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Motivation and Research Questions
ÅMotivation:
ÅResidual stress from quench is inherent in the production of key high-

strength aluminum alloys (typical post-quench stress level 50% Sy)
ÅResidual stress relief processes leave some residual stress behind
Å{ǘǊŜǘŎƘŜŘ ǇƭŀǘŜ Ŏŀƴ ƘŀǾŜ ǾŜǊȅ ƭƻǿ ǇŜŀƪ ǎǘǊŜǎǎ ƭŜǾŜƭǎ όҒ н҈ ǘƻ п҈ {y)
Å/ƻƳǇǊŜǎǎŜŘ ŘƛŜ ŦƻǊƎƛƴƎǎ Ŏŀƴ ƘŀǾŜ ƘƛƎƘŜǊ ǇŜŀƪ ǎǘǊŜǎǎ όҒ р҈ ǘƻ нл҈ {y)

ÅFatigue performance of finished parts is affected by residual stress
ÅFinished parts have different residual stress than does parent stock

ÅResearch questions:
ÅCan residual stress from raw stock be used to predict stress in finished 

parts?
ÅCan predicted residual stress improve prediction of fatigue crack growth 

in finished parts?
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Develop eigenstrain 
fields for quenched 

bars using RS 
measurements on 

the bars and inverse 
eigenstrain analysis

Predict remaining 
stress in complex 

parts removed from 
quenched bars using 
eigenstrain analysis 

Assess accuracy of RS 
predictions by 
carrying out 
companion 
experiments

Objectives and Methods

1) Determine the accuracy of residual stress predictions for 
complex parts removed from quenched aluminum bars
ÅDesign test coupons using eigenstrain analysis drawing on prior work
ÅVariations in part size, shape, features and location of part removal

ÅProcure stress relieved material (AA7050 T7451, stretched)

ÅQuench subset of material (AA7050 T74)

ÅMeasure residual stress (RS) in quenched bars

ÅPredict RS in machined parts

ÅValidate predicted RS by experiment
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Objectives and Methods
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Develop FCG 
predictions based 

on LEFM with 
superposition of RS 

obtained from 
eigenstrain analysis

Perform FCG testing 
of machined parts

Assess accuracy of 
FCG predictions by 

comparing with 
experimental 

fatigue test data

Compare test and 
prediction

FCG prediction

Predicted
Measured

2) Determine the accuracy of fatigue crack growth predictions 
for a crack growing in a residual stress field in complex parts 
removed from quenched aluminum bars
ÅPredict crack growth using multi-point fracture mechanics (MPFM)
ÅLow RS condition (stretched, AA7050 T7451)

ÅHigh RS condition (quenched, AA7050 T74)

ÅPerform fatigue crack growth testing in machined parts
ÅMeasure crack growth at surface and on interior

ÅValidate prediction with 
experimental data
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Coupon Design and Conditions

ÅGeometry shown below (representative of airframe detail)

ÅProduced coupons in 3 conditions:
ÅRS0: low RS cut from AA7050 T7451 (stretched)

ÅRSA: high RS, cut from AA7050 T74 (quenched)

ÅRSB: moderate RS, cut from AA7050 T74 (quenched)

ÅCorner crack starter milled at the edge of hole
ÅCrack grows towards the base flange
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Mid-length cross section (gage section)

All dimensions in inches
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Material and Layout

ÅLarge section of AA7050 T7451 plate procured

ÅCut into several small bars
Åпέ ǘƘƛŎƪ ό{¢ύ ǘƘƛŎƪΣ мнΦнέ ƭƻƴƎ ό[ύΣ оΦмнрέ ǿƛŘŜ ό{¢ύ

ÅSubset of bars quenched to T74 (solution heat, quench, double temper)

ÅBars used to fabricate coupons
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Coupon Type Condition Quantity Uses

Parent bar T7451 1 Baseline (low) RS

Parent bar T74 2 Quench RS

Coupon, RS0 T7451 6
Calibration
Shakedown tests
FCG test

Coupon, RSA T74 6
FCG test
RS measurement

Coupon, RSB T74 6
FCG test
RS measurement

/ό¢ύ ό²ҐнέΣ .ҐлΦнрέύT7451 6
Verify FCGR at 
R = 0.1, 0.35, 0.7
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Residual Stress Prediction (eigenstrain)
ÅRS was measured in two 
оΦмнрέ Ȅ пέ Ȅ мнΦнέ ǉǳŜƴŎƘŜŘ ōŀǊǎ

ÅLongitudinal eigenstrain distribution 
derived based on measured RS

ÅEigenstrain reconstructs RS in measured bar

ÅUsed eigenstrain to predict RS in the 
coupons removed from quenched bars
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Measured longitudinal RS

Derived eigenstrain

RS reconstructed by eigenstrain

RS reconstruction
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Residual Stress Prediction (eigenstrain)
ÅPredict RS for coupons removed from different locations within bar

ÅChose two locations that provide moderate (RSB) and high (RSA) RS
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w{. Ґ лΦнрέw{! Ґ мΦллέ
MPa
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Measured RSA

Predicted RSA

Residual Stress Validation

ÅRS0 coupons had < 20MPa (stress-relieved)

ÅComparison of measured and 
predicted RS in finished coupons
ÅGood agreement from hole

downward, where crack grows

ÅPeak level well predicted

ÅAbout 60 MPa difference above hole
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Fatigue Crack Growth Testing

ÅTest in pull-pull configuration, constant amplitude 
(CA) loading, R = 0.1
ÅFixture provides consistent load, known restraint

ÅMonitor crack growth using three techniques
ÅDirect Current Potential Drop (DCPD)

ÅDigital photogrammetry (DP)

ÅQuantitative fractography (QF), also called marker banding
ÅNumber of marker bands 13 to 41 per sample 

ÅTerminate test at 50% change in load line compliance

ÅTotal of 11 samples tested
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Fixed end

Pull
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Test Details –Digital Photogrammetry
ÅDP inspections provide way to measure cracks at surface

ÅTypical result shown below
Å2 cameras in use with focus stacking

ÅCrack measurements in pixels, converted to length units

ÅBlackand blue dots represent crack tip locations from photogrammetry

ÅReddots represent crack tip locations from QF
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(R2-RS0-4)

Camera 1 Camera 2

Camera 1

Camera 2
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Character of Results (RS0 condition)

ÅCrack length aw1 measured along web from camera 1 defined 
as length from corner of hole to crack tip
Å[ƛƴŜŀǊ ǎŜƎƳŜƴǘ όǳǇ ǘƻ лΦмрέύΣ ǘƘŜƴ ŀǊŎ ǎŜƎƳŜƴǘΣ ǘƘŜƴ ƭƛƴŜŀǊ ǎŜƎƳŜƴǘ

ÅCrack growth accelerates after reaching horizontal leg 
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R4-RS0-8

aw1

Note: crack length estimated from photography.
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Character of Results (RS0 condition)

ÅDP and DCPD every 5000 cycles 
(1 at 2500 cycles)

ÅQF via marker bands every 10000 cycles 
(1 at 5000 cycles)
ÅAlternating MB (2 band, 3 band)
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M1 MB M2 MB
Verified visibility of marks on fracture surface of 1st sample tested

13 markers applied, last one was not visible

DCPD signal
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Summary of Results, DCPD
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ÅElectrostatic analysis provides normalized Voltage vs Area

ÅTwo pairs of measured (V, A) used to calibrate the FE trend
ÅRepeatable correlation for all samples

RSA
Mean life

73,300
cycles

(0.58 RS0)

RS0
Mean life
126,500
cycles

(1.72 RSA)

S marks first secondary cracking



Renan Ribeiro, Michael Hill, UC Davis

Summary of Results, Quantitative Fractography

ÅCrack shape evolution repeatable

ÅCycles to failure longer for RS0 than RSA

ÅRSA has more secondary cracking than RS0
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RSA
Mean life

73,300
cycles

(0.58 RS0)

RS0
Mean life
126,500
cycles

(1.72 RSA)
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Multi-Point Fracture Mechanics (MPFM)
ÅRooted within a computational 

mechanics framework (BEM, FEM, etc)

ÅCrack growth evaluated at multiple 
points along the crack front

ÅStep-wise linear analysis
1.Define initial crack shape and

specify crack front points
2.Perform stress analysis for active load 

systems
3.Calculate crack driving force at each point
4.Calculate growth rate at each point
5.Repeat while there is residual strength
ÅEvolve crack front
ÅRepeat step 2 (stress analysis)
ÅRepeat step 3 (crack driving force)
ÅRepeat step 4 (growth rate)

6.Report crack growth history 

Typical DTA
uses 2 points

K(a)

K(c)

MPFM uses 
multiple points

K(s1)
K(s2)

K(s3)

K(sn)



Renan Ribeiro, Michael Hill, UC Davis

Fatigue Crack Growth Rate Model
ÅwŜŦΥ WΦ/Φ bŜǿƳŀƴΣ WǊΦΣ ¸Φ ¸ŀƳŀŘŀΣ WΦ !Φ bŜǿƳŀƴΣ нлммΣ ΨΨ/ǊŀŎƪ-Closure Behavior of 7050 

Aluminum Alloy near Threshold Conditions for Wide Range in Load Ratios and Constant Kmax

¢ŜǎǘǎΣΩΩ WΦ !{¢a LƴǘƭΦΣ ±ƻƭΦ тΣ bƻΦ пΦ ŘƻƛΥмлΦмрнлκW!Lмлнпфл
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C3 = 1.3 MPa m^0.5
C4 = 0
C5 = 40 MPa m^0.5
p = 5
q = 5
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Fatigue Crack Growth Rate Model

ÅFCGR from this specific plate (in the T7451 condition) 
justifies use of the published rate correlation
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C3 = 1.3 MPa m^0.5
C4 = 0
C5 = 40 MPa m^0.5
p = 5
q = 5
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MPFM Crack Growth Prediction RS0

19

Fixed 
faces

Applied load

Prediction/Test = 0.85
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MPFM Crack Growth Prediction RS0
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ÅResults with MSC Marc are similar to BAMF
ÅErrors in remeshing prevented solution for larger cracks
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MPFM Crack Growth Prediction RSA

ÅPredicted RS (eigenstrain) 
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MPFM Crack Growth Prediction RSA

ÅPredicted RS (measured RS) 
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Fatigue Crack Growth Validation
ÅComparison of MPFM model and test data below

ÅRSAmodels shown as
ÅSolid line ςusing measured RS as input in model
ÅDashed line ςusing predicted RS as input in model
ÅBoth RS inputs provide nearly identical results

ÅOverall, crack growth is predicted accurately
ÅIgnoring RS for the RSA condition is non-conservative at about 1.5X

23

S marks first secondary cracking

RSA
Pred/Test

= 0.88

RS0
Pred/Test

= 0.86
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Summary
ÅCan residual stress from raw stock be used to predict stress 

in finished parts?
ÅYes, but with some discrepancy
ÅThis study showed point-wise accuracy to better than 70 MPa

ÅCan predicted residual stress improve prediction of fatigue 
crack growth in finished parts?
ÅYes, with good fidelity (better than 20% on crack growth life)
ÅThis study showed
ÅIgnoring tensile RS caused anticonservative error of about 1.5X on life
ÅAccuracy of crack growth prediction for RS bearing material (RSA) was 

comparable to that for low RS material (RS0)

ÅAcknowledgements
ÅHelpful advice from Dale Ball (LM Aero), TJ Spradlin (AFRL), 

and Kevin Walker (DST Group)
ÅMPFM analyses with BAMF by Josh Hodges (Hill Engineering, LLC)
ÅTechnical interchange with Jim Newman, Jr (MS State)
ÅPrior collaborations with Mark James (Arconic)
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Backup slides
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Summary of test results
ÅTable below shows summary of results

ÅCA cycles with ~16% max variability for each condition

ÅGood precrack length control along web and bore

ÅRSA and RSB samples had similar results, which was unexpected

ÅResidual stress measurements are in progress to help us understand
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Sample
MB Spacing 

(cycles/MB)

DCPD and 

Photography 

Spacing 

(cycles/inspection)

MB in 

Test

Precrack Run 

Time (cycles)

Test Run 

Time (CA 

cycles)

Mean Life

(CA cycles)

Precrack length (from 

photography)

Web (in) Bore (in)

R2-RS0-2 10000 5000 13 216,000 125,000

Mean = 126,500 

(1.7X RSA)

0.0358 0.0837

R2-RS0-3 10000 5000 13 69,000 125,000 0.0250 0.0495

R2-RS0-4 10000 5000 15 71,000 140,000 0.0280 0.0507

R4-RS0-5 5000 2500 25 75,000 122,500 0.0291 0.0447

R4-RS0-8 10000 5000 13 79,500 120,000 0.0244 0.0468

R2-RSA-1 2000 2000 36 39,500 70,000

Mean = 73,300 

(0.58X RS0)

0.0251 0.0469

R7-RSA-2 2000 2000 41 37,000 80,000 0.0255 0.0424

R3-RSA-4 4000 2000 18 32,000 70,000 0.0301 0.0451

R4-RSB-1 4000 2000 21 35,000 82,000

Mean = 76,000 

(0.60X RS0)

0.0268 0.0405

R7-RSB-2 2000 2000 37 34,000 72,000 0.0250 0.0435

R3-RSB-4 2000 2000 37 28,000 74,000 0.0292 0.0430
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Crack length vs cycles

ÅCrack length aw1 measured along web from camera 1 defined 
as length from corner of hole to crack tip
Å[ƛƴŜŀǊ ǎŜƎƳŜƴǘ όǳǇ ǘƻ лΦмрέύΣ ǘƘŜƴ ŀǊŎ ǎŜƎƳŜƴǘΣ ǘƘŜƴ ƭƛƴŜŀǊ ǎŜƎƳŜƴǘ

ÅCrack growth accelerates after reaching horizontal leg 

27Note: crack length estimated from photography.

R4-RS0-8

aw1



Renan Ribeiro, Michael Hill, UC Davis

Crack length vs cycles
ÅCrack length aw2 measured along web from camera 2 defined as length from 

corner of hole to crack tip
Å[ƛƴŜŀǊ ǎŜƎƳŜƴǘ όǳǇ ǘƻ лΦмрέύΣ ǘƘŜƴ ŀǊŎ ǎŜƎƳŜƴǘΣ ǘƘŜƴ ƭƛƴŜŀǊ ǎŜƎƳŜƴǘ

Åaw2 starts when crack grows all the way through bore and reaches other side 
of web
ÅR2-RS0-2 had 2 notches, so aw2 starts at 0 cycles

Åaw2 starts earlier in RSA and RSB samples compared to RS0

28

R4-RS0-8

aw2

Notch

Note: crack length estimated from photography.
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Crack length vs cycles

ÅCrack length ab measured along bore from camera 1 defined 
as length from corner of hole to crack tip
Åab Ґ лΦмрέ ǿƘŜƴ ŎǊŀŎƪ ǘƛǇ ǊŜŀŎƘŜŘ ŜƴŘ ƻŦ ōƻǊŜ

ÅMore scatter in RS0 and RSB conditions than RSA

29Note: crack length estimated from photography.

R4-RS0-8

ab



Renan Ribeiro, Michael Hill, UC Davis

Crack length vs cycles
ÅCrack length aw1,op and aw2,op measured 

along web from cameras 1 and 2 and 
defined as length from corner of hole to 
crack tip, opposite side

ÅCrack appears on opposite side of 
vertical web after about 50k cycles for 
RSA and RSB, and 85k cycles for RS0
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R4-RS0-8

aw1,op aw2,op

Note: crack length estimated from photography.
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Character of Fracture (RS0 condition)
ÅPlanar growth for most of test
ÅNucleation and growth in L-T

ÅNear test end, change in mode
ÅTo shear mode in L-T (vertical flange)
ÅTo bifurcation in L-S (4/5 tests show 

this behavior)

31

L

LTST


