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ENGINEERED RESIDUAL STRESS IMPLEMENTATION (ERSI)

Date:
Location:

WORKSHOP 2018

September 13 — 14, 2018
Weber State University’s Center for Continuing Education,
775 University Park Blvd., Clearfield, UT 84015

Thursday September 13 Agenda:

07:00-07:30
07:30-07:45

Arrive, Breakfast
Welcome
- Dr. Scott Carlson, Mr. Robert (Bob) Pilarczyk, Mr. Dallen Andrew

Presentations by Leads Covering Progress:
- 25 min Presentation with 15 mins for Discussion

07:45-08:00

08:00-08:40

08:40-09:10

09:10-09:50

09:50-10:00
10:00-10:40
10:40-11:20
11:20-12:00
Stresses

12:00-13:20
13:20-14:00

Stresses

14:00-15:00
15:00-17:30

Integrator Review — Programmatic Overview and Roadmap

- Dr. T.J. Spradlin (USAF — AFRL)

Residual Stress Process Simulation

- Mpr. Keith Hitchman (Fatigue Technologies Incorporated (FTI))
Quantification of Residual Stresses Through Measurement Techniques
- Dr. Adrian DeWald (Hill Engineering, LLC.)

Fatigue Crack Growth Methods with Inclusion of Residual Stresses

- Mpr. Robert (Bob) Pilarczyk (Hill Engineering, LLC — Utah Branch.)

BREAK

Verification and Validation of Analytical Methods Through Test

- Dr. Tom Mills (Analytical Processes/Engineering Solutions, Inc. (AP/ES))
Effects of Engineered Residual Stresses on Non-Destructive Inspection

- Mpr. John Brausch (USAF — AFRL)

Quality Assurance and Data Management for the Inclusion of Residual

- Dr. Carl Magnuson (Texas Research Institute/Austin, Inc.(TRI-Austin))
LUNCH
Uncertainty Quantification and Risk Analysis with the Inclusion of Residual

- Mpr. Lucky Smith, Ms. Laura Domyancic (Southwest Research Institute
(SwRI))

Open Discussion

Breakout Discussions (Block 1)

- Analytical Methods for Residual Stress Integration into Fatigue Predictions
and Testing and Validation of Analytical Methods Combined

- Residual Stress Process Simulation

- Impact of Deep Residual Stress on Non-Destructive Inspection (NDI) Methods
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Friday September 14 Agenda:

07:00-07:30  Arrive, Breakfast

07:30-10:30 Breakout Discussions (Block 2)

Residual Stress Measurements

Analytical Methods for Residual Stress Integration into Fatigue Predictions
and Testing and Validation of Analytical Methods Combined

Quality Assurance and Data Management

Risk Analysis and Uncertainty Quantification

10:30-13:00 Open Discussion and Lunch (Lunch to be provided by Hill Engineering — Utah

Branch)

Review

Future Planning
Governance
Funding

1300 We Bid You Adieu and Thank You!
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Welcome to the 2018 ERSI Workshop

- Thank you all for coming!

- Food and Funding

. Restrooms and Break Area are Upstairs .:: gt

- Internetis Provided for Free as a Guest

- Agendaand Proposed Discussion Format

- Purpose Focused Discussion _

- Closing the gaps

- Developing the documents

- ERSI Website




Overview of Working Group Structure

Total Individuals within the

Working Group - 78 - Dr. Mark

i Thomsen - A-10 ASIP

- Countries Involved - 4 Manager, Dr. Dale Ball
DoD O .. 3 + FAA - Lockheed Martin

- Yo rganizations - Aero, Dr. TJ Spradlin -

- National Laboratory - 1 USAF/AFRL

- Universities - 5

- OEMs - 3 Mr. Robert Pilarczyk —
Hill Engineering, LLC.,
- InduStr}’ Partners - 16 Mr. Dallen Andrew and

Dr. Scott Carlson, LM-
Aero

- Weapon Systems -8

Dr. Mike Hill - Hill
_ Mr. Engineering, LLC. =
Hitchman — FTI- A TRI Austin John Brausch - Mr. LuCky Smith &
PPC Company USAF/AFRL Ms. Laura
Domyancic - SWRI

— Mr. —Dr.

—Mr. Keith Carl Magnuson -

Dr. Tom Mills _ Robert Pilarczyk —
APES, Inc. Hill Engineering,
J6J{ G




Purpose of ERSI Workshop

1. To 1dentify and lay out a road map for the implementation

of engineered deep residual stress which can be used n the

calculation of mitial and recurring mspection intervals for
fatigue and fracture critical aerospace components.
2. To highlight gaps in the stat-of-the-art and define how those

gaps will be filled.
3. Then to define the most effective way to document

requirements and guidelines for fleet-wide implementation.




Vision of ERSI Working Group

Within 3-7 years have developed a framework for fleet-wide
implementation of a more holistic, physics-based approach for
taking analytical advantage of the deep residual stresses field,
induced through the Cold Expansion process, into the
calculations of initial and recurring inspection intervals for
fatigue and fracture critical acrospace components. Then move
from there to other deep residual stress inducing processes, like
Laser Shock Peening , and Low Plasticity Burnishing.



Residual Stress Process Simulation
Subcommittee Progress Report

FATIGUE TECHNOLOGY



Outline

e Subcommittee Activity
* Material Testing and FEA Model Validation
e 2”x2” Coupons: Further preliminary correlations

S, $22 (CSYS-1) S, 822 (CSYS-1)
(Avg: 75%) (Avg: 75%)
24.907E+03 27.969E+03
19.519E+403 21.048E+03
14.131E+03 14.127E+03
8.743E+03 7.207E+03
3.355E+4+03 286.091E400
-2.033E+03 -6.635E+03
-7.421E+03 -13.555E+03
-12.808E+03 -20.476E+403
-18.196E+03 -27.397E+03
-23.584E+03 -34.317E+03
-28.972E+03 -41.238E403
-34.360E+03 -48.159E+03
-39.748E+03 -55.079E+03
-45.136E+03 -62.000E+03
-50.524E+03 -68.921E+03
-55.912E+03 -75.841E+03
-61.300E+03 -82.762E+403

Exit Side Hoop Stress
Material: 2024-T351

Exit Side Hoop Stress
Material: 7075-T651




Subcommittee Activity

* Three teleconferences
— March - June

* Material model coupon fabrication and testing
2" x 2" Coupon Correlation Study

— Measurements (i.e., XRD)
— Presentations (i.e., ASTM)

FATIGUE TECHNOLOGY DM#808860



Material Model Testing

Purpose of Program

Residual Hoop Stress (ksi)

-100

Which constitutive
model is most
appropriate?

20
0

|

20 1o f\ Deviation between FE and contour
1 °f trending towards maximum at

° approximately ~0.08 from hole bore

{4 o0

40 4——

—NRC Isotropic Tension

-60

NRC Kinematic Tension
=== FTlI Combined Tension

-80

Mid-Plane Hoop Stress --=FTl Johnson-Cook

Material: 2024

o Carlson (contour)

NRC Isotropic Comp + Manuf RS

0.00

0.40 0.60 0.80 1.00 1.20 1.40
Distance from hole bore (in)

0.20 1.60

1.80 2.00
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Material Model Testing
Purpose of Program

700 . . . . 100
600 Or
500 & -100F
=
E w
o i L
= 400 EU’; 200
% @
uj —
© 300 @ -300
Z 3
w
200 2 4001 f
;) o Contour method
— ! - - ~Initial flow curve ||
100 . -:gmal flow curve | e/ Example iteration
----- xample iteration . )
——Final flow curve —Final flow curve
0 | | | | _600 P S S S S S S S AT S SRR A A R W TR FETETRTIT IETTSTR AT
0 0.01 0.02 0.03 0.04 0.05 1 2 3 4 5 6 7 8
Plastic strain x/R
(a) (b)

Figure 7 — (a) Flow curves tested, (b) resulting hoop residual stress (ogg); note log scale on x/R

Ribeiro, Renan L., and Michael R. Hill. "Residual Stress From Cold Expansion of Fastener Holes: Measurement, Eigenstrain, and Process Finite
Element Modeling." Journal of Engineering Materials and Technology 139.4 (2017): 041012. https://doi.org/10.1115/1.4037021

ERSL 77
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https://urldefense.proofpoint.com/v2/url?u=https-3A__doi.org_10.1115_1.4037021&d=DwMGaQ&c=ZYjGkHFQUkA7dbkRKcWPpw&r=GzmQUuczQW1nxkVMV1MDbOymbsTa3y6P5TyZCunys3Q&m=wZ_8Mafd0QZD-ZlE_Mv0SlsjPRbrXKmpyyOvNwBjJa0&s=bofki9UiAm1zdq4z1RwX8BUYsTbtzTD84PpkpTPBwbQ&e=

Material Model Testing
General Plan

Based upon E606 LCF, up to +4% in./in., reduced to +1.5%
Isolating current investigation to orthotropy

Non-stabilized cyclic loading capturing reverse-yield behavior
(2024 currently, 7075 to follow)

Testing was to be complete Fall 2017, actually completed
late Spring 2018.

57,
Figure 5: ES/E606 Specimen Design (Longitudinal).

ERS] /77
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Material Model Testing
Test Results

 FTIlfabricated 10 each T, L and 45°
specimens from plate provided
(same lot as 2” x 2” coupons).

— Issue: Poor transition on one side of
specimen

— Issue: specimen design (grip, gauge
length) not conducive to high (~4%
strains).

 NRC worked through issues to

provide an excellent body of data.

FATIGUE TECHNOLOGY ' DM#808860




Strass (ki)

Material Model Testing

Cyclic Tension-Compression L vs. T vs. 45 Direction
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Material Model Testing
Preliminary Abaqus Model Calibration

Stress, psi
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Material Model Testing
Preliminary Abaqus Model Calibration

Stress, psi
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Material Model Testing

Preliminary Abaqus Model Calibration

Stress, psi
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Material Model Testing
Abaqus Model Calibration Results

Chaboche

Clausen,
Parameter Trans. et. al.*
O, PSi 30281 28942 32786 30670 31894
C, psi 7.35e6 8.69e6 8.19e6 8.08e6 9.74e6
Y 346.88 412.96 399.09 386.31 412.0
Q, psi 21202 21042 20526 20923 23637
b 3.37 3.85 5.53 4.70 7.00
E, psi 10.56e6 10.36e6 11.10e6 10.67e6 10.62e6
€ 0.33 0.33 0.33 0.33 0.33

* public.lanl.qov/clausen/Clausen et al PrePrint SEM 2009.pdf

& S

FATIGUE TECHNOLOGY
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public.lanl.gov/clausen/Clausen_et_al_PrePrint_SEM_2009.pdf

RS Process Simulation Validation
Purpose of Program

Perform Experiments to Capture Surface and Through-Thickness Strains for FEA Process
Simulation Validation

Quantification of residual stresses through process simulation is a critical path for
future ERSI realization

Perform Residual Stress Validation Through Comparison of Techniques

Limited open literature on cross-comparison of residual stress measurement methods
for Cx holes

Potential to complement through-thickness techniques with surface techniques for a
more accurate understanding of the complete residual stress field

Current work underway through Process Simulation Subcommittee, with the
kind assistance of the Organization and Execution Group:

Dr. TJ Spradlin (AFRL) - Scott Carlson (SwRI)

Keith Hitchman (FTI) - Dr. Min Liao (NRC)

Dr. Marcias Martinez (Clarkson U.) - Dr. Guillaume Renaud (NRC)
Marcus Stanfield (SwRI) - Dr. Mike Hill (Hill Engineering)

Prof. Michael Fitzpatrick (Coventry U.)

FATIGUE TECHNOLOGY



RS Process Simulation Validation

Test Plan (evolved)

Material: 2024-1351 & 7075-T651
Two Applied Expansion Levels: “Low” (3.16%), “High” (4.16%)
Center Hole Diameter: 16-0-N Tool Set

0.50inch final diameter
Hole not reamed

Finite Element Analysis (various material models)

Surface Measurement (Exit and Entrance Surfaces)
Digital Image Correlation (DIC)

Fiber Optics (LUNA)
Strain gages
X-ray Diffraction (XRD)

Volume (Through-Thickness) Measurement Techniques
High Energy X-ray Diffraction (APS HE-XRD) - Argonne National Labs
High Energy X-ray Diffraction (CHESS) - Cornell
Neutron Diffraction - Coventry University (UK)

Contour Method - Hill Engineering, LLC

ERSL

FATIGUE TECHNOLOGY
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Strain (mm/mm)

5.00E-03

4.00E-03

3.00E-03

2.00E-03

1.00E-03

0.00E+00

-1.00E-03

0

RS Process Simulation Validation

Surface Strain Measurements

Tabular surface strain measurement data available for correlation:

Luna (M. Martinez, Clarkson University)
Strain Gage (M. Stanfield, SWRI)

Working on revised FEA with NRC-based Chaboche
Full correlation to follow.

LO Comparison

10 20 30 40

Fiber Length (mm)

Luna/DIC e, strains

50

5.00E-03

4.00E-03

3.00E-03

DIC 2.00E-03

Strain, in/in

LUNA
= 1.00E-03

e

0.00E+00

——
0

-1.00E-03

ERSI 477
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Luna Path LO, FEA Comparisons
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m\\/zo 30 W~ 0
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50
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RS Process Simulation Validation
Surface Strains

et [umjm] -
Hencky
11600

10871.9
10143.8
H 9415.62
[ 88875

[ 7959.33
M 723125

[ 6503.12

[T} 5046.88

[ 4318.75

3590.62

2862.5

2134.38

1406.25

678,125

DIC Hoop strains FEA Hoop strains
Chaboche Hardening (Clausen)

FATIGUE TECHNOLOGY DM#808860



RS Process Simulation Validation
Surface Strains

&2 fumjm] -
Hendky

0

-1675

==
T T e
DIC Radial strains FEA Radial strains

Chaboche Hardening (Clausen)
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RS Process Simulation Validation

Surface Strains

Solid Lines — Entrance Dotted Lines — Exit

Strain Gage Data

4000

3000

00 |
I .
g o e
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RS Process Simulation Validation
Surface Strains

Solid Lines — Entrance Dotted Lines — Exit

Strain Gauge Correlation, Combined Hardening Model
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RS Process Simulation Validation
Surface Strains

Solid Lines — Entrance Dotted Lines — Exit

Strain Gauge Correlation, Chaboche Model
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RS Process Simulation Validation
XRD Surface Stress

2024 L2 Hoop Stress
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RS Process Simulation Validation
XRD Surface Stress

7075 H1 Hoop Stress

40000

20000

0.8

-20000
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RS Process Simulation Validation
Volume Strain Measurements

Raw data still being evaluated and reduced.

All results and correlations shown are to be
considered preliminary examples, and may likely
change

TTTTTTTTTTTTTTTTT DM#808860



RS Process Simulation Validation
APS Preliminary Radial Strain

Elastic1l
(Avg: 75%)
0.002928
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RS Process Simulation Validation
APS Preliminary Radial Strain
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RS Process Simulation Validation
APS Preliminary Hoop Strain
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RS Process Simulation Validation
APS Preliminary Hoop Strain
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Elastic22
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RS Process Simulation Validation
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AA2024-L2 (i1) {311} 2024-L2 Isotropic
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RS Process Simulation Validation
APS Preliminary Radial Strain
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Elasticii

(Avg: 75%)
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RS Process Simulation Validation
APS Preliminary Radial Strain
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AA2024-12 (i1) {311} 2024-L2 Combined

RS Process Simulation Validation
APS Preliminary Hoop Strain
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s E2 - Residual Strain 2D map through thickness
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RS Process Simulation Validation

[ ] [ ] [ ]
9 APS Preliminary Hoop Strain
Q.
o
e
lastic22
o s
w Elastic22 (A9 t;gzz)ooo
~ (LE22 — PE22) 000247
3 0.001700
- e
N S
g -0.002133
-0.002900
(@' -0.003667
-0.004433
-0.005200
4 E2 - Residual Strain 2D map through thickness
3 o 3000
i 2000
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2024-L2 Chaboche

AA2024-12 (i1) {311}

RS Process Simulation Validation
APS Preliminary Hoop Strain

thickness (mm)

|
H

'
(8]

&

-15

)

Elastic22
(LE22 — PE22)

E2 - Residual Strain 2D map through thickness

-

-10

.l l
S 0 5 10
length (mm)
l )t y o
AP RN A?I
FATIGUE TECHNOLOGY

|

15

3000

2000

1000

<

-1000

-2000

-3000

-4000

-5000

Microstrain jue

Elastic22

(Avg: 75%)
0.004000
0.003233
0.002467
0.001700
0.000933
0.000167
-0.000600
-0.001367
-0.002133
-0.002900
-0.003667
-0.004433
-0.005200

DM#808860



RS Process Simulation Validation
CHESS Preliminary Radial Strain

EIaStiC]'l R.adial_Elastic
(LE11 - PE11) (Avg: 75%)

+2.9282-03

. . +2.000e-032
Combined Hardening 11 500e-03
+1.000e-032
+5.000e-04
+3.4922-10
-5, 000=-04
-1.000e-032
-1, 500e-03
-2, 000=e-03
-2, 500=-032
-2.000e-032
-3, 5300e-03
-4, 000=-03

¥

- DM#808360
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RS Process Simulation Validation
CHESS Preliminary Hoop Strain

Elastic22 Hoop_Elastic
(LE22 — PE22) e T nbe-03

. . +1.583e-03
Combined Hardening Y BETa-04
-2, 500=-04
-1.167e-032
-2,083e-03
-2, 000e-03
-3,917=-03
-4, 8233e-03
-5, 730e-03
-5, EETe-03
-7.582=-03
-2.500e-032

Hole :

RDL

I S
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To ics or Today

Contour method round ro in

Measurements o residual stress at legacy versus new C
holes

Residual stress uality system

Large C hole e eriments

7 HILL
4 » © 2017 Hill Engineering, LLC
. < ENGINEERING 2

hill-engineering.com



'/l ‘\
; A/

HILL
ENGINEERING Measurements Su -grou date

Predict. Test. Perform.

Contour Method Round Robin



Contour Method Round Ro in

Organi ation: Scott Carlson, Marcus Stan ield, Mark Thomsen
« Efforts by 6 participating labs (mix of industry, government, academia)

Pur ose: Provide initial assessment o contour method inter-
la oratory re eata ility
« Contour consists of cutting, measuring, data analysis, stress analysis
 Current focus on data analysis and stress analysis

A roach
» Subject is an elastic-plastic bent beam (prior benchmark)

« Multi-phase program of blind analyses (participants don’t interact)
1. Pure calculation, using simulation derived stress field and surface data
2. Controlled experiment

* For each phase:

* Provide same data sets to all participants (surface profiles)
* Request submission of estimated residual stress field

» Assess submissions

* Discuss results

* Document findings

7 HILL o
© 2017 Hill Engineering, LLC
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e
Contour Method Round Ro in

Phase descri tion

» Context is a simulation of an ] -
elastic-plastic bent beam +
 Classical residual stress experiment i < N *

used for method validation

« Simulation performed by SwRI
* Bend beam in four-point configuration

e Cut beam (remove symmetry .
constraints)

» Extract surface profile of deformed
surface

 Add noise

« Send to surface profiles to
participants for blind analysis

* Collect and assess results returned

« Compare submissions to simulation Photo of experimental set-up
benchmark (known stress) corresponding to simulation

P HILL N
© 2017 Hill Engineering, LLC
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Contour Method Round Ro in

Line plots of each submission with FE benchmark

Phase results :

15
10 /
q 0 _ / ~ / _ ~ /
= 5 / ~ / = 5
Example submission ) / / ] i
g ° / N // g0 \\\ /
. B 5 / / B s+ / ~ /
Stress S_ (ksi) / ~/ S
z -10 / 410 F
15 -15 /
/
12 2 20
25 -25
0 02 04 06 08 1 12 0 02 04 06 08 1 12
Y position at X = center (inch) Y position at X = center (inch)
1 25 25
FE benchmark FE benchmark
20 ks ‘ 20 ‘ Lab4
15 15
10 10 /
— e < / = BN
7 0.8 A Y AN / T T /
= g 0 S g 0 4
o £ / E g =
= » -5 [ » 5 NG /
F / ~
? 10 10
E 0.6 15 / 15 /
E o ° 20
W 25 -25
5 0 02 04 06 08 1 12 0 02 04 06 08 1 12
|:| 4 Y position at X = center (inch) Y position at X = center (inch)
: 25 25
FE benchmark FE benchmark
s | Sl =
15 15
02 10 / 10
' g s < / g st Js
= . x
2 0 N 2 0 e 3
5 - £ N~/
» 5 / » 5+ ]
0 aof / a0t/
0 0.z 0.4 45 a5}
# Position (inches) 20 20t
25 25
0 02 04 06 08 1 12 0 02 04 06 08 1 12
Y position at X = center (inch) Y position at X = center (inch)
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Contour Method Round Ro in

Phase

=
oo

=
[a7]

Y Position {inches)

=
.

0.2

a
a 0.2

# Position (inches)

results

Example submission

Stress S (k=i

= 5

Stress (ksi)

Stress (ksi)

Stress (ksi)

&

0

FE benchmark
Lab 1 J

. " " "
0.1 0.2 03 04
X position at Y = 1 (inch)

05

-0.1

0

~FE benchmark |
Lab3

0.1 02 03 04
X position at Y = 1 (inch)

FE benchmark |

———Labs

0

0.1 0.2 03 0.4
X position at Y = 1 (inch)

0.5

05

Stress (ksi)

Stress (ksi)

Stress (ksi)

-12 -
-0.1

Line plots of each submission with FE benchmark

FE benchmark
Lab2

0 0.1 02 03 04 0.5 0.6
X position at Y = 1 (inch)

-0.1

g2 - " " - “+ PR I

FE benchmark
Lab4

0 0.1 0.2 03 04 05 06
X position at Y = 1 (inch)

FE benchmark
[———Lab6

0 0.1 0.2 0.3 0.4 05 0.6
X position at Y = 1 (inch)
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Contour Method Round Ro in

Phase results
« Given the same input data,

participants return results very 18 — -
similar to the benchmark et M russ aiterence | [
simulation stress field 24)

« RMS difference with benchmark
better than 2 ksi

« Some participant results had
localized differences in stress

« Consistent with those labs using

approaches with less smoothing 2t -U _U -H
0

Phase usese erimental vooe 34 5
articipating Lab Code
data

* Work nearly complete

Difference from Benchmark (
[e0]
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Legacy vs New CX Residual Stress

Evaluations

Note: this is an excerpt
taken from here:

Residual Stress Evaluation in
Legacy Aircraft Cold
Expanded Fastener Holes

Aircraft Airworthiness and Sustainment Conference 2018
April 26, 2018

Funding: AFRL Contract FA8650-10-C-3040

P
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Predict. Test. Perform.
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Distribution A: Approved for Public Release; Distributior
(Ref 2018-04-04_WWVVA-002_75ABW-2018-00°
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Senior Engineer
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Co-Authors

Tremendous team su orting rogram:

» A-10 & T-38 Aircraft Structural Integrity Teams
* Dr. Mark Thomsen
* Dr. Mike Blinn
» Air Force Research Lab
« Dr. Pam Kobryn
» Scott Wacker
« Southwest Research Institute (SwRI)
« Dallen Andrew
* Dr. Scott Carlson
 Hill Engineering
* Dr. Mike Hill
* Dr. Adrian DeWald

7 HILL o
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Program Overview A roach

Overview

* Investigate cracking and residual stress at Cx holes from retired fleet assets to
understand if there is a degradation over time as a result of loading or environment

A roach
* Full A-10 wing teardown — disassembly, NDI, fractography, RS measurement
* Residual stress measurements of legacy assets (A-10/T-38)
* Residual stress measurements of newly manufactured specimens
* Replicate legacy asset configurations

« Compare/contrast residual stresses between new manufacture and teardown
coupons

Actual Structure

N HILL o
© 2017 Hill Engineering, LLC

7
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History o Teardown Assets

A- asset o T- assets
+ (1) Center Wing Assembly > (3) Wing Assemblies
+ Location details: » Location details:
« Lower wing structure (skins/spars) * Lower wing skin
« 2000 series aluminum + 7000 series aluminums
« Production and depot rework Cx * Production and TCTO Cx
* Usage details: > Usage details:
+ Predominantly tension loads — 40-85% FTY (peak) + Predominantly tension loads - 35-70% FTY (peak)
+ Negligible compression ~ -5 ksi * Negligible compression ~ -10 ksi
 Service history: > Service history:
+ Service life: 33 years » Service life: 12-26 years
« SLEP: 2004 » Retrofit Cx: 1999-2002
¢ Retirement: 2012 * Retirement: 2006-2010
« Average usage severity » Mix of severe and moderate usage
* Moderate EFH * Moderate — High EFH

7 HILL
4
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Disassem ly Teardown

ull A- Center ingteardown
 Sectioning

» Fastener removal per USAFA PASTA
» Coating removal

» Non-destructive inspections
 Failure Analysis

i _ 1 m

1| Aux Spar

| Ws 23| | WS 44.5

ws 0]

T- ings reviously torn-down
» Excised coupons received for program

,.;""'J 4
El— T
it

Looking

:, l 3
Down '] FWD '

7 HILL ”
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Residual Stress Measurement Plan — A-

A roach

« Cover the scope of A-10 lower wing fatigue e i E g w
critical locations S o RN <

o NGl i l T [ A

» Lower skins and spars ] ’O@ i O
1—x__‘— i __,__%_\

Primary considerations: ‘\\-. L ” 3[ | N lk )
PN LA A L AL /M

» Range of peak stresses
Production and rework Cx
Varying thicknesses
Varying hole sizes
Production vs. rework holes

Aft Spar

Aux Spar

Sco e o Measurements
» 146 teardown holes
« 72 new manufacture holes

Mid Spar

7 HILL o
© 2017 Hill Engineering, LLC
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Residual Stress Measurement Plan - T-

A roach

« Wing #SP900

* Breadth of locations
* Wings #SP353 and #SP648

« Variability between wings

rimary considerations:
 Fatigue critical locations

« Range of peak stresses

* Production & field Cx
 Varying thicknesses

Sco e o Measurements
* 57 teardown holes
* 33 new manufacture holes

SO
o

_ Selected for measurement

...........
oo )

............

.......

NO issues
Sight issues affecting some hobes
Sgnificant issues affecting all holes

Location

SP 353 RHS

SP 648 LHS

SP 648 RHS

SP 900 LHS SP 900 RHS

A

Cuts between holes

Hole oversized 0.31"

2 holes damaged

Hole removed

Good

Good

Good

Hole 0S5 0.26"

Damage to 3 holes

Cut near 3 of 6 holes

Removal near hole

Cut near hole (0.5")
Cut left of hole, 1.45"

Cuts near 3 of 6 holes|

Good

Cut near hole, minor da

Cuts near 2 of 6 holes

Good
Cut right of hole, 1.48"
Cut below hole, 0.35"

Cuts 1.25", hole damage
Majority Removed

Good

Cut Between 296, 297

Compromised

Cut 1.16" below, above

B
C
D
E
F
G
H
|

]

K
L

Good Good Good
Good Good Good
Compromised Good Good
Good Good Good
Cut 7/8" near hole  |Good Good

Cut right of hole, 0.5"

HILL
YENGINEERING

2

A\

A

7

Yau

Vaa,

=
L
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»
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Teardown Measurement Results — A-

RS

A10R2A

Al 2024- |
T351

=80 =60 =30 0 30

7 HILL o
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Teardown Measurement Results — T-

i HILL
4 N © 2017 Hill Engineering, LLC
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New Manu acture Measurement Results

O ective
» Replicate select locations from teardown assets
» Baseline measurements without service history

Y

P HILL
© 2017 Hill Engineering, LLC
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New vs. Teardown Com arisons

EResiduaI

30 -15 Bles g 15 30
Stress (ksi)

hat Is considered signi icant

7 HILL o
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Level | Analysis - Com arison Results A- SectionR . P

Teardown specimen

ML N
1[]..1.1

Szz (ksi)

-100

New Manufac e Specimens
| --..|!_”-_j..i—..-u.t - 3 LIS L _f ] —Teardown
120 —— New Manufacture
Depth at AvgRSi Avg RS in
: Midthickness| Midthickness | Midthickness |Midthickness crz:sovaer Point Value oo;’fka(;i"us PointValue|  0.05"
Sample ID 0.125*rad 0.25*rad 0.5*rad 0.75*rad (midthickness) of Entrance .Entranc CSK Knee | Radius CSK
(ksi) (ksi) (ksi) (ksi) Icknes (ksi) nce (ksi) knee
. . (in) (ksi) .
(ksi)
Mean -47.15 -31.04 -12.29 -2.60 0.13 -51.30 -34.67 -77.92 -44.59

21.61 6.68 16.67 10.37

g ;i Stdev 5.17 4.10 2.71 2.99 0.04
] : ‘ -‘ [ Mean -52.82 -32.95 -10.82 -0.19 0.10 -49.72 | -31.57 | -98.82 [ -55.33
— ' Stdev 3.68 3.91 3.91 3.65 0.02 21.46 3.05 14.72 2.64

Residuals
X 1.91 -1.4 -2.42 X -1 -3. 20. 10.74
i (Td-NM) 5.68 9 6 0.03 58 3.09 0.90 0

_ ) _ P Value 0.00 0.13 0.15 0.05 0.02 0.43 0.08 0.00 0.00

-90 -60 =30 0 a0 Significant Yes No No Yes Yes No No Yes Yes
a__ (ksi)
xr

NS

’///\\\‘\ H I LL © 2017 Hill Engi i LLC
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Level | Analysis - Com arison Results T-

Section C

Teardown specimen

40

| ——

hill-engineering.com

0.2 0.25
ﬁ ] ﬁ 2
N
A
. I: . ——New Manufacture
{E2W nutractur apeC - —Teardown
-120
_ ..... . 3 - X (in)
- ) o ' ) ) Depth at Point AvgRSin AvgRSin
Midthickness |Midthickness | Midthickness | Midthickness e P val ! £ 0.05" Point Value OO‘SIER (;
sample ID | 0.125*rad | 0.25%rad 0.5*rad 0.75%rad crossover | Valueol| o dius | CSKknee | o facius
) ) . ) (midthickness)| Entrance ) CSK knee
- —— e —_— — (ksi) (ksi) (ksi) (ksi) ) ) Entrance (ksi) .
. ‘ (in) (ksi) i (ksi)
' ....... (ksi)
- - - e - - - ] Mean -42.64 -26.04 -6.11 4.67 0.07 -41.00| -40.14 | -76.26 -31.94
Stdev 4.81 6.48 3.85 1.83 0.01 18.30 2.85 11.50 3.94
i _ Mean -59.31 -38.63 -15.11 -2.53 0.10 -48.86 | -49.02 | -101.18 -49.57
. - cca -‘ Stdev 5.80 3.56 1.65 2.51 0.01 19.58 4.44 12.11 4.67
a : PlsRE e : | Residuals 16.67 12.59 9.01 7.20 -0.03 7.86 8.87 24.92 17.63
(Td-NM)
80 B0 -30 Q an Significant Yes Yes Yes Yes Yes No Yes Yes Yes
o, {ksi)
P HILL
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Summary o Com arisons

. n . . " . .
Avg RS in 0.05" Radius Entrance Corner Avg RS in 0.05" Radius Exit Corner
- 100% 100%
- 90% 90%
- 80% 80%
- 70% 70%
2 £ 2 =
E - 60% P E‘, 60% =g
g - 50% 8 g 50% 8
2 Z 3 3
«© @
s - A40% 3 < 0% 3
- 30% 30%
- 20% 20%
- 10% 10%
0% 0%
55”99,\3’»“’»?'y"',\@??’?5"9)"‘:&"’:50:15"51«';":\?:»"'79@&7‘ BREIBRIFTITIARIFISRIANSE
b=
Residual Stress (ksi) Residual Stress (ksi)
s TD mmmNM o —8—TD Cumulative % —#— NM Cumulative % s TD  mmmNM - —8—TD Cumulative %  —#—NM Cumulative %
" HILL
4 W © 2017 Hill Engineering, LLC
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Conclusions

E tensive rogram com leted which rovides insight into residual stress o retired
leet assets

residual stress measurements accom lished
» Teardown vs. new manufacture comparisons

Signi icant residual stress remained in all evaluated teardown locations
* No “missed Cx” locations

Initial level | com arisons com lete
« Comparable stresses observed between teardown and new manufacture coupons with significant
overlap

A “Manage To” residual stress profile may be a practical approach for incorporation into
SA DTAs

e +2 Stdev

MORE ORKTO DO
« Wealth of information within dataset
» How do these results impact fleet management decisions?

7 HILL o
© 2017 Hill Engineering, LLC
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Residual Stress Quality System

Note: this is an excerpt
taken from here:
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Overview of residual stress
measurement in industry
applications

imited.
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Thermal Processing In Motion
Residual stress workshop
June 5-7, 2018

Spartanburg, SC, USA
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Residual stress in design and manu acture

Historical design a roach: residual stress is a known unknown
 Remove where possible (thermal or mechanical stress relief)
« Conservatively manage effects on degradation (fatigue, SCC, creep)
« Conservative assumptions (i.e., tensile residual stress fields)
* Inspect, repair, replace
» Costs escalate with system age
« Take minimal credit for beneficial compressive residual stress

Emerging design a roach: residual stress arto
s ecl ications

« Known residual stresses in parts (requires measurements, models, and
validation metrics)

* Include residual stress in materials and process engineering
» Trade studies
« Quality program

* Directly account for residual stress effects on performance

7 HILL o
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Motivations or residual stress control

The ollowing are some common e am les o residual stress
related concerns during rocurement and design

Concern: tensile residual stress causing remature/une ected
ailure

 Desire a material/part that has low-magnitude residual stress s L
* |.e., avoid putting outlier residual stress parts into service = g

Concern: large and/or inconsistent residual stress =&
levels im acting machining ==

» Desire a material/part that has consistent or low-magnitude
residual stress

Concern: ensure resence o ene icial com ressive
residual stress |

 Desire local regions of compressive residual stress in critical
locations from engineering processes

* Also avoid high levels of compensating tensile residual stress =

7 HILL o
© 2017 Hill Engineering, LLC

4 N
T ¥ E N G I N E E RI N G hill-engineering.com 27

e [



Residual stress in ormation low

Material production

-y
»~ s

S
U4

Planning and
design \

Material
process model

» Machining

(nominal RS & o)

\
Sd=-7

(nominal RS & o)

»| Machining model

P Assembly

A

.| Engineering
analysis

Design complete  --------------------------p-"-----
v
First > First article | P Qualify process
: ; i > i Machine part [ Updated
First article/ article » Qualify process P s encineerin
el material : RS measurements gineering
RS measurements (compare to design) analysis
(compare to design) '
I Other testing
Other testing
----------------------------- Process is qualified ----------------------------------
— v Measurements to Measurements to
Production Produge s demonstra.tg L] Machine parts | demonstraFg Assemble
material process stability process stability parts
(lot release) (lot release) ¢
Sustainment
and support
i HILL
72 YENGINEERING
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E am le: manu acturing machining models

7.500e 01

6750001 :I
6.0000.01_|

5.250e01 _
4.500e 01

3.750e01
3.000e 01
2.250e01
1500201
7.500¢ 02
0.000e+00

-distortion —
Post-machining

Heat treat Al
elevated tem erature

2.000e+01

1.700e+01 ]
1.400e+01 |
1.100e+01 _
8.000e+00
5.000e+00
2.000e+00
1.000e+00
4.000e+00
7.000e+00

1.000e+01 |

st Princi al Stress —
Post- uench

st Princi al Stress —
Post-machining

Process induced bulk residual
stress finite-element model and
validation measurements of an
aluminum alloy forged and

};ZEE::E}] machined bulkhead, J.D. Watton,
A.T. DeWald, et al., 2015 ASIP

8.000e+00

Conference, San Antonio, TX

2.000e+00

Public Release 88ABW-2015-

-4.000e+00

-7.000e+00 530 1

1.000e+01 |

st Princi al Stress —
Post-aging

' 2.000e+01
17006 +01
1400801 |
1400801 _
8.000¢+00
5.0000+00
2.0000+00
1.000¢+00
4.000¢+00
7.000¢+00
1.000e+01 |
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C- end itting orging

Part descrl tlon Part Numb lob Average
. @ umber Number Cold Work  Pressure
[ ] " —
Materlal 7085 T7452 GA120276 HM14L10 0.0% N/A
H H GA120276 HM14L11 0.0% N/A
¢ Dle_forglng GAQ20276A HM14L07 1.4% 9.9
- . GAQ20276A HM14L02 1.4% g
 Varying amounts of cold work: 0% to 4% croaores | rmiatol | L% 5o
. . GAQ20276B HM14L08 1.8% 10.1
* 1% to 5% is “acceptable” for production 000276 | hivatos | 3.00 "
GAQ20276 HM14L04 3.0% 14
¢ 16 parts manUfaCtured GA020276 HM14L16 3.0% 14.8
GAQ20276 HM14L14 3.1% 14.8
GAD20276 HM14L06 3.1% 14.5
GAQ20276 HM14L05 3.3% 14.8
GAD20276 HM14L12 3.4% 14.8
GAQ20276 HM14L13 3.4% 14.8
GAQ20276C HM14L15 3.6% 14.8
GAQ20276C HM14L09 3.6% 14.8

N

P HILL
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Residual stress in ormation low

Material production

» Machining

P Assembly
: Material
Planning and process model
design

»| Machining model > Engineering
(nominal RS & o) (”°m‘”a‘l‘ RS & o) analysis
A
PO r Design complete  --------------------------p-"-----
~\
i A} »  First article ualify process
First A : st ™ Q VIP Updated
First article/ article »  Qualify process achine part - ' (
: | » engineering
Qualification material 7 I RS measuremgnts i
,J RS measurements (compare to design) anatysis
Som=m=" (compare to design) '
I Other testing
Other testing
----------------------------- Process is qualified ----------------------------------
y Measurements to Measurements to
Production Produce » demonstrate | |\ pooo parts |—» demonstrate Assemble
material process stability process stability parts
(lot release) (lot release) ¢
Sustainment
and support
!//\\\\ HILL
72 YENGINEERING

© 2017 Hill Engineering, LLC
hill-engineering.com
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E am le: irst article wuali ication

irst articles o ten re uire e tensive testing to validate
critical ro erties and characteristics

 Size/dimensions

« Chemical composition

* Mechanical properties

* Stress-corrosion cracking

» Defect assessment

» Microstructure/Grain-flow

Residual stress can e
handled similarly

| Example for illustrative purposes only

N HILL o
© 2017 Hill Engineering, LLC
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E am le: irst article uali ication validation

avora le com arison etween measurement and model

Measured residual stress

L.

X

Model residual stress

b (¥}

N HILL o
© 2017 Hill Engineering, LLC
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Residual stress in ormation low

Material production

» Machining

P Assembly
: Material
Planning and process model
design

.| Machining model .| Engineering
. | (nominal RS & o) | analysis
(nominal RS & o) -
A
----------------------------- Design complete  --------------------------p-"-----
v
First ™ Firstarticle | Qualify process Undated

First article/ article » Qualify process Machine part I . pdate
Qlalification material i RS measurements > €engineering

RS measurements (compare to design) analysis

(compare to design) !

I Other testing
Other testing

———‘_--- ————————————————————
- ~

- Process is qualified ----------------------------------
’ 4 \\ Measurements to
Production Produce

Measurements to
| ¥ demonstrate
material

) te - > Machine parts > demonstraFg Assemble
process stability process stability parts
\\ ‘,l (lot release) (lot release) ¢
Se—— Sustainment
and support
7 HILL
72 YENGINEERING

© 2017 Hill Engineering, LLC 4
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E am le: roduction surveillance testing

De ine measurement locations

« Select in an intelligent manner designed to provide maximum insight and
usefulness

« Often useful to perform measurements in regions of excess material

Consider the in luence o various actors
* Locations of expected tensile residual stress residing inside of machined part
* Level of sensitivity between residual stress and processing/manufacturing
« Measurement access/applicability
* Locations of likely failure (e.g., applied stress hot spots)
« Difficult to inspect

Measurement locations esta lished through colla orative
discussion etween stakeholders

 OEM — understanding of locations critical to structural performance
» Material producer — understanding of locations important to manufacturing
 Testing laboratory — understanding of measurement technology/applicability

7 HILL o
© 2017 Hill Engineering, LLC
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Cold work rocess sensitivity near-sur ace

Near sur ace residual stress varies with cold work
 Similar trend for hole drilling and ring core
* Confirms sensitivity between residual stress and cold work

N AHole drilling E C-5 end fitting forgings AHole driIIling | C-5 end fitting forgings
7)) - ) [--- k- Location B F- T . e Location B [ ]
@ ORing core Sig-xx ORing core ! sig-yy
- . . . . .
whd
4 o
— 1)

a L7
S E
ok 2
- I 0

m 0
W x
Q
(@)
©
h L 1 L 1 L L 1 1

00%  1.0%  20%  3.0% 40%  50% 0.0%  1.0% 20% 30% 40%  5.0%

Cold work (%) Cld work (%)
‘// “,/ y - { ' 7 . \
| EROGER |

M HILL A
© 2017 Hill Engineering, LLC

4 N
"'./; é\.“ ENGINEERING hill-engineering.com 36



Cold work rocess sensitivity ulk

Process model

0% CW

3% CW

h Q¥

4% CW
Tt m)

Increasing C

Measurements

HM14L11 (0%) HM14L10 (0%)

IJ
|

r

|

HM14L07 (1.5%) HM14L02 (1.5%)

-
] g

I
i

HM14L16 (2.8%) | HM14L04 (2.7%)

:
i

X

HM14L15 (3.4%) | HM14L09 (3.3%)

i
i

Y

79 HILL
1 JENGINEERING
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Residual stress uality system documentation

Consistent set o language, s eci ications, and
re uirements are re uired to ena le e licit treatmento
residual stress during design and rocurement

* Developed a template for a residual stress controlled
material procurement specification

- Actively working to seek updates to MIL and AMS | <o
specifications/standards

Residual Stresses in 7000-series Aluminum

Key elements Pieteranes
* Residual stress requirements
Procedure Title: esidual ses in T000-series Aluminum Die-forgings
R . Procedure HE00(1
Number:
« Specified on drawings
Thi: prmcedureestamlsnesgu\de\mesfmrquauty
SSSSS managemem of residual stress in Die- Fnrged 7000 series
[]

* Process modeling plays a key role (full-field)

» Residual stress measurements at select locations
 Define first article acceptance criteria

 Define ongoing surveillance testing requirements

P HILL o
© 2017 Hill Engineering, LLC
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Residual stress re uirements e am le

Part s eci ic residual stress re uirements should e
s eci ied on the engineering drawing
« Simple illustration shown

 Exclude tensile residual
Stress Where |t WOUId Note 1: tenslie residual stress in
. stiffener not to exceed 5 ksi tension
Impact performance

» Specify compressive
residual stress where
necessary to meet
performance
requirements

REVISIONS

Note 2: cold expanded holes.

Compressive residual stress

must exceed the following:

-40 ksi at 0.010 inch from bore

-20 ksi at 0.050 inch from bore

-10 ksi at 0.080 inch from bore

Hill Engineering, LLC

T RCOFED iTE 3083 Gold Canal Drive, Suite 100 PH: 916.635.5706
Rancho Cordova, CA 95670 FAX: 916.604.4517

PPPPPPPP RS requirements

sz e e

A 180524A 1
[ SCALE: 1.5:1 SHEET 1 OF 1
5 4 3 2 1

|||||
LLLLL

7 HILL o
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here do we go rom here

Actively manage residual stress throughout the roductli e
cycle

Tools are availa le to de ine residual stress as a com onent
attri ute that is lowed throughout a su ly-chain

« Engineering drawings contain part-specific requirements

 Specifications and standards define the general approach and requirements
(internal and industry)

« Measurements and modeling quantify residual stress

Purchase raw material that has consistent residual stress
« Specify appropriate requirements and engage material producers

Methods e ist to include residual stress in roduct li e analysis
* Need to validate the models to ensure accuracy

Develo uality systems or residual stress and e ecute to
certiy roducts

/M\ HILL ”
i » © 2017 Hill Engineering, LLC
. < ENGINEERING 40

hill-engineering.com
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Large Hole C Evaluation

O ective
* Develop a coupon that scales-up the stress field
» Develop and interrogate measurement data

Cou on attri utes

 Large diameter
« Maximize length scale of “near-surface” and “near-bore” regions

* Long enough to facilitate fatigue testing
* Wide enough to minimize edge margin effects

10.0”

Material ty es
« 7075-T651
« 2024-T351

Rolling direction<—>

N HILL o
© 2017 Hill Engineering, LLC
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Large Hole C Evaluation

Current status

* Initial contour method measurements are complete
» Residual stress consistent with scaling of geometry
« Residual stress data is very consistent specimen-to-specimen
 Planning for next set of experimental testing is complete
« Additional residual stress measurement methods
 Fatigue testing

7 HILL o
© 2017 Hill Engineering, LLC
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Summary o To ics or Today

Contour Method Round Ro in

« Given the same input data, participants return results very similar to the
benchmark simulation stress field

» Phase 1 complete, Phase 2 ongoing

Measurements o Stress at Legacy vs New C Holes
* Legacy CX consistent with current production practices
* No evidence of “missed” holes

Residual Stress uality System
* Program looked at manufacturing induced residual stress (unintended)

» Developed an approach for quality management of residual stress processes
(cold working)

« Many similarities with engineered residual stress processes

Large Hole E eriments
« Large holes with lower gradients that will be easier to measure
* Initial work is promising, continuing to evaluate further

/I/f\\\\ HILL G
~4%§\ ENGINEERING hill-engineering.com 44
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Predict. Test. Perform.

Follow us:

n @HillEngineeringLLC

’ @hill_eng



Contact in ormation

Hill Engineering, LLC
Gold Canal Drive Suite

Rancho Cordova, CA
= main line
www.hill-engineering.com

fl ace ook.com/HillEngineeringLLC
’ twitter.com/hill eng

7 HILL o
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Analytical Methods Testing Su committees:
Overview o Recent E orts

Engineered Residual Stress Implementation Workshop 2018
September 13, 2017

H"'L Robert Pilarczyk
E NGINEERING Group Lead — Structural Integrity

Predict. Test. Perform. Hill Engineering, LLC

Tom Mills
.'d APES, INC. h Principal Engineer

APES, Inc

analytical processes J enginecered solutions

ERSI
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Historical Emerging

Residual Stress is considered

a ro lem or used as a band-aid is a conventional technology
to address design de iciencies that assures er ormance

II Residual Stress Engineering
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s
Agenda

d Round Ro in orC Holes
ad Best Practices Document '
ad Dra t Structures Bulletin

Q Engineering Im lementation o
Residual Stress

a Crack Closure E ects
a Negative-R Test Data

4 3 HILL & Ares, inC. B QT
A 3 < © 2018 Hill Engineering, LLC
ENGINEERING analytical processes [/ engineered solutions ol

hill-engineering.com
Predict. Test. Perform.



POLICY

J55G 2006 Updates

Procurement ‘
Requirements

Certification
\ Requirements

( Benchmark Reference \’
Document }

USAF Structures
Bulletin

Published Papers &
Presentations

( Best Practices
Document

\

(NDI Structures Bulletin
Updates

R5 Factors:
-Hole Di i
Residual Stress Development G_E 2oL
& -Thickness > _ - o
Material Response L Edge = Loading/Misc.
F-t ) Materials
< I % Cold Work e —
(] easurements [# Process Modeling |[¢—»| Eigenstrains W foad Spectrum -NDI Methods »
h 5 E—— W -Closure Modeling ﬂl‘ S—
I -
E l’ -Crack Tip Plasticity Interaction -Retardation Models rack Shape Evolution N
= -Countersunk Holes > ‘ -Mucleation Location/s
— El n o Is RS Databases l acy Aircraft Cx -Initial Flaw Assumptions /
 -Corner Crack Rate Data -Load-X, Hole Propping
e = Standardized RS Input Format -Other Relaxation Factors Quality Assurance
-Reworked Cx Holes Documentation
VALIDATION TESTING
um‘ > Crack Growth Engine <+
[TH)
o ¥
o ‘ Application of Confidence Bound to RS Fields ' Inspection/Repair
o 4 —
(a1 Requirements
E FEA Incorporating 1N Automated - B \
. Life Predictions
9 Residual Stresses > Multipoint Crack / ¥
—

E Growth Tech Data
=2 Updates
i F

RISK

Uncertainty
Quantification

RISK MANAGEMENT

Benchmarking

Safety Factors/
Conservatism

Residual Stress Non-
Destructive Quantification

Digital Records




Round Ro in orC Holes

Q Pur ose Initial
> |dentify the random and systematic uncertainties associated with DTAs that incorporate residual
stresses produced by Cx of fastener holes
» Many factors influencing the total uncertainty have been discussed and are currently under
iInvestigation by various members of the ERSI team

» For the first round-robin exercise, the focus will be on systematic uncertainties, or the uncertainty
associated with the system or process used by the analyst (also known as epistemic uncertainties or
model-form uncertainties)

» Specific input data was provided to each analyst participating in the exercise to minimize the random
uncertainties associated with these types of analyses.

» The analyst was free to use any means to incorporate the residual stress into the DTA, any software
suite, etc., however, it was important that the analyst adhered closely to the guidance provided so that
the variability in the predictions will be limited to the aspects left to analyst’s discretion.

A Main ocus understand analyst-to-analyst rediction varia ility
given i ed in ut data

4 D HILL A Ares, inC. I E

ENGINEERING analytical processes [/ engineered solutions S

Predict. Test. Perform.

E © 2018 Hill Engineering, LLC
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Round Ro in orC Holes

Q Pur ose Actual
> |dentify the random and systematic uncertainties associated with DTAs that incorporate residual
stresses produced by Cx of fastener holes
» Many factors influencing the total uncertainty have been discussed and are currently under
iInvestigation by various members of the ERSI team

» For the first round-robin exercise, the focus will be on systematic uncertainties, or the uncertainty
associated with the system or process used by the analyst (also known as epistemic uncertainties or
model-form uncertainties)

» Specific input data was provided to each analyst participating in the exercise to minimize the random
uncertainties associated with these types of analyses.

» The analyst was free to use any means to incorporate the residual stress into the DTA, any software
suite, etc., however, it was important that the analyst adhered closely to the guidance provided so that
the variability in the predictions will be limited to the aspects left to analyst’s discretion.

aQ Main ocus Investigate the consistency, strengths and
weaknesses o each method to de ine est ractices moving orward

4 N et . ¥
4 D HILL & Ares, inc. E

e <Y

ENGINEERING analytical processes [/ engineered solutions

Predict. Test. Perform.

" © 2018 Hill Engineering, LLC
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Round Ro in orC Holes

a Conditions

Hole
Benchmark Thickness| Width Diameter Hole Edge Max Stress
Condition #| Material Specimen Type (in) (in) (in) Margin Loading (ksi)
1 Non-CX Baseline 4.0 10
2 2024-T351 X 0.25 4.00 0.50 CA 25
3 Mon-CX Baseline 12 (R=0.1) 10
4 CX ' 25
—0 474 Thru
/ 477

D In ut Data ( 2&0_ P // oﬂzomozoa:\n&:&m)wm B ’wm
> Geometry “T‘” s L E) TF:I

L DRILLED HOLE

> Initial flaw size, shape, location, and orientation | 7 ] e
» Material properties . ‘ '

> Loading spectrum T T o]t
» Constraints

<2 ALL SPECIMENS OF SAME MATERIAL TYPE SHOULD COME

FROM THE SAME PLATE MNAME IDATE
. DRAWN ]
» Residual stress (contour results S T

OR RADIUS EDGE OF HOLE. POLISH AREA AROUND HOLE. TN ST TABLT NON-CX SPECIMEN
. UNLESS OTHERWISE SPECIFIED  [SIZE|DWG NO
<4 STEEL STAMP SPECIMEN ID ON BOTH ENDS DIMENSHONS ARE IN INCHES B
TOLERANCES ARE: X. XX = 0,01
NXXX = 20,003, X XXXX = 40,0014 [SCALE [WEIGHT_[sHE7 1071

7

4 3 HILL M Ares, inc. I

o
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Round Ro in orC Holes

A Year of Answering the Why’s???

Al

4 N 1S i 1
=< HILL R Ares, INC. R © 2018 Hill Engineeri
8 ill Engineering, LLC
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Round Ro

in orC

Holes Action Items

1 Additional Fractography Complete additional fractography of Cx test coupons to refine markerband definition and identify any secondary cracking Mills Complete
2 Baseline Stress Intensity Plots Develop stress intensity plots for non-Cx conditions (case #1 and #3) for comparisons
3 AFGROW vs. ggt];r S Investigate AFGROW aspect ratio differences for case #1 Harter/Pilarczyk | Complete
4 Crack Transition Points Incorporate crack size and cycle through thickness transition points Warner Complete
R Investigate crack growth rate data between 1E-7 - 1E-6. Better correlations to test were observed for Case #4, which had rates > 1E. ’
2 Loyl G Brasin Rl o 6. Case #2 correlation wasn't as good, and much of the life was in the range of rates 1E-7 to 1E-6. AefEiFElEEl | Compis
Reverse calculate bore and surface crack growth rate data for baseline coupons. Is there an observed difference between the .
6 B, EMEES CEE R ST i RS different material orientations and does it correlate with observed differences in the recent AFGROW round robin results. REEEIRIEERS | COmAET
Active
7 Crack Growth Rate "Dip" Investigate the common "dip" in the crack growth rate and identify possible contributing factors. APES / ESRD contract
until Aug
3 Baseline Rate Data Investigate baseline rate data and its contribution to basellnt_e predictions. Update accordingly and investigate impact on predictions for Harter/Pilarczyk | Complete
residual stress cases.
9 Crack Aspect Ratio Investigate contributing factors to crack aspect ratio discrepancies, collaborating with AFGROW round robin. Harter/Pilarczyk | Complete
10a Warner/Greer INW
" ) ’ ) Complete fatigue testing with ASTM E(647) M(T) coupons as well as Case #1 geometry/material, but with an applied R roughly
Applied Negative R Baseline Testing consistent with the R total for the residual stress cases (R=-1?) Active
10b APES contract
until Sep
11 Residual Stress Variability Provide replicate measurement data, not just average, and statistically characterize and quantify impact on predictions Carlson INW
12 Part-thru and thru crack segregation Segregate the test data and predictions for part-thru and thru cracks to see what additional insight we can gain Warner Complete
13 Verification of SIF calculations Sanity check of SIF calculations

oy
%
%

i

NS

»

¢ HILL
ENGINEERING

Predict. Test. Perform.
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analytical processes J/ engineered solutions

© 2018 Hill Engineering, LLC
hill-engineering.com



e
Round Ro in orC Holes A GRO As ectRatios

Q Classic Newman-Ra u solutions vs. Advanced awa -Andersson

Case #1 -a/c vs. aft

1.8
1 —@— Submission 1 / awa -AnderSSOn
] ——d— Submission 2

17 1 ~—8— Submission 3

1| —®— Submission 4a

1| = Submission 4b

16 -
1| —#— Submission 4c
]| —#— submission 4d e e a8 e
13 ] Submission 4e
Submission 4f
-.E 1.4 1| —e— Submission 5

1| —=— submission 6

1| —=— submission 7

13 A
J| =—#— Submission 8

o —

/ Newman-Ra u
1| o nNox20043

12 1 NCX2024-4 w h 77?
]| — e ArGROW Advanced p
: y s & »

1.1 1
] L)
1 ] T T T T T T T T T
00 0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9 1.0
aft
4 J HILL M Ares, inC. I
- © 2018 Hill Engineering, LLC
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Round Ro in orC Holes Corner

Thru Crack Segregation

Full Life

Case #2 - Full Life-cvs. N

Corner Crack only

Case #2 - Corner Crack Only -cvs. N

Thru Crack only

Case #2 - Thru Crack Only - cvs. N

N Tima, iy | ee | THmER S :' 32 o |, o,
0.20 : '.“‘.‘ r R B . T 010”_0179,2%[ . .; . v ..0‘ .
0 100000 200000 30m0:(wtle:ﬂﬂ|mﬂ 500000 600000 700000 1] 50000 100000 150000 :l{]::l:l:] 250000 300000 350000 400000 0 50000 100000 150000 200000 :?:I::I:} 300000 350000 400000 450000 500000
* Most analyses predict failure prior to test even becoming thru B
thickness crack E
» Tests were thru thickness over a range of “c” lengths (0.17-0.17") o | Suemiton2 ~Siomisina
e If thru thickness test crack lengths are plotted from ¢=0.17" to s [smions |
failure, as shown in bottom right, the test time to failure is fairly os0 ] ec b 2
consistent, although that is only about ¥ of the tests life o J SledE
0.20 } 3% 5. .:} vl
=N o 000 e e
/7§ HILL ﬂ A[—'Fj&.! IMNCC. h 0 50000 100000 15000(:. (Mle:oouou 250000 300000 350000

ENGINEERING 11
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analytical processes J/ engineered solutions

hill-engineering.com



Round Ro in orC Holes Multi-Direction Material Pro erties

QA GRO RoundRo

» Determine the ability of users, given the same loading spectrum, material
data, and a given Initial Flaw Size (IFS), to predict the evolution of the crack

front shape and total life of a given geometry using the AFGROW framework
as the life prediction tool

16 16 16
15 15 15
® TEST o TEST
—Macallan A ==
- 14 —~14 o TEST 14 Macallan A
z —Macallan B g { & ' —Macallan B
% —Macallan C = —Macallan A o
= 2eeran = :—Macallan B = o
513 —Dalwhinnie 513 - S13 ' —Dalwhinnie
= Finl = ‘—Macallan C = I &
a "maggan a — Dalwhinnie a Eilaggnn
2 —Black Label 2 . & —Black Label
1.2 D 1.2 ' —Finlaggan 1.2 1
——Dewars A —Dewars B
' —Black Label I
- —Dewars B — Jura
1.1 ] | | L d—Jura 1.1 ] | | .~ —Dewars B 1.1 | —Cathead
—Cathead ~loed
—~Cathead ’. ‘ ‘
0 0.025 005 0075 01 0125 015 0175 0.2 0225 0 0.025 005 0075 01 0125 015 0175 02 0225 0 0.025 005 0075 01 0125 015 0175 02 0225
Crack Length (c), inch Crack Length (c), inch Crack Length (c), inch
Re : Harter, ., Case Study on Test/Prediction Correlation or Corner Cracks at Holes, Proceedings rom the AA S Con erence, acksonville, L.
/,‘ HILL ﬂ APF-S, lNC.h
T 12 © 2018 Hill Engineering, LLC
ENGINEERING analytical processes [/ engineered solutions

T hill-engineering.com
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Round Ro in orC Holes Multi-Direction Material Pro erties

QA GRO RoundRo in

» Multi-directional rate data resulted in:
« Minimal changes to life predictions
e Better correlation to crack aspect ratio trends

1.6 1.6 1.6
1.5 1.5 - 1.5 A
= i : ; ~— g g 3 :_: °
T 14 | ° S 14 - * S 1.4 -
Q ’ b ) 2 2
b= L ] =] =1
© ] ©
o o o
s 1.3 - s 13 s 13 |
5] @ @
o o . [=3 i
& ® Seriesl 2 @ Seriesl = ® Seriesl
1.2 1.2 - 1.2
=——Round Robin Fit =Round Robin Fit =Round Robin Fit
1.1 ——Dual Rate Fit 1.1 === Dual Rate Fit 1.1 —Dual Rate Fit
1 1 T 1 T T T 1 T T T
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
Front Face Length (c), inch Front Face Length (c), inch Front Face Length (c), inch
Re : Harter, ., Case Study on Test/Prediction Correlation or Corner Cracks at Holes, Proceedings rom the AA S Con erence, acksonville, L.
4 HILL & Ares, inc. HCT
T 13 ) © 2018 Hill Engineering, LLC
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Round Ro in orC Holes Multi-Direction Material Pro erties

a Similar mismatch or ERSI Round Ro in

Case #1 -afc vs. a/t

18
—&— Submission 1 —&— Submission 2
—&— Submission 3 —®— Submission 4a
1.7 ~—f— Submission 4b —4— Submission 4c
—&— Submission 4d Submission 4e
Submission 4f —— Submission 5
16 1| —m—submission 6 —@— Submission 7
—4&— Submission 8 © NCX2024-3
NCX 2024-4
15 4
o
5 14 1
13
1.2
L]
11
® ®
1 T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

aft

1.0

afc

2.00

1.80

1.60

1.40

1.20

1.00

0.80

0.60

0.40

0.20

Case #3 -afc vs. a/t

] —&—Submission 1 —f— Submission 2 @ ® [ ] ®
—®—Submission 3 ~®— Submission 4a
——Submission 4b —&— Submission 4c
] —h—Submission 4d Submission 4e
—&—Submission 4f —&— Submission 5
1| —a—submission 7 ——Submission 8
—#—Submission 6 ©  OFF-NCX 2024-1 ???
1 OFF-NCX 2024-2 OFF-NCX 2024-3 . . .
© OFF-NCX 2024-4
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00
aft
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Round Ro in orC Holes Multi-Direction Material Pro erties

a Retrodiction o crack growth rate datain a and c direction

R=0.1 1.00E-01
1.0E-01 . = ® noncx2024-3 (c)
A ® noncx2024-3 (a)
1 1.00E-02 #® noncx2024-4 (c)
L T Data a n d It + nonex2024-4 (a)
1.0E-02 A off-ncx2024-1 ()
1 00E-03 A off-ncx2024-1 (a)
| B off-ncx2024-2 (c)
HOR03 B off-ncx2024-2 (a)
MT-8 oot X off-ncx2024-3 (c)
= 2
MT-10 E- X off-ncx2024-3 (a)
1.0E-04 Rd E X off-ncx2024-4 (c)
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Round Ro in orC Holes Multi-Direction Material Pro erties

a Post-dictions with multi-directional material ro erties

Case #1 - afc vs. aft Case #3 -a/c vs. aft
17 2.00
| @ nNcx2024-3
NCX 2024-4 e ———— e
1 - _—t m o ~4 1.80 4
16 4| = — Nex20243; 10 Mat , L= -
— — NCX2024-4: 1D Mat
NCX2024-3; 2D Mat 1.60 1
15 4 NCX2024-4; 2D Mat
| 1.40 4
®  OFENCX 20241
] OFF-NCX 2024-2
141 1.20 4
o OFF-NCX 2024-3
S
® ©  OFF-NCX2024-4
1.00 4
13 4 — — OFF-NCX 2024-1 (1D Mat)
— — OFF-NCX 2024-2 (1D Mat)
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11 4
040 ] OFF-NCX 2024-3 (2D Mat)
OFF-NCX 2024-4 (2D Mat)
1 . . 0.20 : : : ! . . . . T
00 0.1 02 0.00 0.10 020 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00
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Round Ro in orC Holes Multi-Direction Material Pro erties

a D Material I & o=
» Minimal differentiation with r/t /ﬁ%'— " — |
Q D Material Pro erties
. . . . 05 Dq_'r 0.5 1 '—E:I. ' o5t ;14—;1- '
» Distinct trend consistent with open @ @ - | e
. 1] 02 0.4 o8 0.8 1.0 1] D.E_ 0.4 D.ﬂ [+ ] 1.0 ] .02 04 0B 0B 1.0
literature and test data ' “ .
5m $ ) '
z < , -"—*;% E:‘_I;J:;J__-
4
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Round Ro in orC Holes A lied and Residual Stress Intensities

a Signi icant Over redictions rom A GRO
» Newman-Raju solutions w/ Gaussian Integration for residual stress

Case#4-avs.N Casefid-cvs. N
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Round Ro in orC Holes A

lied and Residual Stress Intensities

Q Signi icant contri ution rom Newman-Ra u solutions

a

K Applied
7
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iy e

15
0 10 20 30 40 50

Surface Angle (Degrees)

K Applied

K applied (ksi-root-inch)
&
-

0 10 0 30 40 50 80

Surface Angle (Degrees)

€ Original Predictions

Incor orated a i

=@ Submission #1
== Submission #2
® ®  Submission #3a
®  Submission #4
—#—Submission #5
—d— Submission #7

——Submission #8

60 70 &0 a0
Bore

—— Submission #1
——Submission #2
& Submission #3a
B Submission f#3b
# Submission f3c
©  Submission 3 - Adv AFGROW
®  Submission #4
b Subimission #5
== Submission #7

= Submission #8

g

70 80 90
Bore

K residual (ksi-root-inch)

K residual { ksi-root-inch)

K Residual
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Round Ro in orC Holes A

lied and Residual Stress Intensities

a Post-dictions Case

Casef#d-cvs.N
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Round Ro in orC Holes A

lied and Residual Stress Intensities

a Post-dictions Case

Case#2-cvs.N
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Round Ro in or C Holes - Summary

Q The earo hys Has Been ruit ul
a Additional Action Items Need to Be Resolved

a Pu lish ournal Article

» White paper submitted to 19th International ASTM/ESIS Symposium on
Fatigue and Fracture Mechanics (42nd National Symposium on Fatigue and
Fracture Mechanics)

O ollow-on Round Ro inE ortsin ork

4 D HILL A Ares, inC. I
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Round Ro in orC Holes Round Candidate

O Geometrically large cou ons

» Part of the difficulty with the CX hole problem is the significance of the RS and
applied stress gradients near the hole. Both gradients are very steep, which creates
Issues for measurements and life correlations. In an effort to minimize the impact of
the gradients and increase the understanding of the RS near the hole, geometrically
“large” coupons were developed to accomplish RS measurements and fatigue testing

»Multi-tier approach: 10.0°
» Residual stress characterization /
» Fatigue testing

»Coupon detalls:
» Material: 2024-T351 Plate, 7075-T651 Plate
» Thickness: 1.0 inch
» Hole Diameter: 1.0 inch
» Centered Hole, Baseline (no CX) and Mid CX

e 8.00 N

10.00
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t 155G 2006 Undates Procurement Certification | Benchmark Reference USAF Structures Published Papers & Best Practices MDI Structures Bulletin
| P Requirements | Requirements Document Bulletin Presentations Document Updates
L 4 L
= |
o
I—RS Factors: —l
-Hole Diameter
Residual Stress Development Thickness
Material Response | -Edge Margin and or Pitch Loading/Misc. NDI
s -Materials :
< ! ! % Cold Work
a -Grain Size & Orientation Measurements |#=® Process Modeling |e—m| Eigenstrains -Overloads/Underloads -Load Spectrum -NDI Methods
g -Negative R Data [ | | -Spectrum Affects -Closure Modelmg -POD Data ]
E -Low AK Data | -Crack Tip Plasticity Interaction L-Retardatlon Models J -Crack Sfjnape E""Dl_Ut'D"
= -"Short” Crack Growth Behavior — — -Countersunk Holes -Nucleation Location/s
= _Elastic/nlaztiz st arialiindals RS Databases l -Legacy Aircraft Cx -Initial Flaw Assumptions
| -Corner Crack Rate Data | -Load-¥, Hole Propping I
— e — —— Standardized RS Input Format -Other Relaxation Factors Quality Assurance
| -Ruworked Cx Holes Documentation
VALIDATION TESTING
V) »|  Crack Growth Engi <
ﬂ rack Growth Engine
) - - - v
E | Application of Confidence Bound to RS Fields | Inspection/Repair
[ T Z — i
(a1 = Requirements
Vi ; b Automated
- FEA Incorporating F—_., - ——| Life Predictions
ﬂ ~ Residual Stresses Multipoint Crack v
E Growth Tech Data
=2 Updates
i F 1
RISK MANAGEMENT
F'y - i
Uncertainty Safety Factors/ Residual Stress Non-

RISK

Quantification

Benchmarking

Conservatism

Destructive Quantification
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Best Practices Document

aQ Pur ose
» Share best practices, lessons learned, and analysis e
methods with community Analytical Considerations for Residua
» Document benchmarks and case studies
» Compliment other policy documents ot
Q Goal O en Source Document i

A-10 ASIP Manager, AFLCMC/WWAEJ
Ogden Air Logistics Complex, Hill AFB, Utah 84056

Q Organi ational Structure

» Organized similar to AGARD documents
e Background information
e Best practices and lessons learned
e Benchmark problems
e Case studies

4 2 HILL M Ares, inc. I
e < © 2018 Hill Engineering, LLC
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Best Practices Document

Q Cha ter |l - Introduction
» Introduction to fatigue, damage tolerance, and residual stress

» Residual stress inducing processes and associated key
characteristics Strengths eaknesses o arious Residual

Stress Measurement Techni ues

» Residual stress measurement techniques and associated key Measurement Strengths Weaknessos
Technigue
C h aracte rl Stl CS XRD with Portable equipment Significantly affected by
layer removal microstructure variations
. . . Less repeatable than
» Considerations for modeling approaches othr techniaues
. . . Neutron 2D mapping of multiple Difficult to obtain (limited
> C urrent g ul d N g po | | Cy Mechanical Methods Key Characteristics Diffraction components facilities)
Mechanical Typical Typical Depth Durability Damage Bulk residual stress _Signiﬁcantly aﬁe_cti_ad by
- - - Method Applications of Residual Benefit Tolerance microstructure variations
> H |St0rlcal mOdeI I ng approaCheS Stress Benefit Hole Drilling Portable equipment Less repeatable than
Shot Peening | Widespread — | ~0.002-0.008 Yes Minimal ASTM standard other techniques
Surface of
Parts Near-surface measurement
Surface Rolling Rolled ~0.04" Yes Yes Multiple stress components
Threads, Gear
Testh, Fillets Ring Core Portable equipment Large averaging volume
Low Plasticity Fan Blades, ~0.04 Yes Yes MNear-surface measurement
Burnishing Radii )
Multiple stress components
CX Holes Critical ~ 1 radius Yes Yes
Fastener Holes Contour 2D mapping of residual Difficult to resolve sharp
Laser Shock Criical ~0.04 Yes Yes stress stress gradients
Peening Geometric Bulk residual stress
Features
Forming Surface to Full Yes Yes Slitting Excellent measurement Limited to extruded cross-
Field repeatability sections
4 HILL & Ares, inc. “‘
e <5 : . . .
i © 2018 Hill Engineering, LLC
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Best Practices Document

Q Cha terll Analytical Processes
» Overview of analytical processes

Simulation Derived Residual Stress == MI\:“;"T' . L‘;:rd Ret;::’atllon
; ode pectrum e
> Key InPUt data Residual Stress Database — ommr— | l
¢ DeSIQn info Eigenstrain Modeling — l f / ‘W | H
. Materlal mOdeIS Residual Stress Measurements Residual Stress i ] . ui B Lilg“
» Loading spectrum & retardation . | N
Llpear Superppsmon of
. R e Si dU al stress Design Info — Applied and Residual Stress
NS — l |
nalysIS processes — - =) Automated 3D Crack Growth <= Crack Growth Engine
. . . e 1
« Multi-point fracture mechanics tross 9 )
ﬂllle:ill A / - Predict performance
e Coupled FEA Material /=2, Ha AN e
« Other analytical approaches properties 'E : @ srresscreck wa| [ ]/
> Way forward & recommendations | i b. —
4 3 HILL M Ares, inc. I
= 2 © 2018 Hill Engi ing, LLC
Edﬁg Ll;lrmEERl NG analytical processes J/ engineered solutions 27 hi||_e;]ginggel:i]re]ge_r(l:r;?n




Best Practices Document

a Cha terlil

» Key factors influencing residual stress

Other Considerations
» Factors influencing residual stress and the associated uncertainty

» Variability in residual stress data
» Validation testing
» Non-destructive inspections
» Quality assurance
» Risk management
» Certification considerations
» Way forward & recommendations

-Corner Crack Rate Data

‘ Standardized RS Input Format ‘

-Load-X, Hole Propping
-Other Relaxation Factors

eworked Cx Holes

———
Application of Confidence Bound to RS Fields

¥

FEA Incorporating
Residual Stresses

—

Uncertainty
Quantification

Benchmarking

> Crack Growth Engine +

Automated
Multipoint Crack
Growth

Safety Factors/
Conservatism

Residual Stress Non-
Destructive Quantification

155G 2006 Updates Procurement Benchmark Reference USAF Structures Published Papers & Best Practices NDI Structures Bulletin
Requirements Document Bulletin Presentations Document Updates
RS Factors:
| Residual Stress Development ‘ :?,:‘:kEZTEtE" g Ty
-Edge Margin and or Pitch " m
-Materials S ——
1 -% Cold Work

-Grain Size & Orientation | Measurements |1—>| Process Modeling Jq—b‘ Eigenstrain: ‘ -Overloads/Underloads -Load Spectrum -NDI Methods
-Negative R Data -Spectrum Affects -Closure Modeling -POD Data
-Low AK Data ~Crack Tip Plasticity Interaction -Retardation Models -Crack Shape Evolution
-“Short” Crack Growth Behavior -Countersunk Holes -Nucleation Location/s
-Elastic/Plastic Material Models -Legacy Aircraft Cx -Initial Flaw Assumptions

I
Quality Assurance
Documentation

Inspection/Repair
Requirements

Tech Data
Updates

Digital Records
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Best Practices Document

a Cha terl

» Handbook solutions
> ERSI round robin results
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o
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o
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025 035
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015 015
o
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- W W
0

005 015 0:

Benchmark Cases

Dimensions
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-~ o oo
TR

Do owm
o

Material: E = 3.0e7, v =0.30
Loading: Uniform unit stress

(1 psi)

Geometry

S

1.38

136

KI vs Crack Front Position
——Handbook

9

—8-FRANC3D

——FRANC3D Plane Strain
—+—Beasy

—+—Beasy Plane Strain

L
k

13

Kl

——StressCheck

StressCheck Plane Strain

4

0 01

0.2

e

03 0.4 05 06 0.7
Normalized Crack Front Position

S A

Enforeed Plane Strain — Max Error

Relative to Handbook Solution:
-BEASY 0.41%
-FRANC3D  0.61%
-StressCheck  0.54%

Crack Length (in)

0.35

Crack Size vs Cycles (Paris Law)

03

0.25

0.2

0.15

FRANC3D uses NASGRO 5 equation

NASGRO results are from NASGRO
7.10

All predictions, with the exception of
BAMF, return nearly the exact same
crack growth curve when using the
Paris law growth model

BAMF prediction~ 102%

0.1

0.05
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Co=151x% 1079 e,
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m=3.70
C, =0
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Best Practices Document

D Cha ter Case StUdieS Predicted crack shape evolution Observed crack shape for LSP
. (Frame 2 test article)
» Laser shock peening case study i
» Cx hole case study

Baseline

" LSP applied in o
° ::::::ﬁﬁ.r:r::::;:g 0 Geometry coupon radiused channel
corners » Small number of test articles (- 5)
» Large numbers of test articles » Quantitative outcomes:
(-20) Stress at corners with intersecting radii
» Quantitative outcomes: Effects of LSP intensity
Stress at corners
Effects of process parameters |~ ZZ22oo ': 1
: -
H Higher L e
2 f intensity !
¢ B 0 mm===- =
Z i
e Beams 3 |
—Process 2| a 2 0 7 T _
=1 B | e e | Lug Element iRy
® B in : o LE-2
Depth from comer § 0 6 aSEl e -
-l Frames -_ . 3 a LE-10
O-- H O G s x LE-13
o Frames E . -
+ Sinl cle (Frame 5 & 9 Lug elements £ ] Current analysis
> Single test article (Frame 5) » Small number of test articles (- 1) - 0.5 7 N L k h ] H + LE-14
» Quantitative outcome: Depth fi » Quantitative outcomes: 2 ] { atura crack sl ape} o LE-20
« Stress in airframe spth from corner Residual stress in fatigue test articles = N
Geometric similarity to airframe 3 04 - e CITEEN QE WF
L - ° Basic analysis : c
s ——~Calculated
[ 0.3 J ° (Quarter-ellipse) - o LE-66
w 0 S
: § x ¢ o LE-68
1 ) @ [+] »*
: ¢oag° —_— —_ =g° ] 0.2 o LSP over crack et e QE WF
1 ] 3 ' 15 . e
t‘ |: 2 i i3 G g — Calculated
1 ] ﬁ e — 4 e
ey LSP surf % R
LSP surface b 01
= a, = ¢, = 0.100"
0.0

References:
Polin, L., Bunch, J., Caruso, P., McClure, J. (2011), F-22 Program Full Scale Component Tests to Validate the Effects of Laser Shock Peening, 2011 ASIP Conference
Hill, M., DeWald, A., VanDalen, J., Bunch, J., Flanagan, S., Langer, K. (2012), Design and analysis of engineered residual stress surface treatments for enhancement of aircraft structure, 2012 ASIP Conference
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Best Practices Document

a Current Status
» Publicly released version available (July 2018) /

aQ Moving orward
» Document only as good as the inputs provided by community

» Need inputs related to:
* Process modeling best practices
« Other analysis methods
e Factors that influence residual stress
* Risk assessment considerations
» Certification considerations
* Procurement vs. sustainment considerations
o Case studies
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t 1556 2006 Undates Procurement Certification Benchmark Reference USAF Structures Published Papers & Best Practices MDI Structures Bulletin
| P Requirements Requirements Document Bulletin Presentations Document Updates
i W |
R5 Factors:
-Hole Diameter
Residual Stress Development Thickness
< Material Response L -Edge Margin and or Pitch Loading/Misc. NDI
E ! ] ::;i:tjlrdla:ﬁjork
()] -Grain Size & Orientation Measurements |#=® Process Modeling |e—m| Eigenstrains -Overloads/Underloads -Load SPECtTUW -NDI Methods
P _Negatiue R Data I I -SI'JECTTLIFT'I Affects -Closure Modellng -POD Data ]
E -Low AK Data -Crack Tip Plasticity Interaction -Retardation Models -Crack Sfjnape Evol_utmn
= -"Short" Crack Growth Behavior -Countersunk Holes -Mucleation Location/s
= -Elastic/Plastic Material Models RS Databases l -Legacy Aircraft Cx -Initial Flaw Assumptions
-Corner Crack Rate Data -Load-¥, Hole Propping I
Standardized RS Input Format -Other Relaxation Factors Quality Assurance
-Reworked Cx Holes Documentation
vy > Crack Growth Engi <
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Dra t Structures Bulletin

a Analytical Methods, uality Assurance, and
alidation Testing Re uirements or E licit

tili ation o Dee Residual Stresses to Esta lish .
the Bene icial E ects o Cold E anded astener gm[:;

Date: Draft v0

H o I e s o r D a m a g e To I e ra n ce Sllhj;.c‘t: Analytical Methods, Quality Assurance, and Validation Testing

Requirements for Explicit Utilization of Deep Residual Stresses to
Establish the Beneficial Effects of Cold Expanded Fastener Holes for

AIR FORCE Structures Bulletin

AFLCMC/EZ
Bldg. 28, 2145 Monohan Way
WRPAFB, OH 45433-7101
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Engineering Im lementation o Residual Stress

O Post-Service vs. New Manu acture Cou on Residual Stresses
» Load history / environment effects

> Initial stress shakedown

iz :-_.- l:‘l. —— = -__‘“I ‘ ‘-‘
B A10R2A1 S

¢ A10R2A2

o
=

How Should
We Account
for in
Analyses???

* Looking
f Up
ILEERr ) L

Al 2024-T351 |
SHEET |m

90 -60 -30 0 30
o, (ksi)
42 HILL & Ares, inC. B FRSI
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Engineering Im lementation o Residual Stress

Q Crack Ti Plasticity Interaction -T
» Life predictions for average R.S. field — shows minimal effect on predicted fatigue life

Comparison of Effect of Residual Stress Function to Predict Fatigue Life for the "Low"
Applied Expansion in 2024-T351 with the Effect of the Crack Included

Plot Residual Stress from Fatigue Cracked 0.50 .
Number Coupons Distance Applied ===-Residual Stress from Avg. of CxA2 - Left Side I h
T Bascline Non-Cracked Residual Stress____ | 0.00-0.04inch__N Onl : |
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b
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F 3o 1 5 020 ~ i :
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Engineering Im lementation o Residual Stress

Q Crack Ti Plasticity Interaction -T
» Life predictions for average R.S. field — showing shift to the left, closer to average fatigue test results

Comparison of Effect of Residual Stress Function to Predict Fatigue Life for the "Low"

Plot Residual Stress from Fatigue Cracked . B . R
| Number Coupons Distance Applied Applied Expansion in 7075-T651 with the Effect of the Crack Included
___1___.|____ Basdline Non-Cracked Residual Stress _ _ _ _ | _ 0.00-0.0dinch_ 0.50 . i
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Engineering Im lementation o Residual Stress

O Non-Dimensional Residual Stress - The Hodge Podge

» Key factors
e Material (Fbry)
* Hole diameter
» Applied expansion
e Thickness

Szz/Fbry

01 O set rom Entrance

11
0 01 02 03 04 05 06 07 o8 09 1
x/r
03
o1
.E. -0.5 J ‘-“"‘I‘. M H h- k =
€ / id-thickness
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07 | 7075-T651 D3-1 7075-T651 D3-2 7075-T651 D3-3 z
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43404
11 11
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Engineering Im lementation o Residual Stress

d Non-Dimensional Residual Stress

» Applied Expansion
SzzMidthickness = e(@*[SzzMax + ((Vo) + (w)SzzMax)x] + SzzMin

A lied
E ansion
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0.0 0 e i
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Crack Closure E ects

QO E tensive evaluation o crack growth tests at C holes and SWRI-4D3-G Data
variousa lied R APES ESRD
O ariationo e erimentally derived da/dN growth rate as a Le0s C
unctiono R,,; K, /K., atthe crackti determined rom 3
simulation Td A
0 ¢ ¢ N
2.1E-05 A e
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. ~0.25 :%' 5 ':’w*" L... ; o
negative Ry 2w 3 s
. . 30.15 x
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0.25 = SwRI-4D3-08-G (R=0.8)
£ . 1.E-07 ] !
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20.15 Riot = Koo/ Kimax at Crack Tip
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Crack Closure E ects

. AFRL Phase Il SBIR: Deep Residual Stress Methods
QO Modeling Closure b
Public Release Authority: 88ABW-2018-4366

Displacement normal to the symmetry plane
Positive displacement — Crack opening

. i H 1.000e-003
20 ksi 24 Kksi 27 ksi .|.
(maX test stress) A 8.000e-004

Crack fully open 6.000=-004

4, 000e-004

2. 000e-004

0L 000 e+000

—-2.000e-004
=4, 000e-004

-6, 000e-004

v -3, 000e-004

-1.000e-003
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Negative R Testing

O Much o the crack growth rom C holes can occur in regions o negative R,
O GOAL: conduct limited negative-R crack growth testing to com areto A RL

historical data
» center cracked M(T) panels (as AFRL tested)
» part-through crack “dog-bones”

Q s ecimenso -T
» R=-1

1 x M(T) same as AFRL design
* requires buckling guides
» through-crack design

e 2 x dogbones
* non-standard geometry
* no need for buckling guides
» part-through crack design

» RepeatforR=-4
O Re eat -s ecimen matri or -T

—=| |+ 0.50 Nominal Stock Thickness

2.000.02 4PL

o Material: 7075-T651 AL
1.00+0.01 -

Contract Vehicle--Engineering and Analysis Activities in Aging
Structures: A-10 ASIP Engineering Support

Public Release Authority: USAFA-DF-2018-322
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s
Negative R Testing

1.00E-03 -T
Part-through crack data
Newman-Ra u Limits
c/ .
— — UpperR-6
1.00E-04 — - -LowerR-6
——Upper R-9 10
= o |[T7RRew
E. Lower R -9 L8 || No Bending BC
'-E.. — =Upper R=-0.5 % 4
g6
é 1.00E-05 — ~Lower R=-0.5 é 5
= Z,
— Upper R-2 g
o = =|owerR=-2 £,
® 601-04-D (ctip), R=-1 1
0
100E-06 O 601-04-D (a tip)' R=-1 ’ " Surfanc-:Crack Le:;:h.in. o .
¢ 601-05-D (ctip), R=-1
& 601-05-D (atip), R=-1
A 601-03-D (ctip), R=-4
1.00E-07 A 601-03-D (atip), R=-4
1 10 100 B 601-06-D (c tip), R = -4 Contract Vehicle--Engineering and Analysis Activities in Aging
- ' Structures: A-10 ASIP Engineering Support
-in™ -
AK (ksi-in”0.5) (Kmax for -R) O 601-06-D (atip), R = -4
Public Release Authority: USAFA-DF-2018-322
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Negative R Testing coming

0O S ecimen Details: Center hole, corner crack, R - , oy, . ksi
» Attempt detailed measurements in bore to get thru thickness rate data
» 2024-T351 and 7075-T651
» 3 specimens each
» Testing by USAFA for A-10 ASIP; supported by SwWRI & APES

a test s ecimens have een machined outo s ecimen remnants rom
the same material lot as the tests used in the round ro in

O Augment growing Negative-R data sets or art-through cracks
» SWRI: R =-0.3 (presented data at ERSI last year)
» APES:R=-1,R=-4

Q ariety o s ecimen geometries to com are withM T long crack data

4 HILL A& Ares, inC. I
e < ) © 2018 Hill Engineering, LLC
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Conclusions/Summary

Q Signi icant Colla oration within Analysis Methods Su committee
» Thanks to those individuals that have provided inputs

O irstC Hole Residual Stress Round Ro in Success ul
» (8) submissions — thank you

O Second C Hole Residual Stress Round Ro in in Discussions

a Initial Best Practices Document Released
» Need inputs from community

Q Signi icant rogress made on understanding crack closure im lications to
CG modeling in residual stress ields

Q Negative-R crack growth data continues to e develo ed or art-through
crack geometries

4 N APES, INC.
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Background

Much of the crack growth from CX holes can occur in regions of
negative Ry.
Do we have well-characterized negative R test data, and does it
have a large impact?
Reference AFRL negative R data from 1997**
These data formed basis for R-LO cut-off parameter
Below R-LO, which is a K value, no further shift in crack growth
rate curves is modeled
GOAL: conduct limited negative-R crack growth testing to
compare to AFRL historical data

center cracked M(T) panels (as AFRL tested)
part-through crack dog-bones

** Boyd, K., Elsner, J., Jansen, D, Harter, J.: Structural Integrity Analysis and Verification for Aircraft Structures, Volume 2, Effects of Compressive
Load on the Fatigue Crack Growth Rates of 7075-T651 and 2024-T3 Aluminum Alloys, WL-TR-97-3017. August 1996.
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1997 AFRL Data: 70/5-T651

Original test data is
not available.

Had to use digitized
data from pdf report.

Only R = -0.5 data
seems to be unique,
and onlyup to K of
about 15

Rest of the data
seems to support no
further shifts in stress
ratio curves at lower R

da/dN (inch/ cycle)

1.00E-03

1.00E-04

1.00E-05 -

1.00E-06

1.00E-07 -

|- - BestR=-0.5
|- -BestR=-6 '
—BestR=-9
{===Best R=-2
BestR=-1.5
: p
Y/

10
DK (ksi in”0.5)

100
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1997 AFRL Data: 2024-T351

Original test data is
not available.

Had to use digitized
data from pdf report.

Only 2 stress ratios
tested.

Appeared to have
problems with
plasticity

R = -6 curve suspect

da/dN (inch/cycle)

1.00E-02

1.00E-03

1.00E-04

1.00E-05

1.00E-06 -

1.00E-07 -

1.00E-08 -

= + Best R=-0.5
— =BestR=-6
/
77
,.
Vi
7l
I ', ’
Ly 7
17
Y
/7
’( |
-7
-"
”
10

DK (ksi in"0.5)

100
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Test Matrix

6 specimens of 2024-T351
R=-1
1 x M(T) same as AFRL design

requires buckling guides
through-crack design

2 X dogbones

non-standard geometry
no need for buckling guides
part-through crack design

RepeatforR=-4
Repeat 6-specimen matrix for 7075-T651

Distribution A: Approved for Public Release. USAFA-DF-2018-322
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analytical processes / engincered solutions

Dogbone Crack Growth Specimen

Use fine saw or EDM to place notch on one corner of specimen (also see Section A-A)
All dimensions in inches .

@ Specimen ID: 601-xx-D (where xx = 01 to 06)

@ Last 0.020" removal on edges must be done in 0.005" passes.

—-| |-—0.50 Nominal Stock Thickness NO bUCkllng gUIdeS I’GQUII’Gd

Precrack / test loads must be balanced to avoid
compressive yield for R = -4 (especially in 2024-

T351)
_ 1

32

0.70 - - - - -
. — 8.5240.05 32 Specimen design avoids plastic collapse in net
= 0502001 section throughout range of reasonably
Sﬂos AA soapL collectable data
0.02 N
J_ 2.00£0.02 4PL
’—- }-—0.02
- Material: 7075-T651 AL ary: 6 Conditin: Finish: 64 RMS unless
L—-J~ 1.00+0.01 noted

[ Tosk 2.10 APES. INC.

SwRI PO-13 (A-10)
Distribution A: Approved for Public Release. USAFA-DF-2018-322 7
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analytical processes / engincered solutions

M(T) Crack Growth Specimen

Made from 0.313-inch nominal plate.

be % e ()
™ e s
S —head SE NOTE 7 M0 WE 4
1o .
B ]
A
/
T
062 .04 D0 125000 — ¥ ¥
e 1700
0 4 002/ ool 2500
1
-
il o 1S 18
0250 4004/~ OO0 125000 )
», A
\ VA
SLE | i
poovy - P o
EW A (NOTCH 4 BRIPRAEE com
B, Q0 8%

Buckling guides required.

Y inch aluminum plate

Nylon spacers used against specimen
Only 8 contact points (4 front / 4 back)

2
3 Pt bonomed hotes. 0.1 inch dees

i l_ﬁ; E

odo o Fo
7.k 79

o] o

st 7075-T651 AL . 2 Conton: NIA P 64 RMS uniess,
- o Hogaive R APES, INC.
SwRI: PO-13
[ Conabews | 3 e
Aovasen DATE
fresn e, TBM y ing s | Sheet: 1of 1
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Stress Intensity Calculations

Corner crack tests go to crack sizes beyond Newman-Raju solutions in
AFGROW

Used StressCheck to compute K
Boundary conditions: modeled full wedge grip constraint:

10
o | [TAFGROW | | Coupon 601-05-D |
= StressCheck
8 || No Bending BC I Newman-Raju

solution invalid

Stress Intensity Factor, ksi-in'/2

Surface Crack Length, in.

Distribution A: Approved for Public Release. USAFA-DF-2018-322
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Middle-Tension Panels

Crack Growth Data

» Crack Length vs. Cycles
> Residual Life
» Crack Growth Rate vs. K

Distribution A: Approved for Public Release. USAFA-DF-2018-322



A Ares, inC. I

analytical processes / engincered solutions

7075-T651 M(T)
Crack Growth and Residual Life

+ 3E2-08-D; R=-4 3E2-04-D;R=-1
+ 3E2-08-D; R=-4 3E2-04-D; R=-1
2
LARREL I N TY
1.8 %aﬁ
efld

1 s — DEb.
= £ 1 Ohe
£ 14 d £ s
© o © :
s 12 0' (u] £
o * ] o
€ 1 & c
— * a® 2
- a
g 0.8 * = . oo E
S pradm g @ & =
T ©

0.4 ==

0.2

’ 0 50000 00000 150000 200000 250000 300000 350000 Gl
! ' 100 1000 10000 100000 1000000
Cycies Residual Life (Cycles)
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analytical processes / engincered solutions

7075-T651 M(T)
Crack Growth Rate

1.00E-03

1.00E-04

1.00E-05

da/dN (inch/cycle)

1.00E-06

1.00E-07

1 10

AK (ksi-in™0.5) (Kmax for -R)

100

- — UpperR -6
- - -LowerR -6
——Upper R-9
——LowerR -9
— -Upper R=-0.5
~— ~Lower R=-0.5
—UpperR-2
= =lLowerR=-2
@ APES 3E2-04-D,R=-1
© APES 3E2-08-D,R =-4

Distribution A: Approved for Public Release. USAFA-DF-2018-322
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analytical processes / engincered solutions

Half Crack Length, a (inch)

1.8
16
14
1.2

08 -

0.6
0.4
0.2

2024-T351 M(T)

Crack Growth and Residual Life

+ 3E2-08-B; R=-4 3€2-04-B;R=-1
¢ 3E2-08-B; R=-4 3E2-04-B;R=-1
il “\
g = 1
3 = ' 5
f :3-. i E]Dttq%
£ +
B N
= 3
* . ﬁ
* . o o 0O o °© g
g o B -
gt 0 O 2
0.1
0 200000 400000 600000 800000 1000000 1200000 100 1000 10000 100000 1000000
Cycles Residual Life (Cycles)

10000000
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analytical processes / engincered solutions

2024-T351 M(T)
Crack Growth Rate

1.00E-03

1.00E-04

1.00E-06

da/dN (inch/cycle)

1.00E-07

1.00E-08

1.00E-05 -

A

A

10 100
Kmax (ks-in0.5)

- = UpperR=-6

--LowerR=-6
-Upper R=-0.5
-Lower R =-0.5

SwRI-1 M(T), R =-0.3
SwRI-2 M(T), R = -0.3
SWRI-3 M(T), R = -0.5
SwRI-4 M(T), R = -0.5
SWRI-5 M(T), R = -0.5
APES 3E2-04-B, R = -1
APES 3E2-08-B, R = -4

Distribution A: Approved for Public Release. USAFA-DF-2018-322
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Corner Crack (CC) Dogbone

Crack Growth Data

» Crack Length vs. Cycles
> Residual Life
» Crack Growth Rate vs. K
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analytical processes / engincered solutions

7075-T651 CC

Crack Growth and Residual Life

Crack Length, inch (surface tip)

0.5

o
=

o
w

0.2 -

0.1

+601-060,R=-4  W601-03D,R=-4  4601-04-D,R=-1 601-05-D, R = -1 1000000
100000
% *
% s e £
X . . S 10000
X * ] f <
x * ] A &
X ™ A E
X A
: " . 4 = 1000
XX & u A =
x + o A -
X * ] A .E
X o . A s
5 P aam - 2 100
b2 * a o
x* g i A =
X [ A
X X o** * ]
P 2 * T 2 ‘ 10
Lomam "a 4 4
1
0 20000 40000 60000 80000 100000 120000
Cycles

) P |
LT T
= LT
X 4 LN
X lea
X%
+ 601-03-D/Rapp=-4
2 601-04-D/Rapp=-1
4 601-05-D/Rapp=-1
% 601-06-D/Rapp=-4
0.1 0.2 0.3 0.4

c-Crack Tip Length, in.
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analytical processes / engincered solutions

7075-Te51 CC
Crack Growth Rate

1.00E-03

1.00E-04

da/dN (inch/cycle)

1.00E-06

1.00E-05 -

1.00E-07 -~

1 10 100
AK (ksi-in™0.5) (Kmax for -R)

— = UpperR-6
- - =LowerR -6

— Upper R -9

Lower R-9

— =Upper R=-0.5

— -Lower R=-0.5
——Upper R-2

== =|lowerR=-2

601-04-D (c tip), R=-1
601-04-D (a tip), R=-1
601-05-D (c tip), R=-1
601-05-D (a tip), R=-1
601-03-D (c tip), R=-4
601-03-D (a tip), R=-4
601-06-D (c tip), R=-4

O @B > » ¢ ¢« O @

601-06-D (a tip), R = -4

Distribution A
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analytical processes / engincered solutions

7075-T651 CC (R = -

da/dN (inch/cycle)

1.00E-03

1.00E-04

1.00E-05

1.00E-06

1.00€-07

1.00E-03
= = UpperR-6
i 1.00E-04
=+ ~LowerR-6
)
~——Upper R-9 %
~
€
——Lower R-9 £ 1.00E-05
=
2
— -Upper R=-0.5 %
— ~LowerR=-0.5
1.00E-06
——UpperR-2
= =Lower R=-2
A 601-03-D (ctip), R=-4 1.00E-07
10 100
AK (ksi-in”0.5) (Kmax for -R) A 601-03-D (atip), R=-4

= = Upper R-6

=+ =Lower R-6

~— Upper R-9

——Lower R-9

— -UpperR=-0.5

— ~Lower R=-0.5

——Upper R-2

= =LowerR=-2

O 601-06-D (ctip), R=-4
10 100

AK (ksi-in*0.5) (Kmax for -R) O 601-06-D (atip), R=-4
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analytical processes / engincered solutions

7075-T651 CC (R = -

da/dN (inch/cycle)

1.00E-03

1.00E-04

1.00E-05

1.00E-06

1.00E-07

1.00E-03
- = UpperR-6
=+ ~Lower R-6
1.00E-04
~——Upper R-9
Lower R-9 ;E
g
~
<=
ERpReriEs-t0 2 100E-05
2
— ~LowerR=-0.5 =
)
h-]
——Upper R -2
1.00E-06
= =LowerR=-2
® 601-04-D (ctip), R=-1
O 601-04-D (atip), R=-1 1.00E-07
10 100
AK (ksi-in70.5) (Kmax for -R)

= = UpperR-6

- - -LowerR-6

——Upper R-9

——LowerR-9

— =UpperR=-0.5

- =Lower R=-0.5

——Upper R-2

= =lowerR=-2

¢ 601-05-D(ctip), R=-1
10 100

AK (ksi-in™0.5) (Kmax for -R) & 601-05-D(atip), R=-1
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analytical processes / engincered solutions

Crack Length, inch (surface tip)

0.6

0.5

04

03 +

0.2 1

+601-04-B,R=-4

Am N
|
| L et ®
*
% X

50000 100000 150000 200000 250000 300000 350000 400000 450000 500000

®601-03-B,R=-4

2024-T351 CC
Crack Growth and Residual Life

4601-05-B,R=-1

A X
X
r\ 8%
A %
2 % "
X |
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601-06-B,R=-1
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&
=
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=
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! i e .
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c-Crack Tip Length, in.
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analytical processes / engincered solutions

2024-1T351 CC
Crack Growth Rate

1.00E-03
: ' 11 - - UpperR=-6
i
/ - - = -
1.00E-04 ol L LEWER [ S
— -Upper R =-0.5
o — -Lower R =-0.5
'S 1.00E-05
~§. ¢ APES 601-04-B (c tip), R=-4
[&]
c
= o APES 601-04-B (a tip), R=-4
= 1.00E-06
o = APES 601-03-B (c tip), R = -4
o APES 601-03-B (a tip), R=-4
1.00€-07 - e APES 601-05-B (c tip), R = -1
© APES 601-05-B (a tip), R =-1
1.00E-08 A APES 601-06-B (c tip), R=-1
1 10 100 _
Kmax (Ksi-inA0.5) A APES 601-06-B (a tip), R=-1
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analytical processes / engincered solutions

2024-T351 CC (R = -4

1.00E-03
]
' ‘
LD
/
1.00E-04 | -
//:',’
2
1tir
O 1.00E-05
o 1.00E-
g
£
o
£
3
2 1.00E-06 -
-]
1.00€E-07
1.00E-08 -
1 10
Kmax (ksi-in”0.5)

100

== UpperR=-6
-~ -LowerR =-6
— -Upper R=-0.5
— -LlowerR=-0.5

= APES 601-03-B (c tip), R = -4

o APES 601-03-B (a tip),R=-4

da/dN (inch/cycle)

1.00E-03

1.00E-04

1.00E-05

1.00E-06

1.00E-07

1.00E-08 -

10
Kmax (ksi-in0.5)

- = UpperR=-6
- -LowerR=-6
— -UpperR =-0.5
— -Lower R=-0.5

+ APES 601-04-B (c tip), R = -4

100 © APES601-04-B (atip),R=-4
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2024-T351 CC (R = -1

da/dN (inch/cycle)

1.00E-03

1.00E-04 -

1.00E-05 -

1.00E-06 -

1.00E-07 -

1.00E-08 -

1.00E-03
I 1
1 1
! - = UpperR=-6 '
17 (]
- 1.00E-04 - : -
s i
4 - -LowerR=-6 i
/ T /t‘ v
/ ? 9 1.00E-05 W/ A
1%, L 1AL
{9 x — -Upper R =-0.5 E / i
r‘ i -4 T
LT - S 1.00E-06 52
A 3 i

Ly — -Lower R=-0.5 _ZM
./'f 51

/A /A
= 1.00E-07 s
® APES 601-05-B (c tip), R=-1
t 1.00E-08 . o
10 100 APES 601-05-B (a tip), R =-1 1 10
Kmax (ksi-in”0.5) Kmax (ksi-in”0.5)

- = UpperR=-6

- - -LowerR=-6

— -UpperR=-0.5

— -LowerR=-0.5

4 APES 601-06-B (c tip), R =-1

100 4 APES 601-06-B (a tip), R =-1
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Comparison of CC Growth Rates
APES vs. SWRI

da/dN (inch/cycle)

1.00E-03

1.00E-04

1.00E-05

1.00E-06
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(%}
c
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(a tip) Z  1.00E-07
~
= APES 601-03-B (c tip), R=-4 3
o APES 601-03-B (a tip), R = -4 1.00€E-08
® APES 601-05-B (c tip), R=-1
1.00E-09
' APES 601-05-B (a tip), R =-1
A APES 601-06-B (c tip), R=-1 1.00E-10 -
1 10 100 ) 1
Kmax (ksi-inA0.5) A APES 601-06-B (a tip), R=-1

>

10 100
Kmax (ksi-in”0.5)

== UpperR=-6

--LowerR=-6
-Upper R =-0.5
~Lower R =-0.5

CC-E-4 c-tip, R=-0.3

CC-E-4 a-tip.R=-0.3

CC-E-5 c-tip, R=-0.3

CC-E-5 a-tip, R=-0.3

CC-E-6 c-tip, R=-0.3

CC-E-6 a-tip, R=-0.3
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Summary
7075-T651 M(T) data

no difference between R=-4and R =-1
agrees well with AFRL historical data

7075-T651 CC data
only slight difference between R =-4 and R = 1 data

2024-T351 M(T) data

residual life curves show differences below a = 0.9 inch

manifests as faster crack growth rates at lower K< 7 forR =-4

rate curves completely collapse for K > 11 Kksi in

Dataat K> 11 ksi in agrees well with upper bounds of AFRL historical data

APES data categorically faster than SwRI data, which tends to lower side of AFRL data

2024-T351 CC data

residual life curves between R = -1 and R = -4 are completely different
R = -1 data: compare favorably with AFRL historical data

R = -4 data: the less said the better

compression side of cycle was 80% of compressive yield (L direction, A Basis, MMPDS, Table 3.2.3.0(b,)
did this cause the problem ?
R = -4 tests in 7075-T651 CC specimens were only 50% of compressive yield.

Differences certainly exist between R = -1 and R = -4 in 2024-T351, but
this appears to be test issue rather than true material behavior.

Distribution A: Approved for Public Release. USAFA-DF-2018-322 25
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Questions ?

Answers ?
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G.{

STRESSCHECK

FCG data: 7075-T7351 specimens with a cold-worked hole
Constant amplitude loading - R,,, = 0.02, 0.10, 0.40, 0.60, 0.70, 0.80

24 specimen tested

4 for each R

app

E AL ATION O E'PERIMENTAL DATA

SEPT 2018 Distribution A: Cleared for public release 88ABW-2018-4366 2



Data Analysis
SWRI-4D3-01-G to SWRI-4D3-24-G Detalls

STRESSCHECK

4 Coupon ID Material Width Thickness Diameter Edge Dist. Smax . Coupon fm\
(in) (in) (in) (in) (ksi) welied  Type a(in)
1 | SwWRI-4D3-01-G 7075-T7351 2.40 0.25 0.50 1.20 27 0.02 Dogbone 0.0180
2 | SWRI-4D3-02-G 7075-T7351 2.40 0.25 0.50 1.20 27 0.02 Doghone 0.0230
3 | SwRI-4D3-03-G 7075-T7351 2.40 0.25 0.50 1.20 27 0.02 Doghone 0.0270
4 | SwWRI-4D3-16-G  7075-T7351 2.40 0.25 0.50 1.20 27 0.02 Doghone 0.0120
5 SwRI-4D3-04-G 7075-T7351 2.40 0.25 0.50 1.20 27 0.10 Dogbone 0.0210
6 | SwRI-4D3-05-G 7075-T7351 2.40 0.25 0.50 1.20 27 0.10 Dogbone 0.0245
7 | SWRI-4D3-10-G 7075-T7351 2.40 0.25 0.50 1.20 27 0.10 Doghbone 0.0355
8 SwRI-4D3-15-G  7075-T7351 2.40 0.25 0.50 1.20 27 0.10 Dogbone 0.0115
S ecimens 9 | SwRI-4D3-06-G 7075-T7351 2.40 0.25 0.50 1.20 27 0.40 Doghone 0.0230
10 | SwRI-4D3-07-G 7075-T7351 2.40 0.25 0.50 1.20 27 0.40 Dogbone 0.0190
Ra lied 11 | SWRI-4D3-11-G 7075-T7351 2.40 0.25 0.50 1.20 27 0.40 Doghone 0.0245
12 | SwWRI-4D3-14-G 7075-T7351 2.40 0.25 0.50 1.20 27 0.40 Doghone 0.0220
13 | SWRI-4D3-17-G  7075-T7351 2.40 0.25 0.50 1.20 27 0.60 Doghbone 0.0220
14 | SwRI-4D3-18-G 7075-T7351 2.40 0.25 0.50 1.20 27 0.60 Doghone 0.0200
15 | SWRI-4D3-19-G 7075-T7351 2.40 0.25 0.50 1.20 27 0.60 Doghone 0.0165
16 | SwWRI-4D3-20-G 7075-T7351 2.40 0.25 0.50 1.20 27 0.60 Doghone 0.0155
17 | SWRI-4D3-21-G 7075-T7351 2.40 0.25 0.50 1.20 27 0.70  Doghone 0.0230
18 | SwRI-4D3-22-G 7075-T7351 2.40 0.25 0.50 1.20 27 0.70  Doghone 0.0230
19 | SwRI-4D3-23-G 7075-T7351 2.40 0.25 0.50 1.20 27 0.70 Dogbone 0.0200
20 | SWRI-4D3-24-G 7075-T7351 2.40 0.25 0.50 1.20 27 0.70 Doghone 0.0200
21 | SwRI-4D3-08-G 7075-T7351 2.40 0.25 0.50 1.20 27 0.80 Dogbone 0.0210
22 | SWRI-4D3-09-G 7075-T7351 2.40 0.25 0.50 1.20 27 0.80 Doghone 0.0195

SEPT 2018 23 | SWRI-4D3-12-G 7075-T7351 2.40 0.25 0.50 1.20 27 0.80 Doghone 0.0310 3

24 | SWRI-4D3-13-G 7075-T7351 2.40 0.25 0.50 1.20 27 0.80 Doghone\ 0.0200




Data Analysis
All 24 Specimens: Crack Length v. Cycles

STRESSCHECK

Crack Length (Mandrel Entrance Face), inch

SEPT 2018
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Data Analysis
All 24 Specimens: da/dN — Crack Length

SEPT 2018

da/dN (inch/cycle)
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A R o N ol
1.E-05 . ‘c%:f#\'#h* A Lo g
1.E-06 .SA&AOA,
-
%o & A ‘dip’ in da/dN is clearly visible when
the crack length is about 0.1 inches for
LEor Rapp =0.02, Ry, =0.1and R,,, = 0.4
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70

Crack Length (Mandrel Entrance Face), inch

STRESSCHECK

© SWRI-4D3-01-G (R=0.02)
® SwRI-4D3-02-G (R=0.02)
A SwRI-4D3-03-G (R=0.02)
A SWRI-4D3-16-G (R=0.02)
© SWRI-4D3-04-G (R=0.1)
®m SwRI-4D3-05-G (R=0.1)
® SwRI-4D3-10-G (R=0.1)
A SwRI-4D3-15-G (R=0.1)
+ SwRI-4D3-06-G (R=0.4)
4 SwRI-4D3-07-G (R=0.4)
X SwRI-4D3-11-G (R=0.4)
X SwRI-4D3-14-G (R=0.4)
© SWRI-4D3-17-G (R=0.6)
A SWRI-4D3-18-G (R=0.6)
O SWRI-4D3-19-G (R=0.6)
SwRI-4D3-20-G (R=0.6)
4 SwRI-4D3-21-G (R=0.7)
# SWRI-4D3-22-G (R=0.7)
® SwRI-4D3-23-G (R=0.7)
= SWRI-4D3-24-G (R=0.7)
© SwRI-4D3-08-G (R=0.8)
@ SwWRI-4D3-09-G (R=0.8)
— SwRI-4D3-12-G (R=0.8)
A SWRI-4D3-13-G (R=0.8)
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SwRI-4D3-xx-G Data

Data Analys is 7075-T7351

da/dN - Rtot ] d o
1.E-04 — =
o Variation of experimentally derived da/dN LR
growth rate as a function of R, = K.,./K..., I
at the crack tip determined from simulation |s : - ,f Ao
- Observation: The ‘dip’ in the da/dN curve occurs |2 Ca 5 /
for short cracks at negative R, £ 5 N
- N ¥ ]
a For R, >0, the ‘dip’ is not present Leos |- SwRI4D302.6 (Re002) *
] ¢ SwRI-4D3-15-G (R=0.1)
* This corresponds to R,,, = 0.6, 0.7, 0.8 o SWRI-4D3-14-G (R=0.4) «
A SwRI-4D3-18-G (R=0.6)
x SwWRI-4D3-24-G (R=0.7)
= SwRI-4D3-08-G (R=0.8)
1.6-07 | |
-2.00 -1.50 -1.00 -0.50 0.00 0.50 1.00
Riot = Kiin/Kmax at Crack Tip
SEPT 2018 6
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M Ares, 1nvC B

nalyvtical processes J engincercd solutions

E ramining R,

What do fracture faces tell us?
Crack origin is lower, right corner of fracture face
In higher magnification images, the origin is out of view
Higher magnification images centered at 0.05 x 0.05 inch from origin



M Ares, 1ve. B

analytical processes J engincercd solutions

Distribution A: Cleared for public release 88ABW-2018-4366 8



M Ares, 1ve. B

analytical processes J engincercd solutions
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M Ares, 1ve. B

analytical processes J engincercd solutions

Distribution A: Cleared for public release 88ABW-2018-4366 10



M Ares, 1ve. B

analytical processes J engincercd solutions

Distribution A: Cleared for public release 88ABW-2018-4366 11



M Ares, 1nvC B

analytical processes J enginecerc

ol solutions

Evidence o Contact

] Heavy Oxide (MEF)| Heavy Oxide (Int) Pockets of Oxide
R applied

Start End Start End Start End
0.02 @) 0.15 @) 0.1 0.1 0.3
0.1 @) 0.125 @) 0.09 0.09 0.19
0.4 @) 0.11 @) 0.07 0.07 0.17
0.6 -- -- —- —- 0.05 0.13
0.7 -- -- -- -- -- --
0.8 -- -- -- -- -- --

Values represent distance from bore (inch)

Distribution A: Cleared for public release 88ABW-2018-4366
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M Ares, 1ve. B

analytical processes J engincercd solutions

Distance along Bore, in.

Qualitative observations of fracture faces correlate well with these maps

R, Contour Ma s

Oxide on fractures (from contact) seem to correlate with regions of R, < -1

0.05 0.1 0.15 0.2

Distance from Hole Edge, in.

0.25 g

o
°© L ©
- (§)] N

Distance along Bore, in
o
o
&)}

0
0

pp = 0.4

"

-

B -1

-2

-3

Distance from Hole Edge, in.

005 01 015 0.2

-4

0.25 g

Distance along Bore, in

0.05 0.1 0.1 0.2

1

Distance from Hole Edge, in.

Distance along Bore, in

0.25

>
N

e
-
4]

™
0

o
<)
a

0

|-

0

0.05 0.1 0.15 0.2
Distance from Hole Edge, in.

Distribution A: Cleared for public release 88ABW-2018-4366

-1

-2

-3

Regions to thele to
red dashed lines
denote heavy o ide
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M Ares, 1~ B
analytical processes ~ i

ceses S engineercd soluotions

* A case for K-effective

« Combining simulation with experimental observations

DATA ANAL /SIS

Distribution A: Cleared for public release 88ABW-2018-4366
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Data Analysis

Specimen Dimensions & Reference RS for Simulation

STRESSCHECK

da/dN
UNITS=0Plate 7075-T7351~UltStrength=66

R=0.80
R=0.50
R=010
R=0.00
R=-0.10

wod B+ @

l
610° 8+*10° 10% 2*10% 47101 6°10% 87101
AK (ksi-in®0.5)

2*10° 47100

() Countersunk

=‘ LO 10 -1
Rt 10 -2
\ l_- Li a.l ,al[l -2
: F F . %10 ™
gl[l <
Ed Dia 10 #+
10 74
Wo Wi X 10 54
10+
100
Specimen Type Dimensions
© Dogbone Diameter (Dia): ‘ 0.5 | in  Quter length (Lo): ‘ 11 | in
() Recta ngular Test section width (Wi): ‘ 24 | in  Test section length (Li): ‘ . | in
Thickness: 0.244 in Transition Radius (Rt): 4.5 in
Hole Type — —
Straight Edge distance (ED): ‘ 1.2 | in Quter width (Wao): ‘ 3 | n

SEPT 2018

7075-T7351 DNormed.csv (0.57 % error in L2 norm) Specimen thickness (0.244) does not match input surface thickness (0.25)

Distribution A: Cleared for public release 88ABW-2018-4366 15



Data Analysis
Typical Prediction Using CPAT (R,,, = 0.02)

a  Simulation and test data
« da/dN - K_ .. curve with the LKP (R = - 0.1) data. Predictions follow the R = -0.1 reference

STRESSCHECK

Distribution A: Cleared for public release 88ABW-2018-4366

propagation life

max
curve. Test points do not i
R=0.02 R =0.02
-\ - 0.00 1.E-03 - ; 0.0
4D3-02-G (R =0.02) - < B SWRI-4D3-02-G
0.6 s: I ' ' P L 020 ——CPAT-4D3-02-G o3
—s=SwRI-4D3-02-G / = [KPR=-0.1
S
£ o5 —CPAT-4D3-02-G i 1.E-04 ’,, o 040 == = Crack Front R
3 ‘ 4 ' 1E-04 [ 04
£ - . d 4 ’
Poor prediction ; - 17 - 0.0 o
g l i 2 / IEE ;f
(&)
3 ! £ 1E-05 7 - -0-80 g 08
| = ! 1.00 geos
g o2 5 Ega/ 5 o g - -1.0
= ] o=
E, 3 < 1) - 4120 3
3 01 T - -1.2
¥ 1.6-06 - !
g N_/ = SwRI-4D3-02-G (R=0.02) | 1.40 LE06
- -1.4
% 10000 20000 30000 40000 50000 60000 7 i = =CPAT-4D3-02-G
Cycles ,' ! — —=Crack Front R - -1.60
- 1 - -1.6
(=~ 3 ” 1.£-07 ! -1.80
Dlp at 010 CraCk 0.00 0.20 0.40 0.60 1.£-07 : 18
. | Crack Length (Mandrel Entrance Face), inch 1.00 RtOt < O dunng the D0.00
SEPT 2018 (typlca )




Data Analysis
Computing R, and K___,

STRESSCHECK

o Assume an elliptical crack front connecting bore and surface measurements
« Solve in CPAT for K och» Kies @t c-tip

« Compute K., K.iy and R,

Specimen 4D3-15-G (R = 0.1) \
45 g

40 .-; \

35

/L
30 ; ; K

25 .

Rtot

ma

20 .

{(Kmax) (ksi ¥in)

15 _w= - [

A
el
Fl
T

5 I

-3.000 -2.500 -2.000 -1.500 -1.000 -0.500 0.000 0.500
Rtn:at

C

SEPT 2018 >| 17
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Data Analysis
Determining K-effective

04

STRESSCHECK
o Value of K., = (K, ..)rio N€€ded to get the same (da/dN),.; from the Rlo
curve of the LKP data for each crack length

Rapp = 0.1 E
v SWRI-4D3-15.6 (Re0.1) / * P
| = = LKP (R=-0.1) L f
A o
1E-04 e = Ad

— |
2 L f‘l
5 ! ¢
r & y
S !
£ y |
*
5 1E05 z ! L
® : i A |
© 9 - ’
R FAM 7 |
M1 / I
{ A~
e 1
!
LE-06 # Kma Kma Rlo

SEPT 2018 1.00 10.00 100.00 1 O OO 18
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Data Analysis
Calibration

STRESSCHECK

o Applying procedure to R, = 0.02, 0.10, 0.40

app
* Plotting results in terms of AK / (1-R,,) Combined
For each Rapp is Summary Calibration SwRI 4D3
ie Summary Calibration SwRI 4D3 - x AllRs
Ol e R=002 3.0 + ----Poly. (All Rs)
30 | y = 0.0047x2- 0.328x + 6.4824 4+ R=010 I -
a R? = 0.9641 = R=0.40 25 o X
5s r N T | - Poly. (R =0.02) < . B
5 f - 1 1 ----- Poly. (R=0.10) | 1+ : o x
g : R N Poly. (R = 0.40) £ B R, y = 0.0033x2 - 0.2444x + 5.2321
£ 20 T x 201 x o~ R?=0.9414
- L BN . L ~ = (.
L LN . L X ~
2 15 “"*-I,*‘s} y =0.0034x’ - 0.2496x + 5.2515 _c_z_ 15 & X R* .
& ; . R2 = 0.9809 > C x5,
r LS © -
£ 10 000201608+ 398a] g S - il
= “ly=0. xZ- 0. . -*:.d;,_;_;---mé..:.'_,#.wir_'__ 2 1.0 S X
- R2 = 0.9891 TR e = - e T -
05 | . N X x Wiﬁ-%%'ﬁ'& X
: 05 + a
00 +——— -
10.00 1500  20.00 230?( 30.(;0 3500 4000  45.00 0o £
K 1 - Rapp . | | | | | | | | | | | | | | | | | | | | | | | | |
10 15 20 25 30 35 40 45
AK/(1-R,,,)

SEPT 2018 19
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Data Analysis

Using K-effective in Predictions

o2 Preliminary results for R

SEPT 2018

app = 0.10

Crack Length (Mandrel Entrance Face), inch

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

All Specimens (R =0.1)

[ d

@

®

SwRI-4D3-04-G
SwRI-4D3-05-G
SwRI-4D3-10-G
SwRI-4D3-15-G

== CPAT-04-G (2
——CPAT-05-G (2
—CPAT-10-G (2

)
)
)
———CPAT-15-G (2)

&

Cycles

50000
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STRESSCHECK

Predictions

ve In

Data Analysis
Using K-effect

o Crack Shape Specimen 4D3-15-G (Rapp = 0.10)

S
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Summary
Data Analysis

G.{

STRESSCHECK
a Using K., as the dependent variable automatically incorporates the effect of

the Residual Stress in the prediction

o Using AK/(1-R,,,) as the independent variable consolidates the calibration
data for the three R,,, considered in the study, and is independent of the RS

o Preliminary application of the calibration curve is promising, and it fits within
the traditional approach of using a K-effective to account for closure effects

SEPT 2018 Distribution A: Cleared for public release 88ABW-2018-4366 22



G.{

STRESSCHECK

* Incremental plasticity (kinematic hardening)

 Simulation of CW + Contact + Remote Load

MODELING O CLOS''RE

SEPT 2018 Distribution A: Cleared for public release 88ABW-2018-4366 23



Closure Model
Analysis Approach

STRESSCHECK
a Simulation of mandrel insertion (4%) and removal

* Incremental plasticity — kinematic hardening
 Ramberg-Osgood stress-strain curve - r—

* Distribution of residual stresses _

50

a Introduce corner crack
« Assume elliptical shape with dimension from test
 Check contact effect on residual stresses

a Apply a remote load
* |Increments of 1ksito 27 ksi N R R

» Check contact effect on residual stresses
* Check crack opening as load increases

ol

STRESS
v m
m

L
= O
®w -
- <
L3

-
o (=}
o] 1 1 z 1 2 1 z
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Closure Model
Crack Configuration

G.{

STRESSCHECK

o 0.10in x0.16 In
Topp = TO X Wi/ Wo

{].2_ 1 1 1 1
=
> 0.1 : : : -

| I I I [
0 0.2 04 0.6 0.8

® [in)

o Crack dimensions
corresponding to specimen
SwWRI-4D3-15-G, Crack Step 9

25
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Closure Model
CW Simulation

stresscheck v10.4

STRESSCHECK

Mandrel In Units = INCH/LBF/SEC/F orce resultant over
NLMAT ID=Cw_5_1 2
e e Ki s the area o the crack-to-
Min 3.508-005 e a ter mandrel removal
- Min= 3.908e-005
Mandrel in
- 6.743e+001
on Mises stress stresscheck v10.4
k . 6.068=2+001 Mandrel OUt Units = INCH/LBF/SEC/F
NLMAT ID=Cw_5_2_1
Si 5.394e+001 Run=3, DOF=18741
4,720e+001 FI\I"'IIC-=5{ élﬁiicyg)[)i)
ax= . a4+
4.0462+001 Mandrel out Min=-6.287e+001
3.371e4001 Hoo stress ksi
N 1.641e+001
2.023a+001 8.486e+000
1.349e+001 5.579e-001
6.7432+000 -7.370e+000
3.908e-005 -1.530e+001
-2.323e4001
E: 1.0300e+004 v 3.3000=-001 -3.115e+001
S70E:  6.3000e+001 - 4 8000e+001 7390824001
-4.701e+001
a(th): 0.0000e+000 beta: 1.0000e~+000 5 49404001
-6.287e+001
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Closure Model
Contact + Remote Loading

STRESSCHECK

stresscheck v10.4
Units = INCH/LBF/SEC/F
NLMAT ID=Cw_5_3_11
Run=14, DOF=18741
Fne.=sy (L-Cy1.3)
Max= 2.688e+001
Min=-6.395e+001

stresscheck v10.4
Units = INCH/LBF/SEC/F
NLMAT ID=Cw_5_3_2
Run=5, DOF=18741
Fnc.=sy (L-Cy1.3)
Max= 1.643e+001

Hoo stress or
6434001 TO ks i 2.688e+001

Remote Load

Hoo stress or

1
0 3.497e+000 1.780e+001
To kSI 5.683e-001 8.717e+000
-7.360e+000 -3.665e-001
-1.529%e+001 -9.450e+000
-2.322e+001 -1.853e+001
-3.115e+001 ' -2.762e+001

w

‘ -3.908e+001 -3.670e+001
-4.700e+001 -4.579e+001

.493e+001

'
w

-5.487e+001

-6.286e+001 -6.395e+001

stresscheck v10.4
Units = INCH/LBF/SEC/F

NLMAT ID=CW_5_3_28

Run=31, DOF=18741
Fnc.=Sy (L-Cy1.3) Fnc.=sy (L-Cy1.3)

Hoo stress or
o 38420001 - b= 143062002
Min=-6. e+ To ksl Min=-6. e+

Stresscheck v10.4
Units = INCH/LBF/SEC/F
NLMAT ID=Cw_5_3_20
Run=23, DOF=18741

Hoo stress or
ksi

3.842e+001 3.000e+001
2.803e+001 2.045e+001
1.764e+001 1.090e+001
7.259e+000 1.350e+000
-3.126e+000 -8.200e+000
-1.351e+001 -1.775e+001
-2.390e+001 ~2.730e+001

-3.428e+001
-3.685e+001

-4.467e+001
-4.640e+001

-5.505e+001
-5.595e+001

-6.544e+001
-6.550e+001
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Closure Model
Contact + Remote Loading

STRESSCHECK

Displacement normal to the symmetry plane
Positive displacement — Crack opening with load increase o Ui

E——
—_——

| - -

AT
T stresscheck v10.4
Un'is::e:SICN;HCILBVF/S-EC/F UH;E;A: i:nggFésgg/F
NRLuMnA=T24I,D=D.(€U\Ir=_=51_83T_4-211 Run=3 Fln’c .IJ:UFX=18741
e 2. 316e-005 Nine-3 5306022
Min=-6.653e-008
1.000e-005 1.000e-004
9.000e-006 9.000e-005
8.000e-006 §.000e-003
7.000e-006 7.000e-005
6.000e-006 6.000e-005
5.000e-006 5.000e-005
4.000e-006 4.000e-005
3.000e-006 3.000e-005
2.000e-006 2.000e-005
1.000=-006 1.000e-005
9.000e+000 0.000e+000
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Closure Model
Contact + Remote Unloading

STRESSCHECK
Displacement normal to the symmetry plane T
Positive displacement — Crack closing as load decreases™—

——
_____
-
______
——l

SEPT 2018
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-
- -
] -~ T
/ i 1
|
1.000e-005
9.000e-006
1.000e-004
§.000e-006
9.000e-005
7.000e-006
8.000e-005
6.000e-006
7 .000e-005
5.000e-006
4,000e-006 6.0002-005
3.000e-006 5.000e-005
2.000e-006 4.000e-005
1.000e-006 3.000e-005
0.000e+000 2.000a-005
1.000e-005
0.000e+000
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Closure Model

Crack Opening Summary
Displacement normal to the symmetry plane

Crack Ste

1.000e-005

2 0.000005

5.000e-006

0.000e+000

Crack Ste

SEPT 2018

Plate thickness
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()
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=
Ig
=
)
()
i
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o
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Closure Model
Residual Stress Summary

STRESSLCHECK

1.700e+001

9.000e+000

1.000e+000

-7.000e+000
-1.500e+001
-2.300e+001

-3.100e+001

~3.900e+001
ki s ki s -4.700e+001

KSI KSI

-5.500e+001

-6.300e+001

Variation of the Hoop residual stress component as the KSI - load removed
load was increased to 27 KSI and then removed. All
contours in the range of the CW residuals.

|

=

K
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Summary
Future Work

o More work scheduled for FY19
a2 Check back with us at ERSI 2019!

0.{

STRESSCHECK
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A
\/ Overview

e Summary of Current Knowledge
* Gaps
* ERSI 2017 Priorities

* Progress since 2017
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NDI Subcommittee Members

[
o
Title|First Name|Last Name Company/Organization Phone Number Email Address
Mr.| John Brausch | U.S. Air Force (AFRL - NDE Lead Engineer, Systems Support) | (937) 656-9151 |  john.brausch@us.af.mil
Dr. Mike Hill Hill Engineering, LLC (530) 754-6178 | mrhill@hill-engineering.com
Mr. Fred Acosta U.S. Marine Corp (F-5 NDI Lead) (928) 580-5978 | alfredo.acosta.ctr@usmc.mil
Mr.| Dave Campbell U.S. Air Force (Tinker AFB NDI Program Office Lead) (405) 736-5008 | david.campbell.2@us.af.mil
Mr.| Ward Fong U.S. Air Force (Hill AFB NDI Program Office Lead) (801) 775-2483 ward.fong@us.af.mil
Mr. Dave Forsyth Texas Research International (TRI) - Austin, Inc. (512) 263-2101 | dforsyth@tri-austin.com
Dr. Carl Magnuson Texas Research International (TRI) - Austin, Inc. (785) 766-8896 | cmagnuson@tri-austin.com
Mr. | Tommy Mullis U.S. Air Force (Warner Robins AFB NDI Program Office Lead) |(478) 327-4122|  Roy.Mullis@us.af.mil
Mr. Clint Thwing Southwest Research Institue (SWRI) (210) 522-3989 |  clinton.thwing@swri.org
Mr. Mike Reedy U.S. Navy - NAVAIR - Compression Systems Engineer (301) 757-0486 | michael.w.reedyl@navy.mil
Mr.| Bryce Harris U.S. Air Force (F-16 ASIP Manager) (801) 777-9381 |  bryce.harris@us.af.mil
Mr. | Jacob Warner | U.S. Air Force (F-22 System Program Office - Structural Analysis) | (801) 586-8181| jacob.warner@us.af.mil
Mr. Leo Garza L3 Communications - RC-135 Fleet Manager (903) 457-4595 | leo.garzaiii@L-3com.com
Dr. | Teodor Dogaru Southwest Research Institute (SWRI) (210) 522-3139 | teodor.dogaru@swri.org
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\/ Applied Compressive Stress

Shear-Wave Ultrasonics

Ultrasonic response from fatigue cracks under applied
compressive stress.

Applied Compressive Stress vs. AdB
Faying Surface
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Henry, T. “Correlating Ultrasonic Responses of Fatigue Cracks
Propagated Under Different Load Spectra.”

Significant Impact
~6dB (50%) signal reduction per 4 ksi applied compressive stress.

AFR
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Eddy Current

Laser Shock Peening

Eddy Current, Ultrasonics, Fluorescent Penetrant

Ultrasonics

Eddy Current Response versus Measured Length
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\/ Hole Cold Working

° Eddy Current, Ultrasonics
Q»

Rotary Hole Eddy Current Surface Eddy Current

Outer Inspection Surface
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tunneling
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Forsythe, D., Mills, T. “Results of Study of Applied Stress and CX

i . »” Ultrasonic Inspection Results (variable gain
Eddy Current Results Process on Detectability of Fatigue Cracks P { gain)
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\/ Ultrasonic “Dead-Zone” in Cx Holes

0.250 Gain: 0.05 EDM notch @ 95% FSH
Crack Peak Sig = 95% FSH
Linear (Gain: 0.05 EDM notch @ 95% FSH)
0.200 Linear(;rack Peak Sig = 95% FSH)
' 0.150
.760 1.001 1.241 1.481 1.721 1.961 4 —
0l0s0- 1 [ ' 1 1 1 g
N This graph plots the length of the dead y=0.2832x-0.0477
= . R?=0.7625
Reflection from hole £ 0100 zone between the ultrason!cally detected
a crack and the known location of the hole,
as a function ofhole diameter.
0.050 y=0.2638x-0J0629
R?=0.264
I 0.165in.
o, O 0.000 )
2 ; 0 0.1 02 03 0.4 /1\93} 0.6
2 Reflection from crack # M . : T .
& Hole Diameter (in.) 0 050 inch reference notch

DZ = 0.3219*Diameter - 0.038

e Dead zone proportional to hole diameter but scatter suggests other influencing factors.
e Use upper bound of UT dead zone estimates to correct UT POD estimates for Cx holes.
e Ultrasonic inspections must be designed to interrogate beyond the tangency of the hole.

Ultrasonic “dead zone” proportional to hole diameter.

Distribution A. Approved for Public Release. Case Number: 88ABW-2018-4388 n
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\'.'/ Gaps

- Ultrasonic “Dead Zone” at Cx Holes
Quantify UT “Dead Zone” for a range of Cx applied expansion ranges
Investigate causes of “Dead Zone” variability

Define UT POD correction factors for Cx holes
Define optimum UT system design for Cx holes

- Fastener Installation on UT Detectability .
- Taper-Lok fasteners
- Interference fit fasteners
- Interference fit fasteners installed at Cx holes

« Other ERS Surface Treatments and Materials

- Shot peening, low plasticity burnishing — on aluminum and titanium (UT and
FPI focused)

- Laser Shock Peening (LSP) on titanium alloys

Distribution A. Approved for Public Release. Case Number: 88ABW-2018-4388



\/’ NDI Subcommittee Priorities
N?

O Priorityl. uantiy Tdead oneinC holes. Develo T POD correction
actors.
- Ma Tdead one orC holes —range o thicknesses and diameters
« T-38 wing skin coupons — generate cracks in aircraft skins
o Production Cx
o TCTO Cx
« Ca ture dataw/e isting Tins ection systems — alidate o timum
ins ection rocess.
o Rotoscan
o A IS SA and Navy
 Measure residual stresses in su set o s ecimens using contour method
o ractogra hically si e su seto s ecimens

v" Priority Il. EN-SB- - date

O Priority lll. Investigate the im act o astener installation on ultrasonic atigue
crack detecta ility
« Ta er-Lok asteners —A/C rogram riority
 Interference fit fasteners

* Interference fit fasteners installed in cold worked holes.
Distribution A. Approved for Public Release. Case Number: 88ABW-2018-4388
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\ 4 Progress Since 2017
«Qr

« Published EN-SB-008-012 Rev D, April 2018
- Impact of Cx on surface eddy current inspection
- Impact of Cx on ultrasonic inspection of Cx fastener holes

o Estimates of dead zone for POD correction
- Restrictions for use of FPI and UT on Laser Peened Al structures

* Incorporated current knowledge into UT POD model
- Applied compressive stress LT
- Ultrasonic dead zone in Cx holes

e Supporting a/c program in the development of empirical ultrasonic
Inspection data for inspection around taper-lok fasteners — contract
action pending.

10
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Name
Mr. John Brausch*
Ward Fong
Doyle Motes
Nick Bunnell
Tommy Mullis
Mike Dubberly
Eleazar Morale
Tom Driscoll
David Campbell
Josh Hodges
Mike Brauss
Taylor Thompson
Teodor Dogaru
Maj Joseph Wahlquist
Eric Lindgren
Bryce Harris
Leo Garza
Walt Matulowicz
Mark Kassan
Mike Paulk
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NDI/QA/Data Subcommittees
2017 Breakout Attendees

Company/Organization
U.S. Air Force (AFRL - NDI Lead Engineer, Systems Support) NDI Subcommittee Lead
U.S. Air Force - Hill AFB NDI Program Manager
Texas Research International (TRI) - Austin, Inc.
U.S. Air Force - Robins AFB NDI Level 3
U.S. Air Force - Robins AFB NDI Program Manager
Consultant
AFSC/ENSI-NDI Engineering
AFLCMC/LPSE - Propulsion NDI Engineering
Tinker AFB NDI Program Manager
Hill Engineering
Proto Mfg Inc.
Proto Mfg Inc.
SouthWest Research Institute
AFRL-RXCA Branch Chief
AFRL-RXCA Research Lead
F-16 ASIP Program Manager
L3 Tech
AFLCMC/EZPT USAF NDI Program Office
AFSC/ENSI
AFLCMC/EZPT NDI Program Office - Chief
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\/ NDI Subcommittee Refined Priorities
«Qr

Priorityl. uantiy T dead onein C holes. Correlate to hole D and T.
* Round Robin - Map UT dead zone for Cx holes — selected specimens
« RXSA, RXCA, AFSC/ENSI
* Need stress roiles rom al/ er Test Su committee — T. Mills
« Measure surface stress/deformation profiles on select Cx specimens
« PROTO via Navy SBIR, Fastener Cam via USAF SBIR
« Machine countersink, install interference fit fasteners
« Measure stress profiles of select specimens — PROTO via Navy
SBIR
 Re-measure UT dead-zone on selected Cx specimens
« Capture data w/ existing UT inspection systems - Validate optimum
Inspection PAUT process — all available specimens Cx vs non-Cx
AFRL/RXSA coordinates with NAVAIR/HIll AFB.
o Rotoscan
o AFIS (USAF and Navy)

Distribution A. Approved for Public Release. Case Number: 88ABW-2018-4388
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«Qr

Priority ll. Investigate im act o Ta er-Lok astener installation on
ultrasonic atigue crack detecta ility
* Model Ta er-Lok stress ield — Needed rom Modeling Team
« Empirical measurements of UT response under planned a/c
program effort

Priority lll. Characteri e im act o laser- eening on titanium.
* Integrate measurements into planned a/c qual. programs

14
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U.S. AIR FORCE

Overview

« Data management

« A-10 PLM

 MBD structure

 PLM interaction tool (Nlign)
« Quality Assurance

« Data capture at the point of maintenance

For Official Use Only 2



A-10 PLM Implementation

D

ETIMS/CITOMS

JRAMS T WSMT

AWSME JEDMICS
/ TeamCenter \
DOORS // \ REMIS
DLA

A-10 Data Exchange Specification

Primes
AFMC Firewall
P'—'V" D - Distribution Point —
Until Further Notice
F- 202 Portal X — Decommission or Stop Using
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System Program Office (SPO) Data
Needs

ol Data Control Center |4
“l (A-10 Teamcenter) |
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Field Maintenance Data Needs Contractor Support Data Needs l




-10 PLM Implementation

SPO Data Interaction Tools: Depot Maintenance Interaction

m NLign Tools: m JT2GO

m FEA (NX) m NLign

= DTA toolset ‘ = TO Viewer
| |

> Data Control Center |-
(A -10 Teamcenter <

—
515151515151515151515151515151515151EiEiEiADESESEiEiESEi5151515151515151515151515151515
N " . ﬁ
m Field Maintenance Interaction Contractor Interaction Tools: l
Tools: JT2GO m DES compliant
m NLign

m Dictated by contract

m 10 Viewer
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N7 Model Based Definition (MBD) .

% N
w yp 7\ 9@
U.S.AIR FORCE >

- 3D MBD(Legacy & EWA)
« Data managed under part number effectivity

« Defined critical inspection locations for data management




\ 7
N7 PLM Interaction Tool (NLign) &
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U.S.AIR FORCE Uy ¥

* Visual information communication
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N7  PLM Interaction Tool (NLign)

U.S. AIR FORCE

Quick data access
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<

U.S. AIR FORCE

Live charts to quickly communicate data and feed analysis
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U.S. AIR FORCE
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N7  PLM Interaction Tool (NLign)

K f/ﬁyf
U.S.AIR FORCE A

Clusters & X N View (1)
Algorithm: Point Radius Search y¥ & e [ X @ [ ‘a
Count X v z 0.0, 0.0,0.0
39 415.187 -114.86 69.063
35 43345 -110.067 69.499
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19 418433 -110.072 67.941
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Display Settings
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\/ Data Capture at the Point

U.S. AIR FORCE

= A-10 Scheduled Structural Inspection
(SSI) program.

m Historically it takes 7-9 months
from the asset induction date
before Engineering sees SSI data '

 Low quality
= No ability for engineering to

address data issues while the
asset is open and accessible

 Usually assetis back on an
aircraft and ready for service
when the maintenance data is
received

= Engineer Tech required to A
manually input data into database -

-~ a
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*\ } Data Capture at the Point of

Nt Maintenance

U.S. AIR FORCE

3D framework for quick and accurate digital inspection input
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\~/ Data Capture at the Point of
et Maintenance

U.S. AIR FORCE

*Aug-Sept 2016 NLign data collection test.
*Customized NLign data capture trendable per SN componenttype
*Developed quick ‘at a glance’ reporting tool

« Keep supervisors informed

« Keep NDI tech and Mechanic in sync to work remaining

Data input screen Coordination Report

- a«at N
1 RH WOP Serial Nou LH WOP Serial Ni SSI Name lole number! Creation Date Date Status Change |d
2 00B6200627L W50 LH 1 Complete 9/6/2016 12:29 9/6/2016
3 00B6200627L W33R LH SS Web Complete 9/6/2016 9:22 9/6/2016
4 00B6200627L W54 WS42.5 LH 1 Complete 9/6/2016 9:22 9/6/2016
5 00B6200627L W54 WS42.5 LH 1 Complete 9/6/2016 9:22 9/6/2016
6 0086200627 W29 LH ss Complete 9/6/2016 9:03 9/6/2016
= = : 7 00B6200627L W29 LH ss Complete 9/6/20169:03 9/6/2016
= c 8 00B6200627L W25(1) S11 RH 3 Complete  8/31/2016 10:27 8/31/2016
—— -e 9 00B6200627L W23(2) LH 1 Complete 8/31/2016 9:01 8/31/2016
-0 10 00B6200627L W25(2) OS11 LH 3 Complete 8/31/2016 9:01 8/31/2016
d 11 0086200627 W24(3) 0S2LH 2 Complete 8/30/2016 13:24 8/31/2016
12 00B6200627L W24(3) LHOU Center Spar 7 Complete  8/30/201613:24 8/31/2016
13 00B6200627L W24(3) LHOU Center Spar 5 Complete 8/30/2016 13:24 8/30/2016
o 14 0086200627 W24(3) LHOU Center Spar 4 Complete  8/30/2016 13:24 8/31/2016
15 00B6200627L W24(3) 0S7LH 7 Complete 8/30/2016 13:24 8/31/2016
16 00B6200627L W24(3) 0S7LH 6 Complete  8/30/201613:24 8/31/2016
° 17 00B6200627L W24(3) 0S7LH 1 Complete 8/30/2016 13:24 8/31/2016
t o 18 00B6200627L W24(3) LHOU Rear Spar 1 Complete  8/30/201613:24 8/31/2016
19 0086200627 W24(2) 0515 RH 7 Complete 8/30/2016 10:44 8/30/2016
20 00B6200627L W24(2) 0S15 RH 7 Complete  8/30/2016 10:44 8/31/2016
L4 21 00B6200627L W24(2) 0S15 RH 7 Complete 8/30/2016 10:44 8/31/2016
— 22 0086200627 W24(2) 0515 RH 7 Complete  8/30/2016 10:44 8/30/2016
23 00B6200627L W24(2) 0512 LH 2 Complete 8/30/2016 10:44 8/30/2016
24 00B6200627L W24(2) 0514 LH 1 Complete  8/30/2016 10:44 8/30/2016
25 00B6200627L W45 LH 1 Complete 8/30/2016 10:44 8/30/2016
26 00B6200627L W1SW20 LH 1 Complete 8/30/2016 9:40 8/30/2016

» Fuselage Report | CWP Report ‘ OWPReport | N ... ® i [«




\~/ Data Capture at the Point of
‘e Maintenance

U.S. AIR FORCE

Historic SSI Data Capture Process

VS.
Digital data capture with NLign

« OWP 2016 test:
« 3 weeks to complete with 100% data accuracy
« Data available to engineers ~ 800% faster

« CWP 2017 = 2.5 months to complete with100% data accuracy
« Data available to engineers ~ 500% faster

« 2018 full implementation of NLign on shop floor.



Data Capture at the Point of
Maintenance

U.S. AIR FORCE

€ Back  .ssifinding X 4 NLign NSpector — O
Location Files View Comments (0)

+ Add - Camera [=1Screenshot | & Download £ Edit T Delete

2B 5
1. Location X,Y.Z (in.): & Rotation < View 3 of 5 > ThicknessGrid.png < File 2 of 2 >

262.632, -20.926, 120.658

2. Layer Name:

3. Incoming Diameter:

4. Final Diameter:

5. Estimated Crack Length:

6. Initial % FSH:

7. Current % FSH:




\/ .
\q;( Data Spatial Positioning (DSP) System (RIF) =8
/”,,3,7,

PEO FB/AFLCMC/LG-LZ

Requirement #: USAF-18-PEO-FB-9.K

Title: Maintenance Data Spatial Positioning (DSP) System

Military System or Acquisition Customer: Aviation Platforms - All Platforms

Description: Seeking the development of a maintenance DSP technology to provide real-time location
feedback to maintainers, capture any maintenance tool data output, and communicate that data for
condition-based aircraft management. This technology is building upon previous RIF efforts focused on
data communication and analytics with the NLign tool, to enable a highly-effective, condition-based
maintenance (CBM+) program. Venders should propose and develop the methodology, technology, and
hardware for a basic spatial point locating tool, capable of capturing and associating that data to a user-
defined airframe coordinate system (X,Y,Z or FS,WL,BL). Additionally, venders should propose and
develop the methodology, technology, and hardware for incorporating the DSP system with existing
maintenance non-destruction inspection (NDI) tools and cold expansion tools. Leveraging the NLign
system from previous RIF efforts, the data positioning system will have the option to utilize pre-defined
maintenance locations and provide feedback to the maintainer for location compliance. Any data output
from maintenance tools should be captured with spatial coordinates and communicated to the NLign
system for analysis. This tool is intended for depot or field use and to be quickly adaptable for all
airframes. This effort will enhance maintenance data quality for all platforms and reduce the risk of miss-
locating or missing critical maintenance operations. Also, this tool will provide the missing verification and
high-fidelity data needed in CBM+ to reduce serious risk concerns that have hindered the ability to apply
‘game changing’ fleet management strategies such as residual stress benefits.

Technical POC: Hazen Sedgwick, Hazen.Sedgwick@us.af.mil (801) 586-0346, or Luke Bracken,
luke.bracken@us.af.mil (801) 586-1861

25
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ERSI RISK AND UQ
SUBCOMMITTEE ACTIVITIES

Lucky Smith Laura Domyancic Hunt

Southwest Research Institute Southwest Research Institute

LSmith@swri.org LDomyancic@swri.org




QOutline

e Risk and UQ Subcommittee Overview

« Short Presentations of Current Activities
» “Probability of Cold Expansion (POCx) Variable,” Laura
Hunt, SWRI
+ “Some Observations on the Significance of Residual Stress

Variability on Fatigue Crack Growth Life,” Craig McClung,
SWRI

» “Residual Stress Sensitivity Analysis in Probabilistic DTA,"
Juan Ocampo, St. Mary’s U



Committee Overview

 GOAL: Investigate and implement UQ methods that
enhance the overall understanding of how residual
stress affects life prediction analyses

- How we can reach the goal.
« Uncertainty Quantification
« Sensitivity Analysis
« What are the most significant variables in the ERS processe

« How can we maximize/minimize the benefits/damages of
these variablese



2018 Workshop

* In the past year, the state of the art for UQ and
sensitivity analysis methods were investigated

* NASA UQ Challenge — 2014 AIAA SciTech Conference
« Spatial statistics

« Variance-based and local sensitivity analysis methods
« What methods are useful for the group going forwarde

 We're here to help
« Our subcommittee doesn’t generate data
« We received one RS data set in the past year



"PROBABILITY OF COLD
EXPANSION" VARIABLE

A-10 ASIP and Southwest Research Institute




TN

POCXx

 How can we incorporate cold expansion into a PROF-
type risk analysis?

« A-10 ASIP suggested a Probability of Cold expansion
(POCx) variable that acts similarly to the Probability of
Inspection (POI) variable that is currently in PROF

« POCx is a singular value that represents the probability
that a hole was cold-worked correctly
« “Correctly” is a loaded term
* This is not a final methodology, but rather a very

simplified way to incorporate coldworking into current
methods



—

Crack Growth Life
Curves

« Results from the ERSI round-robin were used as an input for
the cold expanded hole case

« Benchmark 2, 25 ksi stress

« Residual stresses were removed from the AFGROW input to
create results for a theoretical non-coldworked hole case

— NO O = (X

o
o

o
n

©
s

w

Surface Crack Length, in.
o o o
¥

=

A

1.00E+03 1.00E+04 1.00E+05 1.00E+06 1.00E+07
Cycles



PROF Results

« Separate PROF analyses were run for the Cx and non-
Cx cases

Sources
= no Cx
= With Cx

SFPOF

o

500000 1000000 1500000 2000000 2500000

Flight Hours



—

Incorporating POCx

* The SFPOF results for both analyses were imported intfo

Excel
¢ 95% and 99% POCx were incorporated by the formula
below
board M Font Fa Alignment Fa Mumb
S Fe =0.05*C2+0.95%F2
. B . C . D . E . F . G . H | ] . Kl
Mo Cx With Cx 95% POCx 99% POCx
0 1.39E-10 0 1.24E-10 {I'.{HII-E+CHII'| 1.24E—1'D.| 1.24E-10
2500 9.59E-09 2500 1.27E-10 2500 6.00E-10 2.22E-10
5000 1.46E-07 5000 1.30E-10 5000 7.A0E-09 1.58E-09
7500 T.43E-07 7500 1.34E-10 7500 3.73E-08 T.56E-09




—

POCx Risk Results

—8—No Cx ——With Cx 95% POCx  —»—99% POCx

1.00E-02

1.00E-03
1.00E-04
1.00E-05

1.00E-06

SFPOF

1.00E-07

1.00E-08

1.00E-09

1.00E-10

1.00E-11
0 5000 10000 15000 20000 25000 30000 35000 40000

Cycles

« POCxis asimple knockdown factor to incorporate residual stresses
« Danger of becoming a “thumb-in-the-air” variable

« UQ isrequired to actually quantify this variable



Residual Stresses
Sensitivity Analysis in
Probabilistic Damage

Tolerance Analysis SMART

Juan D. Ocampo and Alexander Horwath
St. Mary’s University

Luciano Smith and Laura Domyancic

Southwest Research Institute

Engineered Residual Stress Implementation Workshop 2018
Salt Lake City, UT, September 13—-14, 2018.




ERSI Outline

v SMART|DT AND Residual Stresses

v Residual Stresses Modeling Software (Update)
v Residual Stresses and Inspections

v Sensitivity Analysis

v Future Plans & Group Suggestions

NN
TEX]
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v, Residual Stress
ERSL Modeling Software

» Standalone executable to read experimental/
simulated data and find the best deterministic
and probabilistic fit parameters.

» 2 Models Available (Expandable)

» 2D (Stress vs Depth) and 3D (Stress vs Depth vs
Thickness).

» Read input data in .txt & .csv format

Residual Stress Plot

R
Residual Stress

Depth



Models

» Model IT*
o(x) =(ss —si+ Cix)Exp(—Cy,x) + si

_{(ss =si)(1 = Exp(=C;B)) + siBC,}C,
t (C,B + 1)Exp(—C,B) — 1

> Model IT**

o(x) = Asin(Bx + C)Exp (— ;)

* User Manual for ZENCRACK™ 7.1, Zentech International Ltd., Camberley, Surrey, UK, September, 2003.
** R. VanStone, “F101-GE-102 B-1B Update to Engine Structural Durability and Damage Tolerance Analysis Final Report 5
(ENSIP), Vol. 2,” General Electric, p. 5-2-2.



ERS.  single Profile Model T & II

4\ IN100ResidualStressProfilesGUI

all

RS1.csv
RS2.csv
RS3.csv
RS4.csv
RS5.csv
RS6.csv

lambda

262144

14.8527

-2.76741

0.0914038

Profile Type

@ Single Profile

O Multiple Profile

Options

Model 2

Width

Residual Stress (MPa)

Residual Stress (MPa)

200

-200
-400
-600
-800
-1000

-1200

500

-500

-1000

-1500

-2000

- —

Residual Stress Profiles

o @]

@]

O

0 005 0.1 0.15 02 025 03 035

Depth (mm)

. 0.0 >

Residual Stress Plot

0.4

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Depth (mm)

0.4



ERS.  Mult. Profile Model I E

4 IN100ResidualStressProfilesGUI

X
Residual Stress Profiles
Listbox ~ Profile Type 10 T T T T T
() Single Profile = L )8y
s 5 (000, o Jseects
= & 00000
O q
@ Multiple Profile % 0r (SJ 22) ]
a O O
— o 0
® -5 4
Options -g o O
Model 1 % o ©
nds ¥ -10 © o 1
b @
Width _15¢ . . . . .
0 0.05 0.1 0.15 0.2 0.25 0.3
Depth (mm)
'3
Run < 00 ”
Residual Stress Plot
o
58 13.6089 ‘ ‘ ’ o
2
&
= ~0.696984 y ‘ C o
177
E
¢ 237289 . ‘ , 5
w
@
o
-20 . . .
0 0.05 0.1 0.15 0.2 0.25 0.3

Depth (mm)



Input/Output

Residual Stress Plot

o
S
S]

(=]
)

| A2-1_stress.txt - Notepad g o0 j

File Edit Format View Help 3 1000

-1.928 ©.254 ©0.000 -10.4 §Aﬁw>f\,

-1.928 ©.000 ©0.000 -16.8

-1.928 ©.252 ©0.000 -8.7 )

-1.928 ©.250 0.000 -6.5 00 005 0.1 0‘1SDept(r)|'2(mm)0‘25 03 035 04
-1.928 ©.248 ©0.000 -4.7

-1.928 ©.245 ©.000 -3.2 FQES

-1.928 ©.243 ©.000 -1.8 .

1928 0246 000 -5.7 . . Mean and Standard Deviation Parameters
-1.928 ©.237 ©0.800 0.2

-1.928 ©.231 ©.800 1.7

-1.928 ©.228 ©.000 2.3 n -879.16 58.58
-1.928 ©.224 ©.800 2.7

-1.928 ©.220 ©0.000 3.0 n 205.68 9.448
-1.928 ©.216 ©.000 3.1

-1.928 ©.212 ©.800 3.1 n 20.872 1.050
-1.928 ©.207 ©.000 3.0

-1.928 ©.202 ©@.960 2.9 Correlation Parameters

| ss | si | c2
| ss | 1 -0.214 0.402
B 0214 1 -0.796
B  o0.402 -0.796 1 8




ERSI

Academic Example Problem



ERS.  Input Parameters

Corner crack @ hole
-

W

}LL D

0.09in
4.0 in
0.25in

Mat. Prop.

Walker Equation Data e

- The Walker equation extended the early Paris equation by allowing the shiftin
L ) degdivs Delta K as a function of stress ratio (R). The equation may be used in
several segments to attermpt to model the sigmoidal shape of the data

Use up to & sets of values of 'C', 'n', and 'm'

Mumber of Sets: 1 =
Set C n m
1 2.6300=-003 3.200000002 0.5
1e-008 3 05
1e-008 g 05
1e-008 3 0b
1e-008 3 05
hMaterial name:  User defined data|
Coefficient of Thermal Expansion:  1.249954968 “oung's Modulus: 10600
“ield Strength, YLD . 56.00000023 Poisson's Ratio: 0.330000011
Plane Stress Fracture Toughness. KC: 100
Plane Strain Fracture Toughness, KIC: 35 Lower limit on R shift (0. 1) 0499
Delta K threshold value @R=0: 2 Upper limit on R shift (< 1, 0.99
l Ok ] | Cancel | ‘ Save ‘ | Fead | ‘ Apply ‘

Random Variables _ vawe

Mean = 34.5ksiVin, Standard Deviation = 3.8 ksiVin.

Fracture Toughness Distribution (Normal)

Initial & Repair Lognormal Size Distribution (a & ¢)
(Lognormal)

Extreme Value Distribution (Gumbel)

Inspections (5,000 & 10,000)

Mean = 0.01 in, Standard Deviation = 0.001 in.

Location = 14.5, Scale = 0.8, and Shape = 0.0

POD Lognormal

Mean = 0.07in, Standard Deviation = 0.06




— Residual Stress Effect
on SFPOF

> SMART-AFGROW interface.

SMART,;

QEETE RO NSNS P )

Spectrum & EVD
Random variables Spectrum S AFGROW P
generator FORTRAN C++ Material Variables Version 6010047
o | | Interface |«—>| COM e
Pm, Kec, Hd, with C++ Wrapper | Geometric Variables ——
BLTC.

Methods Cycles, crack a,
crack c, beta a,

= Numerical beta ¢
Integration

= Monte Carlo . 7

- Weighted Branch L
Integration o /
N/

{ iy,
Surrogatg_l'u'ludeling ,,,,, Y
Kriging COM = Component Object Model

Probabilistic T l T

11




Inpections

12



: Results without
ERSI Inspections

| | | |
0 10,000 20,000 30,000 40,000 50,000
Flight Hours



: Results without
ERSI Inspections

10 . .
—No Residual Streses
—Shallow Residual Stresses
10
LL
9_ 107"
LL
0p)
10—15
10_20 epth (in.

| | i i
0 10,000 20,000 30,000 40,000 50,000
Flight Hours



: Results without
ERSI Inspections

10°
—No Residual Streses
—Shallow Residual Stresses
—Deep Residual Stresses
10'5 S S A S e — o

Depth (in.)

| | ; i
0 10,000 20,000 30,000 40,000 50,000
Flight Hours



ERS! Results with Inspections EE—s

SFPOF

0

10

1 0—20

—No Rlesidual Stress
— Residual Stresses

Depth (in.)

Flight Hours x 10



Inducing RS at the
Second Inspections

— Without Inspectioné
—Inspections (RS at Second Insp.)

| | | |
0 10,000 20,000 30,000 40,000 50,000
Flight Hours



Baseline

ensitivity Study

Insp. N

-

Baseline
(no detected)

a,<ac<a,

==

Replacement
a;<a

Crack Size Vs Time

3.5E-01 'l ]
3.0E-01 J /
2.5E-01 / /
2.0E-01 / /
1.5E-01
1.0E-01 /4

' pal
5.0E-02 -
0.0E+00 ==

o] 20000 40000 60000 80000 100000
——Baseline ——Oversized Hole Repair Doubler Repair
POD Vs Crack Slze
1

S, =

—Doubler —Baseline

° 0 0.2 0.4 0.6 0.8
——Baseline POD  ——Doubler POD
Probability of Exc. Max. Stress Vs. Max Stress Per Flight

1
0.8
0.6
0.4
0.2

0

0 5 10 15 20

o0
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RSI

Corner crack @ hole

W

}LL D

Input Parameters

T

Mat. Prop.

Walker Equation Data

=X

0.09in
4.0 in

Use up to & sets of values of 'C', 'n', and 'm'

0.25 |n MNurnber of Sets: 1 =
Set € o
1 2.6300=-003 3.200000002
1e-008 3
1e-008 3
] 1e-008 3
1e-008 3

- The Walker equation extended the early Paris equation by allowing the shiftin
L ) degdivs Delta K as a function of stress ratio (R). The equation may be used in
several segments to attermpt to model the sigmoidal shape of the data

0&
05
05
0&
05

hMaterial name:  User defined data|
Coefficient of Thermal Expansion:  1.249954968

Yield Strength, YLD : 5600000023

Plane Stress Fracture Toughness. KC: 100

Flane Strain Fracture Toughness, KIC: 35

Delta K threshold value @R=0: 2

‘oung's Modulus: 10600

Foisson's Ratio:  0.330000011

Lower limit on Foshift (0. -1 0.98

Ipper limit on Fshift (¢ 1) 0.93

l Ok ] | Cancel | ‘ Save

Fead | ‘ Apply

Fracture Toughness Distribution (Normal)

Initial & Repair Lognormal Size Distribution (a & ¢)

(Lognormal)
Extreme Value Distribution (Gumbel)

Mean = 34.5ksiVin, Standard Deviation

Mean = 0.005 in, Standard Deviation

Random Variables

3.8 ksivin.

0.001 in.

Location = 14.5, Scale = 0.8, and Shape = 0.0

19



ERSL  Residual Stress Profile g

-

» Shot Peening Residual Stress Profile (Random)

Mean and Standard Deviation Parameters

Residual Stress Plot -mm

500
5 90— -879.16 58.58
0r 8E—
g n 205.68 9.448
@ -500 /i
s 9 B 2 1.050
%1000 Correlation Parameters
| ss | 1 -0.214  0.402
_20000 OA(I)5 0.I1 O.‘1 5 OI2 0 I25 0‘3 0 2'35 0I4 m -0'2 14 1 _0-796

Depth (mm) | | | Y 0.402 -0.796 1

o(x)=(ss —si +¢,X)Exp[- C,x]+si

{(GS —Oi )(1 _ EXp[— C, B]) +0,BC, }Cz g ) /
Cl - ZJ{ y

(C,B+1)Exp[-C,B]-1

20
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Future Work

1 Compute sensitivities wrt standard
deviation.

2 Define handbook example problems
INeed help from the group

22



ERSI

Thank you!!

jocampo@stmarytx.edu



Some O servations on the Signi icance o
Residual Stress aria ility on
atigue Crack Growth Li e

ERSI Workshop
Layton, Utah
September 13-14, 2018

R. Craig McClung
Southwest Research Institute
San Antonio, Texas




(SwiRI Overview

= A few anecdotal observations are offered on the

significance of variability in residual stress on fatigue
crack growth lifetime

= Example 1: Relaxed surface residual stress field
created by surface enhancement (shot peening or

laser peening) — data courtesy Lambda Technologies
(P. S. Prevey)

= Example 2: Bulk residual stress field created by heat
treating — data from MAI BA-11 project

Copyright 2018 Southwest Research Institute® Observa tions on RS Variability and FCG Life



@’ E am le : Sur ace
Engineered RS

= Surface enhancement methods such as shot peening (SP) or low plasticity
burnishing (LPB) can introduce significant near-surface compressive RS fields.

= FCG analysis can be used to predict the influence of the resulting stable RS
fields on fatigue life.

= In this example, alpha-beta Ti-6Al-4V laboratory coupons were subjected to SP
or LPB and then thermally exposed (425°C/10 hrs) before RS profiles were

measured.
40
20
) 0 § | | |
? o.flo 0.02 0.04 / 0.06 0.p8
£ 20 s
n / /
S .40
©
f; /
¥y  -60
-80 —&—Low Plasticity Burnishing ]
——Shot Peening
-100

De th inch

Copyright 2018 Southwest Research Institute® Observations on RS Variability and FCG Life 3



@l@ E am le :Sur ace ERS
A roach

= These RS profiles were inserted into a univariant weight function surface
crack SIF solution.

= Hypothesizing that the surface enhancement could have introduced
microscopic damage that would initiate fatigue cracks quickly, FCG
analyses with small initial crack sizes were used to calculate total fatigue
life.

= Asimple El Haddad model was used to describe small-crack growth rate
behavior.

Copyright 2018 Southwest Research Institute® Observations on RS Variability and FCG Life



SwRI

E am le

E

- Sur ace ERS

ect o Initial Crack Si e

= Variations in the assumed initial crack size had relatively little impact on
calculated life (compare large scatter in fatigue lifetimes)

120
110 s
B Nia
x 100 3N Y
2 A AT
g 90 = A LPB (test)
‘:: ® SP (est)
o 80 ----LF’EG a?i 002
= s
70 NSO
\.\ SP ai= 003
SP ai = 004
10,000 100,000 1,000,000 10,000,000
Cycles to Failure

Copyright 2018 Southwest Research Institute®

Observations on RS Variability and FCG Life



@l@ E am le :Sur ace ERS
E ecto RS aria ility

= Small shifts (9 ksi) in the RS profiles, hypothetically arising from process
variability or measurement uncertainty, had a much larger impact on
calculated life and were consistent with limited data for life scatter

120

110 h—~—
\\.

N
-
-

|7
A
q

L]
-
-
--_

A LPB (test)
@ 5P (test)
-] PB
== =a] PB -9 ksi
=== a] PB +9 ksi
70 sP

SP 9 ksi
SP +9 ksi

Max Stress (ksi)
® ©
O -
’

10,000 100,000 1,000,000 10,000,000
Cycles to Failure

Copyright 2018 Southwest Research Institute® Observations on RS Variability and FCG Life



@'@ E am le :BulkRS
Billet, Logs, Cou ons

= 7085-T74 billet cut into many ‘logs’ that were quenched and aged
individually to intentionally leave significant residual stress

= Coupon blanks extracted from three longitudinal positions and six
transverse positions (total of eighteen unique positions) within each log

-+ 41258 ——» S.T

4.126"wide x 0.500" thick 3 pecimen blank (40" long) 5
. e L
L | !
N
.,,.-'"“l-

4126 wide x0.500" thick specimen blank (40” long) = s
e Log ™ & ~ 5
4.125" | P Coupon

4.125" wide x 0.500" thick specimen blark (407 long)
T2

100 4.125" wide x 0.500" thick specimen blank (40° long) 4125

4.125%wide x 0.500" thick specimen blank (40 long)

€00 100 200 300 400

Top Surf(TS)
Top Surf Mid (TSM) -,

Top Mid (TM) {

BotMid (BM)

Bot Surf Mid (BSM) { No specimen notches or test sections
Bot Surf (BS) A located 4" from front & rear ends

Copyright 2018 Southwest Research Institute® Observations on RS Variability and FCG Life



Slitting RS measurements

20

Stress (ksi)

o 05 1o 15 20 25 30 35 40
Lacation (in)

CG redictions/com arisons
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. 4

g / T
= 4 -
[} - -
N g -
2 u -
x .
o
o 01

0.01

0 10 20 30 40 50 60
Blocks

Copyright 2018 Southwest Research Institute®

70

E am le

A

roach Overview

nite Element Analysis

Pro a ilistic RS Models

50
40
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0

Stress (ksi)
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Observations on RS Variability and FCG Life
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: Bulk RS
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@'@ E am le : Bulk RS
S ectrum Tests Tensile RS

Initial crack in region o tensile residual stress

DF1 BS Spectrum Loading

10 1

N

s Test Corner Crack (c)
P o4 Test Through Crack (c)
.../7 + Test Corner Crack (a)
+/7 Mean RS Corner Crack (c)
—————— Mean RS Corner Crack (a)
- +/ Mean RS ThroughCrack (c)
g —_— +2 Sigma RS (c)
= ——————— — -2 Sigma RS (c)
No RS Corner Crack (c)
No RS Through Crack (c)

Crack Size (in)
N\

o
~
N

0.01 . 1 . .
0 20 40 60 80

Blocks

Copyright 2018 Southwest Research Institute® Observations on RS Variability and FCG Life



®

E am le

: Bulk RS

S ectrum Tests Com ressive RS

Initial crack in region o com _ressive residual stress
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@’ E am le : Bulk RS
O servations

* |n these tests, the RS had a significant impact on the
predicted life, and predictions ignoring RS tended to be
highly conservative or highly non-conservative.

= Predictions (32 tests) including mean value RS were
generally accurate (£2x) with a conservative bias for
constant amplitude loading, and accurate (£2x) with no bias

for spectrum loading.
= How did RS scatter affect the predicted life in these tests?
« Scatter in tensile RS generally had a very small effect
e Scatter in compressive RS generally had a very large effect

Copyright 2018 Southwest Research Institute® Observations on RS Variability and FCG Life
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@l Possi le Path orward

= Use DARWIN probabilistic damage tolerance
software
e Current AFRL investment in DARWIN for AFLCMC
= Develop quantitative characterization of
uncertainty in RS
* Informed by RS models and RS measurements

= Use weight function SIF solutions to model effect
of RS on crack driving force

= Perform probabilistic analysis of (uncertain) RS
effects on FCG life and fracture risk

Copyright 2018 Southwest Research Institute® Observa tions on RS Variability and FCG Life
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@'@ Princi al Com onents Analysis or
Residual Stresses Along Crack Path
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. B ect o Random Residual
Stress on Risk

Without Residual St
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(SwiRI DAR IN Status

= Framework available to superimpose local residual stresses
(e.g., surface RS at holes) with service stresses

= Univariant & bivariant WF SIF solutions available for corner/
surface/thru cracks at holes, corner/surface cracks in plates

= Probabilistic treatment of residual stress uncertainty available
for bulk residual stresses in 2D finite element models

= Random RS capabilities expandable to local RS in 3D models
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I
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|||||||||||
1 =|i|iiiiii|rI
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@l Closing Comments

= Relatively small variations in residual stress can
nave a very large impact on predicted FCG
Ifetime when the residual stress is compressive

= Uncertainty In tensile residual stresses appears
to have relatively less effect on life variability

= A more rigorous probabillistic treatment of RS
uncertainty and its effect on fracture risk appears
warranted

= DARWIN software provides a potential path
forward, but some enhancements are needed

Copyright 2018 Southwest Research Institute® Observa tions on RS Variability and FCG Life 16
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