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EXECUTIVE SUMMARY

Fatigue cracks occur in steel bridges from repeated loads. If allowed to continue to grow,
eventually the fatigue cracks will require either expensive repairs or reduction of traffic loads on
the bridge, or they may lead to the failure of the bridge. The exact number of bridges susceptible
to fatigue cracking is difficult to evaluate, but the problem is widespread. In addition, many

current repair options are expensive or marginally effective.

The objective of this research was to develop a new, cost-effective technique that can be used to
arrest the growth of fatigue cracks before they develop to an extent that more expensive repairs
are required. It is well known that drilling a hole (crack-stop hole) at each end of a fatigue crack
can arrest the growth of the fatigue crack. The diameter of the hole required to arrest crack
growth can be calculated from a formula developed by Rolfe and Barsom (1977) and by Fisher et
al (1980, 1990). Unfortunately, the required diameter of the hole is usually so large that it is

either impractical or does not fit in the space available.

This new technique consisted of cold-expanding a crack-arrest hole thereby cold-working the
material around the hole and subjecting the cold-worked material to ultrasonic vibration. It was
hypothesized that this process would increase fatigue crack initiation life three ways. First, the
compressive force used to cold-expand the hole would result in residual compressive stress fields
around the hole when the radial force was removed. Second, the cold-expansion would cause
strain-hardening and cold-working with a concomitant increase in the yield and ultimate
strengths of the steel. Third, the ultrasonic vibration from the PICK treatment would further

increase the resistance to fatigue propagation by increasing the yield and ultimate strengths and



increasing the radial extent of the residual compressive stress field. These expected results and
their effects on fatigue crack initiation were investigated through a proof-of-concept testing

program using reduced-scale, laboratory models and by mathematical modeling.

Fatigue testing was the primary method of demonstrating the effectiveness of this PICK
treatment, but analytical techniques and other experimental techniques were used to investigate
how the PICK process modified the material to enhance the effectiveness of the crack-arrest
holes. The fatigue testing program demonstrated that the PICK process improved the fatigue
initiation life of a small-scale, Gr. A36 steel specimen. The brittle coating showed that a plastic
region was formed as a result of the PICK treatment. Metallurgical testing, i.e., grain size
analysis, indicated that cold-working had modified the grain sizes of the steel in the cold-
expanded specimens and in the PICK-treated specimens about the same. The increase in
hardness between the cold-expanded specimens and the PICK treated specimens was the result
of acoustic hardening. Although they proved to not be totally adequate, analyses using closed-
form techniques by Nadai (1943) and Ball (1995) show that a compressive, residual stress field
was imposed tangentially around the hole by cold-expansion. Neutron diffraction measurements
of strain made evident that the PICK process produced a radial extent of the plastic strain and of

the residual compressive stress which exceeded that predicted by the closed-form analyses.

This increase in the extent of the tangential compressive stress field resulting from the PICK
process contributed to the increase in fatigue initiation life. While the cold-expansion increased
fatigue initiation life by a factor of 1.8 over specimens not cold-expanded, the total effect of

PICK treatment was to improve the fatigue initiation life by a factor of 2.6 over specimens not



cold-expanded. From these it is apparent that the PICK treatment was successful in providing a
method of improving the capacity of crack-arrest holes to stop fatigue crack initiation in reduced-

scale, laboratory models.



ACKNOWLEDGMENTS

The successful completion of this research project was only possible with the assistance from
numerous people, groups, and organizations. | am deeply indebted for their direction, advice,
support and encouragement. Drs. Caroline R. Bennett, Adolfo B. Matamoros, Ron Barrett-
Gonzales, Stanley T. Rolfe, and William J. Hall provided essential engineering direction, advice,
and assistance. Jim Weaver, former Laboratory Supervisor, Department of Civil, Environmental,
and Architectural Engineering, and Wes Ellison, Laboratory Director, Aerospace Engineering
Department, provided much needed assistance in the experimental portions of the research.
Brian Rice, Rice Precision Manufacturing, Inc. 401 E. High Street, Baldwin City, KS 66006
provided expertise and advice on fabricating the PICK tool and fatigue specimens. Clifford C.
Biglow and Steve A. Sanders of Engineering Systems Inc. 923-A Terra Lane, O’Fallon, MO
63366 were particularly helpful with the metallurgical analysis and in explaining the results. Drs
Camden R. Hubbard and Thomas R. Watkins of the Diffraction and Thermal Physical Properties
Group, Oak Ridge National Laboratory, enthusiastically shared their expertise and guided me

through the neutron diffraction and X-ray diffraction research on residual stress.

The author would like to gratefully acknowledge support from participants in Transportation
Pooled Fund Study TPF-5 (189), which included the following Stat DOTSs and entities: KS, CA,
FHWA, IA, IL, LA, NJ, NY, OR, PA, TN, WA, WisDOT, and WY. As cosponsors of this work,
these entities may claim exemptions for intellectual property royalties on US Pat. 8,343,294.
The author is also grateful for support from the KU Transportation Research Institute, under

Project TRI KAN42839.

Vi



The author is also grateful for funding provided by the University of Kansas Transportation
Research Institute (KU TRI) and to its Director, Dr. Robert B. Honea for his assistance in

gaining access to Oak Ridge National Laboratory.

Research at the 2nd Generation Neutron Residual Stress Mapping Facility at the High Flux
Isotope Reactor was partially sponsored by the U.S. Department of Energy, Office of Energy
Efficiency and Renewable Energy, Vehicle Technologies Program, through the Oak Ridge
National Laboratory’s High Temperature Materials Laboratory User Program and by the

Scientific User Facilities Division, Office of Basic Energy Sciences, U.S. Department of Energy.

vii



DISCLAIMER NOTICE:

This document was prepared by Gary G. Simmons as a result of the use of facilities of the U. S.
Department of Energy (DOE) that are managed by UT-BATTELLE, LLC. Neither UT-
BATTELLE, LLC, DOE or the U. S. government, nor any person acting on their behalf: (a)
makes any warranty or representation, express or implied, with respect to the information
contained in this document; or (b) assumes any liabilities with respect to the use of, or damages

resulting from the use of, any information contained in the document.

viii



TABLE OF CONTENTS

CHAPTER 1: INTRODUCTION

O @IV~ —m = e oo e e o e e 1
BaCKgrOUNd----m-m e mm oo e e oo e o e e 1
Fatigue Cracks in Bridges ------------------------ e 1
Distortion-Induced Fatigue Cracking (DIFC) --- e L 3
History ---------------mememememmm - e 5
Recommended Practices and Codes ---- —memmemeee- --------8

Current Solutions to Fatigue Cracking / DIFC  -------=---m-mmmemmmemm oo 10
Crack Stop Holes -------m-mmmm oo ---11
Crack Stop Hole Formulae ---------------- e 12
Reinforcing Crack Stop Holes --- e el

Strain Hardening, Cold Work, and Hardness Testing ------- et EEEEEE R 21
Piezoelectric Materials and the Effect of Ultrasonic Waves mmmmmmmmee e 25
Residual Stress and Strain around Cold-Expanded Holes --------------- 29
Scope of Proposed Research ----------mmmmmm oo 36
RefereNCeS —-mm-mmm oo 37

CHAPTER 2: SIZING CRACK-ARREST HOLES

ADSEraCt ------- = m e m oo e EE 43
Introduction ----------------mmemmmeee Gt L e EE e 43
ODbjJeCtiVe----mmmmmm oo et L EE e 44
Background -------------mmmmmeme e e L e e e 45



Crack-Arrest Hole Formula---------------------- e 48

Rolfe And Barsom (1977) FOrMUIa---===========mmmmmmm e 48
Fisher Et Al. (1980; 1990) Formula--=--=-=-======mmmmmmmmm oo 50
I T 0 111 1] S ——— 52
Constant , C -----=-=mmmmmmmmm oo S 53
Effect Of Hole Radius On FOrmula-----=-========mnmmmmmm oo 54
Limitations Of The FOrmula------=--=====mmmmm e 56
DiSCUSSION ========mmmm oo S 57
CONCIUSTIONG === mmmmm e e e e 63
References----------------------- . 64

CHAPTER 3: DEVELOPMENT OF A TECHNIQUE TO IMPROVE FATIGUE LIVES

OF CRACK-STOP HOLES IN STEEL BRIDGES

4 1 T 66
INErOUCTHION ==mmmm e e e e e e e 67
Background -=-=--emmmeeme e e e e 70
Existing Cold Working Techniques --------=-========mmmmmmmmmm oo mmmmmmoes 70
Crack-Stop Holes ------=-=-=s=smmomoemm oo mememmmemmem e eeee 71
ODbjective ----=-=-=-mnmememmmemmee oo eeeeeeee e 74
Development of PICK TOOL ------- e 75
Methodology -------==m=mmmmm e e m-memmmemmeneeeneas 77
Closed-Form SolUtion -=-=====mnmm e e e oo e 77
Uniform Expansion of Crack-Stop Holes -------=-===mmmmmmmmmm oo 78



Plug-Plate-Tool Interaction Model ---------=-=mmmm oo 80

Results and DISCUSSION ======mmmmmmmm e 81
Uniform Expansion of Crack-Stop Holes -----=-====mmmmmmmmm oo 81
Plug-Plate-Tool Interaction Model ---------------==-mmmmmme- mmmmmmmmmmeeee 83

CONCIUSIONS === 85

ACKNOWIEAGEMENT - 88

REfEreNCES —--mmmmmmmm e 88

CHAPTER 4: DEVELOPMENT OF A TECHNIQUE TO IMPROVE FATIGUE LIVES
OF CRACK-ARREST HOLES IN STEEL BRIDGES - FATIGUE AND

METALLURGICAL RESULTS

4 I 2 Lo m-mmmmmemememeeeene- 91
INTrOdUCTION-===m === m e m e m e e e e oo e e e e e 92
OB OtV m oo e 93
Background------=-=mm oo s 94
Crack-Arrest Hole Formula------------=--= oo 97
Reinforcing Crack-Arrest HoleS-------=-mmmmmmm oo 100
Strain Hardening, Cold Working, and Hardness Testing--------------=--=-==-=--=--=----- 101
Piezoelectric Materials and the Effects of Ultrasonic Waves on Metals----------------- 104
Methodology -=-=-=====nmmm e e 107
Hardware Description -------------=------------ m-mmmmmememnmeeenes m-mmmmmnenees 106
Fatigue SPeCIMENS-=--n=nmnmm e m e e e 106
AlUMINUM PlUg----=mmmmmmmm oo oo 107

Xi



PICK TOOI =-=mmmmmm oo s 108

Piezoelectric Elements ----------------=--------- mommmmmmsmmmsmmssseessooooooooo- 110
Electronics ------------------- oo 111

Data ACQUISition-------====---==mmmmmmmmmmmmmomv mmmmmemmmmsmmmmoessoseoooooooo 112

Other Evaluation Techniques ---------======mmmmmmm oo 116
Metallurgical EValuation -------=-==nmmmmm e oo 116
X-Ray Diffraction and Neutron Diffraction ------------===znnmmmmmmmmmmeoo oo 116
Testing Protocol --=----========nmmmmmm oo Bty 117
PICK Treatment----=-=-mmmmmmm oo oo 117

Fatigue Testing-----======nmmmmmmmm oo 118

Results ----------------------- mmmmmmmsemmeeeeeeeoeeeeee mmmmmmmmmmmmmommmomnseooooe 120
Fatigue Tests--—-----------—------mmm oo T memmemmmmeeemmsoossseoosoooooooo- 120
Metallurgical Testing----=-======n==mrmmmm e 124
Hardness Testing =----=-=====nmmmmmm oo 124

Grain Size Analysis ----------==--==-==m--mmmmoo- mmmmmmmmmsmmmseeseeoeeeeoooooo- 126

Retained EXPanSion =-----==mmmmnmmm e 130
L.0ad DECAY =====mmmmmmmmmm oo oo 133
POWET -----nnmmmmmmmmmnne mmmmmmmmmmmmm oo mommmmemmssmeeeeoe- mommmmmmmeenee- 134
DISCUSSION ==--n=nmmmmmmmmmmmm oo e 134
CoNCIUSIONS--=-=m===—=m===m—m === e 136
REFEIENCES -~ 137

Xii



CHAPTER 5: DEVELOPMENT OF A TECHNIQUE TO IMPROVE FATIGUE LIVES
OF CRACK-ARREST HOLES IN STEEL BRIDGES — ANALYTICAL AND

EXPERIMENTAL STRESS AND STRAIN

1111 T e 140
Introduction------------=--m-mmmmmm e e EE e 140
10 o] =lo Y e 142
Background---=-===ssommem e e e e e e ee 143
Distortion-Induced Fatigue Cracking -------=========mmmmmmmmmm oo 143
Crack-Arrest Hole Formula----------=-=mmm e oo 146
Reinforcing Crack-Arrest HoleS-------=-=mmmm oo oo 147
Strain Hardening, Cold Working, and Hardness Testing-----------------=--=-=----------- 149
Piezoelectric Materials and the Effects of Ultrasonic Waves on Metals----------------- 151
Residual Stress and Strain Around Cold-Worked Holes------------------------mcmoemm - 153
Analytical SOIUtIONS--=-==-=-=mmm e oo 154
Numerical Solutions (FEA) =----m-m-mmmmmmmm oo oo 156
Experimental SOIUtiONS ----=-===mmmmm oo 157

X-Ray Diffraction --------=--=-mmmmmm oo 159

Neutron Diffraction ------=-=--mmmm oo o 164

Comparison of XRD and ND --============= = m oo 165

Test Methodology--------------=-==--==-mmcm o e e s 166
Hardware Description -------------=--=--=-=-mmnmo-- et EE L R 167
FatigUe SPECIMENS - mmmm oo e 167
Aluminum Plug-----------==-==-=semmm oo e EE R e 168

Xiii



211017 )] [ —— S 169

Piezoelectric Elements ------------m o mm oo 171
Electronics --------------- e - ---172
Data ACQUISItION------=-=-mm = m oo e 173
Other Evaluation Techniques e e 176
Metallurgical Evaluation -------=-=--=-=-mmmmm oo --176
X-Ray DiffraCtion------=-=-mmm oo oo 176
Neutron Diffraction -------------------------- - 180
Testing ProtoCo] =-=-=-=s=emsme e e e oo e e e e e e 182
PICK Treatment---------=-=--=--mmmmmemmmmmem oo mmm e meeeeeeeeeeeeeeeaee 182
Fatigue Testing-----------=-=-=-=-=-=-=-=-m-m-m--- mem e e e 183
X-Ray DiffraCtion------=-mm oo oo 185
Neutron Diffraction-=-=-=-=-=neemeeeem e e e eee 188
Results and DiSCUSSION=======n=nmnmmm e e e e e e e e e e 191
Brittle Coating-----------=-=-=-=-=-==mmmmmmo- L E e e 192
ANALY SIS =mmmm e e e e e ee 193
Nadai (1943)------- e 193

Ball (1995)----------=--=--mnmmmmmmmmee -- e 195

X-Ray DiffraCtion------=--=-==-mmmm oo - 198
Neutron Diffraction-=---=-===n=nmn e e 200
CONCIUSIONS-======= === e e e e m-mmmmmemmeneeees 206
RO ENCES- == == mmm e oo e e e e e 208

Xiv



CHAPTER 6: SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

0 o] =lo Y e ----213
SUMIMI Y === == === oo oo oo e e e 214
Sizing Crack-Arrest Holes ----------- - --214

Development Of A Technique To Improve Fatigue Lives Of Crack-Stop Holes In Steel

Bridges----mmmmmm o --215

Development Of A Technique To Improve Fatigue Lives Of Crack-Arrest Holes In

Steel Bridges — Fatigue And Metallurgical Results----------- m-emmmemeeees 215
Fatigue Testing e e e e e 215
Metallurgical Testing ReSUItS----=-====mmmmmm oo 216

Grain Size Analysis--------------=-==--=m-mmnmoo- eI R EE R 216
Hardness Testing---=-=-========snmnmommom oo eee 216
Retained EXPansion------=---nm-mmm oo oo e o o 217
Load Decay----------=-=-=-=-=-=-=-=----- mem e e e 217

Development Of A Technique To Improve Fatigue Lives Of Crack-Arrest

Holes In Steel Bridges — Analytical And Experimental Stress And Strain-------------- 217
Brittle Coating - S - —)

Closed Form Analysis------------------ S — 218

X-Ray Diffraction----------------------- S — 218

Neutron Diffraction---=--=-==-=-m-mmm oo 218
CONCIUSIONS======mmmmm = e e e e e e e 219
Significance ----------=---mmmsmmme oo S — 220
ReCOMMENAAtiONS-----n=mnmm i mm oo S 221

XV



U = =Y N[ ] = — R 223

APPENDICES

Metallurgical Examination RepOrt------=-=-=mmmmmm oo 231
Calculation memmmemememememmee e s 260
B-1 Nadai----------------- e 261

B-2 Ball’s Closed-Form Solution for Stress Around a Cold-Expanded Hole---------- 283

B-3 Modified Ramberg-Osgood Equation for Different n Values- --309

B-4 Ball’s Closed-Form Solution for n = 40------------=-=-mmmemmmmmmem oo 329

B-5 Ball’s Closed-Form Solution for n = 10--------=-=-===-=mmmmmmmmem oo 385

C. PICK and Fatigue Specimen Design Drawings----------=--=-==-==-=-cmmmmmmmmmmmmmeo - 443
D-1 PICK Tool Design Drawings-------- = e 444

D-2 Fatigue Specimen Design Drawings---------=-==-====-==mmmmmmmmmmmmemo - -445

D. Calibration CurVes------m-=mm oo 446
D=1 PICK T 00l mmmmmmm oo 447
D-2 MTS Universal Testing Machine-- e 448
D-3 10-kip Load Cell-----=-===-mm oo - 451

E. PICK Wiring Diagram--------mm e oo e oo 452
F. X-Ray Diffraction Data-----------=-==-mmm oo oo 453
G. Neutron Diffraction Data----------------------- -- s 456

XVi



LIST OF FIGURES

CHAPTER 1: INTRODUCTION

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Distortion in the Web Gap ----------------=--------- mmmmemmemmemmeeeeeeeeeeeeeeee 4
Typical Distortion-Induced Cracks in the Web Gap-------------=--=-==m-mmsmmmmmmm e 5
Hasselt Bridge in Profile---------------------o-m-m-—- mmm e meeeeeeeeeeee 6
Flared End of Vertical Hangers at Connection to Lower Chord on Hasslet Bridge-------- 6
Collapse of the Hasselt Bridge------------------- L EE L e 7
Details of Brittle Fracture at Hasselt Bridge---------------=-=-=--=-mmemm oo 8
Recommended Location of Crack-Stop Holes----------------------- - --15
Development of Constant C for Crack-Stop Hole Formula----------- e 16
Stop Cracks Holes at Fatigue Cracks----------------- -- mmmmemmeeememeeeeeeeeeeeeee 17
Fatigue Crack Re-Initiating Through Stop Crack Hole--------- mmmmmmemmeeeeeeea- 17

Cold Expansion Process. Pre-Lubricated Split Sleeve, Mandrel, and Hydraulic Puller--19
Cold Expansion Process. Mandrel and Sleeve Inserted in the Hole------------------------ 19

Cold Expansion Process. Mandrel Being Drawn Through the Sleeve and the Hole-----19

Cold Expansion Process. Remove and Discard Sleeve ---------=--=-==-mmemcmmmmmmmmmeeo 20
Residual Stress Field Resulting from Cold Expansion----------------- VAl
Interference Fit Fastener ---------------------mcmmo—- e 21
Stress-Strain with Strain Hardening and Bauschinger Effect------------------=--=-o-omceo—- 23
Work Hardening by Rolling------------------------ - ---24

Work Hardening of Grains Showing Elongation in the Direction of Cold Working------ 24

Work Hardening with Dislocations Tangled into Cellular Structure - ----24

Variation of Tensile Properties with Amount of Work Hardening--------------------------- 25

xvii



22. Acoustic Softening and Hardening in Zinc Crystals Under Deformation Control--------- 27

23.

24,

Effect of Ultrasonic Vibration on Static Yield Stress of Low-Carbon Steel---------------- 28
Effect of Amplitude of Vibration on Static Yield Stress of Low-Carbon Steel at Room

T eMPErAtUNE--==m=mmmmm e 28

CHAPTER 2: SIZING CRACK-ARREST HOLES

1.

2.

3.

10.

11.

12.

Distortion in the Web Gap -------------------=-=--—--—-- e e EE e T 46
Crack-arrest Holes at Fatigue Cracks------=-====mmmmm oo 47
Fatigue Crack reinitiating through crack-arrest hole------------- e 47
Plate configuration for crack-Arrest Hole Testing------------------------- mmemmmmemmeenae 50
Fracture Modes------------=-==-====-ommmmmmmmeo e —mmmmme [ 50
Fisher et al. (1980) Crack-Attest Experimental Arrangement----------------------------—-—- 51
Crack-Arrest Holes at the Ends of a Crack at Lateral Stiffener----------------------------—- 52
Crack-Arrest Hole at the End of Crack in Transverse Stiffener----------------------------—- 52
Development of Constant, C, for Crack-Arrest Hole Formula--------------=--=-=--=--=--—-- 54
Location of Crack-Arrest Hole with respect to the Crack Tip ----------=-=-=--=-=--=-=------ 55

Radius of Crack-Arrest Hole as Determined by Eqgns. 6, 8, & 10 as a Function of the
Y-Crack Length and the Constant, C, with Yield Strength and Stress Range Held
Constant at 248 MPa(36 ksi) and 41 MPa (6 ksi) In-Plane Stress Respectively ---------- 58
Radius of Crack-Arrest Hole as Determined by Egns. 6, 8, & 10 as a Function of the
Y-Crack Length and the Constant, C, with Yield Strength and Stress Range Held

Constant at 248 MPa (36 ksi) and 110 MPa (16 ksi) Out-of-Plane Stress

RESPECHIVElY -=-mmm e e e e e 59

Xviii



13. Radius of Crack-Arrest Hole as Determined by Eqgn. 8 as a Function of the

Y%-Crack Length and the Yield Strength with the Constant, C, Being Either 4 or

10 and the Stress Range Held Constant at 83 MPa (12 Ksi )----------=--=-==-===-mmmmumem 60
14. Radius of Crack-Arrest Hole as Determined by Eqn. 8 as a Function of the

Y-Crack Length and the Stress Range with the Constant, C, Being Either 4

or 10 and the Yield Stress Held Constant at 248 MPa (36 KkSi) ---------=========nmmmmmnuen-- 61
15. Normalized Radius of the Crack-Arrest Hole Compared to Normalized Stress

Using Eqgn. 8 with the Constant, C, Being Either 4 or 10 and Varying Yield

Stresses Showing Negative Valugs-----=-=-=-=-mmmmmmmmm oo 62

16. Normalized Radius of the Crack-Arrest Hole Compared to Normalized Stress
Using Eqn. 8 with the Constant, C, Being Either 4 or 10 and Varying Yield

Stresses Showing Only Positive Values ------=-=-===mmmmmmmmmmm oo 63

CHAPTER 3: DEVELOPMENT OF A TECHNIQUE TO IMPROVE FATIGUE LIVES
OF CRACK-STOP HOLES IN STEEL BRIDGES

1. Residual tangential (i.e., circumferential or hoop) stress surrounding

cold-expanded hole------------=-=-=-==-mnmeuee-- - 68
2. Schematic representation of elastic-stress field distribution near the tip of an

elliptical crack----------=----=-=-m-mmemm e e 72

3. Fatigue crack caused with drilled crack stop holes in steel bridge girder------------------- 74
4. Photograph showing PICK tool being used to treat a crack stop hole in a steel fatigue

S M === == == oo oo e e e e 76
5. Screenshots from (a) 3D modeling of uniform expansion and resulting residual

stresses in a crack-stop hole; (b) Cross-section view of Plug-Plate-Tool

XiX



10.

Interaction model showing residual stresses after the plug was loaded and removed.----81
Tangential residual stress normalized with respect to material yield strength

comparing model results for aluminum and mild steel at 4% uniform expansion--------- 81
Tangential residual compressive stress fields resulting from uniform expansion

in mild steel 3-D models.----------------------------- e T 81

Through-thickness residual stress distribution 3-D model with uniform 4%

EXPANSION =======mmmemmme e e e e e e e e e e e e e e e e e s 82

Through-thickness residual stress distribution 3-D plug-plate-tool

interaction model--------------nmmmmmmmmeee- S — S 83

Percent expansion from finite element analysis compared to measured

expansion at top, bottom, and mid-depth of treated crack-stop hole------------------------- 85

Percent expansion from finite element analysis compared to measured expansion at top,

bottom, and mid-depth of treated crack-stop hole-----------------------—- - 85

CHAPTER 4: DEVELOPMENT OF A TECHNIQUE TO IMPROVE FATIGUE LIVES

OF CRACK-ARREST HOLES IN STEEL BRIDGES - FATIGUE AND

METALLURGICAL RESULTS

1.

2.

Distortion in the Web gap----=-=======n=mm e oo oo e e e 95
Crack-arrest holes at fatigue cracks-------- e EE e - ---99
Fatigue crack reinitiating through crack-arrest hole----------=--=-==m s 100
Stress / Strain with strain hardening for a strain hardening steel---------------=--=-------- 102
Work-Hardening by rolling -------==-===-===mmmmmmm oo et 103
Variation of Tensile Properties with Amount of Work-Hardening ----------------=------- 103

XX



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Fatigue test SPECIMEN ==-=====nmmmmmmmm e oo e e e e 108

PICK tool schematic---------=-=======mnmmemmem e 109
Fatigue specimen during PICK treatment ----------=----=-mmmmmmmmmmm oo 110
Electronics used with PICK tool ---------=--==-m-mmm oo e 112
Fatigue specimen mounted iN UTS --m-mnmmmmmmmmmmm oo oo oo 120
Fatigue Initiation for 1/8-in Specimens at Stress Ratio = 32 KSi ----------------=-----—---- 123

Increase in hardness and ultimate strength with different cold-expansion

ErEALMIENTS = mmm e oo o e e ----126
Sample 1-P (PICK treated). Microstructure of base metal away from the hole,

showing light-etching ferrite matrix with small, dark-etching pearlite colonies.

Sample 9-U (Drilled and Reamed Only). Microstructure, showing shallow

depth of grain deformation at the surface of the hole, shown at top. (~500X)------------ 128
Sample 10-D (Mechanically Expanded Only). Microstructure at the surface of

the hole (top), showing shallow zone of grain deformation. (~500X)--------------------- 129
Sample 4-P (PICK-Treated). Microstructure at the inside cylindrical surface

of the hole showing shallow zone of grain deformation (arrow) and

semi-circular region of additional deformation. (~500 X) ---------=-====-=mmmmmmmmemmmm- 129
Sample 4-P (PICK-Treated). SEM photo of semi-circular region at the hole

surface near the outer plate surface, showing localized grain deformation, and

unresolved structure closer to the hole surface (top). Note small pits within

this region (~2000 X).========m=m=mmmm e e e e e e e e 130

Retained expansion of crack-arrest holes-----------------=-mommmemmmeeo e 132

XXi



20.

21.

Retained Expansion Plotted on Material Stress-Strain Curve from Tension Testing----133

Decay of tool load with time-------=-=-=-=-=-memememem oo - -134

CHAPTER 5: DEVELOPMENT OF A TECHNIQUE TO IMPROVE FATIGUE LIVES

OF CRACK-ARREST HOLES IN STEEL BRIDGES — ANALYTICAL AND

EXPERIMENTAL STRESS AND STRAIN

1.

2.

10.

11.

12.

13.

14.

15.

16.

Distortion in the Web gap---------=--==mmmmm oo 144
Crack-arrest holes at fatigue Cracks-----=-=-=-======mmmmmmmm oo 147
Fatigue crack reinitiating through crack-arrest hole--------=-=-=-=-=-=-m-memcmem oo 147
Stress / Strain with strain hardening for a strain hardening steel-------------------------—- 149
Cold-Working by rolling--------==-======mmmmmm oo - 150
Variation of Tensile Properties with Amount of Cold-working---------------=--=--=----—- 151
Comparison of FEA and Closed Form Analytical Solutions memmemmememeeeees 157
Schematic Showing XRD ----------=--=----=-mm--—- 160

Schematic Showing Diffraction Planes Parallel to the Surface and at an

Angles gy------------m-mmm oo e e 162

Comparison of Ball’s Closed Form Solutions with Stress Calculated from XRD------- 164

Comparison of Measured Tangential Strain After Cold-Working---------------=-=-------- 166
Fatigue test SPeCIMEN-=-=-nmmm oo oo e 169
PICK tool schematiC-------==-==mmmm e oo 170
Fatigue specimen during PICK treatment-----------=--=mmmmmmmm oo 171
Electronics Used with PICK T0O0l--------=-==-=-nmmmmmem oo e 172
PROTO LXRD X-ray Diffraction System--------=--=-mmemmmmm oo 179

xXii



17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

X-Ray Tube, Detectors, and X, Y, and Rotation Stages------------=--=========mmmnueu-- 179

Schematic Diagram of Neutron Diffraction HB-2B Beamling --------------------------- 182
Fatigue specimen mounted iN UT S-----m-mmmmmmmmmm oo 185
Electrolytical Polishing Equipment-----------=----=--mmemmmm oo e 186
Electrolytical Polishing Tip Working on the Surface of Specimen------------------------ 187

Computer Generated Plot of d vs Sin?y at One Measurement Point. Shows the Slope
Used in the Stress Calculation EQN. 4-----=-=--=-mmmmmmm oo 188

ND Specimen with Cube from the Original, Untreated Steel Plate Mounted

0N TOP Left COMNer —----mmmmmmemm oo oo 190
Incident and Diffraction Apertures with Plate 3P Mounted on XY Z-Stage-------------- 190
PICK Treated Specimen Showing Plastic Region-----------=-=-=-m-mmmmmmmmm oo 193
Expansion and Residual Stress from Nadia (1943)--------------=---m-mmmmmmmommmmm oo 194

Modified Ramberg-Osgood (1943) Equation with Different Power Values

Plotted on Measured Stress-Strain CUrVe--------=-===-=-=nmmmmmmmom oo 196
Analytical Determination of Tangential Residual Stress-------------==-==-=--- --197
Analytical Determination of Radial Residual Stress-------=-====nmmmmmmmmmmm oo 198
Normalized Stress vs Normalized Radius from X-Ray Diffraction-------------=--=------- 199
Elevation with Distance from the Hole ROW ----------------=-osmmemeo- - 200
Elevation with Distance from the Hole Row --------------=-=---oo---- ---200
Strain Measured With ND-------=-mmm oo 202
Tangential Stress Load Path--------=--=-mmm oo 203
Comparison of Tangential Strain---------------=--=-eo-moemmeeee- e -205
Comparison of Radial Strain------------=-==-=--mommmmm oo -- - -205

xXiii



LIST OF TABLES

CHAPTER 1: INTRODUCTION
1. Comparison of the Parameters in the Development of the Crack-Arrest
HOIE EQUALIONS === mm e m oo e oo e e 14

2. Comparison of Assumptions for Various Closed-Form Analytical Methods-------------- 37

CHAPTER 2: SIZING CRACK-ARREST HOLES

1. Values for C and Units for Crack -Arrest Hole Equations-------------------=------=----—---- 53

CHAPTER 3: DEVELOPMENT OF A TECHNIQUE TO IMPROVE FATIGUE LIVES
OF CRACK-STOP HOLES IN STEEL BRIDGES

1. Material properties used for models simulating uniform expansion------------------------- 78

CHAPTER 4: DEVELOPMENT OF A TECHNIQUE TO IMPROVE FATIGUE LIVES
OF CRACK-ARREST HOLES IN STEEL BRIDGES - FATIGUE AND

METALLURGICAL RESULTS

1. Values for C and units for crack-arrest hole equations-----------=-=-=---=-=-mmmmmmm - 98
2. Material Properties for A-36 Steel and 6061-T6 Aluminum -----------=--=--momemmeuummv 107
3. Assumed Properties for Piezoelectric Elements-------------=-=-=mmmmmmmmm oo 110
4. Fatigue Testing ReSUItS--------=-=-==mmmmm oo et 122
5. Results for measured retained expansion (RE)-----------=-==-=-=-mmmmmmmmmmm oo 131

XXiV



CHAPTER 5: DEVELOPMENT OF A TECHNIQUE TO IMPROVE FATIGUE LIVES
OF CRACK-ARREST HOLES IN STEEL BRIDGES — ANALYTICAL AND

EXPERIMENTAL STRESS AND STRAIN

1. Comparison of Assumptions for Various Closed-Form Analytical Methods------------- 156
2. Material Properties for A-36 Steel and 6061-T6 Aluminum--------=-=-----------m-m-moum-- 168
3. Assumed Properties for Piezoelectric Elements----------=-==-==-msmmsm oo 171

XXV



LIST OF ACRONYMS

2D, 3D — two dimension(al) and three-dimension(al)
AASHTO — American Association of State Highway and Transportation Officials
ASTM — American Society for Testing Materials

Be — beryllium

CRFP — Carbon fiber reinforced polymer

DIFC - distortion-induced fatigue crack(ing)

ER — expansion ratio

FEA — Finite Element Analysis

FHWA — Federal Highway Administration

Gr.- Grade of steel

HIFR - High Flux Isotope Reactor

KDOT — Kansas Department of Transportation

NCHRP — National Cooperative Highway Research Program
ND — Neutron diffraction

NRSF2 - Second Generation Neutron Residual Stress Mapping Facility
ORNL- Oak Ridge National Laboratory

PICK — Piezoelectric Induced Compressive Kinetics
PICK-Piezoelectric Induced Compressive Kinetics

R — Stress Ratio

SEM — Scanning electron microscope

Si - silcon

R — Stress Ratio — the ratio of minimum stress to maximum stress, omin/Gmax

XXVi



UTS — Universal testing machine

XRD —X-Ray diffraction

XXVii



LIST OF SYMBOLS

AK - range of stress intensity

p — radius of crack-arrest hole

C — Constant for determining radius of crack-arrest hole
oys— yield strength of material

Ao — stress range of the cyclical load

a — length of edge crack or half length of internal crack
Dt of D, — initial or final diameter of cold-expanded hole
€ — strain

n — hardening exponent

H — strength coefficient

E — modulus of elasticity

/3 - Bauschinger parameter

A = wavelength of X-ray beam

dnki = distance between hkl lattice planes inside the material

20nq = angle between the incident and the diffracted beams — Bragg’s diffraction angle

k - Electromechanical coupling coefficient for piezoelectric material

C - Piezoelectric transfer efficiency piezoelectric material

d33 - Activation constant for strain in the 3-direction for current in the 3-direction

YE33 - Short circuit Young’s modulus of piezoelectric material piezoelectric material

v - Poission’s ratio

o1 and o2 are principle stresses in the plane of the surface

¢ is the angle from a principle stress in the plane of the surface

XXViii



v is the tilt angle of the X-ray tube of the neutron diffraction

XXiX



CHAPTER 1: INTRODUCTION

OBJECTIVE

Fatigue cracks occur in steel bridges from repeated loads. If allowed to continue to grow,
eventually the fatigue cracks will require either expensive repairs or reduction of traffic loads on
the bridge, or they may lead to the failure of the bridge. The exact number of bridges susceptible
to fatigue cracking is difficult to evaluate, but the problem is widespread. In addition, many

current repair options are expensive or marginally effective.

The objective of this research is to develop a new, cost-effective technique that can be used to
arrest the growth of fatigue cracks before they develop to an extent that more expensive repairs
are required. It is well known that drilling a hole (crack-stop hole) at each end of a fatigue crack
can arrest the growth of the fatigue crack. Unfortunately, the required diameter of the hole is
usually so large that it is either impractical or does not fit in the space available. This research
has aimed to develop a new technique to treat the inside surface of the crack-stop hole so that a
practical-sized hole can be drilled that will fit within the space limitations yet prevent crack re-

initiation and thus stop further crack growth.

BACKGROUND

Fatigue Cracks in Bridges

The principal loads on bridges are dead loads from the self-weight of the bridge and live loads
from vehicular traffic across the bridge. Depending on span length, the ratio of live to dead load
can vary from approximately 1 to 3 with the lower ratio applying to bridges with spans greater
than 100 ft (30.5m) and the higher ratio for bridges with spans less than 50 ft (15.25m)

(McGuire1968). As the live loads are transient, live load stresses fluctuate with time. From



these live / dead load ratios, the time-varying live load stresses could approach 50-80% of the
allowable stress in the steel. Such high fluctuating stresses may cause fatigue cracks to initiate in
steel bridges if fatigue was not properly accounted for in the design of the bridge members,

connections, and details.

Fatigue cracks, in fact, currently exist in numerous highway bridges in the United States. The
Federal Highway Administration (FHWA) has governmental oversight responsibility for the
maintenance of 592,000 bridges. Of this total, more than 120,000 are steel highway bridges with
welded details. According to the 2001 National Bridge Inventory, more that 83,000 of the
592,000 (14%) are structurally deficient (FHWA 2001). Applying the 14% structurally deficient
figure to 120,000 welded-steel highway bridges implies that approximately 16,800 welded-steel
bridges in the United States are structurally deficient. The major problems causing the bridges to
be labeled as structurally deficient are fatigue sensitive details, need to increase service loads,
corrosion, and lack of proper maintenance (Tavakkolizadeh and Saadatmanesh 2003).
Therefore, there is a significant need in the Nation’s steel bridge infrastructure to address

damage due to fatigue.

Several common steel bridge details have proven to be susceptible to fatigue cracking. A survey
of 20 states and the Province of Ontario conducted between 1978 and 1981 collected information
on fatigue cracking that had occurred in 142 bridges (Fisher 1984). From this data set, the
location of the crack in the bridge and proximate cause of the cracking was tabulated. The
details and/or causes of the fatigue cracking were grouped into categories; the top categories

were distortion-induced fatigue, problems associated with sub-standard welds, and over-



constraint at connections of multiple members. The most common fatigue prone detail was
distortion-induced fatigue in web gaps, with at least 60 of the 142 bridges (42%) developing
fatigue cracks as a result of this detail. Given these percentages, the number of welded steel
highway bridges with potential for fatigue cracking from distortion-induced fatigue cracking is

quite significant.

Distortion-Induced Fatigue Cracking (DIFC)

DIFC is one of the most common conditions to produce fatigue cracks. To understand the extent
of the problem of fatigue cracking in bridges, it is instructive to trace the history behind the
engineering which lead to fatigue sensitive details that result in DIFC. Distortion-induced
fatigue cracking occurs primarily in the webs of plate girders bridges as a result of significant
secondary stresses under the application of cyclic traffic loads. For many years, normal practice
was to not weld transverse and connection stiffeners to the flanges of web girders, instead,
leaving a gap between the end of the connection stiffeners and the girder flanges. At connection
stiffeners, transverse members or cross-frames connect adjacent girders, providing lateral bracing
during erection and aiding in load distribution under traffic loads after the concrete deck is in
place. However, girders are loaded differentially even under normal traffic loads due to non-
symmetric traffic loads in adjacent traffic lanes. As a result of these non-symmetric loads,
girders do not deflect together uniformly and the cross-frames induce moments in the girder
about the longitudinal axis of the girder. Since the top of the flange of the girder is constrained
by the bridge deck while the bottom flange is unrestrained, the bottom flange tends to move
laterally, bending the cross-section about its longitudinal axis. Because the vertical connection
stiffener stiffens the web and the deck restrains the top flange, the lateral force is resisted by

bending induced in the girder web at the gap left between the flange(s) and the vertical stiffener.



This results in high secondary bending stresses in this web gap (Fig. 1). One measurement of
these secondary bending stresses has estimated stresses of 35 ksi (241 MPa) in a bridge
constructed with Gr. A36 steel (Anderson 2008). This stress of 35 ksi (241 MPa) was
determined from strain gages placed on the bridge girder after the bridge had been in service for
several years and was developed from a test truck traveling across the bridge. Therefore, the
stress of 35 ksi (241 MPa) represents the total stress range. This magnitude of stress is consistent
with results from finite element analyses (Zhao and Roddis 2007). Since this mode of
deformation may occur with every non-symmetric traffic load, the resulting high loading cycles
may cause fatigue cracks to develop and propagate in the web at the end of the connection plates
and at the weld between the girder web and flange (Fig. 2). The cracks develop initially along

the axis of the girder but often propagate into a "horseshoe" shape (Fig. 2).

Figure 1 Distortion in the Web Gap (Fisher Et Al 1990)
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Figure 2 Typical Distortion-Induced Cracks in the Web Gap (Roddis And Zhao 2001)

History

Fisher and Keating (1989) state that the practice of not welding to the tension flange and leaving
the gap between the connection stiffener and the tension flange was the result of bridge failures
in Europe in the late 1930s; these failures occurred in some of the first all-welded steel bridges
and the failures were partially attributed to transverse welds on the tension flanges. The
reference list from Fisher and Keating’s work (1989) cites the Hasselt Bridge. The Hasselt
Bridge was one of approximately fifty Vierendeel truss bridges constructed across the Albert
Canal in Belgium. A Vierendeel truss does not have diagonals like normal trusses but instead
has stiff connections between vertical members and chords that enable it to carry loads as a rigid
frame. The Vierendeel trusses in the Hasselt Bridge (Fig. 3) were shaped like a tied arch in that
the top chords were in the shape an arch and the bottom chords were in tension and acted like tie
members. Vertical hangers carried the load between the top and bottom chords. However,
unlike a normal truss, where the verticals attach to the chords with pin connections, the cross
sections of the vertical members flared at their ends to provide a smooth transition from the

vertical members to the flanges of the horizontal members comprising the chords (Fig 4).
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Figure 3. Hasselt Bridge in Profile (Akesson 2008)
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Figure 4. Flared End of Vertical Hangers at Connection to Lower Chord on Hasselt Bridge (Akesson 2008)

The Hasselt Bridge had a span of 75 m (245 ft), was designed for road and light rail traffic, was
erected between 1935 and 1936, and was commissioned in January 1937 (Hayes 1996). The
bridge failed at 8:20 am on March 14, 1938 (Maranian 2010). The temperature was —20 °C (-4
°F) and a tramcar and several pedestrians were on the bridge when a crack opened in the lower
chord of the bridge. Then the third and forth verticals fractured and load was transferred to the
top chord. The top chord held for approximately six minutes. Then the bridge (Fig. 5) broke
into three pieces and fell into the canal (Maranian 2010) taking the tramcar and pedestrians with

it. All the people survived (Hayes 1996). Since this was the first major failure of an all-welded



steel structure, an extensive investigation was conducted.

Figure 5. Collapse of the Hasselt Bridge (Kuhn 2008)

The initial crack started at a butt weld between a vertical and the lower chord (Fig 6). At the
lower chord, the flared end of the vertical was welded to a steel casting that had been welded to
the top flange of the horizontal tie beam to provide for smooth stress flow from the vertical
hanger to the tie beam (Reeve 1940), as shown in Fig 6. This casting contained sulphur and
phosphorus concentrations higher than the limits considered acceptable for welding (Reeve
1940). In addition, an examination of a similar butt weld showed lack of fusion at the bottom
and the absence of a sealing pass (back weld) along the back of the weld (Reeve 1940). The lack
of a back weld on the bottom side was probably the result of construction sequencing (Reeve
1940). In addition, Reeve (1940) found some indications that some of the welds might have

been made using bare (unshielded) electrodes.
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Figure 6. Details of Brittle Fracture at Hasselt Bridge (Hayes 1996)

Shortly after the failure of the Hasselt Bridge, two other Vierendeel truss bridges failed in
Belgium in 1940. Both the Herentals-Oolen and the Kaulille bridges experienced extensive
cracking but did not collapse (Akesson 2008). From the sketches available, some of the cracks
in these bridges appeared in the same location as the crack which initiated the failure of the
Hasselt Bridge (Akesson 2008). Two more welded-steel bridges in Berlin, Germany, failed: a
welded I-beam railway viaduct and a continuous welded-steel road bridge. Both failed in
wintertime by brittle fracture, but no details on these bridges are available. Details for the other
bridges in Belgium and those in Germany were probably lost due to the beginning of World War

I which started in early 1940.

Recommended Practices and Codes

As a result of the failure of the Hasselt Bridge, it became standard practice in the United States to
not weld stiffeners to tension flanges of primary bridge members. A steel design text used at a
major university in 1972 recommended leaving a gap between the connection stiffener and the

tension flange of a girder with a height 4.3 times the web thickness (McGuire 1968); a steel



designer’s handbook published in 1972 (Merritt 1972) contained the same recommended

practice.

Roddis and Zhao (2001) presented a concise history of the detailing of the connection plates in
the codes. According to Roddis and Zhao (2001), the 1981 Interim to the AASHTO Standard

Specification for Highway Bridges stated that intermediate stiffeners:

“when in pairs ...fit tight to the compression flange” and “When
used only one side of the web, ... shall be fastened to the
compression flange”. “Transverse intermediate stiffeners need not
be in bearing with the tension flange.” (Roddis and Zhao 2001)
Since distortion-induced fatigue was not yet recognized as a problem in 1981, the Specification
was interpreted as having the stiffener detail requirements apply to connection stiffeners. The
1982 Interim mentioned connection plates separately but only in connection with the
compression flange. It stated that, “consideration shall be given to the need for this attachment”
to the compression flange if a stiffener is used as a connection plate and “will produce out of
plane movements in a welded web to flange connection.” (Roddis and Zhao 2001) This seems to
allow but not require attachment to the compression flange, and it is completely silent about an
attachment to the tension flange. In 1983, the 13" edition of the AASHTO Standard
Specification for Highway Bridges changed its format, addressing the stiffener-compression-
flange detail in one section and the stiffener-tension-flange detail in another. The requirements
for both were, however, unchanged from the 1982 Interim. The 1985 Interim was the first to

require that “Vertical connection plates... shall be rigidly connected to the top and bottom

flanges” (Roddis and Zhao 2001). As with all changes in the Specifications, it took several years



for these details to become accepted practice. For example, the Kansas Department of
Transportation (KDOT) did not begin to weld or bolt connection plates to both top and bottom
flanges of plate girders until 1989 (Roddis and Zhao 2001). In 1995, the connection stiffener
detail was revised in the code to clearly state that a rigid connection was required to both top and

bottom flanges for connection of diaphragms and cross-frames. (AASHTO 1995)

In summary, from 1940 until the late 1980s, welded steel bridges constructed in the United
States were designed and constructed with connection and stiffener plates not connected to the
tension flanges. This includes all the welded steel bridges in the extensive Interstate Highway
System constructed from the 1950s into the 1980s. The result is that a large number of welded-
steel bridges with fatigue prone details exist and may require some form of repair for fatigue

cracking.

Current Solutions to Fatigue Cracking / DIFC

Once fatigue cracks occur, they must be repaired or at least prevented from growing; several
different approaches have been used to repair fatigue cracking (Roddis and Zhao 2001). If the
fatigue cracks need to be removed, repair options consist of replacing the affected member or re-
welding the crack. Replacing a cracked member may be difficult as the bridge may have to be
taken out of service, the bridge deck removed, the member replaced, and the deck reinstalled.
This may be prohibitively expensive. Re-welding or filling the fatigue crack with weld material
requires grinding out the crack and any associated welds, filling the crack with weld material,
and grinding the new weld surfaces smooth. When doing this, it is essential that the crack tips

are within the area included in the grinding and re-welding; if they inadvertently extend outside
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this area, the crack may reinitiate. If access to the fatigue crack is limited or difficult, which is
often the case, considerable effort may also be required to ensure adequate weld quality and a
smooth surface finish. Also any surface irregularities in the finished weld may provide a

location for future fatigue crack initiation and subsequent propagation.

If the decision is made to repair the crack in place without replacing the member or re-welding
the crack, crack-stop holes can be drilled at both ends of the fatigue crack; this may prevent
crack reinitiation and propagation. For locations where the cracking is caused by distortion-
induced fatigue, stiffening the web gaps, softening the web gaps, removing or repositioning
lateral bracing and diaphragms, or even loosening bolts at the cross frame to web connections
have all been implemented to prevent continued crack growth — with varying outcomes in the
various case studies. Another alternative is to install bolted connections between the connection

stiffeners and adjacent flange.

Crack Stop Holes

Crack-stop holes are more easily drilled in locations where a crack is propagating in a plate
girder not at a weld joint formed by the intersection of two members such as a web to flange
joint; away from such joints the hole can be drilled perpendicular to a flat surface without
intersecting or being tangent to another surface. Where the crack forms in a fillet weld, such as
at a web to flange weld, drilling a hole will be difficult because of the interference formed by the
two perpendicular surfaces, and the crack-stop hole may be ineffective. When or if the crack
propagates away from the intersection of the two members into the underlying plate, the crack-

stop hole is an attractive repair.
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Crack Stop Hole Formulae

Drilling a hole at the tip of a fatigue crack increases the radius of the crack tip from infinitely
small to the radius of the hole; this blunts the crack tip to an extent that crack growth may be
stopped. There are two formulae in the literature that may be used to determine the radius
required for the hole to effectively stop crack growth. Both formulae relate the radius of the hole
to the yield strength of the steel, stress intensity factor range, and the half-length of the crack; but
use different experimentally derived constants. The first is from Rolfe and Barsom (1977) and
Barsom and Rolfe (1999) while the second is found in Fisher et al (1980), Fisher et al (1990),
and Dexter (2004). Both formulae follow the general form first presented by Barsom and Rolfe

(1977):

Equation 1

Where:

C = constant developed from testing. Barsom and Rolfe (1977)
recommend a value of 10 from their testing; while Fisher et al (1980)
recommend a value of 4 from their work.

p = required radius of the crack stop hole (in).,

oys = the yield strength of the steelksi)

AK = the range of the stress intensity factor for an infinite plate that
contains an edge crack of a length a and that is subjected to fatigue loading

of uniaxial, fluctuating tensile stresses. These conditions constitute a
Mode | type fracture and, for Mode I,

AK= Ac V78 ksivin) where:
a = the length of the edge crack (in)

It is important to note that both equations are unit sensitive and, therefore, only US customary

units are used in this section since both values of C were generated in US customary units.
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When 4K= Ao/ and the values for C are substituted into Eqn. 1, Eqn. 2a and 2b result:

AO'\/% =1O\/0-7y5

VP Rolfe and Barsom (1977)  Equation 2a
Ao na =4\/7
ys

VP Fisher et al (1980) Equation 2b

The Eqgn 2a was developed from cyclic tension loading of various notched plate specimens with
different radii and with yield strengths varying between 36 and 110 ksi with stress ratios

(omax/omin) 0F 1.0, 0.1, and 0.5. The specimens experienced Mode | failure.

The Eqn. 2b was developed from tests on rolled sections (Fisher et al 1980) and plate girders
(Fisher et al 1990) both with in-plane and out-of-plane bending where out-of-plane bending was
imposed on the section at cross frame connections to the side of the web to develop distortion-
induced fatigue cracking. Tests were conducted on steels with 36-ksi-yield strength. After
cracking developed, either a ¥2-in. or a 1-in. diameter hole was drilled at the tip of the crack and
testing continued until failure in Mode 111 shear or complex Mode 111 shear combined with beam
bending. If failure did not occur within a reasonable time, the testing was terminated. The

differences in the testing leading to the different constants ‘C’ are summarized in Table 1.
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Table 1 Comparison of the Parameters in the Development of the Crack-Arrest Hole Equations

Equation 2a Equation 2b
Yield Measured yield strength between 36 and . .
strength of 110 Ksi Measured yield strength of 36 ksi
the steel
Loading Tension Both in-plane bending and out-of_plane bending at
cross-frame connections
Cradius of K
crack stop Constant radius; VP varied by changing % -inand 1-in diameters
hole the tension stress
Section Wide plates Rolled wide flanges and built-up plate girders
geometry
Failure Mode 111 (shear in a plane perpendicular to the
Mode Mode 1 (tension opening crack) direction of crack growth) or Mode 111 combined with
bending
Stress controlled by controlling the Stress Stress controlled at specified points developed from
Stress Ratio (R) ([Imin/[Jmax) with R varying finite element analysis (FEA). Bending strain
between —1.0, 0.1, and 0.5 based on nominal measured at tension flange and out-of-plane strain
stress away from the notch measured on the web at location selected from FEA
Resulting
constant, C 10 4
Stress Ilmlts None as long as the equation is satisfied <15 ksi from out—o_fjplgne bending a_t the weld toe &
to equation <6 ksi in in-plane bending

Both Fisher et al (1980) and Rolfe and Barsom (1977) noted that, if a stop-crack-hole is used, it

is important to identify the crack tip and locate the crack-stop hole such that the center of the

hole is located at the tip of the hole. For typical crack sizes, hole diameters, and stresses, the

hole diameter is significant with respect to the crack length and should be added to the crack

length. If the holes are is located as shown in Figure 7 and if the hole diameter is included with

the crack length, Eqn. 2a and 2b become:
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Figure 7. Recommended Location of Crack Stop Holes
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\/ﬁ Equation 3

re-arranged, Eqn. 3 may be re-written as:

Aazn ' Equation 4

=2 7 [@
C ayS—Aa V3

p

Where C = either 10 or 4

A comparison of Egn. 4 determined with two different values for the constant, C=10 and C=4,
shows that C=4 requires a crack-stop hole radius significantly larger than Egn. 4 with C=10.
Using arbitrary but reasonable values for a bridge with a crack in the main girder (2a’ = 8 in., oy

= 36 ksi, and Ao= 10 ksi), Eqn. 4 with C = 10 requires a hole diameter of approximately "/s-in.
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to halt crack propagation while Eqn. 4 with C=4 requires a diameter of approximately 9°/g -in.
Depending on the location of the crack in the bridge, the larger hole may be noticeable and could
cause consternation. Also, due to physical dimensional constraints and obstructions, it may not

be possible to fit a hole of this size at the crack tips at each end of the crack.

Further comparison of the constants, C, may be made by plotting both values on the graph of
experimental data from Fisher et al. (1989) as shown in Fig. 8. It appears that the original
location on the graph for 4\/csy may not be plotted correctly; therefore, the correct location of
4\/csy as well as the location of 10\/c5y have been plotted as shown in Fig. 8. From the graph it
appears that using C=10 is a reasonable average of the data, and C=4 is representative of a

conservative lower bound.
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Figure 8. Development of Constant C for Crack Stop Hole Formula (Fisher 1980)

Typical practice seems to be to drill a reduced-size hole, with diameters from %-in to 1-in being
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typical (Fig. 9). Unfortunately, when reduced-size holes are used, the fatigue crack eventually

re-initiates and continues to propagate on the other side of the hole (Fig. 10).

Figure 10. Fatigue Crack Re-Initiating through Stop Crack Hole (Dexter 2004)

Reinforcing Crack Stop Holes

If a reduced-diameter hole is drilled, two techniques have been developed in the aerospace
industry which could be used to attempt to make an undersized hole perform in stopping crack
growth as well as a full sized hole. These are mechanical expansion of the hole and installing
over-sized bolts (i.e., bolt interference). The degree of mechanical expansion for both is reported

in terms of the Expansion Ratio (E.R) or Retained Expansion. Both are calculated as in Egn. 5:
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o % Equation 5

Where:
Dy = final diameter of cold-expanded hole
D, = initial diameter

Mechanical expansion is a widely accepted technique to reinforce bolt and/or rivet holes in
aluminum aircraft members both during manufacturing and maintenance to keep fatigue cracks
from developing or to extend fatigue life in the presence of existing cracks. A literature review
did not produce any example where mechanical expansion has been used outside the aircraft
industry but, from a personal conversation with L. Reid of Fatigue Technology, mechanical
expansion has recently been used on railroads and bridges (Reid 2011). This technique was
expanded to railroads to improve the fatigue performance of the bolt holes in connections joining
rail sections and has only been used on one bridge structure, an elevated section of a highway in
California (Reid 2011). The Fatigue Technology mechanical expansion process utilizes a split-
sleeve-mandrel system that consists of an oversized, solid, and tapered mandrel and an internally
lubricated split sleeve (Figs. 11-14). The split sleeve is placed on the small end of the tapered
mandrel and the mandrel-split sleeve placed in the in the hole with the large end of the mandrel
going in first. An external force is then applied to the small end of the mandrel and the large end
of the mandrel is pulled through the split sleeve causing the hole to expand by plastically
deforming the inside of the hole in a radial direction. The sleeve is then withdrawn. This results
in cold working the inside diameter of the hole and inducing a residual compressive stress field
tangentially and radially around the hole; both of these act to retard crack initiation and crack
propagation (Fig. 15).
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Figure 11. Cold Expansion Process. Pre-Lubricated Split Sleeve, Mandrel, and Hydraulic Puller (Fatigue
Technology 2011)

Figure 12. Cold Expansion Process. Mandrel and Sleeve Inserted in the Hole (Fatigue Technology 2011)

Figure 13. Cold Expansion Process. Mandrel Being Drawn through the Sleeve and the Hole (Fatigue Technology
2011)
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Figure 14. Cold Expansion Process. Remove and Discard Sleeve (Fatigue Technology 2011)
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Figure 15. Residual Stress Field Resulting from Cold Expansion (Fatigue Technology 2011)

Interference fit fasteners are currently limited to the aircraft industry where they are used to
improve fatigue performance of drilled holes; their use has not translated to bridges or other civil
structures (Bontillo 2011). Interference-fit fasteners consist of a tapered bolt and an internally
tapered and flanged outer-sleeve, which is ground straight externally for use in a straight-sided

hole. The interference fit is achieved by tightening the bolt, forcing the taper of the bolt to work
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against the taper of the sleeve (Fig. 16). Fatigue tests have shown an increase in fatigue life with
Expansion Ratios of up to 2.5% with fatigue life being improved roughly by a factor of 10 (10°
cycles to 10° cycles) (Lanciotti and Polese 2005). Above this interference level, further increases

had little effect on fatigue resistance (Lanciotti and Polese 2005).

SLEEVbolt System

ASSEMBLY EXAMPLE

STRUCTURE

Figure 16. Interference Fit Fastener (PBFasteners 2011)

Strain Hardening, Cold Working, and Hardness Testing

If point oy in Fig. 17 depicts the yield stress in tension, strain hardening occurs when stress
exceeds oo, With increasing deformations and stress. The stress — strain behavior beyond oy
may be non-linear and can be described with some type of power-law relationship, such as the
Ramberg-Osgood equation (Eqgn. 6) (Ramberg and Osgood 1943). The Ramberg-Osgood
equation provides a single, continuous, and smooth curve that does not exhibit a distinct yield

point. H and n are experimentally-derived constants unique to each material. H is similar to the
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strength coefficient and n to the strain-hardening exponent used in the normal power law

(Dowling 2007).

Equation 6

If stress is reduced after the onset of strain hardening at oy (Fig. 17), the stress-strain relationship
unloads with the same slope as the elastic portion of the stress-strain curve (Point B to Point C).
If unloading does not progress beyond Point C to yielding in compression, reloading follows
back along the same path as unloading until the previous high stress, Point B, is reached. Further
loading beyond Point B continues with the same strain hardening behavior as previously. The
stress at which strain hardening begins after unloading and reloading is approximately the same

value which was reached before unloading occurred, Point B.

However, if stress in tension has exceeded the yield stress, ou, and if the stress is reversed to an
extent along b-c such that yielding occurs in compression at Point A, the yield stress in
compression at Point A will be less than that produced from monotonic compressive loading,
ooc. This effect, called the Bauschinger effect, occurs with subsequent reversals if the stress in a
previous load step went beyond yield stress in the opposite direction. For example, yielding in
tension will cause a lower vyield stress in compression than if yielding in tension had not
occurred. The opposite also holds, i.e. yielding in compression will result in a subsequent lower
yield stress in tension. In summary, strain hardening extends the linear stress — strain range
above yielding if any previous stress reversals have not progressed to yielding in the opposite

sense; however, for cyclical loading yielding occurs before the yield strength is reached if
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yielding in a previous load step occurred in the reverse direction.

Tension

/ C

- -Gyc

Compression

Figure 17. Stress/ Strain with Strain Hardening and Bauschinger Effect (Dowling 2007)

Cold working is severe plastic deformation by a controlled mechanical operation (e.g. rolling or
drawing) performed at ambient temperature for the purpose of shaping a product. Cold working
reduces one or two dimensions of the object while increasing the other corresponding
dimension(s). Cold working elongates the grains of the material in the direction of working,
while flattening the grains perpendicular to the direction of working (Figs 17 and 18). Cold
working may increase dislocation density, vacancies, stacking faults, and twin faults; most of the
energy from cold working appear to be expended in increasing the dislocation density which is
primarily responsible for the changes in material properties (Dieter 1989). An annealed metal
has a density of dislocations of 10°— 10° dislocations per cm? (Dieter 1989). After cold working
with severe plastic deformation of ~10%, the dislocation density increases to 10%
dislocations/cm? (Dieter 1989). These dislocations form dense tangles concentrated at the grain
walls resulting in cell-like structures with the tangles being the cell walls (Fig 18). The tangles

act as obstacles to further slip along slip planes. The cold working with grain deformation and
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formation of dislocation tangles increases the yield stress, ultimate stress, and hardness while
decreasing elongation and reduction in area (Dieter 1989), as depicted in Fig 19. Cold working

also causes strain hardening.
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Figure 18. Cold working by Rolling (Moniz 1994)
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Figure 19. Cold working of Grains Showing Elongation in the Direction of Working (at 20% and 60%
reduction in area) (Moniz 1994)

()

Figure 20. Cold Working with Dislocations Tangled into Cellular Structure. (a) deformed to 10% and (b)
deformed to 50% (Dieter 1989)
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Figure 21. Variation of Tensile Properties with Amount of Cold working (Dieter 1989)

Hardness can be measured with an indenter; several types are available but all measure the depth
and /or width of an indention with a ball-, pyramid-, or a diamond-shaped indenter into the
surface of the metal object. The indenter only disturbs the top few grain layers but these
indentations impose a triaxial state of stress and plastic deformation in the range of 30% or more
strain (Richards 1961). Empirical relationships exist to relate the hardness values of the different
indenters to each other (ASTM E140), and to the ultimate strength (F,) of the metal (Moniz
1994). Because the indenter readings are related to plastic deformation of the material, the
hardness readings can only be related to the ultimate strength; no empirical relationships exist

between the indenter hardness values and the yield stress.

Piezoelectric Materials and the Effects of Ultrasonic Waves on Metals

Pierre and Jacques Curie first identified the direct piezoelectric effect in 1881 when they showed
that a quartz crystal produced an electric current when subjected to a pressure. The converse
piezoelectric effect, that a voltage applied to a quartz crystal would produce expansion in the
crystal, was reported the next year. The effect can be introduced into certain other materials

containing dipole elements by ‘poling’. Poling consists of raising the material above the Curie
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temperature, applying a strong electric field across it, and cooling the material below the Curie
temperature while maintaining the electrical field. This process changes the dipoles which are
arrayed in a random direction before poling and fixes them so that they are aligned in the
direction of the electrical field. After poling, if an external circuit is connected to electrodes on
the surfaces of the piezoelectric material in the poling direction and if pressure is applied, a
proportional transient electric current flows in the circuit while the pressure is changing (direct
effect). If an external electric field is applied to the circuit, proportional strain occurs (converse
effect). The poling can be eliminated by raising the temperature above the Curie temperature
without the presence of an electric current or by applying high pressures. In addition, the
piezoelectric effect decays over time, usually in terms of decades. Hard piezoelectric materials
have Curie temperatures above 300 °C and soft piezoelectric material have a Curie temperature
below 200 °C and are readily depoled at room temperature with a strong electric field (Srinivasan

and McFarland 2001).

Blaha and Langenecker (1955) reported the first results of imposing ultrasonic vibration on
metals when they ultrasonically vibrated zinc crystals while the zinc crystals were being tested in
tension. Langenecker (1966) reported that ultrasonic waves can both soften and harden metals.
At energy levels below 5 W/cm?, acoustic softening occurred when zinc crystals were subjected
to ultrasonic irradiation during static tension testing conducted under displacement control. The
static stress required to continue straining dropped abruptly when the ultrasound radiation was
switched on and returned to the original elastic stress-strain curve when it was turned off. See a
—a’in Fig. 20. At energy levels between 15 W/cm? to 25 W/cm?, the softening occurred during

irradiation but, when it was turned off, acoustic hardening occurred, i.e. the stress to produce
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additional strain rose above the original elastic stress-strain curve, as shown with b —-5"and ¢ — ¢’
in Fig. 20. Above 25 W/cm? plastic deformation occurred in the zinc. Langenecker (1966)
hypothesized that the ultrasonic waves increased dislocation density and that the dislocations
migrated to form sub-boundaries composed of dislocation networks. The softening occurred
during application of the ultrasound which unlocked dislocation pile-ups; when the ultrasonic
radiation is removed, an increased number of dislocations are fixed in locations that require

higher stresses to produce additional slip. This resulted in hardening in the metal.
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Figure 22. Acoustic Softening and Hardening in Zinc Crystals Under Deformation Control (Langenecker
1966). Dotted lines show were ultrasonic vibration was applied

Nevill and Brotzen (1957) subjected low-carbon steel to ultrasonic vibration while testing the
steel in tension. They used annealed, 20-gage (.035-in.) (0.889-mm) wire in a small tension-
testing machine under displacement control. The wire was tensioned and ultrasonic vibration
applied in short intervals along the axis of the wire. The effect of the frequency was investigated
by changing the length of the wire until standing waves were obtained over the range of
frequencies being used. Nevill and Brotzen (1957) reported that the stress necessary to initiate

plastic deformation was reduced by the introduction of the ultrasonic vibration. The reduction in
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stress was proportional the amplitude of the vibration, but independent of frequency within the
range of 15 kHz to 80 kHz, of temperature between 30 °C and 500°C, and of prior strain for

values of average permanent elongation of up to 15%. See Fig. 21 and Fig. 22.
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Residual Stress and Strain around Cold-Expanded Holes

A substantial body of work exists on determining the stress / strain relationship resulting from
cold-expanding bolt and rivet holes in aluminum members in aircraft and the residual stress /
strain remaining at the end of cold working. These papers can be classified into those providing
results from analytical, numerical, and experimental techniques. The analytical techniques report
development of closed-form solutions that provide acceptable results with low computational
effort and are amenable to parametric studies. The closed-form solutions were developed over
time from the formulae for thick shells with different analysts using different yield criteria (i.e.,
Tresca or von Mises), different stress-state assumptions (i.e., plane stress or plane strain),
different material models (varying between elastic-perfectly plastic to elastic, nonlinear strain-
hardening), and different unloading models (from elastic to elastic with non-linear reverse
yielding).  Numerical techniques, primarily finite element analysis (FEA), are efficient for
determining residual stresses after cold working, modeling nonlinear material behavior, and
accommodating large deflections. However, each FEA is limited to a unique geometric
configuration and material model, and any change in initial geometry or material model requires
a new FEA. In addition, a sophisticated FEA program is required for the problem of
coldworking around a hole producing residual stress. Several experimental techniques have been
attempted in previous studies (Arora et al. 1992, Polosook and Sharp 1978, Sharp 1978, Gracia-
Granda 2001, Rowlands 1993, Ozdemir and Edwards 2004, and Cheng et al 2003) to measure
the strain in both circumferential and radial directions around the hole during and after
coldworking. Ball and Lowery (1998) provide a summary and evaluation of the all these
different experimentally techniques. Because of the small dimensions, high strain gradients, and

large strain magnitudes involved, measuring the strains is a difficult task and requires skill,
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patience, and, sometimes, sophisticated equipment for success.

Nadai (1943) reported the first analytical work concerning coldworking around a hole. He was
concerned with copper boiler tubing, which was fitted into holes in steel drums or steel head
plates in industrial water heaters, steam boilers, and turbine condensers. These connections had
to remain tight under high pressure and high temperatures; consequentially, high pressures need
to be developed between the copper tubing and the steel boiler head / plate. Tight fit was
achieved by revolving hardened rollers around a tapered pin such that the tube material and the
steel in the drums or headers were deformed into the plastic range in both the radial and
circumferential directions. When the expanding operation was completed and the rollers
removed, residual stresses remained (compressive in both the circumferential and the radial
direction) which kept the joint tight. Nadai (1943) assumed an elastic-perfectly plastic stress-
strain relationship for the steel and both elastic—perfectly plastic and elastic with a strain-
hardening component for the tube material. His equations for the tubes and holes in the plates
were further developments of his previous work solving for stresses and deflections in thick
tubes but, with the plane stress assumptions, were also applicable to this instance (Nadai 1931,

Nadai 1943 and Nadai 1950).

Later analytical work was primarily undertaken to understand the residual stress around cold
worked holes in aluminum for the aerospace industry. Hsu and Forman (1975) extended the
work from Nadai (1943) using a modified Ramberg-Osgood (1943) type strain-hardening model
but still used elastic unloading. Rich and Impellizzeri (1977) used formulas for thick tubes from

Hoffman and Sachs (1953) and developed different formulas using plane strain assumptions. On
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unloading, they also allowed the material to yield in compression near the edge of the hole to
comply with the von Mises yield criteria. Guo (1993) extended the Hsu and Forman (1975)
analysis by including kinematic hardening (Bauschinger effect) and by investigating the effect of
a finite thin plate; however, he provided only a minimal explanation on how to determine
residual stress. Ball (1995) also extended the Hsu and Forman (1975) analysis by including
elastic — plastic unloading but provided an explicit solution for elastic, nonlinear-plastic
unloading for residual stress that provided for a zone of reverse yielding in compression near the
hole edge. Zhang et al. (2005) used Ball’s (1995) approach but developed the solution for a
finite-sized plate with appropriate boundary conditions. Wang and Zhang (2003) compared the
results of the most promising of these closed-form solutions with accepted tangential and radial
stress profiles and found that they provided adequate results when using an appropriate strain
hardening exponent, n, and Bauschinger parameters, 5. Table 2 presents a summary of these

different analyses.
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Table 2 Comparison of Assumptions for Various Closed-Form Analytical Methods

Stress - . .
. Plate  Stress  Failure Strain Stress — Strain Compressive
Material : S Curve for Yielding on
Size State  Criterion  Curve for - 4
. Unloading Unloading
Loading
] Elastic —
. Thin Plane . .
Nadai Steel Infinite  Stress  VO" Mises Perfec_tly Elastic No
plastic
. Modified
F(l)_:f?'lriz_an Aluminum Ir?;?r:?te gtlfer;i von Mises  Ramberg- Elastic No
Osgood
. . Elastic - Elastic with
R'Ch / . Aluminum T.h'.Ck Plaqe von Mises Perfectly approximation for Yes
Impellizzeri Finite  Strain . S
Plastic reverse yielding
Aluminum Modified Elastic non-linear
Guo and high Thin Plane von Mises  Rambera- strain hardening Yes
strength Finite  Stress g with Bauschinger
Osgood
steel parameter
e Mod e
Ball Aluminum . von Mises  Ramberg- . . Yes
Infinite  Stress with Bauschinger
Osgood
parameter
Medium . Modified ~ Clostic non-linear
Thin Plane . strain hardening
Zhang Carbon . von Mises  Ramberg- . . Yes
Finite  Stress with Bauschinger
Steel Osgood

parameter

Various papers report the details of FEA of cold expanded holes (Forgues et al. 1993; Poussard
et al. 1994; Poussard et al. 1995; Zhang et al. 2005; and Nigrelli and Pasta 2008). The FEA
models in these analyses consisted of 2D, 3D, or axisymmetric models, with axisymmetric and
2D being the predominate approaches. The material properties were input mostly as the actual
stress-strain curves developed from unixial tension testing. One paper (Nigrelli and Pasta 2008)
used a power hardening law. The effects of plane stress and plane strain assumptions were both
investigated by using different element formulations. For example, Zhang et al. (2005) used 8-
node, biquadratic plane stress quadrilaterals and 8-node, biquadratic plane strain quadrilaterals to
investigate the differences between plane stress and plane strain assumptions. The von Mises
yield criteria was invoked to determine yielding. Tension stress into the plastic range coupled

with unloading and compressive residual stresses approaching compressive yielding were
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modeled with both isotropic (no Bauschinger effect) and kinematic behavior (full Bauschinger
effect). A Bauschinger parameter, £, was used to investigate the effects of isotropic and
kinematic models on reverse yielding and behavior varying between isotropic and kinematic. /3
= 0 simulates isotropic behavior, = 1 produces kinematic hardening, and 0< f<1 provides for a
mixed-mode type hardening model with a partial Bauschinger effect. The models were typically
loaded with a specified displacement imposed in steps on the hole wall. Results from the FEA
were compared with other papers which used the finite element method, and with papers using
closed-form solutions. Both the closed-form solutions and the finite element analyses produced
similar results when the same assumptions were used in the modeling as used in the closed-form
approaches (Zhang et al 2005). There does not appear to be a significant advantage between
either of the approaches, closed-form or FEA, with respect to accuracy when the appropriate

assumptions are used.

Accurate experimental determination of strain around a cold-expanded hole requires precise
measurements to obtain reliable results. Several techniques have been tried with reported
success but each has some limitations. These included using strain gages, Sach’s boring method,

x-ray diffraction, neutron diffraction, and imposing a microgrid around the cold worked hole.

Arora et al. (1992) and Polosook and Sharp (1978) both used strain gages to determine the
boundary between the plastic region and the elastic region of a cold worked hole. Arora et al.
(1992) placed 12 gages in a spiral pattern around the hole with gages spaced from 1.5 mm (0.059

in) to 14.0 mm (0.551 in) and measured the strain both before and after coldworking.
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Sharp (1978) used a Vickers hardness tester to place a microgrid around a hole before cold
working. The Vickers hardness tester was used to form pyramidal indentions approximately
10um (0.00039 in) square and in a pattern at 200 um (0.00787 in) spacing. The distance
between the indentations was measured both before and after cold working, and could be
measured to within 0.1um (0.000004 in) allowing for accurate measurement of strain greater

than 2%. Sharp (1978) reported that this was a “tedious but reliable technique.”

Sach’s boring method was developed to determine axisymmetric residual stresses in
autofrettaged tubes (Gracia-Granda 2001), where autofrettage describes a process where an outer
thick tube is heated, in inner thick tube inserted, and the outer tube allowed to cool. The inner
tube has an outer diameter slightly greater than the inner diameter of the outer tube, and after
cooling compressive residual stresses exist in the inner tube and tensile residual stresses remain
in the outer tube. It can be adapted to coldworked holes by machining the specimen after cold
working into a disk with the hole at the center of the disk. The interior residual compressive
stress in the tangential direction is balanced by tension stress in the tangential direction on the
outer edge of the disk. Strain gages are placed on the edge of the disk at specific angles around
the disk with the vertices of the angles being at the center of the disk. These gages are used to
measure tangential strain around the circumference of the disk. The inner hole is then bored out
in small increments (0.06 mm) (0.00236 in) and the change in tangential strain in the strain gages
on the outer edge of the disk is measured after each boring increment. Gracia-Granda (2001)
developed the use of a Fourier expansion to project the strain between values at the end of each

boring increments and back to the hole edge.
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X-ray diffraction is an experimental technique for determining surface strains in the plane of the
surface; it assumes a plane stress condition with the stresses perpendicular to the surface either
constant or zero. X-rays are part of the electromagnetic spectrum and exhibit interference,
reflection, and diffraction. Their short wavelength enables them to penetrate metals which
reflect visible light. Strain is determined from measuring inter-atomic spacing and changes in
this spacing using certain lattice planes as the gage length. Bragg’s Law relates the angle of
diffraction to the length of the lattice planes. Changes in the length of the lattice planes change
the angle of diffraction. Strain is determined by impinging x-rays on the surface and measuring
the intensity of the diffracted x-rays at different angles. Penetration can be 30-40 um (0.00118
in - 0.00157 in) and stress can be determine within 3-5 ksi (20.7 MPa - 34.48 MPa) compared to
~2 ksi (13.79 MPa) for strain gages on metal (Rowlands 1993). If strain at greater depth is
required, the surface layers must be removed without inducing residual strain with the removal
process. One problem with X-ray diffraction is that all residual stresses from manufacturing
processes such as rolling or forming must be removed in such a manner that does not itself

induce residual surface stresses.

Neutron diffraction is analogous to X-ray diffraction in that neutrons bombard the material and
are scattered from lattice planes in the crystal. The diffracted beam is collected and peak
intensities occur when Bragg’s law relating the length of the lattice planes and the angle of
diffraction is satisfied. Changes in the length of the lattice plane change the angle of diffraction
and the residual strain is determined by comparing the length of the undeformed lattice with the
deformed lattice. Neutron diffraction is a volumetric measurement with the strain averaged

within a cube, whose dimensions can be as small as 0.5 x 0.5 x 1.0 mm (0.0197 x 0.197 x 0.0394
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in) in steel (Cheng et al 2003). Due to the greater penetrating power of the neutrons, neutron
diffraction can measure strain to a depth of 50 mm (1.97 in). Discrete strains in a specified
direction can be measured along a line with spacing so close as to make the measurements
almost continuous. By using different orientations of the specimen, strains in all three
orthogonal directions can be obtained. Unlike X-ray diffraction, surface preparation to eliminate

surface residual stresses is not required.

SCOPE OF PROPOSED RESEARCH

The scope of this research is to develop a new technique to cold expand and work harden the
inside surface of an undersized hole and to treat the work hardened surface with ultrasonic
waves. Further, this research will investigate whether this treated, undersized hole will provide
longer fatigue initiation life than an untreated hole. The smaller size of the hole will permit the
hole to be drilled in areas with limited access and will minimize concerns about removing
excessive material from a structural member. In addition, it is expected that application of this

procedure will be less expensive than current repair methods.

1. The technique to work harden and treat the undersized hole is termed Piezoelectric

Induced Compressive Kinetics (PICK) and will consist in general of:

2. Drilling a hole in a fatigue specimen made from steel plate,

3. Driving a slightly oversized aluminum plug into the hole,

4. Loading the plug in compression into the plastic range of the aluminum plug causing

plastic deformation in the steel plate,
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5. Using multiple piezoelectric elements to further load and deform the plug while

subjecting the steel around the hole to ultrasonic vibration,

6. Removing the plug, and

7. Testing to evaluate the results of the PICK treatment.

It is hypothesized that this process will produce three separate results; all of which will act to
prevent crack initiation. First, the compression force on the plug during cold expansion will
introduce tensile stresses in the circumferential direction around the hole in the steel plate; these
tensile stresses will become compressive residual stresses when the plug is removed. Secondly,
due to cold expansion and the repeated loading by the piezoelectric actuators, Cold working will
increase the tensile yield and ultimate strength of the steel. Thirdly, energy input from the
piezoelectric actuators will increase dislocation density which will further increase the yield
strength and the ultimate strength. These expected results and their affects on fatigue crack

initiation will be investigated with laboratory testing and mathematical modeling.
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CHAPTER 2: SIZING CRACK-ARREST HOLES

ABSTRACT

Through an examination of the literature on this topic, this paper discusses how to determine the
required diameter of a crack-arrest hole to ensure that the crack-arrest hole will effectively halt
crack propagation. Two different experimental programs were the basis for the formula that may
be used to calculate the required diameter of the crack-arrest hole. As a result, each experimental
program recommended different constants for use in the formula. Both of the experimental
programs are discussed in detail and the development of the each constant is provided. The
effect of each constant on the required diameter is presented, the impact of several critical terms
in the formula is discussed, and an extension to the formula adding the size of the hole diameter
into the formula is provided. In addition, one recommended ‘rule-of-thumb’ for sizing a crack-

arrest hole is presented.

INTRODUCTION

Crack-arrest holes are a time-honored, simple solution for stopping fatigue crack propagation.
They stop fatigue crack propagation by blunting the crack tip and reducing the stress
concentration at the crack tip. The radius of the crack tip is very small, approaching zero, and
the curvature (1/radius) approaches infinite. Correspondingly, the stress concentration factor
(Eqn 1) at the crack tip approaches infinite. The crack-arrest hole changes the radius and

curvature to that of the crack-arrest hole and reduces the stress concentration factor substantially.

O max
k, =X

t
O-no min al

Equation 1 (Barsom and Rolfe 1997)
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Where:

kt is the stress concentration factor,

omax is the maximum at the edge of the crack, and

onominal is the stress sufficiently far away from the crack that it
is not influenced by the crack

For example, the stress concentration factor at the edge of an ellipse is Eqn. 2 (Barsom and Rolfe

Ig=(1+2§)
b

1997):

Equation 2 (Barsom and Rolfe 1997)

Where:

ki is the stress concentration factor

2a is the length of the major axis of the ellipse and

2b is the length of the minor axis of the ellipse
For sharp cracks b approaches 0 and a/b becomes very large; then k; also becomes very large.
By placing a crack-arrest hole of radius r at the tip of the crack, r replaces b and the stress

concentration factor reduces from infinite to a relatively small finite number.

OBJECTIVE

This paper is based on an examination of the available literature on crack-arrest holes. The
objective of this paper is to discuss how to determine the required diameter of a crack-arrest hole
using the formula and recommendations from the literature. The required diameter to ensure that
the crack-arrest hole will effectively halt crack propagation is based on two different
experimental programs. The differences between the experimental programs resulted in two
different constants for use in the formula. The effect of each constant on the required diameter is

presented, the impacts of several critical terms in the formula are discussed, and an extension to
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the formula for including the size of the hole into the calculation for determining the required

diameter is provided.

BACKGROUND

The principal loads on bridges are dead loads from the weight of the bridge materials and live
loads from traffic occurring on the bridge. Depending on span length (McGuire 1968), the ratio
of live-to-dead loads varies from less than 1 to approximately 3. From the live-to-dead load
ratios, the time-varying stresses for the higher ratio could approach 50-80% of the allowable
stress in the steel and may cause fatigue cracks to initiate in welded-steel bridges if fatigue was
not properly accounted for in the design. According to the 2001 National Bridge Inventory
update, more than 85,000 highway bridges may be structurally deficient (FHWA Bridge Program
Group 2001). Steel bridges make up 43% of the highway bridges in the United States; more than
120,000 of these are steel highway bridges with welded details (Tavakkolizadeh and
Saadatmanesh 2003). The major problems causing bridges to be labeled structurally deficient
are the presence of fatigue-sensitive details, out-dated service loads, corrosion, and lack of
proper maintenance (Tavakkolizadeh and Saadatmanesh 2003). In fact, fatigue cracks currently
exist or will form in numerous steel highway bridges in the United States. From this discussion

it is obvious that fatigue cracking is a major infrastructure issue in the U.S.

One detail which produces a large percentage of the fatigue cracks in steel girder bridges occurs
at the gap left between a connection plate and adjacent girder flanges when the connection plate
is welded to the girder web but not to the flanges. This particular detail is often referred to as a

web-gap. Asymmetric loads from normal traffic cause torsion to develop about the longitudinal
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axis of the girder. This torsion results in bending in the girder webs at these gaps and eventually

in distortion-induced fatigue cracking (DIFC) in the girder webs (Fig. 1).
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Figure 1. Distortion in the web gap

Once fatigue cracks occur, they must be repaired or closely monitored for crack growth.
Numerous approaches have been used to repair fatigue cracks (Roddis and Zhao 2001), and the
chosen repair generally depends on the type of fatigue loading (in-plane vs. out-of-plane) and the
location and severity of the crack. Replacing a structural member may be difficult and cost-
prohibitive, as the bridge may have to be taken out of service, the bridge deck removed, the
member replaced, and the deck reinstalled. Re-welding or filling the fatigue crack with weld
material requires grinding out the crack and any associated welds, filling the crack with weld
material, and grinding the new weld surfaces smooth. Access and quality field welding often
present difficult problems with welded solutions. Crack-arrest holes may be an appropriate

solution if the holes are drilled large enough to effectively prevent crack reinitiating.

Because of its simplicity, one of the first techniques often considered for arresting fatigue crack
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propagation is to drill a crack-arrest hole at each end of the fatigue crack (Fig 2). Unfortunately,
the diameter required to arrest crack propagation may be so large that the hole does not fit within
available spacing because of interference with a connection plate, stiffener, flange, or other
details. In addition, a hole with the “correct” diameter may remove so much material that the
hole becomes noticeable causing concern. In Kansas, common practice is to drill crack-arrest
holes with a diameter ranging from 19 mm (% in) to 38.1 mm (1% in). Experience has shown
that if the diameter of the hole is not large enough, the crack will eventually grow through the

hole and continue propagating (Fig 3).

Bridge Deck
it

Crack Stop Holes

Girder Web Connection Plate

Figure 2. Crack-arrest holes at fatigue cracks (Roddis and Zhao 200

Figure 3. Fatigue crack reinitiating through crack-arrest hole (Dexter 2004)
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CRACK-ARREST HOLE FORMULA

The formula for determining the diameter of the crack-arrest hole to stop fatigue crack
propagation was first presented in Rolfe and Barsom (1977) and is in the latest edition of Barsom
and Rolfe (1999). Fisher et al. (1980; 1990) used the same formula but developed a different
constant from different experimental testing. The formula (Eqn. 3) relates the required radius of
the crack-arrest hole to the yield strength of the steel, the range of the stress intensity factor, and

the half-length of the crack along with a constant from experimentation.

Rolfe and Barsom (1977) Formula

The formula was presented in the following form (Rolfe and Barsom 1977):

AK
K _C o,
Jp - e

Equation 3

Where:

C = constant derived from experimental testing,

p = required radius of the crack-arrest-hole,

oys = the yield strength of the steel,

AK = the range of the stress intensity factor.
and was based on a series of experiments on several identical sets of steel plates with edge
notches. Within each identical set, the edge notch radii were different for each plate but the edge
notch lengths were all the same. The yield strengths of the each set of steel plates was different
and varied between 248 MPa (36 ksi) to 758 MPa (110 ksi). The loading, which consisted of
uniaxial, cyclical loads, was varied to provide stress ratios (R = omax/omin) Of —1.0 (full stress

reversal), 0.1, and 0.5. This plate geometry with the uniaxial, tension-compression loading

resulted in Mode I type fracture, where Mode | fracture is a tension-opening crack (Fig. 5). For
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this edge notch configuration, the range of the stress intensity factor can be determined by:

AK= Ao \x-a Equation 4

Where:
AK =range of the stress intensity factor
Ao = cyclic stress range (omax - omin) for the fluctuating stresses, and
a = the length of the edge crack (‘/, the length of the crack for an
interior crack).

When AK= Acvz-a is substituted into Eqn. 3, Eqn. 5 results:
dovr-a _ ¢ [ Equation 5
Jp "

This can be rearranged in terms of p and a and becomes:

n-Ac Equation 6
e
C 'O'yS
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Figure 4. Plate Configuration for Crack-Arrest Hole Testing (Barsom and Rolfe 1999)

MOOE I

Figure 5. Fracture Modes (Barsom and Rolfe 1999)

Fisher et al. (1980; 1990) Formula
The crack-arrest formula is also found in Fisher et al. (1980; 1990). Fisher et al. conducted a
series of experiments on rolled, wide-flange shapes (Fisher et al. 1980) and welded-plate girders

(Fisher et al. 1990) where the full-scale members were configured and loaded in such a manner
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that they were subjected to both in-plane bending stresses and out-of plane distortion stresses
(Fig. 6). This combination resulted in distortion-induced fatigue cracking at locations where
cross-bracing attached to the connection plates, which were in turn welded to the girder webs as

depicted in Figs. 2, 7, & 8.

Figure 6. Fisher et al. (1980) Crack-Arrest Experimental Arrangement

The steel was limited to Gr. A370 steel, which had measured yield strength of 248 MPa (36 ksi).
The fatigue cracking was caused by a complex, triaxial stress field and resulted in a Mode 1lI
failure (shear in a plane perpendicular to direction of crack growth) (Fig. 5) or in a complex
mode with both Mode 111 and bending stress components. When fatigue cracks developed in the
members, holes were drilled at the ends of the crack tips; these holes typically had diameters of
19mm (%2 in), 25.4mm (1in), or 31.75mm (1% in). The test were restarted and continued until
the cracks reinitiated or the test was stopped. For the tests on the rolled shapes, the control stress

variable was the stress range in the normal flexural bending stresses as measured in the beam
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web at the bottom of the gusset at midspan (Fig. 7). The stress ranges were 41.4, 62.0, 82.7, or
103.4 MPa (6, 9, 12, or 15 ksi). For tests on the plate girders, testing was controlled by limiting
the in-plane bending stress to either 41.4 or 82.7 MPa (6 or 12 ksi) and inducing out-of-plane
distortion stress of either low, medium, or high values. The out-of-plane distortion stress was
calculated from strains measured in the web gap with strain gages and then extrapolated back to
the edge of the transverse stiffener (Fig. 8). The crack length, a, was defined as in Fig. 7 for the
lateral gusset plate and Fig. 8 for the transverse stiffener. Cracks as depicted in Fig. 8 often
extended to the other side of the transverse stiffener as shown in Fig. 2; when they extend to the

other side, the distance shown in Fig. 8 should more properly be labeled as a instead of 2a.

Transverse
Stiffener

4 B
Figure 7. Crack -Arrest Holes at the Ends of a Crack at Lateral Stiffener (Fisher et al. 1990)

Transverse
Stiffener

Figure 8. Crack-Arrest Hole at End of Crack in Transverse Stiffener (Fisher et al. 1990)

‘Rule of Thumb’
In a PowerPont presentation available on the Internet with minimal written explanation, Dexter

(2004) provided the following recommendations:
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1. Diameter of the crack-arrest hole should be one third the length of the crack

2. The crack-arrest hole must be 4-in in diameter and can be permanently effective if the

crack is less that 6-in long on each side of the transverse stiffener

Constant, C

Despite the differences in the testing methodology, Fisher et al. (1980) used Eqns. 3 & 4 for
determining the required radius of the crack-arrest hole but developed a different constant C.
Using Eqgns. 3 and 4 resulted in Eqn. 5 for both Rolfe and Barsom (1977) and Fisher et al. (1980,
1990). Since C was derived from different testing methodologies, the values for C depend on
using consistent units. Table 1 provides the consistent units and the corresponding values for C
from Rolfe and Barsom (1977) and from Fisher et al. (1980, 1990) in both Sl and US Customary

units.

Table 1. Values for C and Units for Crack -Arrest Hole Equations

C -~ Rolte C - Fisher
Units and Barsom i, Ac Oys a p
(1977) et al. (1980)
Sl 26.3 10.5 MPa MPa mm mm
us 10 4 ksi ksi in in

Further comparison of the constants, C, may be made by plotting the recommended value from

Rolfe and Barsom (1977) on the graph of experimental data from Fisher et al. (1980) as shown in

Fig. 9. To be consistent with Fisher et al. (1980), 10,/o, , from Rolfe and Barsom (1977) has

been plotted with oy = 248 MPa (36 ksi). It appears that the original location on the graph for
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4,/o, from Fisher et al. (1980) was not plotted at the correct value of A—k; therefore, the

Vo-y
correct location for 4,/o, , as well as the location for 10,/o, , have been plotted as shown in

Fig. 9. From Fisher et al.’s data in Fig 9, it appears that using C = 10 is an approximate average

of the data and C = 4, when correctly plotted, is a lower bound.
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Figure 9. Development of Constant, C, for Crack-Arrest Hole Formula (Fisher 1980)

Effect of Hole Radius on Formula

Both Fisher et al. (1980) and Barsom and Rolfe (1999) noted that, if a crack-arrest hole is used, it
is important to identify the crack tip and drill the crack-arrest hole such that the crack tip is
located within the circumference of the hole. Out of the infinite locations for the crack tip
within the hole, four distinct positions are depicted in Fig. 10. The first position is with the crack
tip extending beyond the circumference on the far side of the hole (Fig 10a). This is the worst

possible location as the crack-arrest hole will be totally ineffective at this location. The second
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position is with crack tip just inside the hole circumference at the far side of the hole (Fig. 10b).
The concern about this geometry is that the tip may not have been identified accurately and the
crack tip may actually extend beyond the hole as in Fig 10a. The third position, (Fig. 10c), is
with the crack tip located at the center of the hole. The fourth position of the hole with respect to
the crack tip is with the crack tip at the near side of the hole circumference (Fig. 10d). Fisher et
al. (1980) states that this (Fig. 10d) is the optimum location with the hole positioned such that the

crack tip just touches the circumference of the crack-arrest hole.
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Figure 10. Location of Crack-Arrest Hole with Respect to the Crack Tip

For typical crack sizes, hole diameters, and stresses, the size of the hole diameter may be
significant with respect to the crack length. Since the length of the hole diameter that extends
beyond the crack tip effectively makes the crack longer, that portion of the diameter should be

added to the crack length. If the hole is located as in Fig. 10b, no portion of the diameter needs
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to be added to the crack length. However, if the hole is located as shown in Fig. 10c and if the

hole radius, p, is included with the crack length, a, Eqn. 5 becomes:

Aoyn(a+ p
dojre+p) ¢ o
o ol

Equation 7

Re-arranged so that the hole radius, p, is the dependent variable and the %2 -length of the crack, a,

is the independent variable, Eqn. 7 may be re-written as:

IZ'-(AO')Z

C%o . -7(40)
¥ Equation 8

p -2

If the holes are located as in Fig. 10d and, if the hole diameter, p, is included with the crack

length, a, Eqn. 5 becomes:

Ao nla+2p
dojrla+20) ¢ -
VP

Equation 9

Re-arranged, so that the hole radius, p, is the dependent variable and the Y2 -length of the crack,

a, is the independent variable, Eqn. 9 may be re-written as:

ﬂ'-(AO')Z

| A2 2
C%,  —-2-m-{do
ys o) Equation 10

-a

Limitation of the Formula
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Fisher et al. (1990) states that, if the out-of-plane bending stress at the transverse stiffener is
greater than 103 MPa (15 ksi) or if the in-plane bending stress in the web at the web to flange
weld is greater than 41 MPa (6 ksi), the crack-arrest hole with a radius as calculated from the
Eqn. 6 using the constant C = 4 will not prevent the crack from reinitiating on the other side of
the hole. Rolfe and Barsom (1977) did not specify a restriction on load in their discussion of the

formula.

DISCUSSION

This discussion is limited to a comparison of the behavior of the three crack-arrest hole formulae,
Eqgns. 6, 8, & 10. No additional testing has been done to the knowledge of the author to provide
additional insight beyond that reported in Rolfe and Barsom (1977) and Fisher et al. (1980;

1990).

Figs. 11 and 12 demonstrate the differences resulting from including the crack-arrest hole radius
in the formula to determine the correct radius and doing this with two different stress ranges.
Fisher et al. (1980, 1990) used both 41 MPa (6 ksi) in-plane bending stress and 110 MPa (16 ksi)
out-of-plane stress, Ao, as criteria for the limits of the applicability of their formula. In an
example calculation for determining the correct hole radius, Fisher et al. (1980) used 41 MPa (6
ksi) as the stress range without any explanation on why this was used rather than the 110 MPa
(16 ksi). Fig. 11 uses as constants 248 MPa (36 ksi) for yield stress and 41 MPa (6 ksi) stress
range and shows the effect of using C as either 4 or 10 with either equation 6, 8, or 10. Fig. 12
shows the same but uses 110 MPa (16 ksi) as the stress range, Ac. Using C equal to 10 and oy =

248 MPa (36 ksi), the difference between using any of the three equation was found to be slight
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for the stress range for 41 MPa (6 ksi) (Fig 11) but more significant for the stress range of 110
MPa (16 ksi) (Fig 12). Using C =4 and with the same conditions, large differences appear in the
results from using the three equations. Note that Egns. 8 and 10 are discontinuous; both are
positive and increasing as long as the denominator is positive but experience a singularity when
the denominator becomes 0. When the denominator becomes negative, the crack-arrest hole

diameter becomes negative (Fig 12). These characteristics are also illustrated in Fig. 15.
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Figure 11. Radius of Crack-Arrest Hole as Determined by Eqgns. 6, 8, & 10 as a Function
of the ¥2-Crack Length and the Constant, C, with Yield Strength and Stress Range
Held Constant at 248 MPa(36 ksi) and 41 MPa (6 ksi) In-Plane Stress Respectively
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Figure 12. Radius of Crack-Arrest Hole as Determined by Eqgns. 6, 8, & 10 as a Function
of the ¥2-Crack Length and the Constant, C, with Yield Strength and Stress Range
Held Constant at 248 MPa (36 ksi) and 110 MPa (16 ksi) Out-of-Plane Stress Respectively

Fig. 13 shows the results of calculating the required radius using Egn 8 with the stress range at a
constant 88 MPa (12 ksi) and with C either 4 or 10 while the yield stress varies as either 248
MPa (36 ksi), 290 MPa (42 ksi), 345 MPa (50 ksi), or 414 MPa (60 ksi). This shows that the
three equations are insensitive to yield stress with C = 10 but are sensitive to yield stress with C

=4,
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Figure 13. Radius of Crack-Arrest Hole as Determined by Eqgn. 8 as a Function
of the ¥2-Crack Length and the Yield Strength with the Constant, C, Being
Either 4 or 10 and the Stress Range Held Constant at 83 MPa (12 ksi )

Fig. 14 shows the change in calculated radius using Egn 8 with constant yield stress of 248 MPa
(36 ksi) with different stress ranges, Ds, and with C as either 4 or 10. Comparing Figs. 11, 12,
13, and 14 indicate that the stress range is the dominant variable and has the most effect on the
magnitude of the calculate radius. This effect is more dramatic with C = 4 but is still significant

with C = 10.
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plane or out-of-plane bending stress range.
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Figure 14. Radius of Crack-Arrest Hole as Determined by Egn. 8 as a Function
of the ¥%2-Crack Length and the Stress Range with the Constant, C, Being Either
4 or 10 and the Yield Stress Held Constant at 248 MPa (36 ksi)

7

On a specific crack in a specific bridge, the crack half-length, a, could be measured and the yield
strength of the steel may be available from the construction documents. The location of the hole
with respect to the crack tip could be selected depending on the confidence in being able to
accurately locate the crack tip. C could be chosen between 4 and 10 depending on the desired
factor of safety. This leaves only the stress range as an unknown in applying one of the three
crack-arrest formulae. At this time, whether to use the in-plane or out-of-plane stress range is

not clear. In addition, it may be difficult to arrive at even an approximate value for either the in-

To further investigate the effect of stress range variations on the crack-arrest hole equation, Eqn.

8 was reordered to provide the normalized crack-arrest-hole radius as a function of the



normalized stress range and the results plotted in Fig. 15. Dividing by the half-length of the
crack normalized the crack-arrest-hole radii and dividing by the yield stress normalized the stress
range. The results were then plotted using four values of yield stress and two values of C. Fig.
15 shows both the positive and negative values of Eqn. 8 illustrating the discontinuous nature of

the equation and the singularity when the denominator equals 0.
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Figure 15. Normalized Radius of the Crack-Arrest Hole Compared to Normalized Stress
Using Eqn. 8 with the Constant, C, Being Either 4 or 10 and Vary
Stresses Showing Negative Values

Fig. 16 presents only the positive values of Eqn. 8 shown at an expanded scale. Fig. 16 seems to
show that with C = 4, crack-arrest hole will only be effective for stress ranges approximately 20
to 30 percent of yield stress and that the radii of the crack-arrest hole increase quickly. The plot

of C = 4 also does not support Dexter’s (2004) recommendations.
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Figure 16. Normalized Radius of the Crack-Arrest Hole Compared to Normalized Stress
Using Eqgn. 8 with the Constant, C, Being Either 4 or 10 and Varying Yield
Stresses Showing Only Positive Values

CONCLUSIONS
1. The location of the crack-arrest hole with respect to the crack tip is an important
consideration with regard to preventing crack reinitiation. Depending on the location of
the crack-arrest hole, some portion of the radius of the crack-arrest hole needs to be
added to the half-length of the crack when calculating the required radius. This can be

accomplished with some algebraic manipulations.

2. The stress range is the critical unknown quantity and dominates the calculation for the
required diameter for the crack-arrest hole. The location and sense for the controlling
value of the stress range is not clear when addressing DIFC and determining the in situ

value for this stress range on an actual bridge will be difficult.
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3. The values for C are supported by experimentation. C =4 is was a lower bound and C =
10 was an average value. Both must be used with engineering judgment with due

consideration to the experimental parameters used in their development.

4. The crack-arrest hole diameter may be so large that it is impractical or it may not be
physically possible to drill the size of hole required due to interference with connection

plates, stiffeners, flanges, etc.

Therefore, in conclusion, crack-arrest hole should be used as a practical matter with a reasonable

radius. Calculating an exact radius for the crack-arrest hole is probably not feasible
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CHAPTER 3: DEVELOPMENT OF A TECHNIQUE TO IMPROVE

FATIGUE LIVES OF CRACK-STOP HOLES IN STEEL BRIDGES

Josh S. Crain, Gary G. Simmons?, Caroline R. Bennett®, Ron Barrett-Gonzalez*, Adolfo
Matamoros®, and Stanley T. Rolfe®

ABSTRACT

A common technique used to prevent the propagation of fatigue cracks in bridge girders is the
drilling of crack-stop holes at crack tips. By doing so, stress concentrations at the crack tips are
reduced and fatigue life of the bridge is extended. The size of the crack-stop hole needed to
prevent any further crack growth is determined by utilizing known material properties and
relationships developed through experimentation. However, these equations often result in a
crack-stop hole diameter larger than can be practically drilled; physical limitations force crack-
stop holes to be undersized in the field. To improve effectiveness of undersized holes to that of

full-sized holes, a method is needed to strengthen undersized crack-stop holes.

The purpose of this study was to investigate the potential of a new technique to improve the
fatigue life of undersized, crack-stop holes. The technique uses piezoelectric actuators.

operated at ultrasonic frequencies to convert electrical signals into mechanical work . This
technique produced residual compressive stresses of the same order of magnitude as those

produced by static cold expansion. A suite of finite element models was created to quantify and
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characterize the residual stresses surrounding the cold-expanded, undersized, crack-stop holes.

Results were compared with analyses found in past literature.

INTRODUCTION

As a result of the relatively long propagation life between initiation of a fatigue crack and
eventual failure, measures can be taken to retrofit and preserve existing cracked bridge members
if fatigue cracks are detected early. There are several existing methods that can retard or stop the
propagation of fatigue cracks. These methods include: repair welding or grinding of shallow
cracks; metal reinforcements; adhesive CRFP patching; altering connection details; and drilling
stop holes at crack tips [1-5]. These methods are attractive considering that the alternatives are
either complete replacement of the cracked structural member or reducing external loads coupled

with careful monitoring.

The technique of drilling a hole at a crack tip is a well-known procedure used in everyday
practice to enhance fatigue life of steel structures [2]. The primary challenges associated with
correctly applying this technique are that the theoretical size of the crack-stop hole is often too
large for practical implementation in the field or the location is blocked by other members. To
overcome these issues, crack-stop holes are often drilled undersized and left unreinforced. While
undersized holes do improve fatigue life of a cracked structural member, it has been shown that
varying levels of cold expansion can increase fatigue life of an unreinforced crack-stop hole by
an order of magnitude [6-14]. The increase in fatigue life provided by cold expansion is a result
of the three principal residual stresses induced by cold expansion: tangential, radial and
transverse.  Among these, compressive tangential stresses (also referred to as hoop or

circumferential stress) is the major contributor to significant gains in fatigue life [9].
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Several techniques have been developed to cold expand holes in metal structures, each having
the common feature of inducing a layer of residual compressive stress around the outside of the
hole. These compressive residual stresses are the direct result of forced, inelastic deformation of
material around the circumference of a crack- stop hole. As a crack-stop hole is forced to expand
through a mechanical process, yielding will first initiate along the edges of the hole where
stresses are highest. As further expansion is mechanically induced, the zone of plasticity spreads
further outward from the hole. Material that lies beyond this plastically-deformed region will
deform elastically under applied stress. After the mechanically-applied pressure or displacement
is removed from the system, residual compressive stresses around the hole are created from the
elastic rebounding, or “springback,” of the unyielded material surrounding the permanently-
deformed plastic zone [15]. Figure 1 shows the level of residual tangential compressive stress

that can be expected to develop around a mechanically expanded hole.

Elastic Zone

Plastic (Yielded) Zone

Tension (+)
Crack-Stop Hole

10-15% Tensile
Yield Strength

Tangential Stress
Compression (-)

Compressive Yield Strength

Figure 1. Residual Tangential (i.e., Circumferential or Hoop) Stress
Surrounding Cold-Expanded Hole

A different technique, examined by Reemsnyder [16], involved the installation of high-strength

bolts in crack-stop holes used to enhance fatigue performance. While the main focus of the
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study by Reemsnyder [16] was the potential fatigue life improvement of previously cracked
holes in riveted bridge connections, the study mentioned that high-strength bolts were installed in
drilled crack-stop holes located a predetermined distance away from the riveted connections.
Cracks did not reinitiate from the crack-stop holes with the installed high-strength bolts;
however, because fatigue life improvement of crack-stop holes was not the main focus of the

study, no quantified fatigue life improvement was provided.

In separate studies performed by Huhn et. al. [17] and Brown et. al. [18], the influence of fully-
tensioned high-strength bolts on the fatigue life of bolt holes in slip critical connections was
examined. According to both studies, tensioned high-strength bolts significantly increased
fatigue life of the bolt hole plate. According the authors, “this was due to the high pressure
under the washers of the bolts. This high pressure gives a certain protection of the area around
the hole, so that the stress distribution in the net section became much more favorable, even after

the slip of the connections.” [17]

The method of installing high-strength bolts does not appear to improve fatigue performance as a
result of cold working. No study [16-18] reported mechanical expansion occurring at the edges
of the holes as a result of tensioning the high-strength bolts. Installing tensioned high-strength
bolts is a separate technique and is one that could potentially be coupled with cold working to

produce even larger improvements in fatigue life.

The technique described in this article used piezoelectric actuators to dynamically work and

cold-expand the volume of steel plate surrounding the inner surface of a crack-stop hole.
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Dynamically working steel through impact at high frequencies is a proven method for refining
coarse grained steel into finer grained material [19], which can translate into improved fatigue
performance. Plastic strains induced by the cold-expansion from the piezoelectric transducers
were intended to create a residual compressive stress field similar to that achieved through
existing techniques. The technique discussed in this paper has been termed Piezoelectric Impact

Compressive Kinetics (PICK).

BACKGROUND

Existing Cold Working Techniques

While development of the PICK technique has focused solely on improving the fatigue
performance of steel bridges, similar challenges are commonly encountered in the aerospace
industry. Fastener holes in aircraft structures are sources of large stress concentrations and, as a
result, are potential sites for cracks to initiate and propagate. It is common practice in the
aerospace industry to cold-expand fastener holes, often resulting in a fatigue life improvement of
three to ten times that of an untreated hole [11]. Most of the development of cold expansion has
been performed within the aerospace field. As a result, the majority of existing studies involve
numerical modeling and testing with various grades of aluminum, titanium, and high strength
steel [20]. Benefits obtained from cold expansion of mild grade steel are expected to be similar
to those found in aerospace-industry materials as a result of the similarity in the stress-strain

relationship of the two types of materials when stressed beyond yield.

The most common technique currently used to cold-work fastener holes in aerospace
applications is the split sleeve mandrel process [21]. While a thorough review of literature on

this topic did not expose any application of this technique to bridges, it has been used extensively
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in other structural applications. The process utilizes a solid, tapered mandrel and an internally
lubricated steel split sleeve. Application of this technique begins by positioning the sleeve over
the mandrel and inserting the mandrel into the hole. The hole is then expanded as the mandrel is
drawn back through the sleeve. The expanded sleeve remains in the hole and can be discarded. It
should be noted that it is common practice to remove existing damage by reaming and/or drilling

the inside of the fastener hole [22].

Crack-Stop Holes
Current methods used to determine the size of crack-stop holes needed to prevent crack
reinitiation are based on linear-elastic fracture-mechanic theory [23].  Analytical methods
involving linear-elastic fracture mechanics are based on the procedure that relates magnitude of
the stress-field near the tip of a crack to nominal applied stress, as described by Eqgn. 1:

o = Kk,c

max nom

Equation 1
Parameters that affect the magnitude of the stress amplification factor, k;, are: size, shape, and
orientation of the crack or crack-like imperfections. The elastic-stress field at the edge of an
imperfection, as described in Eqn. 2, is derived under the assumption that the shape of the
imperfection is either elliptical or hyperbolic (see Figure 2) and the nominal applied stress is
normal to the plane of the imperfection. In Eqgn. 2, the stress intensity factor, 4K, , is determined
assuming a zero radius crack tip and an initial crack length, a = a, + p, where p is the radius of

the hole.

N _ 28K,

max [
P Equation 2
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Figure 2. Schematic of Elastic-Stress Distribution Near Tip of an Elliptical Crack

From Eqgn. 2, it is observed that both 4K, and the square root of the radius of the notch tip, Vp,
have an effect on the magnitude of maximum stress at the edge of the notch. Egn. 2, which is
valid for relatively sharp notches, is only exact when the notch tip radius is equal to zero.
However, finite element analyses have shown that Eqn. 2 provides a fairly accurate relationship
for imperfections with notch tip radii small compared with the crack length, 2a [24]. The
theoretical relationship between terms (4K,/Vp) and maximum stress, Aomax, led to further
laboratory investigation to study its significance to fatigue crack initiation life. Thus, through
basic fracture mechanic theory and extensive laboratory testing, Eqn. 3 was derived in [23], and
can be used for determining the minimum crack-stop hole radii needed to prevent crack

reinitiation in steel bridges:
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A K total

"o,

Equation. 3

As an illustrative example of how Eqn. 3 may be used in a practical application is presented in
the following. A fatigue crack is found during an inspection in the web of a bridge girder, near
the top flange. The crack runs longitudinal to the girder, as shown in Figure 3, and is 216 mm
(8.50 in.) long, offset 12.7 mm (0.500 in.) from the top flange. Therefore, there is sufficient

space for a crack-stop hole with an approximate diameter of 25.4 mm (1.00 in).

For the fatigue crack scenario presented, the steel in the girder web is Gr. A36 with a yield
strength under static loading, oys = 248 MPa (36.0 ksi). For the 216 mm (8.50 in.) length crack,
the stress intensity factor, 4K, can be determined as follows (note that the following
calculations are provided in US standard units as Egn. 3 is not dimensionally independent):

AK = Acv/ma

total

Equation. 4

AK,, =(260"") (71)[8'50 j - 95.0 ksi~/in.

2

The value of 179 MPa (26.0 ksi) assumed for the nominally applied stress was taken from
previous finite element studies [3-4] which quantified the nominal stress demand at web gaps of
details similar to that shown in Figure 3. The required radius to prevent further crack

propagation can then be directly solved for from Eqn. 3:
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Figure 3. Fatigue Crack with Drilled-Crack-Stop Holes

Therefore, the required crack-stop hole diameter for the 216 mm (8.50 in.) long crack is
approximately 127 mm (5.00 in). For this crack length, there is not enough space to install a
properly-sized crack-stop hole, and even if there was, the 127 mm (5.00 in.) diameter seems
excessive. Given the dimensional constraints the hole would have to be undersized. The 25.4
mm (1.00 in.) diameter hole could serve as a temporary aid to retard the crack from propagating.
However, eventually the fatigue crack would reinitiate and propagate away from the edge of the
undersized hole until eventual failure of the structural member or additional repair. This
situation is often typical for crack-stop hole design scenarios, where the hole diameter needed to

completely prevent crack reinitiation is simply too large to be practically implemented.

OBJECTIVE

The objective of this study was to explore the potential for inducing residual compressive
stresses in undersized, drilled crack stop holes to extend the fatigue life of steel bridges. The
residual stresses are induced through use of a PICK tool. A significant body of work with cold

expansion has been developed in the aerospace field over the past three decades, and one of the
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goals of this paper was to provide a meaningful link between existing technologies developed for

application in the aerospace industry and practical needs within the steel bridge industry.

DEVELOPMENT OF PICK TOOL

A proof-of-concept prototype tool was developed for the laboratory, which utilized ultrasonic
piezoelectric actuators. The PICK tool was used to treat Gr. A36 steel fatigue specimens, which
consisted of a 3.18 mm (0.125 in.) thick x 760 mm (30.0in.) long plate fabricated with varying
width. The minimum width of the cross section was 31.7 mm (1.25 in.), at the center of the plate.
A 3.18 mm (0.125 in.) diameter hole was precisely drilled at the center of the specimen and an
aluminum plug pressed into the hole. The PICK tool utilizes piezoelectric actuators, which
deform proportionally to a harmonic electric signal, inducing a harmonic load large enough to
plastically deform the aluminum plug inside the hole, causing the hole to expand. After the hole
was plastically expanded, the plug was carefully removed from the hole exploiting the thermal

mismatch between steel and aluminum.

The PICK device was powered by a signal generator supplying a sine wave and an amplifier
circuit. A strip of piezoelectric material was attached to the rear of the tool to measure the
acceleration response of the tool. A strain gage was attached to the inside surface of the vertical
element of the PICK tool to measure the strain induced by tightening the bolt and from the sine
wave excitation. A calibration curve was developed to establish a relationship between the load
applied to the aluminum plug and the strain measured on the PICK tool. This allowed the load
imparted from the transducers during application to be directly evaluated. Figure 4 shows the

PICK tool and a steel specimen being treated.

75



Figure 4 Photograph showing PICK too being used to treat a crack-stop hole is a steel fatigue specimen

The aluminum plug used as expansion media within the crack-stop hole was 3.18 mm (0.125 in.)
tall x 3.18 mm (0.125 in.) diameter 6061-T6 aluminum with 276 MPa (40.0 ksi) nominal yield
strength. In operation, the plug was pressed into the specimen and the integral bolt tightened on
the PICK device until the load was large enough to cause yielding of the aluminum plug.
Because the amount of strain energy in the steel is proportional to the strain, a frequency sweep
was performed until the measured strain was maximized, at a frequency corresponding to a
natural frequency of the PICK device. Operating the tool at this frequency maximizes the
distortional energy applied to the steel specimen being treated. Typically, the frequency ranged
between 30 — 34 kHz (outside the audible range) and the strain ranged between approximately
220 pe and 320 pe. The strain values corresponded to loads of 9.56 kN (2.15) kips and 13.9 kN

(3.12 kips) on the aluminum plug.

The effect of the deformation on the inside of the hole was evaluated analytically, and compared
with results from 2-D and 3-D finite element analyses that examined the performance of
uniformly-expanded crack stop holes. The 2-D and 3-D uniform expansion finite element
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analyses were validated through comparison with similar uniform expansion models performed
on aluminum plates, reported in aerospace engineering literature and replicated in this study to
serve as a basis for comparison. It should be noted that an ongoing experimental thrust aimed at
evaluating the fatigue performance of PICK-treated crack-stop holes is not described in this
article. This article has focused instead on the feasibility of achieving sufficient residual stresses
and the characteristics of the necessary expansion to have a beneficial effect on fatigue life of

steel bridges.

METHODOLOGY

Closed-Form Solutions

Previous analytical investigations of cold expansion [3-4, 11, 13, and 22] have been based
largely on two-dimensional approximations. These closed-formed solutions have been applied to
both the plain-strain condition of the thick-walled cylinder and the plain-stress condition of holes
in infinitely wide plates. These analytical simplifications used both Tresca and von Mises yield
criterion with assumptions of either elastic-perfectly-plastic or strain-hardening material

properties. An extensive review of these closed-form solution techniques has been performed

[14].

Each method reported attempted to quantify and characterize the level of residual stress that
could be achieved through cold expansion. Each method of analysis was consistent in showing
that a level of residual compressive stress approximately equal to the yield strength of the
material could be achieved in the tangential direction near the edge of a hole. These methods
have also shown that the residual compressive stresses decay rapidly in the radial direction and

ultimately change to tensile stresses at a point referred to as the elastic-plastic boundary, ry.
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From these studies, the maximum r, is shown to occur at approximately one hole diameter away

from the hole edge and has been shown to be a function of the varying levels of expansion.

Uniform Expansion of Crack-Stop Holes

A significant body of literature exists describing numerical simulation studies that have been
performed with the intent of comparing uniform levels of expansion with existing cold expansion
techniques. Most of these studies have simulated the process of split sleeve mandrel cold
expansion in aluminum plates, a common application in the aerospace field. For the study
described in this article, a similar analysis approach was used to compare uniform expansion of

mild steel with expansion created using the PICK tool technique.
The material properties of the aluminum and mild steel uniform expansion models are shown in
Table 1. Values reported for the mild steel are from tensile tests performed as part of this study,

while the values used for aluminum are from the existing body of literature.

Table 1 Material properties used for models simulating uniform expansion

. Modulus of Elasticity, Yield Strength, Ultimate Strength, . , .
Material MPa (ksi) MPa (ksi) MPa (ksi) Poisson’s Ratio
Aluminum 77,220 (11,200) 312 (45.2) 440 (63.8) 0.35
Mild Steel 200,000 (29,000) 319 (46.3) 463 (67.2) 0.30

ABAQUS, a general-purpose finite element program capable of nonlinear, large-deflection,
plastic analysis, was used as the analytical engine. The first task was to create a 2-D model in

ABAQUS with aluminum material properties, with the purpose of corroborating results with

78



those from published studies. After results from the 2-D aluminum model were confirmed, a
similar 2-D model was created using material properties for mild steel as determined from

standard tension tests.

Previous research has shown that an optimum level of cold expansion of a fastener hole using
presently-accepted cold expansion techniques is approximately 4% larger than the original hole

size [9,26-27]. The general equation governing the degree of expansion, i, is:

. Db,-D
i=———9%x100%

Do Equation 5.
where D is equal to the hole diameter after expansion has occurred, and Dg is hole diameter prior
to expansion. This optimum level of expansion, 4%, is the level at which minimal additional

benefit is gained with increased levels of expansion. 2-D mild steel and aluminum models

created for this study examined four uniform levels of expansion: 3%, 4%, 5% and 6%.

The uniform expansion ABAQUS models were created using a two step process. To obtain the
desired level of uniform expansion in each of the four 2D models, an outward displacement was
induced and the inside of the hole was expanded to the levels described previously. Then, the
uniform displacement was removed, and a permanently deformed surface with residual stresses

remained.

After general behavior was confirmed for the 2-D models, four 3-D models were created to
analyze the change in residual stress through the thickness of the specimens under uniform
expansion using the same levels of expansion as studied in the 2-D models. The 3-D models

were created to have the exact same dimensions and thickness of the 3.18 mm (0.125 in.) thick
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mild steel fatigue specimens used in axial fatigue tests. Figure 5a shows the mesh geometry in
the 3D models, as well the residual stress field around a hole in mild steel plate after 6% uniform

expansion.

Plug-Plate-Tool Interaction Model

A 3-D finite element (FE) model was created to examine the plug-plate-tool interaction behavior
specific to the PICK method of treatment. The model required the large-displacement, nonlinear,
plastic-material capabilities of ABAQUS to perform the analysis and included the aluminum
plug and a 50.8 mm (2.00 in) length of the plate. Material properties used were from tension
tests of the Gr. A36 plate and from published typical curves [29]. Load was applied as a non-
following surface traction to the top and bottom of the plug, and the plate was simply constrained
in all directions at discrete locations along the edges. Eight-node, 3-D, hybrid continuum
elements with incompatible modes were used in all plug and plate parts. The surfaces between
the plug and the plate were modeled as frictionless contact surfaces. To achieve convergence of
the highly nonlinear analysis, automatic stabilization was included in all steps by specifying a

dissipated energy fraction of 0.004.

The analysis was performed through a series of steps, first loading the plug on its exposed
surfaces so that it expanded inside the plate. The restart feature in ABAQUS allowed the
converged configuration to become the new base model for the step to remove the plug. In this
step, the plug was removed by specifying a linear displacement of both top and bottom surfaces
of the plug. After the plug was removed, residual stresses were examined. Figure 5b shows the

permanently deformed shapes of the crack-stop hole and plug.
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Figure 5 Screen Shots from (a) Three-Dimensional Modeling of Uniform Expansion and Resulting Residual
Stresses in a Crack-Stop Hole and (b) Cross-Section View of Plug-Plate-Tool Interaction Model Showing
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Figure 6. Tangential Residual Stress Normalized with Respect to Material Yield Strength Comparing
Model Results for Aluminum and Mild Steel at 4% Uniform Expansion Results and Discussion

RESULTS AND DISCUSSION

Uniform Expansion of Crack-Stop Holes
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The results for the 2-D aluminum models were comparable in both shape and magnitude with
previously published finite element studies [9,28]. The level of tangential residual stress was
shown to be approximately equal to the yield strength of the material and the transition between
compressive to tensile stresses was shown to occur at approximately the diameter of the hole
away from the edge of the hole. There was a slight difference between the 2-D mild steel and
aluminum model results in the shape of the residual tangential stress fields, as highlighted in
Figure 6. Results for the 2-D mild steel model showed a slight discontinuity in the curve after
the level of residual stress reached a value approximately equal to the yield strength, which was
not observed with the aluminum models. This difference is thought mostly to be a result of the
yield plateau implemented in the mild steel model. Tangential residual stresses induced by 3%,

4%, 5%, and 6% expansion in the 3-D mild steel model are presented in Figure 7.

Normalized tangential stress (G, Gy)

Distance from edge of hole/radius of hole (z'1)

3 Percent e 4 Percent =---- SPercent —-— 6Percent

Figure 7. Tangential Residual Compressive Stress Fields Resulting from Uniform Expansion in Mild Steel
Three-Dimensional Models
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The 3-D model for a uniform 4% expansion in a 3.18 mm (0.125 in.) thick mild steel plate
displayed similar results to the 2-D mild steel models at mid-thickness of the plate, as can be
noted in Figure 8. However, the level of tangential residual stress achieved at mid-thickness, -
437 MPa (-63.4 ksi), was greater than that found at the edges of the plate, -370 MPa (-53.7 ksi).
This finding was consistent with results from previous studies [9, 28]. The higher level of
tangential stress found at mid-thickness was thought to be a result of the constraint provided by

the thickness of the plate.

%)
=1
=3

100

-100

-200

-300

-400

Normalized tangential stress, (MPa)

-500

Figure 8 Through-Thickness Residual Stress Distribution 3-D Model with Uniform 4% Expansion

Plug-Plate-Tool Interaction Model

FE analyses of the plug-plate-tool model showed that the PICK device deformed the aluminum
plug well into the plastic range causing the plug to develop a barrel shape. As the top and bottom
of the plug were compressed, the top and bottom surfaces of the plug deformed inside the
corresponding surfaces of the plate, losing contact with the edges of the hole. This resulted in
non-uniform expansion of the inner surface of the crack-stop hole. In addition, the analyses also

showed that the inside of the hole was expanded well into the plastic range, although not
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uniformly.

Residual tangential stresses on the inside of the hole in the uniform expansion model were found
to vary uniformly through the plate thickness, however, the 3-D plug-plate-tool model showed
that the residual tangential stresses were in tension at the surfaces (90 MPa (13 ksi)) and
compressive (-270 MPa to -349 MPa (-41.0 ksi to -53.0 ksi)) through the center as a result of the

deflected shape of the plug, as detailed in Figure 9.

The expansion from the 3-D plug-plate-tool model analyses was found to be in agreement with
the measured expansion for the treated specimen; in the center of the hole, the model and
physical measurements both showed approximately 7% expansion. The analyses showed that
the maximum expansion was similar to that required to obtain maximum benefit for an
undersized hole. However, the analyses also highlighted that the expansion at the plate surfaces
was less than that at the center. The measured expansion at the plate surfaces was found to be
much less than that needed to significantly improve the fatigue performance of an undersized
hole. The difference between the analyses and the measured expansion was likely due to
difficulties in perfectly aligning the tool with the plug, and indicates that further refinement of
the tool geometry is necessary.  Figure 10 presents the amount of expansion determined
numerically through the thickness of the plug, as well as measured expansion amounts at top,

mid-thickness, and bottom of a treated crack stop hole.
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Figure 9 Through-thickness residual stress distribution 3-D plug-plate-tool interaction model
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Figure 10 Percent expansion from finite element analysis compared to measured expansion at top, bottom,
and mid-depth of treated crack-stop hole

CONCLUSIONS
The results of a study exploring the potential of inducing compressive residual stresses in drilled

crack stop holes using an ultrasonic piezoelectric transducer has led to the following conclusions:
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1. A 4% expansion of crack stop holes in steel plates was found to have a very similar effect
to that observed in aluminum plates. This conclusion is based on the similarity of
normalized tangential residual stress for both materials. This was an important finding,
because it helps to provide a meaningful link between existing research performed in the
aerospace engineering literature and current needs within the field of bridge engineering.
Results from the 2-D and 3-D uniform expansion modeling can be interpreted to be
independent from the particular technique chosen to cold-expand undersized crack stop
holes, and can be used in future studies to corroborate detailed finite element analyses

and experimental findings for specific techniques applicable to steel bridges.

2. It has previously been shown that the levels of residual stress corresponding to 4%
expansion of crack stop holes in aluminum have been sufficient to improve the fatigue
performance of fatigue specimens by an order of magnitude. Because of the general
overall similarity in behavior of metals subjected to fatigue loading, it is expected that
steel specimens will respond similarly to aluminum when crack-stop holes are treated
with 4% or more expansion. Therefore, based on the results of this study, it is concluded
that significant gains in fatigue capacity may be realized in mild steel when expansion on

the order of 4% or more is achieved in crack stop holes.

3. Finite element analyses and physical measurements of treated specimens showed that the
prototype PICK device was capable of expanding an undersized, 3.18 mm (0.125 in.)
diameter crack stop hole in 3.18 mm (0.125 in.) thick plate between 5% and 9% at the
interior of the hole. These levels of expansion in the steel plates modeled are similar to
or greater than levels of expansion noted in identical models performed on aluminum

plates.
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4. Detailed 3D Plug-Plate-Tool interaction numerical analyses showed that tensile residual
stresses were imparted in the treated crack stop hole at the outer faces of the hole. This
was an important finding, because it represents a need to refine the treatment process
such that more uniform compressive residual stresses result from treatment. It is also
important because great care was taken in the physical development of this technique to
produce uniform compressive stresses in the crack-stop hole; therefore, detailed analyses
should be performed on all new techniques that may be developed in the future to

perform a similar task to ensure that undesirable consequences are not being realized.

5. Although the crack-stop hole examined was "bench-sized," results of this study lend
confidence to the ability of the device to be scaled up to treat thicker plate material and
larger diameter crack-stop holes, and lend credence to the plug-plate interaction treatment

approach chosen.

The technique of cold expansion of holes in metallic structures has already been proven as a
highly effective retrofitting technique in the aerospace industry. A suite of 2D and 3D uniform
expansion and detailed 3D Plug-Plate-Tool interaction numerical analyses have shown that a
new treatment technique was capable of inducing normalized compressive residual stresses of
the same order of magnitude in steel structures as those achievable with current techniques used
on aluminum structures. Additionally, 2D and 3D uniform expansion models performed as part
of this study may be useful to future researchers attempting to achieve compressive residual
stresses in steel crack-stop holes using new treatment techniques. Given the success of this
technique in the aerospace industry, the potential benefits of using a similar process to improve

the fatigue life of existing steel bridges with fatigue cracks are very significant.
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CHAPTER 4: DEVELOPMENT OF A TECHNIQUE TO IMPROVE
FATIGUE LIVES OF CRACK-ARREST HOLES IN STEEL BRIDGES —

FATIGUE AND METALLURGICAL RESULTS

ABSTRACT

A new technique to improve the performance of crack-arrest holes to stop fatigue crack
propagation is presented. The historical background for one detail that is susceptible to fatigue
cracking is provided as an example of the seriousness of the problem. Repair options for fatigue
cracks are discussed including crack-arrest holes. The new technique consists of cold expanding
the inside of the crack-arrest hole and subjecting the inside of the hole to ultrasonic vibration
using piezoelectric elements. This procedure was termed Piezoelectric Induced Compressive
Kinetics (PICK) and was conducted as a proof-of-concept, laboratory study using 3.2 mm (1/8-
in) thick steel bars. The effectiveness of this technique was assessed by comparing the result of
fatigue testing; three types of fatigue specimens were tested: untreated specimens were used as
control specimens; some were only mechanically expanded, and others were PICK treated. In
addition to the fatigue testing, metallurgical examination, measuring retained expansion, and
monitoring load decay were used to determine the physical changes caused by the PICK process
that resulted in the improved fatigue performance. The metallurgical examination consisted of
grain size analysis and hardness testing. The compressive residual stresses resulting from the
PICK treatment are discussed in detail in Simmons 2013. The conclusion of this study was that
the PICK treatment would increase the fatigue initiation life of reduced-scale, laboratory

specimens.
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INTRODUCTION

The principal loads on bridges are dead loads from the weight of the bridge materials and live
loads from traffic across the bridge. Depending on span length, the ratio of live-to-dead loads
can be determined from McGuire (1968) to be approximately 1 to 3. From these live-to-dead
load ratios, the time-varying stresses from live loads could approach 50-80% of the allowable
stress in the steel. Such fluctuating stresses may cause fatigue cracks to initiate in steel bridges if
fatigue was not properly accounted for in the design. Fatigue cracks, in fact, currently exist or
will form in numerous highway bridges in the United States. The Federal Highway
Administration (FHWA) has governmental oversight responsibility for the maintenance for more
than 120,000 steel highway bridges with welded details. According to the 2001 National Bridge
Inventory, approximately 14% of the inventory, or 16,800 bridge structures, may be structurally
deficient (FHWA 2001). The major problems causing bridges to be labeled structurally deficient
are the presence of fatigue-sensitive details, the need to increase service loads, corrosion, and
lack of proper maintenance (Tavakkolizadeh and Saadatmanesh 2003). There is significant need

in the nations steel bridge infrastructure to address damage due to fatigue.

One technique to arrest fatigue crack propagation is to drill a hole (crack-arrest hole) at each end
of the fatigue crack. Separate expressions have been developed by Rolfe and Barsom (1977) and
Fisher et al. (1980; 1990) which describe crack-arrest hole diameters large enough to arrest
further crack propagation.  In Kansas, common practice is to drill crack-arrest holes having
diameters ranging from 19 mm (% in) to 38.1 mm (1% in). Unfortunately, the crack-arrest hole
diameter determined though the Rolfe and Barsom (1977) or Fisher et al. (1980; 1990)

expressions may be so large that a hole with the “correct” diameter may not be practical or fit in
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the space available.

OBJECTIVE

The objective of this research was to develop a new technique to cold-expand and treat crack-
arrest holes such that a hole with a smaller-than-required diameter would gain effectiveness in
halting further crack propagation. The technique investigated to expand and treat the undersized
hole has been termed Piezoelectric Induced Compressive Kinetics (referred to herein as PICK)

and, in general, consists of the following steps in the laboratory:

1. Drilling a hole in a fatigue specimen made from steel plate,

2. Driving an oversized aluminum plug into the hole,

3. Compressively loading the aluminum plug to develop plastic stresses in the aluminum

plug and in the adjacent steel specimen,

4. Using multiple piezoelectric elements to further load and deform the plug while

subjecting the aluminum plug and the steel around the hole to ultrasonic vibration, and

5. Removing the aluminum plug from the steel specimen.

It was hypothesized that this process would produce three separate results, all of which would
contribute to prevention of crack reinitiation and propagation. First, the compressive force on
the plug during cold-expansion was expected to induce tensile stresses in the circumferential
direction around the hole; these tensile stresses would become compressive residual stresses

when the plug is removed. Second, cold-expansion causes work-hardening, which increase both
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the yield and ultimate strength of the steel. Third, energy input in the form of ultrasonic
vibration from the piezoelectric elements may also increase the yield strength of the steel. This
paper focuses on the design, fabrication, operation, and results of the tool (PICK tool) used to
produce an improvement in fatigue life from cold-expansion, work-hardening, and ultrasonic
vibration. This paper describes the PICK process and evaluates the effectiveness of the PICK
tool by assessing the results from fatigue testing, measured retained expansion, hardness testing,
and metallurgical examination. The stresses / strains induced by the PICK tool and the resulting

residual stresses / strains are discussed in another paper (Simmons 2013)

BACKGROUND

One reason that fatigue cracks are an issue with bridges is that the conditions which lead to
fatigue cracks were not addressed by codes or adopted in practice until recently. For example,
one detail which produces a large percentage of the fatigue cracks in steel plate-girder bridges is
the gaps left between connection stiffeners and the girder flanges when the connection stiffeners
are welded to the girder web but not to the flanges. When asymmetric loading is applied to
adjacent girders, torsion develops about the longitudinal axis of the girders resulting in bending
in the girder webs at these gaps. This bending from the cyclic, asymmetric loading results in

distortion-induced fatigue cracking (DIFC) in the girder webs (Fig. 1).
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Fisher and Keating (1989) state that the practice of leaving a gap between the connection
stiffener and flanges was the result of bridge failures in Europe in the late 1930s and further cite
as an example the Hasselt Bridge. The Hasselt Bridge was composed of Vierendeel trusses
shaped like a tied arch, in that the top chords were arched and the bottom chords served as tie
members (Akesson 2008). The vertical members between the top and bottom chords were
welded to the respective chords instead of having pinned connections as in a true truss. The
bridge was commissioned in January, 1937, and collapsed at 8:20 am on March 14, 1938, when
the temperature was —20 °C (-4 °F) and a tramcar and several pedestrians were on the bridge
(Maranian 2010). The initial crack started in the tension flange of the lower chord at a butt-weld
between a vertical member and the lower chord (Hayes 1996). Shortly thereafter the bridge

broke into three pieces and fell into the Albert Canal.

As a result of the failure of the Hasselt Bridge, it became standard practice in the United States to
not weld connection stiffeners to the tension flanges of the main girders. Steel design texts and

design guides recommended leaving a gap between the connection stiffeners and the tension
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flange as late as 1972 (McGuire 1968 and Merritt 1972). Roddis and Zhao (2001) presented a
concise history of the detailing of the connection plates in which they described that the
AASHTO Standard Specification for Highway Bridges did not require welding connection
stiffeners to the girder flanges until the 1985 Interim (AASHTO 1985). Even with this change, it
took several years for these details to become accepted practice; for example, the Kansas
Department of Transportation (KDOT) did not begin to weld or bolt connection plates to both
top and bottom flanges of plate girders until 1989 (Roddis and Zhao 2001). The result was that,
from approximately 1940-1990, a fatigue-prone detail (DIFC) was often used in welded bridges

and, as a result, these bridges were and are susceptible to fatigue cracking.

Once fatigue cracks occur, they should be repaired or monitored for crack growth. Numerous
approaches have been used to repair fatigue cracks (Roddis and Zhao 2001). Repair options
have included replacing the affected member or re-welding the crack. Replacing a member may
be difficult, as the bridge may have to be taken out of service, the bridge deck removed, the
member replaced, and the deck reinstalled. Re-welding or filling the fatigue crack with weld
material requires grinding out the crack and any associated welds, filling the crack with weld
material, and grinding the new weld surfaces smooth. Access and quality field welding often
present difficult problems with these welded solutions. Crack-arrest holes are also an
appropriate solution if the holes are drilled large enough to effectively prevent crack reinitiation.
At locations where cracking is caused by DIFC, techniques that have been used include
stiffening web gap regions, softening web gap regions, removing or repositioning lateral bracing
and diaphragms, or even loosening bolts at the cross frame to web connections (Roddis and Zhao

2001). Another alternative for repairing DIFC-related fatigue cracks that has been used is to
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install splice plates connecting the connection stiffeners to the flanges and/or the girder web.

Crack-Arrest Hole Formulae

Drilling a hole at the tip of a fatigue crack increases the radius of the crack tip from infinitely
small to the radius of the hole; this may blunt the crack tip to an extent that crack growth is
stopped. There are two formulae in the literature that may be used to determine the required
radius for the hole to effectively arrest crack growth. Both formulae relate the radius of the hole
to: the yield strength of the steel; the range of the stress intensity factor; and the half-length of
the crack, but use a different experimentally derived constant (Egn. 1). This equation was
originally developed in Rolfe and Barsom (1977) and is also found in Barsom and Rolfe (1999).
They performed multiple, uniaxial, cyclic-tension tests on several identical sets of steel plates
with edge notches. Within each identical set, the edge notch radii were different for each plate
but the edge notch lengths were all the same. The yield strengths of the each set of steel plates
was different and varied between 248 MPa (36 ksi) to 758 MPa (110 ksi). This plate geometry
with the uniaxial loading results in Mode | type fracture, where Mode | fracture is a tension-
opening crack. The second is found in Fisher et al. (1980; 1990). Fisher et al. (1980; 1990)
conducted a series of full-scale tests on steel wide flanges and plate girders, all with 248 MPa (36
ksi) yield strength. These tests subjected the wide flanges and plate girders to both in-plane

bending stresses and out-of-plane distortion stresses; the combination resulted in DIFC.

The equation developed by Rolfe and Barsom (1977) from testing is:

Equation 1
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C = constant from testing with Rolfe and Barsom (1977) and Fisher et al.
(1980) developing different values for C (seeTable 1),
p = required radius of the hole to arrest crack reinitiation,
oys = yield strength of the steel,
AK = the range of the stress intensity factor. For the edge-notch
configuration used by Rolfe and Barsom (1977), the range of the
stress intensity factor can be determine by:

AK= AcJma
where

Ao = stress range (omax-omin) for the fluctuating stresses,
a = the length of the edge crack.

When 4K= Ao/ is substituted into Egn. 1, Eqgn. 2 results:

AovVma _
Ip e
Equation 2
This can be re-arranged in terms of p and a as presented in Eqgn. 3:
2
Ao
=727 (2
oysC
Equation 3

Even though using different testing programs, Fisher et al. (1980; 1990) used the same formula
but developed different values for C. Since C was derived from testing, the values for C depend
on using consistent units. Table 1 provides the appropriate units and the corresponding values

for C from Rolfe and Barsom (1977) and from Fisher et al (1980; 1990), and Dexter (2004).

Table 1. Values for C and Units for Crack-Arrest Hole Equations

C — Rolfe C - Fisher
Units and Barsom et al. (1980) oo Oys a O
(1977) )
Sl 26.3 10.5 MPa MPa mm mm
us 10 4 ksi ksi in in
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The differences in the parameters used in development of the two values of C between Rolfe and
Barsom (1977) and Fisher et al. (1980; 1990) are presented and discussed in Simmons (2013).
An extension to the formula to include the diameter of the crack-arrest hole with the crack length

is also included in Simmons (2013).

As previously discussed, typical practice in Kansas is to drill a hole with diameters from 19 mm
(% in) to 38 mm (1%2 in) (Fig. 2); unfortunately, these hole diameters are often not large enough
to arrest crack propagation, and the fatigue crack eventually reinitiates and continues to

propagate on the other side of the hole (Fig. 3).

Bridge Deck
R, s -./

Crack Stop Holes:

Girder Web Connection Plate

Figure 2. Crack-Arrest Holes at Fatigue Cracks (Roddis and Zhao 2001)
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Figure 3. Fatigue Crack Reinitiating through Crack-Arrest Hole (Dexter 2004)

Reinforcing Crack-Arrest Holes

Two techniques, mechanical expansion of the hole and installation of interference fit fasteners,
have been developed in the aerospace industry to be used to make an undersized hole perform as
well as a full sized hole with respect to limiting fatigue propagation. Mechanical expansion is an
accepted technique to reinforce bolt and/or rivet holes in aluminum aircraft members during both
manufacturing and maintenance to keep fatigue cracks from developing or to extend fatigue life
in the presence of existing cracks. A literature review did not produce any examples in which
mechanical expansion has been used outside the aircraft industry but, from a personal
conversation with L. Reid of Fatigue Technology, mechanical expansion has recently been used
on railroad tracks and bridges (Reid 2011). This technique is being used by railroads to improve
the fatigue performance of the bolt holes in connections joining rail sections and it has been used

on one bridge structure, an elevated section of a highway in California (Reid 2011). The Fatigue
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Technology mechanical expansion process utilizes a split-sleeve with a tapered mandrel system
that consists of a solid, tapered mandrel and an internally lubricated split sleeve. The split sleeve
is placed on the small end of the tapered mandrel and the tapered mandrel with split-sleeve one it
are placed in the hole with the large end of the tapered mandrel going in first. An external force
is then applied to the small end of the tapered mandrel and the large end of the mandrel is pulled
through the split-sleeve causing the sleeve and hole to expand and plastically deform the inside
of the hole in both the radial and tangential directions. The sleeve is then withdrawn. This
results in cold-working the inside diameter of the hole and induces residual, compressive stresses
tangentially and radially around the hole. Both the cold-working and the residual compressive

stresses act to retard crack initiation and crack propagation.

Use of interference fit fasteners is currently limited to the aircraft industry where they are applied
to improve fatigue performance of drilled holes; their use has not translated to bridges or other
civil structures (Bontillo 2011). Interference fit fasteners consist of a tapered bolt and an
internally tapered and flanged outer-sleeve, which is ground straight externally for use in a
straight-sided hole. The interference fit is achieved by tightening the bolt, forcing the taper of
the bolt to work against the taper of the sleeve. Fatigue tests have shown an increase in fatigue
life with interference fit fasteners by a factor of 10 (1x10° cycles to 1x10° cycles) (Lanciotti and

Polese 2005).

Strain Hardening, Work-Hardening, and Hardness Testing
Strain hardening is depicted in Fig. 4, which represents a portion of an idealized stress-strain
curve for a strain-hardening steel. If point [yt in Fig. 4 is the yield stress in tension, strain

hardening occurs with increasing deformation and stress beyond [Jyt. If stress is reduced after
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the onset of strain hardening at [Jyt, the stress-strain relationship unloads with the same slope as
the elastic portion of the stress-strain curve (Point A to Point B). If unloading does not progress
beyond Point B to yielding in compression at Point C, reloading follows back along the same
path as unloading until the previous high stress, Point A, is reached. Further loading beyond
Point A continues with the same strain hardening behavior as previously. The stress at which
strain hardening begins after unloading and reloading is approximately the same value that was

reached before unloading occurred, Point A, and is higher than initial yielding, [yt.

Tension
¥ N S S——
1 :
/
/ B
/
/ C
-— >0y,
Compression

Figure 4. Stress/ Strain with strain hardening for a strain hardening steel

Work-hardening (also called cold-working) is severe plastic deformation by a controlled
mechanical operation (e.g. rolling or drawing) performed at ambient temperature for the purpose
of shaping a product. Work-hardening elongates the grains of the material in the direction of
working, while flattening the grains perpendicular to the direction of working (see Fig. 5).
Work-hardening increases dislocation density, vacancies, stacking faults, and twin faults;
however, most of the energy from work-hardening appears to be expended in increasing the

dislocation density (Dieter 1989). An annealed metal has a dislocation density of 1x10°— 1x10°
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dislocations per cm? (Dieter 1989). After work-hardening with severe plastic deformation of
~10%, the dislocation density increases to 1x10*? dislocations per cm? (Dieter 1989). Work-
hardening with grain deformation and increase in dislocation density raises the yield stress,
ultimate stress, and hardness while reducing elongation and reduction in area (Dieter 1989), as

depicted in Fig. 6. The plastic deformation associated with work-hardening also results in strain

hardening.

ORIGINAL
GRAINS

PLASTIC DEFORMATION
[ELONGATED GRAINS)

DIRECTION OF
WORKING AND
ELONGATION

Figure 5. Work-Hardening by rolling (Moniz 1994)
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Figure 6. Variation of Tensile Properties with Amount of Work-Hardening (Dieter 1989)

Because of the small volume affected, measuring work-hardening on the inside surface of a

crack-arrest hole is not possible with standard testing techniques such as reduced-size tension
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tests. One method to qualitatively assess the existence and extent of any work-hardening is with
hardness measurements. Hardness can be measured with an indenter; several types are available
but all measure the depth and/or width of an indention with a ball-, pyramid-, or a diamond-
shaped indenter into the surface of an object. In steel specimens, the indenter only disturbs the
top few grain layers but, for these top few grain layers, the indentations impose a triaxial state of
stress and plastic deformation with strains in the range of 30% or more (Richards 1961).
Empirical relationships exist to relate the hardness values of the different indenters to each other
(ASTM E140) and to the ultimate strength (F,) of the metal (Moniz 1994). Because the indenter
readings are physically related to plastic deformation of the material, the hardness readings can
only be related to the ultimate strength; no empirical relationship exists between the indenter

hardness values and the yield stress.

Piezoelectric Material and the Effects of Ultrasonic Waves on Metals

Pierre and Jacques Curie first identified the direct piezoelectric effect in 1881 when they showed
that a quartz crystal produced an electric current when subjected to pressure. The converse
piezoelectric effect, that a voltage applied to a quartz crystal would produce expansion in the
crystal, was reported the next year. This property can be introduced into certain other materials
containing dipole elements by ‘poling’, which consists of raising the material above the Curie
temperature, applying a strong electric field across it, and cooling the material below the Curie
temperature while maintaining the electrical field. This process changes the dipoles which are
arrayed in a random direction before poling and fixes them so that they are aligned in the
direction of the electrical field. After poling to align and fix the dipoles, the material will act as
a piezoelectric material and exhibit both the direct and converse piezoelectric effects (Srinivasan

and McFarland 2001).
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Various researchers have reported changes in yield strength and tensile strength when metals are
subjected to ultrasonic vibration while under tensile loads. Langenecker (1966) reported that
ultrasonic vibration can both soften and harden metals. He documented that softening, which he
termed acoustic softening, occurred immediately when zinc crystals were subjected to ultrasonic
vibration above certain minimum energy levels during static tension testing under deformation
control. The tension stress required for continued straining dropped abruptly when the ultrasonic
vibration was applied and returned to the original linear-elastic stress-strain curve when it was
removed. Above higher energy inputs, softening occurred during ultrasonic vibration but, when
it was turned off, the stress required to produce additional strain was above the original elastic

stress-strain curve. Langenecker labeled this effect acoustic hardening.

Nevill and Brotzen (1957) subjected low-carbon steel to ultrasonic vibration while testing the
steel in tension. They used annealed, 0.9 mm (20-gage) (0.04-in) diameter wire in a small
tension testing machine under deformation control. The wire was tensioned and ultrasonic
vibration applied along the axis of the wire for short time intervals. Nevill and Brotzen (1957)
reported that the stress necessary to initiate plastic deformation was reduced by the introduction
of the ultrasonic vibration. The reduction in stress was proportional the amplitude of the
vibration, but independent of frequency within the range of 15 kHz to 80 kHz, of temperature
between 30°C (86°F) and 500°C (932°F), and of prior strain for values of average permanent

elongation up to 15%.
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METHODOLOGY

It was decided to focus the current research on a proof-of-concept study using a reduced-scale,
laboratory-compatible PICK tool and fatigue specimens to determine viability of the technique.
While multiple techniques would be used to evaluate the PICK tool performance, the most
conclusive way to evaluate changes in fatigue performance as a result of treatment by the PICK
tool would be fatigue testing treated specimens. The desired measurement was an improvement
in fatigue performance of undersized, crack-arrest holes; however, it was thought that inducing a
controlled crack and drilling holes at the crack tips would be a complex, time-consuming
operation and would increase the size of the specimen and time-to-failure of the fatigue testing.
Since the objective was to study crack initiation from a hole at the tip of an existing crack, it was
decided that the same effect could be evaluated without inducing a crack but by drilling a hole in
a location that would be designed to be susceptible to fatigue cracking and counting the load
cycles for fatigue cracks to initiate at the either edge of the hole. This also eliminated the length
of the crack as a variable. The specimen was designed to incorporate these details and to fit the
universal testing machine (UTM) available for the fatigue testing. When the details for the

fatigue specimens were fixed, the PICK tool was designed to be compatible.

Hardware Description

Fatigue Specimens

As the majority of plate girder bridges susceptible to fatigue cracking are older structures, it was
decided to use Gr. A36 steel with yield strength of approximately 250 MPa (36 ksi) for the
fatigue specimens. The actual material properties were determined for the steel per standard

tension testing requirements for flat bars (ASTM E8-04), but the material properties used for the
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aluminum plug, which was 60601-T6, were from the literature (Boyer 1987). Both were

reported in Crain et al. 2010 and are reproduced in Table 2.

Table 2. Material Properties for A-36 Steel and 6061-T6 Aluminum (Crain et al 2010)

. Modulus of Elasticity, Yield Strength, Ultimate Strength, . R .
Material MPa (ksi) MPa (ksi) MPa (ksi) Poisson’s Ratio
Aluminum 77,220 (11,200) 312 (45.2) 440 (63.8) 0.35
Mild Steel 200,000 (29,000) 319 (46.3) 463 (67.2) 0.30

The test specimens were fabricated from a 3.2 mm (1/8-in) thick steel bar and, to ensure the
fatigue cracking occurred at the center of the specimen, the width of the specimens narrowed
from 53 mm (2 in) at the ends to 32 mm (1-1/8 in) at the center (Fig. 7). Holes with diameters of
3.2 mm (1/8 in) were drilled and reamed at the center of each specimen at the minimum width
with the expectation that fatigue cracking would initiate at this location first with the cracks
oriented perpendicular to the long axis of the specimen and initiating at the inside edges of the
hole. The ends of the specimens were reinforced to prevent bearing or fatigue failure at the ends

rather than fatigue cracking at the center.

Aluminum Plug
The aluminum plug was cut from aluminum dowel stock with a slightly larger diameter than the
3.2 mm (1/8-in) diameter holes with the length slightly longer than the 3.2 mm (1/8-in) thickness

of the bhar
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Figure 7. Fatigue test specimen

PICK Tool

The PICK tool was designed to compress the aluminum plug, hold this force on the plug, and
provide a stiff reaction platform to focus the ultrasonic vibration into the aluminum plug and the
steel fatigue specimen. The tool needed to be stiff to ensure that most of the energy went into the
specimen and was not absorbed by the tool. The tool was bench mounted with its major features
being the C-shaped base, threaded bolt, piezoelectric elements, and a round, load-transfer plate
(shown in Figs. 8 and 9). The base and the other steel components were machined from 4140
annealed steel with yield strength of 412 MPa (60 ksi) and with dimensions as shown in Fig. 8.
The end of the bolt was machined to form a 3.2 mm (1/8-in) diameter tip to match the 3.2 mm
(1/8-in) plug; force was applied to the plug by tightening the bolt at the top of the tool thereby
pressing the tip into the aluminum plug. The tip of the bolt proved to be too soft and deformed
excessively; therefore, the tip was replaced with a hardened dowel pin which was pressed into a
hole drilled into the tip of the bolt. The tip of the dowel pin was machined into a truncated-cone

shape with the smaller end fitting on the end of the aluminum plug. Underneath the fatigue

108



specimen was a round, load-transfer plate, which was machined to fit on top of a nylon rod and
to fit tight with the top of the piezoelectric stack beneath it. A hardened steel rod with a tip also
machined to 3.2 mm (1/8-in) diameter was pressed into the top of the round, load-transfer plate
and completed the load path through the aluminum plug. The piezoelectric elements were
stacked and held in place with the nylon rod. The ultrasonic force developed by the piezoelectric
elements was transmitted through the round, load-transfer plate and focused into the aluminum

plug and steel fatigue specimen.

A Micro-Measurements strain gage (EA-06-062AQ-350) and a small strip of piezoelectric
material (7.5-mil thick strip of PZT-5A from Piezo Systems) were attached to the PICK tool.
The strain gage was glued to the flat section on the inside surface of the vertical upright of the
PICK tool so that the gage measured bending strain. The piezoelectric strip was aligned
vertically and glued to the vertical leg of the tool on the back surface opposite the strain gage, as

shown in Fig. 8.
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Figure 8. PICK tool schematic
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Piezoelectric
Elements

Figure 9. Fatigue specimen during PICK treatment

Piezoelectric Elements
The piezoelectric elements were obtained by disassembling a commercial ultrasonic cleaner; the
piezoelectric elements were assumed to be PZT-4 material, which is the commonly used

piezoelectric element in these cleaners. The properties for PZT-4 are shown in Table 3.

Table 3. Assumed Properties for Piezoelectric Elements

Electromechanical Piezoelectric A(_:tl\_/atlon COUSta”_t for Short circuit Young’s
; strain in the 3-direction for . .
coupling transfer modulus of piezoelectric

coefficient - O efficiency - O currentin tg;:-dlrectlon ) material - YE33

0.700 0.837 285x10-12 m/volt 6.6x1010 N/m2

Piezoelectric elements have a positive and a negative side; these can be identified by placing an
element on a conductive surface and connecting a volt meter between the conductive surface and

the upper face of the piezoelectric element. If the voltmeter shows positive when the positive
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probe is pressed against the surface of the piezoelectric element, that face of the piezoelectric
element is the positive side and the other side is the negative side. This can be checked by
reversing the probes and the faces of the piezoelectric element and applying force through the
negative probe. Once the positive and negative faces were identified, the four piezoelectric
elements were assembled as shown in Figs. 8 and 9 such that direction of current was the same
across each element. With the piezoelectric elements stacked in this a manner, expansion and
contraction deformations obtained by applying an electric field across the elements (converse

effect) were additive in all the elements.

The piezoelectric elements are brittle and must be handled with care. They are susceptible to
cracking if dropped from only a couple of inches. Fortunately, they can be repaired by gluing

the parts back together with compatible glue. This did not seem to affect their performance.

Electronics

Electronics powering the PICK tool consisted of a sine wave generator and an amplifier. The
sine wave generator was a Hewlett Packard 3300A Function Generator with a variable-sweep-
frequency capability and adjustable voltage output. The amplifier was a Piezo Systems Inc.

Linear Amplifier Model EPA-104 with adjustable gain, as shown in Fig. 10.
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N
Figure 10 Electronics used with PICK tool

Data Acquisition
While fatigue testing of the treated specimens is the most direct method to demonstrate any
improvement in fatigue performance achieved by the PICK tool, multiple techniques besides

fatigue testing were used to evaluate PICK tool performance.

Retained expansion (RE) as defined by Eqgn. 4 is used by the aerospace industry as a measure of
the amount of the expansion remaining after mechanically expanding a hole (Ball and Lowery

1998).

RE = [ Rfinal - Rinitial * 100)

initial

% Equation 4
Where
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Rfinal = the final radius of the hole and

Rinitiar = the initial radius before cold-expansion
Cold-expansion imposes tangential tensile stresses and radial compressive stresses around the
hole. After completion of cold-expansion and after the plug has been removed, the tangential
tensile stresses become compressive residual stresses while the radial compressive stresses
remain compressive but change distribution. By considering the change in the circumference
with expansion, it can be shown that RE also provides a measure of the amount of permanent
plastic strain / permanent set remaining after the elastic strain is recovered and compressive
residual strain is imposed, as presented in Egn. 5. Some elastic strain is included with this
plastic strain but, at retained expansion ratios normally achieved (3-8%), it is small compared to
the amount of plastic strain. RE was obtained by measuring the hole diameter with a digital
caliper before and after treatment by the PICK tool. Ten measurements were taken at different
diametric locations around the hole and the values averaged both before and after treatment.

Retained expansion was then computed using Eqgn. 4.

-2*r* R,

RE = initial 100]

2** R,

initial

[2*”* R firai

Equation 5

_ [ Rfinal - Rinitial * 100) =&,
initial ’

A Dbrittle coating with a layer of undercoat was applied to the specimens after the plug was
pressed into the hole but before treatment by the PICK tool. The brittle coating and undercoat
were Stresscoat ST-70F/21C and Stresscoat ST-850 Undercoat and were applied following the
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manufacturer’s directions. These were applied to provide an immediate indication of whether
the PICK tool was actually plastically deforming the steel in the vicinity of the hole. The brittle
coating is formulated to crack at a specified level of elastic strain; however, where the steel
plastically deforms, the brittle coating debonds and flakes off. This flaking provides a clear
delineation of the extent of plastic deformation and the location of the elastic-plastic interface.
The results from the brittle coating and a discussion of these results are presented in Simmons

(2013).

The strain gage that was installed on the PICK tool was used to monitor static loading when the
bolt was tightened on the aluminum plug; this was to ensure the loading on the plug from the
PICK tool was consistent with every specimen treated. Another gage (MicroMeasurements WK-
06-250BG-350) was glued to a piece of scrap steel that was separate from the tool but in close
vicinity to the tool. This gage was used to monitor for signal drift and random electrical noise.
A National Instruments (NI) NI ENET-9219 Ethernet DAQ device with a NI cDAQ 9172 USB
Data Acquisition System was used to power both of these gages and to collect both of their
output signals. NI LabView on a desktop computer was used to process the signals and to

provide the results for real time monitoring and evaluation.

The piezoelectric elements of the PICK tool were excited with a sine wave from the signal
generator and amplifier. The converse effect of these piezoelectric elements subjected the
aluminum plug and the surrounding steel to ultrasonic vibration and imposed a sine wave
bending deformation mode on the PICK tool. The bending response of the PICK tool to this

imposed deflection caused bending in the piezoelectric strip on the back of the PICK tool which
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generated another electrical signal by the direct effect. This signal was monitored with a
Telequipment Type D54 oscilloscope (Fig. 9) which provided a measurement of the strength and

frequency of the PICK tool response.

An Extech True RMS Multimeter was used to measure the frequency output from the signal
generator to the amplifier and to measure current output from the amplifier to the piezoelectric
elements in the PICK tool. As the input frequency to the piezoelectric elements was in the
kilohertz range and the multimeter was not capable of measuring voltage output at this frequency
range, the Telequipment Type D54 oscilloscope was used to measure voltage from the signal
generator to the amplifier, from the amplifier to the piezoelectric elements, and the output from

the piezoelectric strip.

Fatigue specimens were also instrumented. Two Micro-Measurement strain gages (WK-06-
250BG-350) were attached to opposite faces of each of the fatigue specimens. These two gages
were aligned on the fatigue specimen to measure axial strain at corresponding locations on the
opposite faces of the fatigue specimen for the purpose of monitoring bending of the specimen
during fatigue testing. In addition, another of strain gage was placed on an unrelated piece of
scrap steel and used to monitor electrical / background noise. These three gages were powered
and the output signal collected by a NI ENET-9219 Ethernet DAQ device with a NI cDAQ 9172
USB Data Acquisition System, which provided the results to a desktop computer. A MTS
Model 312.31 Load Frame with a MTS Model 661.21, 345-MPa (50-kip) Load Cell was used to
perform the fatigue testing. During fatigue testing, movement of the crosshead of the MTS and

load from the load cell of the MTS were provided to the same NI data acquisition devices as the
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strain gage values. NI LabView was used to process and display the strain gage data, cross head

movement, and load from the UTS.

Other Evaluation Techniques

Metallurgical Evaluation

One fatigue specimen was sent to a metallurgical lab for evaluation after being treated by the
PICK tool but before being subjected to fatigue testing. The metallurgical evaluation consisted
of both grain size analysis and hardness testing. The specimens were cut with a slow-speed
diamond saw such that the cuts were perpendicular to the surface and perpendicular to the long
axis to obtain cross sections through the treated hole. These cross sections were mounted and
then polished with progressively finer grits up to 1 micron, then lightly etched with a 3% Nital
solution (3% nitric acid and methanol). Grain size analyses and Vicker’s microhardness testing
were then conducted on these cross sections. After reviewing the results, three new specimens
approximately 51 mm x 51 mm (2 in x 2 in) from the same bar stock were fabricated with a 3.2-
mm (1/8-in) diameter hole at the center. One of these was a control specimen not treated by the
PICK tool. The second was only mechanically expanded by applying force with the PICK tool
to plastically deform the steel in the vicinity around the hole but not using the piezoelectric
elements to apply ultrasonic vibration. The third was fully PICK-treated. These three specimens
were also sent to the metallurgical lab for evaluation where they were prepared like the first

specimen.

X-Ray Diffraction and Neutron Diffraction

Two more 51 mm x 51 mm (2 in x 2 in) plates were fabricated from the same bar stock with a
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hole as previously described, and were treated with the PICK tool. X-ray diffraction was used to
measure the value and distribution of the residual strain produced by the PICK tool on one of
these and neutron diffraction was used to measure the same on the other. These tests and the

ensuing results are presented and discussed in Simmons (2013).

Testing Protocol
PICK Treatment
Before using the PICK tool to treat fatigue specimens, the strain gage on the PICK tool was
calibrated using a calibrated load cell to establish a load versus strain curve for the PICK tool

(Simmons 2013); this calibration provided a direct reading of the load applied to the aluminum

plug.

In preparing fatigue specimens for PICK treatment, an area approximately 51 mm (2 in) in length
and centered on the fatigue specimen was cleaned of mill scale. Then, the width and thickness at
the center as well as the hole diameter were measured with digital calipers. The alignment of the
PICK tool was adjusted so that the tips of the bolt and the round, load-transfer plate would be
aligned with the hole in the fatigue specimen; then the aluminum plug was pressed into the hole.
The undercoat and brittle coating were applied to the cleaned area and cured per manufacturer’s
instructions. The specimen was placed in the PICK tool, alignment checked, and bolt tightened
carefully to ensure the tips aligned with the plug. Once suitable alignment was achieved, the bolt
was tightened until a strain value of 224 microstrain was read from the strain gage on the inside
of the PICK tool. This equated to a force of 9.2 kN (2.1 kips), or an approximate stress of 1.2

GPa (170 ksi), on the aluminum plug. The electronics were energized and supplied power as a
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sine wave voltage to the piezoelectric elements in the PICK tool. A sweep of frequencies was
then conducted to identify the resonant frequency of the tool with the sine wave excitation of the
piezoelectric elements. This was accomplished by observing the magnitude of the voltage
coming back into the oscilloscope from the piezoelectric strip on the back of the PICK tool. The
tool deformed in bending as a result of the expansion and contraction of the piezoelectric
elements and the piezoelectric strip on the back of the tool flexed with the bending of the tool -
the larger the bending in the tool, the higher the voltage from the piezoelectric strip displayed on
the oscilloscope. Resonant frequency, which was in the ultrasonic range and always at the upper
end or above the audible range, was the input frequency to the tool that produced the largest
output voltage from the piezoelectric strip on the back of the tool. Once the resonance frequency
was determined, the strain gage for the tool was checked and the bolt tightened until the 224
microstrain was re-established. The treatment was left with the 224 microstrain and the
frequency set at the resonance frequency for 114.5 hours. Both of these values, 224 microstrain
and 114.5 hours, were known to be arbitrary, but they were used consistently to maintain a basis
for comparing results. Once the time period was reached, the specimen was taken out of the tool,
photographed, and the extent of the area where the brittle coating had flaked off measured with a
circle template. Next, the aluminum plug was gently pressed out of the specimen. The remnants
of the brittle coating were then removed, and dimensions of the hole were measured along 10
different diametric locations and the diameters averaged and the retained expansion calculated

using Eqn. 4.

Fatigue Testing

Due to several causes which could not be totally eliminated (slight misalignment of the grips of
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the UTS, slight initial imperfections in specimen straightness, the holes in the ends of the fatigue
specimen not being entirely parallel and/or perpendicular to the axis of the fatigue specimens,
etc.), some bending was induced in the tensile fatigue specimen during fatigue testing. To
eliminate or minimize this bending, cable ferrules were pressed on the ends of two small wire
cables and one end of each cable threaded through the hole of the fatigue specimen. The other
ends of the cables were attached to turnbuckles which were in turn attached through other small
cables to the columns of the MTS (Fig. 11). The tension in the cables could be adjusted using
the turnbuckles and the center of the fatigue specimen held in an aligned position to minimize
induced bending strain. To measure the bending strain, strain from the two strain gages attached
to the fatigue specimen were collected and processed with LabView to separate bending and
tension strains. The wire cables connected to the center of the fatigue specimens were tightened
or loosened as required to minimize bending strain as much as possible. This was an

improvement, but bending strain existed to some extent in all the fatigue specimens.

After completing several fatigue tests to establish the testing protocol, a stress range was selected
that would provide a basis for comparison yet limit testing time to a reasonable value. The lower
value of the stress range was selected to be as low as possible while ensuring that the specimen
remained completely in tension during each load cycle. Specifying the load corresponding to
this stress range for the fatigue testing produced a range of cross-head displacement once the
testing started. A crack-initiation indicator was established by choosing a crosshead
displacement several thousandths of an inch larger than the highest displacement being
experienced and setting this value as a displacement limit for the test. Reaching this limit was an

indication that a crack had initiated. Once this limit was reached, the test was immediately
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halted and the specimen checked to determine if a fatigue crack had actually initiated. Dye
penetrant was applied and fatigue testing restarted. The combination of dye penetrant and an
ongoing fatigue test made even small fatigue cracks visible. If fatigue cracking had initiated, the
stress range and the number of cycles to failure were recorded. If not, the test was re-started with
new displacement limits established and was allowed to continue until the new displacement

limit was reached. This cycle was repeated until a fatigue crack was observed.

Figure 11. Fatigue specimen mounted in UTS (Crain 2010)

RESULTS

Fatigue Testing

The stress range used in the fatigue testing was established as 221 MPa (32 ksi) with 14 MPa (2
ksi) being the lower limit and 234 MPa (34 ksi) being the upper limit. Bending of the fatigue
specimens during fatigue testing was a significant problem. ASTM E 466-07 stipulates that the

bending stress should be less than 5% of the maximum stress; several tests were discounted

120



because the bending was beyond this limit and could not be reduced using the wire-cable system
discussed above. Three sets of fatigue testing specimens were fabricated: the first set of five was
used as control specimens with no mechanical expansion of the aluminum plug or treatment by
the PICK tool; the second set consisted of four specimens subjected to mechanical expansion
only with no PICK treatment; and the third set consisted of six specimens that were subject to
mechanical expansion and were the full PICK-treated with piezoelectric vibration. The fatigue
testing protocol and results are presented in Table 4. Results have also been plotted on an S-N
graph in Fig. 12. The averages, standard deviation, coefficient of variation for the results of each
category are presented in Table 4. The results in Table 4 show a difference in the fatigue life
between the three different testing protocols. The result for PICK 9 was well above the rest of
the specimens that were only mechanically expanded, and was considered anomalous to the
extent that it is thought that it should be discarded. With the result discarded for PICK 9, a 95%
confidence level was established using Student’s t-distribution for small sample sets.  This
confidence level provides a statistical estimate for fatigue life for crack initiation which will be
exceeded by 95% of test specimens; only 5% of the fatigue specimens will have fatigue life for
crack initiate below this number of cycles-to-failure. The 95% confidence limits have been
included on Fig. 12. Using the 95% confidence levels and including test specimen PICK 9,
treatment with pressure-only increased the expected fatigue life only 6%; if PICK 9 is excluded
and comparing the 95% confidence levels, pressure-only increased fatigue life by 84%.
Comparing the 95% confidence levels of fatigue life between specimens with no treatment and

those fully treated with the PICK tool shows an increase in fatigue live of 160%.
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Table 4. Fatigue Testing Results

Tool w/ pressure only  Tool w/ pressure &

Control Specimens  Tool w/ pressure only & w/ PICK 9 deleted Ultrasonic Vibration

i i
Fo 234824 PICK6 426302 PICK6 426302 PICK3 818,635
F1I0 177,106 PICK7 397595 PICK7 397,505 PICK4 743725
F11 169222 PICK8 338557 PICK8 338557 PICK10 532,310
F12 195220 PICK9 992,108 PICK 11 744,767
F13 104,449 PICK12 350,026
PICK 13 412,814
AVE 194,164 538,641 387,485 600,380
StdDev 25335 304,511 44,738 195,715
Coefficient of ) 59, 57% 12% 33%
Variation
95%
corllgsglnce 170,000 180,328 312,000 439,000
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Metallurgical Testing Results
Four specimens were sent to Engineering Systems, Inc. in St Louis, MO, for metallurgical
testing. This testing consisted of microhardness test and grain size analysis as previously

discussed.

Hardness Testing

Microhardness readings were taken along several paths on different cut surfaces of the first
sample (fully PICK treated) sent to the metallurgical lab. One slice was made well away from
the hole and the area affected by the PICK treatment around the hole to provide an untreated cut
surface; microhardness readings were taken along the centerline of this surface and used to
establish a baseline hardness for untreated steel. Two sets of microhardness readings were taken
along a section which was through the specimen along a diametric line through the center of the
hole. One set of readings was taken along a line at mid-plane and the other was taken along a
line near the surface. The other three specimens (untreated, mechanically expanded only, and
fully PICK-treated) had microhardness readings taken only along the midplane of the cuts, which
was through the specimen along a diametric line through the center of the hole. The
microhardness readings were converted from the Vicker’s hardness scale to the Rockwell
hardness B scale using tables in ASTM E140. The metallurgical report with all the details are
presented in Simmons 2013. The hardness values were further converted from Rockwell

hardness B to ultimate tensile strength using a conversion table in Moniz (1994).

The results of the hardness testing are presented in Fig. 13. The trendlines for the midplane

hardness readings are third degree polynomials and provided the best fit for the data. All the
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trend lines for both the mechanically expanded and the fully PICK-treated data showed an
increase in harden  ss and ultimate strength over the control specimen. The trend line for the
near-surface traverse shows an approximate linear reduction in hardness and ultimate tensile
strength with distance from the hole. These readings may have been affected by residual surface
stresses induced by the rolling process used to form the flat bar. In addition, while the midplane
section may exhibit plane strain behavior because the material at the midplane may be
constrained by the steel between the midplane and the surfaces of the bar, the material near the
surface may be in a plane stress condition. The hardness readings for the midplane traverses for
the two fully PICK-treated specimens were taken at different distances from the hole and were
combined together and plotted as one set of data. Hardness values for the fully PICK-treated
specimens were found to be consistently higher than those for the pressure-only treated
specimens. The hardness readings for the fully PICK-treated specimens were approximately
22% higher than those for the untreated specimens; while those for the mechanically expanded
were roughly 15% higher than for the untreated specimens. These differences between the
untreated and the mechanically expanded specimens may be the result of the cold-working from
the mechanical expansion. The differences between the mechanically expanded and the fully
PICK treated may be the result of acoustic hardening from the piezoelectric vibration during the
PICK treatment. Some of the differences are probably accounted for by the normal variation in
hardness readings. However, the trendlines seem to show an increase in hardness / ultimate
strength was achieved with the PICK treatment near the hole and that this increase in hardness /
ultimate strength decreased with distance from the hole. Furthermore, the trendlines approached
the value for the untreated steel at about the same distance from the hole as the estimated limit of

plastic deformation, the elastic/plastic interface. This elastic/plastic boundary was estimated
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from the brittle coating results and is fully discussed in Simmons 2013.
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Figure 13 Increase in hardness and ultimate strength with different cold-expansion treatments

Grain Size Analysis

Grain size analyses consisted of using both an optical microscope and a scanning electron
microscope (SEM). The optical microscope provided a view of the grain size with magnification
up to 550X while the SEM was capable of magnification up to 5000X. Typical microstructure of
the untreated metal is shown in Fig. 14 and was found to consist of ferrite grains with small
islands of dark-etching pearlite; this is consistent with low-carbon steel such as Gr. A36. Grain

sizes were mixed, averaging between 13.3 and 15.9 microns.

For the untreated specimen (Fig. 15), which was only subjected to drilling and reaming of the
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hole, the optical microscope revealed shallow grain deformation of the grains at the surface of
the hole as expected. This deformation was limited to those grains immediately next to the hole

surface.

For the mechanically expanded specimen, a layer around the surface the hole exhibited grain
deformations to a depth of approximately 0.008 to 0.009 mm (0.0003- 0.0035 in), and may be

viewed in Fig. 16.

For the PICK-treated specimen, the optical microscope revealed a layer of grain deformation to a
depth of approximately 0.001 mm (0.004 in) from the edge of the hole, as shown in Fig. 17. One
sample displayed semi-circular regions immediately adjacent to the edge of the hole where grain
deformations extended to a distance of 0.038 mm (0.0015 in). Within these regions, the grains
appeared to be flattened and elongated. The SEM also revealed an unresolved structure where

the grain size and shape could not be discerned, which can be seen in Fig. 18.
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Figure 14. Sample 1-P (PICK treated). Microstructure of base metal away
from the hole, showing light-etching ferrite matrix with small,
dark-etching pearlite colonies. (~550x)

Figure 15. Sample 9-U (Drilled and Reamed Only). Microstructure, showing
shallow depth of grain deformation at the surface of the hole, shown at top. (~500X)
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Figure 16. Sample 10-D (Mechanically Expanded Only). Microstructure at the
surface of the hole (top), showing shallow zone of grain deformation. (~500X)
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Figure 17. Sample 4-P (PICK-Treated). Microstructure at the inside cylindrical surface of the hole showing
shallow zone of grain deformation (arrow) and semi-circular region of additional deformation. (~500 X).

> "\*‘ ‘i‘

— \

129



Engineering Systems Inc.  SEl 20.00 kV  2000X - {5 um

Figure 18. Sample 4-P (PICK-Treated). SEM photo of semi-circular region at the hole surface near the outer
plate surface, showing localized grain deformation, and unresolved structure closer to the hole surface (top).
Note small pits within this region (~2000 X).

Retained Expansion

The diametric measurements before and after treatment and Retained Expansion (RE) as
calculated using Eqn 5 are shown in Table 5 and plotted in Fig. 19. Table 5 and Fig. 19 show
that the PICK treatment produced a RE ratio 24% higher than the mechanically expansion for
fatigue specimens (specimens P-4 through P-15M). For the plate specimens, the PICK treatment

produced a RE ratio 66.3% higher than for plate specimens (PL-2 through PL10).

During treatment of the fatigue specimens, the load on the plug from the tool was set at a level to
produce 224 microstrain in the tool as previously explained. This tool strain was allowed to
decay with time and was not adjusted unless the data acquisition had to be re-initialized.
However, the data acquisition system during this series of treatment was not stable and often had

to re-initialized. When re-initialized, the load was reset to the value producing 224 microstrain.

130



During treatment of the plate specimens it was decided to keep the strain in the tool as close as
possible to a constant 224 microstrain. To this end, the load was reset several times a day to
maintain 224 microstrain in the PICK tool. It is believed that this change in methodology may
be the cause of the difference in RE between the fatigue specimens and the plate specimens.

These loading processes were similarly applied to both PICK treated and mechanically expanded

specimens.

Table 5. Results for measured retained expansion (RE)

) Expansion
Specimen #,

Top Bottom AVE
P-6 7.64 12.64 10.14

Mechanically P-7 -2.9 10.28 3.69
Expanded Fatigue P-8 6.43 0.45 3.44
Specimens P-9 4.16 7.95 6.06
AVE 5.83

P-3 -0.48 3.6 1.56

P-4 6.32 7.07 6.70

Mechanically P-10 7.18 7.04 7.11
Expanded and p-11 15.83 8.51 12.17
Ultrasonically P-12 4.36 6.7 5.53
Treated (PICK) P-13 9.06 8.26 8.66
Fatigue Specimens ™ p 14 8.12 8.39 8.26
P-15M 8.69 5.96 7.33

AVE 7.16

PL-2 P 15.18

Mechanically

Expandedand __PL-3P 19.54
PICK Treated PL-4P 14.13
Plates AVE 16.28
Mechanically PL-10 D 9.76

Expanded Plates
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Figure 19. Retained expansion of crack-arrest holes

The results from the RE measurements of the hole diameters before and after treatment were
plotted on the stress-strain curve from the tension testing (Crain 2010) used to establish the
material properties of the plate used in the fatigue testing (Fig. 20). It appears that stain
hardening occurred with both mechanical expansion only and the PICK treatment regardless of
the loading protocol. However, the strain hardening was higher in the PICK-treated specimens,

both fatigue and plate specimens, that in the mechanically expanded specimens.
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Figure 20. Retained Expansion Plotted on Material Stress-Strain Curve from Tension Testing (Crain 2010)

Load Decay

During the treatment of the fatigue specimens, it was observed that the load / strain in the tool
decayed with time. This observation was reinforced when the decision was made to keep the
strain level at a constant 224 microstrain. Reviewing the lab notes, two fatigue specimens were
found that provided some data of the load decay with time (Fig.21).
increasing strain with constant stress while relaxation is defined as decreasing load with constant

strain (Dowling 2007). Rather than creep or relaxation, the behavior observed in the fatigue

specimens is thought to be further evidence of acoustic softening.
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Figure 21. Decay of tool load with time

Power

Typically, when resonance was achieved, the signal frequency supplied to the piezoelectric
elements was in the kilohertz range and, because this was above the capacity of the Extech RMS
Multimeter, the voltage supplied to the piezoelectric elements was measured with the
Telequipment Type D54 oscilloscope. A typical value for the voltage from the oscilloscope was
approximately 46 volts RMS. Current through the piezoelectric elements was measured with the
multimeter inserted into the circuit and a value of 0.0266 Amps was obtained. From these, the
calculated power supplied to the piezoelectric elements during the PICK treatment was

approximately 1.23 watts.

Discussion
The results of fatigue testing demonstrate that the PICK treatment process provides an

improvement in preventing fatigue crack re-initiation in crack-arrest holes over that provided by
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mechanical expansion only (Fig. 12). While the mechanical cold-expansion increased fatigue
initiation life by approximately a factor of 2, combining the mechanical cold-expansion with
ultrasonic vibration increased the fatigue initiation life by approximately a factor of 3. Evidence
points to a combination of strain hardening, work-hardening, and ultrasonic vibration leading to

an improvement in fatigue initiation life.

When the Retained Expansion averages are plotted on the material stress-strain plot (Fig 20), the
intersections of the RE lines with the stress-strain curve seem to show that strain hardening may

have occurred.

From the metallurgical analysis, the grain size analyses seem to show a change in the grain
structure around the hole between the untreated, mechanically treated only and the fully PICK
treated specimens (Figs. 14-18). The grain flattening and elongation seen in the PICK treated
specimens may be the result of ultrasonic vibration and may be an indication of work-hardening;
this seems to be supported by the increased hardness achieved between the untreated,
mechanically treated, and the fully PICK treated specimens as shown in Fig. 13. Conversely, the
higher hardness readings for the PICK treated specimens may also be an indication of acoustic

hardening due to the PICK treatment.

The higher retained expansion (Fig 19) and the higher hardness values (Fig 13) also show an
additional effect from the ultrasonic vibration beyond that achieved by the mechanically
expansion only treatment. The load decay (Fig. 19) and the retained expansion (Fig 19)

combined seem to indicate the existence of acoustic softening during the PICK treatment. If so,
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then the increase in hardness values shown in Fig 12 may be an indication of acoustic hardening
rather than cold working. Further research is required to determine which or either of these is the

case.

Additionally, increasing the radius of the hole and inducing residual compressive stresses
around the hole also contributed to the enhanced resistance to fatigue initiation. These topics are

further discussed in Simmons 2013.

CONCLUSIONS

This proof-of-concept study with testing of a reduced-scale, laboratory specimens has
demonstrated that fatigue initiation life can be increased by mechanically cold-expanding a hole
and subjecting the inside surface of that hole with treatment from ultrasonic vibration. This
technique provides for an improved resistance for crack-arrest over that provided by only
mechanically expanding the hole. In addition, the ultrasonic vibration input from the

piezoelectric elements also resulted in the following behavior:

1. Increased Retained Expansion,
2. Raised ultimate strength of the steel,
3. Provided for additional work hardening,

4. And may have produced strain hardening.

On the basis of these conclusions, the PICK treatment may provide a method of improving the

capacity of crack-arrest holes to stop fatigue crack growth. Expansion from the PICK treatment
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may eventually be used to arrest fatigue crack growth in bridges and provide an economical,

efficient repair for fatigue cracks in bridges.
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CHAPTER 5: DEVELOPMENT OF A TECHNIQUE TO IMPROVE
FATIGUE LIVES OF CRACK-ARREST HOLES IN STEEL BRIDGES —

ANALYTICAL AND EXPERIMENTAL STRESS AND STRAIN

ABSTRACT

This paper presents a new technique to improve the performance of crack-arrest holes to arrest
fatigue crack propagation. The historical background for one fatigue-susceptible detail is
provided as an example of the seriousness of the problem. Repair options for fatigue cracks are
discussed, including crack-arrest holes. The new technique, termed Piezoelectric Induced
Compressive Kinetics (PICK), consists of cold expanding the inside of the crack-arrest hole and
subjecting the inside of the hole to ultrasonic vibration using piezoelectric elements. The
research performed to develop this new technique was conducted as a proof-of-concept,
laboratory study using 3.2 mm (1/8-in) thick steel bar specimens. The effectiveness of this
technique was evaluated by comparing the result of fatigue testing of control, partially treated,
and fully treated specimens. In addition to the fatigue testing, physical changes caused by the
PICK process were studied using metallurgical examination, measuring retained expansion (RE),
and monitoring load decay. An analytical study is included; this study used closed-form
solutions to evaluate stress and strain around the hole both during and after PICK treatment. The
results were then compared to strains experimentally measured by both X-ray diffraction and

neutron diffraction.

INTRODUCTION

The principal loads on bridges are dead loads from the weight of the bridge materials and live
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loads from traffic occurring on the bridge. Depending on span length (McGuire 1968), the ratio
of live-to-dead loads varies from less than 1 to approximately 3. From the live-to-dead load
ratios, the time-varying stresses for the higher ratio could approach 50-80% of the allowable
stress in the steel and may cause fatigue cracks to initiate in welded-steel bridges if fatigue was
not properly accounted for in the design. Fatigue cracks, in fact, currently exist or will form in
numerous steel highway bridges in the United States. The Federal Highway Administration
(FHWA) has governmental oversight responsibility for the maintenance for more than 120,000
steel highway bridges with welded details. According to the 2001 National Bridge Inventory,
approximately 14% (16,800 bridges) may be structurally deficient (FHWA 2001). The major
problems causing bridges to be labeled structurally deficient are the presence of fatigue-sensitive
details, increasing service loads, corrosion, and lack of proper maintenance (Tavakkolizadeh and

Saadatmanesh 2003).

Because of its simplicity, one of the first techniques often considered for arresting fatigue crack
propagation is to drill a crack-arrest hole at each end of the fatigue crack. A crack-arrest hole
increases the radius of the crack tip from infinitely small to the radius of the hole; the goal of this
type of repair is to blunt the crack tip to an extent that crack growth is arrested. Experience has
shown that if the diameter of the hole is not large enough, the crack will eventually grow through
the hole and continue propagating. Large diameter holes may not be feasible because of
interference or available spacing; therefore, techniques are needed to improve the performance of
crack-arrest holes so that a reduced-sized hole will arrest crack propagation as well as a large

diameter hole.
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OBJECTIVE

The objective of this research was to develop a new technique to cold-expand and treat crack-
arrest holes such that a hole with a smaller-than-required diameter would gain effectiveness in
halting further crack propagation. The technique investigated to expand and treat the undersized
hole has been termed Piezoelectric Induced Compressive Kinetics (referred to herein as PICK)

and, in general, consists of the following steps in the laboratory:

1. Drilling a hole in a fatigue specimen made from steel plate,

2. Driving an oversized aluminum plug into the hole,

3. Compressively loading the aluminum plug to develop plastic stresses in the aluminum

plug and in the adjacent steel specimen,

4. Using multiple piezoelectric elements to further load and deform the plug while

subjecting the aluminum plug and the steel around the hole to ultrasonic vibration, and

5. Removing the aluminum plug from the steel specimen.

It was hypothesized that this process would produce three separate results, all of which would
contribute to preventing crack reinitiation and propagation. First, the compressive force on the
plug during cold-expansion would result in stress fields around the hole which would become
compressive residual stresses when the force and aluminum plug were removed. Second, cold-
expansion would cause strain hardening and cold-working to occur around the treated hole with a
corresponding increase in the yield and ultimate strength of the steel. Third, ultrasonic vibration

from the PICK treatment also would produce additional increases in the yield and ultimate
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strengths of the steel.

This paper describes the design, fabrication, and operation of the PICK tool and presents
analytical and experimental evaluations of the stresses and strain resulting from PICK treatment.
A discussion and evaluation of the PICK process using fatigue testing, measured retained
expansion (RE), hardness testing, and metallurgical examination have been summarized here and

discussed in detail in Simmons (2013) and Simmons et al. (2013).

BACKGROUND

Distortion-Induced Fatigue Cracking

One reason that fatigue cracks are an issue with bridges is that some of the conditions which lead
to fatigue cracks were not addressed by codes or adopted in practice until early mid 1980s. For
example, one detail which produces a large percentage of the fatigue cracks in steel plate-girder
bridges occurs at the gap left between a connection plate and adjacent girder flange when the
connection plate is welded to the girder web but not to the flange. Asymmetric loads from
normal traffic cause torsion to develop about the longitudinal axis of the girder, resulting in
bending in the girder webs at these gaps. This bending results in distortion-induced fatigue
cracking (DIFC) in the girder webs (Fig. 1), and this particular detail is often referred to as a

web-gap.
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Figure 1. Distortion in the web gap

Fisher and Keating (1989) stated that the practice of leaving a gap between the connection plate
and flanges was the result of bridge failures in Europe in the late 1930s and further cited as an
example the Hasselt Bridge. The Hasselt Bridge was composed of Vierendeel trusses shaped
like a tied arch, in that the top chords were arched and the bottom chords served as tie members
(Akesson 2008). The vertical members between the top and bottom chords were welded to the
respective chords instead of having pinned connections as in a true truss. The bridge was
commissioned in January, 1937, and collapsed at 8:20 am on March 14, 1938, when the
temperature was —20 °C (-4 °F) and while a tramcar and several pedestrians were on the bridge
(Maranian 2010). The initial crack started in the tension flange of the lower chord at a butt weld
between a vertical member and the lower chord (Hayes 1996). Shortly thereafter the bridge

broke into three pieces and fell into the Albert Canal.

As a result of the failure of the Hasselt Bridge, it became standard practice in the United States to
not weld connection plates to the tension flanges of the main girders. Steel design texts and

design guides recommended leaving a gap between the connection plates and the tension flange
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as late as 1972 (McGuire 1968; Merritt 1972). Roddis and Zhao (2001) presented a concise
history of detailing of connection plates in which they stated that the AASHTO Standard
Specification for Highway Bridges did not require welding connection plates to the girder flanges
until the 1985 Interim (AASHTO 1985). Even with this change, it took several years for these
details to become accepted practice; for example, the Kansas Department of Transportation
(KDOT) did not begin to weld or bolt connection plates to both top and bottom flanges of plate
girders until 1989 (Roddis and Zhao 2001). The result was that from approximately 1940-1990 a
detail prone to distortion-induced fatigue cracking (DIFC) was often used in welded steel bridge

girders, and as a result, these bridges were and are susceptible to fatigue cracking.

Once fatigue cracks occur, they must be repaired or closely monitored for crack growth.
Numerous approaches have been used to repair fatigue cracks (Roddis and Zhao 2001), and the
chosen repair generally depends on the type of fatigue loading (in-plane vs. out-of-plane) and the
location and severity of the crack. Replacing a structural member may be difficult and cost-
prohibitive, as the bridge may have to be taken out of service, the bridge deck removed, the
member replaced, and the deck reinstalled. Re-welding or filling the fatigue crack with weld
material requires grinding out the crack and any associated welds, filling the crack with weld
material, and grinding the new weld surfaces smooth. Access and quality field welding often
present difficult problems with welded solutions. Crack-arrest holes may be an appropriate
solution if the holes are drilled large enough to effectively prevent crack reinitiation. At
locations where cracking was caused by distortion-induced fatigue, techniques that have been
used include stiffening web-gap regions, softening web-gap regions, removing or repositioning

lateral bracing and diaphragms, or even loosening bolts at the cross frame to web connections
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(Roddis and Zhao 2001).

Crack-Stop Hole Formulae

There are two formulae in the literature that may be used to determine the required radius for a
crack-arrest hole to effectively stop crack growth. Both formulae relate the radius of the hole to
the yield strength of the steel, the range of the stress intensity factor, and the half-length of the
crack; however, the equations use a different constant. The basic equation was developed
experimentally and was originally published in Rolfe and Barsom (1977) and is also found in
Barsom and Rolfe (1999); this formula was the result of fatigue testing of flat plate under
cyclical tension loads. Fisher et al. (1980; 1990) used the same equation as Rolfe and Barsom
(1977) but developed a different constant based on testing of full-scale steel girders and rolled
shapes configured and loaded to produce DIFC. Applying either of these two formulae to arrest
fatigue cracking on an actual bridge may be difficult as it may not be possible to determine the in
situ stresses used in the formulae. In addition some consideration needs to be given to hole
placement, and this placement may affect the required hole diameter. A discussion of the
development of the two formulae, development of the two values for the constant, and the
significance of each of the terms have been presented in Simmons (2013). An extension to the
formula to include the diameter of the crack-arrest hole in the in the definition of the crack length

is also included in Simmons (2013).

Typical practice in Kansas is to drill a crack-arrest hole with a diameter from 19 mm (% in) to 38
mm (1% in) (Fig. 2); unfortunately, these hole diameters are often not large enough to arrest

crack propagation, and the fatigue crack eventually reinitiates and continues to propagate on the

146



other side of the hole (Fig. 3).
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Figure 2. Crack-arrest holes at fatigue cracks (Roddis and Zhao 2001)
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Figure 3. Fatigue crack reinitiating through crack-arrest hole (Dexter 2004)

Reinforcing Crack Stop Holes

Two techniques, cold- expansion of a crack-arrest hole and installation of interference fit
fasteners, have been developed in the aerospace industry to improve the performance of crack-
arrest holes. Cold- expansion is an accepted technique used to reinforce bolt and/or rivet holes in
aluminum aircraft members during both manufacturing and maintenance to keep fatigue cracks

from developing or to extend fatigue life in the presence of existing cracks. A literature review
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did not produce any examples in which cold- expansion has been used outside the aircraft
industry but, from a personal conversation with L. Reid of Fatigue Technology, cold- expansion
has recently been used on railroad tracks and bridges (Reid 2011). This technique is being used
by railroads to improve the fatigue performance of the boltholes in connections joining rail
sections and it has been used on one bridge structure, an elevated section of a highway in
California (Reid 2011). The Fatigue Technology cold- expansion process utilizes a split-sleeve
mandrel system that consists of a solid, tapered mandrel and an internally lubricated split sleeve.
The split sleeve is placed on the small end of the tapered mandrel and the mandrel split-sleeve
placed in the hole with the large end of the mandrel going in first. An external force is then
applied to the small end of the mandrel and the large end of the mandrel is pulled through the
split-sleeve causing the sleeve and hole to expand, plastically deforming the inside of the hole in
both the radial and tangential directions. The sleeve is then withdrawn. This results in cold-
working the inside diameter of the hole and induces residual, compressive stresses tangentially
and radially around the hole. Both the cold-working and the residual compressive stresses act to

retard crack initiation and crack propagation.

Use of interference fit fasteners is has been limited to the aircraft industry where they are applied
to improve fatigue performance of drilled holes; their use has not translated to bridges or other
civil structures (Bontillo 2011). Interference fit fasteners consist of a tapered bolt and an
internally tapered and flanged outer-sleeve, which is ground straight externally for use in a
straight-sided hole. The interference fit is achieved by tightening the bolt, forcing the taper of
the bolt to work against the taper of the sleeve. Fatigue tests have shown an increase in fatigue
life with interference fit fasteners by a factor of 10 (10° cycles to 10° cycles) (Lanciotti and

Polese 2005).
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Strain Hardening, Cold-working, and Hardness Testing

Cold-expanding a crack-arrest hole results in cold-working and strain hardening of the material
around the hole. These effects have the potential to increase both the yield and tensile strengths
of the material around the hole thereby improving the effectiveness of the crack-arrest hole.
Strain hardening phenomena is depicted in Fig. 4, which represents a portion of an idealized
stress-strain curve for a strain-hardening steel. If point oy in Fig. 4 is the yield stress in tension,
strain hardening occurs with increasing deformation and stress beyond oy.. If stress is reduced
after the onset of strain hardening at oy, the stress-strain relationship unloads with the same
slope as the elastic portion of the stress-strain curve (Point A to Point B). If unloading does not
progress beyond Point B to yielding in compression at Point C, reloading follows back along the
same path as unloading until the previous high stress, Point A, is reached. Further loading
beyond Point A continues with the same strain hardening behavior as previously. The stress at
which strain hardening begins after unloading and reloading is approximately the same value that

was reached before unloading occurred, Point A, and is higher than initial yielding, oy.
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A
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Figure 4. Stress/ Strain with strain hardening for a strain hardening steel
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Cold-working is severe plastic deformation induced by a controlled mechanical operation (e.g.
rolling or drawing) performed at ambient temperature for the purpose of shaping a product.
Cold-working elongates the grains of the material in the direction of working, while flattening
the grains perpendicular to the direction of working (see Fig. 5). Cold-working increases
dislocation density, vacancies, stacking faults, and twin faults; however, most of the energy from
cold-working appears to be expended in increasing the dislocation density (Dieter 1989). An
annealed metal has a dislocation density of 10° — 10° dislocations per cm? (Dieter 1989); but,
after cold-working with severe plastic deformation of ~10%, the dislocation density increases to
10 dislocations per cm? (Dieter 1989). Cold-working with the grain deformation and increase
in dislocation density raises the yield stress, ultimate stress, and hardness while reducing
elongation and reduction in area (Dieter 1989), as depicted in Fig. 6. The plastic deformation

associated with cold-working also produces strain hardening.

Figure 5. Cold-Working by rolling (Moniz 1994)
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Figure 6. Variation of Tensile Properties with Amount of Cold-working (Dieter 1989)

Because of the small volume affected, measuring cold-working on the inside surface of a crack-
arrest hole is not possible with standard testing techniques such as reduced-size tension tests.
One method to qualitatively assess the existence and extent of any cold-working is with hardness
measurements. Hardness can be measured by forcing an indenter into the surface of a material
with a known load. Ball-, pyramid-, or diamond-shaped indenters are all used in hardness
testing. In steel specimens, the indenter only disturbs the top few grain layers but, for these top
few grain layers, the indentations impose a triaxial state of stress and plastic deformation with
strains in the range of 30% or more (Richards 1961). Empirical relationships exist to relate the
hardness values of the different indenters to each other (ASTM E140-07 2007) and to the
ultimate strength (F,) of the metal (Moniz 1994). Because the indenter readings are physically
related to plastic deformation of the material, the hardness readings can only be related to the
ultimate strength; no empirical relationship exists between the indenter hardness values and the

yield stress.

Piezoelectric Material and the Effects of Ultrasonic Waves on Metals

Pierre and Jacques Curie first identified the direct piezoelectric effect in 1881 when they showed
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that a quartz crystal produced an electric current when subjected to pressure. The converse
piezoelectric effect is when the application of a voltage to a material produces expansion in the
crystal. This property can be induced into certain other materials containing dipole elements by
‘poling’. ‘Poling’ consists of raising the material above the Curie temperature, applying a strong
electric field across it, and cooling the material below the Curie temperature while maintaining
the electrical field. This process changes the dipoles which are arrayed in a random direction
before poling and fixes them so that they are aligned in the direction of the electrical field. After
poling to align and fix the dipoles, the material will act as a piezoelectric material and exhibit
both the direct and converse piezoelectric effects (Srinivasan and McFarland 2001).

Various researchers have reported changes in yield strength and tensile strength when metals are
subjected to ultrasonic vibration while under tensile loads. Langenecker (1966) reported that
ultrasonic vibration can both soften and harden metals. He documented that softening, which he
termed acoustic softening, occurred immediately when zinc crystals were subjected to ultrasonic
vibration above certain minimum energy levels during static tension testing under deformation
control. The tension stress required for continued straining dropped abruptly below the linear-
elastic stress-strain curve when the ultrasonic vibration was applied and returned to original
value when it was removed. Above higher energy inputs, the acoustic softening occurred during
ultrasonic vibration but, when it was turned off, the stress required to produce additional strain
was above the original elastic stress-strain curve. Langenecker labeled this effect acoustic

hardening.

Nevill and Brotzen (1957) subjected low-carbon steel to ultrasonic vibration while testing the

steel in tension. They used annealed, 0.9 mm (20-gage) (0.04-in) diameter wire in a small
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tension-testing machine under deformation control. The wire was tensioned and ultrasonic
vibration applied along the axis of the wire for short time intervals. Nevill and Brotzen (1957)
reported that the stress necessary to initiate plastic deformation was reduced by the introduction
of the ultrasonic vibration. The reduction in stress was proportional the amplitude of the
vibration, but independent of frequency within the range of 15 kHz to 80 kHz, of temperature
between 30°C (86°F) and 500°C (932°F), and of prior strain for values of average permanent

elongation up to 15%.

Residual Stress and Strain around Cold-Expanded Holes

A substantial body of literature exists on determining the stress / strain resulting from cold-
expanding bolt and rivet holes in aluminum members in aircraft and the residual stress / strain
remaining at the end of cold-working. These papers discuss results from a range of techniques
involving analytical (Nadai 1943; Hsu and Forman 1975; Rich and Impellizzeri 1977; Guo 1993;
Ball 1995; Zhang et al. 2005), numerical (Forgues et al. 1993; Poussard et al. 1994; Poussard et
al. 1995; Zhang et al. 2005; Nigrelli and Pasta 2008), and experimental procedures (Arora et al.
1992; Polosook and Sharp 1978; Gracia-Granda 2001). Ball and Lowery (1998) provide a
comprehensive summary and evaluation of the different techniques. The analytical techniques
report development of closed-form solutions that provide acceptable results with low
computational effort and are amenable to parametric studies. The closed-form solutions were
developed from the formulae for thick shells with different analysts using different yield criteria
(i.e., Tresca or von Mises), different stress-state assumptions (i.e., plane stress or plane strain),
different material models (varying between elastic-perfectly plastic to elastic with nonlinear
strain-hardening), and different unloading models (from elastic to elastic with non-linear reverse

yielding).  Numerical techniques, primarily finite element analysis (FEA), are efficient for
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determining residual stresses after cold-working, modeling nonlinear material behavior, and
accommodating large deflections. However, each FEA is limited to a unique geometric
configuration and material model, and any change in initial geometry or material model requires
a new FEA. In addition, a sophisticated FEA program and substantial computer capacity may be
necessary for solving complicated problems such as the residual stress around a hole produced
by cold-working. Several experimental techniques have been used to measure the strain in both
circumferential and radial directions around the hole during and after cold-working. Because of
the dimensions, strain gradients, and strain magnitudes involved, measuring these strains is a

difficult task and requires skill, patience, and, sometimes, sophisticated equipment for success.

Analytical Solutions

Nadai (1943) reported the first analytical work concerning cold-working around a hole. He was
concerned with copper boiler tubing which was pressed into holes in steel drums or steel head
plates in industrial water heaters, steam boilers, and turbine condensers. These connections had
to remain tight under high pressure and high temperatures; consequentially, high pressures need
to be developed between the copper tubing and the steel boiler head / plate. The high pressure
was achieved by expanding the tube and steel plate with rollers. When the expanding operation
was completed and the rollers removed, residual stresses remained (compressive in both the
circumferential and the radial direction) which kept the joint tight. Nadai (1943) used plane-
stress assumptions with an elastic, perfectly-plastic stress-strain relationship for the steel during

loading and with elastic behavior when the pressure was removed.

Later analytical work was primarily undertaken to understand the residual stresses around cold
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worked holes in aluminum for the aerospace industry. Hsu and Forman (1975) extended the
work from Nadai (1943) using a modified Ramberg-Osgood (1943) type strain hardening model
but still using elastic unloading and applied this to an infinite plate. Rich and Impellizzeri (1977)
used formulae for thick tubes from Hoffman and Sachs (1953) and developed different formulae
using plane strain assumptions. They used von Mises yield criteria to predict compression
yielding on unloading near the edge of the hole. Guo (1993) extended the Hsu and Forman
(1975) analysis by including kinematic hardening (Bauschinger effect) and by investigating the
effect of a finite thin plate. Ball (1995) also extended the Hsu and Forman (1975) analysis by
including elastic—plastic unloading and providing an explicit solution for elastic, nonlinear-
plastic unloading for residual stress that predicted a zone of reverse yielding in compression near
the hole edge. Zhang et al. (2005) used Ball’s (1995) approach but developed the solution for a
finite-sized plate with appropriate boundary conditions. Table 1 presents a summary of these

different analyses.
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Table 1 Comparison of Assumptions for Various Closed-Form Analytical Methods

Stress - . .
. Plate  Stress  Failure Strain Stress — Strain - Compressive
Material Curve for Yielding on
Size State  Criterion Curve for - g
. Unloading Unloading
Loading
Nadai(1943) Steel Thin — Plane  von Etle??:cctl_ Elastic No
Infinite  Stress Mises s
plastic
. Modified
Hsu- Aluminum in - Plane von Ramberg- Elastic No
Forman(1975) Infinite  Stress Mises Osgood
Elastic - Elastic with
R'Ch / Aluminum T.h'.Ck Plaqe von Perfectly approximation Yes
Impellizzeri(1977) Finite  Strain Mises Plastic for reverse
yielding
Aluminum Elastic non-
and high Thin Plane von Modified linear strain
Guo(1993) strength Finite  Stress Mises Ramberg- hardenlng with Yes
steel Osgood Bauschinger
parameter
Elastic non-
Thin Plane von Modified linear strain
Ball(1995) Aluminum Infinite  Stress Mises Ramberg- hardenln_g with Yes
Osgood Bauschinger
parameter
Elastic non-
Medium Thin Plane von Modified linear strain
Zhanget al. (2005) Carbon Finite  Stress Mises Ramberg- hardenin_g with Yes
Steel Osgood Bauschinger
parameter

Numerical Solutions (FEA)

Various papers report the details of FEA of cold-expanded holes (Forgues et al. 1993; Poussard
et al. 1994; Poussard et al. 1995; Zhang et al. 2005; and Nigrelli and Pasta 2008). The FEA
models in these analyses consisted of 2D, 3D, or axisymmetric models, with axisymmetric and
2D being the predominate approaches. The material properties were input mostly as the actual
stress-strain curves developed from unixial tension testing. One paper (Nigrelli and Pasta 2008)
used a power hardening law. The effects of plane stress and plane strain assumptions were
investigated by using different element formulations. For example, Zhang et al. (2005) used
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eight-node, biquadratic plane stress quadrilaterals and eight-node, biquadratic plane strain
quadrilaterals to investigate the differences between plane stress and plane strain assumptions.
The von Mises yield criteria was invoked to determine yielding. Yielding in tension during
loading and compressive yielding with unloading were modeled with both isotropic (no
Bauschinger effect) and kinematic behavior (full Bauschinger effect). The models were typically
loaded with specified displacements being imposed in steps on the hole wall. Results from the
FEA analysis were compared with results from closed-form solutions; both the closed-form
solutions and the finite element analyses produced similar results when the same parameters
were used (Zhang et al. 2005). Fig 7 shows a comparison between Zhang et al.’s implementation
of Ball’s approach (labeled Present model), Ball’s method, and two FEAs — one based on plane

stress and one based on plane strain.
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Figure 7. Comparison of FEA and Closed Form Analytical Solutions (Zhang et al. 2005)

Experimental Solutions

Accurate experimental determination of strain around a cold-expanded hole requires precise
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measurements to obtain reliable results. Several techniques have been tried; these have included
using strain gages, a micro-grid around the cold-worked hole, Sach’s boring method, X-ray

diffraction, and neutron diffraction.

Arora et al. (1992) and Polosook and Sharp (1978) both used strain gages to determine the
boundary between the plastic and elastic regions- of a cold-worked hole. Arora et al. (1992)
placed 12 gages in a spiral pattern around a hole with gages spaced from 1.5 mm (0.059 in) to

14.0 mm (0.551 in) and measured the strain both before and after cold-working.

Sharp (1978) used a Vickers hardness tester to place a micro-grid around a hole before cold-
working. The Vickers hardness tester was used to form pyramidal indentions approximately
10um (0.00039 in) square and in a pattern at 200 um (0.00787 in) spacing. The distance
between the indentations was measured both before and after cold-working and could be
measured within 0.1um (0.000004 in) allowing for accurate measurement of strain greater than

2%.

Sach’s boring method was developed to determine axisymmetric residual stresses in
autofrettaged tubes (Gracia-Granda 2001), where autofrettage describes the process in which an
outer thick tube is heated, a thick inner tube inserted, and the outer tube allowed to cool. After
cooling, compressive residual stresses exist in the inner tube and tensile residual stresses form in
the outer tube. This method can be adapted to cold-worked holes by machining the specimen
after cold-working into a disk with the hole at the center of the disk. The interior residual

compressive stresses in the tangential direction are balanced by tension stress in the tangential
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direction on the outer edge of the disk. Strain gages are placed in the circumferential direction
on the outer edge of the disk (the edge along the thickness of the plate) to measure changes in
tangential strain around the circumference of the disk. The inner hole is then bored out in small
increments. The change in tangential strain on the outer edge is measured by the strain gages
after each boring increment and used to quantify the change in residual strain at the hole edge.

Further boring increments allow the strain field to be mapped, as shown in Figure 11.

X-Ray Diffraction

X-rays are waves in the electromagnetic spectrum and exhibit wave characteristics of refraction,
diffraction, and constructive and destructive interference. X-ray diffraction (XRD) is an
experimental technique for determining near-surface elastic strains in a polycrystalline sample.
The generated X-rays consist of a few characteristic lines and a broad spectrum. Two higher
energy characteristic lines are the most intense and, since they are very close in energy, these two
effectively have a single wavelength of 0.15418 nm (6.094 x 10 in). With these short
wavelengths they can penetrate from 1 um (0.00004 in) up to 0.24 mm (0.01 in) depending on
the material in the sample, the energy of the X-ray, and the angle of incidence (Hutchins et al.
2005). If the monochromatic (single wavelength) X-ray impinges on a sample with ordered-
lattice spacing, constructive interference will occur at a diffraction angle, 26. Changes in strain
produce a change in the diffraction angle 26, which can be measured by the X-ray detectors.
From the strains, stresses can be determined within 20 - 35 MPa (3-5 ksi) compared to ~2 MPa
(0.3 ksi) for strain gages on metal (Rowlands 1993). For ferritic steels about 60% of the
diffracted beam is the result of diffraction in the top 5um (0.0002 in) layer (Rowlands 1993).

XRD utilizes interatomic spacing d and changes in this spacing for a specified hkl lattice plane as
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the gage length for strain determination (Fig 8), where hkl refers to the Miller indices which
describe the specific set of crystalline planes being considered. X-rays from the incident beam
are diffracted from the hkl planes in the sample surface according to Bragg’s Law (Eqn 1) and

the diffracted beam is recorded as intensity versus scattering angle by a detector.

Bragg’s Law

A= Zdhk| SinBnk Equation 1

where: A = wavelength of X-ray beam
dnw = distance between hkl lattice planes inside the material

26k = angle between the incident and the diffracted beams
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Figure 8. Schematic Showing XRD (PROTO 2013)

Residual and/or applied stress expands or contracts the hkl lattice spacing d and the residual
strain can be determined by comparing the angle of diffraction of the deformed lattice with the
angle of diffraction of the undeformed lattice. Equation 2 derived from Bragg’s Law shows how

the strain and angle change are related.

&€= L;dﬁ = _[COt(@hm )(AZ@M J

hid 2 Equation 2 (Rowlands 1993)
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Where: &= strain
dn = spacing between hkl lattice planes
Adpg = change in spacing
2 G = Bragg’s diffraction angle - angle between the beam
incident on the hkl lattice planes and beam diffracted off
the hkl lattice planes
A2 Gy = change in angle
To measure the strain in one direction in the sample surface, the X-ray tube and detectors are
tilted in a series of angles called #-tilts where ¥is the angle between the surface normal and the
bisector of the incident and diffracted beams. Tilts on both sides of the surface normal are used.

During each measurement at a given tilt angle, the incident beam and detectors oscillate about

the tilt angle to improve the reliability of the strain measurement.

With the sin? ¥ technique, stress can be calculated directly from a single series of ¥-tilts without
first having to determine the strains in two directions (Prevely 1986, Fitzpatrick et al. 2005). The
sin? ¥technique uses Equation 3 from elasticity theory which defines the strain along an inclined

plane in an isotropic material.

Sov :(12‘/} (0'1 cos” ¢ +o, Sin2¢)3in2 W_E(O-l +oz)
hid

Equation 3 (Fitzpatrick et al. 2005)

Where: v and E are the Poission’s ratio and Young’s Modulus of the lattice plane hkl
being used for the measurements, not the bulk properties of the material,
o1 and o2 are principle stresses in the plane of the surface,
¢ is the angle from a principle stress in the plane of the surface (Fig 9),
v is the tilt angle of the X-ray tube (Fig 9)
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Figure 9. Schematic Showing Diffraction Planes Parallel to the Surface and at an Angles gy
(Firzpatrick et al. 2005)

This equation can be manipulated to derive an equation relating the stress to the slope of a plot of

dg, versus sin® ¥ (Eqn 4).

E 1 adw
% =\1+v ). d. | osin?
na o 4 Equation 4 (Prevey 1986)

Where: E and v are the same as in Eqgn 3,

od
[—_ "’2‘” ] is the slope of the line of the measured d at the various
osin“y

angles, and
dgo is the measurement of d at =0

The unstrained lattice spacing do is unknown but the value of d differs from do by less than 1%;
therefore, d 4 may be used in lieu of do with little error (Prevey 1986). In summary, a series of
measurements of d, is taken at various y angles and d, plotted versus sin?¥. The slope of the

resulting line is used with the values of dg at w = 0 and with E and v for the lattice plane being
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considered to calculate the stress along the line formed by the intersection of the plane of the
surface and the plane containing the  tilts. This allows the XRD process to measure stress
directly from a sample under load or with residual stress without the need for comparison to a

reference measurement of an unstrained sample.

One problem with X-ray diffraction is that it is sensitive to strains in the surface. Hence, all
residual surface stresses from manufacturing processes such as rolling or forming must be
removed in such a manner so as not to induce new residual surface stresses. This can typically
be accomplished by electropolishing the surface. XRD has several advantages over neutron
diffraction or other techniques to measure residual strain. Measurements at a given ¥-angle can
be taken in a matter of minutes; the complete data set for 10-30 different #-angles may only take
a couple of hours. Portable XRD equipment is available to make in-situ measurements. XRD
has been successfully used to measure strains in the vicinity of a cold-expanded hole; Figure 10
shows a plot comparing tangential residual stress as calculated from Ball’s closed-form solution

with that calculated from strain measured by XRD (Ball 1995).
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Figure 10. Comparison of Ball’s Closed Form Solutions with Stress Calculated from XRD (Ball 1995)

Neutron Diffraction

Neutron diffraction (ND) is analogous to X-ray diffraction in that neutrons, like X-rays, interact
with the material and are scattered from lattice planes in the crystalline materials according to
Bragg’s Law. Just as occurs with X-rays, the neutrons of a select wavelength diffract from a
subset of grains with specific orientations relative to the scattering geometry. The measured hkl
lattice spacing can be related to the angle between the incident and diffracted neutron beams and
the wavelength of the radiation per Bragg’s Law Eqn 1. Residual and/or applied stress change
the hkl lattice spacing thereby changing the diffraction angle; this allows the computation of
strain from the change in the diffraction angle. Unlike XRD, ND equipment cannot be rotated to
make multiple y-tilts and the sin®y technique cannot be used to calculate stress. Instead, strain

must be measured along three orthogonal lines and stress calculated from these strains using
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equations from elasticity theory.

The penetration power of the neutrons is approximately several orders of magnitude greater than
conventional X-rays and thus allows strain measurement in ferritic steels to a depth of 25 mm
(0.98 in) (Hutchings et al. 2005). Neutron diffraction is a volumetric measurement in which
strains are averaged within a volume defined by the intersection of the projection of the incident
and diffracted beams through their corresponding apertures; these dimensions can be as small as
0.5x0.5x 1.0 mm (0.0197 x 0.197 x 0.0394 in) in steel (Cheng et al. 2003). By using different
orientations of the specimen, strains in all three orthogonal directions can be obtained. As in X-
ray diffraction, strains in a specified direction can be measured along a line across the sample
with spacing so close as to make the measurements almost continuous. Unlike X-ray diffraction,
surface preparation to eliminate surface residual stresses is not required. However, ND requires
a high flux neutron source. Even with this high flux source, an order of magnitude more time is
typically required to obtain similar precision in data from ND as from XRD. Neutron sources
are not portable as a high neutron flux is only available from a nuclear reactor or similarly
complex facility such as the Spallation Neutron Source at Oak Ridge National Laboratory
(ORVL). Only a few of the nuclear reactors in the United States have an instrument configured
to measure residual strain: High Flux Isotope Reactor at ORNL; National Institute of Standards

and Technology, Gaithersburg, Maryland; and the University of Missouri, Columbia, MO.

Comparison of XRD and ND

Figure 11 (Stefanescu et al. 2004) provides a comparison of several experimental techniques to
determine residual strain around a cold expanded hole. Fig 11 shows the residual hoop

(tangential) strain from cold-expansion of a 9.5 mm (3/8 in) diameter hole in a rectangular plate
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specimen (180mm x 40 mm x 5mm) (7.09 in x 1.57 in x 0.20in) made from 7050-T76 aluminum
alloy. The residual strains in this specimen were measured with high-energy X-rays,
Synchrotron XRD. Fig 11 relates the residual hoop strain measured with the high-energy X-rays
with those measured by ND and Sach’s boring method on similar specimens (Edwards and Wang
1996). Figure 11 shows that all three experimental techniques yield similar results and, based on
Figure 10 and Figure 11, it is clear that both XRD and ND are valuable tools for measuring the

residual strains due to cold expanding a hole.
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Figure 11. Comparison of Measured Tangential Strain After Cold-Working (Stefanescu et al. 2004)

TEST METHODOLOGY

It was decided to focus the current research on a proof-of-concept study using a reduced-scale,
laboratory-compatible PICK tool and fatigue specimens. The hypothesis was that the PICK
treatment would improve fatigue performance of the crack-arrest holes in fatigue specimens.
While multiple techniques would be used to understand how the PICK treatment improved the

fatigue performance, the most conclusive way to demonstrate an improved fatigue performance
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from PICK treatment was by fatigue testing PICK treated specimens. Simulating a fatigue crack
by inducing a controlled crack with specific dimension is a complex operation difficult to
duplicate with precision required in laboratory testing of multiple specimens. Since the objective
was to study crack initiation from a hole at the tip of an existing crack, it was decided that the
same effect could be evaluated without inducing a crack but by drilling a hole in a location that
would be designed to be susceptible to fatigue cracking and counting the load cycles for fatigue
cracks to initiate at the either edge of the hole. This also eliminated the length of the crack as a
variable. The specimen was designed with a hole at a location which would be subjected to the
maximum cyclical stresses and to fit the universal testing machine (UTM) available for fatigue
testing. When the details for the fatigue specimens were decided upon, the PICK tool was

designed to be compatible.

Hardware Description

Fatigue Specimens

As the majority of plate girder bridges susceptible to fatigue cracking were built before the mid-
1980s, it was decided to use Gr. A36 steel with yield strength of approximately 250 MPa (36 ksi)
for the fatigue specimens. The actual material properties were determined for the steel per
standard tension testing requirements for flat bars (ASTM E8-04), but the material properties
used for the aluminum plug, which was 60601-T6, were taken from literature (Boyer 1987).

Both were reported in Crain et al. (2010) and are reproduced in Table 2.
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Table 2. Material Properties for A-36 Steel and 6061-T6 Aluminum (Crain et al. 2010)

. Modulus of Elasticity, Yield Strength, Ultimate Strength, . R .
Material MPa (ksi) MPa (ksi) MPa (ksi) Poisson’s Ratio
Aluminum 77,220 (11,200) 312 (45.2) 440 (63.8) 0.35
Mild Steel 200,000 (29,000) 319 (46.3) 463 (67.2) 0.30

The test specimens were fabricated from a 3.2 mm (1/8-in) thick steel bar and, to ensure that
fatigue cracking occurred at the center of the specimen, the width of the specimens narrowed
from 53 mm (2 in) at the ends to 32 mm (1-1/8 in) at the center (Fig. 12). Holes with diameters
of 3.2 mm (1/8 in) were drilled and reamed at the center of each specimen at the minimum width
with the expectation that fatigue cracking would initiate at this location first with the cracks
oriented perpendicular to the long axis of the specimen and initiating at the inside edges of the

hole.

Aluminum Plug
The aluminum plug was fabricated from aluminum dowel stock with a slightly larger diameter
than the 3.2 mm (1/8-in) diameter holes with the length slightly longer than the 3.2 mm (1/8-in)

thickness of the bar.
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Figure 12. Fatigue test specimen

PICK Tool

The PICK tool was designed to compress the aluminum plug, hold this force on the plug, and
provide a stiff reaction platform to direct the ultrasonic vibration into the aluminum plug and the
steel fatigue specimen. The tool needed to be stiff to ensure that most of the energy went into the
specimen and was not absorbed by the tool. The tool was bench mounted with its major features
being the C-shaped base, threaded bolt, piezoelectric elements, and a round, load-transfer plate
(Figs. 13 and 14). The base and the other steel components were machined from 4140 annealed
steel with yield strength of 412 MPa (60 ksi) having dimensions as shown in Fig. 13. The end of
the bolt was machined to form a 3.2 mm (1/8-in) diameter tip to match the 3.2 mm (1/8-in) plug;
force was applied to the plug by tightening the bolt at the top of the tool thereby pressing the tip
into the aluminum plug. The tip of the bolt proved to be too soft and deformed excessively;
therefore, the tip was replaced with a hardened dowel pin which was pressed into a hole drilled
into the tip of the bolt. The tip of the hardened dowel pin was machined into a truncated-cone
with the smaller end fitting on the end of the aluminum plug. Underneath the fatigue specimen

was a round, load-transfer plate, which was held in place by a nylon rod and assembled to fit
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tight with the top of the piezoelectric stack beneath it. Another hardened dowel pin with a tip
similarly machined to that in the tip of the bolt was pressed into the top of the round, load-
transfer plate and completed the load path through the aluminum plug. The piezoelectric
elements were stacked and held in place with the nylon rod. The load path for the ultrasonic
force developed by the piezoelectric elements was through the round, load-transfer plate,
directed by the aluminum plug into the steel fatigue specimen, and eventually resisted by the

threaded bolt and the top portion of the tool.

A Micro-Measurements strain gage (EA-06-062AQ-350) and a small strip of piezoelectric
material (7.5-mil thick strip of PZT-5A from Piezo Systems) were attached to the PICK tool.
The strain gage was glued to the flat section on the inside surface of the vertical upright of the
PICK tool so that the gage measured bending strain (Fig. 13). The piezoelectric strip was
aligned vertically and glued to the vertical leg of the tool on the back surface opposite the strain

gage, as shown in Fig. 13.
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Figure 14. Fatigue specimen during PICK treatment

Piezoelectric Elements
The piezoelectric elements were obtained by disassembling a commercial ultrasonic cleaner; the
piezoelectric elements were assumed to be PZT-4 material, which is the commonly used

piezoelectric element in these cleaners. The properties for PZT-4 are shown in Table 3.

Table 3. Assumed Properties for Piezoelectric Elements
Activation constant for

Electromechanical Piezoelectric strain in the 3-direction Short circuit Young’s
coupling coefficient - transfer P inth modulus of piezoelectric
O efficiency - O or current in the 3- material - YE33
direction - d33
0.700 0.837 285x10-12 m/volt 6.6x1010 N/m2

Piezoelectric elements have a positive and a negative side; these can be identified by placing an
element on a conductive surface and connecting a volt meter between the conductive surface and
the upper face of the piezoelectric element. If the voltmeter shows positive when the positive

probe is pressed against the surface of the piezoelectric element, that face of the piezoelectric
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element is the positive side and the other side is the negative side. This can be checked by
reversing the probes and the faces of the piezoelectric elements and applying force through the
negative probe. Once the positive and negative faces were identified, the four piezoelectric
elements were assembled as shown in Figs. 13 and 14 such that direction of current was the same
across each element. With the piezoelectric elements stacked in this a manner, expansion and
contraction deformations obtained by applying an electric field across the elements (converse

effect) were additive in all the elements.

Electronics

Electronics powering the PICK tool consisted of a sine wave generator and an amplifier. The
sine wave generator was a Hewlett Packard 3300A Function Generator with a variable-sweep-
frequency capability and adjustable voltage output. The amplifier was a Piezo Systems Inc.

Linear Amplifier Model EPA-104 with adjustable gain, as shown in Fig. 15.

Figure 15. Electronics Used with PICK Tool
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Data Acquisition
While fatigue testing of the treated specimens was considered to be the most direct method to
demonstrate any improvement in fatigue performance achieved by the PICK tool, multiple

techniques besides fatigue testing were used to evaluate PICK tool performance.

Retained expansion (RE) as defined by Eqgn. 5 is used by the aerospace industry as a measure of

the amount of the expansion remaining after cold- expanding a hole (Ball and Lowery 1998).

initial

R, —-R .
RE = [ final iniial 100]

% Equation 5

Where: Rinal = the final radius of the hole and
Rinitiar = the initial radius before cold-expansion
RE was obtained for treated specimens by measuring the hole diameter with a digital caliper
before and after treatment by the PICK tool. Ten measurements were taken at different diametric
locations around the hole and the values averaged both before and after treatment. Retained

expansion was then computed using Eqn. 5.

A brittle coating with a layer of undercoat was applied to the specimens after the plug was
pressed into the hole but before treatment by the PICK tool. The brittle coating and undercoat
were Stresscoat ST-70F/21C and Stresscoat ST-850 Undercoat; these products were applied
following the manufacturer’s directions. These were applied to provide an immediate visual and
quantative indication of whether the PICK tool was actually plastically deforming the steel in the
vicinity of the hole. The brittle coating is formulated to crack at a specified level of elastic
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strain; however, where the steel plastically deforms, the brittle coating debonds and flakes off.
This flaking provides a clear delineation of the extent of plastic deformation and the location of

the elastic-plastic boundary.

The strain gage that was installed on the vertical upright of the PICK tool was used to monitor
static loading when the bolt was tightened on the aluminum plug; this was to ensure the loading
on the plug from the PICK tool was consistent on every specimen treated. Another gage
(MicroMeasurements WK-06-250BG-350) was glued to a piece of scrap steel that was separate
from the tool but in close vicinity to the tool. This gage was used to monitor for signal drift and
random electrical noise. A National Instruments (NI) NI ENET-9219 Ethernet DAQ device with
a NI cDAQ 9172 USB Data Acquisition System was used to power both of these gages and to
collect both of their output signals. NI LabView on a desktop computer was used to process the

signals and to provide the results for real time monitoring and evaluation.

The piezoelectric elements of the PICK tool were excited with a sine wave from the signal
generator through the amplifier. The converse effect of these piezoelectric elements subjected
the aluminum plug and the surrounding steel to ultrasonic vibration and imposed a sine wave
bending deformation mode on the PICK tool. The bending response of the PICK tool to this
imposed deflection caused bending in the piezoelectric strip on the back of the PICK tool which
generated another electrical signal by the direct effect. This signal was monitored with a
Telequipment Type D54 oscilloscope (Fig.15), which provided a measurement of the strength

and frequency of the PICK tool response.
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An Extech True RMS Multimeter was used to measure the frequency output from the signal
generator to the amplifier and to measure current output from the amplifier to the piezoelectric
elements in the PICK tool. As the input frequency to the piezoelectric elements was in the
kilohertz range and the multimeter was not capable of measuring voltage output at this frequency
range, the Telequipment Type D54 oscilloscope was used to measure voltage from the signal
generator to the amplifier, from the amplifier to the piezoelectric elements, and the output from

the piezoelectric strip on the back of the tool.

Fatigue specimens were also instrumented. Two Micro-Measurement strain gages (WK-06-
250BG-350) were attached to opposite faces of each of the fatigue specimens. These two gages
were aligned on the fatigue specimen to measure axial strain at corresponding locations on the
opposite faces of the fatigue specimen for the purpose of monitoring bending of the specimen
during fatigue testing. ASTM E 466-07 (2007) requires that the bending stress should be limited
to 5% of the greater of the range, maximum, or minimum stress imposed during any fatigue-
testing program. In addition, another strain gage was placed on an unrelated piece of scrap steel
and used to monitor signal drift and electrical noise. These three gages were powered and the
output signal collected by a NI ENET-9219 Ethernet DAQ device with a NI cDAQ 9172 USB
Data Acquisition System, which provided results to a desktop computer. A MTS Model 312.31
Load Frame with a MTS Model 661.21, 345-MPa (50-kip) Load Cell was used to perform the
fatigue testing. During fatigue testing, movement of the crosshead of the MTS and load from the
load cell of the MTS were provided to the same NI data acquisition devices as the strain gage
values. NI LabView was used to process and display in real time the crosshead movement and

load from the UTS along with the strain gage data.
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Other Evaluation Techniques

Metallurgical Evaluation

One fatigue specimen was sent to a metallurgical lab for evaluation after being treated by the
PICK tool but before being subjected to fatigue testing. The metallurgical evaluation consisted
of grain size analysis and hardness testing. After reviewing the results of the metallurgical
analyses of the first specimen, three additional specimens from the same bar stock were sent to
the metallurgical lab where grain size analysis and hardness testing were performed on them.
One of these was a control specimen not treated by the PICK tool. The second was only cold-
expanded by applying force with the PICK tool to plastically deform the steel in the vicinity
around the hole but not using the piezoelectric elements to apply ultrasonic vibration. The third

was fully PICK-treated. See Simmons (2013) for a complete description of this testing.

X-Ray Diffraction

Neutron diffraction and X-ray diffraction measurements of the residual strain distribution around
the PICK treated holes were conducted at Oak Ridge National Laboratory (ORNL) in Oak
Ridge, TN in May 2011. Two 51 mm x 51 mm (2 in x 2 in) plates were fabricated from the same
bar stock with a hole as previously described and were treated with the PICK tool. Neutron
diffraction was used to measure the value and distribution of the residual strain produced by the
PICK tool on one of these plates and X-ray diffraction was used to measure the same on the

other.

The X-ray diffraction was performed at the High Temperature Materials Laboratory at ORNL
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using PROTO LXRD 2000 X-ray diffraction equipment (Figs. 16 and 17). The PROTO LXRD
consists of the following major components (PROTO LXRD 2013):

1. X-ray tube

2. Detectors

3. Goniometer

4. XYZ-stages

5. Mapping function

6. Computer controls

7. Safety features

The X-ray tube was the PROTO MG2000L with a Cu target which operates at 40 Kv with 30ma
and is water-cooled. The detectors consist of two Position Sensitive Scintillation Detectors
(PSSD), which are mounted on the goniometer attached to the tube housing so as to detect
diffracted x-rays at angles on either side of the incident beam. The goniometer accurately
measures the detector positions and, in conjunction with the detector outputs, accurately
measures the angles of the diffracted beam profiles. The xy-stages are intended to position the
sample in the xy-plane and can be computer controlled to move the sample to successive
positions to obtain a series of measurements. The accuracy of measurement requires carefully
positioning of the goniometer height relative to the sample surface. To achieve this, a special

touch probe is inserted into the X-ray tube and is used in conjunction with the Z-stage to map the
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elevation of the surface of the material. For mapping, the computer positions the sample so that
each successive point of interest is positioned under the touch probe. Then the computer lowers
the touch probe until it just touches the surface of the sample. With the touching the computer
maps the elevation of the sample surface in the z (vertical) direction. This elevation is stored in
the computer and is used to control the elevation of the X-ray tube with respect the surface of the
sample so that the distance between the X-ray tube and the sample is correct for the X-ray
diffraction measurement. With the vertical elevation from the mapping function and with a
series of xy-locations programmed into the computer, the computer is used to successively
position the points on the sample under the X-ray beam, to position the X-ray tube at the correct
elevation, and then to take a series of diffraction measurements at a successive number of Y-tilts.
The computer then processes these measurements into a residual stress value at each point using
the sin”y analysis procedure. Safety features include tube shielding, computer controlled shutter
on the X-ray beam, the X-ray tube’s kilovolt and milliamp settings, an enclosure with shielding
glass to absorb scattered X-rays, a light to show when the X-rays are being emitted, and an
automatic shutoff if the enclosure doors are opened while the X-ray tube is in operation. The

XRD equipment is shown in Fig. 16 and 17.
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Figure 17. X-Ray Tube, Detectors, and X, Y, and Rotation Stages
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Neutron Diffraction

Neutron diffraction measurements were performed at the ORNL Second Generation Neutron
Residual Stress Mapping Facility (NRSF2), which is located at the HB-2B beamline at the High
Flux Isotope Reactor (HIFR). Components of NRSF2 are (Fig 18):

1. Reactor

2. Shielding

3. Beam tubes

4. Monochromator

5. Shutter

6. Apertures

7. X-Y-Z-Q-20 goniometer
8. Detectors

9. Computer controls

The reactor at HFIR is a beryllium (Be) -reflected, light-water-cooled and -moderated, flux-trap
type reactor that uses highly enriched uranium-235 as the fuel to provide a continuous source of
neutrons (ORNL 2013). The beam tubes leading from the Be reflector provide the thermal
neutron with an intensity of ~3x10" neutrons/(cm? sec) (Hutchings et al. 2005). The beam tubes
transmit the neutrons to the monochromator and from the monochromator to the incident
aperture (incident slit). The doubly bent stacked Si wafer monochromator at NRSF2 was

designed to extract a narrow range of wavelengths and to provide a beam of neutrons which can
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be diffracted off the chosen hkl lattice plane (Hubbard 2013). The monochromator for HB-2B
beamline also serves to focus the neutron beam on the diffraction target or sample. A neutron
beam of the selected cross section passes through the incident aperture (incident slit) before
reaching the sample. The incident aperture establishes the height and one horizontal dimension
of the gage volume over which the strain is averaged. The sample is mounted on the X-Y-Z-Q
manipulation table which is computer controlled and used to accurately place the gage volume at
precise positions within the sample and at the correct angle to obtain a given strain component.
The neutrons diffracted from the gage volume in the sample pass through the diffraction beam
aperture and register on the detectors. The diffraction aperture fixes the other horizontal
dimension of the gage volume. Both apertures are carefully machined from gadolinium, a
neutron absorbing rare earth element (Hubbard 2013). The seven detectors at NRSF2 are He®/Ar
filled linear position sensitive detectors (PSD), which detect neutrons by measuring electric
charge produced by the interaction of the neutrons with the He* (Hubbard 2013). The detectors
and electronics determine the linear position of the neutron in the detector. The position and
detector number are then recorded in a multichannel analyzer (MCA). The MCA reports to the
NRSF2 data collection computer the number and position of all the neutrons detected for a single
measurement. The data collection computer uses the diffraction profile to determine the
diffraction angle via fitting a profile model. The results are peak position, peak intensity, and
full width at half maximum of the diffraction profile. Strain is then calculated by comparing the
diffracted angle for the target sample with the diffracted angle from an unstressed / unstrained
sample (Fig. 18). Safety features at NRSF2 include beam stop, intrusion sensor, warning lights,
and automatic shutter closure; all of which are activated if anything approaches closer than a set

distance from the vicinity of the incident and diffracted beams when the shutter is open. The
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safety features for the general experimental area of the reactor are extensive and include
continuous air monitors (detects radioactive contamination in the air), gamma radiation

detectors, fire detectors, and many sensors for safe operation of the reactor.
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Figure 18. Schematic Diagram of Neutron Diffraction HB-2B Beamline (Watkins et al. to be published)

Testing Protocol

PICK Treatment

In preparing fatigue specimens for PICK treatment, an area approximately 51 mm (2 in) long and
centered on the fatigue specimen was cleaned of mill scale. The width and thickness at the
center as well as the hole diameter were measured with digital calipers. The alignment of the
PICK tool was adjusted and the aluminum plug pressed into the hole. The undercoat and brittle
coating were applied to the cleaned area and cured per manufacturer’s instructions. The
specimen was placed in the PICK tool, alignment re-checked, and bolt tightened until a strain

value of 224 microstrain was read from the strain gage. This equated to a force of 9.2 kN (2.1

182



kips), or an approximate stress of 1.2 GPa (170 ksi), on the aluminum plug. The electronics
were energized and supplied power as a sine wave voltage to the piezoelectric elements in the
PICK tool. A sweep of frequencies was conducted to identify the resonant frequency of the tool
with the sine wave excitation from the piezoelectric elements. Resonant frequency, which was in
the ultrasonic range and always at the upper end or above the audible range, was the input
frequency to the tool that produced the largest output voltage from the piezoelectric strip on the
back of the tool. Once the resonance frequency was determined, the strain gage for the tool was
checked and the bolt tightened until the 224 microstrain was re-established. The treatment was
left with the 224 microstrain and the frequency set at the resonance frequency for 114.5 hours.
Both of these values, 224 microstrain and 114.5 hours, were arbitrary, but they were used on the
first specimen and were therefore maintained to provide a consistent basis for comparing results.
Once the time period was reached, the specimen was taken out of the tool, photographed, and the
extent of the area where the brittle coating had flaked off measured with a circle template. The
aluminum plug and the remnants of the brittle coating were then removed. Dimensions of the
hole were measured along 10 different diametric locations and the diameters averaged and the

retained expansion calculated using Eqgn. 5.

Fatigue Testing

Due to several causes which could not be totally eliminated (slight misalignment of the grips of
the UTS, slight initial imperfections in specimen straightness, the holes in the ends of the fatigue
specimen not being entirely parallel, the holes in the ends not being perpendicular to the axis of
the fatigue specimens, etc.), some bending was induced in the tensile fatigue specimen during

fatigue testing. To eliminate or minimize this bending, cable ferrules were pressed on the ends
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of two small wire cables and one end of each cable threaded through the hole of the fatigue
specimen. The other ends of the cables were attached to turnbuckles which were in turn attached
through other small cables to the columns of the MTS (Fig. 19). The tension in the cables could
be adjusted using the turnbuckles and the center of the fatigue specimen held in an aligned
position to minimize induced bending strain. To measure the bending strain, strain from the two
strain gages attached to the fatigue specimen were collected and processed with LabView to
separate bending and tension strains. The wire cables connected to the center of the fatigue
specimens were tightened or loosened as required to minimize bending strain as much as
possible. This allowed minimization of bending strain, but it existed to some extent in all the
fatigue specimens and it was difficult to limit the bending strain to less than 5% of the range or

maximum stress as required by ASTM E 466-07 (2007).

After completing several fatigue tests to establish the testing protocol, a stress range was selected
that provided a basis for comparison yet limit testing time to a reasonable value. A crack-
initiation indicator was established by using a crosshead displacement several thousandths of an
inch larger than the highest displacement being experienced and setting this value as a
displacement limit for the test. Reaching this limit was an indication that a crack had initiated.
Once this limit was reached, the test was immediately halted and the specimen checked to
determine if a fatigue crack had actually initiated. If fatigue cracking had initiated, the stress
range and the number of cycles were recorded. If not, the test was re-started with new
displacement limits and was allowed to continue until the new displacement limit was reached.

This cycle was repeated until a fatigue crack was observed.
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Figure 19. Fatigue specimen mounted in UTS (Crain 2010)

X-Ray Diffraction

From inspection of the plates selected for XRD, it was suspected that the surface of the plate
contained residual stress from rolling during the manufacturing process. To check this, the
LXRD was programmed to measure hoop strain along a radial line and the results differed from
expected. To remove these surface residual strains from the rolling, an Electrolytical Polisher
(Fig. 20) was used to polish the surface and remove a small layer of material. The Electrolytical
Polisher is an electrochemical process to remove material from a metallic surface. The metallic
surface was connected to the positive terminal of a DC power supply and served as the anode.
The negative side was from the plate through a flowing electrolyte to the cathode. A current
passed from the anode, where thin layers of metal on the surface were oxidized and dissolved in
the electrolyte. This polisher used a super saturated salt solution as the electrolyte and an

approximately 6.35 mm (%/s-in) diameter surface could be polished at one time (Fig 21). The line
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of measurements was longer than this diameter; so polishing along the line was accomplished
with the successive circles of polished area overlapping. XRD measurements were then taken
along the polished line and the surface further polished until successive XRD measurements
yielded similar strain values, indicating that the residual surface strains induced by rolling had
been removed and just the macro strains from the PICK process remained. It took five cycles
(cycles 4 and 5) of polishing before two successive sets of strain measurements were roughly

equivalent.

Figure 20. Electrolytical Polishing Equipment
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Figure 21. Electrolytical Polishing Tip Working on the Surface of Specimen

Once the polishing procedure was established, two radial lines perpendicular to each other and
parallel to the sides of the specimen were polished. When a polished line was accurately aligned
with the axis of the X-ray tube and detectors, tangential strain could be measured and, when a
polished line was accurately aligned perpendicular to the axis of the X-ray tube and detectors,
radial strain could be measured. The appropriate coordinates, x and y, where the measurement
were to be taken along the line were programmed into the computer and the mapping function
used to locate the z elevation. Once this was done, the computer was programmed to take the
measurements along the line. Two sets of measurements were taken for the tangential strain and
one was taken for the hoop strain on each of Rows 1 and 2; for a total for four sets of tangential
strain measurements along a radial line and two sets of radial strain measurements along a radial
line. The ferritic 211 planes (where 211 are the hkl-Miller indices designating the crystalline
planes being measured) were used for the XRD stress measurements. This plane was used
because it exhibits the strongest diffraction of any of the planes in a ferritic material and its

elastic constants provide the best match for the macro strain produced by tension testing
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(Hubbard 2013). For CuKa the diffraction angle, 26, was approximately 156°. Measurements
were made at ¥-tilts from —40° to +40° with the X-ray tube tilting a total of eleven times yielding
a total of 22 measurements of d-spacing versus ¥ angle. The measured d-spacing was plotted
against the sin® ¥ for each of the 22 ¥-tilts and the slope of the line calculated (Fig 22). With
this slope, the nominal elastic properties for the 211 plane, and the dgq which was measured
perpendicular to the surface; the stress at this location could be determined using Eqn 4. Each
set of measurements for either the tangential or radial stress along a line took roughly four hours

from setup to finish.

Figure 22. Computer Generated Plot of d vs Sin?y at One Measurement Point.
Shows the Slope Used in the Stress Calculation Eqn. 4

Neutron Diffraction
A 3.2 mm (1/8 in) cube from the same A-36 steel plate as the treated specimens but which was in

the same stress / strain condition as the original, untreated steel plate was mounted on one edge
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of the sample plate at a corner (Fig. 23) for use for reference measurement and for periodic test
of the stability of the system during measurements. The specimen was mounted on the
manipulation table (Fig. 24) and the table maneuvered until the center of the hole was centered in
the neutron beam; this centering was optically controlled using three theodolites. Gadiolinium
slits for the incident beam and diffracted beam produced a gage volume 0.5mm high x 1mm X
1mm for the tangential strain measurements and 1 mm high x 0.5mm x 1mm for the radial and
normal strain measurements. Nominal gage volumes for tangential, radial, and normal ND
measurement were therefore all 0.5 mm?®. The volume of the material over which the strain was
actually averaged, instrumental gage volume, was slightly larger than the nominal gage volume
because of widening of the incident beams and the diffracted beams due to divergence in the
beams over the slit to sample distance of approximately 25 mm (1 in). Once the specimen was
centered with the theodolites and the slits installed, the measurements were started and the plate
moved through the beam in such a manner as to map the beam across the plate thickness.
Evaluating the measured intensities of the diffracted beam as the gage volume traversed from
one side of the plate to the other, the exact coordinates of the center of the plate were established.
Starting with the hole center and the plate mid-thickness coordinates, three series of
measurements were taken: one each for the radial, tangential, and normal directions. Each series
(radial, tangential, or normal) consisted of measurements along the same three radial lines
through the center of the plate; one was along the centerline of the plate and the others were at
0.5 mm (0.02 in) on each side of the centerline. For each series, a measurement was taken
starting 1 mm (0.04 in) from the center of the hole and then taken along the radial line at 0.25
mm (0.01 in) intervals until 5 mm (0.20 in) from the center of the hole was reached. Then the

intervals were increased to 0.5 mm (0.02 in) until 7.5 mm (0.30 in) was reached, increased to 1

189



mm (0.04 in) until 12.5 mm (0.49 in) was reached, and a final measurement was taken at a
distance of 14 mm (0.55 in) from the center of the hole. The 211 planes were used as the lattice
plane for measuring the strain by neutron diffraction - the same as was used in the XRD. Strains
were reported along with the intensity of the neutrons impacting on the detectors in neutrons /

SecC.

R

Figure 23. ND Specimen with Cube from the Original, Untreated Steel
Plate Mounted on Top Left Corner

Figure 24. Incident and Diffraction Apertures with Plate 3P Mounted on XY Z-Stage
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RESULTS AND DISCUSSION

The results of the test program including fatigue testing, hardness testing, grain size analysis,
retained expansion, load decay, and power measurement are summarized here but discussed in
detail in Simmons (2013) and Simmons et al. (2013). The focus of the results and discussion
presented in this chapter are focused on the results from the XRD and ND measurements and

comparing these results with those from analyses using close-form solution techniques.

Three sets of fatigue testing specimens were fabricated: the first set of five was used as control
specimens with no cold-expansion of the aluminum plug or treatment by the PICK tool, the
second set consisted of four specimens subjected only to cold-expansion with no PICK
treatment, and the third set consisted of six specimens that were subject to cold- expansion and
PICK treatment with ultrasonic vibration. Using a 95% confidence level, cold- expansion by
itself increased fatigue life by 84% over those with no treatment; while treatment with the PICK

tool showed an increase in fatigue live of 160% over those with no treatment.

From the metallurgical testing, shallow grain deformation was observed at the surface of the hole
for the untreated specimen, which was only subjected to drilling and reaming of the hole. This
deformation was limited to those grains immediately next to the hole surface. For the cold-
expanded specimen, a layer around the surface of the hole exhibited grain deformations to a
depth of approximately 0.008 to 0.009 mm (0.0003- 0.0035 in). For the PICK-treated specimen,
a layer of grain deformation was revealed to a depth of approximately 0.01 mm (0.004 in) from
the edge of the hole. The scanning electron microscope revealed grain deformation to a slightly

greater extent in some locations; but, in general, the difference in the radial extent of the grain
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deformation between the cold-expanded and the PICK-treated specimens was so slight that it
appears that the cold-working of both the cold-expanded and the PICK-treated specimens was

roughly equivalent.

Also from the metallurgical testing, the hardness readings from the cold-expanded specimen
were roughly 15% higher than for the untreated specimen; this difference in hardness readings
between untreated and cold-expanded specimens is thought to be the result of cold-working
during the cold-expansion process. The hardness readings from the PICK-treated specimens
were approximately 22% higher than those for the untreated specimens. The differences
between the cold-expanded and the PICK treated specimens is thought to be the result of

acoustic-hardening from the ultrasonic vibration during the PICK treatment.

Retained Expansion (RE) was calculated using the diametric measurements before and after
treatment using Eqn 5. For fatigue specimens, the PICK treatment produced a RE ratio 24%
higher than those cold-expanded. For the plate specimens, the PICK treatment produced a RE

ratio 66.3% higher than specimens that were only cold-expanded.

Brittle Coating

Although applying the brittle coating according to the manufacturer’s directions required care
and attention to detail, it was an excellent means of immediately evaluating the effectiveness of
the PICK tool by providing a visual indication that the PICK tool had plastically deformed the
steel around the hole (Fig. 25). The limit of the plastic deformation, the elastic-plastic

boundary, is clearly visible in Fig 25 as the area where the brittle coating disbonded. Note the
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radial cracks in the remaining brittle coating in Fig 25 near the elastic-plastic boundary; these

indicate elastic tension strain in the tangential direction.

Figure 25. PICK Treated Specimen Showing Plastic Region

Analysis

To further evaluate the performance of the PICK tool, it was decided to compare the
experimental results from the XRD and the ND with that predicted by analytical techniques.
From the results shown in Figure 10 from Ball (1995), it was decided to use the closed-form
solutions from Nadai (1943) and Ball (1995) with the material properties for the steel plate used

in this research program (Table 2).

Nadai (1943)
As a first approximation it was decided to use Nadai (1943) approach, which assumes elastic,

perfectly-plastic stress-strain relationship for the steel material and VVon Mises failure criteria.
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Applying this method and using the material properties in Table 2, the results for both the stress
at the end of the expansion process and after the removal of the expansion pressure are shown in
Fig 26 as a normalized function (of ayiei) Of the normalized distance (radius / initial radius) from
the center of the hole. The plot does not account for the deformation of the hole. Note that the
peak of the tangential stress coincides with the elastic-plastic boundary at r/rinitia €qual to 1.75.
Also at the end of expansion, the tangential stress near the hole is in compression and not
tension. This is believed to be the result of Poission’s ratio changing from an elastic value of 0.3
to a plastic value of 0.5 (Dowling 2007). The plot of residual tangential stress shows a minimum
stress of 1.150; in compression, that the tangential residual stress becomes tensile at r/rinitia €qual
to 1.4, and becomes a maximum at 0.39cye14. Note that the radial residual stress is 0 at the hole
edge which agrees with engineering mechanics. The radial residual stress is always compressive
along the radial line with the maximum compressive stress equal t0 0.24 oyieig at I/rinitial €qual to

1.5.

=== = Tangential Expansion Stress
= === = Radial Expansion Stress
Tangential Residual Stress
—&— Radial Residual Stress
=== = E|astic-Plastic Boundary

Stress / Expansion Pressure

Radius / Initial Radius (mm/mm)
Figure 26. Expansion and Residual Stress from Nadia (1943)
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Ball (1995)

It was apparent from the results achieved from the application of Nadai’s approach (1943) that
the elastic, perfectly-plastic modeling of the material properties in Table 2 was inadequate to
evaluate the residual strain induced by the PICK tool. Ball (1995) approach uses a modified
Ramberg-Osgood (1943) relationship to model the stain hardening behavior of the steel (Fig. 27)
in the plastic portion of the stress-strain curve. It was thought that this relationship would more
accurately modelt the imposed strains and residual stress from the PICK treatment. Equation 6
shows the modified Ramberg-Osgood (1943) equation. In the elastic region, stress and strain are
related by Young’s modulus; while in the plastic region, they are related with a power hardening

relationship.

>0

yield yield
n-1
o o o
&E=— E=—
E E (0' yield J
Equation 6a Equation 6b

The behavior of Equation 6 with a stress-strain curve developed from testing of the steel plate
used in this research (Crain 2010) was investigated with different values of n and is plotted in
Figure 27. The Measured Stress-Strain curve in Fig 27 is a curve from a tension test conducted
according to the requirements of ASTM EO08-04 (2004). High values of n (n >1000) behave as
an elastic, perfectly-plastic material. Because ¢ =0.06, i.e. 6%, was a typical value for the
Retained Expansion at the end of the PICK treatment, oyieig Was adjusted for all values of n in Fig
27 so that the value of the modified Ramberg-Osgood (1943) curve matched the measured values

of stress and strain for o = 358.4 MPa (52.0 ksi) and £ = 0.06. n = 10 was selected as best
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representing the strain hardening in the plastic region because the energy between the n = 10
curve and the Measured Stress-Strain curve less than about ¢ = 0.01 approximately equals the
energy between the n = 10 curve and the Measured Stress-Strain curve beyond &= 0.01. Forn =

10, a yield stress of 241.6 MPa (35.04 ksi) was use compared to a measured yield stress of 319.2

MPa (46.3 ksi).

450 T
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—® - n=8
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Strain (mm/mm)

Figure 27. Modified Ramberg-Osgood (1943) Equation with Different
Power Values Plotted on Measured Stress-Strain Curve

The residual stress from the procedures presented in Ball (1995) with n = 10 and n = 40 are
plotted in Figs. 28 and 29 with the residual stresses from the analysis using Nadai’s (1943)
procedure. Ball’s procedure shows that a region of compressive yielding exists next to the hole
(r/riniiar = 1) when the expansion pressure is removed (Fig 28). This effect is so small that it is
not discernable at the scale used in Fig 28 for n = 40, but it is quite evident for n = 10. Note that

the elastic-plastic boundaries (the peaks of the tangential stress) are roughly equal for Nadai
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(1943) and for Ball (1995) n =40 (1.751) but it is at a larger r/rinitia (2.57) for Ball (1995) n=10.
For Ball (1995) n = 10, minimum tangential stress is -1.4 oy and the maximum tangential stress
is 0.3 gy. For all the analyses, the radial residual stress is approximately equal to zero at the edge
of the hole and always compressive along the radial line away from the hole (Fig. 29).

Maximum compressive stress for the residual radial stress for Ball (1995) n = 10 is —0.45 o,

0.6
(b F \ "]
2 ~~--$“-'%
w
&’ 30 4|0 5,0 60
[
o
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o
X
n
2
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=
(7p]
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1.6 :

Radius / Initial Radius

Figure 28. Analytical Determination of Tangential Residual Stress
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Figure 29. Analytical Determination of Radial Residual Stress

X-Ray Diffraction

The sin® ¥ procedure was used along with the macro elastic properties of the material to derive
both radial and tangential residual stress from the XRD strain measurements. These radial and
tangential residual stresses are plotted in Figure 30 as a function of the normalized radius from
the center of the hole. The tangent residual stress is an average of four different series of XRD
measurements, two each from Row 1 and Row 2, while the radial residual stress is an average of
two series of XRD measurements, one each from Row 1 and from 2. Neither the radial nor the
tangential residual stresses from the XRD (Fig 30) agree well with the calculated radial and
tangential residual stresses from Ball (1995) and Nadai (1943) in Figs. 28 and 29. This is
thought to be a result of the surface residual stresses in the plate from the manufacturing
processes and the electro-polishing which was used in an attempt to eliminate them. The

mapping feature in the XRD equipment measured the elevation differences from the elevation
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measured at the first point which was at the edge of the hole. Figure 31 shows the differences in
elevations along Row 1 plotted in relation to the distance from the center of the hole and Figure
32 shows the same for Row 2. These two figures show maximum elevation differences of 0.1
for Row 1 and 0.15 for Row 2. The elevation differences have the same shape for each of the
rows although within each graph there is some offset between each measurement; so it appears
that the differences actually exist. If 60% of the diffracted beam is the result of diffraction in the
top 5um (0.0002 in) layer in the steel (Rowlands 1993), the measured strains are taken from
different elevations with respect to the ideal layer being measured and are probably affected by
the residual stress from the manufacturing processes that were not removed by the electrolytical
polishing. Because of the elevation differences, it was thought that the XRD results were not

accurate and they were not included in evaluating the PICK performance.

1.0 ‘ ‘
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S
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7 1J0 210 310 40~ 7 6|0
g -0.2 g N
wn C®
0.4 4"
) ,.-/\—.:3\/\,;/1
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Distance from the center of the hole (r / ripitia)

Figure 30. Normalized Stress vs Normalized Radius from X-Ray Diffraction
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Neutron Diffraction

The tangential, radial, and normal strains measured from the ND are plotted in Figure 33.
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curve (average tangential, average radial, and average normal) in Figure 33 is the average of that
strain component taken along same three different lines through the middle of the plate; one line
was along the exact centerline of the plate and the other two lines were 0.5 mm on either side of
the exact centerline of the plate. The ordinate on Figure 33 is in units of microstrain, i.e.
length/length x 10°; while the abscissa shows radius / the initial radius measured all from the
center of the hole. For the tangential residual strain, the minimum strain is —1553u¢, the
maximum is 396u&, while the elastic-plastic boundary is about r/r; = 5.6. Note that the
tangential strain near the hole edge (r/ri = 1) appears to showed yielding in compression. The
radial residual stress exhibited a minimum at —-597 & and shows some tension near the hole edge
but was compressive over most of the radial line along which the measurements were made. The
normal strain had a maximum of 484 u¢ starting out in tension and becoming compressive along
the radial line. The shapes of the radial and tangential residual strain, in general, matched the

curves of stress calculated from procedures of Nadai (1943) and Ball (1995) in Figs. 28 and 29.
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Figure 33. Strain Measured with ND

To provide a better comparison between the calculated stress from Ball (1995) and Nadia (1943)
and the strain measured by the ND, the results from Nadia (1943) and Ball (1995) were
converted from stress to strain. Ball (1995) provides a procedure to convert stress from his
equations to strain; unfortunately this procedure is incorrect and also does not provide strain
values which can be compared with the values measured by ND. Figure 34 is an idealized stress-
strain curve constructed from the modified Ramberg-Osgood (1943) Equation 6 with a n value
selected to fit the stress-strain with the values shown. The loading cycle for a cold-expansion
starts at zero at A, linearly increasing with increasing pressure to yielding, and proceeds
plastically to B where unloading begins with a decrease in the cold-expansion pressure. With
decreasing pressure unloading recovers along a linear line with a slope equal to the original
linear loading region. Yielding occurs at further decreasing pressure at a value equal to the stress

at B minus twice the value of the stress at initial yielding. This behavior is kinematic hardening
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(Dowling 2007). After yielding from unloading, unloading continues plastically to point C
where the unloading is assumed to have removed all the expansion pressure. At C a residual
stress of F and a total strain of D remain in the material. The total strain D can be calculated by
using the modified Rambeg-Osgood (1943) equation (Eqn 6b) to calculate the strain at B; note
that the modified Ramberg-Osgood (1943) equation for the plastic region provides total strain
and it is not necessary to add the elastic strain from Eqgn 6a to the strain calculated from Eqn 6b.
The total strain at D can be calculated by subtracting the strain from B to C from the strain at B.

The total strain value D is load path dependent.
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Figure 34. Tangential Stress Load Path

It should be noted that ND does not measure total strain; ND measures the elastic strain in a
volume of the target material. It measures the strain which can be recovered when the residual

stress goes to zero. The recovery of the residual stress and the strain associated with it proceed
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along the linear line from C to E. Therefore, the tangential and radial strain associated with the
residual stress can be calculated from stresses from Nadai (1943) and Ball (1995) using standard
calculations for converting elastic stresses to elastic strain in a biaxial state of stress. Figures 35
and 36 show the strain calculated from the stresses resulting from using Nadia’s (1943) and
Ball’s (1995) closed-form techniques plotted with the measured strain from ND. Figure 35
shows the tangential residual strain and Figure 36 shows the radial residual strain. The shapes of
the curves of the calculated strain from Nadai (1943) and Ball (1995) match roughly the curves
of the measured strain from ND with the exception that the plots of the ND strain are broader
than those from the closed-form solutions. The location of the elastic-plastic boundary from the
ND measurements are not as distinct as those from the closed form solutions but appears to be at
approximately r/ri = 5.7, an increase of 250% over Nadai’s (1943) 210%, over Ball’s (1995) n =
40, and 120% over Ball’s (1995) n = 10. It is believed that this increase is the result of acoustic
softening from the ultrasonic vibration during the PICK treatment. This conclusion would be
more conclusive if ND had also been used to measure the strain from a specimen which had
undergone only cold-expansion from the PICK tool but had not been subjected to the ultrasonic
vibration. However, this was not possible because of the financial and time constraints on using

the ND facilities at ORNL.
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CONCLUSIONS

This proof-of-concept study with testing of a reduced-scale, laboratory model has demonstrated
that fatigue initiation life can be increased by mechanically cold-expanding a hole and subjecting
the inside surface of that hole with treatment from ultrasonic vibration. This paper provides an
engineering mechanics basis which demonstrates how the ultrasonic vibration changed the
internal stresses and strains in the vicinity hole to provide this increase in fatigue initiation life.

The following conclusions are presented:

1. The brittle coating was an excellent and simple means of immediately evaluating the
effectiveness of the PICK tool by providing a visual indication that the PICK tool had
plastically deformed the steel around the hole. The limit of the plastic deformation, the
elastic-plastic boundary, was clearly visible as the boundary of the area within which the

brittle coating had disbonded.

2. Working through the closed-form techniques proposed by Nadai (1943) and expanded by
Ball (1995) provided a detailed understanding of the engineering mechanics aspects and
material behavior of the problem. Because the PICK treatment produced a large area
with plastic deformation, Nadai’s (1943) technique with its elastic, perfectly-plastic
characterization of material behavior is not adequate to model PICK-induced stresses in a
strain-hardening material. Ball’s (1995) enhancement of Nadai’s (1943) technique using
a power-law type relationship for the stress-strain relationship in the plastic region is a
better model of the behavior of the PICK tool treated material especially if the power of

the equation is calibrated to the actual measured stress-strain curve.
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3. Ball’s (1995) recommended technique for converting residual stress to strain is incorrect.

4. X-Ray diffraction did not provide credible results for residual tangential and radial stress

6.

/ strain produced by the PICK treatment. It is believed that this is a result of the existence
of residual stresses in the plate from the manufacturing processes and the difficulty of
removing these in such a manner that the XRD would measure stresses at the same
elevation along the line of the measurements.  This is important because 60% of the
diffracted beam is the result of diffraction in the top 5um (0.0002 in) layer of the material

(Rowlands 1993).

Neutron diffraction provided an excellent method to measure the residual strain around

the PICK treated hole; however, it is expensive and time consuming.

A comparison of the strain measured by ND and that calculated from the closed-form
techniques reveals that the PICK treatment produced larger radial area of plasticity and
compressive residual tangential stress around the hole than is predicted by the closed-
form techniques. It is thought that this larger area of compressive tangential stress is a
result of the ultrasonic vibration from the piezoelectric elements and is responsible for the

increase in the number of cycles required to initiate a fatigue crack.

From these conclusions, it is apparent that the PICK treatment provides a method of improving
the capacity of crack-arrest holes to stop fatigue crack growth in small scale specimens.
Expansion from the PICK treatment may eventually be used to arrest fatigue crack growth in

bridges and provide an economical, efficient repair for fatigue cracks in bridges.
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CHAPTER 6: SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

OBJECTIVE

The objective of this research was to investigate the possible development of a new, cost-
effective technique that could be used to arrest the growth of fatigue cracks before they develop
to an extent that more expensive repairs are required. It is well known that drilling a hole (crack-
arrest hole) at each end of a fatigue crack may stop the growth of the fatigue crack. The diameter
of the hole required to arrest crack growth can be calculated from formulae developed by Rolfe
and Barsom (1977) and by Fisher et al (1980, 1990). Unfortunately, the required diameter of the
hole is usually so large that it is may be impractical or may not fit within the space available.
This research was aimed at investigating a new technique to cold-expand and treat crack-arrest
holes so that a practically sized hole would gain effectiveness in halting further crack
propagation. This new technique consisted of two steps: cold-working the inside surface of an
undersized hole and subjecting the cold-worked surface to ultrasonic vibration. It was
hypothesized that this process might produce three separate results, all of which would enhance
fatigue crack initiation life. First, the compressive force used to cold-expand the hole would
result in residual compressive stress fields around the hole when the radial force was removed.
Second, the cold-expansion would cause strain-hardening and cold-working with a concomitant
increase in the yield and ultimate strengths of the steel. Third, the ultrasonic vibration from the
Piezoelectric Induced Compressive Kinetic (PICK) treatment would further increase the
resistance to fatigue propagation by increasing the yield strength and the ultimate strength.
These expected results and their effects on fatigue crack initiation were investigated through both

laboratory testing and mathematical modeling.
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SUMMARY
Sizing Crack-Arrest Holes
1. The location of the crack-arrest hole with respect to the crack tip is an important
consideration with regard to crack reinitiation. Depending on the spatial relationship
between the crack-arrest hole and the crack tip, some portion of the radius of the crack-
arrest hole needs to be added to the half-length of the crack when calculating the required
radius of the crack-arrest hole from the formula from Rolfe and Barsom (1977) or Fisher

et al (1980, 1990).

2. The stress range producing fatigue is the critical unknown quantity and dominates the
calculation in the formula for determining the required diameter for the crack-arrest hole.
When a crack results from distortion-induced fatigue, it is not clear what value should be
used for the critical stress range. Aditionally, it is not clear whether the stress range
should be determined in the flange or in the web. Determining the in situ value for this

complex, 3D stress range on an actual bridge will be difficult.

3. The values for C, the constant used in the formula for determining the required radius of
the crack-arrest hole, were determined experimentally by Rolfe and Barsom (1977) from
tests on flat steel plates using cyclical tension and Fisher et al (1980,1990) from tests on
full-scale steel rolled-shapes and girders configured and loaded to produce distortion
induced fatigue ( DIFC). The constants C = 4 from Fisher et al (1980, 1990) was a lower
bound value and C = 10 from Role and Barsom (1977) was an average value. Both must
be used within the limits of the experimental parameters from which they were

developed, and in conjunction with reasonable estimates of stress range.
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4. Crack-arrest hole diameters may become so large as to be impractical. It may not be
physically possible to drill the size of hole indicated by the calculations because of

interferences with stiffeners, flanges, etc.

Development of a Technique to Improve Fatigue Lives of Crack-Stop Holes in Steel Bridges

5. A4 percent expansion of crack-arrest holes in steel plates was found to have a similar
effect to that observed in aluminum plates. This conclusion is based on the similarity of
normalized tangential residual stress for both materials. This was an important finding,
because it helps to provide a meaningful link between existing research performed in the
aerospace engineering literature and current needs within the field of bridge engineering.
Results from the 2-D and 3-D uniform expansion modeling (Crain 2010) can be
interpreted to be independent from the particular technique chosen to cold-expand
undersized crack-arrest holes and can be used in future studies to corroborate detailed
finite element analyses and experimental findings for specific techniques applicable to

steel bridges.

Development of a Technique to Improve Fatigue Lives of Crack-Arrest Holes in Steel

Bridges —Fatigue and Metallurgical Results

Fatigue Testing

6. The results of fatigue testing as part of this study demonstrate that the PICK treatment

process provided an improvement in preventing fatigue crack re-initiation in crack-arrest
holes over that provided only by cold-expansion. While the cold-expansion increased
fatigue initiation life by a factor of 1.8 over specimens not cold-expanded, combining the
cold-expansion with ultrasonic vibration from the PICK tool increased the fatigue

initiation life by a factor of 2.6 over specimens not cold-expanded.
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Metallurgical Testing Results

Grain Size Analysis

7. For the untreated specimen, which was only subjected to drilling and reaming of the hole,
grain size analysis with the optical microscope revealed shallow deformation of the
grains at the surface of the hole, as expected. For the cold-expanded specimens, cold-
working produced a layer around the surface of the hole exhibiting flattened and
elongated grains to a depth of approximately 0.008 to 0.009 mm (0.0003- 0.0035 in). For
PICK-treated specimen, grain size analysis with the optical microscope revealed a similar
layer of grain deformation to a depth of approximately 0.01 mm (0.004 in) from the edge
of the hole. The difference in the radial extent of the grain deformation between the cold-
expanded and the PICK-treated specimens was so slight that it appears that the cold-
working of both the cold-expanded and the PICK treated specimens was roughly

equivalent.

Hardness Testing

8. Hardness values for PICK-treated specimens were found to be consistently higher than
those for the cold-expanded specimens. Hardness readings for cold-expanded specimens
were approximately 15 percent higher than those for the untreated specimens; hardness
values for the PICK-treated specimens were approximately 22 percent higher than those
for the untreated specimens. The increase in hardness in the cold-expanded specimens
over the untreated specimens was the result of cold-working during cold-expansion. The
increase in hardness in the PICK treated specimens over the increase in hardness in the

cold-expanded specimens was the result of acoustic-hardening from PICK treatment.
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Retained Expansion (RE)

9. RE was calculated from diametric measurements before and after treatment with cold-
expansion and PICK-treatment. Different loading regimes were used for the fatigue
specimens than for the plate specimens. For fatigue specimens, PICK treatment produced
a RE ratio 24 percent higher than the RE achieved in the cold-expanded fatigue
specimens. For plate specimens, PICK treatment produced a RE ratio 66 percent higher
than the RE in the cold-expanded plate specimens. The RE obtained from the cold-
expansion was from cold-working. The cold-working produced the same increase in RE
in the PICK-treated specimens and the additional RE in the PICK-treated specimens
above the RE from the cold-expanded specimens could have been the result of acoustic-

softening.

Load Decay
10. During the PICK treatment of the fatigue specimens, the load / strain in the tool was

observed to decay with time; another indication that acoustic softening was occurring.

Development of a Technique to Improve Fatigue Lives of Crack-Arrest Holes in Steel
Bridges — Analytical and Experimental Stress and Strain
Brittle Coating
11. A brittle coating was an excellent and simple means of immediately evaluating the
effectiveness of the PICK tool by providing a visual indication that the PICK tool had
plastically deformed the steel around the hole. The limit of the plastic deformation, the
elastic-plastic boundary, was clearly visible as the boundary of the area within which the

brittle coating had disbonded.

217



Closed-Form Analysis
12. Nadai’s (1943) technique with its elastic, perfectly-plastic characterization of material
behavior is not adequate to model PICK-induced stresses in a strain-hardening material at

the strain magnitude produced by the PICK process.

13. Ball’s (1995) extension of Nadai’s (1943) technique using a power-law type relationship
to model the stress and strain in the plastic region is a better match of the behavior of the
strain-hardening steel material especially if the power term, n, in the Ball’s (1995)

equations is calibrated to the actual measured stress-strain curve.

14. Ball’s (1995) recommended technique for converting residual stresses to strains is

incorrect as discussed in the text of this thesis.

X-Ray Diffraction
15. X-Ray diffraction did not provide credible results for residual tangential stress and strain
or residual radial stress and strain produced by the PICK treatment. It is believed that
this is a result of the difficulty in polishing the specimen to remove the surface residual

stresses induced by rolling during manufacturing.

Neutron Diffraction (ND)
16. Neutron diffraction provided an excellent method to measure the residual strain around

the PICK treated hole; however, it was both expensive and time consuming.

17. A comparison of the strain measured by ND and that calculated from the closed-form,
mathematical techniques revealed that PICK treatment produced a larger area of

plasticity and a more extensive area with residual compressive tangential stress than was
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predicted by the closed-form techniques. It is thought that this larger area was the result
of the ultrasonic vibration during the PICK treatment and was responsible for the increase

in the number of cycles required to initiate a fatigue crack.

CONCLUSIONS

The technique of cold-expansion of holes in aluminum components has already been proven in
the aerospace industry as an effective means to improve fatigue life. The research reported in
this thesis was a proof-of-concept study using reduced-scale, laboratory models to investigate if
the fatigue initiation life in steel specimens could be further increased not only by cold-
expanding a hole in a but also by subjecting the inside surface of that cold-expanded hole to
ultrasonic vibration (PICK treatment). Fatigue testing was the primary method of demonstrating
the effectiveness of this PICK treatment, but analytical techniques and other experimental
techniques were used to investigate how the PICK process modified the material to enhance the

effectiveness of the crack-arrest holes.

The fatigue testing program demonstrated that the PICK process improved the fatigue initiation
life of a small-scale, Grade A36 steel specimen. The brittle coating showed that a plastic region
was formed as a result of the PICK treatment. Metallurgical testing, i.e., grain size analysis,
indicated that cold-working modified the grain sizes of the steel in the cold-expanded specimens
and in the PICK-treated specimens about the same. The increase in hardness between the
mechanically expanded specimens and the PICK treated specimens was the result of acoustic
hardening. Analyses using closed-form techniques by Nadai (1943) and Ball (1995) show that a
compressive, residual stress field was imposed tangentially around the hole by cold-expansion.

These closed-form analytical techniques were not capable of predicting the stress field caused by
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the ultrasonic vibration during the PICK process. Neutron diffraction measurements of strain
made evident that the PICK process produced a radial extent of the plastic strain and of the
residual compressive stress which exceeded that predicted by the closed-form analyses. This
increase in the extent of the tangential compressive stress field resulting from the PICK process
contributed to the increase in fatigue initiation life. While the cold-expansion increased fatigue
initiation life by a factor of 1.8 over specimens not cold-expanded, the total effect of PICK
treatment was to improve the fatigue initiation life by a factor of 2.6 over specimens not cold-
expanded. From these it is apparent that the PICK treatment was successful in providing a
method of improving the capacity of crack-arrest holes to stop fatigue crack initiation in reduced-

scale, laboratory models for the particular sized specimens employed.

The PICK process was so successful a patent was obtained (Barrett et al 2013).

SIGNIFICANCE

Although this study consisted of reduced-scale testing, results from this program lend confidence
in the ability of the PICK tool to be scaled up to treat the thicker plate material and the larger
diameter crack-arrest holes typically required to halt fatigue cracks in bridges or other structures.
The study showed that PICK treatment might eventually be used to improve the efficiency of a
commonly used repair technique for fatigue cracks in steel bridges. Other applications may exist
in the automotive industry where the PICK process might be used in the manufacturing of car
and truck bodies to improve the fatigue performance of bolt holes in frame members. A similar
use might be in the railroad industry but with larger members. Certainly the PICK process could

be used to improve the performance of crack-arrest holes in any structure susceptible to fatigue
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cracking.

RECOMMENDATIONS

Neutron diffraction measurements should be made for the residual strain field around a hole in
the same steel material which has been cold-expanded with the same pressure as was used in the
PICK process but without ultrasonic vibration from the PICK treatment. A comparison of the
results would provide further insight into the effectiveness of the PICK process with respect to
cold-expansion only. Financial and time constraints prohibited this from being accomplished as

part of this study.

The analytical solutions should be confirmed with numerical analysis methods (Finite Element
Analysis). These Finite Element Analysis (FEA) analyses should start with duplicating the
parameters used in the Nadai’s (1943) analysis and Ball’s (1995) analysis with (n = 10) to
benchmark the FEA with the two closed-form solutions. The FEA should then be extended in
steps to a pressure equal to that used in the PICK process. Comparing the results from the FEA
analyses with the measured strain from the ND will provide further confidence that the radial
extent of the compressive, tangential residual stress field measured by the ND is the result of the

PICK process.

Further experimentation should be conducted to investigate the existence of acoustic softening
and acoustic hardening in bridge steels and the frequency range where they occur.
Using steels with different yield strengths, additional experimentation needs to be performed

focused on developing the optimum pressure range on the inside surface of the hole for the PICK
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process and relating this pressure to the yield strengths of the steel.

Optimization of PICK treatment time is another area which needs further study.

The PICK process needs to be scaled up to match plate thickness and hole diameters used in real
structures. During this process, the tool itself must be redesigned to be portable, practical, and
useable in expected field conditions. In the process of scaling and redesigning the tool, different
and possibly larger piezoelectric elements will be required necessitating further study to refine

power requirements.
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INTRODUCTION

Samples of 1/8-inch thick steel plate with machined fastener holes were submitted by Mr. Gary
Simmons of the University of Kansas for characterization of experimental mechanical
treatments applied to the hole bores. Samples were initially submitted in January of 2011 with
additional samples submitted in November of 2011. Included for comparative analysis were
samples with drilled and reamed holes, holes mechanically expanded with pressure, and holes
mechanically expanded and then treated with piezoelectric impact compressive kinetics (PICK)
to induce work hardening and compressive strains at the hole bores. ESI was requested to
conduct a metallurgical study to characterize and document the effects of the mechanical
treatment applied to the hole bores.

PROCEDURE

A total of four hole samples were submitted for analysis that were reportedly prepared as
follows:

Sample 1-P drilled, reamed, mechanically expanded and Pick treated, (submitted 01/2011)
Sample 4-P drilled, reamed, mechanically expanded and PICK treated

Sample 10-D  drilled, reamed and mechanically expanded

Sample 9-U  drilled and reamed only

Characterization of the submitted samples was undertaken through the following destructive
examinations and testing:

Sample 1-P:
A transverse cross sectional specimen was cut from the sample plate perpendicular to
the plate rolling direction at a location approximately 1-inch from the treated hole for
characterization of the base metal. The base metal is defined as the as-manufactured
metal where hardness was unaffected by the mechanical treatment surrounding the hole.
The cross section was mounted and polished for metallographic examination and
microhardness testing.

A second, transverse cross sectional specimen was cut from the plate perpendicular to
the plate rolling direction and intersecting the equator of the hole bore. The specimen
was mounted and polished for metallographic examination and photo documentation.
Two microhardness traverses were performed on the cross section with hardness
readings initiating just below the inside cylindrical surface of the hole and extending
into the base metal. One traverse was near the outer surface of the plate, and the other
near mid-thickness.

Sample 4-P:
A transverse cross sectional specimen was cut from the plate perpendicular to the plate

rolling direction and intersecting the equator of the hole bore. The specimen was
mounted and polished for metallographic examination and documentation.

|ESI
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A microhardness traverse was performed on the cross section near mid-thickness of the
plate, initiating just below the inside cylindrical surface of the hole and extending into
the base metal.

Additional metallographic examination was performed at magnification of 1000x to
4000X by scanning electron microscope (SEM).

Sample 10-D:
A transverse, cross sectional specimen was cut from the plate perpendicular to the plate
rolling direction and intersecting the equator of the hole bore. The specimen was
mounted and polished for metallographic examination and documentation.

A microhardness traverse was performed on the cross section near mid-thickness of the
plate, initiating just below the inside cylindrical surface of the hole and extending into
the base metal.

Additional SEM metallographic examination was performed at magnification of 1000x
to 4000X.

Sample 9-U:
A transverse cross sectional specimen was cut from the plate perpendicular to the plate
rolling direction and intersecting the equator of the hole. The specimen was mounted
and polished for metallographic examination and documentation.

A microhardness traverse was performed on the cross section near mid-thickness of the
plate, initiating just below the inside cylindrical surface of the hole and extending into
the base metal.

Lab Notes:

Metallographic cross sections intersecting the inside cylindrical surface hole bores were cut
utilizing a slow speed diamond saw to minimize effects of cold work during cutting. The
samples were mounted in Bakelite material, as typically used for metallographic samples, and
then ground and polished at progressively finer grits through one micron.

Microhardness readings were taken from the metallographic cross sections to assess the degree
of work hardening imparted at the hole bores resulting from the mechanical treatments
performed. Attempts were made to take readings as close to the inside cylindrical surface of
holes as practical. Given the size of the hardness indents, valid readings could only be taken
within approximately 0.13 - 0.15 mm (0.005 -0.006 inch) of the surfaces.

RESULTS

Base metal properties:

The submitted samples were reportedly machined from A36 steel plate.  Typical
microstructures of the plate base metal are shown in Photos 1-3 for Samples 1-P and 4-P. The
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base metal exhibited light-etching ferrite grains with small islands of dark-etching pearlite,
consistent with a low carbon steel such as grade A36. Grain size was mixed exhibiting apparent
grain sizes ranging between ASTM grain size numbers 9.5-9.0, which have corresponding
average grain diameters of 13.3 and 15.9 microns, respectively.

Hardness of the steel base metal from each sample was determined by Vickers microhardness
testing and converted to Rockwell B (HRB), with results contained in Tables 1 - 6. Hardness
readings from the base metal of Samples 1-P and 4-P are contained in Table 1 and 6,
respectively, and ranged from 68 to 71 HRB. However, nominal hardness of the base metal of
samples 9-U and 10-D (the base metal of 10D includes areas 0.09 inches or more from the hole)
was somewhat lower, with nominal readings ranging from 63 to 66 HRB, as shown in Tables 4
and 5, respectively.

Drilled and Reamed Sample:

Sample 9-U was essential original base metal that contained a drilled and reamed hole without
any mechanical treatment. A metallographic cross section was taken from the sample
intersecting the inside surface of the hole bore. As expected, the drilling and reaming process
resulted in shallow grain deformation along at the surface of the hole bore, which is indicated in
the metallographic cross section shown in Photos 4 and 5.

A Vickers microhardness traverse was taken from the metallographic sample just below the
inside cylindrical surface of the hole and extending into the base metal. No significant depth of
work hardening resulted from the drill and ream machining process, as indicated from the
hardness data contained in Table 4.

Mechanically Expanded Sample:

Sample 10-D was subjected to expansion by mechanical pressure only. The microstructure
along the inside cylindrical surface of the hole of this sample is shown in Photos 6 and 7,
exhibiting a shallow layer of grain deformation as pictured in Photo 7, and in the SEM images
shown in Photo 8 and 9. A visibly apparent zone of grain deformation was evident to a depth of
approximately 0.008-0.009 mm (.0003-.00035 inch) below the inside surface of the hole.
Microscopic pits were also revealed in the zone of grain deformation, as shown in Photo 9.

Results of the microhardness traverse from the inside surface of the hole bore are contained in
Table 5. The maximum hardness near the hole surface was approximately 15 HRB higher than
the base metal, consistent with the effects of work hardening induced by the expansion process.
The elevated hardness resulting from work hardening by the mechanical expansion process was
measureable over a distance of approximately 2.26 mm (0.089 inches) from the inside surface
of the hole. All material beyond 2.26 mm in depth from the hole was the original base metal.

PICK Treated Sample:

Samples 1-P and 4-P were subjected to expansion by mechanical pressure as well as the PICK
treatment.
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Typical microstructures along the inside surface of the hole of sample 1-P is shown in Photos 10
and 11. A shallow layer of grain deformation was revealed along the surface of the hole and
extended a distance of approximately 0.01 mm (0.0004) inches from the surface.

Sample 4-P also exhibited a shallow zone of grain deformation at the inside surface of the hole
measuring nominally 0.01 mm (0.0004 inch) in width, but also displayed semi-circular regions
immediately below the surface of the hole where grain deformation was evident over a distance
of 0.038 mm (0.0015 inch) from the surface of the hole, as shown in Photos 12 -14. Within
these zones there appeared to be highly elongated and flattened grains that transitioned to a
finer, unresolved microstructure. Small pits or porosity had also formed within the surface
regions of grain deformation.

Additional examination was conducted by SEM with only a light etch applied to the sample to
minimize grain boundary broadening from the chemical attack. SEM examination revealed the
transition from the original, base metal grain size and shape to the highly elongated and
flattened grains near the hole surface, and a further transition to an unresolved structure where
grain size and shape could not be discerned, depicted in Photos 15-19. At one location, shown
in Photo 15, a crack-like feature was revealed which may have been a cold lap formed during
the pressure expansion or PICK treatment of the surface. It was noted that the deeper zones of
grain deformation were discontinuous, occurring at localized areas under the surface of the hole,
as depicted in Photo 17. A population of pits or porosity was also evident within the zone of
grain deformation, as shown in Photos 16-19, that further masked the microstructural features.

Microhardness traverses on the cross sections from the hole bore to the base metal were
conducted near the plate surface and at mid-thickness of sample 1-P. Results are contained in
Tables 2 and 3, respectively. Hardness readings close to the surface of the hole measured 81 -
83 HRB, as converted from Vickers hardness, which was approximately 15 HRB higher
hardness than the base metal readings away from the hole. The depth of work hardening,
determined from the elevated hardness numbers, was approximately 2.0 to 2.2 mm (.078-.087
inches) below the surface of the hole.

Similar hardness results were observed from Sample 4-P, contained in Table 6, where hardness
near the surface of the hole measured approximately 13 HRB higher than the base metal. Depth
of work hardening determined by the hardness data was approximately 2.1 mm (.083 inches)
below the surface of the hole.

DISCUSSION OF RESULTS

Studies [1] on the effects of ultrasound deformation (comparable in some respects to the PICK
treatment) of some non-ferrous alloys have reported that recrystallization can occur during
treatment that results in the formation of nano grain sizes. Recrystallization [2, 3.] is a
mechanism driven by the internal energy resulting from grain deformation and applied thermal
energy to nucleate and propagate recrystallization. The mechanism causing possible
crystallization during PICK treatment is not addressed here.

The microstructure along the surface of hole in the PICK treated sample 1-P displayed a very
shallow layer of apparent grain deformation evident to a maximum distance of approximately
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0.01 mm (0.0004 inch) from the inside surface of the hole; however, there was no visible
indication of recrystallization revealed by the optical metallography employed in this study.
Hardness test results indicated that the effects of work hardening resulting from the mechanical
treatments had affected the metal a greater distance from the surface of the hole than the visibly
apparent depth of grain deformation.

The PICK treated sample 4-P exhibited a unique microstructural feature along the surface of the
hole that consisted of a shallow region of highly elongated, flattened grains within localized,
semicircular regions where grain deformation resulted deeper below the surface of the hole.
The severely flattened grains in the deformation zone transitioned to a finer structure closer to
the surface of the hole that could not be fully resolved by the metallographic technique
employed in this study. Optical and SEM metallography could not verify whether or not
recrystallization had occurred in the unresolved microstructure.

Porosity or pitting was also revealed within the grain deformation zones at the hole surfaces in
sample 10-D and the PICK treated sample 4-P. The source of the pitting could not be
determined from the described metallographic techniques. The microscopic pits could be the
artifacts of inclusion particles inherent to the steel microstructure that have been concentrated in
the zones of grain flattening, and then subsequently pulled out of the surface during polishing or
etching. Alternatively, it is theorized that they could be etch pits [2, 3] formed at dislocation
pileups resulting from the grain deformation that intersect the polished surface; however, they
did not exhibit the typical geometric array and pit shape. The pitting is not particular evidence
of a recrystallized microstructure.

<<End of Report Text>>
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Aluminum
foil layer

Photo 1. Sample 1-P; typical base metal microstructure near mid thickness of plate. Hole
bore surface is shown at arrow at bottom. Note: a layer of aluminum foil overlays the
surface, which was applied to aid in edge retention during polishing. (~214 x)
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Photo 2. Sample 1-P. Microstructure of base metal away from the hole, showing light-etching
ferrite matrix with small, dark-etching pearlite colonies. (~550x)

Photo 3. Sample 4-P. Microstructure of base metal away from the hole, exhibiting a ferrite
matrix with dispersed pearlite colonies. (~500x)
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Photo 4. Sample 9-U. Microstructure of base metal. Hole bore surface is edge at top of photo.
(~100X)

Photo 5. Sample 9-U. Microstructure, showing shallow depth of grain deformation at the
surface of the hole, shown at top. (~500X)
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Photo 6. Sample 10-D. Base metal microstructure. Surface of the hole is at top. (~100X)
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Photo 7. Sample 10-D. Microstructure at the surface of the hole (top), showing shallow zone of
grain deformation. (~500X)
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Photo 8. Sample 10-D, SEM photo of cross section showing shallow zoe of grain deormation

along the surface of the hole (top). (~500X)
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Photo 9 Sple 1 0- maiﬁed View at urface of the hole (top) shown in Photo 8, displaying
grain deformation and pitting. (~5000X)
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Surface of
Hole

Aluminum
foil layer

. A’ = S

Photo 10. Sample 1-P. Microstructure ;lt the inside cylir;dricalsurfac-e of he hole, near mid-
thickness of plate, showing very shallow region of apparent grain deformation (arrow). (~560X)

Photo 11. Sample 1-P. Microstructure at the inside ylindrical surface of the hole, near mid-
thickness of plate showing shallow grain deformation (arrow). (~560X).
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Photo 12. Sample 4-P. Microstructure at the inside cylindrical surface of the hole showing
shallow zone of grain deformation (arrow). (~500 X).
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Photo 13. gamplc 4-P. Microstructure at the surface of the hole, near mid-thicknc:ss of plate,
showing a semi-circular zone of grain deformation and unresolved microstructure (arrow).
(~500 X).
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Surface of
Hole

. - - 5
Photo 14. Sample 4-P. Microstructure at the inside cylindrical surface of the hole (top edge)
near outer surface of plate (at right) displaying localized zone of grain deformation and
unresolved microstructure (~500 X).
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hot 15. ample -P. SEM photo of microstructure at surface of the hole bore showing
localized region of grain deformation. (~1000 X).
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hoo 1.Smple4-P EM photo ofemi-circular region at the hole surface near the
outer plate surface, showing localized grain deformation, and unresolved structure closer
to the hole surface (top). Note small pits within this region (~2000 X).
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Photo 17. Sample 4-P. SEM photo of microstructure adjacent to the inside surface of the hole
(top) near the outer surface of the plate, showing localized region of grain deformation and
unresolved structure closer to the hole surface.
(~2000 X).
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Photo 18. Sample 4-P. SEM photo of cross section at the inside surface of the hole, at top,
showing discontinuous nature of the grain deformation zones. (~750X)
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— .
to of cross section, showing pitting in the deformation zone.
(~3000X)
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Photo 19. Sample 4-P. SEM pho
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Table 1. Vickers Microhardness Readings

Sample 1-P
Base Metal
Dist. From Plate Vickers Hardness HRB
Outer Surface [mm] (HV) (converted)"”
9.35 126.3 71
9.10 120.6 68
8.85 122.6 69
8.60 122.8 69
8.35 122.8 69
AVERAGE 69
HARDNESS

'ASTM E140 — NON-AUSTENITIC STEELS CONVERSION
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Table 2. Vickers Microhardness Readings

Sample 1-P

From surface of the hole, near outer surface of plate

Dist. from Hole Bore | Vickers Hardness Rockwell B
Surface (HV) Hardness
[mm] (HRB)
(converted)"
0.13 163.0 84
0.39 148.4 80
0.63 152.6 81
0.89 148.4 80
1.13 139.6 76
1.24 144.3 78
1.35 148.4 80
1.48 148.4 80
1.61 1454 78
1.73 144.6 78
1.85 148.4 80
1.97 148.4 80
221 148.4 80
2.47 136.1 75
2.58 136.1 75
2.83 137.2 75
3.08 138.0 76
3.32 135.1 74
3.57 134.3 74
3.83 133.8 74
4.06 133.8 74
4.31 138.0 76
5.31 128.6 72
6.31 134.8 74

' ASTM E140 — NON-AUSTENITIC STEELS CONVERSION
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Table 3. Vickers Microhardness Readings

Sample 1-P
From surface of the hole, near mid-thickness of plate
Dist. from Hole Bore | Vickers Hardness Rockwell B
Surface (HV) Hardness
[mm] (HRB)
(convcrtcd)m
0.15 153.8 81
0.20 160.0 83
0.25 148.4 80
0.32 155.1 82
0.45 157.0 82
0.52 150.1 80
0.58 157.7 83
0.64 148.4 80
0.70 152.9 81
0.77 146.6 79
0.82 152.9 81
0.96 150.5 80
1.10 149.8 80
1.23 152.0 81
1.36 141.5 77
1.50 135.6 75
1.63 136.1 75
1.80 139.0 76
1.93 140.1 76
2.05 135.1 74
2.17 131.0 73
243 128.9 72
2.68 122.2 69
292 122.8 69
318 122.8 69
342 122.6 69
4.42 127.4 71

"ASTM E140 - NON-AUSTENITIC STEELS CONVERSION

256

ESI



ESI Project: 33944M
Consulting for Gary Simmons — Lab Services

Page 24 of 26

Table 4. Vickers Microhardness Readings

Sample 9-U

From surface of the hole, near mid-thickness of plate

Dist. from Hole Bore | Vickers Hardness Rockwell B
Surface (HV) Hardness
[mm] (HRB)

(converted)™”
0.15 114.8 64.6
0.30 116.2 65.4
0.45 120.2 67.5
0.60 119.3 67.1
0.75 114.8 64.6
0.90 116.2 65.4
1.05 119.1 67.0
1.20 117.8 66.3
1.35 115.8 65.2
1.50 1134 63.8
1.65 116.0 65.3
1.80 116.6 65.6
1.95 112.0 63.0
2.10 115.0 64.7
2.25 114.6 64.5
2.40 115.0 64.7
2.55 114.2 64.2
2.70 1114 62.6
2.85 114.0 64.1
3.00 113.4 63.8
3.15 117.4 66.1
3.30 113.0 63.6
345 112.2 63.1
3.60 115.0 64.7
3.75 108.4 60.8

' ASTM E140 — NON-AUSTENITIC STEELS CONVERSION
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Table 5. Vickers Microhardness Readings

Sample 10-D

From surface of the hole, near mid-thickness of plate

Dist. from Hole Bore | Vickers Hardness Rockwell B
Surface (HV) Hardness
[mm] (HRB)
(converted)™
0.16 153.2 81.2
0.31 141.5 77.0
0.46 137.7 75.5
0.61 142.6 77.4
0.76 142.6 77.4
0.91 135.9 74.8
1.06 142.6 77.4
1.21 134.6 74.2
1.36 1323 73.2
1.51 128.1 71.4
1.66 127.2 71.0
1.81 129.6 72.1
1.96 121.7 68.3
2.11 125.8 70.3
2.26 121.3 68.1
2.41 113.8 64.0
2.56 113.8 64.0
2.71 116.6 65.6
2.86 117.4 66.1
3.01 120.0 67.4
3.16 118.3 66.5
3.31 112.6 63.3
346 111.0 62.4
3.61 115.0 64.7
3.76 114.2 64.2

' ASTM E140 - NON-AUSTENITIC STEELS CONVERSION
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Table 6. Vickers Microhardness Readings

Sample 4-P
At hole bore near mid-thickness of plate

Dist. from Hole Bore | Vickers Hardness Rockwell B
Surface (HV) Hardness
[mm)] (HRB)
(converted)m
0.15 156.4 82.2
0.28 156.1 82.1
0.40 158.3 82.8
0.53 153.8 81.4
0.65 146.0 78.7
0.78 152.6 81.0
0.90 151.4 80.5
1.03 149.5 79.9
1.15 1551 81.8
1.28 143.2 77.6
1.40 150.8 80.3
1.53 138.8 759
1.65 143.7 77.8
1.78 132.5 73.4
1.90 138.2 75.7
2.03 129.1 71.8
2.15 137.7 75.5
2.28 129.1 71.8
2.40 125.8 70.3
2.53 125.8 70.3
2.65 128.6 71.6
2.78 121.7 68.3
2.90 121.3 68.1
3.03 126.3 70.5
3.15 125.8 70.3

'ASTM E140— NON-AUSTENITIC STEELS CONVERSION

ESI
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APPENDIX B CALCULATIONS

Appendix B-1 Nadai’s Closed-From Solution for Stress Around A Cold-Expanded Hole
Appendix B-2 Ball’s Closed-From Solution for Stress Around A Cold-Expanded Hole
Appendix B-3 Modified Ramberg-Osgood Equations for Different n Values

Appendix B-4 Ball’s Closed-From Solution for n = 40

Appendix B-5 Ball’s Closed-From Solution for n = 10
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Appendix B-1 Nadai’s Closed-From Solution for Stress Around A Cold-Expanded Hole

B-1. Investigation of the Technique and Formulae Presented in Nadai A.,
Theory of the Expanding of Boiler and Condenser Tube Joints Through
Rolling, (1943), Americsan Society of Mechanical Engineers - Transactions
vol 65 issue 8, p 865-880.

A. Assumptions:

1. Plane stress. The principle stresses are in the tangential and radial directions around the
hole and perpendicular to the surface of the plate. The stress perpendicular to the plate is zero,
leaving the material in a biaxial state of stress with only Sy, tangential stress and Sy, radial

stress.
2. The steel has an elastic-perfectly plastic stress strain curve.
3. Von Mises ellipse controls yielding.
4. No Bauschinger effect upon unloading after cold expansion.
5. No friction between the surface of the hole and the tool used to impose the cold expansion.
6. After yielding, constant volume maintained. Results in Poisson's ratio p = 0.5 after
yielding.
B Calculations for stresses due to cold expansion

1. Check / determine max radius of plastic zone.
Let r{ be the initial radius of the hole and c¢ be the radius of the elastic-plastic interface.

Nadai's Equation 10 provides the relationship between c¢/r as function of parameterization
variable ® 2. As @ 2 varies from -90 deg to 0 deg, the ratio of ¢/r can be determine and

reaches a maximum. Let C2 =cZ/ r12, C2 can be determined by Nadai's Equation 10 and let

C then is square root of

C2 and = c/r. ¢/r then:
Nadai Equation10

i=1,2.1%
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Convert @ 2 from degrees

to radians

1
1 -1.5708
2 -1.4835
3 -1.3963
d -1.309
5 -1.2217
6 -1.1345
7 -1.0472
8 -0.9599
9 -0.8727
10 -0.7854
11 -0.6981
12 -0.6109
13 -0.5236
14 -0.4363
15 -0.3491
16 -0.2618
17 -0.1745
18 -0.0873
19 0

02 :=| =45 |- deg

- rad

maxC) = 1.75124

©® 27 corresponds
to the max value
of c/rat Cy

(H127=—l.047
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(€2), =

(e* \f'_srmi)m(@zl) (€2,

5= ¢
1

1| 3.05-10-8

2 1.067

3 1.396

4 1.581

5 1.685

6 1.736

7 1.751

8 1.739

c |9 1.707
' |10 1.66
11 1.602
12 1.536
13 1.465
14 1.389
15 1.312
16 1.233
17 1.154
18 1.076
19 1

1.138

1.95

2.498

2.838

3.015

3.067

@ Ny b W=

3.025

(s}

2.914

[
o

2.756

=
[y

2.567

=
138}

2.36

[
w

2.145

=
B

1.93

[
w

1.72

=
(=)}

1.52

[
~J

1.332

=
(=]

1.159

=
o




2
L8 P e O e o
. T ——
1.4 // i \_“
-
5 L/ I Max e =17512 "~
o . 1
5 /4 :
s :
E 0.8 / O2-(atMaxclr)=
0.6 1-047rador SOr B
l : — ratio of ¢/r
9_4/ T <.+ Max c/r Il
0. - Theta2 at Max c/r [
. I I
0
~1.571 —1374 -1.178 -—098 -0.785 —058 —0.393 —0.196 0

Fig. 1 Plstic zone radius as function of initial radius

For 1/8-in dia hole, the max radius of the elastic-plastic zone (ch) is Max (c¢/r) x (radius)

125
Rep = 1.7512: n

Rep = 0.109- in Dep =2 - Rep Dep = 0.219- in

0.219-in approximately equals 7/37 -in << 3/g -in = 0.375 in which
was measured after cold expansion by the PICK tool.

2. Determine the max ratio St of the tangential stress to yield stress and the max ratio Sr of radial
stress to the yield stress at the end of cold expansion before the plug is removed.

To get max Stp and max Srp in the plastic zone from cold-expansion,

A. Use © 7 which provide the largest ¢/rq ratio from Equation 10 above. This occurs at © 2 =

-609 or -1.0472 rad. See Fig 1. This also provides the pressure that produces the highest
stresses, Equation 11. Because of the assumption of elastic-perfectly, plastic material
properties in the steel, pressure above this will cause additional deformation but will not
increase either tangential or radial stresses.

B. Let r = the radius of interest at which the stress is desired and r] = the original radius of the
hole, then R =r/r| and R varies from 1, which is at the edge of the hole, to R = 1.7512 the
location of the elastic-plastic interface, to 1,7512 into the elastic zone. Solve for R as function
of ® ,using Equation 12 with the value of @ 7 that provides for the highest stress ® 2 = -600.

263



C. Calculate the value of the stress ratios Stps plastic tangential stress, and Stp: plastic radial

stress, in the plastic range as functions of ® using equations 9.

D. Plot St and Srp as functions of R using the corresponding values of ® to link Sip and Stp to
R. SeeFig2.

0 1
=1,2.
» i=1,2.1¢ 1| 1.751
» 2| 1.651
-12 92;=-60- deg 3] 1599
e 4 | 1.477
0 Equation 12 5| 1.402
o 6 | 1.335
s " e . 0 7| 1.275
o= |de g (e\j_—cm()) R =g 1.221
2 - 30,
-36 ¢ eos(0)) > L7
o LT
-44 | Equations 9 2 . T I
= sin[ @, - 12| 1.062
48 V3 ) 13] 1.036
-5 2 1 T l
52 Stpi = sm(@i + E] 14| 1.017
56 € 15| 1.005
) 1
60 0.577 16 ! 1] 0577
0.506 .
2 | -0.646
0.433 m:=-2,-1.2
3 -0.711
0.357
4| -0.773
0.279
5 -0.831
0.201
6 | -0.885
0.121 max C) = 1.751
= 7 | -0.934
Stp, = . Sip,=|8 | -0.979
-0.04 9 1.02
-0.121 ’
10| -1.055
-0.201
11| -1.085
-0.279
12 -1.11
-0.357
13| -1.129
-0.433
14| -1.143
-0.506
15| -1.152
-0.577
| 0.577] 16| -1.155
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E. Pick radii for calculating elastic stress ratios Sie, elastic tangential stress, and Sy, elastic

radial stress,

Pick Rg]astic values above the radius of the elastic-plastic interface.

F. Calculate the ratio of ¢ / Rg]astic and use this ratio in Equation 17 to calculate S¢e. Since

the

material is elastic, Sy = -Se. Plot these as a function of Rg|agtic in Fig 2.

1.751
2.0

[35)

2

]
W

5
7

(3]

(=]

Relastic =

e
o W

L
[=TV,]

Lh

RCelastic =

RCelastic =

Equation 17 for the elastic region r>c

max(C)
Relastic

1
1 1
2 | 0.876
3| 0778
4 0.7
5| 0.637
6 | 0.584
7 0.5
8 | 0.438
9| 0.389
10| 0.35
11 0.318
12| 0.292
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Ste =

2
- RCelastic

0.578

0.443

0.35

0.283

0.234

0.197

0.145

0.111

Ol on|bslw|N| =

0.087

[y
o

0.071

[y
[y

0.059

—
[

0.049

Sre =

Sre = —Ste

-0.578

-0.443

-0.35

-0.283

-0.234

-0.197

-0.145

-0.111

-0.087

-0.071

==
clole|elvojulafwln-

-0.059

[
[p¥]

-0.049




0.75 r
/—b 1751
0.5 / ] ]
= 025 /
@ / : e
3 : N
= qs 1/ 15 1 P 25 3 s N ds. g
z I B FRES
w .
2 -023 .
©n .
3
% —-0.5
2 o7 : —— Plastic Tangential Stress|-
© Elastic Tangential Stress
: - Elastic-Plastic Boundary
- / —— Plastic Radial Stress i
: - FElastic Radial Stress
I I I T
-12

Normalized Distance from Hole (r/orginal r)
Fig 2 Stress from Cold Expansion before Plug Removed

3. Determine elastic stress which will be recovered with removal of work hardening process

A. At first yield, pressure =0.577c yje]d and Stu (the ratio of recovered elastic tangential stress /
S yield ) = 0.577 and Sru (the ratio of the recovered elastic radial stess / ¢ yje]q) = -0.577,

As function of distance:

1:=1.16 b= 17.28
Ru, := Relastic
Ru:=R _, Y h-1¢
1) Sru=-| : 1.15
Stu=| — | 57 = gy Y
Ru
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Stu =

0.577

0.572

0.558

0.537

0.512

0.483

0.452

0.42

Wl N || s|W| N

0.387

=
(=]

0.355

=
=

0.324

=
]

0.293

=
w

0.265

=
S

0.237

=
wu

0.212

=
[=2]

0.188

=
~J

0.188

=
o0

0.144

=
(=]

0.114

T~
o

0.092

~
[

0.076

Id
N

0.064

4
w

0.047

N
5

0.036

N
[,

0.028

T~
(=)}

0.023

N
~

0.019

d
co

0.016

1 1
1 1 1 1 1
2| 1.005 1| -1.155 2| 1.005
3| 1.017 2| -1.145 3| 1.017
4| 1.036 3( -1.117 4| 1.036
5| 1.062 4| -1.075 5| 1.062
6 | 1.093 5( -1.024 6| 1.093
7| 1.13 6| -0.967 7| 113
8| 1.172 7 [ -0.905 8| 1.172
9| 1.221 8| -0.84 9| 1.221
10| 1.275 9| -0.775 10| 1.275
11| 1.335 10| -0.711 11| 1.335
12| 1.402 11| 0.648 12| 1.402
13| 1.477 12| -0.587 13| 1.477
14| 1.559 13| 0.529 Ru=|141 1,559
15| 1.651 Su=[(14] -0.475 15| 1.651
16 15| 0.424 16| 1.751
16| 0.377 17| 1.751
17| 0.377 18 2
18| -0.289 19| 2.25
19| 0.228 20 2.5
20| -0.185 21| 275
21| -0.153 22 3
22| 0.128 23 3.5
23| -0.094 24 4
24| -0.072 25 45
25| -0.057 26 5
26| -0.046 27 5.5
27| -0.038 28 6

28| -0.032

Note: The recoverable elastic stress for the tangential direction is 0.577 which
is the limit of the tangential stress in tension. But the recoverable elastic
stress for the radial stress is 1.155 which is the maximum radial stress in
compression. See correspoonding points on the von Mises failure ellipse.
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0.75
1.75

0.5 Y /: =

z
@
=
3 ds 1/ 150 2 25 3 3S5...de.eckSmrmsimEROT
@ : =" N
g —0.25 :.‘.“._.
= R '
% 0.5 ; Plastic Tangential Stress from Loading
g . g + Elastic Tangential Stress from Loading
2z 0.75 ., : - - - Elastic-Plastic Interface
. . — Plastic Radial Stress from Loading
. - Elastic Radial Stress from Loading
- / . - - = Recoverable Elastic Tangential Stress | |
= - = Recoverable Elastic Radial Stress
o9 : I I I I ] T

Normalized Distance from Hole (r/orginal r)

Fig 3 Stress Under Pressure and Pressure Removed

4. Determine Residual Stress

Sty =Spy 44
StL«n = Steh—lf
Sty =Sm, 4
Sth = Smhflf
StR = StL - Stu
SrR = SrL. — Sru
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1
1 1
2| 1.005
3| 1.017
4| 1.036
5| 1.062
6 | 1.093
7 1.13
8| 1.172
9| 1.221
10| 1.275
11| 1.335
12| 1.402
13| 1.477
14| 1.559
15| 1.651
16| 1.751
17| 1.751
18 2
19 2.25
20 2.5
21 2.75
22 3
23 3.5
24 4
25 4.5
26 5
27 5.5
28 6
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StL =

1| 0.577
2| 0.506
3| 0.433
4 [ 0.357
5| 0.279
6| 0.201
7| 0.121
8 -0.04
9 0.04
10| 0.121
11| 0.201
12| 0.279
13| 0.357
14| 0.433
15| 0.506
16| 0.577
17| 0.578
18| 0.443
19 0.35
20( 0.283
21| 0.234
22| 0.197
23| 0.145
24| 0.111
25( 0.087
26| 0.071
27| 0.059
28| 0.049

StL =

1] -1.155
2| -1.152
3| -1.143
4] -1.129
5 -1.11
6| -1.085
7| -1.055
8 -1.02
9] -0.979
10| -0.934
11| -0.885
12| -0.831
13| -0.773
14| -0.711
15| -0.646
16| -0.577
17] -0.578
18| -0.443
19] -0.35
20| -0.283
21| -0.234
22| -0.197
23| -0.145
24| -0.111
25| -0.087
26| -0.071
27| -0.059
28| -0.049




StR =

1 -1.154
2| -1.078
3 -0.99
4| -0.894
s | -0.791
6| -0.683
7| 0.573
3 -0.46
9 | -0.347
10| -0.234
11| -0.123
12| 0.014
13| 0.092
14| 0.195
15| 0.294
16| 0.389
17| 0.389
18 0.298
19 0.236
20| o0.191
21 0.158
22|  0.133
23| 0.097
24| 0.075
25| 0.059
26| 0.048
27| 0.039
28| 0.033

SR =

1

1 2.995-10-4
2| -7.275°103
3 -0.027
& -0.054
5 -0.086
6 -0.118
7 -0.15
8 -0.179
9 -0.204
10 -0.223
11 -0.237
12 -0.243
13 -0.243
14 -0.236
15 -0.222
16 -0.201
17 -0.201
18 -0.154
19 -0.122
20 -0.099
21 -0.081
22 -0.068
23 -0.05
24 -0.038
25 -0.03
26 -0.025
27 -0.02
28 -0.017
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Normalized Stress (st/sy, st/sy)

0.7 ;
0.5 E
0.2 K . ~— EP
S st S~
: --"-'--—.__ ------
05 st b 25 b T . 33.- 5 %5 "
\ L AP ol
~02 / : -
-0.5 , v -+ Tangential Stress from Loading |
l . -+ Tangential Stress from Loading
073 ’ - - - Elastic-Plastic Interface |
U - - - Radial Stress from Loading
L - - Radial Stress from Loading
- 3 : —— Residual Tangential Stress
’ . — Residual Radial Stress
12 . T I T T I

Normalized Distance from Hole (r/orginalr)
Fig 4 Residual Stress from Cold Expansion
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Normalized Stress (st/sy, st/sy)
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=+ Tangential Strain from Loading] |

Elastic-Plastic Interface

Ridal Strain from Loading

Normalized Distance from Hole (r/orginal r)
Fig 5 Residual Stress from Cold Expansion
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Nommalized Stress (st/sy, s1/sy)

0.75 B
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—-1.25

Normalized Distance from Hole (r/orginal r)
Fig 6 Residual Stress from Cold Expansion
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C. Calculation of Strains

1. Calculation of strains at the end of loading E:=30000-ksi  oyield = 46.3- ksi w=03
1 1.1751 . - =116
1| 0577 1| -0.577
2| 1.651 2| 0.506 2 | -0.646
3] 1559 3| 0433 3| 0.711 Rl=Ryq
4] 1477 4| 0.357 4| 0.773
> | 1402 5| 0.279 5| 0.831 Stpl. = Stp. _ .
g 1335 6| 0.201 6| -0.885 oA
. ; SZT 7 | 0.121 7 | -0.934
Stp=|8 0.04 Sp=(g8 | -0.979 Spl =S, _ |
gl 1172 9| -0.04 9| -1.02 i 17
10] 113 10| -0.121 10| -1.055
g 1093 11| -0.201 11| -1.085
12 1.062 12| 0.279 12| -1.11
g 1036 13| -0.357 13| -1.129
14| 1.017 14| -0.433 14| -1.143
S 1005 15| -0.506 15| -1.152
i ! 16| -0.577 16| -1.155
1 L 1
1 1 1] 0.577 1| -1.155
2| 1.005 2| 0.506 2| -1.152
3| 1.017 3| 0.433 3| -1.143
4| 1.036 4] 0357 4| -1.129
5| 1.062 5| 0.273 5 -1.11
6| 1.093 gl 0201 6 | -1.085
7| 113 Sipi— ; -0-612 7 | -1.055
Ri=1g | 1.172 : Sipl=|g -1.02
9| 1.221 g 0.04 9| -0.979
10| 1.275 10| 0.121 10| -0.934
11| 1.335 11 0.201 11| -0.885
12| 1.402 12| 0.279 12| -0.831
13| 1.477 | 0.357 13| -0.773
14| 1.559 14] 0433 14| -0.711
15| 1.651 gl 0506 15| -0.646
16| 1.751 16| 0.577 16| -0.577 j=1.12
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1
1| 1.751
2 2
3| 225
4 2.5
5| 275
Relastic=| g 3
7 3.5
8 4
9 45
10 5
11 5.5
12 6
1
1 1
2 1.005
3 1.017
4 1.036
5 1.062
6 1.093
7 1.13
8 1.172
9 1.221
10 1.275
RAL=111 1.335
12 1.402
13 1.477
14 1.559
15 1.651
16 1.751
17 1.751
18 2
19 2.25
20 2.5
21 2.75
22

1
1| 0578
2 | 0.443
3| 0.35
4| 0.283
5| 0.234

Ste=1g | 0.197
7 | 0.145
8 | 0.111
9| 0.087
10| 0.071
11| 0.059
12| 0.049

1
1| 0.577
2| 0.506
3| -0.433
4| 0.357
5[ 0.279
6| -0.201
7 | -0.121
8| -0.04
9 0.04
10| o0.121
STL=111| o0.201
12| 0.279
13| 0.357
14| 0.433
15| 0.506
16| 0.577
17| 0.578
18| 0.443
19| 0.35
20| 0.283
21| 0.234
22
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1| -0.578
2| -0.443
3| 0.3
4| -0.283
5| 0.234
Sre=(g | 0,197
7| -0.145
8| -0.111
9| -0.087
10 -0.071
11| -0.059
12| -0.049
1
1| -1.155
2 | -1.152
3| -1.143
4| -1.129
5[ -1.11
6 | -1.085
7 | -1.055
8| -1.02
9| -0.979
10| 0.934
SRL=]11| -0.885
12| -0.831
13| -0.773
14| -0.711
15| -0.646
16| -0.577
17| 0.578
18| -0.443
19| -0.35
20| -0.283
21| -0.234
22

RAI_i = Rli
RAL, ., . = Relastic.
16+ 1]

STI_i = Stp li

STL Ste

16+ = =
SRJ_i = Smp li

SRLl 6+ = SIEJ.

STU = Stu
RAU = Ru

SRU := Sru



1
eTL = —-
E

eTL =

(STL- ayield = pn- SRL- oyield)

1
1| -3.564-104
2| -2.479-104
3| -1.382°104
4| -2.775:10°5
) 8.279°105
6 1.929-104
7 3.021-104
8 4.099-10
9 5.156-104
10| 6.188'104
11 7.19-104
12| 8.157°104
13| 9.084'104
14| 9.967-104
15 1.08:1073
16 1.158103
17| 1.159-103
18| 8.881-104
19| 7.017-104
20| 5.684°104
21| 4.69810%
22| 3.947-10%
23 29104
24 2.22:104
25| 1.754-10%
26| 1.421-104
27| 1.174104
28| 9.868'10°5

1
eRL = E - (SRL- oyield = pn - STL: oyield)

- SRL- oyield = p - STL- ayield)

eNL =

eNL = E s (=
1

1| -1.515-10-3
2 | -1.543-10-3
3| -1.564°10-3
4| -1.578-1073
5| -1.584°10°3
6 | -1.582-10-3
7 | -1.572-10-3
8 | -1.555-10-3
9| -1.53-10-3
10| -1.498°10-3
11| -1.458°103
12| -1.411-103
13| -1.358:10-3
eRL =114 -1,29710-3
15| -1.231-10-3
16| -1.158°10-3
17| -1.159:10-3
18| -8.881'10
19| -7.017-104
20| -5.684-10-4
21| 4.698-10-4
22| -3.947-10%
23 2,910
24| 2.22-104
25| -1.754°104
26| -1.421-10-4
27| -1.174-10-4
28| -9.868:10-5
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2. Calculation of strains at the end of unloading

- 1 1 1

! ! 1 1 1| 0577 1| -1.155
2] 1005 2| 1.005 2| 0572 2| -1.145
3] 1017 3| 1.017 3| 0.558 3| -1.117
1036 2] 1.036 2| 0537 2| -1.075
1062 5| 1.062 5| 0.512 5| -1.024
gl 1093 6| 1.093 6 | 0.483 6| -0.967
7] 113 7 1.13 7 | 0.452 7 | -0.905
8[ 1172 8| 1.172 8| 042 8| -0.84
o 1221 9| 1.221 9| 0.387 9| -0.775
| 1275 10| 1.275 10| 0.355 10| -0.711
11] 1.335 11| 1.335 11| 0.324 11| -0.648
| 1402 12| 1.402 12| 0.293 12| -0.587
RAL- 12 i:;; v 13| 1.477 ) 13| 0.265 ) 13| -0.529
=114| 1.559 STU=l14| 0.237 SRU=114] -0.475

15] 1.651 15| 1.651 15| 0.212 15| -0.424
16] L1751 16| 1.751 16| 0.188 16| -0.377
Rl 1751 17| 1.751 17| 0.188 17| -0.377
18 2 18 2 18| 0.144 18| -0.289
. 225 19| 2.25 19| 0.114 19| -0.228
CY 25 20 2.5 20| 0.092 20 -0.185
21) 275 21| 2.75 21| 0.076 21| -0.153
22 3] 7 3 22| 0.064 22| 0.128
23 3.5 23 3.5 23| 0.047 23 -0.094
ol 4 24 4 24| 0.036 24 -0.072
= 45 25 45 25| 0.028 25( -0.057
e > 26 5 26| 0.023 26 -0.046
27 35 27 5.5 27| 0.019 27 -0.038
= 6 28 6 28| 0.016 28| -0.032

eTU = l]_E - (STU - gyield = p - SRU - oyicld) eRU = IE - (SRU- oyield — p - STU - oyield)

eNU = ]]_E - (=pn- SRU- oyield — pu - STU- oyield)
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eTU =

1

1.425:10-3

1.412:10-3

1.37810-3

1.327:1073

1.26410-3

1.193:10-3

1.116°103

1.037-103

9.566°104

8.77-104

==
HO&DW\IG\WAWNH

7.994:104

=y
N

7.246°104

=
w

6.534104

[y
-y

5.861-104

—
wu

5.232°104

=
[=)]

4.647:104

=
~J

4.649-104

[
(e

3.563:104

—
e}

2.815104

[ ]
[=]

2.28-104

[p]
[

1.88510

N
N

1.584:104

(2]
w

1.163-104

(=]
B

8.908'10°5

3]
(%]

7.038:10°5

[
(=)}

5.701°10-5

(=]
~J

4.712:10-5

[
co

3.959:10%5

eRU =

1
1 -2.05°10°3
2| -2.031-10°3
3| -1.982-10°3
4| -1.908°10-3
5| -1.818-10-3
6| -1.716°1073
7 | -1.605-10-3
8 | -1.491-10-3
9 | -1.376°103
10| -1.261-10°3
11 -1.15-10-3
12| -1.042-10-3
13| 9.396°104
14| -8.429-10-4
15| -7.524:10-4
16| -6.683-10%
17| -6.685°10"%
18| -5.124-10-4
19| -4.049-10"%
20 3.28:104
21 -2.71-104
22| -2.277°104
23| -1.673-104
24| -1.281-10+4
25| -1.012-10+4
26| -8.199-10-5
27| 6.776°10°5
28| -5.694-10-5
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eNU =

1

2.676°104

2.652:104

2.587-104

2.492:104

2.374°104

2.24:104

2.096-104

1.947-10%

W 0| N h]|WIN| =

1.796°104

[ury
(=]

1.647-104

[y
=

1.501-10

[ury
8]

1.361-104

[y
w

1.227:104

—
-

1.101-10%

[y
(8]

9.824°10°5

[y
[=)]

8.726°10-5

=
~

8.728:10°5

[ury
co

6.69°10°3

—
(s}

5.286°10-3

[
o

4.282°105

N
[

3.539:10°5

N
[

2.973:10°5

e
w

2.185°105

N
)

1.673103

[
(03]

1.322-105

[
(=)}

1.07°10-5

N
~l

8.847-106

[l
(o]

7.434°106




3. Calculation of residual strains

eTR =

1
1| -1.782:1073
2 -1.66°10-3
3| -1.516°1073
4| -1.355'10-3
5| -1.181-10-3
6 -10°104
7 | -8.142°104
8 | 6.271°10+4
9 4.41:10
10| -2.582-10-4
11 -8.04°10-5
12| 9.109-105
13| 2.551-10%
14| 4.106°104
15 5.57-104
16| 6.936'10¢
17| 6.938'104
18| 5.318:104
19| 4.202-10%
20| 3.404'10
21| 2.813-104
22| 236410
23| 1.737:10%
24 1.33:104
25 1.05-104
26| 8.509°105
27| 7.032°10-5
28| 5.909-10-5

eRR =

eTR =¢eTL - €TU

1
1 5.349:104
2 4.879:104
3 4.172-10%
d 3.305'104
5 2.343:104
6 1.338-10%
7 3.329:10°5
8| -6.363:10°5
9 | -1.542:10%
10| -2.363'104
11| -3.084'10+4
12| -3.692:104
13( 4.18110%
14| -4.545-10-4
15| -4.785'10-4
16 4.9:104
17| -4.902'104
18| -3.757'10+4
19 -2.969-10-4
20| -2.404'104
21| -1.987'104
22 -1.67°10-4
23| -1.227-10%
24| -9.393:10°5
25( -7.421-10-5
26| -6.011-10°5
27| -4.968:10°5
28| 4.174'10-5
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eRR :=eRL - eRU

1

1| 5.343-104
2| 5.02510-¢
3 4.71-104
4 4.39-104
5 4.059-10-4
6| 3.712:104
7 | 3.347:104
8 2.96°104
9| 2.551'104
10| 2.12-10%
11| 1.666°104
12| 1.192°104
13| 6.985'105
eNR ={14] 1.882-10-5
15| -3.364°10-5
16| -8.726°10-5
17| -8.728:10°5
18| 6.69°10-5
19| -5.286°10-5
20 4.282:10°5
21| -3.539:10°5
22| -2.973:10°5
23| -2.185-10-5
24| -1.673:10°5
25( -1.322:10-5
26 -1.07:10-5
27| 8.847:106
28| -7.434'106

eNR := eNL = eNU




StR =

Strain

6

1
1] -1.154 1
2 | -1.078 1 2.995:10
3 -0.99 2| -7.275-10-3
4 '0.894 3 '0.027
5| -0.791 4 -0.054
6 | -0.683 D) -0.086
71 -0.573 6 -0.118
8 -0.46 7 -0.15
9 -0.347 SIR =g -0.179
10| -0.234 9 0.204
11] -0.123 10 -0.223
12| -0.014 - 0.237
13| 0.092 12 -0.243
14] 0.195 13 -0.243
15| 0.294 14 0.236
16 15 -0.222
16 n :=-.004-0.003.. .00:
0.003
»
0.007
- -+ Tangential Strain from Loading L
. t - - - Radial Strain from Loading
N +++ Normal Strain fromLoading
_ 0008 —— Elastic-Plastic Boundary
= = - Tangential Strain from Unloading
= = - Radial Strain from Unloading
- 0003 I = = - Normal Strain from Unloading
— Residual Tangential Strain
—0.003 — Residual Radial Strain
= Residual Normal Strai
~0.004

Normalized Distance from Hole (r/orginal 1)

Fig 7. Strain ffom Expansion, Unbading, and Residual
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Strain

—0.003

—0.003

—0.004

0.003

0.001

—0.001

Fig 8. Residual Strain from Cold Expansion

Normalized Distance from Hole (r/orginal r)

- -+ Elastic-Plastic Boundary
— Tangential Residual Strain
— Radial Residual Strain
—— Normal Residual Strain

4. Calculate residual strain directly from Residual Stress

1
eTR1 = E - (StR - oyield — p- StR - oyield)

eTR1 =

1

-1.782°10-3

-1.66°10-3

-1.516°10-3

-1.355-10-3

-1.181°10°3

-10-104

-8.142-104

-6.271-10+4

-4.41-10-4

-2.582:104

-8.04-10-5

= =] =
NHGlDOQ‘\IU\M-hWNI—‘

1
eRR1:= E -(SrR - oyield — p- StR - oyield)

1
eNR1:= = (—p - SrR - oyield — p - StR - oyield)

1

5.349-104

4.879-104

4.172:104

3.305°104

2.343-10

eRR1 =

1.338°104

3.329-105

6.363°10-5

-1.542-10"4

2.363-104

= =
clole|evwlajulslw i~

-3.084-10-4

=y
N
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eNR1 =

1

5.343°104

5.025-104

4.71-104

4.39-104

4.059:104

3.712-10%

3.347°104

2.96°10-4

2.551-104

2.12:104

1.666°104

===
NHGlDOQ‘\IU\M-hWNI—‘




Strain

0.003

0.001

—0.00H

- 0.003

—0.003

—0.004

4 4.5 5 5.5

K
-+ - Elastic-Plastic Boundary
- Tangential Residual Strain
= Radial Residual Strain
== Normal Residual Strain
- Tangential Strain from Unloading
- Radial Strain from Unloading

- Normal Strain from Unloading

Normalized Distance from Hole (r/orginal r)

Fig9. Residual Strain from Cold Expansion
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Appendix B-2 Ball’s Closed-From Solution for Stress Around A Cold-Expanded Hole

Appendix B 2. BALL'S CLOSED-FORM SOLUTION TO COLD-EXPANDED
HOLES on Aluminum Plate (Ball Fig 6)

A. Constants Defined
constants chosen to attempt to match Ball's result in Fig 6
yield stress is 414 MPa (60 ksi) E= 69 GPa (10,000 ksi) ksi := 1000- psi

Poisson's rati =
oisson's ratio p n= 33 oyield = 60- ksi

n is strain hardening exponent
Bauschinger parameter [ is a measure of the change yield stress from reverse yielding
B=1 f =1 implies kinetic strain hardening model

R is used to model implicitly the degree of plastic anisotropy and is defined as the ratio of in-plane

n:=1C

transverse plastic strain to through thickness plastic strain
R:=1

Constants used in calculations Constants defined to make equations fit on single page

_n+l1+2-R
M= w=0.126 A=(-1)-/T+2-R A = 15.588
n"+1+2-R
n.(1+R) B=n+1+2-R B=13
=
b =0.194
2i142-R ¥ C=n"+1+2-R C=103
D::(nz—l)-\/l-v-Z-R D= 171473
B. Result at the end of Cold Expansion
Note: L is used to denote the loading phase
1. Determination of o 47 for ¥/ yield
a a is the parameterization variable and can vary between /2 to ¢ max
1+2-R
define a alL amaxL:= atan __nt1+2'R)
(n-1-JT+2-R amaxL= -39.826- deg

oamaxL:= ocmaxL+ 180- deg

has to be in the 2nd quadrant

amaxL= 140.174 deg

283



140

Define o p,f, which ranges T 1
from 90 deg to o ax]. 136 1 2443
133 2| 2374
130 3| 2321
127 4| 2.269
124 5| 2.217
121 6 | 2.164
abL = 118 - deg abL=71 2112 -rad
15 8 | 2.059
9 | 2.007
12 10| 1.955
105 11| 1.902
o114 106 12 1.85
103 13| 1.798
90 14| 1.571

Determine the ratio of the pressure to the effective stress. The effective stress during loading is equal to yield
stress. Try to match the same elastic plastic boundary in Ball's Fig 6 for n=10. Vary R/c yield until radius
of the elastic-plastic boundary ~ 2.2. Then use this value to determine the value of o aL, the value of a at the
edge of the hole during loading.

2 (2 o) s 5

2 1+2-R +B‘cos[abLi)

Solve for @ aL. aaL is the value of « at the edge of the hole while o = 90 deg at the elastic-plastic boundary.
Use the root function from Mathcad to solve the above equation fordifferent values of Po yL until the elastic
plastic boundary =2.2

A
T+ R . L A u [f}[ucbrad—%—rad)
Function(ocL) = LR M -cos(acl) |- | ——— | - ¢ ¢ - - 1.57
2 JI+2-R A -sin(ocL) ...
+ B - cos(ocL)

aal = root( Function (acL),acl, 1.57- rad, 2.4 - rad) aal =2309512 oal = 132.325 deg

2. Calculate the radius of the elastic-plastic interface

Ratio of the radius of the elastic-plastic interface to radius of the hole is bj/a in Ball. Labeled
BIL in the following calculation and is only a function of a 4.

D T
A ¥ E - (xaL—E-rad
BIL= \/sin(otaL) . [ ) e BIL=2.224

A - sin(oal) + B - cos (oal) Use P/ 153
se P/lo y= 1.
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3. Calculate r/a as a function of o as t/2 < a <a 4, r/ain calcs as raL

132.352
2.31 L
130 r/a=1- initial edge of the hole
128 2.269 i=1.22
2.234
126
2.199
124
2.164
122
2.129
pl
120 2.094
18 2.059
116 2.025
114 1.99
112
al = - deg al = 1.955) rad
110 ! 1.92
108 1.885
106 1.85
104 1815 r/a=2.224 - the radius of the elastic-plastic boundary
102 1.78
100 1.745 1
98 1.71 1| 0.999
96 1.676 2| 1.068
94 1.641 3] 1122
02 1.606 4 1.174
90 1.571 5 1.224
6| 1.274
7 | 1.323
. D
eaary [ A sin(ok) + B-cosfor) Y (ﬁ}[(mba]’i] 5 1373
ral. = |— : - cen” 9 | 1.423
! sm[rxL_) A -sin(oal) + B - cos (aal)
1 10| 1.474
ral =
11| 1.526
o =2.309rad (132.325 deg) edge of the hole 12 158
13| 1.635
14| 1.692
15| 1.75
16| 1.811
17| 1.873
18| 1.938
19| 2.006
20| 2.076
21
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a =1.571 rad (90 deg)

elastic-plastic boundary

2.25

'
-1
_—

2.15
2.0

—_
—

—_

I—Under Pressur

1.9

1.85

1.7

1.6

1.5

1.4

1.3

1.2

Radius from the Center of the Hole /Initial Radius

1.0

- (

2.309 rad

132.325 deg), 1)

0.9

2.35 2.25 2

15 205

1.95

Alpha

1.85

Fig.1 Radius from the Center of the Hole Versus Parameterization Angle Alpha

4. Calculate ratio of effective stress / yield stress as a function of a

Ratio of effective stress / yield stress labeled Ro eL in calculations

ot

Roel; ;(A -sinf o i B-cas (aLi))”_ e(

A

C

a =2309rad (132.35 deg), /a=1
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1.391
1.338
1.301
1.27
1.243
1.219 1.5
1.198
1.178
1.16
1.143
1.127 :
1.112 al

1.098 :

1.085 : 1 — U:::Tr—llr»essu.
1.073 09

1.061 15 16 1.7 18 19 2 21 22 23 24

1.05 Alpha
1.039 Fig 2. Normalized Effective Stress vs Alpha
1.029
1.019
1.009

T T T T T T
—— Effective / Yield Stress w/alpha
1.4 - Elastic - Plastic Boundary

- = - Edge of Hole /

;\DOJ\IO\U'I-ADJI\.IH‘

Rﬂ'eLi =

[=ry
[y

(=
[

=
w

—
B

Effective Stress / Yield Stress

(=
w

=
(=2

(=
~l

=
2]

—
)

N
o

(3]
=

a =1.571 (90 deg),
r/a=2.135

2]
el
[y

I S

134 \ —— Stress vs Radius
) \\ -+« Elastic-Plastic Boundary ||
13 AN - - - Edge of Hole

1.1§ ~
\\

Under Pressure I

1
[ [ |

09 1 111213141516 1.7 1819 2 2122 23

Effective Stress / Yield Stress

Radius /Initial hole Radius

Fig 3. Normalized Effective Stress vs Normalized Radius
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5. Calculate ratio of tangential and radial plastic stress in the plastic region between the edge of the
hole and the elastic-plastic boundary

Let ratio for tangential plastic stress to yield stress be SptL and and ratio for plastic radial stress to
yield stress be SprL and both are functions of ratio of effective stress to yield stress (Ro e) and o

ROELi

Sptly = ——- J2+2-R- [cos(ch.) ! in(chi)) q=-2...1¢

+ — -5
v T+2-R

SprL, = ? J2+2-R- (cos (aL].) S sin(od_i))
l+2-R

1 1
1| -0.344 1| -1.531
2| -0.268 2| -1.452
3| -0.209 3| -1.393
4| -0.153 4| -1.34
5 0.1 5| -1.29
6| -0.049 6| -1.243
7 0 7| -1.198
8| 0.047 8 | -1.153
9| 0.093 9| -1.11
10 0.138 10| -1.067

SptL=111]| 0.181 Sprl=111] -1.025
12| 0.223 12| -0.984
13| 0.264 13| -0.942
14| 0.303 14| -0.901
15| 0.341 15| -0.86
16/ 0.379 16| -0.82
17| 0.415 17| -0.779
18| 0.449 18| -0.739
19| 0.483 19| -0.698
20[ 0.516 20| -0.658
21| 0.547 21| -0.617
22| 0577 22| -0.577

6. Calculate ratio of elastic tangential to yield stress and ratio of elastic radial stresses to yield stress

Use SetL for the ratio of elastic tangential to yield stress and SerL for the ratio of elastic radial stress to yield
stress

BIL =2.224 a:=2.224,2.474.6.474 j=1.17
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etl. =
]

Normalized Stress - Calculated Stress / Yield Stress

rLl =22%

. =1L
1+ 1

j=1.18

I1+R

BILY’
2A1+2-R) | 1

|

SerL = —SetL

2.224
2.474
2.724
2.974
3.224
3.474
3.724
3.974
4.224
4.474
4.724
4.974
5.224
5.474
5.724
5.974
6.224
6.474

+0.2¢

L=

(==
2ele|e|vo|un]s|w n|~

=
(3]

[
w

=
=

[
w

—
f=)]

=y
~J

—
(=]

2224

N

<=

-0

—— Tangential Plastic Stress

Vit

== Tangential Elastic Stress
—— Radial Plastic Stress

Under

/

Pressure

- - = Radial Elastic Stress

Vv

—— Elastic-Plastic Boundary | |
I

-1.531

Normalized Distance from the Center of the Hole - Radius / Init ial Radius

Fig 4. Radial and Tangential Stresses Adjacent to Expanded Hole Under Pressure
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C. Results after removal of expansion

1. Constants defined
B is Bauschinger's parameter and is a measure of the reduction in yield stress in compression due to
strain be yield strain in tension. B =0 is for isotropic behavior while B = I implies kinematic hardening

Note: U is used to denote the unloading phase
from expansion calculation, use ¢ yield = 60 ksigng Plg yield = 1.53

= 1.53- oyield P =91.8- ksi

2. Determination of new o 4 (¢ 417
. o7 is the parameterization variable and can vary between n/2 to o max. w 417 is for the region in the

plastic
annulus in which the unloading causes reverse yielding. o 41 is new value at the edge of the hole

while

we Gdelyliskhesvalpe at the new elastic-plastic boundary. o max as determine above.
Po yL is ratio of the pressure/new yield stress and varies with o |, where a p is « bL from the original calculation

for the plastic region in 1 above

Using p =0 602 = (1 + P) - oyield + (1 - P) - oyield 602 = 120- ks

i= P
i=1.14 L o7es
02

Poy Ui = z

B [ sin{abL.) N T e(%)(bL—_dj

T+ 2. R - eos (abLl)]‘ [AA sin(abLi) +B- cos(abL].)

Solve for a bU. a aU is the value of o at the edge of the hole while o =90 deg at the elastic-plastic boundary. Use the
root function from Mathcad to solve the above equation for Po yL = 1.5.
A n
_}[ﬂbL_T ra d}
¢ - - 0.768

_ [+ R ( sin(abl) A ) [
F bL) = .| =———=— =cos(obL) |- ’
unction(abL) 3 ( TR cos (ol )} A - sin(abl) ... ©
+B- cos (abL)

oall := root( Function (obL),abL, 1.57- rad, 2.5 rad) cal = 173324 cal = 99.307- deg

3. Calculate the radius of the region experiencing reverse yielding after unloading

Ratio of the radius of material experiencing reverse yielding to hole radius is by/a. Labeled B2U in the

following calculation and is only a function of new o 41j. v from I above.
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D T
A b [Ej{uaU—;lrad]
B2U:= sin(cal) - ( ) e

A - sin(oal) + B cos(oall)

B2U = 1.17316 Looks approximately correct from Fig 6a
4. Calculate r/a as a function of newa asnw/2<a <aall k:=1.9
99.307 Ea—
97.2791 1.733 edge of the hole
’ 1.698
96.2393 1.68
95.1994 1.662
al =] 94.1595| - deg uUk =| 1.643| -rad
93.1196 1.625
92.0798 1.607
91.039 1.589
90 1.571

elastic-plastic boundary on unloading

r/a for unloading as in calcs as labeled - rb
1.0000058

1.0351579
D

. si . i — [aal-al 1.0537018

o sin(oal) A sm(aUk) + B cos (U.Uk) [Z-C]( k]
T - - -e 1.0726159

sm(uUk) A - sin(oall) + B- cos (oall)

tb=| 1.091911
1.1115999
1.1316938
1.1522277
1.57 (90 deg),1.173 1.1731597

Pressure Removed

A

106 rbl)=lAl?31597

/

~ 1.733(99.307 deg),1

Radius / Initial Radius

1.74  1.72 1.7 1.68 1.66 1.64 1.62 1.6 1.58 1.56

New Parameterization Angle A

Fig 5. Radius versus Alpha for Unloading
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5. Calculate ratio of effective stress / new yield stress as a function of a

Ratio of effective stress / yield stress. Ratio labeled Ro eU in calculations

()t

A B
Rcre:Uk = - -e
A sm(aUk) +B- cos(o.Uk)
a =1.716 (98.319 deg),
edge of hole ro=1
-1.046
" -I—=g T T I I I I T
—1.035 g : T\— Effective / Yield Siress w/ Alpha
-1.03 A 1 00 o ||~ - Edgeof Hole il
1025 % T + Elastic-Plastic Boundary ou Unloading
-] - T~ L]
B - : NG .
ReeU =| —-1.019 g —101g N :
-1014 z : :
101 g -10 :
~1.005 ° N '
2 -1.03 :
-1 E \ '
E Pressure Removed \ :
a = 1.571 (90 deg), z L0 N
rb=1.1581 z \
—1.04
elastic-plastic 156 1.58 1.6 1.62 1.64 1.66 168 1.7 1.72 1.74
boundary on Alpha
unloading

Fig 6. Normalized Effective Stress vs Alpha
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New Effective Stress / New Yield Stress

—0.99%

I I
—— Effective Stress Ratio
+ Unloading Elastic -plastic Boundary

- 1.008

//

- 1.018

—1.028

P

d

Pressure

Removed

- 1.038

//

—1.04%

099 1.011 1.032

1.053

1.074

1.096 1.117 1.138 1.159 1.18

Normalized Radius
Fig 7. Normalized Effective Stress vs Normalized Radius

6. Calculate ratio of tangential and radial plastic stress

Let ratio for tangential plastic stress to yield stress be SptU and and ratio for plastic radial stress to
yield stress be SprU and both are functions of ratio of new effective stress to new yield stress (Ro
elU) and a U

Spt Uk =

k

SptU=

RD'EUk
2

RUE:Uk
SprU, =2
P 2

-0.853
-0.923
-0.958
-0.992
-1.026
-1.059
-1.092
-1.124
-1.155

SprU=

JTE. [cm(aUk) N

153
1.448
1.406
1.364
1.322

128
1.238
1.196
1.155
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L. sin(chk)):|

JI+2-R

TR [cm(auk) - ﬁ . sin(auk)ﬂ

q is to plot elastic-plastic boundary

q==2.2



7. Calculate ratio of the change in elastic tangential to yield stress due to unloading and the ratio of
the change in elastic radial stresses to yield stress from unloading

Use 'Setu’ for the ratio of the change in elastic tangential to yield stress and 'Seru’ for the ratio of elastic
radial stress to yield stress

B2U = 1.173 a=1.1731423.6.172 j=1.21 L=j  m=B2U+025 1 -0
1 1 T 1
T 1| 1 T 1173 1] 1173
2| 2 2| 2 — EEWTE 2| 1.423
3| 3 3| 3 3T 1673 3| 1.673
4] 4 4 4 . EEYSE 4] 1.923
E SE  EEEXSE 5| 2.173
6| 6 6| s 6 | 2423 6| 2.423
7| 7 7| 7 - EEYGE 7| 2673
8| s s s s T 2923 8| 2.923
9| o9 9 o s T 3173 9| 3.173

i-[10] 10 ;- (10 10 [0 3423 W |10 3.423
11| 11 1| 11 T 33 b 1] 3.673
12| 12 12| 12 — YT 12| 3.923
13| 13 13 13 — EPREE 13| 4.173
14| 14 14| 14 . BT 14| 4.423
15[ 15 15[ 15 5 4673 15 4.673
16| 16 16 16 — WY 16| 4.923
17| 17 17| 17 — WCREE 17| 5.173
18| 18 18| 18 — WVE 18| 5.423
19 19 19 19 ~ ECIGE 19| 5.673
20| 20 20| 20 BT 20| 5.923
21 21 21| 21 P ¢ 173 21| 6.173

2
I1+R B2UY
SerU. =2+ [——-
] 2(1+2-R) ru.

SetU. = —SerU.
J J
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Plot A stress from unloading

295

SerU =

1.155

0.785

0.568

0.43

0.337

0.271

0.222

oo Nl bs|lwWN| =

0.186

0.158

0.136

0.118

0.103

0.091

0.081

0.073

0.066

0.059

0.054

0.049

0.045

0.042

SetU =

1| -1.155
2| -0.785
3| -0.568
4 -0.43
5| -0.337
6| -0.271
7 | -0.222
8 | -0.186
9 | -0.158
10| -0.136
11| -0.118
12| -0.103
13| -0.091
14| -0.081
15| -0.073
16| -0.066
17| -0.059
18| -0.054
19| -0.049
20| -0.045
21| -0.042




Calculated Stress / Yield Stress in Compression

memmeaa

LR

-0.

Pressure Removed

Plastic Boundary

—— Reverse Plastic Tangential Stress ||

- = Reverse Elastic Tangential Stress ||

—— Reverse Plastic Radial Stress

- Reverse Elastic Radial Stress

+ Elastic-
T

ral =

Normalized Distance from the Center of the Hole - Radius / Initial Radius

Fig 8. Changes in Radialand Tangential Stress due to Unloading

1

1| 0.999
2| 1.068
3| 1.122
4| 1.174
5| 1.224
6 | 1.274
7 | 1.323
8| 1.373
9| 1.423
10| 1.474
11| 1.526
12 1.58
13| 1.635
14| 1.692
15 1.75
16

1.035
1.054
1.073
1.092
1.112
1.132
1.152
1.173
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ECT T
v 0.6 0
=] M -
R Fd
P G R N
E Nl /' : B Tt ?_-T- T
7] - e e N L
e 1/ 1.5 I 5 EE A R TRy O
4 : L e —
% —-0. /, . 1= e
B _o4— e : //— Initial Tangential Plastic Stress -
% L / — Initial Tangential Elastic Stress
g - 0.6 - . v —— Initial Radial Plastic Stress H
z 0 . 1 / . — Initial Radial Elastic Stress |
* ' / +++ Elastic-Plastic Boundary - Loading
_ L S - +++ Boundary of Reverse Yielding H
% / : - = Change in Plastic Tangential Stress on Unloading
=127 . - = - Change in Elastic Tangential Stress on Unloading ||
14 / . - = Change in Plastic Radial Stress on Unloading
'4/: : - - - Change in Elastic Radial Stress on Unloading
. I I I

Normalized Distance from the Center of the Hole -r/rl

Fig 9. Stresses fromExpansion Pressure and from Removing the Expansion Pressure

D. Combine Results 2 and 3 to Obtain Residual Stress

Revise calculations to determine results for 3 separate regions
1. Region 1 from edge of hole to elastic-plastic boundary from unloading
ra=1tora=1.1581
2. From elastic-boundary from unloading to the elastic-plastic boundary from loading
ra=1.1581tora=2.138
3. From elastic-plastic boundary from loading to infinite ~ra=6

1. For Region 1 where v/a=1.17316

Calculate the alpha angle for the loading stress in this region between r/a =1 and r/a= 1.1581 at the same
interval as was done for the unloading step
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aal =231 r/a for the unloading step

th =

Radius 1

1.000006
1.035158
1.053702
1.072616
1.091911
1.1116
1.131694
1.152228
1.17316

-1 yTT 2R sin(a) .. | {m}(uabu]
-b

Sanction(a) = sin(oal) | +(n+ 1+2-R)- cos(w) n 21(112+1+2-R]
“{Gn@ | m-1) JTT2R-sin(oal) ..

+(n+1+2-R)-cos(oal)

o, = root(function(a),a,1.57- rad,2.5- rad) o = 132.325 deg o, = 2.31

Radius 2

22 142R)

1

(n=1)-yT+2 R-sin(o) ... | F"_l) "H—ZR}(UML—H]
—tb

. . sin(oal) +(n+14+2-R)-cos(o)
runmon!a) = .
J sin(e) | (n-1)-y1+2-R-sin(cal) ...

+(n+ 1+ 2-R)-cos(oal)

a, = root(function(a),a,2.1- rad, 2.3 - rad) o, = 131.16 deg o, = 2.289

Radius 3

( " ] :|-(rmL—rz]

. . sin(oal) +(n+ 14 2-R)-cos(a) 2in"+1+2R

funct = . . —th
Bsen ) {sin@ |(n-1) JTF2R-sin(@al) .| 3

+(n+1+2-R)-cos(aal)

oy = root(function(a), e, 2.1 rad, 2.3 - rad) o= 130517 deg oy = 2278

Radius 4

=1 yTT2-R-sin(a) .. | {L ““H}aaba]
—tb

2n21428)

. , sin(oal) +(n+ 1+ 2-R)-cos(o)
runmon!a) = .
J sin(e) | (n=1)-/T+2-R-sin(cal) ...

+(n+ 1+ 2-R)-cos(oal)
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oy = root(function(a),a, 2.1- rad,2.3- rad) o, = 129843 deg 1, = 2.266

Radius 5

-1 yT+2-R-sin(a) .. | F"i’l]'”zﬂ-(mabm
. . sin(cal) +(n+14+2-R)-coslo) 2n"+1+2R
funct = . . —1b
AngiEne) J sin(o) (n=1)-yT+2-R-sin(oal) ... ) 3

+(n+ 1+ 2-R)-cos(cal)

o= root(function(a), o, 2.1- rad,2.3- rad) o = 129.138 deg o = 2954

Radius 6

(-1 yT72R.sine) .. | F(_I)—Hﬂ(“‘“]

__— sin(cal) | +(n+ 1+ 2-R)- cos(a) Zn+1+2R

funct = ’ A "
ndtion(o) m (n=1)-T+2 R-sin(aal) ... : ‘

+(n+ 1+ 2:-R)-cos(aal)

0 = root( function(e),a,2.1- rad, 2.3 - rad) o = 128.404 deg o = 2941

Radius 7

(n-1)-JT+2-R-sin(o) .. | L VIF2R | el
22 142R) i

. . sin(oal) +(n+1+2-R)-cos(o)
function(a) == . -e
J sin(e) | (n=1)-yT+2-R-sin(aal) ... 7

+(n+ 1+ 2-R)-cos(aal)

o= root(function(a),a, 2.1- rad,2.3- rad) o = 127.64 deg o = 2998

Radius 8
-1 yTT2R-sin(a) .. | F"i’l]'”zﬂ-(aabm
. , sin(cal) +(n+1+4+2-R)-cos(a) 2An"+1+2R
funct = - . —th
Bk J sin() (n=1)-yT+2-R-sin(oal) ... ¢ 8

+(n+ 1+ 2-R)-cos(cal)

= root(funct i 2.1-rad,2.3- rad
0y = root(function(at),a, 2.1 - rad, ) oy = 126846 deg iy =2214
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Radius 9

. . _ (sin(cal) ]
function(a) == Sin(o)

Oty 1= root(function(a),a, 2.1- rad,2.3- rad)

231
2.289
2278
2.266
o=|2254
2.241
2228
2214

22

alR:=a

g = 126026 deg

alR =

-1 yT+2R-sina) ... | {

+(n+14+2-R)-cos(a)

(n=1)-y1+2-R-sin(cal) ...

+(n+ 1+ 2-R)-cos(cal)

231
2.289
2.278
2.266
2.254
2.241
2.228
2214

22

(1) JT2R

(oal-a)
2-(n2+1+2-RJ e n

oy = 22

alR =

9

132325
131.16
130.517
129.843
129.138 | - deg
128.404
127.64
126.846

126.026
looks reasonable

Calculate the ratio of effective stress / yield stress as function of o. Ratio is Ror

A
Ror =

° {A . sin(cleD) +B- cos(alRD)

[

1.391
1.363
1.349
1.335
1.321
1.308
1.296
1.283
1.271

0=1.9

Calculate ratio of tangential and radial plastic stress in the plastic region between the edge of the

hole and the elastic-plastic boundary

Let ratio for tangential plastic stress to yield stress be SptR and and ratio for plastic
radial stress to yield stress be SprR and both are functions of ratio of effective stress to

yield stress (Ror) and a IR

[cus[amo) + ﬁ sin(al RO))

Ror

o -
SptRO::T»\f2+2»R»
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—0.343 -1.53

Rm'u l —0.305 —1.489
SerO:: T : -\"2 +2-R- [COS(O(IRU) - ﬁ : sin((leo)) —0.284 —1.468
—0.263 —1.447

SptR = | —0.242 SprR = | —1.426

—0.221 —1.405

—0.199 -1.383

-0.177 —1.362

-0.154 —1.341

2. For Region 2, calculate the change in elastic stress between rv/a = 1.17316 and r/a = 2.224

1
raR. =1.1731«
1 0.999 1 -
2 1.068 2. 18 1| 1.173
ma= 2. .
3 1.122 ~and
2| 1.224
4 1.174
3| 1.274
5 1.224
4| 1.323
6 1.274
5| 1.373
7 1.323
6| 1.423
8 1.373 n=1.1¢
s 7| 1.474
9 1.423
8| 1.526
10 1.474 5 T3
ral=[11] 1526 raR_:=ral raR =
m 43 10| 1.635
12 1.58
11| 1.692
13 1.635
12| 1.75
14 1.692
13| 1.811
15 L75 I R 2 14| 1.873
1+R B2U "~ .
16 1.811 Sﬂ'Uln:—Zfi[—J 15 1.938
21+2-R raR .
17 1.873 ( ) n
18 1.938 16| 2.006
. SetUl :=-SerUl 17| 2.076
19| 2.006 n n
18| 2.148
20| 2.076
19| 2.224
21 2.148
22| 2.224
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3. For Region 3, calculate the change in elastic stress between r/a =2.224 to r/a
= 6.338

1
1| 2.224
2| 2474
3| 2.724
4| 2.974 p=1.1%
5| 3.224
6| 3.474
7| 3.724 1
8| 3.974 1| 0321
R=rL MR=|9| 4224 2| 0.26
10| 4.474 . 3| 0.214
11| 4.724 SerR :2\/&.{@]“ 4| 0.18
B 4974 p A1+2-R) | R 5| 0.153
13) 5.224 SetR _ = —SerR S gﬁi
14| 5.474 p p SR - :
15| 5.724 8] 0.101
16| 5.974 9| 0.089
ol e 1 —
18| 6.474 1| -0.321 131 0064
2| -0.26
13| 0.058
3| -0.214
14| 0.053
4| -0.18
5 0153 15| 0.049
6 | -0.132 16
7 | -0.115
SetR=(g | 0,101
9 | -0.089
10| -0.079
11| -0.071
12| -0.064
13| -0.058
14| -0.053
15| -0.049
16
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1.6 :
1.4 ‘. .
..
1. i
\ Matching r/a intervals for computing stresses prior to adding
I E \

@ 0.8 :
7 N :
Z 0.6 \ /\
= ‘ . 0
] . .
— 04— : ~~_J—— Initial Tangential Plastic Stress H
> / e R Initial Tangential Elastic Stress
A 7 — Initial Radial Plastic Stress I
@ : / — Initial Radial Elastic Stress &
” 1 / 1.5 p 25 -+« Elastic-Plastic Boundary - Loading B
E -0. /: Y 2 R Buundalt_v of Rt':verse Yielfiing T
- 04l - _4- = - Change in Plastic Tangential Stress on Unloading | |
ﬁ e // - = = Change in Elastic Tangential Stress on Unloading
E _0.6 v - = - Change in Plastic Radial Stress on Unloading |
Zc. /, e - - - Change in Elastic Radial Stress on Unloading

m— trace |1
m— race 12

m— race 13

m— race 14
Pee trace 15

pee trace 16

Fig 10. Stresses from Pressure and Changes from Removing the Pressure

4. For Region 1, calculate the residual stress between rv/a=11to r/a=1.17316

RStl = SptU_+ SptR_

RSp1 = SprR + SprU

Normalized Distance from the Center of the Hole - i1

Spt Uu

-0.853 -0.343
-0.923 -0.305
-0.958 -0.284
-0.992 -0.263

=| -1.026 SptR_ =1 .p.242
-1.059 -0.221
-1.092 -0.199
-1.124 -0.177
-1.155 -0.154

303

RSt1
0

-1.196

-1.228

-1.242

-1.256

-1.268

-1.28

-1.291

-1.3

-1.309




1.035
1.054
1.073
b =1 1.092
1.112
1.132
1.152
1.173

-1.53
—1.489
~1.468
-1.447
SprR =| —1.426
-1405
-1383
-1362
~1341

SprU=| 1.322

RSpl=

-6.776% 10~
-0.041
-0.062
-0.083
-0.104
-0.125
=0.145
-0.166
-0.186

5. For Region 2, calculate the residual stress between r/a = 1.17316 to r/a = 2.224

-1.155

-1.061

-0.98

-0.908

-0.843

-0.785

-0.731

-0.682

setyl = |_0-637

-0.594

-0.555

-0.519

-0.485

-0.453

-0.423

-0.395

-0.369

vi=2.1¢

raL2I =1.15¢

ral2 =ral
v v+3

Sptle = SptLer

raR =

SptLlI = SptR[)

3

-0.344
-0.268
1.173 0.209
1.224 0.153
1.274 0.1
1.323 0.049
1.373 0
1333 0.047
1474 0.093
1576 0.138
158 SptL=| 0,181
WL 0.223
1692 0.264
175 0.303
1811 0.341
1873 0.379
1938 0.415
5006 0.449
2076 0.483
0.516

SprLlI = Ser[)

RS2 := SetUl + SptL1

304

SprL lv = Sper+

6

0.999

1.068

1.122

1.174

1.224

1.274

1.323

1.373

1423

1474

ral=1 1526

1.58

1.635

1.692

1.75

1.811

1.873

1.938

2.006

2.076

3

RS2 = SerUl + SprL1




1
1] 1.158
2| 1.224
3| 1.274
4| 1.323
5| 1.373
6 1.423
7| 1.474
8 1.526
ral.2=(g 1.58
10| 1.635
11] 1.692
12 1.75
13| 1.811
14| 1.873
15( 1.938
16| 2.006
17| 2.076
18
1
1 -1.531
2| -1.452
3| -1.393
4 -1.34
5 -1.29
6| -1.243
7| -1.198
8 | -1.153
SprL=| g -1.11
10| -1.067
11| -1.025
12| -0.984
13| -0.942
14| -0.901
15| -0.86
16 -0.82
17| -0.779
18

SetUl =

SprLl=

1
1| -1.155
2| -1.061
3 -0.98
4| -0.908
5| -0.843
6 -0.785
7| -0.731
8| -0.682
9| -0.637
10 -0.594
11 -0.555
12| -0.519
13| -0.485
14| -0.453
15( -0.423
16| -0.395
17( -0.369
18
1

1| -1.341
2 -1.29
3| -1.243
4| -1.198
5| -1.153
6 -1.11
7 | -1.067
8| -1.025
9| -0.984
10| -0.942
11| -0.901
12 -0.86
13 -0.82
14| -0.779
15| -0.739
16| -0.698
17| -0.658
18

305

-0.154

-0.1

-0.049

0.047

0.093

0.138

@D N[ B W N =

0.181

SptLl=

¥o}

0.223

[
o

0.264

=
[

0.303

-
N

0.341

[
w

0.379

[
Y

0.415

[
wl

0.449

[
(=)}

0.483

[
~

0.516

—
=]

SerUl =

1.155

1.061

0.98

0.908

0.843

0.785

0.731

D N[O || AW N

0.682

te]

0.637

[=ry
(=]

0.594

=y
[

0.555

[=y
N~

0.519

=y
w

0.485

[y
S

0.453

[=ry
w

0.423

=y
(=)}

0.395

[=ry
~

0.369

[
oo

RS2 =

1] -1.3087
2| -1.1609
3 -1.029
4 -0.908
5 -0.796
6| 0.6914
7| -0.5933
8 | -0.5009
9| -0.4135
10| -0.3307
11| -0.2521
12| -0.1773
13| -0.1061
14| -0.0383
15| 0.0264
16 0.088
17| 0.1467
18
1

1] -0.186

2 -0.23

3| -0.263

4 -0.29

5 -0.31

6 | -0.325

7| -0.336

8| -0.343

9| -0.347

10| -0.348

11| -0.346

12| -0.342

13| -0.335

14| -0.326

15| -0.316

16| -0.303

17| -0.289
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6. For Region 3, calculate the residual stress between r/a =2.224 to v/a = 6.338

SetR =

1
1] -0.321
2 -0.26
3] -0.214
4 -0.18
5| -0.153
6] -0.132
71 -0.115
8| -0.101
9| -0.089
10| -0.079
11| -0.071
12| -0.064
13| -0.058
14| -0.053
15| -0.049
16| -0.045
17| -0.041
18| -0.038

RSet3 = SetR + SetL

RSet3 =

1

1 0.256
2 0.207
3 0.171
4 0.143
5 0.122
6 0.105
7 0.091
8 0.08
9 0.071
10 0.063
11 0.057
12 0.051
13 0.046
1 0.042
15

1
1 0.577
2| 0.467
3| 0.385
4| 0.323
51 0.275
6| 0.237
7 | 0.206
8| 0.181
SetL=]g 0.16
10| 0.143
11| 0.128
12| 0.115
13| 0.105
14| 0.095
15| 0.087
16 0.08
17| 0.074
18| 0.068

RSer3 = SerR + Serl

SerR =

1

1 0.321
2 0.26
3 0.214
4 0.18
5 0.153
6 0.132
7 0.115
8 0.101
9 0.089
10 0.079
11 0.071
12 0.064
13 0.058
il 0.053
15
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Normalized Stress - Stress / Yield Stress

0.8

B T CI N P e ey

AR RS L - i -!-,--

—1.;._"7

71.4/5

Normalized Distance from the Center of the Hole - r/r1

Initial T angential Plastic Stress
Initial Tangential Elast ic Stress
Initial Radial Plastic Stress
Initial Radial Elastic Stress

- Elastic-Plastic Boundary - Loading
+ Boundary of Reverse Yielding

+ Change in Plastic Tangential Stress on Unloading
+ Change in Elastic Tangential Stress on Unloading
+ Change in Plastic Radial Stress on Unloading
+ Change in Elastic Radial Stress on Unloading

+ Residual Tangential Stress
+ Residual Tangential Stress
- Residual Tangential Stress

+ Residual Radial Stress
+ Residual Radial Stress
+ Residual Radial Stress

Fig 11. Stresses from Pressure,Removing the Pressure, and Residual Stress
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Normalized Stress - Stress / Yield Stress

0.8 B
0.6r— /\
0.4 : ~
: ]
0.2 / ':,- e \-‘-"
./ . I T
. . il il . )
1.,{ 5, I I T P e e ielielinl Bl I
—02r /% + e B - _—-__—-. - -
/: s -:' T — hifIfalTangentfﬂl PlastT{: Stress
_od— e : // —— Initial Tangential Elastic Stress
! / —— Initial Radial Plastic Stress
0.6 " ’ —— Initial Radial Elastic Stress
’ - . - Elastic-Plastic Boundary - Loading
— 0.8 .' T - Boundary of Reverse Yielding
' / = = - Residual Tangential Stress
I 4 = = - Residual Tangential Stress
:_'/ = = - Residual Tangential Stress
-12 V = = - Residual Radial Stress
9 = = - Residual Radial Stress
.‘i/: ..

Residual Radial Stress
T

Normalized Distance from the Center of the Hole - tir 1
Fig 12. Expansion Stress and Residual Stress
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Appendix B-3 Modified Ramberg-Osgood Equations for Different n Values

Appendix B 3 Modified Ramberg-Osgood Equation

1 Assumptions

A. Isotropic behavior in all directions. From this isotropic parameter R = 1.
B. Yield strength of steel is 45.3 ksi.
C. Strain hardening exponent n = 13 from other calculations

2. Calculations
A. Calculations for Maximum Pressure and Corresponding Load
Let a 5 range between 1 /2 and a . Where a max is:

n=13 - e i3 cyield = 45.:
—(n+ 1+ 2R) ]

omax:= atan
(n-1)-JT+2R

amax= —0.6560534 amax= -37.589089 deg

e L ety omaxl = 2.4855393 amaxl= 142.410910deg

90
94
98
102
106

i=1.15

n+ 1+ 2R
110 p=—— 1 =0.0930233

114 n2+ 1+ 2R
o:=| 118 |-deg

122 (n-1)-JT+2R T

S =|——— || o. - —

126 %) i 2
130
134
138
142
142 .4

n2+l+2-R

Sratio, := ’ﬂ[ﬂ - cos o )] (n - DT+2R ”.(esi)
e 2 (TR W) s s 2-R-sin(ai) +(n+ 1+ Z-R)»cos(ai)
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Sratio =

Pressure on inside of hole (ksi)

pressure, i= Smtio].-cyielcl

1 p['BSSI.l['ﬂ]. =
1| 0.5773503 26.1539672
2 | 0.6546796 29.6569847
3 | 0.7314082 33.1327934
4 | 0.8073892 36.5747298
5| 0.8825327 39.9787293
6 | 0.9568353 43.344637
7 | 1.0304276 46.6783718
8 | 1.1036588 49,9957446
9 | 1.1772575 53.3297639
10| 1.2526749 56.7461718
11| 1.3329283 60.3816516
12| 1.4251891 64.561065
13| 1.5526357 70.3343977
14| 1.9766456 89.5420468
15| 2.7752727 125.7198513
Pressure with parameteric angle alpha
130

11428

98.571

82.85 //

67.14 /4—

51.42 ///

35.71 /’

-
293 16 1.8 2 2.2 2.4 2.6

alpha (radians)
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1

0.3209575

0.363946
0.4066005
0.4488395
0.4906128
0.5319187
0.5728298
0.6135401
0.6544547
0.6963803
0.7409943
0.7922835
0.8631329
1.0988462
1.5428147

2
0.125
load. = pressure.-r:-[—)
1 1 2

R[N N || WN| =

load. =
1

w

[=ry
o

=y
[

[=ry
8]

—
w

—
S

—
w

Vertical Load on Plug versus Pameteric Angle Alpha

1.6

1.425

1.25

1.075 /

0.9 74

P (kips)

0.725 —

]
0.55 /

0.375 — =

1.4 1.6 1.8 2 2.2 2.4

Alpha (radians)
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Try n=5 n=3

omax2 = a[an[M:l

(n- DT+ 2R

amax2=-0.857071%umax 2= -49.1066054deg

omax3:= 1 + omax: amax3= 2.2845207 omax3 = 130.893394 deg
j=1.12

90
94
98

102 n+ 1+ 2R
p=—— n="02857143

106 n i1+ 2R
110

118 S;w_[a__ij
) 2 2

122 n + 1+ 2R

126

130
130.8

Sratiol, = ‘*R.[W_cos[uj)){(n_l) (n- )T+ 2R ( ‘J“.(e%)

2 \JT+2R T+ 2-R‘sin(aj) +(n+ 1+ 2R)-cos(a
pressurelj = Smtiolj-csyie]d pressure]J =
1 26.1539672
1| 0.5773503 30.5056842
2 | 0.6734147 35.164093
3 | 0.7762493 40.2041551
4 | 0.8875089 45.7414877
5 | 1.0097459 51.9638946
Sratiol =1'6 | 1.1471058 59.1994164
7 | 1.3068304 68.0858406
8 | 1.5029987 80.0955946
9 | 1.7681147 99.9283874
10| 2.2059247 169.9495087
11| 3.7516448 326.7237921
12| 7.2124457
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Pressure on inside of hole (ksi)

Pressure with parameteric angle alpha

342 857

28571

22857

17142

114.28

#./

57.1413

-—'-'--—f

loadlj = pressurelen‘[

2

0125)2

1.8 2 22

alpha (radians)

loadl, =
J

0.3209575
0.3743611
0.4315283
0.4933792
0.5613325
0.6376929
0.7264861

0.835539
0.9829208
1.2263058
2.0855942
4.0095042
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Vertical Load on Plug versus Pameteric Angle Alpha

4.5
3.93%
3.375
2.813
—_
77]
=)
X 225
-9
1.688 /
1.125 //
D 56.‘ __--__/
=™ ______,._.-—-'—""-f
0
1.4 1.6 1.8 2 22 24
Alpha (radians)
Tryn =805 - 1+ 2R
i 90 n:=80% amaxd = atan| M
" o (n-1-JT+2R
98
omax4d = —0.5257504umax4 = -30.1232783deg
102
omaxS: =71 + omaxé
5=2.6158423
106 cmax omax 5= 149.876721 g
110
114 ki=1.1¢
118
122
o= -deg
o 126
130
134
n+ 1+ 2R
138 K= 27 w=0.0012469
142 n + 1+ 2R
146
148 o [@-DyTr2R x
149 (T 1)
n" + 1+ 2R
149.98
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Sratio2, = L+ R{“DOLK) - cos(q )J (o= Dyl+2R .Ll'(ESk)
k 2 [+ 2R K)o - l)-m‘sin(ak) +(n+ 1+ Z-R)-cns(a )

pressure2k = Sratiozk-csyield

Elastic-plastic pmax from Nadia

1 pressureZk =
1 0.5773503
2 0.6458325 26.1539672
3 0.7112021 29.2562141
g 0.7731415 32.2174539
5 0.8313502 35.0233084 _— i,-ayie]d
6 0.8855462 37.6601644 e
7 0.9354676 40.115245
Sratio2 = 8 0.9808737 42.3766807 pmax = 52.3079344
9 1.0215476 44.4335806
10 1.0572973 46.2761076
11 1.0879585 47.8955665 )i
12 1.1133995 49.2845223 pactual = —
13 1.1335301 50.4369994 { [%25”
: 2 0193505
12 — 52.4566765 pactual = 173.7309894
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Pressure (ksi)

Pressure w/ parameteric angle alpha

350 T T
— n=13
"n=>5
315 = - n= 805
=+ = max pressure from Nadial
<~ Actual test pressure
280
245
210 '
175 - <60
140)
105 //
T0) /
- mr e mr s mem p-';- - = s Eam B ame w e -emm
35 _._,...-v-—“ ==
1.5 175 2 225 25
alpha (radians)
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0.3209575
0.3590278
0.3953676
0.4298007
0.4621597
0.4922881
0.5200401
0.125 2

loadzk;pressureZkﬂ-[T) load2, = 0.5452821
0.5678933

0.587767
0.6048121
0.6189551
0.630146
0.6383736
0.6437403

02282224 + 64.637¢

0.125 2
Pmax:= pmax|n-| — Pmax= 0.6419149 Pactual =
2 1000

Vertical Load on Plug versus Pameteric Angle Alpha

Pactual = 2.1317546

4 |
— n=13
350t n=5 :
- = n=805 :

3| |=- = Pmax from Nadai :
>« P actual in tests :

2.5 N

:E_ 0--0---0- -@--@--.@-.0--0.-0-.0--?’).-0--0--0--0%
o .
1.5 : /'
1 ; /
-'-----------:n""'-'-'.'-- W m e m et e m[ e -
0.5 e =
__.._..l-l—lr'-"
15 1.75 2 225 25

Alpha (radians)

317

275



B. Calculations for Max Radius of Plastic - Elastic Boundary

5

" i=1.10 -
15 1| -0.8570719
20 2 | -0.6951023
40 3 | -0.6385597
2= 0o Amm(;ata{ ‘(“”ﬂ] . 4 | -0.6099858
201 (n = D1+ 2R max=\g5 | -0,566873
400 6 | 0.5409176
805 7 | 0.5322157
5000 8 | -0.5279289
9 | -0.5257504
10| -0.5239452
[ ] 1
1| 49.1066054
2 | -39.8264298
3 | 36.5867756 &=+ Amax
4 | -34.9496107
Amax =5 | .32.4794312 | -deg
6 | -30.9922928
7 | -30.4937151
8 | -30.2480965
9 | -30.1232783
10| -30.0198478
ne(1+ 2-R)

|:(nl)2 + 1+ 2‘R]

B = ratio of radius of elastic plastic boundary to initial radius

318

o =
1.5707963 %0
1.6406095 o4
1.7104227 o8
1.7802358 102

1.850049 106
1.9198622 110
1.9896753 114
2.0594885 118
2.1293017 122
2.1991149 126

1
1 | 0.5357143
2 | 0.2912621
3 | 0.1973684
4 | 0.1488834
¥=|5 | 0.0748596
6 0.029991
7 | 0.0149243
8 | 0.0074999
9 | 0.0037267
10 0.0006

,deg



—

n.—l)‘\fl +2R

B.:=| [sin|a.]|- ! -f:t‘xpi
! (\/_[_lj) (ni - 1)-\/1 + 2-R-sin(r11.) + (r)i + 1+ Z‘R)-cos(ai)
1 1

1 |267526152.4507625 1 | 8.4273662
2 53029.6161038 2 | 4.7245185
3 2101.4153485 3 | 3.3225119
4 411.1408062 4 | 2.6139906 A=LE
5 25.2360919 log[Bi) =[5 | 1.4020221
6 5.2040122 6 | 0.7163383 o
7 2.9938227 7 | 0.4762261
8 2.2810076 8 | 0.3581267
9 2.0104695 9 | 0.3032975 D=3
10 1.7895877 10| 0.252753

Plastic Radius / Initial Radius

1x10°

1x10

1x10°

Ratio of Plstic Boundary to Initial Radius versus n

1.75

1.75

1.75

1.75

1.75

1.75

1.75

1.75

1.75

|"‘u:oo-.|mu1.huwn—

Radius from Ball

= Limit from Nadia

Estimated from Tool

q

Estimated from TensionTests

T

I I Y [T 1 |

1 10

100 1x10°

Strain Hardening Coefficient
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E = 3000(

0
Ge =
45.3

forn =9

forn=13

forn=15

oy =45.;

X

0

0015 10}

Gl :

320

25
35
46.3
55 51- 61' n—1
Ol RTE ;}
65
70
75
80
46.3
47
49
51
53
56
39 n—1
o] 22
64 " E \oy
67
70
73
76
79
82 0
0
0.0000315
0.00151
i=1.15 0.0019005
0.002624
o\l 0.0035985
Gyl] §2,=[ 0.0049028
0.0066383
0.0089342
0.0119551
0.015909
0.0210577
0.1022757

0.3397851

el

0

0.0000072

0.0001482

0.0018379

0.0086568

0.0189432

0.0389326

0.0758535

0.1411382

0.2522917

0.0020056

0.0024377

0.0041903

0.0070488

0.0116222

0.0237763

0.0468572

0.072275

0.1349087

0.2447219

0.4324888

0.7462726

1.2597287

2.0837831

3.3828318




forn =17

o3 =

40
46.3

for n =30

o4 =

for n =40

46.3
47
48
49
50
51
53
53

55.31

45
46.3
47
48

w
f=1

LA

w
¥}

1]
3

>

321

0.0001821
0.0021887
0.0028247
0.0057364

0.015753
0.0408765
0.1794233

0.6995755

8. =

0.0029071

0.00456

0.0085757

0.0159189
4. =

i=| 0.0291831

0.0528611

0.1676127

0.5092272

0.6027547

0.0011576
0.0036165
0.0065912
0.0153002
0.0349054
0.0783157
0.1729243

0.3759955

&5




New o yield

forn =17

41.23
43
42
45
47

Gb = 50

51

51.4858

52
53
54

New o yield

forn =13

38.23

67 = 48

0.0013743

0.0028082

0.0018824

0.0060824

0.0127388

0.0364717

0.0510691

0.0600001

0.0710432

0.0982099

0.1349458

0.0012467

0.0022453

0.0042338

0.0077514

0.0138148

0.0240231

0.0408417

0.0597658

0.1409965

0.4369781

1.2369926




New o yield

forn=12

37.273

o8 = 47

New g yield

forn =11

36.0

o% =| 47

323

e8

£9

0.0012424

0.0021395

0.0038989

0.006905

0.0119149

0.0200778

0.033105

0.0535036

0.1324016

0.3761455

0.9828815

0.0012

0.0028944

0.0050174

0.0084724

0.0139698

0.0225388

0.035646

0.055351

0.1270116

0.3307634

0.7978122




New o yield

= 34.6¢
forn =10 11
J\AA: 1[]
34.69
36 -
1 0.0011563
0.0016752
40
0.0028766
42
0.0048044
ol0=| 435 510\ 0.0078259
48 £l0, = —- o €l0,=| 0,0156015
51 0.0297476
55 0.0545433
60 0.1160558
65 0.2770464
0.6168415
Stress-strain Versus Strain Hardening Exponent
8
W =
b R "':"'_'_".'."-'
" .-.5-1‘.'"” S SR
.;5-‘&"” TR P T T LTI LS
~—~ Soﬁ:’@';'g—';_—;‘.—“-#______—
3
A
w4
B X
&
; —— Elastic | |
Mxx n=4
=t =9
29 =0 n=13
n=50
! loeco n=100 ||
— -n=1000
0 I
0 0.02 0.04 0.06 0.08

Strain (in/m)
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Load and Plastic Radius as Function of n (strain hardening exponent)

1. Assumptions:
A. Plane stress
B. Deformation theory of plasticity applies. This means:
1). A single curve relates effective stress to effective strain for all states of

stress
2). Principal stresses maintain proportional magnitudes and constant
directions through entire loading range
3). Monotonic loading - no unloading
C. Material is isotropic
D. Small strains
E. Except in certain regions, only applies forn < 17.

2. Development of Equations
A. From thick shell formulas

0r=C1+Co or=C1+Co
r2 r2

Characterization of stress-strain in the plastic regions
Ramberg-Osgood formulation
modified Ramberg-Osgood

£ =gg+ (o /M)

£ =eg+ (o /E)NT

n - strain hardening exponent
H - strength coefficient
ee=0/E

for o <o yield

e =0/E (0 /o)

for o >0 yield

n' does not equal n"
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Max Pressure and Load as Function of n - strain hardening exponent

4 oyield =457 Ri=1 i=1.1¢
13
20
30
n:=
2= 40
60 —(nl. +1+ 2-R)
100 omax = atan| ——————— ﬂi?ﬁxwl\j.:: T+ omax, — 0.005deg
50 (ni— 1)‘\/1 +2R
200 mna)cli =
1
omax, = 1| 2.2092688 126.5817756
1 .
- 139.1016054
-0.9322366 omax; = 2| 2.427781
142.4059105
0.7137244 53.4132244 | -deg 3| 2.485452 45 0453603
-0.6560534 40.8933946 | 4 | 2.5315196 1966906945
-0.6099858 -37.5890895 omaxt=15 | 2.5602356 147 5155688
-0.5812698 B 6 | 2.5746324
34.9496107 1483414725
-0.566873 -33.3043052 7| 2.5890471 149.0027072
-0.5524583 -32.4794312 8 | 2.6005878 149.3334347
-0.5409176 E 9 | 2.6063601 i
31.6535275
W > co52466 149.4988164
-0.5351453 -30.9922928 XY £ _
-0.5322588 30.6615653
-30.4961836 (ni - 1)-\,'m i
Si =l -(rxmaxli— —]
o+ 1+2R (ni)2+ 1+ 2R
M= T S =
(nl) +1+2R Ho= i
[0.3684211 0.1746105
0.1428571 0.1413658
0.0930233 0.1105277
5.057072 0.0784526
0.0365449 0.0550377
0.0268247 0.0423014
0.0174854 0.0288504
0.0102969 0.0176529
0.0067951 0.0118764
0.0050746 | 0.0083476 |
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(m- 1)} JT7 2R

Sratio, := Jﬁ ; (ﬂtmﬂxll) .
Ty 2 m (ni - 1)-m-sin(mmax

+—cos [rzmaxl])

Sratio, = pressure, = Smtio].-ﬁyield
32.6326566
4.7695611 -
2.9842856 = E“‘Y'ﬂ“
2.0972475
1.7027106 pmax= 52.3079344
1.5393458
2.132
1.395028 pactual == Nl
1.2917486 n(@ﬂ
1.2438033 2
1.2207006

pactual =173.7309894

{ [0.125)2}
P. = pressure.-| -
1 1 2

327

p .'L'E!SSUI’B1 =

1478.2593433

216.061118

135.1881378

95.0053129

77.13279

69.7323653

63.1947671

58.5162101

56.3442876

P. =
1

18.1409715
2.6514688
1.659008
1.1658906
0.9465617
0.8557449
0.7755165

0.7181019

0.6914484

0.6786053

55.2977381

()

li) + (ni + 1+ 2-R)-cos(ﬂ,mﬂx11)

R{ga§= pmax| - T

Pmax=0.0419149

92282224 + 64.637¢
1000

Pactual =
MAAAAAAAANA

Pactual =2.1317546



Load on Plug (kips)

Load as Function of Strain Hardening Exponent

= Load as a function of n

2.75

-+ Load from Nadai (0.64 kips)
=- = Current Load on Plug (2.31 kips)

2.5

225

0.75

0.5

02§

20

40

60

80
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Appendix B-4 Ball’s Closed-From Solution for n =40

Appendix B -4. BALL'S CLOSED-FORM SOLUTION TO COLD-EXPANDED
HOLES APPLIED TO PICK TOOL SPECIMENS n=40

A. Constants Defined

constants chosen to attempt to match Ball's result in Fig 6

yield stress is 319 MPa (46.3 ksi), E= 207 GPa (30,000 ksi) ksi = 1000- psi

Poisson's ratio v elastic ve =.3(

plastic vp =02
oyield = 46.3- ksi
n is strain hardening exponent n = 4C
from measured stress-strain
curve, it appears that 10<n<17

E:=30000- ksi

Bauschinger parameter f§ is a measure of the change yield stress from reverse yielding

p=1 B =1 implies kinematic strain hardening rule
while =0 results in an isotropic model

R is used to model implicitly the degree of plastic anisotropy and is defined as the ratio of in-plane
transverse plastic strain to through thickness plastic strain

R:=1
Constants used in calculations Constants defined to make equations fit on single page
Cn+l+2-R
=7 w=0027 A=m-1-Jl+2-R A =67.55
n +1+2-R -
n-(1+R) B=n+1+2-R B=43
=T
2 l42R v =005 C=n’+1+2.R C=160Bx 10
2 — 3
D:=(n —l)-\j'l+2-R D=2.77x 10

B. Result at the end of Cold Expansion

Note: L is used to denote the cold expansion loading

1. Determination of a 47 for ¥/ yield
o a is the parameterization variable and can vary between w /2 to o
max

define o alL amaxL:= atar{- n+1+2-B) ]

(n-1)- v"m omaxL= -32.479- deg

has to be in the 2nd quadrant omaxL:= amaxL+ 180- deg
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147.21 amaxL= 147.521- deg
144 1
Define a 1, which ranges 140 1| 2.569
from 90 deg to o x|, 136 2| 2.513
133 3| 2.443
130 4| 2.374
127 5| 2.321
6 | 2.269
124
y - deg 7| 2.217
121 a=g | 2.164| rad
118 9 [ 2.112
115 10| 2.059
2 11| 2.007
109 12| 1.955
e 13| 1.902
=1. 106 14 1.85
103 15( 1.798
90 16| 1.571

Determine the ratio of the pressure to the effective stress. The effective stress during loading is equal to yield
stress. Let o al be the value of a at the edge of the hole during loading. Use n=40 and vary the pressure to

obtain the maximum elastic-plastic radius.
. A o d
povL = [LFR sinoy) A wole )\
= | ———= - cos(a,) |- e
i 2 1+2-R ( 1) A-sin(cxi)+B-cos(cxi)

Solve for @ aL. o al is the value of « at the edge of the hole while o = 90 deg at the elastic-plastic boundary.
Use the root function from Mathcad to solve the above equation fordifferent values of Po yL until the elastic
plastic boundary =2.2

A
TR . L A n {—}{mchrad—%rad}
Function(acl) = [—— - M -cos(acl) || ——— | -e C - - 1.2179
2 \/1 +2.R A -sin(oel) ...
+B- cos(acl)

oal = root(Function (acl),ocLl, 1.57- rad, 2.4 rad) cal =2399996 oal = 137.51- deg

2. Calculate the radius of the elastic-plastic interface

Ratio of the radius of the elastic-plastic interface to radius of the hole is by/a in Ball. Labeled BIL in the
following calculation and is only a function of o 5.

D T
A ¥ [E}[lmL—E-radj
BIL = /sin(cal) - [ ) e BIL = 1.82024

A - sin(oial) + B - cos (aal)
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Use P/oy=1.218 actual mesured radius for the elastic-plastic boundary was
from ~2.5 to ~3; but may have incresed by the ultrasonic

vibration
3. Calculate r/a as a function of o as t/2 < a <a g4f, r/ain calcs as ralL,
137.51
2.4 I
135 r/a=1- initial edge of the hole
- 2.356 i=1.22
- 2.321
120 2.286
R 2.251
2
127 2217
125 2.182
123 2.147
121 2.112
119 2.077
117
al = - deg al. = 2.042) rad
115 '] 2.007
113 1.972
11 1.937
109 1.902
107 1.868
105 1.833
102 1.78
99 1.728
96 1.676
93 1.623
1.571 B . . .
90 L —=" "1 r/a=1.82024 - the radius of the elastic-plastic boundary

i sin(rxLl.) A -sin(cal) + B- cos(oaL)

. D,
ek . Y — | gal~al:
jsin(maL) [ A sm(rxL].)-v— B CDS(GLi)J [ZAC]{[M (zlq]
L= : e
edge of the hole
a =24 rad (137.51 deg)
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1.026

1.048

1.07

1.092

1.116

1.141

1.166

1.193

1.222

[y e
._OLDOO\]O\MALAJNH‘

rpL= 1.251

(=
(3%

1.282

=
w

1.315

[
-+

1.349

[
4]

1.385

[
[=)]

1.422

(=
~J

1.461

=
co

1.523

=
o

1.59

(]
(=}

1.661

(]
=

1.738

(%]
(3]

1.82

elastic-plastic boundary

a =1.571 rad (90 deg)
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1.9
2 - 2
o 3
& Under Pressure (I.57T(90 deg), I'W
=1
E= it
=
; 1.6]
=]
s}
£ 15
S
=]
B 1.4
=]
S 1.3 /
° ;
=]
g 1. //
=
% 1.1 -~
~ : (2.40 rad (137.5 deg), 1)

24 223 2.06 1.89 172
Alpha (radians)

1.55

Fig. 1 Radius fromthe Center of the Hole Versus Parameterization Angle Alpha

4. Calculate ratio of effective stress / yield stress as a function of a

Ratio of effective stress / yield stress labeled Ro eL in calculations

A

RGeLi J (A . sin(aLi) + B- cos

(1 )p N

(2)(md
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RcseLi =

1.08

1.072

1.066

1.061

1.056

1.052

1.048

O NS WN]=

1.044

(=]

1.041

=
(=]

1.037

(=
[y

1.034

=
M

1.031

=
w

1.028

=
-y

1.025

=
w

1.022

=y
(=)

1.02

=
~J

1.017

—
2]

1.013

—
O

1.01

=]
(=]

1.006

[p¥]
[

1.003

(2]
138}

Effective Stress / Yield Stress

a =240rad (137.5 deg), r/a=1

Effective Stress / Yield Stress

I 1 I I I I 1
—— Effective / Yield Stress w/ alpha
1.08 - Elastic - Plastic Boundary
- = - Edge of Hole

1.06 ' /

" Tind

1 onaer 1y cTulc

0.98
15 16 1.7 18 19 2 21 22 23 24 25

Alpha (radians)
Fig 2. Normalized Effective Stress vs Alpha

@ = 1.571 (90 deg),
r/a =1.82024

I I
— Stress vs Radius

+ Elastic-Plastic Boundary [
- - - Edge of Hole

LN

\\

0.9

Ender P
unaer1r criun €

0.9 1.1

1.3 1.5 1.7 1.9

Radius /Initial hole Radius

Fig 3. Normalized Effective Stress vs Normalized Radius
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5. Calculate ratio of tangential and radial plastic stress in the plastic region between the edge of the
hole and the elastic-plastic boundary

Let ratio for tangential plastic stress to yield stress be SptL and and ratio for plastic radial stress to
yield stress be SprL and both are functions of ratio of effective stress to yield stress (Ra e) and a

SptL = E -2+ 2-R- [cos(o{L.) + B sin(ch.)) qi=-2..1.¢
! 2 Yoo JT+2R !
RcseL]. 1 _
SprL, = m ( (aLi) —— sm(od_i)J
1 1
1] -0.375 1| -1.218
2 -0.32 2| -1.196
3| -0.277 3| -1.177
4 -0.234 4| -1.159
5( -0.191 5| -1.139
6| -0.148 6| -1.118
7| -0.105 7| -1.097
8| -0.063 8| -1.074
9| -0.021 9| -1.051
10| 0.021 10| -1.027
SptL=111| 0.062 SprL=111| -1.001
12| 0.104 12| -0.975
13| 0.145 13| -0.948
14| 0.185 1) -0.92
15( 0.225 15| -0.891
16| 0.265 16| -0.861
17( 0.304 17 -0.83
18| 0.362 18| -0.783
19| 0.418 19| -0.734
20| 0.473 20| -0.683
21| 0.526 21| -0.631
22| 0.577 22| -0.577

6. Calculate ratio of elastic tangential to yield stress and ratio of elastic radial stresses to yield stress

Use SetL for the ratio of elastic tangential to yield stress and SerL for the ratio of elastic radial stress to yield
stress
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Normalized Stress - Calculated Stress / Yield Stress

BIL= 1.82

j=1.18

SetL. .=
] Jl(l +

SerL = —SetL

a:=1.820,2.07.6.07 j=1.17

T+ R BIL)?
2R | L

rE:Ll = 1.82(

relL.  =rel. + 0.2
1+1 ]

reL =

1.820

0.3 /

0.1 7

R LR

e ==

—0.1

-0.37

-05

-0.7

—— Tangential Plastic Stress
- = Tangential Flastic Stress

—09 Radial Plastic Stress H
/ o - - - Radial Flastic Stress |
- Under Pressure|___ ppgtic plastic Boundary
T T T
-1.3

Fig 4. Radial and Tangential Stresses Adjacent to Expanded Hole Under Pressure

Normalized Distance from the Center of the Hole - Radius / Initial Radius
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4.32

=
o]
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7. Combine into 1 matrix of distance and 1 each for Tangential and Radial Stress

RAL=mL  RAL =l g .—spil.  TSL . =SdL  RSL = SprL RSL
1 1 J+22 ] 1 1 I+
! 1 1
; 1 022 1| -0.375 1| -1.218
i 2 -0.32 2| -1.196
| 1.048 3| -0.277 3| -1.177
4 1.07 4| -0.234 4| -1.159
> | 1.092 5] -0.191 5| -1.139
6 1116 6| -0.148 6| -1.118
RAL= 7] 1141 7| -0.105 7| -1.097
8| L1661 rsi-[g]| 0.063 RSL=\g | -1.074
| 1.193 9| -0.021 9 | -1.051
10] 1222 10| 0.021 10| -1.027
11] 1.251 11| 0.062 11| -1.001
. 1.282 12| 0.104 12| -0.975
& 1315 13| 0.145 13| -0.948
19| 1.349 14| 0.185 14 -0.92
15| 1.385 15| 0.225 15| -0.891
16 16 16
1.3 :
1.t :
0.9 :
’g 0.7 :
B 0.5 i... .
% / ! .."l-
= 0.3 g LT
> . ol TR .
E 0.1 _’/ I e TSNS e - W
B o VAR 0 2l h R R T L 5
2 / : cwen " T.
= —-0.3 . o’ * s Plastic T angential Stress ||
2 _05 g : »»+ Elastic Tangential Stress ||
5 P e R il il Plastic Stress
a-07 s  » » = Radial Elastic Stress
—09 / : - - - -Elastic-[?lastic Boundary |
/ . Under Pressuf¢ ® * Tangential Stress I
R 4 : [+ * * Radial Stress
. T T T

Radial Distance from the Center of the Hole (r/initial radius)

Fig 5. Tangential and Radial Stress Under Pressure
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C. Results after removal of expansion

1. Constants defined

B is Bauschinger's parameter and is a measure of the reduction in yield stress in compression due to
strain be yield strain in tension. B =0 is for isotropic behavior while p = 1 implies kinematic hardening

Note: U is used to denote the unloading phase
from Section 1 expansion calculation, use ¢ yield =46.3 ksi 59 Plg yield= 1.218
P:=1.21799 oyield P = 56.393: ksi
2. Determination of new o 4 (& 47
o 1y is the parameterization variable and can vary between 7 /2 to o max. o 417 is for the region in the

plastic
annulus in which the unloading causes reverse yielding. o 417 is new value at the edge of the hole

while
@& Qdeiiisrkhesvalye at the new elastic-plastic boundary. o max as determine above.

Po yL is ratio of the pressure/new yield stress and varies with a |, where a  is « bL from the original calculation

for the plastic region in 2 above

Usingp =1 c02 =(1+ B)- oyield + (1 - B) - oyield Go2 = 92.6- ks
i=1.14 1:0.609
co2

Poy Ui = 3

NI

5y [w § cos(&Li)J‘[A_Sin(ﬂLl) Boefur] |

I+2-R

Solve for waU. oaU is the value of o at the edge of the hole while o =90 deg at the elastic-plastic boundary. Use the
root function from Mathcad to solve the above equation for Po yL =.609.

. u — || abL——Ta
l+R E bL A P
Function(obL) = T M —-cos(obl) [« | ——— | -e ¢ 2 -—
2 JI+2-R A . sin(obL) ... go2
+B - cos(abL)

oall = root( Function (obL),abL, 1.57- rad, 2.5 - rad) aal = 1.601599 cal = 91.764806 deg

338



3. Calculate the radius of the region experiencing reverse yielding after unloading

Ratio of the radius of material experiencing reverse yielding to hole radius is by/a. Labeled B2U in the

following calculation and is only a function of new o 41j. v from Section 1 CONSTANTS above.

B2U:= +/sin(cal) - (

S Gl

A - sin(oal) + B- cos(aal)

B2U = 1.02776
4. Calculate r/a as a function of new o as /2 <a <a all ki=1.9
91.76486

91.75 1.602 edge of the hole

’ 1.601
91.5 1.597
91.25 1.593

al:= 91 - deg aUk =| 1.588 | -rad
90.75 1.584
90.5 1.58
90.25 1.575
90 1.571 ) ) .
— elastic-plastic boundary on unloading
r/a for unloading as in calcs as labeled - rb )

A sin(aU ) +B- cm(aU ) (N = {aU-aty)
pU = |00 ‘ Kk 1 e 1.0040922
k-’ sin(chk) A - sin(oal) + B- cos(aal) 1.0079785

Radius / Initial Radius

1.000229

mpU=| 1.0118881

1.0158212
" 1.0197779
/ 1.0237584
1.02 1.571/(90 degy;1.028 1.0277628
Pressurie Remo
l.ﬂlJ

ved
] U, = 10277628

1.004

0.99 1.602(91.76 deg).1
T1602 1598 1594 159  1.586 1.582 1578 1.574 1.57

New Parameterization Angle A (radians)

Fig 6. Radius versus Alpha for Unloading
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5. Calculate ratio of effective stress / new yield stress as a function of a

Ratio of effective stress / yield stress. Ratio labeled Ro eU in calculations

()i

e

A

{A . sin[LxUk) +B- cDS(“Uk) ]p

RcreUk =

a =1.602 (91.76 deg),rb=1 edge of hole_ 9995 . ‘ ‘ ‘ . . .
g [— Effective / Yield Stress w/ Alpha
& — 1.000 - - Edge of Hole M
= + Elastic-Plastic Boundary ou Unloading
B -1.00184 E —1.000 ~ ;
Ve -1.00183 2 oo NG :
— 1.000¢ :
-1.00156 z \\ :
-1.0013 % - 1.0009 \\ .
Roely =| -1.00104 E —1.001 Pressure Removed
-1.00078 ‘5 .
& —1.001 '
-1.00052 g :
-1.00026 E —1.00117 N
-1 ~1.00
1.5671.5711.5751.5791.583 1.5871.5911.5951.599 1.603

a = 1.571 (90 deg), Alpha (radians)

rb=1.028 . ) o
elastic-plastic Fig 7. Normalized Effective Stress vs Alpha

boundary on
unloading
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New Effective Stress / New Yield Stress

—-0.999§ T T T T T
—— Effective Stress Ratio
+ Elastic-Plastic Boundary Unloading //
- 1.0003 L~
—1.0007 /’
- 1.001 '/
/ Pressure Removed
~1.001¢ //
—1.00
0998 1.002 1.006 1.01 1.014 1.018 1.022 1.026 1.03

Normalized Radius

Fig 8. Normalized Effective Stress vs Nomalized Radius

6. Calculate ratio of tangential and radial plastic stress

Let ratio for tangential plastic stress to yield stress be SptU and and ratio for plastic radial stress to
yield stress be SprU and both are functions of ratio of new effective stress to new yield stress (Ro
eU) and o U

Ro'eUk
SptU =2 ——— -2+ 2-R-| cos|al, | +
k 2 k

SprUk =2 |:

SptU=

-1.095
-1.095
-1.104
-1.112
-1.121
-1.129
-1.138
-1.146
-1.155

RoeU

SprU=

1.218
1.217
1.209
1.2
1.191
1.182
1.173
1.164
1.155
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q=-2.2



7. Calculate ratio of the change in elastic tangential to yield stress due to unloading and the ratio of
the change in elastic radial stresses to yield stress from unloading

Use 'Setu' for the ratio of the change in elastic tangential to yield stress and 'Seru' for the ratio of elastic
radial stress to yield stress

B2U =1.028 a = 1.027761.27776. 6.0277 j=1.21 JJ =] rer =B2U+ 0.25- ‘Ij -0.2!
1 1 T 1
1] 1 1] 1 T 1om: 1] 1.028
2| 2 2| 2 ST 1278 2| 1.278
3[ 3 3| 3 3T 128 3| 1.528
4| 4 4| 4 2 | 1778 4| 1778
5 5 5/ 5 =T 2028 5| 2.028
6] 6 6| 6 =T 5378 6| 2.278
7| 7 7| 7 =T 528 7 | 2.528
8| 8 8| 8 s 2778 8| 2.778
9 9 9 9 o T 3028 9 | 3.028
i-|to] 10 ;[0 10 10 3278 wu - |10] 3.278
11 11 1] 11 T 3538 I 11| 3.528
12| 12 12| 12 5T 3778 12| 3.778
13] 13 13] 13 33 2028 13[ 4.028
14| 14 14| 14 4 1278 14| 4.278
15| 15 15| 15 15| a5 15| 4.528
16| 16 16] 16 TARSENGT 16| 4.778
17| 17 17| 17 7 Som 17] s.028
18| 18 18] 18 8 5278 18| 5.278
19| 19 19| 19 o7 552 19| 5.528
20[ 20 20 20 S0 5778 20[ 5.778
21| 21 21| 21 1 028 21] 6.028

T+R B2UY
SerU, =2+ |— -
] 2A1+2-R) | U,

SetU. = —SerU.
] ]

342



Plot A stress from unloading

Calculated Stress / Yield Stress

i=1.22

(I )

1.155
0.747
0.523
0.386
0.297
0.235
0.191
0.158
0.133
0.114
0.098
0.085
0.075
0.067
0.059
0.053
0.048
0.044

0.04
0.037
0.034

X N[ | BwW| N =

(=]

[
(=]

SerU =
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[
[h8]
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w
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S
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w

[
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~

[
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—
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[y}
o

M
=

..,
.

1 h h olage = amgm===2g
. ey

. —— Reverse Plastic Radial Stress

- = Reverse Elastic Radial Stress

. —— Reverse Plastic Tangential Stress | |
v - - = Reverse Elastic Tangential Stress | |

+ Elastic-Plastic Boundary u

Normalized Distance from the Center of the Hole - Radius / Initial Radius

Fig 9. Changes in Radialand Tangential Stress due to Unloading
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SetU =

1| -1.155
2| -0.747
3| -0.523
4 | -0.386
5| -0.297
6 | -0.235
7| -0.191
8 | -0.158
9| -0.133
10| -0.114
11| -0.098
12| -0.085
13| -0.075
14| -0.067
15| -0.059
16| -0.053
17| -0.048
18| -0.044
19 -0.04
20| -0.037
21| -0.034




8. Combine into 1 matrix of distance and 1 each for Tangential and Radial Stress

pL

1
1 1
2| 1.026
3| 1.048
4| 107
5] 1.092 pU=
6| 1.116
7| 1141
8| 1.166
9| 1.193
10| 1.222
11| 1.251
12| 1.282
13] 1315
14| 1.349
15| 1.385
16| 1.422
17| 1.461
18| 1.523
19| 1.59
20[ 1.661
21| 1.738
22| 182

1
1
1
1
1
1
1
1

1
000229
004092
007978
011888
015821
019778
023758
027763
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relU =

1.028

1.278

1.528

1.778

2.028

2.278

2.528

|N|O(n| bW~

2.778

a]

3.028

-
[=]

3.278

[
[y

3.528

[
N

3.778

[
w

4.028

[y
B

4.278

[
w

4.528

[
(=)}

4.778

[
~

5.028

[
=]

5.278

—
(e}

5.528

L]
o

5.778

[hS}
[

6.028

RAUk = erk

RAU. :=rel.
1+8 i

TSUk = Sthk

TSU. = SetU.
J+8 i

RSUk = SprUk
RSU. = SerU.
1+8 ]



RAU=

1

1.000229

1.004092

1.007978

1.011888

1.015821

1.019778

1.023758

O 0N | AW N =

1.027763

—
o

1.277763

[y
=

1.527763

[y
N

1.777763

=
w

2.027763

[y
-y

2.277763

=
L%

2.527763

[y
(=]

2.777763

—
~

3.027763

[y
o

3.277763

—
o

3.527763

LAl
o

3.777763

N
[

4.027763

o
[z

4.277763

N
w

4.527763

e
Y

4.777763

[
wm

5.027763

[
[=2]

5.277763

N
~J

5.527763

N
(2]

5.777763

N
=]

6.027763

TSU =

1| -1.095
2 | -1.095
3| -1.104
4| -1.112
5| -1.121
6 | -1.129
7| -1.138
8 | -1.146
9| -1.155
10| -0.747
11| -0.523
12| -0.386
13| -0.297
14| -0.235
15| -0.191
16| -0.158
17| -0.133
18| -0.114
19| -0.098
20| -0.085
21| -0.075
22| -0.067
23| -0.059
24| -0.053
25| -0.048
26| -0.044
27 -0.04
28| -0.037
29| -0.034
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E - 0.3 e m== Reverse Elastic Tangential Stress ||
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D. Combine Results 2 and 3 to Obtain Residual Stress

Revise calculations to determine results for 3 separate regions
1. Region | from edge of hole to elastic-plastic boundary from unloading
ra=1tora=1.0278
2. From elastic-boundary from unloading to the elastic-plastic boundary from loading
ra=1.0278 tora=1.820
3. From elastic-plastic boundary (ra=1.820) from loading to infinite ~ra= 6

1. For Region 1 where 0<r/a <1.0278

Calculate the alpha angle for the loading stress in this region between r/a =1 and 1/a = 1.174 at the same
interval as was done for the unloading step

1
1.000229 1.00023
wal. = 2 399906 r/a for the unloading step :gg:z:; 1.00409
’ 1.00798
= U=| 1.011888
raRl=mpU P raRl1=| 1.01189
1.015821 101582
1.019778 101978
1.023758 102376
Radius 1 1.027763 102776
N _
—1)af1+2R
(n=1)- T 2R -sin(a) .. | F“(?)—V'J'J-(mmm
si L l+2-R)-cos 24n~ 2.
function(ct) = %m-(cxa ) ] +(n+ 1+ ) - cos(o) o n +1+2R _ lel
sin(@) | (n=1)-+f1+2-R-sin(oal) ...
+(n+ 1+ 2-R)-cos(aal)
alR] = root(function(a), a, 1.57- rad,2.5- rad) cth] =137.51- deg alR] = 240000

Radius 2
(-1 yTT 2 R-sin() .. |' F“i_l]'—lﬂﬂ-(mabm
. sin(oal) | +(n+ 1+2 R)-cos(c) 2n®r1e2R
function(a) = . e -raRl
Aussiont J sin(e) | (n=1)-y1+2-R-sin(val) ... 2

+(n+1+2-R)-cos(aal)

oth2 = root(function(a), o, 2.1- rad, 2.4- rad) oth2 = 137487 deg oth2 =24

Radius 3

(n=1)-T+2-R-sin(@) .. |

sin(aal) ] +(n+1+2-R)-cos(a)

funct i =
A J sin(@) | (n=1)-T+2-R-sin(aal) ...

+(n+ 1+ 2-R)-cos(aal)

Fnzl]- IR

-(cal—a)
2n2s 1+2-R]
e - le3
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alR3 = root(function(a), o, 2.1- rad, 2.4- rad) cth3 =137.119 deg cth3 =239

Radius 4

2
(n-1)-JTT2-R-sin(0) ... | M-(m&—m]
2(n2i1:2R)

. , sin(oal) +(n+ 14+ 2-R)-cos(a)
runmon!at) = - . e -raRl
J sin(e) | (n=1)-y1+2-R-sin(val) ... 4

+(n+1+2-R)-cos(aal)

oth4;mot(ﬁmmon(a),a,ll-r'ad,ZA-r‘ad) oth4: 136.748 deg oth4:2A387

Radius 5

(n=-1) JT+2-R-sin(a) ... | F"(_’J “J'zﬂ-(aaL—u)
. . sin(oal) +(n+1+2-R)-cos(a) 2{n"+1+2R

function(c:) = f : —raR1
DB sin(@) | (n=1)-yT+2-R-sin(aal) ... s

+(n+ 1+ 2-R)-cos(aal)

or.lRS.:root(ﬁmctlon(a),or.,ll-md,2A4-md) alRS: 136.374 deg cthS:ZSS

Radius 6

(n=1)-y1+2-R-sin(a) .. | F"(_i)i ‘|1+2.]Rj|-(rerx]
. . sin(aal) +(n+1+2-R)-cos(a) 2n"+142R

funct = - . —raR1
ARy { sin(@) | (n-1)-yTT 2 R-sin(oal) .. © "6

+(n+ 1+ 2-R)-cos(aal)

alRg = root(function(a),a,2.1- rad, 2.4- rad) alR = 135998 deg alR =2374

Radius 7

=1 T+ 2-R-sin(e) .. | w-(aaL—a]
2-(11"+1+2-R]

function(ct) = sin(oal) ] +(n+14+2-R)-cos(a) o —
Apiopi) {Sin@ | -1) JTTZ R sin(al) .. 7

+(n+1+2-R)-cos(aal)

oth7;mot(ﬁmmon(a),a,ll-r'ad,ZA-r‘ad) oth7= 135,621 deg oth.,=2.367

Radius 8

-1 JT+2R-sin(a) ... | M-(uaL—m)
2‘(11“+1+2-R)

function(a) = sin(oal) ) +(n+1+2-R)-cos(a) e — @Rl
Runsiion(on J sin(@) | (n=1)-yT+2- R-sin(cal) ... 8

+(n+ 1+ 2-R)-cos(aal)

or.le.:root(ﬁmctlon(a),or.,ll-md,2A4-md) othxz 135.242 deg othE=2.36
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Radius 9

2
. Vi (n‘—l]- 1+2-R
(n=1)- \{1 +2-R-sin(a) ... {’7}[(1:1L—(1]
- rang

fanction(ct) = jsm-(rmL) | +(+ 1+2-R)-cos(a) 2-(11‘+1+2-R
Apsient sin(a) (n=1)-y/1+2-R-sin(cal) ...
+(n+1+2-R)-cos(aal)
cth() = root(function(c), o, 2.1- rad, 2.5 rad) cth() = 134.862 deg cth()= 2354
1 1 a for Loading at the same interval as Unloading
1 2.4 1| 137.51 between the edge of the hole and the elastic-plastic
2| 2.356 2 135 boundary in Unloading
3| 2321 3 133 137.51 2.399995
4] 2.286 4 131 137.487 2.399595
> | 2.251 > 129 137.119 2393178
6| 2.217 6 127
136.748 2.386696
7| 2182 7 125 IR 136374 |- d IR 2380175
o = . . o =| £
o8| 2147 s 123] -de 135.998 ) 2.373619
9| 2.112 9 121 ’ -
2 2
10| 2.077 10| 119 13s.621 2367034
11| 2.042 11 117 135.242 2.360424
12| 2.007 12 115 134.862 2.353790
13| 1.972 13 113
14| 1.937 14 111 ook bl
15 1.902 15 109 OORS reasonable
16 16

Calculate the ratio of effective stress / yield stress as function of o IR. Ratio is Ro eL1

0=1.9 108

A T
— || alRy——rad 1.08
e = e
o A sin(cleD) + B- cos (ulRD) 107
1.078

Roell =| 1.076
1.075
1.074
1.073
1.072

Calculate ratio of tangential and radial plastic stress in the plastic region between the edge of the
hole and the elastic-plastic boundary
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In the first region, let ratio for tangential plastic stress to yield stress be SptR1 and the
ratio for plastic radial stress to yield stress be SprR1 and both are functions of ratio of
effective stress to yield stress (Ror) and o 1R

RoeLl

0 1 .
SPILRY = — 2T 2-R-[cos(aan)+—R-sm(alRO)J

1+2-

RoeLl

SprLRlO = 5 °. m . (cos (alRﬂ) - ﬁ . sin[cleQ))

—-1.218
-0.375 —-1.218
-0.375 -1.215
-0.367 -1.211
—.359 SprLR1=| —-1.208
SptLRl=| -035 -1.205
—0.342 -1.201
-0.334 -1.198
-0.326 -1.194
-0.317

2. For Region 2, calculate the change in elastic stress from Unloading between r/a = 1.0277 and
r/a = 1.82024 at the same locations as the plastic stress were calculated for Loading

Use radius from Loading between r=1 to r=1.82024, subtract the region between =1 and r=1.02776. Then
calculate the elastic Unloading stress in this region for the same radii as for Loading
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pL

1
1 1
2 1.026
B 1.048
4 1.07
5 1.092
6 1.116
7 1.141
8 1.166
9 1.193
10 1.222
11 1.251
12 1.282
13 1.315
it 1.349
15 1.385
16 1.422
17 1.461
18 1.523
19 1.59
20 1.661
21 1.738
22 1.82

r'aR_ZI = 1.0277
m=2.21

mR:Zm = I‘errtJrl

I — 2
1+R B2U
SeeUR2 =2 [ ——— -
n 2A1+2-R) raREn

SetUR2 = —SerUR2
n n
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raR2 =

1
1| 1.028
2 [ 1.048
3 1.07
4 | 1.092
5| 1.116
6| 1.141
7| 1.166
8 [ 1.193
9| 1.222
10| 1.251
11| 1.282
12| 1.315
13| 1.349
14| 1.385
15| 1.422
16| 1.461
17| 1.523
18 1.59
19| 1.661
20| 1.738
21 1.82




3. For Region 3, calculate the change in elastic stress for Unloading between v/a = 1.8024 to v/a = 6.07
at the same loactions as the stresses were calculated for Loading

1 p=1.1¢

1 1.82 raR3 :=rel

2| 207

3| 232 SRS :ElerR[ B2U ]2

4 2.57 p 21+ 2-R) raR_’;p

5| 2.82

e 3.07 SetUR3 = —SerUR3, - :

332 1| 0.368 1| 0.368

8| 3.57 2 | -0.285 2 | 0.285

mRi=lg | 3.82 3| -0.227 3| 0.227

10) 4.07 4| -0.185 4] 0.185

11| 4.32 5| -0.153 5| 0.153

12| 4.57 6 | -0.129 6| 0.129

13| 4.82 7 | -0.111 7| 0.111

14| 5.07 8 [ -0.096 8 | 0.096

15 5.32 SetUR3 =g -0.084 SetUR3 =g 0.084

16| 5.57 10| -0.074 10| 0.074

17 5.82 11| -0.065 11| 0.065

18 6.07 12| -0.058 12| 0.058
13| -0.053 13| 0.053
14| -0.047 14| 0.047
15| -0.043 15| 0.043
16| -0.039 16| 0.039
17| -0.036 17| 0.036
18| -0.033 18| 0.033

Ensure intervals in the 3 Regions matching r/a intervals for computing stresses prior to adding
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Fig 12. Check of Increments for Calculating Residual Stresses

4. For Region 1, calculate the residual stress between r/a =1 to v/a =1.024

RS(RI = SptU_+ SptIR]

R&RI1 = SprU + SpriR1

Spt Uﬂ =

-1.095 -0.375 -1.47
-1.095 -0.375 -1.47
-1.104 -0.367 -1.47
-1.112 -0.359 -1.471
-1.121 SptLRL =1 .0.35 RSIRI =1 -1 471
-1.129 -0.342 -1.471
-1.138 -0.334 -1.472
-1.146 -0.326 -1.472
-1.155 -0.317 -1.472
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7

~1.218 1.776x 10
! 1.218 4
1 1217 -1.218 ~3.265x 10
1.004 -1.215
1209 “ —5992x 1G>
1.008 5 1211 5.992x 10
= = -0.012
mRl =l 1,012 SprLRI=| —1.208 RSR1=
SprU=| 1.191 —~0.017
1.016 ~1.205 :
1.02 1.182 -0.023
! -1.201
1.024 LI173 —-0.029
1164 -1.198
1.028 . -0.034
—— o -1.194
1.155 -0.04
5. For Region 2, calculate the residual stress between v/a = 1.0278 to v/a=1.8202
Loading Values of radius and tangential stress Unloading values of radius and tangential stress at the same
radius as the loading values from
1 1
1 1
1 1 1| -0.375
1| 1.02776 1| -1.155
2| 1.02631 2 -0.32
2 | 1.04762 2| -1.111
3| 1.04762 3| 0.277
3| 1.06956 3| -1.066
4| 1.06956 4| -0.234
4| 1.09229 4| -1.022
5] 1.09229 5| -0.191
5| 1.11595 5| -0.979
6| 1.11595 6| -0.148
6 | 1.14065 6 -0.937
7 | 1.14065 7| -0.105
7 | 1.16648 7| -0.896
8| 1.16648 8| -0.063
8 | 1.19349 8| -0.856
9| 1.19349 9| -0.021
9 | 1.22178 9| -0.817
19} 122178 19] 0.021 10| 1.25139 10| -0.779
pl=11| 1.25139 SptL=111] 0.062 raR2= SetUR2 =
11| 1.28241 11| -0.742
12| 1.28241 12| 0.104
12| 1.31489 12| -0.705
13| 1.31489 13| 0.145
13| 1.34891 13| -0.67
14( 1.34891 14| 0.185
14| 1.38454 14| -0.636
15| 1.38454 15| 0.225
15| 1.42186 15( -0.603
16| 1.42186 16| 0.265
16| 1.46094 16| -0.571
17| 1.46094 17| 0.304
17| 1.52308 17| -0.526
18| 1.52308 18| 0.362
18| 1.5897 18( -0.483
19 1.5897 19| 0.418
19| 1.66117 19( -0.442
20| 1.66117 20 0.473
20| 1.73787 20| -0.404
21| 1.73787 21| 0.526
21| 1.82024 21| -0.368
22| 1.82024 22| 0.577
vi=2.21
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SptL2=

1| 0.317
2| 0.277
3| 0.234
4| 0.191
5( -0.148
6 | 0.105
7| 0.063
8| 0.021
9 0.021
10| 0.062
11( 0.104
12| 0.145
13| 0.185
14 0.225
15( 0.265
16( 0.304
17| 0.362
18| 0.418
19| 0.473
20( 0.526
21| 0.577

RStR2=

1] -1.4721
2| -1.3883
3 -1.3
4] -1.2131
5( -1.1275
6| -1.0429
7| -0.9595
8| -0.8772
91 -0.7962
10| -0.7164
11| -0.6379
12| -0.5608
13| -0.4852
14| -0.411
15( -0.3384
16| -0.2675
17( -0.1642
18| -0.0648
19( 0.0307
20 0.122
1] 0.2092

355

SprLZl = SprLR l()

SprL2V = Sper+ |

RSR2 = SertUR2 + Sprl2

SptL2I = SptLR {)
SptLZV = Sptl_,v_*_I

RSR2 = SetUR2 + Sptl2



1 ] 1
1| -1.218 1 N | 155 1 -0.04
2| -1.196 1] -1.194 . EEEEE 2| -0.066
3| -1.177 2| -1.177 B oce 3| -0.092
4| -1.159 3| -1.159 2T 1om 4| -0.117
5| -1.139 4| -1.139 B 0979 5| -0.139
6| -1.118 5| -1.118 B 0937 6| -0.159
7 | -1.097 6 | -1.097 0896 7| -0.178
8 | -1.074 7| -1.074 B 0556 8 | -0.195
9| -1.051 8 | -1.051 N ozl 9| 0.21
10| -1.027 2| 1027 10| 0.779 RsrR2= (10| 0.223

SprL=(11| -1.001 SprL2= 10| -1.001 SerUR2 = TINE 11| -0.233
12| -0.975 11| -0.975 S 0705 12| -0.243
13| -0.948 12| 0.948 — Y3 13| -0.25
14| -0.92 13) -0.92 B 0cac 14| -0.255
15| -0.891 14| -0.891 B 0603 15| -0.258
16| -0.861 15| 0.861 B 051 16| -0.259
17| -0.83 16| 0.83 B 0.576 17| -0.257
18| -0.783 17| -0.783 T 18| -0.251
19| -0.734 18| -0.734 W& 0.442 19| -0.241
20| -0.683 19| -0.683 B 0404 20| -0.227
21| -0.631 20| -0.631 . EETD 21| 0.209
22| -0.577 21| -0.577
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6. For Region 3, caiculate the residual stress between r/a = 1.8202 to rv/a = 6.07

Unloading radius

1
1.82
2.07
2.32
2.57
2.82
3.07
3.32
3.57
3.82
4.07
4.32
4.57
4.82
5.07
5.32
5.57
5.82
6.07

O | N W=

raR3=

[y
o

[ury
[y

[y
[

[ury
w

=
S

[ury
v

[y
(=)}

[y
~l

[ury
co

RSetR3 = SetUR3 + SetL

reL=

1.82

2.07

2.32

2.57

2.82

3.07

3.32

X N (| DW=

3.57

9| 3.82

10| 4.07

11| 4.32

12| 4.57

13| 4.82

14| 5.07

15| 5.32

16| 5.57

17| 5.82

18| 6.07

SetUR3 =

RSerR3 = SerlUR3 + SerL

357

1
1| -0.368
2| -0.285
3| -0.227
4 [ -0.185
5( -0.153
6 | -0.129
7| 0.111
8 | -0.096
9| -0.084
10| -0.074
11| -0.065
12| -0.058
13| -0.053
14( -0.047
15( -0.043
16( -0.039
17| -0.036
18| -0.033

SetL =

1| 0.578
2 | 0.446
3| 0.355
4 0.29
5| 0.241
6 | 0.203
7] 0.174
8 0.15
9| 0.131
10| 0.115
11| 0.103
12| 0.092
13| 0.082
14| 0.074
15| 0.068
16| 0.062
17| 0.056
18| 0.052




RSetR3 =

0.209

0.162

0.129

0.105

0.087

0.074

0.063

0.054

O 0N (| p | W[N] =

0.048

[y
o

0.042

—
[

0.037

[y
]

0.033

—
w

0.03

—
£

0.027

[y
w

0.024

—
[=)]

0.022

=
~

0.02

[y
co

0.019

SerUR3 =

0.368

0.285

0.227

0.185

0.153

0.129

0.111

0.096

O N h | W[N] =

0.084

=
(=]

0.074

—
[

0.065

[y
[z ]

0.058

—
w

0.053

[y
-y

0.047

—
w

0.043

—
=)

0.03¢9

—
~

0.036

—
[=2]

0.033
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SerL =

1| -0.578
2 | -0.446
3 | -0.355
4 -0.29
5 | -0.241
6 -0.203
7| -0.174
8 -0.15
9 | -0.131
10| -0.115
11| -0.103
12| -0.092
13| -0.082
14| -0.074
15| -0.068
16| -0.062
17| -0.056
18| -0.052

RSerR3 =

1| -0.209
2| -0.162
3| -0.129
4| -0.105
5| -0.087
6 | -0.074
7| -0.063
8| -0.054
9| -0.048
10( -0.042
11| -0.037
12| -0.033
13 -0.03
14( -0.027
15| -0.024
16| -0.022
17 -0.02
18| -0.019




1.6
1.4
1.2
] I
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A 0.8
=
= 0.6
->: 0.4
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: +++ Region 2 Radial Residual Stress
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Fig 13. Residual Stresses

7. Combine into 1 matrix of radius and 1 matrix each of tangential and radial residual stress
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1.00023
1.00409
1.00798
raRl1=| 1.01189
1.01582
1.01978
1.02376
1.02776

-1.46991
-1.46991
-1.47041
-1.47082
RStR1=| -147117
-1.47147
-1.47172
-1.47192
-1.47208

RSRCj = RSr‘le

raR2=

RSRCkH-; = RSI'R%<

1.028

1.048

1.07

1.092

1.116

1.141

1.166

(==} BN = 0 U I OV e

1.193

{o}

1.222

—
(=]

1.251

=3
[y

1.282

=3
N

1.315

=3
W

1.349

=3
B

1.385

=3
w

1.422

=3
(=)}

RStR2=

1
1 1.82
2 2.07
3 2.32
4 2.57
5 2.82
6 3.07
raR3= : 3.32
8 3.57
9 3.82
10 4.07
11 4.32
12 4.57
13 4.82
14 5.07
15
1

1 -1.472

2 -1.388

3 -1.3

4 -1.213

5 -1.127

6 -1.043

7 -0.96

8 -0.877

9 -0.796

10
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j=1.9  1=2.18 k=2.21

R.ARJ. = r'ale R_ARH{_§ = r‘aR%{
RAR, ,g=mR3

RSTCj = RStle

RSTCk_'_{_é = RSTR%(

RST(H2 g RSetRBl

1
1] 0.209
2] 0.162
3| 0.129
4| 0.105
5| 0.087
6| 0.074

RSetR3 < | 7| 0-063
8| 0.054
9| 0.048
10| 0.042
11| 0.037
12| 0.033
13 0.03
14| 0.027
15

RSRC]+2 g= RSer'RB]



RSrR1=

RAR =

1.77633% 10

=0.00033
—-0.00599
-0.011064
-0.01728
-0.02291
-0.02853
-0.03414
-0.03974

1.004

1.008

1.012

1.016

1.02

1.024

1.028

1.048

= | =
HOLDOQ\JU\MAUJNH

1.07

=
N

1
1 0.04
2 | 0.066
3| -0.092
4| -0.117
5| 0.139
6 | -0.159
RsrR2= 7| 0-178
8 | -0.195 RSerR3 =
9| -0.21
10| -0.223
11| -0.233
12| -0.243
13] -0.25
14| -0.255
15
1
1 -1.46991
2 -1.46991
3 -1.47041
4 -1.47082
5 -1.47117
RSTC=17¢ -1.47147
7 -1.47172
8 -1.47192
9 -1.47208
10 -1.3883
11 -1.30002
12
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1| -0.200

2| 0.162

3| 0.129

4| -0.105

5 -0.087

6 | -0.074

7 | -0.063

8 | -0.054

9| -0.048

10| -0.042

11| -0.037

12| -0.033

13| -0.03

14| 0.027

15| 0.024

16

1
1 1.776-10°7
2 -3.265°10-4
3 5.992-10°3
4 0.012
5 -0.017
RSRC=[g 0.023

7 0.029
8 0.034
9 0.04
10 -0.066
11 0.092
12




Normalized Stress - Stress / Yield Stress

Nommalized Stress - Stress / Yield Stress
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E. Convert Stresses into Strain

1. Total Residual Strain- (Loading Strain -Unloading strain)

A. For Region 1, calculate the residual strain between r/a=1 to r/a=1.17316

When the ratio of stress over effective stress is less than 1, use the elastic formulation for converting from
stress to strain for that stress component. When the ratio of effective stress over seffective stress is greater
than 1, use the modified Ramberg-Osgood equation for converting stress to total strain

oyield = 46.3- ksi

1
1.00023
1.00409
1.00798
raR1=| 1.01189
1.01582
1.01978
1.02376
1.02776

from Loading

i=1.

SptLRI=

ErLli =— |:( |SprLRli|)[n71] .

gtLl. :
1

I
1

from Unloading

9

-0.375
=0.375
=0.367
-0.359
-0.35
=0.342
-0.334
-0.326
=0.317

n =40

E=3x 104-ksi

SprLRli‘ oyield = (ve) - SptLRli- ciyield:|

. |:SptLR1i - Gyield - ( |SprLR1i| )“’1 - vp - SprLR1 - cryie]d]

el = = [( |SprU1.|)n_1 - SprU; - oyield - ( |SthiUn_1 - vp - SptU- Gyie]d]

atUl, = lE : [(|Sth1.|)"_1 - SptU; - oyield - ( |SprUiUn_1 “vp - Spru; - o'yie]d]

—4.113
—4.086
-3.672
-3.295
erlLl =| -2.953
-2.644
-2.364
=2.112
-1.884

gLl =

2.056
2,043
1.835
1.647
1476
1322
1.182
1.055

0.941

erlUl =

ve=103
-1218 -1.095
-1218 -1.095
-1215 -1.104
-1211 -1.112
SprLR1=| -1.208 SptU=| -1.121
-1.205 -1.129
-1.201 -1.138
-1.198 -1.146
-1.194 -1.155
4.142 -2.114
4.072 -2.08
3.053 -1.586
2.294 -1.228
1.734 gUl =| -0.978
1.327 -0.813
1.039 -0.722
0.846 -0.695
0.73 -0.73
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vp =05

SprU =

1218
1217
1.209
1.2
1.191
1.182
1.173
1.164
1.155




Total Residual Strain

eRl =etLl + etlUl Rl =ell + el
0038 0.029 1.77633x 107 ~1.4699]

03 ~0014 ~0.00033 ~1.46991

0249 -0.619 -0.00599 —1.47041

0419 -1.001 001164 -1.47082

FIR1= | 0499 eR1=| —1.22 RSRI=|  _go1728 RStR1=| -1.47117
0508 -1317 -0.02291 -1.47147

046 -1.325 —0.02853 -1.47172

03¢ —1.266 —0.03414 -1.47192

0211 -1.154 —0.03974 -1.47208,

Calculate elastic residual strain from residual stress

1
RerR1, = . (RSrRli‘ oyield - ve- RS(RL- cyie]d) E=3x 10" ks
oyield = 46.3- ksi
RetR1, = — - (RStRli- oyield - ve- RSR1- Gyie]d)
n =40 RSIR 1) = —1.47208
2‘ \
1.3
_-_-‘—-____
N U P .
e 0.4 - —
%=} i 1,01 1.02 1103
= -04
m ..............
-13 -
-2.

Distance from the Center of the Hole - r/rl

—— Loading Strain
+ Unloading Strain
= = » Residual Strain (Loading strain - Unloading Strain)

Fig 16. Tangential Strain in Region 1
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Stain (in/in)

Stain (in/in)

— 0.44

0.44 .= - Rl

03

[=]
=
(=]

Distance from the Center of the Hole - r/rl

—— Loading Strain

+ Unloading Strain
= = = Residual Strain (Loading strain - Unloading Strain)
— - Residual Strain Calculated from Residual Stress

Fig 17 Tangential Strain in Region 1

I
R Loading Strain
Unloading Strain I
- - - Residual Strain
= = - Residual Strain calculated from residual stress |

Distance from the Center of the Hole - r/rl
Fig 18. Radial Strain in Region 1
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RetR 1 =

-0.002269
-0.002268
=0.002267
-0.002265
-0.002263
=0.00226

-0.002258
-0.002256
-0.002254,




2. For Region 2, calculate the residual strain between r/a = 1.17316 to r/a = 2.224

from Loading

1
1] 1.028
2| 1.048
3] 1.07
4| 1.092
5] 1116
6| 1.141
7| 1.166
8| 1.193
9| 1.222

aro [10] 1251
11] 1.282
12| 1.315
13] 1349
14| 1.385
15| 1.422
16| 1.461
17] 1523
18] 1.59
19| 1.661
20| 1.738
21 1.82

EI‘LZJ = lE . |:( |S['11'L2J

gtl2, =
J

1 . .
Erle = B |VSprL2k - oyield — (ve) - SptLQk- Gy]e]d—|

Etle =

1
E

1
E

. |:SptL2k - ayicld - (ve) - Sprl2, - Gyie]d]

SptL2=

1
1| -0.317
2| -0.277
3| -0.234
4| -0.191
5| -0.148
6 | -0.105
7| -0.063
8| -0.021
9 0.021
10| 0.062
11| 0.104
12| 0.145
13| 0.185
14| 0.225
15| 0.265
16| 0.304
17| 0.362
18| 0.418
19| 0.473
201 0.526
21| 0.577

SprL2=

1
1| -1.194
2| -1.177
3| -1.159
4 | -1.139
5| -1.118
6 | -1.097
7 | -1.074
8 | -1.051
9| -1.027
10| -1.001
11| -0.975
12| -0.948
13 -0.92
14| -0.891
15| -0.861
16 -0.83
17| -0.783
18| -0.734
19| -0.683
20| -0.631
21| -0.577

)"'1 ~SprL2 - oyield ~ (ve) - SptL2 - cryield:l
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. [SptLZJ . oyield - [ |SprL2J |)"’l ~vp- Sprl.2 - cryield]



1

1| 0.94148 1
2 | 0.53025 1| -1.88379
3| 0.27734 2| -1.06124
4 | 0.13957 3| -0.55529
5| 0.06726 4 | 0.27964
6 | 0.03091 5| -0.1349
7| 0.0135 6 | -0.06209
8 | 0.00561 7| 0.02718
9 | 0.00224 8| -0.01128
a2 —|10] 0.00091 9 | -0.00443
11| 0.00061 i |10 0.00166
12| 0.00066 11| -0.00155
13| 0.00071 12| -0.00153
14| 0.00076 13| -0.00151
15| 0.00081 14| -0.00148
16| 0.00085 15| -0.00145
17| 0.00092 16| -0.00142
18| 0.00098 17| -0.00138
19| 0.00105 18| -0.00133
20| 0.0011 19| -0.00127
21| 0.00116 20| -0.00122
21| -0.00116

n-1

stU2, = lE [( |SetUR21‘) - SetUR2, - oyield = ( |SerUR21‘)

n-1

erU2, = lE-R|SerUR21‘)

EtUZm =— (SetUR2m‘ oyield - ve - SerURZmA Gyield)

=

ErUZm =—- (SerUle- oyield — ve - Set Ule- Gy]eld)

ml—
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SetUR2=

n-1

from Unloading

1| -1.155
2 -1.111
3 [ -1.066
4 [ -1.022
5| -0.979
6 | -0.937
7 | -0.896
8 [ -0.856
9| -0.817
10| -0.779
11| -0.742
12| -0.705
13 -0.67
14| -0.636
15| -0.603
16| -0.571
17| -0.526
18| -0.483
19| -0.442
20| -0.404
21| -0.368

SVp SerURzl- ﬁyie]d]

- SerUR2, - oyield - ( |SetUR21‘)"_1 -vp - SAUR2- Gy,-e]d]

SerUR2 =

1.155

1.111

1.066

1.022

0.979

0.937

0.896

0.856

W o ~N|jo|un|b| W=

0.817

[
o

0.779

=
=

0.742

[
N

0.705

[
w

0.67

[
-+

0.636

—
wu

0.603

[
o)1

0.571

—
~

0.526

[
(=]

0.483

—
e}

0.442

[
(=]

0.404

[
=

0.368




1 1

1 0.941 1 -1.884

2 0.53 2 -1.061 1

3 0.277 3 -0.555 1| -0.73016

4 0.14 4 0.28 2| -0.15788

5 | 0.067 5 | 0.135 3| -0.0301

6 0.031 6 -0.062 4 | -0.00559

7 0.014 7 -0.027 5| -0.00197

8 | 5.611°1073 8 0.011 6 | -0.00188

9| 2.243-103 9| -4.431-103 7| -0.0018
o< |10] 9.117-104 1o - |10] 1659103 aU2=1g | -0.00172

11| 6.116-10% 11| -1.553-10°3 9 | -0.00164

12| 6.622:104 12| -1.53:10°3 10| -0.00156

13| 7.117°104 13| -1.505°10-3 11| -0.00149

14| 7.602:104 14| -1.479-10-3 12| -0.00142

15| 8.075'104 15| -1.452-10-3 13| -0.00134

16| 8.536°104 16| -1.422-10-3 14| -0.00128

17| 9.206°104 17| -1.376'10-3 15| -0.00121

18| 9.847°104 18| -1.326°10°3 16

19| 1.046°1073 19| -1.273:10-3

20| 1.104103 20| -1.217-10-3

21| 1.158103 21| -1.158-10-3

Total Residual Strain
etR2 =e&tl2 + &U2

erR2 =erl2 + a2
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erlJ2 =

Calculate elastic residual strain

1 0.73
2 0.158
3 0.03
4| 5.595-10-3
5| 1.965°10°3
6 | 1.881-10-3
7 | 1.798103
8 | 1.718'10°3
9 | 1.639-10°3
10| 1.563°10-3
11| 1.488-10°3
12| 1.415°10°3
13| 1.345:10°3
14| 1.277-10-3
15 1.21°10-3
16

from residual stress

RSR2=

1

1 -0.04
2 | -0.066
3| -0.092
4| -0.117
5| -0.139
6 | -0.159
7 | -0.178
8| -0.195
9 -0.21
10 -0.223
11 -0.233
12 -0.243
13

RStR2=

1

0.21132

0.37237

0.24724

0.13397

0.06529

0.02903

0.01171

0.00389

Ol N|a|lun]|bs| W=

0.0006

[y
o

-0.00065

—
[

-0.00088

[y
he]

-0.00075

—
w

-0.00063

—
S

-0.00052

[y
(8]

-0.0004

[y
=)}

-0.00029

-0.00013

[y
~

1.63609°10°5

ey
o]

—
(s}

0.00016

N
o

0.00029

N
[

0.00042

-1.472

-1.388

-1.3

-1.213

-1.127

-1.043

.96

-0.877

W[ lo|N| || W| N[

-0.796

[y
o

2=
-0.716 RetR2 -

[
[

-0.638
ReR2 =

=
8]

-0.561

[
w
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ml= ml~

1
1 -1.154
2 -0.903
3 -0.525
4 -0.274
5 -0.133
6 -0.06
7 -0.025
8 | 9.558-10-3
9| -2.792:10-3
aR2 = 10| -9.682-10-5
11 6.5:10-5
12| -1.146-10-4
13| -1.606-10
14| -2.027-104
15| -2.412°10-4
16| -2.759°10-4
17 -3.21°104
18| -3.577-104
19| -3.863-104
20| 4.069-10+4
21| -4.198°104
- (RStR2- oyield — ve - RSIR2- ayield)
- (RSrR2- oyield — ve - RStR2- oyield)



Strain (in/in)

1 1
1| -0.002254 1 0.00062
2 | -0.002112 2 | 0.000541
3 | -0.001964 3 | 0.000459
4| -0.001818 4| 0.000382
5[ -0.001676 5 | 0.000308
6 | -0.001536 6 | 0.000237
7 | -0.001398 7 0.00017
=8| -0.001264 RerR2 =18 | 0.000106
9 | -0.001132 9 | 0.000045
10| -0.001003 10| -0.000012
11| -0.000876 11| -0.000065
12| -0.000753 12| -0.000115
13| -0.000633 13| -0.000161
14| -0.000516 14| -0.000203
15| -0.000403 15| -0.000241
16 16

—— Loading Strain

+ Unloading Strain
=+ = Residual Strain
— - -trace 4

Distance from the Center of the Hole - r/rl

Fig 19 Tangential Strain Regions 2
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Loading Strain

+ Unloading Strain

Residual Strain
trace 4

Fig 20. Radial Strain Region 2

3. For Region 3, calculate the residual stress between r/a = 2.224 to v/a >6

from Loading

raR3=

1.82

2.07

2.32

2.57

2.82

3.07

3.32

3.57

3.82

4.07

= | =
HOLDW\IU’:M&LJNH

4.32

=
N

4.57

=
w

4.82

[
H

5.07

=
L8]

5.32

[
)]

5.57

—
~

5.82

[
co

6.07

SetL=

1
1| 0.578
2 | 0.446
3| 0.355
4 0.29
5| 0.241
6 | 0.203
7 | 0.174
8 0.15
9| 0.131
10| 0.115
11| 0.103
12| 0.092
13| 0.082
14| 0.074
15| 0.068
16| 0.062
17| 0.056
18| 0.052

SerL =

1
1| -0.578
2| -0.446
3| -0.355
4 -0.29
5| -0.241
6 | -0.203
7| 0.174
8 -0.15
9 -0.131
10 -0.115
11 -0.103
12| -0.092
13| -0.082
14( -0.074
15| -0.068
16( -0.062
17 -0.056
18| -0.052
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SetUR3 =

k=1.
1

1| -0.368
2| -0.285
3| -0.227
4 [ -0.185
5| -0.153
6 | -0.129
7| -0.111
8 | -0.096
9 | -0.084
10| -0.074
11| -0.065
12| -0.058
13| -0.053
14| -0.047
15| -0.043
16| -0.039
17| -0.036
18| -0.033




atl3, = 1]_—: . (Seth- oyield - ve - Serl, - oyicld)

erl3) = lE . (SerLk- oyield - ve- SatL, - csyie]d)

1 1 1

1| 0.368 1| 0.00116 1| 0.00116
2| 0.285 2| 0.0009 2| -0.0009
3| 0.227 3 | 0.00071 3 | -0.00071
4| 0.185 4 | 0.00058 4 | -0.00058
5] 0.153 B 0-00048 5| -0.00048
6| 0.129 6 | 0.00041 6 | -0.00041
; g.[l);; ; nggii 7 | 0.00035
SerUR3=[g 0:084 eli=|g D.C;OOZG o 000
el3=|g | -0.00026

10| 0.074 10| 0.00023 10| -0.00023
11| 0.065 11] 0.00021 11 0.00021
12| 0.058 12| 0.00018 12| 0.00018
13] 0.053 13] 0.00017 13| 0.00017
14| 0.047 14] 0.00015 14| 0.00015
15/ 0.043 15| 0.00014 15] -0.00014
16| 0.039 16| 0.00012 %6 ©0.00012
17| 0.036 17) 0.00011 17| -0.00011
18| 0.033 18| 0.0001 18] -0.0001

from Unloading

1 . .
EtUBk = E : (SetURSk- cyield — ve - SerURSk - Gy]eld) 1

z»:rUBk = E (SerURSk- cyield - ve - SetURSkA cryield)
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etU3 =

1

1 -0.00074
2 -0.00057
3 -0.00045
4 -0.00037
5 -0.00031
6 -0.00026
7 -0.00022
8 -0.00019
9 -0.00017
10 -0.00015
11 -0.00013
12 -0.00012
13 -0.00011
14| -9.52012'105
15| -8.64639:105
16| -7.88765'105
17| -7.22457-10°5
18| -6.64172°105

Total Residual Strain

etR3 = all3 + eU3

erR3 = arl3 + elU3

al3 =

1

0.00074

0.00057

0.00045

0.00037

0.00031

0.00026

0.00022

0.00019

0.00017

0.00015

= =
HOLDOO\IU\M&LAJNI—*

0.00013

[
[V}

0.00012

=
w

0.00011

=
Y

9.52012°10°5

—
wu

8.64639°10°5

[
(=]

7.88765°10-5

[
~

7.22457:10°5

[,
=2}

6.64172°10"5

1

4,199-104

3.246°10

2.584-104

2.106°104

1.749-104

1.476°10%

1.262°104

aR3 =

1.091-104

W N || W N

9.531:105

—
o

8.396:10°3

=y
[y

7.453:10°3

[y
[\S]

6.659:10-5

=y
w

5.987°10°3

=
Y

5.411:105

[y
9]

4.914-10°5

—
)]
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aR3 =

1
1| 4.199-104
2 | -3.246°104
3| -2.584:10
4| -2.106-104
5| -1.749-104
6 | -1.476°104
7 | -1.262-104
8 | -1.091-104
9 | 9.531-10°5
10| -8.396°10-5
11| -7.453°10°5
12| -6.659°10-5
13| -5.987-10-5
14| -5.41110°5
15| -4.914-10-5
16| -4.483-10-5
17| -4.106°10-5
18| -3.775°10°5




Calculate elastic residual strain from residual stress

1
RerR3 = E - (RSerR3- oyield = ve - RSetR3 - ayield)

1
RetR3 = E - (RSetR3- oyield = ve - RSerR3 - ayield)

1
1 1| -4.199-10-4
1| 4.199-10% 2| -3.246°104
2 | 3.246-104 3 | -2.584:104
3| 2.584-104 4| -2.106°104
4| 2.106°104 5| -1.749-104
5| 1.749-10-4 6 | -1.476°104
6| 1.476104 7| -1.262:104
7 | 1.262:10% RaR3=[g [ -1.091-104
ReR3 =18 | 1.001-104 9 | 9.531°10-5
9 | 9.531-10°5 10| -8.396°10-5
10| 8.396°10°5 11| -7.453-10°5
11| 7.453-10°5 12| -6.659°10-5
12| 6.659°10°5 13| -5.987-°10°5
13| 5.987°10-5 14| -5.411-105
14| 5.411°10°5 15| -4.914-10-5
15| 4.914-10°5 16
16
0.0015
—— Loading Strain
 Unloading Strain
0.001 = - = Residual Strain
— - trace 4
=
5 0.0003 N
=
g 0
(7]
—0.0005§
—0.001
1 2 3 4 5 6 7

Distance from Center of the Hole - 1/rl

Fig 21. Tangential Strain Region 3
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0.001 | ‘
—— Loading Strain
Unloading Strain
0.0003 - * = Residual Strain =~ H
) — - traced
g 0 e
| = !
z Pl /_.‘—-"""—
g ’ ~
& —0.000]
—0.001]] /
70.001_1 2 3 n P p .
q=—4.2,-32.43

Distance from the Center of the Hole - (1/r1)
Fig 22. Radial Strain Region 3

4. Plot all Regions together review results in different Regions

2'|
1.88
1.57t
1.257
0.943
0.62
0.31
=
5 B s 55 L Tangential Loading Strain Region 1 '5
o4k I ' -+ Tangential Unloading Strain Region 1 ||
| : —— Tangential Residual Strain Region 1
_ Dlﬁzgl 2  Tangential Loading Strain Regon 2 ~
----- Tangential Unloading Strain Region 2
= 0.943 : —— Tangential Residual Strain Region 2
_ 1257 -+ Tangential Loading Strain Region 3 L
. - - Tangential Unloading Strain Region 3
- 1.57t : —— Tangential Residual Strain Region 3
I e Elastic-Plastic Boundary on Loading | |
B 1‘Sgl’l — - Elastic-Plastic Boundary on Unloading
. T T T T T
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Normalized Distance from the Center of the Hole - t/rl

Fig 23. Total Tangential Residual Strain
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Fig 24, Total Tangential Residual Strain
pYe = .00154. nYe :=-.00154 pYe, =.00154 nYe, =-00154.
m m k k

376



Strain

0.005

0.0042

0.0028

0.0021

0.0014

0.0007

—0.0007

—0.0014

—0.0021

—0.0028

—0.0035

—0.0042

l

1
0.00351 |
|

i

At

PR

12\ oY iflz4 2.2 2056 . e en 292 32 -
V/

e e e s s B ———

—0.00

Normalized Distance from the Center of the Hole -r/rl

- - - Tangential Loading Strain Region 1
 Tangential Unloading Strain Region 1

—— Tangential Residual Strain Region 1

— - Tangential Loading Strain Region 2

----- Tangential Unloading Strain Region 2

—— Tangential Residual Strain Region 2
 Tangential Loading Strain Region 3

= = = Tangential Unloading Strain Region 3

—— Tangential Residual Strain Region 3

----- Elastic-Plastic Boundary on Loading

— - Elastic-Plastic Boundary on Unloading

— - - Strain at Yielding

— - - Strain at Yielding

—— - Negative Strain at Yielding

— - Negative Strain at Yielding

Fig 25. Total Tangential Residual Strain
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Fig 28. Total Radial Residual Strain
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Strain

5. Combine into one array for total tangential strain and one for total radial strain

i=1.9 1=2.18

k:=2.21
ReTC. = aR1. ReRC. =erR1.
] ] ] ]
RETCk+8 = ElR2k RERCk+8 = ErRZk
RE:TC]_'_28 = E:lR3] RERC]_‘_28 = E‘.rRB]
0.6
Rl N
P
04— —
; i . .
i a \l
0.2 =
] -
i -y
1h28 1056 1083 1 N7 Lies b2
] -
-0.24
1 s
' i
— 0.4 P
' s
] -
0.6t .a‘ = =+ Region | Radial
[ M = - = Region 2 Radial
H )y = Region 3 Radial
- 0.8 K Residual Radial
L - = = - Region 1 Tangential
_1 " '_— - - Reg?on 2 Tangent%al
1  Region 3 Tangential
L] ’ + Residual Tangential
- L " i - - - Elastic-Plastic Boundary Loading
-’ -+ Elastic-Phstic Boundary Unloading
\ I \ I
— 1.4

25

Normaliz ed Distance from the Center of the Hole - rirl

Fig 29. Total Residual Strain
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g — 040 -

1%5] ' .
s L n=40

— 0.6 -
. L
— 0.8 =1
. s
I . ,'.
l‘ r
. . —— Total Tangential Strain
-1 s - - - Total Radial Residual Strain I
* . . .
- Elastic-Plastic Boundary on Unloading
14 I I I I
Normalized Distance from the Center of the Hole -r/rl
Fig 30. Total Residual Strain
BIL = 1.82
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1 1 1
1 1 1 0.029 1 -0.058
2 1.00023 2 -0.014 2 -0.037
3 1.00409 3 -0.619 3 0.249
4 1.00798 4 -1.001 4 0.419
5 1.01189 5 1.22 5 0.499
6 1.01582 6 -1.317 6 0.508
7 1.01978 7 -1.325 7 0.46
8 1.02376 8 -1.266 8 0.36
9 1.02776 9 -1.154 9 0.211
10| 1.04762 10 -0.903 10 0.372
11| 1.06956 11 -0.525 11 0.247
12| 1.09229 12 -0.274 12 0.134
13| 1.11595 13 -0.133 13 0.065
14| 1.14065 14 -0.06 14 0.029
RAR=115]| 1.16648 ReRC =[15 0.025 ReTC =[15 0.012
16| 1.19349 16 -9.558°1073 16 0.004
17| 1.22178 17 -2.792°10-3 17 0.001
18| 1.25139 18 -9.682°10-5 18 -0.001
19| 1.28241 19 -6.5°10°5 19 -0.001
20| 1.31489 20 -1.146°10% 20 -0.001
21| 1.34891 21 -1.606°10-4 21 -0.001
22| 1.38454 22 -2.027°10-4 22 -0.001
23| 1.42186 23 -2.412°10% 23 0
24| 1.46094 24 -2.759°10-4 24 -0
25| 1.52308 25 -3.21-10-4 25 0
26 1.5897 26 -3,577°104 26 1.636°105
27| 1.66117 27 -3.863-10% 27 0
28| 1.73787 28 4,069°10-4 28 0
29| 1.82024 29 -4,198-104 29 0
30 30 30

Ee TC - Combined array of Elastic Residual Tangential Strain
Ee TC - Combined array of Elastic Residual Radial Strain

ESTCJ. = RefR lj ESRCJ. = R}:r'Rlj

EsTC = RatR3 EsRC = RaR3
EeTC = RetR2 EeRC = RerR2 2% ! h28
k+8 k k+8 k
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Strain

RAR =

0.005 1
1
1
0.004 '
1
1
0.003 :
1
1
0.00 1
1
1
0.001 '
194545, 1,4 AesT=T RIS 3.2727 3.1273 4.1818 4.4364 54909 5.5455 6
5 1
—ooo—" 1 = = - Region 1 Radial [
' !’ ' = - = Region 2 Radial
J' 1 e R egion 3 Radial
- 0.002 i  Residual Radial i
1 = = - Region 1 Tangential
_0.003 : - - = Region 2 Tangential H
1 +++ Region 3 Tangential
!  Residual Tangential
—0.004 1 - = « Elastic-Plastic Boundary Loading
1 +++ Elastic-Plastic Boundary Unloading
0.00 1 T T T T T
— U\ J
Normalized Distance from the Center of the Hole - r/rl
Fig 31. Elastic Residual Strain
1
1 1
1
2 1 1| -2.269-10-3 L
3| 1.004 . 1 6.806°104
2| -2.268°10-3 04
4 1.008 2 6.801-10
3| -2.267°10-3 ey
5 1.012 3 6.716°10
4| -2.265-10-3 Y
6 | 1.016 4 6.63-10"
5| -2.263-10°3 Tna
7 1.02 5 6.545°10
ETC=lg | -2.26-10-3
8| 1.024 ERC=(g | 6.459'104
7| -2.258°10-3 T4
9| 1.028 7 6.374-10
8| -2.256°10-3 )
10| 1.048 8 6.288°10
. 9| -2.254°1073
11| 1.07 3 9 6.202-104
12| 1.092 10| 211210 10| 5.408-104
| -1.964103 11| 4595104
13| 1.116 12 :
14 12
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Appendix B-5 Ball’s Closed-From Solution for n = 10

Appendix 5. BALL'S CLOSED-FORM SOLUTION TO COLD-EXPANDED
HOLES APPLIED TO PICK TOOL SPECIMENS with n=10

A. Constants Defined

constants chosen to attempt to match Ball's result in Fig 6

yield stress is 414 MPa (60 ksi) E= 207 GPa (30,000 ksi) ksi := 1000- psi

Poisson's ratio v elastic=3 ve =030 Guid = 34.60- ki

. Actual yield stress is 46.3 ksi.
v plastic=.5

vp = 0.5 Yield stress used (34.69 ksi )
calculated from actual stress strain
curve to achieve 51.49 ksi at 6%
strain.

n is strain hardening exponent n=I¢C E = 30000 ksi
from measured stress-strain
curve, it appears that 10<n<17

Bauschinger parameter f} is a measure of the change yield stress from reverse yielding

p=1 B =1 implies kinematic strain hardening rule
while =0 results in an isotropic model

R is used to model implicitly the degree of plastic anisotropy and is defined as the ratio of in-plane
transverse plastic strain to through thickness plastic strain

R:=1
Constants used in calculations Constants defined to make equations fit on single page
_n+l1+2-R
b= w=0126 A=m-1)-JT+2 R A =15.588
n“+1+2-R o
o n-(1+R) B=n+1+2-R B=13
T =0.194
n2+l+2-R v n(;h:=n2+l+2-R C=103
o) T w
D:=(n -1)-J1+2-R D= 171473

B. Result at the end of Cold Expansion Note: L is used to denote the cold expansion
loading

1. Determination of a 47 for ¥/, yield

o a is the parameterization variable and can vary between n/2 to «
max

define a al amaxL:= atm{_w]

(n-1)-JT+2-R amaxL= -39.826- deg

has to be in the 2nd quadrant ~ amaxL:= amaxL+ 180- deg
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140.174 amaxL= 140.174 deg
139 1
Define o 1, which ranges 137 T 2236
from 90 deg to o ax]. 135 2 2:426
133 3| 2.391
130 4 [ 2.356
127 5| 2.321
6 | 2.269
124
o - deg 7| 2.217
121 a=[8 ] 2.164| -rad
118 19| 2.112
115 10| 2.059
12 11| 2.007
o 12| 1.955
’ 13| 1.902
i=1.16 106 14 1.85
103 15| 1.798
90 16| 1.571

Determine the ratio of the pressure to the effective stress. The effective stress during loading is equal to
yield stress. Let o aL be the value of a at the edge of the hole during loading. Use n=40 and vary the pressure
to obtain the maximum elastic-plastic radius.

poyt, = [ [L)R o)) e (e

2 1+2- + B- cos| o

Solve for a al.. aal is the value of a at the edge of the hole while . = 90 deg at the elastic-plastic
boundary. Use the root function from Mathcad to solve the above equation for different values of Po yL.
until the elastic plastic boundary =2.2

A L d—n d
— || acblrad——ra
) T+ R { sin(ocl) A Y ole 2
Function(ocL) = T | ———==cos(acl) || ———— | e - 1.7040.

m A -sin(ocel) ..

+B- cos(acl)
aal = root( Function (acL),acl, 1.57- rad, 2.5 - rad) aal =2373842 oal = 136.011- deg

2. Calculate the radius of the elastic-plastic interface

Ratio of the radius of the elastic-plastic interface to radius of the hole is bj/a in Ball. Labeled BIL in
the following calculation and is only a function of . ;.

386



D T
A ¥ [E}(uaL—E-rad]
BIL:= \/sin(cal) - ( ) e’ BIL = 2.57087

A - sin(cal) + B - cos(aal)

Use P/loy=1.704 Good agrement with experimental results. Actual mesured
radius for the elastic-plastic boundary was from ~2.5 to ~3;
but may have been incresed by the ultrasonic vibration

3. Calculate r/a as a function of o as t/2 < a <a g4f, r/ain calcs as ralL,
136.011
135 2374 r/a=1- initial edge of the hole
133 2.356 i=1.22
131 2.321
2.286
129.1586 2.254
127 2217
125 2.182
123 2.147
121 2.112
115 2.077
al = H - deg al. = 2.042) rad
115 ' 2.007
113 1.972
111 1.937
109 1.902
107 1.868
105 1.833
102 1.78
09 1.728
96 1.676
93 1.623
90 | 1.571] r/fa =1.82024 - the radius of the elastic-plastic boundary

DY,
L sin(oal) | A- sin(otLl.) +B- cos(otLl.) ¥ | E[L"C}(IMLIILI]
PH=E sin(ocLl.) A -sin(cal) + B- cos(oaL)

o =2.4rad (136.011 deg) edge of the hole
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pL

1

1.00001

1.049

1.13118

1.20205

1.26163

1.32742

1.3861

1.44366

1.5008

1.55805

= =
Cla|le|e voafu|sjw|n]=

1.61584

=
[\

1.67449

[y
w

1.73428

=
-+

1.79545

—
L8]

1.85822

—
o)}

1.9228

—
~

1.98937

=y
co

2.09338

—
o]

2.2029

o]
o

2.31855

[
[

2.44099

8]
(8]

2.57087

o =1.571 rad (90 deg)
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e

(2374 rad (13

6.0TTdeg), 1)

1
2

38

2214

2.048

1.882

Alpha (radians)

1.716

Fig. 1 Radius fromthe Center of the Hole Versus Parameterization Angle Alpha

4. Calculate ratio of effective stress / yield stress as a function of a

Ratio of effective stress / yield stress labeled Ro eL in calculations

A

RoeL., = -
! [A . sm(ﬁL

i)+B-cos

(o) J“ | e(

A s
E}[ul_,i—g-rad)
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RﬁeLi =

1.521

1.476

1.409

1.359

1.322

1.285

1.256

DV NN AW N

1.231

w

1.208

=
=1

1.187

=
[y

1.168

=
138}

1.151

=
w

1.135

=
B

1.119

=
w

1.105

=
(=2}

1.092

=
~J

1.079

—
L=2]

1.061

[y
w0

1.044

[y ]
[=]

1.029

%]
=

1.014

N
\=]

Effective Stress / Yield Stress

o =2.374rad (136.011 deg), r/a = 1
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Fig 2. Normalized Effective Stress vs Alpha

a = 1.571 (90 deg),
r/fa=2.57

1 1
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- - - Edge of Hole
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1
0.9 1.236 1.572

1.908

2.244
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Fig 3. Normalized Effective Stress vs Normalized Radius
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5. Calculate ratio of tangential and radial plastic stress in the plastic region between
the edge of the hole and the elastic-plastic boundary

Let ratio for tangential plastic stress to yield stress be SptL and and ratio for plastic radial stress to
yield stress be SprL and both are functions of ratio of effective stress to yield stress (Ro ¢) and a

RneLi

J— 1 .
Spily = ——- J2+2-R- [CDS(O(L].) + En -Sm(chi)) q=-2..1.¢

RoeL.
SprL:i‘\f2+2-R- cmaL.—;-sinaL
o2 (o) JI+2R (o)

1 1

1| -0.484 1| -1.704
2| 0.441 2| -1.646
3| -0.366 3| -1.556
4| -0.299 4| -1.484
5| -0.243 5| -1.426
6| -0.181 6| -1.366
7| -0.126 7| -1.315
8 | -0.074 8 | -1.266
9 | -0.024 9| -1.22
10[ 0.024 10| -1.175
SptL=111] 0.071 Sprl=111] -1.132
12| o0.116 12| -1.089
13| 0.16 13| -1.046
14| 0.202 14| -1.005
15| 0.243 15| -0.963
16| 0.284 16| -0.922
17| 0.322 17| -0.881
18| 0.379 18| -0.82
19 0.432 19| -0.759
20( 0.483 20| -0.698
21 0.531 21| -0.638
22| 0577 22| -0.577

6. Calculate ratio of elastic tangential to yield stress and ratio of elastic radial stresses to
yield stress

Use SetL for the ratio of elastic tangential to yicld stress and SerL for the ratio of elastic radial
stress to yield stress
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Normalized Stress - Calculated Stress / Yield Stress

704

—— Tangential Plastic Stress
Tangential Elastic Stress | |
—— Radial Plastic Stress
Radial Elastic Stress
Elastic-Plastic Boundary

Fig 4.

Normaliz ed Distance from the Center of the Hole - Radius / Initial Radius

BIL =2.571 j=1.14
1
l'E:L1 =2.571 12571
212821
rel.  =rel. + 0.2
1+l ] 3(3.071
4 (3.321
5(3.571
J=1.15 6| 3.821
, reL< |7 | 4.071
_ ﬁ. BIL 8| 4.321
iT]21+2-R) rel, 914571
10| 4.821
Serl = —SetL 11} 5.071
12 5.321
13| 5.571
14( 5.821
15| 6.071
I
2.571
0.75
0.5 //’ .'..
0.25 ~ B
I 5 2 2 i} 5 4 4,5____5__..5.5..---5
70.2)/ 0 et
~OTT 0434 A
-0.75 / Under Pressure
— T //
- 125 /

Radial and Tangential Stresses Adjacentto Expanded Hole Under Pressure

392




7. Combine into 1 matrix of distance and 1 each for Tangential and Radial Stress

RAL =l RAL,
1

1 1
2| 1.049
3| 1.131
4| 1.202
5| 1.262
6| 1.327
7 | 1.386

RAL=1g8 | 1,444
9| 1.501
10| 1.558
11| 1.616
12| 1.674
13| 1.734
14| 1.795
15| 1.858
16

22 = r\eLj

TSL=

TSI_i = SptLi

1
1| -0.484
2| -0.441
3| -0.366
4| -0.299
5| -0.243
6 | -0.181
7| -0.126
8| -0.074
9| -0.024
10| 0.024
11| 0.071
12| 0.116
13 0.16
14| 0.202
15| 0.243
16

393

TSL, 5, = Sal,
1

1| -1.704
2| -1.646
3| -1.556
4| -1.484
5| -1.426
6| -1.366
7 | -1.315

RSL=18 | -1.266
9| -1.22
10| -1.175
11| -1.132
12| -1.089
13| -1.046
14| -1.005
15| -0.963
16

RSLi = Sprl_i

RSL

1+

2222561']_]
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Fig 5. Tangential and Radial Stress Under Pres sure

C. Results after removal of expansion

1. Constants defined

B is Bauschinger's parameter and is a measure of the reduction in yield stress in compression
due to strain be yield strain in tension. 3 = 0 is for isotropic behavior while B = | implies
kinematic hardening

Note: U is used to denote the unloading phase

from Section 1 expansion calculation, use & yie|d = 34.69 ksi gnd P/g yield = 1.7040
P :=1.70405 oyield P =59.113 ksi

2. Determination of new o 4 (& 47
o 1y is the parameterization variable and can vary between 7 /2 to o max. o 417 is for the region in the
plastic
annulus in which the unloading causes reverse yielding. o 417 is new value at the edge of the hole
while
mgﬁ@@iﬁibgﬂﬁl}lf at the new elastic-plastic boundary. o max as determine above.
Po yL is ratio of the pressure/new yield stress and varies with a |, where a |, is a bL from the original
calculation for the plastic region in 2 above

Using p =1 602 = (1 + P) - oyield + (1 - P) - oyield 002 = 69.38: ksi
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i=1.14 L:g,gsz

co2
s
oal——ra

"q*“f=-lﬁf-[i”’fﬂ-ms(@a}-[;\si,,(oll):‘gm(ﬂl)}“-e@{ )

Solve for aalU. a aU is the value of a at the edge of the hole while o =90 deg at the elastic-plastic
boundary. Use the root function from Mathcad to solve the above equation for Pe yL = 0.852.

(A)( bL-rad
, _ [T+R ( sin(abl) (a N e
Function(abL) = FT [m cos(&bL)] [A.sin(ab]—) J ¢ oo2

+B - cos (obL)

aal = root( Function (abl),abl, 1.57- rad, 2.5 - rad) cal = 1.807928 oal = 103.58666 deg

3. Calculate the radius of the region experiencing reverse yielding after unloading

Ratio of the radius of material experiencing reverse yielding to hole radius is by/a. Labeled B2U in the
following calculation and is only a function of new o 4j. v from Section 1 CONSTANTS above.

A ¥ [gj-[uaU—E-radj
B2U:= \/sin(aal) - [ ) A 2

A - sin(cal) + B- cos(aal)

B2U = 1.26164
4. Calculate r/a as a function of newa asnw/2<a <a all ki=1.9

1013[;87\ 1.808 edge of the hole

1.78

100.5 1.754

29 1.728

aU:=| 975 |-deg ol =( 1.702| -rad

96 1.676

94.5 1.649

93 1.623

90 1.571

elastic-plastic boundary on unloading
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r/a for unloading as in calcs as labeled - rb

1 i 3 || oa oL
I Sn(oal) A - sm(aUk) +B- cos(aUk) . e[zc ( U= Uk}
k-’ sin[uUk) A -sin(oall) + B- cos(oall)

1.27 —
. 1.571 (90 deg),1.262
2 1.198 e
k] s
= P
2 L125 Pressure Removed -
B 1.053 :
= L

0.98

.82 1.788 117868 (10%591deg),11.657 1.625 1.593

New Parameterization Angle A (radians)

Fig 6. Radius versus Alpha for Unloading

1.56

pU

5. Calculate ratio of effective stress / new yield stress as a function of a

Ratio of effective stress / yield stress. Ratio labeled Ro eU in calculations

Rrse:Uk =

396

R

(A . sin(aUk) + B-cos

= 1.1090423

0.9999942
1.0273123
1.0538285
1.0810591

1.1378168
1.1674222
1.1978995
1.2616391

mU9= 1.2616391



a =1.808

edge of hole (103.59deg), 5 =7 —— Effoctive / Yicld Stress w/ Alpha
rb=1 g —1.001 "‘\ - - - Edge of Hole B
-1.07024 = : -+ Elastic-Plastic Boundary ou Unloading :
-1.06089 > -homx: :
-1.05238 g - 1.024; \\ E
-1.04416 21038 ~
RoeU) =["1.03621 e L :
-1.02852 : - 1040 \\ :
-1.02106 2 - 1058 N
1.01383 Lo N

-1 z Pressure Removed

— 1.08
elastic-plastic 1.5671.5941.6211.6481.6751.7021.7291.756 1.783 1.81

boundary on
unloading

a = 1.571 (90 deg),
rb=1.262 Alpha (radians)

Fig 7. Normalized Effective Stress vs Alpha

-1 T T T T T

% —— Effective Stress Ratio
7] - Elastic-Plastic Boundary Unloading |~
= ~
= -0l -
= / clasticqplastic [boundary
z e on unlading
z -1.03 v
p
2
v —1.04
z
S Pressure Removed
5]
=t /
g3 -1.06
: -
Zz edge of hole

- 1.0

00.99 1.029 1.067 1.106 1.145 1.184 1.223 1.261 1.3

Normalized Radius

Fig 8. Normalized Effective Stress vs Normalized Radius

6. Calculate ratio of tangential and radial plastic stress

Let ratio for tangential plastic stress to yield stress be SptU and and ratio for plastic radial stress to
yield stress be SprU and both are functions of ratio of new effective stress to new yield stress (Ro
elU) and o U

RoeUy 1 _
Sthk = T . v'm . (cm (aUk) + m . sm(o:Uk))
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Ro'eUk o ) _
Sprij =2 { S J2+2-R- (cos(chk) - m ‘ sm((xUk)):|

-0.698 1.704 q is to plot elastic-plastic boundary
=0.757 1.639 g=-2.2
=0.811 1.578
-0.864 1.518
SptU=| -0.916 SprU=| 1.457
=0.966 1.396
-1.015 1.336
-1.063 1.275

wn
on

=-1.155 I.

7. Calculate ratio of the change in elastic tangential to yield stress due to unloading and
the ratio of the change in elastic radial stresses to yield stress from unloading

Use 'Setu’ for the ratio of the change in elastic tangential to yield stress and 'Seru' for the ratio of elastic
radial stress to yield stress

B2U =1.262 j=1.21 JJ =] rer =B2U+ 0.25- Jj -0.2!
1 1 1

1] 1 1 1 1| 1262
2| 2 2 2 2| 1512
3| 3 3 3 3| 1762
4| 4 4 4 4 [ 2012
5| s 5 5 5| 2262
6| 6 6 6 6| 2512
7| 7 7 7 7| 2762
8| s 8 8 8 | 3.012

El E 9 e 9] 3262
10[ 10 10| 10 ! l10] 3512
11| 11 1] 11 11| 3.762
12| 12 12| 12 12| 4.012
13 13 13| 13 13| 4.262
14| 14 14| 14 14| 4512
15[ 15 15| 15 15| 4.762
16| 16 16| 16 16 5.012
17| 17 17| 17 17| 5.262
18] 18 18| 18 18| s.512
19 19 19
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T+R
SerU. =2 [———.
] 21+2-R)

SetU. = —SerU.
J J

Plot A stress from unloading

i=1.22

1.155

0.804

0.592

0.454

2
B2U
reU.
]

0.359

SerU =

0.291

0.241

0.203

0.173

0.149

= | =
clale|e|vlo|v| s wr]=

0.13

=
(3]

0.114

[
w

0.101

=
=

0.09

[
4]

0.081

[
=]

0.073

[
~J

0.066

—
co

0.061

=
te]

0.055

]
o

0.051
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[z
=

0.047

SetU =

1| -1.155
2| -0.804
3| -0.592
4| -0.454
5] -0.359
6| -0.291
7] -0.241
8 | -0.203
91 -0.173
10| -0.149
11 -0.13
12| -0.114
13| -0.101
14 -0.09
15| -0.081
16| -0.073
17| -0.066
18| -0.061
19| -0.055
20| -0.051
21| -0.047




Calculated Stress / Yield Stress

0.6

Pressure Removed

—— Reverse Plastic Tangential Stress

—— Reverse Plastic Radial Stress

Reverse Elastic Tangential Stress

Reverse Elastic Radial Stress
Elastic-Plastic Boundary

Normalized Distance from the Center of the Hole - Radius / Init ial Radius

Fig 9. Changes in Radial and Tangential Stress due to Unloading
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8. Combine into 1 matrix of distance and 1 each for Tangential and Radial Stress

pL

1
1 1
2| 1.049
3| 1.131
4| 1.202
5[ 1.262 pU=
6| 1.327
7| 1.386
8| 1.444
9| 1501
10| 1.558
11| 1616
12| 1.674
13| 1.734
14| 1.795
15| 1.858
16 1.923
17| 1.989
18| 2.093
19| 2.203
20| 2.319
21| 2.441
22| 2571

0.999994

1
1
1
1
1
1
1
1

027312
053829
081059
109042
137817
167422
197899
261639
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rel =

1.262

1.512

1.762

2.012

2.262

2.512

2.762

@D IN|O (| B|W| N =

3.012

(s}

3.262

[
o

3.512

[y
[y

3.762

[
N

4.012

[
W

4.262

[
B

4.512

[y
w1

4.762

=
(=)}

5.012

=
~l

5.262

[
co

5.512

[y
(=]

5.762

=]
(=]

6.012

\=]
=

6.262

RAU =mpl

k k
RAU. ,=relU.

1+8 i
TSUk = Sthk

TSU. = SetU.
J+8 i

RSUk = Spr'Uk
RSU. = SerU.
1+8 ]



RAU=

1

0.999994

1.027312

1.053829

1.081059

1.109042

1.137817

1.167422

1.197899

O (Nl | W[N| =

1.261639

[y
(=]

1.511639

[y
=

1.761639

=
(=]

2.011639

[y
w

2.261639

=
-

2.511639

[y
wu

2.761639

—
=)

3.011639

[y
~d

3.261639

—
=]

3.511639

[
o

3.761639

[l
o

4.011639

N
=

4.261639

N
N

4.511639

[
w

4.761639

N
-+

5.011639

[
154

5.261639

[
(=)}

5.511639

xS
~

5.761639

[l
co

6.011639

N
=]

6.261639

TSU =

1| -0.698
2| -0.757
3| -0.811
4 | -0.864
5| -0.916
6 | -0.966
7| -1.015
8 | -1.063
9| -1.155
10| -0.804
11| -0.592
12| -0.454
13| -0.359
14| -0.291
15| -0.241
16| -0.203
17| -0.173
18| -0.149
19 -0.13
20| -0.114
21| -0.101
22 -0.09
23| -0.081
24| -0.073
25| -0.066
26| -0.061
27| -0.055
28| -0.051
29| -0.047
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RSU =

1| 1.704
2| 1.639
3| 1.578
4| 1.518
5| 1.457
6| 1.396
7| 1.336
8| 1.275
9 1.155
10| 0.804
11| 0.592
12| 0.454
13| 0.359
14| 0.291
15( 0.241
16| 0.203
17| 0.173
18| 0.149
19 0.13
20( 0.114
21| 0.101
22 0.09
23| 0.081
24| 0.073
25| 0.066
26| 0.061
27| 0.055
28| 0.051
29( 0.047




Calculated Stress / Yield Stress

0.
8 »» Unloading Radial Stress
0.
_0 | 1.2 1.4 1.6 1.8 B 2.2 2.4 2.6 8 i)
-0.6 L

T I I I I
mm R everse Plastic Tangential Stress

me R everse Elastic Tangential Stress |-

\\ mmmm R everse Plastic Radial Stress

m— R everse Elastic Radial Stress a

Elast ic-Plastic Boundary
e »» Unloading Tangent ial Stress

N

Vel

-

~

Normalized Distance from the Center of the Hole - Radius / Initial Radius

Fig 10. Changes in Radial and Tangential Stress due to Unloading

9. Plot combined matrices of distance and Tangential and Radial Stress

Normmalized Stress - Stress / Yield Stress

1.8 .
1.675 .
14— :
‘l .
1. - :
s ;
A -
0.8 o -
0.6 : sy
04 . ~ _,./\__‘\
’ ' P I ET ———
0. : LR T T P
: / A I I kbbbl LS I
0 A5 P 2.5 L R 5" alalialiells ER
0. T e
A / PRI |
- 04, F
- 0.6 . "' . -
— 0.8 < - - —— Initial Tangential Stress from Loading -
bt e —— Initial Radial Stress from Loading |
s : Elastic-Plastic Boundary from Loading | |
- ' - = - Elastic-Plastic Boundary from Unloading
-14 / - - = Tangential Stress from Unloading I
— 16 - - = Radial Stress from Unloading M
. T T T T T
-1.8

Normalized Distance from the Center of the Hole - rir1

Fig 11. Stresses fromExpansion Pressure and from Removing the Expansion Pressure
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D. Combine Results 2 and 3 to Obtain Residual Stress

Revise calculations to determine results for 3 separate regions
1. Region | from edge of hole to elastic-plastic boundary from unloading
ra=1tora=1.262
2. From elastic-boundary from unloading to the elastic-plastic boundary from loading
ra=1262tora=2.571
3. From elastic-plastic boundary (ra=2.571) from loading to infinite ~ra= 6

1. For Region I where 0<r/a <1.26164

Calculate the alpha angle for the loading stress in this region between r/a=1 and r/a=1.174
at the same interval as was done for the unloading step

0.999994 0.99599

1.027312 102731

oal = 2 373842 r/a for the unloading step :g:j zzz 1.05383

’ 1.08106

raRl = rpU mpU=| 1.109042 aRl<| 110004

1.137817 113782

1.167422 16742

1.197899 11979

Radius 1 1.261639, 126164

(n-1)-T+2 R-sin() ... | M (cal—a)
function(a) = [sh(oaD) | +(n+1+2R)-cos(a) . 2(a?s1:28) Rl
“ sin(@ | (n-1)-T+2-R-sin(oal) .. !

+(n+ 1+ 2-R)-cos(oal)

alR] = root(function(c), o, 1.57- rad,2.5- rad) ol R] =136.011-deg oth] =237384

Radius 2

-1 yT+2-R-sina) .. | F"i’l]'”zﬂ-(mabm
. . sin(cal) +(n+ 14+ 2-R)-cos(a) 2in"+1+2R
funct = - . — raR1
iRl { sin(@) (n=1)-yT+2-R-sin(oal) .. ¢ "

+(n+1+2-R)-cos(aal)

al R2 = root(function(a), e, 2.1- rad, 2.4- rad) al R2 = 135465 deg othz =2364

Radius 3

(n=1)-yT+2-R-sin(@) .. | F"(_i) "HZ')R}(ML—H]

. ) sin(aal) +(n+ 1+2-R)-cos(a) 2ln"+142R

funct = - . —raRl1
BshRRL ) { sin(@) | (n-1)- T2 R-sin(oal) . ¢ s

+(n+ 1+ 2-R)-cos(aal)
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al% := root(function(c), o, 2.1- rad, 2.4- rad) otl% =134.893 deg othj =235

Radius 4
(-1 JT+2-R-sin(a) ... |
. . sin(oal) +(n+ 1+ 2-R)-cos(a)
function(a) = .
\J sin(e) | (n-1)-1+2-R-sin(cal) ...

+(n+ 1+ 2-R)-cos(aal)

Fnz—llm

(aal—a
2(n2s142R) } : Rl
- rR1,

cth4:mot(ﬁlncxlon(a),ct,ll-md,2A4-rad) oth4= 134.264 deg cth4=2A343

Radius 5

=1 yT52-R-sin(a) .. | w-(aaL—a]
2-(11"+1+2-R]

function(ct) = sin(oal) ] +(n+14+2-R)-cos(a) o —
Apsopi) i@ |- 1)-yT+2- R- sin(cal) ... 5

+(n+1+2-R)-cos(aal)

othS:=mot(ﬁmct10n(a,),a,2.l-md,ZA-rad) oth5= 133.575 deg oth5=2.331

Radius 6
(n-1)-/T+2-R-sin(0) ...

function(c) = sin(aal) ) +(n+1+2-R)-cos(a)
it sin(@) | (n=1)-TF 2 R - sin(aal) .

+(n+ 1+ 2-R)-cos(aal)

i Fnzl]- 2

(27] -(cal—a)
2\n +1+2R
e - le(,

IR, = root(functi 2.1-rad, 2.4~ rad
alR, = root(function(c),,2.1- rad, 2.4- rad) alR, = 132823 deg alR, =2318

Radius 7

{(HMJ- 2R

(n-1)- \}1 + 2-R-sin(a) ... " ﬁ}(uﬂ]_(ﬂ
. , sin(oal) +(n+ 1+ 2-R)-cos(a) 2ln"+142R
funct = - - —raR1
AR  sin(@) |(n-1)-TT 2 R-sin(cal) . ¢ R

+(n+1+2-R)-cos(aal)

cth7:mot(ﬁlncxlon(a),ct,ll-md,2A4-rad) oth7= 132.006 deg cth7=2.304

Radius 8

=1 yTT2-R-sin(a) .. | L VIE2R |l
function(c) = [Sioal) | +(+1+2-R)- cos(e) N NER) e
(o) 3 sin(o) (n-1)-T+ 2-R- sin(cal) ... 8

+(n+ 1+ 2-R)-cos(aal)

alRX:=mot(ﬁmct10n(a,),a,2.l-md,ZA-rad) oth8=l3l.12} deg oth8=2.289
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Radius 9

-1 T+2R-sin() ... | F" -y N }udL @)
. . sin(oal) +(n+1+2-R)-cos(a) n s

function(a) = ’ : - Rl
RRBRD = sin(@) [ (n-1)-T+2-R-sin(cal) ... "

+(n+ 1+ 2-R)-cos(aal)

cthl):=root(ﬁmction(a),ct,2.l-md,2.5-rad) othl)= 129.159 deg oth()=2_254
1 1 o for Loading at the same interval as Unloading
1| 2.374 1] 136.011 between the edge of the hole and the elastic-plastic
2 | 2356 2 135 boundary in Unloading
3| 2.321 3 133 2
4| 2.286 4 131 oot e
. 2
5| 2.254 5| 129.159 135465 o
. . 2 2
6 2.217 6 127 134.893 220
. 2
7| 2.182 7 125 134.264 2
. alR=| 2.331319
aL=[g | 2.147 aL=[g 33| -deg @lR=| 133575 |- deg 18104
9| 2112 9 121 132,823 ) 30303
10| 2.077 10 119 132.006 :78853,
11| 2.042 11 117 131.123 :;5434;
12| 2.007 12 115 129.159 T
13| 1.972 13 113
14| 1.937 14 111
15| 1902 15 109 looks reasonable
16 16

Calculate the ratio of effective stress / yield stress for loading as function of o 1R. Ratio is Ro eLl
0=1.9 1.521

A I [%)-[llen—g-radj 1.495
RoeLl 0= e 1.472

A- sin(cleu) + B-cos (IIIRO)

edge of hole

1.449
RoeLl = | 1.426
1.404
1.383
1.362

1.322) elastic-plastic
boundary
on unloading

Calculate ratio of tangential and radial plastic stress in the plastic region between the edge
of the hole and the elastic-plastic boundary
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In the first region, let ratio for tangential plastic stress to yield stress be SptR1 and the
ratio for plastic radial stress to yield stress be SprR1 and both are functions of ratio of
effective stress to yield stress (RorL1) and a IR

Roell
o 1 .
SPtLRI = ST | coalaiiit .
PLLR > V2 + (cm(a °)+—l+2-R qm(a o))
R('rf:Ll0 |
SprLRI = -yJ2+2-R- s(alR | = ——— - sin[alR
prLR1/ o+ [cos(a 0) Grws em(a O))
-0.484 -1.704
-0.46 -1.671
-0.437 -1.641
-0.412 -1.61
SptLRI= | —0.386 SprLR1=| -1.579
-0.36 -1.549
-0.332 -1.518
-0.303 -1.488
-0.243 -1.426

2. For Region 2, calculate the change in elastic stress from Unloading between
r/a=1.26164 and r/a = 2.5709 at the same locations as the plastic stress were calculated for
Loading

Use radius from Loading between r=1 to r=2.5709, subtract the region between r=1 and r=1.2616.
Then calculate the elastic Unloading stress in this region for the same radii as for Loading
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1 rR2, = 12616
L 1 m=2..1¢8
2 1.049 ARRS ’1\1,“\::].. 15 1
3 1.131 rmR2 =l 1| 1.262
4 1.202 R 2 | 1327
5| 1.262 SaURZ :=2Ji [ B2U J 3| 1.386
6 | 1.327 " N21+2-R) | mRZ 4| 1.444
7 1.386 5 | 1.501
8 1444 SﬁURZn .:—SerURZH 6 1558
9 1.501 7 | 1616
10| 1.558 8| 1.674

wL=[11] 15616 raR2=[g [ 1.734
12| 1674 10| 1.795
13| 1.734 11| 1.858
14| 1.795 12| 1.923
15| 1.858 13| 1.989
16| 1.923 14| 2.093
17| 1.989 15| 2.203
18| 2.093 16| 2319
19| 2.203 17| 2441
201 2319 18| 2571
21| 2441
22| 2571

3. For Region 3, calculate the change in elastic stress for Unloading between r/a = 2.5709
to r/a = 6.07 at the same loactions as the stresses were calculated for Loading

p=1.1:
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1

1] 2571
2| 2.821
3| 3.071
4| 3321
5| 3.571
6| 3.821
aR3<| 7| 4071
8| 4.321
9 | 4.571
10| 4.821
11| 5.071
12| 5.321
13| 5.571
14| 5.821
15| 6.071

raR3 = rel

SerUR3 =2 | R
P A1+2-R)

SetUR3 =-=SerUR3
p p

SetUR3 =

[

2
B2U
raR3
P

-0.278

-0.231

-0.195

-0.167

-0.144

-0.126

-0.111

-0.098

-0.088

-0.079

==
ol =g V-1 --J IENRIR- Y I | N UOCR SR

-0.071

[y
he]

-0.065

=
w

-0.059

—
N

-0.054

[y
(03]

-0.05

SerUR3 =

1] 0.278
2| 0.231
3| 0.195
4| 0.167
5| 0.144
6| 0.126
7| 0.111
8| 0.098
9| 0.088
10| 0.079
11| 0.071
12| 0.065
13| 0.059
14| 0.054
15| 0.05

Ensure intervals in the 3 Regions matching r/a intervals for computing stresses prior to adding
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A A
= 0.§ . \
=
o
t 0.4 7 — —
w / T ——
N T —
n ' .
é I ./5 P 25F Elastic-Plastic Boundary from Loading -
g -0 =~ - -+ Elastic-Plastic Boundary from Unloading I
2 _0.4 /: ’/ . Tangential Stress from Loading -
E . / : Radial Stress from Loading
E -0.4 : - b = = = Tangential Sress from Unloading i
c 0.8 d 7 ¢ » » » Radial Stress from Unloading u
z ', ' / : |= » = Change in Plastic Tangential Stress on Unloading i
- '/ /  |m * = Change in Plastic Radial Stress on Unloading
-1 / : Change in Elastic Radial Stress on Unloading I
1.4 Change in Elastic Radial Stress on Unloading H
/ - # ==+ Change in Tangential Stress in Region 3
- Loy T |—— Change in Radial Stress in Region 3 i
= I I

Normalized Distance from the Center of the Hole - 1/r1

Fig 12. Check of Increments for Calculating Residual Stresses

4. For Region 1, calculate the residual stress between r/a = 1 to v/a = 1.26164

-0.698 -0.484 -1.183

RSWRI = SptU_+ SptLR] 0757 T EwTe
RSRI = SprU + SprLRI -0.811 -0.437 -1.248
-0.864 -0.412 -1.276

SptU =1 -0.916 SptLRL =1".0.386 RSIRI =1 302

-0.966 -0.36 -1.326

-1.015 -0.332 1.347

-1.063 -0.303 -1.366

-1.155 -0.243 -1.398
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raR 1
0

1.027

1.054

1.081

1.109
1.138
1.167
1.198

1.262

SprU=

b2
-1
h

A
N

-1.704 1.103x 10
-1.671 ~0.032
~1.641 ~0.062
-16l —0.092
SprLRI=| -1.579 RSRI=| _g173
~1.549 _0.153
-1.518 0183
~1.488 —0213
-1.426 0273

6

5. For Region 2, calculate the residual stress between r/a = 1.26164 to r/a = 2.5709

Loading Values of radius and tangential stress

pL

1

1.00001

1.049

113118

1.20205

1.26163

1.32742

1.3861

W NO AW N =

1.44366

o}

1.5008

=
o

1.55805

[y
[y

1.61584

[y
L8]

1.67449

[y
w

1.73428

—
S

1.79545

[y
[5,]

1.85822

[y
()}

1.9228

=
~

1.98937

[y
co

2.09338

—
'a]

2.2029

[y}
o

2.31855

\=]
[

2.44099

(8]
S}

2.57087

SptL=

1
1| -0.484
2| -0.441
3| -0.366
4| -0.299
5] -0.243
6 | -0.181
7| 0.126
8| -0.074
9| -0.024
10| 0.024
11| 0.071
12| 0.116
13 0.16
14| 0.202
15| 0.243
16| 0.284
17| 0.322
18| 0.379
191 0.432
20| 0.483
21| 0.531
22| 0.577
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raR2 =

vi=2.

Spt LZI = SptLR I()

Spt L2v = Spt Lv+

Unloading values of radius and tangential
stress at the same radius as the loading values
from

|

1 1
1] 1.26164 1| -1.155
2| 1.32742 2| -1.043
3| 13861 3| 0.957
4 | 1.44366 4| -0.882
5| 15008 5| -0.816
6 | 1.55805 6| -0.757
7| 1.61584 7| -0.704
8 | 1.67449 8| -0.656
9 | 1.73428 SetUR2=|g | 0.611
10| 1.79545 10| -0.57
11| 1.85822 11| -0.532
12| 1.9228 12| -0.497
13| 1.98937 13| -0.464
14| 2.09338 14| -0.419
15| 2.2029 15| -0.379
16| 2.31855 16| -0.342
17| 2.44099 17| -0.308
48| 2.57087 18| -0.278

SprL2l = SprLR l()

SprLZv = SprL\Hr

4 4

RSR2 := SetUR2 + SptL2

RSrR2 = SerUR2 + SprL2



SptL2=

1] 0.243
2 ( -0.181
3| 0.126
4| 0.074
5| -0.024
6 0.024
7 0.071
8 0.116
9 0.16
10| 0.202
11| 0.243
12| 0.284
13| 0.322
14| 0.379
15| 0.432
16| 0.483
17| 0.531
18| 0.577

RStR2=

1| -1.3976
2 -1.224
3| -1.0831
4 | -0.9563
5 | -0.8404
6 | -0.7332
7 | -0.6333
8 | -0.5397
9 | -0.4514
10| -0.3679
11| -0.2888
12| -0.2136
13| -0.142
14| -0.0409
15| 0.0533
16| 0.1411
17 0.223
18| 0.2993
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1
1] -1.704
2| -1.646
3| -1.556
4| -1.484
5| -1.426
6| -1.366
7| -1.315
8| -1.266
9| -1.22
10| -1.175
Sprl=111| -1.132
12| -1.089
13| -1.046
14| -1.005
15 -0.963
16| -0.922
17| -0.881
18| -0.82
19 -0.759
20| -0.698
21| -0.638
22| -0.577

SprL2=

1| -1.426
2| -1.366
3| -1.315
4| -1.266
5 -1.22
6 | -1.175
7| -1.132
8 | -1.089
9 | -1.046
10| -1.005
11| -0.963
12| -0.922
13| -0.881
14 -0.82
15| -0.759
16| -0.698
17| -0.638
18| -0.577

SerUR2 =

1.155

1.043

0.957

0.882

0.816

0.757

0.704

0.656

0.611

0.57

= | =
,_Oto‘oo-qmm-hwmn—

0.532

0.497

0.464

0.419

0.379

0.342

0.308

0.278

RSR2=

6. For Region 3, calculate the residual stress between r/a = 2.5709 to v/a = 6.07

Unloading radius
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1
1| -0.272
2| -0.323
3| -0.358
4| -0.385
5| -0.404
6 | -0.418
7| -0.428
8| -0.433
9| -0.435
10| -0.434
11| -0.431
12| -0.425
13| -0.416
14 0.4
15 -0.38
16| -0.356
17| -0.329
18| -0.299




2.571

2.821

3.071

3.321

3.571

3.821

raR3 =

4.071

4.321

4,571

4.821

= =
clale|le(vojulsfwfrn =

5.071

=
N

5.321

=
w

5.571

=
-

5.821

—
wu

6.071

RSetR3 = SetUR3 + SetL

RSetR3 =

1
1] 0.299
2| 0.249
3 0.21
41| 0.179
5| 0.155
6| 0.135
7| 0.119
8| 0.106
91 0.095
10| 0.085
11| 0.077
121 0.07
13| 0.064
14| 0.058
15| 0.054

1 1
1] 2571 1| 0.278
2| 2821 2| 0.231
3| 3071 3| 0.195
4| 3321 4| 0.167
5| 3571 5| -0.144
6| 3.821 6| 0.126
w7 ] 4071 SR | 7| 0-111
8| 4321 8| -0.008
9| 4571 9 [ -0.088
10| 4.821 10| 0.079
11| s.071 11| 0.071
12| 5321 12| 0.065
13| 5571 13| 0.059
14] s5.821 14| 0.054
15[ 6.071 15[ -0.05

RSerR3 = SerlUR3 + SerL

] 1

11 0278 1] 0.577

2 [ 0.231 2| 048

S o1oc 3| -0.405

T o016 4| -0.346

=T o143 5 -0.299

e o126 6| -0.261

sevma |7 0111|  ser= ; -0-02';?1
8 | 0.098 i

5T o088 9| -0.183

ol 0079 10| -0.164

11l o071 11| -0.148

5T 0065 12 -0.135

3T 0059 13 -0.123

4 0054 14| -0.113

5 005 15| -0.104

414

0.577

0.48

0.405

0.346

0.299

0.261

SetL =

0.23

0.204

0.183

0.164

(= =
cle|e|e(voju]lafwin~

0.148

=
N

0.135

=
w

0.123

=
-y

0.113

[y
wu

0.104

RSerR3 =

-0.299

-0.249

0.21

-0.179

-0.155

-0.135

-0.119

-0.106

Wl N || bWl =

-0.095

—
o

-0.085

[y
=

-0.077

[ury
[\

-0.07

=y
w

-0.064

[y
o

-0.058

—
wu

-0.054
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1.8

1.6

14

1.2

1

0.8

0.6

0.4 -

- - e
0.2 L I R TI .
15 N1 25 T ETIRE Ty = Rl A -
—-0.2 \., 'v -----__.-
—04 -
-0.6 *
_08 " = Region | Tangential Residual Stress |
M = Region 1Radial Residual Stress

- ’ = = - Region 2 Tangential Residual Stress
-2 ’ = = - Region 2 Radial Residual Stress 7
- 14 = - = Region 3 Tangential Residual Stress ||
-1.6 + = Region 3 Radial Residual Stress u
s T T T T

Normalized Distance from the Center of the Hole - r/rl
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Combine into 1 matrix of radius and 1 matrix each of tangential and radial residual stress
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0.99999
1.02731
1.05383
1.08106
raR1=| 1.10904
1.13782 raR2 =
1.16742
1.1979
1.26164

RST(_} = RStle

RSTCk_'_{_é = RStR%(

RSTCH_25 = RSetRSl

1] 1.262
2| 1.327
3| 1.386
4| 1.444
5] 1.501
6| 1.558
7| 1.616
8| 1.674
91 1.734
10| 1.795
11| 1.858
12| 1.923
13| 1.989
14| 2.093
15| 2.203
16| 2.319
17| 2.441
18| 2.571

raR3 =

416

1
1| 2.571
2| 2.821
3| 3.071
4| 3.321
5| 3.571
6 | 3.821
7 | 4.071
8| 4.321
9 | 4571
10| 4.821
11| 5.071
12| 5.321
13| 5.571
14| 5.821
15| 6.071

RAR =

1.0273

1.0538

1.0811

1.109

1.1378

1.1674

DN | VDW=

1.1979

0

1.2616

=
o

1.3274

=
[

1.3861

(=
[hS]

1.4437

=
w

1.5008

[y
S

1.5581

=
8]

1.6158

=
o

1.6745

=
~

1.7343

=
oo

1.7954

=
's}




RStR1=

-1.18276
-1.21748
-1.24801

RSR(_} = RSrle

RSRCkJrS = RE'.rR%<

RS’RC]+25 = RSerRBl

RSrR1=

1.10271% 10

-0.03192
-0.06214
-0.09238
-0.12258
-0.15272
-0.18275
-0.21262

=0.27175

RStR2=

6

-1.398

-1.224

-1.083

-0.956

-0.84

-0.733

-0.633

O N[ B|W N =

-0.54

w

-0.451

=
(=]

-0.368

[
[

-0.289

[
8]

-0.214

[
w

-0.142

—
Y

-0.041

15

0.053

16

0.141

17

0.223

18

0.299

RSrR.

[
I

-0.272

-0.323

-0.358

-0.385

-0.404

-0.418

-0.428

-0.433

O o|Nla|uv|B]w]|r| =

-0.435

=
o

-0.434

[
[

-0.431

[
h8)

-0.425

=
w
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0.299

0.249

0.21

0.179

0.155

0.135

RSetR3 =

0.119
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Olo|N || s(W]N|—
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o
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[y
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—
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0.07

=
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=
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0.054

RSerR3 =

-0.299

-0.249

-0.21

-0.179

-0.155

-0.135

-0.119

DN || B[ W| =

-0.106

(s}

-0.095

=
[=]

-0.085

[=ry
[y

-0.077

=y
L8]

-0.07
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w

-0.064

—
B

-0.058

=
[%)]

-0.054

-1.183

-1.217

-1.248

-1.276

-1.302

-1.326

-1.347

RSTC=

BN || DW=

-1.366

-1.398

-1.224

-1.083

-0.956

-0.84

-0.733

-0.633

1

1.103-10-6

-0.032

-0.062

-0.092

-0.123

RSRC=

-0.153

-0.183

D NN B |W| N =

-0.213

e}

-0.272

=y
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-0.323

[y
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Normalized Stress - Stress / Yield Stress

Normalized Stress - Stress / Yield Stress
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E. Convert Stresses into Strain
1. Total Residual Strain (Loading strain - Unloading strain

A. For Region 1, calculate the residual strain betweenr/a=1 to r/a =1.2616

When the ratio of stress over effective stress is less than 1, use the elastic formulation for
converting from stress to strain for that stress component. When the ratio of effective stress over
effective stress is greater than I, use the modified Ramberg-Osgood equation for converting stress
to total strain

i=1.9 n:=10 E=3x104-ksi ve=03 wvp=05
oyield = 34.69- ksi

0.99999 -0.484 -1.70406 —0.698 1.70406
1.02731 046 -1.67131 —-0.757 1.63939
1.05383 -0.437 -1.64055 -0.811 1.5784
1.08106 -0.412 -1.60991 -0.864 1.51754
raR1=1| 1.10904| SptLRl=| —0.386 SprLR1=| -1.57937 SptU=| —0916| SprU=| 145679
1.13782 -0.36 —1.54886 -0.966 1.3%14
1.16742 -0.332 -1.51836 -1.015 133561
1.1979 -0.303 -1.48781 -1.063 127519
1.26164 -0.243 —1.42645 -1.155 1.1547

from Loading j=1.6 k:=7.9

erll = —- [( |SprLRli|)("’” - SprLRL - oyield - (ve) - SptLRL- cryield]
SptLR1, =-0.484

1 -
etll, = B |iSptLR1iA oyield — vp - (|SprLR1i|)n L SprLRI csyie]d]

srLl] =-0239
from Unloading
SptU, =-0.698
1 n-1 . .
E[‘Ulj =t |:( |SprUj|) - SprUj -oyield — ve - Sthj- ﬁyleld] FI‘Ul] =0239
QUL =L |:Sth. - ayield — vp - (|SprU. ‘)["'” - SprU. - o'yield]
) E J ] ]
erUl =L (Jseruy] "1 SprU, - ayield - vp - ([sptU )"V sptu, - ayield
wUL = |([sery prij, - oy p-([sey]) ptU, - oy
1
EtUlk::E |:|Sth (n-1) Sth oyield - vp - |SprU ‘ (n D SprU rry]eld]
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-0.239 0.119 0.239 -0.12

-0.19 0.098 0.162 -0.082
-0.163 0.081 0.111 -0.056
-0.135 0.067 0.075 -0.038

arll =| -0.112 oLl =| 0.055 eUl =| 0.05 Ul =| —0.026
-0.092 0.046 0.033 -0.017
-0.075 0.037 0.022 -0.012 aR1 = all+ atll
-0.061 0.03 0.014 -0.009
—0.04 0.02 0.007 -0.007 aRl = all + eUl

Total Residual Strain

-0.001 " L10271x 10 ° -1.18276

0.016 0034 —003192 -1.21748

0.025 0052 ~0.06214 -1.24801

0.029 0,06 ~0.09238 -1.27628

sR1=| 0.029 R1 2| —o061 RSRI=|  _g 2958 RSIR1=| —1.30225

0.028 0059 _0.15272 -13259

0.025 0054 —0.18275 -1.34725

0.022 0047 021262 -1.36629

0.013 0033 027175 -1.39764
Calculate elastic residual strain from residual stress 0.00041 —0.00137
1 0.00039 —0.0014
RerRl; = - - (RS- oyield - ve- RSIRY,- oyicld) gggg;j ~0.00142
’ -0.00144
RatR1, = — - (RStRli- oyield - ve - RSR1,- ﬁyield) RaRl = Egggi; RetR1 =| -0.00146
' -0.00148
0.00026 -0.00149
0.00023 —0.00151
0.00017 —0.00152
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Fig 16. Tangential Strain in Region 1
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0.17
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0.034

—0.034
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- 0.103

—0.17q

-0.24

I I 1 } 1 I Y M I
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- = Loading Strain
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— Residual Strain (Loading Stran - Unloading Strain)
- = Residual Strain Calculated from Residual Stress

Fig 17. Radial Strain in Region 1

B. For Region 2, calculate the residual strain between r/a=1.2616 to r/a = 2.5709

from Loading

k=11.18

raR2=

1
1| 1.262
2| 1.327
3| 1.386
4 | 1.444
5| 1.501
6| 1.558
7| 1.616
8| 1.674
9| 1.734
10| 1.795
11| 1.858
12| 1.923
13| 1.989
14| 2.093
15| 2.203
16| 2.319
17| 2.441
18| 2.571

422

SptL2=

1
1| -0.243
2| -0.181
3| -0.126
4 | 0.074
5| -0.024
6 0.024
7 0.071
8 0.116
9 0.16
10| 0.202
11| 0.243
12| 0.284
13| 0.322
14| 0.379
15| 0.432
16| 0.483
17| 0.531
18| 0.577

SprL

[
Il

27
1

1| -1.426
2| -1.366
3| -1.315
4| -1.266
5 -1.22
6| -1.175
7| -1.132
8| -1.089
9| -1.046
10| -1.005
11| -0.963
12| -0.922
13| -0.881
L4 -0.82
L5 -0.759
L6 -0.698
17| -0.638
18 -0.577




1 n—1 . . :|
erL2, .= — - [[ [SprL2 - SprL2 - oyield - ve - SptL2 - gyield
= st st o Py oy

- l ) (n-1) : ]

all2; = - |:SptL2J oyield - vp (|SprL2J |) SprL.2 - oyield

Erle = ]]E - [SPFLZk - oyield — (ve) - SI-'t]“zk' c;yie]d]

L2, = ]E -[8ptL3, - oield - (ve) - SprL2, - oyield]

1 1

1| 0.01989 1| -0.04025
2 | 0.01289 2 | 0.02614
3 | 0.00879 3| -0.01782
4 | 0.00605 4 | 0.01225
5| 0.0042 5 | -0.00845
6 | 0.00294 6 | -0.00582
7 | 0.00207 7 | -0.00401
8 | 0.00149 8 | -0.00274

etl2=19 | 0.00109 el2=|g | -0.00188
10| 0.00084 10| -0.00128
11| 0.00062 11| -0.0012
12| 0.00065 12| -0.00116
13[ 0.00068 13| -0.00113
14| 0.00072 14| -0.00108
15| 0.00076 15| -0.00103
16| 0.0008 16| -0.00097
17| 0.00084 17| -0.00092
18| 0.00087 18| -0.00087
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from Unloading

1
1| -1.155
2| -1.043
3| -0.957
4| -0.882
5| -0.816
6 | -0.757
7 | -0.704
8 | -0.656
SetURZ=19 | 0611
10| -0.57
11| -0.532
12| -0.497
13| -0.464
14| -0.419
15| -0.379
16| -0.342
17| -0.308
18| -0.278

etU2, = lE-|:(|SetUR21‘)

a2, = - -|:(|SerURll‘)
EtUZm = ]]_E
ErUZm = l]_E

SerUR2=

- SetUR2, - oyield - vp - ( ‘SerURll‘)

- SerUR?, - oyield = vp- ( ‘SetURzl‘)

1.155

1.043

0.957

0.882

0.816

0.757

0.704

0.656

0.611

0.57

= =
Clale|le|No|ulslwn]=

0.532

=
N

0.497

[
w

0.464

=
-y

0.419

[
wu

0.379

[
(=)

0.342

=
~

0.308

[
co

0.278

(n—1)

. SerURll - oy ie]d:|

n-1

- St UR, - cyie]d]

. (SstURQmA oyield - ve - S UR2_- riyield)

. (SerURZmA oyield - ve- St UR2_- Gyield)
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1 1 1
1 0.02 1 0.04 B 0.00731
2 0.013 2 0.026 B 0.00254
3 0.009 3 0.018 B 000143
4 0.006 4 0.012 B 000133
5 0.004 5 0.008 B 500123
6 0.003 6 0.006 B 000114
A - 7| s o
el2=|g 0.001 erl2 =g -0.002 U2 = 5 | 00009
10| 8.39-104 10 0.001 T8 | 000092
11| 6.157°104 11 0.001 10| 0.00086
12| 6.477°104 12 -0.001 i1} 0.0008
13| 6.784'104 13 0.001 2| 00075
14| 7.221-104 14 -0.001 S| 0.0007
15| 7.628-104 15 0.001 14| 0.00063
16| 8.007-104 16| -9.748-10-4 15} 000057
17| 8.357°104 17| 9.216-104 0] 009951
18| 8.679-10 18| -8.679-104 271 000046
18| -0.00042

Total Residual Strain etR2 = atl2 + g2 aR2 = al2 + erl)2
1 1 1

1| 0.00731 1 0.01258 1 -0.033

2 | 0.00264 2 0.01025 2 -0.023

3| 0.00144 3 0.00735 3 0.016

4| 0.00133 4 0.00473 4 -0.011

5| 0.00123 5 0.00297 5 -0.007

6 | 0.00114 6 0.0018 6 -0.005

7 | 0.00106 7 0.00101 7 -0.003

elU2 =181 0.00099 #R2 =g 0.0005 aR2 =g -0.002

9 | 0.00092 9 0.00018 9 | -9.566°104

10| 0.00086 10| -1.81258-105 10| -4.233-104

11| 0.0008 11 <0.00018 11| -3.98-104

12| 0.00075 12| 9.96134°105 12| 4.171-104

13| 0.0007 13| -1.97057-105 13| 4.323-104

14| 0.00063 14| 9.16035-10-5 14| -4.487-104

15| 0.00057 15 0.00019 15| -4.579-10-4

16 16 16
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Calculate elastic residual strain from residual stress

1 1

1| -0.27175 1] -1.39764
2 | 0.32317 2 | -1.22397
3| 0.35828 3| -1.08309
4 | -0.38461 4 | -0.95628
5| -0.40414 5| -0.84036
6 | 0.41817 6 | -0.73321
7 | -0.42763 7 | -0.63334

RSR2=(8 | -0.43317 RStR2=|'g | -0.53967
9 -0.4353 9| -0.45141
10| -0.43441 10| -0.36794
11| -0.43081 11| -0.28879
12| -0.42476 12| -0.21357
13| -0.41648 13| -0.14199
14| -0.40028 14| -0.04086
15| -0.38002 15( 0.05333
16 16

R;t:rRZi = ll—i . (RSrRZ’.l- cyield - ve - RStRll- c:yie]d)

R:—:'[RZi = lli . (RS’[RL’I- cyield - ve - RSrRL’l- Gyie]d)
1 . .

Rx»:rRZJ. = E . [RSrRZJ - oyield - ve - RS’[RZJ . cryleld)
1 . .

Rf:tRZj = E . [RStR2J - oyield - ve - RSrRZJ . ﬁyleld)
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C. For Region 3, calculate the residual strain between r/a=2.5709 to r/a >6

k=1
from Loading
1 1 1 1
1| 2571 1| 0.577 1| -0.577 1| -0.278
2| 2.821 2 0.48 2 -0.48 2 | -0.231
3| 3.071 3| 0405 3| -0.405 3| -0.195
4| 3.321 4| 0.346 4| -0.346 4| -0.167
5| 3.571 5| 0.299 5| -0.299 5| -0.144
6| 3.821 6 | 0.261 6 | -0.261 6| -0.126
wraol 2] 4071 o _|7] 0.23 sr-|?7] 023 SUR3<| 7| 0-111
8 | 4.321 8 | 0.204 8| -0.204 8 | -0.098
9| 4.571 9| 0.183 9| -0.183 9| -0.088
10| 4.821 10| 0.164 10| -0.164 10| -0.079
11| 5.071 11| 0.148 11 -0.148 11| -0.071
12| 5.321 12| 0.135 12| -0.135 12| -0.065
13| 5.571 13| 0.123 13| -0.123 13| -0.059
14| 5.821 14| 0.113 14 -0.113 14| -0.054
15| 6.071 15| 0.104 15| -0.104 15| -0.05

1
gtl3, = — - (SetL, - oyield — ve - SerL, - oyield | . ) .
k™ g ( k Lk ) s:rLSk.—EA(SerLk‘ayle]d—xeASeth-cryle]d)

1 1 1
1] 0.278 1| 0.00087 1| -0.00087
2| 0.231 2 | 0.00072 2 | -0.00072
3] 0.195 3 | 0.00061 3| -0.00061
4| 0.167 4 | 0.00052 4 | -0.00052
5] 0.144 5 | 0.00045 5 | -0.00045
6| 0.126 6 | 0.00039 6 | -0.00039
SerUR3=|/ | 0111 ety =| 7 | 000035 3.7 ©0.00035
8| 0.098 8 | 0.00031 i 8 | -0.00031
9| 0.088 9 | 0.00027 9 | -0.00027
10| 0.079 10| 0.00025 10| -0.00025
11| 0.071 11] 0.00022 11] -0.00022
12| 0.065 12| o0.0002 12 00002
13| 0.059 13| 0.00018 5 0.00018
14| 0.054 14| 0.00017 14| 0.00017
15| 0.05 15| 0.00016 151 0.00016
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from Unloading

1

stU3 K= E

. (SetURsk- oyield - ve - SerURS, - csyield)

1 . .
srUEk = E . (SerURSk- oyield - ve- SetUR}k . csy]eld)

1

-0.00042

-0.00035

-0.00029

-0.00025

-0.00022

-0.00019

stlJ3 =

-0.00017

-0.00015

-0.00013

-0.00012

[E -
Clale|e(vojulafwin=

-0.00011

=y
N

-9.75842-10°5

=
w

-8.90225-10°5

=y
-y

-8.

154-10-5

[
w

-7.49628°10°5

Total Residual Strain

etR3 = all3 + eU3

erR3 = a3 + elU3

al3 =

1

0.00042

0.00035

0.00029

0.00025

0.00022

0.00019

0.00017

0.00015

0.00013

0.00012

= =
HDOW"\IU\M-&L‘JI\JH

0.00011

9.75842°10°5

[
N

8.90225°10°5

[
w

8.154°10-5

[
-y

7.49628°10-5

[
wu

429

RSerR3 =

1] -0.299
2 | -0.249
3 -0.21
4| -0.179
5| -0.155
6 | -0.135
7| -0.119
8 [ -0.106
9| -0.095
10| -0.085
11| -0.077
12 -0.07
13| -0.064
14| -0.058
15| -0.054




1 : 1 01299
1| 4.498-10% L| 449810 20,249
2 | 3.736'104 2| 3736107 3T o2
3| 3153104 3| 3.15310% 2l 0179
4| 2.696'10 4| 26961107 5| 0.155
5| 2.332:104 5| 2.33210% 0135
6 | 2.037:10% 6| 2.05710% 70119
7 | 1.794104 aR3 = |7 | 1.79410 e T 106
MR = 1502104 8| -1.592104 :
9| 1.423104 S| -1.42310% fo glg:;
10| 1.279-104 10] -1.279'10% 11| 0077
11] 1.156104 11 11561107 2 007
12| 1.0510 12] -1.0510% 13 0.064
13| 9.5810°5 13| -9.5810% T3 0.058
14| 8.775'10°5 14] 8775107 15| 0.054
15 8067105 15| -8.067°10°5 :

Calculate elastic residual strain fi sidual stress 1
alculate elastic residual strain from residual stress RaR3, = L (RSerREkAcsyield—veARSetRSk-cryield)

1 . .
RatRBk = E (RSetREkA oyield - ve - RSerRSk . cryleld)

1 1
1| -0.00045 1| 0.00045
2 | -0.00037 2 | 0.00037
3 | -0.00032 3| 0.00032
4 | 0.00027 4 | 0.00027
5 | 0.00023 5| 0.00023
6 -0.0002 6 0.0002
RerR3 = 7 | 0.00018 RetR3 = 7 | 0.00018
8 | -0.00016 8 | 0.00016
9 | -0.00014 9 | 0.00014
10| -0.00013 10| 0.00013
11| -0.00012 11| 0.00012
12| -0.00011 12| 0.00011
13| -0.0001 13| 0.0001
14| -0.00009 14| 0.00009
15| -0.00008 15| 0.00008
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Strain (in/in)

Strain (infin)

0.00% I T I I
- - - Loading Strain
N + Unloading Strain
—— Residual Strain (Loading Strain - Unloading Strain)
0.000 » » Residual Strain Calculated from Residual Stress
M -~
00004 e
h‘““""“—-h..._' LI N
0.0001
25 3 3s 4 45 5 55 5
—0.000
—0.000
Distance from Center of the Hole - r/rl
Fig 20. Tangential Strain Region 3
0.000 T T I
- - - Loading Strain
0.000 Unloading Strain L
—— Residual Strain (Loading Strain - Unloading Strain)
» » Residual Strain Calculated from Residual Stress
0.000 T
0
__._...-—--—-"_..-—l-
_.___....--"‘-" N
—0.000 ’_,...——*"‘ ==
~0.000 // R
-0.000 =
—0.000
—0.001
2.5 3.3 4.1 49 5.7 0.5

Distance from the Center of the Hole - (r/r1)
Fig 21. Radial Strain Region 3
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D. Plot all Regions together review results in different Regions

Strain

q=-42-32.42

0.1% |
0.1t |
00 .
0.07 i I
005 ]
0.03 ‘l
0.0t - T
LR 53 - = = Tangential Loading Strain Region 1 k
- 0.0% B | : + Tangential Unloading Strain Region1 |
—00 . = Tangential Residual Strain Region 1
- | — - Tangential Loading Strain Region 2
005 I ----- Tangential Unloading Strain Region 2 |
[ —— Tangential Residual Strain Region 2
—0.07 1 + Tangential Loading Strain Region 3
| - - Tangential Unloading Strain Region 3
-0.0 —— Tangential Residual Strain Region 3 ||
ot | ----- Elastic-Plastic Boundary on Loading
' | — - Elastic-Plastic Boundary on Unloading
—013 T T T T

Normalized Distance from the Center of the Hole - r/r1

Fig 22. Total Tangential Residual Strain
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0.153 I T I I I T I I
| - - - Tangential Loading Strain Region 1
0.1% + Tangential Unloading Strain Region 1 |
| —— Tangential Residual Strain Region |
0.0 i — - Tangential Loading Strain Region 2 H
Y I Tangential Unloading Strain Region 2
0.07 s f —— Tangential Residual Strain Region 2
. | - Tangential Loading Strain Region 3
0.05 N - - Tangential Unloading Strain Region 3
N | —— Tangential Residual Strain Region 3 i
0.03 S [\ ----- Elastic-Plastic Boundary on Loading
\ —  Elastic-Plastic Boundary on Unloading
g 0.0t [ — H
& ool 1 52 ]13" " 5 06 17 8 19 b 21 22 23 24 3
—0.03 :
—0.05 |
~0.07 i
_9 |
— 0.1t :
—-0.153

pYe = .00154.
m

nYe
m

Normalized Distance from the Center of the Hole - r/r1

Fig 23. Total Tangential Residual Strain
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Strain

0.005

0.0042

0.0035

0.0028

0.0021

0.00143

0.0007

1148 TR 22 2b8....283----308°""""7F

—0.0007

—0.00147

—0.0021

—0.0028

—0.0035

—0.0042

—0.005

Normalized Distance from the Center of the Hole -r/r1

= Tangential Loading Strain Region 1

 Tangential Unloading Strain Region 1

Tangential Residual Strain Region 1
Tangential Loading Strain Region 2
Tangential Unloading Strain Region 2
Tangential Residual Strain Region 2

+ Tangential Loading Strain Region 3

Tangential Unloading Strain Region 3
Tangential Residual Strain Region 3
Elastic-Plastic Boundary on Loading

- Elastic-Plastic Boundary on Unloading
- Strain at Yielding

- Strain at Yielding

- Negative Strain at Yielding

Negative Strain at Yielding
Fig 24. Total Tangential Residual Strain
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Strain

0.25

0.2

0.15

P P

.

+ Region | Loading

- - - Region 1 Unloading
—— Region 1 Residual

—-0.15

Region 2 Loading
- - - Region 2 Unloading

—0.2

Region 2 Residual
Region 3 Loading

—-0.25

- - Region 3 Unloading

—— Region 3 Residual
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Normalized Distance from the Center of the Hole -r/rl
Fig 25. Total Radial Residual Strain




Strain

0.2

I I I I
+ Region 1 Loading

0.2 - - - Region 1 Unloading H
—— Region 1 Residual
0.15 + Region 2 Loading |
- = = Region 2 Unloading
0.1 Region 2 Residual H
+ Region 3 Loading
0.05 - - - Region 3 Unloading H
qell —— Region 3 Residual
. 12 IM'.'!F""T =16 1L Elastic-Plastic Boundary on Unloading o
T
-0.05 AR
—0.F
-0.15
- 0.3
-025

Normalized Distance from the Center of the Hole - r/rl

Fig 26. Total Radial Residual Strain
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Strain
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0.0042

0.0035

.
0.0028 5

0.0021 .

0.00143 B EE— — e

0.0007 s

—0.0007 a e

~0.00149 /

~0.0021 [

—0.0028

—0.0035 I 3

—0.0042 I
—0.005

Normalized Distance from the Center of the Hole - r/rl
Region 1 Loading
==+ Region 1 Unloading
—— Region 1 Residual
Region 2 Loading
=+« Region 2 Unloading
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—— Region 3 Residual
----- Elastic-Plastic Boundary on Loading
— - - Postive Strain at Yield
— - . Positive Strain at Yield
Negative Strain at Yield
— - Negative Strain at Yield

Fig 27. Total Radial Residual Strain
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E. Combine into one array for tangential strain and one for radial strain

Re TC - Combined array of Total Residual Tangential Strain
Re RC - Combined array of Total Residual Radial Strain

k=2.18

ReTC. =aRl1. ReRC. = aRl1.
] ] ] ]
RETCk+x = EtR2k RERCk+x = srR2k
Rz:TCl+25 = [—IR3] RERC]+25 = E:rRBl
0.03 .
R '
iy .
0.025 o :
i .
i .
0.015 T !
| .\‘ :
“a .
0.00 v
M~
Yy NTSTIY PIrr
5 i 57 b 25 3 4 4.5 5 5.5
~0.00 - L
T .
g P i '
E -0.01 — .
7] ] | .
L - '
002 . : = = Region I Radial
7 . =+ = Region 2 Radial
n - . .
L ! ' === Region 3 Radial
-0.03 v : Residual Radial
LIS ' = = - Region 1 Tangential
—0.04 : : - - = Region 2 Tangential
LI ' - Region 3 Tangential
LI ' Residual Tangential
—00% HE . - - - Elastic-Plastic Boundary Loading
v . ++ Elastic-Plastic Boundary Unloading
_0.06 ' T T T T T

Normalized Distance from the Center of the Hole - r/rl

Fig 28. Total Residual Strain
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Strain

0.03 -
0.025 - .
0.01 \\ :
0.00 —N :
= ‘\_
5 - 1.5 P 2.5 B 3.5 4 45
—0.00 = T
—0.01 - :
-0.02 = :
1 .
-0.03 L .
—0.04 = T
- 005 .
~0.06

Normalized Distance from the Center of the Hole - r/rl

Fig 29. Total Residual Strain
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1 1
1 1 1 -0.001
2| 1.027 2 0.016
3| 1.054 3 0.025
4| 1.081 4 0.029
5| 1.109 5 0.029
6| 1.138 6 0.028
7| 1.167 7 0.025
RAR=181 1.198 ReTC =g 0.022
9| 1.262 9 0.013
10| 1.327 10 0.01
11| 1.386 11 0.007
12| 1.444 12 0.005
13| 1.501 13 0.003
14| 1.558 14 0.002
15| 1.616 15 0.001
16 16

Ee TC - Combined array of Elastic Residual Tangential Strain
Ee TC - Combined array of Elastic Residual Radial Strain

EeTC, = RatR1. EeRC, := RaR1.

] ] ] ]
E,ET(,k_H_é = RﬁtREk E‘F‘R(‘k+3 = Rﬂ'RjZk
EeTC RetR3 EeRC RerR3

14257 1 1425 1
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ReRC =

1 4.118'104
2 -0.034
3 -0.052
4 -0.06
5 -0.061
6 -0.059
7 -0.054
8 -0.047
9 -0.033
10 -0.023
11 -0.016
12 -0.011
13 -0.007
1% -0.005
15 -0.003
16




Strain

RAR =

0.00

|
1
0.00 :
1
|
0.003 !
|
1
1
0.00 I
1
I
0.001 :
ol
TSme 2. 2 A s T T3 5 ES 5
» "t
0.001 ‘.. : == Regjon 1 Radja] |
S s . = - = Region 2 Radial
1 e Region 3 Radial
0.00 i + Residual Radial ||
1 = = - Region 1 Tangential
0.003 : - - Reg]ion 2 Tangentia] u
| + Region 3 Tangential
! + Residual Tangential
0.00 \ - - - Elastic-Plastic Boundary Loading
1 +»+ Elastic-Plastic Boundary Unloading
1 T T T T
0.00
Normalized Distance from the Center of the Hole - r/r1
Fig 30. Elastic Residual Strain
! 1
L ! 1 -0.001 L
P 1.027 . 1 4.103-104
2 0.001 2 | 3.854-104
3 1.054 3 0.001
4 1.081 : 3 3.611:104
4 0.001 4 | 3.359-104
> 1.109 2 0.001
— 5 3.1-104
2 1.138 6 -0.001
7 1.167 BeTC = 6 2.834-104
! 0.001 ERC =|7 2.56°10-4
8 119 8 -0.002 '
: 8 2.281-104
B 1.262 9 -0.002
10 1.327 ’ 9 1.706°104
11| 1.386 10 0.001 10| 5.091-10°5
11 0.001 11| -3.856°10°5
12 1.444 Py
12 9.724°104 2 a3
13| 1501 13| 8.315104 2| .U
14 12 ’ 13| -1.758-10-4
14

441



0.00%

0.0005

3.5 4 P TP I o Bl

cadmm =

—0.000

—0.00t

—0.001

—-0.00

— Elastic Tangential Strain

—-0.002

- = Elastic Radial Strain M
Elastic-Plastic Boundary for Loading

- - - Elastic-Plastic Boundary for Unloading
I I I I I

—-0.003

Normalized Distance from the Center of the Hole - t/rl
Fig 31. Elastic Residual Strain
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APPENDIX C PICK AND FATIGUE SPECIMENS DESIGN DRAWINGS
Appendix C-1 PICK Tool Design Drawings

Appendix C-2 Fatigue Specimens Design Drawings
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Appendix C-1 PICK Tool Design Drawings
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Figure C-1 PICK Tool Design Drawing
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Appendix C-2 Fatigue Specimens Design Drawings
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Figure C-2 Fatigue Specimen Design Drawings
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APPENDIX D CALIBRATION CURVES
Appendix D-1 Pick Tool
Appendix D-2 MTS Universal Testing Machine

Appendix D-3 10-kip Load Cell
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Appendix D-1 Pick Tool Calibration

Load (Ibs)

Tool Calibration Tests
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e

7
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0 <«
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Figure D-1 Pick Tool Calibration
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Appendix D-2 MTS Universal Testing Machine
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Figure D-2 Load Calibration Curve of MTS
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Figure D-3 Load Calibration of 50-kip Load Cell used on MTS
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Figure D-4 Load from MTS with Volts Output
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Appendix D-3 10-kip Load Cell
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Figure D-5 Calibration of Small 10-kip Load Cell
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APPENDIX E PICK WIRING DIAGRAM
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APPENDIX F X-RAY DIFFRACTION DATA

Stress with Successive Electropolish
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Fig F-1. Stress from X-Ray Diffraction over the Same Row with Successive Electropolishing
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Hoop Stress Averages (MPa)

Stress
y-pos y-pos
fromedge| 19may 20may 21 may y-pctl)s fr(;m A\;eLages from edge| 22 may A}/f:rage
of hole | row2 row2 rowl he ge o of three of hole |row 1(a) of Four
(mm) ole (mm) rows (mm) rows
(MPa)
0 -107.6  -121.6  -182.3 0 -137.17 0 -299.9 [ -218.53
0.2 -132.3  -100.5 -2135 0.2 -148.77 0.25 -243.5 | -196.13
0.5 -135.1  -108.2 -204.9 0.5 -149.40 0.5 -195.6 | -172.50
0.75 -133.9 -928  -177.4 0.75 -134.70 0.75 -187 -160.85
1 -138.6 -98.8  -165.1 1 -134.17 1 -151.5 | -142.83
1.25 -1134  -101.8 -1715 1.25 -128.90 1.25 -154.1 | -141.50
1.5 -123.1  -1029 -1705 15 -132.17 1.5 -155 -143.58
1.75 -133 -113.9  -158.5 1.75 -135.13 1.75 -160.1 | -147.62
2 -125.4  -119.6  -155.9 2 -133.63 2 -188.2 | -160.92
2.25 -110.9  -119.3 -184.3 2.25 -138.17 2.25 -198.4 | -168.28
2.5 -124.1  -1205 -193.9 2.5 -146.17 2.5 -202.8 | -174.48
2.75 -145.4 -115 -173.5 2.75 -144.63 2.75 -188.8 | -166.72
3 -91 -127.5  -165.9 3 -128.13 3 -191.6 | -159.87
3.25 -30.3 -717.7  -124.3 3.25 -77.43 3.25 -178.3 | -127.87
3.5 -11.3 -34.1 -96 3.5 -47.13 35 -148.3 | -97.72
3.75 -14.9 -23.1 -117.9 3.75 -51.97 3.75 -111.8 | -81.88
4 -1.3 -9.4 -120.2 4 -43.63 4 -85.4 -64.52
4.5 36 54 -40 4.25 -82.8 -82.80
5 30.5 -15 -1.4 4.5 0.47 4.5 -84.1 -41.82
55 27.6 43.4 23.5 4.75 -65.3 -65.30
6 31.2 9.1 29.9 5 9.20 5 -40.6 -15.70
6.5 50.8 10.9 30.4 5.25 -41.1 -41.10
7 10.2 -12.8 2.2 5.5 31.50 55 -67.6 -18.05
8 -0.9 -4.9 23.6 5.75 -61.2 -61.20
6 23.40 6 -53.9 -15.25
6.25 -27.7 -27.70
6.5 30.70 6.5 -17.8 6.45
6.75 -27 -27.00
7 -0.13 7 -34 -17.07
8 5.93 8 5.93
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Hoop Stress
Averages (ksi)

Radial Stress
Averages (ksi)

y-pos Stress f Stress
from | Averages y-pos from Averages
center of

center of | of Four hole (in) of Four

hole (in) |Rows (ksi) Rows (Ksi)
0.0691 -43.50 0.0691 -29.04
0.0789 -35.32 0.0789 -26.89
0.0887 -28.37 0.0887 -24.64
0.0986 -27.12 0.0986 -25.40
0.1084 -21.97 0.1084 -22.94
0.1183 -22.35 0.1183 -24.89
0.1281 -22.48 0.1281 -24.44
0.1379 -23.22 0.1379 -24.48
0.1478 -27.30 0.1478 -27.07
0.1576 -28.77 0.1576 -27.67
0.1675 -29.41 0.1675 -26.46
0.1773 -27.38 0.1773 -25.56
0.1872 -27.79 0.1872 -26.36
0.1970 -25.86 0.1970 -25.89
0.2068 -21.51 0.2068 -25.20
0.2167 -16.21 0.2167 -23.06
0.2265 -12.39 0.2265 -20.12
0.2364 -12.01 0.2364 -18.98
0.2462 -12.20 0.2462 -18.44
0.2561 -9.47 0.2561 -15.46
0.2659 -5.89 0.2659 -13.73
0.2757 -5.96 0.2757 -13.96
0.2856 -9.80 0.2856 -15.14
0.2954 -8.88 0.2954 -14.60
0.3053 -7.82 0.3053 -13.72
0.3151 -4.02 0.3151 -9.47
0.3250 -2.58 0.3250 -8.52
0.3348 -3.92 0.3348 -10.71
0.3446 -4.93 0.3446 -9.68
0.3840 0.00 0.3545 -4.98
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APPENDIX G. NEUTRON DIFFRACTION DATA

inc slit offset  diffslit snout offset
1 wide 0.5 high  35mm 1 50mm  35mm
A36 (211)

Hole center  129.29  -11.33 245.60 by SCAN
ref cube center 152.66 -11.36 218.05 by SCAN
total time (hr)  20.5

Measuring Line is vertical, along GS's X-axis
Hoop Strains

Gary's Sample# 3P

Row 1 hoops
Face 1 (labels) diffracted slit side, more negative Y (SPS)
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Time MONO
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF
14 Si331AF

2THETA OMEGA

95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10
95.10

-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45
-42.45

range
omega
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00

steps
omega
11
11
11
11
11
11
11
11
11
11
11

X Y
152.66 -11.36
129.29 -11.83
129.29 -11.83
129.29 -11.83
129.29 -11.83
129.29 -11.83
129.29 -11.83
129.29 -11.83
129.29 -11.83
129.29 -11.83
129.29 -11.83
129.29 -11.83
129.29 -11.83
129.29 -11.83
129.29 -11.83
129.29 -11.83
129.29 -11.83
129.29 -11.83
129.29 -11.83
129.29 -11.83
129.29 -11.83
129.29 -11.83
129.29 -11.83
129.29 -11.83
129.29 -11.83
129.29 -11.83
129.29 -11.83
129.29 -11.83
129.29 -11.83
152.66 -11.36
129.29 -11.33
129.29 -11.33
129.29 -11.33
129.29 -11.33
129.29 -11.33
129.29 -11.33
129.29 -11.33
129.29 -11.33
129.29 -11.33
129.29 -11.33
129.29 -11.33
129.29 -11.33
129.29 -11.33
129.29 -11.33
129.29 -11.33
129.29 -11.33
129.29 -11.33
129.29 -11.33
129.29 -11.33
129.29 -11.33
129.29 -11.33
129.29 -11.33
129.29 -11.33
129.29 -11.33
129.29 -11.33
129.29 -11.33
129.29 -11.33
129.29 -11.33
152.66 -11.36
129.29 -10.83
129.29 -10.83
129.29 -10.83
129.29 -10.83
129.29 -10.83
129.29 -10.83
129.29 -10.83
129.29 -10.83
129.29 -10.83
129.29 -10.83
129.29 -10.83
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z
218.05
244.60
244.35
244.10
243.85
243.60
243.35
243.10
242.85
242.60
242.35
242.10
241.85
241.60
241.35
241.10
240.85
240.60
240.10
239.60
239.10
238.60
238.10
237.10
236.10
235.10
234.10
233.10
231.60
218.05
244.60
244.35
24410
243.85
243.60
243.35
243.10
242.85
242.60
242.35
242.10
241.85
241.60
241.35
241.10
240.85
240.60
240.10
239.60
239.10
238.60
238.10
237.10
236.10
235.10
234.10
233.10
231.60
218.05
244.60
244.35
24410
243.85
243.60
243.35
243.10
242.85
242.60
242.35
242.10

MEMO

O©oO~NOOUMWNEO

NNNRERRPRRRRERRRE
NFPOOWONDOUA»WNRO

23

increments
inZ
ref cube
1.00
1.25
1.50
1.75
2.00
2.25
2.50
2.75
3.00
3.25
3.50
3.75
4.00
4.25
4.50
4.75
5.00
5.50
6.00
6.50
7.00
7.50
8.50
9.50
10.50
11.50
12.50
14.00
ref cube
1.00
1.25
1.50
1.75
2.00
2.25
2.50
2.75
3.00
3.25
3.50
3.75
4.00
4.25
4.50
4.75
5.00
5.50
6.00
6.50
7.00
7.50
8.50
9.50
10.50
11.50
12.50
14.00
ref cube
1.00
1.25
1.50
1.75
2.00
2.25
2.50
2.75
3.00
3.25
3.50

increments
inY

ref cube
-0.5
0
0.5

Sample thru
thickness
from mid

plane

-0.5
-0.5
-0.5



250.00

200.00

150.00

100.00

50.00

0.00

-50.00
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inc slit offset diff slit snout offset
1 wide 0.5 high  35mm 1 50mm  35mm
A36 (211)
Hole center  90.53 -9.595 201.69 by SCAN
ref cube center 117.73 -10.21 225.23 by SCAN
total time (hr)  36.7

Measuring Line is vertical, along GS’s X-axis
Hoop Strains

Gary's Sample# 3P

Distance
from
steps increments plate midincrements
omega X Y Z MEMO in X plane inyY

11 117.73 -10.21 225.23
11 90.53 -9.095 202.690
11 90.53 -9.095 202.940
11 90.53 -9.095 203.190
11 90.53 -9.095 203.440
11 90.53 -9.095 203.690
11 90.53 -9.095 203.940
11 90.53 -9.095 204.190
11 90.53 -9.095 204.440
11 90.53 -9.095 204.690
11 90.53 -9.095 204.940
11 90.53 -9.095 205.190
11 90.53 -9.095 205.440
11 90.53 -9.095 205.690 4.00 -0.50
11 90.53 -9.095 205.940 4.25 -0.50

0 ref cube ref cube
1
2
3
4
5
6
7
8
9
10
11
12
13
14
11 90.53 -9.095 206.190 15 4.50 -0.50
16
17
18
19
20
21
22
23
24

1.00 -0.50 -0.5
1.25 -0.50 0

1.50 -0.50 0.5
1.75 -0.50

2.00 -0.50

2.25 -0.50

2.50 -0.50

2.75 -0.50

3.00 -0.50

3.25 -0.50

3.50 -0.50

3.75 -0.50

11 90.53 -9.095 206.440 4.75 -0.50
11 90.53 -9.095 206.690 5.00 -0.50
11 90.53 -9.095 207.190 5.50 -0.50
11 90.53 -9.095 207.690 6.00 -0.50
11 90.53 -9.095 208.190 6.50 -0.50
11 90.53 -9.095 208.690 7.00 -0.50
11 90.53 -9.095 209.190 7.50 -0.50
11 90.53 -9.095 210.190 8.50 -0.50
11 90.53 -9.095 211.190 9.50 -0.50
11 90.53 -9.095 212190 25 10.50 -0.50
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11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11

90.53
90.53
90.53
117.73
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
117.73
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53

-9.095
-9.095
-9.095
-10.21
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-10.21
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095

213.190
214.190
215.690
225.23
202.690
202.940
203.190
203.440
203.690
203.940
204.190
204.440
204.690
204.940
205.190
205.440
205.690
205.940
206.190
206.440
206.690
207.190
207.690
208.190
208.690
209.190
210.190
211.190
212.190
213.190
214.190
215.690
225.23
202.690
202.940
203.190
203.440
203.690
203.940
204.190
204.440
204.690
204.940
205.190
205.440
205.690

26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
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11.50
12.50
14.00
ref cube
1.00
1.25
1.50
1.75
2.00
2.25
2.50
2.75
3.00
3.25
3.50
3.75
4.00
4.25
4.50
4.75
5.00
5.50
6.00
6.50
7.00
7.50
8.50
9.50
10.50
11.50
12.50
14.00
ref cube
1.00
1.25
1.50
1.75
2.00
2.25
2.50
2.75
3.00
3.25
3.50
3.75
4.00

-0.50
-0.50
-0.50

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50



11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11

117.73

90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53
90.53

-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.21

205.940
206.190
206.440
206.690
207.190
207.690
208.190
208.690
209.190
210.190
211.190
212.190
213.190
214.190
215.690

225.23

72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87

4.25
4.50
4.75
5.00
5.50
6.00
6.50
7.00
7.50
8.50
9.50
10.50
11.50
12.50
14.00
ref cube

0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50

250.00

200.00

150.00

100.00

50.00

0.00

-50.00

-100.00

—o—2THETA
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inc slit offset diff slit snout  offset
0.5 wide 1 high 35mm 0.5 50mm 35 mm
A36 (211)
Hole center  159.80 -10.75 237.12 by SCAN

ref cube center 18293 -11.36 209.48 by SCAN
total time (min) 36.7

Measuring  Line is horizontal, along GS's X-axis
Radial Strains

Gary's Sample# 3P
distance distance
from hole  from

edge, plate
increments center, increments
Y y4 MEMO inX moveinY inY
-11.36  209.48 0 ref cube ref cube
-11.25 237.12 1 1.00 -0.50 -0.5
-11.25 237.12 2 1.25 -0.50 0
-11.25 237.12 3 1.50 -0.50 0.5
-11.25  237.12 4 1.75 -0.50
-11.25 237.12 5 2.00 -0.50
-11.25  237.12 6 2.25 -0.50
-11.25 237.12 7 2.50 -0.50
-11.25 237.12 8 2.75 -0.50
-11.25 237.12 9 3.00 -0.50
-11.25  237.12 10 3.25 -0.50
-11.25 237.12 11 3.50 -0.50
-11.25  237.12 12 3.75 -0.50
-11.25 237.12 13 4.00 -0.50
-11.25  237.12 14 4.25 -0.50
-11.25 237.12 15 4.50 -0.50
-11.25  237.12 16 4.75 -0.50
-11.25 237.12 17 5.00 -0.50
-11.25  237.12 18 5.50 -0.50
-11.25 237.12 19 6.00 -0.50

462



-11.25
-11.25
-11.25
-11.25
-11.25
-11.25
-11.25
-11.25
-11.25
-11.36
-10.75
-10.75
-10.75
-10.75
-10.75
-10.75
-10.75
-10.75
-10.75
-10.75
-10.75
-10.75
-10.75
-10.75
-10.75
-10.75
-10.75
-10.75
-10.75
-10.75
-10.75
-10.75
-10.75
-10.75
-10.75
-10.75
-10.75
-10.75
-11.36
-10.25
-10.25
-10.25
-10.25
-10.25
-10.25
-10.25

237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
209.48
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
209.48
237.12
237.12
237.12
237.12
237.12
237.12
237.12

20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

6.50
7.00
7.50
8.50
9.50
10.50
11.50
12.50
14.00
ref cube
1.00
1.25
1.50
1.75
2.00
2.25
2.50
2.75
3.00
3.25
3.50
3.75
4.00
4.25
4.50
4.75
5.00
5.50
6.00
6.50
7.00
7.50
8.50
9.50
10.50
11.50
12.50
14.00
ref cube
1.00
1.25
1.50
1.75
2.00
2.25
2.50

-0.50
-0.50
-0.50
-0.50
-0.50
-0.50
-0.50
-0.50
-0.50

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.50
0.50
0.50
0.50
0.50
0.50
0.50

463



-10.25
-10.25
-10.25
-10.25
-10.25
-10.25
-10.25
-10.25
-10.25
-10.25
-10.25
-10.25
-10.25
-10.25
-10.25
-10.25
-10.25
-10.25
-10.25
-10.25
-10.25
-11.36

237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
237.12
209.48

66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87

2.75
3.00
3.25
3.50
3.75
4.00
4.25
4.50
4.75
5.00
5.50
6.00
6.50
7.00
7.50
8.50
9.50
10.50
11.50
12.50
14.00
ref cube

0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
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300.00

250.00

200.00

150.00

100.00

50.00

0.00

-50.00

-100.00

inc slit
1 wide 0.5 high
A36 (211)
Hole center
ref cube center
total time (hr)

Measuring
Hoop Strains

Gary's Sample#

Y Z

-10.21  225.23

-9.095 202.690
-9.095 202.940
-9.095 203.190

offset diffslit snout  offset
35mm 1 50mm 35 mm

90.53 -9.595 201.69 by SCAN
117.73 -10.21 225.23 by SCAN
36.7

Line is vertical, along GS's X-axis

3P
incrementsincrements
MEMO in X inY
0 ref cube ref cube
1 1.00 -0.5
2 1.25 0
3 1.50 0.5
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-9.095
-9.095
-9.095
-9.095
-9.095
-9.095
-9.095
-9.095
-9.095
-9.095
-9.095
-9.095
-9.095
-9.095
-9.095
-9.095
-9.095
-9.095
-9.095
-9.095
-9.095
-9.095
-9.095
-9.095
-9.095
-10.21
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595

203.440
203.690
203.940
204.190
204.440
204.690
204.940
205.190
205.440
205.690
205.940
206.190
206.440
206.690
207.190
207.690
208.190
208.690
209.190
210.190
211.190
212.190
213.190
214.190
215.690
225.23
202.690
202.940
203.190
203.440
203.690
203.940
204.190
204.440
204.690
204.940
205.190
205.440
205.690
205.940
206.190
206.440
206.690
207.190
207.690
208.190

1.75
2.00
2.25
2.50
2.75
3.00
3.25
3.50
3.75
4.00
4.25
4.50
4.75
5.00
5.50
6.00
6.50
7.00
7.50
8.50
9.50
10.50
11.50
12.50
14.00
ref cube
1.00
1.25
1.50
1.75
2.00
2.25
2.50
2.75
3.00
3.25
3.50
3.75
4.00
4.25
4.50
4.75
5.00
5.50
6.00
6.50

466



-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-9.595
-10.21
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.095
-10.21

208.690
209.190
210.190
211.190
212.190
213.190
214.190
215.690
225.23
202.690
202.940
203.190
203.440
203.690
203.940
204.190
204.440
204.690
204.940
205.190
205.440
205.690
205.940
206.190
206.440
206.690
207.190
207.690
208.190
208.690
209.190
210.190
211.190
212.190
213.190
214.190
215.690
225.23

50
o1
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87

7.00
7.50
8.50
9.50
10.50
11.50
12.50
14.00
ref cube
1.00
1.25
1.50
1.75
2.00
2.25
2.50
2.75
3.00
3.25
3.50
3.75
4.00
4.25
4.50
4.75
5.00
5.50
6.00
6.50
7.00
7.50
8.50
9.50
10.50
11.50
12.50
14.00
ref cube
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250.00

200.00

150.00

100.00

50.00

0.00

-50.00

-100.00
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