AFRL-PR-WP-TR-2001-2010

HIGH CYCLE FATIGUE (HCF) SCIENCE AND
TECHNOLOGY PROGRAM
2000 ANNUAL REPORT

Brian Garrison, et al.
Prepared by:
Universal Technology Corporation

1270 North Fairfield Road
Dayton OH 45432-2600

JANUARY 2000

FINAL REPORT FOR 01 JANUARY 2000 -31 DECEMBER 2000

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED I

PROPULSION DIRECTORATE

AIR FORCE RESEARCH LABORATORY

AIR FORCE MATERIEL COMMAND
WRIGHT-PATTERSON AIR FORCE BASE OH 45433-7251



Form SF298 Citation Data

Report Date Dates Covered (from... to)
("DD MON YYYY") Repg_rt;l'ype ("DD MON YYYY")
01012001 n 01012000 31122000
Titleand Subtitle Contract or Grant Number
High Cycle Fatigue (HCF) Science and Technology Program
1998 Annual Report Program Element Number
Authors Project Number
Garrison, Brian
Task Number
Work Unit Number
Performing Organization Name(s) and Address(es) Performing Organization

Propulsion Directorate Air Force Research Laboratory Air Force | Number (s)
Materiel Command Wright-Patterson Air Force Base, OH

45433-7251

Sponsoring/Monitoring Agency Name(s) and Addr ess(es) Monitoring Agency Acronym
Propulsion Directorate Air Force Research Laboratory Air Force —

Materiel Command Wright-Patterson Air Force Base, OH Monitoring Agency Report
45433-7251 Number (s)

Distribution/Availability Statement
Approved for public release, distribution unlimited

Supplementary Notes

Abstract

This fourth annual report of the National Turbine Engine High Cycle Fatigue (HCF) Program is a brief
review of work completed, work in progress, and technical accomplishments. This programisa
coordinated effort with participation by the Air Force, the Navy, and NASA. The technical efforts are
organized under eight Action Teams; Materials Damage Tolerance Research, Forced Response Prediction,
Component Analysis, Instrumentation, Passive Damping Technology, Component Surface Treatments,
Aeromechanical Characterization, and Engine Demonstration. Daniel E. Thomson, AFRL/PRTC,
Wright-Patterson AFB, is the Program Manager.

Subject Terms

High Cycle Fatigue; Turbine Engines, Instrumentation; Damping; Forced Response; Aeromechanical
Characterization; Materias; Surface Treatments; Laser Shock Peening; Component Analysis; Damage
Tolerance

Document Classification Classification of SF298
unclassified unclassified




Classification of Abstract
unclassified

Limitation of Abstract
unlimited

Number of Pages
219




NOTICE

USING GOVERNMENT DRAWINGS, SPECIFICATIONS, OR OTHER DATA INCLUDED IN THIS
DOCUMENT FOR ANY PURPOSE OTHER THAN GOVERNMENT PROCUREMENT DOES NOT IN
ANY WAY OBLIGATE THE US GOVERNMENT. THE FACT THAT THE GOVERNMENT
FORMULATED OR SUPPLIED THE DRAWINGS, SPECIFICATIONS, OR OTHER DATA DOES NOT
LICENSE THE HOLDER OR ANY OTHER PERSON OR CORPORATION; OR CONVEY ANY RIGHTS
OR PERMISSION TO MANUFACTURE, USE, OR SELL ANY PATENTED INVENTION THAT MAY
RELATE TO THEM.

THIS REPORT IS RELEASABLE TO THE NATIONAL TECHNICAL INFORMATION
SERVICE (NTIS). AT NTIS, IT WILL BE AVAILABLE TO THE GENERAL PUBLIC,
INCLUDING FOREIGN NATIONS.

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

n

;o ) 7 J ’ \s. |
20{5 C/Z/Zﬁz//ﬁ/ /| Ub@[»/’w S‘t NS YIVE

Daniel E. Thomson, AFRL/PRTC Theodore G. Fecke, AFRL/PRTC

/«/{é_:&a« < /(671/"

Richard J. Hill, AFRL/PRT

[F YOUR ADDRESS HAS CHANGED, IF YOU WISH TO BE REMOVED FROM OUR MAILING LIST,
OR IF THE ADDRESSEE IS NO LONGER EMPLOYED BY YOUR ORGANIZATION PLEASE NOTIFY
AFRL/PRT, WRIGHT-PATTERSON AFB OH 45433-7251 TO HELP MAINTAIN A CURRENT MAILING
LIST.

Do not return copies of this report unless contractual obligations or notice on a specific document requires
its return.



REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 074-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed,
and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this burden to Washington
Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project

(0704-0188), Washington, DC 20503

1. AGENCY USE ONLY (Leave 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
blank) January 2001 Final 01/01/2000- 12/31/2000

4. TITLE AND SUBTITLE
High Cycle Fatigue (HCF) Science and Technology Program
1998 Annual Report

6. AUTHOR(S)
Brian Garrison, et al.

5. FUNDING NUMBERS
C — F33615-98-C-2807
PE — 62203F

PR — APPL

TA-TO
WU - 04

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

Propulsion Directorate Universal Technology Corporation
Air Force Research Laboratory 1270 N. Fairfield Rd.
Air Force Materiel Command Dayton, OH 45432-2600

Wright-Patterson Air Force Base, OH 45433-7251

8. PERFORMING ORGANIZATION
REPORT NUMBER

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES)

Propulsion Directorate

Air Force Research Laboratory

Air Force Materiel Command

Wright-Patterson Air Force Base, OH 45433-7251

POC: Daniel E. Thomson, AFRL/PRTC, (937) 255-2081

10. SPONSORING / MONITORING
AGENCY REPORT NUMBER

AFRL-PR-WP-TR-2001-2010

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION / AVAILABILITY STATEMENT
Approved for Public Release; Distribution Unlimited

12b. DISTRIBUTION CODE

13. ABSTRACT (Maximum 200 Words)

This fourth annual report of the National Turbine Engine High Cycle Fatigue (HCF) Program is a brief review of work completed,
work in progress, and technical accomplishments. This program is a coordinated effort with participation by the Air Force, the
Navy, and NASA. Thetechnical efforts are organized under eight Action Teams. Materials Damage Tolerance Research, Forced
Response Prediction, Component Analysis, Instrumentation, Passive Damping Technology, Component Surface Treatments,
Aeromechanical Characterization, and Engine Demonstration. Daniel E. Thomson, AFRL/PRTC, Wright-Patterson AFB, isthe

Program Manager.

14. SUBJECT TERMS  High Cycle Fatigue, Turbine Engines, |nstrumentation, Damping,

Forced Response, Aeromechanical Characterization, Materials, Surface Treatments,
Laser Shock Peening, Component Analysis, Damage Tolerance

15. NUMBER OF PAGES
219

16. PRICE CODE

17. SECURITY CLASSIFICATION | 18. SECURITY CLASSIIFICA- 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT TION OF THIS PAGE OF ABSTRACT
Unclassified Unclassified Unclassified SAR

NSN 7540-01-280-5500

Standard Form 298 (Rev. 2-89)
Prescribed by ANSI Std. Z39-18
98-102




TABLE OF CONTENTS Page

FOREWORD Xiv
1.0 COMPONENT SURFACE TREATMENTS..... oo 1
11 Laser Shock Peening (LSP) vs. Shot Peening Competition...........cccccvveveveereccenveenee. 3
12 Laser Optimization DevElOPMENT .........ociiiiireieeeee e 5
13 Production LSP Facility Development ... 6
14 LSP Process MOAEIING ......ccueeiuiiieiieie ettt ne s 7
15 =T o L0 (O 1= = T ol I S 9
151 Rapid Overlay Concept Devel OPMENT..........coeeeeieiieiere s 10
152 Development of a RapidCoater& Manufacturing System..........ccccovceeveeieneeiieneene 10
16 Manufacturing Technology for Affordable LSP...........cccooeieeiecce v 12
1.7 Laser Peening of F119 Fourth-Stage Integrally Bladed Rotors.........ccccccevvveieenne. 15
18 ST ENGINELSP .. 17
19 CONCIUSION ...ttt b e bbbt e e e r e b nrenne e 17
2.0 MATERIALS DAMAGE TOLERANCE ... 19
2.1 Microstructure Effects of TitaniumHCF (Fan) .......ccccoooveeevieve e 21
2.2 Air Force In-House Research (Fan & TUrbing) ........ccooeveninenineneeeeesese e 23
2.3 HCF and Time-Dependent Failure in Metallic Alloys for Propulsion Systems
(FAN & TUMDINE) ... .ecee et sreenne e 32
24 Improved HCF Life Prediction (Fan)..........cccceevveeveese e 42
2.5 Advanced HCF Life Assurance Methodologies (Fan & Turbing)............cccocevenienee. 48
2.6 FULUN @ EFfOITS. ...t 54
2.7 CONCIUSION ...ttt bbb bt n e n e n e e en e 55
3.0 INSTRUMENTATION ...t n e sneesn e nneesnneenneas 56
31 Improved Non-Contact Stress Measurement System (NSMS).......oooeeveierencniene. 58
311 Improved NSMSHardware (Generation 4)...........cceoererenerenesiesieeseeseesee e 58
312 AREINALE TIP SENSOS...iiiiiciieiie ettt b e be e r e see e reesnneenreas 60
313 Enhanced Data Processing Capability for Generation 4 & 5 NSMS
DEVEIOPIMENT ...ttt et b et b et e s nesn b nreens 62
314 Foin Pit Validation 0f NSMS.........ooiee e 65
3.15 High-Temperature NSMS Sensor DevelOpment..........coovveeieeieneeneeie e 69



Page
3.1.6 Dual Use Science and Technology (DUST) ......ecveceeieeiececeeie e 69
3.2 Environmental Mapping SYSEM.......c.coveiieiniere e 70
321 Pressure/Temperature Sensitive Paint (PSP/TSP) ..o 70
3211  PSP: Improved DYNamiC RESPONSE.......cccueiiriiriesieeieseesieese e sseeseeseessesssesseessesneas 71
3.21.2 PSP: Light Emitting Diodes (PSP-LEDS).........cccccoveiieieieee et 75
322 Comparison Testing / Air ELAlONS..........c.ocvereiieseesece e 76
3.2.3 Validation of Paint / Optical Pressure Mapping..........ccccoerereneresesneeneeneeseeseseennes 78
3.24 Wl @SS TEIEIMELIY ... e 78
3.25 MEMS PreSsure SENSOT........occviiieiiree i 79
3.26 AIN SENSOIS. ...ttt r e et ns e st s et st r e e r e sn e nnenne e 80
3.3 Improved ConVENtioNal SENSOIS.........coiiiririreeieieeie et 82
331 Non-Optical NSMIS Sensor Development (Eddy Current)........cceeceeveeveneeneesieseene 82
34 Development of Long-Life, LeSS INtrusive Gages..........ccocvevveeriereeieeieeeieesveesee e 85
34.1 Advanced Thin-Film DYNamiC GageS..........ccevvrruereereeieseeseeseeseesseeseeseesseeessneens 85
34.2 Advanced High-Temperature Thin-Film Dynamic Gages..........c.ccecvereienenenerenne 86
3.5 CONCIUSION ...ttt bbbt a et e e n e n e b e ene e 87
4.0 COMPONENT ANALYSIS. ..ottt et se e sne e saneenne e 88
4.1 Assessment of Turbine Engine COmMPONENtS..........ccveiieeieeiieeiie e sie s 90
4.2 Probabilistic Design of Turbine Engine Airfoils, Phasel .........ccccccovvvevvicevecciecee 92
4.3 Probabilistic Design of Turbine Engine Airfoils, Phase Il ..., 94
4.4 Probabilistic Blade DeSIgN SYSIEM.........cciiiririeieeeiesie et 95
4.5 Efficient Probabilistic Analysis Methods for Turbine Engine Components............. 96
4.6 PREDICT ... e s n e e e n e n e neas 98
4.7 CONCIUSION ...ttt e bbbttt e e b b e b e b 98
5.0 FORCED RESPONSE PREDICTION ....cuiiiiiiiiie ettt 99
51 Development of Physical Understanding and Models..........cccccoevviieeiiecciecnieee, 103
511 Development Of TURBO-AE .........oooiiiiineiieieee e snens 103
512 Nonlinear Modeling of Stall/FIUE .........ooeiiieieee e 104

TABLE OF CONTENTS (Cont’'d)




513 Forced Response: Mistuned Bladed Disks (REDUCE Code).........ccccovererereeniennens 105
TABLE OF CONTENTS (Cont’'d)
Page
514 Design Guidelines for Mistuned Bladed Disks (REDUCE Code€) ..........cccccccveruennen. 106
515 Tip Modes in Low-Aspect-Ratio Blading...........cccevererininenineseeeeeesese e 107
516 Development of Aeroelastic Capability for the TURBO Code.........cccoceeverevriennen. 108
517 Dynamic Analysis & Design of Shroud Contact ............ccecveveeieevecceeveese e, 109
518 Friction Damping in Bladed DisKS..........cccoviieeiieince e 110
52 Acquisition of EXperimental Data...........coererererieeiieniesese et 111
521 High Mach FOorcing FUNCLIONS..........ccooiiiiiiiieeee e 111
522 Forward-Swvept Blade Aeromechanics...........cceiveieieeieece e 112
523 OsCillating CasCade Rig .......c.ccvuerierieiieieeieseesiesee e sae e e e sae s sseeee e 113
524 F109 Unsteady Sator LOAGING .......ccerverrereririeieiesie st 115
5.25 Fluid-Structure Interaction (FANS) ........ccooeeiieeeneeie e 117
5.2.6 Experimental Sudy of Forced Response in Turbine..........ccccevveeecevecce e, 119
53 Validation of Analytical MOGEIS...........cceeeeiiieieee e 121
531 Evaluation of Current Sate-of-the-Art Unsteady Aerodynamic Models for the
Prediction of Flutter & Forced Vibration ReSpONSe.........ccccceveeveveevecceceecveene, 121
532 Evaluation of State-of-the-Art Unsteady Aerodynamic Models...........ccccccvvenennne. 122
5.3.3 Forced Response Prediction System (Fans).........ccocvveveeieneneesie e 123
534 Aeromechanical Design System Validation ............cccceverenenenineeeeese e 124
54 INEW EFFOITS......eeeeieee e sne e 125
55 (600101 11 o o S PTUP PP 125
6.0 PASSIVE DAMPING TECHNOLOGY.......cocoiiiieerieeieesee e s sneens 126
6.1 Identification & Characterization of Damping Techniques............ccccccoveiirinennens 128
6.1.1 Mechanical Damping CONCEPLS........ccouuererriiiiereerie et 128
6.1.2 Air Force In-House Damping INVeStigations............ccecveieiieesieesieseeseeeseeseeeens 130
6.1.3 Centrifugally Loaded Viscoelastic Material Characterization Testing .................. 135
6.14 Damping for EXtreme ENVIFrONMENTS........ccoireeieieresesiesresie e 138
6.1.5 Centrifugally Loaded Particle Damping.........ccccceeereerieneeneesesee e 141

Vv



6.1.6 Coatings for Damping Turbine Engine CompoNents...........coveeeieieeneneneseseennes 143
6.1.7 Development of Air Film Damping for Turbine Engine Applications.................... 145
TABLE OF CONTENTS (Cont’d)

Page
6.2 Modeling and Incorporation of Damping in COMPONENES...........cccevvereererereneniens 151
6.2.1 Advanced Damping Concepts for Reduced HCF ... 151
6.2.2 Evaluation of Reinforced Swvept Airfoils/ Internal Dampers..........cccoeveveeeecveenee. 153
6.2.3 Damping Systems for the Integrated High Performance Turbine Engine
Technology (IHPTET) Program........c.ccoeeeeieeeieeiesiesesie s 154
6.24 Damping fOr TUIMDINES. ........coviiieeere e 161
6.2.5 DUl USE PrOgramM.......cciieciiecie ettt et e b e sneesnneenne e 162
6.2.6 Transition of Damping Technology to counterrotating Low Pressure Turbine
BIAOES. ... e 163
6.3 Affordable Damped COMPONENTS.........cooeiirirerieeie e 164
6.4 (600101 11 o o S PTUP PP 165
7.0 ENGINE DEMONSTRATION ...ttt nneenne e 166
7.1 General Electric/ Allison Advanced Development Company ...........ccoeeerenereenne. 169
7.1.1 XTCTOI 2.ttt bttt b et et ae e be et e sbe e be et e sreenaeennans 169
7.1.2 D L O£ TSP 170
7.1.3 XTETTISE ...ttt bbbttt bbb 171
714 DI = USRS 172
7.1.5 D L O A TSRO P PR PR 173
7.2 Pratt & WIITNEY ........oooieiieiece ettt e 175
7.2.1 XTEBB/AL........ooeeeeete ettt bbbttt ettt b e e ne e 175
7.2.2 XTCBO/SCT ...ttt ettt et re e te e sse e teeneesreenseeneesseentesneesneensennnens 176
7.2.3 XTCBO/LB......ceeeeeeeeeiee ettt sttt sttt e bt et e eaeesbeesbesnbesbeesbesneesreensenneens 177
124 D I =5 RSP R 178
7.2.5 D L Y/ PSSP 179
7.2.6 XTEBB/SE......cceeeeeeeeeeee ettt e st e te e e s be e teeneesseenseeneesseensesneesneensenneens 180
1.2.7 DI =Y/ USRI 181

Vi



7.2.8 D = o A USRS 182
7.2.9 Dl = Y2 = TSP 183
7.2.10 XTEBTISE2. ..ottt sttt st bbbttt e bbb b e 184
TABLE OF CONTENTS (Cont’d)
Page
7.3 CONCIUSION ...ttt bbbt b e e e e e et nn e nenreens 184
8.0 AEROMECHANICAL CHARACTERIZATION......eiiieiiieee et 185
8.1 Compressor Mistuning Characterization............cceieeceeceeseesesieeseese e 187
8.2 Fretting CharaCteriZation............cooooeiiierenieeeee e 188
8.3 SoiN-Pit EXCItation MethodS...........coiiiiiiieeeeee e 189
8.4 Compressor Blade Fracture & Fatigue Evaluation .............cccceeeeeveeiecieesieccie e, 190
8.5 Rotational Validation of Mistuning Model.............cccevevieienieniese e 191
8.6 Development of Multi-Axial Fatigue Testing Capability.........c.ccccvveieiiiiiinennns 192
8.7 Inlet Distortion CharaCterization.............cceeeeeeeieerieresese st 194
8.8 Engine Sructural Integrity Program (ENSP) / Joint Service Specification Guide
IS ) OO 196
8.9 (00011 11 o o PSSP U P PPTPR TR 197
LISt Of ACTONYIMS. ..ottt ettt sa et sne e 198

Vii



FIGURE 1
FIGURE 2
FIGURE 3
FIGURE 4

FIGURE 5
FIGURE 6

FIGURE 7

FIGURE 8

FIGURE 9
FIGURE 10

FIGURE 11

FIGURE 12
FIGURE 13

FIGURE 14

FIGURE 15

FIGURE 16

FIGURE 17

FIGURE 18

FIGURE 19

LIST OF FIGURES

Page
HCF Team Organizational SITUCLUIE.........cceeieiiereeeeeesieeee e XV
Damage Tolerance Data for LSP’ d Blades...........ccccveveieeviecievecce e 3
What [SLaser ShoCK PEENING? .......ccoiiiiiiiieee s 4
Peak Rise Time Before & After Laser System Modifications............ccocveeveieenieennene 5
Schematic of Laser System Operations.........cvcueeeererieeseesesieeseese e seeeseeesessseenes 6
Comparison of Modeled and Experimental Residual Stresses for Estimated
Smilar Pressure ConditionS..........couveieninenieieie et sre e 8
A Single RapidCoater™ Head (a) for Sngle-Sded Processing and a Dual
RapidCoatera Head, and (b) for Processing a Thin Section, Such as
ComMPressor Blade..........coceeiiiiiie et 11
Spatial Profiles of the Laser Beam Showing the Transformation from a
Round Spot (a) to a Square Spot (b) with the Use of OpticS (C) ..ocvvevvveeveeiieeinenns 11
One of 48 PFNs That Are Being Integrated into the Laser System..........ccccocueue. 13
The PFN bays are located under the optical table. Electrical wiring to
power the PFNsisin progress (a) and the drawers to support them have
been coNSLrUCIE (1).......vcveieece e e 14
Two LSP’d IBRs: (a) A Fourth-Stage Compressor IBR and (b) a First-
Sage Fan IBRfor the F119 ENQINE.......cccocoiiiiiiiiesieiieeee e 16
Interrelationship between LSP Programs..........ccccveceveeneeieseese e 18
SN Input Data and Fatigue Strength Model Results for Bimodal Fine
Uni-Rolled, Bimodal Forged, and Equiaxed Forged Microstructures (Top
(0] 20100 4) = L T O S 22
Pre-Crack and Step-Test Loading Technique Used to Determine LCF/HCF
TRPESNOIAS. ...t ettt e b e benne s 24
Model Correlation for Ti-6Al-4V and Ti-17 for Different Values of Sress
RALIO, R ...t 24
Stress-relieved Threshold Crack Growth Values for Ti-6Al-4V and Ti-17
Fatigued at RE0.1......c.oceciee et 25
Fretting Pad (Top) and Non-Traditional “ Golden Arch” Specimens
(200 10 USRS 27
Fatigue Crack Threshold Values for Pads Exposed to Different Fretting
Fatigue CoNAITIONS ........cceiieiicie ettt neene s 27
Cyclic Evolution of Friction Force for Copper-Based Coating System................ 28

viii



FIGURE 20
FIGURE 21
FIGURE 22
FIGURE 23

FIGURE 24

FIGURE 25

FIGURE 26

FIGURE 27

FIGURE 28

FIGURE 29

FIGURE 30

FIGURE 31

FIGURE 32

FIGURE 33

FIGURE 34

FIGURE 35

LIST OF FIGURES (Cont’d)

Page
The Effect of Notch Depth Ratio on Normalized Fatigue Limit Stress................. 29
The Effect of Irregular (Chipped) Notches on Fatigue Limit Sress..................... 30
Different Levels of Damage In Dovetail Fatigue Specimens..........ccccoevevenenienne. 31
Effect of Freguency on Fatigue Crack Growth for Bimodal Ti-6AL-4V in
00 1 OSSR 33
Constant-K .« Fatigue Crack Propagation Behavior at K. Values of
26.5, 36.5, 46.5, AN 56.5 MPAAM ...orevvveeeeereeeeeeseeeeeeeeseeesesseeesesesseeesssssseeseeees 34
Combinations of (a) Kmux-R, (b) DK-R, and (c) DK-K x Required for
“Threshold” Growth at 10™° MVCYCIE.........c.veeeeeeeeececeee e 34

Comparison of Worst-Case Large-Crack Propagation Data to Fatigue
Growth from Naturally-Initiated Small Cracks and Small Cracks
Originating fromM FOD SES........cccuiiiiiieriesierieeee e 35

Mixed-Mode Fatigue-Crack Growth Thresholds in Bimodal Ti-6Al-4V
Plotted in Terms of (a) Strain Energy Release Rate, DGy, and (b) Mode |
Sress Intensity Range at Threshold, DK th..eeeeeeeeeneeiecee e 35

Fatigue-Crack Propagation Curves for Fine-Grained KM4 at 25°, 550°
=10 5150 1 TR 36

Crack-Growth Rates as a Function of Applied Stress-Intensity Range of
FOD- and Naturally-Initiated Small Cracks and Through-Thickness

Large CraCKS.......oiueeuieieeieeeest ettt n e 37
Modified Kitigawa-Takahashi Diagram Representing the Threshold
Crack-Growth Conditions for FOD-Induced Small Cracksin Ti-6Al-4V ............. 37
Survey of Residual Strain Gradient Emanating Away from the Crater

Rim at the Surface of the SPECIMEN..........ooiii e 38

Results from a 2-Dimensional Strain Survey Around a 200 m/s Impact Site
Isostrain Contour Values on Right in UnitS Of MB.........coccovviiieniecccccceee 39

Fretting Fatigue Results from Experiments on Mill Annealed Ti-6Al-4V
Illustrating Variation of Total Life with Changesin the Bulk Stress
APPlied t0 the SPECIMEN. ..o ns 40

Fretting Fatigue Results from Experiments on Mill Annealed and STOA Ti-
6Al-4V Illustrating Variation of Total Life with Changesin the Tangential
Loads Applied to Fretting Contact. (S, = 300 MPa, m= 0.95) .......ccecvverirnnenne 40

Fretting Fatigue Results from Experiments on Mill Annealed and STOA
Ti-6Al-4V Illustrating Variation of Total Life with Changes in the Normal
Loads Applied to Fretting Contact ( s, = 300 MPa, m=0.95).......cccccccvvvveiennnne. 41



FIGURE 36  Fatigue Crack Propagation Rate of Naturally-Initiated “ Small” Cracks
asa Function of: (a) Crack Sze and (b) Sress Intensity Factor Range...............



FIGURE 37

FIGURE 38
FIGURE 39
FIGURE 40

FIGURE 41
FIGURE 42

FIGURE 43
FIGURE 44
FIGURE 45

FIGURE 46

FIGURE 47
FIGURE 48
FIGURE 49
FIGURE 50

FIGURE 51
FIGURE 52

FIGURE 53

FIGURE 54
FIGURE 55
FIGURE 56
FIGURE 57

FIGURE 58

FIGURE 59

LIST OF FIGURES (Cont’d)

Page
Representative FOD from Ballistic and Solenoid Gun Impacts (Sharp
Leading Edge Specimens, 30° Impacts, High Damage Levels............cccccveienneee. 44
Normalized Fatigue Endurance Strength as a Function of FOD Depth............... 45
Evolution of Coefficient Of FriCtion .........cccceoeieieniii e 46
Comparison of Surface Normal Tractions Obtained from Integral
Equation and FEM MEethOdS............cccoooiiieiiiie e 46
Influence of 1.4% LCF Damage on HCF Properties of Ti-6Al-4V ...........ccccoeue.... 49
Half-Life Properties Of Ti-17D......cccoieiiieecieee e 49
Correlation of Fretting GParameter to Uniaxial Fatigue Curve......................... 51
High-Temperature Fretting Fatigue Rig.........coeieriiininineeeeeeee e 51
Improvement of Equivalent Flaw Sze Parameter over Current Design
PIrOCEAUIES ...ttt b b s 52
Comparison of Fracture Mechanics Based Threshold Sress and Life
Predictions from Existing Design Methods...........cccovveeieeie e 53
Next-Generation NSMS OVENVIEW........c.ooeeriieieiiereeie et 58
Data Processing for Generation 4 & 5 NSMS Development..........cccceevevveviennnnne. 62
NSMS Development SCNEAUIE..........ooeiieeee e 64
Light-Probe NSMS Validation Measurements on a 36-1nch Diameter
TWO-LAGE COMPIESSO .......eeeeeeeeeesieeeteesieeeseesseeereesseesseesseeeseesseeeseessessnneesseesnns 66
Light Probe System and Signal-PC Interface Board..........ccccovveveeveneececcienenne, 67
Heath’s Method Applied to Determine Blade Resonance: NSVIS Probe Data
THroUGN RESONAINCE.........eeitieieeieiteeiesee st ste et ste e sreete e e s seenaeeseesreeaeeneenneenees 67
Heath’s Method Applied to Determine Blade Resonance: Least Squares Fit to
Tl 1] 0 = USSR 68
Experimental Setup for PSP Response to a ShocK .........coveeveveeneeienienecie e 71
Response of Sol-Gel on DuPont to the Initial Shock Wave in the Shock Tube......72
PSP Responseto a 0.2-psi Pressure Modulation at 5.7 kHz............cccooeeeeieiins 73
PSP Sgnal from the Wake Generator at 13,000 RPM and 11,050 RPM, and
the Amplitude Response of the PSP as a Function of Frequency............cc.cceeueene.. 74
Power Spectra of the PSP at 13,000 RPM Minus the Power Spectra of the
PSP at 11,050 RPM from 5,000 t0 8,000 Hz.........cccoverinireninieeeenesie e 74
Four Capacitive Sensors Monitor Blade Vibration on a 12" Rotor at the
Naval Post-Graduate School Spin Pit Facility in Monterey, California............... 83



FIGURE 60

FIGURE 61
FIGURE 62
FIGURE 63
FIGURE 64
FIGURE 65
FIGURE 66

FIGURE 67

FIGURE 68
FIGURE 69
FIGURE 70
FIGURE 71
FIGURE 72
FIGURE 73
FIGURE 74
FIGURE 75
FIGURE 76
FIGURE 77
FIGURE 78
FIGURE 79

FIGURE 80
FIGURE 81
FIGURE 82
FIGURE 83
FIGURE 84
FIGURE 85
FIGURE 86

LIST OF FIGURES (Cont’d)

Page
Hardware & Software to Monitor Rotor and Blade Dynamics Using
Blade Time-of-Arrival and Tip ClearanCe..........ccceveeveeeeveciie e 84
Analytical Prediction of Residual SIresseSfromLSP .......coocvvevevieiiereresee e 91
Compressor Blade FOD SmUIAtion...........c.coveeeieeieeiie e 91
Probabilistic HCF Prediction FIOWChart ... 93
AIrfoil SOChAStiC ANAIYSIS ..ot 97
Purdue High-Speed Compressor Configuration............cocceeeeeeeeneneneseseeseneens 111
Surface Flow Patterns on the Airfoil Suction Sde for High and Low Solidity
Cascades and a Sngle Airfoil at Subsonic Inlet Flow Conditions....................... 114
Schematic of F109 Engine Showing Location of Pressure-Instrumented
RS 2 L0 TSROSO P R PRT 116
Dynamic Spin Facility, NASA Glenn Research Center .........ccocvvveeeveececeecveenne, 129
Model Fan TeSt ArtiCIE........oeiiieceee e 130
The Electrical Connections between Piezoelectric Actuators...........ccoeeveeenennee 131
Extended Mode Shapes for Eight Blades............cccoeiiiininininiccescne e 132
Mode Shapes for the Mistuned, Uncoupled Case..........ccceveveevevceececceceeceene, 133
Mode Shapes for the Mistuned, Coupled Case...........ccovrirererieienesenesesee 133
Mode Shapes for the Tuned, Uncoupled Case..........cccoveceeeevieeveccee e 133
Mode Shapes for the Tuned, Coupled Case.........cccvveveeeeeiereese e 134
Viscoelastic Tub Blade Hardware............cocceoeerinenene e 135
Damping SIUAy BlAde............ooiiiiieiieeeeee e s 135
Comparison of Measured and Predicted Satic Strain..........cccoceveeeveeveeeecveenne, 136
Comparison of Undamped and Damped Blade Response (One Pocket) to
PZT Excitation in the Laboratory .........coceoeererieneenene e 137
Comparison of Experimental and Analytical ReSUItS...........ccccevveceveerecceeceenee, 138
Hilbert Transform for Beam with Zero Particles...........ccoovveeieicicnincseiee 139
L0 1Y =T o =SS 139
Subelement Strain Gage Locations on a Test Specimen.........ceovveeeveenenceeneeenn. 140
Subelement Mounted in TESt FIXIUMe.........coviieeienisceeseseese s 140
Test Blade and Hub by Itself and Installed in Centrifuge.........cccooevvriiieenienenne 142
Damping TESt SPECIMEN........oceeieeie et sreees 144

Xii



FIGURE 87

Conceptual Drawing of an Air Film Damping System (AFDS) Applied to a
CantilBVEr BEAIM .......oeeiiiiieieiertee e

Xiii



FIGURE 88

FIGURE 89

FIGURE 90

FIGURE 91
FIGURE 92
FIGURE 93
FIGURE 94
FIGURE 95
FIGURE 96
FIGURE 97
FIGURE 98
FIGURE 99
FIGURE 100
FIGURE 101
FIGURE 102
FIGURE 103
FIGURE 104
FIGURE 105
FIGURE 106
FIGURE 107
FIGURE 108
FIGURE 109

LIST OF FIGURES (Cont’d)

Page
External Air Film Damping System Applied to the GMA3007 Type I1l Fan

BladB ... et nne s 148
Predicted Response (via Finite Element Analysis) of the GMA3007 Type Il

Fan Blade with the Externd Titanium Air Film Damping System.............ccc........ 149
External Titanium Air Film Damping System Applied to the GMA3007 Type

T FAN BIAOE ...t 150
SNEAI MOTUIUS ...ttt 155
SNEAN SITESS..... ettt bbb e et e e e nren s 155
SNEAN SITAIN .. bbbt n et e ne e 155
CreeD TSt RESUITS......ccieieecieee ettt e reenns 156
Flat Plate Soin-Test ASSEMDIY .......coiiiiiiiieeeee e 156
Smulated CoNStraiNiNg LAYES .........cccueveeieeieceesie e seesie et 157
AE3007 Blade After POCKEt EDM .........cccooiiiiiiieiene et 157
Blade 1 with Damping System Installed..........cccoovvieiieiececeeece e, 158
Blade 5 with Damping System INstalled...........cccoooiiiiiinineee e 158
Blade 5 Damping SYSIEM ......cceciiee et 159
Blade 5 Zoomed View of INNEr REJION. .......ccooviiiiirire e 159
The 5 KHz 1-2s Mode of a Smple Cantilevered Plate............cccccoeveeieiveiieennnne 163
2B/1T MOAE INLEIACTION ...ttt 187
Mistuning Validation Smulated Bladed DisK ............cccevveeeieeieiceececce e, 191
Proof of Concept Biaxial Fatigue FIXtUre...........ccovveieeieeieeneese e 192
Multi-Axial Fatigue MOEL............oooiirireeee e 193
Initial Correlation between Vibratory Stresses and Model Excitation Index......194
CFD Prediction and Measurements of 3/rev of Supersonic, Decdl ..................... 195
Modified Correlation between Vibratory Sressesand MEI............ccccccveeenenee. 195

Xiv



TABLE 1

TABLE 2
TABLE 3
TABLE 4

LIST OF TABLES

Page
Kth Values Under the Selected Experimental Conditions. All Valuesin
MPAAIT . e 36
Materials Damage Tolerance Damage State Exit Criteria.......ccccoeveevveseeciernnnne 47
Hood Technologies Blade Tip Sensing System Applications...........cccoevevenenienne. 83
Delphi Analysis of Damping CONCEPLS.......cccceiirieeieereee e 152



FOREWORD

This document, the fourth annua report of the Nationd Turbine Engine High Cycle Fatigue (HCF) Science
and Technology (S&T) Program, is a summary of the objectives, approaches, and technica progress of
ongoing and planned future efforts.

High cycle fatigue (HCF) results from vibratory stress cycles induced from various aeromechanical sources.
The frequencies can be thousands of cycles per second. HCF is a widespread phenomenon in aircraft gas
turbine engines that historicaly has led to the premature falure of mgor engine components (fans,
compressors, turbines) and in some ingtances has resulted in loss of the total engine and aircraft.

Between 1982 and 1996, high cycle fatigue accounted for 56% of Class A engine-related failures. HCF isa
maor factor negetively impacting safety, operability, and readiness, while a the same time incressing
maintenance cods. In fiscd year 1994, HCF required an expenditure of 850,000 maintenance man-hours for
risk management ingpections. Estimates put the cost of high cycle fatigue a over $400 million per year.

The Nationd HCF S& T Program officialy began in December 1994. The purpose of this nationd effort isto
help diminate HCF as amgor cause of engine fallures. The Program is directed by an Air Force led steering
committee congsting of representatives from the Air Force, the Navy, and NASA, dong with an adjunct
industry advisory pand. The Organizationd Structure of the HCF Team is shown in Figure 1.

The HCF S& T Program is specificdly directed a supporting the Integrated High Performance Turbine Engine
Technology (IHPTET) Program, and one of its gods: to reduce engine maintenance cods. This program will
try to achieve that god through technica action team efforts targeted at a 50% reduction of HCF-related
maintenance cods. In addition, the program could contribute to a reduction in HCFrelated “red”
development costs of over 50%. When combined with the Test and Evduation (T&E) program, and future
health monitoring gpproaches, the HCF S& T program should ensure the production of much more damage-
tolerant high-performance engines.

The specific component objectives of the HCF S& T program are listed below:

Fans Compressors | Turbines
Determine Alternating Stress Within. .. 20% 25% 25%
Damp Resonant Stress By ... 60% 20% 25%
Reduce Uncertainty in Capability of Damaged Components
by... 50% 50% 50%
Increase Leading Edge Defect Tolerance. .. 15x na na
(5-75 mils)
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The technicd efforts are organized under eight action teams:

Component Surface Treatments
Materias Damage Tolerance Research

Instrumentation
Component Analyss

Forced Response Prediction

Passve Damping

Aeromechanica Characterization
Engine Demondiration (added in 1999)

Over the last severd years, the technologies developed under the High Cycle Fatigue (HCF) Science and
Technology (S&T) Program have helped solve severd difficult fidd engine programs. As aresult, we are now
seeing consderably fewer mgor HCF events. Excellent progress has been made in the HCF program. For
the firgt time, it gppears that this once-arcane topic is being understood and managed to a point where

sgnificant cost reductions are being redlized, postively impacting the

XVil

FIGURE 1. HCF Team Organizational Structure




operations, maintenance, and readiness of our combat forces. However, HCF is a very difficult technology
chdlenge that has continued to evolve multiple technology development and trangtion risks. During the fal of
1999, the HCF Nationa Action Team completed a Project “Relook” study defining the efforts necessary to
mitigate these critical risk issues—both current program “shortfals’ and “new requirements.” Reprogramming
plans were extensvely reviewed and gpproved by both the HCF Industry Advisory Panel and a specid
committee. Implementation of these efforts is currently well underway. This reprogramming action extended
the HCF program through 2006, with increased focus on Joint Strike Fighter (JSF) technology trangition and
greater atention to UAV/amdl engine issues.

Over the lagt year, mgor emphasis has aso been placed on using the technology advancements developed in
the HCF Technology Program to update the HCF-related portions of the Materids, Test, and Anayss
sections of the Engine Structurd Integrity Program (ENSIP) documentetion.

During its fal 2000 meeting, the HCF Steering Committee expanded its membership to include a
representative from the United Kingdom (UK). This action was taken after an extengve joint Government
review of both the US and the UK HCF programs and an assessment of areas of potentid technica
collaboration and critical JSF technology trangtion issues.

In the future, the HCF S& T Program will continue as a very-high-priority nationa effort. Meeting the total
technology challenge could essentidly eliminate engine HCF-related aircraft mishaps and greetly enhance
overdl arcraft system readiness.

Your comments regarding the work reported in this document are welcome, and may be directed to Mr.
Danidl Thomson, the HCF Program Manager, of the Air Force Research Laboratory Propulsion Directorate
(AFRL/PRTC, Danid.Thomson@wpafb.af.mil, 937-255-2081).

Xviii



1.0 COMPONENT SURFACE
TREATMENTS

BACKGROUND

The Component Surface Treatments Action Team (Surface Trestments AT) has the responsibility of fostering
collaboration between individua HCF surface treatment efforts with the goa of increasing leading edge defect
tolerance by 15x (5 mils to 75 mils). The Surface Treatments AT provides technical coordination and
communication between active participants involved in Laser Shock Peening (LSP) and related technologies.
Annual technical workshops have been organized and summaries of these workshops are disseminated to
appropriate individuals and organizations. The Chair, Co-Chair, and selected Surface Treatments AT members
meet as required (estimated quarterly) to review technical activities, develop specific goals for LSP programs,
and coordinate with the Technical Plan Team (TPT) and Industry Advisory Panel (IAP). The Chairman (or Co-
Chair) of the Surface Treatments AT keeps the TPT Secretary informed of AT activities on a frequent (at least
monthly) basis. This AT includes members from government agencies, industry, and universities who are
actively involved in surface treatment technologies applicable to engine HCF. The team is to be
multidisciplinary with representatives from multiple organizations representing several component technologies
as appropriate. The actua membership of the AT may change in time as individuas assume different roles in
related projects.

ACTION TEAM CHAIRS

Chair Co-Chair

Mr. David W. See Mr. Rollie Dutton

U.S. Air Force U.S. Air Force

AFRL/MLMP, Bldg. 653 AFRL/MLLM, Bldg. 655

2977 P Street, Suite 6 2230 Tenth St., Suite 1
Wright-Patterson AFB, OH 45433-7739 Wright-Patterson AFB, OH 45433
Phone: (937) 904-4387 Phone: (937) 255-9834

Fax: (937) 656-4420 Fax: (937) 255-3007

Email: david.see@afrl.af.mil Email: Rollie.Dutton@afrl.af.mil

INTRODUCTION

The following pages summarize the schedules, backgrounds, and recent progress of the current and planned
projects managed by this action team.



Component Surface Treatment Research Schedule

Product

FY95

FY96

FY97

FY98

FY99

FY00

FYO1

FY02

FYO03

FY04

FYO05

FYO06

1.1 LSP vs. Shot Peening
Competition

1.2 Laser Optimization
Development

1.3 Production LSP Facility
Development

1.4 LSP Process Modeling

1.5 RapidCoater (TM) for LSP

1.6 Manufacturing Technology for
Affordable LSP

1.7 Laser Peening of F119
Fourth-Stage Integrally Bladed
Rotors

1.8 Small Engine LSP




1.1 Laser Shock Peening (L SP) vs. Shot Peening Competition
FY 95

Background and Final Results

In September 1995, a comparative study between a new surface treatment technology called “Laser
Shock Peening” (LSP), and an established surface treatment technology called “shot peening,” was
conducted. This study evaluated the damage tolerance improvements produced by these processes,
specificaly rating their influence for enhancing the fatigue life of turbine engine fan blades damaged
by foreign objects (FOD). Ciritical blade characteristics, such as surface finish, change in aerodynamic
profile, and manufacturability, were factored into the evaluation. The test matrix was configured to
make the assessment as realistic and objective as possible. The resulting data showed that damaged
Laser Shock Peened F101 fan blades with a 250-mil notch actually demonstrated greater fatigue
strength than the baseline undamaged untreated fan blades (Fig. 2). Figure 3 describes the Laser Shock
Peening process in more detail.
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FIGURE 2. Damage Tolerance Data Indicating That Fatigue Strength of LSP’d Blades Is
Equal to or Better Than That of Undamaged, Untreated Blades

Participating Organizations: GRC International, Inc.

Points of Contact:

Government Contractor

Mr. David W. See Mr. Paul Sampson

U.S. Air Force GRC International, Inc.
AFRL/MLMP, Bldg. 653 2940 Presidential Dr., Suite 390
2977 P Street, Suite 6 Fairborn, OH 45424-6223
Wright-Patterson AFB, OH 45433-7739 Phone: (937) 429-7773

Phone: (937) 255-3612 Fax: (937) 429-7769

Fax: (937) 656-4420 Email: psampson@grci.com

Email: david.see@afrl.af.mil



What Is Laser Shock Peening?

« A high energy laser pulse strikes a coated surface covered by a layer of water,
causing a localized high pressure energy wave.
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FIGURE 3. What Is Laser Shock Peening?




1.2 Laser Optimization Development
FY 95

Background

The primary objective of this program was to demonstrate the effectiveness of laser peening with
elliptical and circular spots in terms of its ability to increase the fatigue life of an airfoil. A secondary
objective was to demonstrate the ability to sharpen the rise time of the laser pulse using an optical
switch, rather than using the traditional aluminum blow-off foil.

Final Results

Airfoil-shaped test specimens were laser peened using dliptical spots and circular spots and fatigue
tested by the Air Force. A study of the rise time of the temporal laser pulse was conducted to confirm
that an optical switch could modify the rise time of the laser pulse as effectively as an aluminum blow-
off foil. An auminum blow-off foil has traditionally been used to sharpen the leading edge of the laser
pulse. A sharp rise time is important for many LSP conditions because it increases the peak pressure
of the shock wave. Both dliptical and circular spots showed significant increases in fatigue life. A
rise time comparable to the rise time generated with an aluminum blow-off foil was demonstrated (Fig.
4). Using the optical switch would eliminate concerns over the presence of aluminum vapor produced
by the aluminum blow-off foil and the associated risks involving the health of personal and optical-
component damage. It also increases the repeatability of the process.
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FIGURE 4. Peak Rise Time Before & After Laser System Modifications

Participating Organizations: LSP Technologies, Inc.

Points of Contact:

Government Contractor

Mr. David W. See Dr. Jeff L. Dulaney

U.S. Air Force LSP Technologies, Inc.
AFRL/MLMP, Bldg. 653 6145 Scherers Place

2977 P Street, Suite 6 Dublin, OH 43016-1272
Wright-Patterson AFB, OH 45433-7739 Phone: (614) 718-3000 x11
Phone: (937) 255-3612 Fax: (614) 718-3007

Fax: (937) 656-4420 Email: jdulaney@lspt.com

Email: david.see@afrl.af.mil



1.3 Production L SP Facility Development
FY 96-98

Background

The primary objective of this program was to design and develop a Prototype Production Laser (PPL)
capable of low levels of production. There were no commercially available lasers capable of meeting
the requirements of the laser peening process. The program had three phases:

Phase I: Using working laboratory prototype lasers for the baseline design, the design was
reviewed, outstanding technical issues related to the design were resolved, and the laser
design was finalized. Specific technical issues to be resolved included:

1. Theoptica layout of the laser.
2. What system diagnostics would be used.
3. The mechanical design for the laser enclosure and electrical cabinets.

Phasell: Component acquisition, assembly, and subsystem checkout were accomplished during
Phase II.
Phase Ill:  Final laser system checkout and demonstration were accomplished in Phase 1.
Final Results

The system, consisting of the laser, the facility, and the process (Fig. 5) was successfully demonstrated
in January 1998, and the laser is now available for use by the Air Force and industry.
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FIGURE 5. Schematic of Laser System Operations

6



Participating Organizations: LSP Technologies, Inc.

Points of Contact:

Government Contractor

Mr. David W. See Dr. Jeff L. Dulaney

U.S. Air Force LSP Technologies, Inc.
AFRL/MLMP, Bldg. 653 6145 Scherers Place

2977 P Street, Suite 6 Dublin, OH 43016-1272
Wright-Patterson AFB, OH 45433-7739 Phone: (614) 718-3000 x11
Phone: (937) 255-3612 Fax: (614) 718-3007

Fax: (937) 656-4420 Email: jdulaney@lspt.com

Email: david.see@afrl.af.mil

1.4 L SP Process Modeling
FY 96-99

Background

In Phase | (FY 96-97) of this two-phase program, it was demonstrated that a residual stress profile
could be modeled for a single laser spot. The objectives of Phase Il (FY 98-99) are (1) to develop
models for predicting the in-material residual stress profiles produced by multiple-spot Laser Shock
Peening, (2) to verify and validate the residua stress profiles by comparison to experimental
measurements, and (3) to gather appropriate data for input to the models.

A model for large-section thicknesses laser shock peened from one side has been developed and shows
good correlation with experimental residual stress profiles. The correlation between the modeled and
measured residual stress profiles for two different laser peening intensities (peak pressures on the metal
surface) is shown in Figure 6. The thin and intermediate section thicknesses are being modeled with
two-sided laser peening. Thisis a much more difficult problem, and several congtitutive equations for
the material of interest are being explored and tested with the models.

Recent Progress

Modeling of thick sections laser peened from one side was successful. Figure 6 shows the residua
stress profiles compared to experimental profiles at two different laser peening intensities. Model
verification was based on the comparison of residual stress measurements performed on LSPd
coupons with those predicted by the model. The residual stress profiles developed in a part depend not
only on the laser peening intensity, but also on the material and part geometry.

In addition, significant progress was made in defining the issues involved with modeling of residua
stresses in thin sections, and determination of appropriate approaches to address these issues.
Modeling of laser peening residual stresses in thin sections will not be possible until these issues are
resolved.

Based on the modeling results, a follow-up task is needed to develop process optimization schemes to
decrease the time and cost for process optimization. Funding sources are being sought for the follow-
up effort.
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FIGURE 6. Comparison of Modeled and Experimental Residual Stresses for Similar
Pressure Conditions

Participating Organizations: LSP Technologies, Inc., Ohio State University, University of Dayton Research
Institute

Points of Contact:

Government Contractor

Mr. Joseph G. Burns Dr. Allan H. Clauer

U.S. Air Force LSP Technologies, Inc.
AFRL/MLLN, Bldg. 655 6145 Scherers Place

2230 Tenth St., Suite 1 Dublin, OH 43016-1272
Wright-Patterson AFB, OH 45433-7817 Phone: (614) 718-3000 x12
Phone: (937) 255-1360 Fax: (614) 718-3007

Fax: (937) 255-4840 Email: aclauer@Ispt.com

Email: Joseph.Burns@afrl.af.mil



1.5 RapidCoatera for LSP
FY 97-01

| ntroduction

One of the significant shortcomings of the current Laser Shock Peening process is slow processing,
which is primarily due to the inability to apply and remove the opaque overlay (paint) rapidly. An
opaque overlay is applied the surface of a part for two reasons, to protect the surface of the part from
the intense heat of the plasma and to provide a consistent processing medium for the laser beam. The
application of these overlays is a time-consuming, labor-intensive process. Current practice requires
the application and removal of the paint outside of the laser workstation. Under current practice, a part
that requires multiple shots must be transported back and forth several times, from the laser
workstation where it is peened, to a separate area where the overlay is removed and reapplied, then
back to the laser workstation, and so on. Sections 1.5.1 and 1.5.2 below explain what is being done to
solve this problem. Section 1.5.1 describes the development, selection, and demonstration of a
prototype system to rapidly apply and remove the overlay System. Section 1.5.2 describes the
development of a production system.

Another source of slow processing is due to the shape of the laser beam spot on the surface to be
processed. The current laser beam shape is round and as a result overlapping of the laser beam spots,
up to 30 percent, is required to provide 100 percent laser shock peen coverage. Decreasing the overlap
will increase the processing rates. Section 1.5.2 describes the development of laser beam optics to
shape the round laser beam into a square laser beam.

The objective of this program is to develop and implement technologies that increase the rate of laser
shock peening. The Points of Contact: and Participating Organizations listed below apply to both of
these efforts.

Participating Organizations: LSP Technologies, Inc.

Points of Contact:

Government Contractor

Mr. David W. See Dr. Allan H. Clauer

U.S. Air Force LSP Technologies, Inc.
AFRL/MLMP, Bldg. 653 6145 Scherers Place

2977 P Street, Suite 6 Dublin, OH 43016-1284
Wright-Patterson AFB, OH 45433-7739 Phone: (614) 718-3000 x12
Phone: (937) 255-3612 Fax: (614) 718-3007

Fax: (937) 656-4420 Email: aclauer@lspt.com

Email: david.see@afrl.af.mil



1.5.1 Rapid Overlay Concept Development
FY 97

Background and Final Results

The objective of this SBIR Phase | program was to identify and evaluate promising methods for
applying and removing the opague overlay rapidly during laser peening. Two coating application
methods were investigated: (1) water-soluble paint applied with a spray gun, and (2) paint or ink
application with an ink jet. The water-soluble paint/spray gun application method was selected as the
most promising approach. The rapid overlay system concept was developed around this method. The
rapid overlay demonstration test unit was assembled and tested to provide a working demonstration of
the concept. The demonstration, which consisted of sequential application of the paint overlay,
application of the overlay water film, firing the laser, and removal of the paint overlay in continuous,
repetitive cycles, was successful. The successful demonstration system has been designated the
RapidCoaterd System.

1.5.2 Development of a RapidCoatera Manufacturing System
FY 98-01

Background

In Phase | of this program, it was demonstrated that it is possible to automate the application of the
overlay while processing. The objectives of this Phase |l program are to develop a rapid-overlay-
application and removal system that will be integrated into a production laser peening system, develop
acontrol system that will synchronize the coating process and interface it with the laser control system,
and identify beam shaping optics to produce sgquare laser beam spots. The production RapidCoatera

system should accommodate a range of parts and operate reliably at the laser repetition frequency.
Thiswill allow the RapidCoaterd system to be integrated into the production laser peening system.

An extension to this program was awarded that adds two additional objectives. One of these objectives
is to develop controls and monitors that will monitor the quality of the overlays being applied by the
RapidCoaterd system to the surface of the part being processed. The other objective is to develop
techniques to rapidly set-up and calibrate the laser beam monitors and position of the laser beam on the
part.

Recent Progress

In August 2000, the RapidCoaterd system was successfully demonstrated while processing a 1.5 inch
by 0.75 inch patch on an F110 fan blade. A RapidCoaterd system with a dual-headed applicator
applied paint to both sides of the fan blade is shown in Figure 7, allowing both sides of the fan blade to
be processed at the same time. The application of the opaque and transparent overlays, paint and
water, respectively, was synchronized with the laser. The paint was applied first followed by the
overlay water and sufficient time was allowed for the overlay water to establish a uniform thickness
and pattern over the applied paint. After the laser pulse was delivered and the shock wave propagated
through the material, the wash water on the RapidCoaterd system was activated to remove the paint
and prepare the surface for the next laser pulse application. This demonstration was conducted with
the F110 fan blade at processing rate of 0.25 Hz, because the Manufacturing Cell 2 laser system is
currently capable of delivering one laser pulse every 4 seconds. However, without the Manufacturing
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Cdll 2 laser, the RapidCoaterd system was demonstrated at a rate of 2 Hz while processing the same
area on the F110 fan blade.

()

FIGURE 7. A Single RapidCoater™ Head (a) for Single-Sided Processing and a Dual
RapidCoatera Head, and (b) for Processing a Thin Section, Such as

Compressor Blades

Laser peening rates are also a function of the laser beam spot shape. The current laser beam shape is
round and as a result overlapping of the laser beam spots is required to provide 100 percent laser-
shock-peen coverage. This overlap of the spots increases the processing time; however, if the spot
shape is sgquare, the processing rates can be significantly increased. Specia optics has been evaluated
to produce square spots. A sguare beam has been produced from around beam as shown in Figure 9.

(b)

FIGURE 8. Spatial Profiles of the Laser Beam Showing the Transformation from a Round
Spot (a) to a Square Spot (b) with the Use of Optics (c)
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1.6 Manufacturing Technology for Affordable L SP
FY 98-02

Background

The technical challenges associated with this program are al related to scaling the technology of the
prototype production facility into a full manufacturing facility. The program is focused on the
development and implementation of new (or improved) controls and monitors into the manufacturing
facility and is divided into three phases.

Phasel: The purpose of Phase | was to mitigate the risks associated with the transition to
manufacturing. This phaseis divided into three areas.

1. Development and testing of new (or improved) controls and monitors, which will be
used to increase the process reliability and reduce processing costs. The primary
monitors (energy, temporal profile, and spatial profile) typically used for laser
peening have been enhanced. “Secondary” laser monitors, process monitors, and
quality control monitors have been demonstrated and will be down-selected for
implementation into the new manufacturing cell.

2. Development of prototype small-parts and large-parts peening cells. This effort
began in the final quarter of calendar year 1998 and was successfully completed in
early 2000.

3. Initial commercialization planning and new application development.
This phase is complete.

Phasell: Phasell isthefinal design and build phase for the laser and a small-parts peening cell. This
phase is divided into two aress:

1. Design, fabrication, and integration of a manufacturing cell consisting of the laser
system and a small-parts peening cell. This includes the down-selection and
integration of the controls and monitors developed in Phase I.

2. Demonstration of the LSP manufacturing cell. The demonstration is currently
scheduled for October 2001.

Phase Ill: Phase Il is the commercial development phase. The objective is to develop the new
applications identified in Phase | and demonstrate laser shock peening to the appropriate
market sectors that include the aerospace, medical, and automotive sectors. This phase
began in January 2000.

Recent Progress

Phase |. Great progress has been made in completing this phase. The primary laser controls, which
consist of the laser beam energy, tempora profile, and spatia profile, have been redesigned to be more
robust. Additionally, new laser monitors have been developed to monitor the “health” of the laser.
These new monitors include: monitoring the flashlamps to ensure that they are operating properly,
monitoring energy reflected back from the part being processed (target backscatter), and monitoring
critical optical components to ensure that they are not degrading.

A robust off-the-shelf distributed control network has been identified and successfully tested. This
distributed control network has been incorporated into the design for the new laser system.
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Two prototype peening-cells, a small-parts cell and alarge-parts cell, were completed and evaluated by
the program team in April 2000. The small-parts peening cell, which was based upon the origina
peening cell already in place at LSPT, includes an improved beam delivery system, a more robust
beam monitoring configuration, and a more robust processing chamber. The large-parts cell will be
used for production laser peening of F119 integrally bladed rotors (IBRS) in early 2001.

Market surveys have been completed and a commercialization plan has been developed based upon
these data. This commercialization plan was delivered to the Air Force in June 2000 and is currently
being implemented.

Phase Il. The work in this phase is on schedule and the status is as follows:
The laser design is complete.
Fabrication of the laser is underway.
Non-Destructive Evaluation (NDE) effort is underway.
Evaluation of new controls and monitors continues.

Assembly of the pulse-forming networks (PFNs), as shown in Figure 9, is complete and the assembly
of the laser is underway as shown in Figure 10. The bulk of the remaining work is related to the
assembly and fabrication of the laser and the associated peening cells. Mechanical and electric
assembly will be completed in the second quarter of 2001. The system will be operationa in the fourth
guarter of 2001.

FIGURE 9. One of 48 PFNs That Are Being Integrated into the Laser System
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(b)

FIGURE 10. The PFN bays are located under the optical table. Electrical wiring to power
the PFNs is in progress (a) and the drawers to support them have been
constructed (b).
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Participating Organizations: LSP Technologies, Inc.

Points of Contact:

Government Contractor

Mr. David W. See Dr. Jeff L. Dulaney

U.S. Air Force LSP Technologies, Inc.
AFRL/MLMP, Bldg. 653 6145 Scherers Place

2977 P Street, Suite 6 Dublin, OH 43016-1284
Wright-Patterson AFB, OH 45433-7739 Phone: (614) 718-3000 x11
Phone: (937) 255-3612 Fax: (614) 718-3007

Fax: (937) 656-4420 Email: jdulaney@lspt.com

Email: david.see@afrl.af.mil

1.7 Laser Peening of F119 Fourth-Stage I ntegrally Bladed Rotors
FY 00-01

Background

This program is in support of the F-22 System Program Office, which has an immediate need to solve
laser shock peening production difficulties with the fourth-stage integrally bladed rotors (IBRs) on the
F119 engine. There is a need to apply laser shock peening to the trailing edge of the airfoils to meet
the fatigue strength requirements of the airfoils. Laser shock peening is a repeatable manufacturing
process that has wide application to many different types of gas turbine engine parts, but is currently
being used in production only on individual blades.

Air Force Manufacturing Technology Directorate is providing specific technology for insertion into the
production manufacturing process for the fourth-stage F119 IBR, which includes an automated overlay
applicator, controls and monitors for ensuring that the process remains within operating parameters,
and image processing methods to ensure proper positioning of the laser beam on the airfoil.

There are two primary program goals:

1. To get the time to LaserPeen™ process a fourth-stage F119 IBR to less than eight hours. It is
currently estimated to take more than 40 hours of processing time to laser shock peen al of the
airfoils on afourth-stage F119 IBR.

2. To reduce the laser shock peening costs by at least a factor of four.
The program is divided into five tasks:

Task 1. RapidCoater ™ Overlay Applicator Design and I mplementation.

The current RapidCoater™ design will be modified to accommodate the specific geometry of the F119
fourth-stage IBR. The modified design shall be fabricated, tested, and optimized for the F119 fourth-
stage IBR.

Task 2: Production Hardening the IBR Céll.

The existing prototype large-parts peening cell will be modified to meet Pratt & Whitney’s production
requirements for the F119 fourth-stage IBR.
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Task 3: Quality Control (QC) and Quality Assurance (QA) Controls & Monitors.

QC and QA controls & monitors currently available in the small-parts peening cell will be integrated
and adapted into the IBR cell. Additionally, an automated |laser-beam-energy calibration system shall
be implemented into the IBR cell.

Task 4: Fully Integratethe IBR Cell into the Manufacturing Cell.
All aspects of integrating the IBR cell into the new manufacturing cell will be addressed in this task,
including mechanical, electrical, computer, and optical interfaces.

Task 5: Implement an Airfoil-Edge Tracking System.
The purpose of this task is to implement a system that will ensure that the laser beams are properly
aligned onto the airfoils for laser peening.

Recent Progress

Several IBRs have been laser peened in the IBR cell for evaluation and testing purposes (Fig. 11).
Production laser peening of IBRs will begin in early 2001.

Significant progress has been made in completing each of the planned tasks. A prototype
RapidCoater™ unit for IBRs has been designed, fabricated, and is being tested. The robot to
manipulate the RapidCoater™ head has been delivered and tested. The IBR cell has been modified to
improve robot-positioning capability. Additional cell improvements, QA & QC monitors, and the
airfoil edge-tracking system are under design. The program is on schedule for an October 2001
completion.

FIGURE 11. Two LSP’d IBRs: (a) A Fourth-Stage Compressor IBR and (b) a First-Stage
Fan IBR for the F119 Engine
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Participating Organizations: LSP Technologies, Inc.

Points of Contact:

Government Contractor

Mr. David W. See Dr. Jeff L. Dulaney

U.S. Air Force LSP Technologies, Inc.
AFRL/MLMP, Bldg. 653 6145 Scherers Place

2977 P Street, Suite 6 Dublin, OH 43016-1284
Wright-Patterson AFB, OH 45433-7739 Phone: (614) 718-3000 x11
Phone: (937) 255-3612 Fax: (614) 718-3007

Fax: (937) 656-4420 Email: jdulaney@lspt.com

Email: david.see@afrl.af.mil

1.8 Small Engine L SP
FY 03-04

This proposed future effort isin the early planning stage.

1.9 Conclusion

The Component Surface Treatment Action Team demonstrated Laser Shock Peened (LSP d) damaged
turbine engine fan blades that had equal or better high cycle fatigue strength than undamaged unpeened
blades; completed testing that showed the ability of the LSP process to stop both HCF crack initiation
and propagation in these fan blades; demonstrated the complete LSP system (laser, facility, and more
affordable process) with the prototype now avalable for government and industry use; and
successfully transitioned the LSP technique to F101 and F110 engines. This has resulted in 15x
increase in FOD tolerance for these engines, and major reduction in inspection man-hour costs, with
increased flight safety. Due to the excellent progress to-date, all engine contractors are now pursuing
LSP approaches. Further cost reduction of the manufacturing facilities and processes for the LSP
technique is now the major focus of this team. Engine manufacturers are currently pursuing LSP on fan
and compressor integrally bladed rotors (IBRs) and blisks.

The ultimate objective of the Component Surface Treatment Action Team and of all the efforts

described in this section is to develop an affordable Laser Shock Peening system. The relationship of
al these effortsis shown below in Figure 12.
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1.2 L aser Optimization Development
Optimize laser system and spot shape for
L SP application.

1.3 Production L SP Facility Development
Develop a prototype laser peening facility
capable of peening production volumes of

small parts, such as, turbine engine blades.

1.4 Process M odeling of L SP
Develop understanding and model
material effects of LSP processing

in metallic alloys.

1.6 Manufacturing Technology for Affordable
LsP

Design, develop and implement a production

manu