.90816E-03 3.90816E-03 3.908166-03 3.91304E-03 





47.290.L 47.Z00L Ye4901 41.600L i?l*b00!- - - - - - - - - - . - 
48.0001 48,2001 48.4001 48.6001 

CYCLE = 5 BEGTIHE = 599.6 
STRESS 1 * * 



ORIGINAL M G E  IS " POOR Q!ID.L.!TY 

-... .-_ST R * I N - i  ...!! I... - ....- - ...... -." ..- -... -_ ...-. --., - ..._. - ...- - -,., - 
2.81876E-03 2.81387E-03 2.80899E-03 2.79433E-03 2 . 7 9 4 3 3 ~ - 0 3 -  
2.79433E-03 2.78456E-03 2.78456E-03 2.78945E-03 2.77968E-03 
2.77479E-03 2.77479E-03 2.76991E-03 2.77479E-03 2.76991E-03 
2.76502E-03 ............- 2.76991E-03 .............. - .........--......... 2.77968E-03 ............... - -.. 2.76991E-03 ....... -- ........ ...--....... ..- 2.76502E-03 ........................... - - ......-........ 
2.76991E-03 2.76502E-03 2.76502E-03 2.75525E-03 2.76014E-03 



, Z . : . Z . W . Z E - o 3 U l b . ~ . 9 . L  -..- 
TIME r * 

0 .2 .4  .6 ,8 
1 1.2 1.4 1.6 1 .8  

. 2, .&2-.2.4 4.6 L8- - - - - - - - - - - - - - - -_ - 
3 3.2 3.4 3,6 3.8 
4 4 .2  4.4 4.6 4.8 
5 5.2 5.4 5.6 5.8 

. 6 h : 2 6 . : . 4 _ 6 . * U ~ 8  -. .--- 
7 7.2 7.4 7.6 7.8 
8 8.2 8.4 8.6 8.8 
9 ,2,.2 9.4 9.6 9.8 

AO---l9:2-10:.4-10~6-10:8-.~ - -- - - - - - - - - - ..- - - 
11 11.2 11.4 11.6 11.8 
I2 12.2 12.4 12.6 12.8 
13 13.2 13.4 13.6 13.8 
14 14.2 14.4 14.6 14.8 

-..---"-..--.a".-.""-- ......a -.-- v-... 

15 15.2 15.4 15.6 15.8 
16 16.2 16.4 16.6 16.8 
17 17.2 17.4 17.6 17.8 

, 1: ....led __led I 8 . A  18.4 - - -- - - -- - - - - - - _.- - - 
19 19.2 19.4 19.6 19.8 
20 20.2 20.4 20.6 20.8 
21 21.2 21.4 21.6 21.8 
22 22.2 22.4 22.6 22.8 -...-- .... -.....-. -..-..-.- ...- 
23 23.2 23.4 23.6 23.8 
24 24.2 24.4 24.6 24.8 
25 25.2 25.4 25.6 25.8 :t-gi ;;. ;$~;-;$+;&+. - - - - - - - - - - - m e - - -  

28 28.2 28.4 28.6 28.8 
29 29.2 29.4 29.6 29.8 
30 30.2 30.4 30.6 30.8 

- T ' 3 1 ; t " 3 1 . 4 f  f :'i;?'i,8 
..a- 

32.0001 32.2001 32.4001 32.6001 32.8001 
33.0001 33.2001 33.4001 33.6001 33.8001 
34 .000L ~ . ~ ~ 0 1  3 4 . 2 0 0 L  34.6001 3*.800!- - - - - -__ - 

' 33.0001 35.2001 35.4001 33.Fbo'i- Jli.-Biioi 
36.0001 36.2001 36.4001 36.6001 36.8001 
37.0001 37.2001 37.4001 37.6001 37.8001 
38.0001 38.2001 38.4001 38.60.01 38.8001 

T Q ~ ~ F ~ ~ ' I ~ ' ~ ~ T I ' " T Y ~ ' ~ ) ' T ~ ~ O U ~ ~ V ~ B ' ~  
40.0001 40.2001 40,4001 40.6001 40.8001 
9 .9 .POL 41 ..3...9.0 1, P-l~PQOf~ 9.L*kQO.X., kl .#.Pol, , , , , , - ., , , 
42.0001 42.2001 42.4001 42.6001 42.8001 
43.0001 43.2001 43.4001 43.6001 43.8001 
44.0001 44.2001 44.4001 44.6001 44.8001 - 45 ..... -000 -.. l .- 4s .  ..,..... ZQQLS:.4.%45.6001IUo..alL 
46.0001 46.2001 46.4001 46.6001 46.8001 
47.0001 47.2001 47.4001 47.6001 47.8001 
48.0001 48.2001 48.4001 48.6001 48.8001 
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