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i i - UCDAVIS
Motivation and Research Questions ™

AMotivation:

AResidual stress from quench is inherent in the production of key high
strength aluminum alloys (typical pegtiench stress level 50%) S

AResidual stress relief processes leave some residual stress behlnd
A{ INBUGOKSR LX LGS OFy KI@S OSNE (26 LI
Al 2Y LINE&EaSR RAS F2NAEAy3a OF y Kb 35S KA.
AFatigue performance of finished parts is affected by residual stress
AFinished parts have different residual stress than does parent stock

AResearch questions:
ACan residual stress from raw stock be used to predict stress in finished
parts?
ACan predicted residual stress improve prediction of fatigue crack growth
in finished parts?

I Predict RS in : -

Measure RS in Predict Fatigue
R Product E Part Cut from Performance

A roaneER For Raw Product Form Including RS
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I i UCDAVIS
Objectives and Methods R or s

1) Determine the accuracy of residual stress predictions for

complex parts removed from quenched aluminum bars

ADesign test coupons using eigenstrain analysis drawing on prior work
AVariations in part size, shape, features and location of part removal

AProcure stress relieved material (AA7050 T7451, stretched)
AQuench subset of material (AA7050 T74)
AMeasure residual stress (RS) in quenched bars
APredict RS in machined parts
Avalidate predicted RS by experiment

Develop eigenstrain
fields for quenched
bars using RS
measurements on
the bars and inverse
eigenstrain analysis

Predict remaining Assess accuracy of R

stress in complex predictions by
parts removed from carrying out
guenched bars using companion
eigenstrain analysis experiments

Predict RS in
part removed from
guenched bar

Measure RS in
guenched bar
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I i UCDAVIS
Objectives and Methods R or s

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

APredict crack growth using muftioint fracture mechanics (MPFM)

ALow RS condition (stretched, AA7050 T7451)
AHigh RS condition (quenched, AA7050 T74)

APerform fatigue crack growth testing in machined parts
AMeasure crack growth at surface and on interior

Avalidate prediction with
experimental data

Develop FCG

oy Assess accuracy 0 N

predictions based FCG predictionsyby ﬂ

on LEFM with Perform FCG testing comparing with TN b ez 7]
superposition of RSl  of machined parts exp%rimgntal

obtained from e tect datn Tt Predicted
eigenstrain analysi fatigue test data [ Measured

FCG prediction Compare test and
prediction
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y " UCDAVIS
Coupon Design and Conditions

AGeometry shown below (representative of airframe detail)

AProduced coupons in 3 conditions:
ARSO: low RS cut from AA7050 T7451 (stretched)
ARSA: high RS, cut from AA7050 T74 (quenched)
ARSB: moderate RS, cut from AA7050 T74 (quenched)

ACorner crack starter milled at the edge of hole
ACrack grows towards the base flange
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Material and Layout

Al arge section of AA7050 T7451 plate procured

ACut into several small bars
Ané¢ GKAOl oO0{¢0 UGUKAOlEX MH®PHE 2y 3

ASubset of bars guenched to T#élution heat, quench, double temper)
ABars used to fabricate coupons

1

Parent bar T7451 Baseline (low) R¢
Parent bar T74 2 Quench RS
Calibration
Coupon, RSO T7451 6 Shakedown tests
FCG test
Coupon, RSA T74 6 FCG test |
RS measuremen
Coupon, RSB T74 6 FCG test

RS measuremen

Verify FCGR at
R =0.1,0.35, 0.7

/] 6¢0 02T H:T7451 6
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UCDAVIS
Residual Stress Prediction (eigenstrain) "

"ARS was measured in two  _ Derived ejgenstrain )
odPmMHpPpE E ne E MHOH:, 0005

AL ongitudinal eigenstrain distribution .
derived based on measured RS
AEigenstrain reconstructs RS in measured: *
AUsed eigenstrain to predict RS in the S 002
coupons removed from quenched bars 0003

Measured longitudinal RSRS reconstructed by eigenstrain

R3D12/R3D34 longitudinal RS Eigenstrain model
100 300 300 \ ‘ - ‘
250 RS reconstruction
200 200 | "’_’..,:::,.----:-,_. -~-...--._..‘
80 150 &
100 = 100|
_ 60 50 a
£ © = 0
3 o & 5
> 50 ©
40 _ B _100
-100 ch: © Mid-thickness measured | %
-150 ) o Mid-width measured
20 200 -200 —Mid-thickness model
250 — Mid-width model
) -300 ‘ ‘ : ‘
0 -300 0 20 40 60 80 100
0 20 40 60 0 20 40 60 Distance (mm)
X (mm) X (mm)
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UCDAVIS
Residual Stress Prediction (eigenstrain) ™

APredict RS for coupons removed from different locations within bar
AChose two Iocatlons that provide moderate (RSB) and high (RSA) RS
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UCDAVIS

Residual Stress Validation
ARSO coupons had < BPa (stresselieved)
AComparison of measured and ~ Measured RSA
predicted RS in finished coupons  * 4 I
AGood agreement from hole .
downward, where crack grows £ W
APeak level well predicted =15 L o
AAbout 60 MPa difference above hole ™ /T\
B o
200 . 20 30 40 50
o Contour method X (mm)

— Eigenstrain model

Predigted RSA 2

00
35
150
30
100

50

'y
o
o

€20 o
E 0 g
>

- -50

-100

10 -100
RSA coupon ‘ 5 /L -150
-200 ' 0 60J -200

0 10 20 30 40 20 30 40 50

Residual stress (MPa)
o

y (mm)
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UCDAVIS

Fatigue Crack Growth Testng

ATest in pulipull configuration, constant amplitude
(CA) loading, R =0.1
AFixture provides consistent load, known restraint
AMonitor crack growth using three techniques
ADirect Current Potential Drop (DCPD)
ADigital photogrammetry (DP)

AQuantitative fractography (QF), also called marker bandi
ANumber of marker bands 13 to 41 per sample

ATerminate test at 50% change in load line compli
ATotal of 11 samples tested

»
Fixed end
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Test Detalls-Digital Photogrammetry

-1.27

1.4

Renan Ribeiro, Michael Hill, UC Davis

ADP inspections provide way to measure cracks at surface

ATypical result shown below
A2 cameras in use with focus stacking

ACrack measurements in pixels, converted to length units
ABlackandblue dots represent crack tip locations from photogrammetry
AReddots represent crack tip locations from QF

From both cameras

. Camera l Camera 2
—Sample outline
* Camera 1
+ Camera 2
(R2RS®4) - Marker bands
0 0.5 1 1.5

x (in)

=Camera 1_—

) =i [

- LT
P - » VLR \
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UCDAVIS

Character of Results (RSO condition)

ACrack length g measured along web from camera 1 defined
as length from corner of hole to crack tip

Al AYSEFNI aS3aYSyid odzld 42 nodmpéovs O
ACrack growth accelerates after reaching horizontal leg

1 Camera 1
° R2-RS0-2 From both cameras
> R2-RS0-3 0
0.8 @ R2-RS0-4 Y |
- e R4-RS0-5 )} (f
3 © R4-RS0-8 o~ . -0.4
® g 4 R2-RSA-1 .s 0
=1 v R7-RSA-2 NI AR 3
s ~ R3-RSA-4 F 7 gHoriz. leg | >08
S 04 *R4-RSB-1_____ S AL R | |
8 A R7-RSB-2 ’, ...&°§.n o " —Sample outline
5 R3-RSB-4 4™ 885"  Fillet 1.2 . Camera 2
0.2 ;;, 14 R4RSE8 - Marker bands
0 0.5 1 1.5
. | Vert. leg x (in)
0 5 10 15
Cycles (CA) <104

Renan Ribeiro, Michael Hill, UC Davis Note: crack length estimated from photography. 12



.y UCDAVIS
Character of Results (RSO condition) ™

ADP and DCPD every 5000 cycles *I DCPD signal
(1 at 2500 cycles) 29
AQF via marker bands every 10000 cycl&s ;
(1 at 5000 cycles) E20
AAlternating MB (2 band, 3 band) £ oot
0;000 5 1I0 15
Cycles (CA only) <104
Verified visibility of marks on fracture surface oftsample tested
MiMB________ ________ MzMB_
13 markers applied, last one was not visible
13
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UCDAVIS

Summary of Results, DCPD

AElectrostatic analysis provides normalized Voltage vs Area

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

— RSA RSO
i |+ FE data . .
 Poynomial i Mean life Mean life
> R2-RS0-3
= R2-RS0-4 73,300 126,500
| | * R2-RS0-5
o R4-RSO-8 cycles cycles
| |- FoRez (0.58 RS0) (1.72 RSA)
« R3-RSA-4 [ ‘ ' ]
* R4-RSB-1 I ]
s R7-RSB-2 1
| v R3-RSB4 o—as
' * 102 |
0 5 10 15 20 o
a(VIV,-1) £
£
S "
S A
@, 1 ol > RS0-3
i eﬁgég@z.g' > RS0-4
S &5 * RSO-5
O &g 0 o RS0-8 -
af’ﬁ.-' 5 RSA-1 -
0| KB _ | v RSA-2
10 fw S marks first secondary cracking rga.4
0 5 10 15

Renan Ribeiro, Michael Hill, UC Davis Cycles (CA) x 1 04



UCDAVIS

Summary of Results, Quantitative Fractography

ACrack shape evolution repeatable
ACycles to failure longer for RSO than RSA
ARSA has more secondary cracking than RSO
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UCDAVIS

Multi-Point Fracture Mechanics (MPFM) ="

ARooted within a computational
mechanics framework (BEM, FEAL)

ACrack growth evaluated at multiple
points along the crack front

AStepwise 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 Typical DTA P

5.Repeat while there is residual strength  uses 2 point:
AEvolve crack front
ARepeat step 2 (stress analysis)

. . /\
ARepeat step 3 (crack driving force) MPFM uses e
ARepeat step 4 (growth rate) multiple points () 57
i NONY Vi
6.Report crack growth history <GS )

Renan Ribeiro, Michael Hill, UC Davis



Fatigue Crack Growth Rate Model

UCDAVIS

UNIVERSITY OF CALIFORNIA

AwWSTFY Wd/ & bSogYlYysS WNIPHZI

®-Clodure BeRdviar of ViBB0 | @ b

Aluminum Alloy near Threshold Conditions for WidebRange in Load Ratios and Cipstant

¢SadazQQ Wo ! {¢ta Lyidf o

daldN = Cli(AKeff)Czi[l - (AKO/AKeff)p]/[l - (Kmax/CS)q]

where:

Cy; and C,;=the coefficient and power for each linear segment,

AK i is the effective stress-intensity factor,

AK, is the effective stress-intensity factor at threshold,

K.« is the maximum stress-intensity factor,

Cs is the cyclic elastic fracture toughness (usually Cs is set equal to K,
which is generally a function of crack size, specimen width, and specimen
type), and

p and g =constants selected to fit test data in either the threshold or frac-
ture regimes.

Whenever the applied K, value reached or exceeded Cs (or K}.), then the
specimen or component would fail (see Eq 1). The effective threshold stress-
intensity-factor range, AK,, is expressed as a function of load ratio and is

AK, = C3(1 + C4R) for negative C, (2)

or

AK, = C5(1 - R)“+ for positive Cy4 (3)

Renan Ribeiro, Michael Hill, UC Davis

+2f @

T2 b2 nd R2

G =1.3 MPa m”™0.5

G=0

G =40 MPa m"™0.5

p=95

q=>5

Cii Cai

i=1 1.30000000E-09 4.56300131
i=2 | 1.30000000E-09 @ 1.43644199
i=3 1.88380378E-10 = 3.25069657|
i=4 | 7.56200125E-11 @ 3.88671642
i=5 1.68005056E-10  3.44119171
i=6 | 3.40537791E-11  4.07310958
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UCDAVIS

Fatigue Crack Growth Rate Model

AFCGR from this specific plate (in the T7451 condition)
justifies use of the published rate correlation

G, = 1.3 MPa m"0.5
. C=0
daldN = Cli(AKeff)Czl[l - (AKO/AKeff)p]/[l - (Kmax/CS)q] C: = 40 MPa m”0.5
5 P =5
107 ; R e e =5
- 7050-T7451 (LT) d
I Cai Coi
i C(T) = 1.300003005-09 4.56350131
6 B =6.35mm i=2 | 1.30000000E-09 = 1.43644199
107 F = =3  1.88380378E-10  3.25069657|
® - W =50.8 mm :=4 7.56200125E-11 = 3.88671642
© I 1 i=5 1.68005056E-10 = 3.44119171
2y ] - i=6 | 3.40537791E-11 | 4.07310958
“‘E“ - Literature, R = 0.1 ]
.10 LT-1,R=0.10 |3
- LT-2,R =0.10
g LT-5, R=0.10
10_3 LT-3, R=0.35
» LT-4, R=0.70
A LT-7,R=0.70
—Calculated
10
10° 10" 102
0.5
AK, MPa m
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MPFM Crack Growth Prediction RSO

BAMF, Kmax
12
0.4- .
0 Applied load
0.3
8
'io'z' 6 Og
01 4
2
O L
. . . . 0
-0.2 -0.1 0 0.1 0.2 0.3
X.in
0.1 — . ‘
Prediction/Test = 0.85
0.08 -
ad
=
 0.06 -
o
(4]
X
8 0.04 -
g P HILL
4. _YENGINEERING
0.02 -
0 | | | | | faces
0 2 4 6 8 10 12
Cycles %104
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UCDAVIS

MPFM Crack Growth Prediction RSO

AResults with MSC Marc are similar to BAMF
AErrors in remeshing prevented solution for larger cracks

Marc, K
m

ax

12

0.4/ 047
10

£ N 6 =
>h‘ Wt”‘:.:.{ &
R 4
Marc
3 2
- 0
o1 0 01 02 03 | |
x (in)
BAMF, K
max
12 0.08 -
0.4 7 o
= 3 10 £
8’0.
8 ©
2 x
6 £ g0
7} —
<~ O
4
0.02
2
0 0 2 4 6 8 10 12

-0.2 -0.1 0 0.1 0.2 0.3
X, in
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UCDAVIS

MPFM Crack Growth Prediction RSA ™
APredicted RS (eigenstrain)

35 Y ]
150
30 5
100
25 4
50
. w
£20 © “c
£ 0o 3 =
9 - = 2
. HILL
4 N
10 - 2. YENGINEERING
5 AN
0

20 30 40 50 60

y,in

-0.2  -0.1 0 0.1 0.2 0.3
X, in
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MPFM Crack Growth Prediction RSA

UCDAVIS

UNIVERSITY OF CALIFORNIA

APredicted RS (measured RS)

7

i\

S HILL
4. JENGINEERING

BAMF, KRS
200 e 7
357 Measured
RSA coupon 150 0.4 6
30
= 100
- 0.3 A S I — W5
50 o
—_ 42
E¥ o & So2 e
> 3 2
15 5 A
5 K -150 1
0
0 -200 0
20 30 40 50 60 0.2 -0.1 0 01 02 03
x (mm) X, in
0.4
0.3
=02 i £
: >
0.1
0
-0.2  -0.1 0 0.1 0.2 0.3
X, in
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Fatigue Crack Growth Validation

UCDAVIS

UNIVERSITY OF CALIFORNIA

AComparison of MPFM model and test data below

ARSAmodels shown as
ASolid linec using measured RS as input in model
ADashed ling using predicted RS as input in model
ABoth RS inputs provide nearly identical results

AOverall, crack growth is predicted accurately

Algnoring RS for the RSA condition is{conservative at about 1.5X

—
o
-

RSA RSO
PredTest PredTest
=0.88  =0.86 107
iﬁé :v Sr;:; is n g-os
A v .
‘ YN S 100
o : 2
< 107
§7 °
7 ;ij £°S marks first secondary cracking 7
-8
5 10 15 003 102 10"
Cycles (CA) w104 A, in?

Renan Ribeiro, Michael Hill, UC Davis

> R2-RS0-3

@ R2-RS0-4

* R2-RS0-5

o R4-RS0-8

~ R2-RSA-1

» R7-RSA-2

~ R3-RSA-4

—BAMF (RS0)

- -BAMF (RSA, predicted RS)
—BAMF (RSA, measured RS)
--=Marc (RSO0)
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Summary

ACan residual stress from raw stock be used to predict stress
In finished parts?
AYes, but with some discrepancy
AThis study showed poiswise accuracy to better than 70 MPa

ACan predicted residual stress improve prediction of fatigue
crack growth in finished parts?
AYes, with good fidelity (better than 20% on crack growth life)

AThis study showed
Algnoring tensile RS caused anticonservative error of about 1.5X on life
A Accuracy of crack growth prediction for RS bearing material (RSA) was

comparable to that for low RS material (RS0)
AAcknowledgements

AHelpful advice from Dale Ball (LM Aero), TJ Spradlin (AFRL),
and Kevin Walker (DST Group)

AMPFM analyses with BAMF by Josh Hodges (Hill Engineering, LLC)
ATechnical interchange with Jim Newman, Jr (MS State)
APrior collaborations with Mark Jame&r¢onid
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UCDAVIS
Summary of test results

ATable below shows summary of results

ACA cycles with ~16% max variability for each condition

AGood precrack length control along web and bore

ARSA and RSB samples had similar results, which was unexpected
AResidual stress measurements are in progress to help us understand

DCPD and Test RUN Precrack length (from
MB Spacing Photography MB in |Precrack Run . Mean Life photography)
Sample . . Time (CA
(cycles/MB) Spacing Test |Time (cycles) cycles) (CA cycles) _ _
(cycles/inspection) y Web (in) Bore (in)
R2-RS0-2 10000 5000 13 216,000 125,000 0.0358 0.0837
R2-RS0-3 10000 5000 13 69,000 125,000 0.0250 0.0495
Mean = 126,500
R2-RS0-4 10000 5000 15 71,000 140,000 (1.7X RSA) 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 0.0251 0.0469
Mean = 73,300
R7-RSA-2 2000 2000 41 37,000 80,000 (0.58X RS0) 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 0.0268 0.0405
Mean = 76,000
R7-RSB-2 2000 2000 37 34,000 72,000 (0.60X RS0) 0.0250 0.0435
R3-RSB-4 2000 2000 37 28,000 74,000 0.0292 0.0430

Renan Ribeiro, Michael Hill, UC Davis 26



UCDAVIS
Crack length vs cycles

ACrack length g measured along web from camera 1 defined
as length from corner of hole to crack tip

Al AYSEFNI aS3aYSyid odzld 42 nodmpéovs O
ACrack growth accelerates after reaching horizontal leg

1 ‘ Camera 1 ‘ From both cameras
> R2-RS0-3 0
o R2-RS0-4 o2 | r
08" s | | * R4-RS0-5 %%g
= © R4-RS0-8 04
?; ~ . 4 R2-RSA-1 086
© .o | | v R7-RSA-2 S osl
< ) o < R3-RSA-4 '
g | oriz. leg * R4-RSB-1 . —Sample outline
i" R _._._____'_:' _______ | | 2 R7-RSB-2 40 + Camera 1
o iy 4 Pae” v R3-RSB-4 | E;Azrrizrrabzands
g Fillet —BAMF RS0 -1.4(-) R4"ROSSG8 — p
oL r | |- -BAMF RSA pred. ' X (in) '
R - g - —BAMF RSA meas.
A Vert. leg - -BAMF RSB pred.
| ‘ —BAMF RSB meas.
0 5 10 15
Cycles (CA) «10%

Renan Ribeiro, Michael Hill, UC Davis Note: crack length estimated from photography. 27
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UCDAVIS
Crack length vs cycles

ACrack length ﬁztmeasured along web from camera 2 defined as length from
corner of holeto crack tip

Al AYSIFENI aS3aYSyid o0dzld 42 nompéov GKSy | ND
Aa\f starts when crack grows all the way through bore and reaches other side

A R2—RSGZ had 2 notches, sq,astarts at O cycles
Aa,, starts earlier in RSA and RSB samples compared to RS0

Camera 2

From both cameras

> R2-RS0-3 0|
R2-RS0-4 02 i
R4-RS0-5 o h ([ A,
R4-RS0-8 Rl v
R2-RSA-1 -0.6 Notch
g R7-RSA-2
g v @ ] R3-RSA-4
g R4-RSB-1 -1
¥

gHOI‘IZ Ieg —Sample outline|
,,,,,,,,,,,,,,,,,,, 2 R7-RSB-2 4.2 + Camera 1

L

y (in)

X x < > <& e D

O o v R3-RSB-4 + Camera 2

a Fillet —BAMF RSO 14 R4..RSG8 * Marker bands
- -BAMF RSA pred. 0 o (in; 15
- —BAMF RSA meas.

Vert.leg | |~ ~BAMF RSB pred.
—BAMF RSB meas.

5 10 15
Cycles (CA) «10%

Renan Ribeiro, Michael Hill, UC Davis Note: crack length estimated from photography. 28



UCDAVIS
Crack length vs cycles

ACrack length ameasured along bore from camera 1 defined
as length from corner of hole to crack tip

Aa, T nodmpé 6KSY ONI O]l GALI NBI OKSR
AMore scatter in RSO and RSB conditions than RSA

Along bore, camera 1

0.16 \ w From both cameras
Endo.rbore#****g*m e ke i > R2-RS0-3 ’
777777777777777777777777777777 " y/Adh i o R2-RS0-4 0.2
0.14 * R4-RS0-5 v\\ /'
c o R4-RS0-8 0.4 -
- - - G
=012 A R2-RSA-1 _-06
© v R7-RSA-2 S
:g, « R3-RSA-4 e
c 0.1 x R4-RSB-1 -1 — i
(D) Sample outline
; A R7-RSB-2 12 - Camera 1
o i 1 | v R3-RSB-4 ' - Camera 2
g 0.08 — BAMF RSO 14 R4._RSG8 = Marker bands
- -BAMF RSA pred. 0 o (in; 15
0.06 ¢ | |—BAMF RSA meas.
B - -BAMF RSB pred.
0.04% —BAMF RSB meas.

4 5
Cycles (CA) «10%

Renan Ribeiro, Michael Hill, UC Davis Note: crack length estimated from photography. 29



Crack length vs cycles

ACrack length @ ,,and g, ,,measured

7
along web from cameras 1 and 2 anc _ s

defined as length from corner of hole <

-0.2

From both cameras

-0.4

“\\

/

awl,oELr

Tawzop

—Sample outline
* Camera 1
« Camera 2
* Marker bands

crack tip, opposite side >'O_'Ti
ACrack appears on opposite side of

vertical web after about 50k cycles fc R4ARS0OS

RSA and RSB, and 85k cycles for R¢ ™, o

Along web 1, opposite side, camera 1

1 1.5

X (in)

Along web 2, opposite side, camera 2

0.7 0.7
> R2-RS0-3 > R2-RS0-3
0.6 = R2-RS0-4 a 0.6 @ R2-RS0-4 A
£ * R4-RS0-5 £ * R4-RS0-5 “
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Character of Fracture (RSO condltlon) A

APlanar growth for most of test
A Nucleation and growth in-T

ANear test end, change in mode
A To shear mode in-T (vertical flange)

A To bifurcation in 1S (4/5 tests show
this behavior)

Renan Ribeiro, Michael Hill, UC Davis



