THERMOMECHANICAL FATIGUE CRACK FORMATION IN A SINGLE
CRYSTAL NI-BASE SUPERALLOY

A Dissertation
Presented to
The Academic Faculty

Robert Lewis Amaro

In Partial Fulfillment
Of the Requirements for the Degree
Doctor of Philosophy in the
George W. Woodruff School of Mechanical Engineering

Georgia Institute of Technology

December, 2010



THERMOMECHANICAL FATIGUE CRACK FORMATION IN A SINGLE
CRYSTAL NI-BASE SUPERALLOY

Approved by:

Dr. Stephen D. Antolovich, Co-Advisor

School of Materials Science and
Engineering,

George W. Woodruff School of
Mechanical Engineering
Georgia Institute of Technology

Dr. David L. McDowell

George W. Woodruff School of
Mechanical Engineering,
School of Materials Science and
Engineering

Georgia Institute of Technology

Dr. Preet M, Singh

School of Materials Science and
Engineering,

Georgia Institute of Technology

Dr. Richard W. Neu, Co-Advisor
George W. Woodruff School of
Mechanical Engineering,

School of Materials Science and
Engineering

Georgia Institute of Technology

Dr. W. Steve Johnson

School of Materials Science and
Engineering,

George W. Woodruff School of
Mechanical Engineering
Georgia Institute of Technology

Date Approved: December XX, 2010



ACKNOWLEDGEMENTS

First and foremost, I would like to acknowledge my wife, Erika Stinson, for her
patience and support during this arduous process; and for putting so much faith into a
high school dropout. Thank you.

I am also grateful to my advisers Dr. Richard Neu and Dr. Stephen Antolovich for
their vital guidance and dedicated mentorship. Furthermore, I am greatly appreciative of
my dissertation reading committee Dr. David McDowell, Dr. W. Steve Johnson and Dr.
Preet Singh who have provided experimental and technical support; without which this
work would not have been possible.

I would like to acknowledge Pratt & Whitney for their financial support of this
research. [ am particularly grateful to Raymond Keith Kersey and Dr. Alexander
Staroselsky of Pratt & Whitney for their technical support.

Dr. Blaine Reely, P.E., my professional mentor, has invested countless hours of
his time to ensuring my success. [ will be forever grateful for his guidance and
friendship. Moreover, to name just a few of my academic mentors who were there long
before this doctoral journey began, and without whom I would never have come so far in
my studies: Dr. Ken Cunefare of Georgia Tech, and Professor Julie Tarr from Pima
Community College in Tucson, AZ. Thank you for believing in me.

Finally, I would be remiss to not acknowledge my fellow researchers and
associates at the Georgia Institute of Technology who have provided help, input or
general support with regard to either my personal development or the development of this

work: Mike Hirsch, Patxi Fernandez-Zelaia, Rob Kopkovits, Ben Beck, Nick Earnhart,

il



Matt Stone, Trey Parker, Jamie Wilson, Jason Mewes, Kevin Smith, Nico Hempel and

Rick Brown.

v



TABLE OF CONTENTS

ACKNOWLEDGMENTS. ... e il
LIST OF TABLES . ...t e ix
LIST OF FIGURES . ... e xi
SUMM A R Y . xxi
CHAPTER 1. INTRODUCTION ....cceiitiiiiiieiinitenieeiesieeeete sttt 1
1.1 RESEARCH MOTIVATION .....cciiiiiiiiiiiieieteeesesiee e 1

1.2 RESEARCH OBJECTIVES .....oiiiiiiiiieeeee ettt 2

1.3 OVERVIEW OF DISSERTATION ....cccociiiiiiiiiieieienenieseneeeeeeesee e 3
CHAPTER 2. LITERATURE REVIEW ...ttt 5
2.1 INTRODUCTION......cootiiiiiiienieneseetee ettt 5

2.2 DESCRIPTION OF PWA 1484 ....ccutiiiiiiiiiieieeseeieeeestee e 13

2.3  GENERAL PLASTICITY AND SLIP BAND SPACING.......cccoccvenuennen. 14

2.3.1 Fundamentals of Inelastic Deformation..........c.ccceceevervenieneniieneeniennene 14

2.3.2 Classical Plasticity Rate EQUations..........ccccveevvieerieeeriie e 17

2.3.3 Slip Band Spacing.......ccccocveveeriiriinieniiiicneeeccneee et 19

2.4 DEFORMATION MECHANISMS .....ooiiiiiiiiiieieniteee et 22

2.4.1 y-y’ Interaction- influence of y’ precipitates on deformation.................. 23

2.4.2 Orientation effects- anisotropic behavior of single crystal superalloys.. 27

2.4.3 Strain amplitude and strain rate effects...........cocevveevirinienininiinene 33
2.4.4 Temperature EffectS........coooiiiiiiieiiiieieee e 34
2.4.5 Influence Of COAtINGS .....cocveruieriiriiriirienierteie ettt 37
2.5 OXIDATION OF NI-BASE SUPERALLOYS ....ccoiiiiiieieeeierieieeene 40
2.5.1 INtrOAUCHION ....couiiieiiieiieeiee ettt e 40
2.5.2 General Superalloy OXidation...........ceeevveriieiiienieenienieeeeeee e 43



2.5.3 9 DEPIELION.....cocuiieiieeiieiie ettt ettt sttt et eeas 50

2.5.4 Fatigue-Oxidation Interaction ...........ccccveevvieeriieeniieeciee e e 53
2.6 GAMMA-PRIME (I"") COARSENING AND RAFTING .....c.cccevvruennne 55
2.7 DAMAGE MECHANISMS IN NI-BASE SUPERALLOYS
EXPERIENCING TMF ....ooiiiiiiiiiiiiiieeeeesetee sttt 58
2.8 THERMOMECHANICAL FATIGUE (TMF) LIFE PREDICTION
METHODOLOGIES .....coiiiiiiiiiiietiiteeete ettt st 63
2.9 SUMMARY ..ottt sttt sttt 71

CHAPTER 3. THERMOMECHANICAL FATIGUE - EXPERIMENTAL PROCEDURE
AND RESULTS ...ttt ettt sttt e st e seeneesseenseeneesseens 73
3.1 INTRODUCTION......coiiiiiiieteeteeitesteee ettt sttt st 73
3.2 SPECIMENS ...ttt ettt sttt et s eneens 73
3.3 EQUIPMENT ...ttt sttt sttt st 74
3.4 VERIFICATION OF ADHERENCE TO TMF TEST STANDARDS ...... 76

3.4.1 ASTM TMF test CIIteIIa ...evvveviruieriieieeieniieieete et 76

3.4.2 Procedures employed to ensure test validity per ASTM.......c..ccecvveennee. 77
3.5 TESTING/CONTROL/PROGRAMS ......cccoiiiiiiiiinieecieneeeeieseeieene 80
3.6 TMF TEST MATRICES .....ccoiiiiteeeieeeeeeee e 83
3.7 CRACK INITIATION CRITERIA ......ccciiiiiiiiinieieeeeeeeeeeeene 85
3.8 FATIGUE TEST RESULTS .....ooiiiiieieeeetee e 87
3.9 PLOTS ettt sttt ettt et 90
3.10 DOMINANT DAMAGE MECHANISM CHARACTERIZATION ....... 94

3.10.1 Baseline TIMF TeStS ....cccueruieriiriiniiiieeienieeeee et 95

3.10.2 Baseline BiF Tests ......c.cooouiiiiiiiiiiiieieeieeeecee e 101

3.10.3 TMF versus BiF ......cccooiiiiiiiiinieeeieeteee e 107
3.11  ORIENTATION EFFECTS....ccoeieeieeeeeee et 124
3.12  DISCUSSION .....coiiieiecietee ettt st e sseeseenees 127

CHAPTER 4. ENVIRONMENTAL EFFECTS ....cciiiiiiieeeeeeeeeeeeee e 130
4.1 INTRODUCTION.......oooiieieiieii ettt 130

4.2 MATERIAL ..ot e 132

4.3 EXPERIMENTAL PROCEDURES AND RESULTS .....c.ccceevvrieirnee. 133

4.3.1 Sensitivity of Surface Roughness ..........cccccuveeviiieniieniiiieiiecieeeeee 133

4.3.2 Kinetics of y” Depletion ..........ccoouieiieiiieiieiiieieeeeee e 139

vi



4.3.3 OxXide CharaCteriZatiON......ceeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeereeeeeaenas 147

4.3.4 Measurements of Y’ Depletion ..........ccccveeeiieeiiieeniie e 152

4.4 ANALYSIS .ottt e 157

4.4.1 Sensitivity of Surface RoOughness ..........cccocvveviiieriieeiiie e, 157

4.4.2 Non-Stressed OXidation .........cceecveviereeiienienieieeeeeeeseese e 159

4.5 COUPLED FATIGUE-OXIDATION.......ccctiieeeienieieeeeieee e 165

4.6 DISCUSSION ..ottt sttt st s 171

CHAPTER 5. SLIP BAND SPACING.......cooiiieiteiesieeieee ettt 174

5.1 INTRODUCTION .....ooiiiiiiiiiiieeieniteieeestee ettt 174

5.2 SLIP BAND SPACING HYPOTHESIS .....coioiieieeeeeeeeeee e 174

5.3 EXPERIMENTAL PROCEDURE .......ccccociiiiiiiniiiiiiinieeceeeeeeee 178

5.3.1 TSt MALIIX .ottt sttt st 178

5.3.2 Test EQUIPIMENL ......oovuiiiiieiieiiieiiie ettt ettt et e e 180

5.4 EXPERIMENTAL RESULTS......oiiiiiieeeee e 182

5.4.1 Measurement of Slip Band Spacing...........cccceeevieviieiiienieeiiieieeieenee. 182

5.4.2 Cyclic SHP ReSUILS ...ccuvviiiiiieciieecie ettt 187

5.4.3 Monotonic SHp ReSUILS ........cccieriiiiiiiiiieiieieeeee e 190

5.5 MATHEMATICAL RELATIONSHIPS ......ccocoiiiiiiiieeeeeeeeeee e 194

5.6 SUMMARY ...ttt sttt 201

CHAPTER 6. CRACK INITIATION LIFE MODELING.......cccecceriiiinienieieeeeenee. 202

6.1 INTRODUCTION......coitiiiiiieieriteieeestee ettt 202

6.2 NEU-SEHITOGLU MODEL......ccccteiiiiiiieieeieeeeeee e 202

6.2.1 Neu-Sehitoglu Model Implementation .............ccccevereenieneniennene 206

6.2.2 Parametric Sensitivity ANalysiS......cccceveerviieeriiieeniieeeieeeeieeeeieeenns 207

6.3 LIFE MODEL DEVELOPMENT .....cccootiiiiiiniiiiiieneeeeeneeie e 215

6.4 DISCUSSION ..ottt et eae e saeenees 233
CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

......................................................................................................................................... 235

7.1 CONCLUSIONS ...ttt ettt ettt sseeneas 235

7.2 RECOMMENDATION FOR FUTURE WORK .......cccccoceviiniiiiniinee. 237

APPENDIX ..ottt ettt ettt st sae et e e st eteesaessaenseenseese e seenteeneenne 239

A.1 SPECIMEN DRAWINGS ....oooiiiiiiieieeetee et 240

Vil



A.2 MATERIAL TRACKING DOCUMENTS ......ccccooiiiiiiiiiiniiiiiiinicieee 242

A3 LAUE RESULTS. ...t 246
A4 TEST MATRICES .......coiiiiiiiiiieee e 250
A.5 TMF/BIF START-UP-PROCEDURE........ccccocviiiiiiniiniiiiniceececee 251
A.6 TME/BIF TEST DATA SHEET ......cccoooiiiiiiiiiiieneceeeeeeeeeeeeee 253
A7 TEST CONTROL ALGORITHMS ..o 254
A.8 OXIDE EDS RESULTS .....ooiiiiiiiiiiciieeee e 264
REFERENCES. .. e e 301

viil



LIST OF TABLES

Table 2-1: a) Nominal Chemical Composition of Superalloys by Generation (top) [2]; b)
Role of Alloying Elements (bottom) [2, 217 ...c.coiiiiiiiiiiieieiieeieee e 7

Table 2-2: Nominal Chemical Composition of PWA 1480 and PWA 1484 (wt %) [7] .. 13

Table 2-3: Schmid Analysis for FCC Crystal Loaded in [001] Direction...........cc.c....... 30
Table 2-4: Schmid Analysis for FCC Crystals- Active Slip Systems..........ccccecveeveenennne. 30
Table 2-5: SXSA Temperature-Deformation Response [1, 3, 7, 17]..ccccoceeviiiiienieanennne 35
Table 2-6 Nominal Chemical Composition (in Weight Percent) of Representative Single

Crystal SUperalloys [T1] oot 43
Table 3-1 Specimen Temperature Gradient Test Results ..........cccocveviieviieniieciienieeneenne, 78
Table 3-2 Fatigue Test Results (Tests marked with an * will be used as Baseline tests in

CRAPLET 0)...eievvieiieeieecie ettt ettt et e e et e st e e bee e st eesbeessseensaessseasseesssesnsaensseenseansns 88
Table 4-1 Nominal composition of PWA 1480 and PWA 1484 (Wt %) [7]...ccceeeveeunenns 132

Table 4-2 Surface Preparation Oxidation Test Schedule, All Tests Performed at 1050° C

Table 4-3 Surface Roughness Values for Various Levels of Specimen Preparation...... 134

Table 4-4 Final Polish Schedule (Struers Products) ..........ccocceeiieiiiiiniiniiiiecceiees 136
Table 4-5 Results Evaluating Sensitivity of Surface Roughness............cccooeveeevieniennnnn, 138
Table 4-6 Furnace Oxidation Test MatriX ........cccccerieiiiiiniiniiieiie e 140
Table 4-7 Average v’ Depletion ValUues........cc.eevieeiiiiiieiiieiiecieeieecie et eeee e 154

Table 4-8 y' Depletion Time Exponent Values: Determined for PWA 1484 and Taken
from Literature, GTD 111 [59], Rene N4 [62], CM247LC DS [64] ....cccevvvveeecrireeennnee. 160

Table 4-9 y' Depletion Kinetics Prefactor and Activation Energy: Determined for PWA
1484 and Taken from Literature, GTD 111 [59], MAR-M247 [67], CM247LC DS [64]

......................................................................................................................................... 162
Table 4-10 Chemical Compostion of Superalloys for which y' Depletion Kinetics are

KIOWIL. ...t 162
Table 4-11 PWA 1484 TMF and BiF Test Data..........cccocooeirinenieininciicncccncee 166

Table 5-1 Slip Band Spacing as a Function of Inelastic Strain and Temperature [31]... 176

X



Table 5-2: Test matrix for Determination of Slip Band Spacing Morphology............... 179

Table 5-3 Room Temperature Cyclic Slip Band Spacing Results...........ccccceevverveennnen. 188
Table 5-4 Slip Band Spacing as a Function of Inelastic Strain and Temperature .......... 193
Table 6-1 Fatigue and Environmental Fatigue Module Constants .............cccceeevveenee.. 206
Table 6-2 Results of Variation of Parameters Study- Calibration Using Baseline PWA

1484 OP TMEF Daatal.....c.ccoiiriiiiiiriieiiiiieeeetete ettt sttt 213
Table 6-3 Parameter Values From Correlation of Eq 6-26 to all <001> PWA 1484 OP

TMF and BiF ReSUILS.....c..ooiiiiiiiiiiiiiiccccc s 221
Table 6-4 Parameter Values From Correlation of Eq 6.33 to all <001> PWA 1484 OP

TMF and BiF Results. Value of 1o from [7]....c..ooooeiiiiiiiie e 228
Table A-1 Matrix of OP TMF and BiF TeSsts ........ccceviriiniininiiniecciccceeeceee 250



LIST OF FIGURES

Figure 2-1: Typical Two Phase Superalloy Microstructure [19].......ccccoevvevieeviienienieenen. 6
Figure 2-2: Schematic of a Basic Turbojet Gas Turbine Engine [2] ......cccccocveviiviniineenne. 8

Figure 2-3: Evolution of Take-Off TET Capability for Rolls-Royce Civil Aero Engines

Figure 2-4: Superalloy Creep Response as a Function of Year. Originally from [2]....... 10

Figure 2-5: (a) Illustration of Equiaxed Polycrystalline, (b) Directionally Solidified, and
(c) Single Crystal Alloys Used for Turbine Blade Airfoils [2]......ccccecvevieniiiinienirenenne, 11

Figure 2-6: Superalloy Material Properties as a Function of Crystalline Structure [17].. 12

Figure 2-7 Slip Systems for FCC Crystal- Single Slip Plane Left, Tetrahedron Created by
FOur {111} PIanes [A1] ..eieoeieeeiieeeiee ettt et e et e e e e e e e e e e eaveeesnneeeenree s 15

Figure 2-8 Schmid Analysis for FCC Crystal for Different Loading Directions: <001>
Top Left, <011> Top Right, <111> Bottom Left and <123> Bottom Right .................... 15

Figure 2-9 Loading Direction of Interest Plotted on Standard Stereographic Triangle.... 16

Figure 2-10 Dependence of Slip Band Spacing on Grain Size for Polycrystalline Copper
L2 ettt b et ettt ettt 22

Figure 2-11: Yield Stress as a Function of Temperature and y’ Volume Fraction (%) in
Ni-Cr-Al Ternary AILOYS [2]..ccuveevieoiieiieeiiierieeieeste e eeee et seee e eseeeesbeessaesseessseesseensnas 24

Figure 2-12 Creep Rupture Life of a representative Superalloy as a Function of y’
Volume Fraction (%) for @ Fixed ¥* Size [2] ..ccceeeieriieiieieeieeeie ettt 25

Figure 2-13 Theoretical Relationship Between y’ Particle Size and Alloy Strength [32] 26

Figure 2-14 Experimental Relationship Between Particle Size and Alloy Strength in a Ni-
20% Cr Base ALLOY [B2] . uuee ettt ettt ettt ettt et et e et esneeebeesaeeens 26

Figure 2-15 Variation in y' Particles Size for PWA 1484 in Full Heat Treat Condition:
Primary and ultra fine (A) Y [7] e eoeeoeeeieeie ettt sttt 27

Figure 2-16: Elastic Modulus as a Function of Crystallographic Orientation for PWA
TABO [35] cueveeteeteeneenieie e ste st e et e ettt et et et e s s e ebeeseeseesa e st e s et e s e eseebeeseeneeneenaensesenseaneenenneas 28

Figure 2-17 Variations with Temperature of Critical Resolved Shear Stress for y’ Single
(05741 21 N 12 PR RURURRRRRPRR 29

xi



Figure 2-18 Sketch of Macroscopic “Cube” Slip composed of Cross Slip on Octahedral

PIanEs [B0] oo et e et e e et a e e e eanres 31
Figure 2-19 PWA 1493 649 ° C LCF Data: Resolved Shear Stress Range on Most Active
Slip System versus Cycles to Failure [5].....ccveeiiiriiieiiie e 33
Figure 2-20: Tensile Yield Strength and Ductility as a Function of Temperature in PWA

1484 Loaded in [001] DIreCtion [7] ....ccccuueieeeiiiieeeeieee e e e 36
Figure 2-21 Comparison of Superalloy Coatings: Temperature Range vs. Life [2]......... 38

Figure 2-22 SEM Image of Coating Cracks in Pt-Modified NiAl Diffusion Coated PWA
LABA [AT] ettt ettt ettt ettt et 39

Figure 2-23 Effect of Oxidation Rate Constant, K,,, on the Growth of the y Region [51] 42

Figure 2-24 Schematic Diagram of Oxides Formed on Ni-Cr-Al Ternary Alloys. (a)

Group I, (b) Group II and (c) Group III [50] ...ccccvvreeoiieeiieeeeeee e 44
Figure 2-25 Example of “Transition Alloy” oxidation, presented in [52] at higher quality,
OTIZINALLY fTOM [37] ittt e e e e e eba e e eraaeeennaeeens 48
Figure 2-26 Effect of y> Volume Fraction on (a) Monotonic and (b) Cyclic Response at
LT O 1 1 SRR S PP 51
Figure 2-27 Comparison of Accumulated Inelastic Strain With and Without Oxidation
After 400 hr at 950 OC [S1]uieiieieiieie ettt et enee s 52
Figure 2-28 Fatigue Crack Initiation From Oxide Pits in Uncoated René N4 [62]........... 55
Figure 2-29 Micrograph of Rafting in a Single Crystal Superalloy [19].......ccccceeeuveenneen. 57
Figure 2-30 Temperature and Strain Waveforms: (a) OP TMF, (b) OP BiF.................... 61
Figure 2-31 Comparison of Isothermal LCF, IP BiF and OP BiF for Bare and Coated
PWA T484 [79] ettt ettt sttt et sbe et et saeen 62
Figure 3-1: Fatigue Specimen DIrawing.........cccveeciieeriieeiiieeieeeiee e seeeevee e 73
Figure 3-2: TMF EXPeIimMENt........ccceeviiiiiiiriiiiieiie ettt et e seeeieesiaeesee e eseesanaens 75
Figure 3-3 Induction Coil Verification: 6 Thermocouples Welded longitudinally along
GAZE SECHION ...ttt ettt ettt st sb et e bt sbe et et e sbeebe et e saeenee 77
Figure 3-4: Induction Coil Verification: 4 Thermocouples Welded Circumferentially
Around Center of Gage SECHION.......cccueriiiiiiiriierieeiert ettt 78
Figure 3-5 OP TMF Temperature-Time and Mechanical Strain-Time waveforms.......... 80

xii



Figure 3-6: IP TMF Temperature-Time and Mechanical Strain-Time waveforms........... 81

Figure 3-7: OP BiF Temperature-Time and Load-Time Waveforms...........cccccceeuveeneen. 82
Figure 3-8: Requested Material Orientation on Stereographic Triangle .............c.c......... 84
Figure 3-9: Schematic of Crack Initiation CriteTia ........ccccvvreerveeerreeeriieeieesieeeieee e 86
Figure 3-10: PWA 1484 Dendrite SPaCINgG......c.ceovueeveeriieeiiieniieeiienieeieesiieeveeseeeeveesaeaens 86

Figure 3-11 Fatigue Test Results (OP TMF and BiF): Inelastic Strain Range versus
Cycles to Crack Initiation, <O01> SPECIMENS .......cccvreriieriieriieeiieiie e 90

Figure 3-12 Fatigue Test Results (OP TMF and BiF) Delineated By Effective
Temperature, <O01> SPECIMENS .....ocuviiiieiiieiieeieeiee ettt ettt et eseee e s eee 91

Figure 3-13 Fatigue Test Results (OP TMF and BiF)- Dominant Damage Mechanisms,

SOOI SPECIMEIIS...uvieiiieiieeiieeiie et et e et estte e bt e stteebeesatesseessseenseassseeseessseenseessseenseesnsaans 93
Figure 3-14 Deformation Mechanism Map for OP BiF and TMF............ccc.ccvvevninenneen. 94
Figure 3-15 Baseline OP TMF and BiF Tests, <001> specimens ..........cccccecueveerierveennnene 95

Figure 3-16 Agmech = 0.5%, OP TMF Baseline Test Hysteresis Loops- Ni=1810 Cycles
........................................................................................................................................... 96

Figure 3-17 Aemech = 0.5%, OP TMF Baseline Test Stress Evolution- Ni=1810 Cycles
........................................................................................................................................... 97

Figure 3-18 Aemech = 0.9%, OP TMF Baseline Test Hysteresis Loops- Ni=471 Cycles
........................................................................................................................................... 98

Figure 3-19 Aemech = 0.9%, OP TMF Baseline Test Stress Evolution- Ni=471 Cycles 99

Figure 3-20 Aemech = 1.3%, OP TMF Baseline Test Hysteresis Loops- Ni=80 Cycles
......................................................................................................................................... 100

Figure 3-21 Aemech = 1.3%, OP TMF Baseline Test Stress Evolution- Ni = 80 Cycles
......................................................................................................................................... 101

Figure 3-22 Aemech = 0.7%, OP BiF Baseline Test Hysteresis Loops- Ni=421 Cycles
......................................................................................................................................... 102

Figure 3-23 Aemech = 0.7%, OP BiF Baseline Test Stress Evolution- Ni=421 Cycles103

Figure 3-24 Aemech = 0.9%, OP BiF Baseline Test Hysteresis Loops- Ni=370 Cycles
......................................................................................................................................... 104

Figure 3-25 Aemech = 0.9%, OP BiF Baseline Test Stress Evolution- Ni=370 Cycles105

xiil



Figure 3-26 Aemech = 1.3%, OP BiF Baseline Test Hysteresis Loops- Ni=76 Cycles 106
Figure 3-27 Aemech = 1.3%, OP BiF Baseline Test Stress Evolution- Ni=76 Cycles. 107

Figure 3-28 Surface Images of specimens tested at Aemech = 1.3%- OP TMF (left), OP

|2 31 S 5 74 11 ISP 108
Figure 3-29 Surface Images of specimens tested at Aemech = 0.9%- OP TMF (left), OP

|2 31 S 5 74 11 ISR 108
Figure 3-30 Surface Images of specimens tested at Aemech = 0.5% OP TMF (left),
Aemech = 0.9% OP BiF (F18ht)..c..coiiiiii e 109
Figure 3-31 0.5% OP TMF (left), 0.9% OP TMF (right) ......ccceveriririnieieieieeienn 110
Figure 3-32 1.3% OP TMF (left), 1.3% OP BiF (right) .....cccccevieiiniiieeieeeene 110
Figure 3-33 0.7% OP BiF (left), 0.9% OP BiF (right)......cccceveviniiiiinieieeeeeee 110

Figure 3-34 Specimen Cross-Sections Near Free Surface: 0.5% OP TMF (a), 0.9% OP
TMF (b)- loading direction horizontal..............cccceeriiiiiieniieiieiieeieeee e 111

Figure 3-35 Specimen Cross-Sections Near Free Surface: 1.3% OP TMF (a), 1.3% OP
BiF (b)- loading direction horizontal ..............cccoevieiiiienieniieiecieeeee e 112

Figure 3-36 Specimen Cross-Sections Near Free Surface: 0.7% OP BiF (a), 0.9% OP BiF
(b)- loading direction horizontal .............cocuieiiiiiiinieiii e 112

Figure 3-37 Specimen Cross-Sections at Fracture Surfaces: 0.9% OP TMF (a), 1.3% OP
TMF (b)- loading direction horizontal..............cccceeeiiiiiieniieiiecieeieeee e 114

Figure 3-38 Specimen Cross-Sections at Fracture Surfaces: 0.9% OP BiF- loading
direction hOTIZONAL .........c.ooiiiiiiieiecii et et e ae et e ens 114

Figure 3-39 Specimen Cross-Sections Near Surface: 0.9% OP TMF- loading direction
ROTIZONTAL ...ttt ettt et 115

Figure 3-40 Specimen Cross-sections Near Free Surface: 0.9% OP TMF- loading
direction hOTIZONAL .........c.coiiiiiiiiiieeii ettt ettt et e sneeens 115

Figure 3-41 Specimen Cross-Section: <001> Orientation, 1.3% OP TMF 5 min High
Temperature Hold- loading direction horizontal .............ccoooieiiiniiiiiiiniiieceee, 116

Figure 3-42 Specimen Cross-Sections Near Free Surface: <001> Orientation, 1.3% OP
TMF 5 min High Temperature Hold- loading direction horizontal..............ccccceveennien. 116

Figure 3-43 Fatigue Specimen y’ Depletion (a) Specimen 138301, (b) Specimen 138303
......................................................................................................................................... 117

X1V



Figure 3-44 Fatigue Specimen y’ Depletion (a) Specimen 138312, (b) Specimen 224903 A
......................................................................................................................................... 118

Figure 3-45 v’ Depletion versus cycles to crack initiation ..........cocceveevveveenierieeneeneenne. 119

Figure 3-46 Calculated BiF Inelastic Strain Range versus Caluclated TMF Inelastic Strain
RANGE .ot ettt e 121

Figure 3-47 Life Prediction Relationships for a Given Inelastic Strain Range .............. 123

Figure 3-48 Fatigue Test Results (TMF) as a Function of Primary Crystallographic
Orientation- Mechanical Strain Range............ccceeovieiiiiieeiiiiicie e 124

Figure 3-49 Fatigue Test Results (TMF) as a Function of Primary Crystallographic
Orientation- Inelastic Strain Range..........cccoecvieiiiieiiiiicie e 125

Figure 3-50 Fatigue Test Results (TMF) as a Function of Primary Crystallographic
Orientation- Inelastic Strain Range on Slip System Having Highest Schmid Factor..... 126

Figure 3-51 Fatigue Test Results (TMF) as a Function of Primary Crystallographic

Orientation- Comparison of Strain-Life Plot Styles ........ccccoooiviiiiieiiiiiiieeeceee, 127
Figure 4-1 Yield Stress as a Function of Temperature and y’ Volume Fraction (%) in Ni-
Cr-Al Ternary ATLOYS [2] .uveeeoeeeeeieeeiieeeiieeeieeestee et e e steeeeae e et eeeaaeesssaeesnseeeesseeensseens 131
Figure 4-2 Oxidation Specimen on Insulating Wafer Prior to High Temperature Exposure
......................................................................................................................................... 135
Figure 4-3 Representative Oxidation Specimen Mounted and Etched..............cc.cc..c..... 136
Figure 4-4 Optical Image of Mounted, Polished and Etched Oxidation Specimen, 1050°

C for 300 Hours, 1000X ZOOIM.....ccccouuiiiiiieiiiieiiiieteeeee e e e e eeeiieetee e e s e e e seearateeeeesseessnaaaaees 137
Figure 4-5 y’ Depletion Study at 1050° C- Sensitivity of Surface Roughness............... 139

Figure 4-6 Relative Amounts of Oxide Spallation: 850 C Left, 1050C Right, both for 300
hrs. Representative Spalled Regions indicated by arrows. ........ccccceeeeeveeeiieeeciieenieeeee, 141

Figure 4-7 Surface Oxide Spallation as a Function of Time: (a) 1050C for 5 hr, (b) 1050C
for 30 hr, (c) 1050C for 150 hr, (d) 1050C for 300 hr. Spalled Regions indicated by
Figure 4-8 Optical Image Showing Variation in Oxidation with heterogeneity , 1050° C
FOT 150 NT ettt ettt et e st e et esabeebeesaeeens 144
Figure 4-9 Specimen Surface Exposed to 1050 C for 300 hrs........c.ccccveeeievciienieenneennen. 145
Figure 4-10 Top: Specimen Tested at 1050°C for 300 hours. Bottom: Cross Section A-A
......................................................................................................................................... 146

XV



Figure 4-11 Blown up Regions of Different Oxides. Region A (a), Region B (b)......... 147
Figure 4-12 Competing Oxides- "brown” OXide.........ccceeeviieriieeiiieiiiee e 148

Figure 4-13 SEM Image of Oxides Formed On PWA 1484 at 950°C for 150 Hours-
Dendrites Denoted by Red OUtliNes .........cceeeviiiieiiiiieiiieeieeeeeeee e 150

Figure 4-14 SEM Image of Oxides Formed On PWA 1484 at 950°C for 150 Hours-
ST 10 1 s SRS 151

Figure 4-15 vy’ Depletion at 850°C for (a) 31 hours, (b) 150 hours and (c¢) 270 hours. All
LAY 10 LI o | (OSSR 152

Figure 4-16 Depletion at 950°C for (a) 30 hours, (b) 150 hours and (c) 300 hours. All at

SAME SCALE ...ttt ettt ettt eas 153
Figure 4-17 Depletion at 1050°C for (a) 30 hours, (b) 150 hours and (c) 300 hours. All at

SAME SCALE ...ttt 153
Figure 4-18 ' Depletion Kinetics at 850° C......cocuveviieiieiiieiecieceee e 154
Figure 4-19 y' Depletion Kinetics at 950° C.......ccovvieiiieeciieeieeeeeeee e 155
Figure 4-20 y' Depletion Kinetics at 1050° C......cooviieiieriiiiieieeeeeee e 155
Figure 4-21 v’ Depletion Kinetics for PWA 1484 at 850°C, 950°C and 1050°C ........... 156

Figure 4-22 Sensitivity of Initial Surface Roughness on y’ Depletion Depth- 1050C ... 157

Figure 4-23 Oxidation Surface Roughness Model Validation............cccccceveevvieennennnee. 158
Figure 4-24 Sensitivity of Initial Surface Roughness on y’ Depletion Depth- 1050C.

Experimental data and Correlations..........cc.eeecvieeiiiieeiiieeeiieeeee et 159
Figure 4-25 Determination of Activation Energy for y” Depletion, ..........cccceeevueenenennnen. 161
Figure 4-26 v’ Depletion, Actual and Predicted ............coooveeeoiieeiiiiiiiieeee e 164
Figure 4-27 Results of v’ Depletion Kinetics Relationship .........cccoeeeveniiniinicnieneenne. 165
Figure 4-28 y' Depletion versus Time at Temperatures Above 800° C for PWA 1484

Fatigue Tested SPeCIMENS.......ccouieiiiiiiieiiieiiecie ettt ettt e e eaeees 167
Figure 4-29 y' Depletion Kinetics for Stressed and Non-stressed specimens................. 168
Figure 4-30 Correlated Stress-assisted v’ Depletion Kinetics .........ccccecevvenervicnicneenne. 171

Figure 5-1: Actual Slip Band Spacing Versus Estimates Provided By Equation 3. Data
FTOM [B 1] oottt e e e s e e e e st e e e e e nsb e e e e esraeeeeentaeeeanns 177

XVi



Figure 5-2: Slip Band Spacing Specimen Geometry (all dimensions in inches)............ 179

Figure 5-3: Slip Band Characterization Experimental Set Up With Environment Chamber
......................................................................................................................................... 181

Figure 5-4 Gage Section of PWA 1484 After Monotonic Tensile Testing at 25° C, &, =
0.672%- Example of Sparse SHP .....ccoevieeiiiiiieiieie et e 183

Figure 5-5 Gage Section of PWA 1484 After Monotonic Tensile Testing at 650° C, g;, =
0.757%- Example of Homogeneous SHP........ccceeieeiiiriiiiiienieeiiesie et 184

Figure 5-6 Schematic Indicating Axial Locations of Pictures Used in Slip Plane Normal
DEtETTINALION ...ttt ettt ettt et b ettt sbeebe e e sbeenees 185

Figure 5-7 Figures Indicating Method for Determining Orthogonal Vectors Defining Slip

Plane: (a) Apex of Minor Axis, (b) Apex of Major AXiS.......ccceceerieeriierieeneenieenieennnnn 186
Figure 5-8 Stress-Strain Curves for Room Temperature Cyclic Slip Tests.................... 187
Figure 5-9 Slip Band Spacing as a Function of Cycles: (a) 3 Locations Corresponding to

Different Slip Systems, (b) All Data........cccoeeoiiieiiiieiie e 189
Figure 5-10 Stress Strain Response at 21° C.....ooovvviieiiieiiiiiiiieeeee e 190
Figure 5-11 Stress Strain Response at 445° C....cccuvvveiiieeiieeiieeieeceeeee e 191
Figure 5-12 Stress-Strain Response at 545° C....ocuvvvvieiieriiiiieeiiceeeeeee e 191
Figure 5-13 Stress-Strain Response at 650° C.......c.ooeeeiieeiiieeiiieeieeceeeeee e 192
Figure 5-14 Slip Band Spacing as a Function of Inelastic Strain at Various Temperatures

......................................................................................................................................... 193
Figure 5-15 Method for Determining Pre-factor and Activation Energy ............c........ 195
Figure 5-16 Slip Band Spacing Model Verification ..........c.cceeeveeeviieiiieeeciee e 196

Figure 5-17 Slip Band Spacing as a Function of Grain Size for (a) Copper and (b) Brass.
Data frOm [29] ... e et e e e eataaeeaan 198

Figure 5-18 Relationship between Strain Exponent and Grain Size. Data From [29].... 199
Figure 6-1 %-Change of N vs. %-Change of Qox «.vveerveeeriieeriieeiiieeiee e 208
Figure 6-2 %-Change of N¢ vs. %-Change of Qy ......ccoooveviiiiiininiiiiiicceceee 208

Figure 6-3 %-Change of N¢ vs. %-Change of a: (a) Symmetric About Baseline Value, (b)
Focus on Primary DevIation ............cecieiiiiiiieiieeiiesie ettt 209

xvil



Figure 6-4 %-Change of N¢ vs. %-Change of B: (a) Symmetric About Baseline Value, (b)
Focus on Primary Deviation ..........cccccuiieiiieeiiieeiee ettt 210

Figure 6-5 Calibration of N-S Model Using Baseline TMF Tests (Table 3-2), Variation of

4 Parameters: Qy’, QOX, 0L aNd P..ccveieciieeeiieeeiie ettt 212
Figure 6-6 Life Estimation of TMF Tests, Variation of 4 Parameters: Q,-, and Qox, o and

BB ettt e h e et e ae e tee et e e tte e bt e atae e beeaateebaeetaeenbeeasaeebaeetbeenbeeesseetaennreans 212
Figure 6-7 Strain Life Plot for PWA 1484 <001> OP TMF Results.........cccccecervenneenne. 213

Figure 6-8 (a) Schematic of Slip Bands Impinging Upon an Oxide Spike, and (b) Optical
Image of Experimentally Observed Slip Bands Impinging on Oxide Spike- Specimen
Surface of A€mech = 0.9% OP TME ..o 216
Figure 6-9 Correlation of Eq 6.26 to all <001> PWA 1484 OP TMF and BiF Results . 222

Figure 6-10 Correlation of Eq 6.26 to all <001> PWA 1484 OP TMF and BiF Results-
Delineated by Cycle Effective TempPerature...........cccveevveerieeniienieeiienieeieeeieeiee e 223

Figure 6-11 Ay versus Cycles to Crack Initiation- Predicted Values From Eq 6-26 .. 224

Figure 6-12 Experimental Lives versus Normalized Strain Component Life (Eq. 6-27)
......................................................................................................................................... 225

Figure 6-13 Experimental Lives versus Normalized Strain Component Life (Eq. 6-32)227

Figure 6-14 Correlation of Equation 6-33 to all <001> PWA 1484 OP TMF and BiF
Baseline Results- Delineated by Cycle Effective Temperature..........cccccecveeveveeeneennee. 228

Figure 6-15 Prediction of <001> PWA 1484 at all Effective Temperatures Tested ...... 229

Figure 6-16 Life Prediction Using Equation 6-33 to all <001> PWA 1484 OP TMF and
BiF Results- Delineated by Cycle Effective Temperature.............ccceeeveevverciieneenneenen. 230

Figure 6-17 Life Prediction Using Equation 6-33 to Baseline <001>, <111> and <123>
Oriented PWA 1484 OP TMF ReSUILS.....ccccooviiiiiiiiiiiiieiieceeeee et 231

Figure 6-18 Ay versus Cycles to Crack Initiation- Predicted Values from Eq 6-33 ... 232

Figure 6-19 Ay’ versus Cycles to Crack Initiation- Predicted Values from Eq 6-33

Delineated by Specimen Orientation, Cycle Type and Effective Temperature.............. 233
Figure A-1 PWA 1484 Laue Results for <111> Oriented Bars..........ccccceeveeveieeennnennee. 247
Figure A-2 PWA 1484 Laue Results for <001> Oriented Bars-1 ..........cccccocevverienenne. 248
Figure A-3 PWA 1484 Laue Results for <001> Oriented Bars-2 ..........ccccocvevervennennne. 249

xviil



Figure A-4 Control Algorithm- OP TMEF .......ccccooiiiiiiiiiiieieeeeeeeeeeee e 255

Figure A-5 Control Algorithm for OP TMF- Highlight of Initial Ramp........................ 256
Figure A-6 OP TMF “Initial TMF Cycle (0-.25)”- G0 To Tiax and €min.eveerveerveenneenen. 256
Figure A-7 Control Algorithm for OP TMF- Highlight of Continuous Cycling............ 257
Figure A-8 OP TMF “Continuous Cycling”..........cccevviieniiiiiinieeieeie e 257
Figure A-9 Control Algorithm- OP BiF..........cccoooiiiii e 259
Figure A-10 Control Algorithm for OP BiF .........ccccciiiiiiiiiiiiececee, 260
Figure A-11 OP BiF “high temp load”- Compressive Half Cycle..........ccccevvevveennnnnee. 260
Figure A-12 OP BiF “zero force”- End Compressive Half Cycle...........cccoeveeiiennnennnen. 261
Figure A-13 OP BiF “temp change”- Transition to Ty, at 0 Force .......ocovvvvevveennennnnne. 261
Figure A-14 OP BiF Control Loop “high temp load”- Tensile Half Cycle.................... 262
Figure A-15 OP BiF “zero force 2”- End Tensile Half Cycle.........cccoveeviiivciieennnnnee. 262
Figure A-16 OP BiF “temp change 2”- Transition to Tmax at 0 Force........ccccocevvenenee. 263

Figure A-17 Polished and Etched Cross-Section- 1050C, 300hr, “Blue Oxide”, 2500X264

Figure A-18 Polished and Etched Cross-Section- 1050C, 300hr, “Blue Oxide “- Chemical
F N 1 F:1 )£ TSR PRR 265

Figure A-19 Polished and Etched Cross-Section- 1050C, 300hr, “Blue Oxide “- Oxide
F N 1 F:1 )£ TSR PRR 267

Figure A-20 Polished and Etched Cross-Section- 1050C, 300hr, “Brown Oxide”, 2500X
......................................................................................................................................... 269

Figure A-21 Polished and Etched Cross-Section- 1050C, 300hr, “Brown Oxide* Grey
Phase- Chemical ANALYSIS.......cc.uiiiiiieiiieeiiie ettt saee e 270

Figure A-22 Polished and Etched Cross-Section- 1050C, 300hr, “Brown Oxide* Grey
Phase- OX1de ANALYSIS ....cccuiiiiiiiiiiie ettt e et eeear e e esaeeeesee e 272

Figure A-23 Polished and Etched Cross-Section- 1050C, 300hr, “Brown Oxide* White
Phase- Chemical ANALYSIS.......cc.eiiiiiieiiiieiiie ettt et 274

Figure A-24 Polished and Etched Cross-Section- 1050C, 300hr, “Brown Oxide* White
Phase- OXIde ANALYSIS ...cccviieiieiieiiieiieeieeiee et eriee et e ereeseeeebeesaeeesseessaessseessaeesseensnas 276

X1X



Figure A-25 Polished and Etched Cross-Section- 1050C, 300hr, “Brown Oxide* Internal

Spikes- Chemical Analysis......
Figure A-26 Oxidized Surface:

Figure A-27 Oxidized Surface:
AnNalysiS......cccoevierieeiiieieeee,

Figure A-28 Oxidized Surface:

Figure A-29 Oxidized Surface:
Figure A-30 Oxidized Surface:

Figure A-31 Oxidized Surface:
AnNalysiS.......ccoeeierieiciieiieeee,

Figure A-32 Oxidized Surface:

Figure A-33 Oxidized Surface:
AnalysiS.......ccoeeienieiciienieeene,

Figure A-34 Oxidized Surface:
AnalysiS.......ccoeeieriiiciienieeene,

Figure A-35 Oxidized Surface:
Figure A-36 Oxidized Surface:
Figure A-37 Oxidized Surface:

Figure A-38 Oxidized Surface:

....................................................................................... 278
PWA 1484, 850°C, 300 hours, 2500X.......c...cccvvrennenn. 280
PWA 1484, 850°C, 300 hours, 2500X- Chemical
....................................................................................... 281
PWA 1484, 850°C, 300 hours, 2500X- Oxide Analysis
....................................................................................... 283
PWA 1484, 950°C, 150 hours, 100X ........cc.cceevvrennenn. 285
PWA 1484, 950°C, 150 hours, 2500X.......c..cccvvrennenn. 286
PWA 1484, 950°C, 150 hours- Dendrite Chemical
....................................................................................... 287
PWA 1484, 950°C, 150 hours- Dendrite Oxide Analysis
....................................................................................... 289
PWA 1484, 950°C, 150 hours- Inter-Dendrite Chemical
....................................................................................... 291
PWA 1484, 950°C, 150 hours- Inter-Dendrite Oxide
....................................................................................... 293
PWA 1484, 1050°C, 150 hours, 40X .......cccoveeeevveennenn. 295
PWA 1484, 1050°C, 150 hours, 2500X..........cceeeuneee. 296

PWA 1484, 1050°C, 150 hours- Chemical Analysis... 297

PWA 1484, 1050°C, 150 hours- Oxide Analysis.........

XX



SUMMARY

This research establishes a physics-based life model for the second-generation
single crystal superalloy PWA 1484 experiencing out-of-phase (OP) thermomechanical
fatigue (TMF). Degradation due to fatigue and a coupling between environmental attack
and fatigue are the primary concerns under this loading. Both conventional TMF and
special Bithermal Fatigue (BiF) experiments were conducted to isolate and therefore
better understand the interactions between these damage mechanisms. The influence of
crystallographic orientation, applied mechanical strain range, cycle maximum
temperature and high temperature hold times were assessed. In addition, special
experiments were used to establish the evolution of surface slip band spacing occurring at
lower temperatures and isothermal non-stressed oxidation tests were used to establish the
oxidation kinetics active at higher temperatures.

Several physics-inspired models were developed to describe the degradation
observed in these experiments and ultimately predict cycles to failure. First, a model for
stress-assisted y’ depletion was established from non-stressed y’ depletion studies, as well
as TMF and BiF tests. Second, a model was established that correlates the slip band
spacing to the applied inelastic strain and test temperature. Finally, a new physics-
inspired life estimation model for OP TMF was established which accurately predicts the
number of cycles to crack initiation as a function of crystal orientation, applied strain

amplitude and stresses, temperature, cycle time including dwells, and surface roughness.
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CHAPTER 1. INTRODUCTION

1.1 Research Motivation

The use of single crystal superalloys in the hot section of turbines has enabled
higher turbine temperatures, thereby increasing efficiency and decreasing pollution [1, 2].
In addition to high temperatures, turbine blades experience relatively high strains induced
by centrifugal forces coupled with thermal and mechanical strain transients brought on by
geometric stress risers, vibrational mis-tuning, start-up and shut-down cycling as well as
irregular load demands. When a component experiences this type of fatigue temperature
interaction, i.e. temperature and mechanical strains varying simultaneously in a
repetitious manner, it is called thermo-mechanical fatigue (TMF). In order to design a
component to withstand these load conditions, the material deformation response to each
of these conditions with respect to the material’s anisotropy must be fully understood.
Furthermore, and probably most importantly, the likely coupling effect that these load
conditions have upon the material’s deformation response must be understood [1].
Complicating matters is the fact that single crystal superalloys exhibit different damage
mechanisms at different temperature regimes, load rates and applied load orientation [1,
3]. To date studies have been conducted which characterize single crystal superalloy
response to low cycle fatigue (LCF) [4-6], TMF [3, 7-11], creep [7, 12, 13], and
orientation [3, 6, 12, 14-16], though this is by no means an extensive list of the studies
conducted in these areas. Due to the fact that turbine blades are always cast having the
[001] crystallographic axis aligned with the longitudinal blade direction, only a small

portion of the aforementioned studies took material orientation into account. The



orientation of applied load is of utmost importance at notches and cooling holes, as the
direction of maximum stress is not as straightforward as in the bulk of the blade.

There is currently a gap in the knowledge base regarding the coupling of fatigue-
environment-microstructure interaction upon the single crystal superalloy material
response to TMF loading. As turbine blades experience TMF loading on each start-
up/shut-down cycle in an oxidation prone environment, the knowledge of these
interactions would enable the proposal of a robust physics-inspired life prediction model
applicable to turbine blade components. When properly employed, such a model would
enable the removal of blades based upon a “retirement for a cause” life management
scheme rather than the currently employed “safe-life” calculations [1]; or in the very

least, help to determine appropriate component inspection intervals.

1.2 Research Objectives

This research aims to establish a physics-inspired life determination model for the
second generation single crystal superalloy PWA 1484. The life model was developed as
a result of a combination of critical mechanical tests, dominant damage characterization
and utilization of well-established literature. The resulting life model improves life
prediction over currently employed methods and provides for extrapolation into yet
unutilized operating regimes. Particularly, the proposed deformation model accounts for
the materials’ coupled fatigue-environment-microstructure response to TMF loading.
Because the proposed model is be based upon the underlying deformation physics, the
model is robust enough to be easily modified for other single crystal superalloys having
similar microstructure. Future use of this model for turbine life estimation calculations

would be based upon the actual deformation experienced by the turbine blade, thereby



enabling turbine maintenance scheduling based upon on a “retirement for a cause” life
management scheme rather than the currently employed “safe-life” calculations. This
advancement has the ability to greatly reduce maintenance costs to the turbine end-user
since turbine blades would be removed from service for practical and justifiable reasons.
Further, the utilization of such a model would reduce costs to the turbine manufacturer as
this model will reduce the necessity of extensive preliminary testing protocols currently
employed on new material and component development. Additionally this work will
enable a rethinking of the warranty period, thereby decreasing warranty related
replacements. Finally, this research provides a more thorough understanding of the
deformation mechanisms present in loading situations that combine fatigue-environment-
microstructure effects. This in turn may provide a building block for further research that

attempts to add independent damage mechanisms such as severe creep.

1.3 Overview of Dissertation

This work is formatted such that each chapter may be a stand-alone document,
subsequent to minimal modifications. The second chapter is comprised of a literature
review focusing upon single crystal superalloy applications, damage mechanisms as well
as current life prediction methodologies. The third chapter details the thermomechanical
test procedures and results for this work. The fourth chapter is intended to be a
standalone chapter on oxidation. This chapter details experimental procedures and results
for all high-temperature material degradation studies performed during the course of this
work. The fifth chapter details experimental results on slip band spacing studies

performed for this work. The life modeling exercises completed for this work are



compiled in chapter six. Conclusions and recommendations are at the end of this

dissertation.



CHAPTER 2. LITERATURE REVIEW

2.1 Introduction

Superalloys are a class of metals which exhibit excellent phase stability when
loads are applied at temperatures up to 85% of the materials melting point [17]. This
class of metal was developed for use in aero and power generation turbines where gas
temperatures reach well over 1500° C and blades can see temperatures up to, and
exceeding, 1100° C. Superalloys are typically nickel-base, iron-nickel-base or cobalt-
base, and are most commonly used in one of three crystalline forms: i) polycrystalline, ii)
directionally solidified, or iii) single crystal. The nickel-base superalloy microstructure,
shown in Figure 2-1, is comprised of small, typically coherent, NizAl L1, (FCC-like)
precipitates (y’), embedded in an FCC solid solution (y), called the matrix, in which
nickel is the primary element, but which also contains substitutional elements such as
Mo, Cr, Re, etc. [18]. The precipitate size and volume fraction vary according to
composition and heat treatment and are tailored for service loading and temperature
conditions. Single crystal superalloys are cast by either using a grain selector method or
a seed crystal, with the former being most prevalent due to its low(er) cost. The grain
selector method produces a crystal with a longitudinal axis coincident with [001] (within
10°), while the other two axis are oriented randomly [3]. The crystals [001] growth is
due to this orientations’ favorable thermodynamic cooling process. Due to their slender
geometry, turbine blades are cast so that their long axes is coincident with the crystal
growth direction, which is fortunate given that the [001] orientation exhibits the lowest

modulus and highest thermal stress resistance [4-7].



nm
Figure 2-1: Typical Two Phase Superalloy Microstructure [19]

“Hot section” aero turbine blades are nearly exclusively made from single crystal
superalloys due the material’s desirable primary crystal orientation and resulting
deformation response, as well as their superior creep response owing to the lack of grain
boundaries [2]. Single crystal superalloys are designated by generation, with each
subsequent generation marked by improved mechanical and/or high temperature
response. The first generation alloys were developed to increase creep rupture response
over their directionally solidified (DS) precursors, while the second generation alloys are
marked by a 3 w/o % increase in Re which is thought to reduce lattice mismatch and
mass diffusion, thereby improving creep capabilities [2, 17, 20]. Third generation alloys
have up to 6 w/o % Re, which is thought to enhance lattice stability at temperatures up to
1160° C [2, 17]. Second generation single crystal superalloys are the most frequently
used in modern aero engines [21]. Table 2-1a lists the nominal chemical composition for
the four generations of single crystal superalloys, compared to the first generation. Table

2-1b provides a general overview of the roles that alloying elements play in superalloys.



Table 2-1: a) Nominal Chemical Composition of Superalloys by Generation (top) [2]; b) Role of
Alloying Elements (bottom) [2, 21]

Chemical Composition (weight %)

SXSA Generation Cr]Co|Mo|Re|Ru| W | Al| Ti|Ta|Nb| V | Hf | Others
Gen | ~9 | ~6| ~2 |NA|NA]| ~8| ~5] ~2 | ~5 | N/A|N/A|N/A| N/A
Relative Change of Alloying Elements
Gen Il (WRT Gen I) l 1 - |ADD| - l - - - - |DEL| - -
Gen Il (WRT Gen Il) l - - 1 - - - - - - |DEL| - | ADD
Gen IV (WRT Gen lll) | - - 1 - |ADD| - - - - |DEL|DEL] - -
Key ! ) - ADD DEL
Reduce | Increase No A ADD DELETE

Role of alloying elements in superalloys

Effects Alloying elements
Solid Solution Strengthening Co, Cr, Mo, W, Ta, Re
Formation of y' Al, Ti

Raises solvus temperature of y' Co

Oxydation resistance Al, Cr

Formation of y" Nb

Sulfidation resistance Cr, Co

Retards y' rafting Re

Formation of topologicaly closed packed phases |Co, Mo, W, Re, Cr

Superalloys were developed for use as turbine components due to the extreme
temperatures and loading conditions resulting form normal turbine operation. A
schematic of a turbojet turbine is provided in Figure 2-2. This Schematic shows the
relative locations for the four primary turbine regions. The compressor acts to compress
the incoming air thereby increasing its pressure. When the compressed air reaches the
combustor, it is mixed with fuel and the gas mixture is ignited. The resulting hot gasses
expand and escape through the turbine, which extracts the mechanical work by spinning a

shaft connected to the compressor blades.
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chamber nozzle

Shaft Turbine

Figure 2-2: Schematic of a Basic Turbojet Gas Turbine Engine [2]

As gas turbines are heat engines, the primary way in which turbine efficiency is
increased is through increased operating temperatures [1, 2]. The turbine operating
temperature is characterized by the turbine entry temperature (TET). Historically the
TET, and therefore the turbine efficiency, has been limited by the alloys used in the
turbine. Figure 2-3 depicts the historic development for both superalloy material
temperature capabilities and take-off TET temperatures for Rolls Royce civil aero
engines. Take-off TET temperatures have increased as a function of time, owing to

superalloy development.
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Figure 2-3: Evolution of Take-Off TET Capability for Rolls-Royce Civil Aero Engines [2]

Figure 2-4 offers a more stringent qualification for superalloy operating
temperature capabilities, namely the temperature for 1000 hour creep life when loaded to
137 MPa (~20 ksi). Furthermore, Fig 2-4 provides a bit more clarity to the evolution of

superalloys in that it shows the creep response of specific alloys as a function of time.
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Figure 2-4: Superalloy Creep Response as a Function of Year. Originally from [2]

Superalloys are typically made in four forms: wrought, conventionally cast
(polycrystalline), directionally solidified and single crystal; with the latter three being
most prevalent. Figure 2-5 provides a schematic illustration of the three most commonly

used crystalline forms in which superalloys are found
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Figure 2-5: (a) Illustration of Equiaxed Polycrystalline, (b) Directionally Solidified, and (c) Single
Crystal Alloys Used for Turbine Blade Airfoils [2]

Decreasing the number of grains, and therefore number of grain boundaries, in
turbine materials has a primary effect upon diffusion and diffusion-based processes. It is
well known that grain boundaries promote diffusion of oxygen and chemical constituents
at a higher rate than the bulk material. Furthermore they also promote deformation by
grain boundary sliding. The differential in grain boundary to bulk diffusion leads to
increase creep rate as well as processes such as short circuit diffusion of oxygen,
resulting in non-parabolic oxidation kinetics, [22] among other things. The effects of
material structure on the creep strength, thermal fatigue (TF) resistance and corrosion

resistance of superalloys is shown schematically in Figure 2-6
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Figure 2-6: Superalloy Material Properties as a Function of Crystalline Structure [17]

Due to the different material property characteristics exhibited by the three forms in
which superalloys are made, each type has found dominant use in different sections of
turbines, depending upon the temperature in the turbine region of interest as well as
turbine end-use, i.e. land based or aero. Polycrystalline superalloys are predominantly
used as rotor material due to: a) the rotor experiences the lowest temperatures of all
components in each turbine section, b) the centripetal acceleration experienced at the
rotor has far less magnitude than that experienced by the blades, c) they are far less
expensive to manufacture, and d) they have better high cycle fatigue properties.
Directionally solidified (DS) superalloys are employed as vane and blade materials,
where temperatures are far higher than those experienced at the disk, in both power
generation and aero turbines. The decrease in, and alignment of grain boundaries enables
the DS form of the alloy to withstand higher temperatures and centripetal accelerations

than the polycrystalline form; this is due to the fact that there are fewer boundaries to
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accommodate diffusion, grain boundary sliding and triple points. Due to the increase in
cost of casting, single crystal superalloys are typically used as vanes and blades in the hot
section of aero turbines, where the turbomachinery is pushed to the extremes of material

capabilities. They are used to a lesser extent in power generation turbines [2, 17].

2.2 Description of PWA 1484

PWA 1484 is a second generation single crystal superalloy developed by Pratt &
Whitney in the late 1980’s. This material was developed to improve upon the creep
resistance, strength, oxidation resistance and fatigue resistance of the first generation
single crystal superalloy PWA 1480. The nominal chemical composition of the two

alloys is compared in Table 2-2.

Table 2-2: Nominal Chemical Composition of PWA 1480 and PWA 1484 (wt %) [7]

Ni Cr Ti | Mo| W | Re| Ta | Al Co | Hf
PWA 1480 58.5] 10 | 1.5 - 4 4 12 5 5 -
PWA 1484 | 59.6| 5 - 2 6 3 18756 10 | 0.1

Components made of PWA 1484 undergo a three-step heat treatment. The first
step, a 1315°C solution heat treatment for 4 hours. Subsequent cooling results in the y’
precipitation into a uniform array of fine cuboidal particles (side length < 0.3um). The
next step is a 1080°C heat treatment for four hours which provides optimum 7y’ size
distribution. Finally a 704°C heat treat at 24 hours produces fine y’ particles (side length
< 0.1um) between the larger particles, resulting in enhanced “intermediate temperature”
yield strength [2, 7]. Each step in the heat treat process is followed by a controlled

cooling period in order to ensure desired precipitate shape and size results. The service-
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condition alloy has a y’ particle size between 0.25 and 0.35um, a y’ volume fraction of
approximately 63%, a density of 8.94 x 10™ kg/cm’, an incipient melting temperature of

1338° C and y’ solvus temperature of 1299° C [7].

2.3 General Plasticity and Slip Band Spacing

2.3.1 Fundamentals of Inelastic Deformation

The application of an inelastic shear strain in metals manifests as the movement
of dislocations. Dislocations typically traverse close packed planes since the atoms of
these planes are closer together, thereby providing a “smoother” surface for the
dislocation movement [23, 24]. The combination of an easy-slip plane and easy-slip
direction is termed a slip system. Each crystal structure has an associated set of slip
systems. Figure 2-7 depicts the slip planes and directions of a face centered cubic (FCC)
crystal structure. The activation of a particular slip system is dependent upon the crystal
orientation with respect to the axis of loading. Under simple uniaxial loading the
resolved shear stress (1) on each slip system in the crystal structure is given by,

7 =0 ecos(¢p)esin(4) @2-1)
where o is the applied uniaxial stress, A the angle between the loading direction and the
normal to the slip plane of interest and ¢ the angle between the loading direction and the
slip direction of interest. The slip system with the largest values of t will likely be
activated first. Results from just such an analysis performed for FCC crystals loading in
several directions are provided in Figure 2-8. The loading directions of interest are

plotted on the standard stereographic triangle and shown in Figure 2-9.
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Figure 2-7 Slip Systems for FCC Crystal- Single Slip Plane Left, Tetrahedron Created by Four {111}
Planes [23]
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Slip System

Schmid Factor

(111)[01-1]
(111)[10-1]
(111)[-110]
(1-11)[01-1]
(1-11)[-10-1]
(1-11)[-1-10]
(-111)[10-1]
(-111)[0-1-1]
-111)[-1-10]
(-1-11)[0-1-1]
(-1-11)[-10-1]
(-1-11)[-110]
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0.408
0.408
0
0.408
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0
0.408
0.408
0
0.408
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n (111)

Schmid Factor

(111)[01-1]
(111)[10-1]
(111)[-110]
(1-11)[01-1]
(1-11)[-10-1]
(1-11)[-1-10]
(-111)[10-1]
(-111)[0-1-1]
-111)[-1-10]
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Figure 2-8 Schmid Analysis for FCC Crystal for Different Loading Directions: <001> Top Left,
<011> Top Right, <111> Bottom Left and <123> Bottom Right
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Figure 2-9 Loading Direction of Interest Plotted on Standard Stereographic Triangle

The results of the Schmid analysis provided in Fig 2-8 indicate that eight octahedral slip
systems will be activated for an FCC crystal loaded in the <001> direction, four slip
systems for <011> loading, six slip systems for <111> and a single slip system activated
for <123> loading.

Dislocations are created in a crystal by “accidents” during the initial solidification
of the crystal, internal stresses due to other defects in the crystal or by interactions
between existing dislocations during inelastic deformation [23]. Dislocations introduced
during solidification can result from the insertion of a partial atomic plane in the crystal
to minimize energy (edge dislocation) or shifting of one atomic plane with respect to it’s
neighbor (screw dislocation). An increase in inelastic deformation leads to an increase in
the number of dislocations, ultimately resulting in an increase in crystal strength, since an
extra amount of work is required to move a given dislocation’s stress field through the
combined stress fields of the other dislocations in the crystal [23]. Hence, one expects
more interactions and greater strain hardening in crystals where several slip systems are
simultaneously activated. For FCC crystals [001] orientations would lead to multiple

simultaneously activated slip systems, whereas [123] would have a single slip system
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activated. Inelastic deformation in crystals is typically confined to planar regions of
intense plastic deformation called slip bands. Slip bands are composed of a great number
of identical parallel slip systems and are separated by material with relatively little
dislocation accumulation. When a slip band intersects the free surface of a material, steps
are formed, comprised of many small slip steps from each of the impinging slip systems

[24].

2.3.2 Classical Plasticity Rate Equations

Low temperature plasticity is controlled by dislocation glide. The rate of
dislocation glide is obstacle limited. There are two types of obstacles normally
encountered. 1) discrete obstacles which are either bypassed by moving dislocations (in
the case of weak obstacles), or cut by the dislocations (in the case of strong obstacles). 2)
Extended diffuse barriers to dislocation movement which must be overcome collectively,
such as lattice friction. Of interest to this work is the rate equation for plasticity limited

by discrete obstacles [25],

2
. AF T .oafr,
V=7 exp{— k—T(l — ?ﬂ , where y, = g(;] pbv (2-2)

where AF is the intrinsic activation energy of the barrier, k the Boltzmann constant, T the
temperature, T the shear stress, 7 the flow strength at 0 K, a is a constant, f is a
dimensionless constant, b the Burgers vector, p the shear modulus, and v is the

dislocation velocity.
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Alloying of a material has primary effects on dislocation glide. If alloying
produces weak particles, the solutes introduce friction-like resistance to dislocation glide.
In this case Eq. 2-3 above would be utilized to describe the rate of plasticity, given that a
larger value of 7 and higher value of AF were used. If alloying produces strong particles,
these particles introduce independent barriers to dislocation movement. A second-phase
particle such as the y’ found in superalloys is just such a particle. Gliding dislocations
can only move through a strong particle array by cutting or bowing between, and in turn
bypassing the particles. Particle cutting occurs at lower temperatures and bowing occurs
at higher temperatures. This bowing leads to an increase in flow strength as the number
of dislocations has been increased as a result of the bowing process. Of note is that the
flow strength scales with the inverse of particle spacing [25]. The activation energy for

obstacle bypass by bowing is very high. As such Eq. 2-3 is modified prior to use in this
. . . ~ 2ub 3
instance. Specifically one must substitute 7 ~ ] and AF >2ub”. The large

activation energy for bowing leads to a nearly athermal flow strength. Finally, obstacles
may lead to precipitate cutting if the obstacles are finely dispersed and coherent. In
general, the materials flow strength is proportional to the particle density. Frost and
Ashby [25] note that “If the precipitate is allowed to coarsen it behaves like a dispersion
of strong particles.” In which case one may use Eq. 2-3 without modification.

For completeness, a short introduction to the rate equation governing low(er)-
temperature creep is provided next. High temperature plasticity is often associated with
power law creep. This is not strictly correct since secondary creep (power law creep) is
just one of three possible creep regimes, depending upon temperature. The likely reason

for this is due to the fact that power law creep has dominant effects over a considerable
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time and temperature range. Above 0.3 Ty, to 0.4 Ty, where T, is the materials melting
temperature, a pure metals flow strength is increasingly dependent upon strain rate, as

governed by [25]

(7Y
y~ (—J 2-3)
Y7,

where 7 1is the strain rate, T the shear stress and p is the shear modulus. The exponent n

typically has a value between 3 and 10 for this creep regime. The climb mechanism

typically sets in at temperatures above 0.6 Tm.

2.3.3 Slip Band Spacing

Many researchers have conducted studies on the effects of dislocation
accumulation in crystalline materials as a function of applied strain. When “surface
plasticity was apparent” i.e. slip bands or slip steps appear on the surface, the average
spacing between slip bands is a good indication of the heterogeneity of the deformation
within the material. One study determined that an increase in applied inelastic strain
yields deformation homogenization by decreasing slip band spacing (therefore an
increase in the number of slip bands) and the activation of multiple slip systems [26].
Diederich et al. [27] determined from experiments that the slip band spacing, C, of

Waspaloy cycled isothermally at room temperature had the following functional form

C=dAx(ae" )" 2-4)
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where Ag™ is the inelastic strain range of fully reversed tests, in this case. Venkataraman
et al. [28] derived an energy-based relationship for slip band spacing in polycrystalline
materials.

Ao -2
W =093ah 20~ 2%r 1 (2-5)
MZ

where w is the slip band spacing, a the grain size, h the slip band width, Ac the applied
stress range, of a lattice frictional stress, i is the shear modulus, M is the reciprocal of the
Schmid factor and ¢, is the inelastic strain. This relationship infers that “the spacing
between the bands in the minimum energy configuration varies as the inverse square root
of the plastic strain amplitude”, thereby supporting the results of Diederich et al. The
authors point out that the model is “strictly inapplicable” to single crystals as the
derivation for the model assumed that the grain boundaries were primary internal
obstacles. The results of work performed by Shyam et al. [26], Thomson et al. [29],
Margolin et al. [30] and Harvey et al. [22] found that slip band spacing followed the

general form

C=dAx(e")" (2-6)

where C is the slip band spacing, A and n are constants and " is the applied inelastic
strain. This general relationship was shown to be appropriate for both monotonic loading
as well as cyclic loading with cyclic strain ratio values of both zero and negative one.
Three independent studies performed on slip band spacing are of particular
importance to the work presented here. First, Shyam and Milligan [31] established a

model for slip irreversibility and its effect on fatigue crack propagation in the coarse
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grained polycrystalline Ni-base superalloy KMA. Uniaxial compression tests were
performed at three temperatures (25° C, 550° C and 650° C) at strains ranging from 3%
to 25% at a strain rate of 0.1 s”'. The authors concluded that, for all temperatures tested,
once the dislocation density within existing slip bands saturates, additional inelastic
deformation can only be accommodated by the nucleation of new slip bands. When
looking at macroscopic effects, the authors also determined that an increase in
temperature leads to crack tip blunting as well as crack tip oxidation. The oxidation at
the crack tip enhances slip irreversibility, or the number of dislocations exiting the
material through the free surface. This phenomena results in slip steps which are likely
crack initiation locations.

The grain size also influences slip band spacing [29, 30]. Slip spacing studies on
B-Titanium alloy with grain sizes of 49 pm, 65 pm, 94 pm and 200 pm suggest that the
strain exponent becomes increasingly negative as the grain size increases [30]. Studies
on aluminum brass and copper of different grain sizes [29] indicate a similar trend, as

shown by the results for polycrystalline copper in Fig 2-10
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Figure 2-10 Dependence of Slip Band Spacing on Grain Size for Polycrystalline Copper [29]

2.4 Deformation Mechanisms

There are numerous studies which report the deformation characteristics of
superalloys with respect to loading conditions. To report on all of them would be
inappropriate, as different alloy compositions, loading conditions, environmental
conditions, etc. all affect the deformation characteristics of the alloy in question. This
work will focus on the turbine hot-section component material, primarily single crystal
superalloys. Though a portion of the discussion will be applicable only to single crystals,
a large amount will be valid for directionally solidified superalloys and to a lesser extent,

to polycrystalline superalloys.
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2.4.1 y-y’ Interaction- influence of y’ precipitates on deformation

The most common superalloy microstructure is comprised of small coherent L1,
(FCC-like) precipitates (y’) embedded in an FCC (y) matrix. The Yy’ precipitates
generally strengthen the composite system while the matrix allows for ductility. As a
result, tensile properties are significantly controlled by the size and composition of the y’
phase [2, 5]. Second generation single crystal nickel-base superalloys have a y’ volume
fraction of approximately 60%. Figure 2-11 shows the strength of alloys having varying

v’ volume fractions as a function of temperature.
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Figure 2-11: Yield Stress as a Function of Temperature and y’ Volume Fraction (%) in Ni-Cr-Al
Ternary Alloys [2]

Well controlled and tailored values of y’ size and volume fraction are vital for
optimum material properties. Creep properties are optimized by a y’ volume fraction of

~70% [2] as indicated in Figure 2-12.
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Figure 2-12 Creep Rupture Life of a representative Superalloy as a Function of y> Volume Fraction
(%) for a Fixed y’ Size [2]

An optimum value of y’ particle size ensures that the composite strength of the material is
controlled by particle cutting, rather than the much weaker process of dislocation looping
as indicated by Figures 2-13 and 2-14. Often the microstructure is tailored to obtain two
or three distributions if y* particles sizes, with coarse particles providing high temperature
strength and ultra-fine particles providing intermediate temperature strength [2]. Figure

2-15 shows the variation in second phase particle size for PWA 1484.

25



Stranglh

Particle sizé
Figure 2-13 Theoretical Relationship Between y’ Particle Size and Alloy Strength [32]

A0 —— T ,

e
on
i

i
o
o

Mo drdss, mansored af i emgargiee, HY

s ; -
7 3 L 20 b nlgl

¥' porticly size, nm
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Base Alloy [32]
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Figure 2-15 Variation in y' Particles Size for PWA 1484 in Full Heat Treat Condition: Primary and
ultra fine (A) y' [7]

The result of the two-phase microstructure is that deformation may be confined to
the y phase or to both phases, depending upon test conditions. Milligan and Antolovich
[33] determined that lower temperature monotonic tensile loading of PWA 1480 resulted
in v’ shearing by pairs of a/2<110> dislocation in octahedral planes. At higher
temperatures this alloy exhibited two-part deformation: bypass of the y’ occurred in the
initial stages of loading followed by 7y’ shearing only after a significant increase in
matrix dislocation density and considerable strain hardening had occurred. Another study
found that the deformation was confined to the y phase during high temperature LCF tests

(temperatures above 950° C) having compressive hold times [34].

2.4.2 Orientation effects- anisotropic behavior of single crystal superalloys

Due to the nature of the FCC crystal structure, single crystal superalloys exhibit
highly anisotropic material properties. The material anisotropy is manifested in elastic,

inelastic and time dependant material deformations. The most predominant manifestation
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of the materials asymmetry is the dependence of Young’s modulus and yield strength on
crystallographic orientation. Figure 2-16 shows the modulus of PWA 1480 plotted on a
standard stereographic triangle.  The critical resolved shear stress (trss) of the 7y’
precipitates increases with temperature to approximately 1000K. Furthermore, the y’
phase exhibits considerable tension-compression asymmetry. The asymmetry in the
resolved shear stress when loaded in the <001> orientation is most prevalent at

intermediate temperatures as shown in Fig 2-17.
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Figure 2-16: Elastic Modulus as a Function of Crystallographic Orientation for PWA 1480 [35]
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Figure 2-17 Variations with Temperature of Critical Resolved Shear Stress for y’ Single Crystals [2]

Single crystal superalloy asymmetry plays a large role in the amount of plasticity,
stress relaxation (during strain dwells), creep response, as well as fatigue life [36]. In
general, the [001] orientation has the highest ductility, the [110] orientation has the
lowest yield strength, and the [111] orientation has the highest yield strength but the
lowest ductility [11, 14, 16]. Due to the FCC cubic symmetry, inelastic deformation can
easily be predicted using a Schmid analysis. A material which follows the Schmid law
would be said to have “Schmid effects”, whereas a material or orientation which doesn’t
behave according to the Schmid law would be said to have “non-Schmid” behavior.
Numerous studies have been conducted to determine the validity of the Schmid-predicted

slip system activation. Orientation plays a key role in determining which slip systems are
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currently, as well as concurrently, activated at any time [37]. From a simple Schmid
analysis one can determine that the number of concurrently activated octahedral slip
systems ranging from eight for loading in the [001] orientation to one active slip system
for loading in the [123] orientation. Results of a Schmid analysis for FCC crystals load
in the <001> direction are provided in Table 2-3 with general conclusions provided in

Table 2-4.

Table 2-3: Schmid Analysis for FCC Crystal Loaded in [001] Direction

Slip System Schmid Factor
(111)[01-1] 0.408
(111)[10-1] 0.408
(111)[-110] 0
(1-11)[01-1] 0.408
(1-11)[-10-1] 0.408
(1-11)[-1-10] 0
(-111)[10-1] 0.408
(-111)[0-1-1] 0.408
(-111)[-1-10] 0
(-1-11)[0-1-1] 0.408
(-1-11)[-10-1] 0.408
(-1-11)[-110] 0

Table 2-4: Schmid Analysis for FCC Crystals- Active Slip Systems

Primary Slip Number of Slip Systems
Orientation System Active
[001] Octahedral 8 Oct.
[011] Octahedral 4 Oct.
[111] Octahedral 6 Oct.+3 Cube
[123] Octahedral 1 Oct.

One study reported that PWA 1480, loaded in the [001] direction, deformed due
to octahedral slip on the close packed planes, which confirms the Schmid analysis results

[5]. Another study on Rene N4 found that the Schmid law works well for temperatures
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greater than 800° C for all of the crystal orientation tested except for [111] [38]. For the
[111] orientation the specimens exhibited “macroscopic cube slip”, which was later
determined to be multiple cross slip of two equally stressed {111} planes manifesting in a
macroscopic fracture surface of [110] orientation, as shown in Fig 2-18 [38]. This
phenomena was also observed by researchers working on fatigue of the single crystal
SC16 [39]. Though the fracture surface initially appeared to be a cube plane leading the
researchers to believe that considerable deformation had occurred on these planes prior to
crack propagation, these studies found that the octahedral planes are in fact the primary
carriers of plastic deformation in superalloys, and that the cube planes play a minimal

role, if any.
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Figure 2-18 Sketch of Macroscopic “Cube” Slip composed of Cross Slip on Octahedral Planes [39]

These researchers found that the relationship proposed by Miner et el. [15]
performed well when determining yield behavior for the “macroscopic” Schmid effect.
The relationship, is simply an extension of the Schmid law with added parameters to fit
experimental data,

1 =bS,+b S, +b,S, (2-7)

y
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where oy is the yield strength, S;, S,, and S3 are the Schmid factors for primary
octahedral slip, cube cross slip and partial constriction, repectively. The terms by, by, and
bs are fitting parameters and d=+1 for tensile loading and -1 for compressive loading. A
simple Schmid analysis has also been used to collapse strain-life trends for specimens
having different primary crystallographic orientation. In one study the LCF lives of the
superalloy PWA 1480 were compared for specimens having different loading orientations
[6]. The researchers plotted life versus different fatigue indicator parameters, including
those by Kandil et al.[40], Socie et al.[41], Fatemi and Socie [42] as well as Smith
Watson and Topper [43]. It was found that the traditional fatigue indicator parameters
did a poor job of correlating life for crystals having different loading orientations. When
plotting the inelastic strain range on the slip system having the highest Schmid factor
versus life, however, the life data for crystals of all orientations tested collapsed to a
single relationship, albeit with significant dispersion of the results, as shown in Figure 2-

19.
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Figure 2-19 PWA 1493 649 ° C LCF Data: Resolved Shear Stress Range on Most Active Slip System
versus Cycles to Failure [5]

Secondary material orientation has been shown to play a major role in crack
growth beyond microcrack length [6].
number of cycles to failure for TMF tests. Tests conducted by Fleury et al. [44] showed
that the [001] orientation had the longest TMF lives of all orientations tested, most likely
due to the orientations’ low modulus.

reduced by up to 4000 percent for orientations away from the primary growth axis.
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2.4.3 Strain amplitude and strain rate effects

Single crystal superalloys also exhibit strain amplitude dependent deformation
mechanisms when subjected to cyclic loading. One study, reporting on the LCF behavior

of SC16, describes the representative superalloys’ strain dependant fatigue behavior [45].
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This same study found that TMF lives were




The authors found that for “lower” strain amplitude LCF testing at 950°C, the material
exhibited deformation in the matrix channels, with dislocation glide occurring in the y
channels only. The dislocations became pinned at the y/y’ interfaces where they
subsequently formed networks. Strain softening also occurs in the lower strain amplitude
tests. At “higher” strain amplitudes and similar temperatures the matrix dislocations
were capable of shearing the 7y’ precipitates leading to stacking fault formation.
Furthermore, studies of monotonic deformation in single crystal superalloys indicate a
coupling between strain rate and temperature. Milligan and Antolovich [33], while
performing a characterization study on PWA 1480, found that below 750°C the material
exhibited no strain rate effect. At lower strain rates, strength decreased at temperatures
above 760°C, while at higher strain rates the strength didn’t decrease until temperatures

were above 815°C.

2.4.4 Temperature Effects

To fully understand TMF, the influence of temperature on the deformation
mechanisms is critical. Temperature dependent effects manifest as strengthening
mechanisms, ductility response, cyclic deformation mechanisms, oxidation and creep.
The general trends for single crystal superalloy deformation response as a function of

temperature is provided in Table 2-5.
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Table 2-5: SXSA Temperature-Deformation Response [1, 3, 7, 17]

T<~400 C Octehed.ral :slip gxhibiting dislocation movement through
the matrix via glide

Dislocation movement through matrix via glide and climb
Material exhibits non-Schmid effect

Low strain rate: Dislocation movement through matrix via
glide and climb

T>~750 C High strain rate: dislocation shear of y' precipitates
Follows Schmid's law for all orientations except near [111]
Primary creep occurs regardless of stress amplitude

~400 C <T<~750 C

Arakere and Orozco [5] found that the cyclic deformation mechanisms manifesting in
PWA 1480 are divided into three temperature regimes:
e From room temperature to about 427°C the material primarily experienced
deformation on the octahedral slip systems.
e Above 427°C thermally activated cross slip was observed and fracture surfaces
exhibited crystallographic facets.
e Near 900°C the deformation becomes more homogenous exhibiting less
pronounced crystallographic facets on the failure surface.
Another study on the superalloy SC16 supports the high temperature observations above,
and postulates that the ability to shear the y’ precipitates must be temperature dependent
“as it 1s assumed to be related to stacking fault energy” [45]. Bettge and Osterle [39]
performed a set of high temperature fatigue experiments on SC16 in order to characterize
the damage mechanisms at both 750°C and 850°C. At 750°C the dislocation pairs
observed on the slip planes were capable of shearing the y’ particles. At 850°C the
dislocation moved from their slip planes at will and circumvented the y’ particles by

climb. Results from a study conducted on PWA 1484 include tensile properties as a
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function of temperature, shown in Figure 2-20. The yield response as a function of
temperature is typical of most single crystal superalloys and is attributed to the y* phase
[2]. Particularly, the increasing yield strength with increasing temperature is due to
cross-slip pinning of dislocation pairs in the y’ phase coupled by antiphase boundaries
(APBs) [38]. The temperature dependent strengthening increases until dislocation climb
becomes dominant, at which point the yield strength falls precipitously with increasing
temperature. Particularly, the cross slip of dislocations from octahedral planes to cube
planes account for the increase in yield strength as a function of temperature. This cross
slip is ultimately the cause of Kear-Wilsdorf locks. Whereas the softening above the

critical temperature is a result of thermally activated slip on cube planes [2].
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Figure 2-20: Tensile Yield Strength and Ductility as a Function of Temperature in PWA 1484
Loaded in [001] Direction [7]

The creep response of single crystal superalloys is also temperature dependent.
Matan et al. [12] found that CMSX-4 experienced primary and secondary creep at 750°C
while at 950°C the material exhibited tertiary creep. The authors note that at

temperatures above 850°C “all known superalloy single crystals exhibit logarithmic strain
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softening behavior consistent with tertiary creep”. Lukas et al. [46] found that the creep
response of CMSX-4 was highly material-orientation dependent, with <001> being the
“strongest” orientation at high stress and <011> the weakest for all tests performed. The
creep results of Arakere and Orozco [5] on PWA 1480 support these findings. These
authors found that creep behavior is extremely sensitive to crystal orientation as well as
v’ precipitate size at temperatures between 750°C and 850°C. One study looking at the
effects of creep and creep fatigue on single crystal superalloys determined that creep-
fatigue tests with compressive holds exhibited dislocations in the y phase only resulting
in damage accumulation in the matrix only. Tensile holds, on the other hand, resulted in
screw dislocations shearing the y’ precipitates and crack extension by creep deformation,
i.e. coalescence of internal creep voids. Finally, this study determined that the interaction

of creep-fatigue mechanisms was far more damaging than creep, or fatigue alone [4].

2.4.5 Influence of Coatings

Due to the operating temperatures in the hot section of turbines, Ni-base
superalloys are typically treated with a coating to improve their environmental
degradation properties. Superalloy coatings come in one of three forms: diffusion
coatings, overlay coatings and thermal barrier coatings (TBC). Diffusion coatings consist
of either an aluminum layer deposited by chemical vapor deposition, or a platinum layer
deposited by electrodeposition followed by a layer of aluminum. Diffusion coatings form
a protective alumina scale when exposed to high temperatures, thereby decreasing ingress
of oxygen to the base material and reducing the amount of aluminum diffusing from the

base material (i.e. reduces y’ depletion). Overlay coatings of MCrAlX-type are applied
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by either air or vacuum plasma spraying or electron beam physical vapor deposition.
Overlay coatings perform better than diffusion coatings, but at a higher cost. Overlay
coatings advantage over diffusion coatings comes from the flexibility of chemical
composition, and therefore the ability to manipulate coating physical properties. Thermal
barrier coatings consist of a ceramic layer which provides thermal insulation, sometimes
proceeded by a diffusion or overlay coated bond coat. The combination of the bond coat,
which hinders diffusion, and the TBC ceramic layer, which provides thermal insulation,
makes this coating scheme the most efficient, and most expensive. The three common
coating systems are compared on the basis of service temperature and coating life in Fig
2-21.
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Figure 2-21 Comparison of Superalloy Coatings: Temperature Range vs. Life [2]

Due to the mismatch in coefficients of thermal expansion between the substrate
alloy and coating, as well as the mechanical properties of the coatings at operating

temperatures, superalloy coatings have a tendency to crack and spall within a relatively

38



short period of operation [2]. Furthermore a crack of the coating layer acts as a base-
material fatigue crack initiation site due to the localized corrosion and oxidation attack
occurring there. Additionally, cracks that initiate in the coating can easily propagate into
the base material due to the local stress intensity at the crack tip leading to increased
crack propagation rate in the base alloy [47]. An example of crack propagation from the

Pt-modified diffusion coating into the alloy is shown in Figure 2-22.

Figure 2-22 SEM Image of Coating Cracks in Pt-Modified NiAl Diffusion Coated PWA 1484 [47]

One study on fatigue life of the polycrystalline superalloy IN 738, having a
CoNiCrAlY overlay-coating followed by an aluminum diffusion coating, subjected to
LCF, HCF and TMF cycles determined that these coatings increase HCF life; decrease
LCF life, especially when tensile loads are applied; and decrease TMF lives, especially
OP TMF cycles [48]. Another study conducted on aluminide diffusion coated single
crystal Rene N4 determined that the coating had no effect on life for IP BiF, but was
detrimental for LCF and OP BiF. Furthermore, LCF coated specimens had longer lives at
low(er) temps, while the coating had no effect at low(er) strain ranges when specimens

were subjected to OP BiF. In general, this study found that bare as well as coated OP BiF
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specimens experienced crack initiation at the material surface [49]. A study of the
fatigue effects of NiCoCrAlY overlay coated single crystal superalloy PWA 1480 crack
initiation determined that cracks initiated in the coatings of the specimens tested in LCF
at 650° C early on, thereby significantly reducing life. Furthermore, this research found
that cracks formed in the coating regardless of environment (air or vacuum), as such
coating cracking is assumed to be a pure fatigue phenomena [8]. When tested in OP BiF
between 650° C and 870° C, early coating failure led to coated specimens having
significantly lower life. This study determined that, relative to <001> oriented superalloy
specimens, the overlay coatings have greater coefficients of thermal expansion, higher
elastic moduli, lower flow stress (particularly at high temperatures) and better ductility at
higher temperatures. The authors summed up their research with the following
conclusion: “Coating cracks are promoted in areas cycled into tension at low temps and
may propagate into the superalloy. The greater coefficient of thermal expansion for the
coating adds to this problem, since it places the coating in tension upon cooling from high
temp.” [8] This coupling of damage interactions would be most damaging in an OP TMF

or BiF cycle.

2.5 Oxidation of Ni-base Superalloys

2.5.1 Introduction

The alloying composition of nickel-base superalloys is typically dominated by, in
descending order of wt %, Co, Cr, Al, and Ta; with the remainder being made up of
nickel. The presence of aluminum is promising for oxidation kinetics, as one would hope

that a protective alumina scale would form, thereby decreasing oxidation kinetics. As
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Giggins and Pettit [50] point out, thermodynamic considerations indicate that Al,O3; and
Cr,03 should be the stable oxide phases formed on Ni-Al and Ni-Cr alloys, respectively.

Additionally, the small equilibrium constant for the following reaction

ALO3+2Cr (alloy) = Cr,05 + 2Al (alloy) 2-8)

indicates that Al,O3; should be the stable phase on Ni-Cr-Al alloys. The addition of the
many other alloying elements, as well as the dynamics between kinetics and
thermodynamics, however, create oxidation scenarios in superalloys that are far more
complicated.

Superalloys can form oxides having one of four scale morphologies. The
common manifestation of high-temperature exposure among all superalloys, however, is
the presence of a y’-depleted zone near the surface. The y’-depleted zone is a result of
the aluminum in the y’ phase either diffusing out to create one of several Al-rich oxides
or coalescing to form subsurface Al particles within the y’ depleted region. As the y’-
phase in superalloys provides the a strengthening mechanism at higher temperatures, the
absence of this phase in the y-depleted zone leaves a more ductile matrix, thereby
allowing the dislocations to more-easily exit the alloy at the surface. Dislocation egress
under cyclic loading typically leads to crack initiation due to the creation of intrusions
and extrusions [20, 21, 51], though this is certainly not the only cause of crack initiation.
Due to the dislocation density on the slip planes creating the intrusions and extrusions,
these sites experience short circuit diffusion and can ultimately lead to crack initiation
[22]. It should be noted that the rate of y’-depletion should be intrinsically linked to the

oxidation kinetics of an Al-rich oxide. As such, one can easily see that there exists an
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interaction between oxidation and fatigue mechanisms. In fact, the y* depletion depth is
intrinsically linked to the oxidation rate constant k;, of the material, as shown in Fig 2-23

[52]. Where the rate constant is defined as

_QJ
k =4 — 2-9

where A is a material and temperature dependent constant, Q is the activation energy for
the oxidation process and therefore may be temperature dependent, R the universal gas

constant and T the temperature.
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Figure 2-23 Effect of Oxidation Rate Constant, K,,, on the Growth of the y Region [52]

As single crystal superalloys are predominantly utilized in aero turbine blades,
and turbine blades experience the most severe conditions of all components within a
turbine, the literature review presented here is primarily on single crystal superalloys,
except where overlap occurs in oxidation behavior for polycrystalline and directionally-

solidified superalloys. Furthermore, given that single crystal superalloy blades are
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typically treated with a thermal barrier coating, one must address why base material
oxidation kinetics are of interest. Without needlessly consuming space on a separate
issue, Akhtar et al. [51] summed up the situation well when they wrote: “... these
coatings also degrade in service, thus exposing the bare superalloy itself directly to the
environment of the gas stream. Therefore, the mechanisms of oxidation and/or corrosion
are of the greatest importance not only for the coating, but also for the bare
superalloys.” The effect of coatings on LCF and TMF life was addressed in Section

24.5.

2.5.2 General Superalloy Oxidation

The oxidation behavior of nickel-base superalloys is complicated by the inclusion

«

of a large number of alloying elements. As Akhtar et al. [51] put it: “... a (coupled
thermodynamic-kinetic) model of oxidation capable of taking into consideration the ten
or more alloying elements present in the single crystal superalloys (Table 2-6) and

incorporating the partitioning of the elements into its two phase (y+y’) microstructure

remains yet to be developed” [51].

Table 2-6 Nominal Chemical Composition (in Weight Percent) of Representative Single Crystal
Superalloys [51]
Superalloy Al Co Cr Hf Mo Ni Re Ta Ti \W% Y

CMSX-4 56 100 6.0 010 06 623 3.0 6.0 1.0 6.0 -

RENE-N5 6.2 7.5 70 015 15 636 3.0 6.5 - 6.0 0.01
PWA 1484 56 100 50 010 20 61.6 3.0 8.7 - 6.0 -
CMSX-10* 5.7 3.0 20 003 04 701 6.0 8.0 0.2 5.0 -
RENE-N6* 6.0 125 45 0.15 1.1 581 5.4 7.5 - 5.8 0.01

* Indicates third generation superalloy, the remaining being second generation

The majority of the superalloy oxidation studies to date are predicated upon the

findings of Giggens and Pettit [50], who looked at the isothermal oxidation of nickel-
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chromium-aluminum ternary alloys.  This study focused on the three key alloying
elements that have the highest impact during oxidation. In this seminal work the authors
looked at 23 alloys having differing weight fractions of elements, from Ni-5Cr and Ni-
3Al to Ni-30Cr-6Al, and various combinations between. Moreover, the alloys had
varying microstructures, including single-phase vy, two-phase y+ v’ as well as three-phase
v+ v’ +aCr. All of the alloys studied had an initial transient oxidation period lasting up to
an hour, during which oxidation kinetics did not follow a simple rate law. The transient
period was characterized by rapid conversion of surface layers to oxides, where the
morphology and composition of the oxide layers changed with time. Once the oxide
stabilized, the alloys studied fell into one of the 4 following categories: (refer to

schematic shown in Fig 2-24)
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Figure 2-24 Schematic Diagram of Oxides Formed on Ni-Cr-Al Ternary Alloys. (a) Group I, (b)
Group II and (¢) Group III [50]

e Group I alloys
0 Typically followed parabolic rate laws.
0 Transient period typically short.
0 K, for this group is consistently approximately an order of magnitude
larger than that of pure Ni under the same conditions.
0 Characterized by a dense external NiO scale and an inner scale having a

mixture of Cr,0O3, Al,O3 and Ni(Cr,Al),Oy4.
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0 Oxidation rates controlled by oxygen transport through the NiO scale
Group II alloys

0 Typically followed parabolic rate laws, however there were deviations.
Some deviation due to external oxide cracking while other alloys exhibited
a continuously decreasing instantaneous rate constant.

0 Specimens with continuously decreasing instantaneous rate constants had
“semi continuous” Al,O3 scales beneath an outer Cr,O; layer. The authors
assert that the near-continuous alumina inner scale most likely controlled
kinetics in these cases.

0 These alloys are characterized by a dense outer Cr,O3 scale and an inner
AL O; scale

0 Ogxidation rate controlled by the diffusion of oxygen through the
aluminum-doped Cr,0Os3 scale

Group III alloys

0 Obeyed parabolic rate law almost immediately.

0 Lowest rate constants of all three groups.

0 Characterized by external Al,Os scale only.

0 Oxidation rate controlled by diffusion through the external Al,O; scale.

Transition alloys

(0}

o

o

This group of alloys remained “transient” for the entire duration of tests.
Kinetics did not obey any simple rate law.

Structure of oxide scale changed with oxidation time.
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0 Exhibited Group I and Group III, Group II and Group III and Group I and
Group II combined oxidation on single surface.

0 Found that Al,O3 particles can coarsen and grow laterally.

The authors concluded that alloy composition determines which particular
mechanism will prevail beyond the transient period; specifically the combined volume
fraction of Cr,O; and ALOs; precipitated within the alloy. The authors found that
chromium allows a continuous external Al,O; layer to be formed at lower aluminum
concentration than would be necessary if the chromium were not present. Further,
aluminum plays a similar role in the formation of Cr,Os.

A study conducted on the isothermal oxidation behavior of directionally solidified
superalloy CM247LC at 1100°C concluded that the material exhibited a long transition
period (20 hours) during which time the oxide was characterized as Group I, followed by
a transition to Group II [53]. This study determined that the oxidation kinetics for this
material followed a parabolic rate law once the transition period ended. Furthermore, the
oxidation of this alloy produced a sizeable y’-depleted zone near the surface whenever an
aluminum-bearing oxide formed.  Oxidation resistance of this alloy degrades
substantially at temperatures above 1000° C, culminating in virtually no weight gain at
1200° C due to complete oxide spallation. The authors also looked at the cyclic
oxidation resistance of the alloy. For room temperature-1000° C cycling the alloy
produces an oxide consisting of an outer spinel (NiAl,O4) and an inner alumina Al,O3
layer; for room temperature-1100° C cyclic oxidation in air the oxide is comprised of an

outer layer consisting primarily of NiAl,O4 and NiO with the spinel dominating at long
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times; while room temperature-1200° C cyclic oxidation leads to an outer layer
predominantly consisting of spinel (NiAl,O4) and NiO where the NiO dominates at
longer times. For reference, a spinel is any metal oxide having the general chemical
composition AB,O4. The material tested at room temperature-1200° C, under cyclic
temperature conditions, produced regions of Group I oxidation directly adjacent to Group
IT oxidation, as shown in Figure 2-25. Whereas the authors generally place this particular
superalloy in the class of Group I and Group II, for both isothermal and cyclic oxidation,
one can readily see that the oxide formed over long time periods is temperature
dependent. This causes difficulty in determination of a singular oxidation kinetics
relationship for the material over the entire temperature range that the material is
intended to experience. Levy et al. [54, 55] looked at the oxidation kinetics of a
superalloy having similar composition to CM247LC. This oxidation study on the alloy
MAR-M200 between 704°C and 1093°C determined that the material behaves as a
transition alloy for the first 20 hours of high temperature exposure followed by the

formation of a stable alumina scale, similarly to the findings of Das et al. [53].
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Figure 2-25 Example of “Transition Alloy” oxidation, presented in [53] at higher quality, originally
from [50]

Bouhanek at al. [56] found similar oxidation results for the six commercial single
crystal superalloys they studied. Specifically, the authors determined that all of the alloys
in the study exhibited a transient “fast growth” period lasting up to 2 hours. Upon
completion of the transient period, the materials exhibited differing oxidation dependent
upon the isothermal oxidation temperature. At 900° C the oxide consisted of an outer
layer of NiO and spinel ((Ni, Co)Cr,04) and the inner layer consisted primarily of rutile
(CrTaOy); of note is that there were no aluminum-containing oxides detected at this
temperature. At 900°C all materials studied generally behaved as Group I alloys. At
1100° C none of the alloys produced an adherent scale, resulting in considerable oxide
spallation. The authors determined that wedging was the primary spallation mechanism.
Nychka et al. [57] found that oxide spallation was time, surface preparation and sulfur
content dependent in a representative ond generation single crystal superalloy; such that
increasing any of these variables increases amount of spallation. This study concluded

that the surface preparation had a large effect upon oxide spallation due to the ability of

48



the oxide to bond to the base alloy. These phenomena would lead to an increased
oxidation rate as it would take longer for the system to reach steady state. Yet another
series of isothermal oxidation studies performed on single crystal superalloys concluded
that oxidation kinetics at 800 and 900° C was sub-parabolic (time exponent <0.5), having
time exponents of 0.16 and 0.10 respectively [58, 59]. This alloy produced an internal
Al-rich oxide scale (though not alumina) below an outer NiO scale at 800° C. The scale
at this temperature was not uniform in thickness. At 900° C, however, the alloy produced
a layered scale of relatively constant thickness consisting of NiO at the gas interface,
below which was a spinel-rich sublayer, a CrTaO4-rich layer, followed by an inner-most
a-Al,Os layer, resulting in a Group I-type oxidation.

These authors also looked at the difference in oxide formation between the
dendritic and interdendritic regions. The authors report that superalloy composition is
chemically segregated between these two regions; with the interdendritic regions being
Al, Ti and Ta rich and W, Mo and Cr depleted, compared to the dendritic region. This
no doubt explains the observation that the dendritic regions produced a course(r)-grained
oxide while the interdendritic regions produced a fine(r)-grained oxide. It has been
established that oxide crystal size plays a dominant role in oxidation kinetics in Nickel
alloys [60, 61] and may explain a portion of the transient growth period exhibited by
these alloys. At temperatures above 1000° C, this alloy exhibited parabolic oxidation
kinetics with scale composition being temperature dependent. At 1000° C the alloy
experienced a long transition period of approximately 100 hours where NiO and CoO
dominated within the dendritic regions and a-Al,O3 primarily formed in the interdendritic

regions. The most common oxide morphology for the high temperature range (1000-
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1150°C) consisted of four layers: an outer layer of spinel, followed by sublayer of mainly
Al,O3 with small amounts of spinel, then a thin layer of CrTaO4-rich oxide, with an inner
most layer of Al,Os. Not surprisingly the authors determined that oxidation kinetics was
dominated by diffusion through the inner a-Al,O; layer.

A very detailed study of several 2™ and 3" generation single crystal superalloys
revealed that a phase transformation occurs in nickel-base superalloys as a result of the
existence of an external NiO scale [51]. The authors state that “This transformation,
which is the precursor to internal oxidation, creates a f phase (NiAl) first, followed by
the 0 phase (NiyAl3;) prior to the formation of the spinel Ni(Cr,Al);O, and Al,O; in
succession”. The B phase is subsequently converted to the internally oxidized zone (y’-
depleted zone). This phase transformation occurred at 900°C for the alloys studied.
Moreover these authors found that many 2" and 3" generation superalloys had mass
gains at temperatures below 1000°C which were higher than mass gains above this
temperature. This was attributed to the formation of an a-alumina scale at the higher
temperatures that did not form at the lower temperatures. In conclusion, the authors
believe that the reduced oxidation rate near 1000° C is attributed to the presence of the 6-
phase (NipAl;) at this temperature. However, this inter-metallic compound is only
effective at limiting oxidation below approximately 1130°C, as the compound is

thermodynamically unstable at higher temperatures.

2.5.3 v’ Depletion

As mentioned in the previous section, aluminum-rich oxides that form on Ni-base

superalloys create a subsurface region which is depleted of y’. This occurs by one of two
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processes. Either aluminum diffuses to the surface of the alloy to create an Al-rich
surface oxide, or oxygen diffuses into the alloy creating subsurface alumina particles.
Further exposure at high temperature aids diffusion in the latter case, enabling the
internal alumina particles to grow [50, 62]. High temperature induced y’ depletion has
been reported for nearly every superalloy studied [50-53, 56, 62-67]. The depletion of
aluminum from the region below the material surface results in a weakened vy
microstructure at elevated temperatures. Figure 2-11 of section 2.4.1 depicts the flow
stress of the y and y’ phases as a function of temperature. The figure clearly shows that
as temperature increases above ~150° C, the y’ phase is increasingly stronger than the y
phase. This weakened microstructure results in stress redistribution near notches at
higher temperatures [52, 66]. Furthermore the lower yield stress of the y phase results in
higher inelastic strains, for a given mechanical strain range. This phenomena was studied
by Zhao and others [52, 66, 68, 69]. These researchers implicitly modeled the effect of
v’-depletion upon material response and crack initiation at smooth and sharp notches.
Figure 2-26 shows their finite element results for material response to monotonic loading

and fatigue loading as a function of v’ volume fraction.
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Figure 2-26 Effect of v’ Volume Fraction on (a) Monotonic and (b) Cyclic Response at 950° C [52]
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Note that in Fig 2-26b the amount of inelastic strain for y-only microstructure is
approximately 3-times greater than for a microstructure having 68% volume fraction of

v’. The results of Zhao et al.’s notch analysis are shown in Figure 2-27.
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Figure 2-27 Comparison of Accumulated Inelastic Strain With and Without Oxidation After 400 hr
at 950 °C [52]

One can clearly see in Figure 2-27 that the oxidation assisted y’ depleted zone
experiences greater inelastic strains near the notch root.

Several researchers have debated whether to use oxidation or y’ depletion kinetics
as the high temperature degradation mechanism of importance in their life estimation
algorithms.  Wright [65] concluded that oxidation kinetics were more appropriate for
crack initiation estimation “since initiation is primarily a surface phenomenon”. This
argument, however, neglects the fact that the load carrying capabilities of the subsurface
material are diminished by y’ depletion, and therefore have a strong influence on crack
initiation. Zhao [52, 68] and Dumoulin [66], on the other hand, utilized the y’ depletion
kinetics in their material deformation and life estimation schemes. Others have utilized

both oxidation and y’ depletion kinetics [39-41]. The distinction between the two
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damage mechanisms, however, may not be necessary. Though Wright [65] found a
difference in kinetics between the two mechanisms in Rene N4, Kupkovits [67],
Sehitoglu and Boismier [70] and Gordon et al. [62] found very similar kinetic
relationships between oxidation and ¢y’ depletion for the superalloys that they studied.
The fact that some researchers have found that oxidation and y’ depletion kinetics are
similar should not be surprising, given that the two processes are inextricably linked via

the diffusion of aluminum [50, 52], as mentioned above.

2.5.4 Fatigsue-Oxidation Interaction

Several studies have investigated the effects of an applied mechanical strain upon
the oxidation kinetics of superalloys. One such study on the polycrystalline superalloy
IN 738 LC found that the material preferentially oxidized in interdendritic and
intergranular regions due to short-circuit diffusion [64] when subjected to TMF. This
same study found that when subjected to TMF tests, the oxide growth on this material
exhibited linear growth kinetics; as opposed to the parabolic kinetics exhibited for non-
stressed oxidation tests. The oxide thickness as well as the y’-depletion kinetics were
linked to applied mechanical strain through a power law relationship, chA*AameChb,
where t, is either the oxidation or the y’ depletion depth and A & b are presumably
material-dependent constants. The relationship held whether hold times were present in
the cycle or not, though cycle parameters certainly affected the parameter values. In
general, TMF tests having lower strain ranges had long enough lives to allow time for an
oxidation process. In these cases increasing inelastic strain tends to increase oxidation

kinetics. Where Esmaeili [64] found a power law relationship between oxidation kinetics
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and applied strain, Reuchet and Remy [71] determined a linear relationship. Reuchet et
al. [71] determined that oxidation kinetics was affected by applied strain through the
following relationship: chC*tl/ 2, where t;, is the oxidation thickness, C=C0(1+Km*A8PL/2)
and t is time, C° and K., are material constants and As'™" is the inelastic strain range.
Wright [65] found that the isothermal low cycle fatigue lives of a representative 2™
generation single crystal superalloy, Rene N4, was highly dependent upon the
environment oxygen partial pressure, with increased oxygen partial pressure leading to an
increase in oxidation kinetics. The author notes that the fatigue accelerated the oxidation
kinetics considerably. Fleury and Remy [44] found that oxide scales cracked
perpendicular to the TMF loading axis, leading them to the conclusion that both low and
high temperature mechanisms are superimposed. When analyzing the TMF life results
from the study, these researchers concluded that there is no interaction between fatigue
and oxidation in the shorter life regime, whereas in the longer life regime, “there is a
strong synergy between oxidation and fatigue which can only be accounted for by
complex modeling”. Simply put, these researchers confirmed that a minimum amount of
time at high temperatures is required for significant oxidation to occur. If there isn’t
enough time to oxidize, the material will fail by fatigue mechanisms; whereas
environmental-fatigue mechanisms dominate if a critical amount of oxide is produced.
The effect of fatigue-environmental interactions is captured in Figure 2-28, where cracks

have initiated at oxide spikes in René N4.
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Figure 2-28 Fatigue Crack Initiation From Oxide Pits in Uncoated René N4 [65]

2.6 Gamma-prime (y’) Coarsening and Rafting

When exposed to high temperatures and/or strains for long periods of time, the y’
particles increase in size (coarsen) while the volume fraction remains unchanged. One
proposed relationship for the average spacing between second phase particles (A,) states

that the spacing is proportional to the particle size, for a given volume fraction [72],

1/3

4z

A =r||—
39,

» = -2 (2-10)

where r; is the current average particle radius and ¢, is the particle volume fraction.
When coarsening occurs, the average particle size and the distance between second phase
particles increases. Coarsening has a significant effect upon creep rate when the rate is
dominated by dislocation glide obstructed by y’ particles. Specifically, the creep strain

rate in this case is derived as proportional to sinh(l), where 1 is the dislocation pinning
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distance [72]. In short, the rate increases as the particle size and/or the particle spacing
increases.

Classical particle coarsening kinetics were first determined by Wagner [73] as
well as Lifshitz and Slyzov[74]. The classical coarsening equation, derived from first

principles, follows

[rf -1 ]% — ket @-11)

where r is the particle radius as a function of time; 1 is the initial particle size; t is time
and k is a function of the diffusion coefficient, precipitate-matrix interfacial energy, mole
fraction and molar volume of the matrix and precipitate respectively, and temperature.

Solving for the particle size at time t gives

r = (k3t +r, )% @-12)

Manonukul et al.[72] fit the coarsening results of Betteridge and Heslop [32] for a

Nimonic superalloy as

|
v, = Vtté + 7, , where 7, =bexp(cT) (2-13)

where t is time in hours, b=1.45x107, ¢=0.012 and T is the absolute temperature. All
other symbols have the same meaning as in EQ. 2-12. One should note that EQ. 2-14,
which was derived for a particular superalloy, is similar in form by not identical to the
classical coarsening kinetics, though quite simplified due to the absence of a diffusion
coefficient and interfacial energy, among other things. One could use Eq. 2-14 in Eq. 2-

11 to determine the spacing between second phase particles.
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Microstructural evolution in Ni-base superalloys can also result in rafting.
Rafting is the coalescence of second phase particles (y’) into linear channels, as shown in

Fig 2-29.

Figure 2-29 Micrograph of Rafting in a Single Crystal Superalloy [19]

The driving force for rafting is the existence of y/y’ lattice misfit, defined as

5= 2{“7' —% } (2-14)

Cly, + Cl},

where 9§ is the lattice misfit and a,» and a, are the y’ and v lattice parameters, respectively.
Superalloys with a negative lattice misfit result in rafts perpendicular to the applied
tensile load, while superalloys with a positive lattice misfit have rafts parallel to an
applied tensile load. Changing the loading direction has the effect on the raft orientation
of changing the sign of the materials lattice misfit [2]. Since most commercial
superalloys have a negative lattice misfit values, one concludes that tensile loading leads
to perpendicular rafts and compressive loading leads to parallel rafts, for the majority of
the superalloys available. Where as pure creep results in long y’ channels, creep-fatigue

results in shorter y’ channels separated by matrix [4].
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2.7 Damage Mechanisms in Ni-base Superalloys Experiencing TMF

The nature of thermomechanical fatigue may induce multiple damage
mechanisms at different times in the TMF cycle, as well as couple the damage
mechanisms present. There are four primary damage mechanisms associated with Ni-
base superalloys experiencing TMF, depending upon test conditions. The primary
damage mechanisms are creep, fatigue, creep-fatigue and environmental-fatigue. The
component life is greatly influenced by which deformation mechanism is dominant.
Creep dominated deformation results in crack initiation from internal micropores [4, 49,
75]. Whereas cracks typically initiate in fatigue dominated specimens at the surface due
to intrusions and extrusions created by the egress of dislocations driven by cyclic
plasticity [22, 28, 49, 76]. Crack initiation in Ni-base superalloys experiencing
environmental-fatigue damage typically occurs as a result of interactions between cyclic
plasticity and environmentally degraded microstructure, i.e. oxidation [8, 65, 71, 75, 77,
78] and/or y’ depletion [52, 64-66, 68].

Creep effects in a strain controlled fatigue test results in reducing the stress at
which the high temperature hold is applied, leading to a decrease in mean stress in the
case of tensile holds and an increase in mean stress for compressive holds [36, 67].
Creep can be introduced in in-phase TMF tests as well as out-of-phase TMF tests. In IP
TMF tests creep can result as a function of the temperature-load profiles, without the
introduction of a high temperature hold time. Out-of-phase TMF tests, on the other hand,
typically only experience creep when high temperature hold times are present. As such,

the traditional IP TMF test may be used to determine the response of fatigue loading, as
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well as creep-fatigue loading for the material of interest. Out-of-phase TMF tests can be
used to determine material response to fatigue, as well as creep-fatigue and
environmental fatigue loading. The fatigue response of superalloys was discussed in
Section 2.4 and environmental-fatigue interactions were discussed in Section 2.5.4.

There have been considerable studies conducting TMF tests on Ni-base
superalloys. One study, performed on the second generation single crystal superalloy
CMSX-4 found that crack nucleation always occurred preferentially in the y channels,
and that most fracture surfaces were of macroscopic {110} and {111} planes [9].
Another TMF study on polycrystalline IN100 between 600°C and 1050°C found that the
hysteresis loops stabilized to a consistent value within a few cycles, regardless of the
applied strain range [75]. This stress relaxation is most likely a result of creep-fatigue
interactions. This same study determined that the majority of the cracks initiated at
oxidized MC carbides, indicating that fatigue life was dominated by fatigue-
environmental interactions. In order to induce temperature dependent damage
mechanisms, thermomechanical fatigue testing requires that the specimen be heated,
obviously. The ASTM standard governing TMF testing, ASTM E2368, requires that the
temperature profile within the gage section be uniform within +/- 1% X maximum
temperature (K) or +/- 3 (K), whichever is greater [79]. Not only is this requirement
intended to ensure that test results are comparable, it is also intended to minimize
temperature gradient induced strain fields, potentially leading to unintended deformation
mechanisms. A resent study on the effects of temperature gradients in TMF testing has
shown that a) the existence and/or severity of temperature gradients in the specimen had

no effect upon cycles to failure for Nimonic 90 tested in OP TMF, and b) FEA results
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indicate that the stress induced by temperature gradients in OP TMF tests was minimal
[80].

A separate test waveform, the Bithermal fatigue (BiF) test, can also be used to
produce particular damage mechanisms. This waveform is characterized by isothermal
loading separated by non-stressed temperature changes. The OP BiF test would have a
high-temperature compressive half cycle and a low temperature tensile half cycle, while
the IP BiF test would have a high-temperature tensile half cycle and a low temperature
compressive half cycle. Out-of-phase TMF and OP BiF waveforms are provided in

Figure 2-30.
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Figure 2-30 Temperature and Strain Waveforms: (a) OP TMF, (b) OP BiF

Bithermal fatigue tests have been successfully used to isolate dominant damage
mechanisms in different temperature regimes [8, 49, 75, 81-84]. One fatigue study on
Rene N4 found that, on an inelastic strain range basis, BiF is more damaging to the

material than LCF conducted at either the BiF cycles high temperature or low
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temperature [49]. This author also concluded that one can limit the number of
concurrently active damage mechanisms by proper choice of temperature, strain levels
and hold times. The BiF tests has been used extensively at NASA to isolate dominant
damage mechanisms [8, 84]. These researchers determined that when plotting inelastic
strain range versus cycles to failure, the Bithermal fatigue results followed one of two
trends, depending upon test waveform and applied inelastic strain. Figure 2-31 shows the

results of their work.
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Figure 2-31 Comparison of Isothermal LCF, IP BiF and OP BiF for Bare and Coated PWA 1484 [84]

Isothermal LCF and IP BiF results follow the same trend; furthermore OP BIF results
deviate from this trend only at inelastic strains lower than ~10™ in/in. The study
concluded that all test results were fatigue dominated except for the OP BiF which
deviated from the isothermal LCF trend.

The implementation of a single waveform which captures the life limiting aspects
of TMF damage would be of great benefit to researchers. In an attempt to simplify
testing of turbine component materials, Remy and coworkers have performed a

considerable amount of work in an attempt to determine if the results of LCF tests can be

62



used to predict TMF results [44, 71, 75, 77, 85]. The general consensus from these
studies is that TMF data does not compare well to LCF results conducted at the high
temperature, low temperature, or average temperature of the TMF tests. The BiF test, on
the other hand, is believed to act as a bridge between LCF damage mechanisms and TMF
damage mechanisms, as several studies have pointed out [8, 49, 81, 82, 84]. It is
generally accepted, then, that a testing protocol employing multiple test-types is required
to flush out dominant damage mechanism and mechanism interaction. Two researchers
have recently performed parametric TMF studies which shed light upon the dominant
damage mechanisms present as a function of TMF waveform, temperature and hold
times. In separate studies, Gordon [86] performed creep, LCF, creep-fatigue IP TMF and
OP TMF experiments while Kupkovits [67] performed creep, [P TMF and OP TMF.
Through the judicious use of these different waveforms these researchers effectively
isolated dominant damage mechanisms, for their respective materials, as a function of
cycle type and test parameters, resulting in deformation mechanism maps of sorts.

In closing, several studies have determined that the OP TMF and OP BiF
waveforms are the most damaging, and are therefore life limiting in turbine components
[8, 44, 49]. This is primarily due to the environmental-fatigue interactions introduced in

these cycle types.

2.8 Thermomechanical Fatigue (TMF) Life Prediction Methodologies

High temperature deformation and life modeling of superalloys run the gamut of
damage mechanism interaction and computational complexity; from simple first order
“g0-n0-go” design tools to “physics-based” models which incorporate such effects as

dislocation density and second-phase particle interaction.
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An example of a rather simple life estimation scheme was presented in Section
2.4.2. In this study the authors determined that a simple Schmid analysis could be used
to predict lives of single crystal Ni-base superalloys of various primary orientations [5].
A micromechanics-based life model was presented for the second generation nickel-base
single crystal superalloy CMSX-4 [9]. In this work the researchers sought to investigate
the role of the materials microstructure on TMF failure. To this end they proposed using
a micromechanics based model to account for the misfit strain between the y and vy’
phases. This method utilized the Eshelby equivalent inclusion method to determine the
average stress field approximation in the y and y’ phases, (cj)y and (oj)y’ respectively.
The stress fields are then used to determine the plastic work for each phase in an attempt
to estimate relative amounts of damage. The plastic work (W,) is defined on a per-cycle

basis as

w, = I o,de,,; (2-15)

where €p; 1s the second order plastic strain tensor. The model performed well as a
general indicator of damage accumulation, though by no means could it estimate life
accurately. Nissley utilized a fracture mechanics approach to determine life prediction
for TMF of superalloys [10]. Specifically an effective J-integral, which accounts for

thermal exposure, was used to predict TMF lives of PWA 1480 and MAR-M509. In this

: : da ) . :
model, an increment of crack extension (Ej is determined by

;’_; Y (2-16)

where J.f is the effective J-integral
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A, a, ap, b, ¢ and T, are material constants, } accounts for strain hardening, We_t[ﬁ;’ is the
total effective work, Jy, the threshold J-integral and Qp is an activation energy. The
model works well at predicting TMF lives for these materials under the conditions tested,
and requires a minimum number of tests to calibrate.

A classical example of a life model which incorporates interactions between
dominant damage mechanisms was proposed for the high temperature low cycle fatigue
behavior of the polycrystalline superalloy Rene 80 [87]. This model is predicated on the
assumption that when this material is subjected to high temperature LCF, cracks will
initiate at locations where localized plastic deformation impinges upon an oxidized grain

boundary, cause by high temperature exposure.
N=c—Y exp(nggf; (2-19)
l+v*t, RT

C and b are fitting constants, v is the cycle frequency, t, the hold time (if any), Q an
activation energy, R the universal gas constant, T the absolute temperature and Ag;, is the
inelastic strain range. The relationship effectively couples the fatigue-environmental
interactions occurring in this material when subjected to LCF at 871° C via the
incorporation of the inelastic strain range and oxidation kinetics. Milligan and
Antolovich [33] used a similar approach to determine a physics-inspired yield model for

PWA 1480. They determined that the yielding of this material was a thermally activated
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process, and should therefore be described using the following modified Arrhenius

relationship

o'
o, Xp[RTJ ( )

where oy 1s the yield stress, A is a material specific constant, R the universal gas constant,
T the absolute temperature and Q’ is a temperature and strain rate dependent activation
energy for yielding. They determined that below 760° C, Q’ = 0. As such, the term ‘A’
would be equal to the athermal flow stress below 760° C. Though seemingly simple, the
functional form is a direct result of microscopy identifying underlying deformation
mechanisms. Another model which incorporates dominant damage interactions was
developed to estimate the lives of MAR M509 specimens experiencing isothermal LCF at
900°C [71]. This model considers fatigue-oxidation interactions as the primary damage
divers for high temperature LCF conditions. The life estimation equation is a linear
damage summation accounting for crack advance due to matrix oxidation as well as

carbide oxidation:

(daldN)yy = (daldN)yy (1= £7)+(da/dN) oy o @-21)

where (da/dN)ox is the average crack extension per cycle due to oxidation, (da/dN)ox.m

is the oxidation driven crack extension per cycle in the matrix, (da/dN)ox ¢ the oxidation

driven crack advance per cycle in the carbides, and f. is the effective fraction of

carbides on the crack path. This model accounts for the underlying deformation physics

through the coupling of fatigue driven-oxidation assisted crack growth. This relationship
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performed well under the test conditions and predicted the majority of the LCF lives
within a factor of 2X.

There have been several physics-based fatigue models proposed which are based
upon slip band morphology. The quantification of slip band morphology is then used as
an internal state variable accounting for damage. One such study on the coarse-grained
nickel base superalloy KM4 used first principles to quantify the materials slip
irreversibility [31]. The slip irreversibility (f) is defined by

N,
_ Nedse 2-22)
/ N, (

exp/ ¢

where N, 1s the number of dislocations exiting a free surface per unit of plastic strain

range as a result of a single cycle and N,

/e 18 the expected number of local dislocations
based upon the average distance between slip bands. Their results indicate that there was
a clear relationship between the net irreversibility determined and fatigue crack
propagation thresholds, and could therefore be used as a fatigue damage parameter for
materials experiencing fatigue. Another study determined that the fatigue life of
specimens is intrinsically linked to the length scale of: a) the material, b) specimen and c)
slip steps, as well as physical properties such as yield strength and Young’s modulus
[22]. This model presumes that a fraction of plastic strain contributes to surface slip steps
via the egress of edge dislocations. These surface slip steps, in turn, lead directly to crack
initiation. By equating a portion of the inelastic strain to measurable slip quantities and

using the assumption that displacement due to Mode II sliding is roughly equal to Mode I

crack opening, the following relationship is proposed [22],
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where N; are the cycles to crack initiation, AKy, is the threshold stress intensity, o, the
yield strength, E the modulus of elasticity, fAs;, the fraction of the inelastic strain which
contributes to slip ireversability, and 4, is the spacing between slip bands. The model
was further modified to incorporate grain and gage-section size effects based upon their
effect of slip irreversibility. When used to predict the fully reversed cycles to initiation of
polycrystalline titanium and high strength low alloy steel (HSLA) the model performed
quite well. These models show promise as an indicator of accumulated fatigue damage.
Cumulative damage models can also be cast in such a way as to be physics-based.
The work of Neu and Sehitoglu is a good example of this [88, 89]. In their model, which
was initially calibrated for 1070 steel experiencing TMF, the three primary damage
mechanisms of environmental fatigue, creep and fatigue are summed to determine the

total life to crack initiation.

-1
1 1 1
N, = —+ + 2-24
i ( Nijat Nicr Nienv ] ( )

The total cycles to crack initiation, N, is determined by the linear summation of

the number of cycles to failure is fatigue acted independently, N/, the number of cycles
leading to failure by creep alone, N;”, and the number of cycles to failure due to

environmental fatigue interaction, N;". The fatigue, creep and environmental fatigue

modules are defined as [89]
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The fatigue module includes material specific fitting constants, C and d_and the
mechanical strain range, Aemech. The constants are both fit to lower-temperature low
cycle fatigue (LCF) data to minimize environmental and creep effects. The creep module
includes a phasing term, ®““? | activation energy AH, universal gas constant, R, and the
cycle temperature as a function of time T(t). The terms a; and o, account for relative
amounts of damage in tension and compression, & 1is the effective stress, oy the
hydrostatic stress, K the drag stress, while A and m are material dependent constants.

The environmental-fatigue module also includes a phasing term,

t.
o = %jqﬁENth (2-28)
c 0

where ¢™" is defined as

. . 2
¢ENV _ exp{—%((‘g’h /;:gj;h)_'_l} ] (2-29)
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in which (™ accounts for the sensitivity of the coupling of fatigue and oxidation to cyclic

phasing that promotes damage. The phasing term, ®"N'

, effectively accounts for
temperature-strain phase differences by forcing the term to a value of one for OP TMF

and zero for IP TMF. The oxidation and y’ depletion terms within the environmental-

fatigue module, K*" and K" respectively, are defined as,

15 -
K2 = —|D . ex ox_\dt 2-30
¥y fon 3 55) oo
and
, 1% -0,
K’ =—|D.,ex ’_\dt 2-31
et pod ) a3

The terms Dox and Q.x are the oxidation diffusion coefficient and activation energies,
while the D, and Q, are the y’ diffusion coefficient and activation energies, respectively.
The environmental-fatigue module also includes terms which account for: 1) the material
ductility within the environmentally affected zone, 0,, 2) the critical crack length at which
the environmental attack trails behind the advancing crack tip, he 3) the strain rate
sensitivity, a; and 4) terms accounting for total environmentally induced crack length, B
and B. These equations effectively account for the independent damage mechanisms of
fatigue, creep and environment-fatigue when used to estimate thermomechanical fatigue
(TMF) component life.  Furthermore the environmental-fatigue and creep modules
account of the interactions between dominant damage mechanisms (creep-fatigue and
environmental-fatigue). This life estimation model has been used as is, and in modified
versions, by several researchers in order to accurately estimate life to TMF crack

initiation in Ni-based superalloys [67, 70, 86, 90].
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Finally, a physics based model for the creep of nickel-base superalloys
incorporating microstructural evolution was proposed by Manonukul and coworkers [72].
This model incorporates superalloy-specific microstructural evolution, such as y’ volume
fraction and coarsening, into a more traditional constitutive creep relation. The result is a
model which accounts for microstructural temperature-dependent deformation
mechanisms (e.g. dislocation bowing versus cutting). The elegance of this model results
from the use of classical creep relations, material-specific microstructural evolution as
well as material-specific deformation modes. The product is a model which predicts
creep response incredibly well.

The purpose of this section was to introduce the reader to the general types of
constitutive and life models currently in existence. Additional discussion on high
temperature life modeling can be found in papers by Sehitoglu [91], Cai et al. [92],
McDowell et al. [18], Pineau and Antolovich [1], Halford [81] as well as to the recent

work of Manson and Halford [93].

2.9 Summary

This chapter has provided an overview of superalloy composition, microstructure,
applications and deformation. An important conclusion to be drawn is the general lack of
fundamental understanding of damage mechanism interactions and the effects that these
interactions have upon life. Though research has been performed on dominant damage
mechanisms experienced in TMF, the interaction of these mechanisms is yet to be
quantified in a simple, physically admissible way. As an example, the work of Reuchet
and coauthors provide some insight to the effect that fatigue may play in base-material

environmental degradation [71], and the extensive successful implementation of the Neu-
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Sehitoglu [88, 89] model to predict life has shown that incorporating damage mechanism
interactions is critical to life estimation. However, there still exists the need for
computationally inexpensive life estimation schemes which are relatively easy to
calibrate and, most importantly, are based upon the underlying deformation physics

involved in TMF cycles.
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CHAPTER 3. THERMOMECHANICAL FATIGUE -

EXPERIMENTAL PROCEDURE AND RESULTS

3.1 Introduction

Uniaxial thermomechanical fatigue (TMF) and bithermal thermomechanical
fatigue (BiF) tests were performed on single crystal PWA 1484 specimens in different
crystal orientations. Dominant damage mechanisms and mathematical relationships

relating BiF and TMF tests are proposed.

3.2 Specimens

Cast cylindrical bars of PWA 1484 in the heat-treated condition were supplied by
Pratt & Whitney. The dimensions were approximately 16 mm diameter by 230 mm long.
Bars with three different crystal orientations, nominally <001>, <111> and <123>, were
studied. The bars were machined into fatigue specimens shown in Fig 3-1 following

ASTM E606-04. Machining was handled by both Cincinnati Testing Labs and MarTest.

Figure 3-1: Fatigue Specimen Drawing
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A material tracking protocol was established for this project so that whenever any
material changed hands, i.e. receipt as raw material; shipping to machine shop; receipt of
finish-machined specimens, documentation was generated for tracking purposes.
Specifically material receiving, material shipping and material traveler documents were
created. Representative examples of material receiving, material shipping and material
traveler documents are provided in the Appendix. The Appendix also includes all
specimen drawings and material-orientation details for all material for which this data

was supplied

3.3 Equipment

Thermomechanical fatigue tests were performed on an MTS 44.5 kN (10 kip)
axial closed-loop servo-hydraulic test frame. The load cell resolution for this system is
+/- 0.44 kKN. MTS 646 water cooled hydraulic collet grips, seen in Fig 3-2, were installed

and alignment was maintained within 12.7 um (0.0005") during testing.
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Figure 3-2: TMF Experiment

The test system was controlled by a two-channel MTS Teststar Classic controller
using Testware SX software. Specimen heating has handled by an Ameritherm 2 kW
induction heater. A seven-loop, 23 mm ID, copper coil, made of 4.76mm OD (3/16”)
tubing, was used to heat the fatigue specimens, shown in Fig 3-2. Two Type K
thermocouples were welded to the specimen at the radius-gage section transition, just
outside the gage section. The induction heater was controlled by a Watlow model 945A-
2FK5-A000 PID controller having +/- 1 © C resolution. The closed-loop temperature
circuit consisted of the above mentioned PID controller which receives the set point

signal from the Testware software. Axial strain was measured using a 12.7mm gage
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MTS model 632.52E-14 high temperature extensometer with 130mm long (nominal)
ceramic V-chisel rods. The extensometer which was used in TMF tests has an operating
range of 20% strain and was calibrated to a range of +/- 2%. The closed axial loop
consisted of the Testware software, the axial hydraulic cylinder and the feedback came

from either the extensometer, LVT or the load cell, depending upon control scheme.

3.4 Verification of Adherence to TMF Test Standards

3.4.1 ASTM TMF test criteria

All TMF tests performed for this work conformed to ASTM E 2368-04, Standard
Practice for Strain Controlled Thermomechanical Fatigue Testing [79]. The standard
provides definitions, testing protocols/criteria and data presentation requirements. Of
primary importance is the testing criteria set forth to ensure test validity. The standard
lists four primary requirements to ensure test validity, they are paraphrased as follows:

1. The maximum allowable temperature gradient over the specimen gage section
within a cycle shall be the greater of +/- 1% x Tmax (in Kelvin) or +/- 3 K, where
Tmax is the maximum temperature for the particular test-cycle of interest.

2. The maximum stress-strain hysteresis width during zero load, load-control,
thermal cycling shall be less than 5% x Agg, where Agy, is the thermal strain range
for each test-specific thermal cycle.

3. The error between the temperature/mechanical strain phasing shall not exceed the
bounds established by Error < ¢ +/- 5°, where ¢ is the temperature/mechanical

strain phasing in degrees.
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4. During mechanical strain control testing, the mechanical strain range shall not
deviate from the desired value by more than 2% x Ae,, where Agy, is the
mechanical strain range defined by Ae,, = Aer - Agy,. Aer is the total strange range

as recorded by the extensometer and Agy, is defined below.

3.4.2 Procedures emploved to ensure test validity per ASTM

ASTM E 2368-04 was used as minimum criteria for test validity while setting up
and conducting the TMF tests performed for this work. As such, equipment verification
and test procedures were implemented to ensure that the 4 criteria listed in the previous
section were satisfied for each test. The protocols and procedures implemented are listed
below in the same order as presented in section 3.4.1.

1. In order to ensure that the temperature gradient in the gage section of the
specimens was within allowable range, 10 temperature readings were recorded
from a single specimen at 550°C, 850°C, 950°C and 1050°C. This was achieved
by welding 10 thermocouples (TC) to a single specimen as shown in Figures 3-3

and 3-4.

/Contm] TC

Figure 3-3 Induction Coil Verification: 6 Thermocouples Welded longitudinally along Gage Section
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Figure 3-4: Induction Coil Verification: 4 Thermocouples Welded Circumferentially Around Center
of Gage Section

The thermocouple location marked “control” in Fig. 3-3 was used as the feedback

thermocouple. The induction heater coil was modified until a sufficiently small

temperature gradient was achieved. Results from this verification tests are shown

in Table 3-1.

Table 3-1 Specimen Temperature Gradient Test Results

Control 553 850 950 1050
Th-couple] Temp (° F) Temp (° C) PASS|Temp (°F) Temp (° C) PASS|Temp (° F) Temp (° C) PASS|Temp (°F) Temp (° C) PASS
1 1029 554 1 1550 843 1 1720 938 1 1920 1049 1
2 1038 559 1 1561 849 1 1735 946 1 1930 1054 1
3 1041 561 1 1560 849 1 1740 949 1 1929 1054 1
4 1028 553 1 1549 843 1 1727 942 1 1910 1043 1
5 1039 559 1 1563 851 1 1745 952 1 1928 1053 1
7 1020 549 1 1547 842 1 1732 944 1 1917 1047 1
8 1029 554 1 1545 841 1 1724 940 1 1906 1041 1
9 1035 557 1 1553 845 1 1720 938 1 1919 1048 1
10 1016 547 1 1545 841 1 1721 938 1 1912 1044 1

The “PASS” column indicates the results of a rubric which tests for results

confirming to ASTM standards; a value of “1” indicates that that results are

within allowable tolerance.

2. In order to ensure that the thermal hysteresis was within the allowable limits,

thermal cycling in force control was conducted prior to each test.

The

temperature-controller PID values were adjusted as needed until the recorded

strain hysteresis was within the specified value. Once the hysteresis criterion was
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satisfied, a third-order polynomial was fit to the thermal strain vs. temperature
data. This polynomial estimates thermal strain as a function of current
temperature. The polynomial was then input into the Testware software. The
actual TMF test program then performs two verification checks to ensure that
thermal hysteresis is minimized. First, cycles one through three of the TMF test
program collect data for force controlled thermal cycling. Next, cycles four
through seven collect data for strain controlled thermal cycling. This data is used
upon completion of the test to verify that a) thermal strain hysteresis values are
within range, and b) the thermally induced loads are “experimentally
insignificant” as suggested by ASTM E 2368-04.

Temperature/mechanical strain phasing was determined prior to test initiation.
This was done by running a force-controlled test having a force range of 2224 N
(500 pounds), R=-1 and test-specific temperature profile. Upon completion of
three full cycles a plot was made of force vs. time and temperature vs. time on the
same set of axis. The correct force/temperature phase was determined and input
to the Testware software. The process was repeated until phasing was correct for
the testing conditions. The final phase angle was then set in the Testware
software, and the software maintained that phase value for the duration of the test.
Criterion four listed above is verified upon completion of the TMF test. Plots of
maximum and minimum mechanical strain versus time are created to ensure that

the strains experienced during the course of the test were within acceptable limits.
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3.5 Testing/Control/Programs

Fatigue testing for this work consisted of mechanical-strain controlled TMF tests.
The mechanical strain is defined as €, = er - €. The total strain, er, is the strain as
measured by the extensometer. The thermal strain, &y, is calculated from a third order
polynomial function of temperature, as outlined earlier. The Testware software
calculates the control strain, en, real-time during the test. Out-of-phase (OP) TMF tests
have a mechanical strain wave form that is phased ¢ = 180° with respect to the
temperature waveform, while in-phase (IP) tests have a phase angle of ¢ = 0°. Figure 3-5
and 3-6 provides simple IP and OP control wave forms. All TMF tests performed had a

cycle time of 180 seconds.

— — Temp
Strain

Strain

Time

Figure 3-5 OP TMF Temperature-Time and Mechanical Strain-Time waveforms
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Strain

Figure 3-6: IP TMF Temperature-Time and Mechanical Strain-Time waveforms

Out-of-phase Bithermal fatigue (BiF) test cycle consists of a high-temperature
compressive half cycle, followed by a load-free transition to low temperature, a low
temperature tensile half cycle and finally a load-free transition to high temperature,
illustrated in Fig 3-7. Bithermal fatigue cycle segment lengths were established to match
those for the TMF tests. Specifically, both the high temperature and low temperature half
cycles were 90 seconds in length, as are both of the load-free temperature transitions.
This was done to ensure that loading and temperature rates between the two test types
(TMF and BiF) were identical for comparison purposes. The BiF tests were also

conducted in mechanical strain control.
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— — Temp

Load

Figure 3-7: OP BiF Temperature-Time and Load-Time Waveforms

The TMF and BiF Testware programs created for this work all followed a similar
protocol:
e Increase temperature to test mean temperature. The temperature was then allowed
to stabilize for 180 seconds.
e Perform three force-controlled thermal cycles at zero force.
e Perform three strain-controlled thermal cycles at zero strain.
e Stabilize specimen temperature at test mean temperature value for 180 seconds.
e Begin compressive half cycle
All TMF and BiF tests were conducted in the ambient atmosphere of the Mechanical
Properties Research Laboratory (MPRL) in the high bay of the Manufacturing Related
Complex building at Georgia Institute of Technology. The step-by-step start-up
procedure as well as sample TMF and BiF control algorithms are provided in the

Appendix.
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3.6 TMF Test Matrices

The goal of this project is to formulate a physics-inspired model which accurately
predicts single crystal superalloy TMF life. In doing so, it is first necessary to
characterize the dominant damage mechanisms active for different loading conditions, as
well as the interaction of these damage mechanisms whenever appropriate. Chapter 2 of
this work provided insight to the difficulty of determining a deformation model for this
class of material. Specifically, single crystal deformation response as a function of
temperature, orientation and inelastic strain must be fully characterized. In order to
create a deformation model for PWA 1484, the experimental plan must answer the
following questions:

e What are the dominant factors controlling life in components experiencing OP
TMF?

O What slip systems are active and what is the driving force behind their
activation?

0 What inelastic deformation mechanisms are active? Specifically, does
dislocation glide dominate or has a climb mechanism been activated.

0 What creep mechanisms are active, if any? Does creep dominate or does
a fatigue-creep interaction?

0 What are the environmental effects? Specifically one needs to be aware
of oxidation, y’-depletion as well as material second-phase particle

coarsening.
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A Schmid analysis has been shown to sufficiently correlate the relative amounts
of inelastic deformation in single crystal superalloy to the material orientation [3-6, 38,
39, 94]. Any well designed test matrix whose aim is to determine material response for a
single crystal should activate the octahedral and cube slip systems separately [95].
Verification tests should also be performed in “other” orientations. To address these
issues, specimens of nominal <001>, <111> and <123> were requested for testing.
Figure 3-8 locates the three requested material orientations on a standard stereographic
triangle, while Figure 2-9 of provides Schmid analysis results for the four orientations

shown in Fig 3-8.

[111]

[123],

[001] (011]

Figure 3-8: Requested Material Orientation on Stereographic Triangle

In order to activate a range of inelastic deformation mechanisms, TMF tests of
different strain ranges are proposed. Additionally, temperature dependent deformation
mechanisms were studied by varying the test maximum and effective temperature.
Bithermal fatigue tests were proposed to decouple the effects of simultaneously varying
temperature and strain. As pointed out in Chapter 2, these tests provide insight to the

effect of single damage mechanisms, and when compared to TMF tests provide a basis
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for understanding of the deformation mechanism interaction. The detailed test matrix is

provided in the Appendix.

3.7 Crack Initiation Criteria

Crack initiation life includes the cycles to nucleate the crack and also grow to a
detectible size. Because there are different methods for detecting a crack, a well defined
initiation criterion must be consistently used to compare lives. Halford et al. [83] define
crack initiation as 0.8mm, Remy and colleagues [44, 71, 75, 77, 85] define crack
initiation as 50 pm. Moreover, the same researcher may have multiple definitions for
crack initiation size. As an example, Remy often uses two crack sizes as initiation
criteria, 0.3 mm and 50 um [44, 71, 75, 77, 85], the former for life determination and the
latter for microstructurally sensitive initiation. Certainly the crack initiation criterion
chosen depends upon the capabilities of the laboratory to accurately measure a crack.

It is desirable to couple the crack initiation criteria to a materials microstructure,
given that a physics-inspired life estimation scheme would be inherently linked to the
microstructure. Malpertu et al. [85] proposed a crack initiation criterion for the
polycrystalline superalloy IN100 based upon a critical crack size scaled to the “depth of
interdendritic areas”, as research indicates that cracks predominantly initiate in this
region during high temperature low cycle fatigue. Crack initiation for this research has
been defined in a similar manner. Specifically, crack initiation occurs when a thumbnail
shaped edge-crack exists which has a radius equal to three times the materials average
dendrite spacing, as depicted in Figure 3-9. The existence of such a crack reduces the

load carrying capabilities of the specimen by an amount equal to A’/Ao, where A’ is the

85



specimen cross-sectional area when a thumbnail crack exists, and Ay is the initial cross-
sectional area. PWA 1484 average dendrite spacing was found to be 0.178 mm (0.007”),
as indicated in Figure 3-10. With a specimen diameter of 12.7 mm, the quotient A’/Ag

would have a value of A’/Ay= 0.996.

R6.350 mm

R0O.53 mm

Figure 3-9: Schematic of Crack Initiation Criteria

HII'r Dendrite Spacing

Figure 3-10: PWA 1484 Dendrite Spacing
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It is then imperative that a concise and repeatable method for post-test crack
initiation determination be proposed and adhered to for the duration of testing. The
following crack initiation criterion was used for this study:

e A thumbnail crack, having radius equal to 0.53 mm (0.021”), exists in a test
specimen when the tensile load-carrying capabilities of the specimen drop by an

amount equal to (1 - A’/Ay), or 1%, for two consecutive fatigue cycles.

3.8 Fatigue Test Results

A complete list of results for fatigue tests conducted for this study is provided in
Table 3-2. The results are divided into three groups: baseline tests, supporting fatigue
tests and off-axis tests. The baseline tests were primarily used to isolate dominant
damage mechanisms and model calibration, whereas the supporting tests were used for

model verification.
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Table 3-2 Fatigue Test Results (Tests marked with an * will be used as Baseline tests in Chapter 6)

Baseline Fatigue Tests

Waveform| Orientation] R | Hold time | Ag(mech) | ea(mech) | Ae(in) @ Ni/2 | Ni/2 Ni Nf Tmin Tmax Teff
(s) ) ) () (cycle) | (cycle) | (cycle) | (deg C) | (deg C) | (deg C)
OP-TMF* 001 -0.9 0 0.013 0.0065 0.003517 54 107 116 550 1050 953
OP-TMF* 001 -0.9 0 0.009 0.0045 0.000869 236 471 560 550 1050 953
OP-TMF* 001 -1.0 0 0.005 0.0025 0.000065 905 1810 2409 550 1050 953
OP-BiF* 001 -0.8 0 0.013 0.0065 0.002944 38 76 119 550 1050 1002
OP-BiF* 001 -0.9 0 0.009 0.0045 0.000179 185 370 408 550 1050 1002
OP-BiF* 001 -1.0 0 0.007 0.0035 0.000096 211 421 956 550 1050 1002
Supporting Fatigue Tests
Waveform| Orientation] R | Hold time | Ag(mech) | ea(mech) | Ag(in) @ Ni/2 | Ni/2 Ni Nf Tmin Tmax Teff
(s) () () ) (cycle) | (cycle) | (cycle) | (deg C)| (deg C) | (deg C)
OP-TMF 001 -0.4 0 0.013 0.0065 0.003076 45 89 110 550 1050 953
OP-TMF 001 0.0 0 0.009 0.0045 0.000567 280 560 781 550 1050 953
OP-TMF 001 -1.0 0 0.013 0.0065 0.002411 231 461 584 550 1050 953
OP-TMF 001 -1.0 0 0.009 0.0045 0.000725 305 610 1012 550 1050 953
OP-TMF 001 -0.6 | 300-HT 0.013 0.0065 0.000577 32 64 71 550 1050 1027
OP-BiF 001 -0.9 0 0.01216 | 0.00608 0.001247 42 84 118 550 1050 1002
OP-BiF 001 -0.8 0 0.0106 0.0053 0.001162 59 117 - 550 1050 1002
OP-BiF* 001 -1.0 | 300-HT 0.007 0.0035 0.000100 - 230 - 550 1050 1032
OP-BiF* 001 -1.0 | 300-HT 0.009 0.0045 0.002680 42 83 101 550 1050 1032
OP-BiF* 001 -1.0 | 300-HT 0.013 0.0065 0.004417 36 71 77 550 1050 1032
OP-BiF 001 -1.0 0 0.009 0.0045 0.000099 1874 3748 7423 550 900 865
Off-Axis Fatigue Tests
Waveform| Orientation| R | Hold time | Ag(mech) | €a(mech) | Ag(in) @ Ni/2 | Ni/2 Ni Nf Tmin | Tmax Teff
(s) ) () () (cycle) | (cycle) | (cycle) [ (deg C) | (deg C) | (deg C)
OP-TMF 111 -1.0 0 0.005 0.0025 0.000702 124 247 309 550 1050 953
OP-TMF 111 -1.0 0 0.009 0.0045 0.003246 16 31 52 550 1050 953
OP-TMF 111 -1.0 0 0.013 0.0065 0.006656 11 22 27 550 1050 953
OP-TMF ~123 -0.9 0 0.005 0.0025 0.000628 283 565 619 550 1050 953
OP-TMF ~123 -1.0 0 0.007 0.0035 0.001741 111 223 379 550 1050 953
OP-TMF ~123 -1.0 0 0.009 0.0045 0.003710 24 48 107 550 1050 953

Table 3-2 lists the waveform, specimen nominal orientation, strain ratio (R), high-

temperature hold time, mechanical strain range (Ag(mech)), mechanical strain amplitude

(ea(mech)), inelastic strain range at half life ((Ae(in) @ Ni1/2), cycles to half life (Ni/2),

cycles to initiation (Ni), cycles to failure (Nf), as well as minimum, maximum and

effective cycle temperature. The cycles to crack initiation, Ni, is based on a 1% load

drop. The inelastic strain range for each test was determined by measuring the width of

the stress-mechanical strain hysteresis loop (at zero stress) for the half life cycle; and the

cycles to failure was determined by specimen separation.

different form by McDowell et al. [18]
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T min

_ Q 1 T max (_ Q]
= — |dT 3-1
exp [RTW AT j P RT G-

where Q is an effective activation energy for high temperature deformation mechanisms,
R is the universal gas constant, and AT the temperature range of the cycle (AT=Tmax-
Tmin). The equation determines an effective temperature by integrating over the
maximum and minimum temperatures in the cycle. However, an effective temperature
calculated in this way does not take into account the amount of time spent at these
temperatures. The sole purpose for the determination and subsequent use of an effective
temperature is to account for temperature activated deformation mechanisms which
follow an Arrhenius relationship. This relationship provides the rate at which a reaction
occurs, and therefore is time dependant. Additionally, there exists a temperature below
which the thermally activated processes do not occur. As such the determination of an
effective temperature should include the time at a particular temperature given that the
temperature in question is above the minimum temperature for the reaction to occur. To

this end the following effective temperature equation is proposed

t2
exp[iJ = Ljexp( —0 jdt (3-2)
RT, | Aty RT(¢)

where T(t) is the cycle temperature as a function of time for the portion of the cycle with
temperatures above the activation temperature. The minimum activation temperature was
chosen as 800°C based upon the literature review, and the integration occurs over the

cycle period (At =t; - t,).
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3.9 Plots

When plotting inelastic strain range versus cycles to failure, the BiF and TMF

results diverge similar to what was observed by Gayda and coauthors [8, 84].

1.E-02

1.E-03 ]

1.E-04 -

m TMF A BIF

Inelastic Strain Range at Half Life

1.E-05 1 -+ 1
10 100 1000 10000
Cycles to Crack Initiation

Figure 3-11 Fatigue Test Results (OP TMF and BiF): Inelastic Strain Range versus Cycles to Crack
Initiation, <001> Specimens

Figure 3-11 indicates that the PWA 1484 BiF test results diverge from the TMF
test results when plotting inelastic strain range versus cycles to failure. When delineating

cycle effective temperature a trend emerges, as shown in Fig 3-12.
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Figure 3-12 Fatigue Test Results (OP TMF and BiF) Delineated By Effective Temperature, <001>
Specimens

The data point marked with an asterisk was terminated due to thermocouple
failure. Though the specimen life was an order of magnitude longer than that shown, the
life indicated on Figure 3-12 is representative of the number of cycles experienced by the
specimen at the desired temperature range (prior to thermocouple failure). In general,
there is an inverse relationship between effective temperature and cycles to failure. The
point of Fig 3-12 is not to infer that an effective temperature correlates life for OP BiF
and TMF tests, rather it shows that increasing the effective temperature of the test
reduces life, as one might expect. This is due to the effective cycle temperature playing a

primary role in determining dominant damage mechanisms for each of the cycle types.
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For clarification, the effective temperatures shown in Fig. 3-12 have the following test
parameters:
0 Ter=865°C: OP BiF with Tyin=550°C and Tp,ax=900°C
0 Ter=953°C: OP TMF with Tyin=550°C and Tpax=1050°C
0 Ter=1002°C: OP BiF with Tpix=550°C and Tp.=1050°C
0 Ter=1027°C: OP TMF with Tpnin=550°C and Tpnax=1050°C with 5 minute high
temperature holds
0 Ter=1032°C: OP BiF with Tyin=550°C and Tma=1050°C with 5 minute high
temperature holds
Based upon specimen microscopy one can postulate as to the primary damage
mechanisms operating for each of the tested specimens. Figure 3-13 repeats Figure 3-12

with dominant damage mechanisms for each test indicated on the figure.
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Figure 3-13 Fatigue Test Results (OP TMF and BiF)- Dominant Damage Mechanisms, <001>
Specimens

Figure 3-14 shows <001> TMF and BiF test results in such a way as to

graphically delineate dominant damage mechanisms as a function of test variables.
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Figure 3-14 Deformation Mechanism Map for OP BiF and TMF

The basis for the dominant damage characterization is provided below.

3.10 Dominant Damage Mechanism Characterization

A select number of TMF and BiF tests were chosen as baseline tests for later
comparison. The inelastic strain range versus cycles to crack initiation for the baseline

tests is shown in Figure 3-15.
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Figure 3-15 Baseline OP TMF and BiF Tests, <001> specimens

3.10.1 Baseline TMF Tests

Plots of select hysteresis loops (cycle 1, and cycle Ni/2) for each of the baseline
TMF tests are provided in Figures 3-16 through 3-20 (even). Additionally, a plot
depicting the maximum and minimum stress as a function of cycle were created for each

fatigue test and are shown in Figures 3-17 through 3-21 (odd).
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Figure 3-17 Aemech = 0.5%, OP TMF Baseline Test Stress Evolution- Ni=1810 Cycles
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Figure 3-18 Aemech = 0.9%, OP TMF Baseline Test Hysteresis Loops- Ni=471 Cycles
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Figure 3-21 Aemech = 1.3%, OP TMF Baseline Test Stress Evolution- Ni = 80 Cycles

3.10.2 Baseline BiF Tests

Figures 3-22 through 3-26 (even) provide the hysteresis loops, while Figures 3-23
through 3-27 (odd) depict the stress evolution as a function of cycle for the baseline BiF

tests.
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Figure 3-22 Agmech = 0.7%, OP BiF Baseline Test Hysteresis Loops- Ni=421 Cycles
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Figure 3-27 Aemech = 1.3%, OP BiF Baseline Test Stress Evolution- Ni=76 Cycles

3.10.3 TMF versus BiF

Figure 3-11 through 3-15 in Section 3.9 indicate that there may have been some
deformation mechanism segregation between the BiF and TMF tests, similar to the
results of Gayda et al. [84]. Specifically, it is hypothesized that the BiF specimens
experienced more environmentally induced degradation than the TMF specimens, when
tested at similar mechanical strain ranges. In order to isolate these dominant damage
mechanisms a series of microscopy analysis were conducted, the details of which follow.
Furthermore, a relationship is proposed which maps BiF results onto TMF results, and

visa versa.
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3.10.3.1 Specimen Surface Characterization

Surface images of each of the baseline specimens were recorded using an

International Scientific Instruments DS130 scanning electron microscope.

Figure 3-29 Surface Images of specimens tested at Aemech = 0.9%- OP TMF (left), OP BiF (right)
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Figure 3-30 Surface Images of specimens tested at Aemech = 0.5% OP TMF (left), Aemech = 0.9%
OP BiF (right)

The surface SEM images clearly show that the specimens tested in bithermal
fatigue experience more environmental degradation than the specimens tested in
thermomechanical fatigue, for similar mechanical strains below Agmech = 1.3%. Figure 3-
28 indicates that the specimens tested at a mechanical strain range of 1.3% experienced
similar amounts of environmental damage. All of the baseline TMF and BiF specimens
experienced crack initiation at the material surface. However, the 0.7% and 0.9% OP BiF
specimens appear to have considerable environmentally assisted crack initiation
mechanisms, relative to the other test specimens as shown in Fig 3-29 and 3-30.

Comparing the side images of each baseline test specimens provide a starting

point for dominant damage characterization.
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Figure 3-31 0.5% OP TMF (left), 0.9% OP TMF (right)

Figure 3-32 1.3% OP TMF (left), 1.3% OP BiF (right)

Figure 3-33 0.7% OP BiF (left), 0.9% OP BiF (right)
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When comparing the tested specimens one immediately notices that the 0.5% and 0.9%
OP TMF specimens exhibit similar surface deformation, as shown in Fig 3-30.
Specifically both specimens exhibit no necking and minimal specimen surface plasticity.
Conversely the 1.3% OP BiF and TMF specimens experienced considerable combined
necking and bulging. Furthermore these specimens exhibit similar amounts surface
plasticity, as characterized by the slip steps apparent in Fig 3-32. Whereas the 0.5% and
0.9% OP TMF specimens exhibit minimal environmental damage (Fig 3-30), the 0.7%
and 0.9% OP BiF specimens exhibit considerable amounts of surface plasticity, oxidation
and minimal bulging/necking, if any (Fig 3-33).

Microscopy of the baseline BiF and TMF specimens sectioned collinear to the

loading axis are provided in Fig’s 3-34 through 3-36.

(@ (b)

Figure 3-34 Specimen Cross-Sections Near Free Surface: 0.5% OP TMF (a), 0.9% OP TMF (b)-
loading direction horizontal
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(@) (b)

Figure 3-35 Specimen Cross-Sections Near Free Surface: 1.3% OP TMF (a), 1.3% OP BiF (b)-
loading direction horizontal

(@) (b)

Figure 3-36 Specimen Cross-Sections Near Free Surface: 0.7% OP BiF (a), 0.9% OP BiF (b)- loading
direction horizontal

The 0.5% and 0.7% mechanical strain range OP TMF specimens (Figure 3-34 (a)
and (b) respectively) exhibit minimal non-terminal cracking and very little oxide growth.
The 1.3% OP TMF (Figure 3-35 (a)) and the 1.3% OP BiF (Figure 3-35 (a)) specimens
both experienced considerable oxidation. The figures indicate that the oxide spikes occur

where secondary dendrite arms intersect the free surface. Furthermore the TMF
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specimen exhibited minimal surface cracking while the BiF specimen had considerable
cracking in the deformed gage section. The 0.7% and 0.9% mechanical strain range
specimens (Figure 3-36 (a) and (b) respectively) exhibit considerable non-terminal
surface cracking. All non-terminal cracks in these specimens are oxidized and
accompanied by a y’ depleted zone around the crack.

The general conclusions drawn from the transverse section pictures include:

e OP TMF specimens (0.5%, 0.7% and 1.3% mechanical strain range) exhibit
minimal non-terminal surface cracks in and around the gage section, implying that
the fatigue damage mechanism dominated life of these specimens.

e OP BiF specimens (0.7%, 0.9% and 1.3% mechanical strain range) all exhibit a
considerable number of non-terminal surface cracks. All surface cracks are
oxidized and have a sub-surface y’ depleted region surrounding the crack.

Beyond relative amounts of environmental damage, the transverse sections of the
baseline test specimens also revealed that:

e Short circuit diffusion of oxygen occurs along slip planes as shown in Figure 3-
37.

e Fracture surfaces are comprised of crystallographic facets, as seen in Figures 3-37
and 3-38

e Slip bands impinging upon an oxide spike create a crack, as shown in Figures 3-

39 and 3-40.
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(@) (b)

Figure 3-37 Specimen Cross-Sections at Fracture Surfaces: 0.9% OP TMF (a), 1.3% OP TMF (b)-
loading direction horizontal

Figure 3-38 Specimen Cross-Sections at Fracture Surfaces: 0.9% OP BiF- loading direction
horizontal
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Figure 3-39 Specimen Cross-Sections Near Surface: 0.9% OP TMF- loading direction horizontal

Figure 3-40 Specimen Cross-sections Near Free Surface: 0.9% OP TMF- loading direction
horizontal

Furthermore, the viscoplastic ratcheting mechanisms effect upon the dendritic
microstructure was captured by stitching all of the cross-section pictures of the 1.3%
mechanical strain range OP BiF test having 5 min high temperature holds, shown in Fig

3-41.
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Figure 3-41 Specimen Cross-Section: <001> Orientation, 1.3% OP TMF 5 min High Temperature
Hold- loading direction horizontal

The considerable necking experienced by the strain-controlled test specimen shown in
Figure 3-41 has resulted in effectively creating a “notched” specimen with a reduced
gage section of approximately 0.3 (7.62 mm) yielding an approximate 60% reduction in
area. Additionally, the considerable amount of surface cracking experienced by this

specimen indicates crack branching on crystallographic planes, as shown in Figure 3-42.

Figure 3-42 Specimen Cross-Sections Near Free Surface: <001> Orientation, 1.3% OP TMF 5 min
High Temperature Hold- loading direction horizontal
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3.10.3.2 y’ depletion characterization

Microscopy was performed on the three Bithermal and three thermomechanical fatigue
baseline test specimens in order to determine the relative amount of thermally assisted
base-material degradation via y’-depletion. Specifically, baseline specimens were first
sectioned, then mounted and polished as detailed in Chapter 4. Then images of the y’
depleted region were recorded using an Olympus BX40 optical microscope fitted with an
Olympus digital camera at 500X and 1000X zoom, at four locations per specimen.

Representative images are shown in Figures 3-43 and 3-44.

(@ (b)

Figure 3-43 Fatigue Specimen y’ Depletion (a) Specimen 138301, (b) Specimen 138303
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(a) (b)

Figure 3-44 Fatigue Specimen y’ Depletion (a) Specimen 138312, (b) Specimen 224903A

Finally, a minimum of nine measurements were averaged per specimen to determine y’

depletion depth, as shown versus cycles to failure in Fig 3-45.
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Figure 3-45 vy’ Depletion versus cycles to crack initiation

Specimens tested in BiF conditions experienced more y’ depletion than those
tested in TMF. This should not be all that surprising given that the effective temperature

of the BiF waveform is 49° C higher than that of the TMF waveform.

3.10.3.3 Dominant damage mechanisms- conclusion

Microscopy of the six baseline TMF and BiF specimens indicate the following:
I. The 1.3% OP TMF and BiF specimens experienced a similar dominant damage

mechanism characterized by fatigue accompanied by viscoplastic ratcheting.
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2. The 0.5% and 0.7% OP TMF specimens both exhibited fatigue as the dominant
damage mechanism. These specimens exhibit slightly more environmental
damage than do the 1.3% tested specimens

3. The 0.7% and 0.9% OP BiF specimens experienced considerable environmentally
assisted fatigue. As such the dominant damage mechanism for these tests was

fatigue-environment interaction.

3.10.3.4 TMF vs. BiF- mathematical relationships

It is desired to determine an equation which relates the inelastic strain range of a
TMF test to the inelastic strain range of a BiF test. When looking at the short test results
(high strain range) of both the TMF and BiF cycles types shown in Figure 14, coupled
with the 1.3% baseline TMF and BiF microscopy results, one concludes that the
waveforms produce similar dominant damage mechanisms. However, at lower strain
ranges the different test waveforms yield different dominant damage mechanisms, with
the BiF waveform being more affected by environmental-fatigue interactions. A
mathematical relationship collapsing the data must take these environmental interactions
into account, presumably through an Arrhenius term. To that end the log of the inelastic
strain range trend equation for the BiF tests (Fig 3-15) was plotted versus the inelastic
strain range trend equation for TMF tests (Fig 3-15), and is shown in Fig. 3-46. The log
trend line fit to this data provides the relationship between these two test parameters,

Equation 3-3.
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Assuming a thermally activated process which follows an Arrhenius relationship,

the following would hold.

15.090 = <
RT

EQ 3-4 is the assumed Arrhenius exponential for the bithermal tests. The nature of BiF
tests exposes the material to high temperature (1050° C) for 90 seconds, or a quarter of
the overall cycle time. Using an effective temperature of 1001.7° C, the activation energy
(Q) for this phenomena would be Q = 159.95 kJ/mol. Kupkovits [67] and Sehitoglu [70]

found that the activation energies for oxidation (Qox) and gamma-prime depletion (Qy’)

y = 3.66Ln(x) + 15.09

(A& exp(15.090)

. TMF
- Agin

0.002 0.003
Inelastic Strain Range- TMF Correlation

for Ag;,<~0.0029

for Ag;,>~0.0029
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in other Ni-base superalloys were very close. Kupkovits calculated values of 89.7 kJ/mol
and 86.0 kJ/mol for Qox and Qy’ respectively for CM247LC DS; while Sehitoglu and
Boismier found 175.9 kJ/mol and 163.3 kJ/mol for Qox and Qy’ respectively for MAR
M247. Antolovich et. al [96] found a Qox value of 40.2 kJ/mol for Rene 80, another Ni-
base superalloy. These studies indicating that the value of the effective activation energy
calculated here is reasonable.

In order to validate the hypothesis that the primary difference between the
Bithermal fatigue tests and thermomechanical fatigue tests is the existence of a thermally
activated process in the BiF test that isn’t as dominant in the TMF test, one need only to
compare the differences in lives at a given inelastic strain range (Fig. 3-15) and the
difference in lives at a given amount of base material degradation (Fig. 3-45), for each of
the two test types. The hypothesis would be supported if the two completely different
damage drivers provide similar life relationships.

Figure 3-47 shows the relationship between the trend in BiF lives versus the trend

in TMF lives for a given inelastic strain range (trends shown in Fig 16), determined by

Ni%F = Ni™F ™ exp(2.88) @3-5)
and the relationship between the trend in BiF lives versus the trend TMF lives for a given

amount of v’ depletion (trends shown in Fig 37) described by

Ni®F = Ni™ 5 exp(3.17) (3-6)

122



In (Ni correlated_BiF)

65 N >
s
,f
y=0.31x + 2.88 7 _
6 Nl Ve
i //
P s
4 7
55 - e
s 7
s e
,X /'
o = 0.24x + 3.17
5 e y = 0.24x + 3.
(/'//
xx’/'
45 i
/7
4- -7
P
3.5 1| --- From Ac_inelastic
- =~ Fromy' depletion
3 T T T T T T
0 2 4 6 8 10 12

In (Ni correlated_TMF)

Figure 3-47 Life Prediction Relationships for a Given Inelastic Strain Range
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Equations 3-5 and 3-6 are sufficiently similar to conclude that there exists a

dominant environmentally assisted damage mechanism in the Bithermal fatigue tests that

is not as pronounced in the TMF test. The relationships shown in Equation 3-5 and 3-6,

coupled with the relationship in Equation 3-3, along with the associated value of

activation energy, leads one to conclude that the differences between the results for the

two test types can be attributed primarily to this environmental damage mechanism.

The determination of Equation 3-3 allows one determine an “effective” inelastic

strain range, Asin(eff-BiF), for the BiF tests that would correspond to the inelastic strain

range of the TMF tests having similar lives.
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effective inelastic strain range for a Bithermal test, Ag™(eff-BiF), or the inelastic strain
range from the TMF test, A¢"(TMF), to determine life. Furthermore, BiF tests could then

be performed in place of TMF tests, and visa versa.

3.11 Orientation Effects

Single crystal PWA 1484 specimens having three different primary
crystallographic loading directions were tested. Specifically specimens having nominal
<001>, <111> and <I123> orientations were tested in OP TMF with a minimum
temperature of 550° C and a maximum temperature of 1050° C. The influence of

orientation is summarized in Figures 3-48 through 3-50.
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Figure 3-48 Fatigue Test Results (TMF) as a Function of Primary Crystallographic Orientation-
Mechanical Strain Range
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On a mechanical strain range basis, the <001> orientation has the longest OP
TMF lives while the <111> orientation has the shortest lives. Furthermore the <001>

orientation has TMF lives nearly an order of magnitude longer <I11> oriented

specimens.
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Figure 3-49 Fatigue Test Results (TMF) as a Function of Primary Crystallographic Orientation-
Inelastic Strain Range

The general life trends on an inelastic strain range basis match those found for
mechanical strain range versus cycles to crack initiation. However the data is collapsed
considerably with the largest life difference between <111> and <001> orientations for a

similar inelastic strain range being a factor of 3X.
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Figure 3-50 Fatigue Test Results (TMF) as a Function of Primary Crystallographic Orientation-
Inelastic Strain Range on Slip System Having Highest Schmid Factor

When comparing the inelastic shear strain range on the slip system having the
highest Schmid factor versus cycles to crack initiation, the general life trends found for
the other strain-life plots hold. However, when plotting in this way the <001> and <123>
orientation results collapse to a single trend, while the <111> orientation has lives
averaging an order of magnitude lower.

PWA 1484 loaded in the <001> orientation has the longest lives and <111> has
the shorted lives, for a given amount of applied strain. It is difficult to determine from
the above figures which parameter collapses the strain-life curves best as a function of

crystallographic orientation (e.g. mechanical strain range, inelastic strain range, or
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inelastic shear strain range on a particular slip system). Therefore, all of the strain

measures where graphed versus life on the same axis, as shown in Figure 3-51.
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Figure 3-51 Fatigue Test Results (TMF) as a Function of Primary Crystallographic Orientation-
Comparison of Strain-Life Plot Styles

Inelastic shear strain range (on the slip system of highest Schmid factor) at half
life collapses the three orientations strain-life curves best, while mechanical strain range
does the worst job. This is not surprising given the findings of researchers performing

critical plane modeling in single crystal superalloys [6, 38, 39, 94].

3.12 Discussion

Bithermal fatigue and TMF tests were performed on single crystal superalloy

PWA 1484 having <001>, <111> and <123> orientations. An effective temperature
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equation was proposed and used to compare tests having different waveforms. The test
matrix for this work successfully activated multiple dominant damage mechanisms. The
microscopy of the tested specimens in conjunction with mathematical modeling has lead
to conclusions about which damage mechanisms were active in each test. The following
conclusions were made:

1. BIF tests having Ty, of 550° C, Tyax of 1050° C, mechanical strain lower
than Ae < 1.0% and no hold times experienced environmental fatigue as
the dominant damage mechanism.

2. TMF and BiF tests having Ty, of 550° C, Tyax of 1050° C, mechanical
strain greater than Ae > 1.0% and no hold times experienced combined
fatigue-viscoplastic ratcheting damage mechanisms.

3. Increasing the effective temperature of the test waveform, whether TMF
or BiF increases dominance of creep mechanisms.

Furthermore, microscopy results indicate that crack initiation occurred as a result of
fatigue-environmental interactions manifesting as either: a) slip band impingement upon
environmentally degraded material (oxide-spike, oxidized slip band, etc.), or b) crack
initiation in the brittle surface oxide which them propagates into the base material. These
interactions are shown in Figures 3-37 through 3-40 and Figure 3-42, respectively.
Deformation mechanism maps for PWA 1484 experiencing OP TMF are provided.
Furthermore, results from off-axis specimen tests (<111> and <123>) indicate that a
strain—life curve using the inelastic shear strain range (on the slip system of highest
Schmid factor) at half life collapses the life trends best for all orientations studied.

Finally, a mathematical relationship was proposed which relates the inelastic strain range
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of BiF test results to those of the TMF results. The relationship introduces an effective
activation energy which accounts for the difference in environmentally-assisted damage
mechanisms between the two test types.

It should be apparent that the determination of dominant damage mechanisms
performed here was greatly aided by the use of multiple fatigue waveforms. Specifically,
the use of both TMF and BiF waveforms and the selective application of various effective
temperatures resulted in the characterization of three primary deformation regimes. If
nothing else this chapter should provide reasoning for future use of the BiF waveform in

OP TMF characterization studies.
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CHAPTER 4. ENVIRONMENTAL EFFECTS

4.1 Introduction

High temperature y’ depletion studies were conducted on the single crystal Ni-
base superalloy PWA 1484 to determine the influence of exposure temperature, time and
surface roughness. The goal of this section is to characterize the material response to
isothermal non-stressed high temperature environments, and then to develop a modified
relationship for y* depletion occurring in TMF and BiF tests that include the effect of an
applied stress on the high temperature material degradation kinetics. These relationships
will be utilized in the life estimation relationships presented in Chapter 6 of this work

The material studied in this work has a two phase microstructure consisting of a y
matrix and y’ precipitates. The primary difference in composition between the two
phases is the amount of aluminum in the y’ precipitates where as the matrix has minimal
aluminum content in substitutional positions. When exposed to high temperatures the
aluminum diffuses from the y’ phase toward the material surface, forming an oxide or
oxides, according to the thermodynamic stability of the oxides in question. Once the
aluminum diffuses from the precipitates, the denuded material is effectively 100% matrix
(y). As the precipitates provide the primary strengthening mechanism for the alloy at
high temperatures (as depicted in Fig 4-1), this y’ depleted zone resulting from high
temperature exposure creates a subsurface region which is then susceptible to further

damage at high temperatures.
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Figure 4-1 Yield Stress as a Function of Temperature and y’ Volume Fraction (%) in Ni-Cr-Al
Ternary Alloys [2]

Given that the oxide is largely comprised of chromium and aluminum from the y’ phase,
one would expect that the oxidation kinetics are intrinsically linked to the y’ depletion
kinetics. Hence one can infer oxidation kinetics from the y” depletion kinetics (or at least
develop correlations from), which are far easier to determine for materials which do not
produce a consistently adherent oxide scale. The original intent of this work was to
characterize both the oxidation and y’ depletion kinetics of this alloy. However, an
adherent oxide does not form on PWA 1484 at all temperatures and exposure times
studied. As such considerable oxide spallation occurred making it extremely difficult to

quantify oxidation kinetics. The y’ depletion of each sample, on the other hand, can be
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clearly seen and readily measured after chemically etching the specimen. As a result this
work focuses on the y* depletion kinetics for PWA 1484.

This work establishes a single y’ depletion kinetics equation for PWA 1484
between 850° and 1050° C from non-stressed isothermal exposures. Additionally,
arguments are presented and literature evidence is cited to support the notion that the
kinetics of y’ depletion closely matches that of oxidation. In other words, the rate
controlling processes are identical. ~ Furthermore a relationship is provided for 7y’
depletion as a function of surface finish. Finally a relationship is provided which links
the isothermal non-stressed depletion kinetics and that experienced in TMF and BiF

cycles.

4.2 Material

Oxidation and 7y’ depletion studies were performed on the second generation
single crystal superalloy PWA 1484. The materials microstructure is comprised of small,
typically coherent, Ni3(Al/X) L1, (FCC-like) precipitates (y’), embedded in a nickel FCC
matrix (y) [18]. The nominal chemical composition of PWA 1484, along with the first

generation precursor to the alloy, PWA 1480 is compared in Table 4-1.

Table 4-1 Nominal composition of PWA 1480 and PWA 1484 (wt %) [7]

Ni | Cr| Ti | Mo|] W | Re| Ta | Al | Co| Hf
PWA 1480 [ 58.5| 10 | 1.5 ] - 4 4 12| 5 5 -
PWA 1484 [59.6] 5 - 2 6 3 |87]56] 10|01
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The service-condition alloy has a primary y’ particle size between 0.25 and
0.35um, a v’ volume fraction of approximately 63%, a density of 8.94 x 10~ kg/cm’, an

incipient melting temperature of 1338° C and a y’ solvus temperature of 1299° C [7].

4.3 Experimental Procedures and Results

4.3.1 Sensitivity of Surface Roughness

The vast majority of the high temperature degradation studies conducted on
superalloys were done on specimens which were prepared using P600 grit (European
grade) SiC paper [50, 57-59]. ASTM E606 test specimens as well as turbine
components, however, have a different surface roughness than that provided by P600 SiC
paper. In order to determine the sensitivity of surface roughness on the y’ depletion
kinetics of PWA 1484, a series of high temperature tests was conducted at 1050° C on
nominally <001> oriented specimens having varying surface roughness values. The
surface roughnesses were produced using different (European FEPA) grades of SiC
paper. The test schedule for the surface roughness characterization in provided in Table
4-2.

Table 4-2 Surface Preparation Oxidation Test Schedule, All Tests Performed at 1050° C

SiC Grit Oxidation Time (hr)
P280 30, 150, 300
P360 30, 150, 300
P1200 30, 150, 300
P4000 30, 150, 300

The arithmetic average (R,) surface roughness values for the PWA 1484

specimens prepared with various SiC papers (P360, P1200 and P4000) was determined
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using a Veeco, Model NT2000 Wyco non-contact, profilometer coupled with Veeco
Vision Software. In addition to the SiC prepared specimens, the surface roughness of a
fatigue test specimen machined per ASTM E606 was measured. All roughness values
presented are an average of a minimum of five measurements. The results are provided

in Table 4-3.

Table 4-3 Surface Roughness Values for Various Levels of Specimen Preparation

SiC Grit (FEPA) | SiC Grit (USA) |Ra (nm)|Deviation (nm)
P280* 240 ~200 - -
P360 400 128 4 -2
P1200 600 49 7 -5
P4000 1200 8 4 -2

Fatigue Specimen 197 66 -54

The surface roughness value for the P280* grit paper was determined by interpolating the
trend produced from SiC paper particle size (used to prepare the surface) versus the
measured surface roughness. This was done to ensure that a series of y’ depletion
specimens had similar surface roughness to that of a fatigue test specimen.

The surface roughness y’ depletion tests were performed in laboratory air in a
Lindberg 3-zone Model 59744-A tube furnace. Specimens having nominal <001>
orientated oxidation surfaces and an average diameter and thickness of 13mm and 6mm,
respectively, were prepared to the desired surface roughness with SiC paper on a Struers
RotoPol-15 polishing system equipped with a Struers RotoForce-1 attachment. Once
polished, the specimens were cleaned in an ultrasonic bath of dish soap and water for 5
minutes, followed by a rinse of acetone and ethanol. The specimens were then placed in

the tube furnace on a Kaowool® ceramic fiber insulating wafer. The vertical orientation
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of the specimens ensures that oxidation forms, un-hindered, on both sides of the
specimen, thereby providing more surface area to measure oxide or y’ depletion

thickness. Figure 4-2 shows a representative oxidation sample on the insulating wafer

with primary crystallographic orientation marked.

<001>
surface

Figure 4-2 Oxidation Specimen on Insulating Wafer Prior to High Temperature Exposure

After the prescribed exposure time the furnace was turned off and allowed to cool to
room temperature with the specimens inside. This slow cooling rate was found to reduce
oxide spallation by reducing thermal shock. Furthermore this procedure should minimize
continued oxidation given the rate equations’ exponential dependence upon temperature.
Each test specimen (full disc) was then mounted upright using a spring clip in two-part
Struers Epofix epoxy. The mounted specimens were then ground (until a large portion of
the specimen cross section was exposed) and polished using the schedule detailed in

Table 4-4.
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Table 4-4 Final Polish Schedule (Struers Products)

Preparation Force Speed Time
Step Disc (N) (RpPM) Suspension | Lubricant i)
(Material)
Coarse P360 AD
Grind (SiC) 30 150 None Water 3+
Fine P1200 AD
Grind 1 (SiC) 25 150 None Water 5
Fine P4000 AD
GrindI | (SiC) 25 150 None Water 5
Coarse MD Mol
: (Woven 20 150 DiaPro Mol None 8
Polish
wool)
MD Chem-
Fine OP-S OP-S
Polish (Porous 15 150 Suspension None 2
synthetic)

Figure 4-3 shows a representative mounted and polished specimen.

Oxidized
<001> surface

The polished specimens were etched using a waterless Kalling’s solution
consisting of 2 grams of 98% CuCl,, 40 mL of 95% ethanol and 40 mL of 36.5-38.0%
HCI. Each specimen was submerged and minimally agitated in the etch solution for 40

seconds. The waterless Kalling’s etch effectively highlights the dendritic features and the

base material

Oxidized

<001> surface

Figure 4-3 Representative Oxidation Specimen Mounted and Etched
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v’-depleted zones, making it possible to measure this region of high temperature material

degradation, as shown in Figure 4-4.

external v’ depleted Unaffected
oxidation region microstructure

L Ll‘
Ll

Al particles

50 um

Figure 4-4 Optical Image of Mounted, Polished and Etched Oxidation Specimen, 1050° C for 300
Hours, 1000X Zoom

Figure 4-4 depicts a typical test specimen, with the oxidized free surface on the left, a
region of internal Al particles within the y’ depleted region, followed by the virgin
microstructure on the right. A considerable number of oxidation studies performed on
Ni-based superalloys resulted in similar material degradation to that shown in Fig 4-4
[50, 51, 53, 58, 59, 63]. Images of the tested specimens (12 separate locations per

specimen) were recorded using an Olympus BX40 optical microscope fitted with an

137



Olympus digital camera at 500X and 1000X zoom. Three y’ depletion depths were
measured and recorded at twelve specimen locations, yielding 36 measurements total for
each specimen. Average results from the y’ depletion tests explaining the sensitivity of

surface roughness are shown in Table 4-5 and Figure 4-5.

Table 4-5 Results Evaluating Sensitivity of Surface Roughness

v' depletion
Time (hr) SiC Grit | Ra(nm) Deviation (nm) (um) Deviation (um)
30 P280 197 65.6  -54.4 (-) (-) (-)
P360 128 3.6 -1.7 3.0 1.5 -0.5
P1200 49 7.3 -4.7 2.7 0.8 -0.7
P4000 8 3.6 -2.4 2.5 1.0 -0.5
150 P280 197 65.6  -54.4 7.8 2.8 -4.3
P360 128 3.6 1.7 (-) (-) (-)
P1200 49 7.3 -4.7 6.7 28 -3.7
P4000 8 5.5 1.5 -3.0
300 P280 197 656  -54.4 (-) (-) ()
P360 128 3.6 1.7 5.6 0.1 -3.1
P1200 49 7.3 -4.7 3.7 1.8 -1.2
P4000 8 3.6 -2.4 2.4 0.6 -0.4
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Figure 4-5 7’ Depletion Study at 1050° C- Sensitivity of Surface Roughness

The 150 hour oxidation results do not converge with the 30 and 300 hour results
at the finest surface roughness value (R, = 7.8 nm). This may be explained by the
specimens that were used in the study. The 30 and 300 hour oxidation specimens were in
the as-supplied condition where as the 150 hour specimens were taken from the end of a
single, previously tested, TMF specimen. As such only the slope of the 150 hr trend line

will be used in further analysis.

4.3.2 Kinetics of vy’ Depletion

In order to determine the y’ depletion kinetics of PWA 1484, a series of
isothermal, still laboratory air, high temperature tests was performed using the finest SiC

preparation step in Table 4-4. The testing matrix for this work is provided in Table 4-6.
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Table 4-6 Furnace Oxidation Test Matrix

Temp (deg. C) Time (hours) |# of Specimens [Orientation |Surface Preparation

850 5 2 <001> P4000
24.75 1 <001> P4000

31 1 <001> P4000

150 2 <001> P4000

270 2 <001> P4000

950 5 1 <001> P4000
30 1 <001> P4000

150 2 <001> P4000

300 2 <001> P4000

1050 5 2 <001> P4000
30 3 <001> P4000

150 4 <001> P4000

300 4 <001> P4000

The high temperature tests detailed in Table 4-6 were performed in a 3-zone
Lindberg Model 59744-A tube furnace. The ~13mm diameter x ~6mm thick specimen
discs were prepared to a Ra = 7.86 nm surface finish by following the polishing steps
outlined in Table 4-4. The prepared specimens were placed in the tube furnace following
the procedure outlined in Section 4.3.1. Upon completion of each test the specimens

were mounted, polished and etched following the procedures outlined in Section 4.3.1.

4.3.2.1 Observations

Results of the v’ depletion kinetics tests performed on PWA 1484 indicate that the
material does not always form a protective oxide layer. Results also indicate that,

generally, an adherent oxide forms below 950° C, while considerable spallation occurs at

1050° C, as shown in Figure 4-6.
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Figure 4-6 Relative Amounts of Oxide Spallation: 850 C Left, 1050C Right, both for 300 hrs.
Representative Spalled Regions indicated by arrows.

Furthermore, the amount of spallation was found to be dependent upon high
temperature exposure time. Figure 4-7 shows images of specimens oxidized at 1050°C

for 5, 30, 150 and 300 hours with spalled regions indicated by arrows.
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(©) (d)

Figure 4-7 Surface Oxide Spallation as a Function of Time: (a) 1050C for 5 hr, (b) 1050C for 30 hr,
() 1050C for 150 hr, (d) 1050C for 300 hr. Spalled Regions indicated by arrows.

One can clearly see that the amount of oxide spallation increases with increasing
exposure time at 1050° C. These results are similar to the results of Nychka et al. [57]
who performed oxide spallation studies on PWA 1484. They found that the oxide formed
on this alloy consists of an a-alumina (Al,O;) inner layer, and an outer spinel
((N1)Cr,AlL,Co0),04) layer which is interspersed with tantalum rich oxide particles.

Moreover, they concluded that oxide spallation increased with sulfur content (ppm
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quantities) and surface roughness. They also noted that considerable spallation occurred
when PWA 1484 was exposed to 1200° C in still laboratory air. Furthermore, Bouhanek
et al. [56] found that oxide scales formed at 1100° C on six different superalloys were not
adherent, and spalled extensively. It should be noted that the oxide spallation
encountered in this work was observed after the specimen reached room temperature. As
such one must question whether the spallation occurred as a result of high temperature
exposure or rather occurred during cooling, due to the mismatch between the base
material and oxide coefficient of thermal expansion. Given that the alumina oxide
spalled extensively, and that alumina typically produces an adherent oxide, it is
hypothesized that the oxide spallation occurred as a result of specimen cooling rather
than during high temperature exposure. The change in temperature experienced by these
test specimens is indicative to that seen by turbine blades during service; as such the
oxide spallation is of concern.

When looking at the oxidized surfaces produced in this work, one also notices the
different oxide morphologies between the base material dendritic and interdendritic

regions, an example is shown in Figure 4-8.
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Figure 4-8 Optical Image Showing Variation in Oxidation with heterogeneity , 1050° C for 150 hr

Figure 4-8 shows the oxidized <001> surface of a PWA 1484 specimen tested at 1050° C
for 150 hours. The dendrites can be clearly seen. Krupp and Christ [63] also observed
that similar oxide segregation between dendritic and interdendritic regions on a single
crystal superalloy. Li et al. [58, 59] and Krupp and Christ [63] determined that a
(N1,Co)O oxide primarily exists in the dendritic regions whereas an oa-Al,O3; primarily
exist in the interdendritic areas, due to base material elemental segregation of Al, Ti and
Ta into the interdendritic regions and W, Mo, and Cr into the dendritic regions [58, 59].
Oxide morphology can also vary on different portions of the same specimen, as

shown in Figure 4-9.
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Figure 4-9 Specimen Surface Exposed to 1050 C for 300 hrs

Note in Fig 4-9 that the scale at the lower portion of the picture is dark brown while the
oxide in the top portion of the picture has a blue tinge. Furthermore, the bluish oxide
exhibits considerable spallation where as the brown oxide does not. The oxidation of Ni-
base superalloys typically falls within three “Groups” as determined by the oxidation
behavior of Ni-Al-Cr ternary alloys [S0]. When sectioning through the specimen shown
in Figure 4-9, one finds that the base material degrades differently depending upon which

oxide is dominant, as shown in Figure 4-10.
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“brown” A
oxide- spinel

“blue” oxide-
o-Alumina

Figure 4-10 Top: Specimen Tested at 1050°C for 300 hours. Bottom: Cross Section A-A
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(b) Region B

Figure 4-11 Blown up Regions of Different Oxides. Region A (a), Region B (b)

The dark brown oxide is accompanied by a considerable subsurface y’ depleted
zone, shown in Figure 4-11, while the base material below the bluish oxide has little, if

any, vy’ depletion.

4.3.3 Oxide Characterization

Oxides were analyzed using energy-dispersive X-ray spectroscopy (EDS) at the
Materials Analysis Center of the Georgia Tech Research Institute. Specifically, a Hitachi
S-4100 field emission scanning electron microscope utilizing Vantage V1.3 software
determined both the chemical composition and likely oxide composition of the oxides

produced at 850°, 950° and 1050°C.
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4.3.3.1 Competing Oxides Determined from Cross-Section EDS

The specimen shown in Figures 4-10 (1050°C for 300 hours) was analyzed for
chemical and oxide composition with EDS. The “blue” oxide shown in Figures 4-10 is a
combination of 32% Al,0s; and 28% NiO. Presumably the alumina which formed in this
area of the sample is responsible for reducing the ingress of oxygen sufficiently as to
produce a considerably smaller y’ depleted region relative to the “brown” oxide. The
“brown” oxide was determined to consist of two phases, specifically Al,Os; and NiO

interspersed with spinel particles, as shown in Figure 4-12.

A 52% A1203,
39% NiO
Oxide
_ Spinel
98% Al
’Y,
depleted
region
v

Figure 4-12 Competing Oxides- ""brown” Oxide

The oxide which produced the considerable y’ depleted region (shown in Figure
4-10, 4-11 (b) and 4-12) exhibits considerable oxide wedging. Wedging can be thought
of as an interaction between oxide plates, in which one plate “wedges” below another

similar to tectonic plate interactions on the earths crust. The wedging can be seen in
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Figure 4-12. Nychka et al. [57] also encountered this spallation mechanism when they
studied the oxidation of PWA 1484. This phenomenon may be understood by calculating

the Pilling-Bedworth ratio (Rpg) for the oxides found [97]. The ratio is determined from

R, = MostePea 1)
MM 11 Povide
where Moxige and Mpeta are the molecular mass of the oxide and metal, respectively, poxide
and pmetar are the densities of the oxide and metal, respectively, and n is the number of
metal atoms per one molecule of oxide. A value of Rpg < 1 usually indicates a “broken”
non-protective oxide coating, 1 < Rpg < 2 indicates a protective oxide and Rpg > 2
indicates that the oxide would likely spall, based upon empirical observations. For
reference, pure Al,Os; oxide on PWA 1484 would have an Rpg = 1.43 and pure NiO
would have Rpp = 1.26, indicating that the oxides would be protective. The oxide labeled
as “52% Al,03-39% NiO” has a Rpg=0.277 and the oxide labeled as “spinel” has a
Rpp=0.337. The Pilling-Bedworth ratio correctly predicts that this oxide will be non-
protective. A similar analysis was performed on the more protective “blue” oxide
resulting in Rpg=0.261. Though the “blue” oxide had a very low Rpp, it none-the-less
resulted in a negligible y* depleted region, relative to the “brown” oxide. This may be the

result of the spinel doping which occurred in the “brown” oxide. The addition of a more

friable oxide in small quantities (doping) would result in a less-stable coating.

4.3.3.2 Dominant Oxides Determined from Surface EDS

EDS (point measurement) results indicate that the oxide produced from 850°C

exposure for 300 hours was 22% Cr,03, 12% Co0O, and 58% NiO.
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Exposure at 950°C for 150 hours resulted in two different oxides forming on
PWA 1484. The dendritic regions produced an oxide composed of 10% CoO and 89%
NiO, while the interdendritic region yielded 83% NiO, 10% CoO, 3% Cr,03; and 4%
ALO;. The differences in oxide formation according to base-material region (dendritic
vs. interdendritic) is no doubt due to the elemental segregation that occurs within these
regions during casting [58, 59]. SEM images of the oxides formed in these areas are

shown in Figures 4-13 and 4-14.

Interdendritic &=
Regions

Dendrites
2400 um

Figure 4-13 SEM Image of Oxides Formed On PWA 1484 at 950°C for 150 Hours- Dendrites
Denoted by Red Outlines
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Figure 4-14 SEM Image of Oxides Formed On PWA 1484 at 950°C for 150 Hours- Region A

The surface of a PWA 1484 sample exposed to 1050°C for 150 hours was also
analyzed. The results indicate that the dominant oxide formed under these conditions
consists primarily of 14% Al,Os, 11% Cr,03 and 51% NiO, similar to the results of the
“brown” oxide analyzed as part of Section 4.3.3.1.

Several of the EDS analyses indicate the presence of a silicon oxide (SiO). As
silicon is not a constituent of PWA 1484, it is believed that Si was introduced during
specimen preparation. This could have occurred during one of two steps: 1) as part of the
initial surface prep using SiC paper, or 2) during the final polishing step (of cross-
sections) due to the colloidal silica polishing suspension (OP-S). Whereas contamination
by the latter process can not be avoided, a final polish using Struers MD Mol prior to

high temperature exposure may mitigate contamination due to the former.
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Results of EDS of the oxides formed on PWA 1484 as a function of time and
temperature are consistent with that found in the literature for other Ni-base superalloys
[53, 56, 58, 59].

The complete results of oxide EDS are provided in the Appendix.

4.3.4 Measurements of vy’ Depletion

Twelve images of each specimen were recorded at magnifications of 500X and
1000X. Images of samples exposed for (nominally) 30 hours, 150 hours and 300 hours at

850°C, 950°C and 1050°C are shown in Fig 4-15 through 4-17.

(a) (b) (©

Figure 4-15 v’ Depletion at 850°C for (a) 31 hours, (b) 150 hours and (c) 270 hours. All at Same Scale
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(@) (b) (©)

Figure 4-16 Depletion at 950°C for (a) 30 hours, (b) 150 hours and (c) 300 hours. All at Same Scale

.l

(@ (b) (©)

Figure 4-17 Depletion at 1050°C for (a) 30 hours, (b) 150 hours and (c) 300 hours. All at Same Scale

153



The average y’ depletion thickness at each temperature and time are shown in
Table 4-8. These values are plotted in Figures 4-18 through 4-20. The average values for

all temperatures are shown in Figure 4-21.

Table 4-7 Average y’ Depletion Values

850° C 950° C 1050° C
v'-depletion v'-depletion v'-depletion

time (hr) (um) time (hr) (um) time (hr) (um)
5 0.223 5 1.375 5 1.500
24.75 0.708 30 2.420 30 1.938
31 1.063 150 2.406 150 2.750
150 2.588 300 2.948 300 2.948

270 2.227

10 -
] y= 0.09x>52

depth (um)

0.1
0 50 100 150 200 250 300

Time (hrs)

Figure 4-18 y' Depletion Kinetics at 850° C
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Figure 4-19 y' Depletion Kinetics at 950° C
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Figure 4-20 y' Depletion Kinetics at 1050° C
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Figure 4-21 v’ Depletion Kinetics for PWA 1484 at 850°C, 950°C and 1050°C

The difference in the time exponent for y’ depletion at the temperatures studied
supports the conclusion that different oxides form on PWA 1484 at different
temperatures.  Energy-dispersive X-ray spectroscopy confirms that at 850°C a
combination of Cr,0s3, CoO and NiO are produced, while at temperatures above 850°C
NiO, Al,Os and a spinel dominate. Rezai-Aria et al. [98] Determined that the oxidation
kinetics of Mar-M509 followed a different rate law above 900°C than below this
temperature, supporting the conclusions here. Furthermore these results indicate that the

oxide that forms at 850° C remains transient for considerably longer times than those

formed at 950° and 1050° C.
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4.4 Analysis

4.4.1 Sensitivity of Surface Roughness

The relationship between surface roughness and ¢y’ depletion kinetics,

characterized by the average y’ depletion values, is shown in Figure 4-22.
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Figure 4-22 Sensitivity of Initial Surface Roughness on y’ Depletion Depth- 1050C

The 150 hour results in Fig 4-22 are shifted compared to the results shown in Fig
4-5. As explained earlier, the exponent on surface roughness for each independent trend
line is of importance to this work, therefore shifting of the data does not affect the

analysis, as this has no bearing on the exponent value.
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A single relationship between vy’ depletion kinetics, surface roughness and time of
exposure is sought in order to be implemented for materials having different surface

roughnesses. The following relationship is proposed for PWA 1484 at 1050° C:

X, =A*R*t° 4-2)

where “X,>” 1s the y’ depletion thickness; A, b and c are constants; R, the arithmetic
average surface roughness in nanometers and t is the time of exposure in hours. Values
for the constants A, b and ¢ were determined as 0.72, 0.20 and 0.17 respectively. In order
to validate Eq 4-2, the correlated y’ depletion thicknesses are compared to the actual

values as shown in Figures 4-23 and 4-24

10

T y = 1.02x0% ~
R?=0.85 -~

1.5X

Actual y' Depletion Depth (um)

Correlated y' Depletion Depth (um)

Figure 4-23 Oxidation Surface Roughness Model Validation
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Figure 4-24 Sensitivity of Initial Surface Roughness on y’ Depletion Depth- 1050C. Experimental
data and Correlations

The model correlates the effects of surface roughness on y’ depletion, well within

a factor of 1.5X from the actual values.

4.4.2 Non-Stressed Oxidation

The primary goal of this section is to derive a single equation for y’ depletion
kinetics as a function of temperature and time of exposure. Based upon classical

oxidation kinetics [99, 100],

X =(4D,t)' 4-3)
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where X is the oxide depth, A is a material dependent constant, Dy is a temperature
dependent diffusion coefficient of Arrhenius form and t is time, an equation of the form

[100]

—nQ
X ,=Axex * " 4-4
y P[ RTJ (4-4)

2

is expected; where “X .7 is the oxidation thickness, A is a material and temperature

dependent constant, n is a material dependent constant, Q is an activation energy, R the
universal gas constant and T is the absolute temperature. Utilizing the y’ depletion
kinetics trends provided in Fig 4-21, an average time exponent of n = 0.31 was
established. Comparing the time exponent determined for the y’ depletion kinetics of
PWA 1484 to literature data for other alloys, Table 4-9, one finds that the exponent
determined here is reasonable and that the majority of the y’ depletion kinetics studies

found sub-parabolic trends, i.e. a time exponent n < 1/2.

Table 4-8 v' Depletion Time Exponent Values: Determined for PWA 1484 and Taken from
Literature, GTD 111 [62], Rene N4 [65], CM247LC DS [67]

Temperature
Superalloy (deg C) Exponent
PWA 1484 850-1050 0.31
GTD 111 871-1093 0.20
Rene N4 1093 0.32
CM247LCDS|] 850-1050 0.45

Using this value of n, the activation energy term, n*Q, and the prefactor “A” in Equation

4-3 was determined as shown in Fig 4-25
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Figure 4-25 Determination of Activation Energy for y’ Depletion,

The values determined for A and Q were 74.65 and 162.9 kJ/mol, respectively. The
activation energy for y’ depletion is consistent with ones published in the literature, Table
4-10, but the value determined for A is considerably smaller. Given that y’ depletion data
was only collected at three temperatures, and that the kinetics for the 850°C tests result in
a wider range of depletion depths, (resulting a wider data band in Figure 4-25) combine

to yield the relatively low correlation coefficient (R*=0.4529).
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Table 4-9 y' Depletion Kinetics Prefactor and Activation Energy: Determined for PWA 1484 and
Taken from Literature, GTD 111 [62], MAR-M247 [70], CM247LC DS [67]

Temperature| n A Q
Superalloy (deg C) (-) (Um/t") kJ/mol
PWA 1484 SC | 850-1050 | 0.31 74.7 162.9
GTD 111 DS 871-1093 0.2 1153.0 258.5
MAR-M247 PC| 500-1000 0.5 8570.0 163.3
CM247LC DS | 850-1050 | 0.45 2766.6 191.1

A large(r) value for “A” would lead to increased oxidation kinetics, relative to a
smaller value. The difference in values for the kinetics prefactor in these materials can be

explained by comparing the chemical composition of the alloys listed in Table 4-11.

Table 4-10 Chemical Compostion of Superalloys for which y' Depletion Kinetics are Known

Material Composition (Weight %)
Al B C Co Cr Hf Mo Re Ta Ti W Zr Hf Ni
PWA 1484 5.6 - - 10 5 - 2 3 8.7 6 - 0.1 Bal.
PWA 1480 5 - - 5 10 - - 12 1.5 4 - - Bal.
GTD 111 3 0.01 041 9.4 14 015 1.5 - 3 5 3.7 0.01 - Bal.
MAR-M247 55 0.015 0.15 10 8 1.5 06 - 3 1 10 0.03 - Bal.
CM247LCDS| 5.6 0.015 0.07 9.2 8.1 14 05 - 32 07 95 0015 - Bal.

PWA 1484’s improvement in oxidation resistance over the first generation alloy
PWA 1480 can be attributed to the second generation alloys increase in Al content, a
“relatively high Ta content” and the lack of Ti [7]. With this in mind, PWA 1484 is
compared to GTD 111, MAR-M247 and CM247LC DS in Table 4-11. The
compositional differences that created an oxidation resistance improvement over PWA
1480 also apply to the other alloys compared. The comparison in Table 4-10 is
somewhat deceptive, in that a comparison is being made between a single crystal

superalloy (PWA 1484) and directionally solidified alloys. One cannot make a direct
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comparison as the grain boundaries in the directionally solidified alloys diffuse oxygen at
a faster rate than does the matrix [22]. The difference in composition as well as grain
boundary diffusion most likely explains the differences in the prefactor “A” between the
materials. One will note that the values of the activation energies for GTD 111 and
CM247LC DS provided in Table 4-10 are modified from the original literature values.
After studying the literature, one determines that these authors likely didn’t account for
the time exponent acting upon the activation energy, as described by Equation 4-3. The

published activation energy values were modified using

0=nQ0,, (4-5)

where Q is the activation energy provided in Table 4-10, n is the time exponent from the
original literature, provided in Table 4-10, and Q,u is the activation energy published by
the original authors.

The application of the Equation 4-3 used to predict y* depletion for all test results

is shown in Figure 4-26.

163



10.0

¢ 850 B 950 1050
— - -850 predicted ----- 950 predicted 1050 predicted

[A]

—_ = LIPS

£ e

= —

= . -7

O — 7

- o -

"q-s 1.0 - P - -

o -

[ - .

T -

"

L 2
0.1 ‘ ‘
1 10 100 1000
Time (hrs)

Figure 4-26 y’ Depletion, Actual and Predicted

The 850° C test results indicate that the oxide forming at this temperatures remains
transient far longer than do the oxides forming at 950° C and 1050° C. This is depicted
by the divergence of actual and predicted values in the 850° C data shown in Fig 4-26.

In order to test the efficacy of the single y* depletion kinetics equation over the
temperature range of 850° C and 1050° C, the model predictions were plotted against the

actual experimental values, as shown in Figure 4-27.
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Figure 4-27 Results of v’ Depletion Kinetics Relationship

Figure 4-27 indicates that the relationship determined for v’ depletion does a fair job of
predicting this phenomenon, with all predictions but one lying within a factor of two

from the actual test data.

4.5 Coupled Fatigue-Oxidation

Tested thermomechanical fatigue and Bithermal fatigue specimens were sectioned
transverse to the loading axis in order to characterize the amount of stress-enhanced y’
depletion resulting from the tests. The fatigue tests for which y’ depletion data was

recorded is shown in Table 4-12.

165



Table 4-11 PWA 1484 TMF and BiF Test Data

Baseline Fatigue Tests

Waveform| Orientation| R | Hold time | Ag(mech) | ea(mech) | Ag(in) @ Ni/2 Ni/2 Ni Nf Tmin Tmax Teff
(s) ©) (@) ) (cycle) | (cycle) | (cycle) | (deg C) | (deg C) | (deg C)
OP-TMF* 001 -0.9 0 0.013 0.0065 0.003517 54 107 116 550 1050 953
OP-TMF* 001 -0.9 0 0.009 0.0045 0.000869 236 471 560 550 1050 953
OP-TMF* 001 -1.0 0 0.005 0.0025 0.000065 905 1810 2409 550 1050 953
OP-BiF* 001 -0.8 0 0.013 0.0065 0.002944 38 76 119 550 1050 1002
OP-BiF* 001 -0.9 0 0.009 0.0045 0.000179 185 370 408 550 1050 1002
OP-BiF* 001 -1.0 0 0.007 0.0035 0.000096 211 421 956 550 1050 1002

This data is used to determine the amount of time each specimen experienced
temperatures above that for which significant oxidation and y’ depletion occurs,
determined to be approximately 800° C [52, 56, 58, 101, 102]. Specifically, the time of
exposure was determined using the following equation

800
*
tcycle

t=N

; (4-6)

where t is the overall exposure time in hours, N¢ is the number of cycles to failure and

800
tcycle

is the cycle time at temperatures above 800° C. A plot of y* depletion versus time of

exposure, as determined by EQ 4-5, is shown in Figure 4-28.
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Figure 4-28 y' Depletion versus Time at Temperatures Above 800° C for PWA 1484 Fatigue Tested
Specimens

The stressed and non-stressed y’ depletion results are compared using the effective

temperature of the fatigue tests, determined by

01T =2 i
exp[RT J Y ;[GXP(RT(t) jdt 4-7)

eff

where Q is an activation energy, R the universal gas constant, t; an initial time, t, a final
time, At = t, — t;, T(t) the fatigue cycle temperature waveform as a function of time, and

Tefr the effective temperature for the cycle. Solving for the cycle effective temperature,
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one can then plot these results along with the stress-free isothermal y* depletion results,

as shown in Figure 4-29.
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Figure 4-29 y' Depletion Kinetics for Stressed and Non-stressed specimens

The stress enhanced y’ depletion kinetics are increased over the non-stressed
kinetics, as shown in Fig 4-29. An increase in the oxidation and y’ depletion kinetics of
superalloys due to the application of stress is well documented [64, 65, 71]. As the
application of stress results in increased oxygen and elemental diffusion rates, the results
presented in Fig 4-29 follow a reasonable trend.

On a cycle-by —cycle basis, the stress enhanced y’ depletion is related to the non-

stressed kinetics by
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7le.,

stressed __ 0 min

xsred = XOB exp(—J (4-8)
eff

where X f are the non-stressed kinetics defined by Eq 4-3, B is a constant, is the

T min
absolute value of the minimum shear stress at half life (occurring at 1050°C), V is a
volume over which the shear stress acts, and R and Tes have their usual meanings.

The inclusion of a stress in the Arrhenius term of a kinetics relationship follows
the form from that of other high temperature diffusion based mechanisms (e.g. creep).
Furthermore, Reuchet et al. [71] determined a similar relationship for the stressed, short-
circuit based, oxidation kinetics of Mar- M509

da . 0
— = f a.expbo)t
N J.a.exp(bo)

1/4 (4_9)

da . . . . . *
where — 1s the rate of crack advance due to short circuit oxidation, f, and b are

SSs
material specific constants, ¢ is the non stressed oxidation kinetics which follow an

Arrhenius relationship, ¢ the maximum tensile stress and t the cycle time. One will note
that the exponent on time is %, rather than the traditional parabolic relationship
determined by Wagner for parabolic oxidation [100]. This is due to the short circuit
diffusion process being modeled. It has been shown that oxidation along grain
boundaries [103] as well as interdendritic oxidation [71] follows a t'* relationship. This
may explain the time exponents determined for non-stressed oxidation at both 950°C and
1050°C. Whereas Eq. 4-8 uses the maximum tensile stress, the minimum shear stress at
half life collapsed the stressed kinetics in this study. The minimum shear stress in OP

TMF cycles occurs at the maximum temperature. As such the use of the minimum shear
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stress in this case accounts for the interaction between the high temperature diffusion and
the stresses aiding said diffusion. Furthermore, the use of the shear stress rather than the
hydrostatic stress can be understood by the damage processes occurring in this cycle.
The shear stress acts as the driving force for dislocations. The dislocation velocity is
increased as the temperature is increased. As the dislocations exit the material surface,
driven by shear stresses at high temperatures, the oxide scale is broken, thereby exposing
the base material to the damaging environment and effectively increasing oxidation
kinetics. The dependence of high temperature damage mechanisms on the absolute value
of shear stress was utilized by Tinga et al. [104], following the work of Yeh and Krempl
[105], in their high temperature damage rule accounting for dislocation climb.

The experimental y* depletion versus that correlated by Equation 4-7 is shown in

Fig 4-30.
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Figure 4-30 Correlated Stress-assisted y’ Depletion Kinetics

The value of B was determined as B = 305 and the volume was determined as ¥ =161

m>/mol.

4.6 Discussion

Based upon the results of this work, and an extensive literature review, it is
concluded that PWA 1484 oxidizes in a manner similar to what Giggins and Pettit [50]
term a “Transition Alloy”. This oxidation behavior is characterized by several stable
oxides competing concurrently on the alloy surface and a y’ depleted layer, depending

upon temperature and subsurface chemical composition, among other things. The two
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most common oxide morphologies consists of either a friable outer spineal
(Ni(Cr,ALCo0),04) with subsurface 0-Al,Os; particles, or an outer oxide scale of
(N1,Co)AL,O4 and NiCr,04 spinels with Al,O3, and an inner oxide of adherent a-Al,Os.
An equation relating y’ depletion kinetics to material surface roughness was
proposed and fit to experimental data. The equation
X, =A*R*t
incorporates the surface roughness (Ra) and time of exposure (t) to the y’ depletion depth
X .. The relationship does a good job of predicting the effects of surface roughness upon
oxidation kinetics for specimens tested at 1050° C. It is understood that this is the first

high-temperature study which explains the sensitivity of surface roughness on 7y’

depletion kinetics. Additionally, a single relationship based upon classical diffusion

kinetics was proposed which predicts the non-stressed y’ depletion kinetics, X f,, for

PWA 1484 between 850° C and 1050° C.

Xf, = A*exp(_an*t”

RT

One should note that the oxidation kinetics, and resulting surface oxides, at 850°
C are different than those at 950° C and 1050° C. As such the activation energy
determined here should be thought of as an “effective” activation energy for the v’
depletion processes occurring between these temperatures. None-the-less, the predictive
capabilities of the y” depletion kinetics relationship is sufficient for engineering purposes.
Finally, a relationship is proposed which links the non-stressed y’ depletion

kinetics to the kinetics found after TMF and BiF testing by
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stressed __ 0 min

X, =X,B exp(—
eff

is the

z-min

where X f are the non-stressed kinetics defined by Eq 4-3, B is a constant,

absolute value of the minimum shear stress at half life (occurring at 1050°C), V is a
volume over which the shear stress acts, and R and T have their usual meanings. This
relationship accounts for the stress-enhanced oxidation occurring by short-circuit
diffusion along shear driven dislocation networks. The stress-enhanced y’ depletion
kinetics relationship will be used in Chapter 6 as part of the formulation of the OP TMF

life predictive model.
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CHAPTER 5. SLIP BAND SPACING

5.1 Introduction

The purpose of this study is to determine a relationship for the slip band spacing
as a function of inelastic strain and temperature. Cracks tend to initiate at a location
where slip steps, in the case of monotonic loading, and persistent slip bands, in the case
of cyclic loading, impinge upon the materials free surface [106]. Furthermore, OP TMF
lives are typically limited by the interaction of low(er) temperature plastic strains and
environmentally degraded material. The slip band spacing defines the probability of
forming a crack at an environmentally degraded boundary. Isolating and quantifying the
kinetics of these mechanisms will enable the future implementation of this relationship
into a coupled fatigue-environmental physics-inspired model. Hence the careful
measurement of the slip band spacing is critical to understanding the evolution of
inelastic deformation as a function of temperature and applied strain as well as interaction
with environmentally effected regions of the material. Furthermore this analysis is
critical for the complete understanding of fatigue interactions occurring in
thermomechanical fatigue. The relationship resulting from this study, specifically
determined for the single crystal superalloy PWA 1484, would shed light upon the crack
formation processes occurring as a result of the OP TMF tests performed for this

research.

5.2 Slip Band Spacing Hypothesis

Slip steps produced on the material surface as a result of the application of

monotonic plastic strain are more defined than the PSB’s and their associated intrusions
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and extrusions produced from cyclic straining [106]. Furthermore strain in Ni-base
superalloys, e.g. Nimonic 90, tends to localize in a few deformation bands from the very
first cycle [107]. The notion that all slip planes activated for a given amount of inelastic
strain occurs during the initial cycle is supported by multiple studies [26, 28, 31, 108]. In
fact, one such study determined that the deformation structure of the single crystal
superalloy SC16 was unaffected by load reversals [45]. Shyam and Milligan [26], when
considering cycle type for a similar analysis concluded that “While the deformation is
monotonic instead of cyclic, substantial insight into the deformation behavior can still be
gained from these types of studies”. Therefore, one might assume that a single cycle may
be indicative of the deformation resulting from a particular value of applied inelastic
strain. Results provided here, however, do not support this notion.

Given that slip band formation at temperatures below 0.4*T,, (where Ty, is the
material melting temperature) is dependent upon dislocation glide, and to a lesser extent
cross slip and climb, and that dislocation movement through the material matrix is
dependent upon the amount of energy imparted to the system, one might assume that the
relationships in Equations 2-5 and 2-6, determined for a single temperature, can be
expanded to include a temperature range using an Arrhenius form. Specifically, one
might use a functional form similar to the rate equation for lower-temperature discrete-

obstacle controlled plasticity, which has the form [25]

~AF(.
= A" exp| ——| 1—— 5.1
y=Ar, p{ kT( Tﬂ (5-1)

where y is the strain rate; A is a lumped parameter which includes the Burgers vector,

shear modulus, dislocation velocity and the shear stress; AF is the total free energy
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(activation energy) required to overcome an obstacle without the aid of an external stress;
k the Boltzmann constant; T the absolute temperature; 15 the shear stress; 7 the flow
strength at 0 K. Due to the essentially two-phase microstructure of PWA 1484, one can
readily assume that the rate of dislocation movement, and hence slip band formation, is
primarily controlled by the y’ phase.

The monotonic data provided in [31] and shown in Table 5-1 provide a basis for
the functional form of a slip band spacing relation as a function of temperature. The slip
band spacing, C, can be related to the applied inelastic strain, 3% < e" < 25%, as a

function of temperature, T, for the polycrystalline superalloy KMA by

C= B(e in ) exp(%j (5-2)

where B and n are material specific fitting parameters, Q an activation energy in kJ/mol,
R the universal gas constant (8.314 J/mol-K) and T the absolute temperature. Upon
calibrating Eq 5-2, the following parameter values were determined: B=2.16, n=-0.53 and
Q=3.00 kJ/mol. The correlated slip band spacing compared to the actual values provided

in Table 5-1 are shown in Figure 5-1.

Table 5-1 Slip Band Spacing as a Function of Inelastic Strain and Temperature [31]

The average values of slip line spacing (L,,) and slip offset values (#,,) from all conditions studied in this mvestigation

205 550 °C 650 *C

£~ 3% £p ~ 25% £p~ 3% £~ £y~ 25% £~ 3%
Ly (pm) 4.80 1.14 215 1.06 0.70 1.35
84y (M) 63.8 869 434 4.6 62.3 3ilo
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Figure 5-1: Actual Slip Band Spacing Versus Estimates Provided By Equation 3. Data From [31]

Expanding upon the above analysis of the results provided by [26, 31], it is
hypothesized that the slip band spacing, C, in the single crystal superalloy PWA 1484 is
also related to the inelastic strain and temperature by Eq. 5-2 Furthermore, based upon
the arguments of [26, 28, 31, 45, 107, 108], one presumes that the inelastic strain in a
monotonic test will sufficiently describes the deformation produced from a cyclic test
having a maximum strain equal to that in the monotonic test, so long as subsequent
yielding does not occur in the opposite loading direction. This hypothesis will be tested

through cyclic slip band spacing tests.
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5.3 Experimental Procedure

5.3.1 Test Matrix

The objective is to develop a relationship for the slip band spacing of PWA 1484
as a function of inelastic strain and temperature. Uniaxial tensile tests were performed to
determine the effects of temperature and inelastic strain upon slip band spacing for this
alloy. A single specimen was tested at each temperature. A specimen was loaded to an
initial strain in strain control and then unloaded to zero force in force control. The
inelastic strain for each test was determined as the mechanical strain at zero force after
unloading. After each strain increment the specimen was removed and pictures were
taken at 50X and 100X zoom using an Olympus BX40 optical microscope fitted with an
Olympus digital camera. The pictures were then stitched together manually in an Excel
document so that the entire gage section was visible in a single picture. The slip band
spacing was measured, and that same specimen was strained an additional amount, and so
on until the final strain value was reached for that temperature.

Tests were performed on smooth specimens of “dog bone” style conforming to
ASTM E606 [109]. Figure 5-2 shows the geometry and surface finish of the specimens
as supplied. Additionally, the specimens were polished to a nominal 7.8 nm surface
finish (mirror finish) using P1200 and P4000 grit SiC paper. Argon was used in the
higher temperature tests to help minimize oxidation formation so that slip bands could be

easily identified on the specimen surface.
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Figure 5-2: Slip Band Spacing Specimen Geometry (all dimensions in inches)

The test matrix for monotonic slip as a function of temperature is provided in

Table 5-2.

Table 5-2: Test matrix for Determination of Slip Band Spacing Morphology

Test# [Temp (deg C)| &meen (%) | € (1/5)
1 21 0.9 0.0003
1.3 0.0003

2.0 0.0003

2 450 1.1 0.0003
1.3 0.0003

1.5 0.0003

3 550 1.1 0.0003
1.6 0.0003

2.2 0.0003

4 650 1.1 0.0003
1.5 0.0003

2.1 0.0003

The test temperatures were chosen to ensure that dislocation climb and elemental
diffusion were not activated during the tests and that y’ shearing was the primary
deformation mechanism. The minimum inelastic strain values were chosen based upon
the known yield behavior of the material at each temperature value, with the subsequent

strain values simply being incrementally larger. The strain rate used for these tests was
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chosen in an attempt to minimize strain burst effects during testing, as this phenomenon
has been reported by other researchers on similar materials [33].

In order to test the hypothesis that slip system activation, for a given amount of
inelastic strain, is localized in the material within the first cycle, room temperature
fatigue tests were performed in strain control for loading and force control for unloading.
The test was stopped after 1 cycle, 5 cycles, 20 cycles and 50 cycles, the specimen was
removed and the slip spacing determined. The specimen was then placed in the test
machine and cycled further. In the first test, the specimen was loaded to a mechanical
strain of &mech = 0.9%, then unloaded to zero stress. The subsequent tests were performed

at a Agmech = 0.765%, €max = 0.9% corresponding to a strain ratio R, = 0.15.

5.3.2 Test Equipment

Uniaxial tests were performed on an MTS 44.5 kN (10 kip) axial closed-loop
servo hydraulic test frame. The load cell resolution for this system is +/- 0.22 kN.
Specimens were gripped using MTS 646 water cooled hydraulic collet grips. The test
system was controlled by a two-channel MTS Teststar Classic controller using Testware
SX software. Induction heating using the coil shown in Fig 5-3 (consisting of a seven-
loop 23 mm ID copper coil, made of 4.76mm OD (3/16) tubing) was used to heat the
specimens. Two Type K thermocouples were welded to the specimen at the radius-gage
section transition, just outside the gage section. Axial strain was measured using a
12.7mm (0.500”) gage MTS model 632.52E-14 high temperature extensometer with

130mm long (nominal) ceramic rods with V-chisel ends. The extensometer has an
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operating range of 20% strain and was calibrated to +/- 2% amplitude to ensure sufficient
strain resolution. A picture of the test system is provided in Figure 5-3.

Tests performed at higher temperatures employed an “environmental chamber”,
shown in Fig 5-3. Industrial purity argon (99.5%) was supplied to this chamber at two
locations, 180° apart. The oxygen content in the chamber was reduced from that typical
of air (22.2% O;) to below 1.0% O,, as measured by Oxigraf Model 02L oxygen

analyzer.

Figure 5-3: Slip Band Characterization Experimental Set Up With Environment Chamber
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5.4 Experimental Results

5.4.1 Measurement of Slip Band Spacing

Specimens were observed to have either sparse slip, shown in Fig 5-4, or
homogeneous slip, shown in Fig 5-5. The slip band spacing observed on specimens with
sparse slip was measured differently from specimens having homogeneous slip. The
average apparent spacing for sparse slip specimens (d,pp) Was determined by dividing the
specimen reduced section length (13.21mm) by the total number of slip bands. The
average apparent slip spacing (d,pp) for homogeneous slip was determined by counting
the number of slip bands that intersected a line drawn collinear to the axial centerline of
the specimen (nominally [001] crystallographic orientation) and dividing the line length
by the total number of slip bands. The minimum length used for homogeneous slip
spacing determination was 2.0 mm. Dividing the line length by the number of slip bands

intersecting the line provides the average apparent spacing for the specimen.
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Figure 5-4 Gage Section of PWA 1484 After Monotonic Tensile Testing at 25° C, g, = 0.672%-
Example of Sparse Slip
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Figure 5-5 Gage Section of PWA 1484 After Monotonic Tensile Testing at 650° C, g;,, = 0.757%-
Example of Homogeneous Slip

Slip occurs on the {111} planes on FCC crystals. As the specimens used in this
study were of nominal <001> orientation, the slip bands traced an ellipse as they
intercepted the surface. For perfect [001] specimen orientation, the normal to the slip

band would be oriented at an angle of 6=54.74° from the loading axis, as determined by

(001) e (111)

6 =cos™
(”(001)” *[a 1)||}

(5-3)

However, the longitudinal axis of the specimens used in this work deviated from <001>.
The minimum <001> deviation was 2.8° and the maximum deviation was 6.9°. In order
to determine the true slip band spacing, pictures were taken at two quadrants of the
cylindrical specimen, 90° apart, such that two quadrants of the surface-intercepting

ellipse were recorded (see Fig 5-6). In this way the primary angle between the slip band
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and the specimen centerline (@) could be determined using the following procedure: (1)

The normal to the slip plane was determined using 7 = d@ xb , where @ and b are defined

similar to that shown in Figure 5-7; (2) the angle between the slip plane normal and the

. o . . 4| (001)en
loading direction (001) was determined using ¢ = cos 1(—q] .
00|

Figure 5-6 Schematic Indicating Axial Locations of Pictures Used in Slip Plane Normal
Determination
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(b)

Figure 5-7 Figures Indicating Method for Determining Orthogonal Vectors Defining Slip Plane: (a)
Apex of Minor Axis, (b) Apex of Major Axis

A rigorously correct estimate of slip band spacing was then determined using

dcorr = dapp * COS(¢) (5'4)

where d.,- is the corrected slip band spacing, d,,, is the apparent spacing defined above

and ¢ is the angle made between the slip band normal and the specimen centerline. For

loading precisely applied in the (001) orientation a Schmid analysis indicates that 8 slip
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systems would be activated simultaneously, four of which may be visible on a specimen.
Often multiple slip systems were activated during slip band testing, as shown in Fig 7.

However, only slip band spacing from a single slip system are compared with subsequent

strain tests.

5.4.2 Cyclic Slip Results

A stress-strain plot for all cyclic slip band tests is shown in Figure 5-8 and the

results are summarized in Table 5-3.
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Figure 5-8 Stress-Strain Curves for Room Temperature Cyclic Slip Tests
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Table 5-3 Room Temperature Cyclic Slip Band Spacing Results

# of # of Slip Apparent Angle Corrected
Cycles Bands Spacing (mm) (deg) Spacing (mm)

1 103 0.1282 34.4 0.0724
Side 1 6 101 0.1308 34 0.0731
26 117 0.1129 343 0.0636
76 136 0.0971 34.1 0.0544
1 83 0.1591 34 0.0890
Side 2 6 91 0.1451 34.5 0.0822
26 90 0.1468 343 0.0827
76 101 0.1308 34.1 0.0733
1 99 0.1334 37.9 0.0820
Side 3 6 110 0.1201 38.6 0.0749
26 125 0.1057 37.8 0.0648
76 138 0.0957 38.1 0.0591

Slip spacing decreases with increasing strain cycling. Slip band spacing as a

function of cycles is shown in Figure 5-9.
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Figure 5-9 Slip Band Spacing as a Function of Cycles: (a) 3 Locations Corresponding to Different
Slip Systems, (b) All Data
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The power law relationship between slip band spacing and number of cycles does
indeed indicate that as the number of cycles increase, more slip bands are activated,
thereby decreasing slip band spacing. The results do not support the hypotheses of [26,

28,31, 108]. The exponent on cycles, -0.06, however, is quite small.

5.4.3 Monotonic Slip Results

The stress-strain responses for monotonic slip tests performed at each temperature

are shown in Figures 5-10 through 5-13.
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Figure 5-10 Stress Strain Response at 21° C
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Figure 5-11 Stress Strain Response at 445° C
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Figure 5-12 Stress-Strain Response at 545° C
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Figure 5-13 Stress-Strain Response at 650° C
Monotonic tests of PWA 1484 produced considerable strain bursts in the inelastic

regime. The strain-burst behavior was most pronounced at the lower test temperature and

occurred with decreasing magnitude as the temperature was increased.

Results from slip band spacing experiments are summarized in Table 5-4.
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Slip Band Spacing (mm)

Table 5-4 Slip Band Spacing as a Function of Inelastic Strain and Temperature

Temperature  €mech €in #of Slip  Corrected
(deg C) (%) (%) Bands Spacing (mm)
0.900 0.234 19 0.428
21 1.320 0.673 37 0.220
1.970  1.303 84 0.097
1.100  0.237 44 0.284
450 1.300 0.447 82 0.153
1.520  0.668 176 0.073
1.170  0.336 75 0.118
1.600  0.739 30 0.036
550 1.600  0.739 39 0.047
2210 1.350 195 0.028
2210 1.350 80 0.027
1.100  0.182 88 0.088
650 1.450  0.579 297 0.026
2.050 1.160 546 0.014
10.00
¢ 21C m 445C 545C 645C
——Power (21 C) ——Power (445C) ——Power (545C) ——Power (645 C)
y = 0.15x"32 y = 0.03x"% y = 0.03x "% y = 0.02x0-%
100/ R?=1.00 R? = 0.97 R?=0.98 R2 = 1.00
0.10 -
Increasing Temperature
0.01 ‘
0.1 1.0 10.0

Strain (%)

Figure 5-14 Slip Band Spacing as a Function of Inelastic Strain at Various Temperatures
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Slip band spacing decreases with increasing inelastic strain, as shown in Figure 5-
14. Below 650° C, this material exhibits three distinctive regions of slip band spacing
morphology as a function of temperature: (1) low temperature slip at 21° C resulting in
very diffuse slip spacing, (2) a transitional slip spacing response occurring at 450° and
550° C and (3) a homogeneous slip response occurring at 650° C. Based upon the strain
exponents the dominant mechanisms appear to be similar between 21° C and 550° C,
while the slip mechanism appears to change between 550° C and 650° C. At
temperatures between ~400° C and ~750° C, all superalloys transition from a primarily
glide dominated dislocation movement to a glide and climb mechanism (see Table 2-5).
Furthermore, Gayda and coworkers [8] determined that 650° C was the upper limit of
“low temperature” behavior for PWA 1480, a similar single crystal superalloy to that
studied here. One can assume then, that dislocation climb becomes more dominant in
PWA 1484 at temperatures between 550° C and 650° C. Therefore, “intermediate”
deformation mechanisms are presumed to set in at temperatures above approximately

600°C in PWA 1484.

5.5 Mathematical Relationships

The relationship between slip band spacing, C, temperature and inelastic strain for the
single crystal superalloy PWA 1484 between 21°C and 550°C is described well by Eq 5-
2. Slip spacing results from the 650° C tests were excluded because the activation energy
is different than at lower temperatures.

The overarching goal of this study is to determine a physics-inspired life

estimation scheme for PWA 1484 experiencing out-of-phase (OP) thermomechanical
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fatigue (TMF). Out-of-phase TMF is dominated by the interaction of high-temperature
compressive damage mechanisms and low(er)-temperature tensile damage mechanisms.
As such, this research includes development of a relationship for slip band spacing which
accounts for low(er) temperature deformation mechanisms, i.e. dislocation glide and
strain level.

Using the relationships between slip spacing and inelastic strain shown in Figure

5-14, an average strain exponent value of n = -1.29 was used in the model. The

activation energy, Q, was determined by fitting the model data, shown in Fig 5-15.
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Figure 5-15 Method for Determining Pre-factor and Activation Energy

The average activation energy for the processes involved in slip, at the temperatures

tested, was Q = 6.056 kJ/mol-K and the pre-factor in EQ 5-2 is B=1.260 x 102 To test

195



the validity of the relationship in Equation 5-2, the estimated slip band spacing as a

function of temperature was plotted against the test results, shown in Figure 5-16.
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Figure 5-16 Slip Band Spacing Model Verification

Equation 5-2 does an excellent job at correlating slip band spacing for temperatures
between 21° C and 550° C, as shown in Fig 5-16, with all correlated values falling within
a factor of 1.5X of the actual test results.

The test results were then used to determine the relationship between slip band
spacing and inelastic shear strain on the slip system having the highest Schmid factor as a

function of temperature.

n Q j
C=B=*xy =~ *exp — 5-5
Vin p( RT )
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Model calibration yielded B = 3.975E-3, n = -1.29 and an activation energy of Q = 6.056
kJ/mol.

Note that the strain exponent determined here is different from those reported in
the literature for polycrystalline materials [22, 26-28, 30, 110]. The vast majority of the
slip spacing relationships found in the literature for polycrystalline materials had a strain
exponent on the order or n = -0.5. The difference between the results found here and the
literature can be explained by looking at two of the studies [28, 29] discussed in Chapter
2. First, Venkataraman et al. [28] determined that the strain exponent value should be n =
-0.5 when the system is in a minimum energy state, for polycrystalline materials. Their
model is based upon grain boundary pinning of edge dislocations. As the material
studied here is single crystal, the minimum energy argument presented by Venkataraman
and coworkers is strictly inapplicable to the current study. As such the strain exponent
value of n = -0.5 should not be expected from this material based upon their argument.
The study conducted by Thompson et al. [29] on polycrystalline copper and brass sheds
light on the relationship between grain size and slip band spacing. They performed slip
spacing studies on copper having grain sizes of 3.4 um, 15 pm and 150 um and brass
having grain sizes of 10 pum, 20 pm and 115 pm. They did not report a relationship
between slip distance and strain. However, their data, plotted in Figure 5-17, clearly

shows that the strain exponent depends upon grain size.
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The results indicate that as the grain size increases, the strain exponent becomes
increasingly negative. Plotting all of Thompson et al.’s results as the absolute value of
the strain exponent versus the inverse grain size provides a relationship to estimate

“effective grain size” from the strain exponent determined for this work.

Absolute Value of Strain Exponent (-)

0.1 ‘ ‘

0.001 0.01 0.1 1
1/Grain Size (1/pm)

Figure 5-18 Relationship between Strain Exponent and Grain Size. Data From [29]

Using the regression fit in Figure 5-18 and a strain exponent of n=-1.29, the
“effective grain size” is 0.595 mm, which is roughly an order of magnitude smaller than
the gage section of the specimens tested for this study (6.35 mm). Interestingly the
“effective grain size” calculated is roughly three times the average dendrite spacing
determined for PWA 1484 (0.178 mm), which is the criteria for crack initiation used in

this work. Though it appears as though there is not a direct correlation between
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Thompson et al.’s grain-dependent data and the work performed here, the trends from the
polycrystalline study are in line with the results of this study. One must be cautioned
against putting too much stock in the discrepancy between the polycrystalline results and
those of this work, as the polycrystalline work comprises a small data set. Furthermore,
the grain size and distributions in the Thompson et al. study were created by
“recrystallization after cold work”. This process would likely affect the materials
dislocation source density as well as dislocation density. As such their results may not be
comparable to results for “virgin” material.

As such the strain exponent of n = -1.29 found for single crystal PWA 1484
appears to be a reasonable value, as a more negative strain exponent is in line with the
grain size study results. Furthermore, the activation energy for slip in single crystal PWA
1484 at temperatures below 550° C (Q = 6.056 kJ/mol) is in line with the results
determined here from the test results of Syam and Milligan [31] for the polycrystalline
superalloy KM4 (Q = 3.000 kJ/mol).

Incorporating the cyclic slip results given in Table 5-3 with the monotonic slip
results yields the following relationship relating slip band spacing, C, inelastic strain £"

and number of cycles N

n Q ) a
C = Be! exp| — [N 5-6
in Xp(RT (5-6)

where B =3.975E-3, n =-1.29, Q = 7.00 kJ/mol and a =-0.0653.
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5.6 Summary

This study has determined a single relationship between slip band spacing,
applied inelastic strain and number of cycles between the temperature range of 21° C and

550° C. The relationship

C=Beg, exp(g}N ¢
RT

where C is the slip band spacing, &, the applied inelastic strain, B, n and a are material
specific constants, Q the apparent activation energy for the dominant process controlling
slip, R the universal gas constant, T is the absolute temperature and N the number of
cycles.  Additionally, the transition between intermediate and high temperature
deformation responses for PWA 1484 was determined to be between 550° and 650° C
based upon slip band characterization. There appears to be a fundamental relationship
between grain size and the strain exponent of equations similar to Eq. 2-5; however as of
yet there is not enough information to determine this relationship. One can conclude,
however, that the absolute value of the strain exponent is proportional to the grain size; or
perhaps another microstructure-specific length which may play a dominant role

dislocation pinning, e.g. dendrite spacing.
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CHAPTER 6. CRACK INITIATION LIFE MODELING

6.1 Introduction

The OP TMF and BiF life modeling exercises performed for this work are
presented. First, the Neu-Sehitoglu model is implemented in a somewhat simplified
“engineering life prediction” form. Second, the results from the y’ depletion and slip
band studies are employed in the derivation of an improved physics-inspired life model
which predicts the number of cycles to crack initiation for PWA 1484 components
experiencing OP TMF and BiF waveforms, as a function of primary crystallographic

orientation and fundamental damage mechanisms and their interactions.

6.2 Neu-Sehitoglu Model

The cumulative damage life model of Neu and Sehitoglu (N-S) [88, 89] was used
to predict OP TMF crack initiation lives of single crystal PWA 1484. This model has
been successfully used to predict TMF lives for the superalloys Mar-M247 and GTD-111

[70, 86]. The N-S cumulative damage model has the general form,

-1
N, = 1‘ + ! + !
N/ N7 N

(6-1)

where the fatigue, creep and environmental modules, modified for directionally solidified

materials [67], are defined respectively as

Niﬁlt = Cin f;'n (w)(Agmech )d"" (6'2)
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N = @2111? ex p{ -B'f c; (;-tens ) }CD CREEP (6-3)

1
N = |:B(I)ENV(KENV LK

: —a/f (6-4)
pelf peff’

h,.6, 7 2(A¢ )(%JH
)

The fatigue damage module is based on a classic strain-life relationship; as such the
mechanical strain range is used to correlate life. The fatigue module includes a
orientation dependent term, (fi,(®)), a pre-factor and exponential. The orientation term
was implemented to account for the direction of grain boundaries (in directionally
solidified alloys) relative to the loading axis, however, it is conceivable that this term
could be calibrated to account for differing slip system activation occurring in single
crystals as a function of loading orientation. The pre-factor and exponential terms are
both fit to lower-temperature low cycle fatigue (LCF) data where environmental and

creep effects are negligible.

The creep module includes a phasing term, ®“***” | which effectively weights the
creep term according to cycle type, since creep damage accumulates more readily under
tensile loads. The phasing term

t

(DCREEP — lj¢CREEPdt (6-5)

c 0

CREEP s defined as

2
. _1
¢CREEP _ exp[_%[(gzh ;‘z;:;g;)) J J (6-6)

is integrated over cycle time where ¢
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The phasing is accounted for by the ratio of thermal to mechanical strain rates, &, /¢

mech >
and £ defines the sensitivity of the phasing to creep damage. In application the

creep phasing term is set to zero for OP TMF (temperature-strain phasing = 180°) since
the tensile half cycle occurs at a temperature below which creep damage would
accumulate; and one for [P TMF (temperature-strain phasing = 0°) as the tensile cycle
occurs at high temperature. The creep module also includes a creep diffusion term which

when integrated over cycle time effectively accounts for the temperature waveform in

TMEF tests,
1 t, _Q
QM = — | D, exp| —=— |dt (6-7)
&= 1p p[RT(t)J

where Dy is the diffusion coefficient, Q the activation energy, R the universal gas
constant and T(t) is the temperature waveform as a function of time. The remainder of

the creep module

' —k
exp( — B fC;;(;-tens ) ] (6-8)

Results from fitting the Larson-Miller creep parameter to creep experiments. B’ and k
are fitting constants, fcr is a material orientation function, Gins the peak tensile stress
from the stabilized hysteresis loop, R the universal gas constant the T the absolute
temperature.

The environmental-fatigue module also includes a phasing term,

i,
q)ENV — tlJ-¢ENth (6'9)
c 0
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where ¢"" is defined as

. . 2
ey =ex{1(—(‘9m / ;ig;;h)“J ] (6-10)

in which (** accounts for the sensitivity of oxidation damage to cyclic phasing. The

phasing term, @™

, effectively accounts for temperature-strain phase differences by
forcing the term to a value of one for an OP TMF cycle where oxides formed in
compression are damaged or spalled by the low temperature tensile half cycle. The
environmental-fatigue interaction occurring in an OP TMF cycle is far more damaging

ENV

than those of the IP cycle which has a @ " set equal to zero. The oxidation and vy’

depletion terms within the environmental-fatigue module, KV and K respectively, are

defined as,
15 -0
K2 =—| D, exp| —2 |dt 6-11
w3 %) o
and
S -0,
K’ =—|D. ex *__ \dt 6-12
peff tc _([ b4 p(R~T(t)J ( )

The terms Do and Q.x are the oxidation diffusion coefficient and activation energies,
while the D, and Q, are the y’ diffusion coefficient and activation energies, respectively.
The environmental-fatigue module also includes terms that account for the material
ductility within the environmentally affected zone, dy, the critical crack length at which
the environmental attack trails behind the advancing crack tip, he, the strain rate
sensitivity, o; and terms accounting for total environmentally induced crack length, B and

B. These equations effectively account for the independent damage mechanisms of
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fatigue, creep and environment-fatigue when used to estimate thermo-mechanical fatigue
(TMF) component life.

The N-S model is used to predict OP TMF lives for the single crystal PWA 1484
test data provided in Table 3-3. The purpose of this life modeling exercise is to utilize
the physics-inspired life model implemented as a simplified “engineering” life estimation
scheme for specimens and components experiencing OP TMF requiring a minimum
number of up-front calibration tests. As such only the <001> oriented TMF tests

presented in Table 3-3 will be used in this section.

6.2.1 Neu-Sehitoglu Model Implementation

Since sufficient LCF data on PWA 1484 didn’t exist the constants in the fatigue
module were fit using PWA 1480 LCF lives [3]. The environmental-fatigue module
constants used are those previously fit to the superalloy MAR-M247 [70]. The creep
module was not used in this analysis as lives for OP TMF tests were being estimated.
The Fatigue and environmental-fatigue constants used in initial model verification are

shown in Table 6-1.

Table 6-1 Fatigue and Environmental Fatigue Module Constants

Term  Value  Units Term Value Units Term Value Units
« 075 - §  LI2E-10  pm*s7 D,  8570.00  pm’*s
B 1.5 - D,  15400.00  pm’*s Q, 163.30  kJ/mol
B 000693 s Q. 17590 kJ/mol C, 1.63E-07 -
¢ 0.44 - h,  461.40 um d,  -5.4306 -

206



6.2.2 Parametric Sensitivity Analysis

In order to determine the sensitivity of the Neu-Sehitoglu life estimation results to
the various input parameters, a study was performed in which each parameter was varied
by a specified amount while holding all other inputs at nominal values. Each input was
varied by a minimum of +/- 20% in 0.5% increments. The input parameters which were
studied as well as their nominal values are shown in Table 6-1. After an initial
assessment of the sensitivities of all parameters utilized in the environmental-fatigue
module, four parameters which had the highest impact on life estimation were identified:
the activation energies (Qox and Q,’) used in the oxidation and y’ depletion terms (KHVY

and K'), and the exponents « and p. The percent change of each of these parameters

versus percent change in total estimated life is shown in Figures 6-1 through 6-4.
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Figure 6.2, for example, indicates that there is a 4:1 relationship between the
overall life prediction results and the Q,» value when starting from the baseline values.
Overall, variation in the strain exponent, B, has the most influence on life prediction,

followed by the exponent a, Y’ activation energy, Q,, and the oxidation activation energy,
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Qox. Since these four parameters have the greatest effect upon life estimation sensitivity
it is clear that they must be determined for each material of interest in order to optimize
model efficacy. Rather than perform lengthy tests to determine the material-specific
values for these four parameters, a variation of parameters analysis was performed in
order to develop the best engineering fit. If successful, a minimal number of tests would
be required to calibrate and implement the N-S cumulative damage model. The variation
of parameters was implemented using an error minimization algorithm in MATLAB.
The algorithm first estimates the OP TMF lives for the tests presented in Table 3-3 using
the N-S model, it then compares the life estimation to the actual life, and finally the
algorithm varies the input parameters before repeating the process. The algorithm
searches for those values that minimize the differences in the predicted and measured
lives. The minimization algorithm was used to determine the values of all four of the
most influential parameters while calibrating the model to the three baseline OP TMF
results provided at the top of Table 3-2. The resulting parameter values are shown in
Table 6-2. Calibration results from the variation of parameters study varying Qy, Qox, @
and P are shown in Fig 6-5. Life estimation results for all of the OP TMF data, using

calibrated constants in Table 6-2, is shown in Fig 6-6.
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Table 6-2 Results of Variation of Parameters Study- Calibration Using Baseline PWA 1484 OP TMF

Data
Parameter Value
Qy 88.4 klJ/mol
Qox 99.8 kJ/mol
o 1.50
B 1.00

Figure 6-7 depicts the mechanical strain range versus experimental cycles to
failure, as well as the N-S environmental-fatigue module life trend (calibrated to PWA

1484) and the N-S fatigue module life trend (calibrated to PWA 1480).
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Figure 6-7 Strain Life Plot for PWA 1484 <001> OP TMF Results

Clearly the calibrated model relies upon the environmental fatigue term to set the
life prediction trend while the fatigue module weights the predictions minimally.
The final life estimation algorithm calibrated to PWA 1484 performs

exceptionally well, with 75% of the estimated lives falling well within a factor of 2X
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from the experimental lives. Comparing the results of the variation of parameters shown
in Table 6-1 to the original parameters in Table 6-2 one notices that the MAR-M247
activation energies for oxidation and y’ depletion are far greater than those determined
from PWA 1484 TMF tests. This difference would result in increased oxidation and vy’
depletion kinetics for the MAR-M247 alloy, relative to PWA 1484. These results aren’t
surprising given that the MAR-M247 alloy used in the original study [90] is
polycrystalline, thereby resulting in increased grain boundary diffusion relative to the
matrix. The variation of parameters also resulted in an increase of the strain and strain
rate exponents  and o, indicating that the fatigue portion of the coupled environmental-
fatigue interaction was likely overestimated using the MAR-M247-determined
parameters, as indicated by the independent life-module estimations shown in Fig 6-7.
The results of the sensitivity of parameters study indicate that the environmental-
fatigue module dominates life estimation when using the Neu-Sehitoglu cumulative
damage model to predict OP TMF lives. Furthermore, it has been shown using a
variation of parameters study, that a minimum number of up-front tests are required to
calibrate the N-S model for use as a first-order-magnitude engineering life estimation
scheme (three baseline tests were used in this study). However, it should be noted that
three tests were utilized to calibrate four unknowns, likely setting up an ill-defined
equation set. It is likely that in this case the initial guesses enabled an efficient
convergence of parameter values, whereas more tests would likely be required to if initial

parameter value guesses are not optimal.

214



6.3 Life Model Development

The OP TMF and BiF test results in Chapter 3, the results from y’ depletion
studies presented in Chapter 4 as well as the results of Section 6.2 will be used as a
backdrop for the derivation of a new/refined life estimation model for PWA 1484.

It was shown in Chapter 3 that the primary difference between the BiF and TMF
test results is the dominance of an environmental damage component. Specifically,

Equation 3-3 (presented again as Eq. 6-13) relates the inelastic strain range from OP

TMF tests, Ae."", to the inelastic strain range from OP BiF tests having identical lives,

Ae’"  using the Arrhenius relation

in

AP = (A P )g eXp(Rﬁ?F ] (6-13)

where Q is an apparent activation energy for high temperature material degradation, R the

universal gas constant (8.314 J/K-mol) and Te_ff is the effective temperature in the BiF

tests (1002° C). The exponent and activation energy in EQ 6-13 were determined as
g2=3.664 and Q = 160.0 kJ/mol, respectively in Chapter 3. Though it is understood that
high-temperature material degradation occurs in the TMF tests, EQ 6-13 implies that the
BiF tests experience enhanced degradation. The activation energy for y’ depletion of
PWA 1484 under stress-free isothermal high temperature exposure (Chapter 4) is Q,» =
162.9 kJ/mol. Based upon these results and the results of Section 6.2, one concludes that
v’ depletion plays a pivotal role in the deformation mechanisms operating in specimens
experiencing out-of-phase TMF and BiF.

Development of an enhanced life model utilizes the following rationale: Suppose

that there exists a region of compromised base material near the edge of a single crystal
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experiencing uniaxial fatigue. The compromised material may result from an oxide
spike, a y’ depleted zone, or a preferentially damaged interdendritic region. If slip bands,
caused by fatigue, impinge on this region, a crack of critical size (Xyi) will initiate. Prior
to the crack reaching critical length, the kinetics of the “pre-crack” is determined by that
of the damage process (i.e. y’ depletion, oxidation, etc.) and depicted as “X”. This
situation is shown schematically in Figure 6-8(a) and was found experimentally, as
shown in Figure 6-8(b).

Slip
Bands

Applied Fatigue Load

£
Oxidized / Y Free
Defect Surtface
(a)

«— —
Applied
«— _» Fatigue
Load
«— —>

(b)

Figure 6-8 (a) Schematic of Slip Bands Impinging Upon an Oxide Spike, and (b) Optical Image of
Experimentally Observed Slip Bands Impinging on Oxide Spike- Specimen Surface of Agyecn = 0.9%
OP TMF
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Based upon the above arguments, a life estimation equation is proposed for PWA
1484 experiencing OP TMF and BiF. This equation was initially proposed in a slightly
different form by Antolovich et al. [96] for fatigue-environmental interactions in

polycrystalline René 80. The life estimation relationship

N, = AAe,™ exp( Q ]t‘” (6-14)
of

incorporates the interactions between inelastic strain range, Asgi,, and environmentally
assisted material degradation kinetics to determine the number of cycles to crack
initiation, N;. The equation also incorporates a strain exponent (m), a prefactor (A), an
activation energy (Q), the universal gas constant (R), an effective temperature (Tes), the
time for which the material is exposed to high temperature (t), and the oxidation rate
exponent (n) set to n=1/2 for parabolic oxidation kinetics.

The physical basis for the proposed model (Eq 6-14) is as follows. One can
quantify the effects that the slip bands’ interaction has upon the degraded base material
via the hypothesis that a critical crack length X, exists when a minimum number of slip
bands intersect the defect to nucleate a crack which can propagate under the imposed
conditions. The critical crack length is then governed by

X . =N.C (6-15)

crit

where N; is the number of slip bands intersecting the degraded base material and C is the
average slip band spacing. Slip band spacing (C) is related to inelastic strain range (Agi,)

by [27]
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C = AAg;” (6-16)

where A and s are material parameters. The oxide kinetics, related to the critical crack

length, are governed by the classical parabolic growth law [100]

X =| D, exp —0 t (6-17)
R-T,

where X is the depth of high temperature material degradation per cycle, Dy is the

oxidation diffusion coefficient, Q’ is the effective activation energy, Tesr the effective
temperature (Eq 3-2) and n is the oxidation rate exponent. The high temperature half
cycle of a TMF test is related to the cycle frequency, v, and hold time, t;, (if any) by

t_v-th+1/2
14

(6-18)

Combining Equations 6-16, 6-17 and 6-18 Equation 6-15 yields:

Ni:M L exp 0 Y (6-19)
Dy  Ag, R-T, |v-t,+1/2

Equation 6-19, first presented in a somewhat modified form by McDowell et al. in 1991

[18], provides a life estimation scheme that accounts for fatigue and environmental
interactions. To include material orientation effects, the Agj, is then replaced by AymSl,
which is the resolved shear strain on the slip system having the highest Schmid factor, as

determined by

%:gGoD (6-20)
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for 1-D loading, where § is the unit normal in the direction of slip on the slip plane of

interest and [ is the unit normal in the loading direction. Evolution of y’ particles is
accounted for by including classical microstructural coarsening kinetics described by [73,
74]

Ar=r —r, =k(T)'" (6-21)

t

where 1; is the particle diameter at time t, ro the initial particle diameter, k(T) is the
temperature dependant coarsening rate coefficient and t is time. Second phase particle
coarsening is proportional to the spacing between particles (Eq. 2-10). Since the y’ phase
acts to pin dislocations, a larger distance between obstructions enables egress of
dislocations from the material without necessitating a climb or cross slip mechanism to
bypass the obstacles. Therefore one presumes that as the microstructure coarsens the
effective slip band spacing effectively increases. Solving Eq. 6-21 for r;, normalizing by
1o and multiplying by the slip band spacing yields, the following relationship for slip band

spacing,
1/3
C=Alay))? (—r‘) TR J 6-22)

in
o

Replacing the slip band relation in Eq. 6-19 by that provided in Eq. 6-22 yields

g ] ! 73
Ni:NS;I( lv/J exp] 2 v {1’0+kt } (6-23)
Dy \ Ay, R-T, v-t,+1/2 T

This form of the physics-inspired model was used in [111] with some success.

Results provided in Chapter 4, indicate that the stress-enhanced oxidation kinetics of

specimens experiencing OP TMF are correlated by a stress-dependent rate law (Eq. 4-7).
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When incorporating frequency and hold time (Eq. 6-18) as well as surface roughness (Eq.

4-2) the v’ depletion kinetics becomes
-Q _ +8B|r, - o
X, = doxp| ~ Lo Plrmal | v (R_j 629
RT,, vt +1/2) \ 8

where A is a material and temperature dependent diffusion coefficient, Qux is the

effective activation energy and n is the time exponent determined from the non-stressed
v’ depletion experiments, B is a constant which has units m3/mol, Tmin 18 the minimum
shear stress of the stabilized cycle, R the universal gas constant, Te the cycle effective
temperature, v is the cycle frequency in hours, t, is a high temperature hold time (if any)
in hours, d and h are exponents determined from 7y’ depletion surface roughness
experiments, and R, is the specimen surface roughness arithmetic average) in
nanometers.

Furthermore, the slip band studies presented in Chapter 5 yield the following

relationship for slip band spacing, C:

eff

o} 0 "
C =blAy! =L N (6-25)
( ym ) exp(RT

where C is the slip band spacing per (whole) cycle, b and m are fit to experimental
results, Ay: is the inelastic shear strain on the slip system having the highest Schmid
factor, Qg is the effective activation energy for slip occurring below ~600°C, R and T
have their usual meanings, N is the number of cycles and k is a fitting exponent
accounting for the decrease in slip spacing as a function of cycles. When incorporating

Equations 6-24 and 6-25 into Eq. 6-15, the life model becomes
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P

(6-26)

- +Q,_—Blr,, - K
N, =K (A%-il) exp Qu + Qe = Bl i (&j
RT,, v-t,+1/2 8
where K and p are lumped parameters. Equation 6-26 was correlated to all of the <001>
orientation results from Table 3-3 using known values for all parameters except K and p,
which were allowed to vary to provide the best fit. The model parameter values are

shown in Table 6-3 and the correlated equation results are shown in Figure 6-9.

Table 6-3 Parameter Values From Correlation of Eq 6-26 to all <001> PWA 1484 OP TMF and BiF

Results
K 6.36E-04 (-)
m 1.29 (-)
Qg 6056 J/mol
Qox 162863 J/mol
B 161 m’/mol
n f(temp) (-)
d 0.17 (-)
Ra 197 nm
h 0.2 (-)
p 0.31 )
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Figure 6-9 Correlation of Eq 6.26 to all <001> PWA 1484 OP TMF and BiF Results

The model does a fair job of correlating the test data, with 80% of the correlations
within a factor of two. However the low correlation coefficient is concerning. The

correlated results are delineated by effective cycle type in Figure 6-10.
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Figure 6-10 Correlation of Eq 6.26 to all <001> PWA 1484 OP TMF and BiF Results- Delineated by
Cycle Effective Temperature

Given that the model incorporates multiple independent parameters (Ay;’

andz_. ) a simple strain-life plot would not accurately depict the efficacy of this models

correlation, as plotting the results in this way would not produce a single trend.
However, Figure 6-11 depicts the inelastic shear strain range versus experimental cycles

to failure, as well as the environmental-fatigue life prediction trend from Eq 6-26

calibrated using the values in Table 6-3.
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Figure 6-10 clearly indicates that the model does not perform well at collapsing
the data on an effective temperature basis. A model intended to capture the effects of
different temperature-strain cycle types should collapse this data to a single trend. In
order to determine which model parameter is causing the delineation in Tes correlation
trends, the experimental cycles to initiation was plotted versus the slip band spacing

component of Equation 6-26

C= (A;/;f )fm exp(&] (6-27)

RT,,

and shown in Figure 6-12.
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Figure 6-12 Experimental Lives versus Normalized Strain Component Life (Eq. 6-27)

Figure 6-12 clearly indicates that the slip band spacing portion of the life
estimation model is not accounting for each cycles coupled strain-temperature effects.
Utilizing the three baseline TMF tests (T=1226°C), three baseline BiF tests
(Ter=1275°C) and the three BiF tests having 5 minute hold times (Te=1305°C) from
Table 3-3, the following relationship for slip band spacing correlated the experimental

data (by expanding upon Eq. 6-27)

g \-m . - B
C — K(A]/;nl ) exp[ Qsl + an O-max JNk (6-28)

RT,,

where Q. is the activation energy determined for non-stressed v’ depletion studies, Gpmax
is the maximum tensile stress in the stabilized cycle (occurring at 550°C) and B is the

volume over which the stress acts (identical to that found for the stressed oxidation
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kinetics). Furthermore, incorporating the y’ particle coarsening as a damage parameter,
as suggested in [112], the following equation would replace the prefactor “K”

K=1 —Dy, where Dy, = —:—0 (6-29)
t

where D, 1s the damage parameter, 1y the initial y’ radius and r the y’ radius as a function
of time. Utilizing the functional form of the experimentally determined coarsening
equation for Nimonic alloys discussed in Chapter 2 (Eq. 2-13) [72], Equation 6-29
becomes

¥
K= 0 (6-30)
1y + Aexp(uT,, '’

The magnitude of 1y is negligible with respect to the exponential term, therefore ry in the
denominator of Eq. 6-30 may be disregarded. In which case Eq 6-30 becomes

o

K= 173
Aexp(uT,; )t

(6-31)

Correlation of the expanded strain component (Eq. 6-28) and prefactor (Eq. 6-31) of the

life equation (Eq. 6-26),

sl M _
7o (A]/in ) exp Qsl + Qox Bamax (6_32)
Aexp(uTeﬁ.)t”3 RT,,

against crack initiation life for the nine baseline tests, while allowing the terms A and u to

vary, yields the relationship shown in Figure 6-13.
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Figure 6-13 Experimental Lives versus Normalized Strain Component Life (Eq. 6-32)
Clearly the correlated strain component of the life equation (Eq 6-32) does a far better job
of collapsing the data on a T basis than does Eq 6-27. The form of Equation 6-32 is
very similar to that of classical plasticity rate equations, Eq 5-1. The fact that the slip
band spacing equation matches that of classical plasticity rate equations is not surprising
given that they account for the same physical processes, namely dislocation movement.
The inclusion of y’ coarsening as a damage parameter effectively accounts for the effect
that microstructural evolution has upon TMF life.

The resulting life estimation equation is then

N — ArD (Ayl:f )7m eXp QS/ + 2Qox - B(O-max + |Tmin ) |4 R (&jh
" | exp(uT, ) RT, vet, +1/2 8

(6-33)

P
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where the unkown values are A, u and P. Correlating Equation 6-33 to the nine baseline
test results yields the parameter values in Table 6-4 and the results for the baseline tests

are shown in Figure 6-14.

Table 6-4 Parameter Values From Correlation of Eq 6.33 to all <001> PWA 1484 OP TMF and BiF
Results. Value of r, from [7]

A 1.00E+15 (-)
o 300 nm
u 0.04 1/K
m 1.29 )
Qq 6056 J/mol
Q.. 162863 J/mol
B 161 m’/mol
n f(temp) (-)
d 0.17 ()
Ra 197 nm
h 0.2 ()
D 0.27 )
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Figure 6-14 Correlation of Equation 6-33 to all <001> PWA 1484 OP TMF and BiF Baseline Results-

Correlated Cycles to Inititation

Delineated by Cycle Effective Temperature
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The newly correlated model was used estimate the remaining effective

temperatures tested (865°C and 1027°C) and is shown in Figure 6-15.
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R%=0.98
[
S
o
£ 1000 |
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°
>
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1] .7
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10 100 1000 10000

Correlated Cycles to Inititation

Figure 6-15 Prediction of <001> PWA 1484 at all Effective Temperatures Tested

The effective temperatures shown in Fig 6-15 result from the following test
conditions (also detailed in Table 3-2):
o T=865°C: OP BiF with Tpix=550°C and Tpnax=900°C
o T.s=953°C: OP TMF with Tyin=550°C and Tpax=1050°C
o T=1002°C: OP BiF with Ty,in=550°C and Tax=1050°C
o T.=1027°C: OP TMF with T,;;=550°C and T,,x=1050°C with 5 minute high
temperature hold

o T.=1032°C: OP BiF with T,;,=550°C and Ty,x=1050°C with 5 minute high

temperature hold
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The model clearly does an excellent job of correlating data from tests having
different waveforms (BiF and TMF), maximum temperatures and high temperature hold
times. The correlated model was then used to estimate lives for all <001> oriented test

results in Table 3-3 and is shown in Fig 6-16.
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Figure 6-16 Life Prediction Using Equation 6-33 to all <001> PWA 1484 OP TMF and BiF Results-
Delineated by Cycle Effective Temperature

Eq 6-33 does an excellent job of predicting <001> oriented OP TMF and BiF
lives, including tests having different maximum temperature and hold times, with a
correlation coefficient above 0.91. Furthermore the model predicts 94% of the
experimental results within a factor of 2X. The single data point falling outside of the 2X
bands is from an OP TMF test who’s first 30 cycles were mistakenly conducted at Agmech

= 0.5% and remaining cycles had Agpech = 1.3%. The life estimation for this TMF test,
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determined using data from the normalized hysteresis loop of the half cycle (occurring in
the Aemech = 1.3% portion of the cycle), indicates that the model does not account for
varying-load history effects.

The model was then used to predict the <111> and <123> oriented specimen

lives. Results for OP TMF baseline tests for all three axis are shown in Fig 6-17.
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Figure 6-17 Life Prediction Using Equation 6-33 to Baseline <001>, <111> and <123> Oriented PWA
1484 OP TMF Results

As indicated by Figure 6-17 the model does an excellent job of predicting the
lives of <111> and <123> oriented specimens. Having proven the capacity to account for
differing number of slip systems activated, the life model should be a good starting point
for fatigue crack initiation at notches. One requirement for utilizing Eq. 6-33 to predict

notch-life is a crystal plasticity model which can determine the inelastic strain,
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orientation with respect to <001>, maximum stress and minimum shear stress of the
stabilized cycle for the area of interest in the component.

Figure 6-18 depicts the inelastic shear strain range versus experimental cycles to
failure, as well as the environmental-fatigue life prediction trend, from Eq 6-33,

calibrated using the values in Table 6-4 for all experiments in Table 3-3.
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Figure 6-18 A }/l?;l versus Cycles to Crack Initiation- Predicted Values from Eq 6-33

The data in Figure 6-18 was then delineated by material primary orientation, cycle

type and effective temperature, as shown in Fig 6-19.
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Figure 6-19 A )/fnl versus Cycles to Crack Initiation- Predicted Values from Eq 6-33 Delineated by

Specimen Orientation, Cycle Type and Effective Temperature

6.4 Discussion

A single relationship that predicts the number of cycles to crack initiation for
components experiencing BiF and TMF waveforms has been identified and modified to
account for microstructural evolution and damage mechanism coupling. The original
relationship is based upon independently occurring fundamental dominant damage
relationships and their interactions, i.e. non-stressed y’ depletion and relatively low
temperature slip spacing studies. It was shown that when combining the relationships
determined for these independent mechanisms in a physics-inspired model, the
interactions between these dominant damage drivers was not sufficiently accounted for.

Specifically the y” depletion kinetics as well as the relative amount of damage contributed
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to by the strain were determined to be dependent upon applied stress (of some form).
There are several key aspects of the model which should be discussed.

The model includes three variables that require fitting to experimental data. They
are: the prefactor, A; the exponent, p; and the y’ coarsening parameter, u. Fitting of the
prefactor, A, to experimental data is straight forward, however the remaining variables
should be discussed. According to the fundamental slip spacing studies (Section 5.5), the
exponent, p, should have the value p = (1+.0653)" = 0.939. However the value p = 0.27
fit the life data. This may be explained by the fact that the slip band spacing studies as a
function of cycles were carried out at room temperature and then only conducted to 76
cycles. Further work on slip band spacing as a function of temperatures and cycles needs
to be conducted to resolve this issue. Though the value determined for the coarsening
kinetics parameter, u = 0.04, is similar to that found for Nimonic alloys (u = 0.012), the
parameter should be determined from y’ coarsening studies performed on PWA 1484, as
was done for the Nimonic alloy [72]. However, lack of data required the fitting of the
exponent in the final stages of the life estimation correlation.

Finally the implications of the crystallographic orientation results should be
quantified. A simplified life estimation model for OP TMF and BiF that accounts for
crystal orientation coupled with a crystal plasticity constitutive model will greatly
enhance life predictive capabilities for turbine components; resulting in far fewer up-front
specimen and component tests. If implemented into the standard practice of a turbine
manufacturer, this relationship will reduce upfront modeling and testing costs as well as

the time required for new designs to be implemented.
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CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS FOR

FUTURE WORK

7.1 Conclusions

The goal of this research was to create a life-estimation model for PWA 1484
turbine components experiencing OP thermomechanical fatigue interactions. In doing so
fundamental studies were undertaken to determine slip band spacing as a function of
applied strain and temperature, as well as determination of oxidation kinetics as a
function of surface roughness and temperature. The proposed life estimation model does
an excellent job of predicting OP TMF and BiF life for various test conditions. The
primary novel contributions of this work with regard to PWA 1484 are as follows:

e Utilizing both the bithermal fatigue (BiF) and thermomechanical fatigue (TMF)
tests enables the isolation and subsequent determination of dominant damage
mechanisms.

e A relationship was proposed between BiF and TMF inelastic strain ranges (for
tests having identical lives) using an Arrhenius component. This relationship
accounts for relative amounts of environmental degradation and allows the use of
a single test type.

e PWA 1484 is a Group II oxide former with dominant oxides consisting of any
combination of spinel, NiO and/or a-Al,0O;.

0 Oxidation of PWA 1484 follows a sub-parabolic relationship.
0 The type of oxide produced is temperature and exposure time dependent.
0 Oxides produced at temperature above 950°C spall extensively.

e A single kinetics relationship for the oxidation of PWA 1484 between 850° and
1050°C was proposed and correlates the isothermal non-stressed data well.

e A relationship was proposed which accounts for the stress-assisted y’ depletion
kinetics of PWA 1484 experiencing OP waveforms. The proposed relationship

correlates experimental data well.
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Average slip band spacing can be related to inelastic strain and temperature using
an Arrhenius form. The proposed relationship correlates the experimental data
very well.

Average slip band spacing occurring during OP TMF and BiF experiments is not
only strain but also stress dependent.

Crack initiation of OP TMF and BiF specimens occurring as a result of slip band-
oxidation interactions can be predicted using a model which accounts for stress-
assisted oxidation kinetics, temperature-dependent slip spacing kinetics and vy’
coarsening.

The proposed modification of a classic life-estimation model does an excellent
job of capturing cycle type, hold time, effective temperature and orientation

effects.

This research also resulted in several less novel conclusions, as listed below.

Out-of-phase TMF and BiF specimens can experience a range of dominant
damage mechanisms, from fatigue and environmental-fatigue-dominated to
inclusion of a viscoplastic damage element, as indicated by Figure 3-41.
Out-of-phase BiF specimens experience far more environmental damage than do
the OP TMF specimens.

Slip band-oxide spike (fatigue-environment) interactions produce crack initiation
sites in PWA 1484 experiencing OP TMF and BiF.

Specimens having <001> orientation have the longest OP TMF lives while <111>
have the shortest.

Utilizing the inelastic shear strain range, on the slip system having highest
Schmid factor, in strain-life curves collapses life data best for <001>, <111> and
<123> orientations.

Oxidation kinetics has been shown to be surface roughness dependent, with
higher roughness values yielding faster kinetics.

Stress-enhanced oxidation occurs at a considerably faster rate (two to three times)

than non-stressed oxidation.
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Average slip band spacing is dependent upon the number of cycles experienced
by the specimen.

The strain exponent in the slip band spacing relationship of single crystal
superalloys is considerable more negative than that found for polycrystalline
materials.

The primary parameters controlling OP TMF life in the Neu-Sehitoglu (N-S)
model are the oxidation and 7y’ depletion activation energies and the strain
exponents in the environmental-fatigue module.

The N-S model was found to be quite robust and relatively easily modifiable into
an engineering life estimation form, requiring only three baseline TMF tests to

calibrate the model for TMF data.

7.2 Recommendation for Future Work

Though a considerable amount of experimentation and analysis was performed for

this work, inevitably more work can be performed. Specific suggestions for future work

are provided which, when coupled with the analysis provided here, may shed more light

on the underlying deformation physics resulting from OP TMF testing.

A complete test matrix for <011> oriented specimens, as well as continued testing
of <111> and <123> specimens are required to confirm the life estimation models
ability to account for crystallographic orientation. Tests should include both OP
BiF and TMF waveforms, as well as high temperature hold times.

Continued testing of <001> oriented specimens to account for cycle minimum
temperature effects would be beneficial. Previous work indicates that the cycle
minimum temperature may severely effects TMF cycle life [113, 114]. Several
OP TMF and BiF tests performed at a range of minimum temperatures would
provide insight to PWA 1484’s dependence upon this cycle parameter, if any.
TMF and BiF testing which incorporate fatigue cycling within a high temperature

hold time would yield a more realistic aero turbine cycle. Analysis of these
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results with respect to the studies performed here may lead to a cycle counting
method for aero turbine mission cycles.

Thermogravimetric oxidation tests of PWA 1484 between 750° and 1050°C in
50°C increments would enable the determination of both the lower and higher
temperature activation energy for oxidation. These tests would also allow for
confirmation of the hypothesis that the oxidation and y’ depletion activation
energies are the same. Furthermore, continued microscopy of oxidized specimens
may result in calibration of ThermoCalc and DICTRA models to predict oxidation
and vy’ depletion [115]. Finally, incorporation of the effects of vy’ depletion into a
crystal plasticity model, as in [52], would be of great benefit to predicting
material deformation response.

Systematic studies of stress-assisted 7y’ depletion and oxidation should be
performed to confirm the relationship proposed in Chapter 4 (Eq. 4-7).

The calibration of the proposed life estimation equation indicates that slip band
spacing is more dependent on continued cycling than was determined in the initial
slip band spacing tests. Therefore cyclic slip band spacing tests at 450°, 550° and
650°C, continued to 3000 cycles, are required to confirm this finding.

Studies to determine the kinetics of y’ coarsening in PWA 1484 is required to
calibrate the microstructural evolution damage parameter used in the life
estimation relationship. Furthermore, the results of these studies could be
incorporated into a crystal viscoplasticity model accounting for y’ depletion
similar to those of [116].

A temperature dependent crystal viscoplasticity model needs to be developed for
PWA 1484. A model of this type is required to provide the stabilized hysteresis
loops needed to determine the model parameters for the life estimation model
proposed (Eq. 6-33). Furthermore, calibration of a CVP would potentially allow
the implementation of the proposed life estimation routine to life prediction of
notches. Notch specimen tests would then need to be performed to validate the

potential notched life prediction capabilities of the proposed life prediction model.
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A.1 Specimen Drawings
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A.2 Material Tracking Documents

GATech MPRL
MRDC 2340
771 Ferst Dr, Atlanta Ga, 30332-0405
404-385-7135

MATERIAL RECEIVER

Project Reference: =~ Thermomechanical Fatigue Crack Formation in Single-Crystal
Ni-base Alloy

Date:

Received by: Robert Amaro
Email:
Phone:

Received From:

Reference documents:
Drawing No:

Reference Quote:

Items received:

Iltem| Qty| Material | Specimen No:| Inspection Report | Orientation| Cert|Traveler| Packing List
PWA 1484
PWA 1484
PWA 1484
PWA 1484
PWA 1484
PWA 1484
PWA 1484
PWA 1484
PWA 1484
PWA 1484
PWA 1484

213|o]o|~|o|a|s]|w[r]=
—mlemd @@ @A @A QA QA -

Specific documents received with materials/items:
1.
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Job Reference:

Contact:

Drawing No:

GATech MPRL
MRDC 2340

771 Ferst Dr, Atlanta Ga, 30332-0405

404-385-7135

MATERIAL SHIPPER (page 1 of 2)

Superalloys
Robert Amaro
Email:

Phone:

TMF Ktl-1 Rev 0

Reference Quote: -

Thermomechanical Fatigue Crack Formation in Ni-base

Ship to: -
Iltem | Qty | Material |Specimen No:| Dim's (as shipped) | Packed|Traveler| dwg| instructions
1 1 |PWA 1484 -
2 1 |PWA 1484 -
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GATech MPRL
MRDC 2340
771 Ferst Dr, Atlanta Ga, 30332-0405
404-385-7135

MATERIAL SHIPPER (page 2 of 2)

Job Reference: Thermomechanical Fatigue Crack Formation in Ni-base
Superalloys

Contact: Robert Amaro
Email:
Phone:

Drawing No: TMF Kt1-1 Rev 0

Reference Quote: -

Ship to: -

Instructions:

Please find enclosed 2 PWA 1484 material specimens. Please machine all specimens per
drawing number TMF Kt1-1 and ASTM E606-04 €', particularly Appendix X3
(enclosed). Please make 2 specimens from all bars. There should be a total of 4
specimens machined from the 2 bars provided. Please transfer/etch the specimen ID
number to both ends of the finished part as indicated in the supplied dwg. Please ensure
that the material travelers stay with the material specimens at all times and return all
documents with the finished pieces. Additionally please enclose a certificate of
conformance and a specimen inspection report detailing each of the specimens in the
final return shipment. Finally, please send back any scrap that me be left after
machining.

If you have any questions please contact me at

Thank you
Robert L. Amaro
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GATech MPRL
MRDC 2340
771 Ferst Dr, Atlanta Ga, 30332-0405
404-385-7135

MATERIAL TRAVELER
Job Reference: Thermomechanical Fatigue Crack Formation in Single-Crystal
Ni-base
Contact: Robert Amaro
Email:
Phone:
Drawing No: TMF Kt1-1 RO
Reference Quote: -
QTY Material: Specimen No: Ref. Drawing:
1 PWA 1484 - TMF Kt1-1 RO

Dim's: (as shipped)| Primary Orientation |[deviation (deg)

Notes:
Machine 2 specimens from this bar
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A.3 Laue Results

e Material having <123> orientation- email from Venkat Seetharaman (Pratt &
Whitney) July 26 2010

Rick,

I do not have the 5/8" diameter bars with <123> orientation.

Instead, I have been able to get a couple of 1.0" diameter bars. [ am
arranging to send them separately by Fedex to your attention. I
understand that GT TMF specimens are 0.5" in diameter and 4.0" long. I

hope you can machine two specimens from each 1.0" dia x 8.75" long bar.

The orientation information for the bars is as follows:

BAR ID deviation deviation deviation Approximate Miller
From <001> from <011> from <I111> Indices of the orientation
(degrees) (degrees) (degrees)

21141 40.7 19.5 18.7 749

21142 38.1 14.6 24.6 729

Please let me know if you have any questions
Thanks!

Venkat
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e Material having <111> orientation- received the following with shipment of
material from P&W 4-12-09

Alpha
Part # 111
23816 6.2 2 8.5
23822 4.5 7.8 9.0
23824 5.8 10.3 11.8
23825 B 9.8 11.5
23828 3 3 4.2
23851 7 4 8.1
23856 1.2 1.5 1.9
23857 1.2 1.5 1.9
23858 6.5 0.7 6.5
23863 4.1 6.1 7.3
23864 4.1 4.2 59
23865 78 2.2 8.1
23866 7 3.5 7.8

Figure A-1 PWA 1484 Laue Results for <111> Oriented Bars
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e Material having <001> orientation- material existing at GaTech from previous

project (specimen -03)

HERL KRD QWIKLAUE AHALYSIS STERECQGFAPHIC COMVENTIOM

w/a 545130-0

AED HUMBER:

DEVIATIOH OF SPEC. LALE

Figure A-2 PWA 1484 Laue Results for <001> Oriented Bars-1
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e Material having <001> orientation- received the following with shipment of
material from P&W 12-2-09

RPCL CASTING DELIVERY TICKET

CDT 030-08-02
DATE Wi.0. SERIAL MUMBER SAPE
10/31/2008 various N ]
SPECIFICATION [HEAT MO, JUIHE FILE N,
PWA1484 Varous 030-08
TOTAL QTY PART NUMBER DESCRIPTION
58" bars
27 EXF2347
QUALITY SUPERVISOR EXT RECUESTOR EXT. CASTING EMNGINEER EXT.
R. Ristau 5-4051 V. Seetharaman K. Chittenden 5-8064
Cast via following work order #s: Mold # Alloy & Heatt ary Fart Type
2184 PWAT4BAP1115) a
2154 PWA1I1-54[P1119] 4
2248 PWATSB4HP1118) 15
Todal 27
REMARKS: Solution-2390F/30min, Secondary-1975/ahrs, Precipitation-1600F/32hrs
BarlD# a<001> " BarID # <001> BarlD#  <0015™,
215402« 51w s 224002 27 ~ 224919 72
215406~ T2 224903~ 35~ + 224910 7 [
215408.~ 4.9+ - 224904 1.4 - 2249086 136 |
- 215411 8.3 . 224011 10.0
- 218401 5.3 224912+ 49" |
218408~ 10.4 - 224913 g
218411+ 1.7 v - 224014 10.4 ,
s —218412 14.0 |- 224920 13.2 G+ Low
218414 6.9 v l224921v 4.8« Eans
218415 B.B |+ 224922 6.4
218417 126 \y 224023 13.4 y
218418 287 324924 8.0 _—

Figure A-3 PWA 1484 Laue Results for <001> Oriented Bars-2
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A.4 Test Matrices

Table A-1 Matrix of OP TMF and BiF Tests

Waveform| Nominal | A€mech Tmin Tmax High Temp
Orientation (-) (deg C) | (deg C) | hold time (s)
Thermomechanical Fatigue
OP TMF <001> 0.013 550 1050 0
OP TMF <001> 0.009 550 1050 0
OP TMF <001> 0.005 550 1050 0
OP TMF <001> 0.013 550 1050 300
Bithermal Thermomechanical Fatigue
OP BiF <001> 0.013 550 1050 0
OP BiF <001> 0.01216 550 1050 0
OP BiF <001> 0.0106 550 1050 0
OP BiF <001> 0.009 550 1050 0
OP BiF <001> 0.007 550 1050 0
Effect of Tex
OP BiF <001> 0.013 550 1050 300
OP BiF <001> 0.009 550 1050 300
OP BiF <001> 0.007 550 1050 300
OP BiF <001> 0.009 550 900 0
Off-Orientation
OP TMF <111> 0.013 550 1050 0
OP TMF <111> 0.009 550 1050 0
OP TMF <111> 0.005 550 1050 0
OP TMF <123> 0.009 550 1050 0
OP TMF <123> 0.007 550 1050 0
OP TMF <123> 0.005 550 1050 0
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A.5 TMEF/BIF Start-up-procedure

BEFORE ENTERING HIBAY

[ ] Choose appropriate specimen (L/T)
[ ] Record diameter of specimen and other appropriate information on sheet

AFTER ENTERING HIBAY

[] Turn hydraulic pumps; first to low, then to high.
[] Place MARC MPRL indicator on board and test running sign
[ ] While in specimen insertion mode, turn on test frame by turning HPS and HSM
controls to low, then high
[ ] Warm up machine
[ ] Turn on water to induction heater, coil and grips
[ ] Follow procedure for specimen preparation:
[ ] Clean specimen with acetone and ethanol
[ ] Dimple specimen
[ ] Measure and mark place the grips should be placed
[ ] Spot weld thermocouples to specimen
[] Plug in one thermocouple into temperature controller
[ ] Plug other thermocouple(s) into temperature indicators
[] Install specimen into lower grip and tighten bottom grips
[ ] Put in displacement mode and then auto zero (offset) load
[ ] Turn on force interlock
[ ] Change mode to specimen insertion mode and tighten top grips
[] Center coil around specimen
[ ] Zero out (make zero) load by changing the mode to force control (make less than
25 Ibs but more than 10 lbs)
[] Turn on displacement interlock
[ ] Remove strain offset
[ ] After calibrating extensometer, install extensometer on specimen
[ ] Auto zero strain
[] Record name of configuration file in TestStar
[] Set and record displacement and force interlock values
[_] Turn on isolation amplifier
[] Send temperature set point to zero
[ ] Turn on induction heater
[ ] Heat specimen to desired temperature (Tean) under zero force
[] Set control thermocouple
[ ] Allow specimen temperature to stabilize
[ ] Record thermal strain at Tynean
[ ] Zero strain
[ ] Enter minimum temperature
[ ] Run thermal cycling code
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[ ] Allow thermal strain response to stabilize (if necessary, tune induction heater and
record parameters)

[ ] Stop code and turn off induction heater

[ ] Calculate thermal strain polynomial in Excel and record coefficients on sheet

[] Turn off machine and input new thermal strain polynomial

[ ] Put machine in specimen insertion mode and turn it on

[] Send temperature set point back to zero

[ ] Turn on induction heater

[ ] Send temperature back to Tpean

[ ] Modify main TMF script for current test

[ ] Rock and Roll
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A.6 TMF/BIiF Test Data Sheet

Life modeling of a Ni-base superalloy under TMF

GRA: RLA
Material: PWA 1484
Administrative: Test Details:
Name Test Number
Date Force/Strain Control

Time Started

Specimen info:

Specimen ID:

Measured Dia. (in)

Grip Placement

Interlocks:

Displacement

Load

Strain

Data Acquisition:

1-11 cycles

>11 cycles

Final Count:

Total Hrs.

Total Tens

Total Segments

Ne

Failure Point

253

Predicted Life

P tuning

Preliminary Segments

IP / OP
Config File:

Name

Ag/Ac

Load (1bs)/€cen (%)

Cycle Time

Emerm before zeroed
(%)

Data File

Eerm COefficients:

a

b

Notes:




A.7 Test Control Algorithms

OP TMF CODE

Initialize
Temperature

y

Stabilize
Temperature

A 4

Thermal Cycling:
4 Cycles, Force
Control @ 0 Force

y

Timed Data
Collection

Thermal Cycling:
4 Cycles,

Control @ 0 Strain

Mechanical Strain |

y

Timed Data
Collection

Stabilize
Temperature

A 4

1* Quarter
Cycle: goto max
temp and
compressive load

A 4

]
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Timed Data
Collection




—

Continuous
Cycling Timed Data
Collection

A 4
Peak-Valley Data
END

Figure A-4 Control Algorithm- OP TMF
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e Screen Shots from the TestWare-SX software

B Testware-5X Edit Template
Eile Steps Processes Oplion: Help
_'_l'amplda; test 34 TMF OF 550_1050 0_7 percent stram range

Step Processes
Inutealize Temp Contomous Cyclng
Stabalime Temp (1) Diata Acgusition
Zaro Load TF (0-.23) peakfivalley data
Zaro Load TF(23-4.75) Step Done

Zero Load TF(4.75-5)
Stramn Control TF (0- 25)
Stram Contral TF(25-1.75)
Straiv Contrel TF(1.75-2)
Stabilize Temp (2)

Initial TMF Cyele (0-.25)

TMF Cyeles 1-11
Test Done

Start

Step Start
Step Start
Step Stat

+++ ASIGHED+++

=] g3

End

Figure A-5 Control Algorithm for OP TMF- Highlight of Initial Ramp

Cyclic Command Parameters
Fegment Shape

Compersation
Rate Type
Tima

Fepeats

Tamperahue

= =]
[T =]
[4s |( 5ec) =l
[ [eawers B
Urnaoial
Control Mode | Miech_Strain_se =]
End level 1 I 0.0035
End lewal 2 | 0.0035 == |
Phase Lag |I:| f( dee) =]
Cancel Hslp

Figure A-6 OP TMF “Initial TMF Cycle (0-.25)”- Go To T,,,x and &,
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E TestwWare-5% Edit Template [ _ | O] |
Filz Stepz Processe: COption: Help
_'_]'amphia: test 34 TMF OP 55(_3_] 0350 0_7 percent stram range

Step Processes Start End
Imitialize Temp Contumaons Cyeling Step Hanrt
Stabalizme Tewmp (1) Diata Acguisition Step Start
Zaro Load TF (0-.25) peakivalley dats Step Staxt
Zaro Load TF (.25-4.75) TH Sleut-off Step Start
Zero Load TF (4.75-3) Step Done +++ ASSIGHED+++

Stram Control TF (0-.25)
Stram Contrel TF(.25-1.75)
Strain Control TF(1,75-2)
Stabilize Temp (2]

Imitial TMF Cyels (0-.25)
TMF Cyeles 1-11

Test Done

Figure A-7 Control Algorithm for OP TMF- Highlight of Continuous Cycling

Cyclic Command Parameters

Sagiunt Sge NS -

Compansation IN‘““‘- j
Rade Trpe [Tisne =]
Tir = - -
ot [ 10000000 [eyeles |
Uraial
Tamparature Control Mode |Mt:h Strain_sg :J
End level 1 [o003s
Erd livel 2 [-0.0035 [ H
ot |':I |(deﬂ _ﬂ

ot | o

Figure A-8 OP TMF “Continuous Cycling”
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OP BiF CODE

Initialize
Temperature

A 4

Stabilize
Temperature

h 4

Thermal Cycling:
4 Cycles, Force
Control @ 0 Force

A

Timed Data

Collection

Thermal Cycling:
4 Cycles,

Control @ 0 Strain

Mechanical Strain |

A 4

Timed Data
Collection

Stabilize
Temperature

h 4

]
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—

Continuous
Cycling

A 4

Timed Data
Collection

A 4

Go To Max
Temp at 0
Force

Peak-Valley Data

h 4

Compressive
Half Cycle in
Mechanical
Strain Control

YES

YES

Go To Min
Temp at 0
Force

Tensile Half
Cycle in
Mechanical
Strain Control

Figure A-9 Control Algorithm- OP BiF
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ET&stw.are-Sx Edit Template Hi=1E3
Eie Steps Piocesses Dpiiors Help

Tamplate: TMF 10 bithermal OP 550_1050 1_3 strain range. o |
Step Processes Start End

Irutealize teynp hugh ternp load Step Start movo foree
Stabalize Temp zevo force Step Start temp change
zero load TF Lutial temp temp change zero force

Zaro Load TF lowr temp losd temp change zaro force 2
zero load TF final ramp mevo force 2 terp change temp change 2
stram control TF matial temp | temp change 2 borer ternp load

strain control TF Cyele Data Step Stavt

strain control TF final ramp | PeakMWalley Data Step Start

stabahze temp (2) Step Done ++ 4 RESIGHED +++

wutial temp

Loop: Cyeles 1-11

Hold & CC {eyeles 1-11)
End: Cycles 1-11
Test Done

Figure A-10 Control Algorithm for OP BiF

ET&stWare-ﬁx Edit Template Hi=1E3
Efe: Stops Processes Optors Helb

Template: THF 10 bithermal O 550_1050 1 _3 strain range. - |
Step Processes Start End

Inutralize ternp hugh temp load Step Start zero force
Stabilize Temp zevo force Step Start temp change
zare load TF iutial temp temp changes o force
Zaro Load TF lowr temip losd temp change zaro force 2
zero load TF final ramp zero force 2 temp change terp change 2
stram control TF initisl temp  |temp change 2 b terup load
strain control TF Cyele Data Step Start
strain control TF final vamp | PeakMWalley Dats Step Start
stabalize temp (20 Step Done +++ A SSIGHED+++
wutial temp
Loop: Cyeles 1-11

Hald & CC (e
End: Cyclas 1-11
Test Done

Figure A-11 OP BiF “high temp load”- Compressive Half Cycle
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Data Limit Detector Parameters I

Lirt Vahe I 0] |( bf _"_]
Limit Vahe is l Ahenhite LI
Detector Options | Greater than Limit Vahe |
— Trigger Option
% Trizzer Omce ) Trigzer Comtimously
[0 - Cancel Help

Figure A-12 OP BiF “zero force”- End Compressive Half Cycle

Cyclic Command Parameters I
S Shae ey = —m S =

Compenzation |Ncrm ﬂ
Fate Type I Tinsa _ﬂ
= l';":I ||f Sez) _:J
i B |( seguments ) |
Wrdazeial
Tampearahure Control Mode |Fcl:lz=_1; j
End level 1 | 0
End level 2 E Ji B1) =]
Phase Lag | 0 I Cdeg) ﬂ

= s

Figure A-13 OP BiF “temp change”- Transition to T,,;, at 0 Force
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Cyclic Command Parameters

St I N T
Compersation IN-:-m j
H
E
E|

Rate Type Irm
Tiama [s7 [ 523
Rapeats | 1 F::n‘.'hri
Urnaxial
Control Mods |l'!t|:]1._3|:rm_1.5 :J
Tamparature
End lavel 1 | 00085
End level 2 | -0.001 Imm j
Phase Lag | 0 fi deg) =]

= o

Figure A-14 OP BiF Control Loop “high temp load”- Tensile Half Cycle

D ata Limit Detector Parameters

Limit Vhie I 50} [(me) =]
Limit Vahie is lﬂbsn]ute :l
Detector Options ILess than Limit ¥ahe :J
— Trgger Option
¥ Trizzer Once ™ Trigzer Contimously
O Cancel Help

Figure A-15 OP BiF “zero force 2”- End Tensile Half Cycle
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Cyclic Command Parameters

Zegment Shape

Compersation
Rate Type
Tima

Repeats

Tamparahue

o n) =

= =]
from <]
l'?ﬂ |[ San ) _:J
ll |[ segrwits ) ﬂ

Wrgazial

Control Moda |Foce_se

End level 1 ||:|

End level 2 |u

¢ aee) =~

Halp

Figure A-16 OP BiF “temp change 2”- Transition to T,,, at 0 Force
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A.8 Oxide EDS Results

e Polished and Etched Cross-Section: See Fig 4-10 through 4-11
“Blue Oxide”

110

Figure A-17 Polished and Etched Cross-Section- 1050C, 300hr, “Blue Oxide”, 2500X
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Polished and Etched Cross-Section: See Fig 4-10 through 4-11

“Blue Oxide”- Chemical Analysis

10004
Al
C
a
s
n
t
=]
Ni .
M1
Co Cu
0 b
-‘0 .00 eV 10,800
Polished and etched cross-section, 1050C, 300hr, blue oxide, eds-1
Accelerating Voltage: 15 KeV Take Off Angle: 39.6197°
Live Time: 30 seconds Dead Time: 13.547

Figure A-18 Polished and Etched Cross-Section- 1050C, 300hr, “Blue Oxide “- Chemical Analysis
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Quantitative Analysis

Thu Sep 16 14:17:58 2010

Polished and etched cross-section, 1050C, 300hr, blue oxide, eds-1
Refit _S -K* _S —K"

Refit _CI-K" _Co-K" _Ni-K"
Filter Fit Method

Chi-sqd = 1.27 Livetime = 30.0 Sec.
Standardless Analysis
Element Relative Error Net Error
k-ratio (1-Sigma) Counts (1-Sigma)
c K 0.02907 +/- 0.00187 389 +/- 25
Si-K 0.11362 +/- 0.00284 4963 +/- 124
0 -K 0.12828 +/- 0.00312 2100 +/- 51
Al-K 0.17946 +/- 0.00277 8371 +/- 129
S -K 0.00233 +/- 0.00111 87 +/- 41
CI-K 0.03843 +/- 0.00160 1178 +/- 49
Cr-K 0.08801 +/- 0.00686 1078 +/- 84
Co-K 0.07855 +/- 0.00746 537 +/- 51
Ni-K 0.34224 +/- 0.01318 1845 +/- 71
Ni-L -—= -—= 1193 +/- 58
Adjustment Factors K L M
Z-Balance: 0.00000 0.00000 0.00000
Shell: 1.00000 1.00000 1.00000

PROZA Correction Acc.Volt.= 15 kV Take-off Angle=39.62 deg Tilt = 30 deg
Number of lterations = 6

Element Kk-ratio ZAF Atom % Element Wt % Err. No. of
(calc.) Wt % (1-Sigma) Cations
65

C -K 0.0188 5.368 21.82 10.11 +/- 0. 17.047
Si-K 0.0736 1.505 10.23 11.08 +/- 0.28 7.989
0 -K 0.0831 2.281 30.72 18.96 +/- 0.46 -—=

Al-K 0.1163 1.570 17.54 18.26 +/- 0.28 13.700
S -K 0.0015 1.282 0.16 0.19 +/- 0.09 0.122
CI-K 0.0249 1.250 2.28 3.11 +/- 0.13 1.778
Cr-K 0.0570 1.122 3.19 6.40 +/- 0.50 2.493
Co-K 0.0509 1.201 2.69 6.11 +/- 0.58 2.101
Ni-K 0.2218 1.161 11.37 25.76 +/- 0.99 8.884
Total 100.00 100.00 54.114

The number of cation results are based upon 24 Oxygen atoms
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e Polished and Etched Cross-Section: See Fig 4-10 through 4-11

“Blue Oxide”- Oxide Analysis

1000
Al
C
o
L
n
t
=]
N1 .
Mi
Co Cu
0
-‘O .00 kel 10.800
Polished and etched cross-section, 1050C, 300hr, blue oxide, eds-1b
Oxides analysis
Accelerating Voltage: 15 KeV Take Off Angle: 39.6197°
Live Time: 30 seconds Dead Time: 13.547

Figure A-19 Polished and Etched Cross-Section- 1050C, 300hr, “Blue Oxide “- Oxide Analysis
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Quantitative Analysis

Thu Sep 16 14:21:28 2010

Polished and etched cross-section, 1050C, 300hr, blue oxide, eds-1b (oxide analysis)

Filter Fit Method

Chi-sqd = 40.65 Livetime = 30.0 Sec.

Standardless Analysis
Element Relative Error
k-ratio (1-Sigma)
Si-K 0.14040 +/- 0.00351
Al-K 0.22177 +/- 0.00342
S -K 0.01422 +/- 0.00255
Cr-K 0.10877 +/- 0.00848
Co-K 0.09599 +/- 0.01609
Ni-K 0.41884 +/- 0.02500
Ni-L -—- -—-

Bence-Albee Analysis Acc.Volt.

No. of Iterations 3

Oxide k-ratio Beta
Formula (calc) Factor
Si02 0.1652 1.3362
Al203 0.2458 1.3145
S03 0.0185 1.1830
Cr203 0.0806 1.0334
Co0 0.0609 1.0924
NiO 0.2637 1.0789

Total

Net

Counts

4962
8370

425
1078

531
1826
1470

Error
(1-Sigma)

+/- 124
+/- 129
+/- 76
+/- 84
+/- 89
+/- 109
+/- 57

= 15 kv Take-off Angle= 39.62 deg

Oxide
Wt %
22.07
32.31
2.19
8.33
6.65
28.45
100.00

No. of
Cations
Si- 3.672
Al- 6.335
S - 0.273
Cr- 1.095
Co- 0.887
Ni- 3.806

16.067

The number of cation results are based upon 24

Oxygen atoms
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e Polished and Etched Cross-Section: See Fig 4-10 through 4-11

“Brown Oxide”

Figure A-20 Polished and Etched Cross-Section- 1050C, 300hr, “Brown Oxide”, 2500X
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e Polished and Etched Cross-Section: See Fig 4-10 through 4-11

“Brown Oxide”- Grey Phase Chemical Analysis

600 al

mct3IE 00

o0
Mi
Cr Co Mi
0. 000 kel 10.240

MNi =5

Polished and etched cross-section, 1050C, 300hr, brown oxide-grey phase, eds-1a

Accelerating Voltage: 15 KeV Take Off Angle: 39.6197°
Live Time: 10 seconds Dead Time: 4.867

Figure A-21 Polished and Etched Cross-Section- 1050C, 300hr, “Brown Oxide*“ Grey Phase-
Chemical Analysis
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Quantitative Analysis
Thu Sep 16 14:45:04 2010
Polished and etched cross-section, 1050C, 300hr, brown oxide-grey phase, eds-la

Refit _Si-K* _Si-K" _Cr-K* _Cr-K" _Co-K®" _Co-K"
Filter Fit Method

Chi-sqd = 1.02 Livetime = 10.0 Sec.
Standardless Analysis
Element Relative Error Net Error
k-ratio (1-Sigma) Counts (1-Sigma)
Si-K 0.00433 +/- 0.00132 82 +/- 25
Al-K 0.28145 +/- 0.00401 5688 +/- 81
Cr-K 0.01717 +/- 0.00415 92 +/- 22
Co-K 0.08441 +/- 0.01081 250 +/- 32
Ni-K 0.47170 +/- 0.03042 1102 +/- 71
Ni-L -—- - 594 +/- 37
0 -K 0.14094 +/- 0.00437 1000 +/- 31
Adjustment Factors K L M
Z-Balance: 0.00000 0.00000 0.00000
Shell: 1.00000 1.00000 1.00000

PROZA Correction Acc.Volt.= 15 kV Take-off Angle=39.62 deg Tilt = 30 deg
Number of Iterations = 5

Element Kk-ratio ZAF Atom % Element Wt % Err. No. of
(calc.) wt % (1-Sigma) Cations

Si-K 0.0031 1.704 0.59 0.54 +/- 0.16 0.388
Al-K 0.2042 1.652 38.47 33.72 +/- 0.48 25.432
Cr-K 0.0125 1.069 0.79 1.33 +/- 0.32 0.521
Co-K 0.0612 1.161 3.71 7.11 +/- 0.91 2.455
Ni-K 0.3422 1.123 20.14  38.42 +/- 2.48 13.317
0 -K 0.1022 1.846 36.30 18.87 +/- 0.59 -—=

Total 100.00 100.00 42.114

The number of cation results are based upon 24 Oxygen atoms
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e Polished and Etched Cross-Section: See Fig 4-10 through 4-11

“Brown Oxide”- Grey Phase Oxide Analysis

500 al
C
o
u
n
t
=]
0
Hi Si Mi
Co :
0 - il Er b NLI
-‘0 .00 kel 10.240

Polished and etched cross-section, 1050C, 300hr, brown oxide-grey phase, eds-1b

Oxides
Accelerating Voltage: 15 KeV Take Off Angle: 39.6197°
Live Time: 10 seconds Dead Time: 4.867

Figure A-22 Polished and Etched Cross-Section- 1050C, 300hr, “Brown Oxide* Grey Phase- Oxide
Analysis
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Quantitative Analysis
Thu Sep 16 14:47:36 2010
Polished and etched cross-section, 1050C, 300hr, brown oxide-grey phase, eds-1 (oxides)

Refit _Si-K* _Si-K" _Cr-K* _Cr-K" _Co-K®" _Co-K"
Filter Fit Method

Chi-sqd = 17.87 Livetime = 10.0 Sec.

Standardless Analysis

Element Relative Error Net Error

k-ratio (1-Sigma) Counts (1-Sigma)

Si-K 0.00504 +/- 0.00154 82 +/- 25
Al-K 0.32762 +/- 0.00467 5687 +/- 81
Cr-K 0.01998 +/- 0.00483 92 +/- 22
Co-K 0.09826 +/- 0.01258 250 +/- 32
Ni-K 0.54909 +/- 0.03541 1102 +/- 71
Ni-L -—- -—- 716 +/- 36

Bence-Albee Analysis Acc.Volt.= 15 kV Take-off Angle= 39.62 deg

No. of Iterations 4

Oxide k-ratio Beta Oxide No. of
Formula (calc) Factor wt % Cations
Si02 0.0062 1.4742 0.92 Si- 0.167
Al203 0.3806 1.3625 51.85 Al-11.105
Cr203 0.0155 1.0165 1.58 Cr- 0.227
Co0 0.0653 1.0742 7.01 Co- 1.022
NiO 0.3623 1.0666 38.64 Ni- 5.648

Total 100.00 18.168

The number of cation results are based upon 24 Oxygen atoms
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e Polished and Etched Cross-Section: See Fig 4-10 through 4-11

“Brown Oxide”- White Phase Chemical Analysis

300 a1

mct3IE 00

0. 000 kel 10.240

Polished and etched cross-section, 1050C, 300hr, brown oxide-white, eds-1a

Accelerating Voltage: 15 KeV Take Off Angle: 39.6197°
Live Time: 10 seconds Dead Time: 5.632

Figure A-23 Polished and Etched Cross-Section- 1050C, 300hr, “Brown Oxide*“ White Phase-
Chemical Analysis
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Quantitative Analysis

Thu Sep 16 14:56:21

Polished and etched cross-section,

2010

1050C, 300hr, brown oxide-white, eds-la

Refit _Si-K* _Si-K" _Co-K" _Co-K" _CI-K" _CI-K"

W -M* W -M" _Ta-L" _Ta-L"

Refit _Al-K" _Cr-K" _Ni-K" _C -K*
Filter Fit Method
Chi-sqd = 1.06 Livetime = 10.0 Sec.
Standardless Analysis
Element Relative Error Net Error
k-ratio (1-Sigma) Counts (1-Sigma)
Si-K 0.09345 +/- 0.00289 1975 +/- 61
Al-K 0.09092 +/- 0.00208 2053 +/- 47
Cr-K 0.09779 +/- 0.00608 580 +/- 36
Co-K 0.07044 +/- 0.00998 234 +/- 33
Ni-K 0.28041 +/- 0.01726 731 +/- 45
Ni-L - - 511 +/- 38
C -K 0.02502 +/- 0.00216 163 +/- 14
0 -K 0.09890 +/- 0.00379 784 +/- 30
CI-K 0.01591 +/- 0.00189 237 +/- 28
W -M 0.04860 +/- 0.00660 524 +/- 71
Ta-L 0.17855 +/- 0.03586 240 +/- 48
Adjustment Factors K L M
Z-Balance: 0.00000 0.00000 0.00000
Shell: 1.00000 1.00000 1.00000

PROZA Correction Acc.Volt.= 15 kV Take-off

Number of Iterations

Element Kk-ratio
(calc.)
Si-K 0.0648 1
Al-K 0.0631 1
Cr-K 0.0679 1
Co-K 0.0489 1
Ni-K 0.1946 1
C -K 0.0174 4
0 -K 0.0686 2
CI-K 0.0110 1
W -M 0.0337 1
Ta-L 0.1239 1
Total

=5

ZAF

.363
474
.069
-080
.061
.344
.373
.282
.548
471

Atom %

10.
11.

100.

Angle=39.62 deg

Element Wt % Err. No. of
(1-Sigma) Cations

20.
7.
16.
1.
5.
18.
100.

+/-
+/-
+/-
+/-
+/-
+/-
+/-
+/-
+/-
+/-

The number of cation results are based upon 24

WOOOORrOOOOo

.27 7.424
.21 8.127
.45 3.290
.75 2.113
.27 8.291
.65 14.808
62 -—
.17 0.941
.71 0.670
.66 2.375
48.039

Oxygen atoms

Tilt = 30 deg
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e Polished and Etched Cross-Section: See Fig 4-10 through 4-11

“Brown Oxide”- White Phase Oxide Analysis

300

w300

0

-‘O .000 el 10.240

Polished and etched cross-section, 1050C, 300hr, brown oxide-white phase, eds-1b

oxides

Accelerating Voltage: 15 KeV Take Off Angle: 39.6197°
Live Time: 10 seconds Dead Time: 5.632

Figure A-24 Polished and Etched Cross-Section- 1050C, 300hr, “Brown Oxide*“ White Phase- Oxide
Analysis
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Quantitative Analysis

Thu Sep 16 15:00:15 2010

Polished and etched cross-section, 1050C, 300hr, brown oxide-white, eds-1b (oxides)
Refit _Co-K* _Co-K" _Ta-L" _Ta-L" W -L* W -L"

Refit Cr-K" _Ni-K" _Ni-L"
Filter Fit Method

Chi-sqd = 11.78 Livetime = 10.0 Sec.

Standardless Analysis

Element Relative Error Net Error

k-ratio (1-Sigma) Counts (1-Sigma)

Si-K 0.13243 +/- 0.00440 2737 +/- 91
Al-K 0.10094 +/- 0.00340 2227 +/- 75
Cr-K 0.10003 +/- 0.00622 580 +/- 36
Co-K 0.07205 +/- 0.01021 234 +/- 33
Ni-K 0.29036 +/- 0.01766 741 +/- 45
Ni-L - - 622 +/- 37
Ta-L 0.19181 +/- 0.03745 252 +/- 49
W -L 0.11237 +/- 0.03893 128 +/- 44

Bence-Albee Analysis Acc.Volt.= 15 kV Take-off Angle= 39.62 deg

No. of lterations 3

Oxide k-ratio Beta Oxide No. of
Formula (calc) Factor Wt % Cations
Si02 0.1785 1.1780 21.03 Si- 4.175
Al203 0.1282 1.2021 15.41 Al- 3.605
Cr203 0.0849 0.9555 8.11 Cr- 1.274
Co0 0.0523 0.9780 5.12 Co- 0.815
NiO 0.2094 0.9686 20.28 Ni- 3.239
Ta205 0.1422 1.3098 18.63 Ta- 1.006
W03 0.0879 1.2992 11.42 W - 0.588

Total 100.00 14.701

The number of cation results are based upon 24 Oxygen atoms
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e Polished and Etched Cross-Section: See Fig 4-10 through 4-11

“Brown Oxide”- Internal Spike Chemical Analysis

4000 4 a1
C
o
u
n
t
=1
0 Mi
0000 kel 10.240
Polished and etched cross-section, 1050C, 300hr, internal spikes, eds-1
Accelerating Voltage: 15 KeV Take Off Angle: 39.6197°
Live Time: 20 seconds Dead Time: 15.61

Figure A-25 Polished and Etched Cross-Section- 1050C, 300hr, “Brown Oxide“ Internal Spikes-
Chemical Analysis
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Quantitative Analysis
Thu Sep 16 15:10:53 2010
Polished and etched cross-section, 1050C, 300hr, internal spikes, eds-1

Refit _Ni-K* _Ni-K"
Filter Fit Method

Chi-sqd = 1.45 Livetime = 20.0 Sec.

Standardless Analysis

Element Relative Error Net Error

k-ratio (1-Sigma) Counts (1-Sigma)

Al-K 0.96401 +/- 0.00591 37337 +/- 229
Ni-K 0.03599 +/- 0.00648 162 +/- 29

Adjustment Factors K L M
Z-Balance: 0.00000 0.00000 0.00000
Shell: 1.00000 1.00000 1.00000

PROZA Correction Acc.Volt.= 15 kV Take-off Angle=39.62 deg Tilt = 30 deg
Number of Iterations = 4

Element Kk-ratio ZAF Atom % Element Wt % Err.

(calc.) wt % (1-Sigma)

Al-K 0.9049 1.062 98.15 96.07 +/- 0.59

Ni-K 0.0338 1.164 1.85 3.93 +/- 0.71
Total 100.00 100.00
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e Surface Oxidation 850°C- 300 hours

10 L

Figure A-26 Oxidized Surface: PWA 1484, 850°C, 300 hours, 2500X
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Surface Oxidation 850°C- 300 hours

Chemical Analysis
12004

C

o

u

n

t

=]

-‘O . 000 eV 10.240
PWA 1484, 850C, 300hr, oxides, eds-1a

Accelerating Voltage: 15 KeV Take Off Angle: 39.6197°
Live Time: 90 seconds Dead Time: 45.061

Figure A-27 Oxidized Surface: PWA 1484, 850°C, 300 hours, 2500X- Chemical Analysis
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Quantitative Analysis
Thu Sep 16 15:41:11 2010

PWA 1484, 850C, 300hr, oxides, eds-la

Refit _Cr-L* Cr-L" _Ta-L* _Ta-L" O -K* _0O -K"

Refit _Ni-L* _Al-K* _Cr-K" _Co-K*

Filter Fit Method

Chi-sqd = 2.55 Livetime = 90.0 Sec.

Standardless Analysis

Element Relative Error Net Error

k-ratio (1-Sigma) Counts (1-Sigm

Cr-L -—- -—- 871 +/- 176
Ni-L - - 7823 +/- 120
Al-K 0.00707 +/- 0.00036 2132 +/- 107
Si-K 0.00916 +/- 0.00046 2584 +/- 129
Cr-K 0.21081 +/- 0.00209 16660 +/- 165
Co-K 0.12084 +/- 0.00494 5335 +/- 218
Ni-K 0.58559 +/- 0.00879 20376 +/- 306
Ta-L 0.02535 +/- 0.00851 454 +/- 152
C -K 0.00283 +/- 0.00035 245 +/- 30
0 -K 0.03834 +/- 0.00099 4052 +/- 105

Adjustment Factors K L
Z-Balance: 0.00000 0.00000 0
Shell: 1.00000 1.00000 1

PROZA Correction Acc.Volt.= 15 kV Take-off Angle
Number of lterations = 4

Element Kk-ratio ZAF Atom % Element Wt % Er
(calc.) wt % (1-Sigm

Al-K 0.0065 1.926 2.24 1.26 +/- 0.
Si-K 0.0084 1.527 2.21 1.29 +/- 0.
Cr-K 0.1944  0.989 17.77 19.21 +/- 0
Co-K 0.1114 1.078 9.80 12.01 +/- 0
Ni-K 0.5399 1.041 46.02 56.18 +/- 0.
Ta-L 0.0234 1.439 0.89 3.36 +/- 1
C -K 0.0026  3.639 3.81 0.95 +/- 0
0 -K 0.0353 1.624 17.26 5.74 +/- 0
Total 100.00 100.00

The number of cation results are based upon 24

a)

M
.00000
-00000

=39.62 deg

r. No. of
a) Cations

06 3.115
06 3.071
.19 24.718
.49 13.629
84 64.011
.13 1.244
.12 5.297
.15 -—
115.085

Oxygen atoms

Tilt = 30 deg
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Surface Oxidation 850°C- 300 hours

Oxide Analysis
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Accelerating Voltage: 15 KeV Take Off Angle: 39.6197°
Live Time: 90 seconds Dead Time: 45.061

Figure A-28 Oxidized Surface: PWA 1484, 850°C, 300 hours, 2500X- Oxide Analysis
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Quantitative Analysis

Thu Sep 16 15:38:55 2010

PWA 1484, 850C, 300hr, oxides, eds-1 (oxides)
Refit _Ta-L" _Ta-L"

Refit _Al-K* _Cr-K" _Co-K"
Filter Fit Method

Chi-sqd = 10.17 Livetime = 90.0 Sec.

Standardless Analysis

Element Relative Error Net Error

k-ratio (1-Sigma) Counts (1-Sigma)

Cr-L -—= -—= 6778 +/- 129
Ni-L - - 7345 +/- 121
Al-K 0.00738 +/- 0.00037 2133 +/- 107
Si-K 0.00955 +/- 0.00048 2584 +/- 129
Cr-K 0.21987 +/- 0.00218 16660 +/- 165
Co-K 0.12603 +/- 0.00515 5335 +/- 218
Ni-K 0.61073 +/- 0.00917 20376 +/- 306
Ta-L 0.02644 +/- 0.00887 454 +/- 152

Bence-Albee Analysis Acc.Volt.= 15 kV Take-off Angle= 39.62 deg

No. of lterations 2

Oxide k-ratio Beta Oxide No. of
Formula (calc) Factor Wt % Cations
Al203 0.0122 1.6207 1.97 Al- 0.599
Si02 0.0167 1.3518 2.26 Si- 0.582
Cr203 0.2425 0.9332 22.63 Cr- 4.608
Co0 0.1189 1.0065 11.97 Co- 2.471
NiO 0.5724 1.0087 57.74 Ni-11.956
Ta205 0.0255 1.3414 3.42 Ta- 0.239

Total 100.00 20.456

The number of cation results are based upon 24 Oxygen atoms
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e Surface Oxidation 950°C- 150 hours

2400 um

Figure A-29 Oxidized Surface: PWA 1484, 950°C, 150 hours, 100X

285



10

Figure A-30 Oxidized Surface: PWA 1484, 950°C, 150 hours, 2500X
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e Surface Oxidation 950°C- 150 hours
Dendrites- Chemical Analysis
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Accelerating Voltage: 15 KeV Take Off Angle: 39.6197°
Live Time: 90 seconds Dead Time: 48.025

Figure A-31 Oxidized Surface: PWA 1484, 950°C, 150 hours- Dendrite Chemical Analysis
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Quantitative Analysis

Thu Sep 16 16:24:12 2010

PWA 1484, 950C, 150hr, dendrites, eds-1la
Refit _Co-L* _Co-L" _Cr-K* _Cr-K"

Refit _Co-K*
Filter Fit Method

Chi-sqd = 1.58 Livetime = 90.0 Sec.
Standardless Analysis
Element Relative Error Net Error
k-ratio (1-Sigma) Counts (1-Sigma)
0 -K 0.03563 +/- 0.00065 4520 +/- 83
Co-L - - 243 +/- 139
Ni-L - - 11200 +/- 140
Co-K 0.10184 +/- 0.00443 5397 +/- 235
Ni-K 0.85347 +/- 0.00912 35646 +/- 381
C -K 0.00212 +/- 0.00030 220 +/- 31
Cr-K 0.00694 +/- 0.00089 658 +/- 84
Adjustment Factors K L M
Z-Balance: 0.00000 0.00000 0.00000
Shell: 1.00000 1.00000 1.00000

PROZA Correction Acc.Volt.= 15 kV Take-off Angle=39.62 deg Tilt = 30 deg
Number of Iterations = 4

Element Kk-ratio ZAF Atom % Element Wt % Err. No. of
(calc.) Wt % (1-Sigma) Cations

0 -K 0.0334 1.659 17.24 5.53 +/- 0.10 -—=

Co-K 0.0953 1.075 8.67 10.25 +/- 0.45 12.065
Ni-K 0.7990 1.037 70.33 82.84 +/- 0.89 97.894
C -K 0.0020  3.852 3.17 0.76 +/- 0.11 4.418
Cr-K 0.0065 0.944 0.59 0.61 +/- 0.08 0.818
Total 100.00 100.00 115.195

The number of cation results are based upon 24 Oxygen atoms
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e Surface Oxidation 950°C- 150 hours
Dendrites- Oxide Analysis
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Figure A-32 Oxidized Surface: PWA 1484, 950°C, 150 hours- Dendrite Oxide Analysis
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Quantitative Analysis

Thu Sep 16 16:25:20 2010

PWA 1484, 950C, 150hr, dendrites, eds-1b (oxides)
Refit Co-L" _Co-L" _Cr-K* _Cr-K"

Refit _Co-K*
Filter Fit Method

Chi-sqd = 79.25 Livetime = 90.0 Sec.

Standardless Analysis

Element Relative Error Net Error

k-ratio (1-Sigma) Counts (1-Sigma)

Co-L -—= -—- 222 +/- 134
Ni-L - - 11963 +/- 138
Co-K 0.10584 +/- 0.00461 5397 +/- 235
Ni-K 0.88695 +/- 0.00948 35646 +/- 381
Cr-K 0.00721 +/- 0.00092 658 +/- 84

Bence-Albee Analysis Acc.Volt.= 15 kV Take-off Angle= 39.62 deg

No. of Iterations 2

Oxide k-ratio Beta Oxide No. of
Formula (calc) Factor wt % Cations
Co0 0.1068 0.9804 10.47 Co- 2.498
NiO 0.8892 0.9981 88.75 Ni-21.229
Cr203 0.0085 0.9109 0.77 Cr- 0.182

Total 100.00 23.909

The number of cation results are based upon 24 Oxygen atoms
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e Surface Oxidation 950°C- 150 hours
Interdendritic Region- Chemical Analysis
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Accelerating Voltage: 15 KeV Take Off Angle: 39.6197°
Live Time: 90 seconds Dead Time: 50.182

Figure A-33 Oxidized Surface: PWA 1484, 950°C, 150 hours- Inter-Dendrite Chemical Analysis
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Quantitative Analysis

Thu Sep 16 16:29:18 2010

PWA 1484, 950C, 150hr, interdendritic region, eds-la

Refit Co-L" _Co-L"™ 0 -K* 0 -K" _Si-K" _Si-K" _Cr-L" _Cr-L"

Refit _Co-K* _Cr-K"
Filter Fit Method

Chi-sqd = 1.96 Livetime = 90.0 Sec.
Standardless Analysis
Element Relative Error Net Error
k-ratio (1-Sigma) Counts (1-Sigma)
Co-L - - 660 +/- 161
Ni-L - - 12635 +/- 151
Co-K 0.10157 +/- 0.00456 5123 +/- 230
Ni-K 0.82017 +/- 0.00918 32597 +/- 365
Cr-K 0.02775 +/- 0.00107 2505 +/- 97
C -K 0.00318 +/- 0.00032 314 +/- 32
0 -K 0.03442 +/- 0.00106 4154 +/- 128
Al-K 0.01174 +/- 0.00033 4040 +/- 115
Si-K 0.00118 +/- 0.00023 379 +/- 73
Cr-L - - 1851 +/- 222
Adjustment Factors K L M
Z-Balance: 0.00000 0.00000 0.00000
Shell: 1.00000 1.00000 1.00000

PROZA Correction Acc.Volt.= 15 kV Take-off Angle=39.62 deg
Number of lterations = 4

Element Kk-ratio ZAF Atom % Element Wt % Err. No. of
(calc.) wt % (1-Sigma) Cations

Co-K 0.0934 1.080 8.26 10.09 +/- 0.45 12.360
Ni-K 0.7544 1.042 64.54 78.59 +/- 0.88 96.621
Cr-K 0.0255 0.956 2.26 2.44 +/- 0.09 3.386
C -K 0.0029  3.930 4.62 1.15 +/- 0.12 6.909
0 -K 0.0317 1.680 16.03 5.32 +/- 0.16 -—=

Al-K 0.0108 2.068 3.99 2.23 +/- 0.06 5.975
Si-K 0.0011 1.620 0.30 0.18 +/- 0.03 0.450
Total 100.00 100.00 125.702

Tilt = 30 deg
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e Surface Oxidation 950°C- 150 hours
Interdendritic Region- Oxide Analysis
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Accelerating Voltage: 15 KeV Take Off Angle: 39.6197°
Live Time: 90 seconds Dead Time: 50.182

Figure A-34 Oxidized Surface: PWA 1484, 950°C, 150 hours- Inter-Dendrite Oxide Analysis
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Quantitative Analysis

Thu Sep 16 16:31:00 2010

PWA 1484, 950C, 150hr, interdendritic, eds-1b (oxides)

Refit _Co-L* _Co-L" _Si-K* _Si-K"
Refit _Co-K* _Cr-K"
Filter Fit Method

Chi-sqd = 10.75 Livetime = 90.0 Sec.

Standardless Analysis

Element Relative Error Net Error

k-ratio (1-Sigma) Counts (1-Sigma)

Co-L - - 1947 +/- 163
Ni-L - - 12049 +/- 150
Co-K 0.10554 +/- 0.00474 5123 +/- 230
Ni-K 0.85220 +/- 0.00954 32597 +/- 365
Cr-K 0.02884 +/- 0.00112 2505 +/- 97
Al-K 0.01221 +/- 0.00035 4042 +/- 115
Si-K 0.00122 +/- 0.00024 380 +/- 73
Cr-L - - 8564 +/- 150

Bence-Albee Analysis Acc.Volt.= 15 kV Take-off A
No. of lterations 2

Oxide k-ratio Beta Oxide No.
Formula (calc) Factor Wt % Catio
Co0 0.1028 0.9902 10.18 Co- 2.
NiO 0.8247 1.0047 82.85 Ni-18.
Cr203 0.0328 0.9208 3.02 Cr- 0.
Al203 0.0208 1.7434 3.63 Al- 1.
Si02 0.0022 1.4355 0.32 Si- 0.

Total 100.00 22.

The number of cation results are based upon 24

ngle= 39.62 deg

of
ns
294
720
672
200
089
975
Oxygen atoms
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e Surface Oxidation 1050°C- 150 hours

GO0 un

Figure A-35 Oxidized Surface: PWA 1484, 1050°C, 150 hours, 40X
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Figure A-36 Oxidized Surface: PWA 1484, 1050°C, 150 hours, 2500X
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Surface Oxidation 1050°C- 150 hours
Chemical Analysis
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Figure A-37 Oxidized Surface: PWA 1484, 1050°C, 150 hours- Chemical Analysis
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Quantitative Analysis

Thu Sep 16 16:01:25 2010

PWA 1484, 1050C, 150hr, oxides, eds-1la

Refit Cr-L* Cr-L" _Ta-L* _Ta-L" _C -K* C -K" 0

Refit _Co-K*
Filter Fit Method

Chi-sqd = 3.10 Livetime = 90.0 Sec.

Standardless Analysis

Element Relative Error Net Error

k-ratio (1-Sigma) Counts (1-Sigm

Cr-L - - 1320 +/- 186
Ni-L - - 7242 +/- 121
Al-K 0.06165 +/- 0.00073 15997 +/- 189
Si-K 0.02695 +/- 0.00071 6550 +/- 173
Cr-K 0.11196 +/- 0.00297 7622 +/- 202
Co-K 0.09991 +/- 0.00542 3800 +/- 206
Ni-K 0.57664 +/- 0.00974 17286 +/- 292
Ta-L 0.06874 +/- 0.01033 1059 +/- 159
C -K 0.00180 +/- 0.00027 134 +/- 20
0 -K 0.05236 +/- 0.00124 4767 +/- 113

Adjustment Factors K L
Z-Balance: 0.00000 0.00000 0
Shell: 1.00000 1.00000 1

PROZA Correction Acc.Volt.= 15 kV Take-off Angle
Number of lterations =5

Element Kk-ratio ZAF Atom % Element Wt % Er

(calc.) wt % (1-Sigm
Al-K 0.0523 1.796 15.20 9.40 +/- 0.
Si-K 0.0229 1.539 5.47 3.52 +/- 0.
Cr-K 0.0950 1.006 8.02 9.56 +/- 0
Co-K 0.0848 1.075 6.75 9.12 +/- 0
Ni-K 0.4895 1.046 38.05 51.20 +/- 0.
Ta-L 0.0584  1.446 2.04 8.44 +/- 1
Cc K 0.0015 4.231 2.35 0.65 +/- 0
0 -K 0.0444 1.825 22.12 8.11 +/- 0
Total 100.00 100.00

The number of cation results are based upon 24

-K®* _0 -K"
a)
M
.00000
.00000
=39.62 deg

r. No. of

a) Cations
11  16.494
09 5.937
.25 8.707
.49 7.325
86 41.292
.27 2.208
.10 2.548
.19 -
84.511

Oxygen atoms

Tilt = 30 deg
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e Surface Oxidation 1050°C- 150 hours

Oxide Analysis
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Figure A-38 Oxidized Surface: PWA 1484, 1050°C, 150 hours- Oxide Analysis
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Quantitative Analysis

Thu Sep 16 16:03:15 2010

PWA 1484, 1050C, 150hr, oxides,

Refit _Ta-L" _Ta-L"
Refit _Co-K*
Filter Fit Method

Chi-sqd = 12.83 Livetime =
Standardless Analysis
Element Relative Error
k-ratio (1-Sigma)
Cr-L -—= -—=
Ni-L - -
Al-K 0.06518 +/- 0.00077
Si-K 0.02849 +/- 0.00075
Cr-K 0.11837 +/- 0.00314
Co-K 0.10563 +/- 0.00573
Ni-K 0.60966 +/- 0.01030
Ta-L 0.07268 +/- 0.01092

Bence-Albee Analysis Acc.Volt.

No. of lterations 3

Oxide k-ratio Beta
Formula (calc) Factor
Al203 0.0956 1.5028
Si02 0.0443 1.3551
Cr203 0.1160 0.9498
Co0 0.0886 1.0072
NiO 0.5077 1.0103
Ta205 0.0622 1.3490

Total

eds-1b (oxides)

90.0 Sec.

Net Error
Counts (1-Sigma)
8102 +/- 135
6696 +/- 121
15998 +/- 189
6548 +/- 173
7622 +/- 202
3800 +/- 206
17286 +/- 292
1059 +/- 159

= 15 kv Take-off Angle= 39.62 deg

Oxide No. of
Wt % Cations
14.36 Al- 3.884

6.01 Si- 1.379
11.02 Cr- 1.999
8.92 Co- 1.642
51.30 Ni- 9.467
8.39 Ta- 0.524
100.00 18.894

The number of cation results are based upon 24 Oxygen atoms
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