AD-A218 555

AFWAL-TR-88-4146

m :
70 FILE copy

ADVANCED CUMULATIVE DAMAGE

MODELING

R.H. VanStone, O.C. Gooden, and D.D. Krueger

GE Aircraft Engines
Advanced Technology Operation
Cincinnati, Ohio 45215

September 1988

Final Report tor Period December 1984 - September 1986

Apnaroved for Public Release; Distribution is Unlimited

DTIC
ELECTE
FEB281990

o B

o

R

-«

MATERIALS LABORATORY

AIR FORCE WRIGHT AERONAUTICAL LABORATORIES

AIR FORCE SYSTEMS COMMAND

WRIGHT-PATTERSON AIR FORCE BASE, OHIO 45433-6533

90 02 26 140




NOTICE

WHE!, GOVERNMENT DRAWINGS, SPECIFICATIONS, OR OTHER DATA ARE USED FOR ANY
PURPOSE OTHER THAN IN CONNECTION WITH A DEFINITELY GOVERNMENT-RELATED
PROCUREMENT, THE UNITED STATES GOVERNMENT INCURS NO RESPONSIBILITY OR ANY
OBUGATION WHATSOEVER. THE FACT THAT THE GOVERNMENT MAY HAVE FORMULATED OR IN
ANY WAY SUPPUED THE SAID ORAWINGS, SPECIFCATIONS, OR OTHER DATA IS NOT TO
BE REGARDED BY IMPLICATION, OR OTHERWISE IN ANY MANNER CONSTRUED, AS LICENSING
THE HOLDER, OR ANY OTHER PERSON OR CORPORATION; OR AS CONVEYING ANY RIGHTS OR

PERMISSION TO MANUFACTURE, USE, OR SELL ANY PATENTED INVENTION THAT MAY IN ANY
WAY BE RELATED THERETO.

THIS REPORT HAS BEEN REVIEWED BY THE OFFICE OF PUBLIC AFFAIRS (ASD/PA)
AND IS RELEASABLE TO THE NATIONAL TECHNICAL INFORMATION SERVICE (NTIS). AT
NTIS IT WILL BE AVAILABLE TO THE GENERAL PUBLIC INCLUBING FOREIGN NATIONS.

THIS TECHNICAL REPORT HAS BEEN REVIEWED AND IS APPROVED FOR PUBLICATION.

iwm /’O Z/cwwé« %4‘“ WW

LARRY ./ ZAWADA, Project Engr ALLAN W. GUNDERSON
Materiadls Research Engineer Tech Area Manager
Materials Behavior Branch Materials Behavior Branch

FOR THE COMMAND

e

B A

WALTER H. REIMANN, sranch Chief
Materials Behavior Branch
Metales and Ceramics Division

e o ——

IF YOUR ADORESS HAS CHANGED, IF YOU WiSH TO BE REMOVED FROM OUR MAILING
IIST, OR IF THE ADDRESSEE IS NO LONGER EMPL YED BY YOUR ORGANIZATION PLEASE
NOTIFY WRDC/MLLN =~ WRIGHT-PATTERSON AFP, AH 45433- 6533 T0 HELP MAINTAIN
A CURRENT MAIUNG LIST.

COPIES OF THIS REPORY SHOWLG NOT Bc Ae7V4..S0 yHLESS RETURN IS RECIHIREG BY
SECURITY CONSIDERATIONS, CONTRALTUAL 0B:'GATIONS, UK NOTICE ON & SPECIFIC
DOCUMENT.




UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE

REPORT DOCUMENTATION PAGE

1. REPOAT SECURTY CLASSIFICATION 1b. RESTRICTIVE MARKINGS
Unclassified None
28 SECURITY CLASSIFICATION AUTHCARITY 3. DISTRIBUTION/AVAILABILITY OF REPOQRT

Approved for public release; distribution unlimited.

2b. DECLASSIFICATION/;DOWNGRADING SCHEDULE

4. PEAFORMING ORGANIZATION REPORT NUMBER(S) 5. MONITORNG ORGANIZATION REPORT NUMRBER(S)
AFWAL-TR-88-4146
B8a. NAME OF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION
. (f applicable) . . . .
GE Aircraft Engines Air Force Wright Aeronautical Laboratories
Advanced Technology Operation Materials Laboratory (AFWAL/MLLN)
6¢. ADDRESS (Cry. State, and Zip Code) 7b. ADDRESS (City, State, and Zip Code)
1 Neumann Way, Cincinnati, Ohio 45215 Wright-Patterson Air Force Base
Ohio 45433-6533
8a NAME OF FUNDING/SPONSTRING ORGANIZATION 8b. CFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIF.CATION NUMBER
A A . (f appicable)
Wright Acronautical Laboratories AFWAL/MLLN F33615-84-C-5032
8c. ADDRESS (City. State, and Zip Code) 10. SCGURCE OF FUNDING NUMBERS
Air Force Systems Command
. PROGRAM ELEMENT NO. PROJECT NO. TASK NO. WORK UNIT NO.
Wright-Patterson AFB, OH 45433-6523
62102F 2420 01 53
| TR {Include Security Classification:
Advanced Cumulative Damage Modeling
12. PERSONAL AUTHOR(S)
R.H. VanStone, O.C. Goodcn, and D.D. Krueger
13a TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Y1, Mo., Day) 15. PAGE COUNT
Final FrOM 12-13-84 109/31/86 September 1988 345

168. SUPPLEMENTARY NOTATION

This is the Final Report for Contract F33615-84-C-5032 and summarizes work performed between 13 December 1984
and 31 September 1986

17. COSATI CODES /-\\ 8. SU&JE;T TERMS (Conhinue on reverse if necessary and identily b{ biock numger) . .
) Mo ol . Voo et v
FIELD GROuP SUB. GR. Fatigue,.lifc prediction, time-dependent,; fatigue crack growth, cyclc-dependenl\fatigue,
11 06 interpolative model,{racturc mechanics, superposition model
-13 13 e

/19, ABSTRACT (Continue on reverse f necessary by block number)

H‘.mck growth in the ncar-threshold and Paris regimes (Regions Tand ) were measured in single edge notch specimens of Rene!
95 and Alloy 718 as a function of test temperature, R-ratio, hold time, frequency, and qverpeak ratio. The results obtained at
649°C were modeled using an interpolation and interpolation + superposition model. Both modcls accurately predicted the
time dependent crack growth of these materials. The interpolation + superposition model appeared te be abetter model because
the interpolation model made unrealistic predictions outside the range of data obtained in this investigation. The overpeak
retardation was predicted using a modificd Willenborg modcel. A residual life computer code (ACDCYCLE), which can be run
on an IBM personal computer, was written to make predictions of crack growth rates and residual lives.) Fractography and
scveral other types of crack growth tests, including tests in a high vacuum environment, were performed and showed that time

20 CISTRIBUTION AVAILAELLITY OF ABSTRACT 21, ABSTRACT SECUH TY CLASSIFITATION

UNCLASSIFIEC UNLARTED SAME AS RPT D DT'C USERS D Unclassiﬁcd °

28 Natel UF RESPLILIULE FISVWIDUAL 22b TELEPHONF NUMBER QInrlide Aren Code) 22¢. OFFICE SYMBOL
Larry P. Zawada (313)255-1352 WRDC/MLLN

DD Form 1473, JUN 86 UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE




UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE

19. Abstract (Continued)
| dependent crack growth innickel-base superalloys is highly dependent on a complex interaction between creep,
fatigue, and environment. 7

- e gl

UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE




ACKNOWLEDGEMENTD

The authors of this report would like to acknowledge the assistance of
K.C. Cooper, E.D. Deaton, T.E. Wallrauch, and R.C. Volmer. for instrumenting
and performing the crack growth tests in this investigation. We also deeply
apprecelated the support and helpful suggestions of our management, J.H.
Laflen and A.M. Johnson. R.B. Ashbrook, M.J. Cannon, L. Piazza, and B. Shivar
were 1nstrqmenta1 in performing the microscopy during the mechanisms studies.
We are also indepted to M.F. Henry of GE Corporate Research and Development,
who developed the modification of the potential drop system used in this
investigation and provided us with a protype version. We also appreciated the
many helpful comments provided by T. Nicholas of the Air Force Materials
Laboratory.

Accession Por

NTIS GRA&IL

DTIC TAB 0
Unannounced O
Justification e

By
| Distrituticn/
Availability Codeg
iAvall apd/or
Dist Special

p!

ii1i




Seccion
1.0 INTRODUCTION
2.0 LITERATURE REVIEW

3.0

4.0

2.1 Creep-Fatigue-Environment Interactions
' 2.1.1 Crack Growth
2.2 Crack Growth Curves
2.2.1 Paris Law
2.2.2 Sinh Curve
2.2.3 Sigmoidal Curve
2.3 Time-dependent Crack Growth Models
2.3.1 Interpolative Models
2.3.2 Superposition Models
2.3.3 Retardation Models

MISSION ANALYSIS
MATERIALS AND EXPERIMENTAL TECHNIQUES

4.1 Materials
4.1.1 Rene’9S
4.1.2 Alloy 718

4.1 Single Edge Notch Specimen

4.2 Test Specimen Machining And Orientation

4.3 Potential Drop Test Method

4.4 Test Description And Data Analysis
4.4.1 Threshold Tests '
4.4.2 Constant AK Tests

4.5 Vacuum Test Method

o N O W

10
12
15
15
17
21

25

47

47
47
50
56
58
59
59
61
65
67



Section Rage
5.0 EXPERIMENTAL RESULTS 71
5.1 Rene’'95 Crack Growth Results 7
5.1.1 Rene’'95 Constant AK Tests ' 71
5.1.2 Rene’'95 Threshold Tests 90 .
5.1.3 Rene’95 Static Crack Growth 110
5.1.4 Rene’'95 Retardation Tests 113 .
5.2 Alloy 718 Crack Growth Results 127
5.2.1 Alloy 718 Constant AK Tests 127
5.2.2 Alloy 718 Threshold Tests 131
5.2.3 Alloy 718 Static Crack Growth 143
5.2.4 Alloy 718 Retardation Tests 143
6.0 MECHANISM STUDIES 153
6.1 Approach of Mechanism Studies 153
6.1.1 Fractographic Examination 153
6.1.2 Vacuum Tests 153
6.1.3 Metallographic Sectioning Experiments 154
6.1.4 Characterization of Crack Tip Damage Zones 154
6.2 Fractography of Specimens Testee in Air 154
6.2.1 Rene’95: Region II Observations 155
6.2.2 Rene’95: Region I Observations 167
6.2.3 Rene’95: Retardation Test Observations ' 167
6.2.4 Alloy 718: Reglon II Hold Time Observations 170
6.3 Vacuum Results 170 '
6.3.1 Rene’'95 Vacuum crack Growth Results 175
6.3.2 Alloy 718 Vacuum crack Growth Results 180
6.3.3 Rene’95 Vacuum Test Fractographic Obgervations 180 ]
6.3.4 Allcy 718 Vacuum Test Fractographic Observations 184
6.3.5 Discussion of Vacuum Results 188
6.4 Metallographic Sectioning Studies 192
6.5 Mechanism testing program 195
6.6 Discussion 203
vi

—




Section Rage

7.0 CRACK GROWTH MODELING 200
7.1 Crack Growth Models 207

. 7.1.1 Interpolation Model Of Threshold Values . 2t 3
7.1.2 Interpolation Model VR

7.1.3 Superposition Model A

" 7.1.4 Retardation Model 21.
7.2 Advanced Cumulative Damage Cycle (ACDCYCLE) Computer Code 221

7.2.1 ACDCYCIE Options t 224

7.2.2 ACDCYCLE Input and Output 225

7.3.3 Residual Life Calculations 227

7.3 Modeling of Rene'95 at 649°C 230

7.3.1 Rene'95 Threshold model 232

7.3.2 ene’95 Interpolation Model 232

7.3.3 xene’'95 Interpolation + Superposition Model 236

7.3.4 Comparison of Predicted and Measured Crack Growth 239

7.3.5 Retardation model 254

7.4 Modeling of Alloy 718 At 649°C 264

7.4.1 Alloy 718 Threshold Model 266

7.4.2 Alloy 718 Interpolation + Superposition Model - 266

7.4.3 cComparison of Predicted and Measured Crack Growth 274

7.4.4 Retardation Model 276

8.0 SUMMARY AND CONCLUSTONS

9.0 REFERENCES

APPENDIX A: STATISTICAL ANALYSIS OF RENE'9S5 CONSTANT AK DATA

APPENDIX B: STATISTICAL ANALYSIS OF RENE'95 OVERPEAK HOLD TIME DATA

APPENDIX C: STATISTICAL ANALYSIS OF ALLOY 718 CONSTANT AK DATA

APPENDIX D: STATISTICAL ANALYSIS OF ALLOY 718 OVERPI.-{ HOLD TIME DATA




2

.1

Caption Rage
Schematic drawing of fatigue crack growth curve showing 9
Regions I, II, and III.
Schematic drawing of sinh crack growth curve. 11
Schematic drawing of sigmoidal or Knaus crack growth curve, 13
Variation in tgfg / t with R-ratio and Paris exponent (n) 20

for loading ramps as predicted by the linear superposition

model.

Example of a mission with frequent changes {in rotor speed. 26
Example of a mission with changes in rotor speed and cruise 27
conditions.

Example of a mission consisting primarily of cruise

conditions.

Variation of normalized stress with time for (a) actual

mission and (b) simplified mission.

Variation of temperature with time for (a) actual mission
and (b) simplified mission.

Variation of stress ratio with temperature for eighteen

missions.

Variation of stress ratio of ramp segments with temperature.




3.

4,

8

.10

.11

.12

.13

.14

1

Ception

Varfation of (a) ramp time with temperature and (b) stress
ratio with ramp time for individual segments of eighteen

missions.

Variation of (a) ramp time with temperature and (b) stress
ratio with ramp time for increasing load segments of

eighteen missions.

Variation of hold time with temperaturz for eighteen

missions.

Varilation of hold times in excess of 10 scconds and 510°C

with temperature.

Variation of underpeak ratio (stress ratio) of hold times

with temperature greater than 510°C with temperature.

Variation of overpeuak ratios of hold times with temperatures

in excess of 510°C with temperature

Variation in overpeak ratio with (a) temperature and

(b) stress ratio for loading and unloading segments (R<0.9).

Microstructure of Rene’95 forging as shown with (a) low
magnification optical micrograph, (b) high magnification
optical micrograph, and (c) TEM replica micrograph.

Optical micrographs of Alloy 718 plate at (a) low and
(b) high magnifications. The rolling direction is displayed
horizontally and the plate thickness direction is shown

vertically.

ix

36

38

39

40

41

43

44

51

54




.9

Caption

Optical micrographs of Alloy 718 plate at (a) low and
(b) high magnifications. The plate width direction is
displayed horizontally and the plate thickness direction

is shown vertically.
Buttonhead single edge notch (SEN) specimen

Schematic diagram of SEN specimen DC potential drop test

apparatus.
Typical K-history for a threshold crack growth test.

Influence of K-shed rate on near-threshold crack growth rates
measured in Rene'95 specimens cycled at 649°C and R-0 with a
300 second hold time.

Typical variation of Kpgy and frequency in a 8K-Controlled

frequency test

Influence of test control mode on Reglon II crack growth
rates measuved in Rene’'95 specimens cycled at R=0 with a
300 second hold time.

Variation of (a) Kpax with crack length end (b) crack
length with cycles during constant AK hold time test on
Rene‘'95 at 649°C and R=0.

Results of the statistical analysis of constant 8K hold time
test on Rene‘95 at 649°C with R=0.

Results of the constant AK hold time test on Rene'95 at 649°C
with R«0.

55

57

60

62

64

66

68

74

75

77




Elgure Laption Rage

5.4 Results of the constant 8K hold time test on Rene’'95 with Re0 78
at (a) 538°C and (b) 593°cC.

5.5 Variation of crack growth rate with hold time measured in 79
. Rene’'95 constant AK tests with R=0 at (a) 538°C and
(b) 593°C.
* 5.6 Results of the constant AK hold time tests on Rene’'95 at 81

593°C with (a) R=0.5 and (b) R=0.8,

5.7 Results of the constant 8K hold time tests on Rene’'95 at 82
649°C with (a) R=0.5 and (b) R=0.8.

5.8 Variation of crack growth rate with hold time measured in 83
Rene’'95 constant AK tests at 593°C with (a) R=0.5 and
(b) R«0.8.

5.9 Variation of crack growth rate with hold time measured in 84

Rene’'95 constant AKX tests at 649°C with (a) R=0.5 and
(b) R=0.8.

5.10 Results of the constant 8K frequency tests on Rene’95 at 85
593°C with (a) R=0.0, (b) R=0.5, and (c) R=0.8.

5.114 Results of the constant 8K frequency tests on Rene’95 at 87
. 649°C with (a) R=0.0, (b) R=0.5, and (c¢) R=0.8.

5.12 Comparison of results of 593°C Rene’95 constant 8K tests 88
- cycled at 20 cpm, 300 second cycle period, and 300 second

hold time with (a) R=0.0, (b) R=0.5, and (c) R=0.8.

5.13 Comparison of results of 649°C Rene'35 constant AK tests 89
cycled at 20 cpm, 300 second cycle period, and 300 second
hold time with (a) R=0.0, (b) R=0.5, and (c¢) R=0.8.

x1i




Elguxe : caption Rage

5.14 Results of 649°C Rene’95 threshold tests with 3 second cycle 91
period and different R-ratios as a fuanlon of (a) AK and
(b) Kpax-
5.15 Results of 593°C Rene'95 threshold tests with 3 second cycle 92 J
period and different R-ratios as a function of (a) AK and
(b) Kpax-
.
5.16 Comparison of 593 and 649°C Rene’'95 threshold tests with 94
3 second cycle period for R-ratios of (a) R=0.0 and
(b) R=0.8.
5.17 Results of Rene’95 threshold tests with R=0 and different 95

hoid times at (a) 593°C and (b) 649°C,

5.18 Results of 649°C Rene’95 threshold tests with R=0 and 96

different test frequencics.

5.19 Variation of (K¢h)pax in Rene’95 at 649°C with R-ratio 98
' and (a) hold time and (b) test frequency.

5.20 Comparison of crack growth rates measured in thresheld and 101
constant AK tests of Rene’95 at 649°C and R~0 for cycle

periods of (a) 3 seconds, (b) 30 seconds, and (c) 300 seconds.

5.21 Comparison of crack growth rates measured in threshold and 103 .
constant AK tests of Rene’95 at 649°C and R=0 for hold times
of (a) 3N seconds and (b) 300 seconds.

5.22 Comparison of crack growth rates measured {n threshold and 1064

conatant AK tests of Rene’95 at 649°C and R=0.5 for cycle

periods of (a) 3 seconds and (b) 200 seconds.

xit

;




Caption

Comparison of crack growth rates measured in threshold and
constant AK tests of Rene’95 at 649°C and R=0.5 for a hold

time of 300 seconds.

Comparison of crack growth rates measured in threshold and
constant AK tests of Rene’95 at 649°C and R=0.8 for cycle

periods of (a) 3 seconds and (b) 300 seconds.

Comparison of crack growth rates measured in threshold and
constant AK tests of Rene’95 at 649°C and R=0.8 for hold

times of (a) 4 seconds, (b) 30 seconds, and (c) 300 seconds.

Comparison of crack growth rates measured in threshold and
constant AK tests of Rene’95 at 593°C and R=0.0 for hold
times of (a) 0 seconds and (b) 300 geconda.

Comparison of crack growth rates measured in threshold and
constant AK tests of Rene’95 at 593°C and R~0.8 for hold
times of (a) 0 seconds and (b) 300 seconds.

Results of Rene’95 static crack growth tests at 649°C.

Results of Rene’'95 static crack growth tests at 593°C.

Schematic showing multiple retardation cycles with hold

times of 0, 4, and 3C seconds.

Variation of crack growth rate with distance in Rene’95 at 117

649°C with a 300 second hold rime at R=~0 preceded by a 50% overpeak.

Results of 649°C multiple overpeak hold time tests on 118
Rene’95 R=0 for overpeaks of (a) 10X, (b) 20X, and (c) 50%.




5.

33

.34

.35

.36

.37

.38

.39

.40

.4l

Caption

Results of 649°C multiple overpeak hold time tests on
Rene’'95 R=0.5 for overpeaks of (a) 10X and (b) 20X.

Results of 593°C multiple overpeak hold time tests on
Rene’'95 R=0 for overpeaks of (a) 10% and (b) 20%.

Results of 593°C multiple overpeak hold time tests on
Rene'95 R=0.5 for overpeaks of (a) 10X and (b) 20%.

Variation of crack growth rate with hold time measured in
649°C multiple overpeak hold time tests on Rene’95 with
R=0 for overpeaks of (a) 10%, (b) 20%, and (c) 50X.

Variation of crack growth rate with hold time measurzd in

649°C nultiple overpeak hold time tests on Rene’'95 with

R=0.5 for overpeikn of (a) 10X and (b) 20X%.

Variation of crack grawth rate with hold time measured in
593°C multiple overpeak hold time tests on Rene’95 with
R=0 for overpeaks of (a) 10% and (b) 20%.

Variation cf crack growth rate with hold time meagured in
593°C multiple overpeak hold time tests on Rene’95 with
R=0.5 for overpeaks of (a) 10%¥ and (b) 20X.

Variation of crack length with cycles during constant 4K
hold time test on Alloy 718 at 649°C with R=0.

Variation of crack length with cycles during transitions
from 300 second hold time to O second hold time during
constant AK hold time test on Alloy 718 at 649°C with R=0
for 300 second hold time Kpay values of (a) 18 MPa/m and
(b) 31 MPa/m.

xiv

119

121

122

123

124

125

126

129

130




5

.

.42

.43

A

.45

.46

.47

.48

.49

.50

.51

Caption

Results of the Constant 8K hold time tests on Alloy 718 at
593°C with (a) R=0.0, (b) R=0.5, and (¢) R=0.8.

Results of the Constant AK hold time tests on Alloy 718 at
649°C with (a) R=0.0, (b) R=0.5, and (c) R=0.8.

Variation of crack growth rate with hold time measured in
Alloy 718 constant AK tests at 593°C with (a) R=0.0,
(b) R=0.5, and (c) R=0.8.

Variation of crack growth rate with hold :ime measured in
constant Alloy 718 AK tests at 649°C with (a) R=0,
(b) R=0.5, and (c) R«0.8.

Results of 649°C Alloy 718 threshold tests with 3 second
cycle period and different R-ratios as a function of
(a) 8K and (b) Kpgy.

Comparison of 593 and 649°C Alloy 718 threshold tests with
3 second cycle period for R=0.0.

Results of Alloy 718 threshold tests with R=0 and different
hold times at 649°C.

Variation of (K¢p)pax In Alloy 718 at 6492°C with R-ratio
and hold time.

Comparison of ~rack growth rates measured in threshold and
constant AK tests of Alioy 718 at 649°C and R=0 for a 300

second hold time cycle.

Comparison of crack growth rates measured in threshold and
constant 8K tests of Alloy 718 at 649°C and R=0.8 for hold

times of (a) 4 seconds, (b) 30 seconds, and (c) 300 seconds.

Xv

132

133

134

135

136

137

139

140

141

142




Eigure caption Rage
5.52  Results of Alloy 718 static crack growth tests at 649°C. 144
5.53 Results of Alloy 718 stacic crack growth tests at 593°C. 145
5.54 Resgults of 649°C multiple overpeak hold time tests on 148 .

Alloy 718 with R=0 for overpeaks of (a) 10% and (b) 20X.

5.55 Results of 649°C multiple overpeak hold :time tests on 149 .
Alloy 718 with R=0.5 for overpeaks of (a) 10X and (b) 20%.

5.56 Variation of crack growth rate with hold time measured in 150
649°C multiple overpeak hold time tests on Alloy 718 with
R=0 for overpeaks of (a) 10X and (b) 20%.

5.57 Varlation of crack growth rate with hold time measured in 151
649°C multiple overpeak hold time tests on Alloy 718 with
R=0.5 for overpeaks of (a) 10X and (b) 20X.

6.1 SEM micrographs showing Region 11 fracture morphology of 158
constant AK, R=0 Rene’95 specimens tested in air and
conditions of (a) 538°C, low Kpoy., 4 second hold time
cycle, (b) 538°C, low Kpax. 300 second hold time cycle,
(¢) 593°C, high Kpax. & second hold time cycle, and
(d) 593°C, high Kpax. 300 second hold time cycle.

6.2 SEM micrographs showing Region II fracture morphology of 159 N

constant AK, R=0 Rene'95 specimen tested in air at 649°C

and conditions of (a) high Kp,, , 4 second hold time cycle,

(b) high Kpax, 30 second hold time cycle, and (c) high -
Kpax. 300 second hold time cycle.




6.3

6.6

6.8

Caption Bage

SEM micrographs showing Region 1I fracture morphology of 161

constant 8K, R~0 Rene’'95 specimen tested in air at 538°C '
and conditious of (a) intermediate Kpay, 4 second hold

time cycle, (b) intermediate Kp,y, 300 second hold time

cycle, (c¢) high Kpax, 4 second hold time cycle, and

(d) high Kpax. 300 second hold time cycle.

SEM micrographs showing Region 11 fracture morphology of 163
constant AK, R=0 Rene’95 specimens tested in air at 593°C
and conditions of (a) low Kpax, 30 second cycle period

and (b) low Kpay., 30 second hold time cycle.

SEM micrographs showing Reglon 11 fracture morphology of . 166
constant AK Rene’95 specimens tested in air at 593°C and

conditions of (a) R=0, intermediate Kp,x. 3 second cycle

period and (b) R~0.8, intermediate Kpsx, 3 second cycle

period.

SEM micrographs showing threshold arrest morphology of 168
K-shed, R=0 Rene’95 specimens tested in air at 649°C end
conditions of (a) 3 second cycle period and (b) 30 second

hold time cycle.

SEM micrographs showing the fracture surface of constant 8K, 169
R~0 Rine’97 hold time specimens tested in air at 649°C and

conditions of (a) 20% overpeak and (b) nc overpeak.

SEM micrographs showing Region 11 fracture morphology of 171
constant AK, R=0 Alloy 718 specimen tested in air at 593°C

and conditions of (a) low Kpax. 4 secoend hold time cycle,

(b) low Kpax. 30 second hold time cycle, and (d) low Kpax.

300 second hold time cycle.

xvii




6.

6.

9

10

.11

.12

Caption

SEM micrographs showing Reglon II fracture morphology of
constant AK, R=0 Alloy 718 specimen tested in air at 593°C
and conditions of (a) intermediate Kp,y, 4 s2cond hold
time cycle, (b) intermediate Kpay, 300 second hold time
cycle, (c) high Kpax, 4 second hold time cycle, and

(d) high Kpay, 300 second hold time cycle.

SEM micrographs showing Region 11 fracture morphology of
constan: AK, R=0 Alloy 718 specimen tested in air at 649°C
and conditions of (a) intermediate Knax. 4 second hold time
cycle, (b) intermediate Kyax. 300 second hold time cycle,
(c) high Kpax. 4 second hold time cycle, and (d) high Kpgx.
300 second hold time cycle.

Crack growth data from 3 second period Rene’'95 vacuum tests

with different R-ratios as a function of (e) AK and (b) Kpay-

Comparison of Rene’95 crack growth rates measur: .mn alr and
vacuum for tests cycled at 593°C with R=0 an¢ = .&. nd hold

time.

Comparison of Rene’95 crack growth rates measured in air and

vacuum for tests cycled at 649°C with (a) R~0 and 0 second

hold time, (b) R=0.8 and 0 second hold time, and (c) R=0 and
302 secznd hold time.

Influence of hold time on Rene’'95 crack growth rates at
649°C with R=0 in (a) air and (b) vacuum.

Influence of test temperature on Rene’'95 crack growth rates

at R«0 and 0 second hold time in (a) air and (b) vacuum.

172

173

176

177




Eigure Caption Page

6.16 Comparison of Alloy 718 crack growth rates measured in air 182
and vacuum for tests cycled at 649°C with R=0 and
(a) 0 second hold time and (b) 300 second hold time.

6.17 Influence of hold time on Alloy 718 crack growth rates at 183
649°C with R=0 in (a) air and (b) vacuum.

6.18 SEM micrographs showing Region 1l fracture morphology of 185
K-increase, R=C Rene’'95 specimens tested in vacuum at 649°C
and conditions of (a) low Kpax., 3 second cycle period,
(b) intermediate Kpg,yx, 3 second cycle period, (c) low
Kpax: 300 second hold time cycle, and (d) intermediate
Kmax+ 300 second hold time cycle. '

6.19 SEM micrographs showing Region I1 fracture morphology of 186
K-increase, R=0 Alloy 718 specimen tested in vacuum at
649°C with a 3 second cycle period; (a) low Kpgyx.
(b) intermediate Kp,x, and (c) high Kpax.

6.20 SEM micrograph showirg Region 11 fracture morphology for 1£7
constant AK, R=0 Al  .v 718 specimen t«sted i{n air at 649°C

with a 3 second cycle period (low Kpax lev .1).

6.21 SEM micrograph showing Region Il fracture morphology of 189
K-increase, R=0 Alloy 718 specimen tested {n vacuum a:
649°C with a 300 second °old time cycle (intermediate
K level).

6.22 Comparison of Rene’'95 crack growth rates measured at 649°C 190
for R=0 cycling with O second hold time in alr and vacuum

and 300 second hold time in vacuum.

Xix



6.23

6.24

6.25

6.26

6.27

h.26

6.29

Caption

Comparison of Alloy 718 crack growth rates measured at 649°C
for R=0 cycling with O second hold time in air and vacuunm

and 300 second hold time in vacuum.

Optical micrographs showing crack in K-shed, R=0 Rene’95
specimen tested in air at 649°C with a 300 second hold
time cycle; (a) low magnification view of entire crack,
(b) high magnification view of crack in arrest region
(unetched microstructure), and (c) high magnification view

of crack in arrest region (etched microstructure).

Optical micrographs showing crack in K-shed, R=0 Alloy 718
specimen tested in air at 649°C with a 30C second hold time
cycle; (a) low magnification view of entire crack, (b) high
magnification view of crack in arrest region (unetched
microstructure), and (c¢) and (d) high magnification views

of crack in arrest region (etched microstructure).

Variation of damage zone size with R-ratio and Kgp,, for
Alloy 718 cycled at 593°C with a 300 secord hold time.

Variation of crack length with cycles for damage zone

experiment in air.

Veriation of dumage zone -ize with hcid time, materiatl,
and test temperature as measured in damage zone

experiment in air.

Variation of crack length with cycles for the transition
from 300 second hold time to 20 cpm cycling for (a) alr/air

cycling, (b) vacuum/vacuum cycling, (c) vacuum/air cycling,

and (d) air/vacuum cycling.

191

193

194

196

198

199

200




7.1

Saption

Sigmoidal crack growth rate curve adjusted to permit static

crack growth below the gtatic crack growth threshold.

Schematic diagram of superposition model including a static

crack growth threshold,

Schematic diagram of modified Willenborg retardation model

Application of static retardation to constant amplitude,

constant frequency tests.

Application of static retardation to overpeak hold time

test cycle.

Schematic example of a mission analyzed by ACDCYCLE.

Comparison of 649°C Rene’?5 (a) hold time and (b) frequency
threshold data with predictions from the interpolation
threshold model.

Cyclic crack growth curve used in the 649°C Rene’95

superposition model.

Static crack growth curve used in the 649°C Rene’95

superposition model.

Comparison of experimental data with predictions from
interpolation model (1) and interpolation + superposition

model (I+S) for Rene’95 tested at 649°C with R=0.0 and hold

times of (a) 4 seconds, (b) 30 seconds, and (c) 300 seconds.

211

214

218

220

222

228

234

238

242




7.

11

.12

.13

.14

.15

.16

.17

caption

Comparison of experimental data with predicticns from
interpolation model (I) and interpolation + superposition
model (I+S) for Rene’95 tested at 649°C with R=0.5 and hold

times of (a) 4 seconds, (b) 30 seconds, and (c¢) 300 seconds.

Comparison of experimental data with predictions from
interpolation model (I) and interpolation + superposition
model (I+S) for Rene’'95 tested at 649°C with R~0.8 and hold

times of (a) 4 scconds, (b) 30 seconds, and (¢) 300 seconds.

Comparison of experimental data with predictions from
interpolation model (I) and interpolation + superposition
model (I+S) for Rene’'95 tested at 649°C with R~0.0 and cycle
periods of (a) 3 seconds, (b) 30 seconds, and

(c) 300 geconds.

Compariscon of experimental data with predictions from
interpolation model (I) and interpolation + superposition
model (I+S) for Rene’95 tested at 649°C with R=0.5 and cycle
periods of (a) 3 seconds, (b) 30 seconds, and

(c) 300 seconds.

Comparison of experimental data with predictions from
interpolation model (I) and interpolation + superposition
mode! (I+S) for Rene’'Y> tested at 649°C with R=0.8 and.cycle
periods of (a) 3 seconds, (b) 30 seconds, and (c) 300 seconds.

Predictions of crack growth rates in Rene’'95 at 649°C with
(a) hold time and (b) cycle period (frequency) using the

superposition model.

Predictions of crack growth rates in Rene'95 at 649°C with
(a) hold time and (b) cycle period (frequency) using the
interpolation model.

xxii

Page

243

245

246

247

248

250

252




Edgure Caption Rage

7.18 Comparison of crack growth predictions for R=0 hold time 253
and frequency cycling of Rene’95 at 649°C using the

(a) superposition and (b)interpolation models.

7.19 Comparison of 649°C Rene’'95 crack growth predictions for 255
R=0 hold time cycles with 0.005 and 1.5 second loading ramps

using the (a) superposition and (b) interpolation models.

7.20 Variation of $ with K,1 for 649°C Rene’'95 hold time 257

overpeak tests with 10X overpeaks.

7.21 Comparison of predicted and observed cycles to propagate 258
through individual segments of 649°C Rene’95 hold time
overpeak tests with R-ratios of (a) 0.0 and (b) 0.5.

7.22 Comparison of ACDCYCLE predictions with experimental crack 260
growth rates in 649°C, R=0.0 Rene’'95 hold time overpeak
tests with 300 second hold times and (a) 10X, (b) 20%,
and (c) 50X overpeaks.

7.23 Comparison of ACDCYCLE predictions with experimental crack 261
growth rates in 649°C, R=0.5 Rene’95 hold time overpeak
tests with 300 second hold times and (a) 10X and (b) 20%.

71.24 Cornpurison of ACDCYCLE predictions with experimental crack 261
growth rates in 649°C, R=0.0 Rene’95 test with a cycle

period of 300 seconds.

7.25 Comparison of ACDCYCLE predictions with experimental crack 265
growth rates in 649°C, R=0.0 Rene’'95 test with a hold time
of 300 seconds.

7.26 Comparison of 649°C Alloy 718 hold time threshold data with 268

predictions from the interpolation threshold model.

xxiii




7.27

caption

Static crack growth curve used in the 649°C Alloy 718

superposition model.

Comparison of cyclic and superposition ACDCYCLE predictions
with Alloy 718 crack growth data measured during a R=C,

0 second hold time test in air.

Comparison of cyclic and superposition ACDCYCLE predictions
with Alloy 718 crack growth data measured during a R=0.5,

0 second hold time test in alr.

Comparison of experimental data with predictions from
interpolation + superposition model for Alloy 718 tested at
643°C with R=0.0 and hold times of (a) O seconds,

(b) 4 seconds, (c) 30 seconds, and (d) 300 seconds.

Comparison of experimental data with predictions from
interpolation + superposition model for Alloy 718 tested at
649°C with R=0.5 and hold times of (a) 0 seconds,

(b) 4 seconds, (c¢) 30 seconds, and (d) 300 seconds.

Comparison of experimental data with predictions from
interpolation + superposition model for Alloy 718 tested at
649°C with R=0.8 and hold times of (a) O seconds,

(b) 4 seconds, (c) 30 seconds, and (d) 30C seconds.

Variation of ¢ with K, for 649°C Alloy 718 hold time

overpeak tests with 10X overpeaks.

Comparison of predicted and observed cycles to propagate
through individual segments of 649°C Alloy 718 hold time
overpeak tests with R-ratios of (a) 0.0 and (b) 0.5.

xxiv

271

272

273

277

278

279

281




7.

35

.36

Caption

Comparison of ACDCYCLE predictions with experimental crack
growth rates in 649°'C, R=0.0 Alloy 718 hold time overpeak
tests with 300 second hold times and (a) 10X and

{b) 20X overpeaks.

Comparison of ACDCYCLE predictions with experimental crack
growth rates in 649°C, R=0.5 Alloy 718 hold time overpeak
tests with 300 second hold times and (a) 10X and

(b) 20X overpeaks.

Statistical analysis results of Rene’'95 constant AK hold
time crack growth data from specimen cycled at 538°C with
a R-ratio of 0.0.

Statistical analysis results of Rene’95 constant 8K hold
time crack growth data from specimens cycled at 593°C with
R-ratlios of (a) 0.0, (b) 0.5, and (c) 0.8.

Statistical analysis results of Rene'95 constant AK
frequency crack growth data from specimens cycled at

593°C with R-ratios of (a) 0.0, (b) 0.5, and (c) 0.8,

Statistical analysis results of Rene’'95 constant 8K hold
time crack growth data from specimens cycled at 649°C with
Q-ratios of (a) 0.0, (b) 0.5, and (c) U.8.

Statistical analysis results of Rene’95 constant AK
frequency crack growth data from specimens cycled at 649°C

with R-ratios of (a) 0.0, (b) 0.5, and (c) 0.8.

Statistical analysis results of crack growth data from

Rene’95 specimen AF73 cycled at 593°C with a 10X overpeak

and R-ratio of 0.0 having hold times of (a) 0, (b) 4, (c) 30,

and (d) 300 seconds.

XXv

282

283

298

299

300

301

302

304




B.2

B.3

B.4

B.5

B.6

B.8

capcion

Statistical analysis results of crack growth data from
Rene'95 specimen AF28 cycled at 593°C with a 20X overpeak
and R-ratio of 0.1 having hold times of (a) v, (b) 4, (¢)
and (d) 300 seconds.

Statistical analysis results of crack growth data from
Rene’'95 specimen AF73 cycled at 593°C with a 10% overpeak
R-ratio of 0.5 having hold times of (a) 0, (b) 4, (c) 30,
and (d) 300 seconds.

Statistical analysis results of crack growth data from
Rene’'95 specimen AF43 cycled at 593°C with a 20% overpeak
and R-ratio of 0.5 having hold times of (a) 0, (b) 4, ()
and (d) 300 seconds.

Statistical analysis results of crack growth data from

Rene’'95 specimen AF68 cycled at 649°C with a 10% overpeak
and R-ratio of 0.0 having hold times of (a) 0, (b) 4, (c)
and (d) 300 seconds.

Scatistical analysis results of crack growth data from
Rene'95 specimen AF29 cycled at 649°C with a 20X overpeak
and R-ratio of 0.0 having hold times of (a) 0, (b) 4, (c)
and (d) 300 seconds.

Statistical! analysis results of crack growth data from
Rene’'95 specimen AF34 cycled at 649°C with a 50% overpeak
and R-ratio of 0.0 having hold times of (a) 0, (b) &4, (c)
and (d) 300 seconds.

Statistical analysis results of crack growth data from
Rene’95 specimen AF75 cycled at 649°C with a 10X overpeak
and P-ratio of 0.5 having hold times of (a) 0, (b) 4, (c)
and 'd) 300 seconds.

xxvi

ic,

and

30,

30,

30,

30,

30,

305

306

307

308

309

310

311




B.9

gaption

Statistical analysis results of crack growth data from
Rene’95 specimen AF35 cycled at 649°C with a 20X overpeak
and R-ratio of 0.5 having hold times ot (a) 0, (b) 4, (c) 30,
and (d) 300 seconds.

Statistical analysis results of Alloy 718 constant AK hold
time crack growth data from specimens cycled at 593°C with
R-ratios of (a) 0.0, (b) 0.5, and (c) 0.8.

Statistical analysis results of Alloy 718 constant AK hold
time crack growth data from specimens cycled at 649°C with
R-ratios of (a) 0.0, (b) 0.5, and (¢) 0.8.

Statistical analysis resuits of crack growth data from
Alloy 718 specimen A13-02 cycled at 649°C with a 10X overpeak
and R-ratio of 0.0 having hold times of (a) 4, (b) 30,

and (¢) 300 seconds.

Statistical analysis results of crack growth data from

Alloy 718 specimen Al3-14 cycled at 649°C with a 20X overpeak
and R-ratio of 0.0 having hold times of (a) &4, (b) 30,

and (c) 300 seconds.

Statistical analysis results of crack growth data from

Alloy 718 speciinen Al3-32 cycied at 649°C (1200°F) with a 10%
overpeak and R-ratio of 0.5 having hold times of (a) 4,

(b) 30, and (c¢) 300 seconds.

Statistical analysis results of crack growth data from

Alloy 718 specimen A13-05 cycled at 649°C (1200°F) with a 20%
overpeak and R-ratio of 0.5 having hold times of (a) 4,

(b) 30, and (c) 300 seconds.

xxvii

312

314

315

319

320

321

322




LIST OF TABLES

Iasble Title Bage
3.1 Conditions for Task II Testing 45
4.1 Composition of Rene’95 Disgk 48 ‘
4.2 Test Ring Properties of Rene’95 Disk ~ ' 49 .
4.3 Composition of Alloy 718 Plate 52
5.1 Rene’95 Simple Cycle Test Matrix 72
5.2 Rene’95 593°C Threshold Data 100
5.3 Rene’95 Overpeak Test Matrix 114
5.4 Alloy 718 Simple Cycle Test Matrix 128
5.5 Alloy 718 Overpeak Cycle Test Matrix 146
6.1 Rene’'95 Simple Cycle Specimens Evaluated in Fractographic 156
Studies
6.2 Summary Of Rene’95 R=0 Fractography Results For Hold Time 157

Test Specimens

6.3 Summary Of Rene’95 593°C, R=0 Hold Time and Frequency 164

Fractographic Observations

6.4 Vacuum Crack Growth Specimens 174

6.5 Crack Curvature Data 202




Table Title Page

7.1 Application of Retardation Constants 223

7.2 Sequence Of Mission Analysis In ACDCYCLE Using Interpolation 229
Crack Growth Model

7.3 Sequence Of Mission Analysislln ACDCYCLE Using Interpolation + 231
Superposition Crack Growth Model

7.4  Constants for 649°C Rene’'95 Interpolation Threshold Model 233
7.5 Constants for 649°C Rene’95 Interpolation Model 235
7.6 Constants for 649°C Rene’95 Superposition Model 237
7.7 Constants for 649°C Alloy 718 Interpolation Threshold Model 267
7.8 Constants for 649°C Alloy 718 Superposition Model . 270

xxix




1.0 INTRODUCTION

Improving combat maneuverability and engine efficiency are of critical
importance in the design of current and future military aircraft. Improving
combat maneuverability will require an engine with rapid acceleration and
deceleration capabilities coupled with higher thrust-to-weight ratios and
correspondingly higher operating combustor exit temperatures. Higher engine
efficiency will also require hotter engine operating temperatures. Resulting
service-loading spectra will include a large variety of load applicationms.
These load applications may include fatigue cyclic loadings, sustained loads

for various times, or a combination of the two.

Analytical and experimental studies have been performed under fatigue
loading and sustained loading alone, but the behavior of materials due to the
interactions between fatigue and sustained loads is complex and not yet well
understood. As éemperatures and design stresses increase, time-dependent
material behavior becomes increasingly important. It is well recognized that
time-dependent behavior in typical nickel-base superalloys is an
environmentally enhanced phenomenon; ncenetheless, this time-dependence and
sustained-load interactions must btz considered for some materials being
utilized or developed for advanced Alr Force engines. Present crack growth
predictive capability has been demonstrated or applied for primarily '
time-independent situations. It is the purpose of this program to improve
significantly the capability for predicting crack growth at elevated

temperatures, including time-dependent material behavior.

The objective of this program was to develop a mathematical model capable
of predicting crack growth in advenced turbine disk alloys under operating
conditions that produce time-dependent and cycle-dependent effecﬁs. Crack
growth models were developed to determine crack growth rates of nickel-base
superailoys in advanced Air Force engine turbine disks under spectrum loading
conditions representative of anticipated service in a wide variety of
missions. Model development was limited to isothermal conditions where

time-dependent crack grewth can occur (that is, where hold time and frequency

effects play important roles in crack-growth behavior). In support of this




activity, an extensive experimental program was performed to determine
material properties and to better understand the mechanisms which control

time-dependent crack growth.

The program was accomplished with the following four tasks:

. Task 1 - Definition of typical mission spectra and range of loading
conditions.
. Task II - Generation and assembly of complete baseline crack growth

data on Rene'95 and limited baseline data on Alloy 718.

L) Task III - Development of crack growth models and incorporation

into computer code for numerical calculations.

. Task IV - Evaluation of governing mechanisms and.application of

this information to model development.

The work in Task I concentrated on surveying the missions or anticipated
missions in advanced military aircraft. This survey included various high
pressure turbine disk locations where loading and temperature profiles were
significantiy different. These stress/temperature/time histories were
selected from analyses of the Joint Advanced Fighter Engine. In reviewing
these analyses, emphasis was placed on conditions which would lead to
time-dependent crack growth. Based on this Task 1 survey, the range of Task
II testing conditions was selected.

")

In Task II, the crack growth properties of extruded plus isothermally
forged powder metallurgy Rene' 95 and cast plus wrought Alloy 718 were
measured over a range of temperatures, stress ratios, test frequencies, hold
times, and overpeak loading patteorns. The Region II crack growth rates were
determined using buttonhead single edge notch specimens by applying segments
of constant stress intensity factor where the crack length was monitored using

a DC potential crop technique. This method was selected to provide a

cost-effective test method, with determination of good statistical data, along




with identification of transient behavior. The near-threshold crack growth
rates were determined using a K-shed technique. The data obtained in this
program were modeled in Task III and were used to select test conditions for

the Task IV mechanism tests.

In Task III, data obtained during the Task II on Rene’ 95 and Alloy 718
vere modeled. Both totally interpolative and a combination of interpolative
and superposition models were developed. Based on these analyses and
understanding of the crack growth mechanisms obtained during Task IV, the best
crack growth model was identified and documented. At the end of this task, a
personai computer (PC) crack growth prediction computer program was written

and delivered to the Air Force Materials Laboratory.

The purpose of Task IV was to identify the elevated crack growth
mechanisms of nickel-base superalloys. Extensive fractographic examinations
were performed on the specimens tested in Task II. This information was used
to- evaluate the underlying mechanisms. 1In addition, high vacuum and other
types of tests were performed to better understand the role of environment and

other factors which result in time-dependent crack growth. These results were

used to assist in the selection of the crack growth models in Task III.




2.0 LITERAIURE REVIEW

The uiLjective of the investigacion described in this revort was to
develop an improved model for time-dependent crack growth in nickel-base
superalloys for the range of conditions experienced in the turbines of
advanced aircraft engines. There has been a significant amount of research
performed on these and similar alloys. This section of the report will
summarize that work and set the background for both the experimental and model
development portions of this investigation. The literature survey has been
divided into sections on creep - fatigue - environment interactions, crack
growth rate curve relationships, and the models used to predict time-dependent

crack growth.
2.1 CREEP - FATICUE - LNVIRONMENT INTERACTIONS

It has been known for several decades that there is a complex creep -
fatigue - environment damage mechanism which occurs during the high
temperature cyclic loading of engineering materials. This was ably
demonstrated by Coffin and his coworkers(1:2) where the elevated temperature
fatigue life of smooth fatigue specimens tested in laboratory alr diminished
significantly as test frequency was reduced. This effect, to a large extent,
disappeared when the tests were performed in a high vacuum environment. These
types of observations led to the development of frequency modified fatigue
laws(1,3-5) and strain range partitioning fatigue models(6-8)

The effects of environment on the rupture behavior of nickel-base alloys
was probably first demonstrated by Chang(g) who showed that rupture specimens
exposed in air under no applied stress had lower rupture ductility than
companion specimens tested without the pre-exposure. These types of
experiments were performed using several nickel-base cuperalloys. Cracks
nucleated at the specimen surface and exhibited an intergranular failure mode.
This behavior was the subject of more exhaustive research which has been

revieved by Woodford and Bricknel11(10) It has been shown that the

embrittlement behavior is very complex and results, in part, from the




diffusion of oxygen along grain boundaries. Therefore the response of a given
material is highly dependent on the local chemistry and structure of grain

boundaries.

2.1.1 crack Growth

The growth of cracks has been studied in numerous investigations at
universities(11-15) government laboratories(16-24) = and industrial
laboratories(25-32)  The materials evaluated included several commercial
alloys, but the most popular alloy investigated was Alloy 718, ay-y"
superailoy. Testing conditions included a variety of different wave forms as
well as constant or static load (no fatigue component). The investigations
studied the influence of test temperature, R-ratio, test frequency, hold time,
overpeak, microstructure (alloy, product form, and heat treatment), and/or
fractute aude. Starting with the initial work of Solomon(zs), 1t Lias bcen
shown that the presence of laboratory air greatly accelerates the growth of
cracks, particularly for static loading and low frequency or hold time cyclic
tests(12-14,18,29) The post thorough evaluation of environment was the study
by Floreen and Kane(29) where the crack growth of Alloy 718 was measured in
several different environments. The results of that study strongly suggested

that oxygen is the species which makes air such a damaging environment.

Many of the studies showed that for high frequency conditions, the
testing environment does not significantly influence the crack growth
rates(16,20,23-25,26)  This has led to the terminology of cycle Jdependent and
tiae ~Copeniene regimes, ccrresponding vo conditionr where procaga‘iv. is
dominated by static or cyclic crack growth, respectively. It was also shown
that as the material experienced more time-dependent crack growth rates, the

fracture path often changed from a transgranular to a intergranular mode.

Several 1nvestigations‘1“v19-27) have shown that there is a significant
difference in time-dependont crack growth between different alloys. Cowles,
Warren, and Haake(31l) ghowed that seven aircraft engine disk alloys had

similar crack growth rates for 20 cpm (0.33 Hz) continuous cycling at 649°C.

The crack growth rates of these alloys accelerated significantly during 900




second hold time cycles and differed by a factor of 100 between the different
alloys. These data can be correlated with a variety of parameters including
grain size, ultimate tensile strength, and chromium content, but the true
source of the accelerated growth assnciated with creep - fatigue - euvirvument
interactions is not known or understood. James(30) investigated several
different product forms of Alloy 718 and showed that uniform coarse grained
material had slower crack growth rates than uniformly fine grained Alloy 718.
Processing conditions with a duplex, necklace micrustructure were superior to
either of the uniform grain sizes. A similar conclusion was reached by Bain
and Pelloux(14) for Rene’95.

There have also been several investigations supporting the occurrence of
a competition between environmentally-assisted crack advance and crack tip
blunting (and stress redistribution) caused by creep(lsvlﬁ'ls). There 1s also
sigrificant evidence of specimen thickness effects wneve aore rap!d ciack
growth occurs in the center of through crack specimens than at the
surface(33,34)

It has been observed that there can be a significant amount of
time-dependent crack growth during elevated remperature service. The amount
of growth 1s highly dependent on the temperature, environment,
alloy/microstructure, and loading cycle. Although several suggestions have
been made, the mechanisms by which this accelerated crack growth can occur are

not well understood.
7.2 CRACZK _GRD CURVES

Numerous mathematical relationships have been proposed to describe the
relationship between cyclic crack growth rate (da/dN) and the value of the
range of the Irwin stress intensity factor (AK) or some value of effective
value of K (Koff). Three basic relationships have been used to describe the
response of nickel-base superalloys - the Parls, sinh, and sigmoidal

equations. This section will describe each of these and their implications

and limitations.




The crack growth response of engineering materials is usually
represented in a plot of the logarithm of crack growth rate (da/dN) as a
function of the logarithm of AK or Kgff. For the remainder of this section no
atstinction will be made between AK and Kegf and they will be referred to as
just K. Figure 2.1 shows a schematic representation of a typical fatigue
crack growth curve. This curve has three main sections as labeled in this
figure. Region 1 is the near-threshold regime where decreasing K results in a
sharp decrease in crack growth rates as the threshold value, K., is
approached. Region III is the upper end of the curve with rapid crack growth
rates which approach the cyclic toughness, K.. Region II exists between these
two regimes and typically has a linear response between crack growth rate and

K using the log-log representation shown in Figure 2.1.

A1l three models consider variation in the logarithmic properties as
shown in Figure 2.1. 1In order to avold iengthy aguesticos, the crack growth

. rates will gometimes be rewritten using the terms x and y where
y = log da/dN (2.1)
x - log K (2.2)

This representation presents the schematic curve in Figure 2.1 using linear

rather than logarithmic coordinates.

2.2.1 Parjs Law

Paris(35) was the first to show that the growth of fatigue cracks could
be described using linear elastic fracture mechanics. In his original work,
he noted that there was a linear relationship between the logarithm of crack
growth rate and K. He proposed describing these Reglor. 11 crack growth rates
using a relationship which has come to be known as the Paris Law. This can be

described as

da/dN - A Kb 2.3)
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where the values of A and b are constants determined from the experimental

data. This relationship can also be represented as
y = log A +bx (2.4)
using the definitions of x and y in Equations 2.1 and 2.2. ) .

The Paris relationship adequately defines the Region II portion of the
crack growth rate curve. It can be combined with values of K¢, and K. to
provide endpoints to the curve representing the lower and upper limits of
crack growth, respectively; however, the transition regions between the

near - threshold and near-toughness are not represented by the Paris model.

2.2.2 Sinh Curve

The sinh model was developed at Pratt and Whitney(36'38) and has been
used to describe the crack growth rate of several structural materials
including high strength nickel-base superalloys. The hyperbolic sine (sinh)
crack growth equation is

log (da/dN) = C; sinh (Cp (log K + C3)) + C4 (2.5)
or using the definitions of x and y given in Equations 2.1 and 2.2

y = C; sinh (Cp (x + C3)) + C4 (2.6)
An example of a sinh growth curve is shown schematically in Figure 2.2. An
inflection point occurs at an x value of (-C3) and a y value of C4. This
model has no mathematical definition of K¢p, or K. and a value of da/dN can be

determined for any value of K. The curvature of the sinh curve is identical

in the near-threshold and near-toughness regime since the sinh function 1is

symmetric. The parameters Cy; and C; scale the x and y axes, respectively.
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Figure 2.2: Schematic drawing of sinh crack growth curve.




The slope of the sinh curve is

dy
:; - C1 C2 cosh (C2 (x + C3)) (2.7)

At the inflection point (x4 = -C3) the slope equals C;Cj.

Wallace, et.al.(36) defined C1 to be a material constant. The values of
C2, C3, and (  were described as a function of the test parameters and were
determined from the position (x4 and y{) and slope of the crack growth curve

at the inflection point.

2.2.3 Sigmojdal Curve

The sigmoidal crack growth relationship was originally developed at GE
Afircraft Engines by Knaus(39) and first reported in the open literature by
Coles, et.al.(28)  The form of this relationship is

K o K Ke p
da/dN = exp (B) [K—;I (log y—17 [log ¢~] (2.8)
t th

where B, P, Q, and D are constants for a given set of experimental conditions;
and K¢ and K. are the threshold and cyclic toughness stress intensity

factors, respectively. Figure 2.3 shows a schematic drawing of the sigmoidal

crack growth curve.
Using the definitlons of x and y given above and detining
%o = log Kep | (2.9)
and xf = log K.,

(2.10)

the sigmoidal relationship can be rewritten as

y = B + P(x-%x5) + Q log (x-%x5) + D log (xf - x) (2.11)
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Figure 2.3: Schematic drawing of sigmoidal or Knaus crack growth curve.
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The first term, B, translates the curve up the y axis. The slope of the curve
18 controlled by P and the curvature in the near-threshold and near-toughness

regime {8 controlled by Q and D, respectively. In most cases, the value of D

is negative. The sigmoidal curve has & ivtw idlen:iical to che Paris

relationship when Q and D are set to zero and K¢p equals unity (x5 = 0).

The slope of the sigmoidal curve is
dy/dx = P + Q/(x-%Xg5) - D/(xf-X) (2.12)

The inflection point (xy) can be determined by setting dzy/dx2 to zero and oy
rearranging

xg = (x6Q + xo4(-D)) / (JQ + J(-D)) (2.13)

The major advantage of the sigmoidal curve over the sinh model is that
values for both the crack growth threshold and cyclic toughness are defined.
The sigmoidal relationship also independently defines the curvature in the
transition between both Regions 1 and II and Regions I1 and 1I11. These are
not adjustable in either of the other crack growth curve equations. This
comparison of the sigmoidal and sinh models is, to some extent, slightly
unfair. The sigmoidal equation has six adjustable parameters while the sinh
model only has four. Thus, one would expect an inherently better fit for the
sigmoidal than sinh model. The near-threshold and near-toughness transitions
in the sinh model are dependent on an unadjustable functional form. in this
case the hyperbolic sine. Gu the cther hand, the sigmcidal equarions models
these regimes with the help of the constants Q and D. This leads to more
flexability in accurately modeling the crack growth response over the entire
range of crack growth rates. The principal deficiency of the sigmoidal

relationship is the inter-dependency of the six constants.
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2.3 TIME-DEPENDENT CRACK GROWTH MODELS

There are two basic types of models which have been used to predict the
tive-dependent crack giuwin respuase of nickel-base superalloys: interpolative
and superposition models. Interpolative models describe the constants in the
crack growth rate equations as a function of che cycling variables (R,
frequency, hold time, etc.) while superposition models separately account for
the cycle-dependent and time-dependent parts of the crack growth. Each type

of model will be considered separately.

2.3.1 Interpolative Models

Two interpolative models have been used to analyze elevated temperature
crack growth of nickel-base superalloys. An interpolative sinh model was
developed by Sims, et.al.$8) while an iuterpolative sigmoidal model was
developed by Utah(32), These two interpolative models were developed to
represent the influence of temperature, hold time, frequency, and R-ratio on
the constants in the appropriate crack growth equation. 1In both cases, the

material constants were derived largely on the basis of Region Il data.

Both models were calibrated using the movement of the inflection point
in the crack growth rate curve. For the case of the sinh equation, Sims,
et.al.(38) get the value of C1 to a constant. The movement of the inflection
point was controlled by the variations in C3 and C4, the values of x and y at
the inflection point. The slope of the curve was controlled by the slope at

the infleccion puint {£7).

Utah(32) developed a interpolative model of the sigmoidal equation by
establishing relationships for the variation of K¢p (exp x,) and K. (exp xg)
with test parameters and setting the value of Q to a constant. This was done
in the absence on near-threshold crack growth data. The remaining sigmoidal
constants (B, P, and D) were evaluated by the movement and slope of the
inflection point. The constant D was evaluated from the x4 value of the
inflection point. P was then calculated from the slope of the crack growth

rate curve at the inflection point and the value of B was determined by the
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absolute crack growth rate at the inflection point. Egquations were
constructed using regression analysis to describe the variation of the six

sigmoidal terms with temperature, stress ratio, ftéquency, and hold time.

Both interpolative models accurately predict the response of cracks in
Reglon II under the combined influence of test temperature, stress ratios, .
frequencies, and hold times, but may be inaccurate in the near-threshold
regime. This low crack growth rate regime can be very important for the high
R-ratio conditions which frequently occur in military aircraft. The
interpolative models are also difficult to interpret in terms of crack growth

mechanisms.

The models just deicribed can be thought of as total interpolative
models where all the constants in the crack growth equation are described as a
function uvi ihe cycle paiaweters. There is also another type of intecpolative
model where the effect of R-ratio (mean stress) 1s modeled by transforming the
values of AK and R into a single value of Kqff. This changes. the values on
the log K (x) scale rather than the values of the crack gro.th equation
constants. One successful example of this type of model is the relationship
first proposed by Walker(40)

Keff = Kmax (1-R)7 (2.14)
where m is known as the Walker exponent

Wien m is zero, Kesp zquale Kpg,.: but when m iz unity, Xe;f zguals 8K
In reality, the Walker exponent is an empirical factor which accounts for mean
stress and closure effects without knowing their magnitude or the exact
contribution from each effect. The crack growth curve can then be defined in

terms of Kgff rather than AK. -

The Walker approach was modified by Van Stone(4l) to include the use of
a separate Walker exponent for positive and negative R-ratios (m* and m-,

respectively). This approach was used to model a large range of HIP-compacted

Rene’95 Region Il data to a single crack growth curve for R-ratios ranging




from -1.22 to 0.75. Subsequently this approach has been used to successfully
account for the influence of R-ratio on the Region 1 and II crack growth rates
for a wider range of alloys including extruded and isothermally forged

rene '35, Allesy 718, and Direct Aged Alloy 718(42-44) | Tiese iuvestigations
showed that the crack growth rates of these materials under 0.33 Hz (20cpm)
cycling conditions could be collapsed to a single population of data which can

be converted to a set of crack growth equation constants(43)

2.3.2 Supexpesition Models

The time-dependent crack growth response of materials can also be
described using a superposition model where the total crack growth rate is
described as the sum of the cyclic crack growth and the time-dependent crack
growth

da/dN = (da/dN). + Aa (2.15)

where
da/dN = total crack growth rate
(da/dN). = cyclic crack growth rate

and Aa = time dependent crack growth rate

This type of model was first proposed by Wei and Landes(43) for the
modeling of room temperature corrosion fatigue of high-strength steels above
the stress corrosion cracking threshold for the environments evaluated. This
*ypre cL model wos d'ccussed more fully by Gallagher and Wel(46) ang was
applied for the first time to elevated temperature time-dependent crack growth

of §uperalloys by Solomon(47)

Elevated temperature crack growth which occurs under constant load
conditions is frequently called creep crack growth. This appears to be an
accurate description for the growth of cracks in pipe line and pressure vessel
steels where extensive creep deformation occurs as the cracks grow. This
terminology presumes that the growth of the crack is controlled by the far

field creep deformation. As first noted by Larsen and Nicholas(20)  this may
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not be an accurate description for the environmentally sensitive crack growth
in nickel-base superalloys at elevated temperature. This type of
environmentally assisted cracking appears to be phenomenonologically similar
to the stress corrusion cracking of steels, cticaniwa, aud eluminum alloys at
low temperatures, even though the crack tip deformation and fracture
mechanisms are quite different. For these reasons, this type of crack growth
will be called sustained-load or static crack growth through the remainder of
this report in order to avoid any misconception as to the mechanisms

associated with this behavior.

Speidel(“s) and Sadananda and Shahinian(17) reported that the hold time
and low frequency crack growth response of Alloy 718 at elevated temperatures
could be modeled as a time-dependent crack growth. Examination of Equation
2.15 shows that this can be predicted using a superposition approach when
(da/dN). is small relative to la.

Utah(32) noted that one of the most difficult conditions to predict
using an interpolation model was the combination of high mean stress, high
temperature, low frequency, and long hold times. Under these conditions, a
significant amount of the crack growth can occur from the constant high stress
portion of the cycle only, with only a limited contribution from the cyclic
component of stress. It appears t':at a superposition model would be able to
predict the crack growth in this type of cycle better than an interpolation
model.

~hristoff(21) extended the supevpesition model by assvzming that setatic
crack growth obeyed a Paris type relationship

da/dt = C KM (2.16)
If K can be written as a function of time, f(t), this equation can be

rearranged and integrated over the time interval of a loading segment (t) to

determine the crack growth increment Aa:
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Aa - I da = C I £(e)™ de (2.17)

Christoff(zl) performed closed form Integration for the cases of either (1)

constant K or (2) linear variations of K with time. For constant K conditions
da = A K¢ (2.18)

The result for a linear variation of K with time is dependent on t, n, and the
R-ratio ’

Ba = C ((1 - RN /(nel)) Kpay® ¢ (2.19)

Comparison of Equations 2.18 and 2.19 show that they can both be expressed by
the following relationship:

da = A K" tegg , (2.20)
where tegf = t for hold times (2.21)

and tegg = ((1 - R)(M1)/(n+1)) ¢ for loading ramps (2.22)

The variation of the ratio between toff and t as defined in Equation 2.22 is
shown in Figure 2.4 as a function of R and n. As R increases, Kpyy, approaches
Kpax resulting in a larger value of K over the cycle and thus a higher tg¢¢
and larger amounts of static crack growth. 1In the limit as R approaches
unity, a loading ramp closely approximates a hold time so tgff / t is unity as
described in Equation 2.21. The value of n describes the slope of the static
crack growth curve. Increasing n results in a larger difference in crack
growth rates between Kpj,, and Kpgyx for a constant R ratio. The influence of n

diminishes with increasing R because higher R ratio result in a smaller range
of K,

This model assumes that there is no threshold value of ¥ below which
cracks will not grow. This approach has been used by Nicholas and
co-workers(20,22,23) ¢4 predict the growth of cracks in nickel-base

superalloys. They showed that this approach works well under some

circumstances, but not so well under others. The most notable exceptions were




teff / t

0.0

0.0 0.2 0.4 0.6 0.8 1.0

Figure 2.4: Variation in tgoeg / t with R-ratio and Paris exponent (n) for

loading ramps as predicted by the linear superposition model.
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low R-ratio loading ramps. It has been concluded that only the loading
portion of cycles result in crack growth; however, this observation tends to
break down for high R-ratio cycling. The superposition model does not tend to
accurateiy predict the growth of cracks when the load or K is lLieid at values

below the maximum level. This will be discussed in the following section.

2.3.3 Retardation Models

It is well known that if a crack experiences a mission where a single
maximum load cycle is significantly greater than the other load maximas, the
crack growth rate is diminished or reta-ded relative to what would be
anticipated had the overpeak not occurred. This behavior is known &s overpeak
retardation. This can be caused by a variety of mechanisms. The most
frequently mentivnes is the development of a compressive zone ahead of the
crack. This is caused by the creation of a larger crack tip plastic zone
during the overpeak and the subsequent unloading. When the load is removed,
the material unloads in an elastic fashion to a more compressive local stress
than was present prior to the overpeak. The crack growth will be slower until
it grows through the more compressive stress zone. The amount of crack growth
retardation and the distance over which it occurs increases with the size of

the plastic zone, which is related toc the magnitude of the overpeak K.

There are three basic types of retardation models: one which predicts
the number of delay cycles until a crack again grows at it non-retarded rate,
models which reduc. the ecrack growth rate, and models which reducc the
effective value of K and, in turn, reduce crack growth rates. An example of
the latter type will be reviewed here because this type of model has been
successfully applied to the crack growth of nickel-base superalloys under
cyclic(ag) and time¢dependent(50) conditions.

One of the most frequently used retardation models 1s that developed by
Willenborg(51). The Willenborg model 18 very simple is concept. A velue of
reduced K i{s calculated and is dependent on the value of the overpeak, the

current K (load), and various measures of the crack tip plastic zone.
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Kred ~ (Ko1 /((rol - 8)/ ro1)] - Kpax! ¢ (2.23)

vwhere Kpgq = reduced value of K
Kol = value of K at ihe overpeak
Knax = maximum value of K being reduced
o]l = overpeak plastic zone (calculated from K,))
rp ~ current plastic zone (calculated from Kpgsy)
A = distance of crack propagation since overpeak (a- ag))

¢ = retardation constant
with the restriction that K,e.q 1s positive.

The only adjustable variable in the expression is the retardation constant ¢.
The maximum value of Kppoq occurs when 4 {s zero and equals (Ky) - Kpayx)®. For
elastic unloading the value of Kpegq 8should never exceed Ky1 - Kpax s0 the
value of the constant ¢ should never exceed unity.

The plastic zone sizes are assumed to follow the usual relationship in
linear elastic fracture mechanics where they vary with the square of K. Using
this relationship and setting the value of the expression within the brackets

to zero (Kyed = 0) results in

Bpax = Yol - Tp (2.24)

where rp is the plastic zone size associated with the current maximum value of
Kpax- The meaning of this is that the values of K are reduced over the
dista.cc Agg; frur the crack length where the overpeck occurred.

For cyclic loading, the value of K.aq is applied to both the minimum and

maximum loads resulting in a change in Kypayx and R but not in the range of K

(Kpax)red = Kmax - Kred

(Kpin)red = Kmin - Kred

(R)red = (Kmin)red / (Kpax)red
= (Kpax - Kred) / ((Kpin - Kred) (2.25)




The emount of relative retardation diminished as the R-ratio increased
because, fo- the most part, the cyclic crack growth rates for nickel base
superalloys are controlled by AK for high R-ratios (m* = 1) while for negative
R-rarios ihe growth is controlled by Kpgax. As shown in Equatior 2.05, this
model does not alter AK but may have a significant effect on Kpgyx. This, in
part, may be the reason that some of the missions analyzed by Larsen, et.

al.(37) do not shov much benefit of retardation.

Weerasooriya and Nicholas(°0) showed that a relatively small overpeak,
combined with a hold time in a single cycle, could dramatically reduce the
acceleration in crack growth rates associated with hold times in Alloy 718.
1f the K of the overpeak was more than 25 percent higher than the K of the
hold, the crack growth rates were the same as those observed if the cycle had
not included the hold time. This is very significant because for a cyclic
case, a 25 percent overpeak would result in a relacively small reduction in
crack growth rates. These results were modeled using a Willenborg type
mode1¢30)
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3.0 MISSION ANALXSIS

The objective of this task was to review the missions of advanced
millitary aircraft engines and identify the ranges of temperature, fiecquencies,
hold times, stress ratios, overpeaks, and underpeaks in these turbines. These
results were used to select the experimental conditions investigated in this

program.

The primary emphasis of this task was to analyze a range of missions
used in an advanced fighter engine. A total of 1R missions were analyzed.
These included 9 different types of missions for two different locations. The
locations selected were in the rim region of a high pressure turbine disk
(HPTD). These reglons were selected due to the combination of elevated
temperature and high stress which would make them have a high susceptibility

to time-dependenc crack growth behavior.

A combined thermal-mechanical finite element analysis was performed on
the HPTD using COMALL-A, a computer code developed at GEAE. The thermal and
mechanical stresses were computed separately. These analyses resulted in
calculation of the stresses in one second increments throughout each mission.
The stresses shown in this report are the sum of the mechanical and thermal
stresses. For each mission, the stresses are normalized by the maximum stress

in that cycle.

Examples of a typical mission stress spectrum are shown in Figures 3.1
through 3.7, These particwler missions were selected ro illustrar: conditions
with relatively frequent changes in rotor speed (Figure 3.1), combination of
cruise and rotor speed changes (Figure 3.2), and large segments of cruise
component (Figure 3.3). During cruise conditions, the stresses are relatively
constant resulting in what will be called a hold time cycle for the remainder
of this report. These figures {llustrate that typical advanced fighter
missions operate with high mean stresses (high R) and frequently have
overpeaks associated with hold times. The variations in stress occur over
relatively short periods of time. On this basis, crack growth during hold

times is more important than low frequency tests.
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Figure 3.1: Example of a mission with frequent changes in rotor speed.
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It was rather difficult to identify the critical features of these
missjions by visual inspection so two computer programs were written to analyze
these miscions. The first program revised the COMALL-A results with one .
stress-te. peruture data set for one secoud increments to a sequence cf longer,
linear segments. The second program was a sorting routine where any
particular typ * 3 cycle can be extracted from the mission profiles. Each

of these prograns and the analysis of the eighteen missions are discussed in

the following sections.

The approach used in the simplification program was to first eliminate
data points where the variation in stress was small. This was accomplished by
starting at the first data point and searching for th¢ next stress value
different by more than 5 percent. This process was repeated throughout the
entire mission. This revised mission was further simplified by eliminating
data points which were in a relatively constant stress-time ramp. Points
which had variations in slope by a factor in excess of 0.75 and less than 1.5
from the previous slope were eliminated. Figure 3.4a shows a plot of
normalized stress (stress/maximum stress in mission) for the mission used to
develop this software. This particular mission was 6543 seconds long (6543
data points). The resulting simplified mission is shown in Figure 3.4b and
contains 123 data points. This simplified mission portrays the main
characteristics of the actual mission. The major weakness of the simplified
mission approach is that the plus or minus 5 percent deviation in stress can
result in treating 10 percent variations of stress as a hold time segment. A
gzood example of this is shown between 2000 and 3000 seconds in Figure 3.4.
Figurer 3.5a and 2.5b siwww ihe variction In rtemperature during the actusl and
simplified mission respectively. As in the case of the stress, the mission
simplification technique also seems tov model the temperature variation rather

well. Each of the eighteen missions was simplified in this fashion.

A second computer program was written to analyze the individual
components of these simplified missions. This program first identified the
parts of the mission which were hold time segments. Any segment which had a
strese ratio (R =~ minimun stress / maximum stress) greater than 0.95 was

considered to be a hold time. This criterion is consistent with the 5 percent
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variation in load technique used in the mission simplification program. The
mission points corresponding to local load maximums or minimums were also

identified. This program permits analysis of the simplified mission in three

ways:

1. Segment
2. Peak-Hold-Peak
3. Peak-to-Peak (excluding hold times)

The first technique analyzes each segnent in the simplified missions and
resulted in no additional simplification. The second technique simplifies the
mission by considering consecutive loading segments as a single loading ramp.
A similar assumption was made for unloading segments. The third technique
eliminated hold times. Each of these techniques was used to determine the

range of loading parameters associated witi. these =issions.

The following parameters were identified or calculated for the
resimplified missions:

loading mode (increasing load, decreasing load, or hold time)
Stress ratio (R)

Duration of segment

Average temperature of segment

Temperature change during segment

Overpeak ratio

~N N W

Uuderpeak ratis

The overpeak ratio compares the maximum of an increasing load or hold time
segment with the preceeding local maximum stress (load reversal). The

underpeaks were calculated using the previous local minimum stress.

The experimental portion of this investigation measured the variation in
crack growth rates with cycle type (frequency, hold time, etc.). The primary

emphasis of this program was on modeling of time-dependent crack growth so it

is crucial to perform tests over the temperature range where variations in




crack growth rate can be detected. The experimental data reported in Section
5 ghowed that it was difficult to measure significant changes in crack growth
rates with cycle type at temperatures lower than 538°C (1000°F).

Figure 3.6 shows the variation in stress ratio with temperature. In
this and subsequent figures in this section, the different symbols (x and
triangle) represent data from the two analyzed locations. As noted
previously, the R values in these missions are very high. Based on these
results and the lower bound temperature of 538°C (1000°F) the temperatures
selected for the crack growth tests were 538, 593, and 649°C (1060, 1100, and
1200°F). The selected values of R were 0, 0.5, 0.8, and 1.0. The R-value of
unity corresponds to static load testing conditions. The filled circles
connected by solid lines indicate the test conditions selected for
experimental evaluation. The same symbol notation is used in all subsequent
figures in this section. The stress ratlos shown In Figure 1.6 are based on
elastic finite elenent analyses. Notched configurations are the most highly
stressed conditions and frequently require elastic-plastic analysis.
Localized plastic deformation results in lower values of maximum and minimsunm

scresses and hence lower values of R.

The results in Figure 3.6 include hold times and individual segments.
The data of the eighteen missions were also edited to eliminate hold time data
(R greater than 0.95) and simplified using the peak-to-peak simplification
technique. The variation of R with temperature for those editing modes are
shown in Figure 3.7. These data suggest that the selected experimentai

cenditions bracket a significaui rauge of duty ~ycles.

In order 2o select the cycle frequencies to be evaluated, th. missions
were evaluated using both the peak-to-peak and segment editing mode. The
first evaluation used the peak-to-peak editing mode. Figure 3.8 shows the
variation of ramp time with temperature and R. The data in Figur. 3.8a shows
that the ramp times very from 1 to approximately 550 seconds. 3ssed on this
information the ramp times selected for experimental evaluat'on were 1.5, 15,

and 150 seconds which ccrresponds to cycle periods of 3, 30 and 300 seconds.

Figure 3.Bb shows that the selected stress ratios are approprlate for the
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ratio with ramp time for individual segments of eighteen
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slower frequencies especially when considering the potential decrease in R

with elastic-plastic analysis.

Figure 3.9 shows similar data to Figure 3.8 bul {u. valy the increasing

segment mode. Figure 3.9b shows two distinct populations of data - (1)

variable R for ramp times less than 5 seconds and (2) ramp times of up to 400
seconds at high R ratios. The first case corresponds to true loading and
unloading while a large portion of the second case largely represents
conditions approaching hold times. The selected conditions at stress ratios
of zero and 0.5 for ramp times of 15 and 150 seconds are not important to the
mission but are important for the development of time dependent crack growth

models.

Figure 3.10 shows the variation of hold time length with temperature for
these 156 missions. The box shown in this figure enclioses the region
investigated in this program. The testing conditions include hold times of 0
(continuously cycled), 4, 30, and 300 seconds. Figure 3.10 shows that there
are hold tiwes in excess of 300 seconds but due to test time restrictions and
modeling development requirements this seems adequate. Figure 3.11 shows an
expanded version of Figure 3.10 for temperatures in excess of 510°C (950°F)
and hold times longer than 10 seconds. This shows that these testing
conditions bracket a significant range of data. Figure 3.11 also shows that
only 5 hold times are af temperatures in excess of 593°C (1100°F). 1If engine
temperatures increase, which is typical for improved versions of a given
engine, the range of temperatures evaluated will still encompass a large

amount of the hcld time porulation.

The underpeaks calculated for hold times is based on the previous local
minimun so that the underpeak ratio can be considered to be the stress ratio
assoclated with a hold time. Figure 3.12 shows a plot of underpeak ratio with
temperature for hold times in excess of 10 seconds at temperatures above 510°C
(950°F). 1In this plot underpeaks in excess of unity indicate that the hold
time was prececded by an overpeak. Overpeaks will be discussed later in this

section. The data in Figure 3.12 shows a large population of underpeaks ratio

between 0.8 and 1.0 as well as in the vicinity of 0.5. Underpeak ratios near
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unity were assessed with the static load teats. The remaining test conditions

seem to bracket the migsion points.

Figure 3.13 shows the overpeak ratios foi tiie same hold time population
showr in Figure 3.12. There seem to be two populations of overpesks - one
between 1.0 and 1.2 and another at approximately 2.0. Weerasooriya and
Nicholas(30) have shown that overpeak ratios of 1.25 totally eliminate the
degrading influence of hold times in Alloy 718 at 649°C (1200°F). Overpeak
ratios of 1.1, 1.2, and 1.5 were investigated to cover the conditions shown in
Figure 3.13.

The 18 simplified missions were edited using the peak-to-peak mode to
consider to range of overpeaks for loading and unloading aegmenés. These
missions were further edited to eliminate ramps with stress ratios in excess
of 0.9 to avoid cycles which approximate hold itiues. Figure 2.14 shows the
overpeak ratios as a function of temperature and stress ratio. As for the
case of hold times, the strategy of evaluating overpeak ratios of 1.1 to 1.5

seems to be a reasonable approach.

The conditions selected for the experimental test program are listed in
Table 3.1. These conditions encompass a large variety of mission spectrum,
include a range of conditions were time-dependent crack growth occurs, and
provides the wide range of experimental variables necessary for the

development of an advanced time dependent crack growth model.
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Table 3.1: Conditions

Temperature

Stress Ratio (R)

Ramp Cycle Period

Hold Times

Overpeak Ratio

for Task II Testing

538, 593, 649°C
(1000, 1100, 1200°F)

0, 0.5, 0.8, and 1.0

3, 30, and 300 seconds

0, 4, 30, and 300 seconds

1.1, 1.2, and 1.5
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4.0 MATERIALS AND EXPERIMENTAL TECHNIQUES

This section of the report describes the materials evaluated and the
experimental techniques used to determine the crack growth properties in this
investigation. Sources and examples of error in the crack growth experiments

are also presented.

4.1 MATERIALS

Two materials were selected for this investigation: powder metallurgy
Rene'95>processed by extrusion plus isothermal forging (E+IF), and cast plus
wrought (C+W) Alloy 718. The E+IF processing technique for Rene’95 was
developed to attain a fine grain size for high tensile strength and good LCF
11fe(32) | E+IF Rene’'95 was selected as the primary material for this study
because it is widely used in military high pressure turbine disk applications.
It has also been the subject of recent fracture mechanics modeling and

processing-microstructure-property investigations (43,52),

The second material, C+W Alloy 718, is currently used in a variety of
aircraft engine applications including compressor, low pressure turbine, and
high pressure turbine disks. The fatigue crack growth behavior of this alloy

has probably been more extensively studied than any other nickel-base
superalloy(18,24,28,29,50,54-57)

4.1.1 Repe'95

All Rene'95 specimens for this investigation were removed from the rim
region of a single F101/F110 high pressure turbine disk forging. The E+IF
Rene’'95 disk was processed using argon atomized powder from Special Metals
heat BNB4056. As shown in Table 4.1, the composition of this heat meets all
specification requirements. Powder from the -150 mesh yield was consolidated
into extruded billet by Cameron Iron Works. Ladish Company prepared the
billet and performed the isothermal forging. The forged disk was heat treated
at 1107°C (2025°F) for one hour, oil quenched, and aged at 760°C (1400°F) for

eight hours. Table 4.2 lists the tensile, creep and stress rupture properties
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Table 4.1: Composition Of Rene’95 Disk
(Weight Percent)

Heat v
Element Specification Analysis

C 6.04-0.09 0.06

Mn 0.15 Max 0.02

si 0.20 Max 0.07
0.015 Max 0.004
0.015 Max >0.01

Cr 12.0-14.0 13.38

Fe 0.50 Max 0.16

Co 7.00-9.00 8.51

Mo 3.30-3.70 3.47

Nb 3.30-3.70 3.68

Ti 2.30-2.70 2.49

Al 3.30-3.70 3.52

B 0.006-0.015 0.007
3.30-3.70 3.45

Zr 0.03.0.07 0.04
0.010 Max >0.0082

N 0.005 Max >0.0041

H 0.001 Max >0.0004

v 0.10

Hf 0.01

Cu 0.024

Ta 0.05

Ni Balance ’
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Table 4.2: Test Ring Properties Of Rene’'35 Disk

Tensile Properties

Room 649°C
Temperature (1200°F)

0.2% Offset Yield
Strength (MPa) 1261 1109
Ultimate Tensile
Strength (MPa) 1702 1426
Tensile Elongation (X) 20.0 9.0
Reduction in Area (X) 24.0 12.0

Rupture Properties

649°C (1200°F)
965 MPa (140 ksi)

Hours to Failure 173.6

Rupture Elongation (%) 6.0




obtained from the test ring location. These properties are typical for this

component.

Optical metallography and transmission electron micrescopy (TEM) replica
techniques were used to study the microstructure of a typical test specimen
from the E+IF Rene'95 disk rim. The optical micrographs of Figure 4.1 show
that the grain structure is very uniform with a grain size of about 5 pm.
Although large, primary Y' precipitates are present at grain boundaries as
shown in the high magnification optical micrograph, Figure 4.1b, the
precipitate distribution is more clearly evident in the TEM replica micrograph
of Figure 4.lc. Three size ranges of the v’ precipicate are present. The
large grain boundary primary y' results from precipitation of this phase
during the extrusion, forging, and heat treatment procedures. These Y’
particles are typically 2-3 pim in size. Particles of an intermediate size
(0.2 pm) are located within the grains and form during cooling after the
1107°C exposure. The third size range of v’ consists of very small
precipitates, several hundred angstroms in size, vwhich form on aging. These

fine precipitates are barely discernible in the TEM nicrograph and are
distributed uniformily among the intermediate y'. This microstructure is
typical of E+IF Remne’95.

4.1.2 alloy 718

The Alloy 718 used in this investigation was obtained from commercially
available hot-rolled plate. This material i{s the same as that used in a
NASA- sponsored investigetion of elastic-plastic fatigue crack growth(ss). The
plate had a nominal thickness of 22.2 mm (0.875 in.) and was procurred in 2

pleces, each measuring 381 mm (15 in.) by 406 mm (16 in.). Both plates were
produced by Cabot Corporation from heat 2180-1-9836. The ladle composition

and specification for Alloy 718 are compared in Table 4.3. The composition .
falls within the specified limits.

The Alloy 718 plate material was procured in the mill annealed condition.

Heat treatment was subsequently performed by the GE Engineering Material
Technology Laboratory (EMTL) using a standard solution plus duplex age



Figure 4.1:

(c)

Microstructure of Rene'95 forging as shown with (a) low

magnification optical micrograph, (b) high magnification optical

meaee

i, and (¢) TEH replica micrograph.




Element

Mn

Si

Cr
Fe
Co
Mo
Nb+Ta
Ti

Al

Cu

Ni

Table 4.3:

Composition Of Alloy 718 Plate

(Weight Percent)

Specification

0.02-0.08

0.35 Max

0.35 Max

0.015 Max

0.015 Max

17.0-21.0

15.0-21.0

1.0 Max

2.80-3.30

4.75-5.50

0.75-1.15

0.30-0.70

0.006 Max

0.30 Max

50.0-55.0
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Ladle

Analysis

0.06

0.17

0.17

0.002

0.006

17.92

18.32

0.10

3.03

1.12

0.45

0.002

0.03

$53.63




treatment for Alloy 718. After solution treatment at 968°C (1775°F) for ome
hour and cooling to room temperature, the plates were aged at 718°C (1325°F)
for eight hours, cooled at 56°C/hr. (100°F/hr.) to 621°C (1150°F), and aged at
this temperature for an additional eight hours. Tensile, creep, and cyclic
properties for the Alloy 718 plate were determined over the temperature range
from room temperature to 649°C (1200°F). The results were typical of Alloy

718 and have been reported elsewhere(58)

Optical metallography was used to chatracterize the grain structure of a
typical test specimen from the Alloy 718 plate after full heat treatment.
Figure 4.2 shows low and high magnification optical micrographs which
illustrate the microstructure of the Alloy 718 plate in the plane containing
the rolling and plate thickness directions. The rolling direction is
displayed horizontally in these micrographs. The microstructure observed in
the piane containing the plate width and thickness direction is shown in
Figure 4.3 where the plate width is shown horizontally. These micrographs
exhibit a duplex grain structure where large, elongated, unrecrystallized
grains are surrounded by fine recrystallized grains. These fine grains are
the predominant feature and measure about 20 pm in size. The unrecrystallized
grains are elongated parallel to the rolling direction and measure as large as
SO by 200 pm in size. Stringers of fine carbide and nitride particles are
also evident in Figure 4.3b. At high magnification, one of the precipitate
phases present in Alloy 718 can be seen at the grain boundaries in the form of
small, discontinuous, acicular particles. This is the orthorhombic Nij3Cb
phase which precipitates during rolling and solution treatment procedures.

The ctrengthening phase 1. Alloy 718, crdered DG); Nij(Cb,Ti,Al) y", is not
visible in the optical micrographs and can only be studied using TEM thin foil
techniques. For fully heat treated Alloy 718 materials, these precipitates
are disc-shaped with a diameter of several hundred Angstroms. Alloy 718 also

contains a small amount of spherical-shaped v’ precipitates, with a similar
diameter(55,39)
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From the preceeding description of microstructure, it 1is evident that
although both Rene’95 and Alloy 718 materials can be described as nickel-base

sureralloys, they have different strengthening precipitates and

microstructu,es.
4.1 SINGLE EDGE NOTCH SPECIMEN

A buttonhead single edge notch (SEN) specimen was used in the crack
growth experiments. Figure 4.4 shows the drawing of this specimen. The gage
sectfon of this specimen has a thickness of 2.54 mm (0.1 inch) and a width of
10.2 mm (0.4 inch). Pin-ioaded SEN specimens with this gage section geometry
have previously been used by GEAE to determine the crack growth properties of
a wide =.riety of superalloys over a range from room temperature to 980°C
(1800°F)(42,43,55,60)  The mecdificetion of *he specimen from pin to
buttonhead loading was originally made to accommodate cycii- loading with

corpressive loads (36)

The buttonhzad geometry was selected for this investigation because the
usable c¢vtent of crack length for the buttonhead geometry is greater than that
for the pin-loaded specimen. Elevated temperature crack growth of u nickel
base superalloy measured in a pin-loaded SEN specimen for crack length to
specimen width ratio (a/W) greater than 0.5 did not agree with other data for
thz same raterial(42) . The K-solution for this specimen is valid to the
Jarger crack lengths, but assumes free rotation between the loading pin and
the cspecimen. The discrepancy in crack growth rates described above was
probahly czused Ly oxicdation ol tiie losding pitus and specimen which prevented
the free rotation at this location. The analysis of the buttonhead geometry

assumes no such rotation so the usable extent of crack length is much larger.

The value ¢.” K for the buttonhead SEN specimen was calculated using the
solution developed by Harris(6l) for restralned bending in a single edge notzh

specimen.

K=0Jfa (5/ J[20 - 13 (apM) - 7 (a/W)2)) (5.1)
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Figure 4.4: Buttonhead single edge notch (SEN) specimen
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The validity of this relationship was verified by Malik and Gilbert(62), who
calculated K-values using b&th influence functions and J-integrals from the
elastic finite element analysis of the buttonhcad SEN specimen(sa). They
found that thelr results agreed within several percent to those calcuiated

using the equation developed by Harris.

4.2 TEST SPECIMEN MACHINING AND ORIENTATION

The Rene'95 test specimens were removed from the rim portion of the high s
pressure turbine disk. This region of the disk was selected for the mission
analysis (Section 3.0) because it experiences high operat.ng temperatures
during service. Kemova. of specimens from this region assured that the
microstructure represented the appropriate area of interest in the disk. 1In
order to increase material availability from this location, the Rene’95 crack
gruwih specimens were fabricated by inertia welding. The 5 cm {2 inch) loug
gage blanks had a radial orientation and were removed with from the outer 10
cm (4 inch) of the disk. The gage sections were inertia welded to Alloy 718
buttonhead blanks. The inertia welded assembly was then machined into the
buttonhead SEN geometry. The inertis weld blanks were marked so that SEN gage
sections would be be machined to have crack growth in the the circumferential
direction of the disk.

The Alloy 718 specimens were not fabricated from inertia welded
assemblies. The specimens were oriented so that the loading axis was parallel
to the longitudinal direction in the plate and the cracks grew in the

tiansvers> direction.

Prior to testing, a 0.25 mm (0.01 inch) deep electric discharge machined
(EDM) crack starter notch was placed in each specimen. Each notch was

centered in the gage length and traversed the 2.54 mm (0.1 inch) thickness of

the gage length.




4.3 POTENTIAL DROP TEST METHOD

Crack lengths were monitored using a direct current electric potential
dcop technique(63) adapted to the SEN zeometry by Wilcox and Beuly(6“). The
test techniqu s shown schematically in Figure 4.5. Direct current was
passed through the specimen. Potential leads located approximately 0.4 mm
(0.016 inch) above and below the EDM notch/crack were used to obtain the
potential values using either an on-off(63) or reversing potential(65)
technique. The microcomputer monitored the potential and converted it to
potential using the SEN potential solution developed by Johnson(6€) | The
microcomputer also controlled the test permitting either load- or K control
testing. Potential data 1s taken on almost every cycle. After a
predetermined number a cycles known as the block size, the potential data was
averaged and stored on a floppy disk for post-test analysis. For K-controlled y
Lesis, the loads required to obtain the desired {-valuc was calculated at the
end of each block of cycles using the Harris solution(6l) and the loads are
adjusted.

Henry and coworkers(67) have improved this test method so that the
microcomputer can also control the cycle period and hold time. This
modification permitted preprogramming of the several test segments so that the
operator does not have to manually adjust the test machine function generator

when the cycle frequency or hold time changed for a given test specimen,
4.4 TEST DESCRIPTION AND DATA ANALYSIS

The crack growth tests in this investigation fall into two
classifications -- threshold tests and constant AK tests. The latter type of
est was performed to evaluate the Influence of R-ratio, hold time, cycle
frequency, and overpeak cycling on Region 11 (Paris law) crack growth rates.

Each classificatlon of test will be described separately.

.59.




« o

SWITCHING
RELAY

MICRO
COMPUTER

POMER
SUPPLY
{
®
NANO-
VOLTHMETER
Figure 4.5:

TERMINAL

Schematic disgram of SEN specimen DC potential drop test

apparatus.




4.4.1 Threshold Tests

The threshold tests were performed at constant values of temperature,
R-ratio, and cycle type (frequency ¢. lwid iime). In these tests.‘;he
specimen was precracked and then cycled in a decreasing K mode until the crack

growth rates approaced 1 x 10-7 mm/cycle (4 x 10-9 inch/cycle). In some
tests, the specimen was then cracked in an increasing K mode (constant load or

AK/Aa) to determine Region II crack growth rates. Figure 4.6 shows an example
of the K-crack length history for this type of test. The K-shed routine was

performed by controlling a shed rate constant C. .
C = 1/K (dK/da) (4.2)

The value of C used in this investigation was -1.18/mm (-30/inch). This value

was selected based on the work of Henry(67) o.4 chec rate experiments

described later in this section. The increasing K portion of the tests was
performed so that the value of K increased linearly with crack length (dK/da -
constant). In most tests, the crack was grown from a Kp,y value of several
MPa/m above. the measured threshold value to a Kypgyx value of approximately 55
MPa/m over a distance of approximately 1.3 mm (0.05 inch).

After each test, the specimen was broken at room temperature and the
crack lengths were measured on the fracture surface. Many of the tests in
this investigation exhibited rather severe tunneling where the crack length at
the center of the specimen was sipgnificantly longer than at the surface. This
has been reported previvusly durirg elevated tempereture hold time(3%4) and
static(33) crack growth tests on nickel base superalloys. The crack length
was measured at both free surfaces and three equally spaced positions across
the specimen width. The average of the internal three positions was used as

the crack length in the potential and K calculations.(68)

The data obtained during the K-shed and ‘increasing K portions of the
threshold tests were analyzed separately. The load and potential drop data

was reaveraged so that 50 to 100 data points were obtained from each part of

the test. The measured crack lengths, potential data, and load data were then
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analyzed using the appropriate potential and K solutions. The measured crack
lengths were used to correct the crack lengths as predicted using the
potential solution(68)  The crack growth rates were calculated using the
seven point silding polynomial technique. An expanded description of thLis

data analysis procedure was reported by Krueger(69).

The ASTM standard test method(68) for determining near-threshold
crack growth rates recommends that the value of the shed rate constant C
should not be less than -0.078/mm (-Z/inch). The use of higher shed rates
(more negative values of C) is permitted if it can be shown that the higher
shed rate does not adversely affect the ability to measure near-threshold
crack growth rates. The influence of shed rate on crack growth rates results
primarily from overpeak retardation. If K is shed too rapidly, some overpeak
retardation may occur resulting in artificially high values of threshold.
Henry(67) demunstrated for nickel-base superalloys that the value of C must be
less than -1.57/mm (-40/inch) to influence the threshold values measuied fo-
0.33 Hz cycling (20 cpm). Zawada and Nicholas(7’0) have also demonstrated that
the value of C can be reduced substantially from that recommended by ASTM for

nickel-base superalloys.

The influence of overpeak retardation is much greater for crack
growth during hold times than for continuous cycling. This was previocusly
demonstrated by Weerasooriya, et.al.(30) qp Alloy 718 and was also documented
in this program as will be described in Section 5. This raises the issue of
whether the shed rate might have to be lower for tests where hold times or low
test freguencies are being evaluated. This factor was evaluated by compsa~ing
near-threshold crack growth rates for specimens shed with C values of -0.39
and -1.18/mm (-10 and -30/inch). Two Rene’Y5 threshold tests were performed
at 649°C (1200°F) at an R-ratio of zero using a cycle with a 1.5 second
loadin; ramp, a 300 second hold time, and a 1.5 second unloading ramp. Tais
condition was selected because it is a condition which exhibits a significant
retardation effect in combination with hold times and because this loading
cycle results in a high value of threshold. The comparison of the tests with
the two values of C is shown in Figure 4.7. This range of shed rates does not

appear to influence the ability to measure near-threshold crack growth rates.
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As a result, all other threshold tests in this investigation were performed
with a shed rate (C) of -1.18/mm (-30/inch).

4.4.2 constant 8K Tests

The other type of test contained several segments of crack
growth under constant AK conditions. Within each of the constant AK segments,
several combinations of frequency or hold times were evaluated. Figure 4.8
shows a schematic nistory of a typical constant AK test performed during this
investigation. The R-ratio and test temperature were fixed for a given test.
The nine segments shown in Figure 4.8 comprise a three by three matrix of Kpayx
and test frequency. One of the objectives of this type of test was to obtain
improved statistical crack growth data relative to that obtained in a more
conventional test where K changes as the crack grows. This type of test also
improves the efficiency of testing because the influence of several variables

can be evaluated in a single test specimen.

The cyclic load and potential data obtained during each segment
(constant Kpax and frequency or hold time) were averaged to a total of
approximately 25 data points. The data from the individual segments were
combined, when necessary, into data files which corresponded to test segments
where che initial and final crack lengths were measured on the fractured
specimen. These data were then analyzed using the same software used to
analyze the near-threshold tests. If necessary, these files were then
separated so that individual files existed for each constant K and cycle

frequercy or hold time.

Data from each constant Kz and cycle frequency or hold time
segment were analyzed statistically. The crack length (a) and cycle (N) data
were analyzed using linear least squares regression analysis. The cyclic
crack growth rate (da/dN) was determined by calculacing the slope of the fit
between a and N. The standard deviation of this slope was calculated using
standard statistical analysis. The error in K was calculated using the

standard deviation in K.
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A given segment in these constant AK tests was in reality a combinatfion
of many load controlled test segments. Within a block size the cycles are
load controlled. When crack growth occurs during a hold time, the crack is
growing under load controi and not constant AK control. The loads are
adjusted between each block of deca. This results in no difficulty for
relatively low crack growth rates, but for high crack growth rates there can
be a significant load drop becween cycle blocks, possibly resulting in
retardation. The possibility of this behavior was investigated in Rene’95 by
measuring the crack growth rates under constant AK control, increasing AK
control, and constant load control conditions. The condition selected for
this evaluation was 649°C (1200°F) cycling with an R-ratio of zero and a 300
second hold time. The ramps on either side of the hold time lasted 1.5
seconds each. The results of these tests are shown in Figure 4.9. The
increasing AK and constant load data agree, however they are almost an order
of magnitude fuster than the coustant AK test results, This suggests that o n
significant amount of retardation occurred at these very rapid crack growth
rates. This behavior was not discovered until very late in the test program
after the constant AK tests had been completed. The impact of this behavior
for the constant AK tests will be discussed and modeled in Section 7.

4.4 YACUUM TEST METHOD

The vacuum crack growth tests were performed in a vacuum system at GEAE's
Mechanical Testing Latoratory. The vacuum system 15 a double walled stainless
steel vacuum chamber. The system was initially evacuated using a mechanical
rougning pump. The high vacuur vis arreined using a combination of a cryopump
and an ion pump. The pressure within the vacuum chamber was monitored with an
ion gage. A mass spectrometer probe is also located within the system to
identify the specles present in the ~zhamber. The probes for both of these
devices are located within the main chamber, approximately 15 cm from the
specimen, and thus should accurately monitor the testing environment. When a
vacuum of approximately 4x10°8 mm was reached, the inner walls of the chamber
and the specinen were heated to approximately 200°C (400°F). This hot
outgassing procedure was continued until the pressure in the chamber was

approximately 2x10°8 mm. The specimen was then induction heated to the
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desired temperature. This initially increased the pressure, but the test was
not started until the pressure again reached 2%x10-8 mm. During the test, the
quality of the vacuum improved, usually reaching approximately 5%10°%mm. The
crazk length was monltored using a DC potential drup sysiem. This system was
identical to the one used In air except for three differences: the specimen
instrumentation contained no materials which outgas, a ceramic insert was
placed in the load train between the specimen and the test machine to
eliminate dual current paths, and the software used to perform the test was

modified to account for the tare loads induced by the pressure difference.

Induction heating generally increases the noise in potential data by
close to an order of magnitude. The higher level of noise assoclated with
induction heating is on the same level as the differences in potential values
measured during near-threshold crack grbwth testing. All threshold test
speciwecus are heated in resistance furnaces to avuid this difficulty. The use
of induction heating in the vacuum system prevented the measurement of

near-threshold crack growth rates in vacuum.
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5.0 EXPERIMENTAL RESULTS

This section of the report describes the experimental results of the
bascline crack growth rate tests. All thiese tests were performed iu
laboratory air using the experimental techniques described in Section 4.3.

The results of the vacuum crack growth tests are reported in Section 6.

This section has two major parts - one for the Rene’S5 results and a
second part for those on Alloy 718. Within each ¢f those parts, there are
individual sections on constant AK (Region 1I), threshold (Regions I and II).
static, and overpeak retardation tests. The results will be displayed and
compared and inferences will be made as to the applicability of a
superposition model. The quantitative application of both interpolative and

superposition crack growth models to these data is presented in Section 7.0.

5.1 RENE’'95 CRACK GROWTH RESULTS

Table 5.1 lists the Rene’95 baseline teste performed in this
investigation. There are a wide number of variables (temperature, R-ratio,
hcld time, cycle frequency, and test control mode). The results will be
presented in separate sections on constant AK, threshold, static, and overpeak
tests in order to facilitate the description of the influence of eacn

variable.

5.1.) Rene'95 Constant AK Test Results

The haseline tests can be described as either frequency or hold time
tests. The frequency tests were performed with cycle periods c¢f 3, 30, or 300
seconds. The loading and unloading ramp times were equal so that the load
increased during the first half of the cycle period and decreased during the
second half. Throughout the text, these tests will be described in terms of

their cycle period. The hold time tests were performed with a 1.5 second

loading ramp, a hold time at maximum load, and a 1.5 second unloading ramp.

The duration of hold times evaluated were 4, 30, and 300 seconds. The loading

and unloading ramps increased the cycle period by 3 seconds over the duration




Table 5.1:

Test Temperature
Number °c)
AF19 538
AF45 593
AF49 593
AF54 593
AF62 593
AF77 593
AF44 593
AF66 593
AF59 593
AF12 593
AF13 593
AF46 593

| AF50 593
AF70 593
AF03 649
AFO05 649
AF14 649
AF63 649
AF06 649
AF53 649
AF18 649
AF10 649
AF15 649
AF51 649
AF09 649
AF16 649
AF23 649
AF72 649
AF38 649
AF55 649
AF08 649
AF21 649
AF30 649
AF40 649
AF69 649
AF17 649
AF60 649
AF65 649

Rene’95 Simple Cycle Test Matrix

o o [oNeNoiaie] [
[C NV} CO0OO0CO o

OO OO
3 oo On

static
static

[N oNoNeN QOO0 OOO
[V, ]V, ¢, IV IV, COO0D0DOOO0CO

OO ODOOO
oD 0o OO Od o ® O ™

static
static
static

Test
T rpe

Variable

constant AK

constant AK
constant AK
constant AK
threshold
threshold

constant AK
constant AK

constant AK
constant AK
threshold
threshold

threshold
constant load

constant 8K
constant AK
threshold
threshold
threshold
threshold
threshold
threshold

constant AK
constant AK
threshold
threshold
threshold

constant AK
constant AK
threshold
threshold
threshold
threshold
threshold
threshold

threshold
constant loac
constant loal

hold time

hold time

hold time

frequency

3 sec. cycle

300 sec. hold *

hold time
frequency

hold time
frequency

3 sec. cycle
300 sec. hold

hold time
frequency

3 sec. cycle
30 sec. hold
300 sec. hold
300 sec. hold
30 sec. cycle
300 sec. cycle

hold time
frequency

3 sec. cycle
300 sez. hold
300 sec. cycie

hold time

frequency |
3 sec. cycle

4 gec. hold

30 sec. hold
300 sec. hold
300 sec. hold
300 sec. cycle



of the hold time. These tests will be referred by the length of the hold
time. The loading and unloading ramps in the 3 second period test were
identical to those in the hold time tests. Because of this flexibility the 3
second period results will sometimes be reierred to as O second hold time

data.

Constant AK tests were performed to evaluate the influence of either test
frequency or hold time. The test temperature and R-ratio was held constant
for a given test. Most of the Rene’95 constant AK tests had 9 segments which
evaluated a three by three matrix of 8K levels and either frequency or hold
time. The potential drop microcomputer attempted to perform tests at three
levels of maximum K (Kp,y), however the exact level of Kp,y varied from this
due to inaccuracies in the initial notch depth, and the crack tunneling
behavior discussed previously. The tests were analyzed using post-test crack
length measurements. The vesulting vaiues of Kpay were not always constant
during a given segment. This i{s {llustrated in Figure 5.1a for a 649°C
Rene’95 hold time test with an R-ratlo of zero. This figure show the
variation of Kpax with crack length. The numbers indicate the hold time in
seconds for that segment. The crack length increment in a given segment was
increased with higher K;,x values to avoid extremely small number of cycles in
a given constant AK segment. In general, the value of Kp,yx was close to
constant in a given segment, however, there were some cases such as that shown
for the 30 second hold time cycle with a Kpgax of approximately 50 MPa/m where
the value of Kpax increased during the AK-controlled segment. Figure 5.1b

shows the resulting variation in crack length with cycles for this test.

The average and standard deviation of Kp,x was determined from the values
of Kpgy calculated for a given segment. The average and standard deviation of
the crack growth rate for a given segment was calculated from the slope and
standard deviation of variation of the crack length with cycles. The results
of this test are shown in Figure 5.2 using the typical log-log plot of the
variation of crack growth rate with K;,«. A rectangle was constructed for
each test segment which enclosed the range of plus or minus one standard

deviation in both crack growth rate and Kpzy. The other lines on the graph

connect the average values for segments with the same value of hold time. Ffor
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Figure 5.2: Results of the statistical analysis of constant AK hold time

test on Rene’95 at 649°C with R=0.
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most of the segments of this test, the standard deviations were very small and

the rectangle appears to be a small point. The most noticeable exceptions
were for the 300 second hold time segments at the higher two levels of Kpay.
In these cases, there was a much larger variatiuvn iu Kygy than in crack growth
rate. The standard deviations displayed in this figure were typical for those
determined in this investigation. The results for the other Rene’95
AK-contolled tests showing the standard deviations are given in Appendix A.
This analysis procedure was been used on all the constant AK tests performed
in this investigation. Due to the low standard deviations, the constant Av
teat results will be reported in the text of the report using large symbols as
shown in Figure 5.3. The data in this figure includes that shown in Figure
5.2 along with the results from a 3 second cycle period in a constant AK

frequency test.

The results of constant AK nold time tests with a R-ratic uf zero at 538
and 593°C are shown in Figures 5.4a and 5.4b, respectively. Comparison of the
data in Figures 5.3 and 5.4 show the strong effect of temperature on
time-dependent crack growth. At 538°C, a range of hold times from 4 to 300
seconds results in, at worst, a factor of two difference in crack growth
rates. This factor is approximately 4 and 20 for 593 and 649°C, respectively.
There also appears to be a substantially different behavior at 538°C relative
to the higher two temperatures. The results at 593°C (Figure 5.4b) and 649°C
(Figure 5.3) show that increasing hold times accelerate fatigue crack growth
rates. The 538°C results (Figure 5.4a) show this acceleration at low values
of Kpax, but with increasing Kp,y, increasing hold times decrease the crack
gzowth rat2s. The behavior at 535°C may be related to the cowpetitior betwveen
the environmentally-assisted crack growth and the localized blunting of the
crack tip by creep deformation. Evidence of this competition was observed in

other teasts and will be discussed more fully in the Section 6.

The data shown in Figures 5.3 and 5.4 are replotted in Figure 5.5 where
the crack greesth rates are shown as a function of the hold time duration. The
values of Kpax shown in this and subsequent figures are presented in units of
MPa/m. These figures show both da/dN and hold time on linear axes because

according to the superposition model, the crack growth rate at a given set of
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loading conditions (AK and R) is proportional to the hold time. The slope of
the variation of crack grawth rate with hold time should equal the static
crack growth rate (da/dt) for the value of K during the hold time (Knay).
Figures 5.5t and $.5c show this linear vaiiacion for the 593 and 64¢°C tests.
Increasing Kpgax increases the slope of the crack growti. rate - hold time
dependency much as one would expect for static crack growth. These data
qualitatively agree with the trends predicted by the superposition model.
This was not the case for the 538°C test as shown in Figure 5 5a suggesting
that the mechanism of time-dependent crack growth is different at this

temperature.

The influence of hold time on the crack growth rates was also evaluated
for R-ratios of 0.5 and 0.8 at temperatures of 593 and 649°C. Those results
are shown in Figures 5.6 and 5.7, respectively. These results are shown as a
function of Kygx because if the crack growth is dominaied Ly static crack
growth, the time-dependent part will be controlled by the K during the hold
time or Kpax. .Like the R=0 results, both _ncreasing temperature and
increasing hold times result in faster crack growth rates. These results are
replotted in Figures 5.8 and 5.9 where the variation of crack growth rate is
shown as a function of hold time on linear axes. These results, like those
for the R=0 tests at these temperatures, show an approximately linear
variation of crack growth rate with hold time as predicted by the linear

superposition model.

The influence of cycle period was evaluated at 593 and 649°C for R-ratios
of 0, 0.5, and 0.8, The results of the 593°7 tests are :zhcum in Figure 5.10,
When R=0 (Figure 5.10a), cycle period has little effect at low values of Kpay,
but accelerates the crack growth rates at higher Kpayx levels. This effect can
be seen to a lesser extent at R=0.5 (Figure 5.10b). It was not possible to
evaluate crack growth at low K;.. values for R=0.8 due to the high threshold
value for this cycling condition. Comparison of the data in these figures
shows that the influence of cycle period seems to increase with R-ratio and is
particularly large for R=0.8 testing condictions. The influence of R-ratio on

the crack growth data shown in Figure 5.10 agrees qualitatively with a
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Figure 5.10:

Results of the constant AK frequancy
tests on Rene’95 at 593°C with (a)
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superposition model which predicts a large impact of test frequency with

increasing R-ratio as shown in Figure 2.4,

Flgure 5.11 shows the resuits from the constant AK frequeicy tests
performed at 649°C with three R-ratios. As with the hold time resulté,
increasing temperature resulted in a higher influence of cycle time (period or
hold time) on the crack growth rates. The accelerating effect of R-ratio was
also observed at 649°C for R-ratios of 0.5 and 0.8. The 649'C frequency data

does not show the pronounced Kpgy-level dependency at R=0 as was observed at

the lower test temperature.

The influence of cycle type (frequency or hold time) can be evaluated by
direct comparisons of 300 second period data with the 300 second hold time
data. The duration of the hold time cycle wus 373 seconds due to the 3
seconds required for loadiuy and unloading wiilch is within one percent uf the
cycle duration of the 300 second cycle period (frequency) test. Figure 5.12
compares the results of the 593°C tests with 3 second cycle period, 300 second
cycle period, and 300 second hold time cycles for all three R-ratios. These
data show that the difference in crack growth rates between the 300 second
frequency and hold time cycles diminishes with increasing R-ratic. This would
be anticipated from the superposition model (Figure 2.4) because the minimum
load (or Kpip) increases with the R-ratio. The complex situation for R=0
cycling may be related to the presence of a static crack growth threshold. At
low values of Kpgy (or 8K for R=0 cycling), a significant portion of the low
frequency cycle may be below the static threshold. The impact of the static
threshold ‘s ciminished 35 the value of Kpax is in-~ressed and a iprger pusiion

of the cycle exceeds the static threshold.

Figure 5.13 compares the results from the 20 cpm, 300 second cycle period

(ramp), and 300 second hold time cycles performed during the constant AK tests
performed at 649°C. Qualitatively these results are similar to those shown in

Figure 5.12 for the lower test temperature.
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5.1.2 Rene’95, Threshold Test Results

The near threshold data were determined using a AK-shed approach as
previously described in Section 4.4.1. Sowe of these tests were also
conducted using an 1ncreasiﬁg AK mode to obtain Region Il data. The results
from both the AK-shed and increasing AK data are presented in this section. -
The last part of this section compares these data to those obtained under
constant AK control conditions. Threshold tests were performed on selected
cycling conditions as listed in Table 5.1. Most of these tests were performed .

at 649°C with a fewer number at 593°C.

Near-threshold tests on Rene’95 at 649°C tests with a 3 second cycle
period were performed with R-ratios of 0, 0.5, and 0.8. The results of these
tests arec shown as a function of AK and Kpyx in Figures 5.14a and 5.14b,
respectively. Increasing the R-ratio results in moie raplid crack growth. The
crack growth rate data for the various R-ratio condirions are almost parallel.
These data cannot be normalized using either AK or Kpzyx. This is the
situation often observed for nickel-base superalloys under relatively rapid
frequencies(az'“3va“). The lateral translation in data with R.ratio can often
be modeled using the Walker model(40) | As described previously, this model
defines an effective K (Kgqgf) which, for positive R-ratios, is betwee' the
values of AK and Kpgayx. The significance of this approach relative to the
linear superposition model is thau the cycl’: component of crack growth is
controlled by Kogf while the time-dependent p .lon is contr:-_led Ly Kpgy. It
is important to note that, for primarily cyclic conditions, the value of
mayicum K 2t threshnld (Kepipg, increas~s with R-raiic as shown in Figure
5.14b,

Near-threshold crack growth tests with 3 second-cycle periods were also
performed at 593°C with R-ratios of 0 and 0.8. The results from those tests -
are shown as a function of AK and Kpgzx in Figure 5.15a and 5.15b,

respectively. The response at this temperature is similar to that shown in
Figure 5.14 for 649°C.
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The R=0 and R=0.5 data shown in Figures 5.14a are nearly paréllel over
the entire range of AK, however there appears to be a larger shift between the
R=0.8 and R=0C near-threshald data than is observed for the Region II data. A
similar effect is observed for cne 393°C data shown in Figure 5.15a. There
are several explanations for this behavior including oxide- or

roughness-induced closure and time-dependent crack growth(44)

Over the temperature range from room temperature to 760°C, increasing
temperature results in both accelerated Region II crack growth rates and
decreasing threshold values for nickel-base superalloys(42'“4). This is
illustrated using the Rene’95 3 second cycle period tests at 593 and 649°C for
R-ratios of O and 0.8 in Figures 5.16a and 5.16b, respectively. There is a
relatively small change in Region II crack growth rates over this relatively
small temperature range, but a rather substantial difference in near-threshold
behavior. It has been suggested ihat the cause for the increase in cyclic
threshold value with temperature is localized crack tip blunting amd stress
redistribution by creep deformation(42.44)  The large temperature-induced
changes in threshold values at both high and low R ratios strongly suggests
that the threshold behavior in these materials is not dominated by
oxide-induced closure(#2,44) = This further implies that the larger shift of
the R=0.8 near-threshold data relative to the lower R-ratio data is caused by

time -dependent crack growth.

Figure 5.17 shows the crack growth data from the hold time threshold
tests for R=0 at 593 and 649°C. At both temperatures, increasing hold time
duration increazses ithe crack growth threshold an2 rhe Region I1 crack growrh
rates. The latter behavior was observed previously in the constant AK tests.
The influence of cycle period on the 649°C near-threshold crack growth
behavior is shown in Figure 5.18. Increasing cycle period (decreasing
frequency) also results in increased threshold values and Region II crack
growth rates. This effect can be qualitatively rationalized by the crack tip
blunting and/or stress redistriburtion arguments made for the temperature
crossover effect(42,44)  ag the cycle time is increased, there is more time
available for creep deformation of the material near the crack tip. If creep

blunting or stress redistribution, in part, controls the near threshold

-93.
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behavior, one would expect increasing values of threshold with increasing

cycle period and/or hold time.

The resulcs shown in Figures 5.17 and 5.18 were only for R=0 test
conditions. The effect of R-ratio on the threshold values are shown in Figure
5.19. 1In this figure, the maximum value of K at the threshold, (K¢y)pax. is
shown as a function of either hold time (Figure 5.19a) or cycle period (Figure
5.19b). The data from tests with different R-ratios are shown with different
symbols. Results frnm the same R-ratio are connected with lines to 1llustrate
the trends in the data. Also shown in this figure is the static crack growth
threshold value as indicated by an asterisk on the right side of each figure.
One would expect that as the cycle period or hold time increases, that the
values of (K¢p)max should approach the static threshold value. For R=0,
increasing cycle time increases (Kip)pax as shown in Figures 5.17 and 5.18 and
thie values aire much larger than the static threshold. The R=0.8 hold tine
tests show a very interesting trend. At short hold times, (K¢p)pax drops
quickly and seems to be approaching the static threshold. The value of
(Keh)max for 300 second hold times is greater than that for a 30 second hold
time illustrating that the (K¢h)pax passes through a minimum value with
increasing hold time. Based on the avaiiable data, it can only be shown that
this minimum occurs somewhere between 4 and 300 second hold times., There were
insufficient near-threshold tests performed for R=0.5 hold time, R~ .5

frequency, and R=0.8 frequency cycling conditions to determine i{f the winimum

also occurs for thegse situations. The observation of the minimum in (Kep)max

for the R=0.8 hold time tests strongly suggests that there are two competing
vrack grovth mechanisms operating ir tre near-threshold regime. One mechanism
results in the decrease in (K¢p)pax for small hold times and the other results
in (K¢h)max values greater than the static threshold value for long hold
times. The potential mechanisms which may cause this behavior will be

discussed in Section 6.

It is very interesting to compare the R=0 data fov 20 cpm cycling
conditions (3 second period or 0 hold time) with the results for 300 second
cycle periods or hold times. For rominally cyclic erack growth (20 cpm), the

value of (K¢y)max Incr.-zes with R-ratio as was illustrated in Figure 5.14.
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For the long hold times, the values of (K¢h)pax are ordered differently with
R=0 having the highest value followed by the R=0.8 then the R=0.5 values.
These changes in the ordering of the threshold values further illustrate the
complexity of the local crack growth mechanisas resulting in the variations in

(Kth)max shown in Figure 5.19.

Four near-threshold crack growth rate tests were performed at 593°C
comprising a two by two matrix of R-ratio (0 and 0.8) and hold time (0 and 300
seconds). The (K¢h)pax results for these four tests are listed in Table 5.2.
The influence of hold time for the R=0 tests is rhe same as that shown in
Figure 5.17a for the higher temperature. The magnitude, however, is not as
great as those observed at 649°C. There are insufficient data to determine if
(Keh)max passes through a maximum for R=0.8 cycling conditions. At an R-ratio
of 0.8, the value of (K¢h)pax increased with hold time. This result is
ditfferent from the 649°C results (Figure 5.19) iu chat increasing hold time
increases the threshold value at both R-ratios and at both hold times the
R=0.8 test had the higher value of (K¢h)max- It is not clear wheter different
mechanisms are occurring at the two temperatures or if there has been a

relative change in the kinetics of the two competing processes.

The previous section concentrated on crack growth threshold estimated
from the AK-shed test results. The Region II crack growth rate tests showed
the same trends observed in the constant AK tests which were reported the
previous section. For the remainder of this section, the results of the
Region 1 and II crack growth rates determined in threst.ld tests (increasing
end decvessing AK) will Le compered *o those decermined in the conciant AK
tests. The results of the threshold tests will be shown with small "x"
symbols while the constant AK test results will be indicated with lavge
triangles.

Figure 5.20 shows the results of the 649°C tests with a R-ratio of zero
and different values of cycle frequency. The results of the two types of

tests are similar; however, the constant AK results are slightly lower than

those measured during the increasing AK portion of the threshold tests.




Test

Number

AF62

AF77

AF13

AF46

Table 5.2:

0.0

0.0

0.8

0.8

Rene'95 593°C Threshold Data

Hold Time

(sec)

300

300

-100-

(Keh) max
(MPa/m)

6.56

11.00

10.47

12.83
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Figure 5.21 shows the results of the 649°C hold time tests performed with
a R-ratio of zero. Also included in Figure 5.21b are the load shed results
with a shed rate constant C of -0.39mm (-10/inch) previously shown in Figure
4.7 and the Region 11 constant load and increasing AK results previously shown
in Figure 4.9. The data in Figure 5.21 show that the constant 8K results are
significantly lower than the results from the constant load or increasing AK
results, The influence of test control mode is greater for the hold time test

specimens than the frequency test speciments.

The results determined for the 649°C tests performed with a R-ratio of
0.5 are shown in Figures 5.22 and 5.23. Both cycle frequency tests are
displayed in the first figure while the 300 second hold time data are shown in
the latter figure. Note that there is only increasing AK data for the 300
second period test (Figure 5.22b). When data were obtained for both control
modes, the constant AK data was lower than the increasing AK data. Comparison
of the data in Figures 5.22a and 5.23 does not show the effect of cycle period
or hold time observed in the R=0 tests. As noted previously, a large part of
the difference in the control modes is believed to be related to retardation.
The constant AK tests are in fact tests with blocks of cycles performed under
constant load conditions. If this is true, the retardation effect will be
related to the number of cycles performed between load adjustments (block
size). The implications of the block size will be examined in more detail in
Section 7.

The results from the R=0.8 test at 649°C with varying test frequency and
told times are shown in Figures 5.24 and 5.25. Agaia the re<uliis show that

lower crack growth rates were measured in the constant AK tests. -

The results of the four 593°C threshold tests are listed in Table 5.2 and
are compared with the corresponding constant AK tests in Figures 5.26 and
5.27. The R=0 results are shown in Figure 5.26 and the R~0.8 data are given
in Figure 5.27. As in the lower temperature tests, the crack growth data
measured in the constant AK tests are lower than the rates measured under

increasing 4K conditions.

-102-
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The comparisons shown in Figures 5.20 through 5.27 have clearly
illustrated that crack growth rates measured in an increaasing 8K mode exceed
those determined under constant AK conditions. This desarepency is larger for
uold iLilme tests than the frequeucy cests and also tends to increase with
increasing R ratio. The lower crack growth measurements in the constant 4K
tests may be due to retardation induced by load drops between load control
cycles in a given cycle block. For these reasons, the agreement of the crack
growth predictions from the models described later in this report will rely

more heavily on the increasing 8K rather than the constant AK data.
5.1.3 Rene’'95, static crack growth

Static crack growth tests were performed on Rene'’95 test specimens at 593
and 649°C (1100 and 1200°F). Individual tests were conducted using a AK-shed
and load control modes. These tests were actually run as fatigue tests with a
R-ratio of 0,995 and a cycle period of 3 seconds. This approach was used so0
that the load could be adjusted frequently during the AK-shed tests.

The results of one AK-shed and two constant load tests performed at 649°C
are shown in Figure 5.28. The constant load data show an apparent threshold
at the start of each test. These data may be indicative of transient behavior
between the R=0 precrack and the static (R=1) constant load portion of the
test. Sadinanda and Shahanian(16) have reported a similar type of behavior in
constant load tests performed on Alloy 718. The AK-shed tests had responses
typical of threshold tests. The static threshold data previously shown in
Figure 5.19 were determined from this test. There 1= a spread by a factor of
approximately three between these crack growth rates. This will become
significant when applying the superposition model because the data shown in
Figure 5.28 ware used to determine the constants for the static crack growth

curve,

Figure 5.29 shows the results from a single AK-shed and constant load
test performed at 593°C. Unfortunately, the AK-shed test was stopped before

near-threshold data were obtained. The constant load data in this figure show

the apparent threshold also observed in the constent load tests performed ot
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Figure 5.28: Results of Rene’'95 static crack growth tests at 649°C.
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the higher test temperature. Comparison of the data in Figures 5.28 and 5.29
shows that increasing the temperature by 55°C (100°F) results in an increase
of static crack growth rates by an order of magnitude. The amount of scatter
Letween test specimens is significantly higher for iie 649°C tests than iLhe
593°C tests.

5.1.4 Rene’95 Retardation Tests

Retardation tests were performed to determine the influence of overpeaks
in supnressing crack growth during hold times at stresses below the maximum
value. The mission survey analysis (Section 3.0) showed that overpeaks

ranging from almost zero to 100 percent occur during engine operation.

The Rene’95 retardation test matrix is given in Table 5.3. Two different
types ui constant AK-control tests were used to evaiuate overpeaks. single
overpeak and multiple overpeak tests. Single overpeak tests were performed at
593 and 649°C (1100 and 1200°F) with a R-ratio of zero. After a single
overpeak, repetitive cycles with hold times of 0.30.and 300 seconds were
performed until the crack had advanced a minimum of 0.25 mm (0.01 inch). At
this point, another overpeak was applied and the process was repeated. 1In a

single test overpeak values of 10, 20, and 50 percent were evaluated.

The multiple overpeak tests were also performed using AK control.
Examples of some of the multiple overpeak cycles are shown in Figure 5.30
where, in some cases, a hold time occurrs at a K value intermediate to the
minimuwa znd maximum K duing the decreasing lcad ramp. All cycles perform-d {n
this fashion had a loading ramp of 7.5 seconds and an unloading ramp of 7.5
seconds. The 15 second cycle was used because the equipment used to generate
the command signal for the test machine had tc be programmed in even
increments of time. The relatively slow ramp was necessary in order to
accurately control the loading ramps in cycles with 300 second hold times.
The cycles were defined by the overpeak ratio, R-ratio, and hold time. The
R-ratio was defined as the ratio of minimum K to K during the hold time

(Khold).- The overpeak value was represented as the percentage that the

overpeak Kpay 18 in excess of Kpg14. The hold time interrupted the decreasing




Table 5.3: Rene’95 Overpeak Test Matrix

Test Temperature Overpeak

Number (*c) R Ratio .
AF58 593 0.0 variable

AF73 593 0.0 1.1 .
AF28 593 0.0 1.2

AF36 593 0.5 1.1

AF43 593 0.5 1.2

AF56 649 0.0 variable

AF68 649 0.0 1.1

AF29 649 0.0 1.2

AF34 649 0.0 1.5

AF75 649 0.5 1.1

AF35 649 0.5 1.2
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Figure 5.30:

Schematic figure showing multiple retardation cycles with hold
times of 0, 4, and 30 seconds.




load ramp so that the unloading rates before and after the hold time were
identical. The cycles shown in Figure 5.30 have an R-ratio of zero, a 20%
overpeak, and hold times of 0, 4, and 30 seconds. An individual test was
performed with constant R and overpeak ratios. At least two and, in most
cases, three values of K514 were evaluated in a given specimen. For each

value of K414, hold times of 0, 4, 30, and 300 seconds were evaluated.

In the single overpeak tests, the crack growth rate was retarded after
the application of each overpeak. Figure 5.31 shows an example of this type -
of data as observed in a Rene’'95 specimen tested at 649°C. A minimum in crack
growth rate was observed at half the plastic zone size of the cyclic condition
prior to the overpeak, (rplold- The extent of the retardation zone was twice
the plastic zone size of the overload cycle, (rp)ol- These values are
identicel to those identified in single overpeak tests of nickel-base
supeiallcys under 3 second frequency (20 cpm) c}cling conditions(49) . The
magnitude and size of the crack growth retardation zone increased with the
overpeak K level. It was difficult to assess the impact of combinations of

overpeaks and hold times in single overpeak tests,

The results of the R=0, 649°C multiple overpeak tests on Rene’95 are
shown in Figure 5.32. These data are shown as a function of Kpgo14, the K
during the hold time. The degree of retardation increases with overpeak ratio
and Kho14. In tests with 50% overpeaks, there is no influence of hold
time(Figure 5.32c). A similar comment can be made for 20X overpeak tests
where the Kyo1q 18 #n excess of 30 MPa/m. Even at lower Kyo1q levels,
comparison of t»sts with 10 and 207 overpeaks (Figures 5.32a and 5.32,
respectively) show much leas influence of hold time on crack growth rates for
20X overpeaks. This very strong effect of overpeaks on time-dependent crack
growth is similar to that reported by Weerasooriya and Nicholas(30) for Alloy
718. The remaindex of the test conditions were restricted to overpeak ratios

of 10 and 20 percent due to the absence of time-dependency for 50% overpeaks.

Figure 5.33 shows the results of the R~0.5 overpeak tests performed on
Rene’'95 specimens at 649°C, The trends shown with overpeak ratio, Kpo1d4., and

hold times are similar to those shown for the lower R-ratio in Figure 5.32.
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The results for the 593°C multiple overpeak tests with R=0 and R=0.5 are
shown in Figures 5.34 and 5.35, respectively. The trends in these tests were
the same as observed in the 649°C tests. Significant benefits of retardation

also occur ac 593°C in Rene‘95.

The results presented in Figures 5.31 through 5.35 show that a 20% *
overpeak is far more potent in retarding time-dependent crack growth than a
10X overpeaks. There is no indication of the amount of retardation which may
occur with 10X overpeaks because the 15 second ramp time used in the overpeak
tests was not experimentally evaluated during the non-overpeak testing
program. To gain more insight into the effect of overpeak retardation on
crack growth during hold times, the overpeak crack growth rate data were
plotted against the hold time duration using linear axes. This procedure was
used in Figures 5.5, 5.8, and 5.9 for the non-overpeak constant AK hold time
tests, where the crack growth rate varied in an almost linear fashion with
hold time and the slope of the linear relationship increased with Kyax. The
results of the 649°'C, R=0 overpeak test data are replotted on these linear
axes in Figure 5.36. This representation reinforces the observation that
increasing overpeak ratio suppresses time-dependent crack growth. The results
for the 10X overpeak ratio test (Figure 5.36a) show the linear behavior for
all three values of Ky,14. The slopes of the linear behavior for the two
higher value of Kpo1gq (32 and 46 MPa/m) appear to be nearly identical. This
fllustrates that even though there is time dependency for these conditions,
increasing values of Kpo)1q result in less time-dependent crack growth even for
overpeak ratios of 10X. A similar trend is observed for the R=0.5 overpeak

teets performed at 643°C as 1llusrtrated in Figure 5.37.

The results from the 593°C multiple overpeak tests with R-ratios of 0.0
and 0.5 are shown in Figures 5.38 and 5.39, respectively using linear crack
growth and hold time axes. As was observed for the higher test temperature,

there is evidence that a 10% overpeak at 593°C decreases the amount of time

dependent crack growth observed in Rene’95.
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5.2 ALLOY 718 CRACK GROWTH RESULTS

The test matrix for Alloy 718 was approximately half as extensive as that
of Rene’'95. Crack growth raies in Alloy 718 were measured at 593 and 649°C,
but only the influe- = >f hold time was evaluated. The Alloy 718 baseline
test matrix is listed in Table 5.4. The Alloy 718 results will be presented
in separate sections on c-rarant AK, threshold, static, and retardation tests.
These data are shown usin ...2 same variables used for presenting the Rene’95
data. The rationale for presenting the data in this fashion was described in

the previous section and will not be repeated here.

5.2.1 Alloy 718 Constant AK Test Results

The Alloy 718 constant AK tests were performed as a functiun of hold
time. Due to the absence of constant AK frequency tests, crack growth during
a zero second hold time segment was also evaluated in these tests. This
resulted in a total of 12 constant AK segments for each test specimen (3
levels of Kpax %X 4 hold times). Figure 5.40 shows the variation of crack
length with cycles for the Alloy 718 specimen tested at 649°C with a R-ratio
of 0.0. At first glance, these results seem to be very similar to those
reported for Rene’95; however, in the 0 second hold time segments which follow
300 second hold time cycling at a lower Kpax. there is transient crack growth
behavior. These results are shown more clearly in Figure 5.41. 1In both
cases, the growth during the zero second hold time cycle was initially very
high and then decreased to a steady state condition. This was observed in the
Allcy 718 constant AK tests indeperdent of temperature and R-r#:jo and
precluded the accurate determination of c¢rack growth rates during the O second
hold time segments. Consequently, those results will not be reported. These
types of transient behavior have been observed in IN100 by Larsen and
Nicholas(?0)  The transient behavior was studied In more detail during the

mechanism experiments and are reported in Section 6.

The Alloy 718 constant AK test results were analyzed statistically using
the techniques described for the Rene’95 tests. The results of the

statistical analyses are reported in Appendix C. 1In all subsequent figures,




Table 5.4:

Alloy 718 Simple Cycle Test Matrix

Test Temperature Test
Number ('c) R Type
Al3-17 593 G.0 constant AK
A13-09 593 9.0 threshold
Al13-07 593 0.5 constant AK
Al3-11 593 0.8 constant AK
Al3-10 593 static threshold
Al3-24 649 0.0 constant AK
Al3-28 649 threshold
Al3-06 649 0.0 threshold
Al3-37 645 0.5 constant AK
Al3-20 649 .5 threshold
Al13-12 6.9 0.8 constant AK
Al3-14 b9 .8 threshold
A13-32 649 0.8 threshold
Al3-05 649 0.8 threshold
Al13-02 549 0.8 threshold
Al3-19 649 gtatic threshold
A13-35 649 static constant load
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Figure 5.40: Variatlion of crack length with cycles during constant 4K hold
time test on Alloy 718 at 649°C with R=0.
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the large symbols correspond to the average values of K;,¢x and crack growth

rate from the constant AK tests.

The results of the Alloy 7i8 593°C constant AK tests are given in Figure
5.42. Increasing hold times accelerates the crack growth rates. There is a
larger difference in crack growth rates between 4 and 30 second hold times

with increasing R-ratio.

The results of the constant AK tests performed at 649°C are shown in
Figure 5.43. This shows the types of trends observed in the 593°C results
except that there is a smaller influence of R-ratio for the 4 second hold time
data. No data is shown for the 4 second hold time at the highest Kgox level
because the transient zone was so large that it also influenced this segment

of crack growth rate.

The crack growth rates from the 593 and 649°C Alloy 718 constant AK tests
are replotted on linear axes as a function of hold time in Figures 5.44 and
5.45, respectively. The results for both temperatures show that the crack
growth rates are proportional to hold time. This effect is qualitatively
predicted from the superposition model.

5.2.2 Alloy 718, Threshold Test Results

The threshold tests performed on Alloy 718 are listed in Table 5.4. A
few tests were performed at 593°C, but the majority of the threshold tests
were conducied ai 649°C, Th~ influence of R-ratio or the 649°C Alley 718
second hold time (3 second cycle) hold time tests ~re shown a function of AK
and Kpayx in Figures 5.46a and 5.46b, respectively. At a constant value of AK,
crack growth rate increases with R-ratic while the opposite trend is observed
for constant values of Kp,x. The data for the different R-ratios are roughly
parallel which suggests that they could be modeled using the Walker model.

These trends are very similar to those observed in Rene’95.

Figure 5.47 compares the results of the R-0, 0 second hold time tests

performed at 593 and 649°'C. There appears to be a relatively small influence
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of temperature for this cycling condition.

The crack growth rates measured during R=0 threshold tests with hold
times of 0 and 300 seconds are shown in Figure 5.48. These were the only
threshold tests performed for the 645°C, R=0 cycling conditions. These data
show the increase in threshold with increasing hold time, similar to that
observed in Rene'95. The influence of R-ratio and hold times on the threshold
values measured in Alloy 718 at 649°C are shown in Figure 5.49. As was the
case for Rene’'95, these data are presented as (K¢h)pax values. The asterisk
on the right side of this figure shows the value of the static crack growth
threshold. The only R=0.5 test was performed for a O second hold time. The
R=0.8 data shows the same general behavior as observed for Rene’95 at this
R-ratio where the threshold decreases rapidly with increasing hold time and
then either saturates or increases slightly to a value much higher than che

static crack growth threshold.

The remainder of this section will compare the results from the threshold
and constant AK tests. No comparisons are shown for O second hold time tests
because no accurate data were obtained from the constant AK tests. Figure
5.50 shows the results from the 649°C, R=0, 300 second hold time test. The
crack growth rates measured in the constant AK test are significantly lower

than those measured during the increasing AK portion of the threshold test.

The results from the R=0.8 threshold and constant AK tests are shown in
Figure 5.51. No Region 1I crack growth rates were measured under increasing
A¥--onirol cordition fer any of these hold times. After the cvack arrested
and the increasing AK portion of the test was started, there was a very rapid
acceleration in crack growth rate making it almost impossible to measure the
Region II crack growth rates. This behavior is very similar to that shown in
Figure 5.41 for the transient behavior. This was observed to a lesser extent
in the 649°C Rene’95 threshold tests. This type of behavior has also been
observed after 20 cpm threshold tests of Alloy 718 at 427°C (800°F)(69) . The
differences between the Region I1 data measured during the AK-shed and
constant AK tests vary significantly. This may result from retardation during

the AK-shed because the static retardation behavior increases with Kppy level.




10°

; 1 T T R Y T '
_ | Aoy 718
I + 649C aadd
EB - F2==().C) AtxA
N A
L
q
ol a8
—r a
o | 5
S )
% I} &
> Ot 3
R :
3 <
£y
ol X -
E of ]
z | : ]
o]
o w
o ©
—F a ':1
i x A 1
© - X B
bor 4
9 - x 0 sec. hold 5
- ; X a 300 sec. hold ]
I " .
ol ¥ i
I x ]
7T *
or y
- l 1 _— 1 1 1
10 20 S0
Kmax (MPa sqrt m)
Figure 5.48: Results of Alloy 718 threshold tests with R=0 and different hold

times at 649°C.




.30

—r T -
P\" R=0.8

25

PaN

(Kth)max (MPa sgrt m)
20

15

10

100

260 ' 300
hold time (sec)

Filgure 5.49:

Variation of (K¢h)max in Alloy 718 at 649°C with R-ratio and
hold time.




10°

N T Y T T T
_ b Aloy 718 -
| | 649C Cexx
9: RSO.O xxx -qj
] - 300 sec. hold * )
~N AN
ICD__ x> A —
~— X -
] x -
r 1
o7 | A J
o ol § :
®) [ X 4
2k i 1
=
E ol f :
z i ]
O | X
ER |
o EET X p
- x -‘
L -
O
[ 9
ol 1
Q—t ]
~ [ 1
I r 1
oL -
o | ]
|
or
- 1 1 2 1
10 20 sC

Kmax (MPa sqrt m)

Figure 5.50: Comparison of crack growth rates measured in threshold and
constant AKX tests of Alloy 718 at 649°C and R=0 for a 300 second
hold time cycle.

-141-




<2
09 ‘c-. S - -
Alloy 718 . _ - Aoy 718 :
Tt 649C - ' 849C N
ol r=08 - c. R=0.8 :
Tt 4 sec. heid : : 30 sec. hold
“ f o
O[ < 9.— K
—F . A ol
—_a on . ¢ .
Q = * " -
9 |.°-' A B t:;‘ 9? -
ot <
S, P
E 1 L € lo -
<= 9t - ~ =< H
= -z
z -
g ol - 3 o E
¢ s
ol - 9‘ E
n DR
=43 = = <
@t T
. or
o N } —1 L -
. io LY 10 20 S0
0 Kmax (MPa sqrt m) Kmax (MPa sart m)
(a) (b)-
. e -
Aoy 7°8
T . 64SC .
9. R=0B . :
300 sec. ho = .
~ : Figure 5.51:
1 .u’
e- " B
7 . % Comparison of crack growth rates
Q O._ -
g ; measured in threshold and constant
- -
E ' - AK tests of Alloy 718 at 649°C and
5 - ) R=0.8 for hold times of (a) &4
<9 .
8 S- B seconds, (b) 30 seconds, and (c) 300
© seconds,
= B
-
1
o. B
© N
o - . ——
% 7 %

20
Kmox (MPa sqrt m)

(¢c)




5.2.3 palloy 718, Static Crack Crowth

The static crack growth properties of Alloy 718 were determined at 593
and 649°C using AK-shed and constant load tests. The results of tho 649°C
tests are shown in Figure 5.52. The constant load test has an artificial
threshold and there is a significant difference between the two types of
tests. This is the same type of behavior observed in Rene’95. The
near-threshold results shown in this figure were used to establish the value
of the static threshold shown in Figure 5.49. Only one static crack growth
test was performed on Alloy 718 at 593°C. The results of that constant load

test are shown in Figure 5.53.

Comparison of the results shown in Figures 5.52 and 5.53 reveals that
decreasing the test temperature from 649 to 593°C decreases static crack
growth rates by approximately an order of magnitude. It is interesting that
the static crack growth rates measured in Rene’95 (Figures 5.28 and 5.29) had
a very distinct linear Reglon II which extended to K levels approaching 60
MPa/m. The companion tests on Alloy 718 showed a decreasing slope with
increasing K. Alloy 718 has a lower creep capability and this may reflect the

presence of larger amounts of creep deformation at the tip of the crack.

5.2.4 Alloy 718, Retaydation Tests

Four overpeak hold time tests were performed on Alloy 718 specimens at
649°C. The test matrix was comprised of two R-ratios (0.0 and 0.5) and two
sverpezk ratios (10 and 2CY) 2and {s shown in Tablz 5.5 The overpzak cycles
end test techniques for these tests were ldentical to those performed on
Rene’95. The transient crack growth behavior observed during the constant AK
tests was also observed in the Alloy 718 overpeak hold time tests. As in the
constant AK tests, this prevented the used of the 0 second hold time data from
the overpeak hold time tests. The results of these tests were analyzed
identically to the Rene’95 constant AK overpeak tests. Statistical analysis

results for the Alloy 718 retardation tests are shown in Appendix D. The
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Test
Number

Al3-18
Al3-31
A13-36
Al3-08

Table 5.5: Alloy 718 Overpeak Cycle Test Matrix

Temperature

°o

649
649
649
649

~ Overpeak
R Ratio
0.0 1.1
0.0 1.2
0.5 1.1
0.5 1.2
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average values of Kpgld4 and crack growth rate determined in these analyses are

represented by large symbols in the following figures.

The results from the Alloy 718, R=0.0 overpeak hold time tests are shown
in Figure 5.54 where results for different hold times are indicated with
different symbols. The dotted lines connect the results froa cycles with the
same hold time. Increasing the overpeak ratio results in suppression of
time-dependent crack growth. For 20% overpeaks (Figure 5.54b), increasing
Knhold results in a larger amount of retardation. This trend occurs occurs for
the 10X overpeaks with a 30 second hold tiwe, but the effect is not clear for
the 10% overpeak with 300 second hold times.

Figure 5.55 shows the data obtained from the 649°C R=0.5 retardation
tests. These results also show that increasing the amount of the overpeak

suppresses the influence of hold time In these types of cycles.

The crack growth data shown in Figures 5.54 and 5.55 have been replotted
on linear axes as a function of hold time for fixed values of Kp,j4. The
results for the R=0.0 and 0.5 tests are shown in Figures 5.56 and 5.57,
respectively. These data can be compared to the constant AK data which did
not include overpeaks on each cycle. In the non-overpeak constant AK tests,
the crack growth rates varied linearly with hold time with the slope to the
linear relationship increasing with Kpo1q level. The results from the R=0,
10X overpeak Alloy 718 test (Figure 5.56a) shows that there is a significant
influence of hold time for Kpo1q values of 35 and 52 MPa/m, but that the
slopes of the crack growth trate with hold time are similar for rhese two
situations. This indicates that a significant amount of retardation is
occurring at the higher Kypo1g9 levels. The results of the R=0, 20X overpeak
(Figure 5.56b) show the slopes are similar independent of Ky,14 level which
results from the larger amount of retardation associated with the higher

overpeakh.
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The results from the R=0.5 overpeak tests are shown on linear axes in
Figure 5.57. The overall trends are similar to those shown for the R=0 tests;

however, it appears that the amount of retardation is smaller with increasing

R-ratio.
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6.0 MECHANISM STUDIES

This section of the report describes the experimental work performed to
better understand the mechanisms which control the time-dependent crack growth
of Alloy 718 and Rene'’95.

6.1 APPROACH OF MECHANISM STUDIES

These experiments were intended to aid in the interpretation and modeling

of the crack growth behavior and can be divided into four areas:

fractographic examination 4
vacuum tests

metallographic sectioning experiments

S W =

. characterization of crack tip damage zones

6.1.1 EFractographic Exemination

As a crack grows through a material, the resultant fracture surfaces
leave & history of the deformation and fracture events. Although it is
difficult to describe the entire fracture behavior from fractographic
appearance, the changes Iin fracture mode with alloy, temperature, environment,
ara cycling conditions may provide clues as to the parameters which
participate in the fracture events. Fractography was performed on selected

specimens to better understand time-dependent crack growth.

6.)..2 Vacuunm Tests

As reported in the literature survey, the time-dependent crack growth
process can be ‘oscribed in terms of creep-fatigue-environment interactions.
It 1s almost impossible to separate creep-fatigue interactions; however the
environmental part can be eliminated by perforuing crack growth tests in a
high vacuum environment. Crack growth tests were performed in the high vacuum

facllity at GEAE to help understand the influence of environment on the
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time-dependent crack growth process of these alloys. Fractography was also

performed on many of the vacuum test specimens.

6.1.3 Metallographic Sectioning Experjments

The threshold measurements showed that R=0, threshnld values increase -
with longer hold times and lower test frequencies. When those data were
presented, it was argued that this was consistant with creep-assisted crack
tip blunting or stress redistribution near the crack tip. Several threshold
tests were performed, duplicatir , selected conditivas rerorted in Section 3,
except the specimens were not broken after reaching the crack growth
threshold. Metallographic sectioning was performed on these specimens to

examine the morphology of the crack tip.

6.1.4 Chaxacterization of Crack Tip Damage Zopnes

During the Alloy 718 conscant 8K tests, evidence of transient crack
growth behavior was observed (ngure 5.41). These observations we:¢c o =en
subjective in nature. During this part of the investigation, the size of the
transient zone was measured in both Rene’95 and Alloy 718. Individual Allcy
718 specimens were also tested in solely in air, solely in vacuum, and
sequentially in both air and vacuum to isolate the creep- and

environmentally-induced damage at the crack tip.
6.2 FRACTOGRAPHY OF SPECIMENS TESTED IN AIR

Scanning electron microscopy (SEM) was usec¢ to study the fracture surface
morphology of selected Rene’95 and Allr: 718 tesc specimens. For constant AK
hold time and frequency te:v: fractog.aphic examinatious were performed at
the specimer mid-thickness a.u crack depths cu.responding to the midpoint of
each Kpgx-cycle type segment. These midpoint ﬁositions were determined from
post test crack length aeasurements and data analysis results. Accurate
location of these positions for SEM study was achievec using a traveling stage
controlled Ly & micrometer graduated in 0.00]1 mm increments. The region used

to measure the crack groth treshold in decreasing 8K threshold tests

154




was located in a similar manner. Constant load teste were examined at the
specimen mid-thickness tor crack depths which sampled the entire region of
static crack growth. These positions corresponded to regular intervals of

crack length and were also located on the SEM using the traveling stage.

The fractographic results for tests performed in air are reported in four
sections. The first three present the observations for Rene’'95 constant AK
(Region II), threshold (Region I), and retardation tests. The fourth section
describes the fracture appearance of the Alloy 718 constant AK test specimens.
Table 6.1 lists the Rene’95 specimens and assoclated test conditions used in
the fractographic study. Fractographic observations for the vacuum tests are

reported along with the vacuum data in Section 6.3.

6.2.1 Rene'95. Constant AK (Region 1I) Observations

The examination of constant AK, R=0, hold time specimens tested at 538,
593, and 649°C revealed fracture morphologies that ranged from entirely

transgranular to entirely intergranular. The results are summarized in Table
6.2 where the observations for all three hold times (4, 30, and 300 seconds)
are generalized for each Kpay level and temperature. T indicates a mode that
is entirely transgranular, I indicates a mode that is entirely intergranular,
and I + T indicaces a mixed mode, where intergraaular failure is prominent,
As evident from the table, the combinatler. of decreasing temperature and
higher Kpayx resulted in an increased tendency for transgranular failure. It
was also observed for mixed mode cases that rhe amount of transgranular
failure decreased with increasing hold time Tiiis beheavior is illustrated in
the SEM micrographs of Figure 6.1, where the morphology for hold times of 4
and 300 seconds is comparec¢ for the two mixed mode cases; 538°C ané Kpay = 20
MPa/m, and 593°C and Kggy - 446 MPa/m. At both temperature - Kpay
combinations, the 300 second hold time has resulted in more pronounced

intergranular failure.

Ag indicated by the asterisk in Table 6.2, slight evidence of
transgranular failure was also observed for the 4 second hold time region of

the 649°C test specimen. The SEM micrographs of Figure 6.2 compare the




Table 6.1:

Rene’95 Simple Cycle Specimens Evaluated in Fractographic

Studies
Test Temperature
Number (*C)
AF19 538
AF45 593
AF54 593
AF44 593
AF66 593
AF59 593
AF12 593
AF50 593
AF70 593
AFO3 649
AFO5 649
AFl4 649
AF63 649
AF06 649
AF18 649
AF10 649
AF15 649
AF09 649
AF16 649
AF23 649
AF72 649
AF55 649
AF21 649
AF30 649
AF40 649
AF69 649
AF17 649
AF60 649

R

(= =)
(=N =]

(=N
v

o O

.8
.8

static
static

COO0OO0O0OO
COO0OO0OCOO

OO CO
(VS RV RV

[eNoloNeNe N
oo o o ™k ™

static
static

Test
Type

constant AK

constant 4K
constant AK

constar.t AK
constant AK

constant AK
constant AK

threshold
constant load

constant AK
constant AK
threshold
threshold
threshold
threshold
threshold

constant 4K
threshold
threshold
threshold

constant AK
threshold
threshold
threshold
threshold
threshold

threshold
constant load

Variable

hold time

hold time
frequency

hold time
frequency

hold time
frequency

hold time
frequency

3 sec. cycle
30 sec. hold
300 sec. hold
30 sec. cycle
300 sec. cycle

hold time

3 gec. cycle
300 sec. hold
300 sec. cycle

hold time

3 sec. cycle
30 sec. hold
300 sec. hold
300 sec. hold
300 sec. cycle




Table 6.2: Summary Of Rene'95 R=0 Fractography Results For Hold Time Test

Specimens
. Temperature ' Kmax(MPa./m)
(*C) 20 33 44
538 I1+T T T
593 I 1 I+T
649 1 I *

* some evidence of transgranular failure
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Figure 6.2

SEM micrographs showing Region 11
fraciure morphology of coenstant AR,
R-0 Rene’ 95 specimen tested in air
AU HATTC and condivions of (a) high
Foas . @ second hold time cvele, (b
hiph Kpax. 30 second hold time

cvele, and (¢) high Kpax. 300 second

hold time cvele.



fracture appearance for the 4 second hold time segment of this specimen, wh.ch
appears slightly transgranular, Figure 6.2a, with those for the 30 and 300
second hold times, which are clearly intergranular, Figures 6.2b and 6.2c.
ithese detailed findings are consistent with the general trends described

above.

The fractographic observations for the.538°C hold time specimen
correlated with the peculiar trends observed im its crack growth behavior
(Figure 5.4a). At low Kp,x, increasing hold time accelerated crack growth
rates and could be assoclated with an increase in the amount of intergranular
failure (compare Figures 6.la and 6.1b). At the other Kp,y levels, there was
either no hold time effect (intermediate Kpsx), or a reverscd z2ffect (high
Kpnax) where increased hold time resulted in lower growth rates. The fracture
morphology for each hold time segment at thése higher Kpsx levels appeared to
be entirely transgranular. SEM micrographs for the 4 and 300 second hold time
regions at thess Kp,y levels are shown in Figure 6.3,

One possible explanatiun for the reduction in crack growth rates with
increased hold time at the high Kyax condition is that localized crack tip
blunting and/or stress redistrihution is occurring. No evidence of this
phenomenon was revealed by the fractography; the morphelogy for the 300 second
hold time was similar to that of the 4 second hold time (Figures 6.3c and
6.3d).

There is also & correlation between fractographic observations and crack
gwowth behavior for the 593°C test (Figuie 5.44) Fer the condition of mixed
mode failure (high Kpax; see Table 6.2), the acceleration of growth rates with
hold time could again be associated with an increase in the amount of .
intergranular fracture. Fractography-crack growth behavior correlations for
the other Kpgax levels of this test, or the 649°C hold time test, Figure 5.3,
are not possible since the fracture mode for these remaining conditions was
predominantly intergranular It should be pointed out, however, that the
condition where glight evidence of transgranular failure was observed (649°C,
4 second hold time, high Kpax) again corresponds to the lowest growth rates at
that Kpgx level.




Figure 6.3

SEM micrographs showing Reglon 11 fracture morpholopy of
constant AK, R=0 Rene’'95 specimen tested In afr at 535°0 and
conditions of (a) iIntermedlate Kg, 5. 4 second hold tlme cycle,

(b) intermediate Kyayx. 300 second hold time cvcle. (¢) high

Kinax. &4 second hold time cycle, and (d) high Kg,x. 300 second

hold time cycle.




The study of constant AK, R=0, frequency specimens tested at 593 and
649°C also revealed a range in fracture morphology. Table 6.3 compares the
fractographic observations for the 593°C frequency and hold time test
specimens. In this table tiiere are two designations for mixed mcde fracture,
I+T and T+I, representing more prominent intergranular or more prominent
transgranular failure, respectively. As was the case for the hold time
specimen, an increase in cycle duration typically promoted intergranular crack
growth. A noticeable difference in fracture mode between the hold time and
frequency cycled specimens, however, was observed at the low Kpa.y condition.
Table 6.3 shows that the frequency test specimen exhibited mixed mode
fracture, while the companion hold time specimen exhibited intergranular
fracture. These features are illustrated in Figure 6.4, where SEM micrographs
for 30 second cycle period and 30 second hold time at the low Kpay level are
compared. Note that the transgraunular regions for the frequency test specimen
are distinguished by flat faceis. As indicated in Table 6.3, the 30 secund
cycle period region contained the largest amount of transgranular fracture for

the frequency test specimen at the low Kpax level.

The fatigue mode characteristics of the frequency test can be correlated
with the observed crack growth behavior, Figure 5.%9a. At low Kp,y, there is
little effect of cycle period, and mixed mode fracture was observed. These
crack growth rates are also much slower than those observed for the hold time
test at this Ky, level, which exhibited intergranular failure for each hold
time. At all other conditions for the frequency test, there is a clear
influence of cycle period and a transition to completely intergranular

fatlure.

Under most conditions, the 649°C, constant AK, frequency specimen
fracture was similar to that of the companion hold time test. At low
frequency, however, mixed mode fracture was clearly evident at the high Kpgyx
level (the 4 second hold time segment exhibited very little transgranular
failure), and the intermediate Kpox level contained a slight amount of
transgranular failure (the 4 second hold time segment exhibited ‘ntergranular
fallure). Figure 5.2 showed that the hold time test had faster growth rates

at these Kp,x levels. The fractography results are again consistent with the
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Table 6.3:

Summary Of Rene’95 593°C, R=0 Hold Time and Frequency

Fractographic Observations

cycle
Kpnax period fatigue
(MPa/m) (sec) mode
3 I+T
19 30 T+1
300 I+T
3 1
21 30 1
300 1
3 T+1
44 30 I
300 1
-164-

hold .
time fatigue
(sec) mode
4 1
30 1
300 1
Iy 1
30 1
300 I
4 T+1
30 I+T
300 1




trend for R=0, hold time and frequency test crack growth rates at a given Kpay

level to increase with increased amounts of intergranular fracture.

Increasing the R-ratio for 593 and 043°C held time tests resulted in
intergranular fracture for all hold times and Kpyx levels. As described
previously, some mixed mode failure was observed for the R=0 tests at these

temperatures.

The effects of R-ratio and frequency on fracture mode were only studied
for the 593°C tests. At an R-ratio of 0.5, the occurrence of transgranular
fracture was again diminished with increasing R-ratio. Although predominantly
intergranular, some transgranular fallure appeared to be present at the
conditions where mixed mode was observed for the R=0 test (see Table 6.3).

For the R=0.8 test specimen, evidence of transgranular fracture was further
diminished at the high K;,x level, but some transgranular fracture was
observed at the 3 and 30 s:cond cycle periods for the intermediate K.« level.
The R=0 and 0.5 specimens exhibited intergranular failure under these
conditions. The SEM micrographs of Figure 6.5, show the observed morphology
for the 3 second cycle period of the R=0 and R=0.8 specimens at the
intermediate Kp,y level. A comparison of frequency and hold time effects on
crack growth rates for these R-ratios revealed that for comparable Kpay -
cycle time segments, the presence of some transgranular failure in the
frequency test speclimen was associated with similar or significantly reduced

crack growth rates.

The remaining descriptionr of Regicn I1 fracture mode pertains to the 593
and 649°C static tests. Cracking for these specimens occurred in an
intergranular mode, independent of the test control technique (constant load
or decreasing AK). The 649°C constant load specimen selected for examination
was precracked with a ramp period of 3 seconds to reduce the initial AK. At
this condition, the crack would not propagate under static loading.
Subsequent 3 second ramp cycling was performed to grow the crack to a larger
size. 1t was necessary to increase the AK by nearly 50 percent to achieve

static crack growth. Study of this regpion revealed an intergranular fracture

mode both before and after the arrest position. This indicates that the
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arrest was not caused by a change in fracture mode, and that again, the
possible occurrence of local crack tip blunting and/or stress redistribution

was not supported by fractographic observations.

6.2.2 Rene’'95; Region I Observations

The fractographic study of Region I threshold specimens considered all
649°C conditions shown on Figure 5.19 except the 4 second hold time, R=0.8
condition. The fracture mode for all specimens except the 3 serond cycle
period snecimen tested at R=0, was completely intergranular in the region of
crack arrest. For this exception, some isolated transgranular-flat faceted
areas were observed within a predominantly intergranular morphology. Figure
5.19 shows that this condition resulted in the lowest threshold of all cyclic
tests. The SEM micrographs of Figure 6.6 show the fracture morphology in the
reglon of ci.ack arrest for the R=0, 3 sccond cycle pericd specimen, and lle
cyclic specimen having the next highest threshold. The latter specimen was

tested at R=0 with a 30 second hold time and exhibited intergranular fracture.

6.2.3 Rene’95;: Retardation Test Observations

The 649°C, R~0, hold time specimen tested with a 20 percent overpeak was
selected for SEM study of Region II retardation effects. The fracture mode
for all Kpgx-hold time combinations was intergranular. As previously
described, subtle transgranular fracture in a predominantly intergranular mode
vas observed for the companion non-overpeaked specimen at the high Kpayx level
and 4 second hsld time condition. For this condition, the ~verpeeswn thu:
promoted intergranular fracture. A much more noticeable difference between
the hold time fracture regions of the overpeak specimen and the companion hold
time specimen was observed at low magnification. The low magnifications SEM
micrographs in Figure 6.7 show the entire region of crack growth for both of
these specimens. As hold time duration increases at each Kygzx level, the

non-overpeaked specimen exhibits a much more tortuous fracture surface.
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()

SEM micrographs showing the fracture surtace of constant AK, R=0

Flgure 6.7:

a5 hold time specimens teésted in alr at 649°C and conditions

[

Rene

of (a) 20% overpeak and (b) no overpeak.
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6.2.4 Alloy 718;. Constant AK (Region I11) Hold Time Observations

The R=0, constant Kp,x, hold time specimens tested at 593 and 649°C were
selectcd for the SEM.study of Alloy 718 Reglon II morphology. The fracture
morphology at 593°C and the low Kpax level transitioned from mixed mode to a
predominantly intergranular mode as hold time increased. Figure 6.8 shows SEM
micrographs which illustrate the morphology for each low Kpzx segment. As the
Knax level increased, the tendency for intergranular failure with increasing
hold time diminished. Figure 6.9 shows micrographs for the 4 and 300 second
hold times at the intermediate and high Kp,y levels. For the high Ky level,

the 300 second hold time has resulted in negligible intergranular failure.

At 649‘C,,a trend In fracture morphology transition like that of the
593°C test was observed at the low K .,y level, but intergranular fracture
became wore prevalent with increasing Kp,x and hold time. The SEM aicrographs
of Figure 6.10 show the morphology for the 4 and 300 second hold times at the
intermediate and high K .. levels for the 649°C specimen. Whereas the 593°C
specimen had negligible intergranular failure for the high Kax, 300 second
hold time, Figure 6.9d, the 649°C test exhibits complete intergranular
failure, Figure 6.10d. The effects of hold time on fatigue crack growth rates
were much more pronounced for the 649°C test at all Kp,x levels. This
correlates with the pronounced increase in the amount of intergranular

fracture, particularily at the high Kp,4x level.

6.3 VACUUM RESULTS

Region I1 vacuum crack growth tests were performed on both Rene’95 and
Alloy 718. The selected test conditions are listed in Table 6.4. The intent
of these tests was to determine the role of the environment on the crack
growth rates and failure modes. This section will describe both the crack
growth data and fractographic examination results of specimens tesred in high

vacuum .
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Figure 6.8

SEM micropraphs showing Region 11
fracture morpholopy ot constant AK.
R-0 Alloy /18 specimen tested in oair
at HYTTC and conditions of (ar Tow
Kpas, & second hold time evele. (b
W second hold time covele,
and () low Ky, 300 second hold

time cycle.



Figure 6.9

SEM micrographs showing Region Il fracture morphology of
constant 8K, R=0 Alloy 718 specimen tested in air at 593°C and
conditions ot (a) Intermediate Kpayx. % second hold time cycle,
(b) intermediate Kpgyx. 300 second hold time cycle, (c¢) high
Knax: 4 second hold time cycle. and (d) high K;,y. 300 second

hold time cycle.




SEM miciopraphs shiowing Repion T tractare morphology of

constant A¥. R~0 Alloy 718 specimen tested in afr at 649°C and

conditions of a4y intermediate b 4 second hold time ovele

ax

th)y Intermediate ¥ 30 second hold time cvele, (o) hiph
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Material

Rene'95

Rene'95

Alloy 718

Table 6.4:

Specimen

AF26

AF71
AF78
AF76
AF37

Al13-18
Al3-01

Vacuum Crack Growth Specimens

Temperature
("C)
593
649
649
649
649

649
649
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6.3.1 Repe’95 Vacuum Crack Growth Results

All vacuum crack growth tests were performed with either a 3 second cycle
or a 300 se~onc hold time with 1.5 second loading and unloading ramps. These
will be referred to as 0 and 300 second hold time cycles because they had the
same ramp periods. These tests were performed using the controlled increasing
AK option in the potential drop software. Comparisons to tests performed in

air will be done between tests performed using the same control mode.

The results of the 649°C tests with R-ratios of 0.0 and 0.8 are compared
as a function of AK and Kpax in Figure 6.1la and 6.11b, respectively. These
results show, like the O second hold time data in air, that increasing R-ratio
accelerates crack growth rates. The significance of this comparison is that
these data cannot be correlated using either &K or Kpgx, indicating that an
interpolative model, such as the Walker model, may be used to describe the

crack growth behavior in vacuum.

Figure 6.12 compares the results of the 593°C R=0, 300 second hold time
vacuum test with 1ts companion test in alr. The crack growth rates range from

two to four times slower in vacuum than in air, depending on the AK level.

Figure 6.13 compares the results of the air and vacuum tests for the
three 649°C test conditions evaluated in vacuum. The cracks in the 0 second
hold time tests in alr grew approximately six times faster than the cracks in
the vacuum tests independent of the R-ratio. The R=0, 300 second hold time
tests (Tigure 6.13¢c) ir alr giew approrimately 100 times faster than the
corresponding test {n vacuum. These results show that laboratory air is an
aggressive environment for Rene’95. 1t is especially aggressive for long hold

times.

The influence of hold time on the crack growth rate of Rene’95 for R=0
cycling at 649°C is compared in Figure 6.14. In the presence of air, a 300
second hold time accelerates the crack growth by two orders of magnitude,
while in vacuum the same hold time results in a four fold increase in the

crack growth rate.
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Figure 6.12: Comparison of Rene’95 crack growth rates measured in air and

vacuum for tests cycled at 593°C with R=0 and 0 second hold

time.
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The influence of test temperature on the R~0, 3 second cycle crack growvwth
rates in alr and vacuum are shown in Figure 6.15. The crack growth rates are
faster in air, but the relative influence of temperature on the crack growth

rates 1s similar.

6.3.2 Alloy 718 Vacvum Crack Crowth Regults

The only vacuum crack growch tests performed on Alloy 718 specimens were
at 649°C with R~0 and hold times of O and 300 seconds. Figure 6.16 compares
the results of the vacuum tests to the corresponding tests performed in air.
The presence of alr accelerates the no hold time crack growth rates by a
factor of approximately three, while for 300 second hold times, this factor is

in excess of an order of magnitude.

Figure 6.17 compares these results as a function of the hold time. 1In
air, a 300 second hold time accelerates the crack growth rate by a factor of
approximately twenty. Hold time also accelerates the crack propagation rate

in vacuum, but to a much smaller extent.

6.3.3 Rene’'95 Vacuum Teot Fractographic Obgervations

Three Rene'95 specimens were selected for SEM study of Reglon 1II fracture
morphology after vacuun testing: the 649°C, R=0, 3 second cycle period and 300
second hold time speciuens, and the 593°C, R=0, 3 second cycle period
specimen. Each was examined at K;ax levels corresponding to the companion
conscant ¥p, . alr test specimens (low and intermedfate Kpgy lo1 the €49°C
tests; all three Kp,x levels for the 593°C test). At 649°C, the vacuum
tested, 3 second cycle period specimen exhibited transgranular fracture at‘the
low Kpax level and predominantly transgranular fracture at the intermediate
Kpax level. Under comparable conditions, the constant Kp,x alr test exhibited
predominantly intergranular failure (some minor evidence of transgranular
cracking was observed at the intermediate Kpgzyx level). and similar crack
growth rates. The 649°C, vacuum tested, 300 second hold time specimen showed
intergranular failure, like the companion constant Kp,x air test, but crack

growth rates were more than an order of magnitude slower. The growth rates
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for the 300 second hold time vacuum test are only a factor of two faster than

those of the 3 second cycle period vacuum test. These results indicate that

the effects of environment on crack growth rates become much more significant

with long hold times, whereas the accompanying effects on fracture morphology

become negligible. The fracture morphology trends suggest the presence of

either air or creep can induce the transition in crack propagation mode from -
transgranular to intergranular. Figure 6.18 shows SEM micrographs which

illustrate the morphology observed at each Kpay level for the two 649°C vacuum

tests. )

The 593°C vacuum specimen tested with a 3 second cycle exhibited
transgranular failure at all three Kp,x levels. The crack growth rates were a
factor of two to three slower than those of the 649°C vacuum specimen tested
at the same conditions, which also fractured in a transgranular mode.

Compared to the companion constant Kpayx air test, which {ractured in a mixed
mode uat the low and high Kpay levels and an intergranular mode at the
intermediate Ky, level (see Table 6.3), the vacuum testing resulted in

similar crack growth rates.

6.3.4 Alloy 718 Vacuum Test Fractographic Observations

SEM fractography of vacuum tested Alloy 718 was performed on the R=0,
649°C specimens tested with a 3 second cycle period and 300 second hold time
segment. The specimen cycled with a 3 second period exhibited complete
transgranular fracture. The SEM micrographs of Figure 6.19 1llustrate the
ohserved morphology at typical low, intermediete, and i.igh Kpg. ievpls for
constant Kp.x tests. This morphology is in sharp contrast to the
1ntergranu1§r appearance of the low Kpayx value in the constant AK tests
performed in air as shown in Figure 6.20. Fractography was not taken from the
regions with the higher Ky, values because they were preceded by hold time
cycling and were possibly altered by the transient behavior described in
Section 5.

The 300 second hold time specimen was examined at Kp,y levels

corresponding to those of the 649°C hold time specimen tested in air
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igure 6.19:

SEM micrographs showing Repion 11

fracture morphojogy of H-increase,
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15 um

Figure 6.20: SEM micrograph showing Region 11 fracture morphology for
constant BK, R=0 Alloy 718 specimen tested in air at 649°C with

a 3 second cycle period (low Kp,x level).
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(described in tue previous section). Due the small range in Kpgy for the
vacuum test, the comparison was limited to the intermediate Kp,y level. The
SEM nicrograph of Figure 6.21 shows that intergranular fracture occurred.
Intergranular fracture was also observed for the 300 second hold time segment

of the air test specimen at this Kpgx level.

6.3.5 Discussion of Vacuum Results

The vacuum test results showed a strong influence of environment on the
crark growth rates as has been reported by previous
1nvestigators(12'14-18-25'29). It was noteworthy that 300 second hold time
cycling At 649°C in vacuum accelerated the crack growth rates relative to the
no hold time (20 cpm) cycling and resulted in a transition from a
transgranular to intergranular fracture mode for both Rene'95 and Alloy 718.
A siwilar change in fracture mode and crack growth rates was observed when
comparing zero hold time tests in air and vacuum. The Rene’95 crack growth
rate data for these three cycling condition are shown in Figure 6.22. In the
lowest crack growth rate condition, cracks grow in a transgranular mode.
Increasing the hold time in vacuum or changing the environment to air results
in a similar increase in crack growth rates and intergranular crack
propagation. These results suggest that intergranular crack growth can be
caused by either creep deformation or environmental damage. This behavior
suggests that there is a strong creep-fatigue-environment interaction during
the time-dependent crack growth in nickel-base superalloys. The five fold
acceleration in crack growth rate shown in Filgure 6.22 is larger than
anvicipate” from the cuperposition concept and may suggect tha: ‘nterg~anilar

crack propagation is inherently faster than transgranular propagation. )

Figure 6.23 shows the 649°C crack growth data for the same three cycling
conditions in Alloy 718. Again the condition with the lowest propagation
rates has & transgranular crack growth mode. Increasing the hold time in
vacuum or adding the influence of alr increases the crack growth rate and
causes a transition from transgranular to intergranu. - failure. The crack
growth rates are not as gsimilar for thé latter two - nditions in Alloy 718 as

compared to Rene’$5; however, the overall trends are the same.
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Fligure 6.21: SEM micrograph showing Region 1] fracture morphelogy of
' K-increase, R=0 Alloy 718 specimen tested in vacuum at 649°C

with a 300 second hold time cycle (intermediate K level).
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Figure 6.22: Comparison of Rene'95 crack growth rates measured at 649°C for
R=0 cycling with 0 second hold time in air and vacuum and 300

second hold time in vacuum.
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6.4 METALLOGRAPHIC SECTIONING STUDIES

A wmetallographic study was performed to determine whether crack tip
plunting could be detected through metallographic examination of a crackx. For
this study, Rene’'95 and Alloy 718 specimens were subjected to threshold
testing using a R=0, 300 second hold time cycle. This test condition was .
expected to promote blunting. Both specimens were left intact after the crack
arrested. The crack tip region was studied after step polishing in the

specimen thickness direction. -

The optical micrographs of Figure 6.24a show the entire crack observed
for the Rene’'95 specimen at approximately mid-thickness in a low magnification
montage. Figures 6.24b and 6.24c show high magnification optical micrographs
of the crack tip region before and after etching, respectively. From Figure
6.26a, it can be seen that the crack faces remain relatively tightly spaced
over the entire crack length. Near the position of crack arrest, several
discontinuous segments of cracking are present, Figure 6.24b, and the crack
tips of each of these segments, as well as short branchcd segments, appear
relatively sharp. The etched micrograph of Figure 6.24c shows that the crack

was following an intergranular path.

The optical micrographs of Figure 6.25 illustrate characteristics of the
crack and crack tip region for the Alloy 718 specimen at approximately mid
thickness. The low magnification montage, Figure 6.25a, shows a relatively
large separation between the crack faces over the entire pre-arrest, steady
state growth area. From the high magnification micrograph: showing the crack
arrest region, Figures 6.25b, 6.25c, and 6.25d, it can be seen that the
cracking is discontinuous and that prior to the end of the cracking, a large
grain has acted as an ohstacle in the general propagation path. These
micrographs (Figures 6.25c¢ and 6.25d) also show that the crack is following an
intergranular path and that the crack tips of various segments appear
relatively sharp (Figure 6.25b). 1It is evident, however, that the separation
between crack faces in the region of crack arrest is still relatively large.
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Figure 6.24: Optical micrographs showing crack in K-shed, R~() kene’95

specimen tested in air at 649°C with a 300 second hold time

cycle; (a) low magnification view of entire crack, (b) high
magnification view of crack in arrest region (unetched
microstructure), and (c¢) high magnification view of crack {in
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Figure 6.25: Optical micrographs showing crack in K-shed, R=0 Alloy 718
specimen tested in air at 649°C with a 300 second hold time
cycle; (a) low magnification view of entire crack, (b) high
magnification view of crack in arrest region (unetched
microstructure), and (c) and (d) high magnification views of

crack in arrest region (etched microstructure).

-194-




Although evidence of blunted crack tips was not detected by the
metallographic study, several differences between the Rene’95 and Alloy 718
specimens were observed. The crack in the Alloy 718 specimen showed a iarger
separation between its two faces and was subject to large grains acting as
obstacles for the preferred intergranular growth mode. Possible explanations
for the large separation include massive Mode Il displacement giving rise to a
shifting of the crack faces (ie., one of the mechanisms believed to promote
roughness-induced closure), a large bending component for this specimen
geonetry and loading condition, or a large amount of localized creep
deformaction in the vicinity of the crack as it propagates and eventually
arrests. Since the separation appears too large for the Mode 1I related
explanation, and the bending component would be both small and elastic, it is
believed that localized creep was principally responsible for the wide crack
face separation. The large difference between the Rene’95 and Alloy 718

specimens is consistent with the iower creep capability of Ailicy 718.
6.5 MECHANISM TESTING PROGRAM

As shawn in Section 5, the constant AK testing of Alloy 718 resulted in
some peculiar transients in crack growth rates when transitioning from 300
second hold time cycles to 3 second cycle periods. This section will describe

several additional experiments performed to investigate this behavior.

Examination of the data from Alloy 718 tests described in Section 5
showed that fthe transient zone could be described by the distance over which
rhe vrack growth rats was accelerated. Tn this repurt, tha: distance i1l he
call a damage zone. This terminology does not imply anything about the damage
or the mechanism leading to the more rapid crack growth, but only that there
apparently is a zone of damage where the crack growth is more rapid. Figure
6.26 shows the size on this zone as a function of Kypax and R ratio for the
593°C tests previously described in Section 5. These data show that the z:ne
increases in size with K level and R-ratio. The dependency on K suggests that
it is somehow related to the size of the plastic or creep zone around the
crack tip. The R-ratio dependency may suggest a high sensitivity to creep

deformation. The creep process would be interrupted with large amounts of
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Figure 6.26: Variation of damage zone size with R-ratio and Kpex for Alloy
718 cycled at 593°C with a 300 second hold time.
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cyclic loading (low R) and therefore the size of this zone would be small.
This size effect trend does not rule out the possibility of a high diffusivity
zone where an embrittling specles (presumably oxygen) could create a low

ductility region at the tip of the crack.

To further investigate the development of this zone, crack growth
experiments were performed where constant AK segments with hold times of 4,
30, and 300 seconds were separated by segments with 3 second cycles. This is
shown in Figure 6.27 for an Alloy 718 test performed at 649°C with a R-ratio
of 0.0. After the 300 second hold time segment, another 3 second cycling
segment was performed. The specimen was then held at zero load for a period
of six to eight hours. The intent of this zero load hold time was to
determine {f a damage zone would form by diffusion of the damaging species
into the crack tip zone. It would have been more desirable to do this under 2
smail load, but concern about static crack growth ruled out the use of applied
loads. After the zero load hold, a final 3 second cycle period was performed.
Tests of this type were conducted using Rene’95 and Alloy 718 specimens heated
to 593 and 649°C. The specimens were cycled at R=0 with a Kp,y of
approximately 30 MPa/m. The size of the damage zone was measured after each
hold time segment. These results are shown in Figure 6.28. Increasing
temperature and hold time duration increased the size of the damage zone. The
2ones were much larger in Alloy 715 than in Rene’95. No damage zones could be
detected in the Rene’95 test performed at 593°C. No damage was detected after
any of the zero load hold time exposures independent of test temperature or
material. These results further suggest that the zone is related to time
dependent def~rmation (creep) and nui te the diffusion of some ewbrittling
species into the deformed zone at the tip of the crack; however, crack closure

could prevent the crack tip from being exposed to the environment.

The environment can be eliminated by performing tests in vacuum, so the
transition from 300 second hold time cycling to 3 second period cycling was
investigated using all four combinations of air and vacuum on Alloy 718
specimens cycled at R=0 with Kgax= 40 MPa/m. Tnese results are shown in

Figure 6.29. The damage zone was only observed when the 20 cpm cyclingz was

performed in alr, independent of whether the hold time cycling was performed
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in air or vacuum. The damage zone was never observed when the rapid cycling
was performed in vacuum. These data suggest that a damage zone is created
during the 300 second hold time cycling no matter what the environment, but
for the accelerated crack growth to occur oxygen must be present at the crack
tip during the rapid cycling. These experiments further document the close
interaction between creep and environment in the mechanisms of time-dependent

crack growth.

Another interesting behavior which occurred in the tests performed in
this investigation was the tunneling of the cracks where crack growth was
faster in the interior of the specimens relative to that along the specimen
surface. The amount of tunneling was quantified by measuring the difference
between the crack length at the mid-thickness position and the average of the
two surface crack length measurements. An increase in this value corresponds
to a larger difference between the surface and center crack lengths and thus
more tunneling. The results {or the R=0 and R=0.5 constant AK and retardation
tests are reported in Table 6.5. Tnese measurements came after the highest
Kpax or Kg1 300 second hold time segment and have similar values of Kpay or
Khold: These results show that increasing temperature and R-ratio increases
the amount of tunneling. The tunneling is also more proncunced in Alloy 718
than Rene’95, the more creep resistant material. These data also show that a
10X overpeak has either little effect or increases the amount of tunneling
relative to the non-ovepeak, constant AK results. The 20X overpeak tests
exhibit less tunneling that the 10% overpeak tests. It was also noted in the
threshold tests that the amount of tunneling increased with hold time, cycle

peifod and ¥ .4 level.

The non-overpeak results show that increasing the amount of time for
creep deformation results in more tunneling. This trend is identical to the
damage zone sizes. This suggests that the criterion for crack advance is very
sensitive to state of stress. The center of a through crack specimen is much
closer to a plane strain condition than the surface location which is very
close to a plane stress condition. The lack of constraint in the plane stress
loading apparently results in significantly lower crack growth rates. This

suggests that the models developed in this investigation for the growth of
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Table 6.5: Crack Curvature Data

Rene’95 Alloy 718
593°C 649°C 593°C 649°C
simple cycle 0.45 0.89 0.37 1.72 -
R=0.0 10X overpeak 0.43 0.84 1.80
20X overpeak 0.40 0.29 0.55
simple cycle 1.06 1.18 1.18 1.63
R=0.5 10X overpeak 0.96 1.64 3.6l
20X overpeak 0.66 0.38 2.12
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through cracks may have to be modified significantly if they are to be applied

to surface cracks.

The amount of tunneiing in the retardation tests s very interesting.
The value of Kpoi1d in theses tests were similar to the Kp,y values in the
constant AK tests, so the values of K,) were higher. The larger amount of
tunneling sometimes observed in the 10X overpeak tests suggests that creep
deformation is related to the maximum value of K in the cycle and not
necessarily the K during the hold time. The decreased amount of tunneling in
the 20X overpeak tests combined with the detection of the transient damage
zones in the Alloy 718 retardation tests suggests that although creep
deformation is occurring during hold time following the overpeaks, but that
the retardation is suppressing the static crack growth. The possibility of
creep-induced stress relaxtion during this type of cycle may help to
ractioualize the larger effect of small overpeaks on static crack growth

relative to cyclic crack growth.

6.6 DISCUSSION

fractographic study of Rene’95 specimens tested in air indicated that
cyclic crack growth is assoclated with transgranular fracture while static or
time depsndent crack growth is associated with intergranular fracture.
Transgranular fracture was observed for the 538°C, 20 cpm test, which
represents nominally cyclic behavior, while intergranular fracture was
observed for the 593 and 649°C static tests. The fractographic study of
specimens ce-ted under a wide range of test conditiors at 592 aud 645°C showed
trends in fracture morphology that were consistent with these results. As
hold time or cycle period increased for a given Kp,., it was typically
observed that transgranular fracture diminished. 1In the comparison of
frequency and hold time effects, it was also typlcally observed that the hold
time cycle promoted intergranular fracture. The difference in fracture mode
under cyclic and static conditions suggests that superposition is the

appropriate approach for modeling time dependent crack growth.
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The fractographic studies also revealed evidence of a competition between
static crack growth damage mechanisms and creep-induced crack tip blunting or
stress redistribution., As Kpax level increased for the 538°C test, the
fraciure morphology for the 300 second hcld time cycle transitioned {rom
predominantly intergranular-to entirely transgranular. It was also observed
that the high R-ratio, 593°C frequency test showed increased evidence of
transgranular fracture. In all other cases, increasing the R-ratio diminished
transgranular fracture. These findings indicate that cyclic behavior has
dominated conditions where more pronounced static behavior would be expected.
The trends in R=0.8 threshold behavior also suggested the presence of
competing mechanisms. As hold time Increased, the threshold initially
diminished as expected for a more pronounced influence of static damage, but
reversed this trend for the 300 second hold time condition. This suggests
that a creep-induced blunting or stress redistribution mechanism may become
more dominant than a static damage mechanism for cycles with long hold times.
Metallographic sectioning of an Alloy 718 threshold crack growth specimen
cycled at 649°C with a 300 second hold time showed no evidence of localized
crack tip blunting, but there was a relatively large crack opening over the
entire length of the crack. This suggests that creep-induced stress
redistribution may be more important than localized blunting. Stress
redistribution would locally relax the stresses at the crack tip so that
larger applied loads would be necessary to propagate a crack. The influence
of this type of mechanism would be most easily observed for low crack growth
rates where the relaxation can occur over a significant period of time without
the crack growing through the relaxation zone. This i{s a potential
explanacion for the trend of increasing threshold values wfth incfe:sing
frequency or hold time for the R=0 tests. Further evidence of stress
relaxation and redistribution was observed in a 649°C static test where a
significant increase in AK after steady growth in a 20 cpm precrack was

necessary to promote static crack growth.

Hold time crack growth experiments on both Alloy 718 and Rene’95
specimens resulted in accelerated crack growth and intergranular fracture
modes. The damage zone experiments strongly suggest that damage is created by

creep, but must be activated by the environment. Both sets of experiments
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suggest that the time dependent crack growth process in nickel-base
superalloys is caused by a complex interactions between creep, fatigue, and

environment.

The results of the mechanism tests strongly suggest that creep induced
deformation can result in both localized stress relaxation and damage zones.
Linear elastic fracture mechanics does not describe the apparent stress
relaxation behavior. It may be necessary to use nonlinesr fracture mechanics
parameters to model the time dependent crack growth for situations which are

dominated by the stress relaxation phencmenon.
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7.0 CRACK GROWTH MODELING

This section of the report will describe the models used to determine the
tize-dependent crack growth behavior and thelr application to predict the
649°C crack growth data of Alloy 718 and Rene‘’95. A description of a computer
code which implements the models will also be described. This description
preceeds the comparison of the predictions and experimental data because the

code was used extensively throughout those evaluations.
7.1 CRACK GROWTH MODELS

Four basic models were developed or utilized during this investigation:

1. 1interpolation model of the threshold behavior

Z. {interpolation model of time-dependent crack growth
3. superposition model of crack growth

4. retardation model

Each of these will be discussed in seperate sections. The threshold model was
common to both the i{interpolation and superposition model and the retardation

model 1is applicapable only to the superposition model.

The sigmoidal (Knaus) crack growth equation was selected for describing
the crack growth behavior in both the interpolative model and the cyclic
portion of the superposition model. This selection was made because of the
ebility of the sigmoidal equation to independently adjuat rhe portions of the
crack growth curves (Regions I, II, and III). The Sinh curve is symmetric
relative to its inflection point, so as the threshold is increased, the
apparent toughness (onset of Region III) is also reduced. Based on the
observed changes in threshold with R-ratio, cycle period, and hold time, it
does not appear that the Sinh model can accurately model this behavior. The
inablility of the Sinh equation to adequately treat these phenomena primarily
results from having four constants rather than the six in the sigmoidal
equation. The number of variables in the Sinh equation could be increased to

obtain the additional flexibily which already exists in the sigmoidal
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equation. This approach was not taken because the resulting equation would
probably have many of che same characteristics as the sigmoidal equation. In
addition, there is a relatively large experience base with the sigmoidal
equation to model the transjitions between the various parts of the crack

growth curve.

7.1.1 Interpolation Model Of Threshold Values

Variation of the threshold behavior with hold time and cycle period were
highly dependent on the R-ratio of the cycle. It appears that this results
from the competition between static crack growth and stress redistribution
near the crack tip. This competition cannot be treated explicitly using
linear elastic fracture mechanics (LEFM) principles, so it was approximated

using an interpolative model with LEFM parameters.

The model was developed in terms of the R.ratio (R), the cycle ramp time
(V) and the hold time (T). Using this nomenclature, T equals zero for the
frequency tests and V equals 3 seconds for the constant AK hold time tests.
The form of the interpolation model equation was developed based on several

limiting cases:

1. As V and T approach zero, the influence of R will follow a Walker
type relationship.

2. For static crack growth (V=0, T approaches infinity, and R
approaches unity), the threahold value should epproach the static
threshold (K¢p)g.

3. The increase in threshold with V or T should increase with R catio

as was observed in experiments.
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The eguation developed to meet these boundary conditions is:

(Keh)max = (Kendg + [Ko(1-R)™® - (Kep)glexp(-AV-BT)
+ C (1-R) 1n(1+DV+ET) (7.1)

where Ko = (Kth)ggf for cyclic (non time dependent) loading
(K¢h)g = static crack growth rate threshold
A,B,C,D,E =~ material constants

The second term of this expression diminishes with more time-dependent
conditions (increasing V and/or T) so that (K¢p)max approaches (Kep)g. The
third term results in an increase of (K¢p)pgx with more time-dependent
conditions. The amount of thls increase diminishes with increasing R-ratio.
The concept behind this approach is that cyclic plasticity will gererate
mobile dislocations which may then enhance the ability of the material to
creep. Although this seems correct, it {s not known to have been demonstrated
experimentally for this materials.

This expression meets the three boundary conditions described above. For
non time dependent conditions(V=0, T=0), the exponential term is unity and the
logarithmic term is zero so Equation 7.1 reduces to

(Kep)pax = Ko(1-R) " (7.2)

which is identical to the Walker relationship. For static crack growth, the
second and third terms in Equation 7.1 are zero sc (K¢h)pax 18 equal to

(Ken) s -

The values of the constants K,, m, and A through E vere evaluated using
nonlinear cptimization techniques. This value of (K¢h)maxy Was then used in

the interpolation model.

The threshold value calculated using the interpolation threshold model
was used as the threshold value for the cyclic crack growth curve. This

requ.red adjustment of the cyclic crack growth constants so not to alter the
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Region II cyclic crack growth rates. The values of B and Q were changed so
that the position of the inflection point and the crack growth rate at the
inflection point did not change. The values of P, D and K. were not altered.
Using the nomenclature introduced during the literature review (Section 2.0),
the log of the inflection point (xj) can be expressed in terms of the log of
Kth (x,) and the log of XK. (xf)

x{ = [x£/Q + xo/(-D)] / [JQ + /(-D)) (7.3)
By fixing the inflection point (xj) and adjusting the threshold according to

the threshold interpolation model to x,’, a new value of Q (Q’') can be

calculated by rearranging Equation 7.3:
Q' = [(xg-%6")JQ + (Xo-%5")(-D)] / (x£-%o) (7.4)
The log of the crack growth rate (y) is expressed as
y =B+ P (x-%3) + Q[log(x~-x%5)) + D{log)xfg-x)] (7.9
The new value of B (B’) can be determined by setting x equal to xy and

requiring that y at the inflection point (yi) be identical with the new and
old values of Kth, B, and Q. It can be shown that

B' = yl + PZ/Q' + Q' log(Z/Q’') - D log(Z/(-D)) (7.6)
wvhore Z = (%g-%g') / (JU' + J(-D))

This approach was utilized to adjust the cyclic crack growth curve for
the changes in time-dependent threshold. Sample calculations were performed
using the cyclic curve gensrated for Rene’'95 at 649°'C with several higher
values of thresholds. The results of these alterations are shown in Figure
7.1. The ability of this approach to increase the threshold without
significantly {nfluencing the Region 1l crack growth rates fllustrates the
flexibility of the sigmoidal crack growth equation.
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7.1.2 ]Interpolation Model

The interpolative model developed in this program was based on the
sizmoidal (Knaus) crack growth equation where ihe value of K was replaced by
the maximum value of K in a cycle (Kpax). The expression developed in the
interpolative threshold model was used for (K¢n)pax- The values of Kc and D
were held constant. K. sets the cyclic toughness and D controls the
transition between Region II and IIl crack growth. Neither of these will
influence the portion of the crack growth curve which has a significant

influenre on residual life.

The values of B, P, and Q were permitted to vdry according to the

following equations:

B = B + By In(1-R) + B3 In(14V) +B, 1n(l+T)
P = P+ Py In(1-R) + P3 In(14V) +P; In(1+T) (1.7)
Q = Q1 + Q2 In(1-R) + Q3 In(14V) +Q; 1n(1+T)

This formalism was the same formalism used in the Sinh interpolation model
developed in previous investigations.(36'38)‘ The constants for B, P, and Q
comprise an array of 12 coefficients. The values of the array were determined
from the available crack growth data using nonlinear optimization techniques.
It should be noted that in essence, this type of model is primarily an
empirical curve fitting approach. The interpolative models for B, P, and Q do
not directly consider the mechanisms which control time-dependent crack

g.outh,

7.1.3 Superposition Model

The superposition used in this investigation 18 based on the linear
superposition approach reported by Wel and coworkers(43.46)  Thig model was
evaluated by using the static crack growth data to model time-dependent crack
growth., It should be noted that with this approach, no hold time or low

frequency test data ware used to determine any material properties.
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The static crack growth rate curve was represented using a Paris
relatiopnship. This permitted closed form integration as first reported by
Christoff(21) and presented in the literature review section of this report.
Two modifications were made to this approach. The first was the inclusion of
the static threshold and not permitting static crack growth below (K¢p)g-

This process is shown in Figure 7.2 for a triangular shaped cycle with a
R-ratio of zero. The entire loading cycle is indicated by dashed lines. Only
the portion above the static threshold (indicated by the solid line), will be
permitted to coutribute to static crack growth. This is rather easily
accomplished by adjusting the R ratio and changing the time integration

interval.

The second modification was a slight change in the integration procedure
developed Ly Christof£(2}), The modification included the fact that K
increases as the crack grows. This has an almost negligible effect when the
time-dependent portion of the calculation is small. This 18 not the case for
some of the very rapid crack growth rates measured during long hold time and
low frequency tests in this investigation. This was accomplished by assuming
that for any specific loading situation, K is proportional to the square root
of the crack length.

K = (K1+ &K t) J(a/ap) (7.8)

where a

current crack length

ap, = crack length at the start of the loading
segment
K; = K at the start of the loading segment

4K

the change in K during the loading segment
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Integration of Equation 7.8 results in

Aa/ag = [1 + (2-n) CF Kpgy™ T}2/(2-m) (1.9)
where F = 1 for hold times
F=1 (- r(1+n)) / (1 - R)] / (1 + n) for ramps
T = time duration of loading segment above (K¢p)g
Kpax = the maximum K in the loading segment
R = actual or adjusted R ratio

and C,n =~ Paris constants for static crack growth

It can be shown by series expansion that as the second term in the brackets of

Equation 7.9 approaches zero, this expression is identical to those developed

by Christoff(2l)  The function F in Equation 7.9 has the same effective time
relationship for loadiny ramps as shown in Figure 2.4.

7.1.4 Retardation Model

The retardation model used in this investigation was a modified
Willenborg model developed for cyclic retardation of nickel-base
superalloys(“g). The Willenborg model described in the literature review
section was modified reflecting some of the experimentally observed behavior.
The two most significant changes were that the distance over which retardation
was observed was equal to twice the overpeak plastic zone (rg,)) where r,) was
defined to be

tol = (1 / 21)  (Ko1/0y)2 (7.10)

This result was very similar to that reported by Mills and Hertzberg(71) in

aluminum alloys.

Another frequently reported event was observed immediately after the
overpeak, where the crack growth rates decreased rapidly to a minimum followed

by a gradual increase to the non-retarded value such as previously shown in

Figure 5.31. The original Willenborg model predicts an instantaneous drop in




K following the overpeak, but data like that shown in Figure 5.31 indicates
that the drop is more gradual. Examination of data of this type for several
materials, test temperatures, overpeak ratios, and Kpsx levels showed that the
distar.ce of the minimum in ciack growth rate occurred at {(rplo1d)/2, half the
plastic zone size as calculated with the K prior to the overpeak. Presumably

this is a zone which had been damaged prior to the application of the

overpeak.

The modified Willenborg model developed for nickel-base superalloys -
altered the distance 8,4 over which the retardation would occur and included
the gradual rather than instantaneous drop in Kyeq. The modified Willenborg
equation reflecting the change in Ap,y is

Kred =(Kol (2 012 -(ro1-(rp)n)8] / (2 t012] - Kpax)d (7.11)

The maximum value of Kpeq occurs when A - ((rp)old)/Z and equals

(Kred)min = (Ko1 (2 r012 -(ro1-(rp)n) (((rp)o14)/2) / 2”012 - Kpax 1® (7.12)

It is more convenient to represent these expressions in terms of the terms Ty

and Tp

Kred = { T - T2 Kpax) ¢ (7.13)

When 4 is greater than ((rplolq)/2
Ty = Kol €2 To12 -(Tei-(fp)n)d / 26012
and Tp = 1 (7.14)

At A =~ ((rp)old)/z
(T min =Kol (2 ry)2 '(rol'(rp)n)(((rp)old)/z) / 2ro1 2 .
and  (T2)pip = 1 (7.15)

As a mission analysis is performed, the values of Ty and Ty are saved for
later use. When a new overpeak is applied the values of T} and Ty vary

linearly with A starting with the old values ((T1)o1d and (T2)o14) for 4
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equals zero and equalling (T})gin and (T2)pin When A equals (rplold/2. When A
is less than (rp)e1a/2 ’

T1 = (Toud (1 - 28/(xp)nold) + (Ti)pin 24 /(rp)nold
and T2 = (T2)o1q (1 - 28/(rp)pold) + 24 /(rp)pold (7.16)

With frequent repetious overpeaks so that the crack growth increment is
less that (rp)nold/Z, the value of (T3)514 approaches unity. Under this
circumstance the value of Kyeq can be approximated by (Kg] - Kpax) €.

The solid lines in Figure 7.3 illustrates the variation in K predicted by
this model for a single overpeak. The dashed line illustrates the case for
closely spaced multiple overpeaks.

The modified Willenborg model has been applied to Lests of nickel dase
superalloys which received a single overpeak after approximately 0.25 mm (0.0l
inch) of growch(ag). For these materials, the value of # is not a constant
but a function of Kpayx. Based on the experimental data, the following

expression was developed for ¢:
¢ - Ql + Qz Knax (7.17)

For cyclic crack growth the value of $) was zero. The impact this behavior is
that the relative retardation increases with Kp,x. The constants $; and &)
are the only adjustable constants in this model. As noted in the literature

rerien cectien, the value of ¢ should always be less ithen unisy,

This model has also been applied to specimens with simple missions
without hold times and adequately predicted their lives. The amount of
relative retardation diminished as the R-ratio increased because, for the most

part, the cyclic crack growth rates for nickel base superalloys are controlled

by 8K for high R-ratios (m* = 1) while for negative R-ratios the growth is
controlled by Kpax.
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Figure 7.3: Schematic diagram of modified Willenborg retardation model




Weerasooriya and Micholas(30) used a Willenborg type model to predict the
crack growth rates in Alloy 718 during overpeak hold time cycles so it seems
reasonable to use the modified Willenborg model discussed above to model
retardation during static crack growth. The data shown in Figure 5.31
illustrates that the modified Willenborg model accurately predicts the
position of the minimum in crack growth rate and the extent of the retardation
zone. The only difference between the cyclic and static crack retardation
models is that the value of ¢ was defined in terms of K,] rather than Kgax for

static retardation.
$ - ’1 + Qz Kol (7.18)

The application of cyclic and static retardation result in some rather
different conclusions. Cyclic retardation should be applied for those cycles
where Kpay 18 less than K;);. The combination of static cetardation with the
linear superposition model requires that static retardation should be applied
at all values of K less than K,). Consider, for example, a load controlled,
R=0, constant amplitude, constant frequency test. The K at the maximum load
(Kpax) would increase with each cycle due to the increase in crack length.
This would result in no cyclic retardation. 1If static retardation is applied
to the same cycle, there are benefits because the value of K should be reduced
at all K levels below Ky,«. Figure 7.4 illustrates the application of the
modified Willenborg model to this type of cycle. For simplicity sake it is
assumed that ¢ equals unity so that Kyeq equals Kpay - K. Combination of the
static retardation with the static threshold results in a significant decrease
of the time period over which stati- cveck growth wvouicd be calculated. The
use of Equation 7.19 also dictates that linear loading segments remain linear
after the application of the retardation model so that the superposition model

equations developed in Section 7.1.3 can still be used.

The experimental data in Section 5 showed that 20X overpeaks in
combination with hold times resulted in unmeasurable amounts of static crack
growth during the hold time loading at high levels of K. For this to occur,
the effective K Jduring the hold time (Khold - Kpoq) must be below the static

threshold. The retardation model is applied to a R=0, 20% overpeak, with K,
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= 48 MPa/m in Figure 7.5. It is assumed that Kyeq equals (K,1-K)®. and that
the static threshold is 9 MPa/m, which seems reasonable based on the static
crack growth thresholds shown in Section 5. The retardation model was
apyplicd using retardation constants of 1 and 4. Crack growth would be
expected in the former case but suppressed for any case where ¢ is in excess
of 4. This simple case illustrates that the values of & necessary to predict
the static crack growth are in excess often in excess of unity. These seem
like unreasonable values, but may reflect the time-dependent relaxation of
stresses. This may be related to the significance of creep deformation

ascsnriated with creep-fatigue-environment interactions.

These large velues of ¢ were necessary to predict the retardation of hold
times at intermediate K levels. If these same constants were applied to
constant amplitude low frequency tests, very little time-dependent crack
growiis was predicted. This issue was resolved by applying the cycile
retardation constants to loading ramps and using static retardation constants

for hold time segments.

Table 7.1 summarizes the approach taken to calculate ¢ (Kpax or Ky1) and

vhich set of ¢; and ¢, constants are used to calculate $.

7.2 c v G ER_COD

This section of the report describes the residual life prediction code
which implements the models described in the previous sections. This code is
restr.c-ed to through crack analyses in compact specimers and tw. rypes of
single edge notch specimens. This program is known as ACDCYCLE (Advanced
Cumulative Damage CYCLE) and was written using Fortran 77 and compiled on an
1BM XT with an 8087 math coprocesser chip. This program was delivered to the
Alr Force Materlal Laboratory in a compiled form for their use and
distribution. The program was written to be extremely user friendly and
permits input of necessary data (material properties, specimen geometry, and
mission) with either data files or manual entry. There are checks within the
code to prevent the use of non-existent data files as well as prevention of

wricing on top of already existing files.
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Table 7.1: Application of Retardation Constants

Calculation of ¢ Retardation
(K or K ) Constants
ol max

cyclic cyclic

gtatic ramp cyclic

static hold static




The fnllowing sections will describe the basic options, input/output
capabilities, and details of performing a residual life estimate.

7.2.1 ACDCCLE Opt g

The program was wri -. using a menu format which has the following seven
options:
1. Calculate a c¢rdack growth rate
Estimate a resicual life
Calculate the crack growth increment for one cycle
Restart the residual 1life estimate
Perform analysis from stacked files

Calculate a crack growth curve

N N

Stop

Option 1 calculates the crack growth zste for a specified mission. This
feature does not permit the use of retardation models because the retardation

constants are dependent on the previous loading history of the specimen.

Option 2 calculates the number of cycles required to grow a given amount
for a specified mission and material properties. This life is terminated by
either a final crack length or when Kpay approaches the material toughness
(Ke) .

Option 3 calculates the crack growth increment for one cycle. The chief
purpose of this option is teo perm't the inclusion of a single overpeak prior

to subsequent cycling.

Qption 4 permits a continuation of a residual life estimate using a
different set of material properties and/or mission types. The restart option
retains the history dependent constants such as those used to perform
retardation modeling. This option, when combined with option 3, can calculate
the number of cycles necessary to grow a crack a specified distance following

an overpeak.
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Option 5 allows the program to be run many times from a file constructed
with the desired parameters. This option was included for use in predicting

the lives of the constant X hold time-overpeak tests.

Option 6 permits the calculation of the crack growth rate for a given
mission. The crack growth rates are calculated using the same parts of the
program used in Option ) and Jyo not include the effects of retardation. The
calculations are initia~ed at a value of Ky, which is 0.5 percent greater
than (K¢p)pax for that mission. The crack growth rates are then calculated
for values of K higher by une percent over the previous value. This procedure
is terminated when either (1) Kp,x approaches K. or when the crack growth rate
exceeds 2.5 x 10-1 mm/cycle (1 x 10-2 inch/cycle).

After completior: of the desired opticn the software returns to the main
menu for anothur calculation (Option 1 through 6) or termination of 1ts
activities (Option 7).

7.2.2 ACDCYCLE Jnput and Qutput

After selection of one of the six options described in the previous
section, the crack growth model, material properties, specimen geometry, and
mission profile must be selected. The material, specimen, and mission data,
once input, are stored in computer files to facilitatz their use in future

computations.

After s.lectior of the option, the first information selected is wiich
crack growth model. ACDCYCLE was written to perform the evaiuations using
either (1) the interpolation or (2) the combined interpolation-superposition
models described in the previous section. If the interpolative model is

selected, the retardation model cannot be applied.

The reterial constants are different for each of the crack growth models
so a separate materialsy data file must be maintained for each

materiai ‘temperature/model combination. When ACDCYCLE is used with the

interpo’ation-superposition model, the static crack growth, cyclic




retardaticn, and static retardation options can be selected (on or off)

without setting up a separate data file for each of these combinations.

ACDCYCLF. can perform crack growth analyses for three theugh crack rype of
laboratory specimens. The K-solution used for the buttonhead single edge
notch (SEN) specimen is the Harris solution(61) . The Tada solution(72) was
used for the pin-loaded SEN specimen and the K-solution recommended by
ASTM(68) yas used for the compact specimen. In addition to the type of
specimen, the initial crack length, specimen width (W), and final crack length -
are input. The final crack length is used to terminate a residual life
option. This is particularly useful in combination with the restart / stacked
case option to predict the behavior in a specimen which has been cycled in

several different ways.

ACDCYCLE permits prediction of crack growth under eiti.e:
stress-controlled or K-controlled conditions. Several unique features have
been built into this computer code to (1) facilitate easy use of simple
missions, (2) to permit the use of a single mission files for cases where only
the level of stress or K changes, and (3) to permit the repetition of a
mission block. A simple mission is considered to be comprised of a loading
ramp with a time increment V/2, a hold time of length T, and an unloading ramp
with a time increment of V/2. This mission can be described in terms of a
ramp time (V which 18 the sum of increasing and decreasing time), a hold time
(T), and R-ratio. ACDCYCLE permits the user to input the values of V, T, and
R and the code creates a mission file with the appropriate stress (or K)
palce. "he s-ress or K levels can be changed by specifying the maximum l2vel
of stress or K multiplier for a mission which had the proper time and relative
loading sequence. The multiple mission block 1s introduced by giving the
number of times a mission should be repeated (a value of one in just a single
mission). This option is useful in modeiing constant K tests where

retardation may have occurred between blocks of load-controlled cycling.

After the model, material, specimen, and mission information is input,
the user has the option of having the output stored in a data file as well as
appearing on the PC monitor (and printer if so desired). The output lists all
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the model, material, specimen, and mission input data as well as the results.
The advantage of having the output stored on a data file is that it can be
edited for subsequent computer plotting. For example, the predicted crack
growih rate curves shown in this sectiun were ccuputer plotted £iom £iles
created using Option 6 of ACDCYCLE.

7.2.3 Residual Life Calculations

The residual 1ife calculations performed in ACDCYCLE use three
subroutines - RESLIF, ONECYCLE, AND MODWIL. The residual life calculation is
monitored and controlled in RESLIF. The numerical integration is performed
using the increment of crack growth in one mission cycle and numerically
integrating it with respect to mission cycles using a second order Runge-Kutta
technlque. Each time the increment in crack length is required, RESLIF calls
the subroutine ONECYCLE. Within this subroutine, the current crack length and
the loads for that mission cycle (adjusted for K-controlled tests, 1if
appropriate) are used to calculate the corresponding increment in crack
length. The calculations within ONECYCLE will be described using the 10 point
mission shown schematically in Figure 7.6. The calculations will be described

separately for the interpolation and the interpolation-superposition model.

A single cyclic loading was considered to end when the load reaches a
local ainimum such as at mission points 1, 4, 6, and 10 in Figure 7.6. The
interpolation model considers only the ramp times (V), hold times (T) and
R-ratio (R) for each cyclic loading. The crack advance during a given mission
rvycle vas calculated by determining the values £ ¥V, T en! ° for each cyclic
load. The interpolative crack growth equation then calculates the crack
growth increment (da/dN). The crack length is then incremented, the values of
K are updated, and this procedure is repeated until the end of one mission
cycle. This steps in this procedure for the mission shown in Flgure 7.6 are
listed in Table 7.2,

The interpolative-superposition model was applied in a slightly different
fashion. The cyclic crack growth rate was applied for each loading cycle,

then the amount of static crack growth was calculated for the segment between




load (P)

10

time (t)

Figure 7.6:  Schematic example of a mission analyzed by ACDCYCLE.




Table 7.2: Sequence Of Mission Analysis In ACDCYCLE Using Interpolation
Crack Growth Nodel

Step Mission Point Range R v T
1 1 to &4 P1/P3 (th-tl)+(t4-t3) (t3-t2)
2 4 to 6 P5/P4 (t6-t4) -0

3 6 to 10 P6/P7 (t8-t6) +(tl0-t9) (t9-t8)




adjacent mission points. This process was repeated until the end of the
entire mission cycle. If the maximum value of K in one load-unload cycle was
less than that calculated for (Kip)max 8ccording to the interpolative
thiesiiold model, no cyclic uo siatic crack growth was actributed to that
loading cycle. The steps in this procedure are described in Table 7.3. Not
shown in the table are the calculations for V, T, and R for steps 1, 5, and 8.

These were identical to those shown in Table 7.2 for the interpolative model.

In both models, the crack lengths were updated and the values of K were
recalculated before each step listed in Tables 7.2 and 7.3. If retardation
was used in the interpolation-cuperposition model, each time the values of K
were updated the retardation model was applied using a subroutine called
MODWIL. The values of K were reduced, and for loading ramps, the value of R
was recalculated using the K values as modified by the retardation model. 1t
should be noted that the values of the history dependent retardatiorn values
were stored at several points during these calculations. 1If it was aecessary
to reduce the mission cycle increment in RESLIF or the time increment for.
static calculations in ONECYCLE, the integration was repeated using a smaller
cycle or time increment along with the old values of the crack length &nd
retardation terms.

7.3 MODELING OF RENE'95 AT 649°C

The most extensive modeling was performed on Rene’95 at 649°C because of
the larger data base at this temperature - material combination. The
following sectirns will deszribe the application of the models descoibzd in
Section 7.1 to these data and critique their ability to predict the

experimental data.

All the data in this investigation were obtained in English units (ksi,
ksi/in, 1inch, inch/cycle, and inch/sec). The constants for the time-dependent
crack growth models were also determined using these units. The materials
constants listed in the tables in this section are also in English units,

however all comparisons are made in SI units.
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Table 7.3: Sequence Of Mission Analysis In ACDCYCLE Using Interpolation +
Superposition Crack Growth Model

Step Mission Point Range Type of Analysis
. 1 1l to 4 cyclic
2 1 to 2 statlc
3 2 to 3 static
4 Jto 4 static
5 4 to 6 cyclic
o 4 to S5 static
5 to 6 static
6 to 10 cyclic
6 to 7 static
10 7 to 8 static
11 8 to 9 static
12 9 to 10 static




There was very little near toughness crack growth data generated in this
investigation. Therefore, the value of K. in both the interpolative and
superposition models was set to 65.9 MPa/m (60 ksi/in). This value was
sclected based on extensive residual life estimaiions fcr Reiwc’'95. Increasing
the value of K. above this level does not significantly improve the calculated
residual lives because of the rapid crack growth rates at the upper end of the

Region II portion of the curve.

7.3.1 Rene'95 Threshold model

The material constants for the interpolation threshold model (Equation
7.1) were determined using nonlinear optimization techniques in order to
minimize the error between the predictions and the experimental data
previously shown in Figure 5.19. The constants for the thceshold
{nicipolacion model are 1isted {n Table 7.4, The results of this modei are
compared to the data in Figure 7.7. The comparison of the hold time threshold
tests are shown in Figure 7.7a. The model accurately predicts the influence
of hold times for R ratios of 0 and 0.5. The sudden decrease in threshold
with hold time for R=0.8 is predicted well, but does not adequately increase
for longer hold times to predict the R=0.8, 300 second hold time data point.
This was the most poorly predicted threshold data point for Rene’95 at 649°C.
Figure 7.7b shows a similar comparison for the 649°C low frequency tests on
Rene’95. This model predicts most of these threshold values within 1 MPa/m.

This model was used in both the interpolative and superposition, so from
nls ,ol1r on the superposition model wili Le ca’led rthe int:rpolatl-u +

superposition model. -

7.3.2 PRene‘'95 Interpelation Model

Nonlinear optimization techniques were used to determine the 649°C
Rene’ 95 experimental data presented in Section 5.2 were used to determine the
value of D and the 12 constants necessary to describe B, P, and Q. The values

of these constants are listed in Table 7.5. The comparison between this model
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Table 7.4: Constants for 649°C Rene’95 Interpolation Threshold Model =
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Table 7.5: Constants for 649°C Rene’95 Interpolation Model

B, - -14.461 P, - 3.0128 Q, - -1.8029 X 10'2
. B, = 0.74195 Py - 9 .01582 X 10°% Q" 0.13197

-2
B, = 0.8368 Py o .4.53246 X 108-2 Q" 7.7415 X 10

-3
B, = 0.42214 B - 0.19634 % " 1.64676 X10

-5

D~ -4.17871 X 10
K = 60




and the experimental data will be presented in Section 7.3.4 along with the

results of the interpolation+superposition model.

7.3.3 Rene'95 Interyojucion + Superposition Model

The time-dependent contribution of this model is determined using the :
superposition of cyclic and static crack growth; however, interpolation models
vere used to model the threshold (Section 7.3.1) and the Walker model was used

to model the influance of R-ratio on the cyclic crack growth rates. y

As ucied in Section 6, it appears that intergranular crack growth {s
faster than transgranular growth even in the absence of environment. Most of
the time-dependent crack growth occurred in an intergranular mode., so data
from specimens which resulted in intergranular crack growth were used to
develup illiic cyclic crack growth rate curve. The test specimcn used tc ccllect
near threshold data which had the least amount of time-dependent crack growth
was the specimen tested with an R ratio of zero and & cycle period of 3
seconds. As described in Section 6, the crack growt' ! this tests was just
slightly higher than determined in vacuum with a 30:. : cond hold time, a

conditions which also had intergranular crack propagation.

The influence of R-ratio was treated using the Walker model, as discussed
in the literature review. High R-ratio tests performed in alr appeared to
have some amount of time-dependent crack growth because of the difference in
the near-threshold regime. As a result, the vacuum test performed with a 3
second cycie perlod and o R-ratio of 0.8 was used to determinc ‘e Walker

exponent.

Nonlinear optimization was performed on the data from these two test
specilmens to determine the values ot Kth, O, P, Q, D, and nt. The values of .
these constants are listed In Table 7.6. Figure 7.8 shows the crack growth
data from the two test specimen discussed above plotted against to effective
value of K (Kqe;f¢) as defined by the Walker relationship (FEquation 2.14). Also
shown in this figure is the curve represented by the constants listed in Table

7.6, The agreement between the tests data and the curve {s excellent.
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Table 7.6: Constants for 649°C Rene’95 Superposition Model

Cyclic Constants

Q= 0.49779
D - -9.8968 x 10-2
mt - 0.72032

Static Constants

Kg = 9.302
C = 6.098 x 10°11
n = 13,63

Static Retardation Constants

$; - 0.9566
¢, - 0.1867
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The static crack growth curve used in the superposition model is
represented by a Paris equation truncated at the lower end by a threshold
value. The static threshold value was taken to be the lowest value of K at
which crack growili was measured in the 645°C Rene’'95 static K-shed test. The
649°C static crack growth data shown in Figure 5.28 were edited to eliminate
the near-threshold regime in the K-shed test and the artificial threshold data
or "tails" in the constant load tests. Linear regression analysis to the
logarithmic form of the Paris equation was performed to determine the best fit
through the edited data. The static threshold and Paris equation constants
are listed in Table 7.6. This curve is shown through the 649°C Rene’95 static
crack growth data in Figure 7.9. This looks to be a goo< fit to the data, but
as noted in Section 5, there is a rather wide amount of scatter in these data.
The scatter may affect the establishment of a reliable static crack growth
curve. The quality of this curve is extremely important because it is the

source of the time-dependent contributiva to the superposltion model.

The correlation between the superposition model predictions and the

experimental data are presented in the next section.

7.3.4 comparison of Predicted and Measured Crack Growth

The constants listed in Tables 7.4 though 7.6 were entered in materials
data files and the crack growth option in ACDCYCLE was used to generate crack
growth curves for the 18 different testing conditions evaluated in this
program (3 R-ratios x 3 frequencles and 3 R-ratios x 3 hold times). It is
impnrtent to ncte thal ‘nesc daia 'arc used to establisii the material
constants for the interpolation model but data from only one of the eighteen

conditions were used to determine the superposition model constants.

It should also be remembered that these calculations do not include any
benefit of retardation. Retardation can significantly slow down the crack
growch rates in frequency tests and any type of tests with very rapid crack

growth. This will be discussed and treated later in this section.
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The prediction of the hold time tests will be discussed before the
frequency tests because there is little influence of retardation on the
increasing K hold time data. Figure 7.10 shows the comparison of the
experimental data witihi the predictions of both modils for 649°C ,R=0 nold iiwe
tests on Rene’95. In these figures the small symbols represent the results
from the threshold tests while the large symbols represent the data from the
constant AK tests. The solid line is the prediction from the interpolation
model (1) while the dashed line represents the interpolation + superposition
(1+S) model prediction. The results of the constant AK tests were lower than
the increasing K tests, particularly for the hold time tests due to
recardation between constant load cycling segments so the increasing K
portions of the threshold tests are considered to be a better indicator or
provide more accurate crack growth rates. 1In all cases the predictions of the
totally interpolative model are below those of the I+S model. This results
primarily frow ilie inclusion of the constant AK data in Jetermining the
material constants. Exclusion of these data would undoubtedly increase the
predicted crack growth rates but would lead to other errors for situations
such as R~0, 4 second hold time (Figure 7.10) where there are no increasing K
data from the threshold tests. The I+S model accurately predicts the R=0, 30
second hold time data and is less than 2 times lower than the 300 second hold
time data. In the case of the R=0, 300 second hold time, the prediction of
the 1 model is almost six times lower than the I+S prediction and over ten

times lower than the experimental data.

The comparison of the R=0.5 hold time experiments and predictions are
suvwn in Figure /.11, For the two lower hold times, hLoth mudeis iie abcve thue
constant AK data. The only R=0.5 hold time tests with increasing K data from
the threshold test was one with a 300 second hold time (Figure 7.1llc). 1In
that case, the predictions from the two models bracket the experimental Region
11 data. The 1+S model more accurately predict the respunse at lower K levels

relative to the predictions at higher K levels.

One reason for this influence of K on the predicted crack growth rates
might be the way in which these predictions are performed in ACDCYCLE. For

simple cycles like those predicted in Figure 7.11, the interpolation model
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calculates & crack growth rate based on the initial crack length. When the
interpolation model is applied, the crack length is incremented after each
cyclic and static calculation. During long hold times this results in K
levels higher than specified at tiwe scarc of the -ycle. This also occurs

during the testing as well.

Figure 7.12 shows the predictions and the data for the 649°C, R=0.8 hold
time tests on Rene’95. In general both models adequately predict the Region
IT crack growth response. The largest deviation occur in the near threshold g
regime:. Both models use the same threshold interpolation model. As noted
earlier, the threshold model fairly accurately predicts the initial drop in
threshold with increasing hold times but does not predict the increased
threshold for a 300 second hold time as shown in Figure 7.12c.

The comparison ¢f the models and experimentai data for the R=0 frequency
tests are shown in Figure 7.13. The test results shown in Figure 7.13a
represent one of the tests used to establish the cyclic cerack growth curve for
the I+S model. Both models accurately predict the results for the lower two
frequencies. For a 300 second cycle period, the totally interpolative model
predicts the response much better than the I+S model which overpredicts the

crack growth rates by a factor of four.

Figure 7.14 shows the predictions and data from the 649°C, R=0.5
frequency tests. The crack growth data from the 300 second cycle period
threshold test shown in Figure 7.l4c were from the K-shed portion of that
rest. N¢ {ncreasing w daca wer: obtcined {n that specimen. Tt would be
expected that the true crack growth rates would lie slightly higher than those
shown fo: the constant AK data. The predictions of the interpolation model
seem to fall below the data, while the superposition model appears to

accurately predict the response.

The comparisons for the R=0.8 frequency tests are shown in Figure 7.15.
For these test conditions, the 1 and I+5 model predictions of the Region 11
crack growth rates are different by at least an order of magnitude. Based on

the data from the threshold tests (small symbols), the superposition model
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appears to be overpredicting the lives by a factor of two or three while the
interpolation model is underpredicting the lives by a similar amount.

Buth models accurately predice che getieral trends in tho crack growth
response. The interpolation model suffers from consideration of some of the
artificially low constant AK test data. It is very encouraging to observe the
ability of the superposition model to predict the long hold time and cycle
period data because none of those data were used to develop the non-threshold

time dependent contribution to the crack growth rates.

One of the major concerns with interpolation models is the ability of
that model tu predict the response outside the range of conditions over which
the model was calibrated. There was no additional data available from this
investigation to compare with these models but work by Weesoortya(za) has
clearly established that there la a transitlon Jor cycle dependent to time
dependent growth with increasing cycle period or hold time. The interpolation
and superposition model developed for Rene’95 at 649°C was evaluated for
R-ratios of 0, 0.5, and 0.8 and for hold times and cycle periods ranging from
0.01 to 1000 seconds. The loading ramps assoclated with the hold time cycles
were each 0.005 seconds long resulting in a cyclic time (V) of 0.0l seconds or
a cycle 0.01 seconds longer than the hold time. This rapid loading was used
so that the influence of loading rate would be small compared to the hold time
effect. Predictions were performed for cycles with a maximum K (Kpax) of 40
MPa/m using the crack growth option in ACDCYCLE. This value of Kggox was

selected so that the cyclic threshold was exceeded.

Figure 7.16 show the predictions of the superposition model for hold
times and cycle perlods. The transition from cycle to time dependency with
increasing cycle time is observed {or both types of cycles. There is a strong
influence of R-ratio at rapid cycling due to the impact of R on AK which to a
large extent controls the cyclic crack growth rates. As hold time increases
(Figure 7.16a), there is no longer any influence of R on the crack growth

rates. The influence of R reverses from the cyclic to time dependent portion.

This response in qualitatively similar to the results of Weerasoorlya(ZQ) for
Alloy 718,
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These predictions illustrate that the conditions where the transition
between cycle and time dependent conditions are a measure of the relative
contributions of the cyclic and static crack growth rather than the absolute
Lime -dependent contritution. If one ignores the stacic coutiibution frow the
rapid loading ramps, the static contribution to the hold time cycles (Figure
7.16a) is identical. The time required for thre transition from cycle to time
dependent conditions decreeses with increasing R-ratio due to the influence of

R on the cyclic crack growth rates.

The nredictions o. the totally interpolative model for the same cycles
are shoﬁn in Figure 7.17. 1In this case the transition is shown for the hold
time cycles(Figure 7.17a), but not for the frequency cycles(Figure 7.17b).

The latter result is possible based on the experimental data but seems
unreasonable. The crack growth rates measured for Rene’'95 at R=0 with a three
second vycle period in vacuum were about four times lower than ti.ose measured
in air under the same conditions (Figure 6.16a). In addition, the cracks in
vacuum propagated in s transgranular mcde. It 1s reasonable to think that
this 1s close to a lower bound crack growth rate in Rene'Y". The crack growth
rates predicted by the interpolation model (Figure 7.17b) decreuse two orders

of magnitude for cyclic periods between 0.01 and 3 seconds.

The crack growth rates predicted for heold time cycles are significantly
lower for the interpolation model than for the superposition model. The hold
time and frequency predictions for the R=0 cycles are replotted in Figure
7.18. Figure 7.18a shows that the superposition model predicts that a 300
cgecond cvile norind frequency test would have a crack growth rate
approximately four times lower than a 00 seccnd hold time cycle. That is
very similar to the experimr- 2)ly observed data (Figure S.13a) for 1.5 second
loading ramps re.al e to the 0.005 second ramps used in the predictions shown
ft Figure 7.18a. 1he predictions ot the interpolation model (Figure 7.18b)
show that for the longer cycle periods, cracks experiencing hold times grow a
factor of 20 slower than cracks in frequency tests. This also seems to be

physically unreasonsable,
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The reason for this behavior is an extreme sensitivity of the
interpolation model to low frequencies. A second set of hold time predictions
vas performed with a loading and unloading ramp of 1.5 seconds, the
experimental condiiiuns used in this investigaiion. Tigures 7.10 through 7.12
demonstrated that the interpolation model adequately predicts crack growth
during this type of cycle. Flgure 7.19 compares the predictions for the 0.005 .
second and 1.5 second loading ramps. The superposition model (Figure 7.19a)
predicts a very small influence of loading ramp and only when the crack growth
rate is dominated by the crack growth associated with the loading ramps. The -
internclation model (Figure 7.19b) predicts sixty fold difference in crack

growth rates over the entire range of hold times.

The excessive sensitivity of the interpolation model to frequencies could
be remedied by collecting data over a wider range of conditions or
reformulating the equations describing B, P, and Q. This scusitivity
demonstrates a basic weaknegss of any interpolation methodolegy. The
interpolation approach 1is basically a curve fitting technique and {f the range
of input data or the constructions of the crack growth constants do not
adequately cover all conditions over which the crack growth predictions must

be performed, this type of model can lead to extremely erroneous predictions.

On this bagis, the remalning effort in this investigation will consider
only superposition models. This approach has the additional benefit that the
concept behind the model reflects the underlying mechanisms of time dependent
crack growth as reported in Section 6. By the basic nature of the model, it

will al-ray: zhow the tvansitiovu from cycle to time dependent Lbehavinr.

7.3.5 Retardatiop model

The retardation model discussed in Section 7.2 was applied the 649°C -
Rene’95 hold time retardation tests. Retardation is history dependent so the
static retardation constants were determined by predicting the entire crack
length history of each of the five 649°C Rene'95 hold time retardation tests.
This was accomplished using the stacked case option in ACDCYCLE. Figure 7.5

schematically illustrates tha. {f the value of K is reduced to belowv the

-254-




ST pu® S00°0 W3

- g{opom uoyjivtudrazui(q) pue uojaysodiadns (v) sy3 Bujsn sduez ‘3Juypeo] puodes

(@
(99s) 2wy pioy

0L 0L oL 0L L0l

v T T T

TV Ty T TV Y T T T

dwpa puodes G000

dwol puod3s G| I/ ]
11111 —

- E

- O =xous)

0'0=d
26¥9 -

G6.5Uay
japoyy uonojodiayyl

e

,_ 0l

(ajoho /wiw) NP /0P

ot 0L .0l

!

" | S S S L oo

o0t

(»)
Aommv awn ploy

Ol ,0b 0L ;O

Op=X0W) 7

| AN T TV~ T T

,_ 0l

(312K /wiw) NP /0P

_0l

aEEvcouvn n;/ .

~

_0t

14

00=4 1o
9649 { L

G6.2UsY |
lopoy uonisodiadng

i | I 5 la s o o faa At

OV

A 2971240 Wil PIOY (=¥ 03 suojaoFpead yanoad yowad> ¢6,0udy J,699 IO uosjiedmos :61 L ®INBTY

-255-




static threshold and the crack growth rate is independent of the hold time,
only a lower bound for ¢ can be determined. This required that the value of ¢
be evaluated for testing conditions which showed time-dependent behavior, so
the scatic retardation constants were Cetermined using the 10 perceut overpeak
tests. In each of the two 10 percent overpeak tests (R=0.0 and 0.5), there
were four hold time segments (0, 4, 30, and 300 seconds) at a constant value
of Ky1. Repetitive ACDCYCLE analyses were performed to determine the value of
¢, which best predicted the number of cycles for all four hold times. The
longer the hold time, the more sensitive the result was to $. Ffigure 7.20
shows the resulting values of ¢ for the six segments in these two tests. It
appears that ¢ is linear with K, and does not seem to be very sensitive to R
ratio. The line in this figure is the best fit through the data. The slope
and intercept determined the values of $; and ¢,. The values of the

retardation constants are listed in Table 7.6.

The values of ¢ are much larger that unity as anticipated from Figure
7.5 Consideration of elastic uﬁloading requires that ¢ not exceed 1. The
fact that ¢ must exceed 1 suggests that this is not a good retardation model
and/or that other complex stress relaxation processes are occurring. The
strong influence of creep in time dependent crack growth suggests that the
latter may be true. Complicated creep-assisted stress redistribution probably
plays an important role in the retsrdation of static crack growth after only

relatively small overpeaks.

The values of $; and $; were used to predict the number of cycles
raquiicd *to propagute throigh ell the individual sepgmeuts in the £49°C
overpeak hold time test specimens. These results are comnpared with the
experimentally measured values in Figure 7.21. The solid line in these
figures represents perfect agreement. The dashed lines enclose a region which
18 within a factor of two of the perfect agreement. In all but a few
occasions, the predictions agree within a factor of two of the experimental
date. Most of those exceptions occurred for test conditions with 300 second
hold times.
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The results of these tests were treated using an effective crack growth
rate; that is, the crack length increment of a given segment (constant R, K,j,
arnd hcld time) divided by the cycles to propagate through that segment. To
illustrate ine peneficlal effects of static retardation, the effective ciack
growth rates determined from the test specimen data was compared to the
analyzed lives. The analyses were performed using three different options
available in ACDCYCLE:

—

cyclic analysis (no static crack growth)

~

static analysis (no retardation)

3. retardation (permit static growth and retardation)

The effective crack growth rates determined from the 649°C, Rene’'95 tests and
the three types of ACDCYCLE analyses. The results for the R=0, 300 second
iwwid time tests are compared in Figure 7.22. These results show excelleat
agreement between the experimental data and the retardation predictions. One
of the segments which fell outside of the 2 fold scatter band was the 20X
overpeak condition at the lowest value of K,1. The comparison with the
various analyses show that even with a 10X overpeak, there 1s a significant
benefit from static retardation. This benefit increases with increasing K
levels and overpeak ratios. The retardation results never totally eliminate a
time dependent effect due to the influence of the 15 second loading and

unloading cycle in these tests.

A similar comparison for the 649°C, R=0.5 Rene’'95 overpeak tests are
snown in Figure 7.23. As in the 1~wer R ratic testy, rhe 20% uvevpezlk
condition at the lowest value of K,; fell outside the two fold scatter band.
These results also show the same general trend of increasing benefit with

higher overpeaks and higher K values.

This retardation model accurately predicts the lives of the constant K
test results. This is extremely remarkable considering the very complex
behavior of these materials and the fact that there are just two adjustable
constants in the model (%) and §;).
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The retardation model was used predict two situations encountered during
the prediction of the experimental data where there may be a significant
effect of retardation. Effective crack growth rates were determined by
permitting a crack co propagate 2.5 mm (0.1 inch) after it had fully develioped
fts retardation zone. These analyses were performed using the stacked case
option In ACDCYCLE. The first situation modeled was the R=0, 300 second cycle -
period (frequency). It was previously shown (Figure 7.i3c), that the
superposition model overpredicted this condition by about a factor of four.
The benefits of static retardation for loading ramps was shown in Figure 7.4.

This loading situation was modeled in three different ways:

1. no retardation
2. retardation withi a block size of 1
3. retardation with a block size of 5

The block size is the number of cycles between load changes in these constant
AK tests. The block size of 5 was selected because that was the block size
for all three 300 second cycle segments in the R=O test at 649°C. Figure 7.24
shows these three types of predictions elong with the experimentally measured
crack growth rates. Static retardation reduces the predicted crack growth
rates by approximately 50 percent. There is relatively little influence of
block size until the crack growth rates get to high levels where there would
be a relatively large increment in crack growth between load adjustments.

Once this level is reached there Is a rapid drop in the predicted crack growth
rates as indicated in Figure 7.24. It is difficult to perform these types of
atialyses because ACDCYCLE terminates the analysis when Ky o reaclhies 96% of K
There needs to be a significant increase in K during the cycle in order to

result in significant additional retardation.

The retardation constants used during loading ramps are the cyclic .
constants and % cannot exceed 1. For hold time segments, the static constants
are used and there s no maximum value cap on ¢. Under this situation, the
amount of retardation predicted for constant 8K testing cycles may be
different for different block sizes. This cnncept was evaluated for the R=0,
300 second hold time tests which showed an order of magnitude difference in
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300 seconds.



crack growth rate between constant load or increasing K tests and constant AK
tests. The results of the analysis with no retardation and retardation with &
block size of one is shown in Figure 7.25. Increasing K value results in more
teiardation for the bluck siie of 1. Once the criticai vaiue 18 reeched the
predicted crack growth rate drops precipitously. It is interesting that the
block sizes used in the constant AK segments shown in Figure 7.25 were 5 for
the lowest Kpax., 3 for the intermediate Kpgay, and 1 for the highest Kpgax. It
i{s interesting to note that the precipitous drop in K occurred between the

data points measured with block sizes of 3 and 1.

The results of the analyses shown in Figures 7.24 and 7.25 suggest that
static retardation can have a significant effect on the crack growth rates
measu.ed in the constant AK tests. The observation that there was a much
larger difference between the two types of test data (constant AK vs.
fncreasing AK) in the hold time tests is alsc consisient with the formulation

of the retardation model.

The different treatment of ramps and hold times i{s no problem for the
simple cycles evaluated in this investigation; however, as one performs
mission analyses, the difference between a hold time segment and a high
R-ratio ramp becomes almost indistinguishable. A similar problem exists for
other time-dependent crack growth models where no static crack growth is
assumed to occur for decreasing load ramps. If they are not counted, neither
should hold time segments which might interrupt those ramps. The latter type
of cycle is identical to those in the overpeak hold time tests where
significant time dependent czrack growtii was uvucerved for small values of tha
overpeak ratio, The potential difficulties suggest that this is a good
engineering approach to static retardation, but the process in poorly
understood, and the concept behind the retardation model may not reflect the

operating retardation mechanism.

7.4 MODELING OF ALLOY 718 AT 649°C

The crack growth data determined for Alloy 718 at 649°C were modeled

using procedures similar to those described in Section 7.3 for Rene’95. There
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were two major exceptions - no Alloy 718 threshold data were obtained as a
function of frequency so only the hold time portion of the threshold model was
derived and a totally interpolative model for Alloy 718 was not developed for

the reasons demonstrated fu Seccion 7.3.4.

! 7.4.1 Ailoy 718 Threshold Model

The material constants for the interpolation threshold model (Equation
7.1) were determined using the same nonlinear optimization techniques used for
Rene’95. An additional restriction was placed on the Alloy 718 model where
all constants related to testing frequency were set to zero because Alloy 718
threshold data was not collected as a function of test frequency. The

constants for the threshold interpolation model are listed irn Table 7.7. The

results of this model are compared to the hold time threshold data as shown in
Figure 7.26. The model accurately predicts the influence of hold times for R
rat‘os of 0 and 0.5. The sudden decrease in threshold at hold time of 30
seconds for a R-ratio of 0.8 was not modeled well, however the threshold at
all other conditions were predicted reasonably well. This model predicts most
of these threshold values within 5 MPa/m. The interpolative threshold model
comprised the interpolative portion of the Alloy 718 interpolation +

superposition model.

7.4.2 Alloy 718 Interpolation + Superposition Model

The time-dependent contribution to Alloy 718 crack growth (non-threshold)
was detercined using the supeiporition of cvclic and static crack growthi. The
static crack growth curve used in the superposition model is represented by a
Paris equation truncated at the lower end by a threshold value. The static
threshold value was taken to be the lowest value of K at which crack growth
was measured in the 649°C Alloy 718 static K-shed test. The 649°C static
crack growth data shown in Figure 5.52 were edited to eliminate the
near-threshold regime in the K-shed test and the artificial threshold data or
"tails” in the constant load tests. Linear regression analysis to tha

logarithmic form of the Paris equation was performed to determine the best fit

through the edited data. The static threshold and Paris equation constants




Tabkle 7.7: <Constants for 649°C Alloy 718 Interpolation Threshold Model

~
[}

12.059

=
1

15.78

0.43892

A= 0.0

-2
B~- 1.5964 x 10
C = 1.3355

D= 0.0

E= 3.5524 x 102
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Figure 7.26: Comparison of 649°C Alloy 718 hold time threshold data with

predictions from the interpolation threshold model.
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are listed in Table 7.8. This curve is shown along with the 649°C Alloy 718
static crack growth data in Figure 7.27. This looks to be a good fit to the
data, but similar to the observed behavior in Rene’95, there is a large amount
of scatter in these data. The scatter may affeci che establishment of a
reliable static crack growth curve. The quality of this curve is extremely
important because it is the source of the time-dependent contribution to the

superposition model.

The 0 second hold time (3 second period) rest data were used to determine
the cyclic c¢rack growth constants. The procedure used for Alloy 718 was
different than that used for Rene’95. In Alloy 718, a cyclic crack growth
curve was drawn through the R=0 continuously cycled data. The constants of
the sigmoidal curve (K¢y, B, P, Q, and D) were determined using nonlinear
optimization analysis of the R=0, O second hold time tests. As in the case of
Reue’95, the value of K. was set to be 65.88 MFa/m (60 ksi/in.}. ACDCYCLE was
then used to combine the offect of the cyclic and static crack growth. The
resultant curve was above the R=0 cyclic data and had a slightly higher slope.
The slope of the calculated cyclic curve was decreased by adjusting the value
of P in the sigmoidal equation which controls the slope of the curve at the
inflection point which occurs in Reglon 11. The totally cyclic curve,
superposition (cyclic + superposition) curve, and R~0, O second hold time dats
are shown in Figure 7-28. These data show that the calculated superposition

curve falls through the experimental data.

The value of the Walker exponent (m*) was determined from the R=0.5, 0
second hold time test dats using au iteration apprnach. The cyclic curve,
superposition curve, and experimental data for the R=0.5, 3 second cycle are
shown in Figure 7-29 along with the crack growth data from the R-0.5, 0 second
hold time tests. The agreement is quite good at low K values and diminishes
with increasing stress intensity. The values of the cyclic crack growth

constants are listed ir Table 7.8.
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Table 7.8:

Cyclic Constants

Kep = 11.848

K. = 60.0

-11.939
1.2129

Static Constants

Kg = 15.78
C e« 5.517 x 10-13
n = 5.023

Static Retardation Constants

$ - -3.237
¢, - 0.241

Constants for 649°C Alloy Superposition Model

Q= 0.85339
D= -1.248 x 10-2
nt = 0.50
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7.4.3 Comparison of Predicted and Measured Crack Crowth

The constants listed in Tables 7.7 and 7.8 were entered in materlals data
files and the crach growth option in ACDCYCLE was usad to generate crack
growth curves for the 12 different testing conditions evaluated in this
program (3 R-ratios x 4 hold times). Figure 7.30 shows the comparison of the
experimental data with the prediction of interpolation + superposition model
for 649°C, R=0 hold time tests on Alloy 718. As in the previous figures for
Rene’95, the small symbols represent the results from the threshold tests
while the large symbols represent the data from the constant AK tests. The
solid line is the prediction frum the interpolation + superposition model.
The results of the constant AK tests were lower than the increasing K tests,
particularly for the hold time tests due to retardation between constant load
cycling segments. Thus, the increasing K portion on the threshold tests are
considered to be & better indicator or pruvide more accurate crack growth

rates,

The interpolation + superposition model seems to adequately predict the
crack growth behavior for these R=0 hold time tests. The predictions for the
0, 4, and 30 second hold time tests show a step function increase in the crack
growth rates at K-levels slightly above the transition between Regions I and
I1I. This sudden increase occurs at the static threshold values. This
behavior occurs because the threshold values calculated for R=0 tests with
hold times less than approximately 200 seconds are less than the static crack
growth threshold (Figure 7.26). The only comparisons in this report will be
Zor rle three R-ratios evaluaied exporimentally, however :this tvr= ol a2 step
increase would also be prodicted for other near-zero positive R-ratios for low
hold times. For the cases shown in Figure 7.30, either the changes in crack
growth rate are relatively small (hold times of 0 and 4 seconds) or the cyclic
and static threshold values a‘e similar (30 second hold time) so that the
experimental data neither substantiate nor refutes this type of behavior.

More experimental work is required to evaluate the crack growth behavior in

this regime.
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Figure /.31 compares the predictions between the interpolation +
superposition model and the Alloy 718 R=0.5 tests. With the exception of the
0 second hold time condition, no threshold tests were performed at this
R-ratio. The lunger hold tiwe tests show that the predlctions are much higler
than the results from the cénstant AK tests. 1t is not known if these
discrepancies result from inadequacies of the model or large amounts of
retardation during the constant AK tests. As anticipated, the R=0.5
predictions do not show the step functlion in crack growth rates because the

calculated (K¢p)pgayx values exceed the static threshold.

The R=0.8 test data are compared to the interpolation + superposition
predictions in Figure 7.32. For all hold times, the predictions are
apprcximately 2 to 4 times greater than the experimentally measured crack
growth rates. This type of model also overpredicted the crack growth rates
measured in Rene’'95. This model correctly predicts the relative effects of
hold times, but appears to be inaccurate by a constant factor. This problem
could be alleviated by using an effective static crack growth curve determined
from hold time data, rather than from static crack growth tests. The combined
influence of cyclic and static loads may result in changes in the deformation
and stress fields near the crack tip and thus different crack growth rates

relative to those measured in specimens under stati- loads.

7.4.4 Retapdatjon Model

The modified Willenborg retardation model was used to model the overpeak
recardation bchavic~ measured ia Alloy 718 et 649°C. The Aliuy 7138
retardation constants were determined for ACDCYCLE analyses of the
experimental results from the 10X overpeak tests using the same approach as
described for Rene’'95 in Section 7.3.5. Figure 7.33 shows the resulting
values of ¢ determined from the 10% cverpeak tests. As in the case of
Rene’'95, it appears that ¢ is linear with K,)} and does not seem to be very
sensitive to R ratio. The line in this figure is the best fit through the
data. The slope and intercept determined the values of #; and #;. The values
of the retardution constants are listed in Table 7.8. The major difference

between the Rene’95 and Alloy 718 retardation constants occur at low values of
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Ko1- The value of &) was positive for Rene’'95 but is negative for Alloy 718.
For Alloy 718, the value of ¢ is positive only for K, values greater than
14.75 MPa/m (13.43 ksi/in.). This will probably have little effect on the
ability to predict the crack growth rates of Alloy 71l because in almost every
case, the cyclic and static threshold values (Figure 7.26) exceed this value.
The values of ¢ for both Rene’95 and Alloy 718 can be much greater than unity.
As discussed in Section 7.3.5, this suggests that the strong influence of
overpeaks on retarding hold time crack growth results from complex s<ress

-elaxation processes.

The values of #; and $) were used to predict the number of cycles
required to propagate through all the individual segments in the 649°C Alloy
718 overpeak hold time test specimens. These results are coupared with the
experimentally measured values in Figure 7.34. The solid line in these
figures represents periect agreement. The dashed lines enclose a region which
is within a factor of two of the perfect agreement. In general, the agreement
is quite good; however, the model predicts longer lives than experienced
experimentally for R=0 long live segments as shown in Figure 7.34a. The threce
outliers correspond to long hold time situations at low values of K,; (21 to
24 MPa/m). The longer predicted lives result from suppression of K to below
the static threshold where no hold time effect is calculated. This type of an
effect was observed to a leaser extent in the prediction of the R=0.5 overpeak
tests (Figure 7.34b). This may suggests that the static threshold should be
lower than that measured in the single static threshold tests performed on
Alloy 718 at 649°C. For most other cases, the retardation model combined with
thz inverpulation + superposirion model 2crura-ely predicted the 1tves of the

Alloy 718 overpeak tests.

The effective crack growth rates calculated using cyclic (no static or
retardation), static (no retardation), and retardation (including static)
analysis of the Alloy 718 overpeak tests was performed. The results of the
analysis and experimental data for the R=0, 300 second hold time tests are
shown i{n Figures 7.35 and 7.36. These results show excellent agreement
between the experimental data and the retardation predictions for all cases

vxcept those with low values of K,] as discussed previously. As observed for

-280-




‘¢'0 (qQ) pue 0°0 (®) 3o sOFILA-F YITA 33893 xvodieao ouy3 PIoy 8IL LOTTV
9,699 3¢ sauswBes [enpIATPUl YBnoaya eavdewdoad o3 s9734> peaxesqo pus paidjpead 3o uosyaedwon :y¢ ¢ eanByg

Q (»)
PaAIBSqGO N paAIasqo N o
0002 0001 00S 002 001 0§ oon.uN Qx.: —_ Bm — 8.« oo_f e
T | AR v I -ﬂ —uq\d\u  § T .g v \\ MA
1 /
/
- \\ x 18 3 / x 13
r \ v V4 A
‘ X0Z o \\ 71 i X0 o \\oo S \\L
8 7/ 7/ o " )
- X0l x s I P s X0l x 57 R T
g ’ 8 ’ :
\\ \ 7 \\ —
/7 / . X0
/7 \\ loz R K 12 N
g /a -
K4 ’ 8o \\ 0 ./ w.m
’ s | @ ’ ] o
! ;% , e - \\ 7 a
Vi / _— x / .g 0
- &\ / Q p L / / a
/ y o | 4 4 n
5 \\ P 1MD. [ \\ \\ .MD.
3 4 \\ u - \\ \\ “
F \\ /s 4 - , , 1
7 I a b
- V4 7/ lm \\ \\ m
\\ \\ m.0|m s/ a®, z O"m
/ - [ /. x
’ gL Aoy 18 L gLL Aol
1 n\x La s a2 L 4 A 1 Loeaa o L I - aa o a1 2 I | U U Y 't




-sxwedieao %0z (q) Pue x0T (®) pu® soW}3l POy PuoIds 00t L' -

< ys93 yeedieao Wyl PIOY

1L LoTTV 0°0=~d ‘D,6Y9 U €931 yanoa8d yowad 1vIusuraedxe qaja suoFIdIpvad FINXOAIV

Q

(w ybs o4W) doy
. 4

0s o1
o
{1
w
| |
e 4'!’
i Apho 15
L j h
1
[ 1. o
L 138
I o
- CN
[ 3
r 4 w
[ L3
- O_m
.g N m
i / pioy "d8s 00¢ 13
yoaduano %07 | L
/ O"N._
t 269
8LL Aol

401

0s

(®)

(w ybs pd) dox
0z

™Y

™

30 uosjawdwo) :G¢°¢L oxnsl1y
ot
. @)
1 o
1o
t
{ +
<
1. o
1o &
| a
- QN
\WI.
1 3
1= X
S
I 0
4 ?um.
4
ploy "28s 00 o
yoadusro %01 X
0=y
o699 -
8LL AOliV 4

-282-



"%0Z (q) pPu® x0T (¥) puv sewW]3 PIOY PUOISS (0f Y3IFA s3Ise1 yeedieao owy3l proy
8TIL L0TTV ¢ 0=¥ ‘D,699 UF §93%1 Y3aox8 35810 [wauewtaedxe Yaja suoriojpead FIHAJAOV 30 uosjaedumon 19¢° ¢ eanByg

1C) (®»)
(w yibs ogw) doy (w pbs c_,,) doy
‘ oS ) . oz ol s . oz ol
o o
| w1 - m
- . I.T.O» _ e 2ApPA 4m-u
_ f e 1
ﬁ 4 > P 4 &
4
T uogopoye g ﬁ e
uogop e
- 4 d A -
i l,mm m d Lm m m
I o | o '
Jws ! {wzZ=
| 13t v 3
v w b 1 w
d . onms 1= > [ Pa— 1= S
, L O— fAAJ \\ ° O_ 'ﬂAJ
L \\ Zh-.ﬂ ﬁ v / Z/...W
ﬁ \\ 4 r \\ 4
it : .L_ [ .’ ]
- 7 ploy -03s 0og 15 - ., poy '08s 0OF o
f woadisno %0z | L . ,° woadsaro %01 | L
S'0=Y / S0=y
A J6v9 ] 699 -
ﬁ JPALCT A ﬁ gLL Aol |
N 1 ., 1 — [ N 1 N 2 A ]
P o
0 o




Rene’'95, there is a significant benefit from static retardation. This benefit
incieases with increasing K levels and overpeak ratios. The retardation
results never totally eliminate a time dependent effect due to the influence

of the 1% second loading and unloading cycle in these rescs.

A similar comparison for the 649°C, R=0.5, 300 second hold time Alloy 718
overpeak tests are shown in Figure 7.23, The prediction of the low K;;, 10% .
overpeak condition was much lower than the experimentally measured crack
growth rate. This result also suggests the effective static threshold of
Alloy 718 is lower than that measured in the static threshold test. These *
results also show the same general treund of increasing benefit with higher

overpeaks and higher K values,

These retardation model predictions for Alloy 718 were not as accurate as
those shown for Rene’95, but are stiil quite gecod. Ii appears that some fine
tuning of the static threshold could improve the quality of these predictions.
These results show that this retardation model can provide relatively accurate
estimates of the suppression of hold time crack growth resulting from

cverpeaks.
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8.0 SUMMARY AND CONCLUSIONS

An extensive crack growth data base was generated on both Rene’95 and
alioy 718. These data covered eight orders of magnitude in crack growth rate
and included the influence of hold time, test frequency, R ratio, and overpeak
ratio. In general, Region Il crack growth rates were proportional to the hold
time suggesting that these data can be predicted using a linear superposition
model. Increasing test temperature increased the acceleration in crack growth

rates due to time dependent crack growth.

The crack growth data measured in this investigation followed these
trends; however, there were some surprising low temperature Region II Rene'’95
results and higher temperature near-threshold data for both materials which
suggest that localized crack tip blunting or stress redistribution can result
in lower crack growth rates than those anticipated from the static component
of crack growth. Sectioning experiinents on an interrupted 649°C 300 second
hold time threshold test of Alloy 718 showed that the crack was open over the
entire range of crack length, but there was not evidence of localized
blunting. This suggested that creep-assisted stress relaxation and
redistribution may help to lower the crack tip stress concentration for
situations of relatively slow static crack growth (low temperatures and

near - threshold crack growth).

A very strong retardation effect was observed where relatively small
overpeaks could totally suppress time dependent crack growth. The strong
retardsrtion effects combined with very rapid, time dependent cvack growth
rates resulted in artificially low crack growth rates during constant AK

testing. This type of testing should be avolded in future test programs.

Extensive fractography was performed on the fractured tests specimens.
The fracture mode of cyclic crack growth was transgranular; however, as the
amount of statlc crack growth increased, the fracture mode transitioned to an
intergranular mode. Qualitatively this supported the use of a superposition

model which separately considers the components of cyclic and static crack

growth. It was also shown that hold time cycling in vacuum resulted in higher




crack growth rates than continuous cycling in vacuum and a transition from
transgranular to intergranular crack growth. These results show the strong
influence of creep on time dependent crack growth. The faster crack growth
rates may suggest that intergranular crack propagation in inherently faster

than growth in a transgranular mode.

Transient crack growth behavior was observed between hold time cycling
and more rapid constant frequency testing. It was shown that a damage zone
was created at the crack tip which increased in size with reductions in creep
resistance (Alloy 718 vs. Rene’95), increasing temperature, increasing
R-ratio, and increasing hold time. These types of tests were also performed
on Alloy 718 at 649°C in air and vacuum. These results showed that the damage
zone was formed by creep, independent of environment; however, air was
necessary at the crack tip in order to cause accelerated crack growth. The
transient and vacuum crack growth tests showed that the time dependent crack
growth mechanism in nickel-base superalloys is a complex interaction between

creep, fatigue, and environment.

The crack growth data obtained in this investigation were modeled using a
sigmoidal (Knaus) crack growth equation due to the ability of this equation to
independently adjust the near-threshold and Paris regimes (Regions 1 and II).
The near-threshold crack growth data in this program were modeled using an
interpolative model to predict the influence of R-ratio, frequency, and hold
time. This model was then combined with either a totally interpolative model
or a linear superposition model to predict the time dependent crack growth
rates. The linear superposition arproach included the Waiker model to account
for the influence of R on the cyclic crack growth rates. Only the 649°C
Rene’95 data were modeled using both an interpolation and an interpolation +
superposition models. These models adequately predicted the entire data base,
but the interpolation model made what appeared to be unreasonable estimates of
crack growth rates outside the range covered by the data base. On this basis,

the superposition model was selected as the best model.
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The 649°C Alloy 718 data were also modeled using the linear superposition
model. For both materials the static crack growth component was predicted
from a curve constructed through the static crack growth data which showed a
relatively large amount of scatter. It may be possible to improve the quality
of the predictions by using an inferred static crack growth curve as

determined from hold time tests.

A modified Willenborg retardation model developed for cyclic retardation
was successfully applied to the overpeak hold time tests. It was necessary to
use material constants in excess of those considered reasonable. The large
amount of static crack growth retardation may be related to localized creep

deformation at the crack tip.

A computer code called ACDCYCLE was developed which can access all these
ﬁodels and perform a variety of functions including residual life predictions
and the generation of crack growth rate curves. This code can be run on IBM
XT personal computers with an 8087 math coprocessor chip. This code was

delivered to the Air Force Materials Laboratory.

A superposition model was successfully developed but some of the
experimental data suggests that nonlinear has the potential for both
accelerating time-dependent crack growth through creep-induced damage or
slowing it down by creep-induced stress redistribution. It was necessary to
include an interpolation threshold model and a largely empirical retardation
model to accurately predict conditious which are believed to be highly
dependent on the stress redistritutien. The superposition model worked well
for the situations considered in this investigation, but the development of
alloys with lower time dependent crac! growth rates and / or application of
the current materials to higher temperatures with the resultant lower creep
resistance may require the development and soplication of non linear fracture

mechanlcs parameters to better describe time dependent crack growth behavior.
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APPENDIX A: STATISTICAL ANALYSIS OF RENE'95 CONSTANT AK DATA

The figures in this appendix show the resusts of the sgtatistical
analysis of the Rene’'95 constant AK tests. The small rectangles in the
figures enclose a region of plus and minus one standard deviation in crack
growth rate (da/dN) and Kpax. The techniques used to establish these values
were described in Section 4.4.2. The dashed lines in these figures connect
the mean values of da/dN sand K., for cycles with constant hold times and

R-ratio,
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ARRENDIX B: STATISTICAL ANALYSIS OF RENE'95 OVERPEAK HOLD TIME DATA

The figures in this appendix show the resusts of the statistical
analysis of the Rene'95 overpeak hold time tests. The small rectangles in the
figures enclose a region of plus and minus one standard deviation in crack
growth rate (da/dN) and Kpgzy. The techniques used to establish these values
vere described in Section 4.4.2. The dashed lines in these figures connect
the mean values of da/dN and Kpgayx for cycles with constant hold times and

R-ratio,
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Figure B.8: Statistical analysis results of crack growth data from Rene’95
specimen AF75 cycled at 649°C with a 10X ovarpeak and R-ratio of
0.5 having hold times of (a) 0, (b) 4, (c) 30, and (d) 300

seconda.




e . e -
Rene’'95 Rene'95
649C 649C
Rw0.5 R=0.5
3
4 |
~ ™~
1 ]
'g ol ] 'g ol
< b ~
§ / & /
87 /. g7 it
St J . o )/
/’, ,I
/’ ,’
T rn z- 12 " r" z - 12
e . =4
. % ) %
Khold (MPo sqrt m) Khold (MPa sqrt m)
(a) (b)
‘E '2
Rene'95 i Rene'95
649C 648C
R=0.5 R=0.5
4
D )
§29t %:9.
s <
£ p ; ;
’ ~ '/I
$ 8
'8 ? 7 8 " . rd
\ o Vs ) P
pst 3 ,I § 'Q-
p i
/’
’
rd
relle = 1.2 -
9_ [~
Lr —% £ -5 i
Khold (MPa sqrt m) Khold (MPa sqrt m)
(c) (d)
Figure B.9: Statistical analysis results of crack growth data from Rene’'95

specimen AF35 cycled at 649°C with a 20% overpeak and R-ratio of
0.5 having hold times of (s) 0, (b) 4, (c) 30, and (d) 300

ssconds.




APPENDIX C. STATISTICAL ANALYSIS OF ALLOY 718 CONSTANT AK DATA

The figures in this appendix show the resusts of the statistical
analysis of the Alloy 718 constant AK tests. The small rectangles in the
figures enclose a region of plus and minus one standard deviation in crack
growth rate (da/dN) and Kpax. The techniques used to establish these values
were described in Section 4.4.2. The dashed lines in these figures connect
the mean values of da/dN and Kpgy for cycles with constant hold times and
R-ratio.
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Figure C.1:

Statistical analysis results of
Alloy 718 constant AK hold time
crack growth data from spe;:mens
cvcled at 593°C with R-ratios ¢f (a)
0.0, (b) 0.5, and (c) 0.8.
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Figure C.2:

Statistical analysis results of
Alloy 718 constant AK hold time
crack growth data from specimens
cycied at 549°C with R-ratfos ot {a)
0.0, (b) 0.5, and (c) 0.8.




The figures in this appendix show the resusts of the statistical

analysis of the Alloy 718 overpeak hold time tests. The small rectangles in

- the figures enclose a region of plus and minus one standard deviation in crack
growth rate (da/dN) and Kjoy. The techniques used to establish these values
were described in Section 4.4.2. The dashed lines in these figures connect
the mean values of da/dN and K, for cycles with constant hold times and
R-ratio.
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Figure D.1:

Statistical analysis results of
crack growth data from Alloy 718
specimen Al13-02 cycled at 649°C with
a 10% overpeak and R.ratio of 0.0
having hold times of (a) 4, (b) 30,
and (c¢) 300 seconds.
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Figure D.4:

Statistical analyeis results of
crack growth data from Alloy 718
specimen A13-05 cycled at 649°C
(1200°F) with » 20% overpeak and
R-ratio of 0.5 having hold times of
(a) 4, (bh) 30, and (c) 300 seconds.




