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Introduction

" Fatigue crack growth rates
— As incorporated into AFGROW
— As tested
— ASTM E647

* Current requirements
* Upcoming changes
* Corner crack growth rate testing
— Motivation
— Description

— Results
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Growth rates in AFGROW

Crack Growth Rate Data

. . 1e-001
" Five options
— Forman equation 002
— Harter-T method
— NASGRO (v3.0) equation s
— Tabular lookup
— Walker equation o
o
* Can develop smooth fit to data
1e-005 7
. . . f . of o %
Tabular input gives most flexibility and £
R . . 1e-006
accuracy with non-sigmoidal data
Tabular LOOKUP Data X
@Input wvalues of Delta_K for da/d values and up to 10 different R (stress ratio] values. 1e-007
Matriz must have at least two B values and two da/dM values
Input Delta_K for B »>= 0, input kkmax for B < 0.0
Mumber of da/dn Sets:| 27 E|: Number of B Sets: |2 E|:
R[ 2] ~
@ 0.6 1e-008
By da/dN[1]| 1.00e-009 1.38
J da/dN[2] | 3.00e-009 | 2.636 1.408
da/dN[3] | 1.00e-008 | 2673 1.503
da/dN[4] | 2.00e-008 | 2.685 1.66
AaldhIIS] | A Ne.nng 2770 1807 v 1e-009
Material name: [User defined data
Ulimate Strength: |66 Yaung's Modulus: 10500
Coefficient of Thermal Expansion: |1.25e-005 Poisson's Ratio: |0.33
Upper limit on da/dN. DADNHI: |0.00 Laower limit on dasdM. DADNLO: |1e-009 1e-010
Plane Stress Fracture Toughness, KT |B2.777 Yield Skength, YLD @ |47 0.1 1 10 100
Plane Strain Fracture Toughness, KIC: |35 Lawer limit an R shift (Maw 0] |-0.3 AK
Delta K threshald value @R=0; |2.831 Upper limit on B shift [ 0, 1): 0,63 Note: For R < 0.0. Kmax is used instead of Delta K
oK Cancel ‘ Save | Read | Apply |
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Growth rates as tested

= Test data can often be less smooth and therefore difficult to fit

" Variability when testing multiple specimens
— Sometimes caused by residual stresses, crack branching, etc.

— At lower growth rates and stress ratios, often crack closure

— Plasticity induced — load history
— Roughness induced — crack geometry and material microstructure

102 102
7175-T74 2024-T351
L-T
L-T Hoa - . — o
103 | ESE(T): W = 2-in, ES 10° 3 C(T): W =2in.
B=0.25-in. ) M(T): W=4in.
Lab Air, RT =
f=10Hz 10 4 .
104 ® CT-1(C=-17in");R=0.1
o CT-1(C=-14in");R=0.1
o 105 | ®  CT-2 (constant amp); R=0.1
<@ o 4 CT-3 (comp-comp precrack); R=0.1
e 105 > o CT-4 (constant amp); R=0.1
L L ¢ CT-5 (constant amp); R=0.8
£ £ 106 4 *  MT-1(C=-13in™);R=0.1
z =z MT-1(C=-11in"); R=0.1
= 10° % & CT-6(C=-17in");R=0.1
8 - 107 4 4 CT-6(C=-14in");R=0.1
v CT-7 (comp-comp precrack): R=0.1
107 | *  MT-2(C=-13in");R=0.1
10 | MT-2 (C=-11in"); R=0.1
MT-3 (C=-1.3in™); R=0.8
MT-3 (C=-1.1in™); R=0.8
108 o MT-4 (C=-1.3in™); R=0.8
107 4 R « MT-4(C=-1.1in"); R=0.8
e CT-8 (comp-comp precrack); R=0.8
109 T T 1010 —— T — !
1 10 100 1 10 100
AK, ksinin. AK, ksivin
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ASTM E647

» Standard Test Method for Measurement of Fatigue Crack
Growth Rates

— Specimen configuration
— Test procedure
— Calculation of growth rates

— Reporting requirements
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ASTM E647

» Standard Test Method for Measurement of Fatigue Crack

Growth Rates

— Specimen configuration

* Any specimen type is allowed if the K solution is known

— “Specimen configurations other than those contained in this
method may be used provided that well-established stress-
intensity factor calibrations are available”

* Three specimens are defined:

— Eccentrically-loaded single edge crack tension: ESE(T)
— Middle tension: M(T)

— Compact: C(T)

ity
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ASTM E647

» Standard Test Method for Measurement of Fatigue Crack
Growth Rates

— Specimen configuration

— Test procedure
* Number of tests
* Precracking method
* Application of load
— Constant force-amplitude or K-control for rates above 108
m/cycle
— K-decreasing for rates below 108 m/cycle (near-threshold)

» Rate of load shedding is limited to prevent load history
effects on growth rates (crack growth retardation)

C = ; ax 0.08 — 2 in.”!
— E . E = . min ( 111. )
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ASTM E647

* Upcoming changes to near-threshold procedures

— K-decreasing procedure being moved to an appendix

* Consistency with compression precracking procedure, which is
currently in an appendix

— Load shedding gradient changing from C to a new unitless

parameter: | |
Experimental and Computational Results
2 for Decreasing AK K-gradient Testing
Km
—{f( rm") < 0.1 2.0
Tya .
Ivs Roughness/oxide | history effect,
18+ dominated region T
A
no history effect |
16 | < 1 v
A
Ath /AKth,baseline T R:ggeﬁlf |
or 14l est Pro Tco
S op/Smax | Sop/Smaxibase) ( L \u
12 o I A
6 ° ao,m '
o ——— — — . E‘_ & \__, AR
1.0 o° o? Boia By z%v o
_____ 0_._ﬁ___._ P —
o |
0.8 . |
0.001 0.01 0.1 1 10
2
C (I‘(max‘I / Gy)

(Ref: ASTM E08.06.06 meeting minutes, November 15, 2016
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Motivation for corner crack testing

= Ability to gather L-T and L-S growth rate data in one test

* The standard specimens used for crack growth rate testlng are
all one-dimensional through cracks

— The majority of analysis life is as corner crack

* When loading history is properly accounted for (minimizing
plasticity induced crack closure), roughness induced closure
dominates at low AK

— Closure effect is smaller for radial crack versus linear crack

(bulk material constraint) Linear versus Radial Crack
i Remote Closure Influence
‘ note: a and
| b are radius
‘ o for radial
b crack
Ky=p r 2 linear crack
-= dial k
(Ref: ASTM E08.06.06 meeting minutes, November 15, 2016 K f F - b) reddlae
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Description of corner crack testing

= All procedures follow E647, with two non-standard specimens

= DESCRITION [ ow.or | owe | werov = DESCRITION [ owe.or | owe | seerove
[ 1 [CREATE DRAWING [ JFeiger | [ o0 [ 1 [CREATE DRAWING [ J Feiger | 000
R20 \
\ —~| 0 R
17 ’— 9.250
1750 125 A [
1 r— 0.02x0.02 EDM corner notchc L \ ‘
0.0240.02 EDM comer notch
[ 280 % i 200
l 56 T ‘ ‘
—— 2200 —| i
3.200 §~
—| [ 0375
4200 10
Materials: 6.400
—2024-T351

2024-T351-FCOR-E~1
2024-T351-FCOR-E-2
2024-T351-FCGR-E-3

MATERIAL

Materials:

=2024-T3511
2024-T3511-FCGR-E~1

v

Alum. (2 alloys)

FINISH

UNLESS OTHERWISE SPECIFIED: TNE .
INCH TOLERANCE Edge/Corner Crack Specimen
2 PLACES | 3 PLACES |ANGLES

~2024-T351
2024-1351-FCGR-CH-1
2024-T351-FCCR-CH-2
H-3

1.01

n2

MATERIAL

UNLESS OTHERWISE SPECHTED: TME K
Fr i Aum. (2 dlloys) | INCH TOLERANCES Comer Crack Hole Specimen
~1351-FCGR 2 PLACES | 3 PLACES |ANGLES
! 005 | £ Southwest Research Insitute ~2024-T3511 +01 | £005 | 4T 5 Southwest. Research Institute
2024-13511-FCGR—E-2 32 RMS WTHREAD DEPTHS ARE TO.MIN. FULL THREADS | 5220 Culbra Road 2024-T3511-FCGR-CH-1 machine THREAD DEFTHS ARE T0 M. FULL THREADS | 6220 Culebra Road
RO DR AR TO M 1 San Antonio, TX 78238 TR Do MR TO M San Antorio, T 78238
2024-T3511-FCOR-E-23 TV WD, 0 LE PRAT SIZE | PROJ. NG WG N0, | REV 2024-13511-FCGR-CH-2 YT D0 NOT SCALE PRNT SIZE | PROV. NO. VG N0, | REV
3 of each T gy | B 19657 1 1 2024-T3511-FCGR-CH-3 3 of sach RS & 1 1
seue NO SCALE [sea 1 OF 1 sone NO SCALE [sesr 1 OF 1
= R=0.] and -0.3
[ ] L]

* | oad shedding controlled by DCPD

— C=-4in’

(0.035 < -C (K

i | 0,)% < 0.097)

— Pre-test assumption of aspect ratios for a-tip K input

— Post-test correction of applied K for da/dN-AK curves
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Test results: T351 L-T and L-S,R =-0.3

2024-T351,L-Tand L-S, R=-0.3 and -0.5

1E-04
O CC-E-4ctip . .
S * Mostly consistent with M(T) data
CC-E-6c-tip
X CC-E-4a-tip
X CC-E-5a-tip
CC-E-6a-tip
1.E-05 A 2016R=-0.3
A 2016R=-05

» |-S (a-tip) data shows lower
threshold than L-T (c-tip)

— Very slightly lower than M(T)

-
m
=}
=3}

Crack Growth Rate (in./cycle)

1E-07

Edge corner L-T
1E-08
Hole corner L-T
T LT

M(T) L-T

ESE(T) LS

Edge corner L-S

+ X 1 « » o 0O

1 10 100 Hole corner L-§

Kinax (Ksivin) Lookup file
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Test results: T351 L-T and L-S,R = 0.1

2024-T351,L-Tand L-S5,R=0.1

S # = L-S (a-tip and ESE(T)) data shows
- lower threshold than L-T (c-tip,
Lo C(T),and M(T)) data
I * |-S data shows faster rates than
s |Em the AFGROW lookup file
S~ — Potential for improved accuracy
P A in corner crack aspect ratios
o ’;X O Edge corner L-T
X§< y o Hole corner L-T
% : ‘E:AO A CTLT
Jo * MT)LT
& — ESET)LS
o éﬂ "; X Edge corner L-S
1 - 10 + Hole comner LS

Lookup file
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Test results: T351 L-S,R = 0.1

2024-T351,L-5,R=0.1

1.E-05

= ESE(T)-1 ="
e - ™ Edge corner crack data shows
— ESE(M3 -
CCE-1a-tip .— =
~f lower threshold than both ESE(T)
CCE-3 a-tip . _:
B and hole corner crack
1E-06 + CCH-3a-tip +11_ _:
Lookup file #-‘
+#‘-
++ 7
s
Ax ST
— SR * 5
3 W;""* : ++++*‘ o
=< +
2 1807 i
E el o
8 x ot
(8] -
% -
=+
1608
>;’< O Edge corner L-T
X§< © Hole comer L-T
3 A CT)LT
* + + M(T)LT
¥ - ESE(TJLS
X Edge corner L-S
O i 10 + Holecorner LS
AK (ksivin)

Lookup file
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Crack Growth Rate (in./cycle)

Test results: T351 L-T,R = 0.1

1.E-05

1.E-06

1.E-07

1.E-08

1.E-09

0O CCE-1ctip

O CCE-2ctip
CCE-3 c-tip

O CCH-1lc-tip

O CCH-2c-tip
CC H-3 c-tip

A CT-7

A (T-11

A (T-13

A 2005CT

* MT-1

+* MT-2

& 2005MT

Lookup file

2024-T351,L-T,R=0.1

‘,ﬁ = Corner crack data consistent
7€ with C(T) and M(T) data

e " Edge corner crack data shows
lower threshold than hole corner
crack

:o’ O Edge corner L-T
G o
Je © Holecorner LT
: Ao A CT)LT
A
& MT)LT
do o
i - ESE(T)LS
2 o
g ® X Edge corner L-S
10 + Hole comer LS
AK (ksivin)

Lookup file
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Test results: T351 L-T,R = 0.1

2024-T351,L-T,R=0.1
1.E-06
OCCE-1c-tip

OCCE-2 c-tip

* Comparison against Keith Donald
data presented at ASTM E08.06,

November 2016

— Through crack results match
very well

0 CCE-3 c-tip
O CCH-1c-tip
O CCH-2c-tip
CC H-3c-tip
ACT-7
ACT-11
ACT-13
A 2005CT
*MT-1
1E-07 *MT-2

@ 2005 MT

— Corner crack results:

* SWRI consistent with through
crack results

Crack Growth Rate (in./cycle)

* Donald shows smaller
threshold

1.E-08

* Inconsistency caused by C?

— SwRI: -4 in"!
— Donald: -20 in"!
® * Aa range ~ 0.04”
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Test results: T3511 L-T and L-S,R =-0.3

2024-73511, L-T and L-S, R=-0.3 and -0.5

2 f * Mostly consistent with M(T) data

A

. A
CC-E-6c-tip

X CC-E-3Da-tip :

¥ CC-E-5a-tip ‘A
CC-E-6 a-tip

)
105 A 2016R=-03 f :

A 2016R=-05

ﬁ » |-S (a-tip) data shows lower
threshold than L-T (c-tip)

1.E-06

Crack Growth Rate (in./cycle)

1.E-07

Edge corner L-T
1E-08

XX OR RN

Hole corner L-T
T LT

M(T) LT

ESE(T) LS

Edge corner L-S

X
+ X 1 « » o 0O

1.E-09 o
Hole corner L-§

Lookup file
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Test results: T3511 L-T and L-S,R = 0.1

2024-T3511,L-Tand L-S5, R=0.1

.= ™ L-S (a-tip and ESE(T)) and L-T (c-
S /4 tip, C(T),and M(T)) data show
S e 2= similar threshold values
iR x;iﬁf:‘“ i — Not including one outlier
b

* Corner crack and through crack

data show lower rates than the
AFGROWY lookup file

L — Lookup file is conservative, but

1.E-07

Crack Growth Rate (in./cycle)

o . L]
x 0 . - O Edge corner L-T not unreallstlc
- o % i 4 - © Hole comer L-T . . .
et . amur — Not including one outlier
054 v : o MT)LT
%‘O o — ESE(T)LS
© _ X Edge corner -5
1E-09 o
1 + Hole corner LS

AK (ksivin) Lookup file
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Test results: T3511 L-S,R = 0.1

2024-T3511,L-S,R=0.1

1E-05
- EsE1
S - ® Edge corner crack data shows
- ESE6
. . lower threshold than both ESE(T)
CCE-7 a-tip
o # and hole corner crack
LE06 | + cCHA4atip A -t
Lookup file 5 +* ;: _4-"__
x><z<x il
)2(%+ ‘_g-_
g Py
< s —-?i‘:t'k_
é 1.E-07 XXX _-.;’ ET? :.E—
= s —
s —
1.E-08
- O Edgecorner L-T
" - © Hole corner L-T
- A CT)LT
&
" g + M(T)LT
s - ESE(T)LS
¥ _ X Edge corner L-S
1E-09
10 + Hole comer LS

AK (ksivin) Lookup file
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Crack Growth Rate (in./cycle)

Test results: T3511 L-T,R=0.1

1.E-05
O CCE-3Dctip
O CCE-4ctip
CCE-7 c-tip
O CCH-2c-tip
O CCH-3Ac-tip
CC H-4 c-tip
A LCP-2
A LCP-4
L1E-06 A LCPT7
A 2005CT
Lookup file

1.E-07

1.E-08

1.E-09

2024-T3511,L-T,R=0.1

s/
A s
A AA
KA
A ur
A o
A
af 4
o
O iO
A“‘
FA
ﬁn A
A
ey 4o
A
A5 a T4
&0 ant
A““A‘
A
A b b 4004
LA

A 0o
A :A og' { A
A o
Aﬁ Tt
A
A . o
o
[a]
o3 .
A o A
&
o
m]
g O A
o
o
o @ a
o
o ®
o €
?
o
o
10
AK (ksivin)

= Corner crack data consistent
with C(T) and M(T) data

" Edge and hole corner crack rates

are similar

Edge corner L-T
Hole corner L-T
T LT

M(T) LT

ESE(T) LS

Edge corner L-S

+ X 1 « » o 0O

Hole corner L-§

Lookup file
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Conclusions

" Successfully developed da/dN-AK curves
from E647 testing using corner crack
specimens

* Data developed for both L-T and L-S
cracking

— Simpler method for L-S data than using
through crack specimens

— Thin specimens possible

* Method did not decrease variability seen
in near-threshold data

— Cracked edge specimens more consistent
and more in line with expectations than
cracked hole specimens
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