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Background

¢ The A-10 ASIP team has recently focused on characterizing Fatigue Crack
Growth Rate (FCGR) properties in different orientations with the specific
emphasis of corner crack growth at a hole. Historically, A-10 comparisons of
predictions versus test corner crack growth aspect ratios have resulted in
distinct differences. These differences were also evident in recent Round
Robin efforts by the AFGROW and ERSI working groups.

¢ Initial investigations into characterizing multi-direction FCGR properties have
proven promising, however, FGCR data is limited at this point

¢ The A-10 ASIP team has funded a specific task with Hill Engineering, with
support from LexTech, to develop multi-direction FCGR material property
capability within AFGROW and the Broad Application for Modeling Failure
(BAMF), a multi-point fatigue crack growth tool
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s
Approach

¢ Review available multi-direction FCGR data

¢ Develop and evaluate interpolation approaches
¢ Incorporate updates into BAMF

¢ Incorporate updates into AFGROW

¢ Complete test case predictions for defined conditions
U AFGROW and ERSI round robin cases
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FCGR Test Data, Al 2024-T351, R=0.1
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FCGR Test Data, Al 2024-T351, R=0.5
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FCGR Test Data, Al 2024-T3511, R =0.1
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FCGR Test Data, Al 7075, R=0.1
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FCGR Test Data1 General Observations

¢ Some consistent trends for three separate aluminum alloys
0 1E-97 1E-7 e
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AFGROW/BAMF Implementation

¢ Approach

[l Investigate interpolation routines to incorporate FCGR data from multiple orientations

Incorporate routines into AFGROW

Incorporate capability in BAMF to define orientations in models and pass orientation angles to AFGROW
Exercise several case studies to investigate initial approach

u
i
i
i

¢ Interpolation investigations
U No clear path based on available FCGR data
U Initially T keep it simple within the general framework of AFGROW
0 Initial case studies may result in changes to interpolation routine moving forward

We' e reeninke esave aol. n g a
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AFGROW Implementation

¢ Approach
0 Up to 2 material directions allowed

U Defined angle will determine interpolation routine:
A 90 degrees - interpolates from c-direction to a-direction over 90 degrees
A Interpolation between L-T and L-S
A 45 degrees - interpolates from c-direction to a-direction over 45 degrees
A Interpolation between L-T and L-TS, assumes L-TS and L-S are the same
A 0 degrees-uses a-direction data for all data points
A L-S only
A No interpolation uses c-direction data for all data points
A L-T only

¢ Functions for interaction (Angle in Degrees)

U ISPredictManage.SetCrackDirectionParameter("Crack " & k, "P" & i, "direction_type",
Afgrow.CrackDirection.BetweenDirection)

U ISPredictManage.SetCrackDirectionParameter("Crack " & k, "P" & i, "angle", Mat_Dir_Angle(0, k, 1))
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AFGROW Implementation

Materials *
=) Material List
: Material name: | Materal
i General
=- DataSet Description: | paterial Description
i C Direction
L. A Direction

Interpolation transition angle:lﬂ

Material properties crack direction dependent
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AFGROW Implementation

IMaterials Materials
B I'\-:'Iaterial List @ Input values of Delta_K for da/dN values and up to 10 different Ristress B I'\-:'Iaterial List @ Input values of Delta_K for da/dN values and up to 10 different Ristress ratio) values. Matrix must have at least two R values and two
- General da/dN values. Input Delta_Kfor R »= 0, input Kmax for R < 0.0 - General da/dN values. Input Delta_Kfor R »= 0, input Kmax for R < 0.0
- Data Set - Data Set
{_C Direction Name: AL 2024-T351 {C Direction MName: AL 2024-T351
A Direction Number of da/dn Sets: 27 Mumber of R Sets: |1 (Bt Number of da/dn Sets: 27 Mumber of R Sets: |1 :
R[ 1] @ Uktimate Strength: 66
' Young's Modulus: | 10700
_ da/dN[1] | 1.00e-009 _ da/dN[1] | 1.00e-009 _  roaon
da/dM[2] | 4.00e-009 293 da/dN[2] | 4.00e-009 Lprrrelrs B I
da/dM[3] | 1.10e-008 3.05 da/dN[3] | 1.10e-008 Poisson’s Ratio: |0.33
E da/dM[4] 2.00e-008 313 da/dM[4] 2.00e-008 Upper limit on da/dN, DADNHI: 0.1
dM[3 4.00e-008 3.35 dM[5 4.00e-008
da/dN[3] £ da/dN[3] £ Lower limit on da/dN, DADNLO: | 1e-008
da/dN[6] | 8.00e-008 | 3.69 da/dN[6] | 2.00e-008
da/dN[T] 1.10e-007 4 da/dN[T] 1.10e-007 Plane Stress Fracture Toughness, KC: |80
da/dMN[8] 1.50e-007 4.53 da/dN[8] 1.50e-007 Plane Strain Fracture Toughness, KIC: |32
dafdNI] || 1.80=-007 318 da/dN[9] | 1.80e-007 Detta K threshold value @R=0: |2.95
da/dN[10] | 2.30e-007 5.8 da/dN[10] | 2.30e-007
da/dN[11] | 3.00e-007 | 63 da/dN[11] | 32.00e-007 Yield Strength. YLD : |50
dafdN[12] | 4.00e-007 6.6 dafdN[12] | 4.00e-007 Lower limit on R shift (Max: 0): |-0.2
da/dN[13] | 6.00e-007 69 da/dN[13] | 6.00e-007 Upper limit on R shit (0. 1): |0.85
da/dM[14] 1.00e-006 72 da/dM[14] 1.00e-006
da/dM[15] 1.530e-006 76 da/dM[13] 1.530e-006
dafdN[16] | 2.50e-006 82 da/dN[16] | 2.50e-006
ok || cancel || My || Add |[ ok || cancel || mpy || Add || Deete |[ Read || Save ||
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BAMF Implementation

¢ Approach

U Definition of material orientations on solid model
A This is based on the local nucleation system of the crack
A If the c-direction is the x-direction on the local nucleation system no value needs to be defined

0 Angle is based on angle used for growth direction

0 Functions for interaction (angles in degrees)
A ISPredictManage.SetCrackDirectionParameter("Crack " & k, "P" & i, "angle", Mat_Dir_Angle(0, k, i))

LT LS
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Round Robin for Cx Holes
¢ Conditions 1 and 3

Hole
Benchmark Thickness| Width Diameter Hole Edge Max Stress
Condition #| Material Specimen Type (in) {in) (in) Margin Loading (ksi)

1 Mon-CX Baseline 10
4.0

2024-T351 CX 0.25 4.00 0.50 A 25

2
3 Mon-CX Baseline (R=0.1) 10
4

1.2
CX 25

0020 x 0020 EEM(See Detail)

¢ Input Data /ﬂﬁ;m
U G eo m etry 2&)0 <1> ROLLING DARECTION, / I\ EDM _l_—-ir’wuzo

E 0.020

Initial flaw size, shape, location, and orientation L I

I DRILLED HOLE

N

Material properties - o00 | o
Loading spectrum ] |

(Gu-R an-E e e e

. SPECIMEN SPECIMEN
‘ O n St ral ntS TYPE MATERIAL | QUANTITY | THICKNESS IDENTIFICATION
A 2024.T351 3 0.250 NONCX2024.X (1 TO 3)
ReSIdual StreSS CO ntour results <1> ROLLING DIRECTION IS CRITICAL FOR ALL SPECIMENS
<25 ALL SPECIMENS OF SAME MATERIAL TYPE SHOULD COME .
ROV SAME P NAME ;
FROM THE SAME PLATE T
<3> DEBURR AND POLISH EDGES OF SPECIMEN, DONOT CHAMFER (‘Jli‘\!ti{{ila!il -"{L "“::'\” TS
OR RADIUS EDGE OF HOLE. POLISH AREA AROUND HOLE. FINIE SFETARLE NON-CX SPECIMEN
UNLESS OTHERWISE SPECIFIED _[SIZE DWG NO
<4> STEEL STAMP SPECIMEN 1D ON BOTH ENDS DIMENSIONS ARE IN INGHES B
TOLERANCES ARE: X.XX = £0.01
XXX = 20003, XXXXX = 20,0014 | SCALE |\lH(JH| SHET 1CF1
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Round Robin for Cx Holes

C 2024-T351 Fits for An alyseS 2024-T351: L-T, L-S, and L-TS, R = 0.1

U Right or wrong, the a-direction fit was hybrid of L-S 1602 .
and L-TS data

U The c-direction fit was based on L-T data
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L
ERSI Condition 1-Test Case
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Case #l-cvs.N
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ERSI Condition 1-Test Case

Case #1 -da/dN vs. a

Case #1 -dc/dN vs. ¢
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ERSI Condition 1-Test Case

Case #1 - afc vs. aft
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ERSI Condition 1-Test Case

¢ Range of FCGR Exercised 2024-T351: LT, LS, and L-TS, R = 0.1
0 c-direction o °
A 6.2 8.71 20 ksi-root-inch
U a-direction
A 7.17 12 ksi-root-inch

1.E-03

CCE-1c-tip

CC E-2 c-tip

CCE-3 c-tip

CcT-7

CT-11

CT-13

2005CT

MT-1

MT-2

2005 MT

ESE(T)-1

ESE(T)-2

ESE(T)-3

CCE-1 a-tip

CC E-2 a-tip

CCE-3 a-tip
2024-T351-1TS5-1
2024-T351-1TS-2
2024-T351-LTS-3
NCX2024-3 (a)
NCX2024-4 (a)
OFF-NCX2024-1 (a)
OFF-NCX2024-2 (a)
OFF-NCX2024-3 (a)
OFF-NCX2024-4 (a)
m—— -direction Fit

1.E-04

1.E-05

1.E-06

Crack Growth Rate (in./cycle)

1.E-07

1.E-08

O XPoDO®O®® XXX 11 1+ p»pprprppiooOn

1.E-09

AK (ksivin)

= 3-direction Fit

© 2019 Hill Engineering, LLC
hill-engineering.com

ENGINEERING 19

Predict. Test. Perform.



ERSI Condition 3-Test Case

Case #3-avs. N Case #3-cvs.N
0.30 0.4
] 035 1
0.25
0.3 |
0.20 1
] 0.25 A
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—Submission 5 0.15 -
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——0 Degree Interpolation ——0 Degree Interpolation
o5 +—7"r8iniin——1Ho-—»—""—+7"¢7-"- - -—"-+—"-+—"-"7-———""—"7"—+—"-r—r———r—r 0.05 e e e L e e e e e e
0 20000 40000 60000 80000 100000 120000 140000 0 20000 40000 60000 80000 100000 120000 140000 160000
N (cycles) N (cycles)
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ERSI Condition 3-Test Case

Case #3 -da/dN vs. a

Case #3 -dc/dN vs. ¢

LOOE03 7 5FFNCX 20241 T ornoczoaan
OFF-NCX 2024-2 OFF-NCX 2024-2
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ERSI Condition 3-Test Case

Case #3 - afc vs. aft
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ERSI Condition 3-Test Case

¢ Range of FCGR Exercised 2024-T351: LT, L-S, and L-TS, R = 0.1
U c-direction o
A 6.81 10.57 20 ksi-root-inch
0 a-direction
A 7.81 14 ksi-root-inch
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2005 CT

MT-1

MT-2

2005 MT

ESE(T)-1

ESE(T)-2

ESE(T)-3

CCE-1 a-tip

CCE-2 a-tip

CCE-3 a-tip
2024-T351-LTS-1
2024-T351-LTS-2
2024-T351-1LTS-3
NCX2024-3 (a)
NCX2024-4 (a)
OFF-NCX2024-1 (a)
OFF-NCX2024-2 (a)
OFF-NCX2024-3 (a)
OFF-NCX2024-4 (a)
e c-dlirection Fit
e 3-dlirection Fit

1E-04

1.E-05

1.E-06

Crack Growth Rate (in./cycle)

1.E-07

1.E-08

1.E-09

O XPOoDODO®®® XXX 11 1 eeep»pprprprprioOon

1 10
AK (ksivin)
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AFGROW Round Robin
¢ 7075-T651 Fits for Analyses 7075-T651: LT, S, LTS, R=0.1

0 Right or wrong, the a-direction fit was hybrid of L-S and
L-TS data eecamn

0 The c-direction fit was based on L-T data except upper ‘st
rates above 1E-6 were adjusted based on data from veos || - nase 5'.
APES presented during AFGROW RR s L

4 CCE-4c-tip L
1.E-04 -
u 7075-T651-LTS-1 - 4
uF, 4
® 7075-T651-LTS-2 .
* 7075-T651-LTS-3 ¥ -
1.E-05 —L-TFit

—L-S Fit

Crack Growth Rate (in./cycle)

1.E-06
1.E-07
8
1.6-08 -
:
¢
1
1.E-09 -
1 10 100
AK (ksi-root-inch)
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S
AFGROW RR Case 1

PC-CX7075-1 a-tip, avs. N PC-CX7075-1 c-tip, cvs. N
0.30 2.0
1 ® AFGROW RR Test Data ] ® AFGROW RR Test Data
—No Interpolation LT 18 ' —No Interpolation LT
0.25 a0 Degree |nterp0|ati0n 16 E 20 Degree |n‘terp0|ati0n
——45 Degree Interpolation ——A45 Degree Interpolation
1 ——Case 1 RR Original ] ——~Case 1 RR Original
0.20
L]
[ ]
£ 0.15
©
0.10
0.05
0.00 T T . : . T . . . . . . . . . . . 0.0 T T T T T T T T T T T T T T T T T T T
0 20000 40000 60000 80000 100000 120000 0 20000 40000 60000 80000 100000 120000
N (cycles) N (cycles)
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AFGROW RR Case 1

PC-CX7075-1 da/dN vs. a PC-CX7075-1 dc/dN vs. ¢
1.00E-04 - 1.00E-02 7
1.00E-03 1
1.00E-05 |
S 151.00504 1
g ! & 5
£ £ ]
= = 1
3 ( 5
3 S 1.00E-05 4
1.00E-06 A ]
» AFGROW RR Test Data | » AFGROW RR Test Data
1.00E-06 1 _
——No Interpolation LT ] ——No Interpolation LT
90 Degree Interpolation ] 90 Degree Interpolation
1.00E-07 — ——— —r—— e —— 45 degree interpolation | ] ——45 Degree Interpolation
b 1.00te07 +—/—m/—mmm™m—rm————— 77— T 1T T T T -
0.00 0.05 0.10 ao(:.'.?) 0.4 ——Case 1RR Original 0.30 0.0 0.2 04 0.6 08 ——Case 1 RR Orlglna|
¢ (in)
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AFGROW RR Case 1

PC-CX7075-1 a/c vs. aft

0.25

¥ (inch)

0.15

010

~

R

1.6 X
] 0.05 "\
0.00 Q
0.00 0.10 0.20 0.30 0.40 0.50
X (inch)
151 AFGROW Case #1 - No Interpolation
® 025
°
0.2
1.4 4 < o
0.1
¢ : ¢ mw
. h
~ 1.3 41 0 02 04 08 08 1 12
© x
AFGROW Case #1 - 90 Deg Interpolation
025
1.2 4 02
] * AFGROW RR Test Data
1.1 i 0.05
| —No Interpolation LT .
o 02 0.4 06 08 1 12
90 Degree Interpolation *
. AFGROW Case #1 - 45 Deg Interpolation
1 44—t ——45 Degree Interpolation |-— oz
0.0 0.1 0.2 0.3 0.4 0.5 0.6 Case 1 RR Original 1.0 02
a/t 015
g 01 \
)
o 02 04 06 08 1 12
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© 2019 Hill Engineering, LLC
ENGINEERING 27

Predict. Test. Perform.

hill-engineering.com



AFGROW RR Case 1

C Range of FCGR Exercised 7075-T651: L-T, L-S, L-TS, R = 0.1

e | N N 1.E-01
U C'd|reCt|On + CCE-1a-tip
. . - . = CCE-2a-tip
A 6.471 11.57 20 ksi-root-inch  Cceaatip :
1.E-02
. . - *« NASE
U a-direction - nas
- NAS)
A 6.87 14.0 ksi-root-inch veos || - st .
¢ CCE-1c-tip
= CCE-2c-tip
%‘ 1E04 4 CCE-4c-tip
a‘ m 7075-T651-LTS-1
E m 7075-T651-LTS-2
3 e 7075-T651-LTS-3
& 1E05 —L-TFit
£
2 —|-S Fit
o
(U]
=
© 1E06
(W]
1.E-07
1.E-08
1.E-09
1 10 100

AK (ksi-root-inch)
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S
AFGROW RR Case 4

OFF-PC-CX7075-1 a-tip, avs. N OFF-PC-CX7075-1 c-tip, cvs. N
0.30 0.40
] 035
0.25 A
] / 0.30
0.20 A
] 0.25 -
? B —
= 0.15 A1 éo_zo i
© 1 (5]
040 | 0.15 1
] @ AFGROW RR Test Data
] ® AFGROW RR Test Data
i ——No Interpolation 0.10
_ ) ] ——45 Degree Interpolation
0.05 - ——45 Degree Interpolation
r 90 Degree Interpolation
i 90 Degree Interpolation 0.05 1
j ’ ——No Interpolation
_ ——Case 4 RR Original s
0.00 —— — ——Case 4 RR Original
0 5000 10000 15000 20000 25000 30000 w7 T T T T T
0 5000 10000 15000 20000 25000 30000 35000
N (cycles)
N (cycles)

K2
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AFGROW RR Case 4

OFF-PC-CX7075-1 da/dN vs. a OFF-PC-CX7075-1 dc/dN vs. ¢
1.00E-03 - 1.00E-03 -
] | ®* AFGROW RR Test Data ]| » AFGROW RR Test Data
——45 Degree Interpolation 1| —45 Degree Interpolation
90 Degree Interpolation 90 Degree Interpolation
——No Interopolation 1| —No Interpolation
1.00E-04 4 |—Case 4 RR Original 1.00E-04 4| —Case 4 RR Original
- ] - ]
o 2
=3 >
< <
£ £
3 g
) 3
° -
1.00E-05 - 1.00E-05
1.00E-06 T T T T 100E06 +—+—7F——7FT T T T T T T T T T T T T T T T T T T T T T T T T —
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
a(in.) ¢ (in)
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AFGROW RR Case 4

OFF-PC-CX7075-1 a/fc vs. aft

AFGROW Case #4 - No Interpolation

0.25
0.2
1.60 0.15
] >
: 0.1
1.40 1 ‘m 005 \
] s !
1.20 1 . _
] ° 2 AFGROW Case #4 - 90 Deg Interpolation
E £ \\_ \ 0.25
1.00 -+ £ 0.20
4 5= i \ 0.2
L N e NANEER
~~ 0.80 -1 0.15
0.1
0.60 1 0.05 _f:\\ \ \ x 0.05
» AFGROW RR Test Data &X} ) } } j
] 0.00 - 0
0.40 1 ——45 Degree Interpolation .
_ 0.00 0.10 0.20 0.30 AFGROW Case #4 - 45 Deg Interpolation
] 90 Degree Interpolation X (inch) 025
0.20 1 ——No Interpolation o
1 ——~Case 4 RR Original
0.00 —T—— T 7T T T T T T T T T T T T T T T T T T T T T T 0.15
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 >
aft
0.05
0
000 0.05 010 0.15 0.20 0.25 030 035 040 045 0.50
4 2 HiLL
k=2 < . . .
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AFGROW RR Case 4

C Range of FCGR Exercised 7075-T651: L-T, LS, L-TS, R = 0.1
0 c-direction

= CCE-2 a-tip

A 6.67 13.27 20 ksi-root-inch et
i a-direction et

A 757 16.0 ksi-root-inch veos || - wast

¢ CCE-1lc-tip

= CCE-2c-tip
4 CCE-4c-tip
= 7075-T651-LTS-1

1.E-04

= 7075-T651-LTs-2
* 7075-T651-LTS-3
1.E-05 —L-T Fit

—L-5Fit

Crack Growth Rate (in./cycle)

1.E-06

1.E-07

1.E-08

1.E-09

AK (ksi-root-inch)
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Summary and Conclusions

Cc Some subtle trends in FCGR data for various material directions
0 Still murky at this point

¢ Utilization of multi-directional material properties successfully
iIncorporated into AFGROW/BAMF

¢ Predicted aspect ratio behavior improved with multi-directional
capability

¢ Prediction sensitivity for different interpolation approaches varied
across test cases

¢ Initial foundation set to evaluate new capability
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Moving Forward

¢ Continue to develop/evaluate test data for different crack scenarios

¢ Investigate variations in interpolation approach
U Interpolation routine and angle

¢ Investigate predicted behavior with residual stress

4 N
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Thoughts?
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4
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Crack Aspect Ratio Investigation

Analytical Methods Subcommittee: Round Robin for Cx Holes

4 N AFGROW Workshop 2018
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Round Robin for Cx Holes

C Purpose
U ldentify the random and systematic uncertainties associated with DTAs that incorporate residual
stresses produced by Cx of fastener holes
0 Many factors influencing the total uncertainty have been discussed and are currently under
investigation by various members of the ERSI team

U 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)

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

U 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 i n the predictions wil/l be | i mite

¢ Main Focus T understand analyst-to-analyst prediction variability
given fixed input data

4 N
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Round Robin for Cx Holes

¢ Conditions

Hole
Benchmark Thickness| Width Diameter Hole Edge Max Stress
Condition #| Material Specimen Type (in) (in) (in) Margin Loading (ksi)

1 Mon-CX Baseline 10
4.0

2024-1351 CX 0.25 4.00 0.50 A 2

2
3 Mon-CX Baseline (R=0.1) 10
a

1.2
CX 25

—0 474 Thru
477

¢ Input Data / e

: ey
U Geometry o ’ " TF::I

' | DRILLEDHOLE

N

Initial flaw size, shape, location, and orientation | 500 | e
Material properties 20
Loading spectrum i e e
Constraints

<2> ALL SPECIMENS OF SAME MATERIAL TYPE SHOULD COME :
FROM THE SAME PLATE S NAME IDATE
AWN

[ent-E et e an N e

|
- >
Resldual Stress CO ntour resu Its <3> DEBURR AND POLISH EDGES OF SPECIMEN, DONOT CHAMFER (\}Il"lﬁ';:%] ""L 'lut:!l TiTE
OR RADIUS EDGE OF HOLE. POLISH AREA AROUND HOLE. SR TE AR NONCX SPECIMEN
; UNLESS OTHERWISE SPECIFIED  [SIZE| DWGNO
<4> STEEL STAMP SPECIMEN 1D ON BOTH ENDS e e
TOLERANCES ARE: XXX =001
X XXX = £0,003, X.XXNX = 20,0014 [SCALE_|WEIGHT | b 1G° 1
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Crack Aspect Ratio Comparisons

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-NCX2024-4
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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Overview - Crack Aspect Ratio Investigation

¢ Significant crack aspect ratio differences observed (predicted vs.
test)

¢ Recent investigations w/ AFGROW Round Robin results indicate
rate differences as a function of material orientation

¢ Retrodiction of crack growth rate data in (a) and (c) directions
Investigated to understand differences

¢ Updated rate data generated for both orientations and predictions
recalculated for baseline non-Cx conditions

¢ Revisit previous a/c studies to investigate updated rate data
applicability

4 N
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FCGR Data Comparisons

da/dN

1.0E-01

1.0E-02

1.0E-03

1.0E-04

1.0E-05

1.0E-06

1.0E-07

1.0E-08

1.0E-09

L-T Data and Fit

A

A

MT-8
MT-10
MT-4
MT-5

© MT-7

CT-2

- CcT-a

CT-1

CT-5

CT-6
CC2024-1
CC2024-2
2024-1
2024-2

——Curve Fit

10
AK

100

Crack Growth Rate (in/cycle)

1.00E-01

1.00E-02

1.00E-03

1.00E-04

1.00E-05

1.00E-06

1.00E-07

1.00E-08

1.00E-09

noncx2024-3 (c)
noncx2024-3 (a)
noncx2024-4 (c)
nonex2024-4 (a)
off-ncx2024-1 (c)
off-ncx2024-1 (a)
off-ncx2024-2 (c)
off-ncx2024-2 (a)

off-ncx2024-3 ()

X X H BB »F > & & 0 0

off-ncx2024-3 (a)
X off-ncx2024-4 (c)
¥ off-ncx2024-4 (a)

—#=—Curve Fit (c)

=@ Curve Fit (a)

a-direction
c-direction

Inverse Calculated FCGR Data

10 100
Delta K (ksi-root-inch)
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FCGR Data Comparisons

da/dN

1.0E-01

1.0E-02

1.0E-03

1.0E-04

1.0E-05

1.0E-06

1.0E-07

1.0E-08

1.0E-09

4

MT-8
MT-10
MT-4
MT-5
MT-7

CT-2

- CT-4

A

A

—+—c-direction

—@-a-direction

CT-1
CT-5
CT-6

CC2024-1
CC2024-2
2024-1
2024-2

o
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Round Robin for Cx Holes T Case #1

4 N
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Round Robin for Cx Holes T Case #1

C Non-Cx Centered Hole

Case #1
Key Modeling Factors
Software Crack Definition Material Model
# of Points
Defining Crack|  Stress Intensity Material Negative R| Growth
Submission #|  Lifing Software FE Software | Crack Front Shapg Front Calculation Model R shift Behavior | Increment Other
1 CPAT StressCheck Multi-Point 30 Contour Integral Tabular linear log- Rlo, Kmax 2%
Method log
2 CPAT StressCheck |  Multi-Point 20 ContourIntegral | . o | N€arIog- | oy kmax| 0.5-2.0%
Method log
3 AFGROW N/A Elliptical 2 Standard, Classic | o o0 | Harter-T | Rlo, kmax| &Y€ %Y
Newman/Raju cycle
Elliptical NASGRO CCO08/TC
4a NASGRO N/A Straight Thru 2 univariant WE Tabular 10 cycles Beta R
Elliptical NASGRO CC16/TC
4ab NASGRO N/A Straight Thru 2 Fawaz/Anderson Tabular 10 cycles Beta R
Elliptical NASGRO CC10/TC
4c NASGRO N/A Straight Thru 2 bivariant WF Tabular 10 cycles Beta R
Elliptical NASGRO CCO08/TC| NASGRO
4d NASGRO NIA Straight Thru 2 univariant WF Equation 10 cycles Beta R
Elliptical NASGRO CC16/TC{ NASGRO
de NASGRO N/A Straight Thru 2 Fawaz/Anderson | Equation 10 cycles Beta R
Elliptical NASGRO CC10/TC| NASGRO
Af NASGRO NIA Straight Thru 2 bivariant WF Equation 10 cycles Beta R
5 AFGROW-BAMF|  StressCheck Multi-Point 11 Con;;;LLn;egral Tabular | Harter-T | Rlo, Kmax| 3%
Elliptical Standard, Classic 0
6 AFGROW N/A Straight Thru 2 Newman/Raju Tabular Harter-T | Rlo, Kmax 5%
7 CPAT StressCheck |  Multi-Point 15 CO”;/‘I’;LL”;egra' Tabular | Harter-T | Rlo, Kmax| 5%
8 AFGROW N/A Elliptical 2 Standard, Classic | 1. 1o | Harter-T | Rio, kmax| <€ Y
Straight Thru Newman/Raju cycle
L 9 HILL
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Round Robin for Cx Holes i Case #1
C Non-Cx Centered Hole

Relook 1 2D
ERSI Submissions Material Properties
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